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Deutsches Abstract

Imidazoliumsalze werden als Katalysatoren und Losemittel in vielseitigen Bereichen
eingesetzt. In dieser Arbeit liegt das Hauptaugenmerk auf dem Zusammenhang der
Struktur des Imidazoliumkations mit der Reaktivitat des nukleophilen Anions als kata-
lytisch aktive Spezies. Durch Modifizierung des Imidazoliumkerns mit organischen
Substituenten werden die elektrostatische Wechselwirkung der lonen und damit auch
die Eigenschaften des Anions stark beeinflusst. Die wichtigsten Faktoren in Bezug
auf die Reaktivitat des Anions sind dabei sowohl die sterische Zuganglichkeit des C2
Protons, als auch dessen Aziditat. Ferner hangt das Loslichkeitsverhalten von Imida-
zoliumsalzen vom Substitutionsmuster des Kations ab, was sich ebenfalls auf die
Aktivitat auswirkt.

Die Untersuchung der katalytischen Cycloaddition von Epoxiden mit Kohlenstoffdi-
oxid stellt einen Grol3teil dieser Arbeit dar. Dabei wurden die Auswirkungen der
Struktur des Kations auf die Aktivitat von Imidazoliumhalogeniden als Katalysatoren
analysiert. Die gewonnenen Erkenntnisse ermdglichen die Optimierung des Substitu-
tionsmusters, sodass eine starkere Aktivierung des Epoxids und eine hohere katalyti-
sche Aktivitat erreicht werden. Des Weiteren wurden die Auswirkungen verschiede-
ner Imidazoliumsubstituenten in einem binaren Katalysatorsystem in Kombination mit
Niob(V)-chlorid als Lewis Saure untersucht. Die sterischen und elektronischen Ei-
genschaften der Imidazoliumsalze sowie deren Loslichkeit konnten als entscheiden-
de Aspekte fur die Aktivitat ermittelt werden. Durch Kombination eines Polyols, wel-
ches zur Aktivierung des Epoxids dient, mit einem Halogenid als Nukleophil wurde
aulRerdem eine organokatalytische Alternative zu Lewis-aziden Metallen geschaffen.
Dartber hinaus wurden Imidazoliumsalze fir die Epoxidation von Olefinen mit wass-
rigem Wasserstoffperoxid benutzt. Durch sdurefunktionalisierte Imidazoliumkationen
konnten Polyoxomolybdate mit guter katalytischer Aktivitat in situ aus gunstigen und
leicht verfligbaren Vorstufen erzeugt werden, wodurch die Reaktionsfiihrung verein-
facht wurde. Zusatzlich wurde erstmals gezeigt, dass Imidazoliumperrhenate als Ka-
talysatoren fur die Epoxidation von Olefinen fungieren kénnen. Durch Strukturopti-
mierung des Kations konnten ein geringes Ausmal3 an lonenpaarung, und damit eine
effiziente Aktivierung von H,O,, sowie eine erhohte Olefinldslichkeit in der wassrigen
Phase ermdglicht werden. Somit wurde ein aktives, einfaches und wiederverwendba-

res Katalysatorsystem fir die zweiphasige Epoxidation von Olefinen erhalten.
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English Abstract

Imidazolium salts are versatile compounds, being used as catalysts and solvents for
a wide range of applications. The primary focus of this thesis is placed on the correla-
tion between the imidazolium structure and the reactivity of the nucleophilic anion as
catalytically active species. Upon modification of the imidazolium pattern with varying
organic residues, the electrostatic interaction between the ions and thus the proper-
ties of the anion are significantly influenced. In particular, the steric accessibility and
the acidity of the C2 proton are key factors affecting the anion reactivity. Furthermore,
the solubility behavior of imidazolium salts depends on the cation structure to a large
extent, which results in strong effects on the catalytic activity.

The major part of this work deals with the catalytic cycloaddition of epoxides with
carbon dioxide towards cyclic carbonates. For this purpose, imidazolium halides were
applied as organocatalysts and the impact of the cation structure on the activity was
analyzed. Therefore, the optimization of the imidazolium ring substitution pattern was
enabled, with respect to reinforced activation of the epoxide through hydrogen bond-
ing. As a result, enhanced catalytic activity was achieved. Aside from imidazolium
salts as single catalysts, the effects of various cation residues were investigated in
combinations with niobium(V) chloride as Lewis acid. The changes in the steric and
electronic properties and epoxide solubility were determined as the most important
aspects influencing the activity of the binary catalyst system. Further, a binary mix-
ture consisting of a polyol, as epoxide activator, and halides, as nucleophiles, was
found to be a promising organocatalytic alternative to systems based on Lewis acidic
metals.

Imidazolium salts were also employed as catalysts for the epoxidation of olefins with
aqueous hydrogen peroxide. It was shown that catalytically active polyoxomolybdates
can be generated in situ with carboxy-functionalized imidazolium salts. Consequently,
the reaction procedure was facilitated and a good catalytic performance was ob-
tained, whereby cost-efficient and readily available precursors were used. Additional-
ly, it was demonstrated for the first time that imidazolium perrhenates are able to act
as epoxidation catalysts. By optimizing the cation structure, a low degree of ion pair-
ing, and hence strong H,O, activation, as well as enhanced olefin solubility in the
aqueous H,0, phase were enabled. Finally, an active, simple and reusable catalyst
system for the biphasic epoxidation of olefins with H,O, was achieved.
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Abbreviations

AER anion exchange resin

APT azaphosphatranes

BMim 1-butyl-3-methylimidazolium

CO; carbon dioxide

DBU 1,8-diazabicyclo[5.4.0Jundec-7-ene
DFT density functional theory

FTIR fourier transform infrared spectroscopy
HB hydrogen-bond

HFIP 1,1,1,3,3,3-hexafluroisopropanol
HPPO hydrogen peroxide propylene oxide
IL ionic liquid

LCA life-cycle-assessment

NMR nuclear magnetic resonance

PC propylene carbonate

PEG polyethylene glycol

PETT pentaerythritol

PO propylene oxide

POM polyoxometalate

PS polystyrene

PTC phase transfer catalysis

SC styrene carbonate

SO styrene oxide

TBAB tetrabutylammonium bromide

TBAI tetrabutylammonium iodide

TBD triazabicyclo[4.4.0]dec-5-ene

TR transfer reagent
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1. Introduction

1 Introduction

1.1 Organocatalytic Cyclic Carbonate Synthesis from Epoxides and CO,

1.1.1 CO; as Sustainable Chemical Building Block

Chemistry strongly depends on the availability of fossil fuels, as they are used as raw
materials for the preparation of the majority of available products.t! Additionally,
many industrial processes are energy intensive, so that approximately 10 % of the
global energy, which is mainly produced from fossil fuels, is consumed by the chemi-
cal industry.”? In order to alleviate the effects of growing fossil fuel depletion on the
chemical industry, renewable carbon feedstocks represent a promising opportunity.®
In addition to ligno-cellulosic biomass," or oils and fats,™ the usage of carbon diox-
ide, as one of the most abundant renewable carbon sources, is of particular high in-
terest.l® Besides the omnipresence of CO,, to which the human emission amounts to
more than 30 Gtly, the greenhouse gas is non-toxic and cheap and therefore a suita-
ble candidate as C1-feedstock in industry./”? The major drawback of CO, as a building
block is its high stability and low reactivity originating from the carbon atom in the
most oxidized state.’®! Consequently, a vast amount of energy needs to be applied,
which negatively affects the costs and environmental benignity.”® Therefore, less
than 0.5 % of the anthropogenic CO, emissions are used as reactant in industry
(appr. 110 Mtly), whereby four major compound classes are produced so far
(Scheme 1.1).5: 17

Current/ use of CO, as reactant [Mt/y]
o
o
ONa @)
©\0Na SR oA oz
1 o) .
0.02/ OH \ M J\(
R1
co, R?
14/ Hae™ " we Ve, 70/

H,N~ “NH,

Scheme 1.1: Industrial processes involving CO, as chemical building block.®!

To increase the utilization of CO, as a building block, catalysis research is a crucial
factor. It is devoted to developing highly efficient processes, leading to lower energy
input.*¥ One particular example for the catalytic chemical fixation of CO, represents
its addition to epoxides as highly reactive starting materials. As shown in



1. Introduction

Scheme 1.1, the prospective development of the scale for cyclic organic carbonate
production (upper right) is expected to increase significantly.®! The corresponding
cycloaddition of CO, to epoxides represents a 100 % atom economical reaction,
which is highly desirable for industry.'? Further, highly toxic phosgene (route b,
Scheme 1.2), is eliminated using this approach (route c, Scheme 1.2).*¥! Regarding
the carbon footprint, life-cycle-assessment analysis (LCA) also shows that the cou-
pling of CO, with ethylene oxide is the most desirable route towards ethylene car-

bonate as model product.¥

llovl

\

Scheme 1.2: Different routes towards ethylene carbonate with respective mass ratio of emitted CO,/
product (determined via LCA).™**!

Cyclic organic carbonates, of which propylene carbonate (PC) is the most prominent
example, can be used as high boiling polar aprotic solvents with low toxicity or as
electrolytes in lithium batteries.™ Additionally, they can be applied as versatile feed-
stock for the manufacturing of polymers,*® linear organic carbonates™” or fine chem-
icals.*® Taking these facts into account, it can be stated that this reaction has great
potential for the sustainable chemical fixation of CO».

Unfortunately, harsh reaction conditions often have to be applied to convert the high-
ly stable CO, to the corresponding cyclic carbonates.™ Thus, a multitude of catalyst
systems, usually consisting of a combination of Lewis acids and nucleophiles, have
been developed to optimize temperature, pressure and reaction time. Among several,
Al Co,121 crf?? and znl®® complexes, metal halide salts like ZnBr.**! or (NbCls),,**!
as well as metal oxides, e.g. MgO®, can be applied as Lewis acids. Onium, respec-
tively imidazolium halide salts, or nucleophilic N-donor bases are often used as nu-
cleophilic co-catalyst.!*® The organocatalytic valorization of CO, with epoxides consti-
tutes an alternative approach with vast research potential, particularly for the sustain-
ability of the process. Generally, metal-free catalysts often benefit from being air- and

moisture stable, allowing for an easy and cheap preparation, as well as a simple and
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safe handling.””! A large part of organic compounds is comparably non-toxic and
readily available from renewable carbon sources t0o.?® Therefore, organocatalysis
can not only substantially improve the costs and the development time of processes,
but also the required energy input.?® Further, the amount of chemical wastes can
possibly be reduced and the experimental procedures can be simplified. Thus, the
carbon footprint and sustainability of a variety of operations could be optimized, in-
cluding the coupling reaction of CO, with epoxides to cyclic carbonates. This would
offer the opportunity to use CO, as a reactant in an environmentally benign manner.
However, this is only applicable if the demanding reaction conditions (> 120 °C,
> 20 bar CO,), under which these systems usually operate, can be enhanced signifi-

cantly.
1.1.2 lonic Organocatalysts for the Cycloaddition of CO; to Epoxides

The first report regarding metal-free conversion of epoxides with CO, to cyclic car-
bonates was published by Nishikubo et al. in 1993.%% Nearly a decade later, Calo et
al. were able to transform styrene oxide (SO) to styrene carbonate (SC) in 83 % yield
(120 °C, 4 h, 1 bar CO;). A mixture of molten tetrabutylammonium bromide (TBAB)
and iodide (TBAI) hereby served as solvent and catalyst.*” Moreover, the reaction
mechanism for the organocatalytic cycloaddition of epoxides to CO, was initially pos-
tulated (Scheme 1.3, (a)). In the first step the epoxide ring is opened by nucleophilic
attack of the halide anion at the sterically less hindered carbon atom. The resulting
oxy-anion species attacks the electrophilic carbon atom of CO,, forming an open-
chain carbonate species. After intramolecular nucleophilic attack and elimination of
the halide anion (‘Back-biting’), the cyclic carbonate product is finally obtained. Fur-
ther investigations by means of density functional theory (DFT) studies, combined
with experiments, confirmed the postulated mechanism.? Also the cation was found
to influence the catalytic activity of ammonium halides, as the degree of ion pairing to
the anion affects its nucleophilicity. Thus, TBAB shows considerably higher catalytic
activity than the methyl analog arising from the sterically more demanding alkyl
chains.®¥ The next step towards more active organocatalysts involves the introduc-
tion of tailored cations, being capable of acting as a synergistic structural component
during the catalytic cycle. Therefore, OH-functionalized ammonium compounds were
applied and found to be more efficient because of their hydrogen-bond (HB) donor

ability.®” Sun et al. were able to show that PC vyield increases from 74 to 96 % by



1. Introduction
substituting TBAB with its corresponding hydroxyethyl analog (Figure 1.1, (a),
125 °C, 20 bar CO,, 1 h, 1.6 mol %). Through coordination to the epoxide via HB, the
C-O bond is polarized and the nucleophilic attack of the anion is facilitated, resulting
in higher catalytic activity (Scheme 1.3, (b)).** More recent investigations revealed
that hydroxyethyl modified TBAI catalyzes the formation of PC at considerably milder
reaction conditions (45 °C, 10 bar CO,, 18 h, 5.0 mol %).®® This demonstrates the
great potential of this class of catalysts. Additionally, betaine,*® choline,®” as well as
amino acid based ammonium salts (Figure 1.1, (b))®® are reported as HB donor sub-
stituted catalysts for cyclic carbonate synthesis. However, their activity only slightly

deviates in comparison to conventional hydroxyalkyl ammonium halides.

(a) ji (b) i

co, /\(O_ BuN’ co, /\(5_
R’ R'

Scheme 1.3: Proposed mechanisms for the cycloaddition reaction of CO, with epoxides using (a)
TBAB™Y or (b) hydroxy functionalized ionic compounds®®! as catalysts.

The immobilization of molecular catalysts on solid and insoluble carriers is a common
possibility to enable easy catalyst recycling through e.qg. filtration. For ammonium hal-
ide catalysts, a great variety of supporting materials have been applied: polymers like
polystyrene (PS)¥ or polyethylene glycols (PEG),*” biopolymers, e.g. cellulose!
and chitosan!*?, as well as different types of silical®® are reported in literature. As de-
scribed for the homogeneous case, also immobilized OH-modified ammonium hal-
ides (Figure 1.1, (c)) lead to higher activities compared to unfunctionalized
analogs.*"! Supporting materials bearing OH groups were also shown to have a
comparable effect. Thus, silical®® as well as biopolymers!*! (Figure 1.1, (d)) as carri-

ers lead to a similar increase in catalytic activity.
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(a) _
HN/\/N [

wa H<NNN @ bOH Tw

Figure 1.1: HB donor functionalized ammonium halide catalysts for cyclic carbonate synthesis.

In addition to ammonium halides based on conventional alkylamines, the protonation
or quarternization of nitrogen superbases results in alternative catalysts. Therefore,
guanidinium,*¥! pyridinium or pyrrolidinium*! and amidinium!*® based derivatives
have been synthesized. He et al. investigated a series of Lewis basic ionic catalysts
and found the highest activity for protonated 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU). The resulting [HDBU]CI is supposed to stabilize the intermediates to a greater
extent, leading to a more efficient reaction./*®! More recent studies by Tassaing et al.
on the basis of protonated 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) have demon-
strated that the HB properties of these catalysts are crucial. Hence, synergistic ef-
fects and higher activities are observed applying [HTBD]Br in comparison to TBAB.*"!
In addition to their initial studies regarding ammonium halides, Nishikubo et al. have
also shown that phosphonium halides can be used as metal-free catalysts for the
cycloaddition of CO, to epoxides.*® Generally, phosphonium halides show very simi-
lar catalytic activities compared to their ammonium counterparts. Furthermore, the
introduction of HB donor functional groups at the cation likewise enhances the cata-
lytic activity. By modification of PPH3 with varying bromoethyl species, Lian et al. in-
vestigated the influence of HB donor groups on the catalytic activity.® The tailored
catalysts clearly outperformed the compounds without functionalization. Moreover,
the respective carboxy substituted compound gave slightly higher yields than the
amine or hydroxy analog, deriving from the higher polarization capability.[*®! Werner
et al. further showed that hydroxyethyl modified P(n-Bu)s, bearing iodide as nucleo-
philic counteranion (Figure 1.2, (a)), catalyzes the formation of PC under relatively
mild reaction conditions (90 °C, 10 bar CO,, 3 h, 2.0 mol %)."*®) As a novel cation
structure of phosphonium based catalysts, Jain et al. synthesized a cyclotriphos-
phazene core carrying three molecules of [PPh3]Cl. The multiple ion-pair motifs in-
duce enhanced catalytic activity compared to conventional [PPhz]CL.*® Martinez and
Dufaud et al. recently introduced azaphosphatranes (APT, Figure 1.2, (b)) as ionic
organocatalysts with another structural motif. The proton of the N-P-H core is sup-

posed to activate the epoxide via HB, while a hydrolysis sensitive carbamate species
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forms through CO; insertion in the next step. By introduction of sterically demanding
amine substituents, the degradation of this species is hindered, resulting in higher
catalytic activity and stability.®™ Designing molecular cavities around the P-H site can
further stabilize the carbamate species because of their encapsulation in the gener-
ated cage. By creating a highly accessible HB center, the optimized hemicryptophane
compound gave constant activity over 96 h and was applicable under relatively mild
conditions (100 °C, 1 bar CO,, 24 h, 1.0 mol %).1?

As described above regarding ammonium halides, the immobilization of phosphoni-
um compounds is a feasible strategy to obtain heterogeneous catalysts for the cy-
cloaddition of CO, to epoxides. Therefore, PS,2% %3 PEG,P* cross-linked polymeric
nanoparticles®™ as well as silica materials®®® have been reported as carrier materials
in literature. By using silica as support for P(n-Bu); iodide (Figure 1.2, (c)), Sakakura
et al. achieved an activating effect deriving from the silanol HB donor groups on the
surface. This leads to significantly enhanced catalytic activity compared to the mo-
lecular compound. To demonstrate the long-time stability, the immobilized catalyst
was applied under continuous flow conditions in a fixed-bed reactor, thereby convert-
ing > 80 % PO for more than 1000 h.®” By coupling of P(n-Bu); chloride to a fluorous
copolymer (Figure 1.2, (d)), the same group was able to synthesize a compound,
which combines the merits of homogeneous and heterogeneous catalysis. Under the
applied supercritical CO, conditions (180 °C, 80 bar CO,), the catalyst readily dis-
solves, while upon venting CO;, it precipitates out of the reaction mixture and can be

separated by simple filtration.®!

(a) (b) (c) (d)

®
H /R n
e R\N—FI>““‘N ) . n/10
I~  OH :—N’J I H i}
Cl
CeF +
APT 817 PBus

Figure 1.2: Phosphonium based halide catalysts for cyclic carbonate synthesis.

Imidazolium based systems constitute another widespread catalyst class with respect
to metal-free mediated cycloaddition of CO, to epoxides. As their properties are
strongly influenced by the easily tunable modification sites of the imidazolium cation
structure (Figure 1.3), they can be adjusted towards the desired application. Thus, for

example the solubility and the HB properties can be tailored through the choice of the
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substitution pattern.”® As expected, increasing alkyl chain length of the substituents
leads to enhanced lipophilicity.’® This also accounts for blocking the acidic C2 posi-

tion with an alkyl group, whereby the HB strength decreases simultaneously.**®!

acidic C2 position )R\z
\N@N/ X nucleophile
R5

Figure 1.3: Modification sites of the imidazolium moiety for tailoring of the properties towards the de-
sired application.

backbone R4

In the initial report dealing with imidazolium based organocatalysts for cycloaddition
of CO, with epoxides, Peng and Deng introduced 1-butyl-3-methylimidazolium
[BMIm] CI', [PFg] and [BF.4] salts as first examples. A quantitative yield of PC was
obtained applying [BMIm][BF,4], however at relatively harsh reaction conditions
(110 °C, 25 bar CO,, 6 h, 2.5 mol %).%? First attempts concerning the influence of
the cation on the catalytic performance were carried out under supercritical condi-
tions. Upon increasing the alkyl chain length at the wingtip position, CO, as well as
PO solubility increase and higher yields are observed.’®® Further, Park et al. have
shown that sterically more demanding imidazolium cations lead to a lower degree of
ion pairing and thus higher nucleophilicity of the anion. Also CI" gave a significantly
better yield than [PFe¢]” and [BF4]’, deriving from its higher nucleophilicity as decisive
factor for the ring-opening of the epoxide.® As aforementioned, HB donor groups at
the cations of ammonium and phosphonium halides lead to an enhanced catalytic
activity. The epoxide is activated in the first step, so that the following nucleophilic
ring-opening is accelerated. This was also found for -OH and —COOH modified imid-
azolium halide catalysts. Thus, 2-hydroxyethyl wingtip substituted 3-methyl-
imidazolium bromide gave 99 % vyield of PC compared to 83 % applying the non-
functionalized analog.® The modification of the acidic C2 proton with a hydroxyme-
thyl group represents another route towards HB donor carrying imidazolium catalysts.
However, the catalytic activity was very similar compared to the wingtip functionalized
compounds.'®! As the Bransted acidity and HB donor strength of carboxy groups are
higher than for hydroxy groups, their synergistic effect is expected to be more pro-
nounced.'®® Consequently, a higher catalytic activity should be observed, which was
confirmed by several studies.”! By introducing a —COOH functional group at both

wingtips of the imidazolium cation, Zhang et al. could even further improve the cata-
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lytic activity (Figure 1.4, (a)). It is assumed that the second carboxy unit has a rein-
forcing effect on the epoxide ring-opening, leading to higher conversions.'®™ Wu et
al. could also show that the catalytic activity strongly depends on the Brgnsted acidity
of the species used for functionalizing the imidazolium motif. A considerably de-
creased yield compared to a carboxy group is observed for a catalyst bearing a sul-
fonic acid motif. The HB between the epoxide and the very acidic sulfonic group is
presumably too strong, so that CO, insertion is hindered, resulting in a lower catalytic
activity.®® DFT studies from Zhang et al. revealed that the acidic proton in C2 posi-
tion of the imidazolium cation is also capable to synergistically interact during the
mechanism through HB. Thus, the reaction mechanism is modified and the energy
barrier is reduced significantly.®® As the acidity of the C2 proton and therefore the
HB donor strength is influenced by the substituents at the imidazolium ring, tailoring
of the structure enables an improvement of the catalytic activity. To investigate the
influence of the substituents in R, R? and R® position, a series of ten imidazolium
bromides was synthesized and used as catalysts for the cycloaddition of PO to
CO,."™ By substituting the acidic C2 position with alkyl residues, the PC yield de-
clines. This is ascribed to the blocking of the most dominant HB donor site, leading to
an essentially lower degree of epoxide activation. FTIR investigations underpin that
although the whole imidazolium ring interacts with the epoxide, the most pronounced
interaction derives from HB of the C2 proton. By modification of one of the wingtips
with an electron withdrawing fluorinated benzyl group, the acidity and thus also the
HB interaction and the catalytic activity were enhanced. For the further systematic
structural optimization, a n-octyl alkyl side chain was introduced at the second wingtip
site, leading to an enhanced solubility in the reaction medium. The obtained task
specific ionic liquid catalyst (Figure 1.4, (b)) was able to catalyze the formation of PC
in 91 % yield at very mild reaction conditions (70 °C, 4 bar CO,, 22 h, 10.0 mol %).l""
Comparable investigations were performed by Dupont et al. through comparison of
the catalytic performance of 21 structurally varied imidazolium based ionic liquids.[""
The HB donor activation of the epoxide by the imidazolium catalyst was found to be
crucial for its nucleophilic ring-opening as the rate-determining step. Moreover, the
nucleophilicity and leaving group ability of the anion are major factors towards high
catalytic activity.™”) More recently, hydroxy modified bis-imidazolium bromides were
introduced as catalysts for the cycloaddition of CO, with epoxides.l’? The three HB

donor groups in spatial proximity lead to a more efficient epoxide activation and stabi-
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lization of transition states and intermediates. This was corroborated by DFT calcula-
tions, thereby confirming previous studies regarding pyrogallol as component in bina-
ry catalyst systems.[”® Through substitution of the second wingtip of the bisimidazoli-
um bromide with a long alkyl chain (Figure 1.4, (c)), the solubility behavior is im-

proved, which leads to an optimized catalytic activity.!”
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Figure 1.4: Tailored imidazolium bromide catalysts for the synthesis of cyclic carbonates through cy-
cloaddition of CO, to epoxides.

The specifications of the imidazolium moiety to reach high catalytic activity change
drastically by addition of (NbCls), as Lewis acidic cocatalyst.”*® The coordination
strength of the metal center to the epoxide is significantly stronger than the HB inter-
action of the imidazolium C2 proton. Hence, the nucleophilicity of the anion and thus
the ion pairing is the decisive factor and alkyl substitution in C2 position leads to en-
hanced catalytic performance. The imidazolium solubility also influences the catalytic
activity, so that long aliphatic wingtips improved reactivity compared to short alkyl
chains or aromatic substituents.?*"!

The easy modifiability of the imidazolium moiety opens the possibility for further tun-
ing of their organocatalytic properties to enable even milder reaction conditions and
minimized carbon footprint. Especially the modification of the backbone with func-
tional groups capable of activating the epoxide through HB could lead to enhanced
catalytic activity. In addition, the ion pairing to the anion could be weakened, leading
to higher nucleophilicity and better catalytic performance. The variation of the bridg-
ing group between bisimidazolium salts could additionally result in more efficient
catalysts.

To facilitate the recycling procedure, imidazolium based catalysts were also immobi-
lized on a great variety of carrier materials. Therefore, polymers like PS"#, PEG!™ or
carbon nanotubes!’® as well as polymerized imidazolium salts!’” have been used. As
expected, supported hydroxy or carboxy functionalized imidazolium compounds gave
higher catalytic activity caused by their HB properties.[”® The immobilization of diol

functionalized ionic liquids (Figure 1.5, (a)) leads to further improvement of the reac-
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tivity, caused by the presence of two neighboring hydroxy groups as HB donors.["®!
Silica based materials represent another prominent class, regarding their use as car-
rier for imidazolium salt catalysts.®” As mentioned previously, carboxy groups are
stronger HB donors than hydroxy groups, so that the epoxide is activated to a
stronger extent. This results in higher catalytic activity, which is also observed for
immobilized imidazolium salts on silica.’®® A recent approach from Zhang et al.
demonstrates the potential of silicon-based main-chain poly-imidazolium salts as cat-
alysts for cyclic carbonate synthesis.®™ In contrast to conventional heterogenized
imidazolium compounds, the Si-OH groups are located in the main-chain, leading to
higher catalytic activity at relatively mild conditions (Figure 1.5, (b)).BY As environ-
mentally more benign alternatives, biopolymers like carboxymethylcellulose® or chi-
tosan (Figure 1.5, (c))®! can be used as support materials. Due to the multiple HB
donor groups of the biopolymers, synergistic effects arise and high catalytic activities
are observed under relatively mild conditions.®2%°
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Figure 1.5: Supported imidazolium halide catalysts for the conversion of CO, with epoxides to cyclic
carbonates.

Kleij et al. were able to reduce the required energy input by designing a heterogene-
ous catalyst based on a triazolium core immobilized on PS.®* The attached pyrogal-
lol unit (Figure 1.6) efficiently activates the epoxide through HB, so that high catalytic
activities at mild reaction conditions are made possible (96 % PC, 45 °C, 10 bar CO,,
8 h). However, the catalyst has to be reactivated with methyl iodide after five recy-

cling runs, which is the major drawback of this system regarding the sustainability.®¥
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Figure 1.6: Pyrogallol-functionalized triazolium iodide based catalyst for the cycloaddition of CO, to
epoxides supported on a polystyrene resin.
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1.1.3 Synergistic Binary Systems

In addition to tailor-made bifunctional catalysts, the combination of two suitable com-
pounds as mediators for the cycloaddition reaction represents an attractive alterna-
tive. Through proper choice of the respective single components, which are not or
only slightly catalytically active themselves, synergistic effects can be created, lead-
ing to highly reactive systems. In most of these cases one component activates the
epoxide through electrophilic interactions (mostly HB), while the second component
serves as nucleophile for the subsequent ring-opening. Because of this simple con-
cept and the easy accessibility of feasible single compounds, a myriad of combina-
tions is possible. Bioavailable amino acids,'® as well as biopolymers like cellulose,®®
lignin,'®" or cyclodextrin®® bearing HB donor groups, are promising examples regard-
ing their sustainability. Combined with KI or superbases, e.g. DBU, non-toxic, com-
mercially available and relatively cost-efficient systems are obtained. However, de-
manding reaction conditions (> 100 °C, = 10 bar CO,) have to be applied in order to
reach high cyclic carbonate yields in all cases. Regarding the reusability, L-
tryptophan (Figure 1.7, (a)) represents the only amino acid, which was proven to
show constant activity in five consecutive runs. But the related energy intensive vac-
uum distillation of the high boiling PC for isolating the KI/L-tryptophan system is its
major drawback.®® The recycling procedure is a great advantage of the biopolymer
based systems, as they are insoluble and can thus be recovered through simple fil-
tration. Consequently, e.g. the cyclodextrin system (Figure 1.7, (b)) can be recycled
with low energy input and thus minimized carbon footprint.[88] Initially, simple aliphatic
or aromatic hydroxy compounds were used for epoxide activation in binary catalyst
systems. It was found that phenol® and p-methoxy-phenol®® can both act as suita-
ble catalysts. Nevertheless, later studies showed that multiple hydroxy HB donor
sites in spatial proximity have beneficial effects on the catalyst properties. Therefore,
catechol shows higher selectivity than phenol in combination with TBAB,®* and eth-
ylene glycol gave superior catalytic activity compared to ethanol when used with Ki
as nucleophile.®®®! By systematic screening of a variety of largely commercially avail-
able compounds together with TBAI, Kleij et al. revealed that three neighboring aro-
matic hydroxy groups enhance the catalytic activity significantly. Consequently, pyro-
gallol (Figure 1.7, (c)) was found as the most active epoxide activating agent, ena-
bling 96 % PC yield at room temperature (10 bar CO, 18 h, 2.0 mol %). Further, DFT

studies have shown that multiple OH-groups have cooperative effects on the epoxide
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activation and transition state or intermediate stabilization during the mechanism
(Scheme 1.4). Unfortunately, the catalyst system is not recyclable, which hinders it
from being sustainable.l”® A more promising example is the application of pentaeryth-
ritol (PETT, Figure 1.7, (d)) as multiple HB donor. In combination with TBAI, 96 % PC
yield at mild reaction conditions (70 °C, 4 bar CO,, 16 h) is enabled. Additionally, the
catalyst system is highly stable and can be easily recycled through precipitation with
diethyl ether, so that an energy demanding vacuum distillation is avoided. Moreover,
the individual components are non-toxic, cost-efficient and readily available, leading

to an overall highly sustainable system.[
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Scheme 1.4: Mechanism of PO with CO, catalyzed by pyrogallol as multiple HB donor in combination
with TBAI as nucleophile (cation removed for clarity).

As an innovative approach towards binary organocatalytic systems, Mattson et al.
used TBAI in combination with silanediols.”®® These are capable of recognizing the
epoxide, as well as the iodide through HB donor interaction. As a result, high catalytic
activities for various epoxides were observed with the optimized silanediol catalyst
(Figure 1.7, (e)) even under very mild reaction conditions (r.t.- 40 °C, 1 bar CO,,
18 h). In conclusion, this is a very promising approach regarding the carbon footprint

of the reaction, if the catalyst system is shown to be reusable in future works. If the
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energetically disadvantageous vacuum distillation can be avoided during the recy-

cling procedure, an exceptional sustainable process is obtained.!

(d)

G ce G

Figure 1.7: Selection of HB donor functionalized compounds used in combination with nucleophiles as
binary catalyst systems for the cycloaddition of epoxides with CO,.

1.2 Epoxidation of Olefins

1.2.1 Olefin Epoxidation in the Chemical Industry

The epoxidation of olefins is one of the most relevant transformations in the chemical
industry and in academia.® Epoxides are very important intermediates, mainly used
as monomers for the production of polyglycols, polyurethanes and polyamides.!°®
Also a multitude of fine chemicals, like pharmaceuticals’® and surfactants®®*, are
synthesized using epoxides as feedstock. With an annual production capacity of
8 Mt/ly in 2013 and an expected increase to approximately 9.6 Mt/ly in 2018, PO rep-
resents one of the most important commodity chemicals.®”! The main challenge re-
garding industrial PO production poses the necessity of suitable mediators that allow
an economic process, as direct epoxidation in high yields is not yet possible with air
or oxygen.®® Thus, a variety of reaction routes based on different mechanisms have
been developed (Scheme 1.5).°® Through addition of hypochlorous acid to propene
and subsequent dehydrochlorination under basic conditions, propylene oxide (PO)
together with a great amount of harmful brine is obtained.®®®% I|n the so-called
coproduct routes, hydroperoxides are generated in the first step through direct oxida-
tion of precursors (ethylbenzene, iso-butane, cumene) with oxygen. During the epox-
idation of propene, the corresponding alcohol is formed as coproduct, which can be
dehydrated to the related olefin.*°” To solve the problem of coproduct formation, the
cumene hydroperoxide process was developed, whereby the initial precursor is re-
covered through reduction of the coproduct.’®* Nevertheless, all of these approach-
es produce high amounts of by-products, thereby negatively affecting the environ-
mental benignity and economy of the process. After oxygen, aqueous H,O, repre-

sents the oxidant with the second highest oxygen availability.*°? Moreover, in princi-
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ple, water is generated as the only side product so that the amount of waste products
compared to produced PO can be decreased significantly. Thus, the HPPO (hydro-
gen peroxide propylene oxide) process was developed as state-of-the-art technolo-
gy.*® 1% yUsing a titanium doped MFI type zeolite catalyst (TS-1) and MeOH as sol-
vent, 95 % PO selectivity under mild reaction conditions and > 99 % H,O, conver-
sions are achievable.'®! with 2 0.3t of H,O as the major byproduct, the energy in-
tensive purification of coproducts is redundant and the carbon footprint as well as the
economic efficiency are optimized. Additionally, the process runs continuously with
the heterogeneous catalyst packed in tubular reactors. The major drawbacks the
HPPO process suffers from are the high price of the titanium used for doping the zeo-

lite and the necessary regeneration of the TS-1 catalyst.[**”
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Scheme 1.5: Reaction routes for the production of PO in the chemical industry. (e8]

Besides the industrially used heterogeneous processes, vast numbers of homogene-
ous catalyst systems are described in literature.®® 1 However, these are limited to
the synthesis of fine chemicals like enantiopure epoxides or other substrates requir-
ing highly selective approaches.’® Nevertheless, molecular epoxidation catalysts
have a highly promising potential regarding their tunability and reactivity and are

hence extensively investigated especially in academia.l®”
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1.2.2 Multi-Phasic Olefin Epoxidation Using lonic Compounds

Many high performance homogeneous catalysts have still not found their way to in-
dustrial applications because their separation from the products and reusability is
rather difficult and cost-intensive.**® To solve this problem, the application of bipha-
sic catalysis is a promising route, enabling simple catalyst recycling for a plethora of
reactions.’°”) The catalyst remains in one phase, while the products are located in
the other one, thus facilitating the separation procedure.® Due to their unique phys-
ical properties like low volatility, thermal stability and low flashing points, ionic liquids
(IL) possess some particular advantages over conventional organic solvents.® Ad-
ditionally, ILs often lead to enhanced reaction rates for several catalytic transfor-
mations.?? As these features are also strongly influenced by the chemical structure
of the respective ions, they can be easily tuned towards the desired application, mak-
ing them extremely versatile.™Y Therefore, they are one of the most frequently used
solvent classes for liquid-liquid biphasic transformations, including the oxidation of
olefins.''? The initial report dealing with olefin epoxidation in ILs was published by
Song and Roh.** By applying NaOCI as oxidant and a Mn(lll)salen complex in a
mixture of DCM and an IL as solvent, a simple catalyst recycling procedure was
made possible.!*¥ Since then, numerous studies were presented dealing with transi-
tion metal epoxidation catalysts used in IL media. Most importantly, for Fe
porphyrin,*** as well as for molybdenum complexes*'® and methyltrioxorhenium,**¢!
the catalytic activity is enhanced by using ILs instead of conventional solvents. How-
ever, the water content in the ILs has to be considered when using sensitive transi-
tion metal complexes. Additionally, e g. [BF4] or [PFs]” containing ILs hydrolyze dur-
ing the reaction so that not all ILs can be used as suitable solvents when H,O; is ap-
plied as oxidant.**” HF is thus produced, leading to reduced selectivity through by-
product formation and decreased catalytic activity.**?

Agueous H,0, as oxidant frequently results in biphasic reactions, as olefins are often
hydrophobic. Thus, the substrate is not located in the same phase as the oxidant and
catalyst, leading to a decrease of the reaction rate. Phase transfer catalysis (PTC) is
the most popular concept to ensure pronounced contact between the reaction part-
ners and thus enable high reaction rates in multi-phase systems.**® Typically, ionic
compounds like quaternary ammonium salts are used as transfer reagent (TR), form-
ing an ion pair with an anionic reactant. An equilibrium between the organic and the

water phase is formed and the transferred anionic compound reacts in the organic
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phase. In this process the reactant is activated by the lower degree of hydration.**
Nevertheless, this mechanism is not limited to ionic compounds as shown by Dehm-
low et al. for the extraction of H,O, from aqueous solution in DCM or benzene
(Scheme 1.6, (a)). By applying TBAB or [N(n-hex),]Br, a significant amount of H,O,
was transferred in the organic phase through HB interactions of the halide to the oxi-
dant. The amount extracted to the organic phase strongly depends on the cation, as
longer alkyl chains and thus more lipophilic ammonium salts resulted in higher H,0,
content.*?” Immense efforts concerning biphasic olefin epoxidation with aqueous
H,O, combined with PTC were undertaken by the groups of Venturello and Ishii
through polyoxometalate (POM) catalysts.*?) The combination of phosphate and
tungstate or molybdate ions, respectively HsPWi, or H3PMo,, as catalyst precursors,
leads to water soluble peroxo intermediates upon treatment with aqueous H,0,.:%
By addition of a long alkyl chain ammonium TR, this precursor is transferred to the
organic phase where it reacts with the lipophilic olefins (Scheme 1.6, (b)). The pre-
cursor is subsequently redissolved in the aqueous phase, closing the catalytic

cycle .t
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Scheme 1.6: (a) Phase transfer of H,0, by HB to quaternary ammonium salts™*” and (b) biphasic
catalyst system using a transfer reagent (TR) as counter cation additive.**

Great research efforts were carried out to further improve this system in terms of
higher catalytic activity and reusability. For instance, by application of task-specific
ammonium salts, Zuwei et al. were able to prepare a reaction controlled self-
separating catalyst for propene epoxidation.®” The salt precursor is insoluble in
aqueous phase or organic solvents but reacts with H,O,, forming a catalytic active
and organic soluble species. After consumption of H,O,, the insoluble catalyst pre-
cursor forms again, precipitates out of the reaction mixture and can thus be easily

recycled through filtration.*?* Therefore, propene, 1-hexene and cyclohexene can be
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converted under mild reaction conditions (35 °C — 65 °C ) with selectivites > 85 %
towards the epoxide and > 95 % H,0, conversion.***! The preparation of tetraalkyl-
ammonium salts of the divacant lacunary Keggin-type silica dodecatungstate
[y-SiW10036]® under acidic conditions leads to alternative highly active catalysts. The
POM synthesized at pH 2 with TBAB was able to epoxidize a variety of olefins with
= 99% selectivity and H,0O, utilization efficiency and was recycled with constant ac-
tivity.?® It is important to note that the catalytic activity of this type of compounds
strongly depends on the acidity of the reaction mixture used for the synthesis.**!
Furthermore, acids are frequently used as an accelerator during catalysis.**!

Besides the possibility to introduce transition metals to tune the catalytic properties of
POMs®*! the substitution of ammonium salts with imidazolium moieties is a promi-
nent approach. By using [BMim] as countercation for [W1¢O23]* or [PW1,040]* and
simultaneous application of the respective [BF,4]  and [PFg] IL as solvent, easily reus-
able and highly active systems could be generated.!*?®! Utilization of an IL did not only
facilitate the recycling procedure, but also created a beneficial chemical environment
regarding the formation of the active species.*?® Hou et al. could further show that a
long chain imidazolium salt of a Ti substituted POM as heterogeneous epoxidation
catalyst clearly outperformed the TBA analog. This was ascribed to the higher flexibil-
ity and accessibility of the imidazolium catalyst.*?”! The same group further accom-
plished a room temperature IL catalyst based on a dodecylimidazolium cation and a
tungstate POM, showing a reaction-induced phase separation behavior. Thereby, the
recycling procedure is significantly facilitated, as the catalyst separation can be con-
ducted through simple decantation.®® A comparable effect can also be achieved by
using bisimidazolium salts bridged with a PEG unit as a countercation for the system
originally presented by Venturello et al.*** More recently, Hou and coworkers used
the same imidazolium compounds for the synthesis of [W,01;]* salts, thereby vyield-
ing thermoregulated catalysts for olefin epoxidation with aqueous H,0O,. Upon heating
the reaction mixture to the desired temperature, the catalyst dissolves in ethyl ace-
tate. After the epoxidation is completed, cooling to 0 °C leads to the precipitation of
the IL catalyst, whereby a separation by simple decantation is enabled. As a result,
the catalyst can be recycled efficiently and remains its activity for 17 consecutive
runs.*% As aforementioned, a multitude of functional groups can be easily intro-
duced to the imidazolium moiety to design the properties towards the desired applica-

tion. This also applies for POM catalysts, where amino functionalized imidazolium
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cations can be used to synthesize heterogeneous Keggin-type catalyst analogs by
combination with H3PW1,040. The structure of this insoluble POM ionic hybrid con-
sists of nanospheres with partly protonated ammonium imidazolium cations and non-
protonated amino units. The authors assume that the amino-functionalized cations
interact with the POM anion through HB, which leads to superior catalytic activity
compared to imidazolium compounds without functional groups. Additionally, the HB
properties stabilize the nanosphere structure, leading to an easily recyclable insolu-
ble solid catalyst system.*3! Triethoxysilylpropyl wingtip modified imidazolium salts
can also be used to immobilize peroxotungstate as counter anion on silica supports.
Therefore, Mizuno et al. first prepared the respective [PFg] salt, covalently anchored
the resulting IL on the carrier material and finally exchanged the anion with the POM.
The prepared heterogeneous catalyst was able to epoxidize a broad scope of sub-
strates and was recyclable through simple filtration with constant activity over four
runs.*2 Alternatively, vinyl substituted imidazolium salts can be used to synthesize
POM containing organic inorganic hybrid materials. In the first step mono- and divinyl
modified imidazolium bromide salts are radically copolymerized, while the POM unit
is subsequently introduced through anion exchange.™®® These heterogeneous cata-
lysts can be separated by filtration and are reusable without losing catalytic activity
for at least three runs.**! Apart from tungstate compounds, POM based on octamo-
lybdates are prepared in an easy and cost-efficient manner under acidic conditions
with defined pH values. Recently, it was found that POM bearing 1-hexyl-3-
methylimidazolium or 1-hexyl-2,3-dimethylimidazolium cations are applicable as self-
separating catalysts for the epoxidation of olefins using aqueous H,0O- as oxidant.!*3¥
The catalyst directly precipitates out of the reaction mixture upon completion of the
respective run, so that no addition of organic solvent is required. Followed by wash-
ing with water, the recovered catalyst is reused for the next catalytic cycle, thereby
showing nearly quantitative epoxide yield for at least ten consecutive runs (60 °C,
1 h, 1.5 mol %).*4 In order to facilitate the reaction procedure, carboxy functional-
ized imidazolium salts can be used to synthesize catalytic active molybdate based
POMs in situ.*® Hence, the system is simplified considerably as the utilization of
additional acids becomes redundant. The catalytic activity depends on the pH value,
which is controlled by varying the carboxy-imidazolium/Na,WOQO, ratio used for gener-
ating the catalyst. At tenfold excess of imidazolium salt, the optimum catalytic per-

formance was obtained and 68 % cyclooctene oxide yield could be achieved (60 °C,
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24 h, 0.1 mol %). Moreover, the catalyst system could be reused for five runs with a

negligible loss of activity.*!

1.2.3 Activation of H,O, by Hydrogen Bonding

Conventionally, metal catalysts form peroxo species as active sites through reaction
with the oxidant. As an alternative, H,O, in aqueous solution can be activated by
compounds forming HB. The initial studies dealing with alkene epoxidation solely
catalyzed by this mode of action were conducted by Neumann et al. using fluorinated
alcohol solvents as HB donors.**® The strong electron withdrawing effect of the fluo-
rine substituents in combination with the HB donor ability of the hydroxy group leads
to the electrophilic activation of H,O,. The reactivity also depends on the degree of
fluorination, as 2,2,2-trifluoroethanol shows inferior catalytic activity compared to
1,1,1,3,3,-hexafluoroisopropyl alcohol (HFIP). Thus, the cyclooctene oxide yield could
be increased from 66 % to 99 % under the applied reaction conditions with HFIP as
solvent and epoxidation mediator (60 °C, 20 h).'*®! Shortly afterwards, R. A. Sheldon
et al. confirmed the catalytic activity of these solvents and proved their inert nature
during the course of the reaction. Therefore, oxidation products are not involved in
the formation of the catalytic active species, meaning that only HB interactions are
responsible for H,O, activation.'*”! DFT calculations shed some light onto the mech-
anism and particularly on the role of HFIP, which was found to provide a complimen-
tary charge template for the transition state. Thus, the bond deformations are re-
duced and the electronic interactions between the fluorine residues and the hydrogen
atoms of the alkene and H,O, stabilize the transition state (Figure 1.8, (a)).**® The
influence of solvent clusters was revealed through kinetic investigations of the cata-
Iytic performance, depending on the concentration of HFIP in the epoxidation of cis-
cyclooctene.*¥ Significantly enhanced catalytic activity was only observed for high
HFIP concentrations, where coordination spheres of multiple HFIP molecules are
assumed to cause the rate acceleration.**¥ Moreover, aggregates of HFIP and es-
pecially its di- and trimers show an elevated positive partial charge at the free hy-
droxy group and thus stronger HB donor properties.™® On the basis of these results,
the mechanism of the HFIP catalyzed olefin epoxidation was reinvestigated by
Berkessel et al. with DFT methods.**! It was shown that the energy activation barrier
decreased by approx. 15 kcal/mol, when two or three HFIP molecules are involved in

the reaction (Figure 1.8, (b,c)). This strongly suggests the participation of coordinated
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HB networks during the catalytic cycle.* The major drawback regarding fluorinated
alcohols as catalytic active solvents is the large amount used for the reaction com-
bined with their extensive costs. To overcome this challenge, dendritic catalysts were
developed, which possess a high local concentration of fluororoalcohols on the poly-
mer surface. Hence, a comparable interaction to the multiple HB network of conven-
tional HFIP as solvent and high catalytic activity is enabled for olefin epoxidation with
aqueous H,0O,. Consequently, 20 mol % HFIP analogs can be applied as substoichi-

ometric catalyst for quantitative cyclooctene oxide yield instead of using an excess of

HFIP as solvent.14?
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Figure 1.8: Possible transition states during the epoxidation of olefins with HB activated H,O, involv-
ing (a) one, (b) two or (c) three molecules of HFIP according to DFT calculations.

In addition to HB donors, it was shown that HB acceptors are capable of activating
H,O, for the oxidation of sulfides to the respective sulfoxides.’*® Vibrational and
NMR spectroscopic studies have depicted that the [BF4]" anion of imidazolium salts
as solvent interacts with the hydrogen atoms of H,O, through HB. Hence, the IL
serves as an activator, leading to a higher electrophilicity of the H,O, oxygen atom
and participating in the cleavage of water as leaving group from the intermediate.!***!
More recently, it was firstly reported that HB acceptors are also able to mediate the
epoxidation of olefins with H,O,. Therefore, imidazolium perrhenates were synthe-
sized in high purities by a simple procedure using an anion exchange resin (AER).
The obtained ILs were used in equimolar amounts for the epoxidation of cis-
cyclooctene, whereby nearly quantitative conversion to the epoxide was observed
(70 °C, 4 h, 2.5 eq. agq. H,0,)."* This is a counterintuitive result, as perrhenates
show no activity towards olefin epoxidation under common reaction conditions be-
cause of the interaction with the solvation shell.**® To investigate the role of the
chemical environment on the catalytic performance in detail, NH;*, K" and imidazoli-
um perrhenates were used as H,0O, activators for the epoxidation of cis-cyclooctene.

It was found that the imidazolium cation has a strong beneficial effect on the reaction
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outcome, as the perrhenate anion is dissolved without the formation of a solvent
shell. Consequently, the HB acceptor ability of the perrhenate anion is not passivated
and a peroxide complex can be formed. The reaction mechanism was analyzed by
extensive IR, Raman and NMR spectroscopic studies. As the symmetry of [ReO,]
changes after the addition of H,O, from T4 to C,,, while the local symmetry of the Re
center is unaffected, the formation of Re peroxo species was excluded. This was cor-
roborated by *’O labeled NMR spectroscopy. Therefore, the metal center is not in-
volved in the reaction and an outer sphere mechanism can be stated. The energeti-
cally most feasible scenario for the reaction mechanism was determined through DFT
calculations with ethene as a model substrate (Scheme 1.7). The first step involves
the formation of an outer-sphere complex between [ReO,4]” and H,O, through HB in-
teractions, thereby activating the oxidant. The extent of this effect is strongly influ-
enced by the polarity of the cation and thus the ion pairing. Subsequently, the transi-
tion state results from the addition of the olefin. Finally, an oxygen atom of the pre-
coordinated H,0O is transferred to the olefin and the epoxide is obtained with water
as the only by-product. The IL mediators are also easily recyclable through extraction

with n-hexane and can be reused for at least eight consecutive without loss of activi-

ty. This clearly demonstrates their inertness under oxidative reaction conditions.**4
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Schem[e ]1.7: Mechanism of olefin epoxidation with H,O, activated through HB to perrhenate
. 144
anions.
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However, equimolar amounts of imidazolium perrhenates have to be used to reach
quantitative conversions.™* This is highly undesirable because of the costs associ-
ated with the rhenium containing counter anion. In order to improve their activity, the
easily tunable imidazolium moiety enables the tailoring of the IL properties, e.g. ion
pairing and solubility. This opens the possibility to use these compounds in catalytic

amounts, thereby decreasing the amount of rhenium in the reaction mixture.
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2 Objective of the Thesis

The main focus of this work was the development of organocatalytic systems for the
sustainable chemical fixation of CO, as cyclic carbonates, which represent highly
desirable products. In contrast to the majority of organocatalysts reported in litera-
ture, the aim of the newly designed systems is to provide high catalytic activity at mild
reaction conditions (< 100 C, < 10 bar CO,). Thus, the carbon footprint of the process
can be minimized, thereby improving the overall sustainability. Although imidazolium
halides are frequently used organocatalysts for cyclic carbonate synthesis, the role of
the cation during the catalytic cycle has not been examined in detail. Therefore,
mechanistic investigations were carried out to understand the influence of the cation,
in order to design task-specific catalysts through structural optimization. Additionally,
binary synergistic catalyst systems were designed through combination of commer-
cially available compounds as epoxide activators with suitable nucleophiles. In this
process, simple, cost-efficient and sustainable systems for cyclic carbonate synthesis
should be enabled.

(0]
imidazolium molybdates/ ionic organocatalysts/ )j\
perrhenates _ O binary systems o o "o
R" R? aq. Hy0, R”™ “R2  (<100°C, < 10 bar COy) I

Scheme 2.1: Catalytic systems investigated within this work for the conversion of olefins to epoxides
and subsequent cycloaddition reaction with CO, to the respective carbonate.

In the second part of this work, imidazolium molybdates and perrhenates were syn-
thesized and examined as catalysts for olefin epoxidation with aqueous H,O; as oxi-
dant. Carboxy functionalized imidazolium salts were applied for the in situ synthesis
of catalytically active polyoxomolybdates. Hence, the reaction procedure was ex-
pected to be facilitated, as the need of additional acids for the catalyst preparation
prior to olefin epoxidation is eliminated. The key objective of the studies regarding
imidazolium perrhenates was to evaluate their potential as epoxidation catalysts and
to analyze the influence of the cation structure on the catalytic performance. By tailor-
ing of the imidazolium residue, it was intended to optimize the properties of these
ionic compounds and thus the catalytic activity. The long-term goal of this thesis is to
combine all findings to develop catalysts for the one-pot synthesis of cyclic car-

bonates from olefins, an oxidant and CO, in a sustainable manner.
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3 Results and Discussion

3.1 Publication Summaries

This chapter shortly summarizes the crucial aspects of the publications prepared dur-
ing the course of this dissertation. The bibliographic data of the complete manuscripts

can be found in Chapter 5 of this thesis.

3.1.1 Cycloaddition of CO, and Epoxides Catalyzed by Imidazolium Bromides

under Mild Conditions: Influence of the Cation on Catalyst Activity

To evaluate the influence of the cation on the catalytic cycloaddition of CO, to epox-
ides, systemically varied imidazolium bromides with different alkyl chain lengths and
aromatic residues were initially synthesized and characterized (Figure 3.1). There-
fore, *H and *C-NMR spectroscopy as well as elemental analysis were used, while
the structure of 10 was also determined by single X-ray diffraction. Subsequently, the
catalytic activity of the obtained series was tested under mild reaction conditions
(70 °C, 4 bar CO, 22 h, 10 mol %) for the cycloaddition of CO, with PO to PC.

R2 R2

\N)\ —n-Bu — )\ —n-Oc Bz— A\ -R3 FsBz— A\ - R3
i @ @ @

Br Br Br Br
R2: H (1), Me (2), Et (3) RZ2 H (4), Me (5), Et (6) R3: n-Bu (7), n-Oc (8)  R3: n-Bu (9), n-Oc (10)

Figure 3.1: Synthesized imidazolium bromide catalysts for PC formation (BzFs: 1-(2,3,4,5,6-
pentafluoro)benzyl).

All investigated catalysts are liquid at 70 °C and thus able to dissolve CO, under re-
action conditions. However, the difference of CO, solubility in 4, 5, 6, 8 and 10 was
found to be insignificant so that an influence on the activity can be neglected. Re-
garding the impact of R? on the catalytic activity for 1-3 and 4-6, it was shown that an
acidic C2 proton has a beneficial effect compared to an alkyl substituent. As free car-
benes can be excluded, because 2-3 and 5-6 are active although their C2 position is
alkylated, the HB properties of the C2 proton cause the higher catalytic activity. This
is supported by the improved reactivity upon modification with the electron withdraw-
ing fluorinated aromatic wingtip. Thus, the acidity of the C2 proton increases, leading

to a stronger HB donor ability and interaction strength. Consequently, 10 showed the

24
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highest catalytic activity under the applied conditions. To investigate the HB interac-
tion of 10 in more detail, FTIR studies were performed upon addition of PO to the
neat catalyst at room temperature. The frequency of the vibration band at 3064 cm™,
which is assigned to the stretching mode of the catalyst C2 proton, shifts by 24 cm™
and broadens by a factor of 3 (Figure 3.2). This can be ascribed to intermolecular HB
of 10 to PO. As other imidazolium-ring vibrations are also shifted, it is difficult to ex-
actly specify which structural elements interact with PO. Nevertheless, the most pro-
nounced contact is observed between the acidic C2 proton and the oxygen atom of
PO, deriving from HB. On the basis of these results, the mechanism for PC formation
catalyzed by imidazolium halides bearing an acidic C2 proton is proposed (Scheme
3.1). The HB interaction weakens the PO C-H bond, thereby facilitating the nucleo-
philic ring-opening through the halide. Additionally, transition states and intermedi-
ates are stabilized, so that higher catalytic activity is observed. After optimization of
the reaction parameters (T, t, cat. loading), catalyst 10 was able to mediate PC for-
mation in 91 % yield at mild conditions (70 °C, 4 bar CO,, 22 h, 10 mol %). Moreover,
the recycling can be conducted through simple precipitation with remaining activity for
ten consecutive cycles. Aside from PO, a broad scope of epoxides can further be
converted to the respective cyclic carbonates applying 10 as catalyst. Thus, 10 rep-
resents a versatile and sustainable organocatalyst for the cycloaddition of epoxides
with CO..
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Figure 3.2: FTIR spectrum of a) neat
catalyst 10 and b) 10 with excess of PO.

Scheme 3.1: Mechanism for the cycloaddition reaction
of PO with CO, catalyzed by imidazolium halides.
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3.1.2 Hydroxy-Functionalized Imidazolium Bromides as Catalysts for the Cy-

cloaddition of CO, and Epoxides to Cyclic Carbonates

As previously mentioned, the acidic C2 proton of the imidazolium moiety synergisti-
cally interacts through HB during the mechanism of cyclic carbonate formation. Fur-
ther, organocatalysts with three hydroxy groups in spatial proximity are more efficient
compared to single or double functionalized analogs.l”® 8! Therefore, imidazolium
bromides with three (11-13) or two (14-16) HB donor sites were synthesized (Fig-
ure 3.3) and characterized by *H, **C-NMR, IR and mass spectroscopy as well as by
elemental analysis. Subsequently, the impact of the multiple HB donor sites was
evaluated through comparison of the catalytic activities with 1-10 and 17 as bench-
mark single HB donor based systems. In order to ensure a proper comparison, the
aforementioned mild reaction conditions (70 °C, 4 bar CO,, 10 mol % halide) were
also applied for 11-17.

Br Br Br Br

N R
R N@NWN@N\R1 HO/\/N@N\R1

.
o~ N(r-Bu)s

R2: OH; R": Me (11), Bz (12), n-Oc (13) R': Me (15), n-Oc (16) 17
R2 H; R": n-Oc (14)

Figure 3.3: Investigated catalysts to determine the impact of multiple HB donor sites on the activity.

It was shown that the variation of the wingtip residue results in an increased catalytic
activity in the order of Me < Bz < n-Oc (11-13). This is caused by the significantly
higher solubility of 13 in the reaction mixture. Additionally, 13 is the most active or-
ganocatalyst among the investigated compounds, as 95 % PC yield were observed
after 16 h. Consequently, the reaction time was reduced by 6 h compared to catalyst
10. The high catalytic activity arises from the triple HB donor motif (two acidic C2 pro-
tons and one hydroxy group), leading to an efficient epoxide activation and stabiliza-
tion of intermediates and transition states. The PC vyields for the double HB analogs
14 and 16 amount to only 58 % and respectively 79 %, thereby underlining the posi-
tive effect of three neighboring HB sites. Compared to 17 as an ammonium based
benchmark system (92 % PC), the application of 13 further gave a slightly higher
yield under the applied conditions. Moreover, the catalytic activity of 13 was com-
pared with [HDBU]CI as a state-of-the-art organocatalysts. As described in

literature,*®! more demanding conditions but shorter reaction times are used (140 °C,
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10 bar CO,, 2 h, 1 mol %). In consequence, identical catalytic activity of 13 and
[HDBU]CI was observed. For the potential application in larger scale and concerning
the sustainability, the recycling procedure and catalyst reusability are crucial. By ad-
dition of diethyl ether, 13 is easily precipitated from the reaction mixture and can be
reused after filtration. Hence, energy-intensive distillation of PC is avoided. As no
leaching phenomena or decomposition processes occur, the catalyst is reusable for
at least ten times without loss of activity. The facile recyclability demonstrates the
main advantage of catalyst 13 over 17 or [HDBU]CI. Catalyst 13 can also be used for
the efficient conversion of a wide range of epoxides to their corresponding cyclic car-
bonates, including functionalized substrates. To shine some light onto the mecha-
nism for catalyst 13, DFT calculations were carried out, leading to the proposed cycle
shown in Scheme 3.2. It was confirmed that all HB donor sites show an interaction
during the mechanism. This leads to more efficient epoxide activation, a stabilization
of intermediates and thus a high catalytic activity. In conclusion, 13 is a very promis-
ing organocatalyst for cyclic carbonate formation under mild reaction conditions be-
cause of its high activity, stability and easy reusability. Therefore, the gap between
bifunctional and binary organocatalyst systems is minimized.

Scheme 3.2: Proposed mechanism for the cycloaddition of CO, with PO catalyzed by 13.
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3.1.3 Niobium(V)chloride and Imidazolium Bromides as Efficient Dual Catalyst

Systems for the Cycloaddition of Carbon Dioxide and Propylene Oxide

The combination of the transition metal salt niobium(V)chloride (NbCls), as Lewis
acid with nucleophiles like TBAB results in highly reactive catalyst systems for cyclic
carbonate formation. The metal center activates the epoxide through coordination to
the oxygen atom, which results in a polarized C-O bond and enhanced ring-opening
by the halide anion. Thus, the system shows high catalytic activity, even when the
reaction is carried out under ambient conditions. Herein, imidazolium bromides were
investigated as nucleophiles instead of using TBAB, with particular focus on the im-
pact of the imidazolium substitution pattern on the catalytic activity. Therefore, a se-
ries of 31 imidazolium bromides with varying aliphatic and aromatic residues (Fig-
ure 3.4) was synthesized and applied as a catalyst systems for PC formation in com-
bination with (NbCls); (r.t., 4 bar CO,, 2 h).

Br R Br Br Br R Br
)\ _R8 )\ _R8 -Bu— j\/ _R3 J\ _R3 R_ )\ _R®
IS S o Gl ©)

R3: n-Bu, n-Oc R3: Bz, BzFs R3: n-Bu, BzF5 R', R%: Bz, BzFs
R2: H, Me, Et, i-Pr, n-Bu RZ2: H, Me, Et, i-Pr R2: H, Me, i-Pr

R2

R3: n-Bu, n-Oc,
Bz, BzF5

Figure 3.4: Imidazolium bromides used as nucleophiles in combination with (NbCls)..

It was shown that the investigated imidazolium bromides with aliphatic residues gave
very high yields, whereby the catalytic activity varies in dependency of the R? substit-
uent. In contrary to imidazolium bromides as single catalysts without involving Lewis
acids, the presence of an acidic C2 proton results in lower activities. Due to the
strong interaction of the metal center and PO compared to the C2 proton HB, addi-
tional activation of PO by the imidazolium cation is negligible. However, the ion-
pairing of the imidazolium moiety to the anion decreases upon C2 alkyl substitution
as the strong HB interaction site is eliminated. This leads to a lower degree of elec-
trostatic interaction, thus higher anion nucleophilicity and catalytic activity. As a re-
sult, the PC yield increases in the order of R? H < Me < Et ~ i-Pr~ n-Bu according to
the steric demand of the residue. The most active imidazolium bromide (R*: Me,
R% i-Pr, R% n-Bu) was used for the determination of the optimal catalyst loading and
ratio of NbCls/nucleophile, which was found to be 1.0/2.0 mol-%. In situ IR measure-

ments further revealed that the imidazolium bromide/NbCls system constitutes con-

28



3. Results — Publication Summaries

siderably higher turnovers in the beginning of the reaction compared to TBAB. But
during the course of the reaction, the activity of the imidazolium system drops quickly,
while the loss of activity for TBAB is less pronounced. This is ascribed to the shift of
the chemical environment from slightly polar (PO) to polar (PC).

The use of imidazolium bromides bearing aliphatic and aromatic residues generally
resulted in lower PC yields compared to cations exclusively substituted with aliphatic
side-chains. This is caused by the rather poor solubility in the reaction mixture.
Through introduction of BzFs, the solubility and catalytic activity could be increased
compared to the corresponding non-fluorinated Bz compounds. As observed for ali-
phatic cations, the substitution in C2 position leads to a higher catalytic activity due to
a lower degree of ion pairing. As a result, the same order of reactivity was observed
for the respective R? residues. Finally, combinations of (NbCls); with imidazolium
bromides bearing two aromatic wingtips were used as catalyst systems for PC syn-
thesis, leading to poor conversions. Due to the formation of Coulomb networks, which
are comparatively stable because of the aryl substituents, these imidazolium bro-
mides are barely soluble in the reaction mixture. Nevertheless, it was confirmed that
alkyl substitution in C2 position leads to enhanced catalytic activity because of the
reduced electrostatic interaction between the ions. Additionally, fluorination of the
aromatic rings again leads to a higher solubilty and activity. The
(NbCls)./imidazolium bromide catalyst system was also applied for the conversion of
a variety of epoxides to their cyclic carbonates. The reaction conditions were chosen
according to the previously studied (NbCls),/TBAB system (40 °C and 8 h).[?¥ The
investigated aliphatic and aromatic epoxides were converted efficiently with the ex-
ception of epichlorohydrin. The chloro group presumably interacts with the metal cen-
ter and therefore competes with the oxygen atom of the epoxide.

In summary, combinations of imidazolium bromides with (NbCls), enable high catalyt-
ic activities under very mild reaction conditions. The Lewis acidic metal center acti-
vates the epoxide and the imidazolium bromide provides the nucleophile for subse-
guent ring-opening. The ion pairing and the solubility are the main factors that affect
the catalytic activity regarding the imidazolium structure. Whereas C2 alkyl substitu-
tion results in decreased ion pairing and higher catalytic activity, alkyl wingtips lead to

better solubility and conversions in comparison to aryl residues.
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3.1.4 Cycloaddition of Carbon Dioxide and Epoxides Using Pentaerythritol and

Halides as Dual Catalyst System

Combinations of PETT and a variety of halide based nucleophiles, like TBAI, were
used as binary organocatalysts to synthesize cyclic carbonates (Scheme 3.3).

O
5.0 mol % PETT )J\

o 5.0 mol % TBAI o o HO%\OH

\{ PETT:
AT 70 °C, 4 bar CO,, 16 h OH OH

R R' R R'

Scheme 3.3: Cyclic carbonate synthesis using PETT/Nu as binary organocatalytic system.

The cycloaddition of PO and CO, was used to determine the influence of the pres-
ence of both compounds and the nature of the nucleophilic component on the reac-
tivity. It was clearly shown that synergistic effects are responsible for the activity as
no or very small conversions are observed when only PETT or TBAI are used as sin-
gle catalysts. This is ascribed to the HB abilities of PETT, leading to lower energy
barriers for epoxide ring-opening and the stabilization of intermediates and transitions
states. Thus, the reaction can be carried out with excellent conversions under mild
reaction conditions (70 °C, 4 bar CO;) with PETT/TBAI as a binary system. Further,
the catalytic activity strongly depends on the cation of the halide nucleophile. Using
Kl instead of TBAI significantly reduces the PC yield from 96 to 6 % under the inves-
tigated conditions. This derives from the lower degree of ion pairing in TBAI, leading
to higher anion nucleophilicity and catalytic activity. Moreover, imidazolium bromides
were used as nucleophilic components to investigate the role of the cation in more
detail, whereby lower catalytic activities were observed. On the one hand, this arises
from the higher bulkiness of the tetrabutylammonium cation, resulting in higher nu-
cleophilicity. On the other hand, the imidazolium cation also bears HB sites, which
presumably stabilize the halide anion and compete with the hydroxy groups of PETT.
This is supported by the higher yields obtained when C2- or tetramethyl-substituted
imidazolium analogs with weaker HB donor abilities are used in this binary system.
Both TBAI and TBAB lead to nearly quantitative yields in combination with PETT after
22 h and thus, superior catalytic activity compared to the other cations investigated.
Therefore, time dependent analysis of the PC yield was carried out with TBAI and
TBAB in order to examine the influence of the anion on the reactivity. At any time of
the reaction, the yields of the TBAI system were higher compared to TBAB. As the
bromide anion possesses a stronger HB acceptor effect, the interaction strength to
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PETT is higher compared to iodide. As a result, it is stabilized to a greater extent and
is less nucleophilic and reactive. Additionally, the activation of the epoxide through
PETT is hindered because of the more pronounced competitive HB of bromide com-
pared to iodide. Consequently, the reaction time can be decreased from 22 h for
PETT/TBAB to 16 h for PETT/TBAI. By systematic variation of the temperature and
the catalyst loading, the reaction conditions were further optimized. Finally 96 % PC
yield could be achieved at 70 °C by using 5.0 mol-% of PETT and TBAI.

The reusability and the recycling procedure are crucial regarding the catalyst sus-
tainability. Especially binary organocatalysts like pyrrogallol/TBAI are consumed or
decompose during the reaction, so that the activity drops already in the second run.
However, this not observed for the PETT/TBAI catalyst system, which can be reused
for at least eight runs with remaining activity (Figure 3.5, (a)). In addition, the separa-
tion from the reaction mixture is conducted by simple precipitation with diethyl ether
and subsequent filtration, so that energy intensive distillation is avoided. Moreover,
PETT/TBAI converts a broad scope of substrates efficiently to their respective cyclic
carbonates. Besides aromatic and aliphatic epoxides, the system also tolerates func-
tional groups (Figure 3.5 (b), Entry 4 and 5) and thus covers a wide range.
Conclusively, the PETT/TBAI binary organocatalyst system efficiently mediates the
cycloaddition reaction of epoxides with CO, under mild reaction conditions. It consists
of cost-efficient, commercially available and non-toxic components and is easily re-
usable for eight consecutive runs without loss of activity. Therefore, it represents an

exceptional sustainable approach towards cyclic carbonate synthesis using CO».
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Figure 3.5: (a) Influence of the PETT/TBAI catalyst recycling on the PC yield and (b) conversions of
different substrates, selectivities = 99 % for all investigated epoxides (reaction conditions in both cas-
es: 70 °C, 4 bar CO,, 16 h, 10 mmol epoxides and 0.5 mmol catalysts).

31



3. Results — Publication Summaries

3.1.5 Epoxidation of Olefins Catalyzed by Polyoxomolybdates Formed in situ

in lonic Liquids

Carboxy-functionalized ILs were used for the in situ formation of a catalyst system
based on polyoxomolybdates. The resulting system was tested for the epoxidation of
cis-cyclooctene using aqueous H,O, (Scheme 3.4). Consequently, organic acids,
usually used for adjusting the pH value, can be avoided, leading to facilitated catalyst

preparation.

5.0 mol % Na;MoO,4
1.5 eq. aq. H,0,
PAN ~ ©
=
Cl o)

Scheme 3.4: Catalytic epoxidation of cis-cyclooctene with polyoxomolybdates prepared in situ.

In order to find the optimum reaction conditions, the ratio IL to molybdate, the molyb-
date concentration itself and the reaction temperature were systematically varied. As
expected, the catalytic activity is strongly influenced by the amount of acid-
functionalized IL because the pH value controls the structure of the formed polyoxo-
molybdates. By adjusting the pH value to 3.5, corresponding to an IL/molybdate ratio
of 10/1, the highest catalytic activity was observed. It is supposed that these condi-
tions result in the formation of [MoXOy]z' clusters, which are responsible for the cata-
lytic activity. Moreover, no cyclooctene-1,2-diol is formed so that the selectivity for all
reactions amounts to > 99%. The molybdate concentration in the reaction mixture
also heavily impacts the catalytic activity. In absence of a molybdate precursor, the
olefin conversion drops rapidly, so that peracids as potential alternative catalytic ac-
tive species can be excluded. Besides, using an excess of molybdate also gave a
decreased cyclooctene oxide yield because of the solubility behavior. The resulting
slurry of undissolved sodium molybdate rapidly decomposes H,O, and thus, low
yields are observed. Finally, a catalyst loading of 5.0 mol % was found as the opti-
mum value regarding the catalytic activity of the system. Furthermore, variations of
the reaction temperature were found to substantially affect the outcome of the reac-
tion (Figure 3.6, (a)). This can be attributed to changes in the solubility behavior of
the polyoxometalate in the water/IL phase and the olefin in the reaction mixture. At
T <50 °C a slurry was formed because of the solubility of the IL in the aqueous
phase. When the temperature was increased to 70 °C, the H,O, decomposition is
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presumably the favored reaction route, as strong gas evolution was observed. Final-
ly, a reaction temperature of 60 °C gave the highest cyclooctene oxide yield among
the investigated reaction conditions. With the optimum reaction conditions in hand
(60 °C, 24 h, 1.5 eq. H203, IL/Na;Mo00O,: 10.0/1.0 mol %), the recycling procedure and
reusability of the catalyst system were investigated. Therefore, the organic phase
containing the product was extracted with n-hexane and separated from the aqueous
phase, which was simply dried in high vacuum at 80 °C. Consequently, the catalyst
system could be reused for six reaction runs with negligible loss of activity (Figure
3.6, (b)).

The epoxidation of cis-cyclooctene can be conducted under relatively mild reaction
conditions, using the in situ prepared catalyst system. Although the system is not as
active as molecular systems, the use of readily available and cost-efficient precursors
and the reusability without considerable loss of activity are attractive aspects.
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Figure 3.6: (a) Effect of the reaction temperature and reaction time on the cyclooctene oxide yield
(2.00 mmol cis-cyclooctene, 0.1 mmol Na,MoO,, 1.0 mmol IL, 3 mL deionized water); (b) reusabil-
ity of the catalyst system for cis-cyclooctene epoxidation (60 °C, 24 h).
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3.2 Epoxidation of Olefins Using lonic Liquids as Phase Transfer Cata-
lysts

3.2.1 Results and Discussion

As mentioned in Chapter 1.2.3, equimolar amounts of imidazolium perrhenates are
able to mediate the epoxidation of cis-cyclooctene using aqueous H,O, as oxidant.
Due to the chemical environment created by the IL, the [ReO4] anion is capable of
activating H,O, by HB, leading to a facilitated oxygen atom transfer to the olefin.
Herein, imidazolium perrhenates as olefin epoxidation catalysts were investigated for
the first time. In particular, the influences of the imidazolium cation on the environ-
ment, e.g. solubility, ion pairing and thus, on the catalytic activity, were investigated.
Therefore, various alkyl substituted imidazolium perrhenates were synthesized
(Scheme 3.5) using a literature known procedure based on halide anion exchange to
the corresponding hydroxide.™* By conversion with ammonium perrhenate, the tar-
get compounds are finally obtained together with water and ammonia as the only by-
products.

Br/l R2 OH R2 ReO, R2
1 3 AER 1 3 + 1.1 eq. NH4ReO4 1 3
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Scheme 3.5: Synthesis procedure and overview of all synthesized imidazolium perrhenate catalysts
within this work (AER: anion exchange resin).

The catalytic activity was investigated with cis-cyclooctene as a model substrate and
50 wt. % ag. H,O, (Table 3.1) as the oxidant. It is noteworthy that the selectivity for
cyclooctene oxide was =99 % for all investigated catalysts as no epoxide ring-

opening was detected.
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Table 3.1: Epoxidation of cis-cyclooctene catalyzed by imidazolium perrhenates.

(Im] : R?

5.0 mol % [Im][ReO,] s R% H, Me, n-Bu

O 70°C,2.5eq. Hy0, @O NGON R3: Me, n-Bu, n-Oc, n-Do
Catalyst R® R? Yield [%)] after 4 h®  Yield [%] after 24 h?
18 Me H 3 22
19 Me Me 4 60
20 Me n-Bu 5 60
21 n-Bu H 7 55
22 n-Bu Me 8 70
23 n-Bu n-Bu 24 100
24 n-Oc H 44 98
25 n-Oc Me 88 100
26 n-Oc n-Bu 21 34
27 n-Do H 64 96
28 n-Do Me 85 100
29 n-Do n-Bu 2 8

Reaction conditions: 10 mmol cis-cyclooctene, 0.5 mmol catalyst (5.0 mol %),
25 mmol ag. H,O; (50 wt. %), T = 70 °C; [a] yields based on GC analysis.

Regarding the influence of the substitution pattern on the reaction outcome, it was
found that imidazolium cations with short alkyl wingtips and a C2 proton result in low
activities (Table 3.1, catalysts 18, 21). The strong HB donor ability of the acidic C2-H
presumably causes a high degree of ion pairing to [ReO,4]. Thus, the activation of
H,O, by the anion as HB acceptor is hindered, leading to low conversions. However,
alkyl chains in R? position do not enhance the catalytic activity significantly (Ta-
ble 3.1, catalysts 19, 20, 22, 23). Consequently, the electrostatic interaction between
the ions is not the only factor affecting the activity of the catalyst. As wingtip substitu-
tion with elongated alkyl chains leads to substantially improved activity (Table 3.1,
catalysts 24, 25, 27, 28), the hydrophobicity of the IL catalysts is another key factor.
Nevertheless, a n-Bu residue in C2 position results in a strongly decreased catalytic
activity in these cases (Table 3.1, catalysts 26, 29), presumably because of the too
high hydrophobicity. However, the corresponding C2 methylated analogs represent

the most active epoxidation catalysts among the investigated compounds (Table 3.1,
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catalysts 25, 28). They exhibit the proper solubility behavior and the degree of ion
pairing is low, thereby enabling efficient activation of H,O, by [ReO,4] as HB acceptor.
To understand the impact of the hydrophobicity on the activity in detail, the quantita-
tive solubility of the R% n-Oc series was determined in cis-cyclooctene, water and
aqueous H;O,. The investigated ILs are almost insoluble in cis-cyclooctene
(< 50 ppm) and only barely soluble (24, 2 wt. %, 25, 1 wt. %) or even insoluble (26) in
water. These solubilities change drastically in presence of the oxidant in the aqueous
phase. Whereas the behavior of 26 remains unchanged, 24 is entirely soluble and
25 wt. % of 25 are dissolved in 50 wt. % aq. H,O,. Consequently, 24 and 25 are en-
tirely dissolved in the aq. H,O, phase under catalytic conditions, which is caused by
the strong HB interactions of [ReO,4] to H,O,. Moreover, the solubility of cis-
cyclooctene in the biphasic system is affected by the ILs (Figure 3.7, (a)). Compared
to the absence of IL, the substrate solubility in ag. H,O, under reaction conditions is
enhanced by the factor of 50 using 24, and 20 for 25. In contrast, addition of 26 even
lowers the olefin solubility in agq. H,O, because of the three-phasic reaction mixture.
Thus, the most active catalyst 25 (Figure 3.7, (b)) is entirely soluble in aq. H,O, and
is able to transfer the substrate in the aqueous phase. Further, the alkyl substitution
in C2 position leads to low electrostatic interactions between the ions, which in turn

enables more pronounced HB to H,O, and therefore a more efficient activation.
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Figure 3.7: (a) cis-cyclooctene solubility in a mixture of 0.5 mmol catalysts and 25 mmol 50 wt. %
aqueous H,0,; (b) time-dependent conversion of cis-cyclooctene with IL catalysts 24, 25 and 26
(10 mmol cis-cyclooctene, 0.5 mmol ILs, 70 °C, 2.5 eq. H,0,).

For the investigation of the stability and the reusability of the catalysts, 24 and 25

were used as test compounds. After the recycling by extraction and subsequent dry-
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ing in vacuum, the next catalytic run was started under standard conditions and 4 h
reaction time. No decomposition reactions or leaching was observed and at least ten

consecutive runs were possible without loss of activity (Figure 3.8).
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Figure 3.8: Yields of cyclooctene oxide for ten consecutive reaction with catalyst 24 and 25, reaction
conditions: 10 mmol cis-cyclooctene, 25 mmol ag. H,0, (50 wt.%), 0.5 mmol catalysts, 4 h, 70 °C.

In addition, catalyst 25 was used for the oxidation of various olefins with agueous
H,O, as oxidant. Given the different reactivities and solubilities of substrates other
than cis-cyclooctene, more demanding reaction conditions were applied (70 °C, 24 h,
2.5 eq. H20,, 20 mol % catalyst loading). All tested substrates could be efficiently
converted, albeit to the corresponding diol products (Table 3.2). This derives from the
higher sensitivity towards nucleophilic ring-opening of the respective epoxides com-
pared to cyclooctene oxide. To challenge this problem, the structure of the applied
imidazolium perrhenate catalysts can be individually tuned for each substrate, which

will be the subject of future investigations.

Table 3.2: Epoxidation of various olefins with catalyst 25.1

Substrate Conversion [%]™! Selectivity Diol [%]"
1-Octene 299 % 299 %
Styrene 299 % 299 %
Allyl alcohol 299 % =99 %
Cyclohexene =99 % =99 %

[a] Reaction conditions: 10 mmol olefin, 2.0 mmol catalyst (20 mol %), 25 mmol aqg.
H,0, (50 wt. %), T = 70 °C; 24 h; [b] conversions and selectivities determined by
integration of the olefin, diol and epoxide peaks in the *H NMR spectra.
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In summary, these studies have shown for the first time that imidazolium perrhenates
can be used as catalysts for the epoxidation of unfunctionalized olefins with aq. H,O..
The catalytic activity is strongly influenced by the interactions between the ions and
the catalyst hydrophobicity, which can both be controlled by systematic variation of
the imidazolium pattern. Upon substitution of the C2 position with alkyl residues, the
degree of ion pairing decreases, while the HB acceptor interaction strength of [ReO,]
to H,O, is enhanced. In order to allow a pronounced contact, the catalyst has to be
soluble in the aqueous phase containing the oxidant. However, good activity is only
achieved when the catalyst transfers the olefinic substrate in the aqueous phase,
where the reaction takes place. Thus, the cation hydrophobicity has to be properly
tuned so that the imidazolium perrhenate is soluble in agueous H,O, and is simulta-

neously able to act as phase transfer catalyst.

3.2.2 Experimental Details

All syntheses and catalytic reactions were carried out under air, if not stated other-
wise. 1,2-Dimethylimidazole, hydrogen peroxide (50 % in water), n-hexane, acetoni-
trile, ethyl acetate were purchased from Acros Organics. NaOH pellets were pur-
chased from J. T. Baker. 1-Bromobutane, 1-bromooctane and 1-bromododecane
were received from Merck. Cis-cyclooctene (95 %), acetone and Amberlite IRA-400
(OH) were purchased from Sigma-Aldrich. All chemicals were used as received with-

out further purification.
Analytical Equipment

'H- and *C-NMR spectra were recorded on a 400 MHz Bruker Advance DPX-400
spectrometer and calibrated to the corresponding solvent signals (CDCls: 7.26 ppm
for *H, 77.16 ppm for *C; DMSO: 2.50 ppm for *H, 39.52 ppm for **C). Microanalysis
was performed at the Mikroanalytisches Labor of the Technische Universitat Min-
chen in Garching. The melting points were determined with a MPH-H2 melting point
meter from Schorpp Geratetechnik. Catalytic runs were performed on a cycler “Car-
ousel 12 plus” from Radleys and monitored via GC methods on a Hewlett-Packard
HP 5890 Series Il instrument equipped with a FID, Superlco column Alphadex 120

and a Hewlett-Packard integration unit HP 3396 Series II.
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Experimental Procedure for Catalytic Olefin Epoxidation

The corresponding catalyst (0.5 mmol or 2.0 mmol) was placed in a glass tube
equipped with a magnetic stirring bar. Subsequently, the substrate (10.0 mmol) was
added and the reaction mixture was heated to 70 °C. Finally, the oxidant (25.0 mmol)
was added and the reaction mixture was kept at 70 °C for 4 and 24 hours. Continu-
ous samples (0.1 mL) were taken from the top phase (substrate and product), mixed
with an internal standard (1.0 mL) and analyzed by GC for cis-cyclooctene. The reac-
tion outcome for all other substrates was determined by integration of the olefin, diol
and epoxide peaks in the *H-NMR spectra.

Experimental Procedure for Catalyst Recycling

Recycling experiments were performed in a round-bottomed flask equipped with a
magnetic stirring bar under the same conditions as mentioned above. After each run,
cis-cyclooctene and cyclooctene oxide where extracted at 70 °C with n-hexane
(2 x 2.5 mL). The residual solvent, water and hydrogen peroxide were subsequently

removed under reduced pressure at 70 °C for of 4 h.
Solubility Measurements

The solubility measurements were performed by Dipl.-Chem. Johannes Schaffer at
the Chair of Chemical Engineering of Prof. Dr.-Ing. Andreas Jess at the Faculty of
Engineering Sciences from the University of Bayreuth.

3.2.3 Synthesis and Characterization of the Catalysts
Preparation of Imidazolium Bromides

The imidazolium bromides and iodides (for 18, 19 and 20) were synthesized accord-
ing to literature procedures.?®® *! The purity of the compounds was determined with

'H- and *C-NMR spectroscopy as well as with elemental analysis.
Preparation of Imidazolium Perrhenate Catalysts

The imidazolium perrhenates were prepared according to a literature known proce-
dure.**¥ The previously synthesized imidazolium bromides were first transformed to
the corresponding hydroxide analogs through an anion exchange resin. Subsequent-
ly, an excess of NH;ReO, (1.10 eq.) was added and the resulting reaction mixture

was stirred at 70 °C for 24 h leading to water and ammonia as only by-products. Af-
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terwards, all volatiles were removed in high vacuum at elevated temperatures and
dichloromethane was added to the resulting mixture of imidazolium perrhenate and
excess of NH4;ReO,. Finally, the insoluble NH;ReO, was filtered off and the target
catalyst was received after removing the volatiles in vacuo. The purity of the synthe-
sized compounds was analyzed by means of *H-, **C-NMR and IR spectroscopy, as

well as with elemental analysis and melting point determination.

Characterization Data

1,3-Dimethylimidazolium perrhenate (18):

CsHgN2O4Re (347.34 g/mol); colorless powder; 89 % yield; m.p.: 90 °C;

'H NMR ([d6]DMSO, 400 MHz, RT, ppm): & = 9.02 (s, 1H, CH), 7.67 (d,
3J(H,H) = 2 Hz, 2 H, CH), 3.84 (s, 6H, CH3):

13C-NMR (100.28 MHz, CDCls, RT, ppm) & = 137.0, 123.5, 35.7;

IR (ATR, diamond crystal, neat): v = 905 (Re=0 asymmetric);

Elemental analysis calcd. (%) for CsHgN,O4Re: C 17.29, H 2.61, N 8.07, O 18.42,
Re 53.61; found: C 17.77, H 2.70, N 8.15, Re 52.75.

1,2,3-Trimethylimidazolium perrhenate (19):

CesH11N204Re (361.37 g/mol); colorless powder; 33 % vyield; m.p.: 191 °C;

'H NMR ([d6]DMSO, 400 MHz, RT, ppm): & = 7.24 (s, 2H, CH), 3.92 (s, 6H, CHs),
2.76 (s, 3H, CHy);

13C-NMR ([d6]DMSO, 100 MHz, RT, ppm) & = 144.8, 122.0, 34.8, 9.2;

IR (ATR, diamond crystal, neat): v = 900 (Re=0 asymmetric);

Elemental analysis calcd. (%) for C¢H11N2,O4Re: C 19.94, H 3.07, N 7.75, O 17.71,
Re 51.53; found: C 20.10, H 2.98, N 7.72, Re 51.63.

2-Butyl-1,3-dimethylimidazolium perrhenate (20):

CoH17N204Re (403.45 g/mol); colorless powder; 86 % yield; m.p.: 93 °C;

'H NMR ([d6]DMSO, 400 MHz, RT, ppm): & = 7.60 (s, 2H, CH), 3.79 (s, 6H, CH3),
2.99 (t, *J(H,H) = 8 Hz, 2H, CH), 1.60-1.50 (m, 2H, CH,), 1.42-1.30 (m, 2H, CH,),
0.91 (t, 3J(H,H) = 7 Hz, 3H, CHa);

13C-NMR ([d6]DMSO, 100 MHz, RT, ppm) & = 144.8, 122.0, 34.8, 9.2;

IR (ATR, diamond crystal, neat): v = 897 (Re=0 asymmetric);

40



3. Results — Publication Summaries

Elemental analysis calcd. (%) for CgH17N2O4Re: C 26.79, H 4.25, N 6.94, O 15.86,
Re 46.15; found: C 26.99, H 4.25, N 6.95, Re 45.92.

1-Butyl-3-methylimidazolium perrhenate (21):

CsH15N204Re (389.42 g/mol); yellow liquid; 86 % yield;

'H NMR (CDCls, 400 MHz, RT, ppm): 5= 8.92 (s, 1 H, CH), 7.39 (s, 1 H, CH), 7.36 (s,
1 H, CH), 4.24 (t, 3J(H,H) = 8 Hz, 2 H, CH,), 4.02 (s, 3 H, CH3), 1.89-1.81 (m, 2 H,
CH,), 1.39-1.30 (m, 2 H, CHy), 0.97 (t, *J(H,H) = 7 Hz, 3 H, CH3);

13C NMR (CDCl3, 100 MHz, RT, ppm) & = 136.5, 123.9, 122.5, 50.3, 36.7, 32.1, 19.6,
13.5;

IR (ATR, diamond crystal, neat): v = 892 (Re=0O asymmetric);

Elemental analysis calcd. (%) for CgHisN2,O4Re: C 24.67, H 3.88, N 7.19, O 16.43,
Re 47.82; found: C 24.98, H 3.81, N 7.06, Re 43.38.

3-Butyl-1,2-dimethylimidazolium perrhenate (22):

CoH17N204Re (403.45 g/mol); colorless powder; 90 % yield; m.p.: 68 °C

'H NMR (CDCls, 400 MHz, RT, ppm): & = 7.28 (d, 3J(H,H) = 2 Hz, 1H, CH), 7.22 (d,
3J(H,H) =2 Hz, 1H, CH)), 4.12 (t, 3J(H,H) = 8 Hz, 2H, CH,), 3.89 (s, 3H, CHj), 2.70
(s, 3H, CHs), 1.84-1.76 (m, 2H, CH,), 1.42-1.35 (m, 2H, CH,), 1.00 (t, 3J(H,H) = 7 Hz,
3H, CHy);

13C-NMR (CDCls, 100 MHz, RT, ppm) & = 149.6, 122.8, 121.1, 48.9, 35.5, 31.7, 19.8,
13.7, 9.7,

IR (ATR, diamond crystal, neat): v = 898 (Re=0O asymmetric);

Elemental analysis calcd. (%) for CoHi7N20O4Re: C 26.79, H 4.25, N 6.94, O 15.86,
Re 46.15; found: C 26.73, H 4.19, N 6.84, Re 46.90.

1,2-Dibutyl-3-methylimidazolium perrhenate (23):

C12H23N204Re (445.53 g/mol); red oil; 80 % vyield;

'H NMR (CDCl3, 400 MHz, RT, ppm): & = 7.36 (s, 1H, CH), 7.31 (s, 1H, CH), 4.09 (t,
3J(H,H) = 8 Hz, 2H, CH,), 3.88 (s, 3H, CHa), 3.00 (t, J(H,H) = 8 Hz, 2H, CH)), 1.83-
1.75 (m, 2H, CH,), 1.63-1.55 (m, 2H, CH,), 1.50-1.35 (m, 4H, CH,), 0.98 (t, *J(H,H) =
8 Hz, 6H, CHy);

13C-NMR(CDCl3, 100 MHz, RT, ppm) d = 146.9, 123.2, 121.1, 48.5, 35.3, 32.1, 29.2,
23.1, 22.6, 19.8, 13.7, 13.6;
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IR (ATR, diamond crystal, neat): v = 894 (Re=0 asymmetric);
Elemental analysis calcd. (%) forCi2H23N.O4Re: C 32.50, H 4.77, N 6.32, O 14.43,
Re 41.98; found: C 32.47, H 5.07, N 6.21, Re 41.89.

1-Methyl-3-octylimidazolium perrhenate (24):

C12H23N204Re (445.53 g/mol); pale yellow liquid; 90 % vyield;

'H NMR (CDCl;, 400 MHz, RT, ppm): = 8.85 (s, 1 H, CH), 7.41 (s, 1 H, CH), 7.36
(s, 1 H, CH), 4.20 (t, 3J(H,H) = 8 Hz, 2 H, CH,), 4.00 (s, 3 H, CH3), 1.89-1.79 (m, 2 H,
CH,), 1.35-1.20 (m, 10 H, CHy), 0.84 (t,3J(H,H) =8 Hz, 3 H, CH3);

13C NMR (CDCls, 100 MHz, RT, ppm) & = 136.2, 124.0, 122.5, 50.5, 36.6, 31.7, 30.2,
29.0, 28.9, 26.3, 22.6, 14.1;

IR (ATR, diamond crystal, neat): v = 895 (Re=0 asymmetric);

Elemental analysis calcd. (%) for C12H23N204Re: C 32.35, H 5.20, N 6.29, O 14.36,
Re 41.79; found: C 32.60, H 5.30, N 6.31, Re 42.53.

1,2-Dimethyl-3-octylimidazolium perrhenate (25):

C12H25N204Re (459.56 g/mol); pale yellow oil; 87 % yield,;

'H NMR (CDCls, 400 MHz, RT, ppm): 8 = 7.33 (d, J(H,H) = 2 Hz, 1H, CH), 7.25 (d,
3J(H,H) = 2 Hz, 1H, CH), 4.09 (t, *J(H,H) = 8 Hz, 2H, CH,), 3.87 (s, 3H, CHj3), 2.67 (s,
3H, CHs), 1.81-1.71 (m, 2H, CH,), 1.40-1.20 (m, 10H, CH,), 0.86 (t, 3J(H,H) = 7 Hz,
3H, CHy);

13C-NMR (CDCls, 100 MHz, RT, ppm) & = 143.7, 122.7, 120.9, 48.8, 35.3, 31.6, 29.6,
28.9, 26.3, 22.5, 14.0, 9.5;

IR (ATR, diamond crystal, neat): v = 895 (Re=0 asymmetric);

Elemental analysis calcd. (%) for C12H2sN2O4Re: C 33.98, H 5.48, N 6.10, O 13.93,
Re 40.52; found: C 34.00, H 5.42, N 6.05, Re 40.50.

2-Butyl-1-methyl-3-octylimidazolium perrhenate (26):

C16H31N204Re (501.64 g/mol); colorless powder; 85 % yield; m.p.: 53 °C;

'H NMR (CDCls, 400 MHz, RT, ppm): & = 7.33 (d, 3J(H,H) = 2 Hz, 1H, CH), 7.28 (d,
3J(H,H) = 2 Hz, 1H, CH), 4.04 (t, 3J(H,H) = 8 Hz, 2H, CH,), 3.84 (s, 3H, CHa), 2.96 (t,
3J(H,H) = 8 Hz, 2H, CHy), 1.80-1.75 (m, 2H, CH,), 1.63-1.55 (m, 2H, CH,), 1.47-1.37
(m, 2H, CH,), 1.31-1.21 (m, 10H, CH,), 0.93 (t, 3J(H,H) = 7 Hz, 3H, CH3), 0.81 (t,
3J(H,H) = 7 Hz, 3H, CH3);
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13C-NMR (CDCls, 100 MHz, RT, ppm) & = 146.6, 123.1, 120.9, 48.6, 35.2, 31.6, 30.0,
29.1, 28.9, 28.9, 26.4, 23.0, 22.5, 22.4, 14.0, 13.5;

IR (ATR, diamond crystal, neat): v = 894 (Re=0O asymmetric);

Elemental analysis calcd. (%) for C16H31N2O4Re: C 38.31, H 6.23, N 5.58, O 12.76,
Re 37.12; found: C 38.43, H6.71, N 5.64, Re 36.41.

1-Dodecyl-3-methylimidazolium perrhenate (27):

C16H31N204Re (501.64 g/mol); colorless powder; 95 % yield; m.p.: 49 °C;

'H NMR (CDCls, 400 MHz, RT, ppm): 5 = 8.85 (s, 1 H, CH), 7.40 (m, 1 H, CH), 7.34
(m,1 H, CH), 4.21 (t, *J(H,H) = 8 Hz, 2 H CH,), 4.01 (s, 3 H, CHj), 1.89 (t, 2J(H,H) =
8 Hz, 2 H CH,), 1.33-1.24 (m, 18 H CH>), 0.86 (t, *J(H,H) = 8 Hz, 3 H, CH3);

13C NMR (CDCl3, 100 MHz, RT, ppm): & = 136.4, 123.9, 122.4, 50.6, 36.7, 32.0,
30.3, 29.7, 29.7, 29.6, 29.5, 29,4, 29.1, 26.4, 22.8, 14.2;

IR (ATR, diamond crystal, neat): v = 900 (Re=O asymmetric);

Elemental analysis calcd. (%) for C1H31N2O4Re: C 38.31, H 6.23, N 5.58, O 12.76,
Re 37.12; found: C 38.52, H 6.31, N 5.57, Re 37.14.

1,2-Dimethyl-3-dodecylimidazolium perrhenate (28):

C17H33N204Re (515.66); colorless powder; 90 % yield; m.p.: 50 °C;

'H NMR (CDCls, 400 MHz, RT, ppm): & = 7.31 (d, %J(H,H) = 2 Hz, 1H, CH), 7.23 (d,
3J(H,H) = 2 Hz, 1H, CH), 4.06 (t, J(H,H) = 8 Hz, 2H, CHy), 3.84 (s, 3H, CHs), 2.64 (s,
3H, CHs), 1.79-1.70 (m, 2H, CH,), 1.30-1.20 (m, 18H, CH,), 0.84 (t, 3J(H,H) = 7 Hz,
3H, CHy);

13C-NMR (CDCls, 100 MHz, RT, ppm) & = 143.8, 122.8, 121.0, 48.9, 35.3, 31.9, 29.8,
29.6, 29.6, 29.4, 29.3, 29.1, 26.4, 22.7, 14.2, 9.5;

IR (ATR, diamond crystal, neat): v = 895 (Re=0 asymmetric);

Elemental analysis calcd. (%) for C;7H33N,O4Re: C 39.60, H 6.45, N 5.43, O 12.41,
Re 36.11; found: C 39.91, H 6.47, N 5.33, Re 36.44.

2-Butyl-1-dodecyl-3-methylimidazolium perrhenate (29):

CooH39N204Re (557.75 g/mol); off-white powder; 72 % yield; m.p.: 76 °C;

'H NMR (CDCls, 400 MHz, RT, ppm): 8 = 7.38 (d, J(H,H) = 2 Hz, 1H, CH), 7.28 (d,
33J(H,H) = 2 Hz, 1H, CH), 4.07 (t, 3J(H,H) = 8 Hz, 2H, CH,), 3.90 (s, 3H, CHs), 3.01 (t,
3J(H,H) = 8 Hz, 2H, CH,), 1.90-1.80 (m, 2H, CH,), 1.68-1.58 (m, 2H, CH,), 1.53-1.42
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(m, 2H, CH,), 1.40-1.20 (m, 18H, CH,), 0.99 (t, 3J(H,H) = 7 Hz, 3H, CHs), 0.87 (t,
3J(H,H) = 7 Hz, 3H, CH3);
13C-NMR (CDCls, 100 MHz, RT, ppm) & = 146.9, 123.3, 121.0, 48.8, 35.4, 32.0, 30.2,
29.7,29.6, 29.5, 29.4, 29.2, 29.1, 26.6, 23.2, 22.6, 14.3, 13.7;
IR (ATR, diamond crystal, neat): v = 902 (Re=0 asymmetric);
Elemental analysis calcd. (%) for C,oH39N2O4Re: C 43.07, H 7.05, N 5.02, O 11.47,
Re 33.39; found: C 43.45, H 7.17, N 5.06, Re 32.57.
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4 Summary and Outlook

The catalytic cycloaddition of CO, with epoxides to cyclic carbonates is a sustainable
possibility for the utilization of this greenhouse gas as a chemical building block. Or-
ganocatalysts bear a great potential, because of the easy availability and handling,
as well as the lower price and toxicity compared to metal based systems. However,
efficient conversions for this reaction with metal-free catalysts are only possible by
applying high temperatures and pressures, as they are generally less active. Hence,
the major part of this thesis focuses on the development of tailored organocatalysts,
which allow milder reaction conditions and lead to a minimized carbon footprint of the
process. The long-term objective is thereby to achieve a comparable catalytic activity
to metal based systems in order to conduct cyclic carbonate synthesis at ambient
conditions with organocatalysts.

Although imidazolium halides are known metal-free catalysts for the synthesis of cy-
clic carbonates from CO, and epoxides, the impact of the cation on the catalytic ac-
tivity was not understood in detail. Thus, imidazolium bromides with varying imidazo-
lium residues were synthesized and applied as catalysts for the synthesis of PC to
investigate the resulting effects on the reaction outcome. It was shown that the C2
proton at the imidazolium ring activates the epoxide by HB, which leads to facilitated
nucleophilic ring-opening and enhanced catalytic activity. This was corroborated by
FTIR studies of a mixture of catalyst and epoxide. Further, the formation of a free
carbene as a catalytic active species can be excluded as a C2 alkyl substituent only
slightly reduces the observed yields. On the basis of these results, the structure of
the imidazolium substitution pattern was tailored to reach higher catalytic activity. The
introduction of an electron-withdrawing wingtip results in higher acidity of the C2 pro-
ton and thus in a stronger HB donor capability and more pronounced activation of the
epoxide. In addition, the solubility of the catalyst in the reaction mixture was improved
by a long alkyl residue at the second wingtip position. Finally, the optimized catalyst
1-(2,3,4,5,6-pentafluorobenzyl)-3-octylimidazolium bromide (Figure 4.1) is able to
efficiently mediate the formation of a variety of cyclic carbonates under mild reaction
conditions (70 °C, 4 bar CO,, 16 h). Moreover, the catalyst can be easily recycled, it
remains constantly active for at least ten runs and no solvents or metals are required.
Consequently, an overall green approach for the cycloaddition of CO, and epoxides

with minimized energy-input and carbon footprint was achieved.
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Figure 4.1: Optimized imidazolium bromide catalyst structure for the cycloaddition of CO, with epox-
ides.

In order to further increase the catalytic activity of imidazolium halide based catalysts,
the structural motif of the cation was modified. As aforementioned, the presence of
three hydroxy groups in spatial proximity leads to particularly effective organocata-
lysts because of the synergism deriving from the multiple HB donor groups. There-
fore, two imidazolium moieties were coupled with a hydroxy functionalized propylene
bridging unit. The resulting catalysts bear two acidic C2 protons and one hydroxy
group as three neighboring HB donor functionalities that are capable of interacting
during the cycloaddition reaction. DFT calculations have revealed that these three HB
donor groups activate the epoxide more efficiently and also stabilize intermediates,
so that an enhanced catalytic activity is achieved. To ensure high solubility in the re-
action mixture, the remaining second wingtips of the imidazolium cations were again
functionalized with n-octyl groups, leading to the optimized bisimidazolium bromide
catalyst (Figure 4.2). Compared to the previously described most active single imid-
azolium bromide, the reaction time could be reduced to 73 % by using the newly de-
veloped system under identical conditions. In addition, the catalyst is applicable with-
out solvents or metals for a broad scope of epoxides and reusable for a least ten re-
action runs without loss of activity. Consequently, the carbon footprint and sustaina-

bility of the reaction were successfully improved.
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=> synergistic effects

. /) /)
hydrophobic \/\/\/\,,N@N/Y\N@N\/\/W
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Figure 4.2: Bisimidazolium bromide catalyst bearing three neighboring HB donor groups.
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The simple and versatile possibilities for the modification of imidazolium halides are
their main advantage for further investigations towards even more active organocata-
lysts. By introducing new structural motifs for an enhanced epoxide or CO activation,
high catalytic efficiency at ambient conditions could be reached. As a result, the activ-
ity gap between metal-based and metal-free systems could be minimized, leading to
more sustainable organocatalytic processes.
Binary mixtures consisting of niobium(V)chloride and nucleophiles like TBAB are
known to efficiently mediate the catalytic cycloaddition of CO, and epoxides at room
temperature and under one atmosphere CO, pressure. By using imidazolium bro-
mides as nucleophilic components instead of TBAB, alternative catalyst systems are
obtained, whereby the activity strongly depends on the imidazolium substituents. Un-
like imidazolium bromides as single catalysts, the presence of a C2 proton reduces
the activity. Due to the much stronger epoxide interaction of the Lewis acidic
(NbCls),, the HB activation by the cation is negligible. However, the degree of ion
pairing is higher when the imidazolium ring bears a C2 proton, which results in a low-
er anion nucleophilicity. Thus, imidazolium salts with alkyl substituents in C2 position
gave higher catalytic activities. Besides the ion pairing, the solubility of the imidazoli-
um bromides in the reaction mixture was determined as a crucial factor regarding the
activity. Therefore, imidazolium patterns based on aliphatic substituents generally
show better catalytic performance compared to aromatic wingtips. By tailoring the
imidazolium structure towards high solubility and small interionic attractions, a prom-
ising alternative to common TBAB as nucleophile was finally obtained (Figure 4.3).
However, the (NbCls),/nucleophile catalyst systems cannot be recycled without loss
of activity, which is a serious disadvantage. Future studies should hence focus on
suitable structural motifs for nucleophilic components that allow facile recycling pro-
cedures and constant catalytic activity for multiple runs at the same time. Conse-
quently, not only a cost-efficient binary catalyst with high catalytic activity, but also a

large sustainability could be realized.

N HB of C2-H blocked
[ClsNb] @

: N => high nucleophilicity
: - |
O Br 7L

/A < I aliphatic

=> high solubility

Figure 4.3: Binary catalyst system by combination of (NbCls), and imidazolium bromides.
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As a metal-free alternative to the (NbCls), binary catalyst systems, the polyol PETT
was used as an activation agent for epoxides in combination with nucleophiles. The
four hydroxy groups activate the epoxide by HB interactions, so that the nucleophilic
ring-opening is facilitated. It was shown that the cation structure of the nucleophile
has a major influence on the catalytic activity. This is particularly obvious if TBAI is
used instead of Kl in combination with PETT, as the cyclic carbonate yield increases
by a factor of 16. The resulting PETT/TBAI system (Figure 4.4) is applicable for the
conversion of a variety of epoxides to their corresponding cyclic carbonates in high
yields at mild reaction conditions (70 C, 4 bar CO,, 16 h, 5 mol % catalysts). In con-
trast to other binary organocatalytic systems, the PETT/TBAI mixture is also easily
recyclable and can be reused without loss of activity for a minimum of eight consecu-
tive reaction runs. Additionally, no metals or solvents are needed and the compounds
are non-toxic, cost-efficient and readily available. Taking all these aspects into ac-
count, a highly sustainable catalyst system for the coupling of CO, and epoxides with

low carbon footprint was achieved.

PETT:

=
four HB donor groups | O7 ) low electrostatic interaction

L => high nucleophilicity

=> gynergistic effects K O<k N
-O-
=> efficient activation O+ (l/ H => no interaction with PETT

Figure 4.4: PETT/TBAI binary catalyst system for the cycloaddition of CO, and epoxides.

However, more demanding reaction conditions for the PETT system have to be ap-
plied compared to the (NbCls), binary mixtures, as efficient conversions at ambient
conditions are not yet possible. Nevertheless, the air and moisture stable metal-free
approach does not require elaborated inert gas techniques or water free reactants or
solvents. Therefore, time consuming preparations are redundant and safety problems
are avoided. This demonstrates the great potential of organocatalytic binary catalysts
as a sustainable approach. To minimize the carbon footprint of the process, new
structural motifs for more efficient epoxide activation should be the focus of further
investigations. As a result, high catalytic activity at ambient reaction conditions should
be the long-term goal regarding the cycloaddition of CO, and epoxides by organocat-

alysts.
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4. Summary and Outlook
In the second part of this thesis, the biphasic epoxidation of olefins, with agueous
H,0O, as sustainable oxidant, was investigated using imidazolium based catalyst sys-
tems.
For this purpose, carboxy-functionalized imidazolium salts were employed to form
catalytic active polyoxomolybdates in situ (Figure 4.5). Thus, additional organic acids
for lowering the pH value are redundant and the reaction procedure is simplified sig-
nificantly. Nevertheless, the catalytic activity depends on the acidity of the reaction
mixture and thereby on the ratio of imidazolium salt to metal precursor. The optimal
catalyst performance was determined with a tenfold excess of imidazolium salt, lead-
ing to good yields for the epoxidation of cis-cyclooctene (60 °C, 24 h, 1.5 eq. H»O,,
5.0 mol %). The presumably formed [MoXOy]z' clusters were determined as the cata-
lytic active species, as it was shown that oxygen transfer of potentially in situ gener-
ated peracids can be excluded. Moreover, the catalyst system could be recycled by
extraction and was reusable with negligible loss of activity for six reaction runs. Con-
clusively, simple and cost-efficient precursors were used to create a catalyst system

for the epoxidation of cis-cyclooctene with aqueous H,O, in an environmentally be-

nign manner.
cl
pH value adjustment metal precursor
Na,MoO
/N@N\)LOH => no acid required 2 4= catalyst forms in situ

Figure 4.5: System for the in situ generation of catalytic active polyoxomolybdate species using a
carboxy-functionalized imidazolium salt.

To enhance the catalytic activity of this system, more comprehensive studies dealing
with the exact structure of the catalytic active species are needed. This would allow
the tailoring of the imidazolium substitution pattern towards the actual catalyst, lead-
ing to more efficient conversion rates for the epoxidation reaction. The scope of this
system should further be extended to show the applicability for other olefins than cis-
cyclooctene. Aside from molybdate precursors, other metal salts could also be used
to possibly generate even more active epoxidation catalysts in situ.

As an alternative system for the epoxidation of olefins with aqueous H»0,, imidazoli-
um perrhenates were used as catalysts for the first time. In contrast to earlier studies
regarding their equimolar application, it was demonstrated that also substoichiometric

amounts are capable of efficiently mediating the epoxidation reaction. To reveal the
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impact of the cation on the activity, a database of imidazolium perrhenates with vary-
ing substitution patterns was synthesized and used as catalysts. As the reaction
mechanism is based on the activation of H,O, by the [ReO4] HB acceptor ability, the
shielding of the anion caused by interionic attractions has a major influence. There-
fore, alkyl substituents in C2 position of the imidazolium cation instead of a C2 proton
positively affect the reaction outcome, caused by the lower degree of ion pairing. This
results in a more reactive anion and hence more efficient H,O, activation. The hydro-
phobicity of the catalysts is another fundamental factor for the activity of imidazolium
perrhenates in the biphasic epoxidation reaction of olefins with aqueous H,0O,. For
suitable functionalization, it was found that HB interactions of the anion to H,O, ena-
ble high solubility in the aqueous phase. This is not observed in the absence of the
oxidant or imidazolium cations with a too high hydrophobicity. However, it was shown
that proper modification of the solubility enables the imidazolium perrhenate to act as
a phase transfer catalyst, thereby transferring the olefin in the agueous phase. This
assumes that the cation provides a catalyst hydrophobicity, which is not too low, so
that interaction with the olefin is possible. The optimized catalyst (Figure 4.6), regard-
ing ion pairing and solubility, catalyzes the formation of cyclooctene oxide in 88 %
yield (70 °C, 4 h, 2.5 eq. H,0O, (50 wt. %), 5.0 mol %). Additionally, the catalyst was
easily separated from the reaction mixture and exhibits high stability, as well as con-

stant catalytic activity for at least ten consecutive runs.
HB of C2-H blocked
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proper hydropobicity /\/\/\/\ =7/ => efficient H,O, activation
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Figure 4.6: Optimized imidazolium perrhenate catalyst for olefin epoxidation with aqueous H,0,.

Also a variety of other olefins was converted efficiently, but with high selectivities for
the corresponding diols. The aim of future investigations could be to tailor the imidaz-
olium structure towards the desired substrate in order to reach higher selectivities for
the epoxide product. The introduction of functional groups at the cation moiety could

further lead to enhanced catalytic activity caused by more pronounced phase transfer
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of the olefin or stronger H,O, activation. Apart from the modification of the imidazoli-
um pattern, the substitution of [ReOy4] as HB acceptor for H,O, activation bears a
vast potential. It is known from mechanistic investigations that the metal center does
not participate in the catalytic cycle, which proceeds via an outer-sphere mechanism.
This enables the possibility to exchange the expensive transition metal with metal-
free, much more cost-efficient and eco-friendly analogs like the omnipresent nitrate
[NOsJ, sulfate [SO4]*, phosphate [PO.]* or acetate [OAc] anions. Initial studies have
shown that such imidazolium salts are catalytically active for the epoxidation of cis-
cyclooctene. This paves the way to innovative, cost-efficient, readily available and
highly sustainable organocatalysts for the epoxidation of olefins with aqueous H,O..

The future objective of this thesis is to develop a process, which enables direct cyclic
carbonate synthesis from olefins, CO, and H,O, or oxygen as eco-friendly oxidants.
For this purpose, the achieved results have to be combined to design a catalyst,
which is able to mediate both reactions consecutively at identical reaction conditions.
Another possibility could be the simultaneous application of two individual catalysts,
whereby the respective single compounds have to be compatible and do not disrupt
each other. When these challenges are solved, the synthesis of cyclic carbonates is
facilitated considerably and superior possibilities for more sustainable processes will

be provided.
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