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1 Kurzfassung

Die Substitution von Edelmetallkatalysatoren durch giinstigere und weniger giftige Met-
alle einerseits und neuartige Losungsmittelsysteme andererseits ist unerlasslich, um ei-
nen nachhaltigeren und umweltfreundlicheren Ansatz fiir die organische Synthese zu
erreichen.

Diese Arbeit verfolgt den Ansatz, die haufig verwendeten Edel- oder Seltenerdmetalle
durch verfiigbare Metalle zu ersetzen und in diesem Zusammenhang eine Verbesserung
der katalytischen Aktivitat zu erreichen. Um die Umweltbelastung weiter zu reduzieren,
konzentriert sich diese Arbeit auf die Substitution organischer Losungsmittel durch ion-
ische Fliissigkeiten (IL), gefolgt von einer Phasenimmobilisierung.

Der erste Teil dieser Arbeit konzentriert sich auf den fiir die Hydrierung von Aldehy-
den hochaktiven Komplex [Fe(PNP"¢—iPr)(H)(CO)(Br)]. Um seine Auswirkungen auf
die Umwelt zu reduzieren, wurde er in verschiedenen Schichten ionischer Fliissigkeiten
immobilisiert. Dieser zweiphasige Reaktionsaufbau ermoglichte eine einfache Produkt-
/ Katalysatortrennung. Die Verwendung einer basischen ionischen Brensted-Fliissigkeit
ermoglichte es, die Verwendung einer externen Base zur Aktivierung des Vorkatalysators
zu umgehen. Seine hohe katalytische Aktivitat bei sehr milden Reaktionsbedingungen
im Vergleich zur homogenen Katalyse konnte fiir eine grofde Vielfalt von Substraten er-
halten werden. Zusatzlich blieb die Chemoselektivitat fiir Aldehyde gegentiber anderen
funktionellen Gruppen erhalten. Ein Leaching sowohl der ionischen Fliissigkeit als auch
des Komplexes in die Produktphase konnte nicht nachgewiesen werden.

Folgend wurde der homogene Katalysator in den gleichen ionischen Fliissigkeiten gelst
und auf zwei verschiedenen Tragermaterialien immobilisiert:

1. Mesoporoses Silicagel beschichtet mit einer Trimethoxysilyl-funktionalisierten IL
2. Mesoporoser Kohlenstoff

Insbesondere der SILP auf Silica-Basis stellt eine sinnvolle Alternative fiir klassische kat-
alytische Systeme sowohl in Laboratorien als auch in industriellen Anwendungen dar.
Das katalytische Verhalten des Komplexes wurde mit drei verschiedenen SILPs getestet,
die mit modifizierten [BM,IM][NT%,], [P,,,,][NTf,] und [N,,,,][NTf,] beschichtet wur-
den. Wahrend aromatische und heteroaromatische Substrate jeweils in hoher Ausbeute
umgesetzt wurden, sinkt der Umsatz fiiraliphatische Verbindungen bei Verwendung der
ionischen Fliissigkeiten auf Phosphonium- und Ammoniumbasis hinsichtlich der Los-
lichkeit der Substrate und des Stofftransports in die ionischen Fliissigkeiten signifikant.
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1 Kurzfassung VII

Diese SILP Katalysatoren reprasentieren die ersten eisenbasierten SILP Katalysatoren fiir
die Hydrierung von Aldehyden. Sowohl fiir die IL als auch fiir den Katalysator konnte
kein Leaching festgestellt werden.

Der zweite Teil konzentriert sich auf die Entwicklung und katalytische Anwendung des
Eisenpolyhydrid-Komplexes [Fe(PNP"¢—iPr)(H)(,—H,),]" und des Aminoboran Aqui-
valents [Fe(PNP™"M¢—iPr)(H)(n,—H,B=NMe,)]". Beide Katalysatoren sind aktiv fiir die
chemo- und (Z)-selektive Semihydrierung von internen Alkinen zu den entsprechenden
Alkenen. Bei milden Reaktionsbedingungen konnte eine grof3e Vielfalt von Substraten
umgesetzt werden. Andere funktionelle Gruppen werden toleriert und nicht umgesetzt.
Der Aminoboran Komplex ist aufgrund seiner Stabilitat gegentiber Luft und Wasser ein
vielversprechender Kandidat fiir weitere Immobilisierungsstudien.
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2 Abstract

The substitution of noble metal catalysts with cheaper and less toxic metals on the one
hand and novel solvent systems on the other hand is essential to achieve a more sustain-
able and environmentally benign approach to organic synthesis.

This work follows the approach to change the most often utilized noble or rare-earth
metals to widely available ones and within this context an improvement of catalytic ac-
tivity. To further reduce the environmental impact, this work focuses on the substitution
of organic solvents by ionic liquids (IL) followed by phase immobilisation.

The first part of this work concentrates on the complex [Fe(PNP"™¢—iPr)(H)(CO)(Br)]
that is highly active for the hydrogenation of aldehydes. To reduce its environmental
impact it was immobilised in various ionic liquid layers. This biphasic reaction set-up
allowed an easy product / catalyst separation and demonstrated the use of a Bronsted
basic ionic liquid to circumvent the use of an external base for activation of the pre-
catalyst. Its high catalytic activity at very mild reaction conditions in respect to homoge-
neous catalysis for a high variety of substrates could be preserved. More importantly, the
chemoselectivity for aldehydes over other functional groups was maintained. Leaching
of both the ionic liquid and the complex into the product phase could not be detected.

Following these results, the homogeneous catalyst was dissolved in the same ionic liquids
and was immobilised on two different support materials to combine the advantages of
homogeneous and heterogeneous catalysts:

1. Mesoporous silica gel supported with a trimethoxysilyl functionalised ionic liquid

2. Mesoporous carbon

Especially silica-based supported ionic liquid phase (SILP) remarks a reasonable alter-
native for classical catalytic systems in both laboratories and industrial appliances. The
catalytic behaviour of the complex was tested with three different supported ionic lig-
uid phases functionalised with modified [BM,IM][NTY,], [P,,,,][NTf.] and [N,,,,][NTL].
While aromatic and heteroaromatic substrates were converted in high yields in each case,
the conversion for aliphatic compounds drops dramatically when the phosphonium and
ammonium based ionic liquids were used with regard to the substrates’ solubility and
the mass transfer into the ionic liquids. Leaching could not be detected in all cases for
both the IL and the catalyst.
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2 Abstract IX

These SILP catalysts remark the first highly active, chemoselective iron based supported
ionic liquid phase catalysts for the hydrogenation of aldehydes

The second part focuses on the development and catalytic application of the unclassical
iron polyhydride complex [Fe(PNPNMe—iPr)(H)(n,—H,).]" and the aminoborane equiv-
alent [Fe(PNPNMe—iPr)(H)(n*—H,B=NMe,)]*. Both catalysts are highly active for the
chemo- and (Z)-selective semihydrogenation of internal alkynes to the corresponding
alkenes. At mild reaction conditions a high variety of substrates could be converted, tol-
erating other functional groups. Due to its bench-stability, the aminoborane complex is
a promising candidate for further immobilisation studies.
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3 Introduction

3.1 General

The awareness of the anthropogenic climate change and the related responsibility of
chemical investigation and industry lead to a change of priorities for developing new
synthesis strategies. Not only with regard to producing greenhouse gases but also with
regard to reducing the amount of limited available resources. In this context the devel-
opment of new catalysts and their application in chemical processes has been the focus
of dozens of interdisciplinary research groups all over the world and resulted in thou-
sands of publications in the last decades. The scientific importance of this complex and
versatile field is especially important within green chemistry and resource efficiency and
is still growing. 3!

The structure of metal based catalysts plays a significant role with regard to its proper-
ties. In general there are two types of catalysts, homogeneous and heterogeneous ones
with both advantages and disadvantages (Table 3.1). While homogeneous catalysts have
a higher reactivity and selectivity at mild conditions, the catalyst / product separation is
laborious or not possible. In contrast to homogeneous catalysts, being evenly distributed
in the reaction media, heterogeneous catalysts have a certain proportion of bulk material
resulting in a lower activity relative to the utilised amount of substance. However, the
catalyst / product separation is much easier to achieve. This and their long-life stability
might be the reason why 80 % of industry catalysts are heterogeneous. This applies par-
ticularly for the production of bulk chemicals like ammonia and sulphuric acid where a
specific selectivity is not necessary. When it comes to drugs and food / fragrance addi-
tives or simply spoken, organic fine chemicals the selectivity and reproducibility become
essential to protect the health of consumers and livestock. These types of organic fine
chemicals, most commonly contain functional groups like ketones, aldehydes, alcohols
and / or C-C multiple bonds, which are prone to chemical alteration due to catalysis.
To achieve the desired molecules with any combinations of functional groups, homoge-
neous catalysts seem to be more promising due to their higher chemoselectivity.

Homogeneous catalysts are well-defined molecules with an organic backbone as a lig-
and and a metal center with coordinated co-ligands such as CO, halogenides or hydrides.
Each ligand and / or co-ligand can be adjusted to fulfil the necessities for the requested
reaction. This adaptability allows a tailor-made design of complexes to be tuned specif-
ically for selective catalyses. The history is dominated by noble metal complexes con-


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

3 Introduction 2

Table 3.1: Advantages and disadvantages of homogeneous and heterogeneous catalysts.

heterogeneous homogeneous

Phase solid same phase as substrate
Reaction rates lower higher

Selectivity low high

Conditions harsh mild

Regeneration easier expensive, if possible
Mechanistic understanding poor well studied
Reproducibility lower higher

taining ruthenium, rhodium or other noble metals.'5! While the activity of noble metal
catalysts outperforms base metals in general, their toxicity and low availability and the
concomitant high price as well as the mining conditions make base metal equivalents
more desirable. It has recently been shown that the assumption that noble metal com-
plexes are always more active does not have to be true. %7

Not only the specific targeting of novel catalysts is of concern, but also the environmen-
tal impact. Catalysis, historically being a field of noble or rare-earth metal have a high
demand of such metals, which are scarce and / or the refining being an environmentally
impactor. Additionally, widely applied reactions like hydrogenations are performed in
organic solvents that are mostly petrol based and sometimes even ozone degenerating
ones. Bearing these points in mind, both kinds of catalysts do not deliver an eco-friendly
and chemical ideal approach for our daily demand of fine chemicals and novel catalyst
systems are required. ®9!

3.2 Catalysis of polar Multiple Bonds

One example of such reactions are hydrogenations. The addition of molecular hydrogen
to C-C multiple bonds is of interest for different industry branches such as fat hardening
for food products. One prominent example is the Wilkinson s catalyst ([RhCI(PPh,),])
that is used amongst others for the hydrogenation of C-C double bonds.! Additionally,
the reduction of ketones and aldehydes plays a significant role in various industries(Fig-
ure3.1.M

Catalytic hydrogenation reactions and their chemoselectivity over other organic reac-
tions is only the first step to fulfil the necessities of fine chemical synthesis. The selec-
tivity over specific functional groups may become crucial as well. Reducing ketones or
aldehydes to alcohols or C-C triple / double bonds to C-C double / single bonds selec-
tively to achieve a molecule with a mixture of different functionalities is often needed.
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3 Introduction 3

In addition to that, the stereoselectivity while reducing C-C triple bonds to C-C double
bonds makes it even harder to create catalyst systems for the specific purposes.

R2

Rl

R® H H R H
H H
. / o N/, \—/ oy
| R cat. cat.
R R”Z H R
H

H

| A, e | A

Figure 3.1: Hydrogenation Reactions with molecular H,. 1. for C-C multiple bonds, 2. for carbonyl bonds

3.2.1 Hydrogenation of Ketones and Aldehydes

Alcohols, being the functional group, which results from the hydrogenation of ketones or
aldehydes, play an important role in chemical engineering as they are crucial as interme-
diates or products for both fine and bulk chemicals. But when it comes to chemoselective
reactions without any changes of other carbonyl bonds or C-C multiple bonds, the task
becomes challenging. The chemical and electronical similarity of aldehyde and ketone
groups makes it hard to create a catalysis system selective for one of these groups. !

In recent years many highly active catalysts based on both noble and base metals have
been presented (Figure 3.2). Complexes (1) and (2) are examples of a ruthenium based
catalysts for the selective hydrogenation of aldehydes. Complex 1 remarked one of the
most active catalysts for that reaction until 2015 with a maximum turnover number (TON)
of 40,000 and 234! until today with a TON of 485,000. Starting with Marko et al. in
1983 the first steps for iron mediated hydrogenation catalyses were made. Fe(CO), was
used as a ligand-free precatalyst which was activated by triethylamine as strong base re-
sulting in a hydrogen atmosphere and the active species [HFe(CO),] [HNEt,]". Under
pretty harsh conditions (10 mol% catalyst, 150 °C, 100 bar and H, pressure) ketones were
reduced in moderate and aldehydes in good yields to the corresponding alcohols with a
TON of up to 10. 5!

In 2007 Casey and co-workers presented the first organometallic iron catalyst for these
reactions. The Fe(CO),Cp complex (3) allows much milder reaction conditions in con-
trast to the Fe(CO), (2mol% catalyst, r.t. and 3bar H, pressure). Due to the lack of
chemoselectivity for a,S-unsaturated aldehydes it is still not ideal for industry applica-
tions. ]
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3 Introduction 4

Based on this work, Beller et al. did further studies with a series of Fe(CO),Cp based
complexes (4) that possess high air and moisture stability. The use of only 0.05 mol% of
K,CO; as base to activate the precatalyst leads to a TON of up to 3700 for acetophenone.
Changing the Cp backbone to Cp” resulted in a loss of activity. However, the reaction
conditions are milder than for the previous complex using 30 bar, 100 °C, iPrOH/H,O as
solvents, 0.01 mol% catalyst for acetophenone and 0.1 - 0.5 mol% catalyst for benzalde-
hyde. Acetophenone derivatives with ortho-, meta-, para-substituted functional groups
with both electron donating and withdrawing groups could also be converted. Addition-
ally, the catalyst tolerates esters, amines, trifluoromethyl and trifluoromethoxy groups,
as well as amides and N, O, S containing heterocycles with excellent yields. The same
applies to o, f-unsaturated aldehydes and ketones demonstrating chemoselectivity over
C-C double bonds.!”!

In 2013 the same research group presented a Fe tris[2-(diphenylphosphino)ethyl] phos-
phine as (tetraphos) based precatalyst (5). This one was able to hydride aldehydes under
relatively mild conditions (0.2 - 1.0 mol% catalyst, 140 °C, 40 bar H, pressure and 2 mol%
TFA (trifluoric acetic acid)) with a TON of up to 2000. Compared with the TON of com-
plexes 1 there was still a long way to go to make a reasonable substitution of noble metal
catalysts. 1!
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Figure 3.2: Overview of Catalysts used for Hydrogenation of Ketones and Aldehydes.
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3 Introduction 6

3.2.2 Hydrogenation Reactions with Pincer Complexes

In 1976 Moulton and Shaw introduced a new series of ligands: pincer ligands. Pincer lig-
ands are tridentate ligands that force a meridional coordination to the metal centre. The
coordinating atoms Y and/or E can be individually selected to stabilise the desired metal-
co-ligand system with electron donating or withdrawing properties to fulfil catalytic or
stabilising necessities.”! Consecutively, several works and studies demonstrated that the
linker (Y) can also have a huge impact on the complex’ properties. The nomenclature
follows YXY depending on the symbol of the element see Figure 3.3.!

S
YL_
Y=CN,O
=C,N
=C,N,P

Figure 3.3: General Structure of Pincer Complexes.

In 2011 Milstein et al. published their first iron based pincer complex that remarks one of
the most efficient catalysts for the hydrogenation of ketones at that time. However, the
conversion of aldehydes was not as successful as for ketones resulting in a partially re-
duction of C-C double bonds for o, 3-unsaturated aldehydes. 2°! Fouryears later the same
group presented the improved PNP—Fe(II) hydride complex (7) with C-linkers making
it chemoselective exclusively for aldehydes. !

In the same year Kirchner et al. demonstrated that changing the linker of the PNP ligand
from C to N results in an astonishing increase of activity. Under similar conditions the
activity for complex 8 was twentyfold to a TON of 80,000. It remarked the most active
catalyst for the chemoselective hydrogenation of aldehydes over other carbonyl or C-C
multiple bonds and exceeded even the activity of noble metal counterparts (1) to that
time. 2 Interestingly, a small change of the linkers from NH-linkers, which is able to
reduce both ketones and aldehydes, to NMe-linkers resulted in a chemoselectivity over
aldehydes, tolerating other functionalities such as ketone or C-C multiple bonds.®!

Following these results, another substitution of the N-linker to an O-linker demon-
strated by Hu et al. in 2015 lead to the iron PONOP complex (6). It can be used for the
chemoselective hydrogenation of aldehydes at mild conditions (r.t., 8 bar H, and 24 h)
with moderate TONs of up to 9ooo. But high catalyst loading of 10 mol% as well as the
long reaction time makes an application less efficient. *3!
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3 Introduction 7

3.2.3 Hydrogenation of C-C Multiple Bonds

The transformation of C-C multiple bonds are another important field in organic synthe-
sis. The implementation of C-C multiple bonds and their concomitant (stereoselective)
reduction to double or single bonds may be a more reasonable approach to a desired
molecule than a direct implementation of the functional group. Chemo- and stereo se-
lective semi-hydrogenation of alkynes to the corresponding (E)- and (Z)-alkenes is a
challenging task due to possible overhydrogenation or subsequent isomerisation of the
substrates. Especially in the production of pharmaceuticals, fragrances or food addi-
tives the need for (E)- or (Z)-enantiomeric pure substances can be crucial to avoid un-
wanted interactions in the human body. 4 For heterogeneous (Z)-selective approaches
5% Pd—CaCO, =Pb(OCOCH,),, known as Lindlar catalyst, is the standard example.
Still, the addition of additives like lead acetate is necessary to reduce the activity and
circumvent further reduction to alkanes. The thermal recycling of the palladium-based
catalyst produces highly toxic lead-containing gases, which have to be precipitated in
special cleaning steps.?!

However, there is only a few number of homogeneous catalysts for this reaction. In Fig-
ure 3.4 examples of metal complexes are demonstrated for both the (Z)- and (E)-selective
hydrogenation, respectively. Dixon et al. presented [Cp Ru(cod)Cl] (10) as a Ru based
catalyst for the (E)-selective semihydrogenation of internal alkynes. It converted the
tested substrates in good yields and good (E) : (Z) ratio at mild conditions with 5.5 mol%
catalyst, 10 bar H, pressure at r.t. and within 0.5-3h.2°/ But the addition of the noble
metal containing 5 mol% AgOTf makes this approach less interesting because such ad-
ditives should be circumvented to avoid noble metal containments.

While transfer hydrogenation is properly studied with heterogeneous and homogeneous
based catalysis systems, well-defined catalysts with molecular hydrogen remain mostly
unattended, though the catalytic activity can be increased immensely by higher H, pres-
sure.?728! In 2016 Tokmic and Fout demonstrated that the cobalt based complex (11) is
able to perform the same reaction at comparable conditions (2-3 mol% catalyst, 4 bar H,
pressure, 30 °C and 17 h) for a high variety of substrates with good to moderate yields and
excellent (E) : (Z) ratios. 2! The Niob(III) imido complex 13 was published by Bergman
et al. in 2011. This complex is active for the (Z)-selective semihydrogenation of internal
alkynes. Unfortunately, a large amount of catalyst (20 mol%) is necessary to reduce 1-
phenyl-propyne to the corresponding styrene derivative. 3°! Both examples demonstrate
the potential of base metal catalysis but the high demand of catalyst, harsh conditions
and long reaction times makes it not reasonable for a substitution of noble metal coun-
terparts.

Utilising iron as a base metal for these specific catalysts has been done only in two dif-
ferent occasions. The first was publicised in 1989 by Blanchini et al. demonstrating the
iron based non-classical polyhydride precatalyst [(PP,)FeH—(H,)]BPh, and the dinitro-
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3 Introduction 8

gen derivative [(PP;)FeH—(N,)|BPh,, respectively (PP,=P(CH,CH,PPh,),) (9 in 3.4).5Y
They were able to demonstrate high reactivity for the semi-hydrogenation of terminal
alkynes to the corresponding alkenes resulting in excellent yields for several substrates
at mild conditions (3 mol% catalyst, r.t. to 66 °C, 1bar H, gas, 3h). Unfortunately, only
one trimethoxy silane (TMS) and one methoxy alkyne were tested as substrates with func-
tional groups. So no conclusive predication can be made upon the chemoselectivity. Still,
it remarks the first iron based non-classical polyhydride complex for the hydrogenation
of terminal alkynes to the corresponding alkenes.
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Figure 3.4: Overview of Catalysts used for Semi-Hydrogenation of internal and external Alkynes.
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3 Introduction 10

In 2013 a second iron based system with a PNP pincer type ligand was published by Mil-
stein et al.. This imino borohydride complex (12) offers a high reactivity for the stereose-
lective hydrogenation of internal alkynes to the corresponding (E)-alkenes at moderate
conditions (0.6 mol% catalyst, 9o °C, 4 bar H, gas and 12 h). In addition to the stereose-
lectivity, the iron complex tolerates different functional groups like keto-, ester-, nitro-,
nitrile-, methoxy- or trimethylsilyl groups.

However, they reported that the (E)-stereoselectivity results from an in situ isomerisation
of the directly formed (Z)-isomer at the given reaction temperature. They observed an
accompanying loss of catalytic activity from 99 % to 61 % at lower temperatures of 55 °C
and decreased (E) : (Z) ratio of 66 : 34.3%!

3.3 lonic Liquids (ILs) as new Reaction Media

In addition to the already mentioned metal centres of the catalysts, solvents play a key
role in terms of their influence on the environment due to their high volume alone. It
can reach tens of liters per reaction but the usage is still mostly without alternative. Re-
placing classical volatile solvents with novel environmentally benign solvents was and
still is a task for the interdisciplinary scientific research field. Water as a green solvent
underwent an astonishing evolution in recent years. However, the limited solubility of
both substrates and organometallic catalysts prohibit the application in many chemical
syntheses. 334! In the late 1980s a newly designed solvent system was introduced and
investigated by Seddon and Hussey: Ionic Liquids (ILs). ILs are organic molten salts
that are liquid under 100 °C or at room temperature (rt-ILs). Bearing a wide variety of
replaceable anions and cations the physical and chemical properties can be tailored for
any specific reaction media. A wide range of organic and inorganic substances have good
solubility properties, where organic solvents or water may be immiscible. Consequently,
they can be used in biphasic systems for an easier product separation and catalyst recov-
ery. A weak coordination between the ions results in a very polar but non-coordinating
media as well as in a low viscosity, respectively. This is important for higher mass trans-
fer and an easy handling of the material. In addition to that, most of ILs can be stated
as air and moisture stable. Due to their ionic character and the associated high boil-
ing point and low vapour pressure, ionic liquids are basically mentioned as non-volatile.
This is a major advantage over classical organic solvents, which are one of the main waste
generating parts in laboratories and companies. 3537

One of the first rt-1Ls [EtNH,][NO,] with a melting point of 12 °C was prepared as early as
1914.3%! Followed by a chloroaluminate IL that was used as bath dilution for electroplat-
ing aluminium in 1948. But the research focus remained in electrochemical aspects. It
took several decades until the reinvention of the promising potential of ILs. 39! Their true
interest as novel reaction media with unique solubility and coordinative properties began
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in the 1990s and has not stopped to this day. The last years emphasized the huge poten-
tial for application in chemical processes. These includes employment as electrolytes
in batteries'4°!, photoelectrochemical cells!#! and solvent in separation techniques for
extracting metals4*! as well as an alternative for water in one of the most important C-C
coupling reactions, the Diels-Alder reactions. [43!

3.3.1 Application of ILs in Industry

Separating Media

- .M
M{/M, — M1

Electrolytes

Novel Solvents

R’ _
Pharmaceuticals / — >=< Lubricants and Additives

(6]
N,
R | R |

Catalysis

Figure 3.5: Industrial Applications of lonic Liquids.

In general there are two feasible pathways for the synthesis of ILs:

1. a direct quaternisation of a phosphane, amine, imidazole or pyridine derivative
with a favoured alkylation reagent

2. if the straight pathway is not possible, over a consequent ion exchange step
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3 Introduction 12

Depending on the desired anion the ion exchange can be operated by a Lewis acid to
give a metal halide as counter ion and by a metal salt or Brenstedt acid resulting in num-
berless combinations of cations and anions.* ! Specifically, the bis-(trifluoromethylsul-
fonyl) imide (NTf,) anion exhibits good properties for application in biphasic reactions.
Its weak coordination to the cation reduces the viscosity which further leads to a higher
mass transfer as well as an easy manageability. Additionally, the solubility properties of
both gases and organometallic compounds make this anion ideal for many purposes. For
example, the hydroformylation of C-C double bonds with molecular CO and H, catalysed
by a well-defined complex is a promising example. [44!

_|@
® ® ® | =
%] %, | ] _
I I 7\
R P e P\ R “nl"‘N ~N N/ N 'il
X R, X R — ~
RX/ y RX/ y RTNZ R R,
Phosphonium cation Ammonium cation Imidazolium cation Pyridinium cation
[Exeyy] [XYIM] [XPy]
X,y: chain lenght me -1 X,y: chain lenght me - M
et -2 et -E
pr -3 pr -P
bu -4 bu -B
- —|@ - _ﬁ - —|® o —|® . O—|®
o | Fou_| oF Fou, | _oF I N /
X By ~PL, sl 0—S—CF, /\\s/ N
F7N F71F F71F Il F.C” N/ CF,
F F F 0 [Se
[X] [BF,] [PF,] [SbF] [Tf] [NTf,]
X=Cl,Br, |

Figure 3.6: Most common Anions and Cations for lonic Liquids.

3.3.2 Application of ILs in Biphasic Approaches

The forming of C-C bonds is indispensable for chemical industries. Many industrial
relevant organic reactions are catalysed by organometallic compounds using classical
solvents in high volumes. The dimerisation or polymerisation of C-C double bonds con-
taining alkyl molecules to obtain long-chained molecules like polymers or intermedi-
ate products for further reactions represent a good example. Also Heck-, Suzuki- and
Negishi couplings are well established C-C coupling reactions. Another very important
series of reactions are the hydroformylation of olefins and hydrogenation of polar mul-
tiple bonds that commonly use homogeneous catalysed organic syntheses. All these
reactions are used in industrial scales with homogeneous or heterogeneous catalysts to
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3 Introduction 13

obtain millions of tons of aldehydes, alcohols and other organic compounds per year as
intermediate products, drugs or fragrance and food additives. [4!

To reduce the amounts of these solvents and improve the purity of the formed prod-
ucts without any catalyst contamination ILs can be used in biphasic approaches. The
product / catalyst separation can be implemented by simple decantation. Continuous
flow set-ups can be applied to reduce the amount of IL and catalyst, respectively. Addi-
tionally ILs can interact with the metal centre of a catalyst to activate it. In Diels-Alder
reactions water is used as solvent. In contrast to water as the state-of-the-art solvent,
ILs can enhance the reaction activity and the stabilisation of the endo products to get a
better selectivity. 43!

Starting with Wilkes et al. and Chauvin et al. who were one of the first using ILs as sol-
vent for transition metal catalysts in 1990. Wilkes presented an ethylene polymerisation
with Cp,MCl, (M = Ti, Zr, Hf) as catalyst and AICL,—xRx (R = Me, Et) as co-catalystin a
molten salt of AICL;- MEIC (1-ethyl-3-methylimidazolium chloride), demonstrating that
catalytic activity only appeared for Cp,TiCl, with AICL, : MEIC molar ratios of > 1.145 In
this biphasic system they used chloroaluminate molten salts that tend to be easily hydrol-
ysed, which makes handling in laboratories or industries more complicated. In 1992 the
same research group introduced a tetrafluoroborate as counter ion making the IL stable
against air, moisture and functional groups resulting in a rise of interest for many work-
ing groups.4°! For example, Chauvin published the dimerisation of propene to hexene
isomers catalysed by nickel in different molten salts like 1-methyl-3-butylimidazolium
chloride or butylpyridinium chloride.#” In the following years several studies on ILs as
solvents for transition metal complexes and their behaviour in catalytic reactions con-
firmed their potential. 48!

/\/\/\/\OH /
H,O
2 / / 2” + / / —>
[Pd"] [Fe(NO),]
NN
1 2.

Figure 3.7: Addition and Cycloaddition of 1,3-Butadiene.

For example, PdCl,, Pd(ac),, and Pd(acac) were used by Dupont et al. as catalysts in
[BMIM][PF¢]™ or [BF,]” for the hydrodimerisation of 1,3-butadiene. The reaction was
performed homogeneously at 70 °C and cooling the reaction media to 5°C lead to two
phases and an easy product separation. 49 In the same ILs Fe(NO), was used by Chauvin
et al. for the cycloaddition of 1,3-butadiene. [5°!
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3 Introduction 14

The discovery of Pd-catalysed C-C coupling reactions made an impressive way from
improvement of efficiency, selectivity, variety and applicability to noble prises (Heck,
Negishi, Suzuki, 2010).5-33! On basis of these new approaches Striba et al. reported Pd-
catalysed Heck and Suzuki cross-coupling reactions in [N,,,,][Br] as molten salt. The
catalysis system showed high yields at short reaction times (10-20 min). Another advan-
tage of using this IL is the electrostatic stabilisation of the catalytically active Pd species
preventing the formation of Pd black and a concomitant possibility of reusing the cata-
lyst at least six times without any loss of activity. 54

X R
K base X
+ y

R [Pd], H,0, 90 °C

R! R!

R1=H, CHO, R = Ph, CO,Me

COCH,, OH
X =Br, |

Figure 3.8: General Heck / Suzuki Coupling Reaction.

Knochel et al. performed Pd-catalysed Neghishi coupling reactions for several substrate
combinations of arylhalides and organozinc compounds in a two phase set-up of toluene
and [BMMIM][BF4] at room temperature demonstrating high yields after short reaction
times (mostly < 1h). After the reaction was finished the two phases could be easily sep-
arated via decantation receiving the clean product and the catalyst, which can be regen-
erated in further steps. 5!

X R2

+ R*—=In—X —>
[Pd]

R1 R1

Figure 3.9: General Negishi Coupling Reaction.

lonic liquid supported hydroformylation reactions were performed by Chauvin et al.
with Rh(acac)(CO), and PPh; in many different ILs containing [PFs]", [AsFs]", [SbF¢]
or [BF,] as counterion 5° and by Knifton with Ruthenium clusters in ammonium and
phosphonium based ILs.'575%! In 2019 Yu et al. reported a phosphine modified IL for
a biphasic Rh-catalysed hydroformylation of 1-octene. They demonstrated the activity
and the chemo-, regio- and stereoselectivity of the reaction to be adjustable by variation
of the type and structure of the sulfonated ligand. They reached TONs of up to 47,000
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3 Introduction 15

and a TOF of up to 2,300 per hour. Though it remarks a highly active system, the use of
a Rh based complex and its leaching of 0.07-0.3 ppm into the product phase, this system
is not at its optimum yet. [59!

2 3 2  Hp3 2 Hp3

R R osm, R R R R

1> < cat. / /

R H RL H T RL_Co H
H So W7o

Figure 3.10: Hydroformylation of Olefins.

Analogous to the C-C coupling reactions, hydrogenation reactions are extremely impor-
tant in organic synthesis and benefit from the use of ILs. The product separation and re-
covery of the catalyst is still a challenging task. lonic liquids can again circumvent these
drawbacks. Chauvin et al. used [BMIM] ILs as solvent for the hydrogenation of alkenes
to the corresponding alkanes showing that the reaction rate in [BMIM][SbFy] is five times
higher than in the homogeneous approach in acetone. Interestingly, the substitution of
the counterion to [PF¢]™ led to a loss of catalytic activity. This trend was assigned to the
different solubility of the substrate in the ILs. The reactions were also performed in a
semi-continuous fashion to show the theoretical industrial potential. [°!

Another example was presented by Manyar et al.. They used NaBH, as reduction agent
in several different tetraalkyl phosphonium based ILs reaching 100 % selectivity on the
reduction of cinnamaldehyde to cinnamyl alcohol. The IL could be reused several times
without any significant loss of activity. Obviously NaBH, does not exclusively reduce
keto functionalities. Unfortunately, when it comes to mixed functionalised molecules
the selectivity drops dramatically. [©']

3.3.3 Application of ILs for Nanoparticles

The immobilisation of (homogeneous) catalysts can circumvent the problems of product
/ catalyst separation and can simplify catalyst recovery. In this context nanoparticles
(NPs) are used as both supporting material for catalysts or catalysts themselves. They
can be made of metals, metal alloys, metal oxides, polymers or carbon based materials
like fullerenes. In contrast to homogeneous catalysts NPs have the advantage of easy
recovery. Due to their heterogeneous fashion, they can be separated from the product
phase and, if necessary, regenerated. NPs are used as catalysts or co-catalysts in the same
organic reactions that were mentioned in the chapter before(see section 2.3.2).[%!

In situ generated Rh-NPs from thiolate dimers were used by Martin et al. as catalyst
for the reduction of C-C double bonds in [BMIM][BF,]. Due to their undefined shape
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3 Introduction 16

the NPs partially converted carbonyl groups in bifunctional substrates and nitro groups
at higher temperatures. Recycling reactions yielded stable activities over at least eight
reaction cycles. %! Janiak et al. presented more challenging hydrogenation of C-C triple
bonds with bimetallic Co/Al NPs as catalyst in an imidazolium based IL [BMIM][NTT,].
For several substrates this reaction demonstrated selectivity over other functional groups
like carbonyl, nitro and nitrile groups but leading to a product mixture of alkanes and
alkenes. (64!

CO,+H,—» CO+H,0|(2n+1)H,+nC == CH,,,, + nH,0

reverse water gas shift reaction Fischer-Tropsch-Synthesis

Figure 3.11: Hydrogenation of CO, and CO.

Not only classical organic syntheses like C-C coupling or hydrogenations are of interest.
Using CO and CO, as building blocks is one example to substitute the limited available
mineral oil extraction in the future.!®s! CO, can be hydrogenated over two steps: a re-
verse water gas shift reaction (RWGS) resulting in a mixture of CO and H,O with a sub-
sequent hydrogenation of CO (Fischer-Tropsch-Synthesis (FTS)) to a mixture of small
alkanes and olefins. 3.11) Bimetallic Ru/Ni NPs have been used as catalyst by Dupont
et al. While Ni is also very active as catalyst for RWGS, it can be easily deactivated in
FTS. Ru is active for the FTS step but not for RWGS so a combination of both metals is
promising. As already stated, ILs can stabilize metal centres in catalytic reactions. In
this case [BMIM][NTT,] was used as a hydrophobic solvent with a side benefit of extrud-
ing the generated water from the reaction phase. The desired CO, hydrogenation was
performed at mild conditions (150 °C and 8 bar H, / CO, (4:1)).[%°! With this approach
the high reaction temperatures of usually 250-400°C can be circumvented to improve
the energy efficiency.

However, the chemoselectivity is not satisfying because not only feasible alkanes were
formed but a mixture of alkanes and olefins that had to be reduced in an additional step.
Liu et al. used Pd(PtBu,),—FeCl, in different imidazolium based ILs to compensate the
problem of appearing olefins. They demonstrated that the selectivity for small molecules
(C,—C, in [BMIM][PF] is higher than 98 %.1°7!

Though ILs can enhance the selectivity of undefined catalysts like NPs, they seem not to
be the best choice. Traces of the toxic noble metal NPs can remain in the substances and
even small containments of side products can be hazardous.

Still, these examples demonstrate the great potential of ionic liquids to substitute or com-
plement classical organic solvents in synthesis or industrial approaches. The versatility
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3 Introduction 17

and their unique physical and chemical properties open a wide field of application. Even
small changes in the cation backbone or anion can have a huge impact on the output of
chemical reactions in IL media. Especially if the IL phase, containing the catalyst, can be
reused or set up in a continuous fashion, they can reduce the amounts of organic solvent
waste significantly and lead to a more environmentally benign synthesis field.

However, one remaining and major disadvantage of biphasic catalysis systems is the need
of high volume of solvents. Though ILs can be easily generated, the purification - once
theyare contaminated - is difficult. Because of their low volatility they cannot be distilled
and extraction of undesired compounds consumes organic solvents which is somewhat
contra-productive. In addition to that, recent studies demonstrated possible toxicity
of ILs to the environment. %8 Once ILs are dissolved in water, their extraction becomes
difficult. Due to their ionic properties sewage treatment plants are not capable to remove
ILs from the water.

3.4 Supported lonic Liquid Phase

To reduce the amount of IL a support material can be used. On its surface a thin layer
of IL is grafted either chemically via covalent bonds (monolayer) or physisorbed (mul-
tilayer). In the last decade the so called supported ionic liquid phase (SILP) to hetero-
genise homogeneous catalyst was examined by several research groups. [ It adopts the
benefits of ILs as solvents, reduces their amount and makes the product / catalyst sep-
aration even more comfortable. Depending on the support material the separation can
be done via decantation, filtration or removing magnetic supported ionic liquid phase
catalyst (SILPC) with a magnet. In biphasic reactions the mass transfer between catalyst
containing IL phase and the organic or aqueous phase containing substrates or other ad-
ditives limits the reaction rate. Using a porous support material with high surface areas
can increase it dramatically. SILPCs can also be easily implemented in a continuous set
up. While ILs can be washed out a cartridge, the solid SILPCs remain and can easily be
recycled.
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Figure 3.12: Principle of a SILPC.

While porous materials have inhomogeneous distributed surfaces and edge atoms, a
liquid layer can homogenise the surface area itself resulting in an equally distributed
(mono-)layer. There are two possibilities to immobilise an IL to a surface:

1. Chemisorbed: the IL layer is covalently grafted to a surface.
2. Physisorbed: the IL is adsorbed to the surface.

In case 1. the IL is sorbed as a monolayer and residual solvent is washed away. Through
the monolayer shape, the IL may lose its bulk properties like solubility, conductivity and
viscosity (mass transfer). Additionally, to covalently graft an IL to a surface, a supple-
mentary functional group has to be integrated, changing the IL's characteristics again.
In case 2. the bulk properties are provided but another crucial problem can appear eas-
ier: leaching. Leaching is the undesired migration of the IL from the surface of a support
material to the other reaction phase containing usually the substrate and other additives.
This problem occurs in several cases and must be avoided in respect to a sustainable re-
cyclable system. Especially the support material has a huge impact to the leaching factor.
Using a material with smaller pores and a high surface area can avoid or minimise this
effect. 70!
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3 Introduction 19

3.4.1 Silica Gels as Support Material for SILPs

The variations of porous materials range from silica-, to carbon based materials and from
zeolites to polymers; this short overview will focus on support materials significant for
SILPs, especially the first two mentioned.

The pore size of a porous material is its key property. The bigger the pore size, the more
catalytically active surface area can be generated. Additionally, the risk of blocked pores
with ILs is lower. To estimate the fitting surface properties IUPAC introduced a classifi-
cation, that suggests three classes of porous materials: micropores with a size of <2 nm,
mesopores between 2 and 50 nm and macropores >50 nm (Table 3.2). Silica based mate-
rials remark the most common, widely used and best examined support materials. Fol-
lowing the abundance of silicates and the easy preparation of porous silica compounds,
they seem to be a promising support material for SILP applications.

Amorphous silica gels feature a high variety of surface areas between 100 and 1000 ™*/4
as well as pore sizes depending on the preparation conditions. In general, an aqueous
sodium ssilicate solution is neutralised by controlled addition of H,SO, with a subsequent
ageing, washing and drying to obtain the desired silica gel. The surface properties can
be tuned in the process via pH, different acids, reaction temperature and drying condi-
tions. A second way to produce silica gels is the sol-gel process where silicon alkoxides
are polymerised in a mixture of ethanol and water.

While the adsorption properties of silica gels are unique and promising for immobilisa-
tion of organometallic compounds on its surface, the surface contains acidic OH-groups,
which may interact with the catalyst itself leading to a weakening of activity ora complete
deactivation. On the other hand OH-groups allow a functionalisation of the support s
surface with an IL. Trimethoxysilyl groups can easily be introduced to the IL as modifica-
tion of the desired backbone followed by a condensation reaction with the OH-groups
on the silica surface. After washing away the remaining liquid, a support material with a
monolayer of IL is obtained.

In 1914 BASF started to use a Si-supported V,O.-alkali / pyrosulfate catalyst for the oxi-
dation of SO, to H,SO, ™ but the principle of SILP remained unattended until the end
of the former century. As one example shall serve the SILP system of Fehrmann et al..
They demonstrated a silica supported Rh complex with a diphenylphosphino and disul-
foxanthene containing ligand (sulfoxantphos) for a continuous gas-phase hydroformy-
lation of propene. Depending on the pore filling degree up to 37 mol propene could be
converted per mol catalyst to the linear product within 3-4 hours. They stated the limi-
tations of conversion and selectivity with a lower pore filling degree to a decreased mass
transfer and low solubility of the gas.[”?! Studies of Wasserscheid et al. demonstrated
that using adequate combinations of support material (calcinated silica gel) catalyst and
IL ([][31\]/[IM][n—C8H17O—SO3] preserve the significant properties of the IL on the sur-
face.'”
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3 Introduction 20

Table 3.2: Overview of Surface Properties of Porous Materials

Carbon-based Si0,-based Aluminosilicate-based AL O;-based
Active carbons Carbo:i:ce)iecular Silica gels Porous glasses Zeolites Bleaching earth Activated alumina
Narrow Wide Micro-meso-/
macropores
True density 1800-2100 1800-2100 2200 2400-2600 2100-2600 2200 000-3100
[k9/7n3] 4 3 3
’[\fgp;:g]t density 440-850 900-1290 1000-1250 700-800 1500-2180 1100-1500 1600-1700 1200-2400
Powder density
[kg/m3] 250-550 600-900 600-850 300 - 400-900 500-700 700-950
Porosity [%] 45-77 37-57 40-45 55-65 40-60 50-60 - 13-60
Surface area
[m2 /al 500-1800 100-1500 850-1000 100-250 40-300 350-1100 120-300 100-400
Pore Vorlume
[cm3/g] 0.65-0.85 0.65 0.14-0.20 - 0.13-0.58 - 0.12

Data taken from ‘Supported Ionic Liquids - Fundamentals and Applications’, 2014

When these support materials are combined with a perfectly designed chemoselective
catalyst and an IL that preserves the catalyst’s efficiency, this SILPC remarks an environ-
mentally and economically benign catalyst system.

3.4.2 Porous Glasses as Support Material for SILP

Whereassilica gels have a finite range of pore sizes from micropores to mesopores, porous
glasses feature a wider range from micropores to macropores (0.3 - 1000 nm) with high
surface areas of 40-300 nm. Additionally the shape of porous glasses can be modified as
desired. In contrast to silica gels fibres, plates and rods are possible modifications. There
are three main classes of porous glasses: Vycor porous glass (VPG), controlled porous
glass (CPG) and Shizaru porous glass (SPG). VPGs and CPGs consist almost completely of
SiO, (>95 %) following their preparation, where alkali borosilicate glasses are heated up
to 700 °C leading to a phase separation of alkali containing and silica containing phases.
Accordingly, the first phase is washed away with mineral acids, water and occasionally
alcohols receiving a silica-rich phase of desired shape. Surface properties can again be
tuned via temperature-control, glass composition and work up leading to a tailor-made
porous glass (VPG) The solubility of silica in acidic media is scarcely given, so colloidal
silica is finely dispersed in the porous glass changing the surface properties. However,
they can be removed with alkalescent solutions to obtain CPGs. ™! As opposed to VPGs
and CPGs, SPGs consist of SiO, and Al,O; using similar procedures but Al,O; containing
alkaline borosilicate glasses.7>7° These examples of amorphous support materials have
a relatively arbitrary surface shape. The surface properties like pore size or pore volume
can be adjusted via the mentioned alignments.

However, well ordered supports with sharply distributed pore sizes can be desirable. Ze-
olites have this property and are well-known, well-studied and applied in every-day and
scientific demands. Their three dimensional structures are build-up of single building
blocks that are tetrahedral linked to each other. The distribution of pore sizes is fixed
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3 Introduction 21

but on account to their size in the range of micropores (<2 nm), they are inapplicable as
support materials.

In the last decade, novel ordered mesoporous support materials were designed with
strictly defined surface properties that are able to contain both IL and catalysts and can
be used as SILP systems. Hunt et al. presented a Pd catalysed Suzuki-Miyaura coupling
supported by well-ordered mesoporous organosilica with IL framework. [77

3.4.3 Defined Silica Based Support Materials

In the early 1990s of the former century the Mobil Oil Corporation patented a series of hi-
erarchically ordered silica based mesoporous materials. Depending on the shape of the
structure, they were labelled as MCM-XX (Mobil Composition of Matter No. XX). One
example of this series is MCM-41, a hexagonal arranged one dimensional pore system
with mesopores from 2-6.5 nm. These ordered materials are fabricated with a tenside, in
this case cetyltrimethylammoniumbromide (CTAB), in a reaction solution, where micells
are formed. They act as template for the subsequent added silicate to transfer the shape
and arrangement of the desired pores. After calcination of the micelle-silicate adduct
the silicates are condensated. The surface does not bear OH-groups any more and the
micelles are decomposed and removed leading to the hexagonal hierarchically arranged
support material with one dimensional mesopores. 7579 Due to the production process
the walls are thin, which makes the material mechanically and thermodynamically sensi-
tive. Further developments and the use of other templates led to versatile materials with
shapes like cubic, different hexagonal 1-D, 3-D channels and 3-D cages with fullerene
form or other building blocks. 3 An application for MCM-41 was presented by Odrio-
zole et al. in 2013. They used gold(III) salts incorporated in MCM-41 tubes supported by
a covalently grafted imidazolium based IL for highly efficient three-component coupling
reactions. 2!

One more example is SBA-15 (Santa Barbara Amorphous15). A hexagonal but two dimen-
sional mesoporous material with equal pore sizes of 5 to 30 nm adjustable by temperature
or swelling agents. These materials on the one hand improve the capability for IL and cat-
alyst and on the other hand have thicker walls leading to a higher mechanically stability
then MCM-41./8! Noto and co-workers used SBA-15 as support material with an imida-
zolium based IL for a recyclable palladium catalysed Suzuki reaction. Good yields were
achieved for different biphenyl compounds at 50 °C with only 0.1 mol% Pd loading. 34!

3.4.4 Carbon Based Support Materials

Although the silica was calcinated, it can still contain a few acidic OH-groups on its
surface. A further functionalisation may be crucible to avoid catalyst decomposition. To
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3 Introduction 22

circumvent this issue a chemically inert support can be used based on carbon. The afore-
mentioned silica based materials are used as hard templates with a carbon source (e.g.
sugars) leading to novel mesoporous materials with the same shape as their silica coun-
terparts but are chemically inert. As an example for a cubic template the 3D spherical
MCM-48 is used to create the carbon counterpart CMK-1. The above mentioned SBA-15 is
the hexagonal ordered template for cylindrical CMK-3 (see Figure 3.13). A possible draw-
back is the potential leaching of the IL from the carbon surface due to its weak adhesive
coordination.

Silica Structure Carbon Structure

MCM-48 CMK-1

Figure 3.13: Transformation of Silica based Templates to mesoporous Carbon Support Materials."

'Graphic modified from 85/
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3 Introduction 23

3.4.5 Analytics for Support Materials

To get a deeper insight to chemical and kinetic behaviour of supported catalysts, spec-
troscopic methods are used. While surface properties like surface area, pore volume
and others can be determined with N,-adsorption-desorption BET (Brunauer, Emmett,
Teller) measurements, mainly (solid state) nuclear magnetic resonance (NMR) and in-
frared (IR) spectroscopy are used to characterise support materials and investigate possi-
ble changes of the catalyst in the IL layer. Depending on the surface composition, differ-
ent solid state NMR methods can be used to give a deeper insight. To determine changes
of the surface of a for example silica based particle after IL functionalisation **Si-MAS
(magic angle spinning) NMR is an appropriate tool. With this method a decrease of sig-
nals corresponding to free silanol groups can be detected as well as additional signals
belonging to newly formed Si-IL bonds due to the covalently grafted IL on the silica sur-
face. Furthermore, 'H-, 3'P- and C-MAS NMR methods can be used to examine both
the IL and organic ligand backbones of the catalyst.

Using FT-IR and MAS NMR methods Holderich et al. were the first who investigated
surface properties of three differently bonded chloroaluminate ILs.

1. cation covalently grafted
2. anion covalently grafted

3. cation covalently grafted via sol-gel process

They demonstrated a loss of signals dedicated to silanol groups following the reaction
of them with either the cations or anions. Additional signals appeared belonging to the
newly formed Si-IL bonds. (888l

However, the detection of organometallic complexes is difficult to realise. Their concen-
tration relative to the IL is negligible and a separation of catalyst / IL signals is impossi-
ble in most cases. To circumvent this problem, Riisager et al. used an additional IL as
backing material but refer to an excess of free ligand. The ligand backbone itself con-
sists of coordinating phosphorous atoms that facilitate the use of *P-MAS NMR show-
ing that roughly 50 % are bond to the surface and the other 50 % are accessible for the
Rh precursor. The catalytic active species was then formed in situ on the surface. The
measurements revealed 27 % of free ligand and 19 % of the active species. Afterwards
the ligand / catalyst mixture was removed with ethanol which was then evaporated and
analysed with liquid phase NMR studies. The drawback of this procedure is that only
catalysts can be analysed, which are formed in situ.[%
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4 Results and Discussion

This work is written as a cumulative thesis containing five peer-reviewed publications
and is divided in two parts:

1. Immobilisation of the well-defined homogeneous cat. [Fe(PNPMe)(H)(CO)(Br)]
in ILs and on IL supported mesoporous silica- and carbon-based materials for the
chemoselective hydrogenation of aldehydes to alcohols.

2. Development, optimisation and catalytic application of two iron-based complexes
[Fe(PNPNMe—iPr)(H)(n,—H,),]" and [Fe(PNPNMe—iPr)(H)(n,—H,B=NMe,)]" for
the chemo- and (Z)-selective semihydrogenation of internal alkynes to alkenes.

The author of this work, Julian Briinig (JB), developed the concept of the first part of this
work (1-4) and performed the entire experimental work and the accompanying analytics
(1and 4), partially experimental work and the accompanying analytics (3) and supervised
the diploma thesis of Stefan Weber resulting in publication (2). For the second part JB
contributed most of the experimental work for optimisation and performance of catalysis
reactions and their analytics. Additionally JB did the preparation of the catalysts and
parts of mechanistic studies for the deeper understanding of the catalyst s behaviour.


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

4 Results and Discussion 25

4.1 Contributed Publications

. Briinig, J.; Csendes, Z.; Weber, S.; Gorgas, N.; Bittner, R. W.; Limbeck, A.; Bica, K.;

Hoffmann, H.; Kirchner, K. Chemoselective Supported Ionic-Liquid-Phase (SILP)
Aldehyde Hydrogenation Catalyzed by an Fe(II) PNP Pincer Complex. ACS Catal.
2018, No. 8, 1048-1051.

. Weber, S.; Briinig, J.; Zeindlhofer, V.; Schroder, C.; Stoger, B.; Limbeck, A.; Kirch-

ner, K.; Bica, K. Selective Hydrogenation of Aldehydes Using a Well-Defined Fe(II)
PNP Pincer Complex in Biphasic Medium. ChemCatChem 2018, No. 10, 4386-4394.

. Castro-Amoedo, R.; Csendes, Z.; Briinig, J.; Sauer, M.; Foelske-Schmitz, A.; Yigit,

N.; Rupprechter, G.; Gupta, T.; Hoffmann, H.; Kirchner, K. Catalysis Science &
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nol. 2018, No. 8, 4812-4820.

. Csendes, Z.; Briinig, J.; Yigit, N.; Rupprechter, G.; Bica-Schroder, K.; Hoffmann,

H.; Kirchner, K. Influence of the Ionic Liquid on the Activity of a Supported lonic
Liquid Phase Fe II Pincer Catalyst for the Hydrogenation of Aldehydes. Eur. J.
Inorg. Chem. 2019, 3503-3510.

. Gorgas, N.; Briinig, J.; Stoger, B.; Vanicek, S.; Tilset, M.; Veiros, L. F.; Kirchner, K. E

fficient Z - Selective Semihydrogenation of Internal Alkynes Catalyzed by Cationic
Iron(IT) Hydride Complexes. J. Am. Chem. Soc. 2019, No. 141, 17452-17458.
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5 Conclusion

The importance of critical evaluation of established reactions and the responsibility for
environmental and safety aspects were pointed out in the introduction. The develop-
ment of more sustainable synthesis strategies as well as their implementation in fine
and bulk chemical industries has shown great potential to reduce the negative impact of
expensive and toxic noble metal catalysts. The combination of both homogeneous and
heterogeneous catalysis can be a key step for pioneering novel catalysis systems.

In this context, the first iron based supported ionic liquid phase catalyst (SILPC) for the
industrial relevant chemoselective hydrogenation of aldehydes to their corresponding
alcohols was introduced. The homogeneous catalyst [Fe(PNP"Me—ipPr)(H)(CO)(Br)] was
immobilised in an ionic liquid (IL) layer which was then immobilised on a silica gel and
mesoporous carbon surface. It is highly active for the mentioned reaction in 1. biphasic
(IL) and 2. heterogeneous (SILPC) approaches. The immobilisation did not change the
chemical properties of the catalyst but combined the benefits of the homogeneous cata-
lyst with a heterogeneous setup. A continuousreaction setup demonstrated the potential
application in industry.

Furthermore, the catalytic implementation of [[Fe(PNPNMe—iPr)(H)(n,—H,B=NMe,]"
was demonstrated. It catalyses the rare semihydrogenation of internal C-C triple bonds
to the corresponding (Z)-alkenes, tolerating other functional groups with high yields
and (E) : (Z) ratios. These new catalysis systems are promising examples for substituting
noble metal catalysts with base metal equivalents to reduce prices and environmental
impact.
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