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1. General Introduction 

Polyolefins, namely polyethylene and polypropylene, are amongst the most important classes 

of materials. Polyolefins are cheap in production and have a wide range of applications in our 

daily life. For the preparation of polyethylene, ethylene can be polymerized by a free-radical 

or an insertion polymerization mechanism. The free-radical process is generally performed at 

high pressure of around 1500 bar at a high temperature of ca. 200 °C. The polymer 

microstructure is restricted to a certain branched character (LDPE).1 Linear polyethylene can 

be prepared at enormous pressure of 5000-7000 bar at 50-80 °C. The conditions required are, 

however, industrially very unattractive.2 Since the seminal discoveries of Ziegler3 and Natta4, 

insertion polymerization of ethylene and propylene has been developed to an even larger scale 

than the free-radical pathway. Nowadays, around 70 million tons of polyethylene and 

polypropylene are produced catalytically, and another 16 million tons of polyethylene are 

produced free-radically.5 The insertion polymerization which is performed with 

heterogeneous early transition metal catalysts based on titanium or chromium, allows for the 

synthesis of linear polyethylene devoid of branches (HDPE) and branched polyethylene by 

copolymerization with 1-olefins (LLDPE) (Scheme 1.1) or highly isotactic polypropylene 

(iPP). Due to its entirely aliphatic character, this class of materials is apolar. 

 

Scheme 1.1 Synthesis of low density polyethylene (LDPE), high density polyethylene (HDPE) and linear low 
density polyethylene (LLDPE) 
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Insertion polymerization of polar substituted, vinylic monomers and insertion 

copolymerization of ethylene with polar monomers is not feasible with early transition metal 

catalysts which are based on Ti, Zr, Cr or V. This is due to an irreversible coordination and 

further reactions of the functional group to the highly oxophilic, catalytically active metal 

center, thus blocking the catalyst for incoming monomers to coordinate via the double bond 

and subsequently insert. Although early transition metal catalysts do not undergo 

coordination-insertion polymerization with polar monomers, they are able to polymerize them 

by a coordination-addition polymerization mechanism which e.g. allows control on the 

stereoselectivity. In addition, block copolymers of aliphatic monomers such as ethylene or 

propylene with methyl methacrylate are possible by irreversible switching from coordination-

insertion to coordination-addition polymerization using Zr and Ti-based metallocenes.6 

Polymers of polar monomers such as methyl (meth)acrylate or acrylonitrile are a class of 

materials with an immense number of different applications. In many applications of 

acrylonitrile copolymers, the polarity introduced with the nitrile group is explicitly a 

desireable feature. Resistance towards hydrocarbons, ubiquitous in fuels and lubricants is for 

example enhanced. Well-known examples for acrylonitrile containing materials are e.g. 

styrene-acrylonitrile resins (SAN) or (hydrogenated) nitrile butadiene rubber ((H)NBR). All 

these types of materials are produced by either free-radical or anionic polymerization 

methods.1,80  

Despite the virtual lack of microstructure control of free-radical polymerization of ethylene, 

one attractive feature is the possibility of introducing polar vinyl monomers such as acrylates. 

Incorporated polar groups strongly affect the polymer’s properties such as crystallinity, 

toughness, adhesion and solvent resistance. These polymers are e.g. used as additives to 

enhance processability of polyethylene, polypropylene, polystyrene or polyethylene 

terephthalate.7  
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Besides the free-radical copolymerization of aliphatic and polar vinyl monomers, post-

polymerization techniques allow for the functionalization of pre-formed polyolefins (Scheme 

1.2). This methods often suffer from numerous side reactions due to harsh reaction conditions 

resulting in rather ill-defined functionalization, or require complex synthetic approaches.8,9  

Another promising approach is metathesis polymerizations. Ring opening metathesis 

polymerizations (ROMP) of functionalized cycloolefins or acyclic diene metathesis 

(ADMET) of functionalized α,ω-dienes result in either randomly or periodically 

functionalized, unsaturated polymers. Polymer-analogous hydrogenation results in 

functionalized polyethylenes.10 One major drawback is the limited accessibility of the 

monomers required. Since several polar vinyl monomers are large scale industrial products, 

also from the view point of availability of monomers, a direct insertion copolymerization is a 

preferential route to polar-substituted polyolefins. In addition, a possible microstructure 

comtrol via the catalyst is an attractive option. 

 

Scheme 1.2 Synthesis of functionalized polyolefins 
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In contrast to the highly oxophilic early transition metal catalysts, late transition metals show 

reduced affinity towards polar groups. However, they are more prone to β-hydride 

elimination, resulting in shorter polymer chains. Exactly this characteristic is the basis for the 

Shell-Higher-Olefin-Process (SHOP) (Scheme 1.3). Neutral (P^O) nickel catalysts are used to 

produce α-olefins by ethylene oligomerization. The reaction is performed in protic 1,4-

butandiol in which the oligomers are not soluble. This allows for a efficient and mild 

separation of the catalyst from the products.11,12,13 Variations of the bidentate ligand in some 

cases afforded polyethylenes with a high weight average (Mw) molecular weight. This goes 

along with a broad molecular weight distribution (Mw/Mn up to 40).14,15 In all cases where 

number average molecular weights were also analyzed, these were limited to ca. Mn 104 g 

mol-1. Interestingly, the reaction media can also have a profound impact on polymer 

molecular weight. Thus, polyethylenes with Mn 3 × 104 g mol-1 (Mw/Mn = 3.2) are formed in 

heptane with Ni(II)-phosphinesulfonato catalysts whereas the same catalysts afford oligomers 

in toluene.16 

 

Scheme 1.3 Ethylene oligomerization with (P^O)Ni catalysts in alcoholic media (SHOP) 

 

1.1. Cationic αααα-Diimine Catalysts 

 

The discovery of cationic nickel and palladium diimine complexes as polymerization catalysts 

by the group of Maurice Brookhart in the mid-1990s represents a milestone for late transition 

metal catalyzed polymerization. The nickel complexes were found to be highly active in 

ethylene polymerization affording polymer with molecular weights up to Mn = 65 × 104 g 

mol-1. The polymer microstructure can be adjusted from highly branched and completely 
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amorphous to predominantly linear and semicrystalline by tuning of temperature and ethylene 

pressure.17  

The palladium catalysts allow the copolymerization of ethylene with acrylates (Scheme 1.4). 

The copolymers obtained are highly branched with ca 100 branches per 1000 carbon atoms 

and contain up to 25 mol-% of incorporated acrylate.18 The high branching and the fact that 

acrylates are predominantly incorporated at the end of the branches are attributed to a 

sequence of β-hydride elimination, followed by olefin rotation and re-insertion.  

Pd

iPr

iPr

iPr

iPr
CH3L L: OEt2

BArF4

COOR+

COOR

 
Scheme 1.4 Copolymerization of ethylene and acrylates with cationic palladium diimine catalysts 

 
This so-called chain walking mechanism is mechanistically well understood (Scheme 1.5).17,19 

Insertion of methyl acrylate preferentially proceeds in a 2,1 fashion forming a 4-membered 

chelate. This chelate isomerizes via a 5-membered chelate to a stable 6-membered chelate 

which was found to be the catalyst resting state since further insertions require opening of this 

κ-O chelate.  

 

Scheme 1.5 „Chain Walking“ mechanism after acrylate insertion 

 

This catalyst system can further copolymerize ethylene with vinyl ketones18  and vinyl 

silylether.20 Other comonomers of interest such as vinyl acetate, vinyl alkyl ether, acrylamide, 
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vinyl halides or acrylonitrile are not amenable for copolymerization. Concerning vinyl 

acetate, vinyl alkyl ether or vinyl chloride, it was found that the catalyst indeed inserts these 

monomers but tends to β-X elimination to form inactive Pd-X species.21,22 

 

1.2. Neutral Phosphinesulfonato Palladium Catalysts 

 

Scheme 1.6 Copolymerization of ethylene and acrylates with an in-situ mixture of phosphoniumsulfonate and 
palladium source 

In 2002, Drent and co-workers published an in-situ formed polymerization catalyst which was 

generated from protonated arylphosphonium sulfonates and palladium sources such as 

[Pd0(dba)2] or [PdII(OAc)2]  (Scheme 1.6). This catalyst was able to copolymerize ethylene 

with acrylates to linear copolymers in which the acrylates are randomly incorporated into the 

polymer chain.23 Subsequent work of Rieger24 and Nozaki25 confirmed the active species to 

be a neutral phosphinesulfonato Pd(II) system. 

1.2.1. Catalyst modifications 

 

Based on the ortho phosphine benzenesulfonato scaffold, various modifications have been 

performed and investigated in polymerization experiments in the last years. The 

corresponding nickel16,26,27,28 and ruthenium29 complexes result in catalysts which are highly 

active for ethylene homopolymerization but are unable for copolymerization with polar 

monomers. Studies of Pd(II) catalysts have largely employed well-defined precursors rather 

than the aforementioned in-situ systems, namely complexes [(P^O)PdMe(L)]. Here, the 

binding strength of the additional ligand L strongly impacts catalyst activity. Dissociation of 
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L is a prerequisite for formation of the active olefin-complex. Competitive binding of olefinic 

substrate and ligand L introduced with the catalyst precursor will slow down the 

polymerization (Figure 1.1). For instance, Claverie et al. showed that for a catalyst bearing 

pyridine as ligand at the fourth coordination site, the ratio of pyridine-bound to ethylene-

bound palladium under typical polymerization conditions (85 °C, 10-20 atm ethylene 

pressure) is ca 98:2.30 That is, the majority of palladium centers are in a dormant, inactive 

state. ‘Base-free’ catalysts, which were suggested to consequently exhibit highest activity, 

were prepared by abstraction of the coordinated pyridine with boranes.31,32 The absence of 

any additional labile ligand at the fourth coordination site resulted in rather ill-defined catalyst 

agglomerates by intermolecular coordination of the sulfonate moiety rendering the products 

insoluble in common polymerization solvents and thus decreasing activity. Dimethyl 

sulfoxide (dmso) was found to be an appropriate labile ligand which could be easily displaced 

by monomers and significantly increases activity. This allowed for polymerizations at higher 

comonomer concentrations with still reasonable polymer yields so that ethylene/methyl 

acrylate copolymers with acrylate contents > 50 mol-% were achieved.33 The lowest 

coordination strengths were found for phosphine oxides. These ligands represent a limit in 

coordination. Electron-poor phosphine oxides e.g. are too weakly coordinating and dissociate 

from the palladium center during workup.34 The perhaps most general approach was found in 

the in-situ chloride abstraction of [(P^O)Pd(Me)Cl]- Na+ which results in a ‘base-free’, but 

temporarily soluble active species.35 
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Figure 1.1 Examples of modifications at the P^O scaffold and the fourth coordination site 

Several modifications were reported for the non-chelating phosphine substituents in order to 

improve e.g. molecular weights, activity or incorporation of comonomers (Figure 1.1).36,37 By 

exchanging the 2-anisyl moiety for a sterically more bulky 2-(2,6-(MeO)2C6H3)C6H4, the 

catalyst becomes highly active for ethylene homopolymerization. In addition, molecular 

weights become much higher with Mn > 100 000 g mol-1. This can be ascribed to the more 

bulky phosphine substituents which block the axial positions and thus hinder chain transfer. 

This bulkiness may also be the reason for low incorporations of methyl acrylate in 

copolymerization studies with ethylene since it is more bulky in comparison to ethylene.38 

Another catalyst modification with outstanding reactivity is the di-tbutyl substituted complex 

which shows high activity at a moderate polymerization temperature of only 30 °C in 

homopolymerization of ethylene, but again, discriminates polar comonomers such as methyl 

acrylate in copolymerization studies.39 This is again attributed to the steric shielding of the 

tbutyl groups. A phosphorus-substitution pattern which is competitive with the prototypical 

di-2-anisyl substituted complex in terms of acrylate incorporation is the unsymmetrical 

substituted tbutyl/phenyl P^O precursor. Incorporation degrees are similar in 

copolymerization studies of ethylene and methyl acrylate with slightly higher molecular 

weights and concomitant lower activity.39 
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Despite the multitude of different substituents at the (P^O) scaffold that were published in the 

last decade, there is an obvious lack of understanding, how structural modifications affect the 

reactivity of the complexes in polymerization reactions. One reason is that steric 

modifications usually also affect electronic properties and vice versa.  

In a general sense, one of the most remarkable features of insertion polymerization is the 

ability of stereocontrol. This is illustrated by isotactic polypropylene, where the macroscopic 

materials properties are strongly influenced by the stereostructure. Regarding insertion 

polymerization of polar vinyl monomers, a first step was recently achieved with unsymmetric 

ligands with different non-chelating P-aryl substituents of different, moderate steric bulk.40 

1.2.2. Mechanistic Considerations 

 

Mechanistic aspects of the phosphinesulfonato palladium catalysts have been thoroughly 

investigated in both experimental and theoretical studies.41 For chain propagation, it is 

suggested that prior to insertion, a cis-trans isomerization takes place via a pseudo Berry-

rotation, probably with participation of an additional donor,42 which results in the Pd-alkyl 

chain being now in trans position to the phosphorus (Atrans) (Scheme 1.7). Insertion from this 

less stable trans-complex was calculated to be energetically preferred in comparison to the 

insertion starting from the cis-product (Acis). This is attributed to the enhanced migratory 

ability of the polymer chain due to the strong trans-effect of the phosphorus in combination 

with a strong back-donation of the palladium to the coordinated olefin in trans-position to the 

sulfonato ligand which possesses weak σ-donor and weak π-acceptor properties.  
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Scheme 1.7 Mechanism of chain growth and β-hydride elimination in phosphinesulfonato Pd systems 

 

A second important reaction pathway which occurs during polymerization is β-hydride 

elimination. Again, it was found that the transition state therefore is lower for the trans 

species (Btrans→Ccis) than for the cis species (Bcis→Ctrans). Barriers for insertion of ethylene in 

Atrans, β-hydride elimination from Bcis to Ctrans as well as all routes to Btrans from which 

insertion and elimination can occur are in a comparable energetic range. Under the 

consideration that ethylene is present in a large excess, this results in a preferential chain 

growth rather than elimination which prevails only at low ethylene concentration according to 

DFT studies.41 

This simplified picture turns more complex in the presence of polar vinyl monomers (Scheme 

1.8). κ-π Coordination of the polar vinyl monomer is a prerequisite for insertion. κ-X 

coordination becomes a competing coordination mode which renders the catalyst inactive. 
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The strength of κ-X coordination depends on (i) the electron density of the metal center and 

on (ii) the nature of the functional group. Electron poor metal centers tend to stronger κ-X 

coordination whereas electron rich metal centers prefer κ-π coordination. Nitriles coordinate 

more strongly than esters, thus κ-X coordination plays a more pronounced role for 

acrylonitrile than for methyl acrylate. The effect of different donors in polymerization 

reactions was thoroughly investigated in NMR and pressure reactor polymerization 

experiments.47 Equilibrium constants of added donor and the coordinated dmso in 

[(P^O)Pd(Me)dmso] were determined and were set in relation to the inhibition of the 

polymerization catalyst. Functional groups with rather lower coordination ability vs dmso 

(Keq ~ 10-2) such as methyl esters which represent κ-X coordination in ethylene/methyl 

acrylate copolymerizations only slightly affect the catalyst’s activity. E.g. turnover 

frequencies decrease from 12.4 × 105 to 9.4 × 105 (10 bar ethylene pressure, 80 °C 

polymerization temperature) in the presence of ethyl acetate (0.05 M in toluene). Stronger 

coordinating substrates, such as nitriles (Keq ~1), in contrast, inhibit the catalyst more 

pronouncedly. In this particular case, addition of acetonitrile (0.05 M in toluene) lowers 

activity to a turnover frequency of merely 0.3 × 105 (Scheme 1.9).    

 

Scheme 1.8 General mechanistic features of ethylene/polar vinyl monomer copolymerizations 
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Scheme 1.9 Inhibition of ethylene polymerization using  dmso-substituted phosphinesulfonato Pd(II)Me catalyst 
by saturated compounds with various polar groups (10 bar ethylene pressure, 80 °C, 0.05 M of additive in 
toluene) 

 

The regioselectivity of monomer insertion is affected by electronic and steric issues. 

Acrylates, and more generally electron poor monomers prefer 2,1-insertion which is 

presumably due to interactions of the orbitals of the Pd-alkyl and the olefinic double bond. 

Considering steric issues, a 2,1-insertion results in a crowded α-carbon adjacent to the metal 

center and affords steric interactions of the last inserted monomer with the ligand system. 

This was shown for methyl methacrylate which is also electron poor, but sterically more 

demanding. Insertion of methacrylates was found to proceed preferentially in a 1,2-insertion 

fashion.35  

The 2,1-regioselectivity of acrylates can also be converted to an exclusive 1,2-insertion by 

sterically demanding ligand systems as shown for diazaphospholidene sulfonato palladium 

catalysts (Scheme 1.10). This is due to a destabilization of the transition state of 2,1-

insertion.43,44 Electron rich monomers such as vinyl acetate, in contrast, prefer 1,2-insertion 

due to inverted polarity of the olefinic double bond in comparison to electron poor monomers. 
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Scheme 1.10 Regioselective insertion of methyl acrylate with diazaphospholidene sulfonato- and 
phosphinesulfonato Pd-CH3 complexes 
 

The insertion of methyl acrylate has been studied intensively experimentally and 

theoretically.32,45 Analogous to ethylene insertion, a preceding cis-trans isomerization occurs 

in which the Pd-alkyl is in trans position to the phosphorus (Scheme 1.11). The insertion 

initially affords a product which is stabilized by γ-agostic interactions and ends up in a 4-

membered κ-O chelate. This chelate is rather weak, e.g. insertion of methyl acrylate in the 

dmso substituted (P^O)PdMe complex does not result in formation of this chelate but in a 2,1-

inserted complex in which the fourth coordination site is occupied by dmso.33 A unique 

feature of this catalyst is the ability for consecutive acrylate insertions. A second acrylate 

insertion into the 2,1-inserted complex again proceeds via a cis-trans isomerization and a γ-

agostic stabilized intermediate which rearranges to the thermodynamically stable 6-membered 

chelate. This chelate exhibits two stereocenters and thus a meso- and a rac form exist in a 3:2 

ratio according to 1H NMR and x-ray diffraction analyses for the di(2-anisyl) substituted P^O 

system. This stable chelate is a key compound for any acrylate homooligomerization or 

ethylene/acrylate copolymerization as opening of this chelate by an incoming monomer is a 

prerequisite for further chain growth. Studies suggest that the opening of the chelate requires 

ca 100 kJ mol-1.32 This is in the same range as the overall insertion barrier of olefin and thus 

agrees with the observed accessibility of copolymers with > 50 mol-% acrylate content or 

acrylate homooligomerization. 
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Scheme 1.11 Mechanism of consecutive acrylate insertions  

 

1.2.3. Monomer Scope 

 

These neutral phosphinesulfonato palladium catalysts show an outstanding tolerance towards 

polar vinyl monomers (Scheme 1.12).23,46,47,48,49,50,51,52,53,54 This broad scope of monomers 

even include the copolymerization of ethylene with acrylonitrile55,56 and vinyl acetate.57 

Acrylate incorporation of > 50 mol-% was achieved and even acrylate oligomerization to low 

molecular weight material with DPn ~ 20 is possible.33 Very recently the copolymerization of 

ethylene with vinyl chloride was found to be feasible. Incorporation of vinyl chloride is 

competitive with ethylene incorporation into the Pd-hydride formed after chain transfer but 

not into the growing chain. This results in an incorporation of vinyl chloride in the aliphatic 

end groups exclusively.58  
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Scheme 1.12 Selection of comonomers for ethylene copolymerization by phosphinesulfonato palladium catalysts 

 

In addition to copolymerizations with ethylene, various copolymerizations with CO are 

reported. This catalyst shows unique reactivity in ethylene-CO copolymerization in that a 

non-alternating copolymer was obtained for the first time.59 Alternating copolymers have 

been reported for vinyl acetate,60 and methyl acrylate.61 The synthesis of a P-chiral 

phosphinesulfonato complex even allows the copolymerization of vinyl acetate, methyl 

acrylate and styrene with CO with controlled regio- and stereoselectivity to syndiotactic 

materials.62 
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2.  Scope of the Thesis 

 
In the past six years, the longstanding issue of polar vinyl monomer insertion polymerization 

has seen strong advances. A broad range of monomers, including even vinyl acetate and 

acrylonitrile, is now amenable to copolymerization with ethylene. Also, a mechanistic 

understanding has been established which identifies relevant limitations. Thus, coordination 

of the functional group of free or incorporated polar monomer to the active sites reversibly 

hinders chain growth and slows down polymerization. This background raised the following 

issues, which are addressed in this thesis. 

While a range of different copolymers has been characterized on a molecular level, studies of 

relevant material properties had been lacking. This is a prerequisite for identifying potential 

applications. 

The scope of polar vinyl monomers amenable to insertion polymerization excludes acidic 

polar groups, although incorporation of such groups is very desirable for e.g. compatibility 

with inorganic surfaces. 

Mechanistically, reversible deactivation pathways are quite well understood. However, the 

possibility of irreversible deactivation routes had not been considered at all for these 

copolymerizations, although this would obviously have a decisive impact. 
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3. Saturated polar-substituted Polyethylene 
Elastomers from Insertion Polymerization 

 

3.1. Introduction 

 

Elastomers are used for a myriad of applications, and virtually and technical system 

comprises elastomers as an essential component. Examples are tires and pulleys, seals and 

gaskets, power transmission and conveyor belts to name only a few. Ethylene-propylene 

rubbers (EPR) and ethylene-propylene-diene monomer-rubbers (EPDM) are widely used 

rubbers exhibiting a fully saturated hydrocarbon backbone. Due to the saturated backbone, 

these materials e.g. possess an outstanding ozone resistance. In terms of solvent resistance, 

they are sufficiently resistant towards polar organic and inorganic compounds. However, they 

are prone to swelling in aliphatic compounds such as oils, fats or fuel. Exposure to such 

apolar liquids is ubiquitous in many applications e.g. automotives. To overcome this 

drawback, incorporation of polar moieties is desirable. The catalysts used for the production 

of EPRs are based on early transition metals, such as vanadium or titanium catalysts. Due to 

their high oxophilicity, the active sites are irreversibly deactivated by heteroatom-containing 

polar monomers. In contrast, free-radically produced acrylonitrile-butadiene rubbers (NBR) 

exhibit excellent resistance towards apolar compounds. However, the butadiene-derived 

repeat units contain a residual double bond which is subject to undesired aging in 

applications.1 Thus, a post-polymerization hydrogenation is necessary (HNBR) to enhance 

their stability for applications as high performance materials under harsh environmental 

conditions. Homogenous rhodium or ruthenium catalysts are used for this purpose. While this 

reaction is run on a large scale, it is technically and economically very demanding. Depending 

on the degree of hydrogenation, completely hydrogenated material (> 99 %) is crosslinked 
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with peroxides or radiation or in case of partial hydrogenation (< 99 %), crosslinking is 

performed with sulfur.  

An alternative to such two-step polymerization and post-polymerization modification 

procedures would be the direct synthesis of saturated polar-substituted rubbers by catalytic 

polymerization. With respect to the challenging issue of insertion polymerization of polar 

vinyl monomers, substantial advances have been made most recently. Neutral 

phosphinesulfonato Pd(II) catalysts were found to be compatible with a broad scope of polar 

substituted monomers23,33,38,47,48,50,52,59,63,64 in ethylene copolymerizations, comprising even 

acrylonitrile,55 vinyl acetate.57 To date, such copolymerizations have not been studied with 

regard to tailoring material properties. This chapter provides a direct route via insertion 

polymerization to saturated polyethylene-based materials containing polar and crosslinkable 

groups and the mechanical properties of the resulting elastomers. 
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3.2. Results and Discussion 

3.2.1. Stoichiometric NMR insertion studies of relevant acrylic monomers 

 

Concerning the introduction of hitherto unexplored substituents and reactive groups in polar 

vinyl comonomers, their compatibility with the insertion polymerization catalyst is essential. 

In addition, a knowledge of relative insertion reactivities is advantageous to choose 

appropriate polymerization conditions. Monomers with either crosslinkable moieties or 

lipophobic substituents were screened regarding their reactivities. Insertion reactivity towards 

the catalyst precursor 1-CH3-dmso was studied in order to evaluate reaction rates and 

undesired side reactions due to the functional group (Figure 3.1). In a typical experiment, 1-

CH3-dmso (30 mM in CD2Cl2) was exposed to a ca 20-fold excess of monomer at room 

temperature and the insertion was recorded by periodically acquired 1H NMR spectra. The 

excess of monomer allows the extraction of a pseudo first-order rate constant. In all cases, 

insertion occurs predominantly in a 2,1-fashion as illustrated in Figure 2.1. The characteristic 

resonances for the 2,1-insertion, exemplified for the insertion of fluoro acrylate, are a triplet at 

δ(1H) 0.28 ppm for the methyl group which is coupled with 3JHH = 7 Hz to the adjacent 

methylene group. The latter possesses diastereotopic protons at δ 0.85 ppm and 1.40 ppm. 

The α-methine resonates at δ 1.72 ppm. Only minor traces (< 3 %) of the 1,2-insertion 

product are observed which gives rise to a characteristic doublet resonance at δ(1H) ~ 1.1 

ppm, coupled to an adjacent methine group.44 Furthermore, the resonance for the dmso -which 

is low-field shifted upon coordination to palladium- remains low-field shifted after complete 

conversion of the Pd-Me of 1-CH3-dmso, e.g. dmso resonates at δ(1Η) 2.94 ppm in 1-CH3-

dmso and is up-field shifted after insertion to δ(1H) 2.81 ppm vs free dmso (δ(1H) 2.54 ppm 

in CD2Cl2). This indicates that the dmso introduced with 1-CH3-dmso is coordinated to the 

metal center also in the insertion product (Figure 3.28 and Figure 3.29).  
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Fluoro acrylate, 2-ethyl hexyl acrylate and siloxane acrylate insert with similar net rates in the 

range of kobs(25 °C, 30 mM Pd(II)) = 3.25 × 10-4 s-1 to 4.65 × 10-4 s-1. Glycidyl acrylate 

possesses slightly higher insertion rates with kobs(25 °C, 30 mM Pd(II)) =  8.19 × 10-4 s-1 

(Figure 3.1). Overall, the insertion rates for the acrylic monomers do not differ strongly from 

the rate found for the insertion of methyl acrylate under otherwise identical conditions, which 

suggests that the additional functional groups do not adversely affect insertion of acrylate 

(kobs(25°C, 30 mM Pd(II)) = 6.67 × 10-4 s-1 for methyl acrylate). A considerably faster 

insertion into 1-CH3-dmso was found for norbornene anhydride as a strained reactive olefin. 

Conversion of Pd-Me was already complete after less than 5 minutes at 25 °C which 

corresponds to an insertion rate constant of kobs(25 °C, 30 mM Pd(II)) of ca 10-3 s-1. Note that 

the preferred insertion mode for norbornenes is generally the exo-insertion.65 The 1H NMR 

spectrum of the insertion product does, however, not allow for a conclusion on this issue as all 

indicative resonances are broadened and no coupling constants could be determined. Reported 

NOE transfer experiments on ethylene copolymers were interpreted towards an endo-

insertion.51 For the monomers bearing reactive substituents for crosslinking, the NMR 

experiments show that the monomers with trimethoxysilyl, glycidyl and anhydride moiety are 

inert in the presence of the catalyst. 
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Figure 3.1 Pseudo first-order fit of the insertion studies of 1-CH3-dmso (30 mM in CD2Cl2) with ~20 fold 

excess of monomer at 25 °C. 
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3.2.2. Siloxane-crosslinked elastomers 

 

As anticipated from the aforementioned findings, exposure of 1-CH3-dmso to ethylene and 

the perfluorinated acrylate under polymerization conditions resulted in the formation of 

polymer (Table 3.1, entry 1-3). Comonomer contents up to 13.3 mol-% were achieved, 

correspondent to a fluorine content of 71 wt-% of the copolymer. The distinct 13C NMR 

resonances (130 °C, C2D2Cl4) of the methylene carbons adjacent to the carbonyl group 

-CβH2C
αH2CH(COO(CH2-C7F15))C

αH2C
βH2- at δ 32.53 (α) and 27.63 (β) evidence the 

incorporation of the acrylate into the polyethylene backbone. The methylene moiety next to 

the perfluorinated alkyl resonating at δ 55.69 ppm with 2JCF = 29.6 Hz and δ 4.64 ppm with 

3JHF = 13.0 Hz in 1H NMR, respectively, represents an additional characteristic resonance in 

poly(ethylene-co-fluoro acrylate) (Figure 3.30, Figure 3.31 and Figure 3.32).  

These polymers were further subjected to contact angle measurements of water droplets on 

polymer films prepared by spin-coating of a polymer solution in hot toluene. A contact angle 

of ~143° was found for a copolymer with 2.8 mol-% incorporation (Table 3.1, entry 1). This 

reflects the hydrophobic character of the copolymers poly(ethylene-co-fluoro acrylate). By 

comparison, the contact angle of a polyethylene film was determined to ~ 115° which agrees 

with reported data (Figure 3.2).46 

 

Figure 3.2 Contact angle measurements of water droplets on polymer films. left: polyethylene; right: 
poly(ethylene-co-fluoro acrylate) with 2.8 mol-% incorporation. 
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Table 3.1 Co- and Terpolymerization of ethylene with fluoro acrylate and siloxane acrylatea 

Entry  

Concn. 

(Fluoro 

acrylate) 

[M]  

Concn. 

(Siloxane 

acrylate) 

[M]  

Pd(II) 

[µµµµmol] 

Polym. 

Time 

[min]  

Yield 

[g] 

TOF 

(C2H4) 

TOF    

(Fluoro 

acrylate) 

TOF    

(Siloxane 

acrylate) 

Inc.   

(Fluoro 

acrylate)b 

[mol-%]  

Inc. 

(Siloxane 

acrylate)b 

[mol-%]  

M n
c       

[g mol-1]   

(NMR) 

Gel 

Contentd 

[%] 

1 0.25 - 10 60 1.25 3040 90 - 2.8 - 5700 - 

2 0.50 - 10 60 0.99 1700 110 - 6.1 - 4200 - 

3 1.00 - 10 60 0.52 530 80 - 13.3 - 3600 - 

4 - 0.25 20 60 1.64 2140 - 90 - 4.2 7200 57 

5 - 0.50 20 60 0.94 1000 - 80 - 7.3 5900 97 

6 - 0.75 20 60 0.61 490 - 70 - 12.9 6100 n.m. 

7 0.30 0.30 50 120 4.08 700 39 34 3.8 4.5 6000 n.m. 

8 0.50 0.50 70 120 3.92 320 26 30 6.9 8.0 8500 98 
a polymerization conditions: 1-CH3-dmso in 0.6 mL CH2Cl2 stock solution; Entry 1-3 in 5 mL total volume 
(toluene + acrylates) with 10 mg BHT added, entry 4-8 in 50 mL total volume (toluene + acrylates) with 30 mg 
BHT added, 95 °C reaction temperature, b determined by 1H NMR spectroscopy, c determined from 1H NMR 
assuming that every polymer chain contains of one aliphatic and one olefinic chain end, d gel content after 
crosslinking, n.m.: not measured, n.d.: not detected. 

 

Copolymerization of ethylene with the crosslinkable siloxane acrylate was studied (Table 3.1, 

entry 4-6). The copolymers exhibit the characteristic resonances, Cα and Cβ, in 13C NMR 

spectroscopy at δ 32.80 and 27.84 ppm similar to poly(ethylene-co-fluoro acrylate). Further, 

the characteristic high-field shifted 1H and 13C resonance at δ 0.73 and δ 6.21 ppm, 

respectively, for the methylene group adjacent to the -Si(OMe)3 in combination with the Si-

OMe 1H resonance at δ 3.62 ppm evidences the absence of any hydrolysis of the Si-OMe 

moieties during polymerization or workup (Figure 3.33, Figure 3.34 and Figure 3.35). This is 

further confirmed by the complete solubility of the copolymers in C2D2Cl4 at 130 °C. The 

ATR-IR spectrum of a typical copolymer of ethylene and siloxane acrylate exhibits 
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characteristic absorption bands at 1190 cm-1 (rock vib), 1081 cm-1 (asym stretch) and 822 cm-

1 (sym stretch) for the Si(OMe)3 group. 

13C{1H} NMR spectra of the terpolymers poly(ethylene-co-fluoro acrylate-co-siloxane 

acrylate) (Table 3.1, entry 7 and 8) in C2D2Cl4 at 130 °C possess these characteristic 

resonances adjacent to the esters that confirm the incorporation of both acrylates into the 

polyethylene backbone (Figure 3.3 and Figure 3.4). In addition, gel permeation 

chromatography (GPC) of the terpolymer with 6.9 mol-% fluoro acrylate and 8.0 mol-% 

siloxane acrylate (Table 3.1, entry 8) showed a monodisperse molecular weight distribution 

(Mn = 7700 g mol-1, Mw/Mn = 1.2). This molecular weight is in good agreement with the 

molecular weight of 8500 g mol-1 determined from the ratio of olefinic end groups to aliphatic 

resonances from 1H NMR assuming one saturated end group per chain. Crosslinking of the 

polymers obtained was performed in toluene solution at 100 °C by addition of  small amounts 

of water and catalytic amounts of para-toulenesulfonic acid to initiate hydrolysis of the -

Si(OMe)3 moieties. The crosslinked terpolymer poly(ethylene-co-fluoro acrylate-co-siloxane 

acrylate)  (Table 3.1, entry 7) was subjected to high temperature 1H NMR spectroscopy on 

polymer gel swollen with C2D2Cl4 at 130 °C. As expected, 1H resonances appear broadened in 

comparison to the spectrum of the non-crosslinked polymer. The complete absence of the 

methoxy resonances is evidence for a full hydrolysis of the Si(OMe)3 (Figure 3.36). This is 

further evidenced by ATR-IR spectroscopy where the characteristic absorptions for the 

-Si(OMe)3 are replaced by a broad absorption for -Si-O-Si- or -Si-OH moieties around 1100 

cm-1 (Figure 3.5).  

Determination of the gel content with boiling xylenes of an ethylene copolymer with 7.3 mol-

% of incorporated siloxane after crosslinking (Table 3.1, entry 5) revealed an insoluble 

fraction of 97 ± 5 %, that is, within the error of this method, crosslinking is complete.66 

Likewise, crosslinking under identical conditions of a poly(ethylene-co-siloxane acrylate-co-
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fluoro acrylate) with 6.9 mol-% of fluoro acrylate and 8.0 mol-% of siloxane acrylate (entry 

8) resulted in insoluble rubbery material with an insoluble fraction of 98 ± 5 %. 

 

 
Scheme 3.1 Designation of the resonances of poly(ethylene-co-fluoro acrylate-co-siloxane acrylate) 

 

 
Figure 3.3 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of poly(ethylene-co-fluoro acrylate-co-siloxane 
acrylate) with 6.9 mol-% of fluoro acrylate and 8.0 mol-% of siloxane acrylate (Table 3.1, entry 8) 
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Figure 3.4 13C{1H} NMR spectrum (100 MHz, C2D2Cl4, 130 °C) of poly(ethylene-co-fluoro acrylate-co-
siloxane acrylate) with 6.9 mol-% of fluoro acrylate and 8.0 mol-% of siloxane acrylate (Table 3.1, entry 8) 
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Figure 3.5 ATR-IR of poly(ethylene-co-siloxane acrylate) with 7.3 mol-% siloxane incorporation (Table 3.1, 
entry 5) before (black) and after (red) crosslinking 

Perfluorinated compounds are known for their resistance towards swelling in oils and fuels.1 

Exemplarily, the crosslinked terpolymer poly(ethylene-co-fluoro acrylate-co-siloxane 

acrylate) (Table 3.1, entry 8, crosslinked in bulk in a moist air atmosphere in the presence of 

catalytic amounts of para-toluenesulfonic acid) which contains of 6.9 mol-% (42 wt-%) of the 
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perfluorinated acrylate was investigated towards its behavior in n-butanol and petrolether. The 

polymer was heated to 80 °C for 2 hours in the corresponding solvent. For comparison, a 

commercial hydrogenated butadiene-acrylonitrile rubber (Therban, HNBR, acrylonitrile 

content ~ 39 wt-%) and an EPDM seal rubber were treated under identical conditions. The 

swelling was calculated from the weight gain after treatment. The aliphatic EPDM elastomer 

swells by 6 wt-% in n-butanol and 73 wt-% in petrolether and the HNBR by 37 wt-% and 6 

wt-%, respectively. In contrast, the terpolymer poly(ethylene-co-fluoro acrylate-co-siloxane 

acrylate) shows low swelling in both solvents. Weight gains of 6 wt-% in n-butanol and 10 

wt-% in petrolether were determined (Figure 3.6). This demonstrates the beneficial behavior 

in swelling of this material in comparison to the two commercial benchmarks since swelling 

was marginal in both solvents. The effect of solvent exposure and resulting swelling on the 

elastomeric behavior was further evaluated by Shore A hardness. While the non-swollen 

polymer exhibits a value of 88.5, upon swelling with petrolether hardness decreases to a 

valvue of 70 as expected due to a gain of flexibility of the polymer chains. However, 

evaporation of the swollen polymer results in a value of 85 which agrees with the original 

value of 88.5 within experimental error. This evidences that no change in polymer structure 

was caused by heating but merely swelling with solvent occurred indeed. 
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Figure 3.6 Swelling of poly(ethylene-co-fluoro acrylate-co-siloxane acrylate) (Table 3.1, entry 8), commercial 
Therban and EPDM in water, n-butanol and petrolether 
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3.2.3. Glycidyl-crosslinked elastomers 

 

Glycidyl moieties are a very versatile functionality. The reaction of glycidyls with amines is 

e.g. the basis for epoxy resins.67 For this reason, copolymerizations of glycidyl acrylate with 

ethylene (Table 3.2, entry 1-3) were performed. 1H and 13C{1H} NMR (C2D2Cl4, 130 °C) 

analyses of the polymers obtained confirm the stability of the glycidyl group under insertion 

polymerization conditions. 1H NMR spectra feature diastereotopic resonances for the 

methylene adjacent to the ester at δ (1H) 4.38 and 4.05 ppm bound to a carbon at δ (13C) 64.77 

ppm for α’’ and δ(1H) 2.83 and 2.66 ppm for the methylene moiety γ’’ ( δ (13C) 45.00) of the 

epoxide (Figure 3.37 and Figure 3.38). The characteristic resonances of the methylene groups 

adjacent to the incorporated ester (αδ+4 δ 32.77 ppm and βδ+4 δ 27.84 ppm) confirm the 

copolymer structure.  

2-Ethyl hexyl acrylate, which is used in order to reduce crystallinity was investigated in 

copolymerization of ethylene under identical conditions. The corresponding αδ+3 and βδ+3 

resonances for the incorporated 2-ethyl hexyl acrylate (Table 3.2, entry 4) were detected at 

δ (13C) 31.84 ppm and 27.87 ppm (Figure 3.40). These key resonances were also found in the 

polymers poly(ethylene-co-2-ethyl hexyl acrylate-co-glycidyl acrylate) and poly(ethylene-co-

2-ethyl hexyl acrylate-co-fluoro acrylate-co-glycidyl acrylate) (Figure 3.7 and Figure 3.8) 

which in addition possess monodisperse GPC traces with Mn 8500 g mol-1; Mw/Mn 1.5 and Mn 

8300 g mol-1; Mw/Mn 1.4, respectively (Table 3.2, entry 5 and 6). 
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Table 3.2 Co- and Terpolymerization of ethylene with glycidyl acrylate, 2-ethyl hexyl acrylate and fluoro 
acrylatea 

Entry  

Concn. 
(Glycidyl 
acrylate) 

[M] 

Concn. 
(EtHex 

acrylate) 
[M] 

Concn. 
(Fluoro 

acrylate) 
[M] 

Pd(II) 
[µµµµmol] 

C2H4 
[bar]  

Polym. 
Time 
[min]  

Yield 
[g] 

TOF 
(C2H4) 

TOF    
(Glycidyl 
acrylate) 

TOF    
(EtHex 

acrylate) 

TOF 
(Fluoro 

acrylate) 

Inc.        
(Glycidyl 
acrylate)b 
[mol-%]  

Inc.       
(EtHex 

acrylate)b 
[mol-%]  

Inc. 
(Fluoro 

acrylate)b 
[mol-%]  

M n
c             

[g mol-
1]   

(NMR) 

1 0.1 - - 20 5 60 0.91 1480 32 - - 2.1 - - 5400 

2 0.3 - - 20 5 60 0.35 460 34 - - 6.9 - - 5400 

3 0.6 - - 20 5 60 0.21 230 30 - - 11.4 - - 5700 

4 . 0.3 - 20 5 60 2.35 3290 - 170 - - 4.8 - 6000 

5 1.2 2.4 - 133 20 120 4.50 3160 210 290 - 5.8 7.9 - 8200 

6 0.6 0.6 0.6 90 10 120 6.2 4860 360 250 260 6.5 4.6 4.7 7700 
a polymerization conditions: 1-CH3-dmso in 0.6 mL CH2Cl2 stock solution; 95 °C reaction temperature, 
b determined by 1H NMR spectroscopy, c determined from 1H NMR assuming that every polymer chain contains 
of one aliphatic and one olefinic chain end. 
 

 

Scheme 3.2 Designation of the resonances of poly(ethylene-co-2-ethyl hexyl acrylate-co-fluoro acrylate-co-
glycidyl acrylate) 
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Figure 3.7 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of poly(ethylene-co-fluoro acrylate-co-2-ethyl hexyl 
acrylate-co-glycidyl acrylate) with 4.7 mol-% of incorporated fluoro acrylate, 4.6 mol-% of 2-ethyl hexyl 
acrylate and 6.5 mol-% of glycidyl acrylate (Table 3.2, entry 5) 

 
Figure 3.8 13C{1H} NMR spectrum (100 MHz, CDCl3, 25 °C) of poly(ethylene-co-fluoro acrylate-co-2-ethyl 
hexyl acrylate-co-glycidyl acrylate)  with 4.7 mol-% of incorporated fluoro acrylate, 4.6 mol-% of 2-ethyl hexyl 
acrylate and 6.5 mol-% of glycidyl acrylate (Table 3.2, entry 5) 

 
Crosslinking of the glycidyls moieties was examined preliminarily by NMR experiments. An 

NMR tube was charged with poly(ethylene-co-glycidyl acrylate) containing 2.1 mol-% of 

glycidyl acrylate (Table 3.2, entry 1) and 2 equivalents of hexyl amine. The reaction was 
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monitored in 0.6 mL of C2D2Cl4 at 90 °C at a glycidyl concentration of ca 6 mM. Ring 

opening of the glycidyl was observed forming the addition product -C(O)O-CH(OH)-CH2-

NH-hexyl with a half-life time of 4 to 5 hours. In a comparable experiment using a secondary 

amine (diethyl amine), conversion of the glycidyl was found to be somewhat slower (τ0.5 = 7 

hours) (Figure 3.9 and Figure 3.10). 

 
Figure 3.9 Time-resolved ring opening of the glycidyl moiety of poly(ethylene-co-glycidyl acrylate) with 2.1 
mol-% glycidyl incorporation by hexyl amine with an initial glycidyl concentration of ~ 6 mM and 2 equivalents 

hexyl amine at 90 °C in C2D2Cl4. τ1/2 ~ 280 minutes. 
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Figure 3.10 40 mg poly(ethylene-co-glycidyl acrylate) with 2.1 mol-% inc. (~ 6 mM glycidyl) + 2 equiv amine 
in 0.6 mL C2D2Cl4 at 90 °C 
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For crosslinking experiments, an ethylene copolymer containing 6.9 mol-% glycidyl-

substituted repeat units (Table 3.2, entry 2) was dissolved in xylenes, and 1,12-dodecane 

diamine was added in an -NH2:glycidyl ratio of 1:1. The mixture was heated for 2 hours at 

140 °C. Within this time, the polymer gelated. Conversion of the crosslinked polymer was 

investigated by ATR-IR measurements. The peaks at 909 cm-1 and 846 cm-1 are attributed to 

the asymmetric and symmetric ring deformation vibration of the epoxide ring and are strongly 

reduced in intensity in the crosslinked material (Figure 3.11).68,69,70,71 Note that the glycidyl 

moieties are not entirely converted, which can be ascribed to a limited mobility of the residual 

groups or by inaccuracy of the equivalents of diamine. The gel content of this copolymer was 

determined to be 94 ± 5 %. Crosslinking of the terpolymers poly(ethylene-co-2-ethyl hexyl 

acrylate-co-glycidyl acrylate) and poly(ethylene-co-2-ethyl hexyl acrylate-co-fluoro acrylate-

co-glycidyl acrylate) (Table 3.2, entry 5 and 6) under identical conditions results in formation 

of rubbery materials. The corresponding gel contents are 99 ± 5 % and 98 ± 5 %, respectively. 

Again, the glycidyl moieties are not entirely converted as evidenced by the characteristic 

bands in ATR-IR spectrum (vide supra). 
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Figure 3.11 ATR-IR of copolymer poly(ethylene-co-glycidyl acrylate) with 6.9 mol-% glycidyl acrylate (Table 

3.2, entry 2) before (black) and after (red) crosslinking  
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3.2.4. Azide-Alkine-crosslinked elastomers 

 

 

Table 3.3 Terpolymerization of ethylene with glycidyl acrylate, glycol acrylate and 2-ethyl hexyl acrylate a 

Entry  

Concn. 
Glycidyl  
acrylate               

[M]  

Concn.  
Glycol 

acrylate                  
[M]  

Concn. 
EtHex 

acrylate                  
[M]  

C2H4          
[bar] 

V 
[mL]  

t [min]  
Pd(II) 
[µµµµmol] 

yield 
[g] 

Inc. 
Glycidyl 
acrylateb   
[mol-%]  

Inc. 
Glycol 

acrylateb 
[mol-%]  

Inc. 
EtHex 

acrylateb 
[mol-%]  

M n
c          

[g mol-1] 
(NMR)  

1 - 0.1 - 5 50 30 20 3.01 - 2.1 - 8600 

2 - 0.25 - 5 50 30 20 1.35 - 6.4 - 6000 

3 - 0.5 - 5 50 30 20 0.76 - 11.3 - 6700 

4 0.2 1 - 10 50 60 70 3.31 1.5 8.2 - 5500  

5 0.4 1 - 10 50 60 70 2.4 3.5 8.7 - 6200  

6 0.5 - 0.5 10 50 90 70 3.91 6.4 - 4.5 6200  

7 0.5 - 0.8 10 100 120 140 4.75 4.6 - 6.4 6300  
a polymerization conditions: Reaction conditions: 95 °C reaction temperature, reaction solvent toluene, 
b determined by 1H NMR spectroscopy; c determined from 1H NMR assuming that every polymer chain contains 
of one aliphatic and one olefinic chain end. 

Despite the broad scope of polar moieties that are tolerated by phosphinesulfonato Pd(II) 

catalysts, azide-substituted acrylates (CH2=CHCOO-C6H12N3) and 1-olefins (CH2=CH-C3H6-

N3) were found to hamper copolymerization with ethylene under standard polymerization 

conditions (5 bar ethylene, 0.05 M comonomer in 50 mL of toluene, 20 µmol 1-CH3-dmso, 

95 °C, 30 minutes polymerization time). In order to take advantage of the beneficial features 

of the azide-alkyne cycloaddition,72,73 a polymer-analogous reaction step68 was employed on 

the glycidyl-containing polymers (Scheme 3.3). Since the reaction of ionic salts with apolar 

polyethylene-based polymers may suffer from different solubilities, glycol acrylate was 

considered as comonomer in order to increase the solubility of the polymers in polar solvents. 

Copolymerization studies of ethylene and glycol acrylate were found to proceed without any 
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restrictions due to the glycol moiety as also anticipated from the insertion experiments with 1-

CH3-dmso (vide supra) (Table 3.3, entry 1-3, other glycol acrylates: see experimental part 

Table 3.9). The terpolymers poly(ethylene-co-glycidyl acrylate-co-glycol acrylate) (Table 3.3, 

entry 4 and 5)  showed beneficial solubility behavior in polar solvents due to the glycol 

moiety and were therefore used for azidation studies. Poly(ethylene-co-glycidyl acrylate-co-

glycol acrylate) with 1.5 mol-% glycidyl- and 8.2 mol-% glycol acrylate was treated with 10 

equiv of NaN3 and 14 equiv of NH4Cl in a mixture of DMF/dioxane (v:v 2:1) at 100 °C. This 

ratio of azide to ammonium salt was found to be necessary since lower ammonium content 

resulted in a partial crosslinking of the polymer. This presumably originates from an 

insufficient protonation of the alcoholate after glycidyl opening and subsequent anionic 

glycidyl polymerization. Samples were taken periodically and were analyzed by ATR-IR 

(Figure 3.12). A growing band at ν 2101 cm-1, characteristic for azides, was detected. The 

intensity of the azide band reached a maximum after ca 20 hours referred to the >C=O band 

which remained constant (Figure 3.13). A half-life time for this reaction was estimated to τ0.5 

= 150 minutes at a polymer concentration of 5 g L-1. Complete conversion is also evidenced 

by 1H NMR (see experimental part Figure 3.41). 

 

Scheme 3.3 Azidation of a glycidyl-containing polymer 
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Figure 3.12 ATR-IR spectra at increasing reaction times (in minutes) of poly(ethylene-co-glycidyl acrylate-co-
glycol acrylate) with NaN3/NH4Cl and the resulting increase of the azide-band referred to the carbonyl band.  
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Figure 3.13 Plot of the increasing azide band gainst time (carbonyl band used as standard) 

Preliminary azide-alkyne cycloaddition reactions were performed on the azidated polymer 

poly(ethylene-co-azidated glycidyl acrylate-co-glycol acrylate) with 3.5 mol-% and 

8.7 mol-% incorporation, respectively. 2 equivalents of phenyl acetylene were added to a 
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solution of the polymer in dmso at 90 °C. Cycloreaction was catalyzed by addition of 0.1 

equivalents Cu(I)Br and 0.2 equivalents bipyridine. ATR-IR spectroscopy reveals a complete 

conversion of the azides with concomitant appearance of characteristic bands at v = 765 cm-1 

and 693 cm-1 for the C-H bending of the phenyl moiety (Figure 3.14).  
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Figure 3.14 ATR-IR spectra of poly(ethylene-co-glycidyl acrylate-co-glycol acrylate) with 3.5 mol-% glycidyl 
acrylate and 8.7 mol-% glycol acrylate (upper spectrum, black), after azidation (middle spectrum, blue) and after 
copper-promoted azide-alkyne cycloaddition with phenyl acetylene (lower spectrum, red). 

These optimized conditions for the azide-alkyne cycloaddition were applied for crosslinking 

with bifunctional nona-1,8-diyne (Scheme 3.4). For crosslinking, the azidated polymer 

poly(ethylene-co-2-ethyl hexyl acrylate-co-azidated glycidyl acrylate) with 6.4 mol-% of 2-

ethyl hexyl acrylate and 4.6 mol-% of azidated glycidyl acrylate was swollen in a small 

amount of dmso containing 0.1 equivalents of Cu(I)Br, 0.2 equivalents of bipyridine and 0.5 

of equivalents of nona-1,8-diyne, and heated to 90 °C. Within a few minutes, a rubbery 

material was obtained. Copper residues were removed by dispersing the polymer in methanol. 

Complete conversion of azides was evidenced by ATR-IR spectroscopy. Alternatively, 

crosslinking was performed in the absence of any copper additive. Crosslinking apparently 

proceeded slower as indicated by the polymer remaining sticky for the first few hours, but 

eventually the material turns rubbery after an overall 18 hours at 90 °C. Gel contents were 
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determined by extracting the crosslinked polymers with hot xylenes. The copper-promoted 

crosslinked polymer exhibited 98 ± 5 % insoluble fractions while the copper-free crosslinked 

material is insoluble to 90 ± 5 %. 

 

Scheme 3.4 Polymer-analogous azidation of poly(ethylene-co-glycidyl acrylate-co-2-ethyl hexyl acrylate) and 
subsequent click-crosslinking with nona-1,8-diyne 
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3.2.5. Anhydride-crosslinked elastomers 

 

In addition to the polar vinyl monomers studied, functionalized norbornene was studied as a 

means to incorporate crosslinkable anhydride moieties. Other than most 1,2-disubstituted 

olefins, which react sluggishly, norbornenes can be incorporated efficiently due to their ring 

strain.51,74 This has been exploited for the introduction of meldrum’s acid substituents for 

crosslinked polyethylene.75 Anhydrides can easily be converted to imides by reaction with 

amines at elevated temperatures. For this reason, norbornene anhydride and allylic anhydride 

were investigated towards their application for elastomers from insertion polymerization.  

The allylic monomer showed low incorporation in ethylene copolymerization (Table 3.4, 

entry 1). Only 3.7 mol-% of the allylic monomer were incorporated into the polyethylene at a 

concentration of 1 mol L-1 and 5 bar ethylene pressure. Incorporations of acrylates under 

comparable conditions are in the range of ~ 20 mol-%.33 The incorporated anhydrides were 

found to be prone to ring opening with methanol during workup. This could be overcome 

using dry diethylether rather than methanol for removal of unreacted monomer from the 

polymer as evidenced by characteristic IR bands for asymmetric and symmetric >C=O 

stretching at ν 1864 cm-1 and 1784 cm-1 and for the -C-O-C- moiety at ν 919 cm-1 for the 

intact anhydride. In addition, a considerable amount of chain transfer occurs after comonomer 

insertion. Ca 20 % of all unsaturated end groups in poly(ethylene-co-allylic anhydride) with 

3.7 mol-% incorporation result from β-H elimination and chain transfer after insertion of the 

polar-substituted comonomer. In contrast, norbornene anhydride is incorporated to a much 

higher extent and with high polymerization activities in copolymerization experiments (Table 

3.4, entry 2-5). Norbornenes are unique as a comonomer in that no enhanced chain transfer 

occurs upon their incorporation which differs from most polar-substituted vinyl 
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comonomers.49 Concerning the thermal properties of the resulting copolymers formed, the 

rigidity of the norbornene-derived repeat units result in relatively high glass transition 

temperatures as observed by DSC (Table 3.4, entry 4). This limits applications of these 

norbornene-based polymers as elastomers (vide infra).  

 

Table 3.4 Copolymerization of ethylene with allyl succinic anhydride (AA) and norbornene-endo-2,3-
dicarboxylic anhydride (NA)a 

Entry Monomer  
Concn. 

[M] 

Volume 

[mL] 

Pd(II) 

[µµµµmol] 

Yield 

[g] 

Inc.  

[mol-%]  

TOF 

(C2H4) 

TOF 

(AA/

NA) 

M n
b         

[g mol-1]   

(NMR) 

Tm [°C],          

χχχχ           

(DSC) 

Gel 

Contentd 

[%] 

1 AA 1.0 10 20 0.27 3.7 200 8 4200 n.m. n.m. 

2 NA 0.1 100 10 4.34 4.0 6200 260 10400 106 °C, 38% 82 

3 NA 0.3 100 20 5.90 8.5 3400 320 17400 82 °C, 14 % 93 

4 NA 0.6 100 20 4.36 13.3 2500 310 34100 Tg 39 °C 100 

5 NA 1.0 100 20 0.77 17.9 300 70 n.d.c n.m. n.m. 
a polymerization conditions: toluene as solvent, 5 bar ethylene pressure, 120 min, 95 °C polymerization 
temperature; entry 1 in 10 mL total volume (toluene + monomer), entry 2-5 in 100 mL total volume (toluene + 
monomer), workup for monomer AA : solvent removed in vacuum and residue washed with dry diethylether; 
workup for monomer NA: precipitation in methanol, residue washed with acetone, b determined from 1H NMR 
assuming that every polymer chain consists of an aliphatic and olefinic chain end, c intensity of olefinic chain 
ends too low for integration, d after crosslinking with 1,12-dodecane diamine. 

 

A beneficial issue of the norbornene-anhydrides is their stability in protic solvents. While the 

anhydride in poly(ethylene-co-allylic anhydride) is already opened by methanol at room 

temperature, the anhydride remains stable in case of poly(ethylene-co-norbornene anhydride). 

This is of importance for crosslinking since the reactivity strongly differs whether the 

crosslinker is an anhydride or a diacid.  
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In order to quantify the difference in reactivity, norbornane-based model compounds were 

synthesized by hydrogenation of norbornene-anhydride catalyzed by Pd/C (Scheme 3.5). 

Addition of one equivalent of hexylamine to norbornane anhydride results in immediate 

formation of the amide as evidenced by the characteristic amide band at ν 3338 cm-1 for the 

N-H stretching and bands at ν 1620 cm-1 (amide I), 1567 cm-1 (amide II) and 1200 cm-1 

(amide III). The carboxylic acid (ν 1708 cm-1) seems to form hydrogen bridges with adjacent 

carboxylic and/or amide groups since the corresponding carbonyl band is shifted to smaller 

wavelengths than expected for free COOH (~ 1750 cm-1). Heating this compound to 130 °C 

for 1 hour results in ring closure and formation of the norbornane-imide with characteristic IR 

bands at ν 1768 cm-1 and 1694 cm-1 for the symmetric and asymmetric >C=O stretching 

(Figure 3.15).  

In case of the norbornane-diacid which was obtained by hydrolysis of norbornane-anhydride 

in aqueous HCl addition of stoichiometric amounts of hexylamine at room temperature results 

in deprotonation of the acid to form an ammonium salt with characteristic bands in the IR 

spectroscopy for N-H stretching at 3129 cm-1 and symmetric and asymmetric –NH3
+ 

deformation vibrations at ν 1522 cm-1 and 1638 cm-1 as well as a hydrogen-bridged 

carboxylic acid (ν 1708 cm-1). Transformation of this salt to the amide was found to be slow 

relative to the opening of the anhydride with hexylamine and subsequent imide formation and 

thus seems to be the rate limiting step for the formation of the imide from a diacid. Indeed, the 

ammonium salt may be considered as an ionic crosslinking, but differs strongly from the 

covalent imide.  
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Scheme 3.5 Model compounds for crosslinking studies of anhydrides and diacids with amines 
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Figure 3.15 ATR-IR spectra of norbornane-derivates occurring during crosslinking studies. 
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Figure 3.16 ATR-IR of poly(ethylene-co-norbornene anhydride) (Table 3.4, entry 3) before (black) and after 

(red) crosslinking with diamine 

Crosslinking studies of poly(ethylene-co-norbornene anhydride) was performed with 1,12-

dodecane diamine in refluxing xylenes for 2 hours at 140 °C. Comparative ATR IR 

spectroscopy of the material prior to crosslinking shows characteristic peaks for the carbonyl 

group of the anhydride at 1859 cm-1 and 1778 cm-1 for the asymmetric and symmetric 

stretching, respectively. The crosslinked polymer possesses asymmetric and symmetric 

stretching vibrations at 1769 cm-1 and 1698 cm-1 arising from the imides formed (Figure 

3.16).76 No bands for residual anhydride or hydrolysis products are observed. As expected, 

the corresponding gel contents of poly(ethylene-co-norbornene anhydride) increase with 

increasing anhydride content and completely crosslinked materials can be obtained (Table 

3.4).  

In order to exploit the different insertion reactivities of norbornenes and acrylates, 

terpolymerizations of norbornene anhydride and n-butyl acrylate with ethylene were 

performed. Terpolymerization at identical comonomer concentrations reflects the favored 
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incorporation of norbornenes in comparison to acrylates by a factor of ca 2 (Table 3.5, entry 

1). This agrees qualitatively with the pseudo first-order insertion rates for norbornene 

anhydride and different acrylates observed in stoichiometric NMR tube experiments (vide 

supra).  

Norbornene anhydride and fluoro acrylate were terpolymerized with ethylene (Table 3.5, 

entry 2 and Figure 3.17). The resulting terpolymer consisting of 4.8 mol-% of norbornene 

anhydride and 5.3 mol-% of fluoro acrylate possesses a relatively high molecular weight of 

Mn 1.0 × 104 g mol-1 by NMR and 1.4 × 104 g mol-1; Mw/Mn = 1.4 by GPC vs PE standards, 

respectively. In comparison, polymers consisting of ethylene and acrylates generally possess 

molecular weights below 104 g mol-1.33 This is ascribed to a low liability to chain transfer 

after norbornene insertion. Crosslinking was performed as described for the copolymers 

poly(ethylene-co-norbornene anhydride) forming an elastomeric material. The gel content 

was found to be close to quantitative with 93 ± 5 %. 
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Table 3.5 Terpolymerization of ethylene with norbornene-endo-2,3-dicarboxylic anhydride and n-butyl acrylate 
(nBA) or fluoro acrylate (FA)a 

Entry  
Concn. 

NA 
[M] 

Concn. 
acrylate 

[M] 

C2H4 
[bar]  

Pd(II) 
[µµµµmol] 

Yield 
[g] 

Inc.    
NAb 

[mol-%]  

Inc. 
acrylateb 
[mol-%]  

TOF 
(C2H4) 

TOF 
(NA) 

TOF 
(acrylate) 

M n
c         

[g mol-1]   
(NMR) 

χχχχ [%]          
(DSC) 

1 0.5 0.5 nBA 5 20 0.05 7.9 3.8 150 14 7 12000 n.m. 

2 0.6 1.6 FA 10 2×100 6.87 4.8 5.3 270 14 16 10600 18 % 
a Polymerization conditions: 50 mL total volume, 95 °C polymerization temperature; 120 min polymerization 
time, 400 mg BHT; workup: removal of volatiles in vacuum, residue washed with acetone, b determined by 1H 
NMR spectroscopy,  c determined from 1H NMR assuming that every polymer chain consists of an aliphatic and 
olefinic chain end. 

  

Figure 3.17 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of poly(ethylene-co-norbornene anhydride-co-fluoro 
acrylate)  with 4.8 mol-% of norbornene anhydride and 5.3 mol-% of fluoro acrylate (Table 3.5, entry 2) 
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3.2.6. Diels Alder-crosslinked elastomers 

 
The Diels Alder reaction is an easy and efficient way to synthesize architectural complex 

macromolecules, such as block, graft, star, crosslinked and cyclic polymers. In contrast to 

another prominent “click reaction”, the copper catalyzed Huisgen type [3+2] cycloaddition of 

azides with alkynes, the Diels Alder [4+2] cycloaddition is catalyst free and additionally 

offers the possibility of thermoreversibility.77 This would allow the synthesis of polar-

substituted, polyethylene-based elastomers which can be recycled to the non-crosslinked 

starting material. 

For this reason, furfuryl acrylate was examined towards insertion copolymerization with 

ethylene at 5 bar ethylene pressure at 95 °C in toluene solution. HT-13C NMR spectroscopy 

(130 °C, C2D2Cl4) unambiguously confirmed the copolymer nature of the materials. The 

distinct 13C NMR resonances of the methylene carbons adjacent to the carbonyl group 

-CbH2C
aH2CH(COO(R)CaH2C

bH2- (R: furfuryl) resonate at δ 32.80 (αδ+) and 27.74 (βδ+) 

(Table 3.6, entry 1). In terms of activity, polymerizations with furfuryl acrylate possess 

significantly lower polymer yields than polymerizations with e.g. 2-ethyl hexyl acrylate 

(Table 3.6, entry 2). This limitation of activity may be due to interactions of the furan moiety 

with the palladium center of 1-CH3-dmso. 

In order to examine this possible interaction, a NMR tube was charged with 1-CH3-dmso (33 

mM, CD2Cl2), which possesses a characteristic low-field shift of the dmso resonance due to 

the coordination to the palladium (coordinated dmso resonates at δ 2.94 ppm, free dmso at δ 

2.54 ppm in CD2Cl2 at 25 °C). Gradual addition of furan resulted in fast exchange with dmso, 

indicated by high-field shifting of the dmso resonance towards free dmso. The estimated 

equilibrium constant Keq for the exchange of dmso by furan, however, is relatively small with 

a value of ~10-2, which is e.g. in the same order of magnitude found for ethyl acetate.47 

Ethylene homopolymerizations in the presence of furan-containing additives (2-ethyl furan 
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and furanyl methyl propionate) indeed prove that even this weak ability to coordinate to the 

active metal center is sufficient to significantly hinder polymerization if furans are present in 

large excess to the catalyst during polymerization (Table 3.7). Activity e.g. decreases by a 

factor of 2 when polymerizing in a 0.3 M 2-ethyl furan solution in toluene. Retardation of the 

catalyst is even more pronounced by addition of furanyl methyl propionate and likely reflects 

the effect of furfuryl acrylate on activity more appropriate since coordination may occur via 

κ-O binding of the furan or the ester during polymerization. Polymerization in a 0.3 M 

solution of furanyl methyl propionate lowers activity by a factor of >10, thus the low activity 

of an ethylene copolymerization with furfuryl acrylate may be referred to coordination of the 

functional groups of the free monomer to the metal center. 

Terpolymerizations of ethylene with furfuryl acrylate and 2-ethyl hexyl acrylate were 

performed (Table 3.6, entry 3 and 4). Figure 3.18 shows a representative 13C{1H} NMR 

spectrum (CDCl3, 100 MHz, 25 °C) which exhibits the characteristic methylene resonances 

adjacent to the esters and the resonances for the furan moiety as well as the 2-ethyl hexyl 

group. 
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Table 3.6 Co- and terpolymerizations of ethylene with furfuryl acrylate and/or ethyl hexyl acrylate 

entry 

Conc. 
Furfuryl 
acrylate 

[M] 

Conc. 
EtHex 

acrylate 
[M] 

Pd(II) 
[µµµµmol] 

C2H4 
[bar] 

t [min] 
Yield 
[g] 

TOF 
C2H4 

TOF 
furfuryl 
acrylate 

TOF 
EtHex 

acrylate 

inc. 
furfuryl 
acrylateb 
[mol-%] 

inc. 
EtHex 

acrylateb 
[mol-%] 

M n
c 

[g mol-1] 
(GPC) 

1 0.3 - 20 5 30 0.13 167 22 - 6.1 - 
10500 
(2.4) 

2 - 0.3 20 5 60 2.35 3286 - 166 - 4.8 6000e 

3d 0.5 0.7 233 10 120 4.20 185 12 12 5.5 5.5 
8100 
(1.6) 

4d 0.5 1.2 233 10 120 3.81 150 9 14 5.3 8.2 
7700 
(1.8) 

a polymerization conditions: 50 mL total volume (toluene), 200 mg BHT added, 95 °C reaction temperature, 
b determined by 1H NMR spectroscopy, c determined from GPC vs PS-standards, d catalyst gradually added in 
two portions at t=0 min and t=60 min for entry 3 and 4, e not soluble in thf, determined from 1H NMR from the 
ratio of aliphatic and end group resonances.  

 

Table 3.7 Ethylene homopolymerization in the presence of 2-ethyl furan and furanyl methyl propionatea 

entry additive 
Conc. 

additive 
[M] 

Yield 
[g] 

TOF 
C2H4 

1 none - 8.00 114 × 103 
2 2-ethyl furan 0.3 2.35 52 × 103 
3 2-ethyl furan 1.0 4.20 20 × 103 
4 furanyl methyl propionate 0.3 0.73 10 × 103 
5 furanyl methyl propionate 1.0 0.17 2 × 103 

a polymerization conditions: total volume toluene + monomers: 50 mL, 95 °C reaction temperature, 30 minutes 

reaction time, 5 bar ethylene pressure, 5 µmol Pd(II) from methylene chloride stock solution. 
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Figure 3.18 13C NMR spectrum (100 MHz, CDCl3, 25 °C) of poly(ethylene-co-2-ethyl hexyl acrylate-co-
furfuryl acrylate) (Table 3.6, entry 3) 
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Scheme 3.6 Diels Alder model compounds DA1 and DA2. 

Prior to crosslinking experiments of poly(ethylene-co-2-ethyl hexyl acrylate-co-furfuryl 

acrylate) with bismaleimides, the Diels Alder reaction was investigated in two model 

reactions towards suitable reaction conditions (Scheme 3.6). The formation of the DA model 

compound DA1 was followed by periodically acquired 1H NMR spectra using furfuryl 

alcohol and N-phenyl maleimide in equimolar amounts at 25 °C and 50 °C (concentration ~ 
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150 mM, CDCl3). The reaction was found to be faster at elevated temperature, e.g. after 5 

hours, conversion at 50 °C was determined to 67 % while conversion at 25 °C merely reached 

22 %. The experiment at 25 °C showed a final conversion of 82 %. The endo- and exo- 

products were formed in a 54:46 ratio as calculated from the resonance of the allylic methine 

protons (1H NMR and 13C NMR spectra of compound DA1 in experimental section Figure 

3.47). In case of a reaction temperature of 50 °C, conversion was 86 % and the endo:exo ratio 

shifted towards the thermodynamically preferred exo-product (21:79). Model compound DA1 

was isolated using furfuryl alcohol in large excess in diethyl ether in which the product 

precipitated within a few minutes and was isolated by filtration. 1H NMR spectroscopy shows 

the formation of the endo- and exo- products in a ratio of 72:28. Upon heating this compound 

for 2 hours to 70 °C and 90 °C respectively in C2D2Cl4 solution, two reactions proceeded. On 

the one hand, the endo-exo ratio shifted towards the thermodynamically more stable exo-

product (56:44 at 70 °C, 16:84 at 90 °C). In addition, retro Diels Alder (rDA) takes place with 

31 % at 70 °C and 72 % at 90 °C (see experimental part Figure 3.48).78 

The optimized reaction conditions for the DA reaction found for furfuryl alcohol with N-

phenyl maleimide were applied for the DA reaction of the terpolymer poly(ethylene-co-

furfuryl acrylate-co-2-ethyl hexyl acrylate) (5.5 mol-% of each acrylate, Table 3.6, entry 3) at 

50 °C as studies with model compound DA1 seem to be more promising at this temperature 

due to faster conversion. The polymer was reacted with one equivalent of N-phenyl 

maleimide at 50 °C for 2 days. 1H NMR (Figure 3.19, upper spectrum) reveals 89 % 

conversion to the DA-product DA2 as calculated from the δ,γ-resonances of the furan. The 

DA product itself reveals an endo:exo ratio of 21:79 which is in good agreement with the ratio 

found for model compound DA1 at 50 °C. 
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Figure 3.19 1H NMR (400 MHz, CDCl3) of poly(ethylene-co-furfuryl acrylate-co-2-ethyl hexyl acrylate (Table 
3.6, entry 3) before (bottom) and after Diels Alder reaction with N-Phenyl maleimide (top). 
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Scheme 3.7 Crosslinking of furfuryl substituted terpolymers mit bismaleimide  

Crosslinking of poly(ethylene-co-furfuryl acrylate-co-2-ethyl hexyl acrylate) (Table 3.6, entry 

3 and 4) was performed using 1,1’-bis(methylenedi-4,1-phenylene)bismaleimide (BM)  as a 

bifunctional crosslinker. In a typical crosslinking procedure, the polymer and BM (0.5 equiv 

referred to furfuryl groups) were dissolved in CH2Cl2 in order to obtain a homogeneous 

reaction mixture. The solvent was slowly removed by heating to 50 °C, and the material was 
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then cured for additional 24 hours at this temperature. Within this time, the sticky polymer 

turned into an elastomeric material. ATR-IR spectroscopy of the crosslinked polymers exhibit 

characteristic -C-N-C- bands at 1379 cm-1 (sym) and 1167 cm-1 (asym) as well as >C=O 

bands at 1781 cm-1 and 1712 cm-1 which were also found in the polymeric model compound 

DA2 (Figure 3.20).  
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Figure 3.20 ATR IR spectra of poly(ethylene-co-furfuryl acrylate-co-2-ethyl hexyl acrylate) (5.3 mol-% of 
furfuryl acrylate and 8.2 mol-% of 2-ethyl hexyl acrylate) (black), crosslinked with bismaleimide (red) and the 
model compound DA2 (blue). 

A small band at 920 cm-1 for the asymmetric out-of-plane vibration of the furan, which is 

absent in the model compound, is, however, still present in the crosslinked material indicating 

that crosslinking in bulk in not complete. The two crosslinked polymers were both found to be 

entirely insoluble in CH2Cl2 (gel content > 99±5 %). This verifies that partial crosslinking 

(according to IR) is sufficient to form a complete network. Figure 3.21 illustrates the 

elastomeric behavior of the crosslinked polymer with 5.3 mol-% of furfuryl acrylate and 8.2 

mol-% of 2-ethyl hexyl acrylate. The polymer panel with a diameter of ~ 1 cm can be 

stretched to at least twice of its size, and recovers after release of the applied strain to its 

original shape.  
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Figure 3.21 Crosslinked polymer pellet (Table 3.6, entry 3) left: before stretching, center: stretched, right: after 
deformation 
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3.2.7. Dynamic Mechanical Analysis (DMA) of the elastomers. 

 

Figure 3.22 Left: Dynamic mechanical analysis of poly(ethylene-co-fluoro acrylate-co-siloxane acrylate) with 
6.9 mol-% of fluoro acrylate and 8.0 mol-% of siloxane acrylate (Table 3.1, entry 8) (not crosslinked: dashed, 
crosslinked in bulk: solid) with a frequency of 1Hz. storage G´(black) and loss moduli G´´ (red). Right: Phase 

angle (tan δ) of poly(ethylene-co-fluoro acrylate-co-siloxane acrylate) with 6.9 mol-% of fluoro acrylate and 8.0 
mol-% of siloxane acrylate (Table 3.1, entry 8). Red: non-crosslinked; black: crosslinked in bulk with moist air 
at 100 °C; blue: crosslinked from toluene/water (v/v: 1000/1) solution at 100 °C. 

 

The elastomeric materials obtained were subjected to dynamic mechanical analysis (DMA, at 

a frequency of 1 Hz) in order to investigate their properties such as glass transition 

temperatures and crosslinking.  

The non-crosslinked terpolymer poly(ethylene-co-fluoro acrylate-co-siloxane acrylate) (Table 

3.1, entry 8) shows a drastic decline at -31 °C in the storage and loss moduli with a 

concomitant maximum in the phase angle tan δ (Figure 3.22). This transition is ascribed to the 

glass transition (Tg) and is in agreement with the Tg observed by DSC (30 K min-1) at -30 °C. 

Crosslinking from toluene solution with a small amount of water (toluene:water 1000:1 by 

volume) results in formation of an elastomeric material which possesses a glass transition 

temperature at -1 °C according to the maximum in the phase angle (tan δ) in DMA 

measurement (Figure 3.22, right). The corresponding storage modulus G’ equilibrates in the 

range of 0.2 to 0.3 × 106 Pa. In contrast, for the same polymer crosslinked in the bulk by 
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exposure to a stream of moist hot air at 100 °C in presence of catalytic amounts of para-

toluenesulfonic acid, the maximum in tan δ is found at -27 °C. The gel content of this material 

is 97±5 %. A rubber plateau is observed at higher temperature in the storage modulus at a 

value of approximately 2.50 × 106 Pa which subsequently increases to 4.50 × 106 Pa at 150 

°C.  

In order to shed light on the origin of the different Tgs observed, depending on the 

crosslinking procedure (from solution or in bulk), 29Si MAS NMR spectra of the samples 

were recorded. Cross-polarization was omitted and a relaxation time of 300 seconds was 

employed in order to assure quantitative analysis. The 29Si NMR spectra exhibit two 

resonances at -60 and -68 ppm which were ascribed to T2 (C(sp3)-Si(OSi)2(OH)) and T3 

(C(sp3)-Si(OSi)3)
79 respectively, in a ratio of ca 2:3 for the terpolymer crosslinked in bulk. 

This ratio is 1:4 for the material which was crosslinked from solution (Figure 3.23). This 

demonstrates that the degree of condensation to -Si-O-Si- crosslinks is very sensitive to the 

crosslinking procedure. The deviation in Tg can be ascribed to higher mobility of the polymer 

chains in solution and a consequently higher degree of condensation. 

 
Figure 3.23 29Si MAS NMR spectra of crosslinked terpolymer poly(ethylene-co-fluoro acrylate-co-siloxane 
acrylate) (Table 3.1, entry 8). Top: crosslinked from toluene solution. Bottom: crosslinked in bulk. 
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Figure 3.24 Dynamic Mechanical Analysis (DMA) with a frequency of 1 Hz (G’, G’’ solid line; tan δ dashed) of 
A:  poly(ethylene-co-2-ethyl hexyl acrylate-co-glycidyl acrylate) with 7.9 mol-% of incorporated 2-ethyl hexyl 
acrylate and 5.8 mol-% of incorporated glycidyl acrylate crosslinked with 1,12-dodecane diamine B: 
poly(ethylene-co-2-ethyl hexyl acrylate-co-fluoro acrylate-co-glycidyl acrylate) with 4.6 mol-% of incorporated 
2-ethyl hexyl acrylate, 4.7 mol-% of incorporated fluoro acrylate and 6.5 mol-% of incorporated glycidyl 
acrylate crosslinked with 1,12-dodecane diamine, C: of poly(ethylene-co-2-ethyl hexyl acrylate-co-azidated 
glycidyl acrylate) crosslinked with nona-1,8-diyne, D: poly(ethylene-co-fluoro acrylate-co-norbornene 
anhydride) with 5.3 mol-% of incorporated fluoro acrylate and 4.8 mol-% of incorporated norbornene anhydride 
crosslinked with 1,12-dodecane diamine. 

The crosslinked terpolymers poly(ethylene-co-2-ethyl hexyl acrylate-co-glycidyl acrylate) and 

poly(ethylene-co-2-ethyl hexyl acrylate-co-fluoro acrylate-co-glycidyl acrylate) show a 

similar  behaviour in the modules and phase angles (Figure 3.24, A and B). Both materials 

exhibit the formation of a rubber plateau in the storage modulus G’ with elevated 

temperatures in the range of 2.3 to 3.3 × 106 Pa for poly(ethylene-co-2-ethyl hexyl acrylate-

co-glycidyl acrylate) and 1.6 to 2.4 × 106 Pa for poly(ethylene-co-2-ethyl hexyl acrylate-co-

fluoro acrylate-co-glycidyl acrylate), respectively. The phase angles for these two materials 

exhibit maxima at -12 °C and -13 °C, respectively, which are attributed to the glass transition 
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temperatures. Comparing these two measurements (Figure 3.24, A vs B), an additional 

plateau for poly(ethylene-co-2-ethyl hexyl acrylate-co-fluoro acrylate-co-glycidyl acrylate) in 

the temperature range of 25 °C to 50 °C is observed. This difference may be due to either 

residual crystallinity which originates from the polyethylene segments or to interactions of the 

perfluorinated alkyl side chains.I 

Successful crosslinking was also evidenced for poly(ethylene-co-2-ethyl hexyl acrylate-co-

azidated glycidyl acrylate) (6.4 mol-% of 2-ethyl hexyl acrylate and 4.6 mol-% of azidated 

glycidyl acrylate) which was crosslinked with nona-1,8-diyne. The phase angle possesses a 

maximum at -2 °C which is ascribed to the glass transition and the storage module 

equilibrates to a rubber plateau in the range of 0.3 to 0.5 × 106 Pa. A second, minor peak at 81 

°C may arise from residual crystallinity of the polyethylene backbone (Figure 3.24, C). 

DMA measurement of the crosslinked polymer poly(ethylene-co-fluoro acrylate-co-

norbornene anhydride) with 5.3 mol-% of incorporated fluoro acrylate and 4.8 mol-% of 

incorporated anhydride (Table 3.5, entry 2) crosslinker exhibits the characteristic formation of 

a rubber plateau. For copolymers of ethylene with norbornene anhydride, rigidity of the 

polymer chains substantially increases with increasing norbornene content as reflected by 

increased glass transition temperatures. Nevertheless, crosslinked rubbery materials could be 

obtained with appropriate norbornene contents. DMA measurement revealed a glass transition 

temperature (Tg) of 9 °C (Figure 3.24, D). The observed shoulder in the phase angle (tan δ) in 

the temperature range of 50 to 100 °C is again thought to arise from either residual main-

chain crystallinity or side-chain interactions of the perfluorinated alkyl chains as observed for 

poly(ethylene-co-2-ethyl hexyl acrylate-co-fluoro acrylate-co-glycidyl acrylate). This is in 

                                                 

I
 A free-radically produced homopolymer of fluoro acrylate possesses a melting temperature of Tm = 56 °C 
according to DSC measurements. 
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agreement with DSC measurement exhibiting a residual melting enthalpy of 36 J g-1 in this 

temperature range.  

Although norbornene anhydrides appear rather unsuitable as a crosslinkable comonomer for 

elastomer synthesis due to an increased glass transition temperature, they are advantageous 

with respect to studies on the crosslinker added, since imides formed are stable and can be 

supposed to not change their structure during temperature dependant measurements. In case 

of the siloxane crosslinkers, e.g. a continuing condensation may occur or in case of the 

glycidyls converted with amines, a rearrangement to an amide may be possible. For this 

reason, a terpolymer of ethylene, 2-ethyl hexyl acrylate and norbornene anhydride was 

synthesized consisting of 5.9 mol- % incorporated 2-ethyl hexyl acrylate and 5.1 mol-% of 

incorporated norbornene anhydride with a molecular weight of Mn = 13 000 g mol-1 according 

to 1H NMR spectroscopy (DPn 300) and a glass transition temperature of Tg 6 °C according to 

DMA measurement. The crosslinkers studied were 1,6-hexane diamine and 1,12-dodecane 

diamine which differ in chain length and a trifunctional amine, namely tri(ethylamine)amine 

(Scheme 3.8). Crosslinking was performed as described above. The crosslinked materials 

were investigated towards their gel contents, glass transition temperatures by DMA 

measurements and residual anhydride content by ATR-IR spectroscopy (Table 3.8, Figure 

3.25 and Figure 3.26). The characteristic IR band for the -C-O-C- moiety at 949 cm-1 was 

used for evaluating the conversion of the anhydrides referred to the intensity detected for the 

non-crosslinked material. In case of the two bifunctional crosslinkers, 1,6-hexane diamine and 

1,12-dodecane diamine, conversions are nearly complete with ca 1 % of residual IR band. 

Both gel contents are comparable with 67 % for the C6 crosslinker and 72 % for the C12 

crosslinker. However, DMA measurements, in contrast, revealed a significant deviation in the 

glass transition temperature for the two materials crosslinked with bifunctional amines. While 

the Tg in case of the C6-crosslinker increased by 3 °C to 9 °C in comparison to the non-
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crosslinked polymer, the Tg decreased by 2 °C to a value of 4 °C for the C12-crosslinker. This 

may be due to the longer chain length which could act like a flexibilizer in the polymeric 

network. In case of the trifunctional amine, ca 40 % of the anhydride transmission remained 

after crosslinking. This can be referred to the amines being kinetically hindered after the first 

condensation reactions occurred, in combination with an increased stiffness of the polymeric 

network. In any case, the insoluble fraction is comparable with a gel content of 68 %. DMA 

measurements revealed an increased glass transition temperature of 12 °C which is referred to 

the polymeric network being more tightly crosslinked and thus resulting in less chain 

movements.  

 

Scheme 3.8 Studies on the effect of crosslinkers used  

Table 3.8 Crosslinking of poly(ethylene-co-2-ethyl hexyl acrylate-co-norbornene anhydride) with C6-diamine, 
C12-diamine and triamine and the corresponding properties 

 
residual 

-C-O-C- band 
[%] 

Gel 
Content 

[%] 

Tg 
(DMA) 

[°C] 
non-crosslinked 100 - 6 

crosslinked C6-diamine 1 81 9 
crosslinked C12-diamine 1 72 4 

crosslinked triamine 40 68 12 
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Figure 3.25 ATR IR spectra of poly(ethylene-co-norbornene anhydride-co-2-ethyl hexyl acrylate) (5.1 mol-% of 
norbornene anhydride and 5.9 mol-% of 2-ethyl hexyl acrylate) (black), crosslinked with 1,6-hexane diamine 
(red), with 1,12-dodecane diamine (blue) and tri(ethylamine)amine (green). 
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Figure 3.26 Phase angle tan δ (1 Hz) of poly(ethylene-co-furfuryl acrylate-co-2-ethyl hexyl acrylate) 
poly(ethylene-co-norbornene anhydride-co-2-ethyl hexyl acrylate) (5.1 mol-% of norbornene anhydride and 5.9 
mol-% of 2-ethyl hexyl acrylate) (black), crosslinked with 1,6-hexane diamine (red), with 1,12-dodecane 
diamine (blue) and tri(ethylamine)amine (green). 

The Diels Alder crosslinked polymer poly(ethylene-co-2-ethyl hexyl acrylate-co-furfuryl 

acrylate) was investigated by DMA. According to the phase angle (tan δ) the material exhibits 

a glass transition temperature of ~ - 8 °C (Figure 3.27). A second peak at ~ 45 °C may result 

from residual crystallinity of the polyethylene segments. Both, the storage and loss modulus 
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show a characteristic developing for a crosslinked material up to 100 °C, where a strong slope 

in the phase angle indicates that retro-Diels Alder took place. This agrees with the observation 

that the polymer is completely soluble in C2D2Cl4 when heating to 100 °C for 30 minutes. 

Complete regeneration of the furan and the maleimide moieties were confirmed by 1H NMR 

spectroscopy (Figure 3.50). 
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Figure 3.27 Dynamic Mechanical Analysis (DMA) with a frequency of 1Hz of poly(ethylene-co-2-ethyl hexyl 
acrylate-co-furfuryl acrylate) (Table 3.6, entry 4) crosslinked with bismaleimide (BM ). 
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3.3. Conclusive Summary 

Aliphatic elastomers such as EPR or EPDM are produced on large scales by insertion 

polymerization with early transition metal catalysts. Due to their aliphatic character, these 

elastomers are prone to swelling in fuels or oils. This can be overcome by the introduction of 

polar groups into the polymer. Since early transition metal catalysts are highly oxophilic, they 

cannot be used for this purpose. The polar groups would irreversibly coordinate to the active 

metal centers and block incoming monomers for insertion. For this reason, polar-substituted 

elastomers are generally produced by free-radical polymerization, e.g. of butadiene and 

acrylonitrile (NBR) with subsequent hydrogenation of the majority of double bonds (HNBR) 

(Scheme 3.9). Especially this last step is technically and economically very demanding as 

homogeneous rhodium and ruthenium catalysts are required.1,80 In contrast to early transition 

metals, the coordination of a functional group to the metal center is reversible for late 

transition metals, thus the presence of polar-substituted monomers slows down, but does not 

shut down polymerization. 

 

Scheme 3.9 Schematic synthesis of hydrogenated butadiene-acrylonitrile rubber (HNBR) (upper reaction 
pathway) and the investigated pathway by insertion copolymerization (lower reaction pathway) 

Since the phosphinesulfonato Pd(II) catalyst system has been proven to be tolerant to many 

functional groups, crosslinkable acrylic and norbornene-based comonomers were 

systematically studied in NMR insertion experiments with the catalyst precursor 1-CH3-dmso 

as well as in copolymerization studies with ethylene. The polar comonomers were found to 

not adversely affect insertion, and the crosslinkable functional groups are stable in the 
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presence of the catalyst as well as during post-polymerization workup. Further 

monofunctional comonomers were also studied in NMR and copolymerization experiments. 

These comonomers serve for reducing crystallinity which arises from the polyethylene 

segments and for introducing additional polar moieties apart from the esters. 

A number of different elastomers were synthesized and analyzed towards their elastomeric 

properties: 

a.)  

 

Terpolymers consisting of trimethoxysilane-substituted acrylates, perfluorinated acrylates 

and ethylene were synthesized. Crosslinking to elastomeric materials proceeded by adding 

catalytic amounts of para-toluenesulfonic acid in the presence of water in order to initiate 

condensation to -Si-O-Si-. The obtained elastomeric materials exhibit glass transition 

temperatures (Tg) in the range of -27 °C to -2 °C depending on whether crosslinking was 

performed in bulk or from toluene solution. In both cases, the storage modules exhibit 

rubber plateaus. The crosslinking method strongly influences the degree of condensation 

due to a different mobility of the polymer chains. A crosslinked polymer with 42 wt-% of 

perfluorinated acrylate was exemplarily used to demonstrate the advanced resistance 

towards swelling in solvents in comparison to commercially available hydrogenated 

butadiene-acrylonitrile rubber (HNBR) and ethylene-propylene-diene rubber (EPDM). 

While HNBR is relatively inert for swelling in petrolether (weight gain of 6 wt-%), 

extensive swelling in n-butanol by 37 wt-% was found. In contrast, EPDM swells by only 

6 wt-% in n-butanol but by 73 wt-% in petrolether. The perfluorinated terpolymer shows 
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an advantageous low swelling in both solvents. Weight gains of 6 wt-% in n-butanol and 

10 wt-% in petrolether were determined. 

b.)  

 

Terpolymers of ethylene with glycidyl acrylate were examined in combination with 2-

ethyl hexyl acrylate and fluoro acrylate. Crosslinking was particularly investigated on 

copolymers of ethylene and glycidyl acrylate in stoichiometric NMR experiments with 

amines as well as macroscopically with bifunctional amines. The elastomers 

poly(ethylene-co-2-ethyl hexyl acrylate-co-glycidyl acrylate) (7.9 mol-% of 2-ethyl 

hexylacrylate; 5.8 mol-% of glycidyl acrylate) and poly(ethylene-co-2-ethyl hexyl 

acrylate-co-fluoro acrylate-co-glycidyl acrylate) (4.6 mol-% of 2-ethyl hexyl acrylate; 

4.7 mol-% of fluoro acrylate; 6.5 mol-% of glycidyl acrylate), both crosslinked with 

stoichiometric amounts of dodecane diamine (referred to glycidyl units) exhibit glass 

transition temperatures of Tg -12 °C and -13 °C, respectively with subsequent 

formation of rubber plateaus in the storage moduli in DMA measurements. 

c.)  

 

In copolymerization attempts with ethylene, azide-containing vinylic and acrylic 

comonomers were found to completely inhibit the catalyst. In order to take advantage 

of the beneficial features of an azide-alkyne click reaction, polymer-analogous 



 
Saturated polar-substituted Polyethylene Elastomers from Insertion Polymerization 

 

67 

reactions of glycidyl containing polymers with sodium azide and ammonium chloride 

were performed resulting in azidation of the glycidyl groups. The terpolymers of 

azidated glycidyl acrylate with 2-ethyl hexyl acrylate and ethylene were successfully 

crosslinked with di-alkynes under copper-containing as well as copper-free conditions 

to elastomeric materials. For a representative terpolymer with 4.6 mol-% crosslinkings 

and 6.4 mol-% 2-ethyl hexyl acrylate, dynamic mechanical analysis (DMA) revealed a 

glass transition temperature (Tg) of -3 °C with typical characteristics for an elastomer 

in the storage module.  

d.)  

 

Norbornene-anhydrides were found to be the most promising comonomer for 

introducing crosslinkable anhydrides into polyethylene by insertion copolymerization 

due to their efficient insertion behavior and the stability of the incorporated 

anhydrides. However, rigidity of the polymer chains is substantially higher than with 

acrylic crosslinkers. This is reflected in generally high glass transition temperatures as 

shown for poly(ethylene -co-fluoro acrylate-co-norbornene anhydride) with 4.8 mol-% 

of norbornene anhydride and 5.3 mol-% of fluoro acrylate in which the glass transition 

temperature (Tg) was detected at 9 °C in DMA measurement, thus limiting this 

material in elastomer applications below room temperature.  
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e.)  

 

All elastomeric polymers presented so far are based on irreversible crosslinker motifs. 

The Diels-Alder reaction of a furanyl- with a maleimide moiety was investigated in 

terms of reversibly crosslinked elastomers. Terpolymer poly(ethylene-co-2-ethyl hexyl 

acrylate-co-furfuryl acrylate) was crosslinked with a bismaleimide under reaction 

conditions which had preliminary been optimized in molecular and polymeric model 

compounds. Dynamic mechanical analysis (DMA) of a crosslinked terpolymer 

consisting of 5.3 mol-% furfuryl acrylate and 8.2 mol-% 2-ethyl hexyl acrylate 

revealed a glass transition temperature (Tg) of -8 °C. Elastomeric behavior was 

recorded up to a temperature of ~ 100 °C at which retro-Diels Alder took place to such 

an extent that the material was recycled to the soluble, non-crosslinked starting 

material. 

In summary, polar-substituted elastomers with a completely saturated methylene 

backbone can be generated by insertion polymerization with late transition metal catalysts. 

A range of crosslinkers comprising multifunctional siloxanes, monofunctional glycidyl-, 

azide- and anhydride crosslinkers and motifs for reversible Diels Alder crosslinking can 

be incorporated. Insertion polymerization further allows for the incorporation of polar 

groups such as fluorinated alkyls which provides these polymers with an advantageous 

resistance towards swelling in organic solvents in comparison to commercially available 

HNBR and EPDM elastomers. 
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3.4. Experimental Section 

3.4.1. Materials and general consideration 

 

All manipulations of palladium complexes were carried out under an inert atmosphere using 

standard glovebox or Schlenk techniques. All glassware was dried under vacuum before use. 

Toluene was distilled from sodium, diethylether and thf from sodium / benzophenone ketyl 

under argon. Dimethyl sulfoxide and methylene chloride were distilled from CaH2.  Ethylene 

(3.5 grade, Praxair), 1H,1H-pentadecafluorooctyl acrylate (Matrix Scientific), (3-

Acryloxypropyl)trimethoxysilane (ABCR), glycidyl acrylate (PolyScience), 2-ethylhexyl 

acrylate (Aldrich) and endo-cis-bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic anhydride (Acros) 

were used as received. {(κ2-P,O)-2-[di(2-methoxyphenyl)phosphine]benzenesulfonato} 

(dimethyl sulfoxide) palladium(II)-methyl (1-CH3-dmso)33 was prepared by a reported 

procedure. All deuterated solvents were supplied by Eurisotop. NMR spectra were recorded 

on a Varian Unity INOVA instrument. 1H and 13C NMR chemical shifts were referenced to 

the solvent signal. Molecular weights and molecular weight distributions were determined on 

a polymer laboratories PL-GPC 50 instrument with two PLgel 5 µm MIXED-C columns and 

an RI-detector in thf against polystyrene standard. IR spectra were acquired on a Perkin-

Elmer Spectrum 100 instrument with an ATR unit. Differential scanning calorimetry (DSC) 

was performed on a Netzsch DSC 204 F1. DSC data reported are determined from the second 

heating scan. Crystallinities were determined assuming a melt enthalpy of 293 J g-1 for 100 % 

crystalline polyethylene.81 Dynamic mechanical analyses (DMA) were recorded at Lanxess 

AG with a frequency of 1Hz. 

Procedure for ter-and copolymerization of acrylates with ethylene. Polymerizations were 

carried out in a 250 mL stainless steel mechanically stirred (1000 rpm) pressure reactor 

equipped with a heating/cooling jacket supplied by a thermostat controlled by a thermocouple 
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dipping into the polymerization mixture. A valve controlled by a pressure transducer allowed 

for applying and keeping up a constant ethylene pressure. Prior to a polymerization 

experiment, the reactor was heated under vacuum to the desired reaction temperature for 30 – 

60 min and then back-filled with argon. A solution of toluene, acrylate monomers and 200 mg 

of radical inhibitor 3,5-di-t-butyl-4-hydroxy-toluene (BHT) was cannula transferred into the 

reactor under an argon counter stream. The catalyst precursor was dissolved in 

dichloromethane (0.6 - 0.8 mL) and inserted by syringe to the reactor. The reactor was closed 

and a constant ethylene pressure was applied. After the desired reaction time, the reactor was 

rapidly vented and cooled to room temperature. The polymer was precipitated in 250 mL of 

methanol and isolated by filtration. After repetitive washing with methanol in order to remove 

unreacted acrylates and stabilizer, the polymer was dried in vacuum at 50 °C for 48 hours.  

Crosslinking of anhydride- and glycidyl-containing polymer. The polymer was dissolved 

in xylenes at 100 °C. 0.5 equivalents of 1,12-dodecane diamine was added and the reaction 

mixture was heated for 2 hours to 140 °C. Within this time, the formation of a gel was 

observed. The reaction mixture was cooled to room temperature and the polymer was 

repetitively washed with methanol and dried in vacuum (~ 30 mbar) at 50 °C. 

Polymer-analogous azidation of glycidyl-containing polymer. The terpolymer 

poly(ethylene-co-glycidyl acrylate-co-acrylate) was dispersed at 100 °C in 100 mL of 

DMF/dioxane (v:v 2:1). 10 equiv of NaN3 and 14 equiv of NH4Cl (relative to glycidyl units) 

were added and the mixture was stirred at 100 °C for 20 h. The reaction mixture was 

precipitated with methanol and washed with methanol and H2O. The residual solid was dried 

under vacuum.68 

Determination of gel content. A precisely weighted amount (~ 100 mg) of the crosslinked 

polymer was charged in a glass frit with pore size 2. This frit was extracted with boiling 
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xylenes in a soxhlet apparatus for 8 hours. The residual polymer was dried in vacuum (10-1 

mbar) for 12 hours and weighed. The gel content was calculated according to: 

 

Swelling experiments. A precisely weighted amount of polymer sample (~100-200 mg) was 

heated to 80 °C in 4 mL of solvent. After 2 hours, the polymer was thoroughly dried with a 

tissue and weighed again. The swelling was determined as: 

 

In a control experiment using water as solvent in which none of the polyolefins are expected 

to swell, weight gains were below 1 %. 

Measurement of Shore A Hardness. Shore A Hardness was measured using a PCE-

Durometer PCE-DD A. Measurements were performed on a polymer film (prepared at 

Lanxess) at least 6 mm thick. The values given are the arithmetic averages of at least five 

independent measurements. 
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3.4.2. Synthesis of 6-azidohexyl acrylate 

6-Bromo-1-hexanol (1.38 g, 7.6 mmol) and sodium azide (715 mg, 11 mmol) were heated for 

6 hours at 50 °C in 10 mL of DMF. 50 mL of water was added and the reaction mixture was 

extracted twice with diethylether. The ether phase was dried over MgSO4 and the solvent was 

removed yielding 500 mg of a colorless oil which was dissolved in 50 mL of toluene. 

Triethylamine (425 mg, 4.2 mmol) was added and the reaction mixture was cooled to 0 °C. 

Acryloyl chloride (380 mg, 4.2 mmol) were dissolved in 20 mL of toluene and was added 

dropwise to the reaction which was afterwards stirred at room temperature overnight. The 

solids formed were filtered off and the filtrate was extracted with 30 mL of 0.2 M HCl 

solution, 30 mL of 0.2 M NaOH solution, 30 mL of water and 30 mL of saturated NaCl 

solution. The solution was dried over MgSO4. Removal of the solvent yielded the desired 

product as a yellowish oil (366 mg, 1.9 mmol, 25 % overall yield). 

1H NMR (400 MHz, 25 °C, CDCl3): δ 6.38 (d, 3JHH = 17 Hz, 1 H; a-H) and 5.80 (d, J = 11 

Hz, 1 H, a-H); 6.10 (dd, 3JHH = 17 Hz, 3JHH = 11 Hz, 1 H, b-H); 4.13 (t, 3JHH = 7 Hz, 2 H, c-

H); 3.25 (t, 3JHH = 7 Hz, 2 H, h-H); 1.66 (m, 2 H, d-H); 1.59 (m, 2 H, g-H); 1.38 (m, 4 H, e-H 

and f-H); 13C NMR (400 MHz, 25 °C, CDCl3): δ 130.7 (C-a); 128.8 (C-b); >C=O n.d.; 64.6 

(C-c); 51.6 (C-h); 29.0 (C-g); 28.7 (C-d); 26.7 (C-e or C-f); 25.8 (C-e or C-f). 
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3.4.3. Synthesis of 5-azido pent-1-ene 

 

1-Bromo-1-pentene (1 g, 6.7 mmol) and sodium azide (655 mg, 10 mmol) were dispersed in 

15 mL of dmso for 20 hours. 20 mL of water were added. The reaction mixture was extracted 

twice with 30 mL of diethylether. The ether phase was extracted with saturated sodium 

chloride solution and was dried over MgSO4. Evaporation of the solvent yielded 677 mg (6.1 

mmol, 91 %) of the desired product as a colorless oil. 

1H NMR (400 MHz, 25 °C, CDCl3): δ 5.75 (m, 1 H, b-H); 5.01 (m, 2 H, a-H); 3.26 (t, 3JHH = 

6.9 Hz, 2 H, c-H); 2.12 (m, 2 H, d-H); 1.67 (m, 2H, e-H); 13C NMR (400 MHz, 25 °C, 

CDCl3): δ 137.3 (C-a); 115.8 (C-b); 50.9 (C-e); 30.9 (C-c or C-d); 28.2 (C-c or C-d). 

3.4.4. Synthesis of endo-cis-bicyclo[2.2.1]heptane-2,3-dicarboxylic anhydride 
(norbornane anhydride) 

 

endo-cis-Bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic anhydride (7.0 g, 42.6 mmol) was 

dissolved in 100 mL of ethylacetate. 60 mg of Pd/C (10 wt-% Pd) were added and a 

continuous hydrogen pressure of 1 atm was applied. The reaction was stirred for 4 hours. 

Pd/C was removed by filtration over celite. The solvent was removed in vacuum to yield 6.8 g 

(41 mmol, 96 %) of the desired product. 

1H NMR (400 MHz, 25 °C, CD3OD): δ 3.46 (2H, m, H-3); 2.74 (2H, H-2); 1.69 (4 H, m, H-5 

and H-1); 1.36 (2H, m, H-1). 13C NMR (100 MHz, 25 °C, CD3OD): δ 174.4 (>C=O); 51.4 

(C3); 43.0 (C5); 41.3 (C2); 26.0 (C1). 
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3.4.5. Synthesis of endo-cis-bicyclo[2.2.1]heptane-2,3-dicarboxylic acid (norbornane 
diacid) 

 

endo-cis-Bicyclo[2.2.1]heptane-2,3-dicarboxylic anhydride (500 mg, 3 mmol) was dispersed 

in 6 mL of an 1 M aqueous hydrochloride solution at 100 °C. Within a few minutes, the 

dispersion turned to a clear solution. After 2 hours, the reaction mixture was cooled to 4 °C. 

After 24 hours, the product was obtained as colorless crystals (432 mg, 2.4 mmol, 80 %). 

1H NMR (400 MHz, 25 °C, CD3OD): δ 4.90 (-OH); 2.98 (m, 2 H, 3-H); 2.49 (m, 2 H, 2-H); 

1.93 (m, 2 H, 1-H); 1.48 (m, 4 H, 5-H and 1-H). 13C NMR (100 MHz, 25 °C, CD3OD): 

δ 176.5 (C-4); 48.3 (C-3); 41.7 (C-5); 40.7 (C-2); 25.2 (C-1). 

3.4.6. Synthesis of furfuryl acrylate 

 

Furfuryl alcohol (20 g, 0.20 mol) and triethylamine (1.1 equiv, 0.22 mmol, 31.5 mL) were 

dissolved in 150 mL of CH2Cl2 and cooled to 0 °C. A solution of acryloyl chloride (1.1 equiv, 

0.22 mol, 18.2 mL) in 100 mL of CH2Cl2 was added dropwise over 1 hour. The reaction 

mixture was allowed to stir at room temperature over night and was subsequently quenched 

with 200 mL of water. The organic phase was extracted thrice with 100 mL of water, 100 mL 

of 1M HCl solution and with saturated NaHCO3 solution. After drying over MgSO4, the 

organic phase was evaporated and the residual yellow oil was distillated to yield 17.4 g (0.114 

mol, 57 %) of a colorless liquid.  
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1H NMR (400 MHz, 25 °C, CDCl3): δ 7.38 (1H, ε-H); 6.39 (dd, 3JHH = 17.3 Hz, 2JHH = 1.1 

Hz, 1H, 1’-H); 6.39 (1H, δ-H); 6.32 (m, 1H, γ-H); 6.09 (dd, 6.09, 3JHH = 17.3 Hz, 3JHH = 10.5 

Hz, 1H, 2-H); 5.79 (dd, 3JHH =10.5 Hz, 2JHH = 1.1 Hz, 1H, 1-H); 5.11 (s, 2H, α-H). 13C{1H} 

NMR (100 MHz, 25 °C, CDCl3) δ 165.8 (C-3); 149.5 (C-β); 143.4 (C-ε); 131.4 (C-2); 128.2 

(C-1); 110.9 (C-δ); 110.7 (C-γ); 58.2 (C-α). 
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3.4.7. Additional spectra and data 

 
Figure 3.28 1H NMR spectrum (25°C; CD2Cl2) stacked plots: Pd-Me (blue); 2,1-insertion product (red). 30 mM 
initial concentration of 1-CH3-dmso; 19 equiv fluoro acrylate. 

 

Figure 3.29 1H NMR spectrum (25°C; CD2Cl2) stacked plots: Pd-Me (blue); 2,1-insertion product (red). 30 mM 
initial concentration of 1-CH3-dmso; 18 equiv siloxane acrylate. 
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Figure 3.30 1H NMR spectrum (600 MHz, C2D2Cl4, 130 °C) of poly(ethylene-co-fluoro acrylate) with 2.8 mol-
% incorporation. 

 

Figure 3.31 13C NMR spectrum (151 MHz, C2D2Cl4, 130 °C) of poly(ethylene-co-fluoro acrylate) with 2.8 mol-
% incorporation. Alphatic region from 65 to 5 ppm. 
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Figure 3.32 13C NMR spectrum (151 MHz, C2D2Cl4, 130 °C) of poly(ethylene-co-fluoro acrylate) with 2.8 mol-
% incorporation. Olefinic/aromatic region from 190 to 90 ppm. 

 

Figure 3.33 1H NMR spectrum (400 MHz, C2D2Cl4, 130 °C) of poly(ethylene-co-siloxane acrylate) with 4.2 
mol-% incorporation. 
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Figure 3.34 1H, 1H gCOSY spectrum (400 MHz, C2D2Cl4, 130 °C) of poly(ethylene-co-siloxane acrylate) with 
4.2 mol-% incorporation.  

 
Figure 3.35 13C NMR spectrum (100 MHz, C2D2Cl4, 130 °C) of poly(ethylene-co-siloxane acrylate) with 4.2 
mol-% incorporation.  
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Figure 3.36 1H NMR spectrum (400 MHz, C2D2Cl4, 130 °C) of poly(ethylene-co-fluoro acrylate-co-siloxane 
acrylate) with 3.8 mol-% fluoro acrylate and 4.5 mol-% siloxane acrylate before (lower spectrum) and after 
(upper spectrum) hydrolysis of Si(OMe)3 moieties.  

 

Figure 3.37 1H NMR spectrum (400 MHz, C2D2Cl4, 130 °C) of poly(ethylene-co-glycidyl acrylate) with 6.9 
mol-% of incorporated glycidyl acrylate. 
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Figure 3.38 13C NMR spectrum (100 MHz, C2D2Cl4, 130 °C) of poly(ethylene-co-glycidyl acrylate) with 6.9 
mol-% incorporation.  

 
Figure 3.39 1H NMR spectrum (400 MHz, C2D2Cl4, 130 °C) of poly(ethylene-co-2-ethyl hexyl acrylate) with 
4.8 mol-% incorporation.  
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Figure 3.40 13C NMR spectrum (100 MHz, C2D2Cl4, 130 °C) of poly(ethylene-co-2-ethyl hexyl acrylate) with 
4.8 mol-% incorporation. 
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Table 3.9 Copolymerization of ethylene with various glycol acrylatesa 

Entry 
Concn. 

Acrylate 
[M] 

Yield 
polymer 

[g] 

TOF 
(C2H4) 

TOF 
(acrylate) 

Inc. 
[mol-/wt-%] 

M n 
(NMR/GPC(PDI)) 

DSC 
Tm (cryst.) 

1 0.10 1.79 5750 160 2.7/10.3 7000/4200(2.1) 115.1°C (58%) 
2 0.25 0.79 2190 155 6.6/22.7 6400/2600(1.9) 103.7°C (40%) 
3 0.50 0.25 600 71 10.4/32.6 5800/1500(1.5) 92.0°C (31%) 
4 0.75 0.04 80 12 13.2/38.7 8000/3500(2.2) n.m. 
5 0.10 3.57 11200 230 2.0/12.0 8700/5400(2.1) 117.9°C (56%) 
6 0.25 1.30 3260 210 5.9/29.8 6800/3600(1.9) 101.5°C (39%) 
7 0.50 0.61 1240 140 10.0/42.7 8850/ n.m. 65°C (28%) 
8 0.10 4.31 11800 225 1.9/23.6 12600/1300(2.2) 118.0°C (49%) 
9 0.25 3.57 6700 370 5.3/47.5 14900/3400(1.7) 96.9°C/ - 37°C (29%) 

a Reaction conditions: 10 µmol Pd(II) in 0.6 mL CH2Cl2 stock solution, ~ 40 equiv BHT (referred to Pd(II)), 60 
min reaction time, 50 mL total volume (toluene) 

 

 

Figure 3.41 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of poly(ethylene-co-glycidyl acrylate-co-glycol 
acrylate). Upper spectrum: before azidiation, lower spectrum: azidated.  
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Figure 3.42 1H,13C gHSQC spectrum (400 MHz, C2D2Cl4, 130 °C) of poly(ethylene-co-norbornene anhydride) 
with 4.0 mol-% incorporation. 

 

Figure 3.43 13C NMR spectrum (100 MHz, C2D2Cl4, 130 °C) of poly(ethylene-co-methyl acrylate-co-
norbornene anhydride) with 4.0 mol-% of methyl acrylate and 5.2 mol-% of norbornene anhydride incorporation.  
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Figure 3.44 1H NMR spectrum (400 MHz, C2D2Cl4, 130 °C) of poly(ethylene-co-furfuryl acrylate) with 6.1 
mol-% incorporation. 

 
Figure 3.45 13C NMR spectrum (100 MHz, C2D2Cl4, 130 °C) of poly(ethylene-co-furfuryl acrylate) with 6.1 
mol-% incorporation. 
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Figure 3.46 1H NMR spectrum (400 MHz, CDCl3, 25 °C) of poly(ethylene-co-2-ethyl hexyl acrylate-co-furfuryl 
acrylate) with 5.5 mol-% 2-ethyl hexyl acrylate and 5.5 mol-% furfuryl acrylate incorporation. 

 
Figure 3.47 1H NMR spectrum (400 MHz, CDCl3, 25 °C) (lower spectrum) and 13C NMR spectrum (100 MHz, 
CDCl3, 25 °C) (upper spectrum) of model compound 1. 
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Figure 3.48 1H NMR spectrum (400 MHz, CDCl3) of model compound 1 at 25 °C, 70 °C, 90 °C 

 
Figure 3.49 Time-resolved formation of the DA-product 1 at 25 °C and 50 °C with equimolar amounts of 
furfuryl alcohol and N-Phenyl maleimide at a concentration of ~ 150 mM. 
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Figure 3.50 1H NMR spectrum (400 MHz) of poly(ethylene-co-furfuryl acrylate-co-2-ethyl hexyl acrylate) with 
5.5 mol-% furfuryl acrylate and 5.5 mol-% 2-ethyl hexyl acrylate crosslinked with bismaleimide after heating to 
130 °C in C2D2Cl4 (lower spectrum); of poly(ethylene-co-furfuryl acrylate-co-2-ethyl hexyl acrylate) with 5.5 
mol-% furfuryl acrylate and 5.5 mol-% 2-ethyl hexyl acrylate in CDCl3 (center spectrum) and of the 
bismaleimide crosslinker (upper spectrum).  
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4. Acidic Monomers in Insertion Copolymer–  
ization  

4.1. Introduction 

 

Polyethylene with carboxylic, sulfonic or phosphonic functionalities are an important polymer 

class with wide-range applications. They do not only exhibit polar substituents, but can form 

inter- and intrachain interactions via hydrogen-bridging.82  

Well-known examples are methacrylic and acrylic acid copolymers with ethylene which 

provide enhanced adhesion, particularly in coextruded films or laminates.1 The corresponding 

ionomers are produced by partial neutralization of acidic copolymers. The ionic salts and the 

unneutralized acid groups form strong interchain interactions producing thermally labile 

crosslinking which enhance tensile strength and melt viscosity.82 These polymers are used in a 

variety of applications like in orthotics and prosthetics or as a constituent in golf balls and 

bowling pins. They are generally produced in high-pressure free-radical processes which 

suffer from a lack of microstructure control. 

Another class of polymers, in this regard, is sulfonated polyethylenes which are of interest 

due to enhanced adhesion and wettability and their application as membranes.83 Synthesis of 

such polymers is performed polymer-analogous with gaseous SO3 or fuming sulfuric acid. 

Several side reactions occur during sulfonation including elimination of the sulfonates to form 

unsaturated sequences or formation of sulfates, ketones or sultones resulting in a rather ill-

defined polymer structure.84,85,86,87,88,89 

Phosphonated polyethylenes play a similarly important role. These polymers have been 

studied as membranes for ion transport, exchange or barriers, as well as biomaterials for 

dental cements, bone integration or cell adhesion.90,91,92,93,94,95,96,97,98 They are produced in 

free-radical post polymerization reactions with PCl3 and oxygen to phosphonyl chloride-
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modified polyethylene which is highly reactive towards hydrolysis to phosphonic acid or 

ester.99,100 

Since the syntheses of these types of polymers are based either on free-radical polymerization 

processes which suffer from a lack of microstructure control or free-radical polymer-

analogous modifications which often result in a series of undesired side reactions and 

disadvantageously impact the initial polymer structure, other synthetic methods would be 

desirable.  

Indeed, a catalytic pathway to ethylene-acrylic acid101 and ethylene-methacrylic acid102 

copolymers was reported by either ADMET polymerization of a carboxylic acid 

functionalized α,ω-diene with post-polymerization hydrogenation to precisely-spaced 

copolymers or by ROMP of cyclooctene and functionalized cyclooctene, again followed by a 

hydrogenation step, to a randomly functionalized copolymer as reported for ethylene-acrylic 

acid copolymers (Scheme 4.1). Both polymerization methods, however, suffer from multistep 

syntheses of the monomers in which the functional group also has to be protected due to the 

sensitivity of the metathesis catalyst and from the polymer-analogous deprotection of the 

carboxylic acids and hydrogenation of the double bonds. The same polymerization pathway 

was successfully applied for sulfonated103 and phosphonated104 polyethylenes with similar 

restrictions.  

 

Scheme 4.1 Synthesis of precise and random functionalized polyethylene via ADMET polymerization 
examplified for ethylene/acrylic acid and ethylene/methacrylic acid copolymers. 
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A more promising pathway would be the direct copolymerization of ethylene and the 

corresponding polar-substituted monomer since vinyl carboxylic-, sulfonic- and phosphonic 

monomers are bulk materials and are readily available in large amounts. Insertion 

copolymerization of ethylene and polar monomers re-experienced substantial progress since 

the seminal work of Drent and coworkers in that neutral κ2-(P,O)-phosphinesulfonato 

palladium catalysts were found to copolymerize ethylene with a variety of polar comonomers 

including acrylonitrile, vinyl acetate, vinyl chloride and vinyl amides.23,46,47,48,49,50,51,52,55,56,57,58 

With the exception of vinyl halides and vinyl ethers which tend to perform β-X elimination 

(X: halide, ether) after insertion as found for the palladium diimine systems,21,22 the challenge 

of these monomers is predominately the coordination of the functional group to the palladium 

center and thus blocking the coordination site for π-coordination of olefin prior to insertion 

(Introduction, Scheme 1.8). The presence of acidic protons of monomers like acrylic acid, 

phosphonic acid or sulfonic acid may open up new reaction pathways. These monomers 

cannot only coordinate to the metal center but may also harm the catalyst by conceivable 

protonation reactions. 

This chapter provides in-depth analysis of the reactivity of these κ2-(P,O)-phosphinesulfonato 

palladium catalysts with acrylic, phosphonic and sulfonic acids and their respective esters by 

NMR insertion studies and copolymerization studies with ethylene and will demonstrate their 

beneficial properties for surfactant-free secondary dispersions and organic-inorganic hybrid 

nanoparticles.  
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4.2. Acrylic Acid 

 

4.2.1. Ethylene polymerization in the presence of carboxylic acid and insertion studies 
of acrylic acid 

 

The presence of polar comonomers in copolymerizations with ethylene enables several new 

reaction channels such as reversible inhibition by κ-X coordination of an inserted polar repeat 

unit. Acidic monomers could be particularly prone to such reversible deactivation, as the 

corresponding anions (e.g. carboxylate) can coordinate relatively strongly. Also, irreversible 

protonation reaction of the bidentate ligand or the growing polymeryl chain could possible. 

Notwithstanding this scheme, the effect of propionic acid on ethylene polymerization by the 

phosphinesulfonato Pd(II) complex 1-CH3-dmso was studied. Remarkably, polymerization 

by 1-CH3-dmso occurred even in a 1 M propionic acid solution (Table 4.1). While 

polyethylene yields decrease with increasing propionic acid concentration (entries 1 to 4), a 

substantial activity of several 103 turnovers per hour is observed even at the aforementioned 

acid concentration. A comparison of polymer yields at different reaction times (entries 3, 5 

and 6) reveal that the catalyst retains its activity over the 30 min periods studied. The slight 

decrease in activity found is also observed in comparative polymerizations in the absence of 

propionic acid (entries 1, 7 and 8). Overall, this data indicates a reversible retardation of 

polymerization, likely by coordination of the carboxylic moieties, but no detrimental catalyst 

decomposition by carboxylic acid. 
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Table 4.1 Polymerization of ethylene in presence of propionic acida 

entry 

conc. 
propionic 

acid 
[mol L -1] 

time 
[min] 

yield   
[g] 

TOF 
[mol(C2H4) 

mol(Pd)-1 h-1] 

1 0.0 30 3.01 61.4 × 103 
2 0.1 30 0.42 8.5 × 103 
3 0.3 30 0.33 6.7 × 103 
4 1.0 30 0.24 5.0 × 103 
5 0.3 10 0.13 8.2 × 103 
6 0.3 20 0.25 7.6 × 103 
7 0.0 10 1.55 94.8 × 103 
8 0.0 20 2.59 79.4 × 103 

a Reaction conditions: total volume toluene + propionic acid: 50 mL, 3.5 µmol 1-CH3-dmso, 5 bar ethylene 
pressure, 95 °C reaction temperature. 

For stoichiometric studies of the reactivity of acrylic acid towards the catalyst, 1-CH3-dmso 

and the chloride-complex 1-CH3-Cl were employed. 1-CH3-dmso allows for conclusions on 

coordination to the metal center as the 1H NMR resonance of the coordinated dmso is 

significantly low-field shifted in comparison to free dmso. The chloride-complex 1-CH3-Cl, 

in contrast, is used in conjunction with one equivalent of AgBF4 as a halide abstraction agent. 

By comparison to 1-CH3-dmso, this route is advantageous for quantitative studies as it 

delivers the [(P^O)PdMe] (1) fragment without a relevant preequilibrium of dmso 

dissociation.  

 

Scheme 4.2 Insertion studies of 1-CH3-dmso and acrylic acid 

Exposure of 1-CH3-dmso to an excess of acrylic acid (20 equivalents) in CD2Cl2 at room 

temperature results in formation of the 2,1-insertion product. Utilization of an excess of 
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acrylic acid allows the extraction of a pseudo first-order rate constant of kobs(30 mM Pd(II), 

25 °C) = 5.5 × 10-4 s-1 which has to be considered as an overall rate constant for a 

prequilibrium of dmso vs comonomer binding followed by insertion (Scheme 4.2, Figure 4.2). 

Characteristic 1H NMR resonances for the 2,1-insertion product 1-AA-CH 3-dmso are a triplet 

at δ 0.45 ppm (3) coupled to a methylene group which possesses diastereotopic protons at 

δ 1.54 and 1.08 ppm (2,2’) and the methine group adjacent to the carboxylic acid and 

palladium at δ 1.92 ppm (1). The methoxy groups of the ligand split into two resonances at δ 

3.69 and 3.61 ppm. The resonance for dmso is still low-field shifted (δ = 2.74 ppm) in 

comparison to free dmso which resonates at δ =2.54 ppm in CD2Cl2 suggesting that the dmso 

is still coordinated to the palladium center and no chelate via κ-O of the inserted acrylic acid 

is formed (Figure 4.1). 
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Figure 4.1 1H NMR spectrum (400 MHz, 25 °C, CD2Cl2) of the insertion product of 1-CH3-dmso and acrylic 
acid 
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Figure 4.2 Pseudo first-order plot of the insertion of acrylic acid into 1-CH3-dmso 
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Exposure of a CD2Cl2 solution formed by the reaction of 1-CH3-Cl with AgBF4 at room 

temperature to an excess of acrylic acid (20 equivalents) was investigated. The pseudo first-

order rate constant of kobs(25°C) = 1.4 × 10-3 s-1 is similar to the insertion rate observed for 

methyl acrylate under identical conditions (kobs(25°C) = 1.2 × 10-3 s-1) (Figure 4.3, Figure 4.4 

and Figure 4.5). By comparison, this insertion proceeds significantly faster than found for 

1-CH3-dmso which is ascribed to the direct accessibility of the fourth coordination site in 

1-CH3-Cl/AgBF4 (Scheme 4.3). Insertion occurs predominately in a 2,1-fashion as expected. 

However, traces (< 10 %) of a characteristic doublet at δ = 1.13 ppm with J = 6.5 Hz for a 

methyl moiety are tentatively assigned to 1,2-insertion.43,44 In addition, the 2,1-insertion 

product with 1-CH3-Cl/AgBF4 has a strong tendency for β-hydride elimination, resulting in 

the formation of crotonic acid with a first-order rate constant of 2.2 × 10-5 s-1 (Figure 4.5). 

This also differs from the observed insertion products of methyl acrylate in which a 

substantial amount of the mono-inserted complex undergoes a second insertion to form a six-

membered chelate instead under identical conditions.32 

 

Scheme 4.3 Insertion studies of 1-CH3-Cl/AgBF4 and acrylic acid 
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Figure 4.3 1H NMR spectra (400 MHz, 25 °C, CD2Cl2) stacked plots: Pd-Me (black); 2,1-insertion product 
(red); crotonic acid (green) and 1,2-insertion product (blue) 
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Figure 4.4 Time dependent conversion of 1-CH3-Cl/AgBF4 (black) to the 2,1-insertion product (red) and 1,2-
insertion product with subsequent formation of crotonic acid (green) at 25 °C 
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Figure 4.5 Pseudo first-order plot of the insertion of acrylic acid into Pd-Me (left), first-order plot of the 
formation of crotonic acid at 25 °C 

It is important to mention that in all insertion experiments no methane or other saturated 

products were formed, indicating that no irreversible deactivation by a conceivable 

protonation of the metal-carbyl bond occurred. 

4.2.2. Direct copolymerization of ethylene and acrylic acid 

 

As anticipated from the aforementioned findings, exposure of 1-CH3-dmso to ethylene and 

acrylic acid under polymerization conditions results in copolymerization (Table 4.2). The 

copolymer nature of the materials obtained was elucidated by 1H and 13C NMR spectroscopy 

at 130 °C in tetrachloroethane-d2. The methylene units in α- and β-position of the carboxylic 

acid resonate at δ 32.6 and 27.8 ppm, respectively and evidence the random copolymer 

character of the material (Figure 4.7 and Figure 4.8). Note that even if poly(acrylic acid) was 

formed by free-radical polymerization, the workup procedure including washing of the 

polymer with methanol would remove the methanol-soluble homopolymer. All copolymers 

are essentially linear, with ca 3 methyl branches/ 1000 carbon atoms. Increasing acrylic acid 

contents result in higher incorporation and shorter polymer chains. This is due to the catalyst 

system being prone to β-H elimination after comonomer insertion, e.g. for a copolymer 
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produced at 95 °C with 9.6 mol-% incorporated acrylic acid (Table 4.2, entry 6), a ratio of ca 

1:1 was found for acrylic acid- and ethylene-derived end groups. Slightly higher molecular 

weights were obtained at lower polymerization temperature (70 °C) since chain transfer after 

comonomer insertion is faster at elevated temperatures. This, however, results in lower 

activities since insertion rates are also temperature dependent. Polymer crystallinities decrease 

with increasing acrylic acid content according to DSC measurements. This is caused by the 

acrylic moieties which act like defect structures in the otherwise crystalline linear 

polyethylene (Figure 4.9). 

Table 4.2 Copolymerization of ethylene and acrylic acid (AA) at variable temperature and AA concentrationa 

entry 
conc. 
AA 
[M] 

Pd(II) 
[µmol] 

Temp. 
[°C] 

yield 
[g] 

TOF 
ethyleneb 

TOF 
AA b 

incorp. 
AA     

[mol-%] 

M n
c        

[g mol-1] 
DPn

c,d Tm
e χχχχe 

1 0.1 20 70 0.87 1440 42 2.2 11300 351 n.m. n.m. 
2 0.3 20 70 0.43 650 45 4.9 9200 271 n.m. n.m. 
3 0.5 20 70 0.25 360 31 6.6 7300 203 n.m. n.m. 
4 0.1 20 95 1.30 2150 67 3.0 8000 273 112 °C 49 % 
5 0.3 20 95 0.51 770 53 6.4 7400 240 100 °C 43 % 
6 0.5 30 95 0.38 350 38 9.6 6100 189 87 °C 32 % 

a Reaction conditions: total volume toluene + acrylic acid: 100 mL, 200 mg BHT added, 5 bar ethylene pressure, 
1 hour reaction time, catalyst precursor: 1-CH3-dmso. b [mol(monomer) mol(Pd)-1 h-1]. c determined by 1H NMR 
spectroscopy, d degree of polymerization. e determined by DSC. 

 

 

Figure 4.6 Designation of the resonances of poly(ethylene-co-acrylic acid) 
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Figure 4.7 1H NMR spectrum (C2D2Cl4, 130 °C) of an ethylene/acrylic acid copolymer with 3.0 mol-% 
incorporation of acrylic acid (Table 4.2, entry 1) 

 

Figure 4.8 13C NMR spectrum (C2D2Cl 4 (s), 130 °C) of an ethylene/acrylic acid copolymer with 3.0 mol-% 
incorporation of acrylic acid (Table 4.2, entry 1) 
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Figure 4.9 Second scan DSC data for polyethylene (green), poly(ethylene-co-acrylic acid) with 3.0 mol-% 
incorporation (black), poly(ethylene-co-acrylic acid) with 6.4 mol-% incorporation (blue), poly(ethylene-co-
acrylic acid) with 9.6 mol-% incorporation (red). 

Table 4.3 Copolymerization of ethylene and acrylic acid (AA) at variable ethylene and AA concentrationa 

entry 
conc. 
AA 
[M] 

Ethylene 
pressure 

[bar] 

Temp. 
[°C] 

yield 
[g] 

TOF 
ethyleneb 

TOF 
AA b 

incorp. 
AA c     

[mol-%] 
1 0.3 5 95 0.21 620 38 5.8 
2 0.6 10 95 0.32 1000 57 5.4 
3 1.2 20 95 0.65 2000 119 5.6 
4 2.4 40 95 1.12 3490 203 5.5 

a Reaction conditions: total volume + acrylic acid: 100 mL, 200 mg BHT added, 20 µmol 1-CH3-dmso, 
b [mol(monomer) mol(Pd)-1 h-1], c determined by 1H NMR spectroscopy 

Higher polymer yields can be achieved by increasing the monomer concentrations (Table 

4.3). Under otherwise identical conditions, multiplication of the concentration of acrylic acid 

and of the ethylene pressure (assuming that ethylene solubility can be roughly considered as 

proportional to pressure under these conditions) results in a substantial increase in activity. 

The copolymer composition remains relatively identical in terms of incorporation and 

molecular weight, thus an increase in activity of ca 4-5 was achieved. This suggests that for 

acrylic acid/ethylene copolymerization, the rate-limiting step is the coordination of monomer 

to the catalyst via chelate opening formed by a last or penultimate incorporated acrylic acid 

unit, as found previously for methyl acrylate homooligomerizations or ethylene/methyl 

acrylate copolymerizations.32,105 
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Figure 4.10 Time-resolved polymerization of ethylene and acrylic acid at 95 °C and 70 °C at 40 bar ethylene 
pressure in a 2.4 M acrylic acid solution in toluene 

Polymerization activities were recorded by periodically taken samples at 70 °C and 95 °C at 

40 bar ethylene pressure in 2.4 M acrylic acid solution using 30 µmol of 1-CH3-dmso (Figure 

4.10). For this purpose, the polymerization reactor was equipped with a bottom blow valve 

which allows for sampling at constant pressure. From isolation of the polymers from these 

aliquots taken, the overall yield was estimated. A graphical plot of the yields against time 

revealed a strong decline of activity at 95 °C. After 60 minutes, no noticeable remaining 

activity was detected. In contrast, polymerization at 70 °C showed activity for at least 120 

minutes and even exceeds the overall polymer yield of the experiment at 95 °C. Thus, activity 

(mol monomer converted per mol catalyst and hour) is higher at 95 °C for a short period of 

time while productivity (mol monomer converted per mol catalyst over the entire experiment) 

is higher at 70 °C. 
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Figure 4.11 ATR-IR spectra of poly(ethylene-co-acrylic acid) (black) and of poly(ethylene-co-sodium acrylate) 
(red), both with 3 mol-% incorporation. 

ATR-IR spectra of poly(ethylene-co-acrylic acid) feature a prominent ν(C=O) at 1704 cm-1 

(Figure 4.11). This differs from the ca 1750 cm-1 expected for free carboxylic acids,106 as a 

consequence of hydrogen-bridge crosslinks. The distinctive rocking vibration at 720 cm-1 

indicates an orthorhombic crystal packing of the polymer.107 By reaction with NaOH in a 

toluene/n-butanol solution,108 the acrylic acid copolymer can be converted to linear ethylene-

based ionomers, as indicated by ATR-IR spectra which feature the asymmetric and symmetric 

vibration of the carboxylate anion at ν = 1557 cm-1 and 1414 cm-1.69  
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4.3. Vinyl Phosphonic Acid and Phosphonates 

 

4.3.1. Coordination strength of phosphonates 

 

The binding strength of functional groups to the fourth coordination site of the palladium 

center is one decisive issue for insertion copolymerization since a strong coordination blocks 

the incoming vinyl monomer to π-coordinate and subsequently insert into the Pd-alkyl bond. 

This aspect was investigated by determining the relative binding strengths of ethyl 

diethylphosphonate relative to the coordinated dmso in the complex 1-CH3-dmso. The 

exchange 1-CH3-dmso + EtP(O)(OEt)2 ⇄ 1-CH3-EtP(O)(OEt)2 + dmso is fast on the NMR 

time scale at 25 °C, resulting in an averaged dmso resonance intermediate to the resonance for 

coordinated dmso (2.94 ppm in CD2Cl2) and free dmso (2.54 ppm in CD2Cl2). The 

equilibrium constant Keq was estimated from the averaged shift. A coordination strength of 

ethyl diethylphosphonate to the metal center (vs dmso) of Keq = 0.1 was determined. That is, 

the dmso coordinates stronger to the metal center than EtP(O)(OEt)2. However, in a typical 

copolymerization experiment, the phosphonate is present in a multiple excess relative to the 

single equivalent of dmso introduced with the catalyst precursor. Determination of Keq with 

ethyl phosphonic acid is complicated by the fact that this additive requires polar solvents, 

which coordinate to the palladium center themselves. Nevertheless, exposure of 1-CH3-dmso 

to 24 equivalents of ethyl phosphonic acid in thf-d8 does not result in any irreversible 

deactivation reaction induced by the phosphonic acid moiety. The value for Keq from these 

stoichiometric NMR studies is in qualitative agreement with the observations in ethylene 

homopolymerization. Addition of ethyl diethylphosphonate (0.1 M to 0.3 M in toluene) to an 

ethylene homopolymerization with 1-CH3-dmso decreases the catalyst’s activity by more 

than one magnitude by reversible deactivation via κ-O phosphonate coordination (Table 4.4). 
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Table 4.4 Ethylene homopolymerization in the presence of ethyl diethylphosphonatea 

Entry 
Et-P(O)(OEt)2 

[M]  

Polymer 
Yield [g] 

Average 
TOF      

 [104 h-1] 
1 0.0 8.00 11.4 
2 0.1 0.34 0.5 
3 0.3 0.14 0.2 

a Reaction conditions: 5.0 µmol 1-CH3-dmso from methylene chloride stock solution; 5 bar ethylene 
pressure, total volume toluene + additive: 50 mL; 95 °C reaction temperature; 30 minutes 
polymerization time. 

 

4.3.2. Stoichiometric experiments on the reactivity of phosphonic vinyl monomers. 

 

 

Scheme 4.4 Insertion modes of vinyl diethylphosphonate and vinyl phosphonic acid into 1-CH3-dmso 

Vinyl diethylphosphonate was reacted with 1-CH3-dmso in an NMR tube at a concentration 

of 33 mM Pd(II) and 20 equivalents of comonomer at 25 °C in CD2Cl2. Consumption of the 

Pd-Me was monitored by periodically acquired 1H NMR spectra. The excessive amount of 

vinyl diethylphosphonate allows the extraction of a pseudo first-order rate constant of kobs(33 

mM Pd(II), 25 °C) = 2.1 × 10-5 s-1 which has to be considered for the overall reaction for 

insertion including a preceded equilibrium of dmso and monomer. Insertion proceeded in 2,1- 

as well as 1,2-mode in a ratio of ca 2:1 (Scheme 4.4). Characteristic 1H NMR resonances for 

the 2,1-insertion product 2a are a methyl group occurring as a triplet at 0.45 ppm coupled to a 

methylene group, which possesses diastereotopic protons at  δ 0.72 and 1.19 ppm (Figure 

4.13). The methoxy groups of the phosphinesulfonato ligand split into two resonances at 3.72 

and 3.54 ppm. 31P NMR spectroscopy shows two doublet resonances at δ 22.84 ppm for the 
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P^O-ligand and at δ 46.16 ppm for the inserted phosphonate, which are coupled to each other 

with 3JPP = 12.4 Hz (Figure 4.14). The most characteristic 1H NMR resonance for the 1,2 

insertion product (2b) is a methyl group resonating at δ 0.96 ppm which is coupled to the 

phosphonate with 3JPH = 19 Hz and to the adjacent methine moiety with 3JHH = 7 Hz to a 

doublet of doublet. In this case, the phosphorus resonances appear as two singulets at 25.34 

ppm for the P^O-ligand and the phosphonate at 50.20 ppm. Excessive comonomer was 

removed by precipitating and washing the complexes with diethylether. 1H NMR spectra of 

the products do not exhibit resonances for dmso indicating that instead of coordinating dmso, 

the fourth coordination site is occupied by the P-bound oxygen of the inserted phosphonate 

forming a 5-membered chelate for 1,2-insertion and a 4-membered chelate for 2,1-insertion, 

respectively. Addition of an excess of PPh3 results in a significant shift of the phosphonates in 

the 31P NMR spectrum from δ(31P) = 50.20 and 46.16 ppm to δ(31P) = 36.54 and 36.22 ppm, 

respectively. These chemical shifts are in agreement with the phosphorus resonance of ethyl 

diethylphosphonate at δ(31P) = 32.59 ppm and thus evidence of the opening of the chelates, 

further confirming their identity. 

Vinyl phosphonic acid insertion was studied in thf-d8 since vinyl phosphonic acid is not 

soluble in methylene chloride. In this case, the insertion rate into 1-CH3-dmso is restricted 

due to the low solubility of the catalyst precursor and the coordinating nature of thf 

(concentration of 1-CH3-dmso in thf-d8 ca 8 mM). A conversion of 93 % of the Pd-Me in the 

presence of ca 50 equivalents of vinyl phosphonic acid was observed after 6 days at 25 °C. 

Similar resonances for the two insertion modes were found. The characteristic triplet for the 

methyl group from 2,1-inserted complex 3a appears at δ 0.45 (3JHH = 7 Hz). The methyl 

resonance for the 1,2-insertion (3b) was found at δ 0.92 ppm as a doublet of doublet with 3JPH 

= 18.1 Hz and  3JHH = 7.1 Hz (Figure 4.39, Figure 4.40 and Figure 4.41). The ratio of the 2,1- 

and 1,2-inserted complexes differs from 2:1 for vinyl diethylphosphonate to 1:4 for vinyl 
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phosphonic acid. Heating this sample to 40 °C overnight results in β-hydride elimination as 

evidenced by the formation of the elimination products of the two complexes. It is important 

to mention that in all experiments performed with vinyl phosphonic acid, no methane was 

formed, indicating that no irreversible catalyst deactivation by a conceivable protonation of 

the metal-alkyl bond occurred. Additional side products such as the vinyl phosphonic acid 

dimer CH2=CH-P(O)(OH)-OCH2CH2-P(O)(OH)2 and the aldehyde CH(O)-CH2-P(O)(OH)2 

were observed. The latter is an addition product of traces of water to the vinylic group and 

was only observed in presence of the palladium catalyst. 

 

Figure 4.12 Designation of key resonances of the insertion products of 1-CH3-dmso with vinyl 
diethylphosphonate 
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Figure 4.13 1H NMR spectrum (600 MHz, CD2Cl2) of the insertion products of 1-CH3-dmso with vinyl 
diethylphosphonate, red: 1,2-insertion product, blue: 2,1-insertion product. 

 

Figure 4.14 31P NMR spectrum (161 MHz, CD2Cl2) of the insertion products of 1-CH3-dmso with vinyl 
diethylphosphonate, red: 1,2-insertion product, blue: 2,1-insertion product. 
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Scheme 4.5 Reaction of 1-H-PtBu3 with vinyl diethylphosphonate in the presence of CD3OD. 

Palladium-hydrides are formed during polymerization as an intermediate of chain transfer. 

Thus, their insertion reactivity and possible other reaction pathways with the monomer are 

also relevant. To this end, insertion studies into the complex 1-H-PtBu3 were performed. For 

this purpose, a NMR tube was charged with 1-H-PtBu3, which was dissolved in a 1.2 M 

CD3OD solution in CD2Cl2. Heating this reaction mixture (80 °C, 2 days) in the presence of 

vinyl diethylphosphonate (2 equiv relative to Pd(II)) results in H/D exchange between Pd-H 

and CD3OD forming Pd-D species which subsequently insert the vinyl moiety, followed by β-

H/D elimination.109 This results in a partial deuteration of the vinylic group and thus allows 

for the identification of the insertion modes indirectly (Scheme 4.5). 2H NMR spectroscopy 

shows deuteriums at all three vinylic positions which are coupled to a phosphorus and thus 

implies that insertion into the Pd-H occurs in 1,2- as well as 2,1 insertion (Figure 4.15). Note 

that natural abundance deuterium can be excluded since no other moiety except the deuterated 

additives and solvent exhibits resonances in the 2H NMR spectrum. 
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Figure 4.15 Lower spectrum: 1H NMR (400 MHz, CD2Cl2, 25 °C) of the reaction mixture of 1-H-PtBu3 and 2 
equivalents of vinyl diethylphosphonate in a 1.2 M CD3OD solution in CD2Cl2 after heating to 80 °C for 2 days; 
center spectrum: corresponding 1H{ 31P} spectrum; upper spectrum: corresponding 2H (61 MHz) spectrum. 

 

4.3.3. Copolymerization of ethylene with vinyl diethylphosphonate and vinyl 
phosphonic acidII 

 

Copolymerization reactions of ethylene and vinyl diethylphosphonate using 1-CH3-dmso 

were performed (Table 4.5). Yields are considerably lower than in a reference polymerization 

without additive which clearly confirms the strong coordination of phosphonate moieties to 

the palladium center which can either occur in an intermolecular fashion by a free vinyl 

phosphonate or intramolecularly after insertion by chelate formation. Incorporation ratios of 

vinyl phosphonate and molecular weights were determined by 1H NMR spectroscopy at 130 

                                                 

II Copolymerization of ethylene and allyl diethylphosphonate was also successfully performed, see experimental 

part: Table 4.8, Figure 4.47, Figure 4.48, Figure 4.49 and Figure 4.50 
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°C in tetrachloroethane-d2 (Figure 4.17, Table 4.5).III  In addition, ATR-IR spectra feature 

characteristic absorbances at 1244 cm-1 for P=O and at 1057 cm-1, 1028 cm-1 and 959 cm-1 for 

P-O-C (Figure 4.19).104 13C{1H} NMR spectra of poly(ethylene-co-vinyl diethylphosphonate) 

comprise several doublets which collapse to singulets upon additional phosphorus decoupling  

(Figure 4.18). These phosphorus-coupled 13C-resonances were assigned to the carbon atoms 

adjacent to the incorporated phosphonates. The methine-group next to the phosphorus (A1CH) 

resonates at δ(13C) 36.94 ppm as a doublet with 1JPC = 138 Hz. The methylene adjacent to the 

methine (αδ+) was detected at δ(13C) 28.17 ppm and is coupled with 2JPC = 9 Hz. The adjacent 

βδ+-methylene resonates at δ(13C) 29.15 ppm with 3JPC = 4 Hz.The corresponding phosphorus 

resonance was detected at δ(31P) = 34.33 ppm by {1H,13C}-gHSQC in combination with 

{ 1H,31P}-gHMBC spectroscopy.  

Table 4.5 Copolymerization of ethylene with vinyl diethylphosphonate and vinyl phosphonic acida 

Entry 
Concn. 

CH2=CHP(O)(OR)2 
[mol L-1] 

Pd(II) 
[µmol] 

t 
[min] 

T 
[°C] 

Yield 
[g] 

inc. 
[mol-
%] 

TONb 
Ethylene 

TONb 

CH2=CHP(O)(OR)2 
Tm[°C] 
(χ [%])c 

Mn/DPn    

[g mol-1]d 

1 - 5 30 95 8.00 - 57 000 - 135 (56) 7700/275 
2 (R=Et) 0.2 40 180 95 0.87 1.2 720 9 n.m. 2500/83 
3 (R=Et) 0.3 40 180 95 0.55 1.5 450 7 n.m. 1600/53 
4 (R=Et) 0.4 40 180 95 0.24 1.6 200 3 n.m. 1100/37 

5 - 5 30 95 0.99 - 7100 - 126 (74) 7900/283 
6 (R=H) 0.1 37 120 95 0.66 0.5 618 3 125 (69) 7500/266 
7 (R=H) 0.3 37 120 95 0.23 2.0 198 4 119 (58) 7070/239 
8 (R=H) 0.5 106 120 95 0.52 3.2 143 5 118 (59) 7000/229 

a Reaction conditions: 95 °C reaction temperature; 50 mL total volume, entry 1-4: vinyl diethylphosphonate in 
toluene, entry 5-8: vinyl phosphonic acid in dioxane, 5 bar ethylene pressure, b mol monomer converted per mol 
palladium, c determined by DSC with 10 K min-1 heating rate d determined by 1H NMR spectroscopy from the 
ratio of aliphatic and olefinic resonances.  

                                                 

III
 The degree of incorporation is significantly lower than for comparable copolymerizations with acrylic 

monomers. In a comparable copolymerization of ethylene and methyl acrylate (0.3 M in toluene) a copolymer 

with 6.4 mol-% incorporation was obtained. This is also reflected in the quantitative differences found in NMR 

insertion studies for the insertion rates (compare kobs(33 mM Pd(II), 25 °C) = 2.1 × 10-5 s-1 for vinyl 

diethylphosphonate and kobs(33 mM Pd(II), 25 °C) = 3.9 × 10-4 s-1 for methyl acrylate. 
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Figure 4.16 Designation of the resonances of an ethylene-vinyl diethyl phosphonate copolymer. 

In addition to the backbone resonances, a phosphorus resonance at δ(31P) 34.40 ppm, which 

couples to a methine-carbon at δ(13C) 31.53 (1JPC = 144 Hz) and a methyl-carbon at δ(13C) 

13.87 ppm could be assigned to an aliphatic chain end. This can result from the insertion of 

vinyl phosphonate into the Pd-H in 2,1-insertion mode or into the initial Pd-Me precursor in a 

1,2-mode. The latter is, however, unlikely because several chain transfers occurred during 

polymerization per metal center and thus, aliphatic chain ends must predominantly originate 

from insertion into Pd-H species. Another saturated chain end is found with a phosphorus 

resonance at δ(31P) 31.76 ppm which results from 1,2-insertion into the Pd-H since it only 

possesses one cross peak to a methylene in {1H,31P}-gHMBC.  

Concerning unsaturated chain ends, β-hydride elimination occurs after ethylene and vinyl 

phosphonate insertion. However, chain transfer after comonomer insertion was exclusively 

found after 2,1-insertion with a phosphorus resonance at δ(31P) 48.34 ppm and a coupling 

constant of 1JPC = 188 Hz to the olefinic α-carbon at δ(13C) = 118.13 ppm and 2JPC = 4 Hz to 

the olefinic β-carbon at δ(13C) = 153.41 ppm.  
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Figure 4.17 1H NMR spectrum (C2D2Cl4, 130 °C) of poly(ethylene-co-vinyl diethylphosphonate) with 1.5 mol-
% incorporation of vinyl diethylphosphonate  

 
Figure 4.18 Representative 13C NMR (C2D2Cl4, 130 °C) spectra of poly(ethylene-co- vinyl diethylphosphonate) 
with 1.5 mol-% incorporation. Lower spectrum: 13C{1H} (101 MHz); Upper spectrum 13C{1H, 31P}(151 MHz) 
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Figure 4.19 ATR-IR spectra of poly(ethylene-co-vinyl diethylphosphonate) (black) and poly(ethylene-co-vinyl 
phosphonic acid) (red). 

 

4.3.4. Nanocomposites of poly(ethylene-co-vinyl phosphonic acid) and CdSe/CdS 
quantum dots.  

 

Polymeric organic-inorganic hybrids are of widespread interest.110 Such a high degree of 

dispersion of submicron inorganic particles in a polymer matrix is desirable and can improve 

a multitude of material properties. However, achieving such a dispersion is challenging due to 

the usually prevailing aggregation of the nanoparticles. Especially for apolar polymer 

matrices as present in e.g. polyolefins, overcoming aggregation requires the incorporation of 

functional groups. Phosphonates are perhaps the most general and effective type of functional 

groups for interacting with inorganic phases.111 In contrast, examples of phosphonate-

functionalized polyethylenes are so far limited to either post-polymerization procedures99,100 

or multi-step ADMET polymerization.104 Consequently, examples of PE-inorganic 

nanocomposites in which the inorganic part is highly dispersed are scarce and require special 
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technics to overcome excessive aggregation like polymerization in miniemulsion112 or one-pot 

preparation of inorganic compounds from hydrolysis of molecular precursors.113 

The polymer poly(ethylene-co-vinyl phosphonic acid) was investigated as a polymeric matrix 

for quantum dots. The embedding of CdSe/CdS core-shell quantums dots114 was performed 

via secondary dispersion. This yields the nanocomposite in the form of submicron particles 

itself. They can be further processed beneficially to macroscopic nanocomposite samples. The 

QDs and poly(ethylene-co-vinyl phosphonic acid) with 2.0 mol-% incorporated phosphonic 

acid were dispersed in toluene at 100 °C for 5 minutes forming a homogenous phase. The 

toluene phase was then injected into the water phase containing sodium dodecylsulfate under 

ultrasonication and continuous argon flow (1.6 wt-% polymer content calc.). Dynamic light 

scattering revealed the formation of particles with a monomodal size distribution with the 

maximumaround 45 nm (Figure 4.20, B). The dispersion exhibits a fluorescence quantum 

yield of 10 % at an emission wavelength maximum of 627 nm. In comparison, the naked QDs 

exhibited a QY of 34 % at an emission wavelength of 626 nm.  

Transmission electron microscopy was performed on the composite material. Particles of ~50 

nm in diameter were observed containing one to several quantum dots. In particles exhibiting 

several QDs, they are statistically dispersed without any coagulation (Figure 4.20, C and 

Figure 4.21). In contrast, a dispersion prepared with non-functionalized polyethylene under 

otherwise identical conditions revealed the QDs to be on the particle’s surface which 

coagulated with other QDs or are not imbedded and remain unprotected (Figure 4.22). 

Further, the dispersion is less stable than the ones prepared from poly(ethylene-co-vinyl 

phosphonic acid). Polymer precipitate was formed after 4 weeks while the phosphonic acid-

functionalized dispersion remains transparent even after dialysis. This suggests that the 

presence of phosphonic acids in the polymer direct the QDs into the polymer particles and 

prevents coagulation.  
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Figure 4.20 A: Quantum dot dispersion of poly(ethylene-co-vinyl phosphonic acid) under ambient light (left) 
and UV-irradiation (right); B: Differential light scattering (DLS) spectrum of the QD/copolymer dispersion; C: 
Transmission electron microscopy of CdSe/CdS quantum dots embedded into poly(ethylene-co-vinyl 
phosphonic acid) with 2.0 mol-% incorporated phosphonic acid. 

 

Figure 4.21 Transmission electron microscopy image of a secondary dispersion of poly(ethylene-co-vinyl 
phosphonic acid) (2 mol-% inc.) and quantum dots.  
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Figure 4.22 Transmission electron microscopy image of a secondary dispersion of polyethylene and quantum 
dots.  

 

Figure 4.23 Normalized photon flux over time trace of naked CdSe/CdS-quantum dots (left column) and 

poly(ethylene-co-vinyl phosphonic acid)-embedded CdSe/CdS-quantum dots (right column) measured at an 

excitation energy density of 300 mW cm-2 (upper row) and 1400 mW cm-2 at 561 nm (lower row). 

For optical characterization, the CdSe/CdS-poly(ethylene-co-vinyl phosphonic acid) 

dispersion was diluted by a factor of ~ 500 and was spin-coated on a glass substrate, which 

0 100 200 300 400 500
0

10

20

30

40

50

60

70

80

 

 

co
un

ts

t [sec]

0 100 200 300 400 500
0

10

20

30

40

50

 

 

co
un

ts

t [sec]

0 100 200 300 400 500
0

10

20

30

40

50

60

70

 

 

co
un

ts

t [sec]

0 100 200 300 400 500
0

10

20

30

40

50

 

 

co
un

ts

t [sec]



 
Acidic Monomers in Insertion Copolymerization with neutral Pd(II) phosphinesulfonato catalysts 

 

118 

had been cleaned in oxygen plasma. As a reference, non-embedded Cd/Se/CdS QDs were 

diluted and were directly spin-coated onto a plasma-cleaned glass substrate. Time-resolved 

wide-field fluorescence microscopy was performed at room temperature in ambient 

atmosphere. The QDs were excited using a solid state laser at a wavelength of 561 nm and the 

fluorescence emission of single particles was recorded with an electron-multiplying CCD 

camera. The emission behavior was analyzed by selecting several representative QDs from 

the video and plotting their intensity profile over time. At an excitation energy of 300 mW 

cm-2, a distinctive blinking behavior for the naked QDs was found. A representative time trace 

is shown in Figure 4.23, upper row, left. In contrast, the polymer-embedded QDs emitted 

fluorescence more constantly with shorter occurring dark states (upper row, right). None of 

the two samples showed notable bleaching at this laser intensity within the measurement 

period. At an elevated laser power of ~ 1400 mW cm-2 the naked QDs bleach irreversibly 

within the first few minutes (Figure 4.23, lower row, left), whereas ca 40 % of the embedded 

particles still emit fluorescence after 500 sec with a strong blinking behavior (Figure 4.23 

lower row, right).  

 

Figure 4.24 Transmission Electron Microscopy (TEM) image of a polymer film formed by spin-coating of a 
mixture (v:v = 1:1) of quantum dots/poly(ethylene-co-vinyl phosphonic acid) dispersion (1.6 wt-%) and HDPE 
dispersion (1.5 wt-%). 
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Figure 4.25 Transmission Electron Microscopy (TEM) image of a polymer film formed by spin-coating of a 
mixture (v:v = 1:1) of quantum dots/poly(ethylene-co-vinyl phosphonic acid) dispersion (1.6 wt-%) and HDPE 
dispersion (1.5 wt-%). 

The dispersion of quantum dots embedded into poly(ethylene-co-vinyl phosphonic acid) was 

further used as a master batch for the preparation of HDPE-QD composite materials. The QD 

dispersion was mixed with a HDPE dispersion (1.5 wt-%, 12 nm particle size, QD dispersion: 

HDPE dispersion v:v = 1:1) which was prepared by emulsion polymerization using water-

soluble salicylaldiminato Ni(II) catalyst precursors.115 The mixed dispersion was spin-coated 

on a class substrate and the polymer film formed was subjected to TEM measurements. The 

film thickness was determined to be ~30 nm according to TEM. The quantum dots are 

embedded into the HDPE film and remain freely dispersed as shown in Figure 4.24 and 

Figure 4.25 (residual quantum yield 3 %). 
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4.4. Vinyl Sulfonic Acid and Sulfonates 

 

4.4.1. Insertion studies of vinyl sulfonates and ethylene polymerization in the presence 
of sulfonates 

 

Stoichiometric insertion experiments were performed using the ethyl-, phenyl- and neopentyl 

vinyl sulfonate esters. 1-CH3-dmso (33 mM) was exposed to a ca 20-fold excess of the 

corresponding vinyl sulfonic ester in CD2Cl2 and was monitored by periodically recorded 1H 

NMR spectra at 25 °C. In all three cases, 2,1-insertion was the only insertion mode detected. 

As an example, for the vinyl phenyl sulfonate, characteristic resonances for this insertion 

mode are a triplet at δ 0.73 ppm with 3JHH = 7.3 Hz for the methyl moiety as well as a 

multiplet at δ 1.51-1.35 ppm for the methylene protons and a virtual quartet for the methine 

proton at δ 2.36 ppm adjacent to the palladium center and the sulfonate. The resonance of the 

methoxy groups of the anisyl at the phosphorus becomes diastereotopic and splits into two 

singulets at δ 3.63 ppm and 3.44 ppm. The resonance for dmso (δ 2.81 ppm) is 

characteristically low-field shifted in comparison to free dmso in CD2Cl2 (δ 2.54 ppm) which 

allows the assumption that dmso is still coordinated to the palladium center (Figure 4.26 and 

Figure 4.27). The excess of comonomer allows the extraction of a pseudo first-order constant 

for the three vinylic monomers which has to be considered as a rate constant for the overall 

reaction including a preceding equilibrium of dmso vs comonomer and subsequent insertion 

(Figure 4.28). For the ethyl sulfonate a pseudo first-order rate constant of kobs (33 mM, 25 °C) 

= 4.6 × 10-5 s-1 was found. A comparable value was found for the neopentyl ester (kobs (33 

mM, 25 °C) = 3.4 × 10-5 s-1). The insertion of vinyl phenyl sulfonate was found to be ca 

twofold faster in comparison to the two other esters with kobs (33 mM, 25 °C) = 8.2 × 10-5 s-1. 
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In case of addition of vinyl sulfonic acid to a solution of 1-CH3-dmso in CD2Cl2, immediate 

gas formation was observed with concomitant precipitation of palladium black. 1H NMR 

spectroscopy revealed the formation of methane (singulet at δ 0.20 ppm) formed from 

protonation of the palladium-methyl by the sulfonic acid (Figure 4.29).  

 

Figure 4.26 Designation of the resonances of the insertion products of 1-CH3-dmso and vinyl phenyl sulfonate 

 

Figure 4.27 1H NMR spectrum (400 MHz, CD2Cl2) of the insertion product of 1-CH3-dmso and vinyl phenyl 
sulfonate 



 
Acidic Monomers in Insertion Copolymerization with neutral Pd(II) phosphinesulfonato catalysts 

 

122 

0 5000 10000 15000 20000 25000

-1,8

-1,6

-1,4

-1,2

-1,0

-0,8

-0,6

-0,4

-0,2

0,0

 

 

ln
 (

P
d-

M
e/

P
d-

M
e0 )

t [sec]

Neopentyl: k
obs

(25 °C, 33 mM) = 3.4 x 10-5 s-1

Ethyl:         k
obs

(25 °C, 33 mM) = 4.6 x 10-5 s-1

Phenyl:      k
obs

(25 °C, 33 mM) = 8.2 x 10-5 s-1

 

Figure 4.28 Pseudo first-order plot of the insertion of vinyl sulfonates into Pd-Me 

 

 

Figure 4.29 1H NMR spectra (400 MHz, CD2Cl2, 25 °C) of 1-CH3-dmso (lower spectrum) and 1-CH3-dmso 
with vinyl sulfonic acid (upper spectrum) 

The relative binding strengths of sulfonates (ethyl methylsulfonate) were determined by 

comparison to the coordinated dmso in the complex 1-CH3-dmso. The exchange of dmso 

with the additives is fast on the NMR scale at 25 °C resulting in an averaged dmso resonance 

between the resonance for coordinated dmso (2.94 ppm in CD2Cl2) and free dmso (2.54 ppm 

in CD2Cl2) from which the equilibrium constant was estimated. The coordination strength (vs 
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dmso) was found to be rather low with an equilibrium constant of Keq < 10-2 which is in the 

same range as found for ethyl acetate as a model for the ester group of acrylate monomers.47 

In ethylene homopolymerization studies in the absence and the presence of ethyl 

methylsulfonate under otherwise identical conditions, reversible κ-sulfonate coordination 

results in a decrease of activity to half the activity observed in the absence of sulfonate (Table 

4.6). 

Table 4.6 Ethylene homopolymerization in presence of ethyl methylsulfonatea 

Entry Additive 
Additive 

conc. 
[M] 

Polymer 
Yield           
[g] 

Average 
TOF          

[104 h-1]b 

1 none 0 8.00 11.4 

2 
C2H5SO3CH3 

0.1 5.26 7.5 

3 0.3 4.00 5.7 
a Reaction conditions: 5.0 µmol 1-CH3-dmso from methylene chloride stock solution; 5 bar ethylene pressure, 
total volume toluene + additive: 50 mL; 30 minutes polymerization time. 

 

4.4.2. Insertion copolymerization of ethylene and sulfonic comonomers 

 

As anticipated from the aforementioned stoichiometric NMR insertion studies, exposure of 

1-CH3-dmso to ethylene and vinyl sulfonic acid under polymerization conditions did not 

result in formation of polymeric material due to rapid protonation of the Pd-methyl (Table 

4.7, entry 1-H), while copolymerization with the ethyl-, phenyl- and neopentyl-sulfonate 

esters resulted in copolymer. The polymers were analyzed by high temperature 1H and 13C 

NMR spectroscopy at 130 °C in tetrachloroethane-d2. Incorporation of the comonomers was 

determined by the ratio of sulfonic ester resonances to aliphatic polyethylene backbone 

(Figure 4.31). The random nature of the copolymer was further confirmed by the methylene 

units adjacent to the sulfonate moiety (13C NMR: αδ+(S) 29.88 ppm and βδ+(S) 27.12 ppm, 

Figure 4.32). For a copolymer with 6.8 mol-% vinyl phenyl sulfonate incorporation, 4.6 mol-
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% are incorporated in-chain, while 1.3 mol-% form an aliphatic and 0.9 mol-% an olefinic 

chain end according to quantitative 13C NMR analysis. β-Hydride elimination after 

comonomer insertion is the predominant chain transfer reaction since the ratio of olefinic end 

groups derived from ethylene and comonomer is in this representative example 2:3 at an 

incorporation of 6.8 mol-%. The incorporations for the different sulfonate esters further 

represent the difference in insertion rate in the NMR studies (vide supra). Comparing entry 2-

Et and 5-Ph, which differ only in the comonomer used, a twofold higher incorporation was 

found (0.8 mol-% ethyl sulfonate vs 1.5 mol-% phenyl sulfonate). This is in quantitative 

agreement with the pseudo first-order rate constants determined for insertion into the 

[(P^O)PdMe] fragment of these two comonomers. 

 

Table 4.7 Copolymerization of ethylene and vinyl sulfonate comonomersa 

Entry  
Volume 

[mL] 
c          

[mol L -1] 
t  

[min] 
yield 
[mg] 

inc.b 
[mol-%] 

TON 
Ethylene 

TON 
Comon. 

DPn 
c
 

(NMR) 

M n 
c         

[g mol-1] 
(NMR) 

Tm [°C]d 

(cryst. [%] ) 

Tm [°C]d 
(cryst. [%]) 

deprot. 

1-H 50 0.1 60 0 - - - - - - - 

2-Et 50 0.1 60 4144 0.8 7120 57 246 7100 121 (65) n.m. 

3-Et 50 0.3 60 937 2.5 1490 38 209 6400 112 (52) n.m. 

4-Ph 10 0.1 90 351 1.8 560 10 112 3500 115 (43) 116 (39) 

5-Ph 50 0.1 90 1312 1.5 2130 32 160 4900 n.m. n.m. 

6-Ph 10 0.3 90 174 5.0 230 12 81 2900 104 (44) 102 (5) 

7-Ph 10 0.6 90 160 6.8 95 7 66 2600 91 (31) 98 (11) 

8-Ph 10 1.0 180 93 10.2 50 5 64 2800 61 (28) 92 (5) 

9-Neo 50 0.3 90 1492 4.0 2360 48 212 6500 n.m. n.m. 
a Reaction conditions: 95 °C polymerization temperature, 5 bar ethylene pressure, total volume (toluene + 

comonomer), 20 µmol 1-CH3-dmso except entry 7-Ph and 8-Ph (40 µmol 1-CH3-dmso), b determined by 1H 
NMR spectroscopy, c determined from 1H NMR assuming that every polymer chain consists of one aliphatic and 
one olefinic chain end, d Peak melting point and crystallinity determined by DSC. 
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Figure 4.30 Designation of the resonances of poly(ethylene-co-vinyl phenyl sulfonate) 

 
Figure 4.31 1H NMR spectrum (400 MHz, 130 °C, C2D2Cl4) of poly(ethylene-co-vinyl phenyl sulfonate) with 
1.5 mol-% incorporation (entry 5-Ph). 

 
Figure 4.32 13C NMR spectrum (100 MHz, 130 °C, C2D2Cl4) of poly(ethylene-co-vinyl phenyl sulfonate) with 
1.5 mol-% incorporation (entry 5-Ph). 
 

ATR-IR spectra of poly(ethylene-co-vinyl phenylsulfonate) feature the typical polyethylene 

absorbances at ν = 2916 cm-1 and 2859 cm-1 for the C-H stretching, at ν = 1471 cm-1 for 
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-CH2- scissoring and at ν = 717 cm-1 for the -CH2- rocking. In addition, prominent bands at 

ν(SO2, asym str) = 1354 cm-1 and ν(SO2, sym str) = 1144 cm-1 as well as a strong band at ν = 

857 cm-1 for the out-of-plane deformation vibration of the phenyl moiety are detected (Figure 

4.33). By reaction with methanolic NaOH in methylene chloride solution at 80 °C,116 the 

phenyl sulfonate ester is converted quantitatively into the sodium ionomer, as indicated by 

ATR-IR spectra which feature the asymmetrical and symmetrical stretching vibrations of the 

sulfonate anion at ν = 1175 cm-1 (asym) and 1044 cm-1 (sym). The conversion to the ionomer 

tremendously affects the polymer’s properties. Crystallinity is strongly decreased as the ionic 

moieties tend to form clusters which derange the linear polymer chains (Table 4.7).82  

3500 3000 2500 2000 1500 1000

 

cm-1

asym SO
2
 str

1354 cm-1

sym SO
2
 str

1144 cm-1

out of 

plane

def vib 

860 cm
-1

sym SO
3
 str

1044 cm-1

asym SO
3
 str

1175 cm-1

 
Figure 4.33 ATR-IR spectra of poly(ethylene-co-vinyl phenyl sulfonate) (upper spectrum) and deprotected 
poly(ethylene-co-vinyl sodium sulfonate) (lower spectrum). 
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4.4.3. Surfactant-free secondary dispersions of poly(ethylene-co-vinyl sulfonate) 

 

Polymeric nanoparticle dispersions are obtained by self-assembly of copolymers which 

possess an hydrophobic and hydrophilic fragment. While there are numerous examples for 

such polymers, there are only few examples for the probably most popular polymer, namely 

polyethylene. In general, there are different possibilities to stabilize polyethylene nanoparticle 

dispersions. Physisorption of a surfactant occurs to the aliphatic surface of the particle with its 

hydrophobic part, while the hydrophilic counterpart stabilizes the particle. Alternatively, the 

polar group may be bound covalently, as is the case in copolymers of ethylene and an 

appropriate comonomer. This principle was recently shown for linear random ethylene-acrylic 

acid copolymers which were produced by copolymerization of ethylene with tbutyl acrylate 

and subsequent deprotection.117 

The copolymers poly(ethylene-co-vinyl sodium sulfonate) possess an aliphatic polyethylene 

backbone with randomly incorporated ionic sulfonate moieties which make this polymer 

attractive for surfactant-free stable nanoparticle dispersions. For this purpose, the sulfonated 

copolymers were dispersed in water and heated above their melting point to 100 °C for 5 

minutes. Upon cooling to room temperature, a clear dispersion was obtained. The dispersions 

were analyzed by differential light scattering (Figure 4.35) and transmission electron 

microscopy (Figure 4.34). For a copolymer with 5.0 mol-% sulfonate groups, formation of 

particles with an average size of 21 nm was found. For a copolymer with 10.2 mol-%, 

particles are in the range of 10 nm. Weight contents were 0.15 wt-% as calculated from the 

initially added polymer amount and can be increased to 1.3 wt-% (calculated, 1.1 wt-% 

found). A copolymer with 1.8 mol-% sulfonate groups did not form stable dispersions under 
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identical conditions. The initially clear dispersion turned turbid within a few hours which can 

be traced back to insufficient amount of stabilizing sulfonate groups.  

 
Figure 4.34 Transmission electron microscopy of the dispersions of poly(ethylene-co-vinyl sodium sulfonate) 
with 5.0 mol-% (left) and 10.0 mol-% incorporation (right). 
 

In order to gain further insights into the particle structure, secondary dispersions were 

performed in the presence of pyrene. Pyrene has been used widely as a probe molecule for 

sensing the polarity of its local environment which strongly affects the relative intensity of the 

I3/I1 bands in fluorescence spectra. For pyrene in water, a relative intensity of I3/I1 of 0.65 was 

determined (Figure 4.36). This is in good agreement with the reported intensity of 0.63.118 

This relative intensity shifts towards a value of 1.00 in the dispersion experiment with 

poly(ethylene-co-vinyl sodium sulfonate) with 5.0 mol-% incorporation at a concentration of 

1 g L-1 (Figure 4.36, right). This agrees with values of 0.95 to 1.1 for polyethylene dispersions 

obtained from catalytic ethylene emulsion polymerizations115 and allows the conclusion that 

the particle cores essentially contains of polyethylene segments and that the sulfonate groups 

are oriented towards the particle/water interface. 
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Figure 4.35 Differential light scattering spectrum of poly(ethylene-co-vinyl sodium sulfonate) (5 mol-% 
incorporation). 

 
Figure 4.36 Fluorescence spectrum of a saturated pyrene solution in water (left) and of a dispersion of 

poly(ethylene-co-vinyl sodium sulfonate) (5 mol-% incorporation, 1 g L-1) in the presence of 1.6 µmol pyrene 
(right).

350 375 400 425 450 475 500

 
 

IV

F
lu

or
es

ce
nc

e 
in

te
ns

ity
 [r

el
at

iv
e]

λ [nm]

I

II III

V

1  :  0.63  :  0.65  :  n.m.  :  0.83

350 375 400 425 450 475 500

 

 

 

 
1  :  0.85  :  1  :  0.93  :  1

λ [nm]

F
lu

or
es

ce
nc

e 
in

te
ns

ity
 [r

el
at

iv
e]

I

II

III

IV

V



 
Acidic Monomers in Insertion Copolymerization with neutral Pd(II) phosphinesulfonato catalysts 

 

130 

 

4.5. Conclusive Summary 

 

Carboxylic-, sulfonic- and phosphonic-functionalized polyolefins are of wide-spread 

interest.1,82,83,84,85,87,88,89,90,91,92,93,94,95,96,97,98 Other than the corresponding ester polymers, these 

materials do not only exhibit polar groups but feature additional inter- and intrachain 

interactions based on hydrogen-bridging or ionic interactions in the corresponding ionomers. 

Syntheses of these materials are based on either free-radical polymerization or free-radical 

post-polymerization reactions. Both pathways suffer from severe reaction conditions resulting 

in undesired side products and a low degree of control of the product microsctructure. A more 

promising pathway would be the direct insertion copolymerization of ethylene with the 

corresponding vinylic monomer (Figure 4.37). 

 

Figure 4.37 Copolymerization of ethylene and acrylic acid, vinyl diethyl phosphonate, vinyl phosphonic acid 
and vinyl phenyl sulfonate 

Acrylic acid was studied in stoichiometric NMR insertion experiments with 

phosphinesulfonato Pd(II)-Me complexes in which a favored 2,1-insertion into the Pd-Me was 

found. From ethylene homopolymerization experiments in presence and absence of propionic 

acid, it was concluded that the presence of carboxylic acid moieties indeed retard 

polymerization but does not irreversibly deactivate the catalyst. Polymerization of ethylene 

with acrylic acid results in copolymers with up to 9.6 mol-% of incorporated acrylic acid. 
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Copolymerization studies at variable reaction conditions revealed that (i) molecular weights 

increase at lower reaction temperature with concomitant lower activity but longer catalyst 

life-time and that (ii) activity increases with higher ethylene pressure and acrylic acid 

concentration at same ethylene:acrylic acid ratio. This is ascribed to κ-O coordination of an 

incorporated repeat unit or free acrylic acid, which is more readily displaced at higher 

monomer concentration. The ethylene/acrylic acid copolymers can be converted directly to 

the corresponding ionomers by reaction with sodium hydroxide.  

Vinyl diethylphosphonate and vinyl phosphonic acid both  insert in a 1,2- and 2,1-fashion into 

the Pd-Me precursor 1-CH3-dmso in a ratio of 2:1 and 1:4, respectively. Phosphonates, in 

general, show a strong coordination to the catalyst’s metal center as concluded from the 

equilibrium constant for 1-CH3-dmso + EtP(O)(OEt)2 ⇄ 1-CH3-EtP(O)(OEt)2 + dmso. 

Although this leads to lower yields in copolymerizations of ethylene with vinyl phosphonates, 

reasonable yields of ethylene/vinyl diethylphosphonate and ethylene/vinyl phosphonic acid 

were achieved. The latter was shown to be a promising polymer for HDPE/QD composite 

materials in which the copolymer acts efficiently separates the QDs from each other, thus the 

QDs remain highly dispersed. This also strongly enhances their optical properties in terms of 

resistance to blinking and bleaching. 

Among the acidic vinyl monomers studied, vinyl sulfonic acid is an exception as it 

irreversibly deactivates the catalyst by pronotation of the Pd-carbyl. Hence, a phenyl 

protective group was employed. This enabled copolymerization with ethylene to polymers 

with up to 10.2 mol-% of incorporated vinyl phenyl sulfonate. Deprotection with sodium 

hydroxide results in the corresponding sodium ionomers which were shown to be able to form 

surfactant-free aqueous secondary dispersions.  

In conclusion, this chapter establishes the possibility of direct synthesis of linear random 

ethylene/acrylic acid and ethylene/vinyl phosphonic acid copolymers by insertion 



 
Acidic Monomers in Insertion Copolymerization with neutral Pd(II) phosphinesulfonato catalysts 

 

132 

copolymerization of ethylene with the free acidic monomers. This is backed up by a 

mechanistic understanding of the behavior of the monomers towards the actives sites. The 

substitution of linear polyethylene with the phosphonic acid groups is illustrated to be 

beneficial for the generation and properties of nanocomposites with inorganic compounds. 
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4.6. Experimental Section 

 

4.6.1. Materials and general consideration 

 

All manipulations of palladium complexes were carried out under an inert atmosphere using 

standard glovebox or Schlenk techniques. All glassware was dried under vacuum before use. 

Toluene was distilled from sodium, diethylether and 1,4-dioxane from sodium/benzophenone 

ketyl under argon. Dmso and methylene chloride were distilled from CaH2. Ethylene (3.5 

grade) supplied was by Praxair, vinylphosphonic acid and ethylphosphonic acid were supplied 

by Sigma-Aldrich, vinyl diethylphosphonate was supplied by Fluka and ethyl 

diethylphosphonate was supplied by Acros. {(κ
2-P,O)-2-[di(2-

methoxyphenyl)phosphine]benzenesulfonato}(dimethyl sulfoxide) palladium(II)-methyl (1-

CH3-dmso)33 and sodium{(κ2-P,O)-2-[di(2-methoxyphenyl)phosphine] benzenesulfonato} 

palladium(II)(chloro)methyl35 were prepared by reported procedure. {(κ
2-P,O)-2-[di(2-

methoxyphenyl) phosphine]benzenesulfonato}(tri-tbutyl phosphine) palladium(II)-hydride (1-

H-PtBu3) was prepared according to the procedure reported in chapter 5. CdSe/CdS quantum 

dots were kindly provided by Carla Negele. NMR spectra were recorded on a Varian Unity 

INOVA 400 instrument or on a Bruker Avance DRX 600. 1H and 13C NMR chemical shifts 

were referenced to the solvent signal. High-temperature NMR measurements of copolymers 

were performed in 1,1,2,2-tetrachloroethane-d2 at 130 °C. Molecular weights (Mn) and 

number average degrees of polymerization (DPn) were determined from the integrals of the 

repeat units against unsaturated end groups. IR spectra were acquired on a Perkin-Elmer 

Spectrum 100 instrument with an ATR unit. Differential scanning calorimetry (DSC) was 

performed on a Netzsch DSC 204 F1 instrument at a heating rate of 10 K/min. DSC data 

reported are determined from the second heating scan. Crystallinities were determined 
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assuming a melt enthalpy of 293 J g-1 for 100 % crystalline polyethylene.81 Dynamic Light 

Scattering (DLS) was recorded on a Malvern Nano-ZS ZEN 3600 particle sizer (173° back 

scattering). Fluorescence spectra and quantum yields were measured on a Hamamatsu 

Absolut PL Quantum Yield measurement system C9920-02. Wide-angle fluorescence 

microscopy was performed using a 561 nm solid state laser (Cobolt Jive, 75 mW) to excite 

the QDs. To obtain homogeneous illumination, the laser was coupled into a multi-mode fibre 

(NA 0.22 ± 0.02, Optronis) which was shaken to destroy coherence and suppress interference 

effects detrimental to homogeneous sample illumination. The end of the fibre was imaged 

onto the sample to a spot of 27.6 µm diameter. The laser intensity was measured right before 

the microscope (Leica DMI 6000B). The fluorescence was collected using a 100x/1.40-0.7 

CS oil objective (Leica HCX, PL APO), separated from the laser light by a dichroic mirror 

(AHF Dual Line z 561/660 rpc) and a bandpass filter (AHF, HC 620/52), further magnified 

by two photo objectives (Nikkor 28 mm and 86 mm) and imaged onto a EMCCD camera 

(Andor iXON). The total magnification results in an image size of 54 nm per pixel of the 

CCD camera. Electron micrographs were obtained at different magnifications with 

transmission electron microscope (TEM) a Zeiss Libra 120 operated at 120 kV acceleration 

voltage and HR-TEM JEOL JEM 2200FS (200 kV acceleration voltage). Dispersions were 

dialyzed for TEM images in order to remove any free surfactant and applied to a cooper grid. 

Ethylene polymerization in the presence of additives and ethylene-vinyl comonomer 

copolymerization. Polymerizations were carried out in a 250 mL stainless steel mechanically 

stirred (1000 rpm) pressure reactor equipped with a heating/cooling jacket supplied by a 

thermostat controlled by a thermocouple dipping into the polymerization mixture. A valve 

controlled by a pressure transducer allowed for applying and keeping up a constant ethylene 

pressure. Prior to a polymerization experiment, the reactor was heated under vacuum to the 

desired reaction temperature for 30 - 60 min and then back-filled with argon. A solution of 
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vinyl comonomer or non-polymerizable phosphonic compound in toluene/dioxane, 

respectively, was cannula transferred into the reactor under an argon counter stream. The 

catalyst precursor was dissolved in dichloromethane (0.6 mL) and inserted by syringe to the 

reactor. The reactor was closed and a constant ethylene pressure was applied. After the 

desired reaction time, the reactor was rapidly vented and cooled to room temperature. The 

polymer was precipitated in 400 mL of methanol and isolated by filtration.  

Typical procedure for the synthesis of CdSe/CdS quantum dot/polymer dispersion. 40 

mg of polymer and 0.3 mL of the quantum dot stock dispersion in toluene were heated to 100 

°C in 4 mL of toluene for 5 minutes. The homogenous solution formed was added to 25 mL 

of water containing 250 mg of sodium dodecylsulfate (SDS) under ultrasonification and 

continuous argon flow. The dispersion was ultrasonicated for 20 minutes. 
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4.6.2. Characterization of the insertion products of vinyl diethylphosphonate and vinyl 
phosphonic acid into the Pd-Me precursor 1-CH3-dmso. 

 

{(κ2-P,O)-2-[di(2-methoxyphenyl)phosphine]benzenesulfonato}palladium(II)-

(CH2CH(Me)P(O)(OEt)2 

 
1H NMR (600 MHz, CD2Cl2): δ = 3.66 and 3.59 (s, 6H, -OMe); 4.18 - 4.00 (m, 4H, 4-H, 4-

H’); 2.15 (m, 1H, 2-H); 1.39 and 1.37 (t, 3JHH = 7 Hz, 6H, 5-H, 5’-H); 1.08 and 0.55 (m, 2H, 

1-H and 1’-H); 0.96 (dd, 3JPH = 19 Hz, 3JHH = 7 Hz 3H, 3-H); 13C NMR (151 MHz, CD2Cl2): 

δ = 63.52 (d, 2JPC = 6.5 Hz, C4, C4’); 55.82 and 55.54 (-OMe); 33.86 (dd, 1JPC = 144.9 Hz, 
3JPC = 1.4 Hz, C2); 22.99 (br, C1); 19.93-16.66 (C5, C5’); 16.31 (dd, 2JPC = 10.4 Hz, 4JPC = 

2.2 Hz, C3); 31P NMR (161 MHz, CD2Cl2): δ = 25.34 (br, {κ2-(P,O)}); 50.20 (s, R-

P(O)(OEt)2). 

 

{(κ2-P,O)-2-[di(2-methoxyphenyl)phosphine]benzenesulfonato}palladium(II)-

(CH(C2H5)P(O)(OEt)2) 

  

1H NMR (600 MHz, CD2Cl2): δ = 4.34 - 4.21 (m, 4H, 4-H, 4’-H); 3.72 and 3.54 (s, 6H, -

OMe); 1.31 and 1.30 (t, JHH = 7 Hz, 6H, 5-H, 5’-H); 1.19 and 0.72 (m, 2H, 2-H and  2’-H); 

0.45 (t, 3JHH = 7 Hz, 3H, 3-H); 1-H not observed; 13C NMR (151 MHz, CD2Cl2): δ = 64.70 (d, 
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2JPC = 8.0 Hz, C4, C4’); 56.06 and 55.38 (-OMe); 22.99 (C2); 19.93-16.66 (C5, C5’); 16.45 

(d, 3JPC = 1 Hz, C3); C1 not observed; 31P NMR (161 MHz, CD2Cl2): δ = 22.84 (d, {κ2-

(P,O)}, 3JPP = 12.4 Hz); 46.16 (d, RP(O)(OEt)2, 
3JPP = 12.4 Hz). 

 

{(κ2-P,O)-2-[di(2-methoxyphenyl)phosphine]benzenesulfonato}palladium(II)-

(CH2CH(Me)P(O)(OH)2 

S

P

O O

O

O

O

Pd

O P
OH

OH

1,1'
2 3

 
1H NMR (600 MHz, thf-d8): δ = 3.64 and 3.61 (s, 6H, -OMe); 1.94 (m, 1H, 2-H); 1.01 and 

0.78 (m, 2H, 1-H and 1’-H); 0.92 (dd, 3JPH = 18.1 Hz, 3JHH = 7.1 Hz, 3H, 3-H); 13C NMR 

(151 MHz, thf-d8): δ = 55.88 and 55.70 (-OMe); 35.24 (d, 1JPC = 145.6 Hz, C2); 18.48 (C1); 

17.31 (br, C3); 31P NMR (161 MHz, thf-d8): δ = 20.55 ({κ2-(P,O)}); 45.18 (RP(O)(OH)2). 

ESI-MS: m/z = 629.7, calc. 629.98 [M-H]- 

 

{(κ2-P,O)-2-[di(2-methoxyphenyl)phosphine]benzenesulfonato}palladium(II)-

(CH(C2H5)P(O)(OH)2) 

  

1H NMR (600 MHz, thf-d8): δ = 3.72 and 3.53 (s, 6H, -OMe); 1.23 and 0.64 (m, 2H, 2-H and 

2’-H); 0.45 (t, 3JHH = 7.0 Hz, 3H, 3-H); 1-H not observed; 13C NMR (151 MHz, thf-d8): δ 

56.18 and 55.32 (-OMe); 24.32 (C2); 16.42 (br, C3); C1 not observed; 31P NMR (161 MHz, 

thf-d8): δ = 20.59 (d, {κ2-(P,O)}, 3JPP = 12.1 Hz); 41.32 (d, RP(O)(OH)2, 
3JPP = 12.1 Hz); 

ESI-MS: m/z = 629.7, calc. 629.98 [M-H]- 
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2-methyl vinyl phosphonic acid 

 
1H NMR (600 MHz, thf-d8): δ = 6.74 (m, 1H, b-H); 5.74 (overlapped, 1H, c-H); 1.82 (dt, 
3JHH = 6.7 Hz, 4JHH = 1.9 Hz, 3H, a-H); 
 
1-methyl vinyl phosphonic acid 

 
1H NMR (600 MHz, thf-d8) δ = 5.52 (d, 3JPH = 45.9 Hz; 1H, d-H); 1.92 (overlapped, f-H) 
 

4.6.3. Synthesis of vinylsulfonic acid. 

 

150 mL of an aquous 25 wt-% solution of vinyl sodium sulfonate was chilled using an ice-

bath. 200 mL of concentrated hydrochloric acid were slowly added. Precipitation of sodium 

chloride was observed upon the addition. The exact amount of HCl-solution required was 

determined by taking small aliquots of the supernatant clear solution and adding HCl-

solution. In the case of formation of precipitate, additional HCl-solution was added, until no 

further precipitate was found in the aliquots. After stirring for 30 minutes, the solvent was 

removed in vacuum to yield a brownish oil. Distillation of the oil yielded 27 g of vinyl 

sulfonic acid as a pale yellow liquid. (bp. ~10-1 mbar, 100-110 °C) 

1H NMR (400 MHz, dmso-d6): δ = 14.10 (br, 1H, -SO3H); 6.40 (dd, 3JHH = 17 Hz, 3JHH = 10 

Hz, 1H, 2-H); 5.60 (dd, 3JHH = 17 Hz, 2JHH = 1 Hz, 1H, 1-H); 5.33 (dd, 3JHH = 10 Hz, 2JHH = 1 

Hz, 1H, 1’-H). 

 



 
Acidic Monomers in Insertion Copolymerization with neutral Pd(II) phosphinesulfonato catalysts 

 

139 

4.6.4. General synthesis method for vinyl sulfonic esters. 

 

A solution of NEt3 (31.2 g, 52.7 mL, 307 mmol, 5 equiv) in 100 mL of CH2Cl2 was added 

dropwise to a solution of the respective alcohol (74 mmol, 1.2 equiv) and 2-chloroethane-1-

sulfonyl chloride (10.0 g, 6.4 mL, 61.3 mmol, 1 equiv) in 100 mL CH2Cl2 at -15 °C. The 

reaction mixture was allowed to stir for 2 hours at 25 °C. Within this time, a white precipitate 

was formed. The solvent and NEt3 were removed in vacuum. The residue was diluted with 

200 mL Et2O and was extracted twice with 100 mL 2 M HCl, twice with 100 mL saturated 

NaHCO3 and finally with brine. The ether phase was dried over MgSO4, and the solvent was 

removed in vacuum. Vinyl ethylsulfonate was obtained as a colorless oil in 74 % yield, vinyl 

neopentylsulfonate as a yellowish oil in 64 % yield. Vinyl phenylsulfonate was recrystallized 

from methanol to yield a colorless solid in 72 % yield.  

   1H NMR (400 MHz, CDCl3): δ = 7.31 (m, 2H, meta-Ph); 7.23 (m, 1H, 

para-Ph); 7.16 (m, 2H, ortho-Ph); 6.59 (dd, 3JHH = 16 Hz, 3JHH = 10 Hz, 1H, 2-H); 6.28 (d, 

3JHH = 16 Hz, 1-H); 6.08 (d, 3JHH = 10 Hz, 1’-H); 13C NMR (CDCl3, 25 °C): δ = 149.58 (ipso-

Ph); 132.21 (C2); 131.87 (meta-Ph); 130.03 (C1); 127.51 (ortho-Ph);122.42 (para-Ph). 

   1H NMR (CDCl3, 25 °C): δ = 6.48 (dd, 3JHH = 16 Hz, 3JHH = 10 Hz, 1 H, 

2-H); 6.33 (d, 1 H, 3JHH = 16 Hz, 1’-H); 6.08 (d, 1 H, 3JHH = 10 Hz, 1’-H); 3.70 (s, 2 H, 3-H); 

0.91 (s, 9 H, 5-H); 13C NMR (CDCl3, 25 °C): δ = 132.52 (C2); 130.15 (C1); 79.90 (C3); 31.77 

(C4); 26.11 (C5). 
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   1H NMR (CDCl3, 25 °C): δ = 6.45 (dd, 1 H, 3JHH = 17 Hz, 3JHH = 10 Hz, 

2-H); 6.28 (d, 1 H, 3JHH = 17 Hz, 1-H); 6.05 (d, 1 H, 3JHH = 10 Hz, 1’-H); 4.08 (q, 3JHH = 7.1 

Hz, 2 H, 3-H); 1.27 (t, 3JHH = 7.1 Hz, 3 H, 4-H); 13C NMR (CDCl3, 25 °C): δ = 132.41 (C2); 

130.24 (C1); 67.29 (C3); 14.75 (C4). 
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4.6.5. Additional spectra and data 

 

Figure 4.38 top: 13C NMR spectrum (C2D2Cl4, 130 °C) of poly(ethylene-co-acrylic acid) with 3.0 mol-% of 
incorporated acrylic acid; bottom: 13C NMR spectrum (CD3OD, 25 °C) of poly(acrylic acid). 

 

 

 

Figure 4.39 Designation of the resonances of the insertion product of 1-CH3-dmso and vinyl phosphonic acid. 
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Figure 4.40 1H NMR (600 MHz, thf-d8) of the insertion products of 1-CH3-dmso with vinyl phosphonic acid 

 
Figure 4.41 31P NMR (161 MHz, thf-d8) of the insertion products of 1-CH3-dmso with vinyl phosphonic acid 
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Figure 4.42 Designation of the resonances of a ethylene/vinyl diethylphosphonate copolymer 

 

 
 

Figure 4.43 { 1H,31P}-gHMBC spectrum (C2D2Cl4, 130 °C) of an ethylene/vinyl diethylphosphonate copolymer 
with 1.5 mol-% incorporation of vinyl diethylphosphonate 



 
Acidic Monomers in Insertion Copolymerization with neutral Pd(II) phosphinesulfonato catalysts 

 

144 

 
Figure 4.44 { 1H,31P}-gHMBC spectrum of 31P region from 34 ppm to 35 ppm (C2D2Cl4, 130 °C) of an 
ethylene/vinyl diethylphosphonate copolymer with 1.5 mol-% incorporation of vinyl diethylphosphonate 

 
Figure 4.45 13C{1H} NMR spectra (C2D2Cl4, 130 °C) of an ethylene/vinyl diethylphosphonate copolymer (top) 
and ethylene/vinylphosphonic acid (bottom) 
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Figure 4.46 13C{1H} NMR spectrum (C2D2Cl4, 130 °C, olefinic region) of an ethylene/vinyl diethylphosphonate 
copolymer with 1.5 mol-% incorporation of vinyl diethylphosphonate  

 

 

Table 4.8 Copolymerization of ethylene and allyl diethylphosphonatea 

Entry  
Concn.       

(Comon.) 
Pd(II) 
[µµµµmol] 

Time 
[min]  

Yield      
[g] 

TON 
(C2H4) 

TON      
(comon.) 

Inc.  
[mol-%] b 

M n 
(NMR) c 

1 0.1 20 60 0.59 1020 4 0.4 6500 

2 0.3 20 60 0.23 386 5 1.2 4400 
Reaction conditions: 95 °C reaction temperature; 50 mL total volume (toluene + comonomer); b determined by 
1H NMR spectroscopy, c determined from 1H NMR assuming that every polymer chain contains one aliphatic 
and one olefinic chain end, workup: precipitation in methanol 

 

 

Figure 4.47 Designation of the resonances of poly(ethylene-co-allylic diethylphosphonate) 
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Figure 4.48 1H NMR spectrum (C2D2Cl4, 130 °C) of poly(ethylene-co-allylic diethylphosphonate) with 1.2 mol-
% of incorporated allylic diethylphosphonate 

 

 

Figure 4.49 13C{1H} NMR spectrum (C2D2Cl4, 130 °C) of poly(ethylene-co-allylic diethylphosphonate) with 1.2 
mol-% of incorporated allylic diethylphosphonate 
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Figure 4.50 31P NMR spectrum (C2D2Cl4, 130 °C) of poly(ethylene-co-allylic diethylphosphonate) with 1.2 mol-
% of incorporated allylic diethylphosphonate 
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5. Deactivation of Neutral Palladium(II) 
Phosphinesulfonato Polymerization Catalysts 

 

5.1. Introduction 

 

As outlined, the presence of polar monomers (CH2=CHX) reduces polymerization rates by 

chelating coordination of the growing polymeryl chain via functional groups (X) of a last or 

penultimate incorporated polar repeat unit. In addition, κ-X coordination of free monomer can 

also block coordination sites required for π-coordination of monomer and chain growth. 

These and other features observed are all reversible, and they slow down but do not shut down 

chain growth.47 With regard to deactivation phenomena of neutral late transition metal 

polymerization catalysts in general, insights on Ni(II) catalysts -which do not copolymerize 

polar vinyl monomers, however- are instructive. 

 

 
Scheme 5.1 Deactivation pathways for [κ2-(N,O)]Ni polymerization catalysts 

Elegant in-depth studies with respect to irreversible deactivation reactions were reported for 

neutral Ni(II) polymerization catalysts: Jenkins and Brookhart identified reductive elimination 

from the κ2-(N,O)-anilinotropone and anilinoperinaphthenone Ni-hydride species resulting in 

the free ligand and Ni(0) (Scheme 5.1, A). The free ligand triggers decomposition of the 
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active species by protonation of the Ni-alkyl bond. This protonation was suggested to be rate-

limiting and depends strongly on the acidity of the N-H bond in that a more acidic ligand 

results in faster decomposition.119 A second pathway (Scheme 5.1, B), which was 

demonstrated by Berkefeld and Mecking using κ2-(N,O)-salicylaldiminato Ni-complexes 

suggests a binuclear elimination of alkane from a Ni(II)-hydride and a Ni(II)-alkyl species. 

This binuclear decomposition was also demonstrated for homocoupling of two Ni-Me species 

to form ethane but was excluded for higher Ni-alkyls.120 For cationic diimine Pd(II) catalysts, 

a comonomer-independent deactivation reaction of the diimine palladium-methyl precursor 

originates from an intramolecular C-H activation of the ortho-isopropyl substituents of the 

N^N-ligand and forms a six-membered palladacycle with concomitant formation of 

methane.121  

With regard to the versatile Pd(II) phosphinesulfonato catalysts studied here, activation of the 

catalyst precursors was thoroughly investigated by the usage of 13C-labeled [κκκκ2-(2-

anisyl)2P,O]Pd(13CH3) precursors and quantitative 13C NMR analysis of the polymers. It was 

found that within only 1 minute polymerization time (333 K, 5 bar ethylene pressure) up to 85 

% of the 13C label is incorporated into the polymer indicating a fast prequilibrium of [κκκκ2-(2-

anisyl)2P,O]Pd(13CH3)dmso and [κκκκ2-(2-anisyl)2P,O]Pd(13CH3)ethylene followed by 

subsequent insertion.122 This ratio of activation is probably underestimated as chain walking 

may occur and/or polymeric volatiles bearing 13C label may be lost in workup. 

In contrast, no irreversible deactivation pathway was reported for this catalyst family so far. 

This chapter provides in-depth investigations by polymerization, NMR and theoretical studies 

and will break with the widely accepted consideration that this catalyst is stable under 

polymerization conditions. 
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5.2. Results and Discussion 

 

5.2.1. Effect of catalyst concentration  

 

Copolymerization experiments of ethylene and methyl acrylate were performed for various 

concentrations of [(κ2-P,O)-(2-anisyl)2P(C6H4SO3)]Pd(CH3)(dmso) (1-CH3-dmso) from 0.2 

mM to 1.0 mM under otherwise identical conditions (Table 5.1). Productivity (mol monomer 

converted per mol palladium) was found to decrease with increasing catalyst concentration. 

While the methyl acrylate incorporation remains largely constant, molecular weights decline 

with increasing catalyst concentration (Figure 5.1). This indicates that growing polymer 

chains may be terminated not only by β-hydride elimination but on a similar time scale also 

by a bimolecular and thus concentration dependent reaction to form inactive species. 

 
Table 5.1 Ethylene-methyl acrylate copolymerizations at variable concentrations of the catalyst precursor.a 

entry 
conc 

Pd(II) 
[mM] 

yield 
[g] 

TON 
C2H4

b 
TON 
MA b 

χ χ χ χ MA c 
M n

d
 

[g mol-1] 
M w/M n

d 

1 0.2 0.47 603 77 11.3 8000 1.4 
2 0.5 0.97 486 67 12.2 7100 1.4 
3 1.0 1.61 414 53 11.3 5800 1.5 

a: Reaction conditions: total 0.6 M MA in toluene, total volume 100 mL, 5 bar ethylene pressure,  95 °C 
polymerization temperature; 30 minutes polymerization time, catalyst (1-CH3-dmso) added as methylene 
chloride solution; b: turnover number converted per palladium c: from 1H NMR in C2D2Cl4 at 100 °C; d: from 
GPC at 40 °C vs polystyrene standards. 
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Figure 5.1 Effect of increasing catalyst concentration on polymer yield (black) (linear relationship in red for 
comparison) and molecular weight (green). 

 

5.2.2. Reactivity of the hydride complex 1-H-PtBu3 (Philipp Roesle) 

 

Since there were no reports of deactivation reactions observed for Pd-alkyl catalyst precursors 

for this catalyst system, it was unclear whether the Pd-H species which are formed after every 

chain transfer by β-hydride elimination play a role in the suspected deactivation under 

polymerization conditions. From the seminal work of Drent, Pugh and coworkers it is known 

that a combination of [Pd0(dba)2] and zwitterionic, P-protonated phosphonium 

benzenesulfonic acid (2-anisyl)2PH+(C6H4SO3
-) H[P,O] generates active species for the 

copolymerization of ethylene and acrylates.23 While the nature of the active species has not 

been investigated in detail, it is likely a palladium hydride [κκκκ2-P,O]Pd(H) which forms upon 

formal oxidative addition of the protonated phosphonium to palladium(0). As studied by 

Philipp Roesle, reaction of [Pd0(dba)2] and (2-anisyl)2PH+(C6H4SO3
-) H[P,O] in CD2Cl2 

indeed formed traces of a hydride species in very low yields which was not isolable due to 

fast decomposition. In contrast, reaction of H[P,O] with [Pd0(PtBu3)2] in benzene at 60 °C 

forms a stable hydride complex 1-H-PtBu3 in quantitative yield (Figure 5.2). 1H and 31P NMR 

data suggest that the two phosphines are in trans-disposition to each other as concluded from 
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a 2JPP,trans = 357.4 Hz, and two 2JPH,cis = 13.6 and 1.9 Hz which split the hydridic resonance 

into a doublet of doublets at δ(1H) = -18.02 ppm. He confirmed this geometry by x-ray 

diffraction analysis of crystals grown from benzene solution layered with pentane (Figure 

5.3). Notably, the palladium-bound hydride was located in the electron density map with a 

distance to palladium of 1.48(4) Å (Table 5.2). This is in the range for typical Pd-H distances 

reaching from 1.46 Å to 1.57 Å.123,124,125,126,127 

 

Figure 5.2 Synthesis of 1-H-PtBu3 by oxidative addition of P-protonated phosphonium salt H[P,O] to 
[Pd0(PtBu3)2] and deuterium-labeling by exchange with methanol-d4. 

 

Figure 5.3 ORTEP plot of 1-H-PtBu3 at the 50 % probability level. Hydrogen atoms (except for Pd-H36) and 
one cocrystallized benzene molecule are omitted for clarity. The hydride bound to palladium was located in the 
electron density map and refined isotropically.  

Table 5.2 Selected bond distances (Å) and angles (°) for complex 1-H-PtBu3 

Pd1-H36 1.48(4)  P1-Pd1-P2 166.28(2) 
Pd1-O3 2.191(2)  P2-Pd1-H36   85.8(14) 
Pd1-P1 2.3072(7)  O3-Pd1-H36 174.5 (13) 
Pd1-P2 2.3473(8)  O3-Pd1-P1   92.66(5) 
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Considering that the fourth coordination site is blocked by a sterically demanding and strong 

coordinating P-donor, (which is, however, necessary to enable isolation of the hydride-

complex) it has to be clarified whether the catalytically active species [1-H] is accessible. For 

this reason, the deuteride-labeled complex 1-D-PtBu3 was synthesized by reaction of 1-H-

PtBu3 with 20 equivalents of methanol-d4 in benzene-d6 at 80 °C (30 mM Pd(II)). H/D-

exchange reached equilibrium within 8 minutes at a deuteration level of 71 % as calculated 

from the decrease of the Pd-H resonance in 1H NMR spectrum. Simultaneously, an increasing 

resonance of Pd-D was observed by 2H NMR spectroscopy at δ -18 ppm (Figure 5.4). In order 

to approve the accessibility of the Pd-H/D for catalysis despite the presence of the strong 

phosphine PtBu3 (required for the isolation of 1-H-PtBu3), isomerization of 1-octene (7 equiv) 

was employed using 1-H-PtBu3 (28 mM in toluene-d8) in the presence of methanol-d4 (100 

equiv). Heating this reaction mixture to 95 °C for 2 days resulted in isomerization of 1-octene 

to internal olefins and partial deuteration (~ 20 % of the olefinic resonances) as confirmed by 

1H NMR spectroscopy using phenanthrene as an internal standard. In addition, 2H NMR 

spectroscopy reveals several resonances for olefinic, allylic and aliphatic deuterium atoms 

(Figure 5.5). The 13C NMR spectrum exhibits several carbons which are coupled to triplets 

with characteristic 1JCD coupling constants of ~19 Hz (Figure 5.6). These observations clearly 

demonstrate that isomerization, a sequence of insertion, β-H elimination and reinsertion as 

well as H/D exchange take place on the same time scale (Scheme 5.2).109 This confirms that 

[1-H] is accessible for reaction with olefins despite the strong coordinating and sterically 

demanding phosphine and that 1-H-PtBu3 is consequently an appropriate model compound for 

hydride species occurring during polymerization.  
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Figure 5.4 Comparative 1H NMR spectra (400 MHz) (bottom line) and 2H NMR (61 MHz) (top line) spectra of 
1-H/D-PtBu3 in benzene-d6. 

 

 

 

Scheme 5.2 Isomerization and deuteration of 1-octene by 1-H-PtBu3 in the presence of protic deuterated 
solvents 
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Figure 5.5 1H (400 MHz) and 2H NMR (61 MHz) spectra of the isomerization and deuteration of 1-octene with 
1-H-PtBu3 in the presence of excess of methanol-d4 in toluene-d8. The reaction mixture before heating is shown 
in the lower spectra. The upper spectra present the reaction mixture after heating to 95 °C for 2 days. 

 

 

Figure 5.6 13C NMR spectrum (100 MHz, toluene-d8) spectrum of the reaction mixture 1-H-PtBu3, 1-octene 
and methanol-d4 after heating to 95 °C for 2 days. 
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Scheme 5.3 Reaction of partially deuterated 1-H/D-PtBu3 with 1-CH3-dmso to CH4/CH3D 

Prior to the investigation of the supposed reaction of [1-H] with [1-alkyl] , the reactivity of 1-

H-PtBu3 alone was evaluated: 1-H-PtBu3 (30 mM Pd(II)) slowly decomposes in 

tetrachloroethane-d2 or dmso-d6 solution within ca 11 h at 373 K with concomitant evolution 

of hydrogen (δ = 4.71 ppm). In addition, the insoluble bis(chelate) palladium complex [κκκκ2-(2-

anisyl)2P,O)]2Pd is formed as proven by single crystal x-ray diffraction analysis of the 

resulting crystalline precipitate (Figure 5.8). This reaction may indeed explain the decreasing 

productivity of the catalyst with increasing catalyst concentration, however, molecular 

weights, which were found to decline, should not be affected. For this reason, the reaction of 

1-CH3-dmso with 1-H-PtBu3 was monitored by 1H NMR spectroscopy: 1-CH3-dmso (30 

mM) disappears in the presence of 1-H-PtBu3 (1.2 equiv) within 3 h at 373 K in 

tetrachloroethane-d2 solution while methane (characteristic singlet at δ = 0.23 ppm) and 

traces of hydrogen (δ = 4.71 ppm) were detected as decomposition products. However, it was 

found that 1-CH3-dmso also decomposes to methane in the presence of water. Heating 1-

CH3-dmso (30 mM, C2D2Cl4) in the presence of 30 equivalents of D2O for 150 minutes to 95 

°C resulted in a complete consumption of the Pd-Me und formation of methane-d1:methane in 

a ratio of 8:1. Thus, the formation of methane may originate from traces of water in the 

solvent. The partially deuterated complex 1-D/H-PtBu3 (ca 71 % deuteride content) was 

reacted with 1-CH3-dmso in thf-d8 under otherwise identical reaction conditions (Scheme 

5.3). Methane-d1 and methane are formed in a 66:34 ratio as identified by the additional 1:1:1 

triplet at δ = 0.21 ppm with a 2JHD = 1.8 Hz in the 1H NMR spectrum (Figure 5.7). That is, the 

solvent does not contain a significant amount of H2O as the amount of deuterium-label found 
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in the methane is not significantly altered with respect to the initial degree of deuteration of 

1-H/D-PtBu3. Repetition of the reaction of 1-H-PtBu3 and 1-CH3-dmso using an excess of 

the hydride complex (2 equiv) showed a complete consumption of the Pd-Me after ca 12 h at 

363 K, while the remaining equivalent of 1-H-PtBu3 decomposes only very slowly to 

hydrogen (additional 120 h, 383 K). This suggests that the reaction of [1-H]  and [1-alkyl]  is 

significantly faster than the homo-reaction of [1-H] . This is further consistent with the decline 

in molecular weights with increasing catalyst concentration since the cross-reaction of [1-H]  

and [1-alkyl] would result in an additional chain termination reaction. 

 

Figure 5.7 1H NMR spectrum (400 MHz, CD2Cl2) of the formation of CH4 and CH3D by the reaction of 1-H/D-
PtBu3 and 1-CH3-dmso. 
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Figure 5.8 ORTEP plot [κκκκ2-(2-anisyl)2P,O)]2Pd. Ellipsoids are shown with 50 % probability ellipsoids. 
Hydrogen atoms and two cocrystallized C2D2Cl4 molecules are omitted for clarity 

 

5.2.3. [P^O]Pd-Hydride as a potential source for protonated ligand [P,O]H  

 

All experimental data presented so far point to an inherent reactivity of palladium hydride 

complexes [κ2-P,O]Pd(H), which results in a deactivation of polymerization active species by 

formation of saturated hydrocarbons and hydrogen as well as palladium black and [κκκκ2-(2-

anisyl)2P,O)]2Pd (vide supra). As oxidative addition of (2-anisyl)2PH+(C6H4SO3
-) to 

palladium(0) is obviously a viable route to generate polymerization active palladium hydride 

species, the reverse reductive elimination to phosphonium salt (2-anisyl)2PH+(C6H4SO3
-) 

H[P,O] from palladium hydride complexes may in principle be possible. H[P,O] could be 

responsible for the deactivation of polymerization active palladium complexes. While heating 

of 1-H-PtBu3 in dmso-d6 solution results in formation of [κκκκ2-(2-anisyl)2P,O)]2Pd, 

palladium(0) and molecular hydrogen, the same reaction in presence of excess PtBu3 (8 equiv) 

at 403 K results in immediate formation of [HPtBu3]
+ [P,O]- as evidencd by characteristic 31P 

NMR resonances for the phosphinesulfonate [P,O] at δ = -27.85 ppm and a resonance for the 

[HPtBu3]
+ at δ = 53.83 ppm which is coupled to a doublet with 1JPH = 460 Hz. In addition, the 

re-formation of [Pd0(PtBu3)] is detected (Figure 5.9). The deprotonation of H[P,O] by PtBu3 
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reduces the amount of H[P,O] accessible for oxidative addition to Pd(0) or any further 

reaction pathway. This establishes that oxidative addition and reductive elimination of P-

protonated phosphonium sulfonate H[P,O] to palladium(0) are both kinetically accessible and 

equilibrated and arises the question for the reactivity of H[P,O] towards catalytically active 

species [1-H] and [1-alkyl] . 

 

Figure 5.9 Comparative 31P NMR spectra (160 MHz, dmso-d6). Line 1: 1-H-PtBu3 (28 mM)+ 8 equiv PtBu3 at 
403 K for 5 minutes; line 2: 1H coupled 31P spectrum at 353 K; line 3: 1H decoupled at 353 K; line 4: 
[Pd0(PtBu3)]2 at 373 K; line 5:[P,O]Na at 373 K.  
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5.2.4. Enhanced decomposition in the presence of zwitterionic (2-anisyl)2PH+(C6H4SO3
-) 

H[P,O] 

The reactivity of the P-protonated ligand H[P,O] which was found to be accessible from 

reductive elimination of the hydride species [1-H] towards the catalyst precursor 1-CH3-dmso 

was studied. Addition of 1.1 equiv of H[P,O] to a solution of 1-CH3-dmso in 

tetrachloroethane-d2 solution resulted in immediate formation of methane as shown by a 

characteristic singlet at δ = 0.23 ppm in 1H NMR spectroscopy and precipitation of a yellow 

solid which was found to be the bis-ligated complex [κκκκ2-(2-anisyl)2P,O)]2Pd as evidenced by 

NMR spectroscopy (dmso-d6 at 70 °C) in comparison to independently prepared material.24 

1-CH3-dmso was completely consumed within 5 minutes at 25 °C. It is noteworthy that 1-

CH3-dmso otherwise (in the absence of any additive) is stable for at least 2 hours at 373 K in 

tetrachloroethane-d2. In contrast, the hydride complex 1-H-PtBu3 remains intact upon 

addition of 1 equiv of H[P,O] at room temperature. Heating of this reaction mixture (30 mM 

Pd(II), 1 equiv H[P,O] in tetrachloroethane-d2) to 100 °C resulted in a complete consumption 

of the hydride complex within 4 hours which is significantly faster in comparison to 

decomposition of 1-H-PtBu3 alone (11 hours at 100 °C, vide supra). The difference in 

reaction rate can clearly be traced to the reactivity of palladium hydride vs palladium methyl 

since in a comparable reaction of 1-CH3-P
tBu3 and H[P,O], conversion was nearly equal to 

the one found for 1-CH3-dmso, thus it seems that the substituent at the fourth coordination 

site (dmso or PtBu3) is not the rate limiting factor for this reaction. 
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Scheme 5.4 Thermolysis products of the complex 1-alkyl-dmso in absence and in presence of protonated ligand 
H[P,O] 

Although the reaction of 1-CH3-dmso with H[P,O] could reasonably account for the assumed 

deactivation mechanism, it remains demandable whether 1-CH3-dmso is an appropriate 

representative for all higher [1-alkyl] species. To verify this issue, ethylene oligomerization 

was performed in a J. Young tube with 1-CH3-dmso (20 µmol Pd(II) in CD2Cl2). Applying 1 

atm of ethylene pressure to the NMR tube allows for chain growth of ethylene in a quasi-

living fashion in terms of chain transfer (Figure 5.10).41 Three equivalents of ethylene were 

consumed within 10 minutes to form 1-alkyl-dmso and residual 10 % of initial 1-CH3-dmso. 

Traces of residual ethylene were removed in vacuum and the sample was finally heated to 60 

°C for 10 minutes (Scheme 5.4). Under these reaction conditions the overall number of 

oligomer chains will not increase after β-hydride elimination since initiation of a new chain 

requires ethylene to be present. 1H NMR analysis of the sample revealed formation of 

1-olefins, 2-olefins, n-olefins (n>2) as well as vinylidenes in a ratio of ~ 0.1 : 65.4 : 34.4 : 0.1, 

verifying that β-H elimination and extensive isomerization to internal olefins took place 

(Figure 5.11, center spectrum). By comparing the olefinic to the aliphatic resonances, 

particularly those deriving from the aliphatic chain ends, a strong deviation from an expected 

1:1 ratio of olefinic end groups vs aliphatic end groups was found. The ratio of olefinic 

resonances to aliphatic end groups allows for the estimation that olefin-terminated polymer 

chains and completely saturated polymer chains are present in a ratio of ~55:45. Since the 

formation of alkanes requires equimolar amounts of palladium hydride which is formed by β-
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H elimination and release of one equivalent of olefin, this ratio corresponds to ~90 % of all 

hydrides participating in a deactivation reaction with 1-alkyl-dmso. Note that exact numbers 

have to be considered with caution since volatiles such as methane, propane or propene are 

underestimated as they will be mainly present in the NMR tube head space. In order to 

investigate the effect of H[P,O] on the catalytically active species 1-alkyl-dmso, H[P,O] (2.6 

equiv) was added to a similar sample containing residual Pd-CH3 and higher Pd-polymeryls at 

25 °C. Immediate formation of methane (characteristic singulet resonance at δ (CD2Cl2) = 

0.23 ppm) followed by formation of completely aliphatic polyethylene oligomers was 

observed as indicated by the absence of any olefins in the 1H NMR spectrum (Figure 5.11, 

upper spectrum).  

In another approach to investigate the reactivity of [1-alkyl] , the complex [κκκκ2-(2-

anisyl)2P,O)]Pd(Et)PPh3 was synthesized by alkylation of [κκκκ2-(2-anisyl)2P,O)]Pd(Cl)pyr  

with triethylaluminium41 and subsequent addition of PPh3. The 31P-NMR coupling pattern 

possesses two doublets with 2JPP = 360.9 Hz which confirms the trans-disposition of the two 

phosphorus. The α-methylene protons of the palladium-ethyl resonate at δ(1H) = 1.06 ppm as 

a virtual sextet due to additional coupling of the phosphorus while the β-methyl is strongly 

upfield shifted at δ(1H) =  -0.27 ppm appearing as a virtual quintett. This characteristic up-

field shift may be referred to either shielding effects of the phosphinesulfonate or β-agostic 

interactions with the palladium center. β-Agostic interactions were supposed for the related 

lutidine-coordinated palladium-ethyl and -propyl complexes.41  

Heating this complex to 80 °C (8 mM Pd(II), thf-d8) results in β-hydride elimination, thus 

forming ethylene and an in-situ formed hydride species, which according to 31P NMR 

coupling pattern is the trans-phosphine coordinated [κκκκ2-(2-anisyl)2P,O)]Pd(H)PPh3 complex 

with δ(31P) = 24.5 ppm and -8 ppm, coupled to doublets with 2JPP = 395 Hz or doublet of 
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doublets with 2JPP, trans = 395 Hz and 2JPH,cis = 14.4 Hz, respectively and the hydridic 

resonance in 1H NMR at δ(1H)= -17.2 ppm coupled with 2JPH,cis = 14.4 Hz. With increasing 

reaction time, formation of 1-butene formed from insertion of ethylene and β-hydride 

elimination with subsequent isomerization to cis and trans 2-butene as well as formation of 

ethane (singulet at δ(1H) = 0.86 ppm and δ(13C) = 7.51 ppm) and simultaneous decrease of the 

hydride species was observed. Again, formation of ethane evidences the reaction of [1-alkyl]  

and [1-H] , however, in the specific case of thermolysis of 1-Et-PPh3, no enhanced amounts 

of ethane were detected when repeating this reaction in the presence of H[P,O]. This is 

suggested to be due to the stronger binding of PPh3 in comparison to PtBu3 or dmso, thus 

indicating that the fourth coordination site at the palladium plays an important role in this 

case. This point will be specified in the theoretical studies (vide infra). 

 

Figure 5.10 1H NMR (400 MHz, CD2Cl2) of 1-alkyl-dmso formed from 1-CH3-dmso and ethylene 
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Figure 5.11 1H NMR (400 MHz, CD2Cl2) of 1-alkyl-dmso (lower spectrum), 1-alkyl-dmso after heating to 60 
°C for 10 minutes (center spectrum) and 1-alkyl-dmso with 2.6 equiv H[P,O] after 10 minutes. 

 

Scheme 5.5 Thermolysis products of the MA bis-inserted complex 1-(MA) 2CH3 in absence and in presence of 
protonated ligand H[P,O]. 

The reactivity of the product of two consecutive insertions of methyl acrylate 1-(MA)2CH3, 

which is isolable from the reaction of 1-CH3-L  with methyl acrylate was studied.32 1-

(MA) 2CH3 is a direct analogue of the key intermediates in acrylate polymerizations since the 

opening of the chelate is a prerequisite for chain growth and chain transfer predominately 

occurs after acrylate insertion. Heating 1-(MA)2CH3 in tetrachloroethane-d2 solution (19 mM 

Pd(II)) to 100 °C for 8 h results in the formation of a ca 60:40 mixture of unsaturated 4-ethyl-

pent-2-enedioic acid dimethyl ester and saturated 2-ethyl-pentanedioic acid dimethyl ester 

(Figure 5.12). Since formation of the aliphatic decomposition product requires equimolar 
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amounts of palladium hydride [κκκκ2-P,O]Pd(H)(L)  (formed by β-hydride elimination and 

release of equimolar amounts of olefinic decomposition product) and initial complex 1-

(MA) 2CH3 according to Scheme 5.5, a quantitative reaction would result in a 50:50 mixture 

of olefinic and aliphatic product. Thus, the observed 60:40 mixture corresponds to an 80 % 

conversion with respect to 1-(MA)2CH3 accessible for the formation of saturated aliphatic 

decomposition product. Furthermore, upon addition of 1.6 equiv of H[P,O] to 1-(MA)2CH3 

the saturated product is formed in quantitative NMR yield within 1.5 h under otherwise 

identical reaction conditions. It has to be noted, however, that 1-(MA)2CH3 is stable in the 

presence of H[P,O] at 298 K while the alkyl complexes 1-alkyl-dmso and 1-CH3-dmso 

already decompose. This may be referred to either the more electron-deficient palladium-

carbyl or the blocking of the fourth coordination site by the methyl acrylate chelate. 

  

Figure 5.12 1H NMR spectrum (400 MHz, C2D2Cl4, 298 K) of the elimination products of bis-inserted complex  
(top line) and 1H NMR spectrum (400 MHz, C2D2Cl4, 298 K) of the elimination product of bis-inserted complex 
and H[P,O] (bottom line).  
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5.2.5. Scrambling of the growing alkyl chain into the phosphine ligand. 

 

While proven for the hydride species using the model compound 1-H-PtBu3, it remained 

questionable at this point whether reductive elimination may also take place from alkyl 

species [1-alkyl] . While 1-CH3-dmso was found to be stable in tetrachloroethane-d2 solution 

at 100 °C for at least 2 hours, prolonged reaction time (24 h, 100 °C in thf-d8) resulted in a 

range of various phosphonium salts according to ESI-MS measurements, including CH3[P,O] 

(compound D) which results from reductive elimination from 1-CH3-dmso (Scheme 5.6). The 

additional phosphonium salts suggest that aryl- and methyl transfer reactions must have taken 

place since they exhibit e.g. three anisyl- and one methyl group (compound C), that is the 

benzenesulfonic acid of the initial ligand exchanged with an anisyl group or the respective 

counterpart bearing three benzenesulfonic acids and one methyl group (compound E). 

Formation of phosphonium salts with two methyl groups (compound A and B) suggest that 

methyl transfer is also relevant. 

 
Scheme 5.6 Phosphonium salts and methylphosphine complexes by thermolysis of 1-CH3-L  in thf-d8 at 100 °C. 

Although these NMR studies prove that reductive elimination from [1-CH3] is possible, it 

remains to be investigated if this reaction does also proceed under polymerization conditions. 

Activation studies using 13C-labeled 1-CH3-dmso catalyst precursors revealed that within 

only a few minutes, up to 85 % of the precursor initiated polymerization and are therefore not 

accessible for reductive elimination to form CH3[P,O].122 Indeed, reductive elimination may 

also occur from [1-alkyl]  species, however, β-H elimination now is a competitive reaction. In 

order to shed light on the ratio of these opposed reaction pathways, additional experiments 

under polymerization conditions were conducted with 40 µmol 1-CH3-dmso in 50 mL 
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toluene at 5 bar ethylene pressure for 30 minutes. The polymer was precipitated in methanol 

and filtered off (yield ~20 g). The filtrate was concentrated in vacuum. Methanol insoluble 

components were identified as [κκκκ2-(2-anisyl)2P,O]2Pd by 1H NMR spectroscopy in dmso-d6 

at 373 K in comparison to independently prepared material.24 The methanol soluble fraction 

was subject to ESI-MS analyses measured in negative mode (Figure 5.13). The main peak 

was found to be the free phosphinesulfonate [P,O]-. However, several masses suitable for (2-

anisyl)(alkyl)phosphine benzenesulfonates and their respective oxides were found which 

result from reductive elimination of a [κκκκ2-(2-anisyl)2P,O]Pd(alkyl) species to form an 

alkylated ligand alkyl[P,O] and palladium(0) and subsequent oxidative addition occurring 

preferentially via the aryl due to thermodynamic reasons to form a new catalytically active 

[κκκκ2-(2-anisyl)(alkyl)P,O]Pd(aryl) species (Scheme 5.7). The fact that odd and even 

numbered alkyls were transferred to the phosphine indicates that phosphorus-scrambling 

occurs on a similar time-scale than chain growth and chain transfer since odd carbon number 

alkyls originate from the initial Pd-Me precursor.  



 
Deactivation of Neutral Palladium(II) Phosphinesulfonato Polymerization Catalysts 

 

169 

283.3

293.2
297.2

307.2

309.2

311.2

323.1

325.3

337.3

339.3

351.2

353.3
367.4

379.2

385.1

-MS, 0.8-5.5min #(32-209)

0.0

0.5

1.0

1.5

2.0

2.5

5x10
Intens.

300 320 340 360 380 m/z

311.2 325.3
339.3

351.2

401.2

-MS, 0.2-5.8min #(9-220)

0.0

0.5

1.0

1.5

2.0

2.5

6x10
Intens.

240 260 280 300 320 340 360 380 400 m/z

 

Figure 5.13 ESI-MS spectra of the methanol soluble polymerization filtrate using 1-CH3-dmso as a catalyst 

precursor (40 µmol, 5 bar, 30 min polymerization time, 95 °C) indicating the presence of several (alkyl)(2-
anisyl)phosphine benzenesulfonates and their respective phosphine oxides  

 

Scheme 5.7 Exchange of palladium-bound carbyls with phosphorus-bound carbyls by reductive elimination and 
oxidative addition 

From these mass spectroscopic studies, it can be concluded that under typical polymerization 

conditions, extensive formation of mixed tetraaryl/alkyl phosphonium salts occurs by their 

reductive elimination from the polymerization active Pd(II) alkyl species. This can afford 
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Pd(II) aryl complexes with P-alkyl-substituted phosphinesulfonato ligands. The reaction is in 

principle reversible as long as palladium(0) is accessible towards oxidative addition reactions 

with alkyl[P,O], at least as long as the palladium(0) does not precipitate as bulk palladium 

black. Such types of unsymmetrical substituted [κ2-(R1)(R2)P,O]Pd-polymerization catalysts 

with R1= alkyl and R2= aryl as well as dialkyl-substituted [κ2-(R1)(R2)P,O]palladium 

complexes with R1 = R2 = alkyl, which would be the result of an additional phosphorus 

scrambling with two polymeryl chains at the phosphorus, are known active polymerization 

catalysts which differ in their reactivity in polymerization experiments.39 These observations, 

however, imply that polymerizations with [κ2-P,O]-phosphinesulfonato palladium catalysts 

do not proceed exclusively via the initially added catalyst, but that the overall productivity 

and macroscopic features of the polymer such as molecular weight, branching and degree of 

incorporation of comonomers are the sum of a range of differently P-substituted [κ2-P,O]-

polymerization active species. 



 
Deactivation of Neutral Palladium(II) Phosphinesulfonato Polymerization Catalysts 

 

171 

 

 

Scheme 5.8 Synthesis of [(P,P-(2-anisyl)2)phosphonium]benzenesulfonate (a), [(P,P-(2-anisyl)(ethyl)) 
phosphonium]benzenesulfonate (b), [(P,P-(ethyl))2phosphonium]benzenesulfonate (c) and [(P,P-
(methyl)2phosphonium]benzenesulfonate (d) and the subsequent reaction to the corresponding sodium palladate 
complexes (1-CH3-Cl, 2-CH3-Cl, 3-CH3-Cl, 4-CH3-Cl) or L-coordinated palladium complexes (1-CH3-L , 2-
CH3-L, 3-CH3-L , 4-CH3-L  with L: pyr or dmso) 

In order to study the catalytic properties of these different substituted [κ2-P,O] palladium 

catalysts which form during polymerization reactions, several new ligands (b,c,d) and their 

respective palladium-methyl precursors (2-CH3-Cl/L , 3-CH3-Cl/L , 4-CH3-Cl/L ) were 

synthesized (Scheme 5.8). The [κκκκ2-(2-anisyl)2P,O]Pd(CH3) precursors (1-CH3-Cl and 1-
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CH3-dmso) were synthesized according to reported procedures.33,35 The unsymmetrical 

substituted ligand [(ethyl)(2-anisyl)P,O] (b) was synthesized from bis-lithiated 

benzenesulfonic acid and dichloroethylphosphine to form lithiated (2-

benzenesulfonate)(ethyl)(chloro)phosphine followed by conversion with one equivalent 

lithiated anisole and subsequent protonation with aqueous hydrochloride. In case of the 

synthesis of H[(ethyl)2P,O], lithiated (2-benzenesulfonate)(ethyl)(chloro)phosphine was 

converted with ethyl-magnesium chloride, followed by protonation with trifluoroacetic acid. 

In addition, the ligand H[(methyl)2)P,O] was synthesized from bis-lithiated benzenesulfonic 

acid and dimethylchlorophosphine. For the synthesis of the palladium-methyl complexes, two 

different synthetic protocols were employed. Deprotonation of the ligand H[P,O] with sodium 

hydride forms Na[P,O],which is subsequently converted with [(COD)PdII(CH3)Cl] to the 

sodium palladate complexes 1-CH3-Cl, 2-CH3-Cl, 3-CH3-Cl and 4-CH3-Cl.35 An alternative 

is the direct reaction of the protonated ligand H[P,O] with [PdII(CH3)2tmeda] to the tmeda-

bridged, binuclear complex ([κκκκ2-P,O]Pd(CH3))2tmeda which can be converted to the 

mononuclear, dmso- or pyridine coordinated complex 1-CH3-L , 2-CH3-L , 3-CH3-L  and 4-

CH3-L . However, this protocol was only found to be applicable for [(2-anisyl)2P,O] and the 

unsymmetrical substituted ligand [(ethyl)(2-anisyl)P,O]. In case of 3-CH3-L  and 4-CH3-L , 

isolation was hampered due to the formation of an undefined Pd-CH3 species which could not 

be removed from the desired product. 

Neither the specific complex 4-CH3-L  nor the corresponding ligand d was observed in 

polymerization experiments, but can theoretically be formed by thermolysis from 1-CH3-

dmso (vide supra) and represents the most extreme mutation in the ligand system in 

comparison to [(2-anisyl)2P,O]. Crystals suitable for x-ray diffraction analysis were grown 

from acetone solution of 4-CH3-Cl. 4-CH3-Cl forms a hexameric cluster with the loss of two 

NaCl and the presence of two coordinated acetones (Figure 5.14). Due to the complexity of 
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this structure, it appears difficult to extract any meaningful distances or angles. A more 

suitable x-ray structure was obtained from crystals grown from the reaction mixture of 

H[(methyl)2P,O)]  and [PdII(CH3)2tmeda] in methylene chloride in the presence of pyridine, 

layered with pentane (4-CH3-pyr ). The most-commonly appearing mutation in the ligand 

system [κκκκ2-(2-anisyl)(polymeryl)P,O]Pd(R) which occurs after the first polymeryl-to-

phosphorus transfer is represented by 2-CH3-Cl/dmso. Crystals suitable for x-ray diffraction 

analysis were obtained from a solution of 2-CH3-dmso in methylene chloride in the presence 

of excessive pyridine by slow evaporation of the solvent. The unit cell contains two 

independent molecules of which one exhibits disorder in the benzenesulfonate and 

concomitant disorder in the P-ethyl and Pd-CH3. This molecule is omitted for discussion. The 

x-ray structure of [κκκκ2-(2-anisyl)2P,O]Pd(CH3)pyr  has been reported previously.128 All three 

x-ray structures are presented in Figure 5.15. The distance of closest atom of the 

phosphinesulfonato ligand to the Pd-Me was used for a consideration of sterics. In case of [κκκκ2-

(2-anisyl)2P,O]Pd(CH3)pyr , the closest distance to the Pd-Me was found to be the ispo-

carbon of the pseudo-axial anisyl with 3.27(7) Å (Table 5.3). The equatorial anisyl is rather 

less significant as is oriented away from the Pd-CH3. The shortest distance for this aryl is the 

ortho-CH with 3.74(1) Å. Regarding complex [κκκκ2-(2-anisyl)(ethyl)P,O]Pd(CH3)pyr , the 

shortest distance to the Pd-CH3 was found to be the P-methylene of the pseudo-axial ethyl 

group with 3.28(7) Å while the equatorial anisyl is distant with 3.64(2) Å for the ispo-carbon. 

This is rather surprising as it seems that despite the dramatic change from bis-aryl to aryl-

alkyl phosphine, steric constraint decreases only slightly, thus reactivities should mainly differ 

due to electronic rather than steric reasons. In complex 4-CH3-pyr, the distance between the 

Pd-CH3 to the P-CH3 is significantly larger with 3.47(1) Å and 3.45(0) Å, thus the palladium 

center in the latter example is sterically less shielded, which should make this complex more 

prone to β-H elimination after ethylene insertion since the palladium center is better 
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accessible for the hydride transfer. This is, however, based on steric consideration and does 

not consider that the phosphorus exhibits a higher electron density. Systematic studies on the 

electronic effects on the catalyst suggest that electron-donating groups at the phosphorus 

increase molecular weights, thus it remains to be clarified whether electronic or steric effects 

dominate in these specific cases (Scheme 5.9).129 

 

Figure 5.14 ORTEP plot of complex sodium[κκκκ2-(methyl)2P,O)]Pd(CH3)(Cl). The complex forms a hexameric 
structure with two palladiums losing one NaCl each. In addition, two acetones coordinate to sodium atoms. 
Ellipsoids are shown with 50 % probability ellipsoids. Hydrogen atoms are omitted for clarity. Crystals were 
grown from acetone solution within seven days. 

 

 

Figure 5.15 ORTEP plot of complex [κκκκ2-(2-anisyl)2P,O)]Pd(CH3)pyridine 128 (left), [κκκκ2-(2-
anisyl)(ethyl)P,O)]Pd(CH3)pyridine  (middle) and [κκκκ2-(CH3)2P,O)]Pd(CH3)pyridine  (right). All atoms are 
shown at the 50 % probability level. 
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Table 5.3 Selected bond distances (Å) for complexes 1-CH3-pyr , 2-CH3-pyr  and 4-CH3-pyr . 

 1-CH3-pyr 2-CH3-Pyr 4-CH3-pyr 
Pd-CH3 2.028 2.051 2.029 
Pd-N 2.108 2.099 2.109 
Pd-P 2.232 2.210 2.220 
Pd-O 2.165 2.174 2.180 

 

The complexes 1-CH3-Cl/dmso, 2-CH3-Cl/dmso, 3-CH3-Cl and 4-CH3-Cl were studied in 

ethylene homopolymerizations under standard conditions (Table 5.4). It is noteworthy at this 

point, that in all polymerization experiments, the polymer yields, molecular weights and 

degrees of incorporation and branching have to be considered as averaged values of all 

catalytically active species that can be formed during polymerization. In case of the sodium 

palladate complexes (1-CH3-Cl, 2-CH3-Cl, 3-CH3-Cl and 4-CH3-Cl), the precursors were 

mixed with 1.1 equivalents of AgBF4 in methylene chloride prior to injection to the reactor in 

order to abstract the chloro-ligand as indicated by precipitation of silver chloride and to 

ensure the accessibility of the fourth coordination site for incoming monomers. 

 

Scheme 5.9 Trends of steric and electronic differences in the polymerization precursors studied 

. 
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Table 5.4 Ethylene homopolymerization with 1-CH3-Cl, 2-CH3-dmso/Cl, 3-CH3-Cl and 4-CH3-Cl under 
comparable conditionsa 

Entry  Precursor 
yield 
[g] 

TOF  
C2H4

c 
M n

d                          

[g mol-1] 
DPn

d 
Me-Br/ 
1000Ce 

1 1-CH3-Clb 3.35 48 × 103 7700 275 
7      

(traces Et) 

2 2-CH3-dmso 2.02 29 × 103 8800 313 n.m. 

3 2-CH3-Clb 2.20 32 × 103 8700 311 4 

4 3-CH3-Clb 0.21 3 × 103 1100 38 2 

5 4-CH3-Clb 0.31 4 × 103 340 12 0 

a Reaction conditions: 5 µmol Pd(II) in 0.8 mL CH2Cl2, 5 bar ethylene pressure, 95 °C polymerization 

temperature, 30 minutes polymerization time, 50 mL toluene, b 5 µmol Pd(II) mixed with 1.1 equiv AgBF4, 
c turnover number converted per palladium and hour, d calculated from the ratio of aliphatic to olefinic 
resonances from 1H NMR in C2D2Cl4 at 100 °C,  e calculated from 13C NMR with d1=7 sec, 1 mg mL-1 CrAcAc.  
 

The [κκκκ2-(2-anisyl)2P,O)]Pd(CH3) precursor (1-CH3-Cl) exhibits the highest activities for 

ethylene homopolymerization with an molecular weight of ~ 7700 g mol-1 which corresponds 

to a degree of polymerization (DPn) of 275 ethylene units as calculated from 1H NMR 

spectroscopy at 100 °C in tetrachloroethane-d2. Quantitative 13C NMR analysis reveals the 

polymer to be mainly linear with 7 methyl branches per 1000 methylene carbons and traces of 

ethyl branches. In comparison, [κκκκ2-(ethyl)(2-anisyl)P,O)]Pd(CH3) (2-CH3-Cl and 2-CH3-

dmso) which is supposed to exhibit a higher electron density at the phosphorus with 

concurrent similar steric demand showed a significantly lower activity (29 × 103 vs 48 × 103 

mol C2H4 converted per mol palladium and hour), however, the molecular weight slightly 

increased to 8800 g mol-1 (DPn 313) and the branching decreased to merely 4 methyl branches 

and no detectable amounts of higher branches. The fact that 2-CH3-Cl exhibits slightly higher 

activities than 2-CH3-dmso appears plausible considering that the abstraction of the chloro-

ligand in 2-CH3-Cl is irreversible due to silver chloride precipitation while in case of the 

dmso-substituted complex 2-CH3-dmso, dissociation of dmso is reversible and, hence, 

competes with every incoming monomer in an equilibrium for coordination to the metal 

center. The precursor [κκκκ2-(ethyl)2P,O)]Pd(CH3), studied as 3-CH3-Cl/AgBF4, which should 
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exhibit an even higher electron density at the phosphorus together with an assumed lowered 

steric demand, showed a drastic offset in activity (merely a TOF of 3 × 103) as well as in 

molecular weight (DPn 38 according to NMR, the polymer is a waxy solid) in comparison to 

1-CH3-Cl and 2-CH3-Cl/dmso. In contrast, the trend of lowered methyl branches continues 

(2 methyl branches per 1000 methylene carbons). The reactivity and the macroscopic features 

of the polymer are in line with the polymerization properties of complex [κκκκ2-

(methyl)2P,O)]Pd(CH3) (4-CH3-Cl/AgBF4) which shows even lower molecular weights and 

branching with comparable activities (DPn 12, no branches observed).  

Table 5.5 Ethylene-methyl acrylate copolymerization with 1-CH3-dmso, 2-CH3-dmso/Cl, 3-CH3-Cl and 4-
CH3-Cl under comparable conditionsa 

entry Precursor 
time 
[min] 

yield   
[g] 

TOF  
C2H4

c 
TOF  
MA c 

χχχχ MA d 
[mol- %] 

DPn
d 

M n
d
                   

[g mol-1] 

1 1-CH3-dmso 30 0.47 302 38 11.3 117 4000 

2 2-CH3-dmso 30 0.13 84 12 12.1 172 6000 

3 2-CH3-Clb 30 0.12 78 10 11.2 170 5900 

4 3-CH3-Clb 60 0.03 44 2 5.4 33 1000 

5 4-CH3-Clb 60 traces - - - - - 
 a Reaction conditions: total 0.6 M MA in toluene, total volume 100 mL 5 bar ethylene pressure, 95 °C 

polymerization temperature; 20 µmol Pd(II) in 0.8 mL CH2Cl2; 
b 20 µmol Pd(II) mixed with 1.1 equiv AgBF4, 

c turnover number converted per palladium and hour, d calculated from the ratio of aliphatic to olefinic 
resonances from 1H NMR in C2D2Cl4 at 100 °C. 
 

The catalyst precursors were further investigated in ethylene/methyl acrylate 

copolymerizations under identical conditions. As already observed for ethylene 

homopolymerizations, the unsymmetrical substituted complexes 2-CH3-Cl and 2-CH3-dmso, 

respectively, are less active than 1-CH3-dmso, but produce copolymers with higher molecular 

weights while the degree of incorporation degree does not change significantly (compare 

Table 5.5, entry 1-3). In contrast, copolymers produced with [κκκκ2-

(ethyl)2P,O)]Pd(CH3)Cl/AgBF4 do not only show a strong decline in molecular weights, but 

exhibit only 5.4 mol-% of methyl acrylate which is lower by a factor of ~ 2 in comparison to 
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the polymers produced by 1-CH3-dmso, 2-CH3-dmso/Cl which incorporated 11.2 - 12.1 mol-

% methyl acrylate under same polymerization conditions.  

In conclusion, parts of the initially introduced catalyst precursor [κκκκ2-(2-anisyl)2P,O)]Pd(CH3) 

are subject to a sequence of reductive elimination of the Pd-alkyl to form a phosphonium-

alkyl which undergoes oxidative addition via the phosphonium-aryl during polymerization. 

This results in a transformation of the ligand system from a bisaryl- to an alkyl-aryl-

substituted phosphine and can even proceed further to a bisalkyl-P,O-ligand. This phosphorus 

scrambling has an extensive effect on the reactivity of the catalyst. The alkyl-aryl substituted 

complex [κκκκ2-(2-anisyl)(polymeryl)P,O)]Pd(CH3) which was investigated with an ethyl 

substituent as a model for the polymeryl even shows beneficial effect on the molecular 

weights of the polymers formed at similar degree of incorporation, however, activities were 

found to decrease. [κκκκ2-(ethyl)2P,O)]Pd(CH3), which represents the species [κκκκ2-

(polymeryl)2P,O)]Pd(CH3) formed after two sequences of phosphorus scrambling shows a 

strong decline in molecular weights and discriminates polar comonomers against ethylene, 

thus showing a lower degree of incorporation.   

5.2.6. Computational studies (performed by Dr. Lucia Caporaso) 

 
DFT calculations were performed with Gaussian09130 using the BP86131,132,133 functional 

and the LANL2DZ ECP C5134 with the associated valence basis set on the Pd atom and the 6-

31G (d) basis set on all the other atoms. All geometries were localized in the gas phase at the 

BP86 level. Minima were localized by full optimization of the starting structures, while 

transition states were approached through a linear transit procedure and then located by a full 

transition state search. All structures were confirmed as minimum or transition state through 

frequency calculations. The natural bond orbital analyses were performed by using NBO 

version 3.135,136,137,138,139,140,141,142 The reported energies were obtained through single point 
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energy calculations on the BP86 geometries using the M06 functional, the SDD ECP with the 

associated valence basis set on the Pd atom, and the TZVP basis set on all other atoms. 

dichloroethane solvent effects were included with the continuum solvation model PCM.143 

 

Scheme 5.10 Energetics (kJ mol-1) of the reductive elimination of 1-H-PtBu3, 1-CH3-P
tBu3 and 1-Et-PtBu3 to 

the corresponding phosphonium salts and Pd(0) 

Since experimental studies suggested that reductive elimination is the key reaction as it 

forms protonated ligand H[P,O] which is responsible for deactivating catalytically active 

species, the mechanistic pathway for reductive elimination of the hydride complex 1-H-PtBu3 

in presence of one equivalent of PtBu3 was investigated. Calculations exhibit a transition state 

(1-H-TS1) lying 124 kJ mol-1 higher than 1-H-PtBu3 + PtBu3 (Scheme 5.10). The transition 

state shows a slightly elongated Pd-H distance of 1.58 Å in comparison to the initial distance 

of 1.48 Å in 1-H-PtBu3 as well as an elongated Pd-P distance of 2.96 Å as compared to 2.31 

Å in 1-H-PtBu3 suggesting a subsequent cleavage of these bonds. In addition, an interaction 

between the phosphorus and the hydride is formed with a distance of 1.86 Å which is however 

still long in comparison to literature-known phosphonium salts (typical distances 1.33–1.40 

Å) (Scheme 5.11).144 The departing Pd-PtBu3 fragment is stabilized by an incoming PtBu3. 

This reaction is all in all nearly thermoneutral with 5 kJ mol-1 what seems plausible since the 

back reaction, namely oxidative addition was used to synthesize the model compound 1-H-

PtBu3. The similar reaction pathways employed for CH3[P,O] and Et[P,O] from 1-CH3-P
tBu3 

and 1-Et-PtBu3, respectively, were also found to be accessible with 164 kJ mol-1 and 171 kJ 

mol-1, thus require higher energies than the corresponding reductive elimination from 1-H-

PtBu3. The products formed are much more stable than the educts by 65 and 66 kJ mol-1; 

respectively (Scheme 5.10).  
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Scheme 5.11 Transition state geometries of 1-H-TS1, 1-CH3-TS1 and 1-Et-TS1 

The thermodynamic difference in reductive elimination of 1-H-PtBu3 in comparison to 1-

CH3/Et-PtBu3 may be explained by considering homolytic bond dissociation energies (BDE). 

Pd-H bonds were calculated to be approximately 100 kJ mol-1 stronger than Pd-C bonds, 

while in case of the resulting phosphonium salts, P-H is merely ca 30 kJ mol-1 stronger than 

P-C bonds, thus the difference in thermodynamics can be explained by the difference in Pd-H 

and Pd-C bond energies and can be reasonably approximated by the calculated differences of 

the BDE of the Pd−R and P−R bonds. In addition, a steric factor for the reductive elimination 

of 1-CH3-P
tBu3 and 1-Et-PtBu3 may be present as close distances between the ipso-carbon of 

the anisyl and the migrating alkyl group of 2.94 Å and 2.80 Å were detected. 

The thermodynamic preference for reductive elimination of 1-CH3-P
tBu3 and 1-Et-PtBu3 

makes the oxidative addition of Me[P,O] and Et[P,O] to [Pd0(PtBu3)2] less likely as it would 

cost 229 and 237 kJ mol-1, respectively, to reach the corresponding transition state. A lower 

transition state was found to be the oxidative addition of P-anisyl of the ligand Me[P,O] with 

the transition state 1-anisyl-TS1 lying only 157 kJ mol-1 higher than the educts Me[P,O] and 

[Pd0(PtBu3)2]. In the absence of the additional PtBu3 which would stabilize the Pd-PtBu3 

fragment, the oxidative addition of P-anisyl turns energetically barrierless considering the 

complete reaction pathway starting from 1-CH3-P
tBu3 (Scheme 5.12). This supports the 

observation of phosphorus scrambling which was described earlier in this chapter. 
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Scheme 5.12 Energetics (kJ mol-1) of the reductive elimination of 1-CH3-P

tBu3 to Me[P,O] and subsequent 
oxidative addition of P-anisyl to Pd(0) in presence and absence of one additional PtBu3 

Since decomposition was experimentally identified to occur via protonation of the 

catalytically active species by the P-protonated ligand H[P,O] which is formed by reductive 

elimination of the hydride species [1-H] , the reaction pathways 1-H-PtBu3, 1-CH3-P
tBu3 and 

1-Et-PtBu3 with H[P,O] were theoretically investigated. With respect to the P-protonated 

ligand H[P,O], it has to be noted that the sulfonate protonated tautomer [P,O]H lies only 12 kJ 

mol-1 higher. The protonation reaction can now proceed by exchange of the coordinated PtBu3 

by the O-protonated ligand [P,O]H and forms a transition state (1-H-TS2) in which a 

hydrogen-hydrogen bond is formed (Scheme 5.13 and Scheme 5.14). The distance of 0.80 Å 

between the two hydrogens in 1-H-TS2 is very close to the distance in dihydrogen (0.74 Å). 

Subsequent formation of dihydrogen and [κκκκ2-(2-anisyl)2P,O)]2Pd lies 43 kJ mol-1 higher than 

the educts. A rather similar energetic profile was calculated for the reaction of O-protonated 

ligand [P,O]H with 1-CH3-P
tBu3 and 1-Et-PtBu3. Displacement of the initially coordinated 

PtBu3 was found to only lie 2 kJ mol-1 higher than the educts 1-CH3-P
tBu3 and [P,O]H. In 

case of 1-Et-PtBu3, formation of 1-Et-(P,O)H is even slightly preferred by 3 kJ mol-1. 

However, displacement of PPh3 in 1-Et-PPh3 by [P,O]H to form 1-Et-(P,O)H requires 18 kJ 

mol-1. This may be considered as the reason that the ratios of decomposition products from 

thermolysis of  1-Et-PPh3 is less affected by the presence of H[P,O] in comparison to the 

alkyl complexes 1-alkyl-dmso since replacement of the ligand at the fourth coordination site 

(dmso or PPh3) becomes a crucial issue. 
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In contrast to the protonation reaction of fragment [1-H] , the corresponding transition states 

for the protonation of [1-CH3] and [1-Et]  lie significantly lower with 84 and 104 kJ mol-1, 

respectively (Scheme 5.13). Moreover, the products, methane or ethane and [κκκκ2-(2-

anisyl)2P,O)]2Pd, are thermodynamically strongly favored while the reaction to hydrogen is 

disfavored by 43 kJ mol-1. Again, this can be explained by considering the calculated 

homolytic bond dissociation energies in 1-H-PtBu3 and 1-CH3-P
tBu3, which indicate that Pd-

CH3 bond is ca 100 kJ mol-1 weaker than the Pd-H, while the respective CH3-H and H-H 

bonds are reported to be 440 and 436 kJ mol-1.145 Thus the energetic difference in formation 

of hydrogen and methane originates mainly in the difference of homolytic bond dissociation 

energies of Pd-H and Pd-CH3.  

 
Scheme 5.13 Energetics (kJ mol-1) of the tautomerization of H[P,O] to [P,O]H and reaction with 1-H-PtBu3, 1-

CH3-P
tBu3 and 1-Et-PtBu3. 

 
Scheme 5.14 Transition state geometry of 1-H-TS2 

According to these calculations, the rate-limiting step for the deactivation of [1-alkyl]  is the 

reductive elimination of 1-H-PtBu3 to H[P,O] with 124 kJ mol-1 as compared to the barriers 

calculated for the protonation of 1-CH3-P
tBu3 (84 kJ mol-1) and 1-Et-PtBu3 (104 kJ mol-1) 
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with H[P,O]. This is in agreement with the observation that the reaction of 1-H-PtBu3 with 1-

CH3-dmso in tetrachloroethane-d2 takes 1.5 hours at 373 K, while the reaction of H[P,O] 

with 1-CH3-dmso proceeds already at room temperature within 5 minutes. In case of the 

reaction of 1-H-PtBu3 to hydrogen, calculations do not allow a conclusion about the rate-

limiting step since reductive elimination and protonation reaction both require 124 kJ mol-1. 

Experiments, however, suggest that reductive elimination is rate limiting because H[P,O] was 

not observed from thermolysis of 1-H-PtBu3 without additional base for scavenging H[P,O] 

and proceeded significantly faster when adding additional free ligand. The homocoupling 

reaction of two hydrides was used in order to prove agreement of calculated and experimental 

data, not only qualitatively but quantitatively. Isothermal studies of the thermolysis of 1-H-

PtBu3 (30 mM, tetrachloroethane-d2) at different temperatures in the range of 363 – 403 K 

provided an Eyring analysis (Figure 5.15) from which the enthalpy for the disappearance of 

the hydrides resonance was determined to be ∆H‡ = 118.2 kJ mol-1. This value is in excellent 

agreement with the calculated value of 124 kJ mol-1. The respective entropy was determined 

to be ∆S‡ = - 9 mol J-1 K-1 which again suggests the mononuclear reductive elimination to be 

the rate limiting step for the overall reaction. 
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Figure 5.16 Eyring plot of the thermolysis of 1-H-PtBu3 
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Furthermore, the difference in the calculated energies for the formation of methane vs ethane 

(1-CH3-TS2 vs 1-Et-TS2) is in qualitative agreement with the experimental observation. 

Adding H[P,O] to 1-alkyl-dmso and 1-CH3-dmso resulted in immediate formation of 

methane and a decrease of 1-CH3-dmso while complete disappearance of 1-alkyl-dmso took 

several minutes.  
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5.3. Conclusion 

 
The findings reported in this chapter show that the versatile and commonly used 

phosphinesulfonato catalysts are actually not stable under polymerization conditions, but 

undergo various irreversible decompositions reactions.  

 (1) Under typical polymerization conditions, extensive formation of mixed tetraaryl/alkyl 

phosphonium salts occurs by their reductive elimination from the polymerization-active Pd(II) 

alkyl species. That is, the growing polymeryl chain is transferred to the P atom of the 

phosphinesulfonato ligand. The reaction is in principle reversible as long as palladium black 

does not precipitate. It can afford Pd(II) aryl complexes with a P-alkyl phosphinesulfonato 

ligand by net scrambling of the growing polymeryl chain and the aryl moieties introduced 

with the catalyst precursor between the metal center and the phosphorus atom of the ligand. 

Such a species inserts ethylene, suggesting that it is polymerization-active. In fact, 

di(alkyl)phosphinesulfonate and (aryl)(alkyl)phosphinesulfonato Pd(II) complexes are 

precursors to active catalysts. This implies that in polymerizations with this class of catalysts 

for a given catalyst precursor actually a range of active species with different chelating P,O 

ligands including P-polymeryl- and P-dipolymeryl-substituted ligands may be involved. The 

overall productivity and selectivity will be the sum of all their contributions (Scheme 5.15).  

 
Scheme 5.15  “Phosphorus Scrambling” forming new polymerization active species 

Novel catalyst precursors with an (ethyl)(anisyl)phosphinesulfonate, 

di(ethyl)phosphinesulfonate and di(methyl)phosphinesulfonate were synthesized in order to 

investigate the different reactivities of the occurring species. Ethylene homopolymerization 
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and ethylene/acrylate copolymerization studies revealed that the exchange of aryl moieties by 

alkyl substituents at the phosphorus in the ligand system results in polymerization active 

species which differ significantly in the reactivity from the initial di(anisyl)-substituted 

catalysts. Thus, the catalytic properties observed for a given phosphinesulfonato catalyst 

precursor may actually reflect its propensity for the aforementioned net scrambling reactions. 

(2) Also the Pd(II) hydride, which is an ubiquitious intermediate in polymerization resulting 

from β-hydride elimination as the key chain transfer step, undergoes reductive elimination to 

form the free neutral (zwitterionic, P-protonated) phosphoniumsulfonate H[P,O] and 

palladium(0). This reaction again is reversible. However, once formed, the prevailing reaction 

of H[P,O] is a rapid irreversible reaction with the active growing polymeryl species to yield 

an alkane and the bis-chelated [κ
2-(P,O)]2Pd. This stable compound is the final product of 

decomposition. Also, hydrogen can be formed from two equivalents of hydride, 2 [κ2-

(P,O)]Pd(H) → H2 + [κ2-(P,O)]2Pd + Pd(0). This reaction again occurs most likely via 

reaction of the Pd hydride with free ligand, H[P,O], formed by reductive elimination from 

another equivalent of Pd hydride (Scheme 5.16). These irreversible decomposition pathways 

originating from Pd hydrides will be particularly pronounced in (co)-polymerization reactions 

of polar vinyl monomers. The metal carbyl insertion products of vinyl monomers, such as 

methyl acrylate, are more prone to chain transfer by β-hydride elimination than unsubstituted 

metal alkyls from ethylene incorporation. This is reflected in an overproportional number of 

unsaturated end groups based on the polar monomer in ethylene copolymers. These reactions 

not only limit catalyst lifetime but also result in the formation of relevant amounts of fully 

saturated polymer chains. This can falsify molecular weight analysis substantially in NMR 

determination of Mn under the common assumption that each chain will carry an unsaturated 

end group (from β-H elimination) whenever chain transfer numbers are small.  
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Scheme 5.16 Deactivation pathways of neutral κ2-P,O-phosphinesulfonato palladium catalysts 

These findings suggest strategies for improving catalyst stability. As key reactions are 

bimolecular, low catalyst concentrations reduce deactivation rates, as illustrated in this study. 

Site isolation, by appropriate bulky and repulsive ligand environments, multidentate ligands, 

or ultimately binding to soluble or solid supports, is the further elucidation of this concept. 

While the aforementioned reductive eliminations to phosphonium sulfonates and Pd(0) are 

reversible, an agglomeration to palladium black will render this step irreversible. Colloidal 

stabilization toward further aggregation of [Pd(0)]n at the stage of nanoparticles or addition of 

further tetraalkyl/aryl phosphonium sulfonates R[P,O] to the reaction mixture may be 

advantageous. 
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5.4. Experimental Section. 

 
All manipulations of palladium complexes were carried out under an inert atmosphere using 

standard glovebox or Schlenk techniques. All glassware was dried under vacuum before use. 

Diethylether was distilled from sodium/benzophenone ketyl. Methylene chloride was distilled 

from CaH2. Deuterated solvents from Eurisotop were stored over molecular sieve. Thf-d8 was 

stored over sodium-potassium alloy. [PdII(CH3)2tmeda],146 [(COD)PdII(CH3)Cl],147 1-CH3-

tmeda,38 1-CH3-dmso,33 [κκκκ2-(2-anisyl)2P,O)]Pd(Cl)pyr ,41 [Pd0(PtBu3)2] 
148 were prepared by 

literature-known procedure.NMR spectra were recorded on a Varian Unity INOVA 400 

instrument or on a Bruker Avance DRX 600. 1H and 13C NMR chemical shifts were 

referenced to the solvent signal. High-temperature NMR measurements of copolymers were 

performed in 1,1,2,2-tetrachloroethane-d2 at 130 °C. Molecular weights (Mn) and number 

average degrees of polymerization (DPn) were determined from the integrals of the repeat 

units against unsaturated end groups. 

Ethylene polymerization and ethylene/methyl acrylate copolymerization. Polymerizations 

were carried out in a 250 mL stainless steel mechanically stirred (1000 rpm) pressure reactor 

equipped with a heating/cooling jacket supplied by a thermostat controlled by a thermocouple 

dipping into the polymerization mixture. A valve controlled by a pressure transducer allowed 

for applying and keeping up a constant ethylene pressure. Prior to a polymerization 

experiment, the reactor was heated under vacuum to the desired reaction temperature for 30 - 

60 min and then back-filled with argon. Toluene or a toluene solution of methyl acrylate, 

respectively, was cannula transferred into the reactor under an argon counter stream. The 

catalyst precursor was dissolved in dichloromethane (0.6 mL) and inserted by syringe to the 

reactor. The reactor was closed and a constant ethylene pressure was applied. After the 
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desired reaction time, the reactor was rapidly vented and cooled to room temperature. The 

polymer was precipitated in 400 mL of methanol and isolated by filtration.  

Procedure for the H/D-exchange in 1-H-PtBu3. 1-H-PtBu3 (16.6 mg, 23.34 µmol) was 

dissolved in benzene-d6 (0.6 mL) and CD3OD (ca 20 equiv) was added. The mixture was 

heated to 80 °C in a closed vessel for 3 h. Removal of the solvents allowed the isolation of a 

mixture of 1-H-PtBu3 and 1-D-PtBu3 in a 29:71 ratio in quantitative yield. 

Isomerization/deuteration of 1-octene. 1-H-PtBu3 (12 mg, 16.8 µmol), 1-octene (7 equiv) 

and methanol-d4 (~100 equiv) were dissolved in toluene-d8 (0.6 mL). Phenanthrene (1.4 

equiv) was added as internal reference. The reaction was heated to 95 °C for 2 days. NMR 

spectroscopic analyses of the reaction mixture revealed a partial deuteration of ~ 20 % of the 

olefins. 
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5.4.1. Synthesis of 1,1-dichloro-N,N-diethylphosphine  

 

124 mL (1.2 mol, 87.8 g, 2 equiv) of HNEt2 in 150 mL Et2O were slowly added at -40 °C to 

52.5 mL PCl3 (0.6 mol, 1 equiv) in 300 mL Et2O. The formation of a white precipitate was 

observed. After stirring for 30 min at - 40 °C, the reaction mixture was warmed up to room 

temperature and is additionally stirred for 2 h. The solvent was then removed in vacuo. The 

residual white solid was suspended in 400 mL pentane and filtrated. The solvent was removed 

in vacuo. The product was destilled off under reduced pressure (11 mbar, ~ 69 °C) (70.2 g, 68 

%). 

5.4.2. Synthesis of (2-Methoxyphenyl)lithium 

 

Anisole (17.3 g, 160 mmol) and tmeda (2.4 mL, 16 mmol, 0.1 equiv) were dissolved in 

diethyl ether (250 mL). n-BuLi (100 mL, 160 mmol, 1.6 M in hexane) was added over 1 h so 

that the temperature maintained below 25 °C. The reaction was refluxed for 8 h. After cooling 

to room temperature, the formed precipitate was filtered off. The filtrate was concentrated 

several times. The thereby formed precipitate was again filtered off. The isolated white 

product was finally washed with pentane and dried in vacuo (yield ~ 80 %).  
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5.4.3. Synthesis of chloro bis(2-methoxyphenyl)phosphine 

 

 

(2-Methoxyphenyl)lithium (7.99 g, 70.0 mmol, 2.1 equiv) was suspended in 300 mL Et2O and 

cooled to 0°C. A solution of N,N-diethylaminodichlorophosphine (5.80 g, 33.4 mmol) in 50 

mL ether was added. After warming to room temperature it was stirred for additional 4 hours. 

An ethereal solution of hydrochloric acid (2 M, 35 mL 2.1 equiv) was added slowly at 0°C. 

The reaction solution was then stirred for 1.5 hours, filtrated over celite and dried in vacuo to 

yield 6.5 g (23.1 mmol, 68%) of a white solid. 1H and 31P NMR spectra agree with previously 

reported data.23   

5.4.4. Synthesis of 2-[bis(2-methoxyphenyl)phosphonium]benzenesulfonate ([P,O]H) 

 

A solution of n-butyl lithium (35 mL 1.6 M in hexane, 2.1 equiv) was added slowly to a 

solution of benzenesulfonic acid (3.85 g, 24.3 mmol, 1.05 equiv) in 150 mL of t at 0°C and 

stirred for one hour at this temperature and was then allowed to warm to room temperature 

and stirred for another 2 hours. The suspension was again cooled to 0°C and a solution of 

chloro bis(2-methoxyphenyl)phosphine (6.5 g, 23.2 mmol) in 40 mL of thf was added 

dropwise. The reaction mixture was allowed to warm to room temperature and stirred over 

night. The solvent was removed under reduced pressure and degassed water (100 mL) was 

added to the dark orange residue. The resulting white suspension was acidified with a 3 M 

hydrochloric acid to pH 2 and extracted with methylene chloride (4 × 30 mL). The pH was 
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again adjusted to pH 2 if necessary and again extracted with methylene chloride (2 × 30 mL). 

The combined organic phases were dried over MgSO4. After removal of the solvent in vacuo 

the pale yellow solid was dissolved in little DCM and allowed to crystallize at -80 °C. Several 

crystallization cycles yielded to a total amount of 6.1 g (15.2 mmol, 65%) of the desired 

product as a white solid. 1H and 31P NMR spectra agree with previously reported data.23  

 

5.4.5. Synthesis of [(κκκκ2-P,O)-(2-anisyl)2P(C6H4SO3)] Pd(H)(PtBu3) (1-H-PtBu3) 

 

[Pd0(P(tBu)3)2] (100 mg, 0.196 mmol) and H[P,O] (78.7 mg, 0.196 mmol, 1.0 equiv) were 

dispersed in 4 mL of benzene. The suspension was stirred for 6 h at 60 °C. The mixture was 

then cooled to room temperature, filtered and all volatiles were removed under vacuum. The 

resulting white solid was washed with pentane and dried in vacuum to yield 1-H-PtBu3 (139 

mg, 0.196 µmol, 100 %). Crystals suitable for x-ray diffraction analysis were grown within 7 

days at 298 K from a 30 mM benzene-d6 solution in a NMR tube after layering with pentane. 

1H NMR (400 MHz, CD2Cl2, 298 K): δ 8.13 (ddd, 3JHH = 7.9 Hz, 4JPH = 4.7 Hz, 4JHH = 1.2 

Hz, 1H, 6-H); 7.48 (vt, J = 7.6 Hz, 3H, 5-H and 10-H); 7.29 (vt, J =7.6 Hz, 1H, 4-H); 7.10 

(br. 2H, 12-H); 6.99-6.88 (m, 5H, 3-H, 9-H, and 11-H), 3.64 (s, 6H, OMe); 1.48 (d, 3JPH = 

12.7 Hz, 27H, 14-H), -18.24 (dd, 2JPH = 14.8 and 2JPH = 2.8 Hz, 1H, Pd-H). 13C{1H} NMR 

(100 MHz, CD2Cl2, 298 K): δ 161.05 (d, 2JPC = 5.4 Hz, C8); 149.95 (d, 2JPC = 16.4 Hz, C1) 

135.53 (br, C12); 135.11 (2JPC = 3.1 Hz, C3); 132.73 (C10); 130.59 (d, 4JPC = 2.0 Hz, C5); 

130.03 (dd, 1JPC = 33.6 and 3JPC = 4.6 Hz, C2); 129.96 (d, 3JPC = 5.4 Hz, C4); 127.88 (d, 3JPC 

= 7.4 Hz, C6); 120.98 (d, 3JPC = 9.4 Hz, C11); 119.98 (d, 1JPC = 48.2 Hz, C7); 111.37 (d, 3JPC 
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= 4.1 Hz, C9); 55.75 (OMe); 39.07 (1JPC = 8.2 Hz, 3JPC = 2.4 Hz; C13); 32.71 (2JPC = 4.2 Hz; 

C14). 31P{1H} NMR (161 MHz, CD2Cl2, 298 K): δ 86.5 (d, 2JPP = 357.4 Hz, PtBu3); -5.6 (d, 

2JPP = 357.4 Hz, P^O). Anal. Calcd. C32H46O5P2S2Pd: C, 54.05, H, 6.52; Found: C, 54.34, H, 

6.56.  

5.4.6. Synthesis of [(κκκκ2-P,O)-((2-anisyl)2P(C6H4SO3)]Pd(Me)(PtBu3) (1-CH3-P
tBu3) 

 

1-CH3-tmeda (200 mg, 172 µmol) was dispersed in 25 mL methylene chloride. PtBu3 (73 mg, 

361 µmol, 2.1 equiv) was added and after stirring for 30 min at 298 K a clear solution was 

obtained. Filtration and removal of the solvent yielded a white powder which was washed 

with pentane (3 × 15 mL) to yield 1-CH3-P
tBu3 in quantitative yield.  

1H NMR (400 MHz, CD2Cl2, 298 K): δ 7.94 (dd, 3JHH = 7.6 Hz, 4JPH = 4.7 Hz, 1H, 6-H); 7.73 

(dd, 3JHH = 7.8 Hz, 3JPH = 12.3 Hz, 2H, 12-H); 7.51 (vt, J = 7.7 Hz, 2H, 10-H); 7.41 (vt, J = 

7.7 Hz, 1H, 5-H); 7.33-7.23 (m, 2H, 3-H and 4-H); 7.03 (vt, J = 7.7 Hz, 2H, 11-H); 6.92 (dd, 

3JHH = 8.3 and 4JPH = 4.3 Hz, 2H, 9-H); 3.59 (s, 6H, OMe); 1.58 (d, 3JPH = 11.9 Hz, 27H, 14-

H); 0.20 (dd, 3JPH = 4.6 Hz, 3JPH = 6.7 Hz, 3H, Pd-CH3). 
13C{1H} NMR (100 MHz, CD2Cl2, 

298 K): δ 161.3 (C8); 149.1 (d, 2JPC = 13.4 Hz, C1); 139.2 (d, 2JPC =14 Hz, C12); 135.8 (C3); 

133.4 (C10); 130.2 (C5); 128.7 (d, 3JPC = 6.1 Hz, C4); 126.9 (d, 3JPC = 7.8 Hz, C6); 120.7 (d, 

3JPC =11.4 Hz, C11); 116.8 (d, 1JPC =48.9 Hz, C7); 111.6 (d, 3JPC = 3.6 Hz, C9); 55.5 (OMe); 

40.3 (C13); 33.5 (d, 2JPC = 4.5 Hz, C14); -5.14 (Pd-CH3), C2 not detected. 31P{1H} NMR (160 
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MHz, CD2Cl2, 298 K): δ 70.2 (d, 2JPP = 374.2 Hz, 1P, PtBu3); 10.3 (d, 2JPP = 374.2 Hz, 1P, 

P,O).  

5.4.7. Synthesis of [(κκκκ2-P,O)-(2-anisyl)2P(C6H4SO3)]Pd(Et)(PPh3) (1-Et-PPh3) 

S

P

O O
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0.5 equiv AlEt3
benzene

4 equiv PPh3
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[κκκκ2-(2-anisyl)2P,O)]Pd(Cl)pyr  (200 mg, 308 µmol) was dispersed in 10 mL benzene. 25 wt-

% AlEt3 solution in toluene (70 mg, 153 µmol) was diluted in 6 mL benzene and then slowly 

added to the dispersion. The dispersion turned into a clear brownish solution which was 

stirred for 20 minutes. The solution was filtered and the solvent was removed by sublimation 

at 273 K. The residue was dissolved in methylene chloride and degassed water (0.1 mL) was 

added. Triphenyl phosphine (330 mg, 1.26 mmol) was added to the biphasic system and the 

mixture stirred for 15 minutes. After filtration, the solvent was removed and the solid was 

washed several times with pentane and diethyl ether. 1-Et-PPh3 containing one equivalent of 

diethyl ether was finally obtained as white solid after drying under vacuum (170 mg, 195 

µmol, 63 %). 

1H NMR (600 MHz, CD2Cl2, 298 K): δ 7.96 (m, 1H, 6-H); 7.77 (vt, J = 9.0 Hz, 6H, 17-H); 

7.75-7.68 (m, 2H, 3-H and 12-H); 7.52 (vt, J = 7.4 Hz, 2H, 10-H); 7.50-7.39 (m, 10H, 5-H, 

16-H, and 18-H); 7.31 (vt, J = 7.4 Hz; 1H, 4-H); 7.04 ( vt, J = 7.4 Hz, 2H, 11-H); 6.95 (dd, 

3JHH = 8.1 and 4JPH = 4.1 Hz, 2H, 9-H); 3.64 (s, 6H, OMe); 3.44 [q, 3JHH = 6.9 Hz, 4H, 

O(CH2CH3)2]; 1.15 [t, 3JHH = 6.9 Hz, 6H, O(CH2CH3)2], 1.06 (vsext, J = 7.5 Hz, 2H, 13-H); -

0.27 (vquin, J = 6.8 Hz, 3H, 14-H). 13C NMR (151 MHz, CD2Cl2, 298 K): δ 161.56 (C8); 
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148.97 (d, 2JPC = 15.1 Hz, C1); 138.80 (br, C12); 135.88 (d, 2JPC = 3 Hz, C3); 135.26 (d, 2JPC 

= 12.5 Hz, C16); 134.20 (d, 1JPC = 19.6 Hz, C15); 133.50 (C10); 131.24 (dd, 1JPC = 38.8 Hz, 

3JPC = 2.3 Hz, C2); 131.05 (d, 4JPC = 2.3 Hz, C18); 130.28 (d, 4JPC = 2.0 Hz, C5); 128.97 (d, 

3JPC = 10.2 Hz, C17); 128.79 (d, 3JPC = 6.1 Hz, C4); 127.47 (d, 3JPC = 7.9 Hz, C6); 121.02 (d, 

3JPC = 11.6 Hz, C11); 116.05 (d, 1JPC = 50 Hz, C7); 111.55 (d, 3JPC = 3.6 Hz, C9); 65.81 

[O(CH2CH3)2]; 55.57 (OMe); 15.41 [O(CH2CH3)2]; 14.62 (d, 2JPC = 1.9 Hz, C13); 14.49 

(C14). 31P NMR (161 MHz, CD2Cl2, 298 K): δ 24.4 (d, 2JPP = 360.9 Hz, 1P, P,O); 10.9 (d, 

2JPP = 360.9 Hz, 1P, PPh3). Anal Calcd. C44H48O6P2SPd: C, 60.52, H, 5.54. Found C, 59.66, 

H, 5.43. 

5.4.8. Synthesis of [(κκκκ2-P,O)-(2-anisyl)2P(C6H4SO3)]2Pd24 

 

[P,P-(2-anisyl)2phosphonium]benzenesulfonate (0.5 g, 1.24 mmol) and [PdII(OAc)2] (0.14 g, 

0.6 mmol) were dissolved in 8 mL of methylene chloride and stirred for 12 hours. The yellow 

precipitate formed was isolated by centrifugation and was washed twice with 3 mL of 

methylene chloride. For characterization, the complex was heated in dmso-d6 at 130 °C for 12 

hours.  

1H NMR (400 MHz, dmso-d6, 70°C): δ 7.92 (m, 2H); 7.64 (m, 6H); 7.47 (vt, J = 7.4 Hz, 4H); 

7.34 (vt, J = 7.4 Hz, 2H); 6.98 (vt, J = 7.4 Hz, 4H); 6.71 (m, 6H); 3.23 (s, 6H); 31P{1H} NMR 

(161 MHz, dmso-d6, 70°C): δ 22.74.  
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5.4.9. Synthesis of [P,P-(methyl)2phosphonium]benzenesulfonate 

 

Benzenesulfonic acid (1.80 g, 11.4 mmol) was dissolved in 30 mL of thf. A solution of n-Buli 

in hexane (1.6 M, 22.8 mmol, 14.25 mL) was slowly added. A white dispersion is formed 

which was stirred for additional 1 hour at 25 °C. Upon cooling to – 50 °C, a solution of 

dimethyl phosphoruschloride (1 g, 10.36 mmol) in 8 mL of thf was added and the reaction 

mixture was allowed to warm to 25 °C. Within 3 hours, the dispersion turned into an orange 

solution. Trifluoracetic acid (11.4 mmol, 1.30 g) was added as a thf solution (ca 2 M). A 

white precipitate formed which was filtered off, washed several times with thf and was dried 

in vacuum overnight to yield of a white solid (80 % yield). 

1H NMR (400 MHz, 25 °C, methanol-d4): δ 8.13 (ddd, 3JHH = 7.8 Hz, 4JPH = 4.8 Hz, 4JHH = 1 

Hz, 1H, 2-H); 7.99 (ddd, 3JPH = 15.3 Hz , 3JHH = 7.8 Hz, 4JHH = 1 Hz, 1H, 3-H); 7.87 (vtt, 3JHH 

= 7.8 Hz, 4JHH = 1 Hz, 1H, 5-H); 7.74 (vtq, 3JHH = 7.8 Hz, 4JHH = 1 Hz, 1H, 4-H); 2.26 (d, 2JPH 

= 15.4 Hz, 6H, P-CH3). 
13C NMR (100 MHz, 25 °C, methanol-d4): δ 150.70 (d, 2JPC = 7.8 Hz, 

C1); 136.03 (d, 4JPC = 3 Hz, C5); 134.92 (d, 2JPC = 11.4 Hz, C3); 132.29 (d, 2JPC = 12.8 Hz, 

C4); 129.59 (d, 3JPC = 8.8 Hz, C6); 7.51 (d, 1JPC = 56.5 Hz, P-CH3); C2 not detected. 31P NMR 

(161 MHz, methanol-d4): δ 1.00 ppm (purity according to 31P NMR: 97 %); Anal. Calcd.  

C8H11O3PS×LiCl: C, 36.87; H, 4.25. Found: C, 36.71; H, 4.43.  
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5.4.10. Synthesis of sodium-[P,P-(methyl)2phosphine]benzenesulfonate 

 

[P,P-(methyl)2phosphonium]benzenesulfonate (300 mg, containing 0.8 equiv thf, 1.1 mmol) 

was dispersed in 30 mL of thf. Sodium hydride (28.8 mg, 1.1 equiv) was added and the 

dispersion was stirred overnight. 0.1 mL degassed water was added resulting in gas formation. 

The reaction mixture turned almost clear. Residual solids were filtered off. Diethyl ether (20 

mL) was added to precipitate the deprotonated ligand as a colorless solid (224.5 mg, 0.94 

mmol, 85 %). 

1H NMR (400 MHz, 25 °C, methanol-d4): δ 8.01 (ddd, 3JHH = 7.8 Hz, 4JPH = 3.6 Hz, 4JHH = 

1.3 Hz, 1H, 6-H); 7.68 (ddd, 3JHH = 7.8 Hz, 3JPH = 3.3 Hz, 4JHH = 0.8 Hz, 1H, 3-H); 7.47 (vtd, 

3JHH  = 7.5 Hz ; 
4JHH = 1.3 Hz, 1H, 5-H); 7.74 (vtd, 3JHH = 7.5 Hz, 4JHH = 1.1 Hz, 1H, 4-H); 

1.32 (d, 2JPC = 4.8 Hz); 31P NMR (161 MHz, methanol-d4): δ −54.46 ppm.  

5.4.11. Synthesis of (diisopropylethyl ammonium) [(κκκκ2-P,O)-(methyl)2P(C6H4SO3)]-
methyl-chloro palladate(II) 

 

[(P,P-(methyl)2phosphonium]benzenesulfonate (300 mg, containing 0.8 equiv thf, 1.08 mmol) 

was dispersed in 10 mL of methylene chloride. Addition of diisopropyl ethyl amine (1.0 mL) 

resulted in formation of a clear solution. To this, [(COD)PdII(Me)Cl] (286.3 mg, 1.08 mmol) 

was added. After stirring for 60 minutes, 30 mL of pentane was added and the reaction 

mixture was dispersed for additional 15 minutes. The precipitate was filtered off and washed 

with pentane (yield: 416 mg, 0.82 mmol, 76 %). 
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1H NMR (400 MHz, 25 °C, acetone-d6): δ 10.41 (br, 1H, N-H); 8.08-7.51 (4H , aromatic 

protons); 3.78 (vq, J = 6.8 Hz, 2H, N-CH2-R); 3.24 (m, 2H, N-CH(Me)2); 1.76 (d, 2JPH = 10.1 

Hz, 6H, P-CH3); 1.51-1-39 (br, 9H, N-CH2-CH3 and N-CH(CH3, 3H)2); 0.63 (d, 2JPH = 3.6 

Hz, Pd-Me); 31P NMR (161 MHz, acetone-d6): δ − 5.25 ppm. 

5.4.12. Synthesis of sodium [(κκκκ2-P,O)-(methyl)2P(C6H4SO3)]-methyl-chloro palladate(II) 
(4-CH3-Cl) 

 

Sodium-[P,P-(methyl)2phosphine]benzenesulfonate (91.5 mg, 0.38 mmol) and 

[(COD)PdII(Me)Cl] (100.98 mg, 0.38 mmol) were dissolved in 10 mL of acetone for 1 hour. 

The solution was filtered and the solvent was removed in vacuum. The residue was washed 

with methylene chloride and pentane to yield 127 mg of the desired complex (84 %). 

 1H NMR (400 MHz, 25 °C, dmso-d6): δ 7.89 (m, 1H, 6-H); 7.78 (m, 1H, 3-H), 7.57 (m, 2H, 

4-H and 5-H); 1.68 (d, 2JPH = 10.2 Hz, 6H, P-CH3), 0.45 (d, 3JPH = 3.4 Hz, Pd-CH3);
31P NMR 

(161 MHz, 25 °C, dmso-d6): δ -4.42; Anal. Calcd. C9H13ClNaO3PPdS: C, 27.22; H, 3.30. 

Found: C, 27.89; H, 3.01.  

5.4.13. Synthesis of [(P-ethyl)(P-(2-anisyl))phosphonium]benzenesulfonate 

 

Benzenesulfonic acid (2.00 g, 12.65 mmol) was dissolved in 60 mL of thf. nButyl lithium (2.1 

equiv, 26.6 mmol, 16.6 mL, 1.6 M solution in hexane) was added resulting in formation of a 
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yellowish dispersion which was further stirred for 2 hours. The dispersion was cooled to -30 

°C and a solution of P(Et)Cl2 (1 equiv, 12.65 mmol, 1.66 g) in 20 mL of thf was slowly 

added. The reaction mixture was allowed to stir at room temperature for 4 hours. Within this 

time, the dispersion turned clear. Solvent was removed in vacuum, the remaining solid was 

washed several times with pentane and was dissolved in 60 mL of thf. The solution was 

cooled to -78 °C. A solution of lithiated anisole (1 equiv, 12.65 mmol, 1.44 g) in 30 mL of thf 

was slowly added over 60 minutes. After addition, the reaction mixture was allowed to stir at 

room temperature overnight. A reddish solution was obtained. Solvent was removed and the 

residue was dissolved in 50 mL of methylene chloride. An aqueous HCl solution (1.1 mL of a 

12 M HCl solution diluted in 10 mL degassed water) was added and the reaction was 

dispersed for 20 minutes. The organic layer was separated, extracted twice with 20 mL water 

and finally dried over MgSO4. Solvent was removed to yield a colorless solid (yield: 1.42 g, 

4.38 mmol, 35 %).  

1H NMR (400 MHz, 25 °C, CD2Cl2): δ 8.19 (dd, 3JHH = 7.3 Hz, 4JPH = 5.1 Hz, 1H, 6-H); 7.82 

-7.72 (m, 2H, H-5 and H-10); 7.68 (3JHH = 7.3 Hz, 3JPH = 14.8 Hz, 4JHH = 1.4 Hz, 1H, 12-H); 

7.48 (ddt, 3JHH = 7.8 Hz, 4JHH = 1.4 Hz, 4JPH = 0.9 Hz, 1H, 4-H); 7.37 (m, 1H, 3-H); 7.25 (dt, 

3JHH = 7.4 Hz; 4JPH = 2.7 Hz, 1H, 11-H); 7.16 (dd, 3JHH = 8.5 Hz, 4JPH = 5.1 Hz, 9-H); 3.91 (s, 

3H, -OMe); 3.20 and 2.83 (two m, 2H, 13-H); 1.36 and 1.30 (two t, J = 7.5 Hz, 3H, 14-H); 

13C NMR (100 MHz, 25 °C, CD2Cl2): δ 162.39 (d, 2JPC = 1.9 Hz, C8); 152.65 (d, 2JPC = 8.8 

Hz, C1); 137.69 (d, 4JPC = 1.9 Hz, C10); 135.91 (d, 2JPC = 8.2 Hz, C12); 135.39 (d, 3JPC = 3.1 

Hz, C5); 134.09 (d, 3JPC = 11.9 Hz, C3); 130.25 (d, 2JPC = 12.9 Hz, C5); 129.26 (d, 2JPC = 9.0 

Hz, C6); 122.79 (d, 2JPC = 15.3 Hz; C11); 112.69 (d, 2JPC = 6.1 Hz, C9); 56.92 (s, -OMe); 

16.26 (d, 1JPC = 54.7 Hz, C13); 8.99 (d, 2JPC = 4.3 Hz, C14), C2 and C7 not detected; 31P{1H} 

NMR (161 MHz, 25 °C, CD2Cl2): δ 9.8; 31P NMR (161 MHz, 25 °C, CD2Cl2): 9.8 (d, 1JPH = 

518 Hz). Anal Calc. C15H17O4PS: C, 55.55; H, 5.28; S, 9.89. Found: C 55.44; H, 5.91; S, 8.68. 
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5.4.14. Synthesis of sodium[(P-ethyl), (P-(2-anisyl))phosphine]benzenesulfonate 

 

[(P-ethyl, P-(2-anisyl))phosphonium]benzenesulfonate (500 mg, 1.54 mmol) and NaH (40.7 

mg, 1.69 mmol, 1.1 equiv) were dispersed in 25 mL of thf. The dispersion turned clear within 

3 hours. Residual solids were filtered off and solvent was removed. The solid was washed 

with pentane and dried in vacuum. Yield 410 mg, 1.18 mmol, 77 %. 

1H NMR (400 MHz, 25 °C, methanol-d4): δ 8.04 (ddd, 3JHH = 7.9 Hz, 4JPH = 3.8 Hz, 4JHH = 

1.1 Hz, 1H, 6-H); 7.32 (m, 2H, 5-H and 11-H); 7.25 (m, 2H, 4-H and 9-H); 7.19 (m, 1H, 3-H); 

6.98 (vt, J = 7.5 Hz, 1H, 10H);  6.90 (dd, 3JHH = 8.0 Hz, 3JPH = 4.0 Hz, 1H, 12-H); 3.64 (s, 

3H, -OMe); 2.20-1.98 (m, 2H, 13-H); 1.09 (dt, 3JPH = 16.6 Hz, 3JHH = 7.5 Hz, 3H, 14-H); 13C 

NMR (100 MHz, 25 °C, methanol-d4): δ 162.73 (d, 2JPC = 13.1 Hz, C8); 150.59 (d, 2JPC 

=26.4 Hz, C1); 138.66 (d, 1JPC = 23.8 Hz, C2); 134.69 (d, 2JPC = 3.3 Hz, C3); 132.80 (d, 3JPC 

= 4.3 Hz, C4); 130.91 (C5 and C9); 129.23 (C11); 128.86 (d, 1JPC = 18.1 Hz, C2);  128.52 (d, 

3JPC = 5.2 Hz, C6); 122.12 (C10); 112.01 (C12); 56.07 (s, -OMe); 20.53 (d, 1JPC =11.5 Hz, 

C13); 11.18 (d, 2JPC = 17.4 Hz, C14); 31P{1H} NMR (161 MHz, 25 °C, methanol-d4): δ - 

25.92. 
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5.4.15. Synthesis of [P,P-(ethyl)2phosphonium]benzenesulfonate 

 

Benzenesulfonic acid (2.00 g, 12.65 mmol) was dissolved in 60 mL of thf. nButyl lithium (2.1 

equiv, 26.6 mmol, 16.6 mL, 1.6 M solution in hexane) was added resulting in formation of a 

yellowish dispersion which was further stirred for 2 hours. The dispersion was cooled to -30 

°C and a solution of P(Et)Cl2 (1 equiv, 12.65 mmol, 1.66 g) in 20 mL of thf was slowly 

added. The reaction mixture was allowed to stir at room temperature for 4 hours. Within this, 

the dispersion turned clear. Solvent was removed in vacuum, the remaining solid was washed 

several times with pentane and was afterwards resolved in 60 mL of thf. The solution was 

cooled to -78°C. A solution of ethyl magnesium chloride (2 M in thf, 1 equiv, 12.65 mmol, 

6.33 mL) was slowly added over 30 minutes. After addition, the reaction mixture was allowed 

to stir at room temperature overnight. A reddish solution was obtained. Trifluoroacetic acid (1 

equiv, 12.65 mmol, 1.75 g) in 10 mL of thf was added slowly. The desired product 

precipitates as a white solid which was isolated by filtration and was washed several times 

with thf and pentane (2.92 g, 11.9 mmol, 94 %). 

1H NMR (400 MHz, 25 °C, methanol-d4): δ 8.17 (dd, 3JHH = 7.7 Hz, 4JPH = 4.6 Hz, 1H, 6-H); 

8.02 (dd, 3JHH = 7.7 Hz, 3JPH = 15.0 Hz, 1H, 3-H); 7.91 (t, 3JHH = 7.7 Hz, 1H, 5-H); 7.76 (t, 

3JHH = 7.7 Hz, 1H, 4-H); 2.86-2.60 (m, 4H, 7-H); 1.30.1.19 (dt 3JHH = 7.6 Hz, 3JPH = 22.3Hz, 

6H, 8-H); 13C NMR (100 MHz, 25 °C, methanol-d4): δ 151.54 (d, 2JPC = 6.9 Hz, C1); 136.85 

(d, 2JPC = 10.8 Hz, C3); 136.43 (d, 4JPC = 2.9 Hz, C5); 132.27 (d, 12.2 Hz, C4); 129.86 (d, 

3JPC = 8.3 Hz, C6); 114.26 (d, 1JPC = 86.9 Hz, C2); 15.25 (d, 1JPC = 50.2 Hz, C7); 7.94 (d, 2JPC 

= 5.1 Hz, C8); 31P NMR (161 MHz, 25 °C, methanol-d4): δ 24.93; Anal Calc. 

C10H15O3PS×LiCl: C, 41.61; H, 5.24. Found: C, 39.97; H, 6.12. 
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5.4.16. Synthesis of sodium-[(P,P-(ethyl)2phosphine]benzenesulfonate 

 

 [P,P-(diethyl)phosphonium]benzenesulfonate (500 mg, 2.03 mmol) were dispersed in 30 mL 

of thf. Sodium hydride (53.6 mg, 2.23 mmol, 1.1 equiv) were added and the dispersion was 

stirred overnight. 0.1 mL of degassed water was slowly added. Afterwards, the solvent was 

removed in vacuum. The residue was dissolved in 10 mL of methanol and filtrated. Removal 

of the solvent yielded the product as colorless powder (208 mg, 0.78 mmol, 38 %). 

1H NMR (400 MHz, 25 °C, methanol-d4): δ 8.04 (ddd, 3JHH = 7.7 Hz, 4JPH = 3.3 Hz, 4JHH = 

1.3 Hz, 1H, 6-H); 7.62 (ddd, 3JHH = 7.7 Hz, 4JPH = 2.8 Hz, 4JHH = 1.3 Hz, 1H, 3-H); 7.45 (dt, 

3JHH = 7.7 Hz, 4JHH = 1.3 Hz, 1H, 5-H); 7.37 (dt, 3JHH = 7.7 Hz, 4JHH = 1.3 Hz, 1H, 4-H); 1.76 

(dq, 3JHH = 7.5 Hz, 2JPH = 1.8 Hz, 4H, 7-H); 1.02 (dt, 3JPH = 14.75 Hz, 3JHH = 7.5 Hz, 6H, 8-

H); 13C NMR (100 MHz, 25 °C, methanol-d4): δ 151.34 (d, 2JPC = 28.3 Hz, C1) ; 138.06 (d, 

2JPC = 27.4 Hz, C2); 132.66 (d, 3JPC = 2.9 Hz, C3); 131.09 (C5); 129.25 (C4); 128.76 (d, 3JPC 

= 4.7 Hz, C6); 21.34 (d, 1JPC = 12.9 Hz, C7); 10.36 (d, 2JPC = 14.8 Hz, C8); 31P NMR (161 

MHz, 25 °C, methanol-d4): δ −25.92. 
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5.4.17. Synthesis of (κκκκ2-P,O)[(P-ethyl)(P-(2-anisyl))phosphine]benzenesulfonato 
palladium(II)-methyl-N,N,N’,N’-tetramethylethylened iamine (2-CH3-tmeda) 

 

[PdII(CH3)2tmeda] (200 mg, 0.79 mmol) and [(P-ethyl)(P-(2-anisyl))phosphonium]-

benzenesulfonate were dispersed in 20 mL of dioxane. Immediate gas formation was 

observed. After 6 hours, the solid was filtered off and repetitively washed with diethyl ether to 

yield 301 mg (0.60 mmol, 76 %) of a white solid. The solid was not soluble in methylene 

chloride, acetone, methanol, benzene. Characterization of the compound obtained was 

possible by adding a drop of pyridine forming the corresponding pyridine-complex in CD2Cl2. 

1H NMR (400 MHz, 25 °C, CD2Cl2 with 4 equiv pyridine): δ 8.62 (vd, J = 4.6 Hz, ortho-pyr) 

8.13 (ddd, J = 7.9 Hz, J = 4.4 Hz, J = 1 Hz, 1H, 6-H); 7.72 (vt, J = 7.3 Hz, para-pyr); 7.65 (vt, 

J = 8.7 Hz, 1H, 10-H); 7.54 (t, J = 7.9 Hz, 1H, 12-H); 7.47 (t, J = 7.7 Hz, 1H, 5-H); 7.32 (m, 

meta-pyr); 7.30 (m, 1H, 3-H); 7.12 (m, 2H, 4-H and 11-H); 6.97 (dd, J = 8.2, J = 4.6 Hz, 9-

H); 3.71 (s, 3H, OMe); 2.51 (m, 2H, 13-H); 1.27 (dt, 3JPH =  18.8 Hz, 3JHH = 7.6 Hz,14-H); 

0.25 (d, 3JPH = 3 Hz, Pd-Me); 31P NMR (161 MHz, 25 °C, CD2Cl2 with 4 equiv pyridine): δ 

16.64.  Anal Calc. C19H27O4PNSPd: C, 45.38; H, 5.41; N, 2.79; S, 6.38. Found: C 45.49; H, 

5.55; N, 2.72; S, 5.56. 
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5.4.18. Synthesis of (κκκκ2-P,O)[(P-ethyl)(P-(2-anisyl))phosphine]benzenesulfonato 
palladium(II)-methyl-dimethyl sulfoxide (2-CH 3-dmso) 

 

The tmeda-bridged complex (κ2-P,O)[(P-ethyl)(P-(2-anisyl))phosphine]benzenesulfonato 

palladium(II)-methyl-N,N,N’,N’-tetramethylethylenediamine (100 mg) was dispersed in 50 

mL of dmso at 50 °C. Within minutes, the dispersion turned clear. The solvent was removed 

in vacuum and the residue was dispersed in pentane, filtered off and dried. Yield was 

quantitative. 

1H NMR (400 MHz, 25 °C, CD2Cl2): δ 8.11 (ddd, 3JHH = 7.6 Hz, 4JPH = 4.4 Hz, 4JHH = 0.5 Hz, 

1H, 6-H); 7.62-7.51 (m, 2H, 10-H and 12-H); 7.48 (t, J = 7.6 Hz; 1H, 5-H); 7.29 (t, J = 7.6 

Hz, 1H, 4-H); 7.15-7.03 (m, 2H, 11-H and 9-H); 6.96 (dd, 3JHH = 8.1 Hz, 4JPH = 4.1 Hz, 1H, 

9-H); 3.69 (s, 3H, -OMe); 2.92 (s, 6H, dmso); 2.48 (m, 2H, 13-H); 1.24(dd, 3JPH = 19.7 Hz, 

3JHH = 7.5 Hz, 3H, 14-H); 0.27 (d, 3JPH = 1.8 Hz, 3H, Pd-Me); 13C NMR (100 MHz, 25 °C, 

CD2Cl2): δ 160.81 (d, 2JPC = 3.5 Hz, C8); 149.28 (d, 2JPC = 13.6 Hz, C1); 133.65 (d, 4JPC = 1.8 

Hz, C10); 132.91 (d, 2JPC = 5.6 Hz, C3); 132.84 (d, 2JPC = 1.6 Hz, C12); 131.09 (d, 4JPC = 2.4 

Hz, C5); 130.30 (d, 3JPC = 6.9 Hz, C4); 128.76 (d, 1JPC = 47.4 Hz, C2); 128.41 (d, 3JPC = 8.1 

Hz, C6); 121.22 (d, 3JPC = 9.6 Hz, C11); 119.24 (d, 1JPC = 3.5 Hz, C7); 112.72 (d, 3JPC = 4.5 

Hz, C9); 56.28 (-OMe); 41.09 (dmso); 20.47 (d, 2JPC = 33.6 Hz, C13); 9.97 (C14); -0.45 (d, 

2JPC = 3.6 Hz, Pd-Me); 31P NMR (161 MHz, 25 °C, CD2Cl2): δ 17.26. Anal Calc. 

C18H25O5PS2Pd: C, 41.34; H, 4.82; S, 12.26. Found: C 41.22; H, 4.62, S, 12.57. 
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5.4.19. Synthesis of sodium(κκκκ2-P,O)[(P-ethyl)(P-(2-anisyl))phosphine]benzenesulfonato-
methyl-chloro palladate(II) (2-CH3-Cl) 

 

Sodium (κ2-P,O)[(P-ethyl)(P-(2-anisyl))phosphine]benzenesulfonate (300 mg, 0.87 mmol) 

and [(COD)PdII(CH3)Cl] (229.6 mg, 0.87 mmol) were dispersed in 25 mL of acetone for 30 

minutes. The resulting yellow solution was filtered and the solvent was removed in vacuum. 

The residue was dissolved in 5 mL of methylene chloride and was precipitated by adding 20 

mL of diethylether. The product was filtered off and was washed several times with pentane 

and diethylether. 277 mg of product was obtained (0.55 mmol, 63 %).  

1H NMR (400 MHz, 25 °C, CD2Cl2): δ 7.98 (br, 1H, 6-H); 7.58 (vt, J = 7.8 Hz, 1H, 12-H); 

7.40 (t, J = 7.8 Hz, 1H, 10-H); 7.14 (m, 2H, 3-H and 5-H); 7.00 (m, 2H, 4-H and 11-H); 6.79 

(dd, J = 7.8 Hz, J = 4.4 Hz, 1H, 9-H); 3.49 (s, 3H, -OMe); 2.39 (m, 2H, 13-H); 1.13 (dt, 3JPH 

= 19.8 Hz, 3JHH = 7.4 Hz, 3H, 14-H); 0.32 (d, 3JPH = 2.1 Hz, Pd-Me); 13C NMR (100 MHz, 25 

°C, CD2Cl2): δ 160.96 (d, 2JPC = 3.0 Hz, C8); 147.89 (d, 2JPC = 12.9 Hz, C1); 133.73 (d, 2JPC = 

6.5 Hz, C10); 133.37 (C3); 133.03 (C12); 130.91 (d, 4JPC = 1.3 Hz, C5); 130.35 (d, 3JPC = 6.5 

Hz, C4); 129.63 (d, 1JPC = 44.5 Hz, C2); 128.70 (d, 3JPC = 7.7 Hz, C6); 121.01 (d, 3JPC = 9.9 

Hz, C11); 119.59 (d, 1JPC 9 Hz, C7); 112.62 (d, 3JPC = 4.4 Hz, C9); 56.37 (-OMe); 20.33 (d, 

1JPC = 33.4 Hz, C13); 10.15 (C14); -2.64 (Pd-Me);31P NMR (161 MHz, 25 °C, CD2Cl2): 

δ 17.12; Anal Calc. C16H19O4P1PdS×NaCl with 1/5 equiv diethylether (according to NMR): 

C,38.95; H, 4.09. Found: C,39.35; H, 4.44. 
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5.4.20. Synthesis of sodium(κκκκ2-P,O)[P,P-(ethyl)2phosphine]benzenesulfonato-methyl-
chloro palladate(II) (3-CH3-Cl) 

 

Sodium[(P,P(ethyl)2phosphine]benzenesulfonate (150 mg, 0.56 mmol) and 

[(COD)PdII(CH3)Cl] (148 mg, 0.56 mmol) were dispersed in 20 mL of dichloromethane. 

After stirring for 2 hours, the solution was filtered and the solvent was removed in vacuum. 

NMR analysis revealed residual [(COD)PdII(Me)Cl], which was removed by dissolving the 

residue in 8 mL of methanol and stirring for 5 hours at 55 °C. Within this time, 

[(COD)PdII(CH3)Cl] decomposed to palladium black which was removed by filtration. The 

methanol was removed and the solid was washed several times with pentane and diethyl ether. 

The complex was obtained as a colorless solid in 43 % yield. 

1H NMR (400 MHz, 25 °C, acetone-d6): δ 8.07 (ddd, 3JHH = 7.5 Hz, 4JPH = 3.7 Hz, 4JHH = 1.9 

Hz, 1H, 6-H); 7.80 (vt, J = 7.9 Hz, 1H, 3-H); 7.61 (m, 2H, 4-H and 5-H); 2.25 and 2.09 (two 

m, 4H, 7-H); 1.09 (dt, 3JPH = 18.2 Hz, 3JHH = 7.5 Hz, 6H, 8-H); 13C NMR (100 MHz, 25 °C, 

acetone-d6): 150.66 (d, 2JPC = 11.7 Hz, C1); 132.72 (C3); 131.36 (d, 4JPC = 2.0 Hz, C5); 

131.14 (d, 3JPC = 5.9 Hz, C4); 128.77 (d, 3JPC = 6.9 Hz, C6); 127.73 (d, 1JPC = 35.6 Hz, C2); 

19.59 (d, 1JPC = 31.7 Hz, C7); 9.28 (C8); -6.52 (d, 2JPC = 3.7 Hz, Pd-Me); 31P NMR (161 

MHz, 25 °C, acetone-d6): δ 23.24. 
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5.5. X-Ray Diffraction analyses  

5.5.1. X-ray diffraction analysis of complex 1-H-PtBu3   

 

 Figure 5.17 ORTEP plot of 1-H-PtBu3 at the 50 % probability level. Hydrogens (except Pd-H36) and one benzene 
molecule are omitted for clarity. The hydride bound to palladium was located in the electron density map and 
refined isotropically. Crystals were grown from a ca 30 mM solution in benzene layered with pentane within 7 days 
at room temperature. 

Table 5.6 Details of the crystal structure determination of 1-H-PtBu3 

Identification code 1-H-PtBu3 

Empirical formula C35 H49 O5 P2 Pd S 
Formula weight  750.19 g mol-1 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal system, space group triclinic,  P -1 
Unit cell dimensions a=9.5966(8) Å 

b=12.0664(10) Å 
c=15.6496(14) Å 
α=92.336(7) ° 
β=100.896(7) ° 
γ=96.725(7) ° 

   Volume 1763.6(3) Å3 
Z, Calculated density 2, 1.413 mg m-3  
Absorption coefficient 0.715 
F(000) 782.0 
θ range for data collection 26.02 – 2.09 ° 

    Limiting indices -11<=h<=11, -14<=k<=14, -19<=l<=19 
Reflections collected / unique 18155 / 6520 
Completeness to θ     0.963 
Absorption correction Integration 
Max. and min. transmission 0.821 and 0.752 

Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6520 / 0 / 412  
Goodness-of-fit on F2 1.112 
Final R indices [I>2sigma(I)] R1 = 0.0313, wR2 = 0.0769 
R indices (all data) R1 =0.0392, wR2 = 0.0836 
Largest diff. peak and hole -0.580 and 0.613 e Å -3 
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5.5.2. X-ray diffraction analysis of complex [κκκκ2-(2-anisyl)2P,O)]2Pd  

 

Figure 5.18 ORTEP plot of bis[κ2-P,O] palladium complex[κκκκ2-(2-anisyl)2P,O)]2Pd. Ellipsoids are shown with 50 % 
probability ellipsoids. Hydrogen atoms and two cocrystallized C2D2Cl4 molecules are omitted for clarity. Crystals 
were grown from a ca 30 mM solution of 1-H-PtBu3 in C2D2Cl4 at 130 °C overnight. 

Table 5.7 Details of the crystal structure determination of [κκκκ2-(2-anisyl)2P,O)]2Pd  

Identification code [κκκκ2-(2-anisyl)2P,O)]2Pd  

Empirical formula C48 H36 Cl16 O10 P2 Pd S2 
Formula weight 1580.51 g mol-1 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal system, space group monoclinic,  C 2/c 
Unit cell dimensions a=25.0992(16)  

b=11.8473(5)  
c=21.5097(14)  
α= 90.00  
β= 99.928(5)  
γ= 90.00 

Volume 6300.3(6) Å3 
Z, Calculated density 4, 1.666 mg m-3  
Absorption coefficient 1.143 
F(000) 3168 
θ range for data collection 27.14 – 3.44 
Limiting indices -31<=h<=31, -14<=k<=14, -27<=l<=27  

    Reflections collected / unique 6677 / 5236 
Completeness to θ    0.988 
Absorption correction Integration 
Max. and min. transmission  0.8299 and 0.4929  
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6677 / 0 / 359 
Goodness-of-fit on F2 0.968 
Final R indices [I>2sigma(I)] R1 = 0.0401, wR2 = 0.1101 
R indices (all data) R1 = 0.0521, wR2 = 0.1132 
Largest diff. peak and hole -0.904 and 1.856 e Å -3 
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5.5.3. X-ray diffraction analysis of complex [κκκκ2-(methyl)2P,O)]Pd(Me)pyridine (4-CH3-
pyr) 

 

Figure 5.19 ORTEP plot of complex. Ellipsoids are shown with 50 % probability ellipsoids. Hydrogen atoms are 

omit[κκκκ2-(methyl)2P,O)]Pd(Me)pyridine  ted for clarity. Crystals were grown from an in-situ mixture of [(P,P-
dimethyl)phosphonium]benzenesulfonate and Pd(Me)2tmeda in CD2Cl2 in presence of 20 equivalents of pyridine 
layered with pentane at room temperature. 

Table 5.8 Details of the crystal structure determination of 4-CH3-pyr   

Identification code 4-CH3-pyr  

Empirical formula C14 H18 N O3 P Pd S 
Formula weight  417.72 g mol-1 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal system, space group orthorhombic, P 21 21 21 
Unit cell dimensions a=8.6923(4)Å 

b=12.2697(5) Å 
c=14.7841(8)Å 
α=90.00° 
β=90.00° 
γ=90.00° 

   Volume 1576.75(13) Å3 
Z, Calculated density 4, 1.760 mg m-3  
Absorption coefficient 1.418 
F(000) 840 
θ range for data collection 27.22– 1.66° 

    Limiting indices -10<=h<=10, -15<=k<=15, -18<=l<=18 
Reflections collected / unique 3326 / 3266 
Completeness to θ     0.996 
Absorption correction Integration 
Max. and min. transmission 0.715 and 0.514 

Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3326 / 0 / 193   
Goodness-of-fit on F2 1.339 
Final R indices [I>2sigma(I)] R1 = 0.0188, wR2 = 0.0580 
R indices (all data) R1 =0.0195, wR2 = 0.0582 
Largest diff. peak and hole -0.664 and 0.730e Å -3 
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5.5.4. X-ray diffraction analysis of complex sodium [κκκκ2-(methyl)2P,O]Pd(Me)(Cl) (4-CH3-
Cl) 

 
Figure 5.20 ORTEP plot of complex sodium[κκκκ2-(methyl)2P,O)]Pd(CH3)(Cl). The complex forms a hexameric 
structure with two palladiums losing one NaCl each. In addition, two acetones coordinate to sodium atoms. 
Ellipsoids are shown with 50 % probability ellipsoids. Hydrogen atoms are omitted for clarity. Crystals were grown 
from a solution of the complex in acetone over seven days. 

Table 5.9 Details of the crystal structure determination of 4-CH3-Cl 

Identification code 4-CH3-Cl 

Empirical formula C60 H90 Cl4 Na4 O20 P6 Pd6 S6 
Formula weight  2381.66 g mol-1 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal system, space group monoclinic, P 21/c 
Unit cell dimensions a=16.057Å 

b=11.464Å 
c=26.013Å 
α=90.00° 
β=116.36 ° 
γ=90.00° 

   Volume 4290.4 Å3 
Z, Calculated density 2, 1.844 mg m-3  
Absorption coefficient 1.696 
F(000) 2368 
θ range for data collection 25.22 – 1.42° 

    Limiting indices -19<=h<=19, -13<=k<=13, -30<=l<=30 
Reflections collected / unique 7653 / 6155 
Completeness to θ     0.987 
Absorption correction Integration 
Max. and min. transmission 0.7402 and 0.5935 

Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7653 / 0 / 489   
Goodness-of-fit on F2 1.108 
Final R indices [I>2sigma(I)] R1 = 0.0360, wR2 = 0.0724 
R indices (all data) R1 =0.0530, wR2 = 0.0762 
Largest diff. peak and hole -0.672 and 0.524 eÅ -3 
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5.5.5. X-ray diffraction analysis of complex [κκκκ2-(ethyl)(2-anisyl)P,O]Pd(Me)pyridine (2-
CH3-pyr) 

 
Figure 5.21 ORTEP plot of complex [κκκκ2-(ethyl)(2-anisyl)P,O)]Pd(Me)pyridine . The unit cell contains two 
independent molecules in the asymmetric unit of which one exhibits disorder in the benzenesulfonate and 
concomitant disorder in the P-ethyl and Pd-CH3. In addition, not all atoms in this molecule can be refined 
anisotropically. Ellipsoids are shown with 50 % probability ellipsoids. Hydrogen atoms are omitted for clarity. 
Crystals were grown from a methylene chloride solution of 2-CH3-dmso with excessive pyridine by slow 
evaporation of the solvent. 

Table 5.10 Details of the crystal structure determination of 2-CH3-pyr 

Identification code 2-CH3-pyr  

Empirical formula C21 H24 N O4 P1 Pd1 S1 
Formula weight  523.84 g mol-1 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal system, space group monoclinic, P c 
Unit cell dimensions a= 17.9893 Å 

b= 7.9507 Å 
c= 16.6827 Å 
α=90.00° 
β= 116.084 ° 
γ=90.00° 

   Volume 2143.1 Å3 
Z, Calculated density 4, 1.624 mg m-3  
Absorption coefficient 1.065 
F(000) 1064 
θ range for data collection 28.39 – 2.22° 

    Limiting indices -23<=h<=23, -10<=k<=10, -21<=l<=21 
Reflections collected / unique 9795 / 8466 
Completeness to θ     0.989 
Absorption correction Integration 
Max. and min. transmission 0.8835 and 0.6977 

Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9795 / 2 / 570  
Goodness-of-fit on F2 1.128 
Final R indices [I>2sigma(I)] R1 = 0.0672, wR2 = 0.1433 
R indices (all data) R1 =0.0850, wR2 = 0.1590 
Largest diff. peak and hole -2.055 and 1.932 eÅ -3 
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5.5.6. Additional spectra and data 

 
Figure 5.22 1H NMR spectrum (600 MHz, CD2Cl2, 25 °C) of complex 1-Et-PPh3 

102030405060708090110130150170

115125135145155165 15.0

 

Figure 5.23 13C NMR spectrum (151 MHz, CD2Cl2, 25 °C) of complex 1-Et-PPh3 



 
Deactivation of Neutral Palladium(II) Phosphinesulfonato Polymerization Catalysts 

 

 

213 

 
Figure 5.24 31P NMR spectrum (161 MHz, CD2Cl2, 25 °C) of complex 1-Et -PPh3 

 

 
Figure 5.25 { 1H} 31P NMR spectrum (161 MHz) of the thermolysis products of 1-Et-PPh3 (8 mM) in thf-d8 at 80 % 
conversion including 1H-decoupling of the hydridic Pd-H resonance (top line), and without 1H-decoupling of the 
hydridic Pd-H resonance (bottom line).  #,#: in-situ formed [(P^O)Pd(H)(PPh3); +: residual 1-Et-PPh3, *: 
unidentified trans-diphosphine complex.  
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Figure 5.26 Time-dependence of the thermolysis of 1-Et-PPh3 (30 mM Pd(II) in C2D2Cl4 at 70 °C) and the 
concomitant products.  
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6.  Alternative Monomers  

 

6.1. Propylene and 1-olefins in Insertion (Co-) Polymerization  

 

Since neutral phosphinesulfonato palladium(II) catalysts show an outstanding tolerance towards 

polar groups and enable copolymerization of ethylene with various polar vinyl monomers, 

studies of this catalyst family towards their reactivity with non-polar monomers other than 

ethylene are also of interest. Among the scope of aliphatic monomers, merely 1-hexene,31 

(functionalized) norbornene,49,51,149 styrene and vinyl cyclohexane150 were investigated in 

copolymerization with ethylene. However, no experimental investigations on the reactivity of 

phosphinesulfonato palladium(II) towards propylene were reported so far. This is rather 

surprising since propylene along with ethylene is one of the most important, aliphatic monomers 

in industry. In the following, propylene was investigated in NMR and polymerization studies 

towards the reactivity with these neutral phosphinesulfonato palladium(II) catalysts. 

6.1.1. Stoichiometric experiments on the reactivity of propylene 

 

Scheme 6.1 Insertion studies of 1-CH3-dmso with propylene 
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The catalyst precursor 1-CH3-dmso was employed for stoichiometric studies of the reactivity 

with propylene. 1-CH3-dmso was dissolved in CD2Cl2 (33 mM) in a J. Young tube which was 

pressurized with 1 atm propylene, resulting in the dissolution of 3 equivalents of propylene 

relative to Pd(II). The reaction was monitored by periodically acquired 1H NMR spectra at 25 

°C. An increasing resonance for a methyl moiety which is coupled to a doublet with 3JHH = 6.2 

Hz at δ 0.58 ppm is indicative for the 1,2-insertion. It is noteworthy that substantial amounts of 

this product were already formed in the first 1H NMR spectrum recorded and it is subsequently 

consumed by consecutive propene insertions or β-hydride elimination to vinylidenes (Scheme 

6.1, Figure 6.1 and Figure 6.2). With proceeding time, a triplet resonance at δ 0.40 ppm with a 

coupling constant of 3JHH = 7.2 Hz grows which could be assigned to the methyl moiety of the 

Pd-sec-butyl formed by 2,1-insertion. In addition, the corresponding elimination products 

(internal olefins) are observed. This evidences that 1,2-insertion is significantly faster than 2,1-

insertion. In addition, traces of methane (δ 0.21 ppm) were observed which cannot be quantified 

since methane will predominantly be present in the NMR tube head space. The origin of methane 

is ascribed to the reaction of 1-CH3-dmso with the in-situ formed Pd-H species after chain 

transfer. In comparison to similar ethylene insertion experiments of 1-CH3-dmso and ethylene, 

an enhanced tendency to chain transfer is observed since ethylene is consumed in a quasi-living 

fashion without any detectable amounts of olefins formed (chapter 5).  
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Figure 6.1 1H NMR (400 MHz, 25 °C, CD2Cl2) stacked spectra of the reaction of 1-CH3-dmso (33 mM) with 3 
equivalents of propene. Pd-Me (black); 1,2-insertion (green) 2,1-insertion product (red);  internal olefins (blue), 
vinylidenes (orange) and methane (magenta). 
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Figure 6.2 Time-dependent conversion of 1-CH3-dmso (black) to the 1,2-insertion product (green) and 2,1-insertion 
product (red) with concomitant formation of internal olefins (blue), vinylidenes (orange) and methane (magenta). 
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6.1.2. Copolymerization of ethylene with propylene and 1-octene. 

Copolymerization of ethylene with propene was studied with the catalyst precursors 1-CH3-

dmso and 5-CH3-tmeda (Figure 6.3). 5-CH3-tmeda is a literature-known catalyst and was found 

to polymerize ethylene to high molecular weight polymer (Mn > 100 000 g mol-1) but 

discriminates comonomers like acrylates resulting in low incorporation.30  

 

Figure 6.3 Structure of the catalyst precursors 1-CH3-dmso and 2-CH3-tmeda 

For copolymerizations, the polymerization vessel was filled with toluene and the corresponding 

catalyst precursor. Propene was applied until the desired pressure was reached. Then, ethylene 

pressure was continuously applied for the polymerization time. The polymer was isolated by 

removing all volatiles and was characterized by 1H and quantitative 13C NMR spectroscopy at 

130 °C in C2D2Cl4 (Table 6.1). Surprisingly, copolymerization attempts at 2 bar propene 

pressure and 4 bar constant ethylene pressure resulted in a copolymer with only 4 methyl 

branches per 1000 methylenes. That is, within the error, the same amount of branching as 

observed in the absence of propene with the difference of a lower molecular weight. A 

substantial amount of methyl branches was observed at 3 bar propene pressure and 3 bar 

ethylene pressure. 30 methyl branches per 1000 methylenes were found with further concomitant 

decrease in molecular weight (DPn ~ 92). 76 methyl branches per 1000 methylenes with a degree 

of polymerization of merely 37 units were obtained at 4.5 bar propene pressure and 2 bar 

ethylene pressure. The increasing methyl branch contents and the decline in molecular weight 
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strongly decrease the polymers’ melting temperature and crystallinity (Table 6.1, last colume). A 

copolymer under identical condition using 5-CH3-tmeda as catalyst exhibits 15 methyl branches 

per 1000 methylenes with a substantially higher chain length of 360 monomer units. The 

discrimination of propene vs ethylene may be referred to the higher steric demand of the ligand 

structure in 5-CH3-tmeda. Finally, both catalyst precursors were employed for propene 

homopolymerizations (Table 6.1, entry 6 and 7). 5-CH3-tmeda was found to be rather inactive. 

Only traces of polymer were obtained, which were not further analyzed.  

 

Table 6.1 Copolymerization of ethylene and propene with 1-CH3-dmso and 5-CH3-tmedaa 

Entry  
 

propene 
[bar] b 

ethylene 
[bar] c 

Pd(II) 
[µµµµmol] 

t    
[min]  

yield          
[g] 

Med 
/1000C 

DPn
e 

(NMR)  
Tm/κ κ κ κ     
(DSC) 

1 

1-CH3-dmso 

1 4 40 30 7.53 n.m. n.m. 122 / 64 % 

2 2 4 40 30 8.96 4 176 110 /52 % 

3 3 3 20 15 8.41 30 92 102 / 49 % 

4 4.5 2 20 15 3.07 76 37  15 / 29 % 

5 5-CH3 -tmeda 4.5 2 7 15 3.47 15 360 102 / 62 % 

6 1-CH3-dmso 6 - 40 30 0.28 - ca 20 n.m. 

7 5-CH3-tmeda 6 - 7 30 traces n.m. n.m. n.m. 
a polymerization conditions: 100 mL of toluene; 95 °C reaction temperature, b pressure was applied once at the 
beginning. c pressure was constantly applied during polymerization, d determined by quantitative 13C NMR 
spectroscopy at 130 °C in C2D2Cl4, 

e determined by 1H NMR spectroscopy at 130 °C in C2D2Cl4 assuming that 
every polymer chain consists of one aliphatic and one olefinic chain end, n.m. not measured. 

1-CH3-dmso, in contrast, produces a transparent oily material. NMR spectroscopy provides 

insights into the microstructure of the obtained polypropylene. The ratio of CH2:CH3 from 1H 

NMR spectroscopy was found to be 2.0:3.2 which corresponds to an expected value of 2:3 for a 

polypropylene without any 1,3-enchainments as it was observed for other late transition metal 

catalysts.151,152  The degree of polymerization, determined by the ratio of aliphatic resonances to 

olefinic end groups was found to be ~ 20. The 13C NMR spectrum is very complex since the 
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resonances of the inchain repeat units not only reflect various stereo- and regiochemistry, but are 

also influenced by adjacent end groups which are not negligible in an oligomer of merely 20 

propene units. Methyl branches resonating in the range of δ(13C) 19.4 - 21.5 ppm were ascribed 

to consecutive 1,2-insertions of propene (head-to-tail) and account for ca 93 % of all methyl 

branches. Ca 7 % of all methyl branch resonances at δ(13C) ~ 14.7 ppm are characteristic for 

regio errors resulting from a (1,2)(2,1)(1,2) insertion sequence (head-to-head + tail-to-tail). Only 

traces, to low in intensity for reasonable integration, at δ(13C) 15.7 ppm result from 

(1,2)(1,2)(2,1)(2,1)-head-to-head sequences (Figure 6.5).152  

 
Scheme 6.2 Chain transfer pathways after propene insertion and possible unsaturated end groups. 

 
Figure 6.4 1H NMR spectrum (25 °C, CDCl3) of polypropylene oligomers (entry 6). 
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Figure 6.5 Regio isomers occurring in propene oligomerization. 

1H NMR spectroscopy reveals the formation of several unsaturated end groups which result from 

β-hydride elimination after propene insertion. Possible end groups based on a preceding 1,2-

insertion are illustrated in Scheme 6.2. A consecutive 1,2-insertion, which was found to be the 

preferred insertion mode in NMR insertion experiments, results in a complex which bears only 

one hydrogen in the β-position, thus β-hydride elimination results exclusively in the vinylidene 

end group I-Prop . Isomerization from I-Prop  to an internal olefin was not observed. In case of 

the less preferred 2,1-insertion, β-H elimination may result in a terminal olefin (II-Prop ) or an 

internal olefin (III-Prop ). Note that terminal olefins tend to isomerize to the more stable internal 

olefins (III-Prop ), thus hampering the determination of the ratio of end group II-Prop  to III-

Prop. The ratio of vinylidene end groups I-Prop to terminal and internal end groups II-Prop  

+III-Prop was found to be 1:6, that is chain transfer proceeds preferentially after 2,1-insertion. 

This is remarkable when considering that 1-CH3-dmso prefers chain growth by 1,2-insertion 

according to NMR studies. The origin for the low molecular weights in propene insertion 

copolymerization is the strong tendency for chain transfer from the 2,1-insertion product 

(Scheme 6.3). As a note of caution, however it should be mentioned that there are also 

indications of occurrence of Pd-sec-alkyl in homopolymerization of ethylene under comparable 

conditions which yield higher molecular weight polymers.109  
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Scheme 6.3 Homooligomerization of propene with 1-CH3-dmso 

Copolymerizations of ethylene and 1-octene were studied (Table 6.2). Ethylene pressure was 

chosen constant at 5 bar with variable 1-octene concentration. The polymers obtained were 

investigated by 1H and quantitative 13C NMR spectroscopy at 130 °C in C2D2Cl4. The degree of 

polymerization (DPn) decreases with increasing hexyl branch content, while the methyl branches 

remain constant with the exception of a copolymerization in neat 1-octene where 25 methyl 

branches and 100 hexyl branches per 1000 backbone methylenes were detected.  
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Table 6.2 Copolymerization of ethylene and 1-octene with 1-CH3-dmsoa 

Entry  
concn.                     

[mol L -1] 
ethylene 

[bar]  
t   

[min]  
yield 
[g] 

Me 
/1000C 

hexyl 
branchesb 

/1000C 

DPn 
c 

(NMR)  
Tm/κκκκ 

(DSC) 

1 0.1 5 60 13.33 n.m. n.m. 360 123°C (64%) 

2 0.5 5 60 12.40 3 18 243 115°C (55%) 

3 2.0 5 60 8.64 5 50 107 94°C (34%) 

4 6.65 5 60 0.47 25 100 26 n.m. 
a polymerization conditions: 50 mL total volume (toluene); 95 °C reaction temperature, 20 µmol 1-CH3-dmso, 
b determined by quantitative 13C NMR spectroscopy at 130 °C in C2D2Cl4, 

c determined by 1H NMR spectroscopy at 
130 °C in C2D2Cl4 assuming that every polymer chain consists of an aliphatic and olefinic chain end, n.m. not 
measured. 

 

Scheme 6.4 Chain transfer pathways after 1-octene and ethylene insertion and possible unsaturated end groups. 

The 1H NMR spectrum shows several olefinic end groups which are formed by β-hydride 

elimination after monomer insertion. 1-Octene may insert, analogously to propene, in 1,2- as 

well as 2,1-insertion. Chain transfer after 1,2-insertion results in a vinylidene end group (Scheme 

6.4, I-Oct ) while chain transfer after 2,1-insertion forms internal olefins (II-Oct ). If ethylene 

was the last inserted monomer, β-hydride elimination results in a 1-olefin (III-Oct ) which can 
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isomerize to an internal olefin with an adjacent allylic methyl group (2-olefin, IV-Oct ). 

Integration of the end groups of poly(ethylene-co-1-octene) with 50 hexyl branches (Table 6.2, 

entry 3) reveals a ratio of vinylidene (I-Oct ): internal olefin (II-Oct ): 1-olefin (III-Oct ): 

2-olefin (IV-Oct ) of 0.8 : 3.0 : 1.6 : 1. That is, 60 % of all chain transfers originate from a 1-

octene insertion product in which most of the end groups result from a preceded 2,1-insertion 

into the Pd-alkyl (47 % of all olefinic end groups, 79 % of all olefinic end groups derived from 

1-octene). This is in agreement with the observations of propene homooligomerization in which 

chain transfer also took place preferentially after 2,1-insertion. 

 

Figure 6.6 1H NMR spectrum (400 MHz, 130 °C, C2D2Cl4) of poly(ethylene-co-1-octene) with 50 hexyl branches 
and 5 methyl branches per 1000 backbone methylenes (Table 6.2, entry 3) 
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6.2. Nitrile-substituted monomers  

 

Among all the polar substituted comonomers which have been shown to be compatible with 

phosphinesulfonato Pd(II) for insertion copolymerization with ethylene, acrylonitrile (AN) is 

perhaps one of the most impressive examples although activities are fairly low with < 10 

turnovers per hour with incorporations of up to 9 mol-% and low molecular weights.55 The 

mechanism for this impressive result has been thoroughly investigated by experimental and 

theoretical studies.56 The main reason for successful copolymerization is the diminishment of the 

energetic difference of π-AN and σ-AN complexation in neutral complexes while in cationic 

complexes like diimine or diphosphine catalysts, σ-AN coordination is strongly favored. In 

addition, π-coordination of ethylene vs acrylonitrile has rather similar energetic levels while 

cationic complexes strongly prefer coordination of the more electron rich ethylene. While this 

allows for copolymerization, activities and polymer molecular weights are low and a substantial 

portion of the acrylonitrile is incorporated in the end groups. As nitrile groups are of strong 

interest concerning material properties, alternative routes for their introduction by catalytic 

polymerization are worth considering.In this chapter, insertion copolymerization of ethylene with 

a nitrile-substituted acrylate and a nitrile-substituted norbornene is studied in correlation with 

acrylonitrile.  

Independent of the nature of the olefin (vinyl, acrylate, norbornene), π-coordination to the metal 

center is a prerequisite for insertion and competes with κ-nitrile coordination. This coordination 

strength has recently been evaluated in equilibrium studies of coordinated dmso in the catalyst 

precursor 1-CH3-dmso with acetonitrile. The exchange 1-CH3-dmso + CH3CN ⇄ 

1-CH3-CH3CN + dmso is fast on the NMR time scale at 25 °C resulting in an averaged dmso 
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resonance between the resonance for coordinated dmso (2.94 ppm in CD2Cl2) and free dmso 

(2.54 ppm in CD2Cl2) from which the equilibrium constant Keq was estimated to a value of 1.47 

The effect on polymerization activity was evaluated by performing ethylene 

homopolymerizations under comparable conditions in the absence and the presence of 

acetonitrile (Table 6.3). Even small amounts of acetonitrile strongly decrease the catalyst’s 

activity by reversible formation of a nitrile coordinated, dormant species. 

Table 6.3 Polymerization of ethylene with 1-CH3-dmso in the absence and presence of acetonitrilea 

 

a polymerization conditions: 50 mL total volume (toluene + CH3CN); 95 °C reaction temperature, b [mol(ethylene) 
mol(Pd)-1 h-1] 

This retarding effect was also investigated in NMR insertion experiments of 1-CH3-dmso with a 

20-fold excess of acrylate which allows the extraction of a pseudo first-order rate constant. 

Insertion of methyl acrylate to the 2,1-inserted complex proceeded with reaction rate of kobs (25 

°C) = 6.67 × 10-4 s-1. The dmso resonance, which is significantly low-field shifted in 1-CH3-

dmso due to coordination (δ(1H) 2.94 ppm), remains low-field shifted after insertion suggesting 

that the fourth coordination site is still predominantly occupied by dmso (δ(1H) 2.82 ppm). In 

comparison, insertion with nitrile acrylate proceeded with a reaction rate constant of kobs (25 °C) 

= 3.89 × 10-5 s-1. This is slower by one order of magnitude. In addition, the dmso resonates at 

δ(1H) 2.59 ppm which is very close to the resonance for free dmso in CD2Cl2 (δ(1H) 2.54 ppm). 

This suggests that the palladium is, in contrast, almost exclusively coordinated by nitriles. 

Entry  
1-CH3-dmso 

[µµµµmol] 

Concn.    
CH3CN 

[M] 

yield 
[g] 

TOFb 
Ethylene 

1 3.5 - 3.01 61400 

2 3.5 0.05 1.72 35100 

3 3.5 0.10 1.34 27400 
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Scheme 6.5 Insertion studies of 1-CH3-dmso with ~20 fold excess of methyl acrylate and nitrile acrylate 

Copolymerizations of ethylene with acrylonitrile, nitrile acrylate and nitrile norbornene were 

performed under comparable conditions (Table 6.4). Polymer yields, degree of incorporation and 

molecular weight for the copolymerization of ethylene with acrylonitrile are in agreement with 

literature.55 In contrast, copolymerization of ethylene with nitrile acrylate resulted in much 

higher yields and slightly higher incorporations. In addition, molecular weights slightly increase 

to 3900 g mol-1 for 3.2 mol-% incorporation. Incorporations up to 8.0 mol-% were achieved from 

a 0.3 M nitrile acrylate solution. An outstanding activity was found for the copolymerization of 

ethylene with nitrile norbornene. Incorporations of 6.8 mol-% from a 0.1 M solution and of 12.7 

mol-% from a 0.3 M nitrile norbornene solution were achieved with reasonable activities. 

Norbornenes are unique as a comonomer in that no enhanced chain transfer occurs upon their 

incorporation which differs from most other polar-substituted comonomers. This is reflected in 

significantly higher molecular weights of the obtained copolymers and shows an opposite 

tendency to ethylene/acrylate copolymers23 since molecular weights increase with increasing 

norbornene content. Concerning the thermal properties of the resulting copolymers 

poly(ethylene-co-nitrile norbornene), rigidity of the polymer chains substantially increases with 

increasing norbornene content as reflected by high glass transition temperatures of Tg 7 °C for 

6.8 mol-% inc. and Tg 53 °C for 12.7 mol-% inc. ATR-IR spectra of the obtained copolymers 

possess the characteristic absorption band for nitriles at ν 2234 cm-1 as exemplified in Figure 6.7. 
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Table 6.4 Copolymerization of ethylene and acrylonitrile (AN), nitrile acrylate (NA) and nitrile norbornene (NN) 
with 1-CH3-dmsoa 

Entry  Comon. 
Concn. 

[M]  
Time 
[min]  

Pd(II) 
[µµµµmol] 

yield 
[g] 

inc.  
[mol-%]  

TOFb 
Ethylene 

TOFb 
Comon. 

M n
c 

Tg [°C]   

(DSC)  

1 AN 0.1 480 40 0.07 ~ 2 total < 10 2200 n.m.  

2 NA 0.1 60 10 0.40 3.2 1240 40 3900 n.m. 

3 NA 0.2 60 10 0.10 6.2 280 20 3400 n.m. 

4 NA 0.3 60 10 0.06 8.0 160 15 2600 n.m. 

5 NN 0.1 60 20 1.27 6.8 1730 130 12500 Tg  7 °C 

6 NN 0.3 120 20 1.1 12.7 610 90 >20000 Tg 53 °C 
a polymerization conditions: 50 mL total volume (toluene + comonomer); 5 bar ethylene pressure; b [mol(monomer) 
mol(Pd)-1 h-1], c determined by 1H NMR spectroscopy at 130 °C in C2D2Cl4 assuming that every polymer chain 
consists of one aliphatic and one olefinic chain end 

3000 2500 2000 1500 1000

75

80

85

90

95

100

 

 

T
ra

ns
m

is
si

on
 [%

]

cm-1

 
Figure 6.7 ATR-IR spectrum of poly(ethylene-co-nitrile norbornene) with 6.8 mol-% incorporation  
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6.3. Silane-endcapped polyethylenes 

 

Vinyl silanes such as vinyl trimethoxysilane are industrially used in crosslinking chemistry of 

polyethylene. Silane-functionalized polyethylenes are prepared commercially. Dow has 

developed a process in which peroxides are used to graft vinyl silanes to polyethylene. 

Crosslinking is conducted by a dibutyltin dilaureate-catalyzed condensation reaction in the 

presence of moisture.1 A second industrially important process was developed by Mitsubishi in 

which ethylene and vinyl silanes are directly copolymerized under high pressure conditions.1 Ittel 

et al. in a patent described the direct copolymerization of ethylene with vinyl-and allyl silanes 

claimed for various catalysts.153 

Prior to copolymerization experiments, the reactivity of vinyl trimethoxysilane towards 

1-CH3-dmso was assessed in NMR tube experiments. Exposure of 1-CH3-dmso to a ca 20-fold 

excess of vinyl trimethoxy silane in CD2Cl2 at 25°C results in immediate formation of propene 

with concomitant precipitation of palladium black (Figure 6.8). The propene formed is evidence 

for the 1,2-insertion of vinyl trimethoxysilane and subsequent β-silane elimination with 

concomitant decomposition of the metal alkyl species (Scheme 6.6). A triplet resonance at δ(1H) 

= 0.38 ppm (J = 7 Hz) may result from 2,1-insertion of vinyl trimethoxysilane or propene. A 

determination of the ratio of 1,2- vs 2,1-insertion is hampered since the propene formed will 

predominately be present in the J.Young tube head space. Nonetheless, 1H NMR clearly 

evidences that 1,2-insertion is the main insertion pathway. 
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Scheme 6.6 Insertion of vinyl trimethoxysilane in 1-CH3-dmso 

 

Figure 6.8 H,H-gCOSY spectrum (25 °C, CD2Cl2) of the reaction of 1-CH3-dmso with vinyl trimethoxysilane 

Notwithstanding these insertion studies in which a fast decomposition reaction was observed, 

copolymerization of ethylene and vinyl trimethoxysilane results in formation of polymer. High 

temperature 1H NMR spectroscopy reveals the expected resonances for polyethylene with 

methoxy moieties at δ(1H) = 3.46 ppm for the trimethoxysilane groups. A characteristically high-

field shifted resonance at δ(1H) = 0.72 ppm which is coupled to a triplet with J = 7 Hz with the 

corresponding carbon atom at δ(13C) = 9.87 ppm was found to be a methylene group adjacent to 

a trimethoxysilane (Figure 6.9). This aliphatic chain end results from 1,2-insertion into a Pd-H 
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species which is formed from β-H elimination. A second pathway would be an ethylene insertion 

into a Pd-silyl species which may be formed from 1,2-insertion of vinyl trimethoxysilane and 

subsequent β-silyl elimination. This is, however, rather unlikely since NMR studies suggest 

immediate decomposition of such a species. Surprisingly, this characteristic methylene group 

adjacent to the silyl integrates in a ca 1:1 ratio in comparison to the methoxy groups (Table 6.5, 

last colume, x: trimethoxysilanes in aliphatic chain end, y: total number of incorporated 

trimethoxysilanes) which allows for the conclusion that vinyl trimethoxysilane is almost 

exclusively incorporated into the aliphatic chain end at low incorporation. For a copolymer with 

1.27 mol-% incorporated vinyl trimethoxysilane, a ratio of 72:28 suggests that the comonomer is 

still preferentially incorporated in the chain end.  

 

Table 6.5 Copolymerization of ethylene and vinyl trimethoxysilane with 1-CH3-dmsoa 

Entry 
Concn. 
Vinyl 
silane 

1-CH3-dmso 
[µµµµmol] 

Yield 
Polymer 

[mg] 

Inc. vinyl 
silane  

[mol-%] 

DPn 
(NMR) 

x:yb 

1 0.10 10 70 0.43 155 93:7 
2 0.20 20 156 0.63 140 83:17 
3 0.25 6 28 0.84 108 76:24 
4 0.50 20 99 1.27 95 72:28 

a Reaction conditions: 50 mL total volume toluene, 90 °C polymerization temperature, 60 minute polymerization 
time,  b ratio of vinyl trimethoxy silane in the aliphatic chain end (x) and in-chain incorporated (y) according to 1H 

NMR spectroscopy 



 
Alternative Monomers 
 

 

232

 

Figure 6.9 1H NMR spectrum (400 MHz, C2D2Cl4, 100 °C) of poly(ethylene-co-vinyl trimethoxysilane) with 0.43 
mol-% incorporation 
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7. Conclusive Summary 

 

While insertion polymerization of non-polar, aliphatic monomers such as ethylene or propylene 

is performed on large scales industrially with catalyst systems based on early transition metals, 

insertion copolymerization with polar-substituted monomers such as acrylates remains 

challenging due to the high oxophilicity of the catalytically active metal centers. For this reason, 

copolymers of ethylene with polar monomers are generally produced by free-radical 

copolymerization. This polymerization method suffers, however, from a lack of microstructure 

control. 

In contrast to early transition metal catalysts, late transition metals are less oxophilic. This allows 

for the application of Ni(II) catalysts in polar solvents as illustrated by the Shell Higher Olefin 

Process for ethylene oligomerization.12,13 Further, copolymerization of acrylates and ethylene is 

possible by either cationic diimine palladium systems to highly branched and thus amorphous 

materials18,19 or by neutral phosphinesulfonato palladium systems to linear, semicrystalline 

polymers.23 The latter is unique in promoting the formation of linear copolymers of ethylene 

with a broad scope of polar monomers comprising even acrylonitrile,55,56 vinyl fluoride,53,54 vinyl 

chloride58 and acrylamides.46,47 Thus, this catalyst appears to be a powerful tool for the synthesis 

of novel materials not accessible otherwise. 

A practical example of polar-substituted aliphatic polymers are high performance hydrogenated 

butadiene-nitrile rubbers. They are prepared by free-radical emulsion polymerization of 

butadiene and acrylonitrile. The resulting NBR exhibits excellent resistance towards apolar 

compounds but is sensitive to aging due to the unsaturated character of the incorporated 
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butadiene-based repeat units. Thus, for these butadiene based materials, a post-polymerization 

hydrogenation is necessary (HNBR) to enhance their stability. This homogeneously catalyzed 

polymer-analogous hydrogenation step is technically and economically demanding (Scheme 

7.1).  

 

Scheme 7.1 Synthesis of hydrogenated butadiene nitrile rubber and alternative pathway via insertion polymerization 
of ethylene with polar vinyl monomers 

Chapter 3 provides a direct synthesis of polar-substituted elastomers by insertion polymerization 

of ethylene and polar vinyl monomers. This circumvents additional post-polymerization 

functionalization or hydrogenation steps since the polymers obtained are already entirely 

saturated. The approach has been demonstrated to be compatible with a diversity of different 

crosslinking chemistries. Siloxane, epoxide or anhydride functionalities can be introduced by 

copolymerization of correspondingly substituted acrylates or norbornenes, respectively. 

Crosslinking of anhydrides with amines, of glycidyls with amines, via siloxanes or azide-alkyne 

coupling, as well as reversible Diels Alder reaction occurs efficiently, as concluded from NMR 

observation of conversion of the reacting groups and from gel contents. Dynamic mechanical 

analysis reveals typical elastomeric behavior. Though even lower glass transition temperatures 

may be desirable for some applications, it can be noted that materials with glass transition 
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temperatures well below room temperature are accessible. As anticipated, appropriately 

substituted polymers show a pronounced resistance to apolar hydrocarbon solvents, which are 

ubiquitous e.g. in automotive applications. 

Carboxylic-, phosphonic- and sulfonic-functionalized polyolefins are of wide-spread interest. 

They exhibit not only polar groups but feature inter- and intrachain interactions based on either 

hydrogen bridging or ionic interactions in the corresponding, partially neutralized ionomers. 

Syntheses of these materials are based either on free-radical polymerization which often suffers 

from a low control of microstructure, or on free-radical post polymerization reactions which 

often result in rather ill-defined compositions due to side reactions. 

 

Scheme 7.2 Direct insertion copolymerization of ethylene with acrylic acid and vinyl phosphonic acid and 
copolymerization of ethylene with vinyl phenyl sulfonate 

 Chapter 4 offers an alternative synthetic pathway which is based on the direct copolymerization 

of acrylic acid and vinyl phosphonic acid with ethylene to functionalized linear random 

copolymers. NMR and polymerization studies revealed that no enhanced decomposition occurs 

in the presence of the acidic groups. More acidic vinyl sulfonic acid, in contrast, immediately 

deactivates the catalyst by protonation of the Pd-carbyl to an alkane. For this reason, 
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corresponding ethylene/vinyl sulfonate copolymers were prepared by preliminary protection 

during polymerization, with polymer-analogous deprotection to sulfonated linear polyethylenes. 

 
Figure 7.1 A: Quantum dot dispersion of poly(ethylene-co-vinyl phosphonic acid) under ambient light (left) and 
UV-irradiation (right); B: Differential light scattering (DLS) spectrum of the QD/copolymer dispersion; C: 
Transmission electron microscopy of CdSe/CdS quantum dots embedded into poly(ethylene-co-vinyl phosphonic 
acid) with 2.0 mol-% incorporated phosphonic acid. 

Nanocomposites, that is dispersions of submicron inorganic particles in a polymer matrix, can 

improve a multitude of material properties. However, obtaining such a high degree of dispersion 

is challenging due to thermodynamically favorable aggregation. Especially for apolar polymer 

matrices as present in e.g. polyolefins, this requires the incorporation of functional groups. 

Phosphonates are perhaps the most general and effective type of functional groups for interacting 

with inorganic phases. The copolymers of ethylene and vinyl phosphonic acid were investigated 

to this end. Aqueous secondary dispersions of inorganic CdSe/CdS quantum dots and 

poly(ethylene-co-vinyl phosphonic acid) result in hybrid particles in which the inorganic part 

remains highly dispersed (Figure 7.1). In contrast, a secondary dispersion of QDs with non-

functionalized polyethylene results in either coagulation of the QDs or the QDs are not 

embedded into the polymer matrix. The poly(ethylene-co-vinyl phosphonic acid)-embedded QDs 
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exhibit less blinking in wide-field fluorescence measurements and were found to be significantly 

more stable towards bleaching in comparison to unprotected QDs. Mixing this dispersion with 

HDPE dispersions allows the synthesis of HDPE-based hybrid materials via spin-coating in 

which the QDs abide the high degrees of dispersion. 

The presence of polar substituted monomers generally reduces polymerization rates by chelating 

coordination of the growing polymeryl chain via the functional group of a last or penultimate 

incorporated repeat unit or by κ-X coordination of free monomer via the functional group. These 

features are reversible and slow down, but do not shut down chain growth. While this 

mechanistic picture is now well established, irreversible deactivation reactions were not 

considered to occur with this supposedly stable catalyst system. Chapter 5 provides in-depth 

investigations on this issue and breaks with this widely accepted assumption. 

 

Scheme 7.3 Deactivation pathways occurring during ethylene homopolymerization with neutral phosphinesulfonato 
palladium catalysts. 

Pd-H species which are ubiquitous intermediates as they occur after every chain transfer 

reaction, are able to undergo reductive elimination to from palladium(0) and the free protonated 

phosphoniumsulfonate H[P,O] (Scheme 7.3). This pathway is in principle reversible, namely by 

oxidative addition, as long as palladium(0) does not precipitate. The prevailing reaction is, 
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however, a fast protonation reaction of polymerization active Pd-polymeryl species to form 

completely aliphatic polymer chains and inactive, bis-chelated palladium(II). In addition, 

protonation reactions with Pd-H species to hydrogen and bis-chelate palladium(II) are possible. 

However, they are less likely under polymerization conditions in comparison to the deactivation 

route with Pd-carbyl species. This irreversible deactivation route becomes particularly 

pronounced in copolymerization of ethylene with polar vinyl monomers since β-hydride 

elimination, and thus formation of Pd-H species occur preferably after polar monomer insertion. 

These deactivation reactions do not only affect the catalyst’s productivity but also result in lower 

molecular weights since protonation of a Pd-carbyl species can be considered as an additional 

chain transfer reaction.  

 

Scheme 7.4 “Phosphorus Scrambling” forming new polymerization active species 

In addition, under polymerization conditions, the growing polymer chain is observed to be 

transferred to the phosphorus of the ligand by sequences of reductive elimination to 

phosphoniumsulfonate and oxidative addition of the P-aryl to palladium(0). This results in 

formation of mixed aryl-alkyl phosphinesulfonate species and can even proceed to bis-alkyl 

species. These in-situ-formed, catalytically active species differ in their polymerization behavior 

as revealed by the syntheses and investigations on the reactivities of suitable model precursors. 

Thus, polymerizations performed with this class of catalysts have to be considered as the overall 

sum in e.g. productivity or selectivity of several, in-situ-formed (P,O) catalysts. 
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In summary, these findings show that insertion copolymerization of polar vinyl monomers 

provides access to novel materials with useful properties. This is illustrated by polar-substituted 

saturated linear polyethylene elastomers. The scope of polymerizable monomers is expanded to 

vinyl compounds with free acid functionalities, namely acrylic acid and vinyl phosphonic acid. 

This provides novel linear ethylene copolymers. The unique catalyst system employed for these 

reactions was unexpectedly found to undergo significant irreversible deactivation reactions 

during polymerization. This in turn provides guidelines for improving catalyst performance, e.g. 

by site isolation, which is desired for a more effective synthesis of these and other materials.  
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Zusammenfassung 

Während die Insertionspolymerisation unpolarer, aliphatischer Monomere wie beispielsweise 

Ethylen oder Propylen in großem Maßstab industriell mit Katalysatoren früher Übergangsmetalle 

durchgeführt wird, bleibt die Insertionspolymerisation polar-substituierter Monomere (z.B. 

Acrylate) aufgrund der hohen Oxophilie der katalytisch aktiven Metallzentren eine 

Herausforderung. Aus diesem Grund werden Copolymere aus Ethylen und polaren Monomeren 

gewöhnlich mittels radikalischer Polymerisation hergestellt. Diese Polymerisationsart bietet 

jedoch sehr wenige Möglichkeiten, die Mikrostruktur zu kontrollieren. 

Im Gegensatz zu frühen Übergangsmetallkatalysatoren sind späte Übergangsmetalle weniger 

oxophil. Dies ermöglicht die Anwendung von Ni(II)-Katalysatoren in polaren Lösungsmitteln, 

wie sie beispielsweise im Shell-Higher-Olefin-Prozess zur Ethylenoligomerisierung verwendet 

werden. Desweiteren ist die Copolymerisation von Ethylen und Acrylaten durch kationische 

Palladium-Diimin-Systeme zu hochverzweigten und entsprechend amorphen Materialen, oder 

durch Palladium-Phosphinsulfonato-Systeme zu linearen, teilkristallinen Materialien möglich. 

Das letztgenannte Katalysatorsystem ermöglicht die Herstellung linearer Copolymere aus 

Ethylen und einer breiten Auswahl polarer Monomere, welche sogar Acrylnitril, Vinylfluorid, 

Vinylchlorid und Acrylamid umfasst. Demzufolge scheint dieser Katalysator ein 

vielversprechendes Instrument zur Synthese neuartiger Materialien zu sein, die auf anderem Weg 

nicht zugänglich sind. 

Ein Beispiel aus der industriellen Anwendung polarsubstituierter, aliphatischer Polymere sind 

hydrierte Butadien-Nitril-Elastomere. Diese werden mittels radikalischer 

Emulsionspolymerisation von Butadien und Acrylnitril hergestellt. Der daraus entstehende NBR 
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weist exzellente Beständigkeit gegenüber apolaren Verbindungen auf, ist jedoch aufgrund des 

ungesättigten Charakters der eingebauten Butadieneinheiten alterungsanfällig. Deswegen ist für 

diese auf Butadien basierenden Materialien eine Post-Polymerisationshydrierung notwendig 

(HNBR) um ihre Stabilität zu erhöhen. Dieser homogen katalysierte Hydrierungschritt ist 

technisch und wirtschaftlich aufwendig. 

Kapitel 3 zeigt eine direkte Synthese polar-substituierter Elastomere mittels 

Insertionspolymerisation von Ethylen und polaren Vinylmonomeren auf. Dadurch werden 

zusätzliche Post-Polymerisationsfunktionalisierungen sowie –Hydrierungen unnötig, da die so 

erhaltenen Polymere bereits vollständig gesättigt sind. Dieser Ansatz ist mit einer Vielfalt 

unterschiedlichster Vernetzungsreaktionen kompatibel. Siloxane, Epoxide und Anhydride 

können als entsprechende Acrylat- oder Norbornenverbindungen copolymerisiert werden. Die 

Vernetzung von Anhydriden mit Aminen, von Glycidylen mit Aminen, mittels Siloxanen oder 

Azid-Alkin-Reaktion, sowie auch reversibler Diels-Alder-Reaktion erfolgen 

nachgewiesenermaßen effizient. Dynamisch-Mechanische-Analysen zeigen ein für Elastomere 

typisches Verhalten auf. Obwohl niedrigere Glasübergangstemperaturen für manche 

Anwendungen wünschenswert wären, sind Materialien mit Glasübergangstemperaturen deutlich 

unter Raumtemperatur zugänglich. Wie erwartet zeigen entsprechend substituierte Polymere 

ausgeprägte Widerstandsfähigkeit gegenüber apolaren Lösungsmitteln, welche beispielsweise in 

Automobilen allgegenwärtig sind. 

Carbonsäure-, phosphonsäure- und sulfonsäurefunktionalisierte Polyolefine sind von 

weitverbreitetem Interesse. Sie besitzen nicht nur polare Gruppen, sondern weisen inter- und 

intramolekulare Wechselwirkungen basierend auf Wasserstoffbrückenbildung oder ionischer 

Wechselwirkungen in den entsprechenden Ionomeren auf. Die Synthese solcher Materialien 
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basiert entweder auf radikalischen Polymerisationsmethoden, welche zumeist unter geringer 

Mikrostrukturkontrolle leiden, oder auf radikalischen Post-Polymerisationsreaktionen, welche 

häufig zu einer Vielzahl von Nebenreaktionen führen.  

Kapitel 4 zeigt einen alternativen Weg zur Synthese solcher Materialien, basierend auf der 

direkten Copolymerisation von Acrylsäure und Vinylphosphonsäure mit Ethylen zu 

funktionalisierten, statistischen Copolymeren auf. NMR- und Polymerisationsstudien zeigen, 

dass es zu keiner Deaktivierung des Katalysators aufgrund der Anwesenheit der Säuregruppen 

kommt. Im Gegensatz dazu deaktivieren stärkere Säuren, wie Vinylsulfonsäure, den Katalysator 

unverzüglich mittels einer Protonierung des Pd-Alkyls zu einem Alkan. Deswegen wurden 

entsprechende Ethylen/Vinylsulfonat-Copolymere mittels Einführung einer geeigneten 

Schutzgruppe mit anschließender Entschützung hergestellt.  

Nanokomposite, also Materialien in denen kleinste, anorganische Partikel in eine Polymermatrix 

dispergiert sind, können die Materialeigenschaften deutlich verbessern. Die Herausforderung 

hierbei ist es, einen hohen Dispersionsgrad des anorganischen Bestandteils zu erhalten, welcher 

im Regelfall dazu neigt zu aggregieren. Insbesondere für apolare Polymermatrizen, wie 

beispielsweise in Polyolefinen, benötigt man hierzu den Einbau funktioneller Gruppen. 

Phosphonate sind hierbei die wohl gängigsten funktionellen Gruppen um Wechselwirkungen mit 

anorganischen Komponenten einzugehen. Entsprechend wurden die Copolymere aus Ethylen 

und Vinylphosphonsäure dahingehend untersucht. Wässrige Sekundärdispersionen aus 

anorganischen CdSe/CdS-Quantenpunkten und Poly(Ethylen-co-Vinylphosphonsäure) 

resultieren in Hybridpartikeln in welchen die Quantenpunkte hochdispers vorliegen. Im 

Gegensatz dazu erhält man im Fall von nicht-funktionalisiertem Polyethylen Kompositpartikel in 
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denen die Quantenpunkte entweder koaguliert vorliegen oder nicht in der Polyolefinmatrix 

eingebettet sind.  

Die im Ethylen/Vinylphosphonsäure-Copolymer eingebetteten Quantenpunkte weisen ein 

verringertes Blinkverhalten auf und sind wesentlich stabiler gegenüber Bleichen als die 

ungeschützten Quantenpunkte. Durch Mischen dieser Dispersion mit einer HDPE-Dispersion 

können so Hybridmaterialen, basierend auf HDPE, mittels „Spincoating“ hergestellt werden, in 

welchen die Quantenpunkte ihren hohen Dispersionsgrad beibehalten. 

Die Anwesenheit polarer Gruppen im Allgemeinen reduziert die Polymerisationsgeschwindigkeit 

durch koordinative Chelatbildung der funktionellen Gruppe des zuletzt eingebauten, polaren 

Monomers der wachsenden Polymerkette oder durch Koordination eines freien Monomers. 

Beide Ereignisse sind reversibel. Sie verlangsamen zwar das Kettenwachstum, verhindern es 

aber nicht. Während diese mechanistischen Aspekte untersucht und verstanden sind, wurden 

irreversible Deaktivierungsreaktionen für diesen als „stabil“ betrachteten Katalysator bislang 

außer Betracht gelassen. Kapitel 5 bietet detaillierte Untersuchungen hinsichtlich dieser 

Thematik und widerspricht dem bislang angenommenen Bild eines langzeitstabilen Katalysators. 

Palladium-Hydride, die allgegenwärtige Verbindungen sind, da sie nach jedem 

Kettentransferschritt auftreten, können eine reduktive Eliminierung zu einer Palladium(0)-

Spezies und dem freien, protonierten Phosphinsulfonat H[P,O] zur Folge haben. Diese Reaktion 

ist reversibel (oxidative Addition) solange die Palladium(0)-Spezies nicht koaguliert und ausfällt. 

Die vorwiegende Reaktion ist jedoch eine schnelle Protonierung der aktiven Palladium-

Polymerylspezies unter Bildung von aliphatischen Polymerketten und einer nicht aktiven, 

Palladium(II)-Spezies. Desweiteren sind Protonierungen von Palladium-Hydridspezies unter der 
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Bildung von molekularem Wasserstoff und den eben genannten, nicht aktiven Palladium(II)-

Spezies möglich. Die Reaktion spielt jedoch unter Polymerisationsbedingung eine 

untergeordnete Rolle. Diese irreversible Deaktivierungsreaktion gewinnt insbesondere bei 

Copolymerisationen von Ethylen und polaren Vinylmonomeren an Bedeutung, da β-

Hydrideliminierung und damit die Bildung von Palladium-Hydridspezies bevorzugt nach der 

Insertion polarer Monomere stattfindet. Diese Deaktivierungsreaktionen haben nicht nur einen 

Effekt auf die Produktivität des Katalysators, sondern Verringern das Molekulargewicht des 

Polymers, da die Protonierung einer Palladium-Polymerylspezies ein Kettenterminierungsschritt 

ist. 

Darüber hinaus wurde beobachtet, dass die wachsende Polymerkette auf das Phosphoratom des 

Liganden übertragen wird. Dies geschieht durch eine Reihe aufeinanderfolgender, reduktiver 

Eliminierungen und oxidativer Additionen des P-Aryls am Palladium. Daraus resultiert die 

Bildung unsymmetrisch substituierter Aryl-Alkyl-Phosphinsulfonat-, oder sogar von Dialkyl-

phosphinsulfonatspezies. Diese in-situ gebildeten, katalytisch aktiven Spezies unterscheiden sich 

in ihren Polymerisationscharakteristika, wie anhand der Synthese und Untersuchung geeigneter 

Modellkatalysatoren gezeigt werden konnte.  

Zusammenfassend konnte gezeigt werden, dass die Insertionspolymerisation polarer 

Vinylmonomere Zugang zu neuartigen und nützlichen Materialien bietet. Das wurde durch die 

Synthese polar-substituierter Elastomere verdeutlicht. Die Vielfalt der Monomere wurde um 

Vinylverbindungen mit freien Säuregruppen (Acrylsäure und Vinylphosphonsäure) erweitert.  

Für diesen einzigartigen Katalysator wurden unerwarteterweise erhebliche 

Deaktivierungsreaktionen gefunden. Daraus lassen sich wiederrum Ansätze zur Verbesserung 

dieses Katalysators, wie zum Beispiel „Site isolation“ ableiten. 
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