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Abstract

|l. Abstract

A more sustainable isocyanide synthesis was establishedhonsterically demanding aliphatic
isocyanidesusingp-toluenesulfonicacidldoride (p-TsCl) as dehydrating agent, whichcempared to
typical reagents like phosgene derivatives or phosphorowgclaoride less toxicand easier to
handle In addition,p-TsCis a waste product of the saccharin synthe$ise synthesis protocol was
used to synthesizd1 isocyanides from the respective monand diN-formamidesin moderate to
excellent yieldsyp to 98%). The Eactor was strongly decreased by using simple extraction as sole
purification step after quenching. Considering the degree of sustainabilithis procedure the
burden of using isocyanida synthess routescan bestrongly decreased.

Usng the greener access to isocyanidasmulticomponent reaction (MCR) between isocyanides,
amines and elemental sulfyielding thioureas was introduced as more sustainable approach for the
synthesis of thiouredased organocatalystsThese compoundsare typicaly formed using toxic
reagents likethiophosgene derivatives or carbon disulfidehich can be avoideemployingthe
reactivity of base activated sulfur with isocyanidd$ie use of elemental sulfur fierther desired
sinceit is a waste product from the petroleum industry and the storage of the annual generated
surplusleads to safety and environmental issues. Pold investigation of different activating motifs

to obtain catalytically activéhioureacatalystsshowed that typically used electrguoor aryl moieties

had to be introducedvia the isocyanide component in the MCRhe use ofthe more sustainable
isocyande approach introduced in this work for these compounds was proven to be inappli¢able
addition, two novel activation motifsi.e. isophthalicacid ester ang-(alkyl)sulfonyl phenyl, were
introduced exhibiting similar catalytic activities as the wideged bis3,5(trifluoromethyl)phenyl
motif in an Ugireaction and a ringgpening of carbonated-urthermore, the tailorability of the ester
and sulfonyl groups bore the potential to adjust the solubility of thisurea organocatalysts, since
the often exhibit low solubilities in classic organic solvents.

The transfer ofsuchcatalytically active thiourea groups into polymers wagher investigated to
obtain recyclable organocatalysts by stgm@wth (polycondensation and peljhiol-Ene reaction)

and livirg polymerization (ringppeningmetathesis polymerization (ROMP)). The ROMP approach
proved to be the most promising one, sincearly full conversion of a norbornene thiourea
compound was achieved in only two hours at°@tepicting the potential of high tailorability to
adjust thesolubility of the obtained polymerd-urthermore, byusing aco-ROMPapproach ofthe
thiourea norbornenewith norborneneor cycloocteng an additional parameter to alter the solubility
was introduced leading to a faster reaction rate of thioureamonomer and full conversion after
one hour. Nevertheless, no sufficient purification procedure could be established thatedlkine
isolationof 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 wan

Mechanistic studies of thabovementioned MCR between isocyanides, amines and sldfito the
establishment of a more sustaina&bisothiocyanate synthesis, which is the key intermediate in this
reaction. By using tertiary amines, amidines or guanidines as amine component neatti#on
elemental sulfur was sufficiently activateglielding isothiocyanates instead of thiouredssing this
procedure, 20 mono- and diisothiocyanates were synthesizéml moderate to excellent yields
(34-95%)bearing aliphatic, cyclic, benzylic and aaim moieties underlining the broad applicability
of this procedure. Comparison of thef&ctors with typical synthesis procedures showed the
advantages of this method. In addition, substitutionsofventsin this reactionlike DMSO thatare
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Abstract

needed to dssolve thebaseactivated sulfur with greener ones like Cyremer GBL was achieved
and the purification method was optimized in terms of sustainability.

Further mechanistic investigation on the reaction of basdvated elemental sulfur with
carbenelike functional groups such as isocyanided to the introduction of a novel synthesis of
tetra substituted aryl olefines using tosylhydrazones as starting material. The mechanistic pathway
was hypothesized to proceeda a carbene formation after nitrogenxgrusion of the tosylhydrazone

and a subsequent Bartakellogglike reaction. The optimized reaction procedussl to a feasible
protocol for tetraarylethylenes in excellent yieldexemplified on two compounds in a proof of
concept In adlition, test expaiments for the evaluation of the reaction pathway were suggested
and thoroughly discussed.

Thiosemicarbazides were obtaineing hydrazine as amine component in the MCR with isocyanides
and elemental sulfyrextending the scope of this MCRJsing a stegrowth polycondensation
between dithiosemicarbazides and agikldehydes 13 novel (co-)poly(thiosemicarbazone)s were
obtained and fully characterized by NMR, IR; SEC, DSC ArahdlggsisHigh molecular weights up

to 38kDa were obtainedand the polymes reached their decomposition temperatures at roughly
200°C. In general, the polymers exhibited Ty unless a certain amount of bulkiziosemicarbazide
moieties were introducedeading tohighTgs (162182°).

The application ofhese polymers as complexation ligand for metals was shown by formation of a
membrane in a nossolvent induced phase separation process (NIPS). Membranes with
permeabilities in the range of ultrafiltration (UF) to reverse osmosis (RO) were obtained
(32-0.3Ln?htbar?) using DMSO and NMP as solvent in Ni#8le high molecular macromolecules
like bovine serum albuminBSA were completely retained. No salt rejection or removal of
micropollutants was observednost likely due to defects in the membran@omplexatn of copper

and silver ions was shown in a batch removal experiment amttatend dynamic setup was
performed in a proof of concept for the sufficient removal of silver ions from a water stream.

Vi



Zusammenfassung

lll. Zusammenfassung

Eine nachhaltigereSynthese flr nicht sterisch anspruchsvolle aliphatische Isocyanidie
p-Toluolsulfonsaurechlorid pTsCIl) als Dehydratisierungsreagenz verwendetyde eingefihrt
Dieses Reagenz ist im Vergleich zu klassidobbgdratisierungsreagenzigwie Phosphoroxychlorid,
weniger toxisch und leichter handhabba&udem istp-TsCl ein Abfallprodukt aus der industién
Saccharinsynthesd&esesSyntheseprotokoll wurde verwendet, um 11 Isocyanide aus den jeweiligen
Mono-und Di-N-formamiden n moderate bis exzellenter Ausbeute (bis zu 98%) herzustellen. Durch
einfaches Extrahieren als einzigen Aufarbeitungsschritde der EFaktorim Vergleich zu gangigen
Syntheseprotokollewdeutlich reduziert.

Mit dem optimierten Zugang zu Isocyaniden konnte die Multikomponentenreaktion (MCR) zur
Bildung von Thioharnstoffen aus IsocyamdeAminen und elementarem Schwefel fir em
nachhaltigerenZugang zurhioharnstoffbasierten Organokatalysatoreverwendet werden. Durch

die Reaktivitat vormit Basen aktiviertem Schwefel kénnen so Thioharnstoffe hergestellt werden,
wobei typischerweise verwendete, giftige Chemikalien, wie Thiophosgenderivate oder
Kohlenstoffdisulfid, vermieden werden. Des Weiteren ist die Verwendung von elementarem
Schwefewiinshenswert da er ein Abfallprodukt dedlindustrie ist und die Lagerung des jahrlichen
Uberschusses an Schwefel zu Sicherheitsd Umweltproblemen fiihrt. Eine weitreichende
Untersuchung der Aktivierungsmotive, die zu katalytisktiven Thioharnstoffen filen, zeigte, dass
haufig verwendete elektronenarme aromatische Reste Uber die Isocyanidkomponente in der MCR
eingefihrt  werden  missen. Zwei neuartige  Aktivierungmotive,  genauer  der
Isophthalsaureesterund derp-(Alkyl)sulfonylphenylrest, die eine ahnlechkatalytische Aktivitatvie

der weitlaufig verwendete 3;Bis(trifluoromethyl)phenylrest in einer Ugi und einer
Ringoffnungsreaktion von Carbonaten aufwiesenirde aufgezeigtDie neuen Aktivierungsgruppen
haben des Weiteren das Potential die Loslichid®r, in géangigenorganischen Ldsemitteln oft
schwerldslichen Thioharnstoffkatalysatoren anzupasseBusammenfassend bietet der in dieser
Arbeit vorgestellte Synthesewemittels MCR von elementarem Schwefgihen nachhaltigeren
Zugang zkatalytischaktiven Thioharnstoffen.

Der Transfer solcher katalytisctaktiven Thioureagruppen in ein Polymergerists mittels
Stufenwachstums (Polykondensation undoly-ThiotkEn Reaktion) undebender Polymerisation
(Ringdffnungmetathese Polymerisation (ROMP)) wurde weitlihrend untersucht, um recydieare
Organokatalyatoren zu erhalten. B ROMPerwies sich als der vielversprechendste Ansatz, da fast
vollstdndiger Umsatz eines Thioharnstoffnorbornens nach nur zwei Stunden B€ietdeicht wurde.
Dartber hinaus zeigteed Ansatz das grofdte Potential fir eine Anpassung der Ld&slichkeit der
erhaltenen Polymere. Mittels eines-ROMPAnNsatzes des Thioharnstoffnorbornens und Norbornen
oder Cycloocten konnte ein weiterer Paramater zur Steuerung der Loéslichikgigfiihrt werden
wobei zudem ein schneller Umsatz desoharnstoffmonomers erreicht wurde (vollstandiger Umsatz
nach einer Stunde)Nichtsdestotrotz konnte kein adaquates Aufreinigungsprotokoll etabliert
werden, dass die Isolation der hergestellten Rudye erlaubte.Im Allgemeinerkonnte durch die
Evaluierung aller drei Ansatze gezeigt werden, dass Uber den RROb#ez die gewiinschten
polymeren Organokatalysatoren erhalten werden kdnnten, wenn die Ldslichkeitsproblematik in der
Aufarbeitung adressiert ind.

Vi



Zusammenfassung

Mechanistische Untersuchungen der oben erwahnten MCR zwischen Isocyaniden, Aminen und
Shwefel fuhrten zu der Etablierung einer nachhaltigeren Isothiocyanatsynthese, welches das
SchlUsselintermediat dieser Reaktion darstellte. Durch die Nutzungerbaren Aminen, Amidinen

und Guanidinen als Aminkomponente wurde der aktivieelementae Schwefel mit dem Isocyanid

zum Isothiocyanat statt dem Thioharnstoff umgesetzt. Mit diesem Protokoll konnten 20 -Miowlo
Diisothiocyanate in moderater bis exzeller Ausbeute (39€5%) hergestelltwerden. Die breite
Anwendung des Syntheseprotokolls wurde durch die Umsetzung von aliphatischen, zyklischen,
benzylischen und aromatischen Isittyanaten unterstrichen. Ein Vergleich def&ktoren von
typischen Syntheseuten zeigte die Vorteile dieser Method&infachheit, Minimierung von Abfall)
Zudem konnten Losungsmittel, wie DMSO, die fiur das Ldsen von -Besaartem Schwefel
unabdingbar sind, durch nachhaltigere L&sungsmittel, Wigenet oder GBL,ersetz werda,
wahrend die Aufarbeitungsmethode im Sinne der Nachhaltigkeit optimiert wurde.

Weitere mechanistische Untersuchungen zu ddérasischen Aktivierung von Schwefel mit
carbenartigen funktionellen Gruppen, wie Isocyanidiéinrte zumErhalteiner neuenSynthesevon
tetrasubstituierten  Arylatfinen  startend von  Tosylhydrazonen. Der  hypothetische
Reaktionsmechanismus wurdepostuliert, ausgehend von einer Carbenbildung unter
Stickstoffextrusion mit nachfolgendem Bartitelloggahnlichem Reaktiosverlauf. Die optimierte
Reaktion fuhrte zu einem einfachen Syntheseprotokoll fiir Tetraarylethylene in exzellenten
Ausbeuten, beispielhaft gezeigt an zwei Tosylhydrazonen. Dariiber hinaus wuvdiere
Testexperimente  vorgeschlagen und konkret diskutiertie den  vorgeschlagenen
Reaktionsmechanismus bestatigen konnten.

Durch die Vewendung von Mdrazin als Aminkomponente in der MCR mit Isocyaniden und
elementarem Schwefel konnte die Anwendungsbreite der Reaktion erweitert und Thiosemicarbazide
erhalten weden. Uber einePolykondensation von Dithiosemicarbaziden und Aryldialdehyden
wurden 13 neuartige do-)poly(thiosemicarbazon)e hergestellt und vollstandig Uber NMR, IR, SEC,
DSC und TGA Analysen charakterisiere. PolymerezeigtenMolekulargewichte bisw 38kDa und
Zersetzungstemperatuab ca. 200°C. Generell zeigten sie kein@&p sofern nicht ein gewisser Anteil

an sterisch anspruchsvollen Thiosemicarbazidrestmvendetwurde, der wiederum zu hohefgs

fuhrte (162182°C).

Die Anwendung dieser Pohere als komplexierender Ligand fir Metalle wurdehand von
Membraren gezeigt, die Uber den Anstidsungsmittel induzierte Phasenseperationsprozess
(nonsolvent induced phase separation, NIPS) hergestellt wirdedie Herstellungia NIPS wurden
DMSO und NMP als Losungsmittel verwendet und die Membranen zeigten Permeabiiitét
Bereich der Ultrafiltration bis zur Umkehrosmosé32-0.3Lm?hbar?!). Hodmolekulare
Makromolekiile, wie Bovines Serumalbumin (BS#)rden komplett zurickgehalten. Salze oder
Mikroschadstoffe wurden nicht zurtckgehalten, vermutlich dui@éfekte in den Membranen.
Komplexierung von Kupfer und Silber wurde in einem Bafo$orptonsexperiment gezeigt und ein
dynamisches deadnd setup wurde durchgefiuihitum zu zeigen, dass Silberionen auch in einem
Wasserfluss zurtickgehalten werden kdénnen.

VIii
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Introduction

1 Introduction

Nowadays humanity still heavily relies on fossil resourcesdingto several environmental issues
like the Green House effect. More recently, additional problems have arisen due to our high
consunption of these resourceskFor instance, elemental sulfur is accumulating in sulfur depsit
tremendous amount, because itis mainly produced as a waste product Iige reductive
desulfurization of crude oil in theetroleum industry*? Thus, over 8@nillion tons of sulfur were
produced in 202£.0n the other side, there isurrently only one main application for sulfur on
industrial scale, namely the synthesifsulfuric acigleaving agreat annual surplug:*® This might
sound harmlessat first, considering that sulfur is a netoxic, unreactive solid However, due tahe
shear amount of sulfur being storegsuessuch aghe acidification ofoil andwater by oxidation of
sulfur, for instance by bacteriar the risk of a fire, which would uliately release &igh 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 sii@mistry and several
methods were introduced to activate this unreactive compoumalocking its versatile reactivitipr

organic and polymer chemistryror instance, one of the most common activation methisdsased

on the activation by a base, whichiaavs the use of sulfur not only as starting material in a reaction

but also as oxidant, reductant and as catafyfdue to its variousreactivity, sulfur was ko
introduced for several multicomponent reactions (MCRs the numbers of new reactions with

sulfur as key component are increasing annually. Among these MCRs, sulfur also shows a unique
reactivity towards carbendike functional groupsuch asisocyandes forming C=S double bonis.

Thus, thioureas can be obtainég an isocyanide and sulfur bas®dliCR in the presence of an amine
base®

One of the maimapplicationsof thioureasis the field of organocatalysisThis concet was already
established in the early 2000s and the importarafethis idea, especially foasymmetricguided
reactiors, wasunderlinedin 2021, when the Nobel prize wasvardedto David MacMillan and
Benjamin List for theigroundbreakingvork on this feld. Nowadays, thiouredased organocatalysis

is widely applied and various approaches for an increased catalytic activity of the functional group
were established

Despite thelong establishmentof thioureabased organocatalysis and its potential for man
applications it is surprising thathe incorporation of thiourea organocatalysis in the framework of
Sustainable Chemistiig still lagging in several points and most often only focus on the recyclability
of a catalyst. Stillthe synthesis routes of #se compounds rely heavily on noxious reagents like
isothiocyanates, thiophosgene its derivatives or carbon disulfid¥.
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2 Theoretical Background

2.1 Concept ofSustainablé€hemistry

Due to the ongoing depletion of fossil resources and the growing awaresfedse population
concerningthe limits of our planet sustainabilityis one of the most importantopicsof this century
andfound its wayirreversiblyinto all sectors of politics

Thefirst report ofthe term ésustainabilitg in the German language area can be dated back to 1713
by Hans Carl von Carlowifzwhere it was used asan economicterm in forestry describng a
resourceprotectingway oflogging of treesHowever, i took until the second half of tha0" century

to get global public attentionfor this subject.In 1972,Meadowset al. published theird 2 2 The &
Limits to Growth-A Report for THE CLUB OF ROMEGfect on thePredicament ofMankind, in
which they concluded that if the growth trersl at that time consideringworld population,
industrialization, depletion of resources, food production and pollution continued uncharbed
limits of growth on earth would be reached within in the next one hundred yéarthe followingan
uncontrolled collapse wouldnost likely appear!® Having arrivedat that severe predictionthey
asked to strive for a stanableglobal equilibrium ofiot only economicbut also ecologicatability.

In 1987, the UN World Gommissionon Environment andDevelopment published theBrundtland

RS LJ2 NGllir Codnénon Futureé @efining i K S gsRshiRabilig  Imieting the needs of the
present generation without compromising the ability of future generations to meet their own
needs.?°

Duringthat time, political movementsvere sparkedeading to the Rio Conference (Earth Sumpnit)

which the Agend&1 for sustainable development waslopted as a meas to mediate between
ecological and economic interests In the followving years,the interdisciplinary character of
sustainabilitywas further extended to incorporatenot only economic and ecological but alsocial
aspectsThiswasdA adzt €t AT SR o6& (i KRSolumymbdeBiRuxAitabledéveldpmedti KS
by the Emquete-commissiorof the German BundestageeFgure 1).22 This model states that all three
aspects areequaly balancedand can only be optimized mutually to secug@stainable progresdn

2015, the UN renewed andiendedtheir goal for sustainable developmeint the universal Agenda
d@rransforming our world: The 2030 Agenda for sustainable develograentt & ylah ofAadtiond
forldS2 L)X S LI FyS® yR LINRPALISNARGRE D

With the production from bulk to fine chemicals to pharmaceuticals, chemical industry contributes in

a large part to the worldwide erssion of C@and thus to global warming, as well as waste® For

instance, 923 million tons GQvere produceddue to the production ofprimary chemicals like

methanol, ammoniaethylene, propylene, benzen&luene andmixed xylenen 2020%° Because of

this tremendous impact on our planethe term sustainability was implemented in the following
@8SINAR Ayid2 OKSYAAalGNER 3IAQGAY3I O0ANIK G seniskie &dzo2S
subcategory for sustainability in the chemistry secdoiherefore it was urgent to adopt and

incorporate suitable guiding principles to address all aspec&usfainable Chemistry. Consequently,

metrics were established that allowed to quantify the sustainability factor of synthesis and

processing. In 1991, Trost introduced thecsdled atom efficiency (AE, also called atom economy),
3
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which describes the numbef atoms of the starting materials incorporated in the final product and
can be directly obtained from the reaction equati$hTo obtaina minimal amount of waste the
value should be close to the ideal valuel6D%(see chapter below for more details).

socialaffairs

Figurel: 3-column model of sustainable developméht

A milestone for Sustainable Chemistry svachieved in 1998vhen Anastas and Warner introduced
their Twelve Principled of Green Chemistepictedin Table 1.2° According to Anastast al., the main

aim of these principles is toprovide acohesiveframework for sustainable desigh All stages of a
chemical lifecycle should be considered and adjusted towards a more sustainable one. Thereby,
hazards occurring due to the use of chemicals or processes should be redinetheans that
prevention of vaste and maintenance of safety in chemistry for people and the environiseht
highest goal

The Twelve Principles were summarized as the acronym PRODUCTIVELY, as showh.$hABable
one importart aspect of the Twelve Principlethe waste of a reaction should be minimized
(principles P and E). Thisincludesthe avoidance of byand side productsij.e. a high degree of
selectivity of the reaction. Typicallgatalytic reagent€an help to achieve this demarfdrinciple Q).

To further reduce the production of waste, derivatizations and auxiliaries like
protection/deprotection, blocking groups and tempoyamodification of physical/chemical process
as well as the use of solvents should be avoided (principlasd V). Since high energy consumption

is another factor that contributes to the low sustainability of many chemical processes, overcoming
the need or harsh conditions (high and low temperatures and pressures) is another important
principle of GreenChemistry. This can at the same time reduce the potential hazard of chemical
processes (principl®). In addition, starting materials should be obtainedrh renewable feedstock

to avoid depletion of resourcgrincipleR). 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, atimmestuous chemicals
(principleY).

Tablel: TwelvePrincipls of Green Chemistry listed with short explanasiordered todepictii K S

as a straightforward mnemoniédopted fronref 2931

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 deple
materials whenever technically andconomically 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
chemical break down into inocuous degradation products and do not persist in
products environment.

U | Use safe Substances and the form of a substance used in a chemical process shc
synthetic chosen to minimize the potential for chemical accidents, includaigases,
methods explosions, and fires

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

T | Temperature,| Energy requirements of chemical processes should be recognized for
pressure envirormental and economic impacts and should be minimized. Syntl
ambient methods should be conducted at ambient temperature and pressure.

I | In-Process Analytical methodologies need to be further developed to allow for-tisad,
monitoring in-process monitoring andcontrol prior to the formation of hazardou

substances

V | Very few The use of auxiliary substances should be made unnecessary whe
auxiliary possible and innocuous when used.
substances

E | Efactor Synthetic methodsshould be designed to maximize the incorporation of
maximize used materials into the final product.
feed in
product

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

Y | Yes, itis safe| Reagets and products should carry little or no toxicity for humans or

environment.

I ONRyYyeyY atwh5! /[ ¢l

It was further clarifiedhat the reduction of toxicityshould be considered for the whole life cycle of a
process, not onlyor the synthesis or the processing. Thus, a product should not be intrinsically toxic
or lead tothe emission of noxious derivatives into the environment by degradatidoreover,even

if nontoxic, chemicalsshould not be persistent in the environme(grindples L and D). Besidegshe

toxicity of compounds, a major aspect of security is also addressed by the demand to use safe
synthetic methodsminimizing thepotential for accidents like fire, explosiors,release of chemicals

5
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should(principleU). Ultimatly, analytical monitoring should be employed to allow +##ale control
of the whole process preventing the formation of hazards before they arise (pringiple

Over the years,heseprinciplesbecame thefundamental guidelines toptimizethe sustainabity of

a chemical synthesis or proce®sn addition, the termGreen Chemistrigecame an integral paxf

the field of Sustainable Chemistry, whigbas often misleadingly used since the excessive use of the
g 2 NRuStairablé | ofderé & A Yy eveBtilyblurred thar definitions333* Thus, Warneet al.
defined both terms nore clearly: SustainableChemistry, as discussed above, can be seen as
subsystem of sustainabilityepresenting all kind of aspects involving materials and chemical
compounds in the artificial world like safety and risk policy, remediation technologieter wa
purification, alternative energy, anGreen Chemistryevaluating them in a codtenefit analysig’-%

In turn, Green Chemistryas defined aghe part of Sustainable Chemistry which can be used as
applicationfocusing on theransferof starting materialgo their final technologg.?”*>*¢However it
must be mentioned that achieving all twelvetbeseprinciplesis idealistic and thus, the overall aim
for chemistsshould be to address amanyof these principles as possiblenderstanding them more

as guidelines and consequenthaking their synthsis process holistically more sustainatlé?

Asa result of the interplaypetweenscientific researctand political involvementthe field of Green
Chemistry experienced tremendous growthstarting from 1998 Theestablishment of a scientific
platform for the community namelythe journal Green Chemistry lilge RSCcontributed mgorly to
the growth by allowing to publish greener chemical investigatiorsjaurnal designed especially for
that purpose®*83°The importance ofocial aspects ake third pillar of sustainability was alseell
addressedn the latest twenty yearsas nowadaysfor instance,universities offer Green Chemistry
and Green Engineeringlasses Green Chemistry research centers haveemeestablished and
government funding has been multipliéei*°
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2.1.1 Quantifying Sustainable Chemistry

As mentioned in theprevious section, the neefor a quantification ofsustainability led to the
introduction of different metrics. However, since the term sustainabilisra complex concept
involving several different aspects, no metdan assesssustainabilitycompletely Instead, several
metrics were established over the yeatsghlightingand balancing different aspects Gfreen and
Sustainable Chemistry, which will be discussed in the following. As already mentioned above, Trost
introduced the atom efficiency (AE al® called atom economyin 1991, which is depicted in
equation1:?®

O Ni €Q6wo

00 1
BO i 00l a®@d @ Quha (1)

It isdefined as he ratio betweenthe molecular masses of thetoms of starting materialand those
incorporated in the final producénd isideally equal to one (100%) The AE isstraightforwardto
calculate and gives a first impression about the mass balance of a reaction. Howeverigsteidh
amounts and quantitative yield are assuméghoringother aspects likexcess of reagentand use
of auxiliariesthat do not appear in the reactioequation as well as conversion. The purification
process idurthermore neglected completelyAnother widely applied metridgs the Ehvironmental
impactfactor (short Efactor), introducedby Sheldon in 199Z&éeequation2):#

s A OOT0Q
O QWWo et———F—, ~ .
ant € Qo wo

)

The Efactor is calculatedlividing the obtained amount of waste by the amount of product obtained.
Ideally, whemo waste iproducedat all, the Efactoris zera This metric allowto also considethe
yield of a reactionsince it is connectetb the amount of product obtainedn addition, the recycling
of compounds like catalysts, n@racted starting materials and solvecdinbe considered as well. It
must be mentioned thag theoretical EHactor only considering the reaction equation vdéliver the
same information as th&AEcomparing reactionswhich isdepicted inScheme1.3?

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

Schemel: Comparison of AE with a theoreticaffdgtor, exhibiting the same information exemplarily shown the
oxidation of tphenylethanal Note that actual Eactor valueswill probably be considerably higher.

Stoichiometric oxidation of-phenyletharl to acetophenonewith chromium oxide under treatment
with sulfuric acid leads tohromiumsulfateand water as byroduct, resulting in an AE of 42% and a
theoreticalEfactor ofca.1.5.In contrast the aerobic oxidation of the alcohol leads thighe AE of
87% of and dower Efactor of ca. 0.1. In practice, thef&ctor will probably be much higher since all
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the other forms of wasteasdiscussed abovere consideredas well Thus, a outstanding AE does
not automaticallycorrelateto an excellent Eactor.

Since the Hactor refers to the actual amount of waste and is easy to calcypitaie usedalso in the
chemicalindustry3? Table2 depictstypical Efactors of chemical industry segments and underpins
why a sustainabldevelopment in chemistry is an urgent matt&@me sectorslike the fine chemical
industry, generate high Eactors

Table2: Overviewof chemical segments and their respectivenage and Eactors.Adapted fronref.42,

Industry sgment Product tonnage Efactor
Oil refining 10°0-1¢8 <0.1
Bulk chemicals 10%-10° <15
Fine chemicals 10%-10 5-50
Pharmaceuticals 10-10° 25->100

While oil refining and bulk chemicals are strongly optimized procegbes Efactors are low
(Efactor <5).The Efactors are considerably high@&r more complex chemicals and pharmaceuticals
(up to 100 for drugs\When publishingthe calculation oE=factors Sheldon challenged the chemical
industryto change their solely economic ambitions towardsre holistically sustainable concepts.

Still, several aspects of the Twelve PrinciptésGreen Chemistrare not consideredn the Efactor.
For instance, the toxicity of compounds, the energy consumption and the wastewater prodoced
to be confused with water produced by the reactjowhich is included) also play a major
contribution to overall sustainability?**If the amount of wastewater is knowthough, it can add up
to the amount of waste and thereby becluded in the Hactor as welf*

Severalother metrics were introduced optimizing the ided quantifying sustainabilitysparkedby
AE and Hactor. For instancethe reaction mass efficiency (RME) builds up from &te but at the
same time considering the yield of the reactitii® Further, the actual applied ratio of compounds
(stoichiometricfactor SF)is consideredi.e. excess of reagentsnd alsothe recovery ofcompounds
that canbe reused(solvents, catalysts, etcipcluding all solvents and reagents used in the wapk
(mass recovered factvRF, sse equation3).*’

Ba di iTuon@MQmQQt o

Qi A0 QAEiIOQwWwQI i (3)

Y50 600D Mo
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The Process Mass Intensity (PMI) is the most common metric uggthimaceuticalndustry® It is
the ratio of total mass used in the process divided byniess of prodat. Thus, it is closely related
to the Efactor as in fact the PMI is the respectivéaEtor plusone (£eequation4).

. w "OBb € ONRI G i W1 ¢ OQE i £€ QOBaDILEQDI 00Q

a i £Q600 4l £Q6 0o

) @
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Reasons for using the PMI over thégEtor can be related tahe fact that the focus in the PMI is set
on the input of the materialsather on the produced wastghe former ofwhich is in general the
bigger contribution to the fé cycle assessment (LJAr explanation see belowln addition, waste
water is considered ithe PMI

8



Theoretical Background

Reflecting orthe fact that sometimes additional waste is consideliedonsistenty in the Efactor

with different estimations of recovery afiastewateror solventmaking the metric lessomparable
Sheldon suggested subtypesthé metric, which are defineds follows i) the simple EFactor (sEF),
which does not consider solvent ancater andis useful for an early stage evaluation of a synthesis
route, andii) the complete Eactor(cEF)which takes solvent and water into account assuming no
recycling and is useful for evaluation of the total amount of generated wist&ecently Hollmann

et al.introduced the Efactor, which includes an energy term, demonstrating that energy waste like
greenhouse gaseshould not beneglectedas 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 interesgrconceptssince toxicity and hazard could not simply be measured

by absolute or relative values.

A semiquantitative analysis for sustainability was introduced by Van Adeal. the socalled Eco
Scale’? This concept uses a score system rating the procesithsa maximum of 100 points in the
categories yield, cost, safety, technical setup, temperatime and ease of workip and
purificaion. Thus, italso considerghe properties of the compounds used anthe toxicity and
hazards of thanethods appliedFurther, energy consumption is consider@tie concept is clearly
defined and easy tapply. However, the drawbacks of Eco Scale arentissing evaluation of thase

of solvents andof the waste formation, both factors with tremendous impact, and the inherently
arbitrary character of the scoring systefhNevertheless, the Eco Scale evaluation allows to add
further factors irto its calculationand the scoring system can be adjusted freely and is therefore
potentially a goodoundationfor more holistic, qualitative metrics for sustainabilitf?

To account for the toxicity of the used chemicals, tBéactor can also be multiplée by an
unfriendliness quotient Q which takes the nature of the compounds into acciakittg the role of
an arbitrary weighing factarresulting in the Environmental Index (Efj For instance, NaCl, a
nontoxic saltcanbe assigned to the factarne, while heavy metal salts a@ssignedo factor 106
1000 depending on their toxicity, their annual productiamd the location of their production sité?
Several classificatioaspects e.g. water and air pollution, toxicity, availability of raw materials
complexity of synthesjsn which the raw materials are usgchn be included in the determination of
Q by scoring them with certain valués EATOS Environmental AssessmentTool for Organic
Synthesey, a free accessible software, was introduced to allow an easy calculation of*#fé El.

Theattempt to obtain a holistic evaluation of sustainabilftyrther led to the incorporation of life
cycle assessments (LCAsRistainable Chemistr§? Ideally, LCAs csiter every step needeftr and
caused byone product Lancasterdefined these stepsas the production of raw materials,
manufactuing, the use and disposal and the distribution by transportatiif.While sucha LCA
considering every step of a produebuld be called cradko-grave type, the scope of a LCA can be
chosen freely to look a partial life cycle as welf It isimportant to mention that the application of
Green Chemistry is connected inherently to a positive influence in all aspects of°aTheAuse of
renewable raw materials reduces tih@pactof the startingmaterials, processing and manufacturing
benefitsfrom the evaluation by sustainable metrics, the userohtalyst and waste reductioss 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 effeofshe socalledburdenshifting meaning thatthe
optimization of one lifecycle step of a produaanlead to worsening of one or several other steps.
For instance, the use @iternative,environmentaly more friendly starting materiaé might include
toxic reagents for their synthesisr a more efficient synthesis procerk decreasing wasteight
consumes more energy.

Still, severaldrawbacks come with the use of LCA likeangivenessand time consumptiorof the
evaluation as well as thelacking availability of theneeded data. In addition, LGAoften miss
transparencydue to their complex nature. Thus, simplifications are needed to address one or several
of their downsides. Alsyarioussoftwaretoolswere developed toallow a faster and easier access to
LCAs like theérast Life Cycle Assessment of Synthetic ChenEtASCT") from GlaxoSmithKline
(GSKY° With increasig interest in LCAsnore and more usefriendly LCAshave beenintroduced
allowing a fast and understandable evaluation of one compound.

Suchfeasible LCAs affer instance represented bgolvent selection guideas the impact othe used

solvent istremendous®:®? Since the amount of solvenypically makes up 7080% of the reaction
medium, it overshadowshe effect of the use of more sustainaldearting materiad or reagents in a
synthesi®®%* Moreover, the use of solvents is not limited ¢hemical reactions butontributesalso

to a low sustainability obther processessuch asmembrane formation in chemical engineeriffy.
Thus, increasing the greenness of the solvent can already lead to an imimgmseement of the
overall degree of sustainability of aynthesis processwhich makes solvent smdtion guides an
essential tool folustainableChemistry andengineering.

Concluding, many useful metrics to determine the degree of sustainability of a process were
introduced over the last three decades and all of them ehdfeir own advantage and
disadvantages. In the end, it is cructal be aware of their benefits and limitations to allow an
optimal evaluation ofa process Often more tlan one metric shouldbe taken into accountto
evaluatecompromisa betweensustainability expensivenessfficiency,accuracyandtransparency
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2.1.2 Sustainabléoolbox for chemists

With the introduction of Green Chemistryeactiors and methodologiesvere developedwhich are
intrinsically addresseveralprinciples of Green Chemistridowadaysgchemists can rely on a broad
sustainaliity toolbox, which constantly keeps growingln the following some important
representatives of this repertoire are introduced briefly accompanied by specific examples
However, it has to be mentioned thawhereasall of this examples definitely exhibit inherent
potential for sustainable applications, their use will reattomaticallyresult in an overall greener
process but has tbe implemented intahe framework of Green Chemistry.

Sharples&t al. introduced the termClick Chemistry, whictlescribesreactions known for their high
thermodynamic driving force (above 20 kcal jaih one directionusually leading to heterbond
formation (GX)%¢ Consequently, they will lead to very highields while being regio- and/or
stereospecificOther criteria for click reactionsare simple reaction conditions and readily available
starting materials and reagentBurther, this groupf reactions is defined by itmodulaity, its wide

scope andyeneration of if at all, only inoffensive bgroducts. Solvents should be avoided or at least
benign and a stable product should be isolated easily avoiding chromatograpiiication
methods. Since these characteristics will unavoidably lead to reduction of waste, safer process
conditions and less hazardous and toxic produdisk reactions are prone to besad in sustainable
chemical processes.

Multicomponent reactions(MCR), which converthree or more starting materials ian one-pot
procedure attracted a lot of attention recently for being useful reactions in the toolbox of Green
Chemistry2-%8 Typically, high atom economies ahidjh conversiors are obtained®® In addition,they

often show a synergetic effect with other green methodologiegi(green solvents, flow reactih

Since MCRs embedded in a sustainable coraext major part in this thesis, they are discussed in
more detail inchapter2.3. An example of the usefulness of MCRs in greener approaches is depicted
in Hgure2A. By using an Udbur-component reaction gee chapter2.3.1), praziquantel, a drug for
treatment of parasitic worm infections, can be obtained in only two stbp# in five stepssin the
commercial synthesis rouf®.Further, the AEs of both steps are higher than the ones from the
commercial route andijke this the overall yield was increased considerably to 74% (before 48%).

Besidegeactionsthat are prone to bemore sustainable, also reaction conditiotizat increase the
sustainabilityof reactions have been developeaver the last decades. For instance, microwave
assisted reactions can lead axeduction of waste and energince the often showhigh yields and
selectivities in short reaction times and easier wagk’® Further, microwave irradiation cahe
combined with other aspects of sustainability ligerforming reactionsunder flow conditions and
the use of green solvent or solvedtee conditions. Tran et al. introduced a FriedeCrafts
benzoylationof several aryl compoundsith bismuth triflateas catalyst under microwave heating
Thisled to a considerable decrease in reaction time (frorhdiurs to B-40 minutes)and slightly
better yields andselectivities(see Figure2B)"*

Similaly, the application of ultrasoni irradiation (sonochemistry) calead to greener synthesis
procedures by reducingthe reaction times andincreasingyields and selectivities™ Li et al.
underlined this by synthesizing bis(indolyl) methanes using dodecyl benzenesulfonic acid (ABS) as
catalyst in an aqueous medh at 25kHz obtaining slightly increased vyieldfter shorter reaction

times (see Fgure2C)™
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Mechanochemistrywhichincludes for instance bathilling and twin screw extrusion, is also closely
connected to Green Chemistigue to the use of solvenfree conditions’® Also seveal other
principlesof Green Chemistrare usually fulfilledvhen using mechanochemical activatiauch as
the access of challenging products under benign reaction condititessimplification of synthetic
routes andthe operational simplicity The &tter is complemented bythe recent introduction of
reaktime monitoring Raman spectroscopysynchrotron powder Xray diffraction).”*’® Applying
ballmilling conditions on the four stepsynthesis of the receptor antagonB#1361, the product
was obtained in a yield of 64%fter only 5.5hours instead of 34% after 68ours using classic
chemistry in solution(see Fgure2D)’’ In addition, no flash column chromatography was needed.
The Efactor was lowered vastljrom 1932 to 715, making it not agreen synthesiger se but
highlighting the positive effect of mechanochemical methods towards reduction of waste
addition, the overaltoxicity and energgonsumptionwas reduced

In photochemistry sunlight can be usedas green engy source allowingaccess to different
reactiviies of moleculesunder mild conditionsIn the excited states molecules showdifferent
electronic distributiong® Light can therefored S & S $afelebsd NS I ISy (> thek dz&
AE Waste is also reducedsince ideally no reagent is employed compared to reactionsing
stoichiometric or even catalytic amounts of reagefft8.®2Usinga photochemically approach with
sun light, Monnerie et al. were able to photooxidize citronellol ithe presence of roseébengal
quantitatively (see Figure 2 E)® It is alsoworth notingthat this reaction was performedn an eight

liter scale showing that photochemistry can be applied also to bigger scales.

Biocatalysisusesenzymes to perform veryegio- and stereoselectiveeactionsyielding complex
molecules Like this, ynthetic routesare shortenedand at the same timewaste production is
reduced asstochiometric amourg of reagentare substituted withcatalyticalones®* In addition,
enzymes can be immobilizems to allow recycling andfacilitate cascade reactions with different
enzymeslowering theproducedwaste even furthef® For instance, WeiBt al. established a greener
process for the synthesis of enantiomerically puramino acidswhich arekey building blocks for
many pharmaceuticals They usedmmobilizd Candida Antarcticdipase B (CALB) a two-step
one-pot reaction (see Fgure2F)®8" Thus, they avoided column chromatography with organic
solvent as complete purification of onlyone intermediate was neededwhich resulted in a
considerable decrease of theféctor to 41 from 359an Efactor of 41 is typical for pharmaceutisal
compareTablelin chapter2.1.1).

Another possibility to achieve benignagtion conditions is by usingestrochemistryobtaining high
AEsand reducing energy consumptid®®® The used electrodes can lmnsidered as heterogenous
catalystthat can be regenerateaklectrochemically therefore preventing the formation of heavy
metal redox reagentvaste®®° Moreover, electrons flowing as current aodten the only regents
added resultingin low amount of wasteHowever, 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
productsout of an economic and ecological point of vidw certain cases, #same product can also

be produced on both side8.Alsq synergetic effectsan be achievedy combining éectrochemistry

with other green principle®r approachedike the use ofrenewable feedstoclor less toxic starting
material.8%%°

Further, Combinational Chemistrys a concept which can be adapted to greenepgesses.
Originally, itwas introduced to produce large compound libraries and perfdmghthroughput
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screenings quickly using robotics and efficient methodologies, synthesis aneuprgriocedures like
the abovementioned MCRs, solighase synthesis dmmobilization technique$! Due to itsability
to perform a large number of processes efficienthis approach leads tincreased AE and energy
efficiency as welds to areduction of waste?? For instance, Wolét al. established a deconvolution
strategy fordiscovemg the mostsuitable catalystfor a reaction,in which they put together a
complex mixture of several precatalysts and ligands in a small number of reattivvisen
observing supeor catalytic activity in one batght can be iteratively deconvolutedy successively
splitting the compounds contained in the batch into smaller batches. Thusacheal catalysts
identified, reducing not only time but also waste and energy.

A: MCR

©/\/NC i
H H MeOH rt. :/[/
\O + (o]
MeSO3H 70°C
\())\/NH2 dOH

comparedto commercialprocessof praziguantel
A only2insteadof 5 steps

A overallyield 74%insteadof 48%

A higherAE ineverystep

B: MWheatin comparedio stirring
e A lower reactiontime 1540 mininsteadof 6 h

A yieldupto 12 %better in 3 outof 4 substrates
A paraselectivityup to 9%better in 4 outof 4 substrate:

o O )
\/\R 10 mol% Bi(OTf)z R
@ +2 O —_— A
= solvent-free, ‘ P
MW heating

100-160 °C
C:Sonification
o & ol ABS RiRe comparedto stirring
2 @:} D Gt N A lower reactiontime 10-30insteadof 50-150 min
H R Re  waterrt, Q NH HN Q A yieldupto 5 %better in 12 outof 13 substrates
25 kHz

D: Balimilling

3 out of 4 reaction
Ph steps under ball
HO. milling conditions // X \@ \)\/
\©

comparedto synthesisn solution

A 5.5 hinsteadof 60 h

A overallyield 64%insteadof 34%
A noflashcolumnchromatography
A Efactordownto 715from 1932

E: Photooxidation

comparedto industrialscalewith artificial light

1.) sun, i-PrOH, O,
rose Bengal
OH 2 NaySOs OH

45% 55%

F:Biocatalysis

1.)60 °C Ph" NH O

A sunlightasreagent
A quantitativeyield
A 8 Lscale

comparedto conventionalroute

(o] s =
N N PR NH, 290070, cAte T A~ A no columnchromatographywith organicsolvents
A overallyield 28%insteadof 25%maintinaing>99%ee
A Efactordownto 41from 359

Figue 2: Collection of synthesis procedures in which the sustainability was improved using various methodologies (left side).
Improvementsare summarized for each approaloh suitable comparison with classic synth@sitocols (ight side).

Concludingseveralaspects 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 analys@onsequently, the number of greener prosesis 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 nowhe 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’®’*"°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 Elementakulfur

Sulfur belongs tohe group of chalcogenand is with 0.085% the 16" most abundant elemenin the
earth crust® It is benignand in general unreactivi@ elemental stateat room temperatureandhas a
broad range of oxidation stagdrom -II to +VI4% Further, it is the element with thlighestnumber
of known allotropic forms which come in yclic §(n=5-30) and chainlike structures®® However,
only theS ring yields stable modificationg/hile all other forms are meta stable and can be obtained
from the melted or gas phaseas well asfrom solution or via chemical reaction$ At room
temperature sulfuris a yellow, brittle solid consistingf S rings in orthorhombic structure, catle
h-sulfur? Upon reaching 95 °G it changes reversibly to-sulfur, which is monoclin€ontaining only
S molecules Starting from 100G sulfur can besublimed while it reachesits melting point at
119.6°C forming a inviscid yellow solution.In this form, called<-sulfur, an equilibrium between
smaller sulfur rings is presemhile the majority is still ings ($and $ are formed with aratio of
less than 5%)increasing the temperatureseveral differentS, cycles are formednE6-26), yielding

" -sulfur. At the same time p-sulfur is formed which consists opolymeric $ chains (n=1810°),
whichis the dominant species @tcreasing temprature. As a resultthe viscosity of sulfuncreases
suddenlyat 159°Cand reaches maximum at 187C due tomost sulfur molecules being polymeric
chains.The color of sulfur changes from yellow to dark rEdrther heating results in a decrease in
viscosity agpolymeric sulfur is thermally cleaved more frequentljne boiling point is reached at
444.6°C at which it is a dark redinviscid liquid.In the gas phasea temperaturedepending
equilibrium between & molecules is presentwhereas above 2200C sulfur is present in atomic
form. Cyclc sulfur molecules Sz are corrugated while the polymeric chains come in several
conformations.The % moleculeis red andhas a chain like structurevhile S is blue ad has an
angled structure analogus to ozone $ is violet blue paramagneticand exhibits a double bond
analogusto O,. Targeted alfur cycles S(n=6,7, 9, 10, 11, 12, 13, 15, 18, 20) can be obtained
synthetically by usingicyclopentadiewl titanpentasulfid andsulfur chlorides® The SS bondhas a
average length of 20pm. However, this value varidsy 10pm, since several allotropic forms of
sulfur show different conformations leading to variations in the bond lengthiecause of
hyperconjugation and Pawiepulsionlike for nstancein S. Thebond angle is in general between
101-110° and the torsion angle between 780C°. Sulfur is naturally found in severakidation
states®® Sulfidesaltslike pyrite (FeS)sphalerite (ZnS) and galena (PbBS)well ashydrogensuflide
(-I), amino acids {l), sulfur dioxide (W) and sulfates (+VI) like anhydrite (CaSG), kieserite
(MgSQ*H20) andbarite (BaS@).%>°” Qulfur in neutral form isalso found dueo reduction of bacteria
or originated from volcanic activit$°’

A straightforward process of harvesting elemental sulfuhéFrasch process® Hot watervaporis
pumped irio the rocks containing elemental sulfur until it has melted. Thain pressure is applied to
transport it to the surfacewhere it is obtained in higpurity (99.599.9%): However,the major part
of the annual production of elemental sulfur is obtainedm hydrogensulfidein the Claus process
(seeheme?2) 499100
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(|) st + 3/2 02 —_— SO2 + H20

()2 HyS + SO, —> 3/2S, + 2 H,0

Scheme2: The two reaction steps of the Clgu®cess. 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 hydrogé#? suflide.

The needed hydrogen sulfide comes from acidic natural @gfashich it is washed off with aqueous
aminoalcoholsor from the petroleum indusy due to the reductive desulfurization of crude ®1f°

First sulfur dioxideis obtained by oxidizing partdf the hydrogersulfidethermally at 9561200°C In

a second stepsulfur dioxide and hydrogesulfide comproportionate toelemental sulfur and water
which takes place in the same reactor where the hydrogen sulfide is oxitfiZesulfur is obtained
asgaseousS molecules by this reactiol° Snce the temperature isashigh thermal decomposition

of hydrogen sulfide to hydrogen and fakes place as welis sidereaction Subsequently, the
reaction mixture is cooled down by a heat exchanger and the liquid sulfueni®ved at ca.
200-300°C.The remaining gas mixtur@wtains 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 (174B50°C) using heterogeneous catalysts. Since the reaction between
hydrogen sulfide and sulfudioxide ishighly exothermicthe 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 unavoiasbi®

In 2021,80 milliontons of elemental sulfur were produceahainlyas aby-product of thepetroleum
industry (97% of produced elemental sulfur was accounted to petroleunprioguct in 2003}).°
Compared to ten years ago, the amount of produced sulfurrhase than doubled(35 million in
2011)#95101 On the other hand, there is only one major application on industrial scale in which
elemental sulfur is applied,e. synthesis of sulfuric acitlln 2021 90% of the overall produced
elemental sulfur was consumed by sulfuric acid formatfBiNevertheless, fither application areas

are for instance vulcanization of rubbeyunpowder,polymeric materialsand LiSbatteries?1021%
However,the worldwide demand of sulfur is no longer on par with its annual production and thus,
sulfur deposits started to grow rapidly:® Considering that sulfur is a ndoxic andinnocuous
compound this did not lead to safety issues directhHowever,nowadays, enormous amounts of
sulfur arestored informs ofpowderor hugeblocks several hundred meters of length and width, and
above 20 meters higkseeFgure3 A).2? Such deposits achieve sizes which banseen from outer
space (sedrgure3B-C. Now, the actualaccumulation of this tremendous quantities ultimately
resulted in several safety issues. For instance, aside the fact that &ilfiontoxic, it is flammable

and thus, a fire of such a deposit would result in a massive release of noxious sulfur ioxide.
However, the more likely issue related to storing tremendous amount of sulfur is its abilitging
oxidized under aerobic and moist conditions for instance by bacteria. This results in formation of
sulfuric acigwhich ultimately leads to acidification of water and ddilTherefore, more applications

for the use of elementadulfur are highly desired on industrial scale decreasing the annual surplus of
elemental sulfur. In 2011, Rappodd al. suggested an environmentally friendly storage concept for
sulfur by mineralizationin which complete oxidation towards sulfuric adgglfollowed by sulfate
formation with abundant alkaline silicatésThe formed sulfate salts could be then simply discarded
on land or seawhile the vast amount of energy produced by the mineralization could add up to the
regional energy supply.
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Sulfuris inert at room temperature towards water or naxidizing acids like hydrogen chloritle
Nevertheless, aelevated temperaturesit reacts with many metals andther elements.Amongall
its known allotropesS is the most reactive form due itsigh ring strainwhereas gdepicts the
lowest reactivity It is nearly insoluble itypical organic solventsr water but shows high solubility in
carbondisulfide Nevertheless, it shows some solubility in polar solvents like meth@madtetonitrile
in whichS and S ringsare formed in an equilibriumhowever only in small amountsilgout 1%)10
Eventhough several important reactioneevolving around elemental sulfueire now known for
several decadedike the Asinger or the WillgerodKindler reaction §ee chaptef.3.2), research
around elemental sulfur in organic chemistry was scéoca long time

Figure3: Images of deposits of elemental sulfur. A) deposit with elementak in powder form §dapted with permission
from Nature Chemistry B-C) Screeshots of satellite images on Google Earth of deposit of elemental sulfur in block form,
Canada, at 57° 02738, 111° 38'50V.1 B)closeup. C) Zoor®ut, 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 hagttracted increasing interest in organithemistry which can be seen

by the increasing numbers of paps publishedabout this topicannually(seeFgure4). In 2021 the
number of publicationg197)were nearlythree times asighas they were twodecadesago(71)and

the trend seems ta@ontinue (afterca. sixmonthsin 2022 already126 papers haveeen published)
This is probably a result of the fact thathen activated sulfur exhibitsan astonishinglyersatile
potential as a reagent in a reactiowhich has finally come to the attention of many working graups
It can participate in a reactionsaoxidizing or reducing agematalystor building bloclkwhile at least
one sulfur atom is being incorporated into the final prod&cthereby the reactivity is strongly
depending on thereaction conditions (temperaturdrradiation, etc) or external activation agenis
which are numerousin types as wejlranging from acid and bases to metal complexes to precursors
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of radicals.In addition, sulfur isas discussed aboyea highly abundant, chegmontoxic easy to
handle solid which is awaste product of petroleumndustry makingits utilization in chemistry
favorable in terms of sustainabilityn the following an overview ovetthe different king of roles
played by sulfur in a reaction is given on brief exampbelsighlight its versality as reagent as well
as starting materialn 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 te sulfur has in the respective reactioException is the activation of
elemental sulfur by basesvhichis discussed thoroughin the following chapter including current
opinions of tentative reaction pathwaydue to its importance for the work of thithesis.

The use of elemental sulfur in multi component reactigresgroup of reactiors in the toolbox of

Green Chemistry (compare chapter2.1.2), is discussed separately in more detad well (see

chapter2.3.2 asthis synergycan leadto an increased degree of sustainabilityhich was harvested
for this thesis as well.
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Sulfur can be implementl in various ways as starting materiahich is depictedn SSheme3. For
instance it can be used for thiiranes synthesiem alkenes or allenes hytilization of molybdenum
or rhodium catalystsit elevated temperaturé®1° More commonly, thiophenes can be obtained by
reacting alkylidyne aryl moietie Glasercoupling productsdy applying high temperatures withr
without basic activatiori!®!'? Also sulfusbased MCRs (SMCREke the Gewald reactignyield
thiophenes ¢ee SShemel6 Cand Schemel7 E). Besidesthiopheng several other sulfucontaining
heterocycles can be accessed likéazolines,thiazoles oxathiolanes thiazolidines benathiazoles
and aromatic thiolocarbamates (s€&hemel6 Band Schemel7 B-D, F. Thioethers can be obtained
applying oxidative coupling conditions with aryl boronic acids or reducowgling of carboxylic
acids with tetramethyldisiloxan€d®'**Thioamidesare obtainedby WillgerodtKindler reactions and
its many modifications (seexhemel6A and Shemel7A). With carbens or carbendike
structures for instancecarbon monoxideN-heterocyclic carbenes or isocyanidss|fur forms C=S
double bondsin the presence of basic activatioagents or metal catalystalready at room
temperature®!>116 Moreover, aulfur can also act as multiple sulfur donor yieldidigulfides or
polysulfur cycles likéhiepins or dithiolanswith various compoundsising metal catalysts diasic
conditions strong basiaconditions,or elevated temperature, respectively’'?° Finally, sulfur can
form polymers by doating multiple sulfur atoms. For instanae, the inverse vulcanizatigrglassy
and dark red polysulfane co-polymers were obtained with divinyl compounds at T&5 using
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elemental sulfur aso-monomer and solvent at the santiene in a radical polymerizatiosince sulfur
chains are mainly present as liquid biradical at this temperature.the synthesis of a triazine
network at 400° elemental sulfur was used as cross linking agent and inserted forming a
polysulfanetriazine-co-polymer?:

Further, sulfur can act as an oxidanFa instance the reaction of benzaldehydes and
aryk2-pyridiylmethylamines led first to an imine condensatiarhich is then followed by cyclization

due to thesulfur oxidizing the aldehyde carboyielding imidazo[1,% Jpyridines in up to 83% (see
Sheme4A).1?2 The oxidative property of sulfur was further confirmed as hydrogen sulfide was
verified to be formed in theeaction by a lead(ll) acetate test. The reaction was performed in@MS

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 €#j.1@his can probably be related

to a basic activation of the surplus of the amine (see tie following chaptey.

S = S
i oS T s
R N’R X X
R X=N, O, CH
)
® )
\S/ ~ o, Q
R or I\/\R ¢ < N/R
~S. multj-g. g formation _S
s S‘ donor o s c=Sfo R{ >=S or x’/C/
\ S/S §/ \SI N\R
N S, S X=NR, O
N S-S
e
> 3
3
S o j%R'
R/ \R /2]
R
/ //
/
S(_)S. S{a)”
S R
S x S~y
S <
S S,
\
S S

\\s/sésaf\d/sesaf\s/dsgsx);

I 1
! 1
1

Schemes: Overview of the scope of different products and functional groups obtained by incorporation of one or more sulfur
atoms using elemental sulfurgSas starting materialln the examples of sulfur incorporated in polymers, the organic
moieties are abbreviated with black badisd polysulfane chains of different length are obtained.

Moreover, benzyl chloride derivatives could be converted-#ry benzoxazoles and beaothiazoles
by reacting it with eamino phenols and thiophenols in the presence of sufiie Scheme4A).123
Sulfur oxidizes the benzylic Stoupunder evolution ofhydrogen sulfide and the formation of the
heterocycle. The reaction is performed in pyridiaeting as solvent and activating bas¢,130°C
obtaining yields up to 96%.
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On the other hand, sulfur can act as reductant. Nitroarenes can be reduced usiegetivalents
of elemental sulfur (in this case three equivalents gihf®lecules)using various bases likeGQ,
NaOH, primary, secondary and tertiary amirigese SSheme4B).2* Ultimately, NaHC®as mild base
was used in the general synthesis protqedhile DMF was applied as solvent at P8)The reaction
exhibited high selectivity and yieldshich was underpinned by comparison of the application of the
reduction protocol withsulfur against Ranewickel and hydrogenin the synthesis of a certain
thienopyrimidine. Rductionof the nitro group containing precursavith sulfurled to the targeted
compound in a yield of 93%vhile Raneynickel and hydrogen led to a yield of onf$% and
by-products due to unselective reduction of other functionalities. No comment was rahdat the
oxidized sulfurspecies,which was obtained in the reportHowever, gas formation was reported
which could be related to carbon dioxide formation due to the use of Nald€frmation of sulfur
dioxide or similar.

Benzofuroxanes could be reduced selectively to benzofurazans using elemental sulfur in moderate
yields (2858%,see schemd B).}?° The reaction was performed at high temperatures ({48 °C) in
ethylene glycol without any additional reageMevertheless, morpholine was reported to accelerate

the reduction reaction. Noamment on the oxidized sulfur species was made. Compared to typical
deoxygenation agents liketrialkyl and triarylphosphines, trialkyl phosphites, hydrazine,
hydroxylamine, and sodium azide, sulfur is the safer reagent in terms of toxicity and hazaskusne

Finally, elemental sulfur was reported to be a sole catalyst or assistant reagent for some
reactions®12612’"However, since at least one equivalent of sulfur was applied for the reactions and no
report of full recovery of the sulfur was madsulfur probably deserved KS f I 6 Sttt Ay3a 27F
NEF3ISyiGé 2N aali2A0KA2YSGONRARO dzEAE AL NBE NBI 3ISyid YS
GKFyYy aOF G t & S ymindtric arfsl rSyNinétrs i-@sabatituted ureas could be obtained

by using 30mol% of sulfur calyzing carbonylation of carbon monoxide which was then reacted with

a nitroaryl and an aminoarykee SSheme4C).1? The reaction was performed at 13C at 30 bar

carbon monoxide presure adding five equivalents of the base triethyl amine in an ionic liquid
obtaining yields up to 96%. As mentioned abosdfur and carbon monoxide yield carbgrsulfide

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 equivaleatamino phenol with cycleexanones using

50 mol% of elemental sulfyseeheme4Q).1?° The reaction was performed in DMSO at 80 °Ceund
acidic conditions applying acetic acid with vyields up to 85% and complete - regid
stereoselectivities. Sulfur probably took part in the reaction as an oxidant forming hydrogen ,;sulfide
which then reacts with DMSO yielding dimethyl sulfide and eleadestilfur 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 wdille down to 5 mol% of elemental sulfur was
applied.t3°

Concluding elemental sulfur is a highly versatile compoun¢hich can be used either as starting
material or reagent yielding a multitude of different substance classes and even polymius.iSu
nowadays mainly produced as a waste product especially in the petroleum sector. On the other
hand, ahighannual surplus of sulfur is producegsince the main applications do by far not consume
the produced amount completely. As a result, sulfupos are increasing in sizedeveloping
threats for humans and environment like acidification of soil and water. Thus, sulfur can be
considered as an abundant, cheap and #oxic feedstock and its utilization in chemistry exhslat

high potential of susinability. 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 ofdhetion pathways, and it can
be anticipated that this research field will keep growing in the next years.
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Schemel: Overview of the different roles of sulfur while participatingeiactions as reagent.
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2.2.1 Activation of elementaulfurunderbasc conditions

As discussed in the previous chapt@lemental sulfur isinherently inert towards the most
compouwnds at room temperatureand thus,an activating agenor condition like metatatalystor
high temperatureis usually required to unlock its versatile reactiviigee previous chapter)
Nowadays, e activation under basic conditions is one of the most comrapproactes for the
activation of sulfur Since the key reaction of thigork, i.e.the synthesis of thioureas by the use of a
sulfur and isocyanide based M@RM-3CR see Scheme 5A), relieson the basic activation of sulfur
involving GS formation this chapter discusses the mechanistic aspects and reaction conditions in
detail 1 However, the mechanistienderstanding of thisype of sulfur reactivity isike other sulfur
containingreactiors, not fully understood yet and discussions are ongoing. Tthessurrent most
accepted reaction pathwaynvolving polysulfane anionss depicted and discussed thoroughly
providing information aboutcredibility obtained by test experiments, anadgsand calculations.
Other less reported pathways are discussed briefly as Wélk chapter concludes with a qualitative
evaluation of the degree of sustaindity in this kind of reactions. Thereforaypical reaction
parameters (like solvent, stoichiometry, temperature, concentration) were extraitted more than
forty synthesis protocolm literature using basic activation of sulfur and compared thoroughly

Allcommonly applied pathwag start by opening of the octasulfur ring forming an octasukarhainl
(seeTable3, for references se@able4). Thereby the base acts as nucleophile attacking the sulfur
ring. The respective pathway is determined by the propertifshe base used for activation. For
instance, nucleophilic bases like amines (primary, secondary and tertass like morpholine,
N-methyl pperidine, TEA, PMDETA, DARE&** amidines'®***° guanidines®, thiolates?%14°
sodiumsulfidé*-142 and hydride$**%¢ are hypothesizedto open the ring nucleophilically (see
Tables3 and 4). In addition, reactions usingbasic starting materialslike amhes enaminesor
enhydrazineshave no need for an additionalctivation agentsince a small excess of the starting
material can already activate sulfur sufficiently32147.14¢ On the other hand,the base can
deprotonate the starting material forming a more nucleophilic spetiles a carbanionThus,less
nucleophilic baseslike carbonatestert-butanolates, butyl lithiumand hydroxide can be utilized as

well (e.g. deprotonation of a terminal alkyner a benzyl CHgroup).14414%150|t is 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 h-effect in hydrazones oother electrondonating effectdike in DMAP or NMf1>2However,
several examples are found in literature which show that a certain degree of basicity is crucial for the
reaction and has to be exhilitl by the activation agent to obtain a succedsdigtivation>*154No
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 th properties. This is further underlined by the multitude of synthesis
protocolksreported over the last decades usiagtivation agents with a certain degree of basicity (see
comparison of 43 synthesis protocolsTiable4) while outlines are scarce (ttee publications were
found relying on less basic compounds, Nealkylimidazoles, DMAP and HMPA¥!’ Thus, this
g2N]l & NBFSNAR (2 GKAa FOGAGEFGA2Y | LIWNRBIOK & al Of

In a next step, the octasulfane chdimttacks othersulfur molecules in an anionic riogpening
polymerization like patternforming polysulfane chains (seeTable3). Theintermediate octasulfane
chainl and the final polysulfane chalhformed by nucleophilic attack exhibit a negatively charged
terminal sulfur atomwhile the other chain end consists of the base maigtlgich is now attached to
the sulfur chain by a covalent bond. Depending on the utilized hatbe overall charge of the
octasulfane chain can be divalent negative (sodisuifide)!*142monovalentnegative (thidates,
hydrides carbaniopt?0:140.143.144.146,149.15r neutral (amines, amidines and guanidin&sy?134.136
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139.1%8 The neutral octasulfane chains are described as inner, sittse the base moiety bears a
positive charge besides the negative charge of the terminal sulfur &ém.alditional equilibriumis
expected fromtautomerismif a proton transfer between the base moiety and the terminal, anionic
sulfur atom is possible forming a naharged octasulfane chain bearing a terminal thiol functional
group (compare primary and secondary amines against tertiary ondable3). No reorts 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 polymsirsce typical eluents like DMF

or DMACc are able to dissolve activatgdlysufane as discussed belaw

Table3: Currently most used reaction pathway to describe the activation of elemental sy)fumr basic conditions
forming polysulfane chains. Different kind of basesasic starting materials (Nlgad to a different overall charge of the
polysulfane which is depicted in the table providing examples ad04lft32.134,13644,146,149,150,158

S S-S
—_— S S\"@
s N Nu” 6835 s N~ 565956
58’ x
| ]
thiolates, amines, amidines,
base NayS hydride salts, guanidines, ammonia,
carbanion hydrazones
charge divalent monovalent neutral (zwitterionic)
® 5 _)S. O
R1RoR3N” ésa XS]
X
= _S( ). O
example | §-S{g)8~s@ e SN Ry = H
X X
.S SN
R,R3N 63% SH
X

In addition, acharacteristic color cdnge of the reaction mixture is obtained after activation of the
sulfur by basé® The obtained reaction mixture is usually described to have a dark red to deep
brown color which s typical for poylsulfanes (see previous chapti¢rcolor of p-sulfur, ii) color of
polymers obtained by inverse vulcanizatiosee also pictures ifiabled), at least indicating the
presence of these polymerd:urthermore,the color change of the reactiomixture is usually
accompanied by partial or completislution of the, in general insoluble, elemental sulttiearly
indicating its conversiolfsee pictures in Table4).*31%3 However, even though this color change is
consistently reportedit can arise fronother compound and thus, the presence of this color should
not be consideredssoleproof for the formation of polysulfane chains.

No reviewabout the activation of elemental sulfur under basic conditiaress published up tehe
point whenthis chapterwas written and thus,d obtain the gneral reaction parameters for this kind
of basic activation osulfur, data from 40 publicationswas extracted In all casesthe authois
reported reaction pathwaysvia polysulfare chain formation (in additigrnthree publicatiors were
consideredapplying similareaction conditions but dothese three didnot report a more detailed
activation step of sulfur). The results eaemmarizedn Table 4:
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Table4: Overview of reaction parameters for the activation of elemental sulfgrui®ler basic conditions. The data was
extracted out & 43 publications (from 2003 to 2021) reporting sulfur conversion under basic conditions referring mostly to
formation of polysulfane chair#8.120.13£150.153173

Number in bracketshowhow often the compound was reportelh addition, the color change upon dissolution of sulfur by
polysulfane formation is depictedeft: insoluble &in DMSO at 100C and right: upon addition of BCQ solubilized
polysulfanes). Pictures were adapted frdaurnal of American Chemical Socrefy*>3 (StFgure S2).

/S_S\ @
n s P+ xNu Nu/SesaS\S
SN solvent, ¢, T, t y
- s-s
base amines(16),tert-butanolatesalts(6), carbonatesalts(6), amidines(4),

hydridesalts(4), sodiumsulfide (2), hydroxidesalts(2), thiols (2),
baseequivalents 0.1-29

solvent DMF (11), DMSO (10), THF ¢&ter (5), bulk (5), dioxane(4), toluene
(4),DMACc(2)

Siomar€Quivalents | 1-24

C(Satomar) 0.05 M- bulk
T room temparture-140°C
t 0.572 h

Typicalbasesfor the mentioned groups weralready discussed abov®ostly amines were applied

as base for the activatigiproviding a vast scope of applicable basic reagents orisgamaterial. The
equivalents of bases differ from 0.1 to 29 equivalenfs?0.13:150.158173 Most importantly, the
successfulise ofsubstoichiometric amounts of the basenderlines the role as activation agent for
sulfur (substoichometric amounts are only applicable if the used base $santing materialat the
same time)!3514@142,145,148,154, 16\ g golvents mainly polar apotic solvents like DMS@nd DMFwere
used butless polar solvents like THfioxane or toluenavere reported as wel| 10.120.138150.158173 The
solubility of the (ionic) polysulfane chains in these solvents is depicted in the pictuiebled
compared to noractivated elemental sulfut®® In somecasesthe use of no solvent was reported
Neverthelessat least a small excess ofiquid baseor ionic liquidwas used in thee caseand itcan

be assumed that the polysulfane were soluble in these compotfid$16%1%0nly onereport was
made using no excess of base or any other additive allowing the labelling as bulk réXcTious,

the concentration of the sulfur (per atom) ranges in general froearly bulk conditions (>2@) to
0.05M. 1012013%150,158173 The basic activation of sulfur can baready performed at room
temperature as several examples shdf*4%1%%169However, most of the synthesis protosalise
elevated temperatures up to 140C,120.13%139.14%150,153158,16@168,17@173 Srely it can be expected that
the certain reaction temperature initiating the activation of sulfur differs frima type of base and
solvent usedbut most likely the following reaction steps in the respective syrithhased more
energy than the sulfur activation. In addition, it has to be mentioned that the application of
temperatures above 120C will lead to<-suffur, which consists in small portions of, $he most
reactive modification of sulfymwhich could enable a ring opening in casdsere & proves to be
unreactive(see previous chapterUltimately, the time scales for the reaction ranges from half an
hourto 3 days10:120.13t150.158173 Agqin, 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 fastfdr instance a suspension of elemental sulinar 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 thégsis
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Nearly every reported mechanismelies on the formation of a polysulfane chaihe Hbrmed
poylsulfane is a strong nucleophilgince it consists of a thiolate like egdoup attached to other
sulfur atoms resulting in ah-effect. Thus, it will react with a multitude of electrophiles resulting in
different reaction pathwaysdepending orthe nature of the starting materials and the nucleophilic
attack Therefore, typical reactiohehaviorof the polysuflane chain is discussed in the following on
chosen examples.

For instance carbene like groupsuch as isocyanidesan be attacked forminga GS bond and
transferring the negative charge to the carbti#14515°As a result, the sulfur chain is hypothesized
to act as a leaving groupvhereby the former terminal sulfur ato, now attached to the former
carbon isocyanide, remains at the starting material under formation of a C=S double Tuads
exemplified by the multicomponent reactioAM-3CR since this reaction was crucial for the
investigation in this thesis(see Scheme5A, also see chapter 2.3.1 and 2.3.3for further
information).1°
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Schemés: Possible mechanistic pathwajorming C=S double bondbe steps involvingolysulfaneare depicted in detail.
The polysulfane teacks first in a rucleophilic additiorstep, followed bya subsequent etiination of the polysulfane with
one sulfur atom less which can start the sequence again (dashed litéapately, a C=S double bonid formed. Examples
are givenfor the starting materiaisocyanide4) and enamineR).10.174.175The base is abbreviated with Nu when attached to
the polysulfanesulfur is colored red

Sulfur, amine asdse 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 isothiocyanatehich was not detected in thecepe of the reported work.
However, AbranyBaloghet 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
isothiocyanatet*® Thus, an indirect prove of isothiocyanate aseimediate was provided. Since
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isothiocyanats are prone to react with suitable nucleophilgsis probably immediately consumed
after formation by the reaction with the amine component (or in the modification with the
alcoholate or thiolate)leading tothe final product (thiourea, thionocarbamate or dithiocarbamate
respectively).0143

Another example following a similar pathway leadingat€=S double bond formation is assumed in
the final reaction sequence for th&VillgerodtKindler reaction (seesheme 5B), forming a
thioamide 41" First, sulfur mediated imine migration takes place yielding the terminal imine (see
alsoSchemel6A for further information aboutthe 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
GS bond. Subsequent proton shift leads to a polysd@facarbanion, 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 reactionttpaor instance in the benzo
thiazole synthesis of Nguyest al. (see Scheme6).1* First the poylsulfane is formedtandardlyby
the attack of a base, hereN-methyl morpholine. In a second stean aldehyde is attaed
nucleophili@lly in an additionelimination reaction A hydride is eliminatedubsequently formingn
acylpoysulfane The protonated base is released by the attack of g¢liminated hydride yielding
again a polysulfane This isassumed to attack a second electrophile in this casehloro
nitrobenzenes in a nucleophilic aromatic substitution reactidhe obtained aryl acyl polysulfane
reacts further in a cascade of base mediated redox reaction steps to reduce the nitrq gytuap is
not completely understood at this poinT.he final oxidized sulfur derivativie proposed to beSQ.
This assumptiomwasstrengthened by thésolationand XRD analysié the sulfonated benzothiazoles
obtained as side product in this reaction. Thespective regioisomer obtained can be typically
obtained by sulfonation of benzothiazoles with;3&
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Schemeb: Possible mechanistic pathwaielding benathiazoles by use of sulfred) and a base (Mnethyl morpholine
(NMM)). Thesteps involving polysulfanare depicted in detail. Polysulfanes react first in an addigtimination step,
followed by a nucleophilic aromatic substituti@@ubsequently, sulfur reduces the nitro group. Ultimately, adibiazole is
obtained after several redox reactisteps not clear to this poirig

In caseswhere sulfur acts not as starting material but as oxidant, reductant oalgat similar
reaction steps were proposettiowever,often the final reaction stepsliffer, since sulfur is ultimately
eliminated from the product compoundAn example is thbenzoxazolesynthesis of Ngand Nguyen
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using eaminophenol, arylaldehydes andlfur in the presence of catalytic amounts of sodium sulfide
(see Sheme?).1#? Here, the polysulfane, formed after ring opening sulfur with sulfatéacks the
formed imine ofthe aldehyde and the aminophenol nucleophilicalydride shift is assumed under
ring closing by the attack of the hydroxy groups releagiolysulfane with one sulfur atom less. A
thiolo benzthiazolidine is obtained forming the product in a final step by aromatization under release
of hydrogen sulfide. Ngas formation was observed indicatihgdrogen sulfiddhowever, itis known

that hydrogen sulfide eacts with DMSO (the solvent in this reactignyjelding dimethyl sulfide and
elemental sulfur in returnThe fact that dimethyl sulfide was found in the reaction mixture by
NMRanalysis strengthened the assumptions made for this mechanism.
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Schemer: Possible mechanistic pathway yielding benzoxazoles by use of (sedfiand sodium sulfidas base The steps
involving polysulfane are depicted in detail. Polysulfanes reacts firataaditioneliminationlike stepyielding a thiol group
releasinga polysulfane with one sulfur atom less which can start the sequence again (dashedUliirag}ely,the product
is obtainedby release of hydrogen sulfide thssilfur acts as oxidant ithis reaction!42

In turn, dher mechanisms were proposed in caes were the formation of the polysulfane is
performed byattack ofa starting materiahctingas basdike a carbanionFor instance, the reaction
pathway of the Gewald reaction (s&eheme8 and alsoSchemel6C) was describd by Tinsley to

form a poylsulfane chain withreanionic Michael adducind then reactdurther viaring closing to a
thiophenel®! Interestingly, the five membered heterocydkeassumed to bdormed by the attack of

the sulfur atom attached to the carboin contrast b the previous discussed approachaswhich

the terminal anionicsulfur is the nu@ophilic specis. In a second steghe 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 followup reaction behavior, some recent syntheses are described with more
than one pathway. For instance, Yu and Zhangppsed three mechanisms for their reaction
between aryl amines, sulfur and carbon dioxide yielding benzothiolocarbamateSojseme9).1%2 In

all casesan 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 pratieg of the reaction could be ruled out in

test experiment using TEMP®he first one proceedsgia 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 leayingroup and is released in an electrophilic aromatic substitution reaction forming

the final product.
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SchemeB: Possible mechanistic pathway of the Gewald reaction. The steps involving polysuHfatepicted in detail.
Polysulfanes are formed by attack=fifur (red) bya deprotonated Michael system. Subsequently, the sulfur atom attached
to starting material moiety reacts under cyclization. Ultimately, then#no thiophene is obtained by rel@asfS in this
reaction®1 The reaction is assumed witim actasulfane 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 proposedtpway proceeds initially by the electrophilic aromatic
substitution of the aryl isocyanate opening the i81g. Subsequent elimination of a sulfur ring
consisting of one sulfur atom less yields thehiolo isocyanate which reacts to the product by
intramolecular cyclization. Finally, the third pathway, introduced the thioictional group like the
second pathway but prior to the formation of the isocyanategisctrophilic aromatic substitution of
the aryl amine.

Ultimately, the polysulfane will acts a one sulfur donor or reagent (oxidant, reductant, or catalyst)
and is thereby reduced in its chain length by @tem in all proposed publications. Csideringthe
reaction parameters, especially the often stochiometric amount of sulfur applied, ibeassumed

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 explicjt step
literature does not provide any detailed hyghesis when a polysulfane chain is labelled as
GO2YLX SiSte 0O02yadzySRe & ¢ g 2ved kiffk atofmican(ok fansteled | & & dzY
resulting in the release of the basehich explainits substoichometric nature and ultimately allow

the assignmenof the term cataly$ 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. Seaserttle chain length decreases

the reactivity of the polysulfane could lead to inactivity. Tighestdifference in reactivity would be

most likely a chain consisting of only one sulfur atemce theh -effect of the polysulfane will be lost
decreasingthe nucleophilicityof the thiolate group Furthermore, the nucleophilic attack could be
impeded at smaller chain lengthSince the respective nucleophilic sulfur atoms would be in the
surrounding of the terminally attached base of the chain, this migatl 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 othénus decreasing the impact of this
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assumption unless high convams of stochiometric amount of sulfur is reached. No side product was
reported so far indicating a remaining baseifur intermediate or byproduct.
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Scheme9: Three possible mechanistic pathways thoe synthesis of beothiolocarbamtes usmg sulfuired) under basic
conditions'®2 The steps involving polysulfane are depicted in detail. In patte polysulfane is formed witbulfur and a
base attacking the formed isocyanate nucleophilicallBubsequentlyglectrophilic aromatic substitution releases S
ultimately yielding the prodict. For pathB, the sulfur is transferred to the polysulfane by electrophilic aromatic substitution
of the isocyanate. Under release afaSthiolate is formed resulting in the product after cyclisation. Ragxhibits same
reaction steps as patB but in reverse order (first thiolate formation thasocyanate formation) yielding the product again
after cyclisation.The reaction is assumed witlm actasulfane chain however, it seems reasonable that longer polysulfane
chains can be formed since the reantmonditions 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 reacti@ninvolving activation of sulfur under basic conditions.
Nevetheless, some other mechanisms can be found, even though in small nunitmeristance,
Zhangand Zhang introduced a synthesis protocol for the formation of bisisothiaggledisulfides by
reacting two equivalents of alkynyl oxime ethers with sulfur emdctivation by DBUsee
Shemel0A).2’® In contrast to the discussed re@mts,elemental sulfur acts not only as mono sulfur
atom donor yielding isothiazelmoieties but also as di sulfur atom donor formidigulfides.For the
incorporation of the disulfide functionajroup, the authors assume thdbrmation of divalent
disulfide aniongaking place by oxidation of DB{$ee Scheme10A). Thisanion attacks both alkyne
functions with one anionic sulfur each in the following yielding the disulfidoup. In case of the
isathiazole function an attack of a carbanion intermediate is assumed which opens ghen®
leading to a thiolate group. Even though this step is not further described, it is in accondéhce
typical mono sulfur atom transfer mediated by a polysulfanaichA radical pathway was ruled out
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by control experiments with radical scavengers (TEMPO and BHMore detailedcomment was

made about the reaction between DBU and sulfor instance the stoichiometryeuivalents of

formed divalent disulfide aniomper S ring) is unclear Since the reactiomapplieda huge excess of
sulfur (16 equivalents of atomic sulfar two equivalents of Smolecule3d the proposed mechanism
seems to be reasonable.

Polysulfanes are alsknown to dissociaten polar aprotic solvets like DMSO, DMF and HMPA
besides reacting to divalent disulfide anidisAn agreed mechanism starfrom the S ring, which is
reduced in a two electron transfer tihe S dianion(see reaction of Wangnd Phan in Schemel10B).
Under extrusion of diatomisulfur, the divalent $ anion is formed.The spontaneous homolytic
scission of the chain results in the formation of thlee chromophoreS radical anionwhich isfor
instanceresponsible for the color of the pigment ultrami@e blue It is assumed that thes$lianion
can also react with other sulfur molecules polysulfane which could dissociate to yield sulfur
radical anions with different chain lengthhe radical species can be detecteingEPRanalysis.
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formation by reaction with Sadical aniont””
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In several synthesis approaches with sulfur and babesimportance of these sulfur radicals was
ruled out by the fact tht 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 otahdicavengers in
reaction of elemental sulfur under basic conditions can be found. For instance, AldRipan found
that the i -C(sp)-H amination of a Michael system with an amine and sulfur yieldiagrinoenones
was significantly influencedly radical scavenget& Thus, no polydtane-based mechanism was
assumed but the reaction of the double bond of the Michael system wirad®al aniorforming a
thiirane (see Shemel0B). Thisthiirane is subsequently opened by the amine and elimination of
hydrogen sulfide provides the final product. The mechanism was further underpisieck the
thiirane wasverified as intermediate by GKIS and the characteristic aoigption peak of the
radical anion at 55000nm was found in the reaction mixture by UV/AA&alysis. In addition, DFT
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calculations agreed with the proposed pathway. ¢€eal. also reported the Sradical anion as key
reagent in the formation of thiopenesfrom sulfur, sodiuntert-butanolate and 1,3liynes!'° Radical
scavengers nearly completely inhibited the reaction and-&riysis proved the presence of the
radical anions under typical reaction conditiomsinand Song reacted 1;8nynes with sulfur and
potassium carbonate to disulfide thiophenes. In this reactame S radical aniorultimately yielded

a mono and two sulfutransferresultingin the thiopheneand disulfide functional group respectively.
Verificaion as key intermediatevas providedy UV/Vis and radical scavenger experiments as well as
DFT calculation¥? In addition, a trapping experiment of the radical withrbornenewas conducted
yielding exo-3,4,5trithiatricyclo[5.2.1.02|6]decane determined by H®E further underlining hat

the Sradical anion is not menrgla side product of the reaction but a crucial intermediate.

Concluding, even though polysulfanes are the most accepted key intermediateaatiors of
activation of sulfur under basic conditionsther pathways were also reported. In case of the
pathwayinvolvingthe S radical anionthe 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 anid® eadtical 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 validatéhat in these cases polysulfanes do not participate in the reaction
proceeding entirely.

Since this work waperformed in the framework of sustainable chemistaybrief evaluation of the
reaction conditions and parameters of a basic activation of sublens to be appropriateOften
high boiling and toxic solventi&ke DMSO and DMd#re applied since the polysulfane chain exhibit a
good solubilityin these solvents As already mentioned in chapt@rl.2, the solvent can bea
considerable amount of theverall waste and is a major parametir the Efactor. Thus,the
guestion arises: is theositive effect of the use of elementallfur as waste productn terms of
sustainability reduced anaybe even dwarfetly the use and amount of such solvehts

Many syntheses listed iMTable4 apply highconcentrationor nearly bulkconditions allowing a
considerable decrease of the overall amount of solvent resulting in a lovecté&r. Ultimately,the
negative impact ofvaste and itsenergy consumptiomriginating from solvents can be kept minimal
Nevertheless, nontoxic substitutions, ideally obtained out of renewable feedstiak, GBLor
Cyrenet would be desirabldor the oftenrused polar aprotic solvent$ herefore, the stated question
can beanswered by no, the solverdoes not overrule the positive effects of elemental sulfur
gualitatively speaking. Furtherhé use of bases in substoichemtric amounts resalty in low
amount of waste Theappliedbasegypically exhibiiow molecular weigts (like morpholing sodium
carbonateor sodium hydrid¢, decreasing the amount of wasterther. The toxicity for some bases
that were applied for the activation of sulfur is also low, for instance sodium carbonate is labeled
gAGK @@l N¥nlyyfriafing o $é gyes(H319)'° Considering several approaches use high
temperatures up to 140C, i might be beneficial for this, or subsequent reaction steps to apply
more sustainable transfer of energy like microwave irradiation or sonochemical approgesies
though several cases report that sulfur can be activated already at room tempeya8inee the
presenceof solvent is importanta mechanochemical reacticsetup seems to be unlikely to bear
beneficial impacin general Nevertheless, in cases nearly bulk conditionsyhere the amount of
base itself exhibits the ability to dissolve polysulfane ch&na sufficient degrede.g.a reaction in
which excess of base is applied because it acts as activation agent and starting méteright be
still a reasonable approach for increasing the sustainability.
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Concluding, the use of elemental sulfur under basic activation bearseatfm to have a sufficient
degree of sustaindlity, which is mainly depending on the used solvent and its concentraltiamy
different products can be obtained using this approaethich is straightforward and feasible
considering its typical reactioconditions and setips. The activation itself is postulated to proceed
viaring opening of sulfur forming polysulfanaghich can react as strong nucleophile subsequently in
various ways depending on the applied starting materiaigther studies are needl 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 moreesearch 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 (MCRghree or more compounds react to form a prodweinsistingof
most of the atoms of the used starting materidtypically high A& >80%,are obtained)?181.182
Thereby,the used compounddreak and form more than one covalent boweeldinga complex
structurel®® MCRsare onepot reactions which have considerable advantageover multistep
synthesis since no intermediate needs to be separated or purifiegbulting in an overallmore
efficient synthesist®? Furthemore, the nature ofthesereactionsare often modular meaning a vast
scope of different moieties is allowetbading to abroad variety of potential productswvhile the
starting materials are often easy to obtain or commergialailable'®3!8 Due to theirmentioned
properties MCRs are often labelled as greeyactions(see also chapte2.1.2), for instance due to
high AE andiecreased waste while renewable compounds can be employed as féfs18’ By
exploiting M®Rs pharmaceuticals can be evaluated since large compound libraries are aadily
quickly accessiblé®21818% M|CRs can also be used inlypuoerizatiors following a step-growth
mechanismwhich will be discussed in more detail in cha2e3.3. due to the importance of this
topic for this work Furthermore, high yields are often obtainathkingthem ideal candidates in the
field of sequencalefinition. Unform macromoleculescan be obtainedfor instance by iterative
synthesist®®1% |n general MCRs can be divided in three subtypashich are depicted in
schemel1.182

Type | A+B C = = P
Type Il | A+B C — P
Type lll | A+B ~ C — P

Schemd1: Subtypes of MCRs which differ in the number of irreversible steBsare assigned as starting material, C as
one example of an intermediate and P stafar product. Note that in theory any number of intermediates can be obtained
la KAIKEA®KGESR 68 aXéo

Type | is a reaction in which every componéntermediate and product is in an equilibriumsa
result, it is typicallydifficult to obtain highyields since there is no driving force towards the product
side and the reaction mixture can otain considerable amoustof intermediates and starting
materials.

On the other hand, type Il reactions profit from the#st reaction stepwhich is irreversible and
draws the equilibrium towards the product sidé¢hus increasing the yieldTypical exmples for
type Il reactionscan be for instance strogexothermic reactions like ring closing reactaswell as
aromatization.

Type 1l reactiosconsist of only irreversible stepwhich makes the type Il and Il MCRs preferrable
over typel. However, type lll reactienare very rare insynthetic chemistry but can be found in
biochemical processes in nature. The transition of these three subtypes of MCRs are often very
smooth and tlus, the classification can belurred. In the followingan overview of important MCRs

is givenin which the order ischronologically highlighting the rnpact of MCRsexemplarily (see
Shemel?2). The first MCR was reporteéd 1850by Streckerreactingan aldehyde ammonia and
cyanic acidsee Shemel2A).1% The formedh -aminonitrile could be hydrolyzed to obtaimamino
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acids!®1%n 1882, Hantzsch was able to form dihydnigines by the reaction of two equivalents of

i -ketoesters, ammonia and an aldehy@see Schemel2B).1% Nifedipin a drug of this compound
class which is treated for high blood pressyreould thus be okdined in one step® Further
oxidation of the dihydropyridines led toygdinesby aromatization Several years later, Hantzsch was
able to obtain pyrraés using -ketoester,amiy’ S &  khglldketohe (see Scheme120).*" Biginelli
established the synthesis of dihydrapyidone in 1891. Therefore, ureal -ketoester and an
aldehyde (see Schemel2D) were used®® Later, Mannich reacted enolizable carbonyl groups
(aldehyde or ketones) with amines and aldehydes to obtain -amination reaction (see
Shemel2E).1*° This reaction found its way in Robinsons Tropinone synthesis and was the first
example of the aplication of MCR in the synthesis of natural compouné®.In 1993, Petasis
published a modification of the Mannich reaction usirydnic acids instead of enolizable carbonyl
groups as nucleophiles to alkye, vinylate or arylate imingsvhich can be considered a distinct MCR
nowadayyseeSchemel 2F). 201202

So far only three or four componenteactiors were mentioned but also fivend up to seven
component reactionsvere investigatedd.g.an Ugi readgbn with alcohol and carbon dioxide as acid
yielded a five, the combination of an Asinger and an ddgaction resulted in a seven component
reaction, respectively, botMCRsare described in the following chapters§.2%4
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Schemé 2: Chronological overview of important MCRs. The starting masetial colored to highlight their implementation
into the final prodat. Enolizable carbonyl groups are colored in black, aldehydes in red, amines and ammonia in green,
halogenaldehydes in orangerea in purplecyanic acid in turquosnd boronic acids in brown
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Thus,a variety of MCRsare well establishedn which severately on the reactivities of the same
compounds.Therefore subgroups for MCRs can be introduced like itinetal-catalyzed as well as
isocyanideand sulfurbaseMCR. In the metatatalyzed MCRs$he keystep 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 catalgeveral different reactiorf§%208
Moreover, isocyanide and sulfurbased MCRrely on the inherent reactivitie of the respective
compounds and due to their importance for this wptkey are discussed in the following chapters
independently.
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2.3.1 IsocyanidébasedMulticomponentreactions VMICR)

Isocyanidebased Multicomponent reactionBVICR rely on the inherent and unique reactivities of
isocyanidefunctional groupslike h -additions " -acidityand carbendike character(see chapte#d.1).

In this chapter an overview of important IMCGHs givenbased onthree reaction pathwayg, which
canbe only obtained by exploiting isocyanide groupmally,a brief evaluation of IMC&is given in
the view of Green Chemistrgince this was the overall framework of this work.

Most commonly IMCRs proceed with dn-addition as key reaction stgjin the following labelled as
IMCR typd). Thereby the isocyanide group acts first as a nucleophaltacking a suitable
electrophile. As a resulthe isocyanide groujs transformed to anitrilium ion, which is a strong
electrophile andhus react with aradditional nucleophile (se&chemel3), leading to the respective
product. Thissequence can also proceed in a concertadnner, in which the bond formation
between the electrophile and the nucleophilproceeds simultaneously. This reaction step
appliable to a variety of different electrophiles and nucleophiles and thus, several IMCRs of type |
have immerged over the last century. In the followirlge most important ones are discussed
according to their mechanism amovideddetails abouttheir compaund variety. Moreover, some
examples of their application are given.

The first IMCR, discovered in 1921, is uecalled Passerini reactiof’® A carboxylic acid and an
aldehyde react with the isocyanidender step wise h-additions According to recent DFT
calculations an acylimidate is formed that is not stable and undergse an irreversible
Mumm-rearrangement immediately formingan " -acyloxygarboxamide (see Schemel3A).21° The
overall driving force of the reactiowas reported to behe oxidation of the isocyanide carbon from
(+11) to (+V),'82 however it has to be noted that the isocyanide carbon is tfamsed to an amide
group withusually hasn oxidation state of +11Dne of the most astonishing featurestbé Passerini
reaction isthe variety of compoundghat can be used. For instance, instead of the aldehyde
component, other oxecompound like ketones, keteneas well asacytyanides andisothiocyanates
can beemployed?°®21%213 For the carboxylic acida broad scope obther acidic compoundss
applicable as welbs hydrazoic acid, hydrogen chloridéydroxylamines phosphinic acids and
silanols?%218 Electronpoor phenols can also participate in this reaction as acid compoheading
to the PasserinBmiles reactionsince theirreversible rearrangementas last reaction step is a
Smilerearrangement!® By using alcohol and carbon dioxidéorming carbonic acid a
four-component Passerini reaction can be achie¥®dThus, amanifold of different substance
classes can be obtained by the Passerini reactiog. { -acyloxycarboxamides, hydroxytetrazoles,
N,N-diacyloxamides, h-hydroxycarboxamides, h Xoxocarboxamides, h-cyanoarboxamides,
h-aminoxyarboxamides h -siloxycarboxamidgs These products can kapplied in several research
fields like sequencedefinition, Medical] Green Chemistryas well aspolymer chemistry further
described in chapte?.3.3.185188.193

Adding an amine to the Passerini reaction resultsthe four component Ugi reaction (see
Shemel3B) that follows a similar reaction pathway compared to the Passerini reaction (see
Shemel3A). Here an imine condensation takes place prior to theaddition, leadingto an
h-acybminacarboxamide'®2220Theh -addition can take place in concerted manner in Rgolar orin

step wise manner in polar protic solventghile again the overall driving force is the oxidation of the
carbon isocyanidé* Like the Passani reaction, the Ugi reaction allows a variety of different oxo and
acid componentsfor instanceketones carboxylic acid, water, hydrazoic acids, phenols, salts of
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secondary amines, cyanates, thiocyanates, hydrogen sulfide s and hydrogen selenal'82222
226

o-addition reaction step
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Schemel3 Mechanistic pathway of the IMCR typen whichan h-addition of the isocyanidefunctional groupwith an
electrophile (E) and a nucleophile (Nsiperformed The rection step can proceemswise or concertedly. In addition, an
overview ofimportant IMCRtype-l is given while thé&ey intermediates after the-addition reaction are depicted as well
The starting materia are colored to highlight their implementation into the final produstcyanids are red, aldehydes
green, acid components blacdgdamines purple
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The JoullidJgi reaction is a three component modification of the Ugi reaction in whiythc imine

is used??”?28 Using h-amino acids in presence ain alcoho| a fourcomponent five center Ugi
reaction can be achieved yieldifgaminoacylcarboxamid estefd By applyingan alcohol andCQ,
COS or G%s acid component a five component Ugi reaction is obtafffeMoreover, applying an
Asinger product as imine componerd seven component Ugeaction can be performeé? In
addition, the amine component holds further vetiity, since besides primary and secondary amines
also hydroxylamines, hydrazines, hydrazides and urea derivates can b&4isked.application area
of the Ugi reaction is vast direaches fromsequencedefinition, MedicalChemistryto synthesis of
organic compounds as well pslymer chemistryfurther discussed in chapter.3.323%25

Grobke, Blackburn and Bienaymé discoveredultemeouslythe reaction ofheterocyclic amidines

like 2-amino pyridine pyrazines or pyrimidinewith aldehydes and isocyanidedeading to3-amino
imidazo[1,2a]pyridines, pyrazines or pyrimidingsee Shemel3C).2%23 The reaction can be
considered a derivation of the Uggaction in which the 2amino N-heterocycle reacts as the angn
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 @nBted acidcatalyst?*® However, also
other catalysts were reportedncluding bases, ionic liquids and the absence of catal§f$t¥3
Formaly, the reaction is considered a [4+1] cycloaddition reacti®tween the imine, formed prior

by 2amino heterocycles and the aldehyde component, and the isocyanide. Herein the oxo
compoundmust be an aldehydgsince after the cyclisation step an aromatization takes place by a
tautomerism of the former aldehyde pron. Compared to theUgi and the Passerini reaction,
aromatization is thdast stepof this cycloadditionrather than oxidation of the isocyanide canin?3®
TheimidazeN-heterocyclic compoundbBave several applicationgyrfinstance there are widely used

in Medical Chemistry due to their broad pharmacological effects but they can be also applied for
CombinatorialChemistry and formation of fluorescent compoung§24%245

In 2000, DOomling used vinyl isocyanide bearing a tertiary amin and an ester graufich was
reacted with an aldehyde, amine and a thiolocarboxylic acid in anlikdgireaction (see
Shemel3D).?* However,due to the attached Michael system and its leaving group (tertiary amine
group), the product afer Mumm-rearrangement! -acylaminocarboxthionoamidécompare the oxo
analogue in Sheme 13A), further reacted in a 5-exotrig cyclzation reaction forming
h-acylaminothiazoles. The cyation was possiblgsince the thionoamide is inherently neolphilic

at the sulfur atom.

A second type of IMCRn the following labelled as IMCR tyfie uses the reactivity of thecidic
h-CH groupof the isocyanide groups well aghe isocyanide carboseeShemel4). The acidity of

i K SCHfgroup istherebyincreased byadditionalelectronwithdrawing groups (EWG) like tosylates
or estersthat are attached to the groupn the presence of mimine, the carbanionis formed by
deprotonation and subsequentlyreacts as a nucleophilattackingthe iminein a Mannich reaction
like fashion. Subsequently, the formed amingttacks the isocyanide carbon in return,
nucleophilically. The final step is usually a protmansfer towards the negativly chargel, former
isocyanide carborThe overall reaction can be considered a formal [2+3] cycloaddition reaction.

The first reported reaction according to this mechanism is a derivation of theL¥alden oxazole
reaction in which an aldehyde, amine and tosylthgl isocyanidereact forming imidazolegsee
Shemel4A). It was first reported in 1977 by Vdreul3en but as a twoomponent reaction usingra
aldiming which was prepared beforeharfd® Later on the threeecomponent reaction was
established as wetf&2°° The reactionwas performed in presence of an external base besides the
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imine 247 After the formation of 2-imidazoling an elimination reaction of the proton of théormer
aldimine takes placemediated by the baseresuting in the extrusion of the tosylate group under
aromatization. Mwadays this reaction isused for instance inMedical Chemistry due to the
importance of the imidazole mety exhibiting pharmacological and biological activif#s°

o-acidity+isocyanide as electrophile

+
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Schemel4: Mechanistic pathway of the IMCR tyfgin whichhighh -acidity ofthe h-CH group of the isocyanide functional
group is needed. In the presence of a good leaving griikep toluenesulfonyl group (Toshd an external base the
VanlLeuf3en reaction can be performed) (vhile without an external base the Orru reaction can proc&dThe starting
materials are colored to highlight their implementation into the final product, isocyanate red, aldehydes green and
amines purple

In 2003 Orru et al. used the same three componento form 2-imidazolines butthis time no
additional base wagmployed The isocyanidesvere inh-position to ester and Yluorene groups
instead of tosylatdunctionalities(see cheme14B).2°! Later, also ketones were successfully reacted
as substituents for the aldehydé¥. Moreover, Zhu et al. reported that with isocyanides bearing
additional ester or amide growoxazolesrather than imidazolines can be obtainéadllowing an
h-addition pathway (IMCR type see above)In the following year, reaction protocols were
established to selectively chose the final prodbgt altering the catalysts and using amide groups
instead of ester group¥223

Finally, IMCR of type-lll proccedby double bond formation of the isocyanide carbon with a
chalcogen like sulfur or seleniurflis reaction type was first reported nearly a decade agd the
mechanism is not fully understood yet, but it is usually assumeedsulfur that the chalcogen is
activated by a base beforehand and formsdigo-or polymericsulfur chain.This sulfur compound
attacks the isocyanide nucleophilicalind subsequently, ti is stripped of one of its atomdby
elimination due to the attack of the formed carbanigsee Schemelb, for further detail of the
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activation of sulfursee also chapter 2.2.1). Here, theproduct is & isoselenc or isothiocyanate
which is subsequently attacked by a third componiait serves as additional nucleophile.

C=S double bond formation-reaction step
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Schemel5: Mechanistic pathway of the IMCR typlein whicha C=S double bond is form&dp). The chalcogen (here
elemental sulfur, § is activatedby 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 golymeri
chain reduced by one atgrnwhich can reacts again with another isocyanide and so on. In addition an overview of several
IMCR type Il reactions is givébottom). Thefirst reaction step is always the formation of the iosthio or isoselenocyanate
initiated by the external base (aminfaH or HMPA).t&ting materials are colored to hihghlight their implementation in
the final productsulfur and selenium are black, isocyanides red, amines purple, alcohol and thipkplolides brown and
indols green.
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The first IMCR type lll was reped already by Lippet al. in 1959 using isocyanide, sulfur and
aromatic amines forming thioure&%* Decades later, in 2014AFMourabit et al. establishedthe
conversion ofprimary and secondary amindsr this MCR (in the following labelled as AZR)°
Since this reaction was crucial fitiis thesis seechapter2.2.1.for a detailed discussion about the
reaction mechanismin 2021, AbranyBaloghet al. reported a modification othe AM-3CRin which
2-bromoacetophenone is added after conversion of the isocyanide to reattt the formed
thioureas to 2imino and 2aminothiazoles?® In the same yearthe same group could show that if
DBU, DBN or TBD was used as amine component for this reactagué@ous conditions, a ring
opening of the amidines and guanidines took plaesulting in thiourea bearing additional lactam or
cyclic urea group¥813°

Furthemore, AbranyiBaloghet al.reported that amines could be sulitsites by either an alcohol or
a thiol yielding thion- or dithiocarbamates if an external bas&e sodium hydridevas used(see
chapter2.2.1).1*3 Using isocyanides, sulfur and an epoxide rati by HMPA Zamenra al. could
obtain 1,3oxathiolane2-imines!®’

Recently Ji and Wang introduced a four component IMCR between isocyanides, selenium, secondary
amines and indoles under basiod oxidative conditions to form isoselenothiocyanatesitu which
was reacted to the selenourea compound and finally to the isoselenourea préduct.

To sum up/MCRs are not only a small niche group of M@y are rathera multitude of different
reactions offering a variety of different complex scaffoddsproductswhich can be easily obtained

in onestep. This varty originates directly from the diverse reactivity of the isocyanide functionality,
i.e. h-addition, h-acidty and carbendike reactions (excluding the intrinsic variety of the Ugi and
Passerini reaction due to their long list of suitable acid, amine and oxo componidotsgver,the

fact that MCRshave a positive impact of the degree afstainability and are often used iBreen
Chemistryas a toolbox reactignas discussed in chapt@1.2, should still be briefly evaluated.
Principles of Green Chemistry showlivaysbe consideredprior, meaning just because M&Rre
nowadays considered to b@n generat sustainable readbns, doesnot hold true forall of them or
that none of themcan be further improved in terms of sustainability. This counts also for $MCR
While starting materials of MGRare usually easily accessiblécluding commercially available
functional groups which are also abundantly present in renewable feedstock, isocyanidee
not.%82%6They need to be prepared typicaftpm the respective amines involving an excess of often
toxic reagents like phosphoryl chloridejonyl chloride phosgene or its derivate (for a more detailed
overview over the synthesis of isocyanides see chagta).58257:2%8 Justifiably, Ruijter and Orru
adl 4 S mis B énkailivodally the most valid argumemilding down the expansion of isocyanide
YdzZf GAO2YLRYSY (G NBI Ol A £paninged al. éstdilighéd a @ BfS@BoyocoMS (| K2 R4 €
which N-formamideswere convertel to isocyanides and then applied to 8MCR in the same ppt
reducing wasteand time as well agbtaining similar orsuperior yields than usual procedur&s.
More recently the same groupeported a superior synthesis protocfar isocyanide synthesis with
the toxic compound phosphoryl chlorid€. Thereby, the wrk-up wasminimizedto a onestepshort
silica plug/filter columrfiltration, reducingcontact time with the toxic reagnts and waste whereas
yields were increasedrurthermore, highly sensitive isocyanidesich could not be isolated with
other methods were obtainedwith this methodas well. The overall improvement was visible in the
strong decrease of the-factor (.g. Efactors for the synthesis of phenylethyl isocyanide ranged
from 60-83 while the optimized method led to anf&ctor of 8.4).Concludhg, a greener isocyanide
synthesis wouldrobably allow the IMCRs to obtain the rank of a sustainable regatibiie this
labelling should never be taken for granted and a reevaluation according to the principles of Green
Chemistry is highly recommendéd/hile highly efficient procedures are nowadays available allowing
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a considerabledecrease in wastea less toxic replacement for the dehydrating reagents like
phosphoryl chlorides highly desired.

Finally, if a more sustainable isocyanide synthesis approach is ensaeedombination of IMCR
with the use of elemental sulfur as starting material extisiba high potential for sustainable
chemistry. This is highlighted for instance by the thiourea syntlsaiting fromisocyanides, sulfur
and aminesfor which several modifications are already established increasingotisntial even
further.
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2.3.2 Sulfu-based multicomponent reaction (SMCR)

Elemental sulfurhas the potential to mediate and undergoseveral different reactiorsteps like
oxidation, reductionsulfanylationor thionylation (see also chapte?2.2 and 2.2.1). Therefore, it is
not surprising thaseveralMCRs harvest thisversatilereactivity by usingsulfuras one of its starting
materials like the IMCRusing isocyanidegsee previous chapteriConsideringhat sulfur is a highly
abundant waste product of thepetrochemistry 80 million tons in 2R1),}° which keeps
accumulatingsinceno largeprocess on industrialcale rely on this compourapartfrom sulfuric acid
production its utilization per segoes in hand with Green Chemis{isee alsachapter2.1).261 In the
following, the most importantsulfur-based MCR(SMCR) are discussed ancomplemented by more
recenty discoveredreactions highlightingthe increasingprogress of this research area of sulfur
chemistry.Mechanisticinvestigations of the reactivity of elemental sulfur for several reaction steps
are still in their infancyThus,the mechanism of the following reactions still under debate and
being only discussed briefly as far as it isported (for the activation of sulfur by base, see
chapter2.2.1.for a thoroughdiscussion)

The firstreported SMCR ishe WillgerodtKindler reactionin 1887 Willgerodt discovered the MCR
without the use of elemental sulfur, but ammonium sulfjdehich wasreacted with acetophenone
and ammonium hydroxiel to form 2-phenyl acetamidé® Later in 1923, Kindler established a
modification usingelemental sulfur and ammonia together with acetophenone to obtaiptZnyl
thioacetamide decreasing the reaction temperature from 160 f0°C (see Schemel6A).253
Nowadays, the scope of the starting material for the Wilgk-Kindler reacton has increased
immensely. Instead of ammonia, primary and secondary amines can be applied &&8%®fll.
Substitution of the ketones can babtained by using aldehydes, alkynes, acetals, alkenes, thiols,
imines, benzyl halides antinnamicacids?®%%® The most astonishing feature ¢fiis SMCRss the
migration of the carbonyl function if a ketone is used towards the terminal alkyl ¢keaiim a Zipper
reaction?* However, with increasinghainlengths 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?42%% Furthermore, the obtained thioamides can be easily converted to the respective
thioesters and carboxylic acidecreasing the versatility ahis SMCR even further®2’t However,
today the reaction can be seen as underutilizempared to its potentiat® It is still used in Medical
Chemistry, heterocycle synthesis and for crop protecporducts?’%275

Since the scope of the starting materiéhsthe WillgerodiKindler reactionis so largeit is hard to
evaluate one mechanism for all of them. Nowadays, thechansm of Carmaclet al. is widely
acceptedfor the case ofketones!’#1”® The firstreaction step is an imine condensation with the
amine componentfollowed by tautomerization to the enamine. Due to the mediation ofisitu
formed aminopolysdhne compound regioisomerism towards the terminal alky group takes place
reducingthe formed carbonyl carbanAfter the terminal enamine compound is formesh oxidation

of the terminal carbon is performed bgttack of an aminopolysfdne species followed by a
[1,2]Hshift forming the thioamide(see chaptef.2.1. for more details) Sibstitution of sulfur with
selenium was also reportegtielding therespectiveselenothioamide’’®

The probably mostknown SMCR is thasinger reactionwhich was discovered ih9562'" It consists
of elemental sulfur, ammia andtwo equivalents of &etone which makes it a faucomponent
reaction (see SShemel6B). Thereby,3-thiazolines areusuallyobtained as the main productvhich
are an important substance classxhibitingpharmacological and biological activy:?’® Compared
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to other SCMRghe reaction is conducted at room temperatut€.One of the majoapplicationsof

the Asinger reaction is the synthesisogpenicillamine a nosproteinogenic amino acidvhich is used

for instance againstheumatoid arthritis, Wilson’s tbease and heavy metal poisonii§?8¢283 The
reaction mechanism is not fully understood yktit a reasonable pathway is considered to start with
an imine formation of the ketone and ammia?’® Then, tautomerizationo the enamineallows the
sulfanylation of the former -CH group, followed by the cyglization with the second ketam which

has formed its respective iminander extrusion of ammonidifferent ketones can be used for this
reaction, however if both arenolizable a mixture ofproducts is obtained’® Aldehydes are in
generalnot applicable besides isobutyraldehydthat is usedfor the synthesis obD-penicillamine.
Ammonia can beeplacedwith aziridineto react with a ketonesuch as peran-3-one to obtain
5,6-dihydro-1,4-thiazines In this case also the substitution of sulfur with selenium was reported.
Besides, amodified three-component Asinger reactionOl f £ SR & N Beypérforshadi & ¢
without elemental sulfuusing a h -sulfanylketone, ammonia ands&cond oxo componerit®

In 1966, Gewald reported a reaction betweeitriles bearing a second EWG'irposition like ester,
amide ornitrile reacting withan oxo compoundaldehydes, ketones, 1-@carbonylcompoundsyand
sulfurusinga secondary aminebtaining 2aminothiophenegseeScheme16C).234

A Will erodt—KindIer] R! _SL_ R’
(2w A
R2
) ’ 2 catalyst | _ r2 | = 5
)M v Ry R vams, SN — ArWJ\N/R
Ar N H -H,0 R! R

(0] NH NH 1
3 SH3 3 RN R'R?
2 RAK(R +NH; +1/8Sg —M8 R#K{/R + RAK(R — sz: VA,
R2 -2 Hzo R2 R2 R3 S R2

C Gewald

1 EWG
9 EWG amine | R! Lo ng: R
RAH + kCN +1/8 5 2O j%\CN o NH |~ ] S—nH,

) —H20 R2 S\@ S@ R2 S
R R2 “sH sgs’)n
Gewald - -
Tinsley

Schemel6: 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.?8té{ The
following reaction steps arenot yet idertified, hence discusseddifferently in literature. Gewald
proposedsulfanylation of the obtainedlichael system in-position { -CHR group of the former oxo
compound) comparable withthe pathway of the Asinger reacticft Subsequently, the thiol attacks
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the nitrile in a 5exo-digring closing reactiorlinsleyassumed that instead of the formaticof a thiol
functional groupa polysulfide chain i®rmed, which ultiméely results irring closing upon extrusion
of a one atom smaller sulfur ring®* In both pathways the finathiophene is obtained after
tautomerization-2¢4 Application of this reaction is found @mbinatorialand Medicalchemistry,
for instance asow molecular weight inhibitorg®®

Since recently the reactivity of elemental sulfur has gained more inteseseral new SMCR have
been reported.In the following no reaction mehanismis discussedsinceno pathwaycould be fully
proven so far. Nevertheless, all repopgeoposemechanismdollowing the reaction pathway of the
formation of a polysliane chainintermediateby the ring opening of thectasulfur ringusinga base
as nucleophile (detailed examples of this mechanism are given in chapter2.2.1). Several
modifications of the WillgerodKindler reactions were reportedas listed in the followingthe
reaction between i) sulfur, primarysecondary amine and a benzyl amine ii) sulfur,
primary/secondary amine and terminal alkyne, siijifur, arylalkyl chlorides and formamidand iv)
sulfur, benzylitcinnamic acidsand primary'secondary amine®2150.160.166 The |atteg reaction
protocol isspecial inthe sensethat a decarboxylation of the benzgnd cinnamiccarboxylic acid
takes placeresulting inan aryl and benzykthioamide respectivelymeaning the carbonyl compound
is migrating towards the phenyl rifgeeSchene 17A, compareshemel6A).1%¢ Moreover, Pengnd
Fu established a Willgeroditindler modification with sulfur, acetophenonasd cyanamide aamine
component resulting in heterocycle formation yieldinguino-4-arlythiazolegseeSchemel7B).28

Not only new modifications of already known SMG#ere reported.In 2015, Samzadekemani
studied reactionsof terminal alkyneswith sulfur and epoxides or tosydziridines to obtain
1,3-oxathiolare- and 1,3thioazolidin2-alkylidenes Here, sodium hydride was present while
performing the reactiorat elevated temperaturéeading toyields of 67-92%(seeSchemel7C).1*4In
2017,Nguyenet al. was able to obtain Aryl benzothiazoles by reactingrnitro halobenzenes with
aryl aldehydes and elemental sulfim the presence of morpholingn a redox cycation (see
Shemel7D).*** Electronrich and poor moieties were tolerated for either the aldehyde or the
halobenzeneyielding 61-80% of the products at areaction temperatureof 130°C To obtain the
thiazole the nitro group was reducedby oxichation of onesulfur atom to SQ which wasproven by
the isolation ofthe sulfonated thiazole product as side produ&urther, two equivalents of
acetophenonesand sulfur can form 2,4-diaryl thiopheres under the mediaion of aniline and
p-toluoenesulfonic acidvith yields up to 88%at temperatures above 10TC (see Shemel7E).288
Also tetrasubstituted ticyclic thiophenes could be obtained with raromatic ketonessuch as
cyclogntanone while other aliphatic ketones resulted in complex mixture8y GH bond
functionalizationof anilines with sulfur and carbon dioxidsing sodiuntert-butanolate Zhangand
Yuwere able toobtain thiazolidine2-ones in moderate to good yields (up 8%)at 140°C(see
Shemel7F).1%2 By using napMtalenel-amines it was further possible to obtain thiazingionesas
well.

Recently, also the combination of isocyanides and sulfur have yielded new MCRs ipysihe
formation of i®thiocyanates. Three important examples of this sulfur and isocydmded MCR
type were already discussed in the previous chapter andlapicted inSchemel5A-C
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Nowadays more and more new SMCR are reporteas sulfu is a highly versatile reagent of
increasing interestbroadening the scope of the already well applied long known reactions (Asinger,
Gewald, WillgerodKindler). Moreover, the more frequent utilization of sulfur, an abundant and
non-toxic waste productjs desiredfrom a sustainabity point of view. Thus, research in SMCR is
expected to further grow in the following years.
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2.3.3 IMCRand SMC&in Polymer Chemistry

Only a decade agothe manifold opportunities of MCRs were realized in the fieldpolymer
chemistry?8%2°1 Today, many different MCRs are frequently applied in polymer chemistry, including,
for instance, the Biginellieactiort®>2%3or the Hantzschieaction?®* The most efficient and versatile
MCRfor polymerchemistry, and especialfpr step-growth polymerizationsare IMCRs. Considering
these IMCRs, espedly the Passerinithree- (see Schemel3A) as well as the Ugiour
componentreaction(see Schemel3B) are now frequently used tools in polymer science and can be
applied for monomer synthesis, graftingactions, as well as stegrowth polymerization$® To
provide an overview, the most relevant developments in IM@Bed polymerizations will be
described in this chapteFurthermore suitable examples of SMCRs are given as well.

In 2011 Meier et al. introduced a polymerization protocol using the Passerini threeomponent
reaction For the first timeit was showrthat MCRs are not only suitable for monomer synthesis but
also for highly efficient and structurally versatile siggowth polymerizations as well as graftingto
approacheg® Carboxylic diacids (Afype monomers) and dialdehydes @BBe monomers)were
reactedg A U0 K O NRA 2 dza A Zagi@edshibgtiiuRSpplyedtars withoedulit weightsup

to 56kDa (see Schemel8A). In the following,Li et al. reported the Passerini polymerization of a
carboxylic diacid and a diisocyanide with different aldehydes on the one handheamdactionof a
dialdehyde and a diisocyanide with variooarboxylic acids on the other had¥:>*® Poly(ester
amide)s withmolecular weightaip to 15kDaand polyamides with ester side chains wittolecular
weightsup to 17 kDawere obtained, respectively. Both groups also contributed to the development
of Passerini polymerizations employing-&Be monomers containing an aldehyde or ketone and a
carboxylic acid moiet?*3°! Similar early developments were achieved using the Ugi
four-component reactionfor polycondensatin reactions to yield diversely substituted polyamides
under mild reaction conditions.

Initially, Meier et al. investigatedoptimized polymerization conditions for the combination of two
bifunctional and two monofunctional components (six combinations possible: diisocyanide +
dialdehyde, diamine + diisocyanide, dialdehyde + diamine, diamine + carboxylic diacid, dialdehyde +
carboxylic diacid and diisocyanide + carboxylic dj@sdSchemel8B).22 Precipitated plymers with
molecular weighté above 10 kDawere obtained for all six combinationghile operatingunder mild
polymerization conditions. Subsequentiiie same groupdemonstratedthat the acid component
can be replaced by GGnd an alcohol, leading to ndsocyanate polyurethanesia the Ugi
five-component reactior?®® Luxenhoferet al. also investigated the six abovaentioned possible
componentcombinations of theUgi reactionbearing aromatic moieties in the backbone and side
chainof the polymersrevealing thatin nearly all casethe polymer backbone is formed during the
Mumm rearrangement® After these initial trenesetting ieports on Ugi and Passeridbased
step-growth polymerizations, both polymerizations anewadaysbroadly applied for the synthesis
of structurally diverse polymers offering different application possibilities.

For instancel.i et al. demonstrated photo o 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)303% Such degradable Passeritgrived polymers bearing disulfide groupgere later
applied in the field of drug delivef)! Furthermore, the group of Li demonstrated the synthesis of
Passeini polymers with tertiary ester linkages witll, of up to 30.6kDa and promising material
properties by applying several electron deficient ketones as react&®ecently, BarneKowolliket

al. introduced the visible lighinduced formation of poly(amide thioester)s, prepd by thein situ
generation of thioaldehydes, which were subsequently applied as oxo comp®irerst Passerini
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polymerization. These polymevgere shown to becleavable by aminolysis as well as chaRrtended

by insertion of thiiranes due to the reactiyiof the thioester groug® In 2016, Beceet al.used the
renewable platform compound levulinic acid in an Ugi polymerization with several diamines and
diisocyanides to prepare polyamide lactams vwths of up to 12.3 kD&'° In the same year, Wanrgf

al. synthesized polypeptoidgia an Ugi polymerizatiomsing amino acids as starting materials and
demonstrated their biocompatibility, antibacterial activity as well as their application possibility in
the field of drug delivery*! Furtherexamples are countless, as a new reseatickction in polymer
synthesis was establishedThis new field rangesrom polypeptoids and other functional
bio(medicalbmaterials via selfhealing hydrogels to various macrocyclic systems, clearly
demonstrating the synthetic versatility of IMCRs, whiglanslates into designed application
possibilities31%316

Compared tahe multitude of applications ofMCRdor polymer synthesisexamples folSMCRs for
the synthesis of sulfucontaining polymers arscarce in literatureespecially in which the MCR itself
is the stepgrowth reaction Anexample ighe WillgerodtKinder reactionof sulfur, dialdehydes and
diamines whichwasapplied for the synthesis gdolythioamidesin yieldsup to 96%and molecular
weights up 3&Da(see Shemel80).3” Another variation using sulfur, dialkynes and diamines was
also reported for thesynthesis opolythioamidesemitting fluorescenceunder UV irradiatior?*®

Finally,the most relevant developmerdaf MCR chemistry for polymer scientmr this thesisis the
recent report of Tangt al.on the onestep conversion of elemental sulfur wighimary or secondary
diamines and diisocyanides to yield polythiourésseScheme18D).15°
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Schemél 8: Overview of IMCR and SMCR based-gtepith 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 approachused the AM3CR (see Sheme 15A).1° For the polymerization
approach, aliphatic primary and secondatiamines were combinedalith aliphatic and aromatic
diisocyanides to yield high molecular weight polymers that were suitable fét Ivigding and
removal from water*®® Some very basic material properties were described, while sudtgiiyavas,
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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 instanckiring monomer synthesis). Catalytic activity of
either the polythiourea)sor defined low molecular weight organic compounds were not reported.
The modification ofhis MCR byAbranyiBaloghet al.waslater also transferred tgolymer chemistry
obtaining poly(thionocarbamate)sxhibiting ahigh refraction indexand could be used as mercury
sensori43146

Concluding, IMCRshow a broad spectrum of applicatierin polymerization reactios for the
synthesis of a variety ofiseful materials On the other side, SMGRuire rarely applied forthe
preparation of polymeric material Considering the straightforwardness of implemeqgtin
sulfur-atoms into polymers more research on this area should be expected as the interest in
elemental sulfur is constantly growing. In additionmitist be mentioned that optimization in terms

of Green Chemistry often stops with the use of a MCR foptilgmerization. Seldomlyhe typically
usedtoxic solvent like DMEre tested forpossiblesubstitution by more benign alternativesor the
amount of waste is further decreaddn additional optimizations of the reaction or the wolp.
Nevertheless, neewable feedstockare frequently applied as starting material which facilitates the
overalldegree of sustainability of the MCR polymerization.
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2.4 Thioureas

Thethio analogiesof ureaare called thioureg, while additionally lending its name the respective
functional groupand the group of substituted thiourea this chapter focuses orsubstituted
thioureas (TUswhich can begenerallydivided into four subtypeswith respectto their degree of
substitution of both nitrogen atomsjamelymono-, 1,1- and 1,3di-, tri- and tetra substitutedTUs
(seexhemel).

TUs can be found in mampplicationsdue to their intrinsic properties and reactivities. For instance,
TUs are known to exhibitlaroad spectrum of biological activitiesd canthus be usedin agriculture
(e.g. antifungicidaP'® herbicidal agent?®® or rodenticide?* or in medicine €.g. anti-thyroid 3?2
anti-tumor ! anti-epileptic3?® anti-hypertonic agen?* or antioxidant)!* Furthermore, they are usk

in dyes, photographic films, textiles m plastics:* More recently, corrosion inhibition properties
were reported as wel?® In chemistry, TUs are widely used as intermediates for heterocete’
amidin€®! or guanidine synthesi%3* or as ligands in the formation of metal complexX&s®° In
addition, TUs areprone to form hydrogen bonding with many electrdonating substrates,
especially the 18lisubstitued TU derivative¥%34! Due to these supramolecular interactions, they
have emerged as a stng tool in the field of organocatalysis in the last decadesch is discussed
more thoroughly in the following chapteiThe ability to work as a receptor for anions by hgsest
complexatiod****is also used frequently.

Due to the excessive use of these compoyrséseral routes for the synthesis of TUs were reported
over the last century. Howevetypically toxic compounds like isothiocyates (ITCs)and carbon
disulfide are exploitedfor their synthegs, while other more sustainable and less toxic synthesis
protocols seem to be rather scarcén the following typical procedures for TU synthesis are
discussegwhile sustainable progress and synthesisemghasized

Typically,a one-step procedure is applied by using an amine and an i@ @btain TUs ¢ee
Shemel9A). This addition reaction istraightforward, since usually the compounds asemply
stirred in solution akelevated omroom temperature while tolerating a broad scope of moietidsven
less reactive arylamines can be converted under these condibipmasldition ofa base® or applying
increased pressure (0BPay* Thus, mond* 1,3-di'*34834%and tri substituted?**°*%1TUscan be
obtained easilywhile 1,2di and tetrasubstituted ones can intrinsically not be formedh 2000,
Kaupp andcoworkers established a more sustainable modification of this synthesis route by
applying gasolid reactions using volatile amine cponentslike (methyl) ammonia or solidolid
reactions applying a bathill or grinding with a morta#>?> Thus, nosolvent hal to be applied and
several TUs were obtained in quantitative yieldducing the waste drastically. The advantages of
mechanochental techniquesvas then furtherelaboratedby C N addcawiorkers who synthesized
49 symmetric and unsymmetrig3-aryl/aryl and aryl/alkylTUs in a rapid fashidff.

On the other hand, carbon disulfide is often exploitednverting one or two amines to the desired
TU. This reaction proceedsa the formation of a dithiocarbamate salivhich is further transformed
to the respectiveTUunder heating®**3or the use of a bas#-3%43%¢ The latter proceedsia addition
of a second amine component under the elimination of hydrogen sulfide or itésegl&chemel19B).

In contrast to thebefore mentioned approactvia ITCs, 1,4i%*7 and tetra®®® substituted TUs can be
obtained as wellZhang and cavorkers reported that balimilling under basic conditiong/as found
to facilitate the reaction in a more sustainablashion resulting in several 1;8isubstituted

50



Theoretical Background

unsymmetric TU$2However, a increasedexcess of carbon disulfide (5.66) had to beapplied In
contrast, ymmetric TUs were obtained using only one equivalent of carbon disulidether
environmentaly more benign procedure was reporteby Dalal andco-workers who obtained
1,3 TUsbearing aryl or benzylic moietiggerforming the reaction in water without stirring while
exposing the mixture to sunlight® After simple filtration and recrystallizatipithe products were
obtained avoiding additional waste.

The use of other thionylation reagents, i.e. thiophosgen®& or its derivaives ¢€.g.
bis(:benzotriazolylmethanethion!® phenyl chlorothionoformatg'’ is common as well(see
Shemel9B). Symmetric 1,3Us can be obtained imne step by two consecutive addition
elimination reactios of two amine molecules'® Converting only one equivalent of the amine
component with the respective thionylation reagent usually yidlis respective IT but in some
casesa different intermediate is present. For instance, converting secondary amines permits the
formation of an ITG® Sable thiocarbamyl derivatives can be isolatén these caseswvhich can be
further reacted to an unsymmetric Tid a second stefgsee Scheme19B).1%1” With this approach,
mono 2 1,1-%° and 1,3di,'® and tetra®®1*%? substituted TUs can be obtained as wef. 2016
mechanochemical and ga®lid reaction techniques were reported for this approach as well by
~trukil and co-workers usingpis(benzotriazolylinethanethione*® Thus, severainono TUs could be
obtained in excellent yields (829%) while aqueous worup was performediecreasing additional
formation of waste.

The use ofnorganic thiocyanate salts was reported to yield m&dand symmetric 1,2lisubsituted
TUs upon heating with an amirtgeeScheme190).%64

Recently, Sharma and -weorker converted isocyanides with ditertbutyldisulfide in a radical pathway
to dithiocarbamatesvia ITCformation, which could be reacted to the corresponding TU by addition
of an amine(see SSheme19D).2 This reaction yielded,3 and tri substitutedrUs in high yields in
one step avoiding the use of solvent or catalysts.

Al-Mourabit and coworkers established a multicomponent reaction betweam isocyanide,
elemental sulfur andan amine towards 1,3 and tri substituted TUs in a more sustainable fashion
(AM-3CRusing sulfur as sulfurization reagemthile only a minimum of solvent or no sotteat all

had to be used (for further discussion of this reactions see ch&p®et and 2.3.1%°

Further, TU derivatives can be obtained laerivatization of easily accessible or commercially
available TU¢seeShemel9E). Thus, unsymmetric TUs can also be obtained by transamidation of a
symmetric TUlike the commercially available digmylthiourea with aliphatic amine or ammoni#.

All so far discussed approaches rely on amines, which is certainly an abundantly present functional
groupbut it can be anticipated that in seversynthesis route#s access might be not possiblghus,
Ciszewski ando-workers reported a synthesis protogoh which mono or 1,3 di substituted TUs
could be obtained by reacting thiourea or mono TUs with an aldehyde and trimethyl chlorgsilane
forming an imine adduct which was subsequently reduced with sodium borhy#¥ideecently,
Wang, Yu anadoworkers extended this reductive alkylation approdmpusing ketonesreducing

them in the same step with trichlorsilane catalyzed by HM® M thiscontext, the Biginelli reaction

has to be mentioned as well, since this reaction alldtws easy formation of complex cyclic
thioureas,i.e. 3,4-dihydro pyrimidine2-thiones This multicomponent reaction can be conduciad
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one-pot using thiourea or monoubstituted TUs| -ketoester and an aldehyde under acidic catalysis
(seehemel12D).369370

A ITC addition
. S
. _Ncs (base) |LN,R3 R"2 = H, alkyl, aryl
R | R3 = alkyl, aryl
B thionylation
H
S N, S
R® R
+ cS, _Aorbase ”\SH . ”\N/RS RY2 = alkyl, aryl
R R34 =H, alkyl, aryl
N
S . S
S R3 R4
+ )J\ m, )J\LG - ”\N/R3 R"2 = alkyl, aryl
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Schemel9: Overview otypical and more recently reported syntheses of Jigkling the product in one or two stepéey
intermediatesand reaction conditions ardepicted Starting materials are colored to highlight their incorporation in the TU
motif: amines are green, isocyides 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 laboraéony industry.
Several welkstablished procedures are known for their synthesis. Most of themaelgmines at
some point which is in geneal an easily accessibleactant (comparenumber of amines used as
components inSchemel9). Furthermore, amines cabe accessed from renewable feedstodk
sustainable routes likeusing reductive aminatior”* However, often toxic compoundike
thiophosgene its derivatives or carbon disulfidaust be appliedmaking the thiourea synthesis a
highly unsustainable process. Stiéveral inprovements were achieverhore recentlyto establish
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more sustainable synthesis protocglige in situformation of toxic ITCs aolventlessmethods.The
use of waste products like elemental sulfur and multicomponent reactimnsplementsthe pursuit
of greener synthesefor TUswhich should be applied more vastly
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2.4.1 Application of thioureas as organocatalysts

Organocatalystare known for more than 100 years, y#iey haveonly receied increased attention
over the last three decadesin 2021 the Nobéd prize wasawardedto Benjamin List and David
MacMillen for theér contribution to the establishmentof asymmetric organocatalysigurther
highlighting the importance of this research field.

Organocatalystg S NB 2 NA 3 A v lafsrhaiorgais mdlegufePavingino detal as part of the
“active principléd thereby catalyzingchemical reactionsvia the formation of covalent or non
covalent bonds$’%3"* Comparedo metalcontaining catalysts and enzysyerganocatalysts possess
advantagegegardingstability, comparably low costow sensitivityto oxygen and moisture as well
as straightforward preparatia in several case¥33" Typically, these catalysts auta their lone
electronpairs as nucleophiles or Lewis bases. fitrogen or phosphorousbased catalystdj*"or

via hydrogen bonding ife. urea derivatives, bisphenols, bisamidines, squaramides, or
croconamides§’*82 Bifunctional catalysts combining Lewis base activity and hydrogen bonding are
particularly attractive 3’ Generally,organacatalysts offer broad application possibilities, including
numerous aldoltype reactions (e.g. Morita-BaylisHillmann eaction, Michael addition, Henry
reaction, Pictet®engler reactionf*3° and MCRge.g. Strecker, Biginelli and Mannich reactigff}

%2 among others (e.g. Claisen rearrangement, polycyclization, acetalomati ringopening
polymerization)t®39%39

In the following chapterthe application of thioureas as organocatalystill be discussednore
thoroughly. Since this research area has grown incredibtg focus was set othe mechanistic
explanation ofthe catalytic activitymostly relying orthe 3,5-bis(trifluoromethyl)phenyl moiety by

a chronological introduction of successful typeshibureacatalyss. Having obtained an overview of
the vastscopeof different catalysts, morespecialized oneare being discussed introducing several
entirely different activation modes. Again, the thiourea group is fascinatingly versatile in its
application and thugthe aim of the second part of this chapter was not to give a holistic sequence of
all majorly used catalyst3 his wassimply not possible in the scope of a theaisl thus, the focus
was set tohighlight the versatilityof this catalyically active group by suitable exampleghistorical

and recently relevant oneshn a third part the privilege othe 3,5-bis(trifluoromethyl)phenyl moiety

as activation motifis discussedpresentingthiourea catalystsexhibiting catalytic activitydue to
different activatorgroups

Urea derivatives are one of the most common structural if®tin organocatalysis sée
Sheme20).243">Thisdevelopment started in 1988 by Ettewho investigatedhe hydrogen bonding
(HB) of ureas by cocrystallizing them with different guest acceptbas well as 1994 by Curran
who, for the first time applied a urea derivative to activate sulfoxides in a radicabéitiyl and later
on also in a Claisen rearrangeméfft.

NO, NO, CF3 CF3
1.8 ) el el
N N n-OctO,C N N CO,n-Oct
H H H H
1988 Etter 1994 Curran

Scheme0: Firsttwo described urea derivatives that were investigated in terms of hydrbgemg 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 Jacahsvho describe the first chiral bifunctional thiourea catalyst
bearingan imine functionality ee Scheme21).3%® Thus,catalysis of several imidgased MCRsuch

as the Strecker or Mannich reamns, were reportedto proceed asymmetricall§*3°2Attachment of
this catalyst to a solid support offered the possibility of catalyst recycling (upridimes) in an
asymmetric Strecker synthesf Later on, Jacoles introduced chiral organocatalysts that were able
to provide excellent enantioselectivities by combining covalent with -oowvalent interactions
between catalyst and substrat¢see SSheme21).34 Here, the urea group activates the electrophile,
as typical for such catalysts, grat the same timethe nucleophile is activated in an imika@mamine
tautomerism, resulting in up to quantitative yields and ee values of up ta 92%

~L ~L-

1998 R, = Ph = H H j\ R H H j\
R, = OCHs I~ Y\N N Ine j]/\N N
X=8 o H H o H H
N NH2
2000 R4 = Polystyrene HO 2006 Ry = Ph
R, =0CO('Bu)
X=0 ‘Bu R,

Scheme2l: First thiourea motif exploited in asymmetric catalysis and its later modification to be used on a solid support as
well as the modificatiorto achieve synergy of covalent and poovalent catalysis due to an additional primary amine

group.

In 2002, thioureas were investigated for the first time as organocatalysts icrueial study by
Schreiney explaining theactivation mechanism of the thiourea moiety thoroughMoreover,the
highly active 3,%is(trifluoromethyl) phenyl moietywas introducedto urea catalysis, marking the
beginning of a londasting era of the development of (thio)urea catalysts bearing this mogtg (
Sheme22) 37

First, aurea orthiourea group acts as dual HB donor witthtwo N-H bonds (ifwvailablg¢ and thereby
is in general able to bind HB acceptdilee carbonyjcarboxylic acidsulfuric acicand nitrate groups
supramolecularily’® Due to this binding the electron density of the HB acceptor igeshifo the
direction of the thiourea protonsresultingin a higher partial positive charge at the accepgf8i-or
instance, considering an aldehyde H8 acceptor the electron density shift results in a higher
electrophilicty of the carbonyl carbon as the partial positive charged is increased and thus, the
aldehyce will be more reactive towards suitable nucleophités.Therefore, the activation
mechanism of thiourea can be labdlas Lewisacid like3">4However, typically this HB is not strong
enough toalready facilitate a vast scope of different reactidfe instance the complexation &
carbonyl compound with a thiourea is only modestly strong with c&cal mol? at room
temperature in dichloromethane) and emwipic effects could outnumber the binding
exothermicities®’”4°° Thus, Schreiner made use of several other benefaighalpic and entropic
effects byattachment of aryl moieties adjacent to the thiourea functional growpich are visualized
in SSheme22. First, the use of electrewithdrawing groups(EW@) like fluoro or trifluoromethyt
groups attachedto the aryl moieties wereinvestigated!® Particularly, their -M and -l-effect,
respectively,led to a further decreaseof the electrondensity d the N-H bond,thus leaving the
protonswith a higherpartially positive chargandthe HB strengttincreased Schreine could show
that the EWGeffects of the aryl moieties imeta positions with respectto the urea grougded to the
strongest HBabilities and thus, to the strongest catalytic activib§ the respective thioured® 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 comparedrity one atthe para position,
while the difference in steric hindrance ofeta and para position are of minor magnitudesecond,

an additional electrofwithdrawing effect was achieved by exploiting thioureas that show higher
polarizability compared to the urea homologug®gative chage can be better accommodated at a
sulfuratom than in an oxygen atom intrinsically due to the decrease in londquagrpair interaction

in the largersulfur anion) In addition, the lower electronegativity ofsulfur decreass the self
associatiorf®4°* Thus, the NH bond of the thiourea group was strongly polarizéeading to an
increaseof the HB donor activityTothis enthalpic driving force, an entropic effdstadded lowering
the Gibbs free energgf the catalyst substrate complex during complexation of Hi& acceptar
Since aromatic hydrogens ortho positon to the thiourea functionality are more polarized due to
the EWGeffect of for instancethe trifluoromethyl groups, stronger intramolecular BlBre formed
with the sufur atom. The rotational barrier for the aryl moieties is increased atiek favored
conformation of this thiourea compound is plan&ue to this preorganization effecthe entropic
penalty for the complexation of a substrarasdecrease.

CF CF
® ° CF, ﬁ CF, CF, CF,
[ ] S [ ] H..-H
F4C N~ N CF,
F4C N~ N CF;  FsC NT N CF
N2 S o RN :

Scheme22: Enthalpic and entropic effects observed in the Schreiner catalyst, leading to activation of the thiourea as HB
donor (enthalpic effects enhancing the polarization of thid Nond by electromithdrawal are coloredn red, while the red

arrows qualitatively indicate the polarizati@howing the directiorin whichthe electronsare withdrawn; entropic effects
lowering the entropic penalty, which occur during substrate complexation, are colored in blue).

Application eamples of this catalyst include Diéddder reactions of dienophiles that act as a HB
acceptors’® However, compared to conventional Lewis acids likesAICTiCJ, the catalytic activity
was clearly weakerOn the other hand, a typical benefit using organocatalyisis,no product
inhibition wasindicatedas catalytic activity was still present after 80% conver&io#°It has to be
mentioned thatthe catalyticeffect is also strogly dependenton the solventas polar protic solvest
like methanol can competim the complexatiordue totheir ability to also form HB with the starting
materials. Nevertheless, application of strong HB donor solvents like water can still lead to high
catalytic activitiessince also hydrophobic effects have to be considered as*®dil.the following
years, a manifold of optimization possibilities were describetllost of them still relied on the
activation of the thioureaatalyst by the 3 ®is(trifluoromethyl) phenyl motif. A collection of several
important catalysts of this class is showrSimeme23.

In 2003, Takemoto investigated Michadition reactions of malonates with nitrolefins using a
chiral TUcatalyst bearing an additional tertiary amine for dual activatibimus, he demonstratethe
advantageous activation and pmmordination of malonates and nitrolefinsto the amine base and

the thiourea moiety, respectively, leading lhigh yields and eantioselectivities (up to 95% yield and

up to 93% eej® Only one yealater, Nagasawa demonstrated asymmethiorita-BaylisHillman
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 96% ee.
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Scheme23: Collecion 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 quifiased thiourea derivatives as
organocatalysts for an enantioselective Michaddition of nitromethane to chalcones, providing
yields up to 94% and ee values of uP&%%° In the same year, Berkessel extended the potential
uses of bifunctional urea derivativegsrfasymmetriccatalysis by demonstrating the dynamic kinetic
resolution of azlactones with allylic alcoH&l.Ricciwas able to perform for the first timeg an
enantioselective FriedeTrafs alkylation of indoles with nitroalkenes by attaching an
(1R29-cis1l-amino-2-indanol moiety onto a thiourealt was proposed that the reaction was
mediated by additional hydrogen bonding interaction ahe hydroxyl groupof the indole motifin
addition to the typical thiourea activatioff® More recently, Pittelkow demonstrated the catalytic
activity of thiosemicarbazone derivatives, which are closely related to thioureas, for instance for
tetrahydropyranylation reaction®* Herrera and Gimeno used Au(l) salts to coordinate to thiisul
atoms of chiral thioureas, thus activating the HB donor abhiig intermolecular Lewis pair
formation *% Further, diversity of applications for thiourea catalysts contaimsre recentreportsin
rotaxane catalysis, dearomatizatioreactions,electro- and photochemistry?0&411

With the increasing structural varietyf different thiourea catalysts, their application in different
organic transformations increased as well ahik eventuallyled to the development of catalysts
showing substrate activation differing entirely from the conventional ones. A small collection of this
types of catalystis shown inScheme24. So far, the thiourea functionality was used as a HB donor,
thus activating the substrate in a Lewis altkeé fashion directly. However, in 2008, Jacobsen took
advantage of the ability of thiourea catalysts to bindaame¢ species, like chloridede then gplieda

chiral thiourea catalyst for enantioselective nucleophilic addition reactionsdbldroisochromart!?

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, @oandWang highlighted the efficiency of anion abstraction by thiourea catalysts by
performing a ringopening polymerization ob-carboxyanhydridesobtaining high molecular weights

of 150kDa while maintaining high selectivitieend suppressingsidereadions like backhbiting,
chaintransfer andepimerization?'® In 2011, Schreiner introduced his catalyst as a chelating ligand
for silicon halides to form weak silicdrased Lewis acids, which amle to catalyze the
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rearrangement of epoxides to aldehydes or ketafiésin the same year Herrera used this
aniontbinding mechanism to increase thedBsted acidity of different carboxylic acids by stabilizing
the carboxylate anion with a thiourea compound, achieving yields uB%ahd ee values up to 89

in a FriedelCrafts alkylation of indoles with nitroolefirt¥.

_ _ o
CF, CF3
Y3 Q Q i
N_ - )J\
\H/\N)J\N CFy | FsC N” N ®
o H H H H OH H
1 1
O C
2008 Jacobsen Yo
F R

F3C, S CF3 ®
K
A o
N_ N 0
S, /)\
F3C Cl Cl CF3 N H
2011 Schreiner 2017 Waymouth

Scheme4: Collection of four (thio)urea catalysts showing different activation modes compaceshventional 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,ayimtutV used

the urea anion as bifunctional catalyst.

In the latter case, the thiourea compound should be labelled asatalyst since the cooperative
catalytic complex is formeah situ with the carboxylic acid, while the asymmetric behavior of the
readion can be tuned by the application of either a chiral thiourea or a chiral acid or batér on,
Vargaand Papai could show by computationadxperimental studies that the Schreiner catalyst
exhibits sufficient Bpnsted acidity itself to catalyze the rqtection of an alcohol with
3,4-dihydro-2H-pyran®'® The moderateBrgnstedacidity of Schreiner’s catalygiKs of 10.7)vas also
shown to be disadvantageouwhen Lewisacid like activation conditions were applied in a
ring-opening reaction of cyclic carbonates with amif¥s.

In 202Q Seidelet al. introduced a bifunctional thiourea catalyst bearing a benzoic carboxylic acid
group whichcan be considered the first use of thiourea catalystssole Bansted acidcatalyst for
formation of oxaPictetSpengleproducts*® In the same year, the same group establishegnBted
catalysis activity also by applying a selenotifgaurea catalyst in a Michael addition reactiéh.

Sofar, all the discussed catalysts rely on tBehreiner's motiénd it remained important for these
developments due to its outstanding performariceall different activation modedHowever, in 2017
Waymouth et al. reported a catalyst not relying orthe 3,5bis(trifluoromethyl)phenyl moiety by
using deprotonated ureaatalysts as bifunctional catalyst$ Due to this Umpolung reaction, they
were able to activate theelectrophile as wélas the nucleophile simultaneouslghowing similar
activation behavior as the organic superbase TBB, *triazabicyclpd.4.Jdec5-en). Applying them
in aring opening polymerizationf different lactonesfull conversions was obtainedithin seconds
reachirg molecular weights aip to 39.8kDa.
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As it can be clearly seen from the broad overview given so far3hbis(trifluoromethyl) phenyl
moiety seems to be dighly versatilemoiety when it comes to the activation of thiourea catalysts
and is not mly overemphasized by poor choice of herein given examples. In 2012, Schreiner could
aK2g GKI G o bKStrifluomehyljpieay8 RB diddénteracts with it®rtho GH bond
besides its two NH bonds with Lewibasic binding sitegia HB facilitating the complexatioft®

Neverthelessover the decadesther catalysts were developed without exploiting Schreinenaif
while relying on the classic activation by Leaisd like activitfseeScheme25). In 2007, Ellman was
able to introduce tert-butyl sulfonamide a moiety for thioureas to activate them by
electronwithdrawing, while simultaneously bearing a stereocenter for chiral induction, leading to
high yields of up to 92% and excellent selectivities with ee valtiep to 96% and diastereomeric
ratios of up to 93:7 in azaddenry reactions of nitroalkanes with Bpootected imines'?! One year
later, Seidel sed cationic aryl motifs to activate the thiourea by ionic interacti¥#a3his concept
was further modified by Kass by exploiting ionic interactions-ofethylated pyridinium moietie$?®

In 2009, Smith showed that thioureas can also be activated by usingoamdsarrea functionality,
reaching yields of up to 97% and ee values higher than 99% in a Mukd&yanmach reactiorf?*In
2017, Papai and Pihko described similar uthaurea catalysts with excellent yields and selectivities,
ascribednot to ureathiourea activation buto the formation of a foldamer calyst bearing an active
site pocket adjusted for the substrate, while suppressing undesired side reatifons.

o s B(ArF) @\ i 2B,
AR @ % Q SN WSN

2007 Ellmann 2008 Seidel 2016 Kass
2009 Smith \@/

Scheme5: Four types of thiourea catalysts that do not rely on thel#s§trifluoromethyl) phenyl EWG group. Ellmann used
a chiral sulfonamide moiety for electravithdrawing, while Seidel and Kagxploited ionic interactions. Smith was able to
activate the thiourea with a second urea groWG are marked in red.

Concluding, thiouremican be used as organocatalystsain astonishingly versatile fashipmainly
because of their ability to catalyze reactionis several different activation modes. The reactivity
originates in all cases from the fact that the-N bond has an increased patrtially positive charge
which is usually achieved by attaching EWe the often exploited 3,5is(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 typsaily
compounds are being used (compagyeeviouschapter). This topic was a major point of this thesis
and is discussed in the following chapter.
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2.4.2 Organocatalys, an approach for the sustainable toolbox?

Thioureas are often applied asganocatalysts, 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 thadtainability issues related to thiwea catalysis

are far less frequently discussedmpared to investigation about their mechanéspathways or the
scope of reactionswvhich they are able to be catalyzethus, a thorough overview about this topic is
presented in the following.

Looking ceefully at the discussed advantages of organocatalysis fgeeious chaptey several
principles of Green Chemistry afalfilled when usingorganocatalystsas theyare insensitive to
moisture and oxygen, avoid the use of transition metals and are relgiivexpensive’”® Moreover,
typical reactios are performed atroom temperatureand the moietiedor potentially enantiomeric
reaction pathway€an be obtainedrom natural resources like amino acidsd.proline).

Stil, organocatalytic approads using thioureasare in general not considered as typical examples
for greener synthesis procedures and thikey were not listed in chapter2.1.2. summarizing
important reactions and their conditions for a greener synthebiereason for thatis the synthesis

of the thiourea organocatalystwhich is in general connected to several elaborate reaction st€ps
Thisexpense is generally needddr the introduction of complex, chiral moieties to achieve the
desired stereoselectivitiedn addition,for catalysts relying on supramolecular bonding mechanism
like thioureas,dw concentrations are often applied to hampselfaggregation of the catalyst®ue

to the amount of reaction steps needed for thiourea synthesis as well as the-ajftelned high
amount of solvent for the catalysis reaction, a tremendous amount of waste is generated.

Historically, oganocatalysistarted growing rapidly in the same decadgSustainable Chemistry but
there were no mutual roots connecting both subjects and thereftitde focus was usually set on
the reduction of waste or toxicity in the synthesis of organocataf{sfs’ This is again an example
that displays the complex nature of sustainabil@yaluation the application of an organocatalyst
fulfilling several greeprincipalsmayresult in an overallnon-green synthesis routes the potentially
small Efactor and low overall toxicity of the reactionasitnumberedby the immense Eactor ofthe
synthesif the catalyst

Another drawback of organocatalysis is the fact thampared to metal catalystoften higher
catalystloadings (up to 2630 mol%)are applied to reach sufficient catalytic activiti&3*2842°This
leads ultimately to more waste.

In the following typical effects of the synthesis of organocatalysia the Efactors of the reaction in
which they are applie@re underlinedusingtwo examples of a complesrganocatalyst on the one
handand a simplestructuredone on the other handA brief overview of theimpact of the catalysfs
moiety in the context of sustainabiliig givenIn addition, the focus is also set on thpplication of
the thiourea organocatalyst in the framework @freen ChemistrySubsequently, thiourea catalysts
are discussed in terms dfeir potential as sustainable catalysbnsidering the effect of recyclability
as well.

The problem of organocatalysynthesisvas well displayed by Antenuad Renzi in the synthesis
of the secondgeneration Maruoka catgst, which is used ashiral phase transfer catalygsee
Sheme26).3349The synthesis roetstarts from 1,%bi-2-naphthol (BINOLand consistof twelve
steps, all with excellent yields resulting & very good overall yield of 49%. However, several
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principlesof Green Chemistry are cleartlisregarded. Acetal (methoxymethyl, MOM) and ether
groups were introduced as protecting groups amd combination ofextraction and column
chromatographywasneeded in seven step§his led tcan enormousamount of waste depicted in

the overall Efactor of 2872 It has to be noted that the herein discussediagtors are in thetypical

order of magnitudes of organocatalysts and are not purposely chosen to overemphasize their
negative effect (Bactor ranges roughlpetween 10 andL0?, however also #actors of up to 12500

are reported fore.g. chiral sulfoneindes)3"3431432The secongdsixth and ninthstep of the synthesis
involve alithiation with n-butyl lithium and acylation with triflate anhydride, respectivelyhichhave

a high energy demand due to very low reaction temperatures

B(OH), OH
|OO NaH |OO 1.) n-BuLi, THF |OO |OO
OH MOMCI OMOM -781t00°C OMOM H,0,
_ - . 22

OMOM
H MOM OMOM MOM
© THF OMO 2.) B(OH)3, Benzene, oMo
-78°Ctort 0°C
B(OH), OH
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Mel, K,CO3
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OMe OMe OMe OMe
COC T e (1) O CO
Me NiClx(dppp) oTf EtsN HCleone.
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- <
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SOl R OO e OO0 W OO
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OH OTf 65 °C Ar Ar
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Bu,NH, K,CO4
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Scheme26: Overview of the synthesis of the®generation Maruoka catady starting from BINOL. Yields are given for the
purified intermediatesas well as the overall yield and thddetor. Workup and purification of a reaction step by extraction
and/ or column chromatography is labelled with the respective images ofifleel glasswaré’3430

Several reagents that are used agarcinogenic reprotoxic or noxiousi.e. chloromethyl methyl
ether, nickel chloride, methyl iodide, boron tribromide, triphenylphosphine and dibutylamine. Also,
the used solvents include several volatile organic compounds (VOEC3IHF, diethyl ether, DCM,
acetone, ad evencarcinogenidenzene. 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 organocatalysivamall negative effet on sustainability
can arise, which clearly originatéom the need of acomplex, oftenchiral, scaffold Due to the
performance ofseveral reaction steps largeamount of wasteis generatedand often several toxic
compoundsare used The reduction ofthe reaction steps of an organocataiysould most likely
reduce the amount of waste thereby formed, which will ultimately lead to a decrease inféedE.
However, this holds true only when talking about #weactsame catalyst. A decrease of thddgtor

is notautomaticallygranted by using a catalyptoduced by less steps than anotheatalyst since
obviously the applied reaction conditions and yields for each catalyst must be compareaashis
highlighted by Antenucci and Renzbmparing an unmafled L-proline catalystcompared to
L-proline derivatives which needed to be synthesiZedt on the example of the aldol addition
reaction of cyclohexanone andnitrobenzaldehyde (se@able5).3"

Three different reaction protocols usingproline on the one handand two different derivatives of
L-proline on the other handare compared Approach A uses ballmilling conditions which is
generally considered green methodology (sechapter2.1.2) without solventas well ast0 mol% of
the available proline catalystobtaining nearly quantitative yield (99%) and excellent
stereoselectivities (95%ee, 89:11 d*£)***ApproachB useswater as a solvengpplying4 mol% of a
silylether derivative of prolin@and a fourfold excess of the ketondn this case, a lowsftield of 80%
and ahigher ee of 99%vere obtained while the d.r. remained lower (20:1j° ApproachCuses two
equivalents of the keton@and no solvent as well &mol% of athioamide derivative of proline to
obtain the product in 99% vyield and the besterall selectiviyy (96%ee, 98:2 d.f ¢ All reactions
were performed at roomtemperature and an overview of the three approaches with the overall
Efactors is depicted iffableb5.

Comparing the catalysbading, approack was with 10mol% higher than foB and C, which were 4
and 5mol% respectively. Nevertheless, approaBland Cshould exhibit the negative impact of the
catalysts synthesis as it is not present in appro&chn addition, approacl uses the lowest excess
of cyclohexanone and no solvent, yet thdator is with 227 thehighest®”® The reason cannot be
extracted from the given data, but reveals itself upon evaluating the amount of waste created due to
the workup. Interestingly, the amount of solvent for removing the product from thd-tlling
apparatus is considerably higher than the amount of solvent used in the-waskof the other
approaches and completelpverturned the beforementioned positive effect on the -factor.
Compared to that, approadiishows a lower factor of 95, een though the synthesis of the catalyst
needed three steps. This is due to the low waste production during the-upiif the catalyst as it
does not need a purification by column chromatograpiy26The possibility to recover the catalyst
by acid/base extraction followed by crystallization after the aldol reaction decreased-taetde
further. The best #actor of 10 is obtained surprisingly by approd;twhich showed the lowest Vi
while using solvent conditions and a high excess of cyclohexatibhhis is a result of the minimal
impact of the synthesis of the catalyst compared to appro@els it is a ongot, two step procedure
with good yield(80%)**’

Concluding, when comparing different organocatalysts synthesizeal different number of reaction
steps, the catalysts with the least number of steps will not necessarily exhibit a supdacioE
Since the reactioprotocols (reaction conditions, wokp, yield, selectivity) will differ depending on
the used catalysts, the lowestf&ctor and thusthe superior catalyst can only be determined by a
thorough evaluation of the generated waste.
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Table5: Comparison of three different prolilsed catalysts for the stereoselective organocatalytic aldol reaction of
cyclohexanoné and 4nitro benzaldehyd.373

o O OH
o H
5o —d o
O,N NO,
A B

P
Approach A Approach B Approach C
catalyst(cat-loading
S
0 TBDPSO o m
N OH N OH H
H H
10 mol% 4 mol% 5 mol%
stochiometry(A:B) 1:111 1:5 1:2
reactionconditions r.t., balkmilling, 24 h rt.,5h rt.,5h
solvent none water none
yield/% 99 80 99
selectivities 95%ee (89:14.r) 99%ee (20:4.r) 96%e¢e(98:2d.1)
reactionsteps - 2 (one-pot) 3
work-up washingwith huge | washingwith solvent no column
amountof solvent chromatography
Efactor 227 10 95

The synthesis of hiourea catalystsalso often suffers from high Efactors In addition, & already
mentioned in chapteR.4, thioureas are mainly synthesizdéebm isothiocyanates which are usually
toxic themselvesand are formedusing toxic, flammableand volatilereagents like thiophosgends
derivatives as well carbon disulfideand a stochiometric amount ofdesulfurizationagent An
evaluation ofa sufficienly preciseEfactor starts from therespective aminghat is converted to the
isothiocyanatefirst and then to the thiourea in a second stepor instancethe introduction ofthe
majorly employed,5-big(trifluoromethyl) phenylmoiety, increasng the hydrogen bonding activity of
the catalystas discussed in thgrevious chapterThe respective isothiocyanate is typically obtained
from the corresponding amine and thiophosgene with nearly quantitative yidtalvever, due to
purification by flash column chromatography thefdgtor is 364'°” Recently Schoenebeclet al.
introduced an procedure that generated less waste usingthe benchstable solid
tetramethylammonium trifluoromethanethiolateresulting in an Hactor of 83*® For asymmetric
thiourea catalystsamino acids are often used as precursors for the chiral moayseen in the
Jacobsen catalysts s SSheme21), which usually involves the use of protecting grqughus
increasing the synthesis steps and théaEtor.®”® Subsequentlythe thiourea isformed bya simple
addition reaction with a second aminghis reaction igypicallyperformed at room temperature and
the product ispurified by column chromatograph This is exempléd by the syrtesis of the
Talemoto@and the So6atalyst inScheme27.
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Scheme27: Synthesigoutes of the Takemoto (upper part) and the Soos (lower part) thiourea catalyst starting from the
respective amine.Eactors are given fall synthesis &pss373

Takemot@® catalyst can be obtained by reacting ieethiocyanate andthe 1,2diaminewith a yield
of 65% ad an Efactor of 637%° The diamire is obtainedfrom trans-1,2-diaminocyclohexandy
reductive amination During this, the secondmine groupis maintained by attachingrotecting
groups This increaed the overall Hactor addtionally, although similar derivatives of this
bifunctional thiourea bearing arimary amine group instead of the ternary onstill have Efactors
above 4003%441

The cinchona alkaloid moiety implemented in Saraalystis inexpensive and obtaineftom
renewable feedstockboth of whichbeneficial for the overall degree of sustainabildf/ syntheses
using this catalyst.olobtain the desired quininbearing a primary amine groufromthe respective
feedstockan Efactor of 150 is assumed®+42443Ultimately, a good yield of 81% was obtained for the
thiourea synthesis but the overalifgctor was still high (544) due tonavoidablepurification by
column chromatography

Concluding, even though thiourea synthesifien involves only two straightforward step#
commercially available amines are usetie obtained Hactors are high for instance due to
purification by column chromatgraphy or use of protecting groups to introduce chiral scaffolds
(Efactors aretypically higher than 500%2In addition toxic compoundsised for their synthesisave
further negative impact in terms of sustainabilitizess hazardous chemicals like SchoeneBeck
reagent still yield moderate -tactors Another factor that should also be considered in the
calculation of the Hactor for thiourea catalysts is the synthesis of the widely used
3,5-bis(trifluoromethyl) phenygroup. he introduction of the Cggroups for moieties and reagesnt
further decreassthe degree of sustainability oF instance, a commercial process for fweparation

of the trifluoromethyl aryl moiety is the halogefiuor exchange with ahlorinated methylaryl
compound andoxic hydrogen fluoride*

Thiourea catalyst have also been synthesized fraenewable feedstockfor instancethe Soos
motif. However, reported literature of this subject is scarbta et al. usedsaccharides as renewable
building blocks for the synthesis of chiral thiourea catalysts bearing additional primary amine
moieties. Michael additions to nitro olefins®lved yieldsof up to 99% and eealues of up to 98%>
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The catalyst could be obtained in three steps frofb-glucopyranosewhile elaborate purification
methods like column chromatography could not be avoided.

Tosummarize the synthesis of organocatalgsiften comeswith several synthesis steps due to the
need of specific angartly verycomplex moietiesTheimpact ofthe catalyst synthesis will increase
the Efactor for the overall synthesis it is used fahis is also the reasomhy industrial applications

for organocatalysts areurrently stillconsidered to be inconveniedt®44’ For future investigations,

not only applying (organo)catalystout alsokeegng itssynthesis route straightforward and short is a
crucialpoint to obtain synthesis protocols witloverall lower Eactor of a synthesis protocél® But

asit was shavn, also the reaction conditions in which the catalyst will ultimately be used have to be
considered as welSustainabilityalwayshas to be evaluated ia holistic mannerto avoid potential
negative burdershifting

To develop new strategies, it ot possible to onlyrely on commercially available and easily
accessible organocatalyswince they will not always meet the desired yietdsselectivities Finally,
elaborately synthesized tailored catalysts come back ouasiderationwhen recyclablity of the
catalystis applicablesincethe negative effecof the catalyst synthesisn the sustainabilitywill be
decreased?’448452 As the aspect of recyclability of organocatadystas an important part of the
investigations performed in this thesis, more detailed overview of thioureabased recyclable
organocatalystss givenin the following.

Thiourea atalystswere reported to be recyable usingcolumn chromatographybut this is an
approachrelated with high waste prodution, thus contributing strongly to ahigher Efactor 3
Another approach usethe attachment of tagghat alter the solubilityparametersof the catalyst
enablingpost-reaction extractiorandfiltration of the catalystsFor instance, in 2006, Takematbal.
described recyclable chiral PH@hctionalized dithioureas as homogeneous catalytbst showed
better catalytic activity in Michael reactions than TentaGal polystyrenebound analoguegsee
Sheme28A).%* The catalysts could be easily recovered by precipitation in diethyl ether, showing the
same activity and selectivity subsequent catalytic reactions.

In a second exampl&hanget al.introduced aSods typethiourea catalysts bearing a quinine and a
p-(perfluorooctyl) aryl moiety These catalystarere used in an asymmetrione-pot Michael/aldol
cyclzation for the formation of spirooxindolebtaining 99%ee for the major diastereomer and
yields of up to 82%. After the reactipthe catalyst could be recovered by fluorous sqilthse
extraction due toa fluorous tag with a yield of 93% and 98% pu(ige Scheme28A).**° The same
perfluorinated tag was used for a bifunctional thiourea catalyst exhibiting a primary amine group
which was appliedn a Michael reaction of aldehydes and maleimiéfé€Recovery was performed
three times by a simple precipitatiorfiltration process Yields and selectivities were maintained
(yield 8691%, 99%ee) while the recovery rate was moderate to good with0806.

Moreover, also hydrophobic tags could be applied for thiourea catalgsie Scheme28A). For
instance,Otakaet al. usedalkylated gallic acid moietieattached to aTakemoto type bifunctional
thiourea catalysf®’ The catalyst could be recovered least four timesafter an azaHenry readbn
with nitromethane andN-Boc benzaldimingmaintaining a recovery rate of 99% and constant yields
and selectivities by adding acetonitrile to the mixtaiger the reaction was finished
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Furthemore, other tags could be applied as welled?osaet al. used a [60]Fulleren tag for a
bifunctional thourea catalyst Thisled to the fivdold recovery of the catalyst with only a slight
decrease in yield (from 99 to 87%) while maintaining selectitty.

The secondcommon approachto regain organocatalysts efficientlig the immobiization onto
existing supports,such as soluble polymers or crosslinked resins (see Scheme28B). This
immobilization allows the filtration of the catalyst after the reaction. Heterogenous thiourea
catalysts immobilized on a resin support like polystyrene, ®\G@ Merrifield and Wang resswere
reported in several case§%4%* The approach of polymesupported immobilizationwas already
interwoven with thiourea catalysis by Jacobssral.in 2000, as already mentioned in the previous
chapter(recycling of a thiourea catalysts for Strecker reaction up to 10 tifigkater on Pedrosaet

al. applied a bifunctional thiourea catalyst bound on a polystyrene resin iazatenry reaction
with N-Boc aldimines and nitroalkanesThe catalysts could be recycled at least five times
maintaining high yields (780%) and high selectivities (B2%ee)*¢° Besidesless common supports
for immobilization were also reported. Poly(methylhydrosiloxasa)ported Takemotdype
catalyss were able to catalyze a nitraldol reaction of diethyl malonate and nitrostyrenehile
modest recyclabilityvas described®®

A ombination of renewable feedstock and recyclability was reported in one example by Pedrosa
al. using a chibsan support for a bifunctional thiourea catalyét The catalyst could be recycled five
times byfiltration in an azaHenry reaction ofN-Boc benzaldimine and nitromethane maintaining
yield and selectivity (yield 644%, 8486%ee).

Further, also matal-organic framework were reported to be a suitable support to birttiourea
catalysts(seeSheme28B). Wang etal. performedacetalization and MoritdBaylisHillman reactions
using this type of immobilized thiourea catalyathieving good to excellent yields (up to 98% and
81%, respectively’f® In the acetalizatiomeaction the catalysts could be reusdive timesefficiently
without lossof activity.

So far, here is only one report for a poly(thiourea) structure used as a catalysth does not rely

on asupport.Liet al. used tris(4aminophenyl) amine and lghenylere diisothiocyanate to form a
porous heterogenous catalyst for the Michael addition of nitrostyrene and diethylmalofsate
Sheme280).4¢° Thecatalyst showed high turnover numbers (TON) up to 2700 and could be recycled
at leastfour times with a negligible logs yield of 2%.

All approaches can lead to a highgree of recyclability of the catalyst. Nevertheless, to attach the
catalytic active thiourea group to a tag moiety or to immobilizaugually exploitxlassic synthesis
procedures that rel ontoxic compounds andeneratelarge amounts of wastélhe aproaches that
were shown in this chapter are important steps towards more sustainability in thiourea
orgnaocatalysis Still improved gnthesis protocols, straightforward catalyst design and catalyst
recyclingneed to be developed further in order to seframework for a possible sustainable toolbox
based on thiourea organocdiests.
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Scheme28: Schematic overview of different approaches for the recycling of homogeneous and heterogeneous thiourea
catalysts. The respective recycling step is giwiety 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 workis the synthesis ofrecyclable organocatalystand novel sulfuicontaining
polymers using the activation of elemental sulfur by a baReerefore, the MCRntroduced by
Al-Mourabit et al. between isocyanides, amines and elemental su{farthe following AM3CR)is
used askey reactionto obtain thioureaor other sulfur containing functional groufisee Schem8A
and Schemé5A for detailed reaction scheme’ In addition, this investigation is conducted in the
framework ofsustainability and principles of Green Chemistry are addressed as far as possible.

This work is divided into four work packages:

First an approachtowardsrecyclable thiourea organocatalystssaddressedA schematic overvig of
the project is givetin Fgure5, highlightingthe 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 thaimed project ¢ the most important factors contributing to sustainability are
highlighted ingreen sulfur is a waste product of the oil refining industry, storing of which gets increasingly probjethatic
use of renewable ptform chemicals fosters the required transition away from depleting fossil resEA@5SMCRs are
highly atom economi€@recycling, sustainable synthesis adhas catalysis contribute to waste reduction.

o & P

Initially, the degree of sustainabilitgf the conceptwas a focusA main downside of the MCR the
isocyanidebased nature since these compoundwere typicallysynthesized inan unsustainable
fashion. Thus, a more sustainable synthesis for the isocyanide starting metadatied.

Second, potential catalytic active thiourea motifieed to be determined and their synthesis
establishedviathe mentioned MCRIn terms of recyclabilitytheir sdubility propertiesare important
as well.

Third, the obtainedcatalytically active TWearing theestablished or further modifiedgctivating
motifs is transferredand incorporated io a polymer In a proof of conceptthe recyclability of the
obtained rovel poly(thioureagis investigated.

Finally mechanistic studies of thAM-3CRare conducted to elucidate its reaction pathwéy the

activation of elemental sulfur with a bas€hus, the obtained understandiimgenvisioned to improve
the overall sustaiability of this work andurther lead to establishment of other reactiogielding

sulfur-containingmolecules angbolymers
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4 Results and Discussion

4.1 More sustainable synthesis of isocyanides

The first part of this workkocused on the improvement of the sustainability of the starting materials
of the AM-3CRforming thioureas gee chapte.3.1.for reaction equation)i.e.isocyanide synthesis.
Thus, an owwiew of the f#pical synthesisprotocols for isocyanides is given as mostigxic
compounds like phosgene and its derivatives gshosphorus aychloride are applied, while
generating a considerable amount of waste (several extraction steps followed by citdisimn
chromatography, see below). Thus, it was assumed thathigh degree of sustainability dfie
AM-3CRresulting from thelow amount of solvent, low overall toxicity of the componerdambient
temperature, and the use ofnhon-toxic elementalsulfur, a waste product of petroleumncould be
reduced or everdwarfedby the preceding synthesis isfocyanide

Parts of this chapteand the associated parts in the experimental part have been published before:
G! Y2NB adzadGl Ayl ofaSe yriykRS aKmaa KX 1 FLINE LAKGFAGON- B ASa 2 Qe | y
K. A. Waibel, R. Nickisch, N. Mohl, R. Seim, M. A. R. KBegem Chen2020,22, 933;941.

(The author contributed to the writingintroduction and supporting informationof the publication

cod dzZLISNIIA ASR DM A{STFRANKE (G lzRSyG € X K2 gl a +faz Ayg
compounds. In addition, the author contributed pdanningand evaluation of the experiments in a

minor extent. K. Waibetonducted the planning and evaluation of the experiments and conteithut

to the writing (results and discussion pargbstract, conclusion of the publication)C. Rieker

conducted first experiments (Bachelor thesis under thesapervisionof K. Waibél*’? N. Mohl

carried out the GC screening (Bachelor thesis undercthgupervision of K. Waibgl® whereas R.

Seim applied the improved conditions to synthesize an isocyanide library undeo-gwervisiorof

the author and K. Waibgl

Abstract

Three different dehydratioreagents {ypically useghosphoroxy chloride (PQCthe combination of
triphenylphosphane (PBhand iodine as well astpluenesulfonyl chloride {psClwere evaluated in
their performance transferring Hfbrmamides into isocyanides. Following the Principles of Green
Chemistry, more sustainable solvenisre tested for all candidates whileTsCIl was optimized more
thoroughly (base,stoichiometry reaction time). Aftercomparisonof yields and Hactors the
optimized reaction protocolsthe approach using -psCl seemed to be superior for converting
aliphatic non sterically demanding mono orMiformamides (yields up to 98% and lowed&aé&or
6.45) In addition to the reduction of thef&ctor, the application of gsCl is recommended since it is
less toxic than other dehydration reagents while the sysihprotocol and workip is more feasible
Ultimately, a greener approach for aliphatic isocyanide functional groups was established using
p-TsCl.

La20&tryARSa NBLINBaSyd | dzyAli dzSacidity &d8 thedr Bbiliff tzy OG A 2 v
LJS NJF 2abidifiontas well as radical reactioff8 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 effectst®2474 Most commonly, they are used in i@mnidebased multicomponent
reactions (IMCRS§,182475476\which have manifold applications ranging from organic syntk&dis

drug discoverd?®4’” and polymer scienc&?47&480 Multicomponent reactions (MCRs) are generally
considered as sustainable synthesis tools, as they fulfil many of Tmeelve Principles ofGreen
Chemistry®8it 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 ro
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 within situ formed carbenes of chloroform angotassium hydroxide, or by
heating isothiocyanates with PR1#%585 Gassman and Kitano introduced trimethylsilyl cyanide as
cyanide transfer reagent, which forms isocyanides with alcohols and epoxides in the presence of zinc
salts*®548” 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 (diand triphosgene) as dehydration reagefit§?8492 Afterwards, other
reagents were introduced, for instance the Burgess reagent, Appel reagent, trifluoromethyl sulfonic
acid anhydride, op-TsCF*4% Nowadays, the commonly used reagent is RAG# to its suitability

for different structural motifsi%323049249 Generally, isocyanide synthesis still heavily relies on
laboratory preparation, since the number of commercially available isodga is limited to a few
examples, and even small amounts are relatively expergivigienaymé, Bossio and Armstrong
focused their isocyanide synthesis work on feasigeivatizationroutes, which eventually led to
more easily accessible isocyanid&s%tHowever, 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 precursosed Fgure 6). In addition large amourdg of waste are
produced during the synthesis and thus, typical isocyanide syntheses cannot be considered as
sustainable. Recently, Wareg al. introduced a less toxic dehydration reagent using £t iodine
obtaining good yields of up to 90% for maintpmatic formamides$? Porcheddwet al. were able to
improve the approach initially reported by Himann to a more sustainable procedure by applying
mechanochemical activation via batllling, redwing the required amount of chloroform to a
stoichiometric amount.Thus, they were able to obtain isocyanides with a broad spectrum of
aliphatic, benzylicrad aromatic moieties in yields up to 7F9%.

In this work, we investigated various synthesis procedures in order to develop a more sustainable
and generally applicable route to convert aliphalidformamides into isocyanides. Therefore, we
optimized the isocyanide syntheses employing B@&IsCl, ad the combination of PRlwith iodine

and compared not only the yields but also théaEtors as well as several other parameters such as
wastein purification steps and energy consumption.

Results and discussion

Considering the discussed syntheses ofyasmides, this work aimed to improve the sustainability of

the dehydration ofN-formamides. Thus, three commonly used dehydration reagem®O0d, PPh

in combination with iodine, ang-TsCl were investigateld®°°2%Furthermore, the focus was set on

the introduction of more sustainable solvergsice 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 determine®:>%>5% Typically, highly reactive reagents like PO®hosgene,
phosgene surrogates, @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

Figure6: Summary of describagocyanide synthesis procedures. The most widely applied procedure emjitoysaisides
as starting materials and various dehydration reagents in combination with a base (highlighted inAdlap)ed from
ref.258

Therefore, the solvent has to be inert towards#ereagents excluding alcohols, water, amines and
ketones. Neveheless, several suitableustainable solvents fitted the conditiorgppliedand could

be used in the optimization study (s@able6-8). N-octadecyl formamidel was chosen as model
compound for the solvent evaluations due to its easy handling and thesnabs of other
functionalities which could interfere in the reaction proceeding (see Te#)e To compare the
sustainability of the different approaches,f&ctors were calculated accordintp SheldoA”
considering all reactants, the solvensed for the reaction as well as waste generated through
guenching (reagents andolutions). Waste obtained during woedp of the crude producti.
solvent used for extraction and washing or column chromatography) was not considered for the
herein reported Hactors. For the comparison a synthesifaEtor was calculated exclusively.

Formamide dehydration utilizingp-TsCI

In 1979, Schusteet al. reported a procedureto synthesize isocyanides employing quinoline and
p-TsCl as dehydrating reagefitThe protocol wasuperior to the Ugapproach for small isocyanides

like methyl or ethyl isocyanides. Since these compounds exhibit decent solubility in water excluding
an aqueous workip the reaction was performed under simultaneous distillatiglain advantages of

the use of p-TsCl are, compared for instance with POtk easier operation and significantly lower
toxicity. Furthermorep-TsCl is a waste product obtained in the industrial saccharine synthesis by the
RemserFahlberg procedure increasing its sustainablesptial and economical benefit8-°0°

In a first attempt to optimize the isocyanide synthesis usn@sCl, the Ugapproach reaction
parameters were appli&®®* Sincep-TsCl exhibited théiighest potential in terms of sustainability,
the conditions for this reaction were optimized by-&&eening.
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GGCscreening for optimized conditions utilizing-psCI

In general, the dehydration consists of two reaction steps, first an adduct between formamide and
dehydration agent is formed which is followed by an eliminatibmus, at least two equivalents of a
base are needed to obtain full conversisimce 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 typicallgdists toxic with theexception of pyridine which is
listed as only health hazardou$his was underpinned by further toxicity and sustainability studies
validating this classificatiott® As a result, we chose diisapylamine (DIPA), diisopropyl ethylamine
(DIPEA), triethylamine (TEAnda pyridine (Py) since they can be obtained sustainably and are
commercially availabléseeTable 6).51%516

Table6: Optimization of the dehydration of formamideusing pTsCl and a bage obtain isocyanide. In addition to the
yield, the Hactor of the respective conditions are given.

p-TsClI

H base

N O

1 2
entry solvent base c/M t/h yield/%? Efactor
1 DCMW DIPA 0.33 21 35”7 54.3
2 DCW DIPEA 0.33 7.8 149 132
3 DCMW TEA 0.33 15 25" 72.2
4 DCW Py 0.33 2 66" 26.4
5 Me-THP Py 0.33 2 120 106
6 DM Py 0.33 2/18 7/859 217/31.8
7 ACN Py 1.0 4/18 70/569 8.20/10.5
8 Cyrenet @ | Py 1.0 1/2 10/2.49 80.2/324
9 GBP Py 1.0 1/2 28/229 26.5/34.8
10 DCM Py 1.0 2 96 9 7.76
11 DMC Py 1.0 18 89 9 7.41

a) Yieldsdeterminedby GCapplyinga calibration curve ofsocyanide2. b) Therespectivesolvent, 5.00 mmol formamide
(1.00 eq.)p-TsCl (1.30 eq.) and the base (2.60 eq.) wesed c¢) Therespectivesolvent, 5.00 mmol formamide (1.00 eq.),
p-TsCI (1.50 eq.) and the base (3.00 eq.) wee d) Values areyield after workup and isolation

With 14% and 25%ertiary amines (DIPE#and TEA led to the lowest yields (seBable6, entries 2

and 3). DIPA showed an increase yield of 35% Tabke 6, entry 3) while the highest yield could be
obtained using pyridine (66%, sdable6, entry 4) intwo hours reaction time. Not the degree of
basicity but the steric influence of the baseemed to be the main factor leading to a successful
transformation towards isocyanide since theyield 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
increasedin the course of the screening 1M to decrease tB amount of waste and increase the
reaction rate.The excess amount @-TsCl had to be applied to compensate partial hydrolysis to
p-toluenesulfonicacid (PTSA) by water during the reaction. Since isocyanides are sensitive to acidic
milieus, the amount obase was increased as well to maintain the alkaline conditions as the reaction
proceeded.! -Butyro lactone (GBL) and dihydrolevoglucosenone (Cyrgemesulted in low yields

after two hours(22% and 2.4%, respeatly, seeTable6, entries 8 and 9)Side reactions were
indicated since yields started to decrease after one hour. In case-métByltetrahydrofuran
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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 ofeal after two hours (se@able6, 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 hagesTable6, entry 5).The leastoxic
solvent of this series, dimethyl carbonate (DMC) led to a good vyield of 85% after 18 hours (see
Table6, entry 6) which consistently gave the lowedaEtor of 31.8. Reevaluation of DMC a#land
comparison with DCM, the conventionally used sotv@r this reaction, revealed thdbMC led to a

very good yield of 89% which was nearly as high as the one obtained using DCM (9té&b)ese

entry 10 and11). While the reaction in DMC is slower and provided a slightly lower yield its
advantages werelearly the noroxicity of the solvent and the slightly lowesf&ctor. Furthermore,

DMC can be synthesized from renewable souPée¥®Subsequently, different purification metkle
(washing and column chromatographyere evaluated. We remained to use the initially applied
work-up procedurej.e. quenching with sodim carbonate solution and aqueous weuk, being the

most promising one. Moreover, DMC proved to be superior in the werlsteps as DCM formed
often stable emulsions which were tir@®nsuming in their separation. The obtained results seemed
very promisingas p-TsCl was the least toxic dehydration reagémtestigated 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 nekxiddrgereaction
scales (isocyanidg@was synthesized in batch sized up to bo@ol).

Ugiapproach utilizing (POg)I

The procedure of Ugi employing P©@s dehydration reagents is a weltablished synthesis
procedure which is reported to yieltbnsistently good yield8947°51821 Thys, the yield of the initial
reaction in DCM led to an excellent yield ¥96se€Table?, entry 1). Substitution of the solvent by
ethyl acetate (EA) or M&HF resulted in lower yields of 90% and 94%, respectivelyTédgde7,
entries 2 and 3)DMC showed again good but lower yields compared to DCM which was similar to
the other tested, sustainable solvents (séable7, entry 4).It has tobe mentioned that the reaction
needed constant cooling due to the high reactivity of ROfdking the reaction seip more
elaborate and more unsustainable since coolimgsumes energy.-factors of the reaction ranged
from 12.6 to 17.8. Nevertheless, this value does not include the hazardousn3®Mdue to its
toxicity, high reactivity and corrosive properties and thusuge should in general be avoided with
high priority.

Table7: Dehydration of formamidé with POGland DIPA in different solvents. Yields as well as-fiaetfrs are given.

POCI,
H o DIPA NG
1 0°Crt, 2
2h
Entry Solvent Yield%®? Efactor
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(3.00 mmol, 1.00 eq., 0.33 M in solvent,), PQCRO eq.) and DIPA (2.60 eq.) were
mixed under icebath cooling and subsequently, the reaction was stirred for two hours at room temperature.
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Wangprocedure utilizing (PP$) and iodine (1)

More recently, in 2018%ang et al. reported a dehydration protocol for formamides usingsRRY
iodine similar to the Appel reageff? Their work was sparked initially due to the fact that RGCI
not easily available in China. Compared to RGdh reagents (PPfand iodine) are less toxic and in
addition, PPhis an easy to handle bendtable 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 dehydratio reagents, a solvent screening was conducted for the dehydration
reaction following the protocol of Waref al. adapted for formamié 1 (see Table). While DCM, EA
and DMC only yielded moderate yields {&3%, sedable8, entries1,2 and 4), MeTHF reslied in a
very highyield of 93%. The-tactors were thus consistently higheiith the lowest value of 18.4 for
Me-THF.

Table8: Dehydration of formamid#& with PP, iodine and TEA in different solvents. Yields as well asfdetdEs are given.

PPhg I
H o TEA NG
W \f solvent, W
1 r.t., 2
2h
Entry Solvent Yield%® Efactor
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 solveny (BBb eq.), iodine (1.50 eq.) and TEA
(3.00eq.) were used and stirred for two hours at room temperature.

Comparison of the three approaches

In a next step, the tlee approaches were compared in their effectiveness (yield) and sustainability
(Efactor, se€eTable9).

Table9: Overviewof the dehydration of formamid# using POG| PPh and iodine as well as-PpsCin the optimizedsolvent
and reaction conditions. Yields anda€tors are given to allow comparison.

dehydration reagent

H base
N (0] NC
W \f solvent W
1 2
Entry method Solvent Yield/9%6) Efactor

1 Ugp Me-THF 94 12.6
2 Wang’ Me-THF 93 18.4
3 p-TsC¥ DMC 89 7.41

a)seetable 7. b) see tablé. c) see tabl®.

The most toxic reagent is clearly P¢Xgling toxic, highly reactive and thus, needed constant cooling
as well as being corrosive. On the other hand, the least hazardous dehydration repgest),
allows an easier reaction sep (cooling only in large scalsee Figur&) and the use of lessolvent
(higher concentration of M) ultimately generating less waste.
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Figure7: Left top side transformation oftert-butyl formamide (11.6nmol in 35mL DCM, (0.3B®1)) to the respective
isocyanide.To addPOG] the dissolved formamide has to be cooled by anniar bath. Left bottom side The same
reaction mixtureafter POGlwas added (iternal temperaturewvas0 °Q. Nevertheless, the evolution BfCI vapois visibé.
Rght top side transformation oftert-butyl formamide (35nmol in 35mL DCM, 1.0M) to the respective isocyanid€o add
p-TsCla water bath was applied for coolingight bottom side The same reaction mixture aftgrTsClwas added.An
exothermic rection could not be detected by visible indicators butsome dehydratiomeactions a slightly increased
temperaturewas observedAdapted from ref58

Using PPhand iodine higher #actors were obtained compared to the other approact{#8.4 kg
waste per kilogram isocyanide, see Tableentry 2).Thus, the use of the less toxic reagents,
compared to POgIs dwarfed by the additional 5.0k of waste per kg of isocyani@e Moreover,
avoiding column chromatography as purification mettveas 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
POd because all byroducts 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 th&a&or. By usg p-TsCl and pyridine

the purification of the isocyanides could be conducted easily by extraction and washing since the
pyridinium salt is soluble in watevifle infrg.

In addition, the investigation of the solvent screening showed that-toxit, renevable DMC is an

ideal solvent for the dehydration of formamides withTsCl. Further M&@H-was found to led to

good yields however, compared to DMC it is also renewable but health hazardous. Applying DMC and
less toxic dehydration reagemTsCl for formarde 1 resulted in a low #actor of 7.41 and digh

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 ugiisCl (se€&heme29) was evaluated by
synthesizing a library of twelve isocyani@$3 (seeTable 10).

p-TsCl
(e} pyridine
RO L > ~-NC
N Hobewm,rt, 2h
or
DMC, r.t., o. n.

Stheme 29: Isocyanide synthesis starting fromfdimamide applying fsCl and pyridine at optimized conditions (room
temperature in DCM for two hours or in DMC overnight (0.n.)).

Since DMC led to high yields comparable to the onesinéd by the typical solvent DGNbut
showed longer reaction times (DMC reaction were performed overnightle 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 Ugpproach or vere commercially available (isocyanitia12).

Formamides bearing long alkyl chains as moietiesisocyanide®-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-factors the herein reported
method resulted in a 75 and 80% lower value éompound2 and 3, respectively highlighting the
improvement towards a more sustainable isocyanide synthesis ugiigCl. Furthermore,
diisocyanides8, 9 as well as benzylated isocyanifievere obtained in better yields using the more
sustainable approdc?3°3925221t glso has to be mentioned that isocyanidés8 and 9 have an
increased degree of sustainabiligs they are all obtained from renewable feedstock, whereas
isocyanideb was chosen, since it can be employed for sequetefined macromolecule synthesi¥.

In the case of isocyanidethe three-step synthesis was optimized in terms of sustainability leading
to an overall Hactor of 16.8 and a yield of 94% clearly improving its synthesis sincéoiimer
procedure resulted in a yield of 63% and afa&or of 33.223° 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 isocyadidsevertheless, synthesizing
commercially available isocyanided0{12), the limits of the more sustainable approach for
isocyanides was determined as only moderate yields were obtained@9%).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 formamide¥l(and 13). On the other hand, a decreased
nucleophilicity of the deprotonated fonamide adjacent to an aromatic system seemed also a
reasonable explanation for lower yields. Still, in case of isocydfided 12 the new procedure led

to decreased #actors compared to literature (28:84.7 instead of 62:24.9)%%3°24|socyanidell

could be obtained with comparable yields but thefaEtor was higher 25.6 instead of 22.2 in
literature *”® Kim et al. reported a convenient isocyanide synthesis in 2013 using a contirflmus
microreactor obtaining excellent yields fdi0 and 11.°2* However, the geneflaaccess to such
reactors is not given and toxic P@@las used, which was substituted IpyTsCl due to above
mentioned reasons. Ultimately, aromatic isocyanice underlined the restriction of the more
sustainable protocol as it was obtained in a pootdyigf 13% and an-factor of 1®. Concluding, the
dehydration of formamides witlp-TsCl is a promising method to obtain rsterically hindered
isocyanides in a greener fashion.

Column chromatography was used in all cases to determine the yields, basg iibhbe mentioned
that a simple flash column chromatography was already sufficient to obtain pure products.

78



Results and Discussion

Furthermore, increasing the washing steps, many isocyanides could also be obtained in satisfying
purity avoiding column chromatography completelyhich is depicted on the example of the
'H-NMRspectrum of isocyanid®after purification by either washing or column chromatography in
Figure8.

Tablel0: Library of isocyanidex13 obtained by dehydration of fbrmamides applying 7sCl and pyridine in either DCM
or DMC at optimized reaction conditions (see above).

substrate procedure | Efactor | procedure B | Efactor | literature | Efactor-
A- A yield/%" B -yield/% | literature®
yield/%?

NC 96 7.76 89 7.40 87> 36.9

Ll

NC 90 11.9 94 9.93 94> 48.8
10

M\WNC 97 7.73 98 6.68 n. I -
5

~

w

>

/

o

(@]

o I
[e2)

=

(@]

97 7.11 97 6.45 66°° 22.3
TS/O\/HAVNC 53 15.0 68 11.0 n. l. -
6
CN NC 48 49.0 82 25.7 n.|l. -
\/HS\/
7
CN NC 93 15.8 89 15.0 71%° 33.6
\HB\/
8
CNMNC 87 14.8 97 12.0 75°6 33.6
9
O/NC 67 28.8 68 249 76°1 62.
10
©/\NC 44 41.5 62 25.6 64° 22.2
1
NC 79 16.5 78 14.7 9362 28.9
139 109 - - 96°’ 12.9

o

\
(@]
N
b
z
o

n. . = no literature available. a) Formamide (5.00 mmol, 1.00 eq.) in DCM (1 M), 1.50/3p90s£¢)/pyridine at r.t. for 2 h.

b) Formamide (5.00 mmol, 1.00 eq.) in DMC (1 M),/BB0D eq.p-TsCl/pyridine at r.t. overnight. The doubled amount of
reagens was used for diformamides (3.00/6.@@. for p-TsCl/pyridine respectivelyg) Efactors 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.t. for 2 h.
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Passerinithree-component polymerization reaction 3CPR)

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

7.26

4

] Jo

9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
Chemical shift (ppm)

Figure8: Overlay of two'H-NMR spectra both depicting diisocyanidem CDGI The red line shows the spectrum a
several washing step, tH#ue line after purification by flash column chromatographgapted from ref>8

performed. Since a stegrowth polymerization will oyl yield high molecular weights if equimolar
stoichiometry of the respective monomers is applieglyen small impurities will alter yieldnd
conversion of the polymerization greatly (s8sheme30). Sebaciacid14 and heptanall5were thus
converted with 112-diisocyanododecan@ to Passerinpolymerl16 without using solvent. This
reaction was performed twice, once with the isocyan®purified by flash column chromatography
and one with the respective isocyanide purified Washing septsComparison of the purified
polymersl6 after precipitation was conducted by SEC (Sebeme30).

Using isocyanid@ purified by column chromatographypolymerl6 was obtained exhibiting a
number average molecular weigh#f) of 10.5kDa. Compared to that, polymé&6 was obtained
with an M, of 8.4kDa applying isocyanide after purification by washing steps. This result was
sufficiently proving that te simplified and more sustainable weuk procedure was superior. While
both polymers wereobtained as waxy solids, the polymer obtained from the isocyanide purified by
washing showed a darker coloration.

Conclusions

Evaluation of thelegree of sustainadlity for the utilization of POGJ PPhBin combinationwith iodine,

and p-TsCl for the dehydration df-formamides was performeg-TsCl led to the highest yields (up

to 98%) and on the same time to the lowestagtors (down to 6.45) for nosterically demanding
aliphaticN-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 giy. In addition, the Hactors 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 -8@PR yielding aguate
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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 formanti&sl, this new
procedure depicts a significant improvement in terms sofstainability for aliphatic isocyanide
syntheses providing an easier access to more sustainable isocyzasdd chemistry like IMCRs.

CNWNC HO OH
8 6

9 o o)
+ 14
15 ——P-3CPR - Crude IC
—— P-3CPR - Purified IC
r.t. 1,0 ]
24 h
B ] =)
['3
o) o ]
S e TR
6 || N 8
o
0,0
- —n 10 12 14 16 18

1° Retention time / min
Scheme0:Left: Solventles®-3CPR odliisocyanide (red),sebacic acid 4 (black)andheptanall5(green) To proof that the
isocyanidegICs)were obtained in sufficient purity after several washing stepg fgolymer16 was synthesized twic&®ne
time with diisocyanide9 purified by column chromatography and another time purifigdseveral washing stefight:
SEQurves of the two polymets. Higher molecular weight was obtained with the column chromatography purified
diisocyanide (polymet6a) while the crude isocyadae led still to sufficient molecular weight (polymigb). Adapted from
ref.258

LIt was hypothesized that aromatic formamides bear lower nucleophilicity compared to their aliphatic
analogous and thus, the electrophilicity @fTsCl is too low to yield reasonable conversions while more reactive
dehydration reagents like PQQead to high ields. It can be envisioned that the use of more reactive
surrogates ofp-TsCI likeits anhydride orp-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 ewgldiinnal reaction
step.
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4.2 Synthesis of thioureasa AM-3CRand evaluation ottheir
catalyticactivities depending on their moieties

Having obtained a more sustainable synthesis protocol for aliphatic isocyatidesoverall
sustainability ofthe AM3CR could be considasly improved.As a next step of this workhe
catalytical activities of thioureawere investigated.As thoroughly discussed in chapg#.1 the
catalytic activity of thioureas arises from the attachment to an electsathdrawing group mostly
bound to an electrospoor aryl motif For this purpose, the vast majority of thiourea catalysts bear
the privileged 3,%is(trifluoromethyl) phenyl grap. However, this motif was insufficient fahe
concept of this worksince its synthesis is highly unsustainabidd infrg. In addition, the solubility

of the final catalysts should be considered as well and theb&@rifluoromethyl) phenyl group
usually does not lead to compounds which are easily soluble in a vast range of organic solvents (for
instance the Schreiner catalysbmetimes only dissolved upon addition of the starting material that
is a hydrogen bond accepforThus, the focus of thisestion was to establish a more sustainable
activating motif for thiourea catalysis by altering the electwithdrawing groupand improving the
reaction conditions in terms of sustainabilityurthermore, the newly introduced group should also
yield bettersolubilityin general for organic solvents.

Parts of this chapteand the associated parts in the experimental part have been published before:
Gb2@3St 1 00Saa G2 Yy2gy NigaMulicgripgrznigs | ¢cCKiAA22dyNS I LILONERI |
R. Nickisch$.M GabrielsenM. A. R. MeierChemistrySele@020,5, 119151192Q

(The author planned and evaluated the experiments as well as wrote the public&uotihermore,
he established the optimized synthesis protqcP-NMRanalysisand GGscreeningmethod. In
addition, the author cesupervised L. Wildersinimgether with M. Frolichwho was involved in the
investigation of the catalysis afn Ugi reaction bythiourea compoundgBachelor thesis¥®> M.
Gabrielsercarried out thesynthesis of the libraryfahiourea compounds (under supervision of the
author). MoreoverGC screeningnd*'P-NMR analysis was performed together with the author.

Abstract

Thioureas are frequently used in organocatalysis and typically rely dnisgiEfluoromethyl) 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 tima fthiourea 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 compléxé$ NMR and their
catalytic activityin an Ugi foulcomponent reaction (MICR). 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 2yt (trifluoromethyl)phegl moiety, proving that
these groups are suitable alternatives for the trifluoromethyl group.

Results and discussion
Synthesis of thioureas via MCRM-3CR)

To obtain various catalytically activéhioureas via the above mentioned MCR pathway, we
synthesized severdl-cyclohexyl thioureas (see Figu@evaryingthe second moiety. We changed the
solvents for AM3BCR from higlboiling DMF, and toluene, or buylk!®® to methanol

82



Results and Discussion

(c(isocyanide)=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 thenbaiculfur
atoms) and amine (1.10 eq.) proved to be sufficient for achieving high vyields. Elevated reaction
temperature (up to 80°C) was sometimes needed to achieve full conversion or obtain higher yields.
In many cases column chromatography could bedea and purification was performed by simple
precipitation.

Since Curraret al. had shown that the trifluoromethyl groups of an aryl moiety adjacent to the
thiourea group can be partialleplaced by an ester group to increase the solubility of theutséa,

while maintaining catalytic activit})y we decided to investigate the impact of aromatic ester
moieties on the hydrogen bonding ability (compou2®). Following this idea, a thiourea bearing an
aromatic sulfone moiety (compoun@6) 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 wab for their hydrogen bondg activity, bearing the potential of an
easier accessia sustainable resources (see Fig@e Commercially available cyclohexyl isocyanide
was first reacted with cyclohexylfurfuryl, and benzyl amine, as well as with ammonia and
hydrazine to obtainhe corresponding thiourea&7-21 in one step in good yields (€89%). Since
aromatic amines are less nucleophilic and basic, thus preventing the formation of the desired
thiourea (see chaptet.l), aryl moieties had to be introducedia the isocyanide comgnent,
resulting in product22-27 in yields between 26 and 82%. In the case of thiou2&and 27, the
corresponding isocyanides were found to $ensitive to moisture, as they started to decompose to
the respective N-formamide when column chromatography was performed or remaining
dehydration reagent (POfLiwas quenched with aqueous sodium hydrogen carbonate solufibis.
observation was attribigd to their higher electrophilicity resulting from the electrarithdrawing
groups (EWG). In the case of the aromatic thiourea derivatB227, the isocyanide starting
component could not be synthesizefth our recently reported more sustainable synthesgirotocol
usingp-TsCl as dehydration reagent (compare previous chaptéa) test reactions to obtain methyl
4-isocyanobenzoaté3 (corresponding to thioure24) led to very low yield (13%) Instead, the

toxic POGlhad to be used in this case for the dehydration step. In summary, the synthesis of the
thioureas depictedn Figure 9 iachieved in a straightforward one step reaction wittceptable 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, Hiltet al. showed that the hydrogen bond donor ability thioureas can be quantified by
3IP.NMR analysis of a suitable hydrogen bond acceptom{tiitylphosphine oxide) and further
correlated with their catalytic activit}?® Formation of a thiourea phosphine oxide complex led to a
downfield shift of the3P signal with increasing hydrogen bonding strength of the thiourea
compound. The hgrogen bonding ability of the thioureds7-27 was thus determinediia **P-NMR
measurements following a protocol adapted from Framhal. using triethyl phosphine oxide (PQEt

as analytical reagent (chemical shiftin 3P-NMR was 51.40 ppm in @4H/CDC] 4:1)%%" Table 11
shows the chemical shift of the respective thioureas and the difference compared to pure POEt
0 {). The thioureas derived from ammonia and hydrazih® §nd 19) show negtiible downfield
shifts, as expected due to an increased electron density of the thiourea motif. Similar observations
were made for23, bearing two thiourea groups connected by an aromatic system, but the solubility
of this compound was very low and thusiese shift values should be considered with caution.
Dicyclohexyl thioured 7 showed a small downfield shift of 1.54 ppm, while benzylic moieties, as
present in20 and 21, resulted in moderate shifts of 3.06 and 2.54 ppm, respectively, which were
higher canpared to the shift of phenyl thioure22 (2.06 ppm). While aryl ester thiourezt led to a
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moderate chemical sift of 2.86 ppm, the other electrdeficient aryl thioureas25-27 exhibited
higher downfield shifts, thus indicating stronger hydrogen bonding.

R R or R=CgH14 i
- + .R 1 - > R
CN H,N +1/8 Sg N N

MeOH
r4-80°C H i 2';
(Ar-atm.) -
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Figure9: Overview of the synthesizeddyclohexyl thiourea derivativds-27 using AM3CR (isocyanide is the red moiety in
the final catalyst). Cyclohexyl isocyanide and the corresponding amine component were used to prepayethmurea
derivatives, while aryl thioureas were prepared using cyclohexyl amine and the correspondingidsoc$ace the
respective isocyanide of compouRdwas sensitive to moisture, it was converted immediately after it had been formed and
the given yield is referenced to the usedohmamide which was dehydrated to the isocyanide

Compared to aryl thioum 24 bearing one ester group iaraposition, thiourea25 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 electeficient substuents
attached in meta position of the aryl thiourea group resulted in the most efficient cat&fyst.
Applying the stronger electrewithdrawing sulfone group, hydrogen bonding was further increased
0l &SR 2-valugiokd82 ppm of thioure26. Even though only one sulfone group is attached to
the paraposition, sulfonaryl thioure@6 showed stronger hydrogen bonding than both ester aryl
thioureas, which was attributed to the intrinsically higher electwithdrawingstrength of the
sulfone moiety. Compound87 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 gdate as catalyst in this investigation
(thiourea 27 itself was already reported as potent catalyst in aminolysis of carbortétessovide
infra0 @ / 2 Y LJ NJalyeTof thidarBa26mand 27 (4.82 ppm and 5.14 ppm) showed that one
sulfone group attached ipara-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 compoRédould act as an
organocatalyst \th a similar potential as thioureay.

Tablell: Relative hydrogen bonding strength of the thiouréd@=7 determined by?Il>-NMR measurement of a complex of
POE{l YR G KS NBALISOUADBS (KAZ2dz2NBI on ¢viGes @ heN@ambliscyiaR donifexe® &S Y A O f
listed.

thiourea chemical shift ~ k LJILIY niti kK LILIY
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
24P ) 54.26 2.86
2509 55.72 4.33
26 56.21 4.82
27 56.53 5.14

a) Each thiourea compound (2.40 eq.) was added to PQHIO eq.) in a mixture of GEL/CD(] (4:1). The experiments
were performed three times and the average values are gibgihe experiments were performed two times aihe t

average is giverc) Catalyst was not entirely soluble under the applied conditidpnhiourea showed very low solubility
even when the amount of solvent was doubled.

Investigations of catalytic activity in an4CR

Using the results of the quantification of the hydrogen bonding strength as a guide, thidlife¥s

were evaluated for their catalytic activities. First, we sought to investigate the potential use of
thioureas as catalysts in the-dCR, as thenechanistic pathway of the reaction shows several steps
that might profit from thiourea hydrogen bonding. Fmistance, thioureas are expected to increase
the Bregnsted acidity of the carboxylic acid component by anion stabilization and enhance the
electrophilicity of the aldehyde or acylimidate by complexatisee( Tabld2 and Scheme31l).

Thus, thesynthesis ofJgi-product 28 was followed byH-NMR, as conversion can easily be evaluated
in this case (see Tabl#2). Bisamide28 was synthesized using acetic ad@, p-toluidine 30,
p-methoxy benzaldehyd81 and tert-butyl isocyanide32in dry CDGIin the presence ©10 mol% of

the respective thiourea compound. The Schreiner catalyst (big(3flboromethyl)phenyl) thiourea)

was tested as a reference for its catalytic activity in thé@R and the conversion of acetic acid was
determined using the singlet signal itd CH group compared to the respective signal in prod2st
Conversions were recorded at two reaction times (66 hours, and 6 days) and areriStable 12.

We set out to investigate the catalytic activity in rather dilute, fwptimal conditions(0.10M
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
(0.50M concentration of acetic aci@9 in methanol yelded 58% 0f28).18%28 |mportantly, no
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Proposed U-4CR mechanism
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Scheme31: Proposed reaction pathway for thedCR of an aldehyde (black), an amine (green), a carboxylic acid (bl
an isocyarde (red). By enhancing the electrophilicity of an aldehyd, a thiourea (orange) might catalyze imine fc
(step 1). On the other hand, stabilizing the carboxylate anion would increaseréimsted acidity of the carboxylic a
resulting in an equilibrm shift towards the protonated imine (step Il). In addition, Munearrangement might k
fostered by enhancing the electrophilicity of the ester carbon (stephé)corresponding proposed thiourea complexe
shown below. Adapted from SI of the auth@ublicatiorP®!

Passerini or other sidproducts were detected. When thiouredd-22, all showing low to moderate
hydrogen bondingaccording to Table 11, were used as catalysts-#CR, 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 6ffOBi reaction&?the addition

of methanol as catalytic species (40.0 mol%) was also desithout notable effect. Aryl ester
thiourea24 did show a minimal positive effect, while aryl diester thiouBgaled to a slightly
increased conversion of 22%. Finally, sulfonaryl thio@&ashowing the highest observed chemical

shift in Table 11, letb 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
NMRinvestigation,i.e. that compound26 shows similar catalytic properties thanmapound27. The

highest conversion of 31% after six days was obtained by the Schreiner catalyst, which was ascribed
to its two activating moieties. Increasing the catalsiding to 20mol%, catalysP6 achieved same
conversion than the Schreiner catalyst (33% conversion after six days). The improved performance of
catalyst26in higher concentrations is most likely due to better solubility of this compound, since the
Schreiner catalyst was not completelsoluble under this condition. Although this catalytic
enhancement seems small (absolute increase in yield 14%, relative increase iDABet], it shows

that an Ugi4CR can be positively influences using thiourea catalysts, opening new possibithies in
field of multicomponent reactions.
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Table12: Investigations of catalytic activity of thiourea compounds and methanol in-4€RJ leading to Ugi produ2s.
Conversions were determined by measudidNMRspectra of the respecte reactions after 66 hours, and 6 days.

>0

o 10 mol% thiourea (0]
H
)J\ + )<\IC )J\N N
OH dry CDCls, r.t.

(0]
NH,

29 30 28
thiourea conversion after 66 h/% conversion after 6 d/o%
- 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
26°) 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 dGE (c(carboxylic aciik0.10M) at room temperature (r.t.). Each
experiment was performed three times and the average values are gbjewas not completely solublec) 20 mol%

catalyst was used.

Catalysis of aminolysis of propylene carbonate

In order to further explore the potential of thioure26 as a catalyst, we sought to use it in another
reaction where its previously reported analogue, thiou&& exhibited high organocatalytic activity.
Therefore, the aminolysis of propylene carbon&@ with cyclohexyl amin®4 was chosen and two
carbamates35a and 35b as regioisomers were obtained, as previously reported by Caillol and
Andrioletti.**” The reaction is knowrotbe effectively catalyzed by urea and thiourea compounds like
thiourea 27, among others (see Tabis). In addition, thiourea25, which showed minimal catalytic
activity in U4CR, as well as thiourdd, 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, thiourea7 was reported to show 66% of conversion. In our experiments,
the conversion ws slightly higher, obtaining 70%. Sulfonylaryl thiou2€ayielded similar results
with a conversion of 68%, confirming the similar activating effect of sulfonylaryl thiourea ardrary!
moieties already observed for the U§CR reactions. Interestinglihe conversion of the reaction
using isophthalic acid ester thiour@s as catalyst reached 65% conversion after one hour, thus
indicating that diester aryl motifs are also suitable candidates for organocatalysis.
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Tablel3: Aminolysis of propylene carbona@8with cyclohexyl amin84 catalyzed by several thiourea compounds.

NH, ? 5 mol% thiourea H o H O\/%\
@ ¥ 0J<O " O/ \([)( \{\OH + O/ \g/ OH
34 33 35a 35b
catalyst conversion after 30 min/%8 conversion after 60 min/%8
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
Thiourea26 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 G€ample. Values in brackets were reported in the literat@eEach experiment was performed

three times and tlk average is given. Biphenyl (12 mol%) was used as internal stamjl&dtalyst was not completely
soluble

Comparing benzylic thioure20 with aromatic thiourea22, the aromatic catalyst showed a higher
but still moderate activity (38% conversion aftene hour). These results are contradictory to the
determined hydrogen bonding strength of thiour28, which was higher compared to thiour@2

0 yrvalue was 3.09 ppm fa20 and 2.02 ppm fo22) underlining that hydrogen bonding strength
obtained by*!P-NMR measurements is a good first indicator for catalytic activity of thiourea catalyst,
but performance in the actual catalytic system may vary. Furthermore, dithio@@ahowed
improved performance if compared to thiourea$7 and 20, while showing the lowest hydrogen
02y RAY3 a-taNd Y03 pg), which was attributed to the fact that the concentration of
catalytically active thiourea functional groups was doubled due to itfulbistiondity. 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 obseriais, most likely due taadjusted reaction conditions
compared to the literatureqdee Table3).

Conclusions

Various differently functionalized thiourea compounds were synthesized using a straightforward and
a less hazardous synthesis protocol via an MfC& amine, an isocyanide and elemental sulfur. The
hydrogen bonding strength of the thiourea compounds was evaluated 6$g¢MR measurements.
Subsequently, their catalytic activity was verified by applying them as catalysts id@R Uevealing

that sulfonylaryl thiourea moieties lead to catalysts with similar activities as catalysts bearirigfaryl
groups. Subsequently, the aminolysis of propylene carbonate was evaluated, confirming that
p-(alkylsulfonyl)phenyl and dialkylisophtalic acid ester mesg are suitable activating functional
groups for thioureas in organocatalysis. Especially the sulfone group showed comparable results to
the commonly used 3;bis(trifluoromethyl) phenyl group in all tests. The herein introduced
functional groups are prising moieties for thiourea catalyst design, since they are tailorable and
thus allow to increase the solubility of the respective catalyst compared to commonly applied

88



Results and Discussion

catalysts. They furthermore broaden the scope of suitable EWGSs, paving the wayiétar aeope of
application of thiourea compounds in organocatalysis.
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4.3 Transferring catalytidglactive thiourea matifs 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 thiourefanctional groupswith activation motifs discussed and
introduced in chapter 4.2. could be introduced intolymeric structures Therecyclabilityof these
poly(TU)swere investigated subsequently to obtain first insights if a potential application as
recyclable organocatalyst might be reasonaldus, potential catalytichl active thiourea groups

were syntheized using the AM3CR andtransferred into a polymeric sucture by several
approaches As less reaction steps reduce the amount of produced waste, the focus was set on
straightforwardapproaches, especially for the synthesis of suitdlecontainingnonomers.in the
following, theseapproachesare discussednd evaluatedhoroughly followed by a brief comparison

and final discussion.

As activating motifs for the thiourea compoundg-alkykulfonyl) aryl and isophtlic acid ester
groups were chosersine they proved suitable catalytic activities (see chagt€r). Furthermore,
they allowed the introduction of moietieshat could increase the overall solubility in organic
solvents like DCM and toluenewhich are typically used fasrganocatalyzedeactions Thus, it was
hypothesized to obtain a catalyst capable of homogeneous catalgsasldition, every approach was
envisioned to be conducted with the 3bs(trifluoromethyl) phenyl group to obtain a benchmark
catalyst since this groughad proved its potential for broad application in organocatlaykis more
than two decadegseechapter2.4.1).

Since electrordeficient thiourea motifs are needed, they can only be introdugidthe isocyanide
compound (as discussed in chapte), leading tohighly reactive isocyanides. These compounds
have to be handled with care and usually result in low yields for dbeespondingthiourea
(compare yield of thioure@6 and 27 in chapter4.2). Moreover, as discusseid chapter4.1, the
desired aryl iso@nidescannot be obtainedby the herein reported more sustainable synthesis
protocol. Thus,the POGHbased method hd to be employed for their synthesis. Thénal
hypothetical polyTU catalyst will have an increased overafbEtor as a result of theolv yield of its
precursor (isocyanides and/or thioureayhile the overall use of toxic compoundsll be increasel

as well
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4.3.1 Poly(thiourea)siastep-growthAM-3CPR

Initially, a stepgrowth polymerization approactwas envisioned to obtain poly{)s using the
AM-3CR asa polyaddition reaction (AMBCPR) between diisocyanides, diamjnasd elemental
sulfur. This reaction was already successfully reported for palysynthesis by Hu, Tamg al. which

were used for application in mercury pollutiét?.No investigation or evaluation of catalyfictivities

of the obtained polyTUs were reported.Using the AM3CPR for the synthesis of pdlys as
organocatalysts is beneficial, as the catalytically actiMd motifs are formed during the
polymerization reactiondecreasing the overall reaction steger these compoundsin a first
investigation, it was evaluated if this polymerization approach is applicable for TU motifs bearing
electrondeficient aryl activating motifs.

Thus,the introducedactivation motifs i.e. (p-alkykulfonyl) aryl andsophthalic acid esters groups
had to be implementedin a suitable diisocyanide (as mentioned befoanly the isocyanide
component can introduce these moietiesee chapted.2). The most reasonable candidates
envisioned for the AMBCPRare shown irScheme 32.

EWG
EWG NC
S S
+ D +1/4Sg — >
H,N NH ONJ\N NJ\N
NG H H H H
— —In
oo
O
F,C NC
Q.0 >0 3
S-S NC
NC
NC NC
A NC B c

Scheme 322 Overview of the poly(thiourea) synthesis by sgiepnth approach using the ARBCPR between
electrondeficient diisocyanide (red), diamirend elemental sulfurln addition, tworeasonable diisocyanides are depicted
bearing the alkylsulfonyl aryl or ester aryl groups, respectiveln( B) as electrorwithdrawing grous (EWG). To yield
reference polyflUs compoundC was hypothesizedNote that the polymeric structure depicted is obtained using
diisocyanideA and C

The alkylsulfonyl group doeshot necessarilyneed to be attached to the aryl isocyanide para
position, but can alsabe attached inmeta position, probablyresulting insimilar activation of the
later formed TU (see chaptef.4.1). Thus a 3,5diisocyanoarylsulfoneA was hypothesized aa
suitable candidate for the AMCPR. However, as no appropriate precursor for this compound was
commercially availabl@or a straightfoward synthesis protocol was reportednly an elaborate
synthesis was envisiongdtarting for instancefrom halogenbenzenebeing very timeconsuming’

2 Hypothesized synthesis protocol for diisocyaniie Scheme32:
0]

o)
X NO, HS NH, _s NH, N
CeH S NC
Ao CAIN CAER R Gl o
—_— e —— B —
NO, NH, NH,

A NC

X= Cl, Br, la) HSQ, HNQG; b)i.) NS ii.) S, NaHC®&'?* ¢) alkylation and subsequent steps d) (oxidation,
formylation, isocyanide synthesis) following the procedure of thiol#@&f?
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Therefore,this approach wa@applicablefor the alkylsulfor aryl activation groupn the time scale
of this thesis Nevertheless;ompoundA could probably yield polflUs exhibiting catalytic abilities.

On the other hand, the isophalic acid estermoiety bearstwo ester groupswhich also can be
attached eitherat the para or meta-position as discussed above maintaining a certain level of
activation ability. ® avoid the occupation of thadverseortho-position(see chapte®.4.1) of one of

the two needed isocyanide groups on the same aromatic ring, ntiyalic acid esteBis a possible
candidate However,as for compound®, only atime-consumingsynthesis protocol was found for
compoundB, for instance 4,5-dimethy}k2-nitroanilin can be convertedn three stegand thus, this
approach was also not afigable in the remaining time of this wofk.

Finally, as mentioned in the previous chaptar benchmark polymer was envisioned bearing a
3,5-bis(trifluoromethyl) phenyl group. Since no compounds were determinedcdmpare the
benchmark, the purpose of thenolecule was redundant. However, since this moiety is often
depicted asa guarantor for catalytic activitythe step-growth approach by AMCPR was still applied
to further validate if poly{Us could be obtained by this approach. Following #imvementioned
points, the removal of one @GFgroup allows the utilization of 5-(trifluoromethyl)
benzenel,3-diisocyanideC which is easily accessible by the respective commercially available
diamine. The loss of the seconds;@Foup will probably reducéhe catalytical activation properties
but it can be assumed that it will not lead to inactivatias shown by Schreinet al*®® However, in
this case the synthesis of the diisocyanide  from the respective
5-trifluoromethylphenytl,3-di-N-formamide failed and a glassy insoluble black solid was obtained
after purification with column chromatograplty

Concluding the initially envisioned stgpowth approach is not suited for the formation of pdiydjs

bearing electrordefident aryl groupsas the synthesis of reasonable monomers would result in a
very elaborateand time consumingynthesis involving several stephs tlesemoieties are typically
usednearly 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 potentjalince they weranore feasible involving starting materials that

are less time consuming to synthesize and can be accessed using already established synthesis
procedures of this work.

30ne xample of a synthesis protocol fafiisocyanophthalicacid est& with the least amount of steps
reported 538

o o o
NH N
:@E - :@E b o N2 o o ) o NC
NO, NO, © NO, © NH, © NC
/O /O /O B
a) HOz, AcOH b)i.) HNQ, ii.) SOG] MeOH; c) K Pd/C, d)formylation, isocyanide synthesis) following the
procedure of thioure®6.5%?
4 Note thatthe use of only one ester group atthed to the phenyl ring,e.the 3,5diisocyano aryl ester, similar
to compoundA, 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 reaalinactivation of the
TU compound (compare one to two ester moieties in the catalytic activity studies in clapter

5Isocyanide vibration was confirmed by-dRalysis of the obtained insoluble solid. It was assumed that the
highly reactive isocyade underwent polymerization.
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4.3.2 Polyéstensbearing thiourea functions in side chalmspolycondensation

Some expaments of this chapter were performed by student (Peter Conenyorking as a research
assistant andhn apprentice for chemical technical assistant (Benjamin Felkadter the supervision
of the author. The respective experiments are highlighted with fotes.

As the direct incorporation off U functional groupsinto a polymer backbondy a stepgrowth

approach with the AM3CPR,was not considered a suitable approactnother approach was
investigated yieldingpoly(ester)sbearingthe organocatalytically d@iwe thiourea moiety in theside

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 undete applied polymerization conditionk.was assumed that suitablepolymer
reaction exhibiting the mentioned features was a polycondensation reactimige i.) the reaction
setup is usually straightforward and can be tailored to fulfill several demafdsreen Chemistry

(no solvent, no additional toxic reagents),) a suitableTU monomer was already synthesized in
chapter4.2, i.e. isophthalic acid ester thioure2b (seescheme33), iii.) the second moiety of th&U

can be tailored to adjust solubility in a later stage of this reseanthiv) the TUmoiety was expected

to be inert under typical conditions applied for a polycondensatiorihe following the investigation

of the polycondensation reaction of thioureester compounds is discussed.

— —'n

Scheme33: Overview of the envisioned polycondensation reaction to introdluteinctional groups into a polymen the

side chain. The moiety of the dialcohol (mtipsoid) and the second moiety of the thiourea component (blue) can be
tailored to adjust the solubility of theesultingpolymer. A representant of the herein depicted group of isophthalicacidester
thiourea was already synthesizeddnapter4.2. (compund25).

Establishing a synthesis protocol for th@lycondensation reaction

To optimize the reaction conditions of the polycondensation reaction and dtlowa broadrangeof
analysis, especially in solution analysis, a transesterification reaction with mono alcohaorstiats
investigatedas a model reactiont was assumed that the obtained parameteesbe transferredo

a polymeization reaction with dialcohols. Biead of the utilization of compound25 bearing a
cyclohexyl moietyanother isophthalicacidester thiourez6 (see figurel0) was synthesized bearing a
n-dodecyl moietysince it was hypothesized that a long, Aoranched aliphatichain could increase
the overall solubility ofthe starting material and the productTherefore, the respective isocyanide
was converted witm-dodecylamine and sulfur to thioureztin an AM3CR following the protocol in
Figure9 (yield 63%, r.t, overnight). Second, dodecar®? was chosen asa suitable alcohol
component exhibiting a high boiling point,=260-262°C) allowing the evaluation of elevated
temperatures, necessary for a polycondensatiaithout loss of the starting materiaf®

The rection setip allowed the monitoring of the reactiomia 'H-NMRspectroscopyfor a rapid
determination of theconversion Figurel0 shows an example & *H-NMRspectum of the reaction
mixture at t=Ohours andafter two days
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Figurel0: StackedH-NMRspectra. Top: reaction mixture of thiour8& and dodecanoB7 after two days (100C, 10mol%
Ti(OPr), bulk Bottom: pure thiourea36. Gonversion of the transesterification reaction could be monitored by following the
decrease of the GHignal of the methyl ester groupef, at 3.89ppm, integral of 6.0 at t=@ since twoester groups were
present in compound6) while referencingn all terminal Cklof the dodecyl chains, i.e. the one of the thiou&and both
equivalents oflodecanoB7 (blue, at0.85ppm, integral of 9.0).

The Chisignal of the methyl ester grosgvas an ideal candidate to follow the reactiaince the
singlet signatecreases during the reaction and no other signal overlaps in this réwgé¢he other
hand, no internal or external standard was needbdcause the terminal GHjroups of the dodecyl
chains (one present in thioure6 and two equivalents in dodecan8¥) could be used as a reference
as their valuedoesnot change over the course of the reactiddince the chemical surrounding of
both terminal CH groups was vergimilar, only one signalvas obtained (the signatonsistsof two
triplets resulting from each of the tw&€h species which can only be seen in a zoem as their
chemical shift is nearligentical seeHgure 10, bottom). In addition, both signals did moverlap with
other signals of the starting materg&(seeHgure 10, bottom), or signals formed during the reaction
(seeHgure 10, top). Therefore, the starting point of the reaction at thOcan be set to a ratio of
integrals 2:3 for CH of esters compred to CH of dodecyl chains. However, in the following
described experimentst was found that the actual value of a thsample showed a slightly lower
value for the CHester group €. g.5.7 instead of ®) when referenced on the terminal Glgroups.
This probably occurred due to the base line error of the NMfRument 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 regon. Thus, the actual ratio of the GHjroups wasused for the determination of the
conversiorandwas alwaysletermined by thaespectivet=0 h-measurement.
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In addition, ata certain level of conversion of the ester grouipsvas observed that the termal CH
signal of the dodecyl chasnat 0.85ppm start to split up gne remained at 0.8f4pm and one
appeared at 0.7ppm). It was not clear which species is formed resulting insag@ip with a signal
shifted more towards the highfield. Both signals ebbé integrated together and used as reference
signals for determination of the conversion, but a certain degree of uncertainty arose due to the
increasecerror of the base lineSince the aim of this experiments was not to quantify the conversion
at a cetain time scale with the highest accuradyut rather determine the highest (ideally full)
conversion, monitoring byH-NMRspectroscopy was assumed to Istill a reasonable analysis
method for the transesterification reaction due to it feasilyilitt hasto be noted thatthe utilization

of an internal standardi.e. 1,3,5trimethoxy benzenewas envisioned to further increase the
resolution of the monitoring but upon higher conversion solubility was not maintaingdther
monitoring possibilitiedike GGanalysiswas not possible due to the decomposition of thiou&at
elevated temperaturevide infrg 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 d(thiourea)=2M). The stoichiometry of the reaction was held at
equimolar conditions (2.08q. of dodecanaB7 per thiourea36), since this condition would lead later

to the highest molecular weights in a stgpowth® In addiion, 10 mol% of a catalyste. Ti(CPr)

was applied to facilitate the conversion (stble 14, entry1).

Since only a loveonversion of 32% was achieved after two days, in a next step, the reaction was
performed without any solvent (Table 14, eny while sufficient stirring was ensured at the
beginning of the reaction (dodecan®f was a liquid at the applied temperature which was able to
dissolve thioure®86 completely). The obtained conversion increased to 82% after two days.
Subsequently, severather catalysts were tested including Lewis andrBted acids (see Table,

entry 36) but Ti(CPr) remained to be superior. As the titaniumalkoxide seemed to provide decent
conversion, also Ti(OBujvas tested obtaining nearly full conversion (95% after two days, see
Tablel4 entry 7).

Even though the titaniumalkoxides yielded high conversions, itwedsd that side products were
formed, as indicated by additional signals in tREe-NMRspectrum. To ensure that these
side-products would not alter the reaction conditions in a later applied polycondensation reaction
(for instance, formation of chain stpprs) analysis of these compounds was attemptédlist of
determined and indicated side products of the reactiodepicted in Scheme 34 First, TLC evaluation

6 The degree of polymerization (DP)p a stepgrowth polymerization between functional group and
functional groupB can be described by Carothers equatiaomdependance bconversion p and stoichiometry
parameter 53°

. i
00 ——2
L canp
Whereasr is definel as:i —andi p; Na and Ns are defined ashe molar amount of the respective

functional group.The equatiordescribes an exponential growdndthus results in ainfinite DPasconversion
p reaches one. If the conversion p is held consttre highest DP will be obtaineati  p and the equation
transforms to:
05
p N
" For instance, assuming 5 mol% of a chain stopper would be formed and then react with mohevhah
was aplied initially in equimolar ratio to monomd 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 eqoaee previous page) using 1o uesulting in
a DP of 11.9 (ca. 2Rer). Comparing, 1Mol% chain stopperi ( 1@) would only yield a ®ner. 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 solyigtited 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 thiouremmpounds, namely the starting materiaé, the mono
substituted dodecy! ester thioured9 and the desired producd8 (see Schema4).

Tablel4: Sreening of differentatalysts for the transesterification reaction of thiourg&and dodecanoB7. The reaction
has ceased after two days.

(@] (e} (@) 0N
~ CioHas
s 10 mol% cat s ool
| +2.0 C12H250H 121125
C12H25\NJ\N o) 100°C, 2 d C12H25\NJ\N 0
H H o 37 H H o
36 38
entry | catalyst conversionof 36after 1 d/% conversionof 36 after 2 d/%
1 Ti(CPr)® 24 32
2 Ti(CPr)a 72 82
3 Bi(OTH) n.d» n. d»
4 VOOPY)3 52 n.do
5 H.SQ - -
6 H,SQ? 28 27
7 Ti(OBW) 93 95

a) reaction was performed in DME(thiourea36=2M). b) IH-NMR spectrum of the respective reaction mixture depicted
the formation of several other species indicating unselective nature ofctitalystand no clear conversion could be
determined.c) A dark resin was obtained which could not be dissolved anymore, thus no-$éiiRle could be takerd)
1.00 eq. of BSQ and20 mol%B(OH) were used.

On the other hand, yellow coloration dgiite typical for several functional groupsmong them for
instance amines anbl-formamides.It was assumed that a decomposition of thiou@&amight lead
to formation of suchside products in this reactiorMost likely the thiourea functionality will be
cleaved forming an isothiocyate and an amingwhereas the amia compound probably bears the
moiety which is the better leaving groum this case the isophthalic acid moiety) Comparisorof
the 'H-NMR spectrum of the reaction mixture amadspectrum ofure isophthalicacidesteamine40
revealed that t was indeedformed by the reaction fitting the TL&esults (see Scheme 34 and
chapter6.5.1.1.for 'H-NMRSpectrum) The respectivedodecyl isothiocyanatél was observed by
GCGMSanalysis andurther, ASARPMS depicted the mass of the dodecylamipeobably obtained by
the further decomposition of the isothiocyanate functioh.simple heating test series of thiour8é
proved that decompositionalreadytakes place in solution in absence of any reagent or additive
starting at 70°C This wassurprisig, as for instance poly{filUs exhibit in general decomposition
temperatures abovel70°C (out of 42 polyTUs reported in literature,only two depicted a lower
decompositiontemperature; lowest was 107C)*9531532The strong decrease of decomposition
temperature probably originated fromthe activation motif (isophthalicacid ester motifpeing a
considerably good leaving group compared to typically applied moieties in the referencedysly(
Following this finding, it could be assumed that the other two compounds indicated bgnBlgis
are the respective amines of the mosabstituted dodecyl este42 and product43 (seeSheme34).
Their formation could not be detected in the NMRbnitoring, since the formed amine functional
group had probablyvery similarchemical surrounding as ¢hone of aminel0 and thus, all amine
signaldead toone broad@edsignal(seeFgure24in chapter6.5.1.1).
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Scheme34: Schematiof TLCanalysif the reaction mixture ir2:1 CH:EAnd stained with a vanillin soluticas well aghe
assigned amine40, 42, 43 and thioureas36, 38, 39. In addition, dodecyl isothiocyanatd is displayed for starting
material36 which was the second decompositionogluct besides the amine and also indicated byNEE andindirect by
ASARMS analysis.

Since no indicationvas found that amine40, 42, 43 reacted further or decomposd, or that other
side-products were formed in the NMRonitoring the degree of decomposition could be
determined by *H-NMRspectroscopy using the amine signal5a¥3ppm (broad signalyeferenced
against thesignals of theerminal CH groups(see Hgure 24, full decomposition to the respective
amines would lead to etio of 2:9 NH: to terminal CHsigna).

Thus, the transesterification was performeding the optimized conditionsof Table 14 (Ti(OBuj in
bulk), while lowering the temperature tsuppressthe decomposition of theTUs The results are
listed inTable 15:

Tablel5: Screening of different temperatures for the transesterification reactidfu®6 and dodecanoB7 to suppresgshe
decomposition oT U The reaction has ceased after two days.

OO 0 o\C12HZS
10 mol% Ti(OBu),

S | +2.0 CypHa50H - S C12Has

C12H25\NJ\N O T bulk, 2d C12H25\NJ\N o
H H d 37 H H o)

36 38
entry  T/°C Gonversionof 36after 2d/% Decompositionof 36 after 2 d/%
1 100 95 45
22 100 82 40
3 90 94 31
4 80 77 10
59) 70 73 15
6 60 - -

a) Ti(OPr) was used instead of Ti(OBub) reaction time was six days.
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Applying100°C resulted irthe bestconversionof 95% but also led to eonsiderable decomposition
of the TU functions (45% seeTable15 entry 1). Ti(OPr) led to similar decomposition ratesee
Table15, entry2). As thetemperature was decreasetb 80 °G the decomposition rates dropped
down to only 10%seeTable 15, entry4). A higher decomposition rate of 15% was obtained atG0
due to the longer reaction time (six daysyhich were applied(see tablel5, entry5). The
transesterification probably stops at some pqinthile the decompositionstill proceedsslowly,
ultimately leadingto a higher degree of decompositioievertheless, the conversion also decreased
to 73% in case 0f0°C (se€lablel5, entry5). Since thereaction does not take place below 70
(seeTablel15, entry6), a compromise had to be made obtain sufficientlyhigh conversionwhile
maintaining only minor decompositionThus the optimal temperature for the reaction was
determinedto be 90 °C sine high conversiowasmaintained (94%, se@ble 15, entry3), while the
decompositionvas 31%

To complement the obtained datafull characterization of didodecylester thiour88 was
attempted, purifying the crude producby column chromatographsgfter having applied optimized
reaction condition. However, the pure product could not be obtaineeicausethe separationby
column chromatographywas insufficient. Since the three thiourea compoursi®w very similar
retention (e schematicTLC irbchemed4), a very elaborate purification process wagpected,and
further purification was not further attempted. Nevertheless, an, until this point, not detected
fraction was obtained in minor amountswvhich could be assigned to th&, Odidodecyl
thionocarbanate 44 (ca. 7% vyieldsee SSheme35). The compound was indirectlgssigned by
comparing itsvery characteristictH-NMRspectum to the one of the reference compound
N-dodecy] Ohexyl thionocarbamte (seechapter6.5.1.3).2 Two pathways could be envisioned
leading to this sidgroduct: i) addition reaction of dodecan®8¥ with in situ formed dodecyl
isothiocyanate4l after decomposition of thioure86 (seeheme35, path A) or ii) addition
elimination of the thiourea function othe starting material36 by dodecanoB7 (seeScheme35,
path B). Inboth casesTi(OBuw) could mediate or foster the reactioms catalys?

Considering that this sidesaction would also occur in aolycondensation 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 impedeor alter the polymerization process. However, more likely the thionocarbamate
alcohol would react as a chaatopper with the more abundant ester group of monomer thiouBsa
stopping the polymers in their growth, as no terminal alcohol group would bdedelTherefore, 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 thioure86 decomposes partly also to the isophtlaisothiocyanate instead of

the dodecyl onetl (which was found to be formed in minor extent for instance for typical heating
conditions in a G@nalysis, T>2080C) the reaction with the respective diol monomer would most
likely yield cross linking, whigk not necessarily impeding the further polymerization but decreasing

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

® For further investigation concerning the mechanistic pathway of therthéarbamate44, a straightforward
control expeiment would be to perform thebefore mentioned reaction in the absence of the
titanium-catalyst. Thus, it could be determined if the titanitoatalyst is thereby actings catalyst for this
reaction.Second, the reaction of dodedgbthiocyanated1 and dodecano87 could be testedunder thebefore
mentioned reaction conditionsone time with and one time without applying the titanium catalyst. Thus, it
could be verified if pathB (see Scheme35) takesplace and if titaniumalkoxidesatalyze the reaction step.
Howeverthese experiments weraot 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~ A~ on
S — ot —
IOV A T
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41 a4

path A

chain-stopper

path B

Scheme35: Top: Two possible reaction pathways for the formation of titicarbamate44 using 10mol% Ti(OBu)at
elevated temperature in a transesterification of thiourea e8@rand dodecancB7. Bottom: envisioned transfer to a
polycondensation protocol would result inidhocarbamate monoalcohdthainstopper) which would act asa
chainstopperin a polymeization approach

The hypothesizedpath B for the thionocarbamate formation showrin Sheme 35, in which the
alcohol component directly attacks a thiourea functi@ould also be hypothesized occur in the
polycondensation. Thusesides the formation of the thimcarbamatedrom the starting materials,
backbiting or chain transfer reactiomd terminal alcohol groupsvould introduce thionocarbamate
groupsas wellinto the chain end of thegolymers stopping trem from further growth!

10 Hypothetical formation of thinocarbamate alcohol groups as side chains as well as-limagsy due toformation of
isophthalicacidester isothiocyanate under elevated temperature using 10 mol% of Ti(OBeipolymer backbone is only

indicated by dashed lines to provide clear view of the structures.
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1 Hypothetical formation of thinocarbamategroups due to backbiting or chain transfer reaction of the pslgn), which
would result in polygster-co-arylamine) that are stopped in their growth due to a thiocarbamate capping theerminal
alcohol group.
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Results and Discussion

After having determined side productshis approach waseevaluated.First, nearly full conversions
seemed to be promising for application in a polycondensati@till, further optimizatiors were
expectedto be applied in the actual polymerizatipsince the starting material and the type of
reactionwould bechangel. The decomposition of th&Uon the other hand ld to a decrease of the
TUfunctionality, which isexpected to decrease the activity in itstdve application(organocatalysis
viaactivated thiourea groups). However, since conditions were famgliring a decent degree otJ
groupswere maintainedatfter the reaction hd finished, thisdeclineof thiourea grou wasdeemed
to be acceptable The brmation of thionocarbamte alcohols acting as chasiopper during the
reaction would indeed havea tremendous effect a the molecular weight of the obtained
polycondensats. Since this reaction seemed to only octora minor extent it still seemed
reasonable to test the protocol for polflamine synthesis.

Next,the reaction protocowasapplied to a polycondensation reactitvetweenTU36 and a suitable
diol. Polyéger-co-arylamings bearingTU functions in their side chaiwere expected to be formed
in small to moderate molecular weighte/hich were assumed to potentially exhibit the desired
catalytic activity and solubilitgehaviot

Transfer of the synthesis procol of the transesterification to a polycondensation reaction
poly(ester-co-arylamine)swith TUmotifs in the side chains

With the optimized reaction conditions in hand, the protocol for the transesterification was applied
to a polycondensationapproach TU diester36 was therefore reacted with a diol to yield a
poly(esten or rather a polyésterco-arylamine)45, due to partial decomposition of the thiourea
functionality during reaction (seg&cheme36).
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Scheme36: Reaction scheme of the formation of pelsferco-arylamire)s45 bearing TU functional groups in their side
chains

1,10-decanedio6 was chosen as test dialcohsince it exhibga high boiling point offp=297°C)to
ensureequimolaity of the monomers over the course of the reactiand a melting point lower than
90°G which was the reaction temperatureT{=72-75°C)%>*? It was assumed that the alcohol
component would start dissolving thiourea dies&§ upon melting similar tododecandioB37 in the
preliminary test experiments.

First, a brief reevaltion of the titanium alkoxide catalysts was conducted to adjust to the
polymerization reactionThe conversion of the methylester groups and the partial decomposition of

2 For instance a 1617-mer could be expectedipplying the Carothers equatidior the degree of polymerization (DP)
assuming 94% conversigrwhich was obtained in the optimized transesterification conditions

P P
P N pn&npp@(
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the thiourea group were determinetly 'H-NMR monitoring, as described above, exctyt only
one CH group, i.e. the terminal CH group of thiourea36, was present and used &ise reference
signal (the integral ratio of a t40sample of methylester Glgroups to terminal C¥group was 2:1).
In addition to the NMRnonitoring, SE@nalyss of the reaction mixture provided information about
the obtained molecular weight of polymdb. The results are listed ifable 16.3

Table16: Screeningf catalysts for the polycondensation betwe€b diester36 and 1,10decanediold6 under equimolar
stoichiometry The conversion after one and two days are given as well as the decompositioT bigiteeip to arylamines.
In addition, SE@easurementsisng HFIP and 1w% KCPCallowed insighs about the obtained molecular weight and the
dispersity7 ®

Ox O
S 10 mol% Ti-cat
CyoHos< )J\ (|) + HO/M/\OH - poly(ester-co-arylamine)
NN I 8~ 90°C, bulk, 2d
45
catalyst | conversion | conversion | decomposition of Mp/kDa Mw/kDa 7
of 36 after 1  after of 36  thiourea of 36
d/% 2d/% (2d)/%
Ti(OBu) | 76 79 12 2.1 4.9 2.39
TiOPn, | 81 n.d? 249 4.5 102 22.5
Ti(OER)? | 82 n.d? 219 4.00) 31.2 7.87

a) No NMRsamplecould be takenas the reaction mixture was haoluble inDMSQGds anymore b) Decomposition ofTU
groups after one dayc) SEGample was taken after one daysnce the reaction mixture was not soluble in HFIP with 1w%
KCECOO anymore.)ctatalyst contained-45% isopropanol.

In addition to the previous tested titaniwmatalysts, also Ti(OEtvas onsidered. All three catalyst
yielded similar conversion (782%) However, the reaction with Ti(OBugd to a slower reactioand

the respective conversion was obtained after two days instead of one. On the other hand, Ti(OBu)
led to the lowest decompadtion rates for the TU groups (12% after two days)vhile the other
catalysts resulted in roughly the doubled amount of decomposition after onlydageof reaction

time. Compared to the preliminary experimentgransesterification with dodecand?), lower
decomposition rates were obtainedalo considering the lower conversion obtained in the
polycondensatioh The obtainedVi,s werelow (2.1-4.5kDa) fitting to 3- to 7-mers of polyme#5

(for exemplarily SE€urves see chapted.5.1.2). Following the Carothers equation using the
conversions obtained by NMfMReasurements, this value seemed reasondblen the other hand,

the obtained dispersities differettemendouslydepending on the employed catalyst from 2.39 to
22.5. Considerinthat the reaction with Ti(®r), and Ti(OE#)led to an insoluble mixturdgt seemed
reasonable that the high ghersities (22.5 and 7.87, respectively) were obtained due to solubility and
precipitation issues during the reaction proceedir@onsidering the ainte application, namely
recyclable organocatalysis, a lower dispersity is beneficial because the solubility parameters for
several chain length are different, especially in lower molecular regwhere the impact of one
monomer unit is not negligible. Ag@sult, the recycling step of a future catalyst (either homogenous

BThe screeningof the catalysts for the polycondensation reaction leading to the dmtarable 16 was
performed by Peter Conen (student and research assistantha time of this experiments) under the
supervision, planning and evaluation of the author.

4 Usingequimolarity and aconversion of 79%s obtainedapplying the Ti(OBu)katalystafter two days(see
Table 16), the Carothersquation lead to alegree of polymerization(DP) of 4.76:

o~ p
Ov T
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or heterogenous) gets more delicatsince a solvent system has to be found that fits for all polymer
chains to ensure full recoveryherefore, Ti(OBujlepicted the best results.

Theherein attempted synthesis approach for pdij catalyss did notneed a certairhigh degree of
polymerization,since it was assumed that the catalytic activity of tfé& functional groupswere
intrinsically sufficien{asshown in chapte#n.2). Beneficid effects for the catalytic grougrising from
a respectivelybig polymer chainle. g.intramolecularTUTUactivation or formation of active pocket
sites, see also abovéj*?°couldtheoreticallyincrease the activitybut were notfocusof this work
Nevertheless, both effects could already appédar the abovedescribedformation of oligoTUs
(TUTU activation would thereby be intermolecularly most likel{)n the other handoligomers
would probably exhibit highesolublity in classic organic solventsvhich made this synthesis
protocol gill promising even with incomplete conversiamnder the premise thata suitable workup,
like precipitation was found

However, #empts to precipitate and isolate the obtained oligpers wereunsuccessfylas no
suitable antisolvent could be determined. For instarsimple addition of wateted to the formation
of a suspension consisting of an aqueous liquid phase and alitesiphase which could notbe
further purified. Thus,the fastest way toobtain asuitable workup procedurewas hypothesized to
further optimizationof the reaction conditionssincefull or nearly full conversion would lead to a
mixture of polymers of higher molecular weighpsobablybeingeasier to precipite. If this protocol
was established, smaller oligomers could still be obtainedieeded by altering the reaction
conditions for instance, the stoichiometry

Since the reaction protocol did not allow much deviatigstoichiometry, temperature,
concentrdion, reaction time and catalystvere already optimized) the most promising approaghs
envisioned to be improvement of the solubility of the reaction mixturbus, dalcohols exhibiting a
higher solubility ability fofUdiester36 could be beneficiahs the reaction proceeds, for a broader
range of conversion, in solutiohn 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, tetraehylene glycol(T,=5.6 °C, T,=314 °C)>** was tested as possible candidaas
dialcohol componentsince the ether groups were expected to result in different solubslityditions
compared to 1,1@lecanediol6. However, after the reaction was finisheanly 62% conversiowas
obtained while 20% of decomposition of the thiourea group viaisnd.

Concluding,a transesterification protocol was established fol diester36 and dodecanol37.
Several restrictions and isss related to the nature of the reaction were clearly investigahed
proven by NMRanalyss (decomposition of thiourea groups to arylamines, formation of
thionocarbamates which could act as chatoepper in a stefgrowth polymerization) Ti(OBu) was
found to be the best catalyst in terms of conversion and lowest degree of decomposition ®tJthe
functionalityand 94% conversiowasobtained. Since the conversions were sufficiently high, transfer
of the protocol to a polycondensation approach with compd6 and a dialcohol was attempted.
Reevaluation of the titanium catalyst underpinnets iperformance and selectivity (lowest
decomposition of TU group). However, only moderate conversiavas obtained (up to 82%)
Ultimately, furtherinvestigations were impeded kigsues in the workip, as no sufficient protocol
could be establishedThe least timeconsuming approach for optimizatioaf the reaction and
yielding an isolated polymer.e. alteration of the dialohol component, was perfoned in order to

15 Solving the SchulzHory equation for a stepgrowth polymerization like the herein discussed
polycondensation reactignyields a theoretical dispersity of twapproaching full conversiott® A higher
dispersity can be an indication for less control over the reaction for instanceease in viscositand (partial)
precipitation of growing polymer chains will alter the dispersiliymately increasing it.
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increase the conversion as well as establigtugfication protocol Howeverlower conversion was
obtained In the light of all the herein evaluated restrictions of this reactibrwas assumed that
further investigation of this approdcwould not be productive. Tablel7 summarizesthe most
important reactionparametersand compares the applied conditions with assumed ideal conditions
which could lead to successful polymer formatioim addition, therespective issuearising from
devidion of the ideal conditions are given. Thus, thmall space for improvement left for this
synthesis protocois underlined

Tablel7: Comparison of ideal and applied parameters forghlcondensation of U36 with dialcohols.

parameter ideal condition optimized conditions | related issue
stoichiometry | equimolar equimolar -
T <70°C 90°C thiourea  decomposes a
>70°C
p n. d. n. d. n. d.
t n. d. 2 days at T>70°C as short as possibl
solvent dissolves starting bulk 1 viscosiy
material, olige and 1 solubility
poly(TUs
catalyst n. d. Ti(OBw 1 chainstopper
formation
1 decompogdtion of TU
polymer solvent and antisolvent no solvent and work-up challenging
available anti-solvent found
diolg, dissolves starting  dissolves TU but no 1 highT, needed
material oligo-and | bigger oligomers 1 viscosity
poly(TUs  precipitation

Nevertheless, it has to be mentioned thdécreased pressure could be beneficial for the conversion
of the reaction since methanol would beemoved from the reaction vessel shifting the equilibrium
to the product side.This approach would result in an elaborate investigation of pressure and
temperature parameterssince the equimolarity has to be maintained at least, stoichiometry
should be ensuredo lead to sufficient formation of oligomersin addition, an elaborate and
time-consuming catalyst screeniran a broad scale (not only consideagititaniumalkoxides) could
reveal a catalystwhich shows improvedactivity and selectivity, especially in terms of C=0/C=S
activaion selectivity.Thus, the formation of thisocarbamtes could beeduced or prevented in both
hypothesized reaction pathwayg the catalyst wasprone to take part in this reaction(see
Sheme35). It has to be mentioned that was planned initiallyo use thedeconvolution approach of
Wolf et al. in the scope of this work This approachwvas reported tobe astrongtool to determine
suitable catalystérom a pool of multiple onegor a certain reaction in a rapid and straightforward
fashion (sealso chapte2.12.). However due to therestrictionsof this reactionin the utilization of
solvens, it could not be performedlIf all thesepoints would be addressedhe decomposition as
well as theformation of potential chainstopper molecules would be expected to belueed or even
impeded which could lead to successful isolation of polys.
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4.3.3 Polythioether-estens bearing thiourea functions in side chains by
poly-thiol-ene reaction

Theexperimental parts of this chaptewere performed by Roxana Gréommand Gia Trung Hoang
due to their practical coursesfudents, Organische Chemie fir Fortgeschrittene,-B)@nder the

supervision of the authorn addition, Alessandro Masjra visiting researchemperformed practical
experiments. The respective experiments are highlighted with footnotes.

Though the previous polycondensation approalith not result inthe desired synthesis protocol for
poly(TUs, several important insights were obtainglike the decomposition of th& U diester36 at
elevated temperature (>70C) or the importance of selectivity for the reaction to prevent
chainstopper formation. Thus, a second approach wiasestigated based onthe previous
information by stepgrowth thiolene polymerization (se&heme37).

(0] (0]
\/\O O/\/ — "0 O/\/\SQS
raaical inituator
+ HS’QSH -
HN\(S hvorA HN S
HN . HN.
C12H25 C12H25

— —In

47
Scheme7: Thiolene polymerization approach for the formation of poly(thiouresisg thiouread7.

This approach was promisings it tackled the most importanssues which arose in the previous
polycondensation approach. First, since theoke reactios are typically performed under UV
irradiation or thermally at mild conditions (<?C), decomposition of the thiourea groupas
expected tobe prevented. Seconds thespecificpathway for chairstopper formation could not be
verified completelyin the previous approacfchapter4.3.2), it seemedreasonablethat the applied
catalysts could foster the formation and thus, a théole reaction approach was superisince no
catalyst has to be applied. Nevertheless, radical starter agents are usually empidyied might
react to a certain degree with th&U group. Still the direct formation of a chastopper would
clearly depend on the nature of the respective geat and it seemed reasonable that a thésle
reaction has the potential to prevent this side reaction or at least yield side reaction which do not
impede the polymerization(for instanceTUradical starter agent adduct formation would not hinder
the polymerization but decrease the amount of finBUfunctional groups by an acceptable degree)
Third, the reaction protocol of the thigne reaction could allow the use of a solvawhich would
be beneficial byreducingthe impact of precipitation and highiscosities. Lastly, while dithiols are
commerciallyavailable, a suitable diene could be envisionsihg again the thioureaisophthalicacid
ester motif employed in the previous chaptdsee Sheme33). This compound?7 could be
synthesized following the sa@e straightforward foustep procedure as its methyl ester penda&
by using allylalcohol in the initial esterification instead of methanol.

Having thiourea diend7 obtained in an overall yield ofl8% first test experiments were
performed?®!’ Since the'H-NMRmonitoring 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 forrglation as vell as the following thiourea synthesis gave yields of 79%, 95% and 77%,
respectively.

" The synthesis of thioure47 was performed by Roxana Grommer (first step, esterification) Grad Trung
Hoang (second, third and final step, forlation, isocyanide and thiourea synthesis) during both of their
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approach (see chaptet.3.2), thiouread7 was first tested in a reaction with a monothiol. Therefore,
dodecarethiol 48 was chosen as the thiol component. Thus, the monitoringvia
'H-NMRspectroscopy could be easily followed by the decrease of the double bond signals at
6.11-6.00ppm and5.455.27ppm (see Fgurell), since there was no overlap with other signals
present in the staihg materials Signals wereeferencedto the multiplett at 0.88-0.80ppm, which

could be assigned to the terminal &toups of thiok8 as well as thioured?.
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Figure11l: Example of an overlay éH-NMRspectrain DMSG@ds of a thiolene reaction between thiourea dieA& and
dodecarethiol 48 using 50mol% of DMPA in DMS@hder UV irradiation (366m). Before irradiation (t=th, green) and
after severhours (sealso Table 18) reaction time(pink)is depicted Conversion coultle determined by wnitoring of the
decreaseof the double bond signals (rdmbx) and respective zoosim. Both spectra are normalized on the &dignal at
0.880.80ppm to highlight the decrease of the double bond sigriée. multiplett of thesignals of the terminal Glgroups
of thiourea47 and the dodecanthiol8 were taken as reference sigriak t=0h integral ratio of both double bond signals to
CH groups was 2:2:9).

Equimolar conditions were appliedince this stoichiometry would lead tthe highest molecular
weight if the protocol was transferred to a polymerization approach as discussed before (see
chapter4.3.2). Thus, the initiafatio at t=0h between the signal of the double bonds and the; CH
groups was 2:9.

DMSO wasapplied as a solvensince TU47 exhibited poor solubility in less polar solverdad
10mol% of the respective radical initiator was appliédnally, several different radical initiators
were tested and the resudtare listed inTable 18;®

practical courses (Organisches Praktikum fir Fortgeschrittenef)@8der the supervision, planning and
evaluation of the author.

¥ The screening of radical initiators depictén Table18 was perfamed by Alessandro Masina visiting
researcherunder the supervision, planning and evaluatiortted author.
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Tablel8: Screening of radical initiators in the thae reaction oTUdiene47 and dodecasthiol 48.

10 mol% o 0
X0 o NF :-r?i?i:folr C12H25\S/\/\O O/\/\S/C12H25
+2 CyoHpsSH OMSO >
HN_ S . o or A HN\(S
HN\C12H25 HN\C12H25
47 49
radical initiator conditions? reaction time/h conversion of47/%
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 3661. Condition B: heating at 6&. Condition C: heating at 35.a) TU47

(1.00eqg.) and dodecaethiol 48 (2.00eq.) were dissolved in DMS@(thiourea47)=0.25M), the reaction mixture was
purged with an argon balloon beforehand. b) reaction was also performattl@iburea47)=0.5 and M. ¢) 50mol% of
radical initiator waspplied.

Initially, DMPA was investigated sinceidtknownto be a versatile radical starteior thiol-ene
reactions However, noconversionwas obtained after24 hours. Increasing the ratio of DMPA to
50mol% resulted in a conversion of 83% af¥ven hours when the reaction had finished.
Increasing the concentration of the thiourea compoutidin the reaction to one molar did not
improve the conversionOther photoinitiated radical starters like thioxanthone, benzophenarel
benzilwere tested as wellsince they were reported tbe applied inthiol-ene reactionsbut apart

from thioxanthone no conversion was obtaing&>3¢In the case of thioxanthone onipsufficient
conversions of 43% were obtained, ewghen 50 mol% of radical startewas appliecafter 120hours
reaction time As the photoinitiated reagents gave no sufficient conversion, thermally activated ones
were tested as well, namely conventionyalised AIBN and merrecently reported TEMPE&’ It has

to be mentioned that the temperature for these protocols were typicalnder 70°C and thus, no
decomposition of theTU group was expected. Nevertheless, no conversion was obtained in both
cases.

To summarize, the thiedne reaction ofTU diene47 and dodecanethiod8 gave no sufficient
conversions. DMPA was the only iaior resulting in higher conversion (83%ut 50mol% of the
radical initiator had to be used. As the conversion still needed improvemdet 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 ®J47. Further,polar aprotic solvents like DMSO
were reported to be inadequate solventsfor thiol-ene reactionsusing the photoinitiator
phenylglyoxalic acidvhich might be also disadvantageous for therdin investigated one¥® Also,

the useof a large amount of radical starter seemed to be needed, at least for the tested reagents,
and it was expected that high concentration of radicals would foster sid@actionslike disulfide
formation of the thiol.Thus, the stoichiometry of a polymerization approaingthiol-ene reaction
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would be altered leading to smaller molecular weighthis would beper seno exclusion criterion

but limitsthe control of the stoichiometrywhich might by adverse for subguent investigations like
establishment of avork-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 assmption is based on the common use of C=S double bonds in
RAFT polymerizatiof}® Consideringall mentioned points still need to be addressed ahd time
frame of this work, this approach was not further investigated.

Nevertheless, a more extensive evaluation on the thimé reaction might yield sufficient resultsor
instance, different wavelengths could be testéatr the applied photo initiators, as the light with
365nm could be alsolzsorbed by theTUcompoundexacerbating or impedinthe initiation step of
the reaction(this was initially planned in the scopé this work, however no means to test other
wavelengths were present)n addition,another double bond bearing moiety with a longer spacer
attached to the isophthalicacid ester motif likkO-undeene-1-ol might result in a sufficient
conversion due to ngligible satiric hindrance arising from the presence of the aryl compound.

19 For instanceassuming 5% consumption dfiol groups(r=0.95)by disulfide formation as side reaction in the
thiol-ene reaction, the obtaiad degree of polymerization (DP) 80% conversiorp of the remaining thiol
groupsin the actual thiolene reactionwould be:
00 P P& v B qu
Pl ocin Mm@t
according to Carhers equation For comparison a conversion of 95% of the thiol groups sdigtyto the
thiol-ene reaction in absence of disulfide formation would yield a DP of 20.
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4.3.4 Polyforbornengs bearing thiourea functions their side chains by
ring-opening metathesis polymerization (ROMP)

The experimental parts of this chapteere performed by Alessandro Masjr visiting researcher
Gia Trung Hoang@ student performinghis practical course (Organische Chemie fiir Fortgeschrittene,
OCF) and Fabian Schoénle (student, research assistamiger supervision of the authorThe
respective experiments are highlighted with footnotes.

Since the stegrowth polymerization approaches (polycondensation and thité reaction)
described in chapter4.3.2 and 4.3.3with the isophthalicacid ester moietglid not lead to the
desired results a living polymerization approachby ringopening metathesis (ROMPyas
envisioned®® Thiskind of polymerizationlike RAFT, NMP or AT,R¥icallyprovides a high control
over the polymerizatiorprocess yieldingpolymers with narrowmolecular weightgistributions>**
543 While the low dispersity was not necessarily needed for the application as polymeric
organocatalyst, it was hypothesized that the establishmenadaiuitable workup procedure like
precipitation and filtration for the TU containing polymersvould be facilitatedf the dispersity was
lower. Especially in the regime of low molecular polymers, this would decreaddiffeeence inthe
solubility parameter®f the different chain lengthdacilitating purification by completegrecipitation
of the polymer and later completrecoveryof the appliedcatalyst

A ROMP approacivas ultimately choserfor several reasongsee Scheme38). First,the reaction is
usually performed at room temperaturevhere no decomposition offU groupstakes place while
typically applied Grubbsatalyststolerate a broad range of functional groupfé Nevertheless, it has
to be noted thatno ROMP of a norbornene derive§ bearing an additionalU group has been
reported so far while sulfur atomsper se for instance in a thioacetal functigrare tolerated®*®
Second, suitable norbornene amines were accessible from exo or endo
cis5-norbornere-2,3-dicarbowlicacid anhydride iran one stepprocedure fromdiamines.Third, the
reactivity of exo and endo norbornenesin a ROMP differéeremendouslyand thus, an additional
parameter for tuning the polymerization is obtainéf.Fourth the TUmoiety will be located in the
side chain of theproduced polymer and its distance to the backboi tailorableby the useof
different diamines. This is an advantage over the preVotested approacheswhere the TUwas
attached to the backbonef the polymer without any spacéseechapters4.3.2. and 4.3.3.It has to
be noted thatnone or short spacing of th&U functionality to the backbone is not intrinsically
impeding either polymerization dhe later catalytic applicationsyetit seemed reasonable that the
resulting steric hinderanceouldresult in a bulky polymer and thu)e catalytical centers are only
accesible to a limited exteh while a low general solubilitwasassumed. Thusttaching theTUto
norbornene aminewith long, flexible aliphatic spacerswould increase theirdegree of freedonin
solution. Moreoverjf such apoly(TU was insolublén any tyical organic solventt could still serve
as a heterogenousatalyst, since thel'U groupsare easily accessible. For instanBedrosaet al.
showed that aheterogenouschitosanbasedbifunctionalpoly(TU catalystbearing theTUgroups in
the side chairwasinactivein an enantioselective agdenry reactiorwhen theTUfunction is directly
attached to the backbonewnhile longerspacersresulted in high yields and selectiviti#$ In the
herein envisioned approactihe TU group is located at the end of the side chaend thus, the
activation moiety can be freely chosémmom all activation motifsestablished in chaptet.2, i.e. the
p-(alkylsulfony) aryl and isophthaliacid diester motif without further modification. In addition, the
introduced motifs bear further potential for instance, adjustments in terms of solubility yb
introduction of different alkyl chaingrinally, the use of norbornene motifs will result in anpolar
poly(vinylcyclopentane) backbomehich exhibitstypicallygood solubilities in less polar solveriike
DCM used generally ifUcatalysis.
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Scheme38: Overview of the approach of poly) synthesis by ROMP of norbornefies 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 betweethe norbornene andhe TU function (redspherg. In addition, solubility can be altered by
using differem moieties attached to the EWG activating theJgroup (bluespherg. TheROMPreactivity can be tuned by
changing from exo nodynenes §tarting material,green) to endo ones. Ultimatelynanpolar vinylcylopentane backbone

motif is obtained (pink).

Forthis project the focus was sesolelyon establishing polji{yU) synthesis by ROMRBSs a proof of
concept Thus, the herein useBUmonomer50 (seeTablel9) was not synthesizedsing the AM3CR
but using typicallU synthesis since it wadess timeconsuming Within this study,exonorbornene
was chosen because it depictin general the higher reactivity providirggmaller reaction time§?*®
On the other hand, lie 3,5bis(trifluoromethyl) phenyl group wasconsideredas activation motif
since itproved its potential for catalytic activityot only in this workgee chapte.2) but alsom a
broad range of different ractions and conditiondeing applied for two decadesn thiourea
organocatalysi@s the privileged activation group (sebapter2.4.1). In addition, the presence of
fluorine atoms in the molecule gave thaption of analysis by’~NMRspectroscopy.

Thus, TU norbornene50 was synthesized by reacting the respective amine with
3,5-bis(trifluoromethyl)phenyl isothiocyanatén dry DCM at C under argon and was obtained in a
yield of 73% (overall vyield of the twestep  synthesis starting fran
cis5-norbornenexo-2,3-dicarboylic acid anhydridewas 52%)2° Subsequently, different reaction
conditions were tested fothe ROMR applying typical Grubbs catalysts. The resultssammmarized

in Table19:2

The reactions were performed in ¥oungNMRtube to allow determination of the conversion by
'H-NMRspectroscopy by following the transformation of the double bond of monobs@dp the one

of polymer51 (see chapte6.5.3.1. for details). Typical catalystadings of 5mol% were applied
initially, aiming for a theoretical degree of polymerization (DP) of2se of Grubbs™ 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 solvienTHF, the temperature could be increased to
44°C, leading to nearly full conversion after two hours (98%). ThgeBeration Grubbs catalyst

20The synthesis gfUnorbornene 50 was performed by Gia Trung Hoang (first step, amin synthesis) during his
practical course (Organisches Praktikum fiir FortgeschrittenelYa@d Alessandro Masini who wasvesiting
researcheyrunder the supervisionplanning and evaluation of the author
2'The screening of conditions for ROMP Bf norbornene50 depicted in Table19 was performed by
Alessandraviasini avisitingresearcheunder the supervision, planning and evaluation of the author.
22The expected DBt 100% conversiofor a iving polymeization can be calculated by:

ol L T

"0 mnut T

Where [M] is the monomer and [l] the catalyst concentration applied at the beginning of the re&gtion.
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 usiig 2 generation Grubbs catalyst in THF at slightly elevated temperatureGQy4

Tablel9: Screening dahe reaction conditions for the ROMPTnorbornenes0.

5 mol% e —=

Grubbs-cat. CFs
e
N O N (@]

® 50

51
catalys 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
Grubbs3 THF 44 1 90
Grubbs & THF 44 2 94

TUnorbornene50 (63.5umol) was dissolved in 338 DCMdry, degassed) and stock solution of theespectivecatalyst
was prepared (5mol%, 3.18&imol) in 318uL DCM (dry, degassed). Both solutions were migfethl c(TU50)=01 M) in a
YoungNMRtube under argonatmosphereand let stay at therespective temperature for the respective timet.= room
temperature, o.n.=overnight.

Subsequently, solubility tests were performed to allow further wopkand characterization of the
obtained polyTU) 51. The reaction applying optimized reaction cétimhs wasquenched withethyl

vinyl etherand its excess as well as the solvevas removedunder reduced pressur€ It was
assumed that the obtainegolymer51 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 aeeBCM, THF, DMSO, DM

HFIP were all incapable of dissolvpaly(TU)51 and thus no suitable purification method was found

to purify polymers1to enable furthercharacterization omvestigations

To address the solubility challengad to allowanalysis by NMR and SElgsis lower DPs were
thus targetedby appVing higher catalyst loadingln addition a co-polymerization approach was
envisioned since a suitableo-monomerincreasedhe solubility as well as the distance between the
TUgroups The later poinfeads to a decrease ofthe overall amount ohydrogen bondingetween
the polymer chains probably increasing teelubility of the polymers further(see Scheme39). To
ensure solubility, te already discussed potential benefit of hydrogen bonding amihmgurea
groups faming highly catalytical activeUTUcomplexes ofoldamers withactive pockets sites (see

23 Asall the monomer is consumed ke ROMR the respectiveGrubbs catalyst is attached to thend of the
polymer chain but still activeSde reaction already occurring during the proceeding of the RONd
chaintransfer or backbiting reactigrcan stilltake place since thegio not depend on themourt of monomer

but on the presence of double bond$his number does not change during the reaction and the double bonds
present in the polymediffer only in their reactivity towards olefine metathesiich does not mean they are
inert. Thus the terminal Grubbs moietys usually quenched or transformed to inhibit further metathesis
reactions. For instance, a common approach is the usshyfl vinyl ethertransformingthe catalytically active
Schrockcarbeneof the Grubbscatalystin a less active/inactive Fischearbene®!
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chapter3) wasthereby neglectedbecausethe TU group by itself was already expected to exhibit
sufficient catalytical activityThe catalytic potentiabf monomer50 was thusinvestigatedby its
application as catalyst inthe ringopening reaction of propylene carbonad@ with
cyclohexlaming4, described in detail in chapter.2 resulting in an increasedonversion of 46%
after 30minutes?*

Grubbs cat. =+ W\«Oﬂ=
(0] N (0]

— —nt— —x

54 or 55

é@@

Scheme39: Overview of the optimized approach of the podly(synthesis by ROMP using apmymerization approach
with norbornenes2 or cyclooctané3yielding the respectiveo-polymerss4 and 55.

Thus, norbornen&2 and cycloocten®3 were chosen as suitable gnonomers since they were
widely used in ROMPs. Norbornene is highly reactive in a ROMPharfdrmation of the vinyl
cyclopentane motifs in the backborgecrease the densityof the TU functional groupswithout
introduction of an additional side chain or backbone moiefOn the other hand, cycloocterled to

a partlylinearaliphatic backbonghat might be beneficial for the solubility compared to the aliphatic
cyclic backbone obtained by norbornene derivatives.

Since the characterization by SEC &#dNMRanalysis was crucial for a detailed investigation of the
obtained polymers, théocus was seon the synthesis of soluble polymei&herefore,a screening of
different catalystioadingsand ratios ofTU monomer50 to norbornene52 or cyclooctenés5 was
conducted and the obtained polymesg or 55 were tested n their solubility in THFDCM DMSO
and DMAc THFand DMAc werehosen sincehey wereeluents used for SE@nalysis® while DCM
and DMSQvere chosen asheir deuterated pendantsvere typical solvens for NMRspectroscopyIn
addition, DCMvas oftenappliedfor thiourea catalyzed reactions.

In case ofthe co-polymerization of norbornene52 and TW0, the high reactivity of the
norborneneb2 resulted ininsoluble polymers if both monomers weidissolved in the reaction
mixture prior to addition of the catalyst.rébablygradientlike structureswere obtained due to the
large difference in reactivityyielding first nearly poly(norbornenejgmopolymersthat incorporate
subsequently therUderivatives.Thus, norbornene52 was added dropwise to theeaction mixture

24 The ringopening reaction was hosen & suitable reaction since monomB@ exhibited the
3,5-bis(trifluoromethyl) phenyl activation group like catalystleading toincreased conversion of 64% after 30
minutes. For comparison 3% conversion were obtained without catadgst ¢hapted.2 for more detail). The
GGscreening of the ringpening reaction was performealter the protocol established iohapter4.2and was
performed by Fabian Schonle (student) who worked as research assistant at the time of this work under the
supervision, planing and evaluation of the author.
25 Under the optimized conditions norborneneas fully converteshearlyinstantaneously.
26 By the time the screening was performettie access to the mentioned SEGtrument using DMA@nd
0.3w% LiBis eluent wasot passible anymore since the instrument was dismounted
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over the period of one hoummediately after the homdROMP offUnorbornene50was startedby
addition of the Grubbgatalyst. Thereby, the concentration of norbornes2 was kept lowto
decrease the formation of insoluble domaiffieexperiments with cycloocteng&3 were performed

by dissolving TU50 and cycloocten®3 in THE and adding the catalystsafterwards, as
cyclooctenes3 showed a similar reactivity compared to thiourea norborn&@e’ It is notable that

no Schlenk conditionkad to be applied and simple purging of the dissolved starting materials with
argon proved to be sufficienTheresults of the solubility test are shown Table20 on the example

of the poly(TU norbornene50-co-cyclooctenes3d)sb5 (for the results of te poly(TU
norbornene50-co-norbornene52)s54 see chapte6.5.3.2):2

Table20: Qualitative sreening of solubility dd series of polyiilUnorbornenes0-co-cyclooctenéd3d)s55in DCM THE DMSO
and DMAmbtained by ROMM dependance of the amount of catalyst used and the ratio between moraraerd 53.

—>

© Grubbs 2", = R
+

40 °C, THF,
oA, Ao 0= =0

1h
53
L —n - — X
55
CF;
Ok i
W TN CF4
H H
50
entry | cat-doading/ | My, eo/ | ratio solubility | solubility solubility solubility
mol% kD& 50:53 in DCM | in THR in DMS® | in DMA®
1 10 15 1:9 \Y, Y, - -
2 5 4.3 1:3 - Vv Vv -
3 3 7.1 1.3 - \% \ V
4 3 5.0 1:9 Vv \Y \Y Vv
5 1 21.3 13 - \% V V
6 1 15.1 1.9 - - V -

The respective ratiof the monomersvere dissolved in THFy, c(TU50)=0.1M) and the respective amount @rubbs 2d

generation catalyst was added) Molecular weightof the respectiveco-polymers55 were calculatedaccording to their
ratio dependenf averaged monomer molecular weigtftb) Qualitative determinatiorby naked eyeafter quenching with
ethyl vinyl etherand removal of its excess as well as the solvent.

27Using 5mol% of Grubbs " generation catalystsn a homeROMP of cycloocten&3 at the optimized
reaction conditions forTU50 (40°C, THFJed to a conversion of 96%fter 30minutes determined by
comparison of the starting material and polymer double bond signaid-MMRspectrum.
28 Synthesisof the series ofco-polymers45 and 55 using norbornené?2 as well as cycloocter3, and the
respective solubility testsvere performed by Ressandro Masini &isiting researcheunder the supervision,
planning and evaluation of the author.
2 Calculatioris exemplified by entry 3 ifiable 20 using3 mol% of Gubbs 29 generation catalyst and a ratio of
monomers50:53 of 1:3. The theoreticalMn was calculated as followed:

0 ©00 0 g O 00 % ‘00 0 g @O w0 ‘000
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A quantitativeconversion othe double bondsvasobservedaccording totH-NMRmonitoring after
only one hour Thus, theTU norbornene50 was converted more rapidlyinto a polymer using
comonomer54 or 55 (homo-ROMP of TU norbornene50 resulted in 98% conversion after
two hours, seeTable19). Thiswas explained by the fact that the catalytitplactive Grubbs motif
attached to the end of the growingo-polymer chainwas morereactivewhen it wasdirectly bound
to the moiety ofco-monomer53 or 53 instead of TU50 (either due to lesssteric hindrance otess
coordination of theTUmoiety to the catalyst altering its reactivity

Two clear trenddor the cooROMP of T80 and cydooctene53 were observed. Byncreasing the
amount of catalystlower DPpolymers wereobtained exhibiting higher solubility in THF and DCM
(comparee.g.1 mol% 3mol%and 10mol%catalystat a ratio 0f50:53, 1.9, Table 20, entry 1, 4and

6). In addition, increasing the ratio otyclooctenes3 resulted also in smallersoluble polymers
(compare inTable20, entry 3 and 4 as well as entfy and §. Furthemore, DMSO and DMAwere
also suitable solventfor some compositionsAs the amount of cyclamtene53 increases and the
molecular weight decreasgtheir ability to solubilize the polymers/as insufficient (see Table 20,
entry 1), probably because of the increasing impact of thpolaroctyl group. Concluding THFand
DMSOseemed to be themost suitablesolventsfor further analysisfor instance SE@nalysisand
NMRcharacterizatiorafter successfypurification. The solubility screening of the respective series of
poly(TU norbornene50-co-norbornene52)s54 was performedwith the solvents DCM and THF
underliningthe obtained resultgsee chapte6.5.3.2.)

In a next stepthe work-up protocol of the obtained polymers was attempted. Thus, several solvents
were tested as suitable amsiolventto precipitate the polymers.Methanol and n-hexane were
chosen to test a unpolar and a polar protic organic solventhile water was tested as well.
However,no precipitation was obtainetbr the polymers54 and55 summarized in Tablg0. Further,
purification by DMTcolumn chromatographyproved to be unsuccessfals well*° To evaluatewhy

the purification proved to bdroublesome SE&amples of both series of polymesd and 55 were
taken after quenching, and removal of solvent and ethylvinyl ether. é&kample is dejgted in
FHgurel2

Whereas M..is the average molecular weight of the monomer unit considering the applied ratio of monomers
x and y, ] and M] are the concentrations otatalyst andthe overall amount of double bonds in both
monomers, respectivelgt the beginning of the reactionransferring (11) and (l11) into (1) yield:

0

0 ) ®0 w0
With M(50)=519.51g mol* and M63)=110.20g mot* the Mn is obtained:
o P Q Q Q
U Tero TRV UPRREE o TRV PPHTE T, X TS

30 DMT-columnchromatography uses modified silica gel witimercaptotriazing(DMT) which can be used as
chelator for the Grubbs moiety after quenching with ethyl vinyl ethEnus,the remaining catalyst is simply

being retained by chelation and thepure polymer can & 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 thepolymer wouldstill be impure consisting residual unreacted monomers.
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I— polymer 55
—— polymer 54
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Figure1l2: SE@esultsof the crude reaction mixtures of a ROMP of norbornBd&0 and a cemonomer. Theatio of the
monomers weres0:52 and 50:53, 1:3 and 3nol% 2d generationGrubbs catalystvas applied(seeTable20, entry 3 and
Table 33, entry4). The reaction was performed THF at 40C The red curve depicts the-polymer with norbornené4,
the black one with cycloocter®. Note that at around 2@nin the solvent peakare visibleand that the exclusion limit of
the column is reached at around frfin altering the shape of the distribution.

The same trend was observefir all SEC chromatogramiigh or low molecular shoulders were
clearly visible indicating a bimodal distribution for the ROMP ofTU norbornene50 with
norbornene52 or cyclooctenes3. Threefactorswere assumed to yield this distributioffrirst,with
increasing amount of TU functional groups incorporated in the polymer, the polymer chairegets |
soluble and thus, the proceeding in the ROMP is impe8edondside reactions like chaitmansfer
and backbitingwere probably more pronounced in this reactignsinceat least one of the three
different double bondspeciedormed in the polymer bacldne were prone to react with the Grubbs
catalyst motif of the growing chain endsThird the TU functionality coordinates to theruthenium
center of theGrubbsmotif, which eventuallyled to inactivation of some of theatalytical groupss
they becomeless reactiveor cannot be accessed anymore the sterical hindranceof the coiled
polymer chain Either one of this points or an interplay ¢fiem seemed to be a reasonable
hypothesis for the observelimodal distribution.

As already mentioed in previous chapterghe aim was not to obtain highly controllable padlyis,
but ones which could be applied as recyclable cataly$iss, a different nature of distribution of the

31 Double bond spees of the two respective homo adducts of eith€U norbornene50 or the respective
co-monomer can be formed, or the cross metathesis double bond specie
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polymerwas in general notraexclusion criteriorper se even ifa bimodalshape was observed\s
long as a workup protocol could be established furthevestigationregarding tte catalytical activity
in a suitable reaction add be performed. However, this was not the case for Hpproach of
poly(TU synthesis by ROMHAt can be assumed that the bimodal distributjoeven if not
contradicting the actual concept of this work, is disadvantageous for the investigations oableuit
work-up proceduresince the reaction mixture is more compliexterms of solubility parameters

To conclude, optimization of reaction conditions for a ROMPWfiorbornene50 revealed that 2
generation Grubbs catalysts is asuitable catalystwhen applied at slightly elevated temperature
(40°C)for the conversion off Ucontaining norbornenesCompared to théwo previously discussed
approaches (polycondensation and tharle polymerization ofin isophthalicacid diester motjf)he
polymerization reactioned to nearly full conversion (98%jd thus, proved to be more promisinim
addition, since this approach uses a livingpolymerization technique instead ofa stepgrowth
polymerization also lowerconversion would yield polymetheoretically, since the polymer growth
is linear and not exponentidt Neverthelessthe work-up procedureof the obtained polymersvas
not successfulas they proved to be insoluble in any applied solv&ince the ROMP yielded nearly
full conversion an alternative approach was conducted namely the co-polymerization of TU
norbornene 50 with either norbornenes2 or cyclooctenés3. Thus, additional parameters were
unlocked to ultimately tailoringhe solubility properties of the final polys i) via the ratio of the
comonomers, iiviathe solublity properties of the moieties introduced by the -waonomer and iii)
by the difference in the reactivities of the two different double bond speciesich could result in
preferred formation of homo or crossbound double bonds dependinon the interplay of the two
monomers Due tothe versatile tailoraHdity of this approachijt can be assumedhat recyclable
poly(TUcatalystscould be achieved On the other handit has to be underlined thahis conceptis
very complex at the same timé&urther investigatiors on this approach are expected to be very
elaborate and timeconsuming sinceonly a holistic evaluation of alinentioned parametersseened

to be areasonable approach for this conceptabtain sufficient overview and insightSor instance,
choosingthe ideal cemonomer would alreadyexhibit a tremendousworkload as not onlylow
molecular weightnorbornene derivativesbut alsomacromolecular ones can be considered for a
ROMP**" In addition, t might be more promising to evaluate a differespacerfor attaching theTU
motif to the norbornene Themaleimide group present inorborneneTU50, even though allowing a
straightforward synthesis of the monomemight form additional hydrogen bonds with th&U
groupsandthus, decreasing the solubility and the overall flexibility of fHdgroups.

Finally, a differentsynthesis apmach for polyfUs might be more reasonableonsidering the
straightforwardness and the time factoAnother concept could be for examplbe use of a
TUnorbornene 50 in a radicalpolymerizationapproach using radical starter like AIBN or simple
heating (literature is scarce about the radical polyneiion of norbornenes thougtt*® While the
final polymer side chains would be identical to the ones described in this apprtecipolymer
backbone would not consist of pol(ylcyclopettane)s, but poly(norbornane)swhich could already
exhibit different solubility properties allowing the establishment of a wopkprocedure. Further,
the purification stepsare expected to le facilitated by the fact that no quenching step of a catalyst

32 For instancea stepgrowth polymerization yielsla DP of two at a conversignof 50% at ideal equiolar
conditionsafter Carothers equation:

i~ p P
oL — — ¢
p N ™
while a living polymerization applyingrBol% of catalyst would yield a polymeith a DP of 10 after 50%
conversion of the monomer.
oF ™ 0 ™
v i) mru P
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and thus, no removal step of a catalyshs to be appliedThe applied radical starterwould be

attached to the polymer chain end resulting in pure polymer after full convergismorbornenes
are widely reportedto be utilizedin different polymerization échniques further approaches by
usingTUnorbornene50 can beassumed to béased orATRPcationicor ZieglerNatta-like insertion

polymerization®4&552

116



Results and Discussion

4.4 More sustainable isothiocyanates

In a next step, the mechanism of the AMLR was investigatetsothiocyanated were hypothesized

to be the key intermediate in this reactidsy C=S double bond formatidretween an isocyanide and

a polysulfane chaiA (see SchemdQ). The reaction proceeding could successfuily blockedusing
sterically hindered secondary or tertiary amindshus, a more sustainable isothiocyanate synthesis
was established using isocyanide as starting matettig@swere also accessible in a greener fashion
due to the protocol introduced in chapter 4.1.

Thischapterand the associated parts in the experimental part have been published before:

G! Y2NB adzadalAylrofS Aaz2iKA208lylGS aeydikSaira oe@
St SYSylkt adzZ FdzNE

R. Nickisch, P. Conen, S. M Gabrielsen, M. A. Rt,/R&E Adwv021, 11, 31343142

(The author planned and evaluated the experiments as well as wrote the public&ioBonen
established the synthesis protocol aagnthesizedart of theisothiocyanate compountibrary in his
bachelor thesi®® and as a research assistamder the supervision of thauthor. M. Gabrielsen
carried outa major part of the synthesis of the library ofsothiocyanatecompoundsand the
polymerization reactionsnder supervision of the author.
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Schemed0: Possible mechanistic pathway of the MCRween isocyanide (black), elemental sulfur (purple) and an amine
(blue), whereby the amine acts as reactant as well as catalyst to form polysulfur éhaipplying primary or secondary
amines leads to thioureas, while tertiary amines lead to isothiocyartat@dapted from ref

Abstract

Isothiocyanates (ITCs) are typically prepared using amines and highly toxic reagents such as
thiophosgene, its derivatives, or L8 this work, an investigation of a multicomponent reaction
(MCR) using isocyanides, elemental sulfur and amines revealeddoganides 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 Cymn or “ -butyrolactone (GBL) under moderate heating @0 Purification by
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column chromatography was further optimized to generate less waste by maintaining high purity of
the product. Thus,-factors as low as 0.989 were achieved and the versatilithisfstraightforward
procedure was shown by converting 20 different isocyanides under catalytic conditions, while
obtaining moderate to high yields (895%).

Results and discussion
Mechanistic investigation of sulfur activation

We initially evaluated the eactivity of various amines in the reaction of a model isocyanide
(n-dodecyl isocyanide3) with elemental sulfur by reacting them in stoichiometric amounts in a
suspension of DMSO, while monitoring the formation of the respedii@41 (seeTable2l, entries

1-6). In every case, the instant formation of the polyan# chains was visible, since the reaction
mixture turned dark brown (same color change was observed in literdftiféps soon as the base
was added. As the reaction proceeded, the consumption of the suspended sulfur wassakbsty vi
observed. GC monitoring of the test reactions revealed that equimolar amounts
1,8diazabicyclo[5.4.0]lunde¢-en (DBU) or 1,5;tiazabicyclo[4.4.0]de&-en (TBD) led to
guantitative conversion faer 2 hours of reaction tim¢seeTable21, entries 3and 6, respectively).
Nucleophilic aromatic amines, likd,N-dimethylamino pyridine (DMAP) and-Nethyl imidazole
(NMI), were less efficient, both resulting in 38% of conversion, which was attributed to their lower
basicity. In general, steric hindrance ssdeemed less important for the formation of the polyani
chains, since the conversion of isocyarisdeasobserved using the sterically hindered triethylamine
(TEA) and 1;diazabicyclo[2.2.2]octane (DABCO) were also high, 76% and 84%, respectkiety. Ta
into account the basicity of the evaluated aminesdTable21, entries k6), 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 mdike Nalf® or K2CO3>* However, DABCO,
exhibiting the second lowest pKalue, also showed good performance. Assuming both tertiary
amine groups of DABCO are able to activate sulfur in this reaction, the amdwdtive groups
present is doubled compared to the other bases, which might lead to higher conversions in this case.
These results show that not only basicityfides the reactivity of the applied amine base, albeit a
certain degree of basicity is certaircrucial to activate elemental sulfur. In a second step, we sought
to apply the two best performing amineise. DBU and TBD, in a sstbichiometric/catalytic amount,

as no side products were detected, while monitoring the reaction with &€ Table 21, entries
7-10). As a highly remarkable result, 10 mol% of DBU or TBD were able to convert iso8ydi@de
22hours at room temperature with high conversion (67% or 69%, respectively) and the
corresponding 1T@1 was obtained. DBU showed better resulte,. 57% conversionfeer only two
hours, compared to 36% conversion for TBi@rathe same time.

Optimization of the reaction conditions

Having identified two amine bases (TBD and DBU) that can be applied inishioshetric amounts,

we optimized the reaction conditions addressing as many of the Twelve Principles of Green
Chemistry® as possible and furtheminimized the Hactor®® (not yet taking the purification steps

into account). Initially, when screening the reaction temparat higher conversions were obtained

at higher temperatures, but in the context of sustainability a less enreogyguming procedure is
desired and we thus considered moderate temperatures°@pfor further experiments. Next, we
altered the solvents foaing on greener alternatives for commonly used solvents according to
solvent selection guidé&s®°>>%%(for the complete screeningsee chapte6.6.1.).
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Table21: GGscreening of various amine bases (bold) for the activation of elemental sulfur, leadthg formation of
n-dodecylisothiocyanatél.

Sg
amine
I >ne I >nes
10 DMSO, r.t. 10
3 41

entry | amine (pk-value in HO) eg. of amine base reaction time/h Conversion/%

1 DMAP (9.2° 1.00 2 38
2 NMI (7.1)%% 1.00 2 38
3 DBU (11.5§° 1.00 2 99
4 DABCO (8.9% 1.00 2 84
5 TEA (10.7y 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.) Immol of n-dodecyl isocyanid8 was reacted with elemental sulfur (2.00 eq. of sulfur atoms) and the respective
amount of amine in InL of DMSO at room temperature (r.t.). GC samples were taken after the respective time and
conversions were calculated using biphef®/P5 eq.) as internal standard (IS).

A clear trend was observedi.e. polar aprotic solvents like DMSO, GBL and Cytene
(dihydrolevoglucosenorefavored product formation, probably due to their ability to dissolve and
stabilize polysufine chains.Amongst them, Cyrene allowed full conversion of isocyani@eafter

two hours reaction time, while GBL and DMSO dis to high conversions (92 and 85%,
respectively). Both GBL and Cyrznare greener alternatives if compared to DMSO and are
synthesized from renewable resources (butab@-diolP*® and cellulos€® respectively), thus
decreasing the overall environmental impagtowever, 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 contributios sdlvent for

the proeeding of this reaction was further underpinned by testing the reaction in absence of any
solvent, resulting in a low conversion of 8%ea 30 minutes gee Table 2, entry 1). To decrease

both reaction time and waste, we increased the concentration afyiaaide3 up to 6M in Cyrena

(see Table 22, entriex;2), 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 stiring). Thus, the Hactor could be reduced to 1.12 maintaining full conversion after 30
minutes (see Table 22ntry 4). Furthermore, we decreased the excess of elemental sulfur to 1.12
eq. of sulfur atoms, while maintaining high conversion (98% after 3utes). Since 10 mol% of
catalyst performed excellent under the optimized conditions, we then evaluated lower catalyst
loadings of DBUsée Table 23), since (i) higher conversions in less amount of time were obtained in
prior tests and (i) the stirringf 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 GHSO05, while TBD is labelled
as GHSO7)As a result of the high concentration of isocyan®m the solvent (6M), the catalyst
loading of DBU could be further reduced tombl% while still achieving nearly quantitative
conversion after prolonged reaction times of BOurs. Using 2nol% of DBU at the same
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concentration of3 resulted in complete conversion after onlyuiohours. For more diluted reaction
mixtures €(isocyanidey2 M), the amount of DBU had to be increased tonbl% to obtain full
conversion after four hours, which is still a low catalgsiding.

Table 22: Optimization of reactin conditions (concentration) for the sulfurization of isocyaBidéa GGscreening to
decrease the Hactor

Sg
10 mol% TBD

™ e

T >nes
10

10 CyreneTM, 40 °C
3 41
entry solvent M@ conversion/% Efactor?
1 - - 6.7 16.9
2 Cyrenet 1.0 85 5.71
3 Cyrenet 2.0 99 2.95
4 Cyrenet 4.0 100 1.58
5 Cyrenet 6.0 100 1.12

a) Concentration of isocyanidgin the solvent. b) 1.00 mmol of-dodecylisocyanid8 was reacted with elemental sulfur
(2.00 eq. of sulfur atoms) and TBD (10 mol%) in the Cyrend0°C. G&amples were takenfeer 30 minutes of reaction
time and conversions were calculated using biphenyl (0.25 eq.) esB&actor was calculated agwing conversion equals
the yield, as no sideeactionwasobserved, not taking the pdication steps into account.

The final optimized reaction conditions argepicted in Schemdl. We note that when a liquid
isocyanide was used, the conditions weren@% of DBU in 8 Cyrenet solution, while for solid
isocyanides ®nol% of DBU in BI Cyrenet was used, predominantly to facilitate stirring.

Table 23; Optimization of reaction conditions (catalyst loading of DBU, bold) for therigalfion of isocyanid8 via
GGscreening.

Sg
X mol% DBU

> ne > nes
10

10 Cyrene™, 40 °C
3 41
entry catalystloading/mol% M 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 isocyanid&in Cyrenet. B) 1.00 mmol ofn-dodecylisocyanid8 was reacted with elemental sulfur
(1.12 eq. of sulfur atoms) and DBU (respective amount) in Cyren&l0°C. G&amples were takenfeer the respective

time and conversions we calculated using biphenyl (0.25 eq.) as IS

Evaluating the scope of the sulfurization of isocyanides

Having the optimized
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reaction conditions

in hand, we synthesized several -mand
diisothiocyanates to evaluate the substrate scope of our new procethae Schemdl). Aliphatic,
benzylic as well

as aromatic isocyanides were successfully converted to the

respective
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isothiocyanates. Comparing aliphatic isothiocyanates, steric hindrance was fouhdve minor
impact on the yield, which varied from 34 ©4%. In the case o&romatic isothiocyanates,
electronrich 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.

Sg
2 or 5 mol% DBU
R—NC = R-NCS
40 °C,
™
Cyrene'" or GBL NCS
{o NCS
NCS SCN NCS  SCN NCS
10 TSNS \% \%
a4 56 57 58 59 60
88% 4h 56%  5h 83% 4h 80% 4h n.d. 84%  4h
n.d. traces 24h?) n.d. n.d. n.d. n.d.
86% 4h n.d. n.d. n.d. 48%  5hP n.d.
NCS (\Ncs | o
NCS N 0.0 s
~0 -~
O Nes A j—=f")NCS [j @j
7 7 o] NCS NCS
61 62 63 64 65 66
82%  4h 91% 4h 94%  4ho 71%  4h 52%  23hY 58% 6h
67% 23h n.d n.d. n.d. n.d. n.d.
85% 5h n.d n.d. n.d. n.d. n.d.
%o
0 S7°_NCS NCS NCS NCS
B NCS e
0 NCS -
9 0
67 68 69 70 m 72
77%  22he 75%  5h n.d. 80% 4h 56%  4h 85% 5h
n.d. n.d. 34%  24h 95%  4h n.d. 94%  4h
83% 5h n.d. n.d. 90% 4h n.d. n.d.
‘ o]
o NCS

/
Ab
=z
O
»
—0
®
(@]
=
%:O
o
-~

O, ~o "o

73 74 75
69% 4h n.d. no conversion®
n.d. 45%  4hflsl n.d.
n.d. n.d. n.d.

Schemetl: Herein synthesized IT€E 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 af@02 mol% DBU and 44iL. solvent was used, if it was a solid, 5 mol%
DBU and 1.28nL solvent were used. For each compound, the yield and the reaction time are displayed. The first line
corresponds to the reaction using Cyrenas solvent, the second line using GBL. The third line displays the reaction in
Cyrenat in a 15.5mmol scale. G@urities were in general >95%eg chapte6.6.2). a) Gpurity was not determined (n.d.);

b) pressure vial was used; ¢)-@@ity of the starting materialt was 80% and of IT&3 83%; d) 2.31 mmol isocyanié&

was used; e) ;ol% DBU was used; f) 2.00 mmol isocyafi#leas 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 dnaromatic), thioether (aliphatic), tertiary amine,
p-toluenesulfonyl, ester) were tolerated. However, the carboxylic acid7§a85% purity) could not

be converted, probably due to solubility issues. Considering the tertiary aminenair@holinoethyl
isocyanides4, an (aute)catalytic effect might be anticipated, however it was ruled out by
performing the reaction in absence of DBU (no yield after 3 hours). Since some isocyanide
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compounds are volatile5@), a pressure tube was crucial to obtain the resfive product. Besides
Cyrenet, GBL performed very similar as solvent in this reaction, converting isocyzatod& C41

and thus, we hypothesized that GBL could be a more suitable solvent for some ITCs. Therefore, we
tested six substrates and as a résbletter yields were obtained for aromatic IT@3and 72, while

the yield of IT®1was lower. Synthesis of I'B6in GBL only resulted in minor traces of the product.
Nevertheless, in the case 69 and 74, Cyrena exhibited similar retention time onlgta 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 Gyliereme cases, depending on

the applied substratePurification of all heein reported compounds was performed by a modified
Blash column chromatography to reduce wastdé infrg. Furthermore, multigram scale reactions
(15.5mmol) were easily performed, generally resulting in similar or highedds (.e.3, 61, 67and70

in Scheme41l). 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 aratbmn NMRspectroscopy, HRpectroscopy and
high-resolution mass spectrometry. Purities of all synthesized ITCs were determined by gas
chromatography(GC)and, for severalsubstrates, elemental analysiside infrg. Furthermore,
Efactors were calculated for every ITC (sdmpter6.6.2. for characterization, purity and-tactor

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 poorfactors. 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. Furthermoreessive washing with
aqueous layers was needed and thus, column chromatography was the purification method of
choice, resulting in high purity and less waste -(fafties in general over 95%ee chaptei6.6.2)).
Ultimately, a dry loaded small column-8xm, see Figurel0in chapter6.6.2), 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 swas thus also removeds
confirmed by elemental analysis (elemental analysis was performed for severalatatiie ITCs, see
chapter6.6.2). To further underpin the high purity of this less waste producingfipation, we
performed a polyadditiorreaction of diisothiocyanats 58, 59 and 62 with renewable 1,&diamino
pentane76 (98% purity) in an equimolar stoichiometry. Since high purities of the monomers, here of
the ITCs, are crucial to obtain high molecular weights via-gtepth polymerization, a successfully
polymerizdion is a good indication of the suitability of this more sustainable fipation Eee
Schemet2). In all three cases, high molecular weigits 6f 77-79 were 18.6 kDa, 55.1 kDa and 58.1
kDa, respectivelyfor SE&@raphssee chapter6.65.) were obtained, proving that this optimized
purification step resulted in excellent purities. Howeyviar compounds$9 and 74, applying a classic
common column chromatography could not be avoided, since the retention time of the substrate
and the solvent wereimnilar to the solventyide supra

Overall sustainability

Combining the herein reported DBU catalyzed sulfurization of isocyanides with elemental sulfur and
the optimized purification step, very low-fBctors 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 compou#d starting from the respective isocyani®® with several
literature knownprocedures (see Table 24). For a better comparisf the synthesis protocols, we
calculated the Hactor with and without the amount of solvent used-f@tor calculated without
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respect to solvent was herein called synthetidaEtor), since some of these procedures would
decrease their Eactors drasically 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 Hactors. Using the herein reported protocol with Cyraneesulted inthe lowest

yield of 80%, for which the synthetief&ctor was comparable to that of procedures using transition
metal catalysts offering higher yields (RhHjPland Mo(O)(8NEf). obtaining 96 and 91%,
respectively). On the other hand, the lowest syrttbeEfactor 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

Schemel2: Synthesis of polythioureay-79 with 1,5-diaminopentaner6 (green) and herein synthesized I'BZs58 and 62
(black).

Table 24: Comparison of sulfurization approaches of isocyanifeconsidering Hactors, energy consumption and
purification methods

Sg
catalyst/reagent
NC NCS
80 70
catalyst/reactant | conditions | yield/% | Efactor = Efactor® | purification Ref.
(syn.y
5mol% DBU 40°C, 4h 95 0.129 3.84 (1) optimized flash this
cc work®
5mol% DBU 40°C, 4h 80 0.349 5.30 (1) optimized flash this
cc work?
2.00eqg. NaH 40°C, 2, 85 0.982 20.2 (1) dilution with 143
Ar-atm. EA, (2) filtration,
(3)flash cc
1 mol% RhHPPhs)s | 56°C, 2.5, | 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)(C##CH). = Ar.atm.
1 mol% 56°C, 72h, 91 0.342 2.10 (1) dilution with 562
Mo(O)(SCNEY), Ar.atm. petroleum ether,
(2) filtration, (3)
distillation
5mol% Se, 66°C, 1h 74 2.28 17.0 (1) filtration, (2) ¢
2.40eq. TEA distillation

a) Ynthetic Efactor involving reactants, catalysts and remainingrishg material. b) Bactor taking the used reaction
solvent into account. ¢) GBL was used as solvent. d) Gyneae used as solvent. e) Reference mentioned that high purity
of isocyanide was very importardc=column chromatography.
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Taking the solvent into account, thef&ctor of our new protocol for the synthesis @0 remained
very low with 3.84 and 5.30 for GBL and Cyreneespectively. Only the procedure reported by
Bargon using a molybdenum catalyst resulted in a lowkxcEr of 2.10 due to the use of acetone.
Nevertheless, even lower-factors, down to 0.989 (foi67), were achieved with our method
converting liquid isocyanides (for an overview of dthé&iors see chapte$.6.2.). In addition, this new
procedure does not reqte inert atmosphere, while only moderate energy consumpti@meeded
(40°C for ca. 4ours). Comparing the purification methods, we minimized the amount of waste
produced by purification using an optimized flash column chromatography step as solegpiarifi
step. Furthermore, this procedure is mefade 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 nibbe 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
2mol% and the green solvents Cyrenand GBL. fEactors dow 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 ihigh 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

124



Results and Discussion

4.5 Reaction of activated sulfur with benzhydryl
carbenesunexpectedalkeneformation

The experimental parts of this chapter were performed partly by Peter Conen (styuddrd)wasa
research assistaninder the supervision of the authat the time the experiments were performed.
The respective experiments are highlighted with foutes.

Asdiscussed already in chapter 2.2 Activated sulfur was reported to form C=S double bonds with
carbenelike structures like carbon monoxideor N-heterocyclic carbenes. Further, isocyanides
which also bear a carbendike structure were shown in this work to yield isothiocyanates by C=S
double bond formation gee chapted.4). Only onereport was foundon the application of similar
reaction approaches for carbenagthout a heteroatom bound to the carbene centdshii et al.
reported the synthesis of a C=S double bond from a diazo compound attached to a highly restricted
dibenzobarreleneby heating in the presence of sulftf. It was noted that classic approachédike
thionylation of the respective ketone using Las@s s reagentdid 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 anthe BamfordStevers reaction was chosen as suitable starting
point for this investigation, which is depicted$oheme43.

The eaction allows a defunctionatition of an enolizable ketone groupielding a double bonéf®

Thereby tle ketone is first transferred to a tosgk Eschenmosehydrazone Upon heatingdiazo

compound are formedusing abase or a metal catalyst like rhodium acetatgnder extrusion of
nitrogen, a carbene is formeah aprotic solventswhichyieldsthe produd after a [1,2]Hshift.33If the

starting material allows the formation of more than one alkene as prgdbhet thermodynamially

more stable one is formed his reaction seemed a promising starting point for further stydisghe

typical alkaline condibns required for the decomposition bthe tosylhydrazonesn this reaction

seemed to be suitable for the activation of sulfur as well.

Thus, it was hypothesized that performing a Bamii@lvens reactionswhile adding elemental
sulfur to the reaction would result in polysulfane formation that would attack the carbene
intermediate resulting in a C=S double bondee Sheme43). With this reaction pathway
thioketones could be obtained without relying on typigabxic and smelly reagents like Lawes’s
reagent or phosphorus pentasulfid<>®® Thioketonesare communds that show exceptional
reactiviiesF2 NJ Ayaidl yOS Ay &aS@OSNIt O Ot EYRBRaneveity NBI O
has to be mentioned thathe stability ofthioketonesis very variableand they might decomposé’*

In addition, theytend to tautomerize to their enghiol form, if enolizable thioketones aréormed

and they might degrade further due to their intrinsic nucleophilicity Consequently,
4,4-dimethoxybenzophenon81 was chosen as starting material for this study as it had several
advantages. First, the benzhydryl motif would lead to a-aoalizabé thioketone, decreasing the
sidereactions that can occur while working with thiokets(see Ssheme43). Second, due to the
utilization of the norenolizable ketone or tosylhydrazone derivative, respectivehe actual
BamfordStevens reaction canngiroceed as the [1,2]kkshift is not possible. Thus, if this condition
would yield thioketones, no competitive reaction path would be present. This was impqgrtamte

the last step of the BamforStevens reaction is an intramoleaulHshift and it was assumed to be
faster than an intermolecular addition reaction between carbene and polysylfaobably resulting

33 Note that the reaction can also proceed in polar protic solvents without the formation of a cafbene.
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in a impeded thioketone formation. Third, electroich benzophenone derivatives were reported to
yield stable thioketoas and thus could be easier detected and fully characterzed.

| Bamford-Stevens |

HN. Tos Tos S

O NH,  HN base llj 1 R? [1,2]H

——R AR

N N 11®
R2—————> N —>= N N R
R1JI\/ -H,0 R1U\/R2 -baseH? R1U\/R2 “Tos® R1U\/R2 -N, H

| Bamford-Stevens with Sg |

o R A
J]\/Rg - = “@ — R1/\/ 1JJ\/R2 ——> degradation
R — o L r™ H R
-bas%H R?
-Tos
-H,0

Non-enolizable ketone with Sg |

NH ©
? N N”\s/sesf

S
I

N > R1/\ R2
| N R!

R2

Schemed3: Overview of the hypothesized modified BamfStdvens reaction with elemental sulfur. The reaction pathway
of the classi®amford Stevens reaction inrapic solvent is given (top). In additipthe possiblethioketone formation in the
presence of sulfur is depicted (mid). Since the thioketones are typinathble compounddor instance when enolizable
thiocarbonyl group are formed, non enolizable aryl ketoney = aryl) wereconsideredo allow the formation of more
stable thioketoneswhile the actual defunctionalization reaction is impeded (bottom).

Finally, he methoxy groups of the benzopheno@# allowed an easy reaction monitoring by
'H-NMRspectroscopyas thesingletsignal can be easily followedcibnverted(seealsoFgure 13).

A first reaction was performed using4™-dimethoxybenzophenonetosylhydrazone32, which was
obtained in one steprém the respective ketone antbsylhydrazide in a yieldfB3%3 To the
starting materialfwo equivalents osodium hydride and 0.2&quivalentsof § (corresponding to 2.0
equivalents of sulfur atomsyere added The compounds were dissolved or suspahdeDMSO and
stirred at 130°C resulting in the typical dark brown solution indicating polysulfémenation (see
Table4). Sodium hydride was chosesince it is typically used for activation of elemental su(fge
Table4), while no higher degree of reactivity is present towards the ketone or aimed thioketone,

34 For instance, thionoxanthone coulik stored in our laboratory atl7 °C under argomtmosphereand light
exclusion for more than two weeks withit notable impurities formingas investigated byH-NMR analysis
Further, Peter Conefmaster student in our working group at the time this thesis was written) independently
investigated from the work or contribution of the author thdt4-dimethoxythbbenzophenone showed no
notable degradation for at least three weel#hen stored in a browrglass flask under argostmosphereat
room temperature

35The synthesis was performed by Peter Coneho was a research assistant at the time of this wonkler

the supervision, planning and evaluation of the author.
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which could result in sidereactions. After one hour TLC indicated fullconversion of
tosylhydrazone82 and in addition a new spot was found exhibitintuorescenceproperties when
irradiated at 6 nm with an UMlamp. Thus, column chromatography seemed reasonable as no
other side products weréndicated allowing a0 easy separation of the pduct specie83 from salt

or sulfur remainingsof sodum hydrideand sulfuy respectively.Interestingly, comparison of the
'H-NMRspectra of producB3 with the one of 4,4dimethoxybenzhydryl tosylhydrazo® and the
respective thioketone4* showed that the chemical shifts were not fitting for either of the
compoundgsee Figurd.3).

U L | ° 8 -

T T T T T T T T T T T T T T T T T T T T T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0
8/ppm

Figure13: TH-NMRspectra of4,4-"dimethoxyenzyhdrytosylhydrazone2 (green) the respective tioketone84 (orange)

and the obtained produ@3 (purple) in DMSQGds. The respective singlet signals of the methoxy groups are highlighted by
G F Blote that the proton signals of the benzhydryl moiety of the tosylhydra&@reee split up since theyhave different
chemicakurrounding.

All proton signals were shiftedstrongly towards the highfield indicating an absence of
electronwithdrawing heteroatoms likaitrogen, oxygen or sulfur (se€igure 13, purple spectrum).
Ultimately, ull characterizatn of the obtained producB83 provedthat the coupling product of two
benzhydryl moietied,e.the 1,1,2,2tetra(4-methoxyphenylethylene83 was obtained (se&igure13
for structure formulaand chapter6.7.2.for full characterizatiopwith an excellentyield 0f92%.This
was further underpinned by comparisevith the reported *H-NMRspectrum of this compounef®

Since the unexpected formation tfe tetraphenyl ethylene derivativeeened to be clearly the main
reaction of this procedwe, as underlined by the high yieldhe initial aim of this work was

36 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 stepwas aimed to optimize the reaction condition for the formation
of compound83, which is depicted iffable X3’

Table25: Optimization of the reaction conditions for the alkene formation of tosylhydra@@bg baseactivated sufur.

Tos

' o O Cr
HN\N Sg
|
O O T, solvent O O
30 min
~o o

82

entry base T/°C solvent eq.of § conversion 0f82/%
1 NaH 80 DMSGds 0.28 522
2 NaH 90 DMSQds 0.28 707
3 NaH 100 DMSQds 0.28 82
4 DBU 100 DMSGQGds 0.28 54
5 KCQ 100 DMSGds? | 0.28 100
6 KCQ 100 DMF 0.28 68
7 KCQ 100 GBL 0.28 53
8 KCQ 100 NMP 0.28 81
9 KCQ 100 DMSGQGds 0.188 97
10 KCQ 100 DMSGQGds 0.15 90
11 K:CQ 100 DMSQGds 0.138 91

Tosylhydrazon82 (1.00eq.) and the respectiveamount of elemental sulfur were suspended in the respective solvent
(c(82)=0.5M) and the respective bas@.20eq.)was added. The reaction mixture was heatddhe respective time and a
IH-NMRsample was taken after 3@inutes. a) 'TH-NMRsample was takerafter 4hours. b) The same conditionst a
concentration ofc(82)=0.25 and 1.0 led also to quantitative conversion. ¥}-NMRsample was taken after 20 minutes
higher reaction times additional signappearedwere overlappingvith the methoxygroup of produci83.

Due to the simple'H-NMRspectia of tosylhydrazone82 and product83, the conversion of the
starting material could be monitored bYH-NMRspectroscopyin DMSQds. Conversion could be
calculated byfollowing the decrease of the methoxgroup signas of 82 at 3.83 and3.75ppm, and
the increase of the respective methoxy signal of the prod@&at 3.68ppm. The equivalergof base
was set to 1.0, since at least oneequivalent was needed to fully deprotonate the tosyl
hydrazone82. The reaction benefited from higher temperatymhereas the initial temperature of
130°C could be reduced to 10C still yielding high conversion of 82&fier only 30minutes
(Table25, entry 3). Lowertemperaturesgave only insufficient aosersion even after elongated
reaction times(seeTable25, entry 1, 2) Subsequentlyother typically used basder the activation
of sulfur, namely DBU and potassium carbonatere tested. While DBU performed poorBAfq see
Table25, entry4) potassim carbonate led to quantitative conversion after @ihutes (se€lable25,
entry 5). Having found the ideal basether solventsj.e. DMF, GBL and NMere tested but DMSO
proved to be superior (comparéble25, entry 58). Finally, the equivalents & moleculeswere
reduced from 0.28 to 0.138 (corresponding ta2.24 and 1.10 equivalents of sulfur atoms
respectively, leading to a conversion dil% (compareTable25, entry 5, 911). It seemed that a
certain amount of excess of sulfur was beneficial for the reaction and thasoptimized equivalents
of sulfurwere chosen to be O@(corresponding to 1.68q. of sulfur atoms)

37 The screening ofhie 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 opthized reaction protocotan yield tetraphenyl ethylene derivatives in high
yields the synthesis of 83 was repeated leading to quantitative yield. In addition
tetraphenykthylene85 was also synthesizeflom benzophenon&sylhydrazoe obtaining thepure
product in a yield 09 7%after column chromatographyséeFgure 14).

1 |
1 0, C
2 1
2
85 water
cbd
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 d.O

&/ppm

Figurel4: THNMRspectrum of tetraphenyl ethylerg@s in CDGlobtained from the reaction with respective tosylhydrazone
sulfur andpotassium carbonate.

Further investigations of the scope thiese reactiongould not be performed because tifne issues
Nevertheless, the synthesis of the two compoui@®and 85 showed that the synthesis protocol is a
promising alternative for the doué bond formationcompared to typical reactions like the McMurry

or the BartonKellogy reaction 6ee Sheme4d4). While the McMurry reaction relies omvidely
commercially accessiblearbonyl functionsaand the use of titanium trichloride that is reduced hy a
additional reagent like LiAlHZn/Cu or Mg to obtain alkenes by homo coupling, the wagrlcan be
assumed to be challenging due to the presence of the metal salts, oftkigimexcess’%>"® For
instance, Duaret al. reported the synthesis of tetraphenyl ethyle®8& using a McMurry reaction
obtaining an excellent yield of 92%. 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 atmdegye for six hoursobtaining produci5 after extraction

and subsequent column chromatography. Liwet al. were able to synthesize
4,4’-dimethoxybenzophenon83 in a yield of 90% using stoichiometric amounts of titanium
tetrachloride and zinc under refluor two hours in THF and additional pyriditié Product83 was
isolated by extraction and subsequent recrystallization. Compared to these conditions and the
respective workup, the herein described method can be more feasible (mbléhkconditions,
probably faster workup) and fasterreaction rate(only 30minutes), giving higher yield®{%and
guantitative for 83 and 85, respectively) as well as generating less wastgle being a metafree
approach. On the other hand, the BantKellogg reaction uses a thioketone and a diazo comppund
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both very sensitiveand noxiousstarting materials, which have to be prepared beforehand in one or
two steps, respectively® The compounds react initially in a+# cycloaddition yielding a
1,3,4-thiadiazole whichcan undergo extrusion of nitrogen, forming a thiiraiiéln a last stepthe
alkene is obtained usually by applying a desulfurization reagent like RBhthus one of the most
efficient reactions to vyield sterically demanding alkenes by cross coupling of carbonyl
precursorsés8z

Pro Con
1.00-5.00 eq. TiCl,
0 2.00-10.0 eq. Zn ATIAF A commerciallyavailable A elaboratework-up due
Ar)KAr reflux, THF/pyridine  ar~~ar starting material to high amou_ntof
y metal hydroxides
26 h
Barton-Kellogg
Ar .
S N, Ar\(/N\\ A s ArA, PPhy AT A" A crosscoupling A elaboratesynthesis
Mo+ . — g N —/n r— | and sensitivestarting
A Ar ArT A ~-ar
' roa ' Ar’f” Ar Ar” CAr materials
1.20 eq. K,CO . ,
Tos 0.28 eg.sz A A A straightforward A only homo couplingso
N = 7 I startingmaterial far
M 100°C,DMSO  Ar” MAr
Ar Ar 30 min

Schemet4: Comparison dfypicalreaction conditions of the McMurry and Barté®llogg reaction with the herein reported
alkene synthesis from tosylhydrazon&o and Cons for each reaction are givenptovide abetter overview of the
potential of this novel C=C double bond formation.

Comparel to the herein investigatd double bond formation oftetraphenyl ethylene derivatives,
advantageslie in the more easily accessible and benettable starting materials namely
tosylhydrazones Moreover, only one step is needed to obtain the final produsthile in a
BartonKellogy reactionan additional desulfrizaion stepof the obtained thiiranehas to be applied
typically(there are alsa@ases reported where the desuifzaton reagent can be applied in the same
pot or none has to be applied at pi#*°8* However, a clear disadvantage of therein established
procedure is the fact that only homo coupling can be performed. Yet, further investigations on the
reaction mechanisrhaveto be performed to shed more light on tlproceeding of the reaction. As a
result, it could be possible tobtain alkenes byrosscoupling oftosyl hydrazonanoieties not relying
on simpeé alteration of stoichiometry(high excess of oneof the two starting materialsvould
probably lead tachallerging purification) For instanceit seemed reasonable that depending on the
mechanismof the reactionthat two different tosyl hydrazones might exhibit kineticselectivity
towards the cross coupled product instead of the two possible homo coypleducts Further, if
isolatable intermediates of this reaction could be determined, the use of thgglazone and

38 Typical sgtheses of thioketone&%%5%° and dizo compound¥+%42for the use of a Barton Kelloggactions
are:

Lawesson’s reagent
or 1 ) N2H2
ﬁ\ P,Ss JSJ\ ﬁ\ 2.) MnO, or NiO, N

R?2 R" "R? R "R? R" "R2

R1
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mentioned intermediate could also yieldross coupled alkenessince the reaction kinetic of

subsequent steps will baltered asa higher cocentration of an intermediate is present from the
start (vide infrafor a concrete example).

Based onthe herein obtained resultscombined with the information from the thoroughly
performed literature research conducted chapter 2.2.1., a tentative nshanism of this reactiors
suggestedri Scheme45b. First the formation of pojsulfaned is assumegdas he optimized reaction
conditions like thesubstochiometricutilization of a base for the activation of sulfirs well as the
appearance o dark brown solutiofindicated this compound adeey intermediates for this reaction.
Simultaneously, the tosyl hyazoneA follows the typical steps for theformation of a diazo
compoundB known to take place in thBamfod-Sevens reaction It is firstdeprotonated by a base

and subsequentheliminatesp-toluenesulfinateto yield diazo compoun®. Then, diazo compoundé
extrudes nitrogerforming the benzhydryl carbené

base + Sg
© Cs( s
Tos Tos '/\:S/ 683 “base
NH base N N . " =
N’ - e — 1/\ 2 I >
. R R
| ® © R"OR2 N, © _s(_)s R R?
R1J\R2 -baseH o1 \po  -Tos .87 ésan_;base
A B Il 1l
path A l
S(.)S..©
base” 683 S: R! pR2 R?
R R n ] ] YR R N
o . | R (,{% R (\Slw RZ2 <~ v)(\\N
RZ R?2 O g/ s R® R? © S -N %Rz
-:8” és? “base R’ ? R’
p n+1 VI Y v
/base
Se
S
~/—
S
\

© ¢
. S/Sésansgbase R%'\@ +1

Vil

path B

Schemed5: Tentative mechanism for the formation of tetraphenyl ethyldhesing baseactivated sulfur as difunctional
reagent, namely C=S double bond formation with carbe@ad desulfurizationof thiiraneVI. 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 compoutibhnd carbenell might follow other reaction channels not leadirgyl,3,4thiadiazolel V.
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In a next step, the carberléis attacked immediately by the polysulfaheyielding the thioketonell
following the mechanism for a C=S double bond formation, explained thoroughly in chapter 2.2.1.
Thioketones usually exhibitstrong coloration due to their characteristie i transition of the C=S
double bond, absorbing light in the visible afé&For instance, the respective thioketones of
tosylhydrazonesherein usedwere reported to be dark blue, an unusual color for organic
compounds® Indeed, intense blue coloratiowas found during column chromatography of
product83.

In addition, producB3 was obtained as slightly blue solid instead of being coloPféss;en though
high purity of producB3 was shown by NMRpectroscopy gee Fgurel3) indicatng that the
thioketone intermediatdll seemed reasonable (for pictures see chapiiat.1). As the thioketondll

is formed it is in return caughtby the diazocompoundB, undergoing aBartonKellogy reaction
forming the 1,3,4hiadiazolelV. Then, the reported extrusion of nitrogen takes place under the
elevated temperatureforming a sulfur ylid&/ that undergoes four-electronelectrocyclization
yielding the thiiraneVvl. Finally, the polysulfanevasassumed to acés adesulfurizationreagentby
attacking the sulfur atom of the thiirand yielding the alkené. This stepcould possibly proceed
either in concertedfashionby retro [1+2] cycloadditionpath A, see Scheme45) or stepwiseunder
formation of a carbaniopolysulfane adducVIl (path B, seeScheme45).

This reactiorpathway might be very complex but reasonable indicadiare already present as the
formation of thediazocompound and the proceeding of the Bartéellog reactionare reported as
mentioned aboveunder similar conditions(elevated temperature, alkaline milieu). In addition, the
dark brown coloratiorduring the reaction and the intense blue coloration during wogkindicate
the presence of polysulfanes and thioketones. Neverhg] a thorough investigation of suitable test
experimentswould shed more light on this mechanisiBeveral hypothesized intermediatdike
diazo compound8 or thioketonesdlll, can be accessed by suitald#iernative synthesis protocols,
which allows arexperimental approach for the mechanism investigation by control experiments.
Since no time was left to furthenvestigate the mechanispsomereasonablecontrol reactions are
presentedin the followingin Scheme46, which could clearly identify the mechanism depicted in
Sheme4s.

First it has to be mentioned that the reaction should not take place in the absence of elemental
sulfur (seeSchemet6A). This is an important test reaction because it can also be hypatashat

the formed carbendl dimerizesto the productP, following the Wanzlick equilibrium without the
participation of sulfur or polysulfane®® This assumption has been confirmed by the time this thesis
was written°

Second, the respective diazo cpoundB appliedas starting material in the reaction instead of the
tosylhydrazoneA shouldalso yield the alken® (see Schemd6B).

39 The Wanitk equilibrium describes dimerization of two carbene species to form an alkene and was described
for N-heterocyclic carbene%*

R R R

N N N
[ = L=

N NN

R R R
40The control experiment described, namely the reaction of tosylhydraZzormad 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 @stigated 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 thiokéiawe
starting material for this reaction instead of the tosylhydrazéngsee Schemd6C). Since no diazo
compoundB would be present, no BartoKellogg reaction could take place atitis, no product
could be formed.

A D
2
Tos . . R1 R N 0.28 or subst. Sg
N’NH 1.20 eq. base R R N 1.20 eq. base R' R’
o S —
R1JI\R2 DMSO, 100°C  R2 R2 \;Rz DMSO, 100 °C~ R2 R?
A P v P
B E
0.28 Sg ] ] 0.28 or subst. Sg
FJ\Z 120eq.base R’ R R S R 1.20 eq. base R! iR1
R" "R? DMSO, 100°C  R2 R2 R? R  DMsO,100°C RZ R?
B P /| P
c
0.28 Sg

1.20 eq. base R'" R

S
K

1] P

R" "R? DMSO, 100°C  R2 R?2

Schene 46: Envisioned control experiments to validate the herein proposed reaction mectudrsformation of alken®
by conversion of tosylhydrazon&svith baseactivated elementasulfur.

It has to be noted that, assuming thiseohanism,deliberate addition of thioketones taa
tosylhydazone might yield a synthesis protocol for an alkene obtained by camspling As the
formation of the diazo compound is the first step o©éaction sequenceconverting the
tosylhydrazone, no furtheor only partialdecomposition to the carbene intermediatewould take
placein this casesincean additionalthioketone starting materiawould immediately react with the
formed diazo compoundThus, the polysulfankis notneeded for the thioketone formatiomut is
still relevant for thedesulfurizationstep.

As some 1,3fhiadiazoledV need elevated temperature for the extrusiti they could also be
synthesized and then tested as starting material for the reaction forming afié@ngsee

Sheme46D).** This control experiment would clearly underpin the reactiproceedingvia a

BartonKellogy pathway, since also other formations towards the thiirane could be envisidikedy

mediating of the polysulfankor viaa BiichneiCurtiusSchlotterbeck reactiopathway.*?

411,3,4thiadiazoledV can be obtained by performing a Barttellogg reaction with thioketondd and diazo
compoundsB in the absence of heat and a desulfigion reagent like PRhsee Scheme44). Alternatively
they can be obtained by formation of 1,3,4 thiazolidines from carbonyls, hydraaik hydrogen sulfide
followed by oxidation for instance witlead(IV) acetat&®®

42 For instancethe reaction of two carbenll with polysulfand:
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Finally, he respective thiirane/ shouldyield the product under the optimized reaction conditions
(seeheme46E).*® This would be the second crucial control experiment as it would clearly prove the
participation of activated sulfur aslesufurization reagent, which wasnot reported before
Moreover, since this reaction step does not consume the polysulfatie convesion of thiiraneV

or 1,3,4thiadiazole(see schemd6D and B) should be tested also with substoichometric amounts of
sulfurto obtain data about the catalytical character of polysulfamnethis reactionsequence

In general, thehypothesized pathway for alkene formation by using tosylhydrazones does not
consume sulfur because thioketone formation consumes one sulfur admreasdesulfurization
releases one. Stilthe screening experiments showed that an excess of sulfur isfioé@ie which
might be needed to convert formed carbene intermedialifast enough into the thioketoneldl and

thus, maintaining a low carbene concentration in the reaction mixture preventing side reactions like
the Wanzlickequilibrium.

Furthermore, iformation about the rate-determining step could be obtained from the
abovementioned control experiments. Two steps in the hypothesized mechardsmexpected to
need elevated temperature, namely tHermation of diazo compound and thiiraneV and thus,
could be potentially theate-determining step. To verify if the diazo compouiedmation is theone,
control experimen, if successfylshould be performed at lower temperaturdsee Ssheme46B).
Similarly, control experimerusing the thiirane/ as starting material should be performed at lower
temperatures as wel{see Sheme46 E). Further, wingthe deprotonated tosyhydrazond, diazo
formation was reported at lower temperatur@0 °C)indicating that the deprotonation s might
by the ratedetermining step3’ Thus, the deprotonatedosylhydrazone should be testedas
starting material for the reaction with sulfur and basd@wer temperatures. In additiordeuterated
tosyl hydrazile could be used to investigathe impact of the deprotonation stepf A by a basdor
the overall reaction kinetigia primarykinetic isotope effect!

Information about the stereoselectivity.e. cistransisomelism of the product, could be obtained by
using a suitable starting matial like 4methoxybenzophenoneomparing the ratio of the obtained

/—\ /\F\”;\RZ S 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?

B o — el

R’ R2 R R

4 ThiiraneV can be obtainedoy performing a Bartokellogg reaction in the absence of desulfurization
reagent like PP(seeScheme44).580

4 Since the mass difference betweendiogen and deuterium is large (deuterium has roughly the doubled
weight) a different kinetic behavior can be observed in a reaction comparingi dohd to a >0 bond 5 A
primary kinetic isotope effect describeéhereby the direct formation or braking of such bond in the reaction
pathway. In the mentioned reactigthe tosylhydrazoné\ is deprotonated hence thé\-H and ND bond would
be broken, respectively. Since thelNbond is stronger the reaction step would proceed sloami comparing
the rates with the NH bond braking would result ia primarykinetic isotope effect. This effect is rather small
and is usually observed when the respective reaction step isdatermining or at least contributes majorly to
the overall reaction rate.
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cis andtrans-product Thisshould be possible by+-NMRspectroscopysincethe methoxy groups of
the productsshould exhibit different chemical shifts.

Indication for thechemaselectivity of this reaction, irrespective to the actual reaction pathway, could
be obtained by the conversion of a ditosylhydrazosace this would result in a stegrowth
polymerization As a stefgrowth polymerization reaction only leads to high molecular weight when
the conversion of the respective functional groups is tdgl selectiveinsights about the degree of
side reactions could be extractéd.

Suitable analytic instruments further complementing tkhlata that can be obtained out of the
mentioned control experiments would be-tBchnigues like ONLINR. Thus, it could be possible to
follow the in situformation and conversion dhtermediates lile diazo compoundB as they exhibit
very specifivibrationalband*®

Concluding, a new reaction for the formation of tetraphenyl alkene derivatives was toyigdmo
coupling of benzophenone tosylhydrazonbkarvesting the versatile reactivity of sulfur activated by a
base. The reaction wamptimized andshown in a proof of concept on the example of two substrates
offering high yields while purification with flash column chromatography allowed fast isolafitme
product. The reaction is a promising extension of the toolbox available for chemists to transfer
carbonyl compounds and their derivatvento highly restricted alkenes like the McMurry or the
BartonKellogy reaction. Further investigations are rded to fully understand the reaction
mechanisms. For this casaiitable control experiments were suggested. In addition, the scope and
limits of the reaction should be investigated as well. For instance, highly sheritexrhanding
aliphatictosylhydrazoes like therespective one obtained froradamantan2-one, could besuitable
starting materials for the reactioras well*’ This reaction is envisioned to add a considerable

45 Stepgrowth polymerization is described/Carothers equatio:®3°

0p —2 L _

p 1 ¢no

While DP is the degree of polymerization, p the conversion and r the ratio between the functional grodp A an
B forming the polymer backbonahereasi  p. For instancein a polycondensation of a dicarboxylic acid and
a diol, functional group A would libe carboxylic acid and functional gro&pthe hydroxy group.
In case of the up mentioned reaction the respective functional groups would be the diazo companddhe
thioketonelll that react in a polyBarton-Kellogy reactionof an ABmonomer.

Tos Tos 0.56 Sg
HN . _NH 2.40 base N, S
N N

L) 2 i
R)\OJ\R 100 °C, DMSO

formal
AB-monomer

The Carothers equation describes an exponential grofeththe DPand is maximal if the conversion p is

guantitative and the ratio of functional groupsis one meaning equimolar ratio of the functional groups are

appled. This means for the umentioned reaction that the BartoKellogy reaction has to be very fast

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

functional groupwould beobtained.

46 For instancethe diazo compound from tosylhydrazo8@is reported to exhibit a specifidbrationalband at

around 202&n! that can be probablyelatedto the diazanethane grou*?

47In case of an adamayit 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 byBredt's rulé®®® The conformation of abridged multicyclic dphatic system like an adamarty

scaffold depicts low overlap of its bridge headed-spbital of the GH bond with an adjacent-prbital. 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 ongoingnvestigationson the topic of activation ofulfur by a baseincreasing

the potential application of polysulfane intermediatewhile delivering important mechanistic
insights.More generally, a new and efficient protocol for the synthesis of tetrasubstituted olefins
describes an important contribution tgeneral organic synthesis.

decreases with increasing ring size as the ring strain decreases as well and enolization is possible again for
bigger ring$#¢
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4.6 Polythisemicarbazones

The scope of the AMCRwasextended in this work by usingydrazinemonohydrateasthe amine
component yielding thiosemicarbazidesas shown in chapter 4.2on compoundl9. These
thiosemicarbazidegsorm imine groups with carbonyl groupsuch asaldehyde groups leading to
thiosemicarbazones. Since the literature about poly(thiosemicarbazone)s was scarce, a possible
step-growth polymerization approachetween dialdehydes and dithiosgcarbazideswhich has not

been applied yetwas envisioned to access novel sufontaining polymers.

This chapterand the associated parts in the experimental part have been published before:
oPolythiosemicarbazones by condensation of dithiosemicadeszand dialdehydés
R. NickischP. ConenM. A. R. MeierRS@/acromolecules2022, 55, 3267-3275

(The author planned and evaluated the experimemisote the publication established all synthesis
protocols synthesizing all polymers and aldehydesConencontributed to this workas aresearch
assistantby synthesizing the respective dithiosemicarbazides and performing thesc3&ing to
optimize the polymer synthesimder 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 -fiedyT®Cs,
SEKAOAGAY3I ayad dz2J G2 oy 151  Azstionpoeee&ds & robrh Ra 06 p
GSYLISNI GdzZNB FyR A& (GeLAOFHtfte FTAYAAKSR FTFGSNI wbo
broad moiety tolerance (aliphatic, cyclic, benzylic, and aromatic groups). Full characterization was
performed by proton and carbon NMRpectroscopy, IR spectroscopy, and size exclusion
chromatography, confirming the anticipated chemical structure of polyTSCs. Thermal analysis of the
polymers showed degradation starting @200 °C by decomposition of the TSC function. Glass
transitions w8 2yt & 20&aSNIBSR F2NJ L2t 8YSNE RSNAOSR TN
versatility of the reaction was underlined by the synthesis of five copolymers using different
dithiosemicarbazide monomers.

Results and Discussion
Monomer synthesis

While diatlehydes are commercially available, dithiosemicarbazides are®®hoEommonly,
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 thgmte

and carbon disulfide#0453058891 Tg avoid such reagents as far as possible, we used a
multicomponent reaction introduced by Mourabit et al. using isocyanide, amine, and elemental
sulfur, which forms the isothiocyanate in situ ultimately forming a thiodfed/e have recently
shown that hydrazine monohydrate can be used as an amine componehisi multicomponent
approach to obtain the thiosemicarbazide function (see chagt2rcompoundL9).>*2 We could not
avoid using hydrazine, but we were able to obtain reasonable to good yields using this procedure for
the monomers86-90 6 p p b ¥ ftzis nateworthy that the applied approach for the isocyanide
synthesis is an easy twgiep synthesis protocol, which can be performed Buatainable manner for
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aliphatic derivatives, leaving hydrazine as the only mijgic burden?®® Thus, the monomers can be
obtained quickly in three steps with good overall gge(see Schem@.8.6). The monomers bear a
nucleophilic Nkl group, which can react readily with suitable electrophildgrein aromatic
dialdehyde monomer8®® To evaluate the influence of different monomer structures on this
polycondensation reaction, five dithiosemibazides86-90 were synthesized bearing short and long
aliphatic chains, an aliphatic cycle, and benzylic as well as phenylic moieti€cezrel 7).

“ZN/IO/TSF\N““HJKO)LH N/IOI‘N
Q- ity O YO, O
88 89 90

n

x=10 (86),
4 (87)

Schemed7: Overview of the hereiinvestigated steggrowth approach between dithiosemicarbazides and dialdehydes.
Moieties that can be introduced by the herein introduced approach using dithiosemicarbazide mo&9€rare
indicated by the black sphere and aldehyde moieties by the ¢ipgoéd.

The aliphatic monomers36-89 were benchstable, but benzene thiosemicarbazi®® underwent
rapid decomposition in solution, probably due to the phenyl group activating the electrophilic center
of the thiosemicarbazide group, leading to an attakthe free NH group &ee chapter 6.8.7).
Consequently, no polymers could be obtained by using mon&ter

Optimization of Polymerization Conditions

As a test substrate for polymerizations, monon8é&was reacted with terephthaldehyd&l applying

typicd 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 reacti@onditions to obtain higer molecular weights. The most
important observations are summarized in Tap&(for the full screening results, sedapter6.8.8).
Because ethanol was not able to sufficiently dissolve the polymers at an increasing molecular weight,
other more polar arotic 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 high concentration (see Table 26,(eNA S& HbL p U d
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 reatin 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., reachinglaof 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 polymerP1 with an M, of 25.9 kDa and a dispersity of 1.73 (see Table 26, entryhg).
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
polyTS®1

Table26: screening of the polycondensation of mono®éand terephthalaldehyd@1.

s s ® ®

HZN‘NJ\N/M/\NJ\N/NHZ * O>\_©_‘/<O — HJ\H/\M\HJ\HNW\!_O_V//N

H H 1oH H H H  -2H,0 10 H H

86 91 P1 n

entry = solvent M T/°C Mn/kDaP Mu/kDa? 7P
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 90 155 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 15 r.t. 25.9 45.0 1.73

a) Concentration of monome@&6 and , respectively.)lDetermined by SEC using DMAc + 0.3 wt % LiBr as eluent after 2 h of
reaction time. CAfter workup.

Figure 15 depicts the proton andcarbon NMR spectra as well as the SEC curve of poRiner
Furthermore, a comparison of the proton NMR spectra of the amers is provided, showing that

the aldehyde signal at 10.13 ppm and the:Nfgnal of the thiosemicarbazide group at 4.43 ppm
were no longer observed for the polymer, indicating high conversion. Simultaneously, the
characteristic NH signals ofdlthiosenicarbazone 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 carbosS)Cat 176.82 ppm were observed. Finally, the IR
spedrum of P1a K2 g a { K S=N)ivibrafibrOdt 530 £ dnd bonds, which can be related to

the participation of the €S vibration at 1485, 1226, 1096, and 8315

Monomer Variation

With the optimized reaction conditions in hand, we investigated the possible scope of monomer
structures. MonomeB7 with C6 spacer reacted witl to polyTS®2with M, of 13 kDa after 2 h,
allowing full characterization (for further informatiovide infa). However, because monomegs

and 89 bear more rigid moieties, showing lower solubility in DMSO, the respective polycondensation
reactions with91 were considerably impeded. In the case of mono®&ronly oligomers wittM, of

1.6kDa could be obtainedsven after an elongated reaction time of 6 h, while monor8ied 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 tresnt
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 terephthaldg@hyde
sublimated under these conditions. However, the obtaiséerically demanding polyTSE8and P4

were not soluble, neithem 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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Figurel6, a comparisonfahe IR spectra of polyT3@, monomer89, and91 is shown exemplarily
(for polyTS®3 seechapter6.8.9).
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Figure15: (A) Comparison of proton NMR spectra of monoBt(top), terephthaldehyd®1 (middle), and polyTSE1
(bottom) in DMSe&6. The protons of the aldehyde and thiosemicarbazide groups have vanished (blue and red dashed line).
(B) Carbon NMR spectrum of polyFa@& DMSGds. (C) SEC curve of polyFa@ DMAc + 0.3 wt% LiBr after |fization.

(D) IR spectrum of polyTBC Adapted with permission from r&¥f Copyright(2022 American Cheiwal Society

The formation of polyTSB4A & 20 @A 2dzax |4 GKS | f RSKe@RS TFdzyoOi
stretching vibration at 1685 crh has nearly vanished in the spectrum of polyP3CThe same is

20 aSNIWSR P eibdticin &f $hediud mtensy of the thiosemicarbazide at 1615 Emproving

that a considerable degree of polymerization was achieved (thegeadp vibrations were of similar
intensities than those of other polyTSGegchapter6.8.10.). Furthermore, the typical bands of the
polyTSC at 1520, 1273, 1100, and 827'cms discussebtlefore, 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. Thupekiemed two additional tests:

() polycondensation of polyTS€3 and P4 applying an excess afldehyde 91 to obtain lower
molecular weight and thus, higher solubility in the applied solvents allowing SEC and NMR analysis;
(ii) copolymerization of mononre 88 and 89 each with well soluble monome86, 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 diald€iiydee obtained a
soluble oligomerO1 for monomer 89 (see chapter 6.8.11. NMR and SEC data), demonstrating the
formation of polymerP4, while monomei88yielded insoluble oligomed2

Copolymerization of Rigid Monomers

To further verify the formation of polyTS@4 and especiallfP3 as well as to evaluate the scope of
our established synthesis protocol, an -AA -BBtype co-polycondensation, using wesbluble
monomer86 and aldehyded1, was investigated. Therefore,fidirent ratios of monomeB8 or 89 to
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monomer 86, i.e. 70/30, 50/50, and 30/70, were used, while the amount of dialdehyale
corresponded to the overall amount of thiosemicarbazides applied, adjusting equimolarity of both
functional groups.

—— monomer 89
|
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Figure1l6: Comparison of ATRR absorbance spectra of monom8&g 91, and polyTS€4 The red dashed line corresponds

G2 GKD GaBNI GA2y 2F GKS GKA2aSYAOINDBITARS FdzyOilAz2y |yR (GKS
function.Adapted with permission from ré¥’ 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 polyR®PY and P8P11were in general
obtained in modersd (G2 3I22R & A tldRd trendl pvash gbseived dcomparing the
synthesized copolymers: the higher the amount of more soluble mono&@erthe higher the
molecular weight. All three copolymd?5P7 formed by using monome89 could be completely
characteized, as they could be all dissolved yielding molecular weights up tckD2.1Considering

the four copolymers of monomeB8, P8&P11 showed high dispersities because of a bimodal
distribution, indicating an inhomogeneous polymerization (see Fig812). Nevertheless by
decreasing the amount of incorporated monom®8, we obtained a high molecular weight of
30.9kDa forP11 One of the main aims of these copolycondensations was to provide further proof
that bulkier thiosemicarbazides can form polyT&€svell. Visual inspection showed that monomers

88 and 89 reacted in an early stage of the-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 homgoolymerization, respectively.

Table27: Copolymerization of rigid monome&8 and 89 with monomer86 and terephthaldehyd®1 in different ratios of
the dithiosemicarbazides

co-polyTSC Monomer feed Monomer Mn/kDa® | 79 | My/kDa®  7° | Yield/%)
ratio® compositior?

P5 8910 86 70/30 52:58 5.4 1.61| 6.2 1.95| 74

P6 89t0 8650/50 56:44 10.1 1.43|10.0 1.88 59

P7 89to 86 30/70 30:70 13.2 1.45| 12.1 1.76| 62

P8’ 8810 86 70/30 - 8.6 13.3] - - -

P9 88t0 86 50/50 - 13.2 753 - - -

P10" 8810 86 30/70 29:71 20.4 6.64| 22.4 5.53| 58

P11 8810 8610/90 9:91 22.0 1.40/ 30.9 143 | 84

a) The amount oB1was equal to the total amount of both thiosemicarbazides. DMSO, r.t., 3 h. b) DetermirfedNiVR,
as far as possible; see chapfB.5 ¢ SEC sample taken out of reaction mixtud¢.The polymer was not completely
soluble in the eluent (DMAc + 0.3 wt P4Br); however, an SEC sample was prepared of the soluble g)avtalue
corresponds to the purified polymer.

Furthermore, proton as well as carbon NMR spectroscopy and IR spectroscopy were performed
Figure 17 depicts the comparison of goolyTSCP7 and mlyTS@®1 exemplarily, evidencing the
successful incorporation of monom&e into the polymer backbone. The signals of polyrRdrare
clearlypresent in the NMR spectrum &f7. In addition, the respective signals arising from monomer

89 are visible é.g.at 7.31 and 4.82 ppm). Furthermore, the ratio of incorporated monoBtor 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 usekein t
respective reactions (foP10with the 30/70 monomer ratio, NMR revealed a ratio of 29/8ke
chapter6.8.9.for respectivecopolymers). In the case &5 a ratio of 52:48 was obtained which was
addressed to the high amount of bulky monon8Xxprobably 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 oliQdEaG O2

clearly verifying the tolerance of this reaction toward various moietiesaliphatic 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 condensatiomeactions, if enolizable; neverthelesthere are several benektable
aromatic dialdehydes accessilSf. Such side reactions were indeed observed for aliphatic
aldehydes, which were thus not further considered as suitable monomers. Thus, commercially
available biphenyh >-dicarboxaldehyde92 and 4 f(ethynel,2-diyl)dibenzaldehyde93 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 aldehydeswith monomers86 and 87, which yielded soluble polyTSC with aldehygle An
overview of all obtained soluble polyTSEE P2and P1215is givenin Table 28While P1and P2
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were formed rapidly at room temperature after 2 R1215 had to be further rea@d at 100°C and
500mbar for 17h before reaching higher molecular weights.

1 3 8j\,N N\iW\iN P
N 31 2 410104 2 ¢
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Figurel7: Comparisons of proton NMR spectraPdf(black) andP1(green) in DMS@s (signal at 3.33 ppm is water). The
signals arising from th®1ldomain (green colored in the structural formula) in the copolymer correspond to the respective
signals of polyTSEL Signals arising from ergtoups are marked with an asterisk.Adapted wih permission from ref”
Copyright (2022) American Chemical Society.

Furthermore, the polymers had precipted after completion of the reaction, and thus, an additional
amount of DMSO was applied to redissolve them before following the befenetioned workup.
Generally, all studied aldehydes polymerized well, thus significantly increasing the possible monome
scope. Interestingly, aldehy®S8 yielded the polymers with the highe#l,s. In general, good yields
ranging from 74 to 93% were obtained by this polycondensation (quantitative yields were obtained
for P3and P4). The loss in yield for some polymers cblle related to (i) partial solubility of
oligomers (especially when low molecular weights were obtainedP6and P7) and (ii) loss after
filtration. The second issue was negligible applying larger reaction scglbafth reactions were
applied for plymersPland P12 resulting in a yield of 98 and 92%, respectively; see ch&mes).

In the case oP1215, proton NMR spectroscopy revealed that the polymers still contamessidual
amount of DMSO; the largest amount, however, Rl5 was below 4vt %. Although several
purification methods have been evaluated, washing the polymers with water under reflux is
according to our experiments the most efficient purification method (skapter 6.8.13for full
investigation of purification possibilitiesd overview of purities).
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Table28: Overview of the molecular weight, dispersity, and yield of polyPE®2 andP1215 obtained by using different

dialdehydes. Adapted with permission from¥&fCopyright (2022) American Chieal Society.

monomer BB
0] 0| O O | o
SO~ | O HO—=
monomer AA o1 02 03
=) P12 P14
] < M,=25.9kDa | M,=17.0 kDa M,=38.1 kDa
i T . | Mu=45.0kDa | M4=30.8kDa M,=91.9 kDa
N HAMQH N 7=173 7=1.81 7=2.41
86 84% 87% 93%
P2 P13 P15
] . M,=13.2 kDa | M,=16.8 kDa M,=33.7 kDa
an. L 1 e | Mu=24.1 kDa | My=28.0kDa M,=76.7 kDa
S I A i TR 7=1.67 7=2.27
87 90% 90% 74%

Thermal Properties and pH Resistance of PolyTSCs

TGA experiments under nitrogen flow were conducteek( Tabl29 and Supporting Information TGA
curves of the respective polymer), revealing a cleandreall polymers show a first decomposition

a0SL) adlNIAy3 0SG6SSY wno FYR Hnp c/ I PNBAaz Ay 3
4SO02yR RSO2YLRaAlAZ2y adSLI FNxnasSa G atAakKite KA
similar weightt 23a® CAYylFf RSO2YLRAAGA Tgpokiniers lcépRioPB i onnb

(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 °CPfat for an overview of all
decomposition steps seehapter 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 decompositiasf 4-methoxybenzaldehyde cyclohexyl TSC was investigated in a
GGa{ YSIFadaNBYSyid ILILXe&Ay3d RSO2YLRaAGAZ2YyY O2yRAGAZ2
the detection of only cyclohexyl isothiocyanate aneméthoxybenzonitrile. This indicated an
extrusion of one molecule of ammonia per TSC function. Indeed, ammonia extrusion was also
detected for both decomposition steps by TG analysis oP1 and P13 which were measured
exemplarily (seechapter 6.8.15. Contrarily, the corresponding diisothiocyd®s 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 invigsttions.

Having the decomposition temperatures of all polymers in hand, we performed DSC arsdgsis (
Table29 andchapter6.8.5. for DSC curves of respective polymer). Most of the polymers exhibited no
phase transitions, underlining the strong supraewllar interactions present between the polymer
chains,e.g. hydrogen bonding by the TSC groups. PolyP$SZshowed the lowestly at 166 °C,
probably because of the more sterically demanding biphenyl group, impeding these intermolecular
interactions. The se of a shorter spacer iR13seemed to increase thdy; to an extent that the
decomposition temperature is reached first. FurthermoRe, exhibited aTy at 198 °C whereaR1,
bearing the longer spacer moiety, showed yat all. For both series of copolars, the same trend
could be extracted: by decreasing the amount of the bulky monor@8i@nd 89, Tgs were observed
(P7and P11lshowedTgs at 166 and 162 °C, respectively; note tR&t albeit containing the largest

144



Results and Discussion

amount of bulky monomeB9, has a lowerxperimentally determined content thaR6 see also
above).

Table 29: Overview of thermal properties of all synthesized polymers, ig8.,Obtained by DSC ard&composition
temperatures asvell asresidualweight by TGAnalysis

polymer | T/°C | 1%tdecomp./°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 homopolymerR1, P3 and P4 did not show thermal transitions. Concluding, polyTSCs
start decomposing at around 200 °C, bearingTa@n general as the decomposition temperature is
reached first. However, by implementing more rigid groups, polyTSCs with dglugh be obtained

and tailored. The stability of polyTSCs was determined qualitatively by applying aqueous acidic and
basic conditions for polymePl (pH = 0 and 14, respectively), as hydrolysis might be expected,
especially under acidic conditions. Interestingly, proton NMBRlyais showed no degradation after

24 h, even when elevated temperature (50 °C) and sonification were appliedi{spter 6.8.16.

Conclusion

Using dithiosemicarbazides and aromatic dialdehydes, polythiosemicarbazones (polyTSCs) could be
obtainedvia polycondensation, reaching high molecular weights ¢p 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, eydibenzylic) 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 pd8Cs, additional experiments were performed to confirm

the obtained IR data. Moreover, fiveo-polyTSCs incorporating two different dithiosemicarbazide
monomers were synthesized and fully characterized, which allowed precise adjustment of monomer
ratios aslong 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 twdo three-step process under extrusion of ammonla general, ndgs were
observed unless more bulky moieties were employed. The obtainegolyd@SCs allowed the
introduction of Tgs by using small amounts of sterically demanding cyclic or benzylic monomers
(Tlg=mcHbLMYH c / 0 ®Osynidsiy lapptodch offérk kasy access to the ofteed
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(TS@sderived membrang

In this work the goplication of the novel poly(TSC)s introduced in the previous chapter for
membrane formationand further the application of removal of transition metals from a water
streamwas investigatedThus, a brief overview of membrasand ther formation by norsolvent
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 mixtdres a liquid or gaseous strear?f>*°
Dependingon the pore sizedifferent separation mechanismere in operationfor instance by size
exclusionor Donnanexclusion (repulsion dbnsby fixedelectric chargesn the membrane)>%8:600.601

Gas separation on the other hanglies on the solubility and diffusioparameter of gase%?
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 productigtgbtained and iii) no regeneration of the
sorbent is needed® They are thus used in several chemical, biological and environmental fields like
electrodialysis, hemodialysisd membrane reactor®36%4

Membranes can be categorizadcording to their pore sizes and their resfpee permeability (vater
flux per transmembranepressure,see Table9).69%605606 \jcrofiltration (MF) membranesypically
havea pore sizerange of roughly 01-10um andare used for instancéor concentration of protein
solutions cell harvesting and clarification of fruit juice, beer and watehigh permeability of over
50 Lnf2hstbarst,803.697 yltrafiltration (UF) membranesan have pore sizes in the rang€0.5pum-1nm
anda permeability of 160 Lnf2hstharct.603.695.606Theyare used ine.g, pharmaceutical, chemical and
textile industry. Pore sizes smaller thanra are referred to asanofiltration (NF) or reverse osmosis
membranes (RO) which cédre used for desalination of water or removal of micropollutaatdow
permeabilities {.4-12 and0.051.4 Lnf*h<tbar, respectively)

Table30: Types ofnembrane filtrationprocesseand their respective pore size, pressand flux range03.605.606

membranes pore size pressure/bar permeability/ Lnf?hstbart
MF 10-0.1um 0.1-2.0 >50

UF 0.50.001pm 1.05.0 1050

NF <2nm 5.0-20 1.412

RO <lnm 10100 0.051.4

Membranes can be made from ceramiglass, metals or polymers using several different techniques
like stretching, sintering, tracktching, templateleaching or dip coatingf*¢%® One of the most
common used methodor the formation of asymmetric membranes bearindhan top layer, which
determines the separation properties and a porous -stiicture, is phase inversiaff36%
Precipitationof the membrane material and thus formation of the membragzan be achieved in a
dry or a wet tate by alteration of several parameters like temperatuselvent concentration by
evaporation, precipitation from the vapor phase; immersion in a coagulation baff{3% Among
these methods, themost usedone is the immersion precipitation process, which is also called
non-solvent inducedphase separatiofNIPS)and was used in this woror the formation of flat
sheet membrane&®

NIPS was first introduced by Loeb and Sourirgjathe 1960s and allowed the controlled formation
of a membrane from a polynmmesolution or dispersior(see Figure 18).6%3510 Therefore, a solution,
consisting of at least one polymén general 15 to 25wt}6! one goodorganicsolvent and possibly
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additional additives, is castedn a mechanical support like a glass platng a casting knif&?
Subsequently, the mechanical support containing the casted solution is put in a coagulation bath
consisting of a nogolvent that is miscible with the afipd solvent of the polymer solution and
possibly additional additive®%12613As a resultthe solvent of the polymer solutiostartsto diffuse

into the coagulation bathwhile the nonsolvent of the coagulation bath diffuses in the polymer
solution layer butto a smaller extentresulting in a shrinkage of the film thickné8$ Thus, the
concentration of the norsolvent in the polymer domain is increasehich ultimately leads tphase
separation,i.e. precipitation of thepolymer, forming the final membraneThe precipitationallows
the arrest of the polymer chains from this neaquilibrium processwhich determines the obtained
morphology of the membrane. Htarts always at the interfacial layer between polymer solution and
coagulation bathand the precipitation fronthen moves towards thanechanical support until the
polymer is completely precipitated.

The mechanisnof the phase separation is spatiotempoddpendat and due to the moving of the
precipitating front and the ongoing solvenbn-solvent exchange, the densities of the polymeaydr
are altered leading to an asymmetric membrane with thadensertop and porous sublayemhereby,
the rate of the precipitation process strongly influences the final morphology of the memif¥dne.
Fast precipitationgenerallyresultsin a rapid formation of afinely porous, thintop layer at the
interface of polymer solution and coagulation batkhile macrovoidsare formedin the sib-layer,
which often exhibit a fingelike morphology?*4 Thus, a porous su$tructure is obtained that leads to
a membranewith a hich water flux and low salt rejectioft? Contrarily, a low precipitation rate leads
to slow formation of a top layer at the interface taeen polymer solution and coagulation bath
resulting in a denser, spondi&e morphology of the membrane exhibiting a very dense top |&er.
Low water fluxes and high salt rejections are thus common for such membfttnes.

Several parameters can hbatered 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 rewivent) and thus, the use of a different solvenmt
non-solvent will result in different precipitation rate and in a different morphol&§yFurther, the
concentration of the respective components of the ternary system as well as the applied
temperature will alter the pecipitation. Finallyadditives like pore forming agents surfactantscan

be added to the polymer solutigyielding membranes with different morphologies and pore sizes.

Mixing Casting

=

Dope solution by Blade
Solvent~, » ' / - Film

/"\\ ‘ . .
Polymer /\)7‘—1 | ;

Non-solvent (water) Organic solvent

R l Membrane matrix

Figurel8: Schematic overview of the NIPS procesthe example oforming a porous membrane adapted from f&fThe
polymer is first completely dissolved in a suitable sdlaed then casted on a solid support using a casting knife. Then, the
polymer film with support isnmersedn a coagulation bath consisting of a nealvent.

Pores
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Typical characterization of a membrane is obtained by determination of its wated fuplume of
water/solutionV passed through the membrane per ardand timet) or permeabilityP (water fluxJ
per transmembranegpressurenp), measuring the amount of water passitiyough a membrane in a
certain amount of time at a certain pressuisee equatiorb).t®

5 O » (5)

m o0 o0 O

Furthermore, pictures of the top, bottom and crossection of a membrane by scanning electron
microscopy (SEM) providaluableinformation of the morphology of the crossection thickness of
the top layer, morphology of top layer and satsucture and can reveal structuradlefects. In
addition, atomic face and scanning force microscopy (AFM and Skl similar informationalso
providing dataon the friction force and surface roughne$2orosity and pore size distribution can be
further determined by porosimetryporometry or permporometry. Molecular weight cut off
(MWCO) experiments analyzed by iB8lysis alsgrovide information about the pore size and
which molecular weight is being fully retaind. Surface charge of thenembrane can be
determined by measuring the streaming potenfifll. Furthermore, analyses that are also used in
chemistry like IRand Ramarspectroscopy as well asecondary ion mass spectrometr$Ii3,
transmission electron microscopy TEM, energy dispersive -Kay spectoscopy EDX,
wavelengthdispersive Xay spectroscopy WDS, Auger electron spectroscopyAES$ and X-ray
diffractometry XRD are appliedto membranes to obtainmportant information, e.g. about the
elemental composition, chemical structure and chemitafesand structural ordef%

Poly(TSC) membranes by NIPS

To obtain membranes from poly(TSC)s by NIPS, polyWI8@} chosen since dffered the highest
solubilityin DMSO and NMP. Thusplymer solutiong5 g) with different weightpercentage of P1
(up to 20wt% of polymer)wvere prepared in DMSO and NMP, aodighly half of the solution was
used to cast a polymer fiimon a glass plate with a casting knifewving a gapof 400um.
Subsequently, the polymer filmnd the support werédmmersedin a coagulation bath consisting of
Milli-Q® water(1 L), forming the final membraneThe obtained membranes were washed several
timeswith water and their permeability was testeith a deadend configuratiorusing an Amicon de
setup (for detailed information about the setp seechapter6.9.2). A summary of the respective
permeabilities of the obtained poly(TSZ)membraness depicted in Figurd9:
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Figure19: Summary ofnembranes obtained by N&Pfrom polyTSEL solutions in DMSO (left, blue bars) and NMKN(
colorbars) at different weight percentages. In addition, their permeabilities and their respective error margins are depicted
which were obtained by measuring at least two different saspl
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In general, a fast precipitation (usually-§%) of the polymer was observed. Comparing the series of
membranes prepared with DMSO and NM&n expected trend is visible: with increasing
weightpercentage of polymercontent in the solution, denser membranes and thus, lower
permeabilities were obtained. Using a 20wt% DMSO solution of polipheesulted in a low
permeability of 0.3.nf?hs!bar!, while decreasing the polymer content to 15wt% yielded
permeability of roughly 2Lnf?hsbarst. Using NMP as solvent for polynfet led to similar
permeabilites(32-0.7 Lnf?hstbar) at lower polymer concentrationg9 to 10wt%)in comparison to
DMSO Membranes obtained from a polymer solution in NMP with a wejgdricentage of the
polymer higher than ten resulted in very dense membranes exhibitingvai@r permeability at all

(15 and 20wt% polymer solutions were testéitl 3 bar of applied pressutesee also below in
Figure20)," while lower weighipercentages(e.g. 7 and wt%) led to defective membranesin
addition, an uncommonly steep decrease of permeability was observed by increasing the polymer
content by only one percannamely from nine tden weight percent.Consideringhe variability
obtained from these measuremenisee error bars)using NMP asa 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 waspmpared to DMSO, even fastavhich was assigned to a higher migiaijp

of NMP and water. Thugnly slight changes in thexecutionof 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 fahe final membrane leading to the
observed high deviations in permeabilitie®n the other hand, using DMSO as solvent led to
reproducible results with thesole exception ofthe 15.5wt% solution It has to be noted that
TamiSolv® NxQN-putyl pyrrolidore) was tested as solvent as well, but brittle membranes were
obtained which broke immediately.

SEManalysis of the two series of membranm@derlinedthe observations® Figure20 depicts the
SEM images of thmembranes obtained by using DMSQaa®lvent exemplarily (for SEpictures of
the membranes obtained by using NMe chapte6.9.3).

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

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

48 The permeability tests were run for at least Bdurs, resulting in no flux.
4 Thepolymer castingsolutions in either DMSO or NMP were found to phase separate also upon standing on
air for a certain amount of timéseveral minutes)hecause the solve exchangeawith water vapor fromthe air
was already sufficient to induce precipitatioince, only small amounts of naolvent were enough to start
precipitation, it seemed reasonable that a delay in the immersion of the casted polymer solution ppatsu
and thus, longer solventon-solvent exchange with moist air could alter the final morphology of the
membrane. Further, by tilting the support upon immersiane part of the polymer film starts to phase
separate earlier and thus, an additional ppatation front is formed whichmoves 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 imaphology of the
membrane.
S0 All SEMpictures were taken by M. Irshad Baig, pdsictoral 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 byumpingan aqueous solution of dissolved compounds with known molecular wedght (
PEGs or dextranes) through the respective membrane collecting the permeate and the retentatmaBEG
of the samples as well as the sample of thepective feed solution allows the evaluation of the MWCO by
comparison of the SHEaces. 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 iejeeieg.
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rejection of Bovine Serum AlbumifBSA, 66.5Da) was found for the membranes obtained using
15wt%Pland DMSO. The membrane made from a 16wt% solutidtlai DMSO was further testl

for retention of smaller molecules with a mixture of PEGs-{kPa,see chaptef.9.5.), depicting an
incomplete rejection of 80%.

w% P1
top

Cross-
section

Figure20: SEMimagesof the membranesobtained using different weigkgercentages of polySCP1in DMSO as solvent.
Top and cross sections as well as zéomof the cross sections are depicted.

In addition, the same membrane was applied for salt rejection t&atith NaCl, Ne&SQ and MgCGJ
since the permeability of roughly l4rf2h<tbarst was in the range of pore sizes which can separate
salts byDonnanexclusion(such as NF membranesjowever, no rejection was found and thus,
streaming potential measureemts were performed to obtain insigh about the surface net charge
density" 9 of the membrane’

The membrane depicted a reasonable negative chaeesity (' “=-37.8mV) that should allow the
rejection of anions if the conditions for Donnan exclusion are giverpore sizes in the regioof NF
and no defects This result was reasonablsince the poly(TSC) group exhibén acidic proton
attached to the hydrazide moiety of the T8@up €hemical shift of the respective proton in a
'HNMRspectrum in DMS@i was 11.5Qpm* seealsoScheme48).

52 Similar tothe MWCO test, an aqueous solution containing the respective salt is pumpedigh the
respective membrane and the permeate and retentaee collected. Comparing the conductivity of the
samples and the feed solutioyields the regction 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 Baigjquistal
scientific researcher in the workingayp of Prof. de Vos at the University of Twente (Netherlands). The author
evaluated the obtained data.

S4For comparison: an aryl carkgic aid functionality likein benzoic acid exhibits a chemical shift of
12.96ppmin DMSCds.
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Schemel8: Schematic overview of tlieprotonationequilibrium in poly(TS@)LL

Considering) the incomplete rejection of the PEG solutjan the absence of salt rejection ani)

the negative charged surfacié was assumed that the membrane (16wt% polyrRéin DMSO}pore

a certain degree of defects. Thuanaller PEGs and salt ions cannotrbé&ined even though the
negativdy charged surface would facilitate the rejectiam the latter case at small pore sizes. This
was probably a result of the beforaentioned fast precipitation of the membrane in the NIPS
processThereby, the polymer chains located in the top layer of the polymer film have nearly no time
to relaxand, when being arrested by precipitation, a conformation could be obtained exhibiting high
mechanical stress that will ultimately lead to defe®@In addition, the sukstructure macrevoids

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 maanal is very close to the top surface can lead to
rupture and formation of a defect/piole upon applicéon in water pressure.

Water contact angle measurements showaddecent degree ohydrophilicity of the membranes
(angles 0f79.9° and 52.1° were obtained in NMP and DMSf@spectively seealso chapte.9.5).°

To summarize, using DMSO and NMP &gests and water asa non-solventfor a polymer solution

of P1, membranesvia NIPSwere obtained depicting permeabiligs in the range ofUF to RO
(32-0.3Lnt*hstbar!, compare Tabl®9). While NMP led to considerable deviation in the
permeabilities, DMSO was a suitable solvent for the membrane formafighretention of BSivas
obtained using a 15wt% solution of polynfetin DMSOfor membrane formation Furthermore,
streaming potentil 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 compoundseg.g. micropollutants) or salts were obtained as mokely defects were present.

By a thorough optimization of the NIPS process, slower precipitation gasisiblybe obtained, for
instance by using a mixture of DMSO or RMth water as norsolvent instead of pure waterThis

might allow the formation of dfectfree 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 saltsth membranesby Donnan exclusionin the NFregimeat low
permeabilities(1.4-12 Lnf?hstbarst, see Tabl9), the removal of salts by complexation bears some
advantagessince higher flux rates can be maintaineslithe separation process does not need small
pore sizesrelaying on a complexation sieving mechanifior instance, permeabilities of 180 to
467 Lnt?h<hart were reported with quantitative removal of metal¥$¢'° However, on the other
hand it is challenging to find a suitable polymer capablsufficient complexationwith metals while
delivering mechanically stability to allow application in a membrane prd¢&sghe TSGroup
exhibits in general a strong affinityo severa transition metalions like Cu, Zn, Au, Hand Nivia
several different anionic and neutral binding mod&sThesecomplexation reactions are reported to

55 All water contact angleneasurements were performed by M. Irshad Baig, mhsttoral 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 exam{3f&&2 Furthermore, similafunctional
groups,like thiourea and thiosemicarbazidesre known toremove metal ions like Au or Hg with
high sensitivities and selectivities froagueoussolutions®®®® Thus, it was envisioned to use the
obtained pdy(TSC) membranes for the removal of transition meébalks from an aqueous solution
(seeFigure21).

polluted water
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Figure21: Envisioned water purification using poly(TBOnembrane. 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. lgeawily the pure water (white spheres) to pass
through the membrane. In addition, the complexation of the rhitasby the TS@roups is shown exemplarily by a neutral

and anionic chelatioon therighthand side.

In a first batch removal experimers,cn? of poly(TSCP1membranemade from a 9.5wt% polymer
solution in NMPwas immersed irb mL ofan aqueous solution of 1.28M salts®® Therefore,ZnCJ,
CuCf2H,0 and AgN®were chosen as suitable test substratsd the membrane waput in the
solution forfive days under shakingubsequently, a sample wégaken from the solution and ion
concentration was determined by ion chromatograpffe results are depicteid Table30:

Table 31: Removal rates ofpoly(TSC) membrane faZnCl, CuCGF2H,O and AgN® solutions measured by ion
chromatography.

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

ZnC} 5 0 0.04 0.3

CuCl*2H,0 23 4 0.18 1.2

AgNQ 45 34 0.45 23

a) 8cm? of poly(TSOP1membrane were immersed infaL of an aqueous solution of the respective sef$dlt)=1.25mM)
and wereshakenfor five days at room temperaturd) Value was determined by dividing the amount of removed metal
cation by theamount of used TSC functional growgssuming successful complexation is obtaimgtth one TSC group per
metal ion

568 cn roughly equaled25 mg of membranematerial and thusdepicted a considerable excess of functional
groups which could potentially bind the metal ions
e O G uw"Q
€ YYO = C o C PpPpRIEQ
v ”- TTRETEE &
Where M@1) is the mass of the monomer unithile the overallamourt of salt was:

Cr s A aaea
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Nearly no removal of zinc was obtained, while copper ions wemsovedto an extent 0f23%. The
highest removal rate was obtained by usingN& with 53%. Thus, 05umol of silver ionsvere
removed per square centimeter tfie membraneby complexation o2.3% ofthe TSGnoieties Since
not all TS&@roups present in the membrane are accessible for the metal ibnan be expected that
the percentage of the TS@roups available for complexation is smalurthermore similar values
were reported for membranes which were applied for metal removakhile also higher values like
15% were reportec®’ Since the highest removal rate was obtaineidh AgNQ, the kinetic of the
batch adsorption experiment was monitorddr membranes made from polymer casting solutions
with different weightpercentages of polymer using DMSO or NMP as so(gestFigure®2).

Agr-removal of poly(TSC) membranes NO;-removal of poly(TSC) membranes
55 55
45 . 45
S 35 S 35
g g
3 25 8 25
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——9.5W%NMP —+-20w%NMP —-15.5w%DMSO ——9.5W%NMP —-20w%NMP —e-15.5w%DMSO

Figure22: Knetic of the batch removal of AgN®y poly(TS@®1membranes made from different polymer casting solutions
using DMSO or NMP as solveBfcn? of the respective membrane was put in BQ of an aqueous salt solution
(c(AgNQ)=1.25mM).

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,rédmeoval of theNGs-ions was more
pronounced for the membrane obtained from a 9.5wt% polymer solution in NMBcomplexation

rate of thesilverionswascomparable over timegdor instanceafter one daythe membrane made
from 9.5wt% polymer solution in MP reached a removal rate for silver ions of 18%. Still, by
comparing the removal rates of silver ions for smaller time framesn be seenhat a certain error
marginis present fothe experimenti.e. negative values obtained after six houmhis wa because

the ion chromatography analysis was performed at the lower resolution limit of the respective ion
concentrations’® For more detailed investigations of the kinetiof the ion removal different
analysis like inductively coupled plasma optical ission spectroscopy should be applf@d.
Nevertheless,a clear trend can be obtained ithe batch removal experiment analyzed by ion
chromatographyerifying metal ions that exhibitlsigh compéxation affinityfor TS@roups

Comparing the obtained results of the batch removal experiments, metal ions and their counterions
were not removed in the sammtio. For instance, whereas silver ions were removed by 45% after
five days using a membrane & from 9.5wt% polymer casting solution in NMP, thes @ was

only removed by 34%sée Table0). This difference indicated the presence of anionic and neutral
binding of the metal ion (see Schem®). A neutral complexation also leads to thiichiomeric

5"For instance Peinemannet al. reported the application of poly(thiosemicarbazjdefor the removal of
copper and gold ionsbtaining active groups af.7 and 15%, respectively (calculation were according to the
calculation in Tabl&0, data was extracted from the respective pap&#).

58 The resolution limit fothe respective salt was determined by measuring samples with the concentrations 5,
2.5, 1.25, 0.625 and 0.318M on the ion chromatographyEvaluation showed that lineatependencyof the
integral values of the chromatography sign andthe concentration wasmaintained for concentration of
1.25mM or higher.
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removal of N@ ion, since chargeneutrality has to be maintained, while an anionic TBQp
substitutes the N@-ion under release of nitric acid.
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Schemel9: Schematic overview tfe neutral(A) and anionic(B) chelationof a metal salt (MX) by poly(TS%)

Since the streaming potential of the poly(T®Cmembrane revealed a negative surface chatbe
presence of an anionic binding mode seemed reasandBlirthermore, anionic binding should lead
to a pHdrop of the aqueous solution since an acid is released. Indeed, a decrease of-tadupH
from 6 (corresponds to the pialue of MilliQ® water) to approximately 3.5 for the batch removal of
AgNQ and C€bk*2H,Owas determined using ghper.This assumption was further underpinned by
the reaction of poly(TS®L1 with AgNQ@, ZnGl and CuGt2HO in DMSO. The resulting
metallopolymer complexes were analyzed bysfirectroscopydepicting typical vibrational bonds for
neutral and anionic TSC complexatised chapte6.9.7).

In a next step, the removal of Aghl®as investigated in a dynamic flow agt as a proof of concept.
Therefore, thedeadend Amicon cell seup used for @termination of the permeabilities of the
membranes was applied. Thus, 20 of a 1.2%5nM AgNQ aqueous solution was pumped through
poly(TSC) membrane of B made from a 16wt% polymer solution in DMSRo drop in
permeability was visible uting the experiment. Successful, removal of silver ions could already be
seen byvisual observationas the yellow membrane turnedarkeron the surface, while théottom
side remainedsellow Gee chaptel.9.8.for pictures).Since the setip did not allow applicéabn of a
larger membranes the removed percentageof silver ions was too low to be detected by ion
chromatography because of the mentionedesolution limit>® Therefore, EDXand streaming
potential analysiswere chosen asuitablemethod to determine the content of silver ions after the
experiments.

Due tothe complexation of the cationgy the TS@jroup, it was expected that the surface charge of
the membrane would be less negative after the filtration. Indeed, a reduced negative charge
of -22.9mV was obtainedor a membrane casted by using a 15wt% polymer solution in DMSO
(membrane not being expesl to AgN® had a negative charge of-37.8mV, vide suprq For

S For the batch kinetic rate experiment 207 membrane were applied, thus since different membrane
depicted similar removal rates, a removal rate of roughly 9% was expeote8.§cnm? assuming that the
contact time with the membrane was sufficient for the complexation.
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comparison, immersion od membranemade from a 16wt% polymer solution in DM80a high
concentrated, agueous AgNG®olution E(AgNQ)=17.9mM) for two days yielded a similgreduced
negatve charge of-24.2mV, indicating that the contact time in the flow experiment allowed
sufficient complexation of the silver ions. In additidhe EDX measurement clearly showed the
presence of silver ions the membrane(see Tabl&1).%° Similarweight-percentages of silver were
obtained for the top and bottom layer as well as in the crssstion (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 pashe more porous sub structur@nd thus, the presence of silvans in

the CSas well as the bottom layer proves that the removal of the salt proceeded not by size exclusion
but complexation For further comparison, the befomentioned membrane, which & immersed

in a AgN® solution, depicted a higher amount obound silver ions of 336wt% (for further
information about the EDXpectra and the respective SEhttures see chaptes.9.9).

Table32: Weightpercentages of the eleemts C, N, O, S and Ag obtained doty(TSCjnembranesexposed to silver in

different proceduredby ED>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(TSCjnembrane | layer Clwt% N/wt% O/wt% Siwt% Ag/wt%

16wt%in DMSO top 73 2 1 21 3
CS 72 2 2 23 2
bottom | 71 4. 1 25 0
16wt%in DMSQafter | top 55 13 2 18 12
removal of AgNGY CS 58 7 3 18 14
bottom | 59 15 1 16 8
16wt%in DMSQafter | top 45 7 1 10 36
immersion in AQN@& | CS 44 0 5 19 33
bottom | 46 0 2 18 35
15wt% in DMS© top 69 1 1 19 9
exposed toAgNQ and | CS 77 0 1 22 0
immersed in water for | bottom @ 73 2 1 24 0
desaption®

a) Membrane was exposed to 20L of anaqueous 1.25nM AgNQ solution in a deadgnd Amicon cell setp. b)
Membrane was immersed inllof an aqueous 17/@9M AgNQ solution for two daysc) Membrane was exposed to 20L
of an aqueous 1.2M AgNQ@ solution in a deagend Amicon cell setip. Subsequently, the membrane was put in canls
of water for seven days. The water was exchanged three timestbiggreriod.

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

Thedesorption of the complexed silver ionis crucial for a reasonable application of the poly(TSC)
membranes for the removal of silver ions from a water streailfowing their repetitive utilization.
Thus, amembraneobtained using a 15wt% polymer solution dMSOwas exposed to a 1.25M
AgNQ solution in a deagbnd Amicon cell saetip and subsequently put in ca.rBL of water for seven
days. During this time, the water was danged three times and afterwards the amount of silver
ions was determined by EEaXalysis(see Tabl&1). The top layerstill depicted the presence of
silver, while the bottom layer and the CS depicted no remaining silVaus, the desorption of the
complexed silver ions could lpartly performedby immersion in waterlt seemedreasonable that
the desorption rate of the subtructure 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. Concludingthe desorption studés should be further investigated to confirtie

50 All EDXmeasurements were performed by M. Irshad Baig, mhmttoral scientific researcher in the working
group of Prof. de Vos at the UniversityTofiente (Netherlands). The author evaluated the obtained data.
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desorption of silver ions by immersion in watém addition, different pHralues should be tested for
the desorptionexperimentof the silverions.Since, the complexation of the metal proceeded at least
partly under release of a protorvide suprg, it seemed reasonable that a low pidlue €.9.pH=0
using an aqueous M HCI solution) might lead to complete and/or faster desorption as the
equilibrium of the compleon reaction is shifted towards the freeetal ions(seeSchemei9B).

Lastly, it was attempted to obtain a poly(T®@GNQ membrane by NIPS usinth and 16vt%
polymer solution in DMSO anan aqueous AgN{Osolution (c(AgNQ)=17.9mM) as norsolvent,
instead of MiliQ® water.Thus, it was expecteto obtain poly(TSC) membranes bearing a higher
charge density on the surface (presence of anionicg8@ps and the metal counterion) that could
result in an improved retention of salts byoBnan exclusion. Furthermore, silver satiften depict
antimicrobial properties, which could prevent biofoulifgThe obtained membrane showed a
different coloration (brown instead of yellovend asurface net charge ainly -10.2mV, which was
less negative than the membranes treated with AgN@lutions (inbatch or flow experiments). This
seemedreasonable, since the silver ions can diffuse inside the polymer film during the precipitation
process and thus, can access more-g®aps in solution compared to a finished, solid membrane.
However, therigidity of the membrane strongly increased amdro permeability was obtained after
two days in theAmicon cellsetupat 3bar water pressureThe altered properties were assigned to
the complexation of the silver ions, which could afesm cross linking by doubleeutral or
neutralanionic bonding of two TS@oups. Thus, the rigidity is increased and pore sizes of
membraneswith a certain weighfpercentage of polymeare decreased snce the polymers are
restricted in their separatioduring the precipitation byhe crosslinking.

In conclusionremoval of copper and silver ions by the use of a poly(TSC) membrane was shown by
batch removal experimentsvhile the affinity for silver was higher (2.3% active TSC groups for silver
compared to 1.2% for copper). In atidns, anionic binding of the TSC groups was proven by
streaming potential, pHalue and IR measurementsvhile neutral binding modes were also
indicatedby IR and batch removal experiments. Finally, simeremoval was successfully proven in

a flow séup by streaming potential and EDX measurements confirmingudesof complexation by
TSEunctional groups as separation mechanigfurther applications of the poly(TSC) membranes
can be envisioned in the field gfansition metalion removal from waste \ater, since several other
metals could exhibit an even higher affinity for this functional growtile a first desorption
experiment for reuse of the membrane was also promising.

51 Theperformance 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 ofnémmbrane®*’ Fouling can occur du®

several mechanism and describes in general the fact that an inorganic, organic or biological compound will stick
to the surfaceof a membrane, where it will alter the performance of the membrane. Ultimately, fouling can
lead to rapid decline in fluxof the membraneover time and thus, the membranehas to be cleaned or
discaded. For instance, biofouling is a common fouling type due toatt®imulation of microorganision the
membrane surfacewhich can be decreased by the use of antimicrotsiambranes®®
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5 Conclusion and Outlook

In this work, a more sustainable isocyanide synthesis was establishedpuiEstt), a waste product

from the saccharin synthesis, as dehydration reagent, which is less toxic than common ones like
POGd], phosgene or its derivatives. Thus, reterically hindered monoand diN-formamides were
converted to the respective isocyanides in high yielgs to 98% using a feasible reaction sep.

The Efactor was thereby decreased strongly compared to commatgdures (down t&.45), since
extraction and washing could be applied as sole purification letaging toa high purity underlined

by the high molecular weights obtainéibm such isocyanides in aFCPR

This synthesis protocol has a strong positim@act on the overall sustainability of isocyanioesed
reactiors like IMCR, since their degree of sustainability is typically diminished by synthesis of the
respective isocyanide starting materiéls a resulbf the more sustainable isocyanide synthesie
AM-3CR using isocyanides, amines and elemental sulfur allowed the synthesis of thioureagén a mo
sustainable fashion. Furthermoréhe use of elemental sulfur, a waste product of the petroleum
industry, as a starting material is desired and ghaification of the product was typically performed

by recrystallization and filtration.

Using the more sustainable ABCCRapproach for the synthesis of thioureaes library of known and
unknown thioureas was synthesizadvestigating their catalytic actiyi and thus, their application

as organocdalyst. It was shown that the AMCRallowed an easy access to several thiourea
compounds bearing aliphatic, cyclic, benzylic and aromatic moieties. However, moieties that were
prone to activate the thiourea funainal group resulting in catalytic activityj.e.
electronwithdrawing aromatic motifs, proved to be challenging in their usenrAM-3CR Due to

the mechanism of the reaction, the electraeficient aromatic moiety could only be introduced by

the isocyanide componerdnd thusthe use of toxic dehydration agents like PQO@is necessarfor

the isocyanide synthesis. In addition, the respective isocyanide is also activated by the moiety and
thus, highly reactive to moisture decreasing the yield amgheding the purification. Still, two
thioureas bearing novel activation moietieise. isophthalicacid ester ang-alkylsulfonyl groups,

were synthesized and depicted similar catalytic activity thoureas with the often used
3,5-bis(trifluoromethyl)phetyl group in an Ugi reaction as well as a carbonate ring opening reaction.
Compared to the latter activation motithe isophthalicacid ester and thealkylsulfonyl groupsan

be tailored in their solubility by introduction of different moieties, for insta 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 organa@talysis ofreactions that could not be catalyzed before due to
solubility or concentration issues.

Novelpolymeric thiourea catalysts were envisioneearing the investigated activation motifs. A high
overall sustainabilitywas expected foisuch recyclale catalysts even considering the drawbacks
mentioned for the thiourea synthesis using an AR Three different approaches were tested.

First a polycondensation approach with an isophthalicacidester thiourea compoundyieéed

insufficient conversios for a stepgrowth polymerization reaction. The reaction was thoroughly

optimized and severakide reactions (decomposition of the thiourea group and formation of
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thionocarbamate acting as chagtopper) wereconfirmed which ultimately makes this approla
non applicable.

A second approach using a pdlitiotEne reactionrelied again on the isophthalicacidester motifut

led to insufficient conversions as well. Typical phatothermally initiated radical starters like AIBN

and DMPA werénsufficient, even in high amounts (up to 560l1% 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 seeoneel fess
promising.

A third approachbased onthe ROMP of a norbornene thiourea compouddpicted rearly full
conversion ofa thiourea containingnorbornene using a Grubbs second generation catalyst after only
two hours at 44C Thus,this living polymerizatiorapproachwas superior compared to the other
two step-growth approachesFurthermore, it was shown that several parameters of the starting
material can be altexd (chemical structure and length of thepacer between thiourea and
norbomene, exo/endo reactivity of norbornene,activation motif for the thiourea compound)
allowinga broad scope of optimization in terms of solubilégd recyclabilityf the polymer. The use

of comonomers like norbornene and cycloocteted to a faster conegrsion of the thiourea
norbornene (full conversion after one houwhile in addition, the solubility could be further altered.
Nevertheless no purification process could be established in the time frame f Work to fully
verify the proof of conceptdr the ROMP approadby obtaining a pure polymestill, the underlined
high degree of tailorability of this approach is expected to have the potential for the synthesis of
recyclablehomogenous and heterogeneoysolymericthiourea organocatalysts

An nvestigation on the reaction mechanism of the A@RIled 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 thi@ucould be impeded obtaining
isothiocyanates as main product in the reaction. Thus, a more sustaisgiileesis protocol for the
formation of isothiocyanates by sulfurization of isocyanides with elemental sulfur was established.
The feasibility and funanal group tolerance of the reaction was underpinned by the synthesis of 20
isothiocyanates in yields up to 95% andaEtors down to 0.989 (not including waste produced by
the workup). Furthermore, Cyrene and GBL were applied as greener solvents far sulfur
activation compared to typical solvesilike DMSO and DMFRFhe purification was optimized in terms

of sustainability using a short flash column chromatography as sole purification step obtaining the
products in high puritfyield up to 95%)Condiering that isocyanides were accessibliathe more
sustainable approach also presented in this work, the overall degree of sustainability for the
three-step synthesis of isothiocyanates starting from amin@sformylation, isocyanides and
isothiocyanate synthesis)was highly increased avoiding toxic compounds like Q@bsgene,
thiophosgene and carbon disulfidEinally, @en thoughisothiocyanate ardypically obtained inan
one-step reaction from aminedt is expected that this new route is competitive compared to the
classic approached concerning tlogver overall toxicity.

Further mechanistical investigations on the C=S double bond formation ofaesisated sulfur and
carbene or carbenéike functiond group were conducted using benzhydryl carbenobtined from

the respective tosylhydrazonegven though thioketones were expected to be the obtained product
in this reaction,two tetraarylethylenes were obtained in high yieldster optimization of the
reaction conditionsdue to formal homo coupling of two benzhydryl moietiéd7 and 92%
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respectively). Thus, this reaction offers the access to tetra substituted olefines and is considered to
exterd the toolbox for the synthesis of such compounds besigextions like the McMurry and the
BartonKellogg 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 assumptiothat a BartonKellogglike reaction mechanism seemed to be reasonable.
Besides, several further experiments were suggested to fully validate the proposed reaction
mechanismFull understanding of the reaction mechanism might also lead to the establishwhent
hetero coupling of two different tosyl hydrazones.

Finally, novel sulfucontaining polymes, i.e. poly(TSC) were obtained by stegrowth
polymerization of dialdehydes and dithiosemicarbazides. The latenomerswere obtained by
extending the scpe of the AM3CR using hydrazine monohydrate as amine comporignis, eight
poly(TSC)s and five -poly(TSC)wvere obtainedby reacting two different dithiosemicarazides with
dialdehyde componentin good to excellent yields (583%). In addition, high plecular weights
were obtained (up to 3&Da) and the polymers were fully characterized by NMR, SEG DSE
TGAanalysis. These polymers were envisioned to haveewsatile potential of application for
instance due to the intrinsic complexation ahyl of the TS&roups Transition metals such as
palladium that are prone to catalyze several different reactidik& coupling reactionscould be
complexated yieldingecyclable catalysts.

Thus,asymmetric poly(TSC) membranes were formed by using tR& MrocesPermeabilities in

the range of UF to RO were obtained using DMSO and NMP as s@2eh8(nh*bar?). In
addition, the membranes depicted full retention of high molecular weight compounds like BSA. No
salt rejection of removal of micropollutants wabserved,probably due to the presence of defects.
Nevertheless, the removal of silver and copper ions slaown in a batch removal experiment and a
proof of concept for the removal of silver ions inl@adend dynamic flow seup was also confirmed
usinga chelation mechanismiurthermore, first experiments showed that desorption of the silver
ions from the membrane seemed to bdeasible An optimized washing procedure for the
membranes could yield a protocol that allsviora competitive use of the poly(TSC) membranes for
the removal of transition metals in a water stream.

The several parts of this work aldy highlight the versatility of basactivated sulfur not only as
starting material but also as mediating agents obtaining several difféftendtional groupswhile

sulfur can be incorporated in small molecules but also polymers. It is expected thpotietial 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 abundgmonttoxic waste product is currently underused compared to its
scope of application.
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6 Experimental Section

6.1 Instrumentation

Nuclear Magnetic Resonan@pectroscopy (NMR)

1H- and 13GNMR spectra were recorded on BRUKER Avance DPX spectrometers (Billerica, MA) with du8l
proton/carbon probe (300 and 400 MHz) and on a Bruker Avance IIl with a 5-gnadieznt 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 1HMR spectra was reported in parts per million (ppm) and referenced to charactesidtient signals of

partly deuterated solvente.g.CDGlat 7.26 ppm. 13®/R spectra were reported in ppm relative to characteristic signals of
partly deuterated solvents.g.the centroid peak of the CD@tiplet at 77.2ppm. The spin multiplicity ancberesponding

signal patterns were abbreviated as follows: s = singlet, d = doublet, t = triplet, g = quartet, quint. = quintet, setdt,= se

m = multiplet and br = broad signal. Coupling constahtsere noted in Hz. Furthermore, 2ZBMR methods,e.qg.
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 elucidationlf 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
fro0SftfSR gAlK BKCD2YIBLIDZRATE NAVISENT sAKIK | LILISYRAE 606¢é¢ | yR az 2y

Mass Spectrometry (MS):

Fastatom-bombardment (FAB) and electron ionization (El) spectra were recorded utilizing a Finnigan MAT 95 mass
spectrometer. A Q Exactive (Orbitrap) mass spectrometer (Thermo Fislesttifs, San Jose, CA, USA) equipped with a

HESI Il probe was employed to record high resolution electrospray ionigst®ESMS). Calibration was carried out in

the m/z range 741,822 using premixed calibration solutions (Thermo Fisher Scientiftgngtant spray voltage of 4.7 kV

and a dimensionless sheath gas of 5 were employed. TlBrsSRF level was set to 62.0, while the capillary temperature

gla asa G2 wpn c/ ® it FYLX Sa 6SNB RA&az2f 38RMebH (3:2) 02y OSy

a
R2LISR gAGK mnn >Y2f a2RAdzY GNARFE dzNRI OSGFGS FyR Ay2aSOGSR 47
Infrared Spectroscopy (IR):

Infrared spectra (IR) were recorded on a BRUKER lphstrument applying AFRechnology (ATR = Attenuated Total
Reflection) m a frequency range from 3998 to 374 -dm 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

Fouriertransform irfrared (FTIR) spectroscopy was conducted usil@pectrum Two (Perkin Elmer, USA) in attenuated
total reflectance mode ithe wavenumber range 600 to 4000 €m

Gas Chromatography (GC):

Gas chromatography (GC) was performed on a Bruker 430 GC instruquipped with capillary column FactorFourTM-VF

5 ms (30.0 m x 0.25 mm x 0.25 pum), using flame ionization detection (FID). The oven temperature program was: initial
temperature 95 °C, hold for 1 min, ramp at 15°C-ftim 220 °C, hold for 4 min, ramp at 15%in? to 300 °C, hold for 2

min, ramp at 15°C mit to 325 °C, hold for 3 min. Measurements were performed in-split mode using nitrogen as the
carrier gas (flow rate 30 mL niip

Size Exclusion Chromatography (SEC):

A PSS SECcurity2 Giy€tem based on Agilent infinity 1260 Il hardware. The system is equipped with a refractive index
RSGSOG2NI {9/ Odz2NAG&u wLZXZ | O2ftdzYy 2@0Sy Go.A20{9/ Odz2NA{Geu (
Fdzi2al YL SNE A &2 ONI G AdzYWiz¥PLI ¢d {C9 /6T dzNRs( &Nd (ASa MONA[KAYG Yy 0 | G on
FylFfteaAra ol a LISNF2N¥SR daAAy3 (GKS F2tt2gAy3a 02t &MgooMeadasSyy
gAUK  t{{ {5+ Iyl fte&idAaOl3. ForiNsabrationzigirowd limearspdiImethyh mekhacrylate) Y'Y
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
SHIMADA isocratic pump (L20AD), a SHIMADZU refractive index detector (24°CY2@8R a SHIMADZU autosampler

(SIE20A) and a VARIAN column oven (510, 50°C). For separation, athuesn setup was used with one SDV 3 um, 8x50

mm precolumn and two SDV 3 Q@b A, 3x300 mm columns supplied by PSS, Germany. Tetrahydrofuran (THF) stabilized
GAGK npn LI odziefl SR K& RNERE e (A DRIEHYWSs used dt & flow natebap ariimin & dzLILIE A
Calibration was carried out by injection of eight rawrpolymethylmethacrylate standards ranging from 102 to 58300 kDa.

SEC measurements were performed in HFIP containing 0.1 wt% potassium trifluoroacetate with Tosoh EGESEC HLC
SEC system. The solvent flow was 0.40 ml-1mah 30 °C and theoncentration of the samples was 1 mg rlin The

analysis was performed on a threelumn system: PSS PFG Micro precolumn (3.0 x 0.46 cm, 10000 A), PSS PFG Micro (25.0
x 0.46 c¢cm, 1000 A) and PSS PFG Micro (25.0 x 0.46 cm, 100 A). The system was edtibrttedr poly(methyl
methacrylate) standards (Polymer Standard Service, Mp:9B12kDa).

SEC measurements were performed on a Polymer Laborator€PL50 Plus Integrated System with an autosampler. The

system was equipped with a PLgahb beadsiz guardcolumné pn R T ®p YYO0SX gKAOK gl & FT2tft26
Mixed/ O2f dzy¥ya | yR 2 yBcolunjn 80 x 7.6 mm)YandadifédeRtial refractive index deteEmrthe
measurementsDMAc was used as eluent containing @% LiBr and aressure of 1ImL/min at 50C was appliedThe

number average molar masklf), the weight average molar masbi() and the masslistributior/dispersity (B=Mw/Mp) of

the polymers were determined using a calibration liofear poly(ethyl methacrylat¢ standards ranging from 476 to

2.5x10 g moll. The polymer samples were dissolved at a concentration of 2 nigmthe eluent and filtered over a 0.2 |

filter prior to the measurementSignals lower than 1009 mot! correspond to solvent signal.

SEC measurements were performed orAgilent 1200/1260 Infinity GPC/SEC series, Polymer Standards Service data
centerand column compartment. M@ ultrapure water contaiimg 50 mg-# NaN; was used as the eluent atflaw rate of

1 mL-mi#t through the SECO2 f dzYy o6mn>Y t 2t @YSNJ {dGFyRIFINRa {SNWBAOS { dzZLINBY
connected in series)

Dynamic scanning calorimetry (DSC):

DSC experiments were performed arMettler Toledo DS@ usinga Huber Intracooler TC100 and aluminerucibles(40
and100puL) Measurements were performed under nitrogéow (50mLmin?) in three consecutive heatingooling cycles
from 25°Cup to 230°C with a heating rate &0-30 KmintL. Each measurement was performading3-7 mg of substance
for samplepreparation Ty values were determined as thensetof the transition in the second heating cycle

Thermogravimetric analysis (TGA):

Thermogravimetric analysis was performed ormT@A5500 from TA instrument§-15mg of a samplewas placed in a
aluminumpan and heated at a rate df0 K mii! from ambient temperature to 600000 °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 cubeDO%age time: 70 s, Autzero 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):

ForTLC 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-indeB BMI 6 <

=254 nm), ff dz2 NBaOSy 0SS o6< TI' ocp VYYOI FyR o6& &idlAyAy3a gA0GK {SSac
tetrahydrate (Ce(S£ x 4 HO), 6.25 g ammonium heptamolybdate tetrahydrate 8dM070.4 x 4 HO), 225 mL water and

25.0 mL concentrated sulfuric acidr @anillin: 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$péctrophotometer (Shimadzu LA0O0, Jpan) atmax=280nm.
lon chromatorgraphy(IC)

IC measuremerst were performed on ahon Chromatography Eco IC (Metrohm, U8AYippedwith a Cation column
(Metrosep C 6 150/4)9 Anion column(Metrosep A Supp 17150/4.0). The ation column eluentvas4 mM HNQ and the
anion column eluentvas5 mM NaCQ + 0.2mM NaHC@g while the aion suppressor solutiowas0.3M H;PQ.
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Column chromatography
TLC silica gel F254 (Sigma Aldrich) and solvents, which haghti®y,Qvere used.
Scanning electron microscopy (SEM)

The surface and crosectional morphology of the membranes were analyzed using scanning electron microscopy SEM
equipped with EDXJSM6010LA and JSIV610F, fieldemission electron microscope, JEOL, Japan). For-sectisnal
images, the membrane samplegre first immersed in liquid nitrogen before carefully fracturing them to preserve the pore
structure. All the samples were dried room temperaturefor at least24 h before coating them with a 5 nm thick layer of
platinum using a Quorum Q150T ES sputater (Quorum Technologies Ltd., UK).

Zeta potential

Zeta potentialof the membranes was measured using a SurPASS electrokinetic analyzer (Anton Paar, Graz, Austria). Zeta
potential values were calculated by measuring the streaming current versusyeein a 5 x 9M KCI solution using
Equation5:

Q0 —
" vy ®)

where | is the zeta potential (V),is the streaming currenf? is the pressure (Pa), is the dynamic viscosity of electrolyte

solution (Pa s) is the dielectric constant of the electrolyte solutiofy, is the vacuum permittivity (F ¥, g is the bulk

electrolyte conductivity (SH),andRA & (G KS NBaAraidl yOS domev AyaiRS GKS &aidGNBIYAy3
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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 (technicajrade) adamantly amine (Alfar Aesar 98 %ajlamantylisocyanide (95%, Aldrich Chemistajlyl

alcohol (Sigm&ldrich,x99%),4-aminobenzoic acid (Alfar Aesar 99 %), amino decane (Alfar Aesar, 97 %), amino octadecane
(TCI >85 %), idminoundecanoic acidAldrich Chemistry, 97 %Hgnisaldehyde (98%, Alfar AesaBenzophenone
(SigmaAldrich, 99%Yenzyl amine (Merck kGaA, >99 %égnzylisocyanide (98%, Acros Organibg)henyl (99%, Alfar
Aesar), 4,4-bigdicarboxyaldehyde) biphenyl (Acros Organics 97%X-bis(methylamino) benzene (Sigma, 99%),
bis-3,5(trifluoromethyl) anillin (98% Acros Organics), -Bjs-(trifluoromethyl)pheny) thiourea (>98%, TCI}-bromo
benzaldehyde (Maybridge, 98%gopper iodide (Sigmaldrich, 98%)cis5-norboroneneexo-2,3-dicarboxylic anhydride
(SigmaAldrich, 95%)cyclohexyl amine (Aldrich Chemistry, 99 #@ns-cyclohexyll,4-diamine (Aldrich 98%)yclohexyl
isocyanide (99%, Acros Organics), cyclohexyl isothiocyanate (98%, -Aiyick®), Cyrenet (SgmaAldrich)

4,4 dimethoyxbenzophenone SigmaAldrich, 97%),1,4-diaminobenzene (Sigrmaldrich, 98%),1,12-diaminododecane

(Aldrich Chemistry 98 %), igamino pentane (ACROS Organics, 98 P4RA I T | 6 A O& Of 2 ®H ®igndan 68 2 Ol |

Aldrich), 1,8diazabicyclo[5.4.0]unde¢-en (>98%, TCljliisopropylamine (99%, abc#;dimethylaminopyridin (99%, Acros

yS

Organics), 2RAYS i Kef LIKSyeaf Aazo0el yAdodcylamin@igna ! R NANKKESKy! fqaaisYOr a § NB 0 X

(ACROS 984%),4-ethynyl benzaldehyde (BLD Phram, 98%tmic acid (99%, Acros Orgaiasthyl formate (ACROS 98+ %),

formic acid (ACROS Organics 99R&zZNF dzNEB f | YA Y S 6 x dphpptahal { MdRCNASO®, 1, 1,33 3néxafiuid NE 0
2-propanol (HFIP) (fluorochem)hexylbromide (98%, Sigr#drich), hexytl,6-diamine (Merck, >99%), hydrazine

Y2y 2K@&RNI (S 06 a SodpdroxyNeRyt dminex (@i’ >9Y Zdjsocyanonaphthalene (95%, Aldrich Chemistry),
isophorendamine (99%, TCI, mixtures of isomersthanolic ammonia solution W), 1-YSG K&t AYARI T 2t S 6b
SigmaAldrich), 4methoxyphenyl isocyanide (97%, Aldrich Chemistry)f 2N1JK 2 f Ay 2 S K& f Aazo0el ya
Chemistry) para-toluidine (99%, Aldrit), Pd(PPE).Chb (Aldrich,#99.99% trace metal basigentylisocyanide (97%, Aldrich
Chemistry) phosphaus oxychloride (99%, Aldrichpptassium 2isocyanoacetate (technical grade (85%, Aldrich Chemistry),
propylene carbonate (99.5%, Acr@ganics)pyridine (Fisher Scientific UK, 99.9 %), oleylamine (Sijdrich, >98 %),
para-toluenesulforic acid monohydrate (Acros Organics, 998&fa-toluenesulfonyl chloride (Sigrdat RNJA OK X dy 272 0 X
acid (Aldrich Chemistry 99 %), sodium sulpHdty, Bernd Kraft)silica gel modified with dimercaptoaizine (0.5 mmolg?,

Sigmal f R NJ& O Ksulphdyy(elefnantal, technical gradegrephthaldehyde SigmaAldrich, 99% tetradecane (Sigma

I £ RNA OK Eert-bityl dgsoeVanide (98% Aldrichihionyl chloride (ACROS Organ@®5+ % )tosylmethylisocyanide
(Fluorochem)3,5, +triazabicylco[4.D]dec5-en (TCI, >98%jriethylamine (99.5%, Fisher Chemictigthylphosphor oxide

(97%, Aldrich) 5-Trifluoromethly1,3-dimaminophenylene (Sigmaldrich, 98%),3,4,5trimethoxyanilline (97%, Acros
Organics)
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6.3 More sustainable synthesis of isocyanides

6.3.1 Synthesis and characterizatiorNbformamides

General synthesis of aliphaticfdrmamides

The corresponithg aliphatic amine (30.0 mmol, 1.00 eq.) and ethyl formate (24.2 mL, 22.2 gar@60 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 withadlurther purification or analysis.

Exceptions:
AdamantyIN-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 pressuckthe crude product was used without further
purification or analysis.

N-(6-Hydroxyhexyl)formamide

6-Amino hexanel-ol (5.00g, 42.7mmol, 1.00eq.) and ethyl formate (34.4L, 34.63, 427mmol, 10.0eq.) wereheated

under reflux for20 hours. Afterwards, remaining ethyl formate and ethanol were removed under reduced preasiréhe
crudemixture was stored for two weeks at room temperature The product crystalized from the solution and was obtained
as white stid (1.70g, 11.7mmol) in a yield of 2% after filtration and washing with cyclohexane and ethyl acetate.

R =0.16 (cyclohexane/ethyl acetat#;1) visualizediia Seebach staining solution.

IHNMR(500MHz, DMSGds0 k=7108Y7.91 (m, 2H, NH, CH, 4.34 (t3J=5.1Hz, 2H, Ck2), 3.463.35 (M, 2H, C4¥),
3.07 (q2J=6.5Hz, 2H, CH4), 1.431.37 (M, 4H, GkF), 1.311.25 (m, 4H, GH).

)—J\ 4 6 5 OH
H N/\\/\\./\\/ 2
1 H 5 6 3
1

[¥]

N D DU U

Figure23: ITH-NMRspectrum of N6-hydroxyhexyl)fromamide.
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13GNMR(126MHz DMSGds0 1+ k=11B4% 160.9, 60.7, 40.8, 37.1, 32.5, 31.0, 29.1, 26.3, 25.8, 25.2.

T T T T T T T T T T T T T T
160 150 140 130 120 110 100 a0 80 70 60 50 a0 30 20 10 a

Figure24: 13GNMRspectrum of N(6-hydroxyhexyl)fromamide.

EMSm/z: [M-H]* calculate for [@Hh4O:Ni]* =144.1025found: 144.1025n =0.0752mmu.

IR (ATR platinum diamondyzcm=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)1 1062.048.0 (s), 1024.81f, 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 (25d, 125mmol, 1.00eq.)was suspended intkyl formate (01 mL,92.6g, 1.25mol, 10.0eq.)

and DMF (50mL), and was stirred at 75°C untila clear solution was formedmostly 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 (28,7125 mmol) in quantitative yield

IHNMR (500MHz, DMSGds0  { k=L1IL98 (I, 1H,COOHY), 7.98¢ 7.91 (m.2H, CH, NH?), 3.08¢ 3.04 (m, 2H, B, 3),
2.19 (t,3)=7.4Hz, 2HCH, %), 1.51¢ 1.36 (M,4H,CH, 5), 1.25 (m, 12HCH, ©).

SNENP- | ;
HO N OH,
2 H gV 4
2 6
4
2
3 5
[
* _JULJ e

T T T T T T T T T T T T T T d d T T T T
120 115 110 105 100 95 90 &5 80 75 70 65 60 65 &0 45 40 35 30 25 20 1§ L0 a5 00

Figure26: 1H-NMRspectrum of 1formamidoundecanoic acid.

T T T T T T T T T T T T T T v T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 o

Figure25: 133GNMRspectrum of 1formamidoundecanoic acid.

BBGNMR (126 MHz DMSQds0  + k=L114I8; 1645, 160.9, 371, 33.7, 30.9, 29.0,20, 289, 289, 27.8, 283, 28.7, 28.6,
286, 264, 259, 24.5.

FABHRMSM/z: [M+H* calculated fo[CioHaNO:8 H o n dMT pc X FR0d7RMU. Ho ndmT pp K
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IR (ATR platinum diamondyscm1=33588 (w), 2938.6(w), 29186 (s) 2849.3(w), 25776 (w), 1720.9(s), 16467 (w),
16263 (s) 15256 (m) 14707 (m) 1438.2(m), 14098 (w), 1362.8(s) 13193 (w) 1293.7(w), 12734 (m) 1243.3(m),
12066 (m) 1177.5(s) 11088 (w), 1054.9(w), 933.6(m), 896.5(w), 8063 (w), 765.2(w), 740.2(w), 718.8(s), 6625 (m),
548.0 (w) 529.4(w), 4483 (s)
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General Synthesis of Aromath-formamides

Methyl-4-formamidobenzoate

In a flask equipped with a Dimrottooler, methyl 4aminobenzoate (9.88, 65.0mmol, 1.00eq.) was dissolved in formic
acid (9.80mL, 12.0g, 260mmol, 4.00eq.) and was heated to 60°C for @4 Afterwards, formic acid and water were
removed under reduced pressure and the product (1d,.®1.4mmol) was obtained as white powder in a yield of%5

without further purification.

R =0.13 (cyclohexane/ethyl acetate2:1) visualizedvia UV quenching at 254m, vanillinand Seebach staining
solution.

1H-NMR (500MHz, DMSGds0  { k=l1L56(s, 1H, CHY), 10.47 (d3J=10.7Hz, 1H, CHY), 8.97 (d3J=10.7Hz,
1H, NHP?), 8.35 (d3J=1.7Hz, 1H, NH?), 7.93- 7.88 (m, 2H, aromatié3 3, 7.71 (d3J=8.8Hz, 2H, aromatie?),
7.31 (d2J=8.6Hz, 2H, aromati¢?), 3.81 (s, 3H, GH).

5 g
O-:.’-' e '-4 0
‘N H
H g
2
3ab
43
2a
1ab
| 4b
2.b | ‘
0.5 {§ia} a5 a0 &5 ﬁ:-C- 7.5 .'-‘-IZ- E:E. (A 5j5 E0 -1j5 4.0 3:5- a0 a5 20 |.5. 11 I'IjS- (X1

Figure27: '1H-NMRspectrum of Methy#-formamidobenzoate.
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13GNMR(126 MHz, CDG)+ /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 %0 80 70 60 50 40 30 20 10 0
ppm

Figure28: 13GNMRspectrum of Methy#-formamidobenzoate.

EFHRMSm/z:[M]* calculated for [GHgOsN1]* =179.0582 found: 179.0584n =0.1270mmu.
IR(ATR platinum diamond)? cnr! =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), 962884(F)\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 (20.9, 146mmol, 1.00eq.) was dissolved in methanol (564, 4689, 146 mol, 100eq.) and the
mixture was cooled with an ice bath to 0°C. Subsequently, thionyl chi8idémL, 52.0y, 438mmol, 3.00eq.)was added
dropwise and the solution was stirred at room temperature overnight. The solutiae neutralized withsaturated
NaHC@solution and then KCQ was added till a pialue of eight was acquiredPrecipitating slts were dissolved by
addition of water. Afterwardghe organic phase was extracted with DCRF& 150mL) and he combined organitayers
were dried over sodiunsulfate and filtered off. The produ¢22.0g, 146mmol) was obtained as slightly yellow crystals
after removing the solvent under reduced pressure in quantitative yield.

R =0.45(cyclohexane/ethyl acetat&:1) visualizedia UV quenching at 254m.

1H-NMR (500MHz DMSGds0 1 k=176%Y(d,3J=8.7Hz, 2H, aromatic), 6.58 (d3J=8.7Hz, 2H, aromati@), 5.97 (s, 2H,
NH,3), 3.73 (s, 3HCH;, 4).

\4 4

1
2

NH;

3

2
1
3
S| B | | S _JL_.J_ .JiL.

Figure29: 'TH-NMRspectrum of methy#i-aminobenzoate.
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13GNMR(126 MHz, CDGJ) ' /ppm =166.4, 153.5, 131.1, 115.8, 112.7, 51.2.

10 150 1% 10 120 10 10 so s 70 s s 40 3 2 10 0
Figure30: 33GNMRspectrum of methyfl-aminobenzoate.
EFHRMSm/z: [M]* calculated for [@HoO-N1]* =151.0633found: 151.0634n =0.0897mmu.
IR (ATR platinum diamondy7cm1=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 (s)),6HIR(m),
586.2 (w), 506.0 (m).
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Benzyl 13#formamidoundecanoate

11-Formamidoundecanoic acid (22¢ 100mmol, 1.00eq.) was suspended DCM (&) and DIPEA (1%L, 14.9,
115mmol, 1.15eq.) was added. Under stirring, benzyl bromide (I#l8 257 g, 150mmol, 1.50eq.) in DCM (25L) was

slowly addedvia a dropping funnel. The reaction mixture was stirred overnight at room temperature. After full conversion
was indicatedvia TLC, triethylamine (7.6aL, 5.57g, 55.0mmol, 0.550eqg.) was added anthe reaction was stirred for
another hour. Afterwards water (150L) was added, the phases were separated, and the aqueous phase was extracted
with DCM (3x 75mL). The combined organic extracts were washed with waterl@OmL). The combined organicteacts

were dried over sodium sulfate, filtered and the solvent was removed under reduced pressure. The product was obtained
as a slightly yellow solid (326 102%) and was used without further purificatide analytical data is according to the
literature.193

R =0.25 (cyclohexane/ethyhcetate, 1:2) visualizeda UV quenching at 254m and Seebacstaining solution.

IHNMR(500MHz, CDG { k=I8ILEYs, 1H, CHa), 8.6 (d, 3J=Hz, 1H, CHY), 7.37¢ 7.26 (m, 5Haromatic ?), 5.65 (i,
1H, NH3), 5.11 (s. 2HCH, %), 3.28 (n, 2H,CH, 5, 3.19 (, 2H,CH, %), 2.34 (t2J=7.5Hz, 2HCH, ©), 1.63 (p3J=7.5Hz,
2H, CH,7), 1.63 (p3J=7.4 Hz, 2HCH, 8), 1.28¢ 1.25 (M. 12HCH, 9).
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Figure32: TH-NMRspectrum of benzyl1-formamidoundecanoate.

Figure31: 33GNMRspectrum of benzyl1-formamidoundecanoate.

BBGNMR (126 MHz, DMSQGds0  + k=11N3IB, 173.8, 164, 1613, 145.13, 136.2, 128, 128.5, 128, 1283, 662, 419,
38.3, 34.4314, 29.6, 2%, 295, 29.4, 29, 29.2, 2R, 27.0, 26.9, 26, 252, 25.0

FABHRVISm/z: [M+H* calculatel for [GieHsgNGs]" =320.2220found: 320.2222n =-0.20mmu.
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