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General Introduction

1 General Introduction
Polymerization of Ethylene
The Nobel prize in chemistry in 1963 was awarded to Karl Ziegler and Giulio Natta for their
pioneering discovery of catalyzed ethylene and propylene polymerization at unprecedented low
pressures using early transition metal compounds (based on Ti, Cr or V) in combination with
aluminum organyls.1,2 Before then, only polyethylene produced in radical polymerizations
under harsh conditions was available. Mechanical strength of the polymer, obtained in the
catalyzed reaction at low pressure, was drastically improved compared to the material obtained
in radical polymerizations and within few years these materials became commodities in our
everyday life.
The aforementioned material properties have their origin in the polymer microstructures
(Scheme 1-1). Density, crystallinity, melting behavior and mechanical strength depend on the
nature and spatial arrangement of individual polymer chains.3 Today a classification of
polyethylene materials based on their density is established, distinguishing among others
between Low Density Polyethylene (LDPE) and High Density Polyethylene (HDPE).

Scheme 1-1:

Schematic representation of the microstructures of LDPE and HDPE obtained by free
radical or catalytic insertion polymerization.

LDPE, as the name implies, exhibits the lowest density of the commodity grades, thus finding
use in soft and flexible products, e.g. plastic bags. The microstructure of LDPE is dominated
by short and long chain branches. A parallel ordered spatial arrangement of polymer chain
segments, i.e. crystallization, is hindered by these branches resulting in low crystallinity,
melting point and aforementioned low density of the material. LDPE is produced in free radical
polymerizations at up to 330°C and 3500 bar pressure. A precise microstructure control can not
be achieved in these reactions.4
In contrast, a precise control of the polymer microstructure is possible in insertion
polymerization, the earliest examples being the systems described by Ziegler and Natta. The
1
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controlled chain growth leads to a highly linear microstructure with very few branches, resulting
in high crystallinity, mechanical strength and density of the obtained polymer. Thus, HDPE is
stiffer than LDPE and can be used for example in water pipes and other objects with molded
parts.

1.1.1 Ethylene Polymerization by Late Transition Metal Catalysts
Since the groundbreaking discovery of Ziegler and Natta in the 1950’s, the field of insertion
polymerization has seen many developments and research is still on-going. Examples of early
transition metal catalysts for ethylene polymerization are manifold. In addition to
heterogeneous systems, which are rather ill-defined, homogeneous systems with precise
complex structures evolved.5,6 They show excellent activities for polymerization of olefins,
however, they suffer from drawbacks such as a low tolerance towards oxygen and the inability
to polymerize monomers with functional groups. Due to their high oxophilicity functional
group containing monomers coordinate to the metal centers and block the insertion of ethylene
monomers irreversibly, shutting down the polymerization process.7,8
Late transition metal complexes, which are less oxophilic than their early transition metal
counterparts, have been found to also catalyze insertion chain growth of ethylene.9 While their
activity is lower and they show a stronger propensity for β-H-elimination (cf. chapter 1.1.2),
they are more tolerant towards functional groups. The Shell Higher Olefin Process (SHOP) is
one of the first applications of late transition metal catalysts and industrially relevant until today
(Scheme 1-2).10-12 In the SHOP a κ2-P,O-Ni complex catalyzes the oligomerization of ethylene
to 1-olefins. Noteworthy is that the industrial process proceeds in 1,4-butanediol, which is
immiscible with 1-olefins, thus allowing for an easy separation of product and catalyst phase.
The use of 1,4-butanediol illustrates the tolerance of late transition metal complexes to polar
and even protic media.

2
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Scheme 1-2:

Shell Higher Olefin Process (SHOP) for the synthesis of linear 1-olefins.

Outstanding examples for late transition metal catalysts for ethylene polymerization are the
cationic α-diimine Ni(II) and Pd(II) complexes reported by Brookhart and coworkers in 1995
(Scheme 1-3).13 The bulkiness of the α-diimine ligands was instrumental to suppress chain
transfer and achieve high molecular weight polyethylene. The obtained polymer material was
amorphous due to its branched microstructure. The polymer chains exhibited short and long
chain branches as well as branches on branches, i.e. a so-called hyperbranched polymer was
formed.

Scheme 1-3:

Cationic α-diimine Ni(II) and Pd(II) complexes reported by Brookhart and coworkers and
schematic representation of the polymer microstructure obtained in ethylene
polymerization.

Another type of complexes based on nickel has garnered great attention: neutral κ2-N,Osalicylaldiminato Ni(II) complexes (Figure 1-1). They were independently reported to
polymerize ethylene and 1-olefins by Johnson (DuPont)14 and Grubbs15 in 1998. Complexes of
this type enable the formation of a relatively linear polymer with low amount of branching at
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low temperatures and pressures (7 °C and 10 bar). At slightly elevated temperatures (45-50 °C)
they show activities comparable to these of early transition metal metallocene complexes.16

Figure 1-1:

Neutral κ2-N,O-salicylaldiminato Ni(II) complexes reported by Grubbs and coworkers for
polymerization of ethylene.

Salicylaldiminato Ni(II) complexes are a role model for catalyst design, showing that catalyst
behavior and thus properties of the obtained materials can be finely tuned by the steric and
electronic properties of the ligands.17 Modification of the ligand with a terphenyl structure in
the salicylaldiminato motif was reported in 2004 (Figure 1-2).18 It was demonstrated that the
substituents on the terphenyl moiety influence molecular weight and microstructure severely.
For electron-withdrawing substituents, such as R = -CF3, polymers with high molecular weights
and low amount of branching were obtained, whereas an electron-donating substitution (e.g.
with R = -CH3) lead to low molecular weight polymers or oligomers of a branched nature.17-20

Figure 1-2:

Neutral κ2-N,O-salicylaldiminato Ni(II) complexes containing a substituted terphenyl
moiety and influence of the remote substituents on polymer microstructure obtained in
ethylene polymerization (cf. ref. 20).

1.1.2 Polymerization Mechanism
Advances in the field of transition metal catalysts lead not only to a high degree of control over
molecular weights and microstructures of the polymers, but their single-component character
enabled a more detailed understanding of the polymerization mechanisms. Already in 1964 the
4
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mechanism of insertion chain growth of polyethylene was postulated by Cossee and Arlman.
They proposed coordination of the monomer in cis position to the growing polymer chain,
followed by the formation of a new σ-bond between the monomer and the growing chain after
passing through a four-membered transition state. The polymer chain is then located on the
coordination site previously occupied by the inserted monomer and a free coordination site is
open for subsequent coordination of another monomer.21,22 Later, Brookhart and Green further
investigated the polymerization mechanism (Scheme 1-4). They describe a three-center-twoelectron interaction, so called “α-agostic” interaction, between a C-H-bond and the transition
metal (M). The concept is also applicable to four (or more) centers, consequently named
β(γ,…)-agostic interactions. In agostic species the unsaturated metal center is stabilized by
donation of electron density from a C-H-bond.23,24 While “α-agostic” interactions are often
observed for early transition metal compounds, “β-agostic” interactions are predominant in late
transition metal complexes.

Scheme 1-4:

Coordination of monomer, transition state and insertion product in the catalytic insertion
polymerization of ethylene. Agostic interactions are denoted by blue arrows.

The sequence of monomer coordination and insertion can be disrupted by β-H-elimination or
transfer to monomer, both resulting in termination of the growing polymer chain (Scheme 1-5).
A β-H-elimination is the abstraction of a hydride in β-position to the metal on the growing
polymer chain. This event results in a vinyl end group on the growing chain and a metal-hydride
species, which is capable of starting a new chain. The transfer to the monomer (ethylene) is
characterized by the formation of a metal-alkyl (metal-ethyl) compound and a vinyl-terminated
polymer chain.

Scheme 1-5:

Chain transfer by β-H-elimination or transfer to monomer in the catalytic insertion
polymerization of ethylene by late transition metals.
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Late transition metal complexes often do show lower activities compared to early transition
metal catalysts. The polymers obtained with e.g. Pd or Ni-based complexes exhibit a branched
microstructure. This is due to a higher propensity for β-H-elimination. If β-H-elimination is
followed by a rotation of the unsaturated chain and reinsertion with opposite regiochemistry, a
branch is formed. At the same time the metal center migrates along the polymer chain, thus this
sequence is called “chain walking”. A series of β-H eliminations, rotations and reinsertions
leads to higher degrees of branching and longer branches (Scheme 1-6). Chain walking is
especially pronounced in polymerizations with α-diimine Pd(II) complexes, resulting in
hyperbranched polymers.13,25,26

Scheme 1-6:

Sequence of β-H-elimination, rotation and reinsertion, i.e. “chain walking”, leading to
formation of short and long chain branches in the catalytic insertion polymerization of
ethylene using late transition metal complexes (M = transition metal, L = ligand, P =
growing polymer chain).

For the polymerization with salicylaldiminato Ni(II) complexes a specific termination pathway,
a bimolecular reductive elimination, was identified. A nickel hydride species and a Ni-alkyl
complex or two Ni-alkyl complexes, [Ni(II)-R] and [Ni(II)-R’], eliminate R-R’ via a bridged
homodinuclear transition state (Scheme 1-7).27 This pathway is predicted to occur more readily
from reactive nickel hydride species, formed in a β-H-elimination. While the thereby formed
Ni species could not be characterized, bis-chelated [(N^O)2Ni(II)] complexes are found as final
decomposition products. Bis-chelated complexes have been reported previously for SHOPtype28 and salicylaldiminato Ni(II) complexes.16,29
6
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Scheme 1-7:

Bimolecular reductive elimination proceeding via a homodinuclear transition state, a
proposed deactivation pathway for salicylaldiminato Ni(II) complexes (cf. ref. 27).

Incorporation of Functional Groups into Polyethylene
While material properties such as density, melting behavior and mechanical strength are
influenced by branching and molecular weight (cf. chapter 1.1), polyethylene is nonpolar in its
linear and hyperbranched version. Polar functional groups improve material properties, such as
toughness, adhesion or solvent resistance. In addition, miscibility with other polar materials is
enhanced. Hence poylethylene with increased polarity is attractive.
In principle there are two pathways for incorporation of functional groups: a) postpolymerization modification, i.e. formation of polyethylene and subsequent introduction of
functional groups or b) introduction of the functional group, or a substitute (i.e. a protected
functional group or a precursor) during formation of the polymer.7,30-32

Scheme 1-8:

Possible pathways for functionalization of polyethylene.

Typically post polymerization modification of polyethylene is accomplished under harsh
conditions, often suffering from side reactions, such as crosslinking and chain scission33 as well
as a lack of control over the distribution of functionalities along the polymer.34,35 Introduction
of functional groups during polymerization would avoid harsh conditions and afford a higher
7
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degree of control (vide infra). To this end, catalysts with a high tolerance of functional groups
are necessary.

1.2.1 Insertion Copolymerization of Functional Comonomers
Catalysts based on late transition metals are reasonably tolerant towards heteroatoms. In fact,
even insertion of methyl acrylate as functional comonomer, impossible with early-transition
metal catalysts, was achieved for α-diimine Pd(II) complexes, as shown by Brookhart and
coworkers. They obtained ethylene-methyl acrylate-copolymers of a highly branched
microstructure with the acrylate groups mainly located at the ends of branches. This architecture
is explained by a sequence of 2,1-insertion and rearrangement of methyl acrylate, formation of
a 6-membered chelate structure and insertion of ethylene followed by further chain growth and
chain walking (Scheme 1-9).36

Scheme 1-9:

8

Copolymerization of ethylene and methyl acrylate catalyzed by cationic α-diimine Pd(II)
complexes, schematic representation of the copolymer and mechanistic model (cf. ref. 36).
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Further advances in copolymerizations of polar comonomers with Pd complexes include a
second-coordination-sphere strategy, which allowed for a broader comonomer scope (e.g. allyl
ether, allyl acetate, allyl benzene) and at the same time branching density was reduced.37
Neutral phosphinesulfonato Pd(II) complexes were found to also copolymerize functional
comonomers.38,39 They even formed copolymers with acrylonitrile40 and vinyl chloride41, which
are outside the comonomer scope of the α-diimine Pd(II) complexes. Ethylene-acrylatecopolymers obtained with these complexes showed a linear microstructure with the functional
groups mainly incorporated in-chain.38 Beyond the successful incorporation of polarsubstituted vinyl monomers in a linear polyethylene chain, other architectures, e.g. polyethylene
with polar groups in the main chain and unfunctionalized branches42 or a selective positioning
of functional groups at the polymer chain end were achieved.43
Research efforts in the field of insertion copolymerization of functionalized comonomers are
still on going and sophisticated late transition metal complexes have been devised. For example
nickel complexes bearing phosphino-phenolate (κ2-P,O) ligands were found to copolymerize
ethylene with N,N-dimethylacrylamide, methyl- or butyl acrylate.44,45
Surprisingly, a copolymerization of ethylene and acrylates is not possible with
salicylaldiminato Ni(II) complexes, although they exhibit a high tolerance towards
heteroatoms, as shown by the polymerization of ethylene in presence of polar additives46 and
in polar solvents, such as diethylether, THF and even water.47,48 Detailed mechanistic
investigations were carried out to understand this phenomenon.49,50 Grubbs and coworkers
reported on the deactivation of salicylaldiminato Ni(II) complexes in the presence of methyl
acrylate. They found that insertion of methyl acrylate in a salicylaldiminato Ni phenyl complex
follows a 2,1-insertion mode, and most likely a four-membered chelate complex is formed.
Different deactivation pathways starting from the chelate complex are possible: it might
undergo a β-H-elimination followed by reductive elimination of the salicylaldimine from the
intermediate nickel hydride complex (Scheme 1-10, route a)). Another conceivable pathway is
the direct transfer of a hydrogen from a nickel hydride complex to the chelate complex (route
b)).49
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Scheme 1-10:

Deactivation pathways after insertion of methyl acrylate as observed by Grubbs and
coworkers for salicylaldiminato nickel complexes (cf. ref. 49).

Another study on the reaction of salicylaldiminato complexes with methyl acrylate was
published by Berkefeld et al. in 2009.50 Nickel alkyl (nickel methyl and nickel ethyl) complexes
were used in this study, since the alkyl mimics the growing polymer chain on the nickel.
Salicylaldiminato nickel hydride, nickel methyl and nickel ethyl complexes were shown to
insert methyl acrylate in a 2,1-mode. While the reaction proceeded immediately for the hydride
and ethyl complexes at -30 °C, the nickel methyl complex reacted only within days. In
accordance with the results for nickel phenyl complexes by Grubbs and coworkers,49 formation
of a four-membered chelate was assumed and could be proven using a combination of 13C and
2D ROESY NMR spectroscopy and DFT calculations. A distinct interaction between the
carbonyl O-atom and the Ni(II) center, indicative of the chelate structure, was deduced from
the chemical shifts, hindered rotation and minimum energy structure. No species pointing at a
β-H-elimination after insertion of the methyl acrylate were observed at low temperatures.
Exposure of the nickel hydride complex to a mixture of ethylene and methyl acrylate showed
that insertion of both monomers occur in parallel. Bimolecular reductive elimination (cf.
chapter 1.1.2) between the nickel chelate and a nickel hydride complex, albeit not observed at
low temperatures (-30 °C), occurred upon warming to 0 °C. In short, both studies show, that
even though both ethylene and methyl acrylate can be inserted by salicylaldiminato complexes
no further chain growth after insertion of methyl acrylate is possible but rather decomposition
e.g. by bimolecular elimination occurs. Thus no copolymerization of ethylene with polar
comonomers such as acrylates is achievable with salicylaldiminato Ni(II) complexes (Scheme
1-11).
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Scheme 1-11:

Insertion of methyl acrylate and ethylene in Ni-H, Ni-Me and Ni-Et complexes and
deactivation pathways thereafter as observed by Berkefeld et. al. in in-depth NMR studies.

Insertion copolymerization of ethylene with polar comonomers, such as acrylates, not
achievable with salicylaldiminato Ni(II) complexes,49,50 is possible with cationic α-diimine
Pd(II),36,37 neutral phosphinesulfonato Pd(II) complexes38-41 and phosphino-phenolate Ni(II)
complexes.44,45 Whereas for copolymerizations with α-diimine Pd(II) complexes the functional
groups are positioned at the ends of branches, they are incorporated in-chain for
polymerizations using phosphinesulfonato Pd(II) and phosphino-phenolate Ni(II) complexes
(Scheme 1-12).

Scheme 1-12:

Overview of copolymer architectures achieved by insertion copolymerization of ethylene
and methyl acrylate using α-diimine Pd(II), phosphinesulfonato Pd(II) complexes and
phosphino-phenolate Pd(II)/Ni(II) complexes.
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1.2.2 Radical Copolymerization Approaches
To avoid the issue of catalyst poisoning by polar functional monomers in insertion
polymerization approaches, radical pathways for copolymerization of ethylene and polar
comonomers are often used. Industrially, free radical polymerization processes at high
temperatures and pressures are employed to produce ethylene copolymers. However, these
processes require high pressure reactors and compressors (if ethylene rich polymers are
targeted), and only branched copolymers with random distribution of functional groups are
obtained. Other more controlled radical pathways have been tested: In 2001 Sen and coworkers
reported on the copper-mediated copolymerization of 1-olefins and ethylene with methyl
acrylate.51 They achieved an ethylene incorporation of 8.6 mol% in a random ethylene-methyl
acrylate-copolymer under ethylene pressures of 62 bar. In comparison to classical free radical
copolymerizations without copper polydispersities were much lower ( 1.5 compared to  9),
however molecular weights of the obtained copolymers reached only 12  103 g/mol.52
Apart from ATRP other controlled radical polymerization techniques such as nitroxide
mediated radical polymerization (NMP), reversible addition-fragmentation chain transfer
(RAFT) and organometallic-mediated radical polymerization (OMRP) have been applied to
copolymerize ethylene and functionalized comonomers. Nitroxide mediated copolymerization
of methyl acrylate with 1-olefins or ethylene was demonstrated in 2004 (Scheme 1-13).53 A
random ethylene-methyl acrylate-copolymer with an ethylene incorporation of 13.6 mol% and
a narrow polydispersity of 1.19 was obtained at an ethylene pressure of 48 bar. Similar as in
ATRP the obtained molecular weight was rather low (9 103 g/mol).

Scheme 1-13:

NMP equilibrium for the polymerization of ethylene and methyl acrylate yielding a random
ethylene-methyl acrylate-copolymer.

In 2014 D’Agosto and Monteil reported for the first time the polymerization of ethylene by
RAFT.54 They used xanthates as controlling agents (Scheme 1-14) and were able to use
12
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pressures below 200 bar and temperatures of 70 °C, i.e. relative mild conditions. Incorporation
of vinyl acetate (< 10mol %) was possible, starting from a mixture of ethylene and vinyl acetate
in dimethylcarbonate.

Scheme 1-14:

RAFT equilibrium for the polymerization of ethylene with xanthates (Z = OMe or OEt). Pn
and Pm denote different growing polymer chains.

Another technique for controlled radical polymerization, organometallic-mediated radical
polymerization (OMRP) is promising in regard to copolymerization of ethylene with polar
comonomers. Indeed, in 2007 Jérôme, Detrembleur and coworkers demonstrated the
copolymerization of ethylene with vinyl acetate using a cobalt catalyst and an azo initiator (2,2’azobis(4-methoxy-2,4-dimethyl valeronitrile, V-70). The ratio of vinyl acetate to ethylene in
the obtained polymer was 8.3 to 1 and the authors suggested a gradient like structure originating
from preferential incorporation of vinyl acetate.55 A second excellent example of cobaltmediated radical polymerization was described in 2014: Detrembleur and coworkers were able
to copolymerize ethylene with vinyl acetate, acrylonitrile and N-methyl vinyl acetamide to
copolymers with controlled microstructures. The copolymers showed a narrow molecular
weight distribution and an ethylene content of up to 54 mol% was obtained. The ethylene
content could be adjusted by variation of the ethylene pressure between 10 and 50 bar (Scheme
1-15).56
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Scheme 1-15:

OMRP of ethylene with polar monomers (vinyl acetate, acrylonitrile or N-methyl vinyl
acetamide) using bis(acetylacetonato)cobalt(II) as controlling-agent (cf. ref. 56).

1.2.3 Introduction of Functionality by Chain Transfer Agents
Beyond the copolymerization of ethylene with polar comonomers, the application of chain
transfer agents is a pathway to introduce functionality during the polymerization process
(Scheme 1-16). Chain transfer agents (CTAs) effectively remove growing polymer chains from
homogeneous single site catalysts and concomitantly form a bond between the polymer chain
end and the heteroatom (Al, Mg, Zn, B, P, Si, N) of the CTA. The catalyst resumes polymer
chain growth thereafter.

Scheme 1-16:

Introduction of a functional group during ethylene polymerization using a chain transfer
agent.

A variety of compounds based on aluminum,57-59magnesium,60 zinc,61,62 boron,63,64
phosphorus,65 silicon,66-68 and nitrogen69 have been shown to act as CTAs (Scheme 1-17).70 In
many reports the introduction of heteroatom functionality is not the primary focus but rather
the accompanying effect of molecular weight control.71-73
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Scheme 1-17:

Overview of chain end functionalizations achieved in chain transfer polymerizations with
CTAs.

Chain transfer can in principle proceed according to two mechanistic cycles depending on
which part of the chain transfer agent interacts with the catalyst metal center (Scheme 1-18,
Scheme 1-19). Marks and Amin propose that the distinction which pathway occurs is decided
by the electronic properties of the chain transfer agents.70

Scheme 1-18:

Proposed catalytic cycle for chain transfer polymerization of ethylene using electron-rich
CTAs, such as phosphines or amines.
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Scheme 1-19:

Proposed catalytic cycle for chain transfer polymerization of ethylene using electrondeficient CTAs, such as boranes or alanes.

For both proposed catalytic cycles the first polymer chain produced by the catalyst is terminated
by the CTA. Either the hydride H (Scheme 1-18) or the functional group of the CTA (Scheme
1-19) is transferred to the chain. Chain termination by transfer of the hydride to the chain yields
a fully saturated chain end group and a metal-functional group complex (LnM-ERx) (Scheme
1-18). Transfer of the functional group results in a functionalized end group (R xE-polymer
chain) and a hydride complex (LmM-H) (Scheme 1-19). Further chain growth starting from the
respective complexes would therefore result in either a functionalized end group (Scheme 1-18)
or a fully saturated end group (Scheme 1-19) of the growing chain. Cleaving of the growing
chain from the metal center following the same mechanisms respectively yields polymer chains
with one saturated end group and one functional group for both mechanisms. The only
difference concerning the formed polymer is therefore the differing end group of the first chain
produced by the catalyst (denoted in green).
Examples for CTP with early transition metal catalysts are manifold.57,59,63,70 This has the
advantage that polymers with high molecular weights and stereoregularity can be obtained.
However, at the same time the use of early transition metal catalysts limits the number of
functionalities, which can be introduced as end groups. Guironnet and Hyatt reported on
palladium catalyzed chain transfer polymerization using silanes as CTAs. They proposed that
chain transfer occurs by transfer of the silane and not the hydride to the palladium center, i.e.
CTP follows the catalytic cycle depicted in Scheme 1-18. Apart from end-functionalized
polyethylene poly(ethylene-methyl acrylate) copolymers with functionalized chain ends
originating from the CTA were obtained.67 In 2019, the same authors demonstrated the
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tuneability of end groups: They introduced a dye as end group in cobalt catalyzed CTP with
dye-modified silanes as CTA to obtain a colored polyethylene material.68
Despite the versatility of chain transfer polymerizations and the variety of groups which have
been successfully introduced, this method has a severe limitation: The number of functionalities
per polymer is limited to one per chain and more elaborate architectures such as block
copolymers cannot be accessed. Hence, chain transfer polymerization is mainly used for the
synthesis of telechelic polymers. These end-functionalized polymers however open the path for
specific post-polymerization modification and are the key to combine insertion polymerizationderived polymer chains with other polymerization methods (vide infra).

Combination of Insertion and Radical Chain Growth
Despite their success, the formation of more complex architectures, e.g. block copolymers is
not possible with the approaches described above (insertion or radical copolymerization
approach or functionalized chain transfer agents). For insertion copolymerization a random
distribution of the functional groups along the polymer chain with positions in the chain or on
branches is obtained. In contrast functionalized chain transfer agents do deposit the functional
groups selectively at a polymer chain end. However only one functional group per chain is
obtained by this approach, thus the degree of functionalization is very low. An advantage of
radical polymerization is the feasibility to obtain homopolymers consisting of solely
functionalized monomers (such as methyl acrylate). However, with regard to olefinic
monomers radical copolymerization approaches result in a statistical distribution of functional
groups and 1-olefins in the polymer chain or branches. The combination of insertion and radical
mechanisms, which are separately active in the formation of olefin homopolymers or the chain
growth of functionalized monomers, is anticipated to result in block copolymers consisting of
olefins and polar monomers. Various combination strategies for the formation of block
copolymers have been examined (vide infra).32,74
Leblanc et al. reported on a dual radical/catalytic pathway for the copolymerization of acrylates
with olefins.75,76 They used neutral κ2-N,O and κ2-P,O nickel complexes known to polymerize
ethylene. Previous reports on copolymerization of polar monomers, e.g. acrylates, with nickel
or other late transition metal complexes in presence of methyl aluminoxane (MAO), lack a
detailed mechanistic explanation or have been assumed to occur by a radical polymerization
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mechanism.77-79 Leblanc et al. postulated that a homolytic cleavage of a nickel carbon bond
leads to a radical species (R•) capable of initiating a radical polymerization of acrylates (Scheme
1-20). Thus starting from a polyolefin with a radical in the chain end position (R•) the formation
of block copolymers would be possible. Polymer material formed in presence of both ethylene
and acrylate monomer was analyzed by 1H NMR, DSC and solubility/extraction experiments.
A complex mixture of polymer chains was obtained, which the authors described as block
copolymers with different amounts of incorporated comonomer and block lengths. It was
suggested that even multi block copolymers were accessible with this dual pathway: A
recombination of the growing polymeryl radical species (R•) with the metal-centered radical
species (Ni(I)•) would lead to a Ni(II)alkyl species, which is again active for insertion
polymerization. The growing polymer chains would in principle be exchanged back and forth
between an insertion polymerization mechanism and a free radical polymerization mechanism
(Scheme 1-21).

Scheme 1-20:

Dual radical/catalytic pathway for the copolymerization of 1-olefins and polar comonomers
(MMA, tBA, styrene) using κ2-N,O and κ2-P,O nickel complexes (cf. ref. 75,76).

Scheme 1-21:

Exchange of growing polymer chains in the dual radical/catalytic polymerization of 1olefins and polar comonomers resulting in (multi) block copolymers.

Ölscher et al. elucidated the role of radical species in polymer chain growth with
salicylaldiminato Ni catalysts.80 Their detailed study showed that in presence of both, ethylene
and methyl methacrylate an insertion polymerization and a free radical polymerization occur
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simultaneously. Different from the possible interplay proposed by Leblanc et al. it was found
that the mechanistic cycles for chain growth of ethylene and acrylate monomer are independent
of one another and therefore a physical mixture of homopolymers (PE and PMMA) is obtained
(Scheme 1-22). These results are based on NMR and EPR spectra and the isolation of a key
Ni(I) intermediate. Concerning the free radical source for the polymerization of MMA a nickel
carbon bond cleavage was excluded, since using a

13

C labeled nickel methyl complex (Ni-

13

CH3) as an initiator for the homopolymerization of MMA did yield PMMA with no

incorporated isotopic label. Instead a homolytic cleavage of the phosphorus carbon bond of the
labile phosphine ligand was proposed. Evidence for this pathway was a) the detection of phenyl
terminated PMMA polymers with complexes bearing PPh3 as labile ligand, b) the changed
polymer end group pattern in the 1H NMR spectrum upon variation of the phosphine ligand to
P(m-Tol)3, and c) the formation of a Ph-PBN spin adduct in EPR experiments with the nickel
methyl triphenylphospine complex and PBN as spin trapping agent.80,81 These results fit with
the observation that addition of phosphines increases the efficiency of nickel complexes for
radical polymerizations as was also reported previously.75,76,82 Another source for free radicals
was suggested to be the reaction of low-valent nickel species (Ni(0/I)) with aryl halides, e.g.
aryl iodides (Ar-I) in iodo-substituted salicylaldiminato ligands (Scheme 1-23).80

Scheme 1-22:

Simultaneous insertion polymerization of ethylene and radical polymerization of methyl
methacrylate starting from nickel salicylaldiminato complexes. The chain growth pathways
proceed in parallel and no exchange of growing chains occurs, resulting in a mixture of
homopolymers (PE, PMMA).
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Scheme 1-23:

Radical sources for the initiation of a free radical MMA polymerization: Homolytic P-C
bond cleavage in the labile phosphine ligand (left) or reaction of low-valent nickel species
with aryl halides (right).

In 2018 Harth and coworkers reported on a metal-organic insertion/light initiated radical
(MILRad) polymerization.83 They used α-diimine Pd(II) complexes to polymerize 1-hexene
and methyl acrylate to form homopolymers (Scheme 1-24) and block copolymers. They
combined insertion and radical polymerization techniques by exploiting the photoresponsive
nature of the palladium catalyst to switch between the chain growth methods. Sequential
synthesis of a hexene-block-methyl acrylate block copolymer was achieved with the 1-hexene
block formed in the dark followed by addition of methyl acrylate monomer and polymerization
of the second block under irradiation with blue light (460 nm). Based on the finding that in a
monomer mixture of 1-hexene and methyl acrylate selective polymerization of one monomer
(with only minor incorporation of the second monomer) is possible, polymer architecture can
be controlled even in one-pot syntheses. Methyl acrylate is polymerized upon irradiation with
light, while 1-hexene is polymerized in the dark, thus switching the light on or off controls the
monomer type, which is polymerized predominantly. It was demonstrated that on/off cycles of
light irradiation on a monomer mixture forms the desired block architecture (Scheme 1-25).83

Scheme 1-24:
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Polymerization of 1-hexene in the dark and formation of poly(methyl acrylate) via light
irradiation (at 460 nm) using an α-diimine Pd complex (cf. ref. 83).
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Scheme 1-25:

Sequential and one-pot synthesis of a hexane-block-methyl acrylate block copolymer using
metal-organic insertion/light initiated radical (MILRad) polymerization (cf. ref. 83).

While the metal-organic insertion/light initiated radical (MILRad) polymerization is a rare
example for an insertion and radical polymerization catalyzed be the same compound, most
combinations of insertion and free radical techniques towards the goal of block copolymers are
stepwise syntheses with different catalysts or initiators for the respective steps. Functionalities
incorporated in a first polymer block by a) post-polymerization functionalization, b) insertion
or radical copolymerization or c) functionalized chain transfer agents can serve as a starting
point for the formation of additional polymer blocks consisting of a different monomer. The
statistical distribution of starting points achieved by post-polymerization functionalization or
copolymerizations leads to graft copolymer architectures, whereas the copolymers starting from
telechelic polymers, obtained in CTPs, exhibit a strict A-B-diblock architecture (Scheme 1-26).

Scheme 1-26:

Schematic representation of pathways for the stepwise construction of block copolymer
architectures. Depending on the distribution of starting points in the first polymer block,
copolymers with grafted or diblock architecture are accessible.
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Many examples for the stepwise construction of copolymer blocks have been reported.74,84,85
Matsugi and coworkers described a postpolymerization functionalization of various
commercially available polyolefins, e.g. PP, HDPE, LDPE, by bromination with Nbromosuccinimide (NBS). The allylic bromide moieties (terminal and in-chain) obtained were
used to initiate ATRP of polar monomers, such as MMA, tBA, EA and S. This approach led to
various polyolefin block copolymers with diblock or grafted architectures (Scheme 1-27).86,87

Scheme 1-27:

Synthesis of diblock and graft copolymers by bromination of commercially available
polyolefins and subsequent ATRP of acrylates or styrene to form the second copolymer
blocks.

Matyjaszewski and Inoue reported the post-polymerization modification of polyethylene
towards a macroinitiator: The initiator motif was obtained by reaction of the PE block’s vinyl
end groups with 2-bromopropanoic acid in the presence of triflic acid. Subsequent ATRP of
polar monomers such as MMA, nBA and S lead to the formation of PE-block-PMMA, PEblock-PnBA and PE-block-PS block copolymers (Scheme 1-28).88

Scheme 1-28:

Synthesis of diblock copolymers by addition of 2-bromopropanoic acid to vinyl terminated
polyethylene and subsequent ATRP of methyl methacrylate or n-butyl acrylate.

A different approach for the generation of PE-macroinitiators is the introduction of an ATRP
initiator into the catalyst precursor, as demonstrated by Brookhart, Matyjaszewski and
coworkers. They used a bromoisobutyrate or methacrylate modified α-diimine palladium
chelate complex in a living polymerization to obtain bromoisobutyrate- or methyl acrylate
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endcapped polyethylene, i.e. a PE-macroinitator or a PE-macromonomer. Copolymers formed
in subsequent ATRP starting from methacrylate endcapped PE exhibited grafted architectures.89
In contrast, ATRP using bromoisobutyrate endcapped PE resulted in PE-block-PS or PE-blockPnBA block copolymers (Scheme 1-29).90

Scheme 1-29:

Synthesis of block copolymers using functionalized α-diimine Pd complexes in living
polymerizations to obtain PE-macromonomers or PE-macroinitators, which are reactive in
ATRP of butyl acrylate or styrene.

The efficiency of the latter approach is modest, since one catalyst molecule can introduce only
one functional group. A different concept for selective introduction of functionality at the end
of polymer chains are chain transfer polymerizations (CTPs) with chain transfer agents (CTAs)
containing functional groups. As described in chapter 1.2.3, CTAs terminate a growing chain
and concomitantly form a bond between the polymer chain end and the heteroatom of the CTA.
Polymer chain growth resumes and further reactions with other molecules of CTA are possible,
this means more than one functional group can be introduced by the same catalyst molecule. In
the zirconium catalyzed end-functionalization of polyolefins with 9-borabicyclo[3.3.1]nonane
(9-BBN) dimer as chain transfer agent, and the subsequent oxidation of the 9-BBN end group,
23

Combination of Insertion and Radical Chain Growth
the resulting peroxoborinate is capable of initiating free radical polymerization of MMA. As
demonstrated by Chung et al. this approach resulted in multiple PE-block-PMMA block
copolymer chains per zirconium (Scheme 1-30).63,64,91

Scheme 1-30:

Synthesis of diblock copolymers by oxidation of borane terminated polyethylene and
subsequent free radical polymerization with methyl methacrylate.

Another example for a CTP was reported by Scott and coworkers: Addition of 1,3di(isopropenyl)benzene in a zirconocene catalyzed ethylene polymerization resulted in
isopropenyl benzene end groups. These end groups reacted in subsequent free radical
polymerizations, initiated by free radical initiators, e.g. dibenzoyl peroxide, with growing
polymeryl radicals. In principle diblock or graft copolymer structures are possible with this
approach. Careful analysis of the obtained copolymers indicated that the prevailing architecture
are diblock copolymer structures (Scheme 1-31).92

Scheme 1-31:
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Synthesis of block copolymers by reaction of insertion-grown isopropenyl terminated
polyethylene with polymeryl radicals in free radical polymerizations.
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Chain transfer to zinc and subsequent oxidation and hydrolysis is another example for a postpolymerization modification approach towards copolymers. The thereby formed polyethylene
exhibits hydroxyl groups selectively at the end of polyethylene chains. The hydroxyl endfunctionalized polyethylene was then converted either to a macroinitiator for ATRP or a
macromonomer suitable for polymerization in ATRP. The former was achieved by reaction
with 2-bromo-2-methylpropionyl bromide, the latter was obtained in an additional step starting
from the macroinitiator by dehydrobromination with 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU). When the macroinitiator was applied in ATRP of n- or tert-butyl acrylate block
copolymers with diblock architecture were obtained. Accordingly, use of the macromonomer
in ATRP yielded PnBA-graft-PE and PtBA-graft-PE block copolymers, i.e. the original
polyethylene chains are attached as side chains on the respective acrylate backbone in the
copolymer architecture (Scheme 1-32).93

Scheme 1-32:

Spitz,

Synthesis of diblock and graft copolymers from hydroxyl end-functionalized polyethylenes
by transformation to a macroinitiator or macromonomer and subsequent ATRP of butyl
acrylates.

Boisson

and

coworkers

employed

n-butyloctylmagnesium

or

di(10-

undecenyl)magnesium as CTA in Nd catalyzed CTPs.60,94,95 The obtained dipolyethylenemagnesium species were converted to iodine end-functionalized polymer chains, which opens
the path for a variety of modifications, including azide- and amine-end functionalization.
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Starting from the amine-terminated polyethylene a dithioester end group was successfully
introduced and thus a macro RAFT agent obtained. Subsequent RAFT of n-butyl acrylate
provided access to PE-block-PnBA block copolymers (Scheme 1-33).94

Scheme 1-33:

Synthesis of diblock copolymers from amine end-functionalized polyethylenes by
transformation to a macroinitiator and subsequent RAFT of n-butyl acrylate.

Another example for the introduction of end groups via reactive polyethylenemagnesium
species is their reaction with stable nitroxide radicals, however the C-ON bond in alkoxyamineterminated polyethylene formed with common nitroxides such as 2,2,6,6-tetramethylpiperidineN-oxyl (TEMPO) and N-(2-methyl-2-propyl)-N-(1-diethylphosphono-2,2-dimethylpropyl)-Noxyl (SG1) is not labile enough to efficiently initiate a NMP (even at 160 °C-180 °C).96,97 In
2007 Lopez et al. introduced an alkoxyamine based on the SG1 motif, connected to a TEMPO
moiety. While the latter is the connecting point to the polyethylene chain the former is capable
to initiate a NMP at temperatures above 60°C, i.e. significantly lower temperatures compared
to TEMPO- or SG1-terminated PE. The formation of PE-block-PnBA block copolymers, albeit
containing more than 50% PE homopolymer, was shown (Scheme 1-34).98
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Scheme 1-34:

While end-modification of polyethylene with nitroxides yields stable alkoxyamines, which
are not efficient in initiating a NMP, reaction of polyethylenemagnesium with a compound
containing TEMPO radical and SG1 alkoxyamine produces a macroinitiator for NMP.
Diblock copolymers of ethylene and n-butyl acrylate are accessible with this strategy.

Overall, the combination of insertion and radical chain growth is a long standing goal in
polymerization chemistry32,74 and many strategies have been examined: Strategies with
formation of both an insertion- and radical-grown block by the same catalyst are a) metalorganic insertion/light initiated radical (MILRad) poylmerizations83 or b) dual radical/catalytic
polymerizations75,76. The latter are controversial since they might lead to physical mixtures of
homopolymers instead of copolymers.80,81 The most-studied strategies in the context of
combining insertion and free radical polymerizations are stepwise syntheses with introduction
of a functional group, which is a starting point for the formation of a second polymer
block.74,84,85 Post-polymerization modifications, like bromination86,87 and other reactions to
introduce initiators for controlled radical polymerization techniques were reported.88 The use
of functionalized catalyst precursors was also demonstrated to introduce a functional group at
the chain end and albeit this approach suffers from a moderate efficiency, block copolymers
were accessible.89,90 Chain transfer polymerizations towards introduction of functional groups
are more efficient,63,92 however many demonstrated approaches require multiple steps to obtain
the final copolymers.93,94,98
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2 Scope of the Thesis
To date polar vinyl monomers pose a problem for established olefin insertion polymerization
strategies. In contrast radical polymerization methods, well suited for polar vinyl monomers,
are only applicable for ethylene at harsh conditions. Combination of insertion and radical
polymerization methods to enable the synthesis of copolymers consisting of olefins and polar
vinyl monomers is a long-standing goal in the field of polymerization chemistry. While free
radical addition and insertion chain growth proceeding in parallel have been observed before,
a possible involvement of radicals in catalytic insertion chain growth remains elusive, albeit it
could account for thus far inconclusive experimental observations and enable yet unachieved
synthetic reaction schemes.
The objective of this thesis is to elucidate the role of radicals in insertion chain growth and to
incorporate functional (reactive) groups, originating from radical initiators, in insertion
polymerization-grown polyethylene. For this purpose, a variety of radical sources was
investigated in Ni-catalyzed ethylene insertion polymerizations followed by careful analysis of
the obtained materials in respect of possible incorporation of radical initiator-derived fragments
(Scheme 2-1, chapter 3).

Scheme 2-1:

Role of radicals in insertion chain growth and possible incorporation of radical initiatorderived fragments as polymer end groups.

A direct (end-)functionalization of polyethylene with radicals is clearly only possible using
radical initiators, which decompose under the conditions applied for ethylene polymerization.
Most radical initiators used in (controlled) free-radical polymerizations are stable at these
conditions but decompose at elevated temperatures. Introduction of more stable radical
initiators (e.g. alkoxyamines) into the polymer chain ends is nevertheless promising, since they
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are inactive during the insertion polymerization but could be utilized in a later step at higher
temperatures. Linking of a more stable radical initiator to a chain transfer agent, e.g. to a silane,
might be a suitable strategy for the introduction of the radical initiator at the chain end. Silanes
are known to act as CTA in α–diimine Pd-catalyzed polymerizations. With this in mind
salicylaldiminato Ni complexes were tested in hydrosilylation reactions to gauge their
applicability for chain transfer polymerizations with silanes (chapter 4). A chain transfer agent,
modified by linking a silane motif to a stable radical initiator was studied in chain transfer
polymerizations with α-diimine Pd complexes: A possible incorporation of the radical initiator
at the chain end was investigated. As a following step the combination of different chain growth
mechanisms (catalytic/ free radical) for generation of connected polymer blocks was envisioned
(Scheme 2-2, chapter 5).

Scheme 2-2:

Possible incorporation of an intact radical initiator in a chain transfer polymerization
towards a macroinitiator for free radical polymerization.
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3 Incorporation of Radicals during Ni(II)-Catalyzed Ethylene
Insertion Polymerization
Introduction
The overall mechanisms of catalytic insertion polymerizations are fairly well understood. This
applies to the polymerization of ethylene and 1-olefins, employed on a large scale, but also for
insertion copolymerizations of polar monomers like acrylates a comprehensive mechanistic
picture exists.8,36,40,50,99,100
By contrast, the impact of free radicals on an insertion polymerization is a frequently recurring
issue, which is poorly understood. A rich variety of metal-catalyzed transformations for small
molecule synthesis involve radical pathways.101-109 The role of free-radicals in catalytic chain
growth polymerizations has remained elusive to date, however.
Evidence for the occurrence of radicals in catalytic polymerization and suspected or identified
sources are manifold.110,111 For example, in Pd(II) catalyzed insertion copolymerization of
ethylene and methyl acrylate, occasionally polyacrylate homopolymer with a microstructure
indicative of free-radical polymerization is formed which contaminates the formed ethyleneMA copolymer from insertion polymerization.77,79,112 Further, components of catalysts have
been shown to form radicals that initiate polymerization. For example, phosphines introduced
with a catalyst precursor can initiate free-radical chain growth via a homolytic P-aryl bond
cleavage.80 Bis(β-ketoiminato)Ni(II)/MAO was proposed to polymerize MMA via a radical
mechanism.113 It has also been shown that free-radical polymerization of MMA by an added
initiator and insertion polymerization of ethylene by an Ni(II) catalyst can occur
simultaneously, without an interference of the two different chain growth mechanisms.80 In all
these examples, generated radicals polymerize a (meth)acrylate via a common free radical chain
growth. An involvement of radicals in the insertion chain growth reaction remains elusive.
Beyond a fundamental understanding of the role and occurrence of radicals in catalytic
polymerization, a combination of insertion and radical chain growth can potentially enable
efficient synthetic schemes to desirable polymer architectures and overcome long-standing
problems, like the retardation of polymerization upon incorporation of polar-functionalized
monomers in an insertion growth cycle.8,99,114
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Regarding the type of insertion polymerization catalysts, late transition metal complexes are of
particular interest, as they can be compatible with polar monomers and also the functional
groups present in radical initiators. Neutral Ni(II) salicylaldiminato complexes are particularly
promising in this regard.115
In this chapter evidence that radicals, generated deliberately from azo initiators, are
incorporated as end groups in insertion chain growth of ethylene is reported.

Results and Discussion
3.2.1 Fate and Impact of Radical Initiators in Insertion Polymerizations
Different classes of radical sources were added in pressure reactor studies of ethylene
polymerization with salicylaldiminato Ni complex Ni-1 (Figure 3-1) to investigate their
influence on polymer yield and microstructure of the obtained polymers.

Figure 3-1:

Salicylaldiminato complex Ni-1 applied as catalyst precursor in polymerization of ethylene.

The decomposition behavior of the radical initiators is impacted by a number of parameters,
namely temperature, presence of metal (Ni), presence of light, or even surrounding
solvents.116,117 Reported decomposition rates for the radical initiators range from 2.89  10-6 s-1
(at 50 °C in toluene, calculated from half-life time) for Wako-V601 to 2.25  10-4 s-1 (at 53 °C
in toluene) for PAT (Figure 3-2), for further details on synthesis and decomposition of radical
initiators see SI.118,119
Under pressure reactor conditions Ni-Me catalyst precursor Ni-1 was exposed to ethylene in
the presence of radical initiators (Figure 3-2). Polymer was obtained in the presence of all
radical initiators depicted in Figure 3-2. At the conditions of ethylene polymerization (50 °C
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for 3 h) PAT, PATF,F and Wako-V601 will clearly form radicals by thermal decomposition. In
all cases polymer was obtained, that is catalytic polymer chain growth is not suppressed by the
presence of radicals. In the formed polyethylene end groups were detected, which must
originate from the free-radical initiators (vide infra).

Figure 3-2:

Radical initiators studied and their decomposition rates (in toluene if not stated otherwise).

Molecular weights of the polymers obtained in the presence of radical initiators (6.2  103 to
8.9 × 103 g/mol) and Mw/Mn (1.6) were in the same range as those of a polymer obtained with
the Ni-Me-complex Ni-1 in absence of radical initiators (8.0 × 103 g/mol, Mw/Mn 1.7, Table
3-1, entries 1-7). The yield of obtained polymer differs for different radical initiators under
otherwise identical conditions (Table 3-1, entries 1-7). In addition to the varying amounts of
radicals generated, this may be due to coordination of functional groups (e.g. ester groups) to
the polymerization active Ni species. For the system studied in all polymerization experiments
the addition of radical initiators decreased the polymer yield compared to polymerization in the
absence of radical initiators.
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Table 3-1:

#

1h)
2
3h)
4
5
6
7
8
9
10
11
12

Polymerization results with catalyst precursors Ni-1 - Ni-5 (cf. Figure 3-6) (polymerizations
in 100 mL of toluene at 50 °C and 7 bar ethylene pressure).

cat.a) radical
source
addedb)

time

[min] [g]

Mn (GPC)c) Mn (NMR)d) chains Mw/Mn
per Nie)
[103 g/mol] [103 g/mol]

Ni-1
Ni-1
Ni-1
Ni-1
Ni-1
Ni-1
Ni-1
Ni-2
Ni-3
Ni-1
Ni-5
Ni-4

180
210
180
180
180
180
180
12
12
12
12
12

6.2
7.9
8.9
6.4
8.7
8.7
8.0
6.8
6.7
7.8
4.9
4.9

PAT
PATF,F
Alk-NHPI
Ar-NHPI
V601
Bn-TEMPO
-

yield

0.63
0.83
1.47
2.64
2.99
5.50
9.40
0.90
1.87
1.62
0.87
0.38

3.1
4.1
4.0
2.9
3.8
3.8
4.0
2.7
3.9
3.8
6.2
6.0

10
10
33
86
52
72
119
17
24
21
7
3

1.6
1.6
1.6
1.6
1.6
1.6
1.7
1.6
1.7
1.6
1.5
1.3

portion of
endfunctionalized
chainsf) [%]
0.9
0.3
none
none
0.1
none
n.a.
1.9
0.4
n.a.
0.9
n.a.

efficiency of
initiation to
polymer end
groupsg) [%]
9
3
none
none
7
none
n.a.
32
10
n.a.
6
n.a.

Polymerizations in 100 mL toluene at 50 °C and 7 bar ethylene pressure. a) 20 µmol of catalyst precursor was used, in entry
5: 15 µmol, b) 100 µmol (5 equiv.) radical source were added, c) determined by GPC (THF, 40 °C) versus PS standards, d)
determined by 1H NMR-spectroscopic end group analysis (unsaturated terminating chain ends), e) calculated by
mPolymer / (Mn  nNi), f) portion of chains with an aryl- or ester end group derived from free-radical initiator or catalyst
precursor, respectively. Calculated by (χ  Mn(NMR)) / mrepeat unit with χ = amount-of-substance fraction of aryl or ester end
groups, g) calculated by (mPolymer  χ) / (mrepeat unit  nNi) with χ = amount-of-substance fraction of aryl or ester end groups,
for more details on calculation cf. Experimental Section, chapter 3.4.12, h) polymerization in heptane.

For the N-hydroxyphthalimide (NHPI) ester type radical initiators as well as ((2’,2’,6’,6’tetramethyl-1’-piperidinyloxy)methyl)benzene

(Benzyl-TEMPO)

no

evidence

for

incorporation of the anticipated end groups was observed in NMR spectra of the polymer. The
Benzyl-TEMPO is thermally stable up to 90 °C.120 In the presence of Ni metal a number of
organic transformations involving radical intermediates have been reported.104,121,122 A singleelectron transfer reaction is often the radical generating step. Thus radical formation below the
thermal decomposition temperature is feasible. However, under the conditions applied in this
work no evidence for formation and further reaction of radicals was observed for BenzylTEMPO. NHPI-type radical sources are known to decompose light-mediated or thermally as
well as in the presence of Ni metal.102,123-125 Radicals might be formed under the polymerization
conditions applied here, but they might not lead to the polymerization active Ni(II) species.
Wako-V601, an aliphatic initiator was chosen since it is structurally related to the wellestablished AIBN but the methyl ester group was anticipated to be easily detectable in 1H NMR
spectra of polyethylene while end groups originating from AIBN are obscured by signals of the
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polyethylene backbone. Also, the decomposition temperature is favorably lower compared to
AIBN. Indeed a singlet signal at 3.7 ppm in the 1H NMR spectrum (CDCl3, 300 K) indicates
the presence of methyl ester end groups in polymers obtained by polymerization in the presence
of Wako-V601 (vide infra).
For the radical sources PAT and PATF,F NMR signals in the aromatic region with characteristic
shifts and multiplicities clearly reveal the presence of the initiator-derived aryl end groups in
the formed polyethylene (phenyl terminated chain: 2.61 ppm benzylic CH2 and 7.17/7.19 ppm
aromatic H; 3,5-difluorophenyl terminated chain: 2.60 ppm benzylic CH2 and 6.61/6.69 ppm
aromatic H, signals in 19F NMR spectra -110 to -111 ppm aromatic F).

3.2.2 Polymer Microstructures
A combination of methods was used to unravel the polymer microstructures: a) In 1H NMR
spectra chemical shifts and multiplicities of the end group signals were compared to those of
independently synthesized model compounds decylbenzene and 1-decyl-3,5-difluorobenzene
(characterization of model compounds cf. Experimental Section, chapter 3.4.5). b) 1-Decyl-3,5difluorobenzene, as model for a polyethylene chain with end group originating from the Fcontaining radical source PATF,F, shows a singlet at δ = -111 ppm in the 19F NMR spectrum
(CDCl3, 376 MHz). The 19F NMR spectra of polymers obtained in polymerization experiments
in the presence of PATF,F show signals in the region of -110 to -111 ppm, proving the
attachment to the polymer chain. The chemical shift of the signal corresponding to unreacted
free radical initiator (-108.6 ppm) differs from that of the polymer bound end group (-110 to 111 ppm) by approximately 2 ppm. This shows, that no residues of the radical initiator PATF,F
are contained in the polymers, which could complicate the analysis (19F NMR spectra are given
in the SI). In comparison to 1H NMR spectra an overlap of signals is not an issue and even small
amounts of end groups are detectable. c) Diffusion-ordered NMR spectra (DOSY) spectra were
acquired to determine whether the resonances assigned to initiator fragments show the same or
different diffusion behavior compared to the polyethylene backbone. A single type of polymer
would lead to one trace in the obtained spectrum, while a mixture of two populations with
strongly different molecular weights would lead to two individual traces. The spectra clearly
show one diffusion trace for the PE backbone and initiator-derived fragments, this confirms the
attachment as polymer end groups (Figure 3-3). d) The microstructure of the polymeric
materials was analyzed with respect to branching by 13C NMR spectroscopy. The amount and
34

Incorporation of Radicals during Ni(II)-Catalyzed Ethylene Insertion Polymerization
lengths of branches were similar in all cases, amounting to approximately 30 branches per
1000 C atoms, constituted of mainly methyl and ethyl branches. For a classical free-radical
polymerization of ethylene (T: 200-300 °C and p: 100-4000 bar) butyl and longer branches
usually dominate the polymer microstructure.126,127 Monteil and coworkers were able to
perform free radical polymerizations at remarkably low temperatures and pressures (T: 70 °C
and p: 50-250 bar). With regard to branching they also observed butyl and longer branches.128
In contrast, the low amount and chain length characteristics (C1, C2) of the branches of the
polymers obtained in the present work illustrate the formation of the polymer by an insertion
mechanism.
Polymerization in the absence of radical initiators yields observable saturated initiating and
unsaturated terminating end groups (from β-H-elimination). Under the conditions studied here
typically 10-100 chains are formed per Ni-catalyst precursor on average. These end groups are
also the major species in the presence of radical initiators. Additionally end groups originating
from radical initiators are observed.
All in all, the in depth analysis shows, that no radical chain growth occurs but polyethylene
chains are formed by classical insertion polymerization. Also, no polymer is formed in the
absence of Ni under otherwise identical polymerization conditions (PAT or Wako-V601,
50 °C, 7 bar, cf. Table S2, entry 4 and 5). The analysis results further show clear evidence for
end groups originating from radical initiators added in polymerization experiments. Other end
groups were found additionally, resulting from radical transfer to the solvent (vide infra).

Figure 3-3:

DOSY spectrum (400 MHz, CDCl3, 313 K) of polyethylene obtained in a polymerization
experiment in the presence of PAT (Table 3-1, entry 1). Resonances at 2.6 and 7.2 ppm
corresponding to the phenyl group show the same diffusion behavior as the polyethylene
backbone.
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To enhance the observability of end groups ethylene-d4 was used in polymerization
experiments. In 1H NMR spectra the polymer backbone signal arises solely from the residual
protons of the applied ethylene-d4, while the deuterated main portion would be invisible.
In polymerizations with ethylene-d4 and radical initiator Wako-V601 methyl ester end groups
originating from Wako-V601 are found in the polymer as well as phenyl end groups originating
from the Ni-Ph-complex 2 used as a catalyst precursor (Figure 3-4, spectrum b). In comparison
with the polymers obtained using standard ethylene-H4 (Figure 3-4, spectrum a and c), signals
for the methyl ester group and the phenyl group exhibit the same chemical shifts, while the
characteristic signal for the benzylic methylene group is not visible due to deuteration, as
expected.

Figure 3-4:

1H

NMR spectra (400 MHz, CDCl3, 300 K) of polymers obtained with a) ethylene-H4,
complex Ni-1 and radical initiator Wako-V601, b) ethylene-d4, complex Ni-2 and radical
initiator Wako-V601 and c) ethylene-H4 and complex Ni-2, showing end groups originating
from the Ni-aryl catalyst precursor and radical initiator used respectively.

A conceivable route for the incorporation of the observed end groups is a combination of a
radical with a Ni-species.80 The resulting species would be prone to β–H-elimination, which
could result in an immediate partial loss of the radical-derived functional Ni-alkyl as a small
molecule (like styrene or MMA) and a saturated PE chain end from initiation of a new chain
by the formed Ni-H. The experiments with ethylene-d4 are also instructive to this end. Insertion
of ethylene-d4 in a Ni-H-bond would result in formation of CD2H instead of CD3 at the polymer
chain end (Scheme 3-1). Thus a CD2H end group on an otherwise deuterated polymer chain
indicates β–H-elimination from a radical-derived species. In principle the different isotopomers
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should be distinguishable by NMR. Catalyst precursor Ni-2 rather than Ni-1 was used in
polymerizations with ethylene-d4 to avoid an H-containing initiating Me group (CH3). To
differentiate between isotopomeric methyl end groups (CH3, CH2D, CD2H and CD3) a 2H
decoupled

13

C NMR experiment as well as a 2H-13C-HMQC experiment were performed

(Figure 3-51 and Figure 3-52 in the Experimental Section, chapter 3.4.9). No significant amount
of CD2H end groups could be detected. In addition, no unsaturated small molecule compounds
were found in the polymerization mixture (Figure 3-56 in the Experimental Section, chapter
3.4.9). No evidence for the occurrence of the reaction pathway shown in Scheme 3-1 (β–Helimination after an incorporation of radical initiator fragments) was found. If this reaction
occurs at all, it is only a minor pathway.

Scheme 3-1:

Conceived reaction pathway from a radical-derived Ni(II) alkyl species: β-H-elimination
followed by chain growth starting from the formed Ni-H-species. No evidence was observed
for this pathway, which would result in a loss of initiator-derived end groups, to occur.

3.2.3 Radical Transfer to Solvent
In some cases 1H NMR spectroscopic analysis of the polymeric materials, obtained from the
above pressure reactor experiments with addition of radical initiators, showed signals for aryl
end groups with a different substitution pattern than expected for the initiator applied. The
hypothesis was deduced that side reactions like radical transfer to the solvent, which are not
uncommon in radical polymerizations and have been studied for those polymerization types in
detail, might also occur here.129
In polymerizations with PATF,F initiator added, not only 3,5-difluorophenyl end groups but also
phenyl end groups were observed in 1H NMR spectra (Figure 3-42 in the Experimental Section,
chapter 3.4.8). The benzylic methylene signal differs only slightly in chemical shift resulting in
an overlap of the two triplet signals, creating a virtual higher multiplet. The phenyl as second
type of end group most likely originates from a radical transfer of the radical formed directly
by decomposition of the radical initiator to toluene, which was used as solvent in
polymerization reactions.
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A radical transfer to heptane is less preferred, since the resulting radical exhibits a lower
stability compared to a phenyl or tolyl radical.130 Exactly as expected, utilization of PATF,F
initiator in heptane instead of toluene as polymerization solvent leads to the detection of 3,5difluorophenyl end groups while phenyl groups are not present by virtue of 1H NMR spectra.
Further proof was obtained from polymerization in p-xylene and p-methyl anisole as solvent.
Polymers obtained bear p-methylphenyl-, and p-methoxyphenyl-groups, respectively. Since
direct routes for the incorporation of initiator-derived radicals compete with transfer to solvent,
mixtures of end groups are detected in the obtained polymers. For example in a polymerization
in the presence of PATF,F in toluene and p-xylene (1:1 ratio) as solvent, a mixture of phenyl-,
p-methylphenyl- and 3,5-difluorophenyl end groups is observed (Figure 3-5a,b). The
concentration of 3,5-difluorophenyl end groups is too low for detection by 1H NMR, but the
presence of the F-containing end groups can be unambiguously derived from the
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F NMR

(Figure 3-5c).

Figure 3-5:

1H

NMR spectra (400 MHz, CDCl3, 313 K) of polyethylene obtained with complex Ni-1
and radical initiator PATF,F showing additional end groups originating from p-xylene and
toluene, which were used as solvent in a 1:1-mixture.

3.2.4 Polymerization with Conceived Ni(II) Intermediates
The results of the pressure reactor experiments discussed above indicate a combination of free
radical chemistry with insertion polymerization. For this combination radicals must be
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generated and interact with the species, which are active in insertion chain growth. A
combination reaction of a Ni complex with radicals formed from PAT as well as the 3,5difluoro-substituted version thereof (PATF,F) could lead to the formation of Ni-aryl species. To
ascertain that insertion of ethylene into such Ni-aryl-species is possible the respective
salicylaldiminato complexes Ni-2, Ni-3 and Ni-5 were synthesized (Figure 3-6, for synthesis
route, intermediate complexes, crystal structures and characterization cf. Experimental Section
chapter 3.4.3 and Crystallographic Appendix).

Figure 3-6:

Salicylaldiminato complexes applied as catalyst precursors in polymerization of ethylene.

Indeed, upon applying ethylene pressure under polymerization conditions polyethylene was
obtained. Molecular weights (2.7  103 and 3.9  103 g/mol) and Mw/Mn values (1.6 and 1.7)
were in the same range as those of a polymer obtained with the Ni-Me-complex Ni-1 as a
catalyst precursor (3.8  103 g/mol, Mw/Mn 1.6, Table 3-1, entries 8-10). 1H NMR analysis of
the obtained polymers showed characteristic signals for phenyl or 3,5-difluorophenyl groups
respectively in the aromatic region. The signal at 2.6 ppm, which corresponds to a benzylic
methylene group, proves the connection between an aryl moiety and the polymer backbone. A
comparison with 1-decyl-3,5-difluorobenzene as a model compound confirms this assignment
(Figure 3-7). To examine if the observed incorporation of aryl groups is more general, Ni-Ar
catalyst precursor with a CF3-substituted terphenyl on the salicylaldiminato ligand (Ni-5) was
synthesized. Again incorporation of the 3,5-difluorophenyl at the initiating chain end was
observed (Table 3-1, entries 11, 12). The observed productivity of polymerization with Ni-5
also compares favorably to polymerization with the Ni-Me catalyst precursor Ni-4 underlining
that the aryl complex is activated efficiently for polymerization. In short, the incorporation of
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aryl end groups at the initiating chain end is feasible from Ni-aryl complexes under the
conditions studied.

Figure 3-7:

1H

NMR spectra (400 MHz, CDCl3, 313 K) of a) polymer obtained with catalyst precursor
Ni-3 and b) 1-decyl-3,5-difluorobenzene as model compound for comparison.

The Ni-Me complex Ni-1 can also serve as a model for the Ni-alkyl chain growth species of
polymerization. Warming Ni-1 with PAT in an NMR tube (50 °C, C6D6, [Ni] = 30 mmol L-1,
2.0 equiv. PAT) resulted in virtually complete conversion of the Ni-bound methyl group to
toluene (cf. Figure 3-57 in the Experimental Section, chapter 3.4.10). This suggests that
growing chains can be cleaved from the active site by radicals (Ar•) to form a chain with a
radical-based end group (ArCH2CH2-).

3.2.5 Mechanistic Considerations
The results discussed above demonstrate that the established mechanism of coordination
insertion polymerization for ethylene chain growth is still operative and the main pathway in
the presence of radicals. In addition, reactions between radicals and polymerization active
species or between radicals and Ni species leading to a polymerization active species must occur
which result in the respective radical-derived polymer end groups. In the following, we discuss
possible pathways for incorporation (Scheme 3-2, Scheme 3-3 and Scheme 3-4).
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Coordination and insertion of ethylene in a Ni-C bond, e.g. starting from a catalyst precursor,
is the central point of the polymerization mechanism. Manifold repeated such steps grow an
ethylene chain attached to the Ni center. The polymer chain growth is halted mainly by β-Helimination leading to polymers with unsaturated chain ends and a Ni-H complex which can
reenter the catalytic cycle and grow another chain. These established steps involve Ni in the
oxidation state two (Scheme 3-4, black path).
Deactivation pathways of Ni(II)-catalyzed ethylene insertion polymerization have been
thoroughly studied. Amongst others it was found, that low-valent Ni species are formed by
reductive elimination (not depicted in Scheme 3-4).27,50,80 Ni(I) species are inactive in regard to
incorporation of ethylene. They can be perceived as metal-centered radicals and therefore
recombination reactions with other (organic) radicals should be possible. A recombination of
low-valent Ni species with radicals, originating from radical initiators like e.g. PAT, should
lead to polymerization active Ni(II) species. These intermediates (e.g. for PAT a Ni-phenyl
complex) can then insert ethylene and thus polymerize ethylene according to the common
mechanistic pathway, leading to polyethylene chains with end groups from the radical sources
at the initiating chain end. The other chain end is formed by common chain transfer pathways
(Scheme 3-2 and Scheme 3-4, blue path). Only chains formed directly after a combination
between the radical sources and the Ni complex lead to the anticipated end groups in the
polymer. Chains initiated from Ni-H or initiated after a chain transfer to the monomer bear no
functionalized end groups. In addition, not the complete amount of Ni-complexes formed by
combination of Ni and radical initiators might react further with ethylene. Even in experiments
when starting from the Ni-aryl complexes Ni-2 and Ni-3 (Figure 3-6) the efficiency of initiation
was limited, 10-32% (Table 3-1, entries 8-9). In combination the small proportion of
functionalized chains (< 1 %) and the low efficiency of initiation (<10 %) lead to a small
amount of functionalized end groups (Table 3-1, entries 1-6).

Scheme 3-2:

Combination of Ni(I) species with organic radicals R yielding a polymerization active Ni(II)
species.

The organic radicals can also react with Ni-alkyl species, which are present during polyethylene
chain growth. This leads to the formation of end groups originating from the radical initiators
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and simultaneous termination of the growing polyethylene chain. The Ni species thus formed
(formally Ni(I)) might be able to reenter the catalytic cycle, or decompose. By this pathway the
radical-derived groups would be incorporated at the terminating chain end (Scheme 3-3 and
Scheme 3-4, red path).

Scheme 3-3:

Reaction of Ni-alkyl species with organic radicals R resulting in termination of a growing
polyethylene chain.

Scheme 3-4:

Possible pathways for incorporation of observed end groups originating from radical
initiators.

To gather experimental evidence for the possible incorporation pathways the discrete Ni(I)
complex [(N^O)Ni(PPh3)2], Ni-6, was synthesized from tris(triphenylphosphine)nickel(I)
chloride and the respective salicylaldiminato ligand according to an established procedure.80
When complex Ni-6 was used as a potential catalyst precursor in pressure reactor experiments,
no consumption of ethylene and no polymer formation was observed. Addition of radical
initiators PAT or PATF,F to the Ni(I) complex under identical conditions however, yielded
small amounts of polymer with a linear microstructure and end groups originating from the
radical initiators (cf. Table 3-2, entry 1-3).
The finding that the polymer yield was reduced upon addition of radical sources in pressure
reactor experiments (Table 3-1) and the radical initiators affecting the polymer yield most
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strongly are exactly those, which are found in a detectable amount as end groups, suggests that
a chain terminating pathway (cf. Scheme 3-3) is operative and accounts for at least part of the
initiator-derived end groups.

Conclusion
In an ongoing insertion polymerization radicals present – generated deliberately in this study –
can be incorporated into the polymer formed. This is evidenced by thorough NMR
spectroscopic analysis of the linear polyethylene formed. Radical initiator-derived fragments
are incorporated as end groups. The reaction medium can be involved, incorporating solventbased fragments as end groups. This occurs through radical transfer to solvent, forming solventbased radicals, a well-known process. This observation of solvent-based end groups show, that
the incorporation of end groups observed in this work in general indeed proceeds through
intermediate free-radicals, as opposed to a conceivable reaction of Ni-alkyl species with intact
azo initiators.
A possible pathway is a reaction of radicals with Ni(I)-species, known to form by catalyst
deactivation through reductive elimination to re-form a polymerization active Ni(II)-species
that starts a new chain.21,40 The latter initiating reaction was found to be viable on model
complexes [N,O]Ni(II)-R. This would generate initiator-derived initiating end groups (Scheme
3-4, blue). The alternative incorporation as a terminating end group (Scheme 3-4, red) would
involve a reaction of active chain growth species with radicals cleaving the chain from the metal
and forming an inactive metal species. Evidence for the latter route to occur in the system
studied here are the reduced productivity of polymerizations in which radical-based end groups
are incorporated, and the model reaction of a Ni-Me species with a source of radicals R• to form
MeR.

Experimental Section
3.4.1 Methods
NMR spectra were recorded on a Varian Unity Inova 400 equipped with a 4NUC/switchable
mode - 5 mm "direct detection" probe, a Bruker Avance III 400 equipped with a BBFO plus
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probe, a Bruker Avance III HD 400 equipped with a TBO direct detection probe, a Bruker
Avance III 600 equipped with a TCI-H/C/N triple resonance cryoprobe, or a Bruker Avance
Neo 800 equipped with a TCI-H&F-C/N cryoprobe. 1H chemical shifts were referenced to the
residual proton signal of the solvent. 13C chemical shifts were referenced to the carbon signal
of the solvent. NMR spectra are reported as follows: chemical shift (δ ppm), multiplicity,
coupling constant (Hz), integration and assignment. Multiplicities are given as follows (or
combinations thereof): s: singlet, d: doublet, t: triplet, q: quartet, quint: quintet, sept: septet, m:
multiplet, v: virtual, br.: broad. The identity of compounds and detailed NMR assignments were
established by 2D NMR experiments (1H-1H gCOSY, 1H-13C gHSQC and 1H-13C gHMBC) in
addition to 1D NMR experiments. Acquired data were processed and analyzed using
MestReNova software. DOSY data were processed using the TopSpin (Bruker) software
package.
Gel permeation chromatography (GPC) for molecular weight determination was carried out on
a Polymer Laboratories PL-GPC 50 with two PLgel 5 μm MIXED-C columns in THF at 40 °C
against polystyrene (PS) standards with refractive index detection.
Gas chromatography was performed on a Perkin-Elmer GC Clarus 500 equipped with an elite5 column (Length = 30 m, Inner Diameter = 0.25 mm, Thickness = 25 µ) and a FID-detector
via the following program: 2 min isothermal at 120°C, 45°C min-1 to 280°C, 280°C for 1 min
with an injector temperature of 300°C and a detector temperature of 280°C.
All manipulations of air- and/or moisture-sensitive compounds were carried out under an inert
atmosphere using standard Schlenk or glovebox techniques.

3.4.2 Materials
Solvents were dried and degassed prior to use: Ethanol was dried using molecular sieves (3 Å).
Heptane was distilled from CaH2. Diethylether, tetrahydrofuran and benzene were distilled
from blue sodium/benzophenone and toluene, p-xylene and p-methyl anisole from sodium. All
solvents were distilled under N2 atmosphere.
Tetrakis(triphenylphosphine)

nickel(0)

was

synthesized

from

nickel

chloride

and

triphenylphosphine.131 Tris(triphenylphosphine)nickel(I) chloride was obtained by a compro-
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portionation reaction of tetrakis(triphenylphosphine) nickel(0) with bis(triphenylphosphine)
nickel(II) dichloride.80
3-tert-Butylsalicylaldehyde

(ABCR),

chlorotriphenyl

methane

(ABCR),

trans-1,4-

cyclohexandicarboxylic acid monomethyl ester (ABCR), decyl bromide (ABCR), TEMPO free
radical (ABCR), 1-bromo-3,5-difluorobenzene (fluorochem), 3,5-difluorophenyl hydrazine
(fluorochem), phenyl hydrazine (Merck), para-methoxybenzoic acid (Sigma-Aldrich),
tetrakis(triphenylphosphine) nickel(0) (Sigma-Aldrich), bis(triphenylphosphine)nickel(II)
dichloride (Sigma-Aldrich), ethylene-d4 99atom% D (Sigma-Aldrich), N-hydroxyphthalimide
(TCI), 2,6-diisopropylaniline (TCI) and ethylene 3.5 grade (Air Liquide) were commercially
available and used without further purification. Tetramethylethylendiamine dimethyl nickel(II)
was purchased from MCat and stored at -30°C prior to use.

3.4.3 Synthesis of Salicylaldiminato Ni(II) Complexes
Synthesis of Ligands. Salicylaldimines were synthesized from the respective salicylaldehydes
and anilines according to reported procedures.15 NMR data agrees with reported data.15,17 The
salicylaldimines were deprotonated to the corresponding sodium salts (Scheme 3-5).

Scheme 3-5:

Synthesis of the salicylaldiminato salts by condensation of salicylaldehydes and anilines and
subsequent deprotonation to the sodium salt. Substituent R’ = iPr or 3,5-(CF3)2C6H3.

Synthesis of Complexes. Complexes Ni-1 and Ni-4 (Figure 3-8) were synthesized by reacting
the respective protonated salicylaldiminato ligand with [(tmeda)Ni(Me)2] in a mixture of
benzene and pyridine according to established procedures.17 NMR data agrees with data
reported for complex Ni-1132 and complex Ni-417.
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Figure 3-8:

Salicylaldiminato complexes applied as catalyst precursors in polymerizations of ethylene.
Please note that this figure is identical to Figure 3-6 and repeated here for the convenience
of the reader.

Complex Ni-6, which serves as a model compound for the decomposition products (low-valent
Ni-species), was generated by combination of the deprotonated salicylaldiminato ligand with
tris(triphenylphosphine)nickel(I) chloride according to an established procedure (Scheme
3-6).80

Scheme 3-6

Synthesis of a Ni(I)-salicylaldiminato-complex by combination of a deprotonated
salicylaldiminato ligand with tris(triphenylphosphine)nickel(I) chloride.

For the Ni-aryl complexes Ni-2, Ni-3 and Ni-5 (Figure 3-8) [trans-NiCl(Ph)(PPh3)2] and [transNiCl(3,5-F2C6H3)(PPh3)2] were employed to introduce the aryl group. These complexes were
obtained in an oxidative addition of chlorobenzene or 1-chloro-3,5-difluorobenzene,
respectively, to tetrakis(triphenylphosphine) nickel(0) according to literature procedures.133
Crystals of these complexes were grown and analyzed by single crystal X-ray crystallography
(cf. Crystallographic Appendix, Figure 8-1 and Figure 8-2). Note that [trans-NiCl(3,5F2C6H3)(PPh3)2] contains ca 10% of [trans-NiCl(Ph)(PPh3)]. This was confirmed by repeated
independent syntheses. The starting material 1-Cl-3,5-F2C6H3 was found to be pure by 1H NMR
and GC, impurities of chlorobenzene can be excluded (limit of detection  0.1%). A possible
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source of the Ni-Ph complex could be the aryl moieties of PPh3 introduced with the metal
reagent [Ni(PPh3)4] via reductive elimination and oxidative addition sequences.134
Consequently, complex Ni-3 prepared from the [trans-NiCl(3,5-F2C6H3)(PPh3)2] also contains
impurities of Ni-2. This does not disturb or affect the analysis of Ni-3-derived aryl end groups.
Reaction of the different deprotonated salicylaldiminato ligands with [trans-NiCl(Ph)(PPh3)2]
and [trans-NiCl(3,5-F2C6H3)(PPh3)2] according to a reported procedure,15 yielded the desired
Ni(II) complexes Ni-2, Ni-3 and Ni-5 respectively (Scheme 3-7). NMR data for complex Ni-2
agrees with reported data.15 Crystals of the novel 3,5-difluorophenyl complex Ni-3 (Scheme
3-7) were grown and analyzed by single crystal X-ray crystallography (cf. Crystallographic
Appendix, Figure 8-3).

Scheme 3-7:

Synthesis of Ni(II)salicylaldiminato aryl complexes R’ = iPr or 3,5-(CF3)2C6H3, L = Ph or
3,5-F2C6H3.

Precursor complex trans-NiCl(3,5-F2C6H3)(PPh3)2

1H

NMR (400 MHz, CD2Cl2, 300 K) δ = 5.59 (vtm, 3JH,F = 9.7 Hz, 1H, H-1), 6.28 (m, 2H, H-

3), 7.28-7.36 (m, 12H, PPh3-Hm), 7.37-7.43 (m, 6H, PPh3-Hp), 7.59-7.66 (m, 12H, PPh3-Ho)
ppm.
13C{1H}

NMR (100 MHz, CD2Cl2, 300 K) δ = 96.0 (t, 25.9 Hz, C-1), 118.9 (dm, 2JC,F =

15.5 Hz, C-3), 128.5 (t,3JC,P = 4.8 Hz, PPh3-Cm), 130.5 (PPh3-Cp), 131.6 (t, 21.9 Hz, PPh3-Ci),
135.0 (t, 4JC,P = 5.5 Hz, PPh3-Cp), 158.8 (t, 2JC,P and 3JC,F 29.8 Hz and 3.9 Hz, C-4), 160.4 (dm,
1

JC,F = 250.9 Hz, C-2), ppm.

31P{1H}

NMR (162 MHz, CD2Cl2, 300 K) δ = 22.0 (t, 5JP,F = 2.3 Hz) ppm.
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19F{1H}

NMR (376 MHz, CD2Cl2, 300 K) δ = -114.9 (t, 5JF,P = 2.3 Hz) ppm.

Complex Ni-3

1H

NMR (400 MHz, C6D6, 300 K): δ = 0.84 (s, 9H, H-16), 1.04, 1.34 (d, 3JH,H = 6.9 Hz, 6H

each, H-2 and H-3), 4.25 (sept, 3JH,H = 6.9 Hz, 2H, H-1), 5.75 (tt, 3JH,F = 9.3 Hz, 4JH,H = 0.8 Hz,
1H, H-20), 6.53-6.60 (m, 3H, H-11, H-18), 6.87-7.00 (m, 13H, H-5, H-6, H-10, PPh3-Hm and
Hp), 7.34-7.38 (m, 1H, H-12), 7.75-7.83 (m, 6H, PPh3-Ho), 7.92 (d, 4JH,P = 9.4, 1H, H-8) ppm.
13C{1H}

NMR (150 MHz, C6D6, 300 K): δ = 22.6, 25.8 (C-2 and 3), 29.3 (C-1), 29.9 (C-16),

34.8 (C-15), 96.5 (m, C-20) 114.6 (C-11), 118.8 (vdt, 2JC,F = 16.5 Hz, 3JC,P = 4JC,F = 3.2 Hz,
C-18), 120.2 (C-9), 123.2 (C-5), 128.9 (C-6), 130.4 (d, 4JC,P = 2.3 Hz, PPh3-Cp), 133.7 (C-10),
134.2 (d, 3JC,P = 19.9 Hz, PPh3-Cm), 131.5 (d, 1JC,P = 43.9 Hz, PPh3-Ci), 132.1 (C-12), 135.0 (d,
2

JC,P = 10.4 Hz, PPh3-Co), 140.8 (C-4), 142.1 (C-13), 149.8 (C-7), 153.9 (dt, 2JC,P = 52.1 Hz,

3

JC,F = 2.8 Hz, C-17), 158.9 (d, 1JC,F = 251.0 Hz, C-19), 165.8 (C-14), 167.5 (C-8) ppm.

31P{1H}

NMR (162 MHz, C6D6, 300 K): δ = 22.9 (t, 5JP,F = 2.7 Hz) ppm.

19F{1H}

NMR (376 MHz, C6D6, 300 K): δ = -114.7 (d, 5JF,P = 2.7 Hz) ppm.
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Complex Ni-5

1H

NMR (400 MHz, C6D6, 300 K): δ = 0.59 (s, 9H, H-18), 5.81 (tt, 3JH,F = 9.1 Hz, 4JH,H =

2.2 Hz, 1H, H-22), 6.36 (m, 2H, H-20), 6.50 (vt, 1H, H-13), 6.68 (dd, 3JH,H = 7.9 Hz, 4JH,H =
1.9 Hz, 1H, H-12), 6.71 - 6.73 (m, 2H, H-7), 6.78 - 6.82 (m, 1H, H-8), 6.84 – 6.90 (m, 6H,
PPh3-Hm), 6.90 - 6.97 (m, 3H, PPh3-Hp), 7.23 (dd, 3JH,H = 7.9 Hz, 4JH,H = 1.9 Hz, 1H, H-14),
7.30 (vt, 6H, PPh3-Ho), 7.38 (d, 4JH,P = 9.0 Hz, 1H, H-10), 7.91 (s, 4H, H-4), 7.93 (s, 2H, H-1)
ppm.
13C{1H}

NMR (150 MHz, C6D6, 298 K): δ = 29.6 (C-18), 34.4 (C-17), 96.9 (t, 2JC,F = 25.2 Hz,

C-22), 115.0 (C-13), 118.6 (C-11), 118.6 (vdt 2JC,F = 16.6 Hz, 3JC,P = 4JC,F = 3.0 Hz, C-20),
121.3 (m, C-1), 124.0 (q, 1JC,F = 273.5 Hz, C-3), 126.7 (C-8), 128.0 (PPh3-Ci), 128.3 (PPh3-Cm),
130.5 (m, PPh3-Cp), 131.4 (C-4), 131.5 (C-7), 131.9 (q, 2JC,F = 33.3 Hz, C-2), 132.4 (d, 5JC,P =
9.7 Hz, C-12), 133.2 (d, 5JC,P = 5.8 Hz, C-14), 133.7 (C-6), 134.6 (d, 2JC,P = 9.3 Hz, PPh3-Co),
142.0 (C-5), 142.3 (C-15), 149.3 (C-9), 153.4 (dt, 2JC,P = 54.2 Hz, 3JC,F = 2.6 Hz, C-19), 158.9
(ddd, 1JC,F = 252.2 Hz, 3JC,F = 10.9 Hz, 4JC,P = 4.3 Hz, C-21), 166.6 (C-16), 159.6 (C-10) ppm.
31P{1H}

NMR (162 MHz, C6D6, 300 K): δ = 23.9 (t, 5JP,F = 2.7 Hz) ppm.

19F{1H}

NMR (376 MHz, C6D6, 300 K): δ = -113.6 (12F, F-CF3), -62.3 (d, 5JF,P = 2.7 Hz, 2F,

F-PhF,F) ppm.
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Exemplary NMR spectra of ligands and complexes.

Figure 3-9:

1H

Figure 3-10:

1H

50

NMR spectrum (400 MHz, C6D6, 300 K) of the N-(2,6-diisopropylphenyl)-3-tert-butylsalicylaldimine.

NMR spectrum (400 MHz, C6D6, 300 K) of the N-(2,6-diisopropylphenyl)-3-tert-butylsalicylaldimine sodium salt.
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Figure 3-11:

1H

Figure 3-12:

19F

NMR spectrum (400 MHz, CDCl3, 300 K) of the N-(2,6-bis(3,5-(di(trifluoromethyl)phenyl)phenyl)-3-tert-butyl-salicylaldimine.

NMR spectrum (376 MHz, CDCl3, 300 K) of the N-(2,6-bis(3,5-(di(trifluoromethyl)phenyl)phenyl)-3-tert-butyl-salicylaldimine.
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Figure 3-13:

1H

Figure 3-14:

19F
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NMR spectrum (400 MHz, DMSO-d6, 300 K) of the N-(2,6-bis(3,5-(di(trifluoromethyl)phenyl)phenyl)-3-tert-butyl-salicylaldimine sodium salt.

NMR spectrum (376 MHz, DMSO-d6, 300 K) of the N-(2,6-bis(3,5(di(trifluoromethyl)phenyl)phenyl)-3-tert-butyl-salicylaldimine sodium salt.
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Figure 3-15:

1H

Figure 3-16:

13C{1H}

NMR spectrum (400 MHz, C6D6, 300 K) of complex Ni-1.

NMR spectrum (100 MHz, C6D6, 300 K) of complex Ni-1.
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Figure 3-17:

1H

NMR spectrum (400 MHz, C6D6, 300 K) of complex Ni-2.

precursor
complex

Figure 3-18:

54

31P{1H}

NMR spectrum (162 MHz, C6D6, 300 K) of complex Ni-2. The peak at 21.4 ppm
can be assigned to the precursor complex [trans-NiCl(Ph)(PPh3)2] used in the synthesis.
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*

*

Figure 3-19:

**

**

1H

NMR spectrum (400 MHz, CD2Cl2, 300 K) of the complex [trans-NiCl(3,5F2C6H3)(PPh3)2]. * = [trans-NiCl(Ph)(PPh3)2], cf. text.

*

*

Figure 3-20:

31P{1H}

NMR spectrum (162 MHz, CD2Cl2, 300 K) of the complex [trans-NiCl(3,5F2C6H3)(PPh3)2]. * = [trans-NiCl(Ph)(PPh3)2], cf. text.
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Figure 3-21:

19F

NMR spectrum (376 MHz, CD2Cl2, 300 K) of of the complex [trans-NiCl(3,5F2C6H3)(PPh3)2].

*

*
**

Figure 3-22:
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1H

**

NMR spectrum (400 MHz, C6D6, 300 K) of complex Ni-3. * = complex Ni-2, cf. text.
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1

JC,F =
521.0 Hz

Figure 3-23:

2

JC,P =
52.1 Hz

13C{1H}

NMR spectrum (100 MHz, C6D6, 300 K) of complex Ni-3.

*

Figure 3-24:

31P{1H}

NMR spectrum (162 MHz, C6D6, 300 K) of complex Ni-3. * = complex Ni-2, cf.

text.
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Figure 3-25:

19F

NMR spectrum (376 MHz, C6D6, 300 K) of complex Ni-3.

3.4.4 Synthesis and Decomposition Rates of Radical Initiators
Azo Compounds. Azo triphenylmethane (PAT) was synthesized according to a two-step
procedure reported by Cohen and Wang.118 N-phenyl-N-trityl-hydrazine is formed from phenyl
hydrazine and trityl chloride. This hydrazine is converted to the desired PAT (Scheme 3-8).
Recrystallization from Et2O afforded PAT as yellow crystalline solid in 59% yield.

Scheme 3-8:

58

Synthesis of the radical source phenyl azo triphenylmethane (PAT).
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For the radical source 3,5-difluorophenyl azo triphenylmethane (PATF,F) the synthesis was
slightly modified compared to the synthesis of unsubstituted PAT, since only the hydrochloride
salt of the 3,5-difluorophenyl hydrazine was commercially available. 2 equivalents of Hünig
base were used to generate the free hydrazine (Scheme 3-9).

Scheme 3-9:

Synthesis of N-(3,5-difluorophenyl)-N-trityl-hydrazine, first step in the synthesis of the
radical source 3,5-difluorophenyl azo triphenylmethane (PATF,F).

Figure 3-26:

1

H NMR spectrum (400 MHz, C6D6, 300 K) of phenyl azo triphenylmethane (PAT).
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Figure 3-27:

1H

Figure 3-28:

19F
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NMR spectrum (400 MHz, C6D6, 300 K) of 3,5-difluorophenyl azo triphenylmethane
(PATF,F).

NMR spectrum (376 MHz, C6D6, 300 K) of 3,5-difluorophenyl azo triphenylmethane
(PATF,F).
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PATF,F

1H

NMR (400 MHz, C6D6, 298 K): δ = 6.38 (tt, 3JH,F = 8.4 Hz, 4JH,H = 2.4 Hz, 1H, H-9), 7.00-

7.15 (m, 11H, H-1, H-2 and H-7), 7.23-7-27 (m, 6H, H-3), 7.46-7.49 (m, H-3 of isomer) ppm.
13C{1H}

NMR (100 MHz, C6D6, 298 K): δ = 88.5 (C-5), 105.8 (t, 2JC,F = 25.9 Hz, C-9), 106.3

(dd, 2JC,F = 21.5 Hz, 4JC,F = 5.6 Hz, C-7), 127.6, 128.2, (C-1 and C-2), 129.4 (C-3 of isomer),
130.9 (C-3), 144.0 (C-4), 154.2 (t, 3JC,F = 8.6 Hz, C-6), 163.5 (dd, 1JC,F = 251.0 Hz, 3JC,F =
13.0 Hz, C-8) ppm.
19F{1H}

NMR (376 MHz, C6D6, 300 K) δ = -108.6 ppm.

Decomposition:
According to Cohen and Wang PAT decomposes at 53 °C (53.30 ± 0.05 °C) in toluene with a
decomposition rate of k = 2.25  10-4 s-1. They further examined the influence of substituents
(on the phenyl group) on decomposition kinetics.118 Since no literature data on 3,5-difluorosubstituted PATF,F is available, the p-Br-substituted and p-NO2-substituted phenyl azo
triphenylmethanes studied by Cohen and Wang are the best options for comparison. Their
decomposition rates k = 1.05  10-4 s-1 and 0.57  10-4 s-1 at 53 °C (53.30 ± 0.05 °C) in toluene
respectively.118 Alder and Leffler showed, that the solvent influences the decomposition rate of
(substituted) phenyl azo triphenylmethanes.116

NHPI Ester Compounds. N-hydroxyphthalimide (NHPI) esters are accesible by reacting the
desired carboxylic acids with NHPI in a DCC or DIC coupling.102,124
Synthesis of pOMe-ph-NHPIester (Ar-NHPI)
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Scheme 3-10:

Synthesis of pOMe-ph-NHPIester (Ar-NHPI) from para-methoxybenzoic acid and NHPI.

A 1:1 mixture of para-methoxybenzoic acid (8 mmol, 1.0 equiv.) and NHPI (8 mmol,
1.0 equiv.) was dissolved in 40 mL dichloromethane. 0.1 equivalent of 4-N,NDimethylaminopyridin (DMAP) and subsequently 1.1 equivalents of dicyclohexylcarbodiimid
(DCC) were added. The later was added as solution in DCM (~ 5 mL). The color of the reaction
mixture changed from yellow to white during the course of the reaction. The progress of the
reaction was monitored by TLC. Upon complete consumption of the para-methoxybenzoic
acid, the mixture was filtered through a glass frit, to afford a clear solution. Removal of solvent
at reduced pressure yielded the crude product. Purification by column chromatography (EE:
hexane, 2:3) afforded pOMe-ph-NHPIester (Ar-NHPI) as white crystalline solid in 72% yield.
NMR data is in accordance with reported data.124
1H

NMR (400 MHz, CDCl3, 300 K): δ = 3.91 (s, 3H, H-10), 6.98-7.03 (m, 2H, H-8), 7.78-7.83

(m, 2H, H-1), 7.90-7.95 (m, 2H, H-2), 8.13-8.18 (m, 2H, H-7) ppm.
13C{1H}

NMR (100 MHz, CDCl3, 300 K): δ = 55.8 (C-10), 114.4 (C-8), 117.5 (C-6), 124.1

(C--2), 129.3 (C-3), 133.1 (C-7), 134.9 (C-1), 162.4, 162.6, 165.1 (C-4, C-5 and C9) ppm.
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Figure 3-29:

1H

Figure 3-30:

13C{1H}

NMR spectrum (400 MHz, CDCl3, 300 K) of pOMe-ph-NHPIester (Ar-NHPI).

NMR spectrum (100 MHz, CDCl3, 300 K) of pOMe-ph-NHPIester (Ar-NHPI).
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Synthesis of pCOOMe-cyc-hex-NHPIester (Alk-NHPI)

Scheme 3-11:

Synthesis of pCOOMe-ph-NHPIester (Alk-NHPI) from trans-1,4 cyclohexanedicarboxylic
acid monomethyl ester and NHPI.

pCOOMe-cyc-hex-NHPIester (Alk-NHPI) was synthesized in 37% yield using the above
procedure.
1H

NMR (400 MHz, CDCl3, 300 K): δ = 1.50-1.72 (m, 4H, H-7), 2.10-2.31 (m, 4H, H-8), 2.36,

2.71 (tt, 3JH,H = 11.7 Hz, 3JH,H = 3.7, each 1H, H-6 and H-9), 3.69 (s, 3H, H-11), 7.76-7.81 (m,
2H, H-1), 7.86-7.91 (m, 2H, H-2) ppm.
13C{1H}

NMR (100 MHz, CDCl3, 300 K): δ = 27.8, 28.0 (C-7 and C-8), 40.1, 42.2 (C-6 and

C-9), 51.9 (C-11), 124.1 (C-2), 129.1 (C-3), 134.9 (C-1), 162.1 (C-4), 171.5 (C-10), 175.7 (C-5)
ppm.

Figure 3-31:
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1H

NMR spectrum (400 MHz, CDCl3, 300 K) of pCOOMe-cyc-hex-NHPIester (AlkNHPI).
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Figure 3-32:

13C{1H}

NMR spectrum (100 MHz, CDCl3, 300 K) of pCOOMe-cyc-hex-NHPIester (Alk-

NHPI).

Decomposition:
NHPI-type radical sources are known to decompose light-mediated or thermally as well as in
the presence of Ni metal.102,123-125 Decomposition type and rates strongly depend on
substituents. For example Glorius et al. suggested that NHPI esters with alkyl carboxylic acid
substituents decompose Ni-catalyzed, photocatalyzed or via thermally promoted redox
chemistry while NHPI esters with aryl carboxylic acid substituents showed only a photoinduced
decomposition.124 No decomposition values for NHPI esters are given in literature. However,
some organic transformations are possible in high yields for stoichiometric amounts of NHPI
ester. This shows a sufficient decomposition under those conditions. For example Baran et al.
used NHPI esters as one of the coupling partners in Ni-catalyzed decarboxylative crosscouplings.102 In some cases, organic transformations with NHPI esters are even possible at
temperatures as low as 25 °C.123

Benzyl-TEMPO.

((2’,2’,6’,6’-Tetramethyl-1’-piperidinyloxy)methyl)benzene

was

synthesized according to a slightly modified literature procedure from benzylmagnesium
chloride and TEMPO free radical.135 Diethylether was used as a solvent instead of THF.
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Purification by column chromatography (hexane:dichloromethane, 2:8) afforded BenzylTEMPO as colorless liquid in 31% yield. NMR data agrees with reported data.135

Decomposition:
Alkoxyamine initiators including Benzyl-TEMPO are mainly used in controlled radical
polymerizations. The alkoxyamine C-O bond homolysis rate depends on different factors.
Steric and electronic properties of the alkoxyamine structure are influential.136 Benzyl-TEMPO
decomposes in a temperature range of 366-427 K, i.e. 92.85-153.85 °C in cyclohexanol. From
the value for lifetime published by Skene et al. the decomposition rate k was calculated to be
6.21x10-5 s-1 at 398 K (124.85 °C).120 (Note that lifetime τ = 1/k rather than half lifetime t1/2 =
ln(2)/k was given by Skene et al. as 16100 s at 398 K).

3.4.5 Model Compounds
Decylbenzene

1H

NMR (400 MHz, CDCl3, 300 K): δ = 0.89 (vt, 7.0 Hz, 3H, H-1), 1.23-1.37 (m, 14H, H-

2-8), 1.63 (m, 2H, H-9), 2.61 (t, 3JH,H = 7.7 Hz, 2H, H-10), 7.14-7.30 (m, 5H, H-12-14) ppm.
13C{1H}

NMR (100 MHz, CDCl3, 300 K): δ = 14.2 (C-1), 22.8 (C-2), 29.5-29.8 (C-4-8), 31.6

(C-9), 32.1 (C-3), 36.2 (C-10), 125.7 (C-14), 128.4 (C-13), 128.6 (C-12), 143.1 (C-11) ppm.
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Figure 3-33:

1H

Figure 3-34:

13C{1H}

NMR spectrum (400 MHz, CDCl3, 300 K) of decylbenzene.

NMR spectrum (100 MHz, CDCl3, 300 K) of decylbenzene.

1-Decyl-3,5-difluorobenzene.

1-Decyl-3,5-difluorobenzene

was

synthesized

from

decylmagnesium bromide and 1-bromo-3,5-difluorobenzene. The Grignard solution was added
to a mixture of 1-bromo-3,5-difluorobenzene with 0.03 equiv. of [Ni(dppp)Cl2]. The reaction
mixture was stirred for 30 min at room temperature and subsequently refluxed over night. The
solvent was removed and the residue dissolved in diethyl ether. After extraction with H2O all
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organic phases were combined and dried with MgSO4. Purification by column chromatography
(PE) afforded 1-decyl-3,5-difluorobenzene as a colorless liquid.

1H

NMR (400 MHz, CDCl3, 300 K): δ = 0.91 (vt, 3JH,H = 7.0 Hz, 3H, H-1), 1.25-1.38 (m, 14H,

H-2-8), 1.61 (m, 2H, H-9), 2.60 (t, 3JH,H = 7.7 Hz, 2H, H-10), 6.62 (tt, 3JH,F = 9.1 Hz, 4JH,H =
2.3 Hz, 1H, H-14), 6.70 (m, 2H, H-12) ppm.
13C{1H}

NMR (100 MHz, CDCl3, 300 K): δ = 14.3 (C-1), 22.9 (C-2), 29.3-29.9 (C-4-8), 31.0

(C-9), 32.1(C-3), 35.9 (m, C-10), 101.1 (t, 2JC,F = 25.4 Hz, C-14), 111.2 (dd, 2JC,F = 17.8 Hz,
4

JC,F = 6.3 Hz, C-12), 147 (t, 3JC,F = 8.9 Hz, C-11), 163.1 (dd, 1JC,F = 247.3 Hz, 3JC,F = 13.1 Hz,

C-13) ppm.
19F{1H}

NMR (376 MHz, CDCl3, 300 K) δ = -111.1 ppm.

Figure 3-35:
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1H

NMR spectrum (400 MHz, CDCl3, 300 K) of 1-decyl-3,5-difluorobenzene.
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Figure 3-36:

13C{1H}

Figure 3-37:

19F

NMR spectrum (100 MHz, CDCl3, 300 K) of 1-decyl-3,5-difluorobenzene.

NMR spectrum (376 MHz, CDCl3, 300 K) of 1-decyl-3,5-difluorobenzene.

3.4.6 Standard Polymerization Procedure
Polymerization Procedure. Polymerization experiments were conducted in a Büchi miniclave
reactor equipped with a 200 mL stainless steel double mantle vessel and a magnetically coupled
overhead stirrer. An external thermostat unit connected to a thermocouple inside the reactor
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was used for temperature control during the polymerizations. Ethylene mass flow was
monitored by Bronkhorst mass flow meters.
The reactor was prepared by repeated evacuation and refilling with inert gas at ≥ 60 °C. 100 mL
of dry and degassed solvent (e.g. toluene) was cannula-transferred into the reactor. The
temperature was adjusted to reach the desired polymerization temperature. Catalyst precursor
complex (usually 20 µmol [Ni]) and if applicable radical initiator (usually 100 µmol) were
weighed into separate vials in a glovebox. The catalyst precursor complex and if applicable
radical initiator were dissolved in 2-3 mL toluene, respectively, and transferred into the reactor.
Under stirring with 1000 rpm the reactor was pressurized with ethylene to the desired pressure.
The pressure was kept constant for the duration of the polymerization experiment and the
ethylene mass flow was recorded. After the desired polymerization time the reactor was vented
and the reaction mixture was poured into an excess (circa fivefold volume) of methanol. The
obtained polymer was filtered and washed three times with methanol and subsequently dried at
50 to 60 °C under vacuum.

Polymerization Procedure for Ethylene-d4. Polymerization experiments with ethylene-d4
(and reference experiments with ethylene-H4) were conducted in a custom-made pressure
reactor equipped with a 15 mL steel vessel, equipped with a magnetic stir bar. An aluminum
block fitted around the reactor vessel was placed on a hot plate to adjust the temperature.
The reactor was prepared by repeated evacuation and refilling with inert gas at ≥ 60 °C. 8 mL
of dry and degassed solvent (e.g. toluene) was transferred into the reactor. The temperature was
adjusted to the desired polymerization temperature. Catalyst precursor complex (usually 6 µmol
[Ni]) and if applicable radical initiator (usually 30 µmol) were weighed into separate vials in a
glovebox. The catalyst precursor complex and if applicable radical initiator were dissolved in
1-1.5 mL toluene, respectively and transferred into the reactor. The overall amount of solvent
thus was 10-11 mL. Under stirring with 1000 rpm the reactor was pressurized with ethylene.
During the polymerization the reaction vessel was closed to the ethylene reservoir, and pressure
was adjusted manually by repeated replenishing with ethylene throughout the experiment. After
the desired polymerization times the reactor was vented and the reaction mixture was poured
into an excess (circa fivefold volume) of methanol. The obtained polymer was filtered and
washed three times with methanol and subsequently dried at 50 to 60 °C under vacuum.
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Mass Flow Data for Polymerizations.

Scheme 3-12:

Ethylene mass flow data of polymerizations with complex Ni-1 in toluene with addition of
a) PATF,F, b) Ar-NHPI, c) Wako-V601 and d) in absence of radical initiators.
Corresponding to Table 3-1, entry 2,4,5 and 6.
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3.4.7 Additional Polymerization Experiments
Comparative Polymerizations with Catalyst Precursor Ni-6 and in Absence of Precursor
Complex.
Table 3-2:

#

1h)
2
3
4 h)
5 h)

Polymerization results with catalyst precursor Ni-6 and in absence of precursor complex.

cat.a) radical yield Mn(GPC)c) Mn(NMR)d) chains Mw/Mn portion of
source
per Nie)
functionb
3
3
added ) [g]
alized
[10 g/mol] [10 g/mol]
chainsf)
[%]
Ni-6 none
Ni-6 PAT
0.28 7.3
3.7
4
1.6
1.4
Ni-6 PATF,F
0.14 7.4
3.5
2
1.6
n.d.
none PAT
none V601
-

efficiency of
initiation to
polymer end
groupsg) [%]
5
n.d.
-

Polymerizations in 100 mL toluene at 50 °C and 7 bar ethylene pressure for 30 min. a) 20 µmol of catalyst precursor
was used. b) 100 µmol (5 equiv.) radical source were added, c) determined by GPC (THF, 40°C) versus PS standards,
d) determined by 1H NMR-spectroscopic end group analysis (unsaturated terminating chain ends), e) calculated by
mPolymer / (Mn  nNi), f) portion of chains with an aryl- or ester end group derived from free-radical initiator. Calculated
by (χ  Mn(NMR)) / mrepeat unit with χ = amount-of-substance fraction of aryl or ester end groups, g) calculated by
(mPolymer  χ) / (mrepeat unit  nNi) with χ = amount-of-substance fraction of aryl or ester end groups, h) in the work up no
residue was found, this corresponds to less than 10 mg of polymeric material.

Control Experiments to Exclude Radical Post-Polymerization Functionalization
Pathways. A post-polymerization reaction of formed polyethylene with radical initiators seems
unlikely under the conditions applied in this work (7 bar ethylene pressure, 50 °C).
Notwithstanding, a control experiment was performed. Polymer obtained in a polymerization
with complex Ni-1 was placed in the Büchi miniclave reactor and subjected to typical
polymerization conditions including addition of radical source PAT as described above, but
without addition of any catalyst precursor complex. After 3 h the reaction mixture was worked
up and the isolated polymer was analyzed by 1H NMR (Figure 3-38, spectrum 2). The polymer
structure was identical with the structure of the polymer prior to the control experiment (Figure
3-38, spectrum 1).
To ascertain, that no metal-catalyzed post polymerization functionalization occurs a second
control experiment in the presence of complex Ni-1 was conducted. In this experiment polymer
obtained in a previous polymerization was placed in the Büchi miniclave reactor and the
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polymerization procedure including addition of radical source PAT was performed as described
above, but without pressurizing with ethylene. After work up of the reaction mixture the
polymer was isolated. 1H NMR analysis showed no changes in the polymer structure and no
additional signals (Figure 3-38, spectrum 3).

Figure 3-38:

1H NMR

spectra (400 MHz, CDCl3, 300 K) of 1) polymer obtained with complex Ni-1, later
used in control experiments, 2) polymer after control experiment with radical initiator PAT
under ethylene pressure and 3) polymer after control experiment with radical initiator PAT
and complex Ni-1 in absence of ethylene. In all cases, no end groups originating from radical
sources are visible.

Polymer Yield in Polymerizations with Different Ratios of Catalyst to Radical Source
Wako-V601. Pressure reactor experiments with complex Ni-1 as catalyst precursor complex
were conducted. The catalyst concentration was varied between 5 and 20 µmol. All experiments
were conducted twice, once with and once without addition of a fixed amount (100 µmol) of
radical source Wako-V601. The polymer yield increases with increasing amount of catalyst
precursor complex Ni-1. Overall , the presence of the radical initiator does not have a dramatic
impact on polymer yield. In detail, except for the experiment with 5 µmol of catalyst precursor,
in all cases the polymer yield is slightly lower for the experiment with addition of the radical
source compared to the respective one without Wako-V601 (Figure 3-39).
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Figure 3-39:

Polymerizations with and without radical source Wako-V601 (orange and black data points
respectively). Data plotted with increasing catalyst concentration.

3.4.8 Analytical Data of Obtained Polymers
NMR Spectra.

Figure 3-40:
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1H

NMR spectrum (400 MHz, CDCl3, 313 K) of polymer obtained with complex Ni-6 in
the presence of radical source PAT (cf. Table 3-2, entry 2).
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Figure 3-41:

1H

Figure 3-42:

1H

NMR spectrum (400 MHz, CDCl3, 313 K) of polymer obtained with complex Ni-1 in
the presence of radical source PAT (cf. Table 3-1, entry 1).

NMR spectrum (400 MHz, CDCl3, 313 K) of polymer obtained with complex Ni-1 in
the presence of radical source PATF,F. The multiplicity of the signal at 6.61 ppm is caused
by a coupling with the 19F-nuclei, in the 19F-decoupled spectrum only a triplet is visible (cf.
Table 3-1, entry 2).

At 2.6 ppm an overlay of triplet signals can be observed. This is due to two different types of
benzylic methylene groups present in the polymer, adjacent to a phenyl end group and adjacent
to a 3,5-difluorophenyl end group (Figure 3-42).
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Figure 3-43:

1H{19F}

Figure 3-44:

19F
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NMR spectrum (400 MHz, CDCl3, 313K) of polymer obtained with complex Ni-1
in the presence of radical source PATF,F (cf. Table 3-1, entry 2).

NMR spectrum (376 MHz, CDCl3, 300 K) of polymer obtained with complex Ni-1 in
the presence of radical source PATF,F (cf. Table 3-1, entry 2).
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polymer
backbone

polymer chain end

α-C1
br-C2

Figure 3-45:

13C{1H}

Figure 3-46:

1H

γ-C1 β-C1
br-C1
S3

β-C2 C2-2

C1-1
S2

S1

C2-1

NMR spectrum (100 MHz, CDCl3, 313 K) of polymer obtained with complex Ni-1
in the presence of radical source PATF,F (cf. Table 3-1, entry 2). The signals correspond to
a polymer with rather linear microstructure and mainly methyl branches.

NMR spectrum (400 MHz, CDCl3, 313 K) of polymer obtained with complex Ni-1 in
the presence of radical source Ar-NHPI. No end groups originating from the radical source
are visible (cf. Table 3-1, entry 4).
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Figure 3-47:

1H

NMR spectrum (400 MHz, CDCl3, 313 K) of polymer obtained with complex Ni-1 in
the presence of radical source Wako-V601 (cf. Table 3-1, entry 5).

Exemplary GPC Data.

Figure 3-48:
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Exemplary GPC trace for a polymer obtained in the presence of PAT (cf. Table 3-1, entry
1).
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3.4.9 Studies to Exclude β-H-elimination after Incorporation of Radical
Fragments
NMR Experiments with Ethylene-d4. To determine whether β–H-elimination after
incorporation of radical fragments is a significant pathway experiments with ethylene-d4 were
conducted. A β–H-elimination after incorporation of a radical fragment would lead to an
unsaturated small molecule compound (like styrene or MMA) and a Ni-H complex, which could
further insert ethylene. Insertion of ethylene-d4 would lead to a deuterated polymer chain with
CD2H end groups (Scheme 3-13).

Scheme 3-13:

Possible reaction pathway after incorporation of radical initiator fragments: β-H-elimination
followed by chain growth starting from the formed Ni-H-species. Exemplarily depicted for
radical fragments of Wako-V601.

A polymerization with ethylene-H4, and a second polymerization with ethylene-d4 were
conducted under otherwise identical polymerization conditions. A 1H NMR spectrum of the
first polymer as well as 1H and 2H NMR spectra of the second (deuterated) polymer were
acquired. For the deuterated polymer it is possible to measure 1H NMR, since the ethylene-d4
used, contains only 99 atom% D, i.e. 1 atom% is H. These residual protons are statistically
distributed in the obtained deuterated polymer.
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Figure 3-49:

1H

Figure 3-50:

Aliphatic region of 1H NMR spectra (400 MHz, CDCl3, 300 K) of polymers obtained with
complex Ni-2 in the presence of radical source Wako-V601. Spectrum 1) polymerization
with ethylene-d4 and spectrum 2) polymerization with ethylene-H4. For better comparison
signal intensity of spectrum 2) was scaled down by a factor of 30.
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NMR spectra (400 MHz, CDCl3, 300 K) of polymers obtained with complex Ni-2 in the
presence of radical source Wako-V601. Spectrum 1) polymerization of ethylene-d4 and
spectrum 2) polymerization of ethylene-H4.
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13

C{1H} NMR spectrum

13

C{2H} NMR spectrum

Figure 3-51:

1) 13C{2H} NMR spectrum (150 MHz, CDCl3, 298 K) and 2) 13C{1H} NMR spectrum
(150 MHz, CDCl3, 298 K) of deuterated polymer obtained with complex Ni-2 in the
presence of radical source Wako-V601.

Figure 3-52

2H-13C-HMQC

NMR spectrum (52/150 MHz, CDCl3, 298 K) of deuterated polymer
obtained with complex Ni-2 in the presence of radical source Wako-V601.
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Figure 3-53:

1H-13C-HSQC

NMR spectrum (400/100 MHz, CDCl3, 300 K) of polymer obtained with
complex 2 in the presence of radical source Wako-V601.

Methyl ester groups were detected in 1H NMR spectra of deuterated and non-deuterated
polymers. The attachment to the polymer backbone was proven by a DOSY NMR measurement
(Figure 3-54). This shows that a reaction of the radical source Wako-V601 with a Ni-species
is not followed by β–H-elimination, leading to polymers with methyl ester end groups.
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CHCl3
H2O

Figure 3-54:

DOSY spectrum (400 MHz, CDCl3, 300 K) of polymer obtained in a polymerization
experiment in the presence of Wako-V601. The signal at 3.7 ppm corresponding to the
methyl ester group show the same diffusion behavior as the polyethylene backbone.

GC Experiments. GC experiments were conducted to further study whether β–H-elimination
after incorporation of radical fragments is a significant pathway. A β–H-elimination after
incorporation of a radical fragment would lead to an unsaturated small molecule compound
(like styrene or MMA, depending on the applied radical source) and a Ni-H complex (Scheme
3-13).
For the radical source Wako-V601 a β–H-elimination would lead to the release of MMA into
the polymerization mixture. The occurrence of MMA in the obtained polymerization mixture
is thus a direct indicator for the occurrence of β–H-elimination reactions. If MMA molecules
are present, they should be found in the supernatant solution after precipitation of the polymer.
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GC experiments with different dilutions of MMA in toluene were conducted as reference
(Figure 3-55). With the applied measurement method the signal for MMA had a retention time
of 1.55 min. Concentrations lower than 0.1 mg/mL could not be detected reliably.

0.01 mg/mL,
0.1 mg/mL,
1 mg/mL,
2 mg/mL,
4 mg/mL,

MMA

0.1 mmol/mL
1 mmol/mL
10 mmol/mL
20 mmol/mL
40 mmol/mL

toluene
1.5

1.6

1.7

1.8

1.9

2.0

time [min]

Figure 3-55:

GC traces of solutions of MMA in toluene.

Samples of the polymerization mixtures were taken in polymerizations in the presence of
radical source Wako-V601. The contained polymer was precipitated in DMSO and the
supernatant solution was analyzed via GC (Figure 3-56). At the retention time of 1.55 min no
signal was observed in the GC traces, that is - within the detection limit - no MMA was present.
From this we can conclude that no β–H-elimination after incorporation of a radical fragment
occurs or this is only a very minor pathway. Note that in the pressure reactor experiment
3 µmol/mL radical initiator and 0.6 µmol/mL Ni(II)-catalyst precursor are present.
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supernatant after
precipitation of polymer

no signal

toluene
1.5

1.6

DMSO

1.7

1.8

1.9

2.0

time [min]

Figure 3-56:

GC traces of polymerization mixture (polymerization in the presence of Wako-V601) after
precipitation in DMSO. DMSO was used since in GC it does not interfere with the MMA
signal.

3.4.10 Reactivity of Ni-Me-Precursor Complex Ni-1 towards PAT
To further elucidate the possible mechanism of radical incorporation by a combination reaction
between the growing Ni-Alkyl species and radicals we used Ni-Me complex Ni-1 as a model
for the Ni-alkyl chain growth species of polymerization. In an NMR experiment 40 µmol of the
azo initiator PAT was added to 20 µmol of complex Ni-1 at room temperature. Warming to
50 °C for one hour and then over night resulted in virtually complete conversion of the Nibound methyl group to toluene (Figure 3-57, increase of signal intensity at 2.1 ppm (tolueneCH3) at the expense of the signal at -0.6 ppm (Ni-CH3)). The identity of the product formed as
toluene was confirmed by 2D and TOCSY NMR experiments (Figure 3-58) as well as
enrichment of the sample with toluene (Figure 3-57 and Figure 3-59).
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Figure 3-57:

1H

Figure 3-58:

1D Selective Gradient TOCSY NMR spectra (600 MHz, C6D6, 300 K). Irradiation at
2.1 ppm. Mixing time 100 ms.
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NMR spectra (400 MHz, C6D6, 300 K) of Ni-Me precursor complex Ni-1 before 1) and
after addition of radical initiator PAT 2). After heating for 1 h to 50 °C 3) and for one night
to 50 °C 4). The identical sample was measured after one additional day at room temperature
5) and enriched with toluene 6).
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*
*

*

*

*
*

Figure 3-59:

*

*

13C{1H}

NMR spectra (150 MHz (bottom) and 200 MHz (top), C6D6, 300 K) of the reaction
mixture of Ni-Me complex Ni-1 with radical initiator PAT after reaction at 50 °C 1) and
this mixture after enrichment with toluene 2). * = toluene.
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3.4.11 Molecular Weight Determination from 1H NMR Spectra
NMR resonances (1-6) of unsaturated end groups are used for calculation of the polymer
molecular weight:

2

5

1
3,4

6

𝐼
( 𝑡𝑜𝑡
𝑔
4 )
𝑀𝑛 =
∙ 28
𝐼 + 2𝐼3 + 2𝐼4 + 𝐼5 + 𝐼6
𝑚𝑜𝑙
(2
)
2
with Itot = overall integral of all signals, without NMR solvent.
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3.4.12 Microstructure Analysis from NMR Spectra
Amount-of-Substance Fraction of Initiator- or Catalyst Precursor-Derived End Groups 𝝌
(Based on Repeat Units)

aromatic
end group
signal

PE
backbone

𝐼
( 𝑎𝑟𝑜𝑚.
3 )
𝝌=
𝐼
𝐼𝑎𝑟𝑜𝑚.
( 𝑃𝐸
4 )+ ( 3 )
IPE = backbone without end groups (set to 400 for 100 repeat units), Iarom. = aromatic end groups
of 3,5-difluorophenyl group.
(for phenyl end groups: aromatic signal of H /5, for methyl ester end groups: Me signal/3)

Portion of Functionalized Chains 𝜶

𝜶=

𝜒 ∙ 𝑀𝑛 (𝑁𝑀𝑅)
𝑀𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡

→ Mrepeat unit = mass average of repeat unit
Approximation 𝑀𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡 =

28𝑔
𝑚𝑜𝑙
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28𝑔

Exact: 𝑀𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡 = (1 − 𝜒) ∙ 𝑚𝑜𝑙 + 𝜒 ∙ 𝑀𝑎𝑟𝑜𝑚.𝑒𝑛𝑑 𝑔𝑟𝑜𝑢𝑝

Maximum Theoretically Possible Portion of Functionalized Chains
Precursor
𝜶𝒎𝒂𝒙 =

𝑛𝑁𝑖
𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟
(
)
𝑀𝑛 (𝑁𝑀𝑅)

=

𝑛𝑁𝑖 ∙ 𝑀𝑛 (𝑁𝑀𝑅)
𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟

Efficiency of Initiation to Polymer End Groups 𝜺
𝜺=

𝛼
𝛼𝑚𝑎𝑥

=

𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟 ∙ 𝜒
𝑀𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡 ∙ 𝑛𝑁𝑖

→ Mrepeat unit = mass average of repeat unit
Approximation 𝑀𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡 =

28𝑔
𝑚𝑜𝑙
28𝑔

Exact: 𝑀𝑟𝑒𝑝𝑒𝑎𝑡 𝑢𝑛𝑖𝑡 = (1 − 𝜒) ∙ 𝑚𝑜𝑙 + 𝜒 ∙ 𝑀𝑎𝑟𝑜𝑚.𝑒𝑛𝑑 𝑔𝑟𝑜𝑢𝑝

Chains Formed per Catalyst Precursor
𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟
𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟
𝑀𝑛 )
=
=
𝑛𝑁𝑖
𝑀𝑛 ∙ 𝑛𝑁𝑖
(
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4 Salicylaldiminato Ni(II) Complexes in Olefin Hydrosilylation
Introduction
In 1957 the first transition metal catalyzed hydrosilylation of 1-pentene was reported (Scheme
4-1).137 The use of chloroplatinic acid (H2PtCl6, Speier’s catalyst) for this reaction was the
starting point for the development of various Pt complexes. They have been adapted to many
other hydrosilylation reactions since and the mechanism of hydrosilylation reactions catalyzed
by Pt complexes has been studied extensively.138,139 To date Speier’s137 and Karstedt’s140
catalysts, both platinum complexes, are the most renowned examples of hydrosilylation
catalysts. The addition of a silane to the double bond of a 1-olefin can in principle yield two
different regioisomers: a linear or branched alkylsilane (Scheme 4-1). For most complexes
including the classical Speier’s catalyst the linear addition product is formed predominantly.

Scheme 4-1:

Addition of a silane to the unsaturated bond, i.e. hydrosilylation of 1-pentene catalyzed by
chloroplatinic acid (H2PtCl6, Speier’s catalyst).

Possible side reactions in the catalytic hydrosilylation include redistribution of the substituents
on the silicon atom, double or triple hydrosilylation, when using secondary (R2SiH2) or primary
silanes (RSiH3) and isomerization of the substrate’s double bond (Scheme 4-2). It is assumed
that multiple hydrosilylation can occur stepwise, i.e. only after all of the substrate is monohydrosilylated the second hydrosilylation reaction proceeds. The hydrosilylation of
allylbenzene with diethylsilane using [RhCl(PPh3)3] was reported to yield the monohydrosilylation product.141 Depending on the catalyst used, isomerization is favored at elevated
temperatures.

Scheme 4-2:

Possible side reactions in catalytic hydrosilylation include substituent redistribution,
multiple hydrosilylation and double bond isomerization.
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Even though platinum complexes are still the most prominent candidates for transformations of
Si-H bonds, systems based on more abundant and cheap metals are highly sought after.
Complexes of base metals such as iron,142-145 cobalt146 or nickel147,148 have been demonstrated
to enable hydrosilylation of 1-olefins in recent years.149 For most complexes including
Ni(COD)2/PPh3 and bis(amido) Ni(II) complexes, the linear addition product is formed
predominantly.150,151 Advances in catalyst design led to examples with opposite
regioselectivity. For example N-heterocyclic carbene (NHC) Ni(II) and indenyl Ni(II)
complexes have been shown to be active in the hydrosilylation of styrene with phenylsilane
(PhSiH3) and yield the branched addition product exclusively.152,153
Recently salicylaldiminato nickel complexes, which are well established catalysts for ethylene
polymerization, have been tested in hydrosilylation reactions.147 Srinivas et al. showed that
catalytic activity depends on the salicylaldiminato ligand. While some complexes showed no
activity for hydrosilylation, a complex similar to Ni-1 (Figure 3-1, tBu replaced by H) yielded
97% conversion in the hydrosilylation of 1-octene with diethyl silane in 1 h (TOF at r.t.:
~2.3  102 mol  mol-1(Ni)  h-1]). The selectivity for the linear hydrosilylation product was
93%.147 This shows that hydrosilylation with salicylaldiminato complexes is possible. The
proposed mechanism includes the reaction between the Ni complex and the silane which yields
a nickel-silyl complex. It proceeds by coordination and insertion of the 1-olefin in the Ni-Si
bond. A second molecule of silane then reacts with the resulting insertion product (Ni alkyl
complex) and the formed hydrosilylation product is released while again a nickel-silyl complex
is formed (Scheme 4-3).147,154

Scheme 4-3:
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Proposed mechanism for olefin hydrosilylation using salicylaldiminato Ni complexes (cf.
ref. 147,154). In stoichiometric reactions of Ni-Me with silanes methane was detected.
Evidence for the formation of a Ni-Si complex was found, albeit it was not fully identified.

Salicylaldiminato Ni(II) Complexes in Olefin Hydrosilylation
As already mentioned salicylaldiminato Ni(II) complexes are highly active catalysts for
ethylene polymerization. In presence of both silanes for hydrosilylation and ethylene as a
polymerizable monomer a competition between hydrosilylation and ethylene polymerization is
conceivable. If the chain growth occurs faster compared to hydrosilylation, a chain transfer
situation would arise: A controlled transfer of growing chains from the nickel center would
occur with the silane acting as chain transfer agent and thus lead to silyl end-functionalized
polyethylene (Scheme 4-4). Consequently, olefin hydrosilylation can be used as model reaction
to probe for a potential chain transfer by silanes in polymerization reactions, as has been
reported previously.66,155

Scheme 4-4:

Salicylaldiminato nickel complexes polymerize ethylene to polyethylene (top), in presence
of ethylene and silane an alkylsilane could be formed if hydrosilylation is faster compared
to chain growth (center) or if chain growth is faster compared to hydrosilylation a silyl endfunctionalized polymer could be formed (bottom).

In the case of a chain transfer polymerization, variation of the residues on the silane would lead
to different polyethylene end groups and the functionalization would be catalytic in the nickel
complex. In contrast to end groups originating from fragments of decomposed radical initiators
as described in chapter 3, even initiators, which are stable under the polymerization conditions
might be introduced if they are linked to a silane. Thus generated reactive end groups consisting
of intact radical initiators could then be used in a subsequent step at higher temperatures.
For this strategy nickel complexes which are active in both ethylene polymerization and
hydrosilylation are necessary. In addition, the insertion of ethylene, i.e. chain growth has to
occur faster compared to the reaction between the nickel complex and a silane molecule.
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Results and Discussion
4.2.1 Hydrosilylation of 1-Olefins using Salicylaldiminato Ni(II) Complexes
To probe for a potential chain transfer by silanes in ethylene polymerization olefin
hydrosilylation was applied as model reaction. Salicylaldiminato nickel complexes Ni-1, Ni-7
and Ni-8 which are active catalysts for the polymerization of ethylene (TOF at 50 °C and 40 bar:
0.6 (at 7 bar), 4.6 and 10.0  104 mol(C2H4)  mol-1(Ni) h -1)17,48 were investigated with
regard to their behavior in hydrosilylation (Figure 4-1). In addition different types of silanes as
well as substituents on the silanes were tested (Figure 4-2).

Figure 4-1:

Salicylaldiminato Ni(II) complexes investigated with regard to their behavior in
hydrosilylation of 1-olefins.

Figure 4-2:

Tertiary, secondary and primary silanes with ethoxy, ethyl and phenyl substituents tested in
hydrosilylation reactions with complexes Ni-1, Ni-7 and Ni-8.

Tertiary silanes were used and their residues varied from phenyl to ethyl or ethoxy groups
(Figure 4-2, left) to probe their influence on the hydrosilylation of 1-hexadecene with complex
Ni-8. For experiments with triphenylsilane (Ph3SiH) and triethoxysilane ((EtO)3SiH) no
hydrosilylation was observed at room temperature (Figure 4-15, Figure 4-16). Even after
additional heating to 70 °C for 2 h no reaction was observed except for isomerization of the
double bond of the 1-hexadecene. For experiments with triethylsilane (Et3SiH) new resonances
at -0.54 ppm and 0.09 ppm in the 1H NMR spectrum evolved. They might be assigned to a NiEt complex. Apart from these resonances no changes in the educt mixture were detected (Figure
4-17). Overall this agrees with a previous work stating that tertiary silanes are not suited for
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hydrosilylation reactions with salicylaldiminato Ni complexes.147 In contrast phenylsilane
(PhSiH3) and diphenylsilane (Ph2SiH2), i.e. primary and secondary silanes are suited for Nicatalyzed hydrosilylation reactions. Diphenylsilane (Figure 4-3) showed faster conversion than
phenylsilane (Figure 4-18). In the hydrosilylation of 1-hexadecene (1.2 equiv.) with
diphenylsilane (1.0 equiv.) catalyzed with Ni-8 (0.005 equiv., i.e. 0.5 mol%) at room
temperature signals for the double bond resonances of the 1-olefin were virtually absent after
circa 1 h (TOF: ~2.4  102 mol  mol-1(Ni)  h-1), while signals for diphenyl-hexadecylsilane
(Ph2(C16H32)SiH) increased (Figure 4-3). In contrast for hydrosilylation with phenylsilane only
10% conversion was observed after 1.5 h (Figure 4-18).

Figure 4-3:

1H

NMR spectra (400 MHz, C6D6, 300 K) of the reaction mixture of complex Ni-8 and 1hexadecene (bottom), after addition of diphenylsilane (second from bottom) and reaction
progress (further spectra, each measured with 3 minutes delay). Resonances for
diphenylhexadecylsilane (Ph2(C16H32)SiH) increase in intensity.

Based on the finding that diphenylsilane showed the fastest conversion, it was then used for all
further experiments. Comparable to complex Ni-8, hydrosilylation of 1-octene (1.2 equiv.) with
diphenylsilane (1.0 equiv.) was achieved using 0.5 mol% of complex Ni-1 at room temperature
in acetonitrile (Figure 4-19, Figure 4-20), as reported previously for a complex similar to Ni-1
(tBu replaced by H).147 The same reaction was possible in toluene (Figure 4-4, Figure 4-21). A
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more detailed analysis, compared to the preliminary experiments with different types of silanes,
showed that a mixture of diphenyloctylsilane (Ph2(nOctyl)SiH) and diphenyldioctylsilane
(Ph2(nOctyl)2Si) was obtained. The 1H NMR signal corresponding to the silicon bound
hydrogen of diphenyloctylsilane (Ph2(nOctyl)SiH) is triplet shaped due to a coupling to the
silicon bound methylene moiety (Si-CH2-R). In addition characteristic satellites flanking the
main peak, which originate from 1H-29Si coupling are observed (Figure 4-4, inset a)). In contrast
diphenyldioctylsilane (Ph2(nOctyl)2Si) does not exhibit a silicon bound hydrogen atom and 1H
NMR signals for phenyl and octyl substituents are identical to these of diphenyloctylsilane
(Ph2(nOctyl)SiH). However the ratio of integrals in the 1H NMR spectrum indicated the
presence of Ph2(nOctyl)2Si and the 29Si NMR spectrum corroborated this finding (Figure 4-4,
inset b)). The Ph2(nOctyl)2Si could have been formed in a twofold hydrosilylation or a
substituent exchange between two Ph2(nOctyl)SiH molecules.

Figure 4-4:

1H

NMR spectra (400 MHz, toluene-d8, 300 K) of the hydrosilylation mixture of 1-octene,
diphenylsilane and 0.5 mol% Ni-1 after 1 h at r.t.. A triplet at circa 5.1 ppm corresponding
to the silicon bound H of Ph2(nOctyl)SiH was detected (inset a)). In the 29Si NMR (80 MHz,
toluene-d8, 300 K) spectrum resonances at -6.6 and -13.7 ppm corresponding to
Ph2(nOctyl)2Si and Ph2(nOctyl)SiH, are detected (inset b)).

The detected signals in the 1H and 13C NMR spectra (Figure 4-21, Figure 4-22) and assignment
of 29Si NMR resonances (Figure 4-4 inset b)) agrees with reported data.147,156 In addition 2D
NMR spectra were recorded (Figure 4-23, Figure 4-24). For the mixture of Ph2(nOctyl)SiH and
Ph2(nOctyl)2Si the signal corresponding to the methylene unit adjacent to the silicon
R(Ph)2Si-CH2-(CH2)6-CH3 was detected at a chemical shift of 12.6 ppm in the
spectrum (Figure 4-24).
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An oligomer mixture synthesized following a reported procedure19 was reacted with
diphenylsilane in presence of Ni-1 in toluene (Figure 4-5). After insertion of the oligomer, a
nickel alkyl species, which mimics the active nickel species during (chain transfer)
polymerization is obtained. In the course of the reaction again a methylene group with a
chemical shift of 12.6 ppm in the

13

C NMR spectrum was detected in the reaction mixture.

Combined with the observed disappearance of signals for terminal double bonds in the 1H NMR
spectrum (Figure 4-5, marked in blue circles) it can be concluded that hydrosilylation of
oligomer terminal double bonds with diphenylsilane is feasible using complex Ni-1.

Figure 4-5:

1H

NMR spectrum (400 MHz, CDCl3, 300 K) of highly branched oligomers containing
internal and/or terminal double bonds (* = residual toluene) (bottom) and 1H NMR spectrum
(400 MHz, toluene-d8, 300 K) of the reaction mixture of the oligomers, diphenylsilane and
0.5 mol% Ni-1 after 3 h at r.t. (top). While the resonance at circa 5.5 ppm corresponding to
internal double bonds remains intact, resonances for terminal double bonds at 5.0 and
5.8 ppm disappear (blue circles), indicating hydrosilylation of the terminal double bonds.

4.2.2 Interplay between Hydrosilylation and Polymerization of Ethylene
In principle a chain transfer polymerization with silanes as chain transfer agents can be
perceived as an interplay between hydrosilylation and polymerization promoted by the same
metal center. The theoretical interplay between the catalytic cycles of hydrosilylation and
polymerization is depicted in Scheme 4-5. Main difference between a hydrosilylation reaction
and a chain transfer polymerization (CTP), i.e. a combination of both hydrosilylation and
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polymerization, is the number of olefin insertions that occur prior to detachment of the silylterminated alkyl from the metal center, i.e. prior to chain-transfer.

Scheme 4-5:

Interplay between polymerization and hydrosilylation reactions (blue and light grey
pathway) catalyzed by the same metal center (here: Ni) as opposed to solely insertion (dark
grey pathway) or hydrosilylation (light grey pathway).

In order to gain a more detailed picture of the interplay between hydrosilylation and
polymerization reactions for Ni complexes, experiments in the presence of both silane and a
polymerizable monomer must be considered. In NMR scale experiments the behavior of Ni
complexes Ni-1, Ni-7 and Ni-8 towards a combination of diphenylsilane and ethylene was
monitored. In all cases formation of Si-H species was observed in 1H NMR spectra. One species
with a signal at 5.04 ppm in the 1H NMR spectra was the most prominent of the newly formed
Si-H species (not considering the educt Ph2SiH2) in experiments with all Ni complexes. A
coupling to a second 1H signal in the aliphatic region (1.03 ppm) of the NMR spectra (Figure
4-27) lead to the conclusion that an alkyl silane species (HSi(CH)2Ralkyl) was obtained. However
conversion to this species was slow and no information on the length of the alkyl chain
(Ralkyl = -CH3 or -(CH2)nCH3), i.e. the formation of hydrosilylated ethylene or a hydrosilylated
oligomer could be obtained from the NMR spectra. Only in experiments with complex Ni-8
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virtually full conversion of diphenylsilane and a sufficient concentration of the new Si-H
species for 2D NMR measurements was achieved. The 1H-13C gHSQC NMR spectrum (Figure
4-6) revealed that the new signal at 1.03 ppm in the 1H NMR spectrum is an overlap of two
signals corresponding to a methylene and methyl moiety i.e. a silicon bound ethyl group
(SiCH2CH3) with respective

13

C NMR resonances at 4.5 ppm (SiCH2CH3) and 8.3 ppm

(SiCH2CH3). The conclusion that the alkyl silane species is diphenylethylsilane ((Ph)2EtSiH),
i.e.
1

hydrosilylated

ethylene,

was

further

evidenced

by

TOCSY,

1

H-1H gCOSY,

H-13C gHMBC, and DOSY NMR spectra (Figure 4-31 - Figure 4-33).

Figure 4-6:

1H-13C

gHSQC NMR spectrum (400 MHz, C6D6, 300 K) of of the reaction mixture of Ni-8,
diphenylsilane and ethylene (cp. Figure 4-29, top spectrum). The new signal in the 1H NMR
spectrum at 1.03 ppm is an overlap of two signals corresponding to a methylene and methyl
moiety i.e. a silicon bound ethyl group (SiCH2CH3).with respective 13C NMR resonances at
4.5 ppm (SiCH2CH3) and 8.3 ppm (SiCH2CH3).

In addition NMR resonances corresponding to silanes with various amounts of ethyl
substituents (PhEt2SiH, Et3SiH) were detected, albeit with very low intensities, hinting at ligand
exchange on the silane or multiple hydrosilylations of ethylene with the same silane molecule.
Overall the experiments showed that hydrosilylation reactions with Ni complexes in the
presence of ethylene is not a “clean” reaction, but rather a mixture of various products is
obtained (Figure 4-28).
Only in some cases after prolonged reaction times polyethylene formation, indicated by a signal
at 1.3 ppm in the 1H NMR spectra corresponding to the polyethylene backbone, was observed
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(Figure 4-25). However, no silyl-terminated oligomers were formed. This means that, under the
conditions studied here, hydrosilylation is preferred over ethylene insertion. Nevertheless, the
detection of hydrosilylated ethylene was promising and the formation of hydrosilylated
oligomers might be achieved at higher concentrations of ethylene. Thus pressure reactor
experiments (vide infra) were conducted.

4.2.3 Pressure Reactor Experiments for Polymerization/Hydrosilylation of
Ethylene using Salicylaldiminato Ni(II) Complexes
Encouraged by the detection of hydrosilylated ethylene in NMR scale experiments with
complex Ni-8, pressure reactor experiments with Ni-8 and diphenylsilane were performed at
40 °C and 20 bar ethylene pressure. Polymer was obtained, however ethylene consumption and
thus the polymer yield decreased with increasing amount of added silane (Figure 4-7 and
Experimental Section Table 4-1).

Figure 4-7:

Photograph and plot of yield for polymers obtained in pressure reactor experiments without
and with 5, 10 and 20 equivalents of diphenylsilane (from left to right) using 10 µmol of
complex Ni-8 for each experiment (cf. Table 4-1, entries 1-4).

The molecular weight of the obtained polymers decreased at higher amounts of added silane,
while the molecular weight distribution broadened as observed by GPC. For polymers obtained
in presence of 10 and 20 equivalents of diphenylsilane a bimodal shape of the distribution curve
is discernible (Figure 4-8). While the decrease in molecular weight with increasing amount of
silane points towards occurrence of chain transfer, no characteristic resonances for silane end
groups could be detected in the 1H NMR and 13C NMR spectra (Figure 4-9, Figure 4-10).
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Figure 4-8:

GPC traces for polymers obtained in pressure reactor experiments without and with 5, 10
and 20 equivalents of diphenylsilane using complex Ni-8 (cf. Table 4-1, entries 1-4).

polymer
backbone

Me end groups and Me
branches

Me end
groups and
Me branches

no further signals in this
area

Figure 4-9:

1H

NMR spectra (400 MHz, C2D2Cl4, 383 K) of the polymer obtained in pressure reactor
experiments with Ni-8 and addition of 20 equiv. of diphenylsilane. In the aliphatic region
of the spectrum, no signals corresponding to methylene groups adjacent to a silicon atom
are detected (cp. inset), this means no silyl end groups are observable.
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Figure 4-10:
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13

C{1H} NMR spectrum (100 MHz, C2D2Cl4, 383 K) of the polymer obtained in pressure
reactor experiments with Ni-8 and addition of 20 equiv. of diphenylsilane. Only signals for
the polymer backbone and branches are detected, while no signals corresponding to
methylene groups adjacent to a silicon atom, as would be expected for silyl end groups, are
detected.

In the NMR scale experiments resonances for H2, which can also promote chain transfer, were
present. This might explain reduced molecular weights. However a potential chain transfer by
H2 should not reduce the overall polymer yield. Thus an inhibition of the polymer chain growth
by the silane is more likely. After the first insertion of ethylene in a nickel-silyl complex
(Scheme 4-6, B), a Ni-CH2CH2SiPh2H complex (C) is formed. The reaction with a second
molecule of silane (reaction pathway with rate constant k3) competes with further insertion of
ethylene (rate constant k2’). The former could be preferred for the Ni-CH2CH2SiPh2H complex
(C), thus closing the catalytic cycle of hydrosilylation before multiple ethylene insertion can
take place (k3 >> k2’, cf. Scheme 4-6). Concerning the ethylene insertion rate, insertion into
growing alkyls (k2’) is rapid under pressure reactor conditions. This leaves k2 as the rate limiting
step in the proposed mechanism. In short, an insertion polymerization might occur only after
depletion of silane.
This proposed mechanism would explain the observations in pressure reactor experiments:
Reduction of polymer yield and molecular weight with increasing amount of added silane and
at the same time absence of silane end groups in the obtained polymers.
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Scheme 4-6:

Proposed mechanism for the formation of ethyl silanes without simultaneous formation of
silylated oligomers or polymers.

A hint for a second mechanism, in addition to the hydrosilylation mechanism, being operative
here, is the detection of Ni-Et species in NMR experiments. These Ni-Et species indicate the
intermediate formation of Ni-H species followed by ethylene insertion.
In contrast to the results for salicylaldiminato Ni complexes, the use of α-diimine Pd complexes
in polymerizations in presence of tertiary silanes, such as e.g. triethylsilane (Et3SiH) has been
reported to yield silyl end-functionalized polymers (cf. chapter 5).67,68

Summary and Conclusion
In addition to well-established platinum complexes, systems based on more abundant transition
metals, such as nickel, have been reported to catalyze hydrosilylation of 1-olefins. The use of
complexes originally designed for polyethylene synthesis, is among the recent advances in
hydrosilylation catalysis.
In this study complexes Ni-1, Ni-7 and Ni-8 which are active catalysts for the polymerization
of ethylene were investigated with regard to their behavior in hydrosilylations and in view of a
possible application in a combination of polymerization and hydrosilylation reactions, i.e. in
chain transfer polymerizations.
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While attempted hydrosilylations with tertiary silanes have not been successful, the
salicylaldiminato Ni(II) complexes were able to convert 1-olefins with a secondary silane
(Ph2SiH2) to the corresponding linear alkylsilanes. Mono- and di-alkylated silane species were
obtained. These results agree with reported data on hydrosilylation using a similar complex.147
Unfortunately, ethylene hydrosilylation and ethylene chain growth are not competitive
processes at ambient pressure conditions which results in formation of ethyl silanes instead of
silylated oligomers or polymers. Most likely cleavage of an intermediate silylethyl nickel
species (Scheme 4-6, complex C) by the next incoming Ph2SiH2 is much faster than further
insertion of ethylene into the latter silylethyl nickel species C. In pressure reactor experiments,
i.e. at increased ethylene concentration, formation of polymeryl silanes was not observed. This
indicates that in Ni-alkyl species reaction with silanes is fast compared to chain growth (even
though hydrosilylation is slow compared to polymerization chain growth).
In short, the formation of silyl end-functionalized polyethylene in a chain transfer
polymerization was not possible with the salicylaldiminato Ni complexes studied. Thus the
strategy of introducing reactive end groups by linking them to a silane as chain transfer agent
could not be implemented using salicylaldiminato Ni complexes as catalysts.

Experimental Section
4.4.1 Methods
NMR spectra were measured either on a Bruker Avance III HD 400 equipped with a TBO N to
P/H/F triple resonance probe or a Bruker Avance III 400 equipped with a BBFO plus probe for
N to F/H. 1H chemical shifts were referenced to the residual proton signal of the solvent.

13

C

chemical shifts were referenced to the carbon signal of the solvent. NMR spectra are reported
as follows: chemical shift (δ ppm), multiplicity, coupling constant (Hz), integration and
assignment. Multiplicities are given as follows (or combinations thereof): s: singlet, d: doublet,
t: triplet, m: multiplet, v: virtual. The identity of compounds and detailed NMR assignments
were established by 1H TOCSY and 2D NMR experiments (1H-1H gCOSY, 1H-13C gHSQC and
1

H-13C gHMBC) experiments in addition to 1D NMR experiments. Acquired data were

processed and analyzed using MestReNova software. DOSY data were processed using the
TopSpin (Bruker) software package.
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High temperature gel permeation chromatography (GPC) for molecular weight determination
was carried out on a Polymer Laboratories 220 instrument equipped with Olexis columns and
differential refractive index, viscosity, and light-scattering (15° and 90°) detectors at 433 K in
1,2,4-trichlorobenzene. Data reported were determined using triple detection and linear
calibration against polystyrene standards.
All manipulations of air- and/or moisture-sensitive compounds were carried out under an inert
atmosphere using standard Schlenk or glovebox techniques.

4.4.2 Materials
Solvents: Benzene was distilled from blue sodium/benzophenone under N2 atmosphere prior to
use. Methanol was used without further purification. Acetonitrile-d3, benzene-d6, and toluened8 were dried over 4 Å molecular sieves.
Ethylene 3.5 grade (Air Liquide), (EtO)3SiH (Aldrich), Et3SiH (Aldrich), Ph3SiH (Aldrich),

Ph2SiH2 (Sigma-Aldrich), PhSiH3 (Sigma-Aldrich), were commercially available and used
without further purification. 1-hexadecene and 1-octene were purchased from Fluka and dried
over 4 Å molecular sieves. Tetramethylethylendiamine dimethyl nickel(II) was purchased from
MCat and stored at -30°C prior to use. 3-(Anthracen-9-yl)-salicylaldehyde17, 2,4,6-tris(3’,5’-

bis(trifluoromethyl)phenyl)-aniline157 and the salicylaldiminato nickel complex17 Ni-7 were
available in the group. The ethylene oligomer mixture used was also available in the group. The
oligomers were obtained following a reported procedure19 and catalyst residues were removed
by repeated extraction with MeOH/pentane.
The salicylaldiminato nickel complex Ni-1 and the corresponding ligand were synthesized
according to reported procedures.15,17

4.4.3 Synthesis of the Salicylaldiminato Ni(II) Complex Ni-8
Synthesis of the N-(2,4,6-tris(3’,5’-(bis(trifluoromethyl)phenyl)phenyl))-3-(anthracen-9-yl)salicylaldimine ligand:
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The salicylaldimine ligand was synthesized from 2,4,6-tris(3’,5’-bis(trifluoromethyl)phenyl)aniline and 3-(anthracen-9-yl)-salicylaldehyde according to a reported procedure (Scheme
4-7).48,158 NMR data agrees with reported data.48,158

Scheme 4-7:

Synthesis of the N-(2,4,6-tris(3,5-(bis(trifluoromethyl)phenyl)phenyl))-3-(anthracen-9-yl)salicylaldimine ligand by condensation of 2,4,6-tris(3’,5’-bis-(trifluoromethyl)phenyl)aniline and 3-(anthracen-9-yl)-salicylaldehyde.

To a solution of aniline (1.46 g, 2.0 mmol, 1.0 equiv.) and 3-(anthracen-9-yl)-salicylaldehyde
(0.60 g, 2.0 mmol, 1.0 equiv.) in methanol (15 mL, p.a. grade, not dried or degassed) a catalytic
amount of pTSA was added. The reaction mixture was stirred for 48 h at 60 °C. A pale yellow
solid precipitated and was isolated by filtration of the reaction mixture. The solid residue was
washed with cold methanol (5 mL) and dried under reduced pressure to yield 1.43 g
(1.41 mmol, 71%) of the desired salicylaldiminato ligand.
The

1

H NMR

and

19

F NMR

spectra

of

the

N-(2,4,6-tris(3’,5’-(bis(trifluoromethyl)-

phenyl)phenyl))-3-(anthracen-9-yl)-salicylaldimine ligand agree with reported data (Figure 4-11

and Figure 4-12).48,158
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1H

NMR (400 MHz, C6D6, 300 K): δ = 6.57, 6.58, (m, 1H each, H-17, H-18), 7.07 (s, 2H, H-7),

7.10 (dd, 3JH,H = 6.5 Hz, 4JH,H = 2.8 Hz, 1H, H-19), 7.31, 7.45 (m, 2H each, H-25, H-26, H-32,
H-33), 7.57 (s, 4H, H-4), 7.62 (s, 2H, H-1), 7.75 - 7.88 (m, 8H, H-10, H-13, H-15, H-24, H-27,
H-31, H-34), 8.19 (s, 1H, H-29), 11.64 (s, 1H, OH) ppm.
19F{1H}

NMR (376 MHz, C6D6, 300 K): δ = 62.5 (s, 6F, F-3), 62.6 (s, 12F, F-12) ppm.

Figure 4-11:

1H

N-(2,4,6-tris(3’,5’(bis(trifluoromethyl)-phenyl)phenyl))-3-(anthracen-9-yl)-salicylaldimine ligand.
NMR

spectrum

(400 MHz,

C6D6,

300 K)

of

the
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Figure 4-12:

19F{1H}

NMR spectrum (376 MHz, C6D6, 300 K) of the N-(2,4,6-tris(3’,5’(bis(trifluoromethyl)-phenyl)phenyl))-3-(anthracen-9-yl)-salicylaldimine ligand.

Synthesis of the N-(2,4,6-tris(3’,5’-(bis(trifluoromethyl)-phenyl)phenyl))-3-(anthracen-9-yl)salicylaldiminato nickel methyl pyridine complex (Ni-8):
The salicylaldiminato Ni complex Ni-8 was synthesized from the N-(2,4,6-tris(3’,5’(bis(trifluoromethyl)phenyl)phenyl))-3-(anthracen-9-yl)-salicylaldimine ligand and tetramethylethylendiamine dimethyl nickel(II) according to a reported procedure (Scheme 4-8).48,158NMR

data agrees with reported data.48,158

Scheme 4-8:
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Reaction of the N-(2,4,6-tris(3’,5’-(bis(trifluoromethyl)phenyl)phenyl))-3-(anthracen-9-yl)salicylaldimine ligand with tetramethylethylendiamine dimethyl nickel(II) and pyridine
in benzene yielding salicylaldiminato Ni complex Ni-8.
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The

N-(2,4,6-tris(3’,5’-(bis(trifluoromethyl)phenyl)phenyl))-3-(anthracen-9-yl)-salicylald-

imine ligand (1.06 g, 1.05 mmol, 1.0 equiv.) and the [tmedaNi(Me)2] complex (0.24 g,
1.16 mmol, 1.1 equiv.) were dissolved in pyridine (0.83 g, 10.5 mmol, 10.5 equiv.) and benzene
(10 mL). The mixture turned red immediately and gas formation (methane) was observed. After
stirring for 2 h at room temperature the red suspension was diluted to approx. 24 mL with
benzene and 8 mL Et2O were added. After centrifugation a black residue (presumably
decomposed Ni(0)) was removed and the supernatant filtered through a syringe filter. Removal
of the solvent under vacuum, redissolving in benzene and removal of benzene by sublimation
yielded 1.13 g (1.04 mmol, 99%) of complex Ni-8 as an orange-red powder.
The 1H NMR and 19F NMR spectra of complex Ni-8 agree with reported data (Figure 4-13 and
Figure 4-14).158

1H

NMR (400 MHz, C6D6, 300 K): δ = -1.01 (s, 3H, Ni-CH3), 5.58 (vt, 3JH,H = 7.0 Hz, 2H,

py-Hm), 6.17 (t, 3JH,H = 7.7 Hz, 1H, py-Hp), 6.42 (dd, 3JH,H = 8.0 Hz, 3JH,H = 7.1 Hz, 1H, H-18),
6.75 (dd, 3JH,H = 8.0 Hz, 4JH,H = 1.8 Hz, 1H, H-17), 7.02 (s, 1H, H-15), 7.14 (m, 1H, H-19),
7.19 (s, 2H, H-7), 7.20 - 7.24, 7.29 - 7.35, 7.35 - 7.40 (m each, 2H each, py-Ho H-25, H-26, H32, H-33), 7.75, 7.87 (d each, 3JH,H = 8.8 Hz, 2H each, H-24, H-27, H-31, H-34), 7.85 (vs, 5H,
H-1, H-10, H-13), 8.09 (s, 1H, H-29), 8.27 (s, 4H, H-4) ppm.
19F{1H}

NMR (376 MHz, C6D6, 300 K): δ = 62.4 (s, 12F, F-3), 62.5 (s, 6F, F-12) ppm.
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Figure 4-13:

1

Figure 4-14:

19F{1H}
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H NMR spectrum (400 MHz, C6D6, 300 K) of N-(2,4,6-tris(3’,5’-(bis(trifluoromethyl)phenyl)phenyl))-3-(anthracen-9-yl)-salicylaldiminato nickel methyl pyridine complex
(Ni-8).

NMR spectra (376 MHz, C6D6, 300 K) of N-(2,4,6-tris(3’,5’-(bis(trifluoromethyl)phenyl)phenyl))-3-(anthracen-9-yl)-salicylaldiminato nickel methyl pyridine complex
(Ni-8).
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4.4.4 General Procedures
General Procedures for NMR Experiments
The catalyst precursor (e.g. Ni-8) was dissolved in a deuterated solvent (usually C6D6) in a
NMR tube under nitrogen atmosphere in a glove box. After acquiring a 1H NMR spectrum the
olefinic substrate (e.g. 1-hexadecene) was added under nitrogen atmosphere and the solution
was homogenized by shaking of the NMR tube. A second 1H NMR spectrum was acquired and
the respective silane (e.g. Et3SiH, Ph2SiH2, etc.) was added subsequently under nitrogen
atmosphere. The NMR-tube was immediately transferred to the NMR device and consecutive
spectra were recorded e.g. in time intervals of 3 minutes. Depending on the reaction progress
further 1H or 29Si spectra were acquired hours or days after the combination of reagents.
For experiments with addition of ethylene gas a Young tube was used. A solution of the catalyst
precursor (e.g. Ni-8) in deuterated solvent (usually C6D6) was added into the Young tube under
nitrogen atmosphere and a 1H NMR spectrum was acquired. Next the silane (e.g. Ph2SiH2) was
added under nitrogen atmosphere and the solution homogenized by shaking. After acquiring of
a second 1H NMR spectrum, the tube was either directly pressurized with ethylene ( 0.1 bar)
or the reaction mixture was transferred in a Schlenk flask before pressurizing with ethylene.
For the pressurizing step, a connection via a three way valve to the ethylene feed and a Schlenk
line (vacuum/N2) including an overpressure valve was necessary. Air was removed from the
connecting tubings by repeated evacuation and flushing with nitrogen. If the Young tube was
used directly an additional adapter between Young tube and three way valve was necessary.
The transfer to a Schlenk flask is preferable, since a higher volume of head space and larger
contact area of reaction mixture with the ethylene gas as well as stirring lead to higher amounts
of dissolved ethylene in the reaction mixture. When using C6D6 as a solvent, freezing of the
reaction mixture enables removal of the headspace nitrogen atmosphere additionally, which is
again beneficial to dissolve higher amounts of ethylene in the reaction mixture. After transfer
back to the Young tube (if necessary) 1H NMR spectra and depending on the reaction progress
additional TOCSY or 2D NMR spectra were acquired.

General Procedure for Small Scale Hydrosilylation Reactions
Under nitrogen atmosphere in a glovebox the olefinic substrate (e.g. 1-octene or 1-hexadecene),
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the silane (e.g. Ph2SiH2) and the catalyst precursor (e.g. Ni-1) were dissolved in 0.5 – 1 mL of
deuterated solvent (e.g. CD3CN, C6D6, toluene-d8). The ratio of olefin to silane to metal
complex was 1.2 : 1.0 : 0.005. The reaction mixture was stirred at room temperature and
aliquots were taken after different time intervals. If necessary aliquots were filtered through a
syringe filter before transfer in a NMR tube and acquisition of 1H NMR spectra. Depending on
the reaction progress additional 29Si or 2D NMR spectra were acquired.

General Procedure for Pressure Reactor Experiments
Polymerization experiments were conducted in a Büchi miniclave reactor equipped with a
200 mL stainless steel double mantle vessel and a magnetically coupled overhead stirrer. An
external thermostat unit connected to a thermocouple inside the reactor was used for
temperature control during the polymerizations. Ethylene mass flow was monitored by
Bronkhorst mass flow meters.
The reactor was prepared by repeated evacuation and refilling with inert gas at ≥ 60 °C. After
cooling to 40 °C, 100 mL of dry and degassed toluene was cannula-transferred into the reactor.
Catalyst precursor complex (10 μmol, 1 equiv.) and if applicable silane were weighed into
separate vials in a glovebox. The solution of the desired amount of silane (5, 10 or 20 equiv.)
in toluene (approx. 2 mL) was transferred into the reactor followed by the solution of catalyst
precursor complex in toluene (approx. 2 mL) using Hamilton syringes. Under stirring with
1000 rpm the reactor was pressurized with ethylene to 20 bar and the temperature was adjusted
to reach the desired polymerization temperature (here 40 °C). The pressure was kept constant
for the duration of the polymerization experiment and the ethylene mass flow was recorded.
After 1.5 h ethylene flow was cut and the pressure was released. The reaction mixture was
poured into an excess (circa fivefold volume) of methanol (not dried or degassed). The obtained
polymer was filtered and washed three times with methanol and subsequently dried at 50 to
60 °C under vacuum.
The obtained polymers were analyzed by 1H NMR spectroscopy at 383 K in C2D2Cl4, and by
gel permeation chromatography (GPC) for molecular weight determination at 433 K in 1,2,4trichlorobenzene using triple detection and linear calibration against polystyrene standards.
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4.4.5 Additional Hydrosilylation Experiments

Figure 4-15:

1H

Figure 4-16:

1

NMR spectra (400 MHz, C6D6, 300 K) of the reaction mixture of complex Ni-8 and 1hexadecene (bottom), after addition of triphenylsilane (second from bottom) and reaction
progress (further spectra, each measured with 3 minutes delay). No resonances for
triphenylhexadecylsilane (Ph3Si(C16H32)) are observed.

H NMR spectra (400 MHz, C6D6, 300 K) of the reaction mixture of complex Ni-8 and 1hexadecene (bottom), after addition of triethoxysilane (second from bottom) and reaction
progress (further spectra, each measured with 3 minutes delay, once interrupted for filtration
to decrease signal broadening). No resonances for triethylhexadecylsilane (Et3Si(C16H32))
are observed.
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Figure 4-17:

1H

Figure 4-18:

1H

114

NMR spectra (400 MHz, C6D6, 300 K) of the reaction mixture of complex Ni-8 and 1hexadecene (bottom), after addition of triethylsilane (second from bottom) and reaction
progress (further spectra, each measured with 3 minutes delay, once interrupted for filtration
to decrease signal broadening). No resonances for triethylhexadecylsilane (Et3Si(C16H32))
are observed. While the Ni-Me signal at -1.01 ppm decreased, resonances at -0.54 ppm and
0.09 ppm evolved. They might be assigned to a Ni-Et complex. No formation of H2 was
detected.

NMR spectra (400 MHz, C6D6, 300 K) of the reaction mixture of complex Ni-8 and 1hexadecene (bottom), after addition of phenylsilane (second from bottom) and reaction
progress (further spectra, each measured with 3 minutes delay). Resonances for
phenylhexadecylsilane (Ph(C16H32)SiH2) increase in intensity (10% conversion of 1-olefin
after 1.5 h). Conversion is slower compared to hydrosilylation with diphenylsilane under
identical reaction conditions (99% conversion of 1-olefin after1 h).

Salicylaldiminato Ni(II) Complexes in Olefin Hydrosilylation

Figure 4-19:

1H

Figure 4-20:

1H

NMR spectra (400 MHz, CD3CN, 300 K) of 1-octene (bottom), diphenyl-silane (center)
and the hydrosilylation mixture of 1-octene, diphenylsilane and 0.5 mol% Ni-1 after 3 h at
r.t. revealing formation of Ph2(nOctyl)SiH and Ph2(nOctyl)SiH (top). The detected signals
for Ph2(nOctyl)SiH agree with reported data.147 Already after 1 h 96% conversion of 1octene.

NMR spectra (400 MHz, CD3CN, 300 K) of the hydrosilylation mixture of 1-octene,
diphenylsilane and 0.5 mol% Ni-1 after 3 h at r.t.. While the resonances for the 1-octene
double bond at 5.9 ppm disappeared virtually completely, a triplet at circa 4.8 ppm arose
(inset a)). This resonance corresponds to the silicon bound H of Ph2(nOctyl)SiH. In the 29Si
NMR (80 MHz, CD3CN, 300 K) spectrum resonances at -6.9 and -13.4 ppm corresponding
to Ph2(nOctyl)2Si and Ph2(nOctyl)SiH, agreeing with reported data147, are detected (inset
b)).
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Figure 4-21:

1

Figure 4-22:

13C{1H}
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H NMR spectrum (400 MHz, toluene-d8, 300 K) of the hydrosilylation mixture of 1-octene,
diphenylsilane and 0.5 mol% Ni-1 after 1 h at r.t. showing resonances for Ph2(nOctyl)SiH
or Ph2(nOctyl)2Si.

NMR spectrum (100 MHz, toluene-d8, 300 K) of the hydrosilylation mixture of 1octene, diphenylsilane and 0.5 mol% Ni-1 after 1 h at r.t. showing resonances for
Ph2(nOctyl)SiH or Ph2(nOctyl)2Si.
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Figure 4-23:

1

H-1H gCOSY NMR spectrum (400 MHz, toluene-d8, 300 K) of the hydro-silylation
mixture of 1-octene, diphenylsilane and 0.5 mol% Ni-1 after 1 h at r.t. showing resonances
for Ph2(nOctyl)SiH or Ph2(nOctyl)2Si.

Figure 4-24:

1H-13C

gHSQC NMR spectra (400 MHz, toluene-d8, 300 K) of the hydrosilyl-ation mixture
of 1-octene, diphenylsilane and 0.5 mol% Ni-1 after 1 h at r.t. showing resonances for
Ph2(nOctyl)SiH or Ph2(nOctyl)2Si.

Please note that albeit the reaction mixture consists of various species, the resonances for
Ph2(nOctyl)SiH and Ph2(nOctyl)2Si show by far the highest intensity. Thus an assignment of
resonances is possible. The ratio of Ph2(nOctyl)SiH to Ph2(nOctyl)2Si is approximately 2 : 1.
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Mixture of Ph2(nOctyl)SiH and Ph2(nOctyl)2Si:

2 : 1 ratio

1H

NMR (400 MHz, toluene-d8, 300 K): δ = 0.91 (t, 3JH,H = 6.9 Hz, 12H, H-1, H-1’), 1.12 (m,

8H, H-8, H-8’), 1.20 - 1.41 (m, 40H, H-2-6, H-2’-6’), 1.49 (m, 8H, H-7, H-7’), 5.08 (t,
3

JH,H = 3.7 Hz, 2H, H-13), 7.11 - 7.27 (m, 12H, H-10, H-10’), 7.51 - 7.63 (m, 18H, H-11, H-12,

H-11’, H-12’) ppm.
13C{1H}

NMR (100 MHz, toluene-d8, 300 K): δ = 12.6 (C-8, C-8’), 14.3 (C-1, C-1’), 24.9 (C-7,

C-7’), 23.1, 24.3, 29.7, 32.3, 33.7, (C-2-6, C-2’-6’), 128.2 8 (C-11, C-11’), 129.7 (C-12, C-12’),
135.5 (C-10, C-10’), 137.4 (C-9, C-9’) ppm.
29Si NMR (80
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MHz, toluene-d8, 300 K): δ = -6.6 (Ph2(nOctyl)2Si), -13.7 (Ph2(nOctyl)SiH) ppm.
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Figure 4-25:

1H

Figure 4-26:

1H

NMR spectra (400 MHz, toluene-d8, 300 K) of Ni-1 in presence of diphenylsilane
(bottom), after addition of ethylene (second from bottom) and reaction progress (further
spectra). Detection of resonances at 4.5 and 5.8 ppm suggest intermediate formation of H2
and a Si-H species. In the course of the reaction mainly a Si-H resonance at 5.04 ppm
indicative of HSi(Ph)2CH2CH3 increased (black circles and inset 1). At a later stage of the
reaction at 0.9 and 1.3 ppm resonances indicating polymerization of ethylene was observed
(inset 2).

NMR spectra (400 MHz, C6D6, 300 K) of Ni-7 in presence of diphenylsilane (bottom),
after addition of ethylene (second from bottom) and reaction progress (further spectra).
Since conversion was slow more ethylene was added and the sample was kept at r.t., and
remeasured after additional 12 h and 24 h (second from top and top spectrum). Resonances
at 5.04 ppm and 1.03 ppm indicative of a HSi(Ph)2CH2CH3 species are observed.

119

Experimental Section

Figure 4-27:

1D Selective Gradient TOCSY NMR spectrum (400 MHz, C6D6, 300 K) of the reaction
mixture of Ni-7, diphenylsilane and ethylene (cp. Figure 4-26, top spectrum). Irradiation at
5.04 ppm results in a signal response at 1.03 ppm.

Figure 4-28:

1H

120

NMR spectrum (400 MHz, C6D6, 300 K) of the reaction mixture of Ni-7, diphenylsilane
and ethylene (cp. Figure 4-26, top spectrum) drastic magnification shows resonances
indicating traces of silane species formed by multiple hydrosilylation of ethylene or ligand
exchange on the silane.
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Figure 4-29:

1H

Figure 4-30:

1D Selective Gradient TOCSY NMR spectrum (400 MHz, C6D6, 300 K) of the reaction
mixture of Ni-8, diphenylsilane and ethylene (cp. Figure 4-29, top spectrum). Irradiation at
5.04 ppm results in a signal response at 1.03 ppm and no further signal responses are
observed, pointing to the formation of diphenylethylsilane (HSi(Ph)2CH2CH3) as opposed
to a longer alkyl chain on the silane.

NMR spectra (400 MHz, C6D6, 300 K) of Ni-8 (bottom) in presence of diphenylsilane
(second from bottom), after addition of ethylene (third from bottom) and reaction progress
(further spectra). Conversion was faster compared to experiments with Ni-1 and Ni-7
(Figure 4-25, Figure 4-26). After 3 h the newly formed resonances at 5.04 ppm and
1.03 ppm were clearly visible (second spectrum from top) and remeasuring of the sample
after additional 12 h (top spectrum) showed these resonances, indicative of a
HSi(Ph)2CH2CH3 species, to be the main signals in the reaction mixture.
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Figure 4-31:

1H-1H

gCOSY NMR spectrum (400 MHz, C6D6, 300 K) of the reaction mixture of Ni-8,
diphenylsilane and ethylene (cp. Figure 4-29, top spectrum). A coupling of the resonance at
5.04 ppm (HSi(Ph)2CH2CH3) to the signal at 1.03 ppm (HSi(Ph)2CH2CH3) is observed.

Please note that the COSY NMR spectrum is in line with the TOCSY experiment (Figure 4-30).

Figure 4-32:
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gHMBC NMR spectrum (400 MHz, C6D6, 300 K) of the reaction mixture of Ni-8,
diphenylsilane and ethylene (cp. Figure 4-29, top spectrum). A coupling of the 1H NMR
resonances at 1.03 ppm and 5.04 ppm (HSi(Ph)2CH2CH3) to 13C resonances at 4.5 ppm
(SiCH2CH3) and 8.3 ppm (SiCH2CH3) is observed.
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Figure 4-33:

DOSY NMR spectrum (400 MHz, C6D6, 300 K) of the reaction mixture of Ni-8,
diphenylsilane and ethylene (cp. Figure 4-29, top spectrum). Signals corresponding to the
silicon bound hydrogen, the phenyl and ethyl moieties show the same diffusion behavior,
indicating formation of diphenylethylsilane (HSi(Ph)2CH2CH3).

4.4.6 Additional Spectra and Data
Table 4-1:

Polymerization results with catalyst precursor Ni-8 using various equivalents of Ph2SiH2 in
pressure reactor experiments.

entry complexa) equiv.
silane
1
Ni-8
0
2
Ni-8
5
3
Ni-8
10
4
Ni-8
20

yield
[g]
10.72
2.09
0.86
0.44

Mn(GPC)b)
[103 g/mol]
168.5
196.1
179.4
50.2

Mw/Mnb)
2.2
1.5
1.8
3.6

Polymerizations in 100 mL toluene at 40 °C and 20 bar ethylene pressure for 90 min. a) 10 µmol of catalyst
precursor were used. b) Determined by GPC (in 1,2,4-trichlorobenzene, 160 °C) versus PS standards.
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5 Catalytic Chain Transfer Polymerization to Functional
Reactive End Groups for Controlled Free Radical Growth
Introduction
Functionalization of polyethylene has been studied extensively over the last decades. 32,70
Besides post-polymerization approaches, direct incorporation of functionalized polar
monomers during catalytic polymerization has been developed. However, a selective
introduction of reactive functional end groups, capable of extending chains in a subsequent
step, remains challenging.
In post-polymerization methods catalysts for chain growth and functionalization reagents are
separated, avoiding compatibility issues.159,160 This separation comes at a cost: selective chain
end-functionalizations rely on modification of saturated or unsaturated bonds of the
presynthesized polymer under often harsh reactions yielding mixtures of structure motives,33-35
and in addition the generation of desired functional groups often requires multiple steps.19,161
Catalytic copolymerization of ethylene or propylene with polar comonomers has been
demonstrated for several types of late-transition metal complexes.7,8,99,114 In general a random
distribution of comonomers in the polyethylene chain is obtained with this approach and only
rarely a selective end-functionalization of chains ends is possible.43,162 As a different concept,
functionalized catalyst precursors introduce functional groups at the initiating chain end
selectively. An α-diimine Pd-chelate complex with a 2-bromoisobutyryl substituting group on
its organometallic C,O-coordinated chelate motif capable of ethylene polymerization yielded
2-bromoisobutyryl end-functionalized polymer, which upon reaction with copper salts initiated
an atom transfer radical polymerization (ATRP).90 An obvious drawback of this approach is the
modest efficiency with a maximum of one functional group per catalyst molecule.
A more efficient strategy for selective end-functionalization of polymer chains are chain
transfer polymerizations (CTPs).163 Boisson and coworkers reported on the formation of thiolend-functionalized polyethylene using combinations of Nd and n-butyloctylmagnesium to
generate reactive dipolyethylenemagnesium species, which can be reacted subsequently with
e.g. iodine or polysulfurs.60 Variations of the magnesium-based chain transfer strategy include
the formation of divinyl-, azide- and amine-end-functionalized polymers.94,95 Apart from chain
transfer to magnesium other chain transfer agents (CTAs), based on e.g. silicon, boron or
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aluminum have been employed in CTPs.64,164 Polymerization with functionalized CTAs affords
polymer chains with functional end groups originating from the chain transfer agent. This was
illustrated by modification of a silane with a dye (H-SiR2-dye), resulting in dye-end-capped
polyethylene chains (PE-dye).68 Due to the inherent nature of a CTP more than one
functionalized chain are produced per active catalyst site. Recently Scott and coworkers
reported ethylene polymerization using a zirconocene catalyst with addition of α-methyl styrene
resulting in isopropenyl benzene end groups. In subsequent free radical polymerizations
initiated by standard free radical initiators, such as dibenzoyl peroxide or di-tert-butylperoxide,
the isopropenyl benzene end-functionalized polyethylene reacted with growing polymeryl
radicals, thus demonstrating the feasibility of sequential combination of insertion and free
radical polymerization. Reported molecular weight distributions were in the range of
Mw/Mn = 1.6 - 6.5 indicating a reasonable control of the free radical chain growth in some
cases. Different architectures of the obtained copolymers are possible, detailed analysis points
to block copolymers as main products.92
Polyethylene end-functionalized with a reactive radical precursor, which is capable of reacting
as initiator rather than a monomer in radical polymerization would lead to a defined system
with the radical growth starting explicitly from the polyethylene chain end.
Encouraged by the finding, that insertion and free radical polymerization can even run
simultaneously, independent of each other without adverse effect,75,80 we anticipated that a CTA
with a radical-forming alkoxyamine moiety would lead to reactive, functionalized end groups,
potentially opening the path for combination of insertion and radical polymerization in a
controlled fashion.
Possible compounds which act as CTA and can be modified with various residues are silanes.
In previous experiments (cf. chapter 4) the interplay between ethylene insertion and
hydrosilylation reactions has been studied for salicylaldiminato Ni(II) complexes. In presence
of silanes, ethylene is fully hydrosilylated to ethyl silane products. In contrast, oligomeric or
polymeric products formed by multiple ethylene insertion into silyl-containing species were not
observed. Consequently salicylaldiminato Ni complexes are not suited for the introduction of
functional reactive end groups, such as radical initiators, by CTP with silanes. In contrast, αdiimine Pd complexes are known to catalyze chain transfer polymerizations with silanes as
CTAs.67 They might be suitable for the introduction of reactive, functionalized end groups by
means of a modified silane as CTA.
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5.2.1 Catalytic Chain Transfer Polymerization of Ethylene with AlkoxyamineSubstituted Transfer Agent
With the aim of introducing functional end groups capable of controlled radical polymerization
to PE chains compound Si-1 (Figure 5-1), a diethyl silane linked to N-tert-butyl-N-(2-methyl1-phenylpropyl)-O-(1-phenylethyl)hydroxylamine

(Styryl-TIPNO)

was

targeted.

The

compound was synthesized in two steps from the commercially available N-tert-butyl-O-[1-[4(chloromethyl)phenyl]ethyl]-N-(2-methyl-1-phenylpropyl)hydroxylamine, i.e. the benzyl
chloride analogue of Styryl-TIPNO (for further details of the synthesis, see Experimental
Section, chapter 5.4.5).

Figure 5-1:

Alkoxyamine-substituted CTA, i.e. diethyl silane (blue) linked to the NMP initiator N-tertbutyl-N-(2-methyl-1-phenylpropyl)-O-(1-phenylethyl)hydroxylamine
(Styryl-TIPNO,
green).

Catalytic insertion polymerization of ethylene in the presence of Si-1 was studied using Pd-2
as a catalyst precursor (Figure 5-2). The latter has been shown by Guironnet et al. in their
inspiring work to be well suited for chain transfer polymerization of ethylene with
triethylsilane.67 Reaction conditions for chain transfer polymerization were screened with this
system (cf. Experimental Section).

Figure 5-2:
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α-Diimine palladium complexes Pd-1 and Pd-2 used as catalyst precursors in chain transfer
polymerizations of ethylene.
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Under pressure reactor conditions, the presence of Si-1 had no significant adverse effect on the
polymerization of ethylene using complex Pd-1 as catalyst precursor. Moreover, chain transfer
was indeed promoted by Si-1. Molecular weights ranged from 143  103 to 30  103 g/mol
(entries 1 and 4, Table 5-1) depending on the amount of added CTA. A slight broadening of
Mw/Mn up to 1.6 was observed (Table 5-1, Figure 5-3) as expected for slow chain transfers
compared to chain growth. Note that determination of molecular weights by GPC yields
apparent molecular weights, as we relied on calibration against polystyrene standards.
A plot of the inverse of the molecular weight determined by GPC versus the concentration of
silane used shows a linear correlation for polymerization results with complex Pd-1 (Figure
5-4). This agrees with theoretical expectations for a well-behaved chain transfer. Here A
describes the reciprocal molecular weight in the absence of CTA. For the system studied here
it is limited by polymerization time, the polymerization in the absence of CTA being close to
living. The corresponding plot using molecular weights determined by NMR shows a linear
correlation also (Figure 5-40). This in turn confirms the identity of end groups, since
assumptions on the nature of end groups are inherent in the molecular weight calculation from
NMR spectra.
Table 5-1:

Polymerization results with catalyst precursor Pd-1 (Figure 5-2) and various equivalents of
the alkoxyamine-substituted CTA (Si-1, Figure 5-1).

entry equiv. silane
yield
silane conc.
[g]
[mM/L]
1
2
3
4

0
10
50
100

0
1
5
10

0.93
0.95g)
0.91g)
0.90g)

Mn(GPC)a) Mn(NMR)b) Mw/Mn silyl :
[103 g/mol] [103 g/mol]
methoxy
end
groups
d)
e)
143.4
128.8
1.03
n.a.
h)
106.4
57.7
1.1
1.3
49.7
27.6h)
1.5
3.5
h)
29.9
14.5
1.6
4.0

chains
per Pd
(NMR)c)
0.7f)
2.3
4.5
5.0

Polymerizations in 100 mL toluene at 15 °C and 15 bar ethylene pressure for 180 min, 10 µmol of catalyst
precursor. a) Determined by GPC (THF, 35°C) versus PS standards. b) Determined by 1H NMR spectroscopic
end group analysis. For details cf. chapter 5.4.14. c) Calculated as sum of silyl and methoxy terminated chains.
d) Determined by 1H NMR spectroscopy using methoxy end groups, as the polymerization without CTA is
living. e) Excluding a small fraction at twice the molecular weight (resulting from bimolecular termination)
not considered.165 f) Calculated by mPolymer / (Mn(NMR)  nPd). g) Polymer before purification including
unreacted CTA. h) Determined by 1H NMR spectroscopic quantification of both methoxy and silane end
groups.
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Figure 5-3:

GPC traces for polymers obtained in CTP in the presence of 0, 10, 50 and 100 equivalents
of alkoxyamine modified CTA (Si-1) using α-diimine palladium complex Pd-1.

Figure 5-4:

Plot of 1/Mn(GPC) versus concentration of alkoxyamine modified CTA (Si-1) for
polymerizations at 15 °C and 15 bar ethylene using 10 µmol (0.1 mmol/L) of complex Pd-1.
The concentration of ethylene [M] depends on ethylene pressure, temperature and solvent
volume, since all experiments were performed under identical conditions [M]x is constant
throughout the study. A linear correlation is observed. The slope of the linear fit corresponds
to ktr/(kp[M]x) ~ 3  10-6.

In 1H NMR spectra signals corresponding to the TIPNO moiety as well as the ethyl silane
(signals at 0.51 ppm) were observed. The intensity of these signals increased with increasing
amounts of compound Si-1 used in the pressure reactor synthesis of the polymers (Figure 5-5).
Two-dimensional NMR analysis by 1H-13C gHSQC further shows that the overlapping quartet
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at 0.50 ppm in the 1H NMR is an overlay of different signals corresponding to methylene
moieties adjacent to a silicon atom [PE-CH2-Si(CH2CH3)2CH2(CH2)4OR], i.e. a diethylsilyl
terminated polyethylene chain with respective

13

C NMR resonances at 3.8 [PE-CH2-

Si(CH2CH3)2], at 11.9 (PE-CH2-Si), and at 14.9 ppm [SiCH2(CH2)4OR] (Figure 5-49). In the
1

H-13C gHMBC NMR spectrum (Figure 5-50, Figure 5-51) the connection between silicon-

bound methylene and the polyethylene backbone is established, proving the successful
incorporation of the alkoxyamine modified CTA (Si-1) at the polyethylene chain end. These
findings are crucial, since the attachment of the alkoxyamine modified part of the CTA (REt2Sias opposed to H-) is a prerequisite for any further reaction after formation of the first block.

Figure 5-5:

1H

NMR spectra (400 MHz, CDCl3, 300 K) of polymers obtained in CTP in the presence of
0, 10, 50 and 100 equivalents of alkoxyamine modified CTA (Si-1) using α-diimine
palladium complex Pd-1.

5.2.2 Chain Transfer Mechanism
The ratio of end functionalization (versus non-functionalization) in the polymers, i.e. the
portion of chains with reactive end groups available for further reactions is important. To
determine the amount of end functionalization the mechanism of chain transfer needs to be
taken into account.
Two different catalytic cycles have been proposed for chain transfer in polymerizations with
added CTA.64,67 The first polymer chain produced by the catalyst is terminated either by transfer
of the hydride (H) or the functional group (SiEt2R) of the CTA to the chain. Chain termination
by transfer of the hydride of the tertiary silane (HSiEt2R) to the growing chain yields a fully
saturated chain end group and a palladium-silyl complex (diimine-Pd+-SiEt2R). Transfer of the
functional group in contrast results in a functionalized end group (REt2Si-polymerchain) and a
palladium-hydride complex (diimine-Pd+-H). Both palladium-silyl and palladium-hydride
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complexes are capable of promoting insertion chain growth. Further transfer events of the
growing chain following the same mechanism yield polyethylene chains with one saturated end
group and one functional group for both mechanisms. The relevant difference concerning the
formed polymer is therefore the differing terminating end group of the first chain produced by
the catalyst.
Regarding the mechanism operative, Guironnet et al. reported that reaction of Pd-Me complex
Pd-2 with triethylsilane results in methane formation.67 This shows that chain transfer during
polymerization occurs by transfer of the hydride to the methyl group (Figure 5-33 and Figure
5-34). In line with these findings, in the analogous reaction of Pd-chelate complex Pd-1 with
triethylsilane, methyl butyrate was detected and no indication for formation of methyl
4-(triethylsilyl)butanoate was observed (Figure 5-35), further corroborating the chain transfer
route (Scheme 5-1).

Scheme 5-1:

Reaction of Pd-chelate complex Pd-1 with triethylsilane yielded methyl butyrate and a
Pd-SiEt3 complex.

For chain transfer polymerization this indicates that the first chain formed exhibits a nonfunctionalized terminating chain end (and a saturated initiating chain end originating from the
Pd-Me catalyst precursor, or an initiating ester chain end if a chelate catalyst precursor is
employed, respectively) and only further chains produced bear a functional end group (e.g.
SiEt2R) originating from the CTA (as an initiating chain end, Scheme 5-2).
The last chain growing on the metal center presumably exhibits a saturated terminal chain end,
since upon release of ethylene pressure, hydride transfer from the residual silane might be the
preferred termination reaction. It has been reported previously, that silanes act as effective
quenching agents for living chain growth with Pd complexes.165
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Scheme 5-2:

Chain transfer mechanism operative for α-diimine-Pd-complexes and tertiary silanes as
CTA (cf. ref 67).

5.2.3 NMP Initiated by Alkoxyamine-Functionalized Polyethylene
The alkoxyamine end-functionalized polyethylene obtained via CTP (vide supra) can
potentially serve as a macroinitiator for the subsequent formation of a second block. To this end
the reaction of alkoxyamine end-functionalized PE with styrene and butyl acrylates was studied.
To establish reaction conditions and spectral data and assignments of end groups, NMP
homopolymerizations were performed (cf. Experimental Section, chapter 5.4.11 for full data).
Styrene Polymerization. Alkoxyamine-functionalized polyethylene PE-1 obtained in CTP
using Pd complex Pd-2 was exposed to styrene at 120° C for a variable time (Table 5-2, entries
3 and 4). The 1H NMR spectrum of the product polymer showed signals for both polyethylene
and polystyrene, and an increase in molecular weight is evidenced by GPC (Figure 5-6). Note,
that the apparent molecular weights from GPC analysis of the block copolymers will correlate
to the true molecular weight in a different way than for the polyethylene homopolymer due to
different hydrodynamic behavior and shape factors. Notwithstanding they can be a qualitative
measure of changes in molecular weight versus the starting polyethylene initiator. While RI
detection is unselective and quantifies ethylene, styrene and acrylate moieties, UV detection
only is selective to the components of the second block (styrene or acrylate respectively). Thus
the overlap of RI and UV traces (Figure 5-7, top) further corroborates the formation of a
copolymer. In a DOSY experiment a similar diffusion behavior for polyethylene and
polystyrene resonances, indicative of a block copolymer, is observed (Figure 5-8).
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Figure 5-6:

GPC traces for Styryl-TIPNO-terminated polyethylene PE-1 (blue) and polymer obtained
in NMP of styrene initiated by PE-1 after 1 h (green). An increase in molecular weight is
observable.

Figure 5-7:

GPC trace (RI detected) and additional UV-detected trace for block copolymers obtained in
NMP of styrene (top) and tert-butyl acrylate (bottom) initiated by PE-1.
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Figure 5-8:

DOSY NMR spectrum (400 MHz, CDCl3, 300 K) of polymer obtained in NMP of styrene
initiated by Styryl-TIPNO-terminated polyethylene PE-1. Signals corresponding to the
linking motif, polyethylene and polystyrene show similar diffusion behavior.

Table 5-2:

NMP results with Styryl-TIPNO-terminated polyethylene PE-1 and PE-2 as macroinitiators
(PE-1: 19.2  103 g/mol (NMR), Mw/Mn = 1.5 (GPC), PE-2: 14.5  103 g/mol (NMR),
Mw/Mn = 1.6 (GPC)).

entry monomer initiatora) initiator : time Mn(GPC)b) Mw/Mn polymer
monomer : [h]
[103 g/mol]
composition
TIPNO
(E vs. S/A
repeat units)c)
1
S
PE-1
1:4000:0.05 1
50.9
1.5
40 : 60
2
S
PE-1
1:4000:0.05 4
104.6
1.9
20 : 80
3
nBA
PE-2
1:4000:0.05 1
18.0
2.0
80 : 20
4
nBA
PE-2
1:4000:0.05 4
25.5
1.4
60 : 40
5
tBA
PE-1
1:4000:0.05 1
21.0
1.7
90 : 10
6
tBA
PE-1
1:4000:0.05 4
36.4
1.5
50 : 50
Polymerizations in bulk at 120 °C. a) 2 µmol of macroinitiator. b) Determined by GPC (THF, 35°C) versus
PS standards. c) Determined by 1H NMR spectroscopic quantification of ethylene and styrene/acrylate
resonances.
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Acrylate Polymerization. The polymers (PE-1 and PE-2) obtained in CTP with 100
equivalents of alkoxyamine modified CTA (Si-1) and Pd complexes Pd-2 and Pd-1 were
studied as initiators for controlled polymerizations of n-and tert-butyl acrylate. An increase in
molecular weight as observed by GPC as well as emerging signals for polyacrylates in the NMR
analysis of polymers showed the growth of a second block. The radical polymerization proceeds
in a controlled fashion, as clearly evidenced by the narrow molecular weight distribution
Mw/Mn  2.0 for all NMP experiments initiated by end-functionalized polyethylene. Diffusion
of the polyethylene and polyacrylate blocks as observed by DOSY experiments was similar.
This indicates the formation of a block copolymer as opposed to two individual homopolymers
(Figure 5-9).

Figure 5-9:

DOSY NMR spectrum (400 MHz, CDCl3, 300 K) of polymer obtained in NMP of tert-butyl
acrylate initiated by PE-1 (Table 5-2, entry 6). Signals corresponding to the linking motif,
polyethylene and poly(tert-butyl acrylate) show similar diffusion behavior.

A change in chemical shift of the methine proton (H-11/11’, diastereotopic protons are observed
due to the vicinity of a second stereocenter, on C5) adjacent to the oxygen atom of the
alkoxyamine (TIPNO) in the end-functionalized polyethylene, from 4.95 ppm to 2.5 -2.6 ppm
was observed (Figure 5-10). Initiation of NMP occurs by thermal cleavage of the C-O bond
(between C-11/11’ and the N-bound oxygen) and the acrylate block is formed effectively in
between, increasing the distance between methine proton H-11/11’ and the oxygen atom. Thus
the chemical shift of proton H-11/11’ indicates the successful growth of an acrylate block from
the polyethylene end group. The absence of signals at 4.95 ppm within the detection limit
indicates a virtually complete initiation of the alkoxyamine end groups. In-depth analysis of the
microstructure by 1H-1H gCOSY (Figure 5-81), 1H-13C gHSQC and 1H-13C gHMBC (Figure
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5-11) unambiguously showed the connection of the aromatic motif in the polyethylene end
group to the methine proton (H-11/11’), that is the connection between the polyethylene and
polyacrylate blocks. This clearly proves the formation of the desired polyethylene-blockpoly(tert-butyl acrylate) block copolymers.

Figure 5-10:

1H

NMR spectra (400 MHz, CDCl3, 300 K) of a) polymer PE-1 and b) polymer obtained in
NMP of tert-butyl acrylate initiated by PE-1 (Table 5-2, entry 6). Dashes indicate
diastereotopic protons.
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Figure 5-11:

Detail of the 1H-13C gHMBC NMR spectrum (600 MHz, CDCl3, 298 K) of polymer
obtained in NMP of tert-butyl acrylate initiated by PE-1 (Table 5-2, entry 6), showing the
aromatic motif connecting the polyethylene and polyacrylate blocks.

Summary and Conclusion
α-Diimine palladium catalyzed polymerization of ethylene under conditions of limited β-Helimination allows for a functionalizing chain transfer polymerization when an alkoxyaminefunctionalized silane (Si-1) is used as a chain transfer agent. Attachment of the CTA-derived
alkoxyamine end groups to the polyethylene chain has been proven unambiguously by
spectroscopic techniques, and is also supported by the well-behaved nature of the
polymerization in terms of molecular weight vs. concentration of CTA.
Mechanistic studies comprising the model reaction of Et3SiH with cationic α-diimine Pd
complexes Pd-1 and Pd-2 as models for growing polymer chains reveal chain transfer to
proceed via transfer of the silanes’ Si-H hydrogen to the growing chain and formation of a Pdsilyl complex, which is capable of further insertion of ethylene. Consequently, all but the first
polymer chain produced by the catalysts are initiated by (alkoxyamine-functionalized) silylgroups, while the number of chain transfers and thus the number of functionalized polymer
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chains per palladium catalyst as well as the molecular weight of the polymer can be controlled
by the palladium : R3SiH ratio. Hyperbranched polyethylene initiated by alkoxyaminefunctionalized silyl groups thus obtained enables the initiation of a NMP of styrene, nBA, and
tBA yielding block copolymers as proven by in depth NMR spectroscopic analyses.
In summary, the concept demonstrated here allows for a straightforward introduction of
heteroatom-containing reactive functional end groups in a catalytic fashion.

Experimental Section
5.4.1 Methods
NMR spectra were measured either on a Bruker Avance III HD 400 equipped with a TBO N to
P/H/F triple resonance probe, a Bruker Avance III 400 equipped with a BBFO plus probe for N
to F/H or a Bruker Avance III 600 equipped with a TCI-H/C/N triple resonance cryoprobe. 1H
chemical shifts were referenced to the residual proton signal of the solvent. 13C chemical shifts
were referenced to the carbon signal of the solvent. NMR spectra are reported as follows:
chemical shift (δ ppm), multiplicity, coupling constant (Hz), integration and assignment.
Multiplicities are given as follows (or combinations thereof): s: singlet, d: doublet, t: triplet, q:
quartet, quint: quintet, sept: septet, oct: octet, m: multiplet, v: virtual, br.: broad. The identity
of compounds and detailed NMR assignments were established by 1H TOCSY and 2D NMR
experiments (1H-1H gCOSY, 1H-13C gHSQC and 1H-13C gHMBC) experiments in addition to
1D NMR experiments. Acquired data were processed and analyzed using MestReNova
software. DOSY data were processed using the TopSpin (Bruker) software package.
Gel permeation chromatography (GPC) for molecular weight determination was carried out on
a PSS Agilent 1260 infinity II instrument equipped with two PSS SDV LinearM analytical
columns at 308 K in THF using refractive index and UV-detection (254 nm) and linear
calibration against polystyrene standards.
Differential scanning calorimetry (DSC) measurements of polymers were carried out on a
Netzsch DSC 204 F1 instrument (software: Netzsch Proteus Thermal Analysis, version 6.1.0)
with a heating/cooling rate of 30 K min-1.
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All manipulations of air- and/or moisture-sensitive compounds were carried out under an inert
atmosphere using standard Schlenk or glovebox techniques.

5.4.2 Materials
Solvents were dried and degassed prior to use: Benzene, diethyl ether and tetrahydrofuran were
distilled from blue sodium/benzophenone, acetonitrile from calcium hydride under a nitrogen
atmosphere. Toluene and methylene chloride were dried and degassed by passage through
columns containing oxygen scavenger copper(0) and 4 Å molecular sieves under a nitrogen
atmosphere. Ethanol was dried using molecular sieves (3 Å). Methanol was used without
further purification. Chloroform-d1, methylene chloride-d2 and benzene-d6 were dried over 4 Å
molecular sieves.
Chloromethyl(1,5-cyclooctadiene)palladium(II) (abcr), diethylsilane (abcr), isobutyraldehyde
(abcr), 2-methyl-2-nitropropane (abcr), ethylene 3.5 grade (Air Liquide), manganese(III)
acetate dihydrate (chemPUR), pentafluorophenylhydrazine (fluorochem), 2,3-butanedione
(Merck), formic acid (Merck), N-tert-butyl-O-[1-[4-(chloromethyl)phenyl]ethyl]-N-(2-methyl1-phenylpropyl)hydroxylamine

(Merck),

N-tert-Butyl-N-(2-methyl-1-phenylpropyl)-O-(1-

phenylethyl)hydroxylamine (Merck), 4-penten-1-ol (Merck), phenylmagnesium bromide 3M
solution in diethyl ether (Merck), triethylsilane (Merck), 4-vinylbenzyl chloride (Merck), and
2,6-diisopropylaniline (TCI) were commercially available and used without further
purification. Sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate166 was available in the
group.
Commercially available methyl acrylate (Merck), tert-butyl acrylate (Merck) and n-butyl
acrylate (Merck) were filtered over basic aluminum oxide, degassed by repeated freeze-pumpthaw cycles and stored at -25 °C prior to use.

5.4.3 Synthesis of α-Diimine Pd(II) Complexes
Synthesis of N,N'-Bis(2,6-diisopropylphenyl)-2,3-butanediimine. The α–diimine ligand was
synthesized from 2,6-diisopropylaniline and dimethyl glyoxal according to a reported
procedure (Scheme 5-3).167 NMR data agrees with reported data.168
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Scheme 5-3:

Synthesis of the α–diimine ligand by condensation of 2,6-diisopropylaniline and dimethyl
glyoxal.

To a solution of aniline (2.13 g, 12.0 mmol, 2.0 equiv.) in methanol (10 mL) a catalytic amount
of formic acid was added. Dimethyl glyoxal (0.52 g, 6.0 mmol, 1.0 equiv.) was added dropwise
and the reaction mixture was stirred at room temperature over night. A yellow solid precipitated
and was isolated by filtration of the reaction mixture. The solid residue was washed with cold
methanol (10 mL) and dried under reduced pressure to yield 1.28 g (3.15 mmol, 53%) of the
desired ligand. Concentration of the mother liquor yielded another 0.27 g (0.67 mmol, 11%) of
N,N'-bis(2,6-diisopropylphenyl)-2,3-butanediimine.
The 1H NMR spectrum (Figure 5-12) agrees with reported data.168

1H

NMR (400 MHz, CDCl3, 300 K): δ = 1.18, 1.20 (d, 3JH,H = 6.9 Hz, 12H each, H-2/2’,

H-3/3’), 2.07 (s, 6H, H-9), 2.71 (sept, 3JH,H = 6.9 Hz, 4H, H-1/1’), 7.07-7.19 (m, 6H, H-6, H-7)
ppm.
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Figure 5-12:

1H

NMR spectrum (400 MHz, CDCl3, 300 K) of N,N'-bis(2,6-diisopropyl-phenyl)-2,3butanediimine.

Synthesis of Chloromethyl Palladium Precursor Complex [N,N'-bis(2,6-Diisopropylphenyl)-2,3-butanediimine] chloromethyl palladium(II). The chloromethyl palladium(II)
complex was synthesized from the α-diimine ligand according to a reported procedure (Scheme
5-4).13

Scheme 5-4:

Reaction
of
chloromethyl(1,5-cyclooctadiene)palladium(II)
with
N,N'-bis(2,6diisopropylphenyl)-2,3-butanediimine yielding the chloromethyl palladium precursor
complex.

The α-diimine (0.57 g, 1.41 mmol, 1.01 equiv.) and chloro(1,5-cyclooctadiene)methylpalladium (0.37 g, 1.40 mmol, 1.00 equiv.) were dissolved in diethyl ether (8 mL) under
nitrogen atmosphere. The reaction mixture was stirred at room temperature over night. An
orange solid precipitated and was isolated by filtration of the reaction mixture. The solid residue
was washed with diethyl ether and dried under reduced pressure. [N,N'-bis(2,6diisopropylphenyl)-2,3-butanediimine] chloromethyl palladium(II) was isolated in 86% yield
(0.68 g, 1.21 mmol).
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The formation of the desired compound was confirmed by a 1H NMR spectrum which agrees
with reported data (Figure 5-13).13

1H
3

NMR (400 MHz, CD2Cl2, 300 K): δ = 0.37 (s, 3H, Pd-CH3, 1.18, 1.19, 1.36, 1.40 (d,

JH,H = 6.9 Hz, 3JH,H = 6.7 Hz, 6H each, H-2/2’, H-3/3’, H-11/11’, H-12/12’), 2.02, 2.04 (s, 3H

each, H-9/9’), 3.01, 3.07 (vsept, 3JH,H = 6.9 Hz, 3JH,H = 6.7 Hz, 2H each, H-1/1’, H-10/10’),
7.20 - 7.40 (m, 6H, H-6/6’, H-7/7’) ppm.

Figure 5-13:

1H

NMR spectrum (400 MHz, CDCl3, 300 K) of [N,N'-bis(2,6-diisopropylphenyl)-2,3butanediimine] chloromethyl palladium(II).

Synthesis of Palladium Complexes [(2,6-iPr2C6H3-N=C(Me)-C(Me)=N-2,6-iPr2C6H3)Pd(CH2)3C(O)OMe]BArF (Pd-1) and [(2,6-iPr2C6H3-N=C(Me)-C(Me)=N-2,6-iPr2C6H3)Pd(Me)(NCCH3)]BArF (Pd-2). The Pd complexes Pd-1 and Pd-2 were synthesized from the
chloromethyl palladium(II) complex according to reported procedures (Scheme 5-5 and
Scheme 5-6).13,36
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Scheme 5-5:

Reaction
of
[N,N'-bis(2,6-diisopropylphenyl)-2,3-butanediimine]
chloromethyl
palladium(II) with methyl acrylate and sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate yielding α–diimine Pd complex Pd-1.

Scheme 5-6:

Reaction
of
[N,N'-bis(2,6-diisopropylphenyl)-2,3-butanediimine]
chloromethyl
palladium(II) with sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate in acetonitrile
yielding α–diimine Pd complex Pd-2.

[(2,6-iPr2C6H3-N=C(Me)-C(Me)=N-2,6-iPr2C6H3)Pd(CH2)3C(O)OMe]BArF (Pd-1):
[N,N'-bis(2,6-diisopropylphenyl)-2,3-butanediimine] chloromethyl palladium(II) (0.63 g,
1.13 mmol, 1.0 equiv.) and sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaBArF,
1.00 g, 1.13 mmol, 1.0 equiv.) were dissolved in diethylether (12 mL) under a nitrogen
atmosphere. Methyl acrylate (0.11 g, 1.30 mmol, 1.15 equiv.) was diluted with diethyl ether
(4 mL) and added to the reaction mixture. The reaction mixture was stirred over night and
filtered through a syringe filter. Evaporation of the solvent under reduced pressure yielded 87%
of complex 2 and its constitutional isomers (1.45 g, 0.98 mmol).
The formation of the isomer mixture was confirmed by a 1H NMR spectrum which agrees with
reported data (Figure 5-14 and Figure 5-15).13
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1H

isomer Pd-1.2
NMR (400 MHz, CD2Cl2, 300 K): δ = 0.66 (vquint, JH,H = 5.8 Hz, 2H, H-14), 1.22, 1.26,
3

1.31, 1.38, (d, 3JH,H = 6.9 Hz, 6H each, H-2/2’, H-3/3’, H-11/11’, H-12/12’), 1.41 (t,
3

JH,H = 6.4 Hz, 2H, H-13), 2.21, 2.22 (s, 3H each, H-9, H-9’), 2.41 (t, 3JH,H = 5.9 Hz, 2H, H-15),

2.93, 2.95 (sept, 3JH,H = 6.9 Hz, 2H each, H-1/1’, H-4/4’), 3.04, (s, 3H, H-17), 7.26 – 7.43 (m,
6H, H-6/6’, H-7/7’), 7.56 (br, 4H, BArF-Hp), 7.72 (br, 8H, BArF-Ho) ppm.
Deviating resonances of isomer Pd-1.2:
1H

NMR (400 MHz, CD2Cl2, 300 K): δ = 1.03 (d, 3JH,H = 7.2 Hz, 3H, H-15), 2.18, 2.19 (s, 3H

each, H-9, H-9’), 2.54 (m, 2H, H-14/14’), 3.49 (s, 3H, H-17/17’) ppm.

Figure 5-14:

1H

NMR spectrum (400 MHz, CD2Cl2, 300 K) of the isomer mixture Pd-1, Pd-1.1 and
Pd-1.2.
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Figure 5-15:

Enlarged 1H NMR spectrum (400 MHz, CD2Cl2, 300 K) of the isomer mixture containing
compound Pd-1 (85%), Pd-1.1 (2%) and Pd-1.2 (13%) and the assignment of signals used
for the calculation of the isomer composition.

[(2,6-iPr2C6H3-N=C(Me)-C(Me)=N-2,6-iPr2C6H3)Pd(Me)(NCCH3)]BArF (Pd-2):
The precursor complex [N,N'-bis(2,6-diisopropylphenyl)-2,3-butanediimine] chloromethyl
palladium(II)

(0.46 g,

0.82 mmol,

1.0 equiv.)

and

sodium

tetrakis[3,5-bis(trifluoro-

methyl)phenyl]borate (NaBArF, 0.73 g, 0.82 mmol, 1.0 equiv.) were dissolved in acetonitrile
(16 mL). The reaction mixture was stirred at room temperature over night. After filtration to
remove sodium chloride, the solvent was removed and the residue was redissolved in
dichloromethane (circa 3 mL). An orange solid precipitated upon slow addition of pentane
(18 mL). The solid was isolated by filtration, washed with 2  2 mL of pentane and dried under
vacuum to yield 87% (1.02 g, 0.72 mmol) of complex Pd-2.
The 1H NMR spectrum of complex Pd-2 agrees with reported data (Figure 5-16).36
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1H
3

NMR (400 MHz, CD2Cl2, 300 K): δ = 0.51 (s, 3H, Pd-CH3), 1.21, 1.25, 1.33, 1.38 (d,

JH,H = 6.9 Hz, 6H each, H-2/2’, H-3/3’, H-11/11’, H-12/12’), 1.80 (s, 3H, Pd-NCCH3), 2.23

(vs, 6H, H-9/9’), 2.86, 2.90 (vsept, 3JH,H = 6.9 Hz, 2H each, H-1/1’, H-10/10’), 7.30 – 7.44 (m,
6H, H-6/6’, H-7/7’), 7.56 (br, 4H, BArF-Hp), 7.72 (br, 8H, BArF-Ho) ppm.

Figure 5-16:

1H

NMR spectrum (400 MHz, CD2Cl2, 300 K) of complex Pd-2.

5.4.4 Synthesis of TIPNO Free Radical
2,2,5-Trimethyl-4-phenyl-3-azahexane-3-nitroxide (TIPNO free radical) was synthesized from
2-methyl-2-nitropropane and isobutyraldehyde according to a reported procedure (Scheme
5-7).169,170

Scheme 5-7:

Synthesis of TIPNO free radical via addition of phenylmagnesium bromide to N-tert-butylα-iso-propylnitrone and subsequent oxidation of the formed N-(tert-butyl)-N-(2-methyl-1phenylpropyl)hydroxylamine.
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Synthesis

of

N-tert-Butyl-α-iso-propylnitrone.

Ammonium chloride (5.9 g, 110 mmol, 1.1 equiv.),
isobutyraldehyde (7.2 g, 100 mmol, 1.0 equiv.) and 2methyl-2-nitropropane (10.3 g, 100 mmol, 1.0 equiv.)
were dissolved in 200 mL of deionized water. The clear
solution was cooled to 0 °C under stirring and 100 mL
of diethyl ether were added. Zinc powder (26.0 g,
Figure 5-17:

Photograph
of
the
obtained N-tert-butyl-α- 400 mmol, 4.0 equiv.) were added stepwise over 1 h. The
iso-propyl-nitrone.
solution turned turbid and slightly blue. The solution was

warmed to room temperature overnight and a two-phasic mixture was obtained. The mixture
was filtered over a glass frit. The white solid was washed with 2  50 mL of methanol. The
combined filtrate was extracted with 4  90mL of dichloromethane. The combined organic
phases were washed with circa 125 mL of brine, dried with magnesium sulfate and filtered.
After removal of the solvent at 40°C and 50 mbar N-tert-butyl-α-iso-propylnitrone was
obtained as a colorless oil to sticky white solid (10.6 g, 74 mmol, 74%). Please note that the
compound is susceptible to sublimation at high vacuum.
The formation of the desired compound was confirmed by an 1H NMR spectrum which agrees
with reported data (Figure 5-18).170

1H

NMR (400 MHz, CDCl3, 300 K): δ =1.09 (d, 3JH,H = 6.8 Hz, 6H, H-1), 1.48 (s, 9H, H-6),

3.17 (voct, 3JH,H = 6.8 Hz, 1H, H-2), 6.61 (d, 3JH,H = 6.9 Hz, 1H, H-4) ppm.
ESI-HRMS: found 144.1384 [M+H]+, 287.2694 [M2+H]+, (calcd. 144.1383 [M+H]+, 287.2693
[M2+H]+).
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Figure 5-18:

1

H NMR spectrum (400 MHz, CDCl3, 300 K) of N-tert-butyl-α-iso-propyl-nitrone.

Synthesis of N-(tert-Butyl)-N-(2-methyl-1-phenylpropyl)hydroxyl amine. Under inert atmosphere N-tert-butyl-α-isopropylnitrone (7.16 g, 50 mmol, 1.0 equiv.) was dissolved in
51 mL THF at 0°C. At this temperature 33.3 mL of phenyl
magnesium bromide solution (3M solution in diethyl ether,
i.e. 100 mmol, 2.0 equiv.) were added slowly. The reaction
mixture turned yellow and a white precipitate formed.
Figure 5-19:

Photograph of
Subsequently the reaction mixture was warmed to room
N-(tert-Butyl)N-(2-methyl-1temperature and vigorously stirred over night. 10 mL of
phenylpropyl)hydroxyl amine. ammonium chloride solution followed by 30 mL of deionized

water were added carefully under slight cooling of the mixture to destroy residual Grignard
reagent. A yellow to orange organic phase and a colorless water phase with white solid was
obtained. The phases were separated and the aqueous phase was extracted with 2  50 mL of
diethyl ether. All organic phases were combined, dried with magnesium sulfate and filtered.
The crude N-(tert-butyl)-N-(2-methyl-1-phenylpropyl)hydroxyl amine was obtained in 87%
yield as orange oil after concentration at 23 °C and 7 mbar. Please note, that warming to 40°C
decomposes the product.
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1H

NMR (400 MHz, CDCl3, 300 K): δ = 0.58, 1.13, (d, 3JH,H = 6.7 Hz, 3JH,H = 6.4 Hz, 3H each,

H-7, H-8), 0.92 (s, 9H, H-10), 2.28 (m, 1H, H-6), 3.38 (d, 3JH,H =10.0 Hz, 1H, H-5), 4.41 (br,
1H, H-11), 7.20 – 7.63 (m, 5H, H-1, H-2, H-3) ppm.

THF

Figure 5-20:
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THF

H NMR spectrum (400 MHz, CDCl3, 300 K) of crude N-(tert-butyl)-N-(2-methyl-1phenylpropyl)hydroxyl amine.
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Synthesis of 2,2,5-Trimethyl-4-phenyl-3-azahexan-3-nitroxide (TIPNO Free Radical). The
crude N-(tert-butyl)-N-(2-methyl-1-phenylpropyl)hydroxyl amine (circa 4.8 g, 21.8 mmol,
1.0 equiv.) was dissolved in 75 mL of methanol (p.a.). 260 mg (2.2 mmol, 0.1 equiv.)
copper(II) acetate monohydrate and 7.5 mL aqueous ammonia solution (25%) were added.
a)

b)

c)

While bubbling air through the reaction
mixture for 1 h a color change from
yellow over red to dark green was
observed. The dark green solution was
concentrated to circa 50 mL at 22 °C. It
was crucial to keep the temperature low
to avoid decomposition. The residue was

d)

dissolved in 100 mL chloroform and 100 mL of water

e)

were added. Addition of 25 mL of saturated potassium
bisulfate resulted in an orange organic phase and a
colorless aqueous phase. The aqueous phase was
extracted with 2  25 mL chloroform. The organic
phases were combined and washed with 30 mL sodium
bicarbonate. The combined organic phases were dried
with magnesium sulfate and filtered. The crude
f)

g)

2,2,5-trimethyl-4-phenyl-3-azahexan-3-nitroxide (TIPNO) was obtained in 83% yield (4.0 g,
18.2 mmol) as orange oil after concentration at
22 °C. Spherically arranged crystalline needles
were observed after cooling to -25 °C.

Figure 5-21:

a-c) Color change after exposure of the reaction mixture to air. d),e) Work up with color
change upon addition of potassium bisulfate solution. f),g) Crude product at r.t. and after
cooling to -25 °C.

NMR showed very broad signals at circa 1.2 ppm and 4.4 ppm and additional sharp signals in
the aromatic region corresponding to biphenyl, which formed as a side product. The crude
TIPNO was purified by column chromatography (silica, gradient hexane:EE 16:1 to 1:1)
yielding clean fractions as orange oil, which formed spherically arranged crystalline needles
upon cooling to -25 °C. It was possible to obtain a 1H NMR spectrum with addition of
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pentafluorophenyl hydrazine, which changed the
originally broad peaks to
sharper

signals.

The

quality was sufficient to
observe the protons of the
TIPNO-hydrazine adduct
(Figure 5-23).
Figure 5-22:

Photographs of TIPNO after purification by column
chromatography.

(NMR measurements as adduct with pentafluorphenyl hydrazine)
1H

NMR (400 MHz, CDCl3, 300 K): δ = 0.83, 1.03 (d, 3JH,H = 6.7 Hz, 3H each, H-7, H-8), 1.43

(br, 9H, H-10), 2.00 (m, 1H, H-6), 4.41 (d, 3JH,H = 6.7 Hz, 1H, H-5), 7.26 – 7.44 (m, 5H, H-1,
H-2, H-3) ppm.
ESI-HRMS: found 220.1692 [M]+, (calcd. 220.1696 [M]+).
Note that [M]+ rather than [M+H]+ species are observed in ESI-HRMS measurements of
TIPNO. At first this seems unusual, however a preferred oxidation over protonation has been
observed for nitroxide radicals previously. Reid et al. rationalize this finding by avoidance of a
potentially unstable odd-electron species.171
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(C6F5)NHNH2
EtOAc
(C6F5)NHNH2

Figure 5-23:

EtOAc

1

H NMR spectrum (400 MHz, CDCl3, 300 K) of 2,2,5-trimethyl-4-phenyl-3-azahexan-3nitroxide (TIPNO free radical) after addition of pentafluorophenyl hydrazine.

The obtained product was also characterized by electron paramagnetic resonance spectroscopy
(EPR). The EPR trace obtained at room temperature with a microwave attenuation of 10 dB
(Figure 5-24, left trace) fits to a previously reported trace of 2,2,5-trimethyl-4-phenyl-3azahexan-3-nitroxide (TIPNO free radical).172 The obtained g value of 1.9967 fits for an organic
radical. Measurements with variable temperature at a microwave attenuation of 5 dB show
increasing signal intensity with decreasing temperature (Figure 5-24, traces on the right).

Figure 5-24:

EPR traces of 2,2,5-trimethyl-4-phenyl-3-azahexan-3-nitroxide (TIPNO free radical).
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5.4.5 Synthesis of Alkoxyamine Modified Chain Transfer Agent
The alkoxyamine modified CTA (Si-1) was synthesized from the commercially available Ntert-butyl-O-[1-[4-(chloromethyl)phenyl]ethyl]-N-(2-methyl-1-phenylpropyl)hydroxylamine
similar to a reported procedure (Scheme 5-8).173,174
The synthesis route can also be performed starting from TIPNO free radical (Scheme 5-8, grey).
Here addition of 4-vinylbenzyl chloride to the nitroxide radical can be achieved with different
Mn(III) compounds as reported previously.175,176 We adapted a procedure with Mn(OAc)3 and
did

observe

the

desired

addition

product

albeit

with

4,4'-(butane-2,3-diyl)bis-

((chloromethyl)benzene) as side product.

Scheme 5-8:

Synthesis of the alkoxyamine modified CTA (Si-1) by reaction of N-tert-butyl-O-[1-[4(chloromethyl)phenyl]ethyl]-N-(2-methyl-1-phenylpropyl)hydroxylamine with 4-pentenol
and subsequent hydrosilylation of the double bond.

Synthesis of N-(tert-Butyl)-N-(2-methyl-1-phenylpropyl)-O-(1-(4-((pent-4-en-1-yloxy)methyl)phenyl)ethyl)hydroxylamine. Sodium hydride (384 mg, 16.0 mmol, 4.0 equiv.) was
dispersed in dry THF (circa 16 mL) and 800 mg (9.3 mmol, 2.3 equiv.) of 4-penten-1-ol were
added. Formation of hydrogen was observed. 1.50 g (4.0 mmol, 1.0 equiv.) of N-tert-butyl-O152
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[1-[4-(chloromethyl)phenyl]ethyl]-N-(2-methyl-1-phenylpropyl)-hydroxylamine dissolved in
THF were added slowly. The reaction mixture was refluxed and aliquots were drawn to monitor
the conversion by 1H NMR. Usually after 48 h the solvent was removed under vacuum and the
residue was dissolved in dichloromethane (20 mL). Water (20 mL) was added carefully. Gas
formation indicated reaction of residual sodium hydride. The phases were separated and the
water phase extracted with 3  15 mL dichloromethane. All organic phases were combined,
dried over magnesium sulfate and filtered. Removal of the solvent under vacuum yielded the
product as clear slightly yellow oil (80%, 1.35 g 3.2 mmol).
In contrast to the procedure reported by Hawker and coworkers173 we did not use 18-crown-6
ether and could thus avoid the purification by column chromatography.
The 1H NMR spectrum of the obtained compound (Figure 5-25) agrees with published data.173

1H

NMR (400 MHz, CDCl3, 300 K): δ = 0.22, 0.54, 0.93, 1.30 (d, 3JH,H = 6.6 Hz, 3H each, H-7,

H-7‘, H-8, H-8‘), 0.78 (s, 9H, H-10), 1.04 (s, 9H, H-10‘), 1.40 (m, 1H, H-6’), 1.53 (d,
3

JH,H = 6.7 Hz , 3H, H-12’), 1.61 (d, 3JH,H = 6.7 Hz , 3H, H-12), 1.71 (vqint, 3JH,H = 6.8 Hz, 4H,

H-19/19‘), 2.14 (vq, 3JH,H = 7.2 Hz, 4H, H-20/20‘), 2.33 (m, 1H, H-6), 3.30 (d, 3JH,H = 10.8 Hz,
1H, H-5‘), 3.41 (d, 3JH,H = 10.5 Hz, 1H, H-5), 3.47, 3.48 (t, 3JH,H = 6.3 Hz, 3JH,H = 6.8 Hz, 2H
each, H-18, H-18‘), 4.47, 4.52 (s, 2H each, H-17/17‘), 4.91, 4.91 (q, 3JH,H = 6.7 Hz, 1H each,
H-11, H-11‘), 4.93 – 5.05 (m, 4H, H-22/22‘), 5.75 – 5.87 (m, 2H, H-21/21‘), 7.14 – 7.50 (m,
18H, H-1/1‘, H-2/2‘, H-3/3‘, H-14/14‘, H-15/15‘) ppm.
13C{1H}

NMR (150 MHz, C6D6, 300 K) : δ = 21.2, 21.3, 22.1, 22.3 (C-7, C-7‘, C-8, C-8‘), 23.3

(C-12‘), 24.9 (C-12), 28.4 (C-10), 28.5 (C-10‘), 29.1, 29.1 (C-19, C-19‘), 30.5, 30.5 (C-20,
C-20‘), 31.8 (C-6‘), 32.2 (C-6), 60.6, 60.6 (C-9, C-9‘), 69.6, 69.9 (C-18, C-18‘), 72.3, 72.3
(C-5, C-5‘), 72.9, 73.0 (C-17, C-17‘), 82.7, 83.4 (C-11, C-11‘), 114.9 (C-22/C-22‘), 138.5
(C-21/21‘), 126.3, 126.3, 126.5, 127.2, 127.3, 127.5, 127.6, 127.7, 131.1, 131.1 (C-1/1‘, C-2/2‘,
C-3/3‘, C-14/14‘, C-15/15‘), 137.0, 142.4, 142.6, 144.5, 145.3 (C-4/4‘, C-13/13‘, C-16/16‘)
ppm.
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ESI-HRMS: found 424.3214 [M+H]+, (calcd. 424.3210 [M+H]+).

H2 O

Figure 5-25:

1H

Figure 5-26:

13C{1H}

NMR spectrum (400 MHz, CDCl3, 300 K) of N-(tert-butyl)-N-(2-methyl-1phenylpropyl)-O-(1-(4-((pent-4-en-1-yloxy)methyl)phenyl)ethyl)hydroxyl-amine.

NMR spectrum (150 MHz, CDCl3, 300 K) of N-(tert-butyl)-N-(2-methyl-1phenyl-propyl)-O-(1-(4-((pent-4-en-1-yloxy)methyl)phenyl)ethyl)hydroxyl-amine.

Synthesis of N-(tert-Butyl)-O-(1-(4-(((5-(diethylsilyl)pentyl)oxy)methyl)phenyl)ethyl)-N(2-methyl-1-phenylpropyl)hydroxylamine (alkoxyamine modified CTA, Si-1). We
rationalized that the desired alkoxyamine modified CTA (Si-1) was accessible by
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hydrosilylation of N-(tert-butyl)-N-(2-methyl-1-phenylpropyl)-O-(1-(4-((pent-4-en-1-yloxy)methyl)phenyl)ethyl)hydroxyl-amine with diethylsilane. Thus the hydrosilylation catalyst
needed to be capable of hydrosilylation with diethylsilane without twofold reaction on the same
silane, leaving one intact silicon hydride bond. The Wilkinson catalyst [RhCl(PPh3)3] meets
these requirements. However, it is crucial to keep reaction times short, since formation of
disilanes (dimers) by reaction of two product molecules was observed for longer reaction times
(Scheme 5-9). This dehydrogenative coupling has been previously observed for secondary
silanes.177

Scheme 5-9:

Hydrosilylation of N-(tert-butyl)-N-(2-methyl-1-phenylpropyl)-O-(1-(4-((pent-4-en-1-yloxy)methyl)phenyl)ethyl)hydroxyl-amine with diethylsilane and possible side reactions.

To 1.35 g (3.2 mmol, 1.0 equiv.) of N-(tert-Butyl)-N-(2-methyl-1-phenylpropyl)-O-(1-(4((pent-4-en-1-yloxy)methyl)-phenyl)ethyl)hydroxylamine

0.42 g

(4.8 mmol,

1.5 equiv.)

diethylsilane dissolved in benzene was added. The Wilkinson catalyst [RhCl(PPh3)3] (6 mg,
6.4 µmol, 0.002 equiv.) suspended in benzene (dissolves slowly in benzene, yellow solution)
was added to the reaction mixture. After 10 min the yellow reaction mixture was removed from
the glovebox and immediately filtered over silica under air. Benzene (circa 10 mL, p.a., not dry
and degassed) was used to rinse the silica. The solvent was removed from the filtrate and a
clear, slightly yellow oil was obtained (97% yield, 3.1 mmol, 1.59 g).
The desired product was obtained as a mixture of diastereomers (Figure 5-27 and Figure 5-28).
The assignment of 1H and

13

C spectra were established by additional 2D NMR experiments
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(1H-1H gCOSY (Figure 5-30), 1H-13C gHSQC (Figure 5-31) and 1H-13C gHMBC (Figure
5-32)).

1H

NMR (400 MHz, C6D6, 300 K): δ = 0.41, 0.66, 1.10, 1.39 (d, 3JH,H = 6.6 Hz, 3H each, H-7,

H-7‘, H-8, H-8‘), 0.56 (dq 3JH,H = 7.9 Hz, 3JH,H = 3.2 Hz, 12H, H-22/22’, H-23/23‘), 0.88 (s,
9H, H-10), 0.99 (t, 3JH,H = 7.9 Hz, 12H, H-24/24‘), 1.10 (s, 9H, H-10‘), 1.54, 1.60 (d,
3

JH,H = 6.6 Hz, 3H each, H-12, H-12‘), 1.31 - 1.71 (m, 13H, H-6‘, H-19/19‘, H-20/20‘,

H-21/21‘), 2.43 (m, 1H, H-6), 3.34 (m, 5H, H-5‘, H-18/18‘), 3.42 (d, 3JH,H = 10.6 Hz, 1H, H-5),
3.93 (vsept, 3JH,H = 3.2 Hz, 2H, H-25/25‘), 4.35, 4.38 (s, 2H each, H-17, H-17‘), 4.95 (q,
3

JH,H = 6.6 Hz, 2H, H-11/11‘), 7.04 - 7.56 (m, 18H, H-1/1‘, H-2/2‘, H-3/3‘, H-14/14‘,

H-15/15‘) ppm.
13C{1H}

NMR (100 MHz, C6D6, 300 K) : δ =3.2 (C-23/23‘), 8.5 (C-24/24‘), 11.0 (C-22/22‘),

21.4, 21.4, 22.3, 22.6, 23.4, 24.9 (C-7/7‘, C-8/8‘, C-12/12‘), 28.5 (C-10), 28.7 (C-10‘), 25.0,
25.0, 30.4, 30.4 (C-20/20‘, C-21/21‘), 30.0, 30.0 (C-19/19‘), 32.1 (C-6‘), 32.4 (C-6), 60.7 (C-9),
60.8 (C-9‘), 70.4, 70.6 (C-18/18‘), 72.8, 72.8, 72.8, 72.9 (C-5/5‘, C-17/17‘), 83.2, 83.9
(C-11/11‘), 126.5 - 127.9, 131.3, 131.3 (C-1/1‘, C-2/2‘, C-3/3‘, C-14/14‘, C-15/15‘), 138.2,
138.8 (C-16, C-16‘), 142.6, 142.8 (C-4, C-4‘), 144.5, 145.2 (C-13, C-13‘) ppm.
29Si

NMR (80 MHz, C6D6, 300 K): δ = -2.2 ppm.

ESI-HRMS: found 512.3921 [M+H]+, (calcd. 512.3918 [M+H]+).
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Figure 5-27:

1H

Figure 5-28:

13C{1H}

NMR spectrum (400 MHz, C6D6, 300 K) of N-(tert-butyl)-O-(1-(4-(((5-(diethylsilyl)pentyl)oxy)methyl)phenyl)ethyl)-N-(2-methyl-1-phenylpropyl)-hydroxylamine (alkoxyamine modified CTA, Si-1).

NMR spectrum (100 MHz, C6D6, 300 K) of N-(tert-butyl)-O-(1-(4-(((5(diethylsilyl)-pentyl)oxy)methyl)phenyl)ethyl)-N-(2-methyl-1-phenylpropyl)-hydroxylamine (alkoxy-amine modified CTA, Si-1).
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Figure 5-29:

29Si

Figure 5-30:

1H-1H

158

NMR spectrum (80 MHz, C6D6, 300 K) of N-(tert-butyl)-O-(1-(4-(((5-(diethylsilyl)pentyl)oxy)methyl)phenyl)ethyl)-N-(2-methyl-1-phenylpropyl)-hydroxyl-amine (alkoxyamine modified CTA, Si-1).

gCOSY NMR spectrum (400 MHz, C6D6, 300 K) of N-(tert-butyl)-O-(1-(4-(((5(diethylsilyl)pentyl)oxy)methyl)phenyl)ethyl)-N-(2-methyl-1-phenyl-propyl)-hydroxylamine (alkoxyamine modified CTA, Si-1).
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Figure 5-31:

1H-13C

Figure 5-32:

1H-13C

gHSQC NMR spectrum (400 MHz, C6D6, 300 K) of N-(tert-butyl)-O-(1-(4-(((5(diethylsilyl)pentyl)oxy)methyl)phenyl)ethyl)-N-(2-methyl-1-phenyl-propyl)-hydroxylamine (alkoxyamine modified CTA, Si-1).

gHMBC NMR spectrum (400 MHz, C6D6, 300 K) of N-(tert-butyl)-O-(1-(4-(((5(diethylsilyl)pentyl)oxy)methyl)phenyl)ethyl)-N-(2-methyl-1-phenyl-propyl)-hydroxylamine (alkoxyamine modified CTA, Si-1).
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5.4.6 Investigation of the Chain Transfer Mechanism

Scheme 5-10:

Reaction of Pd-Me complex Pd-2 with triethylsilane yielded methane and a Pd-SiEt3
complex.

Figure 5-33:

1H

160

NMR spectrum (400 MHz, C6D6, 300 K) of the Pd-methyl complex Pd-2 and spectra
acquired after the addition of 1 equivalent of triethylsilane. Formation of methane is
observed.
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Figure 5-34:

Enlargement of 1H-13C gHSQC spectrum (600 MHz, C6D6, 300 K) after the addition of
1 equiv. triethylsilane to 1 equiv. Pd-methyl complex Pd-2. The signal at 0.15 ppm shows
a correlation to a carbon at -5 ppm thus confirming the assignment to methane.

Figure 5-35:

1H

NMR spectrum (400 MHz, C6D6, 300 K) of the Pd-chelate complex Pd-1 and spectra
acquired after the addition of triethylsilane. Formation of methyl butyrate is observed while
no indication for methyl(4-triethylsilyl)butanoate is visible.

Formation of hydrogen most likely originates from the Pd-catalyzed dimerization of silanes.
While hydrogen could possibly also act as a chain transfer agent, the observation of silyl end
groups in the polymers and their increase with increasing amount of added silane as well as the
good correlation of molecular weight and amount of silane show, that chain transfer by
hydrogen is at most a minor pathway.
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5.4.7 Standard Polymerization Procedures
CTP Procedure. Polymerization experiments were conducted in a Büchi miniclave reactor
equipped with a 200 mL stainless steel double mantle vessel and a magnetically coupled
overhead stirrer. An external thermostat unit connected to a thermocouple inside the reactor
was used for temperature control during the polymerizations. Ethylene mass flow was
monitored by Bronkhorst mass flow meters.
The reactor was prepared by repeated evacuation and refilling with inert gas at ≥ 60 °C. After
cooling to 10 °C, 100 mL of dry and degassed toluene was cannula-transferred into the reactor.
Catalyst precursor complex (10 μmol, 1 equiv.) and if applicable silane as CTA were weighed
into separate vials in a glovebox. The solution of the desired amount of silane (5, 10, 20, 50 or
100 equiv.) in toluene (2 mL) was transferred into the reactor followed by the solution of
catalyst precursor complex in dichloromethane (2 mL) using Hamilton syringes. Under stirring
with 1000 rpm the reactor was pressurized with ethylene to 15 bar and the temperature was
adjusted to reach the desired polymerization temperature (here 15 °C). The pressure was kept
constant for the duration of the polymerization experiment and the ethylene mass flow was
recorded. After three hours ethylene flow was cut and the pressure was released. Immediate
evaporation of the solvent yielded palladium containing polymer. The polymer was dried under
reduced pressure in order to determine the yield. The polymer was subsequently dissolved in
toluene (8 mL, analysis grade, not dried or degassed) by heating to 80 °C if triethylsilane and
55 °C if the alkoxyamine modified CTA (1) was used. The solution was filtered through celite.
After concentration of the solution by evaporation, methanol (20 mL) was added dropwise
followed by the rapid addition of additional methanol (80 mL) yielding precipitated polymer
which was manually removed from the liquid phase. The resulting polymer was dried at 50 °C
under reduced pressure.

NMP Procedure. Polymerizations were conducted under nitrogen atmosphere in a tightly
closed 8 mL vial in an aluminum heating block equipped with a strong (Nd core) stirring bar
inside a glovebox.
a) For homopolymerizations Styryl-TIPNO (2 μmol, 1 equiv.), the respective monomer
(styrene, n- or tert-butyl acrylate; 8 mmol, 4000 equiv.) and if applicable TIPNO free radical
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(0.01, 0.02, 0.05, 0.10 or 0.20 equiv., using a stock solution with c = 2.2  10-4 mg/mg in the
respective monomer) was weighed into an 8 mL vial inside the glovebox.
b) For polymerizations with macroinitiators, the end-functionalized polymer (2 μmol, 1 equiv.)
was weighed into an 8 mL vial and introduced into the glovebox. Monomer (8 mmol,
4000 equiv.) and TIPNO free radical (0.1 μmol, 0.05 equiv., using a stock solution) were added
to the macroinitiator. The vial was closed tightly and placed in the preheated aluminum heating
block (120 °C). After stirring for the intended amount of time (1 or 4 hours) the vial was
removed from the glovebox and opened to allow quenching with oxygen. The vial was
thereafter closed again and cooled to room temperature using water. The remaining monomer
was removed from the resulting polymer under reduced pressure at 40-60 °C.

5.4.8 Additional Chain Transfer Polymerization Experiments
The viability of CTPs using α-diimine Pd complexes in combination with silanes was insinuated
by Brookhart et al.178 and proven by Guironnet et al.67 As reference experiments for comparison
with the functionalized, silane-based CTA the capability and efficiency of α-diimine palladium
complexes Pd-1 and Pd-2 (Figure 5-2) for a chain transfer polymerization of ethylene was
studied with triethylsilane as model silane.
For all complexes the respective polymer yield was constant with increasing amount of added
CTA (Table 5-3), showing that there is no adverse effect. The molecular weight however
decreased with increasing amounts of triethylsilane, as expected for a chain transfer
polymerization (Table 5-3, Figure 5-36-Figure 5-39).
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Table 5-3:

Polymerization results with catalyst precursors Pd-1 and Pd-2 using various equivalents of
Et3SiH or 100 equivalents of compound Si-1 as CTA.

entry complexa) equiv. yield
silane [g]

1
2
3
4
5
6
7
8
9
10
11k)

Pd-1
Pd-1
Pd-1
Pd-1
Pd-2
Pd-2
Pd-2
Pd-2
Pd-2
Pd-2
Pd-2

0
10
50
100
0
5
10
20
50
100
100k)

0.93
0.90g)
0.88 g)
0.83 g)
1.02
0.97 g)
0.99 g)
1.08 g)
1.03 g)
0.90 g)
0.90 g)

Mn(GPC)b) Mn(NMR)c) Mw/Mn silyl :
[103 g/mol] [103 g/mol]
methoxy
end
groups
e)
f)
143.4
128.8
1.03
n.a.
h)
91.9
66.0
1.4
0.8
h)
51.6
34.4
1.5
2.4
h)
40.3
23.3
1.5
4.0
j)
f)
140.7
n.d.
1.06
n.a.
131.9
159.5
1.1
n.a.
108.0
155.6
1.2
n.a.
101.4
108.3
1.2
n.a.
63.7
49.2
1.3
n.a.
41.4
24.6
1.4
n.a.
25.4
19.2
1.5
n.a.

chains
per Pd
(NMR)d)
0.7
1.8i)
3.4i)
5.0i)
n.d.
0.6
0.6
1.0
2.1
3.7
4.7

Polymerizations in 100 mL toluene at 15 °C and 15 bar ethylene pressure for 180 min. a) 10 µmol of catalyst
precursor were used. b) Determined by GPC (THF, 35 °C) versus PS standards. c) Determined by 1H NMR
spectroscopic end group analysis. For details cf. chapter 5.4.14. d) Calculated by mPolymer / (Mn(NMR)  nPd). e)
Determined by 1H NMR spectroscopy using methoxy end groups, as the polymerization without CTA is living.
f) Excluding a small fraction at twice the molecular weight (resulting from bimolecular termination) not
considered.165 g) Polymer before purification including unreacted CTA. h) Determined by 1H NMR
spectroscopic quantification of both methoxy and silane end groups. i) Calculated as sum of silyl and methoxy
terminated chains. j) Only aliphatic end groups expected in this case. These are not detected in 1H NMR spectra
due to overlap with polymer backbone signals. k) In this entry compound Si-1 was used as CTA.

NMR Spectra. Due to their hyperbranched structure the obtained polymers could be easily
dissolved in chloroform-d1 and analyzed by NMR spectroscopy. Silane end groups originating
from chain transfer were detected in the polymers. In contrast, olefinic signals caused by β-Helimination were not detected in the 1H NMR spectra indicating that chain transfer proceeds
exclusively by reaction of palladium polymeryls with the added silane. Intensity of signals at
0.51 ppm, characteristic for ethyl groups bound to a silicon atom, increased with increasing
amounts of CTA used in the formation of the polymers (Figure 5-36). Two-dimensional NMR
analysis by gHSQC further shows that the overlapping quartet at 0.51 ppm in the 1H NMR is
an overlay of two different signals corresponding to methylene moieties adjacent to a silicon
atom (PE-CH2-Si(CH2CH3)3), i.e. a triethylsilyl terminated polyethylene chain with respective
13

C NMR resonances at 3.6 ppm (PE-CH2-Si(CH2CH3)3) and at 11.1 ppm (PE-CH2-Si) (Figure

5-45, Figure 5-46).
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Figure 5-36:

1H

NMR spectra (400 MHz, CDCl3, 300 K) of polymers obtained in CTP in the presence of
0, 10, 50 and 100 equivalents of triethylsilane using α-diimine palladium complexes Pd-1
(top) and Pd-2 (bottom) respectively.

GPC Data.

Figure 5-37:

GPC traces for polymers obtained in CTP in the presence of 0, 10, 50 and 100 equivalents
of triethylsilane using α-diimine palladium complex Pd-1 (cf. Table 5-3, entries 1-4).
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Figure 5-38:

GPC traces for polymers obtained in CTP in the presence of 0, 5, 10, 20, 50 and 100
equivalents of triethylsilane using α-diimine palladium complex Pd-2 (cf. Table 5-3, entries
5-10).

normalized intensity [a.u.]
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Figure 5-39:
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GPC trace for polymer obtained in CTP in the presence of 100 equivalents of the modified
CTA (Si-1) using α-diimine palladium complex Pd-2 (cf. Table 5-3, entry 11).
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5.4.9 Correlation between Inverse Degree of Molecular Weight and CTA
Concentration
A linear correlation between the inverse of the molecular weight and the amount of added CTA
is typical for a CTP:129
1
𝑀𝑛

≈ 𝐴+

𝑘𝑡𝑟 [𝐶𝑇𝐴]
𝑘𝑝 [𝑀]𝑥

Plotting data obtained with complexes Pd-1 and Pd-2 and triethylsilane or the alkoxyamine
modified CTA (Si-1) respectively, indeed a linear fit was appropriate (Figure 5-41, Figure 5-42
and Figure 5-40).

8E-05

determined by GPC
determined by NMR
linear fit
linear fit

7E-05
6E-05

y = 9E-06 + 6E-06x
R2 = 0.994

1/Mn

5E-05
4E-05
3E-05
y = 7E-06 + 3E-06x
R2 = 0.999

2E-05
1E-05
0E+00
0

2

4

6

8

10

[CTA] in mM/L
Figure 5-40:

Inverse of the molecular weight plotted against amount of added alkoxyamine modified
CTA (Si-1) in polymerizations with complex Pd-1 (cf. Table 5-1, entries 1-4).
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5E-05

determined by GPC
determined by NMR
linear fit
linear fit

4E-05

y = 1E-05 + 3E-06x
R2 = 0.981

1/Mn

3E-05

2E-05

y = 9E-06 + 2E-06x
R2 = 0.956

1E-05

0E+00
0

2

4

6

8

10

[Et3SiH] in mM/L
Figure 5-41:

Inverse of the molecular weight plotted against amount of added triethylsilane as CTA in
polymerizations with complex Pd-1 (cf. Table 5-3, entries 1-4).
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Figure 5-42:
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Inverse of the molecular weight plotted against amount of added triethylsilane as CTA in
polymerizations with complex Pd-2 (cf. Table 5-3, entries 5-10).
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5.4.10 Exemplary NMR Spectra of Homopolymers Obtained in CTP

Si-CH2

Figure 5-43:

1H

Figure 5-44:

13C{1H} NMR

NMR spectrum (400 MHz, CDCl3, 300 K) of polymer obtained with complex Pd-2 and
50 equivalents of triethylsilane showing signals for triethylsilyl end groups.

spectrum (100 MHz, CDCl3, 300 K) of polymer obtained with complex Pd-2
and 50 equivalents of triethylsilane showing signals for triethylsilyl end groups.
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Figure 5-45:

1

Figure 5-46:

1H-13C

170

H-13C gHSQC NMR spectrum (400 MHz, CDCl3, 300 K) of polymer obtained with
complex Pd-2 and 50 equivalents of triethylsilane showing signals for triethylsilyl end
groups.

gHMBC NMR spectrum (400 MHz, CDCl3, 300 K) of polymer obtained with
complex Pd-2 and 50 equivalents of triethylsilane showing signals for triethylsilyl end
groups.
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Figure 5-47:

1

Figure 5-48:

13C{1H} NMR

H NMR spectrum (400 MHz, CDCl3, 300 K) of polymer obtained with complex Pd-1 and
100 equivalents of the alkoxyamine modified CTA (Si-1).

spectrum (150 MHz, CDCl3, 298 K) of polymer obtained with complex Pd-1
and 100 equivalents of the alkoxyamine modified CTA (Si-1).
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Si-CH2

Figure 5-49:

1

Figure 5-50:

1H-13C

172

H-13C gHSQC NMR spectrum (600 MHz, CDCl3, 298 K) of polymer obtained with
complex Pd-1 and 100 equivalents of the alkoxyamine modified CTA (Si-1) showing
signals for different silicon-bound methylene groups.

gHMBC NMR spectrum (600 MHz, CDCl3, 298 K) of polymer obtained with
complex Pd-1 and 100 equivalents of the alkoxyamine modified CTA (Si-1).
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Figure 5-51:

Enlargement of the 1H-13C gHSQC NMR and 1H-13C gHMBC NMR spectra (600 MHz,
CDCl3, 298 K) of polymer obtained with complex Pd-1 and 100 equivalents of the
alkoxyamine modified CTA (Si-1) showing the connection between the silicon-bound
methylene and the polyethylene backbone.
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PE

Figure 5-52:

Enlargement of the 13C{1H} NMR spectra (150 MHz, CDCl3, 298 K) of polymer obtained
with complex Pd-1 and 100 equivalents of the alkoxyamine modified CTA (bottom), of
polymer obtained with complex Pd-2 and 50 equivalents of triethylsilane (center, 100 MHz,
CDCl3, 300 K), and of polymer obtained with complex Pd-2 without addition of CTA (top).

Figure 5-53:

Further enlargement of the 13C{1H} NMR spectra (150 MHz, CDCl3, 298 K) of polymer
obtained with complex Pd-1 and 100 equivalents of the alkoxyamine modified CTA
(bottom), of polymer obtained with complex Pd-2 and 50 equivalents of triethylsilane
(center, 100 MHz, CDCl3, 300 K), and of polymer obtained with complex Pd-2 without
addition of CTA (top).
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5.4.11 Controlled Free Radical Polymerization of Styrene, n- and tert-Butyl
Acrylate
For our concept pursued here, a direct spectroscopic observation of the initiator-derived end
groups is crucial. One example for a detailed analysis of end groups in NMP is the elaborate
work by Hawker et. al.: Using chromophore-labeled initiators and measuring the absorbance of
the resulting polymers, they were able to determine end group fidelity in NMP of styrene and
butyl acrylate.179 Targeting the formation of block copolymers, the attachment of the initiating
end group is of utmost importance, thus homopolymers of styrene, n- and tert-butyl acrylate in
NMPs were synthesized and analyzed with regard to their end groups. N-tert-Butyl-N-(2methyl-1-phenylpropyl)-O-(1-phenylethyl)hydroxylamine (Styryl-TIPNO) was employed to
initiate NMP of styrene. Note that its dissociation rate is two orders of magnitude higher
(1.2  10-4 s-1 at 90 °C) compared to for example Styryl-TEMPO (1.8  10-6 s-1 at 90 °C)180,181
and it is commercially available. Polymerization at 120 °C in bulk yielded narrowly dispersed
polymer (Mw/Mn = 1.1, Table 5-4).
Table 5-4:

Polymerization results for NMP of styrene, n- and tert-butyl acrylate using Styryl-TIPNO
as initiator.

entry monomer initiator
amount
[µmol]
1
S
150
2
S
75
3
nBA
2
4
tBA
2

initiator :
monomer :
TIPNO ratio
1:180:0
1:500:0
1:4000:0.05
1:4000:0.05

yield time
[g]
[h]

Mn(GPC)b)
[103 g/mol]

Mw/Mn

0.89
1.39
0.05
0.04

7.4
22.0
32.8
31.7

1.2
1.1
1.3
1.4

4
4
4
4

Polymerizations in bulk at 120 °C. For details cf. chapter 5.4.7. b) Determined by GPC (THF, 35°C) versus
PS standards.

Note that in all the polymerizations, and also in polymerizations with functionalized PE
initiator, of acrylate or styrene monomer respectively, conversions were low, (circa 1 to 8 %
for acrylates and 12 to 48 % for styrene), that is the free radical polymerization occurs under
steady state conditions indeed. According to the mechanism of NMP the growing polymer chain
should bear a styryl moiety as initiating chain end, while the TIPNO group should be attached
to the terminal chain end. NMR spectroscopy of the formed polystyrene shows signals at 3.1,
3.3 and 4.1 ppm corresponding to the TIPNO motif (Figure 5-54). Their connectivity to the
backbone was established by 1H-1H gCOSY and TOCSY NMR experiments (Figure 5-55,
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Figure 5-56). In addition a DOSY NMR spectrum showed the same diffusion behavior for these
signals and the polystyrene backbone, further proving the attachment of TIPNO at the chain
end (Figure 5-57).

residual
styrene

A

PS

Figure 5-54:

6,6‘,7,7‘,
8,8‘,10,10‘

5,5‘

PS

1H

NMR spectrum (400 MHz, CDCl3, 300 K) of polystyrene obtained in NMP with StyrylTIPNO as initiator (Table 5-4, entry 1) showing signals for the TIPNO motif.

A

5,5‘

correlation to PS backbone

Figure 5-55:
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1H-1H

gCOSY NMR spectrum (400 MHz, CDCl3, 300 K) of polystyrene obtained in NMP
with Styryl-TIPNO as initiator (Table 5-4, entry 1). The correlation between signals corresponding to the TIPNO motif and the polystyrene backbone is visible.
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irradiation
response

Figure 5-56:

1D Selective Gradient TOCSY NMR spectrum (bottom) and 1H NMR spectrum (top,
400 MHz, CDCl3, 300 K) of polystyrene obtained in NMP with Styryl-TIPNO as initiator
(Table 5-4, entry 1). Irradiation at 4.2 ppm results in a signal response of the polystyrene
backbone.

Figure 5-57:

DOSY NMR spectrum (400 MHz, CDCl3, 300 K) of polystyrene obtained in NMP with
Styryl-TIPNO as initiator. Signals corresponding to the TIPNO motif and the polystyrene
backbone show the same diffusion behavior.

Acrylate monomers like e.g. n-and tert-butyl acrylate exhibit faster polymerization rates in
radical polymerization methods compared to styrene (kp,acrylate = 11000 L mol-1 s-1 at 120 °C,
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kp,styrene = 1800 L mol-1 s-1 at 120 °C).169 Thus a higher level of control is necessary to afford
polyacrylates with narrow molecular weight distribution. Due to the nature of NMP the
presence of deliberately added persistent free radical (e.g. 2,2,5-trimethyl-4-phenyl-3azahexane-3-nitroxide, TIPNO) slows the overall polymerization rate, as the polymerization
equilibrium is shifted towards the combination product, that is the Polymeryl/Styryl-TIPNOadduct.169,182 Polymerizations of n-and tert-butyl acrylate with Styryl-TIPNO were conducted
varying the amount of TIPNO free radical from 0 to 0.2 equivalents. As anticipated NMP of
acrylate in a controlled fashion occurred. The molecular weights decreased with increasing
ratios of TIPNO to Styryl-TIPNO while polymers with increasingly narrow Mw/Mn were
obtained (Figure 5-58). The level of control over the polymer dispersity comes at the expense
of conversion. A ratio of NMP initiator to free radical, i.e. Styryl-TIPNO to TIPNO of 1 to 0.05
was determined to be the best compromise (Figure 5-59). This ratio agrees with data reported
by Hawker et al. for a controlled polymerization of n-butyl acrylate.169

Figure 5-58:
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GPC traces for poly(n-butyl acrylates) (top) and poly(tert-butyl acrylates) (bottom) obtained
in NMP with Styryl-TIPNO as initiator and 0 to 0.2 equivalents of TIPNO free radical.
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Figure 5-59:

Conversion, polymer dispersity Mw/Mn and molecular weight of poly(tert-butyl acrylates)
obtained in NMP with Styryl-TIPNO and varying amounts of TIPNO free radical.

The microstructure of the obtained poly(butyl acrylates) was analyzed by 1H NMR revealing
characteristic signals for Styryl and TIPNO end groups. Detection and assignment of
connecting points between the polymer backbone prove the attachment of the initiator
fragments as end groups (Figure 5-60).

Figure 5-60:

1H

NMR spectra (400 MHz, CDCl3, 300 K) of poly(n-butyl acrylate) (bottom) and
poly(tert-butyl acrylate) (top) obtained in NMP with Styryl-TIPNO as initiator showing
signals for the Styryl and TIPNO motif.
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Exemplary NMR Spectra.
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Figure 5-61:

A

g

1H

NMR spectrum (400 MHz, CDCl3, 300 K) of poly(n-butyl acrylate) obtained in NMP
with Styryl-TIPNO as initiator (Table 5-4, entry 3) showing signals for the TIPNO motif.
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Figure 5-62:
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1H

NMR spectrum (400 MHz, CDCl3, 300 K) of poly(tert-butyl acrylate) obtained in NMP
with Styryl-TIPNO as initiator (Table 5-4, entry 4) showing signals for the TIPNO motif.
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Exemplary GPC Data.
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Figure 5-63:

GPC trace detected by RI for polystyrene obtained in NMP with Styryl-TIPNO as initiator
(Table 5-4, entry 1).
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Figure 5-64:

GPC trace detected by RI for poly(n-butyl acrylate) obtained in NMP with Styryl-TIPNO
as initiator (Table 5-4, entry 3).
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Figure 5-65:
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GPC trace detected by RI for poly(tert-butyl acrylate) obtained in NMP with Styryl-TIPNO
as initiator (Table 5-4, entry 4).
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5.4.12 Analysis of Polymer Films with Atomic Force Microscopy (AFM) as
Technique to Determine Block Copolymer Structures
Introduction. In atomic force microscopy (AFM) information on surface structure is obtained
by scanning the sample surface with a probe.183 The probe consists of a cantilever with a sharp
tip and interacts with the sample. A laser beam, which is reflected on the back of the cantilever
and a photo detector are used to monitor the deflection of the probe in (horizontal and) vertical
direction. If required, oscillation of the cantilever is achieved by a piezoelectric element.
Depending on the imaging mode the cantilever is static with the tip in contact with the sample
(contact mode) or oscillates at a set amplitude and frequency (intermittent contact mode). In
contact mode the feedback signal keeping the tip in contact with the sample is used to map the
sample surface. Intermittent contact mode, also called tapping mode, is the most frequently
applied imaging mode. Interactions between the oscillating tip and the sample surface lead to
changes in the oscillation amplitude. The feedback necessary to keep the amplitude constant is
a measure for the surface topography.184,185 Interactions between the tip of the probe and the
sample affect not only the amplitude of the cantilevers’s oscillation, but also its phase. Thus
recording of phase-shifts (“phase imaging”) yields an additional image, which is often used to
distinguish between materials, e.g. types of polymers. Interpretation of phase signals is not
trivial, since they depict energy dissipation between the tip and the sample, which is dependent
on a variety of factors, such as contact area (topographic contributions), viscoelastic properties
and adhesion forces.185-192
AFM Analysis of Films prepared from Block Copolymers, PE/PS-Blend and
Homopolymers. Films generated from PE-block-PtBA, PE-block-PS and PE-block-PnBA
block copolymers (synthesis and characterization cf. chapters 5.2 and 5.4) showed separated
domains in the height and phase images (Figure 5-66). Please note that scales of the AFM
images are relative, with darkest and brightest color corresponding to minimal and maximal
values for each image respectively. The formation of domains (“microphase separation”) is
typically observed in block copolymers.193,194 The size of the domains observed here - circa
200 nm to 2 µm - is larger than the theoretical length of one copolymer block of the respective
samples. Orientation of the block copolymers perpendicular to the substrate surface are one
possible explanation for this observation. In addition domain dimensions are known to increase
with blockpolydispersity, film thickness and small amounts of homopolymers (usually made of
the same monomer as one of the copolymer blocks) blended with the block copolymers.195-198
For comparison with the block copolymer films, PE and PS homopolymers as well as a
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50:50 wt% blend of PE and PS homopolymers were spin coated on silicon wafers. For the
homopolymer films analysis by AFM revealed flat topography in the height images and no
significant phase shift, i.e. only one type of material in the phase images, as expected (Figure
5-67, images 4 and 5). The film of the polymer blend (Figure 5-67, image 6) showed very
heterogeneous distribution of polymer materials with vast areas exhibiting no phase shifts in
the phase images, i.e. only one type of polymer detectable on the surface, and areas which did
show both types of polymers. In the latter however varying sizes of domains lay side by side.

Figure 5-66:
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AFM height (h) and phase (p) images of 1) a PE-block-PtBA block copolymer film, 2) a
PE-block-PS block copolymer film and 3) a PE-block-PnBA block copolymer film. Please
note that scales of the AFM images are relative.
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Figure 5-67:

AFM height (h) and phase (p) images of 4) a PE film, 5) a PS film and 6) a 50:50 wt.%
blend of PE and PS. Please note that scales of the AFM images are relative.

Images with a size of circa 10  10 µm were recorded in addition to the overview pictures
(Figure 5-66) discussed above. At this magnification, comparison between block copolymers
of the same monomer types but with differing block lengths is feasible. Figure 5-68 shows PEblock-PS (images 7-8) and PE-block-PnBA (images 9-10) block copolymer films. The
polymers with shorter PS (images 7h/p) or PnBA (images 9h/p) blocks (Table 5-2, entries 1 and
3) exhibit smaller domains compared to their respective counterparts with longer PS (images
8h/p) and PnBA (images 10h/p) blocks (Table 5-2, entries 2 and 4).
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Figure 5-68:

AFM height (h) and phase (p) images of 7-8) PE-block-PS block copolymer films, and 9-10)
PE-block-PnBA block copolymer films. Please note that scales of the AFM images are
relative. Schematic representation contains polymer composition (E vs. S/A repeat units)
according to 1H NMR spectroscopic quantification.

The polyethylene-block-polystyrene block copolymer film was annealed at 100 °C for 18 h and
additionally at 120 °C for 48 h. An increase in the domain sizes was observed in both the height
and phase image (Figure 5-69). The coarsening via coalescence or Ostwald ripening has been
described for block copolymer films before and might also occur in the film studied here.199,200
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Figure 5-69:

AFM height (h) and phase (p) images of a PE-block-PS block copolymer film A) after spin
coating at r.t., B) after thermal annealing at 100 °C for 18 h and C) after additional annealing
at 120 °C for 48 h. Please note that scales of the AFM images are relative.

After the thermal annealing at 120 °C not only coarsening of domains, but additionally holes in
the polymer film were observed. The formation of holes seems to occur predominantly in the
domains with lower phase shift (Figure 5-69 Cp), black areas). Topographic change is
indicative of a dewetting process, since in some areas the film thickness increases, while it
decreases in others. For late stages of dewetting processes only partial coverage of the substrate
with droplet-like remaining polymer material is characteristic.201-203 The topography observed
here could be an intermediate stage of a dewetting process. The formation of unsymmetrical
187

Experimental Section
holes was observed not only locally but over a wide range of the polymer film, as can be seen
from optical microscopy images (Figure 5-70).

Figure 5-70:

Optical microscopy images of the PE-block-PS block copolymer film at different
magnifications after annealing at 120 °C, inset AFM phase image for comparison.

AFM images of polymer films made from the material obtained following the strategy
discussed in chapters 5.1 - 5.3 support the formation of block copolymers. Even though domain
sizes are larger than expected, the presence of clearly separated domains in both the height and
phase images shows the presence of two distinctly different polymer materials. In addition, the
comparison to films of homopolymers and a physical blend of PE and PS homopolymers further
corroborates the formation of block copolymers since the homogeneity of domains differs
drastically between the analyzed films of the blend and of the block copolymers. For the blend
a macrophase separation occurs and large areas of only PE or PS are observed. In contrast the
homogeneity of a PE-block-PS block copolymer film could be observed on different positions
of the polymer films.
For the PE-block-PnBA block copolymers both blocks consist of materials, which exhibit a Tg
below room temperature. In contrast, block copolymers consisting of PE and PS connect
polymers with Tg < r.t. and Tg > r.t. (approximate Tg values: Tg(PEhyperbranched) ~ -60 °C,
Tg(PnBA) ~ -50 °C, Tg(PtBA) ~ +40 °C, Tg(PS) ~ +90-100 °C). Consequently at room
temperature. PE is the “softer” material compared to PS and in the PE-block-PnBA block
copolymers the materials are both rather “soft”. Consequently the absolute difference in phase
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shift should be higher for PE/PS compared to PE/PBA. As the phase signal obtained in AFM is
influenced by a variety of factors, as mentioned above, assignment to the different polymer
blocks is not unambiguous. The higher phase shift (brighter areas) was tentatively assigned to
the “harder” material, i.e. PS in a PE-block-PS block copolymer in this study. Due to the
difference in the chemical architecture of polymer chains an immiscibility for example of PE
and PS could be expected. While films could be prepared even from a mixture of PE and PS
homopolymers, their decreased miscibility/immiscibility is reflected in the separate phases
which occur in the polymer films.
The observed increased domain sizes for films prepared from block copolymers might be
explained by presence of some homopolymer of either or both of the polymer materials (PE
and PS, PnBA, PtBA respectively). The amount of homopolymers present should however be
limited, since GPC traces do not point towards significant amounts of additional species (cf.
GPC traces in chapter 5.2 and 5.4). If homopolymers would be present in the films, but the
major component are copolymers with blocks of the same materials as the homopolymers a
compatibilizing effect should occur. The formation of smaller domains compared to the film
consisting of a mixture of homopolymers yet larger as expected from the block lengths of the
formed copolymers, can be accounted for as a compatiblized mixture of block copolymers with
homopolymers.

Summary and Conclusion. AFM measurements in intermittent contact mode with
simultaneous detection of height and phase are a powerful tool to analyze polymer films.
Especially phase images are used for determination of block copolymer structures. Block
copolymers, consistent of a PE block from insertion chain growth and a second block from
controlled free radical addition were spin coated on silicon wafers and analyzed with AFM. The
polymer films showed separated domains in the height and phase images, this is a ‘microphase
separation’. The phase images clearly revealed areas with varying phase shift, i.e. areas with
differing interactions with the scanning probe tip. Since interactions between the tip and sample
surface are dependent on factors such as viscoelasticity and adhesion forces, the areas with
varying phase shifts signal different materials, in this case different polymer types (insertiongrown PE and PS or PBA grown by free radical addition).
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Thermal annealing of one of the block copolymer films at 100 °C and 120 °C led to increasing
domain sizes and eventually formation of unsymmetrical holes. These topographic changes
were spread over a wide range as observed by optical microscopy.
As expected polymer films consistent of solely PE or PS show only one phase value in the
phase images. A 50:50 wt.% blend of PE and PS was spin coated on a silicon wafer for
comparison. Analysis of this polymer blend film showed areas with only one or the other
polymer material as well as areas with domains, which are less homogeneously distributed as
these in the block copolymer films.
The presence of areas with different phase shift, as well as the rather homogeneous distribution
over the polymer film supports the formation of connected blocks of different polymer
materials, such as PE, PS and PBA respectively.

Materials and Methods. Silicon wafers (5  5 mm) were purchased from PLANO, cleaned
with isopropanol and dried with compressed air. Immediately before preparation of the polymer
films the silicon wafers were plasma cleaned for 10 min with O2 plasma in a Plasmatechnology
MiniFlecto device.
Polymer films were prepared from 10 µl of polymer solution in toluene with a concentration of
20 mg mL-1 using a solar-semi EL S 200 BM spin coater. A stepwise process with a rotation
speed of 400 rpm and an acceleration of 200 rpm for 7.5 s, followed by a rotation speed of
3000 rpm and an acceleration of 1000 rpm for 60 s was applied.
Atomic force microscopy (AFM) measurements were performed with a JPK NanoWizard
instrument in intermittent contact mode using a Bruker OTESPA-R3 silicon tip with a force
constant of 26 N m−1 and a resonance frequency of about 300 kHz. Height and phase images
were recorded simultaneously. Analysis of the topography images was done with the JPK Data
Processing software (version spm-5.0.133).
Optical microscopy images were obtained using a Leica DM 4000 Materials Microscope with
a mechanical Z-drive and mechanical stage.
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Additional Images

Figure 5-71:

AFM height (h) and phase (p) images of 11) a PE-block-PtBA block copolymer film, 12) a
PS film and 13) a 50:50 wt.% blend of PE and PS. Higher magnification images
corresponding to 1), 5) and 6) in Figure 5-66 and Figure 5-67 respectively. Please note that
scales of the AFM images are relative.
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5.4.13 Analytical Data of Obtained Copolymers
Exemplary NMR Spectra.
PE-PS-Block Copolymers
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Figure 5-73:
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NMR spectrum (400 MHz, CDCl3, 300 K) of polymer obtained in NMP of styrene
initiated by PE-1 (cf. Table 5-2, entry 1). Signals corresponding to polyethylene,
polystyrene and characteristic signals for the TIPNO end group as well as the linker between
the silyl and TIPNO moiety are highlighted.

NMR spectra (400 MHz, CDCl3, 300 K) of the polymer PE-1 (bottom) and polymers
obtained after 1 h (center) and 4 h (top) NMP of styrene initiated by PE-1 (cf. Table 5-2,
entries 1-2).
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NMR spectrum (400 MHz, CDCl3, 300 K) of polymer obtained in NMP of n-butyl
acrylate initiated by PE-2 (cf. Table 5-2, entry 4). Signals corresponding to polyethylene,
polyacrylate and characteristic signals for the TIPNO end group as well as the linker
between the silyl and TIPNO moiety are highlighted.

grease
H2O

CDCl3

Figure 5-75:

DOSY NMR spectrum (400 MHz, CDCl3, 300 K) of polymer obtained in NMP of n-butyl
acrylate. Signals corresponding to the TIPNO motif, polyethylene and poly(n-butyl acrylate)
show similar diffusion behavior.
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gCOSY NMR spectrum (600 MHz, CDCl3, 298 K) of polymer obtained in NMP of
n-butyl acrylate. Characteristic signals for the TIPNO end group as well as the linker
between the silyl and TIPNO moiety are highlighted.

Figure 5-76:

1H-1H

Figure 5-77:

1H-13C
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gHMBC NMR spectrum (600 MHz, CDCl3, 298 K) of polymer obtained in NMP of
n-butyl acrylate. Correlations to aromatic and carbonyl carbons are visible.
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Figure 5-78:

Enlargement of the 1H-13C gHMBC NMR spectrum (600 MHz, CDCl3, 298 K) of polymer
obtained in NMP of n-butyl acrylate, showing the aromatic motif connecting the
polyethylene and polyacrylate blocks.
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PE-PtBA-Block Copolymers
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NMR spectrum (600 MHz, CDCl3, 298 K) of polymer obtained in NMP of tert-butyl
acrylate initiated by PE-1 (cf. Table 5-2, entry 6). Signals corresponding to polyethylene,
polyacrylate and characteristic signals for the TIPNO end group as well as the linker
between the silyl and TIPNO moiety are highlighted.

NMR spectra (400 MHz, CDCl3, 300 K) of the polymer PE-1 (bottom) and polymers
obtained after 1 h (center) and 4 h (top) NMP of tert-butyl acrylate initiated by PE-1 (cf.
Table 5-2, entries 5-6). The inset shows signals corresponding to the TIPNO and linking
motif.
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Figure 5-81:

gCOSY NMR spectrum (600 MHz, CDCl3, 298 K) of polymer obtained in NMP of
tert-butyl acrylate initiated by PE-1 (cf. Table 5-2, entry 6). Characteristic signals for the
TIPNO end group as well as the linker between the silyl and TIPNO moiety are highlighted.
1H-1H

Exemplary GPC Data.
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Figure 5-82:

GPC trace detected by RI for poly(n-butyl acrylate) obtained in NMP initiated by PE-2
(Table 5-2, entry 4).
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Figure 5-83:

GPC trace detected by RI for poly(tert-butyl acrylate) obtained in NMP initiated by PE-1
(Table 5-2, entry 6).

Exemplary DSC Data.

Figure 5-84:
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DSC traces detected for first heating and subsequent 5 cooling and heating cycles
(heating/cooling rate 30 K min-1) of the polymer obtained in NMP of styrene initiated by
PE-1 (cf. Table 5-2, entry 1). No melting or crystallization events can be observed. A glass
transition at approximately 80 °C corresponding to the polystyrene block is observed.
Repetition of the heating and cooling does not show any additional thermal events.
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For comparison (no copolymer, PE and PS homopolymers):

Figure 5-85:

DSC traces detected for first heating and subsequent cooling and heating cycle
(heating/cooling rate 30 K min-1) of triethylsilyl terminated hyperbranched polyethylene (cf.
Table 5-3, entry 4).

Figure 5-86:

DSC traces detected for first heating and subsequent cooling and heating cycle
(heating/cooling rate 30 K min-1) of atactic polystyrene (cf. Table 5-4, entry 2).
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5.4.14 Microstructure Analysis (from NMR Spectra)
Calculation of Number Average Molecular Weight Mn of the Polyethylene Obtained in
CTPs. In order to determine the molecular weight Mn of polymers, obtained by CTP in the
presence of triethylsilane, by NMR the integral of the Si-CH2-region (Isilyl), overlay of …-CH2Si-(CH2-CH3)3 signals, was set to 8.

Imethoxy

Iwater

IPE

Isilyl

1H

Figure 5-87:

NMR spectrum (400 MHz, CDCl3, 300 K) of polymer obtained with precursor complex
Pd-1 and 100 equivalents of triethylsilane including integration for determination of number
average molecular weight Mn.

Assuming chain transfer consistently yielded chains bearing a silane end group the Mn can be
determined as:
Mn,NMR (PESiEt3 ) =

IPE − Iwater
g
 28,05
4
mol

In polymerizations with complex Pd-1, the molecular weight can be calculated more exact, by
factoring in the polymer chains end-capped with a methoxy group, i.e. the first chain formed
per catalyst molecule, which has no silane end group:
Mn,NMR (PESiEt3 ) =

IPE − Iwater
1
g

 28,05
Imethoxy Isilyl
4
mol
+ 8
3

In order to determine the molecular weight Mn of polymers, obtained by CTP in the presence
of the alkoxyamine modified CTA (Si-1), by NMR the integral of the methine group (11/11’)
was set to 1 and Mn was determined as follows:
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I11/11‘

I19/19‘

Imethoxy

Mn,NMR (PESiEt2R ) =

I12/12‘+Iwater IPE

IPE − Iwater − I19/19′ − I12/12′
4

 28,05

g
mol

In polymerizations with complex Pd-1, the molecular weight can be calculated more exact, by
factoring in the polymer chains end-capped with a methoxy group, i.e. the first chain formed
per catalyst molecule, which has no silane end-group:
Mn,NMR (PESiEt2R ) =

IPE − Iwater − I19/19′ − I12/12′
4



1
Imethoxy I11/11′
+ 1
3

 28,05

g
mol

In order to determine the Mn of the PE synthesized without the addition of silanes the integral
of the methoxy group Imethoxy was set to 3. Then Mn,NMR was calculated as follows:
Mn,NMR (PE) =

IPE − Iwater
g
 28,05
4
mol

Calculation of the Amount of Chains Formed per Pd Center.
chains per Pd =

yield
Mn  n(Pd )

with n(Pd)=10  10-6 mol, Mn determined by NMR
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6 Summary and Conclusion
Polyolefins have become indispensable materials in modern life. In particular polyethylene, due
to its versatile applicability, is produced in a quantity of 100 million tons each year to meet
demands. Introduction of polar groups in the per se non-polar polyethylene structures, can open
the path for improved material properties. Adhesion, solvent resistance or miscibility with other
polar materials is directly related to polar functional groups in the polyethylene structures.
Radical polymerization methods, well suited for producing homopolymers of polar vinyl
monomers, are only applicable to copolymerize ethylene with polar monomers at high
temperatures and pressures. These harsh conditions prevent a precise microstructure control.
Insertion copolymerization of ethylene and polar comonomers, out of reach for a long time,
became possible with late transition metal complexes owing to intensive research efforts in the
field.36,38,40 However the number of catalysts is still limited and only random distributions of
polar comonomers in the produced polymers are accessible. The formation of copolymers of
olefins and polar vinyl monomers in yet unachieved synthetic reaction schemes is conceivable
if one could find a way to combine insertion and radical polymerization methods.
In this thesis, the role of radicals in insertion chain growth is studied especially with regard to
their possible incorporation as functional groups in polyethylene chains. In pressure reactor
experiments ethylene polymerization with salicylaldiminato Ni complex Ni-1 in presence of
different classes of radical sources was studied. It could be shown, that while polymer yields
are decreased, no complete inhibition of insertion chain growth occurs in presence of the radical
initiators studied (N-hydroxyphthalimide (NHPI) ester type radical sources, ((2′,2′,6′,6′tetramethyl-1′-piperidinyloxy)-methyl)benzene (Benzyl-TEMPO) and azo type initiators). For
the NHPI ester type radical sources (Ar-NHPI, Alk-NHPI) and Benzyl-TEMPO, no evidence
for an incorporation of end groups tracing back to the radical initiators was observed. In
contrast, the azo type initiators PAT, PATF,F and Wako-V601 lead to end-functionalized
polyethylene chains (Scheme 6-1). This was evidenced by detection of the respective phenyl
(Ph), 3,5-difluoro phenyl (3,5-F2C6H3) and methyl ester (C(CH3)2COOMe) signals in addition
to the signal of the adjacent benzylic methylene moiety in 1H NMR spectra of the polymers.
Comparison to independently synthesized model compounds and diffusion-ordered (DOSY)
NMR spectra further corroborated the results. Analysis of the polymer microstructure revealed
a low amount of branching with short branch lengths (C1, C2), thus precluding a radical
mechanism in the polymer formation.
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Scheme 6-1:

Incorporation of radical initiator-derived fragments in a direct end-functionalization of
polyethylene was achieved for azo initiators such as PAT, PATF,F and Wako-V601.

Radical transfer to the solvent was suspected due to detection of additional phenyl end groups
in polymerizations with PATF,F, possibly originating from toluene, which was used as solvent.
This pathway, which reinforces that end groups are indeed formed from radicals, was proven
to be operative by polymerization in heptane, p-xylene and p-methyl anisole. While
polymerizations in heptane yielded no additional end groups, polymerizations in p-xylene and
p-methyl anisole lead to polymers bearing p-methylphenyl and p-methoxyphenyl groups,
respectively (Scheme 6-2).

Scheme 6-2:

Radical transfer to solvent was proven by incorporation of additional solvent-derived end
groups further underlining that end groups are indeed formed from radicals.

The incorporation of radical-derived end groups in insertion polymerizations indicates a
combination of free radical chemistry with insertion polymerization. It had been reported
previously that deactivation pathways of Ni(II)-complexes in ethylene polymerizations include
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the formation of Ni(I) species by bimolecular reductive elimination.27 These low valent Ni(I)
species can be perceived as metal-centered radicals and thus are susceptible to recombination
reactions.81 A recombination with organic free radicals should lead to a polymerization-active
Ni(II) species. Further insertion of ethylene in such species would yield polymer with a radical
initiator-derived end group at the initiating chain end. The conceived intermediate Ni-aryl
species Ni-2, Ni-3 and Ni-5, possibly formed by reaction of Ni(I) species with free radicals
(Ph•, 3,5-F2C6H3•), generated from the applied radical sources were synthesized independently
and studied in pressure reactor experiments. Indeed Ni-2, Ni-3 and Ni-5 inserted ethylene and
the respective end-functionalized polyethylene was obtained. Further a discrete Ni(I) complex,
Ni-6 was applied in pressure reactor experiments. Only upon addition of radical sources
polymer was obtained. End groups originating from the radical initiators again fit to the picture
of recombination and subsequent insertion of ethylene in the formed Ni(II) complex.
In addition to the incorporation of radicals at the initiating chain end evidence for an
incorporation as terminal chain end was found in the studied system. Incorporation of free
radicals as chain terminating end group would involve the interaction of an active chain growth
species with the radical. Thereby an inactive metal species (formally Ni(I)) would be generated.
Evidence for this route to occur, is a) the decrease in productivity observed in polymerization
reactions which formed polymer with radical initiator-derived end groups and b) the virtually
complete conversion of the Ni-Me group to toluene upon warming Ni-1, as model for a growing
Ni-alkyl chain, with the phenyl radical source PAT. In short, pathways for both, incorporation
of radical initiator-derived fragments as initiating- and terminating end groups were observed
(Scheme 6-3).

Scheme 6-3:
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Possible pathways for incorporation of radical initiator-derived end groups. Evidence for
both incorporation as a chain-initiating as well as -terminating end group was observed.

Summary and Conclusion
Incorporation of radical initiator-derived fragments in a direct end-functionalization of
polyethylene is only possible with radical initiators, which decompose under polymerization
conditions. With regard to established (controlled) radical polymerization methods, most
radical initiators used, are stable at these conditions but decompose at elevated temperatures.
Introduction of intact radical initiators as opposed to initiator-derived fragments in the polymer
chain ends would enable their utilization as macroinitiators in a subsequent step at higher
temperatures. For the first time a strategy of using radical initiator functionalized chain transfer
agents in ethylene polymerization was assessed in order to increase the ratio of functionalized
PE-based radical macroinitiators : PE-polymerization catalysts by a catalytic rather than
stoichiometric protocol. For this strategy linking of a stable radical initiator to a silane acting
as chain transfer agent was pursued for the introduction of the radical initiator at the chain end.
In a first approach, nickel complexes which are known to catalyze both, ethylene
polymerization and olefin hydrosilylation were used to establish whether hydrosilylation
enables controlled chain transfer in ethylene polymerization. To obtain hydrosilylated
oligomers or polymers chain growth (insertion of ethylene) has to occur faster compared to
chain transfer (hydrosilylation). Salicylaldiminato Ni complexes were studied in olefin
hydrosilylation, as it can be seen as model reaction to probe for a potential chain transfer by
silanes. While no reaction was observed for tertiary silanes, hydrosilylations with secondary
silanes were catalyzed by complexes Ni-1 and Ni-8. Detailed NMR analysis, including
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Si

NMR spectroscopy, revealed double hydrosilylation products. Studying a mixture of ethylene
and diphenylsilane in presence of polymerization catalysts Ni-1, Ni-7 or Ni-8 no silylterminated oligomers were detected. Instead the main product could be assigned to a
hydrosilylated ethylene using a combination of 2D-, TOCSY and DOSY NMR spectra. The
complex which showed the highest conversion in the hydrosilylation of ethylene was applied
in pressure reactor experiments at 20 bar ethylene pressure with varying amounts of
diphenylsilane. A detrimental effect of the added silane on polymer yield was observed. In
addition to the yield reduction a decrease in molecular weight occurred. But most importantly,
no silyl end groups could be detected in the obtained polymers (Figure 6-1). The results
obtained in the pressure reactor experiments at high ethylene concentrations, indicate that for
Ni-alkyl species the reaction with the silane is fast compared to chain growth (however overall
hydrosilylation is slow compared to polymerization chain growth).
Overall these studies revealed, that no chain transfer polymerization by silanes yielding silyl
end functionalized polyethylene was possible under these conditions. Thus the strategy of CTP
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with a modified silane for the introduction of functional reactive end groups could not be
implemented with the investigated salicylaldiminato Ni(II) complexes.

Figure 6-1:

In pressure reactor experiments with Ni-8 and varying amounts of diphenylsilane no silylend groups were detected in the polymer. The molecular weight decreased with increasing
amount of added silane.

In contrast α-diimine Pd complexes are known to fulfill the prerequisite of chain transfer upon
polymerization in presence of silanes. Silyl end-functionalized polymers have been reported
using tertiary silanes as CTAs.67 Aiming for the incorporation of functional reactive end groups
capable of controlled radical polymerization, a modified chain transfer agent, linking the silane
motif to an alkoxyamine radical initiator was designed. The modified chain transfer agent Si-1
was studied in ethylene polymerizations catalyzed by α-diimine Pd complexes Pd-1 and Pd-2.
As anticipated, molecular weights of the obtained polymers decreased with increasing amount
of added alkoxyamine-functionalized silane, indicating a CTP. The observed chain transfer is
well-behaved as evidenced by a linear correlation of the polymer reciprocal molecular weight
versus concentration of the CTA. Concerning the mechanism of chain transfer, the reactions of
Pd-1 and Pd-2, as models for the growing polymer chains with triethylsilane were examined.
It was revealed that chain transfer proceeds via transfer of the silanes’ Si-H hydrogen to the
growing chain and formation of a Pd-silyl complex. The latter produces a silyl-terminated
polymer chain upon further insertion of ethylene. Consequently, all but the first polymer chain
produced by the catalysts are initiated by (alkoxyamine-functionalized) silyl-groups. Starting from
Pd-2 the first polymer chain exhibits a methyl ester end group, thus the number of chains produced
per catalyst can be calculated from the ratio of methyl ester to silyl end groups in the obtained
polymers. Up to 5 functionalized chains were detected per metal center demonstrating the catalytic
nature of the functionalization strategy.
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Detailed analysis of the obtained polymers showed signals for the alkoxyamine moiety and the
connectivity of the silicon-bound methylene to the polyethylene backbone was established in a
1

H-13C gHMBC NMR spectrum, proving the successful incorporation of the designed CTA at

the polyethylene chain end. These findings are crucial, since the attachment of the alkoxyamine
modified part of the CTA (REt2Si- as opposed to H-) is a prerequisite for any further reaction
of the formed polymer (Scheme 6-4).

Scheme 6-4:

Application of the modified CTA Si-1 in ethylene polymerizations catalyzed by Pd-1 and
Pd-2 resulted in the successful incorporation of reactive functional groups at the polymer
chain ends.

The alkoxyamine radical initiator in the modified chain transfer agent Si-1 is a Styryl-TIPNO
moiety, known to initiate controlled nitroxide mediated polymerizations. Preliminary
experiments with Styryl-TIPNO showed homopolymerizations of styrene, n- or tert-butyl
acrylate at 120 °C in bulk to proceed in a controlled fashion yielding narrowly dispersed
polymers (Mw/Mn = 1.1 - 1.4, for Styryl-TIPNO to TIPNO ratio 1 : 0.05). Targeting the
formation of block copolymers, the attachment of the initiating end group is of utmost
importance. Spectroscopic analysis of the obtained polymers verified the attachment of both
initiator-derived end groups, i.e. a styryl moiety as initiating chain end and a TIPNO group at
the terminal chain end. These observations established that the designed CTA (Si-1) should
meet the requirements and open the path for formation of block copolymers.
The alkoxyamine end-functionalized polyethylene obtained via CTP (vide supra) was probed
in nitroxide mediated polymerizations of styrene, n- and tert-butyl acrylate. Increasing
molecular weights, as observed by GPC, indicate the formation of copolymers. In addition to
RI detection, UV detection, only selective to the components of the second block (styrene or
acrylate respectively) was employed and overlap of the detected traces further corroborated the
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formation of block copolymers. The obtained materials were scrutinized by extensive NMR
spectroscopy including 1H,

13

C, HSQC, HMBC, TOCSY and DOSY experiments and the

connection between the polymer blocks could be verified.

Scheme 6-5:

Alkoxyamine-terminated hyperbranched polyethylene was obtained from chain transfer
polymerization with an alkoxyamine-functionalized silane as chain transfer agent. The thus
obtained macroinitiator is suited for NMP of styrene or acrylates, yielding block
copolymers.

In short, the demonstrated strategy allows for a straightforward introduction of reactive radical
initiators as polyethylene end groups in a catalytic fashion. Application of the thus obtained
end-functionalized polyethylene as macroinitiator in nitroxide mediated polymerizations
enables the combination of different chain growth mechanisms (catalytic/ free-radical) for
generation of sought-after block copolymer architectures (Scheme 6-5).

208

Zusammenfassung

7 Zusammenfassung
Gegenstände aus Kunststoff sind aus dem tagtäglichen Leben nicht mehr wegzudenken.
Insbesondere Polyethylen wird in einer Menge von 100 Millionen Tonnen pro Jahr produziert,
um die große Nachfrage für vielseitige Anwendungen zu decken. Polyethylen an sich weist eine
unpolare Mikrostruktur auf. Der Einbau von polaren Funktionalitäten in die Polymerketten
führt zu neuen, verbesserten Eigenschaften des Materials. Beispielsweise Haftfähigkeit,
Lösemittelbeständigkeit und Mischbarkeit mit anderen polaren Materialien können verbessert
werden.
Radikalische Polymerisationsmethoden sind bestens geeignet, um vinylische Monomere,
welche polare Gruppen enthalten, zu polymerisieren. Für die radikalische Copolymerisation
von Ethylen mit polaren Monomeren werden hohe Temperaturen und Drücke benötigt. Diese
extremen Bedingungen verhindern eine präzise Kontrolle über die Mikrostruktur des gebildeten
Materials. Eine andere Polymerisationsmethode, die Insertionspolymerisation, war lange Zeit
nicht in der Lage Ethylen mit polaren Comonomeren zu polymerisieren. Dank intensiver
Bemühungen auf dem Gebiet der Katalysatorforschung ist dies nun mit Katalysatorkomplexen
basierend auf späten Übergangsmetallen möglich.36,38,40 Leider ist die Anzahl an geeigneten
Komplexarten, welche die polaren Funktionalitäten tolerieren, begrenzt und zudem können nur
Polymermikrostrukturen mit zufällig verteilten polaren Monomeren erhalten werden. Wenn es
gelingen würde, die Vorteile aus beiden Polymerisationsmethoden zu vereinen, wären neue bis
dato unerreichte Reaktionspfade für die Bildung von Copolymeren aus Olefinen und polaren,
vinylischen Monomeren möglich.
In der vorliegenden Arbeit wurde untersucht, welche Auswirkungen freie Radikale im Ablauf
einer Insertionspolymerisation haben können. Besonders ihr möglicher Einbau als funktionelle
Gruppen in die gebildeten Polymerketten wurde betrachtet. Zu diesem Zweck wurden
Ethylenpolymerisationen im Druckreaktor mit dem Salicylaldiminato Nickel Komplex Ni-1 in
Gegenwart verschiedener Sorten von Radikalquellen durchgeführt. Zwar ging die Ausbeute an
Polymer zurück, aber es konnte gezeigt werden, dass keine vollständige Unterdrückung des
Kettenwachstums

in

Anwesenheit

der

untersuchten

Radikalquellen

auftritt.

Als

Radikalinitiatoren wurden verschiedene N-Hydroxyphtalimidester (NHPI), 2′,2′,6′,6′Tetramethyl-1′-piperidinyloxy)-methyl)benzol

(Benzyl-TEMPO)

und

verschiedene

Azoverbindungen verwendet. Es wurden keine Hinweise für Polymerendgruppen, die auf die
NHPI Ester-basierten Radikalquellen oder Benzyl-TEMPO zurückzuführen wären, gefunden.
209

Zusammenfassung
Wurden dagegen die Azoinitiatoren PAT, PATF,F, und Wako-V601 verwendet, konnten
endfunktionalisierte Polyethylenketten erhalten werden. Der Einbau von Fragmenten der
Azoinitiatoren als Polymerendgruppen wurde durch 1H NMR Spektren belegt: Neben den
jeweiligen Signalen für die Phenyl- (Ph), 3,5-Difluorophenyl- (3,5-F2C6H3) und
Methylestergruppe (C(CH3)2COOMe) wurden zusätzliche Signale für die benachbarte
benzylische

Methylengruppe

detektiert.

Vergleich

mit

unabhängig

synthetisierten

Modellverbindungen und diffusionsgeordnete (DOSY) NMR Experimente bestätigten diese
Ergebnisse. Die Analyse der erhaltenen Polymermikrostrukturen zeigte eine geringe Anzahl an
Kurzkettenverzweigungen (C1, C2). Aufgrund der Abwesenheit von längeren Verzweigungen
und der insgesamt eher linearen Struktur der Polymere kann eine Bildung des Polymers durch
radikalisches Kettenwachstum ausgeschlossen werden.
In Experimenten, in denen ausschließlich PATF,F als Radikalquelle eingesetzt wurde, wurden
zusätzliche Phenylendgruppen detektiert. Es wurde deshalb vermutet, dass eine Übertragung
der Radikale auf das Lösemittel stattfindet. Die Phenylendgruppe könnte demnach von Toluol,
welches als Lösemittel verwendet wurde, herrühren. Diese Theorie bestärkt nochmals die
Bildung der Polymerendgruppen aus freien Radikalen. Sie konnte durch Polymerisation in
Heptan, p-Xylol und p-Methylanisol bestätigt werden. Während bei der Polymerisation in
Heptan keine weiteren Endgruppen erhalten wurden, führten die Polymerisationen in p-Xylol
und p-Methylanisol zu Polymeren, welche jeweils unter anderem p-Methylphenyl- und pMethoxyphenylendgruppen aufwiesen.
Der Einbau von Endgruppen, welche ihren Ursprung in Radikalquellenfragmenten haben,
deutet auf ein Zusammenspiel aus freien Radikalen und Insertionsmechanismen hin. Für Ni(II)
Komplexe ist unter anderem ein Deaktivierungsweg bekannt, welcher zur Bildung von
Nickelspezies in der Oxidationsstufe I führt, die sogenannte bimolekulare reduktive
Eliminierung.27 Die gebildeten niedervalenten Nickel(I) Komplexe können als metallzentrierte
Radikale verstanden werden und sind anfällig für Rekombinationsreaktionen.81 Ihre
Rekombination mit organischen freien Radikalen sollte wieder zurück zu einer
polymerisationsaktiven Ni(II) Spezies führen. Insertion von Ethylen in diese Ni(II) Spezies
wiederum würde ein Polymer mit Endgruppe radikalischen Ursprungs am initiierenden
Kettenende liefern. Diesem Konzept entsprechende Intermediate sind zum Beispiel NickelAryl Verbindungen Ni-2, Ni-3 und Ni-5. Sie könnten durch eine Reaktion von Nickel(I) Spezies
mit freien Radikalen (Ph•, 3,5-F2C6H3•) aus dem Zerfall der verwendeten Radikalquellen
gebildet worden sein. Die Synthese der genannten intermediären Nickelkomplexe und deren
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Einsatz in Druckreaktorexperimenten mit Ethylen zeigte, dass in der Tat eine Insertion von
Ethylen in die Nickel-Aryl-Bindung stattfindet und endfunktionalisierte Polymere entstehen.
Des Weiteren wurde ein Nickelkomplex in der Oxidationsstufe I, Ni-6, in Reaktorexperimenten
eingesetzt. Nur in Gegenwart von Radikalquellen wurde mit Ni-6 Polymer gebildet. Es wurden
Polymerendgruppen detektiert, welche von den Radikalinitiatoren stammen. Diese Ergebnisse
passen zum Konzept der Rekombination gefolgt von Ethyleninsertion in den gebildeten Ni(II)
Komplex.
Zusätzlich zum Einbau der Radikale am initiierenden Kettenende nach dem oben
beschriebenem Mechanismus wurden Hinweise für einen Einbau der Radikale am
terminierenden Ende der Kette gefunden. Für den Einbau am terminierenden Ende müsste eine
aktive Kettenwachstumsspezies mit einem freien Radikal wechselwirken. Dies würde mit der
Bildung einer inaktiven Nickelspezies (formal Nickel(I)Spezies) einhergehen. Hinweise, dass
dieser Reaktionspfad stattfindet sind a) der Rückgang der Produktivität bei eben den
Polymerisationen in denen Polymer mit radikalisch-eingeführten Endgruppen erzeugt wurde
und b) der quasi vollständige Umsatz der Nickel-Methyl Gruppe zu Toluol, wenn Ni-1 als
Model für eine wachsende Nickel-Alkylkette mit der Radikalquelle PAT erwärmt wird.
Kurzum, beide Reaktionspfade, der Einbau von Endgruppen radikalischen Ursprungs am
initiierenden und am terminierenden Ende der Polyethylenkette, wurden beobachtet.

Eine direkte Funktionalisierung von Polyethylen mit Endgruppen radikalischen Ursprungs, wie
oben beschrieben, ist nur bei Verwendung von Radikalinitiatoren möglich, welche unter den
angewandten Polymerisationsbedingungen in freie Radikale zerfallen. Die meisten
Radikalinitiatoren, die in bewährten Methoden für (kontrollierte) radikalische Polymerisation
eingesetzt werden, sind stabil unter diesen Bedingungen und zerfallen erst bei erhöhten
Temperaturen. Das heißt der Einbau solcher intakten Initiatoren, im Gegensatz zu Fragmenten
aus zerfallenen Radikalinitiatoren, in die Kettenenden des Polymers würde ihre Verwendung
als Makroinitiatoren in einem darauffolgenden Reaktionsschritt bei höheren Temperaturen
ermöglichen. In der vorliegenden Arbeit wurde erstmalig die Strategie, ein mit einem
Radikalinitiator modifiziertes Kettentransferagenz in der Ethylenpolymerisation anzuwenden,
untersucht. Mit dieser Strategie sollte das Verhältnis von funktionalisierten Polyethylenbasierten Makroinitiatoren zu eingesetzten Polymerisationskatalysatoren gesteigert werden.
Das

Verknüpfen

eines

stabilen

Radikalinitiators

mit

einem

Silan,

welches

als
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Kettentransferagenz fungiert, wurde als Weg für die Einführung des Radikalinitiators am
Kettenende gewählt.
Ein erster Ansatz zu dieser Strategie war die Untersuchung von Nickelkomplexen, die
bekanntermaßen die Polymerisation von Ethylen sowie Hydrosilylierungsreaktionen
katalysieren können. Es wurde versucht festzustellen, ob durch Silane ein Kettentransfer in der
Polymerisation von Ethylen möglich ist. Um silylierte Oligomere oder Polymere zu erhalten,
müsste

das

Verhältnis

von

Kettenwachstum

(Ethyleninsertion)

zu

Kettentransfer

(Hydrosilylierung) entsprechend groß sein. Die Hydrosilylierung von Olefinen mit
Salicylaldiminato Nickel Komplexen wurde untersucht, da diese als Modelreaktion für einen
möglichen Kettentransfer durch Silane angesehen werden kann. Während keine Reaktion für
tertiäre Silane beobachtet wurde, konnten Hydrosilylierungsreaktionen sekundärer Silane mit
den Nickel Komplexen Ni-1 und Ni-8 katalysiert werden. Eine detaillierte Analyse mittels
NMR, einschließlich

29

Si NMR Spektroskopie, brachte Produkte einer doppelten

Hydrosilylierung zum Vorschein. Beim Betrachten eines Ethylen/Diphenylsilan Gemisches in
Gegenwart der Polymerisationskatalysatoren Ni-1, Ni-7 oder Ni-8 konnten keine silylterminierten Oligomere detektiert werden. Stattdessen wurde hydrosilyliertes Ethylen mit Hilfe
einer Kombination aus 2D-, TOCSY und DOSY NMR Spektren als Hauptprodukt
nachgewiesen. Der Komplex, welcher den höchsten Umsatz in der Hydrosilylierung von
Ethylen zeigte, wurde als Katalysator in Druckreaktorexperimenten bei 20 bar Ethylendruck
unter Variation der Diphenylsilanmenge eingesetzt. Ein nachteiliger Einfluss des zugefügten
Silans konnte beobachtet werden: Die Polymerausbeute und gleichzeitig das Molekulargewicht
wurden geringer. Das wichtigste Ergebnis aus dieser Versuchsreihe ist allerdings, dass keine
Silylendgruppen in den erhaltenen Polymeren gefunden wurden. Dieser Befund unter
Bedingungen hoher Ethylenkonzentration lässt darauf schließen, dass in Ni-Alkyl Spezies die
Reaktion mit dem Silan schnell ist gegenüber dem Kettenwachstum (die Hydrosilylierung
insgesamt aber langsam ist gegenüber einer Polymerisation).
Zusammengefasst zeigen die durchgeführten Studien, dass unter diesen Bedingungen keine
Kettentransferpolymerisation mit Silanen zu silylendfunktionalisierten Polyethylenen möglich
war. Daher konnte die Strategie, funktionalisierte reaktive Endgruppen über modifizierte Silane
in Kettentransferpolymerisationen einzuführen, mit den untersuchten Salicylaldiminato Ni(II)
Komplexen nicht realisiert werden.

212

Zusammenfassung
Im Gegensatz zu Salicylaldiminato Ni(II) Komplexen sind α-Diimin Pd Komplexe dafür
bekannt, dass sie in Gegenwart von Silanen Kettentransferreaktionen eingehen. Es wurde die
Bildung von silylendfunktionalisierten Polymeren unter Verwendung tertiärer Silane
berichtet.67
Um funktionelle, reaktive Endgruppen einzuführen, die im weiteren Verlauf eine kontrollierte
radikalische Polymerisation initiieren können, wurde ein modifiziertes Kettentransferagenz
(Si-1) entworfen. Es besteht aus einem Silan, welches mit einem Alkoxyamininitiator verknüpft
wurde. Das modifizierte Agenz wurde in α-Diimin Pd-katalysierten Ethylenpolymerisationen
getestet. Wie erwartet konnte die für eine Kettentransferpolymerisation typische Abnahme des
Molekulargewichts mit zunehmender Menge an zugesetztem Kettentransferagenz beobachtet
werden. Ein linearer Zusammenhang zwischen dem reziproken Molekulargewicht der
erhaltenen Polymere und der Konzentration an Transferagenz zeigt das kontrollierte Ablaufen
der Transferreaktionen. Untersuchungen in Bezug auf den Mechanismus der Transferreaktion
mit Hilfe der Komplexe Pd-1 und Pd-2 und Triethylsilan zeigten, dass das Wasserstoffatom
des Silans (-H) auf die Substituenten der Pd-Komplexe, d.h. unter Polymerisationsbedingungen
auf die wachsende Kette, übertragen wird, während sich aus dem verbleibenden Teil des
Transferagenzes (R3Si-) ein Pd-Silyl Komplex bildet. Durch weitere Insertion von Ethylen in
den Pd-Silyl Komplex entsteht eine silyl-terminierte Polymerkette. Aus diesem Mechanismus
ergibt sich folglich, dass mit Ausnahme der ersten Polymerkette, alle weiteren Ketten, die pro
Katalysatormolekül gebildet werden (Alkoxyamin-funktionalisierte) Silylgruppen tragen.
Wenn nun Pd-2 als Katalysator verwendet wird, trägt die als erstes gebildete Polymerkette eine
Methylesterendgruppe. Dies kann ausgenutzt werden um aus der Rate von Methylester- zu
Silylendgruppen die Gesamtanzahl der Ketten, die pro Katalysatormolekül gebildet werden, zu
berechnen. Es wurde bestimmt, dass bis zu fünf funktionalisierte Ketten pro Metallzentrum
gebildet wurden. Dies stellt deutlich den katalytischen Charakter der angewendeten
Funktionalisierungsstrategie heraus.
Die erhaltenen Polymere wurden genau betrachtet und neben dem Vorhandensein der
Alkoxyamingruppe konnte die Konnektivität der dem Si benachbarten Methylengruppe zum
Polyethylenrückgrat

aufgezeigt

werden.

Die

Anbindung

des

Alkoxyaminteils

des

Kettentransferagenzes (REt2Si- und nicht H-) ist die Voraussetzung für eine weitere Reaktivität
des gebildeten Polymers.
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Der Alkoxamininitiator im modifizierten Kettentransferagenz Si-1 ist ein sogenanntes StyrylTIPNO. Dieses Motiv ist dafür bekannt, eine kontrollierte Nitroxid-vermittelte radikalische
Polymerisation zu initiieren. In Vorexperimenten war Styryl-TIPNO in der Lage Styrol, n- und
tert-Butylacrylat in Massepolymerisationen kontrolliert zu polymerisierten. Dabei wurden enge
Molekulargewichtsverteilungen erhalten. Im Hinblick auf die Bildung von Blockcopolymeren
ist die Anbindung der initiierenden Endgruppe äußerst wichtig. Durch spektroskopische
Analyse der erhaltenen Polymere konnten beide aus dem Initiator stammenden Endgruppen
nachgewiesen werden. Eine Styrol-Einheit bildet das initiierende Kettenende, während sich
eine TIPNO Gruppe am terminierenden Ende des Polymers befindet. Durch diese
Vorexperimente konnte gezeigt werden, dass das entwickelte Kettentransferagenz für die
verfolgte Strategie geeignet ist und die gewünschte Bildung von Blockcopolymeren
ermöglichen sollte.
Das in Kettentransferpolymerisationen erhaltene alkoxyamin-endfunktionalisierte Polyethylen
wurde in Nitroxid-vermittelten Polymerisationen von Styrol, n- und tert-Butylacrylat
eingesetzt. Mittels GPC detektierte zunehmende Molekulargewichte deuten auf die Bildung
von Copolymeren hin. Neben Detektion durch Brechungsindex wurde auch ein UV-Detektor
verwendet. Mittels UV-Detektion können nur die Komponenten des zweiten Blocks (Styrol
oder Acrylat) detektiert werden. Da die Spuren für beide Detektoren nahezu deckungsgleich
waren, konnte geschlossen werden, dass es sich tatsächlich um Copolymere handelt. Weiter
wurde das erhaltene Polymermaterial eingehend mittels NMR Spektroskopie, einschließlich 1H,
13

C, HSQC, HMBC, TOCSY und DOSY Experimenten, geprüft. Dabei konnte die Verbindung

zwischen den beiden Polymerblöcken der Copolymere eindeutig nachgewiesen werden.
Kurz gesagt, die aufgezeigte Strategie ermöglicht den direkten Einbau eines reaktiven
Radikalinitiators als Polyethylenendgruppe auf katalytischem Weg. Das erhaltene
endfunktionalisierte

Polyethylen

kann

als

Makroinitiator

in

Nitroxid-vermittelten

Polymerisationen fungieren und dadurch begehrte Blockcopolymerarchitekturen erzeugen. Die
Kombination verschiedener Kettenwachstumsmechanismen (katalytisches und radikalisches
Wachstum) ist somit möglich geworden.
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8 Crystallographic Appendix
Single crystal X-ray diffraction analysis was performed at 100 K on a STOE IPDS-2T
diffractometer equipped with a graphite-monochromated radiation source (Mo-Kα, λ =
0.71073 Å) and an image plate detection system. Crystals were mounted on a fine glass fiber
with silicon grease. The selection, integration and averaging procedure of the measured reflex
intensities, the determination of the unit cell dimensions and a least-squares fit of the 2θ values
as well as data reduction, LP-correction and space group determination were performed using
the X-Area software package delivered with the diffractometer.211 A semi empirical absorption
correction was performed. The structures were solved by Patterson or Direct methods,
completed with difference Fourier synthesis, and refined with full-matrix least-square using
SHELXL212 minimizing ω(F02-Fc2)2. Weighted R factor (ωR2) and the goodness of fit (GooF)
are based on F2. All non-hydrogen atoms were refined with anisotropic displacement
parameters. All hydrogen atoms were treated in a riding model unless otherwise noted.
Graphical output (ORTEP) were created using ORTEP-3 V2.02 for Windows.213
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Table 8-1:

Crystal data and structure refinement for precursor complex trans-NiCl(3,5F2C6H3)(PPh3)2 and complex Ni-3.

trans-NiCl(3,5-F2C6H3)(PPh3)2,
precursor complex

(N^O)Ni(3,5-F2C6H3)(PPh3),
complex Ni-3

Identification code

CCDC 1867905

CCDC 1867906

Empirical formula

NiP2F2ClH33C42

C51H58F2NNiO2P

Formula weight

731.78

844.66

Temperature/K

100.15

100(2)

Crystal system

monoclinic

orthorhombic

Space group

C2/c

Pbca

a/Å

30.115(3)

16.8680(10)

b/Å

11.645(2)

20.0011(13)

c/Å

20.4586(19)

26.7439(18)

α/°

90

90

β/°

102.223(8)

90

γ/°

90

90

Volume/Å3

7012.0(17)

9022.8(10)

Z

8

8

ρcalcg/cm3

1.386

1.244

μ/mm-1

0.762

0.513

F(000)

3024.0

3584.0

Crystal size/mm3

0.3 × 0.22 × 0.15

0.3 × 0.15 × 0.05

Radiation

MoKα (λ = 0.71073)

MoKα (λ = 0.71073)

2Θ range for data collection/° 3.762 to 53.648

3.046 to 51.996

Index ranges

-38 ≤ h ≤ 37, -14 ≤ k ≤ 14,
-25 ≤ l ≤ 25

-20 ≤ h ≤ 20, -24 ≤ k ≤ 15,
-32 ≤ l ≤ 32

Reflections collected

48410

40406

Independent reflections

7460 [Rint = 0.0983,
Rsigma = 0.0497]

8661 [Rint = 0.1776,
Rsigma = 0.1612]

Data/restraints/parameters

7460/0/433

8661/0/532

Goodness-of-fit on F2

1.029

0.888

Final R indexes [I>=2σ (I)]

R1 = 0.0323, wR2 = 0.0786

R1 = 0.0583, wR2 = 0.0965

Final R indexes [all data]

R1 = 0.0442, wR2 = 0.0820

R1 = 0.1466, wR2 = 0.1341

Largest diff. peak/hole / e Å-3

0.38/-0.57

0.27/-0.31
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Precursor Complex trans-NiCl(3,5-F2C6H3)(PPh3)2

Figure 8-1:

Ortep of trans-NiCl(3,5-F2C6H3)(PPh3)2, hydrogen atoms omitted for clarity. The ellipsoids
shown represent 50 % probability.

Figure 8-2:

Ortep of trans-NiCl(Ph)(PPh3)2 for comparison, hydrogen atoms omitted for clarity. The
ellipsoids shown represent 50 % probability. The structure agrees with reported data.214

Single crystals of the precursor complex trans-NiCl(3,5-F2C6H3)(PPh3)2 were grown from
toluene layered with pentane. A suitable crystal was selected and mounted on a STOE IPDS 2T
diffractometer. The crystal was kept at 100.15 K during data collection. The structure was
solved with the ShelXS 2016/6 software215 by using direct methods and refined with the
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ShelXL212 refinement package using least squares minimization. Graphical representations
were created by the ORTEP-3 V2.02. for Windows XP software package.213

Complex Ni-3, [(N^O)Ni(3,5-F2C6H3)(PPh3)]

Figure 8-3:

Ortep of complex Ni-3, i.e. [(N^O)Ni(3,5-F2C6H3)(PPh3)], hydrogen atoms omitted for
clarity. The ellipsoids shown represent 50 % probability. The asymmetric unit contains one
diethyl ether molecule.

Single crystals of [(N^O)Ni(3,5-F2C6H3)(PPh3)], complex Ni-3 were grown from diethyl ether.
A suitable crystal was selected and mounted on a STOE IPDS 2T diffractometer. The crystal
was kept at 100.15 K during data collection. The structure was solved with the ShelXS 2016/6
software215 by using direct methods and refined with the ShelXL212 refinement package using
least squares minimization. Graphical representations were created by the ORTEP-3 V2.02. for
Windows XP software package.213
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Table 8-2:

Crystal data and structure refinement for α–diimine Pd complexes Pd-1 and Pd-2.

[(2,6-iPr2C6H3-N=C(Me)C(Me)=N-2,6-iPr2C6H3)
Pd(CH2)3C(O)OMe]BArF,
complex Pd-1

[(2,6-iPr2C6H3-N=C(Me)C(Me)=N-2,6-iPr2C6H3)
Pd(Me)(NCCH3)]BArF,
complex Pd-2

Identification code

CCDC 1968074

CCDC 1968956

Empirical formula

C65H61BN2O2F24Pd

C63H58BF24N3Pd

Formula weight

1475.36

1430.33

Temperature/K

100.15

100.15

Crystal system

triclinic

triclinic

Space group

P-1

P-1

a/Å

12.4860(5)

12.7207(5)

b/Å

15.7992(7)

15.1193(7)

c/Å

18.2813(8)

16.6268(6)

α/°

74.958(3)

93.278(3)

β/°

70.373(3)

98.104(3)

γ/°

83.080(3)

98.439(3)

Volume/Å3

3278.2(3)

3121.7(2)

Z

2

2

ρcalcg/cm3

1.495

1.522

μ/mm-1

0.396

0.411

F(000)

1496.0

1448.0

Crystal size/mm3

0.35 × 0.233 × 0.05

0.5 × 0.35 × 0.05

Radiation

MoKα (λ = 0.71073)

MoKα (λ = 0.71073)

2Θ range for data collection/° 3.466 to 53.814

3.798 to 53.65

Index ranges

-15 ≤ h ≤ 15, -19 ≤ k ≤ 19,
-22 ≤ l ≤ 23

-16 ≤ h ≤ 14, -19 ≤ k ≤ 19,
-21 ≤ l ≤ 21
27373

Reflections collected

32280

Independent reflections

13902 [Rint = 0.0343,
Rsigma = 0.0433]

Data/restraints/parameters

13902/0/935

13210 [Rint = 0.0216,
Rsigma = 0.0286]
13210/0/862

Goodness-of-fit on F2

1.038

1.021

Final R indexes [I>=2σ (I)]

R1 = 0.0711, wR2 = 0.1520

R1 = 0.0393, wR2 = 0.0891

Final R indexes [all data]

R1 = 0.1098, wR2 = 0.1769

R1 = 0.0508, wR2 = 0.0946

Largest diff. peak/hole / e Å-3

1.23/-1.00

0.84/-0.70

219

Crystallographic Appendix
Complex Pd-1, [(N^N)Pd(CH2)3C(O)OMe]BArF

Figure 8-4:

Ortep of complex Pd-1, hydrogen atoms and second disordered positions of the CF3 group and chelate omitted for clarity. The ellipsoids shown represent 50 % probability.

Figure 8-5:

Ortep of the α–diimine Pd cation of complex Pd-1, hydrogen atoms and second disordered
position of the chelate omitted for clarity. The ellipsoids shown represent 50 % probability.

Single crystals of [(2,6-iPr2C6H3-N=C(Me)-C(Me)=N-2,6-iPr2C6H3)Pd(CH2)3C(O)OMe]
BArF (Pd-1) were grown from dichloromethane layered with pentane. A suitable crystal was
selected and mounted on a STOE IPDS 2T diffractometer. The crystal was kept at 100.15 K
during data collection. Using Olex2216, the structure was solved with the ShelXT217 structure
solution program using Intrinsic Phasing and refined with the ShelXL212 refinement package
using Least Squares minimization. One CF3 -group split into two positions and was refined to
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60:40 occupancy, the palladium carbyl chelate split into two positions and was refined to 80:20
occupancy. Graphical representations were created by the ORTEP-3 V2.02. for Windows XP
software package.213

Complex Pd-2, [(N^N)Pd(Me)(NCCH3)]BArF,

Figure 8-6:

Ortep of complex Pd-2, hydrogen atoms omitted for clarity. The drawn ellipsoids represent
50 % probability.

Single crystals of [(2,6-iPr2C6H3-N=C(Me)-C(Me)=N-2,6-iPr2C6H3)Pd(Me)(NCCH3)]BArF
(Pd-2) were grown from dichloromethane layered with pentane. A suitable crystal was selected
and mounted on a STOE IPDS 2T diffractometer. The crystal was kept at 100.15 K during data
collection. Using Olex2216, the structure was solved with the ShelXT217 structure solution
program using Intrinsic Phasing and refined with the ShelXL212 refinement package using Least
Squares minimization. One isopropyl group split into two positions and was refined to 50:50
occupancy. Graphical representations were created by the ORTEP-3 V2.02. for Windows XP
software package.213
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