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1 Introduction
1.1 Hydroformylation

1 Introduction

1.1 Hydroformylation

1.1.1 Introduction to hydroformylation

The hydroformylation of olefins is one of the most relevant industrially applied chemical reactions
worldwide in homogeneous catalysis.!-6 The annual production of over 10 million tons of
aldehydes reflects its importance.2 Principally, homogeneously catalyzed hydroformylation
describes the reaction of synthesis gas (“syngas”) — a mixture of hydrogen and carbon monoxide
— with alkenes under the formation of aldehydes (Scheme 1). Formally, this reaction can be
described as the addition of hydrogen (“hydro”) and a formyl group to the double bond of the

alkene in an atom-economical manner.2

1 3 © H H

R\ R cat. |
c=C +COMH, ——— R1—c|:—C—R3
/ \

R2 R* R2 ||Q4

Scheme 1: Principle of hydroformylation.

With the exception of ethylene as substrate, this reaction leads to a mixture of isomeric aldehydes.
In the case of terminal alkenes (R! and R? = H) the formation of the n-aldehyde and iso-aldehyde
is possible, as well as several other branched aldehydes, when double bond isomerization takes
place. In this case the description as linear (/) and branched (b) aldehydes is more precise. The
same applies when functionalized substrates are used. The two simplified reaction mechanisms
for the formation of n-aldehyde (Cycle I) and iso-aldehyde (Cycle II) are shown in Scheme 2.7
Additionally, if a prochiral substrate is used, the newly formed branched aldehydes are chiral,
which increases the possibilities of stereoselective conversions even further. The regioselectivity
of the reaction, meaning the ratio of isomers formed, are a decisive factor of every
hydroformylation reaction. It can be influenced by several reaction parameters: for example, the
applied catalyst system (metal and ligand) and reaction conditions such as temperature, pressure
and syngas composition. The developments of the past decades show that the rhodium based
catalysts in hydroformylation can offer excellent regioselectivities, chemoselectivities and

functional group tolerance at relatively low temperature and pressure.8-10
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Scheme 2: Simplified reaction mechanism of the hydroformylation.

Although aldehydes themselves are less commercially interesting (with the exception of perfume
ingredients, see Scheme 5), they are important intermediates for further reactions. They can be
transformed into alcohols by reduction, to carboxylic acids by oxidation, or to amines by reductive
amination. These in turn represent important starting materials for further conversions. Alcohols
can be dehydrated to alkenes which inherit one more carbon atom than the original alkene (olefin
homologization). Carboxylic acids can be converted into the corresponding esters. An overview
about important reactions and subsequent transformations is shown in Scheme 3. Some of these
final products are also synthesized in one-pot and tandem reactions in which the aldehydes as
intermediates are not isolated. Such subsequent reactions are e.g. hydrogenations, acetalizations
or C-C-coupling reactions.11-13 These industrially applied transformation further emphasize the
importance of a high stability paired with high stereoselectivity of the applied catalyst under quite
different and sometimes very severe reaction conditions. Sometimes the assistance of the

hydroformylation catalyst in the following reaction step is necessary.
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Scheme 3: Products and reactions based on aldehydes.

Even though the reaction can also be used to synthesize fine-chemicals like pharmaceuticals,
scents and flavors, the field of hydroformylation is mainly dominated by bulk processes with
respect to the production scale.1*-1% One example for the application of hydroformylation in a
commercially used synthesis route in the field of fine-chemicals is the synthesis of vitamin A
acetate by BASF (Scheme 4). The first step of this approach is the rhodium-catalyzed
hydroformylation of 1,2-diacetoxy-3-butene to the corresponding branched aldehyde. Final
elimination of acetic acid leads to the a,-unsaturated aldehyde which gives vitamin A acetate by

a Wittig reaction.1*

H,/CO QAc

OAc AcO . A TSN OA
Aco\)\/ ‘ ¢

o H - HOAc

Scheme 4: Application of hydroformylation in the total synthesis of Vitamin A acetate by BASF.

Another field that is highly dependent on the production of aldehydes by hydroformylation is the
field of scents. An example is the synthesis of n-octanal (caprylaldehyde) shown in Scheme 5. This
compound can be synthesized by Pt/Sn-catalyzed hydroformylation of n-heptene202! or by a
rhodium-catalyzed route developed by Sasol. This second variant gives probably 85 % yield of the
linear aldehyde when PPhs is used as a ligand.22 Naturally caprylaldehyde is part of several citrus
oils and has a pungent odor in high concentrations. On the other hand, it has a typical citrus scent
in low concentrations, and therefore it is used sparingly in fragrances. A final aldol condensation
of octanal with benzaldehyde gives a-hexyl cinnamaldehyde, which has an elegant, transparent

floral, jasmine note with a fresh citrus scent. This odor is very similar to the popular methyl



1 Introduction
1.1 Hydroformylation

dihydrojasmonate (also known as Hedione®), which is added to almost every fine fragrance.

Therefore a-hexyl cinnamaldehyde is used as an inexpensive alternative.23

a) PtCl,[P(4-Me-CgH,)3]o/SnCl,
CO/H, (52.7 bar:52.7 bar)

66 °C, methylisobutylketone, 3 h H
NSNS = \/\/\/\ﬂ/

b) Rh-L, CO/H, o

a) 90% conversion, 78% yield, /b = 93
b) no exact data available

©/j/\/\/\/\
O~ H
Scheme 5: Synthesis of a-hexyl cinnamaldehyde by different hydroformylation procedures.
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Figure 1: Hedione®.

Hydroformylation was discovered accidentally in 1938 by Otto Roelen (Ruhrchemie AG), who
called it the “oxo process”.2425 The process is also referred to as “oxonation”. Roelen discovered
the formation of small amounts of propanal and diethylketone as he was introducing ethylene and
synthesis gas to a heterogeneous catalyst while he was studying the Fischer-Tropsch reaction.2é
Only four years later the first plant started to operate. Following Roelen’s original procedure, the
first generation of hydroformylation processes applied cobalt catalysts and rather gentle reaction

conditions.5

Similar to the first generation, the second generation of processes employed unmodified Co-
catalysts but under more severe reaction conditions. Furthermore, the methods of recovering the
catalyst from the product changed. Either redox processes or transformation of the precatalyst
[HCo(CO)4] into water-soluble salts were applied. Moreover, instead of alkenes with longer carbon
chain mainly propylene was used as a substrate. Already in this generation outlets of up to 300 kt

per year were achieved. Major drawbacks of unmodified Co-catalysts are the rather low I/b-ratios,
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which can be improved by monodentate organic phosphine ligands. However, this leads to a lower
activity and the undesired formation of alcohols and alkanes.27.28 This improved process can be
performed under lower synthesis gas pressure (120-190 °C, CO/H; pressure 4-30 MPa) and is
still used today mainly in the synthesis of aldehydes or alcohols from long-chain or branched

alkenes.

The third generation of hydroformylation processes was developed in the late 1970s and operates
with rhodium catalysts that are modified by organic, mainly phosphorus containing, ligands.
Similar to the processes of the second generation rather low syngas pressures (1.8-6.0 MPa) and
temperatures (85-130 °C) are applied. These are also the conditions predominantly used until
now. About 70 % of the processes today are based on rhodium catalysts. In addition, nowadays
short-chain alkenes like ethylene, propylene and isomeric butenes represent the majority of the
substrates. One main difference between the second and third generation concerns the way of
catalyst recycling. Due to its high price compared to cobalt the recovery of rhodium has a
significant impact on the whole economic efficiency of a process. The estimated annual financial
loss can reach up to several million euros in a 400 kt/a plant, when only 1 ppm Rh/kg product is
lost.6 There are mainly two different methods used in industry for recovering the catalyst. The
first is the so called “gas recycle” whereby the resulting product is separated from the catalyst
solution with the support of a syngas stream. In the second method, the newly formed aldehyde

is separated by distillation.

The fourth generation employs another very efficient method for separating catalyst and product:
It is based on liquid-liquid biphasic processes in which an aqueous phase is used to immobilize
the rhodium complex which is water-soluble due to sulfonated phosphine ligands (TPPTS). The

formed aldehyde is mainly dissolved in the organic phase and can be separated from there.2?

As already mentioned in the previous paragraphs, the metals typically used in hydroformylation
are rhodium and cobalt. Due to the high price of rhodium, alternative metals gained importance
as well, but up to now they only play a role in academic research due to their relatively low
reactivity.30 A generally accepted row of the activity of the non-modified metals can be described

as below.31

Rh >> Co >Ir>Ru>0s ~ Tc > Pt>Pd > Mn > Fe > Ni >> Re

As a catalyst usually a homogeneous hydrido complex of the type [HM(CO).L,], with M

representing the metal and L representing carbon monoxide or an organic ligand, is submitted to
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the reaction. A hydrido complex with exclusively CO-ligands is called unmodified or “naked”

catalyst, while a catalyst with CO and additional organic ligands is called “modified” catalyst.

1.1.2 Ligands for hydroformylation

Ligands in modern hydroformylation processes fulfil several crucial tasks. They improve the
general catalysis properties, such as activity, regio- and chemoselectivity. Moreover, they can
significantly contribute to the stability of the organometallic complex towards other components
like water, aldehydes or acids during the hydroformylation process. Besides the alteration of the
catalytic properties, other incentives for the development of new ligands may be the
circumvention of existing patents or a better separability of the catalyst from the product. For
several decades, mainly trivalent phosphorus containing organic compounds — like phosphines,
phosphinites, phosphonites and phosphites — have been used (Scheme 6). A perusal of the patent

literature indicates that phosphites are the most common.

? A OR OR
/P\ /P /P /P
R” "R R” “OR R” “OR RO “OR
phosphine phosphinite phosphonite phosphite

Scheme 6: Phosphorus compounds commonly used as ligands.

In general, every organic ligand has to compete with CO for the free coordination sites of the metal
center. This results in an equilibrium of several complexes of the type [HM(CO)«Ly], which differ
in the number of CO and organic ligand coordinated to the metal, as shown in Scheme 7 using
rhodium as an example. It is important to note that only the complexes [RhH(CO)3L] and
[RhH(CO).L;] are the desired catalytically active complexes. A higher coordination number of
carbon monoxide leads to the unmodified catalyst, which is usually less active and has a lower
regioselectivity. Eventually, even higher coordination of CO to the metal can lead to the formation
of rhodium clusters and the precipitation of these from the reaction solution. On the other hand,
a high number of coordinated organic ligands can inhibit the coordination of CO, which leads in
consequence to hydrogenation or no activity at all. The shift of equilibria depends on the CO-
pressure as well as on the ratio of rhodium to phosphorus ligand. The coordination properties of
a ligand are determined by electronic and steric properties.3233 In comparison to phosphines
phosphites are better m-acceptors, and therefore they accelerate the CO dissociation from the
metal which is a precondition for the generation of the catalyst from the relevant precatalyst as

well as for the insertion in the rhodium-alkyl bond during the reaction.34 To generate the desired
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catalyst complexes usually a large excess of ligand is needed, which has to compete with CO for
free coordination sites on the metal. Dependent on the efforts for the ligand synthesis, this may
inherit a significant economic factor. Strategies in this matter will be further addressed in chapter

1.1.4.

L L

L
L L L
[RhH(CO),] ‘—T [RhH(CO),L] ‘—T [RhH(CO),L,] ‘—T [RhH(CO)L3]
co

H, CO 4 6]0)] CO cCO 4% L

[Rhy(CO)y] [RhHL,4]

Scheme 7: Equilibria between different Rh-complexes leading to different rhodium catalysts.

1.1.3 Phosphites as ligands for hydroformylation

Phosphites are triesters of phosphorous acid. Compared to phosphines they are characterized by
three aryloxy and alkoxy groups, respectively. They play a crucial role as mono-, bi- or polydentate
ligands in rhodium-catalyzed hydroformylation and many other catalytic applications.35 Over the
years, a comprehensive library of numerous ligands following this basic motive were synthesized,
incorporating varying steric, electronic or even chiral moieties.3637 Two of the most prominent
examples of this group of ligands are tris[2,4-di-tert-butylphenyl)phosphite (also known as
Alkanox® 240)38-42 and 6,6’-[(3,3’-di-tert-butyl-5,5-dimethoxy-1,1’-biphenyl-2,2’-
diyl)bis(oxy)]bis(dibenzo[d,f][1,3,2] which is also known by the name BIPHEPHOS claimed by

Union Carbide Corporation (now Dow Chemical).#3-45

QO

tBu tBu O—P P—O
0. 0 N /
~p~ O (0]
|
o) tBu tBu
L (1T
tBu tBu
OMe OMe
Alkanox® 240 BIPHEPHOS

Figure 2: Structure of Alkanox® 240 and BIPHEPHOS.
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Phosphites are synthesized by substitution reactions of various trivalent phosphorus compounds
with alcohols. The most common method is the reaction of phosphorus trichloride with
substituted phenols or alkanols (Scheme 8, Route I). It is also possible to carry out
transesterifications of phosphites (Route 11)#647 or the substitution reaction of phosphorous

triamides with alcohols (Route III).48 The latter are less frequently applied.

Route Il

s + 3 ROH

P(OR
Route | /
-3 HCI -3 R'OH

PCl; + 3ROH P(OR);

\\\\\\\\\\\ Route IIl
-3 HNRY,
(

P(NR%); + 3 ROH

Scheme 8: General routes for the synthesis of phosphites.

When the synthesis with PCls is applied, the use of a base (ammonia, trialkylamines or nitrogen
containing heterocycles) is recommended. Trapping of the HCl does not only shift the equilibrium
of the reaction towards the desired product but also inhibits the reaction of phosphites with HCI

to the corresponding dialkyl hydrogen phosphites.

It is also possible to synthesize nonsymmetrically substituted phosphites of the structure
P(OR2)OR’ by subsequent reaction procedures as shown in Scheme 9.35 For small scale reactions
usually nonpolar solvents like THF or toluene are used. For large-scale reactions, solvents may
not be required. During the reaction of diols and phosphorus trichloride, monochlorophosphorus
diesters, also referred as phosphorchloridites, are usually formed, as these benefit from enhanced
stability by the ring structure. Subsequently, these can be treated with monoalcohols as shown in
Scheme 9, 1149 This procedure can be applied successfully when the ring size of the synthesized
cyclic phosphite consists of five to eight atoms.*6 Sometimes, it is advantageous to enhance the
nucleophilicity of the alcohol. For this purpose it can be treated with organolithium compounds

to convert them into the corresponding Li-salts.50
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Scheme 9: Synthesis of nonsymmetrically substituted phosphites.

(RO),POR'

2

\d

Starting from the previously reported synthesis of nonsymmetric phosphites also the synthesis of

symmetrict and nonsymmetric bidentate or polydentate phosphites is possible.105152 A common

problem in the synthesis of nonsymmetric phosphites from two diols (as it would occur if the

second alcohol R'OH in Scheme 9, example II would also be a diol) is the formation of a cyclic

phosphite as well as a monoester (Scheme 10, Route I and Route II). When the steric construction

of the backbone allows the formation of both products, two compounds may be produced. This

can lead to a hard-to-separate mixture which requires additional purification steps and eventually

reduces the yield of the desired product.3¢ Otherwise, this synthesis procedure can also be

employed to synthesize nonsymmetric potentially bidentate phosphites (Scheme 10, Route III).53

Similarly, based on polyols, potentially polydentate coordinating ligands are also accessible.54-56
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Scheme 10: Synthesis of symmetric and nonsymmetric potentially bidentate phosphites.
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1.1.4 Potentially polydentate coordinating ligands in hydroformylation

Polydentate ligands can inherit several positive properties to the catalytic system. The stability of
rhodium complexes with bi- and polydentate ligands can benefit from the chelate effects as it is
statistically less likely to dissociate all phosphorus groups at the same time. Zhang et al. argued
that tetradentate ligands can show enhanced chelating abilities due to multiple chelating modes
which might increase the local phosphorus concentration around the metal center (Scheme 11).57
If one phosphorus group dissociates from the metal center, two other phosphorus moieties can
rearrange and thus restore the catalytically active state. This kind of “enhanced multidentarity” is
demonstrated to enhance the ligand to stabilize catalytic systems and improve their longevity in
transition-metal-catalyzed coupling reactions.58-62 Additionally, these ligands lead to higher
concentrations of the desired catalytic species mentioned in chapter 1.1.2 due to the presence of
multiple chelating modes. The rhodium center can be coordinated in four different manners by
the same ligand (Scheme 11).63 Unfortunately, up to now no real proof of this behavior has been

given in the literature.

P1 P3 P1 P3

P1 P3 P1
& ] == T o= ] o
\ ':,,//P4 %”/P“' P2 e { PZ NP“

P2 '//P4

Scheme 11: Enhanced chelating ability of a tetraphosphine ligand through multiple chelating modes and
increased local phosphorus concentration at the metal center.

Moreover, sterically hindered P-ligands favor the formation of linear aldehydes. The previously
(Chapter 1.1.3) mentioned bidentate BIPHEPHOS was one of the first ligands designed for this
purpose followed by many other examples.#345 There are also several tri- or tetradentate ligands
reported in the literature that inherit excellent n-regioselectivities of up to 99 % (two examples
are shown in Figure 3).857.63-65 Furthermore, these polydentate ligands give the described
superior results at exceptionally low ligand/metal ratios. This fact is also an important benefit of
polydentate ligands as usually a huge excess of ligand is used, which in turn leads to higher
production costs. The economic efficiency of an industrial process can be significantly increased
if a lower ligand concentration is required. Moreover, the use of more complicated and therefore

more expensive ligands could therefore gain more interest.
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Figure 3: Structures of a tridentate phosphite by Bérner and a tetradentate phosphine by Zhang.

1.1.4.1 PNP-ligands in hydroformylation

A special case of potentially tridentate ligands are PNP-ligands which contain one potentially

coordinating nitrogen in the backbone of the structure and two additional phosphorus groups.

R,P PR,
N

Figure 4: Systematic structure of PNP-ligands.

PNP-ligands with a phosphine group containing aryl or alkyl groups are generally synthesized by
one of the following four routes (Scheme 12). The first methodology uses magnesium and
halophosphines in a Grignard type reaction. In this case the halogen from the phosphorus
precursor is displaced by the organometallic compound.¢6-68 Route Il employs a strong base such
as potassium tert-butoxide to deprotonate the secondary phosphine. The generated phosphide
reacts in a second step with a dihalogenated dialkyl or diaryl amine.6869 Alternatively, also sodium
phosphide can be used.”® For the third route an activated methyl derivative is first deprotonated
with an organolithium compound. Afterwards a halophosphine is added.”1.72 Route IV showcases
the addition of a secondary phosphine to the halogenated backbone followed by selective
deprotonation with triethylamine.”3 Only recently, Keglevich reported a microwave assisted
Kabachnik-Fields reaction to synthesize PNP-ligands from primary amines, paraformaldehyde

and secondary phosphines (Route V).74

Several structures are available as options for the backbone. It may contain nitrogenous
heterocycles (e. g. pyridine, pyrrole or triazole) or secondary or tertiary amines. The latter are

frequently protected throughout the whole synthesis.
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Scheme 12: Synthesis routes for PNP-phosphine ligands.

There are currently only a few reports in the literature concerning the use of PNP-pincer ligands
in hydroformylation. Different from other tri- or tetradentate ligands, pincer ligands can bind to
three adjacent coplanar sites of the metal center.’576 Additionally, their backbone is relatively
smaller.’? Chen and co-workers described the rhodium-catalyzed hydroformylation of
cyclohexene, 2,5-norbornadien (NBD) and dicyclopentadiene (DCPD) using four PNP-pincer
ligands with pyridine backbone (Figure 5).77 They were able to achieve conversions of
cyclohexene of up to 97 % with ligand L1. For the more sterically demanding NBD even
conversions up to 99.9 % were reported. It was also possible to obtain a 97 % yield of the di-
aldehyde with ligands L1 and L2 which is one of the best results reported up to now.”’87% Another
superior regioselectivity was achieved by the assistance of ligand L4 which gave only the mono-
aldehyde and no detectable di-aldehyde at all. Unfortunately, the conversion in this case reached
only 21 %. The hydroformylation of DCPD was performed in a similarly successful manner with

conversions by up to 99.9 % and yields of the di-aldehyde by up to 93 %.
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Figure 5: PNP-pincer ligands used for hydroformylation by Chen.

Furthermore, the group of Keglevich reported the platinum-catalyzed hydroformylation of
styrene using PNP-pincer ligands with amine backbone (Figure 6) synthesized by a microwave
assisted method.” These ligands showed good activities and chemoselectivities with conversion
to the corresponding aldehydes by up to 79 %. Moreover, they induced high regioselectivity. In
this case the substituents at the phosphine moieties seem to have an impact on the activity of the
catalyst as the ligand with benzyl substituent showed lower conversions than the 4-MeC¢Hs-
substituted analogue paired with similar chemoselectivities. Conversely the substituent at the

amine backbone had no remarkable effect.

N

RoP PR,

Y = n-Bu, cyclo-Hex, Bn
R =Bn, 4-MeCgH,4

Figure 6: PNP-pincer ligands used for hydroformylation by Keglevich.

An interesting new type of PNP-pincer ligands was described by Mathey et al. containing a pyrrole
backbone decorated with phosphabenzene units.8? The ligand was tested in the rhodium-
catalyzed hydroformylation of a-pinene (Scheme 13) and mainly produced the terminal aldehyde

with a yield of 49 % and a ratio of a:b:c 0f 21.8:4.3:1.
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Scheme 13: PNP-pincer ligand by Mathey and application thereof in the hydroformylation of a-pinene.

1.1.4.2 Triphosphorus ligands in hydroformylation

The use of hemilabile coordinating polyphosphorus ligands represents an interesting concept for
the hydroformylation of olefins. Surprisingly, compared to bi- and tetraphosphorus ligands, only
a few examples of triphosphorus ligands were reported. As already mentioned in chapter 1.1.4,
polydentate ligands are characterized by improved chelating properties which eventually result

in a higher regioselectivity of the catalytic system.57

One of the earlier investigations of triphosphorus ligands in hydroformylation was published by
Taniguchi and co-workers in 1988 as they investigated rhodium complexes with MeC(CH2PPh;)3
(“triphos”) in hydrogenation and hydroformylation.8! In this study they compared activity and
regioselectivity of the tridentate ligand with the monodentate coordinating triphenylphosphine
in the hydroformylation of 1-hexene. The tridentate ligand showed a lower activity (and no
activity at both low temperature and low pressure), but the I/b-ratio was higher compared to
those obtained with the monodentate ligand. Very similar results were reported by the research

group of Caulton two years later.82

Just recently in 2018 Baricelli and co-workers investigated the hydroformylation of limonene by
comparing the monodentate triphenylphosphine, the bidentate dppe and the previously
mentioned triphos. They claimed to be the first research group to investigate the
hydroformylation of terpenes with a triphosphine ligand. In this case no significant difference in
regioselectivity was observed as all three catalytic systems provided the desired limonenal in
around 95 % yield, yet the activity of the bi- and tridentate system was significantly lower
compared with that realized by the assistance of the monodentate ligand. The authors proposed
that the catalytic mechanism proceeds according to a mechanism similar to those with 1-hexene
as substrate. In this case, the catalytically active species is a hydrido carbonyl complex containing

two phosphorus atoms coordinated at the rhodium center in an equatorial fashion.s3
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Figure 7: Investigated bi- and triphosphine ligands.

Furthermore, in 2018 the group of Nozaki compared triphos and newly designed nitrogen
centered bi- and tridentate ligands in the branched-selective hydroformylation of rather reactive
alkenes (1-hexene, allylbenzene, allyl cyanide and 3-butenol) as substrate. They observed
significantly higher activities induced by the new ligands compared to triphos. They also noted a
divergent reactivity of the bi- and triphosphines at low loading and low pressures. Whereas
triphosphines afforded mainly branched aldehydes, the diphosphine did not. However, excellent

b-selectivity could only be maintained at the expense of low activity.8+

Another example in this specific field concerns two new tridentate phosphorus structures, which
were tested in the hydroformylation of terminal and internal alkenes by Zhang and co-workers.
They developed a tridentate analogue to Bisbi (Figure 8) that showed slightly better I-selectivity
in the hydroformylation of 1-octene, 1-hexene and 2-octene compared to the parent ligand.s5
Moreover, a butene mixture was oxygenated with high I-selectivities of up to 96.8 % and turn over
frequencies. The newly synthesized Tribi also induced higher I-selectivity in the hydroformylation
of 1-octene than the monodentate triphenylphosphine. Moreover, a triphosphoramidite ligand
was synthesized which exhibited excellent I-selectivities (up to 99.8 %) in the hydroformylation
of 1-octene and 1-hexene and also very high regioselectivities in the
isomerization/hydroformylation of 2-octene (98 %).86 This result is similar to that obtained with
the tetradentate analogue and superior to that of the bidentate analogue. Additionally, catalysts

of the triphosphoramidite exhibited good regioselectivities in the hydroformylation of styrene.
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Figure 8: Structures of Bisbi, Tribi and selected phosphoramidites.

1.2 Hydrolysis of phosphites

A catalyst is a chemical compound that increases the rate of a reaction by providing an alternative
reaction pathway with lower activation energy compared to the non-catalyzed mechanism
without being consumed. Therefore, it is assumed, in theory, that it is fully regenerated after each
catalytic cycle and can continue to act repeatedly. Because of this virtue, in general only very small
amounts of catalyst are required. However, in practice, the catalyst is always subjected to
alterations, for example, due to degradation reaction with the components present in the catalytic
system (e.g. starting products, (side)products, solvents and impurities), which in turn results in a
decrease in the concentration of the catalyst. This may consequently affect activity and/or
selectivity.8” Especially organic ligands, which are used in homogeneous catalysis and form the

catalytically active species together with a metal, are prone to those alterations.

Whereas phosphines are susceptible to oxidation and P-C bond activation, phosphites and similar
P-0 bond-containing compounds are mostly instable towards hydrolysis.”.87.88 Due to the reaction
with water, pentavalent species are formed which cannot coordinate to the metal center because
they lack a free electron pair. As a result, unmodified metal carbonyl complexes emerge, which
are less active, selective, and, in the worst case, cause a loss of the precious metal by formation of
catalytically inactive clusters, followed by metal deposition.88 However, since the pentavalent
form of the phosphoric acid diester is in tautomeric equilibrium with a trivalent form,
coordination of the degradation products to the metal center is possible (Scheme 14). When all

aryloxy or alkoxy groups are gradually substituted, phosphorous acid remains as the final product.
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The acid will then catalyze with acidic organic phosphorus intermediates (phosphoric acid esters)

the hydrolysis and lead to the autocatalyzed decomposition of the ligand.8?

autocatalysis

[Rh] !
RO » -[Rh] RQ +H,0 RO
\ \ L, .
P P-OR —— PS, = HsPOs
l RO [Rh]
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P-oH — R
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Scheme 14: Degradation of phosphites by (autocatalytic) hydrolysis.

The exact hydrolysis mechanism was investigated by utilization of NMR experiments with 170-and
180-labeled water. The results provided evidence that a P-O- and not a C-O-bond is cleaved, as the

alcohol that was released from the reaction did not contain the labeled oxygen.89
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Scheme 15: Mechanism of the hydrolysis of phosphites.

The hydrolytic stability of phosphites is an important issue in industrial processes, because water
will inevitably be formed during hydroformylation as a byproduct of the aldol condensation of the
product aldehydes. Therefore, the study of their behavior towards water is crucial for the design
of new ligands, as well as for adjusting proper reaction conditions. Of course, measures against
hydrolysis should not affect the catalytic properties of the ligand. In the literature, some

phosphites are described which combine all the desired properties. Prominent examples are the
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phosphites Alkanox® and BIPHEPHOS, both of which were already mentioned in chapter 1.1.3.
These two phosphites are decorated with several tert-butyl groups. Due to the large number of
different substituents, the unique effect of a single group on stability and catalytic properties does

not become clear. Therefore, especially dedicated studies are highly requested.

To date, only a very limited number of investigations concerning the hydrolysis of phosphites have
been reported in the literature. One remarkable study was reported by van Leeuwen and co-
workers several years ago, where they utilized a simple heteroatom-substituted phosphine oxide
(HP(O)Phy), often referred to as a HASPO, in platinum-catalyzed hydroformylation. The results

suggested that the catalytic impact of such degradation products should not be underestimated.?°

In a previous study from the group of Bérner it was also reported that 0,0'-3,3-di-tert-butyl-5,5‘
dimethoxy-1,1‘-biphenyl-2,2‘-diylphosphonate, which is a hydrolysis product of several
industrially used mono- and bidentate ligands, can coordinate to rhodium(I) in its trivalent form
(Scheme 16).889192 Several mono- and di-nuclear rhodium complexes were formed. These
catalysts modified by HASPO exhibited increased activity and n-regioselectivity in the
hydroformylation of 1-octene and n-octenes compared to the unmodified (“naked”) rhodium.
Additionally, five secondary aryl-substituted phosphine oxides with different steric and electronic
properties were synthesized and their coordination behavior investigated.’! Furthermore, their
performance in the hydroformylation of cyclohexene and 1-octene was investigated, proving that

they form active hydroformylation catalysts.?2

_R
0 H\P,/O OH
P PN P
o/ \O (0] (0] o/ \o
tBu tBu *HO0  Bu Bu . tBu tBu
Oy e O () O )
MeO OMe MeO OMe
MeO OMe 90% 10%
HASPO

Scheme 16: Degradation of 0,0‘-3,3‘-di-tert-butyl-5,5'-dimethoxy-1,1‘-biphenyl-2,2‘-diylphosphonate and its
tautomeric equilibrium between pentavalent and trivalent structure.

Studies addressing the stabilizing and destabilizing effects of substituents on the stability of
phosphites are even rarer. Since very different analytic methods and reaction conditions have
been applied, the comparison of results reported in the literature is almost impossible. For
example, the hydrolysis stability of several bulky phosphites bearing tert-butyl groups (e.g.
Alkanox® P-24, Ultranox® U641, Sandostab P-EPQ (now Hostanox® P-EPQ®) and Alkanox® 240),

which are used in polymer chemistry as antioxidants, was investigated by the research group of
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Edge.?3 In this case the hydrolysis rates were measured at 60 °C in a saturated NaCl solution.
Alkanox® P-24 was fully hydrolyzed after 7 h, Ultranox® U641 after 18 h, Sandostab P-EPQ (now
Hostanox® P-EPQ) after 90 h, and Alkanox® 240 showed no sign of hydrolysis after 400 h (Scheme

17).
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tBu tBu
O0._.0

/©/ l?
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<<

u
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Scheme 17: Hydrolysis stability of bulky phosphites.

Recently, Oberhauser and Manca reported on the catalytic hydrolysis of aromatic and aliphatic

tertiary phosphites by cationic phosphametallocene-based platinum(II) aqua complexes under

neutral reaction conditions.* Evidence was given that the selective cleavage of a P-O bond occurs

in the coordination sphere of the platinum(Il) due to the transfer of a water molecule to the

phosphite (Scheme 18). The results also showed a clear difference in the reaction rate of the

hydrolysis between aromatic and aliphatic phosphites, with the aromatic structures exhibiting a

significantly slower decomposition rate.
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Scheme 18: Proposed catalytic cycle for the phosphite hydrolysis reaction in the coordination sphere of

platinum(II).

In 2016, again the group of Bérner studied the hydrolysis of a nonsymmetric bidentate phosphite

and its both monophosphite constituents, respectively (Figure 9).95 The concerned nonsymmetric

bidentate ligand was characterized by a biphenolphosphite and an acylphosphite moiety. In this

study, the biphenolphosphite unit was proven to be of a magnitude more stable towards the

hydrolysis than the acylphosphite unit, which decomposed rapidly to salicylic acid and

phosphorous acid.

biphenol- acyl-

phosphite O Bu o phosphite

MeO
o ?
o P/ F’\o
\ /
tBu 'e) 0
tBu tBu
MeO OMe

Figure 9: Structure of the investigated nonsymmetric bisphosphite.
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In addition, the influence of different substituents on the acylphosphite moiety on the hydrolytic
stability was elucidated using in situ NMR spectroscopical methods. In principle, organic
substituents with electron donating or accepting properties alter the Lewis-basicity of
phosphorus and oxygen. The rate of hydrolysis can also be controlled by introduction of sterically
demanding bulky substituents which cause kinetic inhibition. Noteworthy, bulky and electron
donating groups (e.g. tert-butyl or methoxy) improve the stability, whereas electron withdrawing

substituents, such as chlorine, have a destabilizing effect (Figure 10).

oot ol ol e

Figure 10: Effect of substituents on the hydrolysis stability of an acylphosphite.
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2 Aim of investigations

Even after over 80 years of scientific research in the field of hydroformylation, the reliance of
properties, such as activity, chemoselectivity and stability, on the structure of the catalyst is not
yet sufficiently understood. To further elucidate this topic, the influences of different substitution
patterns and denticity of organic ligands on the hydroformylation properties of the resulting
catalysts were investigated in order to correlate these features with the overall performance in

catalytic reactions.

Chemo-
selectivity

We hypothesized that different substituents on phosphorus directly or in more distant positions
can significantly influence hydroformylation properties and stability. In addition, the use of
several coordinating groups could probably also have a major impact on the aforementioned

properties.

Therefore, to better understand these influences, the following tasks have been dealt with in the
context of this thesis: Several potentially mono- and bidentate phosphites with different
substitution patterns should be synthesized. Unsubstituted biphenolphosphite and
benzopinacolphosphite were chosen because they exhibited superior catalysis properties in
previous investigations.?6-98 The influence of various substituents on the hydroformylation
performance and hydrolysis stability should be investigated independently from other structural

alterations. Furthermore, several PNP-pincer ligands with different substituents on the phosphine
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moieties should be synthesized and subsequently tested concerning their catalytic properties.
Also, a potentially tridentate sterically hindered phosphine should be tested in the catalytic
reaction using supplementary the statistical tool of Factorial Design to optimize the yield and

regioselectivity of the reaction.

O PPh,
PR, PR, /@\
o} N tBu , PPh,
P-O-R | X 5 Fe
y tBu
O O P ‘(d)(

R Q PPh,

biphenolphosphites benzopinacolphosphites PNP-pincer ligands ferrocenyl phosphine

Figure 11: Investigated structures.
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3 Results and discussion

3.1 Investigations of substituent effects of mono- and bidentate phosphites

on hydroformylation performance and hydrolysis stability

3.1.1 Biphenolphosphites
3.1.1.1 Synthesis

To investigate the influence of different substitution patterns on mono- and bidentate phosphites
seven ligands with biphenol moiety were synthesized, containing substituents in ortho- and meta-
position to the aryl phosphite group. Moreover, the influence of a free hydroxyl groups and

varying OH-protection groups were examined.

First biphenolphosphorchloridite 1, as chemical building block for the synthesis of the phosphites,
was synthesized adapting a synthesis procedure developed in our research group.?? For this 2,2’-
biphenol was treated with an excess of phosphorus trichloride in the presence of N-methyl-2-

pyrrolidone (NMP) at 60 °C (Scheme 19).

0.01 Aq NMP O
OH HO THF o)
25 PClj; + - > /P—C|
60 °C - 75 °C O o)

1.5h

Scheme 19: Synthesis of a biphenolphosphorchloridite.

As reference, to study the impact of the different substituents, the simple and completely
unsubstituted biphenolphosphite 2a was synthesized from the previously produced 6-chloro-
dibenzo[df][1,3,2]dioxaphosphepine (1) and phenol using triethylamine as supporting base.
Furthermore, a phosphite using an ortho-phenyl substituted phenol was prepared (2b). The

reaction equation can be found in Scheme 20 and detailed information is gathered in Table 1.
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O 0 OH base

P—Cl + —_—

o solvent
R

1 2a-2e
(25-49 %)

Scheme 20: General synthesis of biphenolphosphites.

Table 1: Reaction conditions and yields of monophosphites synthesized.

Phosphite —R Base Solvent Temperature [°C] Yield [%]
2a —H NEt;  toluene -20 26
2b /© NEt;  THF 220 49
HO
2c D n-BuLi  THF -30 38
o,Bn
2d /© NEt;  toluene -20 41
_SiMe,tBu

0]
2e /© NEt3 THF -20 25

Furthermore, phosphite 2c bearing a free hydroxyl group was assembled. As starting product

again 2,2’-biphenol was used. In this case triethylamine did not prove to be a suitable base. The
reaction of 6-chloro-dibenzo[d,f][1,3,2]dioxaphosphepine and one equivalent 2,2’-biphenol led to
a mixture of phosphorus containing compounds with the symmetric bisphosphite 3a as main
product (Scheme 21). Only the selective deprotonation of one hydroxyl group of 2,2’-biphenol
with n-BuLi and the resulting formation of the corresponding lithium salt with subsequent
addition of the phosphorchloridite 1 led to significant production of the desired monophosphite
2c.
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O HO
o OH O NEt,

R

Scheme 21: Synthesis of 2c in the presence of triethylamine.

To receive two monophosphites with differently protected hydroxyl groups several reaction steps
were necessary to obtain the sophisticated nonsymmetric biphenol building block which are
further described in Scheme 22. In the first step, the free hydroxyl group of the bromophenol was
protected. According to the literature two protocols for the synthesis of the building blocks 4a100
and 4b!01 were applied. For the following step, the conversion of bromine into a boronic acid

moiety, literature procedures were adapted as well to synthesize 5a and 5b.102.103

_R
OH . o’R formation of O
protection . -
boronic acid
—_— D —— e
Br Br B(OH),
4a: R =Bn 5a: R =Bn
4b: R = SiMe,tBu 5b: R = SiMe,tBu
OH
o4
Suzuki-Miyaura
O cross coupling reaction
o

(0] _R
R O
o 1
OH O
-
formation of
phosphite

2d:R =Bn 6a: R =Bn
2e: R = SiMe,tBu 6b: R = SiMe,fBu

Scheme 22: Reaction scheme for the synthesis of the hydroxyl protected phosphites 2d and 2e.
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The O-protected biphenols 6a and 6b, which are required as building blocks for the final
phosphite were synthesized by the Suzuki-Miyaura cross coupling reaction. The reaction
conditions were taken from a literature procedure for the coupling of two phenols to symmetric
and nonsymmetric biphenols.1%4 Table 2 depicts the optimization protocol for both compounds.
For the benzyl protected biphenol 6a the reaction conditions of entry 2 were chosen due to time
efficiency. In case of the O-tert-butyldimethylsilyl protected compound 6b the reaction conditions

of entry 7 afforded the best yield with 69 %.

Table 2: Optimization of Suzuki-Miyaura coupling reactions for the synthesis of the protected biphenols 6a

and 6b.

Entry Pr;ﬁfltli)“g [rl;f')l/oc/o | Solvent Tem‘[’fgft“re Time [h] Yield [%]
1 Bn 2 H20 80 48 13
2 Bn 5 H.0 100 48 54
3 Bn 5 H20 100 24 53
4 SiMeztBu 5 H20 70 18 49
5 SiMetBu 5 isopropanol 70 18 48
6 SiMe,tBu 5 acetonitrile 70 18 0
7 SiMetBu 5 1,4-dioxane 70 18 69
8 SiMe;tBu 5 H,0 90 18 25
9 SiMe;tBu 5 1,4-dioxane 90 18 10

Afterwards the free hydroxyl group was coupled with the biphenolphosphorchloridite 1, as
already described, to form the final phosphites 2d and 2e in moderate yields (Table 1).

Moreover, the two bidentate phosphites 3a and 3b with biphenol moiety, which were already
synthesized in previous studies,195 were resynthesized for the purpose of this thesis (Figure 12).
Compound 3a is an analogue to BIPHEPHOS, which was already mentioned in the previous
chapters 1.1.3, 1.1.4 and 1.2. This compound possesses a symmetric 2,2’-biphenol in the backbone
which links two phosphite moieties. In contrast, 3b consists of a nonsymmetric 2,3’-biphenol

backbone, which was generated by Suzuki-Miyaura cross coupling.104
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3a 3b

Figure 12: Structures of the bidentate phosphites 3a and 3b.

3.1.1.2 Hydroformylation experiments

Afterwards, all new ligands were tested in the rhodium-catalyzed hydroformylation and
evaluated individually in hydrolysis experiments. To investigate the activity and n-selectivity of
the monodentate and bidentate biphenolphosphites, hydroformylation experiments were
performed using n-octenes — a technical relevant mixture of isomeric octenes — as a model
substrate. The hydroformylation experiments were performed in a 16 ml stainless steel autoclave

manufactured by HEL Group (Figure 13).
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Figure 13: The 16 ml autoclave manufactured by HEL Group.

The highest yields of aldehydes with over 90 % were achieved with rhodium complexes of ligands
2a, 2¢, 2d and 3a whereas the complexes bearing the bidentate BIPHEPHOS analogue 3a showed
the best yield with 95 %. Interestingly 3a induced under the same reaction conditions also a good
n-selectivity with 48.0 % (Table 3, entry 16). Higher n-selectivities were accompanied by
significantly lower activities. It is worth mentioning that 3a gave these high activity and n-
selectivity at a relatively low P/Rh ratio. When a higher P/Rh ratio was applied, the aldehyde yield
dropped significantly. All catalysts of new monodentate phosphite ligands led to similar activities
and n-selectivities. Among the catalysts with monodentate phosphites only a rhodium complex
based on 2e, containing an O-tert-butyldimethylsilyl group, did not show any hydroformylation
activity at all. This phosphite even seems to have an inhibiting effect. Moreover, the potentially
bidentate ligand 3b, gave lower aldehyde yields than all other phosphites except for 2e. Also, in
this case, similar to the hydroformylation with 3a, the highest activity was again achieved at
relatively low P/Rh ratio. Experiments with higher P/Rh ratio showed lower yields but high n-

selectivities.
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Table 3: Hydroformylation of n-octenes? with biphenolphosphites.

Entry Ligand P/Rh Yield of Aldehydese¢ n-Selectivityc [%)]
[%]

1 2a 2 88 31.0
2 4 93 29.5
3 8 93 20.3
4 2b 2 88 33.2
5 4 85 28.9
6 8 52 29.6
7 2c 2 87 44.0
8 4 89 43.0
9 8 92 37.8
10 2d 2 93 32.2
11 4 89 324
12 8 75 28.9
13 2e 2 0 -

14 4 1 -

15 8 0 -

16 3a 2 95 48.0
17 4 65 38.9
18 8 5 68.3
19 3b 2 35 43.4
20 4 6 61.6
21 8 3 78.3

a[Rh] = 1.0x10-3 mol-L-1; T = 120 °C; p = 20 bar; t = 4 h; solvent: toluene; S/Rh = 2000. »3.3% 1-
octene, 48.4% Z/E-2-octene, 29.2% Z/E-3-octene, 16.4% Z/E-4-octene, 2.1% skeletal C8-
olefinic isomers, 0.6% n-octane. cDetermined by GC with toluene as internal standard.

30



3 Results and discussion
3.1 Investigations of substituent effects of mono- and bidentate phosphites on hydroformylation
performance and hydrolysis stability

3.1.1.3 Hydrolysis experiments

To test the synthesized phosphites towards their stability against water, a definite amount of
phosphite was dissolved in 1,4-dioxane to gain a 0.049 M solution. Afterwards 100 equivalents of

deoxygenized water were added. The general protocol is shown in Scheme 23.

§ ¢

(0]
| 100 eq. H,O
O—FP 1,4-dioxane
\ B ——
(0]

Scheme 23: Hydrolysis conditions for biphenolphosphites.

The use of a high excess of 100 equivalents of water opens up the possibility of applying pseudo-
first-order kinetics to determine the reaction constant and half-life of the reaction. A pseudo-first-
order can be assumed when one reagent is present in large excess and therefore stays
approximately at a constant concentration during the reaction. The kinetic can be described by

equation (1).

— = k- [A] 1)

If the concentrations of starting product A or of a final product are plotted against time ¢, an
exponential curve results. A logarithmic plot, on the other hand, provides a linear correlation for
the decrease of the concentration of the starting compound. The exemplary plots of 3a are shown

in Figure 14.
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Figure 14: Direct and logarithmized plots of the concentration profile of 3a during hydrolysis.
Conditions: [L] = 0.049 mol-L-1; H20/L = 100; T = 90 °C; solvent: 1,4-dioxane.

To determine the half-life of the phosphites, the rate constant ks is needed, which can be derived
from the equations of the plotted concentration profiles. The half-life of a pseudo-first-order

reaction can be calculated using equation (2).

In(2)

tl/Z = T (2)

The half-life could not be obtained for all decomposition experiments as some phosphites
decomposed too quickly, whereby not sufficient data points existed to determine the rate
constant. Moreover, other phosphites did not decompose at all, and some experimental data did
not show the behavior of first-order reactions. Therefore, besides the half-life, the complete

decomposition time of the phosphites was also determined.
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The hydrolysis of the phosphites was studied at room temperature to obtain sufficient
differentiation (Table 4) and at 90 °C to simulate common conditions for hydroformylation
reactions (Table 5). The hydrolysis of biphenolphosphites showed very divergent results. The
lowest hydrolysis stability was noted for 2c and 2d. Both decomposed in less than eight hours at
room temperature which is why not enough data points for the determination of the rate constant
could be measured (Table 4, entries 3 and 5). The highest stability was observed for 2e and 3b.
Both showed half-life times of over 1200 hours at room temperature and over 10 hours at 90 °C

(Table 4 and Table 5, both entries 5 and 7).

Table 4: Hydrolysis? of biphenolphosphites at room temperature.

Entry Ligand Kobs? [10-4 min-1] t1/20 [h] Complete

Decompositione [h]

1 2a 0.435 265.7 2140
2 2b 0.423 273.2 1858
3 2c - - 8
4 2d - - 4
5 2e 0.096 1203.5 2985
6 3a 0.988 116.9 -
7 3b 0.088 1309.8 -

a[L] = 0.049 mol-L-1; H,0/L = 100; T = room temperature; solvent: 1,4-dioxane. YDetermined by
quantitative 31P NMR based on pseudo-first-order rate constant, derived from exponential

curve fitting of decomposition versus time. c<Determined by 31P NMR.

33



3 Results and discussion
3.1 Investigations of substituent effects of mono- and bidentate phosphites on hydroformylation
performance and hydrolysis stability

Table 5: Hydrolysis? of biphenolphosphites at 90 °C.

Entry Ligand Kobs? [10-3 min-1] t1/2b [h] Complete

Decompositione [h]

1 2a 0.6974 16.6 7.0
2 2b 7156 16 8.0
3 2c - - 0.0
5 2d - - 0.0
6 2e 0.633¢ 18.24 115
4 3a 3070.000 0.0 2.0
7 3b 64.200 0.2 10.5

a[L] = 0.049 mol-L-1; H0/L = 100; T =90 °C; solvent: 1,4-dioxane. ’Determined by quantitative
31P NMR based on pseudo-first-order rate constant derived from exponential curve fitting of
decomposition versus time. cDetermined by 31P NMR. dDetermined for the initial period of

hydrolysis without autocatalysis. Onset of autocatalysis for 2a: 2 h, 2e: 6.5 h.

At 90 °C the decomposition rates of the phosphites 2a and 2e increased at a certain point, which
may be rationalized by autocatalysis due to the increasing formation of acidic degradation
products. Therefore, the reaction rate constant and half-life were determined only for the initial
part of the reaction (2h for 2a and 6.5h for 2e). Afterwards the decomposition reaction

accelerated significantly. The hydrolysis behavior of both phosphites is shown in Figure 15.
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Figure 15: Hydrolysis of 2a and 2e at 90 °C.

3.1.1.4 Conclusion

In conclusion, no clear trend in the hydroformylation properties with respects to the substitution
patterns on the aryl phosphite backbone in the application of the newly synthesized
biphenolphosphites can be derived. It is worth mentioning that an O-silyl group (ligand 2e),
apparently possesses inhibiting properties. This might be explained with a desilylation of the
hydroxyl group. This is particularly worth mentioning because phosphites with silyl groups have
already been synthesized and tested in hydroformylation in our research group.l%¢ In these
experiments no inhibiting properties were noticed. It should be kept in mind that in the previous
study a triisopropylsilyl group (TIPS) was used whereas in this work the slightly more labile tert-
butyldimethylsilyl group (TBS) was applied. Just for descriptive reasons, it should be mentioned
that the TIPS group showed a 22 times slower cleavage rate under acidic conditions and 54 times
slower cleavage rate under basic conditions than the tert-butyldimethylsilyl group (TBS) for the

example of para-cresols.107
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Moreover, catalysts based on phosphites 2a, 2b, 2c and 3a display similar hydroformylation
properties. Only 3a generated a higher n-selectivity. Furthermore, the rhodium complex of 3b
owned poor activity but significantly better n-selectivity especially compared to the complexes

with monodentate phosphites.

The hydrolysis experiments with biphenolphosphites with different substituents show some
interesting tendencies: these can also be seen in Figure 16. The completely unsubstituted
phosphite 2a and the sparsely substituted phosphite 2b can be considered as a reference for the

other substitution patterns of symmetric and nonsymmetric biphenolphosphites.

On the one hand, two structures with rather low hydroformylation activity exhibited the highest
stability (2e and 3b). Both possess a nonsymmetric biphenol moiety. On the other hand,
structures with hydroxyl group in ortho-position of the biphenol backbone are characterized by a
very low hydrolysis stability (2c and 3a). Since these structural motifs are very common in ligand
design the results are preeminent. Usually, industrially used ligands contain sterically demanding
aryl substituents close to the said hydroxyl groups, which may be extremely beneficial for the

overall hydrolysis stability.
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Figure 16: Half-life times of biphenolphosphites at room temperature.
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3.1.2 Benzopinacolphosphites
3.1.2.1 Synthesis

In the context of this study, besides the previously described biphenolphosphites, 12
monodentate benzopinacolphosphites with varying substituents were prepared to investigate the
influence of different substituents in ortho-, meta- and para-position on the aryl phosphite group.
Precisely the effect of phenyl substituents, condensed ring systems and tert-butyl substituents
was studied. Several phosphites with benzopinacol structure have already been synthesized and
tested in hydroformylation previously.?-98108109 Some of these synthesis protocols were adapted

for this thesis.110

First, the required phosphorchloridite 7 was synthesized by reaction of phosphorus trichloride

and benzopinacol in the presence of triethylamine as HCl scavenger (Scheme 24).10

NEt; O
toluene

e
PCl, + P—Cl
-40 °C - rit. O
18 h Q
7
(99 %)

Scheme 24: Synthesis of phosphorchloridite 7 with benzopinacol moiety.

Afterwards the product was treated with the relevant substituted phenol in the presence of
triethylamine as supporting base. Alternatively, the phenol was first deprotonated with n-BulLi to
form the lithium salt, which was subsequently reacted with the phosphorchloridite 7 (Scheme

25). Precise reaction conditions and yields are described in Table 6.
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The low reaction temperatures usually serve to slow down the formation of HCI so that it is only
present in low concentrations in the reaction solution before it reacts with triethylamine to form
the corresponding ammonium salt. Higher concentrations of HCI could lead to degradation of the
phosphite. Moreover, the formation of the ammonium salt formed from evolving HCI shifts the
reaction equilibrium further towards the phosphite. It was observed that phenyl substituted
phenols only needed the relatively weak base, triethylamine, for deprotonation. Phenols with
more than one tert-butyl groups, or condensed aromatic ring systems, usually required the

application of the stronger base n-butyllithium. Otherwise the reaction was much more

® ®
OH solvent
O\
+ X

O\
P-O-R
o

S

8a-l
(55->99 %)

Scheme 25: Synthesis of benzopinacolphosphites 8a-1.

unselective, and the work-up was massively hampered.
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Table 6: Reaction conditions and yields of the benzopinacolphosphites.

Phosphite -0- Base Solvent Temperature [°C] Yield [%]

8a —O@ NEt;  toluene 20 63

8b NEt;  toluene -20 76

8c NEt;  toluene 20 68

8d —O NEtz  toluene 20 83
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8e —0 O NEtz;  toluene -20 87
8f 0 n-BuLi  THF -20 77
—o)
8g —o n-BulLi  THF 20 >99
8h —0 O n-BuLi  THF -20 73
8i —OOtBu NEt;  toluene 20 93
tBu
8j n-Buli  THF -20 55
—0 Bu
tBu
8k —O—@ n-Buli  THF 0 71
Bu
tBu
tBu

Crystals suitable for X-ray crystal structure analysis were obtained by Muhammad Sharif in our
research group, for the two benzopinacolphosphites 8a and 8c, which can be seen in Figure 17
and Figure 18, respectively.l’l The comparison of both structures reveals that a phenyl
substituent in the meta-position does not significantly influence the length of the central P-O

bonds.
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Figure 17: Molecular structure of 8a in the solid state. Displacement ellipsoids correspond to 30 %
probability. Hydrogen atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: P1-01
1.6275(9), P1-02 1.6223(9), P1-03 1.6403(9); 02-P1-01 94.20(4), 02-P1-03 106.71(5), 01-P1-03

94.53(5).

Figure 18: Molecular structure of 8c in the solid state. Displacement ellipsoids correspond to 30 %
probability. Hydrogen atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: P1-01
1.6292(9), P1-02 1.6189(9), P1-03 1.6397(9); 02-P1-01 94.10(4), 02-P1-03 105.61(5), 01-P1-03

95.53(5).

3.1.2.2 Hydroformylation experiments

Catalysts of the benzopinacolphosphites were investigated concerning their activity,

chemoselectivity and stability as well.

To investigate these issues again n-octenes were used as a model substrate. For the
benzopinacolphosphites as ligands, the rate constant ks of the conversion was determined as a
different autoclave equipped with a gas flow meter was available for the following experiments.
Whenever possible it was defined by exponential curve fitting of the measured gas consumption

during the reaction. As already mentioned for the hydrolysis experiments in chapter 3.1.1.2,
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pseudo-first-order kinetics can be applied because of the vast excess of synthesis gas. The entries
1-12 and 17 of Table 7 were taken from a recent manuscript of the work group and added here

for comparison.112

Table 7: Hydroformylation? of n-octenes? with benzopinacolphosphites.

Entry Ligand T [°C] Yield of n-Selectivity« Kobsd [min-1]
Aldehydesc [%] [%]
1 8a 120 40 19.4 -
2 8b 120 99 17.6 0.223
3 8c 120 9 32.1 -
4 8d 120 3 40.8 -
5 8e 120 97 18.9 0.266
6 8f 120 82 18.0 -
7 110 98 26.5 0.067
8 8g 120 71 15.9 -
9 110 94 21.5 0.064
10 8h 120 57 22.2 -
11 110 97 15.6 0.304
12 100 90 10.7 -
14 8i 120 91 15.0 0.116
15 8j 120 96 17.0 0.284
16 8k 120 93 29.7 0.067
17 8l 120 18 33.6 -

a[Rh] = 1.0x10-3 mol-L-; p = 50 bar; t = 4 h; solvent: toluene; S/Rh = 2200. »3.3% 1-octene, 48.4%
Z/E-2-octene, 29.2% Z/E-3-octene, 16.4% Z/E-4-octene, 2.1% skeletal C8-olefinic isomers, 0.6%
n-octane. c<Determined by GC with toluene as internal standard. “Pseudo-first-order rate constant

derived from exponential curve fitting of gas consumption versus time.

The highest yields after four hours reaction time were achieved for the reaction with phosphites
8b, 8e, 8f and 8h with over 97 % (Table 7, entries 2, 5, 7 and 11). Taking into account the rate
constant kb, ligands 8b, 8e, 8h and 8j induced the highest activity (Table 7, entries 2, 5, 11, and
15). Generally, substituents in ortho-position, especially phenyl substituents and condensed

aromatic ring systems, allow the achievement of high activity. However, tert-butyl groups (8j,
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Table 7, entry 15) may also contribute beneficially to the activity. The following general tendency

can be derived (Scheme 26).

o T tu Ao o
Ph\©/Ph ©/Ph
0 * * >
tBu
8h 8 8e 8b

Scheme 26: The order of activity in hydroformylation in dependence on position and nature of substituents.

All n-selectivities were within a range of 10.7% and 40.8%. Noteworthy however, the highest n-
selectivities were associated with relatively low yields and activities. The highest n-selectivity
(29.7%) paired with reasonable activity (93%, 0.067 min-1) was obtained with 8k as ligand (Table
7, entry 16). Furthermore, the catalyst based on ligand 8f exhibited comparable properties with
an n-selectivity of 26.5 %, a yield of 93 % and a rate constant kops of 0.067 min-1. Phosphites 8g
and 8h, with condensed aromatic structures, induced slightly better n-selectivities than the parent
phenyl substituted structure. Phenyl substituents in ortho-position and tert-butyl substituents in

para-position lowered the regioselectivity.

It can be concluded that the tendencies for yield and n-selectivity in dependence of the reaction
temperature are not the same for each ligand. For 8f (Table 7, entries 6 and 7) and 8g (entries 8
and 9), the decrease in temperature led to an increase in the yield of aldehyde as well as in n-
selectivity. In contrast, the same manipulation in the reaction with 8h only gave an increase in
yield while dropping the temperature from 120 °C to 110 °C. A further decrease to 100 °C did not
affect the yield, but the n-selectivity eroded with the decreasing temperature in this particular

case.

3.1.2.3 Hydrolysis experiments

To test their stability against water, a definite amount of phosphite was dissolved in 1,4-dioxane
in order to obtain a 0.049 M solution and afterwards 100 equivalents of deoxygenized water were
added as already described for the biphenolphosphites in chapter 3.1.1.3. Hydrolysis was

investigated at room temperature and at 90 °C. All results are listed in Table 8 and Table 9.

The exemplary plots of the concentration profile in unaltered and logarithmized form of 8a are

shown in Figure 19.
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Figure 19: Direct and logarithmized plots of the concentration profile of 8a during hydrolysis.
Conditions: [L] = 0.049 mol-L-1; H20/L = 100; T = room temperature; solvent: 1,4-dioxane.

Table 8: Hydrolysis? of benzopinacolphosphites at room temperature.

Entry Ligand Kobs? [10-4 min-1] t120 [h] Complete

Decompositione [h]

1 8a 6.093 19.0 171
2 8b 2.583 44.7 503
3 8c 6.584 17.5 179
4 8d - - 122
5 8e - - 3626
6 8f 0.015¢4 7944.54 3145
7 8g 0.0284 4139.54 1495
8 8h 0.383 301.7 2259
9 8i - - 47
10 8j 1.226 94.2 755
11 8k - - >10740
12 8l - - >10740

a[L] = 0.049 mol-L-1; H,0/L = 100; T = room temperature; solvent: 1,4-dioxane. ’Determined by
quantitative 31P NMR based on pseudo-first-order rate constant derived from exponential curve
fitting of decomposition versus time. <Determined by 31P NMR. ¢Determined for the initial

period of hydrolysis without autocatalysis. Onset of autocatalysis for 8f: 1930 h, 8g: 930 h.
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Table 9: Hydrolysis? of benzopinacolphosphites at 90 °C.

Entry Ligand Kobs? [10-3 min-1] t1/2b [h] Complete

Decompositione [h]

1 8a 131.435 0.1 1.0
2 8b 63.802 0.2 2.0
3 8c 92.091 0.1 1.0
4 8d 245.329 0.05 1.0
5 8e 0.3634 31.84 13.5
6 8f 0.4044 28.64 10.0
7 8g 6.0204 1.94 3.0
8 8h 0.019 0.6 3.5
9 8i - - 0.5
10 8j 0.068 0.2 2.5
11 8k - - >225.0
12 8l - - >225.0

a[L] = 0.049 mol-L-1; H,0/L = 100; T = 90 °C; solvent: 1,4-dioxane. ’Determined by quantitative 31P
NMR based on pseudo-first-order rate constant derived from exponential curve fitting of
decomposition versus time. cDetermined by 31P NMR. dDetermined for the initial period of

hydrolysis without autocatalysis. Onset of autocatalysis for 8e: 8.5 h, 8f: 5.5 h, 8g: 1.5 h.

In the hydrolysis experiments, some similar trends were observed at room temperature as well
as at 90 °C. While 8k and 81 were astonishingly stable, 8d and 8i decomposed rapidly. Therefore,
no rate constant for these phosphites could be derived. Furthermore, not all
benzopinacolphosphites exhibited an exponential decomposition behavior throughout the whole
reaction time. The decomposition rates of 8e, 8f and 8g increased to a certain point, which can be
rationalized with progressing autocatalysis due to the formation of acidic degradation products.

The relevant hydrolysis behavior at 90 °C is shown in Figure 20.
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Figure 20: Hydrolysis of 8f, 8g and 8h at 90 °C.

It is significant that sterically demanding aryl substituents in ortho-position to the phosphorus
moiety increase the hydrolysis stability to an exceptional level. The extremely high stability of
phosphites 8k and 81 at room temperature bearing tert-butyl groups in ortho-position should be
particularly emphasized. Furthermore, 8e, 8f and 8h, which either possess phenyl substituents or
condensed aromatic rings in ortho-position to the phosphite group belong to the most robust
structures. In contrast, phosphites with substituents in the para-position can be considered as
slightly more labile towards hydrolysis than the unsubstituted parent structure (8a). The latter
exhibited a decomposition time over 60 times shorter at room temperature, and over 225 times

shorter at 90 °C, than the most stable phosphites (8k and 81).
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3.1.2.4 Conclusion

A series of monophosphites with substituted benzopinacol backbone were synthesized and tested
as ligands in the rhodium-catalyzed hydroformylation of n-octenes. Among these ligands,
phosphites with a single aryl substituent in the ortho-position of the phosphorus moiety exhibited
especially high activities and yields of the desired aldehyde. This was observed for structures
bearing phenyl groups as well as for those with tert-butyl groups. Surprisingly, phosphites 8c and
8d, both containing a phenyl group, in the first case in meta- and in the second case in para-
position, can be considered as ineligible for the hydroformylation of n-octenes — at least under
our reaction conditions. The same holds for 81, where the phenyl ring is decorated with three tert-
butyl groups. For 8c and 8d, this failure can be rationalized by their low stability, which leads to
catalytically unreactive species (Figure 21). The catalyst derived from phosphite 81 might be
inactive because of the large steric hindrance exerted by the three tert-butyl substituents.
Probably, this substitution pattern inhibits the coordination of the phosphorus to rhodium.
Generally, tert-butyl groups in ortho-position stabilize the ligand towards hydrolysis. This is in full
agreement with former results, where bulky ortho-alkyl substituents were incorporated, e.g., in

the prominent monophosphite Alkanox® or the diphosphite Biphephos (vide supra).
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Figure 21: Complete decomposition times of biphenolphosphites at room temperature.
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In terms of regioselectivity, the catalysts of those ligands that induced low activities usually
exhibited high n-selectivities (Figure 22). The highest n-selectivities paired with aldehyde yields
over 20 % were produced by assistance of 8f, 8h and 8k which are all characterized by sterically
demanding structures. Another very sterically demanding phosphite (8e) displayed a high
activity, but mediocre n-selectivity. This result must arise from the fast reaction with the non-

isomerized internal olefins. In general, our study gives evidence that a compromise must be found,

where the catalytic and stabilizing properties of ligands have to be matched.
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Figure 22: 3D-plot of aldehyde yield and n-selectivity under optimized reaction conditions and the complete
decomposition at room temperature.
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3.2 Investigations of hemilabile potentially tridentate coordinating PNP-
ligands
3.2.1 Synthesis of PNP-ligands

As previously described (chapter 1.1.4.1) the application of potentially tridentate PNP-ligands in
hydroformylation reactions was not intensively studied up to now. To gain some more insights

two pyridine-based phosphine ligands were synthesized during the work for this thesis.

Two protocols were found in the literature. The ligand with phenyl substituents on the
phosphorus was assembled from diphenylphosphine, which was treated with potassium tert-
butylate. After deprotonation of the phosphine, 2,6-bis(chloromethyl)pyridine was added to form
the potentially tridentate coordinating ligand 9a (Scheme 27).69

. Q O
KENJ) ., @\P/O 4 KOtBu 5 5
P ! THF @Kﬁ\lj)\@
| =

(30%)

Scheme 27: Synthesis of PNPPh(9a).

Another diphosphine equipped with iso-propyl groups was synthesized from 2,6-
dimethylpyridine. First 2,6-dimethylpyridine was deprotonated with n-butyllithium and
tetramethylethylenediamine (TMEDA). Afterwards chlorodiisopropylphosphine was added and

the pure final product 9b was received after distillation as a yellow 0il.72

ra L)
T e A e Yi“j{

(57%)

Scheme 28: Synthesis of PNPr(9b).
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3.2.2 Synthesis of cationic and neutral rhodium complexes

Starting from these two ligands several attempts to synthesize cationic rhodium complexes were
made. In general, there are two options to construct the desired complexes. The first way proceeds
via a solvated cationic rhodium complex which reacts with the PNP-ligand in a subsequent
reaction step (Scheme 29).113-117 [n a second version, a rhodium precursor reacts first with the
PNP-ligand and afterwards chloride is abstracted from the complex and exchanged with a non-

coordinating anion.118

AgX L sov |
L\ /Cl\ /L solvent N/ ol ©
1/2 Rh Rh —_— Rh\ X
el L -AgCl " “Solv
PR, PR, PR, PR,
N N
» »
= =
Cl L/Solv
R|h AgX ®
RoP— | PR, solvent R2|3/R|h\pR2
N e ©
(s -AgCl |N\ X
= =

Scheme 29: Routes for the synthesis of cationic rhodium complexes.

During our studies multiple attempts were made to synthesize the cationic [Rh(PNPP2)(COE)]+*ion
using varying reaction conditions and anions. Starting from chlorobis(cyclooctene)rhodium
dimer the respective solvated cationic rhodium complex 10 was obtained as an intermediate
(Scheme 30, reaction 1). Afterwards the resulting silver chloride was removed by filtration and

10 was treated with a PNP-ligand (reaction 2).

The first attempt using THF as the solvent was not successful because THF polymerized. Acetone

proved to be a better solvent for the reaction.
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Scheme 30: Synthesis of [Rh(PNPPh)(COE)]X.

In this case a mixture of mainly two components was received (Figure 23, a). After several
purification steps (precipitating the side-product by adding diethyl ether to a concentrated
acetone solution of the mixture) the purified complex (b) and an isolated side-product (c) were
received. The final yield of the pure complex 11a (9 %) was too low to perform subsequent

reactions.

(b

(c)

44.0 43.5 43.0 425 420 415 41.0 40.5 40.0 395 fE‘.{g.D) 38.5 3.0 375 370 36.5 36.0 355 35.0 345 4.0
1 (pprn

Figure 23: 31P NMR spectra of the reaction mixture (a), the purified desired complex (b) and the dimer side-
product (c).

To achieve lower amounts of byproduct, a change of silver salt was considered. Taube et al
reported significantly higher amounts of byproduct when using PF¢ as anion for a similar
complex, compared to the preparations using BF4- and OTf salts.!1¢ Keeping this in mind, we tried

the reaction with AgBF.. Unfortunately, no significant improvement in the proportions of the
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desired complex to the byproduct compared to the reaction with AgPF¢ was achieved. The mixture

still remained hard to separate and the BF4- complex 11b could not be isolated in pure form.

After several trials with the cyclooctene complex another attempt, following a literature
procedure, was tested. For this the less bulky ethylene complex [Rh(PNPPh)(C,H4)]BF4 (13) was
approved (Scheme 31).116 The quantitative 3P NMR spectrum of the reaction solution indicated
75 % conversion to the desired complex. The amount of byproduct was significantly lower than
that with the cyclooctene counterpart. Unfortunately, the desired complex revealed rather
instable in solution. Decomposition took place very quickly when it was not kept under an

atmosphere of ethylene. Therefore, further attempts using this complex were cancelled.

tone
A CLN ace AP0
1) ek RE + AgBF, — = 2 8 RA BF.
X ¢ 7 - AgCl X

%(90)\ 2 ; acetone Q ® Q
2) RA BF, * @/P P@ — ®/P—R’Ih—P\© e
X © Ny - CoH, IN\

Scheme 31: Synthesis of [Rh(PNPP")(CzH4)]BF4 (13).

Taking in mind the results with the sterically demanding phenyl substituents at the phosphorus,
also synthesis attempts were carried out using the less sterically demanding iso-propyl
substituted ligand.!!” In this case large amounts of a hitherto unknown byproduct were obtained.
Quantitative 31P NMR spectrum indicated a ratio of 15:85 complex:byproduct. Unfortunately, the

desired complex could not be purified.
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Scheme 32: Synthesis of [Rh(PNPPr)(COE)]BF4 (14).

Furthermore, the synthesis of cationic rhodium complexes was attempted via a second option,
which was also mentioned in Scheme 29. For this, the chlorinated complexes of the two selected

ligands were synthesized by adapting literature methodologies (Scheme 33).

R R benzene ¢l
\ / or toluene R | /R
L. C L rR-P P-Rr /P/Rh\P\
RR RA 2 N - 2 R | R
7/ * N
L Cl L | ~ -L | AN
Z =
L = C,H,, COE 9a: R = Ph, 15a: R = Ph,
9b: R = jPr 15b: R = iPr

Scheme 33: Synthesis of Rh(PNP)CI (15).

Based on the phenyl substituted ligand the chlorinated rhodium complex 15a was synthesized
following a protocol by Sacco.l’® Chlorobis(ethylene)rhodium dimer and 2,6-
bis[(diphenylphosphino)methyl]pyridine (9a) were dissolved in 1.5 ml and 4 ml benzene,
respectively. Afterwards the ligand solution was slowly added to the solution of the rhodium
cyclooctene complex. After stirring, and filtrating the cloudy solution, the desired complex was

obtained with 58% yield.

Also the chlorinated rhodium complex with the iso-propyl substituted PNP-ligand 15b was
prepared following a literature procedure.!1? The chlorobis(cyclooctene)rhodium dimer and 2,6-

bis[(di-iso-propylphosphino)methyl]pyridine (9b) were separately dissolved in toluene. The
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solution of the ligand was added to the rhodium complex afterwards. After stirring for 30 minutes

and filtration of the cloudy solution the desired complex was obtained with 69 % yield.

To validate the geometry of the obtained chloro complexes, 15b was crystallized from a saturated
toluene solution, which was layered with heptane. In the X-ray structural analysis, the rhodium
center is embedded in a square planar arrangement of four ligating atoms. Overall, an almost
planar structure (excluding the iso-propyl groups) can be observed. As can be seen in the second
picture of Figure 24, the plane of the phosphine groups is slightly tilted compared to the plane of
the pyridine ring. The torsion angle of the phosphorus P1 to the carbon C3 of the pyridine ring has
been determined to be -11.6°. It can be expected that during the hydroformylation reaction the

equatorial-equatorial coordination of the two phosphorus groups stays intact.

Figure 24: Molecular structure of Rh(PNPr)Cl-complex (15b) in the solid state from two different angles.
Displacement ellipsoids correspond to 30 % probability. Selected interatomic distances [A]: P1-Rh1,
2.2389(4); Cl1-Rh1, 2.3481(5); N1-Rh1, 2.0212(18). Selected angles [°]: P1-Rh-Cl1, 95.428(10); C11-Rh1-N1,
180.000; P1-Rh1-P1, 169.14(2); N1-Rh1-P1, 84.572(10). Selected torsion angles [°]: P1-Rh1-N1-C3, -
11.63(11).
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In a second step, the chloro complex was treated with a silver salt to get the anticipated cationic
rhodium complex. An attempt was made with the previously reported phenyl substituted
complex. This complex reacted with silver tetrafluoroborate in the presence of acetonitrile. We
speculate that the advantageous donor properties of acetonitrile should stabilize the resulting
cationic rhodium complex. Unfortunately, the 31P NMR spectrum showed signals of a mixture of

several phosphorus compounds. None of them fitted the anticipated doublet signal.

3.2.3 Hydroformylation experiments with PNP-complexes

The two new chloro complexes were tested in the hydroformylation. Substrate 1-octene was used
instead of the isomeric mixture of n-octenes. 1-Octene represents a common model substrate in
hydroformylation as it is easy to handle and widely available through petroleum refinery. All

results are collected in Table 10.

Table 10: Hydroformylation2 of 1-octene with PNP-complexes.

Entry  Complex p [bar] T [°C] Yield of n- Yield of
Aldehydes? Selectivity? Hydrogenation
[%] [%] product? [%]
1 15a 20 100 10.8 53.1 30.4
2 15a 20 120 3.9 51.2 33.6
3 15a 50 100 87.8 37.7 3.4
4 15a 50 120 44.5 44.6 16.2
5 15b 20 100 11.8 52.6 26.0
6 15b 20 120 43 56.9 33.4
7 15b 50 100 53.7 51.7 13.6
8 15b 50 120 86.9 35.3 3.9

a[Rh] = 1,0¥10-3 mol*L-1; t = 4 h; solvent: toluene; S/Rh = 2000. ’Determined by GC with toluene as

internal standard.

As can be seen in Figure 25, the yields of aldehyde for the phenyl substituted complex as well as
for the iso-propyl substituted complex were significantly lower at 20 bar than at 50 bar syngas
pressure. At 20 bar, the yield of 15a and 15b at 100 °C and 120 °C were at similar levels, with
around 11 % and 4 %, respectively (Table 10, entries 1 and 2). Moreover, the yields at 100 °C were
for both complexes slightly higher than at 120 °C.
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Figure 25: Yields of aldehydes obtained with complexes 15a and 15b at different reaction conditions.

At 50 bar, both complexes showed a different behavior. With complex 15a the yield of aldehyde
at 100 °C was significantly higher than at 120 °C while with complex 15b the reversed trend was
observed. The highest yield for 15a was obtained at 100 °C and 50 bar (Table 10, entry 3) whereas
the highest yield for 15b was achieved at 120 °C and 50 bar (entry 4). Additionally, the volumetric
syngas uptakes at different pressures were investigated for the hydroformylation reactions using
15a (Figure 26 and Figure 27). It stands out that the uptake at both pressures was at 120 °C
considerably lower than at a reaction temperature of 100 °C. This result might be rationalized by
a lower stability of the phenyl substituted complex under these harsher reaction conditions
leading to a loss of hydroformylation activity. With complex 15b, this behavior could not be
observed as the yield was higher at 120 °C than at 100 °C.
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Figure 26: Volumetric uptake of syngas during the Figure 27: Volumetric uptake of syngas during the
hydroformylation with 15a at 20 bar. hydroformylation with 15a at 50 bar.

Also, the GC spectra of some hydroformylation reactions indicated the formation of reasonable
amounts of the hydrogenation product n-octane. The proportion was especially high for the
conversions at 20 bar syngas pressure, both for 15a and 15b (see Table 10). Exemplarily the GC
spectrum of 15a at 20 bar and 100 °C is shown in Figure 28. In contrast, at a pressure of 50 bar a
significantly lower ratio of hydrogenation product was found. Moreover, in the experiments with
15a at 50 bar and 120 °C (entry 4) and with 15b at 50 bar and 100 °C (entry 7) the amount of
alkane was higher compared to the experiments were the same syngas pressure but another
temperature was applied. The high degree of side reaction in the experiment at 20 bar explains

why the formation of the desired aldehyde was relatively poor at low syngas pressure.
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Figure 28: GC spectrum of the hydroformylation reaction with 15a at 20 bar and 100 °C.
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As shown in Figure 29 the n-selectivity of the conversion was in most cases around 50 %.
Deviating from this general observation are two experiments: With complex 15a at 100 °C and
50 bar and also with complex 15b at 120 °C and 50 bar the n-selectivity decreased to 37.7 % and
35.3 %, respectively (Table 10, entries 3 and 8). In the corresponding GC spectra (Figure 30 and
Figure 31), four signals can be observed in the area of the nonanal isomers (between 35 and
40 min), which indicates the formation of all four possible isomers. This implies the isomerization
of the double bond of the starting 1-octene as otherwise only two isomers of nonanal would be
possible. On the basis of these findings, the low n-selectivity of these conversions can be explained
by vigorous double bond isomerization. Therefore, lower amounts of the terminal alkene are

available, which is crucial for the formation of the n-aldehyde.
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Figure 29: n-Selectivities of the hydroformylation of 1-octene with 15a and 15b at different reaction
conditions.
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Figure 30: GC spectrum for the hydroformylation reaction with 15a at 50 bar and 100 °C.
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Figure 31: GC spectrum of the hydroformylation reaction with 15b at 50 bar and 120 °C.
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3.2.4 Conclusion

In conclusion, the following similarities and differences between the two differently substituted
pincer ligands were observed. On one hand, both catalysts 15a and 15b allow significantly higher
yields of aldehyde at 50 bar syngas pressure than at 20 bar. At 20 bar high yields of the hydrogena-
tion byproducts were observed for both complexes. On the other hand, the highest yield of
aldehyde for the phenyl substituted complex 15a was achieved at 50 bar and 100 °C with 87.8 %.
In contrast superior yield for the iso-propyl substituted complex 15b was noted at 50 bar and
120 °C with 86.9 %. With both complexes high yields were accompanied by low n-selectivities of
37.7 % for 15a and 35.3 % for 15b. These results can be rationalized by extended double bond

isomerization. For all other experiments n-selectivities were around 50 %.

Overall, the PNP-pincer complexes, which were tested in the framework of this study, did not fulfil
the anticipated positive hydroformylation properties even though aldehyde yields of over 80 %
were achieved. It is especially disadvantageous that the presented complexes either show a

significant ratio of side reaction or initiate a strong double bond isomerization.

59



3 Results and discussion
3.3 Investigation of a potentially tridentate coordinating ferrocenyl ligand

3.3 Investigation of a potentially tridentate coordinating ferrocenyl ligand

For the third topic of this thesis a potentially tridentate ferrocenyl ligand was investigated with
respect to its hydroformylation properties. As an exemplary ligand the phenyl substituted 1,1’,2-
tris(diphenylphosphino)-3’,4-di-tert-butylferrocene, also referred to as HiersoPHOS-2, was
studied in detail. The ligand was first synthesized by the research group of Hierso in the attempt
of developing several sterically hindered ferrocene backbone-based polydentate phosphine
ligands without the need of an ansa-bridge.120 Therefore, two tert-butyl groups were incorporated
in the backbone of the structure with the aim that all three phosphine moieties point in the same
direction. The triphosphine is usually synthesized by reacting alkali metal salts of adequately

substituted cyclopentadienyl (cp) rings with iron dichloride, as described in Scheme 34.

PPN P
2 1.FeCl tBu~ ~~= ~PPh,
g e
tBu . 2 Bu~ |

Li PPh;

tBu PPh,

Li*

Scheme 34: Synthesis procedure of HiersoPHOS-2.

The triphosphine and some analogues were already studied concerning coordination properties
to copper and palladium as well as their behavior in CH-activation and palladium-catalyzed
coupling reactions.121-123 [t was found that HiersoPHOS-2 coordinates in a tridentate fashion to

copper salts, as depicted in Scheme 35.121

Ph,
PPh, P
P o P
tBu PPh, Bu P
Fe CH4CN Fo  Phz Cul
tBu— @ 3 Bu i /
reflux NS Z
PPh, P
Phsy

Scheme 35: Coordination mode of HiersoPHOS-2 to copper iodide.

In contrast, the ligand coordinates to palladium in a more sophisticated manner. Studies of Hierso
and co-workers indicate that one palladium center is coordinated to the two phosphine moieties

of the upper cp-ring. The remaining phosphine of the lower cp-ring is bound to another palladium
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atom in a monodentate fashion simultaneously bridging two ligands resulting in multimetallic
complexes (Scheme 36).121 Moreover, due to the catalytic properties and their comparison to
similar ferrocenyl ligands with varying number of coordinating groups, a coordination of all three

phosphorus groups in a tridentate manner can be assumed during the catalytic cycle.124

Ph,
P
S P
Ph th tBu | P
A P Fo Pn:
PdO /@ 0 tBu
tBu/@P/ Bu— > ~p— =
Fe Phy — Fe Phys Ph,P—[Pd]—PPh,
tBu s
tBu~ @ \Cz ,
u &D e @tBu
2 Ph, P tBu
- =4
[Pd]\F>

Ph,

[Pd] = Pd® or PdRCI

Scheme 36: Coordination mode of HiersoPHOS-2 to palladium.

Also, a stabilizing effect of the polydentate ligand on Pd-species was described, resulting in
slower oxidative addition of arylhalogenides but higher turnover numbers. Furthermore, this
stabilizing effect led to the need of significantly lower amounts of ligand compared to a
structurally related diphosphine.124 In further investigations in palladium-catalyzed coupling
reactions a superior behavior, compared to several analogous ferrocenyl ligands, was observed at

remarkably low catalyst loadings.122123

In virtue of the mentioned positive properties of this ligand, the application in hydroformylation

and the coordinating behavior to rhodium were interesting.

3.3.1 Investigation of the complexation behavior of HiersoPHOS-2 to rhodium

In consideration of the results presented above, the complexation behavior of HiersoPHOS-2 to
rhodium was studied. First of all, HiersoPHOS-2 was reacted with the rhodium precursor

(acetylacetonato)dicarbonylrhodium(I) (Scheme 37).
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Scheme 37: Synthesis of the rhodium complex 16 with HiersoPHOS-2.

The 31P NMR spectra of the uncoordinated ligand prior to the reaction (a) and the ligand after the
coordination to rhodium (b) gave the signal pattern depicted in Figure 32. One singlet signal at
6 =-19.7 ppm is observed in both spectra. This resonance can be assigned to the single
phosphorus atom of the lower cyclopentadienyl ring. Since no coupling with rhodium is observed,
it can be assumed that this phosphorus atom does not coordinate to the metal. In the spectrum of
the triphosphine before the reaction (a) two doublet signals at 6 = -24.4 ppm and § = -23.7 ppm
are visible: these can be assigned to the two phosphorus atoms of the upper cyclopentadienyl ring.
The doublet is generated by vicinal coupling of the two chemically but not magnetically equivalent
phosphorus atoms through the aromatic structure. In the spectrum after the reaction with the
rhodium precursor these signals shifted significantly to &=154.2 ppm and & =55.8 ppm,
respectively. The two doublets became two doublets of doublets because of the coupling of both
phosphorus atoms with the rhodium. Overall, the second spectrum (b), recorded at 25 °C, gives
proof for the coordination of rhodium only to two of the three phosphine groups, as shown in

Scheme 37.
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Figure 32: 31P NMR spectra of HiersoPHOS-2 (a) and of the rhodium acetylacetonato complex (b).

As the coordination of the third phosphine to rhodium might by hindered by the sterically
demanding groups in the backbone of the structure, it was investigated if it can coordinate at
higher temperatures. Therefore, the NMR sample was heated and measured at nine temperatures
in the range from 25 °C to 100 °C. These higher temperatures are especially interesting as these
are common reaction conditions for hydroformylation reactions. All spectra can be seen in Figure

33.

Unfortunately, even at 100 °C no coupling of the isolated phosphorus group to rhodium and
therefore no coordination of this group to the metal center was observed. It can be assumed that
the potentially tridentate ligand HiersoPHOS-2 indeed only coordinates as a bidentate ligand to

rhodium.
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Figure 33: 31P NMR spectra of the rhodium HiersoPHOS-2 complex at elevated temperatures.
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Furthermore, the reaction of HiersoPHOS-2 with the alternative rhodium precursor [Rh(COE).Cl]
was investigated. The corresponding 31P NMR spectra of the uncoordinated ligand (a) and the
rhodium complex (b) are shown in Figure 34. Also, in this case the singlet at § = -19.0 ppm can be
observed. But no corresponding resonance with coupling of phosphorus and rhodium are

observable and the results are similar to those obtained with Rh(acac)(CO)..
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Figure 34: 31P NMR spectra of HiersoPHOS-2 (a) and the corresponding rhodium complex with alternative
rhodium precursor (b).
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3.3.2 Application of HiersoPhos-2 in hydroformylation

To evaluate the catalytic properties of HiersoPhos-2 it was tested in the rhodium-catalyzed
hydroformylation of 1-octene. The experiments were performed in a 150 ml stainless steel

autoclave manufactured by Premex Solutions GmbH (Figure 35).

Figure 35: 150 ml autoclave by Premex Solutions GmbH.

For the extensive study of the hydroformylation properties various parameters were altered,
especially the ligand to rhodium ratio, as well as the syngas pressure and temperature. All results

are collected in Table 11.
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Table 11: Hydroformylation? of 1-octene with HiersoPHOS-2.

Entry P/Rh p[bar] T Yield of n- Yield of Kobs©
[°C] Aldehyde? Selectivity? Hydrogenation [min-1]
[%] [%] product? [%]
1 2 20 120 21.0 67.1 40.9 0.055
2 3 20 120 70.4 62.4 6.0 0.012
3 6 20 120 5.0 70.9 15.6 0.004
4 3 20 80 14.3 92.7 0.3 0.001
5 3 20 100 38.8 82.0 4.2 0.005
6 3 20 140 65.1 54.1 3.1 0.007
7 3 10 80 13.5 86.8 2.8 -
g 3 10 120 71.3 62.1 2.0 0.014
9 3 50 80 11.3 94.7 1.0 0.001
10 3 50 120 46.2 80.5 3.8 0.005

a[Rh] =0.77x10-3 mol-L-1; t=4 h; solvent: toluene; S/Rh=2200. !Determined by GC with
toluene as internal standard. cPseudo-first-order rate constant derived from exponential curve

fitting of gas consumption versus time.

Concerning the ratio of phosphine groups and rhodium three different setups were tested ranging
from a phosphorus to rhodium ratio of two to six. The results are displayed in Figure 38. The
lowest ratio was chosen because of the previously mentioned multimetallic palladium complexes
observed by Hierso in which one metal is bridging two ligands.12! Also, the previously described
NMR experiments indicate the dominant formation of bidentate complexes. However, the
implemented experiment (Table 11, entry 1) showed a comparably low yield of aldehyde.
Meanwhile the rate constant of the reaction kons was very high compared to all other experiments.
This is further supported by the gas consumption over time that does not decrease particularly,
as can be seen in Figure 36. The reason for the low conversion to aldehydes could be a competitive
gas consuming reaction and not the decomposition of the ligand or the catalytically active catalyst.
It stands out that this conversion shows the highest amount of hydrogenation byproduct of all

implemented experiments with 40.9 %. As the hydrogenation of olefins to alkanes is also a gas
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consuming side reaction, this could explain the comparably high reaction rate kons of the

experiment combined with low conversions to aldehydes.
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Figure 36: Gas consumption of the reaction with a P/Rh ratio of 2/1 at 120 °C and 20 bar (Table 11, entry 1).

Moreover, in the GC spectrum, which is shown in Figure 37, four signals in the area of the nonanal
isomers were observed, similar to the hydroformylation results performed with PNP-complexes,
which were described in chapter 3.2.3. This indicates the double bond isomerization of the used
1-octene, as this is necessary for the formation of the isomers 2-ethylheptanal and 2-

propylhexanal.
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Figure 37: GC spectrum of the hydroformylation reaction at a phosphorus to rhodium ratio of 2/1, at 120 °C
and 20 bar (Table 11, entry 1).
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The highest yield of aldehyde was observed by the use of three equivalent of phosphorus to
rhodium whereas simultaneously the amount of hydrogenation byproduct decreased to 6.0 %
(Table 11, entry 2). When the ratio of P/Rh was elevated to six the yield of aldehyde significantly
dropped to only 5.0 % paired with a very low activity expressed by a rate constant Kkops of
0.004 min! (entry 3). This may be due to an inhibitory effect of the ligand as two ligands could
possibly coordinate to the rhodium center in a bidentate manner. This would lead to the blocking
of coordination positions at the metal center accompanied by the displacement of carbon
monoxide under formation of a [RhHL4] complex. The latter does not promote the
hydroformylation (compare chapter 1.1.2 Scheme 7). The formation of 15.6 % of hydrogenation

product supports this hypothesis.

As shown in Figure 38 the n-selectivity of the conversion slightly dropped from 67.1 % to 62.4 %
when the ratio of phosphorus to rhodium was increased from 2 to 3 whereas it rose again to
70.9 % at a ratio of 6. The behavior again confirms the observation from chapter 3.1.2.2 that high

activity, in this case expressed by the aldehyde yield, is often accompanied by low n-selectivity.

100 -
90 -
80 -
v
S
) mmm Aldehydes
()
> I Hydrogenation
&= n-Selectivity
2/1 3/1 6/1

Ratio P/Rh

Figure 38: Yield of aldehydes, hydrogenation product and the n-selectivity at different ratios of P/Rh and a
temperature of 120 °C and syngas pressure of 20 bar.

Because of the formerly described results, the ratio for all following experiments was setata P/Rh

ratio of 3/1. Subsequently, the temperature dependence of the conversion was investigated. As
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visualized in Figure 39 the aldehyde yield increased from 80 °C to 120 °C from a very poor yield
of 14.3 % to a satisfactory yield of 70.4 % (Table 11, entries 2, 4 and 5). When the temperature
was further elevated to 140 °C the yield stayed approximately the same with 65.1 % (Table 11,
entry 6). The rate constant kops followed the same general trend in a slightly more pronounced
way. At the same time the n-selectivity dropped from 92.7 % to 54.1 %, which again confirms the

formerly mentioned correlation of activity and selectivity of the conversion.
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Figure 39: Yield of aldehydes and n-selectivity at varying reaction temperatures, P/Rh ratio of 3/1 and a
syngas pressure of 20 bar.

As a third parameter the influence of the syngas pressure on the reaction was investigated. The
visualized results of the yield and n-selectivity of the experiments are combined in Figure 40. As
already covered in the paragraph before, it is a striking observation that the yield of aldehyde at
80 °C is lower than at 120 °C independent from the pressure. Moreover, it can be observed that
the yield of aldehydes at a reaction temperature of 80 °C stayed approximately the same at varying
syngas pressures but the n-selectivity increased from lower to higher pressures by up to 94.7 %

(Table 11, entry 9).
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At 120 °C the yield of aldehyde was also almost the same, even when the syngas pressure was
increased from 10 bar (71.3 %, entry 8) to 20 bar (70.4 %, entry 2). When the pressure was
further elevated to 50 bar the yield decreased from 70.4 % to 46.2 % (entry 10). An increase of n-
selectivity towards higher pressures, similar to the experiments at 80 °C, can also be observed at
120 °C. In this case the change from the lower pressures of 10 bar (62.1 %, entry 8) and 20 bar

(62.4 %, entry 2) towards 50 bar was even more pronounced and led to a n-selectivity of 80.5 %

(entry 10).
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Figure 40: Yield of aldehydes and n-selectivity at varying syngas pressure, P/Rh ratio of 3/1 and at
temperatures of 80 °C and 120 °C.

3.3.3 Factorial Design

In addition, the obtained results of the hydroformylation experiments were examined with the
help of Factorial Design. By systematic change of the whole process or single reaction parameters
this mathematical methodology is used to identify significant factors of a reaction, to rationalize
their impact in the process, the way they interact and the prediction of optimal values for the
process variables.125 This kind of experimental design can be applied on several areas, such as

chemistry,125126 pharmaceutical industry,27 as well as chemical and process engineering.128

71



3 Results and discussion
3.3 Investigation of a potentially tridentate coordinating ferrocenyl ligand

In this thesis, a three-level two-factor 32 experimental design following standard methodology125
was applied using pressure (p) and temperature (T) as variables for the optimization of aldehyde

yield and regioselectivity. The general equation (3) was used:

y =ag+ayp+arT + a,rpT 3)

where y denotes either the percentage of yield of aldehyde or the percentage of linear n-aldehyde
obtained. Furthermore, ay describes an intercept of the equation, a, and ar represent linear terms
representing each of the two parameters, whereas a,r represents an interaction term of pressure

and temperature.

3.3.3.1 Determination of the yield of the reaction

For the determination of the terms of equation (3) the results of selected hydroformylation

experiments are listed down in Table 12, but can also be found in Table 11 in the previous chapter.

First the effect of the two parameters, pressure and temperature, on the yield of aldehyde from 1-
octene was addressed by the modelling tool of Factorial Design. While the first four entries of
Table 12 were essential for the determination of the equation terms, the last two entries 5 and 6
were needed for the test on significance of the parameters. The coding of -1, 0, +1 was assigned to
the different levels of the observed parameter: -1 for the lowest level, 0 for the middle level and

+1 for the highest level.

A lot of the work on significance goes back on the work of Student, whose true name was W. S.
Gosset and who worked as a brewer for the Guiness’ Brewery in Dublin, and later R. A. Fisher.125.129
In general, the term statistical significance means that the result is very unlikely to have occurred
without the influence of a certain parameter.130 In the framework of this thesis the significance of
the parameters, temperature and pressure, was defined by a Student’s t-test, which is a statistical
hypothesis test. It can only be performed when there are more experimental data points than

parameters in the model.
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Table 12: Selected results for the hydroformylation of 1-octene with obtained yield of aldehyde and coding
according to Factorial Design.

Entry p [bar] T[°C] Yield of Aldehyde (y)*

[bar] code [°C] code [%]
1 10 -1 80 -1 13.5
2 10 -1 120 +1 71.3
3 50 +1 80 -1 11.3
4 50 +1 120 +1 46.2
5 20 0 120 +1 70.4
6 20 0 80 -1 14.3

a[Rh] = 0.77-10-3 mol-L-}; t = 4 h; solvent: toluene; S/Rh = 2200; P/Rh = 3. »Determined by GC

with toluene as internal standard.

The needed design matrix D, as seen in Table 13, was formed wherein the rows refer to the chosen

experiments and the columns refer to the terms of the equation.

Table 13: Design matrix D for the investigation concerning the yield of aldehyde.

ao ap ar apr
1 10 80 800
1 10 120 1200
1 50 80 4000
1 50 120 6000
1 20 120 2400
1 20 80 1600

Proceeding from the data given in Table 13, the values of the terms can be derived with equation

(4):

a=(D'-D)1-Dy 4)

where D’ refers to the transposed design matrix D.
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Also, the estimated values for y can be determined by equation (5):

y=D-a (5)

The obtained results for the values of the terms as well as the experimental (y) and estimated ()
results for the yield of aldehyde of the reaction under altered reaction conditions are listed in

Table 14.

Table 14: Values for a, experimental (y) and estimated (y) results for the yield of aldehyde.

Term Value y y
ao -116.576 13.5 14.1
ap 1.141 71.3 73.8
ar 1.642 11.3 11.5
apr -0.015 46.2 47.0

70.4 67.1
14.3 13.5

For the determination of the terms, required for the Student’s ¢t-test, the coded design matrix D¢
and the calculated matrix (D¢’:Dc)! are needed: they can be found in Table 15 andTable 16,
respectively. The numbers in the diagonal of this matrix determine the variance v for each term

so that, for example, vo = 0.143 represents the variance of a.

Table 15: Coded design matrix Dc for the yield of aldehyde.

ap ap ar apr
1 -1 -1 +1
1 -1 +1 -1
1 +1 -1 -1
1 +1 +1 +1
1 0 +1 0

1 0 -1 0
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Table 16: Matrix (Dc’-Dc)-1.

do ap ar apr
ag 0.167 0 0 0
ap 0 0.250 0 0
ar 0 0 0.167 0
dpr 0 0 0 0.250

For the determination of the significance, the error sum of squares between the observed and the
estimated results are also necessary. They were calculated using equation (6) and the data given

in Table 14:

Sresia = 2i=1(¥i — §1)* = 18.760. (6)

Afterwards the error sum of squares was divided by the degrees of freedom using equation (7):

Sresid
=———=9.380 7
STN-P (7

wherein N refers to the number of experiments (in this case 6) and P refers to the number of terms
or parameters (in this case 4). Therefore, the Student’s t-test cannot be performed when the

number of experiments equals the number of terms as this would result in 0 degrees of freedom.

Using the previously obtained data, t can be calculated for every coefficient a using equation (8):

t=a/Vsv (6]

wherein s refers to the error sum of squares and v is the variance for every term derived from the
diagonal of the matrix shown in Table 16. The higher this ratio the more significant is the

coefficient.

Finally, the statistical significance was obtained from a two-tailed t-distribution. In this case the
probability values were determined using EXCEL function TDIST by entering the absolute values
for t, the degrees of freedom and the number of sides (two in this case). All data used and obtained

are collected in Table 17.
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Table 17: Values of t and significance.

Term Coded Value v \sv t Probability [%)]
aop 37.823 0.167 1.250 30.251 >99.9
ap -6.814 0.250 1.531 -4.449 98.9
ar 24.793 0.167 1.250 19.829 >99.9
dpr -5.724 0.250 1.531 -3.738 98.0

The obtained results indicate that the pressure is significant for the yield of the reaction with a
probability of 98.9 % and the temperature with a probability of over 99.9 %. Also, the interaction
between pressure and temperature represented by apr indicates a high significance with a
probability of 98.0 %. From these three parameters temperature possesses the highest absolute
value for t indicating that it also has the highest impact on the yield of the aldehyde. The absolute
values of t for pressure and the interaction of pressure and temperature are significantly lower

than the value obtained for temperature.

Adding the uncoded values for the reaction terms, which are collected in Table 14, in equation (3)

the following equation (9) for the linear model of the yield results:

y=-116.576 +1.141-p + 1.642 - T — 0.015 - pT 9)

To verify the precision of the model, two experimental results, which were not included in the
generation of the model, were compared to the results obtained by using equation (9). For a
pressure of 20 bar and a temperature of 100 °C the model predicts a yield of 40.3 %, which can be
considered as a good agreement with the experimentally obtained result of 38.8 % (Table 11,
entry 5). For reaction conditions with a pressure of 20 bar and a temperature of 140 °C, a yield of
93.9 % is predicted whereas the experiment only gave a yield of 65.1 % (Table 11, entry 6). This
indicates that at higher temperatures an unknown effect, that was not taken into account during
the generation of the model, plays a role. This shows that Factorial Design is a useful modeling
tool for the prediction and optimization of chemical reaction but it should also be used carefully.
Sometimes not all possible factors are taken into account while generating the model, and

therefore deviations of the model from actual experimental results are possible.

Using equation (9), the response surface of the regioselectivity of the reaction was derived: this
can be seen in Figure 41. It gives proof that the yield is strongly dependent of the reaction
temperature. If the temperature is increased a higher yield is obtained. The model predicts thatin

the investigated range of up to 100 bar at least a temperature of 18 °C is required which gets even
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more obvious in the depiction of the 0 % yield line projected onto the pressure/temperature
plane, as can be seen in Figure 42. Since our autoclave can only be used for pressures up to 50 bar,

at this pressure, according to the model, temperatures of atleast 67 °C must be applied to generate

conversion.

407
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Figure 41: Three-dimensional representation of the response surface of yield derived from equation (9).

[t is also noticeable that if the temperature is further increased, the yield is rising faster at lower
pressures than at higher pressures. This behavior is also visible in Figure 43, which depicts the
100 % yield line projected onto the pressure/temperature plane. Also, in this representation it is
visible that a yield of 100 % can only be achieved at temperatures beyond 130 °C independent
from the applied pressure. Furthermore, it can be concluded that the higher the pressure, the
higher the temperature must be in order to achieve a yield of 100 %. For example, at a pressure
of 50 bar a temperature of 180 °C is needed. Also, for instance at a pressure of 20 bar a
temperature of 144 °C is required to achieve complete conversion, according to the model. Very
similar reaction conditions were already tested with a pressure of 20 bar and a temperature of
140 °C whereby only a conversion of 65.1 % was achieved experimentally. This observation
underlines that at higher temperatures an unknown factor plays a role which was not included in

the generation of the model. Such high temperatures usually lead to the degradation of the catalyst
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or the ligand, used to generate the catalytically active species. Therefore, it could be more useful

to elongate the reaction time to achieve higher yields than increasing the temperature over 120 °C.
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Figure 42: Projection of the yield of Figure 43: Projection of the yield of
aldehyde = 0 % line onto the aldehyde = 100 % line onto the
pressure/temperature plane. pressure/temperature plane.

By comparing the two diagrams Figure 42 and Figure 43 it is also striking that from 0 % yield to
100 % yield of aldehyde the general effect of the alteration of pressure on to the required
temperature is inverted. This means that the projection for 0 % aldehyde yield the temperature
can be lower at higher pressures. Meanwhile, the projection for an aldehyde yield of 100 %

indicates that higher temperatures are required with increasing pressure to retain optimal yield.

3.3.3.2 Determination of the regioselectivity of the reaction

For the determination of the terms mentioned in the general equation (3) concerning the n-
selectivity of the hydroformylation of 1-octene, the results of selected experiments and the

corresponding coding are listed in Table 18.
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Table 18: Selected results for the hydroformylation? of 1-octene with obtained n-selectivity and coding
according to Factorial Design.

Entry p [bar] T[°C] n-Selectivity (y)?

[bar] code [°C] code [%]
1 10 -1 80 -1 86.8
2 10 -1 120 +1 62.1
3 50 +1 80 -1 94.7
4 50 +1 120 +1 80.5
5 20 0 120 +1 62.4
6 20 0 80 -1 92.7
7 20 0 100 0 82.0

a[Rh] = 0.77-10-3 mol-L-; t = 4 h; solvent: toluene; S/Rh = 2200; P/Rh = 3. *Determined by GC

with toluene as internal standard.

Again, the first step was the determination of the significance of the parameters pressure and

temperature using a Student’s t-test. The needed design matrix D can be seen in Table 19.

Table 19: Design matrix D for the investigation concerning the n-selectivity of the reaction.

ap ap ar apr
1 10 80 800
1 10 120 1200
1 50 80 4000
1 50 120 6000
1 20 120 2400
1 20 80 1600
1 20 100 2000

Also from this data the value of the terms can be calculated using equation (4) and again the
estimated values for y were derived from equation (5). These results and the experimentally

obtained results for the yield of aldehydes (y) can be found in Table 20.
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Table 20: Values for a, experimental (y) and estimated () results for the n-selectivity.

Term Value y y
ao 149.708 86.8 89.4
ap -0.461 62.1 61.6
ar -0.773 94.7 95.6
apr 0.008 80.5 80.0

62.4 66.2
92.7 91.0
82.0 78.6

As already mentioned in the previous section, for the determination of the terms needed for the
Student’s t-test, the coded design matrix D¢ and the calculated matrix (D¢’-D¢)! are required: they

are written in Table 21 and Table 22, respectively.

Table 21: Coded design matrix D¢ for the n-selectivity.

ap ap ar apr
1 -1 -1 +1
1 -1 +1 -1
1 +1 -1 -1
1 +1 +1 +1
1 0 +1 0
1 0 -1 0
1 0 0 0

Table 22: Matrix (Dc’-Dc)-1.

ap ap ar apr
do 0.143 0 0 0
a, 0 0.250 0 0
ar 0 0 0.167 0
apr 0 0 0 0.250
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The error sum of squares between the observed and estimated results were again calculated by

equation (6) and the data given in Table 20. The results can be found in equation (10):

Sresia = Xi=1(¥i — 9)? = 39.780. (10)

Afterwards the error sum of squares is divided by the degrees of freedom using equation (11):

s =3resid — 13 260, (11)

N-P

In this case N =7, as seven experiments were performed, and again four parameters P were

considered in the general equation (3).

The values for t and the corresponding probability for the n-selectivity were determined in the
same way as described in the previous section, and the results as well as the used values are

collected in Table 23.

Table 23: Values of ¢ and significance.

Term Coded Value v \sv t Probability [%]
ao 80.330 0.143 1.376 58.36 >99.9
ap 6.320 0.250 1.821 3.57 96.0
ar -11.359 0.167 1.487 -7.64 99.5
apr 2.379 0.250 1.821 1.31 71.8

The results show that with a 96.0 % and 99.5 % probability, pressure and temperature have a
significant influence on the regioselectivity of the reaction whereas the interaction of pressure
and temperature is only significant with a 71.8 % probability. Also, the interaction has the lowest
value of ¢, considering the absolute values. The absolute values indicate that the temperature has

the highest impact on the regioselectivity of the reaction.

Proceeding from the general equation (3) and the values for the respective terms given in Table

20, the linear model can be derived with equation (12).

y =149.708 — 0.461-p — 0.773 - T + 0.008 - pT (12)
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To verify the precision of the model, an experimental result that was not used to generate the
model was compared to the models output for the specific conditions. It is found that the predicted
regioselectivity of the reaction at 140 °C and 20 bar is 54.7 % while the experimental result at the
same conditions is 54.1 % (as can be found in Table 11, entry 6). This can be considered as an

excellent agreement of the calculated and experimental data.

Using equation (12), the response surface of the regioselectivity of the reaction was derived: it is
displayed in Figure 44. It can be seen that low pressures as well as high temperatures lead to a
low n-regioselectivity. This observation is supported by the projection of the 0 % n-selectivity line
onto the pressure/temperature plane as can be seen in Figure 45. From this visualization it is
possible to conclude, that 0 % n-selectivity und therefore a 100 % b-selectivity is achieved only at
temperatures over 190 °C. As the used autoclave is approved for a maximum temperature of

150 °C the tested catalytic system can be discarded for the requirement of such conversions.

Furthermore, it is observed that higher pressures lead to higher n-selectivities even at
temperatures over 100 °C. For example, at a pressure of 5 bar and a temperature of 100 °C a n-
selectivity of 74 % is predicted whereas at 50 bar and the same temperature a n-selectivity of
89 % is predicted. Also, lower temperatures lead to a higher n-selectivity as well. When the
pressure is kept at 25 bar while the temperature is altered from 100 °C to 150 °C, the n-selectivity

decreases drastically from 81 % to 52 %.
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Figure 44: Three-dimensional representation of the response surface of regioselectivity derived from
equation (12).
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Figure 45: Projection of the n-selectivity = 0 % line Figure 46: Projection of the n-selectivity = 100 %
onto the pressure/temperature plane. line onto the pressure/temperature plane.
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Equation (12) can also be used to predict the optimal conditions to achieve 100 % n-selectivity
with 1-octene as substrate. Therefore, the equation was rewritten so that a relationship between
temperature and pressure is achieved for the n-selectivity of 100 %. The relevant plot is shown in
Figure 46. A prominent increase of the regioselectivity can therefore be obtained at very high
pressures of over 90 bar. As our autoclave is only approved for pressures up to 50 bar these
reaction conditions could not be tested. At a pressure of 10 bar a temperature of 64 °C and at
50 bar a temperature of 67 °C is required to realize the n-selectivity of 100 %. As the results of
chapter 3.3.3.1 revealed, to obtain any conversion, at least a pressure of 50 bar and a temperature
of 67 °C is required. These exact reaction conditions were not tested. Under these conditions the
expected yield for a reaction time of four hours would be too low for a successful analysis. Instead,
to increase the yield, the reaction time was prolonged from four hours to 24 hours. In the end, a
syngas pressure of 50 bar, a temperature of 65 °C and a reaction time of 24 hours lead to a n-
regioselectivity of 98.3 % paired with an overall aldehyde yield of 54.3 %. This is close to the
estimated amount of 100 % n-regioselectivity predicted with the model especially considering the

measurement error of the implemented quantification by GC analysis.

3.3.4 Conclusion

The following conclusions towards the complexation behavior and the hydroformylation
properties of the potentially tridentate ferrocenyl ligand HiersoPHOS-2 can be made. In concern
of the observed complexation behavior towards rhodium it can be stated that, according to the
implemented NMR investigations, the ligand only coordinates in a bidentate and not in a
tridentate manner to the metal center. Neither at room temperature nor at elevated temperatures
of up to 100 °C coordination of the lone phosphine group located at the second cyclopentadiene
ring was detected. From this complexation behavior, it has to be concluded that the ligand might

also form the catalytically active species in a bidentate and not in a tridentate manner.

Furthermore, the hydroformylation properties in the conversion of 1-octene were investigated
including the method of Factorial Design. Especially the effects of the ligand to rhodium ratio, as
well as the alteration of syngas pressure and temperature, were investigated. The executed
experiments led to the achievement of yields of aldehyde of up to 71.3 % and a n-regioselectivity
of up to 98.3 %. By Factorial Design the influence of pressure and temperature were investigated
further while reaction conditions for the achievement of 100 % yield and n-regioselectivity were
predicted. In combination with Factorial Design, the significances of the parameters were also
examined. The results pointed out that the alteration and especially the increase in temperature
lead to higher yields while the application of a higher syngas pressure in combination with lower

temperatures lead to a higher n-regioselectivity. Both observations were reinforced by the results
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obtained by the Student’s t-test. Also, the interaction term of temperature and pressure was
significant for the yield as well as for the regioselectivity. The influence was in both cases relatively
small compared to the term for temperature and pressure alone. Even though it increased the
accuracy of the resulting models as demonstrated by the excellent agreement of the models with
experimental results that were not included in the generation of the models. In case of the
optimization of the aldehyde yield the predicted results did not actually reach the achievement of
a complete conversion within the chosen reaction time of four hours. Instead of an anticipated
increase of yield at temperatures over 120 °C a decrease was observed. This behavior was not
integrated in the generated model. Instead an elongation of the reaction time at lower
temperatures could be beneficial. Moreover, a model was created to optimize the n-
regioselectivity of the conversion. The results of high n-selectivities are unfortunately
accompanied by low reaction rates and therefore low yields of aldehyde for the reaction time of
four hours result. Therefore, an additional optimization experiment was performed at a longer
reaction time of 24 hours leading to a n-regioselectivity of the investigated system at 50 bar and
65 °C of 98.3 %. This can be considered as an optimized result. It is satisfactory and close to the

targeted 100 % regioselectivity, especially considering the measurement error of the GC analysis.

Overall, the investigations using the statistical tool of Factorial Design can be considered as
extremely useful in the optimization of hydroformylation reactions in particular and chemical
reactions and technical processes in general. Although the optimization attempt of the aldehyde
yield led to no satisfactory result as still unknown factors led to a decrease of yield at the predicted
higher temperatures, the optimization of the n-regioselectivity can be considered as successful.
Additionally, the model was comparatively easy to apply as it only consists of two reaction
parameters. To improve the mathematical model more parameters could be included which
would nevertheless also lead to a more complex procedure including a significantly higher

number of experiments.
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4  Concluding remarks

[ want to conclude this thesis by discussing the influence of the ligand structure on the
hydroformylation of olefins. The aim of this thesis was to investigate the influence of the structural
alterations of phosphorus ligands on the activity, regioselectivity and the stability. Several mono-
and bidentate phosphite ligands as well as potentially tridentate phosphine ligands were tested
in hydroformylation reactions. Additionally, the phosphites were investigated by in situ NMR

hydrolysis experiments.

The investigations with mono- and bidentate biphenolphosphites came to the results that,
especially concerning the monodentate ligands, no clear trend in the hydroformylation properties
was found. One phosphite was synthesized, which exhibited an inhibiting effect on the
hydroformylation (2e) while all other monodentate phosphites induced high activity but poor n-
selectivity. The highest n-selectivity was observed with a catalyst based on the bidentate
BIPHEPHOS analogue 3a. A comparable n-selectivity but with significantly lower activity was
found for the unsymmetric diphosphite 3b, which in turn was a considerably more stable. In
general, the hydrolysis experiments showed that highly stable phosphites usually exhibited a

significantly lower activity.

Furthermore, hydroformylation and hydrolysis experiments were performed with
benzopinacolphosphites, which led to the result that phosphites with a single aryl substituent in
the ortho-position of the phosphorus moiety exhibited especially high activities and yields of the
desired aldehyde. These results were obtained for phenyl substituted as well as for tert-butyl
substituted structures. It was especially observed that sterically demanding tert-butyl groups in
ortho-position, as incorporated in the ligands 8k and 8], stabilize the ligand towards hydrolysis.
This is in full agreement with former results, where bulky ortho-alkyl substituents were
incorporated, e.g., in the prominent monophosphite Alkanox® or the diphosphite BIPHEPHOS
(vide supra). Unfortunately, phosphite 81 exhibited an inferior activity in the hydroformylation
experiments. This may be reasoned by the high steric demand of the three tert-butyl groups
leading to a hindered coordination of the ligand to rhodium. In terms of regioselectivity, catalysts
of those ligands that induced low activities usually exhibited high n-selectivities. Among the
ligands inducing a yield of aldehyde over 20%, the highest regioselectivities were produced by
means of the sterically demanding ligands 8f, 8h and 8Kk. Another very sterically demanding
phosphite (8e) allowed an excellent activity, but a mediocre n-selectivity. This effect must arise
from the fast reaction with the non-isomerized internal alkenes. In general, our study gives
evidence that a compromise must be found where the catalytic and stabilizing properties of

ligands have to be matched.
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In the second part of this thesis, two rhodium complexes based on two differently substituted
phosphine pincer ligands were synthesized and tested concerning their hydroformylation
properties. The crystal structure of 15b confirmed the presumption that the three coordinating
sites of the ligand coordinate in three adjacent coplanar sites to the metal center. Furthermore, at
a pressure of 50 bar high conversions of up to 87 % yield of aldehyde were achieved. Especially at
alower pressure of 20 bar, the formation of aldehyde was accompanied by formation of significant
amounts of hydrogenation products. Also, the n-regioselectivity of the catalytic systems can, for
both complexes, be considered relatively low as the highest n-selectivity was 56.9 %. Overall, the
anticipated positive catalytic properties of pincer ligands were not fulfilled with the investigated

structures.

As a third topic of this thesis the potentially tridentate triphosphine ligand HiersoPHOS-2,
containing a sterically demanding ferrocenyl backbone, was tested concerning its coordination
behavior and properties in the hydroformylation of 1-octene. The NMR experiments indicated
that the potentially tridentate ligand indeed coordinates in a bidentate manner to rhodium. For
the investigation of activity and n-selectivity the effect of the ligand to rhodium ratio as well as the
syngas pressure and temperature was examined. This led to the result that the optimal
phosphorus to rhodium ratio is 3:1 which means that only one ligand coordinates to the metal
center. A higher phosphorus to rhodium ratio did not prove to be beneficial. The mathematical
tool of Factorial Design was deployed to further optimize the yield of aldehyde and the n-
regioselectivity of the conversion. It was shown that the yield of aldehyde is massively dependent
on the reaction temperature. However, the mathematical investigations also demonstrated that
syngas pressure and interaction term of both parameters have a significant influence on both the
yield and n-regioselectivity even though the influence was comparably low. Nevertheless, it
increased the accuracy of the model, which was proven with the excellent fit of experimental
results which were not included in the generation of the models. Unfortunately, the yield of
aldehyde could not be optimized with the help of the generated model as the yield decreased at
higher temperatures — a behavior that was not predicted by the calculated response surface.
Besides the aldehyde yield, the n-regioselectivity of the hydroformylation of 1-octene was also
optimized using Factorial Design, leading to an increase in the yield of n-aldehyde of up to 98.3 %,
which can be considered as a successful optimization. These observations indicate that Factorial
Design can be a very useful and easy optimization tool, but not all possible influences can be
included in the model, which may lead to deviations of the actual practical results from the

calculated and predicted results.
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5.1 Experimental section

General Preparation

All reactions were carried out using standard Schlenk techniques under an atmosphere of argon
(Linde AG). Commercial chemicals were purchased from Sigma-Aldrich Chemical Co., Tokyo
Chemical Industry Co., Ltd., Acros Organics or abcr GmbH Deutschland. NMR spectra were
recorded on a Bruker AVANCE 250 spectrometer (250 MHz for 'H, 101 MHz for 31P and 63 MHz
for 13C NMR), a Bruker AVANCE 300 spectrometer (300.13 MHz for 'H, 121.5 MHz for 31P and
75.5 MHz for 13C NMR) or a Bruker AVANCE 500 spectrometer (500.13 MHz for 'H and 125.8 Hz
for 13C NMR). Chemical shifts are given relative to TMS (1H, 13C) or phosphoric acid (3!P). Mass
spectra were measured on Finnigan MAT 95-XP (Thermo Electron) or 1200/6210 (Agilent)
facilities. IR-spectra were recorded on a Nicolet Magna-IR 550 spectrometer. Elemental analyses
(C, H, P) were performed using a Leco 932 Analyzer and a Perkin Elmer Lambda 2 UV-Vis
spectrophotometer. X-Ray crystallographic data were collected on a Bruker Kappa APEX II Duo
diffractometer. The structures were solved by direct methods (SHELXS-97: Sheldrick, G. M. Acta
Cryst. 2008, A64, 112.) and refined using full-matrix least-squares procedures on F2 (SHELXL-
2014: Sheldrick, G. M. Acta Cryst. 2015, C71, 3.).

The compounds 1-(benzyloxy)-3-bromobenzene (4a),100 (3-bromophenoxy)(tert-
butyl)dimethylsilane (4b),101  (3-(benzyloxy)phenyl)boronic acid (5a),102103 (3-((tert-
butyldimethylsilyl)oxy)phenyl)boronic acid (5b)192103 and [1,1'-biphenyl]-2,3'-diol10* were

synthesized using literature procedures.
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5.1.1 Synthesis procedures of phosphites with biphenol structure

6-Chloro-dibenzo[d,f][1,3,2]dioxaphosphepine (1):

O’——P\
Cl

To a solution of 1.3 ml phosphorus trichloride (14.38 mmol) in 5 ml THF 5.4 pl N-methyl-2-
pyrrolidone (0.06 mmol) were added. The solution was heated to 60 °C. At this temperature a
solution of 1.04 g 2,2’-biphenol (5.58 mmol) in 5 ml THF was added dropwise. The reaction
solution was heated to 75 °C for 90 min. Afterwards the solution was cooled to 50 °C and not
reacted phosphorus trichloride and solvent was removed under reduced pressure. The raw
product was dissolved again in 7.5 ml THF, filtered and the residue was washed with THF three
times. The solvent was removed under reduced pressure yielding 1.38 g of a yellow oil (yield:
99 %).

1H NMR (300 MHz, CD,Cl,, 298 K): & = 7.55 (dd, Jun = 7.4 Hz, Jun = 2.0 Hz, 2H), 7.46 (td, Jun = 7.6 Hz,
Jun = 2.1 Hz, 2H), 7.43 - 7.35 (m, 2H), 7.27 (dt, Jun = 7.7 Hz, Jun = 1.2 Hz, 2H) ppm.

13C NMR (75 MHz, CD,Cly, 298 K): & = 149.8 (d, Jor = 5.7 Hz), 131.5 (d, Jer = 3.3 Hz), 130.8 (d,
Jer = 1.6 Hz), 130.1, 127.0 (d, Jep = 1.4 Hz), 122.7 (d, Jep = 2.2 Hz) ppm.

31P NMR (121 MHz, CD:Cl;, 298 K): & = 179.4 (s) ppm.

MS (EI 70 eV): m/z = 252 (M+, 19), 250 (59), 232 (75), 216 (12), 215 (100), 169 (12), 168 (75),
139 (48), 84 (11), 38 (26), 36 (87), 35 (13).

HRMS (EI): Calculated for C12HgO.CIP (M*) 249.99450, found 249.99436.
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6-Phenoxydibenzo[d f][1,3,2]dioxaphosphepine (2a):

To a solution of 1.84 g 6-chloro-dibenzo[d,f][1,3,2]dioxaphosphepine (1, 7.36 mmol) in 10 ml
toluene a solution of 0.69 g phenol (7.33 mmol) and 3 ml triethylamine in 10 ml toluene was
added at -20 °C. The solution was warmed to room temperature and stirred for another 18 h.
Afterwards the solution was filtered and the residue was washed with toluene three times. Then
the solvent was evaporated under reduced pressure. The residue was purified by column
chromatography using dichloromethane/n-heptane = 1/19 as eluent yielding 0.59 g of a colorless
oil (yield: 26 %).

'H NMR (300 MHz, CD2Cl2, 298 K): 6 = 7.43 (dd, Jun = 7.5 Hz, Jun = 1.9 Hz, 2H), 7.37 - 7.20 (m, 6H),
7.19 - 6.95 (m, 5H) ppm.

13C NMR (63 MHz, CDCl;, 298 K): § = 152.2 (d, Jer = 8.0 Hz), 149.5 (d, J c» = 5.1 Hz), 131.7 (d,
Jev = 3.2 Hz), 130.6 (d, Jep = 1.2 Hz), 130.4, 130.3, 129.9, 126.2, 125.0, 122.6, 121.1 (d, Jer = 7.6 Hz)

31P NMR (121 MHz, CD:Cl,, 298 K): § = 144.0 (s) ppm.

MS (EI, 70 eV): m/z = 308 (M-, 38), 307 (14), 228 (18), 216 (15), 215 (99), 169 (14), 168 (100),
140 (10), 139 (52), 93 (17), 77 (30), 65 (42), 63 (10), 51 (17), 39 (21).

HRMS (EI): Calculated for C1gH1303P (M*) 308.05968, found 308.06012.

Elemental analysis (calc. for C1gsH1303P = 308.27 g/mol): C 68.04 (70.13), H 4.14 (4.25), P 11.07
(10.05) %.
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6-([1,1'-Biphenyl]-2-yloxy)dibenzo|[d f][1,3,2]dioxaphosphepine (2b):

A solution of 0.63 g 2-phenylphenol (3.69 mmol) and 1.5 ml triethylamine (11.08 mmol, 1.12 g) in
7 ml THF was added dropwise to a solution of 0.93 g 6-chloro[d,f][1,3,2]dioxaphosphepine in 7 ml
THF at -20 °C. Afterwards the reaction solution was stirred for 24 h at room temperature. The
solvent was evaporated under reduced pressure and the residue was dissolved in toluene,
filtrated and washed three times with toluene. The solvent was again evaporated under reduced
pressure and the residue was purified by column chromatography using

dichloromethane/n-heptane = 15/85 to yield 0.68 g of a colorless oil (yield: 49 %).

1H NMR (300 MHz, CD:Cl;, 298K): §=7.58-7.39 (m, 8H), 7.39-7.25 (m, 7H), 7.02 (ddd,
3]1-[1-[ =74 HZ; 4]1-11-1 =21 HZ, S]HH =11 HZ, ZH) ppm.

13C NMR (75 MHz, CD,Cly, 298 K): § = 149.5 (d, Jer = 5.1 Hz), 149.3 (d, Jep = 7.5 Hz), 138.3, 134.6 (d,
Jer = 3.2 Hz), 131.9, 131.6 (d, Jer = 3.2 Hz), 130.5, 130.4, 129.8, 129.3, 128.8, 128.0, 126.0, 125.3,
122.6 (d, Jer = 1.6 Hz), 121.5 (d, Jep = 11.4 Hz) ppm.

31P NMR (121 MHz, CD:Cl,, 298 K): § = 144.5 (s) ppm.
MS (EI): m/z (%) = 384 (M+, 99), 383 (M+-H, 100), 215 (100), 168 (99), 139 (57), 115 (37).

HRMS (ESI): Calculated for Ci4H1g03P (M+H)* 385.09881, found 385.09864. Calculated for
C24H17,03PNa (M+Na)* 407.08075, found 407.08098.
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2'-(Dibenzo[d,f][1,3,2]dioxaphosphepin-6-yloxy)-[1,1'-biphenyl]-2-ol (2c):

To a solution of 0.47 g 2,2’-biphenol (2.51 mmol) in 5 ml THF was added dropwise a solution of
n-Buli in hexane (1.6 M, 2.51 mmol) at -30 °C. The solution was stirred for 30 minutes at this
temperature. Afterwards the solution was warmed to room temperature and a solution of 0.63 g
6-chloro-dibenzo[d,f][1,3,2]-dioxaphosphepine (1, 2.51 mmol) in 5 ml THF was added dropwise
and the solution stirred for 18 h at room temperature. The solvent was evaporated under reduced
pressure, the residue was dissolved in 10 ml toluene and filtrated. Afterwards the solvent was
again evaporated under reduced pressure. The residue was dissolved in a small amount of
dichloromethane and n-heptane was added to this solution until some precipitation was noticed.
The solution was cooled overnight to 8 °C and was filtrated afterwards. The solid was dried in

vacuo to yield 0.28 g of a slightly yellow solid (yield: 28 %).

'HNMR (300 MHz, dioxane-ds, 298 K): 6 = 7.17-7.34 (m, 7H), 7.04-7.17 (m, 4H), 6.86-6.93 (m, 1H),
6.74-6.86 (m, 5H) ppm.

13CNMR (63 MHz, dioxane-ds, 298 K): 6 = 156.9,150.0 (d, Jep = 2.27 Hz), 132.1,132.0,131.3, 130.6,
129.9,129.7,129.2,128.7,128.0, 126.1, 125.9, 125.0, 122.9, 120.0, 118.1 ppm.

31P NMR (121 MHz, dioxane-ds, 298 K): § = 144.7 (s) ppm.

MS (EI, 70 eV): m/z (%) = 416 (M*+0, 36), 400 (M*, 9), 383 (100), 232, (41), 215 (73), 186 (60),
168 (96), 139 (46).

HRMS (ESI): Calculated for C24H1s04P (M+H)* 401.09372, found 401.09374. Calculated for
C24H1704PNa (M+Na)* 423.07567, found 423.07587.

Elemental analysis (calc. for C24H1704P = 400.36 g/mol): C 72.52 (72.00), H 4.29 (4.28) %.

IR (ATR, cm'1) Vv = 3058 (OH).
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6-((3'-(Benzyloxy)-[1,1'-biphenyl]-2-yl)oxy)dibenzo|[d f][1,3,2]dioxaphosphepine (2d):

A solution of 0.15g 3’-(benzyloxy)[1,1’-biphenyl]-2-0l (6a, 0.54 mmol) and 0.22 mol
triethylamine (0.16 g, 1.62 mmol) in 7 ml toluene was added to a stirred solution of 0.14 g 6-
chloro-dibenzo[d,f][1,3,2]-dioxaphosphepine (0.50 mmol) in 5 ml toluene at -20 °C. The solution
was stirred for 60 h at room temperature. Afterwards the solution was filtered and the residue
was washed with toluene three times. Then the solvent was evaporated under reduced pressure.
The residue was purified by column chromatography using dichloromethane/n-heptane = 3/7 as

eluent yielding 0.12 g as a colorless oil (yield: 49 %).

1H NMR (250 MHz, CD:Cl;, 298 K): 6 = 7.26-7.50 (m, 16H), 7.15-7.19 (m, 1H), 7.07-7.13 (m, 1H),
6.97-7.06 (m, 3H), 5.02 (s, 2H, CH>) ppm.

13C NMR (63 MHz, CD,Cl,, 298 K): § = 159.0, 149.2 (d, Jer = 5.05 Hz), 149.0 (d, Jer = 7.91 Hz), 139.3,
137.5,131.5,131.3 (d, Jer = 3.33 Hz), 130.6 (d, Jer = 1.37 Hz), 130.2 (d, Jer = 1.26 Hz), 129.6, 129.1,
128.7,128.2,127.9,125.7 (d, Jer = 0.92 Hz), 125.0 (d, Jer = 0.80 Hz), 122.7, 122.3 (d, Jer = 1.61 Hz),
121.4,121.2,116.5, 114.4, 70.3 ppm.

31P NMR (101 MHz, CD.Cl,, 298 K): § = 144.7 (s) ppm.

MS (EI, 70 eV): m/z = 490 (M-, 2), 498 (M-H+, 3), 400 (26), 399 (100), 371 (3), 215 (10), 168 (31),
139 (10), 92 (4), 91 (56), 65 (6).

HRMS (ESI): Calculated for C31H2404P (M+H)* 491.14067, found 491.13992. Calculated for
C31H2304PNa (M+Na)* 513.12262, found 513.12164.

Elemental analysis (calc. for C31H2304P =490.49 g/mol): C, 77.68 (75.91); H, 4.52 (4.73) %.
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6-((3'-((tert-Butyldimethylsilyl)oxy)-[1,1'-biphenyl]-2-yl)oxy)dibenzo[d,f][1,3,2]-
dioxaphosphepine (2e):

OSiMe,tBu

To a solution of 0.81 g 6-chloro-dibenzo[d,f][1,3,2]-dioxaphosphepine (1, 3.03 mmol) in 10 ml
THF was added dropwise a solution of 0.91 g 3'-((tert-butyldimethylsilyl)oxy)-[1,1'-biphenyl]-2-
ol (6b, 3.03 mmol) and 1.3 ml triethylamine (9.08 mmol, 0.92 g) in 10 ml THF at a temperature
of -20 °C. The reaction was stirred for 16 h at room temperature. Afterwards the solvent was
evaporated under reduced pressure and the residue was dissolved in toluene, filtrated and
washed three times with toluene. The solvent was evaporated again under reduced pressure. The
product was purified by column chromatography using dichloromethane/n-heptane =1/9 to

yield 0.96 g of a colorless oil (yield: 62 %).

H NMR (63 MHz, CDzCl;, 298 K): 6 = 7.50 (d, Jun = 2.1 Hz, 1H); 7.47 (d, Jun = 2.2 Hz, 1H), 7.42 (dd,
Jun = 7.3 Hz, Jun = 1.5 Hz, 1H), 7.39-7.24 (m, 8H), 7.10 (ddd, Juu = 7.7 Hz, Jun = 1.7 Hz, Jun = 1.1 Hz,
1H), 7.07-7.04 (m, 1H), 7.04-7.02 (m, 1H), 7.01 (dd, Jun = 2.4 Hz, Juu = 1.7 Hz, 1H), 6.90 (ddd,
Jun = 8.1 Hz, Jun = 2.5 Hz, Juu = 1.1 Hz, 1H), 0.99 (s, 9H), 0.19 (s, 6H) ppm.

13C NMR (75 MHz, CD,Cl, 298 K): § = 156.1, 149.5 (d, Jep = 5.2 Hz), 149.2 (d, Jep = 7.4 Hz), 139.6,
134.5 (d, Jep = 3.4 Hz), 131.8, 131.6 (d, Jep = 3.2 Hz), 130.4 (d, Jer = 1.4 Hz), 129.8, 129.7, 129.3,
126.0, 125.3, 123.5, 122.7 (d, Jer = 1.6 Hz), 122.2, 121.7 (d, Jep = 11.0 Hz), 119.7, 26.0, 18.7, -4.1

31P NMR (121 MHz, CDCl,, 298 K): & = 144.3 (s) ppm.
MS (EI, 70 eV): m/z (%) = 514 (M+, 43), 513 (M*-H, 49), 457 (83), 307 (65), 215 (100), 168 (86).

HRMS (EI): Calculated for C3oH3104PSi (M*) 514.17237, found 514.17203.
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2,2'-Bis(dibenzold,f][1,3,2]dioxaphosphepin-6-yloxy)-1,1'-biphenyl (3a):

A solution 0of 0.99 g 2,2’-biphenol (5.29 mmol) and 3 ml triethylamine (11.08 mmol, 1.12 g) in 7 ml
THF was added dropwise to a solution of 2.65g 6-chloro[df][1,3,2]dioxaphosphepine (1,
10.57 mml) in 7 ml THF at -20 °C. Afterwards the reaction solution was stirred for 18 h at room
temperature. The solvent was evaporated under reduced pressure and the residue was dissolved
in toluene, filtrated and washed three times with toluene. The solvent was again evaporated under
reduced pressure and the residue was purified by recrystallization from a mixture of

dichloromethane and n-heptane to yield 1.09 g of a white powder (yield: 34 %).
H NMR (300 MHz, CD2Cl;, 298 K): § =7.58 - 7.17 (m, 6H), 7.00 - 6.83 (m, 1H) ppm.

13CNMR (75 MHz, CDCl;, 298 K): § = 150.3, 150.2, 150.2, 149.5, 149.5, 149.5, 132.8, 131.6, 130.9,
130.30,129.8,129.7,125.9,124.9,122.6,121.2,121.1, 121.0 ppm.

31P NMR (121 MHz, CDCl;, 298 K): & = 144.7 (s) ppm.

HRMS (ESI): Calculated for C3sHzs06P2 (M+H)* 615.11209, found 615.11203. Calculated for
C36H2406P2Na (M+Na)* 637.09403, found 637.09394.

Elemental analysis (calc. for Cz¢H2406P2 = 614.52 g/mol): C, 70.85 (70.36); H, 4.41 (3.94); P,9.34
(10.08) %.
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6,6'-([1,1'-Biphenyl]-2,3'-diylbis(oxy))didibenzo[d,f][1,3,2]dioxaphosphepine (3b):

A solution of 0.10 g 2,3‘-biphenol (0.56 mmol) in 4 ml THF and 0.3 ml triethylamine (0.23 g,
2.24 mmol) was added dropwise to a solution of 0.39g 6-chloro-dibenzo[df][1,3,2]-
dioxaphosphepine (1, 1.56 mmol) in 4 ml THF at -20 °C. The solution was stirred overnight at
room temperature. Afterwards the solvent was evaporated under reduced pressure and the
residue dissolved in 10 ml toluene, filtrated und washed three times with toluene. The solvent
was evaporated again under reduced pressure. The leftover yellow oil was purified by column
chromatography using dichloromethane/n-heptane = 3/7 to yield 0.10 g of a white solid (yield:
30 %).

1H NMR (300 MHz, CD,Cl,, 298 K): & = 7.39-7.53 (m, 6H), 7.18-7.39 (m, 16H), 7.00-7.05 (m, 2H)

13C NMR (75 MHz, CD2Clz, 298 K): & = 151.8 (d, Jer = 7.91 Hz), 149.2 (d, Jep = 5.00 Hz), 149.2 (d,
Jor=5.00 Hz), 149.0 (d, Jer=7.60 Hz), 139.9, (d, Jer=3.23 Hz), 133.3, 1315, 1314 (d,
Jev = 3.33 Hz), 131.3 (d, Jer = 3.33 Hz), 130.3, 130.2, 129.9, 129.6, 129.4, 126.3, 125.8, 125.8, 125.1,
122.4,122.3,121.4,121.2,119.8, 119.6 ppm.

31P NMR (121 MHz, CD,Cly, 298 K): 6 = 144.3 (s), 144.0 (s) ppm.

HRMS (ESI): Calculated for C3sH2506P2 (M+H)* 615.11209, found 615.11174. Calculated for
C36H2406P2Na (M+Na)+ 637.09403, found 637.09386.

Elemental analysis (calc. for C3sH2406P2 = 614.53 g/mol): C 71.07 (70.36), H 4.14 (3.94), P 12.20
(10.08) %.
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3'-(Benzyloxy)[1,1'-biphenyl]-2-o0l (6a):

OBn

Je

0.22 g 2-lodophenol (1.01 mmol) and 0.23 g [3-(benzyloxy)phenyl]boronic acid (5a, 1.01 mmol)
were suspended in 10 ml water. To the suspension 0.05 g palladium on carbon (10 w%, 5 mol%)
and 0.56 g potassium carbonate (4.05 mmol) were added and stirred for 24 h at 90 °C. Afterwards
the suspension was cooled to ambient temperature and acidified by addition of aqueous HCI (2
M). It was extracted three times with ethyl acetate and the combined organic layers were washed
with deionized water three times, dried and the solvent was removed in vacuo. The residue was
purified by column chromatography on silica using n-heptane/dichloromethane = 2/8 as eluent

yielding 0.15 g of a colorless oil (yield: 53 %).

1H NMR (300 MHz, CDCl3, 298 K) 6 = 7.79 - 7.55 (m, 6H), 7.52 (m, 2H), 7.41 - 7.20 (m, 5H), 5.56
(s, 1H, OH), 5.39 (s, 2H, CH2) ppm.

13C NMR (75 MHz, CDCl3, 298 K) § = 159.6, 152.5, 138.6, 136.9, 130.6, 130.2, 129.4, 128.8, 128.2,
128.0,127.7,121.6,120.9,116.0, 115.6, 114.7, 70.2 ppm.

MS (EI, 70 eV): m/z = 276 (M*, 24), 128 (9), 91 (100), 65 (10).
HRMS (EI): Calculated for C19H1602 (M+) 276.11448, found 276.11444.

Elemental analysis (calc. for C19H1602 = 276.34 g/mol): C, 82.44 (82.58); H, 5.67 (5.84) %.
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3'-((tert-Butyldimethylsilyl)oxy)-[1,1'-biphenyl]-2-ol (6b):

OSiMe,tBu

OH

0.25 g 2-lodophenol (1.14 mmol) and 0.29 g (3-((tert-butyldimethylsilyl)oxy)phenyl)boronic acid
(5b, 1.14 mmol) were suspended in 10.3 ml 1,4-dioxane. To the suspension 0.06 g palladium on
carbon (10 w%, 5 mol%) and 0.50 g potassium carbonate were added and stirred for 18 hat 70 °C.
Afterwards the suspension was cooled to ambient temperature and quenched with deionized
water. The mixture was filtered through a thin layer of silica, extracted three times with ethyl
acetate and the combined organic layers were washed with deionized water three times, dried
and the solvent was removed in vacuo. The residue was purified by column chromatography on
silica using n-heptane/dichloromethane =2/8 as eluent yielding 0.23 g of a colorless oil

(yield: 69 %).

1H NMR (300 MHz, CD2Cly, 298 K): 6 = 7.35 (t, Jun = 7.8 Hz, 1H), 7.30 - 7.20 (m, 2H), 7.06 (ddd,
Jin = 7.6 Hz, Jun = 1.6 Hz, Jun = 1.0 Hz, 1H), 7.02 - 6.92 (m, 3H), 6.89 (ddd, Jun = 8.1 Hz, Juu = 2.5 Hz,
Jiun = 1.0 Hz, 1H), 1.00 (s, 9H), 0.23 (s, 6H) ppm.

13C NMR (75 MHz, CD:Cl;, 298 K): § =157.0,153.1,139.1, 130.8,130.7, 129.7,128.5, 122.4, 121.4,
121.3,120.1, 116.3, 26.0, 18.7, -4.1 ppm.

29Si NMR (60 MHz, CD.Cl,, 298 K): § = 21.49 ppm.

MS (EI, 70 eV): m/z (%) = 300 (M-, 16), 244 (11), 243 (40), 227 (15), 139 (16), 115 (18), 75 (74),
73 (11), 58 (17), 57 (100), 56 (20), 45 (16), 41 (50), 39 (12), 29 (17).

HRMS (EI): Calculated for C1gH2402Si (M+) 300.15401, found 300.15485.
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5.1.2 Hydroformylation with phosphites with biphenol structure

The hydroformylation experiments of phosphites with biphenol structure were performed in a
16 ml autoclave (HEL group, Hertfordshire, Great Britain) equipped with a gas inlet stirrer, a
thermocouple, a pressure controller as well as a gas flow meter. A high-grade pure syngas
(99.997 %; CO/H; = 1:1) was used, which was purchased from Linde AG. The composition of the
technical octene mixture used as a substrate for the hydroformylation reaction was: 3.3 % 1-
octene, 48.4 % Z/E-2-octene, 29.2 % Z/E-3-octene, 16.4 % Z/E-4-octene, 2.1 % skeletal C8-
olefinic isomers, 0.6 % n-octane. Olefins were refluxed in an argon atmosphere over sodium metal

and freshly distilled prior to use.

For the hydroformylation experiments the reaction solution was prepared under an atmosphere
of argon. 0.002 g of Rh(acac)(CO); and corresponding amount of ligand were dissolved in 8 ml of
toluene. The mass of toluene was defined for GC analysis. Afterwards 1.80 g of n-octene (16 mmol)
was added. The prepared reaction solutions were filled into the autoclave and purged with argon
and syngas (Linde; Hz (99.999 %):CO (99.997%) = 1:1) three times, respectively. Afterwards the
stirred reaction solution was pressurized with 10 bar syngas and heated to the assigned
temperature. After reaching the reaction temperature the pressure was elevated to 20 bar and the
reaction was kept at constant pressure for 4 h. After this time the autoclave was cooled down to
room temperature, the pressure was released and purged with argon. 0.5 ml of the reaction
solution were diluted with 4 ml pentane and analyzed with gas chromatography (HP 5890 Series
II plus, PONA, 50 m x 0,2 mm x 0,5 um). The quantitative amount of remaining olefin and newly

formed aldehyde were determined using toluene as internal standard.
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5.1.3 Synthesis of phosphites with benzopinacol structure

2-Chloro-4,4,5,5-tetraphenyl-1,3,2-dioxaphospholane (7):

¥

P—Cl

als

A stirred suspension of 6.50 g benzopinacol (17.74 mmol) in 105 ml THF was treated dropwise
with a solution of 7.38 ml trimethylamine (53.21 mmol) in 15 ml THF. Afterwards a solution of
2.48 ml phosphorus trichloride (28.38 mmol) in 35 ml THF was added dropwise at -40 °C. The
reaction mixture was allowed to warm up slowly to room temperature, then stirred overnight and
filtered. Volatiles were removed from the filtrate in vacuo. The obtained residue was dissolved in
toluene (25 ml). After filtration, solvent was removed in vacuo and the solid product dried at

0.1 bar, 40 °C, for 5 h. Yield: 7.57 g (17.56 mmol, 99 %).

'HNMR (300 MHz, CD2Cl;, 298 K) § = 6.97 - 7.03 (m, 4H), 7.05 - 7.12 (m, 4H), 7.14 - 7.31 (m, 8H),
7.48 - 7.60 (m, 4H) ppm.

13C NMR (75 MHz, CD2Cl,, 298 K) & = 97.6 (d, Jor = 8.5 Hz), 127.8, 128.1, 128.2, 128.6, 129.0 (d,
Jep = 3.8 Hz), 130.4, 141.4 (d, Jep = 4.3 Hz), 141.7 ppm.

31P NMR (121 MHz, CD,Cl, 298 K) § =173.0 (s) ppm.

MS (EL 70 eV): m/z = 430 (M*, 1), 348 (12), 333 (45), 332 (100), 255 (15), 254 (17), 253 (25), 252
(18), 250 (11), 248 (29), 243 (10), 167 (13), 166 (84), 165 (83), 105 (18), 92 (40), 91 (67), 77
(13).

HRMS (EI): Calculated for C26H2002CIP (M+*) 430.08840, found 430.08790.
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2-Phenoxy-4,4’,5,5’-tetraphenyl-1,3,2-dioxaphospholane (8a):

To a stirred suspension of 0.19 g phenol (1.98 mmol) in 5 ml toluene, 0.41 ml triethylamine
(0.30 g, 2.97 mmol) was added dropwise. The reaction mixture was treated dropwise with a
solution of 0.85 g 2-chloro-4,4,5,5-tetraphenyl-1,3,2-dioxaphospholane (7, 1.98 mmol) in 6 ml
toluene at room temperature. The reaction mixture was stirred overnight and filtered. The filtrate
was evaporated to dryness in vacuo. The residue obtained was dissolved in toluene (15 ml), the
solution was filtered through a thin layer of silica and the solvent removed in vacuo and the solid

product dried at 0.1 bar, 40 °C, for 5 h. Yield: 0.610 g (1.2 mmol, 63 %).

H NMR (250 MHz, CD,Cl, 298 K): 6 = 6.69 - 6.78 (m, 2H), 7.05 - 7.25 (m, 19H), 7.50 - 7.62 (m,
4H) ppm.

13C NMR (63 MHz, CD:Cl;, 298 K): 6 =95.7 (d, Jcp = 7.9 Hz), 121.1 (d, Jcr = 8.1 Hz), 124.5, 127.6,
127.7,127.8, 128.0, 129.3 (d, Jcr = 3.2 Hz), 130.1, 130.4, 142.5 (d, Jcr = 4.1 Hz), 143.2, 151.7 (d,
Jecp = 8.5 Hz) ppm.

31P NMR (121 MHz, CD,Cl, 298 K): 6 = 139.5 (s) ppm.
HRMS (ESI): Calculated for C32H2603P (M+H)* 489.1614, found 489.1626.

Elemental analysis (calc. for C32H2503P = 488.15 g/mol): C, 78.77 (78.68); H, 5.32 (5.16); P, 6.04
(6.34) %.

Xiv
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Table 24: Crystallographic details of 8a.

Chem. Formula
Form. Wght. [g mol-1]
Color

Cryst. system

Space Group

Reflections collected
Independent reflections
Reflections with I > 2s(I)
Rint

F(000)

Ry (R[F? > 2s(F?)])

WR; (F?)

Goodness-of-fit on F?

Parameters

C32H2503P
488.15
Colorless
Monoclinic
P21/n
14.9694 (4)
9.5530 (2)
18.7199 (5)
90
112.7503 (6)
90

2468.72 (11)
4

1.314
0.144
0.71073
150(2)
50826
5970

5184
0.0259
1024
0.0355
0.0963
1.043

325
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2-([1,1'-Biphenyl]-2-yloxy)-4,4,5,5-tetraphenyl-1,3,2-dioxaphospholane (8b):

D
0%t

ol

To a stirred suspension of 0.37 g 2-phenylphenol (2.204 mmol) in 6 ml toluene, 0.45 ml
triethylamine (0.33 g, 3.31 mmol) was added dropwise at -20 °C. The reaction mixture was
treated dropwise with a cold solution of 0.95g 2-chloro-4,4,55-tetraphenyl-1,3,2-
dioxaphospholane (7, 2.204 mmol) in 6 ml toluene. The reaction mixture was stirred overnight
and filtered. The filtrate was evaporated to dryness in vacuo. The residue obtained was dissolved
in toluene (15 ml), the solution was filtered through a thin layer of silica, the solvent was removed

in vacuo and the solid product dried at 0.1 bar, 40 °C, for 5 h. Yield: 0.944 g (1.67 mmol, 76 %).

'H NMR (300 MHz, CD;Cl;, 298 K): §=6.9 - 7.1 (m, 11H),7.1 - 7.3 (m, 7H), 7.3 - 7.4 (m, 7H), 7.4 -
7.5 (m, 4H) ppm.

13C NMR (75 MHz, CD2Clz, 298 K): & = 95.8 (d, Jep = 8.3 Hz), 121.7 (d, Jer = 12.5 Hz), 124.9, 127.6,
127.6,127.7,127.9,128.6,129.0,129.2 (d, Jer = 3.2 Hz), 130.3, 130.4, 131.5, 134.4 (d, Jep = 3.1 Hz),
138.2,142.5 (d, Jep = 4.4 Hz), 143.0, 149.0 (d, Jcr = 9.0 Hz) ppm.

31P NMR (121 MHz, CD:Cl, 298 K): 6 = 138.6 ppm.
HRMS (ESI): Calculated for C3gH3003P (M+H)* 565.1927, found 565.1930.

Elemental analysis (calc. for C3gH2903P = 564,61 g/mol): C, 80.76 (80.84); H, 5.20 (5.18); P, 5.23
(5.49) %.
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2-([1,1'-Biphenyl]-3-yloxy)-4,4,5,5-tetraphenyl-1,3,2-dioxaphospholane (8c):

Sy O
Op, .

ol

To a stirred suspension of 0.37 g 3-phenylphenol (1.97 mmol) in 6 ml toluene, 0.41 ml
triethylamine (0.30g, 2,97 mmol) was added dropwise. The reaction mixture was treated
dropwise with a solution of 0.85g 2-chloro-4,4,5,5-tetraphenyl-1,3,2-dioxaphospholane (7,
1,97 mmol) in 6 ml toluene at room temperature. The reaction mixture was stirred overnight and
filtered. The filtrate was evaporated to dryness in vacuo. The residue obtained was dissolved in
toluene (15 ml), the solution was filtered through a thin layer of silica, the solvent was removed

in vacuo and the solid product dried at 0.1 bar, 40 °C, for 5 h. Yield: 0.760 g (1.34 mmol, 68 %).

1H NMR (300 MHz, CD,Cl,, 298 K): § = 6.76-6.81 (m, 2H), 7.08-7.17 (m, 10H), 7.22-7.27 (m, 6H),
7.31-7.48 (m, 5H), 7.53-7.64 (m, 6H).

13C NMR (63 MHz, CD:Cl;, 298 K): § =95.9, (d, Jecr = 8.2 Hz), 114.9, 115.3, 119.5, 120.0, 120.1,
120.2, 120,3, 123.4, 126.0, 127.8, 127.9, 128.1, 128.2, 128.4, 128.9, 129.4, 129.5, 129.8, 130.6,
130.7,140.9,141.7, 142.6, 142.7, 143.4, 143.5, 152.3 (d, Jcr = 8.1 Hz) ppm.

31P NMR (121 MHz, CD:Cl, 298 K): 6 = 139.1 (s) ppm.
HRMS (ESI): Calculated for C3gH3003P (M+H)* 565.1927, found 565.1929.

Elemental analysis (calc. for C3sH2903P = 564.61 g/mol): C, 80.75 (80.84); H, 5.04 (5.18); P, 5.34
(5.49) %.
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Table 25: Crystallographic details of 8c.

Chem. Formula
Form. Wght. [g mol-1]
Color

Cryst. system

Space Group

Acuka [A]

T[K]

Reflections collected
Independent reflections
Reflections with I > 2s(I)
Rint

F(000)

Ry (R[F?> 2s(F?)])

WR; (F?)

Goodness-of-fit on F?2

Parameters

C38H2003P
564.58
Colorless
Monoclinic
P21/n
14.9935 (3)
9.8857 (2)
20.5571 (5)
90
104.0748 (6)
90

2955.52 (11)
4

1.269
0.130
0.71073
150(2)
60717
7483

6091
0.0310
1184
0.0368
0.0984
1.027

379
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2-([1,1'-Biphenyl]-4-yloxy)-4,4,5,5-tetraphenyl-1,3,2-dioxaphospholane (8d):

-0
e -0
oIS

To a stirred suspension of 0.37 g 4-phenylphenol (1.97 mmol) in 6 ml toluene, 0.41 ml
triethylamine (0.30g, 2.97 mmol) was added dropwise. The reaction mixture was treated
dropwise with a solution of 0.85g 2-chloro-4,4,5,5-tetraphenyl-1,3,2-dioxaphospholane (7,
1.97 mmol) in 6 ml toluene at room temperature. The reaction mixture was stirred overnight and
filtered. The filtrate was evaporated to dryness in vacuo. The residue obtained was dissolved in
toluene (15 ml), the solution was filtered through a thin layer of silica, the solvent removed in

vacuo and the solid product dried at 0.1 bar, 40 °C, for 5 h. Yield: 0.930 g (1.64 mmol, 83 %).

H NMR (300 MHz, CD,Cl,, 298 K): 6 = 6.82 (d, Jun = 8.8 Hz, 1H), 7.03 - 7.28 (m, 18H), 7.28 - 7.64
(m, 10H) ppm.

13C NMR (63 MHz, CDCl;, 298 K): 6 =95.8 (d, Jcr = 8.0 Hz), 116.2, 121.4 (d, Jcp = 8.0 Hz), 127.4,
127.6, 127.7, 127.8, 128.0, 128.7, 129.3, 130.4, 140.9, 142.5 (d, Jcr = 4.1 Hz), 143.2, 151.2 (d,
Jep = 8.5 Hz) ppm.

31P NMR (121 MHz, CD:Cl, 298 K): 6 = 138.4 (s) ppm.
HRMS (ESI): Calculated for C3gH3003P (M+H)* 565.1927, found 565.1935.

Elemental analysis (calc. for C3gH2903P = 564.61 g/mol): C, 80.95 (80.84); H, 5.20 (5.18); P, 5.31
(5.49) %.
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2-([1,1":3",1"-Terphenyl]-2'-yloxy)-4,4,5,5-tetraphenyl-1,3,2-dioxaphospholane (8e):

(D4
OFo o

\
P-0O
/
T~
To a stirred suspension of 0.54 g 2,6-di-phenylphenol (2.204 mmol) in 6 ml toluene, 0.46 ml
triethylamine (0.33 g, 3.31 mmol) was added dropwise at -20 °C. The reaction mixture was
treated dropwise with a cold solution of 0.95g 2-chloro-4,4,55-tetraphenyl-1,3,2-
dioxaphospholane (7, 2.204 mmol) in 6 ml toluene. The reaction mixture was stirred 24 h and
filtered. The filtrate was evaporated to dryness in vacuo. The residue obtained was dissolved in

toluene (15 ml), the solution was filtered through a thin layer of silica and the solvent removed in

vacuo and the solid product dried at 0.1 bar, 40 °C, for 5 h. Yield: 1.113 g (1.74 mmol, 87 %).

1H NMR (300 MHz, CDCl;, 298 K): 6 = 6.93-7.17 (m, 9H), 7.28-7.48 (m, 20H), 7.53-7.59 (m, 2H),
7.65-7.69 (m, 2H).

13C NMR (63 MHz, CD:Cl;, 298K): §=95.0 (d, Jer =8.4 Hz), 121.3, 125.1, 125.9, 127.5 (d,
Jer=11.6 Hz), 127.6 (d, Jcr = 19.3 Hz), 128.0 (d, Jcr = 22.6 Hz), 128,8, 129.1(d, Jcr = 3.4 Hz), 1294,
129.9, 130.6, 130.9, 136.7 (d, Jcp = 5.1 Hz), 138.3, 138.7, 142.4 (d, Jcr = 4.8 Hz), 142.8, 147.2 (d,
Jer =9.2 Hz), 150.1 ppm.

31P NMR (121 MHz, CD:Cl,, 298 K): § = 144.8 (s) ppm.
HRMS (ESI): Calculated for C44H3403P (M+H)* 641.2240, found 641.2244.

Elemental analysis (calc. for C44H3303P = 640.72 g/mol): C, 81.91 (82.48); H, 5.33 (5.19); P, 4.94
(4.83) %.
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2-(Naphthalen-1-yloxy)-4,4,5,5-tetraphenyl-1,3,2-dioxaphospholane (8f):

To a stirred suspension of 0.23 g 1-naphthol (1.60 mmol) in 4 ml THF, 5.00 ml n-BuLi (0.32 M,
1.60 mmol) in hexane was added dropwise at -20 °C, the mixture was stirred for 20 minutes, and
warmed gently to room temperature. Then it was treated dropwise with a cold solution of 0.69 g
2-chloro-4,4,5,5-tetraphenyl-1,3,2-dioxaphospholane (7, 1.60 mmol) in 3 ml THF. The reaction
mixture was stirred over night at room temperature. The filtrate was evaporated to dryness in
vacuo. The residue obtained was dissolved in toluene (10 ml), the solution was filtered and the
solvent removed in vacuo. The solid product was dried at 0.1 mbar, room temperature, for 5 h.

Yield: 0.660 g (1.227 mmol, 77 %).

1H NMR (300 MHz, CD2Clz, 298 K): & = 7.04 - 7.27 (m, 17H), 7.33 - 7.50 (m, 4H), 7.57 - 7.62 (m,
1H), 7.63 - 7.70 (m, 4H), 7.77 - 7.83 (m, 1H).

13C NMR (75 MHz, CD:Cl;, 298 K): & = 96.0 (d, Jcp = 8.0 Hz), 115.2 (d, Jep = 14.3 Hz), 123.0, 124.3,
126.2 (d, Jer = 9.0 Hz), 127.0, 127.6, 127.7, 127.9, 128.0, 128.7, 129.3 (d, Jp = 3.4 Hz), 129.6, 130.5,
135.3,142.5 (d, Jop = 4.2 Hz), 143.2, 148.1 (d, Jer = 9.0 Hz).

31P NMR (121 MHz, CDCl;, 298 K): § = 138.7 (s) ppm.
HRMS (ESI): Calculated for CssHz703PK (M+K)* 577.13294, found 577.13377.

Elemental analysis (calc. for C36H2703P = 538.16 g/mol): C, 80.62 (80.35); H, 4.97 (4.98); P, 5.74
(5.75) %.
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2-(Naphthalen-2-yloxy)-4,4,5,5-tetraphenyl-1,3,2-dioxaphospholane (8g):

>
O 0

ol

To a stirred suspension of 0.23 g 2-naphthol (1.60 mmol) in 4 ml THF, 5.00 ml n-BuLi (0.32 M,
1.60 mmol) in hexane was added dropwise at -20 °C, the mixture was stirred for 20 minutes, and
warmed gently to room temperature. Then it was treated dropwise with a cold solution of 0.69 g
2-chloro-4,4,5,5-tetraphenyl-1,3,2-dioxaphospholane (7, 1.60 mmol) in 3ml THF. After 20
minutes the formation of precipitate (LiCl) was noticed. The reaction mixture was stirred over
night at room temperature. The filtrate was evaporated to dryness in vacuo. The residue obtained
was dissolved in toluene (10 ml), the solution was filtered and the solvent removed in vacuo. The
solid product was dried at 0.1 mbar, room temperature, for 5h. Yield: 0.861 g (1.600 mmol,
>99 %).

1H NMR (300 MHz, CD2Cl,, 298 K): § = 6.88 (dd, Jum = 8.9 Hz, Jun = 2.3 Hz, 1H), 7.05 - 7.30 (m, 17H),
7.37 - 7.51 (m, 2H), 7.57 - 7.65 (m, 4H), 7.73 (d, Jun = 9.0 Hz, 2H), 7.79 (dd, Jun = 8.4 Hz,
Jun = 1.3 Hz, 1H) ppm.

13C NMR (75 MHz, CD.Cl,, 298K): §=95.8 (d, Jer = 8.1 Hz), 116.5 - 117.0 (m), 121.8 (d,
Jep = 5.7 Hz), 125.4, 125.8, 127.1, 127.6, 127.7, 127.9, 128.0, 128.2, 128.7, 129.3 (d, Jcr = 3.2 Hz),
129.6,130.1, 130.5, 131.0, 134.6, 142.5 (d, Jep = 4.0 Hz), 143.2, 149.4 (d, Jcr = 8.3 Hz) ppm.

31P NMR (121 MHz, CDCl;, 298 K): § = 138.1 (s) ppm.
HRMS (ESI): Calculated for C3sH2703PK (M+K)* 577.13294, found 577.13431.

Elemental analysis (calc. for C3sH2703P = 538.16 g/mol): C, 80.57 (80.35); H, 4.95 (4.98); P, 5.77
(5.75) %.
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2-(Anthracen-9-yloxy)-4,4,5,5-tetraphenyl-1,3,2-dioxaphospholane (8h):

On X
/

O - O
To a stirred suspension of 0.32 g anthracen-9-ol (2.124 mmol) in 5 ml THF, 1.5 ml n-Buli (1.6 M,
2.348 mmol) in hexane was added dropwise at -20 °C. The orange mixture was stirred for 20
minutes, and warmed gently to room temperature. Then it was treated dropwise with a cold
solution of 0.92 g 2-chloro-4,4,5,5-tetraphenyl-1,3,2-dioxaphospholane (7, 2.124 mmol) in 5 ml
THF. The yellow reaction mixture was stirred over night at room temperature. The filtrate was
evaporated to dryness in vacuo. The residue obtained was dissolved in toluene (10 ml), the
solution was filtered and the solvent removed in vacuo. The solid product was dried at 0.1 mbar,

50 °C and purified by column chromatography using dichloromethane/n-hexane = %2 (Rr=0.5).
Yield: 0.554 g (0.942 mmol, 73 %).

1H NMR (300 MHz, CD,Cl,, 298 K): § = 7.01 - 7.18 (m, 11H), 7.21 - 7.32 (m, 6H), 7.39 - 7.51 (m,
4H),7.77 - 7.83 (m, 3H), 7.91 - 8.02 (m, 4H), 8.24 (s, 1H) ppm.

13C NMR (75 MHz, CD:Cly, 298 K): §=96.3 (d, Jor = 8.2 Hz), 122.9 (d, Jer = 1.7 Hz), 123.3 (d,
Jep = 2.1 Hz), 125.2 (d, Jep = 3.8 Hz), 126.2 (d, Jep = 7.2 Hz), 127.6, 127.7, 127.9, 128.0, 128.2 (d,
Jer = 1.4 Hz), 128.5,128.6, 129.2 (d, Jep = 7.0 Hz), 129.3, 129.4, 130.7, 132.6 (d, Jer = 1.3 Hz), 133.3,
139.4,142.3 (d, Jop = 4.4 Hz), 143.2, 143.7 (d, Jer = 7.1 Hz) ppm.

31P NMR (121 MHz, CD2Cl;, 298 K): § = 144.1 (s) ppm.
HRMS (ESI): Calculated for C40H3003P (M+H)* 589.19326, found 589.19277.

Elemental analysis (calc. for C40H2903P = 588.64 g/mol): C, 81.56 (81.62); H, 5.13 (4.97); P, 5.23
(5.26) %.
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2-(4-(tert-Butyl)phenoxy)-4,4,5,5-tetraphenyl-1,3,2-dioxaphospholane (8i):

o

O
= AWy

To a stirred suspension of 0.18 g 4-(tert-butyl)phenol (1.201 mmol) in 5 ml toluene, 0.41 ml
triethylamine (0.301 g, 2.97 mmol) was added dropwise at room temperature. The reaction
mixture was treated dropwise with a cold solution of 0.52 g 2-chloro-4,4,5,5-tetraphenyl-1,3,2-
dioxaphospholane (7, 1.201 mmol) in 5 ml toluene. The reaction mixture was stirred 24 h at room
temperature and filtered. The filtrate was evaporated to dryness in vacuo. The residue obtained
was dissolved in toluene (15 ml), the solution was filtered through a thin layer of silica and the
solvent removed in vacuo and the solid product dried at 0.1 bar, 40 °C, for 5 h. Yield: 0.610 g
(1.12 mmol, 93 %).

1H NMR (500 MHz, CD,Cl,, 298 K): § = 1.28 (s, 9H, 3CHs), 6.63 - 6.67 (m, 2H), 7.03 - 7.13 (m, 10H),
7.18 - 7.27 (m, 8H), 7.53 - 7.59 (m, 4H) ppm.

13C NMR (75 MHz, CD,Cly, 298 K): § = 31.7 (3CHs), 34.7,95.7 (d, Jep = 7.9 Hz), 120.6 (d, Jcp = 7.8 Hz),
127.0,127.6,127.7,127.8,127.9,129.3 (d, Jcr = 3.3 Hz), 130.4, 142.6 (d, Jcr = 4.1 Hz), 143.3, 147.5
(d,]cp =14 HZ), 149.2 (d,]cp =8.6 HZ) ppm.

31P NMR (202 MHz, CD,Cl, 298 K): 6 = 138.8 (s) ppm.

HRMS (ESI): Calculated for CzcHz.OsP (M+H)* 545.2245, found 545.2247. Calculated for
C36H3303PNa (M+Na)* 567.2059, found 567.2064.

Elemental analysis (calc. for C36H3303P = 544,63 g/mol): C, 79.50 (79.39); H, 6.18 (6.11); P, 5.59
(5.69) %.
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2-(2,4-di-tert-Butylphenoxy)-4,4,5,5-tetraphenyl-1,3,2-dioxaphospholane (8j):

o

P-0
(/-

To a stirred suspension of 0.54 g 2,4-di-tert-butylphenol (2.621 mmol) in 7 ml THF were added
1.92 ml of a solution of n-BulLi in hexane (1.6 M, 3.145 mmol) at -20 °C. The solution was stirred
at -20 °C for 1 h and warmed to room temperature afterwards. A solution of 1.129 g 2-chloro-
4,4,5,5-tetraphenyl-1,3,2-dioxaphospholane (7, 2.621 mmol) in 7 ml THF was added dropwise
and the solution was stirred at room temperature for another 72 h. The solvent was evaporated
in vacuo and the remaining residue was dissolved in toluene and filtered. The crude product was
purified by column chromatography using dichloromethane/n-heptane = 5/95 to yield a white
solid. Yield: 0.866 g (1.441 mmol, 55 %).

1H NMR (250 MHz, CD:Cl,, 298 K): & = 1.21 (s, 9H, 3CHs), 1.29 (s, 9H, 3CHs), 6.86 (d, Jun = 8.2 Hz,
1H), 7.07 - 7.17 (m, 17H), 7.32 (d, Jun = 2.5 Hz, 1H), 7.51 - 7.57 (m, 4H) ppm.

13C NMR (63 MHz, CD,Cly, 298 K): & = 30.4 (3CHs), 31.8 (3CH3), 35.0, 35.1, 95.8 (d, Jcr = 8.2 Hz),
121.0,121.3,124.1,124.9,127.6,127.7,127.8,129.3 (d, Jer = 3.4 Hz), 130.3, 140.7 (d, Je = 2.8 Hz),
142.7 (d, Jep = 4.3 Hz), 143.2, 147.0, 148.5 (d, Jep = 10.2 Hz) ppm.

31P NMR (101 MHz, CD:Cl;, 298 K): & = 138.0 (s) ppm.
HRMS (ESI): Calculated for C4oH4203P (M+H)*; 601,2866 found; 601.2866.

Elemental analysis (calc. for C40H4103P = 600.74 g/mol): C, 79.94 (79.97); H, 6.89 (6.88); P, 5.26
(5.16) %.
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2-(2,6-di-tert-Butylphenoxy)-4,4,5,5-tetraphenyl-1,3,2-dioxaphospholane (8k):

o

P-0

ol

To a stirred suspension of 0.41 g 2,6-di-tert-butylphenol (0.412 g, 2.00 mmol) in 5 ml THF, 1.00 ml
n-Buli (2.5 M, 2.50 mmol) in hexane was added dropwise at 0 °C. The mixture was stirred for 20
minutes, and warmed gently to room temperature. Then it was treated dropwise with a cold
solution of 0.86 g 2-chloro-4,4,5,5-tetraphenyl-1,3,2-dioxaphospholane (7, 2.00 mmol) in 5 ml
THF. The reaction mixture was stirred 24 h at room temperature and filtered. The filtrate was
evaporated to dryness in vacuo. The residue obtained was dissolved in toluene (15 ml), the
solution was filtered through a thin layer of silica and the solvent removed in vacuo and the solid

product dried at 0.1 bar, 40 °C, for 5 h. Yield: 0.853 g (1.42 mmol, 71 %).

1H NMR (300 MHz, CD,Cly, 298 K): 6 = 1.33 (s, 18H, 9CHs), 6.94 - 7.13 (m, 11H), 7.14 - 7.21 (m,
6H), 7.30 (dd, Jun = 8.0 Hz, Jep = 1.7 Hz, 2H), 7.55 - 7.65 (m, 4H) ppm.

13CNMR (75 MHz, CDCl;, 298 K): § =96.2 (d, Jcp = 9.0 Hz), 124.2,126.7,127.5,127.5,127.8,127.9,
128.2, 129.2 (d, Jer = 4.3 Hz), 130.8, 131.7, 142.5 (d, Jcr = 4.9 Hz), 142.7, 144.3 (d, Jcr = 3.3 Hz),
150.8 (d, Jcp = 11.8 Hz) ppm.

31P NMR (121 MHz, CDCl;, 298 K): & = 145.1 (s) ppm.
HRMS (ESI): Calculated for C4oH4203P (M+H)*; 601,2856 found; 601.2866.

Elemental analysis (calc. for C40H4103P = 600.74 g/mol): C, 79.91 (79.97); H, 6.90 (6.88); P, 5.03
(5.16) %.
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4,4,5,5-Tetraphenyl-2-(2,4,6-tri-tert-butylphenoxy)-1,3,2-dioxaphospholane (81):

¥

P-0
(/-

To a stirred suspension of 0.39 g 2,4,6-tri-tert-butylphenol (1.50 mmol) in 5 ml THF, 0.60 ml n-
BuLi (2.5M, 1.00 mmol) in hexane was added dropwise at 0 °C, mixture was stirred for 20
minutes, and warmed gently to room temperature. Then it was treated dropwise with a cold
solution of 0.65 g 2-chloro-4,4,5,5-tetraphenyl-1,3,2-dioxaphospholane (7, 1.50 mmol) in 5 ml
THF. The reaction mixture was stirred 24 h at room temperature and filtered. The filtrate was
evaporated to dryness in vacuo. The residue obtained was dissolved in toluene (15 ml), the
solution was filtered through a thin layer of silica and the solvent removed in vacuo and the solid

product dried at 0.1 bar, 40 °C, for 5 h. Yield: 0.541 g (0.82 mmol, 55 %).

H NMR (500 MHz, CD:Cl, 298 K): § = 1.30 (s, 9H), 1.34 (s, 18H), 7.00 - 7.06 (m, 4H), 7.06 - 7.13
(m, 6H), 7.17 (dd, Jus = 5.1 Hz, Jun = 2.0 Hz, 5H), 7.33 (s, 3H), 7.57 - 7.65 (m, 4H) ppm.

13C NMR (126 MHz, CD,Cl,, 298 K): & = 31.8 (3CHs), 32.1 (d, Jer = 3.8 Hz, (3CH3)), 35.1, 96.2 (d,
Jer=9.2 Hz), 123.8, 127.5 (d, Jer = 6.1 Hz), 127.9 (d, Jep = 12.1 Hz), 128.2, 129.2 (d, Jep = 4.2 Hz),
130.9, 131.7, 142.5 (d, Jep = 4.5 Hz), 142.8, 143.2 (d, Jep = 3.3 Hz), 146.0, 148.3 (d, Jer = 11.4 Hz)

31P NMR (121 MHz, CD,Cl;, 298 K): 6§ = 145.2 (s) ppm.
HRMS (ESI): Calculated for C44Hs003P (M+H)*; 657.3492 found; 657.3492.

Elemental analysis (calc. for C44H4903P = 656.85 g/mol): C, 80.38 (80.46); H, 7.38 (7.52); P, 4.78
(4.72) %.
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5.1.4 Hydroformylation with phosphites with benzopinacol structure

The hydroformylation experiments of phosphites with benzopinacol structure were performed in
a 150 ml autoclave (Premex Solutions GmbH, Switzerland) equipped with a gas inlet stirrer, a
thermocouple, a storage vessel allowing the addition of substrate under pressure applied, a
Bronkhorst hitec® pressure controller as well as a Bronkhorst hitec® gas flow meter. The
autoclave periphery allowed us to fill in and to remove any media and reagents under the
exclusion of air. A high-grade pure syngas (99.997 %; CO/H;=1:1) was used, which was
purchased from Linde AG. The composition of the technical octene mixture used as a substrate for
the hydroformylation reaction was: 3.3% 1-octene, 48.4% Z/E-2-octene, 29.2% Z/E-3-octene,
16.4% Z/E-4-octene, 2.1% skeletal C8-olefinic isomers, 0.6% n-octane. Olefins were refluxed in an

argon atmosphere over sodium metal and freshly distilled prior to use.

For the hydroformylation experiments the reaction solution was prepared under an atmosphere
of argon. The mass of toluene was defined for GC analysis. The stirred reaction solution was
pressurized with 32 bar syngas and heated to the assigned temperature. After reaching the
reaction temperature the pressure was elevated to 46 bar and the n-octene was added with a
pressure of 54 bar. The reaction was kept at constant pressure of 50 bar for 4 h. The current gas
flow was determined in a time cycle of three seconds simultaneously to the reaction process. The
gas consumption curve thus obtained was used to determine the observed 1st order velocity
constant kops. After the reaction time the autoclave was cooled down to room temperature, the
pressure was released and purged with argon. 0.1 ml of the reaction solution were diluted with
1 ml pentane and analyzed with gas chromatography (HP 5890 Series II plus, PONA, 50 m x
0,2 mm x 0,5 pm). The quantitative amount of remaining olefin and newly formed aldehyde were

determined using toluene as internal standard.
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5.1.5 Hydrolysis of phosphites with biphenol and benzopinacol structure

NMR samples were filled in in an argon atmosphere with standard Schlenk-techniques. 1,4-
dioxane was purchased from Acros Organics which is extremely dry and stored under argon
protection. 1,4-Dioxane-ds was purchased from Deutero and distilled in an argon atmosphere
prior to use. Tri-n-octylphosphine oxide and p-xylene-d;o were purchased from Sigma-Aldrich (St.
Louis, MO, USA). The in situ 3P NMR experiments were carried out in a sealed 9 inch, 5 mm NMR
tube (Deutero) equipped with a sealed 12.5 m capillary (Sigma-Aldrich) of an inner diameter of
1 mm, which was filled with a 0.259 M solution of tri-n-octylphosphine oxide (TOPO) in p-xylene-
dip along with the sample solution as an external reference and the lock solvent. The samples were
dissolved in 1,4-dioxane in a concentration of 0.049 M. Water was distilled in an argon
atmosphere and added into the specimen before measurement. In situ NMR experiments were
carried out on a Bruker AVANCE 300 III spectrometer at a Lamor frequency of 300 MHz for H,
121 MHz for 3!P, and 75 MHz for 13C NMR or a Bruker AVANCE 250 spectrometer at a Lamor
frequency of 250 MHz for 'H, 101 MHz for 31P and 63 MHz for 13C NMR. Quantitative 31P spectra
were acquired with a relaxation delay of 5 s and a scan number of 256, referenced by the chemical

shift of TOPO set at 41 ppm, whose integral was set as 1.

5.1.5.1 Hydrolysis diagrams of biphenolphosphites
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Figure A 1: Hydrolysis of 2a, 2b and 2e at room temperature.
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Figure A 2: Hydrolysis of 2a, 2b and 2e at 90 °C.
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Figure A 3: Hydrolysis of 3a and 3b at room temperature.
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Figure A 4: Hydrolysis of 3a and 3b at 90 °C.

5.1.5.2 NMR spectra of hydrolysis reactions of biphenolphosphites
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Figure A 5: NMR spectra of the hydrolysis of 2a at room temperature.
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Figure A 6: NMR spectra of the hydrolysis of 2a at 90 °C.
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Figure A 7: NMR spectra of the hydrolysis of 2b at room temperature.
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Figure A 8: NMR spectra of the hydrolysis of 2b at 90 °C.
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Figure A 9: NMR spectra of the hydrolysis of 2c at room temperature.
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Figure A 10: NMR spectra of the hydrolysis of 2c at 90 °C.
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Figure A 11: NMR spectra of the hydrolysis of 2d at room temperature.
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Figure A 12: NMR spectra of the hydrolysis of 2d at 90 °C.
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Figure A 13: NMR spectra of the hydrolysis of 2e at room temperature.
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Figure A 14: NMR spectra of the hydrolysis of 2e at 90 °C.
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Figure A 15: NMR spectra of the hydrolysis of 3a at room temperature.
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Figure A 16: NMR spectra of the hydrolysis of 3a at 90 °C.
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Figure A 17: NMR spectra of the hydrolysis of 3b at room temperature.
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Figure A 18: NMR spectra of the hydrolysis of 3b at 90 °C.

5.1.5.3 Hydrolysis diagrams of benzopinacolphosphites
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Figure A 19: Hydrolysis of 8a, 8b, 8c, 8d and 8e at room temperature.
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Figure A 20: Hydrolysis of 8a, 8b, 8¢, 8d and 8e at 90 °C.
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Figure A 21: Hydrolysis of 8f, 8g and 8h at room temperature.
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Figure A 22: Hydrolysis of 8f, 8g and 8h at 90 °C.
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Figure A 23: Hydrolysis of 8i, 8j, 8k and 8] at room temperature.
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Figure A 24: Hydrolysis of 8i, 8j, 8k and 81 at 90 °C

5.1.5.4 NMR spectra of hydrolysis reactions of benzopinacolphosphites
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Figure A 25: NMR spectra of the hydrolysis of 8a at room temperature.

x1

T
-150

L4




5 Appendix

60 min

30 min

30161 min

T T T

20
f1 (ppm)

Figure A 26: NMR spectra of the hydrolysis of 8a at 90 °C.
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Figure A 27: NMR spectra of the hydrolysis of 8b at room temperature.
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Figure A 28: NMR spectra of the hydrolysis of 8b at 90 °C.
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Figure A 29: NMR spectra of the hydrolysis of 8c at room temperature.
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Figure A 30: NMR spectra of the hydrolysis of 8c at 90 °C.
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Figure A 31: NMR spectra of the hydrolysis of 8d at room temperature.
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Figure A 32: NMR spectra of the hydrolysis of 8e at room temperature.
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Figure A 33: NMR spectra of the hydrolysis of 8e at 90 °C.
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Figure A 34: NMR spectra of the hydrolysis of 8f at room temperature.
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Figure A 35: NMR spectra of the hydrolysis of 8f at 90 °C.
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Figure A 36: NMR spectra of the hydrolysis of 8g at room temperature.
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Figure A 37: NMR spectra of the hydrolysis of 8g at 90 °C.
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Figure A 38: NMR spectra of the hydrolysis of 8h at room temperature.
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Figure A 39: NMR spectra of the hydrolysis of 8h at 90 °C.
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Figure A 40: NMR spectra of the hydrolysis of 8i at room temperature.
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Figure A 41: NMR spectra of the hydrolysis of 8i at 90 °C.
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Figure A 42: NMR spectra of the hydrolysis of 8j at room temperature.
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Figure A 43: NMR spectra of the hydrolysis of 8j at 90 °C.
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Figure A 44: NMR spectra of the hydrolysis of 8k at room temperature.
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Figure A 45: NMR spectra of the hydrolysis of 8k at 90 °C.
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Figure A 46: NMR spectra of the hydrolysis of 8] at room temperature.
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Figure A 47: NMR spectra of the hydrolysis of 81 at 90 °C.
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5.1.6 Synthesis of PNP-ligands and -complexes

2,6-Bis[(diphenylphosphino)methyl]pyridine (9a):

To a stirred solution of 1.58 g diphenylphosphine (1.48 ml, 8.521 mmol) in 30 ml THF was added
dropwise a solution of 1.91 g potassium tert-butoxide (17.042 mmol) in 20 ml THF at room
temperature. The orange-red solution was cooled to 0°C and 0.75g 2,6-
bis(chloromethyl)pyridine (4.260 mmol) was added as a solid. The solution was stirred for 18 h
at room temperature and its color changed to yellow. The solvent was removed in vacuo and the
precipitate was dissolved in dichloromethane and water. The water phase was extracted three
times with dichloromethane and the combined organic phases were washed with water three
times. Afterwards the organic layers were dried with sodium sulfate and the solvent was removed
in vacuo. The pure product was crystallized from 10 ml dichloromethane and 60 ml methanol. The
crystals were filtered and dried under reduced pressure to yield colorless crystals. Yield: 0.623 g

(1.307 mmol, 30 %).

1H NMR (300 MHz, CD2Cl,, 298 K): 6 = 3.58 (s, 4H, CH,), 6.74 (dt, Jun = 7.8 Hz, Jun = 1.3 Hz, 2H, 3-
Py), 7.24 (t, Jun = 7.7 Hz, 1H, 4-Py), 7.30 (s, 12H, Ph), 7.38 - 7.50 (m, 8H, Ph) ppm.

13C NMR (75 MHz, CD:Clz, 298 K): 6§ =39.1 (d, Jcp = 16.5 Hz), 121.4 (dd, Jcp = 6.2 Hz, Jcp = 2.4 Hz),
128.9 (d, Jep = 6.5 Hz), 129.2, 133.5 (d, Jer = 19.1 Hz), 136.6, 139.2 (d, Jcr = 15.8 Hz), 158.2 (d,
Jer = 8.0 Hz) ppm.

31P NMR (121 MHz, CDCly, 298 K): § = -11.2 (s) ppm.

MS (EI, 70 eV): m/z (%) = 476 (M, 22), 475 (M+, 64), 398 (29), 293 (17), 291 (20), 290 (88), 288
(14), 213 (29), 212 (31), 185 (20), 184 (14), 183 (100), 181 (11) 180 (17), 152 (11), 107 (12).

HRMS (EI): Calculated for C31H27NP; (M*) 475.16132, found 475.16128.

Elemental analysis (calc. for C31H27NP, = 475.51 g/mol): C, 78.30 (78.39); H, 5.63 (5.72); N, 2,90
(2.95); P, 13.05 (13.03) %.
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2,6-Bis[(diisopropylphosphino)methyl]pyridine (9b):

o

N

=

To a stirred solution of 0.35 g 2,6-lutidine (0.38 ml, 3.277 mmol) and 1.03 ml TMEDA (0.80 g,
6.881 mmol) in 10 ml diethyl ether 4.30 ml n-butyllithium in n-hexane (1.6 M, 6.881 mmol) was
added at 0°C. The solution was warmed to room temperature and stirred for 4h. 1.10 g
chlorodiisopropylphosphine (1.16 ml, 1.10 g, 6.553 mmol) was dissolved in 10 ml diethyl ether
an the dark red-brown solution of 2,6-lutidine, TMEDA and diethyl ether was added dropwise at
-90 °C. The reaction solution was kept at -90 °C for 30 minutes and stirred at room temperature
for another 18 h. The yellow cloudy solution was filtered and the solvent evaporated in vacuo. The
crude product was purified by distillation (100 °C, 0.01 mbar) to yield a yellow oil. Yield: 0.626 g
(1.844 mmol, 57 %).

'H NMR (250 MHz, CD:Cl;, 298K): §=0.96 - 1.13 (m, 24H, CHs3), 1.78 (heptd, Jun = 7.0 Hz,
Jun = 1.8 Hz, 4H, CH(CH3)2), 2.91 (d, Jun = 2.0 Hz, 4H, CHz), 7.05 (d, Juu = 7.7 Hz, 2H, 3-Py), 7.44 (t,
Juu = 7.7 Hz, 1H, 4-Py) ppm.

13C NMR (63 MHz, CD,Cl, 298 K): § = 19.5 (d, Jecp = 11.0 Hz, CH3), 20.1 (d, Jcr = 14.7 Hz, CH3), 24.1
(d, Jer = 15.0 Hz, CH(CH3)2), 33.0 (d, Jep = 22.2 Hz, CH2), 120.8 (d, Jcr = 6.7 Hz, 3-Py), 136.5 (4-Py),
160.6 (d, Jcr = 8.7 Hz, 2-Py) ppm.

31P NMR (101 MHz, CD2Clz, 298 K): § = 11.8 (s) ppm.

MS (EI 70 eV): m/z (%) = 339 (M-, 1), 297 (20), 296 (100), 224 (15), 223 (100), 168 (16), 138
(33), 137 (22), 136 (20), 107 (24), 106 (18), 43 (12).

HRMS (ESI): Calculated for Ci9H36NO2P2 (MO2+H)* 372.2221, found 372.2217. Calculated for
C19H3sNOzNaP; (MO2+Na)* 394.2041, found 394.2035.

Elemental analysis (calc. for C19H3sNP; = 339.44 g/mol): C, 66.66 (67.23); H,10.57 (10.39); N, 3.73
(4.13); P, 18.16 (18.25) %.
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[Rh(PNPPh)CI] (15a):

A solution of 0.10 g 2,6-bis[(diphenylphosphino)methyl]pyridine (9a, 0.205 mmol) in 4 ml
toluene was added dropwise to a solution of 0.040 g [Rh(C;H4)2Cl]; (0.102 mmol) in 4 ml toluene
at room temperature. The orange-red cloudy solution was stirred for 18 h at room temperature
und filtered afterwards. The solvent was evaporated in vacuo to yield a red solid. Yield: 0.033 g

(0.054 mmol, 53 %).

H NMR (601 MHz, CsDs, 298 K): 6 = 3.21 (t, Jun = 4.2 Hz, 4H, CH3), 6.28 (d, Jux = 7.9 Hz, 2H, 3-Py),
6.77 (t, Jun = 7.5 Hz, 1H, 4-Py), 6.97 - 7.04 (m, 4H, Ph), 7.03 - 7.09 (m, 9H, Ph), 8.14 - 8.21 (m, 7H,
Ph) ppm.

13C NMR (75 MHz, THF-ds, 298 K): § = 41.11 (CHz), 41.96 (CHz), 123.43 (d, Jcr = 3.1 Hz), 128.99 (d,
Jer =49 Hz), 129.18 (d, Jer = 11.8 Hz), 129.85, 130.14, 132.05 (d, Jer = 2.6 Hz), 132.23 (d,
Jer = 9.3 Hz), 134.08, 135.10, 136.41, 136.86 (t, Jop = 2.3 Hz), 154.07 (d, Jep = 7.1 Hz) ppm.

31P NMR (243 MHz, CeDe, 298 K): 6 = 22.17 (d, Jawr = 150.5 Hz) ppm.

HRMS (ESI): Calculated for C31H27CINOP,Rh (MO)* 629.0311, found 629.0325.
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[Rh(PNP#)Cl] (15b):

A solution of 0.05 g 2,6-bis[(diisopropylphosphino)methyl]pyridine (9b, 0.134 mmol) in 2 ml
toluene was added dropwise to a stirred solution of 0.05 g [Rh(COE)2Cl]2 (0.067 mmol) in 4 ml
toluene at room temperature. The solution was stirred for 30 minutes at room temperature and
the solvent was evaporated in vacuo afterwards. The residue was dissolved in 12 ml toluene and
filtered. The solvent was again evaporated in vacuo to yield a dark red solid. Yield: 0.044 g
(0.092 mmol, 69 %). Crystals of 15b, suitable for X-Ray analysis, were obtained by layering a

concentrated toluene solution with n-heptane.

1H NMR (500 MHz, THF-ds, 298 K): 6 = 1.19 (g, Jix = 6.8 Hz, 12H, CHs), 1.38 (q, Jus = 7.6 Hz, 12H,
CH3), 2.19 (hept, Juu = 6.7 Hz, 4H, CH(CH3)2), 3.01 (dd, Jeu = 3.7 Hz, 4H, CH>), 6.95 (d, Jun = 7.6 Hz,
2H, 3-Py), 7.43 (t, Jun = 7.7 Hz, 1H, 4-Py) ppm.

13C NMR (126 MHz, Tol-ds, 298 K): §=17.62 (CHs), 18.89 (vt, Jep = 3.6 Hz, CHs), 23.87 (vt,
Je = 9.6 Hz, CH(CHs)z2), 35.47 (vt, Jer = 6.0 Hz, CHz), 119.56 (vt, Jep = 5.0 Hz, 3-Py), 128.80 (4-Py),
163.26 - 163.86 (vt, Jcp = 7.2 Hz, 4-Py) ppm.

31P NMR (202 MHz, THF-ds, 298 K): § = 46.36 (d, Janp = 152.5 Hz) ppm.

HRMS (ESI): Calculated for C19H3sCINOP2Rh (MO)* 493.0937, found 493.0934.
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Table 26: Crystallographic details of 15b.

Chem. Formula
Form. Wght. [g mol-1]
Color

Cryst. system

Space Group

Acuka [A]

T[K]

Reflections collected
Independent reflections
Reflections with [ > 2s(I)
Rint

F(000)

Ry (R[F? > 2s(F?)])

WR; (F?)

Goodness-of-fit on F?

Parameters

C19H35CINP2Rh
477.78

Red
Trigonal
R: c:H
25.4887(11)
25.4887(11)
20.1260(9)
90

90

120
11323.6(11)
18

1.261

7.663
1.54178
150(2)
42641

2234

2148

0.039

4464
0.0186
0.0490
1.061

115
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5.1.7 Hydroformylation experiments with PNP-complexes

The hydroformylation experiments with rhodium complexes with PNP-ligands were performed
in a 16 ml autoclave (HEL group, Hertfordshire, Great Britain) equipped with a gas inlet stirrer, a
thermocouple, a pressure controller as well as a gas flow meter. A high-grade pure syngas
(99.997 %; CO/H; = 1:1) was used, which was purchased from Linde AG. Olefins were refluxed in

an argon atmosphere over sodium metal and freshly distilled prior to use.

For the hydroformylation experiments the reaction solution was prepared under an atmosphere
of argon. The complex was dissolved in 5 ml toluene. The mass of toluene was defined for GC
analysis. Afterwards 0.80 g of 1-octene (7.040 mmol) was added. The prepared reaction solutions
were filled into the autoclave and purged with argon and syngas (Linde; Hz (99.999 %):CO
(99.997 %) = 1:1) three times, respectively. Afterwards the stirred reaction solution was
pressurized with 10 bar syngas and heated to the assigned temperature. After reaching the
reaction temperature the pressure was elevated to the assigned pressure and the reaction was
kept at constant pressure for 4 h. After the reaction time the autoclave was cooled down to room
temperature, the pressure released and purged with argon. 0.1 ml of the reaction solution were
diluted with 1 ml pentane and analyzed with gas chromatography (HP 5890 Series II plus, PONA,
50 mx 0,2 mm x 0,5 pm). The quantitative amount of remaining olefin and newly formed aldehyde

were determined using toluene as internal standard.
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5.1.8 Synthesis of HiersoPHOS-2 complexes

[Rh(HiersoPHOS-2)(acac)] (16):

~
~

0=

th\P/III,,/,Rh\‘ %

O (0]
(H3C)3C . P

Fe Pha

(ch)gc\@?

PPh,

To a stirred solution of 0.04 g rhodium(I) dicarbonyl acetylacetonate (0.162 mmol) in 8 ml
toluene was added slowly dropwise to a solution of 0.14 g 1,1’,2-tris(diphenylphosphino)-3’,4-di-
tert-butylferrocene (HiersoPHOS-2) (0.162 mmol) in 8 ml toluene at room temperature. The
solution was stirred at room temperature for 18 h while the color changes from light green over
yellow, orange and red to a dark red brown. The solvent was evaporated in vacuo to yield a dark

brown solid. Yield: 0.170 g (0.162 mmol, >99 %).

1H NMR (250 MHz, THF-ds, 298 K): 8 = 0.67 (s, 9H, C(CH3)3), 1.01 (s, 9H, C(CH3)3), 1.84 (s, 6H, CHs),
3.55 (s, 1H, H-Cp), 4.23 (dt, Jun = 2.4 Hz, Jun = 1.2 Hz, 1H, H-Cp), 4.46 (d, Jun = 1.3 Hz, 1H, H-Cp),
4.50 (d, Jun = 1.4 Hz, 1H, H-Cp), 4.69 (td, Jun = 2.3 Hz, Jun = 1.5 Hz, 1H, H-Cp), 5.38 (s, 1H, CH), 6.76
- 6.87 (m, 2H), 6.90 - 7.01 (m, 6H), 7.12 - 7.31 (m, 12H), 7.33 - 7.43 (m, 6H), 8.09 - 8.23 (m, 4H)
ppm.

31P NMR (121 MHz, Tol-ds, 298 K): § =-19.5, 54.2 (dd, Jrwr = 172.9 Hz, Jer = 57.0 Hz), 55.8 (dd,
Jrnp = 173.9 Hz, Jep = 56.1 Hz) ppm.

13C NMR (63 MHz, THF-ds, 298 K): 6 =28.1 (d, Jer = 2.7 Hz), 30.7, 32.1, 32.4, 32.6, 69.4 (d,
Jep = 3.7 Hz), 70.3 (dd, Jep = 12.2 Hz, Jop = 5.3 Hz), 71.5 (d, Jcp = 5.4 Hz), 72.8, 73.3 (d, Jcr = 2.3 Hz),
75.8,76.8 (dd, Jcr = 25.2 Hz, Jop = 1.2 Hz), 79.1 (d, Jop = 14.1 Hz), 99.8 (d, Jor = 1.8 Hz), 108.2, 115.9,
127.7 - 128.0 (m), 128.0 (d, Jecr = 2.1 Hz), 128.1, 128.4 - 128.5 (m), 128.6, 128.6, 128.8 (d,
Jep=2.5Hz), 1289 (d, Jep=2.7 Hz), 129.0, 129.1, 130.1, 1309 (d, Jer=2.0 Hz), 131.0 (d,
Jer=3.8Hz), 131.9, 131.9, 132.0, 132.1, 132.5, 132.8, 134.3, 135.0, 135.1, 135.3, 135.8, 136.9,
137.1(d,Jcp = 2.1 Hz),137.1,137.3,137.3,139.4,139.7, 140.8, 141.4 (d, Jcr = 3.0 Hz), 142.1, 143.4,
143.7,185.0 ppm.

HRMS (ESI): Calculated for Cs9Hs0O2P3%¢FeRh (M*) 1052.2211, found 1052.2206.

Elemental analysis (calc. for Cs9Hgo02P3FeRh = 1052.80 g/mol): C, 67.33 (67.31); H, 5.68 (5.74); P,
8.92 (8.83) %.
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5.1.9 Hydroformylation with HiersoPHOS-2

The hydroformylation experiments of HiersoPHOS-2 were performed in a 150 ml autoclave
(Premex Solutions GmbH, Switzerland) equipped with a gas inlet stirrer, a thermocouple, a
storage vessel allowing the addition of substrate under pressure applied, a Bronkhorst hitec®
pressure controller as well as a Bronkhorst hitec® gas flow meter. The autoclave periphery
allowed us to fill in and to remove any media and reagents under exclusion of air. A high-grade
pure syngas (99.997 %; CO/H; = 1:1) was used, which was purchased from Linde AG. Olefins were

refluxed in an argon atmosphere over sodium metal and freshly distilled prior to use.

For the hydroformylation experiments the reaction solution was prepared under an atmosphere
of argon. The mass of toluene was defined for GC analysis. The stirred reaction solution was
pressurized with 6 bar (for 10 bar reactions), 12 bar (for reactions at 20 bar) or 32 bar (for
reactions with 50 bar) syngas and heated to the assigned temperature. After reaching the reaction
temperature the pressure was elevated to 8 bar, 18 bar or 46 bar and the 1-octene was added. The
reaction was kept at constant pressure of 10 bar, 20 bar or 50 bar for 4 h. The current gas flow
was determined in a time cycle of 3 seconds simultaneously to the reaction process. The gas
consumption curve thus obtained was used to determine the observed 1st order velocity constant
kobs. The autoclave was cooled down to room temperature after the reaction time, the pressure
released and purged with argon. 0.1 ml of the reaction solution were diluted with 1 ml pentane
and analyzed with gas chromatography (HP 5890 Series II plus, PONA, 50 m x 0,2 mm x 0,5 pum).
The quantitative amount of remaining olefin and newly formed aldehyde were determined using

toluene as internal standard.
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