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“It's sort of a mental attitude about critical thinking and curiosity.
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Abstract

1. Abstract

Nitrogen-containing chemical compounds are used everywhere in our day-to-day lives, from
high-performance polymers to pharmaceuticals and crop protection. Despite being produced on
very large scale, many of their production lines lack efficiency and have a significant impact on the
environment.

Amides are often synthesized by highly activated coupling agents with an inherently low E-factor.
Therefore, developing a catalytic reaction that can produce amides directly from bulk chemicals is
highly desired. Primary amines are essential intermediates in the chemical industry, and their
selective synthesis is challenging due to their reactive properties. Although they are also produced
from bulk feedstock, they require many steps when a renewable substrate is used.

This dissertation addresses these challenges by developing and optimizing homogeneous
transition metal catalysts. The work is structured into three main parts, each addressing different
types of reactions to introduce nitrogen into bulk chemicals:

1. Carbonylative telomerization is a complex chemical reaction that synthesizes amides from
simple feedstock molecules, but its high catalyst loading presents a challenge, as well as a
limited scope. Both were addressed by optimizing the reaction conditions and adding new
dienes and nucleophiles to the reaction portfolio of carbonylative telomerization.

2. Converting fatty esters directly into amines in a one-pot reaction is sought to streamline
chemical production, requiring the development of a new catalyst to facilitate the process
and improve resource and energy efficiency. Therefore, modified triphos ligands were
synthesized and combined with ester amination.

3. The conversion of aldoximes into primary amines, offers a possible alternative to the highly
desired hydroamination of alkenes. This is achieved through the combination with
hydroformylation, which enables the conversion of alkenes into primary.

These contributions offer new efficient ways of introducing nitrogen into bulk feedstock to
synthesize more complex amides and primary amines through homogeneous transition metal
catalysts.
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2. Introduction

2.1.Nitrogen is everywhere

Nitrogen is a highly abundant element in our everyday life. It is essential for life as it is an integral
part of amino acids, enabling life and playing a key role in the origin of life on Earth.! Not as
essential, however making our life easier and more enjoyable are all the products containing
nitrogen, form paints over fertilizer to 3D printing filament. In the chemical industries amines are
used as solvents (e.g. quinoline and tributylamine), to purify gases (e.g. monoethanolamine), as
curing agents for epoxides (e.g. triethylenetetramine), and as intermediates for chemical
processes (e.g. aniline or morpholine). Widely used plastics like polyamide 6 (PA 6), PA 6,6, PA 12,
and PA 12,12 contain nitrogen in their structure (Figure 1). Since, nitrogen is found in amino acids
and therefore peptides, many nitrogen containing compound also show bioactivity. They are used
for active ingredients in pharmaceuticals (e.g. paracetamol) or crop protection in the form of
pesticides and herbicides (e.g. glyphosate). The active groups are often amine and amide
functionalities.
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Figure 1: Example nitrogen containing compoundes.

Although most of the air around us is made of nitrogen, it is not easy to utilize it. The N, molecule
is relatively inert due to its N-N-triple bond. It has to be activated to be used for chemical reactions.
That is why the HABER-BOSCH process is one of the most essential chemical processes in the
industry today and makes nitrogen readily available in the form of ammonia. The yearly ammonia
production is estimated to be 150 million metric tons and is responsible for up to 2 % of global
energy consumption.? Most of the ammonia is used for fertilizer production. Due to readily
available fertilizer, global food production rose and enabled our population to elevate from 1.9
billion to the about 8 billion? people there are today.* Therefore, the Haber-Bosch process is at
the core of the chemical value chain and was awarded the Nobel Prize twice. In 1918, HABER
received the prize for successfully synthesizing ammonia form directly from nitrogen and
hydrogen.> Later 1931, BoscH was awarded the Nobel Prize for overcoming the challenges



associated with the high pressure of the reaction and making large-scale ammonia production
possible.®

Ammonia is a reactive form of nitrogen readily available for chemical reactions. The most
efficient way of introducing nitrogen into chemical compounds is using ammonia since
derivatization is unnecessary. However, the selectivity of such reactions is often difficult to control
because the reaction products are more reactive than ammonia in many cases and lead to
unwanted consecutive reactions (Figure 2).

kl k2 k3
~ AN emmmmemmaeaa . P yrmm e ————— .
R™ S0 R” S0 ! PO R” 0o v R/\N/\R:
3 > R NH, ' N i . ) '
- H0 - Hy,O R A J -H,0 \ R :

Figure 2: Reactivity trend of ammonia and its consecutive products.

Finely tuned catalysts are a solution to this problem, as they can be used to control the selectivity
of a reaction towards the desired molecules. Due to the lack of such catalysts, reactions that
require a different kind of activated nitrogen compound are still widely used. Compounds such as
hydrogen cyanide, azides, nitric acid, or hydroxylamine can be used to synthesize many nitrogen-
containing target molecules, but they require additional reaction steps for their own synthesis.

2.2.Amides, Amines and why they are so interesting

2.2.1. Amides — Pharmaceuticals, crop protection and more

Amides are one of the most important chemical functional groups in our modern society and the
most prominent example for nitrogen containing compounds. As depicted above amides can be
found in polymers and are produced on very large scale. There is also high demand for amides in
smaller scale reactions for pesticides and pharmaceuticals. Due to their unique properties, amides
are found more than one third of the 200 best selling drugs in 2022.7

“Furthermore, the favorable properties of amides, such as high polarity, stability and
conformational diversity, make it one of the most popular and reliable functional
groups in all branches of organic chemistry.” (PATTABIRAMAN et al. 2011)®

Therefore, amide formation is the most abundant used chemical transformation according to
two literature review papers in the journal of medicinal chemistry: In 2011 ROUGHLEY et al.,
analyzed a total of 139 publications by three large pharmaceutical companies® and five years later
in 2016 BROWN et al. compared 125 publications from 1984 and 125 manuscripts from 2014. Their
study includes work from academia and industry.°The trend is increasing and in 2014 amide bond
formation occurred in about 50 % of the dataset. Despite the abundance of amide bond formation,
many synthesis routs are waste intensive and suffer from poor atom economy.

Amides can be typically synthesized either via C-N bond formation or via C-O bond formation.
These can in each case be carried out with stoichiometric reagents or catalytically (Figure 3).
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Figure 3: Possible amide synthesis methods.

Stoichiometric methods — Coupling reagents

The majority of methods employed in these processes rely on nucleophilic acyl substitution. This
approach is known for its simplicity and high yield. However, it comes with certain drawbacks — it
often involves toxic reagents, exhibits low atom economy, and involves high costs. Typically, these
procedures involve the activation of carboxylic acids, e.g. via the formation of acid chlorides,
anhydrides, or the use of coupling reagents.? In the study by ROUGHLEY in 2011 the activation of
carboxylic acids accounts for 16 % of all reaction analyzed in this study, emphasizing the popularity
of coupling reagents.®

Coupling o
(0] ragents 1
1 2
|:{\)J\OH tORNCR Base, R\)LNARZ
solvent H

A* 0 . -OA*
- 1 R\)L’;—H\szR ’

(s

Figure 4: Schematic Amide bond formation via coupling reagents.?

A

More recent examples for developments in the field of amide synthesis can be categorized in the
following:

C-N Bond formation:

In 2019, DE LUCA used visible light and trichloroisocyanuric acid (TCCA) without a photo-catalyst
to activate an aldehyde and form an acid chloride. The acid chloride reacts readily with various
primary or secondary amines in a 68-83 % yield."* The scope seems limited to aryl, and tert-butyl
(t-Bu) rests on the aldehyde.

An electrochemical approach was developed by VANNUCCI and coworkers in 2019.* In their so-
called anion pool synthesis, the group produced a broad variety of aryl amides alongside
benzylic esters under mild conditions. For this approach, anhydrides and benzylbromides are
required.

Additionally, transamidation reactions have been widespread. For example, the SzoSTAK group
has investigated the destabilization of tert-butyloxycarbonyl (Boc) protecting groups on
amides, which enables base-promoted transamidation.”®* Until then, this transformation
required transition metal catalysts. Nonetheless, Boc-activated amides produce more
significant amounts of waste.

C-0 Bond formation:



A formation of amides via C—0 bond linkage can be achieved either by oxidation or hydration
reaction. In 2017, SALLES and coworkers identified optimized parameters for the transformation of
a benzylic amine into the corresponding unsymmetrical amide. This conversion was achieved in
the presence of NaOCl through an oxygen donor partner-mediated attack, as documented in their
research.*

The LI group developed a continuous-flow conversion of nitriles into primary amides with
hydrogen-peroxide in 2018.1> This example yields more simple primary amides; however, it has a
comparably high atom efficiency since water is the only byproduct.

A basic feedstock is seldom used in amide synthesis because the target molecules for
pharmaceuticals are often complex. LOUKRAKPAM and PHUKAN investigated the synthesis of primary
amides from alkenes and alkynes with aqueous ammonia.'® The transformation proceeds via a
tricyclic bromide species from the reaction with N,N-dibromo-p-toluene sulfonamide.
Additionally, iodine is required to form another intermediate before ammonia can attack to form
the desired amide. Despite starting from relatively simple starting materials, this reaction requires
many reagents and has low atom efficiency.

However, substantially higher atom efficiencies can be achieved by using a catalyst to activate
the starting materials.

Catalytic methods — Beyond classic coupling

As the name suggests, sub-stoichiometric amounts of activation agents are used in catalytic
amidation reactions, which are primarily direct amidation between carboxylic acids and amines.

However, as stated by MASsOLO:

“Catalytic methods are not widely adopted often due to scarce efficacy, or the need
of large quantities of solvents, also during the workup.” (MAssoLO et al. 2020)Y7

Water removal or high catalyst loading is often required, and substrate generality is limited. On
the positive side, waste production is reduced, resulting in significantly better E-factors for
catalytic syntheses.'® Again, the catalytic amide bond formation reaction can be divided into two
groups.

C-N Bond formation:

Popular catalysts for the C—N bond formation are arylboronic acids, which have been used for
this type of reaction since 1996.%° More recently, 5-methoxy-2-iodophenylboronic acid (MIBA) was
used as an effective catalyst with reduced use of dehydrating agent.?® Also often used catalysts
consist of group IV metals. Hafnium (IV) bis(cyclopentadienyl)dichloride was discovered to be
active at room temperature with 4 A mole sieves as the dehydrating agent.! Since the mole sieves
can be regenerated, the total amount of waste per product is drastically reduced. The group of
MILSTEIN was able to perform an acceptor less oxidative amidation with a ruthenium PNN pincer
catalyst.?? This type of reaction is especially interesting because alcohols can be coupled directly
with amines, liberating hydrogen as the only byproduct. Amidocarbonylation reactions couple at
least three molecules to form amides directly and the carbonyl group is formed by the insertion
of carbon monoxide.?3

C-0O Bond formation:

Amines are selectively oxidized to form amides in C—O bond formation type reactions. In 2017,
ADIMURTHY and coworkers developed an iodine-catalyzed reaction in combination with
tertbutylhydroperoxide.?* More efficient is the direct use of oxygen, which can be enabled by
photoredox-catalysts.

Noteworthy, most amide synthesis procedures require amine substrates, which come with their
own challenges.

2.2.2. Amines — Intermediates, solvents and more

Amines are crucial in the synthesis of amides but are not limited to this use. They are a focal
point of scientific research in the vast field of organic chemistry and are essential components in
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creating molecular diversity. Amines have a wide range of chemical behaviors, from being
intermediates in biochemical processes to being critical components in the synthesis of
pharmaceuticals, agrochemicals, and materials.

Amines are appealing because of their presence in nature and their synthetic adaptability, which
provides chemists with various options for customizing molecular architectures. The use of amines
extends beyond traditional organic synthesis and encompasses diverse fields such as medicinal
chemistry, materials science, and catalysis. Understanding the underlying principles governing
amine reactivity and their multifaceted roles in various chemical contexts is essential.

While amines hold immense promise for their diverse applications, their synthesis is not without
challenges, presenting researchers with intriguing puzzles that demand creative solutions. Amine
synthesis still presents several challenges, which are among others:

1. Selectivity and Functional Group Tolerance: Achieving high selectivity in amine synthesis
remains a formidable challenge, especially in the presence of multiple functional groups.
Many synthetic methodologies struggle to discriminate between different reactive sites,
leading to undesired byproducts and complicating the isolation of the target amines.?>2¢

2. Reductive Amination Challenges: Reductive amination, a widely employed method for
amine synthesis, faces obstacles related to chemoselectivity and the compatibility of
reducing agents. Overcoming these challenges is essential for the efficient and clean
conversion of carbonyl compounds to amines. Especially, the selectivity with direct use of
ammonia is difficult to control.?’-?°

3. Sustainable and Green Synthesis: Developing environmentally friendly amine synthesis
methods is a pressing challenge due to the increasing emphasis on sustainable chemistry.
It is essential to minimize the use of hazardous reagents, reduce waste generation, and
improve energy efficiency for the future of amine synthesis. The growing interest in
replacing fossil feedstock with renewable starting materials presents challenges, as
traditional synthesis routes may no longer be applicable.3%3!

4. Transition Metal-Catalyzed Amination: While transition metal-catalyzed amination
reactions have emerged as powerful tools for amine synthesis, challenges persist
regarding catalyst stability, substrate scope, and the requirement for expensive metal
catalysts. Addressing these limitations is pivotal for advancing the efficiency and
applicability of these transformations.?”

Navigating the challenges of amine synthesis deepens our understanding of fundamental
chemical processes and paves the way for developing more efficient, selective, and sustainable
methodologies with broader utility across various scientific disciplines. Overcoming these
obstacles promises to unlock new frontiers in the synthesis of amines and expand the horizons of
their applications in diverse fields.



3. Goals

Although amides and amines play a major role in the chemical and pharmaceutical industries,
their production methods are often waste-intensive or energy-demanding. This is mainly due to
stoichiometric reagents and multistep reactions. Catalytic reactions could lead to an improvement
since they are inherently more efficient.

To take a step towards a more sustainable industry, implementing resource-effective reactions
for such significant products is of great value. These play a major role in protecting the
environment by reducing waste and using fewer resources, especially in large-scale processes.

This work investigates the potential for improving the synthesis process of amides and amines
using homogeneous transition metal catalysts. The objective is to develop or improve three
distinct methods to enhance the efficiency of amide and amine synthesis and discover novel
methods for incorporating nitrogen into the desired product:

1.

Carbonylative telomerization is an outstanding chemical reaction combining four simple
feedstock molecules into one significantly more complex molecule. Amides are obtained if
amines are used as the nucleophile in the reaction. The objective is to expand the scope to
highly branched amides. A drawback of this reaction is its high catalyst loading, making it
costly. Therefore, this work aims to reduce the required amount of catalyst.

Fatty esters are popular bio-based feedstock materials for many production lines and are the
base of the chemical value chain. However, several reaction steps are required for
transforming them into primary amines. The goal of this work is the direct introduction of
ammonia to esters to form primary amines in a one-pot reaction. For this novel reaction, a
new catalyst must be developed to combine the necessary sub-reactions. This procedure
could lead to increased resources and energy efficiency.

Controlling selectivity in present syntheses for primary amines is difficult due to reactive
imine intermediates. A promising group of intermediates are aldoximes. By reduction, they
can be transformed into primary amines, which has been done only with heterogeneous
catalysts so far. This work aims to combine aldoxime reduction with a homogeneous catalyst
to further improve the promising reaction route. Finally, this method is applied to synthesize
primary amines from alkenes, by combining it with hydroformylation and an oximation step.
This reaction setup presents a promising alternative to the highly desired hydroamination of
alkenes.

By addressing these milestones, this work significantly contributes to the development of a more
environmentally friendly synthesis of amides and amines.
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4. Carbonylative telomerization
4.1.Abstract

Carbonylative telomerization is a powerful tool for efficiently converting basic building blocks
such as butadiene and B-myrcene into highly functionalized products in only one reaction step. In
this chapter, the synthesis tool is expanded to the production of highly branched amides. For the
first time, B-myrcene was combined with amines to yield highly branched amides with up to 97 %.
Afterward, an entirely new product class was added to the synthesis spectrum of carbonylative
telomerization by adding mixed carboxylic anhydrides, which are highly reactive intermediates. A
catalytic reaction path was described, and a quantification protocol was developed. The yields of
the reactive anhydrides could be determined by derivatization into amides. Finally, a new reaction
protocol was developed to improve the atomic efficiency of the reaction via sub-
stoichiometricstoichiometric use of the acid in the combined carbonylative telomerization
amidation approach.

This chapter is in parts based on the following works which were adopted in parts, extended and
modified:
Bachelothesis:

a) Malte Menk (2019): Palladiumkatalysierte Carboxytelomerisation von B-Myrcen mit
Diethylamin zu ungesattigten C21-Amiden, TU Dortmund

b) Charlotte Wernsdorfer (2019): Expansion of the Synthesis-Tool of Carboxytelomerization
for the Two-Step Synthesis of Amides via Anhydrides

c) Arno Windisch (2019): Accessing New Products via the Synthesis Tool
Carboxytelomerization — Utilizing Highly Reactive Anhydride Intermediates

Masterthesis:

d) Lilia Milius (2020): Tandem-Catalysed Conversion of 1,3-Dienes with Amine Nucleophiles
via Acid-Assisted Carboxytelomerisation in a One-Step Reaction System, Master Thesis,
TU Dortmund

Publications:

e) Hares, K.; Vogelsang, D.; Wernsdorfer, C. S.; Panke, D.; Vogt, D.; Seidensticker, T.
Palladium-catalyzed synthesis of mixed anhydrides via carbonylative telomerization.
Catal. Sci. Technol. 2022, DOI: 10.1039/D2CY00486K

4.2.Carbonylative telomerization — An underestimated reaction?

The carbonylative telomerization was discovered by BILLUPS et al. in 1971 at UNION CARBIDE CORP
during their work on carbonylation of dienes.3? They discovered that the absence of chloride ions
in the palladium precursor led to a new product class. Additionally, to the desired carbonylation a
dimerization of the diene occurs. For the first time, direct formation of ethyl nona-3,8-denoate
from ethanol and butadiene in the presence of CO was reported, with up to 38 % yield (Figure 5).
They confirmed that the reaction was not a combination of telomerization with a consecutive
carbonylation of the resulting unsaturated alcohol. Instead, the halide free catalyst combines five
molecules to form the product ester in one reaction, theoretically 100 % atom economic.

[Pd] o [Pd]
M+\/\+CO+HO/\—>WMO/\+CQ+HO\/\W

Figure 5: Carbonylative telomerization with 1,3-butadiene and ethanol published by ROMANELLI et al..



Shortly after TsuJi®332 published a more detailed study on the influence of halides on the reaction
and ROMANELLI** patented the first industrial application (Figure 6). In 1979, KNIFTON conducted
an extensive study on the carbonylative telomerization.3> The research paper focused on the
influence of solvents and phosphine. KNIFTON proposed a catalytic mechanism (Figure 7, left cycle)
and thereby refined the work of BiLLups. With the new findings the yield could be improved up to
64 %.% The interest in the reaction faded until several publications in 2018.

Vogelsang
Chem. - A Eur. J. 2018:
Romanelli -Quantitatve Yield
US Patent, 1973: -Use in tandem reaction
-Industrial application
Wilson
Vogelsang .
Billups Catal. Sci. Technol. 2018: ChemSusChem 2019:
J. Chem. Soc. D 1971: -Reaction with 8-myrcene -Inﬂuen_ce of acids
-First Discovery -Mild reaction conditions -Conversion of aggro-
-Mechanism -Trends of reaction parameters based polyols
I — | -
|
Tsuji Knifton Dumont
Tetrahedron 1972: J. Catal. 1979: ChemSusChem 2018:
-Halide free Pd catalyst | |-Stableitzing effect of arylamines -Benzoic acid as co-catalyst Vogelsang
-Solvent trends -Trend of basicity of P ligands -Substrate scope Adv. Synth. Catal. 2020:
-Mechanism -Acid free conversion of
polyols
Vogelsang -substrate scope

J. Catal. 2018:
-Reation with amines

Figure 6: History of the carbonylative telomerization.3?=42

VOGELSANG et al. investigated the synthesis of diesters through a tandem catalytic reaction, by
combining the carbonylative telomerization with an additional carbonylation of the terminal
double bond of the unsaturated ester.® The first quantitative yield could be achieved, highlighting
the efficiency of their catalytic system. Moreover, they adapted the reaction conditions and could
convert B-myrcene, under mild reaction conditions compared to the reaction with butadiene.3?
This development underscores their ability to expand the substrate scope of the reaction,
revealing intriguing trends in reaction parameters that can be leveraged for further
advancements.

The incorporation of amines as nucleophiles introduces possibilities for diversifying the scope of
reactions and enhancing the overall synthetic utility of carbonylative telomerization and was also
published by them in the same year.38

Parallelly, in the same year, DUMONT et al. investigated the conversion of otherwise recalcitrant
nucleophiles, such as phenols.3 Their key was the utilization of benzoic acid as a co-catalyst, which
supposedly leads to a cationic catalyst cycle (Figure 7, right).

So far, two different reaction mechanisms have been proposed for the carbonylative
telomerization.3>36
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Figure 7: Catalytic cycles proposed for the carboxytelomerization proposed by KniFTon (left)?® and SAUTHIER
(right).3¢

Similar to the mechanism of a “simple” telomerization reaction, the first step represents an
oxidative coupling of two 1,3-butadiene molecules forming the allyl complex B (Figure 7, A to B).
Insertion of CO into the o-allyl C—Pd bond forms the acyl complex C. This species is then attacked
by the alcohol nucleophile to form the intermediate D, which collapses via a reductive elimination
into the desired ester product and the active catalyst complex A (Figure 7, left).3>

SAUTHIER and coworkers proposed a different mechanism for the carbonylative telomerization of
phenols (Figure 7, right cycle).3® Phenols result in low yields under common carbonylative
telomerization conditions. The key for this improvement was the addition of benzoic acid,
resulting in a proposed cationic Pd-complex. Due to its positive charge, the complex supposedly
becomes more electrophilic increasing the interaction with the phenol nucleophile. In their
mechanism, the complex B is protonated by the acid and forms the cationic complex E upon
coordination of CO. The CO then undergoes a migratory insertion into the n3-allyl C-Pd bond
forming F. In the last step, the phenol cleaves the ester from the Pd-complex, while restoring the
active catalyst A as well as a proton (Figure 7, right).36

One year later the same group published the conversion of agro-based alcohols with their acid
co-catalyzed system, further expanding the scope of the carbonylative telomerization by polyols.
In 2020 VOGELSANG et al. found reaction conditions which allowed the same conversion of polyols
without an additional acid. Such polyols yield multi-unsaturated polyesters which can potentially
be used as linker molecules, e.g., for coatings or polymers.

The carbonylative telomerization is, as the name suggest closely related to the more commonly
known telomerization reaction without the addition of CO. Ethers instead of esters and amines
instead of amides are the result (Table 1).



Table 1: Scope of the telomerization compared with the scope of carbonylative telomerization. Tiles in blue
representing established products and green the objective of this work.

Diene Nucleophile Telomerization Carbonylative telomerization
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Since both reactions are related and, in many cases, the same nucleophiles and dienes have been
reported for both reactions, this trend should also be feasible to continue. For instance, amines
have been used as nucleophiles in both reactions and B-myrcene as the diene respectively.
However, highly branched amides form the carbonylative telomerization of B-myrcene with
amines was not reported so far. A noteworthy limitation of the reported amidotelomerization is
the high catalyst loading of 5 mol% Pd necessary for a sufficient conversion. This limitation could
be one explanation why such a combination was not attempted so far. Another interesting
combination would be the carbonylative telomerization of carboxylic acids, because the products
are highly reactive mixed carboxylic anhydrides which would be interesting intermediates.
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Carbonylative telomerization
4.3.Goals

In response to the growing challenge of resource scarcity, there is an increasing need to adopt
more atom-efficient synthetic pathways to convert bulk feedstock materials.
Carboxytelomerization stands out as a promising reaction in this regard, demonstrating its
capacity to generate complex molecules exclusively from readily available dienes, nucleophiles,
and carbon monoxide. Due to its 100% atom-economic nature, this reaction is particularly
interesting for expanding its applicability to a wider range of products. A comparison with related
telomerization reactions reveals untapped potential, especially concerning nitrogen nucleophiles.
In 2018, our group demonstrated the successful conversion of butadiene with amines;® however,
the use of other dienes like B-myrcene was not investigated.

Given that an example of telomerization using amines was already documented in 20107, it is
reasonable to explore the possibility of expanding this approach to carbonylative telomerization.
The first goal is to include highly branched amides into the list of possible products by combining
B-myrcene with amines under carbonylative telomerization conditions. These amides would
require complex multistep synthesis routes and could be used as lubricants.

Further comparison of the two reactions reveals that carboxylic acids have been used in
telomerization for a long time but not in carbonylative telomerization. The second goal is the
utilization of carboxylic acids in carbonylative telomerization, which would lead to highly
reactive mixed anhydrides. Due to their outstanding reactivity, mixed carboxylic anhydrides are
popular reagents in organic synthesis. Usually, their production requires a multistep synthesis with
stoichiometric amounts of reagents, resulting in large waste quantities. In this case, carbonylative
telomerization would be the first highly atom-economic synthesis of mixed anhydrides. Combining
the anhydrides with a large variety of nucleophiles would open access to a wide range of products.
When carboxylic anhydrides are combined with a nucleophile, a carboxylic acid is released from
the reaction. With a tuned reaction, this is the same acid used to form the anhydride via
carbonylative telomerization. Therefore, a catalytic use of the acid might be possible. The third
goal is the sub-stoichiometric use of a carboxylic acid to promote the formation in a tandem
catalytic reaction. Especially this could be useful for the formation of amides, which are less easily
accessible through amidotelomerization, due to the high catalyst loading necessary.3®

4.4 Highly branched amides from a single reaction with B-myrcene

Highly branched amides are potential lubricants, tenside precursors and bioactive compounds.
Carbonylative telomerization with B-myrcene and amines would yield such compounds. B-
Myrcene, which comes from the pyrolysis of B-pinene, a waste product from the paper industry,
is a renewable feedstock and offers an alternative to otherwise petrochemical starting material.
Due to its unsaturated hydrocarbon backbone with a diene unit B-myrcene is similar to the
hydrocarbons derived from the petrochemical value chain and has gained popularity in the recent
decade. While B-myrcene has been used in carboxytelomerization, its combination with amines,
i.e. Amidotelomerization, is unexplored. This process poses challenges related to achieving
selectivity, with numerous side reactions to consider (Figure 8).
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Figure 8: Possible side reaction in the amidotelomerization of B-myrcene. With examples of the resulting
isomers.

Myrcene, a non-symmetrical molecule, possesses a highly reactive diene moiety that can
undergo isomerization induced by heat or catalyzed by palladium. Dimerization of B-myrcene can
generate multiple possible isomers, including tail-to-tail, tail-to-head, head-to-tail, and head-to-
head configurations. These dimers contain several double bounds and a conjugated diene moiety,
which, combined with B-myrcene's low stability at elevated temperatures, often leads to
oligomerization or polymerization. For this reason, commercially available B-myrcene often
contains stabilizers to prevent polymerization.

This reactivity leads to many different reaction outcomes for functionalization as well, producing
combinations of tail and head product isomers. For simplicity, Figure 8 shows only the tail and tail-
to-tail products; however, a mixture of tail and head products is expected and, where applicable,
also tail-to-head and head-to-head combinations.

B-Myrcene can react directly with an amine, leading to amine formation, i.e., hydroamination.
It can undergo an additional CO insertion, known as hydroamidation, resulting in the production
of amides. The telomerization process involves dimerization and the attack of a Brgnsted acidic
nucleophile, resulting in several possible isomers. For a comprehensive understanding of
telomerization, BEHR published an extensive review paper on the reaction.*®4°

To produce amides in amidotelomerization, the introduction of a carbonyl function is crucial.
This carbonyl function is inserted during the catalytic cycle, combining two B-myrcene molecules,
one CO molecule, and one amine, ultimately forming highly branched unsaturated amides. This
unique process is aptly termed amidotelomerization like the carboxytelomerization yielding
esters.

The catalyst system was adapted from that work since the reaction had already been carried out
with butadiene.®® In the carboxytelomerization of B-myrcene, low CO pressure under neat
conditions was crucial. Therefore, no additional solvent was used at 5 bar CO (Figure 9).3°
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Figure 9: Starting conditions adapted from previous work for the carbonylative telomerization of amines
with B-myrcene.

The initial results of the experiment indicated that only traces of the amidotelomerization
product were produced, while the main product was the amine from telomerization, with a yield
of 48 %, followed by the hydroamination product with a yield of 31 %. In contrast to previous
research on amidotelomerization38, no hydroamidation product was detected. This initial
experiment demonstrates that the reaction is possible, however further optimization is necessary
toincrease its efficiency. It is important to note that this initial experiment was conducted without
an inert atmosphere in the reactor during the preparation of the experiment. Despite being
purged with CO prior to the reaction, oxygen might have been present in the reaction solution
during the reaction, potentially leading to the oxidation of the phosphine ligand, ie. 1,2-
bis(diphenylphosphino)ethane (dppe), and inhibiting the reaction.

4.4.1. Pd-complex stabilizers — Solvents and ligands

When conducted under an argon atmosphere, an increase in conversion and the hydroamination
reaction were observed. The amidotelomerization product 3 was also increased to 5 %. To reduce
costs, it is economically beneficial to use no solvent, if the reaction performance is not reduced.
However, in some cases, the performance of the reaction can be significantly enhanced by dilution
or the stabilization effects of the solvent on the catalyst. Additionally, previous research has
shown that the ligand used has a significant influence on the reaction performance. Therefore,
the more basic and sterically demanding ligand PCy,Ph, was compared in the three tested solvents
to the previously used dppe ligand (Figure 10).
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Figure 10: Influence of additional solvent on the amidotelomerization of 3-myrcene 1. Conditions:
1.73 mmol diethylamine 2a, 5 mol% Pd(OAc),, 10 mol% dppe, 5 bar CO, 110 °C, 18 h, 600 rpm. [a]:
10 mol% PCy,Ph
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With the bidentate ligand dppe the reaction reaches a high conversion of the nucleophile of up
to 96 %, yet only a small fraction of 1-5 % of the products was related to the amidotelomerization.
Hydroamination was the main reaction and in the presence of a solvent the second most reaction
became hydroamidation. The conversion of >90 % indicates a high activity of the catalyst, but the
active centrum seems to be crowded by the bidentate ligand as the reaction requiring a
dimerization of the diene are performing poorly.

In contrast, the monodentate ligand promotes dimerization and amidotelomerization is the main
reaction. This drastic improvement in selectivity is traded with a lower overall activity of the
system since the conversion is limited to about 50 %. Again, without a solvent the
amidotelomerization yield was the highest with 39 %.

4.4.2. Butadiene — Shifting from monomeric to dimeric products

An excess of the diene had a significant influence in previous work on carbonylative
telomerization and was investigated next (Figure 11).

100 -

90 -
] :

80 A

70 A
B Amidotelo
60 -
O Hydroamid
50 - O

ETelo
40 1 . B Hydroamin

30 + e Selectivity

Yield or selectivity / %

20

10

0
Myrcen:Amin5:1 10:1 15:1 5:1 [a] 10:1 [a] 15:1 [a]

Figure 11: Influence of an excess of B-myrcene 1. Conditions: 1.73 mmol diethylamine 2a, 5 mol% Pd(OAc),,
10 mol% dppe, 5 bar CO, 110 °C, 18 h, 600 rpm. [a]: PCy.Ph.

The B-myrcene:amine ratio plays a critical role in the yield distribution of the reaction. With a -
myrcene:amine ratio of 5:1, the total yield was already at 96 %, while at 15:1, the yield increased
to 98 % with 50 % amidotelomerization. The results are in line with previous findings, indicating
that a large excess of diene is beneficial for amidotelomerization. Hydroamination is preferred at
lower diene concentrations, while dimerization takes over when more diene is present. The
conversion of the reaction goes down at a B-myrcene:amine ratio of 10:1, suggesting a transition
between the two types of reactions.

The selectivity towards amidotelomerization was significantly increased by using a more basic
monodentate ligand. Negligible hydroamination and hydroamidation products were found in the
product solution. The higher content of B-myrcene 1 (at a ratio of 15:1 of B-myrcene:amine) also
proved to be beneficial, increasing selectivity from 39 % to 60 %. The highest selectivity was
observed at a ratio of 10:1, with fewer side products detected despite lower conversion.

4.4.3. CO pressure
The monodentate ligand performed the best, as it promoted dimerization and favored

amidotelomerization. In addition to the diene concentration, the concentration of carbon
monoxide in the reaction solution can influence the reaction according to Le Chatelier's principle.
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The concentration in the solution is correlated to the CO pressure in the reactor following Henry’s

law for ideal behavior:
c
Hy? = 5 (1)

Hence, the influence of the CO pressure on the reaction performance was investigated next.
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Figure 12: Influence of CO pressure on the amidotelomerization with B-myrcene 1. Conditions: 1.73 mmol
diethylamine 2a, butadiene:amine 15:1, 5 mol% Pd(OAc),, 10 mol% dppe, 5 bar CO, 110 °C, 18 h, 600 rpm.
[a]: PCy,Ph [b]: PCy,Ph and 2 mL of dioxane.

For the bidentate ligand the amidotelomerization behaves anti-proportional to the CO pressure
in the reactor and the best results were achieved at 5 bar CO. Higher pressures in the reactor seem
to inhibit the dimerization, hence more hydroamination and hydroamination can be observed.

Using the monodentate ligand the performance could be improved applying 10 bar of CO to 70 %
amidotelomerization products 3. At higher pressure of 20 bar, the performance decreases
significantly, due to CO crowding the catalyst center. Additionally, the influence of CO on the
reaction was investigated using dioxane as an additional solvent. The results show the same trend
as the bidentate ligand; however, the conversion is lower at below 60 %, hence the amount of
amidotelomerization is less. The combined optimized conditions are summarized in Figure 13.

Pd(OAc), (5 mol%)
A H PCy,Ph (10 mol%)
15 eq. + >
ed ~oN 110 °C, 10 bar CO, 18 h
= 2a
+ isomers
1 3a (0]

Y=70%
Figure 13: Optimized reaction condition for the amidotelomerization of B-myrcene 1 with diethylamine 2a.

As a result of the optimization, the reaction performance could be increased from the starting
yield of 3 % to a yield of 70 % (Figure 13). A conversion of 87 % was reached after 18 h reaction
time, resulting in a selectivity of the reaction of 80 %. Since the activity of the nucleophile can also
have an impact on the reaction’s performance the scope of the reaction was investigated next.
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4.4.4. Scope of the reaction

The optimized conditions were applied to various types of amines. During the optimization
diethylamine 2a was the nucleophile used and in the short investigation of the scope the longer
chain dibutylamine, the very sterically demanding dicyclohexylamine and the cyclic piperidine
were tested (Table 2).

Table 2: Investigation of the scope in the amidotelomerization of B-myrcene.

Pd(OAc), (5 mol%) N
AN H PCy,Ph (10 mol%)
15 eq. +
ed r-N'R 110 °C, 10 bar CO, 18 h N R
P 9 . H N.o
+ Isomers fo)
1 3
Entry Substrate Product Y [%] S [%]
H ,
1 ~ N 2a :'\n’N\/ 70 80
0 3a
H o N(\/
2 s~ N~ 2b i j\/ 80 99
o]
3b

o

4 O ‘,'\n/ 97 99
2d

Conditions: 1.73 mmol amine, butadiene:amine 15:1, 5 mol% Pd(OAc),, 10 mol% PCy.,Ph, 10 bar CO,
110 °C, 18 h, 600 rpm.

With the reaction parameters presented, good to excellent yields can be obtained with
outstanding selectivities. In the case of dibutylamine 2b, the yield of 80 % is higher compared to
diethylamine 2a. The sterically demand does not have a strong impact on the
amidotelomerization. On the contrary the data hints to a positive correlation, since the extremely
sterically demanding dicyclohexylamine 2c¢ has results in an even higher yield with 94 %. The
remaining factors could be either the basicity or the nucleophilicity of the reagents. Yields of 97 %
can be achieved with piperidine 2d, which is known to be a strong nucleophile due to its cyclic
structure.* Finally, from these results, another relevant influence is the basicity of the amine used,
which seems to compete with the increasing steric demand of the substituents in terms of product
yield.

4.4.5. Conclusions
After the optimization, adding highly branched amides to the accessible products for
carbonylative telomerization was possible for the first time. With the optimized reaction

parameters (Figure 13), yields of up to 70 % of the desired target products could be generated
using diethylamine 2a as a model substrate. f-myrcene 1 is directly converted in a single reaction
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step. However, for this reaction an inert atmosphere is more crucial than with other nucleophile
diene combinations in carbonylative telomerization.

It was found that the selectivity, and hence the efficiency of the reaction in terms of yield,
increases significantly with the use of the monodentate ligand PCy.Ph over bidentate ligands such
as dppe. The catalyst loading, the choice of CO pressure, the B-myrcene 1 to amine ratio, and the
absence of additional solvents were identified as crucial reaction parameters.

Furthermore, the optimized reaction conditions could be extended to additional amines with
different basicity and steric properties. These amines reached higher selectivities and excellent
yields of up to about 97 % of the desired target products in the case of piperidine 2d.

Further research should focus on reducing the high amount of catalyst necessary for the reaction.
Palladium is a costly precious metal, and reducing its amount in the reaction would render the
whole process more viable for larger-scale reactions.

4.4.6. Experimental

General

Solvents and Chemicals: All Solvents and chemicals were purchased from ABCR, Acros Organics,
TCI, Sigma Aldrich, VWR or UMICORE. All precursors and ligands were stored in Schlenk flasks
under an argon atmosphere.

Autoclaves: The catalytic experiments were performed in 25 mL stainless steel autoclaves
(Figure 14). The autoclaves were equipped with a quick-fit adapter for a simple and safe
connection to the pressure station.

Figure 14: 25 mL autoclave for high-pressure catalytic experiments.

Catalytic experiments: The internal standard n-octane (75 mg, 0.66 mmol) and the substrate
diethylamine 2a (128 mg, 1.73 mmol, 1 eq.) were transferred via syringe into a 20 mL crimp-cap
vial, which was previously sealed with a septum. The mixture was then cooled with liquid nitrogen
and inertized by the freeze-pump-thaw method. Then B-myrcene 1 (4.9 mL, 26 mmol, 15 eq.) was
added in argon countercurrent. The catalyst Pd(OAc); (19.4 mg, 0.087 mmol, 5 mol%) and the
ligand PCy,Ph (50 mg, 0.17 mmol, 10 mol%) were weighed into the vessel of a self-made 25 mL
stainless steel autoclave, the reactor was then sealed and flushed with argon. The solution from
the crimp-cap vial was added to the reactor in an argon countercurrent. The reactor was
pressurized with 5bar CO and reaction solution was left to stir overnight at 110 °C. After
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completion of the desired reaction time the mixture was cooled in an ice bath. Then the reactor
was vented carefully and reaction mixture was analyzed using GC.

GC-Analysis and parameter

For GC analysis, 0.5 mL of the reaction solution and 0.5 mL of toluene were added to a standard
crimp-cap GC vial. The samples were measured with an AGILENT 7890B, a gas chromatograph from
AGILENT with a flame ionization detector and a mass detector. The device is equipped with an HP-
5 column (length = 30 m, diameter = 0.25 mm, film thickness = 25 um) and an autosampler.
Nitrogen was used as the carrier gas (v = 1.2 mL/min, 30 cm/s). Each measurement was performed
with an injection volume of 1 pL and a split ratio of 75:1.

Table 3: Parameters of the acquisition method.

Heating rate [°C /min] Endpoint [°C] Hold [min]
Start - 50 5
Ramp 1 15 290 1
Ramp 2 40 320 5

Sternberg response factors were used to calculate the yields. These are listed below.
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Table 4: Response factors calculated according to STERNBERG.

Compound Response factor
Diethylamine 2a 1,58
Ca:-Amide 3a 1,12
Hydroamidation product 1,23
Telomerization product 1,04
Hydroamination product 1,09
Dicyclohexylamine 2c 2,43
Cs3-Amide 3c 1,13
Dioctylamine 1,11
Cs7-Amide 1,08
Piperidine 2¢ 1,41
C26-Amid 3c 1,11
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4.4.7. Analytics

Highly  branched C;i-Amide  (N,N-diethyl-4,8-bis(4-methyl-3-pentenyl)3,8-
nonadienamide) 3a

1H-NMR (400 MHz, CDCls): & = 1.01 — 1.18 (23, 25; m; 6H), 1.41 — 1.55 (10; m; 2H), 1.57 - 1.61 (1,
18;s; 6H), 1.64 —1.69 (3,17; s; 6H), 1.94 - 2.16 (5, 6,9, 11, 13, 14; m; 12H), 2.98 —3.15 (20; d; 2H),
3.2-3.43 (22, 24; m; 4H), 4.66 — 4.76 (8; s; 2H), 5.02 — 5.12 (4, 15; s; 2H), 5.23 — 5.42 (19; m; 1H)
ppm.

13C {*H}-NMR (100 MHz, CDCl3): & = 13.24 (€23, C25; s), 17.81 (€3, C18; s), 25.8 (C1, C17; s), 26.84
(€5, C14; s), 27.72 (€10; s), 30.81 (C11; s), 35.87 (€C20; s), 37.03 (C9; s), 42.24 (€22, C24; s), 108.96
(C8; s), 118.31 (€19; s), 124.11 (C4, C15; s), 127.62 (C2, C16; s), 131.95 (C12; s), 133.75 (C7; s),
170.21 (C21; s) ppm.

LR-MS: m/z (%) = 373 (5), 304 (26), 234 (5), 189 (8), 168 (5), 115 (26), 109 (6), 100 (100), 91
(11), 72 (77)

FTIR: v = 2929 (C-Hjs, alkane vibrate), 1641 (RC=ONR,, amide vibration), 1429

(C-H, alkane deformation), 969 (C=C, mono substituted alkene bend), 704 (C=C, disubstituted
alkene bend) cm™.

N,N-diethyl-4,8-dimethyl-3,7nonadienylamide

4 6 9 0 14

Z NN 15
5 10

2 8 L
1H-NMR (400 MHz, CDCls): & = 1.05 — 1.71 (13, 15; m; 6H), 1.52 — 1.68 (1, 2, 8; m; 9H), 1.94 —
2.11 (5, 6; m; 4H), 2.96 — 3.07 (10; d; 2H), 3.19 — 3.39 (12, 14; td; 4H), 5-5.15 (4; t, 1H), 5.28 —
5.38(9; t; 1H) ppm.
LR-MS: m/z (%) = 237 (5), 194 (5), 168 (46), 126 (5), 115 (23), 100 (100), 95 (10), 86 (7), 81 (6),
74 (4)

Telomerization product Cx-Amine ((N,N-diethyl-3,7-bis(4-methyl-3-pentenyl)2,7-
octadineamine)
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H-NMR (400 MHz, CDCls): & = 0.86 — 0.97 (22, 24; t; 6H), 1.37 — 1.5 (10; m; 2H), 1.48 - 1.68 (1,
3,5,6,13,14,3,17; d; 20H); 1.87 — 1.95 (9, 11; m; 4H), 2.29 — 2.42 (21, 23; g; 4H), 2.8 — 2.88 (20;
d; 2H); 4.62 — 4.7 (8; s; 2H), 5.01 — 5.08 (4, 15; m; 2H), 5.18 - 5.27 (19; t; 1H) ppm.

LR-MS: m/z (%) = 345 (2), 276 (16), 194 (100), 166 (3), 138 (9), 121 (7), 107 (7), 95 (6), 86 (59), 82
(5)

N,N-diethyl-3,7-dimethyl-2,6-octadieneamine
13

12(
4 6 9 14

z 3 z N\/
2 5 0 11
1 8

1H-NMR (400 MHz, CDCl3): & = 0.92 — 1.00 (11, 13; m; 6H), 1.56 — 1.65 (1, 3, 8; d; 9H), 2.03 - 2.1
(5, 6; s; 4H), 2.35 — 2.44 (10, 12; q; 4H), 4.98 — 5.18 (4; m; 1H), 5.27 — 5.46 (9; m; 1H) ppm.

LR-MS: m/z (%) = 209 (19), 194 (52), 140 (20), 138 (54), 124 (22), 110 (30), 95 (22), 91 (10),
82 (16), 79 (12)
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4.5.Expanding the scope to carboxylic acids — A direct route to anhydrides

After successfully adding highly branched amides to the list of possible products, the next goal
was to expand the tool of carbonylative telomerization to the synthesis of carboxylic anhydrides.
As stated above, carboxylic acids have already been used in the telomerization reaction years ago.
Since both reactions are related, the additional insertion of CO should also be possible for
carboxylic acids. The resulting anhydrides would open broad application in consecutive reaction,
as they are potent reactants in combination with many nucleophiles, such as alcohols and amines.

The experiments were initially carried out employing 1,3-butadiene in combination with glacial
acetic acid 1a as model substrates, as the latter is a well-known nucleophile in the related
telomerization reaction.*3**1 Carbonylative telomerization conditions (Figure 15) were adapted
from our previous studies,*® and applied using a 20 mL stainless steel autoclave with magnetic
stirring. The catalyst was in situ generated from Pd(OAc), as the precursor and the ligand tri-
n-butyl phosphine.

6eq. X
o 0.3 mol% Pd(OAc),,
J\ 0.6 mol% P(n-Bu)s, H 0O o +H0 H (o]
HO > WM J’J\ W&/\/U\
40 bar CO, pyridine, o o OH
1 T=110°C,t=20h : H
a 2a + isomer ‘OJ\ 1c + isomer

Figure 15: Initial reaction conditions for carbonylative telomerization of 1,3-butadiene with acetic acid.

The reaction was examined via GC-MS (see in Analytics of this chapter). The analysis of the
spectra indicated the presence of the desired mixed anhydride 2a beside one main isomer,
presumably its branched isomer. Additionally, two derivatives of 3,8-nonadienoic acid (1c+isomer)
were detected, which may have formed by hydrolysis of the mixed anhydrides, underlining the
expected high reactivity of the formed product. Consequently, isolation of 2a via standard
purification methods such as chromatography is rather tricky and complicates its precise
guantification.

However, this high reactivity allows easy derivatization into more stable compounds, quantified
with higher accuracy. Hence, carbonylative telomerization was repeated with acetic acid, but after
depressurizing the reactor, butyl alcohol 3a was added as the nucleophile (Figure 16) before the
analysis. The corresponding esters could be readily detected via GC-MS and were quantified by
GC-FID.

6eq. A Derivatization:
.OH
0.3 mol% Pd(OAC),, C4Hg o
o) 0.6 mol% P(n-Bu)s, H O O 3a H (e}
N SA A~ A A ” SA A~ Catte| o Cifo~g A
HO 40 bar CO, pyridine, (e} pyridine, o 4aa (44 %)
1a T=110°C,t=20h 2a +isomer T=60°C,t=1h 4a +isomer (27 %)

Figure 16: Synthesis of butyl nona-3,8-dienoate 4a by carbonylation telomerization of 1,3-butadiene with
acetic acid and subsequent derivatization.

Under these non-optimized conditions, yields were not satisfactory yet. The corresponding
acetate 4aa, resulting from a nucleophilic attack of the alcohol on the acetate side of the
anhydride, was the main product. Since more straightforward and effective acylating agents are
available, it is not favorable to transfer the acetic acid side of the mixed anhydride to the
nucleophile. Instead, transfer of the 3,8-nonadienoic acid part of the anhydride to the nucleophile
is desired. In this way, it is possible to produce valuable unsaturated products that can be readily
functionalized further due to their terminal double bond. Moreover, if the transfer of the
3,8-nonadienoic acid part of the anhydride to the nucleophile is selective, the initial acid 1a is
reformed, offering potential reuse.

The relatively low selectivity can be explained by the nature of the formed mixed anhydride 2a:
The acid functionalities in acetic acid and nonadienoic acid have a similar pK,;-value and
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nucleophilicity since both are aliphatic acids. High selectivity may be achieved if one of the acid
groups is a significantly better leaving group. For instance, acids having a lower pK,-value are
usually better leaving groups. Another option would be the use of resonance-stabilized acids such
as benzylic acid derivatives. A well-known reaction making use of this concept is the Yamaguchi
esterification.> The reaction results in rapid and highly selective formation of esters from
carboxylic acids by activation through a mixed anhydride. In this case, electron-poor benzoic acid
derivatives are used to increase the reactivity and selectivity drastically. Benzoates are resonance-
stabilized; therefore, they are better leaving groups than non-aromatic acid anions. Hence,
benzoic acid (1b) was used, providing a more stable leaving group, aiming for higher selectivity.

4.5.1. Improvement and validation of the system with benzoic acid (1b)

Benzoic acid (1b) was chosen as the nucleophile and was tested under carbonylative
telomerization conditions (Figure 17).

X 6eq.

Pd(OAc), (1 mol%)
o P(nBu); (2 mol%) H o o

HO > W"'\Nj\o
110 °C, 40 bar CO,
20 h, 3 mL pyridine

1b 2b-B + 2b-a
Figure 17: Carbonylative telomerization of 1,3-butadiene with benzoic acid

GC-MS analysis revealed the presence of the mixed carboxylic anhydride. A small amount of the
product could be separated via chromatography with an isolated yield of 6% using dry solvents.
The presence of anhydrides was confirmed by FT-IR (see in Analytics of this chapter), indicating
the success of the reaction. NMR spectra of the product revealed the isomerization of the -
unsaturated product 2b-£ to the a-unsaturated isomer of 2b-a (see in Analytics of this chapter).
This isomer seems to be more stable, presumably due to the conjugated double-bond and
therefore could be isolated. The formation of the conjugated isomer of 2b could be promoted by
the acidic reaction environment, which can lead to Pd-hydride species. These species are known
for their isomerization activity.>3>>

The corresponding symmetrical anhydrides, i.e., benzoic acid anhydride and nonadienoic acid
anhydride, respectively, were detected during GC-analysis. Presumably, the highly reactive mixed
anhydrides undergo disproportionation reactions under the high temperatures in the GC injecting
block, yielding an equilibrium of the two symmetrical and the mixed anhydride (Figure 18).56-58
Symmetrical anhydrides should not be formed during carbonylation telomerization. However, this
must be excluded for precise quantification, and a different analysis protocol must be developed.

O O O O O O
Lo * alole = oy * aloh

R "OH R "O” "R2 R O "R?

Figure 18: Disproportionation reaction of a mixed anhydride to the corresponding symmetrical
anhydrides.>®

For quantitative analysis of mixed anhydrides formed via carbonylative telomerization under the
initial conditions, a nucleophile was added to the reaction mixture after stopping (ice bath and
depressurization) (Figure 19). Next, amines were added for derivatization, which are more
nucleophilic compared to the initially applied alcohols.

For the most precise data the derivatization must be quantitative. Therefore, the carbonylative
telomerization was carried out and in the derivatization step, different conditions were compared.
Triethylamine, tributylamine and piperidine were tested at low to moderate temperatures at
reaction times of 2 h or 22 h (Table 5).

22



Carbonylative telomerization

Table 5: Screening of the derivatization conditions.

X (6eq)
fo) Pd(OAc), (1 mol%)

ligand (2 mol%)
40 bar CO,
\0 3 mL dioxane, ~

1e 110°C,20 h 2e-B 2e-a
B-CgHiz = 3 R~ F H'R\l (1eq.)
a-CgHiz = N ~N> 3_ ______________________
0 0 0 :
: O)L'.“'R FNTpCgHy O TN NaCatyg
N R R R :
O .
. . S B! 4a .. !
Entry| Amine T[°C] |t [h] | Combined Amide Yield [%]

1 diethylamine 3c 50 22 58

2 diethylamine 3¢ 25 22 53

3 diethylamine 3c 25 2 51

4 di-n-butylamine 3d 50 22 59

5 di-n-butylamine 3d 25 22 57

6 di-n-butylamine 3d 25 2 57

7 | di-n-butylamine3d | 50 | 22 56

8 | di-n-butylamine3d | 25 | 23 55

92 | di-n-butylamine 3d 25 3 55

10 piperidine 3b 50 | 22 68

11 piperidine 3b 25 | 22 67

12 piperidine 3b 25 2 65

Conditions: carbonylative telomerization: 3 mmol anisic acid, 18 mmol 1,3-butadiene, 1 mol% Pd(OAc),,
2 mol% P(n-Bu)s, 3 mL dioxane, 40 bar CO, 110 °C, 20 h, 600 rpm, internal standard: 75 mg n-decane.
Derivatization: 3 mmol amine, 600 rom. a = 1 eq. pyridine added. Yield related to acid determined via GC-
FID analysis.

Highest yields were achieved after 22 h using piperidine at 50 °C. To compensate for a shorter
reaction time of 5 h an excess of 4 equivalents of 3b was applied to ensure a complete amidation
of the mixed anhydrides. Additionally, dioxane was adapted as the solvent from SAUTHIER and
coworkers since it already had proven to be beneficial for carbonylative telomerization in the
presence of acids and will avoid pyridinium salt formation.3¢ This sequential reaction set up was
used in the following to optimize the carbonylative telomerization of benzoic acid 1b regarding
the amount of 1,3-butadiene, the ligand, the CO pressure and the temperature (Figure 19).
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(o) Pd(OAc), (1 mol%) o o o o
ligand (2 mol%) J\ J\
OH > 0~ “B-CgHys OF 07 “a-C.H
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Figure 19: Carbonylative telomerization of 1,3-butadiene with benzoic acid (1b) for the synthesis of mixed
anhydrides 2b prior to optimization and subsequent derivatization yielding amides for quantification.

It is important to exclude other reaction pathways towards the analyzed amides, as this would
lead to false quantification of the mixed anhydrides. We tested whether amides 4b and 4bb may
be formed by direct reactions between the acid and the amine (Figure 20) to validate the chosen
analysis method consisting of derivatization and quantification of the resulting amides. 3,8-
Nonadienoic acid 1c¢ was included since it can be a by-product of the side reaction towards 4bb.

Pd(OAc), (1 mol%)
0 O P(n-Bu); (2 mol%) o
oH + L 78 > N
H dioxane, 50 °C, 5h
1b 4bb
3b Pd(OAc), (1 mol%)
o O P(n-Bu); (2 mol%)
V4 N N
S~ AN B @ . b
OH H dioxane, 50 °C, 5h

ic 3b 4b
Figure 20: Exclusion experiments with benzoic acid 1b and 3,8-nonadienoic acid 1c.

In both cases, no amides were detected. Hence, all amides from the derivatization step result
from the reaction of the mixed anhydride and the amine. Their combined yield can thus give
precise information about the vyield of the mixed anhydride formed via carbonylative
telomerization.

4.5.2. How a “Design of Experiments” speeds up research and improves insight

The Design of Experiments (DoE) concept is a statistical approach that enables the reduction of
experimental trials, associated time and costs while providing maximum information from
collected data to enhance process insight. This approach adopts a systematic and objective
investigation methodology to determine crucial parameters and interactive relationships based
on statistical principles. By simultaneously varying all relevant factors and connecting the results
with a mathematical model, the design space can be identified, interpreted, predicted, and
optimized. DoE can be an efficient and powerful method to identify optimal system conditions.

However, the accuracy of numerical results obtained from DoE can be affected by various factors
such as the algorithm, implementation method, software, and hardware used. Therefore, prior
knowledge of the examined reaction system is crucial to avoid misinterpretation of the gained
analysis data.
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MODDE® is a widely used software that can be employed to design a statistical experimental
setup to determine significant reaction parameters and predict optimal settings to maximize given
parameters such as product yield and selectivity.

The most commonly used statistical experiment designs are the two-level factorial designs,
where each experimental factor has two level of settings, namely the lower and upper levels. This
design can be executed as a full factorial design or a fractional factorial design. The full factorial
design requires 2" runs, where n denotes the number of factors, and the number of runs increases
exponentially for a growing number of factors. However, the fractional factorial design can
significantly reduce the number of experiments to 2%, where k represents the number of fractions
specified by the full factorial design without compromising essential information. However,
confounding effects in the fractional design can result in information loss and difficulty in
attributing the effect to the main effect of one factor or the interaction of several factors. The
Therefore, the prediction results must be validated with experiments to confirm their accuracy
and should be carried out in duplicates to increase statistical relevance.

4.5.3. Optimization via DoE

Having an established protocol for quantifying carbonylative telomerization in hand (Figure 19),
this set-up was used to optimize the reaction conditions via a Design of Experiments (DoE) towards
an increased anhydride yield.

Previous investigations on carbonylative telomerization reactions have revealed significant
parameters, such as temperature, CO pressure and the excess of 1,3-butadiene. These factors
were varied in the ranges stated in Table 6, taking other research on these reactions into account.
Additionally, the ligand plays a crucial role regarding reaction yield. KNIFTON has initially shown
that basic monodentate phosphines resulted in good to excellent yields, and VOGELSANG et al. have
shown the positive effects of large Tolman angles.3> Therefore, P(n-Bu)s, PPhs and PCy,Ph were
chosen for this investigation; all other parameters were kept constant (see Figure 19.)

Table 6: Factor settings for the DoE

Factor Temperature [°C] co ?;:iisure 1,3-buta[fi]iene eq. Ligan;dn(g'll':)lman
Minimum 80 20 4 P(n-Bu);(132°)
Middle 100 30 6 PPh3(148°)
Maximum 120 40 9 PCy.Ph (164°)
Optimized 93 20 7.9 PCy,Ph (164°)

The sum of the detected amides after derivatization was considered the anhydride yield, hence
the output for the DoE. A central composite face-centered design was chosen using the
optimization software MoDDE®, which resulted in a total of 27 experiments, each carried out as
duplicates (see in experimental section). The data was evaluated, and the model had to be
changed for better results to enhance the accuracy of the prediction. One option is the exclusion
of insignificant parameters, which add more complexity to the system without adding more value
for the analytics. The confidence plot reveals such data points (Figure 21).
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Figure 21: Coefficient plot (scaled and centered) Temp: temperature; COp: carbon monoxide pressure; But:
equivalents of butadiene; tol: Tolman angle.(from Wernsdérfer 2019°)

The green bars depict the influence, negative or positive, on the yield by the given parameter or
a combination of two parameters. A tall positive or negative bar represents a higher impact and
significant parameters additionally have an uncertainty mark not crossing the x-axis.

For “COp” (carbon monoxide pressure), and all cross-parameters resemble insignificant
parameters. Hence, the CO pressure was excluded from the predictions and set to 20 bar for
further optimization.

After the exclusion of the parameters containing the CO pressure the resulting confidence plot
is more conclusive (Figure 22).
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But*But
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N=27 R2=0.878 RSD=5.661
DF=17 Q2=0.628 Conf. lev.=0.95

Figure 22: Effect plot after exclusion of non-significant model terms. Temp: temperature; But: equivalents
of butadiene; tol: Tolman angle.(from Wernsdérfer 2019>)
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The results indicate a significant effect on the reaction by the ligand and the excess of butadiene,
with an increase in the value of these factors leading to a positive effect on the response and
consequently higher yields. This could be attributed to the importance of the catalyst complex
suitable for the reaction. It can be hypothesized that with a larger Tolman angle, the coordination
sites on the catalyst are mostly blocked due to the steric demands of the ligand. As a result, only
small molecules such as carbon monoxide or 1,3-butadiene can coordinate to the free
coordination sites at the catalyst center, which might lead to a faster release of the product.

Furthermore, two order effects and interactions were observed (Figure 22). The equivalents of
1,3-butadiene were found to have a negative two order effect on the anhydride yield. This implies
that up to an optimal value, an excess of 1,3-butadiene has a positive effect on the anhydride
yield, and after that point, a further increase in the equivalents of 1,3-butadiene leads to a
decrease in the desired yield. The positive main effect of 1,3-butadiene excess is assumed to be
necessary to ensure the coordination of two molecules at the catalyst center. A higher amount of
1,3-butadiene than the optimal value could result in more frequent formation of byproducts such
as dimers or blocking of coordination sites at the catalyst.

100 -
90 A
80 A

70 A

60 -
O4bb

50 -
@ 4b-a

Yield / %

40 1 m4b-p
30 1
20 1

10 A

0

predicted 1 2 3[a]

Figure 23: Anhydride yield under optimized conditions compared to predicted yield. Conditions:
carbonylative telomerization: 3 mmol benzoic acid, 23.7 mmol (7.9 eq.) 1,3-butadiene, 1 mol% Pd(OAc),,
2 mol% PCy,Ph, 3 mL dioxane, 20 bar CO, 93 °C, 20 h, 600 rpm. Internal standard 75 mg decane;
Derivatization: 12 mmol piperidine, 50 °C, 5 h, 600 rpm. Yields (Y) were determined via GC-FID analysis
using n-decane as an internal standard and calculated with respect to the carboxylic acid. a: Isolated yield.
(adapted from Wernsdérfer 2019%°)

The calculations made by MoDDE® applied to the resulting dataset suggested a reaction
temperature of 93 °C, and excess of 7.9 eq. 1,3-butadiene and PCy,Ph as the ligand for the
optimized reaction conditions. The predicted yield was 76% of the anhydride. These results were
verified by the corresponding experiments using the optimized reaction conditions, which
resulted in good reproducibility since the duplicates show high similarity (Figure 23 , bars 1 and
2). The yield distribution of the derivatized products under optimized reaction conditions showed
good reproducibility (Figure 23). The sum of amides, equals the yield for the desired mixed
anhydride intermediates 2b-[3 and 2b-a, showing an average yield of the mixed anhydride of 80%,
which is 4% higher than predicted. Moreover, the desired amides 4b-[3 and 4b-a account for over
70% of the total amide yield. Consequently, the mixed anhydride favors the transfer of the
aliphatic acyl rest (i.e. 3,8-nonadienyl) to the amide yielding linear and branched Cy-amides. The
optimization was carried out using calculated response factors using an established estimation
method.®® Afterwards, calculated yields were confirmed by isolation of the product amides
(Figure 23, bar 3).
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4.5.4. Implementation of optimized conditions

Afterwards, the optimized conditions were applied to a small scope investigation (Table 7). Since
the electronic nature of benzoic acid derivatives is mainly influenced by substituents on the
aromatic ring, different electron-withdrawing and donating groups were tested (Table 7). In this
investigation, two effects must be considered. First, the nucleophilicity of the acid influences the
reactivity in carbonylative telomerization. And second, the reactivity of the resulting anhydride is
again influenced by the nature of the benzoic acid. An electron-deficient acid is an excellent
leaving group. If the anhydride consists of two very different acid groups in pK,, it becomes more
reactive. The electron-rich acid is transferred preferentially in a consecutive reaction, as seen in
Yamaguchi esterification.>? Since the requirements for both reaction parts are opposing, a trade-
off has to be found with high reactivity in carbonylative telomerization and satisfactory selectivity
of the consecutive reaction.

Table 7: Yield distribution for different substituted acids

I (79€q.)
fo) P?'(OAZ)%2(1 mlgl‘)’/o) o) j\ 0 j\
igand (2 mol%
> - or -
@AOH 20 bar CO ©)‘\0 B-CgHy3 ©)‘\0 a-CgHq3
A 3 mL dioxane R R
1d-g 93°C,20h 2d-g-B 2d-g-a
, AN (@ eq)
B-CgHiz = 1 R\ AF 3

.................................................................

a-CgHiz =~~~ A~Z !
4

VR
\_/
o
=0
®
e
$

..... 4db-gb AR b
Entry R (acid) pK.%t | T Yield [%] | Y(4b-6) [%] | Y(4b-a)[%] | Y(4db-gb) [%]
1 m-Me (1d) 4.28 85 39 22 24
2 | p-ome(1e) 4.49 91 40 26 25
3 | p-omes(1e) | 4.49 71 36 17 18
4 p-Cl (1f) 3.98 74 36 37 traces®
5 p-NO; (1g) 3.42 - traces® traces® -

Conditions: carbonylative telomerization: 3 mmol acid, 24 mmol 1,3-butadiene, 1 mol% Pd(OAc),,
2 mol% PCy,Ph, 3 mL dioxane, 20 bar CO, 93 °C, 20 h, 600 rpm. Internal standard 75 mg decane. a:
0.5 mol% Pd(OAc),, 1 mol% PCy,Ph; Derivatization: 12 mmol piperidine, 50 °C, 5 h, 600 rpm. Isolated yield
(Y) related to acid. b: not isolated

The highest yield of 91% can be achieved using anisic acid 1e. Due to the +-M-effect, anisic acid
is electron-rich acid and therefore has a higher pK, value. More electron-rich acids appear to be
more reactive in carbonylative telomerization, showing higher overall anhydride yield. The
anhydride yield is reduced with a lower pK, value. In contrast, the selectivity of 4b increases with
a lower pK, value. As mentioned before, electron-poor acids are better leaving groups and are
more stable in their anionic form. All tested acids have a lower pK, value than 3,8-nonadienoic
acid 1c, which should be similar to nonanoic acid, i.e. 4.96.5* Hence, the 3,8-nonadienoic rest is
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preferably transferred to the nucleophile. This effect increases with larger differences in pK,
values and results in higher selectivity with a lower pK,. For 1f, it was impossible to isolate the
arylamide 4fb, resulting in the highest selectivity for 4b. Although the overall activity of 1f is lower
compared to the more electron rich acids, the selectivity towards the unsaturated C9-amides is
high. This offers a way to selective pass the newly formed unsaturated C9-chain along to the
consecutive product (Table 7, entry 4), since p-Cl-benzoate is the better leaving group. In
comparison with the anhydride 2e a selectivity of only 72% was achieved in the amidation
reaction. For 1g, only traces of the products could be observed, indicating low activity in
carbonylative telomerization. These results can be explained with the lower nucleophilicity of
electron poor carboxylic acids. MAYR et al. reported a nucleophilicity scale, showing p-nitro
benzoate to be significant less nucleophilic than the benzoate ion.®? The lower nucleophilicity
renders the acid les reactive for the carbonylative telomerization, thus forming less of the
corresponding anhydride. This shows a compromise has to be found, between a high reactivity in
carbonylative telomerization resulting from electron rich carboxylic acids and an ideal anhydride
for consecutive reaction built with electron poor carboxylic acids.>? Additionally, the electronic
properties of the acid have an influence on the formation of the a-unsaturated isomer 4b-a and
2d-g-4b-a, respectively. More electron-withdrawing groups in para-position of the acid resultin a
higher degree of isomerization and result in equal amounts of 4b-a and 4b-[3 (Table 7, Entry 4),
which is in contrast to more electron-rich acids, which result in 2:1 ratio of 4b-a and 4b-f3. This
aligns with the results found by SAUTHIER et al. for the carbonylative telomerization of phenols in
the presence of catalytic amounts of benzoic acid.?® This effect could also be emphasized, by the
higher acidity of the p-Cl substituted benzoic acid, which could also lead to more Pd—H species
forming and thus more isomerization.

4.5.5. Proposed reaction mechanism
The best results in the carbonylative telomerization with carboxylic acids were achieved with the
bulky, basic phosphine PCy,Ph. Such donor ligands are reported to push the equilibrium of the n3-

allyl into a o-allyl complex (B)®%® and an insertion of CO is preferred in this position, thus the
carbonyl Pd complex C is formed, analogous to the proposed mechanism by KNIFTON (Figure 24).
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Figure 24: Possible reaction mechanisms for carbonylative telomerization of 1,3-butadiene with benzoic
acid.

Two pathways for the interaction of the carboxylic acid are feasible pathways. On the one hand,
the reaction continues the mechanism proposed by KNIFTON and forms a Pd—H while the
carboxylate inserts in the Pd carbonyl bond (Figure 24, path a))®, resulting in complex G. A
reductive elimination of the allyl and the hydride forms the product and closes the catalytic cycle
by releasing A. On the other hand, the acid could first protonate the remaining Pd-allyl and the
resulting carboxylate could coordinate to the complex replacing the former allyl (Figure 24, path
b)). Again, a reductive elimination of the product forms the desired anhydride product and A. Both
proposed pathways would proceed without a cationic catalyst species, since the insertion of CO
into the o-allyl-Pd bond is more likely compared to the migratory-insertion into a n3-allyl-Pd bond.

4.5.6. Conclusions and outlook

A novel, palladium-catalyzed synthesis for mixed carboxylic acid anhydrides was developed. For
the first time, generating mixed anhydrides catalytically from bulk chemicals, namely 1,3-
butadiene, CO, and benzoic acid derivatives was possible. In addition, a quantification protocol
was developed using amines for quantitative derivatization in combination with standard GC
analysis. It was possible to optimize the conditions for the anhydride synthesis using this protocol,
and yields up to 82 % were achieved.

A small investigation of the scope of the reaction was carried out, including different benzoic acid
derivatives. The experiments have shown the importance of the nature of the acid, as more
electron-rich benzoic acid derivatives achieved higher total yields of up to 94 % due to their higher
nucleophilicity. In contrast, p-Cl-benzoic acid, which is less electron-rich, resulted in only a 74 %
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yield in carbonylative telomerization. Still, the consecutive amidation was highly selective due to
the better leaving group p-Cl-benzoate. Further investigations of the scope, including different
dienes and other applications of the resulting anhydrides, are currently in progress. Additionally,
the mechanism must be studied in more detail, as the currently accepted proposed mechanism
must be updated for carboxylic acid conversion.

Regarding the scope, a variation of the diene component of carbonylative telomerization would
be of interest. As presented in chapter 2.3, highly branched products would be possible with B-
myrcene. Less complicated, methyl-branched products could be achieved using isoprene or
piperylene. Since mixed anhydrides cannot be readily stored, a direct conversion is necessary in
many cases. The presented amidation yields the starting carboxylic acid as a byproduct, and a sub-
stoichiometric reaction could be possible with the right conditions. The latter is investigated in the
following chapter.

4.5.7. Experimental

General

Solvents and Chemicals: All Solvents and chemicals were purchased from ABCR, Acros Organics,
TCl, Sigma Aldrich, VWR or UMICORE. Dioxane was dried over 3 A molecular sieve for at least 24
h and distilled before use. All precursors and ligands were stored in Schlenk flasks under an argon
atmosphere.

Autoclaves: The catalytic experiments were performed in 25 mL stainless steel autoclaves
(Figure 25). The autoclaves were equipped with a quick-fit adapter for a simple and safe
connection to the pressure station.

Figure 25: 25 mL autoclave for high-pressure catalytic experiments.

Carbonylative telomerization (DoE): First, the acid (nucleophile) was weighed into the 25 mL
stainless steel vessel of the autoclave containing a stirring bar. The reactor was closed and then
evacuated and purged with argon. Pd(OAc), (6.74 mg, 0.03 mmol, 1 mol%) and PCy,Ph (17.3 mg,
0.06 mmol, 2 mol%) were weighed in a 20 mL headspace vial. The vial was sealed with a crimp
cap, then alternately evacuated and purged with argon using a needle connected to the Schlenk-
line. 3 mL of dioxane and the internal standard n-decane (75 mg, 0.527 mmol) were added via
syringe through the septum of the crimp cap. The mixture was placed in an ultrasonic bath until a
homogeneous solution was observed and then transferred to the reactor via syringe under argon
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counter flow. Liquid 1,3-butadiene was added to the reactor from the cylinder via a pressure
resistant and transparent pipe. The exact amount was determined by differential weighing. The
reactor was pressurized with carbon monoxide to the desired temperature and placed in a pre-
heated heating block, magnetically stirred for 20 h.

Derivatization: After 20 h, the reactor was cooled using a water/ice bath, carefully depressurized
and purged with argon. Piperidine (1032 mg, 12 mmol, 4 eq.) was added to the reaction mixture
via syringe under argon counter flow. The solution was stirred for another 5 h at 50 °C in a heating
block. Finally, the autoclave was cooled again and an aliquot was taken for GC-FID analysis.

Carbonylative telomerization (isolated yield amides): The reaction was performed as described
above without the addition of the internal standard. After completion of the derivatization step,
the reaction mixture was concentrated in reduced pressure and dissolved in 10 mL
dichloromethane (DCM). This solution was extracted with 15 mL of aqueous sulfuric acid solution
(5 wt%). The aqueous phase was extracted two more times with 10 mL DCM. Afterwards, the
organic phases were combined and extracted with a 0.1 M NaOH (3x 20 mL) solution. The organic
phase was dried with MgS0,and concentrated under reduced pressure. The residue was adsorbed
to celite and further purified by column chromatography using a 40 g silica gel cartridge (ethyl
acetate: cyclohexane, 1 % to 10 % in 2 CV, 10 % until eluted).

Carbonylative telomerization (isolated yield anhydrides): The reaction was carried out as
described above without the addition of an internal standard and no amine was added for
derivatization. The reaction solution was concentrated under reduced pressure. The crude
product was then purified by “Dry Column Vacuum Chromatography” using a gradient of 1% to
10 % of dry ethyl acetate in dry cyclohexane.®

Synthesis of 3,8-Nonadienoic acid 1c: First methyl 3,8-nonadienoate was synthesized as
previously reported.®®> Then 30 mL of a 1 M NaOH solution were added to a flask equipped with a
Teflon-coated stirring bar. To the solution methyl 3,8-nonadienoate (2.00g, 11.9 mmol) was
added. The mixture was heated to 90 °C and stirred for 3 h. During the reaction the turbid reaction
mixture turned clear, and no phase separation could be observed. The mixture was neutralized
with a 5 wt% H,S0,. Afterwards the aqueous phase was extracted with diethyl ether (3 x 20 mL).
Removing the solvent under reduced pressure yielded 3,8-Nonadienoic acid (1.76 g, 96 %) as a
light-yellow liquid.

Exclusion of alternative pathways: 3,8-nonadienoic acid (467 mg, 3 mmol, 1 eq.) was weighed
into a 25 mL stainless steel reactor containing a stirring bar. The reactor was closed, then
evacuated and purged with argon. The palladium precursor Pd(OAc), (6.74 mg, 0.03 mmol,
1 mol%) and PCy,Ph (17.3 mg, 0.06 mmol, 2 mol%) were weighed into a 20 mL headspace vial and
sealed with a crimp cap. The vial was then alternately evacuated and purged with argon. The
corresponding amount of dioxane (3 mL) was added to the vial via syringe. The mixture was placed
in an ultrasonic bath until a homogeneous solution was obtained and then transferred to the
reactor via syringe under argon counter flow. Piperidine (1032 mg, 3 mmol, 4 eq.) and 75 mg of
the internal standard n-decane were also added to the reactor via syringe and argon counter flow.
The reactor was stirred for 5 h at 50 °C. Afterwards the reaction was stopped by a water/ice bath
and the reaction mixture analyzed via GC.
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Optimization of Anhydride Formation via DoE

The reaction parameters and results are displayed below (Table 8), and the experiments were
carried out as stated above. The yield is an average value resulting from two separate runs.

Table 8: Series of performed experiments for the DoE.

Entry Temperature CO pressure 1,3- TOLMAN Yield

[°C] [bar] Butadiene eq. [-] angle [°] [%]
1 80 40 9 163.5 71
2 100 30 6.5 163.5 77
3 120 20 163.5 50
4 120 20 132 41
5 80 30 6.5 147.75 62
6 100 30 6.5 147.75 57
7 80 20 4 132 20
8 80 20 4 163.5 56
9 80 40 9 132 45
10 120 40 4 163.5 45
11 100 30 6.5 147.75 60
12 120 40 9 132 59
13 80 40 4 132 23
14 120 40 9 163.5 61
15 80 20 9 163.5 69
16 100 30 6.5 132 55
17 100 30 4 147.75 43
18 120 40 132 41
19 80 40 163.5 41
20 100 20 6.5 147.75 59
21 120 20 163.5 57
22 80 20 9 132 40
23 120 20 132 48
24 100 30 6.5 147.75 57
25 120 30 6.5 147.75 42
26 100 30 9 147.75 62
27 100 40 6.5 147.75 55
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Figure 26: Visualization of the DoE results in contour plot.

4.5.8. Analytics

NMR-Spectroscopy: 'H- and 3C-NMR-spectra were recorded using Bruker Avance lll HD
NanoBay — 400 MHz, Bruker Avance NEO — 500 MHz or Bruker Avance Ill HD — 600 MHz
spectrometers at ambient temperature with the frequency and solvent noted. Chemical shifts &
are given in ppm relative to tetramethylsilane (0 ppm) and were referenced to residual solvent
signals (*H: CDCl3 7.26 ppm, 13C: CDCl; 77.16 ppm).

Gas chromatography (GC): Conversion and yield of the reactions were determined via GC on an
Agilent Technologies INC. chromatograph of the type 7890B with a flame ionization detector (FID).
A HP-5 column was used (30 m long, 0.32 mm diameter, 0.25 um thickness of the layer, 5 min at
50 °C, heating rate 15 °C/min to 290 °C, heating rate 40 °C/min to 320 °C, holding for 10 min). The
split was set to 1:75. n-Dodecane was chosen as internal standard and response factors of the
substrates and products were obtained experimentally by analyzing known quantities of the
substances (calibration) or were calculated form literature known methods.®°

Mass Spectrometry (MS): Qualitative mass analysis was performed via GC. A HP-5MS Ul (30 m
long, 0.25 mm diameter, 0.25 um thickness of the layer) column was used. The carrier gas was
Helium, and the detector was of the Type 5977A MSD of Agilent Technologies INC.

High Resolution Mass Spectrometry (HR-MS): Samples for HRMS were diluted with acetonitrile
or methanol to a concentration of 100 pg/mL and measured with an LTQ-Orbitrap (Thermo
Scientific).

IR Spectroscopy: All IR-Spectra were acquired using a Bruker Alpha FT-IR with Diamond-ATR.

Flash Chromatography: For isolation of individual substances, a Blichi Flash Pure C-815 was used
with cyclohexane and ethyl acetate as eluents. Cartridge size and solvent gradient were used as
stated.

GC-MS determination of 3,8-nonadienoic acetic anhydride 2a

Carbonylative telomerization of acetic acid yields 3,8-nonadienoic acetic anhydride 2a. Figure 27
shows an example chromatogram of the reaction and below it shows the mass-spectrum of the
chromatographic peak.
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Figure 27: Exemplary chromatogram of the carbonylative telomerization of acetic acid.

The molecule-ion of the anhydride could not be observed, however the mass-spectrum contains
a large signal at a m/z of 43.1 which can be assigned to the acetyl-cation resulting from the
cleavage of the one of the anhydride bonds. The anhydride can also be cleaved at the opposite
side of the anhydride oxygen and yield the 3,8-nonadienal ion with a corresponding m/z value of
137.1. These signals strongly indicate the presence of 3,8-nonadienoic acetic anhydride 2a as they
include the main fragments of the compound, and the chromatographic peak elutes later
compared to the single parts.

2,8-Nonadienoic benzoic anhydride (2b)

12 14
13

1H NMR (400 MHz, CDCl3): 6 = 8.20 — 8.05 (12/16, m, 2H), 7.71 — 7.60 (14, m, 1H), 7.52 (13/15,
m, 2H), 7.25—6.99 (7, m, 1H), 6.08 — 5.95 (8, m, 1H), 5.85 — 5.74 (2, m, 2H), 5.05 — 4.94 (1, m, 2H),
2.38-2.21(6, m, 2H), 2.14 — 1.99 (3m, 2H), 1.57 — 1.40 (4/5, m, 4H) ppm.

13C {*H} NMR (101 MHz, CDCl3): & = 162.48 (9, q), 161.98 (10, q), 154.72 (7, t), 138.46 (2, t), 134.67
(14, t), 134.44 (11, qg), 130.71 (12/16, t), 129.01 (13/15, t), 120.66(8, t), 114.96 (1, s), 33.34 (3, s),
32.58 (6, s), 28.52 (4, s), 28.48 (5, s) ppm.

FTIR: v = 2928 (C-H, alkane stretch), 1787 (C=0, anhydride stretch), 1728 (C=0, conjugated
anhydride stretch), 1641 (C=C, disubstituted (cis) or mono substituted alkene stretch), 1452 (C-H,
bending), 1038 (OC-0O-CO, anhydride stretch), 993 (C=C, mono substituted alkene bend), 909 (C=C,
mono substituted alkene bend), 704 (C=C, disubstituted(cis) alkene bend) cm™.

LR-MS: m/z (%) = 153(1), 138(1), 137(13), 119(1), 109(6), 108(4), 106(8), 105(100), 95(6), 81(6),
77(23).
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2,8-Nonadienoic 4-methoxybenzoic anhydride (2e)

13

1H NMR (400 MHz, CDCls): 6 = 8.15 — 7.92 (12/16, m, 2H), 7.23 — 7.04 (7, m, 1H), 6.99 — 6.89
(13/15, m, 2H), 6.00 - 5.83 (8, m, 1H), 5.83 -5.72 (2, m, 1H), 5.03 -4.97 (1, m, 1H), 4.97 - 4.92 (1,
m, 1H), 3.91-3.82 (17, m, 3H), 2.33 - 2.21 (6, m, 2H), 2.10 — 2.02 (3 ,m, 2H), 1.54 — 1.39 (4/5, m,
4H) ppm.

13C {*H} NMR (101 MHz, CDCl5): & = 164.59 (9, q), 162.26 (14, q) 162.19 (10, q), 154.18 (7, t),
138.39(2, t), 132.79 (12/16, t), 121.13 (11, q), 120.70 (8, t), 114.84 (1, s), 114.11 (13/15, t), 55.62
(17, p), 33.45 (3, s), 32.43 (6, s), 28.38 (4, s), 27.23 (5, s) ppm.

LR-MS: m/z (%) = 288(1), 244(1), 214(1), 187(1), 152(6), 136(10), 135(100), 119(1), 109(2), 108(1),
107(7), 95(3), 93(3), 92(12), 81(4), 77(12), 74(1).

1-(Piperidin-1-yl) nona-3,8-dien-1-one (4b)

1H NMR (400 MHz, CDCl; ): 6 = 5.85 — 5.70 (2, m, 1H), 5.60 — 5.44 (6/7, m, 2H), 5.06 — 4.87 (1, m,
2H), 3.59 —3.46 (10, m, 2H), 3.46 —3.29 (14, m, 2H), 3.07 (8, d, J = 4.8 Hz, 2H), 2.09 — 1.98 (3/5, m,
4H), 1.65-1.57 (4, m, 2H), 1.57 — 1.49 (m, 4H), 1.49 — 1.40 (m, 2H) ppm.

3¢ {*H} NMR (101 MHz, CDCl,): & = 169.90 (9, q), 138.79 (2, t), 133.47 (7, 1), 123.41 (6, t), 114.63
(1,s),47.01 (10, s),42.81 (14, s), 38.03 (8, s), 33.31 (5, s), 32.07 (3, s), 28.57(4, s), 26.59 (10/14, s),
25.65 (11/13, s), 24.62 (12, s) ppm

HR-MS (APCI): calcd. [M+H]* = 222.1852, found [M+H]* = 222.18546.

Degree of isomerization: The degree of isomerization was determined via NMR. Both isomers
were isolated in the same fraction and the degree of isomerization was determined via integration
of specific signals as the example shows (Figure 28, marked with *). In this example the molar ratio
of the isomers 4b-B:4b-a = 2.68.
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Figure 28: Determination of isomerization via NMR. (Red: 'H (400MHz, CDCl3) Spectrum of a
mixture of isomers 4b and 4’b; teal: 'H (400MHz, CDCls) Spectrum of 4b for comparison.

Di-n-butylnona-3,8-dienamide (3d)

H NMR (500 MHz, CDCl3): & = 5.81—5.72 (2, m, 1H), 5.62 — 5.44 (6/7, m, 2H), 5.01 — 4.94 (1, m,
1H), 4.94 — 4.90 (1, m, 1H), 3.32 —3.24 (10, m, 2H), 3.22 — 3.15 (14, m, 2H), 3.10 — 3.01 (8, m, 2H),
2.07 - 1.96 (3/5, m, 4H), 1.57 — 1.39 (4/10/14, m, 6H), 1.35 — 1.22 (12/16, m, 4H), 0.97 — 0.85
(13/17, m, 6H).

13C {4} NMR (126 MHz, CDCls): 6 = 171.23 (9, ), 138.80 (2, t), 133.27 (7, 1), 123.78 (6, t), 114.58
(1, s), 47.91 (10, s), 45.73 (14, s), 37.70 (8, s), 33.29 (5, s), 32.03 (3, s), 31.30 (10/14, s), 29.92
(11/15, s), 28.51 (4, s), 20.34 (12, s), 20.20 (16, s), 13.99 (13, p), 13.94 (17, p) ppm.

LR-MS m/z (%): 265 (35), 224 (22), 210 (15), 182 (23), 156 (95), 137 (2), 128 (30), 109 (7), 86 (100)
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3,8-Nonadienoic acid (1c)

1H NMR (600 MHz, CDCls): & = 10.78 (OH, s, 1H), 5.84 — 5.72 (m, 1H), 5.63 — 5.47 (m, 2H), 5.03 —
4.97 (m, 1H), 4.96 — 4.91 (m, 1H), 3.09 (m, 2H), 2.10 — 2.01 (m, 4H), 1.52 — 1.42 (m, 2H).

13C {*H} NMR (151 MHz, CDCl3): 6 = 178.75 (9, q), 138.72 (2, t), 135.15 (7, t), 121.3 (6, t), 114.88
(1,s),38(8,s),33.3(5,s),31.96 (3, s), 28.52 (4, s) ppm.

HR-MS (ESI): calcd. [M+H]* = 155.1072, found [M+H]* = 155.1067.

LR-MS m/z (%): 154 (1), 137 (3), 136 (21), 126 (4), 125 (6), 118 (6), 113 (16), 112 (100), 109 (9),
108 (36).

N-benzoyl-piperidine (4bb)

6 o 8
2 412 10
3 1
1H NMR (400 MHz, CDCl5): 6 = 7.38 (1/2/3/4/6, s, 5H), 3.70 (8, br's, 2H), 3.33 (12, bs s, 2H), 1.67
(9/11, brs, 4H), 1.51 (10, brs, 3H)
13¢C {{H} NMR (101 MHz, CDCls): & = 170.44 (7), 136.61 (5), 129.45 (2), 128.50 (4/6), 126.89 (1/3),

48.86 (8), 43.25 (12), 26.62 (9), 25.68 (11), 24.70 (10).
HR-MS (APCI): calcd. [M+H]* = 190.1226, found [M+H]* = 190.12279.

N-3-methylbenzoly-piperidine (4db)

6 0 8
1 9
57 N
2 412 10
3 11
13
Was isolated as a mixture with 4b.

'H NMR (600 MHz, CDCl3): 6 = 7.27 — 7.23 (m, 1H), 7.19 - 7.17 (m, 2H), 7.15—7.12 (m, 1H), 3.68
(br s, 2H), 3.32 (br s, 2H), 2.35 (s, 3H), 1.69 — 1.64 (m, overlapping with 4b), 1.64 — 1.59 (m,
overlapping with 4b) ppm.

13C {*H} NMR (151 MHz, CDCl5): 6 = 170.64 (7, q), 138.34 (3, q), 136.47 (5, q), 130.14 (2, t), 128.28
(1,t),127.48 (4, t), 123.75(6, t), 48.85 (12, s), 43.20 (8, s), 26.63 (11, s), 25.70 (9, s), 24.70 (10, s),
21.45 (13, p) ppm.

HR-MS (APCI): calcd. [M+H]* = 204.1383, found [M+H]* = 204.13847.

N-p-methoxybenzoyl-piperidine (4eb)

4 0 9
1
\o > 6 13 1
7 12
1H NMR (600 MHz, CDCls): 6 = 7.35 (4/6, d, J = 8.8 Hz, 2H), 6.88 (3/7, d, J = 8.8 Hz, 2H), 3.80 (1, s,

3H), 3.53 (9/13s, 4H), 1.65 (11, d, J = 4.2 Hz, 2H), 1.57 (10/12, s, 4H).
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13C {H} NMR (151 MHz, CDCls): & = 170.44 (8), 160.61 (2), 128.92 (4/6), 128.21 (5), 113.66 (3/7),
55.33 (9/13), 48.94 (9, broad), 43.72 (13, broad), 26.17 (10/12), 24.60 (11, broad).

HR-MS (APCI): calcd. [M+H]* = 220.1332, found [M+H]* = 220.13340.

Broad signals were received for the *H and 3C signals of the piperidinyl ring due to rotation of
the amide bond, which aligns with other literature reports of the compound.®®
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4.6.Acid as a co-catalyst — Anhydrides as the key?

The anhydrides from carbonylative telomerization of acids can be combined with a broad
spectrum of nucleophiles such as amines and alcohols, which makes this reaction an interesting
synthetic tool unsaturated ester and amide production. However, a drawback of this reaction is
the lower overall atom economy compared with direct carboxytelomerization or
amidotelomerization respectively. The atom economy (AE) first mentioned by TROST, describes the
mass of desired product per the total amount of products of a reaction.®”

AE - molecular weight desired product 100 % )
"~ molecular weight ofall products 0

To reach high AE values, a high selectivity is key, but the use of quantitative reactants has to be
avoided as well. High AE values are characteristic for green reactions with a reduced negative
impact on the environment, since less waste is produced by the reaction. Additionally, a high AE
usually is also positive for the profitability of the resulting process, as a high AE also results in an
easier up stream process and less waste treatment necessary.

Homogenous catalyzed reactions are among the highest AE values up to perfect atom economy.
Carboxytelomerization of methanol (Figure 29) is such an example where no side or coupled
products are formed.

Pd(OAc), (1.8 mol%)
tri-n-butylphosphine (3.6 mol%) 0

2 ~F + _OH - :
40 bar CO NN

pyridine, 110 °C, 18 h

Y =>99 %, AE =>99 %
Figure 29: Carboxytelomerization of methanol with butadiene.*

The reaction is remarkably atom economic since all atoms from the substrate are rearranged to
form the product without any side reactions. Therefore, the AE is >99% for this reaction and
emphasizes the importance of using catalysis for a more efficient reaction (Figure 29).

In contrast, the use of stoichiometric reagents in nucleophilic substitution reactions results in an
inherently lower AE, due to equimolar side products being formed.
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Figure 30: Comparison of the current reaction setup (I) with the new approach (ll).

The AE of the reaction is 66 % using benzoic acid and 59 % for anisic acid, which is significant
lower due to the waste formed in the second step of the reaction. However, the acid released in
the nucleophilic attack of the amine is the same that was used to produce the anhydride in the
first place. Therefore, a sub-stoichiometricstoichiometric use of the acid should be possible and a
catalytic behavior is possible since the acid is not consumed in the overall reaction. For this reason,
the new approach would be in theory 100% atom economic since the acid remains in the reaction
system. However, an additional component in the reaction system will also increase its
complexity, as depicted in (Figure 31)
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Figure 31: The updated reaction network with the new one-pot approach.

While the formation of the unsaturated amide 15 and its branched isomer (Figure 31) is the
intended reaction, the potential direct amido-telomerization has to be considered, as it can be
carried out under similar conditions. The presence of an additional nucleophile can contribute to
unwanted side reactions, such as hydroesterification and telomerization of the acid with
butadiene. This fact significantly amplifies the importance of optimizing the reaction conditions
for selectivity in this one-pot process. Particularly, telomerization of the additional carboxylic acid
must be inhibited to prevent the loss of the co-catalyst nucleophile. Building on prior research
that underscores the substantial influence of ligands on the reaction's outcome, the initial step is
the optimization, and several ligands are tested.

4.6.1. Ligand Screening
As described above (chapter 0), more basic ligands are beneficial for carbonylative telomerization
and for amidotelomerization the bidentate ligands reached the best results. Therefore,

monodentate and bidentate phosphines were teste, as well as a NHC (N-heterocyclic carbene)
ligand, due to their performance in the related telomerization reaction.
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Table 9: Results of the ligand screening.
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Conditions: 3 mmol piperidine 1, 24 mmol butadiene 2, 0.9 mmol benzoic acid 4i, 0.03 mmol Pd(OAc),,
0.06 mmol ligand, 3 mL 1,4-dioxane, pCO = 20 bar, tR = 20 h, TR = 93 °C and 600 rpm. Yield determined via
GC-analysis with n-decane as internal standard, Selectivity = Yi/X1 (adapted from Milius 20207%).
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The NHC ligand is known to be an effective telomerization ligand and has the lowest vco with a
value of 2050.7 cm*. Under the given condition the overall performance is low wit only 5 % of
telomerization product and traces of the C9-amides from amidotelomerization. The poor
performance can be traced back to the low stability of the catalyst complex as significant amounts
of palladium black was observed after the reaction (Figure 32) and the insertion of CO was not
promoted by the catalyst system.

Bidentate ligands did not perform well in carbonylative telomerization, although dppe was best
for the direct amidotelomerization, it underperformed in the presence of an additional acid.3®
After the reaction was stopped, large quantities of palladium black were observed (Figure 32). This
may be due to an unsaturated coordination sphere, resulting in a poorly stabilized catalyst
complex. An interesting note is the activity of ligand 21i towards the amination of butadiene. The
reaction resulted in 34 % of the C5-unsaturated amine, which could be an interesting reaction for
the synthesis of amines form butadiene and should be investigated in a new study.

The best results were achieved using monodentate phosphine ligands, which all had less Pd black
precipitate in the reactor (Figure 32). Therefore, the reaction system was better suited to keep
the Pd in solution and catalyzing the reaction.

Figure 32:Reaction solution after carbonylative telomerization in the presence of m-toluic acid (adapted
from Milius 20207%).

Regarding carbonylative telomerization, ligand 21f and 21g performed best. The monodentate
ligands did not show signs of elemental palladium after the reaction was stopped, which makes
the catalyst complex available for the reaction over the whole reaction time. The number of
coordinating ligands to the metal center could be limited by the large cone angle, but the position
of each ligand is less constrained compared to the bidentate ligands. A larger cone angle hints to
a bulkier ligand, which claims more space around the metal center of the catalyst complex, thus
limiting the free space around it.

Another reason for the high performance of ligand 21f and 21g could be traced back to their
basicity, which is comparably high. Ligands 21a and 21b, despite having a significantly smaller cone
angle, performed well in the reaction, most likely due to their high basicity. The catalyst complex
appears to be stabilized by the high basicity, as evidenced by the small amount of Pd black in the
reactor (Figure 32). The ligand 21g was chosen for further experiments due to lower content of
telomerization product and similar main product amount. As discovered in the previous work the
acid has a significant influence on the reaction, since a different anhydride intermediate is formed
during the reaction. Acid base reactions with the catalyst and substrate are possible, since they
are equilibrium reactions the strength of the acid is crucial for content of the reaction solution.

4.6.2. Acid Screening

In the two-step process described in the previous chapter, the reaction system is less
complicated because the two nucleophiles are added sequentially in two steps. This more
sophisticated approach involves the amine nucleophile being present in the same reaction step
that forms the acid anhydride, resulting in the formation of ammonium carboxylate salts in the
reaction mixture. The reaction outcome is influenced by the pKa of the acid as well was the
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structure, because both can influence the equilibrium of the acid-base-reaction. A variety of
aromatic and alkyl carboxylic acids were investigated in this study (Figure 33).
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Figure 33: Results of the acid screening. Conditions: 3 mmol piperidine 1, 8 eq. butadiene 2, 0.3 eq.
carboxylic acid 4a-n, 0.03 mmol Pd(OAc),, 0.09 mmol PCys 21g, 3 mL 1,4-dioxane, pco = 20 bar, tg =20 h, Tg
=93 °C and 600 rpm. Yield determined via GC-analysis with n-decane as internal standard (adapted from
Milius 202078).

In the control experiment, conducted without the addition of an acid, a yield of only 5 % of the
C9-amide was observed. Notably, alkyl carboxylic acids, in general, revealed a reduction in amide
yield, with a plateau being observed within a pKa range of 4.31 to 4.76, resulting in an approximate
27 % vyield. However, 4d due to its conjugated acid nature, with a m-system attached to an
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aromatic ring, resulted in the highest yield of 33% in the category. The influence of substituents
on the aromatic acids, which possess a delocalized m-electron system, causing electron-poor
systems to have a lower pK, value. This reduction in pK, correlates with reduced nucleophilicity,
with some exceptions like chlorobenzoic acid showing relatively high yields despite having the
lowest pK; among the tested acids. Furthermore, the -M-effect of nitrobenzoic acid significantly
affects nucleophilicity when compared to the -l-effect of 2-chlorobenzoic acid. Interestingly, a
peak in yield is observed at a medium pK; of 3.89 for 2-methylbenzoic acid, resulting in a 48 %
yield. The plateau continues until 4m with a pK, of 4.85, yielding 42 % of the desired amide. A
sharp decline in yield is observed with, the highest pK, of 5.52, reducing it by half to 19 %. In
summary, methylbenzoic acid and anisic acid outperform benzoic acid, unlike non-aromatic acids,
which do not improve the amide yield.

4.6.3. Solvent screening

Dioxane has been identified as the solvent of choice for palladium catalyzed reactions in the past,
due its ability to form coordination complexes with metals, particularly due to its Lewis-basic
properties. This characteristic allows stabilizing metals in solution, a critical factor in the success
of palladium catalyzed carbonylative telomerization. This is especially relevant because Pd(0), is
inherently prone to forming agglomerates, which can compromise its activity and efficiency.
Utilizing these coordinating abilities, agglomerates can be prevented, ensuring a higher number
of active metal complexes in the reaction.

However, dioxane does not align with green chemistry principles. It has a relatively low acute
toxicity, but concerns persist regarding its potential to cause cancer in humans. Therefore, the
search for alternative solvents with similar coordinating properties becomes imperative.

A promising alternative is 2-methyltetrahydrofuran (2-MeTHF), a solvent derived from
renewable resources. Due to its structure 2-methylTHF has similar coordination properties as 1,4-
dioxane and could also stabilize the Pd(0) species in solution.

Table 10: Solvent Screening.

Entry Solvent Yco-amides / [%] Ycg-amines / [%]
1 1,4-dioxane? 42 7
2 2-MeTHF? 40 6
3 2-MeTHF?b 40 9
4 1,4-dioxane® 48 6
5 2-MeTHF¢ 49 7

Conditions: 3 mmol piperidine 1, 8 eq. butadiene 2, a: 0.3 eq. benzoic acid 4i, c: 0.3 eq. o-toluic acid 4h,
0.03 mmol Pd(OAc),, 0.09 mmol PCys; 21g, 3 mL solvent, b: degassed via freeze-pump-thaw method, pco =
20 bar, tg =20 h, Tg=93 °C and 600 rpm. Yield determined via GC-analysis with n-decane as internal
standard (from Milius 20207¢)..

In a first comparison both solvents were tested using benzoic acid. 2-MeTHF yielded only 2 % less
amides than dioxane. The solvents are dried via mole sieves prior to use and stored under argon.
Since oxygen was a crucial factor in the amidotelomerization, freshly degassed solvent was also
tested under otherwise identical conditions. Which increased only the telomerization yield by 3 %,
but no significant impact on the carbonylative telomerization was observed.

With the use of o-toluic acid the result changed in favor of 2-MeTHF and the yield of the desired
amide increased to 49 %. These findings suggest that substitution of the solvent by 2-MeTHF is
even beneficial for the performance of the reaction. Therefore, 2-MeTHF is used in future
experiments in combination with o- toluic acid.

The screening of ligands, acids and solvent already filtered the reaction conditions, reducing the
parameters for a more detailed study via a design of experiments approach.
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4.6.4. Optimization via DOE

The design of experiments approach can reduce the number of experiments necessary for an
optimization drastically while taking cross effects between the parameters into account as
described above. Since the additional amine changes the reaction system significantly, the
optimization was repeated due to more acid-base reactions and a larger number of side reactions.

The parameters butadiene amount, CO pressure and temperature were tested again.
Additionally, the amount of o-toluic acid and the amount of ligand were investigated.

Table 11: Starting point for the optimization via DOE (adapted from Milius 202076).

o
ol

: e
+ X NF > NJ\/\JJJ\/\/
Q 3 mL MeTHF, %0 h, )
x bar CO, x °C
1 2 15
Factors Abbreviation Minimum Value Maximum Value
Temperature [°C] T 80 120
CO Pressure at RT [bar] p 5 35
Butadiene eq. [-] But 2 12
Ligand/Pd [-] L/P 1 8
o-Toluic Acid eq. [-] Ac 0,1 1,5
Yield [%] Yield MP 40 100
Selectivity [%] Selectivity MP 70 100

The reaction parameters for the input of the DoE were chosen from previous research and for
economic reasons. The temperature was varied between 80 and 120 °C to keep the required
energy relatively low. Similar for the pressure which was tested between 5 and 35 bar. Another
crucial parameter is the excess of butadiene for carbonylative telomerization, as it displayed a
large influence on the yield of the reaction in all the previous studies (Chapter 4.5). Butadiene was
used from 2 eq. up to 12 eq.. In theory the nonconverted butadiene can be recycled for the next
reaction, however a lower excess is preferred, due to oligomerization of butadiene in the reaction
mixture at elevated temperatures. The ligand amount was investigated from 1 up to 8 mol% which
includes a P/Pd ratio of 1/1 up to 8/1. Toluic acid was used from sub stoichiometric 0.1 eq. up to
an excess of 1.5 eq.. Ideally, the acid can be used in a sub-stoichiometric amount and function as
a co-catalyst (Figure 30).

Using the MODDE software, as described above, the Design of Experiments (DoE) was conducted.
A reaction plan was arranged by MODDE to minimize systemic errors. With this plan, the reactions
were conducted, and the raw results were fed into the software. However, this data must be
refined for an optimal fit of the model because outliers and insignificant parameters can lead to
false calculations and low model quality. The summary of fit (Figure 34) contains the essential
model conditions, which describe its reliability.
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Summary of fit (non-fitted model)

0.8

0.6

0.4

0.2

-0.2 +

Yield

B Rr2
[ et
[1 Model validity
I Reproducibility

Selectivity

Figure 34: Summary of the model for the response yield and selectivity (from Milius 20207°).

A value for the model validity larger than 0.25 indicates no lack of fit, thus the model error is in
the same range as the pure error. Reasons for an existing lack of fit in this case could be outliers,
broad distribution and the non-correct model form. The probability of measuring errors is low,
shown by the high reproducibility, however systemic errors not detected by this system.
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Figure 35: Plot of observed versus predicted values for the yield of C9-amides (adapted from Milius 20207°).

A perfect model would only have data points along the bisector. Due to experimental
imperfections and a non-ideal model the actual results are scattered around the bisector. Some
experiments (9, 23, 52) are relative far away from the bisector and are considered outliers. If this
discrepancy is caused by an experimental error, the data point does not add value to the
calculation. By removing the outliers from the model, the data can be refined and lead to a better

fit of the model.

Another way of optimizing the model is to reduce the complexity by excluding insignificant
parameters. From the start the model includes the main parameters, i.e., T, p(CO), L/P, But, Ac,
and a combination of each. This adds complexity to the system and could improve the model’s
accuracy. However, if some of the parameters are not significant the quality of the model
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decreases, and all insignificant parameter combinations were removed. The result are the main
parameters and the following combinations remain: T*T, But*But, Ac*Ac, T*L/P, p(CO)*L/P,
p(CO)*Ac.

The removal of outliers and insignificant terms could drastically increase the model validity as
displayed in Figure 36.
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Figure 36: Summary of fit of the fitted model for responses yield and selectivity of C9-amides(from Milius
202078).

The main improvement can be seen in the validity followed by Q% and R? for yield and selectivity
respectively.

With the newly established model it is now possible to calculate the optimal reaction conditions
concerning the maximum C9-amide yield and selectivity (Table 12).

Table 12: Optimal reaction parameters calculated by MODDE resulting from the fitted model (from Milius

202075).
Yield 15| Selectivity 15 Tr Pco Butadiene 2| L/P-ratio Acid
[%] [%] [°cl [bar] [eq.] [-] [eq.]
68 | 68 | 106 | 8 | 11 | 8 | o086

Using MODDE the optimized yield and selectivity is predicted to be 68%, since full conversion is
expected at the given reaction time. In comparison to the carbonylative telomerization directly
with carboxylic acids the predicted yield is lower by 8%. To test the prediction the parameters
were used for a control experiment (Table 13).

Table 13: Results of the optimized reaction conditions.

Yis / [%)? | Yos10 / [%])?
63 | 8
Conditions: 3 mmol piperidine 1, 11 equiv. butadiene 2, 0.03 mmol Pd(OAc),, 0.24mmol PCy;21g, 0.86
equiv. o-toluic acid 4h, 3 mL 2-MeTHF, tg = 20 h, pco = 20 bar, Tg= 105 °C and 600 rpm. a: duplicates. Yield
determined via GC-analysis with n-decane as an internal standard (adapted from Milius 20207%)..

Under the optimized conditions described above, a yield of 63 % with full conversion was
achieved. This result is 5 % lower than predicted, yet in the same range. Due to the limited data
points and validation experiments the model is still prone to errors. For example, the experiments
were conducted as duplicates, which gives a small possibility for eliminating outliers. However,
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statistical more precise data could be obtained by triplicates, or duplicates of duplicates, i.e.,
measuring each experiment twice or preparing two samples from the same batch. Performing the
experiments as triplicates would increase the number of experiments by 50 % and therefore the
required time and cost, in form of materials used. For this reason, duplicates were chosen as a
compromise of some control mechanism and low time and material consumption.

Nevertheless, the initial performance of less than 10 % yield of the desired C9-amide 15 could be
significantly increased to 63 %, by the predicted reaction parameters.

4.6.5. Critic remarks on the optimization

At the end of the optimization, an additional signal was identified as the telomerization product
of the o-toluic acid 4h with butadiene 2.

0 o]
[Pd]
2 N + Hok@ —_— /\/\rb"\/\o
4h

2 12h

Figure 37: Telomerization of o-toluic acid.

At high concentrations of the acid in combination with high concentrations of butadiene,
telomerization of the acid was observed. Unfortunately, the GC signal of the telomer is close to
one of the desired amide isomers and with a large signal an overlapping occurred. Although, under
optimized conditions the concentration is relatively low and no overlapping is observed some
signal during the optimization had to be corrected due to overlapping which may lead to
inaccurate results and therefore a decreased model quality.

4.6.6. Scale up and time resolved measurements

For a more detailed insight into the reaction, its kinetic, and possible side reactions, a time
resolved analysis of the reaction is necessary. Therefore, the next step was the scale up to a
reaction volume of 100 mL which is equal to a scale up factor of about 20. A pressure autoclave
reactor manufactured by PARR INSTRUMENTS with additional sampling valves was used to perform
the reactions.
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Figure 38: Conversion time plot of the carbonylative telomerization of piperidine in the presence of acid.
Conditions: 30 mmol piperidine 1, 11 eq. butadiene 2, 1 mol% Pd(OAc),, 2 mol% PCys;21g, 0.86 eq. o-toluic
acid 4h, 60 mL 2-MeTHF, tr = 20 h, pco = 20 bar, Tr= 105 °C and 600 rpm. Yield determined via GC-analysis

with n-decane as an internal standard (adapted from Milius 20207)..
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Initially, the reaction occurs notably faster than anticipated. Previously published results on
carbonylative telomerization suggest that at least 8-12 h of reaction time are necessary for high
yields and conversion.3¢-3%42 |n comparison the presented acid assisted amide synthesis requires
only 3 h for the reaction to complete and reaches a yield of 77 %. The acceleration is caused by
the presence of the acid, which acts as a catalyst, expediting the reaction. Additionally, the acid
engages with the amine to form an acid-base adduct, as expected. The formation of the adduct
could also be beneficial for the reaction, since deprotonating the acid enhances its nucleophilic
character, providing support for the intermediate anhydride theory. The anhydride formed
subsequently recombines with an additional proton, thus facilitating the opening of the amine for
further reaction.

During the reaction with the amine, the anhydride releases the initial acid, which can then
reinitiate the cycle, demonstrating a self-sustaining reaction loop. However, some inefficiency is
introduced as a portion of the anhydride reacts with its nonadienoic side, resulting in the
production of nonadienoic acid and benzylic amides-products that are not the desired outcome
(Figure 31, formation of 19).

Looking at the samples, a color difference is visible over the course of the reaction, form yellow
to brown (Figure 39). Vials 5 and 6 have a grayish tan, which might be caused by Pd-black. Pd-
black is a typical sign for catalyst degradation. Especially Pd(0) is prone to agglomeration, which
leads to larger particles which are no longer solubilized. In vial 7 there is a visible black precipitate
(Figure 39) indicating a progression of the degradation. These three vials resemble the top of the
yield curve and indicate, that the catalyst was destroyed latest at vial 7 (Figure 39). Longer reaction
times do not increase the yield for the desired amides, conversely the yield decreases due to
additional side reactions. The darker brown color after that is caused by butadiene
oligomerization, caused by prolonged exposure to elevated temperatures. The oligomerization
has to be obviated to avoid a reduction of the overall resource efficiency of the reaction, due to
not recyclable butadiene.

=R . = e o TR

Figure 39: Samples of the reaction in the larger reactor directly after the reaction (top) and after 24h
(bottom) (from Milius 202078).

After 24 h of storage all samples turned brown similar to the end of the reaction. Therefore,
butadiene is not stable in the reaction solution over a long time, which make the reaction speed
even more relevant. The shorter the reaction time the less butadiene is lost to oligomerization.
Since no reaction profile available for other reaction conditions the reaction was repeated with a
lower acid content, to show the difference of the reaction profile (Figure 40).
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Figure 40: Reaction profile of the carbonylative telomerization with toluic acids and piperidine. Conditions:
30 mmol piperidine 1, 11 eq. butadiene 2, 1 mol% Pd(OAc),, 2 mol% PCy;21g, 0.6 eq. o-toluic acid 4h,
60 mL 2-MeTHF, tg = 20 h, pco = 20 bar, Tg= 105 °C and 600 rpm (adapted from Milius 202076).

At a lower acid concentration of 0.6 eq., the reaction does not only proceed slower, but the
maximum selectivity is also reduced to 32 %. Even after 23 h 32 % amide yield could not be
exceeded. Again, the reaction stalled after Pd-black was observed in the reaction mixture, so not
enough catalyst is left for the reaction to proceed. The acid concentration can influence the
reaction outcome in many ways. First, the pH of the reaction mixture is influenced. Due to less
acid in the mixture, a higher pH is expected; Second, the amount of acid base adducts changes
and with less acid leaves more unreacted piperidine stays in solution, which can be seen by
comparing the initial amount of piperidine. In the first experiment with 0.86 eq. acid the first
sample was drawn after 30 min, so a direct comparison is not possible. However, the slope of the
continuing data points suggests a lower starting amount of piperidiene; And third, the formation
of possible intermediate anhydrides is also influenced.

In conclusion the scale up under optimized reaction conditions could increase the performance
of the reaction in terms of reaction speed, yield, and selectivity. However, for further
investigations the precipitation of palladium and therefore the catalyst deactivation should be
studied in more depth, since catalyst recycling would be highly desirable for the homogeneously
catalyzed reaction.

Additionally, a larger scale the reaction should tolerate different functional groups in the
substrates for a more general reaction.

4.6.7. Direct Amide formation
In theory, a condensation of amine and carboxylic acid could take place under elevated
temperatures. Although, usually good leaving groups such as halides or activated carboxylic acids

are necessary for the formation of amides, a test reaction was carried out again under the adapted
reaction conditions (Figure 41).
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Pd(OAc), (1 mol%)
i a PCy; (8 mol%) a
+ HO X > N
3 mL MeTHF, 2 h,
35 bar CO, 120 °C
1 4h 19h

Figure 41: Combination of amine and amide under carbonylative telomerization conditions in the absence
of butadiene (adapted from Milius 20207%).

Similar to the control reaction in chapter 1.1, no amide formation could be observed, and the
only product was the expected ammonium salt of both reagents. These results may indicate the
formation of an intermediate anhydride, since the resulting mixture has less active amine left for
the direct carbonylative amidation and simultaneously increases the nucleophilicity of the
carboxylic acid. In a future work the direct use of ammonium salts in the carbonylative
telomerization should be investigated.

4.6.8. Investigation of the reaction scope

In general, there are two possibilities for the scope expansion for carbonylative telomerization as
described above. Either the diene or the nucleophiles can be varied. First the reaction conditions
were applied to different dienes (Figure 42). Isoprene leads to methyl branches at the main chain
of the unsaturated amide. This would be the first example of isoprene as the substrate for
carbonylative telomerization. Additionally, B-myrcene is used in the reaction, which was also used
in the direct amidation reaction (chapter 0). However, the necessary catalyst amount was

relatively high with 5 mol% Pd precursor and could be reduced significantly with this set up.
Pd(OAc), (1 mol%)
PCy; (2 mol%)

o)
i o-toluic acid 4h (0.8 eq.) M
O + )\/ > ~N + isomers

3 mL 2-MeTHF, 20 h, P
20 bar CO, 105 °C
1 11 eq. Y =30%

Pd(OAc), (1 mol%)

H PCy3 (2 mol%)
N z o-toluic acid 4h (0.8 eq.)
+ e
Q neat, 20 h,
1 _ 20 bar CO, 105 °C O

30 eq. Y =54%

+ isomers

Figure 42: Diene scope in the carbonylative telomerization amidation one-pot reaction (adapted from
Milius 202078).

The successful utilization of both dienes, isoprene and B-myrcene was possible. Notably,
isoprene, despite achieving only a 30% yield (Figure 42, top), reveals promising prospects. Until
now isoprene was not published in the literature for carbonylative telomerization. The
dimerization of the diene in the initial step introduces additional branches, resulting in an
increased steric strain around the catalyst complex. This increased steric hindrance can potentially
reduce the reaction rate emphasizing the need for optimization of the reaction conditions.

Conversely, in the second reaction, B-myrcene served as both the diene and solvent. Under
otherwise identical conditions, 54% yield of the desired amide was observed despite the even
higher steric demand of B-myrcene (Figure 42, bottom). Nevertheless, further optimization of the
reaction conditions when using B-myrcene is required also. The reduction in the catalyst amount
required, being only 1 mol% instead of 5 mol% in the direct reaction (chapter 0), is a remarkable
improvement. Considering the current price for palladium a more cost-effective synthesis of
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unsaturated amides is possible. This trade-off between yield and catalyst cost is a critical aspect
in selecting the most suitable reaction pathway.
Furthermore, the amine was varied for a versatile product spectrum. A noncyclic amine, aromatic
amines and morpholine were tested and compared (Table 14).
Table 14: Scope of the one pot amide synthesis via carbonylative telomerization and amidation.

Pd(OAc), (1 mol%)
PCy; (2 mol%)

H o-toluic acid (0.8 eq.) g R
XNt LN D T Y P N
R R 3 mL 2-MeTHF, 20 h, N
20 bar CO, 105 °C R
Entry Substrate Product Y [%]
Q
1 SN~ 8 74
30a K/\
31a
H Q
C /C\N
2 8 66
1 15
' 0

30b 31b
H
i\ e
o
I
30c 31c
NH, g
5 Cg” "N 26
H
30d 31d

Conditions: 3 mmol amine 1 and 30a-30d, 30 mmol butadiene 1, 2.4 mmol o-toluic acid 4h, 0.03 mmol
Pd(OAc),, 0.06 mmol PCys, 3 mL 2-MeTHF, tg = 20 h, pco = 20 bar, Tg= 105 °C and 600 rpm. Yield
determined via GC-analysis with n-decane as internal standard (adapted from Milius 20207°).

The highest yield of 74% was obtained with the noncyclic dibutylamine 30a (Table 14, entry 1).
Piperidine 1 has been favored in previous research due to its more readily available electron lone
pair, which enhances its nucleophilicity and thus its reactivity in the direct carbonylative
telomerization. The optimized conditions yielded 66% of the piperidinylamide 15 (Table 14,
entry 2).

Morpholine 30b, on the other hand, has a lower nucleophilicity due to the electronegative
oxygen present in the ring, resulting in a poor amide 31b yield of 19% (Table 14, entry 3).

Aromatic amines result in a moderate yield of 51% achieved for N-methylaniline 30c (Table 14,
entry 4), while a poor yield of 26% was obtained for 2,4,6-trimethylaniline 30d (Table 14, entry 5).
The diminished yield for 2,4,6-trimethylaniline 30d can be explained with its high steric demand,
which restricts the nucleophilic attack on the reactants, leading to decreased reactivity.
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Additionally, 2,4,6-trimethylaniline 30d is a primary amine which are typically less reactive than
secondary amines.

4.6.9. Conclusions and Outlook

In conclusion, the carboxylic acid co-catalyzed carbonylative telomerization was presented. A
variety of amides could be synthesized in a one-pot reaction based on the previous chapter.
Combining the carbonylative telomerization of carboxylic acids with amines results in the
synthesis of unsaturated amides with up to 74 % yield.

The scope of the reaction was investigated with different dienes and amines. Isoprene was used
successfully for the first time in carbonylative telomerization, and B-myrcene could be converted
with only one fifth of the catalyst amount compared to the conditions presented in chapter O.
However, the selectivity was lower, with only 54% of the highly branched amides. Notably, the
reaction conditions were optimized for butadiene, and a new optimization for other dienes could
improve the system’s performance.

Different kinds of amines were implemented as well, which underline the dependency of the
reaction on the nature of the nucleophile.

The sub-stoichiometric use of carboxylic acid could theoretically increase the atom economy (AE)
of the reaction. If the acid is referred to as an additional catalyst for the reaction and excluded
from the AE, since it is not consumed, the AE would be only limited by the selectivity of the
reaction.

A scale-up and time-resolved measurements already indicated a possible boost in the
performance of the reaction. Therefore, further research should focus on scaling up and fine-
tuning the reaction time.

4.6.10. Experimental

General

Chemicals used in this chapter with respective purities are listed in the annex. The solvents were
distilled and stored over 3 A mole sieve. Piperidine 1 was also distilled and stored in a flask covered
with aluminum foil to prevent light from entering. If not explicitly mentioned, all applied chemicals
were used as obtained from the distributor.

All procedures involving oxygen- and moisture-sensitive chemicals, especially the transition
metal catalyst precursor and the ligands, were carried out in a dry, inert argon atmosphere via
standard Schlenk technique.

Procedure for autoclaves

First the carboxylic acid 4 and the internal standard (0.6 mmol, 85.4 mg, 0.2 eq.) were weighed
into the reactor, and a magnetic stirring bar was added. Afterward the reactor was closed and
purged with argon.

Next a catalyst stock solution was prepared with palladium acetate (0.03 mmol, 6.7 mg, 0.01 eq.)
and PCys (0.09 mmol, 26 mg, 0.03 eq.) in a 10 mL headspace vial. The vial was sealed with a crimp
cap and purged with 3 argon/vacuum cycles. Then 3 mL of 2-MeTHF were added via syringe and
the suspension was placed in an ultrasonic bath until it became homogeneous.

The catalyst solution and piperidine 1 (3 mmol, 258 mg, 1 eq.) were added via syringe under an
argon counter flow. Next, 1,3-butadiene 2 (24 mmol, 1298 mg, 8 eq.) was filled into the reactor
via differential weighing. Then the reactor was pressurized with 20 bar CO, before being placed in
a heating block at 93 °C for 20 hours and 600 rpm. After completion of the reaction, the reactor
was cooled with an ice/water bath and carefully depressurized. The reaction solution was
analyzed via GC-FID.
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For the larger 300 mL autoclave experiments the proportion were kept the same, but the catalyst
solution was added at reaction temperature through a pressure dropping funnel. Samples were
drawn during the reaction time via a sampling valve at the reactor and analyzed via GC-FID.

4.6.11. Analytics

NMR-Spectroscopy: 'H- and 3C-NMR-spectra were recorded using Bruker Avance lll HD
NanoBay - 400 MHz, Bruker Avance NEO — 500 MHz or Bruker Avance Ill HD — 600 MHz
spectrometers at ambient temperature with the frequency and solvent noted. Chemical shifts
are given in ppm relative to tetramethylsilane (0 ppm) and were referenced to residual solvent
signals (*H: CDCl3 7.26 ppm, 13C: CDCl; 77.16 ppm).

Gas chromatography (GC): Conversion and yield of the reactions were determined via GC on an
Agilent Technologies INC. chromatograph of the type 7890B with a flame ionization detector (FID).
A HP-5 column was used (30 m long, 0.32 mm diameter, 0.25 um thickness of the layer, 5 min at
50 °C, heating rate 15 °C/min to 290°C, heating rate 40 °C/min to 320 °C, holding for 10 min). The
split was set to 1:75. n-Dodecane was chosen as internal standard and response factors of the
substrates and products were obtained experimentally by analyzing known quantities of the
substances (calibration) or were calculated form literature known methods.%°

The response factor fi for piperidine was determined to be 1.7778 via a multilevel calibration and
equals the slope of the regression line (Figure 43).

y=17778x .

A/A(st)
Figure 43: GC calibration of piperidine.

The specification of the response factors for the amide product was not accessible by the
calibration method, due to insufficient product separation. Nevertheless, for those substances,
the so-called STERNBERG factor was calculated after STERNBERG.®°

Table 15: Sternberg factor of evaluated product substances.
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Substance Sternberg Factor
Piperidinyl nonadien-1-one 15/16 1.2395
Octadienyl piperidine 9/10 1.0826
Butenyl piperidine 8 1.1315
Piperidinyl penten-1-one 11 1.3589
Phenyl piperidinyl methanone 1.2159
N,N-dibutyl nonadien amide 31a 1.1997
1-morpholinononadien-1-one 31b 1.4877
N-methyl-N-phenyl-nonadienamide 31c 1.1795
N-mesityl nonadienamide 31d 1.2110
Dimethyl-1-piperidinyl nonadien-1-one 24/25 1.2935
C21-amide 28/29 1.1130

The STERNBERG factor approximates the response factor, and the calculated factors can be
extracted from Table 15.

Mass Spectrometry (MS): Qualitative mass analysis was performed via GC. A HP-5MS Ul (30 m
long, 0.25 mm diameter, 0.25 um thickness of the layer) column was used. The carrier gas was
Helium, and the detector was of the Type 5977A MSD of Agilent Technologies INC.

Product Separation via Flash Chromatography - FC

Before the desired product was separated the reaction mixture was extracted with a 0.1 M
sodium hydroxide solution, to remove the carboxylic acid. The aqueous phase was washed with
ethyl acetate. Afterward the combined organic phases were dried over magnesium sulfate.
Volatile compounds were removed in a rotary evaporator under reduced pressure. The residue
was loaded to a silica oxide C18 packed cartridge (12g)
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Figure 44:Product separation with the FC, first run.

The separation was carried out on a BUCHI flash chromatograph, the Flash Pure. The solvent
gradient was created using Rf-values determined earlier via thin layer chromatography (TLC). After
completing the flash chromatography, the detected peaks (Figure 44) were characterized in the
GC-MS and combined. The pure product was obtained by evaporating the solvent mixture.

1-(piperidin-1-yl) nona-3,8-dien-1-one (15)
\/\/’%N]\'\O

H NMR (400 MHz, CDCls ): § = 5.78 (m, 1H), 5.59 — 5.45 (m, 2H), 5.02 — 4.95 (m, 1H), 4.95-4.90
(m,1H), 3.57-3.48 (m, 2H), 3.43-3.32 (m,2H), 3.07(m, 2H),
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2.04 (m, 4H), 1.66-1.57 (m, 2H), 1.57-1.49 (m, 4H), 1.45 (m, 2H) ppm

13C {*H} NMR (101 MHz, CDCl3): & = 169.90, 138.79, 133.47, 123.41, 114.63, 77.16, 47.01,
42.81, 38.03, 33.31, 32.07, 28.57, 26.59, 25.65, 24.62 ppm

LR-MS m/z (%): 221 (7), 178 (14), 166 (15), 152 (9), 138 (100), 137 (2), 127 (3), 112 (11), 84 (43)

1-(piperidin-1-yl)-2-vinylhept-6-en-1-one (16)

0

LR-MS m/z (%): 221 (8), 180 (8), 166 (8), 164 (16), 152 (6), 138 (10), 112 (100), 109 (1), 84 (21)
1-(octa-2,7-dien-1-yl) piperidine

\/\/’%/\/'O
LR-MS m/z (%): 193 (7), 192 (20), 150 (22), 138 (12), 124 (27), 110 (19), 109 (1), 98 (50), 95 (3),

84 (100)
""l«./\/'O

LR-MS m/z (%): 139(30), 124(37), 110(37), 98(95), 84(85), 68(20), 55(100)

1-(but-2-en-1-yl) piperidine

1-(piperidin-1-yl) pent-3-en-1-one
NO

LR-MS m/z (%): 167(17), 152(4), 112(88), 84(18), 69(100), 55(42)

phenyl(piperidin-1-yl)methanone

o]
0
1H NMR (400 MHz, CDCls): 6 = 7.38 (1/2/3/4/6, s, 5H), 3.70 (8, br's, 2H), 3.33 (12, bs s, 2H), 1.67
(9/11, brs, 4H), 1.51 (10, brs, 3H)
13¢C {{H} NMR (101 MHz, CDCl3): & = 170.44 (7), 136.61 (5), 129.45 (2), 128.50 (4/6), 126.89 (1/3),
48.86 (8), 43.25 (12), 26.62 (9), 25.68 (11), 24.70 (10).

HR-MS (APCI): calcd. [M+H]* = 190.1226, found [M+H]* = 190.12279.
LR-MS m/z (%): 189 (27), 188 (82), 105 (100), 84 (8), 77 (70)

octa-2,7-dien-1-yl 2-methylbenzoate

XNANO0

o]
LR-MS m/z (%): 244 (0.1), 203 (0.1), 189 (0.2), 136 (5), 119 (100), 109 (3)
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3,8-dimethyl-1-(piperidin-1-yl)nona-3,8-dien-1-one

LR-MS m/z (%): 249(9), 234 (8), 194 (31), 180 (10), 166 (6), 152(5), 138 (3), 127 (21), 112 (100)
C21-amide

LR-MS m/z (%): 385 (8), 342 (4), 316 (78), 303 (7), 248 (15), 220 (6), 189 (12), 127 (86), 112 (100)
N,N-dibutylnona-3,8-dienamide

LR-MS m/z (%): 265 (35), 224 (22), 210 (15), 182 (23), 156 (95), 137 (2), 128 (30), 109 (7), 86 (100)
1-morpholinonona-3,8-dien-1-one
o)
WNLN/\
(0]

LR-MS m/z (%): 223 (25), 208 (16), 180 (84), 154 (18), 140 (98), 114 (27), 109 (67), 95 (57), 86
(100), 81 (96), 72 (7)-.

N-methyl-N-phenylnona-3,8-dienamide

e
W%NLT
LR-MS m/z (%): 243 (6), 228 (1), 200 (2), 188 (3), 175 (16), 160 (5), 137 (3), 107 (100), 95 (6), 77
(25).

N-mesitylnona-3,8-dienamide

WIPQ/

LR-MS m/z (%): 271 (12), 216 (1), 188 (2), 174 (2), 135 (100), 120 (11), 91 (14).
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5. Amination of carboxylic esters
5.1.Abstract

This chapter investigates the direct conversion of esters into primary amines. Fatty esters are a
readily available and renewable resource, making them a desirable starting material for the
chemical industry. The presented approach aims to reduce the number of reaction steps,
increasing overall efficiency and saving energy and resources. Several ruthenium catalysts were
tested. Milstein's catalyst yielded 82 % in the amination of alcohols, but it was not effective in
reducing esters. The Ru/triphos catalyst system was successful in both parts of the reaction,
achieving the highest yield of 68 % in the ester hydrogenation. Additionally, the catalyst was
capable of facilitating the combined ester amination, which was achieved as a one-pot reaction
with a yield of up to 49 % for hexylamine. Ammonia had to be added to the reaction after the
ester reduction step for successful conversion. To achieve auto-tandem catalysis, a modified
triphos-xyl ligand was synthesized. However, we did not observe any improvement despite using
the new ligand.

This chapter is in parts based on the following works which were adopted in parts, extended and
modified:
Bachelotheses:

a) Niklas Kost (2019): Synthese des Milsteinliganden und seine Anwendung in der
Esteraminierung, TU Dortmund

b) Annika Schmidt (2020): Ester amination and other homogeneous catalyzed applications
of a xylene-modified triphos ligand, TU Dortmund

c) Bernd Rienhof (2020): Synthesis of xanthene-based pyrrole-functionalised ligands and
investigation of their performance in hydroaminomethylation, TU Dortmund

Masterthesis:

d) Georg Beckmann (2021): Amination of esters - Investigation and optimization of ligands
and reaction conditions, Master Thesis, TU Dortmund

5.2.Introduction

The demand for products from renewable resources are constantly rising, due to the increasing
avoidance of fossil based raw materials. A common drawback for renewable feedstocks is their
availability. Limited space for agriculture and the competition with food production must be
considered.””

Fatty acids and esters are a readily available class of renewable compounds that can be sourced
from vegetable fats and oils. They are produced on a very large scale, but when produced from
plants, they compete with the food sector. Therefore, algae and yeast are gaining increasing
attention in the research community for the purpose of producing bio-based oils.”®7° Although
mainly focused on the production of bio fuels, algae and yeast cells can be modified to produce
fatty acids more effectively than growing crops and avoids the rivalry with food production.® Fatty
acids and esters have the advantage that they already consist mainly of hydrocarbon chains, which
makes them similar to petrol based feedstock and a good fuel source. The same is true for the
chemical industry, as many processes relay on low functionalized carbon chains to start with. Also,
the ester or acid group can be targeted selectively for chemical conversions.

Besides reduction to alcohols and aldehydes, amines can be synthesized consecutively. As
described in the previous chapter amines are popular intermediates in the chemical industry. In
the industry fatty amines are often used for the production of surfactants, which are typical
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additives for dyes or detergents.?82 Due to their long carbon chain and the amine functionality,
fatty amines can be readily converted into amphiphilic tensides.
There are three main synthesis routes (Figure 45) starting form carboxylic acids or esters:%3

R OH
R’=H, Alky Hy | |- H,
0
I
H, R NH,
- R’OH
o) NH,
A | A
R”TOR’| -H0-ROH R primary
amine
NH,
- R’OH o - H0
RJLNHZ

Figure 45: Amination of carboxylic acids and esters.

Starting from the acid or ester all three pathways proceed via different intermediates, i.e.
aldehyde, nitrile, or amides. Notably, all pathways come together and continue via an imine and
finally yield the desired primary amine in a final hydrogenation step.

In the amide route, the synthesis commences with the condensation of the carboxylic acid and
ammonia (Figure 45, bottom), forming an amide. This is followed by a second step, which involves
the hydrogenation of the carbonyl group within the amide, ultimately producing the imine
intermediate (Figure 46).

0 H, | HO 4

s —_—
RJLNHZ F*><N|.|2 - H,0 R

»

NH

Figure 46: Hydrogenation of amides proceeding via C-0 cleavage.®*

The nitrile route begins with the conversion of the ester to a nitrile using ammonia (Figure 45,
middle). Subsequently, the nitrile is hydrogenated to form an imine, which is further
hydrogenated. This results in the coexistence of significant amounts of both imine and amine in
the reaction vessel. The primary amine formed may react with the imine, leading to the formation
of secondary amines. This undesired side-reaction can reduce the overall selectivity of the
reaction.

For the alcohol route, the synthesis typically starts with the hydrogenation of the ester to form
the corresponding alcohol (Figure 45, top). Notably, the conversion of carboxylic esters to the
alcohol is favored over employing carboxylic acids as the stating material due to the milder
reaction requirements. Afterward, alcohol is transformed through a hydrogen shuttle type
reaction, wherein no additional hydrogen is introduced into the reaction; instead, the hydrogen
originating from the oxidation of the alcohol remains bound at the catalyst center.® Following the
formation of the imine through condensation of the aldehyde with ammonia, and a hydrogen
transfer reaction, converting the imine into the desired amine. Consequently, only catalytic

61



Amination of carboxylic esters

amounts of the imine remain present within the reactor, with an excessive supply of ammonia
serving to prevent undesired reactions with the product amine. This specific approach allows for
high selectivity to be achieved while operating under mild reaction conditions. However, it is
worth noting that the reaction tends to proceed at a relatively slow rate.

Although a tandem catalytic amination starting form a carboxylic acid or ester would save at least
one reaction step. Only few studies on the subject were published (Figure 47).

aq. NHs
o [Ru,(triphos),Cl;ICI
\/\/\/\)j\ > NN,
OH 164 °C, 40 bar H,,
14 h, THF
/@ o Karstedt’s catalyst / dppe ©\
+ >
H,N )LOH PhSiH, H/\
rt, 18 h, nBu,0O

Ru(acac); / triphos

@ o HNTf, @\
* P
H,N R” ~OH 160 °C, 60 bar H,, N“"R

18 h, nBu,0

-
Y

Ru(acac); / triphos

- Sk LN | g
+ '
H,N HOWOH 220 °C, 10 bar Hy, HWH

20 h, dioxane/water

Figure 47: Amination of esters describes in the literature.36-8°

The group of CoLE-HAMILTON published an alkylation of ammonia with nonanoic acid in 2007.%”
Utilizing a [Rua(triphos),Cls]Cl catalyst the group achieved 49 % of primary nonylamine. In the
study aqueous ammonia was the key since liquid ammonia only reached 15 % yield.

This preference leans toward the reduction pathway involving aldehydes or alcohols. Given the
utilization of reductive reaction conditions, the likelihood of hydrogen-shuttling mechanisms is

low.

A/ N/ \/ \ 7/
—Si— Si. .Si ¢ \—Si—

o b T M- o

—Si .’ N Si_

7\ 7\
Figure : KARSTEDT's catalyst.

In 2014, BELLER and coworker published an article about the alkylation of amines using carboxylic
acids using KARSTEDT'S catalyst. However, silanes were employed quantitatively as the reducing
agent, which leads to the production of large amounts of waste.®® One year later, the same group
published the same reaction conducted with molecular hydrogen using a Ru/triphos catalyst
system.® In 2017, the COLE-HAMILTON research group contributed two papers addressing the
conversion of diacids through this amination route.®®°° One of these papers focused on the
synthesis of cyclic amines, while the other aimed at producing a-w-diamines, a development of
significant interest to the polymer industry. A one-pot reaction involving aniline as the amine
source accomplished impressive results, with yields reaching up to 98 % form a-w-diacids. In the
case of phenyl esters, yields of 96 % were reached.?®

However, ammonia-based reactions appear to be more challenging, since only sequential
reactions proved successful. In this approach, the reduction occurs first without the presence of
ammonia, followed by the amination step, resulting in yields of up to 83 % for the conversion of
1,12-dodecandiacid and 79 % for the dimethyl ester.%®
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In 2020, DE Vos proposed an amide pathway catalyzed by a heterogeneous RuWOy-catalyst,
demonstrating high selectivity within a one-pot reaction.®* Branched acids could be efficiently
converted into their corresponding amines, achieving yields of up to 96%. However, linear acids
present a more formidable challenge, offering yields of only 81%. A drawback of their work is the
high catalyst concentration of 5 mol% Ru and the large excess of ammonia. Since linear aliphatic
amines are in high demand by the chemical industry, achieving improved performance in their
synthesis remains an area of interest, despite the inherent challenges.
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5.3.Goals

With the continuously rising demand for renewable and plant-based products the synthesis of
primary amines form fatty acids, and their esters is a highly anticipated path since they can be
sourced in relatively large quantities. The transformation has already been shown in the literature,
however under not ideal conditions.

Currently the reaction sequence suffers from either poor selectivity or is carried out sequentially
in more than one reaction step. To reduce the amount of waste produced during the process, a
one pot reaction and ideally tandem-catalyzed reaction profile could eliminate workup
procedures in between the reaction steps.

Another way to reduce the resource demand of the reaction is to optimize the efficiency of the
reaction. Large excess of starting material might increase the selectivity of the reaction or lead to
the complete conversion of the other reactants. However, this leads to high recycle streams or
excessive waste production. Additionally, very expensive transition metals, such as ruthenium are
used as the catalyst, which lead to high cost, if used in large amounts, especially on large scale
processes.

Therefore, optimized reaction conditions and a tailored catalyst system are essential for an
efficient transformation. Since at least two reaction steps are required both reactions are
investigated separately at first to obtain a deeper understanding of each reaction. Following the
work of COoLE-HAMILTON and coworkers the ester reduction and alcohol amination are examined.
For the alcohol amination the benchmark system is MILSTEIN’S catalyst and was tested for both
partial reactions. The Ru/triphos catalyst system was chosen for ester reduction and investigated
likewise for both partial reactions. First, the commercially available triphos is tested and used to
find the optimal reaction condition in the present hardware. Afterwards, the ligand will be
modified to improve the catalyst’s performance. By adding more sterically demanding and
electron rich ligands to the catalyst higher activities and yields should be possible.

However, these ligands and catalyst have to be first synthesized.
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5.4.Alcohol amination

The commercial synthesis of primary amines is mostly done via the reaction of alcohols with
ammonia (Figure 48). Even though the process requires harsh reaction conditions and results in a
mixture of primary, secondary, and tertiary amines.’!

H
R’=H, Alky
Ho | | - H2
0 H, o) NH,
Lo o & o
R” “OR’ - R’OH R - H,0O

primary
amine

Figure 48: Reaction overview: alcohol amination for the synthesis of primary amines.

One reason for the mixture of products in the heterogeneous catalyzed process is the formation
intermediate aldehydes and the fact that the primary amine is more nucleophilic than ammonia.
Additionally, the first conversion into the primary amine is almost thermoneutral, while the
second alkylation being exothermic and therefore favored. Hence, the desired primary amine
undergoes consecutive reactions (Figure 49).83

-H, 0 R™ NH, H
R/\OH —_— J —_— RANAR _2> R/\N/\R
R H
H

Figure 49: Amination of alcohols resulting in consecutive reactions.

Nevertheless, the process is used on large scale for the production of simple amines, e.g.
ethylamine and butylamine. In this process the side products can also be sold as valuable
intermediates or reactants.®3 Depending on the demand for each product the products can also
be recycled into the process and therefore control the output. Especially for the selective synthesis
of the primary amine large recycle streams are necessary, reducing the overall efficiency of the
process. The primary benefit of using a heterogeneous catalyst is its recyclability, which justifies
lower selectivities. In comparison homogeneous catalyst can achieve higher selectivities for the
primary amine, but they are difficult to recycle.®

In 2008 MILSTEIN and coworkers discovered, that a variation of their PNP pincer ligands based on
an acridine backbone can selectively form primary amines using alcohols and ammonia.?? This new
ligand lacks the typically pyridinylic group which promotes a hydrogen borrowing mechanism
(Figure 50).%2794
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R R
dehydrogenation“ <
[RuH,]
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[Ru]

NH, H,0

Figure 50: Hydrogen shuttle mechanism for the amination of alcohols.

The mechanism was described by MILSTEIN and BELLER for primary and tertiary amines
respectively.®>%>In 2014, the group of VOGT investigated the mechanism more in more detail using
a Ru/Xantphos catalyst system.®* A dihydrido Ru species was identified as the main catalytic
intermediate. Additionally, the publication describes the low steady state concentration of the
intermediate imine species as a crucial bottleneck in the reaction which leads to low reaction
speeds and long reaction times. The solution of the group was to add a small amount of ketone to
the reaction mixture, which sped up the reaction significantly. The model reaction used was the
amination of cyclohexanol, hence leading to branched primary amines.®*

In the same year HOFMANN and coworkers studied the mechanism for the acridine based catalyst
system discovered by MILSTEIN with cyclohexanyl modifications.®® Since then the catalyst has been
used many different types of alcohol to amine conversion and led to more sustainable amine
synthesis.”” One explanation for the outstanding performance of the acridine base pincer ligands
is the corporation of the ligand with the Ru metal center by reversible dearomatization (Figure
51).

R OH R™0
2X NH3

Figure 51: Dearomatization of the acridine based ligand.

This complex is readily formed by the oxidation of the alcohol and stores hydrogen.
Subsequently, the ligand is reduced to a new species at elevated temperatures (Figure 51). The
reduction of the imine, involving the formation of a penta coordinated Ru amide intermediate and
subsequent protonation by an alcohol, was identified as the turnover- and selectivity-determining

step (Figure 52).
a 7|

u. u I~
~~ ~ R

Cy2P/ | H Cy2P/ | H
co co

Figure 52: Rate-limiting step of the catalytic alcohol amination.®®
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Interestingly, the group of HOFMANN found with their DFT calculations that the catalytic cycle is
completed assisted by an alcohol rather than the ligand. The ligand stays in his hydrogenated form
and does not undergo re-aromatization for the course of the catalysis.’® In 2015 the group of
SCHAUB, who was also involved in the studies by HOFMANN, published cationic catalyst species for
the amination with ammonia.®® This, for the reaction new, type of catalyst undergoes a different
catalytic mechanism and requires a minimal amount of aldehyde which is formed in a catalytic
cycle involving ammonium chloride ions. When compared to MILSTEIN’S catalyst the new triphos
based catalyst cannot achieve such high yields and reaches up to 52 % without additives (Table 16,
entry 3).°8 However, the triphos system performs better than the xantphos based system which
reaches only 11 % primary amine yield with the lowest selectivity of 69 % under the tested
conditions (Table 16, entry 6).°® In a different set up with p-xylene as the solvent instead of
toluene, the performance could be more than doubled (Table 16, entry 7).

One year later, the same group was able to increase the selectivity of the triphos system and
could achieve similar yields and selectivities compared with Milstein’s catalyst (Table 16, entry 4,
5). The challenge is the selectivity towards the linear primary amines since they are more prone
to consecutive reaction due to lack of sterically hindrance.

Table 16: Comparison of literature reaction systems for primary aliphatic amines.

L7 /P
N J\ Ph Eh O e
p ~Ph o

A
A

ph-"~ph Ph"~Ph Ph”  Ph
L1 L2 L3
Entry Ligand t[h] T [°C] NH; Ru [mmol] X [%] S [%]
1%2 L1° 12 155 7.5 bar 0.1 99 79
2% L1® 12 155 35-40 bar 0.1 99 95
39%8 L2 15 165 6 bar 0.2 63 83
4% L2@ 15 165 7-8 bar 0.2 99 97
599 L2 15 165 7-8 bar 0.2 98 95
68 L3 12 155 35-40 bar 0.1 16 69
7100 L3 12 155 6 eq. 0.1 30 77
8101 L3 20 140 60 eq. 3 99 79

a: Catalyst used as an ex situ formed complex.

A big advantage of the triphos reaction system, compared with the acridine-based system, is the
commercial availability. The acridine-based ligands are not available on the market, whereas
triphos and xantphos are readily available. Nonetheless, MILSTEIN’S catalyst is an interesting
starting point since similar catalyst are also known for ester hydrogenation capabilities.

5.4.1. Starting with the benchmark

Due to the ligand being not commercially available the first step was to synthesize the 4,5-
bis((diisopropylphosphinyl)methyl)acridine ligand from acridine (Figure 53).
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3R 5%
‘\/\/‘ T hso, MeOH )\ )\

4,5-bis((diisopropylphosphinyl)
methyl)acridine

acridine 4,5-b|s(bromomethyl)acr|d|ne

Figure 53: Reaction scheme for the synthesis of 5-bis((diisopropylphosphinyl)methyl)acridine.

The ligand is synthesized starting from the acridine which is bromomethylated in sulfuric acid
with bromomethyl methyl ether (BMME) in the first step to give 4,5-bis(bromomethyl)acridine.%?
Phosphorous is added by nucleophilic substitution of the bromide with diisopropylphosphine in
methanol. To form the active catalyst an ex situ preformation is necessary. For the complex
formation HRu(PPhs)3CI(CO) is combined with the acridine based ligand in toluene (Figure 54).

L0

N? Php. S'.PPhg -3 PPhy

/L J\ + Ru ~H - .
)P\ /'L PhsP~ CO toluene, 65 °C, 2 h

Figure 54: Formation of the Ru catalyst complex with the acridine based ligand.

This step yields the desired complex as solid, describes as stable in air for several month, in
contrast to oxidation prone free ligand.*?

5.4.1.1. Synthesis of 4,5-bis(bromomethyl)acridine - BMME route

The synthesis was carried out after Galy'®? with BMME (Figure 55).

N
W e OO0
> N

N7 H,S0,, 50°C, 18h
acridine Br Br
4,5-bis(bromomethyl)acridine
Y =47 %

Figure 55: Synthesis of 4,5-bis(bromomethyl)acridine.

In the initial experiment, conducted on a 5 mmol scale, the reaction mixture was quenched by
pouring it onto ice after 34 h reaction time. A bright orange solid precipitated, necessitating
filtration. However, the obtained solid was sticky and remained at the flask's wall, despite using
170 mL of chloroform to wash out the product. The residue was filtrated off and discarded, which
could still contain a small portion of the desired product. A subsequent crystallization from
chloroform and diethyl ether yielded a pure product with a poor yield of 24 %. This low yield could
be attributed to losses in the remaining solid and during the recrystallization process. Additionally,
the dissolution of the product under reflux chloroform required a larger quantity than anticipated,
reducing the effectiveness of the recrystallization.

A second attempt at recrystallization resulted in co-crystallization and a product of low purity.
The recrystallization procedure was then modified, with the crude product being dissolved in
dichloromethane and cyclohexane was used to decrease solubility. This adjustment increased the
yield to 47 % of the desired product.
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To scale up production to 33.8 mmol, dichloromethane (DCM) was employed for product
extraction, dissolving more of the side product. Consequently, the crude product was dissolved in
chloroform, and the side products were filtered off. The recrystallization, following the modified
procedure from the second synthesis, yielded 41 % of the product. The lower yield can be
explained with the second filtration step, which sacrificed some of the product to achieve higher
purity.

For future syntheses BMME should be replaced since it is carcinogenic, toxic, and volatile.
Alternatives are longer chain bromomethyl ether such as bromomethyl octyl ether, which is also
suspected to cause cancer, but has a high boiling point rendering it less volatile and easier to
handle.1931%4 Another alternative is a different synthesis route.

5.4.1.2. Synthesis of 4,5-bis(bromomethyl)acridine — zinc bromide route

An alternative is a reaction analogous to the BLANC reaction, which is a chloromethylatation®>-

107
ZnC|2
@ + (OCHy), + HCI —>

Figure 56: BLANC reaction with benzene.

Cl

In this process paraformaldehyde, HCl and zinc chloride are used to chloromethylated aromatics.
A combination of HBr and zinc bromide leads to the bromine analog.1® For the desired ligand the
first step is the electrophile addition of a protonated formaldehyde to the acridine backbone,
promoted by the zinc bromide. Then a nucleophilic substitution of the protonated hydroxyl group
by bromine.

CH,0 (2 eq.)
HBr (3.5 eq.) A
A ZnBr, (0.2 eq.) O O
D -
N7 acetic acid, 50°C, 22h
acridine

Br Br
4,5-bis(bromomethyl)acridine

Y=6%
Figure 57: Bromomethylation of acridine with paraformaldehyde and HBr.

The reaction was carried out after VAN DER MADE.'% Only 6 % yield could be achieved and a low
purity of the desired product. This could be explained by low activity of acridine, as also observed
above. VAN DER MADE used activated xylene derivatives which resulted in excellent yields.'®® The
nitrogen is a most likely protonated under the given conditions, hence is loses its m-electron
donating effect and does not contribute with a +M-effect to the reactivity of the acridine system.
In addition, nitrogen has a low -M-effect, resulting in a deactivation of the system. Even with the
extended reaction time no sufficient yield could be achieved, also leading to a poor selectivity.
The side products have an almost equal polarity resulting in a difficult separation and poor purity.
Other activation mechanism should be considered in follow up research on synthesis of acridine-
based ligands.

5.4.1.3. Synthesis of 4,5-bis((diisopropylphosphinyl)methyl)acridine

The next step in the synthesis sequence is the introduction of diisopropyl phosphine. According
to MILSTEIN a 2.55 fold excess of the phosphine was used (Figure 58).%
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1. MeOH, 50 °C, 48 h N
2. NEt; (3.8 eq.) O O
MeOH, RT, 1h N/
T Y )\P PJ\

(255 ea) N N

Y =69 %
Figure 58: Synthesis of 4,5-bis((diisopropylphosphinyl)methyl)acridine.

After completion of the reaction time, triethylamine was added. The amine deprotonates the
intermediate phosphonium ion to the desired phosphine and a color change from orange to
yellow could be observed, confirming the progress of the reaction. The crude product was
separated from the solid triethylammonium bromide and the remaining yellow oil was crystallized
from a mixture of acetone and pentane. At first minimal amount of hot acetone was used to
dissolve the solid and then pentane was used to lower the solubility. Afterward, the mixture was
cooled down slowly. For the formation of crystals, the mixture was stored at 4 °C for several days.
Crystals have formed, however they immediately melted during the filtration process at room
temperature.

Finally, the crystallization was carried out over night at -20 °C, followed by cold bath at -50 °C.
This procedure led to a larger quantity of crystals, which were washed with cold acetone seven
times at -50 °C. The desired ligand could be isolated as a bright yellow solid with a yield of 54 %.
In a final batch directly applying the improved purification procedure a yield of 69 % could be
achieved. The yield could potentially be improved by a longer period at lower temperatures, e.g.
in a -40 °C freezer.

5.4.1.4. Synthesis of Milstein’s catalyst

Since the ligand is rarely used as an in situ catalyst and higher stability of the Ru complex the
ligand was converted completely. The synthesis of the catalyst complex was carried out after
MILSTEIN (Figure 59).%2

/ ¢! Pph, -3 PPh,

)\ N J\ PhSP\ Iu‘
~H °
PhgP~ CO toluene, 65 °C, 18

Figure 59: Synthesis of Milstein's catalyst. %2

Freshly washed ligand and the Ru precursor were combined and stirred for 2 h, but the ligand
was still not converted fully so the reaction was prolonged until the next day. After the reaction
there was a black precipitate at the bottom of the flask, which points to elemental ruthenium. The
elemental ruthenium could be caused by impurities in the Ru precursor, or some of the catalyst
was already destroyed during the synthesis. Therefore, a more precise control of the reaction time
should be implemented in further synthesis.

Nevertheless, the crude yield of the catalyst could be increased to 80 % from prior failed
attempts. The key was a precipitation from tetrahydrofuran (THF) at room temperature with
pentane. In prior attempts a hot crystallization was carried out at 60 °C and lead to insufficient
purification.
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High purity could be achieved by washing the complex several times with small amounts of cold
(0 °C) toluene and pentane subsequently. Afterwards the catalyst was dried under vacuum. Due
to the many NRM samples during the purification the overall yield was only 54 %.

For future syntheses the use of freshly washed ligand is important, or ligand that was stored in a
glove box which was not available at the time of the synthesis. This prevents oxidized or partial
oxidized ligand which is difficult to remove from the catalyst in the purification step at the end. As
mentioned, a shorter reaction time would also be helpful to prevent unnecessary side product.
Additionally, less pentane and colder temperatures should be used for recrystallization for a
longer time to obtain a more complete crystallization. finally soring the ligand and the catalyst in
a glove box under inert conditions would help to prevent oxidation, since the alkyl phosphine
ligand is relative labile.

In the next step the complete catalyst is used for alcohol amination as the first part of the

5.4.1.5. Note on the literature

Especially for the synthesis of the acridine based Milstein ligand the existing literature lacks
detail. Therefore, trial and error procedure was necessary, which resulted in several unsuccessful
experiment that could have been prevented. Some mistakes seem obvious retrospectively,
however a more detailed and clear description of the procedure could have prevented this. The
use of the correct terminology is of high importance when describing chemical experiments e.g.
“wash” vs. “extract”. To wash a compound implies washing out impurities which have a higher
solubility in the washing medium than the desired product. In contrast to extract a compound is
the opposite i.e., the desired product has a higher solubility in the extraction medium than the
impurities leading to a product enriched extract.

Furthermore, exact condition for purification steps such as pressure, temperature or ratio of
solvents used in a mixture are rarely provided. This was especially problematic during the
synthesis of the ligand. A normal -23 °C freezer was not sufficient for the crystallization and since
no temperature was provided, we looked for the problem elsewhere, hence wasting time and
recourses. At the time no -40 °C freezer was available so, reducing the temperature to this level
was not possible for an extended time. Finally, a discussion with DENNIS PINGEN lead us to the
conclusion that lower temperatures are necessary and paved the way for the successful synthesis.

5.4.1.6. Alcohol amination with the acridine based Milstein ligand

The MILSTEIN ligand is very promising for the overall reaction due to its high performance in
alcohol amination. The first step is to reproduce these results and the second to align the reaction
conditions with the reaction conditions of the ester hydrogenation to prepare the overall reaction
for ester amination. Hexanol was chosen as the model substrate since it is readily available and
easy to quantify via GC (Figure 60).

milstein’s catalyst (2 mol%)
NH; (8 bar)
ANNN0H > AN NNH
140 °C, 24 h, toluene 2
Figure 60: Initial reaction conditions.

At first the ligand was tested, as other systems such as Ru/Xantphos can be carried out without
degassed substrates (Figure 61).
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Figure 61: Comparison of as is and degassed standard and substrate in the amination of hexanol.
Conditions: 9.5 mmol hexanol, 10 mg catalyst, 200 mg NHs, 3 mL toluene 24 h, 140 °C, 700 rpm.
Quantification via GC with decane as internal standard.

The results show, a high dependency on the oxygen content in the reactor. In contrast to the
highly stable Ru/Xantphos catalyst system, which was investigated by other members of our
group, MILSTEIN’S catalyst requires the complete absence of oxygen in the reactor for high yields.

Next, the dilution of the alcohol was investigated, which can influence the reaction performance
in two ways. First, the reaction solution is more diluted which can reduce the formation of
secondary amines, due to fewer collisions. Second, the amount of ammonia is kept the same, so
the ratio of ammonia:alcohol also increases with a higher dilution.

favoring:

NH;
/\/\/\OH — /\/\/\NHz

-H,0
disfavoring:

TNH, NN
/\/\/\NHZ = - H
-NH;3

Figure 62: Influence of an excess of ammonia in the amination of alcohols.

After LECHATELIER the equilibrium of a reaction will oppose the excess of reactants or products,
hence an ammonia excess would favor the formation of hexylamine with ammonia and disfavor
the formation of dihexylamine from two hexylamines which releases ammonia (Figure 62). The
alcohol content in the reaction mixture was reduced from 9.5 mmol to 1.5 mmol (Figure 63).
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Figure 63: Reduction of the alcohol amount in the amination reaction with MiLSTEIN'S ligand. Conditions:
Conditions: hexanol, 1.7 umol MILSTEIN’S catalyst, 200 mg NHs, 3 mL toluene 24 h, 140 °C, 700 rpm.
Quantification via GC with decane as internal standard.

The alcohol was almost fully converted in each case. Since the reaction time was relatively long
even 9.5 mmol alcohol, which correspond to a small excess of 1.2 NHs;, could be converted
completely. However, the main product in this reaction is dihexylamine. As explained above,
hexylamine is more reactive than ammonia in the amination reaction of alcohols and results in an
exothermic reaction, while the formation of hexylamine with ammonia is thermo-neutral. By
diluting the alcohol amount in the reaction mixture, in this case using less alcohol, increases the
amount of the desired primary amine as expected. At 1.5 mmol hexanol 83 % hexylamine are
achieved (Figure 63). Surprisingly, only traces of dihexylamine were detected and some alcohol
reacted to unknown side products.

During the dilution series the ammonia excess increases from 1.2 to 7.8 eq. since the amount of
ammonia is kept constant. However, this method reduces the scale of the time-space-yield of the
reaction with decreasing reference amount for higher excess of ammonia and dilution.
Additionally, the catalyst loading is decreased by the dilution. In terms of mol% the relative
amount changed from 0.18 mol% to 1.1 mol% catalyst. Another method is adding more ammonia
to the reaction to increase the excess of the reagent without diluting the alcohol significantly
(Figure 64).
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Figure 64: Influence of elevated ammonia content in the amination of hexanol with Milstein's catalyst.
Conditions: hexanol 9 mmol, 0.18 mol% Milstein’s catalyst, NHs, 3 mL toluene 24 h, 140 °C, 700 rpm.
Quantification via GC with decane as internal standard.

Rising the ammonia content in the reaction mixture results in a better performance of the
reaction until 6.8 eq. of ammonia with a yield of 81 %. Under these reaction conditions the relative
catalyst amount is 0.18 mol% and reaches a similar yield compared to the experiment with less
alcohol and a relative catalyst amount of 1.1 mol%. The ammonia excess is with 6.8 and 7.8 in a
similar range.

Increasing the ammonia content further to an excess of 29.7 leads to a drop in conversion and
yield which can be caused by too much ammonia in the coordination sphere of the catalyst. In this
case the ammonia inhibits the access of hexanol to the active catalyst center and slowing down
the reaction significantly.

Another catalyst system well known for the amination of alcohols and for the desired consecutive
reaction is the Ru/triphos catalyst.

5.4.2. Triphos as a commercially available alternative
In 2016 ScHAUB and colleagues, have demonstrated that triphos can be a viable alternative to

MILSTEIN'S catalyst. Triphos, like MILSTEIN'S catalyst, maintains a stable coordination sphere around
the central ruthenium atom, resulting in high selectivity for primary amines.®?

Ph

Ph P~ph
phF

Ph’P\Ph

Figure 65: Triphos ligand.

Additionally, the triphos system has already been utilized by COLE-HAMILTON'S group for ester
amination reactions which is the main goal for this chapter. Therefore, the focus was on the
Ru/triphos catalyst system for this part dissertation. Another advantage of triphos is that it is
commercially available, especially with larger scale reactions. For a direct comparison, hexanol
was chosen as the model substrate (Figure 66).
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Figure 66: Optimization of alcohol amination of hexanol. Conditions: Ru(acac)s 2 mol%, triphos 4 mol%,
0.38 mmol hexanol, MSA 4 mol%, dioxane (3.5 mL), water (1 mL), di-n-butyl ether (100 mg), 10 bar H,, NH3
10eq., 220 °C, 20 h. a = HRuCI(CO)(PPhs)s (adapted from ScHMIDT 20201%9).

Different reaction times, temperatures and methanesulfonic acid (MSA) content was screened
at first (Figure 66). Long reaction times of 76 h lead mainly to a formation of dihexylamine and
high amounts of products that are not detectable by GC since the difference between the
combined vyield and conversion is large. As most of the other amination reactions in
literature®119.111 3re carried out at lower temperatures, next, the reaction temperature was
decreased to 180°C. However, almost no conversion of hexanol was observed with only modest
amounts of the secondary amine being formed. With the system proposed by COLE-HAMILTON using
MSA (Figure 66, 2 % MSA) hexylamine was formed with 40 % yield and dihexylamine with 15 % as
a side product. Higher catalyst activity could be achieved by the use of [HRUCI(CO)(PPhs)s] as
precursor because it is closer to the active catalyst species and only the triphenyl phosphine
ligands must be changed by the triphos ligand. However, this system (Figure 66, 2 mol% MSA, a)
showed reversed selectivity between the primary and secondary amine with a higher conversion
of hexanol but more side products like hexanoic acid and hexanal. It is assumed that the task of
the methane sulfonic acid is the formation of the active catalyst species. As the [HRUCI(CO)(PPhs)s]
precursor already provides an active catalyst species a reaction without methane sulfonic acid was
carried out (Figure 66, 0 mol% MSA, a). No hexylamine was being formed and only small amounts
of dihexylamine were detected, also resulting in a reduced conversion. Notably, both too high and
too low amounts of MSA influence the performance negatively. This shows the importance of MSA
in the reaction medium.

The results of COLE-HAMILTON®® with conversions of 100 % and yields of the primary amine up to
98 % could not be achieved. In further investigations, the use of aqueous ammonia should be
studied in more depth.
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Figure 67: Alcohol amination of hexanol at 220 °C. Conditions: hexanol (0.5 mmol), Ru(acac)s; (1 mol%),
triphos (2 mol%), MSA (1 mol%) in dioxane (2.4 mL), water (1.6 mL), aq. NHs (26 %, 5 mL), H, (10 bar), 20 h,
220 °C (adapted from Reichert 2022112),

The conversions of the reaction are 83 % and 82 % with a selectivity of 93 % and 85 % to the
desired product hexylamine. In addition, dihexylamine is formed in small amounts, each with a
selectivity of about 1 %. The formation of unknown side products was also reduced. Using aqueous
ammonia as the amine source seems to be beneficial for the alcohol amination with the Ru/triphos
system.

5.4.3. Experimental

General

Solvents and Chemicals: All solvents and chemicals were purchased from ABCR, Acros Organics,
TClI, Sigma Aldrich, VWR or UMICORE. Solvents was dried over 3 A molecular sieve for at least 24
h and distilled before use under argon. All precursors and ligands were stored in Schlenk flasks
under an argon atmosphere.

Synthesis of 4,5-bis-(bromomethyl)-acridine (1)

Acridine (926 mg, 5.01 mmol) was heated to 50 °C in H,SO4 (10 mL) under an argon atmosphere,
producing a yellow suspension. After addition of the BMME at 50 °C (1.2 mL, 44.64 mmol, 8.9 eq.)
in one portion, the mixture turned red. The reaction mixture was then stirred at 50 °C for 18 h. A
slight formation of Br, could be observed (brown gas). The suspension was then added to 70 mL
of ice and stirred for an additional 2 h. A yellow precipitate could be observed which was filtered
off and washed with 50 mL distilled water. To the solid 170 mL chloroform were added, leaving
some of the solid undissolved on the surface of the liquid. The undissolved solid was filtered off
and the liquid organic phase was dried with MgS0O.. The solvent was then removed using a rotary
evaporator, yielding a yellow powder. This yellow powder was then dissolved in 12 mL chloroform
in reflux and recrystallized with 5 mL diethyl ether and then dried under reduced pressure to give
4,5-bis-(bromomethyl)-acridine (442 mg, 1.21 mmol, 24 %) as a yellow solid.

Synthesis of 4,5-bis-(bromomethyl)-acridine (Il)

The second attempt was scaled up to 33.8 mmol acridine (6245 mg) and carried out as described
in (1), except for the purification. To obtain a better yield form the crystallization dichloromethane
was used for the process instead of chloroform and a minimal amount of cyclohexane was added
to reduce the solubility of the product until the mixture became cloudy. Then the product was
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filtered off and dried under reduced pressure. The desired product was obtained as a bright yellow
solid (5039 mg, 13.8 mmol, 41 %).

Synthesis of 4,5-bis-(bromomethyl)-acridine (1)

The third attempt was carried out on an 8.3 mmol scale (acridine 1530 mg) as described in (1)
with the modifications of (ll). To further increase the yield from the crystallization the mixture was
stored over night at -18 °C, before the product was filtered off and dried under reduced pressure.
The desired product was obtained as a bright yellow solid (1423 mg, 3.9 mmol, 47 %).

Alternative synthesis of 4,5-bis-(bromomethyl)-acridine (zink bromide route)

Acridine (902 mg, 5.0mmol, 1eq.), zinc bromide (228 mg, 1.0 mmol, 0.2eq) and
paraformaldehyde (938 mg, 10.0 mmol, 2 eq) were successively suspended in dry acetic acid
(3 mL). A 31 w% hydrogen bromide solution in acetic acid (2.9 mL, 17.6 mmol, 3.5 eq) was then
added and stirred at 50 °C for 22 h. The reaction mixture was then added to approx. 30 mL of
water. Afterward, 70 mL of chloroform were added to the reaction mixture and the organic phase
was separated. The aqueous phase was extracted four times with 70 mL chloroform four times.
The combined organic phases were then dried with MgS0O4. The solvent was then removed using
a rotary evaporator and an NMR sample was prepared. As this showed little product signal (6 %
yield), this method of purifying the product was discarded.

Synthesis of 4,5-bis((diisopropylphosphinyl)methyl)acridine (l)

The 4,5-bis-(bromomethyl)-acridine (302 mg, 0.8 mmol, 1eq.) was suspended in dry and
degassed methanol (4 mL) under argon atmosphere resulting in a vyellow suspension.
Diisopropylphosphine (250 mg, 2.1 mmol, dissolved in 2.25 g cyclohexane, 2.56 eq.) was added
dropwise via syringe, during the addition the suspension changed to an orange color. The flask
was then sealed, stirred at 50 °C for 45 h and then cooled for 1 h. Freshly distilled triethylamine
(0.45 mL, 3.2 mmol, 3.8 eq) was then slowly added and stirred at room temperature for 1 h
50 min. The solvent was carefully distilled under reduced pressure at RT into a cold trap and the
yellow residue was washed with 3mL of dry diethyl ether four times, leaving the
triethylammonium bromide as a white residue in the flask. The organic phases were combined,
and diethyl ether was removed by distillation into a cold trap. A yellow-orange oil, which contained
the product was obtained, but the isolation of the product was not successful.

Synthesis of 4,5-bis((diisopropylphosphinyl)methyl)acridine (Il)

The reaction was repeated with the following changes: The reaction was carried out in a
4.1 mmol scale; the reaction time was increased to 68 h; the extraction of the desired product
from the solid residue was conducted with two times 12 mL, two times 10 mL und once with 5 mL
dry diethyl ether. After the solvent was removed the raw product was dried under reduced
pressure (3 mbar, 30 min). The solid was dissolved in 1.7 mL acetone and stored at -22 °C over
night. The next day the formed crystals were washed with 2 mL (-50 °C) cold acetone seven times.
4,5-Bis- (diisopropylphosphinyl)methyl)-acridin was obtained as a vyellow solid (1246 mg,
2.8 mmol, 69 %).

Synthesis of (4,5-Bis-(Diisopropylphosphinyl)methyl)-acridin)-hydridochlorido-
carbonylruthenium(Il)

Freshly washed 4,5-bis(diisopropylphosphinyl)methyl)acridine (167 mg, 0.4 mmol, 1.1 eq) was
dissolved in 22 mL of dry and degassed toluene in a Schlenk flask. HRuCI(CO)(PPhs); (329.1 mg,
0.346 mmol, 1 eq) is added to this mixture and stirred at 65 °C for 18 h. After cooling down, the
solvent is slowly removed and the remaining solid is taken up in 2.5 mL THF at room temperature.
Subsequently, 23.5 mL of pentane is slowly added to precipitate the desired complex. The solvent
is then decanted off and the remaining solid is washed with 5 mL pentane and dried under educed
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pressure at 1 mbar for 5 h to obtain a brown-orange powder. Washing with 2 mL toluene at 0 °C,
washing with 4 mL pentane and subsequent drying gives the final milestone catalyst (113.2 mg,
0.2 mmol, 54 % yield).
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5.5.Hydrogenation of carboxylic acid esters — Generation of the

intermediate

For the desired ester to amine transformation in cascade reaction, a conversion of the ester into
an intermediate is the first step. Based on the work of COLE-HAMILTON the hydrogenation to obtain
primary, aliphatic alcohols was chosen, which can be aligned with the above describes amination
of alcohols (Figure 50). Fatty acids usually occur in the form of triglycerides in nature and are
processed into methyl esters for further use in the chemical industry. Therefore, methyl
hexanoate was chosen as the model reaction in this work, which can be converted into hexanol
via hydrogenation (Figure 68, when R = n-pentyl).

_H2

R’=H, Alky
H,
@) H, 0 NH,
Ko o & o
R” “OR’ - R’OH R -HO

primary
amine

Figure 68: Schematic hydrogenation of carboxylic acid esters in the context of ester amination.

In theory, a reduction of the ester into an aldehyde would be enough for the total conversion
from ester to amine. However, under reductive conditions, i.e., in the presence of hydrogen and
a catalyst, aldehydes are readily hydrogenated to form a more stable alcohol.

MILSTEIN’S catalyst shows remarkable performance in the amination of alcohols, which makes this
catalyst a promising candidate for the total reaction. Additionally, the Ru/triphos catalyst system
is investigated, since it is capable of a similar reaction with aniline instead of ammonia.

5.5.1. Hydrogenation of hexanoic acid with Milstein’s catalyst

At first MILSTEIN’S catalyst was tested in the hydrogenation of methyl hexanoate. The acridine
based ligand is like the pyridine base catalyst complexes, also developed by the same group, are
well suited for the hydrogenation of esters.113-119

cat. (2 mol%)

0 MSA (2 mol%)
> NN 0H
/\/\)Lo/ H, 10 bar, 220 °C °
46 h, dioxane Y=1%

Figure 69: Hydrogenation of methyl hexanoate with MILSTEIN’S catalyst.

The ester could not be converted into the alcohol successfully, as only traces of the desired
alcohol could be detected. Due to lack of catalyst a wider range of reaction conditions could not
be tested, which underlines the convenience of a commercially available catalyst for the
optimization of a catalytic reaction.

5.5.2. Hydrogenation of hexanoic acid with a triphos based system

Hydrogenation with a homogeneous ruthenium catalyst is well known, but the Ru/triphos system
which is the focus of this work because it can also alkylate ammonia with alcohols. Already in 1997,
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TEUNISSEN et al. discovered that Ru(acac); in combination with the triphos ligand can convert
dimethyloxalate to ethylengycol.?® Since then the catalyst system was established and used in
similar compositions for the reduction of different kinds of carboxylic acids and esters.110:120-125

o
Ru(triphos)(tmm) (1 mol%) OH
1) o~ >
50 bar H,, dioxane,

140 °C, 16 h Y = 98 %

Ru(acac); (1.19 mol%)
o triphos (1.37 mol%)

2) Zn (0.35 mol%)
\/O\n)j\o/\ > HO\/\OH
70 bar H,, MeOH,

o 100 °C, 16 h Y=95%

Ru(triphos)(tmm)
HNTf,
3) COZ + H2 MeOH + H20
CO,/H, 20/60 bar, THF/EtOH,
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Figure 70: Examples of hydrogenations of carboxylic acid derivatives.

In general, high yields can be achieved using a Ru-based catalyst with the triphos ligand.
However, the reaction speed is relatively low and harsh conditions are required. For the
hydrogenation of aliphatic carboxylic acids for example requires 60 bar of hydrogen and 4 mol%
ruthenium catalyst, resulting in overall high costs. Most catalyst systems depend on an additional
activation co-catalyst, which can be either a strong base or a strong acid. These activation agents
promote different ionic catalyst complexes.

Similar to entry 6 in Figure 70 which is capable of the hydrogenation of amides, the ester
amination procedure of Cole-Hamilton used an Ru/triphos catalyst system with MSA for activation
under a comparable mild pressure of 10 bar. Therefore, these conditions were used as the starting
conditions and tested with different solvents and concentrations of the acid.
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Figure 71: Optimization of reduction of methyl hexanoate. Conditions: methyl hexanoate 0.38 mmol,
Ru(acac)s 2 mol%, triphos 4 mol%, MSA 4 mol%, dioxane 3.5 mL, water 1 mL, H, 10 bar, 220 °C, 20 h. Yields
determined via GC and dibutyl ether as an internal standard(adapted from ScHmipT 20201%).

Starting with only dioxane as the solvent a poor yield of hexanol was achieved. The main product
was the free acid, which results form probably hydrolysis of the ester and might also indicate
water residue in the solvent. When water is added to the mixture the yield increases to 20 % with
an ration of dioxane:water 8:1 and increases even to 68 % when a ratio of 7:2 was used. Replacing
dioxane by toluene in this set up results in a drop of the yield to 21 %. Also, using only 2 mol% of
MSA could not increase the yield of the alcohol.

Afterward the same conditions were applied to methyl undecanoate and both carboxylic acids
respectively (Figure 72).

100 -
90 4
80 4
70 4 B Undecanoic acid
—. 60 -
S B Undecanol
=< 50 A @ Hexanoic acid
>
40 ~ O Hexanol
30 1 @ X Ester
20 + M @ X Acid
10 - l
0
20 h 72 h 20 h 72 h Hexanoic Undecanoic
acid acid

Figure 72: Comparison of reducing activity of the catalyst system for methyl hexanoate and methyl
undecanoate. Conditions: ester 0.38 mmol, Ru(acac)s 2 mol%, triphos 4 mol%, MSA 4 mol%, dioxane
3.5 mL, water 1 mL, 10 bar H,, 220 °C, 20 h. Yields determined via GC and dibutyl ether as an internal

standard (adapted from ScHMIDT 20201%).

Compared with hexanol (Figure 72), the yield of undecanol was lower, but the conversion was
also completed. Notable, the yield increased from 42 % to 55 % when the reaction time was
increased form 20 h to 72 h. A longer chain length of the ester could lead to higher sterically
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demand and a slower exchange of the substrate at the active catalyst complex When the

respective acids are used the conversion drops below 22 %, indicating a slower conversion of the

acid compared to the ester.

Next, the reaction was investigated in a larger reactor with 100 mL volume and 30 mL solvent.

100 -
90 4
80 4
70 4

60 A . .
@ Hexanoic acid
50 - d
O Hexanol
40 A
@ X Methyl hexanoate
30 4
20 4
10 -
0

180 °C[a] 180 °C 185 °C 200 °C 220 °C

Y, X [%]

Figure 73: Scale-up and temperature dependency of the hydrogenation of methyl hexanoate. Conditions:
ester 3.75 mmol, Ru(acac)s 1 mol%, triphos 2 mol%, MSA 1 mol%, dioxane 18 mL, water 12 mL, 10 bar H,,
2 h preforming of the catalyst, 20 h reaction time. Yields determined via GC and decane as an internal
standard. [a] = no preforming (adapted from Reichert 2022%12),

The overall yields and conversion were lower than expected. These lower results can be
attributed to the larger reactor and the new procedure for charging it. The smaller 25 mL
autoclaves only have two valves on the top, leaving fewer possibilities for trace oxygen left behind
in the reactor. In comparison, the 100 mL autoclaves have a more complex set up and are
equipped with a pressure dropping funnel, an addition valve, a gas inlet, a temperature, and
pressure sensor. Although the reactor was flushed with argon 5 times, trace oxygen could have
been trapped in the apparatus. Additionally, the catalyst solution was transferred into the reactor
via reduced pressure in the reactor through a cannula. The procedure was optimized later but
could have caused oxygen contamination at this stage.

Nevertheless, a temperature trend can be observed and the hexanol yield increases from 19 %
to 39 % from 180 °C to 200 °C. At 220 °C the temperature of the reaction mixture reached 235 °C,
before settling at 220 °C. The higher than planned temperature caused a deactivation of the
catalyst as no formation of hexanol could be observed. Instead, only hydrolysis took place. At
180 °C and 185 °C, hydrolysis was the main reaction probably caused by the lower activity of the
hydrogenation. Only at 200 °C the catalyst system was active enough to promote the desired
hydrogenation resulting in the alcohol being the main product.

The lowest conversion was observed without preformation which indicates that the active
catalyst is better formed in the absence of substrate and need some time to form. Due to the
mentioned possibility of oxygen contamination the difference is not drastic.

Combining the ester hydrogenation with the alcohol amination results in the desired ester to
amine conversion.

5.5.3. Experimental

General hydrogenation of esters in a 25 mL autoclave

Ru(acac)s (1.6 mg, 0.005 mmol, 0.01eq.) and triphos (5.2 mg, 0.01 mmol, 0.02 eq.) were
weighed into the reactor in air. The reactor is sealed and then inertized with argon. A stock
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solution of 10 mL dioxane/water (3:2), methane sulfonic acid (0.78 pL, 0.013 mmol, 0.025 eq.) and
hexanoic acid methyl ester (157.3 mg, 1.25 mmol, 2.5 eq.) was prepared, 4 mL of the solution
were filled into the reactor under argon countercurrent. The reactor was flushed 6 times with H,
pressurized with H, (10 bar) and then stirred in a preheated heating block at 220 °C for 20 h. At
the end of the reaction time, the reaction was stopped by cooling the reactor in an ice bath and
the reactor was depressurized. The reaction solution was then analyzed by GC-FID.

General hydrogenation of esters in a 100 mL autoclave

Ru(acac); (12 mg, 0.038 mmol, 0.01 eq.) and triphos (38.6 mg, 0.075 mmol, 0.02 eq.) were
weighed into the reactor in air. The reactor was sealed and inertized with argon. A solution of
20 mL dioxane/water (3:2) and methane sulfonic acid (2.34 uL, 0.038 mmol, 0.025 eq.) was
prepared and completely transferred to the reactor via a cannula under reduced pressure in the
reactor and the transfer flask under argon. A second solution of 10 mL dioxane/water (3:2) and
hexanoic acid methyl ester (472.8 mg, 3.5 mmol, 1 eq.) was prepared, which was filled into the
closed pressure dropping funnel of the reactor under argon counter flow. The reactor was flushed
6 times with H,, pressurized with H, (10 bar) and then stirred for 2 h at the given reaction
temperature.

After 2 h, the solution was released from the dropping funnel into the reactor and the reactor
was stirred for 20 h at reaction temperature. At the end of the reaction time, the reaction mixture
was cooled down with an water/ice bath. The reactor was depressurized and the reaction solution
was then analyzed by GC-FID.

5.6.Ester amination — the tandem catalysis

The next step was to combine both reactions and add ammonia or another amine source directly
to the reaction system. Both reactions precede via an intermediate aldehyde and especially since
hydrogen is present in the reaction mixture, the whole reaction also proceeds via the aldehyde
(Figure 74).

v !
' R OH
R’=H, Alky
H2 = Hz
0 H, ? NH; H,
—_— e S —_—
RJ]\OR, _ R!OH R - HZO R NH R

primary
amine

Figure 74: Ester amination with possible pathways.

CoLe-HAMILTON and coworkers have described the amination of bifunctional acid and esters with
aniline.®® They proposed a sequential amination via an aldehyde, while the second amination
could proceed with a diversion over an amide. However, the reaction speed was substantially
faster when the reaction was carried out sequentially via the alcohol.

5.6.1. Amination of methyl hexanoate with MILSTEIN's catalyst

First, MILSTEIN’S catalyst was tested in the ester amination reaction under condition reported by
CoLE-HAMILTON®4%, At the time ammonia was unavailable, so aniline was used as well.
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Milsteins’s catalyts (2 mol%)
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Figure 75: amination of methyl hexanoate with MILSTEIN’S catalyst.

Similar to the hydrogenation (chapter 5.5), the yield was poor, and the desired amine could be
obtained with a yield of 2 %. Considering the better performance on the catalyst system for
primary amines the reaction time could have been still too short. Especially the first hydrogenation
step has been proven to be extremely oxygen sensitive, more freeze-pump-thaw cycles for each
component of the reaction could be beneficial, as well as handling the catalyst in a glovebox which
was not available at the time of the reaction. Additionally, the temperature could have been too
high for this type of catalyst.

It could be insightful to repeat the experiment with ammonia in a larger reactor under strictly
oxygen free conditions. Additionally, a better compromise of the reaction conditions of the
amination and the hydrogenation could be found, e.g. no MSA and lower temperatures.

5.6.2. Amination of esters with the Ru/triphos catalyst

Next the combined reaction was carried out with the Ru/triphos system. Two catalyst precursors
were investigated, and a small screening of the reaction conditions was carried out to combine
both, hydrogenation, and amination reaction, in a single synthesis step.
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g 1 1 —
180 °C 76 h 2 mol% MSA [RuHCI(CO)(PPh3)3], [RuHCI(CO)(PPh3)3],
MSA (2 mol%) MSA (0 mol%)
O Hexanol @ Hexanoic acid B Hexylamine O Dihexylamine
W Trihexylamine M Hexanal @ Dihexylimine @ X Methyl hexanoate

Figure 76: Screening of ester amination of methyl hexanoate. Conditions: Methyl hexanoate 0.38 mmol
[Ru(acac)s] 2 mol%, triphos 4 mol%, MSA 4 mol%, dioxane 3.5 mL, water 1 mL, di-n-butyl ether 100 mg, H>
10 bar, NH; 10 eq., 220 °C, 20 h. Yields and conversion determined with GC-FID and di-n-butyl ether as the

internal standard (adapted from ScHMIDT 2020'%).

The amination of methyl hexanoate yielded dihexylamine as the main product under all tested
reaction conditions. Only by reducing the MSA amount to 2 mol% traces of the desired hexylamine
could be detected. A reduction of the temperature to 180 °C even led to formation of
trihexylamine and significant amounts of dihexylimine, which showcases a lower hydrogenation
activity. Despite waste being a significant portion of the solvent hydrolysis was only observed in
small amount.
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Changing the catalyst precursor to alternative closer to the active catalyst. ie.,
[HRUCI(CO)(PPhs)s], did not lead to an improvement of the results.

CoLe-HAMmILTON and coworkers reported only the direct amination of ester with amines thus the
production of secondary amines. However, the group was able to obtain primary amine with
ammonia through a two-step reaction set up. First, the hydrogenation of the ester and in the
second step the addition of ammonia for the amination reaction. This way, the catalyst can
successfully conduct both reactions consecutively.

In the next screening experiments both set ups were compared under similar condition
(Figure 77).

Ru(acac); (1 mol%)
triphos (2 mol%)

MSA (1 mol%)
[o) aqg. NH3

> NN
/\/\)j\o/ [ NH2

H, 10 bar, 220 °C

46 h, dioxane
Ru(acac); (1 mol%)
Ru(acac); (1 mol%) triphos (2 mol%)
triphos (2 mol%) MSA (1 mol%)
MSA (1 mol%) aqg. NH; or liq. NH3
H, 10 bar, 220 °C H, 10 bar, 220 °C

46 h, dioxane 46 h, dioxane

Figure 77: Single step reaction and two-step process for the amination of methyl hexanoate.

Additionally, ammonia can be added pure in its liquid, condensed form or as an aqueous solution.
The latter is much easier to handle but could take up oxygen over time.
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Figure 78: Comparison of the one-step reaction with the consecutive synthesis of primary amines form esters.
Conditions: 0.5 mmol methyl hexanoate, Ru(acac)s; 1 mol%, triphos 2 mol%, MSA 1 mol%, dioxane 2.4 mL,
water 1.6 mL, 10 bar H;, 20 h, 220 °C; then addition of NH; (26%, 5 mL), 10 bar H,, 20 h, 220 °C (adapted
from REICHERT 2022112),

Again, the direct addition does not result in significant amounts of amine. Only unwanted
reaction paths can be observed, namely amidation and hydrolysis of the ester. With the sequential
addition of agueous ammonia, a small amount of hexylamine is detected in the reaction solution.
However, the amount of amide increased, and hydrolysis was still the second largest reaction by
yield. These results point to a low overall ester reduction activity which is heavily depended on
the oxygen content in the reaction solution. Since ammonia was stored as an aqueous solution
over a longer period, oxygen could be dissolved into the solution form the atmosphere. Therefore,
the ammonia solution was degassed by three freeze-pump-thaw cycles. Although ammonia is also
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a gas, oxygen can be removed selectively form the solution. A small part of ammonia is bound as
ammonium hydroxide in solution (Figure 79) and ammonia has a relatively to oxygen high melting
point of -77.73 °C so it can be frozen at liquid nitrogen temperatures.

NH3 + Hzo — +NH4 + "OH

Figure 79: Hydrolysis of ammonia.

With the degassed aqueous ammonia solution, the amination became the main reaction and
resulted in 48 % yield. The main side reaction again was amidation with 31 %. Without oxygen the
catalyst activity did increase, so the addition of liquid ammonia seems a suitable alternative. With
liguid ammonia the yield could be increased to 62 %.

5.6.3. Experimental

Ester amination with MILSTEIN’S catalyst

First, the MILSTEIN’S catalyst (10.2 mg, 0.02 mmol, 2 mol%) was weighed into the steel reactor,
then a stirring bar was added, and the reactor was closed. The reactor was then evacuated and
flooded with argon three times. A 20 mL crimp cap vial was closed for each of the stock solutions.
These were then inertized with argon. Then freshly distilled aniline (118 mg, 1.27 mmol, 1.5 eq),
methyl sulfonic acid (1.64 mg, 0.02 mmol, 2 mol%) and methyl hexanoate (111 mg, 0.84 mmol,
1 eq.) were each added to a prepared vial via syringe. 2 mL dioxane was added to the aniline and
methyl hexanoate stock solutions and 1 mL to the MSA stock solution. The prepared stock
solutions were then added to the reactor in the argon counter flow. The reactor was flushed 6
times with H,, was pressurized with 10 bar H,, and then stirred at 700 rpm at a temperature of
220 °C for 67 h. Afterward, the reactor was cooled with ice/water bath. The reaction solution was
analyzed via GC with decane as an internal standard.

Ester amination with Ru/triphos

Ru(acac)s (1.6 mg, 0.005 mmol, 1 mol%) and triphos (5.2 mg, 0.01 mmol, 2 mol%) were weighed
into the reactor in air. The reactor is sealed and then inertized with argon. A stock solution with
10 mL dioxane/water (3 : 2), methanesulfonic acid (0.78 pL, 0.013 mmol, 2.5 mol%) and hexanoic
acid methyl ester (157.3 mg, 1.25 mmol, 2.5 eq.) was prepared, 4 mL of which were filled into a
25 mL reactor under argon countercurrent. The reactor was flushed 6 times with H,, pressurized
with H, (10 bar) and then stirred in a preheated heating block at 220 °C for 20 h. Afterward, the
reactor was cooled down depressurized and then charged with 5 mL aqueous ammonia solution
in an argon counter flow. Alternatively the reactor was attached to a syringe pump after the first
reaction step an 2 mL liquid ammonia was added. The reactor was then pressurized with H,
(10 bar) and then stirred in a preheated heating block at 220 °C for 20 h. At the end of the reaction
time, the reaction was stopped by cooling the reactor in an ice bath and the reactor was
depressurized. The reaction solution was analyzed via GC-FID with dodecane as an internal
standard.
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5.7.Substituted-Triphos — The better alternative?

The optimization of the reaction conditions of a reaction can improve the reaction outcome
significantly. However, the nature of the catalyst can also have a significant influence on the
reaction and even overcome limitations by changing the catalytic mechanism of the reaction.
Another way of improving the reaction outcome is eliminating the deactivation pathways of the
catalyst to maintain highest activity for an extended period, ideally for the entire reaction time a
longer in case of catalyst recycling. Above the deactivation by oxygen was already mentioned,
which can affect the ligand by oxidation or the catalyst metal. Additionally, the catalyst can form
stable complexes which are no longer available for catalytic reactions.

PPh PPh PPh thP
thP/, thP/, thP/, H/,, \\Pth
/ / o | \ R | \

Ph2 th Ph2

active complex deactivated complex | deactivated complex Il
Figure 80: The proposed active catalyst complex and deactivated forms.

The group of KLANKERMAYER described the dimerization of the active Ru/triphos yielding stable
dimers (Figure 80, deactivated complex Il) a major influence on the reactivity.*?> The hydride
bridges can be inhibited by adding larger substituents at the phosphorus atoms of the ligand. In
their work tolyl and xylyl derivatives of triphos were tested.

[Ru(Triphos)TMM] [Ru(Triphos-Xyl)TMM]
Figure 81: Comparison of the spatial orientation of [Ru(triphos)TMM] complex with [Ru(triphos-Xyl)TMM]
complex.

As Figure 81 depicts, the triphos-xyl can shield the Ru center better than the normal phenyl
triphos ligand due to the extra methyl groups occupying more space. Therefore, less dimers are
formed and the activity of the catalyst in the hydrogenation of esters increased significantly. The
yield could be increased form 25 % with triphos to a remarkable yield of 98 % with triphos-xyl.
Also, the hydrogenation of lactams to form cyclic amines could be improved significantly. Triphos
reached a yield of 13 % with a TON of 25 while triphos-xyl reaches 95 % with a TON of 200.1%
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There are two mechanism which improve the performance of the triphos-xyl ligand. First, the
additional methyl groups add electron density to the aromatic system and through this they add
electron density to the phosphorous. Usually, electron rich catalysts have an increased hydrogen
activation capability. Second, the 3,5-positioning of the rests improve the sterical demand and
thus improve the shielding of the metal center, avoiding dimerization.

Similar improvements could be possible with ester amination since the hydrogenation activity is
crucial for the transformation. A drawback is, that the ligand is not commercially available and
hast to be synthesized.

5.7.1. Synthesis of Substituted-triphos

The synthesis is carried after previous work of our group and Klankermayer!?1.12> First, dixyly (xyl)
phosphine 4a and 3,5-dimethoxyphenyl (DMOP) phosphine 4b are synthesized via a GRIGNARD
reaction followed by a reduction of the phosphine oxide and in the second step the phosphine is
combined with the ligand backbone 5 to form the final triphos-xyl 6a or triphos-DMOP 6b ligand.

M91 I2
R Br diethylether
—+ R = Me, OMe
R MgBr
i 9
! 2
gpl) NaH 9- Na* R 8 _ K H R
oo™ diethylether /\O'P\O/\ diethylether
2

1 R R

3
( R R
1. KOtBu HSIiCl; | toluene
R R ; 4
P R 5
Cl

cl ’
R P B 5 R P R
R -
R b R THF
R R
4

Figure 82: Synthesis plan of the triphos ligand substituted with 3,5-xylyl and 3,5-dimethoxyphenyl groups.

To avoid an overreaction at the phosphorus atom, diethyl phosphite is protected as a sodium
salt. The GRIGNARD reagent was produced freshly prior to use from the bromine substituted aryls.

Additionally, the synthesis of a 2,8-dimethyl-10H-phenoxaphosphine (POP) 4c substituted
triphos ligand was attempted, which still consist of the synthesis of the phosphine and the
attachment to the backbone. In this case the synthesis of the phosphine starts form ditolylether
9 and phosphorous tri chloride (Figure 83).

1. AICl;
2. pyridine o H
3. H,0 P HSiCl; P.
PCl; + _— H E—
0 toluene
fo) (o}
9 3c 2,8-dimethyl-10H-phenoxaphosphinine

4c
Figure 83: Synthesis plan for 2,8-dimethyl-10H-phenoxaphosphine.
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By pouring the intermediate phosphine chloride on ice, it gets oxidized quickly and can then be
reduced to form the desired phosphine.

This phosphine is an interesting structural motive for the triphos type ligand, because it also has
additional methyl groups comparable to the triphos-xyl 6a, but is less free in movement due to
the oxygen bridge between the two benzyl rings. In the past POP-Xantphos was already used for
hydroaminomethylation, which also requires the selective hydrogenation of an imine.'?¢

5.7.2. Synthesis of phosphine oxides

Deprotonation of diethyl phosphonate

The aim of the first reaction is to deprotonate the diethyl phosphonate 1 for the following
GRIGNARD reaction, so that less side-products are formed. Inspired by a method from
CASALNUOVO'%1?27, modified with NaH instead of KH.

o NaH (1.2 eq.) ‘.P?
/\ PLIEN /\
o’ IF-’I\O/\ diethylether, 0 Nao
r, 20 h :
1 2

Figure 84: Deprotonation of diethyl phosphonate.

Firstly, a grey suspension of sodium hydride in diethyl ether was formed. Slowly, diethyl
phosphonate was added by syringe when the formation of gas and the change in color to a lighter
suspension was observed. Because of high room temperatures or leaking lids, additional adding
of diethyl ether was necessary. After stirring for 20 h a yellow solution could be observed and was
analyzed by 3'P-NMR spectroscopy.

Figure 85: Sodium hydride suspension (left), addition of diethyl phosphonate (middle), after reaction (right)
(from ScHMIDT 2020%%9).

During the reaction the consumption of the solid NaH could be observed as the reaction solution
turned from turbid to clear. Drying of diethyl phosphonate 1 was necessary, as the consumption
of NaH was higher than expected in the first run. Therefore, the phosphite was distilled and stored
over 3 A mole sieve. With dried substrate the analytical yields achieved in the 3P-NMR spectra
reached up to 93 % and the reaction solution was filtered before use to remove excess NaH.

Synthesis of bis(3,5-dimethylphenyl)phosphine oxide

MgBr
(o)
B
g_ Na* 8a H
o o diethylether
2
3a

Scheme 1: GRIGNARD reaction towards bis(3,5-dimethylphenyl)phosphine oxide 3a.
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Different parameters were tested to optimize the GRIGNARD reaction. Initially a synthesis of the
GRIGNARD-magnesium bromide was carried out with magnesium powder, but the reaction did not
start on its own. Magnesium easily passivates on the outer surface of the powder. Therefore,
diluted hydrochloric acid was used to activate the magnesium. Additionally, iodine crystals were
mixed with the magnesium for further activation. The GRIGNARD reaction was started by
alternating addition of diethyl ether and 5-bromo-m-xylene 7a at 35 °C. An ultrasonic bath could
also help to start the reaction at times. The start of the reaction was accompanied by heat and
vapor development and a change in color to dark brown/black.

After the reaction different purification methods were tested. Column chromatography led to a
loss in purity of 3 %. Potentially, the loss in purity is due to differences in the concentration of the
NMR samples and not that a contamination was caused by column chromatography. This method
did not lead to a purification and a substantial part of the product was lost in the process. Due to
strong interactions the product could be absorbed into the silica gel column.

With crystallization in ethanol the purity could be improved by 2 % according to 3'P-NMR.

Next, filtration from toluene and a following extraction was tested. When similar reactions were
carried out, a phosphorous species believed to be the phosphorous oxide (8 = 19.32) was purely
extracted from other oxides with a mixture of water and dioxane in toluene. However, after
extraction the organic phase still contained the desired oxide according to 3'P-NMR. Extraction led
to an improvement of purity of 5 %.

As none of the purification methods led to particularly good results, finally the cured product
was used as is.

In general, low yields were achieved as the following table (Table 17) shows.

As different purification methods were used, a comparison can only be made qualitatively.
Stirring the GRIGNARD reaction for a shorter time leads to higher conversions of the phosphine
oxide 3a whereas a longer reaction time after addition of the phosphonate leads to higher yields
of 3a. It can be assumed that reaction 3 shows a higher conversion as actually noted because a
violent reaction with foaming after quenching the reaction solution led to a loss of product.
Another important influence factor that explains the different results may be the dryness of the
used substrates and solvents.
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Table 17: Overview of the synthesis of xyl-phosphine oxide.

Addition

Addition of

Entry of of [zllg] Bromoxylene feR;(;cT:)R: c::ﬁe Purification Yleld;:urlty
magnesium| lodine q- 7a purtty
Dry, 37°C,9h, rt, 66 h, Column
1 |0.01 M HCI | stirred | 1.1 diethyl diethyl |90 % |chromatography|44 % /92 %
for 19 h ether ether / Crystallization
Dry, a0°c,71h, | 20 ,
2 | 0.05 M HCl | stirred | 1.1 diethvl ether diethyl |65% Extraction [31%/70%
2h 4 ether
Dry, 20°c,71h, | 80N
3 | 0.05 M HCl | stirred | 1.1 diethvl ether diethyl |80% None 35%/80%
4h 4 ether
Dry rt, 22 h,
stirred 50°C, 14 h, THF, o .
4 None over 1.1 THE phosphite in 20 % discarded
night GRIGNARD
Dryl o o
5 |0.01 M HCI | stirred | 1.1 >0 _IC_I’_”16 h, | rt ?_’Hil h, 66 % None 65% /66 %
for20h
Dry’ o o
6 | 0.01 M HCI | stirred | 1.5 >0 'I(EI,-H1:6 h, | rt SI:"I-|2FO h, 96 % None 91%/96 %
for16h

With the addition of 1.5 eq. magnesium the highest yield could be achieved. Although the
magnesium oxide layer should have been removed by the diluted hydrochloric acid, some of the
magnesium still was not available for the reaction. Therefore, increasing the amount led to almost
full conversion of the xylyl bromide 7a. In general, the purification process was not trivial and best
result were achieved with a high yield to avoid purification.

Synthesis of bis(3,5-dimethoxyphenyl)phosphine oxide

Analogously, bis(3,5-dimethoxyphenyl)phosphine oxide 3b was synthesized form sodium
dieethylphosphonate 2. However, the experiment was carried out before the amount of
magnesium was identified as the limiting component and thus carried out with only 1.1 eq. of
magnesium.

Pl
/\0’ o/\
2

n Nat

_0 MgBr
oL 8b -
~ >
THF, rt, 18 h

Figure 86: Synthesis of

I’v

After the workup, the desired product bis-(3,5-dimethoxyphenyl)-phosphine oxide 3b was
obtained with yield of 83 % and a purity of 87 %. The low yield is a result of not enough active
magnesium available for the reaction and should be adapted in the future.
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Synthesis of 10-phenoxyzinphosphine oxide

The synthesis of 10-phenoxyzinphosphine oxide 3c (POP oxide) was carried out after PONOMAREV
who published the synthesis in 2004 and is the only literature available (Figure 87).128 For other
ligands containing POP, the phosphine chloride route is preferred and more commonly used.

1. AICl;
2. pyridine (o)
3. H,0 i,',
° o
9
3c

Figure 87: Synthesis of POP oxide.

The initial two reaction steps lead to the creation of POP chloride, which reacts easily with water
to produce the desired phosphine oxide and HCI. The reaction is highly exothermic, so the reaction
mixture was poured onto ice to cool it simultaneously. The crude product was purified via column
chromatography, which did not lead to such a high loss of product compared to dixylylphosphine
4a. Instead, the pure POP oxide 3c was obtained as bight white solid which showed the
characteristic P-H coupling of over 500 Hz in the *H NMR spectrum. A yield of 82 %could be
achieved. Next, the phosphine oxides were reduced to produce the phosphine intermediates.

5.7.3. Reduction to bis(3,5-dimethylphenyl)phosphine

Using Trichlorosilane

In the context of secondary phosphine oxide reduction, a substantial body of research has been
dedicated to reactive silanes as reducing agents.'? Trichlorosilane stands out as the most widely
employed reducing agent in this context.3°

o
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Figure 88: Reduction towards bis(3,5-dimethylphenyl)phosphine 4a.

A suggested mechanistic pathway is depicted in Figure 89. Initially, a four-step transition-state is
established, wherein the oxygen is abstracted by the silane. Simultaneously, a concerted hydrogen
transfer occurs to the phosphine. Subsequently, the resultant acidic siloxane anion facilitates the
return of the hydrogen, leading to the regeneration of the phosphine, while generating
trichlorosilanol as a by-product.'?®

ey fo ~oN R
5 + HSiCl; —> @1 e R-P>-H " o-sicl —> R-P + HO-SICl3
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H e 3 H H

Figure 89: Proposed mechanism for reduction of secondary phosphine oxides with trichlorosilane.1

The silanol as the only by-product is an advantage of this reaction in comparison to other
reducing agents like DIBAL-H. Due to its low boiling point, it can be vaporized under reduced
pressure alongside excess trichlorosilane without laborious work-up processes.

Other phosphine species undesirably formed during the reaction sequences were also able to be
reduced using trichlorosilane, so that starting from different phosphine species this method led
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to comparable good results. Different ratios of toluene and trichlorosilane, different reaction
times and work-up procedures were tested.

Because of the air sensitivity of the phosphine and the reducing agent trichlorosilane all reactions
were carried out in degassed, dry toluene. When trichlorosilane was added in argon
countercurrent, the formation of gas and vapor was observable. The reaction mixture and the
products after work up were analyzed via 3'P-NMR spectroscopy to differentiate the formed
phosphorous species.
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Figure 90: Overview of obtained phosphorus species during and after reaction (Proposed structure based
on 3'P-NMR chemical shift) (adapted from ScHMIDT 2020%%9).

In reaction 1, a full conversion was achieved within 2.5 h, so less reduction agent was used for
the next reaction. A predominant side-product, i.e., 1,1,2,2-tetrakis(3,5-dimethylphenyl)-
diphosphine, was observed. By increasing the solvent content in reaction 2, dilution of the
reaction mixture could prevent the undesired dimer formation. However, the formation of the
dimer persisted, which could be attributed to the removal of trichlorosilane at 50 °C during the
workup procedure and the presence of chloro bis(3,5-dimethylphenyl)phosphine. The phosphine
chloride can react with the desired phosphine, leading to the formation of a dimer (Figure 91).

Bp<S<U
as

Figure 91: Side-reaction: formation of the phosphine dimer.

U

As this reaction points out the most prominent side-reaction, it was tried to suppress the
formation of the phosphine chloride as well as the coupling with the phosphine. In reaction three,
the removal of solvent was carried out at room temperature which proved that a lower
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temperature did not lead to the coupling towards the dimer (Cs;Hs¢P2) but instead to the
preservation of the phosphine chloride.

In reaction 4 the dependence of the formation of the phosphine chloride from trichlorosilane
was investigated. 3.6 eq., 5 eq. and 6.4 eq. of trichlorosilane were added and each heated to reflux
for an hour. As visible in Figure 92 with little amount of trichlorosilane a lot of phosphine chloride
was formed, with addition of more trichlorosilane the amount auf the phosphine chloride is
reduced to the phosphine 4a and the dimer while the amount of the triphenylphosphine remains
constant.
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0.9 4
0.8 A
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0.6 W C24H27P

x 0.5 - mC32H36P2

0.4 - W C16H18CIOP
0.3 - O C16H18CIP
0.2 EC16H19P
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0

3.6 eq. 5.0 eq. 6.4 eq.

Figure 92: Dependence of formation of phosphine chloride from amount of trichlorosilane(adapted from
SCHMIDT 2020%).

As an amount of 6.4 eq. trichlorosilane did not form any phosphine chloride, in reaction 5 the
same amount was used. However, the phosphine chloride was formed, so that different workup
procedures were tried in the next three reactions to avoid the formation of the dimer. In reaction
5, quenching with a degassed aqueous NaOH-solution (20 %) was tested. No dimer was formed
but apparently the phosphine chloride and parts of the phosphine were oxidized.

As reaction 6 showed, a large excess of trichlorosilane of 11 eq. did not result in a more selective
formation of the phosphine but to a species not detectable by our 3!P-NMR investigations, possibly
the deprotonated phosphine. Quenching with isopropanol as well was assumably unsuccessful
because no quenching characteristics like gas formation or color change were observable. The 3!P-
NMR confirmed these observations as still no phosphorus species except for a small amount of
oxide (maybe due to leaks during the preparation of the NMR sample) were found. The
phosphorus species was still undetectable.

In reaction 7, 5 eq. of trichlorosilane were enough to obtain the desired phosphine 4a in good
analytical yields. The dropwise addition of a small amount of degassed aqueous NaOH-solution
(20 %) led to precipitation of the excess silane as white solid and after filtration and removing of
toluene under reduced pressure, the phosphine 4a was obtained as a yellow liquid with high purity
of 89 %. After the successful formation of in high purity, a successful sequential reaction towards
the ligand is promising.

Temperature Dependency

A significant gas development was observed during the addition of trichlorosilane, even before
the completion of the addition or heating of the reaction. This suggests that the reaction occurs
at room temperature and may require less trichlorosilane. To simplify the overall reaction
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procedure, it is advisable to avoid heating and perform the reactions at room temperature. This
would also enable the use of a solvent with a lower boiling point than toluene for the reaction.

The solvent was replaced with THF, and the reaction was carried out at 22 °C (Figure 93). The
amount of trichlorosilane added was reduced to 2.5 equivalents. The reaction was not quenched,
but instead, the volatile trichlorosilane, the siloxanes received as coupling products, and the THF
were removed under vacuo. The reaction progress and product were investigated via NMR-
spectroscopy.

0 H
P HSICl; (2.5 eq.) P
THF, rt, 0.5 h
3a 4a

Figure 93: Reduction of the dixylene-phosphine-oxide using trichlorosilane.

The NMR-spectroscopy investigation revealed that full conversion of the phosphine oxide 3a
could be achieved within 30 min even at room temperature, as determined by the product signal
at around -39.6 ppm. The product mixture analysis showed a second signal at a chemical shift of
84.0 ppm, accounting for 16% of the phosphorus. This signal indicates that the dixylene-
phosphine-chloride was produced as a by-product during the reaction. A third signal was detected
at -14.8 ppm, but its intensity was very low. This signal may have been caused by a reaction
between dixylene-phosphine-chloride and moisture in the NMR sample. The reaction between
water and phosphine-chloride may have formed dixylene-phosphine-hydroxide. Dixylene-
phosphine 4a was received as an off white solid in a good yield of 80 % and a purity of 84 %.

The reaction can be carried out at much lower temperatures, resulting in two phosphorus
species. With the lower temperatures, no phosphorus dimers were observed, and the main
product is the desired phosphine 4a with only 2.5 eq. of silane. However, the presence of 16 %
phosphine chloride is still high and could be reduced by using a chloride-free reduction agent.

Reduction of POP oxide

Next POP oxide 3c was reduced with the same procedure.

0 . H
P HSiCl; (2.5 eq.) P
H >
\©: U THF, 23°C,20 h \@[ j@/
o (0]
3c 4c

Figure 94: Reduction of POP oxide with trichlorosilane.

The product mixture obtained consisted mainly of POP chloride (62 %), with only 29 %
representing the intended phosphine 4c product. The remaining 9 % was attributed to POP
hydroxide. To improve the POP synthesis, the reaction conditions were adjusted by lowering the
reaction temperature to 0°C and limiting the reaction duration to one hour. Subsequent analysis
using NMR spectroscopy revealed a modified product mixture.

Under the revised conditions, the 3'P-NMR spectrum displayed two distinct signals: one at
37.2 ppm corresponding to POP chloride and another at 15.1 ppm indicative of POP hydroxide. It
is noteworthy that the desired POP could not be detected. Instead, POP chloride was received as
an off-white solid, with a high yield of 90 % and a purity of 93 %. Under the given reaction
condition the different nature of the phosphine oxide 3c leads to its chlorination instead of the
reduction to the desired phosphine 4c.

A different reduction agent without chlorides could prevent the chlorination, hence DiBAI-H was
tested as an alternative.
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Using DiBAI-H

In 2005 BusAccA and coworkers at BOHRINGER-INGELHEIM published a new method using
diisobutylaluminium hydride (DiBAI-H).13! With the goal of finding a safe and effective reduction
method even on larger scale. The group claimed DiBAI-H to be superior to previously described
reduction routes. The reduction was also possible at room temperature in only 10 min with their
procedure.

o)

H
) DiBAI-H P
H >
THF, 25 °C, 10 min
4d

3d
Figure 95: Reduction of dixylylphosphineoxide with DiBAI-H.13!

In contrast to neutral diphenylsilane which is often used but requires 200 °C in many cases or the
electron deficient trichlorosilane which is described with elevated temperatures and was also
used in this work.3%133 As presented above trichlorosilane requires refluxing in toluene to avoid
chlorinated side product or a precise control of the reaction time. Regarding larger scale synthesis
trichlorosilane also holds additional risks such as a low flash and boiling point at -13 °C and 31 °C
respectively.13*13> Under reaction conditions the temperature is higher than both resulting in high-
risk due to possible oxygen contamination during malfunction.

The group of BUSACCA reached yield of up to 92 % with their reduction protocol for a variety of
phosphine oxides 3. Notably, the reaction was carried out under very mild conditions. A drawback
of the presented methodology is the requirement of special glass ware for best results. The work
up of the crude product consists of several extraction and washing steps with aqueous NaOH
solution and brine. Nevertheless, the more complex workup promises a higher purity of the final
product.

At first, the procedure was tested on phosphine oxide 3a, that was recovered from a previous
reduction experiment that showed splitting of the secondary phosphine resulting in primary
phosphine.

Since the exact apparatus described in the publication was not available a three-neck Schlenk
flask was used with Teflon tubes as a sparge line and for the removal of the aqueous phase. The
phosphine oxide was successfully converted into the desired phosphine, while the primary
phosphine did not increase (Figure 96).
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Figure 96: Comparison of the 31 P-NMR before and after the reduction with DiBAI-H including work up (R =
Xylyl).

After this promising result the same reaction conditions were applied to POP-oxide 3c. Instead
of the desired POP-H phosphine 4c, a primary phosphine was detected as the only product.

T DiBAI-H PH
>
\@ D/ THF, 23 °C, 15 min o

3c
Figure 97: Reduction of POP-oxide 3c with DiBAI-H resulting in a primary phosphine.
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The cyclic structure of POP-H 4c seems to be not sufficiently stable and promotes the ring
opening under reductive conditions. This could explain that POP-H was reported in the literature
only once in 1965.13¢ FRITzSCHE and coworkers investigated the reduction of secondary and primary
phosphine oxides with silanes.

5.7.4. Synthesis of xyl-triphos
In general, the synthesis of the final ligand is carried out by deprotonation the phosphine 4a,

which can then react with the tripodal backbone 5. In a nucleophilic substitution the desired ligand
is formed with a chloride salt formation as the driving force.

97



Amination of carboxylic esters
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Figure 98: Synthesis of triphos-xly 6a.

In a first test reaction the deprotonation of dixylylphosphine 4a was not successful, hence LDA
was tested which is also a strong base and simultaneously a weak nucleophile due to steric
hindrance. A successful deprotonation is indicated by the formation of a dark red solution upon
addition of LDA. The yellow color of the phosphine shifts to red due to the delocalized m-electron
system of the aromatic rings, which is now expanded beyond the phosphorus atom (bathochromic
shift). Therefore, the color of the solution is a first sign for a successful deprotonation. Moreover,
the solution was analyzed by 3'P-NMR and the absence of a phosphine peak at 40 ppm confirmed
full conversion. Although the deprotonation was successful, no ligand 6a was obtained from the
reaction with the backbone 5. Also, heating to reflux for two days only lead to 14% analytical yield
in the reaction mixture. Due to the poor yield no separation of the ligand 6a was possible.

Sodium hydride was not able to deprotonate the phosphine as no red color was observable and
phosphine was still present in the 3'P-NMR spectrum.

KLANKERMAYER*3! proposed using potassium tert-butoxide and DMSO. The order of addition (first
phosphine 4a, then KOtBu, then solvent) seems not to be recommendable, as the solid KOtBu
reacts heavily with the oily 4a under coloration towards red and formation of heat and bubbles.
Although the reaction time and temperature were increased step by step, no triphos-xyl 6a ligand
was observable.

Since the results obtained in THF were more favorable than those in DMSO, THF was used with
KOtBu as the deprotonating agent. However, the deprotonation using KOtBu was not successful
probably due to still present water in the substrate, despite long drying times under reduced
pressure. After adding more KOtBu until no more bubbling occurred and complete deprotonation
was achieved, the 3!P-NMR spectrum showed no remaining phosphine. After stirring for 19 h at
60 °C and quenching with saturated ammonia chloride solution, no ligand but only phosphorus
oxides were obtained.

The phosphine 4a was thoroughly dried using toluene-water azeotropic distillation. It was then
added dropwise to a colorless solution of KOtBu in THF, resulting in a color change from yellow to
deep red (Figure 99).

Figure 99: Color gradient during the addition of KOtBu (from ScHmipT 2020*%).

The transparent red solution indicates successful deprotonation and the 3!P-NMR spectrum
shows the presence of ligand in the cloudy red solution (Yana = 67 %). After quenching with
degassed saturated ammonia chloride solution and concentrating under reduced pressure, the
ligand was isolated via crystallization. The resulting yellow oil was dissolved in degassed
isopropanol and water was added until a 1:1 ratio was achieved, causing a fine white solid to
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precipitate. After several washing cold washing steps with 2-propanol and methanol the triphos-
xyl 6a ligand was obtained as a white solid in a poor yield of Yis, = 5.

The procedure was repeated with an improved isolation step. The desired ligand was
recrystallized from iso-propanol (40 mL, 95 % 2-propanol, 5 % water, mixing 70 °C, crystallization
-20 °C). With this crystallization the isolated yield could be improved to 38 %.

5.7.5. Ester amination with triphos-xyl

The newly synthesized triphos-xyl 6a ligand was then tested in ester amination (Figure 102) and
first in the separate reactions (Figure 100, Figure 101).
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Figure 100: Comparison of triphos and triphos-xyl 6a ligand in amination of hexanol. Conditions: Ru(acac);
2 mol%, triphos 4 mol%, hexanol 0.38 mmol, MSA 2 mol%, dioxane 3.5 mL, water 1 mL, di-n-butyl ether
100 mg, H> 10 bar, NH; 10 eq., 220 °C, 20 h (adapted from ScHMIDT 20202%).

Compared to triphos under the same conditions, triphos-xyl shows a lower conversion, but
achieves a higher amine selectivity. No dihexylamine was detected in the reaction with triphos-xyl
6a. However, both reactions showed a discrepancy between conversion and yield, which cannot
be explained by the gas chromatogram.
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Figure 101: Comparison of triphos and triphos-xyl 6a ligand in reduction of methyl hexanoate. Conditions:
Ru(acac)s 2 mol%, triphos 4 mol%, methyl hexanoate 0.38 mmol, MSA 2 mol%, dioxane 3.5 mL, water
1 ml, di-n-butyl ether 100 mg, H, 10 bar, 220 °C, 20 h (adapted from SCHMIDT 2020%%9),

The ester hydrogenation was less successful and resulted mainly in the hydrolysis of the ester.
Chronologically, this experiment was conducted before the successful hydrogenation with
Ru/triphos was achieved. Therefore, trace oxygen could have been affecting the reaction, as
described in chapter 5.5.2. Nevertheless, the same conditions were applied to both ligands and in
comparison, triphos-xyl could not obtain better results in the hydrogenation reaction, which
contradicts the finding in from the literature.'? This could result from not ideal reaction conditions
for triphos-xyl, e.g. the literature used only 160 °C and 100 bar H,.
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Figure 102: Comparison of triphos and triphos-xyl 6a ligand in amination of methyl hexanoate. Conditions:
Ru(acac)s 2 mol%, triphos 4 mol%, methyl hexanoate 0.38 mmol, MSA 2 mol%, dioxane 3.5 mL, water
1 mL, di-n-butyl ether 100 mg, H> 10 bar, NH3 1000 mol%, 220 °C, 20 h (adapted from ScHMIDT 2020'%).

In the combined ester amination, hexylamine was only detected when the triphos ligand was
used. Both ligands showed significant formation of dihexylamine, showing the potential ability for
amination, but not the desired primary amine formation. In the case of triphos-xyl 6a, more
hydrolysis was observed, but the secondary and tertiary amine yields were comparable.
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For future studies on the ligand, an optimization of the reaction conditions is recommended,
which was not possible in this study due to the low amounts obtained in the synthesis. It was
assumed that the reaction parameters of Ru/triphos could be applied to Ru/triphos-xyl due to
their similarity. However, the results indicate otherwise.

5.7.6. Experimental

Ester amination with triphos-xyl

The ligand and catalyst precursor were placed in a reactor and closed. The reactor was purged
with 3 argon/vacuum cycles. A stock solution, along with the solvents di-n-butyl ether and
substrate, were added in an argon countercurrent. The reactor was then pressurized with 10 bar
of hydrogen, and if applicable, ammonia was pumped into the reactor at 10 bar with the via a
syringe pump. The reactor was stirred at 220°C for 20 h. After cooling down, the reactor was
opened, and the reaction solution was analyzed using GC/MS.

Synthesis of sodium diethyl phosphonate

Sodium hydride (1457 mg, 57.7 mmol, 1.16 eq.) was placed in a heated out Schlenk flask under
argon and diethyl ether (100 mL) was added and a gray suspension formed. Afterward diethyl
phosphonate 1 (6.5 mL, 49.8 mmol, 1eq.) was added under an argon countercurrent. The
suspension was stirred for 20 h at room temperature. After completion of the reaction time excess
sodium hydride filtered off and the solution transferred to a heated out Schlenk flask. The residue
was rinsed with diethyl ether. The resulting solution was used directly in the next reaction.

Synthesis of bis(3,5-dimethylphenyl)phosphine oxide (1)

Magnesium activated with 0.05 M hydrochloric acid (3002 mg, 122 mmol, 2.45 eq.) was stirred
in a heated Schlenk tube with 3 iodine beads for 4 h, a brown coloration of the magnesium being
observable. 5 mL diethyl ether were added at 40 °C as well as 5-bromo-m-xylene 7a (9.5 mL) in
portions of 1 mL and in between two 1 mL portions of ether. The solution was kept in an ultrasonic
bath. 1 mL 5-bromo-m-xylene 7a and 10 mL ether were alternately added until all 5-bromo-m-
xylene 7a (15 mL, 108 mmol, 2.17 eq.) and ether (60 mL) had been added. The reaction solution
was stirred at 40 °C. for 20 h. The resulting greenish-brown solution was added to a heated flask
with the reaction solution of the synthesis of sodium diethyl phosphonate 2; reaction 3 using a
syringe and excess magnesium was rinsed with 15 mL ether. Another 70 mL ether was added due
to a violent reaction. The reaction solution was stirred at room temperature for 80 h. The red
solution with a gray sticky solid was quenched with saturated aqueous ammonium chloride
solution (70 mL). The yellow solution was extracted with 3 x 50 mL diethyl ether, dried with
magnesium sulfate, filtered off and concentrated on a rotary evaporator. The bis(3,5-
dimethylphenyl)phosphine oxide 3a was obtained as a yellow oil (4.438 g, 17.18 mmol, 0.35 eq.).

Synthesis of bis(3,5-dimethylphenyl)phosphine oxide (l1)

Magnesium (120 mmol, 2946 mg, 3 eq) was prepared under an argon atmosphere and stirred
with an iodine crystal over 16 h. Distilled THF (5mL) was added and 5-bromo-xylene 7a (22 mmaol,
3 mL, 0.54 eq) was added. the mixture was heated to 50 °C and stirred for 15 min. Aniodine crystal
was added leading an exothermic reaction and boiling of the solution. Additional THF (10 mL) and
5-bromo-m-xylene 7a (29 mmol, 4 mL, 0.72 eq) were added leading to more boiling. The solution
was stirred at 50 °C 5 min. THF (10 mL) and 5-bromo-m-xylene 7a (29 mmol, 4.1 mL, 0.74 eq) were
added. The reaction was stirred about 15 min before more distilled THF (15 mL) was added. The
reaction was stirred at 50 °C 16 h.

The sodium diethyl phosphonate 2 was filtered into a heated out flask and the GRIGNARD was
slowly filtered into it. The reaction was stirred at 24 °C about 20 h.
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The reaction was quenched with a concentrated aqueous ammonium chloride solution (50 mL)
leading to a gas development. Additional water (50 mL) and diethyl ether (40 mL) were added, the
phases were separated, and the aqueous phase was extracted with diethyl ether (2x 50 mL). The
organic phases were combined dried over magnesium sulphate and the solvent was removed
under reduced pressure vyielding a yellow liquid. The liquid was investigated via NMR-
spectroscopy. Dixylenephosphineoxide 3a (36.2mmol, 9360mg, Y=91%, 96%) was received as a
yellow viscous liquid.

Synthesis of bis(3,5-dimethoxyphenyl)phosphine with HSiCl3

Bis-(3,5-dimethoxyphenyl)-phosphine oxide 3b (5.600 g, 17.4 mmol) was dissolved in a small
amount of dry toluene and transferred into a Schlenk flask. The amount of solvent was increased
to 180 mL toluene and this solution was degassed using an ultrasonic bath under argon
atmosphere for one hour. After that, trichlorosilane (8.9 mL, 87 mmol, 5 eq.) was added dropwise
over 15 min. After the first drops some white precipitate was formed and the reaction mixture
was heated to 110 °C for 2.5 h. After this aqueous NaOH-Solution (20 %) was added dropwise until
no solid was formed any more (30 mL). The phases were separated, and the organic solvent was
removed under reduced pressure, resulting in a brown oily residue. (3.965 g, 74 % (70% phosphine
4b, 30 % phosphine oxide 3b)).

The phosphine / phosphine oxide mixture from the first reduction (1.815 g, 5.63 mmol, 1 eq.)
was dissolved in dry toluene (50 mL) and degassed using an ultrasonic bath under argon
atmosphere for an hour. After that, trichlorosilane (2.27 mL, 22.3 mmol, 4 eq.) was added
dropwise. The reaction mixture was heated to 110 °C and after an hour, it was cooled down to rt
and NaOH Solution (20 %, 17 mL) was added, the phases were separated and the organic solvent
was removed under reduced pressure, resulting in a brown oil (1.935 g, (86 % phosphine 4b, 14 %
phosphine oxide 3b).

Synthesis of bis(3,5-dimethoxyphenyl)phosphine with DiBAI-H

The reaction was carried out after BUsAccA et al.'3* A 3-neck Schlenk flask equipped with a
magnetic stirrer, addition funnel, and an argon sparge line was evacuated/Ar filled (3X), then
charged with 48 mL 1M DIBAL-H/THF (48.0 mmol, 7 eq.) through the addition funnel (Figure 103).
10 mL THF were used to rinse the walls of the addition funnel into the flask. The addition funnel
was then charged with a solution of 2.2 g phosphine oxide 3b (6.8 mmol, 1 eq.) in 20 mL THF. This
solution was then added dropwise over 10 min (CAUTION: gas evolution). 10 mL THF were used
to rinse the walls of the addition funnel into the flask. The resulting mixture was then stirred at
room temperature for 20 min, after which 80 mL of MTBE was added dropwise over 10 min via an
addition funnel. After 10 min, the sparge line was inserted below the surface of the solution and
a slow flow of argon was initiated and maintained throughout all subsequent operations. After
sparging for 10 min, the mixture was cooled with a water/ice bath. The addition funnel was then
charged with 50 mL 2 N NaOH. This solution was then added dropwise via addition funnel over
20 min. 15 mL saturated ag. NaCl was then added via an addition funnel over 10 min. After 5 min,
stirring was stopped and the lower aqueous phase was removed via a Teflon tube and argon
pressure. 50 mL 5 % (w/v) NaCl in H,0O was then added dropwise through a funnel for 10 min, and
the lower aqueous phase was again removed as before. Then in a second Schlenk flask 10 g MgSO4
was inertized with argon and the organic phase was transferred into the flask via a Teflon tube.
After e few minutes of shaking the dried organic phase was filtered off. 25 mL MTBE were used to
extract the remaining MgS0, and the solvent of combined organic phase war removed under
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reduced pressure. The product was received as colorless oil (2.8 g, Containing the secondary and
primary phosphine 4:1).

Figure 103: Apparatus for the reduction with DiBAI-H.

Synthesis of 1,1,1-tris(bis(3,5-dimethylphenyl)phosphinyl)methyl)ethane
(triphos-xyl)

Potassium tert-butoxide (1405 mg, 12.1 mmol, 3.67 eq.) was placed in a heated Schlenk flask and
dissolved in 100 mL THF. Bis(3,5-dimethylphenyl)phosphine 4a (2802 mg, 11.6 mmol, 3.5 eq.) was
added dropwise. The solution was stirred for 30 min and 1,3-dichloro-2-chloromethyl-2-
methylpropane 5 (0.51 mL, 3.31 mmol, 1 eq.) was added. The mixture was stirred for 20 h at 60 °C.
The reaction solution was quenched with 30 mL of saturated ammonium chloride solution. The
resulting yellow aqueous phase was extracted once with 30 mL of diethyl ether. The solvents of
the combined organic phases were removed under vacuum, resulting in a white solid precipitate
that disappeared upon further concentration. The remaining yellow oil was dissolved in 10 mL of
isopropanol. Water was gradually added to the solution until a 1:1 mixture of water and
isopropanol was formed, and the solution was then centrifuged. A brown oil was separated from
a white, milky solution. The milky solution was concentrated and a white solid was crushed out.
The oil was taken up in isopropanol and recrystallized -23 ° C. A yellow solution was separated
from solid oil. Fresh isopropanol was added in the cold and white, fine-grained solid was slowly
washed out of the oil. This solid was separated and allowed to sink so that an orange solution
could be separated. The white solid was washed with isopropanol. The washing solution was
stored at -23 ° C for 30 min, during which time again a lot of white solid precipitated. The white
solid was washed again with methanol in the cold, dried in a high vacuum and the ligand 6a was
obtained as a white solid (145 mg, 0.183 mmol, 0.05 eq.).

5.7.7. Analytics

Sodium diethyl phosphonate
0]

Il
P
/\O - O/\
Na

31p NMR (25 MHz, diethyl ether) § =154.43 - 155.75 (s, 1 P; O=PNa(OR),) ppm.).
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Synthesis of bis(3,5-dimethylphenyl)phosphine oxide

f II e
1H NMR (500 MHz, CDCl3) & = 8.52 (s, 2H, f), 7.33 = 7.26 (m, 4H, d), 7.17 (s, 2H, c), 2.33 (s, 12H,a)
13C NMR (126 MHz, CDCl3) & = 138.84, 138.71, 134.37, 134.34, 131.88, 130.87, 128.32, 128.21,

68.05, 25.70, 21.33.
31p NMR (202 MHz, CDCl3) & = 22.93.

1,1,1-tris(bis(3,5-dimethylphenyl)phosphinyl)methyl)ethane (triphos-xyl)

ot

'H NMR (400 MHz, CDCl3): 6 = 1.07 (s, 9 H; CHs(CH>)3), 2.17 (s, 6 H; CH.), 2.29 (s, 36 H; CH3-CeHs),
6.95 (s, 6 H; para-CgHs), 7.07 (d, Jun =8.3 Hz, 12 H; ortho-CgHs) ppm.

13C NMR (101 MHz, CDCl3): & = 21.32 (s, 12 C; CH3-CeHs), 130.46 (s, 7 C; para-CsHs), 130.58 - 130.67
(m, 16 C; ortho-CgHs), 137.89 (s, 4 C; meta-Cg¢Hs), 138.24 (s, 1 C; ipso-CeHs) ppm.

31p NMR (162 MHz, CDCls): 8 = -27.07 (s, 3P) ppm.

Synthesis of bis(3,5-dimethoxyphenyl)phosphine

_0 P (O NQ

o
31p_.NMR (202 MHz, CDCls): 6 = -35.37 ppm.

~N

5.8.N-triphos — A preparative advantage?

Deprotonation of the phosphine presented a significant challenge in synthesizing triphos
derivatives. Another class of tripodal ligands is the N-centered N-triphos, which the MILLER group
extensively studied. They described two synthetic routes for synthesizing N-centered triphos
ligands. (Figure 104).137138 Routes A and B are both phosphorus based MANNICH reactions. In route
A, the secondary phosphine is converted with formaldehyde under acidic conditions in methanol
into a stable phosphonium salt. This salt is then isolated and further transformed with ammonia
under basic conditions into the desired N-triphos ligand. An advantage of this procedure is the
stability of the phosphonium salt, which is air stable.’¥” In route B, the secondary phosphine is
similarly converted with formaldehyde, but under neutral conditions. This process results in the
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formation of a hydroxymethyl phosphine intermediate, which is then directly converted into the
desired N-triphos ligand through a one-pot reaction with ammonia under basic conditions.

2 :%?0 OH 0.33 NH,
.- or <P+/\OH NEt,
MeOH, rt R" 'R MeOH, 80°C l
R
P
H R™Y R
-P< N__P
R” "R ~" "R
P<
R” "R
H,CO NH
HCI r0H NEt, T
' o
rP\
110 °C, neat R R toluene, 80 °C

Figure 104: Two literature described routes towards N-triphos and derivates.138

5.8.1. Synthesis of N-triphos

Since the intermediate is directly converted into the next step the one pot synthesis seemed
favorable. Furthermore, there are reports in the literature, that route A showed a decreased yield
for some derivatives, because of a decreased reactivity of the phosphonium salt.'3813° Therefore,
a modified synthesis based on route B was performed (Figure 105).

0
HO
H PN h NH Ph,P.

P H H 1
©/\© 110°C,15h ©/\© MeOH, 60°C 16 h  Ph,P___N._PPh,

Figure 105: Modified synthesis route towards N-triphos.

Diphenyl phosphine as a commercially available secondary phosphine was taken as the starting
point of the synthesis. A weakness in the synthesis of route B is the instability of the formed
hydroxymethyl phosphine intermediate in organic solvents, especially methanol, causing the
reverse reaction (Figure 106), which resulted in an equilibrium distribution and therefore reduces
the yield.140

OH

R.. A

S
4+ RN ’
R R R™~o —~ P "R
R

Figure 106: Synthesis and reversible decomposition of a-hydroxyphosphines.140

Since the diphenyl phosphine a liquid, the reverse reaction was prevented by performing the
reaction without solvent. This had the additional advantage, that the reaction temperature could
be increased to 110 °C, which should increase the reaction speed next to the higher
concentrations of substrates.

Paraformaldehyde is insoluble in the secondary phosphine, resulting in a suspension when
mixed. After 1.5 hours, the suspension cleared, indicating the end of the reaction. Methanol was
added to the solution and to prevent the reverse reaction from occurring ammonia was passed
through the reaction solution immediately. Instead of using an agueous ammonia solution as
reported for this synthesis, liquid ammonia was evaporated in an autoclave and passed through
the reaction mixture. Adding a higher amount of ammonia increases the solubilized amount and

105



Amination of carboxylic esters

should lead to a higher product yield. It is important to note that the thermodynamically favored
product is the trisubstituted one, compared to the mono- and disubstituted ligand. To complete
the reaction, heat the reaction mixture with a slow argon current to remove the resulting
ammonia. This will drive the reaction to completion.

H H A Ph,P.
. - + PhyP(__NH,
Ph,P__N__ PPh, Ph,P__N__ PPh, PhaP_N__ PPh; ~
H A Ph,P )
+ thp NH2 —— + NH3
thp\/N\/Pth g thp\/N\/Pth

Figure 107: Recombination of secondary amines to form N-triphos.

The reaction mixture was stirred overnight at 50 °C to enhance the yield. The following day, a
white suspension formed, which was an advantage of using MeOH as a solvent. The product was
easily separated from the solution by filtration and purified by washing with additional MeOH. N-
triphos was obtained with high purity and a yield of 65 %, consistent with reported yields in
literature. 137,139

5.8.2. Synthesis of N-triphos®!

The synthesis of the third ligand N-triphos-xyl was performed like the synthesis of N-triphos
(Figure 108).

(o]
Pxyl,

HO
H G N NH,
- P. > ﬁ
\Q/ \©/ 110°C,1.5h \Q/ \Q/ MeOH, 60°C 16 h Pxylo«_ N _ Pxyl;

Figure 108: Synthesis of N-triphos-xyl starting from bis-(3,5-dimethylphenyl)-phosphine.

The bis-(3,5-dimethylphenyl)-phosphine was a yellow oil, therefore no solvents were needed and
the N-triphos-xyl ligand was obtained in the same manner as N-triphos. First, the purity of N-
triphos-xyl was only about 91%, therefore the solid was again stirred in boiling MeOH and hot
filtered. After that the product showed a purity of 97 %, but the yield was only about 22 %. This
was probably caused by the hot filtration to ensure to obtain a pure product but lead to losses
because of the enhanced solubility of the product. Therefore, the parent solution was stored at
-30 °C, no more precipitate had formed.

5.8.3. Experimental
Synthesis of N-triphos

4 5

PhoP__ » 3

D

PhoP__N__P. :
1

Paraformaldehyde (3 g, 31.7 mmol, 1 eq) was given into a Schlenk flask equipped with a Teflon
coated stirring bar and dried under reduced pressure for 10 min. Diphenylphosphine (5.5 mL,
31.7 mmol, 1 eq.) was added via syringe in an argon counter current. The suspension was heated
to 110 °C and stirred for two h. A clear solution was formed, which was filtered into a Schlenk
finger. MeOH (15 mL) was added, and the mixture was heated to 55 °C. Ammonia (5 mL) was
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passed through the reaction mixture during 15 min, resulting in a white suspension. The mixture
was stirred overnight and the next day a yellow solution had formed. It was filtered and MeOH
(15 mL) was added to the white solid again and heated to 65 °C for an additional hour. The solution
turned yellow and was separated from the solid, which was washed with MeOH (2 x 5 mL) and
dried under reduced pressure resulting in N-Triphos (4.2 g, 6.9 mmol, 65 %).

31p.NMR (202 MHz, C¢De): & = -28.77 ppm.

1H-NMR (500 MHz, CgDg): 6 = 7.53 — 7.46 (m, H2, H3, total: 12H), 7.05 — 7.01 (m, H4, H5, H6, total:

18H), 3.91 (d, J = 3.8 Hz, H1, total: 6H) ppm.

Synthesis of N-tiphos-xyl
5 4 6
xyI
p 2 3
Xy

Paraformaldehyde (193 mg, 2.05 mmol, 1.1 eq) was placed in a Schlenk flask and dried under
reduced pressure for 10 min. Afterwards it was added to bis-(3,5-dimethylphenyl)-phosphine
(450 mg, 1.86 mmol, 1 eq) resulting in a white suspension and heated to 110 °C for 2 h until a
clear, yellow solution was obtained. This was transferred into another Schlenk flask via a cannula,
dissolved in MeOH (7 mL) and heated to reflux. Ammonia (2.5 mL, liquid) was evaporated and
passed through the reaction mixture slowly in bubbles for 2 h. After the first bubbles, a white
precipitate was formed but disappeared after 10 min stirring again. The heat was decreased to
50 °C and the reaction mixture was stirred overnight. The next day a white precipitate has formed,
which blocked the stirring bar at the bottom of the flask. Additional 4 mL of methanol was added,
and the mixture was heated to reflux again for 2 h. Afterwards the solution was filtered, using a
filter cannula and the white solid was washed with MeOH (2 x 3 mL) and dried under reduced
pressure. The NMR analysis showed 91 % purity, with many signals around -28 ppm (the desired
product peak). The solid was refluxed in MeOH (8 mL) for 4 h again, the solution was hot filtered,
and the white solid showed 97 % product purity (111 mg, 0.14 mmol, 22%).

31p.NMR (202 MHz, CDCls): & = 28.53 (s, 1P) ppm

1H-NMR (400 MHz, CDCl3): 6 = 7.03 (m, H2, H3, 12H), 6.86 (s, H4, total: 6H), 3.70 (s, H1, total:

6H), 2.15 (s, H5, H6, total: 36H).
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5.9.Conclusions and outlook

First, the two parts of the ester amination were studied separately. The best results in alcohol
amination were obtained with MILSTEIN’S catalyst, which is not commercially available and had to
be synthesized. With the same catalyst, no successful conversions were observed in the ester
hydrogenation and ester amination. However, the parameters tested were limited and could be
extended in future optimization experiments.

The Ru/triphos system was able to perform both reaction steps separately and the combined
ester amination. The results reported in the literature could be reproduced with lower yields and
were not matched even after screening experiments.

Esters were converted to primary amines with a yield of up to 49 % hexylamine. The successful
reaction was attributed to the use of liquid ammonia and the addition of ammonia after the
reduction of the ester. As a result, an alternative triphos-xyl was synthesized, demonstrating
exceptional performance in hydrogenation reactions in previous studies.

The synthesis of triphos-xyl encountered initial struggles, as the initial plan did not yield the
expected results. However, through optimization and adaption to the present equipment,
successful synthesis of triphos-xyl was achieved. However, the ligand did not outperform the
present triphos system. In alcohol amination, triphos-xyl showed better results compared to the
performance of triphos, but not to the extent expected. The poor performance in ester
hydrogenation was especially disappointing. Looking ahead, further optimization of reaction
conditions for triphos-xyl could lead to an improvement in the results. Additionally, ex-situ formed
catalyst complex might be beneficial for the catalysis.

The preparative procedure of N-triphos involves more steps than the triphos synthesis. However,
the purification of the final product is more straightforward and does not rely on the quality of
the deprotonating agent. Heating is used to control the mono-, di-, and tri-substituted ligands,
which enables the easier use of excess gaseous ammonia that can be bubbled through the solution
instead of aqueous NHs. A simple precipitation of the pure ligand at the end of the reaction can
avoid the more difficult crystallization and reduce the points of entry for oxygen.

The reaction can also be carried out on a larger scale by directly using gaseous ammonia, which
may be future syntheses. The N-triphos ligands show promise as an alternative for hydrogenation
and amination reactions. However, it is important to test the stability of the ligand under a NH;
atmosphere. Next to the catalyst system the reaction could be improved by more advanced
reaction engineering. For example, the ester hydrogenation could be carried out in a batch reactor
and the following alcohol amination could be carried out in a plug-flow reactor, which allows a
better control of the reaction temperature and reaction time.
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6. Hydrogenation of oximes
6.1.Abstract

The efficient production of aliphatic primary amines is still a major challenge despite their
production on large scale. Particularly when considering the overall production route starting from
alkenes, current strategies suffer in at least one reaction step from poor regio- or
chemoselectivity. This work presents an efficient and selective synthesis protocol for primary
aliphatic amines via their corresponding aldoximes. These are readily produced from the
condensation of hydroxylamine and the respective aldehydes. This straightforward condensation
can be carried out either with isolated aldehydes or with crude reaction solutions from the
hydroformylation of alkenes. It allows a straightforward separation of the aldoximes via their
precipitation, which then serve as intermediates for the final reduction. In a newly developed
protocol for aldoxime reduction, yields of up to 90 % of the desired primary amines from several
different aldoximes are achieved. The ruthenium/triphos catalyst system showed activities (TOF)
exceeding 7500 h, which is significantly faster than other amination protocols, and complete
conversion is achieved within minutes. Our new approach allowed the synthesis of the precursor
for polyamide-12 (methyl 12-aminododecanoate) from the unsaturated, renewable oleochemical
methyl 10-undecenoate via the hydroformylation, condensation, reduction sequence on a 6 g
scale with 77 % overall yield.

This chapter is in parts contain the results of the following works which were adopted in parts,
extended and modified:

Bachelorthesis:

Rene Reichert (2022): Untersuchung der Ruthenium-katalysierten Esteraminierung sowie
Synthese alternativer tridentater Phosphorliganden, TU Dortmund

Masterthesis:
Hannes Wegener (2022): Optimization of a homogeneous, ruthenium-based catalyst system for
the selective hydrogenation of aldoximes, Master Thesis, TU Dortmund

Publication:

Hares, K.; Wegener, H.W.; Roth, T.F.H.; Reichert, R.; Vogt, D.; Seidensticker, T. Primary amines
from alkenes and carbonyl compounds: highly selective hydrogenation of oximes using a
homogeneous Ru-catalyst. Catal. Sci. Technol. 2024; DOI: 10.1039/D4CY00368C

Adapted in parts, extended and modified.

6.2.Introduction

Today, primary amines play a vital role in producing pharmaceuticals, agrochemicals, polymers
and other chemical intermediates, which contribute to many everyday products.®*14-143 Especially
the synthesis of primary aliphatic amines remains challenging, as most routes suffer from low
selectivities or poor atom economy.?’ This is a significant drawback for industrial-scale production
due to the immense waste and byproducts generated. Hence, there is a large environmental and
economic interest in new, more efficient synthesis protocols to produce primary amines. The most
industrially abundant chemicals are alkenes, which render them desirable starting materials.
However, the direct transformation into amines is complex and remains one of the critical
challenges in catalysis (Figure 109).%”
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[cat.]

3
R —X> RUA~UNH

Figure 109: Catalytic, regioselective hydroamination of non-activated alkenes with ammonia towards
primary amines remains a dream reaction.

The direct hydroamination of non-activated alkenes with ammonia would yield aminesin a 100 %
atom economic reaction and was titled the “holy grail of catalysis”.?” The main challenges are the
high dissociation energy required for activating the N—H bond in ammonia,** the fact that the
reaction is thermoneutral, and the controlled transformation into the anti-Markovnikov product.?’
Therefore, a wide variety of synthesis routes have been explored to address these problems
(Figure 110).

Hydrocyanation
poor regioselectivity

Aldoxime Dehydration
H,O low productivity

E This Work: Oxime Hydrogenation ‘:
Hydroformylation [ co/H, H H high . i
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high regioselectivity |  [Rh] ‘[ hNoH RaCo-OH R\/\/C‘NH2 high productivity :
high productivity i 2 no NHz excess required !
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Yo [cat] | Reductive Amination
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SN NHs /Hp large NH3 excess
-H,0
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Figure 110: Reaction pathways toward primary amines starting from alkenes.

Since the direct hydroamination of non-activated aliphatic 1-alkenes with ammonia to produce
primary amines is still one of the major challenges in organic chemistry,?’” the chemical industry
commonly uses related hydrofunctionalizations. For instance, Ni-catalyzed hydrocyanation
transforms alkenes into nitriles, a highly atom-economic process using hydrogen cyanide.145-147
However, the control of regioselectivity is challenging since the desired linear amine resembles
the anti-Markovnikov product and is, therefore, not the thermodynamically favored product.4®
Thus, hydrocyanation is only established for the synthesis of adiponitrile from 1,3-butadiene.4®
For linear, aliphatic 1-alkenes, poor regioselectivity is obtained. In a consecutive hydrogenation,
the corresponding nitriles are transformed into the desired aliphatic primary amines with high
yields and selectivities, a process that is well understood and already highly optimized.14%1>0

Alternatively, the Rh-catalyzed hydroformylation of aliphatic 1-alkenes affords aldehydes with
the highest regioselectivity at high productivity.*>* These aldehydes are valuable platform
intermediates for a range of different products, among them aliphatic primary amines. Three
different routes generally exist: The reductive amination of aliphatic aldehydes directly with
ammonia is still suffering from poor chemoselectivity.*>>*>3 Secondary and tertiary amines are
formed by consecutive reactions of the primary amines since the produced amines are more
reactive than ammonia.?®1>3-1>5 Typically, a large excess of ammonia is thus used to shift the
product distribution toward the primary amine, hampering productivity.

Secondly, aldehydes can be reduced to the corresponding alcohols, which can be transformed
into amines by alcohol amination 9269810111115 Excellent chemoselectivities towards primary
amines, even with linear aliphatic alcohols, can be achieved using ammonia.®® However, the high
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chemoselectivity comes with the price of high ammonia excess and long reaction times. The
reaction time often exceeds 12 h, resulting in low productivity.

A third but underrepresented way of synthesizing primary amines is via oximes as intermediates.
Aldehydes stoichiometrically and highly selectively react with hydroxylamine to form aldoximes,
which is why this reaction is used to identify aldehydes in complex mixtures.’®” In this way,
nitrogen is introduced into molecules without risking consecutive reactions to secondary or
tertiary amines, thus avoiding a high excess of the nitrogen source. Recently, the potential of
combining Rh-catalyzed hydroformylation with aldoxime formation has been demonstrated in the
context of nitrile formation via biocatalytic aldoxime dehydration.?>8-16 We recently showed that
an aqueous hydroxylamine solution does not inhibit biphasic Rh-catalyzed hydroformylation, so
aldoximes can be obtained in a one-pot reaction starting from alkenes.'®? This offers an elegant
way to produce aldoximes since the isolation of the reactive aldehydes is circumvented.
Interestingly, it is possible to increase the already high regioselectivity from the hydroformylation
step by aldoxime formation: In some cases, the linear oximes selectively crystallize from the
reaction mixture.'®! Therefore, rendering the otherwise difficult separation of linear and branched
products very efficient, making aldoximes very interesting intermediates on the way to primary
amines.

As interesting as the biocatalytic transformation of aldoximes into nitriles for circumventing the
use of hydrogen cyanide is, this reaction sequence has two major drawbacks for the synthesis of
primary aliphatic amines: Firstly, aldoxime dehydration has a relatively low productivity, and
secondly, starting from aliphatic 1-alkenes, four reaction steps are required in total.

Therefore, that direct aldoxime hydrogenation is more straightforward and could thus be an
essential step for the highly desired primary aliphatic amines. It perfectly complements the
established reaction sequence of Rh-catalyzed hydroformylation and aldoxime formation. In
contrast to hydrocyanation, high regioselectivity and high productivity from the initial
hydroformylation can be at least preserved. In contrast to reductive amination and alcohol
amination, minimal to no excess of the N-source hydroxylamine is required, and consecutive
reactions may be efficiently suppressed, resulting in high chemoselectivity.

Aldoximes are common intermediates in organic synthesis on a laboratory scale. Usually,
activated hydride species are utilized for their reduction, as these reactants are easy to handle in
a conventional synthesis laboratory. Boron-based reduction agents can achieve a high primary
amine selectivity of over 90 %. Another recent example is the synthesis of a new anti-ulcer agent
by IVANKIN, which relies on lithium aluminum hydride to produce the intermediate primary
amine.'®3 However, this reaction produces inorganic salts as byproducts, and the reagents are
challenging to handle on a larger scale as they are pyrophoric and toxic. High selectivity towards
the primary amine is often achieved only under harsh conditions or elongated reaction times.64-
167

The cleanest reducing agent is molecular hydrogen in combination with a catalyst and dates to
1956; REEVE and CHRISTIAN showed excellent activity for Raney Cobalt.?®® The challenge here is to
selectively stop the reaction at the primary amine and avoid consecutive reactions. The reaction
mechanism for the heterogeneously catalyzed reaction was investigated by MULLER et al.*®° Who
used oxide-supported Ni and Co catalysts, which are less active but show higher selectivity for
primary amines, as well as Pd and Rh on activated carbon, which are more active but yield the
secondary amine as the main product. This study revealed that the selectivity of the oxime
reduction is highly dependent on the nature of the substrate.'®® More branched, thus, more
sterically demanding substrates yield higher selectivities than entirely linear oximes, and
ketoximes produce the highest primary amines selectivity.6°

Very recently, the reduction of aldoximes was used to synthesize heterocyclic primary amines,
which can be used to produce polymers and liquid crystal coordinating agents. With a
heterogeneous Ni-Mo/ZrO; catalyst, BAI-CHENG et al. achieved yields above 90 % after two to four
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hours of reaction time on a 60 g scale. However, excess ammonia was necessary for high yields,
and the products were beta-cyclic compounds.t”°

In 2019, the group of WANG reported excellent hydrogenation results using a palladium-based
catalyst consisting of nanoparticles with nitrogen-containing ligands.?’* They obtained a 99 % yield
of benzylamine and its derivatives. The yield of aliphatic amines was reduced to 83 % in the case
of octylamine and 71 % in the case of butylamine. Remarkably, the conversion takes place at an
atmospheric pressure of H, and room temperature, and even after 10 recycling runs, the
performance did not decrease significantly. However, the reaction is limited to a highly diluted
substrate on an extremely small scale, namely 0.05 mmol in 10 mL H,0.*"*

In the reviewed literature, there is no example of the homogeneously catalyzed reduction of
aldoximes with molecular hydrogen as the reductant, especially for aliphatic linear oximes. This is
a reaction with high potential for the chemical industry and the synthesis of intermediates and
pharmaceuticals since it makes a wide variety of primary amines accessible selectively.
Additionally, combined with previous work from our group, this reaction offers an efficient
synthesis of primary aliphatic amines starting from alkenes, which remains a significant challenge.
A highly relevant example would be the synthesis of green PA 12 starting from the renewable
methyl 10-undecenoate, which can be sourced from the oil of the Ricinus plant.172173

6.3.Results and Discussion

The introduction of nitrogen into a molecule via hydroxylamine at a carbonyl group is a well-
known and straightforward reaction, as they usually readily react and form the desired oxime
intermediate. This reaction is highly selective to carbonyls and can target them directly from a
mixture of compounds. However, the subsequent hydrogenation requires a well-optimized

catalyst for selective conversion.
O
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Figure 111: Possible side reactions in the hydrogenation of aldoximes.

In their pure form, aldoximes (1) are usually more stable compared to the corresponding
aldehydes (4). However, several side reactions may occur in the reaction solution and in contact
with the catalyst (Figure 111): Acidic conditions result in a Beckmann rearrangement forming
amides (5), which are relatively stable and not readily hydrogenated.

The oxime (1) can also be hydrolyzed at elevated temperatures to the aldehyde (4) and
hydroxylamine, which are rapidly converted into the corresponding alcohol (3) and ammonia
under reducing conditions. Theoretically, the alcohol (3) can react with ammonia to form the
desired primary amines (2) via alcohol amination. However, secondary amine formation is more
likely, since the more reactive primary amine (2) is already present in the reaction mixture and
will preferably react with the alcohol (3).
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Additionally, there are two main pathways to form the desired primary amine (2). On the one
hand, the aldoxime (1) can be dehydrated to form a nitrile (8), which in turn is hydrogenated into
the corresponding imine (9). Subsequent hydrogenation yields the desired primary amine (2). The
imine (9) must be hydrogenated rapidly to obtain high selectivities since it is prone to react with
the primary amine to form secondary amines.

On the other hand, the pathway promising the highest selectivities is via the direct oxime
hydrogenation to the organic hydroxylamine intermediate (6), which is subsequently
hydrogenated to the desired primary amine (2), liberating water.

Due to all these side reactions, the reaction system must be finely tuned, ideally favoring the
organic hydroxylamine path (Figure 111, dashed box), as it has a lower potential for side reactions.

Therefore, the reaction conditions were optimized in a single-point optimization manner.

The precursor, ligand, catalyst amount, solvent, temperature, and pressure were chosen as the
optimization parameters, with a starting point selected from common hydrogenation conditions.
The model reaction was the reduction of hexanal oxime (1a) to hexylamine (2a) (Figure 112).

1 mol% Ru(acac);

2 mol% dppe (L1)
2.5 mol% chO3

/\MN .OH > /\/\/\NH2
1a dioxane, 10 bar H,, 2a
160 °C, 18 h
Figure 112: Starting conditions for optimizing the reaction conditions in the hydrogenation of hexanal
oxime (1a).

At first, the reaction was carried out on a 1 mmol scale in a 20 mL autoclave with the above-
stated reaction conditions (Figure 112). However, this setup was not ideal for this reaction since
the selectivity was low, and reaction monitoring was impossible due to the small reaction volume
the lack of suitable periphery. The main side product was hexanol (3a), indicating a reverse
reaction of the oxime 1a with water yielding hexanal (4a), which is readily reduced under the
present conditions. Additionally, a 12 % yield of hexanamide (5a) was observed, resulting from a
Beckmann rearrangement.

6.3.1. Preliminary Experiments
Before parameter optimization, experiments were performed to set the limits for optimization.
Screening experiments were performed in 20 mL autoclaves equipped with a magnetic stirring bar

to get a first impression of the reactions. A ruthenium Ru(acac)s / dppe system was chosen as a
benchmark, and different solvents were tested.
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Figure 113: First solvent screening in 20 mL autoclaves. The ratio of substance area to overall area in
GC/FID chromatogram for different solvents (Reaction conditions: Hexanal oxime (1a) (1 mmol), Ru(acac)s
(0.01 eq.), dppe L1 (0.02 eq.), K,CO5 (0.025 eq.), solvent (2 mL; p(H;) = 10 bar, 160 °C, 18 h).

The desired amine was detected with all the solvents investigated except for water. The highest
amount of hexylamine (3a) was found with 1,4-dioxane as solvent. An interesting observation is
that the amount of hexanamide (4a) seems to increase with the idle time of the prepared reactor.
All the reactions presented were carried out in parallel in separate 20 mL autoclaves and charged
in the reverse order shown in the graph. The longest time after the preparation of the reactor
seems to have the highest amount of amide, i.e., water. A possible explanation is that the active
catalyst only forms under reaction conditions and performs the Beckmann rearrangement first.
Since dioxane had the best selectivity for the desired primary amine, it was the solvent of choice.
To observe the formation of different compounds during the reaction a larger 100 mL reactor was
chosen, and samples were taken approximately every hour.
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Figure 114: Reaction profile for ruthenium catalyzed hydrogenation of hexanal oxime (1a) with KOH as
basic additive and triphos as ligand. Conditions: Hexanal oxime (1a) (25 mmol), Ru(acac); (0.005 eq.),
triphos (0.01 eq.), KOH (0.025 eq.), 1,4-dioxane (50 mL), p(H;) = 10 bar, 160 °C, 12 h.

Amide formation stops after complete conversion of the hexanal oxime (1a) and is not consumed
afterward. Relatively large amounts of alcohol and nitrile formation were also observed.
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While drawing samples, it became visible that the reaction system seems to undergo a relatively
slow catalyst-forming process. The reaction mixture’s color changed over 2 h from red, the color
of the dissolved Ru(acac)s, to yellow, which is typically the color of Ru-phosphine complexes in
solution (Figure 115).

Figure 115: Sample color gradient over the reaction time (5, 10, 15, 20, 25, 30, 60, 90, 120, 150 min).

After opening the reactor upon completion of the reaction under the non-optimized conditions,
the typical odor of ammonia was present. A handheld ammonia detector could confirm relatively
large amounts of ammonia in the reactor, indicating the reverse reaction of the oxime (1a),
resulting in hydroxylamine, which is readily reduced to ammonia under the present conditions.
This might be caused by a slow hydrogenation of the hexanal oxime (1a) due to the not yet formed
active catalyst, allowing the backreaction to hexanal (4a) and hydroxylamine. Interestingly, the
alcohol is converted under the present reaction conditions, which the presence of ammonia can
explain.

To avoid the reverse reaction and Beckmann rearrangement in subsequent experiments, the
catalyst is run for 2 h. This was the time when the sample turned yellow and the red color of the
precursor disappeared. In addition to preformation, another ligand can enhance the formation of
an active catalyst complex suitable for oxime hydrogenation.

6.3.2. Ligand Screening

In previous works of alcohol amination and the amination of esters, ruthenium reached high
primary amine selectivity. Therefore, we did focus on ruthenium. For hydrogenation reactions,
there is a wide variety of ligands available, which were screened first.

The conversion of the oxime was complete in all cases, but the distribution of the products
varied. The results suggest that tridentate ligands favor the hydrogenation into the primary
amine (
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Table 18), which is, in all cases, the main product. However, L2 and L7 stand out with more than
65 % selectivity towards the primary amine. With the mono and bidentate ligands, the nitrile was
the main product. This suggests that the tridentate ligands have higher activity in the
hydrogenation of oximes and nitrile since less nitrile remains in the product mixture. Alternatively,
the reaction route via the hexyl hydroxylamine (2a) is the preferred route, resulting in less nitrile
formation in the first place.
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Table 18: Ligand screening in the hydrogenation of hexanal oxime.

PPh, PPh,

PPh, o
2
g SRS
h PPh,

dppe (L1) triphos (L2) xantphos (L3) triphenylphosphine
(L4)
Ph,P
Ph 2
Ph. P .Ph PhoP___N tBu (7 tBu
Ph Ph PPh;  tBu” N “tBu
P-triphos (L5) N-triphos (L6) tBu-Milstein type (L7)
. s(hexylamine 3a) s(dihexylamine 7a) S(hexanamide 4a)
0 _ [ o,
ngand X [A)] [%] [%] S(hexanltrlle 5a) [A)] [%] S(hexanul 9a) [A’]
L1 98 6 36 42 4 7
L2 >99 69 8 2 2 3
L3 >99 12 23 45 5 5
L4 98 1 26 57 9 7
L5 >99 30 26 11 6 16
L6 >99 34 15 22 4 10
L7 >99 68 7 2 9 1

Conditions: 8.33 mmol hexanal oxime (1a), 0.5 mol% Ru(acac);, 2.5 mol% KOH, 160 °C, 5 h, 700 rom, 1,4-
dioxane (30 mL), 10 bar H,, Monodentate: 1.65 mol%, Bidentate: 0.825 mol%, Tridentate: 0.55 mol%.
Determined via GC with dodecane as an internal standard.

For subsequent work, L2 was chosen because it has the highest selectivity and is known to be
stable at elevated temperatures. Additionally, the so-called triphos ligand (L2) is about 1/5 the
price of L7 while achieving similar results.74175

After the ligand was selected, the pressure of the reaction was investigated. Typically, hydrogen
pressure is one of the most critical parameters for the hydrogenation reaction because it directly
affects the amount of hydrogen in solution.
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6.3.3. Pressure Screening
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Figure 116: Screening of the hydrogen pressure. Conditions: 8.33 mmol hexanal oxime (1a), 0.5 mol%
Ru(acac)s, 0.55 mol% triphos (L2), 2.5 mol% KOH, 160 °C, 5 h, 700 rpm, 1,4-dioxane (30 mL). Determined
via GC with dodecane as an internal standard.

As expected, higher hydrogen pressure correlates with a higher selectivity of the reaction.
Besides the amount of hydrogen, its activation is also crucial for the outcome of the reaction since
this is often the rate-limiting step.

A common way to increase the activation of hydrogen is the use of additives. For the selected
Ru-triphos system, base or acid additives are usually used. However, under acidic conditions, the
oximes tend to undergo a rapid Beckmann rearrangement. Therefore, different bases were

investigated for the hydrogenation of aldoximes (Figure 117).

6.3.4. Base Screening

In the base screening, several oxygen and nitrogen bases were investigated.
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Figure 117: Variation of the base additives. Conditions: 8.33 mmol hexanal oxime (1a), 0.5 mol% Ru(acac)s,
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0.55 mol% triphos (L2), 2.5 mol% base, 160 °C, 50 bar H,, t =5 h, 700 rpm, 1,4-dioxane (30 mL).
Determined via GC with dodecane as an internal standard.
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The Ru-triphos system is often used in combination with KOtBu as a basic activation agent. In the
reduction of aldoximes, it reached a selectivity of 75 % and a TOF, of 359 h'1. KOH scored higher
in selectivity with the price of a slower reaction. This could be caused by the low solubility of KOH
in dioxane. A few drops of water were necessary to dissolve the required amount of base, which
could interfere with the catalyst or trigger the backward reaction of hexanal oxime (1a) into
hexanal (8a). Additionally, the amine bases 1,4-diazabicyclo[2.2.2]octane (DABCO) and 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) were tested. Both have shown a higher reaction rate, but
the best results were achieved with DBU, i.e., a selectivity of 89 % and a TOFy of 575 h'l. The
higher selectivity is caused by less nitrile (Figure 118) formed during the reaction, thus probably
favoring the hydroxylamine path and the lack of water in the system inhibits the backward
reaction of hexanal oxime (1a).

1 -
o— KOH

0.9 - —e— DBU

0.8 - —o— KOtBu
- —o— No base
S o7
o —o— DABCO
E o6
9
= 0.5
b=~
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Figure 118: Relative hexanenitrile (5a) amount formed during the hydrogenation with different bases. The

highest amount detected with KOH as the reference. Conditions: 8.33 mmol hexanal oxime (1a), 0.5 mol%

Ru(acac)s, 0.55 mol% triphos (L2), 2.5 mol% base, 160 °C, 50 bar H,, t =5 h, 700 rpm, 1,4-dioxane (30 mL).
Determined via GC with dodecane as an internal standard.

Looking closely at the GC chromatograms, additional signals could be observed when amine
bases such as DABCO and DBU were used. To clarify which side products belong to those signals,
HPLC-HRMS experiments were carried out. These experiments revealed the formation of two new
condensates (Figure 119) that were not observed using KOtBu (B3) and KOH (B4). This could hint
at a nitrogen-based catalytic step or acid-base reaction taking place at different pH.

H
\/\/\//N~O,N\/\/\/ \/WN\O/\/\/\

1 12
Chemical Formula: C4,H,6N20 Chemical Formula: C{,H,5NO
Exact Mass: 214.20 Exact Mass: 199.19
Molecular Weight: 214.35 Molecular Weight: 199.34

Figure 119: New condensates observed in the hydrogenation of hexanal oxime (1a) in the presence of
amine bases.

The masses shown above (Figure 119) were found in the measurement for the sample after
5 min, corresponding to the time when there were high intensities of the former unknown signal.
The left compound (11) can result from the condensation of a hexanal oxime (1a) with a hexyl
hydroxylamine (2a). In contrast, the right compound (12) can be built by condensing hexanal
oxime (1a) with hexanol (9a). Both condensate molecules are intermediates in the reaction system
since both can be reduced to the desired primary amine (3a). However, the oxime ether (12)
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releases an additional hexanol (9a) in the process and explains the formation of hexanol (9a) when
the oxime is already completely converted.

6.3.5. Precursor screening

Several different precursors were tested in the hydrogenation of hexanal oxime under the above
established conditions.
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Figure 120: Precursor screening. Conditions: 8.33 mmol hexanal oxime (1a), 0.5 mol% (Ru), 0.55 mol%
triphos (L2), 2.5 mol% DBU, dioxane (30 mL), p(H2) = 50 bar, 160 °C, 5 h, rom = 700. Selectivity of
hexylamine (3a) was calculated by GC by using dodecane as an internal standard.

The optimization was started with Ru(acac)s (P5) since this system is also often used in the
literature.®6°0121 Additionally, Ru" precursors were tested, which are commonly used for other
ruthenium catalyzed amination reactions.

Surprisingly, P2 exhibited a selectivity of only 69 % despite being the preferred precursor for
numerous analogous catalyst systems. P4 demonstrated a comparable selectivity; however, it led
to the accumulation of hexyl hydroxylamine (2a) during the reaction, potentially resulting in
additional side reactions. The best results were achieved with P5, and the reaction system was
not altered after the precursor screening.
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6.3.6. Solvent screening

Another essential factor for the homogeneous catalyst system is the solvent since it influences
the solubility of the catalyst and the substrates. 1,4-Dioxane is an excellent solvent for Ru
catalyzed hydrogenation reactions, but it is suspected to cause cancer, making it desirable to find
an alternative. Referring to the principles of green chemistry, harmful solvents should be replaced
with less dangerous substitutes.

Toluene is also an established solvent that has a stabilizing effect on the catalyst, so it was tested
along with anisole. Anisole contains an aromatic ring with a methyl ether, thus combining the
structural properties of dioxane and toluene. They were compared in the hydrogenation of
hexanal oxime (1a) (Figure 121).
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Figure 121: Solvent screening for the hydrogenation of hexanal oxime (1a). Conditions: hexanal oxime (1a)

(8.33 mmol), Ru(acac); (0.5 mol%), triphos (L2) )(0.55 mol%), DBU (2.5 mol%), solvent (30 mL), t =5 h, rom

=700T =160 °C, p(Hz) = 50 bar. Selectivity of hexylamine (3a) was calculated by GC by using dodecane as
an internal standard.

Despite the additional ether functionality, anisole performed the worst with only 67 % selectivity,
and toluene also underperformed dioxane. The structural difference could explain the difference.
Both toluene and anisole are aromatic and can coordinate mainly through mt-rt-interactions, which
seems less effective than the coordinating oxygen atoms in dioxane. Moreover, dioxane can act
as a bidentate ligand, increasing its stabilizing effect on the catalyst. Hence, the performance of
dioxane with 89 % selectivity remains the best.

DMSO was tested because of the inadequate solubility of long-chain oximes and dioximes. It is
capable of dissolving these specific oximes, which cannot be dissolved in small enough amounts
of solvents for the reaction to be carried out in the current reactor system. However, the
hydrogenation was not successful, since only traces of the amine could be observed. Additionally,
the distinct odor of cabbage indicates the hydrogenation of DMSO to dimethyl sulfide.

Therefore, dioxane was the solvent of choice.

6.3.7. 1Temperature — A key factor
Generally, the reaction rate is highly dependent on the reaction temperature. Preferably, the

desired reaction path is favored at elevated temperatures, further increasing the selectivity. The
results of the temperature screening are presented in Figure 122.

121



Hydrogenation of oximes

0 2672 [ 3000 B S(prim. Amine 2a)
90 -

o] O Productivity (20)

80 | L 2500

701 2000

60 -

50 1 1500

40 1

20 | 1000

20 1 L 500

10

0 - L o

140 °C (640 160 °C (240 180 °C (60 200 °C (30 220 °C (10
min) min) min) min) min)

S [%]

Productivity,, [h]

Figure 122: Temperature dependency of the hydrogenation of hexanal oxime (1a). Conditions: Hexanal
oxime (1a, 8.33 mmol), Ru(acac)s (0.5 mol%), triphos (L2) (0.55 mol%), DBU (2.5 mol%), dioxane (30 mL),
H (50 bar at rt), 700 rom, preforming 2 h under reaction conditions without substrate. The selectivity (S) of
hexylamine (2a) was calculated by GC-FID using n-dodecane as an external standard. All data points for
the selectivity arise from time-dependent measurements and were chosen for the highest selectivity
(compare in Sl). Productivity calculated at 20 % yield of hexylamine (2a).

As expected, the reaction speed increases with increasing temperatures. The selectivity also
increases with the temperature reaching a maximum of 90 % at 200 °C. At 220 °C, the consecutive
reaction takes over and reduces the selectivity towards the primary amine. The formation of 7a
(Scheme 3) after complete conversion of 1a can occur either via dimerization of the primary amine
(3a) or in a reaction of the imine (6) and (3), both liberating ammonia At this temperature, the
highest selectivity of 62 % was reached after 10 min, and the secondary amine formation (7a)
occurred faster (compared with the X/t-plot in the SlI). At 200 °C the highest selectivity was
accomplished after 30 min. At 160 °C, a similar selectivity was reached, but it took significantly
longer, as the maximum was reached after only 240 min. The maximum selectivity at 200 °C is
probably the result of two factors. First, a higher reaction rate reduces the time of intermediates
being present in the reaction mixture, thus suppressing side reactions and increasing selectivity.
Second, at higher temperatures than 200 °C, the activation energy of the dehydrogenation of
primary amine (2b) to the corresponding imine 9a is overcome. Hence, so-called deaminative
coupling proceeds, in which two primary amines react to form the corresponding secondary amine
(7a) under the liberation of ammonia, thus decreasing the selectivity at higher temperatures.

Comparing the productivity at 20 % yield (equation 3) at the presented temperatures reveals an
almost exponential relation: From 44 h'! at 140 °C to an increased productivity of 2672 h'! at
220 °C. The productivity was chosen for comparison of the different reaction parameters, because
the hexanal oxime is converted extremely fast.

n(product at 20 % yield)

n(catalyst) X t(for 20 % yield)

productivity (20) = (3)

Due to the different possible reaction paths (Figure 111) it does not indicate a better
performance of the reaction, so comparing the TOF, could be misleading, e.g. a high TOF;, could
be reached via the nitrile path but the overall reaction would be slower. In contrast, the
productivity is calculated via the yield and therefore, includes the selectivity of the conversion.
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6.3.8. Scale up of the reaction

Next, we performed the reaction in a 300 mL autoclave with 25 mmol hexanal oxime (1a),
representing a scale-up factor of 3 (Figure 124, graph B). Additionally, the reactor was equipped
with a gas inlet stirrer to improve the hydrogen availability for the reaction. In this setup, the
productivity could be increased to 1074 h'* at 200 °C (from 847 h™l). The selectivity, however, was
a bit lower at 83 %. Longer preparation time with the larger reactor could have led to more side
products. Noteworthy is the decay of the amine (3a) yield after it reached a maximum at 40 min
of reaction time. Simultaneously, an increase in the dihexylamine (7a) yield can be observed,
which suggests a deaminative coupling occurs, despite the pressurized hydrogen atmosphere.
Interestingly, more nitrile (8a) was observed with this reaction setup. Therefore, the secondary
amine (7a) could result from the imine (9a) intermediate.

In contrast, the alcohol (3a) and amide (5a) could only be detected in trace or not at all,
respectively. Theoretically, the amide could also be converted under the present conditions.

6.3.9. Enlightening the reaction path

For a better understanding of the results, the path of the reaction can reveal more details. First,
we investigated whether the formation of the primary amine is possible via the reduction of the
corresponding amide. As described above, the amide can be built from a Beckmann
rearrangement of the oxime, typically under acidic conditions (Figure 111, reaction 1 to 5).
Although basic conditions were present, the amide was a significant side product at the start of
our investigations. Under optimized conditions, no amide was observed. To exclude the reaction
path via an amide, we tested the hydrogenation of the hexanamide 5a under optimized
conditions.

Ru(acac); 0.5 mol%
triphos (L2) 1 mol%

o DBU 2 mol%
PP e A,
NH, dioxane, 200 °C
5a 50 bar H, 1h 2a

Figure 123: Hydrogenation of hexanamide under oxime hydrogenation conditions.

No conversion was observed after 1 h of reaction time, confirming no amide reduction under the
given reaction conditions. Therefore, the amide indeed represents a dead end in this reaction
setup.

The other two possible reaction paths can proceed either via the dehydration of the aldoxime
forming the nitrile (8), which is subsequently hydrogenated to the imine (9), or via a direct
hydrogenation resulting in hydroxyl hexylamine (6). Both intermediates are then hydrogenated to
the desired primary amine. Due to the lack of an imine species (9), the direct hydrogenation path
should be more selective.

To obtain more details, we compared the hydrogenation of hexanenitrile (8a) with the
hydrogenation of the hexanal oxime (1a). Both reactions are displayed in Figure 124.
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Figure 124: Comparison of the hydrogenation of hexanenitrile A) hexanal oxime B) under optimized
conditions. Conditions: Substrate (25 mmol), Ru(acac)s (0.5 mol%), triphos (0.55 mol%), DBU (2.5 mol%),
dioxane (100 mL), H, (50 bar at RT), 750 rpm at 200 °C. Amounts as a fraction of the substrate at the
reaction start were calculated by GC using dodecane as an external standard.

In comparison, the nitrile reduction (Figure 124, A) is slower than the oxime hydrogenation
(Figure 124, B). While the nitrile reaches full conversion only after 60 min, the oxime (1a) is already
converted after 10 min under the same conditions. This trend is also reflected by the productivities
(at 20 % yield) of the reactions, which are 1074 h for the oxime hydrogenation and 350 h? for
the nitrile reduction. Therefore, the main reaction path is likely through the hexyl hydroxylamine
(6a). Another hint is the selectivity of the reaction. As mentioned before, the imine intermediate
9is prone to side reactions, leading to an increased dihexylamine (7a) formation. The test reaction
confirms this hypothesis since the selectivity of the nitrile reduction after full conversion of 45 %
is significantly lower than the 83 % of the oxime hydrogenation.

These findings underline the importance of a fast hydrogenation reaction for the selectivity
toward the desired primary amine.
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Scope of the reaction
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Next, we have investigated the scope of the reaction (Table 19).

Table 19: Conversion of different oximes under optimized conditions.
0.5 mol% Ru(acac);
0.55 mol% triphos (L2)
2.5 mol% DBU

R -OH _ - RV\NHZ
1 dioxane, 50 bar H,, 2
200 °C, t,
2 h preforming
Entry Substrate t [min] Product Y[I;I]d
. S, -OH
AN, -OH NN
a A~ -OH NN
3 N (1a) 40 NP2 (2a) 83
.OH
(1¢) (2¢c)
5 120 2 77
(1d) 2d)
M
NH,
(2e) | 47
6 )W -OH 120
N (1e) )\/\)\/\ (9:1)b
NH, (2¢’)
o) OH o
- SN -
22 \H/\HZ\N 15 WNW 80
0 (1g) 0 (2g)
y-OH NH,
8 120 67
(1b) (2b)
Br N X, . .OH Br N
< N
9 U/\ 120 UNHZ 68
(1f) Z (2f)
0._~, .OH o
102 <\j/\N 15 <\j/\NH2 53
(1i) (2i)

Conditions: oximes (8.33 mmol), Ru(acac)s (0.5 mol%), triphos (L2) (0.55 mol%), DBU (2.5 mol%), dioxane
30 mL, H, (50 bar at RT), 700 rom at 200 °C. The yields of the amines were calculated by GC-FID by using
dodecane as an internal standard. a: 25 mmol scale in 100 mL dioxane. b: determined via 'H-NMR.

All tested oximes could be fully converted with up to 90 % selectivity. Since hexylamine (3a) was
used for optimization, it reached the highest yield of 90 %, with the secondary amine (7a) being
the main side-product. The branched (1c) and other chain length oximes (1b, 1d) could be
converted successfully with slightly less yield (Table 19, entry 1-5). The main side products were
the secondary amine and the alcohol, indicating a lower selectivity toward the organic
hydroxylamine (2) path.
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Surprisingly, the NMR spectrum revealed that the double bond in citronellal oxime (1e) stayed
90 % intact (Table 19, entry 6). Other functional groups are also tolerated, such as bromide, benzyl
and furfuryl moieties (Table 19, entry 8-10), showcasing the high chemoselectivity of the
Ru/triphos system towards carbonyl compounds. Again, the secondary amine is the main side
product.

Compared to other amination reactions, our newly developed protocol combines great
chemoselectivity with high reaction speed. Therefore, adding a valuable tool for the synthesis of
primary amines. Noteworthy, the best results were achieved for aliphatic aldoximes, which are
synthesized from aldehydes usually produced via hydroformylation.

In order to demonstrate the feasibility and direct applicability of the catalyst system for industrial
processes, further investigations were carried out with readily available bulk chemicals.

6.3.11. Combination with Hydroformylation

To realize the desired alkene to primary amine conversion path, a hydroformylation was added
to the reaction procedure, now consisting of three reaction steps. At first, we chose a cyclodextrin
assisted biphasic hydroformylation with a Rh/Sulfoxantphos catalyst system, which yields a
relatively pure product phase (Table 20, entry 1-3).276177 This product phase was then combined
with an aqueous hydroxylamine solution to form the oximes. In the last step the oximes were
hydrogenated with our newly developed protocol.

Table 20: Synthesis of primary amines from alkenes.

Rh(acac)(C0O), 0.2 mol% Ru(acac); 0.5 mol%
sulfoxantphos 1.4 mol% aq. H,NOH 1.1 eq triphos (L2) 1 mol%
R RAME-B-CD 20 mol% o) HCI1 0,1 mol% N,OH DBU 2 mol% NH,
X ] —m— —
\ 30 bar CO/H,, R~ 2h, 1t R~ 50 bar Hj, dioxane, R~
12 water, 120 °C, 200 °C, 15-30 min,
6 h, 12 h preforming 4 1 2 h preforming 2
Entry = Yield 4 [%] | Yield 1 [%]® | Yield 2 [%]°
N
1 ~12a 76 71 60
4
2 NN 0 80 76 57
4
/0 ’
3 83 79 63
o 12g
,
/0\[]/\/\/\/7\
4 912 85 68
o 12g

Conditions: Hydroformylation: preforming: CO/H, (30 bar), n(CO)/n(H,) = 1, 12 h, at 120 °C; reaction:

32 mmol, 10 CO/H, (30 bar), n(CO)/n(H;) = 1, 6 h, at 120 °C m(H,0)/m(substrate) = 0.2, n(substrate)/n(Rh)
=500, nCD/nRh = 100, n(P)/n(Rh) = 7. Oximation: product phase of hydroformylation, aq. H,NOH (1.1 eq.),
HCIl (0.1 mol%) 2 h at 30 °C. Hydrogenation: 8.33 mmol 1, Ru(acac)s (0.5 mol%), triphos (L2) (0.55 mol%),
DBU (2.5 mol%), 1,4-dioxane 30 mL, H, (50 bar at RT), 700 rom at 200 °C. The yields were calculated by GC-
FID by using dodecane as an internal standard. b: cumulated yield with previous reactions.

The hydroformylation is already established and the combined oximation reaction was carried
out with excellent yields in all cases (Table 20, yields 1). With regard to the alkene the yields were
between 71 % and 79 %.

The oximation yields crystalline products, which were filtrated off readily. With hexanal oxime
(1a) as an exception, which had to be crystallized from diethyl ether.

All side products and remaining substrate from the hydroformylation step were separated by
washing the oxime crystals. Only for hexanal oxime (1a) a small portion of the branched oxime
would co-crystallize. Afterwards, the oximes were investigated in the hydrogenation reaction
under optimized conditions, which results in good to very good yields of the primary amine and
moderate overall yields (Table 20, yields 2).
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The yield obtained from the hydrogenation of hexanal oxime (1a) after the full reaction set-up
starting from the alkene were slightly lower than those synthesized from the purchased aldehyde
(Table 20, entry 1, yield 2). This could be caused by the presence of branched oxime or other small
impurities resulting from the hydroformylation. In terms of I/b-ratio, the performance was
increased by two points to 29.2. For nonylamine (2d) and methyl 12-aminododecanoate (2g), the
linearity improves significantly due to an easier separation, as the crystals of the linear product
already form during the oximation reaction, and the branched products remain liquid.®!
Therefore, the intermediate oximation reaction also allows an easy separation of linear and
branched products which otherwise requires costly separation methods for the aldehyde or amine
products.

To improve the overall yield of the amine we carried out the same reaction sequence with a
monophasic hydroformylation reaction. The upside is its better performance, and the usual
downside is the more difficult separation of the products, since it’'s a monophasic mixture. With
our reaction sequence, the separation of the oxime intermediate remains easy. With the
monophasic hydroformylation an increase of the total amine yield to 68% could be achieved
(Table 20, entry 4).

As a proof of concept, a sample of a hydroformylation reaction solution of a continuously
operated mini plant was used as the substrate.’’® The result is a diluted aldehyde 4g solution,
which was then converted into the amine 2g via its oxime 1g (Figure 125).

Ru(acac); 0.5 mol%

Rh(acac)(CO), aq. H,NOH 1.2 eq triphos (L2) 1 mol%
o) sulfoxantphos o) o) HCI 0,1 mol% HO‘N o DBU 2 mol% NH, 0
_— | —_— —_— >
/‘é%l\o/ 20 bar CO/H,, 140 °C o7 2h, 1t IWLO/ 50 bar Hy, dioxane, K/\(\%;lLo/
butanol/water 8 200 °C, 15 min,
129 49 19 2 h preforming 29
S=80% S =76 % (95 %) S = 58 % (77 %)

Figure 125: Reaction sequence starting with a reaction solution sample of a continuous operated
miniplant. Selectivity combined for the alkene and each reaction in parentheses.

The oximation was carried out with 145 g of the product phase, which contained 58 wt%
aldehydes. Hydroxylamine was directly added to this mixture and in a two-step crystallization the
oxime 1g was obtained in 95 % yield. Noteworthy, only 1.2 eq. of the amines source were
necessary for the conversion which is significantly lower compared to the large ammonia excess
in reductive amination and alcohol amination. This reaction step allows a decoupling of both
reactions and can convert even diluted aldehyde solutions. The hydrogenation of the oxime can
then be carried out independently.

In the final hydrogenation was carried out in a 300 mL autoclave with 25 mmol oxime 1g. Full
conversion was achieved after only 5 min, resulting in a high TOF of 8934 h!. After 15 min of
reaction time, the highest selectivity of 77 % was reached. Continuing the reaction after that point
favors the deaminative coupling, reducing the amount of primary amine while the secondary
amine is built up. The productivity (at 20 % yield) was high with 1004 h-1, With the new protocol a
fast and selective conversion of methyl 11-undecanoate 12 into 12-aminododecanoate 2g via the
oxime 1g in a multigram scale was achieved, thus offering a new and efficient alternative to the
desired but not feasible hydroamination reaction of aliphatic alkenes.

6.4.Conclusions and outlook

The first homogeneously catalyzed hydrogenation of aldoximes into primary aliphatic amines
with high selectivity of up to 90 % and a productivity(20) of up to 2897 h'! was presented. The
reaction is significantly faster than existing protocols and does not require a significant excess of
the amine source. In addition, the hydrogenation procedure is selective for the conversion of
oximes and tolerates reduceable moieties such as double bonds aromatic rings and esters.
Especially the latter provides an appealing route for the preparation of bifunctional polymer
precursors.
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Using this protocol, a new reaction sequence that starts from common alkenes via
hydroformylation, utilizes the resulting aldehydes for oxime synthesis and ultimately yields
aliphatic primary amines was developed. The reaction sequence offers a viable alternative to the
highly desired but not feasible hydroamination of standard alkenes and is a new approach for
synthesizing primary aliphatic amines.

The overall yield from alkene to the primary amine in the three-step reaction setup reaches up
to 68 %, with water being the only byproduct. The reaction sequence can be directly applied to
current hydroformylation processes, whether mono or biphasic. Since the oxime intermediate can
be easily separated, even a purification of linear and branched oxime intermediates is readily
possible due to their crystallization behavior, allowing greatly improved I/b ratios of the final
products. Methyl 10-undecenoate was converted into the PA-12 precursor methyl 12-
aminododecanoate, allowing the production of bio-based PA-12 with water as the only byproduct.
Especially the high |/b-ratio of the product is remarkable. Up to 77 % yield of pure linear w-amino
ester was achieved on a 25 mmol scale with a productivity of 1004 h! in the hydrogenation step
starting from the aldoxime.

Our next goal is the conversion of dioximes to obtain diamines such as hexamethylene diamine.
Due to the poor solubility in dioxane further reaction engineering and change of the reactor set
up is required. Additionally, further improvements in the reaction’s selectivity via a flow-reactor,
separating the product from the substrate on the reactor length, would be attractive for future
studies.



Hydrogenation of oximes

6.5.Experimental

6.5.1. Used Chemicals and Materials

All chemicals used within this work are given in

Table 25.
Oxime hydrogenation in 20 mL autoclave

Hexanal oxime (1a) (1 mmol, 1 eq.), metal precursor (0.01 mmol, 0.01 eq.), ligand (0.02 mmol,
0.02 eq.) and the base (Na,COs, K»COs as solid; NaOH, KOH, KOtBu as solution in water/dioxane)
were weighed into multiplex reactors. The reactors were closed, flushed with argon, and degassed
solvent (2 mL) was added. The reactors were gassed with hydrogen at 10 bar and stirred at 160 °C
for 18 h. The reactors were opened, and 1 mL of the solution was analyzed by GC/FID or GC/MS.

The internal standard was added either after solvent addition before the reaction or after the
reaction in the same GC vial.

Oxime hydrogenation in 100 mL autoclave

First, the reactor was equipped with a stirring bar and then tightly closed. Then, KOtBu B3 / 1,4-
dioxane stock solution was prepared (0.00832 mmol/mL), and this was degassed under argon
atmosphere in an ultrasonic bath. Ru(acac)s; (16.6 mg, 0.0417 mmol, 0.005 eq.) and the ligand L1-
L7 were placed in another Schlenk flask and then dissolved in 25 mL of the degassed base/solvent
solution. The reactor was evacuated and purged with argon and vacuum was used to pull the
catalyst and ligand solution into the reactor via the sampling valve. During this, the hexanal oxime
(1a) (8.33 mmol, 959 mg, 1 eq.) was dissolved in 5 mL of solvent and degassed for 1 h. Then, the
oxime solution was filled into the dropping funnel with a syringe under argon counter flow. Then,
the reactor was gassed with 30 bar of hydrogen and heated to 160 °C internal temperature, and
the catalyst was allowed to preform for 2 h while stirring. At the end of the 2 h, the oxime was
added via the dropping funnel, and the first sample was taken.

Samples were prepared via the sampling valve into GC vials, which were frozen in liquid nitrogen.
The collected sample volume was then weighed and prepared for GC measurements using
dodecane as an external standard and 2-propanol as solvent.

Oxime hydrogenation in 300 mL autoclave

In a Schlenk flask under argon atmosphere, Ru(acac)s; P5(49.8 mg, 0.125 mmol, 0.005 eq.) and
triphos L2 (88.6 mg, 0.138 mmol, 0.0055 eq.) were weight in. The flask was flushed with argon
before dioxane (65 mL) was added. Then DBU (97 mg, 0.625 mmol, 0.025 eq.) was added through
a septum and the mixture was mixed.

A 300 mL overhead stirred pressure autoclave was purged with argon. Vacuum was pulled on the
reactor, and the catalyst mixture was transferred in the reactor through a Teflon tube attached to
the sampling valve utilizing the low pressure inside. The oxime (25 mmol, 1 eq.) was weighed in a
separate Schlenk flask under argon atmosphere and dissolved in 35 mL dioxane. The substrate
mixture was transferred into a pressure-dropping funnel mounted to the reactor via a syringe
under an argon flow. The reactor was charged with 50 bar H, and heated to 200 °C (80 bar
pressure at reaction temp.). The catalyst was preformed for 2 h, stirring at 750 rpm with a gas-
inlet stirrer. After the preforming period, the dropping funnel was opened, and the reaction
started. Samples were drawn after 1, 5.30, 10.30, 15, 20, 30, 40, and 60 min and analyzed via GC
using dodecane as the internal standard.
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Oximation of aldehydes

Hydroxylamine solution (50 % aq., 144 mmol, 1.44 eq.) was placed in a 3-neck flask equipped
with a dropping funnel. The dropping funnel was charged with the corresponding aldehyde
(100 mmol, 1 eq.).

The flask was cooled to 0 °C in an ice bath, and the solution was stirred with 600 rpm. The
aldehyde was added dropwise to the solution. 5 mL of water were used to rinse the addition
funnel. After the addition was completed, HCI (conc., 0.01 eq.) was added, the reaction mixture
was allowed to warm up to rt, and the stirring speed was increased to 900 rpm.

The mixture was extracted with diethyl ether 3 times. The organic phases were combined, and
the solvent was removed under reduced pressure.

Oximation of hydroformylation reaction solution

Starting with a hydroformylation reaction solution (145 g) in butanol with a 60.4 wt% aldehyde
1.1 eq. Hydroxylamine as a 50 wt% aqueous solution was added slowly at 0 °C before adding conc.
HCI (0.1 mol%) via a 1 mL syringe. Following the addition of the acid, the reaction was allowed to
warm to rt and was stirred overnight to ensure reaction completion. Subsequently, the solids that
had formed were filtered off, washed with water, and then rinsed with pentane. After the washes,
the solid precipitate was dried under reduced pressure to remove any residual solvents or
impurities.

Another filtration step was conducted to improve the yield. Additional product was further
precipitated by adding water to the filtrate.

Synthesis of hexanamide (4a)

Hexanal oxime (1a) (1 mmol, 1 eq.), Ru(acac)s; P5 (0.01 mmol, 0.01 eq.), triphos L2 (0.02 mmol,
0.02 eq.) and KOH (0.025 mmol, 0.02 mmol) were weighed into a 20 mL reactor. The reactor was
closed, flushed with argon, and degassed 1,4-dioxane (2 mL) was added. The reactor stirred at
160 °C for 18 h. The reactor was opened, and 1 mL of the solution was analyzed by GC/FID and
GC/MS. The remaining solution was united with the sample solution, and the solvent was
evaporated by a rotary evaporator, yielding a brown oil. The oil was worked up by column
chromatography with pure ethyl acetate, yielding the hexanamide as an off-white solid (44 mg,
0.38 mmol, 38 %).

6.5.2. Analytics

GC Analysis: All chromatograms were recorded by an AGILENT 7890A gas chromatograph with
an HP-5-column (length = 30 m, diameter = 0.25 mm, film thickness = 25 um). Each sample was
measured with a split ratio of 75:1 and a sample volume of 1 uL. The species were determined by
previous calibrations (Figure 126). The corresponding heating profile for the hydrogenation of
hexanal oxime (1a) is shown in Figure 127. The heating profiles for the substrate screening are
shown subsequently).
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Figure 126: Calibration curve for GC Analysis.
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Figure 127: Calibration curve for Cs substrates and intermediates.
Table 21: Temperature profile of GC measurements with the method.
Rate / °C min-1 Value / °C Hold Time / min Run Time / min
Initial 0 60 0.5 0.5
Ramp 1 10 100 0 4.5
Ramp 2 15 110 0 5.17
Ramp 3 50 120 0 5.37
Ramp 4 15 130 0 6.0
Ramp 5 50 165 0 6.7
Ramp 6 18 275 0 12.8

Table 22: Temperature profile for longer chained aliphatic oximes (Cs)
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Rate / °C min*! Value / °C Hold Time / min | Run Time / min
Initial 0 60 0.5 0.5
Ramp 1 50 120 0 1.7
Ramp 2 10 140 0 3.7
Ramp 3 5 150 1 6.7
Ramp 4 5 160 0 8.7
Ramp 5 15 200 0 11.37
Ramp 6 18 275 0 15.5
Table 23: Temperature profile for long chains aliphatic oximes (C12).
Rate / °C min! Value / °C Hold Time / min | Run Time / min
Initial 0 60 0.5 0.5
Ramp 1 50 165 0 2.6
Ramp 2 20 275 3 11.1

Hexanal oxime (1a)

W%%N\OH

'H NMR (600 MHz, CDCls) 6 = 9.35 (s, 1H), 7.40 (t, J = 6.2 Hz, 1H), 6.70 (t, / = 5.5 Hz, 1H), 2.36 (td,
J=7.6,54Hz, 1H), 2.17 (td, J = 7.6, 6.2 Hz, 1H), 1.52 — 1.42 (m, 2H), 1.35 - 1.25 (m, 4H), 0.92 -

0.83 (m, 3H).
E/Z:1:1.08

13C NMR (151 MHz, CDCls) & = 153.00, 152.45, 31.63, 31.32, 29.52, 26.36, 25.80, 25.07, 22.44,

14.01, 14.00.

LC-HRMS (C¢H13NO) [M+H]*: calculated: 116.1070; detected: 116.1071 (-1.3 ppm deviation).

Hexanamide (4a):

o

/\/\)LNH

H NMR (400 MHz, CDCl3) & = 0.87 - 0.94 (m, 3 H), 1.28 - 1.38 (m, 4 H), 1.64 (g, 2 H), 2.22 (t, 2 H),

5.62 (d, 2 H) ppm.

2

13C NMR (101 MHz, CDCls) 6 = 13.92, 22.39, 25.23, 31.40, 35.94, 175.81 ppm.

Butanal oxime (1b)

N
W \OH

H NMR (400 MHz, CDCl3) 6 = 8.88 (s, 1H), 8.48 (s, 1H), 7.42 (t, J = 6.1 Hz, 1H), 6.72 (t, J = 5.4 Hz,
1H), 2.36 (td, J = 7.5, 5.5 Hz, 1H), 2.18 (td, J = 7.4, 6.1 Hz, 1H), 1.53 (q, J = 7.4 Hz, 2H), 0.96 (q, J =

7.3 Hz, 3H).
E/Z=1:1.06

13C NMR (101 MHz, CDCls) & = 152.95, 152.30, 31.55, 27.01, 20.04, 19.57, 14.01, 13.73.

2-Methylpentanal oxime (1c)

N
/\)"w “OH
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H NMR (400 MHz, CDCl3) & = 8.24 (s, 1H), 7.29 (d, J = 7.0 Hz, 1H), 6.50 (d, J = 7.8 Hz, OH), 3.15 (p,
J=7.1Hz, OH), 2.38 (qd, J = 7.0, 5.6 Hz, 1H), 1.48 — 1.26 (m, 4H), 1.05 (dd, J = 13.3, 6.8 Hz, 3H),
0.96 — 0.85 (m, 3H).

13C NMR (101 MHz, CDCls) & = 157.66, 156.73, 36.97, 36.92, 34.27, 29.38, 20.54, 20.27, 18.06,
17.58, 14.17, 14.12.

2-Methylpentylamin (3c)

/\)\/NHZ

'H NMR (600 MHz, CDCls) & = 8.35 (s, 4H), 2.99 — 2.91 (m, 1H), 2.81 — 2.71 (m, 1H), 1.99 — 1.88
(m, 1H), 1.71 (s, 2H), 1.45 — 1.34 (m, 2H), 1.34 — 1.26 (m, 1H), 1.26 — 1.19 (m, 1H), 1.07 (d, J =
6.7 Hz, 3H), 0.91 (t, J = 7.0 Hz, 3H).

13C NMR (151 MHz, CDCl3) 6 = 45.68, 36.26, 31.60, 19.74, 17.53, 14.18

Nonanal oxime (1d)

/\/\/\/"MN“0H

1H NMR (500 MHz, CDCl3) 6 = 7.42 (t, J = 6.1 Hz, 1H), 6.72 (t, J = 5.4 Hz, OH), 2.37 (td, /= 7.6, 5.4
Hz, 1H), 2.19 (td, /= 7.6, 6.2 Hz, 1H), 1.52 — 1.44 (m, 2H), 1.38 — 1.19 (m, 10H), 0.88 (td, /=7.0, 1.5
Hz, 3H).

E/Z=1:1.31

13C NMR (126 MHz, CDCl3) 6 = 153.26, 152.58, 77.41, 77.16, 76.91, 31.96, 29.63, 29.52, 29.42,
29.32, 29.30, 29.24, 26.66, 26.19, 25.08, 22.79, 14.24.

Nonylamine (3d)

e Ve Ve
LC-HRMS of nonylamine (3d) (CsHziN) [M+H]*: calculated 144.1747; detected: 144.1751
(-3.2 ppm deviation).

Citronellal oxime (1e)

N
W “OH

H NMR (400 MHz, CDCls) § = 8.74 (s, 1H), 8.36 (s, 1H), 7.42 (t, / = 6.5 Hz, 1H), 6.74 (t, J = 5.5 Hz,
1H), 5.08 (dddg, J = 7.2, 5.8, 2.9, 1.5 Hz, 2H), 2.43 — 2.16 (m, 3H), 2.10 — 1.89 (m, 5H), 1.68 (t, J
=1.3 Hz, 7H), 1.60 (t, J =1.2 Hz, 7H), 1.36 (dd, J = 6.7, 5.7 Hz, 1H), 1.30 — 1.16 (m, 2H), 0.94 (dd, J =
7.7, 6.7 Hz, 7H).

13C NMR (101 MHz, CDCl3) § = 152.15, 151.69, 131.68, 124.49, 124.44, 36.98, 36.78, 36.56, 32.07,
31.06, 30.65, 25.85, 25.61, 25.55, 19.87, 19.58, 17.79.

3,7-dimethyloct-6-en-1-amine (3e)

WNW

'H NMR (600 MHz, CDCls) & = 5.09 (ddp, J = 8.4, 5.8, 1.4 Hz, 1H), 3.47 (qd, J = 7.0, 0.9 Hz, 2H),
2.77 = 2.62 (m, 2H), 2.04 — 1.89 (m, 2H), 1.67 (s, 2H), 1.60 (s, 2H), 1.54 — 1.41 (m, 2H), 1.36 — 1.22
(m, 2H), 1.22 - 1.18 (m, 3H), 0.92 — 0.84 (m, 3H).

13C NMR (151 MHz, CDCl3) 6 = 131.31, 124.96, 65.99, 41.36, 40.25, 37.36, 30.28, 25.85, 25.63,
19.69, 17.78, 15.41.

LC-HRMS of 3,7-dimethyloct-6-en-1-amine (CioH22N) [M+H]*: calculated 156.17075; detected:
156.1745 (-1.32 ppm deviation).
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3,7-dimethyloctan-1-amine (3¢’)

Y\/\(\/NHZ

LC-HRMS (CioH24N) [M+H]*: calculated 158.18640; detected: 158.1900 (-1.8847 ppm deviation)
Methyl-12-oxododecanoate oxime (1f)
0

\OJ]\/\/\/\/\/%"&N‘OH

1H NMR (600 MHz, CDCl3) 6 = 7.56 (s, 1H), 7.42 (t, J = 6.1 Hz, OH), 7.25 (s, OH), 6.71 (t, J = 5.5 Hz,
1H), 3.67 (s, 3H), 2.37 (td, /= 7.6, 5.5 Hz, 1H), 2.30 (t, /= 7.6 Hz, 2H), 2.19 (td, J= 7.5, 6.1 Hz, 1H),
1.65 — 1.57 (m, 5H), 1.36 — 1.25 (m, 12H).

E/Z:3.19:1

13C NMR (151 MHz, CDCls) 6 = 174.55, 153.42, 152.68, 51.61, 34.26, 29.54, 29.52, 29.50, 29.47,
29.45, 29.35, 29.33, 29.25, 29.15, 26.63, 26.20, 25.08, 24.96.

Methyl 12-oxododecanoate (8f)

\OJ\/\/\/\/\/VO
1H NMR (400 MHz, C¢Ds ) 6 = 9.34 (t, J = 1.7 Hz, 1H), 3.37 (s, 3H), 2.13 (t, J = 7.4 Hz, 2H), 1.83 (td,
J=7.3,1.7 Hz, 2H), 1.57 (t, /= 7.3 Hz, 2H), 1.31 (p, /= 7.3 Hz, 2H), 1.24 — 1.00 (m, 12H).
Methyl 12-aminododecanoate (3f)

o
\OJJ\/\/\/\/\/\/NHZ

H NMR (500 MHz, CDCls) 6 = 3.65 (s, 3H), 2.68 — 2.62 (m, 2H), 2.28 (t, J = 7.6 Hz, 2H), 1.58 (dt, J
=15.1, 7.4 Hz, 2H), 1.44 — 1.38 (m, 2H), 1.29 — 1.23 (m, 14H).

13C NMR (151 MHz, CDCls) § = 174.49, 51.58, 42.43, 34.26, 34.06, 29.73, 29.66, 29.63, 29.56,
29.38, 29.28, 27.04, 25.10.

Benzaldehyde oxime (1g)

N, .OH
©/\N0

'H NMR (600 MHz, CDCl3) 6 = 8.18 (t, J = 1.5 Hz, 1H), 7.59 (dd, J = 6.7, 3.0 Hz, 2H), 7.42 - 7.37 (m,
3H).

13C NMR (151 MHz, CDCls) & = 150.47, 132.02, 131.11, 130.37, 130.24, 128.94, 128.65, 128.59,
127.19.

(6-bromopyridin-2-yl)methanamine (3h)

" NH,
P

1H NMR (600 MHz, CDCI3) § = 7.50 (t, J = 7.7 Hz, 1H), 7.34 (dd, J = 7.8, 0.9 Hz, 1H), 7.27 — 7.24 (m,
1H), 3.94 (s, 2H), 1.72 (s, 2H).
13C NMR (151 MHz, CDCI3) & = 163.99, 141.95, 139.07, 126.28, 120.08, 47.54.
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Furfuryl oxime (1i):

<Oj/\\N,OH

\

1H NMR (400 MHz, CDCls) & = 10.01 (s, 5H), 8.03 (s, 1H), 7.54 (s, 4H), 7.50 (dd, J = 1.7, 0.7 Hz, 2H),
7.48 (dd, J =1.7, 0.7 Hz, 5H), 7.35 (dd, J =3.4, 1.0 Hz, 5H), 6.65 (d, J = 3.4 Hz, 2H), 6.54 (ddd, J = 3.5,
1.8, 0.7 Hz, 6H), 6.46 (dd, J = 3.5, 1.8 Hz, 2H).

13C NMR (101 MHz, CDCls) 6 = 147.22, 145.23, 144.45, 143.59, 140.32, 137.21, 118.38, 112.87,
112.44, 111.72.

Additional HRMS data:

LC-HRMS of hexyl hydroxylamine (2a) (CeHisNO) [M+H]*: calculated 118.1226; detected:
118.1228 (-1.3 ppm deviation).

LC-HRMS of hexylamine (3a) (Ce¢HisN) [M+H]*: calculated 102.1277; detected: 102.1280
(-2.9 ppm deviation).

LC-HRMS of hexanenitrile (5a) (CsH11N) [M+H]*: calculated 98.0964; detected: 98.0961 (2.8 ppm
deviation).

LC-HRMS of hexylimine (6a) (C¢H13N) [M+H]*: calculated 100.1121; detected: 100.1118 (-2.5 ppm

deviation).

LC-HRMS of dihexylamine (7a) (Ci2H27N) [M+H]*: calculated 186.2216; detected: 186.2222
(-2.9 ppm deviation).

LC-HRMS of dihexylimine (Ci12H2sN) [M+H]*: calculated 184.2060; detected: 184.2065 (-2.7 ppm
deviation).
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7. Conclusions and outlook

The research presented in this work has advanced the field of catalytic synthesis through the
development and optimization of innovative methodologies for amide and amine production.
These new methods help to reduce waste and the impact on the environment.

1.

This work marks a significant advancement by incorporating highly branched amides into the
toolbox of carbonylative telomerization. B-Myrcene and amines were combined for the first
time in this reaction. By optimizing the reaction parameters, the desired branched amide
was obtained with up to 97% vyield. Using the monodentate PCy,Ph proved crucial for
enhancing the selectivity and overall efficiency of the reaction. A drawback is the high
amount of Pd-catalyst necessary to facilitate the reaction.

To overcome this challenge, a new approach was successfully implemented. Again,
carbonylative telomerization was used and combined with carboxylic acids. In a novel
palladium-catalyzed reaction, the synthesis of mixed carboxylic anhydrides from bulk
chemicals was achieved for the first time, with yields up to 82%. The investigation of various
benzoic acid derivatives revealed the influence of electronic properties on the yields. Their
guantitative analysis was complicated since the resulting mixed carboxylic anhydrides are
highly reactive. Therefore, a new protocol was developed, which derivatized the anhydrides
into stable amides for precise quantification.

Afterward, this concept was used to establish a carboxylic acid co-catalyzed carbonylative
telomerization to synthesize unsaturated amides. 74% vyield were achieved with several
dienes and amines. Moreover, the sub-stoichiometric use of carboxylic acid presents a
strategy for enhancing reaction efficiency, with scaling-up efforts showing increased
performance and an 80 % reduction in catalyst quantity.

The desired conversion of amines into esters was achieved, although a two-step process was
necessary. The reproduction of the literature results was partially difficult, as the obtained
yields were up to 62 % lower. After investigating each part reaction separately, the ester
reduction was identified as the limiting step.

To improve the reaction, triphos-xyl was successfully synthesized. However, the desired
higher yields in ester amination were obtained.

As an alternative, the study focused on the synthesis of N-triphos ligands and their potential
application in alcohol amination reactions. Compared to triphos, the work-up of the N-
centered ligand is straightforward and leads to higher yields of 65%. N-triphos-xyl was also
successfully obtained, but the yield was lower at 22%.

Finally, the hydrogenation of aldoximes into primary aliphatic amines was carried out with a
homogeneous ruthenium catalyst for the first time. The reaction showcased remarkable
selectivity of up to 90 % and productivity of up to 2900 h'l. A new route for synthesizing
primary aliphatic amines from common alkenes was developed by combining hydrogenation
with previous hydroformylation. This new reaction sequence resembles a viable alternative
to the highly anticipated hydroamination of alkenes with ammonia. The demonstrated three-
step reaction sequence presents an attractive combination with straightforward purification
steps, thus resulting in an efficient overall process. Using this process, the conversion of the
renewable methyl 10-undecenoate into the polyamide precursor methyl 12-
amminoundecanoate could be realized with high yields of up to 77 %.

In conclusion, the comprehensive research presented in this study underscores the importance
of catalyst design, reaction optimization, and mechanistic understanding in advancing catalytic
synthesis methodologies. This study contributes valuable insights and sets the stage for further
catalysis and chemical synthesis advancements by addressing key challenges and exploring new
reaction pathways.
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While the methods introduced in this work already offer more sustainable synthesis methods for
amides and amines, further enhancements are necessary for an industrial application.

Carbonylative telomerization uses a palladium-based catalyst, which is responsible for a
significant portion of the cost of the reaction. A recycling strategy must be implemented for a
sustainable and profitable scale-up. Ideally, the product can be separated from the catalyst while
keeping the latter in its active form. A challenge here is the use of the solvent 1,4-dioxane, which
is miscible with water and many organic solvents, making liquid-liquid phase separation difficult.

In terms of the amination of esters, the one-pot reaction is theoretically possible but requires
more optimization. The one-pot, two-step reaction setup could also be further improved by higher
reaction speed and yield. Modified triphos ligands have shown promising results in the literature;
however, their synthesis, especially the work-up, requires fine tuning to be applied on larger
scales.

Finally, the amination of alkenes with oxime intermediates should be transferred to a continuous
reaction setup. Crystallizing the oxime intermediates from the hydroformylation reaction solution
while maintaining the catalyst's activity seems promising. The catalyst recycling seems more
challenging for the hydrogenation step due to the dioxane solvent. A separation using CO; to form
carbamates, which are separable from a non-polar reaction solution, could be a viable option.
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9. Annex

9.1.List of abbreviations

Annex

Abbreviation Full name Comment

Ac Acyl

acac Acetylacetonate

aqg. Aqueous

ATR Attenuated total reflectance Often ATR-IR; see IR

Boc tert-Butyloxycarbonyl protecting group

Bu Butyl

CD Cyclodextrine

Cy Cyclohexyl

DABCO 1,4-Diazabicyclo[2.2.2]octane

DBU 1,8-Diazabicyclo[5.4.0]lundec-7-en

Dioxane 1,4-Dioxane

DMC Dichloromethane

DMOP 3,5-dimethoxyphenyl

DMSO Dimethylsulfoxide

dppe 1,2-Bis(diphenylphosphino)ethane

E Trans configured double bond Also see Z

eqg. Equivalents

Et Ethyl

FID Flame ionization detector

GC Gas chromatography

HPLC High-performance liquid Sometimes in the literature
chromatography as “high pressure liquid

chromatography”

HRMS High resolution mass spectrometry

IR Infrared spectroscopy

|/b-ratio Linear to branched ratio

MIBA 5-methoxy-2-iodophenylboronic acid

MS Mass spectrometry

n amount

NHC N-Heterocyclic carbene

NMR Nuclear magnetic resonance
spectroscopy

PA-12 Polyamide-12 Also PA-6 and others

PA-12,12 Polyamide-12,12 Also PA6,6 and others

Ph Phenyl

POP 2,8-Dimethyl-10H-phenoxaphosphine

rpm Revolutions per minute

RT Room temperature

S Selectivity

t-Bu, 'Bu tert-butyl

TCCA trichloroisocyanuric acid

Tf Triflate; trifluoromethanesulfonate

\Y
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TMM 2-Methylidenepropane-1,3-diyl

TOFy Turn over frequency 20 stands for TOF at 20 %
conversion

wt% Weight percent Relative weight

X Conversion

xyl Xylyl

Y Yield

Z Cis configured double bond Also see E

\




9.2.List of chemicals

Table 24: List of chemicals used in this chapter.

Chemical Purity [%] Supplier
1,2-Bis(dicyclohexylphosphino)ethane 99 Aldrich
1,3-Dimesitylimidazol-2-ylidene 98 Acros
1,4-Dioxane 99 stabilized abcr
2-Methyltetrahydrofuran 99 Merck
2,4,6-Trimethylaniline 97 Acros
3-Chlorpropionic acid 98 Acros
4-Nitrobenzoic acid 99+ Acros
Acetic acid 99+ Acros
Argon 99.9 Messer Industriegase GmbH
Benzoic acid 99 Acros s
Bis[1,2-bis(diphenylphosphino)ethane]-palladium 99 Aldrich
Buta-1,3-diene 99.3 GERLING Holz+Co
Carbon monoxide 98 Messer Industriegase GmbH
Cinnamic acid 99 Fisher Scientific
Cyclohexane 99 Hanke+Seidel
Cyclohexyldiphenylphosphine 98 Acros
Di(adamantan-1-yl) (butyl)phosphine 99 Acros
Dibuthylamine 98 abcr
Dicyclohexylphenylphosphine 95 Acros
Ethyl acetate 98 Hanke+Seidel
Formic acid 98 Acros
Isoprene 98 Acros
Morpholine 99+ Acros
m-Toluic acid 99 Acros
n-decane 99+ Merck
Nicotinic Acid 99+ Acros
N-Methylaniline 98 Aldrich
0-Chloro-benzoic acid 98 Acros
Palladium(ll)-acetate - umicore
o-Toluic acid 98 Acros
Picolinic acid 98 Acros
Piperidine 99 Acros
Magnesium sulfate Acros
p-Methoxy-benzoic acid 98 Acros
Morpholine 99+ Acros
p-Toluic acid 98 Acros
S-Myrcene 90 Aldrich
Tetrahydrofuran 99+ stabilized Acros
Toluene 99+ Acros
Tricyclohexylphosphine 97 Fisher Scientific
Tri-i-butylphosphine 98 abcr
Tri-n-butylphosphine 97 Aldrich
Triphenylphosphine 99 Alfa Aesar
Tri-tert-butylphosphine 95 abcr
Vinylacetic acid 97 stabilized abcr
Xantphos 98 carbolution chemicals

Vi
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Table 25: List of chemicals chapter 4.

Name Purity / % Brand
1,4-dioxane 99 Merck
1-Octene TCI
1-Pentene 97 TCI
2,6-Bis(di-t-butylphosphinomethyl)pyridine 99 abcr
2-Ethylbutyraldehyde TCl
2-Furaldehyde 98 Alfa Aesar
Synthesized by
6-bromopicolinaldehyde oxime 99 Hansmann Group at
TU Dortmund
Anisol 99 Carl Roth
Benzaldehyde 99.5 Alfa Aesar
Bis(2-diphenylphosphinoethyl)phenylphosphine 97 Abcr
Citronellal 93 Acros Organics
Cyclohexanone oxime 97 Alfa Aesar
DBU 98 Carl Roth
1,2-Bis(diphenylphosphino)ethane (dppe) 98 Thermo Scientific
Hexanal 98 Carl Roth
Hydroxylamine 50 Sigma Aldrich
Methyl 10-Undecenoate 96 TCI
Nonanal 97 Carl Roth
Pentanal 97 Merck
Pivalaldehyde 97 TCl
Potassium hydroxide 85.7 Carl Roth
Potassium tert butoxide 97 Thermo Scientific
Ru(acac)s TCl
Triphenylphosphine 99 abcr
Triphos 97 Alfa Aesar
Xantphos 98

Vil
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