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Zusammenfassung

Zusammenfassung

Die signifikante Verbesserung der Kosten-, Energie- und Materialeffizienz von chemischen Prozessen
ist das Ziel der Prozessintensivierung, wobei unter anderem Katalyse eine herausragende Rolle spielt.
Daflir werden immer neue Katalysatoren entwickelt und initial getestet. Ein sehr aktives Forschungs-
Teilgebiet ist dabei die Herstellung von Nanopartikeln und deren katalytische Anwendung im

LabormaBstab. Ein Ubertrag zu kontinuierlichen Prozessen bleibt aber meistens aus.

Trotz langer Entwicklungsarbeit verbleiben spezifische Problemstellungen fir einige katalytische
Umsetzungen. Ein Beispiel ist die selektive Teilhydrierung von Polyenen und Alkinen. Mit neu
entwickelten Katalysatoren bzw. deren Herstellmethoden ist dabei eine nie dagewesene Innovation in
der Entwicklung und Intensivierung neuer chemischer Produktionsprozesse mdglich. Die vorliegende
Arbeit nutzt daher die Kombination von teils neuartig hergestellten kolloidalen,
I6sungsmittelstabilisierten Nanokatalysatoren mit Elementen der vier verschiedenen Ebenen der
Prozessintensivierung in einem ganzheitlichen hierarchischen Entwicklungsansatz. Fir mindestens

einen Beispielfall soll ein kontinuierlicher Reaktorbetrieb ermdéglicht werden.

Zunachst werden auf der molekularen Ebene verschiedene kolloidale Nanokatalysatoren in ihrer
Anwendbarkeit in selektiven Teilhydrierungen verschiedener Substrate getestet. Zum Teil werden

strukturelle Veranderungen des Katalysatormaterials untersucht.

Auf der Phasenebene wird anschlieend eine alternative Heizmethode mit Mikrowellen fiir Suzuki-

Kupplungen mit einem ahnlichen Katalysatorsystem betrachtet.

Das vielversprechendste Katalysatorsystem wird danach zur Etablierung einer Reaktionssequenz auf
der Ebene einer Prozesseinheit genutzt. Insbesondere wird dabei die selektive Teilhydrierung mehrfach
ungesattigter Fettsduremethylester untersucht. Diese wird dann in einem tandemkatalytischen System
mit einer isomerisierenden Methoxycarbonylierung kombiniert und detailliert auf die Vereinbarkeit beider
Reaktionsschritte hinsichtlich Losungsmittel, Gasphasenwechsel und Aktivierung fur den zweiten

Reaktionsschritt untersucht.

Zuletzt wird auf der Anlagenebene die Reaktoreinheit mit einer Stofflibertragungseinheit kombiniert: In
einem Kapillarreaktor mit Gas-Flissig-Slug-Flow wird die selektive Teilhydrierung von
Fettsduremethylestern mit der kontinuierlichen Gasnachférderung durch Permeation kombiniert. Dies
soll ermdglichen, die vorteilhaften Eigenschaften des Slug-Flows Uber die gesamte Reaktorlange
beizubehalten. Dieses Konzept bietet eine Ubertragbarkeit auf dhnliche Reaktionen mit homogenen

Flissigphasen und Reaktionsgas.
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Abstract

Abstract

The significant improvement of cost, energy, and material efficiency in chemical processes is the goal
of process intensification, with catalysis playing a crucial role. To achieve this, new catalysts are
continuously developed and initially tested. A highly active research subtopic focuses on the synthesis
of nanoparticles and their catalytic application on a laboratory scale. However, transfer to continuous

processes often remains unrealized.

Despite extensive development efforts, specific challenges persist for certain catalytic transformations
like selective partial hydrogenations of polyenes and alkynes. Newly developed catalysts and
preparation methods enable unprecedented innovation in the design and intensification of novel
chemical production processes. The present work combines the use of partly newly synthesized
colloidal, solvent-stabilized nanocatalysts with elements of all levels of process intensification. In a

holistic, hierarchical development approach, operation in a continuous reactor shall be enabled.

At the molecular level, various colloidal nanocatalysts are tested for their applicability in the selective
partial hydrogenation of different substrates. Investigations into structural changes of the catalyst

material are included.

At the phase level, an alternative microwave-based heating method for Suzuki couplings using a similar

catalytic system is examined.

The most promising catalyst system is then applied to establish a reaction sequence at the process-unit
level. In a tandem catalytic system, the selective hydrogenation of fatty acid methyl esters followed by
isomerizing methoxycarbonylation is analyzed regarding compatibility of both reaction steps in terms of

solvent choice, gas-phase change, and subsequent catalyst activation.

At the plant level, the combination of a reactor with a mass-transfer unit is realized: Selective partial
hydrogenation of fatty acid methyl esters in a capillary reactor with gas-liquid slug flow is coupled with
continuous gas replenishment via permeation. This should maintain favorable slug-flow characteristics
along the entire reactor length, offering transferability to similar reactions involving homogeneous liquid

phases with reactive gases.
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Motivation

1 Motivation

The chemical industry is of superior importance for everyday life and economics, since the production
of chemicals is the fourth-largest industry sector in the European Union. However, it is also one of the
most energy- and resource-intensive sectors with a very high impact on the environment. Therefore,
this industry is heavily stressed, with the need to become more sustainable and still remain competitive.
However, the European Commission expects the importance of the location Europe to decrease from
being the second-most-important chemical producer worldwide in 2018 to the third place in 2030. As a
solution, inherently safe and sustainable chemicals are expected to restore competitiveness.!l'l As a
second measure, the Green Deal was introduced, superficially as an engagement to overcome climate
and environmental challenges, to establish a resource-efficient and competitive economy. The
elimination of net CO2 emissions by 2050 plays a central role there.?! Therefore, the chemical industry

is forced to save energy and resources and reduce CO2 emissions.

The origin of the educts and their energy demand for sourcing, production, and purification has a major
contribution to the sustainability of the product and its CO2 emission, numerically expressed as Scope 3
emissionsB4, Especially for incorporated fossil carbon, Scope 3 emissions contribute by 1/3 to 2/3 to
the total emissions of the productl4l. While decarbonization is not possible due to the inherent structure
of all organic molecules, defossilization is highly desirable, reducing the use of fossil resources!4. These
aspects raise the urgent need for more efficient processes and for a transition towards renewable

resources in the near future.

To enable this transformation, continuous research in central fields of chemistry, like catalysis, is
demanded®. However, due to practical, logistical, economic, and institutional reasons, a parallel
optimization of existing, non-sustainable products and processes is also necessaryl®l. This can be
achieved by means of process intensification and catalysis as well, still contributing to the overall

transformative process.

Catalysis is essential for modern life, since most of the industrially produced chemicals, which are also
required for consumer goods directly or indirectly, include catalytic reaction stepst®. Moreover, catalysis
also plays a central role in environmental technologies, with exhaust gas treatment being one prominent
examplel®l, In total, catalysis is involved in more than 80% of all produced goods/®l. As a consequence,
catalysis offers to reduce the environmental impact and total production costs of these goods,
underlining its enormous impact on the whole planet!®l. At the same time, it offers attractive opportunities
for technological development and resulting economic benefitsll. As a consequence, catalysis was
identified as a fundamental technology in the field of process intensification — aiming at significant
improvements of chemical processes, e.g., a significantly reduced waste amount per product amount —
and green chemistryl’}8, Green chemistry targets the reduction of environmental pollution and the
reduction of the use of hazardous substances in chemical manufacturing and application!®l. This further
includes aspects like the highest possible incorporation of all educt atoms in the product and the

utilization of renewable resources!®l.
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At the same time, even small improvements of known reaction pathways — like yield increased by a few
percentage points or temperature lowered by a few Kelvin — already show superior economic effects
(especially for large-scale processes)®l as well as positive ecological impacts. Therefore, such

measures are highly desired, independent of the type of reaction.

Accordingly, the development of catalytic systems with ever-increasing selectivity and activity is a vital
research area for various catalytic conversions, aiming to achieve even more cost- and material-efficient
synthesis capabilities. This might be enabled by ongoing variations in synthesis routes or even
completely novel synthesis strategies for both, catalysts and products. Innovative approaches to
catalysts will, in a further step, create new opportunities for intensified processes. Several types of
catalytic materials can be considered for this. As one of those possibilities, the synthesis of nanoparticles
for catalytic purposes receives much attention in scientific literature, with a special focus on the use of
bio-based materials as either part of the catalyst, such as a stabilizer, or as the substratel®l. In
combination with the use of “green” solvents in synthesis or as a reaction medium, the applicability of a
vast range of nanomaterials for various efficient organic transformations was already shown®l. Several
general synthesis routes towards nanoparticles are known. However, typical wet-chemical approaches
to nanoparticles are tedious and include several synthesis and work-up steps. Therefore, faster and
more reliable synthesis methods are demanded, which can be found in physical processes like pulsed
laser ablation in liquids. Although this is, in principle, a well-known tool for the preparation of
nanoparticles, the application of the resulting particles in catalytic reactions has been only sparsely

investigated!l,

At the same time, a literature review reveals that the synthesis and application of nanoparticles is
predominantly performed from a very chemistry- and materials science-based position: The focus is
often set on precise synthesis steps and first applications only in standard (often glass) laboratory
equipment. The subsequent application of catalytically active nanoparticles under industrially relevant
conditions is only scarcely considered, but is highly demanded to enable the application of nanocatalysis

on a larger scale towards a more industrially viable implementation.

Therefore, this thesis will focus on an engineering perspective on nanocatalysis throughout all different
levels of process intensification. Its combination with the synthesis and application of novel, highly
selective catalysts (e.g., for the industrially strongly relevant selective partial hydrogenation) is a
powerful tool for a more sustainable chemical industry and will be addressed in this work in-depth. By
doing so, it is intended to enable the full potential of the applied catalysts in technically relevant scales

and setups (Figure 1).
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Figure 1: Different viewpoints on nanocatalyst development and resulting processes.

Like in existing literature, the investigations need to start at the basic layer of catalyst development and
initial catalytic tests. This should be followed by measures on higher levels (Figure 1, right) to ultimately
establish more sustainable processes with catalytically active colloidal nanoparticles. For the general
investigations on synthesis strategies and the applicability of nanoparticles in various reactions, the
molecular level should be divided into separate sections, focusing on catalyst selection and reaction
screening individually. For the identification of an optimal catalyst (class), the consideration of both, wet-
chemical and physical approaches to the catalyst material tested in an exemplary reaction seems
appropriate for a systematic and overall evaluation of the potentials of all investigated synthesis routes
and the resulting particles. The application of colloidal nanocatalysts synthesized by pulsed laser
ablation in a stabilizing liquid was found to be a valuable tool for the hydrogenation of alkenes!'"; hence,
broadening the applicability of this physical approach to catalytically active colloidal nanoparticles for
further reactions and variations of the particles is of high interest. Moreover, selective partial
hydrogenation offers possibilities to enable further functionalizations of polyunsaturated substrates and
to access above-lying process intensification levels like the process unit level and the plant level: With
this technique, resulting products derived from renewable substrates offer to be further converted into
value-added products for direct use or as an alternative to fossil-based raw materials by means of
generally known, but innovatively applied, homogeneous catalysis steps!'?. Especially for a continuous
laboratory reactor operation with suitable, catalytically active colloidal nanoparticles, the design and
commissioning of innovative reactor setups need to be performed to combine the benefits from both
reaction engineering and nanocatalysis. For future-oriented chemistry, the application of renewable

substrates also has to be considered repeatedly throughout this work.

With the following investigations, the typical development procedure for nanocatalysts is expected to be
drastically extended and covered in a holistic approach (see Figure 1) by taking into account every

hierarchical level of process intensification for a more sustainable chemical industry.
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2 Theoretical Background

To address every level depicted in Figure 1, several methods are applied, which are introduced in this
chapter. These methods range from different catalytic reactions like hydrogenations and C-C bond
forming reactions on the molecular level, distinct heating and transport phenomena at the phase level,

to the implementation in apparatuses and processes at the process unit level and plant level.

2.1 Selected Aspects of Catalysis

Most of the applied catalysts in this thesis are novel colloidal nanocatalysts. Therefore, the concept of
nanocatalysis, possible synthesis strategies, and particle characterization methods are introduced first.

Afterwards, essentials for all other catalytic systems will be presented.

2.1.1 Nanocatalysis: At the Interface Between Homogeneous and

Heterogeneous Catalysis

2.1.1.1 Classification

Nanocatalysis represents an intermediate region between homogeneous and heterogeneous
catalysis!® '3, It involves particles containing between 10 to 106 atoms or possessing radii from 1 to
100 nm, while some literature defines 10 nm as the upper limitl"4'5], Consequently, nanocatalysts

occupy a size range that locates them between homogeneous and heterogeneous catalysts (Figure 2).

Homogeneous Nanocatalysis Heterogeneous
Catalysis Catalysis
L L L
R T 3305558
clusters nanoparticles
atoms | molecules polymers solids —
| | | | |, radius

1A 1 nm 10 nm 100 nm 1 um

Figure 2: Size comparison of metal catalysts and differentiation between types of catalysis, adapted from®M'3H15],

When suspended in liquid, they can be handled like homogeneous catalysts; however, their operating
principle resembles heterogeneous catalysis. Notably, supports are not necessarily required for
nanocatalysts. Furthermore, their major advantage over truly homogeneous catalysts is that their
separation from reaction mixtures is generally more feasible due to their larger size and weight, allowing

for filtration or centrifugation methods.['31[16]
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A clear distinction must be made between clusters and nanoparticles: Clusters are defined as
polymetallic assemblies that can include ligands and possess a known X-ray crystallographic structure.
In contrast, nanoparticles are characterized as polydisperse larger nanoclusters, with their size
distribution typically defined through transmission electron microscopy (TEM) histograms.[®! This thesis
will only deal with nanoparticles due to their high degree of variability in properties governed by spatial
structures and stabilizing agents (see chapter 2.1.1.2), offering several opportunities for efficient

catalysis.

Nanocatalysts possess a significant number of catalyst atoms located on their surfacel'®. In theory, a
high dispersion is particularly advantageous, as smaller particle dimensions lead to an increased surface
area. Consequently, a substantial proportion of atoms becomes accessible for interaction with
substrates.["4181117] These characteristics facilitate rapid and selective chemical conversions with very

high yields, along with simple catalyst separation and recovery('7l,

To achieve these benefits, the following major requirements are set in literature: Synthesis must be
reliable to ensure reproducible particle properties. Therefore, the particles must exhibit a uniform size
with well-defined surface composition. Finally, their high catalytic activity in solution must be maintained

for a long catalyst lifetime with reproducible performance.['4

2.1.1.2 Properties of Catalytically Active Nanoparticles

Nanoparticles (NPs) in general possess a variety of unique physical and chemical properties that differ
from those of bulk metals and can exhibit size-dependent behaviorl® 3118, Their properties depend on
factors such as size, size distribution, and shape!®:'7.1'8], Accordingly, catalytic aspects like activity and
selectivity are significantly influenced by these factors as well as by the presence (or absence) of

supports.['6]

The general impact of accessibility to specific structural features — such as steps, corners, and edges —
is well recognized!'8l. Exposed sites on NPs can exhibit varying reactivities due to markedly different
coordination numbers associated with these locations!®. Additionally, the crystal structure plays a crucial

role in catalysis since different facets may possess distinct catalytic properties!®l.

Colloidal NPs are only kinetically and not thermodynamically stable — meaning only for a limited amount
of time —, accordingly, necessitating appropriate stabilization for convenient and reproducible usage!'9l.
An alternative approach involves the use of supports; however, this corresponds to conventional
heterogeneous catalysis and will thus not be considered in this work['3l. The underlying reason for the
instability is that thermodynamically, surface energy should be minimized['3. Overall, two states of
particle assembly can occur, being agglomeration and aggregation. Aggregates are dense assemblies,
and their primary particles cannot be separated once aggregated, whereas the individual particles of
agglomerates can still be separated, because they are more weakly bound?%, Aggregates or even big
agglomerates lose the beneficial properties of nanoparticles and may be insufficiently stabilized in the

surrounding medium, leading to precipitation('®l. Currently, there is no universally applicable metric for
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assessing stabilityl'®l. However, high temperatures negatively impact stability, as particles move more
vigorously and rapidly, making it easier for them to overcome energy barriers. Additionally, high

concentrations adversely affect stability due to the increased likelihood of collisions among particles.[2%

In general, a small interparticle distance leads to attractive forces governed by van-der-Waals
interactions, which necessitate the presence of repulsive forces to prevent particle aggregation. The
fundamental stabilization mechanisms can be mathematically described by the DLVO theory (Derjaguin-
Landau-Verwey-Overbeek). This theory provides energy-distance curves that delineate stable and
unstable regions; however, an in-depth exploration of this theory is beyond the scope of this

discussion.[141[21]

To counteract the interparticle attraction, several mechanisms of particle stabilization are known, but the
definition and underlying principles may vary slightly within literature. In the following, the mechanisms

according to Roucoux are presented and depicted in Figure 30141,

steric stabilization

electrosteric stabilization

Figure 3: Principles of different stabilizing mechanisms, adapted from!"3141[22],

In electrostatic stabilization, an electric double layer around particles occurs due to the presence of ions
originating from synthesis, leading to coulombic repulsion. This double layer is highly sensitive to any
factors that may influence its stability, particularly ionic strength and (thermal) motion. The phenomenon

is primarily observed in aqueous media.

For steric stabilization, macromolecules, such as oligomers or polymers, serve as ligands. They can

adsorb onto surfaces through their oxygen, nitrogen, or sulfur atoms(23], forming a protective layer. The
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movement within the interparticle region becomes restricted, resulting in a decrease in entropy and an
increase in free energy. When the protective layers of two macromolecules penetrate each other, an
osmotic repulsion occurs, macroscopically resulting in stabilization. The length and nature of the
macromolecules determine the thickness of the protective layer and consequently influence the

magnitude of the repulsive forces. Here, the medium is irrelevant.

Stabilization via ligands or solvents: This is a special type of steric stabilization, with the major difference
that the stabilizing molecule is not an oligomer or polymer, but a ligand or solvent!'3l. Typical ligands for
complex catalysts like phosphines, thiols, amines, CO, or 1,10-phenantroline can coordinate to the
surface via their respective donor atoms and may also influence or even completely hinder catalysis,
see also chapter 2.1.1.3['3l. When the coordinating molecule is a solvent molecule, these systems are
called “solvent-stabilized colloids”. One example is Pd nanoparticles in propylene carbonate as

synthesized by Behr and coworkers[?2,

Electrosteric stabilization is a combination of steric and electrostatic stabilization and uses ionic
surfactants as stabilizing agents. Their polar headgroup forms the electric double layer on the particle

surface, whereas the lipophilic group is responsible for the steric repulsion.

Stabilizers or strongly adsorbed reaction residues can adversely affect reactions by creating barriers or
poisoning the catalyst?4. On the one hand, highly pure and ligand-free surfaces are preferred for
interactions with adsorbates. On the other hand, ligand-free nanospecies may not always serve as
optimal catalysts since ligands can improve or alter chemoselectivity. Therefore, ligands are not only
important for stabilization but can also be selectively chosen to influence surface properties through
steric or electronic effects, with thiols and phosphines serving as notable examples.® Moreover, catalytic
activity depends on the particle diameter, with four possibilities of dependence: constant activity,
decreasing activity with increasing radius, increasing activity with increasing radius, or the exhibition of
an activity optimum.[?5 However, no universally valid relationship can be established, as the dependence

is highly system- and substrate-specific, according to the literature.

During catalysis or even long shelf-life, colloidal NPs may undergo aging processes. One possibility is
that atoms might dissolve, thus their native particles shrink in size. Particles may also aggregate due to
less good stabilization, ultimately leading to sedimentation. Furthermore, Ostwald-ripening may occur:
Here, small particles become disintegrated, followed by the integration of their atoms into larger

particles!?6l.[27]
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2.1.1.3 Experimental Differentiation Between Homogeneous and

Heterogeneous Catalysis

Although the surface of the nanocatalysts was stated above as the catalytically active species, several
authors discuss the possibility of metal atoms leaching into the liquid. Consequently, these leached
atoms are the real catalytically active species for some reactions, like in homogeneous catalysis,
especially investigated for Pd in coupling reactions!?®l. This may happen due to Ostwald ripening. During

this process, the reaction solution contains dissolved atoms that, in turn, might contribute to catalysis(?°l.

In order to certainly differentiate between homogeneous and nanocatalysis, multiple experiments are
necessary, since every method has its limitations. Furthermore, not all tests are suitable for every type
of reaction. A first indicator for in situ nanoparticle formation is a sigmoidal reaction profile observed for
reactions starting from metal precursors. While TEM can visualize clusters or particles, it cannot
determine whether these particles actually catalyze the reaction or whether the reaction is catalyzed by
other species. Additionally, imaging of particles smaller than 1 nm using TEM is particularly challenging

due to poor contrast.[30]

As complementary tests, two catalyst poisoning strategies can be applied. The first one is selective
poisoning: This test aims to deactivate only one specific catalyst species, while others are not influenced.
Depending on which species is deactivated, a change in reaction rate indicates the respective activity
in the investigated reaction. To investigate for nanoparticles, mercury is often utilized as a testing agent.
The addition of mercury allows for two possible interactions: adsorption onto the surface or
amalgamation of the metal. Mercury forms amalgams with various (mostly zero-valent) metals, including
palladium, making this test particularly effective. However, a significant excess of mercury and thorough
mixing are essential for optimal results. During the mercury test in hydrogenation reactions,
approximately 50% conversion should be permitted before releasing pressure and adding mercury,
followed by reintroducing gas.[30-32] The test is complicated by the fact that different catalysts require
different amounts of excess mercury®d. Mercury has been shown to have the potential to alter
complexes (that are mostly believed not to be influenced by mercury), leading to the formation of either
free ligands along with an amalgam or a mercury complex combined with an amalgam. Thus, incorrect

conclusions can arise from these tests.[32]

The second poisoning test is quantitative poisoning, applying strongly binding ligands like CSq,
1,10-phenanthroline, P(OCH3)s, tetramethylurea, thiols, or phosphines@BEOBILEL |f significantly less
than one equivalent of poison with regard to the total metal amount of catalyst atoms is sufficient for a
drastic reduction of the reaction rate, nanoparticles are the prevalent catalyst, since only surface atoms
are active, whose number is less than the total applied metal amount. If one equivalent of poison or
more is needed, catalysis is expected to proceed via soluble metal atoms. However, in so-called
dynamic catalysis (meaning simultaneous formation of clusters or single atoms from reservoirs during
reaction, see also Scheme 7), effective poisoning depends on the reaction rates of leaching,
aggregation, poisoning, and reaction. Hence, in this case, quantitative poisoning can deliver incorrect

results.[30.31
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Further tests include the addition of filter aids with a high surface area, such as Celite, to the reaction
solution with subsequent filtration through a glass frit. The residue obtained can then be used in catalytic
reactions. Ideally, the filtrate is also applied in the reaction. This allows to distinguish whether the active
species is adsorbable (thus being likely a heterogeneous catalyst) or not. Filtration tests are primarily

suitable for bulk metals, while the behavior of clusters remains unclear.[3

Light scattering techniques may be applied, but require a minimum quantity of material. Differently sized
particles scatter light to varying extents; thus, this test reveals the presence of particulate matter.
Centrifugation is another method employed; however, it presents challenges because quantitative
separation of sediment from liquid is difficult, potentially leaving residual reactivity. If only a small amount
of a highly active catalyst is present, sediment formation may not be visually apparent. Furthermore,

smaller clusters or particles tend to sediment less effectively.3%

2.1.2 Synthesis Strategies for Colloidal Nanoparticles

The following sections give an overview of possible synthesis strategies for colloidal nanoparticles and
will thereafter focus on relevant routes for this work, followed by a brief overview of tools for

characterization of the obtained particles.

2.1.2.1 Overview

Colloidal metal nanoparticles can, in principle, be synthesized by two different approaches. In bottom-
up approaches, the NPs are synthesized from single atoms.['3! Bottom-up approaches include the
reduction of metal salts, thermal, sonochemical, or photochemical decomposition of precursors, ligand
reduction or displacement, sol-gel methods, and electrochemical synthesis!'4'7}1'9, Contrary, top-down
approaches disintegrate bulk metal into NPs['3l. Top-down approaches include metal vapor deposition

and laser ablation of solid targets!'3M141.[19],

The applied synthesis strategy significantly influences the properties of the resulting catalysts!'l. For
instance, chemisorption of capping ligands prevents particle growth and aggregation, allowing for control
over particle size and even shapel34. Capping ligands also affect the catalytically usable surface area,
electronic structure of the surface, and thus local reaction environment, all of which play crucial roles in
catalytic activity. For example, polyvinylpyrrolidone (PVP) is a commonly used ligand that can
inadvertently poison the catalyst by reducing the number of accessible surface sites.!"8! Accordingly,
stability can be enhanced through tailored synthesis methods that enable precise control over size,
shape, and morphology!®. For catalysis, strongly binding surfactants should be removed after

synthesis(%.
In the following, relevant synthesis techniques used in this work are presented in more detail.

2.1.2.2 (Auto-)reductive Methods

As stated in chapter 2.1.2.1, reductive methods are applicable bottom-up approaches to synthesize
NPs. Reduction of metal salts in solution is a very common tool for producing metal colloids. Hydrogen

is one of the most widely used reducing agents for transition metal nanoparticles, often in conjunction
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with various stabilizers. Boron hydrides, particularly NaBH4 or KBH4, are the most frequently employed
hydrides in aqueous solutions. Other reducing agents, such as hydrazine and its derivatives, as well as
sodium citrate, are also utilized occasionally. An alternative approach involves using oxidizable alcohols
that can be converted into ketones or aldehydes; accordingly, tertiary alcohols are not suitable for this

approach.[14]

As a modification, “auto-reduction” of metal precursors like Pd(OAc)2 in various organic solvents under
elevated temperature without adding any further reagents or stabilizers was presented by Behr and
Luxi?2 and Tano et al.[3, Clearly, electron transfer must happen, but the exact mechanism remains
unclear??, Early literature confirms acetic acid as the main decomposition product in the case of
Pd(OAc)2, necessitating an unknown external electron donorf3€l. As a result, this approach is classified

by Roucoux et al. as a thermal decomposition of the precursor rather than a reductive method!l.

2.1.2.3 Pulsed Laser Ablation in Liquids

The concept of Pulsed Laser Ablation in Liquids (PLAL, or short: laser ablation) was first presented in
1987 for Fe particles in watert®l. This method exhibits several major opportunities over wet-chemical
approaches: properties like size and composition may be controlled independently by the operational
parameters. During the fast synthesis, no surfactants or additional stabilizers are required, which is
beneficial for subsequent catalysis, because the surface is better accessible for reactants, which should
result in a higher catalytic activity®’l. Adversely, decomposition products of the liquid emerge that might
act as weak ligands. This is also valid for the stabilizing solvent.[®! The purity of the laser-ablated NPs is

only dependent on the purity of the target material, as well as of the surrounding medium!'8l,

During laser ablation, an extremely high amount of energy from a laser beam is concentrated on a very
small spot of a light-absorbing surface. The physical-chemical processes are highly complex and are,
to date, not fully understood. However, two mechanisms for ablation were identified, depending on the
pulse length and power density of the laser beam. For long pulses and low power density, molten
nanodroplets and fragments are directly ejected with a broad size distribution, resulting in a rugged
surface of the target that complicates or disables long-term operation due to dilution of the power density

of the beam on the resulting surfaces.[38

In the other mechanism, short laser pulses with high power density result in the formation of vapor and
plasmal38l; After a critical power is exceeded®9, this energy concentration results in a rapid increase in
the temperature of the irradiated spot until the target evaporates, interacting with its surrounding until
molecules decompose into electrons and ions, finally forming a plasma plume. The structure of the
plasma always depends on the target, laser parameters, pressure, and its surrounding, including the
solvent. Thus, the structure of the plume influences the ablation result.[*¥! The plasma plume results in
the formation of a gaseous cavitation bubble at the interface between plasma and liquid, which collapses
due to rapid cooling from temperatures beyond 5000 K to room temperature (or any other operating
temperature) within less than 50 ps, leading to shockwaves in the liquid. During the cool-down, NPs
begin to form and grow by supersaturated vapor nucleation at the edge of the plume and inside the

cavitation bubble. By the collapse of the cavitation bubble, the particles get ejected into the surrounding
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liquid that immediately stabilizes them (Figure 4).511'8.138 Thus, PLAL allows for the production of
ultrasmall nanoparticles without the need for additional stabilizers if the solvent is chosen properly,

providing the stabilizing effects itselfl371.

cavitation lens
bubble

Figure 4: Working principle of PLAL without development over time, adapted from!'88],

Physical nanoparticle syntheses lead to broader particle size distributions than chemical routes;
therefore, particles resulting from physical methods may be less preferred for catalysis (see also chapter
2.1. 1" In line with this notion, after PLAL, bimodal particle-size distributions are often observed,
resulting from plasma dynamics. Laser fragmentation (laser irradiation of existing small particles) is
frequently employed to reduce the size of existing nanoparticles, allowing for a more uniform particle
size distribution. However, this process requires higher fluences (beam energy per area) to be
effective.[5120 Particle size distribution and concentration are easily adjustable through variation of laser
parameters like fluence or operation timel?4. The ablation result is further influenced by the chemical
composition of target and liquid, refractive index of the liquid, laser wavelength, laser pulse length, pulse
repetition rate, length of operation time, density, and height of the liquid layer, as well as heat capacity,

thermal conductivity, and polarity of the solvent!S-371139],

The resulting particles always possess defect sites[?%. Furthermore, carbonaceous deposits may occur
due to the decomposition of the solvents. Elements with a higher amount of empty d-orbitals may also

form carbides.[3711401141 Accordingly, appropriate particle characterization is important.

2.1.2.4 Particle Characterization

After the successful synthesis of nanoparticles, a characterization must be performed. Numerous
methods are available, of which a selection is presented in the following. As stated earlier, TEM or high-
resolution TEM (HRTEM) may be performed. This allows for obtaining information about several
aspects, like particle size, particle size distribution, information about atom rows and defects, shell
formation, and phase segregation. Alternatively, scanning electron microscopy (SEM) can be applied to
gain information about size and morphology of particles that are at least 5-10 nm in diameter. Dynamic
light scattering (DLS) allows for determining the hydrodynamic particle size and also performs an
estimation of the resulting particle size distribution. Particle size may also be determined via disc
centrifuges (DC). To measure the concentration of certain elements in a sample, inductively coupled

plasma mass spectrometry (ICP-MS) or inductively coupled plasma optical emission spectrometry (ICP-
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OES) analyses can be conducted. Furthermore, several X-ray analysis methods like X-ray diffraction
(XRD) and X-ray photoelectron spectroscopy (XPS) can be applied to identify atomic arrangements and
distances, surface composition, and the surface oxidation state. Nuclear magnetic resonance (NMR)

spectroscopy helps to identify organic molecules bound to surfaces.["9}[20]

2.2 Catalytic Reactions

Catalysis is a key element in nearly 80% of all chemical processes and makes a huge contribution to
the world economy!'®l, The present work deals in its core with several different catalytic reactions. Their

fundamentals will be introduced in the following chapter.
2.2.1 Hydrogenation

2.2.1.1 Overview

Hydrogenation is one of the most important reactions in commercial organic chemistry, i.e., in the
synthesis of pharmaceuticals, agrochemicals, and fine chemicals like fragrances and flavors#2H471, In
general, hydrogenation refers to the addition of hydrogen to C-C, C-O, C-N, N-O multiple bonds and
related ones, which is usually exothermicl“®l. Particularly, the selective partial hydrogenation of
polyunsaturated species or C=C triple bonds is essential, as the remaining double bond is often required
for further conversions.9 Furthermore, it has been shown that polyunsaturated species hinder catalyst
activity in certain desired homogeneously catalyzed consecutive reactions by the formation of stable,

unreactive catalyst complexes!'21[50],

In principle, many noble metals are capable of hydrogenating C=C double bonds!5'l. Industrially relevant
metals include Ni, Cu, Co, Pt, Pd, Rh, and Ru, while typically metals of the Pt group are more active and
thus allow milder reaction conditions and less catalyst use*7l. This may be explained by the interatomic
distance of Ni, Cu, Pt, and Pd atoms, which is around 2.7 A and allows a C=C double bond with a bond
length of ca. 1.5 A to fit in welll®2. Especially, Pd shows a superior versatility regarding applicable

substrate classes/*2. The majority of commercially employed catalysts are mostly heterogeneous!'3l.

Considering the existing literature, Pd nanoparticles appear to be highly promising catalysts for
hydrogenation of polyunsaturated compounds and alkynes and have therefore been studied extensively
with varying stabilizers, solvents, and substratesi*4153-5%], Details on selected hydrogenations are

presented in the following.

2.2.1.2 Selective Partial FAME Hydrogenation

The first application of heterogeneous hydrogenation of edible oils was conducted by Wilhelm Normann
in 1901, with a patent granted in 19036061 This process, commonly known as (fat) hardening,

predominantly utilizes Raney-Nickel as a catalyst!*8].

Selective hydrogenation of fats and oils, as well as of their derivatives like fatty acid methyl esters
(FAME), has been a long-standing research topic with numerous examples. The conversion of

polyunsaturated fatty acids (PUFA) or their derivatives to monounsaturated fatty acids (MUFA) or
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derivatives (shown in Scheme 1 for the corresponding methyl esters) represents a critical step for food
applications, biodiesel production, and as a platform chemical for sustainable chemistry.[%2 This can be

explained by the following examples.
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Scheme 1: Reaction scheme for the selective partial hydrogenation of FAME.

FAME are among the most promising alternative fuels due to their biodegradability, high cetane
numbers, and low emissions of SOz, CO, and soot. On the one hand, increased unsaturation in FAME
leads to higher oxidation sensitivity. On the other hand, a high degree of saturation can result in issues
related to flow behavior at low temperatures; thus, the best compromise is found with cis-
monounsaturated FAMEI®31.[184 Furthermore, selective hydrogenation of FAME followed by subsequent

isomerization and metathesis also has potential applications as biodiesel®®!,

Apart from fuel uses, fatty acid derivatives can be used for sustainable chemistry62l; Reactions involving
fatty acid chains include oxidation, hydroformylation, hydroxy- and methoxycarbonylations, metathesis,
various C-C bond formations, and diverse addition reactions(®¢l. Recent studies have demonstrated that
selectively hydrogenated FAME undergo isomerizing methoxycarbonylation and ethenolysis more

effectively than unhydrogenated FAME['2],

The reactivity order of noble metals for the selective partial hydrogenation is Pd > Rh > Pt > Ir > Ru >
Ni; however, when considering activity towards isomerization, the order shifts to Pd > Rh > Ru > Pt¢7],
Accordingly, Pd is the most active element for both processes, which may not be beneficial for all

intended purposes.

One of the most successful systems for selective partial hydrogenation of fatty acid derivatives to date
is unmodified colloidal Pd in propylene carbonate (PC), which operates as a biphasic system.
Dimethylformamide (DMF) instead of PC was also found to be an alternative, but PC is preferred due to
safety and sustainability reasons. Both systems were patented in 1990 resp. 1991 and published in
1993, but received until now only little attention.[621(681-70] The reaction can be conducted under mild

conditions, with temperatures up to 150 °C and pressures of around 1 atm, nevertheless achieving rapid

13



Theoretical Background

reaction ratesl’. Increasing the pressure to 5 bar significantly reduces the reaction time to as low as
7 minutes. Remarkably, very high substrate-to-palladium ratios of up to 100,000:1 are achievable with
just 100 ppm of Pd in PC, while only minimal over-hydrogenation takes place and residual trace amounts

of linoleic acid remain.[©8

Numerous metrics have been developed to describe the reaction performance of selective partial
hydrogenations of fatty acid derivatives, with some based on kinetic parameters and others relying on
compositional information, such as the trans/cis resp. cis/trans ratio. It is virtually impossible to

completely avoid the formation of trans isomers. Hence, a pure cis-configured hydrogenation product is

kcis:2-c18:1

ruled out.¥21 As an example, hydrogenation can be considered selective if the ratio is greater

kc18:1-C18:0

than 100711,

The hydrogenation of polyunsaturated species compared to monounsaturated fatty acids occurs rapidly
due to the preferential adsorption of polyenes to any catalyst surfacel”'l. Since the 1950s, it has been
known that PUFA exhibit stronger surface adsorption than derivatives with a lower degree of
unsaturation®2, Accordingly, the hydrogenation of PUFA is a consecutive process, as shown in Scheme
1 [721. Both insights explain the known different reactivities with respect to the degree of unsaturation,
which follow the order C18:3 > C18:2 > C18:1[73., In an attempt to mathematically further describe the
reaction network, a pseudo-first-order model was able to effectively fit the reaction profiles of canola and
sunflower oil hydrogenation using a Lindlar catalyst’¥. Some studies also indicate that conjugated C18:2
isomers are present that react preferentiallyl’'l. The reaction of conjugated 9,11-C18:2 proceeds an
order of magnitude faster than that of linoleic acid (9,12-C18:2), suggesting that pre-conjugation could
serve as an alternative mechanism approach to the typically applied Horiuti-Polanyi mechanism that will
be explained in the following”"l. As a consequence, the prevailing mechanism should always be
considered for each system individually.

The substrate adsorption characteristics for Pd and Pt are assumed to be similar to those of Ni due to
comparable d-electron configurations of these elementsl’'l. This suggests that the Horiuti-Polanyi
mechanism, which was originally established for hydrogenations over Nil’®l, may also be applicable for
Pd and Pt. This mechanism enables the explanation of the impacts of the reaction conditions on the
product composition, see Figure 5.
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(@)

(b)

Figure 5: Horiuti-Polanyi mechanism, adapted from[™.

Initially, hydrogen chemisorbs on the catalyst surface, and the hydrogen molecule gets split into two
atoms. In the next step, a substrate molecule binds via one double bond to the catalyst surface (a).
Subsequently, one hydrogen atom (Ha) is incorporated and a partially hydrogenated state (b) forms,

which can undergo four possible evolutions:[721[731[75]

1. A second hydrogen atom from the surface (e.g., He) binds to the carbon chain, saturating the
double bond. The hydrogenated product leaves the catalyst.

2. The hydrogen atom initially occupied by the carbon chain (Ha) returns to the catalyst surface,
and the original molecule desorbs.

3. The hydrogen atom Hy returns to the surface due to a rotation around the single C-C bond, after
which the molecule desorbs, leading to cis-trans isomerization.

4. Hydrogen atoms Hc or Ha bind to the surface like in steps 2 or 3. Following desorption, this
results in a double bond that is shifted by one carbon atom compared to the original state.
Depending on which hydrogen atom from the chain is transferred to the catalyst surface, the

formation of the cis and trans isomer can occur.

A high hydrogen surface coverage leads to rapid hydrogenation with reduced selectivity. Conversely, a
low hydrogen surface coverage results in pronounced isomerization against hydrogenation. The degree
of hydrogen surface coverage can be influenced by process parameters such as pressure, temperature,
stirring intensity, and catalyst concentration.[”®! Increased temperatures also thermodynamically favor

the formation of trans isomersl63l,

2.2.1.3 Selective Hydrogenation of Alkynes and Polyenes

Beyond the hydrogenation of fatty acid derivatives, other selective partial hydrogenation reactions are
also of considerable interest. The selective partial hydrogenation of alkynes to produce disubstituted Z-
alkenes is a frequently performed reactionl’8l. Often, the already mentioned Lindlar catalyst is used,

which is a CaCOs-supported Pd catalyst that is deliberately poisoned with a Pb co-catalyst and
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quinolinel’8l77]. This is done in order to reduce the hydrogenation activity to enable the reaction
termination at the alkene stage, thus preventing overhydrogenation to the alkanel’877]. The major
drawback is the presence of the Pb co-catalyst, which causes environmental and safety issues and
needs to be completely removed from products used for fine chemicals and the pharmaceutical

industry#41[761[77],

The so-derived alkenes are important products in fine chemistry, polymers, and pharmaceuticals:
2-Methyl-3-butene-2-ol (MBE), for example, is a key substance for the synthesis of artificial terpenes
used in flavoringsl®l. It is also utilized in the production of vitamins A and E, as well as linalool*446],
Other noteworthy examples include cis-butene-1,4-diol (B2D), which serves as a precursor for vitamin
A, vitamin B6, and polybutenediol, and cis-3-hexene-1-ol, which is a valuable product for use in
consumer chemicals and as an edible flavorl*4[79. Additionally, ethylene purification for polymerization

purposes by selective acetylene hydrogenation benefits from this transformation(49l,

The selection of metals for this reaction type poses specific challenges: Metals that facilitate easy
hydrogen activation often lead to over-hydrogenation, while those with less hydrogen activation tend to
be more selective but necessitate harsher reaction conditions. Palladium represents a suitable
compromise; however, controlling selectivity at nearly full conversion remains challenging.[53:80 Notably,
Pd is the only metal exhibiting significant alkene selectivity in alkyne and diene hydrogenation. The use
of promoters or selective poisoning agents (such as CO, phosphines, or Pb with quinoline in the case
of the Lindlar catalyst) can further enhance selectivity.l6}33] Other examples for promoters include
nitrogen-containing additives, as they may compete for free sites on the surface; examples include

ethylenediamine or piperazine, as well as quinoling#3531180L61],

Besides the choice of the appropriate metal, the structure of the substrate also influences the catalytic
behavior. Internal alkynes exhibit a higher selectivity than terminal alkynes, as those are significantly
more reactive due to steric effects and resulting accessibility to the surface, which favors over-
hydrogenation.[53180 Furthermore, internal alkynes possess intrinsic stereoselectivity toward cis-
configured products due to syn-addition to the catalyst, making the targeted production of trans-alkenes
from alkynes challenging!®. In general, the strength of adsorption follows the order: alkane < alkene <
alkynel®4. This is due to the electron density of the double resp. triple bond and is also valid for dienes,
allowing them to displace alkene products, as long as reactant residues are still presentl®l. Several
structural relationships for alkyne hydrogenation on Pd were found: Density functional theory (DFT)
calculations for Pd indicate that the (100) surface preferentially binds alkynes, thus facilitating the easier
displacement of the formed alkene. Only after complete conversion of the alkyne, the alkene binds to
the (100) surface and undergoes hydrogenation.* Pd edges were shown to exhibit an increased
adsorption strength for alkenes, thus significantly promoting over-hydrogenation(®* Accordingly, over-
hydrogenation is more pronounced for Pd particles with a variety of facets!4. Studies involving different
sizes and shapes of nanoparticles stabilized with PVP in water have shown that the hydrogenation of
2-methyl-3-butyne-2-ol (MBY) to MBE occurs primarily on planar surfaces, regardless whether they are

(111) or (100) oriented, with over-hydrogenation mainly occurring at the edges(5®l.
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As a result, structural dependencies in metal nanoparticles have garnered significant attention over
recent decades: Since the ratio of one active site to another is highly size-dependent, both size and
shape influence the catalytic behavior. Hence, it was shown that the turnover frequency (TOF) for MBY
is a function of particle size, particularly within the range of 3 - 20 nm.[5 In particles smaller than or
equal to 3 nm, changes in surface morphology are most pronounced®®.. In contrast to MBY, longer-
chain alkynes up to C8 do not demonstrate any size-dependent selectivity across particle sizes ranging
from 1 - 14 nml®l. Concluding, it has to be noted that any possible structural dependence must be
evaluated individually for each catalytic system!®¢l. Referring to chapter 2.1.2, these dependencies can

be controlled, to some extent, by an appropriate choice of the exact synthesis route of the particles.

The overall situation becomes increasingly complex by the fact that small alkynes can oligomerize with
up to 40% selectivity during partial hydrogenation!53:180, Moreover, it has been shown for Pd black that
the modification of near-surface Pd regions is crucial as well, since the occupation of subsurface sites
by carbon or hydrogen atoms plays another role. Unselective hydrogenation occurs via a hydrogen-
saturated hydride phase. Innerparticulate near-surface processes are a highly complex topic under

active research and will not be further explored here.[831-88]

Numerous approaches for selective partial alkyne hydrogenation catalysts apart from the Lindlar catalyst
have been tested in literature, but only the NanoSelect catalysts by BASF have reached market
readiness. These catalysts consist of supported Pd colloids, with hexadecyl-(2-hydroxyethyl)dimethyl
ammonium dihydrogenphosphate (HHDMA) serving as a stabilizerl””}8), NanoSelect and Lindlar
catalysts exhibit similar activity and selectivity when hydrogenating 3-hexyn-1-ol, even though the
palladium loading in NanoSelect is approximately one-tenth that of Lindlarl’’l. This discrepancy may be

attributed to the fact that only about 10% of the palladium used in a Lindlar catalyst is actually activel®.

Apart from alkynes, monounsaturated compounds can also be synthesized from various polyenes. Here,
the type and degree of substitution at the double bond to be hydrogenated significantly influences the
hydrogenation activity, following this order: monosubstituted > 1,1-disubstituted = cis-1,2-disubstituted

> trans-1,2-disubstituted > trisubstituted > tetrasubstituted, Scheme 2 1.

R'/= > R">= = R'/=\R" > /=/R" > "’>=\ > R"I>=<R""

Rl Rl Rl Rll RI Rll

Scheme 2: Structure-specific activity in the hydrogenation of different substituted alkenes®".

Acyclic double bonds are generally more reactive than endocyclic double bonds. Specific examples for
selective polyene hydrogenation beyond fats and oils include terpenes (such as limonene and
B-myrcene), which may also feature conjugated systems. Further examples are non-conjugated cyclic
structures such as 1,5-cyclooctadiene (1,5-COD) and 1,5,9-cyclododecatriene (1,5,9-CDT). Partially
hydrogenated terpenes serve as intermediates for fragrances, flavors, and polymers. The hydrogenation
of B-myrcene has been studied since the 1930s, utilizing catalysts such as palladium on activated carbon
and Raney-Nickel®?. The selective hydrogenation of 1,5-COD and 1,5,9-CDT is particularly relevant, as
both educts can yield monounsaturated compounds useful for synthesizing aliphatic dicarboxylic acids,

ketones, cyclic alcohols, and lactones. For 1,5-COD, homogeneous palladium complexes provide good
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results; however, heterogeneous palladium systems exhibit significantly higher activity while maintaining
similar selectivity. The partial hydrogenation of 1,5,9-CDT is notably more complex than that of 1,5-COD
due to the presence of a third double bond and a greater potential for isomerization, resulting in a
significantly broader range of possible products compared to 1,5-COD. Most reactions involving

1,5,9-CDT are conducted using solid palladium catalysts.["]

2.2.2 Selected Carbonylations

Double bonds might not only be hydrogenated; in theory, lots of other addition reactions are possible.
In the following, the addition of CO (carbonylation) in two different reactions, namely (isomerizing)

methoxycarbonylation and hydroformylation, will be presented.
2.2.2.1 Isomerizing Methoxycarbonylation of Oleochemicals

2.2.2.1.1 General

Methoxycarbonylation is a 100% atom-economical reaction, involving the addition of CO and methanol
to double bonds to form methyl esters!®3. Typically, systems that generate Pd' complexes in situ from
Pd® are employed in methoxycarbonylation, such as Pdz(dba)s, together with a diphosphine ligand and
an acid, since Pd-based systems are generally the most active ones in methoxycarbonylation[94115],
A suitable diphosphine ligand for this conversion is 1,2-bis[(di-tert-butylphosphino)methyllbenzene
(1,2-DTBPMB, sometimes also called dtbpx[®®), which was first mentioned in 1976%I. Lucite uses this
ligand to produce 710,000 tons per year of methyl methacrylate (MMA) by a methoxycarbonylation of
ethylene to methyl propanoate, followed by aldol condensation with formaldehyde to yield MMA, which
is used for polymers (Scheme 3)I'31931196], The applied ligand 1,2-DTBPMB is sterically demanding and

electron-richl®3!,

H+

[Pd/ligand]
~ + CO + MeOH — /\nxo\ S SN
—>
(0] (0]
methyl propanoate MMA

Scheme 3: Methoxycarbonylation of ethylene to methylpropanoate for MMA synthesis!"l.

Deactivation poses a significant challenge for transition metals in positive oxidation states within
reducing environments, including the applied Pd" under CO atmosphere, leading to the formation of Pd®
and uncoordinated, protonated ligand. The deactivation process involves various intermediates ranging
from clusters and nanoparticles to bulk metal (Scheme 4), but is, in this special case, completely

reversible. 9%
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I
PdL, =g—> Pdl, =2 % 4—»@ -
L=DTBPMB, CO, MeOH, H, solvent, ...

mono-nuclear multi-nuclear Pd cluster Pd nanoparticle bulk metal
Pd complex Pd complex

Scheme 4: Deactivation of the applied Pd"-complex under reducing conditions, adapted from %,

An excess of the protonated version of the ligand, 1,2-bis[(di-tert-butylphosphino)methyllbenzene triflate
(1,2-DTBPMB(OTf)2Hz2), helps to prevent catalyst decomposition. Even the formation of active palladium
species from different heterogeneous Pd® sources by means of the protonated ligand has been
demonstrated based on these findings. Notably, as the size of the metal piece increases, the reaction

time extends; meanwhile, selectivity tends to decrease slightly.[°3

2.2.2.1.2 Isomerizing Methoxycarbonylation of Oleochemicals

Fatty acids represent a unique feedstock for chemical production due to their long methylene
sequences. Polyesters derived from a Cio-diester obtained from isomerizing methoxycarbonylation of
methyl oleate exhibit polyethylene-like characteristics owing to their long carbon chain structurel®l. Work
regarding the isomerizing methoxycarbonylation of oleochemicals like methyl-10-undecenoate and
methyl oleate has particularly been carried out by Mecking and co-workers as well as Seidensticker and
co-workers. Their work includes additional product purification by crystallization, reaching purities
suitable for polycondensation (> 99%) for the linear C1o-diester and = 99.9% for the linear C12-diester,

see Scheme 5[1211941-98],

H+
o} [Pd/1,2-DTBPMB] o] o] 0} 0}
St = Meor 0 L oA S -
o 7 7 - o 13 o o 12 o
methyl oleate |-diester b-diester

e
cat = @C;pd:;
T

— — L=MeOH, CO

Scheme 5: Isomerizing methoxycarbonylation of methyl oleate to Cig-diesters!'34%7],

In the isomerizing methoxycarbonylation of monounsaturated oleochemicals, steric hindrance caused
by the diphosphine ligand is crucial for the productivity and the selectivity to linear products. The
formation of linear alkyl species is favored when using sterically demanding diphosphines. Isomerization
of the double bond along the chain is energetically easily possible. CO insertion is reversible and shows
minimal influence from ligand variation. The rate-limiting step, characterized by the highest energy

barrier, is the methanolysis of the palladium acyl species, releasing the final product. Among all acyl
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species, the methanolysis of the linear acyl species has the lowest energy barrier, making it the preferred
pathway. Hence, the reaction preferentially generates the linear product. Shorter alkenes react more
readily, while the position of the double bond within the carbon chain does not exert any influence on
the total reaction rate. Conversely, the alcoholysis of higher alcohols becomes slower with increasing
chain length. Because the formation of terminal olefins is, in principle, thermodynamically less favored
compared to internal ones, the isomerizing methoxycarbonylation is a kinetically controlled reaction.
Furthermore, polyunsaturated fatty acids form terminal palladium allyl species, and subsequent
carbonylation occurs significantly slower than isomerizing methoxycarbonylation of monounsaturated

substrates.®9

Recently, it was shown that the isomerization of polyunsaturated species with the same Pd/1,2-DTBPMB
catalyst leads to conjugation of the double bonds with a broad distribution of resulting double bond
positions that is oriented towards the omega position. During isomerizing methoxycarbonylation of
predominantly monounsaturated FAME with 12% of C18:2, a significant decrease in conversion was
observed compared to pure monounsaturated FAME at identical reaction times.[®] It has been shown
that the yield of isomerizing methoxycarbonylation of canola and soybean-based feedstocks can be
increased by up to 80% through previous selective partial hydrogenation of the polyunsaturated

species!'2,

As a consequence, an attempt to combine both reaction steps (selective partial hydrogenation and
isomerizing methoxycarbonylation) in a one-pot reaction sequence of highly polyunsaturated FAME has
already been reported: Selective partial hydrogenation of C20:5 methyl ester as a model compound for
microalgae oil using palladium on alumina (5% (w/w); 0.4 mol%) without additional solvent yielded 80%
of C20:1 at 3% remaining C20:2 species and 17% C20:0. The hydrogenation was followed by the
activation of the supported palladium with the protonated ligand 1,2-DTBPMB(OTf)2Hz in methanol. The
selectivity and activity of the resulting catalyst were comparable to complexes freshly derived from
Pd(dba)z2 and [(dtbpx)Pd(OTf)z], resulting in an almost complete dissolution of the supported Pd particles
as elucidated by a filtration test. In this one-pot approach, the isomerizing methoxycarbonylation
achieved 80% yield of the desired diester with 92% selectivity towards the linear product, leading to an
overall yield of 60%. However, for actual algal oil, a higher catalyst loading was required. In the case of
tall oil, the 1,19-diester could be obtained with a total selectivity of 71%. After 18 h reaction time, 81%
conversion in methoxycarbonylation was observable; only after three days, 98% conversion was

achieved, showing a drastic decrease in reaction rate at high conversions.['%0
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2.2.2.2 Hydroformylation of Terpenes

2.2.2.2.1 General

Alkene hydroformylation plays a significant role in the chemical industry, producing more than 12 million
tons of aldehydes annuallyl'©1'92. These products are essential for bulk chemicals, pharmaceuticals,
and flavoring agents!'%l. Hydroformylation was discovered by Roelen at Ruhrchemie Oberhausen in
1938.1'031 The typical starting material for this reaction is an olefin that reacts with synthesis gas, a
mixture of hydrogen and COI'%3, With only few exceptions, mixtures of linear and branched aldehydes
are obtained (Scheme 6)'%4. During the reaction, preceding isomerization of the double bond may
occurl'%4, In addition to the main reaction, several side reactions can take place, including hydrogenation

of either the alkene or the product aldehyde, as well as aldol addition and aldol condensation!%3],
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Scheme 6: Reaction network of mono-unsaturated alkene hydroformylationt'03:104],
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For unmodified metal carbonyl complexes, the following order of activity applies: Rh >> Co > Ir > Ru >
Os = Tc > Pt > Pd > Mn > Fe > Ni >> Rel'%l, Currently, only rhodium and cobalt are utilized
industriallyl'03L[104] - Cobalt exhibits greater robustness against poisons in the feedstock and higher
temperatures, but also has a higher hydrogenation activity and can directly lead to a high alcohol yield
(which may be desired); however, it requires harsher conditions, making the whole process more
expensive.['% Rhodium is up to 1000 times more active than cobalt, allowing for lower synthesis gas
pressure and reduced temperatures during reactions. A significant challenge associated with the
utilization of Rh is its price volatility and generally high cost, which is largely dictated by demand from

the automotive industry.[1031.1104]

Many laboratory hydroformylations utilize Rh(acac)(CO)2 as the catalyst precursor in combination with
ligands. Ligands allow for broad modification of the electronic and steric properties of the resulting metal
carbonyl complex and are mostly mono- or bidentate. They can either accelerate or inhibit the specific
steps in the catalytic cycle, as well as promote side and consecutive reactions that are shown in Scheme
6. The concentration of the ligand, its coordination properties, and the partial pressure of CO influence
the position of equilibria within the whole catalytic system. Therefore, it is essential to identify optimal
reaction conditions specific to each system.['93 Particularly, electron-withdrawing substituents on the
ligands enhance reaction rates by favoring CO dissociation and alkene association['%%l. Phosphorus
ligands in rhodium hydroformylation increase the thermal stability and may contribute to catalytic activity,

and will be presented more closely in the following section.
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2.2.2.2.2 Phosphorus Ligands

Phosphites are superior TT-acceptors compared to phosphines, offering significant potential in
hydroformylation. They are easier to synthesize and exhibit reduced susceptibility to sulfur and oxidative
agents compared to phosphine ligands. Additionally, electron-withdrawing phosphites promote the
formation of linear products.l'% Phosphines and phosphites contain trivalent phosphorus that can be
oxidized by air, trace amounts of oxygen, or hydroperoxides. Impurities arising from ligand synthesis,
such as acids, bases, and water, can promote ligand decomposition. Additionally, there are general
catalyst poisons such as H2S, COS, HCI, HCN, hydroperoxides, CO, water, enones, alkynes, and
butadienel'%4. These can be introduced through the feed or solvents.l'% Furthermore, phosphites can
react with water, alcohols, acids, and bases under degradation!'®3l. The water can also result from aldol
condensation of the product!'%l. The bulkier the phosphite, the less susceptible it is to hydrolysis. For
example, the bulky phosphite tris(2,4-di-tert-butylphenyl)phosphite begins to hydrolyze in water at 60 °C

only after more than 400 hours.[%]

Bulky phosphite derivatives can exhibit high activities, attributed to the exclusive formation of a complex
with only one phosphite (with the other ligands being CO, H, and occasionally the substrate). The high
reactivity of bulky phosphites is leveraged in the hydroformylation of natural product derivatives that are
typically not very reactive.l'%®l Especially, phosphites with additional tert-butylphenyl groups are
particularly well-suited for less reactive substrates such as limonene, cyclohexene, and

methylenecyclohexanel1%7],

2.2.2.2.3 Hurdles for Terpenes

Diene hydroformylation has been a long-standing research topic, with the objective of producing
bifunctional molecules for bio-based fine chemicals and polymers. As an example, the hydroformylation
of the challenging substrate -myrcene often results in product mixtures due to side and consecutive
reactions. Therefore, controlling chemoselectivity (and successive regioselectivity) is crucial in these
reactions.['%? In general, terminal double bonds react more quickly than internal double bonds.
Additionally, the presence of tri-substituted carbon atoms is disadvantageous, as described by

Keuleman's rule, since they are rather unreactive in hydroformylation.l'03]

Hydroformylation of various aliphatic cyclic terpenes and p-myrcene was demonstrated as early as
1965; however, in the case of B-myrcene, only saturated high-molecular-weight compounds and other
unknown high-boilers were produced. The reasons for the relatively low reactivity of B-myrcene
remained unclear at that time.['%8 Recent findings indicate that for polyunsaturated oleochemicals,
conjugated species form during the hydroformylation with the bulky tris(2,4-di-tert-
butylphenyl)phosphite, which are bound in n3-complexes that are only slowly converted. As the ratio of
C18:2 to C18:1 increases, the reaction becomes more inhibited due to the higher availability of C18:2
species to form these n3-complexes, and migration of double bonds, as well as cis-trans isomerization
increase. Only after conversion of the polyunsaturated species, the overall reaction rate accelerates.5
Similar observations have been made with Rh4(CO)+2 during hydroformylation of alkenes containing

traces of dienes. A significant reduction in reaction rate is noted when diene traces are present. As
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observed through infrared spectroscopy, the affinity of the catalyst for dienes was found to be
considerably higher than for alkenes under identical conditions. Multiple species are formed

simultaneously, which the authors suggest to include n3-allyl and sigma-allyl complexes.[109

Besides B-myrcene, a variety of terpenes have been hydroformylated since 1965 for use in fragrances,
with some products undergoing further transformations such as acetalization. Notable examples include
dihydromyrcene, limonene, and linalool.['10-113] The ligand P(O-o-tert-BuPh); significantly accelerates
the hydroformylation process for all these substrates compared to PPh3'10114l |n the case of
dihydromyrcene, the reaction occurs exclusively at the terminal double bond!''3. For hydroformylation
of conjugated systems, initial experiments utilized 1,2-bis(diphenylphosphino)ethane (dppe), and it was

later demonstrated that a substantial excess of PPh; also leads to enhanced reactivity!'15.

For the successful hydroformylation of terpenes containing conjugated double bonds like B-myrcene, a
high excess of PPhs is required (with a molar ratio of P:Rh = 20-40 at 80 °C and under high-pressure
conditions of 80 bar), resulting in the formation of double unsaturated aldehydes!'"2l. A similar approach
applies to isoprene hydroformylation!'%l, Hydroformylation of a-farnesene has been conducted using
PPhz over extended periods of 70 hours!''l. Under different conditions, dppe yielded the best results for
diene systems, along with TPP and several other ligands, while tris(tert-butylphenyl)phosphite
performed poorly!''®l. Recent research enabled a significantly more efficient hydroformylation of B-
myrcene using Rh/dppe under optimized conditions, achieving TOFs as high as 9590 h-', which

represents an improvement by an order of magnitude over previously reported TOFs!02],

In summary, several (sometimes specialized) ligands can be applied for terpene hydroformylation, but
harsh conditions are sometimes required. However, bulky phosphites are well-suited for efficient

hydroformylation of rather unreactive substrates in theory and practice.
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2.2.3 C-C Coupling Reactions

2.2.3.1 Overview

Coupling reactions are important organic transformations in fine chemistry, pharmaceuticals, and related
fieldsi?9. Various types of coupling reactions exist that include Suzuki(-Miyaura), Negishi, Stille,
Kumada, and Hiyama couplings for the formation of C-C single bonds, as well as (Mizoroki-)Heck for
C=C double bonds and Sonogashira(-Hagihara) for C=C triple bonds. Typically, aryl halides are coupled
homogeneously with either metal alkyls or aryls or with alkenes, alkynes, or boronic acids. Aryl chlorides
are the least expensive option but often exhibit low reactivity; in contrast, aryl iodides are the most
reactive. Instead of halides, other leaving groups such as triflates, acid chlorides, sulfonyl chlorides, or

azocompounds can also be utilized.!"3!

Although these coupling reactions are never fully atom-economical, this drawback is generally
acceptable in the context of fine chemistry and pharmaceuticals. The most commonly used catalyst
metal is Pd; however, other metals such as Ni, Co, Cu, and Fe can also be employed.['¥] The separation
of the catalyst (most commonly complexes are used) is tedious and difficult; thus, strategies to prevent
high Pd loadings in the reaction, as well as separation strategies, are demanded??9171. Alternatives to

homogeneous complex catalysts are the application of clusters or nanoparticles!'71,

2.2.3.2 Suzuki Coupling

Metal-catalyzed Suzuki couplings of aryl, vinyl, or alkyl halides or pseudohalides are among the most
efficient methods for the formation of C-C single bonds, leading to their widespread application in organic
synthesis?®. This significant contribution to chemistry was recognized with the Nobel Prize for A. Suzuki,
together with R.F. Heck and E. Negishi for their respective coupling reactions!'3l. The reaction involves
boronic acids and requires the presence of a basel'sl. Boronic acids are non-toxic and stable in air and
moisture, making them easy to handlel'3l. The reactions are generally conducted under mild conditions,
and water is often unproblematic and sometimes even advantageous!''8l. Suzuki couplings are often
homogeneously catalyzed using Pd complexes with phosphorus-based ligands29['8]. The underlying
catalysis mechanisms are controversially discussed, since it remains unclear whether it proceeds via

ionic or neutral intermediates!'3].,

It has also been shown that ligand-free systems can effectively couple aryl iodides and aryl bromides
containing electron-withdrawing groups with high turnover numbers. In contrast, less reactive aryl
chlorides and tosylates require bulky and electron-rich phosphines for successful coupling. A significant
drawback of ligand-free systems is the tendency for agglomeration, necessitating the use of appropriate
stabilizers.? As an example, de Vries and co-workers employed dissolved Pd(OAc)2 for Suzuki and
Heck reactions, achieving catalytic activity at Pd loadings as low as 0.01 mol%, which is referred to as
"homeopathic Pd catalysis". This approach allows for the utilization of various substrates containing
iodine and bromine, along with several boronic acids.l''®! Later, it was shown for Heck reactions from

Pd" precursors that the catalysis itself very likely proceeds via monomeric or dimeric anionic species,
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while temperatures above 120 °C lead to a fast reduction of Pd' to Pd° that strongly tends to colloid
formation. Furthermore, it was shown that catalysis with molecular PdC is always in competition with the
formation of Pd clusters and Pd black, while all Pd species can transform into each other.['201 This means
that clusters act as a reservoir for soluble Pd species that are the actual catalyst (depicted in Scheme
7). This finding was verified not only for the Heck reaction but has also been verified for the Suzuki
reaction, among others.l'2'l While further insights into the catalytic mechanism for nanoparticles are

missing, the presented behaviour can be explained by Ostwald ripening.

substrates
stabilizer o
stabilizer
PqP stabilizer B
' - stabilizer ey, Pd black
ligand free stabilizer
stabilizer
products stabilizer  stabilizer
catalytic cycle soluble Pd clusters

Scheme 7: Soluble Pd clusters as storage for single-atom Pd° species for Suzuki and Heck reactions, adapted from 121,

However, works for other catalytic Pd systems show that the catalytic conversion happens on the particle
surface. The whole topic is thus controversially discussed.l?® The situation is further obscured by the
fact that many authors do not consider the identity of the active species at all or provide only educated
guessesl'”l. A comprehensive review concludes that the active species is indeed always system-
specific; thus, generalizable statements are not feasible. However, in most cases, the presented

behavior is likely to apply.['17]

As a consequence, each catalytic system for Suzuki couplings demands a combination of several tests
to enable a precise conclusion regarding the nature of the true catalytic species, as has already been
described in chapter 2.1.1.3. Notably, some of the proposed tests bear weaknesses specific to Suzuki
couplings!'7l: During the filtration test, leaching species may recombine if the duration of the filtration
process exceeds the time required for dissolution and recombination. Furthermore, the catalytically
necessary metal amounts can be so low that they become undetectable. The conclusions from the
mercury test must be limited to the following: If mercury shows no effect, it indicates that there is no
unprotected Pd°® present in any form within the catalytic cycle. Conversely, if mercury does have an
impact, it suggests that a Pd?intermediate is present; however, no conclusions can be drawn regarding

its location in the reaction mixture or state.[17]

Despite the many difficulties that may arise in the quest for the true catalytically active species, a lot of
work has been conducted in synthesizing and applying Pd NP in Suzuki couplings to address the

shortcomings regarding separation and activity mentioned in the beginning!29[122].1123],
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2.3 Process Intensification

If certain aspects of chemical processes are improved drastically, this can be regarded as process
intensification. Examples of those aspects include specific energy consumption, numbers or sizes of

apparatuses, or specific waste-per-product amounts.l’]

2.3.1 General Aspects

The term “process intensification” is commonly used to describe any measures aiming at significant
enhancements of the efficiency of chemical processes. However, there is no standardized definition for
this term, making it challenging to distinguish from traditional process optimization. While several
different distinctions can be made, e.g., based on the type of underlying mechanisms, a commonly used

classification involves hierarchical levels, see Figure 6.[71:[1241[125]

Phase Level

Molecular Level

Figure 6: Levels of Process Intensification and direction of Process Design, adapted from Freund and Sundmacher”.

On the Molecular Level, phenomena occurring at the molecular scale are described. The Phase Level
considers processes of assemblies of molecules that form a distinct phase. In the superordinate Process
Unit Level, phases within enclosed process spaces, such as apparatuses, are examined. Lastly, in the
Plant Level, the overall picture of all process spaces is depicted. This level examines connections
between individual process units and often integrates multiple unit operations into multifunctional

process units.[71[1241.[125]

Changes at one level frequently lead to alterations at mostly higher levels. Hence, intensification in
chemical processes is more easily achievable through modifications at the molecular level than through
traditional optimization methods, since those are situated more closely at the upper levels. As a

consequence, catalysis, located at the molecular level, plays a key role in process intensification.["]
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2.3.2 Mass and Energy Transfer

At the phase level, non-thermodynamic (“kinetic’) methods can enhance reaction rates. Traditional heat
transfer devices such as oil baths, sand baths, or heating jackets tend to operate slowly and can create
temperature gradients within the reaction medium, bearing the risk of local overheating. As an alternative
approach, microwave radiation can be used. Microwave radiation only heats solvents and reagents
rather than the walls of the apparatus itself, resulting in a uniform increase in temperature. It has to be
noted that microwave radiation cannot commence reactions by itself, as its radiation energy is lower

than the chemical bond energies.[125]

The reduction of mass transport pathways through geometric modification is a phenomenon occurring
at the process unit level, since the geometry of the process unit is often crucial for determining the
specific surface area and interfacial areal'?’]. For example, in the hydrogenation of fats and oils,
interfacial mass transfer is typically the rate-limiting step; therefore, it is essential to determine the
volumetric mass transfer coefficient of the gas in the liquid, k;a "'l. This value is derived from the two-
film theory and is applicable if the reaction takes place almost exclusively in the core of the liquid
phasel'?8l, |n this case, mass transfer controls the reaction rate and can be treated as a preceding
operationl'28l, The kja value describes the gas mass transfer from the gas phase across the phase
interface into the liquid phasel'?l. In mechanically stirred reactors, its value depends on numerous
parameters, including stirrer dimensions, position of the stirrer in the reactor and the medium, operating
conditions, and the physicochemical properties of the liquid phasel'29., For instance, in the hydrogenation
of fats and oils, an increased stirring speed leads to a higher concentration of hydrogen in the liquid
phase, which in turn enhances the reaction rate and reduces trans-isomer formation as explained in
chapter 2.2.1.2["". Pressure does not significantly affect the k;a value, unless it has a strong impact on
surface tension!'?9l, It is important to note that the k;a value has to be determined in the absence of any

chemical reactionl7"],

In practice, miniaturization of equipment is an important option for process intensification in terms of
increased mass and energy transport, happening on the process unit level and enabled by e.g.,

microreactors like capillary reactors that will be explained in detail in the next section!'?7],

2.3.3 Capillary Reactors

2.3.3.1 General Aspects

Microprocess technology is part of process intensification and Green Chemistry and refers to chemical
processing carried out using reactors and additional equipment with at least one dimension of 1 mm or
less. Microprocess technology features small reaction volumes, typically utilizing round channels,
although other shapes are possible. Specifically, capillary reactors fall under the superordinate term of
microprocess technology and are flow chemistry reactors with continuous liquid delivery and

removal.[130]

27



Theoretical Background

Microreactors in general can be employed for the investigation of specific phenomena at the laboratory
scale, the identification of optimal process parameters, and the production of small quantities of specialty
chemicals!'?7l. Microstructured equipment allows the transfer from batch processes to continuous ones,
thereby simplifying subsequent process design and scale-up!'271131], Scale-up of distinct microreactor
systems is typically achieved through parallel replication (numbering up) rather than by increasing the
size of individual units('32, However, numbering up in multiphase reactions presents challenges due to
high demands for equipment and process controll'3'l, Additional disadvantages of microreactors include
high pressure drops, low throughput, susceptibility to blockage by solids, and sometimes complex

miniaturization of measurement and control elements!'3'],

Despite those possible drawbacks, microreactors are particularly attractive for highly exothermic or
endothermic reactions. They help to avoid hotspots by rapid heat removal and facilitate effective heating
due to a high energy transfer, which can be increased by a factor of ca. 1,000 compared to conventional
reactors.l'?7] Furthermore, they are advantageous for very rapid, heterogeneously catalyzed reactions
that are prone to mass transport limitations!'?”]. As mass transport often becomes the rate-determining
step in multiphase reactions, those reactions can benefit from microfluidics due to increased interfacial
areas!'33l, Typical reactions that are mass transport-limited and may become hazardous in batch
processes, yet are suitable for capillary systems, include hydrogenations, sulfonations with oleum, or
nitrations with nitric acid['32. The high energy and mass transfer characteristics of microreactors allow
for better control over these highly intensive reactions, ultimately leading to optimal yields and

selectivities!'32],

Reactions that present significant selectivity challenges or require high selectivity benefit from well-
defined residence times of microreactors: The small lateral dimensions of capillaries result in short
characteristic diffusion times, enabling ideal radial mixing through diffusion. This allows for plug-flow-
like behavior despite laminar flow conditions, even in monophasic systems.['271 Flow characteristics of

biphasic capillary flow will be introduced in the next section.

2.3.3.2 Slug Flow

In biphasic flow, mostly liquid/liquid (/) or gaseous/liquid (g/l) flow is employed!'34. Several flow regimes
exist for biphasic flows in capillaries, dependent on several parameters like channel geometries, flow
rates, and properties of the surrounding material and both liquids!l'3. Examples for resulting flow
patterns include bubbly flow, churn flow, slug flow, and annular flow and intermediate patterns. The most
often investigated one is slug flow.['34-137] Slug flow, also called Taylor flow or segmented flow, is
applicable for both g/l or I/l multiphase systems and is, in a simple case, achievable through suitable
adjustments of the individual feed flow rates!'?7l. Furthermore, material properties of the capillary
material as well as geometrical parameters at the mixing zone influence slug lengths, thus slug lengths
can be adjusted independently from the ratio of the liquid flow rates!'38:'39, |n this flow regime, the axial
length of the individual phase exceeds the channel diameter('38l. Wall friction of the liquid phase(s)

induces secondary flow, leading to internal circulation within the liquid slug, known as Taylor vortices,
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see Figure 7012711321[138] The recirculation time depends on the superficial velocity of the slug, its length,
channel diameter, and the ratio of the viscosities of both fluids!'®9. This phenomenon significantly
enhances radial and tangential mass transfer within each liquid slugl'?72[1321[133]  |n comparison to
monophasic flow, mass transport can be increased by one order of magnitudel'?7]. Due to the segmented
flow and strong internal mass transport within the liquid slugs, the whole flow regime exhibits a plug flow
characteristicl’?”l. In case the second phase is a gas phase, the gas slugs form a disperse phase nearly
filling the whole cross-section, leaving only a thin liquid wall film!'27]. In Taylor flow, the mass transport

rate across the gas-liquid interface is nearly linearly dependent on the frequency of vortex circulation!'39],

(a) (b)

Figure 7: Schematic g/l slug flow (a) and measurement of the relative velocity field inside a liquid slug moving through a
rectangular microchannel in g/l slug flow (b)!'¢,

The slug length is influenced by factors such as viscosity, flow velocity, channel geometry, and surface
properties, and thus can be adjusted by thesel'32l. |t is a crucial parameter for mass transport as it affects
the interfacial area and hydrodynamics of the individual segments!'38l, Excessively long slugs can lead

to stagnant zones and reduced mass transfer efficiency, and are therefore undesirablel'38l,

In g/l reactions without additional gas slugs (meaning a monophasic system with only dissolved gas),
there is typically insufficient gas solubility for complete conversion!'9. Even with the presence of
additional gas slugs, the density difference between gas and liquid results in varying substance amounts
in the gas resp. liquid slugs!'#'l. As a viable solution to this issue, the gas replenishment by permeation
through the capillary wall has been recently presented and will be explained more closely in the following

section!'41],

2.3.3.3 Permeation

The concept of permeation utilizes the solubility of certain gases in polymeric materials. Conceptually,
the reaction gas is supplied from the outside of the reaction/fluid zone through specialized polymer
materials (such as the highly specialized Teflon AF2400 and the more conventional fluorinated ethylene-
propylene, FEP) that have high permeation coefficients. However, permeation coefficients vary among
these polymer materials, with FEP having lower permeation coefficients compared to Teflon AF2400,
i.e., by a factor of at least 160 for hydrogen at room temperaturel#2. In the literature, this gas supply
setup typically involves an inner capillary surrounded by a concentric outer tube. This configuration is

referred to as the "tube-in-tube" concept and is schematically shown in Figure 8.1'41]
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polymer

po> pi

Figure 8: Tube-in-tube concept for the permeation of gases through polymers.

The permeation flux of a gas can theoretically be calculated using the temperature-dependent
permeation coefficient, specific to the investigated gas and polymer &g,5 01ymers @S Well as the
permeation pressure difference Apy..m, the wall thickness s and surface area A according to equation
(1)_[141]

Qgas = €gas,polymer (- E ’ Apperm 1)

The applicability of gas permeation in an existing slug flow without reaction has already been
demonstrated, resulting in an enlargement of the already existing gas slugs. However, there are
currently only a few examples of reactions in slug flow utilizing permeation. These investigations are
moreover often limited to short capillaries and never investigate the development of the gas slug sizes

or influences of the permeation on flow stability.l'41]
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3 Objectives

The overall objective of this work is the extension of the development and application of catalytic colloidal
nanoparticles in a holistic engineering approach, as introduced in detail in Figure 1 in chapter 1. This
should be achieved in a broad range of reactions or processes by means of all four levels of process
intensification. Catalysis, as one of the most powerful tools for process intensification and green
chemistry, will play the central role in this work. As first-principle catalytic applications contribute to the
molecular level as introduced in chapter 2.3, all above-lying levels will be subsequently covered and
examined in more detail (see Figure 9). It will start from the synthesis, evaluation, and selection of
colloidal nanocatalysts, followed by applications in several catalytic reactions, up to the implementation
of intensified processes for selected reactions. The ultimate goal is to establish an intensified,
continuous process for a catalytic conversion using nanoparticles. The selective partial hydrogenation
is a highly promising tool to achieve further functionalizations of formerly unreactive or less reactive
substrates and will be used extensively to reach this topmost goal. Throughout most of the levels, the
applicability of renewable resources as raw material is examined to support the transformation towards

defossilized products, where fatty acid methyl esters are used as a recurring substrate.

Continuous Operation

Continuous FAME Hydrogenation
in a Slug Flow Reactor
with Additional Permeation

Tandem One-Pot FAME
Hydrogenation and

Methoxycarbonylation \
Establish Reaction Sequences

Two-Step Terpene Hydrogenation
and Hydroformylation

tion of Renewables >

Phase Level
Accelerate Reaction Rate by Innovative Heating

Reaction Acceleration by
Microwave for Suzuki Couplings

Process
Applying Nanoparticles

Investiga

Catalyst Selection z.:'_’ Reaction Screening

4 Molecular Level 4

| |
Stabilized Aqueous NPs vs. Laser-Ablated Pd NPs for
Stabilizer-Free Laser-Ablated Selective Partial Hydrogenations &
NPs in Various Solvents Suzuki Couplings

Figure 9: Visualization of the objectives of this work on each level of process intensification.

In the first part of this work, process intensification at the molecular level should be achieved by first-
principle investigations of several nanocatalytic approaches. For this, the molecular level will be divided
into two major sections, focusing on a catalyst screening and selection on one side. A screening of
different applicable reactions and substrates for one highly promising class of colloidal nanocatalysts
will be performed on the other side. The catalyst selection segment should answer the following
questions: What is the applicability and reactivity of various types of Pd nanoparticles in aqueous media
produced by conventional wet-chemical approaches for the hydrogenation of selected substrates, and

what structural changes do these particles undergo as a result of the catalytic conversions? In a second,
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contrary step in this section, solvent-stabilized transition metal nanoparticles will be synthesized using
pulsed laser ablation in liquids as a top-down approach. Here, PLAL is examined as an intensification
method for the production process of the particles, aiming to enable a fast and reliable synthesis route.
What are, for specific applications, optimal metals and solvents, and what initial insights into the

underlying reaction mechanisms can be gained?

In the reaction and substrate screening section, the applicability of the optimized catalyst system
synthesized by the intensified approach of PLAL will be investigated in several different catalytic
reactions in more detail. What kind of reactions are these particles suited for? For each reaction type, a
substrate screening will be performed alongside, considering especially industrially relevant substrates
(for the optimization of existing processes as introduced in chapter 1) and renewable substrates (for the
transition towards a defossilized industry). In parts, the phase level will be examined by the question of
the effect of an intensified energy transfer on the reaction rate. Furthermore, an inherent catalyst

separation strategy by a liquid biphasic reaction system will be considered.

In the next step towards the process unit level, the implementation of reaction sequences will be
performed in order to present applicability studies for advanced product usage and in order to verify the
robustness and versatility of the chosen type of nanocatalyst. At first, a sequential reaction sequence is
to be performed, including the utilization of selective partial hydrogenations of conjugated terpenes and
subsequent hydroformylations, with the need for intermediate workup, as the hydroformylation of
untreated terpenes is challenging. Can selective partial hydrogenation overcome this hurdle to enable

the use of polyunsaturated terpenes for value-added products?

In an even more advanced reaction sequence, an integrated tandem one-pot approach without
intermediate workup with one catalyst metal performing two different types of reaction is desired, being
the selective partial hydrogenation of FAME and a subsequent isomerizing methoxycarbonylation. This
approach is fully located at the process unit level. How is the compatibility of the individual reaction steps
in terms of solvent, catalyst amount, and gas change? To date, only conditions for the individual reaction
steps have been established independently. In both reaction sequences, stable catalyst colloids are

expected to play central roles, but these sequences have never been performed before.

Insights gained at the molecular level at the beginning of this work will ultimately be applied as a basis
for a continuous selective partial FAME hydrogenation in a capillary reactor utilizing the beneficial slug
flow regime. In this stage, particularly improvements in reactivity caused by intensified mass transport
supported by additional gas permeation are expected and examined, along with effects of the
permeation on the flow stability. To date, permeation has only been applied without simultaneous
reaction. So the first question is: can permeation be combined with a continuous reaction in slug flow?
What implications arise with the concept of permeation? And most importantly, can permeation prevent
flow destabilization? This final approach aims at process intensification at the plant level by the
integration of a mass transfer unit into a reaction unit, resulting in a multifunctional process unit for
continuous operation, supported, for the first time, by colloidal catalytic nanoparticles in an exemplary

reaction with a renewable substrate.
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4.1 Abstract

Palladium nanoparticles of different sizes and shapes dispersed in water, stabilized by either
polyvinylpyrrolidone or glutathione, were studied in both monophasic and biphasic alkyne hydrogenation
reactions at 50 bar hydrogen pressure. Spherical nanoparticles of 2 and 5 nm diameter as well as cubic
nanoparticles of 18 and 28 nm edge length were investigated. Structural changes in the particles before
and after the catalytic reactions were assessed with respect to agglomeration and particle size. The
particle size had the strongest effect on the catalytic efficiency, i.e., spherical nanoparticles of 5 nm were
the most active and spherical nanoparticles of 2 nm were the least active. The nanocubes had
intermediate catalytic activities. Semihydrogenation occurred within minutes at low palladium loadings.
The highest turnover frequencies of about 183,000 h-' were achieved with 5 nm palladium nanoparticles.
Mass transport limitations constrained the reaction rates in aqueous biphasic systems with larger

nanoparticles.

4.2 Introduction

Metallic nanomaterials have found many applications in catalysis due to their remarkable properties
compared to the bulk phases. This is mainly due to their high specific surface area.['43-45] Palladium
nanoparticles are especially important in heterogeneous catalysis, e.g. for hydrogenation!'461471 and
cross-coupling reactions!'48l. Ultrasmall nanoparticles, i.e., smaller than 3 nm in diameter, have a

particularly high surface area with good colloidal stability.l'44[45] Therefore, they behave like
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homogeneous catalysts while simultaneously acting as heterogeneous catalysts. This dual nature
bridges the gap between homogeneous and heterogeneous catalysis, combining the high activity,
selectivity, and mild reaction conditions of homogeneous catalysts with the easy catalyst retrieval (e.g.,
by membrane filtration) of heterogeneous systems. This opens up new avenues for more efficient and

sustainable catalytic processes.[13153]

Various larger palladium nanoparticles have been investigated in catalysis, with studies exploring the
influence of particle size, shape, and stabilizing ligands, particularly in alkyne hydrogenation, which is a
key reaction in fine chemistry and polymer production.[53 Palladium is the preferred metal for alkyne
hydrogenation, although it is usually applied in supported form.[53 Both nanoparticle size and shape
have been shown to affect the catalytic performance, usually ascribed to differences of the active sites
on the particle surface.%¢ Planar crystal faces were identified as the most important for hydrogenation
catalysis. Crystal edges and corners lead to selective alkyne-to-alkene hydrogenation, but at high
conversions, they also catalyze the hydrogenation of alkene to the corresponding alkane.!¢! The
catalytic behavior of palladium nanoparticles is influenced not only by their shape and size, which
determine turnover frequency (TOF) and selectivity, but also by their capping agents, which can alter
their surface properties and restrict the access of a substrate to the metal surface.®d For example, the
polymer poly(N-vinylpyrrolidone) (PVP), which is frequently used as capping agent for
nanoparticles!>4-56L149-151] initially inhibits the catalytic activity by covering the active surface sites, but
gradually desorbs to expose more catalytically active parts of the surface.26111521[153] On the other hand,
glutathione (GSH) is a smaller capping agent that has a strong stabilizing effect on metal particles of
different size and shape.[34.154[155] Therefore, it is another promising choice to coat catalytically active

palladium nanoparticles.!46]

Ultrasmall palladium nanoparticles have been synthesized but rarely tested for their catalytic
activity.[1441[1461.[1511[154],[1561-{158] Jsually, palladium nanoparticles larger than 5 nm were used in alkyne
hydrogenation.l5” It appears to be an attractive option to use ultrasmall palladium nanoparticles with
their very high specific surface area as catalysts to reduce the amount of necessary palladium. Only two
reports have addressed the hydrogenation of alkynes or alkenes by ultrasmall colloidally dispersed

nanoparticles so far.[5711146]

The hydrogenation of alkynes with palladium nanoparticles is usually carried out at low hydrogen
pressure (1 to 4 bar) in liquid single-phase systems,B4-I571L1591[159H161] with the only exception of Telkar et
al. who used 24 bar.['62 Hydrogen pressures above 24 bar were never applied together with dispersed
catalytically active nanoparticles. Furthermore, palladium nanoparticles have not yet been applied in the

aqueous biphasic hydrogenation of alkynes.

Closing this gap in knowledge, we report here on the catalytic activity of palladium nanoparticles of well-
defined and uniform size, shape, and surface functionalization in high-pressure hydrogenation, focusing
on their high specific surface area and resource-efficient material use. We compare their catalytic activity

in alkyne hydrogenation in a monophasic as well as in a biphasic system. Besides the assessment of

34



Catalytic Activity of Water-Dispersed Palladium Nanoparticles with Different Sizes and Shapes

the catalytic efficiency, we isolated the particles after the reaction and analyzed them by transmission

electron microscopy to shed light on possible changes that occurred during the catalytic reaction.

4.3 Experimental Section

All chemicals were obtained with a purity of at least 98% and used without further purification (see
chapter 11.1).

For the preparation of spherical ultrasmall palladium nanoparticles (2 nm),['#4 disodium
tetrachloropalladate (NazPdCls, 60 mg, 1 eq.) was dissolved in 230 mL water in a 500 mL round bottom
flask. Glutathione (GSH, 128 mg, 2 eq.) dissolved in 10 mL cold water was added. The solution changed
its colour from light-yellow to orange within 2 min. After 10 min, a freshly prepared solution of sodium
borohydride (46 mg, 6 eq.) in 10 mL cold degassed water was quickly added. The color of the solution
rapidly changed to brown-black. After 12 h, the glutathione-coated ultrasmall black palladium
nanoparticles were isolated by spin filtration (5 kDa SpinX UF 20 centrifuge filters; 45 min, 4,000 rpm).
Finally, the nanoparticles were washed several times with 15 mL water each by spin filtration. In an
earlier study, the number of GSH ligands on a similar type of palladium nanoparticles was determined
to 117 GSH ligands on each 1.8 nm particle.l'#4 For the larger palladium nanoparticles, the number of
ligands on the surface is not known because NMR spectroscopy is not applicable in this case.['63 PVP-
coated spherical palladium nanoparticles (5 nm) were prepared according to a published procedure.['5
The ligand exchange of PVP to GSH in 5 nm nanoparticles was carried out by dispersing the palladium
nanoparticles (10.6 mg, 100 ymol palladium content) in 190 mL water. 1 g glutathione dispersed in
10 mL water was added and the dispersion was stirred for 24 h. The particles were isolated by spin
filtration in 30 kDa SpinX UF 20 centrifuge filters (45 min, 4,000 rpm).

PVP-coated palladium nanocubes (18 nm) were prepared according to a published procedure.[1491150]
PVP-coated palladium nanocubes (28 nm) were prepared as follows: 18 nm PVP-coated palladium
nanocubes were used as seeds for the on-growth of palladium. This involved the dissolution/dispersion
of PVPss (55 kDa, 150 mg), ascorbic acid (90 mg), potassium bromide (450 mg), and palladium
nanocubes (18 nm, 1.8 mg) in a 50 mL round-bottom flask in 12 mL water, followed by vigorous shaking.
Subsequently, the mixture was heated to 40 °C for 10 min. Then, a solution of Na2PdCl4 (0.02 M in 5
mL water) was added, and the mixture was stirred at 40 °C for 24 h. Then, the reaction mixture was
quenched with an ice bath. The particles were isolated by centrifugation (14,200 rpm; 21,190 g; 30 min)
and washed twice with water. For the ligand exchange of PVP to GSH, 18 or 28 nm Pd-PVP nanocubes
(5 mL, 2.5 mg Pd) were dispersed in 2.5 mL water, respectively, and mixed with glutathione (200 mg,
dissolved in 2.5 mL water). The reaction mixtures were stirred for 12 h. The nanoparticles were isolated

by centrifugation (14,200 rpm; 21,190 g; 30 min) and washed twice with water.

Transmission electron microscopy (TEM) was performed with an FEI TEM 80-300 instrument with an
accelerating voltage of 300 kV.['84 The nanoparticle dispersions were deposited onto copper grids that
were coated with an ultrathin amorphous carbon film and dried in air. The size of the 2 nm nanoparticles

was determined by the program ANTEMA.['85] The size of the 5 nm nanoparticles was determined
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manually with the program ImageJ.l'®¢ Scanning electron microscopy (SEM) was performed with an
Apreo S LoVac instrument (Thermo Fisher Scientific, USA) with nanoparticles prepared as for TEM. The

size of the nanocubes was determined manually with the program ImageJ.['6¢]

Differential centrifugal sedimentation was carried out with a CPS Instruments DC 24,000 disc centrifuge,
operating at 24,000 rpm and 29,000 g. A density gradient was obtained by overlaying with two sucrose
solutions of 8 and 24 wt%, respectively. Dodecane (0.5 mL) was added to the top layer to prevent
evaporation. Prior to each measurement, a calibration standard of polyvinylchloride (PVC) with a defined
hydrodynamic diameter of 263 nm dispersed in water was measured. The volume of the added aqueous
nanoparticle dispersion was 100 pL. The hydrodynamic diameter of the nanoparticles was calculated
with the density of elemental palladium (12.023 g cm). Hydrodynamic particle size distributions were
also determined by dynamic light scattering (DLS) with a Malvern Zetasizer Nano ZS ZEN 3600

instrument with nanoparticles in aqueous dispersion.

For the ICP analysis, the sample was dried at 150 °C and then digested with 8 mL 67% HNOs in a CEM
Mars 6 microwave instrument. Afterwards, the sample was dispersed in 3 mL deionized water and
measured in an ICP-OES instrument (Plasma Quant PQ9000 Elite, Analytik Jena).

For hydrogenation at 1 atm, the concentrated nanoparticle dispersions were ultrasonicated for 5 min.
Then, an aliquot was diluted to the desired content of palladium with deionized water, followed by stirring
for 5 min. Reactions at 1 atm hydrogen were conducted in round bottom flasks with stopcock that were
flushed with argon under stirring at 1,400 rpm for at least 5 min after the diluted catalyst solution had
been added. A constant hydrogen supply was realized with a hydrogen balloon. To exchange argon by
hydrogen, the flask was flushed with one complete balloon without stirring. Next, the nanoparticles were
preformed for 10 min under stirring at 1,400 rpm. The substrate was added with a syringe, any possible
overpressure was released, and a new balloon was attached with subsequent short flushing. For
reactions at elevated temperatures, the reaction time was started after the desired temperature was

reached. Aliquots were taken with a syringe and rapidly quenched.

A 120 mL stainless steel reactor was sealed, flushed with argon, and evacuated for high-pressure
reactions. This was repeated three times. The catalyst dispersion was introduced into the reactor in
argon counterflow; subsequently, the substrate container was charged by applying argon counterflow.
Afterwards, the reactor was pressurized to 50 bar hydrogen under constant stirring at 1,500 rpm. After
reaching a constant pressure, a preforming time of 10 min was allowed before the substrate was added
to the preformed catalyst solution. During the reaction, aliquots were taken and rapidly quenched with
liquid N2-frozen glassware. In the hydrogenation experiment with the Lindlar catalyst, the catalyst was

placed inside the reactor prior to sealing, and no water was added.

All samples were analyzed by GC analysis with an FID detector and fert-butanol or o-xylene as external
standards for quantitative analysis. For the biphasic hydrogenation, additional GC-MS-EI and NMR

analyses were performed to exclude the formation of positional isomers.
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4.4 Results and Discussion

4.4.1 Nanoparticle Characterization

Different types of palladium nanoparticles were prepared as potential catalysts: three types of spherical
nanoparticles, i.e., 2 nm GSH-coated nanoparticles (denoted as ultrasmall nanoparticles in the following)
and 5 nm PVP- or GSH-coated nanoparticles. The affinity of PVP to the palladium surface is weaker

than that of the thiol-containing ligand GSH, a fact that may influence the catalytic activity.[146]

The diameter of the metal core was determined by high-resolution transmission electron microscopy
(HRTEM; Figure 10). The average diameter of the ultrasmall nanoparticles was 1.5 + 0.4 nm. The larger
PVP-stabilized spherical nanoparticles (5 nm) had an average diameter of 4.4 + 0.7 nm. Note the

crystallographic well-developed faces of the 5 nm nanoparticles.

2004

number

05 1.0 15 2.0 25 3.0
diameter / nm

diameter / nm

Figure 10: Top: HRTEM images of GSH-coated ultrasmall palladium nanoparticles (2 nm), together with the particle size
distribution (>2,000 particles were analysed, average diameter: 1.5 + 0.4 nm). Bottom: HRTEM images of larger PVP-coated
palladium nanoparticles (5 nm), together with the particle size distribution (50 particles were analysed; average diameter:

4.4 +0.7 nm).

Differential centrifugal sedimentation (DCS) gave the hydrodynamic diameter of water-dispersed
nanoparticles (Figure 11). Note that ultrasmall particles appear smaller in DCS because their effective

density is lower than that of the metal core due to the surrounding ligand shell.[67]
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Figure 11: Differential centrifugal sedimentation (DCS) of GSH-coated ultrasmall palladium nanoparticles (2 nm, red), PVP-
coated larger palladium nanoparticles (5 nm, blue), and GSH-coated larger palladium nanoparticles (5 nm, black), dispersed in
water. The average diameter of the ultrasmall nanoparticles was 1.5 + 0.4 nm. The average diameter of the PVP-coated larger
nanoparticles was 3.1 + 0.6 nm. The average diameter of the GSH-coated larger nanoparticles was 2.1 + 0.9 nm.

A complementary method is dynamic light scattering (DLS), which was applicable only to the 5 nm

nanoparticles because the ultrasmall nanoparticles do not scatter the light (Figure 12).
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Figure 12: Dynamic light scattering (DLS) of PVP-coated larger palladium nanoparticles (5 nm), dispersed in water. The average
diameter was 12 + 3 nm (black). DLS of GSH-coated larger palladium nanoparticles (5 nm), dispersed in water. The average
diameter was 7 £ 1 nm (red).

Two different sizes of palladium nanocubes were prepared with edge lengths of 18 and 28 nm,
respectively, coated either with PVP or with GSH. The HRTEM images of the smaller nanocubes
showed uniform cubes with slightly rounded corners. The HRTEM images of the larger nanocubes
showed uniform cubes with minor surface defects (Figure 13). Scanning electron microscopy gave
average edge lengths of 18 + 2 and 28 + 2 nm, respectively (Figure 14). The 18 nm cubes are mostly

regular but the 28 nm cubes have concave faces. Although this is difficult to assess in a quantitative
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way, it indicates that the exposed crystallographic faces are different for both types of cubes which may

also influence their catalytic activity.

Figure 13: Top: HRTEM image of smaller PVP-coated palladium nanocubes (18 nm). Bottom: HRTEM image of the larger
PVP-coated palladium nanocubes (28 nm).
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Figure 14: Top: Scanning electron microscopy of smaller PVP-coated palladium nanocubes (18 nm), together with their particle
size distribution (203 particles were analysed, average edge length: 18 + 2 nm). Bottom: Scanning electron microscopy of
larger PVP-coated palladium nanocubes (28 nm), together with their particle size distribution (185 particles were analysed,
average edge length: 28 £ 2 nm).

DCS (Figure 15) and DLS (Figure 16) gave the hydrodynamic diameters of the water-dispersed
nanocubes, both with GSH and PVP-coating. The higher hydrodynamic diameter by DLS in comparison
to the core diameter by TEM indicates a moderate degree of agglomeration. Table 1 summarizes all

size characterization data of the nanoparticles.
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Figure 15: Differential centrifugal sedimentation (DCS) of smaller (18 nm) and larger (28 nm) palladium nanocubes, coated with
either PVP or GSH. The GSH-coated nanoparticles had hydrodynamic diameters of 13 nm (blue) and 26 nm (green). The PVP-
coated palladium nanoparticles had hydrodynamic diameters of 15 nm (black) and 28 nm (red), respectively.
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Figure 16: Dynamic light scattering (DLS) data of smaller (18 nm) and larger (28 nm) palladium nanocubes, coated with either
PVP or GSH. The PVP-coated nanocubes had hydrodynamic diameters of 47 nm (black) and 68 nm (red), respectively. The
GSH-coated nanocubes had hydrodynamic diameters of 35 nm (blue) and 47 nm (green), respectively.
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Table 1: Characterization data of all palladium nanoparticles used for hydrogenation catalysis.

Coating Shape Particle core diameter | Hydrodynamic | Hydrodynamic
or edge length by diameter by diameter by
electron microscopy / DCS/ DLS/
nm nm nm
GSH Spheres (2 nm) 1.5+04 1.5+04 -
GSH Spheres (5 nm) 44+0.7 2109 71
GSH Cubes (18 nm) 1812 1311 35+ 4
GSH Cubes (28 nm) 28+2 26+ 1 47+ 5
PVP Spheres (5 nm) 44 0.7 3.1+£0.6 123
PVP Cubes (18 nm) 182 15+1 475
PVP Cubes (28 nm) 28+2 28+ 2 68+7

After the detailed characterization of the particles, they were tested in the semihydrogenation reaction
of alkynes. Figure 17 illustrates the relative dimensions of the molecular substrates 2-methyl-3-butyne-

2-ol 1 and 1-octyne 2 in comparison to the palladium nanoparticles. The substrate 1-octyne has a similar
size as the ultrasmall palladium nanoparticles.
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Figure 17: Schematic size comparison of the substrates (1: 2-methyl-3-butyne-2-ol, 2: 1-octyne) with all palladium nanoparticles
used for heterogeneous catalysis.
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4.4.2 Hydrogenation of 2-Methyl-3-butyne-2-ol (Monophasic)

First, the GSH-coated ultrasmall nanoparticles were applied in the monophasic semihydrogenation of

2-methyl-3-butyne-2-ol (1, Scheme 8) to identify suitable reaction conditions.

H2 H2

[Pd NP] [Pd NP]

~ H,0 N H,0
. I
HO
1 H, 3 4

[Pd NP]

H,0 dimers

Scheme 8: Reaction network of the hydrogenation of 2-methyl-3-butyne-2-ol (1), catalyzed by palladium nanoparticles.

Initially, a standard approach was used, conducting the experiment at 1 atm hydrogen pressure with
variable catalyst loadings and at variable temperature. Catalyst loadings as low as 0.016 mol% Pd were
found to be catalytically active. However, the maximum conversion of 1 never exceeded 45%, regardless
of the catalyst concentration and the temperature (see Figure S 1 and Figure S 2). Furthermore, TEM
analysis of the ultrasmall palladium nanoparticles recovered after the hydrogenation reaction of 1 at
1 atm Hz, 25 °C and 0.016 mol% Pd showed strongly aggregated nanoparticles (Figure S 3). Therefore,
the hydrogen pressure was increased to 50 bar to achieve a full substrate conversion. We found that at
all investigated catalyst loadings, the hydrogenation of 1 to 3 at 50 bar and room temperature occurred
within a few minutes (Figure 18). Notably, a selectivity of 84% toward the desired alkenol 3 was observed
when approaching full conversion. Over-hydrogenation to tert-amyl alcohol 4 and dimer formation
occurred only in minor amounts in that case. As expected, alkynes were hydrogenated significantly

faster than alkenes.[%8!
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Figure 18: Y, t-plots of the hydrogenation of 1 at 50 bar H; catalyzed by GSH-coated ultrasmall palladium nanoparticles (2 nm) at
different catalyst loadings. General conditions: Nsypstrate = 50 mMmol, pr2 = 50 bar, fsirer = 1500 rpm, Tetart = RT, Viotal = 58.1 mL,
toreforming = 10 min, semibatch conditions; left: ceq = 0.08 Mol%, Weq 120 = 80 ppm; center: ceq = 0.032 Mol%, Wpg o = 32 ppm;
right: ceg = 0.016 Mol%, Weg o= 16 ppm.

At full conversion, a temperature maximum was reached, which decreased during over-hydrogenation
(Figure 19). This can be explained by the different reaction enthalpies associated with the conversions

from alkyne to alkene and from alkene to alkane of the same species, 88 coupled with different rates of
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the individual reaction steps, and heat exchange across the reactor wall. This was also reported by
Brunet et al.[® Thus, the reaction progress was monitored non-invasively by monitoring the temperature
in the reactor. Aliquots were taken toward the end of the plateau phase for analysis. Taking into account
the reaction rate and the selectivity, 0.016 mol% Pd was chosen as the catalyst loading for all further
experiments. The selectivity at complete conversion (X = 99%) is particularly relevant because it
correlates with the maximum yield. This underscores the intrinsic selectivity of this catalyst configuration
because over-hydrogenation is expected to become more prominent at an excess of alkenes over

alkynes.[5311541.[56]

R S 0.032 mol% Pd 0.032 mol®% Pd 0.016 mol% Pd

B0+ 26 9

28

24

time / min time / min time / min

= X + temperature

Figure 19: Development of reactor temperature and conversion during the hydrogenation of 1 at 50 bar H, with GSH-coated
ultrasmall palladium nanoparticles (2 nm) at different catalyst loadings. General conditions: Nsustrate = 50 mmol, pr2 = 50 bar,
fstirer = 1500 rpm, Tsan=RT, Viota = 58.1 mL, foreforming = 10 min, semibatch conditions; left: cpq = 0.032 mol%, Weq 20 = 32 ppm,
center: enlarged section of the left image, right: cpq = 0.016 mol%, Weq Hoo = 16 ppm.

Further monophasic hydrogenation experiments of 1 catalyzed by the other types of palladium
nanoparticles were performed under the same conditions. The results are shown in Table 2.

Table 2: Overview of hydrogenation reactions of 1 (monophasic). Conditions: Nspstrate = 50 mmol, prz = 50 bar, fsirer = 1500 rpm,
Cpg = 0.016 Mol%, Tstart= RT, Wpg 20 = 16 ppm, Vigta = 58.1 mL, tyreroming = 10 min, semibatch conditions.

Entry Coating Shape dcoreledge dcoreledge S?1 % tT,max I's TOF |/ Pd re-
length, before/ length, after h'1 coveryb
nm / nm / ppm
21 GSH Spheres 1.5£04 1.5+£0.3 84 3,866- 4,400 full
(2 nm) 4,061
2.2 GSH Spheres 44 +£0.7 3.6 0.6 84 125-132 | 177,000 full
(5 nm)
23 GSH Cubes 1812 17 +2 88 634-684 | 27,000 full
(18 nm)
24 GSH Cubes 282 26+ 2 -¢ 3,812- 3,000¢ 10
(28 nm) 4,2719
25 PVP Spheres 44 +£0.7 3.4+0.6 76 122-138 | 183,000 full
(5 nm)
2.6 PVP Cubes 18+2 1312 88 2,233- 4,100 full
(18 nm) 2,307¢
2.7 PVP Cubes 28+ 2 24+3 81 1,402- 15,000 4
(28 nm) 1,713

a at full conversion; b the theoretical recovery is 14.85 ppm Pd at maximum; "full" indicates values

between 12-17 ppm; ¢ full conversion was not reached; 9 could be even lower, see Sl for details.
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The ultrasmall nanoparticles showed the lowest reaction rate (entry 2.1). Notably, a complete conversion
was not achieved for the large GSH-coated nanocubes (entry 2.4), and the reaction significantly slowed
down with time. The selectivity at full conversion was high in all cases, ranging from 76% to 88%. The
5 nm particles showed the highest reaction rate, regardless of the capping ligand (GSH or PVP, entries
2.2 and 2.5). ICP analysis gave very high recoveries for most types of palladium nanoparticles,
suggesting that palladium remained well dispersed in the liquid phase. Only for PVP-coated 28 nm

nanocubes, lower retrieval rates were observed.

A possible change of the shape and structure of the palladium nanoparticles during the hydrogenation
of 1 at 50 bar hydrogen pressure was assessed by analyzing the retrieved nanoparticles by HRTEM
(Figure 20). The crystallinity of the ultrasmall palladium particles had significantly increased due to the
high hydrogen pressure (reduction of initially present PdO!'44 to metallic palladium). This was confirmed
by the treatment with hydrogen in the absence of the organic substrate. The particle core size remained
unchanged. After retrieval, the ultrasmall nanoparticles were still well colloidally dispersed without

noticeable agglomeration.

before reaction after H, at 50 bar after catalysis

Figure 20: HRTEM images of ultrasmall GSH-coated palladium nanoparticles (2 nm) before the catalytic reaction (left, same as
Figure 10), retrieved after stirring at 50 bar hydrogen pressure for 1 h (center), and retrieved after the hydrogenation reaction of
1 (right). Conditions: Nsupstrate = 50 mmol, puz = 50 bar, fiirer = 1500 rpm, cpg = 0.016 Mol%, Teart= RT, Wegn2o = 16 ppm, Viga =
58.1 mL, fyreforming = 10 min, semibatch conditions.

The corresponding HRTEM images of the larger GSH-coated palladium nanoparticles (5 nm) (entry 2.2)
are shown in Figure 21. They had formed loose aggregates of approximately 30 nm in diameter,
consisting of the original particles. In contrast, the nanocubes showed a pronounced aggregation but
retained their original shape and size. Very similar results were obtained for PVP-stabilized

nanoparticles (see Figure S 4).
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Figure 21: Overview and magnified HRTEM images of larger GSH-coated spherical palladium nanoparticles (5 nm) (left),
smaller palladium nanocubes (18 nm) (center), and larger palladium nanocubes (28 nm) (right) after hydrogenation of 1 at

50 bar hydrogen pressure. Conditions: Nsusstrate = 50 mMmol, pyz = 50 bar, firer = 1500 rpm, cpg = 0.016 Mol%, Tstart = RT, Wpg oo =
16 ppm, Viota = 58.1 ml, tpreroming = 10 min, semibatch conditions.

A benchmark hydrogenation experiment of 1 with a Lindlar catalyst at the same pressure, catalyst
concentration, and initial temperature gave 83% selectivity after a reaction time of 33 min (Figure S 6),
i.e., an intermediate reaction rate with a selectivity comparable to the nanoparticles. Thus, the
nanoparticles are a lead-free alternative to the Lindlar catalyst.

4.4.3 Hydrogenation of 1-Octyne (Biphasic)

Next, a biphasic hydrogenation reaction was tested (Figure 22). 1-Octyne 2 was used as water-
immiscible substrate. In such a biphasic system, the initially water-dispersed particles may agglomerate
and deposit on the walls of the reactor or on the phase interface. Furthermore, they may also leach from
the aqueous phase into the product phase (Figure 23). Table 3 gives the results of the biphasic

hydrogenation catalysis.

H, H,
[Pd NP] [Pd NP]
\/\/\/// 2 o
e — /\/\/\, —_
2 H, 5
[Pd NP]
H,0 dimers

Figure 22: Reaction pathway of the biphasic hydrogenation of 1-octyne 2, catalyzed by palladium nanoparticles.
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Figure 23: Possible processes that may occur with palladium nanoparticles in a biphasic oil-water system during catalysis.

Table 3: Results of hydrogenation reactions of 2 (biphasic). Conditions: Nsusstrate = 50 mmol, pyz = 50 bar, fstirer = 1500 rpm, cpg =
0.016 mol%, Tsart= RT, Wegr2o0 = 16 ppm, Vigta = 60.6 mL, tprerorming = 10 min, semibatch.

Entry | Coating Shape | dcoreledge | dcoretedge | S?/ | trmax! | TOF/ Pd Pd
length, length, after / % S h-1 leach- mass
before | nm ¢ ing/ | balance

nm % | %
3.1 GSH Spheres | 1.5+04 | 16+0.3 | 77 | 6,800- | 1,000° 2 +2
(2 nm) 8,925
3.2 GSH Spheres | 4.4+£0.7 | 40205 | 51 594- | 21,000 54 -40
(5 nm) 781
3.3 GSH Cubes 18+2 16 +2 83 | 1,283- | 12,000 1 -86
(18 nm) 1,396
3.4 GSH Cubes 28+2 25+2 88 | 1,171- | 16,600 1 -80
(28 nm) 1,465
3.5 PVP Spheres | 44+0.7 | 3.2+0.3 | 80 460- | 38,000 7 -87
(5 nm) 490
3.6 PVP Cubes 18+2 13+2 77 | 1,484- | 13,000 3 -66
(18 nm) 1,780
3.7 PVP Cubes 28+2 20+ 3 83 | 1,485- | 11,000 3 -85
(28 nm) 1,929

aat full conversion; ® induction period within regression time frame leading to imprecise linearization

In the biphasic hydrogenation, the ultrasmall nanoparticles showed a significantly slower reaction rate
compared to the monophasic system (entry 3.1), requiring approximately 2.5 h for completion. Again,
all other particles had a higher activity than the ultrasmall nanoparticles. The 5 nm nanoparticles gave
the highest reaction rate (entries 3.2 and 3.5). However, this was accompanied by an increased rate of
isomerization in the case of the GSH-coated particles, resulting in a decrease in selectivity to 51% (entry
3.2). All cubic particles (entries 3.3, 3.4, 3.6, and 3.7) had a similar reaction rate, possibly due to
additional mass transport limitations during the biphasic reaction. In the same line, the 5 nm particles
had a significantly lower reaction rate compared to the monophasic hydrogenation of 1, suggesting mass

transport limitation.

The loss of palladium was considerable for all particles except for the ultrasmall nanoparticles. The

particles showed a pronounced accumulation of palladium at the phase interface, independent of their
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surface coating. Strong brown deposits were visually observed on the interface and also on the reactor

surface.

The ultrasmall nanoparticles could not be recovered. The 5 nm GSH-coated nanoparticles (entry 3.2)
were almost unchanged after hydrogenation in the two-phase system. The GSH-coated nanocubes
(entries 3.3 and 3.4) were aggregated but mostly unchanged in size and shape (Figure 24). Similar

results were obtained for PVP-coated particles (Figure S 5).

Figure 24: Overview and magnified HRTEM images of larger GSH-coated spherical palladium nanoparticles (5 nm) (left),
smaller palladium nanocubes (18 nm) (center), and larger nanocubes (28 nm) (right) after biphasic hydrogenation of 2 with 50
bar hydrogen. Conditions: Nsypstrate = 50 mMmol, prz = 50 bar, firer = 1500 rpm, cpg = 0.016 MO1%, Tetart = RT, Wegr20 = 16 ppm,
Viotal = 60.6 ML, tyrerorming = 10 min, semibatch conditions.

Figure 25 depicts the relative reaction rates for both substrates and all types of palladium nanoparticles.
In all cases, the 5 nm nanoparticles were the most efficient (shortest reaction time) and the 2 nm
ultrasmall nanoparticles the least efficient (longest reaction time). The nanocubes gave intermediate
reaction rates. For a possible explanation, we have computed the specific surface area of all catalysts
samples used and also the number of accessible palladium atoms on the particle surface (Table 4). In
relative terms and normalized to the catalyst mass, the palladium atoms on the particle surface are of
the ratio 21:10:1.5:1 for spheres (2 nm):spheres (5 nm):cubes (18 nm):cubes (28 nm). This clearly
illustrates that the catalytic efficiency is not proportional to the number of palladium atoms on the particle

surface.

relative reaction time substrate
| — | — :
o @m I ™ .I Z
° HO

5nm, 18 nm, 28 nm, 18 nm, 28 nm, 2 nm,

PVP&GSH  GSH PVP PVP GSH GSH
| —

5 nm, 18 & 28 nm, 2nm,

PVP & GSH GSH & PVP GSH

Figure 25: Comparison of the relative reaction times for monophasic (top row) and biphasic reactions (bottom row).
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Table 4: Properties of all nanoparticle catalysts, based on geometrical considerations.

Particle Mass of Surface Specific Number Number Number Number
shape one area of surface of of of of
particle / one area of particles | palladium | palladium | palladium
g particle / | catalyst/ in1g atoms in | atoms on | atoms on
m? m? g catalyst one the the
particle® surface surface
of one in1g
particle | catalyst
Spheres | 4.77-1020 | 1.26-10-"7 264 2.10-10% 270 170 3.54-102
(2 nm)?
Spheres | 7.45-10-% | 7.85-10-"7 105 1.34-108 4,200 1,260 1.69-1021
(5 nm)?
Cubes 6.64-10""7 | 1.94-10-1 29 1.51-10'% | 375,000 17,300 2.60-10%0
(18 nm)®
Cubes 2.50-10"% | 4.70-10-1 19 4.00-10'® | 1,413,000 42,000 1.68-102°
(28 nm)®

aThe particles were assumed to be perfect spheres with the given diameter.

b The particles were assumed to be perfect cubes with the given edge length.

¢To compute the number of palladium atoms in one particle, the particle volume was divided by the
volume of one palladium atom (0.0115 nm3) and assuming a packing density (fcc) of 74%.

4 To compute the number of palladium atoms on the surface of spherical particles, a surface layer of
0.28 nm thickness (diameter of one palladium atom) was assumed. The number of palladium atoms in
this layer was approximated by dividing it by the volume of one palladium atom and assuming a packing
density (fcc) of 74%.

As the catalytic efficiency is not simply proportional to the specific surface area, other effects must be
responsible. A possible explanation is that ultrasmall nanoparticles have a very rugged surface and
therefore lack distinct crystallographically defined faces and therefore give lower reaction rates. 5611571
Furthermore, the lower reaction rates observed for the investigated nanocubes agree with simulations
conducted by Crespo-Quesada et al. for nanoparticles of different size.l®¢! The surface coverage with
the capping ligands (GSH and PVP) and the surface dynamics (desorption and re-adsorption) certainly
have a major effect on the catalytic efficiency, like the turnover frequencies (TOF). Unfortunately, these
data are not available for the initial particles. It can be underscored that all particles were thoroughly
washed and purified by centrifugation, therefore, we can safely assume that the ligands are well
attached to the nanoparticle surface before catalysis. However, it is not known what is happening with
the ligand shell under catalytic conditions, e.g. in different solvents, at elevated temperature, and
elevated hydrogen pressure. The fact that some particles were strongly agglomerated after the catalysis
suggests that the ligand shell could be influenced. Unfortunately, there are no analytical methods

available that can address this question in a quantitative way.

For transition-metal catalysts such as palladium, there is a strong ecological and economic incentive for
facile separation, ideally in their active form, so that the catalysts can be reused after recovery. Biphasic
systems have proven to be a useful concept for molecular catalysts, therefore, we aimed to transfer this
concept to the present catalyst system. However, when introducing a second phase, distribution

phenomena inevitably occur, since a certain degree of cross-solubility must be expected, even if small.
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The nonpolar nature of the substrate leads, upon coordination to the active surface, to a competition
with the ligands that otherwise stabilize the particles in water. As the substrate itself is nonpolar, the
particles exhibit an increased tendency to disperse in nonpolar media, which results in a destabilization
of the aqueous suspension. This effect is further enhanced by the intense stirring required to ensure
sufficient mass transfer for high catalytic activity, which additionally enlarges the interfacial area. Our
experimental results support this interpretation: Spherical 5 nm particles displayed higher activity, i.e., a
more effective substrate coordination and increased turnover, but consequently also a stronger
destabilization. In contrast, 2 nm particles showed a lower affinity of the substrate to the surface,
resulting in reduced activity but at the same time improved stability. In purely aqueous systems, where
the substrate is an alcohol and thus water-soluble, these destabilizing effects are far less pronounced,

resulting in a more stable catalytic system overall.

4.5 Conclusions

Palladium nanoparticles of various sizes and shapes in water, stabilized by either PVP or GSH, are
active in the monophasic and biphasic semihydrogenation of alkynes. For biphasic alkyne
semihydrogenation, this is the first report of a application of palladium nanoparticles. The ultrasmall
nanoparticles had a low efficiency both at 1 and 50 bar hydrogen pressure. The nanoparticles were
analyzed before and after the catalytic reaction by electron microscopy to assess possible structural
changes. The internal crystallinity of the ultrasmall nanoparticles increased due to reduction by hydrogen
but the particles did not agglomerate. In contrast, all larger particles showed a significant aggregation

after catalysis but did not significantly change their size and shape.

The semihydrogenation was fast for most particles and never took longer than about 2.5 h to completion.
Regarding reaction rates, several trends emerged for both monophasic and biphasic reaction conditions:
The ultrasmall particles were always the least efficient with turnover frequencies of 1000 - 4,000 h,
while the 5 nm particles were consistently the most efficient, reaching remarkably high TOFs of up to
183,000 h-'. In biphasic catalysis, mass transport limitations led to similar reaction rates for all larger
particles with TOFs around 12,000 h-'. The selectivity was comparable in most cases with about 80%.
There was no significant effect of the coating agent (GSH or PVP) on either selectivity or activity in
hydrogenation catalysis, indicating that the surface of the palladium nanoparticles is easily accessible

in all cases for the substrates.

In monophasic catalysis, most of the palladium could be recovered. In contrast, in biphasic catalysis, a
significant palladium loss was found except for the ultrasmall nanoparticles which were fully recovered.
In conclusion, nanoparticles with diameter of 5 nm turned out to be most efficient in hydrogenation
catalysis. However, the chosen biphasic approach is not suitable for the present catalyst system.
Instead, future work should focus on carrying out the reaction in a monophasic aqueous medium

(potentially with co-solvents), followed by a downstream separation step such as liquid—liquid extraction.
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5 Solvent and Metal Selection for FAME Hydrogenation
with Laser-Ablated Nanoparticles
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5.1 Introduction

The previous chapter shows promising results for hydrogenation reactions with spherical, small (but not
ultra-small), and very uniform Pd nanoparticles of ca. 5 nm, while the bigger and ultra-small ones exhibit
lower reactivity. To avoid the elaborative synthesis strategy applied there, the intensification of NP
synthesis using laser ablation and fragmentation is applied in the following. A broad range of solvents
and metals can, in theory, be applied for this process. Thus, a selection must be made, which is done
in the following sections. After synthesis and characterization of the particles, selective partial FAME
hydrogenation (Scheme 9) will be applied as a model reaction. Afterwards, influences of reaction
conditions on the reaction performance in the chosen hydrogenation reaction will be investigated, also
in comparison with similar catalyst systems. Finally, structure-specific relationships for several similar

substrates are used to shed some light on the underlying possible catalysis mechanism.
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Scheme 9: Reaction scheme of the intended selective partial FAME hydrogenation with laser-ablated NPs in an appropriate
solvent.

5.2 Experimental

All laser-ablated catalyst solutions were obtained by PLAL with subsequent laser fragmentation using
Nd:YAG lasers (IS400-1-L, Edgewave or RSM 100D, ROFIN-SINAR) at a power output of 50 W resp.
27 W, wavelengths of 532 nm resp. 1064 nm, and a repetition rate of 5 kHz according to otherwise
known methods!'691170], A schematic setup can be found in Figure 26. The collection of the product
colloid in the substrate container during operation enables further irradiation cycles and thus laser

fragmentation of the freshly produced particles.
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Figure 26: Schematic setup for PLAL as used in this chapter.

Particle analysis for particle size distributions of laser-ablated particles was performed with the software
Fiji and the ParticleSizer plugin. All solutions were measured using ICP-OES for their Pd contents (in
ppm, w/w) prior to first use as described in chapter 4.3. The only exception was made for glycerol due
to safety concerns during sample preparation. Here, glycerol was removed in high vacuum at elevated
temperatures, and the digestion with HNO3 was subsequently performed in reflux at 90 °C for 30 minutes

in the bottom flask from evaporation.

Pd in PC was also prepared according to the autoreductive method by Lux and Behri22l: Pd(OAc)2 was
dissolved in PC and stirred under reflux at 80 °C for 2 h. The resulting particles are known to exhibit
sizes in the range of 5-12 nml22, Furthermore, Pd in PC and DMF was prepared reductively based on
the method by Lux and Behr?2: Pd(OAc). was dissolved in 100 ml of the solvent to give stock solutions
of 34 ppm Pd content. The reaction was carried out for 2.5 h at 80 °C and 10 bar hydrogen in the glass
reactors to a similar workflow as described below.

All hydrogenation experiments were performed in 120 mL stainless steel or 250 mL glass reactors with
mostly gas impeller stirrers, substrate containers, and a hydrogen dosing system. The vessels were at
most half-filled to ensure sufficient mixing behavior. In the metal screening and in selected further
experiments on mixing behaviors, additional baffles were inserted into the stainless steel reactors. For
all high-boiling solvents, the catalyst solution was introduced into the reactor, and the reactor was sealed
afterwards. The whole system was then inertized via an alternation of argon supply (ca. 10 bar) and
vacuum degassing for at least three cycles. The stainless steel reactors also allowed for the introduction
of the catalyst solution via syringe in argon counterflow after inertization. As an exception, the catalyst
solution with 1-butanol was added through the substrate container after inertization in argon counterflow.
Then, the substrate was added to the substrate container using a syringe. Afterwards, the system was
pressurized, stirring was initiated, and heating started for the preformation of the catalyst. The 120 mL
reactor also allowed preheating of the substrate. For the glass reactors, preheated substrate was
introduced shortly before reaction start in order to enable a high uniformity of the temperature of the

whole (biphasic) reaction system. After reaching the constant reaction temperature, the pressure
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equalization valve was opened. After pressure equalization, the substrate was added to start the
reaction. Hydrogen was constantly fed by a mass flow controller so that the pressure remained constant
throughout the reaction. Blind activities of the reactors were ruled out for most of the substrates under
relevant conditions. FAME samples were withdrawn and quenched in pre-cooled Falcon tubes and
degassed with bubbled-through argon or helium to strip soluble hydrogen. Biphasic samples were
subsequently centrifuged for 3 minutes at 1,000 min-'. All other samples were collected in I-N2 freezed
glassware. All collected product phases were diluted and measured on GC-FIDs. Catalyst solutions
were not measured since the solubility of the products was found to be negligible. Turnover frequencies
were calculated at 20% targeted hydrogen conversion (TOFz2o,12). Further details on sample analyses
can be found in chapter 11.2.2. For comparison with literature, available data were used to calculate

conversion, selectivity, and the trans/cis ratio in the same way as for own data.

kja values and hydrogen solubilities were measured by pressure loss due to hydrogen absorption in the
liquid according to the method described by Dietrich et al.['?9. Therefore, the 120 mL reactors at room
temperature were used with mixtures of the same composition as the corresponding reaction mixtures,
just without Pd.

5.3 Results and Discussion

5.3.1 Solvents for Laser-Ablated Nanoparticles

In literature-investigations on Pd NPs synthesized by reductive methods, a broad solvent screening was
performed. There, the solvents with the longest NP shelf life were methyl-isobutylketone, DMF and
especially five-membered cyclic molecules with N or O heteroatoms, such as PC, N-methyl pyrrolidone,
or THF. Other polar solvents also exhibited good stabilization, while very short-chain alcohols and apolar
hydrocarbons were less suitable.[22.136] |n order to use ,green” solvents in this work, PC and the even
more polar derivative glycerol carbonate were chosen from the group of five-membered heterocycles!'"!l.
Although several short-chain alcohols were proven by Lux to be unsuitable at least at 100 ppm metal
loading, the diol ethylene glycol, the straight-chain 1-butanol, and the highly polar glycerol were not

tested in previous work and thus will be evaluated herel221[361[172],

PLAL of Pd in the mentioned solvents with subsequent laser fragmentation was performed according to
the described procedure. The resulting colloids were examined by TEM; the obtained qo particle size

distributions are shown in Figure 27. The resulting mean diameters are summarized in Table 5.

Table 5: Mean particle sizes for laser-ablated Pd in various solvents, determined by TEM.

solvent dFeret [NM] annotations
propylene carbonate 36%20 -
glycerol carbonate 49+19 -
1-butanol 3.8+1.6 Few and small agglomerates
ethylene glycol 6.4+39 Many small agglomerates
glycerol 7.6 £3.8 Many aggregates in a loose structure
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Figure 27: TEM images of the solvent-stabilized Pd colloids produced by PLAL in propylene carbonate, glycerol carbonate,
1-butanol, ethylene glycol, and glycerol. Counted particles are outlined in red.

56



Solvent and Metal Selection for FAME Hydrogenation with Laser-Ablated Nanoparticles

The obtained particle size distributions tend to overestimate the mean particle size, as primarily the right
half of a Gaussian-like curve is detected, while particles less than ca. 2 nm are only barely detectable
by the software due to low contrast with the background. As can be seen from Figure 27, 1-butanol
contains a small amount of agglomerates, but the image recognition can still determine the sizes of most
of its single particles. Rather loosely bound agglomerates are also detectable for ethylene glycol. Even
though single particles of some agglomerates or aggregates are sometimes not detected and the whole
assembly is counted instead, monomodal particle size distributions in a size range around 5 nm are
obtained for all particles as expected, except for glycerol: here, all particles form larger aggregates of
irregular shapes that are rather loosely bound itself, but individual primary particles are only hardly
distinguishable. Thus, the particle size distribution of glycerol is strongly broadened towards bigger

particles.

During the ablation process, glycerol and glycerol carbonate had to be heated to lower the viscosity,
and foam was detected. Hence, they are not preferred solvents for PLAL in terms of handling, and for

glycerol also in terms of the resulting particles.

However, the obtained particles with average size ranges of 4-8 nm are expectedly highly active and
selective in hydrogenations, as can be extrapolated from aqueous Pd NPs used for selective partial
alkyne hydrogenations 61, To investigate this, hydrogenation of FAME as a less reactive substrate
instead of alkynes was carried out afterwards. The results are shown in Figure 28 and indicate the
highest activity of NPs in the organic carbonates PC and glycerol carbonate. Selectivity in glycerol
carbonate is high and counts 90%, but is less than the excellent selectivity of 96% for PC. All alcohols
perform poorly, necessitating strongly prolonged reaction times of 20-22 h (as derived from the evolution
of the total hydrogen uptake). At the same time, most of them show pronounced overhydrogenation at
incomplete conversion of polyunsaturated species. This results in selectivities of 88-90% for the
alcohols. Therefore, the only reasonable solvents in terms of activity and selectivity are PC and glycerol

carbonate, followed by 1-butanol.
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Figure 28: Composition of samples of the selective partial hydrogenation of soybean FAME at 10 bar with laser-ablated Pd in
various solvents. Reaction conditions: S:C= 100,000:1, T= 50 °C, fyirer = 3,400 rpm, pr= 10 bar, Wpgsovent= 5 ppm, t as stated,
Vieta= 100 mL, semibatch. Glycerol was diluted with deionized water to reach the desired Pd concentration for viscosity reasons.

Under the chosen conditions (including 5 ppm Pd within the solvent), the use of PC and glycerol
carbonate leads to the formation of a biphasic system, with the product forming the upper phase. In
these cases, the Pd leaching into the product phase was determined as 1 ppm or below for PC and
glycerol carbonate, thus being at the limit of quantification. FAME with 1-butanol forms a monophasic
system, whereas ethylene glycol and glycerol form emulsions that do not allow precise statements
regarding Pd leaching.

The particle size distributions cannot be the reason for these drastic differences in activity and selectivity,
since all average diameters are very similar. Although aggregates and agglomerates are visible in the
TEM images (Figure 27), for the alcohols, the activity should be in a different order, with the particles in
glycerol being the worst catalyst. Apparently, this is not the case. Hydrogen solubilities in the solvent (at
1 bar and 25 °C, see Table 6) can also not explain the different reaction rates, since the glycerol/water
mixture has the highest hydrogen solubility, followed by PC.

Table 6: Hydrogen solubilities in the investigated solvent (mixtures) at 1 bar and 25 °C, mostly calculated from solubility
constants like the Henry coefficient and their errors.

solvent CHz,solvent LMOI M3]
propylene carbonatel'73:174] 14.1+1.7; 16.6
glycerol carbonate? <141
1-butanol!'”®! 3.0+ 0.06
ethylene glycoll'’*! 0.7 £0.014
glycerol+water!'7! 20.8 + 0.06

a: not literature-known and from conducted experiments only uncertainly determinable, but in comparison less than
for PC
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Furthermore, kja values at room temperature were measured for each system (apart from 1-butanol,
where the method was surprisingly not applicable despite repeated attempts) at the same composition
as for hydrogenation. However, all k;a values were very similar (see Table 7), and no clear trend was
observable either.

Table 7: Determined k;a values at room temperature for genuine reaction compositions from Figure 28 with volumes of 55 mL in
the stainless steel autoclaves according to the method of Dietrich et al.l'?! for one set of measurements.

solvent kja [s]
propylene carbonate 0.516
glycerol carbonate 0.319
1-butanol -4
ethylene glycol 0.304
glycerol+water 0.280

a: Linearization of measured data and thus the whole method not applicable

While the number and exact structure of defect sites and carbonaceous species may be solvent
dependent#'1'70 due to individual physico-chemical properties that affect the formation of the plasma
plume during ablation, this cannot be elucidated from the given TEM images and requires a substantially
higher resolution. The last and most probable option is different adsorption strengths of solvents and
hydrogen and their competition with the adsorption of the substrates. Similar effects were already
observed for the hydrogenation of MBY on Pd surfaces, where MeOH and EtOH competed with
hydrogen for adsorption sitesl®8l. Thus, for other small alcohols such as those used in this investigation,
this mechanism also appears to be very likely. Further work on the elucidation of different adsorption
behaviors would require the measurement of adsorption enthalpies and the number of adsorption sites.
However, the necessary presence of solvents complicates or even excludes typical measurements like

the Brunauer-Emmett-Teller method.

As a conclusion, PC and glycerol carbonate remain the solvent of choice to produce catalytically highly
active NPs by laser-ablation. However, the lower selectivity with glycerol carbonate compared to PC at
a different C18:2 residue demands further analysis that will be performed in chapter 5.3.3.1, which also
includes a comparison of results originating from different synthesis routes. Since the availability of
glycerol carbonate is lower than for PC, PC will be used in the following to investigate the most suitable

metal for highly active hydrogenation catalysts of this type.
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5.3.2 Metals for Laser-Ablated Nanoparticles

A metal screening is intended to identify the optimal catalyst metal for the given task of selective partial
FAME hydrogenation. From the typically investigated metals for selective partial FAME hydrogenation
(Pd, Rh, Pt, Ir, Ru, and Ni) introduced in chapter 2.2.1.2, Pd, Ir, and Pt were chosen for this task, since
they are the most active ones, together with Rh, which is difficult to purchase in pure form as ablation
target. Furthermore, silica-supported Cu was shown to give extraordinary selectivities in selective partial
FAME hydrogenationl'76.l'77]. Therefore, colloidal Cu NPs were also included in the metal screening.
TEM images were taken from exemplary samples, and corresponding qo particle size distributions were

obtained, see Figure 29 and Table 8.

Table 8: Mean particle diameters of various laser-ablated metals in PC, determined by TEM.

metal dFeret [Nnm] Annotations
Pd 36120 -
Pt 48+3.0 bad image qualities
Ir 32+1.2 -
Cu 29+141 low contrast

While PLAL of Pd, Ir, and Cu in PC yielded well-dispersed NPs with narrow particle size distributions
and similar mean particle sizes, Pt in PC forms partially dense aggregates, where single particles cannot
be distinguished anymore. In combination with the facts that the image quality of these particles is low
and that only a few particles are detectable, the broadened particle size distribution with a second mode
around 10 nm can be explained. Nevertheless, all nanoparticles exhibit a reasonable size range and

are thus used for catalytic experiments in the selective partial hydrogenation of FAME.
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Figure 30: Composition of samples of the selective partial hydrogenation of soybean FAME at 10 bar with laser-ablated Pd in
various solvents. General reaction conditions: firer = 3,500 rpm, t= 180 min, Vo= 55 mL, semibatch

Pd: S:C= 100,000:1, T= 50 °C, prz= 50 bar, Weqpc= 12 ppm,

Pt: S:C=5,000:1, T= 190 °C, pu2= 51 bar, weipc= 82 ppm, reactor equipped with baffles

Ir: S:C=5,000:1, T= 150 °C, pu2= 51 bar, w;.pc= 22 ppm, reactor equipped with baffles

Cu: S:C=5,000:1, T= 150 °C, pu2= 51 bar, wcupc= 57 ppm, reactor equipped with baffles.

The literature-known order of activity is also valid for the investigated transition metal NPs in PC (see
Figure 30). Maximum achievable reaction conditions in the system were applied for each metal, except
for Pd, due to sufficient results already at 50 °C. Pd in PC shows by far the highest activity already at
mild conditions and low metal usage and exhibits the highest selectivity at the same time. Pt shows a
drastically reduced activity and selectivity, leading to strong overhydrogenation at incomplete
conversion. Furthermore, Pt is the only metal where intermediate conjugated species are present. Ir
shows an even lower activity. The promising Cu does not show relevant catalytic activity at all, although
temperature, pressure, and reaction time were chosen according to literaturel'’8l. The acidity of the
support was found in literature to be a crucial factor!'’”l. Thus, a further test with slightly acidified Cu to
mimic the acid influence of the support was also carried out, but showed no reactivity either. Hence,
apart from the S:C ratio — which is ca. 36 times higher for the supported Cu catalysts!'7¢! — the presence
of a suitable support may be the most crucial factor for the selective partial hydrogenation with Cu.
Further experiments with laser-ablated Cu NPs that are more concentrated or subsequently supported
on silica would need to be carried out to unravel the exact influence. Since supported NPs are not
considered in this work, Cu was excluded from further experiments with laser-ablated NPs in PC.

Moreover, all other elements apart from Pd were excluded due to worse activity and selectivity.

5.3.3 FAME Hydrogenation in Batch with Pd Nanoparticles

Many batch experiments on the selective partial hydrogenation of FAME with colloidal Pd nanoparticles
at different reaction conditions were carried out in this work and are analyzed in the following regarding
condition-dependent selectivity. Furthermore, the investigated different solvents are compared to PC,

and the variation of the metals in PC is compared to Pd. Afterwards, a comparison with literature will be
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presented. Finally, tests regarding structure-effect relationships were carried out to obtain first insights

into the underlying catalytic mechanism.

5.3.3.1 X,S- and X,trans/cis-Plot

Conversion-selectivity plots show limits that known catalysts cannot overcome and thus allow for the
comparison of different catalysts for the same reaction, regardless of the applied reaction conditions
and reaction time. Examples for various selective oxidations were already given by Batiot and Hodnett
in 1996.1'781 A similar depiction is shown in Figure 31a for batch hydrogenations with laser-ablated Pd in
PC at varying reaction conditions, together with the results for the other investigated solvents glycerol
carbonate, ethylene glycol, 1-butanol, and glycerol, as well as the results of the other metals in PC.

Figure 31b shows the behavior of the trans/cis ratio during the corresponding reactions.
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Figure 31: X,S- (a) and Xtrans/cis-plot (b) for the selective partial hydrogenation of soybean-derived FAME with laser-ablated
Pd in PC and the other solvents from chapter 5.3.1. Reaction conditions for Pd: S:C= 20,000:1 or 100,000:1, T= 50 or 85 °C,
fstirer = 600 or 2,250 or 3,400 or 3,500 rpm, pu2= 10 or 11 or 50 or 51 bar, Wpgsowent= 5 0or 11 or 12 or 24 ppm, Viea= 55 or

100 mL, semibatch, mostly without baffles and mostly with gas injection stirrer. For conditions of the other metals, see Figure
30.

For Pd in PC, the reaction always gives similar results in terms of selectivity, ranging above 95% until
90% conversion, except for slight fluctuations, regardless of the applied conditions. After 90%
conversion, a steep decrease in selectivity is observable due to pronounced overhydrogenation. The
other metals were shown in Figure 30 to give drastically lower selectivities even already at low
conversion, and Figure 31 confirms that it is always below the selectivity of Pd. Pd in other solvents
performs better than other metals in PC, but no trend is observable within the solvents. Instead, some
of the lowered selectivities in Figure 28 (for glycerol carbonate and 1-butanol) are only the result of high

conversions and thus lie on the trend for Pd in PC.

Interestingly, the trans/cis ratio is not affected by any variations in solvent, metal, or reaction conditions
and always follows the same trend. Again, after 90% conversion, trans/cis begins to increase. Thus, the
resulting amount of trans-configured species cannot be varied by adjusting reaction conditions in the

investigated operational window and is more likely thermodynamically driven.

Accordingly, the alternative beneficial solvent glycerol carbonate is confirmed by Figure 30, which also

suggests 1-butanol as suitable. Nevertheless, both solvents are excluded from further usage in selective
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partial FAME hydrogenation due to the known reasons of long reaction times and single-phase operation

(1-butanol) resp. worse availability (glycerol carbonate).

Comparing the behavior of Pd in PC for natural soybean-derived FAME with a different soybean-derived
FAME mixture that was additionally slightly pre-hydrogenated by the manufacturer, similar trends are

observable (Figure 32).
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Figure 32: X,S- (a) and X,trans/cis-plot (b) for the selective partial hydrogenation of soybean-derived FAME with laser-ablated
Pd in PC in comparison with different substrate mixtures and NPs produced by reductive methods. For conditions for natural
soybean-derived FAME, see Figure 31. Additional reaction conditions for pre-treated soybean-derived FAME: S:C= 10,000:1 or
50,000:1 or 100,000:1 or 500,000:1, T= 50 or 65 °C, fsirer = 3,400 rpm, p2= 10 bar, Wpq sovent= 11 0r 28.65 or 35 ppm,

Viota= 100 mL, @r20= 0 or 2.5 or 5 or 10%, semibatch.

At first, the selectivity trends are similar, but pronounced overhydrogenation starts already from ca. 80%
conversion for the pre-hydrogenated FAME mixture, although the decrease in selectivity is not as steep
as for the natural soybean FAME, independent of the applied catalyst solution. This shows that laser-
ablated Pd NPs in PC exhibit the same selectivity as NPs from reductive synthesis methods. Here, DMF
is confirmed as an alternative solvent (which is known from works by Behr et al.[68L6%])  although only
limited data points are available. These experiments reveal furthermore that water is tolerated as co-
solvent, which has been applied up to 10% (V/V) here. Pre-experiments for chapter 9 confirmed the
tolerance of several other polar co-solvents. Again, the trans/cis-ratio is not influenced by any change
in reaction conditions, but the resulting curve is different from the one for natural soybean FAME (Figure

32b).

Comparing these findings to data calculated from literature for various other catalytic systems and
substrates (Figure 33), the investigated system shows an outstanding selectivity even at high
conversion, also in regard of a minimum amount of trans-configured species: Most of the literature data
contains colloidal or homogeneous catalysts and shows earlier overhydrogenation and trans/cis ratios
that are up to 3 times as high as for the applied natural soybean FAME with Pd NPs in PC. No clear
trends in the literature data are observable. However, several positional isomers occur during
hydrogenation, and their analytical identification is challenging; systematic errors can never be excluded
for all data points. The only system that constantly outperforms the reaction system from this work is the
already mentioned Cu on SiO2, but information on the trans/cis ratios is not availablel'76:'79], Instead,
also in light of Figure 32, all results may strongly be influenced by the applied substrate. This may be
attributable to trace impurities of other constituents in the respective FAMEs, like sulfur- or phosphorus-

containing compounds, whereas the applied natural FAME mixture is with 1 ppm nearly S-free and
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therefore does not poison the catalyst as much. Information on individual trace impurities is not given in
the respective literature. Future work could further elucidate the influences of trace impurities on the

obtainable selectivity and trans/cis ratio for the given reaction system.
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Figure 33: X,S- (a) and X,trans/cis-plot (b) for the selective partial hydrogenation of soybean-derived FAME with laser-ablated
Pd in PC (black) in comparison with data calculated from literature (Cu on SiO; is coloured blue for distinction, all other literature
data is yellow). For conditions for soybean-derived FAME see Figure 31. Literature data calculated from ["76H179-183],

5.3.3.2 Structure-Specific Impacts on Activity

In order to find structure-specific impacts of the substrates on the activity of Pd NPs in PC and to gain
first insights into the catalytic mechanism, several similar, but slightly different substrates were
selectively hydrogenated with Pd in PC from the autoreductive approach. Applied substrates include
FAMEs with varying amounts of double bonds, with and without pre-conjugation, as well as a
monoterpene with conjugated double bonds (B-myrcene, 14) that is examined in more detail in chapter

6.3.4. The resulting hydrogen consumption curves are depicted in Figure 34.
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Figure 34: Normalized hydrogen uptake curves for the selective partial hydrogenation of various substrates with Pd NPs in PC
from the autoreductive approach. Reaction conditions: Ngypstrate= 25 mmol, S:C= 10,000:1 (blind reactions are carried out with
PC, but without Pd), T= 50 °C, fstirer = 3,500 rpm, puz= 50 bar, wpqpc= 12 ppm, t=120 min, Viga= 22.2-28.5 mL, semibatch.
Reactions performed in the same reactor vessel. The red line corresponds to one equivalent of hydrogenated double bonds.
S =n.d.: measurement error too high for precise calculation due to very low conversion.
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All substrates with conjugated double bonds (12, 13, 14) show nearly full conversion within the given
time frame, with only the equivalent of one double bond being hydrogenated, resulting in excellent
selectivity for 12 and 13. The position of the double bonds within the fatty acid chain influences the
reactivity, since isomerized conjugated methyl linoleate (iCML, 12) with double bonds more towards the
w-end reacts significantly faster than conjugated methyl linoleate (CML, 13) with double bonds in middle
positions, although 12 also contains ca. 25-30% double bonds that are located towards the a-end, which
should accordingly react more slowly. Turnover frequencies at 20 % targeted hydrogen conversion
(TOF20,12) are in the range of 90,000 h-' — 110,000 h-' for these substrates. Although Pd cannot fully be
removed during the preparation of 12 (1.5 ppm Pd remain in 12 from the isomerisation with a Pd
complex), it plays a negligible role in the hydrogenation process, as observable from the corresponding
blind experiment with 12, since the real hydrogenation is finished after less than 5% blind conversion. A
similar conclusion can be made for 13; accordingly, blind activity can be neglected for all substrates in
the given time frame. Thus, the observable hydrogen uptake is always caused by the catalytic reaction
with the Pd NPs in PC.

Non-conjugated methyl linoleate (ML, 9) reacts much more slowly than systems with conjugated double
bonds, but with similar selectivity of 98%. Its TOF 20,12 is with ca. 8,500 h-! one order of magnitude lower

than that for its conjugated isomers 12 and 13, as expected from the literaturel”'l. After 2 hours, mainly

C18:1 (A9 55 . . .
L181(A9¢) _ 55 This confirms the observation
C18:1 (A12c) 45

C18:1 (A9 c) and C18:1 (A12 c) isomers form in a ratio of
that double bonds towards the w-position are more readily hydrogenated. Especially, conjugated
species are not visible, thus no conjugation prior to or during hydrogenation appears. In comparison,
methyl oleate (MO, 10) shows nearly no reaction, confirming literature-known reactivity differences

concerning the degree of unsaturation(73l,

B-Myrcene (14) can be converted completely within the given time frame with sufficient selectivity of
88% in this initial approach, and only the 1,3-diene structure is affected. However, 14 is the only
investigated substrate with an induction period, resulting in a TOF2012 of ca. 7,000 h-'. The structural
diene motif should not be an issue here, since it is terminal, thus readily accessible. Instead, the solubility
of the substrates in the catalyst phase or Pd leaching into the substrate phase might become relevant.
By 'H-NMR spectroscopy, it was shown that all FAME substrates can be found with 2-3.6% (w/w) in the
catalyst phase after the reaction time, while no -myrcene is observable in the catalyst phase. Thus, all
substrates show low solubilities in the catalyst phase, although the more apolar substrate 14 is even
more disfavored. However, Pd leaching into the substrate phase was always similar (4-8% due to ICP-
OES measurement increments). Concluding, the differences in solubility may be the reason for the
induction period for 14. Further analyses of the reaction products of 14 and the underlying mechanism
can be found in chapter 6.3.4. It will be shown there that conjugated dienes show a specific product
isomer pattern that is by no means observable for 9 here. Therefore, the experiments refute a sometimes
discussed pre-conjugation prior to hydrogenation or conjugation during the reaction. Instead, the
proposed Horiuti-Polanyi mechanism can explain the product compositions for the hydrogenation of
non-conjugated substrates with Pd NPs in PC. Nevertheless, further experiments are needed to verify

a heterogeneous pathway.
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5.4 Conclusions

In summary, PLAL of various metals in PC and PLAL of Pd in various solvents was performed, leading
mostly to monomodal particle size distributions with similar mean diameters around 5 nm. Selective
partial FAME hydrogenation was used to evaluate the applicability of the resulting particles for further
catalytic conversions. For the chosen reaction system, Pd in PC exhibited the highest activity and
selectivity, even at high conversions. The interaction of the solvent with the catalyst surface during
ablation and reaction is the most probable reason for varying catalyst activities and selectivities. Other
promising solvents that enable similar results are 1-butanol and glycerol carbonate, but these solvents
were rejected for different reasons. Regarding other metals, the literature-known trend for activity was
confirmed. The catalytic behavior of Pd in PC was further elucidated: selectivities of more than 95% are
achievable up to 90% conversion of the excess double bonds, independent of the investigated reaction
conditions. Only at even higher conversion, pronounced overhydrogenation is observable. The trans/cis
ratio was found to be completely unaffected by any variations in reaction conditions, even regarding
other metals and solvents, rising pronouncedly only after 90% conversion is exceeded. Indeed, in
comparison with literature and another substrate mixture, the chosen catalyst and substrate perform
superior to most of the other systems. The applied substrate is expected to influence the whole reaction

performance due to its trace impurities.

Pd NPs in PC hydrogenate preferentially conjugated species over non-conjugated ones. If only one
double bond or highly separated double bonds remain in the product, hydrogenation drastically slows
down, in accordance with literature. Furthermore, the heterogeneous Horiuti-Polanyi mechanism was
not refuted and is instead able to explain the product compositions for non-conjugated species, although
further experiments are needed to verify a true heterogeneous pathway. An induction period is visible
for the strongly apolar $-myrcene that may be attributed to different solubilities of substrates in the

catalyst phase. On the contrary, Pd leaching is rather substrate-independent.

With these findings, a robust basis is laid for the implementation of colloidal Pd nanocatalysts in several

catalytic reactions and their applications in further process intensification measurements.
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6 Laser-Ablated Pd Nanoparticles as Versatile Catalysts
for Selective Partial Hydrogenation

Author contributions: The concept and ideas for this project were provided by me. PLAL was
performed together with T. Fromme. D. Ljatifi contributed selected hydrogenation experiments as part
of his apprenticeship under my supervision. N. Tkatschenko initially screened reaction conditions for
alkynes as part of his bachelor’s thesis under my supervision, which is not presented here. F. Bajro and
J. Herrmann contributed hydrogenation and/or hydroformylation experiments of terpenes as parts of
their bachelor’s theses under my supervision. Further experiments, overall analyses, visualization, and

writing were performed by me. T. Seidensticker acquired funding and supervised this project.

6.1 Introduction

This chapter aims to combine the advantages of the reactivity of Pd NPs with sizes around 5 nm
introduced in chapter 4 with the approach of pulsed laser ablation in liquids from the previous chapter
to obtain highly active nanoparticles for the selective hydrogenation of various unsaturated substrates
apart from FAME. As Pd in PC was found to be a highly promising candidate, this system will be used
for the following investigations. Although a broad range of tested synthesis routes for colloidal Pd NPs
and their application in hydrogenation of a broad substrate base are known[221511154-571[59],[79],[158]
[162][172],[1841-203] ' the application of Pd nanoparticles obtained by PLAL has so far only been tested in the
hydrogenation of alkenes and fatty acid derivatives!!':1204 although these particles enable to completely

avoid any further stabilizing molecules or ions and allow a fast and reproducible synthesis(®l.

To begin, alkynes shall be selectively hydrogenated to the corresponding alkenes (Scheme 10). Here,
Pd is a particularly meaningful choice, since it poses an optimal compromise between selectivity and
activity, both originating from the hydrogen activation (splitting) by the metal that is well balanced for Pd.
Nevertheless, selectivity control at high or full conversion remains a crucial factor. If further improvement
is desired, it could be achieved by the addition of auxiliaries (typically containing nitrogen) that compete
for free surface sites with the substrates and increase electron density at the metal to lower alkene
adsorption.[8%:811 However, this stands in contrast to the objective of achieving the cleanest possible

surfaces and systems, as outlined in chapter 2.1.1.2.

Ho H,
. [Pd] [Pd]
= R PC R' PC R
2 T R L RAn
(H2)
[Pd] [Pd]
dimers

Scheme 10: Reaction network for the selective partial hydrogenation of alkynes to alkenes.
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To further test the selectivity of the chosen catalyst system in the hydrogenation of activated double
bonds, like in the presence of carbonyl groups, examples of a,B-unsaturated aldehydes are investigated.
Here, different products might form, with the allyl alcohol being the desired product. However, the
saturated carbonyl compound is thermodynamically more stable than the allyl alcohol and can be formed
from the latter by double bond isomerization and subsequent keto-enol-tautomerization (Scheme
11 )_[6],[205]

H, H,
[Pd] RN N5 [Pd]
PC i PC
RN T RN
H> i '< """" : H>
[Pd] B! [Pd]
PC iR OH; PC
desired

_____________

Scheme 11: Reaction network for the selective partial hydrogenation of a,B3-unsaturated aldehydes.

As further substrates, both common cyclic butadiene oligomers (1,5-cyclooctadiene and 1,5,9-
cyclododecatriene) are subjected to the selective partial hydrogenation (Scheme 12), since especially
the selective hydrogenation of 1,5,9-cyclododecatriene is of industrial relevancel?%l. The influence of
the cyclic nature of the applied substrates, as well as the second separating methylene group between

the double bonds on the reaction performance is to be shown.

H, H,
[Pd] [Pd]
PC PC

—_— ——>

2 H, H,

[Pd] [Pd]
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- B &

Scheme 12: Intended reactions with cyclic non-conjugated dienes.

At last, the innovative catalyst system is applied for sustainable chemistry, utilizing renewable resources
with conjugated double bonds to produce renewable platform chemicals for further functionalization.

Terpenes are promising candidates, avoiding the use of edible resources, hence decoupling the
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chemical industry from nutritional purposes. Further functionalisation of untreated terpenes is only
scarcely investigated. One reason is that they often contain conjugated double bonds that hamper
catalysts for further functionalisation like hydroformylation50:1601103] Pd is known to be the only metal for
high alkene selectivity in alkyne and diene hydrogenationl®], further underlining the suitability of the

chosen catalyst system (shown in Scheme 13 for conjugated double bonds).

H, H,
[Pd] [Pd]

Jo — e o S AL
— A —%—
R Z R R

Scheme 13: Reaction network for selective partial hydrogenation of conjugated double bonds like in terpenes.
The hydrogenated products are then subjected to a subsequent hydroformylation to obtain new
bifunctional value-added products (either unsaturated monoaldehydes or saturated dialdehydes) based

on renewable resources, e.g. for the fragrance industry!%3],

6.2 Experimental

All chemicals were purchased from commercial suppliers and used as received, except for farnesenes:
These were purified of any possible peroxides by percolation with cyclohexane through neutral alumina

prior to use. Subsequently, cyclohexane was removed in vacuo at 50 °C and 350 mbar for at least 1 h.

Pd in PC was produced in two batches by PLAL with subsequent laser fragmentation using a Nd:YAG-
laser (1S400-1-L, Edgewave) at a power output of 50 W, a wavelength of 532 nm, and a repetition rate
of 5 kHz, as already explained in chapter 5.2. Pd contents (in ppm, w/w) of the obtained solutions were

measured using ICP-OES prior to first use as described in chapter 4.3.

All hydrogenation experiments were performed in 120 mL stainless steel or 250 mL glass reactors with
gas injection stirrers, substrate containers, and a hydrogen dosing system. The vessels were at most
half-filled to ensure sufficient mixing behavior. For all liquid substrates, the catalyst solution was
introduced into the reactor, which was sealed afterwards. The whole system was then inertized via an
alternation of argon supply and vacuum degassing for at least three cycles. Then, liquid substrates (and
cyclohexane as solvent whenever necessary) were introduced into the substrate container using a
syringe. Cyclohexane was chosen, since miscibility with PC is very low and the respective substrates
are not miscible with PC either; thus, biphasic systems with very low cross-solubilities were investigated.
However, hydrogenations were carried out without any further solvent, unless the liquid level was too
low. Especially within each substrate class, comparable liquid levels were targeted for comparable gas

supply and mixing behavior.

Afterwards, the system was pressurized, stirring was initiated, and heating was started if necessary to
preform the catalyst. The 120 mL reactor also allowed preheating of the substrate. When applying
heating, the pressure setpoint was set below its final value until preheating was finished to allow

compensation of any possible pressure changes during preheating. After reaching constant conditions,
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the substrate was added, and the reaction started. Hydrogen was constantly fed by a mass flow

controller so that the pressure remained constant throughout the reaction.

For the hydrogenation of 2-butyne-1,4-diol, the solid substrate was added into the vessel with the
catalyst solution and stirred for ca. 60 s without hydrogen to allow dissolution. Then, inertisation was
carried out. While pressurizing, the solution was not stirred to minimize the risk of an uncontrolled

reaction start. The reaction was started by initiating stirring after reaching a constant pressure.

The blind activities of the reactors were tested with most substrates under their individually applied

conditions and were found to be non-existent or below 4% conversion within the reaction time frame.

Hydrogenations at ambient pressure were conducted in round-bottom flasks with a gas balloon filled
with hydrogen. The catalyst solution was introduced, then the flask was flushed with argon. Afterwards,
the balloon was attached, and the flask was purged with one complete balloon filled with hydrogen. A
new balloon was installed, and the catalyst was preformed for several minutes under stirring at
1,400 rpm. Afterwards, the substrate was introduced through the septum using a syringe, overpressure
was released, and a new balloon was attached. Samples were withdrawn as indicated via a syringe,

and a new balloon was attached after sample withdrawal.

For the hydroformylation, all substrates were purified by percolation through alumina with cyclohexane,
which was evaporated afterwards at 50 °C and 0.35 mbar for at least one hour. Hydrogenated
B-myrcene and farnesenes were obtained from the hydrogenation experiments by phase separation.
The hydroformylation experiments were performed in the same 120 mL stainless steel reactors as the
hydrogenations. The reactor, as well as a Schlenk tube, were inertized via an alternation of argon supply
and vacuum degassing for at least three cycles. Rh(acac)(CO)2, ligand, and toluene were introduced
into the Schlenk flask under argon counterflow and sonicated for 30 minutes to dissolve precursor and
ligand. Purified substrate was introduced into the substrate container under argon counterflow using a
syringe. Subsequently, an appropriate amount of the catalyst solution was introduced into the reactor
vessel using a syringe under argon counterflow to meet the required substrate-to-catalyst ratio (S:C).
Afterwards, heating and stirring were initiated, and pressure was adjusted to approximately 5 bar below
the intended reaction setpoint. Preforming was conducted for one hour after all setpoints were reached.
After 30 minutes of preforming, heating of the substrate container was initiated. After preforming, the
desired reaction pressure was applied to the whole system. Upon reaching stable values, the reaction

was initiated. Converted synthesis gas was constantly replenished by the mass flow controller.

Samples were withdrawn and cooled in liquid N2-freezed glassware or precooled Falcon tubes. They
were measured via GC-FID after standard addition and, for biphasic reactions, phase separation and
dilution. All turnover frequencies refer to ca. 20 % substrate conversion and were calculated either by
hydrogen uptake (TOF20,12) or from GC data in cases where sufficient hydrogen uptake data were not
available (TOF20). Further details on analyses and the calculation of reaction performance indicators

can be found in chapter 11.3.2.
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6.3 Results and Discussion

6.3.1 Alkynes

To achieve a selective partial hydrogenation of alkynes to the corresponding alkenes at high
selectivities, suitable reaction conditions must be applied. In a first step, typical conditions for Pd in PC
from wet-chemical approaches were taken from literature and adjusted to constraints of the system: In
the present case, PLAL yields only highly diluted Pd in PC with maximum concentrations of 35 ppm
(w/w). A typical particle size distribution was already shown in Figure 27. For comparison, in the wet-
chemical approach, 100 ppm are typically employed ['72['85 Room temperature and intermediate
catalyst loading (S:C of 7,000-10,000) were tested. While literature typically utilizes atmospheric
pressure, this is not sufficient for complete conversion even for highly active substrates under the given
conditions: the hydrogenation of 25 mmol 2-methyl-3-butyne-2-ol (1) at room temperature and 1 atm of
hydrogen results in a stagnant conversion of 86% after 24 h at the latest. Accordingly, all reactions were
conducted at elevated pressures of 50 bar for all alkynes to overcome this hurdle, which is the result of

a preceding optimization.

2-Butyne-1,4-diol (15) was chosen as a simple and available model substrate. The resulting alkenediol
16 is of industrial relevance in the production of vitamins A and B6, as well as for poly(butenediol)#4-791,
The selective partial hydrogenation of 15 proceeds very fast, showing quantitative conversion after only
30 minutes with a selectivity of 96% (Table 9, entry 1). A turnover frequency at 20% targeted hydrogen
conversion (TOF20,12) of 8,300 h-' was obtained. Trans-configured species were not clearly visible in this
experiment and are thus negligible. After approaching maximum yield, overhydrogenation towards the

saturated diol 17 proceeds, although at a slightly lower rate (Figure 35, evolution of the green entries).
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Figure 35: Development of selectivity towards 16 in the selective partial hydrogenation of 15 with different additives at 50 bar H..
Conditions: Ngypstrate= 50 mMmol, S:C= 7,000:1, Tgar= 22-24 °C (29 °C for TMEDA), fstimer = 1,500 rpm, pi2= 50 bar, wpgpc= 16 ppm,
Nadditive: Nsubstrate= 1:1, semibatch. Lines are for visualization purposes only.

In an attempt to maintain selectivity or even improve it at high conversion, three different N-containing
additives (piperazine, tetramethylethylenediamine (TMEDA), piperidine) were investigated (also Figure
35), since promoting effects are expected from literature (see chapters 2.2.1.3 and 6.1). When using
those additives, the reactions are slowed down compared to the reaction without an additive, with
reduced TOF2oH2 of 2,600-3,800 h'. However, selectivities are always comparable at low to
intermediate conversions, regardless of the presence of an additive. TMEDA gives 94.5% selectivity at
full conversion. For piperazine, a similar selectivity at nearly complete conversion is obtained, while
piperidine lacks sufficient data for conversions greater than 80%. With these promising results, further
substrates were investigated without N-containing additives, since they only lower turnover frequencies
and thus productivity without relevant effects on selectivity. Accordingly, the particles show an intrinsic

thermodynamic selectivity behavior in the selective partial hydrogenation of alkynes.

Phenylacetylene (18) serves as an example of an aromatic alkyne substrate in comparison to the
aliphatic diol 15. It shows drastically improved reaction times of ca. 5 minutes for full conversion and a
TOF20,12 of 88,000 h-', an increase by an order of magnitude. However, the selectivity is reduced to 88%
due to the parallel rise of overhydrogenation to 20 (Figure 36). Hydrogenation of the aromatic ring was

not observable in accordance with the literaturel'l.
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Figure 36: Yields in the selective partial hydrogenation of 18 at 50 bar H,. Conditions: Nsupstrate= 50 mmol, S:C= 7,000:1, Tsarn=
22 °C, fstirer = 1,500 rpm, puo= 50 bar, wpqpc= 16 ppm, semibatch.

Both reactions show that conversion of the alkyne is indirectly observable through temperature
development, with maximum temperature at full alkyne conversion (Figure 37). This is in line with
literature findings that alkyne and alkene hydrogenation of the same structural motif possess different
reaction enthalpies, and is strengthened by observed different reaction rates for alkyne and alkene

hydrogenation(68],

100 w 30 100 - - - - 30
80 28 80 . 28
- 60 26 = = 60 [] 26
= g = 3
x40 24 b= X 40 . 24 =
20 22 20 . 22
0 J- 20 0 20
0 30 60 90 120 0 3 6 9 12 15
t [min] t [min]
axX oT ax T
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Figure 37: Evolution of conversion and temperature in the selective partial hydrogenation of 15 (left) and 18 (right) at 50 bar H,.
Conditions: Ngypstrate= 50 Mmol, S:C= 7,000:1, Tsar= 22 °C, fstimer = 1,500 rpm, puz= 50 bar, wpgpc= 16 ppm, semibatch.
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To elucidate the influence of the triple bond’s position on the chemoselectivity and to show the
applicability of a biphasic reaction system approach, all n-octyne isomers (see also Table 9, entries 3-
6) were subjected to selective partial hydrogenation, forming a second, immiscible liquid phase.
Because reactions involving more internally located double bonds require longer reaction times for full

conversion, sample time stamps are also included (Figure 38).
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Figure 38: Selectivities at full conversion in partial hydrogenation of 2, 21, 22, 23 at 50 bar H, with additional indication of sample
withdrawal times. Conditions: Ngupstrate= 25 mMmol (21.7 mmol for 2), S:C= 10,000:1 (8,700:1 for 2), Tstar= 19-22 °C, fstirrer =
1,500 rpm, prz= 50 bar, wpgpc= 11 ppm, t as stated, Veyciohexane= 16.5 mL (17 mL for 2), semibatch.

In all cases, selectivity is high with 87% for the terminal octyne 2 and even higher than 95% for all
internal n-octynes (21-23). Literature typically uses sterical considerations to explain the higher reactivity
of terminal alkynes!®3l. However, it is also known that the electron density of the Pd surface and in the
substrate influences their interaction: Here, a high electron density of the surface leads to less interaction
with electron-rich substrates.[27] From this, it can be concluded for a defined adsoption site that inductive
effects cause less reactivity of the internal substrates 21-23 and their products 7, 24, and 25 in the
observed manner. This also leads to higher selectivity. Apart from overhydrogenation to 6, selectivity is
determined by dimer formation and isomerization of the double bond. All three effects are especially
observable in the hydrogenation of 2. TOFs can be estimated from hydrogen consumption resp. sample
withdrawal to be 41,000 h-' for 2 (TOF2o,+2) and more than 27,000 h-' for the internal n-octynes 22

(TOF20,12) and 23 (TOF20), while 21 lacks sufficient data. To evaluate product contamination with Pd in
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this biphasic approach, ICP-OES measurements were performed that revealed Pd concentrations at the

quantification limit of 1 ppm (w/w) and thus indicate nearly catalyst-free products.

Industrial alkyne hydrogenation utilizes a Lindlar catalyst, e.g., for the production of 3, a key intermediate
for artificial terpenes, obtained from the selective partial hydrogenation of 1145178l The Lindlar catalyst
contains Pd on CaCOs, partially poisoned with toxic Pb and quinoline. As a result, only ca. 10% of the
applied Pd mass is catalytically active.l*6l1°01 Applying laser-ablated nanoparticles as a lead-free
alternative at the standard S:C ratio of 10,000:1 results in an exceptionally rapid reaction within less
than 3 minutes required for nearly complete conversion and a resulting TOF2o,12 of 570,000 h-'. In this
short time frame, precise sampling is not possible; thus, selectivity at approaching full conversion cannot
be given here. Accordingly, for better reaction control, the S:C ratio was increased to 50,000:1, which
still results in less than 1 h reaction time with a maximum yield of 3 of 84%. This corresponds to 87%
selectivity and a TOF20 of 69,000 h-' (Figure 39 and Table 9, entry 7). The outstanding activity may be
explained by the structure of 1: The vicinity of the electron-withdrawing -OH group to the terminal triple
bond results in reduced electron density at the triple bond, probably leading to increased reactivity due

to the same effects discussed for the n-octynes.
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Figure 39: Yields in the selective partial hydrogenation of 1 at 50 bar H, and increased S:C. Conditions: Ngypstrate= 50 mmol, S:C=
50,000:1, Tsta= 20 °C, fstirrer = 1,500 rpm, pu= 50 bar, wpgpc= 11 ppm, semibatch.

Applying a Lindlar catalyst under standard conditions with S:C of 10,000:1 results in reaction times of
around 70 minutes for full conversion and a slightly lower selectivity of 83% at a maximum yield of 3 of

81%. The resulting TOF20 is 6,700 h-', thus one magnitude lower than for Pd in PC at reasonable
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conditions. As a consequence, laser-ablated Pd nanoparticles in PC outperform the Lindlar catalyst not
only in environmental considerations and manufacturing cost but especially in catalytic performance,
thereby posing themselves as a lead-free alternative to the Lindlar catalyst that is of significant industrial

relevance.

Overall, high selectivities at very high to full conversion are achievable for all investigated alkynes with
varying substituents in a time range of minutes and thus at very high turnover frequencies of mostly
several 10,000 h-'. The chosen catalyst system shows low to no hydrogenation activity with regard to
monounsaturated alkenes. As a consequence, further substrate classes with activated and/or several
double bonds per molecule are investigated next.

Table 9: Overview of the selective partial hydrogenation of alkynes with laser-ablated Pd in PC. General conditions if not stated

otherwise (for details, see above): Ngypstrate= 50 mmol, S:C= 7,000 or 10,000:1, Tsar= 19-24 °C, w= 1,500 rpm, py= 50 bar,
Wpgpc= 11-16 ppm, semibatch.

entry substrate product byproducts Sa TOF2oH2) | trans/cis?
(observed) [%] [h"] [mol mol]
L HO/\OH HO N O | oo
16 17 96 8,300 n.d.
15
+ unknown
Ny OO
88 88,000 -
18 19 20
PN~ | T NS
2 5 6 87 41,000 =
+ 7 + dimers
c NN | NN
4 \/\/\
7 6 95 n.d.e 0.03
21 + 5 + dimers
c AN N | NN
< /\/\/
2 24 6 98 27,000 0.09
+7+25
+ dimers
c SN NN AN
6 \/\/\
" 2 6 >99 | 228.000° |  0.07
+7+24
+ dimers
74 Z N
>/ HO HO
HO s 87" | 69,000 -
4
1
+ dimers

a: at full conversion if not stated otherwise, b: nsubstrate= 21.7 MmO, Veyciohexane= 16.5 mL, S:C= 8,700:1,
C: Nsubstrate= 25 MMol, Veyclohexane= 16.5 mL, d: S:C= 50,000:1, e: insufficient data for determination,
f: @ 97.5% X
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6.3.2 a,B-Unsaturated Aldehydes

One example of activated double bonds can be found in a,B-unsaturated aldehydes. According to
Scheme 11, the thermodynamically challenging hydrogenation of the carbonyl group instead of the C=C
double bond is of academic interest. Two different a,B-unsaturated aldehydes were investigated to
elucidate the influence of an aromatic system compared to an aliphatic chain for this alternative activated
substrate class. t-Cinnamaldehyde (26) is a typically applied substrate in literaturel®}20%], and thus used
here for initial tests. Conditions used for alkyne hydrogenation cannot be applied here, as
cinnamaldehyde shows no reactivity at alkyne conditions. Accordingly, temperature and stirring rate
were increased. Despite those measures, the reaction still progressed rather slowly in comparison to
the former results, with a stagnant conversion of 98% after 52 h. Although in the present case the
reaction drastically slows down towards the end, a TOF2o of ca. 2,500 h-! is achieved, because the
catalyst loading is still very low with a S:C ratio of 10,000:1 (0.01 mol%). Selectivity is perfectly constant
over the whole reaction, with values of 96% towards the saturated aldehyde 28 and 4% towards the
saturated alcohol 29, c.f. Figure 40. Therefore, the applied particles allow for the highly selective
production of 28 with a thermodynamically determined selectivity. Comparing this to literature results for
Pd/C catalysts shows superior performance of laser-ablated Pd in PC, since in the benchmark systems,

selectivity is in the range of 90% at most and highly dependent on solvents and additives[2081209],
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Figure 40: Long-term selective partial hydrogenation of 26. Conditions: Ngypstrate= 50 mmol, S:C= 10,000:1, T= 100 °C, fstirrer =
3,500 rpm, pwe= 50 bar, wpqpc= 11 ppm, semibatch. Data merged from two single experiments.

As a second example of a,B-unsaturated aldehydes, the aliphatic 2-octene-1-al (30) is investigated at
the same reaction conditions as a comparison. In contrast to the aromatic substrate 26, selective
hydrogenation of 30 proceeds more rapidly with a TOF2012 of 26,600 h-' and an even increased
selectivity towards the saturated aldehyde of more than 99% throughout the whole reaction (Figure 41).
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Figure 41: Selective partial hydrogenation of 30 at 50 bar H,. Conditions: Nsysstrate= 50 mmol, S:C= 10,000:1, T= 100 °C, fstirrer =
3,500 rpm, puz= 50 bar, wpqpc= 11 ppm, semibatch.

Apparently, selectivity in the hydrogenation of a,f-unsaturated aldehydes is always thermodynamically
controlled, as the resulting product is always the thermodynamically more favored one. That can be
attributed to favored adsorption of the C=C bond onto Pd compared to the C=0O bond — being
characteristic for most metal surfaces —, which consequently favors C=C hydrogenationl®l. An energy
barrier seems to exist either during adsorption or during reaction that prevents further hydrogenation
towards the alcohol. Further experiments would be necessary to identify the exact nature of this energy
barrier. Concluding, it was shown that the nature of the substituents strongly influences reactivity and,
to a minor extent, selectivity. Overall, the investigated catalyst system is capable of the highly selective
synthesis of saturated aldehydes from a,B-unsaturated substrates. This can, in certain cases, be an
alternative to hydroformylation, like in the synthesis of 28, where hydroformylation of styrene typically

yields the branched product(?!9,

6.3.3 Cyclic Non-Conjugated Polyenes

Cyclic nonconjugated polyenes like the industrially relevant 1,5,9-cyclododecatriene (1,5,9-CDT, 39) are
of further interest in the selective partial hydrogenation. Cyclododecene (CDE, 40) may be used as a
polymer precursor for the production of 12-laurolactam and dodecanedioic acid used in polyamide
synthesis, replacing the commonly used cyclododecane (CDA, 41), to enable an environmentally more

benign synthesis route, avoiding unselective partial oxidation of CDAI[2%],

80



Laser-Ablated Pd Nanoparticles as Versatile Catalysts for Selective Partial Hydrogenation

In a first step, 1,5-cyclooctadiene (1,5-COD, 34) is used as a simpler model substance with the same

structural motifs and double bond distance (Scheme 14), applying the same conditions as for the a,$3-

H, H2
[Pd] [Pd]

unsaturated aldehydes.

PC
cyclohexane 37 cyclohexane
Ha
O ... 2O
PC .
cyclohexane .-
-’ H2 38
[F’d] + O [Pd]
PC PC
cyclohexane cyclohexane
35 36

Scheme 14: Reaction network for the selective partial hydrogenation of 1,5-Cyclooctadiene.

Although the reaction initially proceeds very fast with a TOF2o,+2 of 65,000 h'*, it drastically slows down
toward the end at a rather constant selectivity of 91% at 97% conversion after 60 minutes. Isomerization
towards 35 is observable; however, no conjugated isomer (36) was detected. It is therefore unclear
whether a pre-conjugation prior to hydrogenation is necessary, in contrast to linear molecules with

isolated double bonds discussed in chapter 5.3.3.2.

Ho H> Hy
[Pd] [Pd] (Pd]
PC PC PC
cyclohexane cyclohexane cyclohexane
—_— —_— —_—
39 40 41

aromatic by-products

Scheme 15: Reaction network for the selective partial hydrogenation of 1,5,9-cyclododecatriene.

Applying the same conditions for the selective partial hydrogenation of 39 (Scheme 15) results in 8%
selectivity at stagnant 40% conversion at prolonged reaction times (Figure 42, left). Most of the loss in
selectivity does not result from the formation of the byproduct 41, but from the formation of intermediates
that are not hydrogenated further to the desired product 40. These intermediates may include isomerized
39 or cyclododecadiene (CDD) isomers. An unexpected fast reaction progress within the first minutes
is again observable. This behavior cannot be altered either by a decrease of the S:C ratio or an increase
in temperature, which even results in less conversion (Figure 42, middle and right), probably due to

temperature-induced changes in particle properties.
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Figure 42: Selective partial hydrogenation of 39. General conditions: fsgrer = 3,500 rpm, pr2= 50 bar, wpqpc= 11 ppm,
Viota=55 mL, semibatch. 0*: sample withdrawal immediately after reaction start

standard: Nsusstrate= 50 mmol, S:C= 10,000:1, T= 100 °C, V¢yciohexane= 6 mL

decreased S:C: Ngupstrate= 5 mmol, S:C= 1,000:1, T= 100 °C, Veyciohexane= 14.1 mL

increased T: Ngustrate= 50 mmol, S:C= 10,000:1; T= 150 °C, Vcyciohexane= 6 ML.

Obviously, an activity problem for the chosen catalyst system with this certain substrate is observable
that cannot be circumvented by high temperatures, high pressure, or high Pd loading. In general, the
parallel orientation of the double bonds in 34 favors simple and simultaneous bond formation with the
Pd surface, which is not possible for non-conjugated 39 and CDD isomers, except for ¢,c-1,5-CDD.[°1!

This suggests inherent lower activity and selectivity for 39.

The literature benchmark system for liquid phase hydrogenation is Pd on activated carbon (Pd/C) and
requires a temperature of 160 °C and a maximum pressure of ca. 2 bar, but several (aromatic)
byproducts are known to form that were not observable for laser-ablated Pd nanoparticles2''1212], The
low pressure is applied to decrease the reaction rate. This results in a greater surface coverage with
CDT and CDD, since these molecules adsorb preferentially (due to the adsorption of two double bonds
of one molecule), which in turn hinders the adsorption of the target product 40 for further conversion.®
A direct benchmark experiment with the laser-ablated Pd nanoparticles at the stated literature conditions
is not meaningful due to the demonstrated activity barrier at 150 °C and 50 bar. Instead, Pd/C was

applied at own and literature conditions for verification purposes (Figure 43).
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Figure 43: Selective partial hydrogenation of 39 with Pd/C.General conditions: Ngypstrate= 301 mmol, fstirer = 3,500 rpm, Viota=

55 mL, semibatch

own conditions: T= 160 °C, pu2= 2 bar, S:C= 6,800:1

literature conditions: T= 100 °C, py.= 50 bar, S:C= 1,000:1.

Under own conditions, the reaction proceeds rapidly and produces high amounts of undesired CDA.
Under literature conditions, selectivity can be drastically increased, although undesired byproducts are
observable for the first time. This strongly indicates that 39 shows not only literature-known difficulties,
but also additional challenges specific to laser-ablated Pd nanoparticles. In connection with the results
from 34, the necessity of preconjugation cannot be excluded. However, literature confirms the Horiuti-
Polanyi mechanism for supported Pd for this substratel2%6l. Another option is the fast formation of
sterically more hindered isomers or intermediates like cyclododecadienes or conjugated species that
prevent sufficient adsorption on active Pd sites and thus disable further conversion. The effect of self-
poisoning of conjugated dienes is literature-known for Pd particles and is expected to also appear for
non-conjugated ones, but less pronounced®'l. The identification of the exact nature of the intermediates

requires further research.

According to these results, the Pd NPs in the present form are insufficient for the hydrogenation of 39
and would need to be modified for better reaction performance: The presence of PC is expected to show
lower impact on reactivity, since this is no problem in all other biphasic reactions with apolar substrates.
Thus, the results indicate that a support might be necessary, assuming a comparable size distribution

of the Pd particles on activated carbon.
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6.3.4 Terpenes

To enable further functionalizations of renewable substrates and as a further substrate class of activated
alkenes, a selection of polyunsaturated terpenes is subjected to selective partial hydrogenation. At first,
B-myrcene (14), an acyclic monoterpene with conjugated double bonds, was investigated in a biphasic
approach under FAME hydrogenation conditions. 14 can be derived from B-pinene (43) via pyrolysis;
the isomer a-pinene (42) is also valuable for the production of dihydromyrcene (45) via intermediate

hydrogenation (Scheme 16)[103],

o—pinene, 42 B-pinene, 43
H2
pyrolysis
pinane, 44
isomerization

o Ao

dihydromyrcene, 45 B-myrcene, 14

Scheme 16: Routes to 14 and 45 starting from pinenes!'%213],

The selective partial hydrogenation of 14 was considerably fast, with stagnant hydrogen consumption
after ca. 60 min (see also Figure 44, left). Hydrogen uptake for this reaction is characterized by a
sigmoidal behavior (as already shown in chapter 5.3.3.2 for particles from the autoreductive approach);
thus, TOF cannot be determined exactly. As an approximation, a TOF20+2 of ca. 67,000 h-' can be
calculated for the whole first 20% of conversion, including the sigmoidal behavior. Accordingly, this value
underestimates the actual TOF at the distinct point of 20% conversion that can be found in the part with

linear hydrogen consumption.
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Figure 44: Hydrogen uptake and product composition of the selective partial hydrogenation of 14. Conditions: Nsupstrate mixture=
479 mmol, Vieta= 100 mL, S:C=100,000:1, T= 50 °C, fsirer = 3,400 rpm, pp2= 10 bar, Wpqpc= 24 ppm, semibatch.

The reaction stops at a conversion of 14 of >99%, with only 3.6% yield of the overhydrogenated species
48. All other products comprise only one hydrogenated double bond. The isolated internal double bond
does not get hydrogenated at all, possibly because it is, in general, less reactive in hydrogenation(2'4],
The observed product distribution strongly indicates a n®-mechanism (thus involving a Pd-allyl species):
both conjugated double bonds may be hydrogenated at roughly the same rate, because they are equally
accessible. Concerning all possible transition states and similar reaction rates/probabilities explains the
observed characteristic product distribution of 2:1:1 (internal:terminal:terminal). Literature confirms this
by the fact that the reaction stops, although residues of the substrate are still present, as the catalyst

may form stable allylic compounds that prevent further reactions.?15:1216]

In this biphasic hydrogenation, the Pd content in the product phase is within the limit of quantification of
the ICP-OES of 1 ppm (w/w) and thus negligible. This is surprising, as stable Pd-myrcene compounds
are expected to be more soluble in the apolar product phase than in the catalyst phase. Therefore, other
effects might also come into play, like stronger binding substances from the unidentified residues,
changes in particle morphology during the reaction with resulting changes in reactivity, or only partial
coverage with unreacted substrate due to very low solubility of the phases in each other. The latter
would lead to sufficient particle stabilization in the catalyst phase. The elucidation of the exact reason is

challenging and demands further work.

To further verify the hypothesis of the proposed reaction mechanism, commercially available
dihydromyrcene (45), which is also one product in the selective partial hydrogenation of 14 by laser-
ablated Pd in PC (refer to Figure 44), is investigated in hydrogenation under the same conditions. In

contrast to the product mixture obtained by selective partial hydrogenation of 14, 45 can be further
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converted, mostly getting hydrogenated and in parts also isomerized towards 49 (Figure 45). Full
hydrogenation towards the saturated 2,6-dimethyloctane still does not occur in relevant amounts. Pd
contamination of the product phase is similar to f-myrcene at the limit of quantification of 1 ppm. This
reaction takes far longer than the hydrogenation of the conjugated system, but still reaches a TOF 2 of
32,000 h-' due to the low catalyst loading. Accordingly, the reaction of this non-conjugated substrate is
by a factor of at least 2 slower than for the very similar, conjugated substrate under similar conditions.
This is in line with the results from chapter 5.3.3.2 for particles from the autoreductive approach, although
the difference in activity is even more pronounced within different FAMEs there. Obviously, a different
mechanism compared to the hydrogenation of 14 must occur for 45, probably a hydride mechanism. At
the same time, the hydrogenation of 45 in the absence of residues of 14 supports the n®-mechanism for

conjugated double bonds, since they cannot compete for Pd and thus, follow-up reactions may occur.
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Figure 45: Reaction network and product composition of the selective partial hydrogenation of 45. Conditions: Nsypstrate mixture=
456 mmol, Viga= 100 mL, S:C= 100,000:1, T= 50 °C, fstirer = 3,400 rpm, puo= 10 bar, wWpq pc= 24 ppm, semibatch.

B-Farnesene (50) was investigated as a further terpene in selective partial hydrogenation. It contains
the same structural motif as 14, which consequently results in a 2:1:1 product composition too
(internal:terminal:terminal, Figure 46) after selective partial hydrogenation with comparable Pd leaching.
As expected, the reaction again terminates at full conversion of the conjugated system, showing 98.5%
selectivity towards mono-hydrogenated products.
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Figure 46: Reaction network and product composition of the selective partial hydrogenation of 50. Conditions: Ngysstrate= 50 mmol,
Veyclohexane= 26.5 mL, S:C= 100,000:1, T= 50 °C, fsirer = 3,500 rpm, pr2= 10 bar, wpgpc= 24 ppm, semibatch.

A crude farnesene mixture containing at least 33 unknown additional components can also be
hydrogenated to a limited extent. Although many of the resulting products remain as unclear as their
corresponding educts, 'H-NMR studies reveal the complete hydrogenation of conjugated double bonds

within one hour (c.f. Figure S 7), while Pd leaching is comparable to the other reactions.

Limonene (55) was chosen as an example for cyclic terpenes, containing one endo- and one exocyclic
double bond, serving as a typical model substancel®!l. Typically, the exocyclic double bond is
preferentially hydrogenated®!l. The results shown above indicate a strongly disfavored hydrogenation
of double bonds with a degree of substitution of more than 2. The exocyclic, terminal double bond of
limonene should therefore be hydrogenated preferentially?'”l. Figure 47 shows that this is indeed the
case, although isomerization of this double bond towards the ring or isomerization of the remaining
double bond within the ring appears nearly equally, leading to full selectivity towards menthenes 58 and
59 after 26% conversion of §5 and its isomers 56 and 57. Although S:C was already decreased from
100,000:1 to 10,000:1, any reaction appears at a reduced rate, resulting in a TOF20 (regarding pure 55)
of 3,300 h-'. In comparison to 45, which also contains a terminal and a trisubstituted double bond, either
the cyclic nature of 55 seems to inhibit its reactivity; or the fact that the terminal double bond is

disubstituted instead of monosubstituted (in 45) causes this phenomenon.
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Figure 47: Reaction network and product composition of the selective partial hydrogenation of 55. Conditions: Nsypstrate=
105 mmol, Viea= 55 mL, S:C= 10,000:1, T= 50 °C, fgimer = 3,500 rpm, pr2= 10 bar, wpgpc= 24 ppm, semibatch.

6.3.5 Hydroformylation of Selectively Hydrogenated Terpenes

In chapter 2.2.2.2, the formation of stable n3-allyl complexes has been presented as the major issue in
hydroformylation of terpenes containing conjugated double bonds, as well as of other polyunsaturated
compounds. This major hurdle can be overcome by either a huge excess of PPhs ligand at high
pressures, the use of dppe under specifically optimized conditions, or previous partial hydrogenation.
Moreover, bulky phosphite ligands like tris(2,4-di-tert-butylphenyl)phosphite (62) promise high
reactivities even for highly substituted substrates and natural compounds. As one solution to the
described challenge is selective partial hydrogenation, the hydroformylation of formerly conjugated
terpenes after selective hydrogenation was chosen to show the applicability of the obtained
hydrogenation products in further functionalizations. The aliphatic product aldehydes are expected to

be valuable fragrance compounds (Scheme 17)[103],
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Scheme 17: Hydroformylation of partially hydrogenated 3-myrcene or dihydromyrcene to mono- and dialdehydes.

Rh was chosen as the catalyst metal, with the ligand being the bulky phosphite 62. Consequently,
Rh(acac)(CO)z was used as a typical laboratory rhodium precursor. 45 serves as benchmark substrate,
because it is commercially available. Initial reaction conditions were adapted from literature, from

general conditions for this or closely related ligands, as well as from hydroformylation of other
terpenes(5011021,11611218]

B-Myrcene (14) and B-farnesene (50) expectedly show no product formation, but sometimes minor dimer
formation due to catalyst deactivation caused by the presence of the conjugated double bonds. In
contrast, conducting hydroformylation with the selectively hydrogenated acyclic terpenes (mainly
resulting in 45-47 and 51-53) under the same conditions yields mono- and dialdehydes with a rapid

reaction within the first hour, followed by a reduced reaction rate (Figure 48).
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Figure 48: Product composition of the hydroformylation of unhydrogenated substrates and product mixtures of the selective
partial hydrogenation of 14 and 50, crude farnesene mixture and commercial 45. Conditions: Ngypstrate= 34-40 mmol, T= 120 °C,
fetirrer = 3,500 rpm, Psyngas= 45 bar, CO:H,= 1:1, Cr totar= 0.8-0.89 mmol L*'; S:C=1,000 ; P:Rh= 10; Csybstrate toluene= 1 Mol L7;
precursor= Rh(acac)(CO)y; ligand= tris(2,4-di-tert-butylphenyl)phosphite, tyreroming=1 h, semibatch.

The comparison of the selectively hydrogenated products from 14 and 50 elucidates very similar yields
for monoaldehydes of ca. 40%. The comparison of selectively hydrogenated 14 with commercial 45
gives slightly higher yields for 45. This can be deduced to a higher amount of sterically easier accessible
double bonds in 45 than in the product mixture of the selective partial hydrogenation of 14. Especially
in the latter case, the preferential conversion of isomers with any terminal double bond compared to
internal ones is clearly visible in the measurements. Insights into the isomerization pattern in the case

of 45 moreover reveal a fast depletion of terminal species towards isomerized species, mainly 46.

For comparison, in the literature hydroformylation of 45 for the application as fragrance compounds, full
conversion of 45 with a selectivity of at least 70% towards the linear monoaldehyde is achieved in a
monophasic and a biphasic approach with different ligands and varying conditions, but in a comparable
timel"1I114] |t has to be stated that unoptimized conditions were used in the present work, which
demand optimization of reaction parameters to achieve quantitative aldehyde yields. In combination with
the structure-related insights, the optimization study needs to enhance the isomerization of internal
double bonds into terminal positions with a subsequent rapid hydroformylation. A ligand change might
be necessary for this: For example, Biphephos was identified as a potent ligand for tandem
isomerization-hydroformylation towards linear products, but the exploitation of its full potential required
temperatures higher than 120 °C, which was applied herel?'9l. Although Biphephos is a bidentate ligand
and has a rigid backbone, it is also a bulky phosphite ligand like 62; hence, improvements in yield might

also be possible with 62, enabled by parameter screening.

90



Laser-Ablated Pd Nanoparticles as Versatile Catalysts for Selective Partial Hydrogenation

Even the hydroformylation of the hydrogenated crude farnesene mixture enables higher aldehyde yields
than without hydrogenation, attributable to the absence of conjugated double bonds. Hence, the
selective partial hydrogenation enables the further functionalization of terpenes, like in hydroformylation,
by eliminating conjugated double bonds. Thus, the combination of selective partial hydrogenation with
subsequent hydroformylation is a highly valuable tool for the production of value-added chemicals from

renewable resources without competition with food uses.

6.4 Conclusions

In this chapter, a highly active and selective hydrogenation catalyst system obtained by PLAL of Pd in
PC is introduced. This innovative and easy-to-prepare system was shown not to require any further
stabilizers or additives. The catalyst system is capable of selectively hydrogenating different substrate
classes at high S:C ratios of more than 7,000 at Pd concentrations in the catalyst phase of 24 ppm and
less in mono- or biphasic systems at mild conditions. The biphasic approach offers opportunities for the
workup of the reaction mixture, aiming at a simplified catalyst reuse and product purification that need

to be evaluated in future work.

Various alkynes with different structural motifs and industrial relevance were hydrogenated at room
temperature with turnover frequencies at 20% conversion or less of up to 88,000 h-' and excellent
trans/cis ratios of less than 0.09. While N-containing additives show no significant effect on selectivity,
they slow down the reaction. Accordingly, they show no benefit and can be completely avoided. Different
substituents in the vicinity of the triple bond seem to play a key role in alkyne hydrogenation, most
probably by electronic effects. The catalyst system outperforms a typical Lindlar catalyst under

comparable conditions by one magnitude in activity at improved selectivity.

In the hydrogenation of a,3-unsaturated aldehydes, laser-ablated Pd in PC showed a thermodynamically
determined selectivity towards the saturated aldehydes. The aromatic substrate t-cinnamaldehyde is
converted completely with a TOF20 of around 2,500 h-', while the aliphatic t-2-octene-1-al gets fully
converted much faster with a TOF20 12 of 26,600 h-' and a constant remarkably excellent selectivity of
>99%.

Conjugated double bonds are preferentially hydrogenated as observed for some acyclic terpenes, most
probably following a n3-mechanism. Subsequently, the reaction terminates at nearly full conversion with
selectivities towards mono-hydrogenated species of more than 96%. Only in the absence of conjugated
double bonds, further hydrogenation is possible at reduced rates. Isolated double bonds, especially

higher substituted ones, are more isomerized than hydrogenated.

Remarkably, product contamination with Pd in the case of biphasic reaction systems was always within
the limit of quantification of the ICP-OES of 1 ppm. Therefore, the chosen catalyst system comprising
laser-ablated Pd nanoparticles in PC is a versatile, robust, and highly selective hydrogenation catalyst

and a lead-free alternative outperforming the Lindlar catalyst in environmental, manufacturing aspects,
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and reaction performance. The Pd NPs show a high preference for conjugated systems and are of

relevance for industrially applied substrates.

The subsequent hydroformylation of the selectively hydrogenated acyclic terpenes with a bulky
phosphite ligand was shown for the first time. Under unoptimized reaction conditions, aldehyde yields
of more than 60% were achieved, while unhydrogenated substrates showed only minor conversion.
Furthermore, it was shown that the elimination of conjugated double bonds from a crude farnesene
mixture with several unknown compounds enables those technical substrates for further value addition.
Thus, several renewable materials are made available for further sustainable chemistry or direct use.
This approach is the first example of an advanced reaction sequence, but an intermediate workup is still
required. Nevertheless, these investigations lead in the direction of potential further reaction sequences

for process intensification.

Further research should focus on investigations at the Pd catalyst surface to elucidate structure-effect
relationships for a better understanding of the reaction mechanisms during partial hydrogenation and
reaction rates of the individual substrates, especially in the case of conjugated dienes. For
hydroformylation, the optimization of reaction parameters for increased aldehyde yield needs to be

carried out, possibly in combination with a more selective synthesis of certain desirable product isomers.
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7 Application of Laser-Ablated Pd Nanoparticles in Suzuki
Cross-Coupling Reactions
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microwave reactions as part of his apprenticeship under my supervision. M. Hubmann performed initial
tests as part of his bachelor’s thesis under my supervision. Further experiments, overall analyses,
visualization, and writing were performed by me. T. Seidensticker acquired funding and supervised this

project.

7.1 Introduction

The investigation of Suzuki couplings with both supported and unsupported Pd nanocatalysts is a vital
research area and offers valuable applications for fine chemistry and pharmaceuticals, as already
described in chapter 2.2.3.2[23, In the previous chapters, the investigated Pd nanoparticles were shown
to be highly active catalysts, while especially the laser-ablated NPs proved to be very versatile. In order
to expand the application range of laser-ablated nanoparticles, the Suzuki coupling is selected for
investigation as a representative example of a Pd-based catalytic reaction. Here, laser ablation is
intended to serve as a reproducible complementary manufacturing method to expand the toolkit for the
synthesis of Suzuki coupling catalysts and as an intensified nanoparticle synthesis method. As has been
stated in chapter 2.2.3.2, numerous synthesis and stabilizing strategies of Pd nanoparticles for coupling
reactions were invented and investigated. Many of the truly colloidal approaches use iodides as
substrates mainly or exclusively, while broader substrate scopes are only rarely
investigated[26111211[1721,1195],[2201-1233] Egpecially in light of the previous chapter that employed laser-ablated
Pd NPs in PC, investigations by Lux demand a closer look. Here, Pd nanoparticles, generated via the
autoreductive approach in PC, were used in a Suzuki coupling of 4’-bromoacetophenone with
phenylboronic acid, achieving a yield of 63% at most after 24 h at 150 °C and a catalyst loading of
0.5 mol% Pd!'72. Furthermore, Reetz and coworkers synthesized Pd colloids (sometimes additionally
stabilized) by several bottom-up and top-down approaches in PC, DMF, or dimethylacetamide (DMA).
However, the PC-stabilized particles were applied only for Heck reactions and mainly stabilized particles
in DMF and DMA were used instead for Suzuki couplings, for which they achieved high yields.[2201[221].1234]
Apart from the “homeopathic Pd“ approach mentioned in chapter 2.2.3.2, these two examples are the

only candidates for truly ligand-free conditions without further stabilizers.

The choice of both the appropriate solvent and reaction conditions is crucial. Therefore, this chapter
investigates several questions in a proof of concept: Are laser-ablated Pd NP capable of catalyzing
Suzuki cross-couplings? Which solvent should be chosen for this task? Which base performs best? Can
the reaction time be reduced without loss in yield? After the establishment of the basic catalytic system,
several substrates are screened for their applicability, and light will be shed on the underlying catalytic

mechanism.
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7.2 Experimental

PLAL of Pd in pure BuOH with subsequent laser fragmentation of the obtained primary particles was
performed twice in the setup described in chapter 5.2 with a Nd:YAG-laser (1S400-1-L, Edgewave) at a
power output of 50 W, a wavelength of 532 nm, and a repetition rate of 5 kHz. Again, the Pd
concentration (in ppm, w/w) of the obtained solutions was measured using ICP-OES prior to first use as

described in chapter 4.3.

Experiments on Suzuki couplings were performed under reflux or microwave conditions. The catalyst
solution was sonicated for at least 3 min. prior to use. Eventually, 1-butanol was removed in vacuo to
reach the desired Pd content. For experiments under reflux, the solid substrates were weighed into an
argon-flushed round-bottom flask. Subsequently, all liquids were introduced via Eppendorf pipettes. The
flask was shaken, and a cross-shaped magnetic stirrer bar was added; then it was installed at the reflux
condenser. Experiments under argon atmosphere were carried out using standard Schlenk techniques
and included the use of an additional stopper for the reflux condenser that allowed flushing with argon.
The flask was heated under stirring using a heating plate, and the reaction started after the desired
temperature was reached. For experiments with mercury, 4 h of reaction time were allowed; after that,
2,000 eq mercury were added through a side neck that also allowed sampling prior to mercury addition.
For the adsorption test with alumina, 1.5 g of alumina was stirred for 4 h together with the catalyst
solution, filtered through a glass frit and a syringe filter, before the required amount of filtrate was
introduced into a fresh vessel with a fresh stirrer bar for the reaction in the standard manner in the
microwave reactor. In a second run, the whole alumina with adsorbed Pd was used as catalyst in the

standard manner, again in a fresh vessel and with a fresh stirrer bar.

Reaction solutions in the microwave vessel were prepared in the same way as for reflux in a
corresponding microwave flask of a CEM Discover 2.0. After the addition of all substances, argon was
again used to flush the vessel that was sealed afterwards and transferred into the microwave reactor.
Here, the reaction was carried out at 130 °C for 2.5 h under stirring. For quantitative poisoning
experiments, stock solutions of PPhs or octanethiol in BuOH were prepared, in the case of PPhs

according to standard Schlenk techniques.

Samples were analyzed using a calibrated GC-FID. For detailed information on sample preparation and

analysis, see chapter 11.4.2.

7.3 Results and Discussion

7.3.1 Selection of a Solvent

For solvent selection, criteria apart from pure solubility, such as safety, cost, environmental compatibility,
physicochemical properties, and the remaining amount in the product, are essentiall?3®, In the present
case, appropriate stabilization of the NPs is also a major requirement. Typical solvents for Suzuki

couplings include water-miscible alcohols, ketones, ethers, and carboxylic acid amides, as well as
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dioxane, DMF, or aromatic compounds[?3¢l, Furthermore, ionic liquids (ILs) and fluorinated solvents have
already been employed for Suzuki reactions with colloidal nanoparticles(?261237], Various solvents have
been evaluated regarding the aforementioned criteria, with a resulting recommendation of short-chain

alcohols(2351.[238]

It is crucial that the solvent can at least dissolve all involved educt compounds, including the Pd catalyst
(and its stabilizer or ligand if needed), the base, and both substrates. Especially for inorganic bases, this
may necessitate the addition of water. In this work, the system is designed to be as simple as possible,
utilizing solvent-stabilized Pd nanoparticles produced by laser ablation, and should require neither
additional stabilizers nor ligands. It should moreover allow for a precise adjustment of the catalyst
concentration before the reaction and a good separability after the reaction. Ideally, it should also be a

“green” solvent.

As a consequence, two major options appear (c.f. Figure 49). The first one is the utilization of apolar
substances like toluene, to provide good solubility for organic compounds. As a downside, these
compounds offer only poor stabilization for solvent-stabilized nanoparticlesi?2. The other option is the
use of very polar compounds such as ethanol or water. They enable good separability, but may lack
effective stabilization, depending on the exact nature of the solvent22. However, organic solvents show
limited solubility of inorganic bases with cations up to period 4 in the periodic system of elements. On
the contrary, most bases are well water-soluble, but PLAL in water can lead to significant oxidation[?71.

As a consequence, a trade-off between these two extremes must be made and can be found in 1-

butanol.
—_— | solubility of inorganic bases
hydrocarbons, " ) w:lter hain alcohol
e.g. toluene solubility jof organic substrates short chain alcohols
—_ polarity & stabilization ability

1-butanol

Figure 49: Options for solvent selection for Suzuki couplings.

1-Butanol (BuOH in the following) is environmentally friendly, may be produced from renewable
resources, and can thus be classified as “green” solvent238Il'71] |t is miscible with nearly all organic
solvents and is partially miscible with waterl'”!. Also, it can be evaporated without major effort, allowing
simple product purification as well as adjusting catalyst concentration in case the Pd concentration is
originally too low, as long as Pd remains stabilized. While BuOH is a promising solvent from these
aspects and fulfills the criteria for beneficial solvents, only two reports featuring BuOH as a solvent in

Suzuki coupling were found, both focusing on coupling reactions with heteroaryl halides[2391[240],
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Consequently, BUOH was chosen as the solvent for the following investigations. The particles obtained
by PLAL in pure BuOH were analyzed by TEM and possess a mean diameter of 3.8 + 1.6 nm (see also
Figure 27). The concentrations were found to be 30 ppm and 48 ppm as measured by ICP-OES,
depending on the laser operation time. The obtained catalyst solutions are not as stable as Pd in PC
and thus can only be used for a shorter amount of time, since the already present agglomerates begin

to grow and aggregate (c.f. Figure 50). These solutions are not catalytically active anymore, even after
ultrasonication.

25
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Figure 50: TEM images of laser-ablated Pd in BUOH after longer shelf-life and resulting particle size distribution, obtained by the
count of the particles with red surrounding.

7.3.2 Establishing Reaction Conditions

To find suitable reaction conditions, the reaction of 4’-bromoacetophenone 64a with phenylboronic acid
63 was chosen, since this system performs well with several other catalyst species!'2!:[195](220],[225],[228]
First, a base screening was performed with 40 ppm Pd in BuOH (as a trade-off between stability and
solvent amount) under reflux conditions at 80°C, resulting in a catalyst loading of 0.32 mol% (equivalent
to a S:C ratio of 313; Scheme 18) for the 1 mmol batch.

Pd in BuOH, 40 ppm
0.32 mol% Pd
BuOH/H,0 (10:1)

base o)
OH 0 80 °C, 20 h
©/B\OH + reflux _ O
Br -B(OH )zBr O
63 64a 65a

Scheme 18: Reaction scheme for the base screening.
Here, the solubility of the inorganic bases in BUOH was too low, so water was added in a volumetric

ratio of 10:1 (BuOH:water) to increase the polarity. Related experiments confirm these conditions as a
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reasonable compromise between substrate solubility, dilution, particle concentration, stabilization, and

catalytic activity in terms of the S:C ratio.

Under the chosen reaction conditions, a monophasic system forms, while after cooling, a small second
phase begins to appear, which contains mainly water. Furthermore, the base starts to precipitate, and
Pd deposits form on the glass wall. Nevertheless, with an appropriate base, full conversion of the
substrate can be achieved within the reaction time of 20 h, as evident from Table 10.

Table 10: Yields of 65a in the base screening of 64a with 63. Conditions: Ngypstrate= 1 MMOI, Nporonic acid = 1.5 MMOI , Npase= 2 Mmol,
S:C=313:1, T= 80 °C, Veuon/Vwater = 10, Wpq guon= 40 ppm, t= 20 h, reflux. a: averaged from two single runs.

base Y [%]
K2CO3 >99
Na.CO; >99
Cs2COs 78
KOH 61
NaOAc 64
NaHCO:; 532
NaOH 48
NEt; 3

Carbonates are shown to perform best, with K2COs resulting in the highest reactivity, along with Na2COs.
For further reactions, K2CO3 was chosen as the base because of its superior solubility under the given
reaction conditions. With K2COs, even a second catalytic run is possible: after addition of fresh
substrates to a spent reaction mixture, the reaction proceeds with only slightly decreased yield of 94%
after 20 hours. This is remarkable, because even after the first run, black deposits were observable on
the glass wall, resulting in a continuous decrease of the Pd content in solution as confirmed by ICP-OES
analyses: the Pd content of the solution after the first run was 7 ppm (full stability should result in
33 ppm), which decreased to 2 ppm after the second run. This observation raises the question of the

true catalytic species, which will be answered below.

These results confirm the principal applicability of solvent-stabilized, laser-ablated Pd nanoparticles in
BuOH for Suzuki coupling reactions. However, the long reaction times pose a drawback. This fact, in
combination with the non-inert conditions applied until now, results in the formation of the by-products
phenol and biphenyl through slow oxidation of the excess of phenylboronic acid 63 by oxygen from air

according to Scheme 19.

97



Application of Laser-Ablated Pd Nanoparticles in Suzuki Cross-Coupling Reactions

[Pd]
H,0
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2 B(OH),O0H
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4 B(OH),

63

Scheme 19: Homocoupling of 63 with oxygen and subsequent phenol formation?4'],

Related experiments confirm that the reaction time of 24 h cannot be substantially lowered under reflux
conditions. Therefore, the process needs to be intensified through a different measure. As a result,
microwave irradiation was chosen for drastic enhancements in productivity and activity. In pre-
experiments, optimal reaction conditions for the microwave reactor were determined, once for the
already applied substrate 64a (giving quantitative yields) and for comparison also with 64b, a more
challenging substrate. The obtained yield of 65b was 9% in reflux and 14% in the microwave reactor
after only one eighth of the reaction time, showcasing that comparable or even better results can be
achieved under microwave conditions. Furthermore, the reaction is conducted in closed vessels in the
microwave that can be inertized with argon prior to the reaction, minimizing the formation of by-products.
This approach accelerates reaction rates by a kinetic method without changing the reaction mixture and

is therefore part of process intensification, located at the phase level.

7.3.3 Substrate Screening

After successful implementation of this process-intensification measurement, a substrate scope was
carried out, investigating the influence of leaving groups and different substituents of the aryl halide
(Scheme 20). The catalyst system tolerates several substituents, although the arylbromides are severely
less active than their iodide counterparts. This is observable from the poor yields of the bromides (with
the only exception being the originally applied 64a), and especially the difference in the yield applying
the phenol derivatives 64d and 64g and toluene derivatives 64e and 64h. The superior reactivity of the
iodides over their bromide analogues is expected from the literature, since the iodide is the better leaving
groupl™3l. A clear trend regarding the reactivity of structural motifs for aryl bromides is becoming
apparent. The electronic effects of the different substituents seem to play a significant role: all
arylbromides with electron-donating substituents perform poorly, while the only electron-deficient
arylbromide 64a can be converted quantitatively. To substantiate this hypothesis, further experiments
with arylbromides containing electron-withdrawing substituents would be necessary. Nevertheless,
similar results were observed for arylbromides in the “homeopathic Pd” approach by de Vries and co-

workersl'2', Mechanistically, the approximation of the aromatic ring towards the Pd? is discussed as a
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prerequisite to the subsequent oxidative addition of the arylhalide?#2. For electron-deficient aromatic
systems, the subsequent oxidative addition to the Pd® might thus be favored due to the more electrophilic
character of these substrates against electron-rich systems. Literature confirms aryl iodides and aryl
bromides with electron-withdrawing groups as especially suited for ligand-free cross-couplings?9l. In
summary, the obtained results are in alignment with the literature, but the observable effect is severe

for this specific catalyst system.

Pd in BuOH, 40 ppm
0.32 mol% Pd
BuOH/H,0 (10:1)

base
QH 130 °C, 2.5 h 2
©/B\OH + “3 microwave ~ R
—R >
NS
X -B(OH),X
63 64 65

Br Br l

64a 64b 64c
Y >99 % Y = 14 %2 Y =8%P
Br Br Br
OH /N\
64d 64e 64f
Y=40% Y=9% Y=119%
|
L
0]
OH
649 64h 64i
Y >99% Y >99 % Y >99 %

Scheme 20: Substrate scope of the Suzuki coupling with 63. Conditions: Nsypstrate= 1 MMOI, Nporonic acida = 1.5 MMOI , Npase= 2 Mmol,
S:C=313:1, T= 130 °C, VauworVwater = 10, Wpg guon= 40 ppm, t= 2.5 h, microwave. a: confirmed by both GC-FID and 'H-NMR; b:
additional homocoupling of the substrate to give p-terphenyl observed.
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In comparison with other literature on Suzuki couplings under reflux conditions with aryl bromides and
colloidal Pd NPs, the presented approach occupies an intermediate position in terms of yields, activity
and applicability: Especially dendrimer-stabilized Pd NPs and the homeopathic system can convert
similar substrates with lower Pd loadings of 0.06 mol% to 0.02 mol% in the same time frame or less (for
comparison: 0.32 mol% are used in this work)[121:[19511225] Several other Pd NPs also enabled good to
excellent yields for aryl bromides with varying reaction times and catalyst loadings, and thus are only
hardly comparablel?261[228].[2301-[232] G|, it has to be kept in mind that the microwave approach is
compared with reflux conditions. For the comparison of the conversion of iodides with other colloidal
approaches from literature, the investigated catalyst system can indeed compete with them and often
outperforms theml26l[2221[2231.[227] " Egpecially the interplay of short reaction times due to microwave
irradiation in combination with the low Pd loading of 0.32 mol% is beneficial. In any case, the presented
system outperforms autoreductive Pd NPs in PC in terms of catalyst loading and achievable yield, even

at lower temperatures!'72],

7.3.4 Investigation of the Catalytic Species

In an attempt to answer the question about the nature of the true catalytic species, a combination of
several tests was performed for the reaction of 64a with 63. At first, quantitative poisoning tests were
carried out with 1-octanethiol in the microwave reactor. As the amount of active Pd species may be
changing in the case of dynamic catalysis, no definite number of equivalents of poison can be estimated,
although typical values are in the range of 0.1-0.2 eq for truly heterogeneous catalystsB'.1'7]. Therefore,
two different thiol:Pd ratios were tested: after the addition of 1 eq of octanethiol, no catalytic activity was
observable. Even after the addition of only 0.2 eq, a reduction of the activity to 54% yield in the same
reaction time was observable. Since this yield is still considerably high, neither a true heterogeneous
nor a true homogenous pathway is confirmed. Similar results are obtained after the addition of PPha:
here, the addition of 0.1 eq PPhs gives 81% vyield, which is very similar to the yield of 84% obtained for
0.2 eq PPhs. Even after the addition of 0.5 eq PPhs, 70% yield remains. Accordingly, less than 0.5 eq
of PPhs is not able to suppress the reaction. Since an often used active species for Suzuki couplings is
Pd(PPhs)2, opposing effects come into play during quantitative poisoning with PPhs: while some
proportion of the PPhs might indeed poison heterogeneous Pd particles, another proportion might be
able to enhance the reaction rate of possible single Pd atoms in solution by formation of active catalyst
complexes. It was confirmed in the Suzuki coupling of the challenging substrate 64b with 63 using in
situ synthesized Pd(PPhs)4 under inert reflux conditions at 100 °C that the yield can be increased from
28% for the laser-ablated NPs to 68% for the homogeneous system. Thus, the result of PPhs poisoning

test is ambiguous and does not allow for precise statements on the character of the active species.

A qualitative poisoning test under reflux conditions with 2,000 eq mercury (as proposed by literaturel32l)
that was introduced at a reaction time of 4 hours under vigorous stirring does not allow for a subsequent
increase in yield, although the initially obtained yield after 4 h was less than expected from pre-
experiments. Nevertheless, control reactions confirmed the known reactivity of the catalyst solution.

From this experiment, it can only be concluded that indeed a Pd° intermediate is apparent during the
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reaction, but no statement can be made regarding the location or any further chemical environment of

this intermediate species!''"l.

As a last test, an adsorption test on alumina was performed. For this test, the catalyst solution was
stirred for 4 h with alumina, after which a subsequent filtration through a glass frit was carried out. The
filtrate and the alumina residue were both used for catalytic tests in the microwave reactor, which
enabled a quantitative yield. An ICP-OES measurement of the filtrate confirmed less than 1 ppm in
solution, which is below the limit of quantification. Hence, filtration/adsorption was shown to be effective,
at least for large particles. Of course, very small particles in the size of clusters or even single atoms
may not be effectively filtered off; thus, this test clearly points towards sub-nanoparticle or homogeneous

catalysis.

When considering all the different applied tests, it shows that for the applied Suzuki coupling with laser-
ablated Pd nanoparticles, neither a true homogeneous nor a true heterogeneous pathway is plausible.
Instead, the often applicable mechanism described by de Vries!'201121] (Figure 51) can explain all results
and thus is highly likely to proceed. In this mechanism, the NPs serve as a reservoir for leaching Pd
single atoms that undergo the catalytic cycle ligand-free in the medium. The particles tend to form
inactive Pd black that was also visible at the glass walls of the reaction vessels, while only a very small
amount of remaining soluble Pd is sufficient for catalytic activity. The sensitivity of the activity to long
storage times can also be explained by this mechanism. It furthermore allows to explain the superior
performance of preformed Pd(PPhs)4: here, all Pd atoms are directly catalytically accessible, thus the

total amount of active Pd is higher and the time delay for leaching of active species is omitted.

substrates _\_\ 1 ))
HO HO _/_/
OH
HO

Pd°
i —y,  N"on — Pd black
gand free HO_~_~

OH
products /J HO
OH OH L\_

/

Figure 51: Formation of catalytically active species in the Suzuki coupling with laser-ablated Pd nanoparticles in BuOH, with the
particles serving as a reservoir for leaching Pd single atoms, adapted from de Vries!'?".,

In comparison to all reactions from previous chapters, this behavior is unique. Although corresponding
tests were not performed for the other reactions, literature-known heterogeneous hydrogenation
mechanisms and literature-known structure-specific activity relationships match all observations and
thus do not suggest that the hydrogenations proceed via soluble Pd single atoms. Furthermore, the
hydrogenation activity and selectivity of the other catalyst solutions are not affected by prolonged
storage. However, for a final statement, comparable tests would need to be performed for each catalytic

system.
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7.4 Conclusions

In this chapter, the Suzuki coupling with solvent-stabilized, ligand-free, laser-ablated Pd NP in the rarely
applied “green” solvent BuOH was shown for the first time. With these findings, the toolbox for the
production of Suzuki coupling catalysts is extended by laser-ablated Pd NPs in a green solvent without
the need for any further stabilizers. At the same time, the applicability of laser-ablated Pd NPs is

expanded by another reaction.

Reaction conditions were optimized for the model substrate 4’-bromoacetophenone. The choice of a
carbonate base like K2COs3 enables quantitative yield. The incomplete solubility of the inorganic bases
in BUOH necessitates the addition of small amounts of water. To increase productivity, the reaction was
transferred into a microwave reactor, allowing to reduce the reaction time from 20 hours to 2.5 hours
while achieving comparable yields. This measure contributes to process intensification on the phase

level.

In a subsequent substrate scope, strong dependencies were not only observable in terms of the halide
on the achievable yield. Rather, within the arylbromides, all substrates with electron-donating
substituents are only converted poorly, whereas the only substrate with electron-withdrawing
substituents was converted quantitatively. This is attributable to electron density in the aromatic ring,
affecting the initial oxidative addition to the catalyst. Further research might strengthen this finding in a
broadened substrate scope, including other substrates with electron-withdrawing substituents in
combination with a Hammett-plot. Furthermore, the applicability of boronic acids other than the simple
phenylboronic acid can be investigated. While the catalyst system cannot compete with certain
specialized literature-known colloidal systems, comparison with further literature is hardly feasible due
to strongly varying reaction conditions. Nevertheless, laser-ablated Pd NPs present an improvement
over the autoreductive Pd NPs in PC investigated by Lux and show excellent conversion of iodides at

comparatively low Pd loadings!'72l.

Ultimately, several tests elucidated that very likely the nanoparticles themselves are not directly taking
part in the catalytic cycle. Rather, they serve as a reservoir for leaching Pd single atoms that enable

product formation.
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8.1 Abstract

Valorization of soybean-derived biodiesel through an integrated tandem one-pot approach was
examined. Recent studies have indicated the necessity of pretreating unsaturated fatty acid methyl
esters (FAMEs) to remove polyunsaturated FAME (PU-FAME), due to their inhibitory effect on various
homogeneous catalyzed reactions. The first step in the process under investigation involves the
selective partial hydrogenation of PU-FAME towards monounsaturated FAME (MU-FAME), catalyzed
by palladium nanoparticles in methanol. This is followed by the Pd/1,2-bis[(di-tert-
butylphosphino)methyllbenzene (1,2-DTBPMB)-catalyzed isomerizing methoxycarbonylation (iMC) of
MU-FAME, resulting in a linear C1e-diester. Utilizing the protonated derivative of the 1,2-DTBPMB ligand
for the IMC, the Pd nanoparticles employed in the hydrogenation step function as a catalyst precursor.
The combination of both reactions in a tandem one-pot approach would eliminate the need for a work-
up, thereby streamlining the process. However, the process is hindered by several challenges arising
from the contrary optimal operating conditions for both reactions, such as the selection of solvent, the
amount of catalyst, and the presence of the accompanying gas in the reaction mixture. These aspects
have been thoroughly examined in this study, leading to the development of an optimized reaction
workflow. Utilizing this method, the partial hydrogenation of soybean FAME is achieved with conversions
of 95%-98%, followed by the in situ formation of the homogeneous catalyst and the iMC, yielding a

linear C1o-diester with a selectivity of 98%.

Practical Applications: This study proposes a novel integrated tandem one-pot approach for the selective

partial hydrogenation of vegetable FAME to MU-FAME, followed by the homogeneously catalyzed iMC.
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The integration of Pd nanoparticles as both a catalyst for hydrogenation and as a precursor for the
formation of a homogeneous catalyst utilized in iIMC ensures the efficient utilization of the metal
throughout the whole reaction sequence. The method integrates the necessary pretreatment with

sequential functionalization under optimized conditions.

8.2 Introduction

With the growing demand for climate-neutral productions and products, bio-based plastics offer a
promising avenue for incorporating renewable resources into everyday consumables. Notably,
unsaturated fatty acid methyl esters (FAME) hold significant potential due to their aliphatic chain

structure, which resembles polyethylenel243],

In related studies, several homogeneously catalyzed functionalization reactions and their capability to
transform FAME into polymer precursors have been studied'd. For instance, the isomerizing
methoxycarbonylation (iMC) of methyl oleate enables direct access to linear diesters through a complete

atom economic reaction244],

However, recent studies have demonstrated that natural polyunsaturated FAME (PU-FAME) exhibit
significant inhibition of the reaction, necessitating their removal to ensure efficient conversion of
monounsaturated FAME (MU-FAME)["297], To achieve high conversions it was shown that selective
partial hydrogenation of FAME derived from cheap oils like soybean and canola enables the use of those
substrates of former highly unsaturated oleochemicals in functionalization reactions like the iMC or

hydroformylation!'2. The whole presented process was a two-step approach.

One highly promising but underrated catalyst system for the selective partial hydrogenation of fatty acids
and derivatives is already literature-known: Colloidal Pd nanoparticles stabilized in different organic
solvents were used that superseded the need for further stabilizing agents or supports. Propylene
carbonate (PC) as a stabilizing solvent showed high activities and selectivities at full conversion under
mild conditions[®8ll70, |ater, a simplified synthesis route to solvent-stabilized Pd nanoparticles was

published, confirming PC as one of the solvents of choicel?2l.

In principle, numerous catalyst systems for the selective hydrogenation of fatty acid derivatives are
known, resulting from attempts to produce and upgrade biodiesel for combustion purposes. In general,
the highest hydrogenation activity is achievable by applying Pd-based catalysts, although Pd also shows
the highest isomerization activity compared to other metals[62:(671,

The iMC of MU-FAME is a well-investigated process applying the well-known Pd/1,2-bis[(di-tert-
butylphosphino)methyl]benzene (1,2-DTBPMB) catalyst and its isomerization activity to produce linear
o,w-diesters961991[100112451[246] Mecking et al. were able to show that the protonated version of the usually
applied ligand 1,2-DTBPMB, 1,2-DTBPMB(OTf)2Hz, is capable of disintegrating Pd bulk metal with
different surface morphologies and sizes of several tens of nanometers in order to form homogeneous

Pd complexes active in the iMC of technical grade methyl oleate!®!.
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Following these findings, Pd seems to be the ideal metal for combining selective partial hydrogenation
of FAME with followup iMC. As this is until now a two-step approach including workup of the biphasic
reaction mixture of the hydrogenation step, we envisioned a one-pot assisted tandem reaction starting
from in situ synthesis of Pd nanoparticles, selective partial hydrogenation followed by addition of
protonated ligand and iMC of the hydrogenation product mixture to simplify the reaction system (Scheme
21). This comes with the additional benefit that fresh precious Pd must not be used for each step
individually, but the same amount is rather used twice. In this work, the general compatibility ofthe two

reactions, possible hurdles, and strategies to overcome those will be examined.
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Scheme 21: Envisioned tandem catalysis route of selective FAME hydrogenation followed by isomerizing methoxycarbonylation.
Numbers in circles represent individual reactions in the experimental procedure.

— L=MeOH, CO

Waste oils would pose a desirable resource with regard to multiple material usages but may contain
several potentially undesired byproducts and potential catalyst poisons like other heavy metals or
insolubles?#7l. Impacts of reaction conditions on a clean and defined substrate are of fundamental
interest. Consequently, as an established, inexpensive, and abundant substrate, FAME derived from
soybean oil will be investigated. As it is industrially prepared from grown plants without former usage, it
is not assumed to contain potentially disturbing residues. This readily available substrate contains high
amounts of PU-FAME with 53% C18:2 and even ca. 8% C18:3, thereby being a highly unsuitable
substrate for sole iIMC. By the envisioned process, valorization of this promising substrate shall be

improved.
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8.3 Materials and Methods

All tandem reactions and iMCs were handled using standard Schlenk techniques; sole hydrogenation
experiments were conducted without degassing in accordance with the literaturel®870l, The protonated
ligand was prepared according to known methods/?#¢l, MeOH was dried over Na2SQO4 and degassed for
30 min in an ultrasonic bath under constant argon flow prior to use. All substrates were freshly purified
from peroxides using neutral alumina and then degassed for 30 min in an ultrasonic bath under constant
argon flow. Reactions with standard mixing behavior were conducted in a 75-mL stainless steel pressure
reactor with a cross-shaped stirring bar; reactions with enhanced mixing behavior were conducted in a
125-mL stainless steel reactor with an overhead gas injection stirrer. Both reactors were equipped with
dropping funnels. In a typical (tandem) catalysis experiment, Pd(OAc)2 was weighed into the vessel,
and the reactor was sealed. It was cautiously purged with argon, and a vacuum was applied afterwards
for a total of three cycles. A volume of 20 mL MeOH was added via a syringe in argon counterflow, then
9 bar argon was applied, and heating to 80 °C started under constant stirring at 1100 rpm. At the desired
temperature, preforming was started for 2 h. Afterwards, the reactor was cooled down to room
temperature in an ice bath, vented, and the substrate was introduced via a syringe in argon counterflow
into the dropping funnel. Hydrogen was added to the desired pressure, and the temperature was set
again to 80 °C. After reaching reaction temperature, the substrate was added, and the hydrogenation
started. After the desired reaction time, stirring was stopped, and the reactor was cooled to room
temperature in an ice bath. Hydrogen was removed by cautious purging with argon at least three times.
For reactions with enhanced mixing, additional steps were performed for hydrogen degassing prior to
iMC: 10 bar of argon were applied, and the solution was stirred for 30 min under argon. After this,
vacuum was applied for 15 min under heating with a setpoint of 40 °C to remove as much hydrogen as
possible. Subsequently, the reactor was cooled down to room temperature. A volume of 20 mL dried
and degassed MeOH was refilled under argon counterflow. In all cases, protonated ligand was weighed
into an inertized Schlenk flask, dissolved in 10 mL of dried and degassed MeOH, and introduced into
the reactor via syringe in argon counterflow. CO pressure was applied, and the reactor was heated
under stirring to the desired temperature. A schematic workflow, including all relevant steps, is depicted

in Figure 52.

The formation of the Pd complex at the boiling temperature of MeOH was performed in a Schlenk flask
in a similar manner without argon overpressure and without the hydrogenation step until CO would have
been applied. Instead, the mixture was heated up to 80 °C again under reflux with argon. Photos were

taken at given time stamps.
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Figure 52: Schematic workflow of the whole reaction sequence

Samples were diluted and analyzed on a 90-m DBFastFAME GC column (hydrogenation) or 30-m HP-
5 GC column (methoxycarbonylation) with flame ionization detector (FID). For hydrogenation, C16:0
served as an internal standard; for methoxycarbonylation, heptadecanoic acid methyl ester (for FAME
samples) or dodecane (for C11-ME) was added. Further details on analysis methods can be found in

chapter 11.5.

8.4 Result and Discussion

The envisaged reaction route comprises two different main types of reaction, starting with the selective
hydrogenation of PU-FAME from soybean oil having a high content of polyunsaturated compounds
(>60%) using Pd nanoparticles. The major challenge in the whole reaction route is to find conditions
suitable for both main reactions. Figure 53 lists typical conditions for each reaction step, their
compatibility, and their impact on the reaction performance or workflow. It becomes obvious that both
reactions need very different reaction conditions, especially regarding solvent as well as Pd loading,
showing only a small overlap at this critical point. As the envisioned route is an assisted tandem catalysis
approach, differences in pressure, temperature, and reaction time for each individual step are

independent of each other and thus not critical.
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Figure 53: Typical reaction conditions for the selective FAME hydrogenation with Pd nanoparticles (left) and the isomerizing

methoxycarbonylation of fatty acid derivatives (right) combined with their impact on each other and the corresponding
criticality!21681701(941195) [97}-[100] [249]

8.4.1 Influence of Solvent: PC in Methoxycarbonylation

As, according to literature, PC is highly desirable in the hydrogenation stepl®], preliminary tests of
methoxycarbonylation with and without PC were performed to evaluate the effect of the presence of PC
in methoxycarbonylation. According to the literature review in Figure 53, this is the first and most critical
issue to be analyzed. Therefore, methyl-10-undecenoate (C11-ME), a renewable substrate derived from
castor oil and commercially available, was chosen as established monounsaturated model substrate
(cf., Section 11.5.3). C11-ME is particularly suitable for this initial test, as the objective MU-FAME is
structurally very similar: It also contains one double bond, a long carbon chain, and one already existing
methyl ester group. Although the position of the double bond is more internal for the partially
hydrogenated FAME, this is negligible, because the applied catalyst system for the
methoxycarbonylation is highly active in isomerization. Furthermore, methanolysis is the rate limiting
step that preferentially occurs for the terminal double bond®®l. Beneficially, C11-ME comes without

residues of any further polyunsaturated species that would affect the catalyst performance.

Previously used standard reaction conditions for methoxycarbonylation were applied, comprising a
substrate:Pd loading of 1000:134L1971198L1249]. This results in a rather high Pd loading for hydrogenation!”?,
nevertheless being in the small overlapping area of applicable conditions. For simplicity reasons, the

applied catalyst was derived from Pd2z(dba)s to purely study the influence of additional PC.
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Figure 54: Results of the methoxycarbonylation of C41-ME with and without the addition of PC in the reaction starting directly
from Pd,(dba); and protonated ligand. Reaction conditions: S:Pd = 1000:1, L:Pd = 17.5, pco = 30 bar, T= 95 °C, Vi ca. 70 mL,
w = 1100 rpm, cross-shaped stirring bar, t = 10 h, nc11-memeon =33.8 mmol, Nc11-ve meon+pc = 15.4 mmol.

It can be clearly seen in Figure 54 that the required amount of PC drastically inhibits the
methoxycarbonylation of C11-ME: Conversion drops from 98% in the benchmark experiment, which is in
line with the literature, to 29%!°812491. Moreover, increased amounts of branched products are formed
when conducting the reaction with additional PC, which can be seen in the loss in selectivity to diester
products to only about 16.7% and the sharply decreased I:b-ratio of only 4.1. This also means that the
main portion of the converted C11-ME is simply isomerized and does not undergo methoxycarbonylation.
Methanolysis is known to be the rate limiting step!®®, explaining that dilution of MeOH results in a
reduced reaction rate. At the same time, isomerization and reversible CO insertion are not influenced
by MeOH shortage, resulting in pronounced isomerization compared to methoxycarbonylation. The
higher amount of isomerized educt may lead to MeOH insertion not at the chain end, resulting in a lower
I:b-ratio. Obviously, the presence of PC in methoxycarbonylation must be avoided, resulting also in the

need to be replaced in the prior hydrogenation step.

8.4.2 Influence of Solvent: MeOH in Hydrogenation

As a consequence, the use of MeOH in the selective hydrogenation of the highly unsaturated soybean
FAME was evaluated since it needs to be present in high excess in methoxycarbonylation, acting as a
solvent and reagent at the same time. This was done in order to avoid the addition of other potentially
inhibiting solvents. The catalyst loading was held constant, like in methoxycarbonylation (substrate:Pd
(S:Pd) = 1000:1; 0.1 mol%), resulting in a rather high Pd content of 114 ppm (w/w) in MeOH regarding
hydrogenation. According to Figure 53, this lies within the small area of possibly applicable conditions

for both reactions, although Pd mass loading is slightly out of its typical boundaries.
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Figure 55: Reaction progress of hydrogenation of soybean FAME with Pd nanoparticles in MeOH. Reaction conditions: S:Pd =
1000:1, prz = 25 bar; T =80°C, Vieon = 20 mL, neave = 16.9 mmol, wegmeon = 114 ppm, w = 1100 rpm, cross-shaped stirring bar,
trreforming = 2 h. Composition determined after venting and cooling down.

Figure 55 shows the high amount of polyunsaturated species present in the initial substrate FAME
mixture, summing up to more than 60%. It can be seen that the hydrogenation takes place very fast in
the first 7.5 min, converting more than 61% of excess double bonds even within 5 min. After 7.5 min,
98% conversion is achieved. Drastic overhydrogenation to C18:0 is observable, resulting in nearly 66%
selectivity. Further increase in reaction time results mainly in further increase of undesirable saturated
species, lowering selectivity further to ca. 59%. Obviously, finding the “best” reaction time is an
optimization problem that needs to balance overhydrogenation against residues of polyunsaturated
species. To maximize the content of reactive C18:1 species at nearly full conversion, a 7.5-min reaction
time in hydrogenation was chosen. This enables the use of potentially 60% of a former nonapplicable

substrate for further utilization in the methoxycarbonylation.

8.4.3 Dissolution of Nanoparticles

Having shown that the partial hydrogenation of FAME with unsupported Pd nanoparticles in MeOH is
taking place sufficiently, the basis is laid to further focus on the viability of conducting the subsequent
iMC. The main prerequisite is the dissolution of the formed nanoparticles by the protonated ligand. To
follow this process, an experiment was conducted under reflux in a glass flask, allowing the observation

of the macroscopic behavior (Figure 56).
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Figure 56: Evolution of the catalyst system throughout the reaction course. Reaction conditions: S:Pd = 1000:1, reflux, T = 80°C,
VMeOH = 20 + 10 mL1 NeavE = 169 mmOI; I—Pd = 6, tPreforming = 2 h, tcomplexationﬂeaction = 24 h

First, the precursor Pd(OAc). dissolves in MeOH. After preforming under reflux, the black nanoparticle
solution is formed. Upon cooling to RT and addition of (unhydrogenated) FAME and dissolved 1,2-
DTBPMB(OTf)Hz (in MeOH), the solution becomes lighter, which is even more pronounced upon
heating, resulting in a yellow solution after 24 h. Already at boiling temperature, a black deposit forms
at the phase boundary, rising in amount in the course of the preforming. The obtained solution is showing
an expected yellow color, and slight isomerization after 24 h is observable. To achieve full isomerization
within the given time using a properly formed catalyst, the temperature would need to be higher than
the boiling temperature of MeOH applicable here (see Figure S 15). This implies that the catalyst is
formed in principle, although not to the full extent. Performing the same experiment under 5 bar of Ar
atmosphere in the pressure reactor at the desired temperature of 95 °C results in 75% of Pd in solution
(determined by inductively coupled plasma optical emission spectrometry) and full isomerization of the
substrate with known isomerization patterns like expected!®’l. This leads to the conclusion that without
H2 or CO treatment, the desired catalyst can form from the in situ generated nanoparticles as expected,

although rather severe deposition and thus loss of Pd must be taken into account.

8.4.4 Influence of Gas on the Individual Reaction Step

To show that the formation of the Pd complex from nanoparticles is also possible under CO atmosphere,
C11-ME was again applied as simplified model substance; L:Pd was chosen to be 6 as it was done by
Mecking et al. for their 30 nm nanoparticles in order to obtain maximum yield®®. In a second run, the
nanoparticle solution was exposed to Hz atmosphere for 8 min and the atmosphere released. The

reactor was then flushed with argon five times before C11-ME and the ligand were added.
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Figure 57: Results of the methoxycarbonylation of C41-ME with and without exposure to hydrogen. General reaction conditions:
S:Pd = 1000:1, L:Pd = 6, pco = 25 bar, Tmethoxycarbonyiation = 95°C, Vimeon = 30 mL, nci1-ve = 16.9 mmol, w = 1100 rpm, cross-
shaped stirring bar, fereforming = 2 h; (@) fmethoxycarbonylation = 48 h; (D) fmethoxycarbonylation = 44 h, tstirringHz = 8 MiN, Tstiring 2 = 80°C, pr2 =

25 bar.

Conversion drops from 40% to 32% for the pretreatment with hydrogen (Figure 57). Although the I:b-
ratio remains roughly constant, the selectivity to diesters drops drastically, emphasizing the formation of
increased amounts of C11-ME isomers. It becomes clear that the pretreatment with hydrogen of the
reaction solution of methoxycarbonylation has a negative effect on both conversion and selectivity to
diesters. It seems that trace amounts of hydrogen that are not being removed during venting, for
example, due to the high solubility in short-chain alcohols like MeOHI'73], interact with noncomplexated
Pd species. It is known that bulk Pd adsorbs hydrogen at its surface and acts like a sponge for hydrogen
by forming Pd hydride (storing up to 0.7 mol Hz per mol Pd at standard conditions) that may theoretically
lead to isomerization or hydrogenation via the Horiuti-Polanyi mechanism!7':(831[250] At low partial
pressures of hydrogen, isomerization is favored over hydrogenation*2l75, Therefore, it can be
concluded that the hydrogen-lean gas phase, in combination with hydrogen-saturated nanoparticles and
solvent present in the initial period following ligand addition, would likely cause isomerization reactions
of the substrate with a high degree of probability. Indeed, no hydrogenation product is observable.
Moreover, the saturation of Pd with hydrogen might result in a decreased complexation rate with the
protonated ligand. This phenomenon would result in a decrease in methoxycarbonylation, attributable
to a reduced quantity of Pd complex in solution, concomitant with pronounced isomerization due to the
nanoparticles. As the active catalyst is able to convert isomerized substrates into the desired product,
the comparable I:b-ratio can be explained, because methanolysis is the rate-determining step in sole

iMCIo91,

Even small residual amounts of CO from previously conducted reactions that remain in secondary piping
due to improper gas change and purging completely suppress any hydrogenation reaction. It is
literature-known that CO is a catalyst poison for many different types of catalystslél#7l. Accordingly, it
deactivates the nanoparticulate hydrogenation catalyst used here, although it is indispensable for the
subsequent methoxycarbonylation. This observation underscores the importance of meticulous gas

purging routines for both reaction steps to ensure safety and efficacy. It is evident that for each of the
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two reaction steps, the gas of the other reaction is at least disadvantageous and must be removed to

the greatest extent possible.

8.4.5 Combining Both Reaction Steps

The demonstration of the feasibility of conducting methoxycarbonylation subsequent to exposure to
hydrogen, in principle, is noteworthy. However, the execution of the complete tandem catalysis with the
intricate FAME mixture results in a mere 1% conversion of FAME after a 72-h reaction period with L:Pd=
6 (all other conditions equal to those of Figure 59, left). This outcome underscores the necessity for a
comprehensive adjustment of the reaction conditions. To counteract the negative influence of hydrogen
on the dissolution of the nanoparticles by the ligand, the amount of ligand was increased to literature
adjacent previously known conditions for methoxycarbonylation starting from Pdz(dba)s of L:Pd=17.5
1971198112491 This leads, in combination with prolonged degassing of hydrogen under argon flow, to 37%
conversion in methoxycarbonylation with 98% selectivity to the linear diester (Figure 59, left). The two-
step approach described in literature is attributed to yielding a roughly doubled yield at half catalyst
loading under otherwise mostly comparable conditions!'2. Hence, limitations in the presented one-pot

system seem to be present.

A reuse of the catalyst solution of the reaction with standard mixing in a subsequent selective
hydrogenation of fresh FAME does not lead to any conversion and is thereby not successful. Again, this
might originate from the contact of both complexated and deposited Pd with CO during
methoxycarbonylation that is expected to poison the solid Pd particles and eventually prevent formation
of nanoparticles under the reducing atmosphere. Further research might shed light on underlying

processes regarding poisoning mechanisms and resulting reactivation of the catalyst system.

8.4.6 Influence of Mass Transport

It might be argued that one limitation of the presented one-pot system is the availability of carbon
monoxide in the liquid phase. In this work, a stirring bar used to be the agitator until now, whereas the
literature’s two-step approach used an overheadstirred reactor!'2. Accordingly, yield could be enhanced
through the implementation of an advanced mixing technique, with the objective of increasing the
availability of carbon monoxide in the liquid phase. To this end, the configuration of the reactor system
was modified to an overhead stirred reactor, which was operated at an elevated rotational speed and
equipped with a gas inlet stirrer. This improvement leads to shortened reaction times in the
hydrogenation step, enabling the reaction to be shortened by at least three, eventually even 5.5 min
(see Figure S 16), affecting also the composition of the obtained hydrogenation product as can be seen
in Figure 58: The desired C18:1 fraction is increased by about 10%, reducing the amount of
overhydrogenated product by 12%. This corresponds to 84% selectivity at 95% conversion in
hydrogenation, meaning an even higher utilization of the applied substrate. The fraction of
nonhydrogenated PU-FAMEs is increased by 2%, although sufficient reaction time was allowed.
Commercial high oleic FAME contains C18:2 in comparable amounts (also Figure 58) and has been

used successfully in the work by Mecking et al.l%l. For comparison, the product composition using PC
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instead of MeOH is also displayed here. As this is a biphasic reaction, mass transport limitations are
significant, leading to only reduced conversions applying standard mixing (see Figure S 14). Applying
enhanced mixing, Pd in PC yields very similar results compared to Pd in MeOH at typical conditions for

this system.
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Figure 58: Composition of soybean FAME before and after hydrogenation with Pd nanoparticles in MeOH and PC and
comparison with a commercial sample. Reaction conditions: S:Pd = 1000:1, Vsowent = 20 mL, ngame = 16.9 mmol, w = 1100 rpm,

tPreforming =2 h,

MeOH, standard: cross-shaped stirring bar, p1. = 25 bar; T = 80°C, Weameon = 114 ppm, thydrogenation = 7.5 min,
MeOH,enhanced: overhead stirrer, p1, = 25 bar; T = 80°C, Wpgmeon = 114 ppm, thydrogenation = 4.5 min,

PC, enhanced: overhead stirrer, p2 = 5 bar; T = 35°C, Wpqpc = 74.4 ppm, thydrogenation = 15 min,

commercial sample: product “Dakolub MB9001” by Dako, obtained from grown specialised sunflowers.

8.4.7 Influence of Unsaturated Species

Although stirring has an obvious influence on the hydrogenation step, the subsequent iMC is not
improved much, even though degassing of hydrogen was further optimized (see section 8.3). Using an
equivalent amount of high-purity methyl oleate (purity 98.9%) in iMC instead of the hydrogenated
product mixture yields, in the same reaction time, 91% conversion (Figure 59). The high-purity substrate
has been exposed to hydrogen as well to allow for saturation but was not in contact with the nanoparticle

solution to avoid possible hydrogenation or isomerization.
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Figure 59: Results of the methoxycarbonylation of soybean FAME in tandem catalysis. General reaction conditions:

SPd = 100011 LPd = 175’ Pco = 30 bar; Tmethoxycarbony\at\on = 95 OCy VMeOH = 30 mL, whydrogenation = 1100 rpm, tPreforming = 2 h,
tmethoxycarbonylation = 72 h

standard: Wmethoxycarbonyiation = 1100 rpm, cross-shaped stirring bar, nrave = 16.9 mmol,

enhanced: Wmethoxycarbonylation = 3500 rpm, overhead stirrer, nrave = 16.9 mmol,

reference: Wmethoxycarbonyiation = 3500 rpm, overhead stirrer, nrave = 11.8 MmO, tsiring 2 = 4.5 MiN, TstiringH2 = 80°C, prz = 25 bar.

It is evident that mass transport does not constitute the rate-limiting step in the methoxycarbonylation of
the selectively hydrogenated FAME mixture. Rather, investigation of the hydrogenation product and the
unreacted FAME after 72 h of methoxycarbonylation in comparison with isomerized conjugated methyl
linoleate (iICML) revealed the presence of several conjugated species that formed only in
methoxycarbonylation from non-hydrogenated residues of C18:2 (Figure S 17). These conjugated
species, in turn, are known for catalyst inhibition via the formation of rather stable Pd allyl species,
explaining reduced conversion by decelerated reaction ratesl®7:199. As already shown, the dissolution of
the nanoparticles is incomplete, and therefore, the amount of active catalyst complex is reduced from
the beginning; hence, this contributes to overall slower reaction rates for all methoxycarbonylations
displayed in Figure 59. Moreover, the incomplete complexation of the former nanoparticles with
protonated ligand prevents the formation of new catalytically active species for methoxycarbonylation in
order to replace the deactivated ones. This shows that in principle the tandem catalysis approach is

working but is hindered to a certain extent when applying real-world substrates.

8.5 Conclusion

In this study, we demonstrate for the first time the feasibility of integrating a monophasic tandem one-
pot approach with selective hydrogenation of a standard, inexpensive polyunsaturated FAME from
soybean oil via palladium nanoparticles in methanol and iMC of the obtained products. This approach
eliminates the need for a workup step after hydrogenation and utilizes a single reactor with a constant
Pd loading, thereby streamlining the process. This enables the direct use of a commercially available
feedstock for the production of polymer precursors. Nevertheless, contradictions difficult to reconcile

exist and can be circumvented only in parts:

e On the one hand, PC is advantageous in selective hydrogenation but drastically inhibits

methoxycarbonylation. On the other hand, MeOH is a less preferred solvent in selective
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hydrogenation, leading to incomplete hydrogenation already at increased overhydrogenation to
unuseful saturated species.

e CO used in methoxycarbonylation is a severe catalyst poison for hydrogenation; the presence
of trace amounts ofhydrogen in turn is at least disadvantageous for methoxycarbonylation. This
gives need to thorough gas phase change after each reaction, which is complicated by the fact
that hydrogen gets probably integrated into the nanoparticles and is also soluble in the used
solvent MeOH.

e Formed nanoparticles may deposit at the reactor wall and are incompletely complexated by
1,2-DTBPMB(OTf)2H2, whereas at the same time, conjugated C18:2 species are generated due
to slight incomplete hydrogenation in MeOH. This leads to deactivation of the
methoxycarbonylation catalyst by forming allyl species, whereas the Pd complex is insufficiently

(re)generated by dissolution of the nanoparticles.

Nevertheless, applying an optimized workflow allows for the use of this tandem one-pot approach
properly, achieving nearly complete hydrogenation of the soybean FAME with complete removal of triple
unsaturated species, generating a product mixture with amounts of polyunsaturated species comparable
to commercially available products. Overall, 37% - 42% conversion of the obtained C18:1 FAME in the

following iIMC with a very high selectivity to the linear product of 98% is thereby made possible.

Subsequent research on detailed molecular poisoning mechanisms and reactivation possibilities of the
spent catalyst solution would be beneficial in order to recycle the valuable catalyst metal. Further
investigations might include a diversified substrate basis to other inexpensive oils or preferentially even
waste streams that would potentially come with several new challenges. By doing so, the influence of
traces impurities of those technical substrates could be highlighted. Although the chosen solvents
consider literature-known optimal solvents for each single reaction step, a broader solvent screening

might be of interest.

8.6 Acknowledgments

The authors thank the networking program “Sustainable Chemical Synthesis 2.0” (SusChemSys 2.0) for

the support and fruitful discussions across disciplines.

Finally, we are very thankful to the German Federal Ministry of Agriculture, Food and Regional Identity
(Bundesministerium fir Landwirtschaft, Ernahrung und Heimat), represented by the FNR (Fachagentur
Nachwachsende Rohstoffe) for financial support of the young research group “Renewlysis” (project
number 2219NR355).

Open access funding enabled and organized by Projekt DEAL.

116



Integrating Gas Permeation with Gas-Consuming Reactions in Slug-Flow Capillaries

9 Integrating Gas Permeation with Gas-Consuming
Reactions in Slug-Flow Capillaries: Continuous and
Selective Hydrogenation of Biodiesel

Reprinted with permission from

F. Lehmann, N. von Vietinghoff, P. Pey, K. S. Wulle, T. Seidensticker, N. von Vietinghoff, “Integrating
Gas Permeation with Gas-Consuming Reactions in Slug-Flow Capillaries: Continuous and Selective
Hydrogenation of Biodiesel’, ACS Sustainable Chem. Eng. 2025, 13, 20242-20252, DOI:
10.1021/acssuschemeng.5¢c09302. Copyright 2025 American Chemical Society. Accessible via
https://pubs.acs.org/articlesonrequest/AOR-TTFEFUMYBAMMGETEGS5RR

Citation style and numbering, as well as Figure and Table numbering, were changed to a sequential

mode to fit the document style.

Author contributions: The concept and ideas for this project were provided by N. von Vietinghoff and
me equally. P. Pey and K.S. Wulle performed the experiments as part of their bachelor’s theses and
P. Pey’s internship under the supervision of N. von Vietinghoff and me. Manuscript preparation including
formal analyses, writing, and visualization, was performed by me; N. von Vietinghoff reviewed and edited
the manuscript. T. Seidensticker acquired funding, supervised this project, and reviewed and edited the

manuscript.

9.1 Abstract

The catalytic and selective hydrogenation of biodiesel is employed here as a model reaction to
demonstrate, for the first time, the integration of gas permeation with a gas-consuming process in a
capillary slug-flow. In such systems, gas consumption during the reaction leads to bubble shrinkage and
ultimately destabilizes the flow regime, which counteracts the benefits of intensified mass transport and
mixing. By continuously replenishing hydrogen through the permeable capillary wall, a stable slug flow
under reactive conditions can be maintained. Compared to batch operation, the model reaction
illustrates more than a 9-fold increase in reaction rate while preserving high selectivity. This proof-of-
concept highlights how permeation enables continuous operation of reactive slug-flow systems without
a loss of stability. Beyond the chosen example of biodiesel upgrading, the approach establishes a
generalizable method for conducting gas-limited multiphase reactions in a continuous flow. The concept
combines reactor engineering and catalysis to support sustainable process intensification and opens

new opportunities for multiphase transformations requiring precise gas management.

117


https://pubs.acs.org/articlesonrequest/AOR-TTFEFUMYBAMM6TEGS5RR

Integrating Gas Permeation with Gas-Consuming Reactions in Slug-Flow Capillaries

9.2 Introduction

Multiphase reactions often face mass transport limitations.['33 To address these issues, reactor design
is crucial for achieving optimal mixing of the phases.!'33 One solution for laboratory experiments
involving immiscible liquid phases and/or an additional gas phase is to use a capillary reactor setup.
This approach is especially beneficial when a regular flow pattern with elongated, well-mixed bubbles
or drops, known as slugs, is formed. This results in a well-defined residence time, enhanced mixing, and
a high surface-to-volume ratio, leading to efficient mass and energy transfer within each phase or
segment and across the phase interface. Ultimately, this reduces mass transfer limitations and boosts
overall reaction rates.l'31013211411 However, for reactions with gaseous components, a common
challenge is the low solubility of gases in liquids, which often requires an additional gas slug.!'#% The
total amount of gas available is limited due to density differences between gas and liquid, resulting in
rapid gas consumption and an imbalance between the required and available amounts of gas, especially
with highly concentrated substrates.['4'l Additionally, high dilution with inert solvents reduces the space-
time yield and economic viability. Gas slug consumption also affects the residence time, as shrinking
gas slugs decrease the total flow rate, resulting in longer residence times. This can be problematic for
reaction networks involving follow-up reactions and should be avoided. A promising method for
continuous gas replenishment involves gas permeation through fluorinated capillary materials, which
has been successfully demonstrated in slug flow without reactions by us. However, there are only a few

examples of reactions in capillary reactors with gas permeation.['41:[25111252]

Several model reactions may be considered for g/l multiphase reactions, with selective hydrogenation
being one of them. For example, selective partial hydrogenation of oleochemicals produces
monounsaturated compounds from polyunsaturated ones (Scheme 22). For this purpose, many
catalysts have been developed, typically tested in batch.®2 Among them, solvent-stabilized Pd
nanoparticles in propylene carbonate proved to be highly promising candidates.[621168H70] These catalytic
systems appear to be rather fast, with reaction times as short as a few minutes, requiring high mass
transport rates. At the same time, the consecutive reaction toward saturated C18:0 needs to be
prevented to facilitate the further use of the desired C18:1 species in subsequent reactions. Hence,
selective partial hydrogenation with solvent-stabilized Pd nanoparticles acts as an ideal model reaction
for a multiphase capillary operation with additional gas permeation. Until now, this reaction has only
been carried out in batch operation.[2:[501(621.[68-70] The relatively polar solvent propylene carbonate (PC)
was found to be a highly beneficial solvent for reaction performance and stabilization of the chosen
catalystl?268], This sustainable system employs a fully atom-economical reaction that utilizes renewable
carbon sources in a catalytic reaction with a benign solvent. The capillary approach, with its small

dimensions and limited volume, is furthermore an inherently safe process.®
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Scheme 22: Reaction Scheme of the Studied Selective Partial Hydrogenation of Soybean Fatty Acid Methyl Esters

In this work, we aim to integrate the concept of gas permeation in a capillary slug flow with a gas-
consuming catalytic reaction. Using the selective partial hydrogenation of FAMEs as an exemplary case,
our objective is to demonstrate that continuous gas replenishment can compensate for gas
consumption, thereby stabilizing the flow regime and enabling continuous operation. The feasibility and
meaningfulness of the general reactor concept and the influence of gas supply will be evaluated, and a
comparison of different operation modes (batch reaction; initial presence of gas slugs; see Figure 60)
will be performed. By integrating a permeation-controlled gas supply with a catalytically demanding
model reaction, we aim to establish a reactor concept that combines high selectivity with the benefits of
intensified mass transport. Beyond this case study, the approach is intended as a transferable strategy

for a broad range of gas-liquid multiphase reactions.
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Figure 60: Schematic and enlarged (not to scale) possibilities of investigated reactor concepts.

(a) Batch reaction with one or two liquid phases and one gas phase.

(b) Reaction in capillary with three phases, shrinking gas slugs and without additional solvent.

(c) Reaction in capillary with two phases, shrinking gas slugs, and additional solvent.

(d) Reaction in capillary with two phases, additional solvent, and gas replenishment by permeation leading to gas slugs with
roughly constant size.

(e) Reaction in capillary with one phase, additional solvent, and permeation, without additional gas slugs.

9.3 Experimental Section

All chemicals were received from commercial suppliers and used without further purification. The
colloidal Pd nanoparticles were produced according to known methods with a resulting Pd loading of
24 ppm (w/w).l'2 The catalyst solution was mostly further diluted with an inert solvent. Hydrogenations
in the 1 mm inner diameter FEP capillary reactor were performed in a previously described setup after
minor modifications.l'*1 A simplified version of the setup is shown in Figure 61. Full schematic

flowsheets for different pressure ranges can be found in the Supporting Information (Figure S 18).

e =

- i
s e R P K N I . 5or0m oty
= 1 H
2 m capillary u |_/—| R2; 5 or 20 m capilary > "
= }-- e camera
R3; 10 or 20 m capillary
catalyst FAME LT
; |
solution R4 20 m capillary H
1
product T i
L e e e e e i

Figure 61: Simplified flowsheet of the reactor setup for operation with slugs and permeation.

120



Integrating Gas Permeation with Gas-Consuming Reactions in Slug-Flow Capillaries

Substrate and diluted catalyst solution were placed in separate vessels and introduced into the reactor
by using syringe pumps. First, the catalyst solution was contacted with hydrogen introduced by a mass
flow controller in a T-junction to allow a certain saturation of the catalyst phase with hydrogen and
preforming of the catalyst. Typically, the hydrogen flow rate is equal to the total liquid flow rate.
Afterward, the substrate was added using a coaxial contactor!'38 that allows for manipulating slug
lengths in order to obtain as equal lengths ofgas and liquid slugs as possible. The resulting flow was
transferred to the preheated and pressurized reaction zone. Samples were withdrawn at distinct points.
After each reactor segment and before entering the first section, the capillary passes a photo station
with a high-speed camera that allows for gathering information about flow behavior and slug lengths at

exemplary reactor lengths.

Inside the metal jacket, the capillary is coiled in loops, and hydrogen overpressure for experiments with
permeation was applied as stated. In experiments without permeation, the free space was filled with
thermal oil and pressurized with nitrogen to prevent capillary damage as well as mass transport,
especially of hydrogen, across the material to the outside of the capillary. Samples were taken at steady
state, which was reached after several theoretical residence times (at least 3). Blind experiments

ensured resilient results.

All obtained samples were diluted with methyl tert-butyl ether (MTBE) or cyclohexane to a constant
concentration of analytes and were measured on a GC-FID with a DB-FastFAME GC column for

quantitative analysis.

Conversion refers to the conversion of excess double bonds that exist in C18:2 and C18:3 species (one
for C18:2 and two for C18:3). Selectivity considers the depletion of already existing C18:2 by the
formation of C18:1 and the depletion of C18:3 to form the necessary intermediate C18:2, as shown in

Formula (2), and was rounded to significant digits. Further details are given in Sl.

Xc18:1 — Xcis:1;0 T Xc18:3;0 — Xc18:3

S =
Xc1g:2;0 — Xc1g:2 + 2 ° (Xc18:3;0 — Xc18:3) )

For the calculation ofthe residence time, t, the average total volume flow must be calculated. The
consumption of hydrogen in each reactor segment is taken into account via optical measurements of

the length of the gas bubbles passing through the photo station after each segment (l,;), weighted with

the fraction of each segment contributing to the total length of the reactor (lseg“‘%ml) Under the

assumption of a constant liquid flow rate, the average volume flow is calculated using Formula (3).

4

- .. L. ] _
V=V, +V;- Z <l pl | Segnllenta) o
p,0m

i=1
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9.4 Results and Discussion

9.4.1 Prerequisite: Flow Stability

The widely investigated selective partial hydrogenation toward the monounsaturated species (Scheme
22) was conducted in this work at conditions based on literature, including a temperature of 80 °C, a
high substrate-to-catalyst ratio (S:C) of 50,000:1 (total molar amount of substrate mixture: total molar
amount of Pd), and a pressure above 10 bar.['d A soybean-derived FAME mixture containing up to 60%

polyunsaturated species was used as the substrate (for the exact composition, see Figure 62)

An attempt to transfer the known batch reactor conditions to the flow setup without an intermediate gas
feed (Figure 60b) reveals several challenges: The necessary particle-stabilizing solvent PC is not
miscible with FAME, leading to a three-phase flow with significantly different volume flows for each
phase, which causes unstable flow patterns. Even with balanced volume flow ratios of 1:1:1, undesired
parallel flow may occur, indicating that a minimum flow rate (at least >0.9 mL min-') must always be

maintained for three-phase flow (see Sl, Figure S 20).

To circumvent these instability issues, we used an additional solvent to combine both liquid phases into
one single liquid phase (Figure 60c). The substrate is diluted, ultimately resulting in a reduced total
hydrogen consumption. Moreover, this flow pattern makes it easier to implement gas permeation for
ensuring a sufficient gas supply throughout the entire reactor length (Figure 60d). This would also allow
for a reduced usage of any additional solvent if the permeation fluxes are high enough to allow increased
substrate concentrations. Accordingly, a solvent was chosen and evaluated first, and the effect of

permeation was applied afterward.

9.4.2 Solvent Selection and Identification of Operating Conditions

Without Permeation

Isopropanol (IPA) was identified as a suitable solvent. Several other solvents were also investigated,
but discarded for several reasons (see Sl). In these pre-experiments, an operation window for pure slug
flow without permeation (Figure 60c) was determined, with total flow rates ranging from ca. 1.2 to at
least 4.5 mL min-'. 2.0 to 3.0 mL min-'were revealed to be the best compromise between flow stability
and productivity (see Figure S 22). Same volumetric flow rates for the resulting liquid and the gas phase

are still applied for stability reasons.

In this operation mode, the concept of continuous gas replenishment in slug-flow directly translates into
a remarkable improvement in productivity compared with batch operation. At a total volume flow of
3.0 mL min', 82% of the excess double bonds are already converted, leaving only about 12%
polyunsaturated species (Figure 62). Importantly, this high conversion is achieved while maintaining the
excellent selectivity known from batch operation with added IPA. The advantage of the continuous
approach becomes even clearer when benchmarked against batch: under comparable conditions, only

20% of the excess double bonds are converted in the same reaction time. Thus, the capillary system
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combines fast conversion with sustained selectivity, resulting in a space-time yield (STY) for C18:1 of
0.236 g h'" mL-" already in this initial experiment. These results provide the first direct evidence that the
integration of permeation-stabilized slug-flow enables both continuous operation and a step-change in

performance over conventional batch processing.

Moreover, we demonstrated that the specifically chosen solvent system not only ensures high reaction
performance but also enables an exceptionally straightforward catalyst-product separation. Upon the
simple evaporation of IPA, the palladium concentration in the product phase was below the detection
limit of 1 ppm (measured by ICP-OES). This result effectively overcomes one of the major challenges

in catalysis, namely, metal leaching into the product, and paves the way for efficient catalyst recycling.

The chosen conditions with incomplete conversion enable us to optimize the system and study the
influence of certain operational parameters in detail, serving as a benchmark for all capillary experiments
conducted in this work. After identifying suitable operating conditions in the given setup and setting a
benchmark for further experiments, consumption of the introduced gas bubbles still turns out to be
significant; see Figure 63 left. Hence, residence time is strongly influenced, and the implementation of

additional gas feed via permeation (Figure 60d) is performed next to refill the gas slugs.

9.4.3 Implementation of Gas Permeation

Initially, the sole gas addition by permeation is investigated at otherwise constant conditions. Hydrogen
bubbles are still fed from the beginning; the additionally permeating gas is intended only to refill the
otherwise shrinking gas bubbles (c.f. Figure 60d).
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Figure 62: Composition of samples of the selective partial hydrogenation of soybean FAME with additional IPA in different
reactors or modes. Reaction conditions: S:C = 50,000:1, T= 80 °C, solvent= IPA, Wpgpc= 24 ppm

batch: puy= 11.5 bar, t= 15.2 min, w= 3500 rpm, PC:solvent= 1:17.12 mL mL"

slugs: Ve = 1.20 mL min™, Vi, r= 1.50 mL min™, Vgape= 0.30 mL min™!, t= 15.5 min, 1= 40 m, przpac= 11 bara,
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PC:solvent= 1:17,24 mL mL"
slugs+permeation: Ve, = 1.20 mL min, Vi = 1.50 mL min™, Vgame= 0.30 mL min!, 1= 14.2 min, 1= 40 m, przpacc= 11 bara,
PC:solvent= 1:17,24 mL mL", Apperm.= 1.2 bar.

The slug flow with permeation achieves a C18:1 content of 70.2%, which is similar to that without
permeation (Figure 62); hence, the STY remains constant. Permeation of hydrogen into the capillary
results in a more regular flow pattern over the entire reactor length: especially at the end of the reactor,
the slug flow is still intact, with gas bubbles retaining half of their original size (Figure 63). Additionally,
the hydrogen permeation reduces the residence time from 15.5 to 14.2 min. The coefficient of variation
(CV) for the slug lengths at each axial position fluctuates constantly between 0.05 and 0.1 for the
operation with permeation, indicating equally sized slugs within each position, in contrast to the
operation without permeation, where a drastic increase by a factor of more than 3 is observable toward

the end of the reactor for both liquid and gas phase (Figure 72, left), pronouncing worse flow stability.
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Figure 63: Flow patterns and slug lengths at different axial positions obtained during selective partial hydrogenation of soybean
FAME with additional IPA. Lines are shown for visualization purposes only. On average, 9 complete slugs were measured at
each axial position, if applicable. Reaction conditions: S:C=50,000:1, T= 80 °C, solvent= IPA, I= 40 m, Wpgpc= 24 ppm,

Vear.= 1.20 mL min, Vi, r= 1.50 mL min™, Vgome= 0.30 mL min™!, przpack= 11 bara, PC:solvent= 1:17.24 mL mL"'

slugs (c.f. Figure 60c): t= 15.5 min,

slugs+permeation (c.f. Figure 60d): t= 14.2 min, I= 40 m, Apperm.= 1.2 bar.

For stability reasons, the lengths of the gas phase must at least equal the inner diameter of the capillary
(1 mm) to maintain a slug flow. Otherwise, several gas segments will coalesce. In this case, longer gas
slugs will occur, separated by longer or irregularly sized liquid slugs. Accordingly, the length of the liquid
slugs together with the length of the gas slugs must be considered for the evaluation of stability.
However, correlations for the transition of any flow regimes are still missing.['3¢! Figure 63 shows that
the lengths of the gas bubbles decrease toward the end of the reactor, a similar trend observed for both
reactions with and without permeation. In contrast, the length of the liquid slugs without permeation
drastically increases, and deviations in length become significant, indicating unstable flow. Conversely,
permeation can maintain the liquid slug size and thus the entire flow pattern constant. This fulfills the
initially set objective of refilling the gas bubbles and accordingly allowing a continuous operation at a

stable flow pattern.
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With these experiments, the expected reduction of mass transport limitations in the capillary mode with
gas slugs is evidenced. Moreover, residence time is reduced, and the flow pattern stabilizes without the

cost of losses in conversion or selectivity.

9.4.4 Comparison of Reactor Operation Modes

As an alternative operation mode, it is also possible to waive the feed of hydrogen in the T-junction at
the reactor inlet and to apply it solely via permeation (c.f. . Figure 60e), although irregular gas bubble
formation may occur if the permeation rate exceeds reaction rates.l'4!! |t is therefore necessary to
estimate the permeation flux for each experiment: according to literature, the amount of permeating gas
is dependent on temperature, material constants, and permeation pressure difference and hence
theoretically predictable (see SI)l'411253 Under the chosen conditions, spontaneous gas bubble
formation never occurred. Thus, the actual hydrogen supply by permeation was found to be at least 2.25
times as large as calculated for operation without slugs and even around 3.8 times as large for operation
with slugs, measured indirectly by substrate conversion at distinct points. Higher permeation fluxes than
calculated have also been found earlier for slug flow without reaction and were attributed to more
nonideal conditions of the setup as well as varying FEP properties regarding different ratios of
ethylene/propylene and degree of crystallinity.["#!l Additionally, different concentration gradients within
the liquid may be considered in this case: for the monophasic reactions without additional gas slugs, a
laminar flow is prevalent. Hydrogen diffusion from the wall to the bulk liquid is superimposed by the
parabolic velocity profile of the liquid, leading to strongly differing radial hydrogen concentrations within
the liquid with high concentrations at the wall and thus a relatively small permeation driving force. At
operation with slugs, half of the capillary is filled with gas slugs that are separated from the wall only by
a very thin liquid film. While the additional phase change between liquid (film) and gas (slugs) may cause
another mass transport resistance, no radial concentration gradient inside the gas slug is present,
leading in total to a higher permeation driving force than that for a rather saturated liquid without gas

slugs.

This allows to reduce the experimentally adjusted permeation pressure differences that are obtained
from theoretical correlations. Obviously, the underlying model must be reevaluated for permeation with
reactions in capillaries (depending on whether slugs are introduced or not), since the model was
designed for short permeators and turns out to be valid only for slug flow without reactions.[14111253] To
quantify the acceleration of reaction rates and assess the role of hydrogen slugs in the permeation-
assisted approach, a pseudokinetic model was established. Overall kinetic rate constants were fitted to
experimental hydrogenation data at varying residence times under otherwise identical conditions. The
used approach considers a consecutive reaction network and lumping of several different isomers of
the same saturation but differentiates between C18:1 cis and trans species (Figure 64). Furthermore,
mass transport mechanisms as well as adsorption to the catalyst surface are combined by kinetic
constants of pseudo-first order. Hydrogen is applied in excess in most of the cases and is therefore also
included in the pseudo-first-order approach like it is typically also done in literaturel®274l, Details on the

model equations are provided in Sl. Resulting pseudokinetic rate constants can be found in Table 11.
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Figure 64: Reaction network used for the pseudokinetic modeling.

Table 11: Obtained Pseudokinetic Rate Constants for the Reaction Network from Figure 64 for Different Operation Modes from
Figure 60

batch slug + permeation permeation

(Figure 60a) (Figure 60d) (Figure 60e)

1 [s] 5.338-10~* 5.830-1073 3.256- 1073
K} [s™] 1.727-107* 2.184-1073 1.129-1073
Kk, [s] 6.627 - 1075 1.120-1078 5.528- 10712
Kk} [s™] 1.196-107° 8.147-107* 6.203-107*
K [s™] 1.032-107* 3.011-1073 2.271-1073
Kk, [s] 1.028-1075 4.129-1075 1.859 - 10712
K, [s™] 455210 1.633-1071° 1.694-107*

The results for both investigated operation modes (with and without hydrogen slugs) are summarized in
Figure 65 and clearly demonstrate the outstanding performance of the capillary system compared with
batch operation. The formation rate of C18:1 from C18:2 is increased by a factor of at least 4.7 in the
permeation mode without gas slugs and by more than 9.1 in the presence of permeated gas and

segmented slugs.

An equivalent measure, the turnover frequency at 20% conversion (TOF20), highlights this effect even
more strikingly: while the batch experiment achieves a TOF 20 of 27,000 h-', the capillary approach boosts
this value by a factor of 5 to 135,000 h-' without slugs and by almost an order of magnitude to 257,000 h-'
in permeated slug-flow operation. This dramatic increase underscores the decisive role of the

permeation-stabilized slug-flow in intensifying multiphase catalysis.

The latter mode (Figure 60d) is therefore highly favored, most likely due to the additional mass transfer
enhancement by Taylor vortices within the gas slugs combined with continuous hydrogen
replenishment. Especially at the reactor entrance, sufficiently large slugs are required to ensure stable
segmentation even under high initial hydrogen consumption rates, thereby preventing their premature

disappearance.
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Figure 65: Modeled (solid lines; extrapolating for residence times larger than the highest one) vs measured compositions of
samples of the selective partial hydrogenation of soybean FAME in different reactors and with different operational modes at
constant conditions. Reaction conditions for all experiments: S:C=50,000:1, T= 80 °C, solvent= IPA, PC:solvent= 1:17.02-
17.12 mL mL", Wpgpc= 24 ppm

batch: pu2= 11.5 bar, V|=56. 9 ml, w= 3500 rpm with baffles and gas injection stirrer

permeation: VHZ_T 0 mL min™, Vige= 1.5-3 mL min™, propack= 11 bara, Apperm = 5.33-8.51 bar, T= 10.5-20.9 min, I= 40 m

slugs + permeation: V= 3-4.57 mL min™', propack= 11 bara, Appem.= 1.16-1.71 bar, t= 7.3-11.9 min, I= 40 m.

9.4.5 Influences on Permeation

After showing the applicability of the permeation concept for the given reaction system and validating its
positive effect on reaction rate enhancement, further investigations on influences on the permeation are
conducted. The focus was set on the key parameters pressure, temperature, and capillary length (since
length influences residence time at constant volume flows and especially permeation area). Increasing
the temperature or pressure enlarges the hydrogen solubility and enhances diffusion in both the capillary
material and liquid slugs, thus supplying more hydrogen in the liquid phase. Additionally, an increased
temperature results in higher reaction rates according to Arrhenius’ law and lowers viscosity, additionally
enhancing mass transport and reducing overall pressure drop. Accordingly, variations in temperature
are investigated first (Figure 66).
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Figure 66: Composition of samples of the selective partial hydrogenation of soybean FAME in the capillary reactor with
additional IPA. Reaction conditions: S:C=50,000:1, T as stated, przpack= 11 bara, I= 40 m, wpgpc= 24 ppm, solvent= IPA,
PC:solvent= 1:17.13 mL mL™", V., = 1.20 mL min™'; Vi, r= 1.50 mL min™; Vgaye= 0.30 mL min™!

T=50 °C: Apperm= 0.99 bar, = 10.2 min

T= 80 °C: Apperm= 1.16 bar, 7= 11.9 min

T=100 °C: Apperm= 1.24 bar, = 11.7 min

T=120 °C: Apperm= 1.4 bar, = 10.8 min.

A temperature of 50 °C results in a conversion of 24% at a typical selectivity of 97% and STY of
0.06 g h"" mL". As expected, the reaction rates accelerate at 80 °C in a comparable residence time.
STY can be further improved by 10% by raising the temperature from 80 to 100 °C. When considering
the last step from 100 to 120 °C, STY remains nearly constant, while at the same time, selectivity starts
to decrease. Temperatures higher than 80-100 °C seem therefore not advisable for the given setup and
volume flows, since the intrinsic and invariant catalyst activity and thus the given liquid volume flow
appear to be the limiting factor. At all applied temperatures, gas bubbles in a regular pattern and of

rather constant or even increasing size exist over the entire reactor length.

The residence time is determined by numerous parameters such as the volumetric flow rates, the length
of the reactor, and, in this special case, also the reaction rate. The influence of the capillary length is
further investigated, as a longer capillary results not only in a higher pressure drop but also in higher
permeation fluxes as the surface area is enlarged. First, the length and volumetric flow rate are
increased at the same time. In slug flow, mass transport rate via the g/l interphase is roughly linearly
dependent from vertex circulation frequencyl'3®, which in turn is enlarged for higher flow rates.
Therefore, at least gas replenishment and the hydrogen supply in the liquid phase should be increased
by the combination of both adjustments. However, at otherwise standard conditions of S:C of 50,000:1
and 80 °C, only minor changes in the composition after the reaction are observable for varying velocities
while maintaining the same residence time (Figure S 26), indicating no limitations resulting from possible

resistances in the g/l- and I-mass transport (mixing of and diffusion within the liquid slugs). Additionally,

128



Integrating Gas Permeation with Gas-Consuming Reactions in Slug-Flow Capillaries

variation of the back pressure between 11 and 16 bara does not influence the product composition

significantly (Figure S 27). Hence, hydrogen concentration in the liquid phase is no limiting effect either.

Taking these results into account, extending the capillary length enables a substantial reduction of the
substrate-to-catalyst (S:C) ratio to 100,000:1 at standard total flow rates, owing to the increased
residence time. At this condition, operation with an 80 m capillary yields an even more favorable product
composition compared to the benchmark experiment (Figure 67). Importantly, the space-time yield is
further enhanced by about 13%, reaching 0.266 g h-' mL-'. In the STY calculation, the higher FAME
throughput is balanced by the larger reactor volume, such that the extended S:C ratio of 100,000:1
effectively halves the catalyst demand for producing the same amount of product mixture. At the same
time, the concentration of the desired C18:1 species is further enriched. These findings clearly
demonstrate that increasing the capillary length and thereby enlarging the S:C ratio is highly
advantageous, combining more efficient catalyst utilization with improved product composition and

enhanced process productivity.
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Figure 67: Composition of samples of the selective partial hydrogenation of soybean FAME in the capillary reactor with
additional IPA. Reaction conditions: T= 80 °C, przpack= 11 bara, weqpc= 24 ppm, solvent= IPA, VHZ,T= 1.50 mL min™";

benchmark: S:C= 50,000:1, I= 40 m, V_,.= 1.20 mL min™", Vgame= 0.30 mL min”, PC:solvent= 1:17.13 mL mL"", Appem.= 1.16 bar,
= 11.9 min

I=40 m: S:C= 100,000:1, PC:solvent= 1:12.6 mL mL™", V,, = 0.90 mL min™!, Vgape= 0.60 mL min™' Apperm = 3.45 bar, = 12.2 min
I=80 m: S:C= 100,000:1, PC:solvent= 1:12.6 mL mL"", V.= 0.90 mL min™, Vgamr= 0.60 mL min™" Appem = 1.57 bar, t= 28.9 min.

Overall, 80 °C was confirmed as the beneficial reaction temperature for the chosen model reaction,
although permeation also works for higher temperatures in principle. The reaction is not limited by g/I-
and I-mass transport anymore, and hydrogen solubility in the liquid phase is sufficient, proving 11 bara

of back pressure to be adequate and allowing a further reduction of catalyst usage.
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9.4.6 Reducing the Solvent Amount

In previous sections, most of the experiments were conducted at a rather high dilution. One reason is
the limited hydrogen availability in the liquid and gas phases combined with a high hydrogen demand
for higher concentrated reagents. In contrast to pure slug flow, permeation offers the possibility to
compensate for the converted hydrogen amount, thereby potentially allowing a reduced solvent usage.
To study the influence of the solvent amount in order to increase STY, the standard proportion of FAME
in the total liquid phase of @gramr= 0.2 mL mL-" is gradually increased, keeping the total liquid flow, gas

flow, and S:C ratio constant (Figure 68).
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Figure 68: Product composition of the selective partial hydrogenation of soybean FAME in the capillary reactor with varying IPA
content. Reaction conditions: S:C= 50,000:1, T=80 °C, puzpack= 11 bara, I= 40 m, wpgpc= 24 ppm, solvent= IPA,

@rame= 0.2 mL mL™: V. = 1.20 mL min”; Vi, r= 1.50 mL min™; Vgame= 0.30 mL min™, PC:solvent= 1:17.13 mL mL"",
Apperm=1.16 bar, T= 11.9 min

@rame= 0.4 mL mL": Vepe = 0.90 mL min™; Vi, £= 1.50 mL min''; Vgapg= 0.60 mL min™, PC:solvent= 1:5.8 mL mL",

ApPerm.= 3.65 bar, 7= 18.8 min

@rame= 0.6 mL mL™": V= 0.60 mL min™; Viy, r= 1.50 mL min”"; Vgaye= 0.90 mL min™, PC:solvent= 1:2.02 mL mL",

Apperm.= 6.35 bar, T= 19.8 min, full conversion is restricted by limited hydrogen supply.

The results show that the STY increases with increasing FAME concentration, reaching an STY of up
to 0.83 gh' mL"'. This is mainly due to higher FAME volume flows resulting from lower solvent
proportions. Simultaneously, residence time also increases due to complete bubble loss. This effect
contributes to the observation of incomplete conversion for the highest FAME concentration, even
though the longest residence time was achieved. That indicates that permeation did not provide
sufficient hydrogen for this high substrate concentration in the investigated setup. A complete
abandonment of IPA (@pame= 0 mL mL™", not shown in Figure 68) is accordingly not meaningful; very
small catalyst slugs of inconsistent size form, and the flow pattern becomes highly unstable, leading to

only 42% conversion.

Applying a proportion of @rayme= 0.4 mL mL" enables 97% conversion of the excess double bonds in

the capillary reactor. Although both higher concentrated experiments show comparable amounts of
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C18:1 and STY is highest for the lowest solvent amount, @game= 0.4 mL mL-" is favorable if the product
will be used for further chemical conversions due to lower amounts of interfering polyunsaturated

species, marking this concentration as optimum unless a higher permeation flux can be established.

9.4.7 Influences of Dilution and Permeation on Gas Slugs and Residence
Time

The results presented so far implicitly highlight the strong interdependence among dilution, apparent
reaction rate, and permeation fluxes, all of which ultimately govern the effective residence time. The
dynamic balance between permeation-driven gas replenishment and catalytic conversion directly
determines the evolution of gas slug lengths along the reactor. At higher reaction rates or elevated
FAME concentrations, gas uptake by permeation becomes more demanding, underscoring the critical
role of the liquid-phase composition. In this way, dilution not only defines the reaction environment but
also modulates the gas phase behavior and thereby indirectly shapes the residence time. The latter, in
turn, controls the final product distribution as long as hydrogen is present in excess. Figure 69
schematically illustrates how typical liquid-phase compositions influence these key parameters,
emphasizing the tight interplay between transport phenomena and catalytic performance in the

permeation-assisted slug-flow operation.
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Figure 69: Sketch of the effects of substrate dilution on operational parameters.

Figure 70 (magnified version: Figure S 28) addresses the impact of the solvent amount (and accordingly
the concentration of FAME in the liquid phase) on the residence time at typically applied equal liquid
and gaseous inlet volume flows. The lower red curve corresponds to a constant ideal gas bubble size,
and the upper red curve corresponds to instantaneous bubble disappearance. The gray areas mark
operational constraints of the setup; thus, the feasible operational window lies within the white area and

below the upper red line.
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Figure 70: Obtained residence times of the selective partial hydrogenation of soybean FAME in the capillary reactor with varying
IPA contents and at different volume flows (blue: low dilution; black/ gray: high dilution). Reaction conditions: S:C= 50,000:1
(gray point: 69,570:1), T=80 °C, przback= 11 bara, I= 40 m, Wpgpc= 24 ppm, solvent= IPA, Vi, 1 = Viigotal

black/gray points: PC:solvent= 1:17.13 mL mL™ (gray point: 1:14.64), Apperm= 1.16-1.71 bar, Vioa= 3-4.57 mL min™",

blue points: PC:solvent= 1:2.02 mL mL™", Appem.= 6.35-8.27 bar, V,oa= 3-3.96 mL min™", full conversion and spontaneous bubble
formation are restricted by limited hydrogen supply.

Red lines: constant bubble size resp. instantaneous bubble disappearance;

gray areas: operational limits of the system.

For high IPA concentrations (and hence high dilution; mostly presented until now), the converted
hydrogen can be compensated, showing more than 60% of the initial slug length at the end of the
reactor. The drastic reduction of IPA by a factor of 8.5 (c.f. Figure 69) leads to fast gas consumption,
resulting in prolonged residence times and fewer gas slugs (see also Figure 71). Correspondingly, the
CV of the liquid slugs for the first two measurements starts to vary by drastic shrinkage by ca. 1/3,
whereas the CV of the gas slugs roughly doubles (Figure 72, right). Here, even the enlarged permeation
pressure difference is not able to replenish hydrogen appropriately. In general, this would present a
major drawback, favoring consecutive or side reactions of the obtained products. However, for this
specific catalyst system, side reactions do not exist and the follow-up overhydrogenation toward the
undesired C18:0 species is concurrently limited due to the low hydrogen availability. The limited
hydrogen supply underlines that IPA cannot be fully omitted and simultaneously demands for higher

permeation fluxes.
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Figure 71: Images of the flow pattern and corresponding slug lengths at different axial positions obtained during the selective
partial hydrogenation of soybean FAME in the capillary reactor with permeation and varying IPA content. Lines are shown for
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visualization purposes only. On average, 9 complete slugs were measured at each axial position, if applicable. Reaction
conditions: S:C= 50,000:1, T=80 °C, przback= 11 bara, I= 40 m, wpqpc= 24 ppm, solvent= IPA

high dilution: PC:solvent= 1:17.13 mL mL", V., = 1.20 mL min™'; Vi, v= 1.50 mL min""; Vgame= 0.30 mL min™', Appem.= 1.16 bar,
= 11.9 min

low dilution: PC:solvent= 1:2.02 mL mL", V., = 0.60 mL min™'; Vi = 1.50 mL min™"; Vgapg= 0.90 mL min™', Apperm,= 6.35 bar, t=
19.8 min. Full conversion and spontaneous bubble formation are restricted by limited hydrogen supply.
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Figure 72: Axial profile of the coefficients of variation for slugs during selective partial hydrogenation of soybean FAME with
additional IPA. Lines are shown for visualization purposes only. On average, 9 complete slugs were measured at each axial
position, if applicable. Left: comparison for slug flow with and without permeation. For conditions, see Figure 63. Right:
comparison for slug flow with permeation with varying dilution. For conditions, see Figure 71.

9.5 Conclusion

The catalytic and selective hydrogenation of biodiesel was employed as a model reaction to
demonstrate, for the first time, the integration of gas permeation into a reactive slug flow. Continuous
replenishment of hydrogen through the capillary wall compensates for bubble shrinkage during the
reaction and stabilizes the slug-flow regime. This ensures that the characteristic advantages of capillary
operation — enhanced mixing, intensified gas-liquid mass transport, and narrow residence time

distributions — are preserved under reactive conditions.

Using soybean-derived FAME as substrate, the system achieved more than a 9-fold increase in the rate
of formation of the desired C18:1 product from C18:2 compared to batch operation under similar
conditions, directly underlining the limitations of batch setups and the transport benefits of slug-flow with
permeation. The resulting TOF20 equivalent figure reaches a remarkable value of 257,000 h-'.
Selectivities of up to 98% were obtained with space—time yields (STYs) of approximately 0.23 g h-' mL-'
at high dilution. Increasing the substrate concentration raised the STY to about 0.56 g h"' mL-! at an
optimum FAME fraction of 0.4 mL mL"', while the extent of overhydrogenation remained low under
typical flow conditions. At these conditions, no mass transport limitations in gas-liquid exchange or liquid

mixing were observed, and hydrogen solubility did not limit the overall performance.

Slug-flow with permeation consistently proved to be more efficient than laminar flow without gas

segments. Nevertheless, the precise quantification of permeated gas remains challenging due to error-
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prone literature values of permeation coefficients, indicating that further work is required to refine

predictive models.

Overall, this study establishes permeation as a powerful tool to enable the continuous operation of gas-
consuming reactions in capillary slug-flow reactors. The demonstrated biodiesel hydrogenation
highlights both the catalytic selectivity achievable with renewable feedstocks and the engineering
advantages of the permeation-stabilized flow. The methodology is broadly applicable beyond this model
reaction, offering new perspectives for the sustainable process intensification. Future work should focus
on developing quantitative kinetic—transport models and extending the concept to tandem or cascade
reactions, in which permeation-controlled gas addition and removal could provide localized control and

further broaden the versatility of permeable capillary reactors.
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10 Summary and Outlook

This thesis showcases the broad applicability of colloidal Pd nanoparticles in all four levels of process
intensification and demonstrates, for the first time, a holistic, application-oriented catalyst and process
development with this highly active catalyst class. In doing so, a selection of process intensification

measurements on all four hierarchical levels is applied for a variety of catalytic reactions, summarized

in Figure 73.
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Figure 73: Summary of all main aspects of this work towards an intensified utilization of catalytically active nanoparticles.

The molecular level was remarkably divided into catalyst selection and reaction screening. Starting with
the selection of a suitable catalyst, top-down and bottom-up synthesis procedures for catalytically active
colloidal nanoparticles were presented and evaluated for a more complete overview. Aqueous,
differently stabilized colloidal Pd nanoparticles of various sizes and shapes were shown to be suitable
for the selective partial hydrogenation of two different alkynes at an unmatched pressure of 50 bar, once
in @ monophasic approach and once in a biphasic approach. A strong size dependence was found, with
the most active nanoparticles being spherical particles of ca. 5 nm diameter, regardless of their
stabilizer. These particles exhibit turnover frequencies up to 183,000 h-'. However, mass transport
limitations were observable for the biphasic approach, leading to reduced turnover frequencies. The
comparison of transmission electron microscopy images of the particles before and after the reaction
was extensively performed for the first time and shows for all larger particles significant aggregation,
while size and shape of the primary particles remain intact. This often leads to precipitation of these
types of nanoparticles after catalysis, especially in the biphasic reaction. The conclusion can be made
that the particle size of 5 nm is favorable for catalytic applications, but water is not a preferred stabilizer
for catalytic applications. Furthermore, the wet-chemical approach requires a long synthesis procedure

including workup steps.
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Therefore, to drastically improve the synthesis route to particles with a comparable particle size and to
compare the wet-chemical bottom-up approach with a physical top-down approach, solvent-stabilized
nanoparticles with average sizes of 5 nm were, in a second step, produced by pulsed laser ablation in
liquids. Variations of metals and solvents were tested in the selective partial hydrogenation of
polyunsaturated fatty acid methyl esters towards the monounsaturated compounds to identify the
optimal combination. During these tests, Pd in the rather “green” solvent propylene carbonate was found
to be the best compromise in terms of activity, selectivity, and availability for this reaction. Further tests
and a typically not performed comparison with literature data reveal this system as one of the most
selective ones, even for high conversions of the polyunsaturated species (with a selectivity of more than
95% until 90% conversion), showing comparatively low amounts of trans-configured species. At the
same time, this system shows superior robustness against varying reaction conditions. The Horiuti-
Polanyi mechanism is able to explain all observed phenomena, as evidenced by nanoparticles with
similar characteristics from the literature-known autoreductive approach. However, further experiments

are demanded to verify a truly heterogeneous reaction pathway for hydrogenation.

The highly promising catalyst system of colloidal laser-ablated Pd nanoparticles in propylene carbonate
was subsequently subjected to a reaction screening located at the molecular level of process
intensification to generate first insights into potentially useful reactions beyond alkene hydrogenation.
The selective partial hydrogenation of various substrate classes was investigated first, ranging from
several alkynes to a,B-unsaturated aldehydes, cyclic non-conjugated polyenes, and several terpenes,
including conjugated examples. Substrate:catalyst ratios higher than 7,000 and Pd concentrations of
24 ppm and less in the catalyst phase were applied in both mono- or biphasic reaction systems, enabling
a very low Pd usage due to high activities. The biphasic approach offers opportunities for a subsequent
catalyst reuse and product purification. Alkynes and conjugated dienes were shown to react in a very
short time frame of ca. 2 h and less with high selectivities, whereas a,B-unsaturated aldehydes and non-
conjugated terpenes react far more slowly, showing a superior thermodynamic selectivity behaviour. For
cyclic non-conjugated polyenes, a strong dependence on steric properties seems to prevail. Overall, Pd
in propylene carbonate was found to be a versatile, robust, and highly selective alternative to the
conventional Lindlar catalyst, also in terms of environmental and manufacturing aspects. The
hydrogenation of conjugated systems most likely proceeds via a n3-mechanism, resulting in a sharply
defined product composition. For the biphasic systems, product contamination with Pd was within the
limit of quantification of the ICP-OES of 1 ppm. Accordingly, pulsed laser ablation in liquids allows a fast
and reproducible synthesis of highly active and selective catalysts and can thus be considered as a
measure for intensification of the synthesis itself. Laser-ablated nanoparticles in stabilizing solvents like
propylene carbonate have been tested in the literature for catalytic gas/liquid reactions only once before,
examining a different substrate class and solvent!''l. Therefore, these investigations broadly extend the

applicability of these types of particles.

On the transition to the phase level for further expansion of the catalytic applicabilities of laser-ablated
nanoparticles, Suzuki coupling reactions with colloidal laser-ablated Pd in the “green” solvent 1-butanol

were carried out in reflux and in a microwave reactor. Here, microwave irradiation enabled the drastic
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reduction of the reaction time to one-eighth compared to conventional reflux conditions, maintaining
similar product yields. Accordingly, the application of microwave irradiation with solvent-stabilized Pd
nanoparticles for reaction rate enhancement is a measure located on the phase level. In a subsequent
substrate scope under microwave conditions, yield was found to strongly depend on the halide and,
within the same halide, on the electronic properties of the substrate. In accordance with the literature,
those with electron-donating substituents only gave poor yields. However, further substrates with
electron-withdrawing substituents should be investigated to strengthen this finding. For the investigated
Suzuki couplings, a dynamic catalytic reaction mechanism was elucidated via several complementary
test reactions. In this case, Pd nanoparticles only serve as a reservoir for leaching Pd species that are
the true catalytic species, which is a well-known phenomenon in the literature. During this process,
deactivation by agglomeration and aggregation is a strong competitive reaction to the desired C-C
coupling by leaching Pd species. Accordingly, the kinetically stabilized catalyst nanoparticle is more
susceptible to deactivation/destabilization during Suzuki couplings as well as storage than the solutions
in propylene carbonate for the hydrogenation reactions. These findings allow a more thoughtful catalyst
handling for any similar coupling reactions and might be transferred to similar nanoparticulate coupling

catalysts.

Advancing the application of nanoparticles, a subsequent hydroformylation of nanocatalytically partially
hydrogenated terpenes was carried out for the first time, applying a bulky phosphite and Rh as the
catalyst metal for hydroformylation. Under initially chosen, unoptimized reaction conditions, product
aldehyde yields up to ca. 40% were achievable within one hour of reaction. Non-hydrogenated terpenes
with conjugated double bonds were found to be nearly completely inactive, as expected. This strongly
necessitates selective partial hydrogenation for the utilization of polyunsaturated terpenes for fragrance
applications and might be transferable to other conversions of such polyunsaturated terpenes with
homogeneous catalysts. Further research should focus on the optimization of hydroformylation reaction
conditions, including a ligand screening, in order to reduce the amount of product isomers and to achieve
higher total aldehyde yields. This is intended to meet industrial requirements and enable the utilization
of this reaction sequence on larger scales. These first-principle investigations lead in the direction of

further, intensified reaction sequences with nanoparticles.

On the process unit level, such a reaction sequence was thoroughly investigated: Based on initially
generated knowledge from the selective partial fatty acid methyl ester hydrogenation with colloidal Pd
nanoparticles, an integrated two-step reaction sequence comprising a selective partial fatty acid methyl
ester hydrogenation with a subsequent isomerizing methoxycarbonylation was established for the first
time for colloidal Pd nanoparticles. For this tandem reaction system, a one-pot procedure was developed
to avoid intermediate workup and to enable dual use of the precious catalyst metal Pd. Accordingly, this
approach is a representative of process intensification at the process unit level. In this streamlined
process, special attention must be paid to accurate gas change, among other things. The solvents of
each individual reaction step were partly found to negatively influence the other reaction of the
sequence. Pure methanol was identified to be a viable compromise; however, polyunsaturated

compounds remain after hydrogenation, which negatively influence the subsequent isomerizing
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methoxycarbonylation. Nevertheless, applying the optimized workflow enables excellent 98% selectivity
towards the linear diester at ca. 40% conversion of monounsaturated fatty acid methyl esters obtained
from the first reaction step. In order to enable the utilization of the whole applied amount of Pd for the
second reaction step, further attention should be paid to deactivation mechanisms during gas change
and ligand addition. Moreover, recycling of the spent catalyst solution is of major interest for the highest
possible resource utilization and cost efficiency, which can be investigated in future work. Catalyst
recycling is also a valuable future development task for all other presented hydrogenations and the
hydroformylation step. For this purpose, the stabilization ability of propylene carbonate seems highly
advantageous, especially for the biphasic approaches. However, experiments in this regard still need to

be performed.

Ultimately, the selective partial fatty acid methyl ester hydrogenation was conducted in a capillary
reactor. Here, the focus was set not only on pure process intensification by enhanced mixing behavior
due to slug flow, but also on the replenishment of the consumed reaction gas via permeation through
the capillary material, which has mostly been shown only without a simultaneous reaction before. In this
setup, the fluorinated ethylene-propylene capillary reactor is operated as a catalytic membrane reactor
of the distributor typel24['25] being a striking example for process intensification on the topmost plant
scale, enabling the application of nanoparticles in a first continuous and even intensified process. The
multifunctional process unit represents the incorporation of a mass transfer unit into a reactor unit. With
this approach, it was shown for the first time that gas replenishment by permeation compensates for
bubble shrinkage in a reactive capillary slug flow, preserving the beneficial slug flow properties over the
whole reactor length. This reactor operation mode facilitates drastic rate enhancements at a comparable
selectivity: The reaction rate of the formation of C18:1 from C18:2 with slug flow and permeation was
found to be more than 9-fold as high as for a conventional batch reactor with baffles at high stirring rates.
Furthermore, operation with gas slugs was found to be more efficient than a laminar liquid flow without
gas slugs. Further optimization enabled a space-time-yield up to 560 kg h”" m3, and shows
concentration limits of the substrate, necessitating further improvements of the permeation flux for highly
concentrated or pure substrates. These findings offer new opportunities for various other reactions in
multiphase gas/liquid capillary slug flow, with targeted gas replenishment or removal that should be
addressed in future work. At the same time, quantitative models that combine reaction kinetics, mass
transport phenomena, and hydrodynamics need to be developed to enable a knowledge-based design

and operation of this highly promising continuous laboratory reactor type.

All presented investigations are valuable building blocks to stringently develop and utilize new, highly
efficient catalyst materials like the applied nanoparticle systems in an extended, holistic approach, based
on an engineering perspective. This approach pursues and facilitates the aim of innovative, integrated,
intensified, and sustainable chemical processes for a successful transformation towards an
environmentally more benign chemical industry. The repeated use of renewable substrates on several
different levels of this research also emphasizes their potential for bio-based building blocks of the

future.
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11 Appendix

11.1 Supporting Information for Chapter 4

11.1.1 Chemicals and Reagents

2-methyl-3-butyn-2-ol (Thermo Scientific, 99.5%), 2-methyl-3-butene-2-ol (TCl, 98.5%), 2-methyl-2-
butanol (Thermo Scientific, 99.9%), tert.-butanol (Carl Roth, 99.9%), 1-octyne (abcr, Thermo Scientific,
>99%), 1-octene (Acros Organics, 99.7%), 2-octenes (AlfaAesar, 99.8%), n-octane (TCl, >99.5%), o-
xylene (Acros Organics, 99.5%), cyclohexane (Hanke+Seidel, 299.7%), dodecane (ABCR, 99%),
hydrogen gas (Messer, 99.999%), argon gas (Messer, 99.996%), Lindlar catalyst (Sigma-Aldrich, 4.5
wt% Pd), chloroform-d (Deutero, 299.8%), disodium tetrachloropalladate (Carbolution, 98%),
glutathione (Sigma-Aldrich, 98%), sodium borohydrate (Sigma-Aldrich, 98%), potassium bromide (Carl
Roth, 99.5%), ascorbic acid (Carl Roth, 99%), polyvinylpyrrolidone (PVPss, 55 kDa, Sigma-Aldrich),
polyvinylpyrrolidone (PVPa40, 40 kDa, Fluka), and glucose (Baker, 97%) were used as obtained.

Deionized water was freshly prepared with an ELGA Purelab instrument.

11.1.2 Analysis of Reaction Mixtures with GC-FID, GC-MS-El and NMR

Hydrogenations of 1 were analyzed by GC-FID with an Agilent 7890B instrument, equipped with a HP-
Innowax column (30 m, 0.25 mm, 0.25 pm) with N2 as carrier gas. 200 mg of the water-containing
samples were mixed with 15 mg tert.-butanol as external standard in a GC vial with microinserts. The
pure reaction mixture from the Lindlar catalyst experiment was diluted with water to reach the same

mass of water and analytes.

Table S 1: Heating profile of GC-FID for the analysis of hydrogenation products of 1

Rate / K min"' Temperature / °C Holding time / min
Tstart - 50 2
Ramp 1 30 90 2
Ramp 2 20 150 4
Ramp 3 7 210 2
Ramp 4 50 250 3

65 mg of the organic phase of the hydrogenation of 2 were diluted with 285 mg cyclohexane and mixed
with 15 mg o-xylene as external standard. For quantification, these mixtures were measured on an
Agilent 7890B instrument with a HP-5 GC column (30 m, 0.32 mm, 0.25 ym) and FID with N2 as carrier
gas. t-3-octene and n-octane elute at the same retention time. To exclude the formation of t-3-octene,
additional GC-MS-EI measurements were conducted on the same device with the same temperature
profile on a HP-5 (30 m, 0.25 mm, 0.25 ym) GC-MS column with He as carrier gas in order to search

for characteristic fragments of the respective compounds.
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H and 3C NMR spectra were recorded on Bruker NMR instruments (Avance Ill HD or Avance NEO
series) with frequencies of 400, 500 or 600 MHz to exclude the formation of 3-octenes. Thereby, it was
confirmed that t-3-octene was formed only in traces or (in most cases) not at all. Due to the very low
solubilities of substrate and all commercially available products in water, only the organic phase was

measured and used for all further calculations.

Table S 2: Heating profile of the GC-FID and GC-MS-EI for the analysis of hydrogenations of 2

Rate / K min" Temperature / °C Holding time / min
Tstart = 50 2
Ramp 1 1 60 0
Ramp 2 40 250 2

11.1.3 Calculation of Reaction Indicators

Conversion and selectivity for both hydrogenation types were determined after calibration of the
instruments with reference samples. The response factors of the dimers were estimated as average of
the response factors of all monomers for 1 and as average of all alkenes for 2. Conversion accounts for
all converted substrate molecules; selectivity is only calculated towards the desired alkene. Thus, dimer
formation and overhydrogenation to the alkane lower selectivity. In particular, the isomerization of 5 to

7 also lowers the selectivity.

The pressure reactor setup used allowed logging of the evolution of temperature and gas consumption.
This was used for further analysis of the experiments: Initial turnover frequencies were calculated by the
profile of consumed hydrogen detected by the mass flow controller (MFC). To correct measurement
errors, Hz consumption until the first sample withdrawal was calculated from GC measurements applying
the ideal gas law. The measured consumption values (by MFC) were adjusted to this calculated value.
For nearly all reactions, a roughly linear progression at the beginning of each experiment was observed.
Therefore, a linear regression of consumption over time for the first 10 mmol (224 mLn) of consumed
H2 (corresponding t0 X psrrate < 0.2) was performed. This regression value was used to calculate the

initial TOF by equation (4). All values were rounded to significant digits.

n
0 -tz . )
n linear regression 1 ATlH2
TOF = —*¢ —>TOF=—-( @
at Npa \ At l1ommot H2/ egression
10 mmol H2

It has to be stated that some of the reactions permitted a linear regression in the initial phase but showed

accelerating behaviour towards the end of the reaction. Therefore, both TOF and trmax are always given.

11.1.4 Further Procedures for Hydrogenation Reactions

The palladium content of all concentrated nanoparticle solutions was determined by ICP-OES prior to

the hydrogenation reactions to determine adjust the palladium concentration to the desired value.
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After each high-pressure reaction, the vessels and stirrers used were first cleaned with acetone and
laboratory wipe and subsequently with brushes and scrubbing milk under water to remove any visible
palladium deposit. Each substrate was hydrogenated in a separate reactor to allow maximum
comparison of the different particles. Blind reactions without palladium were conducted prior to the whole
set of catalytic experimemts and again thereafter. While at the beginning only negligible blind activity
was visible, it rose to roughly 23% X per 30 min for 1 and 13% X in the first hour for 2. On the other
hand, we found that an equivalent amount (the same as attached to the nanoparticles) of free dissolved
GSH reduced the blind activity to 4% in 30 min.

100 -

80 1

60 -

X1 %

40-

=<

201

0

0 10 20 30 40 50 60 70 80
time/h
" 0.5mol% * 0.08mol% 4 0.032 mol% v 0.016 mol%

Figure S 1: Hydrogenation of 1 at 1 atm H,. X,t-plot of the hydrogenation of 1 with GSH-coated ultrasmall palladium
nanoparticles (2 nm) at different catalyst loadings. Further conditions: Nsusstrate = 25 mmol (10 mmol for 0.5 mol%), pxz = 1 atm,
fstirer = 1,400 rpm, T = RT, foreforming = 10 min, semibatch conditions.
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Figure S 2: Hydrogenation of 1 at 1 atm H,. Xt-plot of the hydrogenation of 1 w with GSH-coated ultrasmall palladium
nanoparticles (2 nm) at different temperatures. Further conditions: Nsupstrate = 25 mmol, p1z = 1 atm, fsirer = 1,400 rpm, Cpq =
0.016 mol%, Weg,Hzo = 16 ppm, foreforming = 10 min, semibatch conditions.

Figure S 3: Hydrogenation of 1 at 1 atm H,. HRTEM images of the recovered particles after hydrogenation of 1 with GSH-coated
ultrasmall palladium nanoparticles (2 nm) under hydrogen at 1 atm. Conditions: Nsypstrate = 25 mMmol, prz = 1 atm, firrer =
1,400 rpm, cpq = 0.016 Mol%, T = RT, Weg 20 = 16 ppm, fyrerorming = 10 min, semibatch conditions.

Hydrogen solubility in water is rather low in comparison to organic solvents.?54 At 1 atm, hydrogen
supply by solubility in the liquid phase is assumed to be insufficient, leading to an increased competition
of hydrogen with the polar substrate 1 and the stabilizer GSH, causing increased coordination of the
alkynol. 1 might be a weak stabilizer, thus aggregates of nanoparticles can form. The surface area

available for catalysis is thereby reduced, which in turn leads to incomplete conversion.
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Figure S 4: Hydrogenation of 1 with palladium nanoparticles at 50 bar. TEM images of larger PVP-coated spherical palladium
nanoparticles (5 nm) (left), of smaller palladium nanocubes (18 nm) (center), and larger palladium nanocubes (28 nm) (right)
after hydrogenation of 1 at 50 bar hydrogen pressure. Conditions: Nsypstrate = 50 mmol, py2 = 50 bar, fsirer = 1,500 rpm,

cpg = 0.016 Mol-%, Tsar = RT, Wpg 2o = 16 ppm, Vieta = 58.1 ML, fyretorming = 10 min, semibatch conditions.

Figure S 5: Biphasic hydrogenation of 2 with palladium nanoparticles at 50 bar. TEM-images of larger PVP-coated spherical
palladium nanoparticles (5 nm) (left), of smaller palladium nanocubes (18 nm) (center), and of larger palladium nanocubes (28
nm) (right) after biphasic hydrogenation of 2 at 50 bar hydrogen pressure. Conditions: Nsypstrate = 50 mmol, py2 = 50 bar,

fstirer = 1,500 rpm, cpg = 0.016 MOI%, Tstan = RT, Wpq 20 = 16 ppm, Vigtar = 60.6 mL, forerorming = 10 min, semibatch conditions.
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Figure S 6: Y,t-plot of the hydrogenation of 1 at 50 bar hydrogen pressure with a commercial Lindlar catalyst. Conditions:
Nsubstrate = 500 mmol, puo= 50 bar, fyirer = 1,500 rpm, cpg = 0.016 Mol%, Tstart = RT, Viota = 48.9 mL, semibatch conditions.
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11.2 Further Experimental Details for Chapter 5

11.2.1 Chemicals Used

Table S 3: Chemicals used in chapter 5

Substance Manufacturer Purity [%]
Palladium Saxonia 99.99
Copper Evek 99.99
Iridium Evochem 99.9
Platinum AlfaAesar 99.99
Pd(OAc): Umicore =99
Propylene carbonate VWR 99
1-butanol VWR 99.9
Ethylene glycol ThermoFisher =99
Glycerol Henkel 99
Glycerol carbonate Huntsman 98.5
Dimethylformamide Carl Roth >99.9
Methanol VWR =299.9
Hydrogen Messer 99.999
Argon Messer 99.996
Helium Messer 99.996
B-Myrcene ThermoFisher 90; remainder isomers
Soybean-FAME IG Chemicals -
Crude FAME mixture Inkemia -
Methyl oleate Sigma-Aldrich 98.9
Conjugated ethyl linoleate WeightWorld 83.8
Linoleic acid Sigma-Aldrich 97
NaHCO:; VWR >99.9
Na;SO4 ThermoFisher 299
Pentane Carl Roth >99
Sulfuric acid Chem-Lab 95-97
Methyl-tert-butyl ether abcr, Carl Roth 99
Cyclohexane Hanke+Seidel 99.7
Ethanol VWR 99
Dodecane TCI 99
Deionized water with ELGA PURELAB flex 3 -
Nitric acid ThermoFisher 70

For the synthesis of CML (13), conjugated ethyl linoleate and linoleic acid were transesterified with an

excess of MeOH at 90 °C under reflux overnight using ca. 5 mol% sulfuric acid. Afterwards, MeOH was

Vi
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removed in vacuo. The residue was dissolved in pentane and neutralized with 2.5 ml saturated NaHCOs3
solution twice, followed by washing with deionized water. The organic phase was separated, dried with
Na2S04, and filtered. Pentane was removed in vacuo. iCML (12) was prepared from 13 according to
known methods!®l and purified from residues of Pd via repeated percolation through alumina with

pentane after removal of MeOH in vacuo.

11.2.2 Details on Sample Analysis

Methyl-tert-butyl ether (MTBE) was used to dilute most of the samples; otherwise, cyclohexane was
used. Reaction mixtures were diluted to reach 100 mg analyte in 800 mg of solvent; reference samples
were diluted with pure dried MTBE to the same concentration. The samples were measured on an
Agilent 8860 GC-FID device equipped with a DB-FastFAME column (90 m, 0.25 mm, 0.25 ym) using

He as carrier gas.

Table S 4: Heating profile of the GC device for the analysis of FAME samples

Rate [°C min™"] Temperature [°C] Holding time [min]

Tstart 70 0
Ramp 1 15 150 1
Ramp 2 50 175 1
Ramp 3 5 178 0
Ramp 4 1 180 1
Ramp 5 3 192 1
Ramp 6 1 202 1
Ramp 7 3 210 3
Ramp 8 10 230 1

Hydrogenations of B-myrcene were analyzed on an Agilent Intuvo 9000 with a HP-5 GC column (30 m,
0.32 mm, 0.25 ym) and FID with N2 as carrier gas. For GC-FID, samples of the product phase were
diluted with cyclohexane or ethanol to reach 800 mg of solvent and 100 mg of substance. 25 mg of
dodecane was added but not used as an external standard. Instead, response factors were expected to
vary to a negligible extent and were thus assumed to be constant. Accordingly, evaluation was done by
area percent. Hydrogenation products of the hydrogenation of B-myrcene were determined by MS-EI

analysis and comparison with literature data. NMR studies confirmed product identification.[214-216]
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Table S 5: Heating profile of the GC device for the analysis of f-myrcene hydrogenation

Rate [°C min™'] Temperature [°C] Holding time [min]
Tstart = 50 1
Ramp 1 10 65 2
Ramp 2 5 90 0
Ramp 3 10 110 0
Ramp 4 20 250 5

11.2.3 Calculation of Reaction Performance Indicators for FAME

Hydrogenation

Calculation of X and S: A constant response factor for all compounds was approximated since all

possible isomers are structurally very similar, supported by correction factors known from literature(21,
Accordingly, sample composition was obtained directly from GC areas. Conversion takes into account
only the conversion of excess double bonds contained in C18:2 and C18:3 species as observable by

Equation (5):

_ Xc1g2,0 ~ Xcas2 T 2 (Xcis3,0 — Xcis:z)

X
Xc1g:2;0 T 2 Xc1s:3;0 ®)

Selectivity is defined via the produced amount of C18:1 and the amount of hydrogenated C18:3

according to Formula (6).

Xc1g:1 — Xc1s:1;0 T Xc18:3;0 — Xc18:3

S =
Xc1s:2;0 — Xc1s2 2 * (Xc1s:3;0 — Xc18:3) (6)

Calculation of normalized hydrogen consumption: Hydrogen consumption for Figure 34 was calculated
from the molar amount of the substrate ng,sirate, the amount of consumed hydrogen according to GC
measurements ny; gc, the maximum hydrogen uptake from the mass flow controller Vi,easyred,max @nd

the time dependent measured hydrogen uptake Vi e.sureq @ccording to Formula (7).

Vmeasured . Ny2,6e

Vnorm -

@)

Vmeasured,max Ngubstrate

Calculation of turnover frequency: The turnover frequency at 20% targeted hydrogen consumption

(TOF20,12) was calculated from the hydrogen uptake, as described in chapter 11.1.3 for 5 mmol (112
mLn) of consumed H2 (corresponding to X, ,strate < 0.2). This regression value was used to calculate

TOF20,H2 by equation (4). All values were rounded to significant digits.
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11.3 Further Experimental Details for Chapter 6

11.3.1 Chemicals Used

Table S 6: Chemicals used in chapter 6

Substance Manufacturer Purity [%]
Palladium Saxonia 99.99
Propylene carbonate VWR 99
Hydrogen Messer 99.999
Argon Messer 99.996
Helium Messer 99.996
Synthesis gas (CO:Hz=1:1) Messer 99.997
AlO3 Thermo Scientific 99.7
Thermal oil (silicone oil) Carl Roth -
Cyclohexane Hanke+Seidel 99.7
Ethyl acetate Hanke+Seidel 99.7
2-butyne-1,4-diol Acros Organics 99
2-butene-1,4-diol abcr >97
butane-1,4-diol Carl Roth >09.8
Tetrahydrofurane Carl Roth >99.8
Phenylacetylene TCI 99.7
Styrene Acros Organics 99.9
Ethyl benzene TClI >99
Lindlar catalyst Sigma Aldrich 4.5 w-% Pd
Piperazine Acros Organics 299
TMEDA AlfaAesar 99.9
Piperidine Sigma Aldrich 299
Chloroform-d Deutero 99.8
Toluene ThermoFisher 99.8
1-Octyne abcr 99.6
2-Octyne TCI 99.6
3-Octyne TCI 99.3
4-Octyne TCI 99.4
1-Octene Acros Organics 99.7
2-Octenes AlfaAesar 99.8
t-3-Octene TCI 99.0
t-4-Octene AlfaAesar 98
n-Octane TCI 99.7
o-Xylene Acros Organics 99.5
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2-Methyl-3-butyne-2-ol ThermoScientific 99.5
2-Methyl-3-butene-2-ol TCI 98.5
2-Methyl-2-butanol ThermoScientific 99.9
Pentane-1-ol Sigma-Aldrich 99.8
t-Cinnamaldehyde ThermoScientific 99.6
t-Cinnamyl alcohol ThermoScientific 99.1
3-Phenylpropane-1-ol ThermoScientific 99.2
3-Phenylpropane-1-al ThermoScientific 98.5
t-2-Octene-1-al Sigma-Aldrich 96.7
t-2-Octene-1-ol TCI 96.7
Octane-1-al Acros Organics 99.6
Octane-1-ol abcr 99
B-Myrcene ThermoFisher 90; remainder isomers
B-Farnesene DSM 98.2
Dihydromyrcene Symrise 88; remainder isomers
Crude farnesene mixture Sigma-Aldrich -
Ethanol VWR 99
Dodecane TCI 99
(+)-Limonene Acros Organics 98.4
p-Cymene Acros Organics >99
Rh(acac)(CO)2 Umicore 99
Silica Thermo Fisher 95
Tris(2,4-di-tert- TCI 98
butylphenyl)phosphite

11.3.2 Details on Sample Analysis

All samples were analyzed using GC-FID for quantitative evaluation. Further 'H and 3C NMR spectra
were recorded on Bruker NMR instruments (Avance Il HD or Avance NEO series) with frequencies of
400 to 700 MHz to support the findings from GC-FID or GC-MS-EI.

Reactions of 15, 1, 26, 30, and 39 were measured on an Agilent 7890B GC device equipped with a HP-
Innowax GC column (30 m, 0.25 mm, 0.25 um) and FID with N2 as carrier gas. 350 mg reaction solution
were measured without further dilution after the addition of 15 mg THF as external standard for 15. For
the hydrogenation of 1, the standard was changed to 1-pentanol. For the hydrogenation of 26 and 30,
toluene was used as standard. For 39, 25 mg toluene was added as external standard to 156 mg product
phase (yielding 100 mg analytes for experiments with S:C of 10,000:1) and 744 mg ethanol. The device
was calibrated for all commercially available substances. The unknown substance in the hydrogenation

of 15 was assigned the same response factor as 16. Dimers in hydrogenation of 1 were calculated with
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a mean response factor of all other substances, as they are very similar. In the hydrogenation of 39,
aromatic byproducts were assigned the same response factor as 39; for the unknown intermediates, a

weighted average between 39 and 40 was used.

Table S 7: Heating profile of the GC device for the analysis of 15, 1, and 39.

Rate [°C min™"] Temperature [°C] Holding time [min]
Tstart = 50 2
Ramp 1 30 90 2
Ramp 2 20 150 4
Ramp 3 7 210 2
Ramp 4 50 250 3

Table S 8: Heating profile of the GC device for the analysis of 26 and 30.

Rate [°C min] Temperature [°C] Holding time [min]
Tstart - 50 2
Ramp 1 30 90 2
Ramp 2 20 150 4
Ramp 3 15 210 2
Ramp 4 50 250 7

Due to the very low solubilities of 2, 21-23 and all commercially available products in PC, only the organic
phase of the hydrogenations of 2, 21-23 was measured and used for all further calculations. For the
analysis, 350 mg of the organic phase were mixed with 15 mg o-xylene as external standard and
measured on an Agilent 7890B instrument with a HP-5 GC column (30 m, 0.32 mm, 0.25 ym) and FID
with N2 as carrier gas. GC-MS-E|l measurements were conducted on the same device with the same
temperature profile on a HP-5 (30 m, 0.25 mm, 0.25 pm) GC-MS column with He as carrier gas to search
for characteristic fragments of non-available products or to distinguish between t-3-octene and octane,
as they elute at the same retention time. The GC was calibrated for all commercially available substrates
and products. Dimers were calculated with a response factor obtained as median of all calibrated

octenes.

Table S 9: Heating profile of the GC device for the analysis of 2 and 21-23.

Rate [°C min™] Temperature [°C] Holding time [min]
Tstart = 50 2
Ramp 1 1 60 0
Ramp 2 40 250 2

Xi
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Samples of the hydrogenation of 18 and 34 were measured on an Agilent Intuvo 9000 with a HP-5 GC
column (30 m, 0.32 mm, 0.25 ym) and FID with N2 as carrier gas. For 18, 15 mg toluene were added to
350 mg reaction mixture. For 34, 25 mg toluene were added to 100 mg of the product phase and diluted
with 800 mg ethanol. All substances were calibrated, except for 1,4-COD. Here, the response factor for
1,5-COD and 1,3-COD was averaged. The absence of 1,3-COD was cross-checked with 'H-NMR

spectroscopy.

Table S 10: Heating profile of the GC device for the analysis of 18 and 34.

Rate [°C min] Temperature [°C] Holding time [min]
Tstart = 50 1
Ramp 1 10 65 2
Ramp 2 5 90 0
Ramp 3 10 110 0
Ramp 4 40 250 2

Hydrogenations of 14, 45, and 55 were analyzed on an Agilent Intuvo 9000 with a HP-5 GC column (30
m, 0.32 mm, 0.25 pm) and FID with N2 as carrier gas. Samples of 50 and crude farnesene was measured
on an Agilent 7890B GC system with a HP-5 GC column (30 m, 0.32 mm, 0.25 ym) and FID with N2 as
carrier gas. GC-MS-EI measurements were conducted on the same device with each corresponding
temperature profile on a HP-5 (30 m, 0.25 mm, 0.25 ym) GC-MS column with He as carrier gas to
identify reaction products. For GC-FID, samples of the product phase were diluted with cyclohexane or
ethanol to reach 800 mg of solvent and 100 mg of substance. 25 mg of dodecane was added but not
used as external standard. Instead, response factors were expected to vary to a negligible extent and

were thus assumed to be constant. Accordingly, evaluation was done by area percent.

Hydrogenation products of the hydrogenation of -myrcene were determined by MS-EIl analysis and
comparison with literature data. NMR studies confirmed product identification.[214-216] The
hydrogenation of 50 yields the same peak pattern in GC-FID like for 14. Detailed literature on possible
products is scarce, but for known products, the obtained results are in linel2%. Literature finds similar
product compositions?%”l and GC-MS-EI results in generally corresponding m/z. Thus, the general

assignment of the double bond position was transferred from 14 to 50.

Hydrogenation products of 55 were identified by GC-MS-EI with reference to Thomas et al..[2581[25% The
formation of p-cymene was excluded by the addition of a reference substance. The formation of
menthene with an exocyclic double bond can be excluded from the MS data, but the exact location of
the remaining double bond cannot be elucidated from the obtained data. The general reaction pathway

via the shown products is confirmed by Bogel-Lukasik et al.[28%,
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Table S 11: Heating profile of the GC device for the analysis of reactions with 14, 45, and 55.

Rate [°C min™'] Temperature [°C] Holding time [min]
Tstart = 50 1
Ramp 1 10 65 2
Ramp 2 5 90 0
Ramp 3 10 110 0
Ramp 4 20 250 5

Table S 12: Heating profile of the GC device for the analysis of 50 and crude farnesene.

Rate [°C min] Temperature [°C] Holding time [min]
Tstart - 50 1
Ramp 1 10 65 2
Ramp 2 20 100 5
Ramp 3 1 130 0
Ramp 4 30 300 5

The hydroformylation products of myrcene derivatives and farnesene derivatives were measured on an
Agilent 7890B GC system with a HP-5 GC column (30 m, 0.32 mm, 0.25 ym) and FID with N2z as carrier
gas. GC-MS-ElI measurements were conducted on the same device with each corresponding
temperature profile on a HP-5 (30 m, 0.25 mm, 0.25 ym) GC-MS column with He as carrier gas for
product identification. Samples were diluted with toluene to reach 50 mg of analytes in a total amount
of 400 mg mixture and then mixed with 12.5 mg dodecane as external standard. Myrcene mono- and
dialdehydes and farnesen monoaldehydes were isolated for identification and calibration by flash
chromatography on a silica column using a gradient of ethylacetate and cyclohexane as solvent (c.f.
Table S 14) and subsequent solvent evaporation at 50 °C and 35 mbar. All isomers of one species were
lumped and calculated as one species with a constant response factor. Further 'H and '3C NMR
analyses, as well as GC-MS-EIl measurements of the isolated products, were performed. The obtained
quantity for the myrcene monoaldehyde was not sufficient for calibration; thus, an average of the
response factors of myrcene and dialdehydes was used. Dimers were assigned the same response
factor as monomers. The response factor of farnesene dialdehydes was extrapolated from

monoaldehydes and farnesene, as their amount did not allow isolation.

Table S 13: Heating profile of the GC device for the analysis of 60 and 61.

Rate [°C min] Temperature [°C] Holding time [min]
Tstart - 35 12
Ramp 1 8 180 0
Ramp 2 20 245 5
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Table S 14: Solvent gradient of the flash chromatography for the purification of all product aldehydes (60 and 61), starting with
pure cyclohexane and adding EtOAc at the given rate. Total flow rate 30 mL min™".

Rate [% min] Final proportion EtOAc [%] Holding time [min]
Start 0 0 3
Ramp 1 1 2 2
Ramp 2 0.75 5 2
Ramp 3 95 100 3

Calculation of turnover frequencies: All turnover frequencies refer to ca. 20 % substrate conversion and

were calculated either by hydrogen uptake or from GC data in cases where sufficient hydrogen uptake

data were not available. The hydrogen method to calculate TOF20H2 was performed as described in

chapter 11.1.3 for an amount of consumed Hz corresponding to X, srate < 0.2. This regression value

was used to calculate the TOF20,12 like in equation (4). In cases where GC data was used (TOFz2o), the

time to reach 20% conversion was interpolated between the two closest data points. All TOF values

were rounded to significant digits. In cases where hydrogen uptake was not available and too less or

data points too far from 20 % conversion exist, the calculation of the TOF was not conducted.
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11.3.3 Additional Results

11.3.3.1 Selective Partial Hydrogenation of the Crude Farnesene Mixture

m
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Figure S 7: Bottom: 'H-NMR (CDCls, 400 MHz) of the crude farnesene mixture; Top: 'H-NMR (CDCls;, 500 MHz) after 1h of
selective partial hydrogenation. Signals between 5.75 ppm and 7 ppm (corresponding to conjugated species) disappear.
Conditions: Ngyupstrate= 50 MMOI, Veyciohexane= 26.2 mL, S:C= 100,000:1, T= 50 °C, fsirer = 3,500 rpm, pr2= 10 bar, Weqpc= 24 ppm,
semibatch.

11.3.3.2 Characterization of Product Aldehyde Mixtures

GC-MS-EI for 60a: calculated for [M]*: 168.2; found: 168.2
GC-MS-El for 61a: calculated for [M]*: 198.2; found: 198.2
GC-MS-EI for dimers of 14: calculated for [M]*: 272.3; found: 272.3
GC-MS-EI for 60b: calculated for [M]*: 236.2; found: 236.2
GC-MS-EI for 61b: calculated for [M-H20]*: 248.2; found: 248.2
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Figure S 8: "H-NMR (CDCl;, 600 MHz) of monoaldehydes 60a.
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Figure S 9: 3C{'"H}-NMR (CDCls, 151 MHz) of monoaldehydes 60a.
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Figure S 10: "H-NMR (CDCls, 600 MHz) of dialdehydes 61a.
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Figure S 11: ®C{"H}-NMR (CDCls, 151 MHz) of dialdehydes 61a.
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Figure S 12: '"H-NMR (CDCl;, 400 MHz) of monoaldehydes 60b.

€100D ¥8°9L
€100 9T°LL W
€100 8v°LL

ARl
ja 248
8y ¥CT
bs'beT
09921
PP IET \
or'seT \
€8°GET

0T'€0Z ~
05°€0z ="

|

L
P

L

i

L

—

-10

50

90

110

T T
180 170

T
190

210

& 13C [ppm]

Figure S 13: 3C{'"H}-NMR (CDCls, 100 MHz) of monoaldehydes 60b.
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11.4 Further Experimental Details for Chapter 7

11.4.1 Chemicals Used

Table S 15: Chemicals used in chapter 7

Substance Manufacturer Purity [%]
Palladium Saxonia 99.99
1-Butanol VWR 99.9
Pd(PPhs3)s ThermoFisher 99
PdCI;(PPhs). Sigma Aldrich 98
Argon Messer 99.996
Silica Thermo Fisher 95
AlO3 Thermo Scientific 99.7
Cyclohexane Hanke+Seidel 99.7
Ethyl acetate Hanke+Seidel 99.7
Toluene ThermoFisher 99.8
Deionized water with ELGA PURELAB flex 3 -
Mercury donated by AK Strohmann -
1-Octanethiol Abcr 98
PPh; Abcr 99
K2CO3 Acros 299
Na,CO; Riedel-de Haén =99.5
Cs.COs Evonik -
KOH Carl Roth =285
NaOAc Carl Roth 298.5
NaHCO; Merck >99
NaOH ThermoFisher 297
NEt; Acros 99.9
H3PO4 Acros 85
HCI ThermoFisher 37
Phenylboronic acid TCI >99
4’-Bromoacetophenone TCI >98
1-Bromo-3,5-dimethoxybenzene TCI 99.7
p-Bromobiphenyl TCI >98
p-Bromophenol TCI >99.2
p-Bromotoluene TCI 99.7
p-Bromo-N,N-dimethylaniline TCI 99.9
p-lodophenol TCI 994
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p-lodotoluene TCI 99.8
2-lodoanisole Thermo Fisher 99.5
p-Acetylbiphenyl TCI 99.8
p-Terphenyl TCI 99.8
p-Hydroxybiphenyl TCI 99.6
p-Methylbiphenyl TCI 99.5
o-Methoxybiphenyl TCI 99.1
Chloroform-d Deutero 99.8
Ethylene glycol ThermoFisher =299
1,4-Dioxane ThermoFisher 299
Methanol VWR 299.9
Dichloromethane Sigma-Aldrich 299.8

11.4.2 Details on Sample Analysis

All samples were analyzed on an Agilent Intuvo 9000 with a HP-5 GC column (30 m, 0.32 mm, 0.25 ym)
and FID with N2 as carrier gas after neutralization with 0.1M HCI and derivatization of 63 according to
the following procedure: An aliquot of the organic product phase was taken, of which solids were
removed by means of a syringe filter. 800 mg of the sample were used without further dilution. 25 mg
toluene were added as standard, and 85 mg of ethylene glycol for derivatization of the phenylboronic
acid. Afterwards, the vial was shaken to ensure proper mixing. The pH value of the resulting solution
was tested, and 1 M HCI was used for neutralization when needed. All educts and products were
calibrated. For this, commercially available samples were used. 65b and 65f needed to be synthesized

according to the procedures in chapter 11.4.3.

Table S 16: Heating profile of the GC device for the analysis of all coupling reactions

Rate [°C min™"] Temperature [°C] Holding time [min]
Tstart 50 1
Ramp 1 3 65 1
Ramp 2 40 170 0
Ramp 3 20 300 3

11.4.3 Preparation of Reference Samples

65b was synthesized based on a procedure by Bréard et all?6'l: 435 mg (2 mmol) of 64b was mixed with
365 mg (3 mmol) of 63, 829 mg (6 mmol) of K2CO3, 70 mg (0.1 mmol) of PdCI2(PPhs)z2, and 14.5 ml
degassed solvent (dioxane:water, 43:5) under inert conditions. The reaction was conducted for 3 h at

100°C. Afterwards, a saturated aqueous solution of NaHCOs was added, and the organic products were
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extracted with 20 mL EtOAc three times. This mixture was dried with Na2SO4, and all solvents were
evaporated afterwards. The crude product was purified with flash chromatography with a gradient of
EtOAc and cyclohexane (c.f. Table S 17). 'TH-NMR, 3C-NMR, and MS-EI data are in agreement with

literature.

For the synthesis of 65f, 864,7 mg (7.5 mmol) of HsPO4 was reacted with 1485.1 mg (22.5 mmol) KOH
in 9.5 mL deionized water. Subsequently, 500 mg (2.5 mmol) of 64c was mixed with 457 mg (3.75 mmol)
of 63. Thereafter, the reaction was degassed for 25 minutes in an ultrasonic bath. Subsequently, 144 .4
mg (0.125 mmol) of Pd(PPhs)4 and 10 ml degassed MeOH were added under inert conditions based on
different literaturel?6211263], This reaction mixture was stirred for 20 h at 85 °C. Afterwards, it was washed
three times with CH2Cl2 and the solvent was removed from the filtrate at 50 °C without vacuum, and the
product was purified using flash chromatography with a gradient of EtOAc and cyclohexane (c.f. Table
S 17). 'H-NMR, 3C-NMR, and MS-EI data are in agreement with literature.

Table S 17: Solvent gradient of the flash chromatography for the purification of 65b and 65f, starting with pure cyclohexane and
adding EtOAc at the given rate. Total flow rate 30 mL min™.

Rate [% min™] Final proportion EtOAc [%] Holding time [min]
Start 0 0 3
Ramp 1 5 5 4
Ramp 2 45 50 2
Ramp 3 50 100 2
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11.5 Supporting Information for Chapter 8

11.5.1 General Methods and Reagents

Table S 18: Chemicals used in this work.

Substance Manufacturer Purity [%]
Methyl undecanoate AlfaAesar 99
10-Methyl undecenoate Carl Roth >906
Conjugated ethyl linoleate WeightWorld 83.8
Palladium acetate Umicore =99
Pdz(dba)s Fisher Scientific 97
Propylene carbonate VWR 99
Methanol VWR =299.8
Donation by Digital Specialt
1,2-DTBPNB C::em?cals i ' )
Trifluoromethanesulfonic acid TCI >08
Methanesulfonic acid Carl Roth 99.5
Hydrogen Messer 99.999
Argon Messer 99.996
(o70) Messer 98
Soybean methyl ester IG Chemicals -
Methyl oleate, pure Sigma-Aldrich 98.9
Methyl oleate, commercial Dako 91.2
Linoleic acid Sigma-Aldrich 97
Heptadecanoic acid TCI >08
Dodecane TClI =99
Al20; Thermo Scientific 99.7
Sodium sulfate Fisher Scientific =99
2-propanol Hanke+Seidel 99.7
NaHCO; VWR >99.9
Pentane Carl Roth >99
Sulfuric acid Chem-Lab 95-97
Deionized water With ELGA PURELAB flex 3 -
Diethylether Honeywell 99.8
Methyl-tert-butyl ether aber 99
Mole sieve 3 A Thermo Scientific -
Toluene Thermo Scientific 99.8
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11.5.1.1 General Procedures

Transesterification: Conjugated linoleic acid, ethyl linoleate or heptadecanoic acid were transesterified

with excess MeOH at 90 °C under reflux over night applying ca. 5 mol % sulfuric acid. Afterwards, MeOH
was evaporated under reduced pressure. The residue was dissolved in pentane and neutralized with
2.5 ml saturated NaHCO3 solution twice followed by washing with deionized water. The organic phase

was separated, dried with Na2SO4 and filtered. Pentane was removed under reduced pressure.

Preparation of iCML: iCML was prepared from CML according to previously published methods![®7l.

Temperature dependence of the isomerization of methyl linoleate (ML): In a glovebox, Pdz(dba)s and

1,2-DTBPMB were weighed into an inertized Schlenk flask with stirring bar under Argon atmosphere.
30 ml dried and degassed MeOH was introduced via a syringe and the solution stirred over night. Prior
to the transfer into the reactor, methanesulfonic acid was added via a syringe. ML was purified from
peroxides using Al203 and degassed in an ultrasonic bath under Argon flow. The catalyst solution was
transferred into the inertized 75 ml reactor using a syringe in Argon counterflow. ML was introduced into
the dropping funnel under Argon counterflow. The reactor was pressurized with 6 bar Argon, heated to
the desired temperature and the substrate added at reaction temperature. After the reaction period, the

reactor was cooled down in an ice bath, opened and samples for analysis taken.

11.5.1.2 Calculation of Reaction Indicators

Calculation of X and S of the hydrogenation: Since all possible isomers are structurally very similar, a

constant response factor for all compounds was assumed. This is supported by correction factors known
from literature!2%%], Conversion is defined as conversion of excess double bonds contained in C18:2 and
C18:3 species:

X = Xcig:2,0 — Xc1s2 T 2 (Xc18:3,0 — Xc18:3)
Xcig:2;0 T 2 Xc18:3,0 ®)

The combined selectivity is defined via the formed amount of desired product and amount of
hydrogenated C18:3, thereby taking into account the formation of the intermediate C18:2 (that is also

an educt).

Xc1g:1 — Xcis:1;0 T Xc18:3;0 — Xc18:3

Xc1g:2;0 — Xc1g:2 + 2 * (Xc18:3;0 — Xc18:3) ©)

S =

Calculation of X and S of the methoxycarbonylation of FAME: Conversion is calculated from calibrated

GC-FID peak areas and includes the formation of | and b diesters from the crude FAME mixture.

Selectivity is calculated via the total amount of diester obtained from the crude reaction mixture.

Calculation of X and S of the methoxycarbonylation of C11-ME: Conversion is calculated from calibrated

GC-FID peak areas and includes the formation of | and b diesters as well as isomerization of C11-ME to
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monoesters with internal double bonds. Accordingly, selectivity is calculated via the total amount of

diester obtained from terminal C11-ME.

11.5.2 Analytics

GC analysis of hydrogenation mixtures: MTBE was dried over mole sieve and used to dilute the samples.

Reaction mixtures were diluted to reach 100 mg analyte in 800 mg of solvent, reference samples were
diluted with pure dried MTBE to the same concentration. The samples were measured on a Agilent 8860
GC device equipped with a DB-FastFAME column (90 m, 0.25 mm, 0.25 ym) and FID using He as

carrier gas.

Table S 19: heating profile for the analysis of the hydrogenation mixtures using GC-FID.

Rate [°C min™"] Temperature [°C] Holding time [min]
Tstart 50 0
Ramp 1 50 175 1
Ramp 2 5 185 1
Ramp 3 0.1 188 5
Ramp 4 25 235 15

GC analysis of methoxycarbonylation of FAME: 475 mg of the reaction solution were diluted with 500 mg

toluene or warm 2-propanol and 25 mg of heptadecanoic acid methyl ester were added as internal
standard. The samples were measured on a Agilent 7890A with a HP-5 GC column (30 m, 0.32 mm,

0.25 pm) and FID using N2 as carrier gas.

Table S 20: heating profile for the analysis of methoxycarbonylation of FAME using GC-FID.

Rate [°C min] Temperature [°C] Holding time [min]
Tstart 40 1
Ramp 1 40 285 1
Ramp 2 10 300 3
Ramp 3 40 325 0

GC analysis of methoxycarbonylation of C11-ME: 500 mg of the reaction solution were diluted with

500 mg 2-propanol and 25 mg of dodecane were added as internal standard. The samples were
measured on a Agilent 7890A device with a HP-5 GC column (30 m, 0.32 mm, 0.25 ym) or a Agilent
7890B device with a HP-5 GC column (30 m, 0.32 mm, 0.25 ym) and FID using Nz as carrier gas.
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Table S 21: heating profile for the analysis of methoxycarbonylation of C,-ME using GC-FID.

Rate [°C min™'] Temperature [°C] Holding time [min]
Tstart 40 1
Ramp 1 40 220 1
Ramp 2 40 320 3

11.5.3 Additional Results

PC in methoxycarbonylation: As the Pd loading in PC used in the hydrogenation step is preferentially

100 ppm and below, PC was needed to be added in high amounts. In this case, a ca. double amount of
PC compared to MeOH (V/V) was chosen. The liquid level inside the reactor was roughly held constant
in both cases to ensure comparable mixing and mass transport behavior. The reaction is monophasic

in both cases, enabling the methoxycarbonylation to perform without any further mass transport

resistance introduced by possible biphasic behavior.

\/\/\/\/\)J\O/

Pd,(dba); 0.1 mol %
1,2-DTBPMB, MSA
MeOH (+PC) 95 °C 10 h

0 30 bar CO

Scheme S 1: methoxycarbonylation of C44-ME.

FAME hydrogenation with PC:

X [mol/mol FAME]

1.0

0.8

0.6

0.4

0.2

0.0

11.8%
3.0% 5.9%
12.0% 12.8% 11.5% 11.9%
start standard mixing, enhanced mixing, enhanced mixing,
80 °C 25 bar 80 °C 25 bar 35°C 5 bar®

0C16:0 mC180 mC18:1 mC182 mC183 mC20:0

Figure S 14: Composition after hydrogenation of soybean FAME with Pd nanoparticles in PC. Reaction conditions: S:Pd=
1,000:1, VpC= 20 mI, NEAME= 16.9 mmol, w= 1100 m, tPreformingz 2 h, Wpdpc= 74.4 ppm, a: thydrogenationz 7.5 min, b: thydrogenation= 4.5
min, C: thygrogenation= 15 Min, conditions obtained from literature!®&70
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Temperature dependence of the isomerization of methyl linoleate (ML):

1.0

0.8

w [g/g FAME]

o
N

0.0

60 70 80 90 100
T [°C]

EC18:1 mML miCML

Figure S 15: Composition after isomerization of ML. Reaction conditions: S:Pd= 1,000:1, Vueon= 30 ml, ny.= 16.9 mmol, w=
1100 rpm, pa= 6 bar, L:Pd= 17.5; MSA:L= 2, t= 24 h.

Full isomerization to conjugated species within 24h was observed only at 80 °C and above. At 60 °C,
conversion dropped to 70°%. Transfer hydrogenation to C18:1 species started only at temperatures
higher than 60 °C. Thus, the incomplete conversion to conjugated species at the boiling temperature of

MeOH (64 °C) can be explained, even pronounced by the incomplete dissolution of the nanoparticles.

Evolution of the pressure in hydrogenation with enhanced mixing:

28

27.5

27

26.5

p H2 [bar]

26

25.5

25

0 1 2 3 4
t [min]

Figure S 16: Evolution of the pressure in the hydrogenation of soybean FAME with Pd nanoparticles in MeOH with enhanced
mixing. Reaction conditions: S:Pd= 1,000:1, pu2= 25 bar; T= 80 °C, Vmeon= 20 ml, neame= 16.9 mmol, Wpg meon= 114 ppm, w=
1100 nm, tPreformingz 2 h.
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Formation of conjugated species from residues of unhydrogenated C18:2:

after methoxycarbonylation

after hydrogenation
iCML

Relention time

Figure S 17: Excerpt of the conjugated C18:2 area of the chromatograms of FAME in tandem catalysis. Reaction conditions:
S:Pd=1,000:1, L:Pd=17.5, pco= 30 bar, Tmethoxycarbonylation™= 95 °C, Vmeon= 30 ml, Whydrogenation™ 1100 rpm, tpreforming= 2h,
tmethoxycarbonylation= 72 h, wmethoxycarbonylation= 3500 rpm, Overhead Stirrer, NFAME= 169 mmOI-
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11.6 Supporting Information for Chapter 9

11.6.1 General Methods, Reagents and Setup

Capillary reactor
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Figure S 18: Flowsheets of the capillary reactor for pressures up to 10 barg (a) or higher pressure resp. higher reactor

lengths (b). R1-4: reactor segments with coiled capillary; K2: coaxial contactor; T1: T-junction; P1: syringe pump for catalyst; P2:
syringe pump for FAME, FIC1: mass flow controller; PI1-4: digital pressure indicator; PI5, P16: manometer; PIC1: pressure
controller (digital for a, analog for b); PIC2: digital pressure controller; PIC3, PIC4: pressure regulator; FI1, FI2: digital flow
indicator; TI1-4: digital temperature indicator; TIC1: temperature controller; B1: product vessel; B2: sample vessel; B3: substrate
container catalyst; B5: substrate container FAME; B4, B6: container for rinsing solvent; Ql1: high-speed camera; Ha, Ar, Ny:
pipes for displayed gases.

Figure S 19: Photographies of the whole main reactor without insulation and heating bands (left) and one open segment with 5
m capillary inside (right)
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Table S 22: Devices used for the capillary reactor.

device code in flowsheet type manufacturer
Data acquisition - TCP 750-891 wago
Digital pressure indicator P11-4 A-10 WIKA
3-way valve - UP V-101T IDEX H&S
Pressure regulator PIC1 (high pressure) FM51 spectron
Digital pressure controller | PIC2 (and PIC1 for low R414003373 Aventics
pressure)
Pressure regulator PIC3 KPR1JRA411A200 Swagelok
00
Pressure regulator PIC4 FM51 spectron
FEP-capillary - KAP FEP (1mm ID, TechLab
1/16“ AD)
flangeless ferrule - UP P200 IDEX H&S
flangeless male nut - UP P201 IDEX H&S
heating band - HAT 22 Horst
flow indicator FI1-2 SLI-2000 Sensirion
high-speed camera Ql1 DFK37BUX Imagingsource
LabVIEW - Version 2020 National
Instruments
manometer PIS 232.50 Wika
manometer PI6 111.10 Wika
digital temperature TIM-4 type K, 1=300 mm, TC Direkt
indicator d=2 mm
mass flow controller FIC1 F-200CV Bronkhorst
power supply - LPS 301 Amrel
check valve - CV-3000 IDEX H&S
syringe pump P1-2 SyrDos_CKP Hitec-Zang

Hydrogen volume flows are always expressed at applied conditions, not at standard conditions.
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Table S 23: Chemicals used in this work.

Substance Manufacturer Purity [%]
Palladium Saxonia 99.99
Propylene carbonate VWR 99
Hydrogen Messer 99.999
Argon Messer 99.996
Helium Messer 99.996
Soybean methyl ester IG Chemicals -
2-Propanol Hanke+Seidel 99.7
Methyl-tert-butyl ether abcr, Carl Roth 99
Mole sieve 3 A Thermo Scientific -
Cyclohexane Hanke+Seidel 99.7
1-Hexanol Carl Roth 99.8
1-Octanol Acros 99
1-Decanol Sigma-Aldrich 99
Acid Red 94 ITW Reagents >85
Thermal oil (silicone oil) Carl Roth -

Calculation of X and S: A constant response factor for all compounds was assumed since all possible
isomers are structurally very similar, supported by correction factors known from literature!25°l,
Accordingly, sample composition was obtained from GC areas without calibration or internal standard.
Conversion takes only into account the conversion of excess double bonds contained in C18:2 and
C18:3 species (one for C18:2 and two for C18:3):

_ Xcigz0 — Xc1s2 + 2 (Xc18:3,0 — Xc18:3)

X
Xcig:2;0 T 2 Xc1g:3;0 (10)

Selectivity is defined via the formed amount of C18:1 and amount of hydrogenated C18:3. This also

takes the formation of the intermediate C18:2 (that is also an educt) into account. For severe

overhydrogenation, selectivity gets negative, reflecting depletion of the desired product C18:1.

Xc18:1 — Xc18:1;0 T Xc18:3;0 — Xc18:3

S =
Xc1g:2;0 — Xc1s2 T 2 (Xc18:3,0 — Xc18:3) an

Calculation of T and STY: For the calculation of the residence time T, the average total volume flow must

be calculated. The consumption of hydrogen in each reactor segment is taken into account via optical

measurements of the length of the gas bubbles passing through the photo station after each segment

(I,,:), weighted with the fraction of each segment contributing to the total length of the reactor (lsegm%m)
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Under the assumption of a constant liquid flow rate, the average volume flow is calculated using Formula
(12).

4

V=VL+VG.Z< pi @) ”

1
=1\ PpOm

Space-time-yield STY is calculated via the amount of produced desired product according to Formula
(13).

(XC18:1,0 - XC18:1) ‘Npame * Mciga

STY = A (13)

Calculation and evaluation of permeation fluxes:

The permeation flux g; of component i through a polymer of material j with a thickness of s (in mm) and
a surface area A (in cm?®) is correlated with the temperature-dependent permeation coefficient ¢;; and

permeation pressure difference Apperm (T in K, Apperm in kPa). For hydrogen and FEP this yields:['41]

_3.12-10%
SHZ,FEP(T) = 212 " 10_4 e T (14)
A
duz = €nz,rep(T) ; * Apperm (15)

The resulting flux (in mL s) is valid at 20 °C and 1 bar and needs to be transferred to the desired

conditions applying ideal gas law.

Comparing the obtained results of the experiments with sole permeation with their consumed amount of
hydrogen resulting from the FAME compositions and flowrates leads to deviations of the factor 2.25,
meaning that the real permeation fluxes must be substantially higher than those calculated with Formula
(15). For cases of reactions with slugs and permeation at drastically reduced IPA content, this value is
still not sufficient as evident from GC measurements and must rather be a factor of ca. 3.8. The solubility
of hydrogen within the liquid was neglected as a first approach due to a lack of reliable data and due to
strongly minor soluble amounts compared to the hydrogen content of a gas phase. The reactor pressure
at the inlet and the outlet was measured and averaged, assuming a linear pressure drop along the
reactor. Thus, the exact permeation flux in each experiment is — although most of the experiments were
conducted with a constantly low PC:solvent ratio like applied for the evaluation experiments — uncertain

and only permeation pressure differences are given.

XXXi



Appendix

Determination of slug lengths:

Slug lengths were determined manually for a freezed frame of the recorded video of the flow in steady
state. For the determination of residence times, up to 3 bubbles were measured and averaged. The
software Fiji was used for a more detailed analysis of slug lengths: approx. 9 complete slugs were
measured using the straight line tool from cap to cap. From that, average value and standard deviation

were calculated.

Estimation of TOF20:

TOF20-equivalent figures are obtained from the fitted values of the presented model and refer to 20 %
conversion of the excess double bonds. The turnover number at 20 % conversion was divided by the

associated time and the resulting value rounded to significant digits.

Investigation of Pd leaching:

After hydrogenation, samples were collected and the solvent removed in vacuo. For 1-hexanol, sufficient
removal was confirmed by 'H-NMR analysis. Product and catalyst (Pd with PC) form a biphasic system
that is fully separated via two centrifugation cycles for 3 min at 1000 min-'. Each phase is further
analyzed in ICP-OES (AnalytikdJena Plasma Quant PQ9000 Elite) to obtain its Pd concentration.

Hydrogenation in batch reactors:

A 120 ml stainless steel reactor with a substrate container, baffles and gas injection stirrer was inertized
using argon and vacuum in alternation for in total three cycles. The catalyst solution and solvent were
introduced via a syringe in argon counterflow into the vessel. The substrate was introduced into the
substrate container in argon counterflow via a syringe. Afterwards, the reactor was heated, pressurized
and stirring was started. The substrate was additionally preheated. At constant conditions, the substrate
was added and the reaction started. Samples were withdrawn, degassed using argon and cooled in an
ice bath at the same time.
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11.6.2 Analytics

GC analysis of hydrogenation mixtures: MTBE was dried over mole sieve and used to dilute most of the

samples; otherwise, cyclohexane was used. Reaction mixtures were diluted to reach 100 mg analyte in
800 mg of solvent; reference samples were diluted with pure dried MTBE to the same concentration.
The samples were measured on a Agilent 8860 GC device equipped with a DB-FastFAME column (90

m, 0.25 mm, 0.25 ym) and FID using He as carrier gas.

The standard deviation of the GC measurements was calculated using the amount of C16:0 in every
measured sample including samples that are not shown in the graphs (like from start-up behavior), and

was quantified to be 0.092 mol mol-'. Mean standard error was calculated to 0.0048 mol mol-'.

Table S 24: Heating profile for the analysis of the hydrogenation mixtures using GC-FID.

Rate [°C min] Temperature [°C] Holding time [min]

Tstart 70 0
Ramp 1 15 150 1
Ramp 2 50 175 1
Ramp 3 5 178 0
Ramp 4 1 180 1
Ramp 5 3 192 1
Ramp 6 1 202 1
Ramp 7 3 210 3
Ramp 8 10 230 1

11.6.3 Additional Results

Investigation of flow behaviour without additional solvent:

Setup constraints limit maximum pressure to less than 20 bar, thus 10 barg back pressure were used
for standard experiments, based on literaturel'2. The low catalyst loading results in a very small catalyst
phase slug, although Pd concentration in PC is within the ppm range. At the same time, the high amount
of substrate results in enlarged substrate slugs. The phase ratios were calculated for a Pd concentration
of 12 ppm (w/w) in PC and S:C of 100,000:1 as a worst-case estimation for maximum versatility in
reaction conditions. This results in volumetric phase ratios of 1:4.5:22.8 (catalyst : FAME : Hz, including
ca. 10 % excess of hydrogen). For the pure flow behavior experiments, these were conducted without
additional Pd to purely study the influence of constant phase ratios. PC was colored pink with Acid Red
94 for better distinguishability. Applying this typical ratio in the flow setup without reaction, the large gas
bubbles disintegrate into several smaller ones that segregate catalyst from substrate and thus would
inhibit the reaction (Figure S 20).
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PC:FAME:H,=1:4.5:22.8 V,,.4,=0.8 mL/min

PC:FAME:H,=1:1:1 Veorar=1.8 mL/min

* PC:FAME:H,=1:1:1 Veoras=0.9 mL/min
f

H, FAME instability

Figure S 20: Images of flow patterns after 5 m in the reactor for different phase ratios and volume flows without reaction. PC
was coloured pink for better distinguishability. Volumetric phase ratios are given as catalyst : FAME : H, Scale: length of one
small square = 1 mm

Further investigated solvents

Initially, MTBE was chosen as solvent due to its low viscosity, high vapor pressure (enabling easy
separability afterwards) and a good solubility of catalyst and substrate phase. Dissolution of Pd to ca.
0.81 ppm in the liquid phase by the additional solvent comes into play as can be seen in Figure S 21 for
the reaction with S:C of 100,000:1 even for 24 ppm P in PC.

S=99 %
100% A = 0.2
90% - o 1 018 —
25.2% '
80% - 1 {owE
W 70% - 10142 mc200
= 53.0% 53.2% o
L 60% - {0125 mcies3
S 50% - {01 @ mC182
E 58.1% o>
= - mc18:1
T 40% - {008 @
E E mC180
L 0, - -
x 0% 23.3% 23.2% 0% mes0
20% 1 1004 & osTY
3% 39%] o
10% - A% 0.02 N
11.7% 11.7% 11.6%
0% : : 0
soybean FAME  100,000:1 15,000:1

S:C [mol/mol]

Figure S 21: Composition of samples of the selective partial hydrogenation of soybean FAME in the capillary reactor with
additional MTBE. Reaction conditions: S:C as stated, T= 80 °C, puzpack= 11 bara, solvent= MTBE, |= 40 m, Wpqpc= 24 ppm
S:C= 100,000:1: PC:solvent= 1:17.24 mL mL""; V.= 1.20 mL min""; V= 1.50 mL min"'; Vgape= 0.30 mL min™'; t= 10.5 min
S:C= 15,000:1: PC:solvent= 1:4.47 mL mL™"; V5, = 1.20 mL min"; Vg, 7= 1.50 mL min™; Vgamg= 0.30 mL min’'; t= 12.6 min

Afterwards, potentially applicable volume flows and their resulting residence times were evaluated to
identify beneficial values (Figure S 22). Volume flows less than 1.2 mL min-! do not lead to significantly
enhanced conversions and give rise to unstable flow patterns. Volume flows greater than 3 mL min-! are
in principle applicable (although the mass flow controller limits hydrogen volume flows to ca.

2.5 mL min'") but are expected to give less conversion due to short residence times.
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Figure S 22: Composition of samples of the selective partial hydrogenation of soybean FAME in the capillary reactor with
additional MTBE. Reaction conditions: S:C= 15,000:1, T= 80 °C, puzpack= 11 bara, PC:solvent= 1:4.47 mL mL"", solvent= MTBE,
1= 40 m, Wpgpc= 24 ppm

= 12.6 min: pp= 11.7 bara; Vs = 1.20 mL min''; Vg, += 1.50 mL min™'; Vgaye= 0.30 mL min™!

= 18.8 min: ppz= 11.5 bara; V ., = 0.80 mL min"'; Vi, r= 1.00 mL min™'; Vgzye= 0.20 mL min"!

= 31.4 min: pp= 11.4 bara; Vs, = 0.48 mL min''; Vg, += 0.60 mL min™'; Vgaye= 0.12 mL min™!

The major drawback of the use of MTBE is a nanoparticle-destabilizing behavior, even pronounced at
elevated temperatures, that results in deposition of Pd at the capillary material, leading to an activation

of the material even without Pd feeding. The destabilizing behavior results in a peak performance at
80 °C for MTBE (Figure S 23).
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Figure S 23: Composition of samples of the selective partial hydrogenation of soybean FAME in the capillary reactor with
additional MTBE. Reaction conditions: S:C= 15,000:1, T as stated, puzpack= 11 bara, PC:solvent= 1:4.47 mL mL™", solvent=
MTBE, I= 40 m, Wpapc= 24 ppm, Ve, = 1.20 mL min™; Vi 7= 1.50 mL min™; Vgape= 0.30 mL min™’
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T=50°C: ppiz= 11.8 bara, t= 12.7 min
T=80°C: ppiz= 11.7 bara, t= 12.6 min
T=100°C: pp2= 11.5 bara, t= 12.0 min
T=120°C: pp2= 11.5 bara, t= 11.4 min

Further investigated solvents as an alternative to MTBE include 1-octanol, 1-decanol, 1-hexanol and 2-
propanol. Octanol and decanol form two liquid phases at room temperature and show high viscosities
and were therefore excluded. The use of hexanol results in spontaneously occurring flow instabilities
due to still increased viscosity. Furthermore, an emulsion is formed when mixed with PC which only gets
monophasic after the addition of FAME. Adversely, 2-propanol showed a promising mixing and flow

behavior and was therefore further investigated.

Table S 25 gives an overview of the Pd concentrations after hydrogenation in the capillary reactor and
removal of the low-boiling solvents. Note that resolution of the device is only possible in 1 ppm steps
and that Pd loss during workup (evaporation and centrifugation) by deposition or accumulation at the
phase interface is highly possible. A combination of all mentioned factors may explain unclosed mass
balances (at least for IPA), since Pd deposition inside the reactor during the use of IPA was not

observable.

Table S 25: Found Pd concentrations in each phase after hydrogenation and evaporation of the respective solvent

solvent Wed,Fame [Ppm] Weq,pc [Ppm]
IPA 1 9
MTBE 2
1-hexanol 1 12
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Lower S:C for hydrogenation with additional IPA

Further decrease of S:C towards 15,000:1 results in strong overhydrogenation towards the undesired
C18:0 with a reduced selectivity of 82 %.
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Figure S 24: Composition of samples of the selective partial hydrogenation of soybean FAME in the capillary reactor with
additional IPA. Reaction conditions: S:C as stated, T= 80 °C, przpack= 11 bara, 1= 40 m, wpqpc= 24 ppm, solvent= IPA,
Vear. = 1.20 mL min™; Viy, v= 1.50 mL min™; Vgaye= 0.30 mL min™!

S:C=50,000:1: PC:solvent= 1:17.24 mL mL™", T= 15.5 min

S:C=15,000:1: PC:solvent= 1:4.47 mL mL™", t= 19.7 min

Reaction modelling

The used approach considers lumping of several different species. Furthermore, mass transport
mechanisms as well as adsorption to the catalyst surface are combined by kinetic constants of pseudo-
first order. Hydrogen is applied in excess in most of the cases and therefore also included in the pseudo-
first-order approach like it is typically also done in literaturel5274l, As has been shown, g/I-mass transport
resistances show no limitation at least for the slug with permeation approach. The resulting reaction
network is presented in Figure S 25 and the resulting differential equation system in Formula (16). The
differential equation system is obtained at a constant molar amount or molar flow regarding the FAME
in the reactor, thus accumulation terms are obsolete. Furthermore, constant liquid properties like density
and viscosity are assumed, since relevant changes in the structural motif of the molecules are minimal.
The capillary reactor was operated in stationary mode, and ideal plug flow behaviour was assumed,
enabled by the slug flow. The use of the equations of the batch reactor for the capillary reactor was
enabled by the transferability between time and coordinate of ideal batch resp. flow reactors, as only
the composition at the outlet of the capillary reactor is relevant here instead of an axial profile. Different

residence times were enabled by adjustment of the volume flows.
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Table S 26: Obtained pseudokinetic constants
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Figure S 25: Reaction network used for the pseudokinetic modelling
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The pseudokinetic constants were fitted to measured data by a self-written Python program utilizing the

Levenberg-Marquardt algorithm. Results of this fitting for the kinetic constants can be found in Table S

Slug+permeation Permeation Batch
Kk} [s™] 5.830E-03 3.256E-03 5.338E-04
kj [s7] 2.184E-03 1.129E-03 1.727E-04
k3 [s7] 1.120E-08 5.528E-12 6.627E-05
kj; [s™] 8.147E-04 6.203E-04 1.196E-09
ks [s7] 3.011E-03 2.271E-03 1.032E-04
kg [s7] 4.129E-05 1.859E-12 1.028E-05
k75 [s7] 1.633E-10 1.694E-04 4.552E-14
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Influence of capillary length
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Figure S 26: Composition of samples of the selective partial hydrogenation of soybean FAME in the capillary reactor with
additional IPA. Reaction conditions: S:C= 50,000:1, T= 80 °C, puzsack= 11 bara, | as stated, wpqpc= 24 ppm, solvent= IPA,
PC:solvent= 1:17.13 mL mL",”

[=40 m: Apperm.= 1.16 bar, t= 11.9 min, V5 = 1.20 mL min'’; Vg, += 1.50 mL min”"; Vgaye= 0.30 mL min™!

=80 m: Apperm.= 1.41 bar, t= 14.2 min, V 5 = 2.40 mL min"'; Vi, r= 2.00 mL min”'; Vgaye= 0.60 mL min™!

Variation of pressure
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Figure S 27: Composition of samples of the selective partial hydrogenation of soybean FAME in the capillary reactor with
additional IPA. Reaction conditions: S:C= 50,000:1, T= 80 °C, I= 40 m, wpqpc= 24 ppm, solvent= IPA, PC:solvent= 1:17.13 mL
mL", Ve = 1.20 mL min’; Vg, 7= 1.50 mL min™; Vgamg= 0.30 mL min"’

PH2back= 11 bara: Apperm = 1.16 bar, t= 11.9 min

PH2back= 13.5 bara: Appem = 2.34 bar, t= 10.7 min

PH2.back= 16 bara: Apperm = 3.68 bar, t= 10.6 min

The slightly elevated yield for 11 bar might result from the longer residence time.
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Influence of IPA and permeation on the residence time
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Figure S 28: Magnified version of Figure 70: Obtained residence times of the selective partial hydrogenation of soybean FAME
in the capillary reactor with varying IPA content and at different volume flows. Reaction conditions: S:C= 50,000:1 (gray point:
69,570:1), T=80 °C, prizback= 11 bara, I= 40 m, Wpgpc= 24 ppm, solvent= IPA, Viy,r = Vg total

black/gray points: PC:solvent= 1:17.13 mL mL™ (gray point: 1:14.64), Apperm= 1.16-1.71 bar, Vyoa= 3-4.57 mL min™,

blue points: PC:solvent= 1:2.02 mL mL™, Appem.= 6.35-8.27 bar, V,oa= 3-3.96 mL min™", full conversion and spontaneous bubble
formation are restricted by limited hydrogen supply.

Red lines: constant bubble size resp. instantaneous bubble disappearance
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reaction starting directly from Pdz(dba)s and protonated ligand. Reaction conditions: S:Pd =

1000:1, L:Pd = 17.5, pco = 30 bar, T= 95 °C, Viotai ca. 70 mL, w = 1100 rpm, cross-shaped

stirring bar, t = 10 h, nc11-me,meon =33.8 mmol, nc11-MeMeor+pc = 15.4 MMOl.........oooiiiiiiiiiiinni, 109
Figure 55: Reaction progress of hydrogenation of soybean FAME with Pd nanoparticles in MeOH.

Reaction conditions: S:Pd = 1000:1, prnz2 = 25 bar; T = 80°C, Vmeon = 20 mL, nrave = 16.9 mmol,

wed,meoH = 114 ppm, w = 1100 rpm, cross-shaped stirring bar, trreforming = 2 h. Composition

determined after venting and COOlNG AOWN. ........uuiiiiiiiiii e 110
Figure 56: Evolution of the catalyst system throughout the reaction course. Reaction conditions: S:Pd

=1000:1, reflux, T =80°C, Vmeon =20 + 10 mL, nrame = 16.9 mmol; L:Pd = 6, tereforming = 2 h,

feomplexation+reaction = 24 Nl ooeiiiiiiii 111
Figure 57: Results of the methoxycarbonylation of C11-ME with and without exposure to hydrogen.

General reaction conditions: S:Pd = 1000:1, L:Pd = 6, pco = 25 bar, Tmethoxycarbonylation = 95°C,

Vimeon = 30 mL, nc11-me = 16.9 mmol, w = 1100 rpm, cross-shaped stirring bar, trreforming = 2 h; (a)

tmethoxycarbonylation =48 h; (b) fmethoxycarbonylation = 44 h, fstirring,H2 = 8 min, Tstirring,HZ =80°C, PH2 = 25 bar.

Figure 58: Composition of soybean FAME before and after hydrogenation with Pd nanoparticles in
MeOH and PC and comparison with a commercial sample. Reaction conditions: S:Pd = 1000:1,
Vsovent = 20 mL, nrame = 16.9 mmol, w = 1100 rpm, fereforming = 2 h, MeOH, standard: cross-
shaped stirring bar, prz = 25 bar; T = 80°C, wpd,meon = 114 ppm, fhydrogenation = 7.5 min,
MeOH,enhanced: overhead stirrer, pu2 = 25 bar; T = 80°C, wed,meon = 114 ppm, thydrogenation = 4.5
min, PC, enhanced: overhead stirrer, pu2 = 5 bar; T = 35°C, wed,pc = 74.4 ppm, thydrogenation = 15
min, commercial sample: product “Dakolub MB9001” by Dako, obtained from grown specialised
L5101 011011 = = SRR 114

Figure 59: Results of the methoxycarbonylation of soybean FAME in tandem catalysis. General
reaction conditions: S:Pd = 1000:1, L:Pd = 17.5, pco = 30 bar, Tmethoxycarbonylation = 95 °C, VimeoH =

30 mL, Whydrogenation = 1100 rpm, fereforming = 2h, fmethoxycarbonylation = 72 h standard: Wmethoxycarbonylation
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Figure 60: Schematic and enlarged (not to scale) possibilities of investigated reactor concepts. (a)
Batch reaction with one or two liquid phases and one gas phase. (b) Reaction in capillary with
three phases, shrinking gas slugs and without additional solvent. (c) Reaction in capillary with
two phases, shrinking gas slugs, and additional solvent. (d) Reaction in capillary with two
phases, additional solvent, and gas replenishment by permeation leading to gas slugs with
roughly constant size. (e) Reaction in capillary with one phase, additional solvent, and
permeation, without additional gas SIUGS. ..o 120
Figure 61: Simplified flowsheet of the reactor setup for operation with slugs and permeation............ 120
Figure 62: Composition of samples of the selective partial hydrogenation of soybean FAME with
additional IPA in different reactors or modes. Reaction conditions: S:C = 50,000:1, T= 80 °C,
solvent= IPA, wrq,pc= 24 ppm batch: pxz2= 11.5 bar, t= 15.2 min, w= 3500 rpm,
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slugs+permeation: Vcat.= 1.20 mL min-', VH2, T= 1.50 mL min-!, VFAME= 0.30 mL min™",
= 14.2 min, |= 40 m, prz2,back= 11 bara, PC:solvent= 1:17,24 mL mL"!, Apperm= 1.2 bar. .......... 123
Figure 63: Flow patterns and slug lengths at different axial positions obtained during selective partial
hydrogenation of soybean FAME with additional IPA. Lines are shown for visualization purposes
only. On average, 9 complete slugs were measured at each axial position, if applicable. Reaction
conditions: S:C=50,000:1, T= 80 °C, solvent= IPA, I= 40 m, wpd,pc= 24 ppm, Vcat.= 1.20 mL min-
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Figure 65: Modeled (solid lines; extrapolating for residence times larger than the highest one) vs
measured compositions of samples of the selective partial hydrogenation of soybean FAME in
different reactors and with different operational modes at constant conditions. Reaction
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Figure 66: Composition of samples of the selective partial hydrogenation of soybean FAME in the
capillary reactor with additional IPA. Reaction conditions: S:C= 50,000:1, T as stated, pHz,back= 11
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