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1 INTRODUCTION

Abstract
This thesis is dedicated to the catalytic conversion of the different isomers of methyl pentenoate
as bio renewable resource that can be produced from lignocellulosic biomass. The first part focuses
on the rhodium catalysed hydroformylation reaction and the synthesis of formyl substituted pen-
tanoic acid methyl ester, especially methyl 5-formylpentanoate, which can act as platform chemi-
cals for the synthesis of different monomers for polyamide and polyester synthesis. For this pur-
pose, several ligands have been tested and the reaction conditions have been optimised for the
most promising systems. The second part deals with the synthesis of dimethyl adipate from methyl
pentenoates via the palladium catalysed alkoxycarbonylation reaction, utilising new bidentate
pyridyl-substituted diphosphine and comparing them to the well-known palladium BuPox cata-
lyst. Mechanistic investigations have also been conducted to identify relevant catalytic species as
well as the resting state of the catalysts used. The final part of the thesis regarding methyl pen-
tenoates describe experiments and results obtained in the rhodium catalysed hydroaminomethyla-
tion for the synthesis of amines. Employing several amines as well as aqueous ammonia, the aim
was to find a catalytic system that selectively generates methyl 6-aminocaproate. Also, some re-
search has been conducted for the rhodium catalysed hydroformylation of 1,2,4-
trivinylcyclohexane to synthesise the corresponding trialdehyde, which could be an interesting
monomer for polymer industry. From the corresponding alkoxycarbonylation product, a new tri-
dentate phosphite was synthesised that was also tested in the hydroformylation of methyl pen-

tenoates.



1 INTRODUCTION

Zusammenfassung
Die Verwendung der verschiedenen Isomere des Pentensiuremethylesters als erneuerbarer Roh-
stoff - gewinnbar aus Lignocellulose - in homogenen Carbonylierungsreaktionen war Gegenstand
dieser Arbeit. Zunichst wurde die Rh-katalysierte Hydroformylierung als Syntheseroute zu den
entsprechenden Formyl-substituierten Pentansiduremethylester untersucht. Das Hauptaugenmerk
lag hierbei auf der selektiven Synthese von 5-Formylpentanduremethylester, welches als Aus-
gangsstoff fiir die Herstellung verschiedener Monomere fiir Polyamide und Polester dienen kann.
Zu diesem Zweck wurde eine Vielzahl von Phosphin- und Phosphit-Liganden getestet und die
vielversprechendsten Systeme hinsichtlich der Reaktionsbedingungen optimiert. Des Weiteren
wurde die Synthese von Adipinsduredimethylester {iber die Pd-katalysierte Methoxycarbonylie-
rung untersucht, wobei neuartige bidentate Pyridyl-substituierte Diphosphin-Liganden getestet
und mit dem literaturbekannten Palladium-BuPox-Katalysator verglichen. Zu diesem Zweck
wurden auflerdem spektroskopische Untersuchung zur Charakterisierung der mechanistisch rele-
vanten Spezies durchgefiihrt. SchliefSlich wurden die Pentensduremethylester in der Rh-
katalysierten Hydroaminomethylierung zur Synthese der entsprechenden primédren Amine einge-
setzt. Das Ziel war ein Katalysatorsystem, das selektiv 6-Aminocapronsiduremethylester erzeugt.
Hierfiir wurden einige sekunddre Amine getestet. Des Weiteren wurde die Rh-katalysierte Hydro-
formylierung von 1,2,4-Trivinylcyclohexan zur Synthese des entsprechenden Trialdehyds durch-
gefiihrt, welches ein interessantes Monomer in der Polymersynthese darstellen konnte. Auferdem
wurde aus dem hydrierten Hydroxycarbonylierungsprodukt ein Triphosphit hergestellt, welches
als neuartiger tridentater Ligand in der Hydroformylierung von Pentensduremethylestern und

anderer Olefine eingesetzt wurde.
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1 Introduction

1.1  Renewable resources as alternative substrates in hitherto mineral oil dependent

processes for the synthesis of bulk chemicals

In the last decades the consciousness for environmental protection and the depletability of fossil
fuels grew in the general public. These topics now dominate many of the current political debates.

The two main reasons for this will be explained in the following.

The amount of mineral oil left in known and accessible reserves is thought to be about 448 Gt
(2017). This number contains conventional as well as unconventional deposits. The adjective
“conventional” is used for deposits that are easily accessible with established technologies. Conse-
quently the extraction of the oil is cheap and the obtainable profit therefore higher. On the other
hand, the extraction of oil is more complicated for unconventional deposits, which demands more
expensive technologies. The reason for this lies in the local geological circumstances and physico-
chemical properties of the oil (e. g. viscosity, etc.), that vary for every deposit. In 2016, the amount
of mineral oil extracted was 4374 Mt. Together with the already build-up reserves, it is obvious
that there won’t be any shortages regarding this resource for the next decades. Nonetheless the
ever increasing demand (4387 Mt in 2016) will be harder to satisfy by the extraction that is more
or less working to capacity. Therefore the economic impact will be observable much sooner than

the full depletion of the resource. [1]

The other reason is the fear of climate change. To counter this, a multitude of new technologies
are developed that have the aim to either physically store CO2 or make it available - or rather:
more reactive - in synthetic processes. Aside from these efforts, it is also necessary to decrease or
even stop the emission of CO: to halt the progression of climate change and limit the repercus-
sions to a manageable extent. For this, the use of fossil fuels has to be renounced. Instead, renewa-
ble resources should be utilised in energy production and chemical industry, together with the

implementation of CO2 “consuming” processes.
1.1.1 Known processes

Whilst a broad spectrum of processes, that are based around bio-renewable resources and deliver
an equally broad spectrum of platform chemicals for the synthesis of bulk and fine chemicals, is
already known, not many processes are applied in the industry. This is due to the poor economic
feasibility of most of these processes, since most renewable resources are more chemically complex

compared to fossil fuels. This complexity leads to various problems regarding catalyst performance
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and poisoning, the amount of product work up and substrate pre-treatment required, and the ac-

quisition cost of the feedstock. [2,3]

A prime example is lignocellulose, which is an inedible waste product of the agricultural industry
and amounts to almost 70 % of the agriculturally produced biomass. Compared to fossil fuels it
contains a significantly higher amount of oxygen and is far more functionalised. Lignocellulose
consists of three major compounds: Cellulose, hemicellulose and lignin. Cellulose and hemicellu-
lose are both polysaccharides and consist either solely of B-1,4-glycosidically polymerised D-
glucose (cellulose) or different monosaccharides like D-xylose or D-arabinose (hemicellulose). Lig-
nin on the other hand is a more or less structurally random polymer consisting mainly of coumar-
yl, coniferyl and synapyl alcohols. [4] Until today, this complexity is the reason why the conver-
sion of lignocellulosic biomass is too energy and resource intensive to be economically viable. [2,
3] Additionally the utilised catalysts are prone to poisoning and the selectivity for the formation of
certain products of interest is fairly low. Nonetheless, since the 1990’s significant improvements
and developments have been made. Today, processes for conversion of lignocellulose include: Py-
rolysis for the formation of “bio oils” and “green” syngas, enzymatic catalytic conversion ex vivo

and in vivo, and the chemo catalytic conversion of lignocellulose. [5,6]

O

Lignocellulosic H/H,0 OH H, O
. —_— > e 0]
biomass 200 °C Ru/C
Gas phase ring opening
Q) MeOH, solid acid catalyst

M4P
O O
\/\)J\O/ Mo/
M3P M2P

Fig. 1: Route for the synthesis of isomeric methyl pentenoates from Ilignocellulosic biomass.
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All these processes lead to a large variety of so called platform chemicals that can be used to
manufacture other industrially interesting products. These platform chemicals include for example
5-hydroxomethylfurfural or levulinic acid, while the latter can also be formed by conversion of

the former in acidic aqueous media. [3,7,8,9]

For this work, levulinic acid is the relevant product of the valorisation of lignocellulosic biomass,
since it serves as a platform chemical for the synthesis of pentenoic acid esters. The synthesis can
be realised by heterogeneously catalysed hydrogenation of levulinic acid by Ru/C, which forms -
valerolactone (GVL), followed by an acid catalysed ring opening reaction. This reaction is per-
formed heterogeneously with a solid acid catalyst, while the substrate and other reactants are in
the gas phase. This reaction leads to the free isomeric pentenoic acid. In contrast, if methanol is
present, the reaction leads to an isomeric mixture of methyl pentenoates (M4P, M3P and M2P),

making it easier to separate the products from GVL. [9]

1.2 Scope of this work

As described further above, it is of great public interest to produce industrially relevant chemicals
from renewables. Therefore the aim of this work was the application of bio sourced methyl pen-
tenoates in industrially relevant homogeneously catalysed carbonylation and carboxylation reac-
tions for the synthesis of adipic acid derivatives that can be used for polyamide and polyester pro-

duction.

1.2.1 Hydroformylation of isomeric methyl pentenoates

The synthesis of 5-formylpentanoic acid (5-FPA) or a mixture of the corresponding branched al-
dehydes, from pentenoic acid derivatives was frequently investigated in the last decades. In several
cases the corresponding methyl esters were used, resulting formyl methylpentanoates are abbrevi-
ated as FMPs. In general, three isomeric pentenoic acids having the double in 2-, 3- and 4-position
exist. However, until today research hasn’t been successful to find an economic hydroformylation
process capable of generating 5-formylvaleric acid and its esters, respectively, with a regioselectiv-
ity greater than 95 % from this feedstock. In 1981, BASF SE claimed a patent that described a pro-
cess that gave the corresponding methyl ester with n-regioselectivities of 70 %. [10] For that aim

3
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cobalt carbonyl complexes were employed at 120 °C and 200 bar syngas and isomeric methyl pen-
tenoates as substrates. The latter were generated by alkoxycarbonylation of 1,3-butadiene. The
same company improved in 1988 on that concept, by patenting new cobalt catalysts and addition-
ally the utilisation of phosphine modified Rh(I)-carbonyl complexes in the hydroformylation.
Predominantly, tertiary phosphines, such as triphenylphosphine (TPP) and its derivatives were
used. Regarding the cobalt catalysts, the reaction temperature was lowered to 100 °C and the pres-
sure to 130 bar syngas and simultaneously achieving a regioselectivity of nearly 69 %. Experiments
with rhodium catalysts were mentioned, but not detailed. [11] In another patent application in
1992 BASF described the utilisation of rhodium catalysts modified with bidentate diphosphites.
The reaction conditions were much milder than in the previously reported processes with the
temperature being set at 100 °C and the pressure at only 5 bar syngas. The ligand with the best
performance was a BIPHEPHOS-derived bis(dioxaphosphepine) that was able to convert 95.5 % of
the substrate into the desired product with a n-regioselectivity of 76.7 % regarding the linear al-

dehyde. (Fig. 2)

OMe OMe

B I I Bu

bu

e) 0...0

O-p’ P O

MeO

Fig. 2: Bidentate phosphite ligand utilised by BASF in 1993.

In another experiment, a TPP modified rhodium complex was used under the same reaction con-
ditions. This led to conversions of only 34 % in the same timeframe as the bisphosphite modified
catalyst reported above. The n-regioselectivity only amounted to 8.8 %. [12] Du Pont also showed
interest in the manufacturing of 5-FMP. For this purpose they submitted their first patent in 1995.
Herein a process was claimed that improved upon the approaches of the BASF, that utilised a di-

phosphite modified Rh(I)-catalyst. A formally tetradentate ligand depicted in Fig. 3 showed the
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most promise. The corresponding catalyst was able to convert 54.2 % of the substrate within 27 h
into the desired aldehydes with n-regioselectivity of about 80 % regarding 5-FMP and the optimal
reaction condition being 90 °C and 10 bar syngas. The main drawback of this process is the signifi-
cantly lower catalyst activity compared to preceding processes. [13] In 2003, experiments with

bidentate phosphoroamidites were also conducted.

tBu

ClcH,-0-P o@—rBu

274

Fig. 3: Phosphite ligand, 1993, DuPont.

O

Ph.
OO b

O

Ph/

Fig. 4: Amidite, BASF, 2003

Bu

t
O P
tBu
Bu

Fig. 5: Nonsymmetric diphosphite, Tsai et. al, 2000.

It was found that if a salicylanilide based phosphoroamidite with a BINOL-backbone was em-
ployed, as shown in Fig. 4, regioselectivities of nearly 85 % regarding 5-FMP at a conversion of 80
% after 2 h at 100 °C and 10 bar were possible. [14] Also Tsai et al. took benefit from the general
stability of bisphosphites by using relatively cheap starting materials. These nonsymmetric biden-

tate ligands were successfully employed in the hydroformylation of pentenoic acid esters, of

5
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which the best results were yielded by the ligand described in Fig. 5. The catalyst modified with
this ligand was able to produce 5-FMP with n-regioselectivity of 78 % by converting 82 % of the
substrate into the desired aldehydes. The reaction temperature was 100 °C and the syngas pressure
at about 6 bars. [15] De Vries et al. were able to achieve the best results until today by using a 2-
phasic solvent system (toluene/water, 1:1), with the catalyst system in the aqueous phase and the
substrate and reaction products in the organic phase. The water solubility of the catalyst was
achieved by modification with the trisulphonated triphenylphosphine analogue trisodium tri-
phenylphosphine-3,3',3"-trisulphonate (TPPTS). With this system they were able to achieve 92 %
selectivity towards 5-FMP with a conversion of only 15.4 % over night. The reaction was con-
ducted at 100 °C and 10 bar syngas. Comparing these findings to the results obtainable by TPP-
modified rhodium catalysts in neat toluene at the same reaction conditions, it can be shown that
even though the catalyst activity is low (15.4 % vs. 100 %), the n-regioselectivity is by far superior

(92 % vs. 19.7 %), making this process far more interesting for industrial application. [16]

0
i o A
\\v//\\\ / + CO + H2 L H\Xi\'r‘ O/
0
0
O O OO PPh,
© PPh,
PPh, PPh,
XantPhos NAPHOS
OMe OMe SO,;Na
SO.N
Na033|\\ ©/ 3
Pz P
BSOSy
&
NaO,$ @ SO,Na
SO,;Na

BiphePhos BINAS

Fig. 6: Ligands used in the rhodium catalysed hydroformylation of methyl pentenoates in preceding re-

search.
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O O
wo/ \/\)%/
M4P M3P
Fig. 7: Substrates of interest.

Substrate  Ligand Conversion [%] Yield [%] Selectivity< [%]
Xantphos 2 95.6 90.7 91.7
BIPHEPHOS? 99.6 95.7 87.2

M4P
BINAS® 90.9 83.6 98.2
NAPHOS @ 94.8 90.5 95.5
Xantphos? 63.0 59.7 66.6
BIPHEPHOS® 79.8 83 55.8

M3P
BINAS® 75.2 67.4 70.5
NAPHOS:= 89.1 47.2 60.2
Mixture  Xantphos? 46.7 441 83.0
(M4P:M3P, BINAS® 33.3 285 69.0
%) NAPHOS- 79.7 67.5 53.0

Table 1: Preceding results. [17] (a) Homogeneous approach in toluene. T = 100 °C, p = 5 bar, CO/Hz = 1,
Rh:L:substrate = 1:4:1000, crn = 100 ppm, t = 20 h. (b) Two-phasic approach with toluene/water (1:1). T =
110 °C, p = 10 bar, CO/Hz = 1, Rh:L:substrate = 1:4:1000, cr: = 100 ppm, t = 20 h. (c) Ratio of the amount of

n-aldehyde to the total amount of product aldehydes.

The aim of this work consequently was the synthesis of 5-FMP via the Rh(I)-catalysed hydro-
formylation of isomeric mixtures of methyl pentenoates with regioselectivities greater than 90 %
regarding the Faldehyde. A part of this was already part of my master thesis, in which I found
promising catalyst systems, comprised of Rh(I)-species modified with BINAS (2-phasic approach),
BIPHEPHOS, NAPHOS and Xantphos. [17] Further candidates where modified with tris(2,4-di-
tert.-butylphenyl)phosphite (Alkanox) and triphenyl phosphite. A summary of the best results is

shown in Table 1 and the results have been patented. [18]
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In this work I focused on the optimisation of the hydroformylation with the BINAS-modified cat-
alyst, as well as its recirculation, as well as the optimisation of the catalysis with the BIPHEPHOS-
modified system. Furthermore methyl 2-pentenoate was tested as a substrate and its behaviour in

the substrate hydrogenation was studied.
1.2.2 Alkoxycarbonylation of a mixture of isomeric methyl pentenoates

The synthesis of adipic acid esters starting from the corresponding pentenoic acid esters is known
since 1983. [19] BASF was interested in a process that produces adipic acid monoesters in the
highest possible purity. This was achieved by the hydroformylation of pentenoic acid esters and a
consecutive oxidation of the generated semi aldehyde with molecular oxygen. The catalyst in use

was a TPP-modified palladium species that was able to generate the product in a yield of 70 %.

o [Rh] o o,
s ose _ > O\/\/\)L . OW o~
TR0 con, D o~
OH
methyl pentenoates 5-FMP Adipic acid mono methyl ester

or adipic semialdehyde methyl ester

Fig. 8: Scheme for the synthesis of adipic acid monoesters as described in [19].

In 1986 DuPont patented a process that described a two-step approach for the conversion of buta-
diene. [20] Herein the pentenoates was generated via the hydroformylation of butadiene. Subse-
quent alkoxycarbonylation provided the desired product, which was generated in an overall yield

of 66 %. The catalyst precursor in use was RhCls.

In another patent from the year 1988 BASF described the synthesis of adipic acid via a three-step
route. The first step employed a cobalt catalyst that was used in the hydroformylation of methyl
pentenoates. In the second step the resulting methyl adipate semi aldehyde was oxidized with
molecular oxygen to form the adipic acid mono ester, followed by hydrolysis in a strongly acidic

medium to yield the free dicarboxylic acid. [21]

Another way to selectively form adipic acid and its esters was described by DuPont in 1993. [22]
Differing from previous patents an iridium catalyst as well as a bimetallic Rh/Ir-catalyst was used.
With these systems, dicarboxylic acids could be produced in yields of up to 97.5 % with a selectiv-

8
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ity of 88.5 % regarding adipic acid, starting from pentenoic acid esters. In 1994 y-valerolactone

was added to the substrate scope in another patent. [23][24]

As shown, the synthesis of adipic acid from pentenoic acid and its derivatives was performed ex-
clusively via hydroesterification. The first alkoxycarbonylation of this substrate was reported in
1995 by DuPont. [25] The reaction conditions were chosen similarly like other alkoxycarbonyla-
tions. The reaction temperatures were in the range of 90 — 140 °C and the pressure about 60 bar
CO. The ligands that were used for modification of the catalyst were bidentate metallocene com-
pounds. In the best case the substrate in use, methyl 3-pentenoate (M3P), was converted into di-

methyl adipate with a selectivity of 76 % and a conversion of 89 %.
PBu,
E;C PBu,
Fig. 9: Bidentate diphosphine DTBPX.

An example for an alkoxycarbonylation of pentenoic acid esters with a DTPBX-modified (BuPox)
palladium catalyst was made by BASF and DuPont in 2002. Here, high yields and conversion were
achieved, though the //b-ratios were fairly low (only about 70 % regarding the dimethyl adipate).
[26]

Furthermore Jiménez-Rodriguez et al. showed that by employing a DTBPX-modified catalyst al-
ready described above, reaction temperatures as low as 50 °C were possible without significantly
impacting the activity of the catalyst. Full conversion was achieved after 3 h with quantitative

yield of the dimethyl adipate. [27]

An example of a hydroxycarbonylation reaction patented by Shell is the conversion of 3-pentanoic
acid catalysed by DTBPX and DTBPP-palladium catalysts in water as solvent. With this system it

was possible to obtain adipic acid with a selectivity of 99 % and conversions of 90 %. [28]

In 2012 de Vries er al investigated the synthesis of methyl pentenoates starting from y-
valerolactone and the methoxycarbonylation to form dimethyl adipate. The most successful sys-
tem was able to convert the whole amount of substrate within an hour nearly quantitatively into
dimethyl adipate. The reaction was conducted at 75 °C and 20 bar CO-pressure. Furthermore, in-
fluence of water on the catalytic process was studied. They were able to show that water has in-

hibitory properties, which lead to lower conversion and overall lower catalyst activities.

9
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The regioselectivity is also impacted, as well as the chemoselectivity since the presence of water

enables the hydroxycarbonylation as a competing mechanism. [29]

Loe et al. were able to synthesize and test new ligands that structurally resembled the well-known
DTBPX ligand (see Fig. 10). [30] With these new ligands, it was possible to achieve high /7 b-ratios,
though the catalyst activities were significantly lower than those of catalysts used in prior publica-

tions.

PBu,
PBu

<>CPtBu2 g ‘Q

Fig. 10: DTBPX derivative (left) and an anthracene analogue. (right)

In 2017 Nobbs et al introduced a new BuPox-type ligand, where the di-zerz.-butylphenyl units
were replaced with the six membered 2,2,6,6, -tetramethyl-4-oxophosphinan-1-yl moiety. With a
natural bite angle of about 100° and the phosphacycle units that are new for this kind of catalyst,
the authors expected superior properties compared to DTBPX. Employing this ligand in the palla-
dium catalysed methoxycarbonylation of methyl pentenoates, it was indeed possible to achieve
higher catalyst activities (93 % in 4 h) than for the state of the art BuPox-systems and comparable
// b-ratios. This improvement was explained by the higher electrophilicity of the BPX-modified
palladium compared to the DTBPX-modified species, which leads to a stronger bonding a faster
deprotonation of MeOH to the acyl-palladium species as rate determining step. Therefore the
methanolysis is favoured. The comparable regioselectivity is due to the comparable steric bulk
around the catalytic centre with both ligands. The same work group also conducted mechanistic
studies on this system, also with the help of quantum chemical methods. It was shown that the
mechanism at hand is the most probable candidate and explains activity and regioselectivity with
the energetically more favourable transition states for the formation of the adipate. Furthermore
evidence was given, that the substrate acts as a sort of inhibitor since it is able to form chelates via
coordination of the ester group, thus blocking critical coordination sites necessary for key steps
inside the catalytic cycle. Also, this behaviour apparently has an impact on the regioselectivity of
the reaction. [31,32] Further patents starting from 2003 are summarized under citation [33].
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Fig. 11: BPX ligand.
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Fig. 12: Utilised ligands and reaction scheme of the palladium catalysed alkoxycarbonylation of methyl
pentenoates to give dimethyl adipate (DMA) Dimethyl 2-methylglutarat (2-MeDMG) or Dimethyl 2-
Ethylsuccinat (2-EtDMS).

To further improve existing processes, the scope of this work also contains investigations on the
methoxycarbonylation of methyl pentenoates to synthesize dimethyl adipate with focus on high
conversions and selectivities. For this purpose, highly efficient ligands (PyTBPF and PyTBPX, see

Fig. 12) have been employed. These ligands were originally developed by Evonik in cooperation
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with Leibniz Institute of Catalysis Rostock (LIKAT) for utilisation in the alkoxycarbonylation of

ethylene. [91]

1.2.3 Hydroaminomethylation of isomeric methyl pentenoates

The rhodium catalysed hydroaminomethylation of isomeric pentenoates is one possibility to syn-
thesize 6-aminocaproic acid esters and e-caprolactam that has yet to catch attention. The usual
methods to sustainably synthesize polyamide precursors are limited to biosynthetic processes
starting from pimelates [34], carbohydrates [35], methanol [36], and 5-FMP. [37] Processes for the
production of 6-aminocaproic acid are well known, though they don’t start directly from pente-

noic acid derivatives. Usual substrates are 5-FMP [38] and 3-pentennitrile. [39]

The direct synthesis of g-caprolactame can be realised via transition metal catalysed reductive
amination of 5-FMP with high chemoselectivities (yields of up to 84.4 %), [40] or via the thermal

cyclisation of 6-aminocaproates or 6-aminocapronitrile. [41]

The most commonly applied synthetic route for e-caprolactam starts from cyclohexanol, which
can be produced from mineral oil via multiple steps. [42] Cyclohexanone is converted to cyclohex-
anone oxime by reacting it with bis(hydroxylammonium)sulfate. Then, the oxime is subjected to a
Beckmann type rearrangement that leads directly to the desired lactam. This process will be de-

scribed with more detail in the following.

Another aim of this work was the application of the rhodium catalysed hydroaminomethylation

reaction to synthesize aminocaproic acid derivatives directly from methyl pentenoates. [43]

1.3  Possible applications of 5-formylpentenoates, adipates and 6-aminocaproates

The three main products of the reactions described above, methyl 5-formylpentenoate, dimethyl
adipate and methyl 6-aminocaproate, are compounds that are already established starting materi-
als in the chemical industry. Their main use lies in the polymer chemistry as monomers for poly-
amide and polyester synthesis. Here 5-FMP can act as platform chemical for the synthesis of ¢-
caprolactame (or 6-aminocaproates), e-caprolactone (or 6-hydroxocaproates), hexamethylenedia-

mine and adipic acid.
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Fig. 13- Alternative synthetic routes towards monomers of polyamides. The synthesis of the pentenoic acid
derivatives can be realised starting from lignocellulosic resources via levulinic acid and y-valerolactone as

Intermediates.

The reductive amination of 5-FMP /5-FPA is a process known since 1954. [44] In the patent at
hand ammonia and molecular hydrogen was used in the presence of Raney-Ni to convert 5-FMP
into the corresponding 6-aminocaproic acid ester with yields of up to 70 %. In 1987, BASF
claimed a process that was built on the previously mentioned patent and was able to make major
improvements. The reaction conditions were significantly milder and the yields were raised to 90
% of 6-aminocaproate and even 3.3 % of e-caprolactam. For this purpose, a heterogeneous mixed
phase catalyst comprised of nickel oxide and aluminium oxide was used in a set up for continuous
production. [45] In 1990, further improvements were made in regard by changing the catalyst to

aluminium oxide supported ruthenium. This modification improved the space time yields to 88 %
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per hour. [46] In 1997, DuPont also discovered a process for the utilisation of a mixture of isomeric
FPA’s. Sadly, there were no remarks on the procedure and result of the patented process. [47] An
improved process was patented in 1998, wherein 6-aminocaproic acid was synthesized by hydro-
formylation of 3-pentenoic acid and subsequent imine formation with ammonia in a single batch.
The catalyst used was a Rh(I)-species modified with a diphosphite strongly related to BiphePhos
(Fig. 14). In a second step, the resulting aqueous phase was subjected to a hydrogenation reaction
by addition to a mixture comprised of Raney-Ni and aqueous ammonia. The overall yield of capro-

lactam and valeric acid ester was 17 % and 79 %. [48]

tBu tBu
Bu I I Bu
O O\I?,O O\IP/O O
@] O

Fig. 14: BiphePhos analogue diphosphite. The methoxy groups in para-position have been replaced by tBu
groups.

In the same year another process was published that was heterogeneously catalysed by supported
ruthenium. The best results were obtained with a titanium oxide support, which was able to con-
vert the usual substrates into the desired products with yields of about 97 %. [49] Another patent
described the use of ruthenium supported on a mixed phase of titanium oxide and silicon oxide.
The reaction was carried out in a continuous set up. Under these conditions 5-FPA was completely
converted and a yield of 90.5 % of the lactam and 5.8 % of the 6-aminocaproic acid was realised.
[50] This process was further improved by Pestman and Van Lieshout in 2000. [51] They used
ruthenium supported on titanium oxide as a heterogeneous catalyst. Additionally, the catalyst was
doped with nickel. This modification led to a yield of 99.8 % caprolactam and 6-aminocaproic

acid, in both batch and continuous processes.

Furthermore, 5-FMP can be oxidised to form adipic acid derivatives. [52] An example of a com-
plete synthetic route from levulinic acid towards adipic acid via y-valerolactone was described by
DSM in 2012. [53] Levulinic acid is obtainable by acid catalysed hydrolysis of lignocellulosic bio-
mass and therefore a “green” compound. In 1988, BASF has discovered a process for the oxidation
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of 5-FMP, where 5-FMP was prepared from M3P via hydroformylation. The product was purified
via distillation and then treated batch wise with molecular oxygen for a long time. [54] After full
conversion the reaction yielded 95 % of adipic acid monoester. The free dicarboxylic acid was
obtained after simple acid catalysed hydrolysis of the ester with simultaneous destillative separa-

tion of the liberated methanol.

The reductive amination of adipic acid to form hexamethylenediamine (HMDA) is known since
the 1970’s and was realised by heterogeneous catalysis with aluminium oxide supported rutheni-
um in the presence of ammonia or an amine, favourably HMDA. The resulting product mixture in
the autoclave contained differing amounts of HMDA, e-caprolactam and polymeric residues. In
1972, two other processes were described in patents, in which cobalt and iron catalysts were test-
ed. [55,56,57] The Fe catalysts showed an overall better selectivity than the cobalt systems regard-

ing the HMDA formation.

Furthermore the possibility of reducing 5-FPA towards 6-hydroxycaproic acid exists as a way to
produce monomers for polyester synthesis. Alternatively, it can be directly hydrogenated to form
1,6-hexanediol, which was patented by Esso in 1996. [58] As catalyst PtO2 was used which was
able to fully convert 5-FMP with high selectivity into the desired product. Another process uti-
lised nickel catalysts, which lead to a lower chemoselectivity due to harsher reaction conditions
than for the platinum catalysed reaction. [59] This problem was tackled by using Raney-Ni as hy-
drogenating catalyst, which enabled lower reaction condition than before. [60] Additionally, the
reaction could be conducted continuously as well as batch wise. An interesting publication from
Kobayashi et al described a selective reduction of 5-FPA by tetrabutylammonium fluoride as cata-
lyst and polymethylhydrosiloxane as reductant. The reaction temperature was set to -70 °C at
which 5-FMP was fully converted into methyl 6-hydroxyhexanoate. [61] Another process with
comparable results was developed by Lorca et al, where BINOL-modified Zr-catalysts was utilised
for the selective reduction of aldehydes. [62] BASF improved the batch wise hydrogenation of 5-
FMP by Raney-Ni. [63] The yield of methyl 6-hydroxycaproate was raised to 91 %. The synthesis
6-hydroxycaproic acid from the side products of the industrially applied cyclohexane oxidation
and the reduction of these side products directly into 1,6-hexanediol was performed successfully.

[64,65]

15



1 INTRODUCTION

Alternatively, the same products can be synthesised by reduction of adipic acid and its esters. For
this purpose, Morikawa er al. synthesised and tested different Raney catalysts. [66] In most cases,
mixtures of 6-hydroxycaproic acid and 1,6-hexanediol were obtained. A research group of BASF
developed a new process in order to minimise the amount of undesired dimeric and oligomeric
side products. [67] For this aim, hydrogenation of the substrate was realised in the presence of a
Cu catalyst under harsh reaction conditions, employing a continuous set up. The reactor output

was purified via distillation and the desired products isolated.

air / Oy ) OH
; ; Mn- / Co-salts
Mineral 0il —> .
Cyclohexane
Distillation and Anone-Anol mixture

oxidation of cyclohexanol

(@)

air,
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O g
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O
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.OH
N|
O )
Cyclohexanonoxime e-Caprolactone
H,SO,/Oleum H,,
Beckmann Raney-Cu
HO A~~~
e} © OH
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Fig. 15: Traditional synthetic routes for monomers of polyamides.
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The residue of the distillation was recycled into the reactor and subjected to another reaction cy-
cle after addition of fresh substrate. For each cycle the composition of the product fraction was
comparable. A process where nearly all of dimethyl adipate is converted into the corresponding

diol used a catalyst mixture containing CuO, ZnO and Al2Os for the hydrogenation step. [68]

All of the mentioned products are currently synthesised by employing crude oil dependent pro-

cesses. A brief overview will be given in the following.

Adipic acid is accessible through the oxidative cleavage of cyclohexane. This two-step process
starts from the incomplete oxidation of cyclohexane by air with manganese and cobalt salts, e. g.
relevant acetates, as catalysts. Here a mixture of cyclohexanol and cyclohexanone is produced that
is used in the second step after purification by distillation. The second reaction step is also an oxi-
dation that can either be conducted by reaction of the cyclohexanol/cyclohexanone mixture with
nitric acid and ammonium metavanadate or by reacting it with Cu and Mn acetate and air. With

this method the production capacity was at about 2.3 Mt per year in 1996.

HMDA is almost exclusively synthesized via the hydrogenation of the corresponding dinitrile,
called adiponitrile. Another possible route was found by Celanese in 1981 that also starts from
cyclohexanone. This route is comprised of the oxidation of that ketone towards caprolactone and
the subsequent hydrogenation with Raney-Cu to form 1,6-hexanediol. Finally, the amination of
this product with ammonia and Raney-Ni leads to the final product HMDA. With this, a produc-

tion of 30 kt HMDA per year is possible.

g-Caprolactam is industrially synthesized from cyclohexanone. Via this production pathway, the
cyclohexanone is first reacted with hydroxylammonium sulphate to form cyclohexanone oxime.
The addition of ammonia to this step is critical to keep the pH at roughly 7. This is also the main
drawback of this reaction, because huge quantities of the waste product ammonium sulphate are
formed, which renders the process less economic. In the final step the oxime is converted into the

desired caprolactam via a Beckmann rearrangement reaction with concentrated sulphuric acid or

oleum. [69]

Another possibility for the formation of e-caprolactam is the use of 6-oxohexanoic acid and its
esters (5-FMP or 5-FPA) as starting material. The conversion into the lactam can be realised via

the reductive amination of these substrates to directly form 6-aminocaproic acid. Alternatively the
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utilisation for the synthesis of monomers for other polyamides or -esters is also possible. For ex-
ample HMDA can be formed via oxidation of 5-FVA to give adipic acid and subsequent reductive
amination. (see Fig. 3) Another possibility is the synthesis of 6-hydroxycaproic acid via hydro-

genation of 5-FPA for the production of polyesters.

e-Caprolactam serves as starting material for the manufacturing of Nylon-6, a polyamide that was
first synthesized by P. Schlack in 1938 and sold under the trade name Perlon™ in Germany. This
invention was directly inspired by the work of W. H. Carothers, who synthesized the first poly-
amide Nylon-6,6 via polycondensation of hexamethylenediamine (HMDA) and adipic acid in
1935. At the beginning of this century the global production capacity was about 6 Mt per year.

The main use for these polyamides is the production of synthetic fibres and thermoplastics.

Monomers Polymers
O
HZN\/\/\)J\
OH 0
6-Aminocaproic acid g\/\/\)}\
N
O Hlp
NH Polycaprolactam
(Nylon-6)
e-Caprolactone
O
OH
Adipic acid H H
O n
/\/\/\/NH2 NS
H,N Poly(NV,N-hexamethyleneadipic diamide)
Hexamethylenediamine (Nylon-6.6)
(HMDA)

Table 2: Two polyamides and their monomers.

In principal, polyamides are synthesised via the polycondensation of two different monomers
(AA/BB polyamides, Nylon-6,6) or only one monomer (AB polyamides, Nylon-6). (see Table 2) Of
course, other compositions of different monomers are also possible. Industrial scale polycondensa-
tions for the formation of AA/BB type polyamides are usually carried out in the melt of the respec-
tive “nylon salt” (e.g., [Z-(NHz3)2]*[Z’-(COO)2]*) at 200-300 °C and nitrogen pressures of up to 30

bar. Since water is used in the process as internal heat transfer agent, these high pressures are nec-
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essary to keep the water from evaporating from the raw polymeric mixture. Typically the pressure
is released stepwise during the process to lower the water content and favour the polycondensa-
tion. When 80 — 90 % of monomer is converted, the reaction is continued at temperatures above
the melting point of the polymer and under vacuum. This last step can also be performed in solid
state at temperatures below the melting point. AB type polyamides are usually manufactured from
their corresponding cyclolactams. For Nylon-6 the reaction is carried out in water at temperatures
of about 260 °C and the reaction itself can be considered as a 2-step reaction in situ, beginning
with the hydrolytic ring opening to form 6-aminocaproic acid. This step is either followed by the
direct addition of the lactam to the growing chain or the condensation of two 6-aminocaproic acid
molecules. Which of the two possibilities for the last step is favoured strongly depends on the wa-
ter content in the reaction mixture. At lower water content, the addition of the lactam is favoured.
Otherwise the condensation of the aliphatic amino acids is the main reaction pathway. If lower
molecular weights are desired, small amounts of monofunctionalized compounds, e. g. acetic acid,

can be added to act as chain-terminating agents. [70]
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2 Theoretical principles

2.1  Hydroformylation

The hydroformylation (or “oxo synthesis”) is a reaction, where an alkene reacts with carbon mon-

oxide and molecular hydrogen via transition metal catalysis to form aldehydes.

This reaction type was discovered by accident in 1938 by Otto Roelen, who worked for Ruhr-
chemie at that time. Originally, Roelen worked on a way to refeed ethylene, which is an unde-
sired side product of the Fischer-Tropsch synthesis, together with ammonia into the reactor. [71]
Much to his surprise, he found the imine of propanal as side product in the resulting product mix-
ture and he concluded that somehow another reaction mechanism than the Fischer-Tropsch
mechanism must be involved. [72] In the same year Roelen patented his findings and in 1940 the
first plant was built by Ruhrchemie, that was able to produce in a 15 kt scale long chained alcohols
from the corresponding olefins with cobalt catalysts. This plant was completed in cooperation
with IG Farben AG during the Second World War. However, the plant was never put into opera-
tion. [73,74] Until the late 70’s, cobalt catalysts were state of the art and not much research was
conducted on new catalysts. This changed with the research of Wilkinson, who investigated the
effect of P-ligand modified rhodium compounds on the hydroformylation reaction, and Shell,
which investigated the effect of phosphines on the cobalt catalysts. This marked the starting point
of the development of highly efficient and selective catalysts for the oxo process. Industrially ap-
plied processes derived from this research are described in the following. The “low pressure oxo
process”, or in short LPO process, is a kind of rhodium catalysed hydroformylation that was first
implemented by many different companies (such as UCC, Celanese, Mitsubishi, BASF, etc.) in
1976. [75] In this process, the catalyst remains in the reactor and the reaction products are sepa-
rated via thermal work up procedures. Improvements were made in 1984, which resulted in the so
called Rhone/Poulenc process. This method employs a 2-phasic solvent system, where one phase is
aqueous and the other organic. The basic idea is that the catalyst in use is water soluble and there-
fore remains in the aqueous phase. The products and the substrates, which are usually lipophilic,
stay in the organic phase and consequently can be easily separated from the catalyst by simple
phase separation. Then, the catalyst solution can be refed into the reactor, together with fresh
substrate solution. In this way, the catalyst is not subjected to the thermal strain caused by the

distillation step of the LPO processes.
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2.1.1 Influence of the transition metal

Many transition metals are active in the hydroformylation reaction. A simple and rough classifica-

tion regarding their relative activity can be made as shown:
Rh>>Co>Ir>Ru>0Os>Pt>Pd>Tc>Mn>Fe>Re

rhodium is by far the most active metal, almost 1000 times more active than corresponding cobalt
catalysts. This is the reason for the much milder reaction condition and lower catalyst loadings
that can be found for rhodium catalysed hydroformylation reaction compared to those used in
cobalt catalysed reactions. (see Table 3) The main drawback of rhodium is its price, since it is quite
expensive compared to cobalt. [76] The other metals are usually of academic interest only, because

of their low activity and are not part of this work.

Metal Rh Co
Reaction conditions
cxar [g/kg] 1072— 1071 1-10
Temperature [°C] 80 - 140 < 200
Pressure [bar] <50 < 200

Table 3: General reaction conditions for the hydroformylation reaction comparing rhodium and cobalt cata-

lysts.
2.1.2 Mechanism of the rhodium catalysed hydroformylation

The mechanism of the rhodium catalysed hydroformylation can vary drastically depending on the
catalyst system. In this work only those mechanisms in action for unmodified and P-ligand modi-

fied rhodium catalysts are reviewed.

2.1.2.1 Unmodified rhodium catalysts

The rhodium catalysed hydroformylation with unmodified rhodium catalysts usually starts with
the formation of the catalytically active species by addition of the rhodium precursor without lig-

and under catalytic conditions. The generally accepted catalytic cycle is shown in Fig. 16.
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Fig. 16: Mechanism of the hydroformylation with unmodified Rh(I) complexes.

Under catalytic conditions, the precursor is converted into the dimeric Rh2(CO)s complex via ad-
dition of CO. Oxidative addition of molecular hydrogen and dissociation of one CO ligand leads to
the formation of the catalytically active complex RhH(CO)s, a quadratic planar 16 VE-species. The
olefinic substrate is now coordinated via the double bond to a free coordination site at the apical
position that leads to a change of the coordination geometry. The now trigonal bipyramidal 18
VE-complex then undergoes an insertion reaction of the olefin into the rhodium H bond to form
the quadratic planar alkyl species (16 VE). Coordination of a CO ligand and subsequent insertion
into the rhodium alkyl bond forms the acyl complex. Oxidative addition of molecular hydrogen

and subsequent reductive elimination liberates the product aldehyde and regenerates the catalyti-

cally active species.
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2.1.2.2 P-Ligand modified rhodium catalysts

The mechanism of the P-ligand modified rhodium catalysed hydroformylation differs greatly from
the unmodified catalysis and depends on the steric and electronic properties of the ligand in use.
The mechanism that was proposed by Wilkinson is applicable for PPhs-modified rhodium cata-
lysts. It commences with the formation of the catalytically active species from the catalyst precur-
sor by dissociation of a PPhs ligand, forming the quadratic planar 16 VE complex RhH(CO)(PPhs)..
The two TPP ligands coordinate in a trans fashion. This step is followed by the coordination of the

olefin via the double bond and the subsequent insertion of the olefin in the Rh-H bond.
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After CO addition, the CO ligand in cis position to the olefin inserts into the M-C bond. Consecu-
tive oxidative addition of H2 and reductive elimination leads to the liberation of the product alde-

hyde and the regeneration of the catalytically active species. [77]

As already described above, the mechanism shown in Fig. 17 is only applicable for the use of TPP.
When TPP is replaced with the phosphite Alkanox - the IUPAC name is tris(2,4-di-zert.-
butylphenyl)phosphite — the most obvious difference is that because of its steric properties only
one P-ligand coordinates to the metal centre. This leads to the favoured formation of the highly

catalytically active species [(L)RhH(CO)s].
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Fig. 18: Rhodium catalysed hydroformylation with a diphosphine modified catalyst.
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Another effect is the favoured, albeit undesired, cluster formation at low L:Rh ratios, that leads to
rhodium black formation and therefore catalyst deactivation. This problem can be tackled by addi-
tion of large excesses of the ligand (usually ca. L:Rh ratio of 200), effectively suppressing cluster
formation and shifting the equilibria from the clusters towards the catalytically active species.
Especially this property is characteristic for sterically demanding monophosphites with Bu-
moieties in ortho position. The mechanism for the rhodium catalysed hydroformylation with bi-
dentate ligands differs with regard to the coordination of the phosphorus. In case the distance
between the two P atoms in the ligand is short enough, they are forced to coordinate in a cis fash-
ion. Depending on the ligand, this can be the reason for the typical increase in regioselectivity for
substituted olefins with regard to the linear aldehyde if a bidentate ligand is used, since the steric
bulk of the ligand forces the substrate into a coordination, where the sterically most demanding
side of the olefin points away from the ligand, thus increasing the probability of a more selective

olefin insertion into the Rh-H bond. (see Fig. 18)

There are different ways to quantify the steric demand that a coordinating ligand owns in a transi-
tion metal complex. One of them is Tolman’s cone angle 6. [78] It was introduced, because the
coordinating behaviour of ligands in Ni(0) complexes could not be explained by their electronic
properties alone. [79] In case of symmetric P-ligands of the type PRs, the cone angle is defined as
twice the angle that is created between the M-P bond and the outer Van-der-Waals radii of the
outer substituents of the ligand. (see Fig. 19) For asymmetric ligands of the type PR!'R?R? an ap-
proximated equation exists for the minimisation of the sum of the half angles 0i (see equation (7) &
Fig. 19) created between the M-P bond and the outer Van-der-Waals radii of the different substit-

uents. [78,80]

25



2 THEORETICAL PRINCIPLES

©)

Il

wl N
.Mw
[P
jmn

N—

...
Il
Y

(1/2)0 (1/2)8;
Fig. 19: Tolman's cone angle for symmetric (left) and asymmetric ligands (right).

Nonetheless, the model of Tolman’s cone angle has to be treated with caution, because it is solely
based on the space filling model of the considered complex. In real systems, observable differences
in the cone angle can occur due to steric and electronic interactions inside the complex, thus lead-

ing to different coordination behaviours than predicted by the theoretically determined value.

For bidentate ligands, the corresponding angle for the quantification of the steric bulk is called
“natural bite angle” . Casey and Whiteker were the first to describe this bite angle as the theoret-
ically determined P-M-P angle inside the chelate complex. For the calculation, some simplifica-
tions are assumed: For one, the influence of the electronic properties of the metal as well as the
influence of other ligands inside the considered complex is disregarded. Furthermore, a set P-M
bond distance is picked that can be derived from crystallographic data retrieved from structurally
similar complexes. Typically, this distance is assumed to be 2.3 A for rhodium complexes. In the
literature, a bite angle is generally given as an interval that takes the flexibility of the ligand into
account. The boundaries of the interval are calculated in such a way that the energetic difference

compared to the natural bite angle is less than 3 kcal*mol!. [81]
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22  Alkoxycarbonylation

The alkoxycarbonylation is described as the synthesis of esters from olefins or alkynes, carbon
monoxide and an alcohol. This reaction type is related to the hydroxycarbonylation reaction that

uses water instead of alcohols to form the corresponding carboxylic acids or even lactones. (see

Fig. 20)
2.2.1 Mechanism of the palladium catalysed alkoxycarbonylation

For the palladium catalysed methoxycarbonylation (alkoxycarbonylation with methanol) of eth-
ylene towards methyl propionate two mechanism have been suggested by Drent et al [82] (see
Fig. 20:) Because of reaction intermediates which could not be detected, they assumed that either
only one catalytic cycle is active during the reaction or two catalytic cycles independently take
place at the same time. The hydride cycle A starts from a quadratic planar 16 VE palladium hy-
dride species that is generated starting from the employed catalyst precursor. In the next step the
olefin coordinates and inserts into the Pd-H bond to form the corresponding quadratic planar 16
VE alkyl complex. Similar to the hydroformylation, this step determines the regioselectivity of the
reaction. After CO coordination and insertion into the palladium alkyl bond, the acyl species is
formed. Via alcoholysis, which usually is the rate determining step, the product is liberated and

the hydride species regenerated. [83]

The alkoxy cycle B starts from an alkoxy complex as the catalytically active species generated from
the precursor. CO coordinates and inserts into the M-O bond to form a palladium alkoxycarbonyl
species. In the subsequent step, the olefin coordinates and inserts into the M-CO bond to form an
alkyl complex. Oxidative addition of the alcohol and reductive elimination liberates the product
and regenerates the catalytically active species. The reaction intermediates were isolated and char-

acterised by Liu er al. [84]

Because of the mechanistic investigations carried out until today, it is assumed that the hydride
cycle is more relevant for most alkoxycarbonylation reactions. [85] Of course, this strongly de-

pends on the applied catalyst system, as well as additives.
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Fig. 20: Mechanisms of the alkoxycarbonylation. (A) Hydride cycle. (B) Alkoxy cycle.
23  Hydroaminomethylation

The hydroaminomethylation (in the following abbreviated as HAM) is defined as the reaction of
olefins with syngas and primary or secondary amines or ammonia to form the corresponding satu-

rated amines, elongated by one CH2 group. The whole reaction can be divided into three steps:

1.) + HNR',
[Rh] “H.O
COH, A ) [Rh], H, K/\i

Fig. 21: Reaction scheme of the hydroaminomethylation.

(1) Hydroformylation of the olefin
(2) Imine formation and formation of water

(3) Hydrogenation of the imine to form the amine.
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Because of the possibility to clearly separate these steps into the hydroformylation, imination and
hydrogenation step, catalysed by the same catalyst, the reaction can be classified as tandem cataly-
sis. [86,87a] Typical reaction conditions are temperatures of 90 — 130 °C and pressures of 30 — 60

bars of syngas.
2.3.1 Mechanisms

The hydroformylation mechanism was already reviewed in 2.1.2. For the enamine hydrogenation,
two mechanisms can be assumed. Which one of the mechanism is active, depends on whether the
catalytically active species is cationic or neutral. In case of a neutral species, the catalytic cycle
starts with the oxidative addition of molecular hydrogen. The substrate coordinates via its double
bond and inserts into the M-H bond to form the corresponding alkyl complex. Product formation
occurs by reductive elimination of the alkyl moiety with the remaining hydride ligand simultane-

ously regenerating the starting complex.

Fig. 22: Mechanisms of the enamine hydrogenation. Left: Catalysis with neutral rhodium complexes. Right:

Catalysis with cationic rhodium complexes.
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If the catalytically active species is cationic in nature, oxidative addition of hydrogen cannot oc-
cur. Instead, the starting complex forms together with hydrogen a o-complex. After coordination
of the enamine via the lone pair of the nitrogen, a concerted transfer of a proton to the enamine
occurs, the imine forms and a neutral hydride complex is generated, which is able to hydrogenate

the formed imine. [87]

Hydroaminomethylation operates with unmodified as well as ligand modified catalysts. Efficient
catalyst precursor are Rh203, [Ru3(CO)12] as well as [Rh(p-Cl)2(COD)2], because of their ability to

selectively form the catalytically active species under reaction conditions. [87a,88]
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3 General Part

3.1  Hydroformylation of isomeric methyl pentenoates

3.1.1 Rhodium catalysed hydroformylation of methyl 3-pentenoate and methyl 4-

pentenoate with different ligands

The synthesis of 5-FMP from methyl pentenoates via the rhodium catalysed hydroformylation
was first tested using different catalytic systems. These systems were generated from the catalyst
precursor Rh(CO)zacac and different ligands. The Rh:L ratio was picked with literature known

standard values in mind. The utilised ligands are shown in Fig. 23.

O
1 R /\)J\
R ot €O+ H - H\W\"J o~
(@)
O
Monodentate: PAr; P(OATr'), Ar =Ph (TPP), 3-sulphonatophenyl (TPPTS)

Ar' = Ph (Triphenylphosphite),
2,4-di-tert.-butylphenyl (Alkanox)

O PPh,
O PPh,

XantPhos NAPHOS

OMe OMe ©/ SOzNa

Bidentate: O O
O

PPh,  PPh,

BiphePhos BINAS

Fig. 23: Rhodium catalysed hydroformylation of methyl pentenoates.
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Ligand Rh:L:M4P:M3P Conversion [%] Yield [%] Selectivity [%]
TPP 1:150:1000:0 95.3 93.4 72.1
1:20:0:1000 18.4 14.2 42.2
1:150:900:100 18.8 16.1 11.0
Alkanox 1:20:1000:0 100 69.3 45.8
1:20:0:1000 98.2 59.9 48.5
Triphenylphosphit | 1:20:1000:0 79.4 74.9 71.0
1:20:0:1000 72.1 447 50.1
XantPhos 1:4:1000:0 95.6 90.7 91.7
1:4:0:1000 63.0 59.7 49.8
1:4:900:100 46.7 44.1 83.0
NaPhos 1:4:1000:0 94.8 90.5 95.5
1:4:0:1000 89.1 60.2 47.2
1:4:900:100 79.7 67.5 53.0
BiphePhos 1:4:1000:0 99.6 68.8 87.2
1:4:0:1000 79.8 8.3 55.8
1:4:900:100 100 94.2 97.7

Table 4: Results of preliminary experiments on the hydroformylation of a mixture of M4P and M3P. (a)
Homogeneous approach in toluene. T = 100 °C, p = 5 bar, CO/Hz = 1, Rh:L:substrate = 1:4:1000, crn = 100
ppm, t =20 h. (b) Two phasic approach with toluene/water (1:1). T = 110 °C, p = 10 bar, CO/Hz = I,
Rh:L:substrate = 1:4:1000, crr = 100 ppm, t = 20 h.

The ligands TPPTS and BINAS were used in a biphasic approach (comparable to the Rhone-

Poulenc processes) to make the catalyst more water-soluble so it remains in the aqueous phase.
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The improvement of the water-solubility is achieved by the introduction of sulfonyl moieties into

the ligands. These experiments were already part of my master thesis.[17]
3.1.1.1 Homogeneous catalysis

The Results of the homogeneously catalysed approach of the conversion of methyl 3- and methyl
4-pentenoate towards 5-formylvalerate are shown in Table 4. It comes with no surprise that the
reactions with methyl 4-pentenoate perform better than the corresponding reactions with methyl
3-pentenoate. The reason for this is the higher reactivity of terminal alkenes due to lower steric
hindrance (Keuleman’s rule [89]) and lesser stabilisation through hyperconjugation. Generally,
when an internal methyl pentenoates is used, it is advised to choose a catalyst known for its isom-
erisation capabilities since this will partly convert the internal olefin to the terminal one thus in-
creasing the regioselectivity of the reaction. At the same time the isomerisation attitude can be the
main drawback of these catalysts, because methyl 2-pentenoate can also be formed. Methyl 2-
pentenoate is the most stable of the constitutional isomers since it represents an a,-unsaturated
carboxylic acid. The reactivity of methyl 2-pentenoate in the hydroformylation reaction is de-
scribed in section 3.1.2. Out of the monodentate ligands, TPP was the most effective because of its
superior performance regarding chemo- and stereoselectivity in the hydroformylation of M4P. In
comparison the utilisation of Alkanox led to a catalyst that is significantly more active even at low
Rh:L-ratios, though it has a higher hydrogenation activity and lower regioselectivity. Unsurpris-
ingly, the hydroformylation of M3P was generally less chemoselective and regioselective, especial-
ly when a catalyst with low isomerising tendency was used. Here the Results of Alkanox were
similar to those for the corresponding reaction with M4P. Looking at the results of the catalysis
employing bidentate ligands, they performed significantly superior regarding overall chemo- and
regioselectivity than the monodentate modified catalysts. Here the best results were achieved with

a BiphePhos-modified catalyst, even for a mixture of M4P and M3P. (see Table 4, last entry)
3.1.2 Hydroformylation of methyl 2-pentenoate
3.1.2.1 Homogeneous catalysis

The hydroformylation of methyl 2-pentenoate (M2P) was screened with NaPhos, XantPhos and
BiphePhos under non optimised reaction conditions. The results are summarised in Table 5. As

shown, the main reaction path for this substrate is the hydrogenation that leads to the formation
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of methyl valerate. The desired aldehyde is effectively a side product that was formed with low
regioselectivities with regard to the [aldehyde. Since the methyl 2-pentenoate is the substrate
with the most steric demand compared to its isomers and also the most stable — since it is an o,f3-
unsaturated carboxylic acid ester — it comes with no surprise that it was only converted at a very
low rate (Keuleman’s rule) and with low regioselectivity (low isomerisation tendency because of

the conjugated double bond).

Ligand CG[%] Y[% & [%)]
Xantphos 23.3 1.2 53.6
NAPHOS 46.8 9.7 33.6

Table 5: Results of the experiments regarding the homogeneous hydroformylation of M2P. T = 100 °C, p =
15 bar, t =20 h, crr = 0.286 umol"mL-!, Rh:L:MZP 1:4:1000. See section 4.2.1. (a) Conversion of substrate. (b)
Yield of aldehydes. (c) Regioselectivity of the reaction as the ratio of the amount 5-FMP to the amount of all

aldehydes in the product mixture.

Ligand CG[% Y[% §[%)]
TPPTS 94.2 <1 38.7
BINAS 13.4 2.7 76.1

Table 6: Results of the two phase hydroformylation of M2P. T = 110 °C, p = 20 bar, t = 20 h, cr» = 0.286
pmol"mL’, Rh:L:M2P 1:4:1000. (a) Conversion of substrate. (b) Yield of aldehydes. (c) Regioselectivity of

the reaction as the ratio of the amount 5-FMP to the amount of all aldehydes in the product mixture.
3.1.2.1 Two phase catalysis

The two phase hydroformylation of methyl 2-pentenoate with BINAS and TPPTS delivered com-
parable results as in the homogeneous process. The hydrogenation of the substrate was equally
favoured and the regioselectivity regarding the /aldehyde comparably low with the exception of
the catalysis with BINAS. Here, even though only a small amount of aldehyde was formed, the

regioselectivity was at about 76 % of the linear aldehyde. The results are shown in Table 6.
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3.1.3 Comparison of different stirring techniques with regard to conversion, yield

and n-regioselectivity of the hydroformylation of methyl 3-pentenoate

The availability of different stirring techniques for autoclaves, which are able to strongly influence
the performance of a catalytic reaction by improving mass transfer in between different phases,
led us to compare the results of the hydroformylation of methyl 3-pentenoate above, where a sim-
ple magnetic stirring bar was used, with those where we utilised a gas entrainment impeller. For
two phase catalysis, mass transfer is a rather demanding issue since it occurs between three phases:
gas, organic and aqueous phase. Consequently, the catalytic performance is worse, the less the
reaction medium is dispersed. This can be countered by employing a gas entrainment impeller that
is able to suck gas from the gas phase into the liquid phase at high speed (ca. 1000 rpm), leading to
high dispersion of the reaction mixture as well as high concentration of dissolved gas. The results
in Table 7 were obtained with non-optimised reaction conditions. As can be seen, the usage of a
gas entrainment impeller is favourable with regard to overall catalytic activity, though chemo-
and regioselectivity are significantly lower. The lower chemoselectivity is caused by higher H:
concentration in the liquid phases that leads to higher concentration of the hydrogenated sub-

strate methyl valerate.

Gas entrainment impeller C? [%] Yo /%] S [%]
Yes 57.8 475 46.3
No 38.6 35.5 65.6

Table 7: Comparison of the two phase hydroformylation of methyl 3-pentenoate with and without gas en-
trainment impeller. Reaction conditions: Rh:L:M3P => 1:4:1000, crr = 0.286 ymol"mL*, t =20 h, T = 110°C, p
= 15 bar. (a) Conversion of substrate. (b) Yield of aldehydes. (c) Regioselectivity of the reaction as the ratio
of the amount 5-FMP to the amount of all aldehydes in the product mixture.

3.1.4 Optimisation of reaction conditions for the hydroformylation of a mixture of

isomeric methyl pentenoates with a BINAS-modified Rh(I)-catalyst

The optimisation of the reaction conditions was conducted for the hydroformylation of a 9:1 mix-
ture of M4P and M3P with a BINAS-modified rhodium catalyst in a two phase approach. For this,

the pressure was varied first and then the temperature. The results are summarised in Table 8. The
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best conditions were at T = 100 °C and p = 50 bar, where the substrate was converted almost quan-
titatively with a yield of 95 % of the aldehydes. 5-FMP was formed with a regioselectivity of 88 %.

The most common side product was methyl valerate.

Nr. 1 2 3 4 5 6 7 8 9 10

T[C] |110 110 110 110 110 : 80 90 100 110 120
plbar] (10 20 30 40 50 50 50 50 50 50

C2[%] [ 38.6 49.8 84.1 >99.0 >99.0:>99.0 >99.0 >99.0 >99.0 99.2
Y®[%] [ 355 429 743 937 894 1972 965 954 923 939

Se[%] [65.6 553 493 483 570 (679 842 881 773 872

Table 8: Results of the optimisation experiments for the hydroformylation of a mixture of M4P and M3P
with the BINAS modified rhodium catalyst in the two phase approach. Reaction conditions: Rh:L:M4P:M3P
=> 1:4:900:100, crr = 0.286 umol’'mL”, t = 3 h. (a) Conversion of substrate. (b) Yield of aldehydes. (c) Regi-

oselectivity of the reaction as the ratio of the amount 5-FMP to the amount of all aldehydes in the product

mixture.
—=— Conversion l—=— Conversion|
—e— Yield 064 ~ _ _ —e—Yield
100 4 —a— Selectivity [ — |—— Selectivity
== welouTNTY | g [
90 +
804 801 //\/
701
60 % 60
£ 504 &
40 - 401
304
20 1 204
10
0 T T T T T 0 T T T T T
10 20 30 40 50 80 90 100 110 120
p [bar] T[rC

Fig. 24: Graphical representation of the results from Table 8. Left: Variation of pressure at 110 °C. Right:

Variation of temperature at 50 bars.
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Nr. 1 2 3 4 5 6 7 8 9 10
T[°C] {100 100 100 100 100 80 9 100 110 120
p [bar] | 10 15 20 30 40 15 15 15 15 15
C2[%] [ >99.0 >99.0 >99.0 >99.0 >99.0:>99.0 98.6 >99.0 >99.0 >99.0
Y [%] [ 942 947 954 958 963 1965 94.6 945 942 929
Se[%] (977 972 848 905 878 ;817 978 976 974 973

Table 9: Results of the optimisation experiments for the hydroformylation of a mixture of M4P and M3P

with the BiphePhos modified rhodium catalyst in the homogeneous approach. Reaction conditions:

Rh:L:M4P:M3P => 1:4:900:100, crs = 0.286 ymol"mL™, t = 3 h. (a) Conversion of substrate. (b) Yield of alde-

hydes. (c) Regioselectivity of the reaction as the ratio of the amount 5-FMP to the amount of all aldehydes

in the product mixture.
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Fig. 25: Graphical representation of the results from Table 9. Left: Variation of pressure at 100 °C. Right:

Variation of temperature at 15 bars.
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3.1.5 Recycling of the BINAS-modified Rh(I)-catalyst in the hydroformylation of

methyl pentenoates

The recycling of the BINAS modified rhodium catalyst for the two phase catalysis was investigat-
ed. Since the catalyst remains in the aqueous phase because of its water solubility and the substrate
in the organic phase, simple phase separation is enough to recover the catalyst, which can be re-
used for consecutive reactions. As shown in Table 10, the regioselectivity of the reaction drastical-
ly decreased after the first run and the aldehyde yield was higher. This change in catalyst perfor-
mance shows that the catalyst was subjected to irreversible changes, maybe even to
decomposition. To investigate on this, the leaching of rhodium and phosphorus into the organic
phase was quantified via ICP-OES. The samples were prepared by acidic fusion with concentrated
nitric acid at 200 °C in a pressure tube to destroy all organic compounds. The results show that
heavy leaching of rhodium occured into the organic phase in addition to rhodium black for-
mation. This supports the impression that the catalyst quickly decomposed after the first run and
that heterogeneous catalysis with rhodium nano particles took over for the following runs. This
also explains the similarity of these results to those for the catalysis with “naked” Rh, realised by

not adding any ligand to the reaction mixture.

Run C:[%] Y®[%] S¢[%]

100 4 L
90 4 !
80 - 1 907 872 933
70 Selectivity
60
=& 50 | 2 >99 925 56.6
40
30
o] 3 399 969 510
10 4
o 1 2 3 4 4 >99 97.4 49.1

Run

Table 10: Results of the recycling of the BINAS modified Rh(I) catalyst in the two phasic hydroformylation
of methyl pentenoates. Reaction conditions per run: T = 110 °C, p = 20 bar, t = 18 h, nry = 1.43 umol, nrigand=
5.72 umol, nuup = 1.43 mmol, Vioene = 2.5 mL, Vizo = 2.5 mL. (a) Conversion of substrate. (b) Yield of alde-
hydes. (c) Regioselectivity of the reaction as the ratio of the amount 5-FMP to the amount of all aldehydes

in the product mixture.
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3.1.6 Mechanistic and kinetic investigations

3.1.6.1 Isomerisation of methyl pentenoates catalysed by the precatalyst under inert

conditions

For the investigations on the rhodium catalysed isomerisation of methyl pentenoates as side reac-
tion besides the hydroformylation reaction the behaviour of the complex [Rh(L)acac] towards
methyl 4-pentenoate was observed. For this a solution of the precursor and 4 equivalents of
BiphePhos in dry toluene was prepared under argon atmosphere and heated to 100 °C. Then an
exact amount of substrate was added. Stirring commenced at 100 °C for 2 hours and every 15
minutes a sample was taken for GC analysis. The isomeric substrate composition was quantified

and the results are summarised in Table 11.

t[min] M4P[%] M3P [%] M2P [%)]

100
\/\\ E Z E Z
0 100 - - - -
801
15 94.7 3.1 22 - -
- 30 95.9 20 21 - -
.SE. —s— M4P
o ——M3P 45 93.3 33 34 - -
-t b N3P
= —— M2P £
40+ , szzf 60 91.2 43 45 - -
75 90.4 49 47 - -
20
90 89.4 54 52 - -
M—«—-—-‘—‘ 105 88.7 58 55 - -
0

0 20 40 60 80 100 120
120 88.0 60 59 - -

t [min]

Table 11: Results of the investigation on the isomerisation reaction of methyl pentenoates catalysed by

RA(CO)z2acac. Reaction conditions: Rh:L:M4P => 1:4:1000, crr = 0.286 ymol'mL, t =3 h, T =100 °C.
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The results show that the complex [Rh(BiphePhos)acac] is active in isomerisation of the substrate,
though it only isomerises the substrate slowly. This has to be kept in mind for further investiga-
tions on the isomerisation of the substrate under catalytic condition since substrate addition after
catalyst preforming cannot always be realised. Furthermore it was surprising that methyl 2-
pentenoate was not detected, albeit it is thermodynamically more stable in comparison to the oth-
er isomers because of its conjugated double bond. Consequently the position of the double bond

was only shifted by one position.
3.1.7 Summary

As was the aim of this work, methyl pentenoates were successfully employed in the rhodium cata-
lysed hydroformylation for the synthesis of methyl 5-formylpentenoate. The best results were
achieved with a BiphePhos-modified Rh(I) catalyst generated in situ from BiphePhos and
Rh(CO)z2acac. With this catalytic system, high conversions (100 % within 3 hours of the reaction)
of the pentenoates into the desired product, high chemoselectivities (only about 5 % of by-
products, mainly methyl valerate) and high n-regioselectivities (about 98 %, with regard to 5-
FMP) were achievable. The 2-phasic approach was not quite as successful, even though the
BINAS-modified catalyst performed relatively well (full conversion within 3 h, high chemoselec-
tivity with 5.5 % of by-products formed and good n-regioselectivity of about 88 %). In this case,
the main problem lied in the recyclability of the catalyst. The performed experiments showed a
rather fast decomposition of the catalyst after the first run, observable by heavy leaching of rhodi-

um into the organic phase and cluster formation and subsequent precipitation of rhodium black.

Since the reactions were performed batch wise and the substrates were in the presence of the
precatalyst before starting the hydroformylation, experiments were conducted to observe the
isomerising influence of the precatalyst on the substrates. Luckily, the isomerisation ability of the

precatalyst is negligible and, starting from M4P, only low amounts of isomers are formed.
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3.2  Alkoxycarbonylation of isomeric methyl pentenoates
3.2.1 Methods

The methoxycarbonylation of an isomeric mixture of methyl pentenoates was investigated. As
catalysts, diphosphine- and diphosphite-modified palladium complexes were utilised. As ligands
BuPox (or DTBPX), PyTBPF and PyTBPX were selected. The last two ligands were developed at
LIKAT by the work group of Prof. Beller in cooperation with Evonik. As promoter and proton
source methanesulfonic acid was employed. The ratio of the compounds in use

(Pd:ligand:MeSOsH:M4P:M3P) was 1:4:10:900:100. Autoclaves were prepared as described in 3.1.

MeOH, CO

o [Pd], L, MeSO,H /\)CL
- ~ ~
0

X X

\i/ |
< ek <
B I

=
2 NS

BuPox PyTBPF PyTBPX
(dtbpx)

Fig. 26: Reaction scheme and ligands for the methoxycarbonylation of methyl pentenoates towards dimethy!

adipate.
3.2.2 Preliminary experiments

The reaction conditions were constant for all preliminary tests with a set temperature of 100 °C
and a pressure of 20 bar of CO gas. As Brensted acid methane sulfonic acid was used. The
Pd:L:MeSOsH:M4P:M4P ratio was 1:4:10:900:100. The palladium concentration was 100 ppm
based on the mole fraction. After 20 h the reaction was stopped and the crudes were analysed via
GC/FID. The conversion was calculated as the amount of converted substrate and the yield is the

amount of diester based on the amount of remaining substrate, side products and products.
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Ligand mmap mwmsp Miigand  VMeoH Conversion  Yield n-Regiosel
[mg] [mg] [mg]  [mL]  [%] [%] [%]

BuPox 146.5 16.5 25 5 16.4 16.4 99.9

PyTBPF 145.7 17.9 3.1 5 86.6 86.6 85.1

PyTBPX 172.0 35.5 25 5 77.4 77.4 86.8

Table 12: Results of the preliminary experiments for the alkoxycarbonylation of isomeric methyl pen-
tenoates. Reaction conditions: Pd:L:MeSOsH:M4P:M3P => 1:4:10:900:1000, crq = 0.286 pymol’mL, t = 20 h,
T =100 °C, pco = 20 bar. Solvent: MeOH

The n-regioselectivity was calculated as the amount of formed dimethyl adipate based on the total

amount of diester present in the product mixture. The preliminary results are shown in Table 12.

When BuPox was used as a ligand, only 16.4 % of the olefin was converted after 20 h. Side reac-
tions could not be observed; only diesters were observed. Additionally the only isomer formed was
dimethyl adipate. By switching to PyTBPX as ligand, the activity of the catalytic system was dras-
tically higher than in comparison to the BuPox-modified system. Since the only difference be-
tween these two ligands was the substitution of a /Bu group with a pyridyl group on each P centre,
this can be seen as the reason of the increased activity. The conversion was 77.4 % after 20 h and
side products were not observed, so the yield of the diesters was also 77.4 %. Dimethyl adipate was
formed with an n-regioselectivity of 86.8 % and therefore was much lower than for the process

with the BuPox system.

Utilisation of PyTBPF led to an even more active catalyst that converts 86.6 % of substrate within
20 h fully into the corresponding diesters. Side products were not detected. The n-regioselectivity

was at 85.1 % regarding dimethyl adipate.
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Nr. 1 2 3 4 5 6 7 8 9 10
T [°C] 100 100 100 100 100 80 S0 100 110 120
p [bar] 10 20 30 40 50 20 20 20 20 20
Ce [%] 939 974 963 960 94.7 93.7 979 98.6 100 100

Yoma® [%] 80.7 825 81.6 803 78.8 810 844 850 857 849
Yomennmc (%] | 11.2 127 126 134 13.6 10.7 114 11.7 125 134
Y2eoms®[%] |19 21 21 23 23 20 21 18 18 18

Se [%] 86.0 84.7 84.7 83.7 832 865 86.2 86.2 857 849

Table 13: Optimisation of the alkoxycarbonylation reaction of methyl pentenoates employing a PyTBPF
modified catalyst. Reaction conditions: Pd:L:MeSOsH:M4P:M3P => 1:4:10:900:1000, cri = 0.286 ymol’mL7, t
=20 h. Solvent: MeOH. (a) Conversion of substrate. (b) Yield of diesters. (c) Regioselectivity of the reaction

as the ratio of the amount DMA to the amount of all diesters in the product mixture.

Ly ._____—-"_———c———.—____. 100 .//.———I”,-—-
804 ._____h__._____k‘___‘ 80 "_,____4———0—— >
—=— Conversion
60 - —=a— Conversion 604 —e— DMA
— —es— DMA —_ —a— 2-MeDMG
= s 2MeDMG | & —v— 2-EtDMS
40 - —v— 2-EtDMS 404 i Selectivity |
Selectivity
204 204
‘______4——.‘-————*—‘ ‘____‘—_‘_____‘____.‘
0 — T T T T 0 — T T T 7
10 20 30 40 50 80 90 100 110 120
p [bar] TIC]

Fig. 27: Graphical representation of the results from Table 13. Left: Variation of pressure at 100 °C. Right:

Variation of temperature at 20 bar.
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Nr. 1 2 3 4 5 6 7 8 9 10
T [°C] 100 100 100 100 100 80 S0 100 110 120
p [bar] 10 20 30 40 50 10 10 10 10 10
C2 [%] 100 100 100 98.3 83.5 100 100 100 90.5 770

Yomab [%] 83.8 829 824 802 758 793 804 815 737 623
Yomenmc? [%] | 13.7 146 151 154 15.0 159 159 155 142 121
Yoeoms® [%] (24 25 25 27 26 40 37 30 26 21

Se [%] 83.8 829 824 816 812 799 80.4 815 814 81.6

Table 14: Optimisation of the alkoxycarbonylation reaction of methyl pentenoates employing a PyTBPX
modified catalyst. Reaction conditions: Pd:L:MeSOsH:M4P:M3P => 1:4:10:900:1000, cri = 0.286 ymol’mL7, t
=20h, T=100 C, pco =20 bar. Solvent: MeOH. (a) Conversion of substrate. (b) Yield of diesters. (c) Regi-
oselectivity of the reaction as the ratio of the amount DMA to the amount of all diesters in the product mix-

ture.

b >—‘—‘—\\ . >—‘—4\\
80 - ’——H_\__ﬂ 804 — <
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Fig. 28: Graphical representation of the results from Table 14. Left: Variation of pressure at 100 °C. Right:

Variation of temperature at 10 bar.
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3.2.3 Optimisation of reaction conditions
3.2.3.1 With PyTBPF as ligand

The reaction conditions were optimised systematically over the course of multiple experiments in
the same fashion as already established for the hydroformylation: First, the pressure was varied
and then the temperature. The results are shown in Table 13. Variation of the CO pressure does
not seem to have a significant effect on the catalytic performance apart from a slight decrease in n-
regioselectivity. In contrast, the temperature has a greater influence. By increasing the tempera-
ture, more substrate was converted into the final products, however the n-regioselectivity de-
creased. Additionally, the catalyst seems to at least partially decompose at temperatures higher
than 120 °C, since significant amounts of palladium black were formed. Therefore, the optimal

reaction conditions are at 100 °C and 20 bar for the PyTBPF-modified catalyst.
3.2.3.1 With PyTBPX as ligand

The optimisation of the reaction conditions of the methoxycarbonylation of isomeric methyl pen-
tenoates with a PyTBPX-modified palladium catalyst was performed as described in section

3.2.3.1. The results are shown in Table 14.

First the pressure was varied and the temperature kept constant. At high CO pressures, inhibition
of the catalysis occurred, as indicated by low substrate conversions. This was expected, since high
CO pressures lead to the more favoured formation of complexes with multiple carbonyl ligands
that may block important coordination sites. The n-regioselectivity was only slightly impacted.
Variation of the reaction temperature showed that conversions are significantly lower at high
temperatures, which is explainable by catalyst decomposition. Here, the n-regioselectivity was
only slightly impacted as well. Based on these results, the optimised reaction conditions for the

methoxycarbonylation with the PyTBPX-modified catalyst are at 100 °C and 10 bar.

45



3 GENERAL PART

3.2.4 Mechanistic investigations
3.2.4.1 Identification of catalytically relevant species

Spectroscopic and mechanistic investigations on the methoxycarbonylation of ethylene as model
reaction with PyTBPF and PyTBPX have been conducted in the course of this work to experimen-
tally prove that the hydride mechanism as described by Eastham ez a/ is the prevalent mechanism.
[90] First, full NMR-spectroscopic characterisation of the postulated resting state as found by
Dong et al. and its synthetic predecessors was performed, starting with the free ligands PyTBPF

and PyTBPX.

These ligands are shown on p. 11 in Fig. 12. PyTBPF is a ligand with a ferrocenyl backbone and a
Bu- and pyridyl-moiety on each P-centre. PyTBPX has an o-xylene backbone and the same sub-
stituents on the P centres as PyTBPF. As one can clearly see, PyTBPX is derived from DTBPX
(BuPox). These two ligands produce extraordinarily active catalyst species in the palladium cata-

lysed methoxycarbonylation reaction of ethylene.
3.2.4.1.1 Resting state

As resting state of the palladium catalyst modified with PyTBPF and PyTBPX, a complex of the
type [Pd(PP)X]X was expected, where X is a halide, a pseudo halide or a weakly coordinating
anion and one coordination site is occupied by one of the pyridyl substituents. (see Fig. 29) This
structure was isolated by Dong er a/ and verified via X-ray crystallography for the complex modi-
fied with PyTBPF. The full synthetic route is shown in Fig. 33. [97] For the complexes of the type
Pd(PnP)dba and [Pd(PNP)X]X spectroscopic investigations were conducted during this work to

deliver experimental evidence for this resting state and other catalytically relevant species.

%D*
k

Fig. 29: Expected resting state Pd(PHP)X/X. X = halide, pseudo halide.

X
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Free ligands L2 and L3

As illustrated in Fig. 30, the 3'"P-NMR show for each ligand a singlet at 6.95 ppm (PyTBPF) and
7.83 ppm (PyTBPX). These signals are in the expected range for phosphines. Therefore, both com-
pounds either are symmetric molecules or the two possible diastereomers are interconverted faster

than the NMR-timescale. For a summary of the 'H NMR spectra, see A.2.3.4..
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Fig. 30: 3P NMR spectra of PyTBPF (left) and PyTBPX (right) in CD:Cl: at rt.

Protonation of the diphosphines L2 and L3

The behaviour of PyTBPF and PyTBPX in protic media was investigated. For this purpose, solu-
tions of the respective diphosphine and an organic acid (e. g. trifluoromethanesulfonic acid) were
prepared and analysed by NMR spectroscopy. In relation to the diphosphine, the amount of acid
added was the same as in the subsequent catalysis. The corresponding 3'P-NMR spectra showed no
significant difference in comparison to the spectra of the diphosphines, so no P-protonation oc-
curred. If P-protonation had occurred, a P-H-coupling should have been observable as a doublet.
Instead, the pyridyl groups were protonated, which was observable in the 'H-spectra by a broad
band in the range of roughly 8.75 — 9.25 ppm for both ligands. The 3'P-signals underwent a slight
low field shift. For L2, pTSA was also investigated since it was used in the IR spectroscopic inves-
tigations. For 5 equivalents of pTSA, the 3'P NMR spectrum was the same as for the experiments

with TfOH.
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Fig. 31:31P NMR spectra of the protonation experiments of PyTBPF (left) and PyTBPX (right) in CD:Cl: at

It.

To investigate the influence of higher amounts of acid, L2 was subjected to 20 eq. of TfOH and
pTSA. For TfOH, immediate decomposition of the diphosphine was observed. For pTSA the signal
in the 3P NMR spectrum is shifted to lower field, indicating deshielding of the P centres. No P-H-
coupling was observed. A possible explanation of the very low basicity of the phosphorus could be
the protonation of the pyridyl moieties, indicated by a very broad signal in the 'H NMR. The N-
protonation leads to a positive charge at the nitrogen, which is stabilised by delocalisation in the
n-electronic system of the aromatic ring. The lone pair of the phosphorus also participates, effec-

tively lowering the electron density at the P centre and consequently its basicity.

To support this explanation, the protonation of BuPox led to a different result. Here the P centre
was protonated as observed in the corresponding proton coupled 3'P NMR spectrum with a P,H
coupling constant of Jen = 454 Hz. The corresponding signal in the 'H NMR is at 5.9 ppm and
showed the same coupling constant of 'Jur = 454 Hz. Additionally, a coupling constant of *Jun =
5.7 Hz was observed, indicating the coupling with the methylene protons of the xylene backbone.

(see Fig. 32) For more detailed spectra and the spectrum of the BuPox ligand see A.2.3.4.

48



3 GENERAL PART

51.54
6.67
515

099 | =—o

™ 11,00

55 54 54 54 53 52 52 52 51 50 50 50 49 48 48 70 68 66 64 62 60 58 56 54 5.
f1 (ppm) f1 (ppm)

50 48

Fig. 32:51P NMR (left) and part of the 'H NMR (right) of the protonated DTBPX (BuPox). The signal at 5.32
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Fig. 33: Synthetic pathways for the synthesis of [Pd(L)OTf]OTf.
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[Pd(L2)OT{]OTf and [Pd(L3)OT{]OTf
Two synthetic pathways have been tested for the complexes of the type [Pd(L)OTf]OTf.

The first pathway starts from the corresponding Pd°(L)dba complexes. These dba complexes are
reacted with benzoquinone as oxidiser and trifluoromethanesulfonic acid to form a dark red com-

plex for PyTBPF and a pale yellow complex with PyTBPX. (see section 4.3.3.3)

The second synthetic route is Brensted acid free and realised in two steps: For the first step,
Pd(L)Cl:2 is synthesized via a ligand exchange of acetonitrile in Pd(acn)2Cl2with the corresponding
diphosphine. For PyTBPX, single crystals could be obtained and analysed via X-ray crystallog-
raphy. The crystal structure shows that the ligand is coordinating in a cis-fashion regarding the
two P centres. Additionally one pyridyl substituent is coordinating via the nitrogen atom and the
last coordination site is occupied by one chloride. The second chloride is somewhere in the outer
sphere of the complex acting as a counter ion, since the resulting distorted quadratic planar com-
plex is cationic and needs it to be stabilised. The second step is comprised of a salt metathesis be-
tween the dichloro complex and silver(I) triflate. The driving force of this reaction is the precipi-
tation of AgCl, effectively exchanging the chlorido ligands with triflate. Here, single crystals were
also obtained for the complex containing PyTBPX. The crystal structure of [Pd(PyTBPF)OTf]OTf
has already been published. [91] Via both synthetic pathways, the same product for both ligands
was formed, as indicated by the 'H and 3'P NMR spectra. The main product can be described as an
asymmetric complex as shown in Fig. 34. In these complexes the ligands coordinate via the phos-
phorus atoms in a cis-fashion to the metal centre. Additionally one of the pyridyl moieties is
bound to the metal centre, leading to two magnetically and chemically inequivalent P centres.
This situation is expressed by the two doublets in the 3P NMR spectra. (see Fig. 35, for a more
detailed presentation of the spectra, see A.2.3.3) The suggested structure is also supported by X-ray
crystallography of single crystals obtained from recrystallization of [Pd(PyTBPF)OTf]OTf (see
A.2.3.3) and [Pd(PyTBPX)OTf]OTf (this work, see Fig. 36). As typical for Pd(II) 16 VE complexes,
the overall coordination geometry is distorted quadratic planar. The 7 membered ring formed by

the coordination of the ligand to the palladium centre adopts a boat confirmation.
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Fig. 34: [Pd(PyTBPE)OTfOTY (left) and [Pd(PyTBPX)OTfOTE (right)
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Fig. 35:3'P NMR of [Pd(Py TBPF)OT{JOTY (left) and [Pd(Py TBPX)OT{JOTY (right).
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Fig. 36: Crystal structures. [Pd(PyTBPX)CIJCI (left): P1-Pd1-P2 93.635(13)°, P1-Pdi-NI 69.92(3)° P1-Pdl
2.2207(3) A, P2-Pd1 2.2707(4) A, N1-Pd1 2.1319(11) A. [Pd(PyTBPX)OT{JOTY (right): P1-Pd1-P2 95.53(2)"
NI-Pdi-PI 69.39(5), P1-Pd1-2.2481(5) A, P2-Pdl 2.2644(6) A, N1-Pd1-P1 69.39(5) A. The detailed crystal

structure data can be reviewed in A.2.3.3. Solvent molecules have been omitted for clarity.
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Furthermore, these complexes express a certain dynamic in solution, where one pyridyl unit sub-
stitutes the other at the metal centre. At room temperature, this process seems to be slower than
the NMR timescale, which is why a twofold set of signals can be seen in the 'H NMR spectra.
With the help of "H NOESY NMR, this exchange process was made visible by choosing a short
spin evolution time showing the correlation of spin systems that are part of a chemical exchange
process. (see A.2.3.5) Because of this equilibrium, room temperature "N NMR experiments of
these compounds failed, since the signals were expected to be too broad to be visible in the final

spectrum.
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Fig. 37: 31P-NMR spectra of different in situ experiments starting from different palladium precursors and
PyTBPF as ligand. Precursors: (1)Pdzx(dba)s, (2) Pd(OAc)z, (3) Pd(dba)2, (4) PdCL, (5) Pd(acac)z. The isolated
complex [Pd(PyTBPF)OT{]OTfis depicted in spectrum 6 and has been marked with red arrows.
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Fig. 38: 3 P-NMR spectra of different in situ experiments starting from different palladium precursors and
PyTBPX as ligand. Precursors: (1)Pd(dba)z, (2) Pdz(dba)s, (3) Pd(acac):, (4) PdCL, (5) Pd(OAc)>. The isolated
complex [Pd(PyTBPX)OT(]OTfis depicted in spectrum 6 and has been marked with red arrows.

In situ Synthesis of [Pd(L2)OT{]OTf and [Pd(L3)OT{]OTf with different palladium precursors

The in situ synthesis of the expected resting state was conducted with different palladium catalyst
precursors, being Pd(OAc)2, Pd(acac)2, Pd(dba)2, Pd2(dba)s and PdCl.. The synthesis was conducted
by dissolution of the precursor, the ligand and 5 eq. of benzoquinone in the desired NMR solvent
and addition of a solution of 7 eq. TFOH. The results are depicted in Fig. 37 (PyTBPF) and Fig. 38
(PyTBPX). As can be seen, most in situ formations led to the expected resting state with varying

amounts of side products.
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3.2.4.1.2 Hydride complex [Pd(LNL)(X)H]X

(P\P dH/H ' X
Ny

Fig. 39: Hydride species. X = solv., OTf, OTs. Instead of X, a coordination of a pyridyl substituent is also

possible.

To observe the hydride species, in situ experiments were NMR spectroscopically analysed giving
special attention to the relevant chemical shifts. The in situ experiments were realised as described

further above with deuterated methanol as NMR solvent.

The NMR spectra for the preparation with PyTBPF gave evidence, that the main component is the
expected resting state [Pd(PyTBPF)OT{]OT{, as indicated by the main signals in the 3'P NMR
spectrum at 59.8 ppm and -1.5 ppm. In the 'H NMR spectrum the resonance from the NMR sol-
vent overlaps with the Cp-H signals. Apart from that, all the relevant signals from the resting state

are present and no hydride signal was observed.

The experiment with PyTBPX showed comparable results, with the difference, that the resting

state was formed more selectively. Here, no hydride signal was observed either.

When the experiment was repeated with BuPox, the hydride was quite easy to obtain following
the same synthetic method as described for the other complexes. In the 'H NMR spectrum, the
hydride complex expressed a distinct signal at -10.75 ppm. The signal is split into a doublet of
doublets with coupling constants of 2Jur = 182.36 Hz and 22.58 Hz. This corresponds to an asym-
metric complex shown in Fig. 39, where the two P centres coordinate in a cis fashion and the hy-
dride in a trans position with regard to one phosphorus and cis with regard to the other. The last
coordination side is either occupied by a solvent molecule, the anion of the acid or one pyridyl
substituent. The 3'P NMR spectrum showed a complex set of signals. Two of these signals were
assigned to the hydride complex: one doublet at 75.1 ppm and the other at 23.9 ppm with a cou-
pling constant of ?Jer = 17.4 Hz, which is within the characteristic range of two cis coordinating P

centres.
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These results support the calculations published by Dong er al (see [91]) Assuming the hydride
mechanism proposed by Eastham er al is the predominant mechanism for the catalysis with
PyTBPF and PyTBPX as it is for BuPox, the results shown above are not surprising. Since the hy-
dride species is not energetically favoured in comparison to the N-protonated species, we do not

observe signals assignable to hydrides.

Fig. 40: Expected acyl species for the catalysts modified with PyTBPF and PyTBPX.

3.2.4.1.3  Acyl species

Acyl complexes can typically be observed via IR spectroscopy because of the characteristic C=O
vibrational frequency at about 1690 cm™. To observe this species for the PyTBPF and PyTBPX
modified systems, a solution of the catalyst was prepared by dissolution of the [Pd(L)dba] species
in a solvent in a Schlenk flask and addition of 7 eq. of pTSA. After a few minutes of stirring the
solution was transferred into a stainless steel autoclave connected to a FT/IR spectrometer. Then
the mixture was heated to the desired temperature and 10 bar of ethylene was added. After 1 hour
of stirring 10 bar of CO are added and the mixture was stirred for another hour. For every step
FT/IR measurements are being made to monitor changes of the reaction mixture. All reactions

were conducted at room temperature.

The first experiments were conducted in THF as an aprotic solvent to stop the reaction at the acyl
complex. (see Fig. 41) In theory a strong band should grow in the area of 1690 cm!, because the
acyl complex is thermodynamically more stable than the other intermediates. For the PyTBPF-
modified catalyst evolution of a small vibrational band at 1692 cm! takes place, indicating the acyl
formation, though in much smaller quantities than expected. Other bands formed after addition of

ethylene are at 1740 cm™!, which can be assigned to an aldehyde group, and another at 2338 cm!
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that has yet to be assigned. The reaction was stopped after 130 min. Replacement of the solvent by
methanol resulted in immediate product formation. But we were not able to observe the acyl
complex. Therefore, a more bulky alcohol (#amyl alcohol) was used. (see Fig. 42) This way, small
amounts of an acyl species were detected in addition to a species indicated by a vibrational band at
1717 cm assignable to an ester group. For the PyTBPX-modified catalyst, the experiments were
conducted in the same way. First, the reaction was conducted in THF. (see Fig. 43) During the
reaction neither acyl formation nor by-product formation could be observed. The only additional
band formed was the one at 2337 cm™!. Changing the solvent to -amyl alcohol did not lead to acyl
formation either, the only products formed, contained ester and carbonyl-groups. (see Fig. 44) It is
conceivable that a polyketone was formed. More experiments have to be conducted in that regard

in the future.
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Fig. 41: In situ FT/IR-experiments with [Pd(PyTBPF)OTs]OTs in THF. Left: catalyst spectrum (black), cata-
lyst spectrum after addition of ethylene (red), spectrum after addition of CO and 130 min of reaction time

(blue). Right: Evolution of the measured spectra after addition of CO.
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Fig. 42: In situ FT/IR-experiments with [Pd(PyTBPF)OTs]OTs in t-amyl alcohol Left: catalyst spectrum
(black), catalyst spectrum after addition of ethylene (red), spectrum after addition of CO and 90 min of reac-

tion time (blue). Right: Evolution of the measured spectra after addition of CO.
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Fig. 43: In situ FT/IR-experiments with [Pd(PyTBPX)OTs]OTs in THF. Left: catalyst spectrum (black), cata-
lyst spectrum after addition of ethylene (red), spectrum after addition of CO and 130 min of reaction time

(blue). Right: Evolution of the measured spectra after addition of CO.

57



3 GENERAL PART

1716+1735

1716

1735

1887

AL o135 2338
— e

1600 1800 2000 2200 2400 1600 1800 2000 2200 2400

wavenumber / cm’™ wavenumber / cm”

Fig. 44: In situ FI/IR-experiments with [Pd(PyTBPX)OTs]/OTs in t-amyl alcohol. Left: catalyst spectrum
(black), catalyst spectrum after addition of ethylene (red), spectrum after addition of CO and 90 min of reac-

tion time (blue). Right: Evolution of the measured spectra after addition of CO.

Fig. 45: Expected alkylated species, modified with PyTBPX and PyTBPF.

3.2.4.14  Alkyl species

The alkyl species can possibly be observed via HP-NMR spectroscopy. For this reason the catalyst
solution was prepared under inert atmosphere in a Schlenk flask by dissolving Pd(L)dba in metha-
nol, adding pTSA and stirring for a few minutes. A sample of the solution was collected and ana-
lysed. Then, the solution was transferred into a sapphire NMR tube and charged with 50 bar of

ethylene.

The resulting NMR spectra were compared before and after addition of ethylene to visualise
changes in the composition of the catalyst solution. By comparing the "H-NMR spectra for each
complex before and after addition of ethylene, one can see that there was no change, apart from

the CHz-signal of ethylene. The same conclusion can be drawn from the '*C-NMR spectra. The
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3IP-NMR spectra reveal, that the main species present in the solution is the suspected resting state
[PA(L)OTs]OTs. In conclusion, no alkyl-species was observed. The calculation conducted by Dong
et al. support this observation since the calculated energetic difference between the alkyl species
and the resting state is only about 4 kJ*(molK), leading to fast equilibria between these two spe-
cies. Low temperature NMR could circumvent this by “freezing” the thermodynamically more
stable alkyl species and thus inhibit the back reaction towards the resting state. This already has

been successfully realised for the corresponding BuPox complexes by Eastham er al. [90]
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Fig. 46: 'H NMR (left) and %' P NMR (right) of [Pd(PyTBPF)OT{]OTf before (top) and after (bottom) addition
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Fig. 47: 'H NMR (left) and 3 P NMR (right) of [Pd(PyTBPX)OT{]OTf before (top) and after (bottom) addition
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of ethylene (50 bar).

59



3 GENERAL PART

3.2.5 Summary

The methoxycarbonylation reaction was successfully applied for the conversion of methyl pen-
tenoates into dimethyl adipate. Utilising the two diphosphine ligands PyTBPF and PyTBPX, high-
ly active catalysts were generated, in comparison to the corresponding BuPox-modified catalyst,
that were able to fully convert the product into dimethyl adipate and its isomers (z-
regioselectivity of 85 % with regard to dimethyl adipate) with excellent chemoselectivities (no

side reactions).

Since the mechanistic investigations on the superior catalytic activity of the PyTBPF- and
PyTBPX-modified catalysts over the BuPox-modified catalyst lacked experimental evidence, spec-
troscopic investigations were also conducted with ethylene as model substrate. During these in-
vestigations it was proven that the complex of the type [Pd(L)OTf]JOTf with one coordinated
pyridyl substituent is indeed the resting state as suspected by Dong er al [91] Furthermore, the
calculations performed by Dong et al. showed that a hydride species should not be observable be-
cause it is more energetically unstable than the corresponding N-protonated species. This is also
supported by the NMR spectroscopic investigations under conditions at which hydride species
usually form. Alkyl and acyl species have yet to be identified and are in the focus of ongoing ex-

periments.

3.3  Hydroaminomethylation of isomeric methyl pentenoates
3.3.1 Methods

The rhodium catalysed hydroaminomethylation (HAM) of methyl pentenoates for the synthesis of
6-aminocaproates was investigated too. As secondary amines pyrrolidine, piperidine and aqueous
dimethylamine were screened in preliminary experiments with BiphePhos. Because of their fa-
vourable initial results, piperidine and aq. dimethylamine were then used in further studies,
which also employed XantPhos and the BiphePhos analogue SK-35. Reaction conditions were
optimised for the BiphePhos modified catalyst. Additionally the hydroaminomethylation with

aqueous ammonia was tested.
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3.3.2 Results and discussion

In the following table, the reaction conditions and results of the corresponding reactions are
shown. Each reaction was conducted at 100 °C and 20 bar of syngas. The concentration of the em-
ployed rhodium catalyst was 100 ppm with regard to the mole fraction. The L:Rh ratio was 4 and
1600 equivalents of amine, 900 equivalents of methyl 4-pentenoate and 100 equivalents of methyl

3-pentenoates have been used. The results are shown in Table 15.

Methyl 4-pentenoate
Ligand Amine Csubst®  YAmine®  YEnamine®  Schemo® Sregiod
[%] [%] [%] [%] [%]

Pyrrolidin 98.3 19.3 13.8 34.6 -
Piperidin 100 94.8 0 94.8 20.0

Biphephos
DMA 979 933 0 95.4 64.7
(aq., 40 w.-%)

Table 15: Preliminary results of the hydroaminomethylation of M4P employing a BiphePhos modified rho-
dium catalyst. Reaction conditions: Rh:L:Amine:M4P:M3P => 1:4:1600:900:1000, cr» = 0.286 umol’mL”, t =
20 h, T=100 °C, p = 20 bar. (a) Conversion of substrate. (b) Yields. (c) Chemoselectivity regarding HAM. (d)

Regioselectivity of the reaction as the ratio of the amount 5-FMP to the amount of all aldehydes formed..

The results of the HAM of methyl 4-pentenoate give evidence that the catalysis strongly depends
on the basicity of the secondary amine. When pyrrolidine was used, the substrate was almost fully
converted, however the resulting product mixture was comprised of a multitude of products. Be-
sides methyl 6-pyrrolidylcaproate and its corresponding enamine, large quantities of the iso-

product, methyl valerate, aldol condensation products and amides were present.
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When piperidine was used instead, the reaction was much more selective. The reaction yielded 95
% of the desired amine with an n-regioselectivity of about 20 %. With an aqueous solution of di-
methylamine, the corresponding methyl 6-(/V,/N-dimethylamino)caproate was formed with a regi-

oselectivity of 64.7 %.

Mixture of methyl 4-pentenoate and methyl 3-pentenoate

ngand Amine Csubst®  YAmin®  YEnamine®  Schemo® Sregiod
[%] [%] [%] [%] [%]
Piperidine 100 835 O 835 67.6
Biphephos
Dimethylamine 100 844 0 844 613
(aq., 40 w.-%)
Piperidine 609 544 0 89.3 83.6
Xantphos
Piperidine 84 794 0 929 582
Bupox
Piperidine 944 316 121 463  69.0
SK-35
Dimethylamine 100 964 0 96.4 65.3
(aq., 40 w.-%)

Table 16: Hydroaminomethylation of a mixture of methyl pentenoates employing different ligands. Reac-
tion conditions: Rh:L:Amine:M4P:M3P => 1:4:1600:900:1000, cr: = 0.286 umol"mL”, t =20 h, T =100 °C, p =
20 bar. (a) Conversion of substrate. (b) Yields. (c) Chemoselectivity regarding HAM. (d) Regioselectivity of

the reaction as the ratio of the amount 5-FMP to the amount of all aldehydes in the product mixture.
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Biphephos SK-35
Fig. 48: BiphePhos (left) and SK-35 (right)

The same reactions were conducted with a 9:1 mixture of methyl 4-pentenoate (M4P) and methyl
3-pentenoate (M3P). The BiphePhos-modified rhodium catalyst delivered similar Results of piper-
idine and aqueous dimethylamine. When SK-35 was used, the reaction with piperidine led to infe-
rior chemoselectivity, but similar n-regioselectivity. Surprisingly, the catalyst performance was
better for the reaction with aqueous dimethylamine compared to the same reaction with the

BiphePhos-modified catalyst.
Optimisation of reaction conditions

The reaction conditions were optimised for the hydroaminomethylation with the BiphePhos-
modified catalyst and piperidine. For the optimisation itself, the reaction parameters were system-

atically varied, starting with the pressure. The results are shown in Table 17.

Agqueous ammonia in the HAM of isomeric methyl pentenoates

ngand Amine Csubst®  YAmin®  YEnamine? SprirnéirC Ssek  Stert.

[%]  [%]  [%] [%]  [%] [%]

Biphephos NH3 100 866 O 315 279 405

(aq., 28 w.-%)

Table 17: rhodium catalysed hydroaminomethylation of M4P and M3P in toluene with aqueous NH3 (28 w-
%) at 110 °C and 20 bar (syngas). The reaction was left running for 20 h. cryn = 100 ppm. Rh:L:M4P:M3P
1:4:900:100. (a) Conversion of substrate. (b) Yields. (c) Chemoselectivity regarding primary, secondary and

tertiary amine.
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Since the industrially scaled synthesis of primary amines from olefins and ammonia is of huge
interest for the polymer industry, the utilisation of an aqueous solution of ammonia was tested in
the HAM of isomeric methyl pentenoates too. As expected, besides the desired product methyl 6-
aminocaproate, the corresponding secondary and tertiary amines were formed. Furthermore, sig-
nificant side product formation regarding hydrogenation and aldol condensation has occurred,
with an overall yield of 13.3 %. Because of the poor selectivity regarding the amine formation,

further investigations on the hydroaminomethylation with aqueous ammonia have been halted.
3.3.3 Summary

The hydroaminomethylation of methyl pentenoates was investigated with focus on the formation
of tertiary amines from secondary amines. The most promising results were achieved with a
XantPhos-modified catalyst and piperidine as secondary amine. Even though conversion were low
(only about 60 % in 20 h), chemoselectivity (10 % of by-product formation) and n-regioselectivity
(about 84 % with regard to the terminal amine) were satisfactory. The experiments with aq. am-
monia were not successful, since the chemoselectivity towards the primary amine (32 %) was dis-

appointing.

3.4  Hydroformylation of unusual substrates
3.4.1 Trivinylcyclohexane
3.4.1.1 Background

The hydroformylation of 1,2,4-trivinylcyclohexane and the resulting trialdehydes have not been
described yet. 1,2,4-Trivinylcyclohexane was first mentioned in the literature in 1960. [92] The
compound can be synthesised by leading 1,5,9-cyclododecatrien over a palladium catalyst at 400 —
600 °C. The yield of TVCH was 90 % and it was comprised of stereoisomers of every configuration.
In 2013, a process was claimed in a patent that was aimed at the enrichment of certain configura-
tional isomers. [93] To achieve this enrichment, an isomeric mixture of trivinylcyclohexane was
subjected to thermal treatment that results in enrichment of the (a//-R)- or the (a//-5)-isomer. Rec-
tification can be used to further purify the products. So far, the available applications for 1,2,4-

trivinylcyclohexane are various hydrosilylation and hydroesterification processes. [94,95]
ylcy Y y Y p
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The aim of this work was to establish a new process regarding the hydroformylation of 1,2,4-

trivinylcyclohexane to synthesize 1,2,4-tris(oxopropyl)cyclohexane. For this, diphosphine- and

diphosphite-modified rhodium catalysts will be utilised, particularly Xantphos- and BiphePhos-

modified catalysts.

Name of isomers

Structure

(152R,4R)-1,2,4-Trivinylcyclohexan

(1525,4R)-1,2,4-Trivinylcyclohexan

(1R2R4R)-1,2,4-Trivinylcyclohexan

(152R,45)-1,2,4-Trivinylcyclohexan

S0 \W
N
"// /

Table 18: Configurational isomers of 1,2,4-trivinylcyclohexane. Only diastereomers are shown.

65



3 GENERAL PART

3.4.1.2 Results and discussion
34.1.2.1  Hydroformylation of 1,2,4-trivinylcyclohexane

The synthesis of 1,2,4-tris(3-oxopropyl)cyclohexane commences with 1,2,4-trivinylcyclohexane
and was realised by rhodium catalysed hydroformylation. The reaction conditions are shown in
section 4.5.1 and the results in Table 19. The difficulty of this process lies in the existence of dif-
ferent configurational isomers that are poorly separable. The amount of possible stereoisomers is
28 where n defines the number of stereocentres within the molecule. With that in mind, the
number of possible stereoisomers for TVCH is 8. The amount of spectroscopically differentiable
diastereomers can be calculated with (2n-2), which amounts to 4 with n = 3. Assuming full con-
version of the substrate to the trialdehyde, the situation gets more complex depending on the re-
gioselectivity of the reaction. If the reaction proceeds ideally, meaning a//-/ no additional stereo-
centres are introduced and the number of isomers in the product mixture stays the same. The
other extreme are the a//-b products. In this case three more stereocentres are introduced, leading
to a total amount of 64 stereoisomers, comprised of 32 diastereomeric pairs. Therefore, the com-
plexity depends strongly on the regioselectivity of the hydroformylation reaction. Comparison of
the GC/MS data of the product mixtures revealed that the chemoselectivity towards the aldehydes
is favourable, since no hydrogenation product was found. The BiphePhos-modified rhodium cata-
lyst is superior to the XantPhos-modified one, because of its significantly higher activity and the
higher yields of trialdehyde. The only side products with a yield of 20 % were the corresponding
dialdehydes. The regioselectivity of the reaction was assessed by means of the corresponding 3C-
DEPT-NMR spectra. (see Fig. 49) As shown in the spectra, a fourfold signal set with a fitting num-
ber of CH-, CH»- and CHs-groups is visible, which is expected for a mixture of 4 diastereomeric

pairs of the a//-/-trialdehyde.
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Ligand Rh:L:TVCH T P t Crvcr?  Yrialdehyde?
[*C]  [bar] [h] [%] [%]

BiphePhos  1:4:1000 100 20 4 100 80.0

XantPhos 1:4:1000 100 20 20 98 5.7

Table 19: Hydroformylation of TVCH. Reaction conditions: Rh:L:TVCH => 1:4:1000, cr» = 0.286 pmol’mL~,
t=20h, T=100 °C, p = 20 bar. (a) Conversion of substrate. (b) Yield.

50 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

Fig. 49: NMR spectra of the product mixture from the hydroformylation of TVCH. (1) *C NMR (2) 3C
DEPT-135 (3) '3C DEPT-90.
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3.4.1.2.2  Synthesis of a triphosphite derived from
1,2,4-tris(3-hydroxopropyl)cyclohexane and its performance as ligand in

rhodium catalysed hydroformylations

Starting from 1,2,4-tris(3-hydroxopropyl)cyclohexane, the triphosphite SB111 was synthesized.
(see Fig. 59) THOPCH is available by hydroesterification of 1,2,4-trivinylcyclohexane and subse-
quent hydrogenation. SB111 has 2,4-di-tert.-butylphenyl substituents on each P centre. The syn-
thesis of the phosphite was realised by dropwise addition of a solution of the corresponding phos-
phorochloridite to a solution of THOPCH and 6 eq. of NEts in THF at 0 °C. This led to the
esterification towards the phosphite with the formation of insoluble triethylammonium chloride
as colourless side product that was filtered off. After solvent removal, the slightly yellowish and
oily raw product was purified via column chromatography (CH:Cl::CyH:NEts => 9:90:1) to give
the pure products as a colourless foam. SB111 yielded 80 %. The corresponding 'P NMR spectra of
the purified product shows multiple signals in the range of 125 to 130 ppm (see A.4.1.2.2), which
is in the expected range for diphosphites. The different signal stem from four diastereomers with
three inequivalent P centres each. Additionally, the '"H NMR spectra show no OH-signals, so the
product can be considered as pure, not taking the different isomers into account. Mass spectrome-

try confirms that the product is comprised only of the desired species. (see section 4.5.1.2.2)

The ligand was tested in the rhodium catalysed hydroformylation. Substrates, reaction conditions

and results are shown in Table 20.
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Substrate SB111
Conversion Yield Selectivity
[%] [%] [%]
Oct-1-ene 82 82 93
Oct-2-ene 24 23 51
n-Octene 16 15 50
(tech. mix.)
M4P 100 96 90
M3P 100 79 30
M4P/M3P 83 81 76
(9:1)
TVCH 97 71 -

Table 20: Results of the rhodium catalysed hydroformylation of different substrate with SB111 and SB118

modified rhodium catalysts. Reaction parameters:

1:4:1000; t = 20 b, crs = 100 ppm.

T =100 °C; p = 20 bar; CO:Hz 1:1; Rh:L:Substrate
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4 Experimental part
41 General remarks

Solvents were purified and dried via standard methods prior to experiments, except toluene,
methanol and THF. [96] These were dried via a solvent purification system and used without fur-

ther treatment.

Deionised water for the two phase catalysis was degassed prior to the experiments by passing dry

argon through it for 20 minutes and then multiple evacuations and ventilations with dry argon.

NMR spectra were recorded with the spectrometers Bruker AV 400, AV 300 and Fourier 300 at
room temperature. Solvent signals were used as internal standards for field locking purposes. The
signals were assigned with the help of the pure substance spectra. A full characterisation of the
product mixture via '"H NMR was not possible, since most signals in the range of methoxy-, CHs-,
CH>- and CH-groups overlap. Apart from that, the signals in the range of 9 — 10 ppm assignable to
aldehyde-protons could be used to quantify the regioselectivity of the reaction. The signal at high-
er frequencies coupling to a triplet is assignable to the n-aldehyde. The b-aldehydes show up as

doublets at lower shifts.

Gas chromatograms were recorded with a Hewlett Packard Agilent GC HP6890 and 7890A, both
fitted with FI detectors. As columns, 30m HP5 35/10-8-280/5 and 60m Agilent DB-WAX 122-
7062 were used. For quantification of the substrates, methyl valerate, 5-FMP, dimethyl adipate
and dimethyl 2-methylglutarate, calibrations have been made to calculate conversions and yields.

As internal standard tetradecane and benzaldehyde were procured from Sigma Aldrich.

The analysis of the experiments for the catalyst leaching in the two phase hydroformylation was

made via ICP-OES. The apparatus in use is a Varian/Agilent 715-ES.

Catalytic experiments without a gas entrainment impeller were conducted in a autoclave of the
type HEL ChemSan II, which allows 8 simultaneously conducted reactions with automatic tem-

perature and pressure stabilisation and recording of the gas consumption.

Catalytic experiments with gas entrainment impellers were performed in an autoclave of the type

Parr Compact autoclaves (series 5500).
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42  Hydroformylation of isomeric methyl pentenoates
4.2.1 Hpydroformylation of methyl 2-pentenoate

@) [Rh] O

WJ\O/ CO, H, OW\)J\O/

Fig. 50: Reaction scheme of the hydroformylation of methyl pentenoates. Only the I-aldehyde is shown.

Homogeneous catalysis: To prepare the reaction solutions, a 10 mL-Schlenk tube was prepared for

each reaction. The desired amount of ligand was weighed in and dissolved in 5 mL of toluene.
After this, a previously prepared stock solution of Rh(CO)zacac (crn= 0.012 mmol*mL!) in toluene
was added. The resulting solution was mixed thoroughly and then methyl 2-pentenoate was add-

ed.

Two phase catalysis: To prepare the reaction solutions, a 10 mL Schlenk tube was prepared for

each reaction. The ligand was weighed in and dissolved in 2.5 mL of deionised and degassed water.
Then, the Rh(CO)zacac stock solution was added and the solution carefully mixed. Finally 2.5 mL
of toluene was added to the solution to form a two phase system. Methyl 2-pentenoate is added.

The resulting two phasic mixture has been used for the catalytic experiments.

The autoclaves were flushed with inert gas and the reaction solution transferred via syringes. The
reactor vessels were closed and flushed 4 times with argon and 5 times with syngas. Then, the
syngas pressure was set to the reaction pressure and the reaction mixture heated to reaction tem-
perature. The reaction was stirred at constant temperature and pressure for 20 h. Afterwards, the
autoclaves were cooled down to less than 40 °C and ventilated. The autoclaves were flushed with
argon at least 5 times. Afterwards samples were collected for analytical means. The results are

shown in Table 5 and Table 6 and the corresponding gas chromatograms are shown in A.1.1.
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4.2.2 Comparison of different stirring techniques with regard to conversion, yield
and n-regioselectivity in the rhodium catalysed hydroformylation of methyl 3-

pentenoate

24.2 mg (0.01144 mmol) of BINAS was weighed into a prepared 25 mL-Schlenk tube and dissolved
in 5 mL deionised and degassed water. A Rh(CO)z2acac stock solution (0.237 mL, crn = 0.012
mmol*mL) was introduced and the resulting mixture was stirred for a few minutes. Afterwards, 5

mL toluene was added, resulting in a two phasic solvent system. Finally methyl 3-pentenoate

(0.325 g, 0.45 mL, 2.8474 mmol) was added.

The autoclave was flushed with argon, the prepared reaction mixture was transferred and the re-
actor vessel closed. The closed autoclave was flushed four additional times with argon and then
three times with syngas. The reactor was pressurised with 10 bar syngas and heated to 110 °C,
while stirring the reaction solution (500 rpm). When the final reaction conditions are reached, the
stirring velocity was raised to 1100 rpm (with gas entrainment impeller) or 900 rpm (without gas
entrainment impeller). The reaction was stirred for 20 h, while the temperature was kept con-
stant. After cool down, the autoclave was depressurised and flushed with argon at least 5 times.
After that, the autoclave has been opened and samples have been prepared for analytical purposes.

The results are shown in Table 7. (Detailed experimental data are shown in A.1.2)

4.2.3 Optimisation of reaction conditions for the two-phasic hydroformylation of

methyl pentenoates with a BINAS-modified Rh(I)-catalyst

The optimisation experiments started with variation of the reaction pressure. For this purpose, five
identical reaction solutions are prepared and subjected to the hydroformylation at 110 °C and 10,
20, 30, 40 and 50 bar of syngas. The optimisation of the reaction temperature was performed simi-
larly. Five reaction solutions were subjected to the hydroformylation reaction at 80, 90, 100, 110

and 120 °C and the previously optimised reaction pressure.

The preparation of the reaction solutions, the preparation of the autoclave and the realisation of
the experiments were performed as described in section 4.2.1 for the two phase catalysis. To sim-
plify the protocol, 12.5 mL of the aqueous and organic phase were separately prepared. Then, 2.5

mL of each solution was transferred to each autoclave, which was sufficient for five batches. For
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the aqueous precatalyst solution, the ligand and the precursor were dissolved in deionised and
degassed water. The substrate was dissolved in toluene. The results are shown in Table 8. (Detailed

experimental data are shown in A.1.3)

4.2.4 Optimisation of reaction conditions for the homogeneous hydroformylation of

methyl pentenoates with a BiphePhos-modified Rh(I)-catalyst

The optimisation experiments started with variation of the reaction pressure. Five identical reac-
tion solutions were prepared and subjected to the hydroformylation at 110 °C and 10, 20, 30, 40
and 50 bar of syngas. The optimisation of the reaction temperature was achieved in a similar fash-
ion. Five reaction solutions were subjected to the hydroformylation reaction at 80, 90, 100, 110

and 120 °C and the previously optimised reaction pressure.

The preparation of the reaction solutions, the preparation of the autoclave and the reaction were
carried out as described in section 4.2.1 for the homogeneous version. To simplify the procedure,
25 mL of the reaction mixture has been prepared. Then, 5 mL of the solution are transferred to
each autoclave, which is sufficient for 5 batches. For this purpose, BiphePhos (22.5 mg, 0.02860
mmol) was weighed into a 50 mL-Schlenk tube and dissolved in 25 mL of toluene. The precursor
stock solution (0.590 mL, crn = 0.012 mmol*mL"') was added and the resulting mixture stirred for a
few minutes. Finally the substrates methyl 4-pentenoate (0.733 g, 6.40665 mmol, 0.79 mL) and
methyl 3-pentenoate (0.083 g, 0.71185 mmol, 0.09 mL) were introduced. The results are shown in

Table 9. (Detailed experimental data are shown in A.1.4)

4.2.5 Recycling of the BINAS-modified Rh(I)-catalyst in the two-phasic hydro-

formylation of methyl pentenoates

The preparation of the reaction mixture was realised as described in section 4.2.1 for the two
phase catalysis. For the recycling experiments, a mixture of the isomeric substrates methyl 4-
pentenoate and methyl 3-pentenoate was employed with a molar ratio of 9:1. For this purpose,
methyl 4- pentenoates (0.147 g, 1.28133 mmol) and methyl 3-pentenoate (0.016 g, 0.14237 mmol)
were introduced into the previously prepared catalyst solution, consisting of BINAS (12.12 mg,

0.00572 mmol), catalyst precursor (0.368 mg, 0.00143 mmol), 2.5 mL pure toluene and 2.5 mL of
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deionised and degassed water. The reaction mixture was transferred into the autoclave, which was
subsequently closed and flushed four times with argon and five times with syngas. The reaction
was left stirring for 20 h at 100 °C and 50 bar of syngas. After cool down, the organic phase was
collected via phase separation and sampled for analytical purposes. After taking a sample of 0.5 mL
for ICP-OES, the aqueous phase was refed into the autoclave, fresh organic substrate solution was
added and the reaction was started again. This was repeated four times. The results are shown in

Table 10. (Detailed experimental data are shown in A.1.5)
4.2.5.1 Comparison between BINAS-modified and unmodified Rh(I)-catalyst

The preparation of the reaction mixture followed the procedure described in section 4.2.1 for the
two phase catalysis without the addition of ligand. As substrate mixture, M4P (0.147 g, 1.28133
mmol, 0.158 mL) and M3P (0.016 g, 0.14237 mmol, 0.018 mL) in a 9:1 ratio were used. The sub-
strate mixture was introduced into the previously prepared reaction mixture consisting of
Rh(CO)zacac (0.368 mg, 0.00143 mmol), 2.5 mL of toluene and 2.5 mL of deionised water and
transferred into the autoclave. Then the autoclave was closed and flushed with argon and subse-
quently with syngas. Then the autoclave was brought to a reaction temperature of 100 °C and
pressurised to 50 bar of syngas. Stirring commenced for 20 h. After cool down, samples were col-

lected and analysed.
4.2.5.2 Sample preparation ICP-OES

0.5 mL of each phase was collected from the crude mixture and the solvent evaporated under vac-
uum at 60 °C. Both residues were subjected to acidic fusion with a nitrating acid mixture (conc.
HNO:s (65 %) + conc. H2SOs4 (94-96 %); 1:1) in a pressure tube at 200 °C. The temperature was kept
constant over the course of 8 h to destroy any organic compounds and transform them into inor-
ganic and water-soluble material. The acidic fusions were left to cool overnight and then diluted

with deionised water to 50 mL. The resulting solutions were analysed by ICP-OES.
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4.2.6 Isomerisation in the presence of the precatalyst [Rh(BIPHEPHOS)(acac)]

O
\/\)j\o/

0 [Rh(BIPHEPHOS)acac] (@]
W]\o/ Toluol, 100 °C, 2h \/\)O]\o/
\/\)I\O/

Fig. 51: Isomerisation of M3P with a BiphePhos modified catalyst.

5.4 mg (6.86 pmol) of BiphePhos was dissolved in 5.5 mL of dry toluene. Subsequently, 0.24 mL of
a Rh(CO)2acac stock solution (czn = 7.15 pmol*'mL-!, 1.72 pymol, toluene) was added and the mix-
ture stirred for a few minutes. Then, M4P (0.212 g, 0.227 mL, 1.72 mmol) was weighed in. The
resulting solution was mixed and a sample (0.3 mL) was taken for GC analytic purposes. The re-
maining reaction mixture was heated to 100 °C and stirred for 2 h. Every 15 min, a sample (0.3
mL) was collected and analysed via GC-FID. Every sample was diluted with toluene to a final vol-

ume of 1 mL. (Detailed experimental data are shown in A.1.6.1.1)

43  Alkoxycarbonylation of isomeric methyl pentenoates

43.1 Preliminary experiments

o [Pd], H', MeOH 0
W]\O/ CcO ” @) ~

O

Fig. 52: Reaction scheme of the alkoxycarbonylation of methyl pentenoates. Only one regioisomer of the

possible products is shown.

First, a stock solution of Pd(OAc): and methanesulfonic acid was prepared. For this, Pd(OAc):2 (10
mg, 0.04455 mmol) was weighed into a 25 mL-Schlenk tube and dissolved in 10 mL of dry MeOH.
The final palladium concentration should be cra = 0.00446 mmol*mL-!. The stock solution for me-
thanesulfonic acid was prepared by filling 10 mL of dry MeOH into another Schlenk tube and
consecutively adding MeSOsH (13.7 mg, 0.143 mmol, 9.3 pL) with a microliter syringe. With these

stock solutions it was easier to add both components to the reaction mixtures.
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The ligand (0.00572 mmol) was weighed into a Schlenk tube and dissolved in 3.5 mL of dry
MeOH. Then 0.321 mL of the previously prepared Pd(OAc): solution, M4P (0.147 g, 1.28133
mmol, 0.158 mL) and M3P (0.017 g, 0.14237 mmol, 0.018 mL) was added. Finally, 1 mL of the
MeSOsH stock solution was added and the resulting solution diluted (with dry MeOH) to receive a
final volume of 5 mL. This reaction mixture was transferred into the autoclave and the autoclave
was then flushed with argon and CO. The reaction mixture was heated to 100 °C and pressurised
to 40 bar with CO. Temperature and pressure were kept constant for 20 h. After cool down, the
apparatus was vented and flushed with Argon. The crude was sampled and analysed via GC/MS

and GC-FID. The results are shown in Table 12. (Detailed experimental data are shown in A.2.1)

4.3.2 Optimisation of the reaction conditions for the catalysis with PyTBPF and

PyTBPX as ligands
4.3.2.1 Diphosphine PyTBPF

The ligand (14.7 mg, 28.60 umol) and Pd(OAc): were weighed into a Schlenk tube and dissolved in
25 mL of dry MeOH. The resulting solution was mixed thoroughly. M4P (0.7325 g, 0.790 mL,
7.40665 mmol) and M3P (0.0834 g, 0.090 mL, 0.71185 mmol) were added, as well as MeSOsH (5
pL, 0.0072 mmol). The resulting solution was stirred for a few minutes. The reaction solution was
spread evenly between 5 autoclaves (5 mL each). The optimisation was performed similarly to
section 4.2.4, where one reaction parameter was varied for a set of experiments, starting with the
pressure and finishing with the temperature. The reaction was finished after 3 h and the crude
was sampled for GC analytical purposes. The results and the optimised parameters are shown in

Table 13 (see section 3.2.3.1) (Detailed experimental data are shown in A.2.2.1)
4.3.2.2 Diphosphine PyTBPX

The ligand (12.5 mg, 28.60 umol) and Pd(OAc): were weighed into a Schlenk tube and dissolved in
25 mL of dry MeOH. The resulting solution was mixed thoroughly. M4P (0.7325 g, 0.790 mL,
7.40665 mmol) and M3P (0.0834 g, 0.090 mL, 0.71185 mmol) were added, as well as MeSOsH (5
pL, 0.0072 mmol). The resulting solution was stirred for a few minutes. The reaction solution was
spread evenly between 5 autoclaves (5 mL each). The optimisation was conducted similarly to
section 4.2.4, where one reaction parameter was varied for a set of experiments, starting with the
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pressure and finishing with the temperature. The reaction was finished after 3 h and the crude
was sampled for GC analytical purposes. The results and the optimised parameters are shown in

Table 14 (see section 3.2.3.1) (Detailed experimental data are shown in A.2.2.2)

4.3.3 Characterisation and structural investigation of the catalysts in use
4.3.3.1 Synthesis of Pd(PyTBPF)dba and Pd(PyTBPX)dba

The synthesis was performed successfully according to the literature procedure for the synthesis of
Pd(BuPox)dba. [97] For this, the ligand (0.4 mmol) and Pd2(dba)s (0.2 mmol) were weighed into a
Schlenk flask under inert atmosphere and dissolved in 20 mL of dry THF, while getting stirred.
Stirring commenced for 6 h at room temperature, during which a colour change from deep violet
to yellowish orange occurred. Afterwards, the solvent was reduced to 1 mL in vacuo and then
diluted with 5 mL of dry n-heptane. Precipitation of the product set in. The suspension was stirred
for another hour and then reduced to 1 mL and again diluted with 5 mL of heptane. The orange
precipitate was filtered off via a Schlenk frit and washed with heptane. The solid was dried in vac-
uo overnight and was used without further purification. Yield: 80 % (for Pd(PyTBPF)dba); 77 %
(for Pd(PyTBPX)dba). (Detailed experimental data are shown in A.2.3.1)
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4.3.3.2 Synthesis of [Pd(Py TBPF)ClJCI and [Pd(Py TBPX)CIJCI

_ 1+
/
Bu A\ /
P N
acn /Cl P CH,Cl, \Pd/ )
/Pd\ + > ? Cl
t, 30 mi
ach  Cl P r min ~ \tBu
N
L

Fig. 53: Reaction scheme of the synthesis of [Pd(P-P)CI]CIL

As Pd(II)-precursor Pd(acn)2Cl2 was used, because of its better solubility in organic solvents. It can
be easily synthesised. For this reason, PdCL (0.5 g, 1.93 mmol) was weighed into a Schlenk flask
and dissolved in 10 mL of dry acetonitrile. The solution was stirred at 80 °C for 4 h. After cooling
to room temperature, the solvent was removed 71 vacuo and the yellow residue was dried in vacuo

at 50 °C overnight. The product was used without further purification.

Pd(acn)2(Cl)2 (51.8 mg, 0.2 mmol) and the ligand (0.2 mmol) were weighed into a Schlenk flask
and dissolved in 5 mL of dry THF. The resulting solution was stirred for 30 min and then evapo-
rated until 1 mL was left. Then 5 mL of dry diethylether were added, precipitating a yellow solid.
The solid was filtered off and washed with dry diethylether. Drying in vacuo resulted in a yellow
powder comprised of the complex Pd(L)CI2. Crystals suitable for X-ray crystallography were pro-
duced by dissolution in dry methanol, addition of a small amount of heptane and slow evaporation
over multiple days in the refrigerator. Yield: 105.1 mg, 76 % ([Pd(PyTBPF)Cl1]Cl); 82.2 mg, 67 %
([Pd(PyTBPX)CI]Cl) (Detailed experimental data are shown in A.2.3.2)

4.3.3.3 Synthesis of [Pd(PyTBPF)OT{]OTf and [Pd(PyTBPX)OT{]OTf starting from
Pd(PyTBPF)dba and Pd(PyTBPX)dba

The procedure was realised according to the literature procedure of Dong et al [97c] The synthesis
started from the corresponding dba-complexes. The dba-complexes (0.18 mmol) were weighed
into a Schlenk flask together with benzoquinone (21.6 mg, 0.2 mmol) and dissolved in 5 mL of abs.

dichloromethane. Trifluoromethanesulfonic acid (34.3 pL, 0.59 mmol) was added dropwise. The
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resulting solution was stirred for 15 min at ambient temperature and then evaporated in vacuo
until 2 mL were left. The solution was diluted with 6 mL of abs. Diethylether to precipitate the
product. (Dark red for [Pd(PyTBPF)OTf]OT{, pale yellow for [Pd(PyTBPX)OTf]OTf) The resulting
suspensions were filtered and the solids were washed with abs. diethylether and dried in vacuo
overnight. Yields: 54 % ([Pd(PyTBPF)OTf]OTf); 50 % ([Pd(PyTBPX)OTf]OTf). (Detailed experi-

mental data are shown in A.2.3.5.

4.3.3.4 H*-free synthesis of [Pd(PyTBPF)OT{]OTf and [Pd(PyTBPX)OTf]OTIf starting
from [Pd(PyTBPF)CI]Cl and [Pd(PyTBPX)CI/CI

— 1+ +
/ /
Bu N / Bu N /
P N P N
N/ AgOTf (2Eq) N/
Pd - Pd -
2\ cl > » OTE OTf
THF, RT, 1h
= \tBu = \tBu
N N
\_ \_

Fig. 54: Reaction scheme of the synthesis of [Pd(P-P)OT{]OTY starting from the corresponding dichloro

complexes.

Pd(L)(Cl)2 was weighed into a Schlenk flask and dissolved in 2.5 mL of dry THF. Another solution
was prepared by dissolving 2 Eq. of AgOTf in dry THF. The AgOTf solution was added dropwise
while stirring at room temperature. The yellow solution almost immediately changed its colour
while precipitation of AgCl occured (to dark red for PyTBPF, pale yellow for PyTBPX). Stirring
was commenced for 1 h. After that, the AgCl was filtered off and washed with dry THF. The fil-
trate was reduced in vacuo to 1 mL and diluted with 5 mL of dry heptane to precipitate the prod-
uct. The resulting suspension was stirred for 1 h. The solid was filtered off, washed with dry hep-
tane and dried in vacuo overnight. Yields: 88.2 % ([Pd(PyTBPF)OTf]OTf); 79.3 %
([Pd(PyTBPX)OTf]OTY). (Detailed experimental data are shown in A.2.3.3)
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4.3.3.5 NMR-spectroscopic characterisation of the ligand PyTBPF and PyTBPX

The ligand (0.03 mmol) was weighed into a Schlenk flask under inert atmosphere and dissolved in
1 mL of a deuterated solvent. The solution is transferred into a Young NMR tube and analysed by
NMR spectroscopy. The results are discussed in section 3.2.4. (Detailed experimental data are

shown in A.2.3.4)
43.3.5.1  Protonation of the ligands with trifluoromethanesulfonic acid

A stock solution of trifluoromethanesulfonic acid in dry CD2Cl2 was prepared with a concentration
of crron = 120 mmol*L. The ligand (0.03 mmol) was dissolved in 0.5 mL of dry CD2CL. While stir-
ring, 0.5 mL of the stock solution was added dropwise. The resulting solution was transferred into
a Young NMR tube and analysed via NMR spectroscopy. The results are discussed in section 3.2.4.

(Detailed experimental data are shown in A.2.3.4.1)

4.3.3.6 NMR-spectroscopic characterisation of the complexes Pd(L)dba and
[Pd(L)OTf]OTf

The complexes (0.03 mmol) were weighed into a Schlenk flask and dissolved in 1 mL of a deuter-
ated solvent. The solutions were then transferred into a Young NMR tube and analysed via NMR

spectroscopy. (Detailed experimental data are shown in A.2.3.5)

4.3.3.7 In situ synthesis of the suspected resting states [Pd(L)OT{]OTf or

[Pd(L)OTs]OTs starting from different precursors

Ligand (0.06 mmol) and precursor (0.03 mmol, In case of Pdzdbas, 0.015 mmol are used) were
weighed into a Schlenk flask and dissolved in 0.5 mL of a deuterated solvent. When a Pd(0) pre-
cursor was used, benzoquinone (0.15 mmol) was added as an oxidising agent. The solution was
stirred for a few minutes. Afterwards, 0.5 mL of a solution of the acid in use (0.21 mmol) and the
deuterated solvent was added. The resulting solution was stirred for another 5 minutes and finally
transferred into a Young NMR tube. The sample was then NMR spectroscopically analysed. The

results, weighings, solvents and precursors are shown in section A.2.3.6.
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4.3.3.8 In situ-IR experiments for the identification of a palladium acyl species
43.3.8.1 General procedure for the in situ-IR experiments

A FT/IR spectrometer fitted with a flow cell with CaF: windows that is connected to a 10 mL
stainless steel autoclave via heated capillaries and a micro gear pump was used for the in situ IR
experiments. At first, background spectra of the solvent in use were recorded. After this, the auto-
clave was emptied and the previously prepared reaction solution was added. Then, the reaction
solution was heated to the desired temperature and the system was pressurised until the desired

pressure was reached. IR spectra were measured over the course of the entire experiment.

4.3.3.8.2 Sample preparation

(a) Ligand (0.3 mmol) and Pd(dba)2 (86 mg, 0.15 mmol) were weighed into a Schlenk flask and
dissolved in 2.5 mL of a dry solvent. In another Schlenk flask, dry pTSA (129.0 mg, 0.75 mmol)
was dissolved in 2.5 mL of the same dry solvent. The acid was added to the palladium ligand solu-
tion and the mixture was stirred for a few minutes. The resulting catalyst solution was transferred
into the 10 mL autoclave. The reaction itself was conducted at room temperature and at first with
10 bar ethylene for 2 h. After these 2 h, 10 bar of CO were added, resulting in a final overall pres-

sure of 20 bar. The reaction mixture was stirred for another 2 h while recording the IR spectra.

(b) Pd(L)dba (0.15 mmol) and pTSA (129.0 mg, 0.75 mmol) were weighed into a Schlenk tube and
dissolved in 5 mL of a dry solvent. The final palladium concentration was at cpa = 30 mmol*L'. The
resulting solution was transferred into the 10 mL autoclave and the in situ spectroscopic meas-

urements were conducted as described in section (a).

81



4 EXPERIMENTAL PART

4.3.3.9 In situ-HP NMR for the identification of a palladium alkyl species
4.3.39.1 General procedure for the NMR experiments

For the HP NMR experiments, a NMR tube made from sapphire glass with a length of 10 cm, a
diameter of 0.5 cm and a wall thickness of 1 mm, which can withstand pressure of up to 300 bar,
was utilised. The filled tube was sealed pressure-tight and pressurised with the desired gases until
the target pressure was reached. The sample was then inserted into the spectrometer (Bruker

AV300 or AV400) via a chain. The measurement is performed without rotation of the sample.
4.3.3.9.2 Sample preparation

The reaction solutions were prepared as described in section 4.3.3.7, transferred into a 10 mL au-
toclave and pressurised with ethane until the target pressure was reached. At room temperature,

the sample was stirred for 2 h and then transferred into the sapphire glass tube.

44  Hydroaminomethylation of methyl pentenoates

0 [Rh], HNR, 0

—_—
W]\O/ CO, H2 RZN\/\/\)J\O/

Fig. 55: Reaction scheme of the HAM of methyl pentenoates. Only the linear product is shown.

In a Schlenk flask the ligand was weighed in and dissolved in 4 mL of dry toluene. Afterwards,
0.12 mL of a Rh(CO)zacac stock solution in toluene (crn = 0.012 mmol*mL') was added. The result-
ing solution was stirred for a few minutes. Then methyl 3-pentenoate, methyl 4-pentenoate and
the amine were added. The reaction solution was transferred to an autoclave, which was subse-
quently flushed with Argon and with syngas. Then, the autoclave was heated and pressurised to
the desired reaction conditions. The reaction was left stirring at constant temperature and pressure
for 20 h and the product mixture was sampled and analysed afterwards. The results were shown in

Table 15. The weighings and reaction conditions were shown in section A.3.
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45  Hydroformylation of unusual substrates

45.1 Hydroformylation of 1,2,4-trivinylcyclohexane

X [Rh] X0
AN = CO, H, Ox 0O

Fig. 56: Reaction scheme of the hydroformylation of 1,2,4-trivinylcyclohexane.

The ligand (0.00572 mmol) was weighed into a Schlenk flask and dissolved in 5 mL of dry toluene.
Afterwards, 0.12 mL of a Rh(CO)zacac stock solution in toluene (crn = 0.012 mmol*mL!) was add-
ed and the resulting mixture was stirred for a few minutes. 1,2,4-Trivinylcyclohexane (0.232 g,
1.43 mmol, 0.28 mL) was weighed into the Schlenk flask and the resulting mixture was transferred
into an autoclave. The autoclave was flushed with Ar and syngas and subsequently heated and
pressurised to the desired reaction conditions. The reaction was conducted for 20 h and the result-
ing product mixture was analysed via GC and NMR. The results are shown in Table 19 and the

corresponding reaction conditions and weighings are shown in section A.4.1.

4.5.1.1 Rhodium catalysed hydroaminomethylation of 1,2,4-trivinylcyclohexane

To a solution of ligand (0.00572 mmol) in 5 mL of dry toluene 0.12 mL of a Rh(CO)zacac stock
solution in toluene (crx = 0.012 mmol*mL"') was added and then well mixed. 1,2,4-TVCH (0.232 g,
1.43 mmol, 0.28 mL) and the amine were weighed into the same Schlenk flask. The resulting solu-
tion was again stirred for a few minutes and then transferred into the autoclave. The autoclave
was prepared as described above. The catalysis was conducted at 100 °C and a syngas pressure of 20

bar. (Detailed experimental data are shown in A.4.1.1)
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4.5.1.2 Synthesis of a triphosphite derived from 1,2,4-tris(3-
hydroxopropyl)cyclohexane

45.1.2.1  Synthesis of bis(2,4-di-tert-butylphenyl)phosphorochloridite [98]

Fig. 57: Reaction scheme of the synthesis of bis(2,4-di-tert.-butylphenyl)phosphorochloridite.

A 500 mL Schlenk flask was fitted with a dropping funnel, heated out and flushed with Argon.
2,4-Di-tert.-butylphenol (10 g, 48.46840 mmol) was added to the flask, dissolved in 250 mL of dry
toluene and mixed with NEt3 (14.7 g, 20.2 mL, 145.40520 mmol). The solution was cooled down to
0°C while stirring. Simultaneously, the dropping funnel was charged with a solution of PCls (3.328
g, 2.12 mL, 24.23420 mmol) in 50 mL of dry toluene. Afterwards, the PCl3 solution was added
dropwise at 0 °C within 15 minutes. After complete addition, the dropping funnel was rinsed with
dry toluene and the reaction mixture was allowed to warm up to room temperature. Stirring
commenced for another 24 h. During this time a white precipitate formed that was filtered off and
washed with dry toluene. The solvent of the yellowish filtrate was removed in vacuo. The remain-
ing yellow oil was dried at 50 °C in vacuo overnight and was used without further purification.
Yield: 11.28 g (97.6 %). Purity: 90 % determined by quantitative NMR. 3P NMR (122 MHz,
CD2Cl2) 6 160.9. 'H NMR (300 MHz, CD2Cl2) 6 7.50 (d, /= 2.5 Hz, 2H, 3-Ar-H), 7.37 (dd, 3Juu= 8.4
Hz, °Jun = 1.4 Hz, 2H, 6-Ar-H), 7.27 (dd, %Jun = 8.4 Hz, 4Jun = 2.5 Hz, 2H, 5-Ar-H), 1.49 (s, 18H,
tBu-H), 1.38 (s, 18H, tBu-H).

For further usage, the raw product was dissolved in 20 mL of dry THF (c = 0.68669 mmol*mL).

(Detailed experimental data are shown in A.4.1.2.1)
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45.1.22  Synthesis of the triphosphites starting from
1,2,4-tris(3-hydroxopropyl)cyclohexane

HO OH  NE; (649 o) pO o),

Fig. 58: General reaction scheme of the synthesis of triphosphites from THOPCH.

The synthesis of the triphosphite was started by charging a Schlenk flask with 1,2,4-tris(3-
hydroxypropyl)cyclohexane, dissolving it in dry THF and adding NEts. The resulting solution was
cooled down to 0 °C. Then the previously prepared solution of the phosphorochloridite in THF
was added dropwise to the stirred reaction mixture. Simultaneously a white precipitate was
formed. After complete addition of the chloridite, the reaction mixture was allowed to warm up to
room temperature and stirred for another 24 h. The precipitate was filtered off and washed with
dry THF. The solvent of the filtrate was removed in vacuo, resulting in yellowish foam. The raw
product was purified via column chromatography. (Detailed experimental data are shown in

A.4122)
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Synthesis of 1,2,4-tris(3-((bis(2,4-di-tert-butyilphenyl)phosphanyl)oxy)propyl)cyclohexane

Q
oo
O\II)/O
O
O\II)/O
O
Fig. 59: Structural formula of SB111.
The synthesis of this substance is realised as described above.
- Weighings:
THOPCH 043¢ - 1.66504 mmol
NET3 101g 1.4 mL 9.99024 mmol
Bis(2,4-di- tert-butylphenyl)-
phosphorochloridite 125¢g 4.99512 mmol

The work up was conducted via column chromatography with dry silica gel as the stationary
phase. As eluent mixture, a mixture of n-heptane, dichloromethane and NEts was used.
(Hep:DCM:NEts 90:9:1) The product containing fraction was collected and the solvent removed in
vacuo resulting in colourless foam. The product was dried 7n vacuo at 50 °C for 5 h. Yield: 0.4892 g
(80 %). Purity: 100 % determined via quantitative 3'P NMR and GC-MS. 3'P NMR (122 MHz,
CD:2Cl2) 6 126.94 (m). 'H NMR (300 MHz, CD2Cl2) 6 7.39 (m, 6H, ), 7.13 (m, 12H, ), 4.10 (m, 6H,
R-CH-O-R), 1.8 - 0.4 (m, 21H), 1.43 (m, 54H, tBu-H), 1.3 (m, 54 H, tBu-H). 3C NMR (75 MHz,
CD:Cl2) 8 149.5 (C), 145.2 (C), 138.7 (C), 124.4 (CH), 123.5 (CH), 118.0 (CH), 63.4 (CH2), 41.0
(CH), 40.9 (CH), 38.8 (CH2), 37.1 (CH), 35.0 (C), 34.3(C), 33.4(CH>), 31.9 (CH), 31.7 (CH2), 31.3
(CHs), 29.9 (CHs), 29.3 (CH>), 29.2(CH>), 29.0 (CH>), 28.0 (CH2), 27.9(CH2), 22.7 (CH>). E.A. calcu-
lated for CooHi5309Ps: C, 75.25; H, 9.76; P, 5.88. Found: C, 75.33: H, 9.74; P, 5.88. (Detailed expe-

rimental data are shown in A.4.1.2)
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45.1.2.3  Trial of the synthesised triphosphite SB111 in the rhodium catalysed hy-

droformylation

To test the synthesised triphosphite in the rhodium catalysed hydroformylation, it was weighed
into a Schlenk flask and dissolved in 5 mL of dry toluene. 0.2 mL of a Rh(CO):acac stock solution
in toluene (crn = 7.15 pmol*mL") was added and the resulting solution was well mixed. The olefin
(1.43 mmol) was added and the reaction mixture is transferred into an autoclave. The catalysis was
performed at 100 °C and 20 bar of syngas. After 3 h, the reaction mixture was allowed to cool
down and the autoclave was vented. The crude was collected and sampled for analytical purposes.

The results are shown in Table 20. (Detailed experimental data are shown in A.4.1.2.3)
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5 Summary

To conclude, the catalytic conversion of pentenoic acid esters regarding the hydroformylation and
alkoxycarbonylation reaction, was successfully improved during this work. Regarding the rhodi-
um catalysed hydroformylation, now methyl 5-formylpentenoate can be synthesised with high
regioselectivity and only little side product formation. The main side product methyl valerate
stems from the hydrogenation of the substrate. Other side reactions, such as aldol condensations
could not be observed. Of course the chemo- and regioselectivities strongly depend on the sub-
strate isomer in use. Generally speaking, the overall catalytic performance got worse, the further
away the double bond was from the terminal end of the chain. Consequently, the hydroformyla-
tion of methyl 2-pentenoate, being the most stable of the three isomers, was converted into the
corresponding semi aldehyde only in marginal amounts and methyl valerate was the main prod-
uct. In accordance with Keuleman’s rule, the best results were achieved with the terminal olefin
methyl 4-pentenoate. If a substrate mixture of methyl 3- and methyl 4-pentenoate was used, the

catalytic performance was slightly worse in contrast to the reactions with the pure substrates.

The alkoxycarbonylation of methyl pentenoates with highly efficient alkoxycarbonylation cata-
lysts that are modified with pyridyl-substituted diphosphines was equally successful. Compared to
the corresponding BuPox-modified catalyst, the investigated PyTBPF and PyTBPX-modified cata-
lyst were significantly more active albeit less regioselective. Where the BuPox-modified catalyst
almost exclusively forms the linear dimethyl adipate, the PyTBPX and PyTBPF modified catalysts
also form the corresponding “branched” dicarboxylic acid esters dimethyl 2-methylglutarate and
dimethyl 3-ethylsuccinate. We conclude that the pyridyl-substituents of the ligand have a signifi-
cant influence on the catalytic performance. Therefore, we decided to gain more insight into the
catalytically relevant species. The resting state of the catalyst as postulated by Dong et al [91] is
supported by our research and is comprised of the ligand coordinating to the metal in a cis-fashion
with regard to its P centres as well as one coordinating pyridyl group. The last coordination site is
occupied by either one anion of the employed acid, or a solvent molecule. Species relevant to the
established mechanisms for the alkoxycarbonylation [90], like a hydride-, alkyl- or acyl-species
could not be observed, indicating a different reaction pathway than originally assumed. More re-
search has to be conducted in this regard. Looking at the hydroaminomethylation of methyl pen-
tenoates, problems that are typical for this kind of reaction arose.
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Since the hydroaminomethylation of methyl pentenoates using aqueous ammonia was not viable
because of low selectivities regarding the formation of primary amines, only the hydroam-
inomethylation with secondary amines delivered promising results. Sadly, the comparably good
results were overshadowed by the fact, that industrial interests lie in the formation of primary

amines, so that this type of reaction was not further investigated.

The rhodium catalysed hydroformylation of an isomeric mixture 1,2,4-trivinylcyclohexane was
performed successfully. While the different configurational isomers could not be separated, the
resulting product mixtures consisted of about 80 % of linear trialdehyde. The remaining 20 %

could be assigned to different dialdehydes.

The hydroformylation of methyl pentenoates with the triphosphite SB111 delivered only medio-

cre results. Similar results were obtained with other substrates.
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Appendix

Hydroformylation of isomeric methyl pentenoates

A.1.1. Hydroformylation of methyl 2-pentenoate

Table 5, Entry 1
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Appendix Fig. 1: Gas chromatogram (GC-FID) of Table 5, Entry 1.

e

Appendix Fig. 2: 'H NMR in CD:Cl at rt of the product mixture. Corresponds to Table 5, Entry 1.
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Substance Retention time [min] Area
Methyl valerate 11.676 109.02589
Methyl 4-pentenoate 10.952 6.68779
Methyl 3-pentenoate 12.645 115.64047
Methyl 2-pentenoate 13.752 255.04566
Methyl 5-formylvalerate 20.945 5.90769

Table 5, Entry 2
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Appendix Fig. 3: Gas chromatogram (GC-FID) of Table 5, Entry 2.

II




A. APPENDIX

T T
o o
] N
S S

0.33 |

292 988 984 980 976 972 9.68 9.64 96f(1J (' 9.'5)6 "952 948 944 940 936 932 9.28 924
ppm

Appendix Fig. 4: 'H NMR in CD2CI2 at rt of the product mixture. Corresponds to Table 5, Entry 2.

Substance Retention time [min] Area
Methyl valerate 11.676 446.92996
Methyl 4-pentenoate 10.952 3.07325
Methyl 3-pentenoate 12.645 108.39088
Methyl 2-pentenoate 13.752

Methyl 5-formylvalerate 20.945 32.81614
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Table 6, Entry 1

FID1 A, Front Signal (161111611003020.0)
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Appendix Fig. 5: Gas chromatogram (GC-FID) of Table 6, Entry 1.
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Appendix Fig. 6: 'TH NMR in CD2CI2 at rt of the product mixture. Corresponds to Table 6, Entry 1.

v



A. APPENDIX

Substance Retention time [min] Area
Methyl valerate 11.7 2219.26978
Methyl 4-pentenoate 11.0 -

Methyl 3-pentenoate 12.6 37.94210
Methyl 2-pentenoate 13.8 -

Methyl 5-formylvalerate 20.9 -

Table 6, Entry 2
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Appendix Fig. 8: 1H NMR in CD2CI2 at rt of the product mixture. Corresponds to Table 6, Entry 2.

Substance Retention time [min] Area
Methyl valerate 11.7 290.42569
Methyl 4-pentenoate 10.9 28.40268
Methyl 3-pentenoate 12.6 389.72668
Methyl 2-pentenoate 13.7

Methyl 5-formylvalerate 20.9 49.54668
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A.1.2. Comparison of different stirring techniques with regard to conversion, yield and n-

regioselectivity in the Rh catalysed hydroformylation of methyl 3-pentenoate

Table 7, Entry 1
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Appendix Fig. 9: Gas chromatogram (GC-FID) of Table 7, Entry 1.
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Appendix Fig. 10: 'H NMR in CD2CI2 at rt of the product mixture. Corresponds to Table 7, Entry 1.
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Substance Retention time [min] Area
Methyl valerate 121 105.93140
Methyl 4-pentenoate 11.3 70.70728
Methyl 3-pentenoate 13.1 892.05621
Methyl 2-pentenoate 14.1 1817.72937
Methyl 5-formylvalerate 21.1 207.36900

Table 7, Entry 2
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Appendix Fig. 11: Gas chromatogram (GC-FID) of Table 7, Entry 2.
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Appendix Fig. 12: 'H NMR in CD2CI2 at rt of the product mixture. Corresponds to Table 7, Entry 2.

Substance Retention time [min] Area
Methyl valerate 12.0 67.49003
Methyl 4-pentenoate 11.2 28.77292
Methyl 3-pentenoate 13.0 378.39148
Methyl 2-pentenoate 14.0 827.43396
Methyl 5-formylvalerate 21.1 73.36356
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A.1.3. Optimisation of reaction conditions for the two phasic hydroformylation of methyl

pentenoates with a BINAS-modified Rh(I)-catalyst
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Appendix Fig. 13: Stacked 'H NMR spectra of the product mixtures of table 8
Table 8, Entry 1
FID1 A, Front Signal (1702\1702000104.D)
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Appendix Fig. 14: Gas chromatogram (GC-FID) of Table 8, Entry 1.
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Substance Retention time [min] Area
Methyl valerate 12.0 58.27884
Methyl 4-pentenoate 11.2 59.03115
Methyl 3-pentenoate 13.0 706.65350
Methyl 2-pentenoate 14.0 216.00923
Methyl 5-formylvalerate 21.1 190.38226
Table 8, Entry 2
FID1 A, Front Signal (1702\1702000105.D)
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Appendix Fig. 15: Gas chromatogram (GC-FID) of Table 8, Entry 2.
Substance Retention time [min] Area
Methyl valerate 12.0 133.52547
Methyl 4-pentenoate 11.2 33.59358
Methyl 3-pentenoate 13.0 402.23978
Methyl 2-pentenoate 14.0 479.52673
Methyl 5-formylvalerate 21.1 316.08783
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Table 8, Entry 3

FID1 A, Front Signal (1702\1702000108.D)
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Appendix Fig. 16: Gas chromatogram (GC-FID) of Table 8, Entry 3.
Substance Retention time [min] Area
Methyl valerate 12.0 197.12291
Methyl 4-pentenoate 11.2 5.98382
Methyl 3-pentenoate 13.0 62.36082
Methyl 2-pentenoate 14.0 249.17021
Methyl 5-formylvalerate 21.1 564.46179
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Table 8, Entry 4
FID1 A, Front Signal (1702\1702000109.D) e
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Appendix Fig. 17: Gas chromatogram (GC-FID) of Table 8, Entry 4.
Substance Retention time [min] Area
Methyl valerate 12.0 137.68823
Methyl 4-pentenoate 11.2 -
Methyl 3-pentenoate 13.0 -
Methyl 2-pentenoate 14.0 -
211 669.33496

Methyl 5-formylvalerate
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Table 8, Entry 5

FID1 A, Front Signal (170211702000201.D)
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Appendix Fig. 18: Gas chromatogram (GC-FID) of Table 8, Entry 5.
Substance Retention time [min] Area
Methyl valerate 12.0 281.97568
Methyl 4-pentenoate 11.2 -
Methyl 3-pentenoate 13.0 -
Methyl 2-pentenoate 14.0 7.22884
Methyl 5-formylvalerate 21.1 784.04321
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Table 8, Entry 6

FID1 A, Front Signal (1702\1702001012.D)
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Appendix Fig. 19: Gas chromatogram (GC-FID) of Table 8, Entry 6.
Substance Retention time [min] Area
Methyl valerate 12.0 74.31973
Methyl 4-pentenoate 11.2 -
Methyl 3-pentenoate 13.0 -
Methyl 2-pentenoate 14.0 -
Methyl 5-formylvalerate 21.1 1139.89893
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Table 8, Entry 7

FID1 A, Front Signal (1702\1702001014.D)
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Appendix Fig. 20: Gas chromatogram (GC-FID) of Table 8, Entry 7.

Substance Retention time [min] Area
Methyl valerate 12.0 92.19870
Methyl 4-pentenoate 11.2 -

Methyl 3-pentenoate 13.0 -

Methyl 2-pentenoate 14.0 -

Methyl 5-formylvalerate 211 1414.18140
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Table 8, Entry 8

FID1A, Front Signal (170211702001015.0)
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Appendix Fig. 21: Gas chromatogram (GC-FID) of Table 8, Entry 8.
Substance Retention time [min] Area
Methyl valerate 12.0 127.22628
Methyl 4-pentenoate 11.2 -
Methyl 3-pentenoate 13.0 -
Methyl 2-pentenoate 14.0 -
Methyl 5-formylvalerate 211 1500.22766
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Table 8, Entry 9

~ FID1A, Front Signal (170211702001018.0)
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Appendix Fig. 22: Gas chromatogram (GC-FID) of Table 8, Entry 9.
Substance Retention time [min] Area
Methyl valerate 12.0 185.51236
Methyl 4-pentenoate 11.2 -
Methyl 3-pentenoate 13.0 -
Methyl 2-pentenoate 14.0 453925
Methyl 5-formylvalerate 21.1 490.88638
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Table 8, Entry 10
FID1 A, Front Signal (1702\1702001019.D)
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Appendix Fig. 23: Gas chromatogram (GC-FID) of Table 8, Entry 10.
Substance Retention time [min] Area
Methyl valerate 12.0 150.54105
Methyl 4-pentenoate 11.2 -
Methyl 3-pentenoate 13.0 5.88986
Methyl 2-pentenoate 14.0 17.32132
Methyl 5-formylvalerate 21.1 1442.29626
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A.1.4. Optimisation of reaction conditions for the homogeneous hydroformylation of methyl

pentenoates with a BiphePhos-modified Rh(I)-catalyst
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Appendix Fig. 24: Stacked 'H NMR spectra of the product mixtures of table 9.

Table 9, Entry 1

FID1 A, Front Signal (1703\1703003001.D)
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Appendix Fig. 25: Gas chromatogram (GC-FID) of Table 9, Entry 1.
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Substance Retention time [min] Area
Methyl valerate 12.0 341.62698
Methyl 4-pentenoate 11.2 -
Methyl 3-pentenoate 13.0 -
Methyl 2-pentenoate 14.0 5.96534
Methyl 5-formylvalerate 21.2 3580.38867
Table 9, Entry 2
FID1 A, Front Signal {(17031703003002.D)
PA | % %
P B
250 'J R @
1 a a"
200 .
| [ =2 _
150 ;I = I
] 8 {
100 : [
] 1l
| o I
1 | g | ‘
50 | o ! J
| | g | . |
i ;.l., ol o l\“ - ;:_A- ,: a i i i ! li-r — __ii‘__ sk .
i e | S e DU s i S |
0 5 10 15 20 25 30 35 40 mirl
Appendix Fig. 26: Gas chromatogram (GC-FID) of Table 9, Entry 2.
Substance Retention time [min] Area
Methyl valerate 12.0 316.49695
Methyl 4-pentenoate 11.2 -
Methyl 3-pentenoate 13.0 -
Methyl 2-pentenoate 14.0 6.94438
Methyl 5-formylvalerate 21.2 3652.43091
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Table 9, Entry 3

~ FID1A, Front Signal (1703\1703003004.D)
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Appendix Fig. 27: Gas chromatogram (GC-FID) of Table 9, Entry 3.
Substance Retention time [min] Area
Methyl valerate 12.0 290.56848
Methyl 4-pentenoate 11.2 -
Methyl 3-pentenoate 13.0 -
Methyl 2-pentenoate 14.0 -
Methyl 5-formylvalerate 21.2 3367.05273
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Table 9, Entry 4

FID1 A, Front Signal (1703\1703003006.D)
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Appendix Fig. 28: Gas chromatogram (GC-FID) of Table 9, Entry 4.
Substance Retention time [min] Area
Methyl valerate 12.0 256.08514
Methyl 4-pentenoate 11.2 -
Methyl 3-pentenoate 13.0 -
Methyl 2-pentenoate 14.0 -
21.2 3444.64429

Methyl 5-formylvalerate
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Table 9, Entry 5

~ FID1 A, Front Signal (1703\1703003009.D)
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Appendix Fig. 29: Gas chromatogram (GC-FID) of Table 9, Entry 5.
Substance Retention time [min] Area
Methyl valerate 12.0 245.43236
Methyl 4-pentenoate 11.2 -
Methyl 3-pentenoate 13.0 -
Methyl 2-pentenoate 14.0 1.87202
Methyl 5-formylvalerate 21.2 3638.69580
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Table 9, Entry 6

FID1 A, Front Signal (170411704000500.D)
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Appendix Fig. 30: Gas chromatogram (GC-FID) of Table 9, Entry 6.
Substance Retention time [min] Area
Methyl valerate 12.0 156.78535
Methyl 4-pentenoate 11.2 -
Methyl 3-pentenoate 13.0 4.65905
Methyl 2-pentenoate 14.0 12.18255
Methyl 5-formylvalerate 21.2 2562.40381
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Table 9, Entry 7
FID1 A, Front Signal (17041704000502.D) )
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Appendix Fig. 31: Gas chromatogram (GC-FID) of Table 9, Entry 7.
Substance Retention time [min] Area
Methyl valerate 12.0 205.25499
Methyl 4-pentenoate 11.2 -
Methyl 3-pentenoate 13.0 36.88977
Methyl 2-pentenoate 14.0 29.30729
Methyl 5-formylvalerate 21.2 3119.69263
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Table 9, Entry 8

"~ FID1 A, Front Signal (1704\1704000505.D)
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Appendix Fig. 32: Gas chromatogram (GC-FID) of Table 9, Entry 8.

min

Substance Retention time [min] Area
Methyl valerate 12.0 267.54190
Methyl 4-pentenoate 11.2 -

Methyl 3-pentenoate 13.0 -

Methyl 2-pentenoate 14.0 2.35775
Methyl 5-formylvalerate 211 2927.59814
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Table 9, Entry 9

FID1 A, Front Signal (1704\1704000507.D)
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Appendix Fig. 33: Gas chromatogram (GC-FID) of Table 9, Entry 9.
Substance Retention time [min] Area
Methyl valerate 12.0 300.61893
Methyl 4-pentenoate 11.2 -
Methyl 3-pentenoate 13.0 -
Methyl 2-pentenoate 14.0 -
Methyl 5-formylvalerate 21.2 3121.18066
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Table 9, Entry 10
FIDT A, Front Signal (170411704000509.D) I
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Appendix Fig. 34: Gas chromatogram (GC-FID) of Table 9, Entry 10.
Substance Retention time [min] Area
Methyl valerate 12.0 372.86945
Methyl 4-pentenoate 11.2 -
Methyl 3-pentenoate 13.0 -
Methyl 2-pentenoate 14.0 -
Methyl 5-formylvalerate 21.2 3104.51709
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A.15. Recycling of the BINAS-modified Rh(I)-catalyst in the two-phasic hydro-formylation

of methyl pentenoates
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Appendix Fig. 35: Stacked 'H NMR spectra in CD:Cl: at rt of the products mixtures of table 10.

Table 10, Entry 1

~ FID1 A, Front Signal (1702\1702002808.D)
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Appendix Fig. 36: Gas chromatogram (GC-FID) of Table 10, Entry 1.
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Substance Retention time [min] Area
Methyl valerate 12.0 182.30817
Methyl 4-pentenoate 11.2 -
Methyl 3-pentenoate 13.0 -
Methyl 2-pentenoate 14.0 -
Methyl 5-formylvalerate 21.2 2236.65723
Table 10, Entry 2
FID1 A, Front Signal (1703\1703000106.D)
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Appendix Fig. 37: Gas chromatogram (GC-FID) of Table 10, Entry 2.
Substance Retention time [min] Area
Methyl valerate 12.0 43.95434
Methyl 4-pentenoate 11.2 -
Methyl 3-pentenoate 13.0 -
Methyl 2-pentenoate 14.0 -
Methyl 5-formylvalerate 21.2 543.82300
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Table 10, Entry 3
~ FID1 A, Front Signal (170311703000204.D) i
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Appendix Fig. 38: Gas chromatogram (GC-FID) of Table 10, Entry 3.
Substance Retention time [min] Area
Methyl valerate 12.0 16.50732
Methyl 4-pentenoate 11.2 -
Methyl 3-pentenoate 13.0 -
Methyl 2-pentenoate 14.0 -
Methyl 5-formylvalerate 21.2 171.42970
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Table 10, Entry 4
~ FID1 A, Front Signal (1703\1703000306.D)
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Appendix Fig. 39: Gas chromatogram (GC-FID) of Table 10, Entry 4.
Substance Retention time [min] Area
Methyl valerate 12.0 46.60141
Methyl 4-pentenoate 11.2 -
Methyl 3-pentenoate 13.0 22.25898
Methyl 2-pentenoate 14.0 145.06421
Methyl 5-formylvalerate 21.2 728.29700

A.15.1. Sample preparation ICP-OES

Sample prepared Theoretical amount [mg*L] Found [mg‘L]

from Rh P Rh P

Aqueous phase 15 50 0.752 1.71

Organic phase 1.5 50 0.152 Not detected
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A. APPENDIX

A.1.6. Mechanistic investigations on the Rh catalysed hydroformylation of methyl
pentenoates
A.l.6.1. Isomerisation behaviour in the presence of a BiphePhos-modified Rh catalyst

A.1.6.1.1. Isomerisation in the presence of the precatalyst [Rh(BIPHEPHOS)(acac)]

Table 11, Entry 1

FID1 A, Front Signal (SB121\S8117 2018-07-20 13-43-05\SB121_T0.D)
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Appendix Fig. 40: Gas chromatogram (GC-FID) of Table 11, Entry 1.

Substance Configuration Area Amount [%]
Methyl 4-pentenoate - 551.78723 100
E - -
Methyl 3-pentenoate
7Z - -
E - -
Methyl 2-pentenoate
7 - -
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Table 11, Entry 2
FID1 A, Front Signal (SB121\SB117 2018-07-20 13-43-05\SB121_T1.0) - T T
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Appendix Fig. 41: Gas chromatogram (GC-FID) of Table 11, Entry 2.
Substance Configuration Retention time [min] Area Amount [%]
Methyl 4-pentenoate - 8.8 342.22226 94.7
E 11.36650 3.1
Methyl 3-pentenoate
Z 7.97241 2.2
E - -
Methyl 2-pentenoate
7 - -
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Table 11, Entry 3
FID1 A, Front Signal (SB121\SB117 2018-07-20 13-43-05\SB121_T2.D)
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Appendix Fig. 42: Gas chromatogram (GC-FID) of Table 11, Entry 3.

Substance Configuration Retention time [min] Area Amount [%]
Methyl 4-pentenoate - 8.8 379.23044 95.9
E 9.0 7.90380 2.0
Methyl 3-pentenoate
Z 94 8.16676 2.1
E - -
Methyl 2-pentenoate
7 - -
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Table 11, Entry 4
FID1 A, Front Signal (SB121\SB117 2018-07-20 13-43-05\8B121_T3.0) S
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Appendix Fig. 43: Gas chromatogram (GC-FID) of Table 11, Entry 4.
Substance Configuration Retention time [min] Area Amount [%]
Methyl 4-pentenoate - 8.8 384.28680 93.3
E 9.0 13.52419 3.3
Methyl 3-pentenoate
z 9.4 13.95624 3.4
E - -
Methyl 2-pentenoate
4 - -
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Table 11, Entry 5
FID1 A, Front Signal (SB121\SB117 2018-07-20 13-43-05\SB121_T4.0) . S m—
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Appendix Fig. 44: Gas chromatogram (GC-FID) of Table 11, Entry 5.
Substance Configuration Retention time [min] Area Amount [%]
Methyl 4-pentenoate - 8.8 379.72226 91.2
E 9.0 18.03593 4.6
Methyl 3-pentenoate
Z 94 18.64982 45
E i, -
Methyl 2-pentenoate
7 - -
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Table 11, Entry 6

~ FID1 A, Front Signal (SB121\SB117 2018-07-20 13-43-05\SB121_T5.0)
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Appendix Fig. 45: Gas chromatogram (GC-FID) of Table 11, Entry 6.

++
L

8.821

i
|
i~ o
= =2
2= b
?‘:. a

10 =

T T T T T

20

——

40

Substance Configuration Retention time [min] Area Amount [%]
Methyl 4-pentenoate - 8.8 372.92142 90.4
E 9.0 20.02941 49
Methyl 3-pentenoate
Z 9.4 19.49517 4.7
E - -
Methyl 2-pentenoate
7 - -
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Table 11, Entry 7

~ FID1A, Front Signal (SB121\SB117 2018-07-20 13-43-05\5B8121_T6.0)
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Appendix Fig. 46: Gas chromatogram (GC-FID) of Table 11, Entry 7.
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Substance Configuration Retention time [min] Area Amount [%]
Methyl 4-pentenoate - 8.8 363.89853 89.4
E 9.0 21.86732 5.4
Methyl 3-pentenoate
z 9.4 21.36953 5.2
E - -
Methyl 2-pentenoate
7 - -
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Table 11, Entry 8

| FID1 A, Front Signal (SB121\SB117 2018-07-20 13-43-05\SB121_T7.D)
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Appendix Fig. 47: Gas chromatogram (GC-FID) of Table 11, Entry 8.
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Substance Configuration Retention time [min] Area Amount [%]
Methyl 4-pentenoate - 8.8 336.57446 88.7
E 9.0 21.83034 5.8
Methyl 3-pentenoate
Z 9.4 21.01824 5.5
E - -
Methyl 2-pentenoate
7 - -
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Table 11, Entry 9

FIDT A, Front Signal (SB121T\SB117 2018-07-20 13-43-05\SB121_T8.0)
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Appendix Fig. 48: Gas chromatogram (GC-FID) of Table 11, Entry 9.
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Substance Configuration Retention time [min] Area Amount [%]
Methyl 4-pentenoate - 8.8 366.69708 88.0
E 9.0 25.15307 6.0
Methyl 3-pentenoate
Z 9.4 24.68432 59
E - -
Methyl 2-pentenoate
7 - -

XLII




A. APPENDIX

A2 Alkoxycarbonylation of isomeric methyl pentenoates

A.2.1. Preliminary experiments

Table 12, Entry 1
FID1 A, Front Signal (STEPHAN\SB_METHOXYCARB 2017-07-28 10-41-31\SB064.0)
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Appendix Fig. 49: Gas chromatogram (GC-FID) of Table 12, Entry 1.
Substance Retention time [min] Area
Methyl valerate - -
Methyl 4-pentenoate 11.0 9.11247
Methyl 3-pentenoate 14.0 87.71324
Methyl 2-pentenoate 14.7 236.03847
Dimethyl adipate 29.4 80.88873
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Table 12, Entry 2
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Appendix Fig. 50: 'H NMR in CD:Clzat rt of the product mixture in table 12, entry 2.
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Appendix Fig. 51: Gas chromatogram (GC-FID) of Table 12, Entry 2.

XLIV

35

min|



A. APPENDIX

Substance Retention time [min] Area
Methyl valerate - -

Methyl 4-pentenoate 11.0 3.56940
Methyl 3-pentenoate 14.0 20.88190
Methyl 2-pentenoate 14.7 77.17008
Dimethyl adipate 29.4 818.86993
Dimethyl 5-methylglutarate 26.6 132.30080

Dimethyl 4-ethylsuccinate

Table 12, Entry 3
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Appendix Fig. 52: Gas chromatogram (GC-FID) of Table 12, Entry 3.
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Appendix Fig. 53: |H NMR in CD:Clzat rt of the product mixture in table 12, entry 3.

Substance Retention time [min] Area
Methyl valerate - -

Methyl 4-pentenoate 11.0 -

Methyl 3-pentenoate 14.0 -

Methyl 2-pentenoate 14.7 -
Dimethyl adipate 29.4 539.48730
Dimethyl 5-methylglutarate 26.6 82.285117
Dimethyl 4-ethylsuccinate - -
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A.2.2. Optimisation of reaction conditions for the catalysis with PyTBPF and PyTBPX
A221. PyTBPF

Table 13, Entry 1

FID1 A, Front Signal (HYFO_ETHEN_KONTI\SB122 2018-08-03 11-01-55\SB122_P1D)
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Appendix Fig. 54: Gas chromatogram (GC-FID) of Table 13, Entry 1.

Substance Retention time [min] Area
Methyl valerate 11.7 6.57935
Methyl 4-pentenoate 12.2 21.41542

Methyl 3-pentenoate - -

Methyl 2-pentenoate - -

Dimethyl adipate 26.2 368.34613
Dimethyl 5-methylglutarate 23.5 51.08490
Dimethyl 4-ethylsuccinate 22.4 8.84762
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Table 13, Entry 2

~ FID1 A, Front Signal (HYFO_ETHEN_KONTI\SB122 2018-08-03 11-01-55\SB8122_P2.D)
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Appendix Fig. 55: Gas chromatogram (GC-FID) of Table 13, Entry 2.

Substance Retention time [min] Area

Methyl valerate 11.7 -

Methyl 4-pentenoate 12.2 11.31914

Methyl 3-pentenoate - -

Methyl 2-pentenoate - -

Dimethyl adipate 26.2 357.39029

Dimethyl 5-methylglutarate 23.5 55.06871

Dimethyl 4-ethylsuccinate 22.4 9.29526
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Table 13, Entry 3

FID1 A, Front Signal (HYFO_ETHEN_KONTI\SB122 2018-08-03 13-07-501SB122_P3.D)
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Appendix Fig. 56: Gas chromatogram (GC-FID) of Table 13, Entry 3.

Substance Retention time [min] Area
Methyl valerate 11.7 3.40088
Methyl 4-pentenoate 12.2 14.00400
Methyl 3-pentenoate - -

Methyl 2-pentenoate - -
Dimethyl adipate 26.2 383.51471
Dimethyl 5-methylglutarate 23.5 59.35001
Dimethyl 4-ethylsuccinate 22.4 9.66878
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Table 13, Entry 4
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Appendix Fig. 57: Gas chromatogram (GC-FID) of Table 13, Entry 4.
Substance Retention time [min] Area
Methyl valerate 11.7 3.51023
Methyl 4-pentenoate 12.2 15.51378
Methyl 3-pentenoate - -
Methyl 2-pentenoate - -
Dimethyl adipate 26.2 377.35120
Dimethyl 5-methylglutarate 23.5 62.80806
Dimethyl 4-ethylsuccinate 22.4 10.85977
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Table 13, Entry 5
- FID1 A, Front Signal (HYFO_ETHEN_KONTI\SB122 2018-08-03 13-07-50\B122_P5.D) = —
pA g I
iy
180
- \
180 — ‘!
140 -
p: I
120~ e |
| I
| ~
- f
80 |
| g
08 Be g : i
& 27 & ! '
20+ ﬁ, | . _‘:!_J.T —— ~h B | -
5 do T T4 ol T B0 3 i
Appendix Fig. 58: Gas chromatogram (GC-FID) of Table 13, Entry 5.
Substance Retention time [min] Area
Methyl valerate 11.7 4.30559
Methyl 4-pentenoate 12.2 19.55407
Methyl 3-pentenoate - -
Methyl 2-pentenoate - -
Dimethyl adipate 26.2 355.09210
Dimethyl 5-methylglutarate 23.5 61.35862
Dimethyl 4-ethylsuccinate 22.4 10.42945
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Table 13, Entry 6

FIDT A, Front Signal (STEPHAN\SB122 2018-08-08 10-50-06\SB122_T1.D)
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Appendix Fig. 59: Gas chromatogram (GC-FID) of Table 13, Entry 6.

Substance Retention time [min] Area
Methyl valerate 11.7 5.20398
Methyl 4-pentenoate 12.2 23.40335
Methyl 3-pentenoate - -

Methyl 2-pentenoate - -
Dimethyl adipate 26.2 368.17548
Dimethyl 5-methylglutarate 23.5 48.71885
Dimethyl 4-ethylsuccinate 22.4 8.97342
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Table 13, Entry 7
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Appendix Fig. 60: Gas chromatogram (GC-FID) of Table 13, Entry 7.
Substance Retention time [min] Area
Methyl valerate 11.7 -
Methyl 4-pentenoate 12.2 9.34418
Methyl 3-pentenoate - -
Methyl 2-pentenoate - -
Dimethyl adipate 26.2 377.23346
Dimethyl 5-methylglutarate 235 51.04169
Dimethyl 4-ethylsuccinate 22.4 9.13636
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Table 13, Entry 8
FID1 A, Front Signal (STEPHAN\SB122 2018-08-08 10-50-06\SB122_T3.D)
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Appendix Fig. 61: Gas chromatogram (GC-FID) of Table 13, Entry 8.

Substance Retention time [min] Area
Methyl valerate 11.7 -
Methyl 4-pentenoate 12.2 6.29555

Methyl 3-pentenoate - -

Methyl 2-pentenoate - -

Dimethyl adipate 26.2 371.44846
Dimethyl 5-methylglutarate 23.5 51.29106
Dimethyl 4-ethylsuccinate 22.4 8.00220
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Table 13, Entry 9

~ FID1 A, Front Signal (STEPHAN\SB122 2018-08-08 10-50-06\SB122_T4.D)
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Appendix Fig. 62: Gas chromatogram (GC-FID) of Table 13, Entry 9.
Substance Retention time [min] Area
Methyl valerate 11.7 -
Methyl 4-pentenoate 12.2 -
Methyl 3-pentenoate - -
Methyl 2-pentenoate - -
Dimethyl adipate 26.2 402.04105
Dimethyl 5-methylglutarate 23.5 58.68542
Dimethyl 4-ethylsuccinate 224 8.34444
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Table 13, Entry 10

FID1 A, Front Signal (STEPHAN\SB122 2018-08-08 10-50-06\SB122_T5.D)
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Appendix Fig. 63: Gas chromatogram (GC-FID) of Table 13, Entry 10.

Substance Retention time [min] Area
Methyl valerate 11.7 -

Methyl 4-pentenoate 12.2 -

Methyl 3-pentenoate - -

Methyl 2-pentenoate - -
Dimethyl adipate 26.2 391.90781
Dimethyl 5-methylglutarate 235 61.30547
Dimethyl 4-ethylsuccinate 22.4 8.43714
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A222. PyTBPX
Table 14, Entry 1
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Appendix Fig. 64: Gas chromatogram (GC-FID) of Table 14, Entry 1.
Substance Retention time [min] Area
Methyl valerate 11.7 -
Methyl 4-pentenoate 12.2 -
Methyl 3-pentenoate - -
Methyl 2-pentenoate - -
Dimethyl adipate 26.2 466.7406
Dimethyl 5-methylglutarate 235 76.49563
Dimethyl 4-ethylsuccinate 224 13.56018
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Table 14, Entry 2

FID1 A, Front Signal (STEPHAN\SB122 2018-08-14 15-40-53\SB123_P2.0)
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Appendix Fig. 65: Gas chromatogram (GC-FID) of Table 14, Entry 2.
Substance Retention time [min] Area
Methyl valerate 11.7 -
Methyl 4-pentenoate 12.2 -
Methyl 3-pentenoate - -
Methyl 2-pentenoate - -
Dimethyl adipate 26.2 405.80133
Dimethyl 5-methylglutarate 235 71.67188
Dimethyl 4-ethylsuccinate 224 12.02911
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Table 14, Entry 3

FID1 A, Front Signal (STEPHAN\SB122 2018-08-14 15-40-53\SB123_P3.D)
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Appendix Fig. 66: Gas chromatogram (GC-FID) of Table 14, Entry 3.
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Substance Retention time [min] Area
Methyl valerate 11.7 -

Methyl 4-pentenoate 12.2 -

Methyl 3-pentenoate - -

Methyl 2-pentenoate - -
Dimethyl adipate 26.2 419.32184
Dimethyl 5-methylglutarate 235 76.89008
Dimethyl 4-ethylsuccinate 224 12.74130
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Table 14, Entry 4

FID1 A, Front Signal (STEPHANISB122 2018-08-14 15-40-53\SB123_P4.D)
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Appendix Fig. 67: Gas chromatogram (GC-FID) of Table 14, Entry 4.
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Substance Retention time [min] Area
Methyl valerate 11.7 -

Methyl 4-pentenoate 12.2 -

Methyl 3-pentenoate - -

Methyl 2-pentenoate - -
Dimethyl adipate 26.2 467.59155
Dimethyl 5-methylglutarate 23.5 89.55582
Dimethyl 4-ethylsuccinate 22.4 15.54874
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Table 14, Entry 5
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Appendix Fig. 68: Gas chromatogram (GC-FID) of Table 14, Entry 5.
Substance Retention time [min] Area
Methyl valerate 11.7 -
Methyl 4-pentenoate 12.2 -
Methyl 3-pentenoate - -
Methyl 2-pentenoate - -
Dimethyl adipate 26.2 429.34113
Dimethyl 5-methylglutarate 23.5 84.73926
Dimethyl 4-ethylsuccinate 22.4 14.94691
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Table 14, Entry 6
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Appendix Fig. 69: Gas chromatogram (GC-FID) of Table 14, Entry 6.
Substance Retention time [min] Area
Methyl valerate 11.7 -
Methyl 4-pentenoate 12.2 -
Methyl 3-pentenoate - -
Methyl 2-pentenoate - -
Dimethyl adipate 26.2 401.09006
Dimethyl 5-methylglutarate 23.5 80.40107
Dimethyl 4-ethylsuccinate 22.4 20.33598
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Table 14, Entry 7

[ FID1A Front Signal (STEPHAN\SB122 2018-08-21 16-43-29\SB123_T2.0)
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Appendix Fig. 70: Gas chromatogram (GC-FID) of Table 14, Entry 7.
Substance Retention time [min] Area
Methyl valerate 11.7 -
Methyl 4-pentenoate 12.2 -
Methyl 3-pentenoate - -
Methyl 2-pentenoate - -
Dimethyl adipate 26.2 296.50815
Dimethyl 5-methylglutarate 235 58.69756
Dimethyl 4-ethylsuccinate 224 13.71400
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Table 14, Entry 8

FID1 A, Frant Signal (STEPHAN\SB122 2018-08-21 16-43-29\SB123_T3.D)
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Appendix Fig. 71: Gas chromatogram (GC-FID) of Table 14, Entry 8.
Substance Retention time [min] Area
Methyl valerate 11.7 -
Methyl 4-pentenoate 12.2 -
Methyl 3-pentenoate - -
Methyl 2-pentenoate - -
Dimethyl adipate 26.2 410.26813
Dimethyl 5-methylglutarate 235 78.09138
Dimethyl 4-ethylsuccinate 224 15.31488
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Table 14, Entry 9
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Appendix Fig. 72: Gas chromatogram (GC-FID) of Table 14, Entry 9.
Substance Retention time [min] Area
Methyl valerate 11.7 -
Methyl 4-pentenoate 12.2 -
Methyl 3-pentenoate - -
Methyl 2-pentenoate - -
Dimethyl adipate 26.2 402.62729
Dimethyl 5-methylglutarate 235 77.51418
Dimethyl 4-ethylsuccinate 224 14.19845
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Table 14, Entry 10
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Appendix Fig. 73: Gas chromatogram (GC-FID) of Table 14, Entry 10.
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Substance Retention time [min] Area
Methyl valerate 11.7 -

Methyl 4-pentenoate 12.2 -

Methyl 3-pentenoate - -

Methyl 2-pentenoate - -
Dimethyl adipate 26.2 388.06918
Dimethyl 5-methylglutarate 235 74.15913
Dimethyl 4-ethylsuccinate 224 13.15913
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A.2.3. Characterisation and spectroscopic investigations on the catalysts in use

A23.1. Synthesis of [Pd(PyTBPF)C1]Cl and [Pd(PyTBPX)C1]Cl

[Pd(PyTBPF)CI]CI

'H NMR (300 MHz, dichloromethane-d>) & 8.80 (br. ps. t, ] =7.0 Hz, 2H, Py-H), 8.71 (d, ] = 4.5 Hz,
2H Py-H), 7.83 (m, 2H, Py-H), 7.39 (m, 2H, Py-H), 4.45 (br. s, 2H, Cp-H), 4.28 (br. s, 2H, Cp-H),
4.15 (br. s, 2H, Cp-H), 3.98 (br. s, 2H, Cp-H), 1.24 (d, ] = 16.3 Hz, 18H, Bu-H). 3'P NMR (122

MHz, dichloromethane-d2) & 45.92 (br. s).
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Appendix Fig. 74: 'H NMR of (PyTBPF)PdCL: in CD:Cl at rt and ap.
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Appendix Fig. 75: 3P NMR of (PyTBPF)PdCI: in CD:Cl» at rt and ap.
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[Pd(PyTBPX)Cl]Cl

'H NMR (300 MHz, dichloromethane-d?) & 8.66 (dm, ] = 4.8 Hz, 2H), 8.39 (br. s, 2H), 7.70 (m,
2H), 7.35 (m, 2H), 6.97 (m, 2H), 6.71 (br. s, 2H), 3.72 (br. s, 4H), 1.37 (d, ] = 16.6 Hz, 18H). 3'P
NMR (122 MHz, dichloromethane-d2) 6 31.7 ppm (br. s). The purity of the product is 96 %

according to the 3'P NMR spectrum.
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Appendix Fig. 76: ' H NMR of (PyTBPX)PdCL: in CD:Cl: at rt and ap.
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Appendix Fig. 77:3 P NMR of (PyTBPX)PdClz in CD:Cl at rt and ap.
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A232. H+-free synthesis of [Pd(PyTBPF)OTf]OTf and [Pd(PyTBPX)OTf]OTf starting

from [Pd(PyTBPF)C1]Cl and [Pd(PyTBPX)Cl]Cl
[Pd(PyTBPF)OTf]OTf — Acid free
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Appendix Fig. 78: 3P NMR of [(PyTBPF)Pd(CF350s3)}(CF3S0s3) synthesized without acid in CD:Cl: at rt
and ap.
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Appendix Fig. 79°'P NMR of [(PyTBPX)Pd(CF350;3)}*(CF350s3) synthesized without acid in CD:Cl: at rt

and ap. Only small amounts of impurities present ("2.0 %).

A233. NMR-spectroscopic characterisation of the ligand PyTBPF and PyTBPX

Pytbpf
'H NMR (300 MHz, dichloromethane-d2) & 8.67 (m, 2H), 7.73 (m, 2H), 7.60 (tt, ] = 7.6, 2.0 Hz,
2H), 7.20 (m, 2H), 4.50 — 4.43 (m, 2H), 4.09 (m, 2H), 3.82 — 3.75 (m, 4H), 0.85 (d, 3Jnr = 12.4 Hz,
18H). 3'P{'H} NMR (122 MHz, dichloromethane-d?) & 6.95 (s). N NMR (40 MHz,
dichloromethane-) o -48.1 (s).

LXXII



A. APPENDIX

g

&

[}

(W)
© RE 8 & 28R
0 LS S S i T o
\ VO | AR

——0.85

=

ok S 1
i g T —r [ [ i
o wg W = g 8
= Sl = 2 Ll 0 00w ©
(8] o4ty ™ [Tp] — — N =
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0 -0

f1 (ppm)
Appendix Fig. 80 H NMR of PyTBPF in CD:Cl: at rt and ap.
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Appendix Fig. 81°7P NMR of PyTBPF in CD:Cl2 at rt and ap.
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Appendix Fig. 82: 'H/>N HMBC NMR of PyTBPF in CD:Cl: at rt.

Pytbpx
'H NMR (300 MHz, methanol-d) & 8.67 (m, 2H), 7.73 — 7.54 (m, 4H), 7.30 (ddt, ] = 7.4, 4.9, 1.6
Hz, 2H), 7.00 — 6.87 (m, 2H), 6.78 — 6.65 (m, 2H), 3.84 (dd, ] = 13.8, 4.7 Hz, 2H), 3.39 — 3.27 (m,
2H), 1.10 (d, J = 11.8 Hz, 18H). 3'P{'H} NMR (122 MHz, methanol-ds) & 7.83 (s). SN NMR (40
MHz, dichloromethane-d2) & -51.6 (s).
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Appendix Fig. 83: 'H NMR of PyTBPX in MeOH-d: at rt and ap.
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Appendix Fig. 84:3 P NMR of PyTBPX in MeOH-d: at rt and ap.
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Appendix Fig. 85: 'H/">N HMBC NMR of PyTBPX in CD:Cl: at rt.

A.2.3.3.1. Protonation of the ligands with trifluoromethanesulfonic acid

Protonation of BuPox as reference

'H NMR (300 MHz, dichloromethane-d?) § 7.36 — 7.19 (m, 4H, Ar-H), 5.7 (dt, Jur = 454Hz, 3Jun =
5.6 Hz, 2H, P-H), 3.65 (dd, Jur = 13.7 Hz, 3Juu = 5.6 Hz, 4H, Ar-CF:-P), 1.28 (d, 3Jur = 17.2 Hz,
36H, Bu-H). 3'P NMR (122 MHz, dichloromethane-d2) & 51.54 (dm, Jur = 454 Hz).
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Appendix Fig. 86: ' H NMR of the protonated BuPox ligand in CD:Cl at rt and ap.
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Appendix Fig. 87: 3 P{'H} NMR of the protonated BuPox in CD:Cl: at rt and ap.
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Appendix Fig. 88: Proton coupled ’P NMR of the protonated BuPox Ligand in CD:Cl: at rt and ap. The

spectrum is scaled to show the signal of interest only.

PyTBPF

'H NMR (300 MHz, dichloromethane-d>) 6 8.83 (m, 2H), 7.98 (t, ] = 7.73 Hz, 2H), 7.83 (dd, ] = 7.63
Hz, J = 3.87 Hz, 2H), 7.58 (m, 2H), 4.38 (m, 2H), 4.28 (m, 2H), 4.24 (m, 2H), 4.13 (m, 2H), 0.97 (d,
3Jup = 13.76 Hz, 18H). 3P NMR (122 MHz, dichloromethane-d>) § 9.13 (s).
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Appendix Fig. 89: 'H NMR of the protonated PyTBPF ligand in CD:Cl: at rt and ap.
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Appendix Fig. 90: 3 P['H} NMR of the protonated PyTBPF ligand in CD:Cl> at rt and ap.
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Appendix Fig. 91: 3P NMR of the protonated PyTBPF ligand in CD:Cl: at rt and ap. Only the relevant

part of the spectrum is shown.
Pytbpx
'H NMR (300 MHz, dichloromethane-d>) ¢ 8.88 (ddd, 3Jun = 5.6 Hz, 4Jun = 1.7 Hz, 5Jun = 0.7 Hz,
2H), 8.24 (dt, ] = 7.8 Hz, ] = 1.0 Hz, 2H), 8.05 (d, ] = 7.8 Hz, 2H), 7.7 (tm, ] = 6.7 Hz, 2H), 7.06 (m,
2H), 6.86 (dd, ] =5.7 Hz, ] = 3.4 Hz, 2H), 3.75 (ddd, Jun = 14.7 Hz, ] = 3.1 Hz, ] = 2.3 Hz, 2H), 3.37
(dd, Jun = 14.9 Hz, ] = 3.1 Hz, 2H), 1.08 (d, 3Jur = 13.2 Hz, 18 H). 3'P NMR (122 MHz,
dichloromethane-d2) 0 8.10 (s).
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Appendix Fig. 92: 'H NMR of the protonated PyTBPX ligand in CD:Cl at rt and ap.
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Appendix Fig. 93: 3 P{'H} NMR of the protonated PyTBPX ligand in CD:Cl: at rt and ap.
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—g10

Appendix Fig. 94: Proton coupled ' P NMR of the protonated PyTBPX ligand in CD:Cl: at rt and ap.
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A2.34. NMR-spectroscopic  characterisation of the complexes Pd(L)dba and
[PA(L)OTf]OTf
Pd(PyTBPF)dba

31P NMR (122 MHz, dichloromethane-d2) & 39.6 (s), 35.4 (s).

J1ooy
0.937

320 280 240 200 160 120 80 40 0 40  -80  -120 -160 -200  -240
f1 (ppm)

Appendix Fig. 95: 3P NMR of Pd(PyTBPF)dba in CD:Cl: at rt
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[Pd(PyTBPF)OTf]OTf

31IP NMR (122 MHz, dichloromethane-d2) & 59.82 (d, ?Jer = 28.3 Hz, 1P), -1.52 (d, ¥Jer = 28.3 Hz,

1P).

—59.82
Ll
1.52

et

.
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o
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240 220 200 180 160 140 120 100 80
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Appendix Fig. 96: 3P NMR of [(PyTBPF)Pd(CF3SOs)} (CF3503) in CD:Clz at rt and ap.

LXXXIX



A. APPENDIX

400
350
L300

'
250

f1 (ppm)

\ i o . £ )
' 5 gt ey L200

b b
ol !
LRI []
gt

i ) e R
Sk - © F-150
bt e o)

‘t-100

) : i [} o "50

6.0
f2 (ppm)

Appendix Fig. 97: 'H/N-HMBC NMR spectrum of [Pd(PyTBPF)OT{]OTf in CD:Cl: at rt. No signals

assignable to a Py-N are visible.
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Appendix Fig. 98: 'H NOESY NMR of [Pd(PyTBPF)OT{]OTf in CD:Cl: at rt. Short spin evolution times
were picked to show spin correlations due to chemical exchange rather than spatial correlations. For

clarity, the tBu signals are not included in this spectrum.
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Pd(PyTBPX)dba

31P NMR (122 MHz, dichloromethane-d2) & 46.6 (s), 44.8 (s).
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Appendix Fig. 99: 3P NMR of Pd(PyTBPX)dba in CD:Cl2at rt.

[Pd(PyTBPX)OT{]OTf

'H NMR (300 MHz, dichloromethane-d>) & 9.00 — 8.93 (m, 1H, Py!-H), 8.86 (d, ] = 4.2 Hz, 1H, Py?-
H), 8.67 Hz (t, ] = 6.5 Hz, 1H, Py'-H), 8.50 (t, ] = 6.8 Hz, 1H, Py>H), 8.30 (t, ] = 7.7 Hz, 1H, Py!'-
H), 8.10-8.02 (m, 1H, Py?-H), 7.77 (t, ] = 6.8 Hz, 1H, Py'-H), 7.64 - 7.58 (m, 1H, Py>-H), 7.55 (d, ]
=7 Hz, 1H, Xy-H), 7.46 — 7.36 (m, 2H, Xy-H), 7.29 (t, ] = 7.3 Hz, 1H, Xy-H), 4.40 (t, ] = 16.1 Hz,
2H, Ar-CHH"-P), 3.69 (dd, ] = 15.2 Hz, ] = 7.0 Hz, 1H, Ar-CH2/*-P), 3.57 (t, ] = 13.2 Hz, 1H, Ar-
CH:AP-P), 1.34 (d, ] = 17.5 Hz, 9H, Bu'-H), 1.05 (d, ] = 19.4 Hz, 9H, Bu?- H). 3'P NMR (122 MHz,
dichloromethane-d?) & 33.50 (d, ?Jer = 11.8 Hz, 1P), -5.04 (d, ?Jrr = 11.8 Hz, 1P).

In the '"H NMR spectrum multiple impurities are visible. These impurities are: Diethylether (at
6343 (q, 2H), 1.15 (t, 3H)) and 1,4-benzoquinone (at & 6.67 (s)). The ratio of

complex:BQ:Diethylether is ca. 4:1:1.
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Appendix Fig. 100: 'H NMR of [(PyTBPX)Pd(CF3SOs)}(CF3SOs) in DCM-d>. Impurities are diethylether

and benzoquinone.
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Appendix Fig. 101:3P NMR of [(Py TBPX)Pd(CF3SOs)}-(CFsSOs) in CD2Cl at rt and ap.
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Appendix Fig. 102: 'H/°N-HMBC NMR spectrum of [Pd(PyTBPX)OT{]OTf in CD:Cl: at rt. No signals

assignable to a Py-N are visible.
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Appendix Fig. 103: 'H NOESY NMR of [Pd(PyTBPX)OT{]OTfin CD:Cl: at rt. Short spin evolution times

were picked to show spin correlations due to chemical exchange rather than spatial correlations.
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Appendix Fig. 104: low temperature 3P NMR spectra of [Pd(PyTBPX)OTf]OTf in MeOH-d+. (1) control
experiment at 293 K; (2) 273 K; (3) 253 K; (4) 233 K; (5) 223 K.
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A.2.35. In situ synthesis of the suspected resting states [Pd(L)OTf]OTf or [Pd(L)OTs]OTs

starting from different precursors

[Pd(PyTBPF)OTf]OTf

|L s e [T

| A

9‘0 8I0 7I0 6I0 ’ 5[0 4IO 3I0 20 1I0 ll] -1:0 -2‘0 -3;0 -40 -5I0

f1 (ppm)
Appendix Fig. 105: 3 P{’H} NMR spectra of the in situ formation of [(PyTBPF)Pd(CF3S0s)}(CF350s)
starting from different Pd precursors in CD:Cl. (1) Pdx(dba)s (2) Pd(OAc)z (3) Pd(dba): (4) PdCL (5)

Pd(acac)- (6) Pure complex.

XCVIII



A. APPENDIX

[Pd(PyTBPX)OT{]OTf

F1
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Appendix Fig. 106: 3 P{*H} NMR spectra of the in situ formation of [(L3)Pd(CF3SOs)}(CF3S0s) starting
from different Pd precursors in CD:Cl. (1) Pd(dba): (2) Pdz(dba)s (3) Pd(acac): (4) PdCI: (5) Pd(OAc)z (6)

Pure complex.

A23.6. Hydride species

[Pd(BuPox)(H)OTI]

'H NMR (300 MHz, methanol-ds) & -10.71 (dd, ?Jur(trans) = 182.6 Hz, Jur(cis) = 21.7 Hz). 3P
NMR (122 MHz, methanol-d4) & 75.62 (d, ?Jer = 17.1 Hz), 23.90 (dd, ZJru(trans) = 182.6 Hz, 2Jpp =
17.1 Hz, ®Jpn = 4.5 Hz).

Cis-P,H-coupling not resolved in 3'P NMR.
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Appendix Fig. 107: 'H NMR spectrum of [(L3)PdH(OTY)] in MeOH-d4 at rt and ap. Only the hydride

-10.55

-10.45

signal is displayed.
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A3. Hydroaminomethylation of methyl pentenoates

Table 15, Entry 1

FID1 A, (17111711002702.D)
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Appendix Fig. 108: Gas chromatogram (GC-FID) of Table 15, Entry 1.
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Appendix Fig. 109: 'H NMR in CD:Clzat rt of the product mixture in table 15, entry 1.
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Substance Retention time [min] Area
Methyl valerate 3.2 240.45351
Methyl 4-pentenoate 8.4 2.62184
Methyl 3-pentenoate 8.7 8.89921
Methyl 2-pentenoate 8.9 41.32205
Enamine 14.4,16.9 155.52165
Amines (regioselectivity could | 15.6,18.2 232.76143

not be determined)

Table 15, Entry 2
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Appendix Fig. 110: Gas chromatogram (GC-FID) of Table 15, Entry 2.
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6 15 14 13 12 1 10 9 8 7 6 5 4 3 2 1
f1 (ppm)

Appendix Fig. 111:'H NMR in CD:Clzat rt of the product mixture in table 15, entry 1.

Substance Retention time [min] Area

Methyl valerate 3.3 97.94743

Methyl 4-pentenoate - -

Methyl 3-pentenoate - -

Methyl 2-pentenoate - -

Enamine, linear - -

Enamine. Branched - -

Amine, linear 16.8 294.70255

Amine, branched 15.1, 15.6 1156,20294
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Table 15, Entry 3

FID1 A, Front Signal (STEPHAN2-TBU-4-BR-PHENOL 2017-11-24 15-00-11\SB094.D)
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Appendix Fig. 112: Gas chromatogram (GC-FID) of Table 15, Entry 3.
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Appendix Fig. 113: 'TH NMR in CD:Clzat rt of the product mixture in table 15, entry 3.
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Substance Retention time [min] Area

Methyl valerate 3.3 28.27562

Methyl 4-pentenoate - -

Methyl 3-pentenoate 11.8 19.34547

Methyl 2-pentenoate - -

Enamine, linear - -

Enamine. Branched - -

Amine, linear 24.234 544.48267
Amine, branched 21.495, 19.748 278.52560
Table 16, Entry 1
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Appendix Fig. 114: Gas chromatogram (GC-FID) of Table 16, Entry 1.
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Appendix Fig. 115: 'H NMR in CD:Clzat rt of the product mixture in table 16, entry 1.

Substance Retention time [min] Area
Methyl valerate 4.6 44.53608
Methyl 4-pentenoate - -

Methyl 3-pentenoate - -

Methyl 2-pentenoate - -

Enamine, linear - -

Enamine. Branched - -

Amine, linear 16.8 1030.48206
Amine, branched 15.6 456.03540
Side products Other peaks combined 256.90946
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Table 16, Entry 2
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Appendix Fig. 116: Gas chromatogram (GC-FID) of Table 16, Entry 2.
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Appendix Fig. 117:1H NMR in CD:Cl2at rt of the product mixture in table 16, entry 2.
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Substance

Retention time [min]

Area

Methyl valerate

4.6

220.08916

Methyl 4-pentenoate

Methyl 3-pentenoate

Methyl 2-pentenoate

Enamine, linear

Enamine. Branched

Amine, linear

11.4

725.99200

Amine, branched

9.6,10.2

460.44387

Table 16, Entry 3

FID1 A, Front Signal (STEPHAN\SB122 2018-09-25 09-21-05\SB128_XANT2.D)
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Appendix Fig. 118: Gas chromatogram (GC-FID) of Table 16, Entry 3.
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Substance

Retention time [min]

Area

Methyl valerate

9.7

28.43776

Methyl 4-pentenoate

Methyl 3-pentenoate

10.5

33.66841

Methyl 2-pentenoate

11.5

262.09088

Enamine, linear

Enamine. Branched

Amine, linear

33.1

413.72620

Amine, branched

32.8

69.68083

Table 16, Entry 4

FID1 A, Front Signal (STEPHAN\SB122 2018-08-25 09-21-05\SB128_BUPCX2.D)
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Appendix Fig. 119: Gas chromatogram (GC-FID) of Table 16, Entry 4.
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Substance

Retention time [min]

Area

Methyl valerate

9.7

34.88511

Methyl 4-pentenoate

Methyl 3-pentenoate

10.5

85.93762

Methyl 2-pentenoate

11.5

19.73649

Enamine, linear

Enamine. Branched

Amine, linear

29.4

445.60114

Amine, branched

26.4,28.0

261,16686

Table 16, Entry 5

FID1 A, (1801118010000906.D)
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Appendix Fig. 120: Gas chromatogram (GC-FID) of Table 16, Entry 5.
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Appendix Fig. 121:'H NMR in CD:Clzat rt of the product mixture in table 16, entry 5.

12
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0 9 8§ 7
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5

Substance Retention time [min] Area
Methyl valerate - -

Methyl 4-pentenoate - -

Methyl 3-pentenoate - -

Methyl 2-pentenoate 8.6 72.33182
Enamine, linear - -
Enamine. Branched 16.1 156.26230
Amine, linear 16.8 295.15521
Amine, branched 15.5 119.96657
Side products Other combined peaks 650.93384
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Table 16, Entry 6

FID1 A, (1801\18010000807.D) o

] ®
o 7
200~ g}s@;}
] !
150j
100 & -
] 3 W | o~
B & Sy A -
] *¢ AP
. LML ?\f/
| R i i N -
0 5 10 15 20 5 0 35 _mir
Appendix Fig. 122: Gas chromatogram (GC-FID) of Table 16, Entry 6.
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Appendix Fig. 123: 1TH NMR in CD:Clzat rt of the product mixture in table 16, entry 6.
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Substance Retention time [min] Area
Methyl valerate 4.6 41.75081
Methyl 4-pentenoate - -

Methyl 3-pentenoate - -

Methyl 2-pentenoate - -
Enamine, linear - -
Enamine. Branched - -

Amine, linear 114 739.41235
Amine, branched 10.2 393.49666
Side products 9.6 650.93384
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Appendix Fig. 124: Gas chromatogram (GC-FID) of Table 17.
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Substance Retention time [min] Area
Methyl valerate 4.6 69.82750
Methyl 4-pentenoate - -

Methyl 3-pentenoate - -

Methyl 2-pentenoate - -
Enamines - -

Primary amines 9.6 142.16266
Secondary amines 22.3 126.32002
Tertiary amines 33.8 182.74652

CXIV




A. APPENDIX

Amin Einwaagen [g]
Ligand M4Pp M3Pp Rh(CO)zacac Ligand Amin
Pyrrolidin  0.147 0 (0.118 mL  0.0044 0.129
stock solution)
Piperidin 0.151 0 See above 0.0045 0.191
Blphephos 0.147 0.016 See above 0.0045 0.195
DMA 0.148 0 See above 0.0045 0.262
(aq., 40 w.-9%) 0.146 0.017 See above 0.0046 0.258
aq. NH3 0.148 0.011 See above 0.0045 0.140
Xantphos Piperidin 0.147 0.017 See above 0.195
Bupox Piperidin ~ 0.147 0.016 See above 0.195
Piperidin 0.153 0.028 See above 0.0035 0.197
SK-35
DMA 0.143 0.024 See above 0.0035 0.256
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A4 Hydroformylation of unusual substrates

A.4.1. Hydroformylation of 1,2,4-trivinylcyclohexane

Table 19, Entry 1
FID1 A, (1710\1710002600.D)
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Appendix Fig. 125: Gas chromatogram (GC-FID) of Table 19, Entry 1.

Substance Retention times [min] Area

1,2,4-Trivinylcyclohexane - -

Monoaldehydes 10.0-11.0 traces
Dialdehydes 19.5-20.5 372.69441
Trialdehydes 23.5-24.5 1985.53167

Side products - -
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Table 19, Entry 2
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Appendix Fig. 126: Gas chromatogram (GC-FID) of Table 19, Entry 2.
Substance Retention time [min] Area
1,2,4-Trivinylcyclohexane - -
Monoaldehydes 10.0-13.0 34.02066
Dialdehydes 19.5-21.5 402.86671
Trialdehydes 23.0-25.0 65.22399
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A41.1. Rh catalysed hydroaminomethylation of 1,2,4-trivinylcyclohexane
~ FID1A, (1806\1806002817.D)
SBE
B
180 -
;t N 3
160 N g
1 e
140-|
120
100 |
o | |
: 4©
60| 8 57
J b . %@ #
- D {Iih
5' = 8 S 13‘ “‘il; ! |1!"J‘ g
204 H_,.(ﬁ'f VB Twma - .
67_?_1_01__;vzro‘___ra"o-f'_'__{cTY'-s'on}m
Appendix Fig. 127: Rhodium catalysed HAM of TVCH.
A4.1.2. Synthesis of a triphosphite derived from 1,2,4-tris(3-hydroxopropyl)cyclohexane

A.4.1.2.1. Synthesis of bis(2,4-di-tert-butylphenyl)phosphorochloridite

'H NMR (300 MHz, Methylene Chloride-&) 6 7.50 (d, /= 2.5 Hz, 2H), 7.37 (dd, /= 8.4, 1.4 Hz,
2H), 7.27 (dd, /= 8.4, 2.5 Hz, 2H), 1.49 (s, 18H), 1.38 (s, 18H). 3'P NMR (122 MHz, Methylene
Chloride-d:) 6 160.86 (s).
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Appendix Fig. 128: 'H NMR of the phosphorochloridte in CD:Cl: at rt.
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Appendix Fig. 129: 3P NMR of the phosphorochloridite in CD:Cl- at rt.
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A.4.1.2.2. Synthesis of the triphosphites starting from 1,2,4-tris(3-hydroxopropyl)cyclohexane

'H NMR (300 MHz, Methylene Chloride-&) 6 7.40 (m, 6 H), 7.14 (s, 12 H), 4.12 (m, 6 H), 1.63 (m,

9 H), 1.45 (m, 54H), 1.31 (m, 54H), 1.15 (m, 6 H). 3P NMR (162 MHz, Methylene Chloride-&) &
131.78 — 123.15 (m).
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Appendix Fig. 130:'H NMR of SB111 in CD:Cl at rt.
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Appendix Fig. 131:3 P NMR of SB111 in CD:Cl: at rt.

A.4.1.2.3. Trial of the synthesised triphosphites in the Rh catalysed hydroformylation

Table 20, Entry 1

FID1 A, Front Signal (BLIND_180418\BLIND_180418 2018-05-25 16-26-40\S8117_1.D)
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Appendix Fig. 132: Gas chromatogram (GC-FID) of Table 20, Entry 1.
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Substance Retention time [min] Area
Octene, different isomers 7.5-10.8 425.78719
Nonanal 20.6 1726.39001
Aldehydes, branched 20.1,20.2,21.4 147.07728
Table 20, Entry 2
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Appendix Fig. 133: Gas chromatogram (GC-FID) of Table 20, Entry 2.
Substance Retention time [min] Area
Octene, different isomers 7.5-10.8 756.14317
Nonanal 20.6 118.93311
Aldehydes, branched 20.1,20.2,.21.4 123.86169
Side products All other peaks 42.65378
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Table 20, Entry 3
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Appendix Fig. 134: Gas chromatogram (GC-FID) of Table 20, Entry 3.

Substance Retention time [min] Area
Octene, different isomers 7.5-10.8 863.80919
Nonanal 20.6 73.36377
Aldehydes, branched 20.1,20.2,.21.4 93.48969
Side products All other peaks 85.86129
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Table 20, Entry 4
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Appendix Fig. 135: Gas chromatogram (GC-FID) of Table 20, Entry 4.

Substance Retention time [min] Area
Methyl valerate 10.0 5.96930
Methyl 4-pentenoate 10.8 5.05186
Methyl 3-pentenoate 11.0 6.27066
Methyl 2-pentenoate 11.8 24.14089
Methyl 5-formylvalerate 24.7 319.68561
Methyl 4-formylvalerate 24.0 27.88828
Methyl 3-formylvalerate - -
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Table 20, Entry 5
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Appendix Fig. 136: Gas chromatogram (GC-FID) of Table 20, Entry 5.

Substance Retention time [min] Area
Methyl valerate 9.9 90.64935
Methyl 4-pentenoate - -

Methyl 3-pentenoate - -

Methyl 2-pentenoate - -

Methyl 5-formylvalerate 247 98.21521
Methyl 4-formylvalerate 22.2 148.44739
Methyl 3-formylvalerate 21.2 85.82200
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Table 20, Entry 6
M FID1 A, Front Signal (SB117\SB117 2018-06-06 10-31-25\SB117_6.D)
pA | E
] ‘
250 ‘
200{
]
]
150 -
100 ~ 8
‘ ] 3
] g B g
] < 85
] g &= =¥
i - il M.
0 10 20 ' 30

Appendix Fig. 137: Gas chromatogram (GC-FID) of Table 20, Entry 6.

Substance Retention time [min] Area
Methyl valerate 9.9 8.28672
Methyl 4-pentenoate 11.8 60.74820
Methyl 3-pentenoate 11.9 14.76285
Methyl 2-pentenoate 12.3 7.12904
Methyl 5-formylvalerate 24.7 301.72928
Methyl 4-formylvalerate 22.1 66.72614
Methyl 3-formylvalerate 21.2 22.66245
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Table 20, Entry 7
FID1 A, Front Signal (1806\1806000700.D)
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Appendix Fig. 138: Gas chromatogram (GC-FID) of Table 20, Entry 7.

Substance Retention time [min] Area
1,2,4-Trivinylcyclohexane 4.0-6.0 85.07731
Monoaldehydes 9.0-10.0 traces
Dialdehydes 18.5-19.5 597.66502
Trialdehydes 22.5-23.2 1710,45041

CXXVII




A. APPENDIX

Ligand Substrate IMLigand [mg] IMSubstrate [g] C [0/0] YAldehyde [0/0] Stinear [0/0]
SB111 1-Octen 9.0 0.1605 82 82 93
2-Octen 9.0 0.1605 24 23 51
n-Octen 9.0 0.1605 16 15 50
(mixture,
technical)
M4P 9.0 0.1465 100 96 90
M3P 9.0 0.1465 100 79 30
M4P/M3P 9.0 0.1465 83 81 76
(9:1)
TVCH 9.0 0.2320 97 71 -
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