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1. General Introduction to Cooperativity in Catalysis

The concept of cooperativity is common to many branches of chemistry. One of these is
catalysis, where various types of cooperative effects have been observed and described.t
Indeed, many complexes that hold two metal centers in close proximity have been
investigated for their catalytic applicability in the last decades. A desirable synergistic
effect at equal metal concentration can be observed for some catalytic systems, where
the gain in catalytic activity can be attributed to the cooperative effects between
the metals.? These effects can, however, be differentiated depending on the types of
interactions. Some of these interactions are depicted by blue arrows in [Figure 1]

— Ligand backbone
— Interaction
Coordinating bond

Figure 1: Types of cooperativity that can occur within a dinuclear complexs. M represents
the metal center and A-C substrates/ligands that coordinate to these centers. r
refers to the M—M distance, depending on the spacer or L. While L represents, if
present, a bridging ligand moiety between both metal atoms. Selected interactions
will be addressed and investigated within this work.

The interactions a—c occur either among the substrates or between the substrate and
a chelating backbone ligand. The arrow assigned to d represents the interaction of a
substrate to a second metal atom and the arrow e represents the direct interactions
between two metal atoms. The latter can either occur through the proximity of metal-
oriented molecular orbitals or be mediated by a bridging ligand L. The interaction
described by d allows the formation of p-bridging coordination mode of substrate A.

The metal-metal distance r strongly depends on the rigidity and size of the spacer /L.
Not represented within Figure 1 are cooperative effects like redox chemical processes in
between the M and L that involve non-innocent ligands.”*However, this work intends
to further understand the interactions and synergistic effects in dinuclear systems as
depicted in Figure 1. Therefore, this work is focused on studying cooperativity and its

application in polymerization catalysis.

The work was developed from three different perspectives. In the first and main chap-

ter of this thesis, the CO, /epoxides copolymerization was addressed (section 2). For
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this the cooperative interaction ¢ (Figure 1) was explored to form polycarbonates. Two
metals held in proximity allow the desired catalysis to be more efficient by reducing
the order in catalyst within the rate law to one. The aim was to develop new dinuclear
catalysts for the CO,/epoxide copolymerization applying the mentioned cooperative
effects.

The second chapter (section 3) provides a deeper understanding of cooperativity based
on a study of the interactions a — d (Figure 1) in novel allyl palladium complexes. The
objective of this research was to obtain insight on how different ligands (chelating and
non-chelating) interact with each other, when coordinating to different metal atoms
that are in close proximity.

In the last chapter (section 4), the interaction d in Figure 1 was applied for the copoly-
merization of olefins with acrylates. While the first metal is intended perform the
catalysis, the second one is supposed to interact with the polar monomer to prevent

retardation of the polymerization.

Every individual topic will be, nonetheless, preceded by an extensive introduction in

the respective sections.



2. Chapter 1: Copolymerization of CO, and
Epoxides

In order for future generations to live on this planet, solutions for a sustainable use of
our resources and waste products need to be found. This long-term aim can only be
achieved by scientists and organizations working together to develop truly sustainable

processes, with the final goal of entering the anthropogenic carbon cycle.”®

2.1. Introduction
2.1.1. Sustainable polymers

The pursuit of greener processes for the production of chemical products is becoming
of increasing importance. Many research groups from academia and industry put great
efforts in finding alternative entry-points into the established chemical value chain,
without the use of fossil-based feedstocks. Polymer products, one of biggest sectors
in the chemical industry, take an important role in modern society by enabling the
development of a vast variety of technologies. The polymer industry produces on av-
erage over 300 megatons of polymeric products with an estimated yearly increase of
3-4%." In 2016, approximately 6% of the oil resources went into the polymer pro-
duction alone in Europe (not including the use of natural gas).® The current research
focuses on finding new methods to replace fossil-based feedstocks with renewable ones,
and to increase the fraction of materials that are recyclable or biodegradable. In this
respect, the term bioderived has been introduced to refer to polymers which are made
of monomers originating from plants or other biomass. However, the bioderived poly-
mers are not necessarily biodegradable and vice versa.”

The term sustainable polymers is a general term that applies to plastics produced with
the objectives of biodegradability, recyclability, and the usage of bioderived /sustainable
building blocks for the synthesis.” Comprehensive reviews have been published on the
topic of sustainable polymers.™""1” The life cycle analysis of a polymer plays an impor-
tant factor in evaluating its sustainability. 1849

The market diffusion of the new sustainable polymers is, however, still low.“Y For
example, in 2014, only 1.7 megatons of bioderived polymers were produced, mainly
polylactide, bio-sourced polyethylene (bio-PE) and bio-sourced polyethylene tereph-
talate (bio-PET).”#! The issue with many bioderived polymers is their limitations in
versatility of material properties, as well as the costs of monomers and of the process
development. For a market introduction new polymers will have to compete with es-
tablished polymeric products, which have been highly optimized over the last decades.

At this point, sustainable polymers only fill a niche in the market, yet they are on
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the verge of reshaping it. Compound annual growth rate (CAGR) of up to 21 % has
been predicted until 2021 for this segment.?? Due to their high costs, entering the high-
volume-markets (e.g. packaging) will be challenging. The high-value segment seems
therefore the likeliest in which they will be encountered first.

Various types of bioderived polymers are associated with poor material properties
which can be generally attributed to the higher oxygen atom content of the building
blocks. Some solutions for this problem have already been discovered, such as forming
polymer blends. %19

The majority of sustainable polymers is until today still synthesized in research labora-
tories. In the development of future materials many factors will need to be considered.
For instance, on top of the monomer source and life-cycle assessments, social and po-
litical aspects must also be considered (e.g. monomers from food sources should be
avoided).3

Another approach of forming sustainable polymers is to utilize the waste product CO,
and incorporate it into a polymer, similar to what was done in other investigations
dealing with the topic of carbon capture and utilization (CCU). Following this ap-
proach polycarbonates (PCs) can be formed among other polymers, allowing a long
duration of CO, fixation. The final aim of CCU is to enter the anthropogenic carbon

cycle, leading to fully sustainable productions for all commercial chemicals.?

2.1.2. CO, as a C; building block

CO, is the most stable form of oxidized carbon and has a reputation as green house
gas. The increasing levels of CO, in the atmosphere originate from the combustion of
oil, gas and coal to satisfy the world’s energy demands. CO, is considered a non-toxic,

sustainable, cheap and abundant resource, which is challenging to activate.*

80y

CCU has been in the focus of research for many decades, however, a significant decrease
of CO, in the atmosphere cannot be expected with current technology. To enter the
anthropogenic carbon cycle®, many decades of research are still required. Currently,
a fair amount of research has already been dedicated to carbon capture and storage
(CCS) as well as carbon capture and utilization (CCU). Various research groups have
been involved in the topic, and have discovered a great number of reactions for synthesis
beyond the use of CO, as a solvent.?0

In a selection of reactions is given that can use CO, as carbon source.?%2930
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Nonetheless, the thermodynamic stability of CO, is the crucial factor, which limits the
discovery of new reactions.®! Many conversions that activate CO, involve high energy
compound. A selection of possible reactions that allow the utilization of CO, is shown

in Figure 2.

Figure 2: Selection of reactions that use CO, as C; building block.27:2%:30

The multitude of reactions that has been discovered is best represented in the cited re-

views, books and overview articles. 2532

In this work, the objective lies on the utilization
of CO,, for the formation of polymers (Figure 2), particularly on the copolymerization
with epoxides.”® The ring-strain of the three-membered ring is used as the driving
force to activate CO, and incorporate the waste product with 100 % atom economy.
However, it needs to be stressed that this approach will not have a significant effect of
the CO, levels in the atmosphere but should be perceived as an inspiration that leads
towards the right direction. Nevertheless, this approach does reduce the overall CO,
footprint of this polymer in comparison to the traditional routes, especially considering

the life-cycle analysis of their end-products.

2.1.3. Polycarbonates from CO,

The thermoplastic polycarbonates (PCs), with usable material properties from a prod-
uct point of view, were discovered by H. Schnell et al.®* in 1953 using phosgene and
bisphenols (see [Scheme 1]). The technical production started in 1958 by Bayer and in

1959 by General Electric.”**? Ever since, the demand for PCs has increased, as well



2 CHAPTER 1: COPOLYMERIZATION OF CO, AND EPOXIDES

as the production, following similar synthetic approaches as the first discovery. In the
beginning of the 1990’s the transesterification started to be applied for PC production
to avoid phosgene.3” However, phosgene is still applied as well as Bisphenol A, in spite
of numerous investigations that suggest avoiding these monomers for PC production.
In particular Bisphenol A, an endocrine disruptor®®, remains in use due to the fact that
the resulting product has outstanding properties.3”3 This illustrates the significance
of PCs in the world market and the urge for more investigations to be able to reduce

or replace the use of Bisphenol A.

0o
n )k N -2nHCl |0
cl” cl g
HO OH (0] OJn

Scheme 1: Synthetic path to polycarbonates by the reaction of phosgene with Bisphenol A.

PCs have an exceptional combination of properties including high transparencies, im-
pact resistance, high glass temperatures and a good biological compatibility. Addi-
tionally, some PCs are potentially biodegradable.®"“4 This makes them of interest to
biomedical*! and packaging applications. The latter helps address the issue of the 275
million metric tons of polymeric waste generated, of which approximately 1.7-4.6 % (in

2010) end up in the oceans.”?

aLAL A AL AL A,
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Figure 3: Selected epoxides that have been copolymerized with CO,.

Based on the information above, the question arises on how the concept of sustainable
polymers (including the terms bioderived biodegradable and recyclable) overlaps with

the concept of CCU in polycarbonates.
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The first part of the answer to this question lies in a discovery by Inoue et al. in
1969.%% He discovered that the ring-strain of epoxides can be used as the driving force
to utilize CO, to form polycarbonates.® In fact, the formation of polycarbonates from
CO, has been described as a dream reaction and even the industrial production of

49594 allowing an uptake of up to 50 wt.%

polycarbonates from CO, has already begun,
in CO,, which can drastically reduce production costs.*’

Although aliphatic PCs are considered to have poor mechanical properties, some appli-
cations have been discovered for these new PCs that incorporate CO,. These include:

o53H61

biodegradable elastomers,®*=* drug delivery carriers (micelles), coating material,

binders, foams, polymersomes,®** hydrogels, % and starting material for the syn-

thesis of polyurethanes. 32

19 20 21 22 23 24

& ‘g “"@@@ @

O
28 29 30 31
o) ; O
a-pinene oxide limonene oxide
32 33

Figure 4: Selected epoxides that have been copolymerized with CO,. The first and second
row derive from metabolites of renewable feedstocks. a-pinene oxide and limonene
oxide can be synthesized from precursors of renewable feedstocks directly.46:47

The second part of the answer lies in the origin of the epoxide monomers which will de-
termine the sustainability of the product. In order to generate bioderived copolymers

with CO, the scope of epoxide monomers has to be broadened. Possible monomers

have been discussed and applied for the copolymerization. In [Figure 3| and [Figure 4] a

selection of epoxides which were successfully applied for the CO, /epoxide copolymer-
ization are depicted.® The ones in Figure 4 origin from metabolites (first and second
row) of renewable feedstocks. To name only one example: cyclohexa-1,4-dien, which

can be converted to the corresponding epoxide, is obtained from 1,4,7-unsaturated fatty
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acids through an intramolecular metathesis reaction. 769

214 can be

The last two epoxides in Figure 4, a-pinene oxide™ and limonene oxide
synthesized from precursors of renewable feedstocks directly, which saves resources and
yields in an overall greener process.*%™ Limonene, the starting material for the epoxi-
dation to limonene oxide, is a landfill waste product from the skins of citrus fruits and

can easily be extracted by water steam distillation.

In this work cyclohexene oxide (CHO) acts as the model compound, since it struc-

turally resembles the sustainable monomers, e.g. a-pinene oxide and limonene oxide
(see|[Figure 5)). All of the catalysts that are presented were therefore tested with CHO,

with the perspective in mind of developing fully sustainable formation of polycarbon-

% 0] O O
model
32 33 28

Figure 5: Cyclohexene oxide (CHO, 28) as a model for the sustainable monomers «a-pinene
oxide (32) and limonene oxide (33).

ates.

2.2. State of the art

Homogeneous catalyst development for the CO,/epoxide copolymerization aims to
achieve satisfactory chemoselectivity for the target PC. Additionally, it is desirable
that the catalysts possess certain properties, although no single catalyst has yet been

discovered that fulfills all attributes. These properties are:

high activity in general (applying pressures usually up to 50 bar)

high activity at low pressures (target CO, pressure of 1bar)

stereocontrol

tolerance to water and other impurities

The first property aims at maximal turnover frequency (TOF) values under all condi-
tions. However, catalysts that possess the second property perform under more ambient
conditions, from a process application point of view. For an industrial application, how-

ever, the time factor is more critical than the utilization of elevated pressure set-ups.
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Yet, even in industrial applications, low pressure reactions are desirable and make a
process safer and cheaper, when the TOF is already sufficiently high.

The formation of PCs at 1bar of CO, has proved to be challenging and, even today,
only a few catalysts are known to be active under these conditions. The property
of stereocontrol addresses the possibility of forming PCs with a defined stereoconfig-
uration in its primary and secondary structure. Last but not least, the tolerance of
catalysts to monomer impurities, especially to water, represents a crucial factor for the

applicability of a catalyst.

The following subsections explain the catalytic mechanism that has been proposed for
the CO,/epoxide copolymerization (section 2.2.1), the stereoconfiguration that can be
incorporated into the polymer (section 2.2.2), and finally a selection of state-of-the-art

catalysts will be shown, describing the properties mentioned above (section 2.2.3).

2.2.1. Mechanisms

O
O
CO; O O
catalyst G
n
Scheme 2: Target reaction of CO,/CHO copolymerization.

The target reaction of this chapter is the copolymerization of CO, and epoxides, in
paricular using CHO (see [Scheme 2). This reaction, under the addition of a cata-
lyst, can form different side products. The most obvious has been the homopolymer,
poly(cyclohexene oxid) (PCO), which can also be formed by simple Lewis acids™ or a
ionic polymerization.™ In this case, the activation of CO, has failed. The second prod-
uct is the formation of the corresponding cyclic carbonate, which is the thermodynamic
product and can also be used for further synthesis. Excellent progress has been made
in this field, yet it is not the objective of this work.™®! Besides the PCO and cyclic
carbonate, the di-CO,-linked product can also be drawn. However, it is thermody-
namically very unfavorable and therefore not formed; it is mentioned only for the sake
of completeness. The idealized free energy profile of the CO,/CHO copolymerization,
showing the possible side products, is depicted in [Figure 6]8152

Studies on the barrier for the formation of poly(cyclohexene carbonate) (PCHC) vs.
the cyclohexene carbonate showed that for PCHC it was 96.8 kJ /mol, 40.7 kJ /mol lower
than for the formation of cyclohexene carbonate (137.5kJ/mol) (for the specific sys-

tem of the study).®? These barriers do, however, strongly depend on the catalyst of
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o o
1 LM-OP e LM L op

. o
LM
AG " OF + O:O>:O

Figure 6: Idealized free energy profile of the CO,/CHO copolymerization.®82 The relative
energies are not based on measured or calculated values and serve only as visualiza-
tion.

interest. The rigidity of the ligand system plays a crucial role on the barrier of the
transition state in a dinuclear system.®® It should be pointed out that usually mixtures
of the possible catalytic products are also obtained. Ultimately, the goal is to form the
desired PCHO with the highest selectivity possible.

Bimetallic catalysis for the CO,/CHO copolymerization relies on the interaction ¢ de-
picted in Figure 1, and its proposed mechanism is shown in [Scheme 3| This dinuclear
mechanism can be described as follows: the alcoholate complex (1) allows the coor-
dination of CO,, forming the species 2. A nucleophilic-like attack of the alcoholate
onto the activated CO, allows the formation of the carbonato complex 3, again leav-
ing one metal site vacant. CHO coordinates to the metal (4) and a nucleophilic-like
attack, this time by the carbonato ligand onto the CHO, closes the cycle. The latter is
the rate-determining step (RDS) and gives the unique opportunity of influencing the

8284 Further details regarding stere-

stereoconfiguration when the epoxide unit opens.
ocontrol and stereoconfiguration are given in section 2.2.2. The alcoholate species 1
can cause the formation of the abovementioned cyclic carbonate side product through
back-biting (Figure 6).

The mechanism in Scheme 3 leads to a first order dependency for the polymerization
in the catalyst, following the rate law (eq. . In a mononuclear system, a second
order in catalyst was observed, therefore a dinuclear system appears to be superior
to the mononuclear one.®8% This needs to be considered when designing a possible

catalyst. A first order role was observed for CHO, while the order in CO, was found

10
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Scheme 3: Proposed dinuclear mechanism for the CO,/CHO copolymerization.®? RDS: Rate-
determining step.

to be zero. 328788

r = k[CHO|" - [cat.]" - [CO|° (1)

In order to enter the catalytic cycle depicted in Scheme 3, an initial step needs to occur
to open the first epoxide monomer. A prominent group of catalysts that coordinate
one or more initiating ligands such as acetate moieties are zinc and cobalt complexes.®
It has been accepted that, in this case, the acetate group is responsible for opening the
first epoxide monomer, initiating the catalytic cycle. As a result, the acetate moiety
will be found as the end-group of the polymer.82%%%U The initiating group can also be
exchanged by a HMDS ligand (N(SiMe,),)), " an azide, DMAP, halides, alcoholate
or other nucleophiles. >3 Some catalysts depend on a co-catalyst to initiate the reac-

9495 which may occur through an inner- or outer-sphere mechanism. 8485939697 Tp

tion,
the case where the initiating group is an alcoholate moiety, findings suggest that this
group converts into a carbonato moiety by the insertion of CO, into the M-O bond.
This carbonato unit, similar to the acetate moiety, initiates the first ring opening, 0%
Lastly, the depolymerization of the polycarbonate needs to be mentioned. It is assumed
that the polymer can degrade via back-biting, which is accelerated /initiated by a base

(e.g. HMDS). 996400 This occurs especially at high temperatures, which may result in

11



2 CHAPTER 1: COPOLYMERIZATION OF CO, AND EPOXIDES

a decrease in the molecular weight.

2.2.2. Stereoselectivity

In this section the stereoselectivity that can form during the copolymerization of CO,
and CHO will be explained. In reference to Scheme 3, the RDS is crucial in order to
transfer the stereoinformation from the catalyst into the PCHC. The possible stereo-
configurations, including tacticity and absolute stereoconfiguration, are summarized in
[Scheme 4] The opening of the meso-compound CHO is displayed in two subsequent
steps. In each step the CHO can undergo a nucleophilic attack in a trans fashion
onto the pro-R- or pro-S-carbon atom, thereby forming a di-S- or di-R-configured
cyclohexenyl moiety, respectively. In this manner, two monomer units can either be
connected in a syndiotactic or an isotactic fashion. In the syndiotactic configuration
the monomeric units were opened into the opposite configuration, while in the isotactic
configuration they were opened in the same. In the latter case it can be differentiated

between an all- R- or all-S-configured isotactic polymer.t0?

______________________

Scheme 4: Scheme illustrating the formation of tacticity and possible stereoisomers in the
CO,/CHO copolymerization. 192

The established method used to determine the tacticity of a polymer is NMR spec-
troscopy. *C-NMR measurements of the PCHC product can be used for this purpose.
Tetrad sequences (four connected monomer units) are experimentally distinguished in
the carbonyl region, allowing a determination of tacticity from the fit relative to their
abundance. The following statistical expressions apply for the formation of tetrad se-
quences 03104,

[rrr] = P?

12



2.2 STATE OF THE ART

The P, or P,, values are the corresponding probabilities of the formation of a racemic
(r) or a mesomeric (m) diad (P, = 100 % - P,,) and can be used to quantify the stereo-

1022105/ Tn this work, the assignment of the tetrad sequences

control of a catalytic system.
was done according to literature.'% It should be pointed out that the assignment of
the r- and m-centered tetrads has been updated. In older references™ ¥ the m-centered
tetrads were thought to be in the range of 153.0-153.4 ppm in the ¥*C-NMR spectrum.
Today they are assigned to the signals at 153.7-153.8 ppm (in CDCl,). The different
definitions for the diads need to be considered and evaluated for each publication, es-
pecially in older ones. In more recent publications the definition of a racemic and a
mesomeric diad have become more congruent. For this reason, the determination of
the r/m configuration in this work was done by considering the carbon atom at which
the main chain enters and leaves the cyclohexene units. %3

More details, also for the data analysis, can be found in Appendix A.3.4 and in the

sections where this method is applied.

HO  OH

\ﬁfo@ }\ NaOH
— > N

0

n

Scheme 5: Hydrolysis of PCHC with a solution of NaOH to obtain the corresponding trans-
cyclohexan-1,2-diol.

To differentiate between the R- and S-configured isotactic polymer, the polymer can be
hydrolyzed with a NaOH solution to obtain the corresponding trans-cyclohexane-1,2-
diol, preserving the absolute stereoconfiguration (see . Subsequently, a chiral
GC analysis can be used to determine the absolute configuration and the enantiomeric
excess within the diol. Racemic and enantiomerically pure cyclohexane-1,2-diol should
be used for calibrating the GC.

Regarding the introduction of stereoinformation into the polymer chain, the enantio-

morphic-site control or chain-end control mechanism needs to be evaluated.**" The

13



2 CHAPTER 1: COPOLYMERIZATION OF CO, AND EPOXIDES

symmetry /stereoinformation within the catalyst will determine the stereoconfiguration
within the PCHC in an enantiomorphic-site control scenario. In the chain-end control
mechanism, the configuration of the last incorporated monomeric unit influences the
subsequent unit. The site control mechanism is more frequently observed. The first
publication proposing a chain-end controlled mechanism was published by Coates et al.
in 2006, where they observed the formation of a syndioselective CO,/CHO copolymer

via this mechanism. 19

2.2.3. Prominent Catalysts

In this section, a selection of prominent catalysts in the field of CO, /epoxides copoly-
merization will be illustrated and some of their catalytic performances and characteris-
tics will be pointed out. Not all noteworthy catalysts can be presented here. For more
details, the reader should refer to the cited literature of the corresponding catalyst or

to comprehensive reviews, 4770,81,88,961087112

A selection of important catalysts are presented in [Figure 7 and [Figure 8 In Figure 7
the first catalyst displayed (1) is a zinc-cobalt-Double Metal Cyanide (DMC) cata-

lyst.¥ Tt represents one of the heterogeneous catalysts known to copolymerize CO,

and epoxides; zinc glutarates are also known for this.™ ¥ Heterogeneous catalysts are
not the topic of this work, but potential immobilization of a homogeneous catalyst
can unite the benefits of both. Immobilization can even allow to reuse a homogeneous
catalyst.

Catalyst (2) was introduced by Sugimoto et al. and consists of a tetraphenylporphyrin
(TPP) ligand coordinated to a cobalt atom. The (TPP)CoCl-DMAP system relies on
a co-catalyst, viz. DMAP (4-Dimethylaminopyridine).*# Tt is a representative of the
porphyrin complexes that have been applied with different metals, some of which are
even active at 1bar of CO,. 120123

In Figure 7 a f-diiminato (BDI) zinc complex (3) is shown, which was published in
2003 by Coates et al.®® They investigated various BDI-type catalysts and many other
catalysts over the years. The catalyst depicted showed a TON of 306 and a TOF
of 917h™! (T = 50°C, 20.6 bar CO, (300psi) in toluene) forming PCHC with 90 %
carbonate linkages. Even more impressive are their works on the stereoselective poly-
merization, which will be discussed in context with Figure 8.

Complex 4 in Figure 7 is a member of the salen type complexes from Lee et al '®

Several salen catalysts have been published over the years, 83124126

yet this particular
complex demonstrated outstanding catalytic activities and properties. A TON of 13000

after 30 min. resulting in a TOF of 26000 h~! was achieved (T = 80°C , 17-20 bar

14
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Ph ; 2 <;
P
|Pr||r

NC, CN 'X .
N=C- Co C=N-Zn; Ph Ph n‘
NC ©N X
L @ O
DMC Sugimoto et al. Coates et al.
X: Ho0, Hal., ROH R: Me, Et
1 2 3

NBuyX XBuy
tBu
Lee et al. Rieger et al. Williams et al.
X: 2,4-dinitrophenolate; L: counter ion R: Me, Ph; R": Me, CF4 various metals, X: OAc
4 5 6

Figure 7: Selection of catalysts from literature for the copolymerization of CO, and epoxides.
1: repeat unit of Zn-Co-DMC, representative for the heterogeneous catalysts 3. 2:
Sugimoto et al. investigated a (TPP)CoCl-DMAP system !4 which is displayed as
representative of the porphirin-like complexes. 3: S-diiminato (BDI) zinc complex
from Coates et al.3% one out of many BDI-catalysts investigated by the group, 4:
Salen-type complexes represented by an outstanding catalyst from Lee et al. 1.

5: System by Rieger et al. which holds the current record for the most active

systemMOT 6. Catalyst systems by Williams et al. that is highly active at 1bar

CO, with great tolerance to water.%
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2 CHAPTER 1: COPOLYMERIZATION OF CO, AND EPOXIDES

CO, in neat propylene oxide (PO)) yielding in a 99 % carbonate-linked poly(propylene
carbonate) (PPC). Furthermore, it maintained activity down to 2bar in PO.
However, the current record for the most active system is held by a catalyst which
was published in 2015 by Rieger et al. (5 in Figure 7).11%117 A TON of 6740 (over 20
min.) was reported, producing 88 % carbonate linkages in the PCHC product (80 °C,
30 bar CO,, CHO in toluene). During the polymerization an unbeaten initial TOF of
155000 h~! was observed (over the 20 min. duration of the experiment this corresponds
to an average TOF of 20220h™").

In terms of high activity at 1bar of CO,, the current benchmark is a versatile system
by Williams et al. (6).''®%%C The complex in Figure 7 showed a TON of 527 and a TOF
of 25h™! at only 1bar of CO, (100°C, neat CHO) forming 94 % carbonate linkages.
After the first publication in 2009, the complex was developed and tested further. To-
day, this ligand system has also been applied as an iron catalyst’®® (TON of 2570 and
TOF of 107h™! at 80°C, 10bar CO, in neat CHO, 99 % carbonate linkages), a cobalt
catalyst'® (TON of 340 and TOF of 172h~! at 80°C, 1 bar CO, in neat CHO, >99 %
carbonate linkages), and a magnesium catalyst™*? (TON of 360 and TOF of 103h~!
at 100°C, 1bar CO, in neat CHO, with O,CF,; instead of OAc). These systems are
outstanding for their high activity at 1 bar CO, and their good tolerability to water. In

fact, water can be used as a chain-transfer agent to control the molecular weight. %130

In Figure 8, a second selection of catalysts is depicted. Here the focus is on the stere-
oselective polymerization of CO, and epoxides. Catalyst 7 was published in 1999 by
Nozaki et al.'°®43 Tts TON value is relatively low with 40 and a TOF of 2h~! (40°C,
30 bar CO,, CHO in toluene). However, it forms PCHC with good P, values down to
15% (calculated from ee = 73 %). 106

In 2005 Ding et al. used the Trost-type ligand***138 forming a zinc catalyst (8) that is
active even under 1 bar of CO,.1#? The displayed zinc catalyst provided a TON of 285
and TOF of 142h~! (T = 80°C, p = 20bar CO,, neat CHO).'? Coordination of a
magnesium atom showed a TON of 86 and TOF of 43h~! (T = 60°C, p = 1bar CO,,
CHO in toluene).®” More research has been put into the ligand design, and the zinc
system was further developed. By applying an azetidine ring instead of a pyrrolidine
one, ee values of >90 % were observed in the obtained PCHC %7

The last two displayed systems were developed, again, by the group of Coates et al.
Compound 9 represents a variety of imine-oxazoline zinc-based catalysts. The one de-
picted produced an ee value of 72 %.%#¥ The axially chiral cobalt system 10 (which was
also published as a binaphtyl system) allowed to form polycarbonates with an optimal
ee > 99 %.134
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Figure 8: Selection of catalysts from literature for the copolymerization of CO, and epoxides
with focus on influencing the stereoregularity within the polymer.
al. '3t formed PCHC with P, = 15% (calculated from ee = 73% ).1%, 8: Trost-
type ligand applied by Ding et al.87132 9: Imine-oxazoline zinc-based catalysts
from Coates et al. (this one: ee = 72 %).133 10: Axially chiral systems by Coates

et al. achieved ee > 99 %.134

7: Nozaki et
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2 CHAPTER 1: COPOLYMERIZATION OF CO, AND EPOXIDES

Overall, a selection of state-of-the-art catalysts have been described, illustrating the
current achievements in the field of CO,/epoxide copolymerization. This PhD thesis

aims at expanding this current knowledge.

2.3. Aim of this work

The objective of this work is the discovery of novel catalysts for the copolymerization of
CO, and epoxides to from greener, more sustainable polymers. For that purpose new
complexes have been synthesized and tested for their activity. The selected complex
design is inspired by the previous presented complexes in Figure 7 and Figure 8. The
overall aim is to combine high activities with good chemo- and stereoselectivity at low
CO, pressures. Therefore, after a catalyst has been found to be active, the reaction
conditions were optimized. The main focus will lie on decreasing the reaction pressure

while maintaining high activity and selectivity.

2.4. Complex design of ONO pincer type ligands for the

copolymerization of CO, and Epoxides

In pursuit of the objective and inspired by the work of Nozaki et al. and Ding et al. (see
Figure 8), the idea of a novel ligand arose. In order to influence the stereochemistry
of the PCHC, a sterodirecting ligand holding a chiral moiety is required. The complex
of Nozaki et al. showed good stereoselectivity and Ding et al. demonstrated that their
complex could be active at 1bar of CO, pressure. The challenging task to increase
the activity of this type of system has remained unsolved. However, the design of a

chiral ONO pincer should, in principle, address this question with a general structure
depicted in [Figure 9|

R
o_ N
n
95 )
CZnio

Figure 9: General design of ONO pincer type catalysts.

Two ONO pincer units are connected relying on self-assembly to form a dinuclear com-

plex. This should enter the mechanism depicted in Scheme 3, following a rarte law
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2.4 COMPLEX DESIGN OF ONO PINCER TYPE LIGANDS FOR THE
COPOLYMERIZATION OF CO, AND EPOXIDES

that is first order in catalyst (eq. 1). The idea was to alter the Trost ligand design to
from a complex as depicted in [Figure 10|

Ph
Ph. L O,

Figure 10: Design idea for a new complex.

Below, the synthesis of this ligand as well as the corresponding complexes and their
characterization are discussed (section 2.4.1). In section 2.4.2 the complex’s potential as

catalysts will be explored. Some of the these contents have already been published.*®

2.4.1. Synthesis and characterization of the [LP%HZn], complex

In this section, the synthesis and characterization of |[LY*°"Zn], is discussed. First,

the preparation and analytic data of the ligand H,LPOH

is presented, followed by the
synthesis and characterization of [LF*%"Zn],. The application of the catalyst for the

CO,/CHO copolymerization will be illustrated in section 2.4.2.
Synthesis and characterization of the H,LP™°" ligand

The synthesis of the prolin-based ligand H,LF™°H started from N-(tert-butoxycarbon-
yl)-L-proline 1 (Scheme 6, following literature procedures in the initial steps. The
methyl ester 2 was formed with dimethyl sulfate and lithium hydroxide, preparing the
substrate for the introduction of the phenyl groups.*?¥ Phenylmagnesium bromide in

THF was used to introduce the phenyl groups, forming 3.14%4U The Boc-protecting

group was removed under basic conditions to form 4.0
Ph
0] OH Ph
HO j\ Dimethyl sulfate J\ PhMaB Ph j\ NaOH Ph OH
g r a
N O LiOH. H20 N o
TTHE /i\ EtOH INH
1 2 3 4

Scheme 6: Established synthetic routes for (S)-diphenyl(pyrrolidin-2-yl)methanol. 139141
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2 CHAPTER 1: COPOLYMERIZATION OF CO, AND EPOXIDES

An aza-Michael addition was performed with the commercially-available compound 4,
with an excess of methyl acrylate.!#2 After 3 hours of heating at reflux, compound
5 was obtained quantitatively (see . If the reaction solution is heated for
longer periods of time, the methyl ester will react with the solvent to the corresponding
ethyl ester, which can be neglected, since it does not interfere with the subsequent
synthetic steps. As the last step, 5 was reduced with lithium aluminium hydride and
the reaction mixture quenched with water. After the removal of all volatile substances,
the desired product was extracted from the residual salts with DCM. Application of
an ultrasonic bath during extraction is recommended to obtain a higher yield. After

repeated extraction cycles, the ligand H,LF™°! is obtained in 97 % yield.

Ph Ph Ph oH
Ph\ O Ph—\ O Ph
Z>Co,Me LiAIH,
- N )
EtOH CO,Me THF HO
4 5 HZLPmOH

Scheme 7: Synthesis of H,LFTOH,

1D- and 2D-NMR spectra of H,LF™°H were recorded in CDCl;. The 'H-NMR spec-
trum with assignment of the protons, based on 2D-NMR experiments, is displayed in
Figure 11l The assignment of the *C-NMR signals can be found in [Figure 12|

Ph
b ph | OH
5
hy 1 6
Ph 2 4N
7
3" Ho

* I

7.6 7.4 7.2 7.0 6.8 6.6 6.4 6.2 6.0 5.8 56 5.4 5.2 5.0 4A8ff.(6 4.;4 42 40 3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 2.2 2.0 1.8 1.6 1.4
ppm

Figure 11: '"H-NMR spectrum of HyLF™OH in CDCl,.

Ipso- Ph
C(Ph)

1] - 7 I{

150 145 140 135 130 125 120 115 110 105 100 95 9?1(85)80 75 70 65 60 55 50 45 40 35 30 25
ppm.

k

Figure 12: 1¥C-NMR spectrum of HyL.P™OH in CDCl,.
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The ligand was further analyzed by ESI-MS in methanol, showing the molecular ion
peak [M+H]|" at 312.2 m/z with 100 % intensity. Single crystals suited for X-ray
diffraction experiments were obtained by slow evaporation from a DCM solution. The

resulting molecular structure of the ligand H,LF™°H in the crystal is displayed in
ure 13. An assembly of two ligand molecules to a dimeric unit through hydrogen bonds

can be observed within the crystal structure.

(a) molecular  structure  of (b) packing of H,LF™OH due to hydrogen bonding
H2LProOH

Figure 13: Molecular structure of HQLPmOH. Most hydrogen atoms were omitted for clarity.

To summarize, it was possible to isolate the target molecule in a high yield and all of

the obtained data are conclusive.
Synthesis and characterization of the [LP°HZn], complex

Zinc(IT) complexation with H,LF*O" was performed in dry DCM or THF under in-

. Ph_ Ph
P O Zn(HMDS) o) Zr/'1N Q
2 ~Zn -5
N o/ /o0 PEh + ,,N_Z,O ,Z”‘N»,)
/j or ZnEt, CZIH‘O oh ( ((I)‘O )
HO \\'Nﬁph S(
\ 3 Ph Ph
HZLPrOOH [LPrOOHZn]2

Scheme 8: Synthesis of [LF™CHZn|y performed in DCM or THF. Different bridging modes as
possible product are depicted. The corresponding stoichiometry is not displayed
in this Scheme.

ert conditions. As zinc sources and deprotonating agents, Zn(HMDS), or ZnEt, were

used. Both allow the easy removal of the byproducts by evaporation. In the case of
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the more costly Zn(HMDS),, the formed bis(trimethylsilyl)amine, with a boiling point
of 126 °C, is more challenging to remove. Thus the cheaper and more atom-economic
choice, ZnEt,, is recommended for synthesis. The complex was analyzed by means
of X-ray diffraction, NMR spectroscopy, elemental analysis, and mass spectrometry,
which will be discussed in this section. The discussion will focus on the successful
isolation of the [LF™°HZn|, complex and on the study of its aggregation properties
in solution. The latter is of special interest since this ONO-pincer ligand relies on
self-assembly in order to form the desired dinuclear complexes for the CO,/epoxide

copolymerization.

Figure 14: Molecular structure of [LF™°0HZn], in solid state forming a {[LF™°HZn|s}o unit.
Hydrogen atoms were omitted for clarity.

Complex [LF*°"Zn], was found to crystallize in the space group P432,2, with an L,Zn,
asymmetric unit and a tetranuclear molecular structure as seen in [Figure 14] Relevant

bond angles, selected distances and atom labels of the asymmetric unit are displayed

in [Figure 15| and [Table 1]

Within the structure, a terminal and a central [LZn| unit can be found. The zinc in the

terminal unit (Zn2) coordinates four atoms in a strongly distorted tetrahedral geometry,
while the central zinc atom (Znl) has a coordination number of five, in a strongly
distorted trigonal-bipyramidal geometry. The different coordination geometries result
in smaller bond angles and longer Zn-ligand bond distances in the central [LZn]| unit.
In the terminal unit, the five-membered ring shows an angle /(O11-Zn2-N11) of 88.7°,
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Table 1: Selected atom distances [A] and bond angles [°] (sorted) for [LFOHZn],.

Atoms Distance | Atoms Bond angles
Zn2-0O11 1.8865(15) | O1-Znl-N1 79.30(6)
Zn1-02  1.9568(15) | O12-Zn1-O1 84.33(6)
Zn2-012  1.9634(15) | O12-Zn2-0O1 86.97(6)
Zn2-0O1  1.9778(14) | O11-Zn2-N11  88.72(7)
Zn1-012  1.9830(15) | O2-Znl-N1 90.58(6)
Zn1-02"  2.0344(15) | Zn2-0O1-Znl 92.34(6)
Zn1-O1  2.0565(14) | Zn2-012-Znl  95.06(6)
Zn2-N11  2.1097(18) | O12-Zn1-N1 96.14(6)
Zn1-N1 ~ 2.3001(17) | O12-Zn2-N11  98.03(7)
Znl-Zn2  2.9110(3) | 02 -Znl1-O1 100.02(6)
Znl-Znl"  3.0855(5) | O12-Zn1-02"  113.17(6)
02-7Zn1-012  119.93(7)
011-Zn2-01 121.14(6)
O1-Zn2-N11 132.34(7)
011-Zn2-012  133.68(7)
Zn2-7Znl-7Znl"  138.204(12)
02'-Zn1-N1 150.55(6)

while in the central unit this angle is more acute by ca. 10° and measures /(O1-
Znl1-N1) = 79.3°. The six-membered rings show a duller bite angle (/(012-Zn2-N11)
= 08.0°), in the terminal unit than in central unit (/(02-Znl-N1) = 90.6°). The
Zn-N distance is 0.190 A shorter in the terminal unit. The Zn-O distances show the
same trend as observed for the Zn—N distances (d(Zn1-01) > d(Zn2-01), d(Zn1-012)
> d(Zn2-012) and d(Znl1-0O1) > d(Zn2-011)).
of d(Znl1-02), which is slightly smaller than d(Zn2-012) = 1.963 A. However, Znl
coordinates to a second oxygen atom O2 (asymmetric unit) with d(Zn1-02) = 2.035

The only exception is the distance

A (see Figure 15, Znl to O2 (wire frame style)). More important are the Zn-Zn
distances resulting from the angles and bond lengths. Within the asymmetric unit the
Znl-Zn2 distance measures 2.911 A and between two asymmetric units the distance
between the alcoholate-bridged Znl-Znl measures 3.086 A. The 0.175A longer Zn-Zn
distance indicates a probable splitting point of the tetranuclear structure, if it were to

split into two dinuclear L,Zn, units, e.g. in solution.

Besides the molecular structure shown in Figure 14, a distinctive coordination motif in
a second crystal structure has been observed. The crystal showed a P2, space group
and the molecular structure of the complex within the crystal is displayed in
(coordination motif B). Selected atom distances for the second coordination motif B
can be found in[Table 2] The corresponding bond angles can be found in the Appendix.

Structure B differs from the more symmetric one in Figure 14 by the presence of a bond
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- 202

(b) Central unit of the molecular structure
Figure 15: Molecular structure of [LF™9HZn], displayed as dimer of either the asymmetric or

central unit with selected distances (formate n.nnn), angles (formate nnn.nn) and
labels displayed. Hydrogen atoms were omitted for clarity.
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Figure 16: Molecular structure of [LF™OHZn|, with a second coordination motif forming a
[LPrOHZn], unit in solid state. Hydrogen atoms were omitted for clarity.

Table 2: Selected atom distances [A] (sorted) for the second coordination motif of
{[LFroOHZn]5}5. The corresponding bond angles can be found in the Appendix.

Atoms Distance | Atoms Distance
Zn4-031 1.883(3) | Zn2-022 2.008(3)
Zn1-01 1.898(3) | Zn2-0O12  2.059(3)
Zn3-021 1.906(3) | Zn2-O11 2.099(3)
Zn4-032  1.932(3) | Znl-N1 2.102(4)
Zn3-022 1.951(3) | Znd-N31 2.106(3)
Zn4-012 1.960(3) | Zn3-N21  2.133(3)
Znl1-0O11 1.972(3) | Zn2-N11  2.262(3)
Zn1-02  1.975(3) | Zn3-012 2.423(3)
Zn2-02  1.987(3) | Znl-Zn2 2.9750(6)
Zn3-032 1.992(3) | Zn3—Znd 2.9779(6)

between Zn4—012 and a missing bond between Zn4—021. Thus, in this structure, four

different coordination motifs of individual [LZn| units can be observed. The motif of

Zn1, however, is the same as of the terminal Zn2 in Figure 14. For better visualization
and comparison of the coordination motifs a colored drawing is displayed in [Figure 17]

For a better comparison of the two obtained molecular structures A and B a selection
of atom distances of both motifs is given in[Table 3| Just as in Figure 14 (Zn2), the two

terminal zinc(II) ions in Figure 16 (Znl and Zn4) have a coordination number of four,
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| \/O/Z”o
?“"% QLY%PT

A B

Figure 17: Coordination motifs in the molecular structures of {[LF"°HZn]s}5, drawn for bet-
ter illustration and comparison. Each coordination motif is displayed in one color.
A is the molecular structure of Figure 14 and B of Figure 16.

Table 3: Comparison of angles and bond lengths from the molecular structures displayed in
Figure 14 and Figure 16. Described are only bonds and angles within the [LZn] units
with threefold coordination of the ligand to its coordinating Zn. The color-code
refers to Figure 17. Zn2 in Figure 14 and Zn1l & Zn4 in Figure 16 are considered the
terminal [LZn]| units.

Figure 14, A Figure 16, B

Zml Zm2 Zml VAW /m3
/O%Ph27Zn N [  79.30 88.72| 88.60 7884 86.22 87.72
/0% 7Zn-N [ 90.58 98.03 | 100.40 84.807 100.91 100.84
d(Zn-N) [A] 2300 2110 | 2102 2262 2133 2.107
d(Zn-O°P"2)  [A] 2,056 1.887 | 1.898 2.099 1.906 1.883
d(Zn-O%He) [A] 1.957 & 1.963 | 1.974 2.059" 1.951 1.932
2.035%

I due to symmetry Znl coordinates two O1; T alcoholate coordinating three zinc.

while the central ones have a coordination number of five, resulting in the observable
trends within the data of Table 3. The terminal zinc ions (Zn2 from Figure 14 and Zn1,
Zn4 from Figure 16) show larger values for the angles within the five-membered ring
/OCPh2_7n-N. For the angle /O%H-Zn-N of the six-membered ring this trend can
only be observed for the structure motif A. The Zn-N and Zn-O®Fh2 distances in the
terminal |LZn| units are shorter than in the central ones. For the Zn-O%s distance
this trend is not pronounced. The Zn—7n distances found in coordination motif B are
comparable to the ones in motif A. The terminal Zn—Zn distances measure d(Znl-7Zn2)
— 2975 A and d(Zn3-Zn4) = 2.978 A, while the central distance measures d(Zn2-Zn3)
— 3.184 A. Both distances are longer than in A (d(Znl-Zn2) = 2.911 A and d(Znl-Zn1)
— 3.086 A), due to the different bridging mode in B. The performance of [LF*°HZn],
for CO,/epoxide copolymerization is discussed in section 2.4.2 and the influence of

the Zn—7n distance and flexibility of the ligand on the activity of the catalyst is also
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explored further.

Overall, five different coordination motifs were observed in the solid state (see color
coding in Figure 17). Therefore, it seems likely that various coordination motifs can
be expected in solution. In fact, a complex "H-NMR spectrum of crystalline material
of [LF9HZn], with broad signals was observed at RT. Upon cooling to 238K the
signals sharpened. The resulting 'H-NMR spectrum is depicted in in the
Appendix A.2.1. Nevertheless, the spectrum remains very complex. To determine
the number of distinct coordination environments in solution, a *C-NMR experiment
was performed. For the Cj-symmetric ligand two signals were observed for the ipso-
carbon atoms of the phenyl substituent (see Figure 12). Hence, for every [LF™°"Zn]
coordination environment two signals should likewise be observable. From the signals
assigned to the quaternary carbons of the phenyl subtituents of the 3C-NMR sprectrum
in THF, five major species can be observed, as depicted in figure [Figure 18 The full
13C-NMR spectrum can be found in [Figure 109|in the Appendix A.2.1. Furthermore, in
CDCI, the same observation can be made in the range of 154-148 ppm (see
in Appendix A.2.1). In Figure 18 it can be observed that one pair of signals has a lower

abundance than the other pairs.
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Figure 18: Section of ¥C-NMR spectrum of [LF™9HZn]|, corresponding to the ipso-carbon
atom of the phenyl substituents in THF at 239 K.

For the polymerization experiments, structural information in solution, especially re-
garding the nuclearity of the complex, is of high interest. This is essential for evaluating
whether the self-assembly strategy to form a dinuclear complex, following the polymer-
ization mechanism depicted in Scheme 3, was successful. Therefore, DOSY-NMR ex-
periments of complex [LF*9"Zn]|, with the addition of Si(TMS), as internal standard,
were performed to determine the molar mass of the complex in solution.*##%43 The
addition of the internal standard allow to neglect the corrections, which are otherwise
mandatory concerning the influence of the hydrodynamic radius by temperature due to
changes of solvent viscosity. This is possible since the internal standard (applying cali-
bration curves from literature) is affected by the mentioned factors to a same extent as

the compound of interest. 43444 The obtained values for the molecular mass depend on
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the assumed shape of the complex in solution; the values for an ellipsoid shape (DSE)
and the merge shape are given. The merge shape combines the calibration curves for
various geometries using all references.4*14 Both shapes are considered most repre-
sentative for this case, especially the DSE geometry (see Figure 14 and Figure 16). A
disc shape appears non-suitable.

The DOSY-NMR experiments were performed at 50 °C, —34 °C and —50 °C in CDCl,,
with Si(TMS), as internal standard. At 50 °C, a single species with a diffusion co-

efficient of D = 7.446 x 107m? /s was observed for the complex, while the internal

standard Si(TMS), gave D = 1.389 x 10~%m? /s (see [Figure 19).
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Figure 19: DOSY-NMR spectrum of [LF™OHZn], in CDCly at 323 K. Si(TMS), as internal
standard. Processing was performed with TopSpin NMR software from Bruker.

The calculation of the approximate molecular mass through determination of the 77 /T5
relaxation times, 4314 resulted in Mpgg = 766 g/mol and M yerge = 892 g/mol. Both
correspond to a |LZn|, species (M = 749.6g/mol) with a deviation of 2% for the
DSE and 16 % for the merge geometry. At —34°C two species could be observed,
the major one corresponding to D = 2.127 x 1071m? /s, and a minor species with
D = 1879 x 107m?/s (D = 3.893 x 107'°m?/s for Si(TMS),, see in
Appendix A.2.1). The approximated molecular mass of the major species was calcu-
lated to be Mpgg = 741g/mol and M pege = 861 g/mol, showing a deviation from
the expected values for the dinuclear L,Zn, species of 1% for the DSE and 13 % for
the merge geometry. The minor species has an estimated molecular mass of Mpgsg =
920 g/mol and M yerge = 1087 g/mol, corresponding to a higher aggregation. The cali-

bration curves for this method do not reach 1000 g/mol. Therefore, only speculations

28



2.4 COMPLEX DESIGN OF ONO PINCER TYPE LIGANDS FOR THE
COPOLYMERIZATION OF CO, AND EPOXIDES

can be made if the higher aggregate that was found at low temperatures is of trimeric
or tetrameric nature. The determined molecular mass points towards a trimeric LyZng
species (M = 1124.4 g/mol). However, since the only observed species at elevated tem-
peratures is dimeric, it seems plausible that two of such units aggregate, forming a
tetrameric L,Zn, species, as it was observed in the molecular structures from X-ray
diffraction (Figure 14 and Figure 16). Such a dimerization of two L,Zn, species would
cause a drastic change in geometry, possibly towards a more spherical shape (CS).
Therefore, the molecular mass for D = 1.879 x 1071%m? /s (D = 3.893 x 1071%m? /s for
Si(TMS),) was determined assuming a spherical shape, resulting in M ¢g = 1454 g/mol
and showing a deviation of 3 % from the calculated value of a tetranuclear L,Zn, species
(M = 1499 g/mol). 1437145

Cooling down even lower for the DOSY-NMR experiment (—50°C) only allowed the
observation of a greater abundance of the higher aggregate. No additional species with
even higher molecular weight were identified (see in Appendix A.2.1). If the
found species with D = 1.879 x 107'°m?/s (at —35 °C) would be a L;Zn,, a tetranu-
clear L,Zn, equivalent would be expected to be found upon decreasing the temperature
further. Since this was not observed, it could be interpreted as further support for the
assumption that the complex at low temperatures is a tetranuclear L,Zn, species with
a spherical shape.

Nevertheless, a monomeric species (M = 374.8g/mol) was not observed, even in a
coordinating solvent such as THF (see in Appendix A.2.1). In THF-dg
only two slightly different sets of signals were observed for the complex (see Fig-
ure 113 in Appendix A.2.3). The major species corresponds to a diffusion coeffi-
cient of D = 5.261 x 1071°m? /s and a small fraction to a slightly bigger species with
D = 5.233 x 107 m? /s, resulting from the coordination of THF or a different bridging
mode between two |LZn| units. It should be noted that the shape of the observed L,Zn,
species can differ depending on the coordination motif between two [LZn| units (com-
pare , thus giving a possible explanation for the broadened signals observed
in the DOSY-NMR spectra. However, the fittings that were performed to obtain the
diffusion coefficients from a T3 /T5 relaxation experiments were of satisfying quality,
indicating the reliability of the determined diffusion coefficients. The comparison of
the NMR measurements in CDCl; and THF allows the assumption that there is no
(or a negligible) solvent dependence between the two solvents. Furthermore, it can be
speculated that the solvent environment of the cyclic ether THF is comparable to that
of the cyclic ether CHO, which will be applied for catalysis (see section 2.4.2).

So far, we can conclude that only dinuclear [LF*©HZn|, complexes are present in solu-
tion at temperatures convenient for catalysis. For further support of this assumption

and due to the neutral charge of the complex, a LIFDI-MS measurement was performed
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from a toluene solution, showing one species at m/z = 747 which, according to its mass
and isotopic pattern, corresponds to a dinuclear [L,Zn,+H]|" species (see
in Appendix A.1.1). The elemental stoichiometry and composition determined by ele-
mental analysis is in good agreement with the calculated values. Finally, it should be
mentioned that the use of different zinc sources (Zn(HMDS), of ZnEt,) or solvents for
the synthesis yield the same [LF*°"Zn|, complex. No difference was observed in the

analytic data of different batches.

All in all, the complex [LF™"Zn], was isolated successfully and its dinuclear nature

at ambient or elevated temperatures in solution could be determined.

DFT calculations for estimation of the absolute configuration of the [LP®HZn],

species in solution

In order to estimate which dinuclear species are present in solution that cause the
five sets of signals for the quaternary carbons of the phenyl substituents in the ?C-
NMR spectrum (ten signals in the range of 156-151 ppm (THF-dg), see Figure 109
in Appendix A.2.1) DFT calculations for the dinuclear [LF**°"Zn|, complex were per-
formed. More detailed information regarding these species is crucial because of their
influence on the stereoinformation within a formed polymer, when they are applied as
catalysts.

The first step was the modeling of the possible configuration of the complex and the
geometry optimization using the universal force-field assumption (performed by the
software Avogadro V.1.1.1). Then, the spin-restricted Kohn-Sham procedure with the
generalized gradient approximation (GGA) with the functional BP86, the basis set
def2-tzvp, the auxiliary basis set def2-tzvp/j and the RI approximation were used for
the geometric optimization performed by Orca Version 3.0.3. The summary of the

modeled structures and the resulting relative single-point energies of the calculation

can be found in [Table 4]

An exemplary determination of configuration for entry 9 from Table 4 can be found
in [Figure 20 The O-atoms that bridge two [LZn| units are either described as “O”
referring to the propanolyl moiety, or as “OPh” referring to the diphenylmethanolyl
moiety within the ligand. These oxygen atoms coordinate two zinc ions. The relative
configuration of the nitrogen atoms (N-Zn bond) towards the Zn,O, plane (gray plane
in Figure 20) is expressed with cis or trans, depending on their relative positioning to

the Zn,O, plane.
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Table 4: Results of the DFT calculations on the configurations of [LF*9HZn],.

Entry bridge* rel.conf.! N! Znt transf./ ASP?® order
1 RR RR 4.3 3
2 SS  20-trans-RR-RS
3 ) 59 RR  20-c¢is-SS5-8S
4 s S 10 7
5 RS RR 20-trans-RS-RS
6 20 SS  20-trans-RS-RS
7 RR RS 7.1 4
8 SS RS 20-cis-SS-SS

trans -
9 RS RS 0.0 1
10 SR 20-trans-RS-RS
11 RR RR 20Ph-cis-RR-S
12 SS 16 9
13 ) 59 RR 20 14
14 s SS  decoordination™
15 2 OPh RS RR . 24 16
16 5SS  OPhO-cis-SR-SS
17 RR RS 15 8
18 trans SS RS decoordination™
19 RS SR 7.5 5
20 RS 20Ph-trans-RS-SR
21 RR SS  OPhO-trans-RR-RS
22 RR OPhO-trans-RR-RS
23 59 RR  OPhO-trans-SS-SR
24 SS 17 11
cts E—
25 RS SS  20-trans-RS-RS
26 RR 20 15
27 Sp SS 7.7 6
28 RR  trans-SR-SR
29 OPhO RS 2.0 2
30 RR SR 19 13
31 59 RS decoordination™
32 SR 17 12
trans EE—
33 RS RS  decoordination™
34 SR 16 10
35 SR 20 14
36 Sh RS  cis-SR-SS

*: moieties of the ligands that bridge two [LZn] units. O referring to the propanolyl moiety and OPh to the

diphenylmethanolyl moiety. t: relative positioning of the N atoms towards the Zn,O, plane between two [LZn| units.

1: configuration at the N or Zn atoms. In case of an OPhO bridge does the first initial indicate the configuration at
the OPh bridging [LZn] unit. [: found configuration after DFT optimization. $: ASP = SP — SP20_trans-RS-RS i

kecal/mol. >i: decoordination of a ligand moiety as result of the DFT optimization.
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Figure 20: Exemplary determination of the complex configuration after the DFT calculation
for entry 9 from Table 4. Displayed here is the modeled and optimized configuration
for 20-trans-RS-RS. Blue: nitrogen atom, green: oxygen atom, red: zinc atom.

In some cases, the stereoconfiguration withing the modeled complex changed to a dif-
ferent one through geometry optimization. The configuration found after the DFT
calculation is given in the column “transf.” within Table 4. Such a transformation
gives a first hint towards an unfavorable thermodynamically state of the configuration.
In some cases, the decoordination of a ligand moiety was observed after the DFT opti-
mization, implying a thermodynamic unfavorable configuration. However, the relative
single-point energies (ASP, relative to entry 9) allow for an estimation of the thermo-
dynamic most stable configurations of the complex. From the performed calculations
in Table 4, the three energetically most favorable configurations are 20-trans-RS-R.S,
OPhO-trans-RR-RS and 20-cis-RR-RR (entries 9, 29 and 1), in order of increasing
single-point energy, within a reasonable 5 kcal /mol window. These three configurations
are displayed in Figure 21.

The energetically subsequent configuration motif, fourth in order of energy, is at
7.1kcal /mol relative to the lowest (trans-RS-RS with Cj-symmetry). This corresponds
to 2.8 kcal/mol difference to the cis-RR-RR configuration (entry 1). Due to this
small energetic difference and an estimated error of the method of approximately +3
kcal /mol, the energetically closest configurations to entry 1 (being entries 7, 19, 26 and
possibly 4) are evaluated against experimental evidence and discussed in the follow-
ing. Considering the symmetry of the three energetically lowest species (trans-RS-RS
is C1, OPhO-trans-RR-RS is Cy and 20-cis-RR-RR is Cy symmetric) five different
sets of signals for the quaternary carbon atoms of the phenyl substituents in the 3C-
NMR spectrum can be expected, two from the C; and one from the C5 symmetric

compounds. Reflecting on the measured *C-NMR spectrum (ten signals in the range
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(a) 20-trans-RS-RS, Ci-sym., 0.0 kcal /mol b) OPhO-trans-RR-RS, C1-sym.,
2.0 kcal/mol

(¢) 20-cis-RR-RR, Ca-sym., 4.3kcal /mol

Figure 21: Visualization of the three lowest configurations of [LF**©HZn]y found by DFT cal-
culations. The absolute configuration (according to the described nomenclature),
its symmetry and the relative single-point energies ASP are given. H atoms are
omitted for clarity. Blue: nitrogen atom, green: oxygen atom, red: zinc atom.
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of 156-151 ppm see Figure 18) five coordination environments were observed, agreeing
with the result of the DFT calculation. Furthermore, in the 3C-NMR spectrum, four
of the five species occur with the same abundance, while one is only present with ca.
30 % relative intensity. The latter is, therefore, most likely independent of the other
four signals and of higher symmetry, e.g. from the Cy symmetric compound. To go
further into detail and to differentiate entries 1 from entries 4, 7, 19, and 27 (closest
in energy), the symmetry of the configurations needs to be considered. For each of
the configurations around 7-8kcal/mol (entries 7, 19, 27) two sets of signals can be
expected. In order to obtain five sets of signals one configuration of higher symmetry
(Cy symmetric) needs to be present, thus excluding the OPhO-bridged species, trans
configurations and RS-heterogeneous configuration at the nitrogen atoms. Thus, only
entries 1 and 4 remain to be considered. With a difference of 5.7kcal/mol between
these entries, the thermodynamics are in favor of entry 1. Furthermore, taking into
account the configurations in the molecular structures from X-ray diffraction where all
nitrogen atoms were found in a R-configuration (see Figure 14 and Figure 16), it fur-
ther supports a cis-RR over a cis-SS configuration. Therefore, species (c¢) of Figure 21
is the most likely configuration. Last but not least, the molecular structure that was
obtained for the equivalent nickel complex shows a dimeric species in the solid state
with the same Cy symmetric cis-RR-RR configuration (see as species (c),
thus supporting the accuracy of the third species found by the DFT calculations.
Even though the applied annotation for determining the absolute configuration of the
L,7Zn, units is not fully applicable to the molecular structures from X-ray diffraction
due to higher coordination numbers, an acceptable estimate can be achieved excluding
the stereo determination at the Zn atoms. In Figure 14, the asymmetric unit would
correspond to an OPhO-#rans-RR and the central L,Zn, unit to a 20-cis-RR configu-
ration. Comparing these configurations with the ones from the three species of lowest
energy found in the DFT calculations allow to observe similarities: entry 29 possi-
bly corresponding to OPhO-trans-RR and entry 1 corresponding to 20-cis- RR. This
match further supports the obtained results from the DFT calculations and, therefore,
their accuracy for the newly identified species (c) in Figure 21.

All in all, the DFT calculations with RKS BP86 def2-tzvp def2-tzvp/j RI found three
thermodynamic minima. It could be shown that the theoretical calculations meet the
experimental evidence surprisingly well, allowing insights into the absolute configura-
tion of the [LF**"Zn|, species in solution. This information is crucial for understanding
the stereoinformation in the polymeric product when [LF*9"Zn], is applied for catal-

ysis (see section 2.4.2).
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2.4.2. Copolymerization experiments applying [LP°HZn],

In this section the polymerization experiments and polymer analysis that were per-

formed applying catalyst [LF*°°"Zn], are presented and discussed.

The investigation of [LF*™°"Zn], as catalyst for the copolymerization of cyclohexene
oxide and CO, started with initial testing of its activity at high CO, pressures (>10
bar). These tests proved to be successful, yielding an almost solid block of PCHC, due
to a high conversion.

Consequently, the pressure was lowered successively, reaching the remarkably low pres-
sure of 1 bar in CO,, which is desirable from a process technical point of view. The
catalytic activity of the complex was tested at 80 °C and with catalyst loadings of 0.05—
0.10mol%. In detail this corresponds to catalyst to monomer ratios of [CHO]:|cat| =

1000, 1500 and 2000, calculated for a dimeric catalyst species L,Zn,, as it was found

in solution (see section [2.4.1)). [Table 5| summarizes the results of the copolymerization

experiments. The polymerizations were carried out in Schlenk tubes in neat CHO un-
der 1bar of CO, pressure and the reactions were allowed to run for 24h. During the
polymerizations, samples were taken from the reaction solution after 1, 3, 5, 8 and 24 h.
Selected reactions were followed by an in situ IR dip probe monitoring the carbonyl
stretch vibration band (at 1750 cm™'), to observe the product formation. The obtained
IR spectra were correlated to the reaction progress determined by the samples. The

reaction progress determined by the samples and the IR measurements can be found

in the Appendix (Appendix A in [Figure 128 and [Figure 129). The results of catalysis

from Table 5 are discussed more thoroughly below.

An important criterion for the quality of a catalyst is the chemoselectivity for the
desired product. As mentioned in the introduction (see section 2.2) several reaction
pathways and products are possible when performing CO, /epoxide copolymerizations.
The tested catalyst provided a chemoselectivity in carbonates of >99% and, more
importantly, for the desired PCHC up to 99%. Furthermore, this chemoselectivity
in PCHC was not observed to go below 97%. Thus, the product formation by cat-
alyst [LF™°HZn], is highly selective and negligible amount of the undesired product
poly(cyclohexene oxide) is formed (<1%). The chemoselectivity was determined by
'"H-NMR measurements of the polymer in CDCIl; from the relative integrals of the
signals at 0 = 4.61 ppm (PCHC), 6 = 4.36, 3.53 ppm (end-groups of PCHC), § = 3.98
ppm (cyclic carbonate) and § = 3.32 ppm (homopolymer). An exemplary integration
can be found in [Figure 22| The full '"H-NMR spectra of the obtained polymers can be

found in the Appendix in |[Figure 127]
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Table 5: Polymerization experiments performed with F?oomNbF.*

Entry |CHOJ:[cat.]" carb.® p.c® My* /kg/mol DP® P.# TON*® HOW&%\WL TOF 0y (hours)*/ h=! H,O% / ppm

1 1022 98% 97T% 2.67 152 35% 145 6 40 (0-1) 13.7
2 1006 98% 97% 4.06 143 40% 194 8 31 (0-1) 19.8
3 1007 9% 98% 2.85 1.30 36% 519 22 48 (1-8) 15.4 >
4 1010 9% 98% 2.60 1.25 36% 457 19 54 (1-8) 13.5 ™
5 1510 9% 99% 4.16 138 35% 321 13 92 (0-1) 13.7
6 1497 9% 98% 4.20 152 38% 251 10 69 (0-1) 19.8
7 1511 9% 98% 2.34 1.24 33% 609 25 44 (1-8) 13.5
8 1510 9%  98% 2.54 1.20 38% 610 25 48 (1-8) 15.4 >
9 2016 ~99% 99% 1.65 1.33 35% 566 24 51 (1-8) 13.5 ™
10 2021 98%  98% 1.20 1.24 35% 450 19 41 (1-8) 15.4 >

*; polymerizations were carried out in neat CHO and 1bar of CO, at 80 °C over 24 h of reaction time. Reactions were performed in Schlenk tubes. During
the polymerizations samples were taken from the reaction solution after 1, 3, 5, 8 and 24 h. Reactions of the entries 1, 2, 5, 6, 7 and 8 were equipped with
an n situ IR dip probe to monitor product formation which was referenced to the product in the samples.

t: assuming a dimeric species.

$: % carbonate (carb.), % polycarbonate (p.c.), determined by 'H-NMR of the polymer in CDCl; from the relative integrals of the signals at § = 3.32
(homopolymer), § = 3.98 (cyclic carbonate) and § = 4.61 ppm (copolymer).

b: determined by GPC in THF with toluene as internal standard calibrated with polystyrene.

1): dispersity D= My, /My.

#: probability of a racemo diad P, determined from the relative tetrad concentration by *C-NMR. of the carbonyl region.
£: determined by number of monomer units consumed divided by the number of catalysts, assuming an active L,Zn, unit.
TON= (mpm/M carbonate unit )/ ([cat.] X Vo). M carbonate unit = 142 g/mol. mpy: mass of polymer obtained from sample. [cat.]: concentration of catalyst.
Vero: Volume of CHO of the sample.

J: TOF referring to the entire reaction time of 24 h. TOF = TON / t.

1: TOF ,ax calculated for the period of time with maximal activity of the catalyst. In parentheses is the period of time at which the maximal activity was
found. e.g. (3 — 8) meaning from the third hour until the eighth hour of reaction time.

§: water content of the CHO determined by Karl-Fischer titration.

><: the used glassware was silanized by vapor deposition of TMS-CI.

03
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Figure 22: Section of the 'H-NMR spectrum in CDCI; of the polymer obtained from entry 4
in Table 5.

The formed polymers were found to have an average molecular weight My of 1.20 up
to 4.20 kg/mol with dispersities in the range of # = 1.20 — 1.52 (exact Mark-Houwink
parameters of PCHC are not known). In comparison to other CO,/epoxide copoly-
merization catalysts working at higher pressures, these values are low. ?414% However,
for a suitable comparison between catalysts, the reaction conditions need to be con-
sidered. The most prominent catalysts that are active at at 1bar of CO, are the
ones from Sugimoto et al.''* (Myx = 5.4kg/mol with D = 4.15 without co-catalyst
and My = 2.9 — 15kg/mol with D = 1.13-3.44 with co-catalyst), Williams et al.!!®
(Myx = 5.1 — 11kg/mol with D = 1.03-1.26), Nozaki et al.'3! (My = 1.6 kg/mol with
D = 1.22) and Xiao et al.8” (Myx = 20 — 43kg/mol with D = 1.22). For all of them,
except for the latter, the molecular masses of the formed polycarbonates are in the
same order of magnitude as found for [LF*°°"Zn],. Moreover, the system of Xiao et
al. (magnesium-based), which provides higher molecular masses, shows only 66 % se-
lectivity for carbonates.®”

Comparing the My and P values (Table 5) of entries 1, 2, 5 and 6 (untreated glass-
ware, My = 2.56 — 4.20kg/mol and D = 1.38-1.52) with the other entries of the table
(Myx = 1.20 — 2.85kg/mol and D = 1.20-1.32) where silanized glassware was used, a
trend to higher My values and broader polydispersities is observed for the runs with
untreated glassware. This is probably due to a higher content of water. The broader
polydispersities can be explained by a deactivation mechanism due to sensitivity of the
catalyst towards water (see section and especially |[Figure 38 and [Scheme 13| as
well as [Figure 26). This might imply that in presence of water (and CO,) a different

catalytically active species forms. The higher My values in presence of water, how-

ever, cannot be explained that easily. At this point, the question remains open but is
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discussed later in this section, where mechanistic insights are developed.

To determine the influence of the catalyst on the secondary structure of the poly-
mer, the carbonyl region from *C-NMR measurements of the PCHC was fitted by
MestReNova to determine its tacticity. %1% The relative abundance of the assigned
tetrad sequences was derived from the fit. This was done by applying the Bovey for-
malism of the Bernoullian method.1°41% The probability for the formation of a racemo
diad is represented by the statistic value P,, which can be found in Table 5. In the
case of PCHC the carbonyl region represents tetrad sequences for which the following

statistical expressions!'%1% apply:

rrr] = P.3;
rrm] = 2(P.2(1 — P,));
rmr] = P.2(1 — P,);

The assignment of the tetrad sequences was done according to literature!®® and is ex-

emplary depicted in In the Appendix in|[Figure 130|further *C-NMR spectra

with the performed fits and corresponding surface areas, which were used to determine

the tacticity, can be found. The evaluation of the obtained relative surface areas of the
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Figure 23: Carbonyl section of the 3C-NMR spectrum in CDCl;. The fit (purple line) of
the region and assignment of the tetrad sequences are displayed.!?3 Black line:
experimental data, blue line: fit of the according peak, red line: visualization of
€rror.

assigned tetrads showed the formation of a polymer with enriched isotacticity deriving

from the observed values for P, in the range of 33 — 40%. The structurally related
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complex by Nozaki et al. (Complex 7 in Figure 8) forms PCHC with P, values down
to 15 %.1% This value was estimated from the obtained *C-NMR spectrum in Figure
2 of the publication (83/17 ratio of m/r-centered tetrads with 70 % ee),'% applying
updated procedures for determining the tacticity of PCHC.*4* For detailed information
on data analysis and how to obtain the P, values see Appendix A.3.4.

After these insights into the tacticity of the polymer, demonstrating an enrichment
of m-diads, the question arises whether these diads also allow for the observation of
an enantioenrichment. To test this, the PCHC product was hydrolized with a NaOH
solution in a 1:1 mixture of water and methanol to obtain the corresponding trans-
cyclohexan-1,2-diol, preserving the absolute stereoconfiguration (see . The

T@}NaOH
—— > N
O

n

Scheme 9: Hydrolysis of PCHC with a NaOH solution in a 1:1 mixture of water and methanol
to obtain the corresponding trans-cyclohexan-1,2-diol for chiral-CG analysis.

HO  OH

obtained diol was analyzed by chiral GC. However, the hydrolyzed polymer did not
show any enantiomeric excess within the diol. Racemic cyclohexan-1,2-diol and enan-
tiomerically pure cyclohexan-1,2-diol was used for calibrating the GC, concluding that
the catalyst [LF*°HZn|, does not distinguish between the enantiomers during polymer-
ization under the given polymerization conditions. For a more detailed interpretation,
the enantiomorphic-site control or chain-end control mechanism need to be considered.
In the site controlled mechanism the stereoinformation in the polymer originates from
the catalyst, while in the chain-end control mechanism the configuration of the last
incorporated monomeric unit determines the subsequent one. It cannot be unambigu-
ously established which stereoisomers of the catalyst are responsible for the catalysis
but, considering the findings and DFT calculations from section 2.4.1, it is most likely
more than one. The presence of different stereoisomers should influence the formed
PCHC in a site-controlled mechanism, which could explain why only an isoenriched
PCHC was formed. However, it can only be speculated by these observations that no
enantioselective PCHC was formed. In [Figure 24] hypothetical products correspond-
ing to the two different control mechanisms are shown. Both scenarios, (a) and (b),
could explain the observed tacticity and stereoinformation that were formed. In (a)
a chain-end controlled PCHC forming an isoenriched polymer is suggested. Checking
this hypothesis against literature renders this scenario unlikely. The proposed chain-
end controlled mechanism published in 2006 by Coates et al. showed the formation of a
syndioselective CO, /CHO copolymer.!% A chain-end control mechanism is not known

to form isoselective PCHC. The remaining scenario (b) in Figure 24 proposes that both
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Figure 24: Display of PCHC products by different control mechanisms explaining the observ-
able tacticity and stereoinformation (a) PCHC obtained by the chain-end control

mechanism. (b) PCHC obtained by the site control mechanism with selectivity for

R/S enriched PCHC.

enantiomers of the formed isotactic polymer are produced in a racemic fashion. Given
the obtained analytic data of the polymer and considering the catalyst behavior in so-
lution, scenario (b) seems to be the more likely explanation for the findings in tacticity
and stereoinformation within the PCHC.

It seems plausible that the symmetry of the active species has a strong influence on
the tacticity. The complex here studied was found to occur as Cs-symmetric and
Ci-symmetric species (Figure 21). An active species deriving from a Cy-symmetric
precatalyst could produce a different product than one deriving from a C'-symmetric
precatalyst, one possibly directing a syndio- and the other an isotactic PCHC. These
questions, however, are difficult to answer without the challenging task of separating
the stereoisomers of the catalyst, with a remaining possibility that they interconvert.
The most challenging circumstances for a mechanistic study would be a combination
of both mechanisms, the chain-end-controlled and the site-controlled, each one for each
of the different species.

It can be assumed that the proposed scenario (b) in Figure 24, implying a site control
without enantioselectivity, is the more probable mechanism of control during the poly-

merization.
The next column of Table 5 shows the turnover numbers (TON). They were deter-

mined to be in the range of 145 — 321, applying untreated glass. The TON could
be increased to values of 457 — 610, depending on the catalyst loading, by the use of
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silanized glassware. For a diluted reaction with a 2000:1 ratio of CHO to catalyst the
TON was found to be between 450 — 566, and for a 1500:1 ratio the TON was observed
to be as high as 610. The TON was determined by equation [2]

TON — Nyep.unit _ mpolymer/Mrep.unit (2)
feat. Meat./Meat. - (VoD / Vo)

Here the approximation was made that Miep.unit = Mc,n,,0, = 142 g/mol, with ab-
breviation “Rep.unit” referring to the repeating cyclohexene carbonate unit. It was
assumed that all obtained repeating units consist of cyclohexene carbonate, which is
justifiable due to the high selectivity of the catalyst for carbonates of >99%. mca.
is the mass of the catalyst applied for the polymerization experiment, while the term

vample 170 represents the fraction of catalyst that was taken as a sample from the

reaction solution. Vé’;%ple represents the volume of the sample and V3, the injected
volume of CHO at ¢t = 0.

From the TON values the corresponding TOFq, (turnover frequency) was calculated,
here after 24h (Table 5). The obtained TOFy, values are in the range of 6 — 13h™!
for the untreated glassware and in the range of 19 — 25h~! for the polymerizations
performed with silanized glassware. Batches of catalyst formed by using Zn(HMDS),
or ZnEt,, in DCM or THF, crystalline or bulk material showed no observable difference
in their catalytic activity. The subsequent column of Table 5 shows the TOF .. value.
These values describe the catalyst at its highest activity. The values after 24 h (aver-
age over 24 h) do not represent the activity accurately since, for example, an initiation

phase and the increase of viscosity at high conversions are not accounted for.

{ - [CHOJ:[cat] = 1008
1 —— [CHOJ:[cat] = 1511
4 —— [CHOJ:[cat] = 2018

Figure 25: Product formation against time. The depicted concentration of carbonate units
are the average values for the corresponding entries from Table 5 (entries 3, 4; 7,
8 and 9, 10). The copolymerizations of CHO and CO, (1bar) were performed
at 80°C applying [LF™9HZn]y. The [carbonate units| correlates to [1 - [CHOJ].
Samples were taken from the reaction solution to determine [carbonate units].
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The numbers in parenthesis behind the TOF ., values given in this column refer to
the time frame at which the highest activity was observed. This time frame was deter-
mined from the plot of [carbonate unit| against time. This product formation against
time for different catalyst loading can be found in [Figure 25l The points represent
the average values from two independent runs with equal catalyst loading and reaction
conditions. This plot illustrates why the lower (1h) and upper time limit (8h) for
the calculation of the TOF,,., were applied. Within the first hour the polymerization
has not initiated yet, and after 8 h the decrease of activity due to limited diffusion
becomes dominant. Thus, a seven hour window was chosen to determine the TOF .«
for runs with silanized glassware. Without silanized glassware the highest activity was
determined within the first hour of the reaction, showing no or a very short initiation
period as observable in [Figure 28]

Comparing the obtained TON and TOF values with the ones from prominent CO, /CHO
copolymerization catalysts allows these values to be put in perspective (also see section
2.2.3). For a first comparison, the structurally similar complex reported by Nozaki et
al.3 should be considered (in Figure 8 complex 7). This zinc-based catalyst shows
a TOF of 2h™! (19h reaction time, TON = 40 performed in toluene at 40 °C ). The
observed catalytic activity of [LF*O"Zn], is far greater, which is surprising considering
that the ligand derives from this system. Another catalyst with structural similarity
to [LF*OHZn|,, published by Ding et al.'32, is listed among other state-of-the-art cata-
lysts in (complex 8 in Figure 8). The table is sorted chronologically but does
not represent all catalysts that are active at 1 bar, although the best performing ones
are listed. The TON and TOF values given in Table 6 represent the highest reported
activity of the corresponding catalyst at 1 bar of CO,. The catalysts developed over
the years and, as mentioned in the introduction (section 2.2.3), the system of Rieger
et al.1'% holds the record in activity at elevated pressures and even at 1 bar of CO,
(complex 5 in Figure 7). Furthermore, it is a zinc-based catalyst, which is of advantage
due to a low toxicity and colorless nature of the metal. However, the applicability is
also the limiting factor of this system. On the one hand, the yield of its ligand is as
low as 3% in the last step alone and, on the other hand, the chemoselectivity of the
catalysts for PCHC at 1bar CO, pressure is only 47%. Nevertheless, the catalyst is
proof of principle for very high activities (entry 9, Table 6). The complexes by Williams
et al., all based on the same macrocyclic ligand, show TON values up to 527 and TOF
values up to 500 h™! with various metals (Table 6), while even demonstrating a good
tolerance to water (the zinc complex 6 is displayed in Figure 7). The salen-type com-
plexes, in this table represented by Lu et al’*® (entry 6, Table 6), show remarkable
catalytic activities: here TOF values up to 263 h~! were found. However, toxic metals

are usually required for these catalysts to show high activities (Table 6).
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The obtained TON for [LF°"Zn|, (Table 5) are very good, when comparing them
to the catalysts from literature. Theses values, however, have to be put in relation
to the duration of the experiment and, thus, only become conclusive when the time
factor is considered. For that reason, the TOF is a better value for the purpose of
comparison. For [LF™9"Zn|, the highest TOF observed was 25h~! over 24 h,which is
as high than of the benchmark zinc catalyst by Williams et al. (entry 5, Table 6),
calculated for a 24 h reaction period. However, an initial TOF values of 92h~! have
been observed for L™ Zn],, when untreated glass was applied. Under these reaction
conditions the catalyst loses the high activity fast (see Figure 26). The highly modified
and optimized cobalt-based systems by Williams et al. and by Lu et al. show higher
activities than the corresponding zinc systems. 03449557 The only zinc-based system
that has a higher activity is the macrocycle from Rieger et al., which comes along with
the previously mentioned deficits in chemoselectivity and accessibility of the complex.

It should be emphasized that such comparisons in general are difficult due to manifold

Table 6: Selection of literature-known catalysts for the CO,/CHO copolymerization and their
corresponding activity at 1 bar of CO, pressure. Sorted chronologically by year of

publication.

Entry Author Metal TON' TOF' /h~! Conditions

1 Inoue et al. 1 Mn 70 3(24h)  neat CHO, 80 °C
2 Ding et al.?? Zn >20 >3 (6 h) in toluene, 60 °C
3 Ding et al.®” Mg 86 43 (2 h) in toluene, 60 °C
4 Sugimoto et al.'*  Co 75 3(24h)  neat CHO, 25 °C
) Williams et al. 1 7Zn 527 25 (24 h)  neat CHO, 100 °C
6 Lu et al.**8 Co 1315 263 (5h) neat CHO, 50 °C
7 Williams et al.'?*  Co 250 500 (0.5 h) neat CHO, 80 °C
8 Williams et al.!?® Fe 290 6 (48 h) neat CHO, 80 °C
9 Rieger et al. ' Zn 9398 9398 (1h) neat CHO, 100°C

10* Le Roux et al**® Zr 888 37 (24 h)  mneat CHO, 60 °C

t: Number in parenthesis represents the time at highest activity or the duration of the experiment.
The values from the publication: Lit.:'2! Cale. from Tab. 1 (11), Lit.:!32 Cale. from Tab. 1 (4),
Lit.:87 Tab. 4 (5), Lit.:1'* Calc. from Tab. 3 (4), Lit.:'*® Tab. 1 (3), Lit.:1® Tab. 1 (6), Lit.: 12
Tab. 5 (3), Lit.:'?® Tab. 1 (1), Lit.: 16 Tab. S2 (2), Lit.:1® Tab. 2 (7). Calc.: calculated from the
given data, Tab.: Table (entry or run) within the publication.

I: performed at 0.5 bar CO,. §: 47 % selectivity for PCHC. Similar complex shows 85 % selectivity
for PCHC with 409h~!,

conditions of optimal efficiency, the influence of co-catalysts and other factors influenc-
ing each catalytic system differently. Furthermore, for a novel catalyst there is always
the pending possibility that the optimal conditions for the catalyst were not yet found.
For [LF9"Zn], only the activity at 80 °C with a profoundly simple stirring equipment
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has been explored. At this point it should be mentioned that the activity of catalysts
applied for polymerization reaction in general is, among other factors, strongly depen-
dent on the stirring equipment. In the experiments performed herein no impeller was
used and instead only a 0.5cm stirring bar, showing very low vortex formation, was
applied. This implies that in a potential optimization or up-scaling of the reaction with
a more suitable impeller the catalyst activity can be increased by at least one order
of magnitude. Another essential factor that will need to be determined is the optimal
reaction temperature for the ONO-pincer catalyst.

All in all, the [LF°HZn|, complex shows outstanding activities at low pressures while
controlling the tacticity of the formed PCHC. The observed high activities of the here
presented zinc complexes with ONO-pincer ligand LF*°H indicate that a new class of

promising catalysts for the field of CO, /epoxide copolymerization has been developed.

51 CHO with 13.5 ppm H20, hydrophobic glass
1 — CHO with 15.7 ppm H20, hydrophobic glass
{— CHO with 13.7 ppm H»0, untreated glass o
4- — CHO with 19.8 ppm H20, untreated glass i ooooe? ”
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Figure 26: PCHC formation monitored by in situ IR measurements wvia the increase of the
band at 1750 cm ™! and correlated to the samples taken from the reaction solution
to determine |carbonate units|. [CHOJ:[cat] = 1500, 1 bar CO,, 80 °C. Reactions
with different content of water.

In the last column of Table 5, the water content of the corresponding polymeriza-
tion experiments, determined by Karl-Fischer titration (with membrane from Mettler
Toledo), is shown. Furthermore, the use of silanized glassware is indicated. In Fig-
ure 26 and Figure 28 the influence of water (in the CHO and on the glass surface) on
the product formation is shown. In previous paragraphs references to these Figures
have been made, to demonstrate that the initiation phase and activity are strongly in-
fluenced. In this paragraph, these two Figures will be discussed more thoroughly. The
PCHC formation was recorded by in situ IR monitoring of the increase of the band at

1750 cm~! and correlated to the samples taken from the reaction solution. The band at
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1750 cm ™ corresponds to the C=0O-stretching vibration within the PCHC. Thus, the
band correlates with [carbonate units| (or with consumed CHO). To convert the rising
IR band to a concentration in carbonate units the samples taken from the reaction
solution were evaluated and used to determine the factor to obtain |[carbonate units|.
The correlations can be found in the Appendix in Figure 128. The reactions that are
illustrated in Figure 26 and Figure 28 have been performed with a [CHO]:[cat] ratio of
1500, at 1 bar CO, and 80 °C. The determined water content within the CHO, as well
as whether silanized glassware was used, are indicated in the legend. Figure 28 shows
the initiation phase during the first 5 h of the same reactions as depicted in Figure 26.
From Figure 26 an impression of the catalyst’s water sensitivity over longer reaction
periods can be obtained, illustrating that double the amount of PCHC was formed
(red and black vs. blue line) by removal of physisorbed water and elimination of ac-
tive sites on the borosilicate glass (TMS-CI vapor deposition to silanize the glassware).
The amount of formed PCHC will decrease by another approximately 50 % when the
applied CHO has ca. 10 ppm more water (grey vs. blue line). This observation might
raise the question of why CHO with an even lower water content (<13.5ppm) was
not used. CHO is a very challenging substance to dry and to keep dry. Besides the
demanding drying process in comparison to standard solvents, the contact to many
Lewis acids (e.g. molecular sieves, Dow silicon grease (contains thickeners)) leads to
the formation of the homopolymer. Further details on the drying and purification
process of the CHO can be found in the experimental section (section 6.2.16). For
polymerization attempts with >30 ppm of water and untreated glassware no catalytic
activity was observed. One possible explanation of this sensitivity was obtained from
a crystallization attempt under non-inert conditions. In[Figure 27] a picture of a cubic

tetranuclear zinc complex is given. The oxygen atom O5 likely originates from water.

Table 7: Selected bond lengths [A] within the molecular structure in Figure 27 of the crys-
tallization attempt of [LP™OHZn]y under non-inert conditions. The atom distances
were obtained from a measurement where rest-electron-density could not be assigned,
therefore the values are not as accurate.

Atoms Bond lengths
Zn51-0144 2.290
Zn51-097 1.994
Zmn51-05 2.043
/m98-0144 1.994
Zn98-N100 2.157
Zn98-099 1.889

The formation of this cubic structure, which can be considered very stable, could

explain why the formed complex cannot be activated for the CO,/epoxide copolymer-
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Figure 27: Picture obtained from a crystallization attempt of [LF*©HZn|, under non-inert
conditions. Hydrogen atoms were omitted for clarity. Atom O5 likely originates
from water.

ization. The water likely saturates the coordination environment of the zinc atoms.
For the obtained picture selected atom distances are given in[Table 7] yet, in this mea-
surement rest-electron-density could not be assigned, therefore the values are not as
accurate. The picture was obtained in a crystallization attempt without CO, being
present. A discussion of the water sensitivity under conditions that are closer to the
catalytic ones can be found below in the next subparagraph. There, the reaction of
the complex with CO, is presented and a possible explanation regarding the water

sensitivity, including the found initiation phase (Figure 28), will be given.

After the catalytic performance of [LF*™°"Zn]|, has been discussed, the nature of the
active species and the order in catalyst within the rate law was the object of inves-
tigation. For this purpose a Jordi Burés plot of the performed polymerizations was
prepared, which can be found in M. The product formation as [carbonate
units| against ¢ - [cat.]” with n = 0 — 4 at different catalyst loadings is shown. The
variable n represents the order in catalyst of the rate law and is varied from 0—4 (here
in steps of 1). With this method/plot the product formation becomes independent of
the catalyst concentration (the lines overlap) when the correct order in catalyst (n) is
selected. From Figure 29 the highest overlay was found for n = 1, implying that the

catalytically active species remains dinuclear in nature, as it was found in section 2.4.1.
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Figure 28: PCHC formation monitored by in situ IR measurement at the increase of the band

at 1750 cm™! and correlated to the samples taken from the reaction solution to
determine [carbonate units|. [CHO]:[cat] = 1500, 1 bar CO,, 80 °C. Reactions with
different content of water. Display of the reaction’s initiation phase and highest
activity between the first 5 h from Figure 26.
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Figure 29: Jordi Burés plot of the performed polymerizations.®® The product formation
against t - [cat.]” is plotted with n = 0 — 4, representing the order in catalyst
of the rate law. The calculation of [cat.] was done for a dinuclear complex, as it

was found in section 2.4.1.
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In order to exclude that other species with a higher order in catalyst (referring to the
rate law) are present yielding in an overall non-natural number for n, a refined Jordi
Burés plot can be found in [Figure 30 Here, the variable n was altered in steps of 0.25
in the range of 0.5 — 1.5. Again, from this plot the highest overlay seems to be at
n = 1.0, in this case it is not as certain though. However, it can be assumed that the
order in catalyst is close to 1, with respect to the accuracy of this method.

Concluding, further support was found, that even during the catalysis the complex does
not deaggregate to a mononuclear species or aggregate to a species of higher nuclearity.
The tendency of the complex for autoaggregation seems to be a successful strategy for

forming a dinuclear species for the polymerization catalysis.

o [CHOJ[cat] =1007 | n=15 n=1.25 n=1.00 n=0.75 n=05
|+ [CHO]:cat] = 1010
1| s [CHOJ:[cat] = 1510
3] + [CHOJ{cat] = 1511
1| « [CHOJ:[cat] = 2021
» [CHO]:[cat] = 2016

[carbonate units] / M

0,01
t[cat]” / himn

Figure 30: Refined Jordi Burés plot of the performed polymerizations to exclude rational
numbers for n.1% The product formation against t - [cat.]” is plotted with n =
0.5 — 1.5, representing the order in catalyst of the rate law. The calculation of
[cat.] was done for a dinuclear complex, as it was found in section 2.4.1.

To determine the initial temperature needed for the catalyst to be active, an experiment
was performed where the temperature of a reaction solution of the catalyst in CHO
under 1bar of CO, was slowly increased until product formation was observed (see
Figure 30). The product formation, as performed previously, was monitored by in situ
IR spectroscopy. As the oil bath of the reaction mixture reached 50 °C, an increase
of the C=0-stretch vibration band at 1750 cm ™!, together with a decrease of the CO,
band at 2350 cm™!, was observed. Thus, the catalyst requires at least 50°C for the
formation of polycarbonate, or at least for the initiation. It is not clear from this
experiment if only the initiation or also the propagation requires 50 °C. Most likely, the
initiation has a higher energy barrier and therefore requires the elevated temperature.

Further discussion on the initiation step can be found in the following paragraph. To
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perform this experiment, reaction conditions had to be used that show no or only a
short initiation phase. For that reason, untreated glassware had to be used in this
experiment (compare Figure 28). The obtained polymer from this experiment was
analyzed for its tacticity. Surprisingly, no higher stereocontrol was observed than in
runs at 80 °C.

Figure 31: 3D-plot of the in situ IR measurement. The experiment was started at 30 °C and
the temperature was slowly increased. At 50°C (at 1 h 6 min of the reaction
progress) an increase of the C=O-stretch vibration band at 1750cm~! can be
observed together with a decrease of the CO5 band at 2350 cm™?.

End-group analysis: towards the initiation mechanism

To determine the end-groups of the obtained polymers, NMR and MS experiments
were performed. In the 'H-NMR spectrum of the obtained polymers (see
possible end-groups can be identified. The signals at 3.54 and 4.36 ppm belong to hy-
droxyl end-groups. These signals are the most common end-groups from the CO,/CHO
copolymerization and can be found with an estimated 75 % probability. }18:129:132
Besides the hydroxyl end-group, the signals at 5.92, 5.71, and 5.06 ppm reflect the
formation of olefinic cyclohex-2-en-1-olate end-groups which occur with roughly 25 %
probability. 2D-NMR spectroscopy and mass spectrometry confirmed these findings.
This type of end-group is less common and might origin from an elimination of a
carbonato unit as it is depicted in Such an elimination reaction could
either occur during polymerization or during the removal of the CHO under vacuum

and heat. In the case of a post-synthetic elimination, also the elimination of water

from a hydroxyl end-group needs to be considered.
In the case that such an elimination occurs during polymerization it would mean that

the so-formed olefinic end-groups cannot be reincorporated through a chain-transfer

reaction, terminating propagation at this end of the polymer chain. The formation of
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Figure 32: End-group section of 'H-NMR spectrum in CDCl; of the PCHC obtained using
[LProOHZn], with assignment of the end-groups. -OP represents the polymer chain.

Zn Zn Zn Zn Zn Zn

Scheme 10: Proposed mechanism for the elimination of a carbonato species that would form
a cyclohex-2-en-1-olate end-group. P representing the polymer chain.

cyclohex-2-en-1-olate end-groups could, however, explain the relatively broad dispersity
(see Table 5) considering a living polymerization.*® In fact, the term living polymer-
ization would not apply in this case. To test whether the proposed elimination reaction
occurs during polymerization or during the removal of the CHO, the molecular mass dis-
tribution at different times of the polymerization were plotted in Here it can
be observed that the molecular mass increases with continuously narrower molecular
mass distribution (£). This criterion of a living polymerization points toward a post-
synthetic elimination, leading to the follow-up question whether a mechanism, similar
to the one shown in Scheme 10, or a simple elimination of water occurs. To test this, a
polymer sample with a beforehand determined ratio of olefinic to hydroxyl end-groups
(by NMR) was heated under vacuum to the previously applied temperatures. In the
case that an elimination of water is the cause of the olefin end-groups, this event should
only be weakly associated to the remaining catalyst in the polymer (chydroxyl end-group =

Ceat.) and should continue to increase over time until only olefinic end-groups remain
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Figure 33: Molecular mass distribution from samples taken after 3 (D = 2.28), 5 (P = 1.42),
8 (P = 1.36), 24 h (P = 1.34) of reaction progress determined by GPC analysis.
GPC analysis was performed in THF, calibrated with polystyrene, and toluene
was added as internal standard. The My values were found to be after 24 h:
2432 g/mol, 8 h: 2144 g/mol, 5 h: 1794 ¢g/mol, 3 h: NA.

(assuming exclusively the modification of the chain ends). If the opposite is the case
and the formation of olefinic end-groups is associated to the catalyst, the concentration
of olefinic end-groups should remain steady since diffusion of the catalyst within the
polymer is strongly hindered even at elevated temperature. Thus, a polymer sample
was heated repeatedly for longer periods of time to ca. 150°C. No further formation
of olefinic end-groups was observed by NMR spectroscopy. This result points to the
formation of olefinic end-groups associated to the catalyst. Nonetheless, considering
the number of polymer end-groups per catalyst (see section , the relative amount
of olefinic end-groups should not exceed the amount of catalyst within the polymer, if
diffusion of the catalyst within the polymer above the glass temperature is neglected.
Yet, the olefinic end-groups were observed to increase up to 25% (by NMR). For the
sake of completeness, the mechanism of depolymerization® should be mentioned in
this respect, since it can alter the end-groups of the polycarbonate. However, this
mechanism cannot be evaluated, since the thermal treatment of PCHC (in presence of
the catalyst) was not subject of this work. Furthermore, a base-induced rearrangement
of CHO, which would yield in an allylic alcohols, needs to be considered.™® The inte-
gration of such an allylic alcohol would terminate the growing polymer chain. The base
required for such an rearrangement could origin form the catalyst, possibly through
hydrolysis or release of the ligand.

To this point the origin of the olefinic groups remains open. However, the relatively
high content of olefinic end-groups that have been found in the polymer (see Fig-

ure 32), possibly gives some unique opportunities for post-synthetic modifications. The
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polymer could, for example, be interconnected by an olefinic polymerization to form
comb polymers providing altered material properties. Polymerization through a ROMP
mechanism is not possible with cyclohexene moieties, even though oligomers from cy-
clohexene could be produced.*®® However, if cyclopentene oxide is used as monomer for
the CO,/epoxide copolymerization, ROMP becomes accessible for this type of post-
synthetic modification. To explore these options, the scope of epoxides that can be

copolymerized with [LF*©HZn|, needs to be investigated further.

For future works and depending on the desired end-groups, it would be recommended to
precipitate the polymer with methanol from a solution in DCM to avoid the formation
of the olefinic end-groups. ToF-ESI-MS analysis of the PCHC product in a 1:1 mixture
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Figure 34: ToF-ESI-MS of the obtained PCHC in a 1:1 mixture of THF /methanol with as-
signment of the main ion peaks to an olefin and an alcoholate end-group.

of THF /methanol supports the observation that was made by NMR spectroscopy (see
Figure 34). The main ion peaks could be assigned to PCHC with one olefinic and
one alcohol end-group. For the repeating units with a lower signal intensity in the
spectrum shown in Figure 34, no matching end-group could be assigned and thus, a
different workup of the polymer was performed and the ToF-ESI-MS measurement was
repeated. For this purpose the same batch of polymer was precipitated from a DCM
solution with methanol. The obtained high resolution mass spectrum is depicted in
Figure 35, allowing the observation of higher charged polycarbonates. The assignment
of mono- and di-cationic species (the two left ones in Figure 35) is in good agreement
with the calculated m/z values and corresponds to the same end-groups as found in

Figure 34. The proposed tri-cationic species, however, does not match well to the
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experimentally found m/z values. The suggested species on the right was found to
be the closest in its monoisotopic mass value to the experimentally observed mass ion
peak.

To obtain further insight, MALDI-MS experiments of the PCHC were performed.

Calc.: m/z = 1252.6111 with Calc.: m/z = 1203.5746 with n=15 Calc.: m/z = 1178.2175 with n=23
n=7 OH OH H
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Figure 35: ToF-ESI-MS of the obtained PCHC in a 1:1 mixture of THF /methanol with as-
signment of the main ion peaks.

The observed pattern of the repeating carbonate units differs from the one observed
by ToF-ESI-MS (see . Plausible end-groups of the signals are assigned in
Figure 36. At this point it should be emphasized that because of the low signal-to-noise
ratio and the error margin of the measurement, the assignment is not as certain as for
the ToF-ESI-MS measurements. Nevertheless, MALDI-MS at this point seems to be
the only mass spectrometric method that allows to obtain further insights regarding
the end-groups associated with the initiation mechanism, since different species can be
observed.

The pattern of the repeating carbonate units found by MALDI-MS in between different
entries of Table 5 does not differ. Neither is the pattern influenced by the amount of
water that is present during the polymerization.

Some vague insights into the polymerization mechanism can be drawn from the MALDI-
MS experiments. The assigned end-groups for A, B, and E are similar to the ones
observed in the ToF-ESI-MS and NMR spectrum (Figure 32). However, the assigned
end-groups of species C and D point to a PCHC unit holding the catalyst’s ligand as
end-group. In Figure 32 (in blue) such an end-group was previously proposed. Yet, the
NMR spectrum in Figure 32 and the MALDI-MS alone do not provide sufficient sup-
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Figure 36: Signal pattern obtained by MALDI-MS (linear-modus) of the PCHC with plausible
assignment of the ion peaks. Only with the Linear-Modus of the Autoflex Speed
from Bruker a signal was observed. In the reflectron-modus no signal was observed,
thus no HR-MALDI-MS was obtained.

port for the claim that the ligand is actually incorporated into the polymer, especially
since the sample for which the NMR spectrum was recorded had been taken directly
from a polymerization reaction without further purification. Thus, the catalyst/ligand
must have remained in the sample. To clarify if the ligand actually was incorporated
into the PCHC, the polymer was dissolved in DCM and precipitated with methanol.
By this, the ligand, which is soluble in this mixture, should be separated from the
precipitated polymer. 'H-NMR measurements of the precipitant should no longer al-
low the observation of aromatic signals from the ligand. However, the aromatic signals
remain observable after repeated precipitation, supporting the assumption that a small
portion of the ligand is found as end-group in the obtained PCHC. The involvement of
the ligand in the initiation mechanism was also proposed for the structurally similar

complex by Nozaki et al. 31147

However, taking all there observations into account, especially the apparent initiation
dependence on water (Figure 28) and the observed end-groups, allows to derive a

hypothesis about the initiating step of this polymerization. Either

e the first epoxide opening occurs through the attack of an external nucleophile/co-

catalyst as known to occur for some catalysts?6:97123103

or
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e one of the ligand arms initiates the first epoxide opening as alcoholate/carbonato

species. 6132

The first case seems unlikely, since no nucleophiles were added to the reaction solu-
tion. However, traces of water remaining in the CHO could be involved. Evidence for
an initiation associated with water might be the different initiation times that were
observed when using hydrophobic or untreated glassware, as displayed in Figure 26.
For untreated glassware a higher amount of residual water on its surface can be ex-
pected 04199 Nevertheless, if the determined contents of water in the CHO, obtained
by a Karl-Fischer titration (with membrane), are accurate, then the water amount
within the CHO is approximately two orders of magnitude smaller than the amount of
catalyst. The residual water within the CO, (after drying over P,0O;), however, was
not determined and can therefore not be evaluated. Nonetheless, the bottle of CO, gas
was used for all experiments within this work, without and with observed initiation
phase (see Figure 28). Thus, the first case of an external nucleophile/co-catalyst seems
unlikely. Nevertheless, to further test this hypothesis an experiment was performed,
during which 1eq. of chloride ions (as NBu,Cl in CHO) was injected into a reaction
with silanized glassware during the initiation phase.?® The Cl~, which serves as good
nucleophile (in apolar solvents), could open the first epoxide and possibly initiate the
polymerization. However, no initiation was observed. For all of the given reasons, the
first case of an external nucleophile/co-catalyst is therefore dismissed.

Considering the second case, it is known from literature that acetate, alcoholate or
other ligands/co-catalysts may be responsible for the initiation step.8840%129.132 Tpy the
polymerization experiments performed herein no nucleophile or co-catalyst was added,
nor does the complex coordinate an additional ligand. Consequently, the ligand’s side
arms need to be considered. From the findings of the end-group analysis (Figure 32 and
Figure 36) it is plausible that the ligand is partially present as end-groups, and thus
likely involved in the initiation process. One plausible mechanism would be the deco-
ordination and nucleophilic attack of the flexible®® (and longer) propanolate side arm
on the first epoxide or CO, unit, as depicted in The first step could either
be the opening of a CHO unit, forming another alcoholate species (right pathway), or
the activation of CO, and formation of a carbonato complex (left pathway). The latter
pathway could either form a terminal (a), a mono-p-carbonato (b) or a di-u-carbonato

complex (c).

To differentiate if the first step is the reaction with CHO or CO, the complex [LF*°HZn],
was mixed with either of them separately. For the mixture of the complex with CHO
no reaction was observed. However, the addition of CO, to a solution of the complex

in THF formed a colorless precipitate at 50 °C, pointing to the left reaction pathway of
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Scheme 11: Proposed mechanism for the nucleophilic attack of the propanolate side arm on
a coordinating COqy (left) or CHO (right) to initiate the polymerization. The
left pathway is split in two: (a) formation of a non-bridging carbonato complex
and (b) the formation of a bridging mono- or di-carbonato complex. The ligand
is depicted in a simplistic fashion for clarity. The double arrow refers to the
nucleophilic attack of the carbonato moiety onto the first CHO, entering the
mechanism in Scheme 3.

Scheme 11. In literature similar conversions with CO, have been observed. Coates et al.
found that their p-alcoholate-bridged dizinc complexes form a mono-/di-p-carbonato-
bridged species under CO,, see . 8 Furthermore, also for the complex from
Williams et al. the formation of a dicarbonato species was proposed (not bridging and
different coordination motif).%

To further analyze the formed complexes, an IR spectrum of the obtained solid was

measured and is shown in [Figure 37| (bottom).

Additionally, the IR spectrum of the free ligand (top) and the complex [LF*°"Zn],
(middle) are shown. The complex, after treatment with CO,, seems to be intact and
still coordinating the ligand. The two bands that are observable in the IR spectrum
at 1492 and 1419 cm™! (assignment was not possible) might be associated to the ac-
tive carbonate species of under catalytic conditions. A purely inorganic salt can be
excluded.

Due to poor solubility of the obtained precipitate in either polar (DMSO-dg, CD;0D)
or apolar (CDCl,, THF-dg, toluene-dg) standard NMR solvents, NMR experiments
gave no conclusive data. This behavior and the sensitivity of similar CO,-activating

compounds has been reported before.10°
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Scheme 12: Proposed insertion by Coates et al. of CO, into the p-alcoholate-bridged diz-
inc [B-diiminate complexes forming a mono- or di-u-carbonato-bridged species,
depending on the substituent R.36
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Figure 37: ATR-IR spectrum of the ligand HyLP™OH (top/black), the complex [LFOHZn],
(middle/red) and product of the complex [LF*9HZn], with CO, (bottom/blue).

For a successful initiation, the consecutive step onto the second monomer needs to be
considered for the left pathway of Scheme 11. Three possible carbonate species are de-
picted and in the following paragraph their potential of initiating the polymerization,
thus the opening of the first CHO, is discussed shortly.

For a terminal carbonate species (path (a)) the nucleophilic attack onto a CHO coor-
dinating to the neighboring zinc would probably be associated with a high energetic
barrier due to the rearrangement of the complex for the terminal carbonate to reach the
coordinating monomer. However, since this species is still alcoholate-bridged, the Zn—
Zn distance is shorter than for the mono- or di-u-carbonato-bridged species (path (b)).
This possibly makes up for the rearrangement energy needed. The proposed mono- and
di-p-carbonato-bridged species formed via pathway (b) would show a greater Zn—7Zn
distance, resulting in a possible increase in energetic barrier. Yet, a carbonato bridge
would also grant more flexibility to go through the transition states of the catalytic
cycle. To this point no accurate statement can be made regarding the coordination
mode of the carbonato species. With high certainty, however, the formation of an in
situ generated carbonato-zinc species initiates the polymerization by opening the first
epoxide. Furthermore, the poor solubility might explain the initiation phase that was

observed.
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Attempts to crystallize one of the carbonato complexes shown in Scheme 11 (path
left) yielded in a few small single crystals, suitable for X-ray diffraction experiments.
The molecular structure is shown in Figure 38. The single crystals were observed
to crystallize in space group P1:3, resulting in an asymmetric unit of its molecular
structure (displayed on the right) with a Cs-axis going through the carbon atoms of
the central carbonato ligands (top view in the middle in Figure 38). The top as well
as the bottom plane (left depiction) of the molecular structure are composed of three
[LFrOHZn| units connected by a central carbonato ligand. The central plane of three
Zn holds no additional LF™°H Jigand and is, instead, coordinated by the ligand moieties
of the top and bottom [LF™°"Zn| units and another central carbonato ligand. Selected
atom distances found within the molecular structure in Figure 38 are given in [Table §
The corresponding bond angles are given in the appendix. The Zn-O distances of
the zinc to the LF™°H ligand in the bridging and non bridging coordination motifs
are similar to the ones found within [LF™°HZn|,. The Zn-Zn distances within the

molecular structure in Figure 38 are larger in comparison within [LF*°"Zn|, (compare

Table 8 with Table 3).

Table 8: Selected  atom  distances [A]  within  the molecular  structure of
[(LPOHZn)3C03)2(Zn3CO3)| in Figure 38.

Atoms Atom distance | Atoms Atom distance
Zn1-0O1 1.892(3) Zn2-N11 2.091(3)
Zn3-012 1.919(3) Znl1-N1 2.137(4)
Zn3-02 1.933(3) Zn2-021' 2.306(3)
Zn1-03 1.942(3) Znl-Znl' 4.834
Zn3-011" 1.952(3) Zn2-7n2' 4.457
Zn1-02 1.965(3) Zn3-7Zn3' 4.963
Zn2-013 1.966(3) Znl-7Zn3 3.421
Zn2-012 1.969(3) Zn2-7n3 3.161
Zn2-011 2.008(3) Zn2-7Zn3' 3.216
Zn3-021 2.015(3)

The formation of the complex [((LF*°"Zn);C03)y(ZnsCO3)| (Figure 38) can be ex-
plained by the balanced equation found in Scheme 13. Water seems to be responsible
for its formation. Thus, the [((LF*°"Zn)3CO3)(Zn3CO3)| complex could explain the
catalyst’s sensitivity towards water under catalytic conditions.

Scheme 13: Reaction scheme leading to the formation of ((LF™CHZn)3C03)2(Zn3CO3)| de-
picted in Figure 38.
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Figure 38: Molecular structure of the reaction product of [LF*9HZn]y with CO, and water in
THF. Left: side view with three LZn-units bridged by a COj-unit on the top on
and on the bottom, while the plane in the middle is formed by three CO4-bridged
Zn. Middle: top view, showing the Cs-axis. Right: asymmetric unit consisting of
two LZn-OC(O,) units and one bridging Zn-OC(O,) unit. Hydrogen atoms were
omitted for clarity.
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The discussion of the previous section, which dealt with the trend that higher My
values and broader polydispersity at lower catalytic activities are observed for the
runs with untreated glassware, can be continued. The untreated glassware is likely
the reason for a higher water content in the polymerization reactions, forming complex
[L3Zn,CO4—Zn;CO;—L;Zn,CO,4|. This species or a different carbonato complex might
be the active species. The presence of two different active species would explain the
broad dispersity for the PCHC. In a GPC analysis of a polymerization with
untreated glassware is shown, indicating a bimodal molecular mass distribution. This
supports the assumption of two active species present during catalysis when untreated
glassware is used. Such bimodal molecular mass distribution is not observed when
silanized glassware was applied.

Furthermore, species [L;Zn,;CO;—Zn;CO;—L;Zn,CO,4| can explain why the catalyst

100 1.000 1e+04  1e+05  1e+06
M/ g/mol

Figure 39: Molecular mass distribution of a PCHC sample of a polymerization that was per-
formed in untreated glassware with a water content of ca. 13.4 ppm, determined
by Karl-Fischer titration. A shoulder is observed at ca. 2000 g/mol, indicated by
the arrow. GPC analysis was performed in THF, calibrated with polystyrene, and
toluene was added as internal standard. My = 4.2kg/mol.

shows no activity at high water contents (untreated glassware and >30 ppm of water in
the CHO). Further addition of water and CO, leads to continuous release of free ligand
H,LFOH" " and degradation of the catalyst. In a summary of the proposed
catalytic species without (left) and with water (right) is given.

If the assumed initiation mechanism in Scheme 11 (left) is operative, this would imply
that [LF*°"Zn], forms cyclic PCHC. This topology would be preserved until the first
chain-transfer takes place, opening the ring. In this scenario, the first and last incor-
porated carbonate unit are in close proximity. If back-biting of the polymer chain onto
the first carbonate would occur, this cyclic topology would even be preserved, which
would be highly interesting. The obtained mass spectra were analyzed, but no such

cyclic product was observed. Therefore a back-biting seems not to occur.
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Scheme 14: Summary of the proposed catalytic species without (left) and in the presence
of water (right). Right: Proposed reaction scheme leading to the formation of
[L3Zn3CO3—Zn3CO3—L3Zn;CO4| depicted in Figure 38. Further degradation is
depicted. Stoichiometry is not considered in this scheme and the ligand is depicted
in a simplistic fashion for clarity.

All in all, it can be said that the end-group analysis allowed to make some assumptions
regarding the initiation step of the polymerization. Furthermore, [LF**°"Zn]|, forms
a PCHC that features, besides the common hydroxyl end-groups, a relatively high
abundance of olefinic end-groups, which may give the opportunity for post-synthetic
modification. The obtained knowledge of the catalyst’s initiation mechanism might
enable the development of an even more active catalyst in future works. It might even

direct to the development of a water stable and stereoselective ONO-pincer catalyst.

Chain-transfer of the polymerization reaction.

In 2016, the group of Darensbourg et al. published a paper which gave insights into
the influence of water in the CO, /epoxide copolymerization.” They could demonstrate
that the presence of water effects chain-transfer, because it first leads to the hydrolysis
of the epoxide, forming the corresponding diol, which then is responsible for the chain-
transfer during the polymerization reaction (salen-Co system). They observed that
during the initial stages all water was consumed for the hydrolysis reaction, before the
actual polymerization took place. These conclusions were drawn from observing the IR
region at 3000-3800cm~'. In the polymerization experiments of this work, where in
situ IR measurements were performed, such observations could not be made, since the
applied dip probe only measures in a spectral window of 650-2800 cm~!. Nevertheless,
a transfer agent is likely present during the polymerization, since only relatively low
My values were obtained. From the obtained data it cannot be said if water is directly

responsible for the transfer or if cyclohexane-1,2-diol is formed from it, causing the

61



2 CHAPTER 1: COPOLYMERIZATION OF CO, AND EPOXIDES

transfer. In any case, one cyclohexane-1,2-diol would be formed out of one molecule of
water, so that the number of chains formed from one catalyst molecule should translate

into the amount of water present. The proposed reaction mechanism for a dinuclear

system is shown in [Scheme 15[

o)
1
C
P P. .
— Py H\Q,R 0 H Q,R +CO, é/\Q’R
Zn Zn Zn Zn -HO-P Zn Zn

Scheme 15: Proposed mechanism for the chain-transfer reaction. P representing the poly-
carbonate chain and R = H or cyclohexan-2-olyl. The chelating ligand is only
schematically depicted.

In order to quantify the chain-transfers during the polymerization, the average number
of chains produced by one catalyst molecule were calculated and is given in [Table 9|
together with the corresponding My values and averaged number of carbonate units
per chain. The Table refers to the polymerizations found in Table 5 and the values
that are average were reactions performed at comparable conditions. The last two
entries in Table 9 (averaged entries of (1&2) and (5&6)) refer to polymerizations where
non-modified glassware was applied and all others to entries with silanized glassware.
Even though only few data points are available, contradicting trends are formed for
the reactions with non-modified and silanized glassware, which is developed in the
following paragraph.

For the experiments with silanized glassware the number of PCHC chains produced

Table 9: Averaged number of carbonate units per PCHC-chain and number of PCHC-chains
produced by one catalyst unit. Averaged entries of (1&2) and (5&6) were performed
with non-modified glassware, the others with silanized glassware.

averaged entries* [CHO|:[cat.] My / kg/mol +# carb. per chain® ncpains/Mcas.t

3 & 4~ 1008 2.72 19 89
7 & 8 1511 2.44 17 85
9 & 10™ 2018 1.42 10 80
1&2 1014 3.37 24 10
5&6 1504 4.18 29 14

*. refering to Table 5. f: averaged number of carbonate units per PCHC-chain. My /M carbonate unit

with M carbonate unit = 142 g/mol. i: averaged number of PCHC-chains in the samples produced by
one catalyst unit. p<: the used glassware was treated with TMS-CL

by a catalyst seem to increase at higher catalyst loading. This might imply that the

catalyst is associated to the transfer reaction. Furthermore, the average molecular
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weight of the polymer, correlating with the number of carbonate units per chain, was
observed to decrease with the catalyst loading. For the experiments with non-modified
glassware these trends seem to be inverted. With higher catalyst loading a smaller
number of chains per catalyst and lower My values were observed. Furthermore, when
comparing the experiments where non-modified glassware was used to the ones with
silanized glassware, the supposedly dryer reaction with silanized glassware shows more
chain-transfers and lower My values than the experiments with non-modified glassware.
If the water or the diol are acting as transfer agent, the conditions with a higher water
content should result in lower My values and a higher number of chains per catalyst."

However, the observed contradictory trends cannot be explained on the basis.
Concluding remarks

The catalyst [LF*™°°"Zn]|, can easily be synthesized in very high yields and is able to
copolymerize CO, and CHO chemoselectively (>98 % in PCHC), forming an isotactic-
enriched PCHC (P, = 35% ). Moreover, it is able to do so with high activity even
at pressures as low as 1 bar in CO,. It could be shown that the complex in solution
is likely of dinuclear nature even under polymerization conditions, thus demonstrat-
ing that auto-assembly is a suitable approach for ONO-pincer type zinc complexes for
the CO,/epoxide copolymerization. Finally, the initiation temperature, a degradation
product in the presence of water, the polymer end-groups, and strong indicators for the

initiation mechanism, occurring via CO, insertion as the first step, could be collected.

2.4.3. Metal variations of [LP%HZn], and their activity: Ni, Co and Mg

complexes

In this section, derivatives and complexes similar to the obtained complex [LF*HZn],,
their synthesis and their catalytic activity are presented. However, the compound
characteristics and catalytic activities have not been investigated as detailed as for
[LFrOHZn|,. Even though some of the compounds that are presented here showed
activity for the CO,/epoxide copolymerization, none of them reached the activities of
[LFrO"Zn],. To pursue the purpose of this work, viz. to find new catalysts with high
activity, some of the complexes have not been fully characterized, when their catalytic
activity was low or the product properties were insufficient. However, it should be kept
in mind that the ONO-pincer type catalysts are sensitive towards water. The specific
water sensitivity has not been investigated for the derivatives in this section, which
could have led to false negatives in cases of extreme water sensitivity. Initial testing
at elevated pressures, which was used to decide if a further investigation of catalytic

activity should be pursued, was performed at similar water contents (£ 15ppm) for
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all catalysts including [LF*9"Zn|,. It can be assumed that, as far as it is justifiable,
acceptable conditions were tested. Nevertheless, it needs to be pointed out that the
positive effect of using silanized glassware on the activity was found out after the
testings of some of the potential catalysts had been performed.

However, from the gather experience it appears, that at higher CO, pressures the
catalysts are less inhibited by water. Thus, it seems reasonable to further assume that
the results from the initial testings of the catalysts are valid and allow a qualitative

statement of their activity.
Synthesis and application of the [LP°"Ni], complex

In [Scheme 16| the synthetic route to the nickel complex [LF*©HNil, is depicted. Two

Ph_Ph
. Ph Ph
1) KH O‘&---'
N ———— 4 C*Ni—N.,)
2) NiBry(dme) ( N-N-g Y
{0
OH P Ph

Scheme 16: Synthesis of [LF™9HNi|y performed in THF. A stoichiometry is not displayed in
this Scheme.

equivalents of KH were used for deprotonation, forming the corresponding dialcoho-
late. The complex was formed by addition (dme)NiBr,, driven by the salt elimination
of KBr. The complex [LF*“HNi|, has a deep purple color and was crystallized by lay-
ering of a THF solution with pentanes. The obtained single crystals were suited for

X-ray diffraction and the obtained molecular structure is depicted in Figure 40.

Figure 40: Molecular structure of [LF™9HNi],. Hydrogen atoms omitted for clarity.

[LFOHNi], was found to crystallize in the P2; space group. In fact, it showed in the
solid state the same configuration as found by the DFT calculations for the C5 sym-

metric species of [LF™%"Zn]|,. This is under the premise that nickel prefers a square
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planar coordination environment. Nevertheless, in the solid state, the geometry of
the nickel ions is slightly distorted (11.7°torsion angle), allowing the application of
the nomenclature that was applied in section 2.4.1 for the DFT calculations. Thus,
[LFrOHNi|, shows a 20-cis-RR-RR configuration. In selected atom distances
within the molecular structure of Figure 40 are given. The corresponding bond angles
can be found in the appendix. The Ni — Ni distance measures 2.83 A, which is shorter
than the distances found in [LP*°HZn], (range of 2.911 — 3.184 A, depending on the
bridging mode).

Table 10: Selected atom distances [A] within the molecular structure displayed in Figure 40
of [LFProOHNj],.

Atoms Distances | Atoms Distances
Nil-O1 1.838(2) | Ni2-O12  1.876(2)

Nil-0O2 1.878(2) | Ni2-O2 1.878(2)

Nil-O12 1.890(2) | Ni2-N11  1.923(3)

Nil-N1 1.927(2) | Nil-Ni2  2.8302(5)
Ni2-O11  1.830(2)

Ph
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Figure 41: "H-NMR spectrum of crystalline material of [LF™9HNi], in CDCl;. Assignment of
the signals was done using 2D-NMR experiments.

Crystalline material of [LF™©HNi], was dissolved in CDCl; and 1D- and 2D-NMR

experiments were performed to analyze the complex in solution. The 'H- and 3C-

NMR spectra are depicted in [Figure 41| and [Figure 42| respectively. The number

of signals in both spectra point towards the persistence of the C; symmetry even in
solution (two signals in the range of 147-154 ppm in Figure 42). Furthermore, there is
even evidence that the complex is quite rigid in solution. The strong low field shift of
signal 3 in Figure 41, which originates from one of the aliphatic protons, points to its

proximity to the nickel atom, even on the NMR time scale. The indicated interaction
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is visualized within the molecular structure in [Figure 43|

ipso-C(Ph) Ph 6 7
3 'N—N\i~o'-

<"1S<O \—) 8 1 5 47 263
) i

55 150 145 140 135 130 125 120 115 110 105 100 95fl ?o )85 80 75 70 65 60 55 50 45 40 35 30 25
ppm

‘I Ph Ph

Figure 42: 3 C-NMR spectrum of crystalline material of [LF™OHNi]y in CDCl,. Assignment
of the signals was done using 2D-NMR experiments.

The signals in the 'H-NMR spectrum are relatively broad and, in fact, the compound
becomes paramagnetic when left to stand in solution, likely due to the coordination
of an additional ligand moiety (e.g. water, since the NMR spectrum was measured in

non-dried solvents).

Figure 43: Side view of the molecular structure of [LF™OHNil, illustrating the proximity of
the hydrogen atom (3 in Figure 41) and Ni2 of d(Ni-H) = 2.949 A. Most hydrogen
atoms were omitted for clarity.

The MALDI-MS experiment in a DCTB A 4-5 matrix showed the molecular ion peak
at 735.6 m/z corresponding to the [L,Ni,+H]|' species.

It could be shown that [LF™O"Ni], was isolated successfully and thus, it was applied for
the copolymerization experiments. Despite applying crystalline material at 50 bar of
CO, pressure and 80 °C, [LF™°HNi|, showed no activity for the CO,/CHO copolymer-
ization, not even forming the homopolymer. A plausible reason is that the correspond-
ing carbonato species cannot form. This is possibly due to the favored coordination

number of four for Ni(II) ions in a square planar geometry. Therefore resulting in the
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rigidity of the complex and conceivably being linked to the complexes inability insert
CO, into the Ni-O bond.

All in all, even though [LF™©HNil, is not active for the desired catalysis, the isola-
tion of [LF™CHNi], further supports the coordination motif that was found by the DFT

calculation for the corresponding zinc complex.

Synthesis and application of the [LP™°"Co], complex

In [Scheme 17|the synthetic route to the cobalt complex [LF*°"Col, is depicted. How-

Scheme 17: Synthesis of [LF™9HCo], performed in THF. The corresponding stoichiometry is
not displayed in this Scheme.

ever, since Co(II) has a tendency to higher coordination numbers than Ni(II) and
Zn(IT), the tridentate ligand can be expected to form higher aggregates with Co(II)
than it was observed for the zinc and nickel complexes. Nevertheless, the synthetic
route chosen is equivalent to that of the previously discussed nickel complex. Thus,
the deprotonation was done by two equivalents KH forming the corresponding dialco-
holate compound, and the complexation by addition of CoBr,.

From a batch of the complex that had been exposed to air it was possible to obtain
crystals and x-ray diffraction revealed the molecular structure which is displayed in
It consists of two cubes with the Co and O atoms positioned at its corners,
and one Co atom forming one corner of both cubes, connecting them. The corner
opposite to this Co atom is formed by an O atom from a hydroxo moiety. From the
structure, the expected higher coordination number of the cobalt complex can be ob-
served. However, the formation of the depicted structure likely involved the presence
of water, as it can be concluded from the end-caped hydroxo groups. Selected bond
lengths within the molecular structure displayed in Figure 44 of [(HO(LF™°" ;Cos),Co]
are given in [Table 11} The associated bond angles can be found in the appendix.

It was not possible to obtain single crystals from material under water-free conditions,
nor was an assignable signal found in MS experiments. This leaves open the question

of the aggregation and structure of [LF*9HCol, under water-free conditions. However,
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Figure 44: Obtained molecular structure of [(HO(LF™OH 3Co3)5Col, from a batch which was
exposed to air. Hydrogen atoms were omitted for clarity.
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Table 11: Selected bond lengths [A] within the molecular structure displayed in Figure 44 of
[(HO(LPrOOH 3COg)2CO].

Atoms Bond lengths | Atoms Bond lengths
Co4-041 1.900(5) Co2-072 2.104(5)
Cob-051 1.907(5) Co02-02 2.114(
Co6-061  1.911(5) | Co2-042  2.119(
Co7-071 1.914(5) Co2-052 2.119(
Co3-031 1.917(5) Cob5-Nb 2.123(
Col1-01 1.918(5) Co2-062 2.133(
Cob-052 1.997(5) Col-N1 2.134(
Co7-072 2.002(5) Co2-032 2.136(
Col1-02 2.003(5) Co3-N3 2.139(
Co4-042 2.014(5) Co4—N4 2.142(
(5) (
() (
() (
(5) (
(5) (
(5) (
(5) (
(5) (

Co3-032 2.023 Co6-N6 2.145
Co6-062 2.023 CoT7-N7 2.151
Col1-08 2.059 Co7-062 2.174
Co7-09 2.059 Co3-042 2.175
Co6-09 2.060 Co4-02 2.197
Co3-08 2.072 Co1-032 2.198
Co4-08 2.072 Co6-052 2.207
Cob5-09 2.086 Cob-072 2.223

inspired by the obtained crystal structure shown in Figure 44, a structure was modeled
of how the complex might look like in water-free conditions. It is depicted in[Figure 45
For this example, a tetranuclear cubic-shaped molecular structure with the propanolyl
moiety as bridging units within the cube was assumed, as found in Figure 44. The
bridging propanolyl moiety allows the sterically more demanding phenyl substituent
moieties to be in a terminal position. However, the suggested cubic coordination motif,
combined with the sterically demanding groups facing outwards as suggested in Fig-
ure 45, might render the insertion of CO, into the Co~O-bonds difficult.

Testing of the obtained powder material for the CO,/CHO copolymerization with a
CHO to complex ratio of 500:1 at 50 bar pressure and 80 °C showed poor activity with
a TOF of 0.8 h~! and a TON of 15. The GPC analysis of the obtained polymer showed
an average molecular mass of My = 3.431 x 10* g/mol with three maxima (see Ap-
pendix A.3.2 in [Figure 131]). The obtained My values are not impressive, considering
the applied pressures!!® and, furthermore, three maxima point to three different species

that are active.

All in all, the complex [LF™°HCo|, was isolated, even though its exact nuclearity
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Figure 45: Possible structure of [LF™°OHCo,,, with n = 4. The structure was modeled following
the structure given in Figure 44. Geometry optimization was done applying UFF.
Hydrogen atoms were omitted for clarity.

remains open to investigation, and a crystal structure of the aduct with water was
obtained. The complex shows activity for the CO, /epoxide polymerization. However,
the activity of the complex is so low, even at 50 bar pressure, that a further character-

ization was not pursued.

Synthesis and application of the [LP%"Mg], complex

For testing if the corresponding magnesium complex with LFOH ig active for the
CO,/CHO copolymerization, the complex was synthesized similar to the synthesis of
the zinc species described in section 2.4.1, but instead of ZnEt, the magnesium precur-
sor MgBu, was used. After removal of all volatile compounds, the obtained colorless
solid was applied for the catalysis but no activity could be observed. Characterization
of the compound was therefore not further pursued.

However, a reason might have been the use of MgBu, as metal source for the com-
plexation. In an oral exchange with Charlotte Williams it was pointed out to me
that copolymerization attempts, where MgBu, was used as a metal source, also in the
working group of Williams et al., were not successful. It might be an impurity in this
precursor that inhibits the catalysis. For that reason in future works it is recommended

to use a different magnesium source instead. 3"
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2.4.4. Closely-related ligand variations of LPCH, their synthesis, complexation

and initial testing for copolymerization

In this section, alterations of the ligand scaffold are presented, discussed and applied

for the copolymerization after complexation with a zinc precursor.

Synthesis and application of LPro0zH

The first modification was the saponification of the methyl ester, which was used

o
ph | OH oA
NaOH
N EtOH/H,0 l
CO,Me
LProOZH

Scheme 18: Synthesis of [LF™°2HZn]|, performed in THF. The corresponding stoichiometry is
not displayed in this Scheme.

for the isolation of H,LF™O" in order to obtain the carboxylic acid. The idea behind
this modification is to mimic an acetate ligand which is commonly found in precatalysts
for the CO,/epoxide copolymerization.™ The reaction is displayed in and
the obtained 'H- and *C-NMR spectra are shown in [Figure 46 The proton signal of
the carboxylic acid was not observed in the 'H-NMR spectrum, but in the ¥C-NMR
spectrum the corresponding carbon atom of this moiety can be found. All signals of
the NMR spectra could be assigned using 2D-NMR experiments. Together with the
measured mass spectrum, showing the molecular ion peak, it can be concluded that

the saponification yielded the target compound after aquous workup.

i OH

[LProOzHZn]n

Scheme 19: Synthetic path and proposed structure for complex [LF™02HZn],, withn = 2. The
structure is derived from Scheme 12. The associated literature3® in the discussion
can be found in section 2.4.2.

In the complexation reaction is illustrated with a proposed structure, based
on literature®®% and the findings for [LF*%HZn], (section 2.4.2). The *C-NMR mea-
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Figure 46: 'H- (top) and "*C-NMR. spectrum (bottom) of HyLF™92H in CDCl; with assign-
ment of the signals.

surements of the complex in CDCl, showed at least 10 signals in the region
of the ipso-carbon of the phenyl groups (corresbonding to ca. 5 [LZn| environments),
but only 4 main signals from the carboxylate (corresbonding to 4 [LZn| environments).
The full spectrum can be found in Appendix A.2.2 in [Figure 115 In Figure 47 also
the BC-NMR spectrum of |[LF*"Zn|, is given for a better comparison. Performed

LIFDI-MS measurements gave no result.

I'} A A\ 1 W M A oy ph ™ YUY TR e P o N A
P T ARk Ao o

T T T T T T T T
180 175 170 165 160 155 150 145
f1 (ppm)

Figure 47: Section of the 3 C-NMR spectrum of [LF™92HZn], (bottom) and [LF*CHZn], (top)
in CDCl,.

The bridging of the two zinc centers was assumed to occur by the carboxylate moieties
which are unsubstituted, therefore decrease sterical pressure by placing the phenyl sub-
stituent alcoholate moieties at the terminal positions. From the proposed structure in

Scheme 19 several different configurations are conceivable. For a better illustration two
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stereoisomers are depicted in as 3D-models. These two isomers were modeled,
by taking the results of the DFT calculations under account for [LF™°"Zn|, (Figure 21).
From the DFT calculation the Cy-symmetric cis- RR-configuration seems to be ener-
getically unfavorable over the Cj-symmetric trans- RR-configuration. However, for a

conclusive picture all configurations would need to be calculated and compared.

(a) cis-RR-configuration,  Ca-symmetry, ASP =
21.1kcal/mol

b) trans-RR-configuration, Ci-symmetry, ASP =
0.0 kcal/mol

Figure 48: Possible structure of [LF*92HZn]|, with n = 2. The structure was modeled follow-
ing the results of the DFT calculations for [LF™©HZn]y in Figure 21. The model
was designed and optimized applying UFF (Avogadro 1.1.1) and the spin-restricted
Kohn-Sham program with the generalized gradient approximation (GGA) with the
functional BP86, the base set def2-tzvp, the auxiliary basis sets def2-tzvp/j and
the RI approximation were used for the geometriy optimization performed by Orca
Version 3.0.3. Hydrogen atoms were omitted for clarity.

The complex was tested for its capability for the CO,/CHO copolymerization as part of
a screening experiment applying a Carousel 12 reactor (multi-reactor, allowing to run 12
reactions parallel). Four reactions were performed with this complex with a [CHO]:[cat]
ratio of 1000:1 at 80 °C and various reaction times. After the reaction time, the poly-
merizations were quenched by exposure to air and removal of CHO. [LF92HZn]|, was
found to be active even at 1bar of CO,, as it was found for [LF™°"Zn|,. The TON
after 8 h of reaction time reached 20, corresponding to a TOF of 2.4h~!. The product
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formation against time is given in[Figure 491 Short oligomers of the desired cyclohexene
carbonate were observed by 'H-NMR spectroscopy. It was estimated that an average
of ca. 3-4 units were connected during the catalysis, thus no further determination of
My by GPC or determination of tacticity was pursued. The polymerization was per-
formed in untreated glassware, although the previously discussed catalyst [LF*°"Zn],
showed, as a reference experiment (under the same conditions, in a different vial of the
multi-reactor), a TON of 131 (after 5h) and a TOF of 26h~!. Thus, roughly 1/6 of
the activity of [LF™°HZn|, was observed for [LF™92HZn|, in the initial testing. As a
consequence, the investigation of [LF*°"Zn|, was pursued more thoroughly. Neverthe-
less, if the proposed structure for [LF*92HZn], in Figure 48 is accurate, the initial step
could differ from the one observed for [LF™HZn|, (first CO, insertion). The opening
of a CHO unit could occur first, since it holds a carboxylate moiety. For future studies,
a comparison of the different initiation mechanisms of [LF*©HZn|, and [LF02HZn]|,

could be interesting.

0,6
=
—_
=04+
= |
o)
E
90,2+
)
L,

0 S L L I L L ) B B B |
0 2 4 6 8 10
t/h
Figure 49: PCHC formation over a reaction time of 8 h applying [LF*©2HZn],. The copoly-

merization of CHO and CO, (1bar) was performed at 80°C. [carbonate units| cor-
relates to [1-|[CHO|]. Each point represents a reaction vial from the multi-reactor.
Each was quenched by removal of CHO at the corresponding time. [carbonate
units| was corrected for the content of catalyst and is under the assumption of
100 % selectivity for carbonate.

LPoOH was isolated, characterized,

All in all, a closely-related ligand variation of
and used for complexation of zinc(II). The complex was found to be active for the
CO,/epoxide copolymerization. Even though the structure of the complex was not
determined experimentally, a suggestion of possible structures could be made. The
altered ligand scaffold might allow a possible contrast to the initiation mechanism of

[LPrOHZn],, since the carboxylate moiety could first react with an epoxide monomer
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to initiate the polymerization.

Synthesis and application of LF2ProOH

In this section, the effect of altering the electron-donating properties of the ligand
LProO! by introducing -CF, groups is studied. Similar alterations have proved to be
beneficial for catalytic activity in catalyst systems known from literature. HHETI0S The
synthetic route that was followed to isolate the ligand H,LF12P™OH ig gimilar to the
one for the isolation of H,LF™OU  except starting from the commercially available
tetrakis(trifluoromethyl) substituted precursor (see [Scheme 20)). Furthermore, the for-
mation of the aza-Michael coupled product required an extended time of heating, due

to the reduced nucleophilicity.

CF3 CF3
) e
FsC OH 1) Z>co,Me FsC OH
O Ny 2) LA O Nﬁ
F5;C Fs;C HO

HZLF12Pr°°H

Scheme 20: Synthetic path for the isolation of H,LF12ProOH

In [Figure 50| the obtained 'H- (top) and *C-NMR spectrum (bottom) of H,[F12Pro0H
are displayed. In the F-NMR spectrum one signal at 6 = —62.9 ppm was observed.

After treating H,LF12P7OH with ZnEt,, the obtained complex was applied for CO,/CHO
copolymerization experiments. However, only the homopolymer poly(cyclohexene ox-
ide) (PCO) was obtained. Thus, the investigation of this complex was stopped.

Synthesis and application of LPr0HMe

After the modification of the phenyl moiety by introducing electron-withdrawing groups
was not successful, it was attempted to alter the unsubstituted propanolyl moiety by
introducing an electron-donating methyl group. For that purpose the synthetic route

to HyLF™CH (Scheme 7) was altered by replacing the methyl acrylate by but-3-en-2-one

(see |Scheme 21]).
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Figure 50: 'H- (top) and *C-NMR spectrum (bottom) of H,LF12POH in CDCI, with assign-
ment of the signals.

Ph
Ph OH
Ph OH o Ph
1
H ) \)I\ N/jv-L
2) LiAlH, HO
HZLProOHMe

Scheme 21: Synthetic path for the isolation of HyLProOHMe,

By this synthetic route a new chiral center was created and thus, two stereoisomers
of the compound formed. Separation of the isomers was not successful by column
chromatography. In the obtained "H-NMR spectrum of the diastereomeric
mixture is given. The presence of two diastereomers made the assignment of some of
the NMR signals challenging, due to very similar chemical shifts. The assigned signals
for the protons 2, 3, 5 and 6 (in Figure 51) is therefore not certain. However, from the
two doublets at 0.95 and 0.93 ppm a ratio 1.7:1 for the diasteromers could be deter-

mined.

After coordinating the ligand with Et,Zn, as previously described, the obtained com-
plex was tested under 1 bar CO, and 80 °C for its applicability for the copolymerization

with CHO. However, only traces of the desired carbonate were observed.
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Figure 51: 'H-NMR spectrum of H,LFroOHMe jp CDCl; with assignment of the signals. As-
signments for the protons 2, 3, 5 and 6 are not certain due to signal overlay of the
isomers.

Ligand variation for future works

In this subsection some ligand variations will be suggested that could be of interest for

a R B
(o} /N/R OH
.Zn .
Q (')\) N OH
Zn ( y R
N © m,"\ 2
R R4R4 ,'\\ n R2
R3 3
n,m=0,1

Figure 52: General ONO-type complex design and a generalized ligand design. Possible sub-
stituents could be: R = alkyl (has to be long enough for reasons of solubility);
R; = Ph, aryl, alkyl, CF3; Ry = Ph, aryl (involving R3), alkyl, CFy; R3 = olefin
(invloving Rs), aryl, alkyl; R4 = aryl, alkyl, CF3; dashed bond = opened or closed,
m =0, 1, 2, 3 etc.

future works towards the discovery of new ONO-type catalysts for the CO,/epoxide
copolymerization. The generalized ligand design and a general coordination motif are
depicted in [Figure 52 The given variations are very general, representing only the
basic idea for optimizing the catalyst. In specific derivatives are provided,
with a suggested synthetic route to obtain them.

Furthermore, the propanolyl side arm could be altered by using different aza-Michael
acceptors¥?, as depicted in [Scheme 22| This was already indicated in Figure 53, but
beyond this, the pathway allows the modification of the substituents R and R’.10
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Ph Ph Ph Ph
U N LiOH NH
L_oH
o) o)
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Ph Ph 0 Ph Ph
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Ph

Figure 53: Specific derivatives of the ligand with a suggested synthetic route to obtain them.
R = Me.

However, the formed isomers from the reduction would need to be separated or a

stereoselective reduction performed.

o}

R" R/\HJ\ e R | R
é/NH R é/N o _LAH. é/N OH
R)\)L . R)\/K .

R’: donor arm R’ R’
R’ and/or R”: alkyl, aryl, OMe

Scheme 22: Possible synthetic path for altering the propanolyl moiety of the ONO-pincer type
ligands.

Going one step further, there are many more proline (and piperidine) derivatives com-
mercially available, that allow the easy modification of the pyrrolidine moiety on the

2-, 3- and 4-position, by starting with the corresponding derivative.

Ph_ Ph Ph Ph Ph Ph
240H %OH %OH
RN OH R"\\I\/OH RN oH
\\éph
Ph
H2L0C3N0Ph HZLOCZNOPh HZLOPhNOPh

Scheme 23: ONO-pincer ligands H2LOCSNOPh HQLOC2NOPh and HQLOPhNOPh. R = nBu

For mechanistic investigations or for optimizing the catalyst’s activity exclusively, the
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stereocenter can be neglected. By opening the pyrrolidine ring (dashed bond in Fig-
ure 52) a new range of synthetically easily accessible ligands can be obtained. This

was, in fact, the approach pursued at the end of this work and the ligands H2LOC3NOPh

H,LOY*NO™ and H,LO""NO™ were synthesized (see . Due to time restric-
tions only the route to the ligands could be explored, but their application was not
investigated. shows the synthetic route with the substituent R chosen to
be n-butyl, due to its low price. Important is that the alkyl chain is long enough to
ensure solubility of the resulting complex in CHO (R = ethyl will not suffice).

The products of reactions (I) and (II) in Scheme 24 are commercially available, although
their price is rather high. These synthetic route allows an easy and fast protocol for
isolating the target compounds, which can be run in >50g batches. The route via the
2,2-diphenyloxirane was chosen since the direct reaction of 2-chloro-1,1-diphenylethan-
1-ol with the amine gave several side products. The reaction (III) was performed
without solvent and yet takes weeks for a high yielding product formation. The forma-
tion of H,LO“*NO™ was the fastest and cleanest, while H,LO“"NO™ had formed ca. 5%
of a side product, and H,L°""NO™" was not completed (ca. 52%) even after 17 days of
reaction time (at increasing temperatures). The latter showed after 5 days at 120°C a

more pronounced formation of side products than the other two ligands.

O OH 0]
Ph i
ph)J\/CI PhMgCI phj\/CI LiOH Ph7g )

Ph

1) MeOH/TMFO, RT

HN o~ OH (A~ 0 ,H OH  (Il)
n nBu” >

2) NaBH,, 0 °C

n=0,1

H2|_OCSNOPh n=1,m=1

H
+ 0O°2NOP" = =
(2-m) pp—r/ nBu/NWOH>m—> H,L n=0,m=1 (Il

HLOPhNOPh m=0
m=0,1 2
n=0,1

Scheme 24: Synthetic route to obtain the ONO-pincer ligands HQLOCBNOPh HQLOczNOPh and
HQLOPhNOPh [I7IHIT4

The ligands were characterized by NMR spectroscopy and the 'H-NMR spectra of
HQLOC?’NOPh and HZLOCZNOPh are depicted in |Figure 54| and |Figure 55|, respectively. The

spectrum of H2LOPhNOPh is not depicted since the reaction was not complete (ca. 52 %)

yet. However, the product signals were assigned and can be found in the experimental
section (section 6.2.11).
The purity of the ligands H,LO“*NO™ H ,0“*NO™ and H,LO"NO™ is not yet satisfying

for a complexation reaction and subsequent catalytic application, especially for the
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Figure 54: 'H-NMR spectrum of HQLOC?’NOPh in CDCl; with assignment of the signals.
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Figure 55: 'H-NMR spectrum of H2LOC2NOPh in CDCl; with assignment of the signals.

latter. It is recommended to further purify the ligand systems in future works, e.g. by
distillation on a high vacuum line. Furthermore, it should be noted that in the reaction
(II1) to yield H,LO""NO™ the single converted intermediate HLO""™N" can be obtained

cleanly after 7 day of stirring at 60 °C. It was even possible to form a complex of this

intermediate with Et,Zn (see [Scheme 25)).

Ph
Ph
0 HPh_ Ph  ZnEt, ~o~N_ O
/N + e N —=1/2 Zn Zn.
PBr nBu” 2 nBu” \)<OH — 0T NE TS
Ph
Ph

Scheme 25: Synthetic route to obtain the ONO-pincer complex [LOPhNH ZnEt]2 shown in
ure 56.

Single crystals of the complex could be obtained from layering a solution of the com-
plex with hexanes, which were suited for X-ray diffraction experiments. The obtained
molecular structure can be found in Figure 56 and selected atom distances are given
in [Table 12 The Zn—Zn distance was determined to be 2.967 A, with is larger than in

complex [LFOHZn],.
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O1
Zn

Figure 56: Obtained molecular structure of [LOPhNH ZnEt|. Most hydrogen atoms were omit-
ted for clarity.

Table 12: Selected atom distances [A] (sorted) of [LO""N"ZnEt|, (see Figure 56). The corre-
sponding bond angles can be found in the Appendix.

Atoms Distance
Zn1-O1  2.0307(11)
Zn1-01"  2.0591(11)
Zn1-N1" 2.1355(14)
Znl-Znl"  2.9673(4)
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This intermediate could potentially be used for further modifications of ONO-pincer

ligands. Beyond this, further potential ligands for future investigations are depicted in

Figure 57}

Figure 57: Possible derivatives of the open ONO-pincer ligand. n = 0,1 ; m = 1, 2.

2.5. Synthesis and application of macrocyclic pyrazole-based

complexes for the CO,/epoxide copolymerization

In this section, a possible replacement of the phenolate moiety of the Williams cat-
alyst11® by a pyrazolyl moiety is explored (see complex 6 in Figure 7). This would
increase the Zn—7n distance and might prove beneficial for the catalyst’s activity. Fur-
thermore, the catalyst of the Williams group showed a good tolerance to water, in

comparison to the tested ONO-pincer complexes described in section 2.4.2.

2.5.1. Synthesis and characterization of [L?'(Zn-OAc),]

OAc OAc

0 0 7 AN
HoN 2 Zn(OAc), N_ T N-N_| N

2 AN + 2 7n Zn
H \ H N /N
N—=NH HoN N N—-N N

W
N
Scheme 26: Synthesis of [LCFT(Zn-OAc)s] performed in THF .17

The given synthetic strategy by Williams et al. was adapted in the attempt to form

the Schiff base product. However, this strategy was not successful and therefore, the
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synthetic route established by the group of Brooker et al. for a similar copper complex
was used to prepare and isolate the Cyclic-Pyzrazole-Imine (CPI) complex [L°!(Zn-
OAc)s] (see .175 To form the macrocyclic ligand, a metal-template synthesis
has to be used, else a polymeric product is obtained. The group of Williams et al. pro-
tonated the ligand to close the macrocycle, which was not successful with this ligand
holding a pyrazole moiety.

The crystal structure of the target compound [LFY(Zn-OAc),| was obtained. The
molecular structure within the crystal is displayed in and selected atom dis-

tances are give in [lable 13|

Table 13: Selected atom distances [A] (sorted) of [LEFY(Zn-OAc)s| (see Figure 58). The cor-
responding bond angles can be found in the Appendix.

Atoms Distance | Atoms Distance
Zn1-0O1 1.9344(18) | Zn2-N5 2.1078(19)
/n2-03 1 .9434(17) /n2-N4 2.1 108(19)
Znl-N1 2.0708(19) | Znl1-N6 2.1237(19)
Zn2-N2  2.096(2) | Znl-N8  2.140(2)
Znl-N7 2.1054(19) | Zn2-N3  2.147(2)

The [LCFY(Zn-OAc),| complex was found to crystallize in the space group P2;/n. The
zinc atoms are located above the plane formed by the four nitrogen atoms of each ligand
pocket. The two plains that are formed by the four nitrogen atoms of one ligand pocket
meet at an angle of ca. 34°. Therefore, the complex forms a bowl shape which might be
maintained in solution. The Zn-Zn distance in the molecular structure is d = 4.223 A.

The 'H- and *C-NMR spectra with assignment of the signals for the obtained complex

are shown in [Figure 60| and [Figure 59, respectively. The bowl shape of the complex,

which was found within the crystal structure, is in agreement with the recorded NMR
spectra. However, a different coordination motif of the complex would also explain the
observed NMR spectra. In this motif the zinc ions are located on opposite sides of the
ligand plane, each coordinating one acetate ligand, and forming an inversion center in
the middle of the complex. NMR spectroscopy does not allow to differentiate between
these two coordination motifs. Therefore, either could be present in solution, even
though the preservation of the coordination motive found in Figure 58 is considered
more likely. The NOESY-NMR spectrum (see provides indicators of a rigid
nature of the complex. The missing NOE signal in the marked circle A in comparison
to B as well as the missing NOE signal in D in comparison to C (Figure 61) allow the
assumption that the complex does not interconvert between coordination motives in
solution at 301 K.
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(b) top view

Figure 58: Obtained molecular structure of [LCF1(Zn-OAc)s]. Most hydrogen atoms were
omitted for clarity.
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Figure 59: 3C-NMR spectrum of [L¢F1(Zn-OAc)s] in CDCl;. Assignment of the signals was
done using 2D-NMR spectroscopy.
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Figure 60: "H-NMR spectrum of [LFP1(Zn-OAc)y] in CDCl;. Assignment of the signals was
done using 2D-NMR spectroscopy.
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Figure 61: NOESY-NMR spectrum of [LF1(Zn-OAc)s] in CDCly at 301 K.

2.5.2. Synthesis and characterization of [L°P2(Zn-Cl),] complex

In order to isolate the reduced species of the ligand different reducing agents were
investigated. For this purpose, the complex [LFY(Zn-OAc),| was treated with reducing
agents without prior removal of the metal ions. The standard reducing agent NaBH,
did not suffice and stronger ones were applied. LiAlH, (in THF) was, according to
"H-NMR spectroscopy, sufficient (see and the proton signal of the imine
moiety at 6 = 7.99 ppm disappeared (see . However, so did the signals for
the acetate at 6 = 2.06 ppm.

OAc OAc ? ?
AN A
7|\ \ H \ H
N /N—N\ /N 1) LiAlH4 (THF) N, /N—N\ /N
X o a X X ol ol X

N N—N N 2) DCM/Hexane N N—-N N
\ \ / H \ H
W W

Scheme 27: Synthesis of Cyclic-Pyzrazole-Amine (CPA) complex [LPA(Zn-X)5| performed in
THF and crystallized from a DCM solution.

Initially it was thought that the acetate had been reduced to ethanolate. However, in
the 'H-NMR no signals corresponding to an ethanolate ligand are visible. The question
of the coordinating ligand was left open until single crystals suited for X-ray diffraction

were obtained. The crystal structure was obtained and the molecular structure of
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[LEPA(Zn-X),| showed that X = Cl. It seems that the complex in presence of LiAlH,
forms a species able to activate DCM (used for the crystallization) and CDCly (from
the NMR measurements). The chlorido ligands may also originate from trace amounts
of chloride in theses solvents, even though the amount of obtained crystalline material

which was analyzed by NMR spectroscopy speaks against this option.
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Figure 62: "H-NMR spectrum of [LPA(Zn-X)s] in CD,Cl,. Assignment of the signals was
done via 2D-NMR spectroscopy.

[LEPA(Zn-Cl)y] was found to crystallize also in the space group P2;/n. The zinc atoms
are above the plane formed by the four nitrogen atoms of one ligand pocket, similar
to [LPI(Zn-OAc),|. The two plains that are formed by the four nitrogen atoms of one
ligand pocket meet at an angle of ca. 37°. The complex forms a bowl shape with the
methylene groups (CH,—N) all pointing in one direction. Between the zinc atoms a
distance of d = 4.107 A was measured, which is shorter than the 4.223 A that were
measured for [L°PY(Zn-OAc),|. Selected atom distances can be found in [Table 14, The

corresponding bond angles can be found in the Appendix.

Table 14: Selected atom distances [A] (sorted) of [LEPA(Zn-Cl)s] (see [Figure 63). The corre-
sponding bond angles can be found in the Appendix.

Atoms  Distance | Atoms Distance
Zn1-N1 2.025(3) | Zn1-N8  2.184(3)
Zn1-N6 2.031(3) | Zn1l-N7  2.234(3)
Zn2-N5  2.033(3) | Zn2-N4  2.258(3)
Zn2-N2  2.045(3) | Zn2-Cl2  2.2718(8)
Zn2-N3  2.174(3) | Znl-Cll 2.2777(8)

2.5.3. Application of macrocyclic complexes for the CO,/epoxide

copolymerization

The complexes [LF1(Zn-OAc),| and [LCPA(Zn-Cl),| were tested as catalysts for the
CO,/CHO copolymerization. Both were tested at 50 bar of pressure at 80 °C, however,
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(b) top view

Figure 63: Obtained molecular structure of [LPA(Zn-X),] with X = C1. Most hydrogen atoms
were omitted for clarity.
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no PCHC formation was observed in the polymerization experiments. It could be ar-
gued that within the [L°P4(Zn-Cl)y] complex the Zn—Cl bond is too strong for allowing
the initiation. However, for the [L°F(Zn-OAc),| complex the PCHC formation should
have been observed. The most likely reason seems that the Zn—Zn separation is too

wide and the complex too rigid to act as a catalyst for the CO, /CHO copolymerization.

Concluding, the synthesis and characterization of [L°FY(Zn-OAc),| and [LCPA(Zn-Cl),]
was successful. However, neither of the complexes is active for the catalysis. Beyond
this, possibly the activation of DCM and CDCI; took place by a species that formed
from |[LEFY(Zn-OAc),| with LiAlH,. This would make these type of ligand interesting
for future investigations, maybe even with other metals such as iron to target iron(IV)-

oxo complexes.

2.6. Synthesis and application of bis(oxazoline)-pyrazole (BOX)

complexes for the CO,/epoxide copolymerization

In this last section on CO,/epoxide copolymerization, bis(oxazoline)-pyrazole (BOX)
complexes are discussed and the results of their polymerization activity are presented.
Mononuclear oxazoline complexes have been presented in the introduction (section
2.2.3, Figure 8, complex 9). They showed good stereocontrol and yet, due to the
mononuclearity, they cannot benefit from the cooperative effect present in a dinuclear
catalyst.

Pryazole-bridged BOX complexes have been developed by the group of Meyer et al.,
however, they have never been tested successfully for the CO,/epoxide copolymer-
ization. 18 Zinc and cobalt complexes were generated and characterized as part of
this work. In section 2.6.3 the performance of these complexes as catalysts for the

CO, /epoxide copolymers will be discussed.

2.6.1. Synthesis and characterization of the [LB®XZn,(OAc);], complex

The synthesis of the complex was performed according to [Scheme 28 For the de-
protonation of the pyrazol moiety (pK, (N-H) of 19.8 in dmso) the acetate from the
Zn(OAc), sufficed. "™ The formed acetic acid was removed under vacuum, yielding
the desired complex. Its 'H-NMR spectrum, with assignment of the signals using 2D-
NMR spectroscopy, is depicted in [Figure 64, The corresponding *C-NMR. spectrum
can be found in the Appendix in More relevant is, however, the aggrega-
tion of the complex in solution. The proposed structure could be split in two and even

an equilibrium in solution is plausible between the dimeric (tetrazinc) and monomeric
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Scheme 28: Synthesis of [LBOXZny(0Ac)3]a.

(dizinc) species as depicted in [Scheme 29

Scheme 29: Proposed equilibrium between the monomeric [LE9%XZny(OAc)s] and the dimeric
[LBOXZny(OAc)3]a complex.

In order to identify the aggregation in solution DOSY-NMR experiments were per-
formed. The obtained spectrum can be found in the Appendix in [Figure 116, Two
species can be observed with diffusion coefficients of D = 6.737 x 107'°m?/s (ma-
jor species) for the larger and D = 9.455 x 107 m?/s for the smaller species. For
the determination of these coefficients the TopSpin software from Bruker was used
for a more reliable processing of the spectra, as it was previously described in section
2.4.1. In the DOSY-NMR measurement no internal standard was added. Neverthe-
less, a determination of the molecular weight in solution was still possible using the
residual proton signal of the solvent CD,Cl,314 since at this chemical shift there
is no overlay of signals. The diffusion coefficient of the solvent was determined to be
D = 3.339 x 107" m?/s. Using these three diffusion coefficient values allow for an esti-

mation of the molecular masses in solution.

For D = 6.737 x 1071m? /s a molecular mass value of Mg = 1528 g/mol for a spher-

ical shape, and M yege = 1178 g/mol for a merged geometry, were obtained. These
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Figure 64: '"H-NMR spectrum of [LBOXZny(OAc)s]2 in CD,Cly. Assignment of the signals
was done using 2D-NMR spectroscopy.

correspond with an error of -12% and 14 % to the tetranuclear zinc complex (M =
1347 g/mol), respectively (Scheme 29 left). The species with a diffusion coefficient of
D = 9.455 x 1071%m? /s calculates to a Mg value of 742 g/mol (-9 % error to the din-
uclear zinc complex), and a M perge Value of 626 g/mol (8 % error to the dinuclear zinc
complex). Concluding from these findings an equilibrium as proposed in Scheme 29
seems plausible.

In the ESI mass spectrum is depicted. However, it was not possible to as-
sign the ion peaks with the high intensity between 1110-1190 m /2. From the isotopic
pattern of the signals in the range of 1200-1290 m /2 a tetranuclear zinc species can be

derived.

The third experimental evidence pointing strongly to a tetranuclear zinc complex as
depicted in Scheme 28, is the crystal structure of [LE9*Zny(OAc)s],. The molecular
structure is shown in and selected atom distances are given in [Table 15
The two LBOX ligands hold each two zinc atoms and the two {LB%%Zn,} subunits are
bridged by the acetate groups between pairs of zinc ions. The two ligands within the
structure are tilted towards each other (Pz—Pz plain) by 37° and therefore, the four
zinc atoms are not located in one plain. Between the zinc ions of each {LE9*Zn,}
subunit an average distance of 4.476 A was measured. Between the zinc atoms bridged
by the acetate ligands, a shorter distance of 3.307 A was determined. This difference
might point towards a cooperativity between the latter pair of zinc atoms when the

complex is applied for the CO,/epoxide copolymerzation reaction.
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Figure 65: Section of the EST mass spectrum of [LB9XZny(OAc)s], in THF.

Table 15: Selected atom distances [A] (sorted) of [LBOXZny(OAc)s]s (see Figure 66). The
corresponding bond angles can be found in the Appendix.

Atoms Distance | Atoms Distance | Atoms Distance
Zn1-021 1.958(3) | Zn2-027 2.058(3) | Zn3—-030 2.109(3
Zn2-031 1.958(3) | Zn1-025 2.062(3) | Znd-N12 2.119(3
Zn1-023 2.019(3) | Znd-024 2.074(3) | Zn2-N4  2.146(3
Zn3-032 2.021(3) Zn3-N13 2.078(3) Zn2-N2 2.146(3
Zn2-029 2.030(3) | Znd-025 2.078(3) | Zn3-N11 2.167(3

(3) (3) (3

(3) (3) (3

Zn4-022  2.038 Zn4-N14  2.078 Zn1-N3  2.171
Zn3-027 2.041 Zn1-N1 2102 Zn4-026 2.479

All in all, the isolation and characterization of [LEXZny(OAc)s|, was successful and
the complex was found to be pimarily tetranuclear in solution, as well as tetranuclear

in the solid state. The complex was tested for its catalytic activity (section 2.6.3).

2.6.2. Synthesis and characterization of the [LB®*Co,(OACc);], complex

In order to form the corresponding cobalt complex [LE9*Coy(OAc)s]s, the same syn-
thetic approach was followed applying Co(OAc), instead of Zn(OAc),; the synthetic
route is shown in . To characterize the complex, a paramagnetic 'H-NMR
spectrum was recorded, showing five major signals which agrees well with the expected
number of signals for the proposed structure in Scheme 30 (see Appendix A.2.4 in

Figure 118]). However, the integration of these signals does differ.
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(a) front view (b) side view

Figure 66: Molecular structure of [LB9XZny(OAc)s3]o. Hydrogen atoms were omitted for clar-
ity.
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Scheme 30: Synthesis of [LBOXCoz(OAc)3]s.

Due to the observed paramagnetism, an EPR spectrum in frozen DCM solution was

measured, giving the g-values g; = 2.124, go = 2.060 and g3 = 2.024. The spectrum
together with a simulation is depicted in

— Experimental
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—— T T T
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Figure 67: EPR spectrum of [LB9XCoy(OAc)3]2 in a frozen DCM solution at 160 K. Obtained
g-values: g1 = 2.124, go = 2.060 and g3 = 2.024.

Neither of the latter two spectroscopic methods allowed to draw firm conclusions re-
garding the structure of the complex. ESI-MS experiments neither allowed the assign-
ment of the molecular ion peak expected for [LE9*Coy(OAc)s]s. The only structural
evidence that was obtained is shown in [Figure 68 It shows the molecular structure of
complex [LFZBOX+H:0C00Ac|, where one oxazoline moiety of the ligand is hydrolized
and a cobalt:pyrazole-ligand ratio of 1:1 is present. Furthermore, four acetate ligands
can be found in the structure. The atom distances and bond angles for this structure

can be found in the Appendix. This complex is assumed to be the degradation product
of [LBOXCoy(0Ac)3]s.

Despite a multitude of crystallization attempts, only purple powder of the complex was
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Figure 68: Molecular structure of the degradation product obtained from an attempt to crys-
tallize [LBOXCog(OAc)3]2. Most hydrogen atoms omitted for clarity.
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obtained. To be able to make a supported statement of the cobalt complex’s structural
motif, a similar ligand with a lower tendency to hydrolize was used (see |[Figure 69)).

PhPh PhPh
W\
N U N
HN-N
Ph Ph
Ph Ph

Figure 69: Ligand HLPT™.

This ligand system which seems suited was first described within my master thesis®®

and is also used within this work (see section 3). It holds a pyrazole and two imine
moieties allowing it to coordinate two metals, just as it is the case for LBX. Thus, the
imine in LP"" should hereby mimic the oxazoline moiety. For that reason, HLP'" and
two equivalents of Co(OAc), were used to form a complex. Indeed, it was possible to
crystallize the compound and the structural motif similar to the one in Figure 66 was
observed (see. Selected atom distances for [LPIPh Co2(0OAc)3(OH ) 5)2 can be
found in and the corresponding bond angles are given in the Appendix. The
two LPT" ligands hold each two cobalt atoms and two times three acetate ligands bridge
the cobalt atoms of two [LF"" Coy] units. Additionally, one molecule of water (O7) orig-
inating from the solvents was found bridging two of the cobalt atoms (reaction was not
performed under the exclusion of water). The two LPT" ligands within the structure
are tilted towards each other (Pz—Pz plain) by 33° (37° in [LB9*Zn,(OAc)s]») and,
again, the four metal atoms are not in one plane. Between the cobalt atoms coordinat-
ing to the same pyrazol ligand, an average distance of 4.316 A was measured (4.476 A
in [LB9%Zny(OAc);]2). Between the cobalt atoms that are bridged by the acetate and
hydroxo ligands, a shorter distance of 3.526 A (3.307 A in [LB%XZn,(OAc)s]y) was mea-
sured. It can, with caution, be assumed that the most probable structure of the intact

[LBOXCoy(OAc);], complex is similar to the one depicted in Scheme 30.

Concluding, the synthesis and characterization of [LE9%XCoy(OAc)s], allowed an edu-
cated guess of the most likely structure of the compound. Especially considering the
findings for the corresponding zinc complex [LB9%XZn,(OAc)s)s, a similar structure for
the here described cobalt complex seems the most probable. Both complexes, the one

with zinc and the one with cobalt, were tested for their catalytic activity (section 2.6.3).
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Figure 70: Molecular structure obtained for [LPIPh Co2(0OAc)3(OH )g.5)2. Most hydrogen atoms
were omitted for clarity.

1Ph

Table 16: Selected atom distances [A] (sorted) of [LFT" Coy(OAc)3(OH)o 5] (see Figure 70).
The corresponding bond angles can be found in the Appendix.

Atoms Distance | Atoms Distance
Co2-08  1.956(3) | Co3-0O12 2.084(3)
Col-O1  1.972(3) | Co2-O7  2.103
Co2-010 1.977(3) | Co4-N12 2.113
Col-0O3  1.999(3) | Col-O5  2.116
Co4-02 2.024 ) Co4-N14 2.122

)

)

( (3)
( (4)
( (3)
( (4)
Co2-N2  2.029(3) | Co3-07  2.162(3)
Col-N1  2.048(3) | Col-N3  2.170(4)
Cod-04  2.057(3) | Co3-N13  2.170(4)
Co3-N11 2.071(4) | Co4-05  2.200(3)
Co3-011 2.074(3) | Cod-06  2.237(3)
Co3-09  2.077(3) | Co2-N4  2.267(3)
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2.6.3. Application of the [LB®*Zn,(OAc);], and [LB®*Co,(OACc)s], complexes
for the CO,/epoxide copolymerization.

The bis(oxazoline)-pyrazole complexes [LE9XZny(OAc)s|, and [LE9*Coy(OAc)s]s were
applied for the CO,/CHO copolymerization.

The complexes proved to be active for the desired copolymerization and the obtained
results can be found in [Table 17 The tested [CHOJ:|cat] ratio was 2000:1 (assuming a
tetranuclear species), and between 3-6 mL of CHO at a reaction temperature of 80 °C
were applied. Reactions with p(CO,) > 1 bar were performed in a Biichi Picoclave reac-
tor depicted in the ones with p(CO,) = 1bar in Schlenk tubes. The tested
pressures were in the range of 1 — 50 bars with either 18 or 24 h of reaction time. The
conversions go up to 16 % for the cobalt complex at 50 bar, but are very low especially
at pressures <50 bar. The TON values, again, for the cobalt complex at 50 bar reach
327, corresponding to a TOF of 18 h~!. These values are acceptable but, considering
the reaction conditions and compared to literature, low. At these reaction conditions
TOF values 3—4 orders of magnitude greater have been reported.1*HM%116 Among the
catalysts, the cobalt complex shows a higher activity and a better selectivity for PCHC
at almost all pressures. At lower pressures the fraction of formed polyether increases.
It should be emphasized that for both catalysts the PCHC formed at low pressures
consists of only a few repeating units and is better described as oligomer. This is rep-
resented in the given My. Standing out, however, is entry 10, where My = 1003 g/mol
was determined. A possible explanation could be the different polymerization setup.
Nevertheless, it is remarkable that the complex does show activity even at 1bar of
CO,. The values of My in Table 17 were determined by 'H-NMR spectroscopy, due to
the relative high content of PCO which cannot be differentiated from the PCHC by the
detector of the GPC setup available. This is nicely illustrated in (Appendix
A.3.3), where at ca. 4 x 10*g/mol the GPC detector shows a polymer signal, while
in the NMR the end-group integration only allows for the observation of the oligomer
(see Figure 133 and in Appendix A.3.3).

For the entries 1 and 6 a GPC was run and the obtained PDI values are 7.6 and
1.16, respectively (see section A.3.3 in . The latter points towards a living
polymerization, while the very broad value of 7.6 might originate from several active
species, and/or the continuous deactivation of the catalyst and/or the equilibrium in
Scheme 29. The average molecular weight was 6189 g/mol, determined by the GPC
measurements for entry 6 (calibrated against polystyrene). The accurate molecular
mass likely lies in between the two obtained values. The hydrodynamic volume of
PCHC in a GPC measurement is different from the polystyrene used for the calibra-

tion (Mark-Houwink parameter unknown). Furthermore, in the NMR measurement,
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molecules with high molecular masses relax slower®?, influencing the integration values

that were used to determine the molecular masses listed in Table 17.

Besides the data that is represented in Table 17, the stereocontrol the complexes exert
on the PCHC was investigated. In the BC-NMR spectra of two polymer
samples are shown with assignment of the triad and tetrad sequences.!® Considering
the remarks in Appendix A.3.4, up to 66 % m-centered tetrads were determined. An
isoenriched polymer was hence generated. The analysis of the hydrolyzed PCHC did

not show any enantimeric excess (value within the error of the measurement).

o 0O

mmm-+mmr

£,
£x £E EE
EE €F
Er
E&

T n W
AN A

ﬂ

P W LN

1540 153.0 1520 305 205 285 275 265 255 245 235 225 215
1 (ppm)

Figure 71: 3C-NMR spectrum in CDCl; with assignment of the triad and tetrad sequences
of the polymer obtained by the BOX complexes.'% A: [LBOXCoy(OAc)s3]s, B:
[LBOXZny(OAc)s3]e. Up to 66 % m-centered tetrads were determined.

From the observation that the marcocyclic complexes (section 2.5) are not active for the
catalysis (too long Zn-Zn distance: d = 4.223 A for [L°"(Zn-OAc),] and d = 4.107 A
for [LPA(Zn-Cl)y]), it can be hypothesized that the two metals that perform the catal-
ysis are not held by the same BOX-ligand (average Zn—Zn distance: d = 4.476 A),
but are the ones that are bridged by the acetate ligands (average Zn—Zn distance:
d=3.307 A). This implies a tetranuclear catalyst system. The order in catalyst in the
rate law would need to be determined in order to allow a supported statement on the
nuclearity of the active species. Independent of the nuclearity, it can safely be assumed
that one of the acetates of the precatalyst initiates the polymerization by opening the
first epoxide.

It was not possible to take samples from the reaction solution during polymerization
with p(CO,) > 1bar, nor was the measurement of in situ IR under high pressures

available with this specific setup of the reactor. Kinetic studies were therefore not
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2 CHAPTER 1: COPOLYMERIZATION OF CO, AND EPOXIDES

Table 17: Obtained results for applying [LEOXZny(OAc)s]2 (top) and [LBOXCoy(OAc)s]s (bottom) for the CO,/CHO copolymerization at different
e |
pressures.

entry p(CO,) /bar ¢ /h conversion /% TON/ TOF/ /h™!' pec” /% cyclic' /% PCO" /% My"/g/mol PDIV

1 20 18 8 168 9.3 91 > 4 1802 7.6
2 35 18 4 25 3.1 89 6 ) 664 -
3 20 18 2 33 1.8 74 7 19 962 -
4 ) 24 3 65 2.8 71 12 17 298 -
bt 1 24 1 4 0.2 70 10 20 658 -

entry p(CO,) /bar t /h conversion / % TON/ TOF/ /h=! pc” /% cyclic" /% PCO" /% Myx" /g/mol PDIP

6 50 18 16 327 18 99 1 <0.5 9003 1.16
7 35 18 4 89 5.0 94 3 3 774 -
8 20 18 3 60 3.3 85 3.5 11.6 1051 -
9 5 24 3 64 2.7 75 15 10 630 -
10 1 24 2 37 1.5 84 8.5 8 1003 -

: [CHO]:[cat] = 2000:1 (assuming a tetranuclear species), between 3-6 mL of CHO, T = 80 °C, reactions with p(CO,) > 1bar were performed in the
reactor depicted in Figure 105, the ones with p(CO,) = 1bar in Schlenk tubes.

*: % polycarbonate (p.c.), % cyclic carbonate, % PCO and My were determined by 'H-NMR of the polymer in CDCI; from the relative integrals of the
signals at 6 = 3.32 ppm (homopolymer), 6 = 3.98 ppm (cyclic carbonate), § = 4.34 ppm (end-group of PCHC) and § = 4.61 ppm (copolymer).

ID: dispersity = My /My. Determined by GPC in THF with toluene as internal standard calibrated with polystyrene.

J: TOF referring to the entire reaction time ¢t. TOF = TON / ¢.
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2.7 SUMMARY OF RESULTS OF THE CO,/EPOXIDE COPOLYMERIZATIONS

pursued for these two complexes. Regarding the relatively low activities of the BOX
complexes in comparison to the complex of section 2.4.2, the future investigation of

the ONO-pincer type systems appears more promising.

Concluding, the two isolated bis(oxazoline)-pyrazole complexes [LE9XZny(OAc)s], and
[LBOXCoy(OAc)s], are suited catalysts for the CO,/epoxide copolymerization, albeit
with relatively low activities. The cobalt complex demonstrated a slightly higher activ-
ity than the zinc compound, showing a TOF of 18 h~! at 50 bar and 80 °C, producing
an isoenriched PCHC with good chemoselectivity.

2.7. Summary of results of the CO,/epoxide copolymerizations

Several promising novel catalysts to the field of CO,/epoxide copolymerization were
discovered, combining extraordinary design, activity and/or stereoselectivity.

Two new pyrazol-briged BOX catalysts were found that produce isotactic enriched
PCHC. They are again depicted in

b AL

/Z \/ O /7 O/ O
o] o og o ‘o
{9 ) o e ./ )>. o )
O( O —<( oO o) (
OZ/ O\Z// \O / Q, /9
¥ n\N_N/ n\ CO\N _~C
. N \ N
Lon staliltn f\
(0] Ph (0]
TOF 9.1 h! TOF 18 h'!
50 bar CO, 50 bar CO,

Figure 72: Newly discovered [LBY*Zny(OAc)s|z and [LBOXCoz(OAc)s]s complexes for the
CO,/epoxide copolymerization.

The highlight of this chapter, and possibly this thesis are the ONO-pincer type cat-
alysts, their synthesized and characterization in section 2.4.1, and their application
described in section 2.4.2 (see [Figure 73).

The structure in the solid state and in solution of the [LF*9"Zn|, complex and its
derivatives was thoroughly explored. The self-assembly strategy for these new ONO-
pincer type complexes for the CO,/epoxide copolymerization opens a new field of
complex design for future investigations, with great potential and possible industrial

applicability.
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1 bar CO,

Figure 73: A novel chiral zinc catalyst that can be isolated in 97 % yield from commercial
sources, and that produces polycarbonates selectively from neat cyclohexene oxide
under 1 bar of CO, at temperatures above 50°C. At 80 °C reaction temperature,
average TON values up to 610 and TOF values up to 92h~! were measured, pro-
ducing an isotactic-enriched polycarbonate with a probability P, of 65 % for the
formation of a meso diad. Some mechanistic insight as well as structural charac-
terization of the precatalyst have been obtained.

2.8. Outlook for the CO,/epoxide copolymerization

As first point, further mechanistic studies should be performed on the [LF°HZn|, com-
plex. For this purpose but also to optimize the catalyst, the derivatives, especially with
ligands suggested in Figure 57, should be further investigated. A great step forward
would be the discovery of a less water-sensitive ONO-pincer system, providing great
potential for the CCU.

Last but not least, in future works the potential versatility in different epoxides that can
be copolymerized by the [LF™9"Zn|, complex and its derivatives should be explored,
especially focusing on sustainable epoxide monomers (Figure 4). Also, the field of
synthesizing block copolymers to modify material properties should be addressed, since

it has become increasingly popular in recent years.
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3. Chapter 2: Study on the Cooperative Effects
within a Dinulear Palladium Complex through the

Investigation of the Allyl Exchange

3.1. Introduction

The first chapter of this thesis exploits cooperativity within dinuclear complexes for a
catalytic application. In this chapter a model complex will be described that allows
the observation of interactions within a dinuclear complex, seeing to obtain some fun-
damental understanding of such cooperative effects. Residues within the complex will
be altered to understand their influence on the neighboring moieties.

The model complexes under investigation feature allyl moieties. Therefore, the rele-

vance of allyl complexes in catalysis will be briefly reflected.

3.1.1. The cooperative effects that are subject of this investigation

In the last decades, complexes that hold two metal centers in close proximity gained
attention for catalytic applications. Such catalysts can be superior over their single-
metal-center equivalents.'® The gain in catalytic activity by dinuclear complexes can
exceed the expected value from a simple increase in catalyst concentration of a mononu-

110,183-188 Thege cooperative

clear system, due to cooperative effects between the metals.
effects are not fully understood yet. A rigid model complex chelating two metal centers
(in this study two palladium ions) at a fixed distance was the object of investigation
(see Figure 1), to gain further insights into some of the associated cooperative effects.
The cooperativity will be resembled by the interactions between the palladium centers,
which is communicated through the coordinating ligands at each site. By exchanging
the coordinating moieties (A and B in Figure 1) the resulting change in interaction
will allow a relative evaluation of cooperativity. In order to observe the interactions,
one of the palladium centers should be coordinated with an allyl moiety. These are
known for their fluxional behavior which can be monitored by NMR spectroscopy. The
interactions within the model complex will be derived from the behavior of the allyl
moiety, which will serve as a spectator-ligand. The second palladium was coordinated
by two halides, which can be easily varied among halides with different size (in this
study Cl and Br). The halides are meant to resemble a coordinating substrate to the
catalyst (here palladium). The differently sized halides should change the interaction in
between the metal centers by influencing the fluxional behavior of the allyl moieties at
the neighboring metal. Allyl moieties usually coordinate in a n*-fashion to a palladium

center. They undergo different exchange mechanisms, which will be further developed
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PAarLapiuM COMPLEX THROUGH THE INVESTIGATION OF THE ALLYL EXCHANGE

in section 3.1.2.

Allyl complexes in catalysis:
Allyl-metal complexes can be found in many catalytic reactions. Especially, but not

only, allyl-palladium complexes have received a lot of attention. They occur as inter-

mediates in various catalytic reactions. 189199

Some prominent allyl-palladium reactions are e.g. the Tsuji-Trost reaction and its

18412004212

asymmetric variants , the Carroll rearrangement“ 412 and the Saegusa-Ito

oxidation (the oxo variation).?1921¥ Even though, other metals form allyl species in

20102194222

prominent catalytic reactions, palladium is one of the most prominent, thus

this work will focus on allyl palladium complexes exclusively.

3.1.2. Fluxional behavior of allyl moieties: the exchange mechanisms

The exchange of the syn- with the anti-positioned proton is assumed to take place via

a 7’/3 — ’I]l — 7’]3 sequence.223=224

AN AN AN AN
Pd Pd ) Pd . Pd
HH 2 /U H%\(H | H
AN H DY H h HN

Scheme 31: syn/anti Exchange mechanism of an n?-allyl-palladium complex. The hydrogen
atoms in anti position are marked in green and the ones in syn position in blue
(left structure). a: Transition from 73- to n'-coordination, forming a single bond

between the a-C and (-C atom. b: Rotation around the a-C—3-C-bond. c:

Transition from an n'- to an n3-coordination.?25 227

Besides the syn/anti exchange, allyl complexes also perform a syn/syn exchange via
processes named apparent-allyl-rotation. The simple axial rotation around the Pd—
allyl-bond is unlikely, since a tetrahedral transition state is unfavorable for palladium
complexes (geometry of orbitals). The suggested mechanism therefore avoids a tetra-
hedral coordination at the palladium. For the syn/syn exchange, which is equal to the
anti/anti exchange, two different mechanisms are proposed. The first one is associative
(see and the second one is dissociative (see [Scheme 33)).

The associative mechanism is assumed to take place via the coordination of a sol-
vent molecule or other coordination substrate, forming a five-coordinate intermediate

which undergoes a Berry-pseudo-rotation and subsequent decoordination, leading to
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223)228H231

the apparent-allyl-rotation. Such a process is associated with a negative en-

tropy of activation.

o %) o
LoL C\IE/L \%/L L|_\E/|_ L\Ii/L L oLt
N/ N 5 - N/
Pd P = Pd = Pd =— Pd =—= Pd

Scheme 32: Associative syn/syn-exchange mechanism proposed to occur within a n3-allyl-
palladium complex. An additional ligand L initiates the exchange. The trigonal-
bi-pyramidal coordination environment allows a Berry pseudorotation. In the last
step is the dissociation of the initiating ligand L.228:232r234

The dissociative mechanism (see Scheme 33) assumes that a non-allyl ligand detaches
from the metal, forming a T-shaped tricoordinated intermediate. This allows rotation
around the remaining Pd-L-bond of the second non-allyl ligands. Recoordination of the

non-allyl ligand is the last step of this dissociative apparent-allyl-rotation. 228:232:233:235

L L L L L L L
Pd <= Pd —= Pg —= 1‘35 2L b

Scheme 33: Dissociative syn/syn-exchange mechanism proposed to occur within n?-allyl-
palladium complexes. The coordinating ligand can be bidentate, implying a par-
tial dissociation,228/230:231

The syn/syn mechanism for the presented bimetallic complexes is depicted in a sim-
plified fashion in (a). This symbol will be used from now on to refer to
these exchanges. It needs to be stressed that the symbol is not referring to a transition
state with the palladium in a tetrahedral coordination environment. For the syn/anti

exchange the symbol b) in Figure 74 will be used.

The synthesis, characterization and first kinetic studies for the complexes [LPIiPrPdBrQ—
Pd(C,H,)| and |[LP"" PdBr,Pd(C4H,)| have been performed during the preceding Mas-
ter Thesis. The obtained results will be reflected and again presented within this work,
contrasting them with to the new kinetic studies on the corresponding chloro complexes
[LPT" PAC1,PA(C4H,)] and [LP*"PdCl,Pd(C4H,)]. The contents of this chapter will
be published under the title: “Allyl Dynamics at Unsymmetric Dinuclear Palladium
Complexes” by Mike Schiitze, Michael John, Sebastian Dechert and Franc Meyer*.
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ST N T T N

N N s NN
Pd Pd Pd Pd
H ’ H é/
H/\\/\H
>
syn/syn syn/anti

Figure 74: Sketch representative for the allyl exchange mechanisms. a) syn/syn Exchange
referring to the mechanisms in Scheme 33 or Scheme 32. b) The syn/anti referring

to the mechanism in

3.2. Synthesis and characterization of the
Pyrazole-bridged-Imine complexes [LP'PdX,Pd(C3H;)]

Q\ S

1:R=iPr,R"=H,X=ClI
2:R=iPr,R"=H, X=Br
3: R=CHPhy, R"=Me, X=CI
4: R =CHPhy, R"=Me, X=Br

Within this chapter the following nomenclature for the four complexes will apply:
[LPT™ PACLPA(C,H,)] is 1, [LP""PdBr,Pd(C,H,)] is 2, [LF""PdCl,Pd(C,H,)| is 3
and [LP"" PdBr,Pd(C,H,)] is 4.

3.2.1. Synthesis of the 73-allyl complexes [LP""'PdCl,Pd(C;H5)] and
[LP™"PdCI,Pd(C;3H5)]

Complexes 1 and 3 were synthesized by adapting protocols developed during the pre-
ceding master thesis. 18!

The yellow precurser complexes [(C3H;)PdX], were generated in situ from the oxidative
addition of the allyl halide on 1,3-divinyl-1,1,3,3-tetramethyldisiloxane palladium(0)
(see [Scheme 34). The reaction of the ligands LP'™ and LP'™" with [(C,H;)PdX], led
to the formation of the target complexes under release of propene (see Scheme 34). It
can be assumed that the ligand was deprotonated by one of the allyl moieties, since no

base was added.

Besides the crystal structures of the two bromo complexes the structure of [LPIiPrPdClg—
Pd(C,H;)| (1) was obtained (see[Figure 77). For an easier description and discussion of
the complexes, the nomenclature in is introduced. Complex 1 (see Figure 77)
was found to crystallize in a monoclinic crystal system with four molecules in the

unit cell. The plane of the aniline m-system is almost orthogonal to the plane of the
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3.2 SYNTHESIS AND CHARACTERIZATION OF THE PYRAZOLE-BRIDGED-IMINE
cOMPLEXES [LPTPDX,PD(C,H;)]

Ny, RT X
2 PAO}VMS + (~F =2 (—Pd /Pd—>
DCM X
-VMS
Hopg Y| 4 \—27—( )
— — !
< Pd\X/Pd > -C3H6 . N\ /N_N\ /N
R Pd  Pd R’
R~ X XR
1:R=/Pr,R"=H, X =Cl
2:R=iPr,R =H,X=Br
3: R =CHPhy, R" = Me, X = Cl
4:R = CHPh,, R" = Me, X = Br

Scheme 34: Synthetic route to the complexes [LPIPACI,PA(CyH;)]. 18 R = iPr, R’ = H for
[LPI"™ PACl,Pd(C3H;)] (1) and R = CPhy R* = Me for [LPT"PdCl,Pd(C,H;)
(3).
allyl-side halide-side
—

—
A N N
N/ N/
Pd  Pd

| /7 N\
NS X X

outside inside outside

Figure 75: Nomenclature within the allyl-complexes that will be applied in this chapter.

backbone. The N1-Pd1-N3 bite angle on the allyl-side is 77.0° (for comparison: 76.6°
in 2 and 78.1° in 4). On the halide-side the N2-Pd2-N4 bite angles are slightly larger
at 78.9° (78.3° in 2 and 79.8° in 4). The Pd-Pd distance measures 4.350 A in 2 and
4.353 A in 1, which is 0.16 A shorter than in 4 (4.513 A), resulting from the greater
bulkiness of the CPh, substituents in LY I Furthermore, the complexes are strongly
distorted with a Pd-N-N-Pd torsion angle of 31.3° in 1, 42.8° in 2, and 49.9° in 4

(see [Figure 76|).

Figure 76: Side view on the complexes for better visualization of the distortion.

This distortion is quite remarkable since the palladium atoms are in-plane with the
ligand in complexes of the type [LFPd,Cl;].%%¢ Thus, it can be assumed that the
complexes are under inner tension due to the sterical repulsion of the allyl and the

halide moieties, relative to the [LF'Pd,Cl;| complexes. 18236
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Table 18: Selected atom distances determined from the molecular structure of the complexes in Figure 77. The corresponding bond angles can
be found in the Appendix.

[LPT""PACLPA(CyH)|  [LP"PdBro,Pd(C,H,)]  HLF™"  [LP""PdBr,Pd(C,H;)|

Bond Length / A Length / A Length / A Length / A
Pd2-X2,uside 2.2994(7) 2.423(1) - 2.4173(6)
Pd2-X1iysiqe 2.2837(8) 2.416(1) - 2.4026(5)
Pd2-N2 2.008(2) 1.997(6) - 2.019(3)
Pd2-N4 2.044(2) 2.063(6) - 2.065(3)
Pd1-N1 2.086(2) 2.084(7) - 2.132(3)
Pd1-N3 2.105(2) 2.113(8) - 2.104(3)
Pd1-C | e 2.113(3) 2.12(8)" - 2.102(5)
Pd1-Calv! 2.118(3) 2.12(7)" - 2.119(4)
Pd1-C*»! inside 2.146(3) 2.16(8)" - 2.147(4)
N1-N2 1.327(3) 1.322(8) 1.334(4) 1.337(4)
N3=C allyl-side 1.295(4) 1.29(1) 1.277(5) 1.303(4)
N4=C halide-side 1.300(4) 1.32(1) 1.275(6) 1.312(5)
N3-C* o1 side 1.436(3) 1.459(9) 1.408(5) 1.434(5)
N4-C¥Y) ide-side 1.446(3) 1.458(9) 1.443(4) 1.425(5)

*: For evaluating the trans-influence at the palladium, the average of the measured Pd1-C*"! distances in [LF H%Ju%wﬁmwu&muwmmv_ was used, since the allyl
group is disordered in the molecular structure.

108
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cOMPLEXES [LPTPDX,PD(C,H; )]

(b) 2: n = iPr, X = Br

(¢c) 4: n =Ph, X = Br

Figure 77: Molecular structure of the allyl [LFT"PdX,Pd(C3H;)| complexes.®! Hydrogen
atoms were omitted for clarity.

A selection of atom distances, determined from the molecular structures of the corre-
sponding complexes, is listed in Comparing the Pd2-X bond lengths allows
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to hypothesize about the strength of the ligands’ thermodynamic trans-influence. In
all three complexes the Pd—X bond trans to the imine donor is slightly longer than the
one trans to the pyrazolate (pz). This could indicate that the trans-influence of the
imine donor is greater than that of the pyrazolate group. The Pd1-CH,*M! distances
on the inside are longer in comparison to the carbons on the outside. Inside refers
to the CH,-group of the allyl moiety that is in ¢rans-position to the imine donor and
outside to the one in trans-position to the pyrazolate. This is in agreement with the
trend observed for the Pd2-X bond lengths, supporting the hypothesis that the trans-
influence of the imine donor is larger than of the pyrazolate-N.

The C=N-stretch vibrational bands from the IR spectra can be found in
together with the C=N-stretch vibrational bands of the corresponding free ligands.

Table 19: Comparison of the C=N-stretch vibrational bands of the free ligands HLPT™ and
HLFPT™" ashwell as the complexes [LPI’LPrPdPCthPd(C3H5>] (1), [LPIIPrPQBrQPd(C3H5)]
(2), [LPT"PdACI,Pd(C3H;)] (3) and [LFT "PdBroPd(C3H;)| (4).181:236

Compound ooy [em™|

HLPT™ 1630
1 1592 1570
2 1573 1541
HLP™" 1630
3 1599 1571
4 1569 1540

Evidence was collected that the structures in solution and solid state are similar. Char-
acterization by 1D/2D-NMR spectroscopy was performed in CD,Cl, and the com-
pounds showed some remarkable chemical shifts. A summary of selected 'H- and
I3C-NMR chemical shifts can be found in . The CH;-CN groups are high-
field-shifted in HLP™™ and its complexes. This results from the aromatic ring current
present in the phenyl groups of the HCPh, substitutes, which lead to an electromag-
netic anisotropy at the close-by CH;—CN groups (NH tautomerism present). In the free
ligand HLP™ different conformations with different relative positions of the methyl
group towards the phenyl rings are accessible leading to a broad signal at 1.04 ppm.
In the palladium complexes this rotational freedom is no longer given, leading to a
rigid positioning of the CH;—~CN moiety orthogonal to the phenyl plain of the CHPh,
groups (see dashed lines at atom C42 in [Figure 7§). On the halide-side the CH;~CN
moiety is positioned above the m-system of two phenyl groups, shifting it to a sharp
signal at —0.48 ppm (protons at C42 in Figure 78). While on the allyl-side only one of
the phenyl-planes faces the CH;—CN group, shifting it to 1.55 ppm (protons at C6 in
Figure 78). The CPh, moiety attached to the 6-position of the aniline faces the anti-
positioned proton (H81A in Figure 78) situated at the outside of the allyl moiety. This

110
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Table 20: Selection of characteristic 'H-NMR (top) and *C-NMR (bottom) signals of the
compounds in ppm HLF'™" | [LPI"™ PACLPA(C4H;)] (1), [LPY PdBryPd(CyHs)]
(2), HLP™™" | [LPT™" PdCl,Pd(C3Hy)] (3) and LT PdBroPd(CsHs)] (4); NMR spec-
tra recorded in CD4yCl,.

'H-NMR signals

moiety HLP™ 1 2  HLP™ 3 4

CH, Pz 2.81 253 253 201 155 1.54
CH; CNpatigesige 217 217 217 1.04  -0.44 —0.48
CH,CNaiiyside 2.20 221 1.03 1.0
CHR yanyl-side 285 282 284 531 533 535
CHR yaniyl-side 3.11  3.09 548  5.55
CHR, halide-side 3.14 311 6.18  6.09
CHR, halide-side 318  3.21 6.22  6.24
allyl-H yti outside 2.71  2.66 1.61  1.73
allyl-Hy outside 2.82  2.83 2.53 249
allyl-H g inside 352 3.50 3.23  3.27
allyl-H,yp inside 506  5.08 499  5.05

I3C-NMR signals

moiety HLP™ 1 2  HLP™ 3 4
allyl-CH,outside 62.0 60.6 60.7  59.2
allyl-CHyinside 69.1 70.90 63.6  70.3
allyl-CH 116.4 116.3 115.7 115.8
CNhalide-side 160.5 169.8 170.1 144.30 172.7 172.7
CNallyl-side 1711 171.1 175.0 175.2
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also leads to a high field shift for the allyl-H gt outside proton from 2.71 to 1.61 ppm for
the chloro complexes, comparing 1 with 3, and from 2.66 to 1.73 ppm for the bromo
complexes, comparing 2 with 4. This observation implies that the observed solid-state
structures are similar to the ones in DCM solution. Another influence of the phenyl
substitutes is the observed low-field shift of the proton signal in the CHR,-group, when
comparing 1 and 2 with 3 and 4.

Figure 78: Molecular structure of the allyl [LFT""PdBryPd(C3Hs)| (4) complex with the cor-
related interactions from NMR spectroscopy highlighted. ! Most hydrogen atoms
were omitted for clarity.

The complexes 1 and 2 were observed to be thermally unstable in solution, if stored
for several hours at temperatures >—30°C. A signal at ca. 4 ppm in the 'H-NMR
spectrum is the indicator of its decomposition. After longer periods of time in solution
Pd(0) forms. The reductive elimination of allyl halide could be the cause. However,

there was no allyl halide observed by "H-NMR spectroscopy of the reaction mixture.

3.3. Kinetic measurements through EXSY experiments

To determine the exchange rates and the exchange constants of the allyl moiety in
the complexes, EXSY-NMR experiments at different temperatures were performed to
obtain a better understanding of the cooperative interactions between the metals. The
diagonal and the cross signals in the EXSY-NMR spectra assigned to the allyl ligand

were integrated and the absolute values of the integrated area were used to calculate
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3.3 KINETIC MEASUREMENTS THROUGH EXSY EXPERIMENTS

the exchange rates with EXSYCalc.237 In an example assignment of the allyl
signals and the associated exchange within the EXSY experiment is depicted. Further
details on the evaluation of the EXSY-NMR spectra can be found in Appendix A.2.6.
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Figure 79: Allyl-section of the 'H-ESXY-NMR spectrum in CD,Cl, with assignment of the
relevant signals.

In complex 4, the heaviest of the four complexes, a NOE-dominated positive cross-peak
signal can be observed, which decreases upon raising the temperature. The cross-peak
signal of the syn/anti exchange on the inside of the complex are increasingly positive
at decreasing temperatures. In complexes 1, 2 and 3, for all temperatures, a negative
cross peak signal was observed with increasing intensity from 1 over 2 to 3 (at the same
temperature). This does not exclude, but it is a strong indication that no syn/anti
exchange on the inside of the complexes is occurring. However, on the outside of the

allyl moiety a syn/anti exchange is occurring in all four complexes.

Nevertheless, the same influence of the NOE that is seen for the allyl protons on the
inside should equally influence the allyl protons on the outside, due to equal distances.
Thus, resulting in the necessity to correct the determined syn/anti exchange constants.
This was done by subtraction of the determined exchange value (negative or positive)
for the syn/anti exchange occurring on the inside, from the exchange value (positive) on
the outside. The correction of the syn/syn exchange, due to the overlay with the NOE,
was not necessary as *C-EXSY experiments showed (see Appendix A.2.5,
(top), Entries 10 and 12). These experiments allow the determination of the syn/syn
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exchange with the NOE reduced by a factor of 4.4 - 107°.%% This explains the slightly
higher values for the syn/syn exchange obtained by the two *C-EXSY experiments.
However, the syn/anti exchange cannot be observed in a 3C-EXSY experiment and
the influence of the NOE cannot be avoided when measuring the syn/anti exchange.
Furthermore, the theoretical relative value of the NOE, regarding the difference in dis-
tance between the syn (d = 4.061 A) and the anti positioned protons (d = 2.368 A) is
only 4.2 %.%38

The exchange rates k determined for the complexes can be found in for 1,
in for 2, in for 3 and in for 4. Furthermore, the Gibbs

free energy of activation was calculated from the exchange constants using eq. [3232
The obtained values can be found in the previously mentioned tables, together with

the exchange constants.

kh
AGF= —In =) .RT
G n(k ) R (3)

Table 21: Exchange rates determined for the syn/anti and the syn/syn exchange and the
calculated Gibbs free energies of activation in complex 1.

Entry T / d8 / k' OUtSide/ ksyn/syn / AGisyn/anti / AGisyn/syn /

syn/anti

°C S s st kJ /mol kJ /mol
1 =30 0.2 0.08+0.1 0.2940.03 64+2 61.6+0.2
2 —-25 0.1 0.07+0.1 0.45+0.04 66+3 62.01+0.2
3 —-20 0.1 0.12+£0.1 0.63%+0.03 6612 62.6+0.1
4 0 0.1 1.2+0.1 2.5+0.4 66.3£0.2 64.5£0.3
) ) 0.1 1.940.1 3.2£0.5 66.4+0.1 65.3£0.4
6 10 0.1 3.2£0.1 4.9£0.5 66.4+0.1 65.41+0.2
7 15 0.1 5.0+£0.4 6.9£0.5 66.61+0.2 65.81+0.2
8 20 0.1 6.41+0.2 8.2+1 67.2+0.1 66.6+0.4

Table 22: Exchange rates determined for the syn/anti and the syn/syn exchange and the
calculated Gibbs free energies of activation in complex 2.

Entry T / d8 / k outside / ksyn/syn / AGisyn/anti / AGisyn/syn /

syn/anti
°C S st st kJ/mol kJ/mol
—-37 0.5 1.7+£0.2  0.40+£0.1 56.3£0.3 59.1£0.5
=30 0.2 4.3+0.4  0.46£0.1 56.1£0.2 60.7£0.3
=25 0.1 7.6£0.8  0.656%+0.1 56.2£0.2 61.2+£0.3
—-20 0.1 11+1 1.6+0.6 56.640.2 60.6+0.8

=~ W N =
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Table 23: Exchange rates determined for the syn/anti and the syn/syn exchange and the
calculated Gibbs free energies of activation in complex 3.

Entry T / ds / ks;r?/tzlndti / ksyn/syn / AGisyn/antz’ / AGisyn/syn /
°C S s~ s~ kJ /mol kJ /mol

1 =37 0.5 0 0.10£0.05 62+1

2 —-30 0.2 0.03£0.03 0.13£0.04 63.2+0.6

3 —-25 0.1 0.06£0.09 0.19£0.04 63.8+£0.4

4 —20 0.1 0.01£0.03 0.41£0.1 63.51+0.6

) 0 0.1 0.23+£0.02 3.1£0.2 70.04+0.2 64.1+0.1

6 ) 0.1 0.424+0.04 4.3£0.2 69.940.2 64.51+0.1

7 10 0.1 0.67+0.07 6.1£0.2 70.1£0.2 64.9£0.1

8 15 0.1 1.0£0.1 8.8£0.2 70.3£0.2 65.3+0.1

Table 24: Exchange rates determined for the syn/anti and the syn/syn exchange and the
calculated Gibbs free energies of activation in complex 4.

Entry T/ d8/

outside
ksyn/tanti / ksyn/syn / AGi Syn/anti / AGisyn/syn /

°C S s~ st kJ/mol kJ/mol
1 =30 0.2 0.656£0.2 0.18+0.01 60.0+0.1 62.6£0.1
2 —-25 0.1 1.3£0.2  0.23£0.01 59.8+0.1 63.4+0.1
3 —-20 0.1 2.5£0.2  0.34£0.03 59.7+0.1 63.9£0.2
4 —15 0.05 4.5£0.5 0.294£0.05 599.6£0.2 65.5£0.4
5 —10 0.05 7.6£0.8 0.51%£0.07 59.740.2 65.6£0.3
6 -5 0.02 13+1 0.80+0.1 09.7£0.2 65.9+0.4
7 0 0.02 20£2 1.3+0.1 59.8+0.2 66.1+0.1
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The sterically more demanding ligand (in 3 and 4) decreases the exchange rate for both
exchange modes. This can be concluded by comparing the exchange rates of complexes
1 with 3 and the ones of 2 with 4. The syn/anti exchange rates decrease by an av-
erage factor of 4.8 for the chloro complexes, comparing 1 with 3 (temperature range
from 0 to 15°C) and by a factor of 5.5 for the bromo complexes, comparing 2 with 4
(temperature range from —30 to —20 °C). For the syn/syn exchange the average factors
are 1.3 for the chloro (1 vs. 3) and 3.4 for the bromo complexes (2 vs. 4). Compari-
son of the exchange rates between 1 and 2 as well as between 3 and 4 shows that the
syn/anti exchange in the bromo species for both ligands (LPI“)r and LPIPh) is faster and
the dominant exchange mechanism. Even more notable is the fact that the syn/anti
exchange of the bromo complexes can be observed at temperatures as low as —37°C,
while for the chloro complexes, taking into account the error of the measurements, the
syn/anti exchange slowly becomes observable at temperatures around 0°C. At tem-
peratures higher then 0°C, where the data for the chloro complexes were recorded, the

'H-EXSY spectra of the bromo complexes are no longer reasonably evaluable.

Figure 80: Proposed intermediate for the syn/anti exchange of the allyl moiety.

To explain this observation the intermediate species shown in is proposed.
Such a species is reasonable since similar bridging p-halide ligands are found in com-
plexes such as [LFIPd,Cl,;], and thus the intermediate of the allyl moiety in a n!-
coordinative fashion would be stabilized.?3% In the solid-state structures the palladium
ions are not in one plain with the ligand, forcing the rigid ligand to twist. This twist,
represented by the Pd-N-N-Pd torsion angle, is stronger in the bromo complexes rel-
ative to the equivalent chloro complex, again due to the larger radius of the bromo
moiety. Thus, this inner “tension” further decreases the AG* values for the syn/anti
exchange of the bromo moieties and increases the exchange rates. Such an intermediate
could explain the influence of the metal-metal distance on the syn/anti exchange rates,
with respect to the sterical difference between LPT and LP™". The Pd-Pd distance
of 4.35 A of the LPI"™" complexes is smaller in comparison to the 4.51 A of the complex
with LP" . For this reason, it seems reasonable to assume the formation of the bridging
intermediate (Figure 80) is energetically more favorable when the metals are in close
proximity. Implying, that for the larger bromo moiety, the bridged intermediate will
be more favorable than for the smaller chloro moiety. As a consequence, there is a

syn/anti exchange of up to k = 11 s™! (T = —20°C) observable for complex 2, while
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4, at the same temperature, only undergoes 2.5 exchanges per second. The same trend
is obvious when comparing 1 and 3. Finally, another possible consequence of the in-
termediate is the exclusive occurrence of the syn/anti exchanges on the outside of the
allyl moiety, in addition to the previously discussed trans-influence. The n'-allyl state,
which could theoretically occur on both sides, possibly is directed by the influence of
the nearby halide ligand and its tendency to adopt a bridging position to only occur

on the inside of the complexes, as shown in Figure 80.

The determined AG* values for the three complexes (Table 21 to Table 24) are in good
agreement with literature values of related complexes. 176:224:229-232,235240241 However,
most of the complexes from literature do not share high structural similarity, especially
regarding the second metal in close proximity, coordinating a non-allyl moiety.'" In
order to determine the kinetic parameters AH* for the allyl exchanges, Eyring plots,
according to eq. were examined. The AS* values were determined from a plot of

AG* against T. Both plots can be found in Appendix A.2.7, the Eyring plot in
ure 119 and the plot of AG* against T in [Figure 120|

k AH? kp ASH
. (T) = Rr T (7) TR @

Table 25: Determined values for AH?* (in kJ/mol) and AS* (in J mol~* K1) from the Eyring
plots.

Complex A[—[isyn/zmti A]¥isyn/syn Asisyn/tmti ASi syn/syn

1 93£3 38+0.5 —47+9 —96+2
2 o1£5 29£13 —17£18  —125+57
3 63£3 4440.9 —27£10 —d8+£7
4 62+1 35£2 —242 —72£5

The slope in the Eyring plots of the linear fit multiplied by —R (R being the universal
gas constant) resulted in the values for AH*. The AS* values are the slope of the linear
fits of the plot of AG* against T in Figure 120 (Appendix A.2.7) multiplied by —1 (see
. The trends that are observable for the obtained values will be discussed in
this paragraph. The enthalpy AH?* is smaller for the bromo complexes in comparison
to their equivalent chloro species. This applies for syn/syn as well as the syn/anti
exchange rates. The AH isyn Janti Values are positive in a range of 51-63kJ /mol. The
AH*gy, /spn values (range of 29-44kJ/mol) are in average 22kJ/mol smaller then the
AH isyn Janti Values, which is expected since the syn/syn exchange occurs for all com-
plexes down to temperatures as low as —30 °C. The AS* values obtained for the syn/syn

exchange are in a range of —58 down to —125Jmol~* K=!, indicating that the associa-
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tive mechanism for this process is the more probable one. The obtained AH?* and AS*
values for complexes 1-4 are similar to values in literature for other allyl-palladium
complexes, 176:224,220-232,235,.240.241 However, the AH? values in literature are in many
cases smaller by a factor of two, probably due to the sterically higher demand of the

. iPr Ph . . . .
ligands LPT"" and L*1" in comparison to the ones in literature.

The next step was to determine if the concentration of the complex in CD,Cl, solution
influences the syn/syn and the syn/anti exchange rates of the allyl moiety. For that

purpose 'H-EXSY experiments at constant temperature and mixing time, but different

concentrations of the complexes 1 and 2, were performed (see [Table 26| and [Table 27)).

From these experiments the following conclusions can be drawn: The syn/anti exchange
rates have a very low concentration dependence, while the syn/syn exchange rates are

strongly dependent on the concentration.

Table 26: Allyl exchange rate constants of the concentration-dependent measurements at 5 °C
(mixing time d8 = 0.1s) for 1.

Entry ¢ / mmOl/l ksyn/(mti / 5! ksyn/sy” / 57

1 20 1.9+0.05 3.8
2 15 1.9£0.05 3.4
3 10 1.9£0.05 3.0
4 5 1.8+0.05 24

Table 27: Allyl exchange rate constants of the concentration-dependent measurements at
—20°C (d8 = 0.1s) for 2.

EntI‘y c / mmOI/l ksyn/anti / S_l ksyn/sy” / S_l

1 20 11+0.4 2.5
2 19 114+0.4 2.3
3 107 9.9+0.4 1.5
4 5 9.540.4 1.1

*: values resulting from an average of two measurements. Entries 1 and 2-4 were two different

samples of complex 2.

One hypothesis, explaining this phenomenon is the auto-dissociation of the halide lig-
ands from the palladium, generating free halide ions. Such a dissociative equilibrium
should shift towards dissociated species with a decrease of concentration. In an associa-
tive syn/syn exchange mechanism, this would lead to an increase of the exchange rate,

as it was observed. A plot of kg, /syn Vs. c(l)/ 2 (assuming from the law of mass action:
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[PdCL,| » [C]] = [PdC]]) results in a linear dependency (see [Figure 81)) supporting this
hypothesis.

o n
N —

7
1.0 15 2.0 25 3.0 35 40

-1
syn/syn

Figure 81: Plots of 03/2 vS. Kgyn/syn Of 1 and 2.

3.3.1. Reversible complex exchange initiated by the presence of halide ions

To confirm the hypothesis that an associative syn/syn exchange mechanism takes place,
an additional experiment was performed in which the influence of added halide ions was
tested. To a solution of 1 in CD,Cl,, 0.5eq. of Bu,NCl was added and temperature-
dependent 'H-EXSY experiments were performed. One of these spectra is displayed
in and the determined exchange rate constants, together with the values for
the Gibbs free energy, are listed in [Table 28

Table 28: Determined exchange constants k (in s~1) for the syn/anti, the syn/syn and the
complex-complex exchanges as well as the calculated Gibbs free energy AG* (in
kJ/mol) for the corresponding exchanges of the complex 1 with 0.5eq. of Bu,NCL

T / ‘C d§ / S ksyn/anti ksyn/syn kc.e. AGisyn/anti AGisyn/syn AGic.e.

—20 0.1 0.294£0.1 10£1 0.08+0.08 64.3£0.7 56.7+£0.2  66.9£0.2
—10 0.1  0.68+0.1 124+1 0.2840.06 65.0£0.3 58.7+£0.2  66.9£0.2
0 0.1 1.3£0.1 16£2  0.59+£0.06 66.1+0.2 60.4£0.2 67.9£0.2
10 0.06 3504  32&£3 1.6+0.1 66.2+0.2 61.0+£0.2 68.7+0.2

c.e.: complex exchange.

The syn/syn exchange mechanism becomes strongly dominant over the syn/anti ex-
change, by the addition of chloride ions. This points towards an associative mechanism.
The values for the syn/anti exchange remain similar to the ones determined for com-

plex 1 without additional chloride ions. The kinetic parameters for AH* and AS* were
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Figure 82: Part of the 'H-EXSY spectrum at —20°C of 1 with 0.5eq. BuyNCIl added.

obtained as previously described (see Appendix A.2.7 in |[Figure 121| and [Figure 123)),
resulting in AHisyn/ami = 4946 kJ /mol, AHisyn/syn = 1946 kJ /mol, ASisyn/ann- =
—60421 Jmol ™' K~ and AS%,,, sy = —149421 Jmol ™! K~'. Regarding the syn/anti
exchange, the values for AH* and AS* decrease by AAH* = 4kJ/mol and AAS?
= 13Jmol ' K~!, while the values for the syn/syn exchange decrease by AAH* =
19kJ /mol and AAS* = 53 Jmol 1 K~1, through the addition of chloride ions.

Interestingly, in addition to a strong increase in the syn/syn exchange rate, the for-
mation of allyl-palladium(II)-chloride dimer can be observed (triplet of triplets at
5.29 ppm, doublet with 6.7Hz coupling at 3.79 ppm and a doublet with 12Hz cou-
pling at 2.75ppm, (middle)). Since the diagonal anti-positioned proton
signal of the allylpalladium(II)-chloride dimer is overlayed with the allyl-Hgp,ti outside
signal of 1, the integrated area of the diagonal signal was subtracted from the diag-
onal signal of the syn positioned proton signal of allylpalladium(II)-chloride dimer.
Doing so, it was possible to determine the exchange constants and the Gibbs free en-
ergy for the complex/complex exchange between 1 and the allylpalladium(IT)-chloride
dimer. Using the previously performed 'H-EXSY experiments enabled the access to
the allyl exchange constants (see Table 28). From an Eyring plot (Appendix A.2.7 in
[Figure 122)), the following kinetic values for the complex exchange were determined:
AH*., = 5144kJ/mol, AS*.. = —60415J mol ! K~!. Resulting from the formation
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of the allylpalladium (II)-chloride dimer a complex exchange as displayed in |[Scheme 35

can be proposed.

M m

NN s N X

2 Pd" Pd +2BuNX —— 2 BuN P |+ <—pd\ /pd_>
W XX X" X X

Scheme 35: Proposed complex exchange between the allyl complex and the allylpalladium(IT)-
chloride dimer.

In regards to the allyl exchange, the formation of the allylpalladium(II)-chloride dimer
implies that a part of the observed syn/syn exchanges originate from the complex/com-
plex exchange. The formation of the allylpalladium(II)-chloride dimer through the ad-
dition of chloride ions could also be observed for complex 3. Furthermore, it could be
shown that the formation of the allylpalladium(II)-chloride dimer is fully reversible. In
Figure 83 a 'H-NMR spectrum of 3 is displayed (bottom) to which 1eq. of Bu,NCI
(middle) was added, leading to the formation of allylpalladium(II)-chloride dimer, ef-
fecting the allyl signals of 3 (see signals at 5.13, 4.99, 3.23, 2.53 and 1.61 ppm). Further-
more, the ligand-backbone signals are influenced by this equilibrium. The substituents
at the aniline sidearms become homotop, which can be interpreted as the decoordina-
tion of an allyl moiety. This observation further supports the proposed equilibrium in
Scheme 35. The addition of water, as a potential ligand, to a DCM solutions of the

complexes did not have any impact on the exchange rates.
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Figure 83: Section of the 'H-NMR spectra (300 MHz) of 3 in CD,Cl, (bottom). Addition of
leq. of BuyNCI (middle). After aqueous extraction of the BuyNCI and subsequent
drying with MgSO, (top).

3.4. Summary and Outlook

In Summary, a new pyrazolate-based compartmental ligand with sterically very de-
manding side arms was synthesized and characterized. The new ligand LP " and the
previously known LPT™ were used to prepare four new dipalladium complexes. Each
complex features an allylpalladium unit next to a palladium dihalide unit. The allyl
moiety was found to undergo both syn/syn and syn/anti exchanges. This enables the
four complexes to be models for investigation cooperativity. The fluxual behavior of
the allyl moieties can be interpreted as representative for the cooperative interactions
(e.g. sterical interactions) within this type dinuclear complexes.

To further describe the cooperativity, the exchange rate constants as well as the activa-
tion parameters describing the allyl exchange were determined. It was found that the
syn/anti exchange occurs exclusively on the outside of the complex. By comparing the
exchange constants it could be shown that the sterical demand of the ligand scaffold
and the metal-metal distance influence the allyl exchange rates. Most importantly, it
could be shown that cooperative effects, mediated by the halide ligand, between the
two metals take place, which strongly influence the allyl exchange. The intermediate
(Figure 80) was proposed to explain the observed phenomena. Furthermore, it was
possible to demonstrate that an associative syn/syn exchange takes place and that,
the addiction of halide ions triggers complete dissociation of the allylpalladium unit

and a reversible formation of the allylpalladium(II)-halide dimer. A visual summary
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is given in For future investigations the exchange of the palladium ions
for other metal, e.g. nickel, could be investigated, to extend our understanding on

cooperativity.
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Figure 84: Summary of this chapter.
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4. Chapter 3: Copolymerization Experiments of
Ethylene and MMA Through a Nickel Complex

4.1. Introduction
4.1.1. Introduction the to olefin polymerization

Polyolefins are the most produced plastic within the 300 million tonnes polymer in-
dustry. Europe is the second biggest producer of these materials, after China (ther-
moplastics and polyurethanes). Within Europe, Germany is by far the country with
the highest demand in polymers of ca. 24.6 % of the produced thermoplastics and
polyurethanes (in 2015).% Besides the step-growth approach, the chain-growth mecha-
nism is used for the production of polymers.?*? The most prominent polymerizations

that use the chain-growth mechanism are: the cationic and anionic polymerizations#?,

2447238 and the metal-site catalyzed polymerizations#4¥%20,

the radical polymerizations
The latter two are prominent in industry for polyolefin production (e.g. PE-LD, PE-
LLD, PE-HD, PP, etc.). While in the radical approach high pressure and temperature
are applied, the metal catalyzed polymerizations use e.g. the Ziegler-Natta or Phillips
catalysts. Each approach yields polymers with different material properties and appli-
cations, depending on e.g. the micro-structure, crystallinity, molecular weight and/or
molecular weight distribution. Highly branched polyethylene is obtained through free
radical polymerization, while the metal-catalyzed polyethylene synthesis has a wider
portfolio of products including PE-HD, PE-MD and PE-LLD. This illustrates a higher

level of control via the catalytic approach under milder reaction conditions.”

H
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Scheme 36: Proposed Cossee-Arlman mechanism for the a-olefin polymerization.228

The Cossee-Arlman mechanism (see is the consensus mechnism for the
propagation of the olefin polymerization, e.g., found for the Ziegler-Natta or Phillips
catalysts, #9200

Industrially applied catalysts for the olefin polymerization are based on early- or mid-
transition metals, rendering them oxophilic. The resistance of late transition metals
towards polar moieties can be beneficial, not only, in respect of tolerance to impuri-

ties, but also making them potential candidates for the copolymerization with polar
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monomers.?>) Many comprehensive books, reviews and publications have been written

2611263

on the topic of olefin polymerization and also on the application of late transition

metalg, 263267

Another mechanism that is known to occur in the olefin polymerization with late
transition metals is the so called “chain walking”. In the proposed mecha-
nism is depicted. The result of its occurrence are short branches within the polymer.
However, there are also examples where the chain walking mechanism was used to form
linear PE via w,1-enchainment from higher a-olefins.?%” Long branches can form, when
a m-bound olefin (e.g. see Scheme 37) decoordinates and is incorporated into another

growing polymer chain.
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Scheme 37: The proposed mechanism of the chain walking. a: f[-hydride elimination,

b: rotation, c¢: hydride retransfer, d: rotation.

The concept of cooperativity has also been applied for olefin polymerization. The works
of Marks et al. should be mentioned in this context, due to their great contributions

to this field and the understanding of cooperativity in general 1817205

4.1.2. Copolymerization of ethylene with polar monomers

Polyethylene is utilized in a broad variety of applications, however, to even further
extend this scope the controlled copolymerization with polar monomers (e.g. methyl
methacrylate) is desirable. Currently the free-radical copolymerization is used, lacking
a control over thef formation of the product. In the catalytic approach the oxophilic
nature of early transition metals directs research towards the application of late transi-
tion metals, avoiding the need of introducing protecting groups for polar functionalities
prior to conversion.“™%% A controlled incorporation of polar monomers into polyethy-
lene would allow a fine-tuning of material properties such as adhesion, robustness,
permeability, crystallinity as well as surface-related characteristics.

The endever for a coordination-metal-catalyzed incorporation of polar monomers, e.g.
acrylates, gave rise to some challenges that need to be faced. Brookhart et al. demon-
strated that back biting of the polar moiety onto the catalytic center hinders the
coordination of a subsequent monomer unit (see [Scheme 38)).20%2% After the coordi-

nation and 2,1-insertion of the acrylate monomer, the formed four-membered ring was
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found to rearrange to a six-membered one.?®Y Either of these cyclic intermediates in-
terfere with the propagation reaction. As a consequence, a strong retardation of the
rate or even suppression of activity has been observed, due to the presence of polar

monomers. <8120

/R 21 -ins. ;

LM By LM >
\

o OMe f

Scheme 38: Backbiting illustrated with MA. MA performs a 2,1-insertion yielding a chelating
ligand that blocks the free coordination site.?%%2™ The displayed four-membered
species rearranges to a six-membered one, both preventing the coordination of
the subsequent olefin unit.*

Another challenge associated with the preferential 2,1-insertion of acrylates into the
metal-carbon bond is caused by their electronic effects (see [Scheme 39)).291292 Ag a
general rule, electron-deficient monomers undergo a 2,1-insertion while electron-rich
ones prefer a 1,2-insertion. However, on account of steric effects, a 2,1-insertion of
single substituted ether units was observed.??2% A 1 2-insertion of MA can be favored

with bulky ligands, while electronically the 2,1-insertion is preferred.“*

6_
R R
M/ MJR 7 2,1-ins M
VS +
v \/ i \/ R
e 4 X X
X X
/ -ins.
|v| vs. MQ?@X M 5, =Sy
s \ 7N
K /\X K 6/\)( R
coefficient charge
steric effect electronic effect

Scheme 39: Origin of the regioselectivity for the insertion of vinyl monomers into metal-alkyl
bonds.??? X = polar group.

The factors that influence the insertion are: the monomer distortion in the transition

2051296

state (directing to 2,1-ins.), steric effects between ligand and monomer , inter-

action of the LUMO orbital at the metal with the sp? hybridized carbon atoms of

293 and the overall polar momentum during the transition state. The

the monomer
dominating factor will direct the insertion mechanism. For example in propylene and
vinyl ether the different electronic configuration at the sp? carbon atoms cause a 1,2-

insertion.??® Comparable orbital coefficients yield in a 2,1-insertion in electron-density
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poor monomer (see Scheme 39).2% For the latter, the 2,1-insertion yields a newly

t.292 This is a disadvantage, because an in-

formed a-carbon which is electron deficien
tramolecular nucleophilic attack mechanism of the polymer chain leads to the insertion
of the subsequent olefin unit, which ocures better with an electronic rich a-carbon
atom.??” Therefore, the catalyst is further deactivated. An electron rich neutral cata-
lyst can be used to counteract on this effect. However, an anionic complex can also be
counterproductive, as it might impede the initial coordination of the monomers. An
different strategy is the introduction of sterically demanding groups at the ligand to

circumvent a 2,1-insertion. 292297298

The mechanism of olefin polymerization (Scheme 36), chain walking (Scheme 37),
backbiting of polar monomers (Scheme 38) as well as their cause of regioselectivity
(Scheme 39) have been illustrated. All of the above need to be considered for the devel-
opment of efficient copolymerization catalysts. Some breakthroughs have been made
in the field of olefin polymerization and their copolymerizing with polar monomers
within the last decades. Selected examples will be presented in the next section to
give an impression of the state-of-the-art catalysts. It has to be kept in mind that an
activation with MAO or MMAO is necessary for some complexes to be transformed

into the active species.2?2%505

4.1.3. Prominent late transition metal catalysts for the polymerization of

olefins and their copolymerization with polar monomers

In this section a small selection of catalysts will be presented from the vast variety of
catalysts that have been investigated in the field of olefin polymerization and olefin
copolymerization. Mononuclear systems will be presented first and then systems with
more than one active center will be presented.

Many outstanding catalyst systems are known to literature and only a small fraction
can be presented in this chapter. For more in-depth discussion one should go through

253 267,263 [302/306H 308

the comprehensive books and reviews published on this topic and

the references within. The selection of mononuclear (pre)catalysts that will be briefly

presented in this work is depicted in [Figure 85|

A very prominent catalyst which is able to copolymerize methyl acrylate (MA) with
ethylene was published by Brookhart et al.20%2805095812 Tt was demonstrated that MA
is predominantly found as terminal unit of branches within the PE and not as part of
the backbone. This implies that after the incorporation of a MA unit the active center

needs to move away from the polar functionality via chain-walking for the chain-growth
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NE e /Pr %
7R\ iPr /Pr / 4
DlPP_N\ /N_DIPP RZ PPh3 N Nl’Ph
@i 0
o~
Brookhart et al. Li et al. Monteil et al. Noazaki et al.

Figure 85: Selection of mononuclear (pre)catalysts that are known to literature for the olefin
polymerization and their copolymerization with polar monomers.

to continue. The depicted a-diimine catalyst (Figure 85, left) and similar systems have
been investigated intensively and it was found that the copolymerization properties
depend strongly on the backbone substituents R.2%43M813 A hroad range of monomers
could be copolymerized with ethylene, and just recently the copolymerization of ethy-
lene and vinylalkoxysilanes was discovered with a-diimine catalysts (Pd and Ni).B41
The second complex on the left in Figure 85 features a ketone-imine ligand. This fam-
ily of complexes are also able to copolymerize acrylates with olefines. The complex
in Figure 85 was investigated for its copolymerization activity by Li et al.**® After its
activation with MMAO it provides an activity of 0.12-2.65gmmol ' h~!bar~! while
incorporating 1-17 % MMA into the PE.

The catalyst reported by Monteil et al. (second from the right in Figure 85), represents
the class of phenoxy-imine catalysts. It is able to copolymerize ethylene with MMA .5
However, in the publication a radical mechanism is suggested. This is in contrast to the
expected coordination-insertion mechanism, which is common for most nickel systems.
The radical species is assumed to originate from a homolytic Ni-C bond cleavage. This
example is illustrated in order to emphasize that the reaction mechanism needs to be
evaluated carefully. This not only applies for nickel but also for other metals such as
palladium, where radical mechanisms were found to be active and the origin of catalytic
activity in homo- and copolmerizations. 00318319

The last catalyst that is shown in Figure 85 was published by Noazaki et al. in 2016.52
It is part of a series of Ni/IzQO complexes that are able to copolymerize a range of
polar monomers. However, it was not able to do so with MA, emphasizing that until

today the incorporation of acrylates remains a challenge.

There have been many approaches to solve the problems associated with these polar
monomer. Marks et al. demonstrated that a SO,-groups in close proximity to the metal
center is beneficial for the olefin polymerization, due to a stabilizing effect (interaction

b/d in Figure 1).%% In 2017 it could be demonstrated that even the copolymerizaiton
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Figure 86: Selection of dinuclear (pre)catalysts from literature for the olefin polymerization
and its copolymerization with polar monomers.22324 Complex by Lee et al. with
R — H, Me, F.3?0 Complex by Chen et al. with R? = Me, Naph.243
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of ethylene and MA was possible through this strategy.?

A different strategic approach involved the formation of a H-bond with the acrylate
substrate, in proximity to the active site.#2%#28 By this H-bonding interaction the ten-
dency of back biting from the polar monomers is supposed to decrease, resulting in an

increased copolymerization capability (interaction b in Figure 1).

Chen et al. addressed the associated challenge in regard of polar monomers with a
second-coordination-sphere strategy.?’® They developed different a-diimine catalysts

that copolymerize, among other polar monomers, MA and ethylene.

As last strategy presented, takes advantage of a small M—M distance, increasing bimetal-
lic effects and leading to a slower -H elimination as well as a higher tolerance for polar
monomers.*** Guided by this benefit, the development of dinuclear catalysts has be-
come a center of interest to various research groups. In this work the focus will be on

the latter strategy. Therefore, in a selection of recently published dinuclear

catalysts is given.

The first catalyst depicted (Figure 86, top left) was published by Lee et al. It can
be interpreted as a dinuclear version of the phenoxy-imine systems. The catalyst was
found to produce PE with M, values up to 38000 g/mol, dispersity values in the
range of 5.1-9.4 and activities up to 620kg/molNi/h have been measured.?** The
salicylaldimine nickel catalyst developed by Osakada et al. shares structural sim-
ilarities with Lee’s catalyst. It demonstrated activities of 2.1kg/molNi/h for PE.
This catalysts was tested for copolymerization experiments with various monomers
and incorporation into PE was found for the monomers: 1,6-heptadiene (3.6 mol %),
1,7-octadiene (2.0mol %), 2,2-diallyl-5,5-dimethyl-1,3-dioxane (1.8 mol %), tert-butyl
butenoate (1.4mol %), ethyl pentenoate (0.4 mol%) and 5-norbornene-2-carboxylic
acid methyl ester (4.1 mol %).“#% However, the catalyst was not able to incorporate
MA.

In 2016, Ma et al. published a series of complexes that are able to copolymerize
ethylene with vinyl acetate, allyl acetate and vinyl pivalate; all three substrates are
considered challenging to copolymerize.3?2330 Nevertheless, none of these dinuclear ap-
proaches reported a successful copolymerization of MA or MMA. The mononuclear
system of Bookhart et al. (see Figure 85) was reported to be successful in copoly-
merizing acrylates. Therefore, the idea of generating a dinuclear system based on the
a-diimine catalyst seems appealing. Chen et al. pursuit this idea and designed a new

catalyst depicted on the bottom of Figure 85.323:324 These catalysts showed a high
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activity for the homopolymerization of ethylene with up to 500 kg/molNi/h at 80 °C.
The cooperative effects between the nickel atoms were suggested to be the cause for a
slow (-H elimination and chain walking. Additionally, this cooperativity yielded in a
low branching density for the resulting PE.??3 The complexes were tested for copoly-
merizing ethylene and MA.324 The corresponding palladium complexes were found to
maintain activity for the homopolymerization in the presence of MA. Surprisingly, none
of the MA was found to be incorporated. However, they could confirmed the successful

incorporation of MA into PE by the system of Brookhart.32*

The dinuclear examples in Figure 86 have in common, that they form two parallel
plains by each metal and its coordinating atoms. A different topology, with both met-
als and the ligand backbone in one plain, was published in 2006 by Meyer et al.?¢ The
metals were bridged by a pyrazolate ligand and the complex was found to be active
for the ethylene polymerization, after activation with MAQO. However, its applicability
for the copolymerization with polar monomers has not been investigated yet. This is
not the first system, were this type of topology was tested“*!, however, there are very
few pyrazolate bridged systems that have been applied for copolymerizations of polar

monomers. 332

4.2. Objective of this Work on the Copolymerization of
Ethylene with Methyl Methacrylate

Ph
Ph

/N|\ /NI\ Ph /Nl\ Ni\B Ph

ph” Br " “Ph

Figure 87: Complex published by Meyer et al. (left) and the complex isolated during my
master thesis (right).!®! The structures depicted are only a suggestion at this
point.

The objective of this chapter is to explore the potential of pyrazolate bridged bimetallic
complexes, that was isolated during my master thesis, for olefin polymerization and

181 The system is inspired by, and closely related to, the complex that

copolymerization.
was published in 2006 by Meyer et al.?3¢ and that is suggested to be a dinuclear mimic
of the Brookhart system with the metals and the ligand backbone in one plain. The
new complex features very bulky aryl moieties to shield the upper and lower sphere of

the complex ([Figure 87|). This new nickel complex will be further analyzed and then
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tested for its applicability for the polymerization of ethylene and MMA as well as for

the copolymerization of both monomers.

4.3. Synthesis and characterization of the [L”""Ni,Br;],

complex
Phph hPh
z
N - SN
Ph /Ni 3 /Nl‘Br Ph

2 NiBrs(d + 2KLP" —— rBr
‘Brz(dme) -2kBr  Ph_ Bl PG/ R
Ni .

Scheme 40: Synthesis of [LFT" Ni,Brs],.

In order to isolate the target nickel complex the synthetic route shown in
was followed. The reaction was performed in DCM and the deprotonation of the lig-
and was done by KO¢Bu. This synthesis of the corresponding chloro complex was first
described during my master thesis. 8! However, very limited structural information for
the complexes was described within that work. In this work the characterization of the
complex will be continued.

The first new structural information, that will be discussed, has been shown in
ure 88. The displayed molecular structure was obtained from crystallization attempts.
However, residual electron density could not be assigned when the crystal structure

was solved, however, a vast structural idea of [LF""Ni,Br,|, can be obtained.

The numerous attempts, to obtain better crystals of [LF'"Ni,Br,|,, failed. In order
to further support the tetranuclearity of the complex in the solid state, crystallization
attempts of the corresponding copper complexes were performed. Copper can be as-
sumed to coordinate in a similar fashion. The crystallization of the copper complex
was successful and yielded in the molecular structure shown in [Figure 89 Selected
atom distances can be found in and the corresponding bond angles are given
in the Appendix. In Table 29 also the atom distanced from the molecular structure
of [LPIPhNiQBlr?)]2 in Figure 88 are given. However, the obtained atom distances within
LPr"

lengths within the copper and nickel complex are similar, however, the ones within the

NiyBry], should only be assumed as an estimation. The corresponding bond

nickel complex show a trend to slightly larger values (see Table 29). Furthermore, the
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2 312

Figure 88: Picture of [LPIPh NiyBrs), obtained from a crystallization attempt. Hydrogen atoms
were omitted for clarity.
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copper and the nickel complex show a highly similar structural motif (see Figure 88,
Figure 89 and Table 29). Such a tetranuclear structure can therefore be assumed to
be the most likely for the nickel complex in the solid state. The structural motif sug-
gested in Figure 87 can also be found within the two molecular structures of Figure 88
and Figure 89. For a better illustration the asymmetric unit of the copper complex is
displayed in Without the Cl4 atom the structure highly resembles the one
suggested in Figure 87. This substructure can also be found within the nickel complex.
Non of the Ni(II) ions in Figure 88 show the preferred squared planar coordination en-
vironment, therefore the complex should be paramagnetic. The metal-metal distance
of two pyrazolate-bridged metals found within the complexes is 4.105 A for the nickel
complex (Figure 88) and 4.015 A for the copper complex (Figure 89).

Figure 89: Molecular structure of [LPIPh CuyCls),y. The synthesis was performed corresponding
to complex [LPIPhNiQBrg]Q using CuCl, instead of NiBr,. Hydrogen atoms were
omitted for clarity.

For the application in homogeneous catalysis, the aggregation of the complex in solu-

tion is, however, of higher importance. NMR experiments of the paramagnetic nickel
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Table 29: Selected atom distances [A] (sorted) of [LPIPhCu2013]2 (see Figure 89). The cor-
responding bond angles can be found in the Appendix. For comparison the atom
distanced from the molecular structure of [LPIPhNiQBrgb in Figure 88 are given

(estimations).
Atoms Distance | Atoms Distance
Cu2-N2  1.931(5) [ Ni2-N2  1.985
Cul-N1  1.933(5) | Nil-N1  1.956
Cu2-N4  2.054(5) | Ni2-N4 2,021
Cul-N3  2.062(6) | Nil-N3  2.136
Cul-CI1  2.1670(19) | Nil-Brl  2.344
Cu2-Cl3  2.2394(17) | Ni2-Br3 ~ 2.493
Cul-Cl3" 2.4237(18) | Nil-Br3  2.502
Cl4-Cu2' 24317(17) | Br4-Ni2  2.496
Cu2-Cl4 2.4319(17) | Ni2-Br4  2.496
Cl2-Cu2" 2.4402(18) | Br2-Ni2  2.547
Cu2-CI2  2.4403(18) | Ni2-Br2  2.547

Figure 90: Asymmetric unit of the molecular structure of [LPIPhCu2CI3]Q. Hydrogen atoms
were omitted for clarity.
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compound were performed and in Appendix A.2.8 in the paramagnetic
TH-NMR spectrum of [LF'"Ni,Br,|, in CD;CN is depicted. However, no structural

information can be obtained from this spectrum. To identify the aggregation of the
complex in solution a paramagnetic DOSY-NMR experiment was performed (Appendix
A.2.8 in|Figure 126)). From this experiment, using the T3 /75 relaxation of the complex
signals, the diffusion coefficient of the major species was obtained using the TopSpin
software from Bruker and by averaging the diffusion coefficients determined at several
different chemical shifts of the species. This method was also used and described in
sections 2.4.1 and 2.6.1. A diffusion coefficient value of D = 7.133 x 1071 m? /s was de-
termined. In the DOSY-NMR measurement no internal standard was added, however,
a determination of the molecular weight in solution was possible by using the residual
proton signal of the solvent CD;CN. 3144 This residual proton signal was sufficiently
separated from the complex signals and its diffusion coefficient was determined to be
D = 3.932 x 107 m?/s. Comparing these two diffusion coefficients a molecular mass
value of M yierge = 1400 g/mol was estimated for the nickel complex of [LP™"] in CD,CN
solution, for a merged geometry. This corresponds to the dinuclear nickel complex (M
= 1365 g/mol for C;,HyBrsN,Ni,), with an error of —2 %.

.M.UJULH lllh_,_

1.280 1.285 1.290 1.295 1.300 1.305
m/z

Figure 91: ESI-MS (positive mode) of [LPIPhNiQBrg]Q in MeOH. Signal assigned to the
[M—Br|™ species, with M describing a [LNiyBrs| species. Black line: experimental
data. Red line: simulated spectrum for C;yHg3BroN,Ni,.

In order to further support the monomeric (dinuclear) aggregation in solution, mass
spectrometric experiments were performed. In ESI-MS experiments the [M—Br|*
species, with M being a monomeric form [LNi,Br,|, was observed (see [Figure 91). The
expected isotopic pattern for such a species (shown in red) is in good agreement with

the experimental data (black line). The corresponding dimeric (tetranuclear) species
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of [M—Br|* with M = [LNi,Brs], was not observed.
Finally it is worth mentioning, that the nickel complex shows a solvatochromic effect
(see [Figure 92)), which is a well known phenomena for nickel complexes.33

Figure 92: The complex [LPIPhNi2Br3]2 in a crystallization attempt in toluene (left) and in
the coordinating solvent MeCN (right).

To sum up, even though no high resolution crystal structure of the complex was ob-
tained, structural information could be gathered. Experimental evidence suggests the
presence of a dinuclear nickel complex in MeCN solution, supported by MS- and DOSY-
NMR experiments, and a tetranuclear species in the solid state, supported by a low
resolution crystal structure of the complex and a crystal structure of the corresponding
copper complex.

In the next section the potential of the complex for the homopolymerization of ethylene

and MMA as well as for the copolymerization of both will be explored.

4.4. Application of the [LP""Ni,Br;], complex for the olefin

polymerization and copolymerization

A catalyst that is supposed to copolymerize ethylene and MMA needs to be able to
perform the homopolymerization of each monomer separately as well. For that reason,
the activity for the polymerization of ethylene and MMA were tested first, and then

the copolymerization was attempted.

The polymerization of ethylene was performed in a BiichiGlasUster glass pressure vessel
holding 200 mL. Toluene (ca. 70 mL) was used as solvent for the reaction and either 5
or 10 bar of ethylene were applied at either 5 °C or at room temperature. The reactions
were allowed to run for 1 h and ca. 1000 eq. of MAO as co-catalyst were added to form
the active species from the precatalyst. The results of the polymerization experiments
with ethylene are summarized in (top). The TOF values observed for the
catalyst are in a range of 5878-19015h~1.
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Table 30: Obtained results for applying FE? NiyBry], for the homoplymerization of ethylene! (top) and methyl methacrylate (middle) and the

copolymerization! of both monomers (bottom).

Entry pc,u, /bar T /°C t/h [cat]f /mM [MAO]:[cat.]} [MMA]:[cat.|* m(PE) / mg TON*  TOF/ ) h!
1 10 25 1 8.8-1072 1014 - 2500 19015 19015

2 10 ) 1 6.6-1072 1008 - 1490 15432 15432

3 ) 23 1 7.8-1072 1343 - 1111 5878 o878
Entry pe,u, /bar T /°C t/h [cat)t / mM [MAO]:[cat.]' [MMA]:[cat.|F m(PMMA) / mg TON* TOF/ ) h™!
4" - 23 44.5 81-1071 936 5827 714 1475 33
Entry pomu, /bar T /°C t/h [cat] /mM [MAO]:cat.] [MMA]:[cat.] m(polymer) /mg TON®¥t TOFI /h!
) 5 23 18.7 2.8-1072 1297 1662 737 13288 712

6 10 25 20 6.4-1072 1075 948 3200 33864 1693

7 10 ) 16 6.4-1072 1030 8361 959 10148 634

1: Performed in a BiichiGlasUster glass pressure vessel and toluene as solvent.

*. Reaction was performed in a Schlenk tube with DCM as solvent and the stabilizer present.
I: assuming a dinuclear species.

$: assuming the formation of PE.

£: TON = Aswz\iwm@mwium csm#v\Aﬁanw.vv.

J: TOF referring to the entire reaction time. TOF = TON / t.
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The sample from Entry 1 could be dissolved after the drying process and its 3C{'H}-
NMR spectrum is depicted in [Figure 93 with assignment of the branches. The degree
of branching, in comparison to the one found for (mononuclear) nickel catalysts from
literature, is quite similar and unremarkable.®* The chain-walking mechanism can be
considered responsible for the observed short-chain-branching. The nomenclature of

the branches, which is depicted within the spectrum, was taken from literature. 33433

brB,, brBs, brB,

aB,, 1,4-aB,, 1,5-aB,, 1,6-aB,, 1,6-a'B,
aB,, aB,, 5Bs, aB,, nB,,

brB,, 1,5-brB;, 1,6-brB,

3B,, 1,4-3B,

VB, yB4 yB3, YBs, 1,4-yB,, 1,4-(n-2)B,
yB,, 1,4-yB,, 1,5-yB,, 1,6-yB,

681-n

4B, 1,4-4B,

10. BB, 1,4-BB4, 1,5-BB4, 1,6-BB, 4B;5

11. BBy, BB, PB4, BBs, BBy, (n-1)B,, 1,4-BB,, 1,4-(n-1)B,
12. 2B,

13. 2Bs, 2B, 1,4-2B,

14. 3B,

15. 1B, 1Bs, 1B,, 1,4-1B,

o
©CNOORrWON -~

2 7 10 14
3 45 9 11 13 15
1 12 I
39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12
f1 (ppm)

Figure 93: 13C{'H}-NMR spectrum of the obtained PE with assignment of the branches.33?
The nomenclature referring with xB,, to: n: length of the branch; x: number of
carbon atoms with the CH3 group assigned as starting point 1; Greek letters: refer
to the backbone position relative to the branching points (tertiary carbon atoms).
The tertiary carbon atoms of the branching point are addressed with “br”; 1,m:
refers to paired branches with m being the number of carbon atoms in between
two branches. The tertiary carbon atoms of the branching point are included in
this counting. 334

Further characterization of the synthesized PE was done by HT-GPC measurements
in trichlorobenzene. The obtained broad molecular mass distribution is displayed in
[Figure 94] The observable shoulder of the mass distribution pattern and the PDI of 6.2
indicates more than one active species during the reaction or the gradual degradation

of the catalyst during catalysis.

A mechanistic investigation that gave cause of the shoulder in the GPC measurement
was not carried out. Nevertheless, Meyer et al. published a similar palladium complex
in 2010.%%% This complex formed of a tetranuclear platform with CH, and a u-CH,

group, in the presence of a methylating agent. The formation of a related nickel
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Figure 94: Molecular mass distribution determined by HT-GPC analysis of a PE sample. The
distribution has its maximum at approximately 5 - 10* g¢/mol. GPC analysis was
performed in 1,2,4-TCB and calibration was done with PE standards.

species from [LP""Ni,Br,|, seems plausible, generated by the MAO during catalysis.
This was, however not further investigated, since the potential of the complex for the
copolymerization was not known yet. Consequently, the testing of the catalyst for
the polymerization of MMA was performed. Entry 4 in Table 30 illustrates, that the
catalyst is also capable of forming the homopolymer PMMA. The formed PMMA was
found to be atactic, as it can be observed from the 'H-NMR spectrum in

and from its comparison to literature.’

OCH, CH, CH,

P

ddud LW

wadd+aww

T T T T T T T T T T T T T T T T T T T T T T T T T
38 3.7 36 35 34 33 25 24 23 22 21 20 19 18 1.7 16 15 14 13 1.2 1.1 1.0 09 0.8 0.7
f1 (ppm)

Figure 95: Section of the 'H-NMR spectrum of the obtained PMMA with attempted assign-
ment of tetrads and pentads. 337

The PE and PMMA polymer samples (Entries 1 and 4) were analyzed by ATR-IR
spectroscopy. The obtained spectra, with assignment of selected IR-bands, can be
found in [Figure 96, IR experiments were also used for the copolymerization experi-

ments in order to determine if the MMA was successfully incorporated. The obtained

homopolymers are shown in [Figure 97]
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Figure 96: ATR-IR measurement of the obtained PMMA (a) and PE (b) with assignment of
selected IR-bands.

Figure 97: Photo of the obtained polymeric products, catalyzed by [LPIPhNiQBrg]Q. On the
left the PMMA and on the right the PE is placed.

The catalyst was thus shown to fulfill the required activity in homopolymerization
of both monomers separately. Therefore, copolymerization attempts were performed.
The last three Entries 5-7 in Table 30 summarize these polymerization results and TOF
values for the reactions. The TOF values were calculated under the approximation of
exclusive polyethylene formation. As expected, the presence of the polar monomer led
to a retardation of the reaction, so that the activities are lower than the ones found for
the homopolymerization of ethylene. To determine if any MMA was incorporated into
the PE (back bone or chain-end positions) an ATR-IR measurement of the obtained
polymer was performed. It can be found in together with the IR-spectra of

the obtained homopolymer samples.
The absence of the C=0 stretch vibrational band in sample C is a strong indicator

that the MMA was not incorporated. However, since the polymer sample was precipi-

tated from the reaction solution, the possibility remains that the copolymer remained
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THROUGH A NICKEL COMPLEX
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Figure 98: ATR-IR measurement of the obtained PMMA (A), PE (B) and the polymer form
the copolymerization attempt (C).

in solution due to its better solubility. This scenario is unlikely, since the activity of the
complex for ethylene is higher than for MMA, which should result in a higher fraction
of ethylene in the product. Thus, a polymer with solubility properties similar to those
of PE, rather than PMMA, can be expected. Nevertheless, to exclude this possibil-
ity, the solvent of a copolymerization sample was removed and the obtained polymeric
product analyzed by HT-GPC. In the molecular mass distribution is shown,
together with the ones from the obtained PMMA sample (red line) and a PE sample
(green line). The bimodal distribution, with similar maxima to the samples from the
homopolymers, again points strongly to unsuccessful results of the copolymerization.
The catalyst seems not to be able to incorporate MMA into the back bone or the chain-
ends of PE. However, the catalyst is not deactivated by the presence of the acrylate

and forms the homopolymers.

W(log M)

100 1.000 1e+04  1e+05  1e+06
M/ g/mol
Figure 99: Molecular mass distribution determined by HT-GPC analysis. Black line: Bimodal
distribution with maxima at approximately 5-10% and 3-10* g/mol obtained from
a copolymerization attempt. Red line: PMMA sample. Green line: PE sample.
GPC analysis was performed in TCB and calibration was done with PE standards.
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4.5 SUMMARY AND CONCLUSION

4.5. Summary and conclusion

A dinuclear nickel complex, which was first isolated during my master thesis, was
thoroughly characterized. Experimental evidence suggested that the complex form a
tetranuclear molecular structure in the solid state, bridged by the halide ligands. In
MeCN solution, however, a dinuclear complex was evidenced by mass spectrometry
and DOSY-NMR spectropy. The complex, after activation with MAQO, proved to be
active for the formation of PE, providing a TOF of up to 19000 h~! at 10 bar ethylene
pressure and 25 °C. It also allows to catalyze the formation of PMMA with a TOF of
33h~! at 23°C. For the formation of the copolymer the complex appears to be not
suited. A visual summary is given in

Figure 100: Visual summary of this chapter.
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5 SUMMARY AND CONCLUSION

5. Summary and Conclusion

This work contributed to the understanding of cooperativity in bi- and oligometallic

complexes (see Figure 1) through three chapters.

ﬂbarC 5
Zn
L/ £ it
TOF 92 h-1 pir j\

’—} . ©
ad

Figure 101: Novel readily accessible chiral zinc catalyst producing polycarbonates selectively
under 1 bar of CO,. Average TON values of 610 and TOF values up to 92h~1
were measured, producing an isotactic-enriched polycarbonate.

The first chapter on CO,/epoxide copolymerization led to the discovery of several
promising novel catalysts to the field. One in particular, with an ONO-pincer ligand,
provided high polymerizations activity and stereoselectivity. The self-assembled ONO-
pincer type catalysts proved to be highly active. They serve as proof of concept to
the field of CO, /epoxide copolymerization with their new design, coming along with a

great potential for future applications, continuing several beneficial features of previ-

ously reported catalysts (see [Figure 101).

In the second chapter, the interactions and mutual effects within a dinuclear complex
holding an allylpalladium unit and a palladium dihalide unit in close proximity were
investigated. New valuable insights into the interactions between the two fragments
were gained by changing the substituents and ligands within the complex. The extent
of interaction was represented by the allyl exchanges, investigated by kinetic studies
through EXSY-NMR spectroscopy. Four model complexes were used for the investiga-

tions and to understand the cooperative effects of interest. A visual summary is given

in [Figure 102}
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Figure 102: Visual summary of the investigation on the cooperative effects within a dinuclear
complex, describing the interactions a—d of Figure 1.

In the last chapter, a dinuclear nickel complex was investigated for its applicability for

the copolymerization of ethylene and MMA. Even though the complex was not found

to be active for forming the copolymer, it was able to form the homopolymers PMMA
and PE. The complex, after activation with MAQO, catalyzes the formation of PMMA
with a TOF of 33h~! (at 23°C) and provided a TOF of up to 19000h~! (at 25°C and

10 bar ethylene pressure) for PE (see [Figure 103)).

Figure 103: Polymerization results applying a dinuclear nickel catalyst for the formation of

PMMA and PE.
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6 EXPERIMENTAL SECTION

6. Experimental Section

6.1. General Considerations

All air and/or water sensitive manipulations were carried out under an anaerobic and
anhydrous atmosphere of dry dinitrogen or argon by using standard Schlenk techniques
or a glovebox, unless mentioned otherwise. Filtrations and extractions under inert
conditions were performed with a glass microfiber filler WHATMAN GF/B (25mm)
punched out by a syringe and connected to a Teflon tube. Solvents and other liquid
reactants/solutions were transferred with Norm-Ject syringes through septa. Diethyl
ether and pentane were dried over sodium benzophenone ketyl; THF, benzene, toluene
and hexanes over potassium benzophenone ketyl; CHO, MeCN over CaH,; CH,Cl, and
CHCl; over P,0O5; MeOH and EtOH over Mg; and distilled prior to use. Deuterated
solvents were dried and distilled according to the undeuterated analogues. Carbon
dioxide (Airgas, 99.999 % purity, with 120 bar of Helium) was dried over phosphorus
pentoxide. Glassware was dried prior to use at 140 °C overnight in a heating oven and
then repeatedly heated by an industrial heat gun under vacuum and set under inert
gas in an alternating fashion.

NMR spectra were measured on an Avance III 300, HD 400 or HD 500 spectrometer
from Bruker. The chemical shifts are displayed on the fI dimension as § values in
units of ppm. The residual protons of the deuterated solvent were used as internal
standard for CDCl; (§ = 7.26 ppm for the '"H-NMR, experiments and § = 77.2 ppm
for the C-NMR experiments), CD,Cl, (§ = 5.32ppm for the 'H-NMR experiments
and § = 54.0ppm for the C-NMR experiments), MeCN-d3 (§ = 1.94 ppm for the
"H-NMR experiments and § = 118.3 ppm for the "*C-NMR experiments), C¢Dg (6 =
7.16 ppm for 'H-NMR experiments and § = 128.1 ppm for the *C-NMR experiments),
MeOH-d3 (6 = 3.31 ppm for the "H-NMR experiments and § = 49.0 ppm for the 3C-
NMR experiments) or DMSO-dg (6§ = 2.50 ppm for the "H-NMR, experiments and § =
39.5ppm for the *C-NMR experiments).=® The following abbreviations were used for
the multiplicity of the NMR signals: s (singlet), d (doublet), t (triplet), q (quartet),
m (multiplet). Residual solvent signals are marked with *X’ within the spectra. All
spectra were measured at room temperature if not mentioned otherwise. The soft-
ware EXSYCalc?” was used to determine the exchange rates from the integrals of the
EXSY/NOESY experiments. DOSY-NMR spectra were evaluated with the TopSpin
Software from Bruker using the function of the T3 /T; relaxation.

Mass spectra were measured on a Applied Biosystems API 2000 (ESI), Finnigan MAT
8200, Bruker micrOTOF (HR-ESI), Bruker maXis (HR-ESI), JEOL AccuTOF GCv
(LIFDI-ToF) or Finnigan MAT LCQ (HR-ESI) instrument.
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6.1 GENERAL CONSIDERATIONS

IR spectra were measured on an ATR Jasco FT/IR-4100 or Vertex 70 from Bruker. The
i situ IR measurements were performed using a Mettler-Toledo ReactIR 10 flushed
with compressed dried air filtered by an adsorption dryer Zander KE 3 or with N,,.
Elemental analyses were submitted to the analytical laboratory of the department of
inorganic chemistry at the Georg-August-University Gottingen and performed on an
Elementar Vario EL III.

UV-Vis spectra were recorded with an Variant Cary 50 spectrometer.

GPC analysis was performed with a GPC-SEC Analysis Systems 1260 Infinity and
HT-GPC analysis on a High-Temperature Gel Permeation Chromatograph by Poly-
mer Char.

Gas chromatography (GC) analyses were performed on a Trace GC Ultra equipped
with a CP 9012 VF-5ms (30m) column. Chiral GC analysis was performed on an Ag-
ilent Technologies 7890A equipped with a CP-Chirasil-Dex CB column.

EPR spectra were measured with a Bruker E500 ELEXSYS X-band spectrometer with
a standard cavity (ER4102ST, 9.45 GHz). The sample temperature was regulated with
an Oxford instrument He-flow cryostat (ESP910) and a temperature controller from
Oxford (ITC-4). The microwave frequency was measured with the built-in frequency
counter, while the magnetic field was calibrated by using a NMR field probe (Bruker
ER035M). The simulations were done with xsophe using Gaussian line shapes.

The bis(oxazoline)-pyrazole ligand HLBOX was prepared and provided by Dr. Torben
Bohnisch. '™ If not mentioned otherwise all chemicals were acquired from commercial
sources (Acros, Sigma Aldrich, aber, Deutero, Merck) and used without further purifi-
cation.

ChemDraw and ChemOffice Version 16 from CambridgeSoft was used for the chemical

drawings.
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6 EXPERIMENTAL SECTION

6.2. Copolymerization of CO,/CHO

6.2.1. Synthesis of methyl
(5)-3-(2-(hydroxydiphenylmethyl)pyrrolidin-1-yl)propanoate

Ph
Ph OH
N
MeO (0]

(S)-diphenyl(pyrrolidin-2-yl)methanol (1.00 g, 3.95 mmol, 1 eq.) and methyl acrylate
(3.6 mL, 39.7 mmol, 10 eq.) were dissolved in 150 mL ethanol and heated to reflux
for 3 h. All volatile substrates were removed under vacuum yielding the product as a
colorless solid.

Yield: quant.

Sumformula: C,H,;NOs;.

Molar mass: 339.44 g/mol.

'"H-NMR (300 MHz, CDCl,): § (ppm) = 7.62 (m, Ph), 7.59 (m, Ph), 7.52 (m, Ph),
7.50 (m, Ph), 7.29 (m, Ph), 7.27 (m, Ph), 7.24 (m, Ph), 7.16 (m, Ph), 7.14 (m, Ph),
7.11 (m, Ph), 4.67 (s, 1H, OH), 3.84 (dd, J = 9.1, 4.5 Hz, 1H, CH), 3.60 (s, 3H, OCH,),
3.20 (m, 1H, CH,Npyrolidiney 9 39 (1) 1H, CH,Npvrrolidine) 9 35 (1 2H, CH,N), 2.21
(m, 2H, CH,COOMe), 1.87 (m, 1H, 3-CH,pmolidine) 1 70 (m, 1H, 3-CH,pymolidine) 1 62
(m, 2H, 4-C,pyrolidine

MS(ESI) in MeOH m/z: 340.4 [M+H]".

The analytical data is in good agreement with literature. 4!

6.2.2. Synthesis of (5)-3-(2-(hydroxydiphenylmethyl)
pyrrolidin-1-yl)propan-1-ol (H,LPrCH)

Ph
ph | O
N /j
HO

Methyl (.5)-3-(2-(hydroxydiphenylmethyl)pyrrolidin-1-yl)propanoate (1.28 g, 3.95 mmol)
was transferred into a Schlenk tube, dissolved in dry diethyl ether (30 mL) and cooled
to 0°C. Slowly 1.64 mL of a 2.4 M solution of LiAlH, in THF were added under vigor-
ous stirring. The reaction solution was allowed to warm to room temperature and left
to stir for 3 h. 1 mL of water was added forming a colorless precipitate. All volatile
substrates were removed under vacuum and the remaining solid was extracted with
DCM (60 mL, 30 mL, 20 mL). The suspensions were each treated with ultrasound for
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6.2 COPOLYMERIZATION OF CO,/CHO

5 min. before filtration. The solvent was evaporated yielding the product (1.19 g).
Single crystals were obtained by slow evaporation of the DCM solution.

Yield: (97 %).

Sumformula: C,,H,;NO,.

Molar mass: 311.4 g/mol.

'H-NMR (300 MHz, CDCl,): § (ppm) = 7.67-7.12 (m, 10H, Ph), 4.45 (s, 1H, OH),
3.84 (dd, J = 9.2, 4.1 Hz, 1H, CH), 3.33 (m, 2H, CH,OH), 3.26 (m, 1H, CH,Npyrrolidine),
2.37 (m, 1H, CH,Nwwolidiney 9 94 (1y 1H, CH,N), 2.08 (m, 1H, CH,N), 1.88 (m, 1H, 3-
CH,pyrrolidine) “1 70 (m, 3H, 4-CH,pyrrolidine - 3 O, pyrrolidine) 71 48 (m  2H, CH,CH,OH).
1BC-NMR (75 MHz, CDCl,): § (ppm) = 148.1 (Ph), 146.4 (Ph), 128.3 (Ph), 128.2
(Ph), 126.5 (Ph), 126.4 (Ph), 125.8 (Ph), 125.7 (Ph), 78.2 (CPh,), 71.7 (CH), 60.9
(CH,OH), 55.6 (CH,Npyrrolidiney '53 9 (CH,N), 31.6 (CH,CH,0OH), 29.6 (3-CH,pyrrolidine)
24.7 (4-CH,pyrrolidine)

MS(ESI) in MeOH m/z: 312.2 [M+H]".

6.2.3. Synthesis of [LP%HZn],
Ph. S\
Ph)p,ND

Ph O-Zn

PhA[O //\o FN/\

Zn-0 7
SO ok

0
('Z,n-o o Ph
N
- \;)(Ph
\ s

(5)-3-(2-(hydroxydiphenylmethyl)-pyrrolidin-1-yl)propan-1-ol (178.2 mg, 0.572 mmol)
was dissolved in 7 mL dry DCM and 231 pL of zinc bis|bis(trimethylsilyl)amide| were
added. The solution was stirred overnight. All volatile substrates were removed under
vacuum, yielding the desired product (214.5 mg, quant.) as a colorless solid. Single
crystals could be obtained from diffusion of pentane or diethyl ether into a DCM solu-
tion.

Yield: quant.

Sumformula: CgH, N,0,,Zn, (L,Zn,)

Molar mass: 749.58 g/mol (L,Zn,), 1499.16 g/mol (L,Zn,).

"H-NMR. (300 MHz, THF-dg, 239 K): § (ppm) = 8.82-6.78 (m, 10 H, Ph), 4.99
(m, CHCPh,), 4.67 (m, CHCPh,), 4.52 (m, CHCPh,), 4.44 (m, CHCPh,), 4.19 (m,
CHCPh,), 4.01-3.55 (m), 3.40-3.25 (m), 3.06 (t, J = 10.6 Hz), 2.92 (t, J = 12.4 Hz),
2.71-2.20 (m), 2.05-1.96 (m), 1.91-1.11 (m).

BBC-NMR (126 MHz, THF-dg, 239 K): 6 (ppm) = 156.41, 155.75, 154.76, 154.63,
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6 EXPERIMENTAL SECTION

154.39, 154.26, 154.15, 153.08, 152.26, 151.89, 129.87, 129.13, 128.93, 128.82, 128.76,
128.51, 128.00, 127.74, 127.57, 127.48, 127.39, 127.31, 127.25, 126.94, 126.79, 126.48,
126.35, 126.21, 126.07, 125.91, 125.76, 125.71, 125.44, 125.33, 80.69, 79.39, 77.86, 77.65,
76.76, 76.40, 76.30, 75.40, 74.89, 70.72, 69.22, 68.82, 68.39, 68.10, 63.07, 60.73, 60.52,
60.09, 59.11, 58.78, 58.19, 57.48, 33.74, 33.10, 32.41, 32.18, 31.11, 30.79, 29.87, 29.48,
20.21, 27.87, 26.56, 25.98, 23.71, 23.20, 22.84, 21.63, 14.88, 14.21.

Elemental analysis (%): found: C 64.19, H 6.62, N 3.52; calculated (CgqH;0sNy
0,Zn,): C 64.32, H 6.62, N 3.41.

MS(LIFDI) in toluene m/z (%): 747 (100) [LyZn,+H]| .

6.2.4. Synthesis of [LPCHNi],

(5)-3-(2-(hydroxydiphenylmethyl)-pyrrolidin-1-yl)propan-1-ol (200 mg, 0.642 mmol)
and KH (51.5mg, 1.28 mmol) were suspended in 5mL dry THF and the reaction
mixture was stirred for 30 min until no further formation of gas was observed. The
suspension was added to a suspension of NiBr,(dme) (198.1mg, 0.642 mmol) in dry
THF (5mL) and left to stir for 3 days. The purple suspension was filtered through a
WHATMAN filter and the purple solution layered with pentane. Single crystals could
be obtained.

Yield: 60%

Sumformula: C,,H,,N,O,Ni,

Molar mass: 736.21 g/mol.

'"H-NMR (300 MHz, CDCl;): 4§ (ppm) = 8.78 (m, 4H, Ph), 7.80 (m, 4H, Ph), 7.52
(m, 2H, Ph), 7.06 (m, 4H, Ph), 6.99 (m, 4H, Ph), 6.92 (m, 2H, Ph), 4.40 (m, 2H,
4-CH, Pyeeolidine) 4 91 (m, 2H, NiN—C'H2(CH,),0), 4.01 (m, 2H, CH,Npyrrolidine) "9 98
(m, 2H, CHCPh,), 2.63 (m, 2H, CH,ONi), 2.37 (m, 2H, NiN—CH,(CH,),0), 2.10 (m,
O, 4-CH,pwwolidine) 1 77 (m, 2H, 3-CH,Polidine) 1 65 (m, 2H, 3-CH,Pvrolidine) 1 60
(m, 2H, CH,Npywolidine) 1 54 (m 2H, CH,ONi), 1.00 (m, 2H, CH,(CH,)ONi).
BC-NMR (126 MHz, CDCL,): § (ppm) — 153.2 (Ph), 148.9 (Ph), 128.3 (Ph), 127.6
(Ph), 127.0 (Ph), 126.5 (Ph), 125.8 (Ph), 125.2 (Ph), 85.0 (CPh,), 79.7 (CHCPhy), 63.6
(NiN—CH2(CH,),ONi), 59.8 (CH,Npvrrolidiney " 57 9 (CH,ONi), 29.2 (3-CH,pyrrolidine),
27.5 (CH,(CH,)ONi), 24.8 (4-CH,pyrolidine)
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6.2 COPOLYMERIZATION OF CO,/CHO

MS(MALDI) in a DCTB A 4-5 matrix m,/z: 735.6 [L,Ni,+H]*.

6.2.5. Synthesis of [LPCHCo],

ﬁ,,yb

Ph Ph/,

(5)-3-(2-(hydroxydiphenylmethyl)-pyrrolidin-1-yl)propan-1-ol (50 mg, 0.161 mmol) and
KH (13.3mg, 0.332 mmol) were suspended in 5mL dry THF and the reaction mixture
was stirred for 30 min until no further formation of gas was observed. The suspension
was added to a suspension of CoBr, (35.1mg, 0.161 mmol) in dry THF (5 mL) and left
to stir for 3 days. The solvent was removed under vacuum and the obtained solid was
extracted with dry DCM (3 x 3mL), filtered and the solvent was removed, yielding the
complex as blue solid.

Yield: 50 %

Sumformula: (C,,H,;N,0,Co),

Molar mass: (368.34), g/mol.

para 'H-NMR (300 MHz, CDCl;): 194.32, 150.66, 130.66, 80.59, 29.08, 23.14, 5.14,
1.22, 0.83, -8.36, -14.44, -65.38, -72.72, -115.73.

6.2.6. Synthesis of H,LPr02H

“ay

HO™ ~O

Methyl (S)-3-(2-(hydroxydiphenylmethyl)pyrrolidin-1-yl)propanoate (556.7 mg, 1.640
mmol) and NaOH (0.777mg, 19.4 mmol) were dissolved in ethanol (30 mL) and water
(5mL). The reaction was heated to reflux for 2h. The reaction solution was reduced
to 5mL under vacuum and a HCI solution was added until pH 7 was reached. DCM
(3 x 20mL) was added to extract the target compound. The DCM was removed from
the combined organic phases yielding the product (150 mg).

Yield: 28%

Sumformula: C, H,3NO4

Molar mass: 325.4g/mol.

'"H-NMR (300 MHz, CDC1,): ¢ (ppm) = 7.66-7.09 (m, 10H, Ph), 4.42 (t, J = 7.6 Hz,
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1H, CH), 3.65 3.40 (i, 1H, CH,NP™olidine) 9 88 (1 1H, CH,NPvolidine) 9 83 (1 2H,
CH,COOH), 2.52-2.31 (m, 2H, CH,N), 2.20-1.93 (m, 2H, 3-CIH,pvolidine) 1 89 (¢,
— 13.4, 6.6 Hz, 2H, 4-CH,pyrolidine)

BC-NMR (126 MHz, CDCl,): ¢ (ppm) = 175.1 (COOH), 145.5 (ipso-C-Ph), 144.8
(ipso-C-Ph), 128.6 (PhL), 128.5 (Ph), 127.5 (Ph), 127.1 (Ph), 126.0 (Ph), 125.8 (Ph),
78.3 (CPhy), 74.3 (CHN), 54.6 (CH,Npvelidine) 59 8 (CH,N), 32.2 (CH,COOH), 28.6
(3-CH, pymeolidine) 93 3 (4 (], pyrolidine).

MS(ESI) in MeOH m/z: 348.2 [H,LP°0:H « Na|*, 326.2 [H,LPrO0H | H|*.

6.2.7. Synthesis of H,LFi2ProOH

N/j
FsC

(5)-bis(3,5-bis(trifluoromethyl)phenyl) (pyrrolidin-2-yl)methanol (98.7 mg, 0.188 mmol)
and methyl acrylate (0.17 mL, 18.8 mmol) were dissolved in 10 mL ethanol and heated to
reflux for 72 h in a Schlenk tube (product formation monitored by NMR spectroscopy).
All volatile substrates were removed under vacuum yielding the intermediate product
as colorless solid. The obtained solid was dissolved in dry diethyl ether (7mL) and
cooled to 0°C. Slowly 0.08 mL of a 2.4 M solution of LiAlH, in THF were added under
vigorous stirring. The reaction solution was allowed to warm to room temperature and
left to stir overnight. 1mL of water was added. All volatile substrates were removed
under vacuum and the remaining solid was extracted with DCM (2 x 15 mL), applying
ultrasound for 5 min. before filtration. The DCM phase was evaporated yielding the
product (107 mg).

Yield: 98 %.

Sumformula: C,,H,,F,NO,.

Molar mass: 583.4 g/mol.

'"H-NMR (300 MHz, CDCl;): 6 (ppm) = 8.11 (s, 2H, Ph), 8.00 (s, 2H, Ph), 7.75
(s, 2H, Ph), 3.90 (dd, J = 8.7, 5.4Hz, 1H, CH), 3.37 (t, J = 6.1Hz, 2H, CH,OH),
3.26 (ddd, J = 9.9, 6.2, 4.0Hz, 1H, CH,Npyrrolidine) =9 50 (td, J = 9.0, 7.0 Hz, 1H,
CH,Npymolidiney ‘9 97 (dt, J — 12.1, 6.0 Hz, 1H, CH,N), 2.02 (dt, J — 12.4, 7.9 Hz, 1H,
CH,N), 1.92-1.81 (m, 1H, 3-CH,Pyrelidine) "1 78-1.62 (m, 2H, 4-CH,Pyrrolidine) "1 571 .43
(m, 3H, CH,CH,OH and 3-CH,Pyrelidine),

BC-NMR. (75MHz, CDCl;): ¢ (ppm) = 149.8 (Ph), 147.9 (Ph), 132.0 (dq, J =
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6.2 COPOLYMERIZATION OF CO,/CHO

33.3, 6.4 Hz, CF,), 128.8 (Ph), 126.0 (dq, J = 15.3, 3.2 Hz, CF,), 125.2 (Ph), 121.6
(Ph), 121.3 (dq, J = 7.7, 3.7 Hz, CF,), 77.4 (CPhy), 71.2 (CH), 60.6 (CH,OH),
55.1 (CH,Npyrrelidine) 53 1 (CH,N), 31.1 (CH,CH,OH), 29.8 (3-CH,Pyrolidine) 94 9 (4
CH2pyrrolidine) )

YF-NMR (282 MHz, CDCl): § (ppm) = -62.9.

6.2.8. Synthesis of H,LPro0HMe

(S)-diphenyl(pyrrolidin-2-yl)methanol (0.405g, 1.60mmol) and but-3-en-2-one (1.45
mL, 17.2mmol) were dissolved in 50 mL ethanol and heated to reflux for 4h. All
volatile substrates were removed under vacuum. To the obtained solid was dissolved
in 40 mL of dry diethyl ether, cooled to 0°C and 0.7mL of a 2.4 M solution of LiAlH,
in THF were added slowly under vigorous stirring. The reaction solution was allowed
to warm to room temperature and left to stir overnight. 1 mL of water was added. All
volatile substrates were removed under vacuum and the remaining solid was extracted
with DCM (2 x 20mL), applying ultrasound for 5 min. before filtration. The DCM
phase was evaporated yielding the target compound.

Yield: 92%.

Sumformula: C, H,,NO,.

Molar mass: 325.5g/mol.

'H-NMR (300 MHz, CDCl,): 7.68-7.07 (m, 10H, Ph), 4.67 (s, 1H, OH), 3.86 (dd,
J = 9.0, 43 Hz, 1H, CH), 3.79 (dd, J = 9.4, 4.3 Hz, 1H, CH’), 3.63-3.48 (m,
1H, CHMe), 3.39-3.26 (m, 1H, CHMe’), 3.22-3.14 (m, 1H, CH,Npyrrolidine) "9 419 29
(m, 1H, CH,Npyrrolidine) “9 95 913 (m, 1H, CH,N), 2.13-2.01 (m, 1H, CH,N), 1.96-
1.83 (m, 1H, 3-CH,Pymrolidiney 1 76-1.68 (m, 1H, 3-CH,Pymelidine) "1 68-1.62 (m, 1H,
4-CH,pyrrolidine) 1 431,33 (m, 1H, 4-CH,Pyrrolidine) 9 391 .25 (m, 2H, CH,COH), 0.95
(d, J = 6.3 Hz, 3H, CH;), 0.93 (d, J = 6.2 Hz, 3H, CH,).

MS(EST) in MeOH m,/z: 326.2 [H,LFrO0HMe  H|+,
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6.2.9. Synthesis of H,LO“°NO™
Ph Ph

240H

N~_N OH
L

2,2-Diphenyloxirane (999 mg, 5.09 mmol, 1 eq.) and 3-(butylamino)propan-1-ol (668 mg,
5.09mmol, 1eq.) were filled in a flask and the reaction mixture was stirred for 7 days
at 60°C (71 % conversion determined by '"H-NMR spectroscopy), 5 days at 80 °C (90 %
conversion determined by 'H-NMR spectroscopy) and 5 days at 120°C. The crude
product was obtained as an oil.

Yield: 90 % (*H-NMR).

Sumformula: C,,H,NO,.

Molar mass: 327.5g/mol.

'"H-NMR (300 MHz, CDCl,): ¢ (ppm) = 7.54 — 7.15 (m, Ph), 3.51 (¢, J = 6.1 Hz,
2H, CH,OH), 3.35 (s, 2H, CH,CPh,), 2.44 (t, J = 7.0 Hz, 2H, NCH,CCOH), 2.32 (t,
J = 7.6 Hz, 2H, NCH,"BY), 1.59 (dt, J = 12.7, 6.2 Hz, 2H, NCCH,COH), 1.34 (dtd,
J =10.1, 7.3, 5.4 Hz, 2H, CH,CCHs,), 1.12 (dq, J = 14.2, 7.2 Hz, 2H, CH,CHS,), 0.80
(t, J = 7.3 Hz, 3H, CH,).

BC-NMR (75 MHz, CDCl,): § (ppm) = 147.3 (Ph), 128.4 (Ph), 128.3 (Ph), 127.6
(Ph), 126.8 (Ph), 125.9 (Ph), 74.7 (CPh,), 65.5 (CH,CPh,), 61.4 (COH), 55.1 (NCH,
of nBu), 52.2 (NCH,CCOH), 30.0 (NCCH,COH), 29.0 (CH,CCHj,), 20.5 (CH,CH,,
14.1 CH,,

MS(ESI) in MeOH m/z (%): 328.2 (100) [M+H]|", 350.2 (3) [M+Na|*.

6.2.10. Synthesis of H,L9“NO™

Ph Ph
OH

N OH
\/\/LJ

2-(Butylamino)ethan-1-ol (600.2 mg, 5.12 mmol) and 2,2-diphenyloxirane (1005 mg, 5.12
mmol) were filled in a flask and the reaction mixture was stirred for 7 days at 60°C
(71 % conversion determined by 'H-NMR spectroscopy), 5 days at 80 °C (90 % conver-
sion determined by '"H-NMR spectroscopy) and 5 days at 120°C. The crude product
was obtained as an oil.

Yield: 95% (*H-NMR).

Sumformula: C,,H,,NO,.

Molar mass: 313.4g/mol.

'H-NMR (300 MHz, CDCl;): § (ppm) = 7.53 — 7.16 (m, Ph), 3.53 (t, J = 5.5 Hz,
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6.2 COPOLYMERIZATION OF CO,/CHO

9H, CH,OH), 3.41 (s, 2H, CH,CPh,), 2.60 (t, J = 5.5 Hz, 2H, NCH,COH), 2.37 - 2.29
(m, 2H, NCH,"®"), 1.31 (dt, J = 15.1, 7.2 Hz, 2H, CH,CCH,), 1.08 (tq, J = 14.1, 7.3
Hz, 2H, CH,CH,), 0.77 (t, J — 7.2 Hz, 2H, CH,).

MS(ESI) in MeOH m/z: 314.2 [M+H]".

6.2.11. Synthesis of H,L0""NO™

2,2-Diphenyloxirane (1.441g, 7.34mmol) and butan-l-amine (268.4mg, 3.67 mmol)
were filled in a flask and the reaction mixture was stirred for 7 days at 60°C (71 %
conversion determined by 'H-NMR spectroscopy), 5 days at 80°C (90 % conversion
determined by 'H-NMR spectroscopy) and 5 days at 120°C. The crude product was
obtained as an oil.

Yield: 52% (*H-NMR).

Sumformula: C;,Hy;NO,.

Molar mass: 465.6 g/mol.

"H-NMR (300 MHz, CDCl,): ¢ (ppm) = 7.50 — 7.17 (m, Ph), 3.50 (s, 4H, CH,CPh,),
2.07 (m, 2H, NCH,"BY), 1.28 (m, 2H, CH,CCH,), 1.17 (m, 2H, CH,CH,), 0.65 (t, J —
7.2 Hz, 2H, CH,).

6.2.12. Synthesis of [L?'(Zn-OAc),]

Pyrazole-3,5-dicarbaldehyde (101 mg, 0.814 mmol) and Zn(OAc,) (149 mg, 0.814 mmol)
were suspended in dry ethanol (12mL) and heated to 73°C for 15 min., to form a so-
lution. 2,2-Dimethylpropane-1,3-diamine (83.2mg, 0.814 mmol) in dry ethanol (4 mL)
was added drop-wise and the reaction mixture was stirred at 73 °C for 2h. All volatile
compounds were removed under reduced pressure, leaving a beige solid. The solid was

dissolved in DCM and layered /precipitated with hexane to yield the target compound.
Yield: 53%
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Sumformula: C,,H,;,N;O,Zn,

Molar mass: 627.33 g/mol.

'"H-NMR (300 MHz, CDCl,): 6 (ppm) = 7.99 (s, 4H, CH=N), 6.42 (s, 2H, H-Pz),
4.61 (d, J = 12.0 Hz, 4H, CH,N), 3.20 (d, J = 11.3 Hz, 4H, CH,N), 2.06 (s, 6H, OAc),
1.14 (s, 6H, CH,), 0.61 (s, 6H, CH,).

BC.NMR (75 MHz, CDCL): § (ppm) — 177.7 (COO), 1552 (C=N), 148.3 (C-
NN), 105.4 (CH-CNN), 69.3 (CH,-N), 37.6 (CMe,), 26.8 (CH,), 22.9 (CH,), 22.6
(CH;—COO0).

6.2.13. Synthesis of [LPA(Zn-Cl),]

[LPY(Zn-OAc),] (81.5mg, 0.130 mmol) was dissolved in dry THF (16 mL) and LiAIH,
(61 mg, 1.62mmol) was added in small portions. The suspension was left to stir for
24 h. The reaction was quenched by the addition of methanol (p.a.). All volatile com-
pounds were removed under reduces pressure. The obtained solid was extracted with
DCM. The removal of the volatile compound gave the target complex. Layers of a
DCM solution and hexanes yielded single crystals suitable for X-ray diffraction exper-
iment.

Yield: 10%

Sumformula: C, H;,N;7Zn,Cl,

Molar mass: 588.21 g/mol.

'"H-NMR . (300 MHz, CDCl,): § (ppm) = 6.21 (s, 2H, H-Pz), 3.77 (s, 8H, CH,—Pz),
2.48 (s, 8H, CH,C(CH,;),), 1.25 (s, 4H, NH), 0.92 (s, 12H, CH,).

BC-NMR. (75MHz, CDCl;): ¢ (ppm) = 102.6 (HC-Pz), 59.0 (CH,C(CH,),), 46.5
(CH,—Pz), 34.6 (C(CH,),), 25.6 (CH,).
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6.2.14. Synthesis of [LB®XZn,-OAc;],

The ligand HLEOX (150.0 mg, 0.409 mmol) and Zn(OAc), (150.2mg, 0.819 mmol) were
suspended in dry DCM (10mL) and the reaction mixture stirred overnight, forming a
colorless solution. All volatile compounds were removed under vacuum, yielding the
target compound as colorless solid. Layers of a DCM solution and hexanes yielded
single crystals suitable for X-ray diffraction experiment.

Yield: >90%

Sumformula: C;,HgNgO,47Zn,

Molar mass: 1346.70 g/mol.

'"H-NMR (300 MHz, CDCl,): § (ppm) = 7.48 — 7.29 (m, 10H, Ph), 4.54 (dd, J =
9.4 Hz, 4H, CH,), 4.40 (dd, J = 9.4 Hz, 4H, CH,), 4.28 (m, 4H, CHN), 2.16 (m, 4H,
CHMe,), 1.97 (s, 9H, OAc), 0.92 (d, J = 6.7 Hz, 12H, CH,), 0.86 (d, J = 6.8 Hz, 4H).
BC-NMR (75 MHz, CD,Cl,): § (ppm) = 179.2 (CO-0), 165.3 (O-C=N), 137.6 (Ph),
131.4 (Ph), 130.8 (Ph), 128.3 (NN-C), 128.1 (Ph), 122.9 (C-Ph), 73.0 (CH,), 68.0 (C-
iPr), 31.1 (CHMe,), 22.6 (CH,°4¢), 19.0 (CH,), 16.0 (CH,).

ESI-MS in THF m/z (%): 1281.2 [M-OAc]* (2.5).

6.2.15. Synthesis of [LB®XCo,-OAc;],

The ligand HLE®X (151.3mg, 0.414 mmol) and Co(OAc), (146.2 mg, 0.826 mmol) were
suspended in dry DCM (15mL), forming a thick gel. After stirring overnight a purple

solution formed. All volatile compounds were removed under vacuum, yielding the
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target compound as purple solid. Yield: >90 %
Sumformula: C;,HN;O,4Co,
Molar mass: 1320.91 g/mol.

Analytic: see section 2.6.2.

6.2.16. General remarks regarding the CO, cyclohexene oxide

copolymerization

The CHO was dried over CaH, (reflux for 48h) and fractionally distilled (collect the
main CHO-fraction only after the thermometer shows 136 °C and the distill bridge
was rinsed properly with the clean CHO during the distillation process) several times
until it was sufficiently dry (usually 2-3 times). The remaining water content was
measured by Karl-Fischer titration. The storage of the dried CHO should be done
in hydrophobic glassware equipped with a Young valve. It was observed, that after
thoroughly drying of the glassware (overnight at 140 °C, then attaching to the vacuum
and three times heating to ca. 400 °C) traces of water remain on the surface, that will
slowly desorp from the surface into the CHO. When working with epoxides the use of
silicon grease (Dow Corning high vacuum grease) should be avoided since it was found
to be active for the homopolymerization, likely due to the thickener that it contains.
Instead, PTFE paste should be used. For the same reason, molecular sieve and/or

other medium /strong Lewis acids should be avoided. 76341342

The polymerizations that needed a pressure higher than 1bar in CO, were performed
in a stainless steel Picoclave of the company BuchiGlasUster AG with a stainless steal
100 mL reactor chamber for pressures up to 60 bar and temperatures up to 260 °C (s.
[Figure 104). A Pt-100-Element inside the reactor chamber allowed the measurement
and recording of the temperature. A photo of the setup can be found in Figure 105.

The polymerizations were performed in glass vials with a steering bar which were
placed inside of the reaction chamber. The solution of the catalyst (in neat CHO if not
mentioned differently) was inserted through three thin Teflon tubes into the glass vials
(up to three) inside of the reaction chamber. The Teflon tubes were connected on one
side to a cannula with parafilm and guided through a septum on valve B (Figure 104)
into the glass vials inside of the reactor, when preparing the reactor (vials were sealed
with a multiply pierced plastic lid, to avoid spillage but allow pressure equalization).
To free the reactor of water and air it was heated under vacuum overnight. In order to
seal the open valve B (with the Teflon tubes passing through it) an adapter device was
designed allowing to cover the valve B (with the Teflon tubes and cannulas hanging

out of it), with a standard 100 mL one-neck round flask.
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‘exhaust

Schlenk line

Figure 104: Sketch of the reactor that was used for higher pressures. Valve A: three way
valve between the Schlenk line and the exhaust. Valve B: Inlet to the reaction
chamber through which the Teflon tubes are directed into the glass vials inside of
the reaction chamber. Valve C: Needle valve to the CO4 supply. Valve D: Needle
valve. Cryo: Cryostat or recuperator.

Figure 105: Foto of the reactor setup that was used for higher pressures.
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The connected cannula to the Teflon tube allowed to fill the glass vials with a syringe
in an inert fashion, by connecting the syringe (filled with CHO/catalyst solution and
>10mL of argon atmosphere, held upside down and slowly squeezing out the argon
atmosphere during the connecting process) to the cannula under counter-current flow
of argon. Once the syringe is connected to the cannula, both are turned around and the
reaction solution is injected (make sure to keep ca. 2mL of argon inside the syringe after
connecting the cannula to the syringe, to flush the remaining CHO-solution, standing
in the Teflon tubes, into the reactor). [ATTENTION: Do not remove the Teflon tubes
or the syringes from the cannulas, the slight over pressure inside the reactor will press
out your reaction solution through the tubes.] All Teflon tubes were pulled out of the
reactor together (use tongs) and the reactor was sealed by closing valve B.

Control experiments were performed with Zn(OAc),, ZnBr,, ZnCl, and Zn(HMDS),.
Zn(HMDS), formed very fast the undesired polyether poly(cyclohexene oxide).

In situ IR probe "i
Schlenk line/CO, 554 %

Outlet with septum ‘ :
to take samples [« S

Reaction solution
Oil bath g

|stirrer with Pt-100 |

Figure 106: Setup that was used for the CO,/epoxide copolymerization at 1 bar.

Polymerizations that were performed at 1bar of CO, pressure were performed in a
Schlenk tube. If an in situ IR measurement was performed of the reaction, a two necked
Schlenk tube was used (s. [Figure 106). Glassware that was described as hydrophobic
was treated with trimethylsilyl chloride prior to use. The glassware was stored overnight
at 140 °C, directly put into a dessicator containing ca. 10 mL trimethylsilyl chloride,
the pressure was reduced to ca. 60mbar and the dessicator was sealed. After the

glassware was cooled to RT the process was repeated two more times.
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6.3 ALLYL PALLADIUM CHEMISTRY

6.3. Allyl Palladium Chemistry

The ligand HLP'™™" was taken form a batch that was used during my Master Thesis, 18!

which was prepared according to literature.?3¢

The ligand HLP™" | the complexes [LF"" PdBr,Pd(C,H,)] and [LF""PdBr,Pd(C,H,)]

were prepared according to the synthetic route established during my Master Thesis. 18

6.3.1. Synthesis of [LP""PdCl,Pd(C3H;)]

Ph\ Fbh

Allyl chloride (0.24 ml, 2.97 mmol) was injected into a Schlenk tube under inert condi-
tions and freeze-pump-thaw degassing was performed three times. To the frozen allyl
chloride, palladium(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane (294 mg of a 10.74 %
Pd(0) solution) was added and freeze-pump-thaw degassing was repeated. At room
temperature a yellow solid forms witch was dissolved by the addition of dry DCM
(10 ml). A solution of HLF™" (150 mg, 0.149 mmol) in dry DCM (10 ml) was added
drop-wise. The solution was stirred overnight. The volatile substances were removed
in vacuo and the crude solid was washed with diethyl ether (4 x 5 ml). The product
(175 mg, 0.131 mmol) was obtained after drying in vacuo as an orange solid. Single
crystals were obtained by layering a DCM solution with hexanes.

Yield: 88 %.

Sumformula: C,,HyCl,N,Pd,.

Molar mass: 1333.2 g/mol.

'H-NMR (500 MHz, CD,Cl,, 237 K): § (ppm) = 7.42-6.97 (m, 40H, Ph), 6.83 (d,
J = 1.4 Hz, 1H, HCaviline, aliylside) g 77 (q J — 1.4 Hz, 1H, HCavline, alllsidey 661 (5
2H, H(Caniline, Clside) “6 99 (s, 1H, CHPh,“*19¢), 6.18 (s, 1H, CHPh,Cside) 548 (s, 1H,
CHPh,2vkside) "5 33 (s, 1H, CHPh,2¥+side) " 513 (tt, J = 12.8, 6.8 Hz, 1H, CH*W¥),
4.99 (dd, J = 6.8, 1.4 Hz, 1H, H*™ ) 323 (d, J = 12.8 Hz, 1H, H*Y ) 253

inside, syn inside, anti

(dd, J = 6.8, 1.9 Hz, 1H, H*! ), 2.21 (s, 3H, CH;—aniline®d¢), 213 (s, 3H,

outside, syn
CH,;—aniline®¥-sid¢) 161 (d, J = 12.1 Hz, 1H, H3V e, ane)s 1.55 (s, 3H, CHy;—Pz),
1.03 (s, 3H, CHy;—CNallvbside) ©_0 44 (s, 3H, CH;—CN¢tside),
BC-NMR (126 MHz, CD,Cl,, 237 K): § (ppm) = 175.0 (C=Nallykside) 1179 7 (C=N¢
side)’ 152.0 (C_NNCI—side>7 150.2 (C_NNallyl—side)’ 143.3 (Caniline_Nallyl—side>’ 143.2 (Caniline_

NClside) 149 1 (Ph), 142.0 (Ph), 140.9 (Ph), 140.7 (Ph), 140.1 (Caniline_CPp, allykside)
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138.3 (Caniline_(C Ph,Clside) - 138.3 (Caniline _CH,Cside) 1 136.4 (Ph), 135.9 (Ph), 135.6
(Ph), 135.3 (Ph), 130.6 (Ph), 129.9 (Ph), 129.8 (Ph), 129.7 (Ph), 129.6 (Ph), 129.6
(Ph), 129.6 (Ph), 129.1 (Ph), 129.0 (Ph), 128.7 (CH?lire, allylside) 198 7 (Ph), 128.6
(CHaniline,Clsidey 198 5 (Ph), 128.2 (Ph), 126.9 (Ph), 126.8 (Ph), 126.7 (Ph), 126.6
(Ph), 126.3 (Ph), 120.6 (C?*—CH,), 115.7 (CHM), 68.6 (C22. ), 60.7 (C2L ),
52.2 (HCPh,O59¢) 52 1(HCPh,Ci4), 52.0 (HCPhyside) 51,9 (HCPhyhside) 915
(CHy—aniline®™i4¢) 21 4 (CH;—aniline®9¢)  18.6 (CH;—CN), 18.0 (CH;—CN), 9.7
(CH;—Pz).

MS(ESI) m,/z: 2638, 1297 [M-C1]*, 1303, 1969.

IR (ATR): v (em™') = 3448 (m), 3024 (m), 2922 (m), 1599 (s), 1572 (s), 1494 (s),
1448 (s), 1424 (m), 1384 (w), 1363 (w), 1316 (m), 1258 (w), 1209 (w), 1078 (m), 1032
(m), 869 (w), 769 (m), 749 (w), 702 (s).

6.3.2. Synthesis of [LP""PdCl,Pd(C;H;)]

Allyl chloride (0.168 ml, 2.34 mmol) was injected into a Schlenk tube under inert con-
ditions and freeze-pump-thaw degassing was performed three times. To the frozen allyl
chloride, palladium(0)1,3-divinyl1,1,3,3-tetramethyldisiloxane (204 mg of a 10.74 %
Pd(0) solution) was added and freeze-pump-thaw degassing was repeated one more
time. The reaction flask was allowed to reach room temperature and a yellow solid
formed witch was dissolved by the addition of dry DCM (5 ml). A solution of HLP
(50 mg, 0.103 mmol) in dry DCM (10 ml) was added drop-wise. The solution was
stirred overnight and turned orange. The volatile substances were removed in vacuo
and the crude solid was washed with diethyl ether (4x5 ml). The product (68 mg,

0.084 mmol) was obtained after drying in vacuo as an orange solid. Single crystals

IiPr

were obtained by layering a DCM solution with hexane.

Yield: 82 %.

Sumformula: C,,HgCl,N,Pd,.

Molar mass: 1333.2 g/mol.

'H-NMR (500 MHz, CD,Cl,, 237 K): ¢ (ppm) = 7.32-7.16 (m, 6 H, HC-aniline),
5.55 (tt, J = 12.9, 6.8 Hz, 1H, CH*M), 5.06 (d, J = 6.8 Hz, 1H, H*Y ), 3.52 (d,

inside, syn

J = 12.9 Hz, 1H, H*Y ), 3.18 (sep, J = 6.7 Hz, 1H, CHCH,9)  3.14 (sep, J

inside, anti

= 6.7 Hz, 1H, CHCH,“"s!9°) 3.11 (sep, J = 6.7 Hz, 1H, CHCH,side) 282 (sep, J
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= 6.7 Hz, 1H, CHCH,*Wside) 192,82 (d, J = 6.8 Hz, 1H, allyl-Hyy outside), 2.71 (d, J =
12.2 Hz, 1H, allyl-Hauti outside)s 2-53 (s, 3H, CHCH;-Pz), 2.20 (s, 3 H, CH;-C=N,jy1.side
), 2.17 (s, 3 H, CH3-C=Ncysige ), 1.36 (d, J = 6.8 Hz, 3H, CH;CH ¢y144e), 1.34 (d, J
= 6.8 Hz, 3H, CH;CH cygiqe), 1.24 (d, J = 6.8 Hz, 3H, CH;CHanyiside), 1.15 (d, J =
6.8 Hz, 3H, CH;CH,jiy1.side), 1.13 (d, J = 6.8 Hz, 3H, CH3;CHapy1.sige ), 1.10 (d, J = 6.8
Hz, 3H, CH;CH,jy1side), 1.09 (d, J = 6.8 Hz, 3H, CH;CH¢ygige), 1.08 (d, J = 6.8 Hz,
3H, CH;CHcyside)-

1BC-NMR (126 MHz, CD,Cl,, 237 K): § (ppm) — 171.1 (N=Cayyisiae), 169.8 (N=Cy.
sde)s 152.5 (NN-Cayisige); 150.9 (NN-Cpgiae), 144.2 (N-Coypsiqe-aniline), 141.2 (iPr-
Covsige), 1411 (iPr-CClisie), 140.4 (N-Cepgae-aniline), 138.6 (iPr-Canyisiae), 138.4
(iP1-CCanyi- side) 127.7 (HCany1sige-aniline), 127.0 (HCcygige-aniline), 124.1 (HC,pyi-side-
aniline), 124.0 (H-C,py1sige-aniline), 123.4 (HC¢ygge-aniline), 123.4 (HC¢ygge-aniline),
122.2 (CH3-C-Pz), 116.4 (H-Cayy), 69.1 (allyl-CH, ®54¢), 62.0 (allyl-CH, ©utside) 8.7
(Me,Cside), 28.7 (MeyCoepside), 28.6 (MeyCayiside), 28.3 (MeyCanglside), 24.1 (CH;CH),
23.9 (CH,CH), 23.8 (CH,CH), 23.6 (CH,CH), 23.5 (CH,CH), 23.5 (CH,CH), 23.5
(CH,CH), 23.3 (CH;CH), 20.1 (CHy-CNeyside), 19.8 (CHy-CNanyiside), 11.0 (CH,-Pz).
MS(ESI) m/z : 773 [M-Cl] *. IR (KBr): 3468 (m), 3064 (w), 2061 (s), 2026 (m),
2868 (m), 1592 (s), 1570 (s), 1491 (m), 1458 (s), 1437 (s), 1384 (m), 1364 (m), 1325
(5), 1256 (w), 1241 (w), 1180 (w), 1100 (w), 1056 (w), 801 (m), 775 (m), 732 (m) cm’.

6.4. Copolymerization of ethylene and methyl methacrylate

6.4.1. Synthesis of [LP""Ni,Br;],

o Ph
z
N 7SN
NN NN
Ph"  Bf B Ph

The Ligand HLP™ (150.0 mg, 0.149 mmol) and potassium tert-butanolate (18.3 mg,
0.163 mmol) were suspended in DCM (15 ml) and the reaction mixture was stirred for
30 min. The suspension was filtered and dropwise added to a solution of [NiBr,(dme)]
(91.73 mg, 0.297 mmol) in DCM (20 ml) and the reaction mixture was stirred overnight.
The solvent was removed in vacuo in order to obtain the orange product and redissolved
in DCM (20 ml), washed with water (15 ml) and the aqueous phase was extracted with
DCM (2x20 ml). The combined organic phases were dried over MgSO,, filtered and

the solvent was removed. The product was dissolved in DCM, and hexane and diethyl
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ether were diffused into the solution to obtain yellow crystals. The synthesis was first

described during my master thesis. 18!

Yield: 90 %

Sumformula: C;,Hg;BryN,Ni,.

Molar mass: 1365.42 g/mol.

para-'H-NMR: see Figure 125.

DOSY-NMR: see Figure 126.

MS(ESI) in MeOH m,/z: 1281.2 [LF""Ni,Br,]|*.

6.4.2. Synthesis of [LP'PhCu2C|3]2
Ph C“ o N\C“ Ph
Ph CI \ ‘Cl CI Ph
LN \ C\ [

IPh

The Ligand HLY

0.041 mmol) were suspended in DCM (10 ml) and the reaction mixture was stirred for

(30.3 mg, 0.030 mmol) and potassium tert-butanolate (4.6 mg,

30 min. The suspension was filtered and drop-wise added to a solution of CuCl,-H,O
(10.6 mg, 0.062 mmol) in THF (10 ml) and the reaction mixture was stirred overnight.
The solvent was removed in vacuo in order to obtain the red product and redissolved
in toluene (12 ml), filtered and layered with hexanes. Single crystals were obtained.
Yield: 82%

Sumformula: C,,gH;4;ClzNgCu,.

Molar mass: 2483.54 g/mol.

MS(ESI) in MeOH m,/z: 2241.57 [LP"" Cu,CL]" (tetranuclear).

6.4.3. General remarks regarding the ethylene polymerization

The polymerization reactions of ethylene were performed in a BiichiGlasUster pressure
vessel (200mL) equipped with a Pt-100 element and a Cyclone stirrer drive. The
reaction vial was freed of moisture and air using standard Schlenk techniques. The
solvent (toluene) and catalyst were entered through a septum attached to a ball-valve
into the autoclave. The reactor was closed, the Cyclone stirrer drive was set to 1000 rpm

and ethylene was pressed into the reaction chamber until the desired pressure was
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reached. The reactions were run for 1 h and then quenched by the addition of methanol
and 1 M HCI solution. The precipitated polymer was filtered off and dried to constant
weight.

6.4.4. General remarks regarding the MMA polymerization

The polymerization reactions of methyl methacrylate were performed in a Schlenk vial
equipped with a stirring bar. The methyl methacrylate was freed of air using the
freeze-pump-thaw degassing technique, then DCM and MAO were added, followed by
the catalyst as a DCM solution. After the desired reaction time a 1 M HCI solution
was added, the phases separated and the solvent of the organic phase was removed,

yielding the PMMA.

6.4.5. General remarks regarding the ethylene and methyl methacrylate

copolymerization

The copolymerizations were performed according to section 6.4.3. In the step when the
catalyst was added, dried methyl methacrylate (dried over CaH,) was added as well.
The reaction time was increased to >15h. The stabilizer of the MMA can be removed
by filtration over basic aluminum oxide.

A fast removal of the MMA from the reaction solution, ideally under inert conditions,
after the polymerization is recommended, because auto-polymerization of the MMA

can be mistaken for a false positive.
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A APPENDIX

A. Appendix

A.1l. Mass Spectrometry

A.1.1. Complex [LPrOHZn],

C40H47N2042Zn2 - resolution: 0.01
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Figure 107: LIFDI-MS (positive mode) of [LF™*©HZn], in toluene.
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A.2 NMR SPECTROSCOPY

A.2. NMR Spectroscopy

A.2.1. Complex [LPrOHZn],

—— T T T
5.1 5.0 4.9 4.8 4.7 46 4.5 4.4 4.3 4.2 4.1 4.0
f1 (ppm)

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)

Figure 108: 'H-NMR spectrum of [LF**©"Zn|y in CDCl; at 238 K.

3C NMR (126 MHz, THF, 239 K) 8
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Figure 109: '3C-NMR spectrum of [LF*9HZn], in THF at 239 K.
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Figure 110: Section from 154.0-147 ppm of the '3 C-NMR spectrum of [LF™9HZn], in CDCly
at 238 K. Sample contained Si(TMS), as internal standard from the DOSY mea-
surements.
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Figure 111: DOSY-NMR spectrum of [LF™9HZn], in CDCl; at 323 K. Si(TMS), as internal
standard. Processing was performed with TopSpin NMR software from Bruker.
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Figure 112: Overlay of the DOSY-NMR spectra of [LF™CHZn], in CDCl; at 238 K (blue)
and 323 K (red). Si(TMS), as internal standard. Processing was performed with
TopSpin NMR software from Bruker.
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Figure 113: DOSY-NMR spectra of [LF™CHZn], in THF at 298 K. Processing was performed
with TopSpin NMR software from Bruker.
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Figure 114: Overlay of the DOSY-NMR spectra of [LF™°OHZn], in CDCly at 223 K (blue), 238
K (red) and 323 K (purple). Si(TMS), as internal standard and used as reference
for the overlay, thus the values of the y-axis should be disregarded. Processing
was performed with TopSpin NMR software from Bruker.
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A.2.2. Complex [LPr02HZn],
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Figure 115: 3C-NMR spectrum of [LF*92HZn]y in CDCl,.

A.2.3. Complex [LB9%*Zn,(OAc);],
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Figure 116: DOSY-NMR spectrum of [LBOXZny(OAc)s]z in CD,Cl,.
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Figure 117: 3C-NMR spectrum of [LB9XZny(OAc)3]s in CDyCl,.

A.2.4. Complex [LB9%Co,(OAC);],
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Figure 118: Para-magnetic 'H-NMR spectrum of [LBOXCoz(OAc)3]s in CDCl,.
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A.2.5. Determined exchange constants by EXSY experiments
A.2.6. Further Information on the evaluation of the 'H-EXSY-NMR spectra

In the 'H-EXSY-NMR spectra of the complexes [LFI"" PdCl,Pd(C4H,)| and [LPT Pd-
BroPd(C,H;)|, the diagonal signal of the syn-positioned allyl proton on the outside is
overlapped by one of the CHR, signals of the allyl-side of the complexes. In order to
obtain a full exchange matrix, which is needed to calculate the exchange constants,
the integral of the diagonal signal was assumed to be equal to the integral of the
anti-positioned allyl proton on the outside. The same was done for the complexes
[LPT" PACLPA(C,H,)| and [LP™"PdBryPd(C,H,)|, since the signal of the syn posi-
tioned allyl proton on the inside is overlaid with the allyl-CH signal. As a result, the
integrated diagonal signal was assumed to be equal to the integral of the ant: posi-
tioned allyl proton on the inside.

The maximum and the minimum temperatures for performing the experiments were
determined by the lowest temperature where an allyl exchange can be observed and
the highest temperature at which, even with low mixing times (d8), the cross relax-
ation rates become extremely high, rendering the evaluation difficult and accuracy low.
Furthermore, and specially at high temperatures, it has to be considered that in order
to evaluate the spectra, the cross signals need to be smaller than the diagonal ones.
When evaluating the spectra it has to be kept in mind that the exchange signals of
protons are influenced by the Nuclear Overhauser Effect (NOE) (distance dependency
of ). This changes the integrated values for protons in close proximity. The cross
peak signals are positive at low temperatures and approach a negative constant value
at higher temperatures, while the exchange constant starts at zero and increases with
the temperature. Additionally to the temperature dependency, the cross peak signals
depend on the molecular weight of the observed molecule in a direct manner, due to
an increase of the double-quantum relaxation relative to the zero-quantum relaxation.
Regarding the syn/syn exchange displayed in section 3, every value is displayed as
the averaged value of the determined exchange constants from the cross signals of the
syn/syn and the anti/anti exchange, since both describe the same exchange process.
Errors of the determined exchange constants were estimated based on the quality of
the spectra and the estimated accuracy of the integration. A phase correction of the
spectra has been done for all of them. However, the correction of the spectra remained
an issue during the integration of the spectra. This applies strongly to cross and di-
agonal signals, which are in close proximity regarding their chemical shift. For spectra
recorded at the upper and the lower temperature limits the resulting error was more
pronounced. At the low temperature edge the integrated values are very small, re-

sulting in larger error values since the background noise is relatively high. At high
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Table 32: Determined exchange constants obtained for complexes [LPT"PdCl,Pd(C5Hs)| (top) and [LPY " PdBroPd(CsHs)| (bottom).

mﬁﬂwu\. T \ C ds \ s \a&\s\m:ﬁ@.osamam \ s \Am@:\@i%bmam \ s \amw\z\::&ooimgma \ s Wm@:\mﬁcz \ s \AS@S\S@: \ s7t ¢ \ HUHSOM\M
1 —37 0.5 0.41 0.42 —0.01 0.05 0.14 12"
2 —37 0.5 0.45 0.44 0.01 0.07 0.15 22"
3 —30 0.2 0.33 0.30 0.04 0.09 0.16 12
4 —30 0.2 0.35 0.32 0.02 0.11 0.18 22"
5 —25 0.1 0.21 0.21 0.00 0.14 0.20 12
6 —25 0.1 0.37 0.25 0.12 0.2 0.23 22"
7 —20 0.1 0.15 0.14 0.01 0.24 0.28 12"
8 —20 0.1 0.17 0.17 0.01 0.33 0.34 22"
9 —20 0.1 0.27 0.26 0.01 0.48 0.54 44
10™ 20 0.10 0.53 44
11 0 0.1 0.21 0.00 0.22 2.9 3.0 44
12" 0 0.1 3.3 44
13 0 0.1 0.16 —0.09 0.25 3.1 2.9 20
14 5 0.1 0.29 —0.13 0.42 4.5 4.2 20
15 10 0.1 0.48 —0.18 0.67 6.3 6.0 20
16 15 0.1 0.78 —0.26 1.00 8.9 8.6 20
mﬁﬁﬁu\ T \ °C ds \ 57! \a&\:\a:&o:nmam \ s \A@:\az&w:mao \ s \aés\aziooimnnom \ s \A&S\m@z \ s \ﬂaz&\azi \ s7t ¢ \ EEO_\H
1 -30 0.2 1.0 0.36 0.64 0.18 0.17 14"
2 —30 0.2 1.0 0.34 0.67 0.17 0.19 20
3 —25 0.1 1.5 0.26 1.3 0.22 0.22 14"
4 —25 0.1 1.7 0.25 1.4 0.24 0.23 20
5 —20 0.1 2.5 0.16 2.4 0.35 0.30 14
6 —20 0.1 2.8 0.17 2.7 0.35 0.36 20
7 —15 0.05 4.2 —0.32 4.5 0.33 0.25 18
8 —10 0.05 7.3 —0.30 7.6 0.46 0.56 18
9 -5 0.02 12 —1.2 13 0.7 0.89 18
10 0 0.02 19 —1.4 20 1.3 1.3 18

*: complex concentration determined by integration of the 'H NMR spectrum. **: determined by an '3C-EXSY-NMR experiment.
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temperatures the mixing times d§ had to be lowered to be able to evaluate the spectra
despite the fast exchanges (e.g. in the case were chloride ions were added). As a result,
the signal of the not dominant exchange processes became very small relative to the

background noise.

A.2.7. Plots associated to the allyl exchanges within the palladium complexes
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Figure 119: Eyring plots for the allyl complexes 1-4. [LPIiPrPdCIQPd(Cg,HE,)] is 1,
[LPI™" PdBroPd(C3H;)| is 2, [LPT"PACLPA(C3Hy)| is 3 and [LPT"PdBro-
Pd(C4H;)] is 4.
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Figure 120:
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Plots of AG* against T of the allyl complexes 1-4. [LPIiPrPdClde(C3H5)] is
1, [LP"""PdBryPd(CyHs)| is 2, [LPY"PdClyPd(CyHs)] is 3 and [LFY " PdBry-
Pd(CyH,)| is 4.
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Eyring plot of the allyl exchange of [LPIiPrPdCIQPd(C?,HE))] (1) with 0.5 eq. of
Bu,NCIL
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Figure 122: Eyring plot of the complex exchange between [LF!" PdCl,Pd(C3Hs)] (1) and

|(C4H;)PdCl),.
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Figure 123: Plot of AG* vs. T of [LFT""PdCl,Pd(C3H;)] (1) with 0.5 eq. of Bu,NCI.
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Figure 124: Plot of AG¥ vs. T of the complex exchange between [LPI PdClLPd(CyH;)] (1)
and [(C4H,)PACI],.
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Figure 125: Para-'H-NMR spectrum of [LF" " NiyBrs], in CD3CN.
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Peak 1 at 23.383 ppm

Peak 2 at 16.597 ppm

Diff Con. = 6.726e-10 m2/s
Peak 3 at 10.063 ppm

Diff.C - it D
Peak 4 at 7.691 ppm

Diff Con. = 7.061e-10 m2/s
Peak 5 at 7.493 ppm

Diff Con. = 7.26le-10 m2/s
Peak 6 at 7.245 ppm

Diff Con. = 7.483e-10m2/s

= : Bad fit of the T7/T2 relaxation

eo Rl ﬂ;ﬂ(l;ﬂ;)l

——
-8.4

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

Figure 126: Para-DOSY-NMR spectrum of [LPIPhNi2Br3]2 in CD3CN. The residual signals of
diethyl ether are visible in the spectrum at D = 1.825 x 1072 m? /s (crossed out
by an “X”). Processing was performed with TopSpin NMR software from Bruker.

A.3. Polymerization reactions

A.3.1. CO,/CHO polymerizations with complex [LP°HZn],

| .-l
JL I i le| WL
i | i\ K
/\_—Jq\_/\ ‘N\Jr\l‘v«w |||\/ h R,
I ol
’l I\ \IJ \ lJ|| ‘\/ H|l s
~J, R
\ | | /]
/H f "\,‘ J|| 'U.““ | L
| A |'
l ﬂl \_,\ ) I\ WU H Jl ||
H A || lﬂ A
\ A
l A_Jlll‘-‘ H\.A A—JF \J J||1||V P‘I‘
||‘ \l ('I\ Wl \ ,
1 qux .,\_J‘I\LJU l\nll‘U J\"‘ k\
| i
[ ANV H
L _J L ) WV .

5 4.0
f1 (ppm)

Figure 127: 'H-NMR, spectra in CDCly of the products obtained from the polymerization
reactions summarized in Table 5 with hydrophobic glassware. The entries from
Table 5 correspond to the spectra in the figure as following: Spec. 1 to entry 3,
spec. 2 to entry 4, spec. 3 to entry 7, spec. 4 to entry 8, spec. 5 to entry 9, spec.
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Figure 128: Plot of the PCHC formation against time. PCHC formation monitored by in situ

IR measurement at the increase of the band at 1750 cm™! and correlated with the
PCHC product found in samples taken from the reaction solution. Referring to
the polymerizations within Table 5.
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Figure 129: Plot of the PCHC formation against time. PCHC formation monitored by ana-
lyzing samples taken from the reaction solution. Referring to the polymerizations
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Name: M1

From: 152.905 ppm

To: 154.043 ppm

Residual Error:7.02e+05

# ppm  Height Width(H2) L/G Area
153.857 37184.69 3.4 0.94 564423.591

1
2
3
4

153.368 7936.22 6.2
153.277 3267.30 3.5
153.194 6854.74 5.2

0.00 223431.558
0.00 34803.498

1.00 162831.463

Name: M1

From: 152.977 ppm

To: 154.011 ppm
Residual Error:1.29e+06

# ppm  Height Width(Hz) L/G Area

| 1 153.824 51880.55 3.5 0.64 731044.407
| 2 153.338 10803.45 8.0 0.00 266317.703
y 3 153.246 6328.20 2.9 0.00 55401.045

/ 4 153.167 10163.91 6.5 0.00 201378.487

\
/
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T T T
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1 (ppm) f1 (ppm)
(a) entry 3 (b) entry 4
|
Name: M1
From: 152.904 ppm
To: 154.054 ppm Name: M1
Residual Error:1.21e+06 From: 152.970 ppm
# ppm  Height Width(H2) L/G Area To: 153.957 ppm
1 153.83845994.213.6 0.77 684171.794 Residual Error:1.46e+06
2 153.35110312.95 6.8 0.23 238024.908 | |# ppm  Height Width(H2)L/G Area
3 153.2566450.00 3.3 0.00 66258.823 | |1 153.79955363.173.4 0.56 741475.473
4 153.1829373.31 5.0 0.00 143577.824 |12 15331511403.616.1 0.78 293787.409
| |3 153223663235 4.0 0.00 80651.778
} | |a 153141971188 66 0.38 232261.977
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&" Residual Error:2.49+06 Residual Error:8.08e+05
| |# ppm  Height Width(Hz) L/G Area # ppm  Height  Width(Hz) L/G Area
1 153.75841788.00 3.7 0.41 564651.856 1 153.846 30311.56 4.3 0.34 467015.390
2 153.2857688.68 8.1 0.83 267921.239 2 153.3815242.44 7.4 0.00 119806.045
3 153.1804667.69 4.6 0.00 65327.182 3 153.2804181.69 6.2 0.00 79618.663
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Figure 130: Carbonyl section of the C-NMR spectra in CDCly of the products obtained
from the polymerization runs within Table 5 applying hydrophobic glassware.
The fit (purple line) of the region and assignment of the tetrad-sequences are
displayed. 103 Black line: experimental data, blue line: fit of the according peak,
red line: visualization of the error. The entries from Table 5 correspond to the
spectra in the figure as depicted under each graphic.
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A.3.2. CO,/CHO polymerizations with complex [LPCH Co,]

W(logM)

1.000 1e+04 1e+05 1e+06 1e+07
M/ g/mol

Figure 131: Molecular mass distribution determined by GPC analysis. GPC analysis was
performed in THF, calibrated with polystyrene, and toluene was added as internal

standard.
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A.3.3. CO,/CHO polymerizations with complex [LB®*Zn,(OAc);], and

[LBOXCOQ(OAC);g]Q
0.7_
0.6
s
o ]
o 4
§’0.5—_
0.4
| I1I.0|00 | | I1Ie-||-04I -
M/ g/mol
(a) table entry 1
37
s2-
o> |
o |
2,
0__| T T T T T T
1.000 1e+04 1e+05

M/ g/mal
(b) table entry 6
Figure 132: Molecular mass distribution determined by GPC analysis. GPC analysis was

performed in THF, calibrated with polystyrene, and toluene was added as internal
standard.
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W(og M)

1.000  1e+04 1e+05
M/ g/mol

(a) Table 17, entry 3.

W(log M)

" 10406

1e+04 " {e+05
M/ g/mol

(b) Table 17, entry 3, magnification of the signal
suspected to origin form PCO. PDI = 1.32
GPC analysis was

Figure 133: Molecular mass distribution determined by GPC analysis.
performed in THF, calibrated with polystyrene, and toluene was added as internal

standard.
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Figure 134: Section of the 'TH-NMR spectrum of the product of Table 17, entry 3 in CDCl;.
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A.3.4. Further information on the data analysis for determination of the

tacticity of the polymers

An assignment of the tetrade signals of the PCHC can be found in the publication of
Coates et al. from 2006 and the referenced literature within.!%

The main problem of the precise determination of the tacticity and the associated P,
value (racemic diad probability) is, besides the accuracy of the performed fit, that the
signals of the [mmm/| and [mmr| overlap at a chemical shift of 153.9 ppm (in CDCl,).
For the determination of the relative abundance of the P, tetrade concentration the
following steps were performed to obtain reliable P, values:

From the Bernoullian method assuming the Bovey’s formalism % the following expres-

sions for [mmm| and [mmr| were combined giving:
[mmr] 4 [mmm] = 2((1 — P,)?P,) + (1 — P,)?
For a zero-point determination the equation was rearranged to from:
0=P>—P?*— P, +1—[mmm-+mmr]

From the fit of the tetrade signals the relative surface areas were determined and the
obtained values were filled in for [mmm + mmr|. From the solutions of the latter
equation a provisional P,’ value was obtained. To minimize the error from the fit-
ted regions, since so far only one signal of the carbonly region was accounted for,
the [r| contribution of the mixed [mmm + mmr| signal were summed up with the |r|

contributions of the remaining tetrade signals at higher fields to from the final P, value.

However, a fast approximated determination is also possible, by when making the
assumption that the low-field signals at 153.9 ppm exclusively originate from the m-
centered tetrades and the high-field signals from ca. 153.0-153.5 ppm exclusively orig-
inate from the r-centered tetrades. This assumption neglects the [rmr| tetrades, that
could not be assigned or found in the polymer probes at the proposed chemical shift of
152.9ppm in CDCI,.'% Furthermore, the assignment of the [rmr| tetrades even after
the publication of Coates et al. in 2006 is not certain.'®® Under the taken assumption,
m- and r-centered tetrade regions can be integrated do determine an approximated

P.2 value.
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A.4. X-ray crystallography

The X-ray data were collected on a STOE IPDS II diffractometer (graphite monochro-
mated Mo-Ka radiation, A = 0.71073 A) by use of w scans. The structures were solved
with SHELXT®% and refined on F? accounting for all reflections with SHELXL-2014,
SHELXL-2016 or SHELXL-2017.5% All non-hydrogen atoms were refined anisotrop-
ically. Most hydrogen atoms were placed in calculated positions and assigned to an
isotropic displacement parameter of 1.2 / 1.5 U,,(C). Face-indexed absorption correc-
tions were performed numerically with the program X-RED.5%

This short summary of the data from the X-ray measurements was composed together
with Dr. Sebastian Dechert.
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Table 35: Crystal data and refinement details for [LF™OHNi],, [LPTOHCo],, [LCPY(Zn-OAc)s], and [LEPA(Zn-Cl)y).

compound [LFroOHN;j], [LFroOHCo], [LCPY(Zn-OAc),] [LCPA(Zn-Cl),]
@B@wiomp formula O%m.%om@w.monzwwOm.mo QSMEE%OFOONZ@QE me.momwﬂomemO%Nsw wam%oOHmZmNﬁm
formula weight 880.43 2472.73 839.63 842.97
T K] 133(2) 133(2) 133(2) 133(2)

crystal size [mm?|
crystal system
space group
alA

b[A]

c[A]

al

Bl

7[°]

V [A3]

Z

plg-em™]
F(000)

pt [mm™]
MJBE \ ﬂamx
G-range [°]
hkl-range

measured refl.
unique refl. [ Ry
obs. refl. (I > 20(1))

data / restr. / param.

goodness-of-fit (F?)
R1, wR2 (I > 20(1))
R1, wR2 (all data)
res. el. dens. [e-A~3]

0.480 x 0.450 x 0.200
monoclinic

P2, (No. 4)

8.7811(3)

19.3047(5)
13.0409(4)
90
94.927(3)

90

2202.48(12)

2

1.328

938

0.904

0.6265 / 0.8824
1.567 - 27.043
-11<h<11
24 < k<24
—-16<1<24
30892

9327 [0.0281]
8853

9327 / 52 / 570
1.046

0.0273 / 0.0656
0.0305 / 0.0675
—0.230 / 0.376

0.500 x 0.280 x 0.210
monoclinic
P2; (No. 4)
15.0677(3)
18.0883(5)
23.4340(6)

90

91.067(2)

90

6385.8(3)

2

1.286

2574

1.029

0.4743 / 0.7565
1.422 - 25.759
—15<h <18
21 <k <21
—28 <[ <28
76765

24105 [0.1044|
20060

24105 / 3 / 1385
1.024

0.0549 / 0.1280
0.0664 / 0.1335
—0.572 / 0.609

0.500 x 0.360 x 0.190
monoclinic
P2;/n (No. 14)
13.1268(4)
12.7160(3)
22.4372(7)

90

102.592(3)

90

3655.14(19)

4

1.526

1716

1.721

0.3690 / 0.8428
1.657 - 26.950
—-16 < h <16
—-16<k<14
—28 <1 <28
36925

7764 [0.0275]
6644

7764 / 30 / 480
1.081

0.0325 / 0.0820
0.0423 / 0.0893
—0.663 / 0.833

0.210 x 0.200 x 0.180
monoclinic
P21/n (No. 14)
12.9512(3)
13.3785(3)
21.0557(5)

90

95.794(2)

90

3629.63(15)

4

1.543

1720

1.939

0.5881 / 0.7378
1.806 - 26.863
—-16<h <13
—16< k<16
—26 <1<26
39659

7713 [0.0395]
6126

7713 / 91 / 433
1.065

0.0382 / 0.0944
0.0564 / 0.1053
—0.928 / 0.849

190



A.4 X-RAY CRYSTALLOGRAPHY

126°0 / 1620~
26ST1°0 / 9L£1°0
69€T°0 / €€L0°0

6ST°T / 016°0—
¥ZI1°0 / #0070
€601°0 / LEFO0

90%°0 / 69¢°0—
71,00 / 2620°0
6£L0°0 / €820°0

¥2e'0 / SFE0—
82L0°0 / 12800
€990°0 / 2200

[¢—y-o] "suep ‘o 'sor
(eyep &) gy @ ‘1Y
((noz < 1)eym ‘14

¢¥6°0 Gz0'T 050°T 7201 (g0 ) ¥g-Jo-sS0UPOOT
€891 / 0/ TLL6T L6€1 /19 / T681¢ €GL /0 / L6TTT vee / L/ 188¢ wexed / -xysox / ejep
9TZIT iZde)! 8860T 90v¢  ((1)og < 1) po1 'sqo
[16€1°0] 12262 [0870°0] 26812 [2290°0] L6111 [8220°0] 288¢ [y ] gox enbrun
062161 €6CTC LLTL9 LIV "PoI poInseowt

8¢ > 1> 8¢— 02 >1> 02— 9 >1> 9F— €1 >1> 02—

7€ >y > ge— 6T>4> 61— LISy > 11— er>y>el—
€C>Y > 10— CT > Y > GI— CT>Y > ¢gl— C1>Y > €El— oduel-)yy
LTLGT - 8ET'T 998°97 - GLE'T L99°GZ - ¥90°T 0¥6°92 - €L0°C o] 08 ureI-g
i/ T188°0 / €2€L0 ¢0£9°0 / 685€°0 8EVL'0 / 6LLS°0 ) ML
Al ¢98°0 9.9'1 L¥eT [ ] f
o6¥¢ 0221 78.LT 89/ (000).4
60T'T LTV'T e1q'T L1ET ¢8| d
i I i 4 VA
(8)LL12CT (91)26'82L8 ()eer6e (P1)91°6281 V] A
06 (2)T1L8L 06 06 o] &
(2)L2L 7201 (£)898°8. 06 ()590°901 o] ¢
06 (¢)17z a8 06 06 o] ©
(6)98¢¢°1¢€ (¢)gees'sT (2)299%°8¢ (8)19eF L1 NE
(8)2£05'92 (g)e0aT T (€)sgre 71 (£)6929°0T [v14
(9)zLLT 61 (7)5698° 11 (2)z0S8°01 ()25 01 [yl»
(1 "oN) w/Ted (T oN) 1d (61 "oN) "g'e'ed (¥1 "oN) 2/'ed dnozs soeds
plasisplejirelesi OIUT[OLIY OIqUIOYIO}I0 OTUI[OOUOUT WD)SAS [RISAID
09T°0 X 06T°0 X 00G°0 0ZT°0 X 082°0 X OFF'0 080 X 00S°0 X 0050 0820 X 06%°0 X 0050 |t oz1s [eysAId
(z)eet (z)eet (2)eet (2)e12 M.z
GG€T9T 97" GTET 79'9v€eT 6G°GT.L JYSom BINULIOY
mﬂngwOOmemowﬁO ONOQHZwOOwﬁowNHmme wQNSOwa@mme NQNNONZwmmowU R[NULIOJ ﬂmoﬁ.ﬂ@a@
[E(OV0) 0D tqapounmzaTl  [F(OVO)0DxogTl  F(OVO)“UZy0gTl ?[1AUZ 0T punoduwoo

.ﬂﬁ%«@%e@ﬁmo@ﬁaimd pue m_mﬂodﬂOvmoOxqu_ ﬁm_mﬁodﬂOvmngomq_ &?H:Nmziod I0J S[IR}OP JUSWDULDI PUR B)RD [RISAL)) :9¢ 9[qR],

191



A APPENDIX

Table 37: Crystal data and refinement details for FE?OSMQ&M.

compound [LPT" Cu,Cl,],

empirical formula Ci60H150ClgCuyNg

formula weight 2759.82

T K] 133(2)

crystal size [mm?| 0.390 x 0.150 x 0.110

crystal system tetragonal

space group P4,2,2 (No. 92)

alA] 18.4634(4)

b[A] 18.4634(4)

c[A] 41.7871(11)

al’] 90

Bl 90

7[°] 90

VA3 14245.1(7)

Z 4

plg-em™3 1.287

F(000) 5752

g [mm=| 0.758

Tin / Tinax 0.6942 / 0.8701

O-range [°| 1.206 - 24.665

hkl-range 21 < h <21
—19<k<21
—48 <1 <21

measured refl. 79443

unique refl. [ Ry 11988 [0.0957|

obs. refl. (I > 20(1)) 9777

data / restr. / param. 11988 /0 / 835

goodness-of-fit (F?) 1.029

R1, wR2 (I > 20(1))
R1, wR2 (all data)
res. el. dens. [e-A~?]

0.0539 / 0.1055
0.0714 / 0.1117
—0.354 / 0.512
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A.4 X-RAY CRYSTALLOGRAPHY

A.4.1. Selected bond lengths and bond angles

Table 38: Selected bond lengths (sorted) [A] for H,LPrOH,

Atoms  Bond lengths
O1-H1 0.89(2)
02-H2 0.90(3)
02-C20  1.414(3
02-C20  1.415(
01-C1 1.4205(
02-N1 2.8477(
O1-N1 2.9013(

)

)
)
9)
0
9)

2
1
2
1

Table 39: Selected bond angles (sorted) [°] for H,LProOH,

Atoms Bond angles
C20-0O2-H2 104.5(16)
01-C1-C2 105.16(13)

01-C1-C14 108.75(13)
02-C20-H20A 109.2
02-C20-H20B 109.2

01-C1-C8 111.23(12)
02-C20-C19  112.05(17)
C1-01-H1 113.1(16)

Table 40: Selected bond lengths (sorted) [A] for [LFOHZn],.

Atoms Bond lengths
Zn2-011 1.8865(15

)
Zn1-02 1.9568(15)
7Zn2-012  1.9634(15)
Zn2-01 1.9778(14)
Zn1-012  1.9830(15)
Zn1-02"  2.0344(15)
Zn1-0O1 2.0565(14)
Zn2-N11 ~ 2.1097(18)
Zn1-N1 2.3001(17)
Znl-Zn2  2.9110(3)
Znl-7Znl"  3.0855(5)
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Table 42: Selected bond lengths (sorted) [A] for [LF**©HZn], (second coordination motif).

194

Table 41: Selected bond angles (sorted) [°] for [LF*OHZn],.

Atoms Bond angles | Atoms Bond angles
02 -Znl-Znl"  38.46(4) |C21-0O11-Zn2  112.88(12)
02-Znl-Zn1’ 40.29(5) | 012-Zn1-02"  113.17(6)
012-7Znl-7Zn2  4221(4) | C1-O1-Znl 114.05(11)
012-7Zn2-Znl  42.73(4) | C37-N11-Zn2  117.29(14)
O1-Znl1-Zn2 42.76(4) | O12-Znl-Znl"  117.71(4)
O1-Zn2-Znl 44.90(4) | N11-Zn2-Znl  118.23(5)
02-7Zn1-02’ 77.65(7) | 02-Zn1-012 119.93(7)
O1-Zn1-N1 79.30(6) | O11-Zn2-0O1 121.14(6)
012-Zn1-01 84.33(6) | C17-N1-Znl  121.27(13)
012-Zn2-01 86.97(6) | C20-02-Znl  121.78(13)
O11-Zn2-N11  88.72(7) | C40-012-Zn2  123.99(12)
02-Zn1-N1 90.58(6) | C1-O1-Zn2 126.24(12)
Zn2-01-Znl 92.34(6) | N1-Znl-Znl’ 128.98(4)
N1-Znl-Zn2 92.63(4) | C40-0O12-Znl  129.03(13)
Zn2-012-Znl  95.06(6) | O1-Zn2-N11 132.34(7)
012-Zn1-N1 96.14(6) | O11-Zn2-012  133.68(7)
012-Zn2-N11  98.03(7) | C20-02-Znl"  136.07(13)
02'-Zn1-01 100.02(6) | O1-Zn1-Znl’ 136.93(4)
C18-N1-Znl  100.25(12) | Zn2-Znl-Znl"  138.204(12)
C34-N11-Zn2  101.02(12) | O2-Zn1-N1 150.55(6)
Zn1-02-Znl"  101.24(7) | O11-Zn2-Znl  152.44(5)
02'-Zn1-Zn2  106.88(4) | O2-Znl1-O1 154.81(6)
C14-N1-Znl  106.94(12) | O2-Znl-Zn2 162.11(5)
C38-N11-Zn2  111.10(13)

Atoms Bond lengths | Atoms Bond lengths
Zn4-031 1.883(3) Zn2-022 2.008(3)
Zn1-01 1.898(3) Zn2-012 2.059(3)
Zn3-021 1.906(3) Zn2-011 2.099(3)
7m4—-032 1.932(3) Zn1-N1 2.102(4)
7m3-022 1.951(3) /n4-N31 2.106(3)
Zm4-012 1.960(3) /m3-N21 2.133(3)
Zn1-011 1.972(3) Zn2-N11 2.262(3)
/m1-02 1.975(3) /m3-012 2.423(3)
Zn2-02 1.987(3) Znl1-7Zn2 2.9750(6)
7n3-032  1.992(3) | Zn3-Znd  2.9779(6)
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Table 43: Selected bond angles (sorted) [°] for [LF*9HZn]y (second coordination motif).

Atoms Bond angles | Atoms Bond angles
032-Zn3-7Zn4 39.88(8) C34-N11-7Zn2 108.4(2)
012-7Zn3-7Zn4 40.95(6) 022-7Zn3-7Zn4  109.65(8)
02-Zn2-7nl 41.17(8) | C18-N1-Znl 110.1(3)
032-7Zn4-7n3 41.38(9) C1-0O1-Zn1 111.3(2)
O11-Zn2-Znl  41.39(7) | O21-Zn3-032  111.33(13)
02-Znl1-Zn2 41.48(8) 032-7Zn3-N21  112.62(13)
O11-Znl-Zn2  44.75(8) | C40-012-Znd  112.9(2)
012-Znd-7Zn3  54.14(8) | C21-O11-Zn2  113.6(2)
032-Zn3-012  75.55(10) | C40-012-Zn2  114.2(2)
022-7Zn3-012  75.75(10) | O31-Zn4-012  114.28(12)
O11-Zn2-N11  78.84(11) | C38-N11-Zn2 114.5(2)
02-Zn2-011  82.56(10) | 022-Zn3-032  115.04(11)
022-Zn2-012  83.62(11) | 02-Zn2-012  115.08(11)
012-Zn2-N11 84.79(11) C61-031-Zn4 115.1(3)
/m4-012-7Zn3 84.90(9) C77-N31-Zn4 115.6(3)
011-Zn1-02 86.22(11) | C41-021-Zn3 116.3(2)
021-Zn3-N21  86.23(12) | C57-N21-Zn3 118.2(3)
031-Zn4-N31  87.74(14) | C17-N1-Znl 118.3(4)
021-Zn3-7Zn4 88.38(9) C80-032-Zn4 121.0(3)
01-Zn1-N1 88.60(12) | C20-02-Znl  123.3(3)
032-7Zn4-012  88.92(12) | O1-Znl-O11  123.51(12)
021-Zn3-012  89.62(10) | C60-0O22-Zn3 123.6(2)
/m2-012-7n3 90.15(10) N1-Znl-7Zn2 124.17(9)
7nl-011-Zn2  93.86(11) | C20-02-Zn2  125.0(2)
N11-Zn2-7Znl 94.11(8) 021-Zn3-022  125.31(12)
/m1-02-7Zn2 97.35(12) 031-Zn4-7n3 125.53(9)
Zn4-032-7Zn3  98.74(12) | C21-O11-Znl 125.8(2)
02-Znl1-N1 100.40(13) | C60-022-Zn2  129.2(2)
032-Zn4-N31  100.82(13) | O11-Zn1-N1  130.19(13)
022-Zn3-N21  100.91(13) | O1-Zn1-02 131.01(13)
02-7Zn2-022 101.57(11) | Zn4-0O12-Zn2  131.88(13)
C14-N1-Zn1 101.6(2) 012-Zn4-N31  136.00(11)
C54-N21-Zn3  101.9(2) | 031-Zn4-032  136.21(13)
C74-N31-7Zn4 102.0(2) C80-032-Zn3 137.2(3)
022-Zn2-011  104.47(11) | N31-Zn4-Zn3  140.65(10)
C78-N31-Znd  106.1(2) | Ol-Znl-Zn2  145.58(9)
C58-N21-7Zn3 106.4(2) N21-Zn3-Znd  145.79(11)
C37-N11-7Zn2 106.8(2) 022-7Zn2-N11  150.32(12)
7n3-022-7n2  107.08(13) | O12-Zn2-Znl  154.38(8)
C40-012-Zn3  107.3(2) | O12-Zn2-O11  159.15(10)
022-7Zn2-7nl1 107.87(8) N21-Zn3-0O12  171.74(12)
02-Zn2-N11 108.10(12)
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Table 44: Selected bond lengths (sorted) [A] for [((LF™°1Zn)3C03)2(Zn3CO3)] (Figure 38).

Table 45: Selected bond angles (sorted) [°] for [((LF*°HZn)3C03)9(ZnzCO3)| (Figure 38).
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Atoms Bond lengths
Zn1-01 1.892(3)
Zn3-012 1.919(3)
Zn3-02 1.933(3)
Zn1-03 1.942(3)
Zn3-011" 1.952(3)
Znl1-02 1.965(3)
Zn2-013 1.966(3)
Zn2-012 1.969(3)
Zn2-011 2.008(3)
Zn3-021 2.015(3)
Zn2-N11 2.091(3)
Znl-N1 2.137(4)
Zn2-021' 2.306(3)

Atoms Bond angles | Atoms Bond angles
011-Zn2-021"  73.16(10) | Zn3-012-Zn2  111.61(13)
011"-Zn3-021  81.22(11) | O12-Zn3-021  115.29(11)
011-Zn2-N11  84.30(12) | C1-O1-Znl 116.6(2)
O1-Znl1-N1 86.63(12) | C51-O13-Zn2 116.8(3)
012-Zn2-021"  88.69(10) | C20-0O2 Zn3 117.2(2)
013-Zn2-021"  92.38(10) | C41-O3Znl 118.74(19)
013-Zn2-012  93.80(12) | C61-021-Zn2"  119.2(3)
Zn3-021-7Zn2"  93.81(10) | C61-021-Zn3  119.60(17)
02-Znl1-N1 95.38(12) | O3-Znl1-02 120.36(12)
C14-N1-Zn1 99.6(2) 012-Zn3-011"  120.37(12)
012-Zn2-N11  102.51(12) | C17-N1-Znl 120.8(3)
02-7Zn3-021 102.93(11) | 02-Zn3-011"  121.30(12)
C18-N1-Znl 104.2(2) | 03-Znl-N1 121.61(13)
C34-N11-Zn2 105.6(2) | O1-Znl1-0O2 121.70(12)
Zn3-011-Zn2  105.92(12) | C40-O12-Zn2 122.2(2)
01-Zn1-03 106.75(12) | Zn3-02-Znl 122.69(14)
013-Zn2-N11  106.92(12) | C40-O12-Zn3 124.4(2)
C20-02-Znl 108.0(2) | O13-Zn2-O11  130.43(11)
C37-N11-Zn2 109.7(2) | 012-Zn2-011  131.63(12)
012-Zn3-02 110.37(12) | C21-O11-Zn3’ 141.4(2)
C38-N11-Zn2 110.5(2) | N11-Zn2-021"  156.74(11)
C21-011-Zn2 111.6(2)
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Table 46: Selected bond angles (sorted) [°] for [LF™9HNi], (Figure 40).

Atoms Bond angles | Atoms Bond angles
O12-Nil-Ni2 41.08(6) C34-N11-Ni2  107.65(17)
02-Nil-Ni2  41.09(6) |C1-O1-Nil  108.16(16)
02-Ni2-Nil 41.10(6) | C21-O11-Ni2  109.61(16)
012-Ni2-Nil 41.47(6) C38-N11-Ni2  112.45(18)
02-Nil-012  81.65(9) | C18-NI-Nil  113.80(18)
012-Ni2-02 82.05(9) C20-0O2-Nil 113.93(17)
O11-Ni2-N11  88.30(10) | C40-O12-Ni2  114.68(17)
O1-Nil-N1 88.44(10) | C40-O12-Nil  119.78(17)
02 Nil-N1 94.50(9) | C20-02-Ni2  120.39(17)
O12-Ni2-N11  94.68(10) | O11-Ni2-Nil  135.52(6)

0O11-Ni2-02 95.64(8) N1-Nil-Ni2 135.54(7)

O1-Nil-O12  96.44(9) | O1-Nil-Ni2  135.92(6)

Ni2-O12-Nil  97.45(9) | NI11-Ni2-Nil  136.13(8)

Ni2—-O2-Nil 97.81(9) 0O12-Nil-N1 169.22(10)
C14-N1-Nil 107.09(16) | O2-Ni2-N11 170.22(10)
C17-N1-Nil 107.30(18) | O1-Ni1l-02 173.57(9)

C37-N11-Ni2  107.48(18) | O11-Ni2-O12  175.01(10)
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Table 47: Selected bond angles (sorted) [°] for [(HO(LF™OH 3Co3)2Co] (Figure 44).

Atoms Bond angles | Atoms Bond angles | Atoms Bond angles
072-Co2-062  80.07(19) | Cod—042-Co3 95.4(2) C20-02-Co4 116.1(4)
09-Co6-052 80.7(2) 072-Co7-N7 95.5(2) C81-061-Cob 116.3(4)
02-C02-042 80.8(2) C02-052-Cob6 95.54(18) | C1-O1-Col 116.6(4)
042-Co02-032  81.06(18) | 0O42-Co4-N4 95.6(2) C61-051-Cob 116.7(4)
02-C02-032 81.14(18) | Co7-09-Cob 95.6(2) C101-071-Co7 117.1(4)
052-Co2-062  81.18(18) | Co2-02-Co4 95.76(19) | C21-0O31-Co3 117.5(4)
042-Co04-02 81.19(19) | Co2-042-Co3 95.76(18) | C41-041-Co4 117.8(5)
08-Co03-042 81.4(2) 071-Co7-062 95.8(2) C57-N4-Co4d 118.0(5)
072-Co7-062 81.4(2) Co1-08-Co4 95.8(2) C20-02-Co2 118.1(4)
062-Co6-052  81.54(18) | Cob-052-Cob 95.8(2) C100-062-Co2 118.2(4)
052-Co5-072  81.66(19) | Co2-062-Co7 96.00(19) | C100-062-Co7 118.3(4)
072-Co2-052  81.78(19) | O61-Co6-052 96.1(2) C37-N3-Co3 118.7(4)
09-Co5-072 81.95(19) | Co4—0O8-Co3 96.8(2) C60-042-Co2 118.9(4)
08-Co4-02 82.01(19) | Col-0O8-Co3 96.9(2) C17-N1-Col 119.4(5)
08-Co1-032 82.07(19) | O52-Co5-N5 97.7(2) C77-N5-Cob 119.6(4)
02-Co1-032 82.13(19) | Co6-0O9-Cob 97.7(2) C117-N7-Co7 120.0(4)
032-Co3-042  82.29(18) | Co3-032-Co2 99.95(19) | O1-Col1-08 120.2(2)
09-Co7-062 83.5(2) Co6-062-Co2 100.85(19) | C120-0O72-Co2 120.2(4)
031-Co3-N3 84.3(2) Co5-052-Co2 100.9(2) C80-052-Co2 121.0(4)
O71-Co7-N7 84.4(2) 09-CoT7-N7 101.4(2) C40-032-Co2 121.1(4)
051-Co5-N5 84.9(2) Co1-02-Co2 101.4(2) C97-N6-Cob 121.2(5)
041-Co4-N4 85.0(2) Co4-042-Co2 101.4(2) 061-Co6-09 121.5(2)
061-Co6-N6 85.0(2) Co7-072-Co2 102.4(2) 071-Co7-09 121.8(2)
052-Co5-09 85.2(2) 02-C02-052 102.58(19) | C80-0O52-Cob 122.7(4)
01-Col-N1 85.4(2) | C14-N1-Col 102.7(4) | 041-Co4-08 123.5(2)
042-Co4-08 85.40(19) | O8-Co3-N3 102.8(2) C60-042-Co4 123.8(4)
032-Co03-08 86.1(2) C114-N7-Co7 102.8(4) C120-072-Co7 124.1(4)
02-Col1-08 87.25(19) | C118-N7-Co7 103.2(4) C40-032-Co3 124.6(4)
062-Co6-09 87.4(2) 062-C02-032 103.23(18) | C100-062—Co6 124.6(4)
072-Co7-09 88.23(19) | C54-N4-Co4 103.3(5) C20-02-Col 125.6(4)
051-Co5-072 92.6(2) C94-N6-Cob 103.3(4) 031-Co3-08 127.2(2)
Co6-062-Co7  92.74(19) | O9-Co5-N5 103.4(2) 051-Co5-09 127.6(2)
Co7-072-Co5  93.11(19) | O8-Co4-N4 103.8(2) 051-Co5-052 145.8(2)
Co1-02-Co4 93.63(19) | C34-N3-Co3 103.8(4) 031-C03-032 146.0(2)
062-Co6-N6 93.7(2) C74-N5-Cob 103.9(4) 071-Co7-072 149.4(2)
02-Col-N1 94.0(2) | C58-N4-Cod 104.2(5) | 041-Cod-042  150.2(2)
Co3-032-Col  94.12(19) | O72-Co02-042 104.5(2) 061-Co6-062 150.4(2)
Co2-072-Co5  94.36(18) | C38-N3-Co3 104.8(4) 01-Co1-02 151.8(2)
01-Co1-032 94.61(19) | O8-Col-N1 105.0(2) N1-Co1-032 171.9(2)
041-Co4-02 94.7(2) C18-N1-Col 105.1(5) N6-Co6-052 172.3(2)
Co2-032-Col  94.71(18) | C98-N6-Cob 105.1(5) 072-Co2-02 172.97(19)
042-Co2-052  94.89(18) | O9-Co6-N6 105.2(2) N4-Co4-02 173.2(2)
072-Co2-032  94.99(18) | C78-N5-Cob 105.2(4) 042-Co02-062 173.6(2)
02-C02-062 95.04(18) | C80-0O52—Cob 115.1(4) 052-Co02-032 174.1(2)
Co7-09-Cob6 95.1(2) C40-032-Col 115.7(4) N7-Co7-062 174.1(2)
032-Co3-N3 95.3(2) C60-042—Co3 116.0(4) N5-Co5-072 174.6(2)
031-Co3-042 95.3(2) C120-072-Cob 116.0(4) N3-Co03-042 175.0(2)
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Table 48: Selected bond angles (sorted) [°] for [LO"N"ZnEt], (Figure 56).

Atoms Bond angles | Atoms Bond angles
01 -Znl-Znl’ 43.11(3) | C15-N1-Znl’ 114.46(11)
O1-Znl-Zn1' 43.86(3) | C1-O1-Zn1 117.97(9)
O1'-Zn1-N1’ 82.04(5) | C19A-Zn1-N1’ 120.6(3)
O1-Zn1-01’ 86.97(4) | C19A-Zn1-O1 125.8(3)
N1'-Znl-Znl’ 89.80(4) | C19B-Znl1-N1' 126.5(5)
Zn1-01-Zn1' 93.03(4) | C19B-Zn1-O1 127.6(5)
O1-Zn1-N1' 97.77(5) | C20A-C19A-Znl  130.4(7)
C14-N1-Znl’ 107.51(10) | C19A-Zn1-O1’ 131.7(3)
C20B-C19B-Znl  108.5(7) | C19A-Znl-Znl' 149.5(3)
C1-0O1-Zn1' 110.21(9)

Table 49: Selected bond angles (sorted) [°] for [L°P1(Zn-OAc)y| (Figure 58).

Atoms Bond angles | Atoms Bond angles
N2-7Zn2-N3 76.40(8) C14-N4-7Zn2  115.36(15)
N1-Zn1-N8 76.94(8) C2-N1-Znl 115.38(15)
N7-Zn1-N6 77.32(7) 03-Zn2-N3 115.63(8)
N5-7Zn2-N4 77.61(7) C10-N7-Znl  115.65(16)
N4-7Zn2-N3 84.89(8) C23-03-Zn2  117.99(16)
N7-Zn1-N8 85.63(8) 03-Zn2-N4 118.38(8)
N2-7Zn2-N5 87.49(7) C21-01-Znl1  120.52(17)
N1-Zn1-N6 88.72(7) C7-N7-Znl 122.89(15)
O1-Zn1-N6 105.86(8) C5-N8-Znl 123.01(16)
03-Zn2-N5  106.58(7) | C17-N3-Zn2  123.13(16)
03-7Zn2-N2 109.23(8) C15-N4-7Zn2  123.21(15)
O1-Znl-N1  112.54(8) | N2-Zn2-N4  132.34(8)
C11-N6-Znl  112.74(14) | N5-N6-Znl 132.57(15)
C13-N5-Zn2  113.01(15) | N1-Znl1-N7 133.46(8)
O1-Znl1-N7  113.97(8) | N2-N1-Znl  133.46(15)
01-Zn1-N8 114.48(8) | N6-N5-Zn2 133.53(15)
C3-N2-Zn2 115.13(15) | N1-N2-Zn2 134.25(15)
C4-N8-Znl 115.15(17) | N5-Zn2-N3 137.69(8)
C20-N3-Zn2  115.33(16) | N6-Zn1-N8 139.66(8)
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Table 50: Selected bond angles (sorted) [°] for [LPA(Zn-Cl)y] (Figure 63).

Atoms Bond angles | Atoms Bond angles
N5-Zn2-N4 75.84(10) | C9-N4-Zn2 111.2(2)
N6-Zn1-N7 76.62(10) N2-7Zn2-CI2 111.76(8)
N2-Zn2-N3  78.96(11) | C5-N3-Zn2  111.8(2)
N1-Zn1-N8 78.98(10) N6-Zn1-Cl1 111.84(7)
N3-7Zn2-N4 87.70(10) N1-Znl1-Cl1 115.52(8)
N8&-Znl1-N7 88.30(10) | N5-Zn2-CI2 116.94(8)
N5-Zn2-N2  92.84(10) | C3-N2-Zn2  117.2(2)
N1-Znl-N6  93.54(10) | C2-N1-Znl  117.6(2)
N7-Znl-Cll  98.61(7) | CI3-N6-Znl  118.9(2)
N4-7Zn2-Cl2  102.49(8) | C11-N5-Zn2  119.8(2)
N3-Zn2-Cl2 104.39(8) | N2-N1-Znl 131.6(2)
N8-Znl-Cll  105.60(7) | N6-N5-Zn2  132.1(2)
C10-N4-Zn2  106.1(2) | N5-N6-Znl  132.9(2)
C14 N7-Znl 106.73(18) | NI-N2-Zn2  133.1(2)
C20-N8-Znl  106.84(18) | N5-Zn2-N3  137.78(10)
C4-N3-Zn2 107.03(19) | N6-Zn1-N8 141.19(10)
C15-N7-Znl  110.10(19) | N2-Zn2-N4 145.32(11)
C19-N8-Znl  110.62(19) | N1-Znl-N7  145.61(10)
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Table 51: Selected bond angles (sorted) [°] for [LBXZny(OAc)s]s (see Figure 66).

Atoms Bond angles | Atoms Bond angles
025-Zn4-026  56.69(10) | C33-N12-Zn4 111.8(2)
N4-Zn2-N2 76.37(12) | C10-N3-Znl 112.2(2)
N1-Znl-N3 76.88(12) | C3-N2-Zn2 113.3(2)
N13-Zn3-N11 77.00(12) C16-N4-7n2 113.3(3)
N14-7Zn4-N12  78.11(12) | C32-N11-Zn3  113.4(2)
029-7Zn2-N4 80.97(12) | C46-N14-Zn4 113.5(2)
C65-026-Znd  82.4(2) | 031-Zn2-029  114.07(12)
N13-Zn3-030 84.25(12) 032-Zn3-N13  114.77(13)
023-Zn1-N3  84.60(11) | C2-N1-Znl 115.3(2)
024-7n4-N14 84.62(12) C40-N13-Zn3 115.5(3)
022-7Zn4-N12  86.61(13) | 021-Zn1-023  121.69(11)
029-Zn2-027  88.71(11) | C67-027-Zn2  124.6(2)
024-Zn4-026  88.84(15) | 063-023-Znl  125.1(2)
023-7Zn1-025 90.42(11) C69-029-7Zn2 126.8(2)
032-Zn3-N11 ~ 90.93(12) | C65-025-Znl  127.1(2)
032-Zn3-030  91.26(12) | 023-Znl1-N1 128.74(12)
024-7Zn4-025  91.57(11) | C61-022-Zn4 130.4(3)
027-Zn3-030  92.61(10) | C71-032-Zn3 130.8(3)
021-Zn1-N3 95.42(12) C61-021-Zn1 132.9(3)
022-7Zn4-024  95.64(17) | C69-O30-Zn3 133.0(3)
N12-7Zn4-026  95.87(12) | 029-Zn2-N2  133.22(12)
027-Zn2-N2 96.21(11) | C71-031-Zn2 133.8(3)
021-Zn1-025  96.82(11) | N11-N12-Znd  135.1(2)
025-Znl-N1  97.73(11) | C42-N13-Zn3  135.7(3)
022-7Zn4-N14 98.16(14) N1-N2-7Zn2 135.8(2)
C65-025-Znd  98.7(2) | N2-N1-Znl 135.9(2)
031-Zn2-027  99.68(11) | C63-024—7Zn4 136.0(3)
022-Zn4-025 100.15(11) | C48-N14-Znd  136.3(2)
032-Zn3-027  102.32(11) | C18-N4-Zn2 136.4(3)
031-Zn2-N4 103.75(13) | C12-N3-Znl 139.0(2)
C67-027-Zn3  104.7(2) | N12-N11-Zn3  139.0(2)
025-Zn4-N12  104.92(11) | O27-Zn3-N13  142.80(12)
N14-Zn4-026  105.13(13) | 027-Zn2-N4  156.55(12)
7n1-025-7Znd  105.89(12) | 022-7Znd-026  156.60(11)
027-Zn3-N11  106.10(11) | O30-Zn3-N11  160.22(11)
021-Zn1-N1 107.48(12) | O25-Zn4-N14  161.58(13)
/n3-027-7Zn2  107.67(11) | O24-7Zn4-N12  162.73(12)
031-Zn2-N2 110.84(12) | O25-Zn1-N3 167.64(12)
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Table 52: Selected bond lengths (sorted) [A] for the degradation product of [LBOXCoy(OAc)s]2

202

(see Figure 68).

Atoms Bond lengths | Atoms Bond lengths
Co2-044  2.043(4) | Co3-046 2.123(4)
C02-N2 2.055(5) | Col-N1 2.132(5)
Co3-N22 2.062(5) Co1-046 2.136(4)
Co3-N32 2.065(4) Col-N33 2.153(5)
Col-O41  2.070(4) | Col-N3 2.154(5)
Co4-045 2.071(4) Co4-N23 2.159(5)
Col N31  2.079(5) | Cod N13 2.162(4)
Co3-047 2.081(5) Co3-022 2.210(4)
Co4—N11 2.088(4) Co2-02 2.221(4)
Cod-042  2.101(4) | Co3-048 2.282(5)
Co2-N12  2.110(4) | Co2-043 2.351(4)
Co02-042 2.114(4) Co3-C208 2.501(7)
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Table 53: Selected bond angles (sorted) [°] for the degradation product of [LBXCoy(OAc);3]s

(see Figure 68).

Atoms Bond angles | Atoms Bond angles | Atoms Bond angles
047-Co3-C208 29.3(2) 044-Co2-02 93.90(16) | Co4—042—Co2 116.84(16)
048-C03-C208 30.2(2) C208-047-Co3 94.7(4) C3-N2—Co2 117.5(4)
047-C208-Co3 56.0(3) N1-Co1-046 95.53(16) | C92-N31-Col 117.5(4)
044-Co02-043 58.71(15) | N2-Co02-043 96.02(16) | C201-042-Co4 118.7(3)
047-Co3-048 59.46(18) | N11-Co4-N23 96.24(17) | C205-046-Co3 122.7(4)
048-C208-Co3 65.2(3) 046-Co3-C208 97.0(2) C205-046-Col 124.1(4)
N2-Co02-02 75.60(16) | 042-Co4-N21 97.38(16) | C201-042-Co2 124.2(3)
N31-Col1-N33 76.64(18) | C203-044-Co2 97.6(4) N22-Co03-C208 131.0(2)
N11-Co4-N13 76.89(17) | 041-Col1-046 98.42(16) | C205-045-Co4 131.9(3)
N22-Co3-022 76.99(16) | 022—-Co03-C208 98.5(2) N12-N11-Co4 132.0(3)
N21-Co4-N23 77.31(17) | 045-Cod—-N21 98.76(17) | N32-N31-Col 132.0(3)
N1-Col-N3 77.53(18) | 045-Cod-042  100.19(16) | C201-041-Col 132.4(4)
N23-Cod4-N13  80.78(17) | N21-Co4-N13  100.50(17) | N1-N2-Co2 133.1(4)
041-Col1-N33 83.29(17) | 044-Co2-042 100.75(17) | C72-N23-Co4 134.5(3)
N11-Co4-042 84.17(15) | 047-Co3-046 101.0(2) N21-N22-Co3 135.8(4)
(C203-043-Co2 84.4(3) 02-C02-043 101.12(15) | C12-N3-Col 137.2(4)
(C208-048-Co3 84.6(4) 041-Col-N1 101.35(17) | N2-N1-Col 137.4(4)
N31-Co1-046 85.27(16) | N22-Co3-047 101.72(19) | C102-N33-Col 137.4(3)
N32-Co03-022 85.44(17) | N1-Col-N33 101.93(18) | C42-N13-Co4d 139.0(3)
046-Col1-N3 85.90(17) | 022-Co3-048 103.01(16) | N22-N21-Co4 139.1(4)
N32-Co03-048 86.25(17) | N31-N32-Co3 111.4(3) C93-N32-Co3 139.7(4)
N12-Co2-02 86.60(16) | N11-N12-Co2  111.6(3) | C33-N12-Co2 140.1(4)
045-Co4-N11 87.23(17) | C70-N23-Co4d 111.9(3) N32-Co3-047 143.5(2)
045-Co4-N13 87.59(16) | C76-022-Co3 111.9(3) N12-Co2-043 150.39(16)
041-Col1-N31 88.28(17) | C40-N13-Co4 112.2(4) 044-Co2-N2 150.75(18)
042-Co02-043 89.12(15) | C10-N3—Col 112.3(4) 042-Co4-N13 159.17(16)
N22-Co03-046 89.13(17) | N22-Co3-N32 112.47(18) | N22-Co03-048 161.10(16)
N12-Co02-042 89.79(16) | C62-N21-Co4d 112.9(3) 046-Co1-N33 161.79(16)
047-Co3-022 90.3(2) C100-N33—Col 113.0(4) 046-C03-022 163.73(15)
N32-Co03-046 92.22(17) | Co3-046—Col 113.05(15) | C29B-C208-Co3  164.0(10)
044-Co2-N12  92.52(17) | N2-Co2-N12  113.58(17) | 042-Co2-02 165.06(15)
N2-Co02-042 92.67(17) | C2-N1-Col 113.9(3) 045-Co4-N23 166.74(17)
N31-Col-N3 92.69(18) | C16-02-Co2 113.9(3) C29A-C208-Co3  169.0(10)
N33-Col-N3 92.79(18) | N32-Co3-C208 115.8(2) N31-Col-N1 170.08(18)
046-Co3-048 92.88(17) | C32-N11-Co4 116.0(4) N11-Co4-N21 173.42(18)
042-Co4-N23 92.90(16) | C63-N22—Co3 116.2(4) 041-Col1-N3 175.64(18)
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Table 54: Selected bond angles (sorted) [°] for [LPIPhCOQ(OAC)g(OH)Oj]Q (see Figure 70).

Atoms Bond angles | Atoms Bond angles | Atoms Bond angles
05-Co4-06 58.76(12) | O1-Col-0O5 95.05(13) | C123-N14-Co4 123.3(3)
N2-Co2-N4 75.57(13) | O10-Co2-N4 95.30(12) | C87-N13-Co3 124.3(3)
N11-Co3-N13  76.49(14) | O9-Co3-N13 96.40(13) | C211-012—Co3 124.3(3)
N12-Co4-N14  76.64(14) | O10-Co2-O7 96.69(13) | C203-0O3-Col 126.8(3)
N1-Col-N3 76.99(13) | O11-Co3-09 98.35(14) | C42-N4-Co2 127.4(3)
08-Co2-N4 85.25(11) | N14-Co4-06 99.05(13) | C205-0O5-Col 129.2(3)
09-Co3-012 85.63(12) | N2-Co2-0O7 99.06(12) | C207-09-Co3 130.2(3)
04-Co4-N14 86.00(14) | O1-Col-N3 100.77(14) | C207-0O8-Co2 130.3(3)
04-Co4-05 86.26(12) | N11-Co3-07 100.87(13) | N1-N2-Co2 133.8(3)
09-Co3-07 86.43(12) | O1-Col-03 105.34(13) | C201-0O2-Co4 134.6(3)
08-Co2-07 86.59(12) | Co2-0O7-Co3 107.82(13) | N2-N1-Col 135.2(3)
N11-Co3-0O12  87.04(13) | O8-Co02-N2 110.02(13) | O8-Co02-010 135.23(14)
011-Co3-07 87.10(13) | N12-Co4-0O5 111.26(13) | N12-N11-Co3 135.3(3)
03-Col-N3 88.96(13) | O2-Co4-N14 111.44(14) | C201-O1-Col 137.0(3)
03-Col-05 89.29(13) | C40-N4-Co2 111.6(3) N11-N12-Co4 137.6(3)
N11-Co3-O11  89.46(15) | O1-Col-N1 111.71(13) | C209-0O11-Co3 138.5(3)
012-Co3-07 89.58(12) | Col-O5-Co4 113.27(14) | O3-Col-N1 142.13(14)
02-Co4-N12 89.92(14) | 010-Co2-N2 113.43(13) | C203-04-Co4 142.3(3)
C205-06-Co4 90.0(3) C83-N12-Co4 113.8(3) 02-Co4-06 149.26(13)
C205-05-Co4 90.4(3) C85-N13-Co3 115.1(3) N14-Co4-05 155.98(13)
011-Co3-N13  91.22(13) | C5-N3-Col 115.5(3) 04-Co4-N12 162.19(13)
02-Co4-05 91.62(12) | C82-N11-Co3 115.9(3) 05-Col-N3 163.98(13)
012-Co3-N13  91.89(13) | C3-N2-Co2 116.0(3) 07-Co2-N4 167.99(13)
02-Co4-04 92.80(14) | C2-N1-Col 116.1(3) N11-Co3-09 169.61(13)
04-Co4-06 93.16(14) | C121-N14-Cod  116.9(3) | O11-Co3-012  174.65(14)
N12-Co4-06 93.46(14) | C209-010-Co2 120.3(3) 07-Co3-N13 176.90(13)
N1-Col1-05 94.88(13) | C7-N3-Col 123.2(3)

Table 55: Selected bond angles (sorted) [°] for [LPI" PdClyPd(Cy

Atoms Bond angles | Atoms Bond angles
C35-Pd1-C34  38.14(13) | C2N1-Pdl  113.85(17)
C36-Pd1-C35  38.65(14) | C3-N2-Pd2 113.92(18)
C36-Pd1-C34  69.05(13) | C19-N4-Pd2  115.23(18)
C35-C34-Pdl  69.82(18) | C5-N3-Pdl 115.93(18)
C36-C35-Pdl  70.50(18) | C7-N3-Pd1l 122.53(17)
C35-C36-Pdl  70.85(18) | C21-N4-Pd2  124.31(17)
C34-C35-Pdl  72.04(18) | NI-N2-Pd2  135.38(18)
N1-Pd1-N3 76.99(9) N2-N1-Pd1 137.13(18)
N2-Pd2-N4 78.86(9) N1-Pd1-C35  139.23(12)
Cl2-Pd2-Cl1 90.89(3) N3-Pd1-C35  142.90(11)
N4-Pd2-Cl12 94.74(7) N3-Pd1-C34  163.53(11)
N2-Pd2-Cl1 96.03(6) N4-pPd2—Cl1 167.06(6)
N3-Pd1-C36  105.76(11) | N2-Pd2-Cl2  172.85(6)
N1-Pd1-C34 107.48(11) | N1-Pd1-C36  175.98(12)

H;)| (see Figure 77, a).
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Table 56: Selected bond angles (sorted) [°] for [LF

1iPr

PdBryPd(C3H;)| (see Figure 77, b).

Atoms Bond angles | Atoms Bond angles | Atoms Bond angles
C35A-Pd1-C36A 37.7(6) N1-Pd1-N3 76.7(2) (C21-N4-Pd2 124.7(5)
C35A-Pd1-C34A 37.9(6) N2-Pd2-N4 78.3(2) N3-Pd1-C35B 133.7(8)
C35B-Pd1-C34B 39.4(9) Br2-Pd2-Brl 91.36(4) N2-N1-Pd1 135.1(5)
C36B-Pd1-C35B 40.2(9) N2-Pd2-Brl 94.28(17) | N1-N2-Pd2 135.5(5)
C36B-C35B-Pd1 67.8(17) N4-Pd2-Br2 96.58(18) | N1-Pd1-C35A 139.6(4)
C34A-Pd1-C36A 67.9(8) C36B-Pd1-N3 104.1(9) N1-Pd1-C35B 142.9(6)
C35A-C36A-Pd1 68.7(10) N1-Pd1-C34A 104.8(5) C35A-Pd1-N3 143.7(4)
C36B-Pd1-C34B 69.0(13) N3-Pd1-C36A 107.6(6) N3-Pd1-C34A 163.9(6)
C35A-C34A-Pd1 69.1(11) N1-Pd1-C34B 110.4(8) N4-Pd2-Brl 166.97(18)
C35B-C34B-Pd1 69.1(16) C2-N1-Pd1 111.8(5) N1-Pd1-C36A 167.9(6)
C34B-C35B-Pd1 71.4(19) C19-N4-Pd2 114.4(5) N3-Pd1-C34B 172.8(8)
C35B-C36B-Pd1 72.0(16) C5-N3-Pd1 114.7(5) N1-Pd1-C36B  173.0(10)
C34A-C35A-Pd1 73.0(12) C3-N2-Pd2 114.8(5) N2-Pd2-Br2 173.90(18)
C36A-C35A-Pd1 73.6(11) C7-N3-Pd1 124.7(5)

Table 57: Selected bond angles (sorted) [°] for [LPT" PdBroPd(CH;)] (see Figure 77, c).

Atoms Bond angles | Atoms Bond angles
C82-Pd1-C83  38.02(17) | NI Pdl-C83 112.17(15)
C81-Pd1-C82  38.33(17) | C3-N2-Pd2  112.9(2)
C81-Pd1-C83  67.96(17) | C41-N4-Pd2 114.1(2)
(C82-C83-Pd1 69.9(2) C5-N3-Pd1 115.4(3)
C81-C82-Pd1 70.2(2) C7-N3-Pd1 122.9(2)
C82-C81-Pdl  7L5(2) | C43-N4-Pd2  125.2(2)
C83-C82-Pd1 72.1(2) N3-Pd1-C82  133.58(15)
N3-Pd1-N1 78.13(12) | N2-N1-Pdl  135.9(2)
N2-Pd2-N4 79.76(12) N1-N2-Pd2 137.1(2)
Br2-Pd2-Brl  90.491(16) | C82-Pd1-N1  140.36(15)
N4-Pd2-Br2 92.96(9) N3-Pd1-C83  169.66(15)
N2-Pd2-Brl  97.12(8) | N4-Pd2-Brl  170.91(8)
C81-Pd1-N3  101.80(15) | N2-Pd2-Br2  172.20(8)
C2-N1-Pd1 110.1(2) | C81-Pd1-N1  177.30(14)
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Table 58: Selected bond angles (sorted) [°] for [LPIPhCu2C13]2 (see Figure 89).

Atoms Bond angles | Atoms Bond angles
N2-Cu2-N4 79.2(2) [ N3-Cul-CI1  101.20(16)
N1-Cul-N3 79.8(2) | N3-Cul-ClI3"  107.29(15)
N2-Cu2-Cl2 88.77(15) | C5-N3-Cul 114.7(4)
Cu2-Cl2-Cu2  88.80(8) | C40-N4-Cu2  115.0(4)
Cu2-Cl4-Cu2  89.20(8) | C3-N2-Cu2 116.6(4)
Cl4-Cu2-Cl2 91.00(6) | C2-N1-Cul 116.7(4)
Cl3-Cu2-CI2 94.01(5) | C42-N4-Cu2  122.3(4)
N2-Cu2-Cl4 94.88(15) | C7-N3-Cul 125.3(4)
N4-Cu2-CI3 95.05(14) | N1-N2-Cu2 133.7(4)
N1-Cul-CI3"  97.66(16) | N2-N1-Cul 134.5(4)
Cu2-Cl3-Cul’  99.40(6) | N1-Cul-Cll  161.40(16)
Cl1-Cul-Cl13’ 99.71(7) | N4-Cu2-CI2  164.28(14)
N4-Cu2-Cl4 99.96(14) | N2-Cu2-Cl3  164.48(16)
Cl3-Cu2-Cl4  100.32(5)




A.5 ABBREVIATIONS

A.5. Abbreviations

bio-PE
bio-PET
CHO
CPA
CPI

as

DCM
DIPP
DMAP
dme

dmso

DOSY
eq.
EXSY
g

h
HMDS
LIFDI
1Pr

liq.

MA
MAO
MeCN
mg

min

mL
MMA
MMAO
NMR
PC
PCHC
PE-HD
PE-LD
PE-LLD
PE-MD

bio-sourced polyethylene
bio-sourced polyethylene terephtalate
cyclohexene oxide
Cyclic-Pyzrazole-Amine
Cyclic-Pyzrazole-Imine

mixing time

dichloromethane, CH,Cl,
2,6-diisopropyl
4-dimethylaminopyridine
1,2-dimethoxyethane
dimethylsulfoxide

Diffusion Ordered SpectroscopY
equivalents

EXchange SpectroscopY
gramm

hours

hexamethyldisilazane

liquid injection field desorption ionization

isopropyl

liter

liquid

methyl acrylate
methylaluminoxane
acetonitrile

milligramm

minute(s)

milliliter

methyl methacrylate
modified methylaluminoxane
nuclear magnetic resonance
polycarbonate
poly(cyclohexene carbonate)
high-density polyethylene
low-density polyethylene
linear low-density polyethylene

medium-density polyethylene
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B.
1]

2l

3]

4]

[5]

6]

17l
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PE-VLD very-low-density polyethylene (VLDPE)
PLA polylactide

PP polypropylene

PS poly(1-phenylethylene), polystyrene
PTSA p-toluenesulfonic acid

PUR polyurethane

PVC poly(1-chloroethylene), polyvinyl chloride
Pz pyrazolate

RT room temperature

THF tetrahydrofurane

TON turnover number

TOF turnover frequency

VMS 1,3-divinyltetramethyldisiloxane

X (within a NMR spectrum) solvent/impurity
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