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Abstract

Developing alternative, environmentally benign synthetic strategies to replace conventional

approaches in the light of sustainability has become a key challenge in the 21t century chemical

industry. It is the chemical society’s responsibility to solve problems such as enormous solvent

consumption and the utilisation of carbon dioxide, which is considered the primary reason for global

warming.

This thesis is dedicated to the continuous synthesis of hydrophobic ionic liquids and their catalytic

application in continuous chemical transformations. Additionally, this work focuses on the utilisation

of carbon dioxide in the continuous synthesis of carbonyl compounds and carbamates. In total, four

different sub-projects have been carried out.

1.

In the first part of this work, the halide-free, continuous synthesis of bistriflimide-based
hydrophobic ionic liquids is demonstrated. After successfully employing the new precursors,
the alkyl bistriflimides, the continuous process provided the corresponding ionic liquids with
excellent yields in just 7.5 minutes.

The second project focuses on the application of the previously synthesised hydrophobic ionic
liquids as supported phases for the immobilisation of palladium complexes on silica. The
catalyst system was utilised in the continuous allylic alkylation of N-nucleophiles. The novel
method requires neither an additional base nor an inert atmosphere for the reaction. The
developed catalyst system proved suitable for an extended period as only marginal leaching of
the ionic liquid was observed within an operation time of 3.5 hours.

The third part focuses on the continuous utilisation of carbon dioxide in the synthesis of
organic urethanes. The established method does not require any catalyst or additive and
provides a significantly faster and safer alternative for synthesising carbamates. The modified
approach was successfully utilised in the continuous synthesis of oxazolidinones from
aziridines.

The last part is dedicated to the valorisation of carbon dioxide in continuous carbonylation
reactions. The CO, was utilised either mixed with carbon monoxide or partially reduced to CO
by employing a solid oxide electrochemical cell. The generated mixtures contained low CO
amounts and were successfully utilised in phenoxy- and aminocarbonylations, in the synthesis

of redox-active esters, and carbonylative Sonogashira cross-couplings.
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Kurzfassung

Die Entwicklung alternativer, umweltfreundlicher chemischer Prozesse als Ersatz fiir konventionelle
Verfahren ist zu einer zentralen Herausforderung fiir die chemische Industrie des 21. Jahrhunderts
geworden. Es liegt in der Verantwortung der chemischen Gesellschaft, Probleme wie den enormen

Losungsmittelverbrauch zu l6sen oder die Verwendungsmoglichkeiten fiir Kohlendioxid das als

Hauptgrund fir die globale Erwarmung gilt, zu entwickeln. Diese Arbeit widmet sich der

kontinuierlichen Synthese von hydrophoben ionischen Flissigkeiten und ihrer katalytischen

Anwendung bei kontinuierlichen chemischen Umwandlungen. Weiters konzentriert sich diese Arbeit

auch auf die Anwendung von Kohlendioxid in der kontinuierlichen Synthese von

Carbonylverbindungen und Carbamaten. Insgesamt wurden vier verschiedene Teilprojekte

durchgefihrt:

1. Im ersten Teil dieser Arbeit wird die halogenidfreie, kontinuierliche Synthese von
hydrophoben ionischen Flissigkeiten auf Bistriflimidbasis demonstriert. Durch den Einsatz der
neuen Vorstufen, der Alkylbistrifimide, lieferte der kontinuierliche Prozess die
entsprechenden ionischen Flussigkeiten mit ausgezeichneten Ausbeuten in nur 7,5 Minuten.

2. Das zweite Projekt befasst sich mit der Anwendung der zuvor synthetisierten hydrophoben
ionischen Fliissigkeiten als getragerte ionische Flussigphasen fiir die Immobilisierung von Pd-
Komplexen auf Kieselgel. Das Katalysatorsystem wurde fir die kontinuierliche allylische
Alkylierung von N-Nukleophilen eingesetzt. Die neue Methode erfordert weder eine
zusatzliche Base noch eine inerte Atmosphdre fir die Reaktion. Das entwickelte
Katalysatorsystem erwies sich als geeignet fiir einen langeren Zeitraum, da innerhalb einer
Betriebszeit von 3.5 Stunden nur ein geringes Auslaugen der ionischen Fllssigkeit beobachtet
wurde.

3. Der dritte Teil befasst sich mit der kontinuierlichen Valorisierung von Kohlendioxid in der
Synthese von organischen Urethanen gewidmet. Die hier entwickelte Methode bendétigt
keinen Katalysator oder Zusatzstoff und stellt eine wesentlich schnellere und sichere
Alternative fir die Synthese von Carbamaten dar. Das modifizierte Verfahren wurde
erfolgreich fir die kontinuierliche Synthese von Oxazolidinonen aus Aziridinen eingesetzt.

4, Der letzte Teil ist der Valorisierung von Kohlendioxid in kontinuierlichen
Carbonylierungsreaktionen. Das CO, wurde entweder durch seine Vormischung mit
Kohlenmonoxid oder durch seine Teilreduktion zu CO unter Verwendung einer
elektrochemischen Festoxidzelle verwertet. Die erzeugten Gemische enthielten geringe CO-
Mengen und wurden erfolgreich bei Phenoxy- und Aminocarbonylierungen, bei der Synthese

redoxaktiver Ester und bei carbonylativen Sonogashira-Kreuzkupplungen eingesetzt.

Vi
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List of abbreviations

(Sa,Rc)-(1-Nph)-Quinaphos  (R)-2-(1-naphtyl)-8-diphenylphosphino-1-[(S)-3,5-dioxa-4-phospha-
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[Cimaim] 1,2,3-trimethylimidazolium
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1. Introduction

1.1 Flow chemistry

There are two fundamentally different ways to conduct a chemical transformation concerning
technical implementation. The conventional approach, known as batch processing, relies on placing all
the reactants and solvent(s) into a container, typically a flask, pressure vessel, or vial. The mixture is
then stirred, heated, or cooled, depending on the required conditions. While reaction mixtures in small
vessels can be efficiently heated or stirred, this becomes more challenging with increasing container
size. It is not just more time-consuming to heat a large reaction vessel but also unfavourable from a
safety point of view when highly reactive or hazardous reactants are employed. The need for several
adjustments of the reaction parameters also renders the scale-up of these reactions very challenging
(Figure 1).

Batch processing Continuous-flow processing

e |

O product O .
reagents
9 reagents product
Advantages: Advantages:
- broad applicability - faster processes
- simple and robust - efficient mixing and heating
Drawbacks: - extreme conditions
- longer reaction times Drawbacks:
- complicated scale-up - potential blockage
- limitations to extreme conditions - no solid reactants

Figure 1. Batch versus flow processing

These problems can be circumvented by employing continuous-flow technologies. This
methodology had already been employed in the industrial-scale gas-phase synthesis of bulk chemicals
in the early 1900s.M Still, in the liquid phase on a laboratory scale, it only started to receive significant
scientific attention in the mid-90s. This approach aims to perform the chemical reactions directly in
the tubes through which the reactants are continuously pumped. The synthetic reactions occur inside

the tube in a continuously flowing stream (Figure 2).

Pumps

Reactor

Ressmmt A —(S
D O e

Heat or cool Product collection

Figure 2. Schematic representation of a typical continuous-flow system (BPR: back-pressure regulator)
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The tubes have a much higher surface area-to-volume ratio, typically 40-50 times higher than that
of the corresponding batch reactor or flask, thus leading to the rapid and effective heating of the
components. This eliminates temperature gradients and allows for fast heat dissipation and effective
heat removal, which is extremely useful in exothermic reactions.

While working under continuous conditions, the most critical interrelated parameters are flow rate
and residence time. For example, if a batch reaction takes 20 minutes at a specific temperature, the
corresponding flow approach would require 20 minutes of residence time, i.e., the time reactants
spent passing through the tube at the same temperature. Additionally, if the tube had a total volume
of 10 mL, the reaction mixture should have a flow rate of 0.5 mL/minute to complete a residence time
of 20 minutes. Naturally, the flow rate goes hand in hand with the residence time when batch
conditions are transferred to continuous mode; an increased flow rate leads to a decrease in residence
time, and vice versa. In practice, the same reactions can often be performed faster in continuous mode
than under batch-wise conditions due to the aforementioned advantages. These processes provide
straightforward scale-up, as the products can be collected for an extended period, and the increase of
the tube diameter is also uncomplicated in its implementation. Additionally, multiple reactors can be
employed in sequence, thus resulting in increased product formation.

Mixing is also a key parameter in continuous-flow chemistry. Unlike batch processes where the
reactants are mixed by stirring, in continuous-flow mode, the easiest way to combine two streams is
to employ so-called cross-, T-, or Y-pieces. Once the reactants enter the tube and react, diffusion is
most of the time sufficient to provide efficient mixing in a small flow cross-section. Laminar flow occurs
in pipes and tubes when the fluid flows in parallel layers without any mixing between the layers. At
low flow rates, the fluid flows without any lateral mixing. There are no cross-currents perpendicular to
the flow direction, nor are there any fluid swirls. In laminal flow, all particles move in straight lines
parallel to the pipe walls. Any lateral mixing that does occur in laminar flow is due to diffusion between
the fluid layers. Laminar flow allows for efficient mass and heat transfer and, thus, good mixing due to
the parallel flow of fluids. Unlike laminar flow, turbulent flow does not have distinct layers, and the
fluid mixes freely across the tube, causing a disordered flow of the fluid, which does not allow for
uniform mixing of reactants (Figure 3). If a chemical transformation is performed in continuous

reactors, it can be assumed that laminar flow occurs.

laminar flow turbulent flow

g
Hé’nl{/f‘i

Figure 3. Laminar versus turbulent flow(?!
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Continuous processing also allows for integrating micro-analytics into the chemical process; thus,
essential information can be obtained about the reaction progress in real time. This possibility
significantly decreases the time required for parameter screening and allows for immediate
intervention should the reaction proceed in an undesired reaction.

Another advantage of the continuous-flow technology is that only a tiny amount of the reaction
mixture is in the tube at any given time, which renders the process much safer, allowing operation at
elevated temperatures or pressures. If a reaction must be performed at a temperature above the
solvent’s boiling point, elevated pressure is required to keep the solvent in the liquid phase. This can
be maintained with a back-pressure regulator (BPR) device placed after the reactor at the end of the
tube. This device acts as a valve with a spring holding it closed. The pump has to push the valve open
to release the reaction mixture from the tube. Most commonly, peristaltic-, HPLC-, or syringe pumps
are employed for the reagent supply.

Depending on the reaction requirements, many different reactors can be employed in a continuous

process (Figure 4).

Figure 4. Continuous-flow reactors: (A) coil-based (10 mL, Vapourtec), (B) chip-based (1 mL, Vapourtec), (C)
fixed bed reactor (Vapourtec)

The simplest type of flow reactor is the tube reactor (Figure 4. A), which is generally coiled to save
space and provide efficient temperature control. The internal diameter can vary from less than 0.5 mm
to several centimetres, depending on the scale of the chemical process. PFA is the most commonly
used material, but stainless steel- or PTFE tubes can also be employed depending on the reaction
parameters. Micro-reactors (Figure 4. B) featuring tiny passageways in a glass, metal, ceramic, or
plastic slice are typically employed in small-scale chemical reactions. These may feature specific
internal channels designed to promote mixing and have passageways as small as 0.1 mm in diameter.
Column reactors (Figure 4. C) are valuable tools for heterogeneous catalytic reactions. They can be
filled with solid catalyst support (packed-bed reactors); thus, when the reagents pass through the
column, they are surrounded by the supported catalyst, which provides a high local catalyst loading
and quick reactions. The supported catalyst is held in place while the reagent mixture moves on to

collection, allowing the catalyst to be recycled.
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Figure 5. Reactors (Vapourtec) employed in (A) electro- and (B) photochemistry

Reactors designed to conduct electro- (Figure 5. A) or photochemistry (Figure 5. B) can be
considered a newer generation of continuous-flow reactors. The former utilises flat electrodes and
provides variety in electrode area, spacing, and reactor volume. The photochemical reactor features
several light sources, a space-saving design, and interlock safety.

As discussed before, flow chemistry proved to be a valuable alternative for performing chemical
transformations; however, some drawbacks of the approach are worth considering. It is not
compatible with solids; if either a reagent or the product is solid, they can block the tubes and cause
obstruction, especially as they build up at the BPR unit. Therefore, choosing a solvent in which all the
reactants and products are known to be soluble is essential. If a solid product is formed as the reaction
mixture cools down, the entire length of the tube, including the exit orifice, must be kept above the
product’s melting point. These concerns can be eliminated by employing continuous stirred tank
reactors (CSTR). CSTR is a reaction vessel in which reagents and solvents flow while formed products
concurrently exit the vessel. The efficient mixing allows for working in the slurry phase or employing
solid catalysts, which can be recycled via filtration. Reactions not amenable to being performed fast at
elevated temperatures are unsuitable for flow chemistry. As a rule of thumb, if a residence time of
more than one hour is required, there is no advantage in employing flow chemistry. Additionally, the
exorbitant prices of commercial flow equipment deserve some consideration from an economic point
of view.

Thanks to their modular nature, continuous flow technologies provide a versatile approach,
allowing for the facile integration of new conditions and equipment. These continuous transformations
are drastically faster, which results in reduced energy costs, rendering the method more efficient and
cost-effective. Moreover, carrying out a reaction in a continuous manner provides a safer and more
precise synthetic route toward many invaluable chemical compounds, as the reaction parameters are

more straightforward to regulate.?!
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1.2 lonic liquids

1.2.1 Structure and properties

lonic liquids (ILs) are salts with a melting point below 100 °C. The Latvian-German chemist Paul
Walden described the first room-temperature IL in 1914.[ He prepared ethylammonium nitrate, a salt
with a melting point of 12 °C. However, the earliest organic salt with a melting point below 100 °C was
reported by Gabriel back in 1888; ethanolammonium nitrate, the salt he described, melts at 52-55 °C.5%!

The low melting point of these compounds can be explained by the modest local order in their
crystal structure. Common salts, such as sodium chloride, melt above 1000 K. At room temperature in
the solid state, NaCl has a cubic crystal symmetry, where six counterions surround each ion. The
Coulomb interaction between the sodium and chloride ions determines the strong local order. The
disruption of this proper local order leads to the lowering of the melting point. For example, by
replacing the chloride anion with a trifluoromethanesulfonate ion, the melting point decreases from
1074 K to 526 K. It is a combination of size and distributed charge effects responsible for the lowered
melting point. The size of the relatively large trifluoromethanesulfonate anion lowers the crystal
symmetry by frustrating the packing. Because of the anion size, the negative charge is distributed over
a larger molecular volume, which leads to a reduced attraction with its cationic neighbours. Suppose
the sodium cation is replaced with 1-ethyl-3-methylimidazolium ion. In that case, the melting point is
further lowered to 262 K since this cation is roughly 40 times larger than sodium. It is also anisotropic,
thus making the ion packing less efficient and disrupting crystallisation.[®!

Concerning their structure, many IL cations contain heterocycles, e.g., imidazolium, pyridinium,
pyrrolidinium, while different ammonium, phosphonium, or sulfonium derivatives have been used as
well. Typical anions are halides, alkyl sulfates, various tetra- and hexafluoro derivatives, and, in

particular, bis(trifluoromethanesulfonyl)imide (Figure 6).
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Figure 6. Common IL cations and anions
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The plethora of cation/anion combinations imparts variation in the ILs’ physicochemical properties
over a broad range. The hydrophobicity of an IL mostly depends on its anion, but the cation can also
influence it. ILs consisting of halides, nitrates, acetates, trifluoroacetates, or chloroaluminates are
considered hydrophilic, whereas hexafluoro derivatives are hydrophobic.l”) It is worth noting that
certain species, such as the Lewis acidic chloroaluminate-containing ILs are not just moisture-sensitive,
but incompatible with aqueous media as they react with water to form a chlorooxoaluminate(lll)
species and HCL.8 This type of ILs featuring the chlorometallate anion represents the Lewis acidic class
of ionic liquids, which have found widespread application in catalysis, e.g., Friedel-Crafts chemistry and
oil refinery.®! Introducing a longer alkyl side chain on the cation can increase hydrophobicity, while
viscosity can be manipulated by modification on the side chains.['®! A change in viscosity will cause
changes in such properties such as conductivity or diffusion coefficient.[*]

ILs can have numerous advantageous properties, such as low vapour pressure, non-volatility, high
thermal stability, wide liquid range, and high electrical conductivity, although these properties must
not necessarily apply to all potential candidates.[*?

While ionic liquids initially raised interest as alternative to conventional solvents, their application
has spread into other fields, such as analytics,[*3 extractions,'¥ catalysis,[**! lubrication technologies, ¢
and various electrochemical applications.*” Their utilisation as liquid crystals!'®! and thermal fluids has
also been reported.’® Some of their properties made them exceptionally popular in organic synthesis:
they are suitable solvents for a broad range of organic and inorganic compounds, allowing us to bring
an unusual combination of reagents into the same phase. Additionally, they are immiscible with many
organic solvents and provide a non-aqueous but polar alternative for biphasic systems. Thanks to their

non-volatility, they can be easily contained and may be used in high-vacuum systems.[2l
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1.2.2 Historical overview

Although over 100 years have passed since ionic liquids were discovered, their intensive
investigation only started in the late 90s/early 2000s (Figure 7), thanks to the attraction their unique

properties pose to the scientific community.
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Figure 7. lonic liquid-related publications provided by SciFinder" (search term: ionic liquids, 12.01.2023)

After the first published report on room-temperature ionic liquids in 1914, ILs remained neglected
and received marginal scientific interest for almost 70 years. In the 1980s, ILs slowly began to receive
more attention, followed by their explosive spread in the late 90s.[2*) However, some examples of their
early synthetic applications exist. Parshall and his co-workers investigated tetraethylammonium salts
as solvents for the platinum-catalysed transformation of olefins.?2 One of the employed ILs,
tetraethylammonium trichlorostannate(ll) demonstrated high reactivity and decent selectivity in the
hydrogenation of 1,5,9-cyclododecatriene. Some other early studies focused on the ILs toxicity and
antimicrobial activity?® or their effect on the rates of organic reactions,?* whereas others investigated
their electrochemical properties.[?!

In the 80s, ethylammonium nitrate started to attract more interest as different studies discovered
its potential to be used as non-aqueous reaction medium for enzymatic reactions?® or as stationary
phase in gas chromatography.l?’!

In the same decade, 1,3-dialkylimidazolium cations were introduced into ILs for the first time by
Wilkes et al. as a new class of room-temperature ILs (RTILs).[?8! The research group described the
synthesis of dialkylimidazolium chloroaluminate ILs and suggested their use in electrochemistry,
spectroscopy, and catalysis. Later on, this class of cations became a popular choice in ionic liquid
structures. Around this time, interest was also focused on the chloroaluminate species of these ILs. In
1989, Smith and co-workers discovered that solutions of HCl in 1-ethyl-3-methylimidazolium

chloroaluminates are superacids capable of protonating arenes to a degree similar to that of liquid

7
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HF.[?! This discovery became essential for the application of ILs in the oil refining industry.l2%
Subsequently, the Lewis acidity of these chloroaluminate ILs allowed them to be utilised in Friedel-
Crafts reactions as a combination of solvent and catalyst.3!

As the interest in ILs grew in the late 80s and during the 90s, air- and water-stable 1-ethyl-3-
methylimidazolium-based ionic liquids have been reported,®? which demonstrated high thermal and
hydrolytic stability. Around that time, the bistriflimide (NTf;)33¥ and the [PF]- anions®* were
introduced, which allowed to broaden the range of ILs.3% By the end of the 20t century, ILs became
commercially available at high quality and affordable prices, therefore accessible to researchers in
higher quantities. This led to an increased number of participants in the ionic liquid field and an
explosion of interest in their potential application.?!! Since then, many ILs have been successfully
employed in fields such as biomass processing,*® biocatalysis,’*”) energy generation and storage,*®
extraction technologies,*> 391 fyel cells,*9 separation agents,!'3> 41 and the pharmaceutical
industry.[#2l

The utilisation of ethylaluminium chloride-containing room-temperature ILs in Ni-catalysed
dimerisation of alkenes in 199013 |ed to the development of one of the earliest industrial methods
which utilise ILs. The so-called biphasic Difasol process (Figure 8) relies on the catalyst’s solubility and
the product’s insolubility in the IL. The easier separation of the products from the catalyst allows
recycling, thus reducing catalyst disposal and cost. On the other hand, decreased reaction time, better

dimer selectivity, and higher yields were observed during the oligomerisation process.[**

Products

Products

o

Reactants

Decantaion of the products
from the catalys phase

.

y Ni-Catalyst recycle

Reactants
Figure 8. The biphasic Difasol process!*5

As another example of the commercial application of ionic liquids, BASF’s BASIL™ process is worth
mentioning. The original method used by BASF relied on triethylamine as a proton scavenger in the
synthesis of diethoxyphenylphosphine (Figure 9). The formed salt precipitated from the reaction
mixture, forming a solid-liquid emulsion, thereby hampering the mixture’s stirring. Hence, the formed
salt had to be removed via filtration. The new concept replaced triethylamine with methylimidazole,
which led to the formation of the protic ionic liquid methylimidazolium chloride during the process, a
by-product that is liquid at the temperature of the reaction. The formed liquid-liquid biphasic system

enabled straightforward phase separation. Moreover, the formed IL could be regenerated upon alkali

8
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treatment with NaOH, resulting in reduced waste formation. Eliminating the formation of solid by-
products allowed for utilising smaller, continuously operated reactors and, thus, a tremendous

increase in the space-time yield (STY).[40!

Original process
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Figure 9. The BASIL™ process
As another industrial-scale application of ionic liquids, a synthetic process with significant relevance

in the oil industry can be mentioned. In this approach, isobutane is alkylated to form

trimethylpentanes, desirable components of high-quality gasoline (Figure 10).

X
77N

J\ [HNELJIAICLCUCT )@ )\/@k

PN A

Figure 10. Isobutene alkylation by employing ILs in the oil industry

The conventional alkylation process utilises mineral acids, which has significant concerns since
handling large quantities of H,SO,4 or HF. In order to avoid problems associated with mineral acids, a
process relying on Lewis acidic ILs was developed by Chevron. The so-called ISOALKY process utilised
ammonium- and phosphonium-based chloroaluminate ILs for improving the reaction selectivity.
Another similar example of applying ILs in the oil industry is the so-called lonikylation process
developed by Petrochina. The lonikylation process employs a Lewis acidic IL-based liquid composite as
catalyst, significantly reducing the corrosion rate in the process. The addition of CuCl to [HNEt3][AICl4]
inhibits side reactions such as isomerisation, polymerisation, or cracking by the formation of the
composite anion [AICI4CuCl];, which acts as an acceptor of carbenium-ion. Employing the composite
anion increases the hydride transfer rate, which results in a better selectivity toward the desired

compound in the continuous biphasic process (Figure 11).147)



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

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

[ 3ibliothek,
Your knowledge hub

Isobutane / HCI recycle

isobutane feed

Make-up ionic
liquid catalyst

Alkylation reaction
Separator

Alkylate

Organic chloride ————>

Portion of IL cat.

Bulk of IL cat. recycle

Figure 11. Continuous processing for isobutane alkylation[é!

The application of ILs as supported catalysts in pilot-scale processes are also known. Evonik
Industries employed supported ILs for immobilising a metal catalyst for hydroformylations. Ultimately,
a Rh-complex containing an anthracene-based ligand demonstrated long-term stability over 2000 h,
allowing for its consideration for commercialisation. !

Another approach utilising supported ionic liquids was commercialised by Petronas and Clariant.[>”
The strategy employs supported chlorocuprate(ll)-based ILs for capturing mercury from gas streams.
The concept relies on the oxidative dissolution and complexation of elemental mercury into the IL as
a stable mercurate(ll) species. Since its fundamental chemistry does not change with the scale of the
process, the method provided a convenient approach for continuous mercury removal in the natural
gas industry.

As discussed in this chapter, ionic liquids can contribute to sustainable chemistry in many ways. As
the first two parts of the conducted experimental work were dedicated to developing alternative
synthetic routes for producing hydrophobicionic liquids and their catalytic application, these fields will

be discussed in the following chapters.

10



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

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

[ 3ibliothek,
Your knowledge hub

1.3 Synthesis of ionic liquids

1.3.1 State-of-the-art synthesis of ionic liquids

Until today, there is a conventional method for the preparation of ILs, which comprises two steps:
the initial is the alkylation - also called quaternization - of a nucleophile, e.g., an amine or a phosphine,

and this is followed by subsequent metathesis to exchange the anion (Figure 12).
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Figure 12. State-of-the-art synthesis of ILs

Concerning the second step, there are different paths to vary the anion. On the one hand, the halide
derivative can be reacted with a metal salt; in this case, the metal halide (e.g., when working with silver
salts in aqueous solutions) or the IL (e.g., when working with lithium salts in aqueous solutions) can
precipitate from the solution (Figure 12, Path A). Such a method has been reported by Bonhote et al.
for the synthesis of dialkylimidazolium bistriflimides. The corresponding halide or triflate was reacted
with lithium bistriflimide in an aqueous solution to form the desired product.®¥ Alternatively, the
halide can also be treated with a Brgnsted acid with the release of the halide’s corresponding acid
(Figure 12, Path B and C). As an example, the synthesis of [C;mim][PFs] was described in 1994.34 The
halide precursor was reacted with an aqueous solution of HPF¢ in water to obtain the product with a
melting point of 60 °C. These two-step methods for producing hydrophobic and hydrophilic ILs were
described in detail in the late 90s, and since then, they have remained almost unaltered.2% >

Although this state-of-the-art method is well established and broadly used, several challenges exist
for the production of ionic liquids of high quality. Some of the significant discrepancies in the reported
physicochemical properties of ILs are associated with their halide and metal contamination and
variations in their water content.

In the initial step, where the organic halide precursor is formed, low-volatile alkyl halides are used,
rendering the first step time-consuming. Alkyl chlorides are cheaper but less reactive than alkyl
bromides and -iodides, so a compromise must be made concerning the precursor price and reactivity.
The reaction time for the complete alkylation can reach several days; therefore, alternative activation

strategies such as microwave irradiation®? or ultrasound treatment!®3 might be needed instead of

11
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conventional conductive heating. During the alkylation process, problems arising from elevated
temperature and local overheating still occur, leading to discoloured salts due to the formation of still
unidentified chromophores. By-products obtained via temperature-induced Sy2 dealkylation, carbine

formation, or cross-alkylation®* due to local overheating are even more problematic (Figure 13).
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Figure 13. Temperature-induced dealkylation of imidazole-based ILs

To eliminate all the impurities after alkylation, exhausting and expensive purification procedures
such as zone melting, filtration over activated charcoal, or crystallisation are required.!®! If future
applications demand high purity, repeated crystallisation of the intermediate halide salts from organic
solvents is recommended until the solvent remains colourless.

The arduous removal of halide and metal residues complicates the subsequent anion metathesis
step. These residues can drastically influence the chemical and physical behaviour of the ILs. Moreover,
alkali salts such as LiCl, NaCl, and KCl are stoichiometrically formed as a by-product, which is
unacceptable in the light of sustainable and environmentally benign manufacturing of ionic liquids. In
the case of hydrophobic ionic liquids, e.g., bistriflimides, after adding an aqueous solution of LiN(Tf);
to the corresponding water-soluble halide precursor, a biphasic mixture is formed immediately. After
the metathesis, residual metal and halide contamination, such as LiCl, are present in the obtained
hydrophobic IL. For example, when the ILs are employed as oil additive, the presence of residual
halides is unacceptable since they can cause corrosion. These contaminants must be removed by
excessive washing steps with water, which generates a large amount of wastewater until a high-purity
ionic liquid is obtained. These consecutive washing steps after anion metathesis become difficult, if
not impracticable, with increasing hydrophilicity: ILs bearing the tetrafluoroborate anion, but
particularly those based on anions such as dicyanamide, carboxylate, or nitrate, suffer from incomplete
anion exchange, therefore from metal and halide impurities. A reliable anion metathesis with cheap
alkali salts is usually impossible in the case of very hydrophilic ionic liquids. The metathesis has to be
forced with the silver salt of the corresponding anion, so this strategy is definitely limited to small-scale
synthesis due to economic concerns. >

Although the state-of-the-art strategy is well established if the application of the ILs demands high
purities, alternative synthetic routes are needed to circumvent problems associated with residual
halide- or metal contaminations. Since the halide content is responsible for undesirable properties
such as increased corrosion potential,’”! there is a demand for developing halide-free synthetic

approaches for the reliable production of ILs.

12
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1.3.2 Halide-free synthesis of ionic liquids

An approach to circumvent the problems associated with ion metathesis and eliminate
contamination by residual halides and metals was published in 2002.18! That strategy provides an
entirely halide-free, straightforward synthetic method for producing sulfate-based ionic liquids. Direct
alkylation of imidazole derivatives with the corresponding dialkyl sulfate led to the formation of the

desired IL in just one step (Figure 14).
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Figure 14. Halide-free synthesis of sulfate ILs

The reaction was performed in toluene, and the mixture was cooled with an ice bath to maintain
the temperature below 40 °C due to the reaction’s exothermic nature. The alkylating agent’s high
reactivity significantly reduced the time and energy demand of the alkylation step, as the product was
obtained in 1 hour. However, these benefits are outweighed by the enormous toxicity of the alkylating
agents, such as dimethyl sulfate.

Kuhlmann and co-workers reported a similar strategy for preparing akylimidazolium dialkyl

phosphates (Figure 15).5%
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Figure 15. Synthesis of dimethyl phosphate ILs

The employed alkylating agent, trimethyl phosphate, proved less reactive as elevated temperature
and extended reaction time were required to obtain the desired products with excellent yields. The
decreased reactivity allowed it to work under solvent-free conditions, rendering the process
environmentally more benign. Both the sulfate- and the phosphate-based ILs can serve as a precursor
for further modifications toward more hydrophobic esters via transesterification.l®? This two-step
procedure provides hydrophobic ILs by replacing the dimethyl phosphate anion with a Brgnsted acid
derived from a more hydrophobic acid.

Another way to circumvent problems associated with the state-of-the-art method is an approach
relying on dimethyl carbonate as a relatively cheap methylating agent. In this commercialised strategy,
a methyl carbonate intermediate is formed, which is further reacted either with equimolar amounts
of acid or the ammonium salt of the anion, forming the desired IL upon release of CO, and methanol

(Figure 16).151
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Figure 16. Halide-free IL synthesis relying on dimethyl carbonate

The formation of the zwitterion product is linked to the initial methylation of methylimidazole
followed by a reaction of methyl carbonate anion with the imidazolium cation. The formed
dialkylimidazolium cation’s acidic C2-hydrogen is abstracted by the methyl carbonate anion, forming
an NHC and carbonic acid monomethyl ester. The latter is naturally unstable, especially at this reaction
temperature, and decomposes to methanol and CO,. The heterocarbene, as a nucleophile, attacks
carbon dioxide and leads to the formation of the zwitterionic species.[5? This process provides access
to a plethora of mainly hydrophilic ionic liquids, but the exact neutralisation of methyl carbonate salts
can be challenging, and the excess reagent can cause contaminations. The approach provides the
desired products in quantitative yields and high purity and provides a versatile strategy for synthesising
various ILs. This strategy has been commercialised and is known as the CBILS® process. [

Zhang et al. announced the direct methylation and trifluoroethylation of N-nucleophiles to form ILs
in 2003.1%% The concept relies on trifluoroethyl phenyliodonium bistriflimide and N-methyl
bis((perfluoroalkyl)sulfonyl)imides as alkylating agents. Concerning the latter, a new synthetic pathway
is described in the manuscript. Refluxing trimethyl orthoacetate with the corresponding fluorinated
sulfonimide generates the corresponding alkylating agents with acceptable yields. The alkylating agent
is further reacted with an N-nucleophile in chloroform for 5 hours, affording the corresponding IL in

excellent yields (Figure 17).
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Figure 17. Toward ILs containing fluorinated anions
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Takao and Ikeda have described a methodology for the halide-free synthesis of tetrafluoroborate
ILs.[5] The approach employs trialkyloxonium salts as alkylating agents, forming dialkyl ethers as a by-

product (Figure 18).
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Figure 18. The halide-free route toward [BF,4] ILs

The components are reacted in anhydrous etheric suspensions in an inert atmosphere. Typically,
the same dialkyl ether is employed as solvent as the one which is formed as a by-product. The volatile
ether residues are then removed under reduced pressure, thereby allowing access to ILs with excellent
yields. However, treatment with activated charcoal is required to obtain the desired high-quality
products, rendering the simple process more tedious. Regardless, any by-product formation is
undesirable according to the corresponding principle of green chemistry.

For the production of nitrate-containing imidazolium-based RTILs, a silver- and halide-free method
has been communicated by Smith et al.l®®l The one-step approach utilises alkyl nitrates for the

alkylation of N-nucleophiles (Figure 19).
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Figure 19. Silver- and halide-free synthesis of nitrate ILs

The excessive alkyl nitrate was decanted, followed by the addition of water and treatment with
charcoal; the products were obtained after removing solvent- and charcoal residues. As an alternative
strategy, microwave irradiation has enabled access to the desired products in just 45 minutes in
guantitative yields. This approach proved to be limited to imidazole derivatives, as employing other
nucleophiles led to poor conversion or complex mixtures.

Most recently, Kim and co-workers described the direct alkylation of imidazole and pyridine

derivatives employing orthoesters as alkylating agents in the presence of an acid (Figure 20).16”)
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Figure 20. Employing orthoesters as alkylating agents

The process demonstrated widespread applicability for preparing a plethora of ILs with good yields.
On the other hand, methanol and the corresponding formic acid monoalkyl ester are formed in

equimolar amounts, which is undesirable.
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Although various methods already exist for the halide-free synthesis of ILs, these methods have
certain limitations. Complicated purifications hamper some; others require significantly toxic reagents
or long reaction times. The still-growing application of ILs demands an entirely halide-free preparation
strategy for hydrophobic ILs that eliminates the necessity of anion metathesis or the formation of by-
products. Because of the demand for halide-free ILs, more attention should be paid to the direct
synthesis of bistriflimide-based hydrophobic ionic liquids; hence, this particular anion provides

superior physical properties such as low viscosity and high thermal stability.
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1.3.3 Continuous-flow synthesis of ionic liquids

Recent trends focus on preparing ILs with microfluidic devices, combining the advantages of high
throughput capacity and efficient temperature control. These reactors provide large interfacial contact
areas for the alkylating agent and nucleophile, resulting in significant heat- and mass transfer
improvements compared to conventional batch processes.%8!

One of the first continuous approaches for IL production was reported in 2005 by GrofRe Bowing et
al.’® The study focuses on synthesising chloride- and sulfate-containing methylimidazole-based ionic
liquids in continuously operated tube reactors. The group claims that cooling might be necessary
during the mixing of methylimidazole and diethyl sulfate under neat conditions, as discolouration may
occur upon mixing at 40 °C. The established approach can produce up to 4 kg [C;mim][EtSO.] per day
without employing any solvent by pumping the corresponding reagents into a cooled tube reactor.

Waterkamp et al. presented a strategy for enhancing the synthesis of [Camim][Br] by employing a
continuous micro-reactor.’? The system consisted of a vortex-typed micro-mixer and a tubular reactor
with 2 to 6-mm inner diameters. Experiments at three different temperatures were carried out to
determine the reaction’s kinetic parameters. The reactor system allowed precise temperature control
for the alkylation, even at elevated temperatures. Therefore, solvents could be avoided, leading to
high productivity (9.3 kg/day) in a solvent-free process. Compared to the conventional batch process,
more than a twenty-fold increase in the STY was achieved.

In 2009, a continuous method for synthesising 1,3-dimethylimdazolium triflate was described by
Léwe and co-workers (Figure 21)."Y1 The employed micro-reactor combined with a pipe for cooling

allowed access to the desired IL with a production rate of up to 1.24 kg/h.

» —C— A
—o— |

Figure 21. Continuous synthesis of triflate ILs

lonic liquids bearing new imidazolium-based cations have been prepared with a continuous device
consisting of HPLC pumps and a micro-mixer.”? The research group introduced various alkyl chains to
the imidazole ring, thus broadening the range of available ILs. The excellent heat-transfer properties
of the continuous system allowed it to work safely at high temperatures without thermal overrun and
loss of control over the reaction. Moreover, the residence time and temperature could be adjusted to

the various substrates without modifying the experimental setup. By employing additional reactors in
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parallel operation mode, a production rate of multi-kilogram per hour can be achieved without the
necessity of employing a more complex system. The strategy developed by Wilms and co-workers
provided highly pure ILs without requiring subsequent purification.

Gonzalez et al. reported an alternative continuous process relying on a spinning tube-in-tube (STT)
reactor to produce imidazolium-based ILs.[73 Upon the reactants’ introduction to the STT reactor, they
create a thin film on the surface of a rotor inside a stationary shell. Applying high rotation rates allows
for increased mixing efficiency, rendering the STT reactor an attractive tool for continuously
synthesising ILs. The system could achieve large throughput rates (up to 16 kg/day) with minimal
purification requirements and without using any solvent. Moreover, it provided easy optimisation and

real-time analytical monitoring (Figure 22).
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Figure 22. Continuous IL synthesis in a tube-in-tube reactor!”3!

Zimmermann et al. announced the synthesis of ILs relying on the modified continuous Radziszewski
reaction for the formation of the imidazolium ring system.” The process employs butylamine, glyoxal,
formaldehyde, and a Brgnsted acid to synthesise imidazole-based ILs. After screening parameters, such
as reactant ratio or reactant addition sequence in batch mode, the process was adapted to the
continuous micro-reactor to synthesise hydrophilic ILs. The reaction times for producing acetate- and
chloride ILs were significantly decreased compared to the batch-wise approach. Moreover, ILs such as
1,3-dibutylimidazolium chloride and -acetate were obtained with excellent yields: 70% (STY: 0.12 gh"
1Y) and 91% (STY: 0.35 gh'lLY), respectively. The process is only suitable for symmetric ILs, since two
equivalents of the corresponding amine needs to be employed. Working with amines containing
different alkyl chains would lead to the formation of a statistical mixture.

Nokami and co-workers reported the use of a micro-reactor system for the continuous production
of a plethora of ionic liquids.” The group successfully introduced various alkoxy groups as side chains
on the cations. Moreover, the pyrrolidine-, imidazole-, and piperidine-based ionic liquids were
obtained with excellent yields in a reaction time of 1 minute.

Most recently, Cao et al. have reported a microwave-assisted continuous method for the water-

free synthesis of ILs (Figure 23).78!

18



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

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

[ 3ibliothek,
Your knowledge hub

> I
R
R
N il
E » O + /OYO\ L IIN) o
N@ BF, MW irradiation /
H O, N\@ BF,

Figure 23. Microwave-assisted continuous synthesis of ILs

After optimising the microwave settings, the ILs were synthesised in batch mode prior to the fine-
tuning of the continuous-flow parameters. Once the optimal parameters were determined, the
continuous process provided various imidazole-, pyridine-, and triethylamine-based ILs in quantitative
yields in just 10 minutes.

The carbonate-based halide-free synthetic route discussed before was successfully implemented in
continuous mode."! In this process, the starting materials are reacted in methanolic solutions with
dimethyl carbonate to form the desired product [C;mim][MeCOs] with a STY of 2.5 gminL?.

Continuous-flow systems proved more efficient than the corresponding batch process for
synthesising various ionic liquids. The simple and precise control of the reaction parameters provided
a safer and more rapid overall process and allowed access to many ILs with high qualities and yields.
The straightforward scale-up and applicability of alternative heating strategies, such as MW irradiation,
are also favourable from an engineering point of view. Continuous processes for IL synthesis decrease
the energy requirements by the shortened reaction times and allow the reactions to be carried out
under solvent-free conditions. Therefore, these approaches provide an environmentally benign
synthetic route for a plethora of ionic liquids.

However, keeping all the compounds in the synthetic approach liquid during the entire process can
be challenging. Neat conditions can only be employed if the desired IL is liquid at room temperature.
For producing ILs such as tetraalkylammonium halides, there is a need for employing solvents in the
process, rendering it environmentally less benign. Often, high temperature is required for obtaining
good yields and overcoming drawbacks arising from high viscosity, which increases the energy demand

of continuous processes.
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1.4 Application of ionic liquids in continuous catalytic processes

1.4.1 lonic liquids as reaction media in continuous catalytic processes

lonic liquids have been widely exploited in liquid-liquid biphasic systems to immobilise a reagent or
a catalyst vig dissolution.l”8! Immobilising a catalyst in the IL phase provides several advantages. The
tuneable miscibility of ILs with other solvents can facilitate the separation of the catalyst or the
reaction medium from the product, allowing easier catalyst recycling. This strategy does not require
modifications of the homogeneous catalyst for the immobilisation, and the IL phase can contribute to
activating or stabilising the catalyst. Moreover, the large variety of available cations and anions allows
the fine-tuning of the catalytic system.?! Concerning transition metal catalysis, transition metal
complexes are generally polarisable enough to be soluble in ILs. However, it is worth considering that
the ILs can interact with the coordination sites of the catalyst complex, thus blocking the catalytic cycle.
ILs are likely to form catalytically active solutions with a metal complex if the latter is neither too
electrophilic nor highly nucleophilic. An extremely nucleophilic catalyst complex can react with the IL’s
cation, whereas immensely electrophilic catalytic centres are likely to strongly coordinate even anions
that are considered weakly coordinating. 8

Taking advantage of these principles, Liu and co-workers established a system for performing a
continuous Heck reaction.’®! lodobenzene as substrate and butyl acrylate as reagent were used to
form butyl cinnamate. Conducting such reactions in ionic liquids has previously been reported.®?
However, for a continuous process, employing ILs with lower viscosity is beneficial. The group used

[Camim][NTf;] as a non-viscous solvent and a Pd-NHC complex soluble in the IL as the catalyst (Figure

24).
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Figure 24. Continuous Heck reaction in ILs
The reactants were mixed, and the catalyst was dissolved in the IL. The mixtures were loaded in
two syringes, respectively. A reaction temperature of 150 °C and a residence time of 50 minutes was
employed. In order to involve the work-up step in the continuous process, additional micromixer units
were used. This allowed the separation of the product from the IL phase upon extraction with hexane.
The formed ammonium salts were extracted with water from the IL phase in the other unit. The

method provided the desired product with excellent yields (80% overall yield, 10 g/h productivity).
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Moreover, the recovered IL could be recycled and used in consecutive runs without losing catalytic
activity.

Fukuyama et al. have described a similar method for synthesising a key intermediate of an active
pharmaceutical ingredient.[®3 The intermediate of the so-called matrix metalloproteinase inhibitor was
synthesised via copper-free Sonogashira coupling in [C;mim][NTf,] as solvent (Figure 25). The process
implemented reaction work-up and proved suitable as the target molecule was isolated with excellent

yield, and the palladium-containing IL phase was successfully recycled.
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Figure 25. Continuous Sonogashira coupling in ILs

A method for an industrial IL-based process employing continuous stirred-tank reactors has been
developed by the Eastman Chemical Company.[®* The concept relies on tetraalkylphosphonium ILs as
liquid phase and Lewis base for the isomerisation of 3,4-epoxybut-1-ene to 2,5-dihydrofuran, which
can serve as a precursor for other valuable products.

Glasnov and co-workers reported a continuous method for methylating various N-, O-, and S-
nucleophiles with the aid of dimethyl carbonate.®®¥ The process employed the basic IL,
tributylmethylammonium methyl carbonate, as a catalyst in the reaction. After optimising the
conditions for the methylation of indole under batch-wise conditions, the process was successfully
translated into a continuous approach (Figure 26). The employed IL was generated in situ, transforming
an ineffective base, BusN, into an efficient catalyst for these reactions. The reactions were carried out
at 285 °C and 150 bar in 3 minutes and allowed access to many methylated derivatives with excellent

yields.
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Figure 26. Employing basic ILs for continuous methylations

A continuous electrosynthetic system for anodic substitution reactions was described by Horii et al.

in 2007.1381 Combining ILs with continuous-flow technologies allowed for overcoming restraints such as
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the stability of carbocations and the oxidation potential of nucleophiles. The reaction of N-
(methoxycarbonyl)pyrrolidine with allyltrimethylsilane was investigated by employing different ILs as
solvents. Using N,N-diethyl-N-methyl-N-(2-methoxyethyl)ammonium bistriflimide provided the
product with an excellent yield of 91%. Based on the results, ILs showed excellent stabilising ability for
the carbocation and allowed it to react with allyltrimethylsilane before its decomposition.

lonic liquids proved to be suitable solvents in continuous biocatalytic processes as well. This is
remarkable, as microorganisms usually only tolerate physiological conditions and water as solvent. !

Wang and co-workers reported the continuous esterification of various alkyl caffeates with 2-
phenylethanol by employing a packed-bed microreactor with an immobilised enzyme (Novozym 435)

and [Csmim][NTf,] as solvent (Figure 27).[8]

o Novozym 435 fo)
HO N OH - > HO
OR + [C4mim][NTf,] "o
70°C
HO continuous flow HO

Figure 27. Continuous enzymatic catalysis in ILs

The method provided the desired product, caffeic acid phenylethyl ester, with an excellent yield of
93% within 2.5 hours. The system proved stable as the biocatalyst could be recycled without losing its
catalytic activity.

A continuous biocatalytic process has been reported by Gubicza et al. for the esterification of acetic
acid with ethanol in [Camim][PFs] as solvent.® The formed ethyl acetate and water were removed by
a double pervaporation system using hydrophobic and hydrophilic membranes, respectively. The
membrane process allowed a safe and environmentally benign product removal with low energy
demand. Moreover, no loss in the catalytic activity was observed during a 72-hour operation of the
system.

Other biphasic systems derived from an ionic liquid phase and a supercritical fluid, particularly
supercritical carbon dioxide (scCO,) can also be employed in continuous mode.® These systems are
harvesting the knowledge that scCO,is highly soluble (up to 60 mol%) in some ILs, whereas the ILs have
no measurable solubility in scCO,.°Y The catalyst is typically immobilised in the IL phase, whereas the
scCO; delivers the substrates in the IL phase, thus enhancing the separation of the products (Figure

28).2
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Figure 28. Continuous processing by combining ILs with scCO,[®3!
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Based on these principles, Sellin and co-workers developed a strategy for the hydroformylation of
1-octene employing Rh-complexes as a catalyst.!® The catalyst complex was dissolved in [C4mim][PFs],
and the substrates, the hydrogen, and the carbon monoxide were dissolved in scCO, and carried with
its aid to the reactor. At the optimal conditions, the method provided excellent yields and selectivity
for the desired linear aldehyde. Moreover, a high turnover frequency was obtained as the system
proved stable for more than 20 hours, while negligible metal leaching was observed during the process.

Similar concepts relying on scCO; and ionic liquids can be applied in continuous asymmetric
transformations. In 2013, Theuerkauf and co-workers announced a strategy for the asymmetric
hydrogenation of methyl propionylacetate.®® Hydrophobic ILs were used for immobilising the chiral
Ru-BINAP complex, whereas the supercritical CO, was used as a mobile phase carrying the reactants in
and products out of the reactor. The system provided excellent conversion (>90%) and good
enantioselectivity (82%) in the first 80 hours. A maximal STY of 180 gh-!L'! was obtained, while neither
IL- nor catalyst leaching was observed.

lonic liquids can also facilitate continuous gas-liquid phase reactions, providing an excellent strategy
for catalyst immobilisation. Rahman et al. developed a superior strategy for the Pd-catalysed
multiphase carbonylation of aryl iodides with the aid of the hydrophobic IL [Camim][PFs].°®! Yet again,
the IL was used for catalyst immobilisation, allowing for easier separation and recycling. Various C- and
N-nucleophiles were utilised as reactants to perform carbonylative Sonogashira couplings (Figure 29)

and aminocarbonylations, respectively.
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Figure 29. Continuous carbonylations with the aid of ILs[®®

The carbonylative Sonogashira coupling showed increased activity and selectivity toward the
desired product compared to the corresponding batch reactions. In most reactions, the batch process
favoured the formation of the corresponding non-carbonylative Sonogashira product. The continuous
aminocarbonylation reactions demonstrated increased selectivity toward the double-carbonylated
products and provided them with increased yields. The method proved versatile as the desired
products were obtained with excellent yields.

The strategies mentioned above clearly demonstrate the widespread applicability of IL in
continuous processes, mainly for immobilising catalysts. However, there are some concerns regarding
the industrial scale-up of a process relying on ILs. Using ILs in bulk quantities can be economically
unfavourable as ionic liquids are typically 10-50 times more expensive than the organic solvents they
aim to substitute. Handling ILs in large quantities can be challenging as they can cause corrosion or
embrittlement to commonly used plant materials or pump sealings. In addition, IL proper disposal is a
topic that requires careful consideration. ILs with high viscosity are often unsuitable for continuous
processes as their use can lead to operational obstructions. Additionally, the high viscosity of ILs
restricts mass transfer rates; thus, it can lead to mass transfer limitations when employed in liquid-
liquid biphasic catalysis.[*>> 971

Consequently, there is a demand for new strategies that circumvent the problems associated with

using ILs in large quantities.
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1.4.2 lonic liquids as supported catalyst in continuous processes

In the last two decades, attempts to minimize the risk of applying ILs for various practical
approaches led to the development of IL thin-film technologies. Using ILs as thin films reduces all
potential concerns regarding IL-specific financial investment. Supported ionic liquid phase (SILP)
catalysis was developed to exploit the advantages of IL thin film technologies for catalysis. The SILP
technology involves surface modification of a mesoporous solid material by an ionic liquid coating. It
allows for tailor-made catalysts by confining a catalytically active, IL-transition metal complex solution

onto the surface (Figure 30).[5b]
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Figure 30. The principle of SILP catalysis

This coating constitutes a thin film, which is confined on the surface of a solid material by
physisorption, tethering, or covalent anchoring of IL fragments. Most commonly, silica is used as
supporting solid materials for ILs, but alumina and carbon nanofibers have also been reported.[®
Typically, ILs are held on the porous support by electrostatic interactions, capillary forces, or hydrogen-
bond interactions. The SILP concept allows for transferring specific properties of the fluid to the surface
of a solid material. SILP technologies provide a high IL-fluid interfacial area, i.e., close proximity of the
whole IL volume close to the fluid-fluid phase boundary (diffusion layer). The strategy circumvents
mass transfer limitations due to the short diffusion length in the IL film. In contrast, mass transfer
limitations are often encountered in liquid-liquid biphasic catalysis as the high IL viscosity restricts mass
transfer rates. During the catalytic process, only the IL and the catalyst present in the diffusion layer
are utilised. Thus, only a minor part of the IL and the catalyst participate in liquid-liquid biphasic
reactions. The SILP strategy can circumvent these problems by effectively combining the advantages
of classical homogeneous catalysis (high activity and selectivity) and heterogeneous catalysis
(straightforward product separation and catalyst recycling).[*>> 8! One possible drawback of SILP

catalysis is leaching, which means the removal of IL or metal catalyst from the support’s surface. This
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can be avoided by the proper selection of solvents or by employing supported catalysts containing
covalently bound moieties.

An early example of a continuous process employing SILP catalysts was announced by Riisager et
al.®? The catalyst system was utilised in hydroformylation reactions in a continuous manner. [Camim]-
based ILs with different anions have been employed to immobilise the Rh-Sulfoxantphos complex in
the transformation of propene to the corresponding linear aldehyde, n-butanal (Figure 31). The
catalyst system provided the desired product in excellent regioselectivity and proved suitable for the

continuous fixed-bed process.
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Figure 31. Continuous hydroformylation with SILP catalysis

The same research group established a similar method for the continuous carbonylation of
methanol.['%! The SILP catalyst was prepared from the corresponding alkylimidazolium iodide and
[Rh(CO),l]2; their methanolic solution was then impregnated on silica. The developed system provided
a shorter reaction time and high activity.

Schneider et al. described the utilisation of a chirally modified rhodium complex-containing SILP
catalyst in asymmetric hydrogenations.l™® Pyridinium- and alkylimidazolium-based ILs provided
excellent activities in the continuous transformation of methyl pyruvate to methyl lactate, as 84% yield
was obtained for more than 50 h on-stream. However, the system provided inferior enantioselectivity.

The application of a Rh-Xantphos-containing SILP catalyst in hydroaminomethylation reactions
followed this work.!'? The reaction involves the one-pot cascade hydroformylation of an alkene

followed by reductive amination (Figure 32).
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Figure 32. Hydroaminomethylation employing SILPs
Various supporting materials were examined, such as calcinated silica, neutral alumina, or activated
carbon. The highest selectivity toward the desired product, N,N-diethylpropan-1-amine was achieved
on the highly porous carbon support. Among the investigated ILs, trimethylimidazolium bistriflimide

provided the highest selectivity toward the product. After experimentation in the optimal conditions,
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the bistriflimide-containing SILP catalyst proved to be stable against thermal decomposition, as the
catalyst provided a high yield (70%) and turnover frequency (450 h't) for an extended period of 18
hours.

Shortly afterwards, the continuous gas-phase oxycarbonylation of methanol employing SILPs was
reported.'% Copper(l) bromide was dissolved in various ILs and dispersed on polymer-based spherical
activated carbon as supporting material. The presence of ILs significantly improved the activity and
stability of the copper halide catalyst. Trioctylmethylammonium bromide yielded the best result
among all ILs investigated in the study. With the optimised conditions, high catalytic activity (TOF = 10-
14 h!) and high stability over more than 50 h time on stream could be realised.

SILPs can also catalyse continuous Friedel-Crafts alkylations. Joni and co-workers reported the
continuous gas-phase isopropylation of toluene and cumene by employing Lewis acidic ILs for the SILP
catalyst preparation (Figure 33).11% The moderate IL-loading and relatively high aromatic-to-propylene
ratio (7:1) suppressed consecutive alkylation reactions, whereas highly acidic ILs enhanced the
selectivity toward monoalkylated products. Moreover, the selectivity toward the monoalkylated

products could be maintained for an extended period of 210 hours.
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Figure 33. Continuous Friedel-Crafts alkylation with SILPs

The SILP-catalysed dimerisation of ethene employing supported Ni-catalyst has been reported.[103
The use of ILs improved the catalyst’s stability and reduced the deactivation behaviour of the metal
catalyst in the reaction mixture.

Other strategies combine the advantages of supercritical carbon dioxide (scCO,) and SILP catalysis
in continuous processes. In these processes, ILs are used for catalyst immobilisation, and the scCO; is
employed as a mobile phase that carries the reactants. Hintermair and co-workers reported applying
SILP/scCO, systems for the continuous hydroformylation of 1-octene.['%! The employed Rh-catalyst
was immobilised with the aid of [Csmim][NTf;], and parameters such as pressure and substrate flow
rate proved critical for the reaction. Under optimised conditions, the system allowed continuous
operation over 40 hours with good rates (TOF = 500 h'!) and negligible catalyst leaching (0.2 ppm).

Supercritical CO, combined with SILP catalysts was also successfully employed in asymmetric
hydrogenations.['?7l The process relies on a chirally modified cationic Rh-complex, dissolved in
[Ccmim][NTf;] and deposited on dehydroxylated silica. The SILP catalyst was utilised in the

chemoselective asymmetric hydrogenation of dimethyl itaconate (Figure 34).
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Figure 34. Continuous asymmetric hydrogenations with SILPs

The process proved efficient, as complete conversion and remarkable enantioselectivity (>99%) for
the desired alcohol were achieved. The catalyst’s TON reached an outstanding value of 115000, and a
high STY of 0.3 kgh'L'! was achieved.

Combining the advantages of scCO, and SILPs in continuous enzymatic reactions is also possible.
Lozano et al. reported the immobilisation of a lipase enzyme, Novozyme 525L, by adsorption onto
functionalised silica supports for the kinetic resolution of 1-phenyl ethanol.[%® Bistriflimide-based ILs
were employed for coating, and the coated catalyst showed increased activity already under batch
conditions. The stabilising effect of the IL was evident since the enzyme maintained excellent activity
at 95 °C. As mentioned, enzymes usually prefer physiological conditions, such as room temperature;
therefore, the enzyme’s activity at this temperature is remarkable. Working in the continuous scCO;
system resulted in a six-fold higher synthetic activity than that obtained in hexane/IL media.

Supercritical carbon dioxide can serve as a solvent and reagent in continuous SILP-catalysed
processes. Sainz Martinez and co-workers described the continuous utilisation of scCO, for

synthesising cyclic carbonates in the presence of SILPs (Figure 35).[1%%
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Figure 35. Continuous synthesis of cyclic carbonates by employing SILPs

Various tetraalkylammonium-, -phosphonium-, and imidazolium-based ILs have been examined in
the study. Parameters such as temperature, pressure, or IL-loading have also been investigated.
Physisorbed ILs such as [C;cmim][Br] showed high catalytic activity in the process. However, long-term
experiments showed a rapid loss in yield due to the formation of undesired polypropylene carbonate,
which agglomerated in the IL layer. On the other hand, when the ILs were covalently bound to the
supporting material, they demonstrated improved long-term stability.

An alternative for immobilising the IL on a solid surface is to covalently attach IL structural
fragments related to ILs to functional groups on the support’s surface. The resulting materials have
been termed supported ionic liquid-like phases (SILLPs). Both organic (crosslinked polymers) and
inorganic (silica or metal oxides) supports have been used to prepare SILLP catalysts. Leaching can be
avoided if the IL-like fragment is covalently bound to the support. On the other hand, the transfer of

the IL properties to the solid phase needs to be guaranteed, which can be achieved by adequate
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selection of the different design elements involved. The resulting materials feature the advantages of
ILs but can overcome drawbacks associated with leaching.l”?!

The first catalytic process employing a SILLP catalyst in slurry-phase reactions was reported by
Mehnert in 2002.[129 The imidazolium-based, Rh-containing ionic liquid was covalently bound to silica
(Figure 36) and utilised in the hydroformylation of 1-hexene. Transition metal-catalysed
hydroformylations have found widespread industrial application; hence, the formed aldehydes are
important precursors for plasticizers and detergent alcohols. The catalyst’s selectivity can be improved
by employing various ligands.®% The heterogeneous system provided high activity and decent

selectivity toward the desired linear aldehyde.
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Figure 36. Catalyst preparation via covalent bonding

Urban and co-workers reported the use of Pd-containing SILLPs with covalently grafted IL moieties

in continuous Heck-reaction of aryl iodides (Figure 37).[111
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Figure 37. Continuous Heck-reactions employing SILLPs

SILP catalysts relying on various preparation methods have been examined in the study. Using
ethanol as solvent in the presence of a strong base proved suitable for preparing the supported
catalyst, as good yields and stable performance were achieved for several hours on stream. Moreover,
the palladium leaching was negligible and did not exceed 0.46 %.

Polymer-supported SILLPs proved an efficient catalyst in the continuous cyanosilylation of carbonyl
compounds under solvent-free conditions.!''? First, different solvents were examined batch-wise; the
solvent-free conditions provided the highest yield and TON. The counterion’s relative activity was also
determined; chloride-containing SILLPs proved the most efficient. The catalyst was then implemented

in a continuous approach, where it demonstrated high activity and remarkable long-term stability. The
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process proved to be highly efficient, as no by-product- or waste formation was observed, and the
catalyst could be recycled without a significant drop of activity.

The same group reported the utilisation of Merrifield-supported SILLPs in continuous Henry
reactions (Figure 38).1113!

o [C,mim][OH]-SILLP OH

I
+ _NO, NO,
RT
O2N continuous flow O,N

Figure 38. Continuous Henry reaction with SILLPs

The employed SILLPs contained basic anions, such as hydroxide or acetate. Complete conversion
was obtained with a short residence time of 1-3 minutes. Moreover, the system provided excellent
activity at room temperature, and the catalyst was successfully recovered.

These examples demonstrate the widespread applicability of ILs in continuous catalytic processes.
Supported catalysts relying on physisorbed or covalently bound ILs proved efficient for many organic
transformations. These SILP/SILLP catalyst systems provide high activity and easy recyclability;

therefore, they are suitable alternatives for conventional catalysts in continuous approaches.
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2. Aim of the thesis

The 21%t-century chemical industry demands not just efficient chemical transformations but also
processes that fulfil environmental principles as well. The enormous solvent consumption and carbon
dioxide emission are just two examples of the main challenges that the chemical society has to address.

The application of modern flow-chemistry technologies can contribute to more sustainable
synthetic approaches in many ways. Continuous processes are typically faster and, therefore, less
energy- and time-demanding due to the efficient heating and mixing properties. Additionally, the
precise dosage of the reactants often allows for omitting excessive reactants or solvents, rendering
the strategy beneficial from an economic point of view.

This thesis focuses on developing novel continuous-flow processes in liquid state, with a particular
focus on the synthesis of or catalysis with ionic liquids. The first two parts of the thesis are dedicated
to the continuous synthesis of hydrophobic ionic liquids and their catalytic application in continuous
allylic aminations. Initially, we aimed to develop a novel halide-free synthetic route for the continuous
production of bistriflimide-based ionic liquids in high purity. After that, we sought to establish an
environmentally more benign process for allylic amination of amine nucleophiles by utilising the
previously synthesised ionic liquids for catalyst immobilisation.

In the second part of this work, continuous processes relying on carbon dioxide were investigated,
optionally in the presence of ionic liquid-like additives. We initially aimed for the direct utilisation of
CO; in the synthesis of urethanes, preferentially by decreasing the number of the employed catalysts
or additives. In the last part of the thesis, we focused on employing carbon dioxide in carbonylation
reactions. We aimed for its partial reduction with the aid of a solid oxide electrochemical cell and,
subsequently, the in situ utilisation of the generated mixture towards the continuous formation of

high-value carbonyl products.
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3. Halide-free continuous synthesis of hydrophobic ionic liquids

If an ionic liquid application requires high purity, without metal and halide ions present, the halide-
free synthetic route can provide a suitable alternative for its synthesis. Various halide-free methods
have been previously reported, employing carbonates, 1! dialkyl sulfates,®® dialkyl phosphates,° or
orthoesters.l” These methods provide versatile strategies for the alternative preparation of ILs.
However, these approaches have certain limitations. Some are hampered by the long reaction times
or complicated removal of contaminants associated with excess reagents, while others require
enormously toxic reagents. There is clearly a need for an entirely halide-free approach for hydrophobic
ILs that eliminates any by-product formation or the necessity of anion metathesis with its exhaustive
extraction steps.

In this chapter, halide-free methods for preparing bistriflimide- or dimethyl phosphate-based ionic
liquids will be presented. We have developed a new way to perform allylic alkylation of N-nucleophiles
in a continuous flow reactor using palladium-complex-containing supported ionic liquid phases (SILPs).
We have developed a halide-free method for producing hydrophobic ionic liquids in a continuous-flow
reactor. The process involves two steps: first, alkyl bistriflimides are formed, which are utilised in the
quaternisation of amine nucleophiles. This produces the desired ILs in high yields and purities without
forming by-products. The process provides broad flexibility, as different alkyl chain lengths and a wide
range of amine nucleophiles can be employed. The quaternisation step can be performed without
using solvents, and because the reactions are homogeneous, they can be carried out in a continuous
flow reactor. ILs produced are also halide-free, which makes them suitable for a broader range of
applications, especially in materials science.

In the second manuscript, phosphonium-based ILs are utilised as oil additives for lubrication. If an
ionic liquid is employed as an additive in lubricants, the potential halide traces can lead to corrosion.[”)
Therefore, it is essential to prepare the utilised ionic liquids in a halide-free manner. We used
phosphines as nucleophiles and various trialkyl phosphates as alkylating agents, thus circumventing
the problems associated with alkyl halides. Moreover, the reaction’s homogeneous nature allowed for
the application of continuous-flow technologies that was previously developed in the framework of
this thesis.

I.) The first sub-project focused on developing a halide-free synthetic method for producing
bistriflimide-based ionic liquids (Figure 39). The applicability of continuous-flow technologies was

investigated as well.
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Figure 39. Halide-free continuous synthesis of bistriflimide ILs

II.) The second sub-project aimed to utilise hydrophobic ILs as MXene additives for improving their

load-carrying capacity under boundary lubrication.

The following manuscripts will be presented in this chapter:

I.) K. Stagel, A. Szpecht, D. Zielinski, M. Smiglak, M. Schniirch, K. Bica-Schréder: Halide-Free
Continuous Synthesis of Hydrophobic lonic Liquids. ACS Sustainable Chem. Eng. 2022, 10, 11215-1122.

As a first author, the experimental work was planned and performed by me, and | wrote the original
draft.

II.) P. G. Grltzmacher, R. Neuhauser, K. Stagel, K. Bica-Schréder, G. Boidi, C. Gachot, A. Rosenkranz:
Combining Tailored lonic Liquids with TisC,Tx MXenes for an Enhanced Load-Carrying Capacity Under
Boundary Lubrication. Adv. Eng. Mater. 2023, 2300721.

As a co-author, | prepared the employed ionic liquids in batch and continuous mode, and |

contributed to the manuscript preparation.
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ABSTRACT: Herein, we present a novel approach for the halide-
free, continuous-flow preparation of hydrophobic ionic liquids
(ILs) relying on the bis(trifluoromethanesulfonyl)imide (bistri-
flimide, NTf,”) anion. The simple yet fast two-step synthetic route,
which involves the formation of different alkyl bistriflimides
(R'NTf,), followed by the quaternization with an amine
nucleophile, led to the desired ILs in high yields and excellent
purities without any byproduct formation. The variable alkyl chain
(R*) length and the broad range of the applicable nucleophiles
(R'R’R°N) offer considerable flexibility to the synthetic protocol.
The quaternization can be performed under solvent-free
conditions; moreover, the homogeneous nature of these reactions
allows the application of modern continuous-flow technologies.
Given these advantages, the methodology can afford not just a fast and efficient alternative for the conventional synthesis of such
compounds with reduced waste water production but their negligible halide content might provide a significantly broader application
range of the IL products, especially for the field of materials science.

KEYWORDS: alkyl bistriflimide, triflic anhydride, ionic liquid, bis(trifluoromethanesulfonyl)imide, solvent-free

H INTRODUCTION
Within the past decades, the application of ionic liquids (ILs)

extractive work-up is required to suppress the residual halide
content to a minimum.

has spread into various fields, including analy‘cics,l catalysis,
extractions, various electrochemical applications,” ® and
lubrication technologies.” While some applications do not
call for high purity, others are extremely sensitive with regard
to their metal and halide content, which can cause several
problems such as corrosion when they are used as lubricants®
or catalyst poisoning in organic synthesis.9_12

Until today, the preparation of hydrophobic ILs has mostly
relied on a two-step process; the initial quaternization of a
nucleophile with an alkyl halide is followed by anion
metathesis. Although this state-of-the-art strategy has been
described in detail and is well established,"” several challenges
still exist for the reliable production, and large discrepancies
observed in the reported properties of ILs can be traced to
metal and halide residuals of the ILs.'*"®

The initial formation of the organic halide precursor can be
challenging as the use of low-volatile alkyl halides as alkylating
agents, for example, chloroalkanes in the first step, is time-
consuming and might lead to preparative issues on both
laboratory and industrial scale. Similarly, the anion metathesis
step is problematic due to the onerous removal of metal and
halide residues that decidedly influence the physical and
chemical behavior of the ILs. Additionally, the stoichiometric
formation of an alkali salt, for example, LiCl, as a byproduct is
yet another issue in the light of sustainability as exhaustive

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications

11215

These problems with ion metathesis and residual metal and/
or halide content can be circumvented in the synthetic route
that relies on dimethyl carbonate as a cheap methylating
agent.'” The method is based on the formation of a methyl
carbonate intermediate which is further reacted with equimolar
amounts of acid to form the IL upon release of CO, and
methanol.'® Although this methodology provides access to a
broad range of hydrophilic ILs, the complete neutralization of
the methyl carbonate salts can cause contamination with excess
reagents.

In 2002, Holbrey et al.”? reported a method that eliminates
the anion metathesis step; direct alkylation of imidazole
derivatives with the corresponding dialkyl sulfate led to the
formation of the desired IL in one step. A similar strategy has
been reported by Kuhlmann and co-workers® for the
preparation of imidazolium dialkyl phosphates. The obtained
methyl sulfate- or dimethyl phosphate-based ILs can serve as a
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precursor for further modifications, for example, acid-catalyzed
transesterification toward the more hydrophobic esters. The
high reactivity of the dialkyl sulfates drastically reduces the
time and energy demand of the alkylation step; however, these
benefits are outweighed by their enormous toxicity as is the
case of dimethyl sulfate. Kim et al>' have developed a
synthetic method for halide-free ILs using orthoesters in the
presence of an acid. Even though they obtained outstanding
yields and a broad range of ILs could be produced with this
method, the relatively long reaction time required and the
formed byproducts are unfavorable from an environmentally
benign perspective.

Although strategies already exist for the halide-free
preparation of ILs, unfortunately, these methods have certain
limitations. Some of them require significantly toxic reactants,
while others are hampered by the complicated removal of
contaminants associated with excess reagents. There is clearly a
need for an entirely halide-free preparation method for
hydrophobic ILs that eliminates either the necessity of anion
metathesis with its exhaustive extraction steps or the formation
of byproducts in the final step.

The present research focuses on the development of a
halide-free approach for the synthesis of bistriflimide-based
hydrophobic ILs via formation of alkyl bistriflimides, thus
circumventing the problems associated with the state of the art
(Scheme 1). The strategy we present offers a benign synthetic

Scheme 1. Toward the Halide-Free Synthesis of
Hydrophobic ILs

NR3 RNH,
with R = alkyl
1. Alkylation +RX (Tf0
INRyRT'X RIN(Tf),
2. lon exchange LiN(Tf), NR3
[NRsR]"N(Tf); [NRsR]*N(Tf)
conventional synthesis this project

route and considerable flexibility in the design of sulfonamide-
based ILs, starting from cheap and easily accessible nucleophile
precursors. The formation of undesirable byproducts is
effectively eliminated, while the application of the continu-
ous-flow method significantly decreases the reaction time,
providing a rapid and efficient synthesis of hydrophobic ILs.

B RESULTS AND DISCUSSION

Initially, we focused on the optimization of the first step of our
synthetic route toward the alkylating agents, that is, the
formation of various alkyl bistriflimides in a batchwise fashion.
The general strategy”” involves the reaction of a primary amine
with trifluoromethanesulfonic anhydride (triflic anhydride,
Tf,0) in the presence of a base. As a primary amine as the
substrate, butylamine was selected for the optimization of the
reaction parameters. Subsequently, the optimized conditions
were applied to the synthesis of a range of alkyl bistriflimides
with various alkyl chain lengths (C,—C,, Scheme 2) in order
to introduce a broader diversity with regard to the
quaternization step. Short-chained amines were not considered
in the preparation process due to their gaseous nature. Since
ILs bearing an alkyl chain with odd carbon numbers are less
frequently mentioned in the literature, we included only even-
numbered alkyl groups in this study. However, based on the
experimental work, similar results in terms of yield and purity
can be expected with odd-numbered alkyl bistriflimides.

Based on our previous experiments,”’ we used N,N-
diisopropylethylamine as an acid scavenger and dichloro-
methane as a solvent.”*” Increasing the amount of the reagent
by 0.05 equiv (2.00—2.05 equiv) had a significant influence on
the reaction rate; 97% conversion was observed after 1 h, while
3 h were required to obtain the same conversion using 2.00
equiv of triflic anhydride. A further increase in the amount of
T£,0 did not significantly favor the reaction rate (see Figure
S3, Supporting Information); therefore, a reagent excess of
2.05 equiv was chosen as optimum. It is important to realize
that these components—in comparison to the final IL—can be
readily purified via distillation, a key advantage compared to
the conventional synthesis of bistriflimide-based ILs that only
allow for extractive purification. Consequently, after vacuum
distillation, the alkyl bistriflimides could be obtained in high
purities (see Figures S7—S21, Supporting Information) and
with excellent yields (Table 1).

Following the parameter optimization for the synthesis of
these alkyl bistriflimide IL precursors, the quaternization step
was investigated in detail. All alkylations were first carried out
in the batchwise mode, under solvent-free conditions, in glass
screw cap vials.

As a model reaction, the synthesis of 1-butyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl)imide was selected
and studied in detail (Scheme 3).

Initially, we investigated the effect of the alkyl bistriflimide’s
ratio to the nucleophile on the reaction (Figure 1) at 80 °C.
None of the ILs yielded full conversion after 24 h when
conventional heating was applied; only approximately 90%
conversion could be observed, supposedly due to the volatile
nature of the alkyl bistriflimides. An increase in the amount of
alkyl bistriflimide from 1.00 to 1.30 equiv exerted a
pronounced positive effect on the reaction rate, but any
further increase of the reactant beyond this did not

Scheme 2. Synthesis of Alkyl Bistriflimides as Precursors for IL Synthesis

o] o]
I I

R—NH + S S
? F3C 110711 CF,
(] 0]

R = n-Bu, n-Hex, n-0ct, n-Dec, n-Dod

i
i-Pr,NEt R*N/ﬁ\CFg
1h,0-25°C s \0
CH2C|2 o7 1>0
CF3

R =1a: n-Bu, 1b: n-Hex, 1c: n-Oct, 1d: n-Dec, 1e: n-Dod
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Table 1. Batchwise Synthesis of Alkyl Bistriflimides as Precursors for the Halide-Free Preparation of NTf, -Based ILs”

structure isolated yield /%
NN _SO,CF3
\ 74
SO,CF;
P U _SO,CF3
N 81
SO,CFs3
P e U e _SO,CF3
\ 74
SO,CFs3
/\/\/\/\/\N/SOZCF3
1d | 88
SO,CFs
/\/\/\/\/\/\N/SOZCFg
le 86

|
SO,CF3

“Performed with 40.00 mmol (1.00 equiv) primary amine, 82 mmol (2.05 equiv) i-Pr,NEt, and 82.00 mmol (2.05 equiv) trifluoromethanesulfonic
anhydride in 110 ml CH,Cl,. Reaction time: 1 h. After the addition of the reactant dropwise, the temperature was slowly increased from 0 °C to
RT. Products were obtained as slightly yellowish liquids after vacuum distillation.

Scheme 3. Halide-Free Synthesis of 1-Butyl-3-methyl-imidazolium Bistriflimide (2a)

N/
0
, PP o WA
[N/> + Wi I}I 6 CF3 neat l\{ + I}I ,B\ CFs
N O//El)\ch ("/ 0711 ™CF3
la 2a

1.30 equiv was applied for this optimization stage. The
100 = e — e st — conversion was monitored by "H NMR spectroscopy over
S —— o e e time; the first sample was taken 30 s after the addition of the
reagent, and subsequently, samples were collected at 5 min
g intervals until the 30th minute and then after 45, 60, 90, 120,
é e e and 180 min.” As expected, the reaction was significantly faster
g at 80 °C than at 50 °C; after 30 min, full conversion was
s observed at 80 °C, whereas at 50 °C, 3 h were not sufficient to
o . Q.S:N\S,P : obtain full conversion (Figure 2, green vs purple). At room

N -+ 1.00 eq. o K
! TF e 120eq. temperature, only 49% conversion was observed after 3 h

-#-1.30 eq. (Figure 2, orange).

2a + 1A0eg. The reactivity of the selected alkylating agents was
I L TR A AR N | additionally compared, using 1-methylimidazole as a nucleo-

0 20 40 60 80 100 120
Time /min

Figure 1. Effect of the alkylating agent equivalents on the reaction
rate.

significantly accelerate the reaction further. Using 1.30 equiv of
the alkylating agent, full conversion could be reached within 30
min.

To determine the optimal temperature for the quaterniza-
tion, experiments were carried out at room temperature, SO
and 80 °C. In order to see a more pronounced difference
between the results, an increased butyl bistriflimide loading of

phile, at 80 °C. Since the reaction proceeds fast when 1.30
equiv of the alkylating agent is used, in order to uncover the
difference between the reactivities, a 1:1 molar ratio was
maintained. No significant difference was observed between
the reactivities of butyl bistriflimide (1a) and dodecyl
bistriflimide (1e): in the case of the shorter alkyl bistriflimide,
91% conversion was obtained after 24 h, while 82% conversion
could be reached using dodecyl bistriflimide. Presumably, the
reason for that is that in every case, a primary carbon atom is
attacked by the nucleophile, which has a similar steric
hindrance in every alkyl bistriflimide. On the other hand, in
the case of dodecyl bistriflimide, the moderate hindering
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ACS Sustainable Chem. Eng. 2022, 10, 11215-11222


https://pubs.acs.org/doi/10.1021/acssuschemeng.2c02871?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c02871?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c02871?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c02871?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c02871?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c02871?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c02871?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c02871?fig=fig1&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c02871?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

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

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

m Sibliothek,
Your knowledge hub

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

100 = .’.o— ¢ —8 — B — B — e —
-J' el
. 80— g R
& _l '/' N."
c . == =
.g 60 =| J [N)+ oM
] 1 Fp 00 ¥ v
z o
o 40=-4 -
(5] 4 _23_) —_
-f . -+ RT
20 7 .= 50°C
.Yv." *-80°C
0 LI I I l LI L | l LI B I LI I I
0 50 100 150 200
Time /min

Figure 2. Reaction rate at different temperatures using 1.30 equiv of
butyl bistriflimide for the synthesis of 2a.

influence of the C,; chain connected to the primary carbon
atom eventually still exerts a minor influence on the reactivity.

Having optimized the alkyl bistriflimide loading and
temperature, we sought to screen different nucleophiles. We
focused on ILs that are derived from N-nucleophiles, such as 1-
methylimidazole, 1-vinylimidazole, and pyridine, all of which
are commercially available at low costs. The vinyl derivatives
are of particular interest for the formation of polymeric ILs as
conductive polymers; thus, a halide-free protocol is of
particular importance.””

Gratifyingly, the procedure was found to be quite versatile,
as 1S different ILs (2a—4e) could be prepared in excellent
yield and purity (Scheme 4); furthermore, no undesired
polymerization was observed during the alkylation of vinyl-
imidazole-derived species.

We further aimed to reduce the excess of the relatively
expensive alkyl bistriflimides since using only 1 equiv is

favorable not just from an environmental but also from an
economic point of view. Apart from losses due to volatility, the
low surface-to-volume ratio of the batchwise process might
also limit the reactivity.”*”” We therefore investigated the IL
synthesis under continuous-flow conditions by using a custom-
made microreactor, whose setup is presented in Scheme S.

As a model reaction, we examined the synthesis of 1-hexyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (Scheme
6); in these experiments, an equimolar ratio of the nucleophile
and the alkylating agent was maintained.

Initially, the influence of the temperature on the reaction
was investigated. The flow rates were calculated to maintain a
residence time of 15 min in order to provide sufficient mixing.
At 80 °C, 79% conversion was observed (entry 1, Table 2),
which increased to 90% at 100 °C (entry 2, Table 2), and full
conversion could be earned when the temperature was set to
120 °C (entry 3, Table 2). Thereafter, the residence time was
varied by increasing the flow rate of the reactants. By doubling
the flow rate of the reactants, still full conversion could be
observed at 120 °C (entry 6, Table 2), which means that the
potentially negative impact of the decreased residence time was
outweighed by the better mixing achieved at the increased flow
rate. Nevertheless, by a further decrease of the residence time
to S min, this is not the case anymore: only 92% conversion
was observed (entry 7, Table 2).

As it is shown in Figure S4 in the Supporting Information,
7.5 min at 120 °C in the continuous mode yielded full
conversion by using only 1.00 equiv from the hexyl
bistriflimide. Using the same conditions in the batchwise
mode, full conversion was not possible to be reached even
when the reaction time was extended to 24 h. This clearly
indicates the beneficial effect of the enormous surface-to-
volume ratio, which results not just in full conversion but also
leads to high productivity. Moreover, while this methodology

Scheme 4. Scope for the Halide-Free Synthesis of Various NTf, -Based ILs; Yields Reported Corresponding to Isolated Yields
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Scheme 5. Scheme and Setup of the Continuous-Flow Experiments
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Scheme 6. Model Reaction for the Continuous-Flow Experiments
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Table 2. Parameter Optimization of the Continuous-Flow
Experiments for the Synthesis of IL 2b“

flow rate/uL min~!

residence reagent conversion”
entry  time/min  substrate  (1b)  temperature/°C /%
1 15 16 S1 80 79
2 15 16 S1 100 90
3 15 16 51 120 100
4 15 16 S1 140 100
N 7.5 32 102 100 89
6 7.5 32 102 120 100
7 S 47 153 120 92

“Reactions were carried out in a 1000 uL reactor fitted with a PTFE
capillary tube, and the reagents were supplied with the aid of one—one
syringe pumps, respectively. Performed with 7.00 mmol 1-
methylimidazole and 7.00 mmol hexyl bistriflimide under solvent-
free conditions. “The conversion was monitored by 'H NMR
spectroscopy from the crude products. No byproduct formation was
observed.

was developed for the synthesis of bistriflimide-based ILs, the
microreactor setup and optimized conditions could be used in
many other halide-free synthetic approaches, for example, in an
orthoester-based or a trimethyl phosphate-based process.

After the initial optimization of the reaction parameters, the
continuous-flow synthesis of all the other RTILs (2a—4e) was
accomplished. As it can be seen in Table 3, all ILs were
obtained with very good yields.

After the NTf, -based ILs have been synthesized both
batchwise and in the continuous mode, they were charac-
terized by NMR spectroscopy and high-resolution mass
spectrometry (HR-MS). Their water content was determined
by Karl Fischer titration. All ILs have a water content of less
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than 400 ppm, and the pyridine-based ILs (3a—3e) have less
than 300 ppm (Table S1, Supporting Information).

Concerning purity, the synthesized ILs have been analyzed
by ion chromatography,” and a purity of >99.1% was obtained
for all ILs synthesized in a continuous flow (Table S,
Supporting Information).

Compared to the halide content of the conventionally
synthesized butyl-methylimidazolium bistriflimide ILs, our
alternatively developed alkyl bistriflimide-based, halide-free
route shows a significant improvement in this regard. The
state-of-the-art method requires multiple extraction steps and
>200 mL of water to decrease the chloride content to a value
below 200 ppm, which is—apart from a considerable
workload—yet again unfavorable from an environmentally
benign perspective (Table 4). Ultimately, the option for
distillation in the case of alkyl bistriflimides can suppress
extractive work-up to a minimum compared to the conven-
tional anion metathesis of Cl~ against N(Tf), is also favorable
in terms of waste generation. Based on the E-factor calculations
(Figures SS and S6, Supporting Information), this method
generates approx. 15 kg less waste pro kg product.

Concerning energy requirements, the first step of the
conventional route involves the alkylation of the desired
nucleophile with an alkyl halide at elevated temperature, which
can take up to 7 days; therefore, it is unfavorable from an
energy efficiency point of view. In comparison, the reaction
time for alkyl bistriflimides is 1 h only, without the need of
heating but under moderate cooling. Elevated temperature is
applied in the second step, but the reaction is carried out in 7.5
min, so the overall process is less energy-consuming.
Ultimately, in terms of the financial aspects, the halide-free
approach is currently less favorable: assuming that the
chemicals are bought from the same provider, and working
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Table 3. Continuous-Flow Synthesis of ILs in a 1000 gL Microreactor”

flow rate/uL min~

1

entry product residence time/min substrate reagent (la—1le) temperature/°C yield/% productivity/g day™"
1 2a 7.5 35 102 120 90 238
2 2b 7.5 31 102 120 94 241
3 2c 7.5 28 108 120 99 239
4 2d 7.5 25 108 120 98 222
S 2e 7.5 24 110 120 92 211
6 3a 7.5 35 98 120 90 236
7 3b 7.5 32 102 120 92 230
8 3c 7.5 28 105 120 86 205
9 3d 7.5 25 108 120 9s 215
10 3e 7.5 24 109 120 90 203
11 4a 7.5 38 95 120 92 243
12 4b 7.5 35 99 120 92 232
13 4c 7.5 31 103 120 98 235
14 4d 7.5 28 106 120 93 212
15 4e 7.5 26 107 120 91 208

“Reactions were carried out in a 1000 yL reactor fitted with a PTFE capillary tube, and the reagents were supplied with the aid of one—one syringe
pumps, respectively. The unreacted starting materials were removed under high vacuum (0.3 mbar) at 90 °C.

Table 4. Halide Content of IL 2a Produced by Our Method
and via Anion Metathesis

purity/% conte(r:11t/ ppm
bistriflimide-based ~ conventional ~ washing  water required in

1L method” method” step total/mL

2a >99.9 910 #1 40
840 #2 80
790 #3 120
680 #4 140
520 #5 180
360 #6 220
190 #7 240
160 #8 280

“IL 2a synthesized via the bistriflimide-based method, no removal of
chloride residues via aqueous extraction required. “IL 2a produced by
reacting the corresponding chloride IL precursor (1.00 equiv) with
LiNT%, (1.20 equiv) in water as a solvent. The mixture was stirred for
4 h, IL 2a was extracted with dichloromethane (3 X 30 mL). Then,
the combined organic phases were washed 8 times with 40 mL of
distilled water. After each washing step, an aliquot of 2 mL was taken
from the organic phase. These samples were concentrated, and their
halide content was quantified by ion chromatography.

on the same scale, our method is certainly more expensive as
the price of the trifluoromethanesulfonic anhydride drastically
increases the costs. However, it should be noted that this
estimation refers to high-purity trifluoromethanesulfonic
anhydride (>99%) purchased on a small scale and that prices
are always subject to the demand. Especially in the case of
trifluoromethanesulfonic anhydride, prices vary significantly,
and other suppliers, scales, and purities render the cost
difference significantly smaller.

B CONCLUSIONS

A new synthetic method for the halide-free synthesis of
bis(trifluoromethanesulfonyl)imide-based, hydrophobic ILs
has been developed. The simple, two-step procedure could
give straightforward access to a wide variety of NTf,-based ILs
with good yields and excellent purities. The quaternization step
could be carried out under solvent-free conditions and
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provided high atom efficiency without additional waste
formation. The reported method is intrinsically halide free,
which offers many benefits for the development of new IL-
based technologies that are sensitive to halide content. The
overall process is significantly less time-consuming than most
reported halide-free methods, and due to the reactions’
homogeneous nature, it could be successfully performed not
just in the batchwise application but also in the continuous-
flow operation mode. This provided an even more rapid, safe,
and easily scalable synthesis of these ILs, allowing them to be
obtained in high yields (86—99%) and productivity, with a
residence time of 7.5 min only. The high purity renders this
process not just only safe and efficient but eventually also
makes the IL products suitable for a significantly broader
application range, especially for materials science.

B EXPERIMENTAL SECTION

Representative Protocol for the Synthesis of Alkyl
Bistriflimides. After transferring 40 mmol (1.00 equiv) of the
corresponding amine and N,N-diisopropylethylamine (82 mmol, 2.05
equiv) to a three-neck round-bottom flask, 90 mL of anhydrous
dichloromethane were added under an argon atmosphere. The
mixture was stirred and cooled down via a NaCl/ice bath. Then,
trifluoromethanesulfonic anhydride (82 mmol, 2.05 equiv) was
dissolved in 20 mL of anhydrous dichloromethane, and it was
added to the mixture dropwise, while the temperature was maintained
below S °C. Once the triflic anhydride was added, the NaCl/ice bath
was removed, and the mixture was stirred at room temperature for 1
h. After that, the mixture was washed with saturated NaHCO,
solution, 2 N HCI solution, and distilled water. The aqueous phases
were back-extracted with dichloromethane. The combined organic
layers were dried over Na,SO,, filtered, and concentrated. The
residuals were transferred in a round-bottom flask and distilled under
vacuum using a Vigreux column. The products were obtained as
colorless to slightly yellowish liquids.

General Procedure for the Batchwise Synthesis of ILs. The
corresponding nucleophile (2 mmol, 1.00 equiv) was transferred to an
8 mL vial, then it was heated up to 80 °C. Once the temperature
reached 80 °C, 2 mmol (1.00 equiv) alkyl bistriflimide was added, and
the mixture was stirred for 24 h. Then, the mixture was transferred
into a round-bottom glass flask, and it was dried under high vacuum at
elevated temperature overnight (0.3 mbar, 90 °C).

General Procedure for the Continuous-Flow Synthesis of
ILs. The continuous-flow experiments were performed in a 1000 yL
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reactor. The nucleophile and the reagent were supplied with the aid of
one—one syringe pumps, respectively. The reactor was heated up to
the desired temperature with the aid of a magnetic hotplate stirrer,
and the syringes were filled with the reagents (7.00 mmol from both
the nucleophiles and the alkyl bistriflimides). After starting the pumps,
the dead volume of the reactor was allowed to pass. The products
were then collected into tared round-bottom flasks for a calculated
amount of time. The unreacted starting materials were removed under
high vacuum (0.3 mbar) at 90 °C overnight.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c02871.

Detailed characterization of the alkyl bistriflimides and
ILs via 'H-, ¥C-, and F NMR spectroscopies, HR-MS
spectroscopy, and infrared spectroscopy; halide and
water content of the ILs; and kinetic analysis of IL
formation (PDF)
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B ADDITIONAL NOTES

“In the literature, most room-temperature reactions with triflic
anhydride are carried out in dichloromethane, while other
solvents such as diethyl ether or THF are mostly used at
extremely low (—78 °C) temperatures. Importantly, it is only
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CH,Cl, that is inert enough against triflic anhydride at room
temperature, as even solvents such as THF react with Tf,0
under such conditions. To avoid the necessity of cooling, we
decided to use dichloromethane but kept the required amount
to a minimum due to its unfavorable environmental footprint.
®To suppress the progression of the reaction after the
sampling, all samples were immediately cooled to room
temperature and diluted with CDClI; after their collection.
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Combining Tailored lonic Liquids with Ti;C,T, MXenes for
an Enhanced Load-Carrying Capacity Under Boundary

Lubrication

Philipp G. Griitzmacher, Roman Neuhauser, Kristof Stagel, Katharina Bica-Schrider,

Guido Boidi, Carsten Gachot,* and Andreas Rosenkranz*

To improve the efficiency and lifetime of mechanical components, new lubri-
cation systems are needed. Two complementary material classes, which have
demonstrated a promising tribological performance, are ionic liquids and
MXenes (2D transition metal carbides and nitrides). Herein, Ti;C,T, MXenes are
used as additives in ionic liquids (ILs) to improve their load-carrying capacity
under boundary lubrication. The specifically synthesized ILs share the same
cation (trioctyl(methyl)phosphonium) but different anions (dimethyl phosphate
and dibutyl phosphate for IL1 and IL2, respectively) to assess the effect of the
anion’s alkyl chain length. The wear reduction performance is tested with a cyl-
inder-on-ring contact in a standardized Brugger tester, which is suitable to study
boundary lubrication and to assess the antiwear ability of the IL/MXene lubricant
blends. MXenes indicate an excellent dispersibility in both ILs over 24 h. It is found
that, irrespective of the used IL, the addition of MXenes always increases the load-
carrying capacity. Particularly, significantly reduced wear and thus a high load-

1. Introduction

The ongoing climate crisis demands for
more energy-efficient mechanical systems,
which will reduce the consumption of
resources and emission of greenhouse
gases. Consequently, this requires the
development of new lubricants, which min-
imize friction and wear, are ecofriendly,
and above all not based on crude oil."*
Two material classes, which have great
potential to be used as future lubricants
due to their extraordinary tribological
behavior, are ionic liquids (ILs) and 2D
materials.*~) ILs are molten salts in liquid
state containing an organic cation and an
anion, which can be either organic or

carrying capacity are observed for the combination IL2/MXenes, which also
outperform fully formulated commercially available lubricants such as turbine oils.
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inorganic.”* There are numerous different
cations and anions available, making the
properties of ILs tunable.’) Furthermore,
they possess an excellent thermal stability,
high heat capacity, good electrical conduc-
tivity, and are often considered as ecofriendly materials due to
their low volatility and nonflammability.”# These properties give
ILs various advantages over conventional liquid lubricants (oils
and greases). The superior tribological performance has been first
reported for an IL (1-methyl-3-hexylimidazolium tetrafluorobo-
rate) by Ye et al.”! Subsequently, numerous ILs have been synthe-
sized and their excellent tribological behavior as base lubricant or
lubricant additive was systematically studied.””’ Several studies
have also verified superlubricious states, that is, a coefficient of
friction (COF) below 0.01, when using ILs."®*"! The lubricating
mechanism of ILs is based on the formation of thin films (as thin
as a monolayer) on the involved rubbing surfaces.”! These films
are either absorbed layers with a layered structure possessing a
low shear strength"? or protective layers induced by tribochem-
ical reactions between the IL and the rubbing material surfaces.
The load-carrying capacity and antiwear properties of ILs can be
further enhanced by the addition of 2D layered materials, such as
graphene, ™! graphene oxide,"* or MoS,,[> thus improving the
ILs’ tribological performance particularly under severe condi-
tions. The ionic nature of ILs often allows for a good dispersibility
of nanomaterials in the IL base liquid, which is crucial for their
tribological performance.'? The 2D materials can be adsorbed
onto the contacting surfaces, where they form low-shear tribo-
layers, thereby protecting the surfaces from wear.['®!

© 2023 Wiley-VCH GmbH
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A rather new member of the 2D material family are MXenes,
which are 2D layered transition metal carbides, nitrides, and car-
bonitrides based on MAX phases.’”! The structure of MXenes
(general formula M, 1X,T,) is composed of alternating layers
of transition metal atoms (M) and carbon or nitrogen atoms
(X), whereby the outer layers are always X atoms, which are ter-
minated with functional groups (T,), such as -O, -OH, and -F.18
MXenes have been used in energy storage,'”! sensing,”® or
catalysis.!! However, their layer structure with reduced bonding
strength between the layers renders MXenes also interesting for
tribological applications.”?) MXenes’ interlayer binding energy
and, therefore, the friction between the layers are significantly
influenced by the surface terminations,”*** making it possible
to tailor their tribological properties. MXenes have already demon-
strated their promising tribological performance on the nano-
scale,®2% the laboratory scale,””* and even when used for
lubricating machine elements.”””! They can be used as solid lubri-
cant coatings,’””*” lubricious phase in composites,*") or lubricant
additives.*” Recently, it has been shown that synergistic effects are
induced by combining lithium hexafluorophosphate-based ILs and
molybdenum carbide (Mo,CT,) MXenes as lubricating addi-
tives.>*! In ball-on-disk tests, a protecting tribolayer with low shear
strength consisting of molybdenum and phosphorous oxides inter-
mixed with as-deposited MXenes was formed, which resulted in
macroscale superlubricity (COF of 0.004) at contact pressures up to
1.42 GPa. While MXenes as solid lubricant coatings have been
found to work well under medium contact pressures below
1 GPa, they are easily degraded when the contact pressures are
too high, leading to reduced wear life.®*! Therefore, for severely
loaded contacts, the combination with ILs can be beneficial, as
MXenes are embedded into the IL-based tribolayers, leading to
a slower degradation and improved tribological performance.

Based on the presented state of the art, it becomes evident that
MXenes have been scarcely tested as lubricant additives in ILs.
Considering the chemical diversity and tunability of both ILs and
MZXenes, we anticipate significant potential to optimize the result-
ing tribological performance when combining ILs with MXenes.
Therefore, in this study, we investigate the tribological behavior of
Ti;C,T, MXenes as additives in two different ILs (P8881(MeO),PO,
(IL1) and P8881(BuO),PO, (IL2), which are prepared in a halide-,
chlorine-, and fluoride-free manner to avoid tribocorrosion issues
in the respective metal contacts. In this regard, multilayer Ti;C,T,
has been chosen since it is the most explored MXene in tribology
and, therefore, serves as an excellent benchmark. The experiments
are performed on a Brugger lubricant tester (DIN 51347-1), which
is particularly suitable for studying boundary lubrication, thus
allowing to assess MXenes’ effect on the load-carrying capacity
and antiwear ability of IL-based lubricants. The results demonstrate
that MXenes can improve the load-carrying capacity of ILs under
extreme conditions. This is a crucial step for using the tunability of
both involved materials to create tailored lubricants.

2. Experimental Section

2.1. Synthesis and Characterization of MXene Nanosheets

Multilayer Ti3C,T, nanosheets were fabricated by selective etch-
ing of 2g of MAX-Ti;AIC, powder (purchased from Forsman
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Scientific Co. Ltd., Beijing, China) in 20 mL of highly concen-
trated hydrofluoric acid (HF) with a concentration of 40 wt%.
The mixture of Ti3AlC, powder and HF was stirred at a speed
of 60rpm and a temperature of 35°C for 24 h. After etching,
the mixture was centrifuged at 3500 rpm and washed with deion-
ized water in several washing cycles until a final pH of 6 was
obtained and the residue was collected. Finally, the suspension
was vacuum filtrated and freeze dried for 24h at —60°C
(pressure below 30 Pa).

The structure, quality, and interlayer distance of the as-
synthesized multilayer Ti;C,T, nanosheets were characterized
by transmission electron microscopy (TEM, Tecnai F20, FEI)
using an acceleration voltage of 200 kV. To characterize their sur-
face chemistry, Raman spectra were obtained applying a Witec
Alpha 300 RA in backscattering geometry and an excitation wave-
length of 532 nm. The spectra were acquired between 80 and
1000 cm ' with an acquisition time of 128 s for each spectrum
and a spectral resolution of 3 cm™" using a 300 Lmm ' grating.

2.2. Synthesis of lonic Liquids and Preparation of Lubricants

Two ILs, P8881(MeO),PO, (IL1) and P8881(BuO),PO, (IL2),
were synthesized from the corresponding phosphines and alkyl
phosphates in batch or continuous mode for optional scale-up.
They share the same cation (trioctyl(methyl)phosphonium),
while having dimethyl phosphate (DMP) anions and dibutyl
phosphate (DBP) as anions in case of IL1 and IL2, respectively

(Figure 1).

2.2.1. P8881(MeO),PO, (IL1)

As-synthesized and distilled trioctylphosphine (1.0 equiv.) were
transferred to a round-bottommed flask under argon atmo-
sphere. Subsequently, trimethyl phosphate (1.2 equiv.) was
added to the flask under continuous stirring. The temperature
was increased stepwise to 140 °C, and the mixture was stirred
under inert atmosphere for 72 h. After completion of the reac-
tion, the excess trimethyl phosphate was removed under vacuum

Me
Oct 1 Oct

~ P/
@
Oct
Cations of IL1 and IL2

(0] (0]
Os“/O~ /0\",0\
Me P Me Bu P Bu
1 1
0@ 0@

Anion of IL1 Anion of IL2

Figure 1. Chemical structures of the synthesized ionic liquids, namely
P8881(MeO),PO, (IL1) and P8881(Bu0),PO, (IL2). Both ionic liquids
share the same cation (trioctyl(methyl)phosphonium (P8881)) but pos-
sess different anions, dimethyl phosphate (DMP) and dibutyl phosphate
(DBP) for IL1 and IL2, respectively.

© 2023 Wiley-VCH GmbH
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(0.2 mbar, 95 °C). The desired product (P8881(Me0),PO, ") was
obtained as an orange, viscous liquid at a yield of 98%.

In the future, ILs can be synthesized in a continuous manner
(Vapourtec E-Series Flow Chemistry System) for scale-up. In this
method, a tube reactor was used, which is designed for high-
temperature reactions. In the continuous process, a 25mL
Vapourtec high-temperature tube reactor was used, operating
at 240°C. The two reactants were supplied to the reactor in a
manner where an equimolar ratio was maintained during the
reaction, with flow rates of 0.129 mL min™" for trimethyl phos-
phate and 0.496 mLmin ' for trioctylphosphine, respectively.
This corresponded to a residence time of 40 min. With the con-
tinuous method, a conversion of 75% as reached, and work-up
can be performed accordingly.

2.2.2. P8881(Bu0),PO, (IL2)

P8881(Bu0),PO, was obtained in a subsequent synthesis step
using IL1 as reaction product. A round-bottomed flask was
charged with (P8881(MeO),P0,) (1.0 eq.) and dibutyl phosphate
(1.2eq.) under argon atmosphere. Afterward, triethylamine
(1.4eq.) was added dropwise under cooling in an ice bath.
After the addition was complete, the reaction mixture was stirred
for 20 min at 0 °C and overnight at room temperature. Distilled
water was then infused to the mixture, before vigorously stirring
it for 16 h at room temperature. The mixture was transferred in a
separatory funnel and washed one time with a mixture of triethyl-
amine and distilled water (10:90vv™') and four times with
distilled water. Finally, the residual water was removed under vac-
uum (0.2 mbar, 95 °C). The desired ionic liquid P8881(Bu0O),PO,
was obtained as a slightly yellowish, viscous liquid with a
yield of 97%.

The viscosities of IL1 and IL2 were evaluated at 40 and 100 °C
(Table 1). For 40 °C, IL1 showed a kinematic viscosity of 496 cSt.

Table 1. Kinematic viscosities of the ionic liquids (ILT and 1L2) measured
at 40 and 100 °C.

lonic liquid Viscosity @ 40 °C [cSt] Viscosity @ 100 °C [cSt]
IL1 496 32
IL2 223 20

www.aem-journal.com

At 100 °C, the viscosity drastically dropped to 32 c¢St. IL2 had a
lower kinematic viscosity of 223 ¢St at 40°C and 20cSt at
100 °C, respectively.

For the tests with MXene additives, dispersions with MXene
concentration of 0.5 wit% in the ILs were prepared, which was a
concentration typically used for solid lubricant additives.””
The dispersions were mixed using a magnetic stirrer for 15 min
followed by ultrasonication for 20 min to ensure a homogeneous
dispersion. The dispersion stability was controlled by visual
inspection in time intervals of 15, 30, 60, and 120 min as well
as after 1440 min (24 h).

2.3. Tribological Experiments

The tribological performance of the ILs with and without Ti;C,T,,
under boundary lubrication was studied using a standardized
Brugger tribometer according to the aforementioned DIN
51347-1. The test provided information on the lubricant’s
load-carrying capacity under pure sliding conditions at room
temperature. The experimental conditions allowed for the suit-
ability of the used lubricant system under severe test conditions
and due to the use of a standardized test the results could be
compared to those available in the literature. The contact was
established between a fixed cylinder (AISI 52100) with a diam-
eter of 18 mm and a rotating ring (AISI D6) with an outer diam-
eter of 25 mm (Figure 2). Prior to the test, 8 mL of the test
lubricant was poured onto the ring surface. Due to the high vis-
cosity of the ILs, a thick film formed on the entire surface of the
ring. Afterward, a constant load Fy of 400 N was applied
(equivalent to an initial Hertzian contact pressure of 1.4 GPa)
and the ring rotated with a constant speed of 960 r min~" for
305, being equivalent to 1.2 m s~ '. After a lubricant-dependent
run-time period, steel-steel contact occurred, simulating an oil
starvation period. As a result, a well-defined elliptical wear scar
was generated on the fixed cylinder with the major axis a and
minor axis b in x- and y-direction (Figure 2). The performance
of a lubricant was evaluated by analyzing the contact area that
expanded linearly with time and was inversely proportional to
the load-carrying capacity of the tested lubricants.*® To deter-
mine the contact area and the dimensions of the major and
minor axis (@ and b), a laser scanning confocal microscope
(Keyence VK-X1000 3D) was used. Equation (1) was used to
calculate the Brugger load-carrying capacity B (Nmm ?) of

Figure 2. Schematic representation of the contact configuration of the Brugger tests and the resulting elliptical wear track on the cylinder with the major
and minor axes a and b. (1) drive shaft, (2) rotating ring, (3) clamped cylinder, (4) sample lever, (5) load lever, and (6) “dead” weight.
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the tested lubricants. Three repetitions were carried out under
the same test conditions to calculate an average load-carrying

capacity.

_ 4-Fy

B—
a-b-n

1)

3. Results and Discussion

As confirmed by TEM, the used synthetic approach resulted in
multilayer Ti;C,T, flakes with an interlamellar spacing of
0.91 £ 0.09 nm (Figure 3a,b). These values align well with pub-
lished data in literature.””! The selected-area electron diffraction
(SAED) pattern (inset in Figure 3b) confirmed the hexagonal
structure of the multilayer Ti;C,T,.*”) Raman spectroscopy
(Figure 3c) was conducted to obtain more information about
their surface chemistry. The Raman spectrum of the as-
synthesized Ti;C,T, showed vibrational modes at 160, 220,
and 707 cm™ ', as well as broader peaks around 285, 376, and
600 cm ™!, which are associated with the respective —O, —OH,
and —F surface terminations. The obtained Raman peaks corre-
late well with data published in literature.*®!

Prior to tribological testing, the stability of the dispersions was
inspected (Figure 4) since this aspect has been shown to signifi-
cantly affect the tribological properties of lubricants with
MXenes.*” Visual inspection of the as-prepared ILs and
MXene dispersions did not show any sign of MXene precipita-
tion or sedimentation neither in IL1 nor in IL2 up to 24h
(1440 min). Therefore, it can be concluded that the compatibility
between Ti;C,T, and the used ILs is excellent. Although the used
ILs are hydrophobic, their intrinsic ionic nature results in strong

| 50b nm

(@) —

www.aem-journal.com

electrostatic interactions with the polar MXenes.*°! Moreover,
MXenes contain reactive —OH groups on their surface.
Negatively charged ions are known to interact with H-containing
bonds, resulting in the formation of a charge-induced hydrogen
bond.*" The IL’s anion may interact with the MXenes’ polar
O—H bond in such a manner, thus enhancing the interaction
between ILs and MXenes, leading to enhanced dispersibility.
Additionally, both ILs are highly viscous, which prevents reag-
glomeration and sedimentation of MXenes after dispersion, thus
also contributing to their excellent dispersibility.*?! Overall, we
conclude that an influence of reagglomeration and reduced dis-
persion stability over time on the tribological behavior of the ILs
with MXene additives is negligible.

The tribological properties of the ILs with and without
MXenes are studied on a Brugger tester, simulating high-
pressure conditions (boundary lubrication). The elliptical wear
scars formed during the tests on the upper cylinders are shown
in Figure 5. Apart from the dimensions of the wear scars, their
appearance is similar independent of the lubricant used with
signs of abrasive and adhesive wear. The high load applied
during the tests results in boundary lubrication conditions with
predominant solid-solid contact, which is clearly demonstrated
by the significant wear of the cylinder surfaces. However, based
on the reduced dimensions of the wear scar, a higher wear resis-
tance can be observed for IL2 compared to IL1, while the addition
of MXenes also positively influenced the resulting performance.

The wear resistance under high-pressure conditions is further
evaluated with respect to the Brugger load-carrying capacity
(Figure 6). As the load-carrying capacity is determined by divid-
ing the applied normal load by the area of the wear scar, a higher
load-carrying capacity implies a better wear resistance. The aver-
age load-carrying capacities for the pure IL1 and IL2 are 25.7 and

(o]
(c) a ThG,(OH),
o= s Ti,C,F,
= g = Ti,C,0,
c -4

> - s

5 @
£ 2 AS
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2|2
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Figure 3. TEM micrographs in a) low and b) high resolution c) with the corresponding Raman spectrum of the as-synthesized multilayer Ti;C,T,.

(a) Oh

(b) 24 h

Figure 4. MXene dispersion in the ionic liquids IL1 and IL2 a) directly after stirring and ultrasonication and b) after 24 h.

Adv. Eng. Mater. 2023, 2300721

2300721 (4 of 7)
45

© 2023 Wiley-VCH GmbH

ASUADIT sUOWWO)) dANea1)) d[qearidde oy Aq PaUIdA0S aIe SAOIIE YO SN JO SN 10) KIRIQI] AUIUQ AS[IAL UO (SUONIPUOI-PUB-SULIS)/WOD K[Im " KIRIqI[auT[uo//:sd)y) SUonIpuoy) pue SWId ], Ay 3RS [£702/L0/1€] U0 Areiqry autuQ A1 “(-ouf BADBQRTT) 9qnopeay Aq 1ZL00€T0T WAPE/Z001 "0 1/10p/wod: Ka[im: K1eiqrpaurjuoy/:sdny woiy papeoiumod ‘0 ‘8¥97,7S|


http://www.advancedsciencenews.com
http://www.aem-journal.com

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

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

M 3ibliothek,
Your knowledge hub

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

IL1

AR PR AR Sy

IL2

PR TS T ST ST

www.aem-journal.com

With MXenes

4937 um-

-

cwegy
oSt BgY

'XTWT ""”"7"‘ Rig 1 g

Figure 5. Wear scars on the cylinders after the Brugger test with the ionic liquids IL1 and IL2 with and without Ti;C,T, additives (pure, images on the left).
From the dimensions a and b of the wear scars, the Brugger load-carrying capacity is determined according to Equation (1). Two different wear scars are
shown for all lubricant formulations, showing a good reproducibility of the tests.

354

304

254

Average load-carrying capacity (N/mm?)

20-

IL1
L2

IL1 + MXene
IL2 + MXene
Turbine Oil 1
MIL- PRF 23699
Turbine Oil 2
MIL- 1.-23699E |
Turbine Oil 3

Figure 6. Average Brugger load-carrying capacity for the pure ILs 1 and 2
as well as the ILs additivated with 0.5 wt% of MXenes. As a comparison,
the average Brugger load-carrying capacity of fully formulated turbine oils
is provided.*®

28.0 N mm ™2, respectively. These values are substantially higher
than that of a non-additivated FVA2 base oil as well as compara-
ble to fully formulated and commercially used turbine oils mea-
sured using the same test setup.[**®! We already demonstrated
the effectiveness of ILs to improve the antiwear properties of
a FVA2 base oil when used as additives with a concentration
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of 5wit%, which was attributed to the formation of a
phosphate-rich tribolayer.!! The pure ILs slightly increased the
load-carrying capacity compared to the IL additivated base oils.
We trace this observation back to their high viscosity promoting
a thicker lubricant film as well as the greater availability of
phosphorous-based compounds to form beneficial tribolayers.
This is supported by the fact that ILs have shown to readily form
tribolayers due to their inherent polarity, which facilitates self-
adsorption."**!

Based on our results, IL2 containing the anion with the butyl
groups performs better than IL1 (anion with methyl groups).
This contradicts previous studies with these ILs showing better
performance for anions having shorter alkyl chain lengths due to
quicker reactions of these anions with the surface leading to the
formation of tribolayers.***! However, the applied load in
another study™** was also by two orders of magnitudes lower than
in our study and, therefore, cannot be easily compared to our
study. Consequently, we anticipate that the potentially lower reac-
tivity of IL2 is advantageous under the high applied load in our
study, thus promoting a slower degradation of the IL and a longer
lifetime (wear life). Additionally, it has been shown that the thick-
ness and compactness of the formed IL-based tribolayers mainly
depend on the alkyl chain lengths of the ions.[****>*%! Therefore,
we hypothesize that IL2 can form a thicker and more compact
tribolayer on the steel surface, which protects the underlying sur-
face from wear and results in a higher load-carrying capacity.
This is somewhat counterintuitive since the viscosity of 1L2 is
significantly lower than that of IL1 (Table 1), basically suggesting
a thinner lubricant film for IL2. However, under high-load

© 2023 Wiley-VCH GmbH
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conditions inducing locally high temperatures, the predominant
lubrication regime for both ILs is boundary lubrication irrespec-
tive of their viscosity. Due to the expected low film thicknesses,
the different viscosities only play a minor role regarding the
resulting tribological performance.

For both ILs, the addition of multilayer Ti3C,T, further
improved the load-carrying capacity to 27.2 and 35.3 N mm™?
for IL1 + MXene and IL2 + MXene, respectively. For IL2 in par-
ticular, this corresponds to values that are significantly higher
than those of some fully formulated turbine oils used in helicop-
ter applications.*®! We anticipate that this improvement is due to
the additional formation of MXene-rich tribolayer, which pro-
tects the steel surface from wear. The addition of MXenes had
a greater effect for IL2, for which the load-carrying capacity
increased by 26% compared to a rather marginal improvement
of 6% for IL1. To understand this aspect, several elements have to
be taken into consideration. As discussed above, we assume that
I12 has the capability to form a thicker and more compact wear-
resistant tribolayer. Therefore, the acting mechanical stress on
the MXenes, which are an integral part of this layer, is reduced,
leading to a slower MXene degradation (structural and chemical)
and, thus a better performance. In this context, it has been shown
that MXene tribolayers degrade rapidly under high contact pres-
sures of 1.47 GPa,** which are close to the initial contact pres-
sure of 1.4 GPa in our experiments, reducing their beneficial
effects. Additionally, MXenes’ mobility in the liquids depends
on their viscosity.*”! The lower viscosity of IL2 (Table 1) could
benefit the mobility of MXenes in the ionic liquid. Therefore,
the tribological contact is provided more easily with MXenes,
which are embedded into the hybrid IL/MXene tribolayer to
reduce wear.

4, Conclusion

In this work, we presented a new lubrication system consisting of
ILs and Ti;C,T, acting as additive (concentration of 0.5 wt%)
with the overall purpose to enhance the load carrying capacity
and thus finally wear resistance under boundary lubrication at
relatively high loads of 400 N. The specifically synthesized ILs
share the same cation (trioctyl(methyl)phosphonium) but anions
with different alkyl chain lengths (dimethyl phosphate and dibu-
tyl phosphate for IL1 and IL2, respectively).

MZXenes showed an excellent dispersibility in both applied ILs
over 24 h, which was attributed to the intrinsic ionic nature of the
ILs favoring electrostatic interactions with the polar MXenes,
possible formation of hydrogen bonds between the negatively
charged ions and OH-containing terminations of MXenes, as
well as the high viscosity of the ILs preventing reagglomeration.

The produced IL/MXene dispersions always resulted in a
higher average load-carrying capacity in standardized Brugger
tests compared to the pure ILs. The combination IL2/MXene
demonstrated the highest average load-carrying capacity, corre-
sponding to an increase by 26% compared to the pure IL.
The excellent tribological performance induced by the IL/MXene
dispersion was explained by the formation of hybrid tribolayers
on the rubbing surfaces, which protects the surfaces from wear.
Anions with longer alkyl chain lengths are known to form thicker
tribolayers, which explains the better performance of IL2,
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especially in combination with MXenes. The MXenes in the
IL2 tribolayer are exposed to less stress compared to ILI,
resulting in a slower degradation and, consequently, improved
wear resistance. It is worth to emphasize that the combination
I12/MXene even outperformed fully formulated turbine oils
regarding their load-bearing capacity and wear resistance under
contact pressures of 1.4 GPa. The results of our work point
toward the suitability of ecofriendly IL/MXene lubricants with
high thermal stability for high-load applications.
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4. Supported ionic liquid phase (SILP) allylic alkylation of amines in

continuous flow

Transition metal-catalysed allylic alkylations provide a powerful tool for forming C-C or C-X
bonds.[''4 The strategy was first pioneered by Tsujil**>! and later adapted by Trost,[*1! introducing
phosphine ligands. In this field, the nucleophilic substitution of an activated allylic acetate or carbonate
electrophile provides the most straightforward strategy. The method has numerous advantages, such
as mild conditions, variable ligands and nucleophiles, good functional group tolerance, and simple
implementation. Since the strategy is mainly utilised in asymmetric transformations, the employed
transition metal complex is typically modified with chiral ligands.'¥”! For non-enantioselective
reactions, achiral ligands, such as dppp or dppf can be employed.''8 The reaction proceeds through

the catalytic cycle presented below (Figure 40).1%!

R/\/:\R + R/\/'\R R/\)\R
5 1
[PAO(LL*)]
I;lu Nu X
RNR Y RMR R/','\/iR
PdO(*LL) A PdO(*LL) . PAOCLL)
R%/R
>\1 ®Pd"(LL*)
.
©
Nu® @ “ X
R R
Pd'(LL*)
b9

Figure 40. The mechanism of the Tsuji-Trost reaction

The cycle starts with the coordination of a zerovalent Pd-species to a substrate, which contains a
good leaving group (X) in the allylic position (1). This results in the formation of n2-rt-allyl-Pd® complexes
(2). This step is followed by an oxidative addition in which the leaving group (X) is expelled in an
intramolecular Sy2 substitution, forming n3-mn-allyl-Pd" cationic complexes (3). The nucleophile attacks
one of the allylic group’s terminal C-atoms, which is activated by the Pd" species. This results in the
regeneration of the n2-m-allyl-Pd® complexes via reductive elimination (4). Finally, the palladium
species releases the product (5), and the catalytic cycle can start again.

The use of allylic alkylations for synthesising alkyl amines has attracted significant interest; hence,
in contrast to classical alkylations with alkyl halides, such reactions provide better product selectivity

and require milder reaction conditions.[*?”! These reactions are mainly carried out batch-wise, relying
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on homogeneous catalysis. Therefore, they are hampered by difficult catalyst separation, recycling, or
reuse. Continuous methods relying on palladium-containing SILP catalysts can provide a suitable
alternative for the sustainable production of allylic species.

This chapter presents an approach relying on a Pd-containing SILP catalyst for producing various
allylic amines without employing any additional base, relying on the previously synthesised
hydrophobic ionic liquids for catalyst immobilisation. The simple method provides straightforward
access for both achiral and chiral compounds. Under optimal conditions, the flow reaction could run
for 3.5 hours without a significant decrease in the conversion. Only a small amount of ionic liquid (0.7
wt%) leached out of the catalyst, and no leaching of the palladium complex was detected. The novel
catalysts proved air-tolerating and provided the chiral and achiral N-allylation products in continuous

mode in only 30 minutes.

The following manuscript will be presented in this chapter:

K. Stagel, A. M. Palvélgyi, C. Delmas, M. Schniirch, K. Bica-Schréder: Supported lonic Liquid Phase
(SILP) Allylic Alkylation of Amines in Continuous Flow. ChemCatChem 2023, 15, e202300381.

As a first author, the experimental work was planned and performed by me, and | wrote the original

draft.
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Supported lonic Liquid Phase (SILP) Allylic Alkylation of

Amines in Continuous Flow

Kristof Stagel,” Adam Mark Palvolgyi,” Clémence Delmas,” Michael Schniirch,” and

Katharina Bica-Schroder*™

We present the use of Pd-complex-containing supported ionic
liquid phases (SILPs) as a novel approach for continuous-flow
allylic alkylation of N-nucleophiles. This immobilization strategy
gave simple access to air-tolerating catalyst frameworks,
providing rapid and convenient access to various achiral and

Introduction

Transition metal-catalyzed allylic alkylation reactions provide a
versatile tool for various C—C and C—X bond formations and
play an important role in synthesizing numerous biologically
active compounds.™ Their use for synthesizing alkyl amines
became particularly attractive: in contrast to classical alkylations
with alkyl halides, such reactions require not just much milder
reaction conditions but also results in significantly better
product selectivity.” In this field, the nucleophilic substitution
of an activated allylic acetate or carbonate electrophile
represents the most straightforward and widely investigated
alkylation strategy. Apart from palladium-catalyzed Tsuji-Trost-
type reactions,” other advances, including iridium™- or ruthe-
nium-catalysis,” have also been reported.

The allylic alkylation of amines is mostly carried out via
homogeneous catalysis and therefore hampered by the difficult
catalyst separation, recycling, or reuse. However, most catalyst
immobilization strategies require tedious multi-step synthetic
procedures, which might also lead to decreased catalytic
efficiency. These issues can be effectively overcome with
supported ionic liquid phase (SILP) catalysis®® as such, a
homogeneous catalyst is dissolved in an ionic liquid (IL), which
is impregnated on a porous solid support. This concept
efficiently combines the advantages of classical homogeneous
and heterogeneous catalysis. Moreover, the thin impregnation
of a highly porous surface with the liquid/catalyst also leads to
significantly decreased ionic liquid and catalyst loadings
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chiral N-allylation products. Under optimized conditions, the
flow-reaction could be maintained for 3.5 hours with constant
product output; meanwhile, only a marginal 0.7 wt% of ionic
liquid leaching and no detectable palladium-complex leaching
could be observed.

compared to classical organic solvent/ionic liquid biphasic
catalysis.”

Valkenberg and co-workers summarized various methods
for immobilizing ionic liquids.” The synthesized Lewis-acidic
catalysts demonstrated good activities in Friedel-Crafts alkyla-
tions. The concept of SILP catalysis is already applied on larger
scales in gas- or supercritical phase reactions, including hydro-
formylations, hydrogenations, carbonylations,” as well as
continuous CO, conversion.'” In terms of asymmetric catalysis,
an approach from 2013 employs supercritical carbon dioxide as
mobile phase in a continuous process for the asymmetric
hydrogenation of dimethyl itaconate. The SILP catalyst system
contains a chiral rhodium complex core and showed excellent
reactivity and  enantioselectivity in the asymmetric
transformation.""” Additionally, Rufete-Beneite et al. established
a methodology that relies on the immobilization of a chiral
complex, RhDuphos, with the aid of the SILP strategy. This
catalyst system provided high conversions and with increased
IL loadings, also excellent enantioselectivities in asymmetric
hydrogenations."?

In comparison to reactions in gas or supercritical phase, the
adaptation of the SILP concept to liquid-phase reactions was
found to be more challenging as the catalyst and/or the ionic
liquid might be leached into the organic reaction media."”
However, some approaches successfully combine transition
metal catalysis and SILPs in liquid-phase reactions. In 2014,
Urban and his co-workers reported the utilization of a SILP-Pd
catalyst framework in continuous Heck reactions, which demon-
strated stable performance for several hours, providing high
conversions."” More et al. developed a Pd-SILP-system immobi-
lized on Merrifield resin, which proved to be efficient and stable
for Suzuki coupling reactions, and provided the corresponding
products with excellent yields."

Based on our previous work on asymmetric allylations,"'® we
report herein the use of the SILP concept for the continuous-
flow allylic alkylation towards various achiral and chiral N-
allylation products. The simple physisorption of a palladium-
complex in hydrophobic ionic liquid onto silica surface provided
straightforward access to air-tolerant catalyst frameworks (Fig-
ure 1), which were successfully employed for allylic alkylation of

[e]
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Entry Solvent lonic liquid Conv. [%]®
1% n-heptane/2-MeTHF 4/1 IL1 83
21 n-heptane/2-MeTHF 4/1 IL1 73
39 n-heptane/2-MeTHF 4/1 IL1 78
Figure 1. The concept of palladium-based SILP catalysis for continuous-flow 4 n-heptane/2-MeTHF 7/3 IL1 81
allylation of N-nucleophiles. 5t toluene/2-MeTHF 4/1 L1 n.d.
6 n-heptane/2-MeTHF 4/1 IL2 77
7 n-heptane/2-MeTHF 4/1 IL3 69
8 n-heptane/2-MeTHF 4/1 IL1 0
99 n-heptane/2-MeTHF 4/1 IL1 83
N-nucleophiles. This methodology requires neither an addi- 101 n-heptane/2-MeTHF 4/1 L2 0

tional base nor an inert atmosphere and provides fast access to
various achiral and chiral allylic amines.

Results and Discussion

Based on our previous experiences with SILP-catalysis for liquid-
phase reactions,"*'”’ we aimed for a fast and simple prepara-
tion of the heterogeneous catalysts relying on hydrophobic
ionic liquids. Because of the general insensitivity of palladium-
catalysts towards mildly acidic environment such as the OH
groups of the silica gel,"® no deactivation or pre-coating of the
silanol groups was required. Using the cheap and readily
available [PA(C;H;)Cl], catalyst precursor, 1,3-
bis(diphenylphosphino)propane (dppp) and three different
ionic liquds (IL1-3); a series of SILPs (SILP 1-3) with 10, 15, 20,
and 30 wt% IL-loading was prepared by simple physisorption of
the IL/PdLn on the silica surface, respectively.

With these SILPs in hand, we initially tested their catalytic
efficiency in the achiral continuous-flow allylic substitution of
cinnamyl acetate (1a) with pyrrolidine (2a) (Table 1). For this
purpose, a continuous flow set-up consisting of a cartridge
employed as a fix-bed reactor (0.707 mL) and a syringe pump
was used (Supporting Information, Figure S5). A flow rate that
corresponds to a residence time of 30 minutes was chosen. The
crude product was directly analyzed to determine conversion
via GC-MS. The leaching of the ionic liquid was further
quantified by '°F NMR spectroscopy with 2,2'-difluorobenzophe-
none as internal standard, allowing a limit of detection in the
order of >0.05 wt%.

The choice of an appropriate solvent is a key issue for
liquid-phase reactions with supported catalysts. On the one
hand, the polarity needs to be sufficiently high to dissolve
starting materials and maintain homogenous conditions
through the reaction. On the other hand, polarity needs to be
balanced in order to avoid leaching of the ionic liquid - an
aspect that would rather favor apolar conditions."® Keeping
environmental aspects in mind, we decided to use a mixture of
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Table 1. Parameter screening for the continuous-flow synthesis of 3a.

S S|LP catalyst

silica gel
10-30 wit% IL1-3
0.5 wi% [Pd{p*-CaHs)Cll
2.0 mol% dppp or dppf

solvent mixture
25 °C, 30 min

(e s (P
H

1a 2a

[a] Reaction was performed on a 0.6 mmol scale using cinnamyl acetate
(1a, 1.0 equiv.), pyrrolidine (2a, 2.0 equiv.) with 450 mg SILP1 (15 wt% IL,
0.5wt% [Pd(C;HJ)Cll, and 1.13wt% dppp). The residence time was
30 minutes. [b] Determined by GC-MS analysis. No side-product was
observed. [c] Performed with 30 wt% IL. [d] 45 min residence time.
[e] Leaching of the ionic liquid was observed (3 wt% of total IL amount),
determined by '"F NMR spectroscopy (limit of detection: >0.05 wt%).
[flNo P-ligand for SILP preparation. [g] dppf as P-ligand for SILP

preparation.

n-heptane with ether-type solvents as polar modifier. When
using 20V/V% of 2-MeTHF, - a bio-based solvent - in n-
heptane with the SILP1, the allylation product 1-cinnamylpyrro-
lidine (3) was formed in 83% conversion within 30 minutes of
residence time (Table 1, entry 1); meanwhile, SILP1 with higher
IL-loading or a longer residence time did not improve the
conversion (Table 1, entries 1 vs. 2-3). Using an increased
amount of 2-MeTHF led to a similar conversion (Table 1,
entry 4), whereas using toluene as the apolar component
resulted in leaching (Table 1, entry 5). Furthermore, a SILP with
1-butyl-2,3-dimethyl-imidazolium bis(trifluorometh-
ylsulfonyl)imide ([bm,im][NTf,], IL1) was indeed beneficial, as
the SILPs with [bmim][NTf,] (IL2) or with the quaternary
ammonium-based IL3 both resulted in slightly lower conver-
sions (Table 1, entries 6-7). Imidazolium-based ILs are known to
form carbenes, as their C2 atom can undergo deprotonation
under basic conditions.”™ Such a species can coordinate to the
Pd-atom, resulting in the decoordination of the original ligand,
which can lead to slightly decreased activity. If the C2 atom is
protected with an alkyl group, deprotonation can be prevented.
This can explain the slightly decreased activity of the SILP with
IL2 compared to IL1. While a phosphine ligand was indeed
found to be crucial (Table 1, entry 8); no difference between
dppp and 1,1"-bis(diphenylphosphino)ferrocene (dppf) was
observed (Table 1, entries 1 vs. 9); leaving the cheaper dppp as
a preferential option. To further investigate the possibility of a
Pd-NHC strategy, the catalytic effect of the IL2-based SILP in the
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absence of a P-ligand was also investigated; however, no
conversion was observed (entry 8).

After identifying SILP1 as the best-performing catalyst and
with improved reaction conditions in hand, we investigated the
longer-term usability of the SILP-system. After equilibrating the
reaction mixture for 30 minutes as previously optimized, the
system was stabilized. A constant product output could be
observed for a total of 3.5 hours, thus corresponding to seven
reaction cycles (Figure 2) without any loss of catalytic activity.
Furthermore, only a marginal 0.7 wt % ionic liquid leaching, and
no palladium-complex leaching could be observed.

We then explored the scope and limitations of the
continuous-flow N-allylation reaction. A small set of allylic
acetate electrophiles with different sterics were investigated,
and the corresponding products 3a-d were obtained in good
to excellent yields (Scheme 1). It is worth mentioning that the
reaction with cinnamyl alcohol instead of cinnamyl acetate (1a)
still provided product 3a in 10% yield, indicating that the

silanol OH-groups might have a moderate co-catalytic effect on
increasing the leaving group ability through H-bonding. Despite
this moderate and non-optimized result, it could still be an
important aspect, as the direct functionalization of allylic
alcohols mostly requires harsh reaction conditions and/or
strong Lewis or Brgnsted acidic additives.”” Besides screening
different allylic electrophiles, a few different N-nucleophiles,
including primary and secondary amines, have also been tested
and the corresponding N-allylated products (3e-h) could be
isolated in good to excellent yields (Scheme 1). Meanwhile,
slightly higher yields could be achieved in the literature in
batch mode; these methods mostly rely on exotic reagents and/
or harsh reaction conditions.”” In comparison, this method uses
common reagents, applies mild reaction conditions, and results
in short reaction times in continuous-flow operation.

Aiming to adapt the established SILP-system to asymmetric
allylic alkylations, we further envisioned expanding the system
for the continuous-flow asymmetric allylic alkylations of
pyrrolidines. In general, palladium-catalyzed enantioselective
allylic alkylations have emerged as versatile and powerful

100 chemical reactions for asymmetric carbon-carbon and carbon-
7 P heteroatom bond formation.”” Due to its numerous advan-
80 = . e . . .
! tages, such as mild conditions, variable chiral ligands or
] ‘ . . . . .
E oo ! nucleophiles, simple implementation, and good functional
[ i/ group tolerance; such allylations have found wide application in
5 a0 ! the synthesis of valuable optically active compounds. Since the
1! seminal examples of Trost* a wide range of chiral ligands,
20=— | . . . . . . . .
: including phosphinooxazolines,”” amino-acid derivatives,”®
Y . . s T .
8 amino-phosphinites,”” phosphoramidites,”® and aminoalkyl-
T T o i
0 50 100 150 200 phosphines have been developed for the asymmetric
Time /min

Figure 2. Long-term stability of the developed SILP-system. Reactions were
carried out on a 3.2 mmol scale using 1.0 equiv. cinnamyl acetate (1a) and
2.0 equiv. pyrrolidine (2a) with 470 mg of SILP1 (15 wt% IL1, 0.5 wt%
[Pd(C5Hs)Cl], and 1.13 wt % dppp) in n-heptane/2-MeTHF 4/1. The residence
time was 30 minutes.

B R

R“/\;\OAC + RE oplls (IR RITSTN
R

silica gel

allylation of stabilized C-nucleophiles. Despite the large number
of advancements, up until today, the Trost-type ligands still
have maintained a privileged position among the chiral
modifiers in the field of asymmetric allylations.®” Although
Trost-type ligands are well suited for unhindered substrates,
they have proven less efficient for the alkylation of hindered
substrates, such as rac-1,3-diphenylally acetate.?® Hitchcock’s
group®" circumvented these problems by introducing various
ester groups to the ligand, using a series of tert-leucinol-derived

I e somin ® 10?5?‘:\?&@[;35(@_2:3]5)(&:) diphosphines, which provided good yields in the allylation of
fad zad i e the previously mentioned hindered substrate. In 2000, Kim
et al.®? reported the synthesis of various P,N-type monophos-
bt o 5 phine ligands with (R,R)-diaminocyclohexane (R,R-DACH) back-
m Q YD D C»/‘\/L o bone, which showed good reactivities and moderate enantiose-
— pe—— 45, 61900 '/)adm% i lectivities in asymmetric allylic alkylation of more hindered
3a, 1098 substrates. With most of the recent advancements being indeed
reported for C—C bond formation, the asymmetric allylations of

i i . e N-nucleophiles attracted significantly less attention.
@ND Q/V{}') ©/\/n":>rv\ Q/VH i In accordance with the findingsyfor the non-asymmetric N-

3e, 71% 3f 67% 3g, 84% 3h, 63%

Scheme 1. Substrate and reagent scope for the continuous-flow allylic
alkylation. Reactions were carried out on a 0.6 mmol scale using 1.0 equiv.
allylic acetate (1a-d) and 2.0 equiv. amine (2a-d) with 450 mg of SILP1

(15 wt% IL1, 0.5 wt % [Pd(C;H;)Cl], and 1.13 wt % dppp) in n-heptane/2-
MeTHF 4/1. The residence time was 30 minutes. Yields refer to isolated
products after column chromatographic purification. [a] Reaction was
performed with cinnamyl alcohol, GC-MS conversion. [b] GC-MS conversion
due to the extremely volatile nature.
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allylations, we initially screened different chiral SILPs (chSILPs)
for the asymmetric N-allylations of pyrrolidine (2a) with (rac)-
1,3-diphenylallyl acetate (1d) both in heterogeneous batch
slurry phase, as well as in continuous flow (Table 2). By using
the same ionic liquid IL1 and palladium-precursor [Pd(C;H;)Cl],
as before, a small set of chSILP catalysts were prepared using
different chiral ligands (L1-4), and their catalytic efficiency was
investigated in the same solvent mixture as for the non-
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Table 2. Screening of different chiral ligands for the continuous-flow
asymmetric N-allylation of pyrrolidine (2a) with 1d using chSILP catalysts.

e CHSILP —

o O silica gel OAc Q silica gel
Cre~Ty + Q s | 15wt (bmaAmINTE] IL1) SOt bR ) A 18 wi% L1 or 1L3:6
e ~F H  n-hepti2-MeTHF 4/1 j/ \( o | 05w [Pd(h*-CaHs)CI, N A N nheptiz-MeTHF 471 L f 1) | 02 wi% Pa(r*Cats)Cll:

1d 2a 25°C 275 mol% chlral Izganu L14 1d g 25 °C, 30 min - =7 | 2.75 mol% chiral ligand L3
T
e )
Q _ N, _NT
Ao ootiiios w R
F‘F‘H"Iz Pﬂzp OO P»‘Hz F‘lP OO ) 7
[bmaim][NTf] [dodmim][NTf2]
L L2 (L) (L4
W o
i QJ?\ ,J< OLqS) GﬁHﬂ\T Can CEH“@WJCEH“ &N
CLy Y A o <A
PFPh, AT sH11 Hay ST T )
k L+ [NsssallNTH] NegsellGl]  [bDABCOJINTY,]
(IL3) (ILs) (IL6)
Entr Chiral ligand  Reaction in slurry phase  Reaction in flow L . a
Y 9 Conv. [%]® ei E%]m Conv. (%" ee [%]® Entry lonic liquid for chSILP preparation Conv. [%]® ee [%]"™
1 L1 44 44 39 30 ; :'I:; 5531 ég
2 L2 17 52 62 54 2 L2 o 8
3 L3 70 65 81 74 @
4 L4 52 36 nr n.d 4 IL5 n.d. n.d.
= = 5 IL6 36 74

Reactions were carried out on 0.6 mmol scale using 1.0 equiv. allylic
acetate 1d and 2.0 equiv. pyrrolidine (2a) with 450 mg of chSILP (15 wt%
IL1, 0.5 wt% [Pd(C;Hs)Cl], and 2.75 wt % chiral ligand L1-4) in n-heptane/
2-MeTHF 4/1. Slurry-phase reactions were carried out in 8 mL screw-cap
vials at 25°C for 24 hours. Continuous-flow reactions were carried out at
25°C with a residence time of 30 minutes. [a] Determined by GC-MS
analysis, no side-product formation was observed. [b] Determined by

chiral HPLC analysis using Daicel Chiralpak® IA-3 column.

asymmetric N-allylations (n-heptane/2-MeTHF 4/1). The chSILP
with the traditional Trost-ligand L1 and bis(oxazoline) L4
provided comparable reactivities and ee in slurry-phase, where-
as L4 proved inactive in the continuous-flow process (Table 2,
entry 4). L4 - as the only non-Trost-type ligand- differs from the
other employed ligands in its structure, as it does not contain a
strongly coordinating P-atom. This might result in the ligand’s
different coordination properties and its loss in the continuous
process due to leaching. On the other hand, the allylation
product 3d could be obtained in continuous flow with
moderate conversion and enantioselectivity when using the
more sterically demanding Trost-type ligand L2. The introduc-
tion of a tert-butyl-carbamate-modified Trost-ligand L3 led to a
further improved conversion and to good ee in flow; yielding
the product 3d in a promising 81% conversion and 74% ee
within 30 minutes of residence time.

We then investigated the possible catalytic effect of the
ionic liquid matrix. Using the palladium-precursor [Pd(C;H:)Cl],
and the chiral ligand L3, we prepared a series of chSILP
catalysts featuring various hydrophobic ionic liquids. The
introduction of IL4 could not outperform the result with IL1,
indicating that the ionic liquid chain length has basically no
effect on the reactivity and on the level of stereodiscrimination
(Table 3, entries 1 vs. 3). Inspired by the findings of Trost and
co-workers on the beneficial effect of tetraalkyl ammonium salts
for C-allylations, we also probed different quaternary
ammonium salt-based ILs (IL3 and IL5-6). The chSILP catalysts
prepared with the tetrahexylammonium- and DABCO-based
hydrophobic ionic liquids IL3 and IL6 could not improve the
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Table 3. Effect of different ionic liquids for the continuous-flow asymmet-
ric N-allylation of pyrrolidine (2a) with 1d using chSILP catalysts.

Reactions were carried out on 0.6 mmol scale using 1.0 equiv. allylic
acetate 1d and 2.0 equiv. pyrrolidine (2a) with 450 mg of chSILP (15 wt%
IL1 or IL3-6, 0.5 wt% [Pd(C;H:)Cl]l, and 2.0 wt% chiral ligand L3) in n-
heptane/2-MeTHF 4/1 at 25°C with a residence time of 30 minutes.
[a] Determined by GC-MS analysis, no side-product formation was
observed. [b] Determined by chiral HPLC analysis using a Daicel Chiralpak®
IA-3 column. n.d.: not determined. [c] Leaching of the ionic liquid (5 wt %
of total IL amount) was detected by 'FNMR spectroscopy (limit of
detection: >0.05 wt %).

enantioselectivity; meanwhile, only moderate conversion was
observed (Table3, 1 vs. entries2 and 5). When using the
hydrophilic IL5, the corresponding chSILP catalyst leached
entirely during the continuous-flow pre-conditioning phase
(Table 3, entry 4), further underlining the importance of highly
hydrophobic, NTf,-based ionic liquids to tackle leaching issues
efficiently.

With the optimized reaction conditions in hand, we
investigated the asymmetric N-allylation of pyrrolidine (2a) with
symmetrically substituted (rac)-1,3-diphenylallyl acetate deriva-
tives featuring different steric and electronic properties (1d-i).
The corresponding enantioenriched N-allylated products 3d
and 3i-m were obtained in good to high yields and in good
enantioselectivities (Scheme 2).

In order to uncover the role of the silica and the ionic liquid
in the catalytic system, control experiments for the reaction of
pyrrolidine (2a) with 1d have been carried out in batch mode
using a chSILP with Pd/L3 (Figure 3). The homogeneous phase
allylation (black line) was very slow, providing only 25%
conversion within 3 hours. When performing the reaction in
homogeneous phase in the presence of IL1, the reaction rate
increases drastically (purple line). As the reaction proceeds via
ionic mechanism, a polar co-solvent, such as an ionic liquid
might increase the reaction rate. Similarly, the addition of silica
(blue line) also significantly accelerates the reaction. This might
be explained by the acidity of the silanol groups, which can
catalyze the cleavage of the acetate group. When using a
chSILP (with L3 and IL1, orange line); a slightly lowered reaction
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chSILP complex leaching could be observed within an extended
e [ chste ) siica gel operation time of 3.5 hours
Rﬂ_"\"h‘) \L/“‘_*w_ﬂ % Q Rn_”\""\\“/\’ 15wt% [omyimlNT,] (IL1) P . .
S - H whept/2MeTHE 41 L.z 0.5 wt% [Pd([ 3-C3H5)ClL
idi e 25°C. 30 min 2,75 mol% chiral ligand L3
C lusi
onclusion
YO YL Y0 | N
i) A g “Far gy g Herein we reported the use of palladium-containing supported
3 a3 3 S . ) . L
219 sield vl 0% viekd ionic liquid phases for the continuous-flow allylic amination of
e Hfbee e various allylic acetate electrophiles. Apart from the fast and
) [;} (;) straightforward catalyst immobilization, this novel approach
ﬁ»}./x[h\\ m/% s l\/“\v\[ﬂ:] requires neither an additional base, nor inert atmosphere for
B &2 € o B L . efficient N-allylation. Furthermore, the reactions could be
m
76% yield 75% yield 76% yield carried out under mild conditions in benign reaction media.
64% ee 70% ee Td% ee

Scheme 2. Reactions were carried out on 0.6 mmol scale using 1.0 equiv.
substituted allylic acetate 1d-i and 2.0 equiv. pyrrolidine (2a) with 450 mg
of chSILP (15 wt % IL1, 0.5 wt % [Pd(C;H;)Cl], and 2.0 wt% chiral ligand L3) in
n-heptane/2-MeTHF 4/1 at 25 °C with a residence time of 30 minutes. Yields
refer to pure products isolated by column chromatography. The enantiose-
lectivities were determined by chiral HPLC analysis using a Daicel Chiralpak®

Figure 3. Effect of silica and ionic liquid on the N-allylation of pyrrolidine
(2a) with 1d under batch conditions. Reactions were carried out on

0.6 mmol using 0.5 wt % [Pd(C;H:)Cl], and 2.0 wt% chiral ligand L3 in n-
heptane/2-MeTHF 4/1 at 25°C.

rate compared to the addition of pure IL and pure silica could
be observed. The thin layer of ionic liquid on the silica surface
might decrease the number of free silanol group sites, leading
to a minor decrease in the activity of the catalyst system in
batch mode. Nevertheless, using SILPs is crucial for continuous-
flow operations, as only the combination of these components
can lead to efficient catalyst immobilization, therefore circum-
venting catalyst leaching.

In order to quantify the possible catalyst leaching for
continuous-flow reactions with chiral SILP-systems, '°F NMR
measurements were again carried out. When performing the N-
allylation of pyrrolidine (2a) and 1d with the chSILP featuring
the hydrophobic ionic liquid IL1 and the chiral Pd/L3 palladium
complex, only a marginal 0.7 wt% of ionic liquid leaching

The optimal SILP catalyst could provide easy access to N-
allylation products within short reaction times (30 minutes). By
extending the reaction time to 3.5 hours, such a SILP catalyst
could maintain stable conversions, whereas only a marginal
ionic liquid- and no palladium complex leaching could be
observed. Furthermore, this approach could be used for the

IA-3 column. simple immobilization of chiral palladium complexes, enabling
asymmetric N-allylation reactions in continuous flow with good
100 yields and enantioselectivities.
- ¥ no support
- -u= L
- -e sili . .
] & Tl il Experimental Section
§ 60 =
2 o PP— . Representative preparation of a chSILP catalyst
a_’ E i -— . E e el S
E 4o AT LT i —— i Allylpalladium(ll)-chloride dimer (0.055 mmol, 20 mg, 0.5 wt%),
S 4 T . . ligand L3 (0.22 mmol, 110 mg, 2.75 wt%) and 1-butyl-2,3-dimeth-
5t 'f-"'— MedEw ylimidazolium bis(trifluoromethylsulfonyl)imide (IL1, 1.38 mmol,
600 mg, 15wt%) were dissolved in anhydrous dichloromethane
T (1 mL) under argon atmosphere in a screw-cap vial. The mixture
T TrTTTTTTT T T T was stirred for 30 minutes, and it was poured into a silica gel
0 50 100 150 200 (3270 mg, 81.75 wt%) containing flask. The vial was rinsed with
Time /min

dichloromethane, and the suspension was stirred for 24 hours at
room temperature under inert atmosphere. Then, the solvent was
removed in vacuo, and the resulting fine powder was dried on high
vacuum (0.4 mbar) at room temperature for several hours.

Representative procedure for the continuous-flow synthesis
using chSILP catalysis

The corresponding diphenyl-propenyl acetate derivative (1d-i,
1.0 eq.) and pyrrolidine (2a, 2.0 eq.) were dissolved in a mixture of
n-heptane: 2-methyltetrahydrofuran (4:1) and it was stirred for
15 minutes. A cartridge was filled with the solid catalyst and was
pre-conditioned with the same solvent mixture. The reaction
mixture was taken up with a syringe and pumped through the
cartridge with the aid of a syringe pump. A flow rate which
corresponds to 30 min residence time was chosen. The product was
collected in a vial. After the whole volume was pumped through,
the column was re-washed with the solvent. The collected mixture
was concentrated in vacuo and purified by flash column chroma-
tography.
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(related to the total IL amount) and no detectable palladium-  Additional references cited within the  Supporting
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5. Continuous synthesis of carbamates from CO, and amines

The excess of carbon dioxide in the atmosphere is considered the main contributor to global
warming; therefore, its valorisation has become a key challenge in the 215t century.*2! The magnitude
of the crisis caused by climate change is gigantic, as approximately 36.6 gigatonnes of CO; are emitted
into the atmosphere yearly, demanding urgent actions.['?? It is the chemical society’s responsibility to
provide solutions for this issue, and so far, chemists have come up with some suitable approaches for
CO, utilisation in chemical transformations. Using COz as a C1 building block is an attractive strategy
and has received significant scientific interest in recent years.!'?3 Using carbon dioxide would be a
direct way to harvest nature’s carbon resources; therefore, its capture from flue gases is a field that
has recently received a dynamic increase in interest.[124

The CO; molecule’s low reactivity and high chemical stability render its utilisation in chemical
reactions extremely challenging. Additional energy is required to activate the molecule to overcome
its thermodynamically low level. Therefore, CO; is often reacted with high-energy starting materials,

such as epoxides or aziridines (Figure 41).01%

High-energy
starting material Non-catalysed
Energy ‘ reaction
[kd/mol] Amines
Aziridines AE
Epoxides BN
Grignard reagents SN
/ \
\ ’/ ‘\
N / \ Low-energy
\ ) \
\ ! | product
\ ! :
-/ catalysed Car
! o " Oxazolidinones
i \
0— ) reaction | Carbonates
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// \\\ 1
/ /
co, .
-393 — '

Figure 41. Schematic illustration of the energy balance for transforming CO, into low-energy products(12°!

The linear CO; molecule consists of 2 nucleophilic oxygen atoms and an electrophilic carbon centre
with a m-electron system, thus providing various options for its chemical transformation. It has been
successfully valorised in the synthesis of carboxylic acids,[*?”! alcohols,'?8 cyclic- and non-cyclic
carbonates,'?°! carbamates, 3% and various polymers®31 among many chemically invaluable species

(Figure 42).

57



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

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

[ 3ibliothek,
Your knowledge hub

HO” >R CH;COOH

Figure 42. Selected examples for CO; utilisation in synthetic chemistry

Urethanes are considered essential structural moieties of many bioactive compounds, such as
therapeutic agents or agricultural chemicals, and they are also utilised in the synthesis of
polyurethanes. Carbamates have found widespread application in synthetic chemistry; many of the
most popular protecting groups are introduced as carbamate moieties.[*3?

Methods relying on the direct fixation of CO; in the synthesis of carbamates became more relevant
in the past decade and provide a suitable alternative to circumvent the problems associated with
conventional strategies. Simultaneously, these approaches utilise an abundant C1 source and building
block, which is favourable from an environmental perspective. 130, 133]

This chapter presents a continuous approach that employs no additional catalyst, performs under

mild conditions, and provides the desired carbamates in just 50 minutes (Figure 43).

DBU H o
R“NH, + R2Br R Y R?
COZ, 70 °C, 3 bar lo)
MeCN

Figure 43. Continuous CO,-based synthesis of urethanes

We investigated tetraalkylammonium salts as additives, but employing them did not have a positive
influence on the reaction rate or selectivity. The simple and fast approach only uses DBU as additive,
and the strategy offers synthetic flexibility as a wide range of amines can be employed. The continuous
set-up significantly reduces the reaction time compared to other CO,-based synthetic methods. The
reaction conditions are mild, and the products can be obtained in 45 to 92% vyields, often without
subsequent purification via column chromatography. This makes the process less time-consuming and
more environmentally friendly. The modified procedure can also be used for the selective synthesis of

oxazolidinones from aziridines.
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The following manuscript will be presented in this chapter:

K. Stagel, L. lelo, K. Bica-Schroder: Continuous Synthesis of Carbamates from CO, and Amines. ACS
Omega 2023, submitted.

As a first author, the experimental work was planned and performed by me, and | wrote the original

draft.
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Abstract

We present a novel approach for the CO2-based continuous preparation of carbamates. The
simple yet fast synthetic route relies on directly utilizing carbon dioxide and, in contrast with
the literature-known methods, only employs DBU as additive. The applicable amines’ diversity
offers considerable flexibility to the synthetic protocol. Additionally, the continuous method’s
applicability significantly decreases the reaction time typically required for COa2-based
carbamate synthesis and allows for straightforward and precise gas introduction. The mild
reaction conditions and omission of the need for column chromatography render the process
less time-demanding and environmentally more benign, providing the desired compounds in
yields of 45 to 92%. Moreover, the modified procedure can potentially be applied in the

selective synthesis of oxazolidinones from aziridines.
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Introduction

Since carbon dioxide is considered the primary contributor to global warming, its
valorization has become the most severe task the chemical society faces in the 21% century. -2
The annual CO2 emission reached approximately 36.6 gigatonnes, demanding urgent actions
to avoid an irreversible disaster.’ So far, chemists have developed suitable approaches for
utilizing carbon dioxide, among which its use as a C1 building block provides an attractive
strategy.*’7 Using COz in chemical transformations has received significant scientific interest
in the past decade since it is a direct way to harvest nature’s carbon resources and
simultaneously utilize non-toxic starting materials.®'° Carbon dioxide has been successfully

112" carboxylic

valorized in synthesizing chemically invaluable species, such as alcohols,
acids,!? carbonates,'* or carbamates.!?

Urethanes are considered essential structural moieties of a plethora of bioactive compounds,
such as agricultural chemicals or therapeutic agents.'® !7 Moreover, organic carbamates are
utilized in the synthesis of polyurethanes.'® Carbamates have found widespread application in
synthetic chemistry; for example, many of the most popular protecting groups in peptide
synthesis are introduced as carbamate moieties.'® 2°

The industrial synthesis of organic carbamates relied on reacting alkyl isocyanates with
alcohols.?! Isocyanates are considered highly toxic reagents, as evidenced by the disastrous
chemical accidents in the past;** thus, they are often formed in situ to avoid safety hazards
associated with handling large amounts of isocyanates. Other strategies react alkyl
chloroformates with amines, thus generating at least stoichiometric amounts of HCI as a waste
by-product. Additionally, the chloroformate-based synthetic route is also hampered by long
7

reaction times, and a large excess of base is required to acquire an acceptable conversion.'

Methods relying on the direct fixation of CO2 have become more relevant in the past decade
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and provide an attractive alternative synthetic route that circumvents toxic alkyl isocyanates or
costly metal catalysts while simultaneously utilizing an abundant C1 source and building block.

The first method employing carbon dioxide, amines, and alkyl halides in the presence of a
base was reported by McGhee and co-workers.!> The group investigated the influence of
different bases on the reaction selectivity and yield, and they also conducted mechanistic
studies. Based on their research, the reaction proceeds through the formation of an ionic
intermediate, and it can be accelerated by adding strong non-nucleophilic bases.

Dindarloo and co-workers utilized deep eutectic solvents (DESs) to synthesize carbamates.?
The choline chloride-based DES was found to be suitable for the process, as less reactive alkyl
chlorides were successfully utilized, and the desired carbamates were isolated in good yields.

Yoshida ef al. investigated different quaternary onium salts for synthesizing carbamates
using supercritical carbon dioxide as solvent and reagent.?* Employing tetraalkylammonium
halides, in particular tetrabutylammonium bromide, had a positive influence on the reaction
yield.

In 2011, a PEG-promoted method for carbamate synthesis was reported by Kong.?> The
approach effectively suppressed the formation of the undesired by-products and provided the
desired products under mild conditions.

As the application of zeolites in chemical transformations has emerged, a zeolite-assisted
synthetic method for producing carbamates was reported in the early 2000s. Srivastava
employed metal complex-containing zeolite catalyst frameworks, and the optimal conditions
provided the desired products with good selectivity.?¢

In recent years, various zinc-based catalyst systems have been described. Biswas et al.
established a method relying on a polymer-bound =zinc(Il) complex to synthesize
benzimidazole derivatives and carbamates.?’” The recyclable heterogeneous catalyst system

proved effective and enabled the reaction to proceed under environmentally benign conditions,
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such as low pressure and temperature. The same research group reported a graphene oxide-
based zinc composite as an efficient catalyst for CO2 fixation through the synthesis of
carbamates.?® The group also described a method relying on titanium phosphate to convert
epoxides and amines to carbonates and carbamates, respectively.?’

Evidently, various methods for the fixation of CO:z through carbamate synthesis are
available. However, they have certain limitations: some require elevated pressures or
temperatures, whereas others are hampered by long reaction times, low reactivity, or
reproducibility. Almost all the developed methods require additional catalysts, some of which
are non-commercial and require a multistep synthetic pathway. Moreover, all the reported
strategies have been developed for batch reactions, and none of the above-mentioned
approaches were investigated in continuous mode.

In here, we report for the first time a continuous approach that employs no additional catalyst,
performs under mild reaction conditions, and provides the desired carbamates in just 50
minutes. Additionally, the synthesized carbamates are, with few exceptions, analytically pure
after an acidic workup, and no further purification was needed, which renders the approach
more environmentally benign.

Results and discussion

Based on the results of McGhee in the CO2-based synthesis of carbamates,!> we initially
investigated the synthesis of N-phenyl butylcarbamate, starting from aniline and butyl bromide,
employing DBU (1,8-Diazabicyclo[5.4.0]Jundec-7-ene) as a base (Scheme 1). DBU’s liquid
nature is beneficial for the continuous process; hence its employment provides a homogeneous
mixture. Economically more viable alternatives, such as triethylamine and N,N-
diisopropylethylamine, were investigated as well, but no conversion was observed when these

bases were employed.
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NH,
DBU N (0]
©/ + /\/\Br \n/ ~ N\
70 °C, MeCN o

continuous flow

1a 2a 3a

Scheme 1. Continuous synthesis of N-phenyl butylcarbamate

Initially, an excess of two equivalents of alkyl halide and DBU were employed. All the
reactants were dissolved in acetonitrile. Carbon dioxide was introduced directly from a gas
bottle using a mass flow controller. The bottle was connected to the flow chemistry device with
metal tubing; the V3 pumps efficiently mixed CO2 with the reaction mixture in a 10-mL coil
reactor.

It is worth mentioning that there was no need to employ a gas-liquid tube-in-tube reactor;
hence dynamic mixing can be achieved in the standard coil reactor if enough residence time is
allowed for the reaction to be depleted. Therefore, the reaction mixture’s flow rate was set to
250 pL/min. The reactions were carried out at 70 °C, and the back-pressure regulator was set
to 3 bars.

First, we sought to investigate the influence of CO: flow rate on the conversion (Scheme 2);

the samples were analyzed by GC-MS.
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Scheme 2. The influence of CO2 flow rate on conversion and by-product formation

A COz flow rate of 1.5 mL/min yielded 58% conversion, which reached 78% with an increase
of the flow rate to 3.6 mL/min, but any further rise did not have any significant influence.
However, an increased flow rate of 6 mL/min yielded a favorable outcome as the formed by-
product (N-butylaniline) amount decreased significantly. We assume that the sizeable
volumetric excess of carbon dioxide accelerates the formation of the desired carbamate instead
of the N-alkylated by-product. Therefore, a CO2 flow rate of 6 mL/min was chosen for the
following experiments.

Subsequently, the reaction mixture flow rate was varied. Neither its decrease nor its increase
had any influence on the reaction. In fact, a flow rate of 125 pul./min led to a minor increase in
the by-product amount. Similarly, varying the concentration of the substrate did not affect the
conversion.

Further parameters, such as temperature and pressure, were evaluated after determining the
ideal volumetric ratio of the reaction mixture and carbon dioxide (

Table 1).

Table 1. Effect of temperature and pressure on the conversion
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Entry® Temperature Pressure Conversion Carbamate By-product

/°C /bar 1% %! 1%
1 60 3 70 67 3
2 70 3 83 81 2
3 80 3 88 79 9
4 70 1 56 51 5
5 70 3 92 88 4
6 70 5 98 91 7
7 70 7 96 83 13

[a] Performed with 4.3 mmol (1.0 eq.) aniline, 8.6 mmol (2.0 eq.) DBU and 8.6 mmol (2.0 eq.) butyl bromide in
5 mL MeCN in a 10-mL coil reactor. Reaction mixture flow rate: 250 uL/min, CO; flow rate: 6 mL/min. The
product was collected for 50 minutes. [b] Determined by GC-MS analysis.

As can be seen, lowering the temperature to 60 °C had an undesirable outcome, as the
conversion decreased by almost 15% (entry 1). On the other hand, an elevated temperature of
80 °C favored the N-alkylated by-product formation (entry 3). Similarly, when maintaining the
temperature at 70 °C, a decrease in pressure led to a drop in the conversion by 37% (entry 4),
whereas its rise to 5 or 7 bars yielded 7% (entry 6) and 13% (entry 7) by-product, respectively.
Presumably, in the 1% step of the reaction, COz is attacked by the amine nucleophile, leading
to a formation of a carbamate anion, which attacks the alkyl halide to form the alkyl
carbamate.'> 26

Strong organic bases are known to stabilize the carbamate intermediate.!> 2* Supposedly, if
the reactor operates at harsher conditions when the reaction mixture enters, the N-alkylated by-
product formation is significantly faster than the formation of the carbamate anion.
Acetonitrile’s polar and aprotic nature might also favor the Sn2 substitution of the halide,

leading to the formation of N-butylaniline (Scheme 3).
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Scheme 3. Proposed mechanism of carbamate- and by-product formation

Based on these results, 70 °C and 3 bar provide good conversion with only negligible
formation of the corresponding by-product.

After identifying the optimal temperature and pressure, we investigated the alkyl halide’s
and the DBU’s influence on the reaction (Table 2). First, the DBU amount was varied while
the halide amount was maintained constant (entries 1-5), and an excess of 2.0 equivalents
yielded the best conversion (entry 3). Any further increase did not positively affect the reaction.
After that, we examined the alkyl halide’s influence on the reaction (entries 6-9). Using 2.5
equivalents yielded 91% conversion (entry 8); however, an excess above 2.0 equivalents can

significantly increase the by-product amount, as we discovered by testing other nucleophiles.

Table 2. Influence of the alkyl halide on the reaction

Entryl?l BuBr eq. DBU eq. Conversion /%Pl Carbamate /%!"!
1 2.0 1.0 62 55
2 2.0 1.5 76 69
3 2.0 2.0 81 79
4 2.0 2.5 81 76
5 2.0 3.0 77 73
6 1.0 2.0 59 57
7 1.5 2.0 71 66
8 2.5 2.0 91 87
9 3.0 2.0 87 84
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[a] Performed with 4.3 mmol (1.0 eq.) aniline and 8.6 mmol (2.0 eq.) DBU in 5 mL MeCN in a 10-mL coil
reactor. Reaction mixture flow rate: 250 pL/min, CO; flow rate: 6 mL/min. The product was collected for 50
minutes. [b] Determined by GC-MS analysis.

Having these optimal conditions at hand, we sought to screen different alkylating agents and

additional alkyl bromides. The results are presented in Table 3.

Table 3. Screening results for alkylating agents

Conversion By-
Entry'?l Reagent Reagent structure /9/, bl Carbamate/%!"! roduct
y g g P
/%]
1 2a N"Br 86 82 (79) ¢ 4
2 2b ANl n.d. n.d. n.d.
3 2¢ NN 44 36 8
4 2d 0T 92 48 44
5 2e Y\Br 57 57 n.d.
6 2f H\Br 41 41 n.d.
7 2¢g %—Br n.d. n.d. n.d.
Br
8 2h ©/\ n.d. n.d. n.d.
9 2i “Br 74 68 (59) ¢! 6
10 2 CytHag” Br 93 83 (76)[! 10

[a] Performed with 4.3 mmol (1.0 eq.) aniline, 8.6 mmol (2.0 eq.) alkylating agent, and 8.6 mmol (2.0 eq.) DBU
in 5 mL MeCN in a 10-mL coil reactor. Reaction mixture flow rate: 250 pL/min, CO; flow rate: 6 mL/min. The
product was collected for 50 minutes. [b] Determined by GC-MS analysis. [c] Isolated yields.

Surprisingly, the employment of 1-iodobutane (entry 3) did not provide sufficient

conversion and demonstrated an overall lower reactivity compared to 1-bromobutane (entry 1).

1-Chlorobutane (entry 2) as alkylating agent proved completely inactive under the developed
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conditions. When working with butyl tosylate (entry 4), 48% of the carbamate product was
obtained. However, the by-product amount almost reached the same value (44%). Isobutyl
bromide (entry 5) and sec-butyl bromide (entry 6) yielded low conversions, 57% and 41%,
respectively. Theoretically, these primary and secondary bromides should undergo Sn2
substitution under these reaction conditions, but the steric hindrance of these halides
complicates the reaction. The unsuccessful substitution of fert-butyl bromide can be explained
by its tertiary nature, which would favor protic polar solvents to undergo Sx1 substitution. Its
nactivity can also be explained by steric hindrance. By adding benzyl bromide (entry 8) to the
vial containing the substrate and DBU in acetonitrile, we observed an immediate increase in
temperature, indicating that instant N-alkylation probably occured. Ethyl bromide (entry 9)
provided slightly worse conversion, whereas dodecyl bromide (entry 10) proved almost as
efficient alkylating agent as butyl bromide.

After testing a series of alkylating agents, we investigated various amines to extend the

scope of our developed method; the results are presented below (Scheme 4).
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Scheme 4. Scope of the continuous carbamate synthesis

Aniline derivatives bearing electron-withdrawing groups, such as chloro- and fluoro
substituents, as well as sterically hindered derivatives, proved less reactive as the
corresponding carbamates (3b, 3¢, and 3g) were isolated with lower yields. Anilines substituted
by electron-donating groups provided similar reactivities to the unsubstituted aniline, as the
corresponding carbamates (3d, 3e, 3f, 3k) were isolated with good yields. The cyclic secondary
amine derivative 3r was obtained in a slightly lower yield than other non-cyclic secondary
amine derivatives (3s, 3t). To exclude the possibility of racemization, chiral HPLC analysis
was performed in the case of compounds 3n and 3o (SI, Figure S57-59), which confirmed that

the stereocenter remained intact during the reaction.
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After successfully expanding the scope of our reaction, we employed our newly developed
approach for a practical application. The synthesis of a pesticide commercially known as

propamocarb (3u) was investigated (Scheme 5).

co,
| DBU | H
+ AP N N__O
/N\/\/NHZ 70 °C, 3 bar AN \n/ AN
MeCN (o)
1q 2k 3u

Scheme 5. Synthesis of propamocarb with our developed approach

We initially observed the formation of the N-alkylated carbamate as the main product while
applying the previously developed conditions. Hence a second alkylation after forming the
desired compound 3u is unlikely; we suppose that the substrate initially reacted with the
alkylating agent forming a secondary amine, which further reacted with CO2 to form the
undesired by-product. Therefore, we employed two reactors; in the first one, the reaction
between the substrate and COz2 took place to form the ionic intermediate, and this was further
reacted in the second coil reactor with a solution of 1-bromopropane in acetonitrile to form the

desired product (Scheme 6).

Y Q

5'0
=0
o
dc?
4

\/
8

co,

Scheme 6. System set-up for continuous synthesis of propamocarb

GC-MS analysis of the crude sample indicated complete conversion of propamocarb;
however, it should be noted that the separation of remaining by-products was not successful

with conventional chromatographic methods (Figure S46-S47, Supporting Information).
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Finally, we expanded the developed method in the synthesis of oxazolidinones from
aziridines. After testing several catalysts reported in the literature (Table 4),>° we identified
the Lewis acidic tetrabromoferrate ionic liquid formed from TBAB (tetrabutylammonium
bromide) and FeBrs as the most suitable catalyst for continuous-flow formation of

oxazilidinones (entry 8).3!

Table 4. Toward the continuous synthesis of oxazolidinones

CO:
flow Conversion Oxazolidinone By-
Entry Catalyst /Conditions rate /%12l /%, lal product
/mL /%12
min~!
10% L-threonine, 110
1 °C. 0.86 M 6 n.d. n.d. n.d.
10% TPPH2Clz2, 70 °C,
2 0.86 M 6 n.d. n.d. n.d.
10% TBAB, 70 °C,
3 0.86 M 6 98 3 95
10% [TBA][FeBrs4], 70
4 °C. 0.86 M 6 1 1 n.d.
10% [TBA][FeBra4], 50
5 °C. 0.43 M 8 78 36 42
10% [TBA][FeBra], 30
6 °C,0.15 M 8 96 63 33
10% [TBA][FeBr4], 25
7 °C. 0.15 M 8 88 62 26
20% [TBA][FeBr4], 25
8 °C. 0.15 M 8 >99 95 5

[a] Determined by GC-MS analysis.
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The reaction was carried out at room temperature, and the back-pressure regulator was set
to 5 bar. Under these conditions, we successfully isolated the desired compounds with

acceptable yields (63%, Scheme 7).

R
N 20% [TBAJ[FeBr,] F
(0]
RT, 5 bar
MeCN
4a R ="Bu 5a R = "Bu, 63%
4b R = "Hex 5b R = "Hex, 63%

Scheme 7. Continuous synthesis of oxazolidinones from aziridines

It is worth mentioning that this method demonstrated high selectivity, as we only observed
marginal amounts of the corresponding piperazine dimer by-products. The isolated
oxazolidinones were found analytically pure, and the phenyl group position was confirmed by

HSQC NMR analysis (Figure S54, Supporting Information).

Conclusions

Herein, we reported an approach for continuously utilizing CO2 in the synthesis of
carbamates without employing any catalyst or additive. To the best of our knowledge, this is
the first continuous methodology that employs amines and alkyl halides in the presence of
DBU and CO: to form urethanes. The process provides a faster and safer alternative for
synthesizing carbamates from both primary and secondary amines. The desired compounds
were obtained in just 50 minutes, with good to excellent yields, rendering our method a faster
alternative for synthesizing urethanes from CO2. Column chromatography could be avoided in
many cases since an acidic treatment proved sufficient to obtain the products in high purities.
We successfully demonstrated the method’s applicability in synthesizing a commercial

pesticide, propamocarb, providing excellent conversion. Moreover, the modified method was
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tested in the aziridine-based synthesis of oxazolidinones and demonstrated high selectivity

toward the desired compounds.

Experimental Section

General procedure for the continuous-flow synthesis of carbamates

The continuous-flow experiments were performed with the aid of a Vapourtec E-series flow
chemistry device in a 10-mL coil reactor. A 30-mL vial with septum was charged with the
corresponding amine (1.0 eq., 4.29 mmol), the corresponding alkyl bromide (2.0 eq., 8.58
mmol), and DBU (2.0 eq., 8.58 mmol). The reactants were dissolved in 5 mL acetonitrile. The
solvent bottle was charged with MeCN. The reactor was heated up to the desired temperature
(70 °C). Pump A was used as a back-pressure regulator (BPR, 3 bar). Pump B was connected
to the vial with the reaction mixture; pump C was connected to the gas tube, where the CO2
was introduced. Carbon dioxide was supplied from a cylinder. The gas flow rate was adjusted
with a mass flow controller (6 mL/min). The tubes were primed with the reagent mixture and
acetonitrile, respectively. The reactor (10-mL coil reactor) was initially rinsed by a CO2/MeCN
flow for several minutes. Then, the reaction mixture was supplied to the reactor (pump B: 0.25
mL/min; pump C: 6 mL/min). After the whole volume of the reaction mixture was pumped
through the reactor, the vial was rinsed with pure MeCN, and the residue was pumped through
the reactor. The product was collected for 50 minutes. Rotary evaporation of the solvent gave
the crude product, which was bound to silica and subjected to column chromatography.
Alternatively, the products could be purified via acidic treatment: the crude residue was taken
up in dichloromethane, washed thrice with 1.5 M HCl solution, dried over anhydrous Na>SOa,
filtered, and concentrated.
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Synopsis

A CO2-based method is applied for the continuous-flow production of carbamates without

employing catalysts.
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6. Online coupling high-temperature electrolysis with carbonylation
reactions: a powerful method for continuous carbon dioxide

utilisation

The reduction of CO, to a much more reactive, and thus, chemically more invaluable species, carbon
monoxide, provides a suitable strategy for its utilisation.['34 Since its applicability in synthetic organic
chemistry has been demonstrated, 3% carbon monoxide has found widespread utilisation in various
chemical transformations.[3¢!

In organic synthesis, CO is mainly used in carbonylation- or hydroformylation reactions, often in the
presence of a transition metal catalyst.[*3”] Although it is considered a subclass of carbonylation,
hydroformylation means introducing a formyl group (CHO) to an unsaturated compound, mainly to a
carbon-carbon double bond, forming aldehydes. In contrast, carbonylation reactions exclusively
introduce the CO moiety to an organic substrate.

From the reaction intermediates’ point of view, four different subcategories of carbonylation can
be distinguished: (i) transition-metal-catalysed carbonylation, relying on the CO’s subsequent
coordination and insertion into the metal-carbon bond, (ii) cationic carbonylation initiated by strong
acids, (iii) anionic carbonylation initiated by strong bases, and (iv) free-radical carbonylation, where
organic free radicals capture the CO to form acid radicals. Carbonylation reactions are mainly based on
transition-metal catalysts.[*38 The following figure shows how carbon monoxide coordinates to a metal

atom (Figure 44).

Figure 44. Bonding of CO with transition metal atoms

The electrons from the CO molecule’s HOMO orbitals are donated to an empty d-orbital of the
metal centre (o donating, represented by the orange arrow), forming a synergetic M-CO bond.
Subsequently, electrons are partially transferred from one of the metal’s d-orbitals to the CO
molecule’s anti-bonding LUMO (relatively low-energy n*) orbital (m back bonding, represented by the
black arrows). This interaction strengthens the metal-carbon bond, shortens its length, and weakens
the carbon-oxygen bond, resulting in its activation via mt back bonding. Most of the transition metals

are capable of forming complexes with CO and catalysing carbonylative transformations. 134 13
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Most frequently, noble metals such as Pd, Rh, or Ir are used, ™ but the applicability of non-noble
transition metals in carbonylation reactions is known as well.[**!l The catalyst reactivity and selectivity
can be further improved by employing ligands, from which a plethora of which is available: various P-,
N-, or C-based ligands can all be used (Table 1).[142]

Table 1. Ligands employed in various carbonylation reactions

Ligand name/type Structure
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The typical mechanism of a carbonylation reaction employing an alkyl halide as a substrate is

presented below (Figure 45).
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Figure 45. Reaction mechanism of carbonylation

Initially, the Pd-C species (2) is formed, which can be realized either by oxidative addition of Pd® (1)
to a C-X bond or by nucleophilic palladation of Pd" to an unsaturated compound (alkene, alkyne, or
arene). This is followed by the coordination of CO and its subsequent insertion into the Pd-C bond to
form the corresponding acyl palladium complex (3). After that, the nucleophile attacks, and the leaving
group (X) is substituted (4). Finally, the product (5) is released by the Pd-complex, and the latter is
regenerated, allowing the cycle to start again.[*4?]

Over the past decades, a plethora of ligands and catalyst precursors have been tested, providing
excellent activities and regioselectivities.[143!

These processes can be further improved by implementing efficient catalyst regeneration
strategies. Attaching water-soluble moieties to the employed ligand provides a feasible strategy for
catalyst recycling. The biphasic method allows for straightforward recyclability, but bringing the water-
soluble catalyst into contact with the hydrophobic substrate and reagents renders this approach
challenging.[™*4 Applying surfactants can improve the interaction between the catalyst and substrate
molecules, providing a good solution.[4°]

Carbonylation reactions have found applications in continuous-flow processes as well. Fukuyama
et al. reported a continuous carbonylation method relying on radical initiation.['*! The desired
carbonylated products were obtained with good to excellent yields in short residence times.

Gross and co-workers reported a continuous method for Pd-catalysed carbonylations by employing
a tube-in-tube gas-liquid reactor.l!*”] These reactors consist of a semipermeable membrane tube
through which the reaction mixture passes. This inner tubing is covered by an outer, connected toa C
cylinder; this allows the pressurised CO gas to surround the inner tube. A reverse arrangement of this
setup is also possible. In that case, the gas flows in the inner-, and the reaction mixture through the

outer tube (Figure 46).
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Figure 46. Tube-in-tube reactor(47]

Reaction parameters, such as temperature, CO pressure, and metal-to-ligand ratio, have been
optimised. With the optimal conditions in hand, different alkoxy-, hydroxyl-, and amino nucleophiles
were employed in the carbonylation of aryl iodides and bromides to form the corresponding esters,
carboxylic acids, and amides with excellent yields. Additionally, intramolecular reactions allowed the
formation of lactones and lactams.

Carbon monoxide can be successfully utilised in continuous carbonylations; however, its intrinsic
and tremendous toxicity renders its use severely risky. Its conventional substitutes, such as metal
carbonyl or formates, are unavailable at affordable prices and suffer from low atom efficiency. To
minimise the risk associated with CO and simultaneously utilise renewable sources, using CO; as its
surrogate is worth considering. Due to its extreme thermodynamic stability, carbon dioxide needs to
be activated to participate in a chemical transformation. Its partial/complete reduction to CO can
provide a suitable basis for its utilisation in carbonylation reactions. Typically, harsh reaction conditions
are required to reduce carbon dioxide, but its photo- or electrocatalytic reduction provides an
attractive route for its activation under milder reaction conditions.

Jensen et al. announced a versatile strategy for electrochemically reducing carbon dioxide to CO
with the aid of an iron porphyrin catalyst.[**8! Subsequently, the generated CO was utilised in various
Pd-catalysed carbonylation reactions (Figure 47). The electrochemical reduction of CO, is performed
with a galvanostat/potentiostat combined with stainless-steel electrodes, thus reducing the process
costs. Many biologically active compounds have been synthesised and obtained with excellent yields.
On the other hand, the approach was developed for batch-wise conditions; thus, longer reaction times
were needed. Moreover, the generation of CO; on a 6 mmolar scale requires 24 hours, which is also

undesirable.

FeTPP (1.5 mol%)
Electrolyte: TBABF,

CO,
Proton source: TFE ¢

DMF, 23 mA, 4.3V

co o)
X Pd cat., base
R2©/ . R-QH (additive) R2 QR
solvent, A
5-36h

o . ketones, amides, esters
alkyl iodides or -bromides

Figure 47. Electrochemical reduction of CO,

81



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

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

[ 3ibliothek,
Your knowledge hub

In 2018, a photocatalytic strategy was reported for CO; reduction and subsequent utilisation in
carbonylative transformations.[*?! The research group used a rhenium-based photocatalyst, which is
easy to prepare, provides high selectivity toward CO production, and simultaneously acts as a
photosensitiser and catalyst. The conditions were optimised for carbonylative Suzuki couplings, PdCl,
and PPhs proved suitable for the reaction. After that, various substrates and reagents were screened,

and the corresponding products were isolated with excellent yields (Figure 48).

hv, Re(bpy)(CO);Cl, NEt,Cl
DMA-TEOA (5:1), 10 h ¢

2

€O, Pd(OAc), o
~ ! X B(OH)2 PPhs, K,CO3
S L e . LY 7O
R N2 anisole L, ~
R 80°C, 18 h R R2

Figure 48. Carbonylative Suzuki couplings with CO,

The method was implemented in alkoxy- and aminocarbonylations; the respective products were
isolated with good vyields. The corresponding experiments have been carried out under batch-wise
conditions, which renders the process time-wise less efficient.

Another photocatalytic strategy relying on MOFs as photosensitisers was described in 2021.15% The
method employs a cobalt single-site catalyst, ultrafine CuPd nanoclusters, and light-absorbing
materials integrated into a MOF platform to construct a suitable catalyst for carbonylative couplings

(Figure 49).

(CU1 Pd2)1 3@PCN-222(CO)

co, ¢
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Figure 49. Photocatalytic CO, reduction with the aid of MOFs

The visible-light-drive transformations provided the corresponding products from the respective
Suzuki- and Sonogashira couplings with excellent yields. The employed mild conditions are favourable
from a sustainability point of view, but the reaction times could eventually be shortened by employing
continuous-flow technologies.

Another MOF-based photoreductive strategy states that Ni-containing catalyst systems have higher
selectivity toward CO formation than the corresponding cobalt-containing systems.!*>" A carbonylation
reaction cycle was coupled to the photoreductive CO formation, resulting in the formation of amines,

which were isolated with excellent yields.
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Carbon dioxide has been successfully employed in oxidative carbonylative transformations for
synthesising lactams and lactones.[*>2 The strategy has emerged as a versatile tool for synthesising
carbonyl-containing heterocycles under redox-neutral conditions. The redox-neutral pathway refers to
the successive nucleophilic attack on CO, with the substrate possessing two nucleophilic sites. Often a
carbonate is generated as a by-product in the presence of a base, facilitating the arduous C=0 bond
cleavage. Although these methods provide suitable alternatives for synthesising carbonyl-containing
heterocycles, the harsh reaction conditions required for the transformation are undesirable in the light
of sustainability.

Another technology employs a copper-containing supported catalyst for reducing carbon dioxide
and, subsequently, utilises the formed CO in carbonylative reactions.>3! The method proved suitable
for amino-, alkoxycarbonylations, and hydroformylations, providing the desired products with
exquisite yields. However, the system did not reach the complete conversion of CO, to CO, which
renders the process less efficient.

Continuous strategies relying on carbon dioxide as C1 source for carbonylations are known as
well.[*5% The approach relies on the decomposition of CO, into CO by plasma. The generated carbon

monoxide was subsequently utilised in a continuous aminocarbonylation reaction (Figure 50).

non-thermal DBD plasma

co, L
Cco
1 Pd(dba),, Xantphos
O/ + /\/\/\NHZ + Et;N /@)Lu/\/\/\
_—
MeO dioxane, 50 °C MeO

40s

Figure 50. CO, decomposition and subsequent utilisation

The rapid method gave access to the desired product in just 40 seconds; however, the method
seems to be limited to aminocarbonylations.

Although strategies already exist for utilising carbon dioxide in carbonylative transformations, these
concepts have certain limitations. There are methods whose diverse applicability in carbonylations has
yet to be proved, while others are hampered by long reaction times.

Our work focuses on the development of a continuous approach for the valorisation of abundant,

non-toxic carbon dioxide in carbonylation reactions (Figure 51).
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Figure 51. Continuous carbonylations with CO/CO, mixtures
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The established methodology employs CO; in continuous carbonylation reactions by partially
reducing it to carbon monoxide in a solid oxide electrochemical cell (SOEC). The unique aspect of this
approach is that the partial reduction of CO; can easily be controlled by simply changing the current in
the cell, allowing for the fine-tuning of reaction conditions for the desired carbonylation process. The
generated CO was continuously converted into the desired product, avoiding concerns arising from its
storage in bulk quantities. This approach provides a new platform for producing carbonyl compounds,
such as aromatic esters, amides, redox-active esters, and carbonylative Sonogashira cross-coupling

products.

The following manuscript will be presented in this chapter:

K. Stagel, K. Rath, P. M. Kathe, M. Schniirch, A. K. Opitz, K. Bica-Schroder: Online Coupling High-
Temperature Electrolysis with Carbonylation Reactions: A Powerful Method for Continuous Carbon
Dioxide Utilisation. 2023 (manuscript in preparation)

As the main author, | planned and performed the synthetic experimental work and contributed

majorly to writing the original draft.
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Abstract

Despite its wide availability from matured capture technologies, the broad utilisation of CO;
for bulk and fine chemical production is just in its starting blocks. Herein, we demonstrate the
application of CO; in continuous carbonylation reactions through its partial reduction to
carbon monoxide in a solid-oxide electrochemical cell (SOEC). The unique aspect of this

strategy lies in a partial CO; reduction by simply varying the cell’s current in combination with
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continuous flow conversion of the formed CO, thus allowing tunable conditions for the
desired carbonylation process. The streamlined conversion of in situ generated CO thus
avoids the necessity of its use in bulk quantities. The approach provides a novel platform
strategy for carbonyl components production, with broad applicability in phenoxy-, alkoxy-,
and aminocarbonylations, in synthesis of redox-active esters, and carbonylative Sonogashira

cross-couplings.

Introduction

Since its first industrial applications,™! carbon monoxide as a C1 building block has found
widespread utilisation in transition metal-catalysed carbonylation reactions on both industrial
and laboratory scales.[?) However, its intrinsic and tremendous toxicity renders the use of
carbon monoxide a severe risk, especially when it comes to an industrial application, where
large amounts of this gas have to be stored and ultimately transported to the place of its
use.! Furthermore, its low solubility®® in many solvents hampers reaction kinetics. To cope
with solubility issues, most of the reactions can be carried out at elevated pressure, which
conversely introduces complexities in the required instrumentation and poses safety
concerns.

The replacement of CO with less toxic and easier to manage alternatives is thus highly
desirable, and several CO sources, including formates!® or even stoichiometric amounts of
metal carbonyls,!®! have been used. However, these costly options suffer from low atom
efficiency, making them less attractive from an application point of view. Most recently,
considerable attention has been drawn to the utilisation of carbon dioxide (CO2) as a non-
toxic, abundant, and low-cost replacement of CO in the formation of valuable products.

However, while the reactivity of CO; is generally modest, its conversion to the desired
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precursor often requires an additional reaction step, thereby increasing the complexity of the
synthesis. A viable compromise would be to rely on CO; as a storage and transport form but
to produce CO locally at the reaction site in exactly the required quantity so that it can be
immediately converted again and thus consumed. This would allow for making use of the
advantages of CO as a versatile reactant without the disadvantages associated with the
provision and storage of large quantities of this dangerous gas.

Indeed, some authors already employed this approach and studied carbonylation
reactions using CO produced by reverse water gas shift reaction (rWGSR) from CO,,”! enabling
the direct formation of alcohols, amines, aldehydes, carboxylic acids, or esters from olefins.
This on-site chemical reduction of CO; via rWGSR presents a suitable method to supply CO
for certain reactions locally. In 2022, Sang et al.’" introduced a practical concept that relies
on the Cu-catalysed reduction of CO; to carbon monoxide with H,. The CO generated by the
heterogeneous catalyst system was utilised in amino- and alkoxycarbonylations and
hydroformylations and provided exquisite yields. However, the presence of hydrogen and the
water formed in rWGSR, limits the broad applicability and hamper the formation of sensitive
products. Especially when moisture-sensitive catalysts or substrates containing reducible
functionalities are employed, the feed gas needs to be free of H,O and H,, therefore
practically excluding this pathway.

To circumvent the problems associated with the use of H; as CO; reductive agent, a novel
approach has been developed by Gaudeau and co-workers!® for the fast aminocarbonylation
of p-iodoanisole with hexylamine. The implemented technology relies on decomposing
carbon dioxide into CO by plasma and provides the corresponding amide with excellent yield
(95%) in just 40 seconds. However, this unique technology for carbonylation, providing rapid

access to amides, is limited to aminocarbonylation.
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He et al.®! reported a photoreductive strategy for utilising carbon dioxide in
carbonylation reactions. A Re-based photocatalyst system was used for the in situ reduction
of CO; to CO, which was further employed in aminocarbonylations, alkoxycarbonylations, and
carbonylative Suzuki couplings. Although the products were obtained with excellent yields,
the reduction of the CO; proved to be kinetically sluggish, and relatively long reaction times
were required to form the corresponding products.

A completely different approach is based on the electrochemical reduction of CO, which
has the advantage of not requiring the chemical reducing agent H; and thus also eliminating
water impurities in the CO stream. Jensen and co-workers['% described a versatile strategy
for the electrochemical reduction of CO; to CO with an iron porphyrin catalyst and its
subsequent exploitation of several carbonylation reactions. While a broad range of
carbonylation products, including the pharmaceutically active derivatives butoxycaine,
olaparib, and moclobemide, could be formed in a specifically designed two-chamber reactor
with outstanding vyields, the system suffered from slow CO release due to low current
densities and thus long reaction times. Such slow CO; electrolysis kinetics are a common issue
in the case of the respective electrochemical cells operating at ambient temperatures.'%
High-temperature electrolysis of CO; in solid oxide electrolysis cells (SOECs) is currently the
most efficient method available to reduce CO; to CO,[*? which also meets the requirement of
carbonylation reactions that the desired components in the gas stream, leaving the cell are
only CO and CO;. In an SOEC, the electrochemical reduction of CO, proceeds at the cell’s

cathode via the reaction in Eq. 1.
CO,+2e —CO+0* (1)

The oxide ions are taken up by the cathode, transported through the oxide ion conducting

electrolyte, and released at the anode as O, while leaving two electrons behind
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1
okn —>EOZ +2e, (2)
thus closing the electric circuit.

Even though dry CO; reduction in SOECs with state of the art electrodes is possible in
principle, it poses a major challenge for them. Currently common SOEC cathodes are typically
composites of ceramic ion conductors and Ni metal,[*3! which catalyses the formation of
carbon deposits by the Boudouard reaction if the CO content is too high. Especially at higher
overpotentials, this can lead to degradation and, in the worst case, to the destruction of the
electrode since very high CO activities can be effective locally in the porous structure of the
electrode close to the electrolyte. A common coping strategy is to add steam to the feed gas,
thus operating the SOEC in so-called co-electrolysis.['¥ However, for the reasons already
explained above, this is not an option for the application aimed at this work. In contrast, our
approach makes use of the fact that Gd-doped ceria (GDC), due to its reducibility, shows a
distinct mixed ionic and electronic conductivity under the strongly reducing conditions of a
SOEC cathode, thus providing sufficient current collection even without Ni as a second phase.
The strongly reducing conditions in electrolysis operation also cause high Ce3* surface
concentrations, making GDC a catalytically very active material for electrochemical CO;
reduction.!™® Moreover, the remarkable feature of CeO,-based SOEC cathodes is that carbon
deposition on their surfaces is strongly kinetically inhibited,*®! which makes this material an
excellent candidate for the dry high-temperature splitting of CO; in an SOEC.

While tremendous progress was made in CO; utilisation in carbonylation reactions (Fig.
1), as discussed above, these concepts still have some limitations. Among the aforementioned
disadvantages, the CO»-based carbonylative strategies reported in the literature are mainly

carried out in a batch-wise fashion and are hampered by long reaction times. Moreover,
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precisely controlling the gas dosage can also be challenging, and if gas mixtures are employed,

the exact composition is complicated to determine and maintain.

[methods of CO, reduction] @)

ELECTROLYSER

partial electroreduction | variable CO content | continuous CO, reduction & utilization
Figure 1. Various strategies for CO, utilisation in carbonylation reactions

In the present work, we utilise a SOEC with an optimized Ni-free GDC cathode to
generate CO in situ through high-temperature electrolysis of CO;, which serves as a reactant
for various carbonylation reactions. Employing a SOEC offers the advantage of easily adjusting
the CO content in the feed gas for downstream specific carbonylation processes by varying
the cell's current, enabling continuous valorisation of abundant, non-toxic CO,. In addition,
in-situ conversion of the generated CO in a continuous flow coil reactor overcomes diffusion-
related challenges and slow CO release, providing a versatile, scalable, and safe route for

synthesizing amides, esters, ketones, and redox-active esters with short reaction times.

Results and discussion

Performance tests of pure GDC electrodes for dry CO; electrolysis
In order to demonstrate the performance as well as the coking resilience of the GDC

cathode without the risk of damaging the actual SOEC — e.g., by irreversible processes that
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can occur when the coking threshold is exceeded — these measurements were performed on

model-type cells.

Characterization and Operation of the SOEC

Before using the SOEC for in-situ CO production, its electrochemical behavior was
basically characterized. Therefore, the SOEC was heated to 750°C in a tube furnace, and as
feed gas, a mixture of ca. 20 mbar H, 25 mbar H,0, and 950 mbar Ar was supplied to the GDC
cathode. Under these conditions, an open cell voltage OCV of 0.971 V was measured, which
is in good agreement with the theoretical voltage of 0.982 V expected from Nernst’s equation,
indicating that the cell is gas-tight and both electrodes equilibrate with their gas atmospheres.

After this test, the atmosphere at the cathode was switched to CO,, and the faradaic
efficiency of the electrolysis was determined at two different gas fluxes of 10 and 100 ml
CO2/min. This was done by stepwise increasing the applied voltage to the SOEC and
measuring the gas composition of the product gas by means of a micro gas chromatograph
(Inficon Micro GC Fusion 4-Module System). The comparison of the recorded I-V-curve and
the resulting CO concentration for feeding 10 ml CO2/min to the SOEC is depicted in Fig. 2(a),
and the resulting faradaic efficiency is shown in Fig. 2(b). Thereby, the relationship between
the electrochemical current | and the flux V of the product CO is given by Faraday’s law

It =nzF (3)

which, by inserting the ideal gas equation ( pV =nRT ) and substituting V= V/t reads

1=vLsF (4)
RT

In Egs. 3 and 4, t denotes the time, n the number of moles, z the number of transferred

charges (which is 2 for the reaction in Eq. 1), p the pressure, V the volume, and T the
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temperature. R and F are the ideal gas constant and Faraday’s constant, respectively. The
faradaic efficiency FE is given by the ratio of the product flux (converted to a current lcc by

Eg. 4) and the measured respective DC current Ipc:

/
FE = e (5)

IDC

As can be seen from Fig. 2(a), the current that can be calculated from the feed gas flux
(10 ml CO2/min) and the measured CO concentration via Eq. 4 (lclc) nicely follows the
electrical current passing through the cell (IDC). This, in turn, means that the faradaic
efficiency is virtually 1, which is also depicted in Fig. 2(b). The same type of experiment was
also repeated for a higher feed gas flux of 100 ml CO2/min, and the resulting plots are shown
in the supporting information. Under these conditions, an excellent agreement between
product gas composition and electrical current was found. The somewhat smaller error bars
are due to the relatively higher accuracy of the mass flow controller at higher flow rates.

From these results of CO; electrolysis shown in Fig. 2, we can conclude that the SOEC
with a pure GDC electrode excellently meets the requirements to be online coupled with

carbonylation reactions.
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Figure 2. Electrochemical characteristics of the SOEC at a feed gas flux of 10 m| CO,/min. (a) Current-voltage

curve (Ipc vs. Upc) together with the current I.qc obtained from the measurement of the CO concentration in the

product gas. The two y-axes are linked by Faraday’s law (Eq. 4) — hence, the measured gas composition is

proportional to I (b) Faradaic efficiency FE plotted as a function of the voltage applied to the cell.

Studying the suitability of CO in CO; as a feed gas for carbonylations

In order to know the operating point of the SOEC, the optimal CO/CO; ratio for the

carbonylation reactions was determined ex-situ by using CO/CO2 mixtures generated with

mass flow controllers (MFC). Among the known transition metal-catalysed carbonylation

reactions, alkoxycarbonylation has emerged as a versatile tool for converting unsaturated

compounds, alcohols, and carbon monoxide into the corresponding esters.!'”! The obtained

products and their derivatives are of great significance as they provide valuable intermediates

in organic synthesis.[*®l We initially worked on the alkoxycarbonylation of 1-octene under

batch-wise conditions in alcoholic solutions, employing Pd,(dba)s as precursor complex, 1,2-

bis(di-tert-butylphosphinomethyl) benzene (dtbpx) as ligand, and methanesulfonic acid as

proton source (Scheme 1).119!
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CH5SO3H o
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Z o+ R-OH COin CO, o
78°C, 24 h

1a-c

Scheme 1. Synthesis of nonanoic acid esters; R = Et (1a), n-Pr (1b), i-Pr (1c)

Several bottlenecks may arise in a conventional batch-wise process involving gas bubbling
into a reaction mixture with <10 mL solvent over an extended period. Obvious issues could
be loss of solvent through gas saturation or the volatility of the product ester. While screening
different reaction conditions, it was found that the concentration of 1-octene played a critical
role in getting higher yields (SI Table S1). Eventually, a substrate concentration of 1.66 M in
ethanol as solvent and nucleophile at a gas flow rate of 11 ml/min was found as optimum,
allowing to isolate ethyl nonanoate (1la, Scheme 1) in a high yield of 80%. Once the
experiments were optimized to overcome all practical bottlenecks, the concentration of CO
in CO2 was varied to resolve the ideal composition of the employed gas mixture (Fig. 3). The
volume percentage of CO in CO; was set with a MFC with a total flow rate adjusted to 11
mL/min. The reactions were conducted at a 7 mmol scale, and the yields were determined by

gas chromatography employing dodecane as internal standard.
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Figure 3. Resulting yield of ethyl nonanoate with varying CO concentrations. The reaction was performed with
7.0 mmol 1-octene, 0.8 mol% Pd,(dba)s, 4.0 mol% dtpbx, 12.0 mol% MeSOsH at 78 °C for 24 hours (compare

Scheme 1). The yield was determined by GC analysis using dodecane as internal standard.

When the CO content was varied, we found that a comparingly small content of CO in CO; is
sufficient to reach complete conversion; in fact, an increase of CO in CO; beyond 15 % caused
only negligibly increased the yield of the obtained ester. Moreover, this behavior is not limited
to aliphatic alkoxycarbonylations but has also been shown for the carbonylative synthesis of
aromatic esters starting from aryl halides and phenols that are essential building blocks for a
plethora of pharmaceuticals or agrochemicals.?®! The carbonylative synthesis of these
compounds, starting from aryl halides and phenols, has previously been reported in the
literature.?! Nevertheless, our goal was to repeat a phenoxycarbonylation procedure
reported in the literature!??! under slightly modified parameters; working in DMF, phenyl
benzoate could be isolated in 52% using 15% CO in CO; only (SI Fig. S6). This is a powerful and
promising finding in the light of a future continuous process, as it allows a reaction design
with partial CO, reduction and in-situ consumption of the formed CO in a streamlined

carbonylation process.
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Online coupling of CO generation in the SOEC with carbonylation reactions

Once the optimal conditions and the ideal set-up for the continuous CO supply have been
identified by maintaining a constant and stable high-temperature electrolysis of CO; to CO,
the process was combined with the previously optimized carbonylation reaction. While some
authors have successfully demonstrated the use of photo- or electrochemically generated
CO/CO, mixtures, these reactions are still hindered by long reaction times, often due to mass
transfer limitations identified in studies on gas-liquid reactions, which issue becomes less
significant when working in continuously operated reactors. Due to the larger interfacial
surface area in continuous mode, the gas availability in the liquid phase can also be improved,
potentially enhancing the gas solubility.??! When working with carbon monoxide on a
laboratory scale, the gas is often supplied from balloons, rendering the precise control of gas
dosage impossible.

To overcome the inherent limitations associated with batch processes, we opted for a
continuous-flow reactor with a high surface-to-volume ratio for shorter reaction times and

improved yields, as shown in Scheme 3.

@ COinCO,

5
N
()
9 (o} —(—
5

4

1: pressure regulators 5: Vapourtec® V-3 pumps
2: mass flow controller 6: 10-mL coil reactor

3: electrochemical cell for partial CO, reduction
7: back pressure regulator

4: reaction vessel for reactants .
8: vessel for product collection

Scheme 2. Schemattic set-up of the continuous-flow experiments.

96



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

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

[ 3ibliothek,
Your knowledge hub

The continuous-flow experiments were carried out with the aid of a Vapourtec® E-Series flow
chemistry device in a 10-mL coil reactor. The coil reactor’s geometry is very similar to the so-
called gas-liquid tube-in-tube reactor, typically used in continuous reactions for gas
introduction. However, the gas-liquid reactor was originally designed for hydrogenation, and
molecules such as CO, CO,, or O3 are too big to pass the reactor’s membrane. Additionally,
the electrochemical cell operated with a gas output of about 10 mL/min; therefore, a coil
reactor with the highest available volume, 10 mL, seemed reasonable to employ in our
reactions. The gas mixture and the reactants were introduced using the E-Series’ V-3 pumps,
respectively, allowing for precise gas introduction.

At first, we sought to investigate the phenoxycarbonylation reaction in continuous mode
by employing iodobenzene as substrate and phenol as nucleophile. With respect to the

product’s polarity, in order to avoid obstruction, acetonitrile was used as solvent.

Table 1. Optimization of the phenoxycarbonylation of iodobenzene in continuous mode.

Entryte coﬁ(’%nt Temperature /°C g?‘f;i%ﬁ%- G?gtrg?(r'gqulrrﬁiﬂ_ w CO”V%/jiO“[cl
11b] 15 90 500 2.0 23
2 50 95 500 3.0 >99
3 40 95 500 3.0 >99
4 30 95 500 3.0 89
5 20 95 500 3.0 69
6 30 110 500 3.0 93
7 30 95 500 3.5 97
8 30 95 333 3.0 >99
9 15 100 250 3.6 >99
10 15 100 333 3.0 66
11 15 100 333 4.5 92
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[a] The reactions were performed with 1 mmol iodobenzene, 2 mmol phenol, 0.03 mmol Pd(OAc)a,
0.03 mmol Xantphos, and 3 mmol EtsN in 10 mL acetonitrile; the BPR was set to 3 bar. [b] Performed
in 10 mL toluene with 5 mmol iodobenzene. The gas mixture was generated with the aid of the

electrochemical cell. [c] Determined by GC-MS analysis.

We initially worked with a relatively high carbon monoxide content of 50%, which resulted in
complete conversion under 20 min reaction time. Excited by these promising results, we
further aimed to reduce the carbon monoxide content to a possible minimum. 40% CO
content still provided complete conversion under 20 minutes (Table 1, entry 3), but the
reactivity dropped when mixtures with lower CO content were employed (Table 1, entries 4,
5). The temperature proved to be a less influential parameter of the reaction; hence, its
increase by 15 °C only improved the conversion by 4% (Table 1, entry 4 vs. 6). With an
extended reaction time and increased gas mixture flow rate, a carbon monoxide content of
15% proved sufficient to provide complete conversion (Table 1, entry 9), which is in excellent
agreement with the results from our batch-mode screening reactions shown above.
Ultimately, the product, phenyl benzoate (2a) was isolated with a high yield of 88% (see Table
2, entry 3).

After establishing the continuous process for esterifications, we employed the gained
experience for other reactions to broaden the scope of the process and take full advantage
of the tunability and variable CO content produced by the electrochemical cell. Most recently,
many strategies have been reported for using of redox-active esters (RAEs) as radical
precursors in the emerging field of radical chemistry.? Carboxylic acid esters of N-
hydroxysuccinimide (NHS) have been utilised as invaluable intermediates in the synthesis of
peptides?® and nucleotides.?®! Their synthesis via carbonylative cross-coupling was reported

by Lou and co-workers in 2003.27! Under the standard optimized literature conditions, at a 3
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mmol scale, employing a pre-formed CO/CO, mixture and iodobenzene as substrate, the
transformation gave an excellent yield of 84% in batch mode, although a long reaction time
of 17 hours was required (Table 2, entry 5, SI Figure S8). Gratifyingly, the developed
continuous process was found to be quite versatile and equally applicable to RAE synthesis;
in fact, the online coupling of the SOEC with a coil reactor yielded the desired product with
82% in 40 minutes only (Table 2, entry 6). Similarly, shortened reaction times and high yields
were found for carbonylative Sonogashira couplings, thus demonstrating the advantages and
versatility of the streamlined electrochemical set-up with the continuous conversion of CO

generated by the electrochemical cell (Table 2, entry 9).

Table 2. Phenoxycarbonylation, carbonylative Sonogashira coupling, and synthesis of redox-
active esters.

Entry  Product structure Conditions Set-up Isolat}e% yield

100% CO,

1[3] Q/OQ 80 OC, D(I’VI F, 24 h batCh 90
15% CO,

Z[a] @\(0@ 80 OC, DOM F, 24 h batch 52

3ldl ©Y° 1&%’&\'0'4100%;5' continuous flow 88
X 0 100% CO,
4l @(ob 70 °C, DMSO, 17 h batch 86
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84
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47
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[a] The reaction was performed with 3.00 mmol iodobenzene, 6.00 mmol phenol, 0.09 mmol Pd(OAc),,
0.09 mmol Xantphos, and 9.00 mmol EtsN. [b] The reaction was performed with 3.00 mmol iodobenzene,
4.20 mmol NHS, 0.15 mmol Pd(OAc), 0.15 mmol Xantphos, and 4.50 mmol Et3N. [c] The reaction was
performed with 2.00 mmol iodobenzene, 3.50 mmol phenylacetylene, 0.03 mmol Pd(OAc),, 0.06 mmol

Xantphos, and 6.00 mmol Et3N. [d] Reactions performed according to the corresponding batch procedure

on a 1.00 mmol scale.

The developed continuous process proved suitable for C and O nucleophiles; however, we
further aimed to construct the much more challenging amide bond via carbonylation. The
importance of these bounds cannot be accentuated enough; hence, the amide motif can be
found in countless biologically active molecules, agrochemicals, or physiologically essential

peptides.l?® After carrying out several preliminary experiments, an approach similar to the
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previously utilised methods was identified for aminocarbonylations relying on Pd(OAc),,
Xantphos in the presence of EtsN (Table S2). Initially, harsh conditions, such as 120 °C and a
CO content of 50%, were required to force the reaction. Interestingly, the conversion did not
drop significantly when the CO content was decreased to 30%, and the reaction was carried
out at 110 °C. Moreover, the continuous method could be performed without employing any

ligand, and the product, benzanilide (5a), could be isolated with a good yield of 72% (Scheme

4).
Pd(OAC), (5 mol%)
| H,N EtsN(3eq) H
. >
©/ \© 110 °C, 40 min, MeCN o) \©
30% CO in CO, 5a

Scheme 3. Continuous synthesis of benzanilide.

After demonstrating the applicability of our method in several reactions, we sought to

uncover the scope and limitations of our approach (Scheme 5).
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Scheme 4. Scope of the continuous carbonylations with CO/CO, mixtures. The phenoxycarbonilations were
performed with 1.00 iodobenzene derivative, 2.00 mmol phenol derivative, 0.03 mmol Pd(OAc), 0.03 mmol
Xantphos, and 3.00 mmol EtsN dissolved in 10 mL MeCN at 100 °C, CO content: 15%. The redox-active esters
were synthesized starting from 1.00 mmol iodobenzene derivative, 1.40 mmol N-hydroxiimide, 0.05 mmol
Pd(0OAc),, 0.05 mmol Xantphos, and 1.50 mmol EtsN in 10 mL MeCN at 100 °C, CO content: 15%. Carbonylative
Sonogashira couplings were carried out with 1.00 mmol iodobenzene derivative, 2.00 mmol phenylacetylene,
0.03 mol Pd(OAc),, 0.06 mol Xantphos and 3.00 mmol EtsN in 10 mL MeCN at 100 °C, CO content: 20%. The
aminocarbonylations were performed with 1.00 iodobenzene derivative, 3.00 mmol aniline, 0.05 mmol Pd(OAc),,
and 4.00 mmol Et3N in 10 mL MeCN at 110 °C, CO content: 30%. Reaction mixture flow rate: 0.25 mL/min, gas

mixture flow rate: 3.6 mL/min (MFCs) or 8.0 mL/min (electrochemical cell), reaction time: 40 minutes.

Overall, the corresponding products were isolated with good to excellent yields in short
reaction times, which is a significant improvement compared to the results from the
experiments conducted in batch mode. The lower yields obtained in the aminocarbonylations
can be explained by an additional acidic workup step. Due to the products’ and the aniline’s
similar eluting properties, the excessive nucleophile had to be removed by acidic extraction,
and product loss may occur during that step. It is worth mentioning that 2-naphthyl benzoate
(2f), which is also known for its intestinal antiseptic property, could be isolated with an
excellent yield of 86%. Substrates bearing the electron-withdrawing trifluoromethyl group
proved much less reactive, as the corresponding products (2c, 3c, 4c, 5¢) were isolated with
lower yields. The inferior yield of compound 4c can be explained by the formation of the

corresponding non-carbonylative Sonogashira product.

Conclusions

We successfully employed a solid-oxide electrolysis cell to perform dry CO; reduction;
online coupling it with a continuous flow set-up allowed for the streamlined utilisation of the

formed CO in carbonylation processes. One key factor for this success is the introduction of a
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pure GDC cathode into the high-temperature cell, delivering high performance without the
need for otherwise state-of-the-art nickel. This configuration allows dry electrolysis of CO;
without degradation due to the coking of the SOEC cathode and without the addition of
water. The developed process demonstrated widespread applicability in amino-, alkoxy-, and
phenoxycarbonylations, in the synthesis of redox-active esters, and in carbonylative
Sonogashira couplings. The applicability of flow chemistry technologies renders the overall
process less time-consuming and provides a tunable and easily scalable synthesis of these
carbonyl compounds. Ultimately, the streamlined conversion of in-situ generated CO in CO;
avoids the use of CO in bulk quantities and provides an entirely novel platform strategy for
carbonyl components production, able to circumvent problems associated with the current

state of the art.

Experimental Section

Fabrication of the Solid Oxide Electrolyser

For preparing the SOEC employed for the in-situ supply of CO, a dense sintered tube made of
yttria-stabilized zirconia, which was closed on one side, was used as electrolyte. On the outer
side of the tube, the cathode was applied as a three-layer electrode by depositing pastes of
GDC, GDC/Pt, and Pt, similar to the electrodes in Ref.[**3, Located directly adjacent to the
electrolyte, the electrochemically active layer consisted of porous pure GDC (Treibacher, AT).
The topmost porous Pt layer acts as an electronic current collector, and it has already been
proven in Ref.[*%3l that this layer does not contribute any catalytic activity to the electrode,
owing to its distance to the electrode/electrolyte interface. In between the GDC and Pt layers,

a GDC/Pt composite layer was applied, which ensures a gradual transition between the two
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materials and thus provides good adhesion. (Please note that for commercial applications, Ni
instead of Pt would be a much more suitable choice, but for the lab-based application here,
Pt paste was used for convenience.)

For the air electrode, Pt/YSZ paste was applied to the inner side of the tube. After both
electrodes were applied in the form of pastes, the whole assembly was sintered in air at
1200°C for 3 h. In order to be able to operate the cell obtained in this way as SOEC, the tube
was bonded with the open side into a brass KF40 flange. The air electrode was contacted with
a thick silver wire and the CO; splitting electrode with a Ni wire. The entire SOEC was capped
with a one side closed quartz tube that fits as closely as possible to minimize dead volume. In
order to bring the SOEC to its operating temperature of 750°C, the entire set-up was heated
with a tube furnace. A sketch of the entire assembly is shown in Fig. 4(a).

For in-situ production of CO, the outer compartment of the SOEC was supplied with CO; via a
mass flow controller, and the GDC electrode was cathodically (i.e. negatively) polarized. The
resulting CO concentration at the SOEC outlet is a result of the gas flux and the
electrochemical current. For example, a gas flux of 10 ml CO2/min and an electrochemical
current of 195 mA result in a gas composition of 15 vol% CO and 85 vol% CO,. For the

examination of the Faraday efficiency of the cell please refer to the results section.

Model-type cells for studying the kinetics of pure GDC electrodes

In order to be able to explore the electrochemical behaviour of the GDC cathode alone and
to demonstrate their coking resilience, additional model-type samples were prepared. In

particular, three slightly different types of these GDC model samples were studied:
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(i) Type 1, which consists of a single crystalline YSZ electrolyte and porous spin-
coated pure GDC working electrode with a porous Pt current collector on top,
which is identical to the cathodes used in the SOEC described above and the Ni-

free GDC electrodes in Ref. [152],

(ii) Type 2, where the Pt current collector is a patterned thin film grid buried under a
GDC thin film (grown by pulsed laser deposition as described in Refs. [2°], [152]) 5t
the interface to the YSZ single crystal electrolyte. On top of the Pt/GDC thin film
sandwich, a porous GDC layer was applied by the same procedure as for model

sample type 1.

(iii) Type 3 carries the Pt/GDC model composite as the working electrode, like type 2,
to study the reaction at the well-defined GDC surface of the thin film electrode.

Thus, it differs from type 2 by the absence of the porous GDC functional layer.

As a counter electrode on all three model cells, a Pt/PrxCe1-x02-5 (PCO) composite was applied
to the bottom side of the electrolyte. This material combination was chosen to have
maximum flexibility in terms of gas composition at the counter electrode as PCO shows good
electrochemical activity both in oxidizing and reducing atmospheres. Sketches of these

model-type samples are depicted in Fig. 4(b).
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Pt (porous)

YSa-Pt (porous)

YSe Single Crystal

GDQI0 (porous)

Pt (porous)

Figure 4: Sketches of the solid oxide cells used in this study. (a) Model-type cells on which the kinetics and
catalytic properties of the GDC cathode were investigated. The GDCI10 electrode is smaller than the counter
electrode to leave space for the gasket in the 2-gas measurement set-up. (b) Cross section of a tubular SOEC
consisting of GDC cathode, Pt/YSZ anode, and YSZ electrolyte, which was used for online CO production via high-

temperature CO; electrolysis with carbonylation reactions.

Representative procedure for the continuous process relying on aryl iodides

A 30-mL vial with septum was charged with the corresponding aryl iodide and nucleophile,
Pd(OAc),, EtsN, and optionally Xantphos. The reactants were dissolved in 10 mL acetonitrile.
The reactor was heated up to the desired temperature. The gas mixture was supplied from
the solid-oxide electrochemical cell. The cell was connected to a CO; cylinder equipped with
a low-pressure regulator, outputting 2 bar. The electrolyser was heated up to 750 °C, and the
current was set according to the required carbon monoxide content (for 15% CO and a gas
flux of 10 (8) mL/min: 195 (155) mA). After approximately 20-25 minutes, the feed gas flow
has displaced the dead volume of the piping, and thus, the gas flowing into the reactor has
reached the desired composition. Two pumps of the Vapourtec® E-series device were

connected to the vial with the reaction mixture and to the gas line, respectively. The third
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pump was used as a back-pressure regulator (BPR). The 10-mL coil reactor was initially rinsed
by a CO/CO2/MeCN flow for several minutes. Then, the pumps were set to the corresponding
flow rates (gas mixture: 8.0 mL/min; reaction mixture: 0.25 mL/min), and the reaction mixture
was supplied to the reactor. After the whole volume of the reaction mixture was pumped
through the reactor, the vial was rinsed with MeCN, and the residue was pumped through.
The product was collected for 50 minutes. Rotary evaporation of the solvent gave the crude

products, which were bound to silica gel and subjected to column chromatography.
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Synopsis

A continuous process for carbonylation reactions based on online coupling of dry high-
temperature CO; electrolysis with a coil reactor has been reported. The strategy relies on
CO/CO2 mixtures with low CO content, thus, providing a safe and fast concept for the
synthesis of several carbonyl compounds. The method demonstrated widespread
applicability in amino-, alkoxy-, and phenoxycarbonylation, in carbonylative Sonogashira
couplings, and in the synthesis of redox-active esters. The corresponding products were

isolated with excellent yields in just 40 minutes.
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7. Conclusions

The thesis presents the successful application of continuous-flow technologies for synthesising ionic
liquids, performing allylic aminations, and valorising carbon dioxide. The developed strategies result in
a significant decrease in reaction time and provide excellent yields.

The first part of the thesis focused on the halide-free continuous synthesis of hydrophobic ionic
liquids. The simple, two-step procedure gave straightforward access to a plethora of NTf,-based ILs
with excellent yields and purities. The quaternisation step could be carried out under solvent-free
conditions and provided high atom efficiency without forming additional waste. The reported method
is intrinsically halide-free, which offers many benefits for the development of new ionic liquid-based
technologies that are sensitive to halide content. The overall process is significantly less time-
consuming than most reported halide-free methods, and due to the reaction’s homogeneous nature,
it could be successfully performed in continuous-flow operation mode. This provided an even more
fast and safe synthesis of these ILs, allowing them to be obtained in high yields (86-99%) and
productivity, with a residence time of 7.5 minutes only. The high purity renders this process safe and
efficient and makes the IL products suitable for a significantly broader application range, especially for

material sciences (Figure 52).

Figure 52. Halide-free continuous synthesis of NTf,-based ionic liquids

In the second sub-project, hydrophobic ionic liquids were employed for depositing transition metal
complexes on silica. The supported catalyst frameworks were utilised in continuous allylic aminations.
Apart from the fast and straightforward catalyst immobilisation, the developed approach requires
neither an additional base nor an inert atmosphere for efficient N-allylations. Furthermore, the
reactions could be carried out under mild conditions in benign reaction media. The optimal SILP
catalyst could provide easy access to N-allylation products within short reaction times (30 minutes). By
extending the reaction time to 3.5 hours, such a SILP catalyst could maintain stable conversions,
whereas only a marginal (0.7 wt%) ionic liquid- and no palladium complex leaching could be observed.

Furthermore, this approach could be used for the simple immobilisation of chiral palladium complexes,
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enabling asymmetric N-allylation reactions in continuous flow with good yields and enantioselectivities

(Figure 53).

NTY,
Lo = :
e /N\rg\/\/
Palladium
catalyst lonic liquid

Figure 53. SILP-assisted continuous allylic aminations

The third part of the thesis was dedicated to the continuous carbon dioxide-based synthesis of
carbamates was examined. We reported an approach for continuously utilising CO, without employing
any catalyst or additive. To the best of our knowledge, this is the first continuous methodology that
employs amines and alkyl halides in the presence of DBU and CO; to form urethanes. The process
provides a faster and safer alternative for synthesising carbamates from both primary and secondary
amines. The desired compounds were obtained in just 50 minutes, with good to excellent yields.
Column chromatography could be avoided in many cases since an acidic treatment proved sufficient
to obtain the products in high purities. Moreover, the modified method was tested in the aziridine-
based synthesis of oxazolidinones and demonstrated high selectivity toward the desired compounds

(Figure 54).

CO, utilisation
continuous methodology
eco-friendly

up to 92% yield

Figure 54. CO,-based continuous synthesis of urethanes
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In the last part of the thesis, the continuous utilisation of carbon dioxide in carbonylation
reactions. A synthetic method relying on the utilisation of CO/CO, mixtures in carbonylation reactions
has been established. The developed process demonstrated widespread applicability in amino-,
alkoxy-, and phenoxycarbonylations, in synthesising redox-active esters, and in carbonylative
Sonogashira couplings. The strategy utilises gas mixtures with low (15-30%) CO content, thus providing
a safer alternative. The application of flow chemistry technologies renders the overall process less
time-consuming and provides a safer, more rapid, and easily scalable synthesis of these carbonyl
compounds. Combining the solid-oxide electrochemical cell with the flow chemistry device allowed for
the direct utilisation of carbon dioxide in continuous carbonylations. The developed methodology gave

access to the desired products with excellent yields (up to 93%) in just 40 minutes (Figure 55).

co L
CO,/ N R SOAr
partial reduction R—— 6 entries

72-93% yield

7 entries
20-82% yield

;\
Ph

= 3 entries
20-72% yield
partial electroreduction | variable CO content | continuous CO, reduction & utilization

ELECTROLYSER

Figure 55. Continuous carbonylations with CO/CO, mixtures
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8. Appendix A
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8.1 General remarks

All commercially available chemicals were used without further purification, unless otherwise
specified. Dry CH,Cl, was pre-distilled and desiccated on aluminum oxide columns (PURESOLYV,
Innovative Technology).

1H-, 13C- and °F NMR spectra were recorded from CDCls solutions on a Bruker Avance UltraShield
200 MHz (*H: 200 MHz, *3C: 50 MHz) or 400 MHz (*H: 400 MHz, 13C: 101 MHz, 1°F: 376 MHz) NMR
instrument. Chemical shifts are reported in parts per million (ppm) and were calibrated to the residual
solvent signal (CDCls, H: 7.26 ppm). Coupling constants are reported in hertz. The assignments are
based on the comparison with reported spectra.

GC analysis was performed on a Thermo Scientific Focus, on a BGB5 column, using an FID detector.
A linear temperature program was used, starting with a temperature of 50 °C, followed by a ramp rate
of 15°C/min up to a final temperature of 240 °C. For the optimisation of the bistriflimide synthesis, the
conversion has been determined by using n-dodecane as an internal standard.

HRMS analysis was performed using a TC PAL system autosampler, an Agilent 1100/1200 HPLC, and
an Agilent 6230 AJS ESI-TOF mass spectrometer. The spectra were recorded from methanolic solutions
(c =3 x10°moldm3). The cations ([C]*) of the ILs ([C]*[A])) were detected in positive-ion mode.

Infrared spectra were recorded on a Perkin Elmer Spectrum 65 FTIR spectrometer equipped with a
Specac MK Il Golden Gate Single Reflection ATR unit.

Water content analysis has been performed using a semi-automatic, coulometric Mitsubishi CA-21
Moisture Meter titrator.

Continuous-flow experiments were performed in a 1000 pl CAP DISC reactor. The nucleophile and

the reagent were supplied with the aid of one-one New Era NE-1000 syringe pumps, respectively.
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8.2 Representative protocol for the synthesis of alkyl bistriflimides

After 40 mmol (1.00 eq.) of the corresponding amine and N, N-diisopropylethylamine (82 mmol, 2.05
eq.) were transferred to a 3-neck round-bottom flask, 90 mL anhydrous dichloromethane were added
under argon atmosphere. The mixture was stirred and cooled down via NaCl/ice bath. Then,
trifluoromethanesulfonic anhydride (82 mmol, 2.05 eq.) was dissolved in 20 mL anhydrous
dichloromethane and it was added to the mixture dropwise, while the temperature was maintained
below 5 °C. Once the triflic anhydride was added, the NaCl/ice bath was removed and the mixture was
stirred at room temperature for 1 hour. After that, the mixture was washed once with saturated
NaHCOs; solution, once with 2 N HCl solution, and once with distilled water. The aqueous phases were
back-extracted with dichloromethane. The combined organic layers were dried over Na,SO,, filtered,
and concentrated. The residuals were transferred in a round-bottom flask and distilled under vacuum
(20 mbar) using a Vigreux-column. The products were obtained as colourless to slightly yellowish

liquids.
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8.3 General procedure for the batch-wise synthesis of ionic liquids

2 mmol (1.00 eq.) of the corresponding nucleophile was transferred to an 8-mL vial, then it was
heated up to 80 °C. Once the temperature reached 80 °C, 2 mmol (1.00 eq.) alkyl bistriflimide was
added, and the mixture was stirred for 24 hours. Then, the mixture was transferred into a glass round-

bottom flask and it was dried under high vacuum at elevated temperature overnight (0.3 bar, 90 °C).
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8.4 General procedure for the continuous-flow synthesis of ionic liquids

The continuous-flow experiments were performed in a 1000 pl reactor. The nucleophile and the
reagent were supplied with the aid of one-one syringe pumps, respectively. The reactor was heated
up to the desired temperature with the aid of a magnetic hotplate stirrer and the syringes were filled
with the reagents (7.00 mmol from both the nucleophiles and the alkyl bistriflimides). After setting the
pumps into operation, the dead volume of the reactor was allowed to pass. The products were then
collected into tared round-bottom flasks for a specific amount of time. The unreacted starting

materials were removed under high vacuum (0.3 mbar) at 90 °C overnight.
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8.5 Analysis of alkyl bistriflimides

N-Butyl-1,1,1-trifluoro-N-((trifluoromethyl)sulfonyl)methanesulfonamide (1a)

5

F \\S/N\Sp F
F>I|:/ \b OII \FKF

CGH9F6N0432
337,25 g/mol

Product 1a was obtained as colourless liquid (9.94 g, 74% yield). Boiling point at 24
mbar: 83-85 °C, density: 1.500 gcm™.1*551 1H NMR (200 MHz, CDCl3) & 4.10 — 3.73 (m,
2H, NCH;(CH,),CHs), 1.80 (ddd, J = 15.7, 8.8, 6.4 Hz, 2H, NCH,CH,CH,CHs), 1.48 — 1.17
(m, 2H, N(CH,).CH>CHs), 0.96 (t, J = 7.3 Hz, 3H, N(CH)3CH;). *3C NMR (101 MHz, CDCls)

6 123.94, 120.71, 117.48, 114.26, 54.12, 31.73, 19.57, 13.42. *F NMR (376 MHz, CDCls) & -72.10. IR

(Vmax/cm1): 2970, 2883, 1429, 1214, 119, 855, 605, 504.

N-Hexyl-1,1,1-trifluoro-N-((trifluoromethyl)sulfonyl)methanesulfonamide (1b)

Fo s g
=T 00 Kr
F F
C8H13F5NO4SQ
365,31g/mol

605, 503.

Product 1b was obtained as colourless liquid (11.79 g, 81% yield). Boiling point at 18
mbar: 104-107 °C, density: 1.413 gcm™.[*5) *H NMR (400 MHz, CDCl5) 6 3.92 (dd, J =
9.4, 6.9 Hz, 2H, NCH2(CH2)4CHs), 1.81 (p, J = 7.2 Hz, 2H, NCH,CH,(CH,)sCHs), 1.42 —
1.23 (m, 6H, NCH,CH,(CH>)3CHs), 0.96 —0.82 (m, 3H, N(CH,)sCHs). *3C NMR (101 MHz,
CDCl3) 6 123.94, 120.71, 117.48, 114.26, 54.35, 31.05, 29.74, 25.92, 22.50, 13.99. 19F
NMR (376 MHz, CDCl3) 6 -72.09. IR (Vma/cm™): 2935, 2864, 1429, 1214, 1120, 844,

N-Octyl-1,1,1-trifluoro-N-((trifluoromethyl)sulfonyl)methanesulfonamide (1c)

Q NP
Fos” S F
F>||:/ ‘00 \|’:<|:

C1oH17F6NO4S2
393,36 g/mol

Product 1c was obtained as colourless liquid (11.63 g, 74% yield). Boiling point at 0.30
mbar: 80-82 °C, density: 1.310 gcm™.1>5) 'H NMR (200 MHz, CDCl3) & 4.04 — 3.76 (m,
2H, NCH,CH3(CH3)sCHs), 1.81 (p, J = 7.0 Hz, 2H, NCH,CH2(CH,)sCHs), 1.30 (h, J = 4.6,
4.0 Hz, 10H, NCH,CH,(CH,)sCHs), 1.05 — 0.66 (m, 3H, N(CH,),CHs). 3C NMR (101 MHz,
CDCl5) 6 123.94, 120.71, 117.48, 114.26, 54.35, 31.77, 29.78, 29.11, 28.88, 26.25,
22.71, 14.17. F NMR (376 MHz, CDCls) 6 -72.05. IR (vmax/cm™): 2930, 2861, 1429,

1216, 1120, 855, 606, 504.

N-Decyl-1,1,1-trifluoro-N-((trifluoromethyl)sulfonyl)methanesulfonamide (1d)

QNP

Product 1d was obtained as colourless liquid (14.95 g, 89% yield). Boiling point at
0.31 mbar: 92-95 °C, density: 1.22 gcm™.[*5¢1 1H NMR (400 MHz, CDCl3) § 3.97 —
3.83 (m, 2H, NCH-CH2(CH.);CHs), 1.88 — 1.73 (m, 2H, NCH,CH:(CH,);CHs), 1.39 —
1.14 (m, 14H, NCH>CH(CH,)7CHs), 0.95 — 0.81 (m, 3H, N(CH,)sCHs). 3C NMR (101
MHz, CDCl3) & 123.93, 120.71, 117.48, 114.25, 54.35, 31.98, 29.78, 29.53, 29.44,

P S0 5 F
F}F/ 00 \fF 29.36, 28.92, 26.25, 22.80, 14.23.*F NMR (376 MHz, CDCls) 6 -72.08. IR (Vmax/cm"

C12H2FeNO4S2
421,41 g/mol

1): 2928, 2858, 1429, 1216, 1120, 855, 606, 504.
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N-Dodecyl-1,1,1-trifluoro-N-((trifluoromethyl)sulfonyl)methanesulfonamide (1e)

N\ _N //O
F s\\/ \//s F
F>||:/ 00 \fF

C14H25F6NO4S»
449,47 g/mol

Product 1e was obtained as slightly yellowish liquid (15.40 g, 86% vyield). Boiling
point at 0.35 mbar: 110-115 °C, density: 1.22 gcm™.[*6] 1H NMR (400 MHz, CDCls)
§ 4.01 — 3.76 (m, 2H, NCH:CH»(CH2)eCHs), 1.81 (t, J = 8.1 Hz, 2H,
NCH,CH»(CH,)sCHs), 1.29 (d, J = 18.4 Hz, 18H, NCH,CH(CH-)sCHs), 0.99 — 0.77 (m,
3H, N(CH3)11CH;). 3C NMR (101 MHz, CDCls) 6 123.93, 120.70, 117.48, 114.25,
54.35, 32.05, 29.78, 29.72, 29.70, 29.57, 29.46, 29.44, 28.92, 26.25, 22.83, 14.25.
19F NMR (376 MHz, CDCl3) 6 -72.07. IR (vmax/cm™): 2926, 2857, 1429, 1217, 1121,
855, 606, 506.
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8.6 Analysis of bis(trifluoromethanesulfonyl)imide-based ionic liquids

1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (2a)

N/ Product 2a was obtained as yellowish liquid (743 mg, 89% vyield). *H NMR (400 MHz,
[N/>+ CDCls) 6 8.74 (q, J = 2.0 Hz, 1H, NCHN), 7.30 (dt, J = 4.8, 1.9 Hz, 2H, NCHCHN), 4.16 (t, J =

f Nz 7.5 Hz, 2H, NCH>(CH5),CHs), 3.93 (d, J = 1.2 Hz, 3H, NCH3), 1.84 (tt, J = 8.3, 6.9 Hz, 2H,
NCH,CH>CH,CHs), 1.35 (dt, J = 14.7, 7.5 Hz, 2H, NCH,CH,CH>CHs), 0.95 (t, J = 7.3 Hz, 3H,

C10H15FsN304S;

419,36 g/mol  NCH,CH,CH,CHj3). 3C NMR (101 MHz, CDCl5) § 136.24, 123.79, 122.36, 121.52, 118.33,

50.09, 36.45, 32.04, 19.45, 13.32.*°F NMR (376 MHz, CDCls) 6 -79.09. HRMS [C*] calc. 139.1230, found

139.1235.

1-Hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (2b)

[N> Product 2b was obtained as yellowish liquid (811 mg, 91% yield). *H NMR (400 MHz,

v

N+ o CDCls) 6 8.77 (d, J = 7.0 Hz, 1H, NCHN), 7.30 (dq, J = 9.1, 1.8 Hz, 2H, NCHCHN), 4.31 —
2

4.13 (m, 2H, NCH2(CH.)sCHs), 3.94 (d, J = 1.8 Hz, 3H, NCHs), 1.95 — 1.79 (m, 2H,
NCH,CH2(CH2)sCHs), 1.31 (q, J = 4.1, 2.9 Hz, 6H, NCH,CH,(CH-)5CHs), 0.98 — 0.77 (m,

3H, N(CH)sCHs). *3C NMR (101 MHz, CDCls) 6 136.26, 123.80, 122.32, 121.52, 118.33,
C12H19F6N3O482

a4ratgimol 54 36, 36.47, 31.05, 30.12, 25.86, 22.40, 13.93. 19F NMR (376 MHz, CDCls) & -79.05.

HRMS [C*] calc. 167.1543, found 167.1544.

1-Octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (2c)

/
[N> Product 2c was obtained as slightly yellowish liquid (843 mg, 89% yield). *H NMR (400

/
N+ _ MHz, CDCls) 6 8.76 (s, 1H, NCHN), 7.29 (dt, J=11.1, 1.7 Hz, 2H, NCHCHN), 4.29 — 4.07

(m, 2H, NCH(CH2)sCHs), 3.94 (d, J = 1.6 Hz, 3H, NCHs), 1.94 — 1.78 (m, 2H,
NCH,CHa(CH,)sCHs), 1.43 — 1.12 (m, 10H, NCH,CH,(CH,)sCHs), 0.92 — 0.78 (m, 3H,
N(CH);CHs). 3C NMR (101 MHz, CDCls) & 124.72, 123.80, 122.29, 121.53, 118.34,
50.41, 36.52, 31.74, 30.19, 29.05, 28.92, 26.24, 22.67, 14.14. *F NMR (376 MHz,

C14H23FsN30,4S2
475,47 g/mol CDCl3) 6 -79.04. HRMS [C*] calc. 195.1856, found 195.1860.
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1-Decyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (2d)

/ Product 2d was obtained as yellowish liquid (883 mg, 88% yield). *H NMR (400 MHz,
N
[N/> CDCls) 6 8.78 (s, 1H, NCHN), 7.32 = 7.26 (m, 2H, NCHCHN), 4.16 (td, J = 7.6, 2.4 Hz, 2H,
+

NTf2  NCHa(CH,)sCHs), 3.95 (d, J = 2.9 Hz, 3H, NCHs), 1.86 (h, J = 6.4, 5.9 Hz, 2H,
NCH,CH,(CH,),CHs), 1.28 (d, J = 26.6 Hz, 14H, NCH,CH,(CH,),CHs), 0.87 (t, J = 6.8 Hz,
3H, N(CH,)sCHs). 13C NMR (101 MHz, CDCls) & 136.37, 123.76, 122.25, 121.53, 118.34,
50.43, 36.55, 31.95, 30.20, 29.52, 29.41, 29.34, 28.98, 26.26, 22.78, 14.21. F NMR

(376 MHz, CDCls) 6 -79.01. HRMS [C*] calc. 223.2169, found 223.2175.

C16H27F6N304S2
503,52 g/mol

1-Dodecyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (2e)

/
[N> Product 2e was obtained as yellowish liquid (879 mg, 83% yield). *H NMR (400 MHz,
V.

N* - CDCls) 8 8.77 (d, J = 1.9 Hz, 1H, NCHN), 7.29 (dt, J = 12.5, 1.9 Hz, 2H, NCHCHN), 4.16
(dd, J = 8.2, 6.8 Hz, 2H, NCH:(CH,)10CHs), 3.94 (s, 3H, NCHs), 1.86 (p, J = 7.4 Hz, 2H,
NCH,CHa(CH,)oCHs), 1.36 — 1.11 (m, 18H, NCH,CH(CH2)sCHs), 0.94 — 0.80 (m, 3H,
N(CH2)11CHs). 3C NMR (101 MHz, CDCls) & 136.34, 123.77, 122.26, 121.52, 118.33,
50.41, 36.52, 32.03, 30.20, 29.71, 29.70, 29.58, 29.45, 29.42, 28.99, 26.26, 22.81,
14.23.19F NMR (376 MHz, CDCl3) & -79.02. HRMS [C*] calc. 251.2482, found 251.2485.

C1gH31FgN304S>
531,57 g/mol

1-Butylpyridinium bis(trifluoromethylsulfonyl)imide (3a)

| D Product 3a was obtained as slightly yellowish liquid (764 mg, 92% yield). *H NMR (400

—

N
i _ MHz, CDCls) § 9.02 — 8.69 (m, 2H, 2 x CH(CH)(CH)N, H-arom), 8.47 (tt, J = 7.8, 1.4 Hz,
NTf,

1H, CH(CH)(CH)N, H-arom), 8.06 (t, J = 7.0 Hz, 2H, 2 x CH(CH)(CH)N, H-arom), 4.74 —
CLEeoar? 4,41 (m, 2H, NCH(CH,),CH), 1.99 (tt, J = 9.4, 6.8 Hz, 2H, NCH,CH,CH,CH), 1.40 (dg, J
= 14.9, 7.4 Hz, 2H, NCH,CH,CHCHs), 0.98 (t, J = 7.4 Hz, 3H, N(CH:),CH3). 3C NMR (101 MHz, CDCl5) 6
145.53, 144.54, 128.80, 121.52, 118.33, 62.62, 33.53, 19.40, 13.34.5F NMR (376 MHz, CDCl;) § -78.92.

HRMS [C*] calc. 136.1121, found 136.1127.
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1-Hexylpyridinium bis(trifluoromethylsulfonyl)imide (3b)

C13H18FsN204S>
444,41 g/mol

Product 3b was obtained as slightly yellowish liquid (814 mg, 92% yield). *H NMR (400
MHz, CDCls) 6 8.90 — 8.72 (m, 2H, 2 x CH(CH)(CH)N, H-arom), 8.47 (tt, J = 7.8, 1.4 Hz,
1H, CH(CH)(CH)N, H-arom), 8.18 — 7.93 (m, 2H, 2 x CH(CH)(CH)N, H-arom), 4.60 (t, J =
7.6 Hz, 2H, NCH2(CH,)4CHs), 2.09 — 1.88 (m, 2H, NCH,CH2(CH,)sCHs), 1.44 — 1.18 (m,
6H, NCH,CH,(CH>)5CHs), 0.93 —0.76 (m, 3H, N(CH,)sCH3s). 13C NMR (101 MHz, CDCls) &
145.56, 144.52, 124.72, 121.53, 118.33, 62.76, 31.63, 31.01, 25.69, 22.35, 13.89. 1°F

NMR (376 MHz, CDCls) 6 -78.93. HRMS [C*] calc. 164.1434, found 164.1437.

1-Octylpyridinium bis(trifluoromethylsulfonyl)imide (3c)

C15H2oF6N204S»
472,46 g/mol

Product 3c was obtained as colourless liquid (817 mg, 87% yield). *H NMR (400 MHz,
CDCl;) 6 8.89 — 8.74 (m, 2H, 2x CH(CH)(CH)N, H-arom), 8.47 (tt, J = 7.8, 1.4 Hz, 1H,
CH(CH)(CH)N, H-arom), 8.15 — 7.95 (m, 2H, 2 x CH(CH)(CH)N, H-arom), 4.59 (td, J = 7.5,
1.3 Hz, 2H, NCH(CH,)6CHs), 1.99 (g, J = 7.5 Hz, 2H, NCH,CH(CH,)sCHs), 1.46 — 1.09 (m,
10H, NCH>CH,(CH.)5CH3), 0.91 - 0.79 (m, 3H, N(CH);CHs). *3C NMR (101 MHz, CDCls) &
145.54,144.52,128.80,121.53, 118.33, 62.84, 31.69, 28.99, 28.90, 26.07, 22.65, 14.12.

1F NMR (376 MHz, CDCl3) 6 -78.93. HRMS [C] calc. 192.1747, found 192.1751.

1-Decylpyridinium bis(trifluoromethylsulfonyl)imide (3d)

Ci7H26F6N204S>
500,52 g/mol

Product 3d was obtained as slightly brownish, viscous liquid (910 mg, 91% vyield). *H
NMR (400 MHz, CDCl;) & 8.89 — 8.69 (m, 2H, 2 x CH(CH)(CH)N, H-arom), 8.48 (d, J =
7.9 Hz, 1H, CH(CH)(CH)N, H-arom), 8.06 (t, J = 7.0 Hz, 2H, 2 x CH(CH)(CH)N, H-arom),
4.69 — 4.49 (m, 2H, NCH,(CH,)sCHs), 2.00 (t, J = 7.4 Hz, 2H, NCH,CH>(CH,),CHs), 1.29
(d, J = 37.9 Hz, 14H, NCH,CH,(CH.),CHs), 0.87 (t, J = 6.8 Hz, 3H, N(CH,)oCH;). 3C NMR
(101 MHz, CDCls) & 145.54, 144.52, 128.81, 121.53, 118.34, 62.87, 31.94, 31.71,
29.49, 29.36, 29.32, 28.96, 26.10, 22.77, 14.21. 5F NMR (376 MHz, CDCls) 6 -78.91.

HRMS [C*] calc. 220.2060, found 220.2064.
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1-Dodecylpyridinium bis(trifluoromethylsulfonyl)imide (3e)

@ Product 3e was obtained as slightly yellowish, viscous liquid (887 mg, 84% yield).
N/+ !H NMR (400 MHz, CDCls) 6 8.87 —8.74 (m, 2H, 2 x CH(CH)(CH)N, H-arom), 8.47 (tt,
NTf, J=7.8,1.4 Hz, 1H, CH(CH)(CH)N, H-arom), 8.11 — 8.00 (m, 2H, 2 x CH(CH)(CH)N, H-

arom), 4.59 (t, J = 7.6 Hz, 2H, NCH>(CH3)10CHs), 1.99 (m, 2H, NCH,CH>(CH,)sCHs),
1.38-1.18 (m, 18H, NCH,CH,(CH.)sCHs), 0.93 - 0.77 (m, 3H, N(CH;)1:CHs). *C NMR
(101 MHz, CDCl3) & 145.54, 144.51, 128.80, 121.52, 118.32, 62.86, 32.02, 31.70,
29.69, 29.67, 29.54, 29.44, 29.37, 28.97, 26.10, 22.80, 14.23. 9F NMR (376 MHz,

C19HaoFeN204S2  CDCl3) 6 -78.92. HRMS [C*] calc. 248.2373, found 248.2370.
528,57 g/mol

1-Butyl-3-vinylimidazolium bis(trifluoromethylsulfonyl)imide (5a)

= Product 5a was obtained as yellowish liquid (767 mg, 89% yield). *H NMR
N
N U (400 MHz, CDCls) & 9.03 (d, J = 1.9 Hz, 1H, NCHN), 7.62 (d, J = 1.9 Hz, 1H,
N NTY
2 NCHCHN), 7.44 (d, J = 1.9 Hz, 1H, NCHCH), 7.13 (dd, J = 15.6, 8.6 Hz, 1H,
C11H15F6N304S2
431,37 g/mol NCHCH,), 5.78 (dd, J = 15.6, 3.1 Hz, 1H, NCHCH,), 5.43 (dd, J = 8.7, 3.1 Hz, 1H,

NCHCH,), 4.23 (t, J = 7.5 Hz, 2H, NCH2(CH,),CHs), 1.87 (tt, J = 9.3, 6.9 Hz, 2H, NCH,CH,CH,CHs), 1.37 (dt,
J=14.8, 7.4 Hz, 2H, NCH,CH,CH,CHs), 0.96 (t, J = 7.4 Hz, 3H, N(CH,)sCHs). 13C NMR (101 MHz, CDCls) &
134.60, 128.10, 123.22, 121.51, 119.39, 118.32, 110.42, 50.47, 31.99, 19.44, 13.31. °F NMR (376 MHz,
CDCls) & -79.02. HRMS [C*] calc. 151.1230, found 151.1235.

1-Hexyl-3-vinylimidazolium bis(trifluoromethylsulfonyl)imide (5b)

N/4 Product 5b was obtained as yellow liquid (889 mg, 97% vyield). *H NMR
e~~~ N (400 MHz, CDCl3) 6 9.09 (g, J = 1.6 Hz, 1H, NCHN), 7.60 (t, J = 2.0 Hz, 1H,

2
CraHioFeNg04Sa NCHCHN), 7.41 (d, J = 2.0 Hz, 1H, NCHCHN), 7.15 (dd, J = 15.6, 8.6 Hz, 1H,

459,42 g/mol

NCHCH), 5.78 (dd, J = 15.6, 3.1 Hz, 1H, NCHCH,), 5.45 (dd, /= 8.6, 3.1 Hz,
1H, NCHCH,), 4.30 — 4.15 (m, 2H, NCH;(CH,)4CHs), 1.97 — 1.80 (m, 2H, NCH,CH>(CH,)sCHs), 1.33 (tdt, J
= 8.5, 5.6, 3.5 Hz, 6H, NCH,CH,(CH>)3CHs), 0.97 — 0.78 (m, 3H, N(CH,)sCHs). 3C NMR (101 MHz, CDCls)
6134.73,128.12,123.13,121.52, 119.32, 118.33, 110.43, 50.75, 31.05, 30.09, 25.84, 22.40, 13.93. °F

NMR (376 MHz, CDCls) 6 -78.96. HRMS [C*] calc. 179.1543, found 179.1547.

1-Octyl-3-vinylimidazolium bis(trifluoromethylsulfonyl)imide (5c)

I/N/é Product 5c¢ was obtained as yellowish liquid (906 mg, 93% vyield). H
|
\/\/\/\;NJ N7r, NMR (400 MHz, CDCls) § 9.06 (s, 1H, NCHN), 7.65 — 7.56 (m, 1H,
NCHCHN), 7.45 — 7.35 (m, 1H, NCHCHN), 7.20 — 7.08 (m, 1H,
C15H23F6N30482
487,48 g/mol NCHCH;), 5.78 (dt, J = 15.5, 2.5 Hz, 1H, NCHCH,), 5.49 — 5.30 (m, 1H,

NCHCH,), 4.24 (dt, J = 11.5, 5.9 Hz, 2H, NCH2(CH2)sCHs), 1.87 (s, 2H, NCH2CH2(CH,)sCH3), 1.50 — 1.13 (m,
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10H, NCH,CH,(CH;)sCHs), 0.94 — 0.77 (m, 3H, N(CH;);CHs). *3C NMR (101 MHz, CDCls) § 128.14, 124.72,
123.11,121.53, 119.33, 118.33, 110.47, 50.79, 31.73, 30.16, 29.04, 28.92, 26.21, 22.67, 14.14. F NMR
(376 MHz, CDCls) 6 -78.97. HRMS [C*] calc. 207.1856, found 207.1862.

1-Decyl-3-vinylimidazolium bis(trifluoromethylsulfonyl)imide (5d)

= Product 5d was obtained as yellowish liquid (883 mg, 93% yield).
N
+,\I,|/\/) - 1H NMR (400 MHz, CDCl3) §9.10 (s, 1H, NCHN), 7.64 —7.55 (m, 1H,

\/\/\/\/\/ NTf,

C17H27FsN304S,
515,53 g/mol Hz, 1H, NCHCH,), 5.77 (dd, J = 15.6, 3.1 Hz, 1H, NCHCH,), 5.45 (dd,

NCHCHN), 7.39 (d, J = 1.9 Hz, 1H, NCHCHN), 7.16 (dd, J = 15.6, 8.7

J = 8.6, 3.1 Hz, 1H, NCHCH,), 4.29 — 4.13 (m, 2H, NCH2(CH,)sCHs), 1.90 (q, J = 6.7, 6.1 Hz, 2H,
NCH,CHa(CH,),CHs), 1.41 — 1.10 (m, 14H, NCH,CH,(CH>),CHs), 0.93 —0.77 (m, 3H, N(CH,)sCHs). 3C NMR
(101 MHz, CDCls) 6 134.99, 128.15, 122.96, 121.53, 119.16, 118.34, 110.50, 50.82, 31.95, 30.17, 29.52,
29.40,29.34, 28.98, 26.23, 22.78, 14.21. F NMR (376 MHz, CDCls) & -78.93. HRMS [C*] calc. 235.2169,
found 235.2174.

1-Dodecyl-3-vinylimidazolium bis(trifluoromethylsulfonyl)imide (5e)

/4

rN Product 5e was obtained as brownish, viscous liquid (984
|

+

\/\/\/\/\/\/N\/) NTR, Mg, 91% yield). *H NMR (400 MHz, CDCl;) 6 9.11 —9.00 (m,

CioHarF sNaO4S» 1H, NCHN), 7.61 (d, J = 1.9 Hz, 1H, NCHCHN), 7.40 (t, J = 1.9

543,58 g/mol
Hz, 1H, NCHCHN), 7.15 (dd, J = 15.6, 8.7 Hz, 1H, NCHCH,),
5.78 (dd, J = 15.6, 3.1 Hz, 1H, NCHCH,), 5.44 (dd, J = 8.6, 3.1 Hz, 1H, NCHCH,), 4.23 (t, J = 7.5 Hz, 2H,
NCH;(CH2)10CH3), 1.89 (p, J = 7.8 Hz, 2H, NCH,CH,(CH,)9CHs), 1.42 — 1.15 (m, 18H, NCH,CH,(CH.)sCHs3),
0.93 - 0.79 (m, 3H, N(CH;)sCHs). 3C NMR (101 MHz, CDCls) 6 134.80, 128.14, 123.05, 121.51, 119.27,
118.32, 110.47, 50.79, 32.03, 30.17, 29.71, 29.69, 29.57, 29.45, 29.41, 28.99, 26.23, 22.81, 14.23. *°F

NMR (376 MHz, CDCls) 6 -78.96. HRMS [C"] calc. 263.2482, found 263.2497.
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8.7 Kinetic analysis of ionic liquid formation

For the kinetic analysis of the ionic liquid formation, 2 mmol substrate (in the given example: 1-
methylimidazole, 164 mg, 159 pl) were heated up to 80 °C in a glass vial, then 1.30 equivalent (2.60
mmol, 878 mg) butyl-bistriflimide were added. Subsequently, samples (20ul) were taken at the
following intervals: 0.5 min, 5 min, 10 min, 15 min, 20 min, 25 min, 30 min, 45 min, 60 min, 90 min,
120 min, 180 min, and 1440 min. The collected samples were immediately cooled down to room
temperature and diluted with 0.6 mL CDCls. The conversion was calculated using the following
equation:

[ product
(J product + [ educt)

X 100 = conversion [%]

An example for determining the conversion via 'H NMR spectroscopy can be seen in Figure 56 and

Figure 57.

f-450
400
f 350
f-300
250

200

product
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/
[I:ir€%?447 H [[:: :;;>___ H (100

j\\ 0
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Figure 56. Calculation of conversion for the batch-wise synthesis of IL 2a (sample taken after 0.5 minutes)
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Figure 57. IL formation monitored by *H NMR spectroscopy over time
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8.8 Optimisation of the alkyl bistriflimide synthesis

Conversion /%

Figure 58. Varying the triflic anhydride ratio by using 1.00 eq. n-butylamine as substrate
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8.9 Batch and continuous-flow synthesis of 2b

e

Hex NTf,

J& L continuous flow (7.5 min)

,>—H
J A batch (24 h)

9.89.79.69.59.493929.190898887868584838281807.9787.77.67574737.27.17.0696.86.76.66.56.46.3626.16.059 5.
f1 (ppm)

/
[”H

Hex NTf

Figure 59. Conversion obtained under batch-wise and continuous-flow conditions at 120 °C

Both the batch-wise and the continuous-flow experiments were carried out at 120 °C. As it can be
seen, IL 2b has not yielded full conversion after 24 hours under batch-wise conditions (green), whereas
full conversion could be reached in 7.5 minutes when the continuous-flow reactor (purple) was

employed.
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8.10 lon chromatography measurement parameters, halide- and water content

lon chromatography experiments were carried out using a Metrohm Eco IC system (Metrohm,
Herisau, Switzerland) equipped with 863 Compact IC Autosampler, 10.0 uL injection loop, and
conductometric detector (maintained at room temperature). Self-regenerating Suppressor Module
(MSM) (Metrohm, Herisau, Switzerland), regenerated with distilled water and sulfuric acid, was used
to separate and determine anions in ionic liquids. All data were recorded by Metrohm software. Anion
ion chromatograph apparatus was equipped with a Metrosep A Supp. 5 ion exchange column (150 x
4.0 mm) coupled with Metrosep A Supp. Guard. A flow rate of 0.9 mL min~ was used in both systems.
Anion separation was performed with eluent composed of a 30:70 ratio of acetonitrile and an aqueous
solution containing 3.2mM of sodium bicarbonate and 1.0 mM of sodium carbonate (Merck). All
aqueous solutions were prepared carefully using distilled water (o = 0.05 uS cm™). During anion
separation, average pressure in the analytical system was maintained at the level of 13.5 MPa. Samples
for anion analysis were first dissolved in 1 mL of acetone (HPLC grade, Merck), then the sample was
taken for analysis (200 pL) and then complemented in a vial with 5 mL of the eluent.

Table 2. Halide- and water content of the produced ionic liquids

[CI]
Water content
Entry content
/ppml®!
/ppmt?!
2a 150 356
2b 140 359
2c 140 386
2d 490 312
2e 120 376
3a 450 132
3b 100 154
3c 220 267
3d 260 112
3e 340 121
4a N/A 268
4b 160 198
4c 310 182
4d 490 239
4e 445 288
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[a] Determined by IC analysis. [b] Determined
by Karl Fischer-titration, the given value is the
average of 3 consecutive measurements,
samples were measured after they were dried

on high vacuum (0.3 mbar) at 90 °C overnight.
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8.11 E-factor calculations

State-of-the-art method

|
I N
N + N — « /
«j Cl neat +N
N
\/\/ Cl
3284 ¢ 3703 g 5939 g

6.980 g 15.936 ¢

Figure 60. State-of-the-art synthesis of NTf,-based ionic liquids

Working on a 40 mmolar scale, assuming the use of 3 x 10 g ethyl acetate for washing the formed
IL, 30 g ethyl acetate: acetonitrile (1:1) mixture for the recrystallisation of the chloride IL and 85% yield,

the calculated E-factor for the first step:
3.284 + 3.703 + 3 x 10.00 + 30.00 — 5.939
E — factor = £939 = 10.279

Working on a 40 mmolar scale, assuming the use of 3 x 30 g dichloromethane for extraction of the

formed IL, 10 x 40 g distilled water for the washing of the IL, 5 g of Na,SO, for drying and 95% vyield,

the calculated E-factor for the second step:

6.980 + 12.616 + 60.00 + 3 x 30.00 + 10 x 40.00 + 5.00 — 15.936

E — factor = 15936 = 35.056

The cumulative E-factor over 2 steps:

ZE — factor = 45.335
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Halide-free alkyl bistriflimide-based method

o e o 10.710 g
J 1,
INONH, e S <or, CHLCL AT
145 ¢
2955 ¢g 23368 ¢ 10.928 g
|
| N
«Nj + /\/\NTfZ neat +«j
N
f “NTf,
3284 g 13.490 g 15.264 g

Figure 61. Halide-free synthesis of NTf,-based ionic liquids

Working on a 40 mmolar scale, assuming the use of 40 g sat. NaHCOs solution, 40 g 1M HCl solution
and 40 g water for the washing of the alkyl bistrifimide containing crude mixture, 3 x 10 g
dichloromethane for the back-extraction of the aqueous phases, 5 g Na,SO, for drying and 81% vyield,

the calculated E-factor for the first step: (plus by-product: 31.78)

2.96 +23.37 + 10.71 + 145.00 + 3 x 40.00 + 3 x 10.00 + 5.00 — 10.93
E — factor = 10978 = 29.84

Working on a 40 mmolar scale, assuming no use of any further chemicals and 91% yield, the calculated

E-factor for the second step:

3.28 +13.49 —15.26 001
15.26 e

E — factor =
The summarized E-factor over 2 steps:

Z E — factor = 29.85

Based on the comparison of the calculated E-factor values, our bistriflimide-based method generates

approximately 15 kg less waste per kg product.
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8.12 NMR spectra of alkyl bistriflimides
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Figure 63. 13C NMR spectrum of 1a
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Figure 64. 1°F NMR spectrum of 1a
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Figure 66. 13C NMR spectrum of 1b
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Figure 68. 'H NMR spectrum of 1c

[~7000

6500

6000

5500

5000

4500

4000

3500

3000

2500

2000

1500

[-1000

500
[~-500

o

wn—

SEvs—

AN P
A\ //S F
oo F

F

kS
F
F

T
90

T
10

f1(ppm)

Figure 69. 13C NMR spectrum of 1c

T T T T
210 200 190 180

T
220

qny aSpajMmous| JNoA

Srayrolqie

137



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

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

[ 3ibliothek,
Your knowledge hub

N g

__F
at

Fo_S7 8
F>’[_/ 00

O

7200

T T T T T T T T T T
-3 40 -50 -60 70 80  -90  -100 110  -120 130 -140  -150 160  -170  -180
1 (ppm)

Figure 70. °F NMR spectrum of 1c

Fo 57 \s/’o F
N
FT 00 \||:<F

T
-190

T
-200

T
-210

17000

16000

15000

14000

13000

{12000

11000

10000

9000

8000

7000

6000

5000

F-4000

3000

2000

1000

Fo

F--1000

B I

7
f1i(ppm)

Figure 71. *H NMR spectrum of 1d
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8.13 NMR spectra of ionic liquids
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Figure 78. 13C NMR spectrum of 2a
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Figure 79. 1°F NMR spectrum of 2a
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Figure 81. 3C NMR spectrum of 2b
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Figure 82. °F NMR spectrum of 2b
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Figure 85. °F NMR spectrum of 2¢
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Figure 88. 1°F NMR spectrum of 2d
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Figure 90. 13C NMR spectrum of 2e
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Figure 94. 1°F NMR spectrum of 3a
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Figure 100. °F NMR spectrum of 3¢
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Figure 111. 3C NMR spectrum of 4b
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Figure 112. °F NMR spectrum of 4b
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Figure 117. 13C NMR spectrum of 4d
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Figure 118. °F NMR spectrum of 4d
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9. Appendix B

Supporting Information

Supported lonic Liquid Phase (SILP) Allylic

Alkylation of Amines in Continuous Flow

Kristof Stagel, Addm Mdrk Pdlvélgyi, Clémence Delmas, Michael Schniirch, and Katharina Bica-

Schréder*
Institute of Applied Synthetic Chemistry, TU Wien, Getreidemarkt 9/163, Vienna, 1060, Austria

*Corresponding author: Katharina Bica-Schroder. E-mail: katharina.schroeder@tuwien.ac.at, Tel.: +43

158801 163601
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9.1 General remarks

All commercially supplied chemicals were used without further purification, unless otherwise noted.
Dry CH,Cl; was pre-distilled and desiccated on aluminum oxide columns (PURESOLV, Innovative
Technology).

Column chromatography was performed on standard glass columns using Merck (40-60 um) silica
with pre-distilled solvents. For TLC analysis, pre-coated aluminium-backed plates were used (Merck,
silica 60 F3s4). All compounds were detected at 254 nm.

1H-, 3C-, °F- and 3P NMR spectra were recorded from CDCl; solutions on a Bruker Avance
UltraShield 200 MHz (*H: 200 MHz, 3C: 50 MHz) or 400 MHz (*H: 400 MHz, 3C: 101 MHz, *°F: 376 MHz)
NMR instrument. Chemical shifts are reported in parts per million (ppm) and were calibrated to the
residual solvent signal (e.g., CDCls, H: 7.26 ppm, *3C: 77.0 ppm). Coupling constants are reported in
hertz (Hz). The assignments are based on comparison with reported spectra.

Chiral HPLC measurements were carried out on a DIONEX UPLC equipped with a photoiodode array
(PDA) plus detector (190-360 nm), using either a Daicel Chiralpak® IA-3 column (250 x 4.6 mm, 3 um)
or a Chiralcel® OD column (250 x 4.6 mm, 10 um).

Optical rotation was measured on an Anton Paar MCP500 polarimeter at the specific conditions and
the results were compared to literature values. Concentrations are given in g/100 mL.

HRMS analysis was performed using a TC PAL system auto sampler, an Agilent 1100/1200 HPLC and
an Agilent 6230 AJS ESI-TOF mass spectrometer. The spectra were recorded from methanolic solutions
(c=3-50x 10°moldm3). The compounds were detected both in negative— and positive-ion mode.

Melting points were measured on an automated melting point system OPTI MELT of Stanford
Research System and are uncorrected.

Continuous-flow experiments were performed with the aid of an Omnifit cartridge (bed length 10

cm). The reaction mixture was supplied with the aid of a New Era NE-1000 syringe pump.
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9.2 Substrate synthesis for the non-enantioselective allylic alkylations (1a-d)

Cinnamyl acetate (1a) was purchased from commercial provider. Compounds 1c!**”! and 1d [**8lwere

synthesised according to literature procedures, respectively.

Ac,0 (1.05 eq.)
R? EtsN (1.05 eq.) R?

R' \/\(QH DMAP (1.0 mol%)  R! \/\(oAc

R? CH,Cl,, 0-25 °C R?
R'=H, R2=Me, R®=H 1bR'=H, R?=Me, R3=H
R'=Me, R?=H, R3=H 1cR'=Me, R?=H, R3=H
R'=Ph, R?=H, R®=Ph 1d R'=Ph, R2=H, R®= Ph

Figure 122. Synthesis of compounds 1a-d

To a solution of the corresponding allylic alcohol (29.50 mmol, 1.00 eq.) in dry CH,Cl, (3.0 mL), acetic
anhydride (2.52 mL, 30.94 mmol, 1.05 eq.) and N,N-dimethylaminopyridine (36.2 mg, 0.295 mmol, 1.0
mol%) were added at 0 °C. Subsequently, a solution of EtsN (4.30 mL, 30.94 mmol, 1.05 eq.) in 4.0 mL
dry CH,Cl; was added dropwise at the same temperature and it was then allowed to warm up to room
temperature. After 3 hours, the reaction mixture was poured onto 2M HCl/icewater and it was
extracted with Et,0 (3 x 25 mL). The combined organic phases were washed with NaHCO3 (1 x 20 mL)

and brine (1 x 20 mL), dried over Na,SO,, filtered and concentrated in vacuo.
2-Methallyl acetate (1b)[157]

Prepared according to the general procedure using B-methallyl alcohol (2.50 mL, 29.50

)]\/0 ¢ mmol, 1.0 eq.). It was only concentrated to a pressure of 200 mbar on the rotavapor, as

the product is volatile. Kugelrohr distillation (b.p. = 72 °C at 220 mBar) afforded 1b as a colourless oil

(2.43 g, 80% vyield). *H NMR (400 MHz, CDCls) & 4.99 — 4.84 (m, 2H, CH3C(CH,)CH20Ac), 4.49 (s, 2H,

CH3C(CH.)CH,0AC 2.09 (s, 3H, C(O)CHs), 1.75 (d, J = 1.2 Hz, 3H, CH3C(CH2)CH,0ACc). $3C NMR (101 MHz,
CDCl5) 6 170.91, 140.07, 113.02, 67.88, 21.03, 19.62.

(E)-But-2-en-1-yl acetate (1c)*>9

~~_-0Ac  Prepared according to the general procedure using crotyl alcohol (3.41 mL, 40.0 mmol,
1.0 eq.). It was only concentrated to a pressure of 200 mbar on the rotavapor, as the product is volatile.
Kugelrohr distillation (b.p. = 72 °C at 220 mBar) afforded 1c as a colourless oil (3.11 g, 76% yield). H
NMR (400 MHz, CDCls) § 5.79 (dqt, J = 15.3, 6.4, 1.2 Hz, 1H, CHsCHCHCH,0Ac), 5.58 (dtq, J = 16.3, 6.5,
1.6 Hz, 1H, CH3sCHCHCH,0Ac), 4.49 (dp, J = 6.5, 1.1 Hz, 2H, CHsCHCHCH,OAc), 2.05 (s, 3H, C(O)CH;),
1.76 — 1.68 (m, 3H, CH3CHCHCH,OAc). $3C NMR (101 MHz, CDCl5) 6 171.02, 131.60, 125.21, 65.37,
21.14, 17.89.
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(E)-1,3-Diphenylallyl acetate (1d)!*8!

OAc Prepared according to the general procedure using (E)-1,3-diphenylallyl alcohol

(2.86 g, 28.0 mmol, 1.0 eq.). Kugelrohr distillation (b.p. 165-170 °C at 0.4 mBar)

afforded 1d as yellowish, viscous oil (3.08 g, 87% yield). 'H NMR (400 MHz,

CDCl5) 6 7.33 - 7.10 (m, 10H, H-arom), 6.58 — 6.47 (m, 1H, Ar-CH=CH-CHO-Ar), 6.36 — 6.30 (m, 1H, Ar-

CH=CH-CHO-Ar), 6.23 (dd, J = 15.8, 6.8 Hz, 1H, Ar-CH=CH-CHO-Ar), 2.02 (s, 3H, C(O)CH;). 13C NMR (101

MHz, CDCl3) 6 170.18, 139.38, 136.31, 132.74, 128.77, 128.72, 128.32, 128.20, 127.64, 127.19, 126.84,
76.28, 21.50.
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9.3 Substrate synthesis for the enantioselective allylic alkylations (1e-i)

Compounds le-i were prepared according the three-step procedure as follows:

1.) ?
rE
N~
fo) NaOH Ac,0 (2 eq.)
H,O/EtOH EtsN (3 eq.)
R B recryst. O/\)\O DMAP (3 mol%) O/\)\O
Z 2.) NaBH, /MeOH CH,Cl,, 0-25 °C
R =p-CF3 R =p-CF3 1e R=p-CF;
R =o0-Br R = 0-Br 1f R = 0-Br
R =p-Br R = p-Br 1gR=p-Br
R=o0-F R=o0F 1thR=0F
R = p-Me R = p-Me 1i R =p-Me

Figure 123. Synthesis of compounds 1e-i

The corresponding chalcone derivatives'® and alcohols!*®! were prepared according to the
literature procedures. Allylic acetates were prepared according to the modified literature
procedure.[’58 The corresponding alcohol (1.00 eq.), EtsN (3.00 eq.) and N, N-dimethylaminopyridine
(0.036 eq.) were transferred to a one-neck round-bottom flask and they were dissolved in anhydrous
CH,Cl; (0.25 M) under argon atmosphere. The mixture was cooled down with an ice bath, and it was
stirred for 5 minutes at 0 °C. Then, acetic anhydride (2.00 eq.) was added dropwise to the mixture with
the aid of a syringe pump over 1 hour. After the addition was complete, the mixture was allowed to
warm to room temperature and it was stirred overnight at room temperature. The reaction mixture
was then quenched with water, and the aqueous phase was extracted with CH,Cl, (2x). The combined
organic extracts were washed with saturated NaHCOj; solution (3x) and brine (1x), dried over
anhydrous Na,SO, and it was concentrated in vacuo. The residue was either used without further

purification, purified via flash column chromatography, or distilled by Kugelrohr distillation.

(E)-1,3-Bis[p-(trifluoromethyl)phenyl]-2-propenyl acetate (1e)

Prepared according to the general procedure from the corresponding

alcohol (3.79 g, 11.0 mmol, 1.0 eq.). Flash column chromatography
FsC Fs (petroleum ether/EtOAc 10:1) afforded the product as colourless,
viscous oil (3.56 g, 84% yield). *H NMR (400 MHz, CDCl3) 6 7.68 — 7.44 (m, 8H, H-arom), 6.68 (d, /= 15.8
Hz, 1H, Ar-CH=CH-CHO-Ar), 6.48 (d, J = 6.7 Hz, 1H, Ar-CH=CH-CHO-Ar), 6.39 (dd, J = 15.8, 6.6 Hz, 1H,
Ar-CH=CH-CHO-Ar), 2.17 (s, 3H, C(O)CHs). 3C NMR (101 MHz, CDCls) 6 169.93, 142.84, 139.43, 131.90,
129.45,127.46, 127.06, 125.95, 125.92, 125.88, 125.84, 125.82, 125.78, 125.74, 75.24, 21.33. **F NMR

(376 MHz, CDCls) 6 -62.63 —-62.66 (d, J = 11.0 Hz). IR (vmax/cm™): 1742, 1323, 1229, 1120, 1066, 1016,
535. HRMS (ESI): calc. for C17H1sFe [M - OAc + H]*: 333.1072; found: 333.1101.
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(E)-1,3-Bis(o-bromophenyl)-2-propenyl acetate (1f)

Prepared according to the general procedure from the corresponding alcohol

O Z O (5.39 g, 14.0 mmol, 1.0 eq.). Flash column chromatography (petroleum

Br Br ether/EtOAc 30:1) afforded the product as colourless, viscous oil (4.79 g, 81%

yield). *H NMR (400 MHz, CDCl3) & 7.60 — 7.10 (m, 8H, H-arom), 7.04 — 6.97 (m, 1H, Ar-CH=CH-CHO-

Ar), 6.79 (dd, /= 6.2, 1.4 Hz, 1H, Ar-CH=CH-CHO-Ar), 6.24 (dd, J = 15.8, 6.2 Hz, 1H, Ar-CH=CH-CHO-Ar),

2.18 (s, 3H, C(O)CH;). 3C NMR (101 MHz, CDCls) & 169.68, 138.45, 136.30, 133.23, 133.09, 133.00,

131.72, 130.50, 129.73, 129.43, 128.94, 128.37, 127.94, 127.59, 127.34, 127.09, 124.10, 122.98,

122.23,74.78, 74.51, 35.54, 32.45, 21.28, 21.26. IR (Vmax/cm™): 1736, 1563, 1370, 1226, 962, 776, 632,
535. HRMS (ESI): calc. for CisH11Bra [M - OAc - H]: 348.9225; found: 348.9221.

(E)-1,3-Bis(p-bromophenyl)-2-propenyl acetate (1g)
Prepared according to the general procedure from the corresponding
alcohol (1.86 g, 5.0 mmol, 1.0 eq.). Flash column chromatography
Br (petroleum ether/EtOAc 10:1) afforded the product as yellow, viscous
oil (1.56 g, 75% vield). *H NMR (400 MHz, CDCls) § 7.55 — 7.16 (m, 8H, H-arom), 6.58 — 6.51 (m, 1H, Ar-
CH=CH-CHO-Ar), 6.38 — 6.34 (m, 1H, Ar-CH=CH-CHO-Ar), 6.28 (dd, /= 15.7, 6.6 Hz, 1H, Ar-CH=CH-CHO-
Ar), 2.13 (s, 3H, C(O)CHs). 3C NMR (101 MHz, CDCls) § 169.87, 138.02, 134.91, 131.85, 131.77, 131.76,
131.57,130.08, 128.78, 128.24, 127.75, 122.31, 122.11, 75.30, 37.47, 31.18, 21.28. IR (Vmax/cm™%): 2786,

1490, 1116, 962, 919, 747, 690, 613, 545, 520. HRMS (ESI): calc. for C1sH11Br, [M - OAc - H]: 348.9242;
found: 348.9249.

(E)-1,3-Bis(o-fluorophenyl)-2-propenyl acetate (1h)

OAc Prepared according to the general procedure from the corresponding alcohol
O O (2.01 g, 8.0 mmol, 1.0 eq.). Flash column chromatography (petroleum
ether/EtOAc 8:1) afforded the product as colourless, viscous oil (1.65 g, 70%
yield). *H NMR (400 MHz, CDCls) & 7.50 — 6.95 (m, 8H, H-arom), 6.80 (d, J = 16.1 Hz, 1H, Ar-CH=CH-
CHO-Ar), 6.70 (d, J = 6.6 Hz, 1H, Ar-CH=CH-CHO-Ar), 6.47 (ddd, J = 16.1, 6.7, 0.9 Hz, 1H, Ar-CH=CH-CHO-
Ar), 2.15 (s, 3H, C(O)CHs). 13C NMR (101 MHz, CDCls) 6 169.85, 161.82, 158.96, 130.09, 130.00, 129.60,
129.51, 128.89, 128.45, 127.96, 125.38, 124.50, 124.23, 116.05, 115.83, 70.78, 21.33. 19F NMR (376
MHz, CDCl3) 6 -117.21, -117.26 (d, J = 19.1 Hz). IR (vmax/cm™): 1740, 1488, 1456, 1371, 1222, 1019, 965,
753, 536, 521. HRMS (ESI): calc. for CisH11F2 [M - OAc - H]: 229.0912; found: 229.0909.

(E)-1,3-Bis(p-tolyl)-2-propenyl acetate (1i)
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OAc Prepared according to the general procedure from the corresponding
alcohol (2.25 g, 22.0 mmol, 1.0 eq.). Product was obtained as orange,

viscous oil (2.72 g, 88% yield) and was used without further purification. *H
NMR (400 MHz, CDCls) 6 7.35 — 7.06 (m, 8H, H-arom), 6.65 — 6.55 (m, 1H, Ar-CH=CH-CHO-Ar), 6.41 (d,
J=6.9 Hz, 1H, Ar-CH=CH-CHO-Ar), 6.30 (dd, J = 15.8, 6.8 Hz, 1H, Ar-CH=CH-CHO-Ar), 2.34 (d, J = 10.4
Hz, 6H, 2 x Ar-CHs), 2.12 (s, 3H, C(O)CHs). 3C NMR (101 MHz, CDCl3) 6 170.23, 138.08, 138.03, 136.56,
133.60, 132.48,129.42,129.39,127.21,126.73, 126.72,76.32,21.54, 21.36, 21.32. IR (Vma/cm™1): 1736,

1514, 1369, 1229, 1017, 963, 632, 536, 516, 502. HRMS (ESI): calc. for C17H17 [M - OAc]: 222.1403;
found: 222.1373.
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9.4 Continuous-flow synthesis of allylic amines (3a-h)

9.4.1 Synthesis of non-chiral supported ionic liquid phases (SILPs)

SILP1

/

\I/N

/
sio, + ((%JONsz + [Pd(n-CsHg)Cll;  +  Ph,P” " PPh, —s
2vi2

Figure 124. Synthesis of non-chiral SILPs

The catalytically active supported ionic liquid phase (SILP) was prepared as follows:
Allylpalladium(ll)-chloride dimer (0.055 mmol, 20 mg, 0.5 wt%), 1,3-Bis(diphenylphos-phino)propane
(0.22 mmol, 2.75 wt%) and 1-butyl-2,3-dimethylimidazolium bis(trifluoro-methylsulfonyl)imide
([Camim][NTf,], 1.38 mmol, 600 mg, 15 wt%) were dissolved in anhydrous CH,Cl; (1 mL) under argon
atmosphere in a screw-cap vial (8 mL, VWR). The mixture was stirred for 30 minutes, and it was poured
into a silica (Merck silica 60 Mesh, 3270 mg, 81.75 wt%) containing flask and it was rinsed with CH,Cl,.
The suspension was shaken for 30 minutes (mechanical shaker, 700 rpm) and stirred for 24 hours at
room temperature under inert atmosphere. Then, the solvent was removed in vacuo, and the resulting

fine powder was dried on high vacuum (0.4 mbar) at room temperature for several hours.

9.4.2 General procedure for the synthesis of allylamines 3a-h

R? H SILP 1 R? R
R%/OAC . N — = R1\¢K(N\Rs
R3 R R n-hept./2-MeTHF 4/1 R3

1aR'=Ph,R2=R®=H 2aR*=R5=-(CHy),- 3aR'=Ph,R?=R%=H, R*=R® = -(CH,),
1bR'=R3=H,R?=Me 2bR*=R®=-(CH,)s 3bR'=R3=H,R2= Me , R = RS = -(CHy)s-
1cR'=Me,R?=R3>=H  2¢ R*=R® = -(CH,),0(CH,),- 3¢ R' = Me, R2= R® = H, R4 = R = -(CHy),-
1dR'=R3®=Ph,R?=H  2d R*= R®=-(CH,),NMe(CH,),- 3dR'=R%=Ph,R2= HR*= RS = -(CHy)y

2e R*=H, R® = -(CH2);CH3 3¢ R' = Ph, R? = R = H, R* = R% = -(CH,)s-

3fR" = Ph, R?=R®=H, R*=R5% = -(CH,),0(CH,),-
3g R" = Ph, R? = R® = H, R* = R® =(CH,),NMe(CHy),-
3h R"=Ph, R?=R®=H, R*= H, R® = -(CH,);CH,

Figure 125. Synthesis of compounds 3a-h

The corresponding allylic acetate (1.00 eq.) and amine (2.00 eq.) were dissolved in a mixture of n-
heptane: 2-methyltetrahydrofuran (4:1; 5 mL) and it was stirred for 15 minutes. A cartridge (100 x 3
mm, glass column) was filled with the solid supported catalyst (450 mg) and it was equilibrated with
the same solvent mixture. The reaction mixture was taken up with a syringe (5 mL) and pumped
through the cartridge with the aid of a syringe pump. A flow rate which corresponds to 30 min

residence time was chosen. The product was collected in a vial. After the mixture was pumped through,
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the column was washed with the same solvent mixture again. The collected mixture was concentrated

in vacuo and purified by flash column chromatography.

Figure 126. Set-up of the continuous-flow experiments

1-[(E)-3-Phenyl-2-propenyl]pyrrolidine (3a)”

XN Following the general procedure (0.62 mmolar scale), purification by flash
©/\/\ Q column chromatography (petroleum ether/ EtOAc/EtsN 10:1:0.4), afforded the
product as a yellow liquid (89 mg, 77% yield). *H NMR (400 MHz, CDCl;) 6 7.41—7.19 (m, 5H, H-arom),
6.54 (dt, /= 15.7, 1.4 Hz, 1H, ArCH=CH), 6.34 (dt, J = 15.8, 6.7 Hz, 1H, ArCH=CH), 3.27 (dd, /= 6.7, 1.4

Hz, 2H, ArCH=CHCH,), 2.62 — 2.51 (m, 4H, N(CH:CH),), 1.88 — 1.73 (m, 4H, N(CH,CH.),)."*C NMR (101
MHz, CDCl3) & 137.30, 131.95, 128.66, 127.92, 127.47, 126.43, 58.56, 54.23, 23.62.

1-(2-Methylallyl)pyrrolidine (3b)
\"/\D Due to its volatile nature, the product has not been isolated. GC-MS conversion: 67%

(no by-product formation was observed).
(E)-1-(But-2-en-1-yl)pyrrolidine (3c)

/\/\D Due to its volatile nature, the product has not been isolated. GC-MS conversion: 51%

(no by-product formation was observed).
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1-[(E)-1,3-Diphenyl-2-propenyl]pyrrolidine (3d)!63!

O Following the general procedure (0.61 mmolar scale), purification by flash
N column chromatography (petroleum ether/EtOAc 5:1) afforded the product as
O Z O a pale yellow solid (108 mg, 67% yield). *H NMR (400 MHz, CDCl5) 6 7.48 — 7.15
(m, 10H, H-arom), 6.62 — 6.52 (m, 1H, ArCH=CHCHNAr), 6.47 — 6.37 (m, 1H,

ArCH=CHCHNAr), 3.82 — 3.70 (m, 1H ArCH=CHCHNAr), 2.65 — 2.35 (m, 4H, N(CH2CH,),), 1.79 (ddt, J =
7.1, 5.6, 2.6 Hz, 4H, N(CH,CH>),). 3C NMR (101 MHz, CDCls) 6 143.28, 137.22, 133.29, 129.96, 128.66,

128.61, 127.82,127.49, 127.23, 126.53, 74.52, 53.27, 23.50.

1-[(E)-3-Phenyl-2-propenyl]piperidine (3e)t4

XN Following the general procedure (0.66 mmolar scale), purification by flash
©/\/\ O column chromatography (petroleum ether/ EtOAc/EtsN 10:1:0.4) afforded the
product as a yellow liquid (102 mg, 77% yield). *H NMR (400 MHz, CDCl3) 6 7.42 —7.14 (m, 5H, H-arom),
6.50 (dt, J = 15.8, 1.4 Hz, 1H, ArCH=CH), 6.31 (dt, J = 15.9, 6.8 Hz, 1H, ArCH=CH), 3.12 (dd, /= 6.8, 1.3
Hz, 2H, ArCH=CHCHs), 2.44 (s, 4H, N(CH2CH:)2CH,), 1.61 (p, J = 5.6 Hz, 4H, N(CH,CH:)>CHa), 1.45 (h, J =

5.4, 4.6 Hz, 2H, N(CH,CH,),CH>). 3C NMR (101 MHz, CDCls) 6 137.23, 132.74, 128.66, 127.48, 127.41,
126.41, 62.04, 54.76, 26.13, 24.48.

4-[(E)-3-Phenyl-2-propenyllmorpholine (3f)65!

A N/\ Following the general procedure (0.64 mmolar scale), purification by flash
©/\/\ K/o column chromatography (petroleum ether/ EtOAc/EtsN 8:1:0.4) afforded the
product as a yellow liquid (101 mg, 78% yield). 'H NMR (400 MHz, CDCl5) 6 7.39—7.23 (m, 5H, H-arom),
6.54 (dt, J = 15.8, 1.5 Hz, 1H, ArCH=CH), 6.26 (dt, J = 15.9, 6.8 Hz, 1H, ArCH=CH), 3.75 (t, J = 4.7 Hz, 4H,

N(CHCH,),0), 3.17 (dd, J = 6.7, 1.4 Hz, 2H, ArCH=CHCH), 2.52 (t, J = 4.8 Hz, 4H, N(CH,CH>),0). 3C NMR
(101 MHz, CDCls) 6 136.93, 133.61, 128.73, 127.74, 126.48, 67.11, 61.62, 53.83.

1-[(E)-3-Phenyl-2-propenyl]-4-methylpiperazine (3g)!'¢°!

Following the general procedure (0.64 mmolar scale), purification by flash

X N/\
©/\/\ K/N\ column chromatography (petroleum ether/ EtOAc/EtsN 2.5:1:0.4) afforded

the product as a yellow liquid (98 mg, 71% vyield). *H NMR (400 MHz, CDCl3) 6 7.40 — 7.20 (m, 5H, H-
arom), 6.53 (dt, J = 15.9, 1.4 Hz, 1H, ArCH=CH), 6.27 (dt, J = 15.9, 6.8 Hz, 1H, ArCH=CH), 3.17 (dt, J =
6.9, 1.4 Hz, 2H, ArCH=CHCH,), 2.51 (s, 8H, N(CH2CH>);NCHs), 2.30 (d, J = 2.1 Hz, 3H, N(CH,CH,):NCH;).
13C NMR (101 MHz, CDCl3) 6 137.05, 133.25, 128.69, 127.62, 126.71, 126.45, 61.18, 55.25, 53.31, 46.16.

[(E)-3-Phenyl-2-propenyl]octylamine (3h)67]
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™ NN Following the general procedure (0.64 mmolar scale),
©/\/\H purification by flash column chromatography (petroleum ether/
EtOAc/EtsN 10:1:0.4) afforded the product as a yellowish oil (86 mg, 55% yield). 'H NMR (400 MHz,
CDCls) & 7.40 — 7.20 (m, 5H, H-arom), 6.53 (dt, J = 15.7, 1.6 Hz, 1H, ArCH=CH), 6.31 (dt, J = 15.9, 6.3 Hz,
1H, ArCH=CH), 3.42 (dd, J = 6.3, 1.4 Hz, 2H, ArCH=CHCH), 2.65 (t, J = 7.3 Hz, 2H, NCH(CH;)sCHs), 1.52
(p,J =7.2 Hz, 3H, NCH,CH>(CH3)sCHs, NH), 1.35 — 1.23 (m, 10H, NCH,CH,(CH.)sCHs), 0.94 — 0.83 (m, 3H,
N(CH3)7CHs).**C NMR (101 MHz, CDCls) 6 137.32, 131.34, 128.67, 127.46, 126.40, 52.12, 49.70, 31.98,
30.29, 29.69, 29.42, 27.55, 22.81, 14.25.
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9.5 Procedures for the synthesis of chiral ligands L1-L4

N-((1R,2R)-2-[o-(Diphenylphosphino)benzylamino]cyclohexyl)o-(diphenyl-phosphino)benzamide
(L1)

DCC (2.2 equiv.)
COOH  pmap (o 1 equiv.)
\ NH HN
i PPh CHzCIz
HoN 2 0-25°C
PPh, Ph,P

Figure 127. Synthesis of compound L1

According to the literature procedure, %8 (1R,2R)-1,2-cyclohexanediamine (0.53 g, 4.68 mmol, 1.00
eq.), o-(diphenylphosphino)-benzoic acid (3.02 g, 9.38 mmol, 2.10 eq.), DCC (2.13 g, 10.3 mmol, 2.20
eg.) and DMAP (61 mg, 0.5 mmol, 0.10 eq.) were dissolved in anhydrous CH,Cl, (0.16 M) under argon
atmosphere. The mixture was stirred at room temperature overnight. After completion, the majority
of the formed DCU was removed via filtration, and the filter cake was washed with CH,Cl,. Then, the
filtrate was washed with 10% HCI (3x), water (1x), saturated NaHCO3 (3x), water (1x) and brine (1x).
The organic phase was dried over Na,SO,, concentrated in vacuo, and the residue was purified by
column chromatography (30% EtOAc in petroleum ether). The product was obtained as slightly
yellowish solid (2.12 g, 66% yield). *H NMR (400 MHz, CDCls) § 7.57 (ddd, J = 5.5, 3.8, 2.1 Hz, 2H, H-
arom), 7.41—-7.13 (m, 24H, H-arom), 6.91 (ddd, J = 6.5, 3.9, 2.0 Hz, 2H, H-arom), 6.32 (d, /= 7.4, 2H, 2
x NH), 3.77 (ddt, J = 8.6, 5.8, 2.5 Hz, 2H, 2 x CHNH), 1.85 (d, J = 13.8 Hz, 2H, NHCHCH,), 1.68 — 1.60 (m,
2H, NHCHCH.), 1.37 — 1.15 (m, 2H, NHCHCH,CH>), 1.01 (t, J = 11.4 Hz, 2H, NHCHCH,CH,). *C NMR (101
MHz, CDCl3) & 169.41, 141.05, 140.81, 137.91, 137.84, 137.80, 137.73, 136.80, 136.59, 134.42, 134.10,
133.90, 130.31, 128.92, 128.75, 128.69, 128.66, 128.62, 128.59, 128.52, 127.70, 127.65, 54.02, 32.12,
24.75. 3P NMR (162 MHz, CDCl3) 6 -9.66. HRMS (ESI): calc. for C4sH41N,0,P, [M + H]*: 691.2638; found:
691.2638.
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(1R,2R)-2-[o-(Diphenylphosphino)benzylamino]cyclohexylamino-tert-butyl-formylate (L3)

DCC (1.05 equiv.)
@[COOH DMAP (0.1 equiv.)

o ) o)
o R
N + >—NH HN
>—NH NH
S 2 PPh, CH:Cl, %—o
%‘ 0-25°C Ph,P
L3

Figure 128. Synthesis of compound L3

According to the literature procedure,*®® o-(diphenylphosphino)benzoic acid (1.50 g, 4.9 mmol,
1.05 eq.) was dissolved in 20 mL anhydrous CHCl, at 0 °C. Then, N,N-dicyclohexylcarbodiimide (DCC,
1.01 g, 4.9 mmol, 1.05 eq.) was added to the mixture and it was stirred for 15 minutes at 0 °C. To this,
the solution of (1R,2R)-2-aminocyclohexylamino-tert-butylformylate (1.00 g, 4.7 mmol, 1.00 eq.) and
DMAP (57 mg, 0.47 mmol, 0.10 eq.) in 25 mL anhydrous CH,Cl, was slowly added. The mixture was
allowed to warm up to room temperature and it was stirred overnight. After completion, the majority
of the formed dicyclohexyl urea by-product (DCU) was removed via filtration, and the filter cake was
washed with cold CH,Cl,. Then, the filtrate was washed with 0.5 M HCI (3x), saturated NaHCO3 (3x)
and water (2x). The organic phase was dried over Na,SO4 and concentrated in vacuo. Flash column
chromatography (petroleum ether/EtOAc 4:1) afforded the product as a white solid (1.72 g, 73% yield).
'H NMR (400 MHz, CDCls) § 7.64 — 7.58 (m, 1H, NHC(O)Ar), 7.40 — 7.19 (m, 12H, H-arom), 6.95 (dd, J =
7.9, 4.6 Hz, 1H, H-arom), 6.48 (s, 1H, H-arom), 4.81 (d, J = 8.6 Hz, 1H, NHC(0O)O0), 3.67 (tdd, J=11.6, 8.1,
4.0 Hz, 1H, CHNHC(0)), 3.35 (d, J = 8.7 Hz, 1H, CHNHC(0)0), 2.05 — 1.96 (m, 1H, CH2,CH), 1.95 — 1.88
(m, 1H, CH2,CH), 1.72 (s, 1H, CH2,CH), 1.64 (d, J = 10.6 Hz, 1H, CH,,CH), 1.38 (s, 9H, C(CHs);), 1.25-1.16
(m, 3H, CH2CH34), 1.01 — 0.88 (m, 1H, CH,CH_). *3C NMR (101 MHz, CDCl5) 6 169.08, 156.80, 141.06,
140.83, 137.80, 134.38, 134.15, 134.12, 133.95, 133.92, 130.25, 128.74, 128.68, 128.61, 128.58,
128.54, 127.49, 127.45, 79.61, 65.99, 55.00, 54.20, 32.92, 32.28, 28.53, 25.09, 24.65, 15.41.3'P NMR
(162 MHz, CDCls) 6 -9.01. HRMS (ESI): calc. for C30H3sN203P [M + H]*: 503.2458; found: 503.2464.
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(S)-2-([(S)-4-1sopropyl-4,5-dihydro-1,3-oxazol-2-ylmethyl)-4-isopropyl-4,5-dihydro-1,3-oxazole (L4)

o) o)
~N~0 o \/(/ KOH (2.5 equiv.) W/\WJ
H H

MeOH
Reflux

ﬁ\\\‘

L4

Figure 129. Synthesis of compound L4

According to the literature procedure,’  N,N-di[(S)-1-(chloromethyl)-2-methylpropyl]-
malonamide (3.66 g, 12.0 mmol, 1.00 eq.) and potassium hydroxide (1.62 g, 3.0 mmol, 2.50 eq.) were
dissolved in anhydrous methanol (0.12 M). The mixture was refluxed for 3 hours, then it was cooled
down and poured onto water. It was extracted with CH,Cl,, washed with brine, dried over anhydrous
Na,SO, and concentrated in vacuo. Flash column chromatography (CH,Cl,/MeOH 20:1) afforded the
product as a yellow gel (1.46 g, 52% yield). *H NMR (400 MHz, CDCls) & 4.31 — 4.23 (m, 2H, 2 x NCH),
4.06 —3.89 (m, 4H, 2 x OCHC), 3.34 (s, J = 1.1 Hz, 2H, CCH,C), 1.84 — 1.66 (m, 2H, 2 x CH(CH3),), 1.02 -
0.84 (m, 12H, 2 x CH(CH3),). 3C NMR (101 MHz, CDCl5) & 161.67, 72.34, 70.69, 32.19, 28.53, 18.80,
18.15. HRMS (ESI): calc. for C13H22N,0; [M + H]*: 239.1754; found: 239.1759.
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9.6 General procedure for the continuous-flow asymmetric allylation — synthesis of

allylic amines 3d, 3i-m

9.6.1 General procedure for the synthesis of racemic diphenyl-propenyl pyrrolidine derivatives

1,3-Bis(diphenylphophino)propane (0.02 eq.) and allylpalladium(ll) chloride dimer (0.01 eq.) were
dissolved in dichloromethane and the mixture was stirred for 15 minutes. Then, the corresponding
diphenyl-propenyl acetate derivative (1.00 eq.) dissolved in CH,Cl, (0.5 M) was added to the mixture
and stirred for further 15 minutes. Finally, pyrrolidine (2.00 eq.) was added to the mixture and it was
stirred at room temperature overnight. The mixture was concentrated in vacuo and purified by flash
column chromatography, and they were used as racemic control for determining the

enantioselectivity.

9.6.2 Synthesis of chiral supported ionic liquid phases (chiral SILPs)

chSILP

/
\,N o Q o
. | \
WOt g\/)@Nsz +  [Pd(n-CHs)CIl, + dn NJL0J<

PPh,

Figure 130. Synthesis of chiral SILPs (chSILP)

The catalytically active supported ionic liquid phase (SILP) was prepared as follows:
Allylpalladium(ll)-chloride dimer (0.055 mmol, 20 mg, 0.5 wt%), the corresponding chiral ligand (0.22
mmol, 2.75 wt%) and 1-butyl-2,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide
([Camim][NTf,], 1.38 mmol, 600 mg, 15 wt%) were dissolved in anhydrous CH,Cl, (1 mL) in a screw-cap
vial (8 mL, VWR). The mixture was stirred for 30 minutes, and it was poured into a silica (Merck silica
60 Mesh, 3270 mg, 81.75 wt%) containing flask, and it was rinsed with CH,Cl,. The suspension was
shaken for 30 minutes (mechanical shaker, 700 rpm) and stirred for 24 hours at room temperature
under argon atmosphere. Then, the solvent was removed in vacuo, and the resulting fine powder was

dried on high vacuum (0.4 mbar) at room temperature for several hours.
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9.6.3 General procedure for the synthesis of allylamines 3a, 3i-m

®

OAc H chiral SILP N
X AN + lN) — X AN
R-— | —R 20% 2-MeTHF in R-— | —R
Z Z n-heptane Z Z
1dR=H 3dR=H
1e R = p-CF; 3i R = p-CF3
1f R=0-Br 3jR=0-Br
1g R = p-Br 3k R = p-Br
1h R = o-F 3IR=o-F
1i R=p-Me 3m R =p-Me

Figure 131. Synthesis of compounds 3d, 3i-m

The corresponding diphenyl-propenyl acetate derivative (1.00 eq.) and pyrrolidine (2.00 eq.) were
dissolved in a mixture of n-heptane: 2-methyltetrahydrofuran (4:1) and stirred for 15 minutes. A
cartridge was filled with the solid supported catalyst (chiral SILP 15) and was equilibrated with the
same solvent mixture. The reaction mixture was taken up with a syringe and pumped through the
cartridge with the aid of a syringe pump. A flow rate which corresponds to 30 min residence time was
chosen. The product was collected in a vial. The flow reaction setup was the same as described before.
After the mixture was pumped through, the column was washed with the same solvent mixture again.

The collected mixture was concentrated in vacuo and purified by flash column chromatography.
1-[(E)-1,3-Diphenyl-2-propenyl]pyrrolidine (3d)

O Following the general procedure (0.52 mmolar scale), purification by flash

N column chromatography (petroleum ether/EtOAc 5:1) afforded the product as

a pale yellow solid (111 mg, 81% vyield, 74% ee). [a]goz—3.57 (c = 1.0, CH,Cly);

14 NMR (400 MHz, CDCls) & 7.48 — 7.15 (m, 10H, H-arom), 6.62 — 6.52 (m, 1H,

ArCH=CHCHNAY), 6.47 — 6.37 (m, 1H, ArCH=CHCHNAr), 3.82 = 3.70 (m, 1H ArCH=CHCHNAr), 2.65 — 2.35

(m, 4H, N(CH.CH,),), 1.79 (ddt, J = 7.1, 5.6, 2.6 Hz, 4H, N(CH,CH-)>). 3C NMR (101 MHz, CDCls) & 143.28,

137.22, 133.29, 129.96, 128.66, 128.61, 127.82, 127.49, 127.23, 126.53, 74.52, 53.27, 23.50. IR

(Vmax/cmt): 2957, 2786, 1490, 1451, 1275, 1139, 1027, 986, 962, 896, 747, 690,613, 545. HRMS (ESI):

calc. for CisH2oN [M + H]*: 264.1747; found: 264.1752. Chiral HPLC: Chiralpak® IA-3 column, n-heptane:
ethanol 95:5, 0.35 mL/min, 25 °C, UV 220 nm, tg (minor) = 12.8 min, tg (major) = 13.2 min.

180



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

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

[ 3ibliothek,
Your knowledge hub

1-((E)-1,3-Bis[p-(trifluoromethyl)phenyl]-2-propenyl)pyrrolidine (3i)

O Following the general procedure (0.66 mmolar scale), purification

N P by flash column chromatography (petroleum ether/EtOAc 7:1)

afforded the product as an orange viscous liquid (177 mg, 67%

FaC “Fs Jield, 58% ee). [@]p: +1.4 (c = 1.0, CH,Cl,); *H NMR (400 MHz,
CDCl3) & 7.84 — 7.14 (m, 8H, H-arom), 6.62 (d, J = 15.8 Hz, 1H, ArCH=CHCHNAr), 6.45 (dd, J = 15.6, 8.2
Hz, 1H, ArCH=CHCHNAr), 3.87 (d, J = 8.5 Hz, 1H, ArCH=CHCHNAr), 2.50 (d, J = 35.2 Hz, 4H, N(CH2CH.)2),
1.81(d,J=6.1Hz, 4H, N(CH,CH>),). *C NMR (101 MHz, CDCl5) 6 140.27,131.79, 128.12, 126.74, 125.83,
125.79, 125.71, 125.68, 125.64, 125.60, 122.92, 73.86, 53.19, 23.51. °F NMR (376 MHz, CDCls) 6 -
62.44,-62.55. IR (Vmax/cm™): 2964, 2795, 1616, 1417, 1322, 1163, 1121, 1066, 1017, 969, 835, 645, 632,
607, 551, 544, 535, 515. HRMS (ESI): calc. for C;1H20FsN [M + H]*: 400.1557; found: 400.1558. Chiral

HPLC: Chiralpak® IA-3 column, n-heptane: ethanol 99.5:0.5, 0.35 mL/min, 25 °C, UV 220 nm, tg (minor)

=19.1 min, tg (major) = 22.6 min.

1-[(E)-1,3-Bis(m-bromophenyl)-2-propenyl]pyrrolidine (3j)

( S Following the general procedure (0.65 mmolar scale), purification by flash

N
column chromatography (petroleum ether/EtOAc 5:1) afforded the product as

=

O O a colourless viscous liquid (191 mg, 70% vyield, 48% ee). [a]‘z)oz -6.2 (c = 1.0,

Br Br CH.Cl;); *H NMR (400 MHz, CDCls) & 7.78 — 7.02 (m, 9H, H-arom,
ArCH=CHCHNAr), 6.12 (dd, J = 15.7, 8.8 Hz, 1H, ArCH=CHCHNAr), 4.43 (d, J = 8.8 Hz, 1H,
ArCH=CHCHNAYr), 2.73 — 2.42 (m, 4H, N(CH2CH>),), 1.81 (d, J = 6.3 Hz, 4H, N(CH2CH>)). 3C NMR (101
MHz, CDCls) 6 137.08, 134.55, 133.08, 132.99, 129.76, 128.87, 128.47, 127.95, 127.50, 127.27, 123.83,
123.79,71.48,53.09, 23.57. IR (vmax/cm™t): 2964, 2789, 1464, 1437,1138, 1022, 965, 900, 748, 632, 540,
528, 521, 503. HRMS (ESI): calc. for CigH20BroN [M + H]*: 419.9963; found: 419.9957. Chiral HPLC:
Chiralcel® OD column, n-hexane: isopropanol: Et,NH 99.8:0.2:0.2, 0.5 mL/min, 25 °C, UV 220 nm, tg

(major)=13.3 min, tg (minor) = 16.3 min.
1-[(E)-1,3-Bis(p-bromophenyl)-2-propenyl]pyrrolidine (3k)

O Following the general procedure (0.65 mmolar scale), purification by

N flash column chromatography (petroleum ether/EtOAc 7:1) afforded

the product as a yellow solid (208 mg, 76% yield, 64% ee). M.p. 108-113
ol Br -c, [a]2y: -17.2 (c=1.0, CH,Cl,); *H NMR (400 MHz, CDCl3) § 7.56 — 7.14
(m, 8H, H-arom), 6.49 (d, J = 15.8 Hz, 1H, ArCH=CHCHNAr), 6.33 (dd, J = 15.8, 8.5 Hz, 1H,
ArCH=CHCHNAr), 3.73 (d, J = 8.5 Hz, 1H, ArCH=CHCHNAr), 2.47 (d, J = 34.4 Hz, 4H, N(CH.CH>),), 1.79
(d, J = 6.3 Hz, 4H, N(CH,CH2),). 3C NMR (101 MHz, CDCl5) 6 131.80, 131.64, 129.38, 127.98, 73.54,
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53.04, 31.60, 23.36, 22.67, 14.14. IR (vmax/cm™): 2961, 2877, 2792, 1485, 1070, 1007, 982, 814, 565.
HRMS (ESI): calc. for Ci9H20BroN [M + H]*: 419.9848; found: 419.9854. Chiral HPLC: Chiralpak® 1A-3
column, n-heptane: ethanol 95:5, 0.35 mL/min, 25 °C, UV 220 nm, tr (minor) = 14.3 min, tg (major) =

15.3 min.

1-[(E)-1,3-Bis(o-fluorophenyl)-2-propenyl]pyrrolidine (3I)

O Following the general procedure (0.64 mmolar scale), purification by flash

N column chromatography (petroleum ether/EtOAc 7:1) afforded the product as

O Z O yellow viscous liquid (144 mg, 75% yield, 70% ee). [a]lz)o: +1.5 (¢ = 1.0, CH,Cl,);
FF H NMR (400 MHz, CDCls) § 7.68 — 6.93 (m, 8H, H-arom), 6.80 (d, J = 15.9 Hz,

1H, ArCH=CHCHNAr), 6.48 (dd, J = 15.9, 8.7 Hz, 1H, ArCH=CHCHNAr), 4.24 (d, J = 8.7 Hz, 1H,
ArCH=CHCHNAr), 2.81 —2.32 (m, 4H, N(CH,CH,)), 1.90 — 1.69 (m, 4H, N(CH,CH,),). *C NMR (101 MHz,
CDCl3) & 161.61, 159.17, 159.13, 129.33, 129.29, 128.91, 128.83, 128.55, 128.47, 127.53, 127.49,
124.49,124.46, 124.16, 124.12,123.05, 115.91, 115.77, 115.69, 115.55, 66.06, 66.05, 53.14, 23.49. °F
NMR (376 MHz, CDCls) & -118.06, -118.66. IR (Vvmax/cm™): 1966, 2791, 1486, 1456, 1268, 1229, 968,
753, 632, 535, 514, 503. HRMS (ESI): calc. for CigH0F:N [M + H]*: 300.1558; found: 300.1566. Chiral
HPLC: Chiralpak® IA-3 column, n-heptane: ethanol 99.5:0.5, 0.35 mL/min, 25 °C, UV 220 nm, tg (minor)

=14.3 min, tg (major) = 15.5 min.
1-[(E)-1,3-Bis(p-tolyl)-2-propenyl]pyrrolidine (3m)

O Following the general procedure (0.66 mmolar scale), purification by flash

N column chromatography (petroleum ether/EtOAc 5:1) afforded the

product as a pale yellow solid (193 mg, 76% vyield, 74% ee). M.p. 87-91 °C.

[a]2p:-8.8 (c = 1.0, CH,Cl,); TH NMR (400 MHz, CDCl3) & 7.40 — 7.00 (m,

8H, H-arom), 6.52 (d, J = 15.8 Hz, 1H, ArCH=CHCHNAr), 6.36 (dd, J = 15.7, 8.6 Hz, 1H, ArCH=CHCHNAr),

3.71(d, J = 8.5 Hz, 1H, ArCH=CHCHNAr), 2.49 (dtd, J = 43.9, 7.8, 6.9, 3.2 Hz, 4H, N(CH>CH,),), 2.32 (d, J

= 8.4 Hz, 6H, 2 x Ar-CHs), 1.91 — 1.73 (m, 4H, N(CH,CH>),). 3C NMR (101 MHz, CDCls) § 140.42, 137.18,

136.74, 134.49, 132.40, 129.67, 129.32, 129.26, 127.70, 126.43, 74.24, 53.26, 23.48, 21.29, 21.23. IR

(Vmax/cm1): 2973, 2874, 2780, 1509, 1122, 987, 906, 901, 589, 520. Ci9H:0F.N HRMS (ESI): calc. for

Ca1H26N [M + H]*: 292.2267; found: 292.2285. Chiral HPLC: Chiralpak® IA-3 column, n-hexane: ethanol
99.6:0.4, 0.35 mL/min, 25 °C, UV 220 nm, tg (minor) = 20.9 min, tg (major) = 24.0 min.
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9.7 TGA measurements of the SILP catalysts

100

Mass /%

rrrt,rrr o rrrtrrr . rrroprrr & rrr |11t 1t 1171

0 50 100 150 200 250 300 350 400 450 500
T/°C
Figure 132. Thermogravimetric analysis of SILP1
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Figure 133. Thermogravimetric analysis of chSILP with chiral ligand L1
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Figure 134. Thermogravimetric analysis of 3e
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Figure 135. Thermogravimetric analysis of SILP1 after the long-term experiment
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9.8 SEM images of the chiral SILP catalyst
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Figure 137. Scanning electron microscope image of chSILP with chiral ligand L1
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9.9 NMR spectra of allyl acetate derivatives

~\-726 CDCI3
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
a
175

)I\/OAc

1b

2.00-T
200-T
302

3.05-=

a
24
a4
s
a4
©
o
s
]
n

f1(ppm)

Figure 138. 'H NMR spectrum of 1b
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Figure 152. 13C NMR spectrum of 1h
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9.10 NMR spectra of amines 3a-h

7261CDC13

3a

525
1.00-T
1.01-T
205-x
4.13-T
414~

19000

[-18000

17000

16000

15000

14000

13000

12000

[11000

10000

9000

8000

7000

6000

5000

4000

3000

2000

{1000

Fo

F-1000

T T T T T T T T T T T T T T T
15 1 3 12 11 10 9 8 7 6 5 4 3 2 1
f1i(ppm)

Figure 156. 'H NMR spectrum of 3a
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9.11 NMR spectra of chiral ligands
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Figure 170.'H NMR spectrum of L1
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Figure 174.3C NMR spectrum of L3
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9.12 NMR spectra of amines 3d, 3i-m
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Figure 178. *H NMR spectrum of 3d
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Figure 179. 3C NMR spectrum of 3d
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9.13 Chiral HPLC traces
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375 ] N

Absorbance [mAU]
n
g
n

125 3d
0 1
-5D-| T T T T T T T T T T T
0,00 1,25 2,50 3,75 5,00 6,25 7,50 875 10,00 11,25 12,50 14,00
Time [min]
Integration Results
No. [Peak Name Retention Time Area Height Relative Area Relative Height| Amount
min mAU*min mAU % % n.a.
1 11,823 109,371 495 556 47,63 50,09 n.a.
2 12,363 120,237 493,708 52,37 4991 n.a.
Total: 229,608 989,264 100,00 100,00
Figure 192. Chiral HPLC chromatogram of 3d (racemic)
00 Bt T iy g e e s e e e I
600 - O [
=) N
g_ 400+ —
: () ®
%
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2 3d
< |
04
_1 00-I T T T T T T 1
0,0 2,0 4.0 6,0 8,0 10,0 12,0 13,7
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area  Relative Height| Amount
min mAU*min mAU % % n.a.
1 11,920 19,557 93,447 12,68 13,94 n.a.
2 12,427 134,709 576,750 87,32 86,06 n.a.
Total: 154,267 670,197 100,00 100,00

Figure 193. Chiral HPLC chromatogram of 3d (enantioenriched)
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T AAA_flow #4 [manually integrated]

KAS-453_rac_hept EtOH_99.5_0.5_0.35mLmin_40min_25C_IA3

UV_VIS_1 WVL:254 nm

N
‘ = ‘
Fs;C CF
3 3 3

()
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-5Dj| T T T T T T T T T T 1
0,0 25 50 75 10,0 12,5 15,0 175 20,0 22,5 25,0 27,0
Time [min]
|Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height] Amount
min mAU*min mAU % % n.a.
1 19,123 208,043 221,024 49,48 51,89 n.a.
2 22,620 212,455 204,925 50,52 48,11 n.a.
Total: 420,498 425,949 100,00 100,00
Figure 194. Chiral HPLC chromatogram of 3i (racemic)
200 - 7 AAA_flow #5 [manually integrated] KAS-507_hept_EtOH_99.5_0.5_0.35mLmin_30min_25C_IA3 UV_VIS_1 WVL:254 nm
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§ 00 _
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8 504 O O )
= F,;C . CF,
3i
0] ! T
-20 T L —T T T L T T T T 1
0.0 25 50 75 10,0 125 15,0 175 200 225 250 27.0
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height| Amount
min mAU*min mAU % % n.a.
1 19,080 47,088 41,698 20,77 19,34 n.a.
2 22,107 179,591 173.890 79,23 80,66 n.a.
Total: 226,679 215,587 100,00 100,00

Figure 195. Chiral HPLC chromatogram of 3i (enantioenriched)
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7 AAA_flow #78

g

[manually integrated]

UV_VIS_1 WVL:254 nm

S
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2
21 Br Br
< -
3j
0+ L T
-so-l T T T T T T T T T 1
0,0 2,5 50 75 10,0 12,5 15,0 17,5 20,0 225 240
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height| Amount
min mAU*min mAU % % n.a.
1 13,637 123,972 299,347 50,20 57,47 n.a.
2 16,577 122,983 221,559 49,80 4253 n.a.
Total: 246,956 520,906 100,00 100,00
Figure 196. Chiral HPLC chromatogram of 3j (racemic)
140 4= ey g R -
i j I
— 100+ N
2
E F
e @
s 50 4
€ Br Br
@ 1
2 -
) 3’ J\
04 T
-20 r T T T T T T T T
0,0 25 5.0 75 10,0 12,5 15,0 17,5 20,0 225 242
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height| Amount
min mAU*min mAU % % n.a.
1 13,327 50,315 122,897 74,27 78,45 n.a.
2 16,260 17,428 33,754 25,73 21,55 n.a.
Total: 67,743 156,650 100,00 100,00

Figure 197. Chiral HPLC chromatogram of 3j (enantioenriched)
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350 9=
300 - ”‘2.823- 15,353
250 [ )
1 N
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E
8 1 Br Br
o 150-_ 3k
£
a
2 100
50
0 L
-50- T T T T T T T T T 1
0,0 20 4.0 6,0 8,0 10,0 12,0 14,0 16,0 18,0 20,0
Time [min]
|Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % %
na. |1 n.a. na. na. na. n.a. n.a.
1 14,283 77,738 297,050 49,92 50,91 n.a.
2 15,353 77,973 286,422 50,08 49,09 na.
Total: 155,711 583,472 100,00 100,00
Figure 198. HPLC chromatogram of 3k (racemic)
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] 3k
€ 200
£2
<
1 1-14)2
100
0+ L T T
-100 - T T T T T T T T T 1
0,0 20 4.0 6,0 8,0 10,0 12,0 14,0 16,0 18,0 20,0
Time [min]
Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height Amount
min mAU*min mAU % %
na. (1 n.a. n.a. n.a. n.a. n.a. n.a.
1 14,217 30,896 115,523 17,72 17,87 n.a.
2 15,213 143,430 530,817 82,28 82,13 n.a.
Total: 174,326 646,340 100,00 100,00

Figure 199. HPLC chromatogram of 3k (enantioenriched)
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Figure 201. Chiral HPLC chromatogram of 3l (enantioenriched)
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Int: ion Results
No. Peak Name Retention Time Area Height Relative Area Relative Height| Amount
min mAU*min mAU % % n.a.
1 14,280 435,968 900,496 48,98 52,35 n.a.
2 15,493 454,151 819,770 51,02 47,65 n.a.
Total: 890,119 1720,267 100,00 100,00
Figure 200. Chiral HPLC chromatogram of 3l (racemic)
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|Integration Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height| Amount
min mAU*min mAU % % n.a.
1 16,773 18,952 22,521 15,00 20,57 n.a.
2 18,383 107,393 86,977 85,00 79,43 n.a.
Total: 126,345 109,498 100,00 100,00
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|Iﬁgratlon Results
No. |Peak Name Retention Time Area Height Relative Area Relative Height| Amount
min mAU*min mAU % % n.a.
1 20,863 48,322 28,055 46,48 55,11 n.a.
2 23,990 55,634 22,855 53,52 44,89 n.a.
Total: 103,956 50,910 100,00 100,00
Figure 202. HPLC chromatogram of 3m (racemic)
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Integration Results
No. Peak Name Retention Time Area Height Relative Area Relative Height] Amount
min mAU*min mAU % % n.a.
1 21,857 19,977 13,495 13,03 22,87 n.a.
2 24,497 133,336 45,519 86,97 77,13 n.a.
Total: 153,314 59,015 100,00 100,00

Figure 203. HPLC chromatogram of 3m (enantioenriched)
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10. Appendix C

Supporting Information

Continuous Synthesis of Carbamates from CO; and

Amines
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10.1 General remarks

Unless otherwise noted, all commercially supplied chemicals were used without further
purification. Petroleum ether is 40-60 bp unless stated otherwise.

Column chromatography was performed on standard glass columns using either Merck (40-60 pum)
silica or Thermo Scientific (58 angstroms) neutral aluminum oxide with pre-distilled solvents. Analytical
thin-layer chromatography (TLC) was performed on pre-coated, aluminum-backed plates (Merck, silica
60 Fas4 or Merck, aluminum oxide 60 Fzs4 neutral). All compounds were visualized at 254 nm unless
otherwise mentioned.

'H-, 13C- and °F spectra were recorded from CDCls solutions on a Bruker Avance UltraShield 400
MHz (*H: 400 MHz, 13C: 101 MHz, °F: 376 MHz) NMR instrument. Chemical shifts are reported in parts
per million (ppm) from Me,Si and were calibrated to the residual solvent signal (e.g., CDCls, *H: 7.26
ppm, 3C: 77.0 ppm). Coupling constants are reported in hertz (Hz). The assignments are based on the
comparison with reported spectra.

High-resolution mass spectrometry (HRMS) was carried out using an Agilent 1100/1200 HPLC with
a 6230 AJS ESI-TOF MS. GC-MS was carried out using a Thermo Scientific DSQ Il with a BGB5 column.

Infrared (IR) spectra were recorded with the aid of a Perkin-Elmer Spectrum65 FT IS Spectrometer
with absorption maxima (Vmax) quoted in wavenumbers (cm?).

Continuous-flow experiments were performed using a Vapourtec® E-Series flow chemistry device

using a standard 10-mL coil reactor.
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10.2 Set-up of the continuous-flow experiments

Vessel for
product collection

|
S?Ivent vessel

Vessel for
-peaction mixture

o

-
5 -

10 mL coil reactor

Gas mixture inlet

Figure 204. Set-up of the device operating in continuous mode
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10.3 General procedure for the continuous synthesis of carbamates

DBU H 0
R“NH, + R2Br R Y 'R?
CO,, 70 °C, 3 bar fo)
MeCN
1aR'=Ph 2a R2="Bu 3a R' =Ph, R2="Bu
1b R! = 3-CI-Ph 2i R2 = Et 3b R! = 3-CI-Ph, R2 = "Bu
1¢ R' = 2,4-difluoro-Ph 2j R? = Dod 3¢ R' = 2,4-difluoro-Ph, R2 = "Bu
1d R = 4-Me-Ph 2k R2 = "Pr 3d R' = 4-Me-Ph, R2 = "Bu
1e R' = 4-OMe-Ph 3e R! = 4-OMe-Ph, R2 = "Bu
1f R' = 3,4-dimethoxy-Ph 3f R = 3,4-dimethoxy-Ph, R? = "Bu
1g R' = 2,6-diisopropyl-Ph 3g R' = 2,6-diisopropyl-Ph, R2 = "Bu
1h R'NH, = N-benzylethylamine 3h R' = Ph, R? = Et
1i R'NH, = N-benzylmethylamine 3i R' = Ph, R? = "Dod
1j R'NH, = (R)-phenylethan-1-amine 3j R = 4-MeO-Ph, R2 = Et
1k R'NH, = (S)-phenylethan-1-amine 3k R' = 3,4-dimethoxy-Ph, R2 = "Pr
11 R'NH; = (R)-phenylpropan-1-amine 31 R'NH = N-benzylethylamine, R2 = "Bu
1m R’ = Hex _ 3m R'NH = N-benzylmethylamine, R2 = "Bu
in R1NH2 = rr?orphollne. 3n R'NH = (R)-phenylethan-1-amine, R? = "Bu
To R NH, = dipropylamine 30 R'NH = (S)-phenylethan-1-amine, R? = "Bu

1p R'NH, = dibutylamine

1 — - 1. H 2 =n
19 R' = N, N-dimethylaminopropyl 3p R'NH = (R)-phenylpropan-1-amine, R Bu

3q R' = °Hex, R2 = "Bu
3r R'NH = morpholine, R2 ="Bu
3s R'NH = dipropylamine, R = "Bu
3t R'NH = dibutylamine, R? = "Bu
3u R'= N,N-dimethylaminopropyl, R? = "Pr

Figure 205. Continuous synthesis of carbamates
A 30-mL vial with septum was charged with the corresponding amine (1.00 eq., 4.29 mmol), the
corresponding alkyl bromide (2.00 eq., 8.58 mmol), and DBU (2.00 eq., 8.58 mmol). The reactants were
dissolved in 5 mL acetonitrile. The solvent bottle was charged with MeCN. The reactor was heated up
to the desired temperature (70 °C). Pump A was used as a back-pressure regulator (BPR, 3 bar). Pump
B was connected to the vial with the reaction mixture and pump C was connected to the gas tube,
where the CO, was introduced. Carbon dioxide was supplied from a cylinder, the gas flow rate was set
with the aid of a mass flow controller (6 mL/min). The reactor (10-mL coil reactor) was initially rinsed
by a CO,/MeCN flow for several minutes. Then, the reaction mixture was supplied to the reactor (pump
B: 0.25 mL/min; pump C: 6 mL/min). After the whole volume of the reaction mixture was pumped
through the reactor, the vial was rinsed with pure MeCN, and the residue was pumped through the
reactor. The product was collected for 50 minutes. Rotary evaporation of the solvent gave the crude
product, which was bound to silica and subjected to column chromatography. Alternatively, the

products could be purified via acidic treatment: the crude residue was dissolved in dichloromethane,

was washed thrice with 1.5 M HCl solution, dried over anhydrous Na,SO,, filtered and concentrated.
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Butyl phenylcarbamate (3a)*7"
H O~ Acidic treatment afforded the product as slightly yellowish white solid (657
©/ \(f)l/ mg, 79%). 'H NMR (400 MHz, CDCls) 6 7.38 (d, J = 8.0 Hz, 2H), 7.34 - 7.27 (m,
2H), 7.12 — 7.00 (m, 1H), 6.63 (s, 1H), 4.17 (t, J = 6.7 Hz, 2H), 1.76 — 1.56 (m,
2H), 1.54 — 1.32 (m, 2H), 0.96 (t, J = 7.4 Hz, 3H). 3C NMR (101 MHz, CDCl3) 6 153.87, 138.12, 129.17,
123.46, 118.76, 65.26, 31.11, 19.21, 13.86.
Butyl (3-chlorophenyl)carbamate (3b)172!
cl H o Acidic treatment afforded the product as slightly orange oil (564 mg,
\©/ \g/ 58%). 'H NMR (400 MHz, CDCls) § 7.59 — 7.43 (m, 1H), 7.24 — 7.14 (m,
2H), 7.10 — 6.98 (m, 1H), 6.60 (s, 1H), 4.15 (dt, J = 17.3, 6.7 Hz, 2H), 1.70
—1.61(m, 2H), 1.48 - 1.36 (m, 2H), 0.96 (t, J = 7.4 Hz, 3H). 3C NMR (101 MHz, CDCl3) 6 153.53, 139.34,
134.92, 130.15, 123.50, 118.77, 116.65, 65.53, 31.05, 19.20, 13.85
Butyl (2,4-difluorophenyl)carbamate (3c)
F H O Flash column chromatography (petroleum ether/Et,0O 10:1, Rf = 0.44)
/©/ \g/ afforded the product as colourless oil (440 mg, 45%). *H NMR (400 MHz,
] CDCls) 6 8.02 (s, 1H), 6.85 (qt, J = 8.8, 2.8 Hz, 2H), 6.68 (s, 1H), 4.18 (t, /= 6.7
Hz, 2H), 1.66 (ddt, J = 8.8, 8.0, 6.5 Hz, 2H), 1.51 — 1.32 (m, 2H), 0.96 (t, J = 7.4 Hz, 3H). 13C NMR (101
MHz, CDCls) 6 153.53, 139.34, 134.92, 130.15, 123.50, 118.77, 116.65, 65.53, 31.05, 19.20, 13.85. F
NMR (376 MHz, CDCl3) 6 -116.99, -127.95. HRMS (ESI): calc. For C11H14F2NO; [M + H]*: 230.987; found:
230.0989. IR (Vmax/cm™): 2961, 1717, 1612, 1529, 1432, 1287, 1222, 1194, 1141, 1099, 1068, 962, 846,
727.
Butyl p-tolylcarbamate (3d)!"73!

H Acidic treatment afforded the product as yellowish brown oil (689 mg,

N 0\/\/
/©/ \(ﬂ)/ 78%). *™H NMR (400 MHz, CDCl3) 6§ 7.26 (d, J = 8.2 Hz, 2H), 7.10 (d, J = 8.2 Hz,

2H), 6.53 (s, 1H), 4.16 (t, J = 6.7 Hz, 2H), 2.30 (s, 3H), 1.65 (ddt, J = 8.8, 7.8,
6.5 Hz, 2H), 1.48 — 1.32 (m, 2H), 0.95 (t, J = 7.4 Hz, 3H). 3C NMR (101 MHz, CDCls) 6 153.98, 135.51,
133.03, 129.66, 118.66, 65.18, 31.13, 20.87, 19.23, 13.87.
Butyl (4-methoxyphenyl)carbamate (3e)174
H\H/O\/\/ Acidic treatment afforded the product as black oil (797 mg, 83%). *H NMR
Meo/©/ o (400 MHz, CDCl3) 6 7.28 (d, J = 8.3 Hz, 2H), 6.90 — 6.79 (m, 2H), 6.49 (s,
1H), 4.15 (t, J = 6.7 Hz, 2H), 3.78 (s, 3H), 1.64 (ddt, J = 8.9, 8.0, 6.5 Hz, 2H),
1.50-1.34 (m, 2H), 0.95 (t, J = 7.4 Hz, 3H). 3C NMR (101 MHz, CDCl5) § 156.05, 154.26, 131.18, 120.75,
114.37,65.17,55.64, 31.14, 19.22, 13.87.
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Butyl (3,4-dimethoxyphenyl)carbamate (3f)
H Acidic treatment afforded the product as black solid (897 mg, 83%).

MeO N _ O~
Ij/ \g/ M.p. 56-58 °C. *H NMR (400 MHz, CDCl3) 6 7.19 (s, 1H), 6.83 — 6.70 (m,

MeO
2H), 6.50 (s, 1H), 4.15 (t, / = 6.7 Hz, 2H), 3.86 (dd, J = 11.4, 0.9 Hz, 6H),

1.65 (dtd, J = 8.3, 6.9, 5.9 Hz, 2H), 1.47 — 1.32 (m, 2H), 0.99 — 0.88 (m, 3H). 13C NMR (101 MHz, CDCls)
6 154.14, 149.37, 145.43, 131.72, 111.67, 65.20, 56.31, 56.00, 31.13, 19.23, 13.86. HRMS (ESI): calc.
For C13H20NO4 [M + H]*: 254.1387; found: 254.1388. IR (Vmax/cm?): 2959, 1689, 1604,1534, 1455, 1419,
1290, 1267, 1230, 1171, 1138, 1075, 1023, 956, 848, 805, 756, 737.
Butyl (2,6-diisopropylphenyl)carbamate (3g)
o) Flash column chromatography (petroleum ether/Et,0 10:1, Rs= 0.28) afforded
IV 0 the product as white solid (636 mg, 53%). M.p. 76-79 °C. *H NMR (400 MHz,
CDCls) 6 7.33 = 7.24 (m, 1H), 7.16 (d, J = 7.7 Hz, 2H), 5.93 (s, 1H), 4.12 (dt, J =
40.5, 6.8 Hz, 2H), 3.19 (dt, J = 14.6, 7.9 Hz, 2H), 1.67 (g, J = 7.5 Hz, 2H), 1.45 (dt,
J=15.3,7.6 Hz, 2H), 1.21 (d, J = 7.4 Hz, 12H), 1.04 — 0.90 (m, 2H), 0.83 (q, / = 6.2, 5.5 Hz, 1H). 3C NMR
(101 MHz, CDCls) 6 155.74, 146.96, 128.42, 123.59, 65.25, 31.30, 28.74, 24.11, 23.77, 23.34, 19.17,
13.91. HRMS (ESI): calc. For C17H,sNO; [M + H]*: 278.2115; found: 278.2119. IR (Vmax/cm?): 2959, 1695,
1509, 1474, 1245, 1204, 1074, 1052, 799.
Ethyl phenylcarbamate (3h)[*7°!
H\n/o\/ Acidic treatment afforded the product as orange oil (420 mg, 59%). 'H NMR (400
©/ MHz, CDCls) & 7.43 — 7.34 (m, 2H), 7.34 — 7.27 (m, 2H), 7.09 — 7.02 (m, 1H), 6.63 (s,
1H), 4.23 (g, J = 7.1 Hz, 2H), 1.31 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCls) &
153.74,138.09, 129.17, 123.48, 118.79, 61.34, 14.68.
Tetradecyl phenylcarbamate (3i)!17¢
N\H/O(\a/ Flash column chromatography (petroleum ether/Et;0O 15:1, Rf = 0.45, p-
©/ 0 14 anisaldehyde stain) afforded the product as white solid (997 mg, 76%). *H NMR
(400 MHz, CDCl) & 7.46 — 7.23 (m, 4H), 7.12 — 6.96 (m, 1H), 6.58 (s, 1H), 4.16 (t, J
= 6.7 Hz, 2H), 1.75 — 1.60 (m, 2H), 1.45 — 1.18 (m, 18H), 0.88 (t, J = 6.8 Hz, 3H). 13C NMR (101 MHz,
CDCls) 6 153.84,138.12,129.18, 123.47, 118.75, 65.59, 32.06, 29.79, 29.77, 29.72, 29.69, 29.49, 29.43,
29.09, 26.02, 22.83, 14.26.
Ethyl (4-methoxyphenyl)carbamate (3j)17”!
H Acidic treatment afforded the product as black solid (475 mg, 57%). *H NMR
/©/N\g/0\/ (400 MHz, CDCls) 6 7.28 (d, J = 8.5 Hz, 2H), 6.91 - 6.79 (m, 2H), 6.56 (s, 1H), 4.26
Hee - 4.15 (m, 2H), 3.78 (d, J = 1.1 Hz, 3H), 1.29 (tt, J = 7.1, 1.2 Hz, 3H). 13C NMR
(101 MHz, CDCls) 6 156.05, 154.17, 131.16, 120.82, 114.36, 61.23, 55.62, 14.71.
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Propyl (3,4-dimethoxyphenyl)carbamate (3k)

MeO H\n/o Acidic treatment afforded the product as black solid (900 mg, 88%). M.p. 55-

Meoj@/ 0 58 °C. 'H NMR (400 MHz, CDCl5) 6 7.19 (s, 1H), 6.75 (dd, J = 10.9, 8.5 Hz, 2H),

6.54 (s, 1H), 4.11 (t, J = 6.7 Hz, 2H), 3.87 (t, J = 0.8 Hz, 3H), 3.84 (d, J = 0.7 Hz, 3H), 1.76 — 1.62 (m, 2H),

0.97 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCls) § 154.14, 149.35, 145.41, 131.72, 111.66, 66.92,

56.30, 55.99, 22.43, 10.48. HRMS (ESI): calc. For C1,H1sNO4 [M + H]*: 240.1230; found: 240.1231. IR

(vmax/cm1): 2966, 1689, 1604, 1516, 1447, 1326, 1291, 1223, 1169, 1137, 1070, 1022, 957, 847, 804,

755.

Butyl benzyl(ethyl)carbamate (3I)

©\> Acidic treatment afforded the product as yellow oil (768 mg, 76%). *H NMR
N\n/o\/\/ (400 MHz, CDCl3) 6 7.40 — 7.02 (m, 5H), 4.47 (s, 2H), 4.13 (t, J = 6.5 Hz, 2H),

° 3.41-3.11 (m, 2H), 1.64 (dt, J = 16.9, 11.3 Hz, 2H), 1.45 — 1.25 (m, 2H), 1.07

(s, 3H), 1.01 — 0.84 (m, 3H). 13C NMR (101 MHz, CDCls) 6 138.42, 128.61, 127.33, 65.38, 31.29, 19.33,

13.90. HRMS (ESI): calc. For C14H22NO; [M + H]*: 236.1645; found: 236.1647. IR (Vmax/cm?): 2959, 1694,

1470, 1422, 1256, 1142, 1081, 980, 733.

Butyl benzyl(methyl)carbamate (3m)

@\/ | Acidic treatment afforded the product as yellow oil (681 mg, 72%). H NMR
N\n/O\/\/

(400 MHz, CDCl3) 6 7.42 — 7.15 (m, 5H), 4.47 (s, 2H), 4.13 (t, J = 6.6 Hz, 2H),
© 2.85 (s, 3H), 1.72 — 1.59 (m, 2H), 1.50 — 1.28 (m, 2H), 0.99 — 0.82 (m, 3H).
13C NMR (101 MHz, CDCl3) 6 137.79, 128.69, 127.44, 65.56, 52.48, 31.28, 19.30, 13.89. HRMS (ESI):
calc. For C13H19NO; [M + H]*: 222.1489; found: 222.1491. IR (Vmax/cm™?): 2959, 1692, 1647, 1620, 1456,
1325, 747.
Butyl (R)-(1-phenylethyl)carbamate (3n)!78!
@\/H Flash column chromatography (petroleum ether/Et,O 5:1, R¢ = 0.20)

: N\n/o\/\/ afforded the product as slightly yellowish oil (875 mg, 92%). *H NMR (400
-0 MHz, CDCls) § 7.42 — 7.20 (m, 5H), 4.87 (d, J = 22.9 Hz, 2H), 4.04 (td, J =
6.7, 4.7 Hz, 2H), 1.56 (q, / = 7.4, 6.8 Hz, 2H), 1.48 (d, J = 6.7 Hz, 3H), 1.30 (td, J = 20.6, 19.9, 6.2 Hz, 2H),
0.92 (dt,J=11.2,7.4 Hz, 3H). 3C NMR (101 MHz, CDCl5) § 156.11, 128.76, 127.41, 126.06, 64.92, 50.69,
31.19, 22.65, 19.19, 13.87. Chiral HPLC: Chiralpak® AS-H column, n-hexane: isopropanol 90:10, 1
mL/min, 25 °C, UV 220 nm, tg = 8.3 min.
Butyl (S)-(1-phenylethyl)carbamate (30)*78
H Flash column chromatography (petroleum ether/Et,O 5:1, Rf = 0.20)
N\n/o\/\/ afforded the product as slightly yellowish oil (774 mg, 82%). 'H NMR (400
° MHz, CDCl3) 6 7.40 — 7.18 (m, 5H), 4.87 (d, J = 22.9 Hz, 2H), 4.04 (td, J = 6.7,

4.7 Hz, 2H), 1.56 (q, J = 7.4, 6.8 Hz, 2H), 1.48 (d, J = 6.7 Hz, 3H), 1.32 (dq, J = 19.2, 12.9, 10.3 Hz, 2H),
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0.92 (g, J=7.3, 5.6 Hz, 3H). 3C NMR (101 MHz, CDCls) 6 156.11, 128.76, 127.41, 126.06, 64.92, 50.71,
31.19, 22.65, 19.19, 13.87. Chiral HPLC: Chiralpak® AS-H column, n-hexane: isopropanol 90:10, 1
mL/min, 25 °C, UV 220 nm, tg = 6.2 min.

Butyl (R)-(1-phenylpropyl)carbamate (3p)

@\/H Flash column chromatography (petroleum ether/Et,0 5:1, R¢= 0.23, KMnOq

: N‘n’o\/\/ stain) afforded the product as slightly yellowish oil (726 mg, 72%). *H NMR

~ © (400 MHz, CDCl3) 6 7.40 — 7.17 (m, 5H), 4.91 (s, 1H), 4.58 (s, 1H), 4.12 —3.93
(m, 2H), 1.83 —1.75 (m, 2H), 1.56 (s, 2H), 1.35 (s, 2H), 0.90 (t, J = 7.4 Hz, 6H). 3C NMR (101 MHz, CDCls)
6 128.69, 127.37, 126.53, 64.92, 56.88, 31.19, 29.84, 19.19, 13.87, 10.82. HRMS (ESI): calc. For
C14H2oNO; [M + H]*: 236.1645; found: 236.1645. IR (vmax/cm™): 2961, 1688, 1529, 1455, 1232, 1084,
1041, 756.

Butyl cyclohexylcarbamate (3¢)17!

H\H/O\/\/ Flash column chromatography (petroleum ether/Et,O 5:1, Rf= 0.32, KMnOq
O/ o stain) afforded the product as white solid (578 mg, 68%). *H NMR (400 MHz,
CDCls) 6 4.51 (s, 1H), 4.04 (t, J = 6.6 Hz, 2H), 3.46 (s, 1H), 1.93 (dt, J = 12.4, 4.2 Hz, 2H), 1.69 (dq, J =
12.0, 3.9 Hz, 2H), 1.64 — 1.48 (m, 3H), 1.45 — 1.25 (m, 4H), 1.21 — 1.03 (m, 3H), 0.92 (t, / = 7.4 Hz, 3H).
13C NMR (101 MHz, CDCl5) 6 156.23, 64.71, 49.94, 33.61, 31.26, 25.64, 24.93, 19.25, 13.90.

Butyl morpholine-4-carboxylate (3r)[80
o Acidic treatment afforded the product as yellow oil (492 mg, 61%). '*H NMR
K/N\n/o\/\/ (400 MHz, CDCls) & 4.09 (t, J = 6.6 Hz, 2H), 3.64 (t, J = 4.8 Hz, 4H), 3.52 — 3.32
© (m, 4H), 1.61 (dq, J = 8.5, 6.7 Hz, 2H), 1.45 — 1.29 (m, 2H), 0.93 (t, / = 7.4 Hz,
3H). 3C NMR (101 MHz, CDCls) 6 155.78, 66.75, 65.57, 44.14, 31.17, 19.30, 13.88.
Butyl dibutylcarbamate (3s)!133"!
Acidic treatment afforded the product as slightly yellowish oil (725 mg, 74%).
W\ 1H NMR (400 MHz, CDCls) & 4.05 (t, J = 6.6 Hz, 2H), 3.18 (s, 4H), 1.60 (ddt, J =
\/\/N\H/O\/\/
(o)
14.7, 7.4 Hz, 4H), 0.92 (q, J = 7.2 Hz, 9H). 3C NMR (101 MHz, CDCl5) & 156.71, 64.95, 46.99, 31.31,

8.7,7.9, 6.4 Hz, 2H), 1.49 (p, J = 7.5 Hz, 4H), 1.43 — 1.36 (m, 2H), 1.28 (dt, J =

30.71, 20.17, 19.38, 14.00.

Butyl dipropylcarbamate (3t)

H Acidic treatment afforded the product as yellow oil (665 mg, 77%). *H NMR
(400 MHz, CDCls) & 4.05 (t, J = 6.6 Hz, 2H), 3.19 - 3.11 (m, 4H), 1.65 — 1.46 (m,

/\/an/o\/\/
6H), 1.43 — 1.32 (m, 2H), 0.93 (t, J = 7.4 Hz, 3H), 0.86 (t, J = 7.4 Hz, 6H). 13C

(o]
NMR (101 MHz, CDCls) 6 156.78, 64.96, 48.99, 31.31, 21.74, 19.37, 13.90, 11.37. HRMS (ESI): calc. For

C11H2aNO; [M + H]*: 202.1802; found: 202.1803. IR (Vmax/cm™): 2959, 1695, 1509, 1474, 1245, 1204,
1074, 1052, 799.

226



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

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

[ 3ibliothek,
Your knowledge hub

10.4 General procedure for the synthesis of aziridines

i
N
O 2 + R-NH
[ RT, on
H,0

4a R ="Bu
4b R = "Hex

Br

Figure 206. Synthesis of aziridines
(2-bromo-1-phenylethyl)dimethylsulfonium bromide was prepared according to the standard
literature procedure.® Aziridines were prepared according to the literature procedure;'8? the
alkylsulfonium bromide (1.0 eq., 10.0 mmol) was dissolved in 20 mL distilled water. To this, the solution
of the corresponding amine (3.0 eq., 30.0 mmol) in 10 mL water was added dropwise. The reaction
mixture was stirred overnight at room temperature. After completion, the mixture was quenched with
20 mL brine, extracted with diethyl ether (3 x 20 mL), dried over anhydrous Na,SQ,, and concentrated
in vacuo. The crude products were subjected to column chromatography on neutral aluminum oxide

(Brockmann Grade IV).

1-Butyl-2-phenylaziridine (4a)!'83

colourless liquid (1.56 g, 89%). *H NMR (400 MHz, CDCl3) § 7.35—7.18 (m, 5H), 2.51 (dt, J

N
=11.5, 7.3 Hz, 1H), 2.38 —2.27 (m, 2H), 1.89 (dd, J = 3.4, 0.8 Hz, 1H), 1.68 — 1.64 (m, 1H),
1.64 — 1.55 (m, 2H), 1.47 — 1.33 (m, 2H), 0.93 (t, J = 7.3 Hz, 3H). 3C NMR (101 MHz, CDCl3)

W\ Column chromatography (petroleum ether/Et,0 20:1, Rs = 0.61) afforded the product as

6 140.70, 128.38, 126.87, 126.31, 61.71, 41.39, 37.92, 32.13, 20.74, 14.25.
1-Hexyl-2-phenylaziridine (4b)!84
Column chromatography (petroleum ether/Et,0 20:1, Rs = 0.69) afforded the product as
W\H colourless liquid (1.97 g, 97%). *H NMR (400 MHz, CDCl5) 6 7.48 — 7.16 (m, 5H), 2.49 (dt,
J=11.5,7.4 Hz, 1H), 2.38 —2.27 (m, 2H), 1.90 (dd, J = 3.3, 0.7 Hz, 1H), 1.69 — 1.55 (m, 3H),
N

1.44 — 1.22 (m, 6H), 0.97 — 0.81 (m, 3H). *C NMR (101 MHz, CDCl;) 6 140.69, 128.38,
126.87,126.32, 62.05, 41.39, 37.91, 31.96, 29.93, 27.27, 22.73, 14.18.
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10.5 General procedure for the continuous synthesis of oxazolidinones

R
R CO, N__o
N 20% [TBAJ[FeBr,] F
0
RT, 5 bar
MeCN
4a R ="Bu _n
4b R = "Hex A

Figure 207. Synthesis of oxazolidineones
A 30-mL vial with septum was charged with the corresponding aziridine (1.00 eq., 0.73 mmol), FeBr;
(20 mol%, 0.146 mmol), and TBAB (20 mol%, 0.146 mmol). The reactants were dissolved in 5 mL
acetonitrile. The solvent bottle was charged with MeCN. Pump A was used as a back-pressure regulator
(BPR, 5 bar). Pump B was connected to the vial with the reaction mixture; pump C was connected to
the gas tube, where the CO; was introduced. Carbon dioxide was supplied from a cylinder. The gas
flow rate was set with a mass flow controller (8 mL/min). The reactor (10-mL coil reactor) was initially
rinsed by a CO,/MeCN flow for several minutes. Then, the reaction mixture was supplied to the reactor
(pump B: 0.25 mL/min; pump C: 8 mL/min). After the entire volume of the reaction mixture was
pumped through the reactor, the vial was rinsed with pure MeCN, and the residue was pumped
through the reactor. The product was collected for 50 minutes. Rotary evaporation of the solvent
afforded the crude product, which was bound to silica and subjected to column chromatography on

silica.

3-Butyl-5-phenyloxazolidin-2-one (5a)!!83!
Column chromatography (petroleum ether/Et,0 2:1, Rs = 0.55) afforded the product
\H as colourless liquid (101 mg, 63%). *H NMR (400 MHz, CDCl3) & 7.46 — 7.29 (m, 5H),
N%o 5.48 (t, J = 8.1 Hz, 1H), 3.91 (t, J = 8.7 Hz, 1H), 3.42 (ddd, J = 8.2, 7.4, 0.7 Hz, 1H), 3.39
50 —3.21(m, 2H), 1.60—1.47 (m, 2H), 1.43 - 1.29 (m, 2H), 0.94 (t, J = 7.3 Hz, 3H). 3C NMR
(101 MHz, CDCl3) 6 158.06, 139.05, 129.04, 128.90, 125.63, 74.45, 52.32, 44.07, 29.56,
19.98, 13.83.
3-Hexyl-5-phenyloxazolidin-2-one (5b)85!
Column chromatography (petroleum ether/Et,O 2:1, Rs = 0.61) afforded the product
IH as colourless liquid (114 mgl, 63%). *H NMR (400 MHz, CDCl3) & 7.49 — 7.28 (m, 5H),
5.48 (dd, J = 8.8, 7.4 Hz, 1H), 3.91 (t, J = 8.7 Hz, 1H), 3.42 (dd, J = 8.6, 7.4 Hz, 1H), 3.30
N;FO (ddp, J = 21.1, 14.0, 7.1 Hz, 2H), 1.55 (p, J = 7.4 Hz, 2H), 1.39 — 1.15 (m, 6H), 0.88 (q, J
=4.0, 3.2 Hz, 3H). 3C NMR (101 MHz, CDCl;) 6 158.03, 139.08, 129.02, 128.89, 125.62,
74.42,52.31,44.35, 31.53, 27.46, 26.41, 22.65, 14.11.
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10.6 NMR spectra of 3a-5b
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10.7 Chiral HPCL traces
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No. |Peak Name Retention Time Area Height Relative Area [Relative Height| Amount
min mAU*min mAU % % n.a.
1 6,213 0,079 0,390 0,52 0,95 n.a.
2 8,337 15,118 40,599 99,48 99,05 n.a.
Total: 15,197 40,989 100,00 100,00
50,0 Apex Peak #1 100% a16.21 min Apex
s00dl % 204,05
250
238,59
001 28146
nm
20cd

1900 2000 2125 2250 237§ 2600 2626 2750 2er5 3000 3125 3250 3375 G600 3520

Apex Peak #2 100% at 8,34 min Apex
550

% 206,51
40.0
20,0

19346
258,12

5.0

L e e e e e i e e e I L e e e e e e L e e e L B e e e e R T e e e e ]
180.0 2000 2125 2250 2375 250.0 262.5 2750 287.5 300,0 3125 3250 3375 350,0 382.0

Figure 258. Chiral HPLC chromatogram of 3n
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Integration Results
No. |Peak Name Retention Time Area Height Relative Area [Relative Height| Amount
min mAU*min mAU % % n.a.
1 6,187 19,855 77,232 99,05 99,12 n.a.
2 8,417 0,191 0,686 0,95 0,88 n.a.
Total: 20,046 77,918 100,00 100,00
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Figure 259. Chiral HPLC chromatogram of 30
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Figure 260. Chiral HPLC chromatogram of 3n-30 (racemic)
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11.1 General remarks

Unless otherwise noted, commercially supplied chemicals were used without further purification.

Column chromatography was performed on standard glass columns using Merck (40-60 um) silica
with pre-distilled solvents. For TLC analysis, pre-coated aluminum-backed plates were used (Merck,
silica 60 F3s4). All compounds were detected at 254 nm.

1H-, 13C- and °F spectra were recorded from CDCl; or (CDs),SO solutions on a Bruker Avance
UltraShield 400 MHz (*H: 400 MHz, 13C: 101 MHz, *°F: 376 MHz) NMR instrument. Chemical shifts are
reported in parts per million (ppm) and were calibrated to the residual solvent signal (e.g., CDCls, *H:
7.26 ppm, 13C: 77.0 ppm). Coupling constants are reported in hertz (Hz). The assignments are based on
the comparison with reported spectra.

GC analysis was performed on a Thermo Scientific Focus, employing a BGB5 column using an FID
detector. A linear temperature program was used, starting with a temperature of 50 °C, followed by a
ramp rate of 15°C/min up to a final temperature of 240 °C. For optimising the synthesis of ethyl
nonanoate, the yield was determined by using n-dodecane as internal standard.

Continuous-flow experiments were performed with the aid of a Vapourtec® E-Series flow chemistry
device.

Mass flow controllers were purchased from Brooks Instruments; SLA5850 series with four channel
secondary electronics (Model 0254). The MFCs were purchased with a configuration that allowed a
maximum inlet pressure of 7.5 atm. and an outlet pressure of 1 atm. Carbon monoxide and carbon
dioxide were provided from the respective cylinders equipped with a low-pressure regulator,
constantly outputting 5 bar (2 bar when the electrochemical cell was employed). For the continuous-

flow experiments, the gases were introduced using a V-3 pump after passing through the gas mixer.
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11.2 Set-up of the continuous-flow experiments

Vessel for
product collection

|
S?Ivent vessel

Vessel for
-peaction mixture

o

-
5 -

10 mL coil reactor

Gas mixture inlet

Figure 261. Set-up of the device operating in continuous mode
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11.3 Solid-oxide electrochemical cell

Figure 262. Solid-oxide electrochemical cell for partial CO; reduction
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11.4 Optimisation of the aminocarbonylation reactions in continuous mode

cat, base or acid

H
aQ R,N\n/\/R

COin COy, A, solvent o)

N

fNHZ +

R R

alkyl iodide or alkene
Figure 263. Aminocarbonylation parameter screening

Table 3. Parameter screening of aminocarbonylations

Entry Reactants Cco Temperature, reaction time, catalyst, Conversion!®
amount base/acid, additive, solvent /%
/%
1[al(186] Pyrrole, 50 90 °C, 24 h, Pd(PPhs)s, K3PO4, DMF 66!
idobenzene
2[al Pyrrole, 15 90 °C, 24 h, Pd(PPhs),, DBU, DMF 0
idobenzene
3lal _ Pyrrole, 15 90 °C, 24 h, Pd(PPhs)s, EtsN, DMF 33
idobenzene
4lal Pyrrole, 15 90 °C, 24 h, Pd(PPhs),, EtsN, toluene 0
idobenzene
5lal[187] Pyrrole, 15 100 °C, 24 h, Pd(OAc),, cataCXium® A, TMEDA, 0
idobenzene DMF
plbI[186] Pyrrole, 15 60 °C, 24 h, Pd(OACc),, PPhs, EtsN, THF 0
idobenzene
7Mbl(188] Aniline, 15 100 °C, 24 h, Pd(OAc),, [Camim]Cl, KO'Bu, Et3N, 0
iodobenzene MeCN
8lbl _ Pyrrole, 15-50 90 °C, 40 min, Pd(PPhs),, EtsN, toluene 0
idobenzene
9glb][189] Aniline, 1- 15 150 °C, 40 min, Pd(OAc),, dtbpx, MeSOsH, Nal, 0
octene B-napthol; toluene
10! Aniline, 1- 15 100 °C, 40 min, Pd(OAc),, Xantphos, MeSOsH, 0
octene Nal, B-napthol, toluene
17001 Aniline, 15 100 °C, 40 min, Pd(OAc),, Xantphos, EtsN, 0
iodobenzene MeCN
121bIld] Aniline, 15 100 °C, 40 min, Pd(OAc),, Xantphos, EtsN, 0
iodobenzene MeCN
131l Aniline, 50 120 °C, 40 min, Pd(OAc),, Xantphos, EtsN, >99 (57)f
iodobenzene MeCN
14101 Aniline, 30 110 °C, 40 min, Pd(OAc),, Xantphos, EtsN, 91
iodobenzene MeCN
15!kl Aniline, 30 110 °C, 40 min, Pd(OAc),, EtsN, MeCN 94 (71)1
iodobenzene
160! Aniline, 30 110 °C, 40 min, Pd(OAc),, MeCN 0
iodobenzene

[a] Performed under batch-wise conditions. [b] Performed in continuous mode. [c] Performed with 5
mol% Pd(OAc); and 10 mol% Xantphos. [d] Performed with 3 mol% Pd(OAc), and 6 mol% Xantphos. [e]

Determined by GC-MS analysis. [f] Isolated yields.
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11.5 Procedure for the synthesis of ethyl nonanoate

Pd,(dba)z (0.8 mol%)
dtbpx (4 mol%)
CH3SO3H (8 mol%)

= OV
ANNNNF + ~0OH 15% CO in CO, /W\/\n/
78°C, 24 h 0
Figure 264. Synthesis of ethyl nonanoate

In a 3-neck round-bottom flask equipped with a stir bar, tris(dibenzylideneacetone)dipalladium (51
mg, 0.8 mol%) was added, followed by 1,2-bis((di-tert-butylphosphaneyl)methyl)benzene (110 mg, 4
mol%) inside a glove box. Dry ethanol (6 mL) was then added. Following this, the substrate 1-octene
(1.1 mL) was added. Finally, methanesulfonic acid (36 uL, 8 mol%) was added to the reaction vessel.
The flask was then disconnected from the argon line, and a quick-fit fitted with a septum, through
which a 1/8” steel tubing was passed, was connected. The reaction vessel was then connected to a
cooled cryostat (cooled to a temperature below -5 °C) condenser. The tubing at the gas outlet from
the CO, electrolysis setup (155 mA corresponding to 15% CO content) was attached to the 1/8” steel
tubing. The 1/8" steel tubing was dipped in the reaction vessel in a manner that constant bubbling was
observed, and there was no hindrance to the stirring bar. A stirring rate of 200 rpm was employed. The
3-neck round-bottom flask was then placed in a preheated oil bath (at 78 °C). After 24 h, the reaction
mixture was cooled down to room temperature and transferred to a round-bottom flask for bulb-to-
bulb distillation. Initially, at a vacuum of 900 mBar, the round-bottom flask was heated to 90 °C to
remove the ethanol. After the complete removal of ethanol, the vacuum was slowly increased to 100
mBar and finally to 25 mBar. Thereafter increasing the temperature to 125 °C resulted in the product
ethyl nonanoate being distilled off. The product was obtained as a colourless oil (82%, 1.06 g) and was

analytically confirmed to be pure. The spectral data matches the one reported in the literature.[1%!

Ethyl nonanoate (1a)

/\/\/\/\H/O\/ 1H NMR (400 MHz, CDCls) 6 4.11 (q, J = 7.1 Hz, 2H), 2.27 (t, J = 7.6 Hz,

o 2H), 1.61 (t, J= 7.3 Hz, 2H), 1.26 (dt, / = 14.2, 6.4 Hz, 13H), 0.92-0.82
(m, 3H).3C NMR (101 MHz, CDCl3) & 174.05, 60.26, 34.53, 31.94, 29.36, 29.29, 29.25, 25.13, 22.77,
14.38, 14.21.
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11.6 Procedure for the batch-wise synthesis of phenyl benzoate
Pd(OAc); (3 mol%)
Xantphos (3 mol%)
| HO EtsN (3 eq.)
o - "0 - My
80 °C, 24 h, DMF o} \©
15% CO in CO,
Figure 265. Synthesis of phenyl benzoate

Pd(OAc), (3 mol%, 13,4 mg) followed by Xantphos (3 mol%, 52 mg) and iodobenzene (3.0 mmol, 612
mg), phenol (570 mg, 6.0 mmol) were added to a 3-neck round-bottom flask under argon flow. This
was immediately followed by the addition of dry DMF (6 mL). Finally, the base triethylamine (9.0 mmol,
1.25 mL) was added, and the flask containing the reaction mixture was immediately attached to the
steel tubing of the electrochemical cell (155 mA corresponding to 15% CO content). Upon equipping
the reaction flask with a condenser and ensuring a constant gas flow, the reaction vessel was immersed
into a pre-heated oil bath at 80 °C and maintained at this temperature for 24 h. A stirring rate of 200
rpm was employed. The reaction mixture was diluted with 10 mL ethyl acetate and transferred to a
separating funnel. The reaction mixture was swirled to ensure that the product was well distributed in
ethyl acetate/DMF. Following this, the organic phases were washed with 5-6 mL of water 4 to 5 times
till no more emulsion resulting from DMF in the aqueous phase was visible. The aqueous phase was
then re-extracted to ensure that product remained behind. The organic phase was dried with MgSO,,
and filtered. Rotary evaporation of the solvent afforded the crude product, which was bound to silica
and subjected to column chromatography with PE/Et,0 95:5. The final pure product was isolated as a

white solid (309 mg, 52%).

263



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

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

[ 3ibliothek,
Your knowledge hub

11.7 General procedure for the continuous synthesis of benzoic acid ester derivatives

Pd(OAGC), (3 mol%)

Xantphos (3 mol%) R\“
| ! . HO | X EtsN (3 eq.) T | o
> XN
w < I @
,\’Rz

R’ R? 100 °C, 40 min, MeCN
15% CO in CO,

R'=H, p-CHj, p-CF5 R2=H, m-CHg, p-CFj, 2a:R'=H, R?=H,
C3=C4-CH=CH-CH=CH-C3 2b: R'=p-CHg R?=H,

2c: R'=p-CF3 R2=H,

2d: R' = H, R?= m-CHj,

2e: R' = H, R2= p-CF,

2f: R' = H, R? = C3=C4-CH=CH-

CH=CH-C3

Figure 266. Synthesis of compounds 2a-f

A 30-mL vial with septum was charged with the corresponding aryl iodide (1.0 eq., 1.0 mmol), the
corresponding phenol-derivative (2.0 eq., 2.0 mmol), Pd(OAc), (3 mol%, 0.03 mmol, 6.74 mg), Xantphos
(3 mol%, 0.03 mmol, 17.4 mg), and triethylamine (3.0 eq., 3.0 mmol, 418 pL). The reactants were
dissolved in 10 mL acetonitrile. The solvent bottle was charged with MeCN. The reactor was heated up
to the desired temperature (100 °C). Pump A was used as a back-pressure regulator (BPR, 3 bar). Pump
B was connected to the vial with the reaction mixture; subsequently, pump C was connected to the
gas tube, where the pre-mixed gas mixture was introduced. The gases were supplied from the
respective cylinders and were pre-mixed with the aid of two mass flow controllers (CO: 0.64 mL/min
and CO;: 3.6 mL/min). Alternatively, pump C was connected to the solid-oxide electrochemical cell (155
mA, corresponding to 15% CO content, employing a flow rate of 8.0 mL/min. The reactor (10-mL coil
reactor) was initially rinsed by a CO/CO,/MeCN flow for several minutes. Then, the reaction mixture
was supplied to the reactor (pump B: 0.25 mL/min; pump C: 3.6 mL/min (or 8.0 mL/min if the
electrochemical cell was employed)). After the whole volume of the reaction mixture was pumped
through the reactor, the vial was rinsed with pure MeCN, and the residue was pumped through the

reactor. The product was collected for 50 minutes. Rotary evaporation of the solvent gave the crude

product, which was bound to silica and subjected to column chromatography.
Phenyl benzoate (2a)*°4
Flash column chromatography (petroleum ether/Et,0 20:1, Rs= 0.65) afforded the
@\WO product as white solid (174 mg, 88%). *H NMR (400 MHz, CDCl3) 6 8.27 —8.17 (m,
0 \© 2H), 7.69 — 7.61 (m, 1H), 7.56 — 7.49 (m, 2H), 7.48 — 7.40 (m, 2H), 7.33 = 7.19 (m,

3H). 3C NMR (101 MHz, CDCls) & 165.53, 151.11, 133.72, 130.32, 129.75, 129.64, 128.71, 126.03,
121.86.
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Phenyl 4-methylbenzoate (2b)!°2
Flash column chromatography (petroleum ether/Et,0 20:1, Rs= 0.59) afforded
\©\V(o the product as white solid (186 mg, 88%). *H NMR (400 MHz, CDCl3) 6 8.12 —
0 \© 8.05 (m, 2H), 7.47 — 7.38 (m, 2H), 7.34 — 7.19 (m, 6H), 2.46 (s, 3H).13C NMR (101
MHz, CDCls) 6 165.39, 151.18, 144.54, 130.36, 129.60, 129.43, 126.98, 125.92, 121.91, 21.90.
Phenyl 4-(trifluoromethyl)benzoate (2c)!*%3!
FsC Flash column chromatography (petroleum ether/Et,0 20:1, Rs= 0.67) afforded
\©\r(° the product as crystalline white solid (192 mg, 72%). *H NMR (400 MHz, CDCl5) 6
° 8.33 (dp, J = 7.7, 0.9 Hz, 2H), 7.83 — 7.75 (m, 2H), 7.50 — 7.42 (m, 2H), 7.34 — 7.28
(m, 1H), 7.25 — 7.20 (m, 2H). 3C NMR (101 MHz, CDCls) & 164.14, 150.81, 135.02, 132.99, 130.72,
129.76, 126.37, 125.79, 125.75, 122.36, 121.68. *F NMR (376 MHz, CDCls) 6 -63.15.
m-Tolyl benzoate (2d)!*%*
Flash column chromatography (petroleum ether/Et,0 20:1, Rs= 0.61) afforded the
©\V(O product as colourless liquid (194 mg, 91%). *H NMR (400 MHz, CDCls)  8.24-8.16
? (m, 2H), 7.64 (ddt, J = 8.7, 6.9, 1.4 Hz, 1H), 7.56 — 7.47 (m, 2H), 7.32 (t, J = 7.8 Hz,
1H), 7.13 - 6.99 (m, 3H), 2.40 (d, J = 0.8 Hz, 3H). *3C NMR (101 MHz, CDCl5) 6 165.44, 151.06,139.83,
133.66, 130.30, 129.82, 129.35, 128.69, 126.84, 122.45, 118.78, 21.49.
4-(Trifluoromethyl)phenyl benzoate (2e)*°>!
Flash column chromatography (petroleum ether/Et,0 20:1, R¢= 0.67) afforded
©\(O\© the product as crystalline, white solid (247 mg, 93%). *H NMR (400 MHz, CDCls)
CF; §8.24-8.18 (m, 2H), 7.76 — 7.64 (m, 3H), 7.58 — 7.50 (m, 2H), 7.39 — 7.33 (m,

(0]

2H). 3C NMR (101 MHz, CDCls) 6 164.81, 153.63, 134.12, 130.42, 128.85, 128.18, 127.03, 122.41. °F

NMR (376 MHz, CDCls) 6 -62.20.

Naphtalen-2-yl benzoate (2f)%!

@Y Flash column chromatography (petroleum ether/Et,0 10:1, Rs= 0.68) afforded
(o)

the product as crystalline, white solid (214 mg, 86%). *H NMR (400 MHz, CDCls)
o

8 8.27 (dt, J = 8.4, 1.3 Hz, 2H), 7.95 — 7.82 (m, 3H), 7.73 — 7.70 (m, 1H), 7.70 —
7.63 (m, 1H), 7.58 — 7.46 (m, 4H), 7.38 (ddd, J = 8.9, 2.4, 1.2 Hz, 1H). 3C NMR (101 MHz, CDCl3) &
165.51, 148.75, 133.97, 133.79, 131.67, 130.37, 129.72, 129.61, 128.76, 127.95, 127.83, 126.73,
125.88, 121.39, 118.84.

265



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

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

[ 3ibliothek,
Your knowledge hub

11.8 Procedure for the batch-wise synthesis of N-(benzoyloxy)-succinimide

Pd(OAc), (5 mol%)

o] Xantphos (5 mol%)
©/| Hob Et3N (1.5 eq. ) b
+ N
70 °C, 17 h, DMSO

o
10% CO in CO,

Figure 267. Synthesis of N-(benzoyloxy)-succinimide
In a dry 3-neck round-bottom flask (25 mL) was added Pd(OAc), (33,6 mg, 5 mol%), Xantphos (86 mg,
5 mol%), iodobenzene (3.0 mmol, 612 mg) and N-hydroxysuccinimide (4.2 mmol, 482 mg). The
contents of the reaction vessel were dissolved in DMSO (6 mL). This was followed by the addition of
triethylamine (4.5 mmol, 627 pl). A mixture of CO and CO, was then bubbled through this mixture for
17 hours. After reaction completion, the reaction mixture was diluted with 10 mL ethyl acetate and
stirred for 10 mins. The mixture was then transferred to a separating funnel. The organic phase was
washed with H,0 (5 x 7 mL) and brine (1 x 1 mL). The organic phase was then dried over dry MgSO,.
The residue was bound to silica and subjected to column chromatography with PE/EtOAc 3:1 to obtain

the product as a crystalline solid (552 mg, 84 %).
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11.9 General procedure for the continuous synthesis of redox-active esters

Pd(OAc), (5 mol%)

o Xantphos (5 mol%
I Et3 (1.5eq.)
+ HO-N ﬁ
1 R?

R 100 °c 40 min, MeCN
0 15% CO in CO,
R'=H, p-CHg, p-CF3 ~ R®=H, C3=C4-CH= 3a:R'=H, R2= H,
CH-CH=CH-C3 3b: R = p-CHy RZ= H,

3c: R'= p-CF5 R2=H,
3d: R' = H, R2 = C3=C4-CH=CH-CH=CH-C3
Figure 268. Synthesis of compounds 3a-d

A 30-mL vial with septum was charged with the corresponding aryl iodide (1.0 eq., 1.0 mmol), the
corresponding N-hydroxyimide (1.4 eq., 1.4 mmol), Pd(OAc), (5 mol%, 0.05 mmol, 11.2 mg), Xantphos
(5 mol%, 0.05 mmol, 28.9 mg) and triethylamine (1.5 eq., 1.5 mmol, 209 uL), and the reactants were
dissolved in 10 mL acetonitrile. The solvent bottle was charged with MeCN. The reactor was heated up
to the desired temperature (100 °C). Pump A was used as a back-pressure regulator (BPR, 3 bar). Pump
B was connected to the vial with the reaction mixture; subsequently, pump C was connected to the
gas tube, where the pre-mixed gas mixture was introduced. The gases were supplied from the
respective cylinders and were pre-mixed with the aid of two mass flow controllers (CO: 0.64 mL/min;
and CO,: 3.6 mL/min). Alternatively, pump C was connected to the solid-oxide electrochemical cell (155
mA, corresponding to 15% CO content, employing a flow rate of 8.0 mL/min. The reactor (10-mL coil
reactor) was initially rinsed by a CO/CO,/MeCN flow for several minutes. Then, the reaction mixture
was supplied to the reactor (pump B: 0.25 mL/min; pump C: 3.6 mL/min (or 8.0 mL/min if the
electrochemical cell was employed)). After the whole volume of the reaction mixture was pumped
through the reactor, the vial was rinsed with pure MeCN, and the residue was pumped through the

reactor. The product was collected for 50 minutes. Rotary evaporation of the solvent gave the crude

product, which was bound to silica and subjected to column chromatography.

2,5-Dioxopyrrolidin-1-yl benzoate (3a)[*%7]
o Flash column chromatography (petroleum ether/EtOAc 3:1, R:= 0.34) afforded
Ob the product as crystalline, brownish-white solid (180 mg, 82%). 'H NMR (400
o o MHz, DMSO) & 8.11 — 8.04 (m, 2H), 7.87 = 7.78 (m, 1H), 7.68 — 7.60 (m, 2H), 2.88
(s, 4H). 3C NMR (101 MHz, DMSO) 6 170.34, 161.80, 135.60, 129.99, 129.57, 124.51, 25.56.
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2,5-Dioxopyrrolidin-1-yl 4-methylbenzoate (3b)1%8!
o Flash column chromatography (petroleum ether/EtOAc 3:1, Rs= 0.34) afforded
\©\Koj§ the product as crystalline, pinkish solid (182 mg, 78%). *H NMR (400 MHz,
0 o DMSO) 6 8.02 — 7.96 (m, 2H), 7.46 (d, J = 8.0 Hz, 2H), 2.89 (s, 4H), 2.44 (s, 3H).
13C NMR (101 MHz, DMSO) & 170.41, 161.74, 146.46, 130.10, 130.03, 121.71, 25.55, 21.40.
2,5-Dioxopyrrolidin-1-yl 4-(trifluoromethyl)benzoate (3c)'°8
F;C Flash column chromatography (petroleum ether/EtOAc 3:1, Rs = 0.37)
Q{Oﬁ afforded the product as crystalline, brownish-white solid (187 mg, 65%). *H
o] 5 NMR (400 MHz, DMSO) & 8.31 (d, J = 8.1 Hz, 2H), 8.04 (d, J = 8.3 Hz, 2H),
2.91 (s, 4H). 3C NMR (101 MHz, DMSO) 6 170.14, 160.96, 134.81, 130.99,
128.32, 126.56, 124.77, 25,59.1F NMR (376 MHz, DMSO) 6 -62.03.
1,3-Dioxoisoindolin-2-yl benzoate (3d)*°!
Flash column chromatography (petroleum ether/EtOAc 7:1, Rf = 0.51)
@YO\N [ afforded the product as white solid (206 mg, 77%). *H NMR (400 MHz, CDCls)
o 0% 5 8.23 - 8.17 (m, 2H), 7.93 (dd, J = 5.5, 3.1 Hz, 2H), 7.82 (dd, J = 5.5, 3.1 Hz,

2H), 7.70 (ddt, /= 7.9, 7.1, 1.3 Hz, 1H), 7.58 — 7.50 (m, 2H). 3C NMR (101 MHz,
CDCl3) 6 162.96, 162.21, 135.03, 134.93, 130.80, 129.18, 129.02, 125.45, 124.17.
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11.10 Procedure for the batch-wise synthesis of diphenylpropynone
Pd(OAC); (3 mol%)
Xantphos (6 mol%)

I X EtsN (3 eq.)

S - Q-

95 °C, 24 h, DMF
15% CO in CO,
Figure 269. Synthesis of diphenylpropynone

Pd(OAc), (3 mol%, 13,4 mg) followed by Xantphos (6 mol%, 70 mg) and iodobenzene (2.0 mmol, 222
pL), phenylacetylene (3.5 mmol, 384 L) were added to a 3-neck round-bottom flask under argon
counterflow. This was immediately followed by the addition of dry DMF (6 mL). Finally, the base
triethylamine (6.0 mmol, 831 uL) was added, and the flask containing the reaction mixture was
immediately attached to the steel tubing coming from the electrochemical cell (155 mA, corresponding
to 15% CO content). Upon equipping the reaction flask with a condenser and ensuring a constant gas
flow, the reaction vessel was immersed into a pre-heated oil bath at 95 °C and maintained at this
temperature for 24 h. A stirring rate of 200 rpm was employed. The reaction mixture was diluted with
10 mL ethyl acetate and transferred to a separating funnel. The reaction mixture was swirled to ensure
that the product is well distributed in ethyl acetate/DMF. Following this, the organic phases were
washed with 5-6 mL of water 4 to 5 times till no more emulsion resulting from DMF in the aqueous
phase was observed. The aqueous phase was then re-extracted to ensure that no product remained
behind. The organic phase was dried with MgSO, and filtered. Rotary evaporation of the solvent
afforded the crude product, which was bound to silica and subjected to column chromatography with

PE/Et,0 95:5. The final pure product was isolated as a yellow oil (194 mg, 47%).
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11.11 General procedure for the continuous carbonylative Sonogashira coupling

Pd(OAC), (3 mol%)

I Xantphos (6 mol%)
A EtsN (3 eq.) R’
+ > =
R1

100 °C, 40 min, MeCN

20% CO in CO, 0
R' = H, p-CHg, p-CF4 4a:R'=H,
4b: R'= p-CHg
4c: R' = p-CF;4

Figure 270. Synthesis of compounds 4a-c
A 30-mL vial with septum was charged with the corresponding aryl iodide (1.00 eq., 1.00 mmol),
phenylacetylene (1.75 eq., 1.75 mmol, 192 pL), Pd(OAc); (3 mol%, 0.03 mmol, 6.74 mg), Xantphos (6
mol%, 0.06 mmol, 34.7 mg) and triethylamine (3.00 eq., 3.00 mmol, 418 uL), and the reactants were
dissolved in 10 mL acetonitrile. The solvent bottle was charged with MeCN. The reactor was heated up
to the desired temperature (100 °C). Pump A was used as a back-pressure regulator (BPR, 3 bar). Pump
B was connected to the vial with the reaction mixture; subsequently, pump C was connected to the
gas tube, where the pre-mixed gas mixture was introduced. The gases were supplied from the
respective cylinders and were pre-mixed with the aid of two mass flow controllers (CO: 0.9 mL/min;
and CO,: 3.6 mL/min). Alternatively, pump C was connected to the solid-oxide electrochemical cell (207
mA, corresponding to 20% CO content, employing a flow rate of 8.0 mL/min. The reactor (10-mL coil
reactor) was initially rinsed by a CO/CO,/MeCN flow for several minutes. Then, the reaction mixture
was supplied to the reactor (pump B: 0.25 mL/min; pump C: 3.6 mL/min (or 8.0 mL/min if the
electrochemical cell was employed)). After the entire volume of the reaction mixture was pumped
through the reactor, the vial was rinsed with pure MeCN, and the residue was pumped through the
reactor. The product was collected for 50 minutes. Rotary evaporation of the solvent gave the crude

product, which was bound to silica and subjected to column chromatography.

1,3-Diphenylprop-2-yn-1-one (4a)i2°®
O Flash column chromatography (petroleum ether/Et,0 20:1, R¢= 0.50) afforded
O & the product as yellow oil (159 mg, 77%). *H NMR (400 MHz, CDCl3) § 8.27 —
I 8.20 (m, 2H), 7.73 = 7.67 (m, 2H), 7.67 — 7.61 (m, 1H), 7.56 — 7.46 (m, 3H), 7.46
— 7.39 (m, 2H). 3C NMR (101 MHz, CDCls) & 178.18, 137.05, 134.27, 133.23,

130.94, 129.73, 128.84, 128.78., 120.30, 93.25, 87.04.

3-Phenyl-1-(p-tolyl)prop-2-yn-1-one (4b)20
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O Flash column chromatography (petroleum ether/Et,0 20:1, Rs= 0.54) afforded
O = the product as yellow solid (167 mg, 76%).*H NMR (400 MHz, CDCl3) & 8.15 —
o] 8.09 (m, 2H), 7.71 - 7.65 (m, 2H), 7.55 - 7.38 (m, 3H), 7.36 — 7.28 (m, 2H), 2.45
(s, 3H). *3C NMR (101 MHz, CDCls5) & 177.88, 145.38, 134.78, 133.17, 130.81, 129.87, 129.49, 128.81,
120.43, 92.47, 87.12, 21.99.
3-Phenyl-1-(4-(trifluoromethyl)phenyl)prop-2-yn-1-one (4c)202
FiC Flash column chromatography (petroleum ether/Et,0 25:1, Rs= 0.41) afforded
O = the product as yellow solid (55 mg, 20%). *H NMR (400 MHz, CDCls) 6 8.33
0 (dg, J = 7.7, 0.9 Hz, 2H), 7.82 — 7.76 (m, 2H), 7.73 — 7.67 (m, 2H), 7.55 — 7.49
(m, 1H), 7.48 — 7.42 (m, 2H). 3C NMR (101 MHz, CDCl5) & 176.88, 139.54, 135.52, 135.19, 133.36,
131.36,129.96, 128.96, 125.93, 125.89, 125.85, 125.82, 125.05, 122.34, 119.83, 94.64, 86.73. °F NMR
(376 MHz, CDCls) 6 -63.13.
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11.12 General procedure for the continuous aminocarbonylations

Pd(OAC), (5 mol%)
©/| HoN EtsN (4 eq.) RL@\’(H
+ - N
] \© 110 °C, 40 min, MeCN \©

R
30% CO in CO,

R'=H, p-CHg, p-CFj4 5a:R'=H,
5b: R' = p-CHy
5C: R1 = p'CF3
Figure 271. Synthesis of compounds 5a-c

A 30-mL vial with septum was charged with the corresponding aryl iodide (1.0 eq., 1.0 mmol), aniline
(3.0 eq., 3.0 mmol), Pd(OAc)2 (5 mol%, 0.05 mmol, 11.2 mg), and triethylamine (4.0 eq., 4.0 mmol, 557
pL), and the reactants were dissolved in 10 mL acetonitrile. The solvent bottle was charged with MeCN.
The reactor was heated up to the desired temperature (110 °C). Pump A was used as a back-pressure
regulator (BPR, 4 bar). Pump B was connected to the vial with the reaction mixture; pump C was
connected to the gas tube, where the pre-mixed gas mixture was introduced. The gases were supplied
from the respective cylinders and were pre-mixed with the aid of two mass flow controllers (CO: 1.55
mL/min; and CO>: 3.6 mL/min). The reactor (10-mL coil reactor) was initially rinsed by a CO/CO,/MeCN
flow for several minutes. Then, the reaction mixture was supplied to the reactor (pump B: 0.25 mL/min;
pump C: 3.6 mL/min). After the entire volume of the reaction mixture was pumped through the
reactor, the vial was rinsed with pure MeCN, and the residue was pumped through the reactor. The
product was collected for 50 minutes. After evaporation of the solvent, the residue was dissolved in
20 mL DCM and was washed thrice with 1 N HCl solution. The organic phases were collected and dried
over anhydrous Na,SO,4. After removing the solvent, the crude product was bound to silica and

subjected to column chromatography.

N-Phenylbenzamide (5a)[2%3!
Flash column chromatography (petroleum ether/EtOAc 7:1, Rs = 0.42) afforded the
©\WH product as yellowish-white, crystalline solid (139 mg, 71%). *H NMR (400 MHz,
o \© DMSO0) & 10.25 (s, 1H), 7.98 — 7.93 (m, 2H), 7.80 - 7.75 (m, 2H), 7.62 — 7.50 (m, 3H),
7.40 - 7.30 (m, 2H), 7.10 (tt, J = 7.3, 1.2 Hz, 1H). 3C NMR (101 MHz, DMSO) & 165.61, 139.18, 135.01,
131.57,128.63, 128.41, 127.67, 123.70, 120.40.

4-Methyl-N-phenylbenzamide (5b)2°4
’ Flash column chromatography (petroleum ether/EtOAc 3:1, Rs= 0.47) afforded
\Q(NO the product as yellowish-white, crystalline solid (134 mg, 63%). *H NMR (400
MHz, DMSO) 6 10.14 (s, 1H), 7.91 — 7.82 (m, 2H), 7.81 — 7.71 (m, 2H), 7.33 (t, J =

(o)
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7.9 Hz, 4H), 7.08 (tt, J = 7.2, 1.2 Hz, 1H), 2.38 (s, 3H). *C NMR (101 MHz, DMSO) 6 165.34, 141.53,

139.24, 132.08, 128.89, 128.56, 127.68, 123.53, 120.34, 21.00.

N-Phenyl-4-(trifluoromethyl)benzamide (5¢)2%4

H\© the product as yellowish, crystalline solid (105 mg, 40%). 'H NMR (400 MHz,
DMSO) 6 10.46 (s, 1H), 8.14 (d, J = 8.1 Hz, 2H), 7.91 (d, J = 8.2 Hz, 2H), 7.78 (d, J

F30\©\H/ Flash column chromatography (petroleum ether/EtOAc 7:1, R¢= 0.44) afforded

(o)

= 8.0 Hz, 2H), 7.41 — 7.29 (m, 2H), 7.12 (td, J = 7.3, 1.2 Hz, 1H). 3C NMR (101 MHz, DMSO) & 164.39,
138.82, 131.51, 131.19, 128.67, 128.59, 125.39, 125.36, 124.02, 120.45. °F NMR (376 MHz, DMSO) &
-61.34.

273



11.13 NMR spectra of 1a-5c¢
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