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1. General Introduction 

1.1 Industrial Production and Applications of Poly(dienes) 

1.1.1 Historical Development 

Charles Goodyear’s discovery that heating natural rubber in the presence of sulfur 

drastically improves the material’s properties was the starting point for the investigation and 

application of a new class of materials.1 Natural rubber consists of 1,4-cis-poly(isoprene) that 

is harvested as latex from rubber trees. The material possesses properties of a highly viscous 

liquid that prevent, in its untreated form, applications where a pre-existing shape has to be 

maintained. Curing of natural rubber with sulfur, also known as vulcanization, is based on 

the reaction of sulfur with the double bonds present in the polymer backbone. The such 

performed cross-linking of individual polymer chains results in the formation of a visco-

elastic material and prevents loss of shape through flow. When stress is applied to an item 

made of cured rubber, deformation occurs. This deformation is reversible, and the item 

returns to its original shape when the stress is removed. On a molecular level, the applied 

stress forces polymer chains in the material to straighten. However, a flow of polymer chains 

in the direction in which the stress is applied is prevented due to cross-links between the 

individual polymer chains. When the stress is removed, the polymer chains return to an 

entropically more favorable configuration, comparable to the initial chain configuration. 

Besides vulcanization, the discovery of syntheses for synthetic rubber was another 

milestone in the history of elastomeric materials. The first patent for the synthesis of 

synthetic rubber was granted to Fritz Hofmann in 1919.2 Hofmann describes in his patent the 

conversion of synthetic isoprene (IP) to synthetic rubber under the influence of heat. The 

material Hofmann obtained with this procedure, however, exhibited inferior characteristics 

in terms of mechanical properties and durability when compared to natural rubber. This 

observation can be explained by the most likely free-radical reaction pathway that led to 

these first synthetic rubbers. Free-radical and the later established anionic polymerization do 

not provide appropriate control over the formed polymer’s microstructure. However, 
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microstructure control is of paramount importance to influence the properties of the material 

obtained. Dienes can be enchained with different regio- and stereoselectivities (Figure 1.1). A 

polymer with predominantly 1,4-cis-units exhibits the aforementioned elastomeric 

properties, while a polymer with mostly 1,4-trans-enchained units displays properties of a 

crystalline thermoplastic material. 1,2- and 3,4-insertion leads to polymers with vinyl groups 

in the backbone. The vinyl content of a polymer strongly influences the glass transition 

temperature (Tg) of the material and is thus of interest with regard to applications.3  

 

Figure 1.1: Possible microstructures of poly(dienes) resulting from different enchainment modes. The 

1,2- and 3,4- motif is identical for polymers of 1,3-butadiene (R = H). 

The position of synthetic rubber against natural rubber was strengthened by two 

important discoveries: 1) The polymerization of diene monomers can be accelerated when 

sodium is added to the reaction mixture and even more important, the copolymerization of 

1,3-butadiene (BD) with styrene provides a material with excellent properties for tire 

manufacturing. Both discoveries are reflected in the well-known brand names for synthetic 

rubbers, Buna® and Buna® S – ARLANXEO (German: “Butadien Natrium” and “Butadien 

Natrium Styrol”). 2) Ziegler’s discovery that ethylene can be polymerized with metal 

catalysts based on early transition metals like titanium was extended to polymerizations of 

dienes. In doing so, nature lost its monopoly on the synthesis of highly stereoregular 

poly(dienes) shortly after.4 Both discoveries comprise the two most important techniques to 

beneficially influence the properties of poly(dienes) with respect to their later applications: 

Copolymerizations with suitable comonomers, and microstructure control during the 

polymerization. Today, various synthetic rubbers are used in industry for different, often 
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highly demanding, applications. However, stereoregular polar functionalized elastomers are 

still not easily accessible. 

1.1.2 Further Classes of Synthetic Rubbers  

Industrially produced rubbers are either stereoregular or contain polar groups. A 

combination of both features has not been realized so far. 

For example, nitrile butadiene rubber (NBR, Figure 1.2), synthesized by emulsion 

copolymerization of butadiene and acrylonitrile, exhibits improved resistance against 

hydrocarbons (i.e. oils, fuel, grease) compared to butadiene rubber (BR) due to the polar 

nitrile groups in the polymer backbone. This makes NBR a valuable material for hoses and 

sealing applications in automotive industry.5 The double bonds present in the polymer 

backbone make the material vulnerable against aging caused by environmental influences 

like high temperatures, UV-light, or ozone. Hydrogenation of double bonds in the backbone 

of NBR yields a material (HNBR, Figure 1.2) with improved thermal stability while the 

excellent dynamic properties are maintained.3,6  

Butyl rubber (IIR, iso-butene isoprene rubber, Figure 1.2) is also a synthetic elastomer 

with different properties compared to BR. It is synthesized by cationic copolymerization of 

iso-butene (95 – 99.5 wt%) with isoprene (0.5 – 5 wt%). Although the isoprene content in the 

polymer is low, the introduced double bonds are crucial for later cross-linking. IIR is used in 

applications where a low permeability for gases is desired. Examples are inner tubes in tires, 

sporting goods or protecting clothes like gloves or gas masks.3,6,7  

Chloroprene rubber (CR, Figure 1.2) is another widely used synthetic rubber, often 

referred to under its DUPONT brand name Neoprene®. The chlorine substituted backbone 

provides properties that are needed in different applications: Low swelling in water, oils, 

and refrigerants. CR also exhibits reduced aging when compared to synthetic rubber, it is 

more flame resistant and can be used as foamed material in protective sleeves and wetsuits.3,6  

 

Figure 1.2: Microstructures of important synthetic rubbers.  
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1.1.3 Rubbers in Tire Applications 

Synthetic rubbers have a share of ca. 70% of all rubbers used,8 the worldwide production 

of synthetic rubber amounted in 2015 to 14.5 million metric tons.9 Around 60% of all 

synthetic rubber is used in tire applications.5 A typical tire tread consists of ca. 43 wt% 

rubber, 46 wt% fillers like carbon black or silica, and 11 wt% other additives like adhesion 

promoters, vulcanization agents, and stabilizers.7,10 Not only the rubber’s microstructure but 

also its interaction with the filler materials has a profound influence on important 

parameters of the tire like wet grip, wear resistance, and rolling resistance. The interaction 

between polar filler and nonpolar rubber has to be enhanced for an improvement of the 

aforementioned properties. So far, different strategies have been developed to resolve this 

issue. 

 

Scheme 1.1: Sulfur-containing modifiers enhance the compatibility between silica filler and elastomer 

by formation of covalent bonds during mixing and vulcanization steps in tire fabrication (scheme was 

adapted from Figure 7.26 in reference 7). 

The surface of the filler (silica particles) is treated during or before the mixing process 

with coupling agents and adhesion promoters. Such additives can lead to the 

hydrophobization of the particle surface when modifiers like trimethoxy(octyl)silane are 

used. The attachment of alkyl chains to the silica particles enhances the compatibility with 
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the elastomer used. A more sophisticated approach to ensure compatibility between filler 

and polymer is provided by modifiers that also play a role in the following curing step of the 

elastomer. Commercial examples are bis[3-(triethoxysilyl)propyl]tetrasulfide (TESPT, Si69® – 

EVONIK) and 3-octanoylthio-1-propyltriethoxysilane (NXT™ – MOMENTIVE). Such sulfur-

containing modifiers allow the formation of a covalent bond between silica particle and 

rubber during the vulcanization step (Scheme 1.1).7,11-14 

1.1.4 Functionalized Poly(dienes) 

A direct approach to introduce functional groups to the polymer backbone is given by 

the copolymerization of nonpolar dienes with polar functionalized dienes. Such polar 

functionalized dienes have so far been polymerized almost exclusively by free-radical or 

anionic polymerizations. Sheares and coworkers reported on the free-radical 

(co)polymerizations of ester-, cyano-, and amine-functionalized dienes.15-21 However, such 

free-radical polymerizations yield polymers with poorly defined microstructures, e.g. only 

36 – 45 mol% 1,4-cis-units.17 

Likewise, anionic homopolymerizations of different functionalized dienes have been 

reported. Takenaka and coworker stated that an attempted anionic homopolymerization of 

2-ethoxymethyl-1,3-butadiene was not successful due to side reactions of the monomer with 

the active species. Stadler et al. and Bieringer et al. described the anionic homopolymerization 

of different (dialkylamino)isoprenes22-24 and Hirao and coworkers described the 

homopolymerization of [(dialkylamino)dimethylsilyl]-1,3-butadienes.25 Depending on the 

steric bulk of the amine moiety’s substituents both Stadler and Hirao obtained in some cases 

stereoregular polymers. 

Similarly, Nakahama et al. reported on homopolymerizations of 2-(trialkoxysilyl)-1,3-

butadienes and found a profound influence of the alkoxy substituents on both 

polymerization and microstructure. While sterically less demanding substituents in e.g. 

(trimethoxysilyl)-1,3-butadiene have an adverse effect on the anionic chain propagation and 

lead to stereo-irregular polymers, the sterically demanding substituent in (tri-iso-

propoxysilyl)-1,3-butadiene gives access to stereoregular polymers. Yields and molecular 

weights, however, were consistently low. Furthermore, all anionic polymerizations that were 

reported to yield stereoregular polymers are homopolymerizations of functionalized dienes. 

Copolymerizations with nonpolar dienes like butadiene or isoprene have not been reported. 



1. General Introduction 

6 

In view of the stereoregularity being directly linked to the monomer structure, it is highly 

questionable that such free-radical or anionic copolymerizations would give access to 

stereoregular copolymers, in particular with homopolymerizations of nonpolar dienes 

yielding polymers with poorly defined microstructures.3,26 

Besides functionalization through direct (co)polymerization of polar diene-monomers, 

the use of functional initiators in free-radical and anionic polymerizations is found in 

literature. This enables access to poly(dienes) with aliphatic or aromatic hydroxyl,27 silyl,28 

amine,27,29 tin,27 acetal,30 and thiaacetal28 end-groups. The lack of microstructure control of the 

obtained polymers is still a drawback of the employed polymerization techniques. In 

addition, the necessity of protecting groups especially in anionic polymerizations, poor 

solubility of the initiator in typical polymerization solvents, sluggish initiation of the 

polymerization and often costly preparation of the initiators used are still cumbersome 

issues.27 

Post-polymerization functionalizations of synthetic rubbers are widely applied to 

introduce functional groups because the rubber synthesis is carried out in solution and a 

subsequent functionalization step can be directly performed after polymerization without 

the need for prior dissolution of the material, as it may be the case for e.g. poly(olefins) 

synthesized in the gas phase. For this purpose, the reactivity of metal-carbon bonds present 

in the reaction mixture is used to introduce a functional group by reaction of these bonds 

with a suitable quenching reagent. Such post-polymerization reactions are often described in 

patent literature to introduce functional groups like amines, quinones, thiazoles, 

sulfonamides, epoxides, isocyanates, carboxylates, or nitriles.31-34 However, reports that 

indeed detail the product structure formed are scarce.35 

Especially insertion polymerization could give access to stereoregular polar 

functionalized diene polymers, but this has rarely been reported. Cui and coworkers very 

recently reported on the yttrium catalyzed copolymerization of isoprene with 2-(4-

methoxyphenyl)-1,3-butadiene and 2-(2-methylidenebut-3-enyl)furan to yield stereoregular 

copolymers.36,37 Earlier literature reports describe the formation of copolymers based on 1,3-

butadiene with methyl butadienecarboxylate38 and 2-phthalimidomethyl-1,3-butadiene.39 

However, the copolymers’ microstructures either remain entirely unclear or there is even 

evidence for a complete lack of stereoregularity, thus raising the question of the true 
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polymerization mechanism in these examples. So far, the stereoregular copolymerization of 

butadiene with polar functionalized dienes has not been reported. 

1.2 Ni Catalyzed Diene Polymerization 

Shortly after the discovery that Ziegler-Natta type systems can polymerize dienes in a 

stereoselective fashion, catalyst systems based on nickel became the subject of both intensive 

academic research and industrially used technology. Typical industrially employed catalyst 

systems that are capable of producing high 1,4-cis-poly(butadiene) consist of a nickel source 

(e.g. a nickel carboxylate Ni(O₂CR)₂), a fluorine source (e.g. BF₃·OEt₂ or HF), and an 

aluminium alkyl (e.g. AlEt₃ or AliBu₃). Typical solvents used are aliphatic or aromatic 

hydrocarbons. The heterogeneous catalyst system Ni(O₂CR)₂/ BF₃·OEt₂/AlEt₃ is not only used 

in industrial rubber synthesis but has also attracted attention of academic research.40,41 It was 

established that the active species is a cationic “ligand-free” Ni(II) complex that is 

coordinated to amorphous AlF₃ clusters formed in the reaction of BF₃ and AlEt₃ (the term 

“ligand-free” refers in this case to coordinated metal atoms from which initial ligands were 

quantitatively replaced by molecules actively involved in the polymerization reaction, i.e. 

free monomer or polymer chains). The active species can either be generated in-situ as 

applied in industry or through treatment of [Ni(C₁₂H₁₉)]O₃SCF₃42 with independently 

synthesized aluminium fluoride. However, to further elucidate the chain propagation and 

stereocontrol mechanisms in metal catalyzed diene polymerizations, homogenous single-site 

catalytic systems have found wide application in academic research. It was early established 

for polymerizations of dienes that monomer insertion occurs into a η³-allyl Ni species and 

the proposed allyl-insertion mechanism was widely accepted based on NMR experiments.43-

45 However, mechanisms influencing stereocontrol remained unclear. 

To shed light on this question, different classes of nickel precursors have so far been 

employed for the catalytic polymerization of dienes (Figure 1.3). Neutral, dimeric complexes 

of the type [Ni(allyl)X]₂ (cf. A) in Figure 1.3) were used since the 1960’s by Wilke,46 Natta,47 

Dolgoplosk48, and Teyssie49 for stereoselective diene polymerizations. Natta and co-workers 

reported that the stereoselectivity of the obtained polymers was found to be dependent on 

the solvent and the nature of X.47 1,4-trans-Poly(butadiene) was obtained for X= I⁻ and Br⁻, 

independent of the solvent used.  
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Figure 1.3: Different single-site nickel precursors used for catalytic diene polymerization. 

Polymerizations initiated with [Ni(allyl)Cl]₂ yielded up to 89% 1,4-cis-poly(butadiene) 

when dry benzene was used as a solvent. Polymerizations in THF under comparable 

conditions yielded again 1,4-trans-poly(butadiene). In general, catalyst systems based on 

neutral Ni(II)(allyl) dimers exhibit low polymerization activity and the molecular weights of 

the obtained polymers are low (Mn < 2000 g mol⁻¹). Still, these experiments already provide 

first evidence for the importance of the counter-ion and solvent, i.e. the catalyst environment, 

with respect to stereocontrol in such polymerizations.  

The influence of the counterion was further corroborated by experiments of Natta and 

Teyssie. [Ni(allyl)Br]₂ polymerizes butadiene to 1,4-trans-poly(butadiene). However, when 

the complex is reacted with Lewis acids like AlBr₃ or BF₃ prior to the polymerization, the 

microstructure of the obtained polymer changes from mainly 1,4-trans to mainly 1,4-cis-

enchained units.47 This behavior can be rationalized by the formation of a new active species, 

namely [Ni(allyl)(η⁶-C₆H₆)]⁺[AlBr₄]⁻ as suggested by Natta.47 Teyssie et al. reported that 

[Ni(allyl)X]₂ can produce 1,4-cis-poly(butadiene) when X= CF₃COO⁻.49,50 The addition of 

coordinating additives like triphenyl phosphite or tetrachloro-p-benzoquinone influences not 

only the microstructure of the polymers obtained but also has a profound influence on the 

polymerization mechanism.51 Such polymerizations can show characteristics of a living 

polymerization in terms of a linearly increasing molecular weight with proceeding monomer 

conversion, an agreement of calculated and obtained molecular weights, or the persistence of 

an active species after complete monomer consumption. However, molecular weight 

distributions (Mw/Mn = 1.2 – 2.0) are broader than expected for a perfect living 

polymerization.52 In general, the influence of a coordinating group on the stereoselectivity of 

the catalyst is in particular important with regard to possible copolymerizations of polar 
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dienes. Polar groups present in the comonomers could potentially be coordinating and cause 

a change of stereoregularity as a result.  

Cationic Ni(II) precursors with two or one additional non-hydrocarbon ligand (cf. B) 

and C) in Figure 1.3) were isolated for the first time by Taube et al. and played an important 

role in the effort to gain a deeper understanding of underlying mechanisms of insertion 

mode and stereocontrol in metal catalyzed diene polymerization. 

Several [Ni(allyl)L₂]⁺[X]⁻ complexes were synthesized with the ligands L varying in their 

steric and electronic properties (L = PPh₃, CH₃CN, AsPh₃, 0.5 COD, SbPh₃) and the anion X 

being a weakly coordinating anion like PF₆⁻ or BF₄⁻.53,54 Catalytic activity as well as cis-

selectivity increase simultaneously with decreasing coordination strength of the ligand L and 

anion X. Thus, the complex [Ni(allyl)(SbPh₃)₂]⁺[PF₆]⁻ exhibits a high activity for the 1,4-cis-

selective polymerization of butadiene.53 Taube rationalizes the influence of the ligand’s 

coordination strength with a proposed thermodynamic equilibrium between single-

coordinated and “ligand-free” Ni species. The assumptions made were corroborated by the 

synthesis of cationic single-coordinated catalysts precursors [Ni(C₈H₁₃)L]⁺[X]⁻ (cf. C) in 

Figure 1.3) and their use in butadiene polymerizations.55,56 Such an equilibrium can also 

account for different microstructures in polymers obtained with [Ni(allyl)(SbPh₃)₂]⁺[BArF₄]⁻ 

in different solvents. While polymerizations in aromatic solvents like benzene or toluene 

yield a highly cis-regular polymer, polymerizations in water yield a polymer with 

predominantly trans-enchained units.57 

Higher polymerization activities as well as higher propensities for cis-selective 

enchainment are attributed to the “ligand-free” species in this preliminary and simplified 

mechanistic picture.58 The next step towards a deeper mechanistic understanding was the 

synthesis of a “ligand-free” cationic Ni complex (cf. D) in Figure 1.3). Taube et al. reported on 

the syntheses, characterizations and behavior in diene polymerizations of different 

complexes [Ni(C₁₂H₁₉)]⁺[X]⁻ (X= SbF₆⁻, PF₆⁻, BF₄⁻, BArF₄⁻).42,59-62 Very high polymerization 

activities and a high content of cis-units (up to 93 mol%) are observed with such complexes 

when the anion is weakly coordinating (e.g. SbF₆⁻ or BArF₄⁻). Taube’s experimental work was 

further supplemented by DFT studies performed by Tobisch, leading to a proposed detailed 

mechanism for stereocontrol in butadiene polymerizations (Scheme 1.2).63-65 
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Scheme 1.2: Proposed mechanism, based on experimental and theoretical work, for butadiene 

polymerizations.63-65 According anions are omitted for clarity. P = polymer chain segment. 

In general, the formation of a cis or trans double bond upon insertion of a new butadiene 

unit into the η³-allyl Ni species is determined by the previous configuration of the allyl 

group. Two configurations are possible, reflected in the anti (cf. a, Scheme 1.2) and the syn 

isomer (cf. e, Scheme 1.2). Insertion into the anti-isomer results in the formation of a cis 

double bond and insertion into the syn-isomer is followed by the formation of a trans double 

bond.  

The catalytic cycle for cis-selective butadiene polymerizations starts with a fast insertion 

of several butadiene units into the “ligand-free” starting complex [Ni(C₁₂H₁₉)]⁺ in syn-

conformation (f, as evidenced by single crystal X-ray structures66 and DFT calculations64). 

This results in the formation of complexes c and g, respectively. Complex c represents the 

product formed after insertion of a butadiene unit, because both insertion from anti species d 

and from syn species h result in the formation of c. In the absence of (further) butadiene, syn 

complex g was calculated to be the thermodynamically stable resting state. During the active 

catalytic cycle, i.e. in the presence of butadiene, a replacement of the polymers’ double bonds 

in complexes c and g is easily feasible and yields complexes d and h, respectively. Butadiene 

insertion, i.e. chain growth, proceeds from the formed complexes d and h and results in the 

formation of cis (from d) or trans (from h) enchained units. The calculations of Tobisch 

indicate that the energy barriers for insertion from d or h are almost identical. The formation 

of the thermodynamically favored species (g) after the insertion step should result in the 
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formation of trans double bonds, which is, however, not observed. Consequently, a 

thermodynamically favored insertion step can be ruled out as source of stereocontrol. Rather, 

the exclusive formation of c after monomer insertion together with a hampered anti-syn 

isomerization between c and g and d and h accounts for the, kinetically controlled, cis-

selective enchainment of butadiene units.  

Additionally, Tobisch’s calculations suggested that complex c is also the catalyst resting 

state in the presence of butadiene and butadiene insertion is the rate limiting step in the 

catalytic cycle. 

This suggestion could not be supported by mechanistic studies. Brookhart et al. prepared 

“ligand-free” [Ni(allyl)]⁺[BArF₄]⁻ complexes through ligand abstraction from nitrile 

complexes [Ni(allyl)(NCR)]⁺[BArF₄]⁻ with B(C₆F₅)₃. Diene insertion products of these 

complexes were characterized in low temperature NMR studies.67 The catalyst resting state 

forms after a 1,2-insertion of butadiene and exhibits, in contrast to the calculated resting 

state, a coordination of the generated vinyl group to the nickel center.65,67  

It is important to note that these calculations and the conclusions drawn are strictly 

limited to the systems investigated. For example, mechanistic investigations for [Ni(η³-

C₄H₇)(C₄H₆)P(OMe)₃]⁺ indicate, that in case of insertion from a species in which the axial 

position of the active species is occupied by a phosphite ligand instead of a polymer’s double 

bond (cf. species d and h), stereocontrol is based on a thermodynamic discrimination 

between insertion from the anti-species or the syn-species. Now, the trans-selective butadiene 

polymerization is favored because the syn-species is more reactive and anti-syn isomerization 

is fast.68 It is reasonable to assume that the operating mechanisms in an actual 

polymerization are even more complex due to the presence of solvents, additives or 

comonomers. 

A deeper mechanistic understanding of nickel catalyzed diene insertion polymerization 

and especially the involvement of “ligand-free” Ni(II) species stimulated the synthesis of 

new catalyst precursors with labile arene ligands. Campora et al. reported the synthesis of 

[Ni(allyl)(2,6-di-tert-butyl-4-methylphenol)]⁺[BArF₄]⁻ (Figure 1.4)69 and Brookhart et al. 

reported the synthesis of [Ni(allyl)(mesitylene)]⁺[BArF₄]⁻ (Ni-1, Figure 1.4).70 Both catalyst 

precursors are able to polymerize dienes with high activities. In addition, the formed 

polymer is stereoregular with up to 94 mol% cis-enchained diene units.69,71  
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Figure 1.4. Cationic [Ni(allyl)(arene)]⁺ complexes used as precursors for highly active diene 

polymerization catalysts.69,70 

Although Ni catalyzed diene polymerizations were extensively studied in view of 

mechanistic aspects, reports of diene copolymerization with polar functionalized dienes are 

rare. The non-stereoselective attempts to polymerize methyl butadienecarboxylate38 and 2-

phthalimidomethyl butadiene39 were already discussed in Chapter 1.1.4.  

In connection with their studies on the reactivity of Ni(allyl) complexes towards diene 

polymerization, Brookhart et al. reported that ester functionalized 2,3-bis(4-trifluoroethoxy-4-

oxobutyl)-1,3-butadiene can be polymerized in the presence of “ligand-free” Ni(allyl) 

complexes.71 The obtained polymer was of high molecular weight (Mn = 113000 g mol⁻¹) but 

the microstructure was not determined. Polymerizations of monomers with the ester groups 

replaced by amino or hydroxyl groups were not successful.71 

A nickel catalyzed copolymerization of nonpolar dienes like butadiene or isoprene with 

polar dienes to functionalized and cis-regular elastomers, although highly desirable, has not 

been reported yet. 

1.3 Nd catalyzed Diene Polymerization 

Another large class of diene polymerization catalysts is based on lanthanides. Although 

almost all lanthanides are active in diene polymerization, neodymium was found to be one 

of the best suited. Neodymium complexes show the highest activity for diene polymerization 

in the lanthanide series72 and catalyst residues do not have to be removed from the obtained 

rubber in order to prevent premature rubber aging, as observed when, e.g., cerium-based 

catalysts are used.73 Additionally, butadiene rubbers synthesized with Nd-based Ziegler-

Natta catalysts are known to typically exhibit higher 1,4-cis-contents than rubbers 

synthesized with other metals (e.g. based on Ti, Co, or Ni).4 In general, binary or ternary 

systems are used. Binary systems are based on a Nd source (often Nd halides, especially 
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NdCl₃) and cocatalysts like aluminium alkyls or magnesium alkyls. Ternary systems 

comprise the use of a Nd source, a cocatalyst, and a halide source.  

Ternary systems are (industrially) preferred in 1,4-cis-selective diene polymerization 

because binary systems are prone to form a heterogeneous catalyst and lead to unwanted 

higher gel content in the synthesized rubber.74 Neodymium sources used are often Nd 

alcoholates or Nd carboxylates, especially Nd(versatate)₃. Hence, neodymium carboxylates 

have attracted wide attention in industrial as well as academic research.75-83  

Aluminium alkyls are the mostly employed cocatalysts. Various aluminium compounds, 

including AlMe₃, AlEt₃, AliBu₃, and AliBu₂H, have been studied with regard to their 

influence on the polymerization.79,84-87 It is generally accepted that aluminium alkyls can 

participate in chain transfer reactions and that hydride containing cocatalysts, like AliBu₂H, 

are more prone to be involved in such reactions when compared to aluminium trialkyls. 

Because neodymium-based catalysts are able to produce poly(dienes) of very high molecular 

weight, molecular weight control can be important. It is possible, within certain limits, to 

influence the molecular weight of the obtained polymers by altering the Nd:monomer ratio. 

More efficient is a molecular weight control through the aforementioned chain transfer 

reactions. Hence, aluminium alkyls not only serve as cocatalyst but also play an important 

role in the molecular weight regulation during the polymerization.84,88 It has been shown for 

defined rare earth metal complexes bearing aminophenyl functionalized cyclopentadienyl 

ligands, that the transfer of a polymer chain from the rare earth metal to the aluminium 

compound is fast and reversible. This enables a gadolinium-based single-site catalyst to be 

employed in coordinative chain transfer polymerizations of isoprene that yield 

poly(isoprene) with a very narrow molecular weight distribution (Mw/Mn ≈ 1.3).89 

Typical Nd:Al ratios used in ternary catalyst systems are between 1:10 and 1:60. 

Increasing Al:Nd ratios affect not only the molecular weight of the obtained polymer but 

result also on the one hand in increased polymerization activity and on the other hand, 

however, in decreased cis-selectivity.88,90,91 

The presence of halides, especially chloride, is crucial for cis-selectivity and high 

activities in Nd-catalyzed diene polymerization. While the necessary halide is already 

contained in the neodymium precursor (NdCl₃) in most binary systems, ternary catalyst 

systems based on Nd carboxylates require the addition of halide donors as third 

compound.90,92 A variety of halide donors used is found in literature, including aluminium 
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compounds like AlEt₂Cl, Al₂Et₃Cl₃, or AliBu₂Cl. Other classes of halide donors comprise C-Cl 

bonds (e.g. tBuCl)93 or Si-Cl bonds (e.g. SiCl₄).86 A transfer of the chloride moiety from 

AlEt₂Cl to Nd carboxylates has been proven experimentally.94 Although an attempted 

crystallization of the reaction product between AlEt₂Cl and Nd(O₂CR)₃ yielded NdCl₃ 

crystals, it was established by means of elemental analysis prior to crystallization that a 

compound of formula Nd₂AlCl₅C₁₃H₂₂ was formed. Additionally, the presence of –CH₂CH₃ 

moieties and carboxylate groups in the crude reaction mixture was proven directly through 

¹H NMR experiments. Thus, a more complex pathway than the formation of NdCl₃ and a 

following activation can be assumed for the reaction of Nd carboxylates with aluminium-

based chloride donors.94  

The role of chloride moieties in stereoregulation is also a subject of research. Kwag et al. 

suppose that chloride coordination facilitates the coordination of double bonds present in the 

polymer backbone, which reduces anti-syn isomerization and consequently is responsible for 

the observed cis-selectivity.95 Typical Nd:Cl ratios are between 1:1 and 1:10. Ideal Cl:Nd 

ratios are reported to be between 2 and 4, exhibiting optimized results with respect to 

catalyst activity and cis-selectivity.86,88,93,96 

Neodymium catalysts can be trans-selective in the absence of chloride donors. A well-

studied catalyst precursor for trans-selective diene polymerization is Nd(BH₄)₃·(THF)₃.97,98 

Nd(BH₄)₃·(THF)₃ is known to catalyze the polymerization of 1,3-butadiene or isoprene after 

activation with aluminium alkyls AlR₃ or magnesium alkyls MgR₂. Activation with AlR₃ 

results in the formation of non-stereoregular poly(dienes). In contrast, activation with MgR₂ 

leads to highly 1,4-trans-selective polymerizations that proceed in a controlled fashion. From 

detailed studies of Visseaux and coworkers, it is understood that Nd(BH₄)₃·(THF)₃ can be 

activated with different magnesium-alkyls including mixed aliphatic magnesium alkyls like 

ethyl(butyl)magnesium and olefinic diallylmagnesium.99 A transfer of an organic moiety 

from the magnesium activator to the catalyst’s Nd center was utilized in the synthesis of 

poly(ethylene)-block-poly(isoprene).100 For this purpose, Mg[poly(ethylene)]₂ was 

synthesized in a Mg mediated coordinative chain transfer polymerization and subsequently 

used to activate Nd(BH₄)₃·(THF)₃ for a trans-selective diene polymerization. 

Comparable to nickel catalyzed diene polymerizations, reports of rare earth catalyzed 

diene copolymerization with polar functionalized dienes are rare. As already described in 

Chapter 1.1.4, Cui et al. very recently reported the copolymerization of isoprene with 2-(4-
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methoxyphenyl)-butadiene (MOPB) and 2-(2-methylidenebut-3-enyl)furan catalyzed by 

yttrium complexes with β-diketiminato or bis(phosphino)carbazoleide ligands.36,37 During 

the course of this thesis, reports on polymerizations of functionalized styrenes catalyzed by 

rare-earth complexes also appeared.101,102 High comonomer incorporations (8 – 88 mol%) and 

even homopolymerizations of MOPB were successfully achieved. The obtained polymers 

exhibit high molecular weights (14000 – 120000 g mol⁻¹) and are stereoregular. 

Still, copolymerizations with functionalized dienes, bearing different polar groups, 

catalyzed by industrially employed in-situ catalyst systems remain elusive so far. 

1.4 Insertion Polymerization of Polar Functionalized Monomers 

As outlined in chapters 1.2 and 1.3, butadiene polymerization has been deeply studied 

with respect to suitable catalysts and the operating mechanism. However, the insertion 

copolymerization of polar dienes was neglected so far, although it is a very desirable 

pathway to new materials. 

In contrast, copolymerizations of ethylene with polar vinyl monomers have attracted 

much attention due to recent advances in this field. The systems capable of such 

copolymerizations are well studied in terms of polar monomer – catalyst interactions and the 

role of the polar monomer in the polymerization mechanism.103,104 In view of this thesis’ 

scope, the general features of such polar monomer interactions with a catalytically active 

metal center are certainly relevant and instructive. Therefore, an overview of relevant 

catalytically active systems and their interactions with functional groups is given for the 

copolymerizations of ethylene with polar vinyl monomers. 

Nonpolar poly(olefins), e.g. poly(ethylene), are industrially produced via insertion 

polymerization with catalysts based on early transition metals like Ti, V, Cr, or Zr. Caused 

by the early transition metal’s oxophilic character, (co)polymerizations of polar vinyl 

monomers are hampered through strong coordination of the polar moiety to the catalyst. A 

solution to this issue is the use of catalysts based on less oxophilic late transition metals. 

The first milestone in the field of direct insertion copolymerization of ethylene with 

polar vinyl monomers was reported in the mid 1990’s by Brookhart and coworkers. They 

reported cationic diimine complexes based on Ni or Pd to catalyze ethylene polymerizations 

that yield high molecular weight polymers.105 Not less important, a Pd-based complex 
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enabled the insertion copolymerization of ethylene with methyl acrylate and methyl vinyl 

ketone for the first time (Scheme 1.3).106 The polymer obtained is highly branched, contains 

up to 25 mol% of methyl acrylate, and the functional groups are located at the end of 

branches.  

 

Scheme 1.3: Highly branched copolymer synthesized from ethylene and methyl acrylate with a 

cationic α-diimine Pd complex. The functional groups are located at the end of branches. 

This particular microstructure is caused by the so-called chain-walking mechanism, i.e. 

(repetitive) β-hydride elimination and reinsertion of the formed olefin with opposed 

regiochemistry. The role of the comonomer in the polymerization mechanism can be ascribed 

to the formation of a stable six-membered chelate via insertion of a methyl acrylate unit and 

subsequent chain-walking.107 Further chain growth from the six-membered chelate results in 

the location of the functional groups at chain-ends (Scheme 1.4). The interaction of the 

comonomer’s polar group with the catalyst results also in a decreasing polymerization 

activity with an increasing comonomer ratio in the reaction mixture. 

 

Scheme 1.4: Participation of the polar comonomer in the mechanism leading to end-functionalized 

branches. 

The second milestone in the field of direct insertion copolymerization of ethylene with 

polar vinyl monomers was reported by Drent et al. in 2002. In-situ formed neutral palladium 

phosphine-sulfonato complexes catalyze copolymerizations of ethylene and methyl acrylate 

that yield linear copolymers with the methoxyester groups being directly attached to the 

polymer’s backbone (Scheme 1.5).108 The initial publication reported polymers with acrylate 

incorporation up to 17 mol%. Later, the use of isolated phosphine-sulfonato complexes with 

dimethyl sulfoxide as weaker coordinating ligand allowed the synthesis of copolymers with 
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higher comonomer incorporations up to 52 mol%.109 However, an attempted 

homopolymerization of methyl acrylate yielded only oligomers with an average degree of 

polymerization DP = 5.109 

 

Scheme 1.5: Copolymerization of ethylene or methyl acrylate catalyzed by a neutral phosphine-

sulfonato palladium complex. The obtained copolymer is linear and the functional groups are directly 

attached to the polymer backbone. 

Phosphine-sulfonato complexes are not only able to copolymerize acrylates with 

ethylene, but amongst others vinyl acetate,110 vinyl sulfones,111 acrylic acid,112 vinyl 

fluoride,113 vinyl chloride,114 vinyl ethers,115 and acrylonitrile116 were also successfully 

copolymerized. 

The role of the polar monomer in the polymerization mechanism is well-studied for such 

copolymerizations, an overview of the relevant interactions is depicted in Scheme 1.6. 

 

Scheme 1.6: Possible reversible and irreversible deactivation mechanisms in copolymerizations of 

ethylene and polar vinyl monomers. 

A key-feature of polar monomers is a possible coordination via the functional group (κ-

X-coordination) instead of coordination through the double bond (π-coordination). κ-X-

Coordination of a free comonomer unit (A, Scheme 1.6) competes with π-coordination of the 

same comonomer, which is a prerequisite for monomer insertion. Thus, κ-X-coordination has 

a hampering influence on the polymerization activity. The equilibrium of the coordination 

modes is dependent on the electronic properties of the catalytically active metal center and 
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on the polar group of the comonomer itself. For example, in the case of acrylonitrile the κ-X-

complex was calculated to be more stable than the π-complex.117 κ-X-Coordination of an 

already incorporated comonomer unit can occur directly after the insertion of the polar 

monomer (B, Scheme 1.6) or after an additional ethylene insertion (C, Scheme 1.6). This 

enables the formation of chelates with different ring sizes and therefore with different 

stabilities. Chelate opening and ethylene coordination has to occur for further chain growth. 

Although all different modes of κ-X-coordination result in a decreased polymerization 

activity, this inhibition is reversible. However, irreversible catalyst inhibition, i.e. 

decomposition, can also be caused by the comonomer’s functional group. For some 

comonomers, e.g. vinyl fluoride or vinyl chloride, β-X-elimination is an observed reaction 

pathway after 1,2-insertion of the polar monomer (D, Scheme 1.6). β-X-Elimination yields a 

polymer chain with an olefinic end-group and a M-X species that can be catalytically inactive 

resulting in catalyst deactivation. 

The hampering effect of the polar monomer on the polymerization activity is an issue of 

practical significance, especially considering the very unfavorable copolymerization ratios of 

common polar vinyl compared to ethylene. The reactivity ratios rE:rCoMo are e.g. 18:1 for 

methyl acrylate, 15:1 for acrylic acid and acrylonitrile, 416:1 for vinyl acetate or 534:1 for 

ethyl vinyl ether.118 Such unfavorable reactivity ratios require the presence of large amounts 

of the polar comonomer when a substantial comonomer incorporation is desired. Therefore, 

dependent on the polar vinyl monomer, copolymerizations with > 50 vol% comonomer in 

the reaction mixture are performed to reach incorporation ratios between 1 and 

10 mol%.110,116 The presence of the comonomer decreases the polymerization activity typically 

by 2 – 3 orders of magnitude compared to ethylene homopolymerizations.119 A similar effect 

on the molecular weight is observed, molecular weights of the copolymers are typically 

lowered when compared to poly(ethylene) synthesized under comparable conditions. 

In conclusion, remarkable progress was made in the field of copolymerizations of 

ethylene with polar vinyl monomers. Copolymers of ethylene with challenging comonomers 

like acrylic acid, acrylonitrile or vinyl acetate are accessible via direct insertion 

copolymerization catalyzed by late transition metal complexes. However, the low reactivity 

ratios of the comonomers compared to ethylene and a hampering effect of the comonomer’s 

functional group on the polymerization activity are still drawbacks for such 

copolymerizations. 
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2. Scope of the Thesis 

Metal catalyzed insertion (co)polymerization of polar monomers is a challenging goal in 

the field of polymer chemistry. Insertion polymerization potentially allows control over the 

(co)polymer’s microstructure. However, adverse effects of the comonomer’s functional 

groups on the catalytically active metal center are demanding issues. While impressive 

progress was achieved in recent years for the copolymerization of ethylene with polar vinyl 

monomers, the insertion (co)polymerization of polar functionalized dienes has been almost 

completely neglected so far. This is especially remarkable because microstructure control is 

of paramount importance in the production of synthetic rubber to obtain the desired 

elastomeric properties. Additionally, synthetic rubbers are very often employed in 

applications where compatibility with polar surfaces of filler materials is desired. Thus, the 

synthesis of stereoregular polar functionalized poly(dienes) could give access to new 

materials with improved properties in view of rubber applications. The aim of this thesis was 

to study possible pathways that give access to stereoregular polar functionalized 

poly(dienes). 

For this purpose, a large range of functional groups with different heteroatoms, 

connected to the diene moiety by various linkers, was investigated to stake out the scope of 

these polymerizations. The (co)polymerization behavior of these comonomers was assessed 

in polymerizations with catalysts based on early and late transition metals (Chapter 3 and 

Chapter 6). The interaction of the functional group with the active metal site was studied in 

detail for a nickel-based catalyst system (Chapter 4). Additional post-polymerization 

reactions of the functional groups introduced were studied: Allylboration allows the 

functionalization of the polymer backbone with functional groups that have withdrawn 

themselves from direct copolymerization (Chapter 5). Further, the use of functionalized 

activators enables the selective functionalization of chain-ends (Chapter 7). 
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3. Ni Catalyzed Copolymerization of Butadiene 

and Functionalized 1,3-Dienes 

3.1 Introduction 

Metal catalyzed insertion polymerizations of olefinic monomers are of enormous 

practical importance for the synthesis of a variety of materials. Poly(ethylenes), 

poly(propylenes), and 1,4-cis-poly(butadiene) are each produced on scales of many million 

tons annually. This is due to the ability of insertion polymerizations to control polymer 

microstructures. A restriction to date is the limited possibility to incorporate polar monomers 

in such polymerizations. Fundamental advances have been achieved in copolymerizations of 

ethylene with polar monomers by using less oxophilic late transition metal 

complexes.103,104,106,108 By contrast, an incorporation of monomers with functional groups in 

1,3-butadiene (BD) copolymerization is achieved almost exclusively using anionic or free-

radical polymerization techniques.15,17-21,120,121 However, these polymerizations do not allow 

control over the polymer microstructure. The few reported copolymerizations of butadiene 

with polar functionalized dienes so far did not unequivocally proof the formation of 

stereoregular copolymers.38,39 A homopolymer synthesized from 2,3-bis(4-trifluoroethoxy-4-

oxobutyl)-1,3-butadiene was not analyzed with respect to the polymer’s microstructure.71 

Although Cui et al. reported very recently a stereoselecvtive copolymerization of isoprene 

with 2-(4-methoxyphenyl)-butadiene,36 a successful insertion copolymerization of butadiene 

to stereoregular polar functionalized elastomers remained elusive to date. This is particularly 

notable as on the one hand the unique stereoregularity arising from catalytic butadiene 

polymerization is essential for elastomeric properties, and on the other hand, especially in 

elastomers, a compatibility with polar fillers like silica or metal surfaces is a ubiquitous issue. 

Such a direct incorporation of (reactive) functionalities during polymerization would be 

attractive compared to current additional steps of postpolymerization chemistry preceding 

the vulcanization process. 
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Polymerization catalysts based on nickel are possible candidates for such 

copolymerizations. Nickel, as late transition metal, is potentially tolerant against polar 

functional groups. Additionally, well-known highly active and stereoregular diene 

polymerization catalysts are based on nickel. This chapter deals with direct stereoselective 

insertion copolymerizations of 1,3-butadiene with a variety of polar-functionalized dienes 

catalyzed by cationic nickel complexes. 

3.2 Results and Discussion 

3.2.1 Copolymerizations with Alkoxysilane Functionalized Dienes 

Trialkoxysilyl-functionalized monomers (EtO)₃Si-3-BD, (MeO)₃Si-3-BD, and (EtO)₃Si-3-

IP were obtained in purities > 97% after a cuprate catalyzed coupling of 3-

(iodopropyl)trialkoxysilanes with 1,3-dien-2-yl-magnesium reagents, while (EtO)₃Si-IP and 

E/Z1-(EtO)₃Si-IP were obtained as isomeric mixture after hydrosilylation of 2-methyl-but-1-

en-3-yne with triethoxysilane in purities > 98% (Figure 3.1, for experimental details cf. 

Experimental Section).  

 

Figure 3.1: Alkoxysilane substituted dienes used in Ni catalyzed copolymerizations with BD and IP. 

To probe for the principal viability of functionalization during copolymerization, 

[Ni(allyl)(mesitylene)]⁺[BArF₄]⁻ (Ni-1)70 was exposed to mixtures of monomer (EtO)₃Si-3-BD 

and 1,3-butadiene in CH₂Cl₂ solution at 0 °C ((EtO)₃Si-3-BD:BD ca. 1:25 to 1:41). An 

observable increase of viscosity occurred within less than 30 min (Table 3.1, entries 1 to 3; for 

spectra of IP copolymers with selected comonomers cf. Chapter 3.5.2). After isolation by 

precipitation in methanol the obtained polymers were scrutinized by extensive NMR 

analysis. In contrast to BD-homopolymers obtained under similar conditions, ¹H NMR 

analysis already indicates the presence of ethoxy- (δ = 3.82 and 1.18 ppm) and SiCH₂-groups 

(δ = 0.63 ppm) in these polymers.  
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Table 3.1: (Co)polymerizations of butadiene and different -Si(OR)₃ substituted comonomers. 

entry Ni-1 T time BD CoMo  yield 
CoMo 

incorp.a) 

CoMo. 

conv. 
TON Mn

b) 
Mw

Mn

b) Tg
c) 

1,4-cis- 

contentd) 

 
[µmol] [°C] [h] 

 
[mmol] [g] [mol%] [%]  [g mol⁻¹] 

 
[°C] [%] 

1 10+30e) f) 0 4.0 6.3 g 1 (2.8) 6.1 2.2 89 2800 21000 2.8 -96 94 

2 40f) 0 1.0 6.9 g 1 (4.7) 7.2 3.3 93 3300 19000 3.4 -94 94 

3 10+40e) f) 0 4.5 6.6 g 1 (4.7) 3.2 7.8 98 1200 11000 2.7 -93 94 

4 10+20 0 2 6.8 g - 3.1 - - 1900 25000 3.4 n.d. 94 

5 20+20e) g) 40 3.8 25 mL 3 (3.0) 12.4 1.2 92 5700 33000 2.8 -96 95 

6 10+25e) g) 30 2.0 25 mL 4 (2.6) 14.6 0.9 96 7700 50000 3.2 -97 95 

7 5+30e) 22 3.5 1.05 bar 5 (1.1) 8.4 0.5 65 4400 44000 3.6 -96 95 

8 10g) 0 0.5 30 mL - 8.4 - - 15000 148000 2.5 -96 96 

9 3h) 22 2.8 22.5 g - 13.5 - - 83000 93000 3.2 -96 95 

10 5+2e) 0 1.8 11.0 g 1 (0.39) 4.5 0.4 90 12000 100000 2.4 -97 96 

11 4h) 22 2.7 1.05 bar - 11.2 - - 52000 80000 2.7 -95 95 

12 4h) 22 5.5 1.05 bar 1 (1.1) 12.6 0.5 95 58000 62000 2.6 -98 95 

13 5+3h) 0 4.0 1.05 bar 2 (0.58) 9.4 0.2 77 22000 133000 2.3 n.d. 96 

Reaction conditions unless otherwise noted: 20 mL solvent (entries 1 – 4: CH₂Cl₂, entries 5 – 13: toluene), 

magnetically stirred in a Schlenk tube. Comonomer 1: (EtO)₃Si-3-BD, 2: (MeO)₃Si-3-BD, 3: (EtO)₃Si-3-IP, 4: 

(EtO)₃Si-IP, 5: (MeO)₃Si-IP. a) calculated from ¹H NMR. b) determined by GPC in THF vs. PS standards. 

c) determined by DSC. d) calculated from ¹³C NMR-spectra. e) x+y indicates a successive addition of Ni-1 until 

polymerization activity was observed by increasing viscosity. f) catalyst batch contained ca. 50% excess BArF₄⁻. g) 

polymerization in a pressure reactor with mechanical stirring, 30 mL solvent h) 45 mL solvent. 

 

Figure 3.2: ¹³C-¹³C-INADEQUATE spectrum of a copolymer synthesized from BD and (EtO)₃Si-3-BD 

(Table 3.1 entry 3, recorded at 27 °C in C₆D₆). 
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The formation of a true random copolymer with a defined microstructure (≥ 94% 1,4-cis-

enchainment) was unambiguously proven by GPC and 1D-¹H-TOCSY, HSQC-TOCSY, and 

DOSY experiments in addition to HSQC and HMBC-experiments. Furthermore, the polymer 

of Table 3.1, entry 3 was analyzed by a ¹³C-¹³C-INADEQUATE experiment, clearly indicating 

the connectivity of the SiCH₂-carbon along the linker to the PBD-backbone (Figure 3.2). 

Notably, a major portion of (EtO)₃Si-3-BD subjected to copolymerizations is consumed 

and incorporated into the formed copolymer. Under conditions where BD is nearly 

completely consumed (entries 1 and 2), incorporative consumption of (EtO)₃Si-3-BD was 

determined as 89% and 93%, respectively. 

More striking, even at low BD consumption (ca. 45%, entry 3), incorporative 

consumption of (EtO)₃Si-3-BD is close to quantitative with 98%. Higher degrees of 

incorporation (10 – 37 mol%) and even a homopolymerization of monomer (EtO)₃Si-3-BD 

were successfully performed in NMR-tube experiments (for spectra of poly((EtO)₃Si-3-BD) 

cf. Chapter 3.5.4). In addition to these high levels of comonomer incorporation, the obtained 

copolymers exhibit molecular weights similar to those obtained in BD homopolymerizations 

under otherwise identical conditions as well as a similarly high stereoselectivity of ≥ 94% 1,4-

cis-units (Table 3.1, entries 1 to 3 vs. entry 4). Higher molecular weight (co)polymers than 

isolated from polymerizations in methylene chloride were obtained from copolymerization 

in toluene solution using different reactor setups and initial batch- or continuous BD-feed 

(Table 3.1, entries 5 to 13). 

Entry 12 in Table 3.1 deserves a special emphasis as high incorporative consumption of 

(EtO)₃Si-3-BD (95%) into the copolymer can be combined with high overall activities (58000 

TON) under constant BD feed. By comparing polymer yields in Table 3.1, entries 11 and 12, 

however, it can be noted that the copolymerization proceeds somewhat slower than the 

homopolymerization. 

Copolymerizations with all the other (RO)₃Si-modified monomers were also successful 

with (very) high conversions of the comonomer, independent of the diene moiety’s 

substitution pattern. These high conversions prompted us to perform in-situ NMR-

copolymerizations, which show that (EtO)₃Si-3-BD, (EtO)₃Si-IP, as well as E/Z1-(EtO)₃Si-IP 

are preferably incorporated compared to BD (for additional spectra see also Chapter 3.5.4). 

Figure 3.3 shows ¹H NMR traces of the copolymerization of (EtO)₃Si-3-BD with BD at a 

BD:(EtO)₃Si-3-BD:Ni-1 ratio of ca. 240:24:1 after 5 to 100 min reaction time at -9 °C. 
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Figure 3.3: ¹H NMR spectra following a BD/(EtO)₃Si-3-BD copolymerization indicating full 

conversion of (EtO)₃Si-3-BD (vinylic signal marked *) after 20 min, while only ca. 55% BD is 

consumed. 

Clearly, the trans-coupled vinylic signal of (EtO)₃Si-3-BD marked with the asterisk * is 

not detectable anymore after 20 min reaction time, while BD consumption is only ca. 55%. 

These results point to copolymerization parameters of kCoMo/kBD > 1 for comonomers 

(EtO)₃Si-3-BD, (EtO)₃Si-IP, and E/Z1-(EtO)₃Si-IP and are consistent with the observed high 

comonomer conversions in the reactor polymerizations. Practically more relevant, it enables 

an efficient copolymerization at low comonomer loadings without wasting comonomer even 

under constant BD-feed (e.g., entries 12 and 13). 

Promising as these results are, some limitations were encountered:  

a) Due to impurities in the monomers used (97 – 98% purity), the maximum 

comonomer:Ni-1 ratio at which copolymerizations proceeded was ca. 275:1 (entry 12, Table 

3.1) and in some instances, additional Ni-1 had to be added in order to observe formation of 

copolymers. The nature of these impurities has not been unraveled so far, but a detrimental 

effect on copolymerization of, e.g. 3-(iodopropyl)trialkoxysilane present in monomers 

(EtO)₃Si-3-BD, (MeO)₃Si-3-BD, and (EtO)₃Si-3-IP (ca. 0.2 to 0.5 %) can be excluded on the 

basis of control polymerizations in the presence of this impurity. 

b) Independent of the presence of a comonomer, effective (co)polymerizations resulting 

in high overall turnover numbers (TON) require a high BD concentration of at least 20 wt% BD 

(a saturated BD solution (at 1.05 bar BD) in toluene at 22 °C contains ca. 24 – 25 wt% BD). 

Such high BD concentrations, however, also limit the percentaged yield due to increasing 
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mass transfer limitations with increasing viscosity of the reaction mixture during the 

polymerization. 

c) Molecular weights of (co)polymers exceeding 100000 g mol⁻¹ require high BD:Ni-1 

ratios, high BD concentrations, and polymerization temperatures below room temperature 

(Table 3.1, entries 8, 9, 11, and 13 vs. all other experiments). 

3.2.2 Copolymerizations with B-, N-, P-, and S-Functionalized Dienes 

Butadiene homopolymerizations were conducted in the presence of model compounds 

bearing different polar groups in order to assess the compatibility of Ni-1 towards a broader 

range of functional groups. While Ni-1 shows no activity in the presence of amides, 

primary-, secondary-, and aliphatic tertiary amines (e.g. triethyl amine), polymerizations are 

possible in the presence of secondary or tertiary aromatic amines (e.g. methylphenylamine or 

phenylpyrrolidine). Homopolymerization of BD is also observed in the presence of 

p-butylbenzenesulfonamide. To verify these preliminary results, 11 different diene 

comonomers were synthesized bearing various polar groups based on B, N, O, P, and S 

(Figure 3.4, for IP copolymerizations with selected comonomers see Chapter 3.5.2).  

Except for PhNH-functionalized monomer PhNH-3-BD, and phosphonate-

functionalized E1-(EtO)₂(O)P-BD and (EtO)₂(O)P-3-BD all copolymerizations resulted in the 

formation of substantial amounts of copolymers (Table 3.2). A marked decrease in catalyst 

activity was also observed for BD copolymerizations in the presence of monomers Me₂N-Ph-

BD and Me₂N-Bn-BD (Table 3.2, entries 8 and 9). 

 

Figure 3.4: Comonomers with various functional groups synthesized and used in copolymerizations 

with BD and IP. 
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This is probably due to substantial amounts of impurities in the used crude products. 

During isolation, Me₂N-Ph-BD and Me₂N-Bn-BD proved to decompose (probably by [4+2] 

cycloaddition). Therefore, they were used as heptane stock solutions of the crude reaction 

products in copolymerization experiments. 

BD copolymerizations in the presence of monomers PhSO₂-3-BD, PhSO₂NH-3-BD, 

CarbN-4-BD, Ph₂N-4-BD, CarbN-pXyl-BD, and E1-PinB-IP proceeded with reasonable 

catalyst activity when compared to a BD homopolymerization (Table 3.2, TOF entries 2, 3, 4, 

5, 7, 10, and 11 vs. entry 1). Comonomers PhSO₂-3-BD, PhSO₂NH-3-BD, CarbN-4-BD, Ph₂N-

4-BD, and E1-PinB-IP can be copolymerized with moderate to very high conversions 

between 65 (Ph₂N-4-BD) and 99% (E1-PinB-IP) under comparable conditions (entries 3, 4, 5, 

10, and 11).  

Table 3.2: Copolymerizations with butadiene and comonomers bearing polar groups based on B, N, 

O, P, and S. 

entry Ni-1 T time CoMo yield 
CoMo 

incorp.a) 

CoMo 

conv. 
TON TOF Mn

b) 
Mw

Mn

 b) Tg
c) 

1,4-cis-

contentd) 

 
[µmol] [°C] [h] [mmol] [g] [mol%] [%]  [h⁻¹] [g mol⁻¹] 

 
[°C] [%] 

1 5 22 1 - 6.2 - - 23000 23000 59000 3.9 -97 95 

2 10 22 0.5 
(7) 

(0.5) 
4.5 0.48 80 8300 16600 44000 2.4 -94 95 

3 10 0 0.5 
(8) 

(0.2) 
5.6 0.14 73 10300 20600 53000 2.9 -94 95 

4 10 22 1 
(9) 

(2.0) 
7.4 1.2 82 14000 14000 48000 2.8 -96 95 

5 10 22 0.5 
(10) 

(1.0) 
6.3 0.56 65 12000 24000 44000 3.2 -93 95 

6 6e) 0 4 
(10) 

(0.5) 
6.2 0.27 60 19000 4750 123000 2.2 -95 95 

7 10 22 1.2 
(12) 

(0.21) 
6.0 0.07 37 11000 9166 59000 3.1 -96 95 

8 10+30f) 22 2.5 
(13) 

(0.2) 
2.2 0.11 22 1000 n.a.g) 51000 2.3 -97 94 

9 10+80f) 22 3 
(14) 

(0.4) 
3.3 0.4 42 750 n.a.g) 28000 2.2 -98 95 

10 10 22 1 
(15) 

(2.06) 
4.9 1.85 81 9000 9000 37000 2.4 -95 95 

11 6e) 0 4 
(15) 

(0.43) 
13.2 0.175 99 41000 10250 140000 1.9 -96 95 

Reaction conditions unless otherwise noted: 20 mL toluene, 1.05 bar BD, magnetically stirred with a high inertia 

neodymium magnet in a 100 mL Schlenk tube. Comonomer 7: PhSO₂-3-BD, 8: PhSO₂NH-3-BD, 9: CarbN-4-BD, 

10: Ph₂N-4-BD, 12: CarbN-pXyl-BD, 13: Me₂N-Ph-BD, 14: Me₂N-Bn-BD, 15: E1-PinB-IP. a) calculated from ¹H 

NMR-spectra. b) determined by GPC in THF vs. PS standards. c) determined by DSC. d) calculated from ¹³C 

NMR-spectra. e) 45 mL solvent, mechanically stirred in a pressure reactor. f) x+y indicates a successive addition of 

Ni-1 until polymerization activity was observed by increasing viscosity. g) the subsequent addition of Ni-1 does 

not allow for a reasonable TOF calculation. 
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Lower conversions between 22% (Me₂N-Ph-BD) and 42% (Me₂N-Bn-BD) are observed 

for comonomers CarbN-pXyl-BD, Me₂N-Ph-BD, and Me₂N-Bn-BD. This means, the low 

comonomer incorporations are not a result of a hampered incorporation of the comonomer 

compared to butadiene. In fact, the opposite is the case; the efficient incorporation of the 

comonomer allows to generate copolymers with a deliberately chosen composition without 

wasting excess (unreacted) comonomer, even at low comonomer concentrations and a 

constantly applied BD feed. 

However, all copolymers exhibit high number average molecular weights in the range of 

28.000 – 140.000 g mol⁻¹, and as long as fully soluble, reasonable molecular weight 

distributions allowing to assume a single site catalysis. Finally, all copolymers exhibit a 

virtually identical, defined microstructure of 94 – 95% 1,4-cis-enchained diene units.  

The poor or problematic polymerization behavior in copolymerizations with PhNH-3-

BD, E1-(EtO)₂(O)P-BD, and (EtO)₂(O)P-3-BD was further investigated by following 

copolymerizations with these comonomers by means of ¹H NMR spectroscopy. While Ni-1 

shows no polymerization activity at all in presence of E1-(EtO)₂(O)P-BD even at elevated 

temperatures, the presence of PhNH-3-BD or (EtO)₂(O)P-3-BD is not preventing 

copolymerization but causes a significantly reduced polymerization activity: (EtO)₂(O)P-3-

BD was successfully copolymerized with BD at elevated temperatures (BD: (EtO)₂(O)P-3-

BD:Ni-1 = 655:33:1). Although the overall activity was drastically decreased, (EtO)₂(O)P-3-

BD is enchained faster by Ni-1 than BD resulting in 46% BD conversion at full consumption 

of (EtO)₂(O)P-3-BD after 7 days at 50 °C. Remarkably, (EtO)₂(O)P-3-BD is the only 

comonomer, whose presence in the reaction mixture changes the microstructure of the 

obtained polymer from a high 1,4-cis-content to 83% 1,4-trans-units. Such a behavior was 

already reported for the presence of phosphites in nickel allyl catalyzed BD 

polymerizations.53 Copolymerization in the presence of PhNH-3-BD shows a similar course, 

i.e. a major part of the BD is consumed only after the comonomer has been fully consumed. 

This effect is clearly observable for a copolymerization of PhNH-3-BD (BD: PhNH-3-BD:Ni-

1 = 290:10:1) where PhNH-3-BD is completely consumed after 92 h at 22 °C while only 22% 

of the BD have been polymerized. Further 56% BD are subsequently polymerized in only 

50 h at the same temperature. 
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3.3 Summary 

Insertion copolymerization of functionalized dienes with butadiene to stereoregular 

copolymers was not reported to date. This is especially noteworthy since stereocontrol of the 

polymer microstructure and compatibility of synthetic rubber with polar filler materials are 

fundamental issues in major rubber applications.  

The cationic nickel complex [Ni(allyl)(mesitylene)]⁺[BArF₄]⁻ (Ni-1) enables for the first 

time the effective copolymerization of polar functionalized dienes with butadiene (and 

isoprene) to produce stereoregular copolymers. The catalyst was shown to be tolerant 

towards functional groups based on B, N, O, Si, P, and S, namely boronic acid esters, amines, 

alkoxysilanes, phosphonates, sulfones, and sulfonamides. Except for E1-(EtO)₂(O)P-BD, 

polymerization activity was observed with all comonomers independently of the functional 

group or substitution pattern of the diene moiety. Only the presence of phosphonate groups 

in copolymerizations with (EtO)₂(O)P-3-BD has an influence on the formed polymer 

microstructure and yields a copolymer with predominantly 1,4-trans-units. All other 

copolymerizations were highly cis-selective (≥94% 1,4-cis-units). The catalyst activity in the 

copolymerization is typically somewhat lowered when compared to butadiene 

homopolymerizations. Remarkably, all copolymers exhibit high molecular weights (28.000 – 

140.000 g mol⁻¹) and the comonomers are very efficiently incorporated. This allows for low 

comonomer loadings even in polymerizations with a constant butadiene feed. 

3.4 Experimental Section 

3.4.1 Materials and General Considerations 

Unless noted otherwise, all manipulations were carried out under an inert atmosphere 

using standard Schlenk or glove box techniques. Solvents were dried and degassed using 

standard laboratory techniques.122 

[Ni(allyl)Cl]₂ (MCAT) and NaBArF₄ (ABCR) were commercially available and used 

without further purification. Chloroprene was commercially available (ABCR) or 

synthesized by HCl elimination from 3,4,-dichlorobut-1-ene with KOH in DMSO at 75 °C. 

Isoprene (Sigma) was dried over CaH₂ and vacuum transferred prior to use; 1,3-butadiene 

(Air Liquide) was passed through a commercial drying column (Air Liquide) prior to use. 
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All other commercially available reagents were used without further purification. Caution: 

1,3-Butadiene (BD) is gaseous at room temperature as well as toxic and carcinogenic. It 

requires special safety measures to avoid exposure. All operations were performed in a 

well ventilated fume hood using VitonTM protection gloves and a face-shield in the 

presence of a DRÄGER 1,3-butadiene Sensor. In order to prevent accidental exposures to 

BD a trained working protocol should be used. 

NMR spectra were recorded on a Varian Unity Inova 400, a Bruker Avance III 400 or a 

Bruker Avance III 600 spectrometer. ¹H chemical shifts were referenced to the residual 

proton signal of the solvent. ¹³C chemical shifts were referenced to the carbon signal of the 

solvent. Multiplicities are given as follows: s: singlet, d: doublet, t: triplet, q: quartet, quint: 

quintet, v: virtual multiplet, m: multiplet, br: broad signal or combination thereof. 

Molecular weight distributions of polymers were determined by GPC on a Polymer 

Laboratories PL-GPC 50 with two PLgel 5 μm MIXED-C columns in THF at 40 °C vs. 

poly(styrene)standards using refractive index detection. Glass transition temperatures were 

determined by DSC-measurements (heating to 50 °C with 30 K/min. 2 min isothermal at 

50 °C, cooling to -150 °C with 30 K/min, 10 min isothermal at -150 °C, heating to 50 °C with 

30 K/min). 

3.4.2 Syntheses of Comonomers and Complex Ni-1 

Synthesis of buta-1,3-dien-2-ylmagnesium chloride120 

 

A flame dried three-neck flask was charged with magnesium turnings (8.3 g, 338.90 

mmol, 3.75 equiv.). These were layered with THF (20 mL). Subsequently, 1,2-dibromoethane 

(0.1 mL) and a solution of zinc(II) chloride were added. The zinc(II) chloride solution was 

prepared by dissolving zinc(II) chloride (0.93 g, 6.80 mmol, cat.) in THF (8 mL) under 

vigorous stirring. Additional 12 mL of THF were added. A 50 wt% solution of chloroprene in 

xylene (40 g, 225.90 mmol, 2.50 equiv.) was diluted with THF (40 mL). Upon addition of a 

few mL of the premixed chloroprene solution, a slight boiling of the reaction mixture was 

visible. Thereafter, the residual chloroprene solution was added drop-wise. Subsequently, 

the mixture was heated to 50 °C for 4 h and a green solution, which contained the desired 
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product, buta-1,3-dien-2-ylmagnesiumchloride, was obtained. The solution was directly used 

in the following step without further purification. 

Synthesis of triethoxy(3-iodopropyl)silane 

 

NaI (373 g, 2.49 mol, 3 equiv.) was added to acetone (800 mL). The mixture was stirred 

for 10 minutes at room temperature. and triethoxy(3-chloropropyl)silane (200 g, 0.83 mol, 1 

equiv.) was added. The reaction mixture was heated to 60 °C for four days. The precipitate 

was allowed to sediment and the supernatant solution was collected. Then, the residue was 

extracted with pentane (3×400 ml). The combined solutions were concentrated and filtered 

over a pad of celite to remove further formed precipitate. After complete removal of the 

solvent, the crude product was distilled under reduced pressure to of the give the desired 

product (273 g, 0.82 mol, 99%) as a light orange liquid. The orange color originates probably 

from traces of I₂, which could not be completely separated by distillation. However, the 

present quantities of I₂ do not interfere with the intended use in subsequent steps and the 

product was therefore used without further purification. 

¹H NMR (400 MHz, CDCl₃, 27 °C): δ (ppm) = 3.80 (q, ³JHH = 7.0 Hz, 6H, H4), 3.20 (t, ³JHH = 7.0 

Hz, 2H, H3), 2.02 – 1.75 (m, 2H, H2), 1.20 (t, ³JHH = 7.0 Hz, 8H, H5), 0.79 – 0.59 (m, 2H, H1). 

Synthesis of triethoxy(4-methylenehex-5-en-1-yl)silane ((EtO)₃Si-3-BD)120 

 

Triethoxy(3-iodopropyl)silane (30.0 g, 90.29 mmol, 1.0 equiv.) was cooled to 0 °C. A red 

dilithium tetrachlorocuprate(II) solution (11.29 mmol, cat.) that was prepared by dissolving 

lithium chloride (960 mg) and copper(II) chloride (1.52 g) in THF (20 mL), was added. The 

reaction mixture was stirred at r.t. and the Grignard solution was added until NMR-analysis 

of the reaction mixture showed full conversion. Subsequently, most of the solvent was 

removed and the black suspension was diluted with heptane (2×500 mL) to precipitate 



3. Ni Catalyzed Copolymerization of Butadiene and Functionalized 1,3-Dienes 

32 

formed Mg-salts. The resulting suspension was filtered two times over celite. The obtained 

yellow solution was concentrated and distilled at 0.4 mbar (boiling point: 44 – 46 °C). The 

title compound, triethoxy(4-methylenehex-5-en-1-yl)silane (13.9 g, 53.79 mmol, 60%), was 

obtained as a colorless liquid. 

¹H NMR (400 MHz, CDCl₃, 27 °C): δ (ppm) = 6.33 (dd, ³JHH = 17.6 Hz, ³JHH = 10.8, 1H, H3), 5.22 

(d, ³JHH = 17.6 Hz, 1H, H4trans), 5.02 (d, ³JHH = 10.8 Hz, 1H, H4cis), 4.97(d, 2H, H1), 3.81 (q, ³JHH = 

7.0 Hz, 6H, H8), 2.24 (t, ³JHH = 7.8 Hz, 2H, H5), 1.62 (m, 2H, H6), 1.21 (t, ³JHH = 7.0 Hz, 9H, H9), 

0.66 (m, 2H, H7). 

¹³C{¹H} NMR (101 MHz, CDCl₃, 27 °C): δ (ppm) = 146.1 (C2), 138.8 (C3), 115.8 (C1), 113.1 

(C4), 58.3 (C8), 34.6 (C5), 21.5 (C6), 18.3 (C9), 10.2 (C7). 

Synthesis of trimethoxy(4-methylenehex-5-en-1-yl)silane ((MeO)₃Si-3-BD) 

 

Trimethoxy(4-methylenehex-5-en-1-yl)silane (33% yield) was synthesized accordingly to 

the preparation of triethoxy(4-methylenehex-5-en-1-yl)silane. (MeO)₃Si-3-BD was 

synthesized and copolymerized (Table 3.1, entry 13) by Patrick Herr during his master’s 

thesis.123 

¹H NMR (400 MHz, CDCl₃, 27 °C): δ (ppm) = 6.33 (dd, ³JHH = 17.7 Hz, ³JHH = 10.7 Hz, 1H, H3), 

5.22 (d, ³JHH = 17.7 Hz, 1H, H4trans), 5.02 (d, ³JHH = 10.7 Hz, 1H, H4cis), 4.99 (d, 2H, H1), 3.55 (s, 

9H, H8), 2.23 (t, ³JHH = 7.5 Hz, 2H, H5), 1.61 (m, 2H, H6), 0.67 (t, ³JHH = 8.2 Hz, 2H, H7). 

¹³C{¹H} NMR (101 MHz, CDCl₃, 27 °C): δ (ppm) = 146.0 (C2), 139.0 (C3), 116.0 (C1), 113.3 

(C4), 50.6 (C8), 34.7 (C5), 21.4 (C6), 9.1 (C7). 

Synthesis of 2-methylbut-1-en-3-yne124 

 

2-methyl-3-yn-2-ol (215 g, 2.5 mol, 1 equiv.) was filled into a 1 L three-necked flask, 

equipped with a dropping funnel and a distillation apparatus. The receiver flask was cooled 
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to -78 °C. Acetic anhydride (319 g, 3.13 mol, 1.25 equiv.) and sulfuric acid (12 g, 0.12 mol, 0.05 

equiv.) were filled into the dropping funnel and added dropwise over 2 hours starting at 

50 °C. After addition of 50 mL the temperature was increased to 70 °C and distillation of the 

product began (bp.: 33 °C / 1 atm). After complete addition, the temperature was increased to 

80 °C. The product was washed with ice water to remove residues of acetic acid and alcohol 

and dried over Na₂SO₄ to yield 2-methylbut-1-en-3-yne (90 g, 1.36 mol, 55%) as a colorless 

liquid. 

¹H NMR (400 MHz, CDCl₃, 27 °C): δ (ppm) = 5.38 (m, 1H, H1), 5.29 (m, 1H, H1), 2.86 (s, 1H, 

H3), 1.90 (t, ⁴J₁-₃ = 1.3 Hz, 3H, H2). 

Synthesis of 2-chloro-3-methylbuta-1,3-diene125 

 

Copper(I) chloride (21.4 g, 0.22 mol, 0.4 equiv.), ammonium chloride (8.37 g, 0.16 mol, 

0.3 equiv.) and hydrochloric acid (150 mL conc.) were stirred for 5 minutes at 0°C. 2-

Methylbut-1-en-3-yne (40 g, 0.6 mol, 1 equiv.) was added dropwise. The dark-greenish 

reaction mixture was brought to room temperature and stirred for one hour. Then, the 

reaction mixture was cooled to 0 °C to prevent formation of by-products and stirred for one 

more hour. After that, the organic layer of the dark reaction mixture was isolated and the 

aqueous phase extracted with pentane (3×100 mL). The organic phases were combined and 

washed with water (3×100 mL) and brine (100 mL) to remove residues of acid and copper. 

After drying with Na₂SO₄, BHT (50 mg) was added and the solvent was removed under 

reduced pressure. The dark residue was distilled using a Vigreux column (receiver flasks 

were filled with 10 mL m-xylene and 50 mg BHT). The distillation flask was heated up to 

80 °C within 20 minutes (bp.: 44 °C / 175 mbar). The concentration of the obtained 

product/m-xylene solution (38 g) was determined via ¹H NMR (5.26 mmol product per 1 g 

solution, 0.2 mol, 33% related to 2-methylbut-1-en-3-yne). 

¹H NMR (400 MHz, CDCl₃, 27 °C): δ (ppm) = 5.60 (m, 1H, H4), 5.44 (m, 1H, H1), 5.41 (m, 1H, 

H1), 5.18 (m, 1H, H4), 1.99 (m, 3H, H5). 

¹³C{¹H} NMR (100 MHz, CDCl₃, 27 °C): δ (ppm) = 141.0 (C2), 139.1 (C3), 117.9 (C4), 113.3 

(C1), 20.3 (C5). 
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Synthesis of triethoxy(5-methyl-4-methylenehex-5-en-1-yl)silane ((EtO)₃Si-3-IP) 

 

Magnesium turnings (6.73 g, 278 mmol, 1.6 equiv.) and THF (50 mL) were filled in a 

500 mL three necked flask, equipped with a reflux condenser and a dropping funnel. 1,2-

Dibromoethane (4.9 g, 26 mmol, 0.15 equiv.) was added dropwise under careful stirring. Zinc 

dibromide (608 mg, 2.7 mmol, 0.02 equiv.) in THF (2 mL) was added dropwise. 2-chloro-3-

methylbuta-1,3-diene in m-xylene (33.04 g, 174 mmol, 1 equiv.; 1 g solution contained 

5.26 mmol reactant), 1,2-dibromoethane (4.9 g, 26 mmol, 0.15 equiv.) and THF (100 mL) were 

filled into the dropping funnel. This solution was added dropwise to keep the reaction 

mixture in slight reflux. After complete addition, the reaction mixture was stirred for 2.5 

hours at 65 °C. To determine the progress of the Grignard reaction, triethoxy(3-

iodopropyl)silane (11.29 g, 35 mmol, 0.2 equiv.) in THF (25 mL) was stirred at 0 °C and a 

solution of lithium chloride (371 mg, 9 mmol, 0.05 equiv.) and copper(II) chloride (588 mg, 4 

mmol, 0.03 equiv.) in THF (10 mL) was added dropwise. One quarter of the dark Grignard 

solution was added dropwise to the orange reaction mixture. After 20 minutes of stirring at 

0 °C, an aliquot of 0.2 mL was taken and injected in pentane (6 mL, containing 30 mg BHT). 

After centrifugation, the solvent of the supernatant was removed in vacuum and the residue 

dissolved in deuterated benzene to determine the conversion via ¹H NMR (72% of 

triethoxy(3-iodopropyl)silane was consumed). Then, triethoxy(3-iodopropyl)silane (21.35 g, 

66 mmol, 0.38 equiv.) was added to the same reaction mixture to achieve complete turnover 

with the remaining Grignard solution. After that, another 10 mL of the aforementioned 

copper/lithium solution and the entire Grignard solution were added dropwise at 0 °C to 

give a light-brownish suspension. After 20 minutes of stirring, heptane (150 mL) and BHT 

(100 mg) were added to the reaction mixture and the THF was removed in vacuum. The 

remaining suspension was filtered and the solids were washed with pentane (300 mL). The 

solvent was removed in vacuum and the dark residue distilled to give the title compound 

triethoxy(5-methyl-4-methylenehex-5-en-1-yl)silane (20.07 g, 74 mmol, 43%; bp.: 77 °C / 0.1 

mbar). 
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¹H NMR (600 MHz, C₆D₆, 27 °C): δ (ppm) = 5.17 (dq, ²JHH
 = 1.7 Hz, ⁴JHH = 0.7 Hz, 1H, H4), 5.10 

(dt, ²JHH = 1.6 Hz, ⁴JHH = 0.9 Hz, 1H, H1), 4.99 (m, 1H, H1), 4.94 (dq, ²JHH
 = 1.6 Hz, ⁴JHH = 0.7 Hz, 

1H, H4), 3.80 (q, ³JHH = 7 Hz, 6H, H8), 2.38 (dt, ³JHH = 7.6 Hz, ⁴JHH = 0.9 Hz, 2H, H5), 1.83 (m, 

5H, H7 and H10), 1.17 (t, ³JHH = 7 Hz, 9H, H9), 0.75 (m, 2H, H7). 

¹³C{¹H} NMR (150 MHz, C₆D₆, 27 °C): δ (ppm) = 148.2 (C2 or C3), 143.0 (C2 or C3), 112.9 (C4), 

112.5 (C1), 58.5 (C8), 37.5 (C5), 22.9 (C6), 21.3 (C10), 18.6 (C9), 11.1 (C7). 

Synthesis of triethoxy(3-methylbuta-1,3-dien-1-yl)silane ((EtO)₃Si-IP, 

E/Z1-(EtO)₃Si-IP)126 

 

2-Methylbut-1-en-3-yne (3.3 g, 50 mmol, 1 equiv.) was cooled to 0 °C. 

[Ru(C₅Me₅)(MeCN)₃]PF₆ (0.42 g, 0.84 mmol, 0.015 equiv.) was suspended in triethoxysilane 

(8.22 g, 50 mmol, 1 equiv.) and 2 ml of the suspension were added dropwise to the reaction 

mixture. Then, the orange-red mixture was warmed to room temperature and stirred for 45 

minutes followed by the dropwise addition of further 2 mL of the prepared suspension. The 

procedure was repeated until the whole suspension was added. After filtration, the reaction 

mixture was purified by kugelrohr distillation (100 °C / 0.1 mbar) to yield a mixture of 80 % 

triethoxy(3-methylbuta-1,3-dien-2-yl)silane, 9 % (E)-triethoxy(3-methylbuta-1,3-dien-1-yl)-

silane and 11 % (Z)-triethoxy(3-methylbuta-1,3-dien-1-yl)silane (7.26 g, 32 mmol, 64%). 

Triethoxy(3-methylbuta-1,3-dien-2-yl)silane: 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 5.97 (d, ²JHH = 3 Hz, 1H, H1), 5.88 (d, ²JHH
 = 3 Hz, 

1H, H1), 5.55 (d, ²JHH = 1.2 Hz, 1H, H4), 5.07 (m, 1H, H4), 3.80 (q, ³JHH = 7 Hz, 6H, H5), 1.83 (m, 

3H, H7), 1.14 (t, ³JHH
 = 7 Hz, 9H, H6). 

¹³C{¹H} NMR (100 MHz, C₆D₆, 27 °C): δ (ppm) = 144.6 (C2), 144.3 (C3) 129.6 (C1), 116.6 (C4), 

58.7 (C5), 21.1 (C7), 18.4 (C6). 
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(E)-triethoxy(3-methylbuta-1,3-dien-1-yl)silane: 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 7.12 (d, ³JHH = 19.2 Hz, 1H, H1a), 5.66 (d, ³JHH = 

19.1 Hz, 1H, H2a), 5.00 (m, 1H, H4a), 4.98 (m, 1H, H4a), 3.82 (q, ³JHH = 7 Hz, 6H, H5a), 1.68 

(m, 3H, H7a), 1.17 (t, ³JHH = 7 Hz, 9H, H6a). 

¹³C{¹H} NMR (100 MHz, C₆D₆, 27 °C): δ (ppm) = 151.6 (C1a), 143.5 (C3a), 119.1 (C4a), 119.0 

(C2a), 58.6 (C5a), 18.5 (C6a), 17.7 (C7a). 

(Z)-triethoxy(3-methylbuta-1,3-dien-1-yl)silane: 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 6.88 (d, ³JHH = 15.5 Hz, 1H, H1b), 5.47 (d, ³JHH
 = 

15.5 Hz, 1H, H2b), 5.14 (m, 1H, H4b), 5.02 (m, 1H, H4b), 3.78 (q, ³JHH = 7 Hz, 6H, H5b), 2.06 

(m, 3H, H7b), 1.13 (t, ³JHH = 7 Hz, 9H, H6b). 

¹³C{¹H} NMR (100 MHz, C₆D₆, 27 °C): δ (ppm) = 153.1 (C1b), 144.8 (C3b), 120.1 (C2b), 119.4 

(C4b), 58.5 (C5b), 20.2 (C7b), 18.3 (C6b). 

Synthesis of trimethoxy(3-methylbuta-1,3-dien-1-yl)silane ((MeO)₃Si-IP) 

 

Trimethoxy(3-methylbuta-1,3-dien-1-yl)silane was synthesized according to the 

preparation of triethoxy(3-methylbuta-1,3-dien-1-yl)silane to yield a mixture of 78 % 

triethoxy(3-methylbuta-1,3-dien-2-yl)silane, 9 % (E)-triethoxy(3-methylbuta-1,3-dien-1-

yl)silane and 13 % (Z)-triethoxy(3-methylbuta-1,3-dien-1-yl)silane. 

Trimethoxy(3-methylbuta-1,3-dien-2-yl)silane: 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 5.94 (m, 1H, H1), 5.88 (m, 1H, H1), 5.54 (s, 1H; 

H4), 5.08 (s, 1H, H4), 3.46 (s, 9H, H5), 1.82 (s, 3H, H6). 

¹³C{¹H} NMR (100 MHz, C₆D₆, 27 °C): δ (ppm) = 144.5 (C2), 143.2 (C3), 130.0 (C1), 116.7 (C4), 

50.5 (C5), 20.9 (C6). 



3.4 Experimental Section 

37 

(E)-trimethoxy(3-methylbuta-1,3-dien-1-yl)silane: 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 7.13 (d, ³JHH = 19.1 Hz, 1H, H2a), 5.63 (d, ³JHH = 

19.1 Hz, 1H, H1a), 5.01 – 4.99 (m, 2H, H4a), 3.48 (s, 9H, H5a), 1.67 (s, 3H, H6a). 

¹³C{¹H} NMR (100 MHz, C₆D₆, 27 °C): δ (ppm) = 152.4 (C2a), 143.4 (C3a), 119.6 (C4a), 117.5 

(C1a), 50.4 (C5a), 17.6 (C6a). 

(Z)-trimethoxy(3-methylbuta-1,3-dien-1-yl)silane: 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 6.91 (d, ³JHH = 15.5, 1H, H2b), 5.43 (d, ³JHH = 15.5 

Hz, 1H, H1b), 5.14 (s, 1H, H4b), 5.02 (s, 1H, H4b), 3.43 (s, 9H; H5b), 2.03 (s, 3H, H6b). 

¹³C{¹H} NMR (100 MHz, C₆D₆, 27 °C): δ (ppm) = 153.9 (C2b), 144.7 (C3b), 119.6 (C4b), 118.3 

(C1b), 50.2 (C5b), 20.0 (C6b). 

Synthesis of ((4-methylenehex-5-en-1-yl)sulfonyl)benzene (PhSO₂-3-BD) 

 

((3-Iodopropyl)sulfonyl)benzene: ((3-chloropropyl)sulfonyl)-benzene (4.37 g, 20 mmol, 

1 equiv, synthesized according to Sonda et al.⁶) was dissolved in acetone (50 mL) and NaI 

(6.00 g, 40 mmol, 2 equiv) was added. The reaction mixture was refluxed for 12 h. The 

solvent was removed under reduce pressure, Et₂O (100 mL) was added and the mixture was 

extracted with H₂O (3 x 50 mL). The organic phase was dried over Na₂SO₄ and the solvent 

removed under reduced pressure to give crude ((3-iodopropyl)sulfonyl)benzene which was 

used in the next step without further purification. 

 

((4-methylenehex-5-en-1-yl)sulfonyl)benzene: ((3-iodopropyl)sulfonyl)benzene (930 

mg, 3 mmol, 1 equiv.) was cooled to -20 °C, Li₂CuCl₄ ( 0.01 equiv) in THF (5 mL) was added. 

Chloroprene-Grignard solution (3.3 mmol, 1.1 equiv in 2 mL THF) was added dropwise. The 

solvent was removed under reduced pressure after stirring for 30 min and warming to room 

temperature. Column chromatography (PE/EtOAc 20:1) gave the desired compound (627 

mg, 2.6 mmol, 88%) as yellowish oil. 
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¹H NMR (400 MHz, CDCl₃, 27 °C): δ (ppm) = 7.89 – 7.87 (m, 2H, H9 and 13), 7.63 – 7.60 (m, 

1H, H11), 7.56 – 7.52 (m, 2H, H10 and H12), 6.27 (dd, ³JHH = 17.6, 10.8 Hz, 1H, H3), 5.11 (d, 

³JHH = 17.6 Hz, 1H, H4), 5.01 (d, ³JHH = 10.8 Hz, 1H, H4), 5.00 (s, 1H, H1), 4.91 (s, 1H, H1), 3.08 

(m, 2H, H7), 2.27 (t, ³JHH = 7.6 Hz, 2H, H5), 1.92 (m, 2H, H6). 

¹³C{¹H} NMR (101 MHz, CDCl₃, 27 °C): δ (ppm) = 144.0 (C2), 139.1 (C8), 137.9 (C3), 133.5 

(C11), 129.2 (C10 and C12), 127.9 (C9 and C13), 116.7 (C1), 113.7 (C4), 55.5 (C7), 29.6 (C5), 21.0 

(C6). 

Synthesis of (4-methylene-5-hexenyl)-amine 

 

(4-methylene-5-hexenyl)-(bis(trimethylsilyl)amine: Magnesium turnings (2.25 g, 92.5 

mmol, 1.5 equiv.) were layered with THF and dibromoethane (0.36 mL, 0.79 g, 4.2 mmol) 

was added to activate the magnesium. A mixture of of 3-chloropropyl-

bis(trimethylsilyl)amine (15.0 g, 63.1 mmol, 1 equiv., synthesized according to Davis et al.127) 

and dibromoethane (0.36 mL, 0.79 g, 4.2 mmol) in THF (63 mL) was added dropwise and the 

reaction mixture was stirred for 2 h at 60 °C. Residual magnesium was filtered off, and the 

clear solution was used in the next step.  

[NiCl₂(dppp)] (0.252 g, 0.50 mmol) and chloroprene (5.9 g, 66.2 mmol, 1.05 equiv.) were 

dissolved in THF (21 mL). The reaction mixture was cooled to 0 °C and after the dropwise 

addition of (3-(bis(trimethylsilyl)amino)propyl)magnesium chloride solution, the mixture 

was stirred for 10 minutes at 0 °C and afterwards for 40 minutes at room temperature. The 

reaction mixture was treated with heptane (100 mL) and THF was removed under reduced 

pressure. The resulting brown suspension was filtered over celite and the solvent was 

removed under reduced pressure. The crude product was purified by distillation (73 °C / 

3.3·10⁻¹ mbar) to yield (4-methylene-5-hexenyl)-(bis(trimethylsilyl)-amine (12.27 g , 48 mmol, 

76%) as a colorless liquid. 

(4-methylene-5-hexenyl)-amine: (4-methylene-5-hexenyl)-(bis(trimethylsilyl)amine (1.95 

g, 7.64 mmol) was dissolved in methanol (20 mL) and stirred at reflux for 2 h. The solvent 

and formed methoxy-trimethylsilane were removed under reduced pressure and the crude 

product (0.34 g, 3.1 mmol, 40 %) was used without further purification.  
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NMR data is given for an in-situ deprotection in presence of methanol-h₄, therefore the NH₂ 

signal is not observed. 

¹H NMR (400 MHz, CDCl₃, 27 °C): δ (ppm) = 6.28 (dd, ³JHH = 17.6 and 10.8 Hz, 1H, H3), 5.16 

(d, ³JHH HH = 17.6 Hz, 1H, H4), 4.97 (d, ³JHH = 10.9 Hz, 1H, H4), 4.93 (s, 1H, H1), 4.91 (s, 1H, H1), 

2.63 (t, ³JHH = 7.3 Hz, 2H, H7), 2.16 (t, ³JHH = 7.7 Hz, 2H, H5), 1.57 (p, ³JHH = 7.4 Hz, 2H, H6). 

Synthesis of (4-methylene-5-hexenyl)-phenylsulfonic amide (PhSO₂NH-3-BD) 

 

Synthesis in analogy to Tang et al.:128 (4-methylene-5-hexenyl)-amine (1.5 g, 13.5 mmol, 1 

equiv.) and potassium hydroxide (1.5 g, 27 mmol, 2 equiv.) were stirred in water. 

Benzenesulfonyl chloride (2.38 g, 13.5 mmol, 1 equiv.) in CH₂Cl₂ (10 mL) was added. The 

mixture was stirred for 1 h at r.t. and the aqueous phase was extracted with CH₂Cl₂ (3 x 50 

mL). The combined organic layers were dried over Na₂SO₄ and the solvent was removed 

under reduced pressure. Column chromatography (PE/EtOAc 20:1) gave the desired product 

(2.14 g, 8.5 mmol, 63 %) as colorless oil. 

¹H NMR (400 MHz, CD₂Cl₂, 27 °C): δ (ppm) = 7.86 (m, 2H, H9 and H13), 7.60 (m, 1H, H11), 

7.54 (m, 2H, H10 and H12), 6.33 (dd, ³JHH = 17.6 and 10.8, 1H, H3), 5.15 (d, ³JHH = 17.6 Hz, 1H, 

H4), 5.03 (d, ³JHH = 10.8 Hz, 1H, H4), 5.00 (s, 1H, H1), 4.92 (s, 1H, H1), 4.78 (t, JHH = 6.3 Hz, 1H, 

NH), 2.96 (vq, JHH = 6.7 Hz , 2H, H7), 2.20 (td, ³JHH = 7.7 Hz, 2H, H5), 1.65 (vquint, JHH = 8.0 Hz, 

2H, H6). 

¹³C{¹H} NMR (101 MHz, CD₂Cl₂, 27 °C): δ (ppm) = 145.8 (C2), 140.6 (C8), 138.9 (C3), 133.2 

(C11), 129.7 (C9 and C13), 127.5 (C10 and C12), 116.6 (C1), 113.9 (C4), 43.6 (C7), 28.8 (C5), 28.6 

(C6). 

Synthesis of 9-(5-methylenehept-6-en-1-yl)-9H-carbazole (CarbN-4-BD) 
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Magnesium turnings (280 mg, 11 mmol, 1.1 equiv.) were layered with THF (10 mL) and 

activated with 1,2-dibromoethane (0.05 mL, 0.5 mmol, 0.05 equiv). A solution of 9-(4-

chlorobutyl)-9H-carbazole (2.58 g, 10 mmol, 1 equiv.; 9-(4-chloro/bromo-butyl)-9H-carbazole 

was synthesized according to Bhattacharya et al.129) in THF (40 mL) was added dropwise. The 

reaction mixture was stirred for 3 days at 50 °C. Residual Mg was filtered off. 

The Grignard-reagent was added dropwise at 0 °C to a solution of [NiCl₂(dppp)] (57 mg, 

0.1 mmol) and chloroprene (11 mmol) in THF (13 mL). After stirring for 1.5 h at room 

temperature, the reaction mixture was poured into H₂O/HCl. The aqueous phase was 

extracted 5 times with Et₂O and the combined organic phases were dried over Na₂SO₄. 

Removal of the solvent under reduced pressure gave the crude product as a yellow/orange 

cloudy oil. The crude product was purified by sonication with pentane followed by filtration. 

The desired product was obtained after removal of the pentane as light yellow oil (1.73 g, 

6.28 mmol, 63%). 

¹H NMR (400 MHz, C₆D₆, 27 °C) δ (ppm) = 8.06 (m, 2H, H13), 7.41 (m, 2H, H11), 7.23 (m, 2H, 

H12), 7.16 (m, 2H, H10), 6.27 (dd, ³JHH = 17.6, 10.8 Hz, 1H, H3), 5.05 (d, ³JHH = 17.6 Hz, 1H, 

H4), 4.92 (d, ³JHH = 10.8 Hz, 1H, H4), 4.89 (s, 1H, H1), 4.77 (s, 1H, H1), 3.76 (t, ³JHH = 7.2 Hz, 

2H, H8), 1.92 (t, ³JHH = 7.6 Hz, 2H, H5), 1.48 (m, 2H, H6), 1.28 (m, 2H, H7). 

¹³C{¹H} NMR (100 MHz, C₆D₆, 27 °C) δ (ppm) = 146.0 (C2), 140.8 (C9, 139.1 (C3), 125.9 (C12), 

123.5 (C14), 120.8 (C13), 119.2 (C11), 116.9 (C1), 113.2 (C4), 108.9 (C10), 42.7 (C8), 31.1 (C5), 

28.8 (C6), 25.7 (C7). 

Synthesis of N-(5-methylenehept-6-en-1-yl)-N-phenylaniline (Ph₂N-4-BD) 

 

Magnesium turnings (0.36 g, 15 mmol, 1.5 equiv.) in THF (2 mL) were activated with 

dibromoethane (1 mmol, 0.1 equiv.). A solution of N-(4-bromobutyl)-N-phenylaniline (2.6 g, 

10 mmol, 1 equiv., synthesized according to Bhattacharya et al.⁹) and dibromoethane (1mmol, 

0.1 equiv.) in THF (15 mL) was added and the mixture was refluxed for 30 minutes. After 

filtration to remove excess Mg, the prepared Grignard reagent was added dropwise to a 
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suspension of [NiCl₂(dppp)] (60 mg, 0.11 mmol) in a chloroprene solution (11 mmol, 1.1 

equiv) in THF (5 mL) at 0 °C. The mixture was warmed to r.t. and stirred for 12 h. Ethyl 

acetate was added and the organic phase was washed with an ammonium chloride solution. 

The solvent was removed under reduced pressure and the crude product was purified by 

column chromatography (PE/EtOAc 10:1) to give the desired product as colorless oil (2.16 g, 

7.79 mmol, 78%). 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 7.15 – 7.10 (m, 4H, H10), 6.98 – 6.95 (m, 4H, H11), 

6.86 – 6.82 (m, 2H, H12), 6.29 (dd, ³JHH = 17.6 and 10.8 Hz, 1H, H3), 5.08 (d, ³JHH = 17.6 Hz, 1H, 

H4), 4.93 (m, 1H, H4), 4.92 (m, 1H, H1), 4.85 (m, 1H, H1), 3.49 (t, ³JHH = 7.5 Hz, 2H, H8), 2.01 

(td, ³JHH = 7.6 Hz and ⁴JHH = 1.2 Hz, 2H, H5), 1.53 (m, 2H, H7), 1.35 (m, 2H, H6). 

¹³C{¹H} NMR (100 MHz, C₆D₆, 27 °C): δ (ppm) = 148.7 (C9), 146.5 (C2), 139.2 (C3), 129.5 (C11) 

121.5 (C12), 121.4 (C10), 115.8 (C4), 113.2 (C1), 52.3 (C8), 31.3 (C5), 27.7 (C7), 25.8 (C6). 

Synthesis of N-(4-methylenehex-5-en-1-yl)aniline (PhNH-3-BD) 

 

Procedure adapted from Ma et al.:130 (4-methylene-5-hexenyl)-(bis(trimethylsilyl)amine 

(2.0 g, 7.83 mmol, 1 equiv., synthesis described in Chapter 4.4.2) was dissolved in DMSO (15 

mL) and MeOH (2.5 g, 78.3 mmol, 10 equiv.). A mixture of CuI (149 mg, 0.78 mmol, 0.1 

equiv.), proline (90 mg, 0.78 mmol, 1 equiv.), and K₂CO₃ (2.17 g, 15.7 mmol, 2 equiv.) was 

added to the solution, followed by the addition of Ph-I (7.96 g, 39.1 mmol, 5 equiv.). The 

reaction mixture was heated to 60 °C until ¹H NMR indicated nearly full conversion to the 

desired product. Extraction with ethyl acetate/H₂O, drying of the organic phase over Na₂SO₄ 

and removal of the solvent gave the crude product. Purification by column chromatography 

(pentane:ethyl acetate = 98:2 v/v, Rf = 0.4) yielded the desired compound (380 mg 2.03 mmol, 

26%). 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 7.20 – 7.13 (m, 2H, H10), 6.74 (tt, ³JHH = 7.4 Hz, 

⁴JHH = 1.1 Hz, 1H, H11), 6.48 – 6.40 (m, 2H, H9), 6.38 – 6.27 (dd, ³JHH = 11.0 Hz, ³JHH = 17.6 Hz, 

1H, H3), 5.18 – 5.07 (m, ³JHH = 17.6 Hz, 1H, H4), 4.99 – 4.91 (m, 2H, H1 and H4), 4.87 (m, 1H, 
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H1), 3.03 (bs, 1H, NH), 2.78 (t, ³JHH = 7.0 Hz, 2H, H7), 2.07 (dt, ³JHH = 7.7 Hz, ⁴JHH = 1.2 Hz, 2H, 

H5), 1.48 (vquint, JHH = 7.4 Hz 2H, H6). 

¹³C{¹H} NMR (101 MHz, C₆D₆, 27 °C) δ (ppm) = 148.9 (C8), 146.2 (C2), 139.2 (C3), 129.5 (C10), 

117.5 (C11), 116.1 (C1), 113.4 (C4), 113.1 (C9), 43.7 (C7), 29.1 (C5), 28.1 (C6). 

Synthesis of 9-(4-(2-methylenebut-3-en-1-yl)benzyl)-9H-carbazole (CarbN-pXyl-BD) 

 

Magnesium-turnings (46 mg, 1.9 mmol, 1.9 equiv.) were layered with THF and 

dibromoethane (0.05 mL) was added to activate the magnesium. 9-(4-(Chloromethyl)benzyl)-

9H-carbazole (306 mg, 1 mmol, 1 equiv.; prepared in analogy to Bhattacharya et al.129) in THF 

(2 mL) was added dropwise. The reaction was stirred for 3 h at 55 °C. Residual magnesium 

was filtered off. 

The Grignard-reagent was added dropwise to a mixture of chloroprene (1.1 mmol, 1.1 

equiv) and [NiCl₂(dppp)] (1 mol%) in THF (10 mL) at 0 °C. Reaction was stirred for 1 h at 

room temperature and then quenched by addition of H₂O/HCl. The crude product was 

obtained by extraction with Et₂O followed by removal of the solvent and purified by 

dissolution in MeOH and filtration of the insoluble impurities. Removal of the solvent under 

reduced pressure gave the desired compound (87 mg, 0.27 mmol, 27%). 

¹H NMR (400 MHz, C₆D₆, 27 °C) δ (ppm) = 8.06 (d, ³JHH = 7.9 Hz, 2H, H15), 7.31 (vt, ³JHH = 7.5 

Hz, 2H, H13), 7.21 (vt, ³JHH = 7.5 Hz, 2H, H14), 7.10 (d, ³JHH = 8.2 Hz, 2H, H11), 6.85 (d, ³JHH = 

7.8 Hz, 2H, H7), 6.80 (d, ³JHH = 7.8 Hz, 2H, H8), 6.29 (dd, ³JHH = 17.5, 10.8 Hz, 1H, H3), 5.07 (d, 

³JHH = 17.5 Hz, 1H, H4), 4.98 (s, 1H, H1), 4.93 (s, 2H, H10), 4.88 (d, ³JHH = 10.8 Hz, 1H, H4), 4.75 

(s, 1H, H1), 3.27 (s, 2H, H5). 

¹³C{¹H} NMR (100 MHz, C₆D₆, 27 °C) δ (ppm) = 145.5 (C2), 141.2 (C11), 138.8 (C3), 138.7 (C6), 

135.4 (C9), 129.5 (C7), 126.5 (C8), 126.2 (C13), 123.7 (C16), 120.8 (C15), 119.6 (C14), 118.3 (C1), 

114.5 (C4), 109.3 (C12), 46.2 (C10), 37.9 (C5). 
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Synthesis of 4-(buta-1,3-dien-2-yl)-N,N-dimethylaniline (Me₂N-Ph-BD) 

 

Magnesium turnings (0.36 g, 15 mmol, 1.5 equiv.) were layered with THF (2 mL) and 

activated with dibromoethane (1 mmol, 0.1 equiv.). A solution of 4-bromo-N,N-

dimethylaniline (2.0 g, 10 mmol, 1 equiv.) and dibromoethane (1 mmol, 0.1 equiv.) in THF 

(15 mL) was added and the mixture was refluxed for 60 minutes. After filtration to remove 

excess Mg, the prepared Grignard reagent was added dropwise to a suspension of 

[NiCl₂(dppp)] (60 mg, 0.11 mmol) and chloroprene solution (11 mmol, 1.1 equiv.) in THF (5 

mL) at 0 °C. The mixture was warmed to r.t. and stirred for 12 h. An aliquot was taken (0.25 

mL) and diluted with heptane, precipitated Mg- salts were remove by centrifugation, and the 

supernatant was concentrated under vacuum. NMR analysis indicated the formation of 4-

(buta-1,3-dien-2-yl)-N,N-dimethylaniline in ca. 85% yield. 4-(buta-1,3-dien-2-yl)-N,N-

dimethylaniline is not stable in concentrated samples due to [4+2]cycloaddition and was 

used as a dilute heptane solution. Hence, the THF reaction solution was added to heptane 

(50 mL), magnesium salts were filtered off, and the resulting solution was concentrated 

under vacuum to obtain a heptane solution (8.65 g) of 4-(buta-1,3-dien-2-yl)-N,N-

dimethylaniline (1.3 g, 7.5 mmol, 75% yield; content determined by NMR analysis). 

¹H NMR (400 MHz, C₆D₆, 27 °C): d 7.36 (m, 2H, H6 and H10), 6.66 (dd, ³JHH = 17.6 and 10.8 

Hz, 1H, H3), 6.56 (m, 2H, H7 and H9), 5.45 (d, ³JHH = 17.6 Hz, 1H, H4), 5.25 (s, 1H, H1), 5.20 

(s, 1H, H1), 5.14 (d, ³JHH = 10.8 Hz, 1H, H4), 2.50 (s, 6H, H11 and H12). 

Synthesis of N,N-dimethyl-2-(2-methylenebut-3-en-1-yl)aniline (Me₂N-Bn-BD) 

 

2-(N,N-dimethylamino)benzyl lithium: To a solution of 2-methyl-N,N-dimethylaniline 

(1.35 g, 10 mmol, 1 equiv.) in heptane (25 mL) n-BuLi (10 mmol, 4 mL 2.5M in hexane) was 

added by syringe. The volume was reduced under vacuum to ca. 15 mL and the resulting 
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mixture refluxed for 20 h, upon which a beige precipitate of 2-(N,N-dimethylamino)benzyl 

lithium formed. The solid was collected by filtration, washed with pentane (3 x 10 mL), dried 

under vacuum and used without further purification. 

N,N-dimethyl-2-(2-methylenebut-3-en-1-yl)aniline: 2-(N,N-dimethylamino)benzyl 

lithium (282 mg, 2 mmol. 1 equiv.) was dissolved in THF (4 mL), anhydrous MgCl₂ (286 mg, 

3 mmol, 1.5 equiv.) was added and the mixture was stirred for 20 min at 25 °C. The resulting 

mixture was added dropwise to a mixture of [NiCl₂(dppp)] (6 mg, 0.011 mmol) and a 

chloroprene solution (2.2 mmol, 1.1 equiv) in THF (5 mL) at 0 °C. NMR analysis of an aliquot 

taken after 35 min at 0 °C indicates the formation of N,N-dimethyl-2-(2-methylenebut-3-en-1-

yl)aniline in ca. 80% yield. The reaction mixtures was added to heptane (50 mL), filtrated, 

and the filtrate concentrated to 4.48 g heptane solution containing ca. 310 mg (1.65 mmol, 82 

%) N,N-dimethyl-2-(2-methylenebut-3-en-1-yl)aniline.  

¹H NMR (400 MHz, C₆D₆/thf-h₈, 27 °C): d 7.13 (m, 1H, H7), 7.05 (m, 1H, H9), 6.94 (m, 1H, 

H10), 6.88 (m, 1H, H8), 6.35 (dd, ³JHH = 17.6 and 10.8 Hz, 1H, H3), 5.20 (d, ³JHH = 17.6,Hz, 1H, 

H4), 5.04 (s, 1H, H1), 4.89 (d, ³JHH = 10.8 Hz, 1H, H4), 4.87 (s, 1H, H1), 3.62 (s, 2H, H5), 2.45 (s, 

6H, H11 and H12). 

Synthesis of (E)-4,4,5,5-tetramethyl-2-(3-methylbuta-1,3-dien-1-yl)-1,3,2-dioxa-

borolane (E1-PinB-IP) 

 

In analogy to a procedure published by Hoveyda et al.:131 Pinacolborane (3.8 g, 30 mmol, 

1 equiv.), 2-methylbut-1-en-3-yne (2.2 g, 33 mmol, 1.1 equiv.), 1,3-(2,6-di-isopropyl-

phenyl)imidazolidin-2-ylidene)copper(I) chloride (4 mg, 10 µmol, 0.3 mol%) and lithium tert-

butoxide (8 mg, 13 µmol, 0.4 mol%) were stirred under exclusion of water and oxygen for 2 

days. The volatiles were removed in vacuum and the residue purified via bulb to bulb 

distillation to give (E)-4,4,5,5-tetramethyl-2-(3-methylbuta-1,3-dien-1-yl)-1,3,2-dioxaborolane 

as a clear, colorless liquid in quantitative yield. 
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¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 7.47 (d, ³JHH = 18 Hz, 1H, H1), 5.82 (dt, ³JHH = 18 

Hz, ⁴JHH = 0.5 Hz, 1H, H2), 4.90 – 5.05 (m, 2H, H4), 1.68 (m, 3H, H7), 1.09 (m, 12H, H6). 

¹³C{¹H} NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 152.7 (C2), 143.4 (C3), 120.0 (C4), 117.2 (b, 

C1), 83.1 (C5), 24.9 (C6), 17.7 (C7). 

Synthesis of Diethyl(1,3-butadien-1-yl)phosphonate (E1-(EtO)₂(O)P-BD) 

 

Diethyl(1,3-butadien-1-yl)phosphonate was synthesized according to Monbaliu and 

Marchand-Brynaert.132 1,4-trans-dichlorobutene (5.0 g, 20 mmol, 2 equiv.) and P(OEt)₃ (1.6 g, 

10 mmol, 1 equiv.) were stirred at 160 °C for 24 h. Residual 1,4-trans-dichlorobutene was 

removed under reduced pressure. The obtained crude trans-1-chloro-4-diethoxyphosphoryl-

butene was dissolved in THF (5 mL) and added slowly to a solution of 1,8-diazabicyclo-

(5.4.0)undec-7-ene (DBU) (3.8 g, 25 mmol, 2.5 equiv.) in THF (25 mL). The reaction mixture 

was stirred at 50 °C for 16 h and the solvent was subsequently removed. The residue was 

extracted with ethyl acetate and 0.1 M HCl. Drying of the combined organic phases over 

MgSO₄ and removal of the solvent gave the crude product. Purification by column 

chromatography (EtOAc:PE = 5:1) yielded diethyl(1,3-butadien-1-yl)phosphonate (1.3 g, 6.2 

mmol, 62%).¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 7.31 – 7.17 (m, 1H, H2), 6.19 – 5.89 

(m, 1H, H3), 5.66 (vt, ³JHH = 17.3, 1H, H1), 5.09 (d, ³JHH = 16.8 Hz, 1H, H4), 4.98 (d, ³JHH = 10.1 

Hz, 1H, H4), 3.93 (dt, ³JPH = 8.5 Hz, ³JHH = 7.1 Hz, 4H, H5), 1.05 (t, ³JHH = 7.1 Hz, 6H, H6). 

¹³C{¹H} NMR (101 MHz, C₆D₆, 27 °C) δ (ppm) = 148.0 (d, ²JPH = 6.1 Hz, C2), 135.8 (d, ³JPH = 26.6 

Hz, C3), 123.6 (C4), 120.0 (d, ¹JPH = 189.1 Hz, C1), 61.0 (d, ²JPH = 5.3 Hz, C5), 16.1 (d, ³JPH = 6.1 

Hz, C6). 

Synthesis of Diethyl(4-methylenehex-5-en-1-yl)phosphonate ((EtO)₂(O)P-3-BD) 
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Diethyl-3-iodopropylphosphonate: To a mixture of NaI (2.2 g, 15 mmol, 1.5 equiv.) in 

acetone (40 mL), diethyl-3-chloropropylphosphonate (2.1 g, 10 mmol, 1 equiv., synthesize 

according to Ragulin133) was added and the mixture was stirred for 16 h at 40 °C. The 

mixture was cooled to room temperature, the solvent removed under vacuum (200 – 5 mbar), 

and the residue extracted in a mixture of water (150 mL) and ethyl acetate (3 x 25 mL). The 

organic phase was washed with additional water (2  20 mL), dried over Na₂SO₄ and 

concentrated to dryness (20 – 3 mbar) to leave a colorless oil of diethyl-3-

iodopropylphosphonate (2.9 g, 9.5 mmol, 95 %) which was used without further purification 

in the next step.  

¹H NMR (400 MHz, acetone-d₆, 27 °C): δ (ppm) = 4.10 (m, 4H, CH₃CH₂OP), 3.39 (dd, ³JHH = 7.5 

Hz, ⁴JPH = 1.0 Hz, ICH₂), 2.07 (m, 2H, PCH₂), 1.93 (m, 2H, PCH₂CH₂), 1.27 (t, ³JHH = 7.2 Hz, 6H 

CH₃CH₂OP). 

¹³C{¹H} NMR (100 MHz, acetone-d₆, 27 °C): δ (ppm) = 62.3 (d, ²JPC = 6.3 Hz, POCH₂), 27. 8 (d, 

²JPC = 4.0 Hz, PCH₂CH₂), 26.9 (d, ¹JPC = 140.8 Hz, PCH₂), 16.6 (d, ³JPC = 5.9 Hz, POCH₂CH₃), 7.7 

(d, ³JPC = 20.1 Hz, PCH₂CH₂CH₂I). 

³¹P{¹H} NMR (161 MHz, acetone-d₆, 27 °C): δ (ppm) = 29.9. 

Diethyl(4-methylenehex-5-en-1-yl)phosphonate: To a solution of diethyl-3-

iodopropylphosphonate (2.1 g, 7 mmol, 1 equiv.) in THF (8 mL), was added a solution of 

dilithium tetrachlorocuprate(II) (prepared from LiCl (59.4 mg, 1.4 mmol) and CuCl₂ (94.1 mg, 

0.7 mmol)) in THF (4 mL). The mixture was cooled to 0 °C, and a solution of 1,3-butadien-2-

yl magnesium chloride (0.8 M, 8.5 mL, 6.8 mmol, 0.97 equiv.) was added dropwise by 

syringe within 5 min under stirring. The mixture was stirred for additional 20 min at 0 °C 

and then allowed to warm to room temperature after removal of the cooling bath. The 

solvent was removed under vacuum, the residue extracted in a mixture of aqueous saturated 

NH₄Cl (60 mL) and ethyl acetate (3  20 mL), the combined organic phase were washed with 

water, dried over Na₂SO₄, and concentrated to leave a pale yellow oil which was purified by 

column chromatography (EtOAc:PE 5:1, Rf = 0.6) to yield diethyl(4-methylenehex-5-en-1-

yl)phosphonate (1.1 g, 4,6 mmol, 67%). 
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¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 6.26 (ddm, ³JHH = 10.6 and 17.6 Hz, 1H, H3), 5.15 

(dm, ³JHH = 17.6 Hz, 1H, H4), 4.91 (m, 3H, H4 and H1), 3.91 (m, 4H, H8), 2.15 (dt, ³JHH = 7.9 

Hz, ⁴JHH = 0.9 Hz, 2H, H5), 1.82 (m, 2H, H6), 1.59 (m, 2H, H7), 1.04 (t, ³JHH = 7.1 Hz, H9). 

¹³C{¹H} NMR (100 MHz, C₆D₆, 27 °C): δ (ppm) = 145.7 (C2), 138.9 (C3), 116.4 (C1), 113.5 (C4), 

61.0 (d, ²JPC = 6.3 Hz, C8), 32.2 (d, ³JPC = 15.7 Hz, C5), 25.9 (d, ¹JPC = 140.4 Hz, C7), 21.6 (d, ²JPC = 

4.7 Hz, C6), 16.6 (d, ³JPC = 5.7 Hz, C9). 

³¹P{¹H} NMR (161 MHz, C₆D₆, 27 °C): δ (ppm) = 31.3. 

Synthesis of allyl(mesityl) nickel(II)-tetrakis(3,5-bis(trifluoro-methyl)phenyl)borate 

(Ni-1)70 

 

Procedure according to Brookhart et al.:70 [Ni(allyl)Cl]₂ (203 mg, 0.751 mmol, 1.00 equiv.) 

and NaBArF₄ (1.33 g, 1.5 mmol, 2.00 equiv.) were mixed in a Schlenk flask. After cooling 

to -78 °C the solids were dissolved in diethyl ether (12 mL). Mesitylene (476 mg, 3.96 mmol, 

2.6 equiv.) was added to the orange-red solution. After 10 min at -78 °C the temperature was 

increased to 0 °C and the reaction mixture was stirred for an additional hour. The solvent 

was then removed in vacuo at r.t. and the dark red residue was redissolved in methylene 

chloride (10 mL). The resulting suspension was filtered using a syringe filter (4 μm) and the 

solvent was removed. The reddish brown residue was washed with pentane (3x8 mL) and 

dried in vacuo. The title compound Ni-1 (1.47 g, 1.36 mmol, 90%) was obtained as a red 

powdery solid. ¹H and ¹³C NMR data are in accordance with reported data.70 

¹H NMR (400 MHz, CD₂Cl₂, 27 °C) δ (ppm) = 7.72 (s, 8H, ArF-Ho), 7.57 (s, 4H, ArF-Hp), 6.67 

(s, 3H, H3), 5.86 (vsept, ³JHH = 12.5 Hz, ³JHH = 6.6 Hz, 1H, H2), 3.70 (d, ³JHH = 6.6 Hz, 2H, H1syn), 

2.46 (d, ³JHH = 12.5 Hz, 2H, H1anti), 2.36 (s, 9H, H5). 

¹³C{¹H} NMR (101 MHz, CD₂Cl₂, 27 °C) δ (ppm) = 162.3 (q, ¹JCB = 49.8 Hz, ArF-Cipso) 135.4 (s, 

ArF-Co), 129.5 (qq, ³JCB = 3.2 Hz, ²JCF = 31.6 Hz, ArF-C-CF₃), 125.0 (s, C4), 125.2 (q, 

¹JCF = 273.5 Hz, ArF-CF₃), 118.1 (m, ArF-Cp), 109.7 (s, C3), 107.7 (s, C2), 59.9 (s, C1), 20.8 (s, 

C5). 
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3.4.3 Polymerization Procedures 

BD Homopolymerizations in a Schlenk Tube under Constantly Applied BD Pressure 

Toluene was added to a flame-dried Schlenk-flask (15 mL) and the flask was 

subsequently sealed with a rubber septum. Butadiene was added to the evacuated flask by 

saturation of the toluene at the reaction temperature with 1.05 bar BD pressure. The 

polymerization was initiated by adding the catalyst in toluene (5 mL) at the indicated 

reaction temperature. The polymerization was allowed to run at that temperature for the 

indicated time. 0.5 mL of NEt₃ were added to end the polymerization. Residual butadiene 

was carefully removed under reduced pressure and the polymer was precipitated in MeOH 

in the presence of BHT (ca. 100 mg/100 mL). The formed polymer was dried overnight at 

50 °C under reduced pressure. 

Copolymerizations in a Schlenk Tube under Constantly Applied BD Pressure 

The comonomer was added to a flame-dried Schlenk-flask as a toluene solution (total 

volume of toluene 15 mL for polymerizations in 20 mL solvent and a total volume of 40 mL 

for polymerizations in 45 mL of solvent) and the flask was subsequently sealed with a rubber 

septum. Butadiene was added to the evacuated flask by saturation of the toluene at the 

reaction temperature with 1.05 bar BD pressure. The polymerization was initiated by adding 

the catalyst in toluene (5 mL) at the indicated reaction temperature. The polymerization was 

allowed to run at that temperature for the indicated time. 0.5 mL of NEt₃ were added to end 

the polymerization. Residual butadiene was carefully removed under reduced pressure and 

the polymer was precipitated in MeOH in the presence of BHT (ca. 100 mg/100 mL). The 

formed polymer was dried overnight at 50 °C under reduced pressure. 

BD Homopolymerizations in a Schlenk Tube with a Defined Amount of BD 

A flame-dried Schlenk-flask was charged with solvent (CH₂Cl₂ or toluene, atotal volume 

of 15 mL) and sealed with a rubber-septum. This solution was cooled to -78 °C and 

evacuated for a short period of time. BD was then condensed into the solvent under reduced 

pressure and the precise amount of BD dissolved was determined on a balance. The mixture 

was warmed to the reaction temperature and the catalyst was added in 5 mL of toluene. The 

polymerization was allowed to run at that temperature for the indicated time. 0.5 mL of NEt₃ 
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were added to end the polymerization. Residual butadiene was carefully removed under 

reduced pressure and the polymer was precipitated in MeOH in the presence of BHT (ca. 100 

mg/100 mL). The formed polymer was dried overnight at 50 °C under reduced pressure. 

Copolymerizations in a Schlenk Tube with a Defined Amount of BD 

A flame-dried Schlenk-flask was charged with the comonomer in the solvent used 

(CH₂Cl₂ or toluene, a total volume of 15 mL) and sealed with a rubber-septum. This solution 

was cooled to -78 °C and evacuated for a short period of time. BD was then condensed into 

the solvent under reduced pressure and the precise amount of BD dissolved was determined 

on a balance. The mixture was warmed to the reaction temperature and the catalyst was 

added in 5 mL of toluene. The polymerization was allowed to run at that temperature for the 

indicated time. 0.5 mL of NEt₃ were added to end the polymerization. Residual butadiene 

was carefully removed under reduced pressure and the polymer was precipitated in MeOH 

in the presence of BHT (ca. 100 mg/100 mL). The formed polymer was dried overnight at 

50 °C under reduced pressure. 

Copolymerizations in a Pressure Reactor at Temperatures Above 25 °C 

A solution of the comonomer in 30 mL of toluene was added to a 200 mL Büchi ecoclave 

pressure reactor (glassware, suited up to 6 bar) equipped with a mechanical stirrer, a 

pressure burette and a thermostat. Under stirring, the reactor was evacuated until the 

toluene began to boil, then butadiene was condensed into the reactor until the desired 

volume or a constant pressure (2.1 bar) was reached. The reactor was heated to 2 °C below 

the desired reaction temperature while stirring the content at 750 rpm. Then, a solution of the 

catalyst in 5 mL toluene was injected into the reactor via the pressure burette. The onset of 

the polymerization was evident by a 2 – 5 °C exotherm after injection. If required, a second 

aliquot of the catalyst was added (in 5 mL toluene). After the indicated polymerization time 

a solution of 0.5 mL triethylamine in 5 mL toluene was injected into the reactor through the 

pressure burette, the reactor was cooled to 25 °C, and excess butadiene was carefully 

removed under vacuum. The polymer was precipitated in MeOH in the presence of BHT (ca. 

100 mg/100 mL). The formed polymer was dried overnight at 50 °C under reduced pressure. 
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3.5 Additional Spectra and Data 

3.5.1 Selected NMR-spectra of Copolymers Based on BD 

Table 3.3: Additional polymerizations of polymers used for NMR analyses of the copolymers. 

entry Ni-1 T time BD CoMo  yield 
CoMo 

incorp.a) 

CoMo. 

conv. 
TON Mn

b) 
Mw

Mn

b) Tg
c) 

1,4-cis- 

contentd) 

 
[µmol] [°C] [h] 

 
[mmol] [g] [mol%] [%]  [g mol⁻¹] 

 
[°C] [%] 

1 10+15 r.t. 1.5 6.7 g 1 (1.0) 5.7 0.84 89 4200 36000 3.5 -96 96 

2 6+6+10e)f) 0 4 1.05 bar 2 (0.43) 3.0 0.4 50 2500 72000 2.0 -97 97 

3 10 r.t. 0.42 1.05 bar 3 (0.67) 5.8 0.48 69 11000 52000 3.0 -96 96 

4 10 r.t. 1.5 1.05 bar 4 (1.0) 3.5 0.89 58 6500 57000 2.2 -94 96 

Reaction conditions unless otherwise noted: 20 mL toluene, magnetically stirred with a high inertia neodymium 

magnet in a 100 mL Schlenk tube. Comonomer 1: (EtO)₃Si-3-IP, 2: PhSO₂NH-3-BD, 3: CarbN-4-BD, 4: Ph₂N-4-BD 

a) calculated from ¹H NMR-spectra. b) determined by GPC in THF vs. PS standards. c) determined by DSC. d) 

calculated from ¹³C NMR-spectra. e) x+y indicates a successive addition of Ni-1 until polymerization activity was 

observed by increasing viscosity. f) 45 mL solvent 

NMR-Spectra of copolymers with (EtO)₃Si-3-BD 

 

Figure 3.5: ¹H NMR spectra of copolymers synthesized from BD and (EtO)₃Si-3-BD with different 

incorporation ratios (2.2 mol%, 3.3 mol%, and 7.8 mol%, Table 3.1 entries 1, 2, and 3, recorded at 27 °C 

in CDCl₃). 
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Figure 3.6: ¹H NMR-spectrum of a copolymer synthesized from BD and (EtO)₃Si-3-BD (Table 3.1 

entry 3, recorded at 27 °C in CDCl₃). 

 

Figure 3.7: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and (EtO)₃Si-3-BD (Table 3.1 

entry 3, recorded at 27 °C in CDCl₃). 
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Figure 3.8: HSQC (red for CH₃, CH and blue for CH₂) NMR-spectrum of a copolymer synthesized 

from BD and (EtO)₃Si-3-BD (Table 3.1 entry 3, recorded at 27 °C in CDCl₃). 

 

Figure 3.9: HMBC NMR-spectrum of a copolymer synthesized from BD and (EtO)₃Si-3-BD (Table 3.1 

entry 3, recorded at 27 °C in CDCl₃). 
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Figure 3.10: 1D-TOCSY and ¹H-spectrum of a copolymer synthesized from BD and (EtO)₃Si-3-BD 

(Table 3.1 entry 3, recorded at 27 °C in CDCl₃). Mixing time in TOCSY experiment was 260 ms. ROE = 

rotating frame Overhauser effect, i.e. transfer of magnetization through space. 

 

Figure 3.11: HSQC-TOCSY-spectrum of a copolymer synthesized from BD and (EtO)₃Si-3-BD (Table 

3.1 entry 3, recorded at 27 °C in CDCl₃). Mixing time in TOCSY experiment was 180 ms. HSQC-signal 

of group 3 shows TOCSY-magnetization transfer through bonds to group 2b. If transfer occurs to 

group 4 or group 1b (or both) is not distinguishable in this experiment. 
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Figure 3.12: ¹³C-¹³C-INADEQUATE spectrum of a copolymer synthesized from BD and (EtO)₃Si-3-BD 

(Table 3.1 entry 3, recorded at 27 °C in C₆D₆). The connectivity in the polymer backbone and therefore 

the formation of a true copolymer is unambiguously proven. This spectrum has been presented 

already in Chapter 3.2.1 as Figure 3.2. 

 

Figure 3.13: DOSY NMR-spectrum of a copolymer synthesized from BD and (EtO)₃Si-3-BD (Table 3.1 

entry 3, recorded at 27 °C in CDCl₃). 
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NMR-Spectra of copolymers with (MeO)₃Si-3-BD 

 

Figure 3.14: ¹H NMR-spectrum of a copolymer synthesized from BD and (MeO)₃Si-3-BD (Table 3.1 

entry 13, recorded at 27 °C in CDCl₃). 

 

Figure 3.15: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and (MeO)₃Si-3-BD (Table 

3.1 entry 13, recorded at 27 °C in CDCl₃). 
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NMR-Spectra of copolymers with (EtO)₃Si-3-IP 

 

Figure 3.16: ¹H NMR-spectrum of a copolymer synthesized from BD and (EtO)₃Si-3-IP (Table 3.1 

entry 5, recorded at 27 °C in CDCl₃). 

 

Figure 3.17: ¹H NMR-spectrum of a copolymer synthesized from BD and (EtO)₃Si-3-IP (Table 3.3 

entry 1, recorded at 27 °C in CDCl₃). 
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Figure 3.18: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and (EtO)₃Si-3-IP (Table 3.3 

entry 1, recorded at 27 °C in CDCl₃). 

 

Figure 3.19: HSQC NMR-spectrum of a copolymer synthesized from BD and (EtO)₃Si-3-IP (Table 3.3 

entry 1, recorded at 27 °C in CDCl₃). 
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Figure 3.20: HMBC NMR-spectrum of a copolymer synthesized from BD and (EtO)₃Si-3-IP (Table 3.3 

entry 1, recorded at 27 °C in CDCl₃). 

 

Figure 3.21: DOSY NMR-spectrum of a copolymer synthesized from BD and (EtO)₃Si-3-IP (Table 3.3 

entry 1, recorded at 27 °C in CDCl₃). 
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NMR-Spectra of copolymers with (EtO)₃Si-IP 

 

Figure 3.22: ¹H NMR-spectrum of a copolymer synthesized from BD and (EtO)₃Si-IP (Table 3.1 entry 

6, recorded at 27 °C in CDCl₃). 

 

Figure 3.23: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and (EtO)₃Si-IP (Table 3.1 

entry 6, recorded at 27 °C in CDCl₃). 
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Figure 3.24: HSQC NMR-spectrum of a copolymer synthesized from BD and (EtO)₃Si-IP (Table 3.1 

entry 6, recorded at 27 °C in CDCl₃). 

 

Figure 3.25: HMBC NMR-spectrum of a copolymer synthesized from BD and (EtO)₃Si-IP (Table 3.1 

entry 6, recorded at 27 °C in CDCl₃). 
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NMR-Spectra of copolymers with (MeO)₃Si-IP 

 

Figure 3.26: ¹H NMR-spectrum of a copolymer synthesized from BD and (MeO)₃Si-IP (Table 3.1 entry 

7, recorded at 27 °C in CDCl₃). 

 

Figure 3.27: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and (MeO)₃Si-IP (Table 3.1 

entry 7, recorded at 27 °C in CDCl₃). 
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Figure 3.28: DOSY NMR-spectrum of a copolymer synthesized from BD and (MeO)₃Si-IP (Table 3.1 

entry 7, recorded at 27 °C in CDCl₃). 

NMR-Spectra of copolymers with PhSO₂-3-BD 

 

Figure 3.29: ¹H NMR-spectrum of a copolymer synthesized from BD and PhSO₂-3-BD (Table 3.2 entry 

2, recorded at 27 °C in CDCl₃). 
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Figure 3.30: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and PhSO₂-3-BD (Table 3.2 

entry 2, recorded at 27 °C in CDCl₃). 

 

Figure 3.31: HSQC NMR-spectrum of a copolymer synthesized from BD and PhSO₂-3-BD (Table 3.2 

entry 2, recorded at 27 °C in CDCl₃). 
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Figure 3.32: HMBC NMR-spectrum of a copolymer synthesized from BD and PhSO₂-3-BD (Table 3.2 

entry 2, recorded at 27 °C in CDCl₃). 

NMR-Spectra of copolymers with PhSO₂NH-3-BD 

 

Figure 3.33: ¹H NMR-spectrum of a copolymer synthesized from BD and PhSO₂NH-3-BD (Table 3.2 

entry 3, recorded at 27 °C in CDCl₃). 
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Figure 3.34: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and PhSO₂NH-3-BD (Table 

3.2 entry 3, recorded at 27 °C in CDCl₃). 

 

Figure 3.35: HSQC NMR-spectrum of a copolymer synthesized from BD and PhSO₂NH-3-BD (Table 

3.2 entry 3, recorded at 27 °C in CDCl₃). 
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Figure 3.36: HMBC NMR-spectrum of a copolymer synthesized from BD and PhSO₂NH-3-BD (Table 

3.2 entry 3, recorded at 27 °C in CDCl₃). 

 

Figure 3.37: DOSY NMR-spectrum of a copolymer synthesized from BD and PhSO₂NH-3-BD (Table 

3.2 entry 3, recorded at 27 °C in CDCl₃). 
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NMR-Spectra of copolymers with CarbN-4-BD 

 

Figure 3.38: ¹H NMR-spectrum of a copolymer synthesized from BD and CarbN-4-BD (Table 3.2 

entry 4, recorded at 27 °C in CDCl₃). 

 

Figure 3.39: ¹H NMR-spectrum of a copolymer synthesized from BD and CarbN-4-BD (Table 3.3 

entry 3, recorded at 27 °C in CDCl₃). 
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Figure 3.40: TOCSY NMR-spectrum of a copolymer synthesized from BD and CarbN-4-BD (Table 3.3 

entry 3, recorded at 27 °C in CDCl₃). 

 

Figure 3.41: COSY NMR-spectrum of a copolymer synthesized from BD and CarbN-4-BD (Table 3.3 

entry 3, recorded at 27 °C in CDCl₃). 
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Figure 3.42: HSQC NMR-spectrum of a copolymer synthesized from BD and CarbN-4-BD (Table 3.3 

entry 3, recorded at 27 °C in CDCl₃). 

 

Figure 3.43: HMBC NMR-spectrum of a copolymer synthesized from BD and CarbN-4-BD (Table 3.3 

entry 3, recorded at 27 °C in CDCl₃). 
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Figure 3.44: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and CarbN-4-BD (Table 3.3 

entry 3, recorded at 27 °C in CDCl₃). 

 

Figure 3.45: DOSY NMR-spectrum of a copolymer synthesized from BD and CarbN-4-BD (Table 3.3 

entry 3, recorded at 27 °C in CDCl₃). 
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NMR-Spectra of copolymers with Ph₂N-4-BD 

 

Figure 3.46: ¹H NMR-spectrum of a copolymer synthesized from BD and Ph₂N-4-BD (Table 3.2 entry 

5, recorded at 27 °C in CDCl₃). 

 

Figure 3.47: DOSY NMR-spectrum of a copolymer synthesized from BD and Ph₂N-4-BD (Table 3.2 

entry 5, recorded at 27 °C in CDCl₃). 
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Figure 3.48: ¹H NMR-spectrum of a copolymer synthesized from BD and Ph₂N-4-BD (Table 3.3 entry 

4, recorded at 27 °C in CDCl₃). 

 

Figure 3.49: COSY NMR-spectrum of a copolymer synthesized from BD and Ph₂N-4-BD (Table 3.3 

entry 4, recorded at 27 °C in CDCl₃). 
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Figure 3.50: HSQC NMR-spectrum of a copolymer synthesized from BD and Ph₂N-4-BD (Table 3.3 

entry 4, recorded at 27 °C in CDCl₃). 

 

Figure 3.51: HMBC NMR-spectrum of a copolymer synthesized from BD and Ph₂N-4-BD (Table 3.3 

entry 4, recorded at 27 °C in CDCl₃). 
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Figure 3.52: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and Ph₂N-4-BD (Table 3.3 

entry 4, recorded at 27 °C in CDCl₃). 

NMR-Spectra of copolymers with CarbN-pXyl-BD 

 

Figure 3.53: ¹H NMR-spectrum of a copolymer synthesized from BD and CarbN-pXyl-BD (Table 3.2 

entry 7, recorded at 27 °C in CDCl₃). 



3.5 Additional Spectra and Data 

75 

 

Figure 3.54: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and CarbN-pXyl-BD (Table 

3.2 entry 7, recorded at 27 °C in CDCl₃). 

NMR-Spectra of copolymers with Me₂N-Ph-BD 

 

Figure 3.55: ¹H NMR-spectrum of a copolymer synthesized from BD and Me₂N-Ph-BD (Table 3.2 

entry 8, recorded at 27 °C in CDCl₃). 



3. Ni Catalyzed Copolymerization of Butadiene and Functionalized 1,3-Dienes 

76 

 

Figure 3.56: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and Me₂N-Ph-BD (Table 3.2 

entry 8, recorded at 27 °C in CDCl₃). 

 

Figure 3.57: HSQC NMR-spectrum of a copolymer synthesized from BD and Me₂N-Ph-BD (Table 3.2 

entry 8, recorded at 27 °C in CDCl₃). 
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NMR-Spectra of copolymers with Me₂N-Bn-BD 

 

Figure 3.58: ¹H NMR-spectrum of a copolymer synthesized from BD and Me₂N-Bn-BD (Table 3.2 

entry 9, recorded at 27 °C in CDCl₃). 

 

Figure 3.59: HSQC NMR-spectrum of a copolymer synthesized from BD and Me₂N-Bn-BD (Table 3.2 

entry 9, recorded at 27 °C in CDCl₃). 
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Figure 3.60: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and Me₂N-Bn-BD (Table 3.2 

entry 9, recorded at 27 °C in CDCl₃). 

NMR-Spectra of copolymers with E1-PinB-IP 

 

Figure 3.61: ¹H NMR-spectrum of a copolymer synthesized from BD and E1-PinB-IP (Table 3.2 entry 

10, recorded at 27 °C in CDCl₃). 
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Figure 3.62: COSY NMR-spectrum of a copolymer synthesized from BD and E1-PinB-IP (Table 3.2 

entry 10, recorded at 27 °C in CDCl₃). 

 

Figure 3.63: HSQC NMR-spectrum of a copolymer synthesized from BD and E1-PinB-IP (Table 3.2 

entry 10, recorded at 27 °C in CDCl₃). 
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Figure 3.64: HMBC NMR-spectrum of a copolymer synthesized from BD and E1-PinB-IP (Table 3.2 

entry 10, recorded at 27 °C in CDCl₃). 

 

Figure 3.65: HSQC-TOCSY NMR-spectrum of a copolymer synthesized from BD and E1-PinB-IP 

(Table 3.2 entry 10, recorded at 27 °C in CDCl₃). 
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Figure 3.66: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and E1-PinB-IP (Table 3.2 

entry 10, recorded at 27 °C in CDCl₃). 

 

Figure 3.67: DOSY NMR-spectrum of a copolymer synthesized from BD and E1-PinB-IP (Table 3.2 

entry 10, recorded at 27 °C in CDCl₃). 
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Figure 3.68: ¹H NMR-spectrum of a copolymer synthesized from BD and E1-PinB-IP (Table 3.2 entry 

11, recorded at 27 °C in CDCl₃). 

NMR-Spectra of copolymers with (EtO)₂(O)P-3-BD 

 

Figure 3.69: ¹H NMR-spectrum of a copolymer synthesized from BD and (EtO)₂(O)P-3-BD (recorded 

at 27 °C in CD₂Cl₂, copolymerization was performed in CD₂Cl₂, BD:(EtO)₂(O)P-3-BD:Ni-1 = 655:33:1, 7 

days at 50 °C, excess BD was removed under reduced pressure). 
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Figure 3.70: HSQC NMR-spectrum of a copolymer synthesized from BD and (EtO)₂(O)P-3-BD 

(recorded at 27 °C in CD₂Cl₂, copolymerization was performed in CD₂Cl₂, BD: (EtO)₂(O)P-3-BD:Ni-1 = 

655:33:1, 7 days at 50 °C, excess BD was removed under reduced pressure). 

 

Figure 3.71: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and (EtO)₂(O)P-3-BD 

(recorded at 27 °C in CD₂Cl₂, copolymerization was performed in CD₂Cl₂, BD: (EtO)₂(O)P-3-BD:Ni-1 = 

655:33:1, 7 days at 50 °C, excess BD was removed under reduced pressure). 
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Figure 3.72: HSQC NMR-spectrum of a copolymer synthesized from BD and (EtO)₂(O)P-3-BD 

(recorded at 27 °C in CD₂Cl₂, copolymerization was performed in CD₂Cl₂, BD: (EtO)₂(O)P-3-BD:Ni-1 = 

655:33:1, 7 days at 50 °C, spectrum was recorded before excess BD was removed). 
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3.5.2 Selected NMR-spectra of Copolymers Based on IP 

NMR-Spectra of copolymers with (EtO)₃Si-3-BD 

 

Figure 3.73: ¹H NMR-spectrum of a copolymer synthesized from IP and (EtO)₃Si-3-BD (recorded at 

27 °C in CDCl₃; polymerization conditions: 10 µmol Ni-1, 2.3 mL toluene, 680 mg IP, 77 mg (EtO)₃Si-3-

BD, 15 h at r.t.). 

 

Figure 3.74: HSQC NMR-spectrum of a copolymer synthesized from IP and (EtO)₃Si-3-BD (recorded 

at 27 °C in CDCl₃; polymerization conditions: 10 µmol Ni-1, 2.3 mL toluene, 680 mg IP, 77 mg 

(EtO)₃Si-3-BD, 15 h at r.t.). 
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Figure 3.75: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from IP and (EtO)₃Si-3-BD (recorded 

at 27 °C in CDCl₃; polymerization conditions: 10 µmol Ni-1, 2.3 mL toluene, 680 mg IP, 77 mg 

(EtO)₃Si-3-BD, 15 h at r.t.). 

 

Figure 3.76: DOSY NMR-spectrum of a copolymer synthesized from IP and (EtO)₃Si-3-BD (recorded 

at 27 °C in CDCl₃; polymerization conditions: 10 µmol Ni-1, 2.3 mL toluene, 680 mg IP, 77 mg 

(EtO)₃Si-3-BD, 15 h at r.t.). 
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NMR-Spectra of copolymers with (EtO)₃Si-3-IP 

 

Figure 3.77: ¹H NMR-spectrum of a copolymer synthesized from IP and (EtO)₃Si-3-IP (recorded at 

27 °C in CDCl₃; polymerization conditions: 4 µmol Ni-1, 0.6 mL C₆D₆, 197 mg IP, 47 mg (EtO)₃Si-3-IP, 

at r.t. until full conversion was observed by ¹H NMR. Isolated by precipitation in MeOH). 

 

Figure 3.78: HSQC NMR-spectrum of a copolymer synthesized from IP and (EtO)₃Si-3-IP (recorded at 

27 °C in CDCl₃; polymerization conditions: 4 µmol Ni-1, 0.6 mL C₆D₆, 197 mg IP, 47 mg (EtO)₃Si-3-IP, 

at r.t. until full conversion was observed by ¹H NMR. Isolated by precipitation in MeOH). 



3. Ni Catalyzed Copolymerization of Butadiene and Functionalized 1,3-Dienes 

88 

 

Figure 3.79: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from IP and (EtO)₃Si-3-IP (recorded 

at 27 °C in CDCl₃; polymerization conditions: 4 µmol Ni-1, 0.6 mL C₆D₆, 197 mg IP, 47 mg (EtO)₃Si-3-

IP, at r.t. until full conversion was observed by ¹H NMR. Isolated by precipitation in MeOH). 
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NMR-Spectra of copolymers with (EtO)₃Si-IP 

 

Figure 3.80: ¹H NMR-spectrum of a copolymer synthesized from IP and (EtO)₃Si-IP (recorded at 27 °C 

in CDCl₃; polymerization conditions: 7 µmol Ni-1, 0.6 mL C₆D₆, 345 mg IP, 120 mg (EtO)₃Si-IP, at r.t. 

until full conversion was observed by ¹H NMR. Isolated by precipitation in MeOH). 

 

Figure 3.81: HSQC NMR-spectrum of a copolymer synthesized from IP and (EtO)₃Si-IP (recorded at 

27 °C in CDCl₃; polymerization conditions: 7 µmol Ni-1, 0.6 mL C₆D₆, 345 mg IP, 120 mg (EtO)₃Si-IP, 

at r.t. until full conversion was observed by ¹H NMR. Isolated by precipitation in MeOH). 
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Figure 3.82: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from IP and (EtO)₃Si-IP (recorded at 

27 °C in CDCl₃; polymerization conditions: 7 µmol Ni-1, 0.6 mL C₆D₆, 345 mg IP, 120 mg (EtO)₃Si-IP, 

at r.t. until full conversion was observed by ¹H NMR. Isolated by precipitation in MeOH). 

 

Figure 3.83: DOSY NMR-spectrum of a copolymer synthesized from IP and (EtO)₃Si-IP (recorded at 

27 °C in CDCl₃; polymerization conditions: 7 µmol Ni-1, 0.6 mL C₆D₆, 345 mg IP, 120 mg (EtO)₃Si-IP, 

at r.t. until full conversion was observed by ¹H NMR. Isolated by precipitation in MeOH). 
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NMR-Spectra of copolymers with CarbN-4-BD 

 

Figure 3.84: ¹H NMR-spectrum of a copolymer synthesized from IP and CarbN-4-BD (recorded at 

27 °C in CDCl₃). 

 

Figure 3.85: COSY NMR-spectrum of a copolymer synthesized from IP and CarbN-4-BD (recorded at 

27 °C in CDCl₃). 
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Figure 3.86: HSQC NMR-spectrum of a copolymer synthesized from IP and CarbN-4-BD (recorded at 

27 °C in CDCl₃). 

 

Figure 3.87: HMBC NMR-spectrum of a copolymer synthesized from IP and CarbN-4-BD (recorded at 

27 °C in CDCl₃). 
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Figure 3.88: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from IP and CarbN-4-BD (recorded at 

27 °C in CDCl₃). 

 

Figure 3.89: DOSY NMR-spectrum of a copolymer synthesized from IP and CarbN-4-BD (recorded at 

27 °C in CDCl₃). 
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NMR-Spectra of copolymer with E1-PinB-IP 

 

Figure 3.90: ¹H NMR-spectrum of a copolymer synthesized from IP and E1-PinB-BD (recorded at 

27 °C in CDCl₃; polymerization conditions: 3.5 µmol Ni-1, 0.6 mL C₆D₆, 204 mg IP, 47 mg E1-PinB-BD, 

44 h at r.t. Isolated by precipitation in MeOH). 

 

Figure 3.91: HSQC NMR-spectrum of a copolymer synthesized from IP and E1-PinB-BD (recorded at 

27 °C in CDCl₃; polymerization conditions: 3.5 µmol Ni-1, 0.6 mL C₆D₆, 204 mg IP, 47 mg E1-PinB-BD, 

44 h at r.t. Isolated by precipitation in MeOH). 
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Figure 3.92: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from IP and E1-PinB-BD (recorded at 

27 °C in CDCl₃; polymerization conditions: 3.5 µmol Ni-1, 0.6 mL C₆D₆, 204 mg IP, 47 mg E1-PinB-BD, 

44 h at r.t. Isolated by precipitation in MeOH). 

 

Figure 3.93: DOSY NMR-spectrum of a copolymer synthesized from IP and E1-PinB-BD (recorded at 

27 °C in CDCl₃; polymerization conditions: 3.5 µmol Ni-1, 0.6 mL C₆D₆, 204 mg IP, 47 mg E1-PinB-BD, 

44 h at r.t. Isolated by precipitation in MeOH). 
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3.5.3 Microstructure Determination 

The microstructures of the (co)polymers were determined via ¹³C NMR spectroscopy. 

 

Figure 3.94: Exemplary microstructure determination of PBD using ¹³C inverse gated decoupled NMR 

spectroscopy of PBD (Table 3.1 entry 4, recorded at 27 °C in CDCl₃). 

 

Figure 3.95: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of 

copolymer synthesized from BD and (EtO)₃Si-3-BD (Table 3.1 entry 3, recorded at 27 °C in CDCl₃). 
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Figure 3.96: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of 

copolymer synthesized from BD and (MeO)₃Si-IP (Table 3.1 entry 7, recorded at 27 °C in CDCl₃). 

 

Figure 3.97: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of 

copolymer synthesized from BD and (MeO)₃Si-3-BD (Table 3.1 entry 13, recorded at 27 °C in CDCl₃). 
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Figure 3.98: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of 

copolymer synthesized from BD and CarbN-4-BD (Table 3.2 entry 4, recorded at 27 °C in CDCl₃). 

 

Figure 3.99: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of 

copolymer synthesized from BD and CarbN-pXyl-BD (Table 3.2 entry 7, recorded at 27 °C in CDCl₃). 
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Figure 3.100: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of 

copolymer synthesized from BD and E1-PinB-IP (Table 3.2 entry 11, recorded at 27 °C in CDCl₃). 

3.5.4 Other NMR-spectra 

Spectra of Homopolymer based on (EtO)₃Si-3-BD 

 

Figure 3.101: ¹H NMR-spectrum of a homopolymer synthesized from (EtO)₃Si-3-BD (recorded at 

27 °C in CD₂Cl₂, 513 mg (EtO)₃Si-3-BD were polymerized with 10 µmol Ni-1 in CD₂Cl₂ for 7 days at 

r.t.). 
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Figure 3.102: HSQC NMR-spectrum of a homopolymer synthesized from (EtO)₃Si-3-BD (recorded at 

27 °C in CD₂Cl₂, 513 mg (EtO)₃Si-3-BD were polymerized with 10 µmol Ni-1 in CD₂Cl₂ for 7 days at 

r.t.). 

 

Figure 3.103: HMBC NMR-spectrum of a homopolymer synthesized from (EtO)₃Si-3-BD (recorded at 

27 °C in CD₂Cl₂, 513 mg (EtO)₃Si-3-BD were polymerized with 10 µmol Ni-1 in CD₂Cl₂ for 7 days at 

r.t.). 
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Figure 3.104: ¹³C{¹H} NMR-spectrum of a homopolymer synthesized from (EtO)₃Si-3-BD (recorded at 

27 °C in CD₂Cl₂, 513 mg (EtO)₃Si-3-BD were polymerized with 10 µmol Ni-1 in CD₂Cl₂ for 7 days at 

r.t.). 
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Copolymerization of BD, (EtO)₃Si-IP, and E/Z1-(EtO)₃Si-IP Followed over Time by 

¹H NMR 

 

Figure 3.105: ¹H NMR spectra of a copolymerization of BD, 4, and 6 over time (Ni-1 : BD : (EtO)₃Si-IP : 

E/Z1-(EtO)₃Si-IP = 1 : 560 : 28 : 4, in CD₂Cl₂ at 10 °C. Both, (EtO)₃Si-IP and E/Z1-(EtO)₃Si-IP are 

completely consumed after 12 h while BD is still present). 
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Copolymerization of BD and PhNH-3-BD Followed over Time by ¹H NMR 

 

Figure 3.106: ¹H NMR spectra of a copolymerization of BD and PhNH-3-BD over time (Ni-1 : BD : 11 = 

1 : 290 : 10, in C₆D₆ at r.t.. PhNH-3-BD is completely consumed after 92 h while only 22% of BD have 

been polymerized). 

 

Figure 3.107: ¹H NMR spectrum of an NMR-tube copolymerization of BD and PhNH-3-BD (recorded 

at 27 °C in toluene-d8). 
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Figure 3.108: HSQC NMR spectrum of an NMR-tube copolymerization of BD and PhNH-3-BD 

(recorded at 27 °C in toluene-d8). 

 

Figure 3.109: HMBC NMR spectrum of an NMR-tube copolymerization of BD and PhNH-3-BD 

(recorded at 27 °C in toluene-d8). 
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Figure 3.110: ¹³C{¹H} NMR spectrum of an NMR-tube copolymerization of BD and PhNH-3-BD 

(recorded at 27 °C in toluene-d8). 

 

Figure 3.111: DOSY NMR spectrum of an NMR-tube copolymerization of BD and PhNH-3-BD 

(recorded at 27 °C in toluene-d8). 
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3.5.5 Selected GPC and DSC Data 

 

Figure 3.112: GPC and DSC data of a PBD sample obtained from polymerization in CH₂Cl₂ (Table 3.2 

entry 1). 
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Figure 3.113: GPC and DSC data of a PBD sample obtained from polymerization in toluene (Table 3.2 

entry 8). 
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Figure 3.114: GPC and DSC data of a BD-(EtO)₃Si-3-BD copolymer obtained from polymerization in 

toluene (Table 3.1 entry 10). 
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Figure 3.115: GPC and DSC data of PBD obtained from polymerization in toluene under constantly 

applied BD-pressure (Table 3.2 entry 1). 



3. Ni Catalyzed Copolymerization of Butadiene and Functionalized 1,3-Dienes 

110 

 

Figure 3.116: GPC and DSC data of a BD-CarbN-4-BD copolymer obtained from polymerization in 

toluene (Table 3.2 entry 4). 
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Figure 3.117: GPC and DSC data of a BD-CarbN-pXyl-BD copolymer obtained from polymerization in 

toluene (Table 3.2 entry 7). 
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Figure 3.118: GPC and DSC data of a BD-E1-PinB-IP copolymer obtained from polymerization in 

toluene (Table 3.2 entry 11). 
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4. The Influence of Monomer Functional Group 

on Ni Catalyzed Diene Copolymerizations 

4.1 Introduction 

Insertion polymerizations have advanced to one of the largest scale synthetic reactions 

carried out today. This is due to the ability to control materials properties via the polymer 

microstructures. Especially in rubber chemistry, microstructure control is highly important 

and directly linked to the elastomeric behavior. A polar functionalization of stereoregular 

poly(dienes) is highly desirable to improve compatibility with filler materials used in rubber 

applications. Over the past two decades, less oxophilic late transition metal catalysts have 

been discovered that enable the copolymerization of ethylene with a wide variety of polar 

vinyl monomers.103,104,106-108,119,134 However, an incorporation of polar comonomers in diene 

polymerizations remains challenging. 

While an incorporation of polar and reactive groups in the polymer is desirable in terms 

of its materials properties, during polymerization it has adverse effects exclusively. Thus, in 

the mechanistically well understood copolymerizations of ethylene with polar vinyl 

monomers, polymerization rates and polymer molecular weights are reduced by the 

presence of comonomer. This effect has been traced to κ-X coordination of the functional 

group of free comonomer or already incorporated comonomer-derived repeat units. The 

functional group reversibly blocks coordination sites for further chain growth. Further, this 

adverse effect of the free monomers’ functional groups is all the more relevant, as 

copolymerization parameters disfavor comonomer incorporation, such that high comonomer 

concentrations are required even if comonomer conversion remains low.117,118,135-137 

It was observed in nickel catalyzed copolymerizations of butadiene with polar 

functionalized dienes that the polar comonomer is very efficiently incorporated (see Chapter 

3). This chapter provides for the first time evidence how precoordination of the comonomers’ 
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functional groups can have a beneficial impact on monomer incorporations and 

copolymerization rates. 

4.2 Results and Discussion 

4.2.1 Influence of Functional Group and Linker Length on Polymerization 

Parameters 

[Ni(allyl)(mesitylene)]⁺[BArF₄]⁻ (Ni-1) was found to be capable of copolymerizing a 

variety of silicon-, boron, nitrogen-, oxygen-, and phosphorous based polar diene-monomers 

with 1,3-butadiene (BD) or isoprene (IP), providing access to functionalized 1,4-cis-

poly(butadiene) copolymers (cf. Chapter 3). Comonomer conversion is persistently high in 

these copolymerizations, even at low comonomer concentrations. Additionally, qualitative 

NMR experiments suggested monomer reactivity ratios of r = kCoMo/kBD > 1. 

Such favorable comonomer incorporation is remarkable, but its origin is ill understood 

at this point. To gain more insight into the copolymerization behavior of polar functionalized 

dienes and the contributions of the functional groups, dienes with different functional 

groups and different linker lengths were studied (Figure 4.1, for detailed comonomer 

syntheses cf. Chapter 4.4.2). 

 

Figure 4.1: Dienes and model compounds used in (co)polymerizations with butadiene. 
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A possible (beneficial) interaction of the functional group with the catalyst should be 

reflected by a dependence on the linker length itself and also on the coordination strength of 

the heteroatom. To this end, the scope of polar groups was broadened to aromatic thioethers. 

Copolymerization experiments with the entire range of PhS-functionalized comonomers 

showed that Ni-1 is tolerant towards the functional group, resulting in the first 

stereoselective copolymerization of thioether functionalized dienes with BD. From 

monitoring of the copolymerization by ¹H NMR spectroscopy, a significant influence of the 

comonomer on the copolymerizations can be observed (measurement details and all kinetic 

plots can be found in Chapter 4.5). A kinetic plot of the copolymerization of BD with PhS-3-

BD reveals a change of the first order rate constant for butadiene consumption from kBD = 

0.16 × 10⁻³ s⁻¹ to k’BD = 3.7 × 10⁻³ s⁻¹ after 60 h reaction time (Figure 4.2 and Table 4.1). This 

significant, ca. 20-fold, increase of polymerization activity coincides with the complete 

consumption, i.e. incorporation of the entire amount of PhS-3-BD present in this experiment 

(the virtually complete comonomer consumption was determined by the absence of olefinic 

comonomer signals in the ¹H NMR spectra). Please note that this corresponds at the same 

time to a gradual transition from a copolymerization of BD and PhS-3-BD to a mere 

homopolymerization of BD, thus rationalizing the description of this behavior by 

determination of two different rate constants for the two distinct (co)polymerization regimes. 

When the initial (copolymerization) rate constants kBD and kCoMo are compared, a monomer 

reactivity ratio of kCoMo/kBD = rCoMo = 4.6 in favor of PhS-3-BD is found. 

 

Figure 4.2: First order kinetic plots of the copolymerizations of BD with PhS-3-BD or PhNH-3-BD 

catalyzed by Ni-1 at 40 °C. 
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Strikingly, BD consumption has a significantly increased rate constant (kBD = 4.4 × 10⁻³ 

s⁻¹) in the presence of PhS-4-BD that is one order of magnitude greater than the initial rate 

constant for PhS-3-BD, while still exhibiting a comparable strong preference for the 

incorporation of the comonomer (rCoMo = 4.9). 

For linker lengths longer than four methylene units, the rate constants are slightly higher 

with a maximum observed for PhS-6-BD (kBD = 9.0 × 10⁻³ s⁻¹). However, the monomer 

reactivity ratios are all similar (rCoMo = 1.6 – 1.7) and clearly lower when compared to those of 

PhS-3-BD or PhS-4-BD. To further illustrate these experiments and also for comparison with 

other data (vide infra), incorporation of PhS-3-BD is complete at only 16 % BD consumption 

(after ca. 60 h at 40 °C) resulting in a copolymer with a comonomer:BD ratio of 60:40. 

Table 4.1: Rate constants obtained from kinetic NMR experiments for (co)polymerizations of BD with 

different comonomers and model compounds catalyzed by Ni-1. 

entry CoMo or 

additive 
kBD kCoMo rCoMo

a) 

 
 

[10⁻³ s⁻¹] [10⁻³ s⁻¹] 
 

1b) PhS-3-BD 0.16 0.74 4.6 

2c) PhS-4-BD 4.4 21 4.9 

3c) PhS-5-BD 5.6 9.1 1.6 

4c) PhS-6-BD 9.0 15 1.7 

5c) PhS-7-BD 4.7 7.6 1.6 

6d) PhNH-3-BD 0.086 0.683 7.90 

7d) PhNH-6-BD 32.6 40.6 1.3 

8e) Ph₂N-3-BD 57.5 51.7 0.9 

9e) Ph₂N-4-BD 80.5 104.4 1.3 

10e) Ph₂N-6-BD 66.4 94.9 1.4 

11f) TMS₂N-3-BD 31.2 26.0 0.8 

12f) TMS₂N-4-BD 123.7 150.8 1.2 

13f) TMS₂N-5-BD 61.2 79.5 1.3 

14f) TMS₂N-6-BD 82.2 126.5 1.5 

15g) 5-BD n.a.k) n.a.k) 2.2 

16 g) IP n.a.k) n.a.k) 1.2 

17h) PhS-6 49   

18i) PhNH-3 40   

19j) PhS-4-Ene 28   

20j) PhS-6-Ene 83   

21j) PhS-8-Ene 78   

a) monomer reactivity ratio rCoMo = kCoMo/kBD b) Ni:BD:CoMo = 1:120:24, T = 40 °C c) Ni:BD:CoMo = ca. 1:400:60, T = 

40 °C d) Ni:BD:CoMo = ca. 1:400:75, T = 40 °C e) Ni:BD:CoMo = ca. 1:500:100, T = 40 °C f) Ni:BD:CoMo = ca. 

1:450:90, T = 40 °C g) Ni:BD:CoMo = ca. 1:200:30, T = -15 °C h) Ni:BD:additive = ca. 1:400:60, T = 40 °C i) 

Ni:BD:additive = 1:120:28, T = 40 °C j) Ni:BD:additive = ca. 1:400:75, T = 40 °C k) not applicable, as reactions were 

conducted at a different temperature. 
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Under these conditions, it takes 5 – 6 days to reach > 95 % overall diene consumption 

(and the copolymer formed is expected to exhibit a gradient copolymer structure). This high 

preference for the incorporation of a sulfur containing monomer was also observed in a 

copolymerization with PhS-4-BD. The entire comonomer present is already incorporated at a 

BD consumption of 50 % (after only 3 h at 40 °C) resulting in a copolymer with a 

comonomer:BD ratio of 30:70. However, > 95 % overall diene consumption is now reached 

after only 6 h opposed to 6 days for the copolymerization of PhS-3-BD although the 

dienes:Ni ratio is higher. In contrast, the preference for insertion of PhS-5-BD, PhS-6-BD, or 

PhS-7-BD vs. butadiene-insertion is not that pronounced as evidenced by complete 

comonomer consumptions at 93 % (PhS-5-BD), 94 % (PhS-6-BD), and 93 % (PhS-7-BD) BD 

consumption. Please note that in these experiments the initial ratio of BD:comonomer is ca. 

5:1 and the BD:comonomer ratio increases significantly during the polymerization. That is, 

the incorporation of comonomer is still favored as also reflected by kCoMo/kBD = rCoMo > 1 for all 

comonomers described in this example. 

These observed effects are even more pronounced for copolymerizations with 

comonomers bearing a supposedly even stronger coordinating PhNH-group. While the 

copolymerization of PhNH-3-BD takes ca. 10 days to reach > 68% diene conversion, the 

copolymerization of PhNH-6-BD only takes ca. 2 – 3 h for the same conversion under 

otherwise identical conditions. 

Again, an obvious change of the rate constant for the consumption of BD is visible, once 

PhNH-3-BD is completely consumed (Figure 4.2). The rate constant in the absence of free 

comonomer (k’BD = 3.95 × 10⁻³ s⁻¹) is ca. 50 times increased compared to the rate constant at 

the beginning of the polymerization (kBD = 0.086 × 10⁻³ s⁻¹). 

Comparison of the initial rate constants of BD and comonomer consumption reveals a 

monomer reactivity ratio of rCoMo = 7.9. Increasing the linker length to six methylene units in 

PhNH-6-BD results in a ca. 380-fold increased rate constant for the BD incorporation, 

whereas the monomer reactivity ratio drops from 7.9 to 1.3. 

The influence of linker lengths on rate constants and monomer reactivity ratio can also 

be found in a less pronounced fashion for sterically more hindered, i.e. weaker coordinating, 

Ph₂N- and TMS₂N- groups. A general increase of rate constants (BD incorporation as well as 

comonomer incorporation) is observed for copolymerizations in the presence of weaker 

coordinating groups and reflected in lower overall reaction times. Rate constants range from 
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kBD = 57.5 × 10⁻³ s⁻¹ to kBD = 80.5 × 10⁻³ s⁻¹ for copolymerization with Ph₂N-x-BD (x = 3, 4, 6) 

and from kBD = 31.2 × 10⁻³ s⁻¹ to kBD = 123.7 × 10⁻³ s⁻¹ for the entire range of linker lengths from 

TMS₂N-3-BD to TMS₂N-6-BD (entries 8 to 14, Table 4.1). At the same time, the preference 

for comonomer insertion is reduced and monomer reactivity ratios between rCoMo = 0.8 and 

rCoMo = 1.5 are observed (please note for these copolymerizations that the polymerization 

behavior deviates in some cases significantly from 1st order behavior for so far unknown 

reasons). 

4.2.2 Mechanistic Considerations 

Different mechanistic scenarios can rationalize the remarkably favorable comonomer 

reactivity ratios at certain linker lengths: a) A favored incorporation is only caused by the 

comonomer’s linker substituent and not by the presence of Lewis basic heteroatoms, i.e. even 

a non-functionalized 2-hydrocarbyl substituted 1,3-butadiene shows an enhanced 

incorporation. b) A Lewis acid Lewis base interaction, i.e. κ-X coordination, between the 

catalytic metal center and the heteroatom on the comonomer (acting as a ligand) is 

responsible for an enhanced comonomer incorporation. This consideration may be extended 

to the formation of a chelate by simultaneous κ-X and η⁴-diene coordination of one 

comonomer unit. c) A combination of mechanistic scenarios a) and b) is responsible. Suitable 

non-polymerizable model compounds were employed to assess the different contributions of 

the functional group (PhS-6, PhNH-3), the comonomer’s linker substituent (5-BD), or post-

insertion inhibition (PhS-x-Ene, x = 4, 6, 8) separately. 

The influence of scenario a) was probed in copolymerizations of BD and IP or 5-BD. A 

benchmark homopolymerization of BD and copolymerizations of BD with IP or 5-BD could 

not be followed at 40 °C because they were too fast. Hence, these reactions were conducted at 

a lower temperature of -15 °C. For IP and 5-BD, > 95 % BD consumption is reached already 

after ca. 2 – 3 h at -15 °C, with an observed slight preference for the incorporation of the 

comonomer (monomer reactivity ratios rIP = 1.2, r₅-BD = 1.9) while BD homopolymerization 

had already reached 80 % BD conversion when the sample was inserted into the NMR probe, 

and > 95 % BD consumption was reached after an additional ca. 20 min at -15 °C. Thus, the 

substitution of the diene moiety at the 2-position results in a decreased polymerization 

activity compared to a BD homopolymerization as well as a slightly preferred incorporation 

of the substituted diene. However, a profoundly increased comonomer reactivity ratio as 
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observed for e.g. PhS-3-BD is not observed, therefore excluding scenario a) as the prime 

reason for enhanced comonomer incorporation. 

Concerning scenario b), to elucidate the effect of κ-X coordination alone, control 

polymerizations of BD in the presence of hexyl thiophenol ether or N-propylaniline (PhS-6 

and PhNH-3) were performed under similar conditions. The reactions reach > 95 % BD 

consumption already after 60 min (PhS-6, kBD = 49 × 10⁻³ s⁻¹) and 90 min (PhNH-3, kBD = 40 × 

10⁻³ s⁻¹). The rate constant of the polymerization in the presence of PhNH-3 is ca. 460-fold 

increased compared to the rate constant of the copolymerization with PhNH-3-BD, thus 

ruling out κ-X coordination as the only cause for such dramatic differences in overall 

polymerization rates and indicating a simultaneous κ-X and η⁴-diene coordination instead. 

The influence of an already incorporated comonomer unit in the polymer chain on the 

polymerization was probed in polymerizations of BD in the presence of the model 

compounds PhS-4-Ene, PhS-6-Ene, and PhS-8-Ene. These 1-olefins qualitatively resemble 

the polymer chain in the sense that they can coordinate through their olefin functions as well 

as polar groups. In detail, the 1-olefin function will coordinate stronger than a trisubstituted 

olefinic moiety of the polymer backbone. Also, these model compounds rather resemble the 

coordination behavior of an arbitrary, incorporated comonomer unit in the polymer 

backbone than an ultimately incorporated comonomer unit as they can not simulate a 

possible involved metal-comonomer bond. Notwithstanding, the essential feature of a 

potential bidentate κ-S, η²-olefin coordination is reflected.  

Kinetic evaluations of these polymerizations show that the rate constants are 

significantly higher compared to the rate constants of the copolymerization (Table 4.1, 

entries 19, 20, and 21). For example, a BD conversion > 95% was observed after 96 min in the 

presence of PhS-8-Ene, thus excluding an extensive inhibition of the polymerization by an 

already incorporated comonomer unit. 

As a conclusion from these observations, mimics of the functional group (like PhS-6 or 

PhNH-3) slow down the polymerization. That is, free monomer and functional groups of 

formed polymer present in the reaction solution can interact with the metal center, without 

the involvement of further binding sites (like the same comonomer molecules’ double 

bonds). However, this can not account for the different behavior of monomers with different 

linker lengths. 
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Figure 4.3: Influence of κ-X assisted precoordination and different linker lengths on polymerization 

activity and comonomer insertion. 

From copolymerizations of ethylene with polar vinyl monomers, it is well understood 

that a κ-X coordination of the functional group of the last or penultimate incorporated 

comonomer-derived repeat unit is the most relevant reason for decreased polymerization 

rates.  

Depending on a possible η⁴-diene coordination, the conformation, and therefore the 

reactivity of the resulting species, this can have different implications: First, if insertion does 

not occur through the κ-X coordinated species but by other pathways, the copolymerization 

is slowed down and the comonomer incorporation is not affected (Figure 4.3, case 1). Second, 

if insertion is viable, the scenario can account for κ-X assisted, increased comonomer 

incorporation as observed prominently for PhS-3-BD, PhS-4-BD, and PhNH-3-BD. 

Importantly, here the linker length will affect the ground state of the coordinated 

starting species (cf. Figure 4.3 cases 2 and 3), the transition state, and intermediate species 

involved in the polymerization. This affects the comonomer insertion step as illustrated by 

PhS-3-BD and PhS-4-BD. Both are incorporated preferentially but the copolymerization is 

much faster in the case of the latter (Figure 4.3, case 2 vs. 3). Although geometries of 

responsible ground- or transition states are worthwhile issues of interest, the presence and 

operation of a κ-X assisted, enhanced incorporation is clearly evident. 

4.3 Summary 

In conclusion, severe effects of different functional groups and linker lengths on 

polymerization rate constants and monomer reactivity ratios in copolymerizations of BD 

with polar functionalized dienes catalyzed by Ni-1 were observed. Certain linker lengths 

lead to an unprecedented preference for the incorporation of the polar functionalized diene. 

Comonomer reactivity ratios up to rCoMo = 7.9 (PhNH-3-BD) were observed resulting in the 
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formation gradient copolymers. Depending on the linker length, the strong enhancement of 

incorporation is accompanied by a severe or moderate decrease of the polymerization rate 

vs. BD homopolymerization. This influence on the polymerization activity is in practice 

reflected in polymerizations times of days (e.g. PhS-3-BD) vs. hours (PhS-4-BD) for 

comonomers with the same functional group. For other ‘non-matched’ linker lengths, the 

incorporation of the comonomer is only slightly favored while at the same time 

polymerization rates are only moderately influenced. The correct choice of a suitable linker 

length thus enables a facile copolymerization of dienes functionalized with difficult polar 

moieties including PhS- or even PhNH-groups. Supposedly, this remarkable behavior results 

from a κ-X assisted precoordination of the functional group to the metal center based on 

kinetic NMR experiments with various comonomers and model compounds. 

4.4 Experimental Section 

4.4.1 Materials and General Considerations 

Unless noted otherwise, all manipulations were carried out under an inert atmosphere 

using standard Schlenk or glove box techniques. Solvents were dried and degassed using 

standard laboratory techniques.138 

Chloroprene was commercially available (abcr) or synthesized by HCl elimination from 

3,4,-dichlorobut-1-ene with KOH in DMSO at 75 °C. 1,3-Butadiene was commercially 

available (Air Liquide) and passed through a commercial drying column (Air Liquide) prior 

to use. All other commercially available reagents were used without further purification. (5-

Methylenehept-6-enyl)-phenylaniline (Ph₂N-4-BD), (4-methylenehex-5-enyl)aniline (PhNH-

3-BD), (4-methylenehex-5-enyl)-bis(trimethylsilyl)amine (TMS₂N-3-BD), and 

[Ni(allyl)(mesitylene)]⁺[BArF₄]⁻ (Ni-1) were synthesized as already reported in Chapter 3.4.2. 

For a complete characterization of a Ph₂N-functionalized copolymer see Chapter 3.5.1. 

Caution: 1,3-Butadiene (BD) is gaseous at room temperature as well as toxic and 

carcinogenic. It requires special safety measures to avoid exposure. All operations were 

performed in a well ventilated fume hood or in a glove box. In order to prevent accidental 

exposures to BD a trained working should be used. 

NMR spectra were recorded on a Varian Unity Inova 400, a Bruker Avance III 400 or a 

Bruker Avance III 600 spectrometer. ¹H chemical shifts were referenced to the residual 
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proton signal of the solvent. ¹³C chemical shifts were referenced to the carbon signal of the 

solvent. Multiplicities are given as follows: s: singlet, d: doublet, t: triplet, q: quartet, quint: 

quintet, v: virtual multiplet, m: multiplet, br: broad signal or combination thereof.  

4.4.2 Syntheses of Comonomers and Model Compounds 

Synthesis of (4-chlorobutyl)(phenyl)sulfide 

 

Thiophenol (8.19 g, 74.3 mmol, 0.98 equiv.) was dissolved in dmso (100 mL). K₂CO₃ (15.8 

g, 113.7 mmol, 1.5 equiv.) and 1-bromo-4-chlorobutane (13.0 g, 75.8 mmol, 1.0 equiv.) were 

added. After 10 min at room temperature, the reaction mixture was heated to 50 °C and kept 

at that temperature for 2 h. Et₂O was added and the organic phase was washed with water. 

Drying of the organic phase over MgSO₄ and removal of the solvent under reduced pressure 

yielded the desired product, (4-chlorobutyl)(phenyl)sulfide (14 g, 70 mmol, 94 %) as colorless 

oil. 

¹H NMR (400 MHz, CDCl₃, 27 °C): δ (ppm) = 7.41 – 7.35 (m, 2H, H6), 7.35 – 7.29 (m, 2H, H7), 

7.24 – 7.19 (m, 1H, H8), 3.57 (t, ³JHH = 6.5 Hz, 2H, H1), 2.98 (t, ³JHH = 7.1 Hz, 2H, H4), 1.99 – 1.91 

(m, 2H, H2), 1.89 – 1.78 (m, 2H, H3). 

¹³C{¹H} NMR (101 MHz, CDCl₃, 27 °C): δ (ppm) = 136.4 (C5), 129.4 (C6), 129.0 (C7), 126.1 

(C8), 44.5 (C1), 33.1 (C4), 31.5 (C2), 26.4 (C3). 

Synthesis of (5-chloropentyl)(phenyl)sulfide 

 

Thiophenol (7.7 g, 70.1 mmol, 1 equiv.) was dissolved in dmso (100 mL). K₂CO₃ (14.5 g, 

105.1 mmol, 1.5 equiv.) and 1-bromo-5-chloropentane (13.0 g, 70.1 mmol, 1.0 equiv.) were 

added. After 10 min at room temperature, the reaction mixture was heated to 50 °C and kept 

at that temperature for 1.5 h. Et₂O was added and the organic phase was washed with water. 

Drying of the organic phase over MgSO₄ and removal of the solvent under reduced pressure 
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yielded the desired product, (5-chloropentyl)(phenyl)sulfide (14.5 g, 68 mmol, 96 %) as 

colorless oil. 

¹H NMR (400 MHz, CDCl₃, 27 °C): δ (ppm) = 7.40 – 7.29 (m, 4H, H7 and H8), 7.25 – 7.17 (m, 

1H, H9), 3.55 (t, ³JHH = 6.6 Hz, 2H, H1), 3.07 – 2.82 (t, ³JHH = 7.1 Hz, 2H, H5), 1.86 – 1.77 (m, 2H, 

H2), 1.76 – 1.67 (m, 2H, H4), 1.66 – 1.56 (m, 2H, H3). 

¹³C{¹H} NMR (101 MHz, CDCl₃, 27 °C): δ (ppm) = 136.7 (C6), 129.1 (C7), 128.9 (C8), 125.9 

(C9), 44.8 (C1), 33.5 (C5), 32.2 (C2), 28.5 (C4), 26.1 (C3). 

Synthesis of (6-chlorohexyl)(phenyl)sulfide 

 

Thiophenol (7.7 g, 70.1 mmol, 1 equiv.) was dissolved in dmso (100 mL). K₂CO₃ (14.5 g, 

105.1 mmol, 1.5 equiv.) and 1-bromo-6-chlorohexane (14.0 g, 70.1 mmol, 1.0 equiv.) were 

added. After 10 min at room temperature, the reaction mixture was heated to 50 °C and kept 

at that temperature for 2 h. Et₂O was added and the organic phase was washed with water. 

Drying of the organic phase over MgSO₄ and removal of the solvent under reduced pressure 

yielded the desired product, (6-chlorohexyl)(phenyl)sulfide (15.2 g, 66.5 mmol, 95 %) as 

colorless oil. 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 7.30 – 7.25 (m, 2H, H8), 7.08 – 7.01 (m, 2H, H9), 

6.97 – 6.91 (m, 1H, H10), 3.06 (t, ³JHH = 6.7 Hz, 2H, H1), 2.61 (t, ³JHH = 7.3 Hz, 2H, H6), 1.47 – 

1.23 (m, 4H, H5 and H2), 1.14 – 0.93 (m, 4H, H3 and H4). 

¹³C{¹H} NMR (101 MHz, C₆D₆, 27 °C): δ (ppm) = 137.4 (C7), 128.9 (C8), 128.8 (C9), 125.5 (C10), 

44.4 (C1), 33.1 (C6), 32.2 (C2), 28.8 (C5), 27.7 (C3 or C4), 26.2 (C3 or C4). 

Synthesis of (7-chloroheptyl)(phenyl)sulfide 

 

Thiophenol (1.5 g, 14.05 mmol, 1 equiv.) was dissolved in dmso (45 mL). K₂CO₃ (2.9 g, 

21.1 mmol, 1.5 equiv.) and 1-bromo-7-chloroheptane (3.0 g, 14.2 mmol, 1.01 equiv.) were 

added. After 30 min at room temperature, the reaction mixture was heated to 50 °C and kept 



4. The Influence of Monomer Functional Group on Ni Catalyzed Diene Copolymerizations 

124 

at that temperature for 1.5 h. Et₂O was added and the organic phase was washed with water. 

Drying of the organic phase over MgSO₄ and removal of the solvent under reduced pressure 

yielded the desired product, (7-chloroheptyl)(phenyl)sulfide (3.0 g, 12.4 mmol, 88 %) as light 

yellow oil. 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 7.33 – 7.24 (m, 2H, H9), 7.10 – 7.01 (m, 2H, H10), 

6.98 – 6.89 (m, 1H, H11), 3.16 – 3.03 (m, 2H, H1), 2.65 (t, ³JHH = 7.2 Hz, 2H, H7), 1.55 – 1.27 (m, 

4H, H2 and H6), 1.20 – 1.00 (m, 4H, H3 and H5), 0.99 – 0.84 (m, 2H, H4). 

¹³C{¹H} NMR (101 MHz, CDCl₃, 27 °C): δ (ppm) = 137.0 (C8), 128.9 (C9), 128.9 (C10), 125.7 

(C11), 45.1 (C1), 33.6 (C7), 32.6 (C2), 29.1 (C6), 28.6 (C3 or C5), 28.5 (C4), 26.8 (C3 or C5). 

Synthesis of buta-1,3-dien-2-ylmagnesium chloride120 

 

A flame dried three-neck flask was charged with magnesium turnings (8.3 g, 338.90 

mmol, 3.75 equiv.). These were layered with THF (20 mL). Subsequently, 1,2-dibromoethane 

(0.1 mL) and a solution of zinc(II) chloride were added. The zinc(II) chloride solution was 

prepared by dissolving dry zinc(II) chloride (0.93 g, 6.80 mmol, cat.) in THF (8 mL) under 

vigorous stirring. Additional 12 mL of THF were added. A 50 wt% solution of chloroprene in 

xylene (40 g, 225.90 mmol, 2.50 equiv.) was diluted with THF (40 mL). Upon addition of a 

few mL of the premixed chloroprene solution, a slight boiling of the reaction mixture was 

visible. Thereafter, the residual chloroprene solution was added drop-wise. Subsequently, 

the mixture was heated to 50 °C for 4 h and a green solution, which contained the desired 

product, buta-1,3-dien-2-ylmagnesiumchloride, was obtained. The solution was directly used 

in the following step without further purification. 

Synthesis of (4-methylenehex-5-enyl)(phenyl)sulfide (PhS-3-BD) 

 

((3-iodopropyl)thio)-benzene (0.7 g, 2.5 mmol, may be synthesized according to Lete et 

al.139) was cooled to -20 °C, Li₂CuCl₄ ( 0.01 equiv, 21.2 mg LiCl + 33.6 mg CuCl₂) in 5 mL THF 
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was added. Chloroprene-Grignard solution (2.75 mmol, 1.1 equiv in 2 mL THF) was added 

dropwise. The solvent was removed under reduced pressure after stirring for 30 min and 

warming to room temperature. Column chromatography (PE/EtOAc 20:1) gave 342.3 mg 

(1.68 mmol, 67%) of the desired compound as yellowish oil. 

¹H NMR (400 MHz, C₆D₆, 27 °C):  = 7.28 – 7.25 (m, 2H, H9 and 13), 7.02 – 6.99 (m, 2H, H10 

and 12), 6.93 – 6.90 (m, 1H, H11), 6.25 (dd, ³JHH = 10.8 Hz, ³JHH = 17.6 Hz, 1H, H3), 5.08 (d, ³JHH 

= 17.6 Hz, 1H, H4), 4.91 (d, ³JHH = 10.8 Hz, 1H, H4), 4.89 (s, 1H, H1), 4.83 (s, 1H, H1), 2.67 (t, 

³JHH = 7.2 Hz, 2H, H7), 2.27 (t, ³JHH = 7.2 Hz, 2H, H5), 1.80 (quint, ³JHH = 7.2 Hz, 2H, H6). 

¹³C{¹H} NMR (101 MHz, C₆D₆, 27 °C): δ (ppm) = 145.6 (C2), 138.9 (C3), 137.5 (C8), 129.3 (C9 

and C13), 129.1 (C10 and C12), 125.8 (C11), 116.4 (C1), 113.5 (C4), 33.3 (C7), 30.5 (C5), 27.8 

(C6). 

Synthesis of (5-methylenehept-6-enyl)(phenyl)sulfide (PhS-4-BD) 

 

Mg turnings (0.29 g, 12 mmol, 1.2 equiv.) were layered with THF and activated with 1,2-

dibromoethane. The reaction was started by addition of (4-chlorobutyl)(phenyl)sulfide (2.0 g, 

10 mmol, 1 equiv.) in THF (total amount ca. 15 mL) and followed by heating to 45 °C for 3.5 

h. The formed Grignard reagent was used in the next step without further purification. 

Chloroprene (1.06 g, 12 mmol, 1.2 equiv, in 15 mL THF) and [NiCl₂(dppp)] (0.05 g, 0.1 

mmol, 0.01 equiv.) were mixed in another flask. The THF solution containing the Grignard 

reagent was slowly added to this mixture and heated to 50 °C for 1.5 h. THF was removed 

under reduced pressure and Et₂O was added. The organic phase was washed with an NH₄Cl 

solution and water, dried over MgSO₄ and the solvent was removed under reduced pressure. 

The crude product was purified by column chromatography (pentane:ethyl acetate = 100:3 

v/v) to yield the desired product, (5-methylenehept-6-en-1-yl)(phenyl)sulfide (930 mg, 4.3 

mmol, 43%). 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 7.28 – 7.24 (m, 2H, H10), 7.04 (vt, ³JHH = 7.9 Hz, 

2H, H11), 6.93 (t, ³JHH = 7.4 Hz, 1H, H12), 6.31 (dd, ³JHH = 17.6 Hz, ³JHH = 10.8 Hz, 1H, H3), 5.11 
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(d, ³JHH = 17.6 Hz, 1H, H4), 4.96 (d, ³JHH = 10.8 Hz, 1H, H4), 4.93 (s, 1H, H1), 4.86 (s, 1H, H1), 

2.63 (t, ³JHH = 6.7 Hz, 2H, H8), 2.01 (t, ³JHH = 7.5 Hz, 2H, H5), 1.47 (m, 4H, H6 and H7). 

¹³C{¹H} NMR (101 MHz, C₆D₆, 27 °C): δ (ppm) = 146.3 (C2), 139.2 (C3), 137.8 (C9), 129.3 (C10), 

129.1 (C11), 125.8 (C12), 116.0 (C1), 113.3 (C4), 33.5 (C8), 31.1 (C5), 29.3 (C7), 27.5 (C6). 

Synthesis of (6-methyleneoct-7-enyl)(phenyl)sulfide (PhS-5-BD) 

 

Mg turnings (0.29 g, 12 mmol, 1.2 equiv.) were layered with THF and activated with 1,2-

dibromoethane. The reaction was started by addition of (5-chloropentyl)(phenyl)sulfide (2.15 

g, 10 mmol, 1 equiv.) in THF (total amount ca. 15 mL) and followed by heating to 50 °C for 

2.5 h. The formed Grignard reagent was used in the next step without further purification. 

Chloroprene (1.06 g, 12 mmol, 1.2 equiv, in 15 mL THF) and [NiCl₂(dppp)] (0.1 g, 0.2 

mmol, 0.02 equiv.) were mixed in another flask. The THF solution containing the Grignard 

reagent was slowly added to this mixture and heated to 50 °C for 1.5 h. THF was removed 

under reduced pressure and Et₂O was added. The organic phase was washed with an NH₄Cl 

solution and water, dried over MgSO₄ and the solvent was removed under reduced pressure. 

The crude product was purified by column chromatography (pentane:ethyl acetate = 100:2 

v/v) to yield the desired product, (6-methyleneoct-7-enyl)(phenyl)sulfide (784 mg, 3.4 mmol, 

34%). 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 7.27 (d, ³JHH = 8.5 Hz, 2H, H11), 7.03 (vt, ³JHH = 7.9 

Hz, 2H, H12), 6.94 (tt, ³JHH = 7.4 Hz, ⁴JHH = 1.2 Hz, 1H, H13), 6.34 (dd, ³JHH = 17.9 Hz, ³JHH = 10.9 

Hz, 1H, H3), 5.14 (d, ³JHH = 17.9, 1H, H4), 4.99 – 4.94 (m, 2H, H1 and H4), 4.90 (s, 1H, H1), 2.64 

(t, ³JHH = 7.3 Hz, 2H, H9), 2.06 (t, ³JHH = 7.7 Hz, 2H, H5), 1.48 (quint, ³JHH = 7.3 Hz, 2H, H8), 1.32 

(m, 2H, H6), 1.23 (m, 2H, H7). 

¹³C{¹H} NMR (101 MHz, C₆D₆, 27 °C): δ (ppm) = 146.6 (C2), 139.4 (C3), 137.9 (C10), 129.3 

(C11), 129.1 (C12), 125.8 (C13), 115.9 (C1), 113.2 (C4), 33.6 (C9), 31.5 (C5), 29.3 (C8), 28.9 (C7), 

27.9 (C6). 
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Synthesis of (7-methylenenon-8-enyl)(phenyl)sulfide (PhS-6-BD) 

 

Mg turnings (0.29 g, 12 mmol, 1.2 equiv.) were layered with THF and activated with 1,2-

dibromoethane. The reaction was started by addition of (6-chlorohexyl)(phenyl)sulfide (2.29 

g, 10 mmol, 1 equiv.) in THF (total amount ca. 15 mL) and followed by heating to 50 °C for 

2.5 h. The formed Grignard reagent was used in the next step without further purification. 

Chloroprene (1.06 g, 12 mmol, 1.2 equiv, in 15 mL THF) and [NiCl₂(dppp)] (0.1 g, 0.2 

mmol, 0.02 equiv.) were mixed in another flask. The THF solution containing the Grignard 

reagent was slowly added to this mixture and heated to 50 °C for 1.5 h. THF was removed 

under reduced pressure and Et₂O was added. The organic phase was washed with an NH₄Cl 

solution and water, dried over MgSO₄ and the solvent was removed under reduced pressure. 

The crude product was purified by column chromatography (pentane:ethyl acetate = 100:2 

v/v) to yield the desired product, (7-methylenenon-8-en-1-yl)(phenyl)sulfide (985 mg, 4.0 

mmol, 40%). 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 7.29 – 7.20 (m, 2H, H12), 7.10 – 7.00 (m, 2H, H13), 

7.00 – 6.90 (m, 1H, H14), 6.34 (dd, ³JHH = 17.5 Hz, ³JHH = 10.9 Hz, 1H, H3), 5.16 (d, ³JHH = 17.5 

Hz, 1H, H4), 4.99 – 4.91 (m, 3H, H1 and H4), 2.67 (t, ³JHH = 7.3 Hz, 2H, H10), 2.09 (t, ³JHH = 7.5 

Hz, 2H, H5), 1.48 (quint, ³JHH = 7.6 Hz, 2H, H9), 1.36 (quint, ³JHH = 7.7 Hz, 2H, H6), 1.27 – 1.18 

(m, 2H, H8), 1.16 – 1.07 (m, 2H, H7). 

¹³C{¹H} NMR (101 MHz, C₆D₆, 27 °C): δ (ppm) = 146.7 (C2), 139.4 (C3), 137.9 (C11), 129.1 

(C12), 129.1 (C13), 125.8 (C14), 115.9 (C1), 113.2 (C4), 33.7 (C10), 31.6 (C5), 29.5 (C9), 29.4 (C7), 

29.0 (C8), 28.4 (C6). 

Synthesis of (8-methylenedec-9-enyl)(phenyl)sulfide (PhS-7-BD) 
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Mg turnings (0.20 g, 8.4 mmol, 1.2 equiv.) were layered with THF and activated with 1,2-

dibromoethane. The reaction was started by addition of (7-chloroheptyl)(phenyl)sulfide (1.7 

g, 7 mmol, 1 equiv.) in THF (total amount ca. 10 mL) and followed by heating to 50 °C for 3 

h. The formed Grignard reagent was used in the next step without further purification. 

Chloroprene (0.74 g, 8.4 mmol, 1.2 equiv, in 10 mL THF) and [NiCl₂(dppp)] (0.08 g, 0.14 

mmol, 0.02 equiv.) were mixed in another flask. The THF solution containing the Grignard 

reagent was slowly added to this mixture and heated to 50 °C for 1.5 h. THF was removed 

under reduced pressure and Et₂O was added. The organic phase was washed with an NH₄Cl 

solution and water, dried over MgSO₄ and the solvent was removed under reduced pressure. 

The crude product was purified by column chromatography (pentane:ethyl acetate = 100:2 

v/v) to yield the desired product, (8-methylenedec-9-en-1-yl)(phenyl)sulfide (767 mg, 2.9 

mmol, 42%). 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 7.29 (d, ³JHH = 8.4 Hz, 2H, H13), 7.04 (vt, ³JHH = 7.8 

Hz, 2H, H14), 6.94 (t, ³JHH = 7.4 Hz, 1H, H15), 6.37 (dd, ³JHH = 17.6 Hz, ³JHH = 10.8 Hz, 1H, H3), 

5.20 (d, ³JHH = 17.6, 1.2 Hz, 1H, H4), 5.03 – 4.91 (m, 3H, H1 and H4), 2.68 (t, ³JHH = 7.3 Hz, 2H, 

H11), 2.13 (t, ³JHH = 7.7 Hz, 2H, H5), 1.50 (quint, ³JHH = 7.3 Hz, 2 H, H10), 1.41 (quint, ³JHH = 7.7 

Hz, 2H, H6), 1.16 (m, 6H, H7, H8, and H9). 

¹³C{¹H} NMR (101 MHz, C₆D₆, 27 °C): δ (ppm) = 146.9 (C2), 139.5 (C3), 137.9 (C12), 129.2 (C13 

or C14), 129.1 (C13 or C14), 125.8 (C15), 115.8 (C1), 113.2 (C4), 33.7 (C11), 31.7 (C5), 29.8 – 29.4 

(3C, C7, C8, and C9), 29.1 (C10), 28.4 (C6). 

Synthesis of hexyl(phenyl)sulfide (PhS-6) 

 

Thiophenol (5.5 g, 50 mmol, 1 equiv.) was dissolved in dmso (75 mL). K₂CO₃ (10.4 g, 75 

mmol, 1.5 equiv.) and 1-bromohexane (9.6 g, 58.5 mmol, 1.17 equiv.) were added. After 10 

min at room temperature, the reaction mixture was heated to 50 °C and kept at that 

temperature for 2 h. Et₂O was added and the organic phase was washed with water. Drying 

of the organic phase over MgSO₄ and removal of the solvent under reduced pressure yielded 

the desired product hexyl(phenyl)sulfide in quantitative yield as colorless oil. 
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¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 7.32 – 7.25 (m, 2H, H8), 7.07 – 7.00 (m, 2H, H9), 

6.93 (tt, ³JHH = 7.4 Hz, ⁴JHH = 2.0 Hz, 1H, H10), 2.67 (t, ³JHH = 7.4 Hz, 1H, H6), 1.49 (quint, ³JHH = 

7.4 Hz, 1H, H5), 1.29 – 1.01 (m, 6H, H2, H3, and H4), 0.82 (t, ³JHH = 7.2 Hz, 3H, H1). 

¹³C{¹H} NMR (101 MHz, C₆D₆, 27 °C): δ (ppm) = 138.0 (C7), 129.2 (C8), 129.1 (C9), 125.7 (C10), 

33.7 (C6), 31.7 (C3), 29.5 (C5), 28.8 (C4), 22.9 (C2), 14.3 (C1). 

Synthesis of 3-methyleneoctene (5-BD) 

 

[NiCl₂(dppp)] (0.1 g, 0.2 mmol, 0.02 equiv.) and chloroprene (0.94, 10.5 mmol, 

1.05 equiv.) were dissolved in THF (5 mL). The reaction mixture was cooled to 0 °C and a 

pentylmagnesium chloride solution (2.0 M in THF, 5 mL, 1.0 equiv.) was added dropwise. 

The mixture was stirred for 40 minutes at room temperature. The solvent was removed and 

pentane (5 mL) was added. The resulting suspension was filtered over celite and the product 

was used as pentane stock solution without further purification. 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 6.37 (dd, ³JHH = 17.7 Hz, ³JHH = 10.8 Hz, 1H, H3), 

5.19 (d, ³JHH = 17.7 Hz, 1H, H4), 5.01 – 4.93 (m, 3H, H1 and H4), 2.15 (t, ³JHH = 7.3 Hz, 2H, H5), 

1.46 (quint, ³JHH = 7.4 Hz, 2H, H6), 1.27 – 1.19 (m, 4H, H7 and H8), 0.87 (t, ³JHH = 6.8 Hz, 3H, 

H9). 

¹³C{¹H} NMR (101 MHz, C₆D₆, 27 °C): δ (ppm) = 146.9 (C2), 139.5 (C3), 115.7 (C1), 113.1 (C4), 

32.2 (C8), 31.8 (C5), 28.3 (C6), 23.0 (C7), 14.3 (C9). 

Synthesis of but-3-enyl(phenyl)sulfide (PhS-4-Ene) 

 

Thiophenol (777 mg, 7.05 mmol, 1 equiv.) was dissolved in dmso (10 mL). K₂CO₃ (947 

mg, 10.6 mmol, 1.5 equiv.) and 4-bromobutene (1.0 g, 7.4 mmol, 1.05 equiv.) were added. The 

reaction mixture was stirred at 65 °C for 30 min and subsequently at 50 °C for 1 h. Pentane 

was added and the organic phase was washed with water. Drying of the organic phase over 
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MgSO₄ and removal of the solvent under reduced pressure yielded the desired product but-

3-enyl(phenyl)sulfide (711 mg, 4.3 mmol, 61%) as a colorless liquid. 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 7.26 – 7.21 (m, 2H, H6), 7.04 – 6.97 (m, 2H, H7), 

6.94 – 6.89 (m, 1H, H8), 5.63 (ddt, ³JHH = 16.3 Hz, ³JHH = 10.9 Hz, ³JHH = 6.6 Hz, 1H, H2), 4.94 – 

4.86 (m, 2H, H1), 2.65 (t, ³JHH = 7.3 Hz, 2H, H4), 2.22 – 2.12 (m, 2H, H3). 

Synthesis of pent-4-enyl(phenyl)sulfide (PhS-5-Ene) 

 

Thiophenol (777 mg, 7.05 mmol, 1 equiv.) was dissolved in dmso (10 mL). K₂CO₃ (947 

mg, 10.6 mmol, 1.5 equiv.) and 5-bromopentene (1.1 g, 7.4 mmol, 1.05 equiv.) were added. 

The reaction mixture was stirred at 65 °C for 30 min and subsequently at 50 °C for 1 h. 

Pentane was added and the organic phase was washed with water. Drying of the organic 

phase over MgSO₄ and removal of the solvent under reduced pressure yielded the desired 

product pent-4-enyl(phenyl)sulfide (740 mg, 4.2 mmol, 59%) as a colorless liquid. 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 7.29 – 7.23 (m, 2H, H7), 7.06 – 6.98 (m, 2H, H8), 

6.95 – 6.88 (m, 1H, H9), 5.57 (ddt, ³JHH = 17.0 Hz, ³JHH = 10.2 Hz, ³JHH = 6.7 Hz, 1H, H2), 4.97 – 

4.88 (m, 2H, H1), 2.63 (t, ³JHH = 7.3 Hz, 2H, H5), 1.99 – 1.89 (m, 2H, H3), 1.54 (tt, ³JHH = 8.2 Hz, 

³JHH = 6.8 Hz, 2H, H4). 

Synthesis of hex-5-enyl(phenyl)sulfide (PhS-6-Ene) 

 

Thiophenol (777 mg, 7.05 mmol, 1 equiv.) was dissolved in dmso (10 mL). K₂CO₃ (947 

mg, 10.6 mmol, 1.5 equiv.) and 6-bromohexene (1.2 g, 7.4 mmol, 1.05 equiv.) were added. The 

reaction mixture was stirred at 65 °C for 30 min and subsequently at 50 °C for 1 h. Pentane 

was added and the organic phase was washed with water. Drying of the organic phase over 

MgSO₄ and removal of the solvent under reduced pressure yielded the desired product hex-

5-enyl(phenyl)sulfide (690 mg, 3.6 mmol, 48%) as a colorless liquid. 
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¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 7.30 – 7.24 (m, 2H, H8), 7.06 – 6.99 (m, 2H, H9), 

6.96 – 6.90 (m, 1H, H10), 5.65 (ddt, ³JHH = 17.1 Hz, ³JHH = 10.5 Hz, ³JHH = 6.7 Hz, 1H, H2), 4.98 – 

4.91 (m, 2H, H1), 2.62 (t, ³JHH = 7.3 Hz, 2H, H6), 1.87 – 1.78 (m, 2H, H³), 1.47 (vquint, ³JHH = 7.8 

Hz, 2H, H5), 1.29 (vquint, ³JHH = 7.1 Hz, 2H, H4). 

Synthesis of oct-7-enyl(phenyl)sulfide (PhS-8-Ene) 

 

Thiophenol (6.6 g, 59.6 mmol, 1 equiv.) was dissolved in dmso (250 mL). K₂CO₃ (12.4 g, 

89.4 mmol, 1.5 equiv.) and 8-bromooctene (11.5 g, 60.2 mmol, 1.01 equiv.) were added. The 

reaction mixture was stirred at 50 °C for 2 h. Et₂O was added and the organic phase was 

washed with water. Drying of the organic phase over MgSO₄ and removal of the solvent 

under reduced pressure yielded the desired product oct-7-enyl(phenyl)sulfide (12.5 mg, 56.7 

mmol, 95%) as light yellow liquid. Parts of the crude product were purified by column 

chromatography (pentane:ethyl acetate = 50:1 v/v) prior to the use in polymerizations. 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 7.28 (m, 2H, H10), 7.04 (m, 2H, H11), 6.94 (tt, ³JHH 

= 7.4 Hz, ⁴JHH = 1.2 Hz, 1H, H12), 5.74 (ddt, ³JHH = 17.2 Hz, ³JHH = 10.2 Hz, ³JHH = 6.6 Hz, 1H, 

H2), 5.05 – 4.95 (m, 2H, H1), 2.66 (t, ³JHH = 7.3 Hz, 2H, H8), 1.92 (vt, ³JHH = 6.9 Hz, 2H, H3), 1.48 

(quint, ³JHH = 7.3 Hz, 2H, H7), 1.21 (m, 4H, H4 and H6), 1.09 (m, 2H, H5). 

¹³C{¹H} NMR (101 MHz, C₆D₆, 27 °C): δ (ppm) = 139.1 (C2), 137.9 (C9), 129.2 (C10), 129.1 

(C11), 125.8 (C12), 114.6 (C1), 34.1 (C3), 33.7 (C8), 29.4 (C7), 29.1 (C5), 28.9 (C4 and C6). 

Synthesis of 4-chlorobutanamine hydrochloride 

 

4-Aminobutanol (5.0 g, 56 mmol, 1 equiv.) was dissolved in toluene (100 mL) and 

thionyl chloride (5.3 mL, 72.8 mmol, 1.3 equiv.) was added. The reaction mixture was heated 

to 80 °C for 17 h. The formed precipitate was filtered off and washed with toluene and 

pentane. Drying under reduced pressure gave the desired product, 4-chlorobutanamine 

hydrochloride (7.5 g, 52 mmol, 93%). 
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¹H NMR (400 MHz, CDCl₃, 27 °C): δ (ppm) = 8.30 (s, 3H, H5), 3.59 (t, ³JHH = 5.9 Hz, 2H, H1), 

3.16 – 3.01 (sbr, 2H, H4), 2.09 – 1.82 (m, 4H, H2 and H3). 

Synthesis of 6-chlorohexanamine hydrochloride 

 

6-Aminohexanol (5.0 g, 42.7 mmol, 1 equiv.) was dissolved in toluene (100 mL) and 

thionyl chloride (4 mL, 55.6 mmol, 1.3 equiv.) was added. The reaction mixture was heated 

to 80 °C for 17 h. Et₂O (100 mL) was added, the formed precipitate was filtered off and 

washed with toluene and pentane. Drying under reduced pressure gave the desired product, 

6-chlorohexanamine hydrochloride (6.9 g, 40.2 mmol, 94%). 

¹H NMR (400 MHz, CDCl₃, 27 °C): δ (ppm) = 8.25 (s, 3H, H7), 3.53 (t, ³JHH = 6.6 Hz, 2H, H1), 

3.08 – 2.94 (m, 2H, H6), 1.88 – 1.71 (m, 4H, H2 and H5), 1.56 – 1.35 (m, 4H, H3 and H4). 

Synthesis of (4-chlorobutyl)-bis(trimethylsilyl)amine127 

 

4-Chlorobutanamine hydrochloride (3.0 g, 20.8 mmol, 1 equiv.) was dissolved in CH₂Cl₂ 

(25 mL). Trimethylsilyl chloride (6.1 mL, 47.9 mmol, 2.3 equiv.) and NEt₃ (10.5 g, 104.1 mmol, 

5 equiv.) were added. The reaction mixture was stirred at room temperature for 16 h. The 

solvent was removed under reduced pressure and the residue was extracted with pentane 

(ca. 50 mL). Removal of the solvent gave the desired product, (4-

chlorobutyl)bis(trimethylsilyl)amine (3.9 g, 15.6 mmol, 75%) as a colorless liquid. 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 3.06 (t, ³JHH = 6.2 Hz, 2H, H1), 2.66 – 2.55 (m, 2H, 

H4), 1.42 – 1.27 (m, 4H, H2 and H3), 0.14 (s, 18H, H5). 

Synthesis of (5-chloropentyl)-bis(trimethylsilyl)amine127 
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5-Chloropentanamine hydrochloride (5.0 g, 32 mmol, 1 equiv., synthesized in analogy to 

4-chlorobutanamine hydrochloride) was dissolved in CH₂Cl₂ (35 mL). Trimethylsilyl chloride 

(9.3 mL, 73.6 mmol, 2.3 equiv.) and NEt₃ (16.2 g, 160 mmol, 5 equiv.) were added. The 

reaction mixture was stirred at room temperature for 16 h. The solvent was removed under 

reduced pressure and the residue was extracted with pentane (ca. 50 mL). Removal of the 

solvent gave the desired product, (5-chlorpentyl)bis(trimethylsilyl)amine (6.7 g, 25.3 mmol, 

79%) as a colorless liquid. 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 3.09 (t, ³JHH = 6.7 Hz, 2H, H1), 2.70 – 2.59 (m, 2H, 

H5), 1.46 – 1.33 (m, 2H, H2), 1.33 – 1.20 (m, 2H, H4), 1.15 – 1.01 (m, 2H, H3), 0.15 (s, 18H, H6). 

Synthesis of (6-chlorohexyl)-bis(trimethylsilyl)amine127 

 

6-Chlorohexanamine hydrochloride (4.3 g, 25 mmol, 1 equiv.) was dissolved in CH₂Cl₂ 

(35 mL). Trimethylsilyl chloride (7.3 mL, 57.5 mmol, 2.3 equiv.) and NEt₃ (12.6 g, 125 mmol, 5 

equiv.) were added. The reaction mixture was stirred at room temperature for 16 h. The 

solvent was removed under reduced pressure and the residue was extracted with pentane 

(ca. 50 mL). Removal of the solvent gave the desired product, (6-

chlorohexyl)bis(trimethylsilyl)amine (5.7 g, 20.3 mmol, 81%) as a colorless liquid. 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 3.11 (t, ³JHH = 6.7 Hz, 2H, H1), 2.78 – 2.64 (m, 2H, 

H6), 1.42 (quint, ³JHH = 6.7 Hz, 2H, H2), 1.38 – 1.28 (m, 2H, H3), 1.21 – 1.11 (m, 2H, H5), 1.03 – 

0.92 (m, 2H, H4), 0.17 (s, 18H, H7). 

Synthesis of (5-methylenehept-6-enyl)-bis(trimethylsilyl)amine (TMS₂N-4-BD) 

 

Magnesium turnings (137 mg, 5.6 mmol, 1.2 equiv.) were layered with THF (4 mL) and 

activated with dibromoethane. (4-chlorobutyl)-bis(trimethylsilyl)amine (1.2 g, 4.7 mmol, 
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1 equiv.) in THF (4 mL) was added dropwise and the reaction mixture was stirred for 3 h at 

50 °C. Residual magnesium was filtered off, and the clear solution was used in the next step.  

[NiCl₂(dppp)] (50 mg, 0.094 mmol, 0.02 equiv.) and chloroprene (5.6 mmol, 1.2 equiv.) 

were mixed in THF (7 mL). The THF solution containing the Grignard reagent was slowly 

added to this mixture and heated to 50 °C for 2 h. THF was removed and pentane (20 mL) 

was added. The formed precipitate was filtered off and the solvent was removed under 

reduced pressure to give (5-methylenehept-6-enyl)-bis(trimethylsilyl)amine as a light orange 

liquid (1.1 g, 4.0 mmol, 85%). Parts of the crude product were separated from [NiCl₂(dppp)] 

residues by vacuum transfer (80 °C / 2.2·10⁻¹ mbar) prior to use in polymerizations. 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 6.35 (dd, ³JHH = 17.8, 10.9, 1H, H3), 5.17 (d, ³JHH = 

17.8, 1H, H4), 5.04 – 4.89 (m, 3H, H4 and H1), 2.74 (m, 2H, H8), 2.24 – 1.99 (t, ³JHH = 7.4, 2H, 

H5), 1.57 – 1.00 (m, 4H, H6 and H7), 0.16 (s, 18H, H9). 

¹³C{¹H} NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 146.7 (C2), 139.4 (C3), 115.7 (C1), 113.2 (C4), 

45.9 (C8), 35.9 (C6), 31.6 (C5), 25.9 (C7), 2.4 (C9). 

Synthesis of (6-methyleneoct-7-enyl)-bis(trimethylsilyl)amine (TMS₂N-5-BD) 

 

Magnesium turnings (291 mg, 12 mmol, 1.2 equiv.) were layered with THF (5 mL) and 

activated with dibromoethane. (5-chloropentyl)-bis(trimethylsilyl)amine (2.65 g, 10 mmol, 1 

equiv.) in THF (5 mL) was added dropwise and the reaction mixture was stirred for 3.5 h at 

50 °C. Residual magnesium was filtered off, and the clear solution was used in the next step.  

[NiCl₂(dppp)] (100 mg, 0.2 mmol, 0.02 equiv.) and chloroprene (12 mmol, 1.2 equiv.) 

were mixed in THF (10 mL). The THF solution containing the Grignard reagent was slowly 

added to this mixture and heated to 50 °C for 2 h. THF was removed and pentane (30 mL) 

was added. The formed precipitate was filtered off and the solvent was removed under 

reduced pressure to give (6-methyleneoct-7-enyl)-bis(trimethylsilyl)amine as a light orange 

liquid (2.5 g, 8.8 mmol, 88%). Parts of the crude product were separated from [NiCl₂(dppp)] 

residues by vacuum transfer (85 °C / 2.3·10⁻¹ mbar) prior to use in polymerizations. 
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¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 6.34 (dd, ³JHH = 17.7 Hz, ³JHH = 10.9 Hz, 1H, H3), 

5.19 (d, ³JHH = 17.6 Hz, 1H, H4), 4.97 (vd, ³JHH = 10.3 Hz, 3H, H1 and H4), 2.79 – 2.70 (m, 2H, 

H9), 2.15 (t, ³JHH = 7.6 Hz, 2H, H5), 1.53 – 1.34 (m, 4H, H6 and H8), 1.15 (quint, ³JHH = 8.0 Hz, 

2H, H5), 0.16 (s, 18H, H10). 

¹³C{¹H} NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 146.7 (C2), 139.4 (C3), 115.9 (C1), 113.2 (C4), 

46.0 (C9), 35.9 (C8), 31.9 (C5), 28.4 (C6), 27.4 (C7), 2.4 (C10). 

Synthesis of (7-methylenenon-8-enyl)-bis(trimethylsilyl)amine (TMS₂N-6-BD) 

 

Magnesium turnings (291 mg, 12 mmol, 1.2 equiv.) were layered with THF (5 mL) and 

activated with dibromoethane. (6-chlorohexyl)-bis(trimethylsilyl)amine (2.80 g, 10 mmol, 

1 equiv.) in THF (5 mL) was added dropwise and the reaction mixture was stirred for 4 h at 

50 °C. Residual magnesium was filtered off, and the clear solution was used in the next step.  

[NiCl₂(dppp)] (100 mg, 0.2 mmol, 0.02 equiv.) and chloroprene (12 mmol, 1.2 equiv.) 

were mixed in THF (10 mL). The THF solution containing the Grignard reagent was slowly 

added to this mixture and heated to 50 °C for 2 h. THF was removed and pentane (30 mL) 

was added. The formed precipitate was filtered off and the solvent was removed under 

reduced pressure to give (7-methylenenon-8-enyl)-bis(trimethylsilyl)amine as a light orange 

liquid (2.8 g, 9.3 mmol, 93%). Parts of the crude product were separated from [NiCl₂(dppp)] 

residues by vacuum transfer (98 °C / 2.1·10⁻¹ mbar) prior to use in polymerizations. 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 6.36 (dd, ³JHH = 17.6 Hz, ³JHH = 10.7 Hz, 1H, H3), 

5.20 (d, ³JHH = 17.7 Hz, 1H, H4), 5.04 – 4.91 (m, 3H, H1 and H4), 2.83 – 2.69 (m, 2H, H10), 2.21 

– 2.11 (m, 2H, H5), 1.55 – 1.34 (m, 4H, H6 and H9), 1.33 – 1.19 (m, 2H, H7), 1.19 – 1.07 (m, 2H, 

H8), 0.17 (s, 18H, H11). 

¹³C{¹H} NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 146.9 (C2), 139.5 (C3), 115.8 (C1), 113.2 (C4), 

46.1 (C10), 36.0 (C9), 31.8 (C5), 29.8 (C7), 28.7 (C6), 27.5 (C8), 2.4 (C11). 
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Synthesis of (3-chloropropyl)-phenylaniline 

  

NaH (0.96 g, 40 mmol, 1 equiv.) was suspended in dmso (20 mL). Phenylaniline (6.77 g, 

40 mmol, 1 equiv.) in dmso (20 mL) was added dropwise to the suspension. After complete 

addition, the reaction mixture was heated to 50 °C for 1.5 h. 1-Bromo-3-chloropropane (6.30 

g, 40 mmol, 1 eqiuv.) was added and the mixture was stirred for further 35 min at room 

temperature. Et₂O was added and the organic phase was washed with water. The organic 

phase was dried over MgSO₄ and removal of the solvent under reduced pressure gave the 

desired product, crude (3-chloropropyl)-phenylaniline (2.76 g, 11.2 mmol, 28%). Parts of the 

crude product were purified by column chromatography (pentane:ethyl acetate = 18:1 v/v) 

prior to the use in the next step. 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 7.13 – 7.06 (m, 4H, H6), 6.95 – 6.88 (m, 4H, H5), 

6.87 – 6.81 (m, 2H, H7), 3.55 (t, ³JHH = 6.9 Hz, 2H, H1), 3.06 (t, ³JHH = 6.2 Hz, 2H, H3), 1.69 

(quint, ³JHH = 6.5 Hz, 2H, H2). 

Synthesis of (6-chlorohexyl)-phenylaniline 

 

NaH (1.20 g, 50 mmol, 1 equiv.) was suspended in dmso (30 mL). Phenylaniline (8.46 g, 

50 mmol, 1 equiv.) in dmso (35 mL) was added dropwise to the suspension. After complete 

addition, the reaction mixture was heated to 50 °C for 0.5 h. 1-Bromo-6-chlorohexane (10.1 g, 

50.5 mmol, 1.01 eqiuv.) was added and the mixture was stirred for further 30 min at room 

temperature. Pentane was added and the organic phase was washed with water. The organic 

phase was dried over MgSO₄ and removal of the solvent under reduced pressure gave the 

desired product, (6-chlorohexyl)-phenylaniline (13.8 g, 47.8 mmol, 96%). 
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¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 7.17 – 7.09 (m, 4H, H9), 6.99 – 6.92 (m, 4H, H8), 

6.87 – 6.81 (m, 2H, H10), 3.44 (t, ³JHH = 7.4 Hz, 2H, H1), 3.10 – 3.00 (m, 2H, H6), 1.53 – 1.24 (m, 

4H, H2 and H5), 1.08 – 0.90 (m, 4H, H3 and H4). 

Synthesis of (4-methylenehex-5-enyl)-phenylaniline (Ph₂N-3-BD) 

 

Magnesium turnings (136 mg, 5.7 mmol, 1.2 equiv.) were layered with THF (5 mL) and 

activated with dibromoethane. (3-chloropropyl)-phenylaniline (1.16 g, 4.7 mmol, 1 equiv.) in 

THF (5 mL) was added and the reaction mixture was stirred for 3 h at 50 °C. Residual 

magnesium was filtered off, and the clear solution was used in the next step. 

[NiCl₂(dppp)] (50 mg, 0.09 mmol, 0.02 equiv.) and chloroprene (5.7 mmol, 1.2 equiv.) 

were mixed in THF (7 mL). The THF solution containing the Grignard reagent was slowly 

added to this mixture and heated to 50 °C for 2 h. Et₂O (30 mL) was added and the formed 

precipitate was filtered off. The organic phase was washed with brine and water, dried over 

MgSO₄ and the solvent was removed under reduced pressure to give (4-methylenehex-5-

enyl)-phenylaniline (981 mg, 3.7 mmol, 79%). Parts of the product were subjected to column 

chromatography (pentane:ethyl acetate = 25:1 v/v) prior to use in polymerizations. 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 7.12 (t, ³JHH = 7.2 Hz, 2H, H10), 6.96 (d, ³JHH = 8.4 

Hz, 2H, H9), 6.84 (t, ³JHH = 7.3 Hz, 1H, H11), 6.29 (dd, ³JHH = 17.6 Hz, ³JHH = 10.7 Hz, 1H, H4), 

5.08 (d, ³JHH = 17.6 Hz, 1H, H4), 4.95 – 4.89 (m, 2H, H1 and H4), 4.82 (s, 1H, H1), 3.52 (t, ³JHH = 

7.5 Hz, 2H, H7), 2.07 (t, ³JHH = 7.6 Hz, 2H, H5), 1.78 (vquint, ³JHH = 6.6 Hz, 2H, H6).

¹³C{¹H} NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 148.7 (C8), 146.0 (C2), 139.1 (C3), 129.6 (C10), 

121.6 (C11), 121.5 (C9), 116.1 (C1), 113.4 (C4), 52.2 (C7), 29.0 (C5), 26.1 (C6). 
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Synthesis of (7-methylenenon-8-enyl)-phenylaniline (Ph₂N-6-BD) 

 

Magnesium turnings (0.88 g, 36 mmol, 1.2 equiv.) were layered with THF (15 mL) and 

activated with dibromoethane. (6-chlorohexyl)-phenylaniline (8.64 g, 30 mmol, 1 equiv.) in 

THF (15 mL) was added and the reaction mixture was stirred for 3 h at 50 °C. Residual 

magnesium was filtered off, and the clear solution was used in the next step.  

[NiCl₂(dppp)] (325 mg, 0.6 mmol, 0.02 equiv.) and chloroprene (36 mmol, 1.2 equiv.) 

were mixed in THF (20 mL). The THF solution containing the Grignard reagent was slowly 

added to this mixture and heated to 50 °C for 2 h. Et₂O (30 mL) was added and the formed 

precipitate was filtered off. The organic phase was washed with brine and water, dried over 

MgSO₄ and the solvent was removed under reduced pressure to give (7-methylenenon-8-

enyl)-phenylaniline (6.44 g, 21 mmol, 70%). Parts of the product were subjected to column 

chromatography (pentane:ethyl acetate = 15:1 v/v) prior to use in polymerizations. 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 7.17 – 7.10 (m, 4H, H13), 7.02 – 6.96 (m, 4H, H12), 

6.89 – 6.82 (m, 2H, H14), 6.36 (dd, ³JHH = 17.7 Hz, ³JHH = 10.8 Hz, 1H, H3), 5.18 (d, ³JHH = 17.6 

Hz, 1H, H4), 5.02 – 4.89 (m, 3H, H1 and H4), 3.50 (t, ³JHH = 7.6 Hz, 2H, H10), 2.10 (t, ³JHH = 7.5 

Hz, 2H, H5), 1.61 – 1.48 (m, 2H, H9), 1.44 – 1.33 (m, 2H, H6), 1.15 – 1.08 (m, 4H, H7 and H8).

¹³C{¹H} NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 148.8 (C11), 146.8 (C2), 139.4 (C3), 129.6 

(C13), 121.5 (C14), 121.5 (C12), 115.8 (C1), 113.2 (C4), 52.5 (C10), 31.7 (C5), 29.6 (C7), 28.5 (C6), 

27.9 (C9), 27.2 (C8). 

Synthesis of (6-chlorohexyl)-phenylformamide 

 

According to Imamura et al.:140 1-Bromo-6-chlorohexane (4.79 g, 24 mmol, 1.2 equiv.) and 

N-phenylformamide (2.42 g, 20 mmol, 1 equiv.) were dissolved in acetone (20 mL). Cs₂CO₃ 

(7.82 g, 24 mmol, 1.2 equiv.) was added and the reaction mixture was stirred at 50 °C for . 
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The solid phase of the suspension was separated by centrifugation and washed with acetone. 

The organic phases were combined and acetone was removed under reduced pressure to 

yield the desired product (6-chlorohexyl)-phenylformamide in quantitative yield. The crude 

product contains ca. 20% of the starting material 1-bromo-6-chlorohexane and was used 

without further purification in the next step. 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 8.29 (s, 1H, H11), 7.03 – 6.95 (m, 2H, H9), 6.94 – 

6.87 (m, 1H, H10), 6.71 – 6.62 (m, 2H, H8), 3.61 (t, ³JHH = 7.2 Hz, 2H, H1), 3.04 (t, ³JHH = 6.7 Hz, 

2H, H6), 1.38 – 1.22 (m, 4H, H2 and H5), 1.09 – 0.86 (m, 4H, H3 and H4). 

Synthesis of (6-chlorohexyl)aniline hydrochloride 

 

(6-Chlorohexyl)-phenylformamide (20 mmol) was dissolved in iPrOH (19 mL) and 

concentrated HCl was added (4.4 mL). The reaction mixture was heated to 53 °C for 5 h. The 

product was then precipitated by the addition of CH₃Cl/Et₂O and collected by filtration. 

Recrystallization from CH₃Cl/Et₂O gave the desired product (6-chlorohexyl)aniline 

hydrochloride (3.63 g, 14.6 mmol, 73%). 

¹H NMR (400 MHz, CDCl₃, 27 °C): 11.43 (br s, 2H, H11), 7.69 – 7.61 (m, 2H, H9), 7.51 – 7.40 

(m, 3H, H8 and H10), 3.48 (t, ³JHH = 6.5 Hz, 2H, H1), 3.27 (t, ³JHH = 7.8 Hz, 2H, H6), 1.94 – 1.82 

(m, 2H, H2), 1.76 – 1.64 (m, 2H, H5), 1.43 – 1.29 (m, 4H, H3 and H4). 

 

Synthesis of (6-chlorohexyl)-(phenyl)-trimethylsilylamine 

 

(6-Chlorohexyl)aniline hydrochloride (1.54 g, 7.0 mmol, 1 equiv.) was suspended in THF 

(10 mL) and cooled to -78 °C. n-BuLi (9.6 mL 1.6 M in hexanes, 15.4 mmol, 2.2 equiv.) was 

added dropwise followed by the addition of TMS-Cl (1.2 mL, 9.1 mmol, 1.3 equiv.). The 

reaction mixture was stirred for further 15 min at -78 °C, warmed to room temperature, and 
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then stirred at that temperature for 1 h. THF was removed under reduced pressure and the 

residue was extracted with pentane, insoluble parts were removed by filtration. Removal of 

the solvent under reduced pressure gave the desired product (6-chlorohexyl)-(phenyl)-

trimethylsilylamine (1.44 g, 5.1 mmol, 72%). 

¹H NMR (400 MHz, C₆D₆, 27 °C): 7.21 – 7.16 (m, 2H, H9), 7.01 – 6.96 (m, 2H, H8), 6.88 (t, ³JHH 

= 7.2 Hz, 1H, H10), 3.15 (t, ³JHH = 7.1 Hz, 2H, H1), 3.06 (t, ³JHH = 6.7 Hz, 2H, H6), 1.34 (vhept, 

³JHH = 6.8 Hz, 4H, H2 and H5), 1.15 – 0.93 (m, 4H, H3 and H4), 0.19 (s, 9H, H11). 

Synthesis of (7-methylenenon-8-enyl)aniline (PhNH-6-BD) 

 

Magnesium turnings (161 mg, 6.63 mmol, 1. equiv.) were layered with THF (2 mL) and 

activated with dibromoethane. (6-Chlorohexyl)-(phenyl)-trimethylsilylamine (1.44 g, 

5.1 mmol, 1 equiv.) in THF (6 mL) was added and the reaction mixture was stirred for 2 h at 

50 °C. Residual magnesium was filtered off, and the clear solution was used in the next step.  

[NiCl₂(dppp)] (55 mg, 0.1 mmol, 0.02 equiv.) and chloroprene (6.12 mmol, 1.2 equiv.) 

were mixed in THF (10 mL). The THF solution containing the Grignard reagent was slowly 

added to this mixture and heated to 50 °C for 1 h. An NH₄Cl solution was added and the 

mixture was extracted with Et₂O. The organic phase was dried over MgSO₄ and the solvent 

was removed under reduced pressure to give (7-methylenenon-8-enyl)aniline (1.09 g, 4.75 

mmol, 93%). Parts of the product were subjected to column chromatography (pentane:ethyl 

acetate = 100:1.5 v/v) prior to use in polymerizations. 

¹H NMR (400 MHz, C₆D₆, 27 °C): δ (ppm) = 7.23 – 7.17 (m, 2H, H13), 6.77 (t, ³JHH = 7.3 Hz, 1H, 

H14), 6.51 – 6.46 (m, 2H, H12), 6.39 (dd, ³JHH = 17.6 Hz, ³JHH = 10.8 Hz, 1H, H3), 5.21 (d, ³JHH = 

17.6 Hz, 1H, H4), 5.04 – 4.96 (m, 3H, H1 and H4), 3.06 (br s, 1H, H15), 2.83 – 2.74 (m, 2H, 

H10), 2.16 (t, ³JHH = 7.7 Hz, 2H, H5), 1.48 – 1.37 (m, 2H, H6), 1.31 – 1.20 (m, 2H, H9), 1.20 – 1.08 

(m, 4H, H7 and H8). 
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¹³C{¹H} NMR (101 MHz, C₆D₆, 27 °C) δ (ppm) = 149.0 (C11), 146.8 (C2), 139.5 (C3), 129.5 

(C13), 117.4 (C14), 115.9 (C1), 113.2 (C4), 113.0 (C12), 44.0 (C10), 31.7 (C5), 29.8 (C9), 29.7 (C7 

or C8), 28.5 (C6), 27.3 (C7 or C8). 

4.4.3 General Polymerization Procedure 

Copolymerizations in NMR tubes catalyzed by Ni-1 

Ni-1 was weighed into an NMR tube. The used comonomer was mixed with a certain 

amount of a BD stock solution (2.1 mmol BD per gram solution in C₆D₆). C₆D₆ was added to 

this mixture, if necessary, to reach a total volume of 0.6 mL. To start the polymerization, the 

BD/comonomer solution was transferred to the NMR tube containing the catalyst 

immediately before starting the NMR measurements. The NMR tube containing the catalyst 

was cooled to -78 °C before addition of the diene solution for polymerizations at 

temperatures below room temperature. 

4.5 Additional Spectra and Data 

4.5.1 Measurement Details 

¹H NMR Spectra were recorded with a relaxation delay time of D1 = 5 s and an 

acquisition time of 10 s. The recorded spectra were processed in MestReNova™ (v 8.1) and 

the consumption of BD and the comonomer was determined. For this purpose, the olefinic 

monomer signals were integrated using the Data Analysis Tool of MestReNova™. When a 

proper integration of the olefinic signal of the comonomer was not possible, a characteristic 

signal of a -CH₂- group of the side chain was used. The obtained time-intensity data were 

transferred to Origin™ and plotted. In cases where spectra of one sample were recorded in 

different runs, a standardization of the intensity values was applied prior to plotting the data 

by using the intensity of the solvent signal as reference. Because polymerizations undergo a 

significant change of the BD:comonomer ratio throughout the whole reaction, linear fitting 

using 1st order conditions was applied only to initial data points of the reaction when 

necessary. This ensures to obtain rate constants and monomer reactivity ratios from the 

initial stage of the copolymerization and hence comparability of the data. Rate constants k 

were calculated by dividing the value of the linear fits’ slopes by the catalyst concentration. 
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4.5.2 Kinetic Plots 

 

Figure 4.4: Plots and linear fits of kinetic data obtained from a copolymerization of BD and PhS-3-BD 

at 40 °C. The shown kobs values were calculated using the slopes of the linear fits and a Ni-1 

concentration of [Ni-1] = 14 × 10⁻³ mol L⁻¹. 

 

Figure 4.5: Plots and linear fits of kinetic data obtained from a copolymerization of BD and PhS-4-BD 

at 40 °C. The shown kobs values were calculated using the slopes of the linear fits and a Ni-1 

concentration of [Ni-1] = 3 × 10⁻³ mol L⁻¹. 
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Figure 4.6: Plots and linear fits of kinetic data obtained from a copolymerization of BD and PhS-5-BD 

at 40 °C. The shown kobs values were calculated using the slopes of the linear fits and a Ni-1 

concentration of [Ni-1] = 3 × 10⁻³ mol L⁻¹. 

 

 

Figure 4.7: Plots and linear fits of kinetic data obtained from a copolymerization of BD and PhS-6-BD 

at 40 °C. The shown kobs values were calculated using the slopes of the linear fits and a Ni-1 

concentration of [Ni-1] = 3 × 10⁻³ mol L⁻¹. 
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Figure 4.8: Plots and linear fits of kinetic data obtained from a copolymerization of BD and PhS-7-BD 

at 40 °C. The shown kobs values were calculated using the slopes of the linear fits and a Ni-1 

concentration of [Ni-1] = 2.7 × 10⁻³ mol L⁻¹. 

 

 

Figure 4.9: Plots and linear fits of kinetic data obtained from a copolymerization of BD and PhNH-3-

BD at 40 °C. The shown kobs values were calculated using the slopes of the linear fits and a Ni-1 

concentration of [Ni-1]= 3 × 10⁻³ mol L⁻¹. 
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Figure 4.10: Plots and linear fits of kinetic data obtained from a copolymerization of BD and PhNH-6-

BD at 40 °C. The shown kobs values were calculated using the slopes of the linear fits and a Ni-1 

concentration of [Ni-1]= 3 × 10⁻³ mol L⁻¹. 

 

Figure 4.11: Plots and linear fits of kinetic data obtained from a copolymerization of BD and Ph₂N-3-

BD at 40 °C. The shown kobs values were calculated using the slopes of the linear fits and a Ni-1 

concentration of [Ni-1] = 3 × 10⁻³ mol L⁻¹. 
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Figure 4.12: Plots and linear fits of kinetic data obtained from a copolymerization of BD and Ph₂N-4-

BD at 40 °C. The shown kobs values were calculated using the slopes of the linear fits and a Ni-1 

concentration of [Ni-1] = 3 × 10⁻³ mol L⁻¹. 

 

 

Figure 4.13: Plots and linear fits of kinetic data obtained from a copolymerization of BD and Ph₂N-6-

BD at 40 °C. The shown kobs values were calculated using the slopes of the linear fits and a Ni-1 

concentration of [Ni-1]= 3 × 10⁻³ mol L⁻¹. 
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Figure 4.14: Plots and linear fits of kinetic data obtained from a copolymerization of BD and TMS₂N-

3-BD at 40 °C. The shown kobs values were calculated using the slopes of the linear fits and a Ni-1 

concentration of [Ni-1]= 3 × 10⁻³ mol L⁻¹. 

 

 

Figure 4.15: Plots and linear fits of kinetic data obtained from a copolymerization of BD and TMS₂N-

4-BD at 40 °C. The shown kobs values were calculated using the slopes of the linear fits and a Ni-1 

concentration of [Ni-1]= 3 × 10⁻³ mol L⁻¹. 
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Figure 4.16: Plots and linear fits of kinetic data obtained from a copolymerization of BD and TMS₂N-

5-BD at 40 °C. The shown kobs values were calculated using the slopes of the linear fits and a Ni-1 

concentration of [Ni-1]= 3 × 10⁻³ mol L⁻¹. 

 

Figure 4.17: Plots and linear fits of kinetic data obtained from a copolymerization of BD and TMS₂N-

6-BD at 40 °C. The shown kobs values were calculated using the slopes of the linear fits and a Ni-1 

concentration of [Ni-1]= 3 × 10⁻³ mol L⁻¹. 
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Figure 4.18: Plots and linear fits of kinetic data obtained from a copolymerization of BD and 5-BD 

at -15 °C. The shown kobs values were calculated using the slopes of the linear fits and a Ni-1 

concentration of [Ni-1]= 7 × 10⁻³ mol L⁻¹. 

 

Figure 4.19: Plots and linear fits of kinetic data obtained from a copolymerization of BD and IP 

at -15 °C. The shown kobs values were calculated using the slopes of the linear fits and a Ni-1 

concentration of [Ni-1]= 7 × 10⁻³ mol L⁻¹. 
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Figure 4.20: Plot and linear fit of kinetic data obtained from a homopolymerization of BD in the 

presence of PhS-6 at 40 °C. The shown kobs value was calculated using the slopes of the linear fit and a 

Ni-1 concentration of [Ni-1] = 3 × 10⁻³ mol L⁻¹. 

 

Figure 4.21: Plot and linear fit of kinetic data obtained from a homopolymerization of BD in the 

presence of PhNH-3 at 40 °C. The shown kobs value was calculated using the slopes of the linear fit and 

a Ni-1 concentration of [Ni-1] = 12 × 10⁻³ mol L⁻¹. 
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Figure 4.22: Plot and linear fit of kinetic data obtained from a homopolymerization of BD in the 

presence of PhS-4-Ene at 40 °C. The shown kobs value was calculated using the slopes of the linear fit 

and a Ni-1 concentration of [Ni-1] = 3 × 10⁻³ mol L⁻¹. 

 

Figure 4.23: Plot and linear fit of kinetic data obtained from a homopolymerization of BD in the 

presence of PhS-6-Ene at 40 °C. The shown kobs value was calculated using the slopes of the linear fit 

and a Ni-1 concentration of [Ni-1] = 3 × 10⁻³ mol L⁻¹. 
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Figure 4.24: Plot and linear fit of kinetic data obtained from a homopolymerization of BD in the 

presence of PhS-8-Ene at 40 °C. The shown kobs value was calculated using the slopes of the linear fit 

and a Ni-1 concentration of [Ni-1] = 3 × 10⁻³ mol L⁻¹. 

4.5.3 Selected NMR Spectra of Ni Catalyzed Copolymerizations 

Copolymerizations with PhS-3-BD 

 

Figure 4.25: ¹H NMR in-situ spectrum of a copolymerization of BD and PhS-3-BD (Table 4.1 entry 1, 

recorded at 40 °C in C₆D₆). 
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Figure 4.26: ¹H NMR spectrum of a copolymer synthesized from BD and PhS-3-BD (7 mol% PhS-3-

BD incorporation, recorded at 27 °C in CDCl₃). 

 

Figure 4.27: ¹³C{¹H} NMR spectrum of a copolymer synthesized from BD and PhS-3-BD (7 mol% PhS-

3-BD incorporation, recorded at 27 °C in CDCl₃). 
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Figure 4.28: HSQC NMR spectrum of a copolymer synthesized from BD and PhS-3-BD (7 mol% PhS-

3-BD incorporation, recorded at 27 °C in CDCl₃). 

 

Figure 4.29: HMBC NMR spectrum of a copolymer synthesized from BD and PhS-3-BD (7 mol% PhS-

3-BD incorporation, recorded at 27 °C in CDCl₃). 
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Figure 4.30: 1D-TOCSY and ¹H-spectrum of a copolymer synthesized from BD and PhS-3-BD (7 mol% 

PhS-3-BD incorporation, recorded at 27 °C in CDCl₃). Mixing time in TOCSY experiment was 260 ms. 

 

Figure 4.31: DOSY NMR spectrum of a copolymer synthesized from BD and PhS-3-BD (7 mol% PhS-

3-BD incorporation, recorded at 27 °C in CDCl₃). 
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Copolymerizations with PhS-4-BD 

 

Figure 4.32: ¹H NMR in-situ spectrum of a copolymerization of BD and PhS-4-BD (Table 4.1 entry 2, 

recorded at 40 °C in C₆D₆). 

Copolymerizations with PhS-5-BD 

 

Figure 4.33: ¹H NMR in-situ spectrum of a copolymerization of BD and PhS-5-BD (Table 4.1 entry 3, 

recorded at 40 °C in C₆D₆). 
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Copolymerizations with PhS-6-BD 

 

Figure 4.34: ¹H NMR in-situ spectrum of a copolymerization of BD and PhS-6-BD (Table 4.1 entry 4, 

recorded at 40 °C in C₆D₆). 

Copolymerizations with PhS-7-BD 

 

Figure 4.35: ¹H NMR in-situ spectrum of a copolymerization of BD and PhS-7-BD (Table 4.1 entry 5, 

recorded at 40 °C in C₆D₆). 
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Copolymerizations with PhNH-3-BD 

 

Figure 4.36: ¹H NMR in-situ spectrum of a copolymerization of BD and PhNH-3-BD (Table 4.1 entry 

6, recorded at 40 °C in C₆D₆). 

Copolymerizations with PhNH-6-BD 

 

Figure 4.37: ¹H NMR in-situ spectrum of a copolymerization of BD and PhNH-6-BD (Table 4.1 entry 

7, recorded at 40 °C in C₆D₆). 
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Figure 4.38: ¹H NMR spectrum of a copolymer synthesized from BD and PhNH-6-BD (6 mol% PhNH-

6-BD incorporation, recorded at 27 °C in C₆D₆). 

 

Figure 4.39: ¹³C{¹H} NMR spectrum of a copolymer synthesized from BD and PhNH-6-BD (6 mol% 

PhNH-6-BD incorporation, recorded at 27 °C in C₆D₆). 
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Figure 4.40: COSY NMR spectrum of a copolymer synthesized from BD and PhNH-6-BD (6 mol% 

PhNH-6-BD incorporation, recorded at 27 °C in C₆D₆). 

 

Figure 4.41: HSQC NMR spectrum of a copolymer synthesized from BD and PhNH-6-BD (6 mol% 

PhNH-6-BD incorporation, recorded at 27 °C in C₆D₆). 
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Figure 4.42: HMBC NMR spectrum of a copolymer synthesized from BD and PhNH-6-BD (6 mol% 

PhNH-6-BD incorporation, recorded at 27 °C in C₆D₆). 

 

Figure 4.43: 1D-TOCSY and ¹H-spectrum of a copolymer synthesized from BD and PhNH-6-BD (6 

mol% PhNH-6-BD incorporation, recorded at 27 °C in C₆D₆). Mixing time in TOCSY experiment was 

120 ms. 
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Copolymerizations with Ph₂N-3-BD 

 

Figure 4.44: ¹H NMR in-situ spectrum of a copolymerization of BD and Ph₂N-3-BD (Table 4.1 entry 8, 

recorded at 40 °C in C₆D₆). 

Copolymerizations with Ph₂N-4-BD 

 

Figure 4.45: ¹H NMR in-situ spectrum of a copolymerization of BD and Ph₂N-4-BD (Table 4.1 entry 9, 

recorded at 40 °C in C₆D₆). 
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Copolymerizations with Ph₂N-6-BD 

 

Figure 4.46: ¹H NMR in-situ spectrum of a copolymerization of BD and Ph₂N-6-BD (Table 4.1 entry 10, 

recorded at 40 °C in C₆D₆). 

Copolymerizations with TMS₂N-3-BD 

 

Figure 4.47: ¹H NMR in-situ spectrum of a copolymerization of BD and TMS₂N-3-BD (Table 4.1 entry 

11, recorded at 40 °C in C₆D₆). 
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Figure 4.48: ¹H NMR-spectrum of a copolymer synthesized from BD and TMS₂N-3-BD (0.1 mol% 

TMS₂N-3-BD incorporation, recorded at 27 °C in CDCl₃). 

 

Figure 4.49: HSQC NMR-spectrum of a copolymer synthesized from BD and TMS₂N-3-BD (0.1 mol% 

TMS₂N-3-BD incorporation, recorded at 27 °C in CDCl₃). 
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Figure 4.50: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and TMS₂N-3-BD (0.1 mol% 

TMS₂N-3-BD incorporation, recorded at 27 °C in CDCl₃). 

 

Figure 4.51: DOSY NMR-spectrum of a copolymer synthesized from BD and TMS₂N-3-BD (0.1 mol% 

TMS₂N-3-BD incorporation, recorded at 27 °C in CDCl₃). 
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Copolymerizations with TMS₂N-4-BD 

 

Figure 4.52: ¹H NMR in-situ spectrum of a copolymerization of BD and TMS₂N-4-BD (Table 4.1 entry 

12, recorded at 40 °C in C₆D₆). 

Copolymerizations with TMS₂N-5-BD 

 

Figure 4.53: ¹H NMR in-situ spectrum of a copolymerization of BD and TMS₂N-5-BD (Table 4.1 entry 

13, recorded at 40 °C in C₆D₆). 
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Copolymerizations with TMS₂N-6-BD 

 

Figure 4.54: ¹H NMR in-situ spectrum of a copolymerization of BD and TMS₂N-6-BD (Table 4.1 entry 

14, recorded at 40 °C in C₆D₆). 

4.5.4 Microstructure Determination 

 

Figure 4.55: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of 

copolymer synthesized from PhS-3-BD and BD (Table 4.1 entry 1, recorded at 27 °C in CDCl₃). 
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Figure 4.56: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of 

copolymer synthesized from PhS-6-BD and BD (Table 4.1 entry 4, recorded at 27 °C in C₆D₆). 

 

Figure 4.57: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of 

copolymer synthesized from PhNH-6-BD and BD (Table 4.1 entry 7, recorded at 27 °C in C₆D₆). 



4.5 Additional Spectra and Data 

169 

 

Figure 4.58: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of 

copolymer synthesized from Ph₂N-6-BD and BD (Table 4.1 entry 10, recorded at 27 °C in C₆D₆). 
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5. Allylboration as a Tool for the In-situ Post-

polymerization Functionalization of 

Poly(butadiene) 

5.1 Introduction 

The synthesis of copolymers based on polar and nonpolar olefins via insertion 

polymerization is a challenging goal of polymer chemistry. Fundamental progress has been 

made recently in the polymerization of ethylene with polar vinyl monomers.103,104,106,108 The 

functionalization of poly(dienes) via direct copolymerization with polar monomers, 

however, is almost exclusively accomplished by free-radical or anionic methods.15,20,21,120 Polar 

functionalized poly(dienes) thus obtained can possess superior interaction with typical filler 

materials in tire applications such as silica or carbon black.36,141 However, the lack of 

microstructure control in these free-radical or anionic polymerizations is a major drawback 

because the properties of the poly(dienes), and hence the applicability, are strongly 

dependent on the polymer microstructure.  

Although [Ni(allyl)(mesitylene)]⁺[BArF₄]⁻ was shown to copolymerize 1,3-butadiene and 

isoprene with a broad variety of polar functionalized dienes to stereoregular copolymers 

(Chapters 3 and 4), there are still functionalities that withdraw themselves from a direct 

copolymerization.  

Post-polymerization functionalization is widely applied in poly(diene) chemistry. 

Vulcanization in the rubber industry is a prominent example. The reactivity of sulfur 

compounds with double bonds was also applied in the functionalization of 1,2-

poly(butadiene) and poly(isoprene-co-3-methylenehepta-1,6-diene) via the thiol-ene 

reaction.141-144 Although the functionalizations were successful, they still require additional 

activation, namely UV-irradiation and/or the addition of radical initiators. However, this 

approach cannot be utilized for high 1,4-cis-poly(butadiene) as cross-linking occurs under 



5. Allylboration as a Tool for the In-situ Post-polymerization Functionalization of 

Poly(butadiene) 

172 

the functionalization conditions.143 A mild method for a versatile post-polymerization 

functionalization of 1,4-cis-poly(butadiene) with a reactivity approach orthogonal to the 

backbone’s double bonds is highly desirable. This chapter provides such an in-situ post-

polymerization method. 

5.2 Results and Discussion 

For this purpose, the allylboration reaction of allyl boronic acid ester groups (Scheme 

5.1) in poly(butadiene-co-E1-PinB-IP) was explored for post-polymerization reactions to 

introduce functional groups. High 1,4-cis-poly(butadiene-co-E1-PinB-IP) was synthesized 

straightforwardly via a direct insertion copolymerization of BD and E1-PinB-IP catalyzed by 

the cationic nickel complex [Ni(allyl)(mesitylene)]⁺[BArF₄]⁻ (Ni-1) (cf. Chapter 3). E1-PinB-IP 

was chosen as comonomer because it is easily accessible through hydroboration of 2-

methylbut-1-en-3-yne in excellent yields and high purity. Additionally, it readily generates 

the desired allyl boronic acid ester group in the polymer backbone upon insertion. Such allyl 

boronic acid ester groups can subsequently be reacted with aldehydes in an allylboration 

reaction (Scheme 5.1). 

 

Scheme 5.1: Formation of an allyl boronic acid ester group in the copolymer employed and its 

conversion in an allylboration reaction. 

Initial experiments with allylboronic acid pinacol ester as a small molecule model 

compound were designed to investigate the behavior of the reaction under conditions 

comparable to those of the desired application (Figure 5.1). All model reactions with 

allylboronic acid pinacol ester and different aldehydes (pentanal, benzaldehyde, p-NO₂-

benzaldehyde, p-dimethylaminobenzaldehyde, and 4-(1-pyrrolidinyl)benzaldehyde) showed 

the allylboration reaction to be a potentially robust and easy method for the introduction of 

functional groups into the backbone of poly(dienes). The expected products were formed in 
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good (e.g. 73% with p-dimethylaminobenzaldehyde) to high yields (e.g. 89% with p-NO₂-

benzaldehyde) as observed by means of ¹H NMR.  

 

Figure 5.1: Allylboronic acid pinacol ester and different aldehydes used in model reactions. 

To assess the general reactivity of aldehydes towards the allyl boronic acid ester groups 

in the polymer backbone, 500 mg copolymer were reacted with 10 equiv. benzaldehyde 

(60 °C, 2 – 3 days in 5 mL toluene). 

The excess of benzaldehyde was removed subsequent to the reaction by precipitation of 

the polymer in methanol. After drying under reduced pressure, the polymer was 

characterized comprehensively by NMR spectroscopy. 

The full conversion of the allylboronic acid pinacol ester groups in the copolymer to the 

desired secondary alcohol is evident by comparing key signals in the copolymer before and 

after the allylboration reaction (Figure 5.2). While the signals for the vinylic CH₃ group 1, the 

olefinic proton 2, and the CH₃ groups of the pinacol ester 3 disappear, a set of new key 

resonances can be found in the product. These key resonances include the OH-substituted 

CH group 4 with a distinctive shift in ¹H (4.38 ppm) as well as ¹³C NMR (80.8 ppm). In 

addition, a signal for the newly formed biallylic CH₂ group 5 resonates at δ = 2.79 ppm (¹³C: 

30.8 ppm), the peak of CH₃ group 1 shifts from 1.69 ppm to 1.04 ppm, and signals of 

aromatic protons of aryl ring 7 appear between 7.15 and 7.32 ppm.  

 

Figure 5.2: ¹H NMR spectra of the copolymer before and after the allylboration reaction with 

benzaldehyde showing the selective formation of the product structure expected for an SN2’ 

substitution mechanism. 
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These observations and the chemical shift of quaternary carbon atom 8 (44.5 ppm) prove 

the nucleophilic substitution to proceed highly selective in an SN2’ fashion. Signals indicating 

the formation of the product formed in a substitution following an SN2 mechanism or other 

side-reactions were not observed. 

To enlarge the scope of this functionalization approach, further different aldehydes were 

reacted with the copolymer: The full conversion of the allylboronic acid pinacol ester groups 

of the copolymer with pentanal under otherwise identical conditions showed that the 

reactivity is not limited to aromatic aldehydes but also alkyl aldehydes are suitable reagents 

for functionalization of diene copolymers via an allylboration reaction. Quantitative 

conversions are also observed when commercially available, N-functionalized, aromatic 

aldehydes are used. Both, 4-(1-pyrrolidinyl)benzaldehyde and p-dimethylamino-

benzaldehyde were individually reacted for two days with the copolymer under otherwise 

identical conditions as the reaction with benzaldehyde. NMR analyses after repeated 

precipitation of the polymers showed in both cases additional signals compared to polymer 

functionalized with benzaldehyde: The polymer functionalized with 4-(1-pyrrolidinyl)-

benzaldehyde exhibits both ¹H and ¹³C signals for the pyrrolidine moiety at δ = 3.28 ppm 

(47.7 ppm) and 2.00 ppm (25.6 ppm). In the case of p-dimethylaminobenzaldehyde, both 

methyl groups resonate at 2.94 ppm as a key signal in the proton NMR spectrum.  

The aforementioned studies were all conducted with separately synthesized copolymer. 

However, a functionalization is desirable without an additional step (i.e. work-up of the 

polymer) directly after the copolymerization of butadiene with E1-PinB-IP. For this purpose, 

two copolymerizations were performed under standard polymerization conditions (20 µmol 

Ni-1, 20 mL toluene, 1.05 bar BD, 0.7 – 0.8 mmol comonomer, 25 °C, 30 min.). At the end of 

both polymerizations, benzaldehyde (42 equiv. to comonomer) or 4-(1-pyrrolidinyl)-

benzaldehyde (10 equiv. to comonomer) was added. Both reaction mixtures were then 

stirred at 50 °C and the conversion was followed by ¹H NMR taking aliquots. The reaction 

with benzaldehyde showed a degree of functionalization of ca. 50 % after 48 min and 

complete functionalization after two hours. The reaction using 4-(1-pyrrolidinyl)-

benzaldehyde, however, proceeded significantly slower. After 2.5 h only 25% of the 

allylboronic acid ester groups in the copolymer were converted. A conversion of 50% was 

reached after 28 h and full functionalization was reached after two days.  
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Scheme 5.2: Syntheses of differently substituted aromatic aldehydes with a CH₂-linker. 

This difference in reaction rates is possibly due the different amounts of aldehyde 

compared to comonomer, or to a deactivating influence of the amine group in para-position 

to the aldehyde moiety. 

This outcome led to the synthesis of aromatic aldehydes with a methylene group as 

spacer between the aromatic ring and the functional group. Additionally, this approach 

should generate a platform to synthesize aromatic aldehydes with different functional 

groups.  

Syntheses of differently functionalized aromatic aldehydes were accomplished via two 

different routes (Scheme 5.2). Route A) encompasses the functionalization of 1-bromo-4-

(bromomethyl)benzene with a nucleophile (e.g. pyrrolidine) followed by the conversion to 

the desired aromatic aldehyde by reaction with n-BuLi and DMF followed by acidic aqueous 

work-up. Both steps give the desired product in high yields and purity, making purification 

steps like distillation or column chromatography unnecessary. However, not all functional 

groups that can be introduced this way are stable towards the conditions in the second step. 

Therefore, a second route to synthesize functionalized aromatic aldehydes was used. Route 

B) starts with the synthesis of 4-(bromomethyl)benzaldehyde which can be directly reacted 

with a nucleophile (e.g. PPh₃). If the nucleophile is reactive towards the aldehyde group (e.g. 

NaP(O)(OEt)₂), the application of well-known protecting group chemistry enables the 

successful synthesis of the desired product. Except for the first step, the synthesis of 4-

(bromomethyl)benzaldehyde, no further purification was necessary for the obtained 

products. 
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Table 5.1: Different aldehydes used in the allylboration reaction, showing the influences of 

substitution pattern and equivalents used (compared to functional groups present in the copolymer). 

entry aldehyde equiv.a) 

conversion of 

the polymers’ 

functn. groups 

(time)b) 

1 
 

12 99% (75 min) 

2 
 

12 
38% (235 min) 

99% (21 h) 

3 

 

12 

1 

99% (95 min) 

99% (18.5 h) 

4 
 

1 99% (18.75 h) 

5 
 

1 99% (20.3 h) 

6 
 

0.7 

+0.5c) 

70% (22.5 h) 

99% (+2.3 h) 

Reaction conditions: 65 mg polymer, 0.6 mL CDCl₃, 60 °C a) equivalents of aldehyde compared to functional 

groups present in the polymer b) conversion of the functional groups in the polymer, determined from ¹H NMR 

spectra c) additional 0.5 equiv. of aldehyde were added after 22.5 h, full conversion was observed after additional 

2.3 h. 

To gain more information about the reaction’s actual progress over time influenced by 

the para-substituents, the reaction of the copolymer with benzaldehyde, 4-(1-pyrrolidinyl)-

benzaldehyde, and 4-(pyrrolidinylmethyl)benzaldehyde was followed by ¹H NMR (12 equiv. 

of aldehyde to comonomer units, 60 °C, Table 5.1 entries 1, 2, and 3). The reactivity 

differences of the compared aldehydes are significant: The conversion with benzaldehyde 

reached 60% after 10 min and full conversion after 75 min (Table 5.1, entry 1). In comparison, 

the reaction with 4-(1-pyrrolidinyl)benzaldehyde is much slower as 38% conversion is 

reached after 235 min and full conversion requires heating over night (Table 5.1, entry 2). 

The reaction with 4-(pyrrolidinylmethyl)benzaldehyde is again significantly faster and 

proceeds with rates comparable to those observed for the allylboration reaction using 

benzaldehyde (full conversion after 95 min, Table 5.1, entry 3). 

The high reactivities of the synthesized functionalized aromatic aldehydes and the clean 

and selective formation of the desired target structure allows the use of equimolar or even 

substoichiometric amounts of aldehyde (Table 5.1, entries 3 – 6). Although longer reaction 

times are required for equimolar reactions, a waste of reagents is avoided. Allylboration 

reactions with all synthesized aromatic aldehydes were successfully performed and the 

obtained functionalized polymers were scrutinized by NMR-spectroscopy to prove the 
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complete functionalization of the 1,4-cis-poly(butadiene) (NMR spectra and assignments can 

be found in Chapter 5.5.2). 

The allyl boration reaction of poly(butadiene-co-E1-PinB-IP) with 4-(bromomethyl)-

benzaldehyde yields a copolymer functionalized with a reactive bromobenzyl moiety (entry 

4). Thus, a further, subsequent functionalization by a reaction of the bromobenzyl moiety 

with a nucleophile was probed: The nucleophile (pyrrolidine or NH₃ in THF, 10 equiv. 

compared to the bromobenzyl moiety) was added to a solution of the copolymer. Complete 

nucleophilic substitution occurs after 10 – 30 min at room temperature as observed by means 

of ¹H NMR. Precipitation in MeOH and drying under reduced pressure gives the 

functionalized copolymer. Notably, this allowed for the introduction of primary amine 

groups by reaction with ammonia (Scheme 5.3.). 

 

Scheme 5.3: Generation of -NH₂ groups by reaction of a product of allylboration with ammonia. 

5.3 Summary 

Post-polymerization functionalization is commonly applied in poly(diene) chemistry. 

Such reactions usually target the reactive double bonds in the polymer backbone. However, 

poor selectivity, the need for additional activators or even undesired cross-linking are major 

drawbacks for this approach. An easy method for a post-polymerization functionalization of 

1,4-cis-poly(butadiene) with a reactivity approach orthogonal to the double bonds of 

polymer backbone could overcome the issues raised above. 

The allylboration reaction was shown to be a versatile and robust tool for the post-

polymerization functionalization of 1,4-cis-poly(butadiene). Allyl boronic acid ester groups 

in poly(butadiene-co-E1-PinB-IP) react readily with para-functionalized aromatic aldehydes. 

To this end, different synthetic routes were developed that give access to a variety of 

functionalized aromatic aldehydes. The allylboration reaction can be performed directly after 

the polymerization without a need for prior work-up of the polymer and proceeds 

quantitatively in an SN2’ fashion without the occurrence of side-reactions. An addition of 

other reactants or catalysts is not required and the high reactivity allows for the usage of 
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equimolar or even substoichiometric amounts of the aldehyde component. This gives access 

to high 1,4-cis-poly(butadienes) with functional groups that are not accessible via a direct 

copolymerization approach like phosphonates or phosphonium salts.  

5.4 Experimental Section 

5.4.1 Materials and General Considerations 

Unless noted otherwise, all manipulations were carried out under an inert atmosphere 

using standard Schlenk or glove box techniques. Solvents were dried and degassed using 

standard laboratory techniques.122 

Allylboronic acid pinacolester (abcr), 4-(1-pyrrolidinyl)benzaldehyde (Sigma Aldrich), p-

dimethylaminobenzaldehyde (Merck), 1-bromo-4-(bromomethyl)benzene (abcr), and 4-

(bromomethyl)benzonitrile (Fluorochem) are commercially available and were used without 

further purification. 

1,4-cis-poly(butadiene-co-E1-PinB-IP) (CoPo-1) copolymers with different incorporation 

ratios were synthesized as previously reported in Chapter 3.  

 

Caution: 1,3-Butadiene (BD) is gaseous at room temperature as well as toxic and 

carcinogenic. It requires special safety measures to avoid exposure. All operations were 

performed in a well ventilated fume hood using VitonTM protection gloves and a face-

shield in the presence of a DRÄGER 1,3-Butadiene Sensor. In order to prevent accidental 

exposures to BD a trained working protocol should be used. 

 

NMR spectra were recorded on a Varian Unity Inova 400, a Bruker Avance III 400 or a 

Bruker Avance III 600 spectrometer. ¹H chemical shifts were referenced to the residual 

proton signal of the solvent. ¹³C chemical shifts were referenced to the carbon signal of the 

solvent. Multiplicities are given as follows: s: singlet, d: doublet, t: triplet, q: quartet, quint: 

quintet, v: virtual multiplet, m: multiplet, br: broad signal or combinations thereof.  

A complete assignment of all PBD backbone signals was already provided in Chapter 

3.5.1. 
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5.4.2 Syntheses of Aldehydes 

Synthesis of 1-(4-bromobenzyl)pyrrolidine145 

 

1-bromo-4-(bromomethyl)benzene (20.0 g, 80.0 mmol, 1 equiv.) was dissolved in dry 

toluene (60 mL). Pyrrolidine (13.1 g, 184 mmol, 2.3 equiv.) was added slowly. The reaction 

mixture was stirred over night at room temperature. The resulting two-phase mixture was 

extracted with pentane (50 mL) and Et₂O (50 mL). The combined organic phases were 

washed with sat. Na₂CO₃ solution, brine, and water. Drying over MgSO₄ and removal of the 

solvent under reduced pressure gave the desired product 1-(4-bromobenzyl)pyrrolidine (16.6 

g, 69.1 mmol, 86%). 

¹H NMR (400 MHz, CDCl₃, 27 °C) δ (ppm) = 7.42 (d, ³JHH = 8.3 Hz, 2H, H2), 7.20 (d, ³JHH = 8.3 

Hz, 2H, H3), 3.55 (s, 2H, H5), 2.78 (m, 4H, H6), 1.77 (m, 4H, H7). 

Synthesis of 4-(pyrrolidine-1-ylmethyl)benzaldehyde 

 

In analogy to Tamborsky et al.:146 1-(4-bromobenzyl)pyrrolidine (16.6 g, 69.1 mmol, 1 

equiv.) was dissolved in THF (60 mL) and cooled to -78 °C. n-BuLi (2.5 M in hexane, 29.1 mL, 

72.6 mmol, 1.05 eqiv.) was added. The orange reaction mixture was stirred for 10 min at -

78 °C. Dry DMF (5.6 mL, 72.6 mmol, 1.05 equiv.) was added. After stirring for 10 min, the 

reaction mixture was warmed to room temperature. 2.5 M HCl was added until pH = 0 – 1 

was reached, followed by further stirring (15 min) at room temperature. 2 M NaOH was 

added until pH > 10 was reached. Extraction with Et₂O, drying of the combined organic 

phases over MgSO₄, and removal of the solvent under reduced pressure gave the desired 

product, 4-(pyrrolidin-1-ylmethyl)benzaldehyde (11.9 g, 63 mmol, 91%). 

¹H NMR (400 MHz, CDCl₃, 27 °C) δ (ppm) = 9.98 (s, 1H, H1), 7.82 (d, ³JHH = 8.2 Hz 2H, H4), 

7.49 (d, ³JHH = 8.2 Hz 2H, H5), 3.68 (s, 2H, H7), 2.51 (m, 4H, H8), 1.78 (m, 4H, H9). 
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¹³C{¹H} NMR (101 MHz, CDCl₃, 27 °C) δ =192.1 (C2), 147.0 (C6), 135.4 (C3), 129.9 (C4), 129.3 

(C5), 60.5 (C7), 54.4 (C8), 23.65 (C9). 

Synthesis of 4-(Bromomethyl)benzaldehyde147 

 

4-(bromomethyl)benzonitrile (5.0 g, 25.2 mmol, 1 equiv.) was dissolved in toluene (50 

mL). To this solution was added dropwise at 0 °C DIBALH (5.4 g. 38.3 mmol, 1.5 equiv.) in 

toluene (50 mL). The reaction mixture was stirred at room temperature for 1 h. 2 M HCl was 

added until pH < 7 was reached. The reaction mixture was extracted with CH₂Cl₂ and Et₂O 

(Na-K-tartrate solution was added for improved phase separation). The combined organic 

phases were washed with brine and H₂O and dried over MgSO₄. Removal of the solvent 

under reduced pressure gave the crude product. Purification by extraction in hot hexane 

gave the desired compound 4-(bromomethyl)benzaldehyde (3.07 g, 15.4 mmol, 60%). 

¹H NMR (400 MHz, CDCl₃, 27 °C) δ (ppm) = 10.02 (s, 1H, H1), 7.87 (d, ³JHH = 8.4 Hz 2H, H4), 

7.56 (d, ³JHH = 8.4 Hz 2H, H5), 4.52 (s, 2H, H7). 

¹³C{¹H} NMR (101 MHz, CDCl₃, 27 °C) δ =192.1 (C9), 147.0 (C4), 135.4 (C1), 129.9 (C2), 129.3 

(C3), 60.5 (C5), 54.4 (C6), 23.65 (C7). 

Synthesis of (4-formylbenzyl)triphenylphosphonium bromide 

 

4-(bromomethyl)benzaldehyde (50 mg, 0.25 mmol, 1 equiv.) was dissolved in 0.6 mL 

CDCl₃. PPh₃ (132 mg, 0.50 mmol, 2 equiv.) was added and the reaction took place over one 

day at room temperature. The product was precipitated in Et₂O. Centrifugation and 

purification by subsequent dissolution in CH₂Cl₂ and precipitation in Et₂O (3 times) gave the 

desired product, (4-formylbenzyl)triphenylphosphonium bromide, in quantitative yield. 



5.4 Experimental Section 

181 

¹H NMR (400 MHz, CDCl₃, 27 °C) δ (ppm) = 9.84 (s, 1H, H1), 7.84 – 7.66 (m, 9H, H9 and 11), 

7.62 – 7.53 (m, 6H, H10), 7.50 (d, ³JHH = 8.3 Hz, 2H, H4), 7.36 (dd, ³JHH = 8.3, ⁴JPH = 2.5 Hz, 2H, 

H5), 5.76 (d, ²JPH = 15.5 Hz, 2H, H7). 

¹³C{¹H} NMR (101 MHz, CDCl₃, 27 °C) δ (ppm) = 191.8 (C2), 135.8 (d, ⁵JPC = 3.4 Hz, C3), 135.1 

(d, ⁴JPC = 3.2 Hz, C11), 134.8 (d, ²JPC = 8.9 Hz, C6), 134.6 (d, ²JPC = 9.9 Hz, C9), 132.6 (d, ³JPC = 5.5 

Hz, C5), 130.2 (d, ³JPC = 12.6 Hz, C10), 129.7 (d, ⁴JPC = 3.4 Hz, C4), 117.6 (d, ¹JPC = 86.0 Hz, C8), 

30.3 (d, ¹JPC = 46.5 Hz, C7). 

³¹P{¹H} NMR (162 MHz, CDCl₃, 27 °C) δ (ppm) = 23.9 (s). 

Synthesis of 2-(4-(bromomethyl)phenyl)-1,3-dioxolane 

 

In analogy to Lemcoff et al.:148 4-(bromomethyl)benzaldehyde (1.0 g, 5 mmol, 1 equiv.) 

and ethylene glycol (620 mg, 10 mmol, 2 equiv.) were dissolved in toluene (40 mL). After the 

addition of p-toluenesulfonic acid (small amount, catalytic), the reaction mixture was heated 

to reflux for 3 h and water was removed using a Dean-Stark apparatus. Extraction with 

Et₂O/aqueous NaHCO₃, drying of the combined organic phases and removal of the solvent 

gave the desired product, 2-(4-(bromomethyl)phenyl)-1,3-dioxolane (800 mg, 3.3 mmol, 

66%). 

¹H NMR (400 MHz, CDCl₃, 27 °C) δ (ppm) = 7.46 (d, ³JHH = 8.2 Hz, 2H, H4), 7.41 (d, ³JHH = 8.2 

Hz, 2H, H5), 5.81 (s, 1H, H2), 4.49 (s, 2H, H7), 4.15 – 3.97 (m, 4H, H1). 

Synthesis of diethyl (4-formylbenzyl)phosphonate 

 

NaH (17.7 mg, 0.74 mmol, 1 equiv.) and diethyl phosphonate (102.2 mg, 0.74 mmol, 1 

equiv.) were stirred in DMF (1.5 mL) for 2 h at room temperature. 2-(4-

(bromomethyl)phenyl)-1,3-dioxolane (182 mg, 0.75 mmol, 1.02 equiv.) was added in 1 mL 

DMF to this mixture which was stirred for another 2 h at room temperature. Aqueous acidic 
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work-up and extraction with CH₂Cl₂/Et₂O gave the title compound, diethyl (4-

formylbenzyl)phosphonate (144 mg, 0.56 mmol, 75%). 

¹H NMR (400 MHz, CDCl₃, 27 °C) δ (ppm) = 10.02 (s, 1H, H1), 7.86 (d, ³JHH = 8.3 Hz, 2H, H4), 

7.50 (dd, ³JHH = 8.3 Hz, ⁴JPH = 2.4 Hz, 2H, H5), 4.06 (dq, ³JPH = 9.8, ³JHH = 7.1, 4H, H8), 3.25 (d, 

²JPH = 22.4 Hz, 2H, H7), 1.27 (t, ³JHH = 7.1, 6H, H9). 

¹³C{¹H} NMR (101 MHz, CDCl₃, 27 °C) δ 191.7 (d, ⁶JPC = 1.6 Hz, C2), 138.9 (d, ²JPC = 9.3 Hz, 

C6), 135.0 (d, ⁵JPC = 3.4 Hz, C3), 130.4 (d, ³JPC = 6.5 Hz, C5), 129.7 (d, ⁴JPC = 3.1 Hz, C4), 62.2 (d, 

²JPC = 6.8 Hz, C8), 34.0 (d, ¹JPC = 137.3 Hz, C7), 16.2 (d, ³JPC = 5.9 Hz, C9).  

³¹P{¹H} NMR (162 MHz, CDCl₃, 27 °C) δ (ppm) = 24.8 (s). 

5.4.3 General Procedure for of Model Reactions of Allylboronic Acid 

Pinacol Ester with Different Aldehydes 

1 equivalent of allylboronic acid pinacol ester (typically 0.25 mmol) was dissolved in 

C₆D₆ and 1 to 1.5 equivalents of the aldehyde was added. The reaction mixture was kept at 

room temperature or heated to 60 °C and followed by NMR-spectroscopy. Spectra were 

recorded from crude reaction mixtures. 

5.4.4 General Procedure for an Allylboration Reaction with Isolated 

Copolymer 

CoPo-1 (500 mg, 2.5 – 3.5 mol% incorporation of allylboronic acid pinacol ester groups) 

was dissolved in toluene (5 mL). The used aldehyde (around 10 equiv. compared to the 

allylboronic acid pinacol ester functionality of the polymer) was added and the mixture was 

stirred at 60 °C for 2 days. The polymer was purified by precipitation in MeOH. Dissolution 

in toluene and precipitation in MeOH was repeated two times. The obtained polymer was 

dried under reduced pressure. 

5.4.5 General Procedure for an Allylboration Reaction with Isolated 

Copolymer on NMR-scale 

CoPo-1 (70 mg, 2.5 – 3.5 mol% incorporation of allylboronic acid pinacol ester groups) 

was dissolved in C₆D₆ (0.6 mL). The used aldehyde (for different applied equivalents cf. 
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Table 1) was added and the mixture was kept at 60 °C until complete conversion was 

observed by means of ¹H NMR. Characterization of the polymers was performed using the 

crude reaction mixture or the precipitated polymer. 

5.4.6 General Procedure for the In-situ Functionalization with 

Benzaldehyde 

 

Toluene (19 mL) and 3-methylbuta-1,3-dien-1-ylboronic acid pinacol ester (150 mg, 0.77 

mmol, 1 equiv.) were added to a Schlenk flask. The flask was pressurized with 1.05 bar of 

1,3-butadiene. Ni-1 (20 μmol, in 1 mL of toluene) was added to the stirred reaction mixture. 

The polymerization was conducted at room temperature under a constant butadiene 

pressure of 1.05 bar for 30 min. The butadiene feed was closed and benzaldehyde (32.5 

mmol, 42 equiv.) was added. The mixture was stirred at 50 °C for 2 h and aliquots were 

taken after 48, 90, and 120 min. Residual butadiene was removed under reduced pressure 

and the polymer was precipitated in a mixture of 50 mg of BHT and 600 mL of methanol. 

Drying of the polymer under reduced pressure yielded 7.6 g of functionalized PBD. 

5.4.7 General Procedure for the In-situ Functionalization with 4-(1-

Pyrrolidinyl)benzaldehyde 

 

Toluene (19 mL) and 3-methylbuta-1,3-dien-1-ylboronic acid pinacol ester (140 mg, 0.72 

mmol, 1 equiv.) were added to a Schlenk flask. The flask was pressurized with 1.05 bar of 

1,3-butadiene. Ni-1 (20 μmol, in 1 mL of toluene) was added to the stirred reaction mixture. 
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The polymerization was conducted at room temperature under a constant butadiene 

pressure of 1.05 bar for 30 min. The butadiene feed was closed and 4-(1-

pyrrolidinyl)benzaldehyde (7 mmol, 10 equiv.) was added. The mixture was stirred at 50 °C 

for 2 days and aliquots were taken after 2.5, 19, and 28 h. Residual butadiene was removed 

under reduced pressure and the polymer was precipitated in a mixture of 50 mg of BHT and 

600 mL of methanol. Drying of the polymer under reduced pressure yielded 5.8 g of 

functionalized PBD. 

5.5 Additional Spectra and Data 

5.5.1 NMR Spectra of Model Reactions of Allylboronic Acid Pinacol Ester 

with Different Aldehydes 

Reaction of Allylboronic Acid Pinacol Ester with Pentanal 

 

Figure 5.3: ¹H NMR-spectrum of the crude reaction mixture of allylboronic acid pinacol ester and 

pentanal after 5 h at 60 °C (recorded at 27 °C in C₆D₆). 
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Figure 5.4: COSY NMR-spectrum of the crude reaction mixture of allylboronic acid pinacol ester and 

pentanal after 5 h at room temperature (recorded at 27 °C in C₆D₆).h 

 

Figure 5.5: HSQC NMR-spectrum of the crude reaction mixture of allylboronic acid pinacol ester and 

pentanal after 5 h at room temperature (recorded at 27 °C in C₆D₆). 
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Figure 5.6: HMBC NMR-spectrum of the crude reaction mixture of allylboronic acid pinacol ester and 

pentanal after 5 h at room temperature (recorded at 27 °C in C₆D₆). 

Reaction of Allylboronic Acid Pinacol Ester with Benzaldehyde 

 

Figure 5.7: ¹H NMR-spectrum of the crude reaction mixture of allylboronic acid pinacol ester and 

benzaldehyde after 12 h at 60 °C (recorded at 27 °C in C₆D₆). 
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Figure 5.8: COSY NMR-spectrum of the crude reaction mixture of allylboronic acid pinacol ester and 

benzaldehyde after 12 h at 60 °C (recorded at 27 °C in C₆D₆). 

 

Figure 5.9: HSQC NMR-spectrum of the crude reaction mixture of allylboronic acid pinacol ester and 

benzaldehyde after 12 h at 60 °C (recorded at 27 °C in C₆D₆). 
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Figure 5.10: HMBC NMR-spectrum of the crude reaction mixture of allylboronic acid pinacol ester 

and benzaldehyde after 12 h at 60 °C (recorded at 27 °C in C₆D₆). 

Reaction of Allylboronic Acid Pinacol Ester with p-Dimethylaminobenzaldehyde 

 

Figure 5.11: ¹H NMR-spectrum of the crude reaction mixture of allylboronic acid pinacol ester and p-

dimethylaminobenzaldehyde after 24 h at 60 °C (recorded at 27 °C in C₆D₆). 
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Figure 5.12: COSY NMR-spectrum of the crude reaction mixture of allylboronic acid pinacol ester and 

p-dimethylaminobenzaldehyde after 24 h at 60 °C (recorded at 27 °C in C₆D₆). 

 

Figure 5.13: HSQC NMR-spectrum of the crude reaction mixture of allylboronic acid pinacol ester and 

p-dimethylaminobenzaldehyde after 24 h at 60 °C (recorded at 27 °C in C₆D₆). 
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Figure 5.14: HMBC NMR-spectrum of the crude reaction mixture of allylboronic acid pinacol ester 

and p-dimethylaminobenzaldehyde after 24 h at 60 °C (recorded at 27 °C in C₆D₆). 

Reaction of Allylboronic Acid Pinacol Ester with p-NO₂-Benzaldehyde 

 

Figure 5.15: ¹H NMR-spectrum of the crude reaction mixture of allylboronic acid pinacol ester and p-

NO₂-benzaldehyde after 24 h at 60 °C (recorded at 27 °C in C₆D₆). 
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Figure 5.16: COSY NMR-spectrum of the crude reaction mixture of allylboronic acid pinacol ester and 

p-NO₂-benzaldehyde after 24 h at 60 °C (recorded at 27 °C in C₆D₆). 

 

Figure 5.17: HSQC NMR-spectrum of the crude reaction mixture of allylboronic acid pinacol ester and 

p-NO₂-benzaldehyde after 24 h at 60 °C (recorded at 27 °C in C₆D₆). 
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Reaction of Allylboronic Acid Pinacol Ester with 4-(1-Pyrrolidinyl)benzaldehyde 

 

Figure 5.18: ¹H NMR-spectrum of the crude reaction mixture of allylboronic acid pinacol ester and 4-

(1-pyrrolidinyl)benzaldehyde after 24 h at 60 °C (recorded at 27 °C in C₆D₆). 

 

Figure 5.19: COSY NMR-spectrum of the crude reaction mixture of allylboronic acid pinacol ester and 

4-(1-pyrrolidinyl)benzaldehyde after 24 h at 60 °C (recorded at 27 °C in C₆D₆). 
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Figure 5.20: NMR-spectrum of the crude reaction mixture of allylboronic acid pinacol ester and 4-(1-

pyrrolidinyl)benzaldehyde after 24 h at 60 °C (recorded at 27 °C in C₆D₆). 

 

Figure 5.21: NMR-spectrum of the crude reaction mixture of allylboronic acid pinacol ester and 4-(1-

pyrrolidinyl)benzaldehyde after 24 h at 60 °C (recorded at 27 °C in C₆D₆) 
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5.5.2 NMR-Spectra of Copolymers Functionalized by Allylboration 

NMR-Spectra of PBD Functionalized with Benzaldehyde 

 

Figure 5.22: ¹H NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 

benzaldehyde (recorded at 27 °C in CDCl₃). 

 

Figure 5.23: ¹³C{¹H} NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 

benzaldehyde (recorded at 27 °C in CDCl₃). 
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Figure 5.24: HSQC NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 

benzaldehyde (recorded at 27 °C in CDCl₃). 

 

Figure 5.25: HMBC NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 

benzaldehyde (recorded at 27 °C in CDCl₃). 
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NMR-Spectra of PBD Functionalized with Pentanal 

 

Figure 5.26: ¹H NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 

pentanal (recorded at 27 °C in CDCl₃). 

 

Figure 5.27: ¹³C{¹H} NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 

pentanal (recorded at 27 °C in CDCl₃). 
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Figure 5.28: ¹H NMR-spectrum (black) and 1D-TOCSY spectrum (red) of a copolymer functionalized 

by allylboration of CoPo-1 with pentanal (recorded at 27 °C in CDCl₃). 

 

Figure 5.29: COSY NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 

pentanal (recorded at 27 °C in CDCl₃). 
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Figure 5.30: HSQC NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 

pentanal (recorded at 27 °C in CDCl₃). 

 

Figure 5.31: HMBC NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 

pentanal (recorded at 27 °C in CDCl₃). 
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NMR-Spectra of PBD Functionalized with 4-(1-Pyrrolidinyl)benzaldehyde 

 

Figure 5.32: ¹H NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 4-(1-

pyrrolidinyl)benzaldehyde (recorded at 27 °C in CDCl₃). 

 

Figure 5.33: ¹³C{¹H} NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 4-

(1-pyrrolidinyl)benzaldehyde (recorded at 27 °C in CDCl₃). 
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Figure 5.34: COSY NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 4-(1-

pyrrolidinyl)benzaldehyde (recorded at 27 °C in CDCl₃). 

 

Figure 5.35: HSQC NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 4-

(1-pyrrolidinyl)benzaldehyde (recorded at 27 °C in CDCl₃). 
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Figure 5.36: HMBC NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 4-

(1-pyrrolidinyl)benzaldehyde (recorded at 27 °C in CDCl₃). 

NMR-Spectra of PBD Functionalized with p-Dimethylaminobenzaldehyde 

 

Figure 5.37: ¹H NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 

p-dimethylaminobenzaldehyde (recorded at 27 °C in CDCl₃). 
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NMR-Spectra of PBD Functionalized with 4-(Pyrrolidinylmethyl)benzaldehyde 

 

Figure 5.38: ¹H NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 4-

(pyrrolidinylmethyl)benzaldehyde (recorded at 27 °C in CDCl₃). 

 

Figure 5.39: ¹³C{¹H} NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 4-

(pyrrolidinylmethyl)benzaldehyde (recorded at 27 °C in CDCl₃). 
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Figure 5.40: HSQC NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 4-

(pyrrolidinylmethyl)benzaldehyde (recorded at 27 °C in CDCl₃). 

 

Figure 5.41: HMBC NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 4-

(pyrrolidinylmethyl)benzaldehyde (recorded at 27 °C in CDCl₃). 
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Figure 5.42: DOSY NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 4-

(pyrrolidinylmethyl)benzaldehyde (recorded at 27 °C in CDCl₃). 

NMR-Spectra of PBD Functionalized with 4-(Bromomethyl)benzaldehyde 

 

Figure 5.43: ¹H NMR-spectrum of the crude reaction mixture of a copolymer functionalized by 

allylboration of CoPo-1 with 4-(bromomethyl)benzaldehyde (recorded at 27 °C in CDCl₃). 
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Figure 5.44: DOSY NMR-spectrum of the crude reaction mixture of a copolymer functionalized by 

allylboration of CoPo-1 with 4-(bromomethyl)benzaldehyde (recorded at 27 °C in CDCl₃). 

NMR-Spectra of PBD Functionalized with (4-Formylbenzyl)triphenylphosphonium 

Bromide 

 

Figure 5.45: ¹H NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with (4-

formylbenzyl)triphenylphosphonium bromide (recorded at 27 °C in CDCl₃). 
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Figure 5.46: ³¹P-HMBC NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 

(4-formylbenzyl)triphenylphosphonium bromide (recorded at 27 °C in CDCl₃). 

 

Figure 5.47: HSQC NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with (4-

formylbenzyl)triphenylphosphonium bromide (recorded at 27 °C in CDCl₃). 
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Figure 5.48: DOSY NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with (4-

formylbenzyl)triphenylphosphonium bromide (recorded at 27 °C in CDCl₃). 

NMR-Spectra of PBD Functionalized with Diethyl (4-formylbenzyl)phosphonate 

 

Figure 5.49: ¹H NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with diethyl 

(4-formylbenzyl)phosphonate (recorded at 27 °C in CDCl₃). 
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Figure 5.50: ¹H NMR-spectrum (top) and ¹H{³¹P} NMR-spectrum (bottom) of a copolymer 

functionalized by allylboration of CoPo-1 with diethyl (4-formylbenzyl)phosphonate (recorded at 

27 °C in CDCl₃). 

 

Figure 5.51: HSQC NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 

diethyl (4-formylbenzyl)phosphonate (recorded at 27 °C in CDCl₃). 
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Figure 5.52: ³¹P-HMBC NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 

diethyl (4-formylbenzyl)phosphonate (recorded at 27 °C in CDCl₃). 

 

Figure 5.53: DOSY NMR-spectrum of a copolymer functionalized by allylboration of CoPo-1 with 

diethyl (4-formylbenzyl)phosphonate (recorded at 27 °C in CDCl₃). 
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5.5.3 NMR Spectra of Allylboration Reactions followed over time 

NMR Spectra of In-situ Functionalization with Benzaldehyde and 4-(1-

Pyrrolidinyl)benzaldehyde 

 

Figure 5.54: ¹H NMR-spectra of aliquots taken from in-situ functionalization with benzaldehyde 

(recorded at 27 °C in CDCl₃). 
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Figure 5.55: ¹H NMR-spectra of aliquots taken from in-situ functionalization with 4-(1-

pyrrolidinyl)benzaldehyde (recorded at 27 °C in CDCl₃). 

Allylboration Reactions with Different Aldehydes Followed over Time 

 

Figure 5.56: ¹H NMR-spectra of allylboration reaction of CoPo-1 with 10 equiv. benzaldehyde at 60 °C 

(Table 1, entry 1, recorded at 27 °C in CDCl₃). 
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Figure 5.57: ¹H NMR-spectra of allylboration reaction of CoPo-1 with 10 equiv. 4-(1-pyrrolidinyl)-

benzaldehyde at 60 °C (Table 1, entry 2, recorded at 27 °C in CDCl₃). 

 

Figure 5.58: ¹H NMR-spectra of allylboration reaction of CoPo-1 with 10 equiv. 4-(pyrrolidinyl-

methyl)benzaldehyde at 60 °C (Table 1, entry 3, recorded at 27 °C in CDCl₃). 
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Figure 5.59: ¹H NMR-spectra of allylboration reaction of CoPo-1 with 1 equiv. 4-(pyrrolidinylmethyl)-

benzaldehyde at 60 °C (Table 1, entry 3, recorded at 27 °C in CDCl₃). 

 

Figure 5.60: ¹H NMR-spectra of allylboration reaction of CoPo-1 with 1 equiv. 4-(bromomethyl)-

benzaldehyde at 60 °C (Table 1, entry 4, recorded at 27 °C in CDCl₃). 
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Figure 5.61: ¹H NMR-spectra of allylboration reaction of CoPo-1 with 1 equiv. (4-formylbenzyl)-

triphenylphosphonium bromide at 60 °C (Table 1, entry 5, recorded at 27 °C in CDCl₃). 

 

Figure 5.62: ¹H NMR-spectra of allylboration reaction of CoPo-1 with 0.7 equiv. diethyl (4-formyl-

benzyl)phosphonate at 60 °C. Additional 0.5 equiv. aldehyde were added after 20 h to observe 

complete conversion after 22.3 h (Table 1, entry 6, recorded at 27 °C in CDCl₃). 
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5.5.4 NMR Spectra of Functionalized Copolymers after the Reaction of 

the Bromobenzyl Moiety 

 

Figure 5.63: ¹H NMR-spectra of a polymer obtained from allylboration reaction of CoPo-1 with 4-

(pyrrolidinylmethyl)benzaldehyde (top) and a polymer functionalized by the reaction of the 

bromobenzyl moiety with pyrrolidine (bottom, recorded at 27 °C in CDCl₃). 

 

Figure 5.64: DOSY NMR-spectrum of a polymer functionalized by the reaction of the bromobenzyl 

moiety with pyrrolidine (bottom, recorded at 27 °C in CDCl₃). 
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Figure 5.65: HSQC NMR-spectrum of a polymer functionalized by the reaction of the bromobenzyl 

moiety with ammonia (bottom, recorded at 27 °C in CDCl₃). 
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6. Nd Catalyzed Copolymerization of 

Butadiene and Functionalized 1,3-Dienes 

6.1 Introduction 

Stereoregular polymers like poly(propylene) and poly(dienes) are produced on a large 

scale by catalytic insertion polymerization. The production of synthetic rubbers like 

poly(butadiene) and poly(isoprene) traditionally employs Ziegler-Natta catalysts based on 

e.g. Ti, Co, or Ni. These were later extended by Neodymium catalysts.4,149 Nd-based systems 

are known to yield butadiene rubber with the highest 1,4-cis-content. This is important, as 

microstructure control is paramount in the synthesis of synthetic rubber because it translates 

directly to different polymer properties like glass transition temperature, crystallinity, or 

strain-induced crystallization.90 These properties are significant for tire manufacturing, the 

main application of synthetic rubber. Besides microstructure control, the functionalization 

with polar groups can give access to improved properties of such materials, like enhanced 

compatibility with filler materials used in typical rubber applications (e.g. silica or carbon 

black). However, copolymerizations of 1,3-butadiene or isoprene with polar functionalized 

dienes were exclusively accomplished by free-radical methods15,17-21 that do not allow control 

over the polymer’s microstructure. The copolymerization of butadiene with polar 

functionalized dienes catalyzed by a nickel complex was shown in Chapter 3. In view of 

industrial applications, these advances raise the question of the functional group tolerance of 

simple in-situ catalyst systems based on early transition metals that are also used by 

industry. This chapter deals with the direct stereoselective insertion copolymerization of 1,3-

butadiene with a variety of polar functionalized dienes catalyzed by in-situ catalyst systems 

based on early transition metals. 



6. Nd Catalyzed Copolymerization of Butadiene and Functionalized 1,3-Dienes 

218 

6.2 Results and Discussion 

N- or S-functionalized 1,3-diene comonomers (Figure 6.1) were copolymerized with 1,3-

butadiene and isoprene using different Nd-based catalyst systems. These catalyst systems 

are based on the widely employed Nd-precursors Nd(versatate)₃ (NdV),90 Nd(OiPr)₃,150,151 

and Nd(allyl)₃·dioxane152 and are activated with Al-alkyls diisobutylaluminium hydride 

(DIBALH) or triisobutylaluminium (TIBA) and a Cl-source ethylaluminium sesquichloride 

(EASC) or [PhNMe₂H]⁺[B(C₆F₅)₄]⁻. The polymerizations were conducted at elevated 

temperatures (50 – 60 °C) in aromatic solvents (benzene or toluene).  

 

Figure 6.1: Functionalized diene comonomers used in copolymerizations with 1,3-butadiene and 

isoprene. 

6.2.1 NMR Scale Experiments 

The principal feasibility and limitations of such direct copolymerizations were probed in 

polymerizations in NMR-tubes with different catalyst systems A (NdV/TIBA/EASC), B 

(NdV/DIBALH/EASC), C (NdV/TIBA/DIBALH/EASC), D (Nd(OiPr)₃/DIBALH/

[PhNMe₂H]⁺[B(C₆F₅)₄]⁻), E (Nd(OiPr)₃/DIBALH/EASC), F (Nd(allyl)₃·(dioxane)/DIBALH/

[PhNMe₂H]⁺[B(C₆F₅)₄]⁻), and G (Nd(allyl)₃·(dioxane)/TIBA/EASC) and different comonomers 

(Table 6.1). 

Consumption of the non-functionalized diene was observed for all combinations of 

different catalyst systems and comonomers studied. Further, the formation of typical 

poly(butadiene) or poly(isoprene) signals were observed in these reactions by means of ¹H-

NMR spectroscopy, showing that the attempted polymerizations are productive. ¹³C-NMR 

analyses of the obtained polymers reveal differences in stereoregularity depending on the 

catalyst system used. Systems C, D, and F give the polymers with the lowest 1,4-cis-content 

of ca. 90%, followed by system E with 94% 1,4-cis-units. Systems A, B and G are capable of 

synthesizing polymers with a highly defined microstructure with 1,4-cis-contents >94%. 
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Table 6.1: NMR scale (co)polymerizations of butadiene or isoprene with polar functionalized 

comonomers. 

entry cat. t diene CoMo. 

func. 

diene : 

Al ratio 

CoMo 

content in 

polymerh) 

Mn
i) 

Mw

Mn

i) 1,4-cis- 

contentj) 

1,4-trans- 

contentj) 

vinyl- 

contentj) 

  
[h] [mmol] [µmol] [x:1] [mol%] [10³ g mol⁻¹] 

 
[%] [%] [%] 

1 Aa) 30 BD: 1.2 1 (51) 5 4.2 59 3.5 96.7 3.0 0.2 

2 Bb) 19 BD: 0.5 1 (76) 7 13.1 40 1.9 94.0 5.8 0.2 

3 Bb) 19 BD: 1.2 1 (430) 41 45 77 2.8 97.4 2.5 0.1 

4 Bb), k), l) 8 -- 1 (509) 24 100 n.d. n.d. 88 8 4 

5 Cc), k), l) 8 -- 1 (705) 23 100 21 5 90 6 4 

6 Bb) 19 IP:   0.8 1 (98) 9 11.3 105 2.4 97 1 2 

7 Cc) 12 IP: 0.4 1 (400) 26 42.8 49 5.7 92 5 3 

8 Dd) 14 IP:   0.8 1 (98) 20 11.2 36 6.2 91 3 6 

9k) Ee) 8 BD: 0.8 1 (200) 32 20.8 15 3.9 94.5 5.4 0.1 

10k) Ff) 1 IP:   1.2 1 (50) 10 4.4 n.d. n.d. 90 9 1 

11 Bb) 15 BD: 0.5 2 (65) 6 11.1 23 2.2 86.3 13.5 0.2 

12 Aa) 19 BD: 2.6 3 (110) 10 4.3 84 2.8 96.0 4.0 -- 

13 Bb) 19 BD: 2.6 3 (110) 10 3.8 70 3.7 95.7 4.1 0.2 

14 Gg) 20 IP:   1.0 3 (100) 18 10.2 52 7 95 2 3 

15 Cc), k), m) 16 -- 3 (500) 16 100 16 4.7 91 5 4 

16 Aa) 15 BD: 1.1 4 (25) 2 2.4 199 1.9 96 3.8 0.2 

17 Bb) 19 BD: 2.7 4 (60) 6 2.0 83 2.2 92.0 7.8 0.2 

18 Dd) 19 BD: 1.2 4 (65) 13 5.9 n.d. n.d. 88 11 1 

19 Bb) 19 BD: 0.5 4 (80) 8 16.2 9.4 3.2 92.4 7.5 0.1 

20 Gg) 19 IP:   2.0 4 (47) 9 2.5 n.d. n.d. 98 -- 2 

21 Gg) 12 IP:   1.0 4 (100) 18 9.5 73 3.1 96.8 0.7 2.5 

22 Cc), k), l) 68 -- 4 (500) 16 100 15 5.8 n.d. n.d. 4 

All reactions performed with 0.5 µmol of Nd at 60 °C (until otherwise noted) in NMR-tubes in C₆D₆ until > ca. 

90 – 95% diene conversion was reached. Comonomer 1: TMS₂N-3-BD, 2: Ph₂N-4-BD, 3: CarbN-4-BD, 4: PhS-3-

BD. a) A: Nd(versatate)₃:TIBA:EASC (1:20:1). b) B: NdV:DIBALH:EASC (1:20:1). c) C: NdV:TIBA:EASC: DIBALH 

(1:20:1:10). d) D: Nd(OiPr)₃:DIBALH:[PhNMe₂H]⁺[B(C₆F₅)₄]⁻ (1:10:3). e) E: Nd(OiPr)₃:DIBALH:EASC (1:10:2.5) f) F: 

Nd(allyl)₃*(dioxane):DIBALH:[PhNMe₂H]⁺[B(C₆F₅)₄]⁻ (1:10:3). g) G: Nd(allyl)₃*(dioxane):TIBA:EASC (1:10:1). h) 

Determined by ¹H NMR spectroscopy of crude reaction mixture and/or isolated polymer. i) Determined by GPC 

in THF vs. PS standards. j) Determined by ¹³C NMR spectroscopy of crude reaction mixture and/or isolated 

polymer. k) 1 µmol Nd. l) Reaction at 80 °C. m) Reaction at 70 °C. n) Reaction at 50 °C. 

 

Figure 6.2: ¹H-NMR spectrum of a BD-TMS₂N-3-BD copolymer after isolation and before cleavage of 

the TMS-groups (Table 6.1, entry 1, recorded at 27 °C in C₆D₆). 
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In addition, polymers obtained with systems A and B typically exhibit very low vinyl 

contents (ca. 0.2 mol%). 

The materials obtained are true copolymers, as concluded from extensive NMR analysis. 

For example, ¹H NMR spectra of the copolymers obtained from the copolymerization of BD 

or IP and comonomer TMS₂N-3-BD display the presence of both –CH₂-N(TMS)₂ groups at δ 

= 2.84 ppm and trimethylsilyl groups at δ = 0.20 ppm (Figure 6.2) for all different 

incorporation ratios (Table 6.1, entries 1 to 10). Additionally, extensive ¹³C-, 2D-, and DOSY- 

NMR spectroscopy verifies the incorporation of TMS₂N-3-BD into the poly(diene) backbone. 

The formation of true copolymers through insertion polymerization in these 

copolymerizations was further established for a BD-CarbN-4-BD copolymer by means of 

¹³C-¹³C-INADEQUATE NMR spectroscopy, unambiguously showing the carbon–carbon 

connectivity from the R₂NCH₂-carbon to the PBD-backbone (detailed polymer analyses and 

assignments are provided in Chapter 6.5). 

All copolymerizations in NMR tubes with comonomers TMS₂N-3-BD, Ph₂N-4-BD, 

CarbN-4-BD, and PhS-3-BD (diene:comonomer ratios are between 45:1 and 1:1, e.g. entries 

17 and 7 in Table 6.1) yielded the desired copolymers with a defined microstructure 

(typically 92 – 97% 1,4-cis-units for catalyst systems A or B). Note, that molecular weights are 

not very high in most examples due to higher catalyst:monomers ratios, deliberately applied 

in order to keep the viscosities of the samples in a suitable range for solution NMR 

spectroscopy. Examples of stirred polymerizations in glass vials, yielding polymers 

consistently with Mn > 1 × 10⁵ g mol⁻¹ can be found in Chapter 6.2.2. 

A shielding of the comonomer’s polar functionality by an excess of Al-alkyls can not be 

accountable for the unprecedented copolymerization behavior as Al:comonomer ratios are 

between 1:2 and 1:41 (cf. Table 6.1, column 6), proving a true functional group tolerance of 

the catalyst systems studied. 

The excellent consumption and incorporation of the comonomers suggest comparable 

incorporation rates of butadiene and the comonomers used. To gain more insight into this 

advantageous behavior, such copolymerizations were followed by means of ¹H NMR 

spectroscopy and the data obtained were subjected to kinetic evaluations. Polymerization 

rate constants of copolymerizations are ca. one order of magnitude decreased when 

compared to rate constants of butadiene homopolymerizations under comparable 

conditions.  
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Figure 6.3: ¹H-NMR spectra of butadiene copolymers in C₆D₆ containing 4 and 45 mol % comonomer 

TMS₂N-3-BD (entries 1 and 3) as well as poly- TMS₂N-3-BD homopolymer (entry 4). 

The ratio of the rate constants for comonomer and butadiene consumption gives the 

comonomer reactivity ratio r (an overview of all rate constants and kinetic plots can be found 

in Chapter 6.5.4). Comonomer reactivity ratios for comonomers TMS₂N-3-BD, Ph₂N-4-BD, 

and PhS-3-BD are between r = 0.8 and 1.1, indicating the formation of random copolymers. 

Such favorable comonomer reactivity ratios allow very efficient comonomer 

incorporation even for high diene:comonomer ratios (cf. Chapter 6.2.2, Table 6.2). 

Incorporation ratios between 4 and 45 mol% are achieved without difficulty for 

copolymerizations of BD with comonomer TMS₂N-3-BD (Figure 6.3 and Table 6.1, e.g. 

entries 1 and 3). High incorporation ratios (>10 mol%) are not only easily reached for other 

nitrogen functionalized comonomers Ph₂N-4-BD and CarbN-4-BD, but also for sulfur 

functionalized comonomer PhS-3-BD (Table 6.1, entries 11, 14, and 19). 

Remarkably, not only high incorporation ratios are easily reached, but also 

homopolymerizations of comonomers TMS₂N-3-BD, CarbN-4-BD, and PhS-3-BD are 

catalyzed by catalyst systems B or C (Table 6.1, entries 4, 5, 15, and 24). Moreover, these 

functionalized diene homopolymers are also stereoregular and exhibit a high content of 1,4-

cis-units. In detail, stereoregularity of e.g. poly(TMS₂N-3-BD) is somewhat decreased when 

compared to copolymerizations of the same monomer with non-functionalized dienes (88% – 

91% for polar diene homopolymerizations vs. > 94% 1,4-cis-units for polar diene 

copolymerizations with BD or IP).  
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Figure 6.4: ¹³C-NMR spectra of butadiene copolymers in C₆D₆ containing 4 and 45 mol % comonomer 

TMS₂N-3-BD (Table 6.1, entries 1 and 3) as well as poly(TMS₂N-3-BD) homopolymer exhibiting 

distinct backbone resonances for carbons labeled 1 and 4 (entry 4), as compared to 1’ and 4’ in the 

copolymers. 

The comparison of ¹³C-NMR backbone signals of poly(TMS₂N-3-BD) with 

poly(butadiene-co-TMS₂N-3-BD) indicates the presence of consecutively incorporated 

comonomer units for a copolymer with very high incorporation (45 mol%) while such units 

are virtually not present in copolymers with lower incorporation ratios (Figure 6.4). 

Note that these copolymerizations can also be extended to analogs of TMS₂N-3-BD, 

Ph₂N-4-BD, and CarbN-4-BD with other lengths of the spacer between the diene moiety and 

the functional group (cf. Chapter 6.5.4, Table 6.3). However, a significant influence of the 

linker length on polymerization activity or comonomer reactivity ratio as found in nickel 

catalyzed copolymerizations (Chapter 4) was not observed.  

In contrast to the aforementioned copolymerizations, copolymerizations with 

functionalized dienes E1-PhS-IP, PhSO₂-3-BD, (EtO)₃Si-3-BD, and E1-PinB-IP were not 

successful (Figure 6.5). A polymerization in the presence of E1-PhS-IP showed that BD was 

converted over time into poly(butadiene). However, E1-PhS-IP was not incorporated into 

the copolymer.  

 

Figure 6.5: Functionalized diene comonomers not amenable to copolymerizations with the Nd-based 

in-situ catalyst systems studied. 
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A reasonable explanation for this observation could be the different geometry, i.e. the 

different substitution pattern, of E1-PhS-IP compared to the other comonomers TMS₂N-3-

BD, Ph₂N-4-BD, CarbN-4-BD, and PhS-3-BD. This could prevent the incorporation of the 

comonomer by the active species for steric reasons. 

A detrimental effect on the polymerization is observed in attempted copolymerizations 

in the presence of oxygen-containing comonomers PhSO₂-3-BD, (EtO)₃Si-3-BD, and E1-

PinB-IP. In all cases, no polymerization activity was observed. This can probably be 

attributed to an interaction of the oxygen atoms in the comonomers with the active Nd-

species. Furthermore, it was observed in NMR experiments that these monomers can react 

with the aluminium alkyls, especially EASC, which is an additional issue contributing to the 

detrimental effect on the polymerization. For example, the formation of additional –Si-O-

CH₂-CH₃ signals was observed in copolymerizations with (EtO)₃Si-3-BD, most likely due to 

the formation of different alkoxysilane species by reaction with the aluminium alkyls 

present. 

Although these Nd-based catalyst systems are not able to copolymerize the oxygen 

containing comonomers studied, a comparison with the cationic Ni system 

[Ni(allyl)(mesitylene)]⁺[BArF₄]⁻ is instructive: While the aforementioned oxygen containing 

comonomers can be readily copolymerized stereoselectively with the Ni-catalyst, it is 

observed that some nitrogen and sulfur based comonomers, like TMS₂N-3-BD or PhS-3-BD, 

are more challenging, resulting in a certain retardation of the polymerization (cf. Chapter 4). 

For the Nd-based systems studied here, the opposite is the case. N- and S-based comonomers 

are copolymerized readily with an only minor influence on the polymerization activity while 

O-based comonomers are detrimental for the polymerization. Thus, the complementary 

behavior of Nd- and Ni-based catalyst systems provides the opportunity to choose the best-

suited catalyst systems for every class of comonomers. 

6.2.2 Copolymerizations with higher BD:Nd and BD:CoMo ratios 

The NMR scale experiments presented in the section above were all limited in terms of 

diene:Nd ratios. Higher diene:Nd ratios would have led to an increased viscosity, hence 

making NMR analysis more difficult. Furthermore, concerning comonomer incorporation, it 

is well established that already small amounts of functional groups present in the polymer 

backbone can have a noticeable effect on material properties.153,154 In addition, to avoid 
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wasting of valuable comonomer, high comonomer conversions are desirable, even for low 

comonomer:diene ratios. 

Further polymerizations were performed targeting the above raised matters. Increased 

diene:Nd ratios were used to assess their influence on the molecular weights of the obtained 

polymers. Targeting lower incorporation ratios should give insights on the copolymerization 

behavior of the comonomers used in the presence of a large excess of butadiene. These 

polymerizations (Table 6.2) were performed in 12 mL glass vials under proper mixing with 

magnetic stir bars to avoid an adverse impact caused by increased viscosities of the reaction 

mixtures. All copolymerizations in the presence of comonomers TMS₂N-3-BD, Ph₂N-4-BD, 

CarbN-4-BD, and PhS-3-BD yielded copolymers with high to very high comonomer 

conversions (83 – 96%, Table 6.2, entries 2 to 5), with comonomer incorporations between 

0.46 and 0.58 mol%. Comparison of the copolymerization’s turnover numbers (6700 – 8300) 

reveals that the catalyst activity is unaltered or varies only slightly compared to a butadiene 

homopolymerization (TON: 8000, entry 1). 

Table 6.2: Copolymerizations of butadiene and polar functionalized comonomers yielding copolymers 

with high BD:Nd and BD:CoMo ratios. 

entry time BD CoMo yield 
CoMo 

incorp.a) 

CoMo 

conv. 
TONb) Mn

c) 
Mw

Mn

c) Tg
d) 

1,4-cis-

contente) 

 
[h] [mmol] [µmol] [mg] (%) [mol%] [%]  [10³ g mol⁻¹] 

 
[°C] [%] 

1 6 4.2 - 216 (95) - - 8000 103 2.9 -104 92 

2 6 4.2 1 (23) 225 (99) 0.53 96 8300 145 2.6 -99 93 

3 6 4.2 2 (20) 194 (86) 0.46 83 7200 113 3.1 -101 93 

4 6 4.2 3 (19) 180 (79) 0.54 95 6700 138 2.5 -99 94 

5 6 4.2 4 (24) 208 (92) 0.58 93 7700 122 2.8 -102 93 

All reactions performed with 0.5 µmol of Nd using catalyst system B (Nd(versatate)₃:DIBAL-H:EASC (1:20:1))at 

60 °C (until otherwise noted). Comonomer 1: TMS₂N-3-BD, 2: Ph₂N-4-BD, 3: CarbN-4-BD, 4: PhS-3-BD. 
a)Determined by ¹H NMR spectroscopy. b)Diene polymerized Nd⁻¹. c)Determined by GPC. d)Determined by DSC. 
e)Determined by ¹³C NMR spectroscopy. 

Also, the molecular weights are not lowered by the presence of the comonomer 

compared to BD homopolymerization (1.1 – 1.5 × 10⁵ g mol⁻¹ vs. 1.0 × 10⁵ g mol⁻¹) and the 

molecular weight distributions are appropriate for PBD synthesized by a Nd-based catalyst 

system.90 Glass transition temperatures are slightly increased for the copolymers vs. homo-

PBD (-101 to -99 °C vs. -104 °C). Still, the high stereoregularity (≥ 93 mol% 1,4-cis-units) of the 

polymer is not compromised by the presence of the functional groups in the 

copolymerization mixtures when compared to neat poly(butadiene) synthesized under 
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identical conditions. These results underline the broad possibilities offered by the catalyst 

systems studied: Stereoregular copolymers of non-polar dienes like butadiene or isoprene 

with functionalized dienes can be synthesized readily. Additionally, the used catalyst 

systems enable copolymers with high molecular weights and virtually any incorporation 

ratio of the functionalized comonomer. Not only (very) high incorporation ratios or 

homopolymerizations of the functionalized dienes are possible, also copolymers with low 

incorporation ratios are accessible without wasting the comonomer due to the comonomers’ 

beneficial copolymerization behavior. 

6.2.3 Primary Amine Functionalized Copolymers 

While the incorporation of comonomers TMS₂N-3-BD, Ph₂N-4-BD, CarbN-4-BD, and 

PhS-3-BD via direct insertion polymerization to stereoregular polar functionalized dienes 

was successful, there are still functional groups that cannot be directly incorporated. For 

example, primary amine groups RNH₂ still remain incompatible with the catalyst systems 

used. Protecting groups155-157 could resolve this issue. In the present case, the trimethylsilyl 

groups present in copolymers of comonomer TMS₂N-3-BD can be cleaved readily by the 

reaction with MeOH to give poly(dienes) functionalized with primary amine groups The 

addition of defined amounts of MeOH to a copolymer solution followed by stirring for a 

sufficient amount of time ensures the complete deprotection of the amine groups. 

Precipitation in MeOH of the copolymer can lead to only partially deprotected amine 

groups. The presence of such formed -NH₂ groups drastically changes the polymer’s 

solubility properties. Dissolution now requires heating of the sample to 60 °C in a suitable 

solvent for several days vs. a few hours for other (protected) copolymers. 

¹H- and 1D-TOCSY NMR spectra of the dissolved polymer are shown in Figure 6.6. The 

–NH₂ groups 9 present in the polymer resonate at 0.54 ppm and 1D-TOCSY spectroscopy 

reveals the connectivity along the propyl side chain to the PBD backbone: Excitation of 

nitrogen bound -CH₂- group 7 (spectrum 2, Figure 6.6), results in magnetization transfer 

through coupling to CH₂ groups 6 and 5 as well as to -NH₂ group 9. Additionally, responses 

of olefinic –CH= group 3 and even of the poly(butadiene) backbone are observed. Irradiation 

at 0.54 ppm (NH₂ group 9, spectrum 1, Figure 6.6 ) shows the inverted responses of CH₂ 

groups 7, 6, and 5 clearly corroborating the functionalization with RNH₂ groups. 
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Figure 6.6: ¹H-NMR (topmost spectrum) and 1D-TOCSY spectra of a BD-TMS₂N-3-BD copolymer 

after cleavage of the TMS-groups with MeOH (Table 6.1, entry 1, recorded at 27 °C in C₆D₆). Residual 

solvent is marked with *. 

6.3 Summary 

Insertion copolymerization of functionalized dienes with butadiene to stereoregular 

copolymers is a challenging topic in the field of polymer chemistry. Materials produced in 

such manner are of high interest since control of the polymer microstructure and 

compatibility of the rubber with polar filler materials are of enormous practical relevance. 

Various simple in-situ generated Nd-based catalyst systems of industrial relevance are 

able to produce copolymers of isoprene or 1,3-butadiene with heteroatom functionalized 

dienes bearing polar groups based on nitrogen and sulfur. In contrast, no polymerization 

activity was observed in the presence of several oxygen functionalized dienes. A shielding of 

the functional groups by an excess of aluminium alkyls is not required to observe productive 

copolymerization. The obtained copolymers are stereoregular and exhibit a high content of 

1,4-cis-units. Even stereoregular homopolymerizations of the functionalized dienes are 

feasible and ¹³C-NMR indicates the presence of consecutively incorporated comonomer units 

in copolymers with very high comonomer contents. Copolymerizations with high BD:Nd 

and high BD:CoMo ratios can also be successfully performed with nearly quantitative 

comonomer conversions due to favorable comonomer reactivity ratios. The molecular 

weights of copolymers obtained under such conditions are consistently above 1.0 × 10⁵ 

g mol⁻¹. Notably, the tolerance of the catalyst systems towards -N(TMS)₂ groups in polar 
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dienes allows for the synthesis of -NH₂ functionalized poly(butadiene) through cleavage of 

the TMS groups during polymer work-up with MeOH. 

6.4 Experimental Section 

6.4.1 Materials and General Considerations 

Unless noted otherwise, all manipulations were carried out under an inert atmosphere 

using standard Schlenk or glove box techniques. Solvents were dried and degassed using 

standard laboratory techniques.138 

Chloroprene was synthesized by HCl elimination from 3,4,-dichlorobut-1-ene with KOH 

in DMSO at 75 °C. Isoprene (Sigma) was dried over CaH₂ and vacuum transferred prior to 

use. 1,3-Butadiene (Air Liquide) was passed through a commercial drying column (Air 

Liquide) prior to use. Nd(versatate)₃ (Comar Chemicals, solution in hexanes, 0.61 mmol/g), 

Nd(OiPr)₃ (ABCR), diisobutylaluminium hydride (Aldrich), ethylaluminium sesquichloride 

(Aldrich), triisobutylaluminium (Sigma, 1 M in hexane), [PhNMe₂H]⁺[B(C₆F₅)₄]⁻ (ABCR), and 

all other commercially available reagents were used without further purification. 

Nd(allyl)₃·dioxane was available in the group and synthesized as reported in literature.158 (5-

Methylenehept-6-enyl)-phenylaniline (Ph₂N-4-BD), (4-methylenehex-5-enyl)-bis(trimethyl-

silyl)amine (TMS₂N-3-BD), 9-(5-methylenehept-6-enyl)-9H-carbazole (CarbN-4-BD), ((4-

methylenehex-5-enyl)sulfonyl)benzene (PhSO₂-3-BD), (4-methylenehex-5-enyl)silane 

((EtO)₃Si-3-BD), and (E)-4,4,5,5-tetramethyl-2-(3-methylbuta-1,3-dien-1-yl)-1,3,2-dioxa-

borolane (E1-PinB-IP) were synthesized as already reported in Chapter 3.4.2. (4-

Methylenehex-5-enyl)(phenyl)sulfide (PhS-3-BD) was synthesized as already reported in 

Chapter 4.4.2. 

Caution: 1,3-Butadiene (BD) is gaseous at room temperature as well as toxic and 

carcinogenic. It requires special safety measures to avoid exposure. All operations were 

performed in a well ventilated fume hood using VitonTM protection gloves and a face-

shield in the presence of a DRÄGER 1,3-Butadiene Sensor. In order to prevent accidental 

exposures to BD a trained working protocol should be used. 

NMR spectra were recorded on a Varian Unity Inova 400, a Bruker Avance III 400 or a 

Bruker Avance III 600 spectrometer. ¹H chemical shifts were referenced to the residual 

proton signal of the solvent. ¹³C chemical shifts were referenced to the carbon signal of the 
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solvent. Multiplicities are given as follows: s: singlet, d: doublet, t: triplet, q: quartet, quint: 

quintet, v: virtual multiplet, m: multiplet, br: broad signal or combination thereof.  

Molecular weight distributions of polymers were determined by GPC on a Polymer 

Laboratories PL-GPC 50 with two PLgel 5 μm MIXED-C columns in THF at 40 °C vs. 

poly(styrene)standards using refractive index detection. Glass transition temperatures were 

determined by DSC-measurements (heating to 50 °C with 30 K/min. 2 min isothermal at 

50 °C, cooling to -150 °C with 30 K/min, 10 min isothermal at -150 °C, heating to 50 °C with 

30 K/min). 

6.4.2 Syntheses of Comonomers 

Synthesis of (3-methylbuta-1,3-dien-2-yl)(phenyl)sulfide (E1-PhS-IP)159 

 

Pd(OAc)₂ (243 mg, 1.06 mmol, 0.02 equiv) was dissolved in THF (25 mL). 2-methylbut-1-

en-3-yne (3.50 g, 53 mmol, 1 equiv) and thiophenol (5.84 g, 53 mmol, 1 equiv) were added. 

The formed orange reaction mixture was stirred overnight at 50 °C. After removal of the 

formed precipitate by filtration, the crude product was purified by distillation (0.5 mbar, 

50 °C) to give (3-methylbuta-1,3-dien-2-yl)(phenyl)sulfide as a clear, colorless liquid (4.7 g, 

28.9 mmol, 55%). ¹H-NMR spectrum is in accordance with literature.159 

¹H NMR (400 MHz, CDCl₃, 27 °C): δ (ppm) = 7.46 – 7.39 (m, 2H, H6), 7.38 – 7.32 (m, 2H, H7), 

7.31 – 7.23 (m, 1H, H8), 5.64 (s, 1H, H1), 5.62 (s, 1H, H4), 5.32 (s, 1H, H1), 5.15 (s, 1H, H4), 

2.05 (s, 3H, H8). 

¹³C{¹H} NMR (101 MHz, CDCl₃, 27 °C): δ (ppm) = 144.3 (C3), 140.9 (C2), 134.9 (C5), 131.4 

(C6), 129.1 (C7), 127.1 (C8), 117.4 (C4), 116.8 (C1), 21.3 (C8). 

6.4.3 General Procedures for the Preparation of Catalyst Stock Solutions 

Catalyst System A 

Nd(versatate)₃:TIBA:EASC (1:20:1). 10 equiv. of BD (stock solution in C₆D₆ or toluene, 2.1 

mmol/g) and TIBA (20 equiv.) were added to a glass vial. Nd(versatate)₃ (NdV, 1 equiv.) was 
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added to this mixture (solution in hexanes, 0.61 mmol/g) and the solution was stirred at room 

temperature for five minutes. EASC (1 equiv.) was added under stirring to activate the 

catalyst. The stock solution was filled to the desired amount with C₆D₆ or toluene and can be 

stored in a glove box at -30 °C for several weeks. 

Catalyst System B 

NdV:DIBALH:EASC (1:20:1). 10 equiv. of BD (stock solution in C₆D₆ or toluene, 2.1 

mmol/g) and DIBALH (20 equiv.) were added to a glass vial. NdV (1 equiv.) was added to this 

mixture (solution in hexanes, 0.61 mmol/g) and the solution was stirred at room temperature 

for five minutes. EASC (1 equiv.) was added under stirring to activate the catalyst. The stock 

solution was filled to the desired amount with C₆D₆ or toluene and can be stored in a glove 

box at -30 °C for several weeks. 

Catalyst System C 

NdV:TIBA:EASC: DIBALH (1:20:1:10). 10 equiv. of BD (stock solution in C₆D₆ or toluene, 

2.1 mmol/g), TIBA (20 equiv), and DIBALH (10 equiv.) were added to a glass vial. NdV (1 

equiv.) was added to this mixture (solution in hexanes, 0.61 mmol/g) and the solution was 

stirred at room temperature for five minutes. EASC (1 equiv.) was added under stirring to 

activate the catalyst. The stock solution was filled to the desired amount with C₆D₆ or toluene 

and can be stored in a glove box at -30 °C for several weeks. 

Catalyst System D 

Nd(OiPr)₃:DIBALH:[PhNMe₂H]⁺[B(C₆F₅)₄]⁻ (1:10:3). 10 equiv. of BD (stock solution in C₆D₆ 

or toluene, 2.1 mmol/g) and DIBALH (20 equiv.) were added to a glass vial. Nd(OiPr)₃ (1 

equiv.) was added to this mixture and the solution was stirred at room temperature for five 

minutes. The stock solution was filled to the desired amount with C₆D₆ or toluene and can be 

stored in a glove box at -30 °C for several days. Activation of the catalyst is carried out in the 

reaction mixture by the addition of [PhNMe₂H]⁺[B(C₆F₅)₄]⁻ (3 equiv.). 
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Catalyst System E 

Nd(OiPr)₃:DIBALH:EASC (1:10:2.5). 10 equiv. of BD (stock solution in C₆D₆ or toluene, 2.1 

mmol/g) and DIBALH (10 equiv.) were added to a glass vial. Nd(OiPr)₃ (1 equiv.) was added 

to this mixture and the solution was stirred at room temperature for five minutes. EASC (1 

equiv.) was added under stirring to activate the catalyst. The stock solution was filled to the 

desired amount with C₆D₆ or toluene and can be stored in a glove box at -30 °C for several 

weeks. 

Catalyst System F 

Nd(allyl)₃*(dioxane):DIBALH: [PhNMe₂H]⁺[B(C₆F₅)₄]⁻ (1:10:3). 10 equiv. of BD (stock 

solution in C₆D₆ or toluene, 2.1 mmol/g) and DIBALH (10 equiv.) were added to a glass vial. 

Nd(allyl)₃*(dioxane) (1 equiv.) was added to this mixture and the solution was stirred at room 

temperature for five minutes. The stock solution was filled to the desired amount with C₆D₆ or 

toluene and can be stored in a glove box at -30 °C for several days. Activation of the catalyst is 

carried out in the reaction mixture by the addition of [PhNMe₂H]⁺[B(C₆F₅)₄]⁻ (3 equiv.). 

Catalyst System G 

Nd(allyl)₃*(dioxane):TIBA:EASC (1:10:1). 10 equiv. of BD (stock solution in C₆D₆ or 

toluene, 2.1 mmol/g) and TIBA (10 equiv.) were added to a glass vial. Nd(allyl)₃*(dioxane) (1 

equiv.) was added to this mixture and the solution was stirred at room temperature for five 

minutes. EASC (1 equiv.) was added under stirring to activate the catalyst. The stock solution 

was filled to the desired amount with C₆D₆ or toluene and can be stored in a glove box at -

30 °C for several weeks. 

6.4.4 General Polymerization Procedures 

Copolymerizations in an NMR Tube 

The comonomer employed was mixed with a certain amount of a BD stock solution (2.1 

mmol BD per gram solution in C₆D₆). C₆D₆ was added to this mixture if necessary, to reach a 

total volume of 0.6 mL. This solution was transferred into an NMR tube. To start the 

polymerization, a certain amount of a preactivated catalyst stock solution in C₆D₆ was added 

by syringe immediately before starting the NMR measurements at the indicated 
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temperature. The copolymers were worked up by precipitation in dry acetonitrile 

(copolymers with comonomer TMS₂N-3-BD) or methanol (all other copolymers) followed by 

drying under reduced pressure at 50 °C. 

Copolymerizations in a Glass Vial 

The comonomer employed was mixed with a certain amount of a BD stock solution (2.1 

mmol BD per gram solution in toluene) in a glass vial with a magnetic stir bar. To start the 

polymerization, a certain amount of a preactivated catalyst stock solution was added by 

syringe. The vial was stirred at 60 °C. The polymerization was quenched by the addition of 

BHT-methanol solution (1 mg BHT per 1 mL MeOH). The copolymers were worked up by 

precipitation in dry acetonitrile (copolymers with comonomer TMS₂N-3-BD) or methanol (all 

other copolymers) followed by drying under reduced pressure at 50 °C. 

6.5 Additional Spectra and Data 

6.5.1 Selected NMR Spectra of Copolymers 

NMR Spectra of (Co)polymers with TMS₂N-3-BD 

 

Figure 6.7: ¹H NMR-spectrum of a copolymer synthesized from BD and TMS₂N-3-BD (Table 6.1 entry 

1, recorded at 27 °C in C₆D₆). 
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Figure 6.8: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and TMS₂N-3-BD (Table 6.1 

entry 1, recorded at 27 °C in C₆D₆). 

 

Figure 6.9: HSQC in situ NMR-spectrum of a copolymerization of BD and TMS₂N-3-BD (Table 6.1 

entry 1, recorded at 27 °C in C₆D₆). 
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Figure 6.10: ¹H NMR-spectrum of a deprotected copolymer synthesized from BD and TMS₂N-3-BD 

(Table 6.1 entry 1, recorded at 27 °C in C₆D₆). 

 

Figure 6.11: HSQC NMR-spectrum of a deprotected copolymer synthesized from BD and TMS₂N-3-

BD (Table 6.1 entry 1, recorded at 27 °C in C₆D₆). 
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Figure 6.12: TOCSY-HSQC NMR-spectrum of a deprotected copolymer synthesized from BD and 

TMS₂N-3-BD (Table 6.1 entry 1, recorded at 27 °C in C₆D₆). 

 

Figure 6.13: DOSY NMR-spectrum of a deprotected copolymer synthesized from BD and TMS₂N-3-

BD (Table 6.1 entry 1, recorded at 27 °C in C₆D₆). 
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Figure 6.14: ¹H NMR-spectrum of a copolymer synthesized from BD and TMS₂N-3-BD (Table 6.1 

entry 3, recorded at 27 °C in C₆D₆). 

 

Figure 6.15: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and TMS₂N-3-BD (Table 6.1 

entry 3, recorded at 27 °C in C₆D₆). 
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Figure 6.16: HSQC NMR-spectrum of a copolymer synthesized from BD and TMS₂N-3-BD (Table 6.1 

entry 3, recorded at 27 °C in C₆D₆). 

 

Figure 6.17: HMBC NMR-spectrum of a copolymer synthesized from BD and TMS₂N-3-BD (Table 6.1 

entry 3, recorded at 27 °C in C₆D₆). 
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Figure 6.18: ¹H NMR-spectrum of a homopolymer synthesized from TMS₂N-3-BD (Table 6.1 entry 4, 

recorded at 27 °C in C₆D₆). 

 

Figure 6.19: ¹³C{¹H} NMR-spectrum of a homopolymer synthesized from TMS₂N-3-BD (Table 6.1 

entry 4, recorded at 27 °C in C₆D₆). 
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Figure 6.20: HSQC NMR-spectrum of a homopolymer synthesized from TMS₂N-3-BD (Table 6.1 

entry 4, recorded at 27 °C in C₆D₆). 

 

Figure 6.21: ¹⁵N HMBC NMR-spectrum of a partially deprotected homopolymer synthesized from 

TMS₂N-3-BD (Table 6.1 entry 4, recorded at 27 °C in C₆D₆). 
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Figure 6.22: ¹H NMR-spectrum of a homopolymer synthesized from TMS₂N-3-BD (Table 6.1 entry 5, 

recorded at 27 °C in C₆D₆). 

 

Figure 6.23: ¹³C{¹H} NMR-spectrum of a homopolymer synthesized from TMS₂N-3-BD (Table 6.1 

entry 5, recorded at 27 °C in C₆D₆). 
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Figure 6.24: HSQC NMR-spectrum of a homopolymer synthesized from TMS₂N-3-BD (Table 6.1 

entry 5, recorded at 27 °C in C₆D₆). 

 

Figure 6.25: HMBC NMR-spectrum of a homopolymer synthesized from TMS₂N-3-BD (Table 6.1 

entry 5, recorded at 27 °C in C₆D₆). 
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Figure 6.26: ¹H NMR-spectrum of a copolymer synthesized from IP and TMS₂N-3-BD (Table 6.1 entry 

6, recorded at 27 °C in C₆D₆). 

 

Figure 6.27: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from IP and TMS₂N-3-BD (Table 6.1 

entry 6, recorded at 27 °C in C₆D₆). 
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Figure 6.28: HSQC NMR-spectrum of a copolymer synthesized from IP and TMS₂N-3-BD (Table 6.1 

entry 6, recorded at 27 °C in C₆D₆). 

 

Figure 6.29: HMBC NMR-spectrum of a copolymer synthesized from IP and TMS₂N-3-BD (Table 6.1 

entry 6, recorded at 27 °C in C₆D₆). 
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Figure 6.30: ¹H NMR-spectrum of a copolymer synthesized from IP and TMS₂N-3-BD (Table 6.1 entry 

7, recorded at 27 °C in C₆D₆). 

 

Figure 6.31: ¹H NMR-spectrum of a deprotected homopolymer synthesized from TMS₂N-3-BD 

(recorded at 27 °C in C₆D₆). 
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Figure 6.32: ¹³C{¹H} NMR-spectrum of a deprotected homopolymer synthesized from TMS₂N-3-BD 

(recorded at 27 °C in C₆D₆). 

 

Figure 6.33: COSY NMR-spectrum of a deprotected homopolymer synthesized from TMS₂N-3-BD 

(recorded at 27 °C in C₆D₆). 
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Figure 6.34: HSQC NMR-spectrum of a deprotected homopolymer synthesized from TMS₂N-3-BD 

(recorded at 27 °C in C₆D₆). 

 

Figure 6.35: HMBC NMR-spectrum of a deprotected homopolymer synthesized from TMS₂N-3-BD 

(recorded at 27 °C in C₆D₆). 



6. Nd Catalyzed Copolymerization of Butadiene and Functionalized 1,3-Dienes 

246 

 

Figure 6.36: ¹⁵N HMBC NMR-spectrum of a deprotected homopolymer synthesized from TMS₂N-3-

BD (recorded at 27 °C in C₆D₆). 

NMR Spectra of (Co)polymers with Ph₂N-4-BD 

 

Figure 6.37: ¹H NMR-spectrum of a copolymer synthesized from BD and Ph₂N-4-BD (Table 6.1 entry 

11, recorded at 27 °C in C₆D₆). 
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Figure 6.38: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and Ph₂N-4-BD (Table 6.1 

entry 11, recorded at 27 °C in C₆D₆). 

 

Figure 6.39: HSCQ NMR-spectrum of a copolymer synthesized from BD and Ph₂N-4-BD (Table 6.1 

entry 11, recorded at 27 °C in C₆D₆). 
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Figure 6.40: HMBC NMR-spectrum of a copolymer synthesized from BD and Ph₂N-4-BD (Table 6.1 

entry 11, recorded at 27 °C in C₆D₆). 

NMR Spectra of (Co)polymers with CarbN-4-BD 

 

Figure 6.41: ¹H NMR-spectrum of a copolymer synthesized from BD and CarbN-4-BD (Table 6.1 

entry 12, recorded at 27 °C in C₆D₆). 
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Figure 6.42: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and CarbN-4-BD (Table 6.1 

entry 12, recorded at 27 °C in C₆D₆). 

 

Figure 6.43: ¹H NMR-spectrum of a copolymer synthesized from BD and CarbN-4-BD (Table 6.1 

entry 13, recorded at 27 °C in C₆D₆). 
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Figure 6.44: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and CarbN-4-BD (Table 6.1 

entry 13, recorded at 27 °C in C₆D₆). 

 

Figure 6.45: HSQC NMR-spectrum of a copolymer synthesized from BD and CarbN-4-BD (Table 6.1 

entry 13, recorded at 27 °C in C₆D₆). 
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Figure 6.46: HMBC NMR-spectrum of a copolymer synthesized from BD and CarbN-4-BD (Table 6.1 

entry 13, recorded at 27 °C in C₆D₆). 

 

Figure 6.47: Detail of a ¹³C-¹³C INADEQUATE NMR-spectrum of a copolymer synthesized from BD 

and CarbN-4-BD (Table 6.1 entry 13, recorded at 27 °C in C₆D₆). 
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Figure 6.48: ¹³C-¹³C INADEQUATE NMR-spectrum of a copolymer synthesized from BD and CarbN-

4-BD (Table 6.1 entry 13, recorded at 27 °C in C₆D₆). 

 

Figure 6.49: ¹H NMR-spectrum of a homopolymer synthesized from CarbN-4-BD (Table 6.1 entry 15, 

recorded at 27 °C in C₆D₆). 
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Figure 6.50: ¹³C{¹H} NMR-spectrum of a homopolymer synthesized from CarbN-4-BD (Table 6.1 

entry 15, recorded at 27 °C in C₆D₆). 

 

Figure 6.51: COSY NMR-spectrum of a homopolymer synthesized from CarbN-4-BD (Table 6.1 entry 

15, recorded at 27 °C in C₆D₆). 



6. Nd Catalyzed Copolymerization of Butadiene and Functionalized 1,3-Dienes 

254 

 

Figure 6.52: HSQC NMR-spectrum of a homopolymer synthesized from CarbN-4-BD (Table 6.1 entry 

15, recorded at 27 °C in C₆D₆). 

 

Figure 6.53: HMBC NMR-spectrum of a homopolymer synthesized from CarbN-4-BD (Table 6.1 entry 

15, recorded at 27 °C in C₆D₆). 



6.5 Additional Spectra and Data 

255 

 

Figure 6.54: TOCSY-HSQC NMR-spectrum of a homopolymer synthesized from CarbN-4-BD (Table 

6.1 entry 15, recorded at 27 °C in C₆D₆). 

 

Figure 6.55: ¹H-¹⁵N HMBC NMR-spectrum of a homopolymer synthesized from CarbN-4-BD (Table 

6.1 entry 15, recorded at 27 °C in C₆D₆). 
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NMR Spectra of (Co)polymers with PhS-3-BD 

 

Figure 6.56: ¹H NMR-spectrum of a copolymer synthesized from BD and PhS-3-BD (Table 6.1 entry 

16, recorded at 27 °C in C₆D₆). 

 

Figure 6.57: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and PhS-3-BD (Table 6.1 

entry 16, recorded at 27 °C in C₆D₆). 
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Figure 6.58: COSY NMR-spectrum of a copolymer synthesized from BD and PhS-3-BD (Table 6.1 

entry 16, recorded at 27 °C in C₆D₆). 

 

Figure 6.59: HSQC NMR-spectrum of a copolymer synthesized from BD and PhS-3-BD (Table 6.1 

entry 16, recorded at 27 °C in C₆D₆). 
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Figure 6.60: HMBC NMR-spectrum of a copolymer synthesized from BD and PhS-3-BD (Table 6.1 

entry 16, recorded at 27 °C in C₆D₆). 

 

Figure 6.61: DOSY NMR-spectrum of a copolymer synthesized from BD and PhS-3-BD (Table 6.1 

entry 16, recorded at 27 °C in C₆D₆). 
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Figure 6.62: ¹H NMR-spectrum of a copolymer synthesized from BD and PhS-3-BD (Table 6.1 entry 

17, recorded at 27 °C in C₆D₆). 

 

Figure 6.63: HSQC NMR-spectrum of a copolymer synthesized from BD and PhS-3-BD (Table 6.1 

entry 17, recorded at 27 °C in C₆D₆). 
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Figure 6.64: ¹H NMR-spectrum of a copolymer synthesized from BD and PhS-3-BD (Table 6.1 entry 

18, recorded at 27 °C in C₆D₆). 

 

Figure 6.65: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and PhS-3-BD (Table 6.1 

entry 18, recorded at 27 °C in C₆D₆). 
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Figure 6.66: HSQC NMR-spectrum of a copolymer synthesized from BD and PhS-3-BD (Table 6.1 

entry 18, recorded at 27 °C in C₆D₆). 

 

Figure 6.67: HMBC NMR-spectrum of a copolymer synthesized from BD and PhS-3-BD (Table 6.1 

entry 18, recorded at 27 °C in C₆D₆). 
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Figure 6.68: ¹H NMR-spectrum of a copolymer synthesized from BD and PhS-3-BD (Table 6.1 entry 

19, recorded at 27 °C in C₆D₆). 

 

Figure 6.69: ¹H NMR-spectrum of a copolymer synthesized from IP and PhS-3-BD (Table 6.1 entry 20, 

recorded at 27 °C in CDCl₃). 
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Figure 6.70: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from IP and PhS-3-BD (Table 6.1 

entry 20, recorded at 27 °C in CDCl₃). 

 

Figure 6.71: ¹H NMR-spectrum of a homopolymer synthesized from PhS-3-BD (Table 6.1 entry 22, 

recorded at 27 °C in C₆D₆). 
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Figure 6.72: ¹³C{¹H} NMR-spectrum of a homopolymer synthesized from PhS-3-BD (Table 6.1 entry 

22, recorded at 27 °C in C₆D₆). 

 

Figure 6.73: HSQC NMR-spectrum of a homopolymer synthesized from PhS-3-BD (Table 6.1 entry 

22, recorded at 27 °C in C₆D₆). 
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Figure 6.74: HMBC NMR-spectrum of a homopolymer synthesized from PhS-3-BD (Table 6.1 entry 

22, recorded at 27 °C in C₆D₆). 

NMR Spectra of other (Co)polymers 

 

Figure 6.75: ¹H NMR-spectrum of a deprotected homopolymer synthesized from TMS₂N-6-BD 

(recorded at 27 °C in C₆D₆). 
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Figure 6.76: ¹³C{¹H} NMR-spectrum of a deprotected homopolymer synthesized from TMS₂N-6-BD 

(recorded at 27 °C in C₆D₆). 

 

Figure 6.77: HSQC NMR-spectrum of a deprotected homopolymer synthesized from TMS₂N-6-BD 

(recorded at 27 °C in C₆D₆). 
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Figure 6.78: ¹⁵N NMR-spectrum of a deprotected homopolymer synthesized from TMS₂N-6-BD 

(recorded at 27 °C in C₆D₆). 

 

Figure 6.79: ¹H NMR-spectrum of a homopolymer synthesized from PhS-5-BD (recorded at 27 °C in 

C₆D₆). 
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Figure 6.80: COSY NMR-spectrum of a homopolymer synthesized from PhS-5-BD (recorded at 27 °C 

in C₆D₆). 

 

Figure 6.81: DOSY NMR-spectrum of a homopolymer synthesized from PhS-5-BD e (recorded at 

27 °C in C₆D₆). 
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6.5.2 Microstructure Determination 

 

Figure 6.82: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of 

copolymer synthesized from BD and TMS₂N-3-BD (Table 6.1 entry 1, recorded at 27 °C in C₆D₆, cf. 

Figure 6.8). 

 

Figure 6.83: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of 

homopolymer synthesized from TMS₂N-3-BD (Table 6.1 entry 5, recorded at 27 °C in C₆D₆, cf. Figure 

6.23). 
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Figure 6.84: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of 

copolymer synthesized from IP and TMS₂N-3-BD (Table 6.1 entry 8, recorded at 27 °C in C₆D₆). 

 

Figure 6.85: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of 

copolymer synthesized from BD and Ph₂N-3-BD (Table 6.1 entry 11, recorded at 27 °C in C₆D₆ cf. 

Figure 6.38). 
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Figure 6.86: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of 

copolymer synthesized from BD and CarbN-4-BD (Table 6.1 entry 13, recorded at 27 °C in C₆D₆ cf. 

Figure 6.44). 

 

Figure 6.87: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of 

copolymer synthesized from IP and CarbN-4-BD (Table 6.1 entry 14, recorded at 27 °C in CDCl3). 
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Figure 6.88: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of 

copolymer synthesized from BD and PhS-3-BD (Table 6.1 entry 16, recorded at 27 °C in C₆D₆ cf. 

Figure 6.57). 

 

Figure 6.89: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of 

copolymer synthesized from IP and PhS-3-BD (Table 6.1 entry 21, recorded at 27 °C in C₆D₆). 
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6.5.3 Selected GPC and DSC Data 

 

Figure 6.90: GPC data of a copolymer synthesized from BD and TMS₂N-3-BD (Table 6.1 entry 1). 

 

Figure 6.91: GPC data of a copolymer synthesized from BD and TMS₂N-3-BD (Table 6.1 entry 2). 
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Figure 6.92: GPC data of a copolymer synthesized from BD and TMS₂N-3-BD (Table 6.1 entry 9). 

 

Figure 6.93: GPC data of a copolymer synthesized from BD and Ph₂N-4-BD (Table 6.1 entry 11). 
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Figure 6.94: GPC data of a copolymer synthesized from BD and CarbN-4-BD (Table 6.1 entry 12). 

 

Figure 6.95: GPC data of a copolymer synthesized from BD and PhS-3-BD (Table 6.1 entry 16). 



6. Nd Catalyzed Copolymerization of Butadiene and Functionalized 1,3-Dienes 

276 

 

Figure 6.96: GPC data of a copolymer synthesized from BD and PhS-3-BD (Table 6.1 entry 19). 

 

Figure 6.97: GPC data of a copolymer synthesized from IP and PhS-3-BD (Table 6.1 entry 21). 
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Figure 6.98: GPC data of a BD homopolymer (Table 6.2 entry 1). 

 

Figure 6.99: GPC data of a copolymer synthesized from BD and TMS₂N-3-BD (Table 6.2 entry 2). 
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Figure 6.100: GPC data of a copolymer synthesized from BD and Ph₂N-4-BD (Table 6.2 entry 3). 

 

Figure 6.101: GPC data of a copolymer synthesized from BD and CarbN-4-BD (Table 6.2 entry 4). 
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Figure 6.102: GPC data of a copolymer synthesized from BD and PhS-3-BD (Table 6.2 entry 5). 

 

Figure 6.103: DSC data of a BD homopolymer (Table 6.2 entry 1). 
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Figure 6.104: DSC data of a copolymer synthesized from BD and TMS₂N-3-BD (Table 6.2 entry 2). 

 

Figure 6.105: DSC data of a copolymer synthesized from BD and Ph₂N-4-BD (Table 6.2 entry 3). 
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Figure 6.106: DSC data of a copolymer synthesized from BD and CarbN-4-BD (Table 6.2 entry 4). 

 

Figure 6.107: DSC data of a copolymer synthesized from BD and PhS-3-BD (Table 6.2 entry 5). 
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6.5.4 Kinetic Experiments 

Table 6.3: Rate constants obtained from kinetic NMR experiments for (co)polymerizations of BD with 

different comonomers and model compounds catalyzed by catalyst system B (NdV/DIBALH/EASC). 

entry CoMo or additive kBD kCoMo  rCoMo
a) 

 

 

[10⁻¹ 

s⁻¹] 
[10⁻¹ s⁻¹]  

1b) PhS-3-BD 1.2 1.1 0.92 

2b) PhS-4-BD 0.2 0.2 1.0 

3b) PhS-5-BD 4.1 7.9 1.9 

4b) PhS-6-BD 1.3 2.9 2.2 

5b) PhS-7-BD 0.8 1.5 1.9 

6b) Ph₂N-3-BD 0.51 0.41 0.8 

7b) Ph₂N-4-BD 2.49 2.72 1.1 

8b) Ph₂N-6-BD 1.45 1.65 1.1 

9b) TMS₂N-3-BD 1.10 0.83 0.8 

10b) TMS₂N-4-BD 2.28 1.64 0.7 

11b) TMS₂N-5-BD 0.84 0.42 0.5 

12b) TMS₂N-6-BD 3.02 2.35 0.8 

13b) 5-BD 3.9 6.5 1.7 

14b) IP 14 13 0.95 

15c) PhS-6 2.8   

16c) PhS-4-Ene 4.2   

17c) PhS-5-Ene 1.4   

18c) PhS-6-Ene 3.5   

19c) PhS-8-Ene 8.3   

20d) - 16   

21e) homo-PhS-5-BD  0.18  

22e) homo-TMS₂N-3-BD  0.005  

23e) homo-TMS₂N-6-BD  1.36  

a) monomer reactivity ratio r = kCoMo/kBD b) Nd:BD:CoMo = 1:500:100, T = 50 °C c) Nd:BD:additive = 1:500:100, T = 

50 °C d) Nd:BD = 1:500, T = 50 °C e) Nd:CoMo = 1:600, T = 50 °C 
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Kinetic Plots 

 

Figure 6.108: Plots and linear fits of kinetic data obtained from a copolymerization of BD and PhS-3-

BD. The shown kobs values were calculated using the slopes of the linear fits and a Nd concentration of 

[Nd] = 8 × 10⁻⁴ mol L⁻¹. 
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Figure 6.109: Plots and linear fits of kinetic data obtained from a copolymerization of BD and PhS-4-

BD. The shown kobs values were calculated using the slopes of the linear fits and a Nd concentration of 

[Nd] = 8 × 10⁻⁴ mol L⁻¹. 

 

Figure 6.110: Plots and linear fits of kinetic data obtained from a copolymerization of BD and PhS-5-

BD. The shown kobs values were calculated using the slopes of the linear fits and a Nd concentration of 

[Nd] = 8 × 10⁻⁴ mol L⁻¹. 
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Figure 6.111: Plots and linear fits of kinetic data obtained from a copolymerization of BD and PhS-6-

BD. The shown kobs values were calculated using the slopes of the linear fits and a Nd concentration of 

[Nd] = 8 × 10⁻⁴ mol L⁻¹. 

 

 

Figure 6.112: Plots and linear fits of kinetic data obtained from a copolymerization of BD and PhS-7-

BD. The shown kobs values were calculated using the slopes of the linear fits and a Nd concentration of 

[Nd] = 8 × 10⁻⁴ mol L⁻¹. 
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Figure 6.113: Plots and linear fits of kinetic data obtained from a copolymerization of BD and Ph₂N-3-

BD. The shown kobs values were calculated using the slopes of the linear fits and a Nd concentration of 

[Nd] = 8 × 10⁻⁴ mol L⁻¹. 

 

 

Figure 6.114: Plots and linear fits of kinetic data obtained from a copolymerization of BD and Ph₂N-4-

BD. The shown kobs values were calculated using the slopes of the linear fits and a Nd concentration of 

[Nd] = 8 × 10⁻⁴ mol L⁻¹. 
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Figure 6.115: Plots and linear fits of kinetic data obtained from a copolymerization of BD and Ph₂N-6-

BD. The shown kobs values were calculated using the slopes of the linear fits and a Nd concentration of 

[Nd] = 8 × 10⁻⁴ mol L⁻¹. 

 

Figure 6.116: Plots and linear fits of kinetic data obtained from a copolymerization of BD and TMS₂N-

3-BD. The shown kobs values were calculated using the slopes of the linear fits and a Nd concentration 

of [Nd] = 8 × 10⁻⁴ mol L⁻¹. 
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Figure 6.117: Plots and linear fits of kinetic data obtained from a copolymerization of BD and TMS₂N-

4-BD. The shown kobs values were calculated using the slopes of the linear fits and a Nd concentration 

of [Nd] = 8 × 10⁻⁴ mol L⁻¹. 

 

 

Figure 6.118: Plots and linear fits of kinetic data obtained from a copolymerization of BD and TMS₂N-

5-BD. The shown kobs values were calculated using the slopes of the linear fits and a Nd concentration 

of [Nd] = 8 × 10⁻⁴ mol L⁻¹. 
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Figure 6.119: Plots and linear fits of kinetic data obtained from a copolymerization of BD and TMS₂N-

6-BD. The shown kobs values were calculated using the slopes of the linear fits and a Nd concentration 

of [Nd] = 8 × 10⁻⁴ mol L⁻¹. 

 

 

Figure 6.120: Plots and linear fits of kinetic data obtained from a copolymerization of BD and 5-BD. 

The shown kobs values were calculated using the slopes of the linear fits and a Nd concentration of 

[Nd] = 8 × 10⁻⁴ mol L⁻¹. 
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Figure 6.121: Plots and linear fits of kinetic data obtained from a copolymerization of BD and IP. The 

shown kobs values were calculated using the slopes of the linear fits and a Nd concentration of 

[Nd] = 8 × 10⁻⁴ mol L⁻¹. 

 

 

Figure 6.122: Plot and linear fit of kinetic data obtained from a homopolymerization of BD in the 

presence of PhS-6. The shown kobs value was calculated using the slopes of the linear fit and a Nd 

concentration of [Nd] = 8 × 10⁻⁴ mol L⁻¹. 
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Figure 6.123: Plot and linear fit of kinetic data obtained from a homopolymerization of BD in the 

presence of PhS-4-Ene. The shown kobs value was calculated using the slopes of the linear fit and a Nd 

concentration of [Nd] = 8 × 10⁻⁴ mol L⁻¹. 

 

Figure 6.124: Plot and linear fit of kinetic data obtained from a homopolymerization of BD in the 

presence of PhS-5-Ene. The shown kobs value was calculated using the slopes of the linear fit and a Nd 

concentration of [Nd] = 8 × 10⁻⁴ mol L⁻¹. 
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Figure 6.125: Plot and linear fit of kinetic data obtained from a homopolymerization of BD in the 

presence of PhS-6-Ene. The shown kobs value was calculated using the slopes of the linear fit and a Nd 

concentration of [Nd] = 8 × 10⁻⁴ mol L⁻¹. 

 

Figure 6.126: Plot and linear fit of kinetic data obtained from a homopolymerization of BD in the 

presence of PhS-8-Ene. The shown kobs value was calculated using the slopes of the linear fit and a Nd 

concentration of [Nd] = 8 × 10⁻⁴ mol L⁻¹. 
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Figure 6.127: Plot and linear fit of kinetic data obtained from a homopolymerization of BD. The shown 

kobs value was calculated using the slopes of the linear fit and a Nd concentration of 

[Nd] = 8 × 10⁻⁴ mol L⁻¹. 

 

Figure 6.128: Plot and linear fit of kinetic data obtained from a homopolymerization of PhS-5-BD. The 

shown kobs value was calculated using the slopes of the linear fit and a Nd concentration of 

[Nd] = 16 × 10⁻⁴ mol L⁻¹. 
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Figure 6.129: Plot and linear fit of kinetic data obtained from a homopolymerization of TMS₂N-3-BD. 

The shown kobs value was calculated using the slopes of the linear fit and a Nd concentration of 

[Nd] = 16 × 10⁻⁴ mol L⁻¹. 

 

 

Figure 6.130: Plot and linear fit of kinetic data obtained from a homopolymerization of TMS₂N-6-BD. 

The shown kobs value was calculated using the slopes of the linear fit and a Nd concentration of 

[Nd] = 16 × 10⁻⁴ mol L⁻¹. 

 



 

295 

7. Hetero-Telechelic and In-Chain Polar 

Functionalized Poly(dienes) 

7.1 Introduction 

To access stereoregular polymers, catalytic insertion polymerization is the method of 

choice. Resulting stereoregular poly(1-olefins) and poly(dienes) are of enormous practical 

importance.5,160,161 However, an introduction of polar groups in such stereoregular 

polymerizations is challenging due to the sensitivity of most catalysts towards heteroatom-

containing substrates. Notwithstanding, polar and reactive groups in the polymer backbone 

and in the end-groups in particular are an attractive target in order to enhance the 

compatibility with polar surface, like e.g. metals or fillers and for cross-linking. Concerning 

an introduction of polar groups into the polymer chain, Chapters 3 and 6 gave insight into 

direct copolymerizations of polar dienes catalyzed by early and late transition metal 

complexes.  

Examples for syntheses of chain-end functionalized poly(dienes) are so far based on 

methods like anionic polymerization162,163 or ring opening metathesis polymerization164-166 

that do not provide access to stereoregular polymers.  

Most lanthanide-based catalyst precursors for stereoselective diene polymerization 

require activation by a second reagent, often organo-metal compounds. This suggests the 

possibility of generating functional end-groups via the use of functionalized activators. This 

chapter deals with the synthesis of stereoregular poly(dienes) with functionalized chain-ends 

originating from polar functionalized activators. Further, the combination of this method 

with the generation of functionalized chain-ends by quenching at the end of the 

polymerization and direct copolymerization with functionalized dienes gives access to 

stereoregular, trifunctional, hetero-telechelic poly(dienes). 
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7.2 Results and Discussion 

7.2.1 Trans-selective Copolymerizations with N-, and S-Functionalized 

Dienes 

As a readily available catalyst precursor, Nd(BH₄)₃·(THF)₃ was used. Nd(BH₄)₃·(THF)₃ is 

known to catalyze the polymerization of 1,3-butadiene or isoprene after activation with 

aluminium alkyls AlR₃ or magnesium alkyls MgR₂. Activation with MgR₂ can lead to high 

1,4-trans-selective polymerizations that proceed in a controlled fashion.97 From detailed 

studies of Visseaux and coworkers, it is understood that Nd(BH₄)₃·(THF)₃ can be activated 

with different magnesium-alkyls.99 The feasibility of chain-end functionalization by transfer 

of an organic moiety from the magnesium activator to the catalyst’s Nd center is supported 

by the given mechanistic picture and has been shown in the synthesis of poly(ethylene)-b-

poly(isoprene).100 Homopolymerizations of BD were performed to optimize polymerization 

conditions for high stereoselectivity and to assess the influence of the diene:Nd ratio on the 

molecular weights and molecular weight distributions of the obtained polymers. 5 µmol 

Nd(BH₄)₃·(THF)₃ were activated with 1 equiv. of MgBu₂ in the presence of different amounts 

of BD in toluene (Table 7.1, entries 1 – 3). Polymerization at 60 °C for 5 h yielded in all cases 

highly stereoregular 1,4-trans-PBD (≥95 mol% trans-units). The molecular weights of the 

obtained polymers are close to the theoretically calculated molecular weights (for a 

polymerization where only one polymer chain per Nd is formed) and increase linearly with 

increasing BD:Nd ratio. Although GPC analyses indicate a bimodal molecular weight 

distribution (cf. Chapter 7.5.7), all molecular weight distributions are narrow (Mw/Mn = 1.3 – 

1.6). In this sense, a controlled character of the polymerization can be assumed. DSC analyses 

of the polymers typically feature the two distinct melting points for high 1,4-trans-PBD.167 

Not only butadiene but also isoprene is stereoselectively polymerized. A polymerization of 

isoprene in an NMR tube gives poly(isoprene) with 95% 1,4-trans-units (Table 7.1, entry 4). 

The narrow molecular weight distribution and a molecular weight close to the theoretical 

value also indicate a controlled polymerization of isoprene. Having established the general 

polymerization behavior of the catalyst system based on Nd(BH₄)₃·(THF)₃ under the 

conditions used, three different approaches for the functionalization of the obtained 

stereoregular poly(diene) were explored: 
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Table 7.1: (Co)polymerizations of butadiene and isoprene catalyzed by Nd(BH₄)₃·(THF)₃ activated 

with MgBu₂. 

entry cat. time diene CoMo yield 
CoMo 

incorp.a) 

CoMo 

conv. 
Mn

b) 
Mw

Mn

 b) Tm
c) 

1,4-trans- 

contentd) 

 
[µmol] [h] [mmol] [µmol] [mg] (%) [mol%] [%] [10³ g mol⁻¹] 

 
[°C] [%] 

1 5 5 4.6 BD - 202 (81) - - 43 1.3 45/94 94 

2 5 5 9.2 BD - 440 (89) - - 89 1.6 45/98 96 

3 5 5 13.8 BD - 698 (94) - - 133 1.4 46/98 95 

4  20 3 2 IP - 125 (92) - - 7.7 1.5 n.d. 95 

5f) 60 2.5 6 IP - 330 (81)  - 12 1.5 n.d. 93 

6g) 60 3 6 IP - 411 (99)  - 5.8 1.3 n.d. 95 

7 5 5 4.6 BD 1 (150) 152 (61) 3.9 73 43 1.8 50/72 93 

8 5 5 4.6 BD 2 (170) 195 (79) n.d.e) n.d.e) 46 1.6 48/93 94 

9 5 5 4.6 BD 3 (150) 222 (89) 3.6 99 44 3.0 47/61 93 

10 60 5 6.2 IP 3 (430) 484 (92) 7.2 99 7.7 1.3 n.d. 95 

11 5 5 4.6 BD 4 (160) 208 3.4 82 43 1.9 50/73 94 

12 5 5 4.6 BD 5 (150) 196 3.3 80 47 3.0 49/71 92 

Polymerization conditions: Nd(BH₄)₃·(THF)₃:MgBu₂ = 1:1, T = 60 °C in toluene. Comonomer 1: Ph₂N-4-BD, 2: PhS-

3-BD, 3: TMS₂N-3-BD, 4: PhS-6-BD, 5: PhS-7-BD. a) determined by ¹H NMR b) determined by GPC in THF vs. 

PS standards. c) determined by DSC d) determined by ¹³C NMR e) incorporation not determined because 

comonomer incorporation signals are overlapped by the polymer backbone. f) quenched with 600 µmol Si(OEt)₄. 

g) quenched with 600 µmol Ph₂PCl. 

1) The direct introduction of polar groups into the backbone of the polymer by insertion 

copolymerization of butadiene or isoprene with polar functionalized dienes. 2) The 

functionalization of the terminating chain-end by reaction of the reactive metal-carbon bond 

with a suitable quenching reagent. 3) The functionalization of the other, initiating, chain-end 

by using polar functionalized Mg-compounds. 

The functional group tolerance of Nd(BH₄)₃·(THF)₃ activated with MgR₂ in diene 

polymerizations was tested with comonomers Ph₂N-4-BD, PhS-3-BD, TMS₂N-3-BD, PhS-6-

BD, and PhS-7-BD (Figure 7.1 and Table 7.1, entries 7 – 12). 

 

Figure 7.1: Polar functionalized dienes used in trans selective copolymerizations with butadiene and 

isoprene. 
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Comparison of the copolymerizations with a BD homopolymerization under otherwise 

identical conditions reveals no to little adverse impact of the comonomer present on yield, 

molecular weight and stereoselectivity (e.g. Table 7.1, entry 1 vs. 7). Copolymerizations with 

TMS₂N-3-BD and PhS-7-BD result in polymers with broader molecular weight 

distributions. Additionally, copolymers of Ph₂N-4-BD and TMS₂N-3-BD exhibit a lowered 

second melting point. Incorporation of Ph₂N-4-BD and TMS₂N-3-BD proceeds efficiently 

(73% and 99% comonomer conversion) and yields copolymers with incorporations of 3.9 

mol% and 3.6 mol% respectively (Figure 7.2). The incorporation ratio of the copolymer 

synthesized from butadiene and PhS-3-BD could not be determined unequivocally because 

all proton signals of the propyl side chain (most indicative PhS-CH₂-) are overlapped by 

signals of the poly(butadiene) backbone (Table 7.1, entry 8). In contrast, the signal of the 

PhS-CH₂-group is shifted in copolymers with PhS-6-BD and PhS-7-BD, allowing again for 

detection and determination of the comonomer incorporation (3.4 and 3.3 mol%, Table 7.1, 

entries 11 and 12). The formation of true copolymers was, additionally to ¹H NMR 

experiments, unambiguously established by extensive NMR analyses of the polymers 

including 1D TOCSY, 2D and DOSY experiments (detailed spectra are presented in Chapter 

7.5). 

These polymerizations prove that Nd(BH₄)₃·(THF)₃ activated with MgR₂ is a viable 

catalyst system for the direct copolymerization of butadiene or isoprene with functionalized 

dienes to polar functionalized 1,4-trans-poly(dienes). 

 

Figure 7.2: ¹H NMR spectrum of a BD/TMS₂N-3-BD copolymer (Table 7.1, entry 7, recorded at 27 °C 

in C₆D₆). 
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7.2.2 Chain-end Functionalization by Quenching 

The second part of the functionalization strategy aims at the reaction of reactive metal-

carbon bonds present with a suitable quenching reagent (Scheme 7.1). 

 

Scheme 7.1: Chain-end functionalization by reaction of metal-polymer carbon bonds with Si(OEt)₄ as 

reactive quenching reagents. 

The four different quenching reagents Si(OEt)₄, Ph₂PCl, B(OEt)₃, and P(O)(OEt)₃ were 

tested towards their reactivity with the metal-carbon bonds in the active species. For this 

purpose, polymerizations run with an IP:Nd ratio of 100:1 were terminated by the addition 

of the quenching reagents (cf. Table 7.1, entries 5 and 6, for examples with Si(OEt)₄ and 

Ph₂PCl). The reaction mixture was stirred at the polymerization temperature until it became 

colorless. The polymers were isolated by precipitation in dry acetonitrile (polymers 

quenched with Si(OEt)₄, B(OEt)₃, or P(O)(OEt)₃) or acidified MeOH (polymers quenched with 

Ph₂PCl) followed by drying under reduced pressure. To verify the functionalization by 

quenching, the polymers were subjected to a thorough analysis by means of NMR 

spectroscopy. ¹H and ¹³C NMR showed no indication for a successful functionalization for 

polymers quenched with B(OEt)₃ or P(O)(OEt)₃. In contrast, the polymer quenched with 

Si(OEt)₄ exhibits characteristic shifts for an ethoxy-moiety in the ¹H NMR spectrum at δ= 

3.89 ppm and δ= 1.20 ppm (Figure 7.3). The assignment of these signals to a SiOCH₂CH₃ 

group is substantiated by ¹H-¹³C-HSQC NMR spectroscopy revealing the corresponding 

carbon shifts at δ= 59.4 ppm and 17.8 ppm. A connectivity of these ethoxy moieties to the 

poly(isoprene) backbone was probed by 1D TOCSY and DOSY NMR spectroscopy (for 

detailed spectra see Chapter 7.5.2). The formation of ethoxysilyl end-groups is 

unambiguously proven by DOSY-NMR. Both, the SiOCH₂CH₃ group as well as the backbone 

signals exhibit the same diffusion coefficient, i.e. both correlate to a species with a 

comparable molecular weight, this would not be the case for e.g BuSi(OEt)₃ which could 

likely be formed from the reaction of residual RMgBu with Si(OEt)₄. 
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Figure 7.3: ¹H NMR spectrum of a poly(isoprene) sample with triethoxysilyl end-groups (Table 7.1, 

entry 5, recorded at 27 °C in C₆D₆). 

Quantification of the end-group functionalization reveals quenching efficiencies (i.e. the 

portion of chains functionalized) between 40 and 50%. Note that while this efficiency shows 

that in a mechanistic sense no simple picture of a single terminating pathway is operative, in 

terms of polymer applications like compatibility such a portion of end-groups can be useful. 

A polymer quenched with Ph₂PCl at the end of the polymerization reaction exhibits 

characteristic ¹H NMR shifts in the aromatic region at δ= 7.81 – 6.90 ppm, indicating a 

successful functionalization of the polymer. Although this assumption is substantiated by 

the observation of signals in the ³¹P NMR spectrum, the presence of at least seven different 

³¹P species, however, points to a low selectivity or the occurrence of side reactions. Still, 

DOSY-NMR establishes the connection of the aromatic protons to the poly(isoprene) 

backbone in terms of identical diffusion coefficients and thus a successful functionalization. 

7.2.3 Chain-end Functionalization by Activation with Functionalized Mg-

reagents 

A third piece of the functionalization approach pursued targets the introduction of 

functional groups via the use of functional activation reagents, i.e. organo-magnesium 

compounds. This functionalization would result in poly(dienes) with polar end groups 

(Scheme 7.2). 
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Scheme 7.2: Activation of Nd(BH₄)₃·(THF)₃ with functionalized organo-magnesium compounds gives 

access to chain-end functionalized poly(dienes). 

Prior to assessing the potential of this approach towards a possible functionalization of 

the polymer chain-end, the polymerization conditions used were tested in terms of this 

method’s general ability to transfer organic moieties from Mg to Nd and eventually to the 

chain-end. For this purpose, the transfer of a non-functionalized alkyl group, i.e. an n-butyl 

moiety, was probed by activation with MgBu₂. The presence of n-butyl end-groups was 

observed by the appearance of a ¹H NMR signal with a shift typical for aliphatic -CH₃ groups 

(δ= 0.90 ppm) for all polymerizations in which MgBu₂ was used as activation reagent.  

A detailed NMR analysis to prove the presence of a butyl group as chain-end was 

performed for a copolymer synthesized from IP and TMS₂N-3-BD. TOCSY irradiation at the 

resonance of the CH₃ group results in magnetization transfer along the residual butyl chain 

up to the aliphatic and olefinic signals of the first isoprene unit in the backbone (Figure 7.4). 

This outcome was further substantiated by DOSY-NMR, also showing the attachment of the 

butyl moiety to the PIP backbone. 

 

Figure 7.4: ¹H and 1D-TOCSY NMR spectra of a copolymer synthesized from isoprene and 

comonomer TMS₂N-3-BD, showing the connectivity of the butyl chain and the poly(isoprene) 

backbone (Table 7.1, entry 10, recorded at 27 °C in C₆D₆). Irradiation at 1 (250 ms mixing time) results 

in excitation of signals 2, 3, 4, 5, and even 6 by magnetization transfer through bonds, proving the 

attachment of the butyl moiety to the PIP-backbone. 
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Figure 7.5: Polar functionalized organo-magnesium compounds used for the activation of Nd-based 

catalyst systems. 

After establishing the possibility to introduce a chain-end by transferring an organic 

group from Mg to Nd under the polymerization conditions employed, the synthesis of 

different polar functionalized organo-Mg compounds (Figure 7.5) was performed. 

Polar functionalized organo-Mg compounds Mg-1 to Mg-5 were synthesized by reacting 

the according Br- or Cl-compound, e.g. Cl-C₅H₁₀-SPh for Mg-5, with activated Mg to form 

the mono-alkyl Mg compound ClMg-C₅H₁₀-SPh. The di-alkyl Mg compound Mg(C₅H₁₀-

SPh)₂, Mg-5, was then formed by shifting the Schlenk equilibrium towards MgR₂/MgCl₂ 

upon addition of 1,4-dioxane. Removal of MgX₂ gave the desired magnesium compounds 

Mg-1 to Mg-5 in good to high yields with the saturated species, e.g. C₅H₁₁-SPh, as a side 

product. These species are unproblematic, however, as they have no adverse influence on the 

intended use of the synthesized organo-Mg compounds. 

Table 7.2: Results of diene polymerizations activated with polar functionalized organo-magnesium 

compounds. 

entry Nd diene time 
activation 

reagent 

activation 

efficiencya) 
yield 

funct. 

groups in 

polymerb) 

Mn
c) 

Mw

Mn

c) 
1,4-trans- 

contentd) 

 
[µmol] [mmol] [h] 

 
[%] [mg] (%) [mol%] [10³ g mol⁻¹] 

 
[%] 

1e) 60 6 IP 2.5 Mg-1 94 373 (91) 1.5 11 3.2 93 

2 20 2 IP 2.5 Mg-1 92 116 (85) 1.1 11 1.5 93 

3 60 6 IP 5 Mg-2 n.d.f) 324 (79) n.d.f) 17 2.8 92 

4 60 6 IP 5.5 Mg-3 42 350 (86) 0.5 19 4.8 91 

5 50 4.6 BD 5  Mg-3 58 140 (56) 1.1 n.d. n.d. 93 

6 50 5 IP 72 Mg-4 42 282 (83) 0.5 14 4.1 95 

7 50 4.6 BD 3 Mg-4 32 106 (43) 0.8 17 2.4 92 

8 50 4.6 BD 5 Mg-5 92 112 (45) 2.2 5.1 1.8 93 

9  5 4.6 BD 5 Mg-4 n.d.g) 150 (60) n.d.g) 57 2.8 94 

10 5 4.6 BD 5 Mg-5 n.d.g) 185 (74) n.d.g) 48 3.0 93 

Polymerization conditions: Nd(BH₄)₃·(THF)₃:MgR₂ = 1:1, T = 60 °C in toluene or C₆D₆ a) activation efficiency = 

(funct. groups in polymer in mol% · 100⁻¹) · (n(MgR₂) · M(diene) · m(polymer)⁻¹)⁻¹ b) determined by ¹H NMR c) 

determined by GPC in THF vs. PS standards. d) determined by ¹³C NMR e) Nd:MgR  = 1:1.5 f) not determined 

because signals of functional groups are (partially) overlapped by backbone signals g) not determined because 

the low amount of functional groups does not allow for a reliable integration. 
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Polymerizations with a Nd:diene ratio of ca. 1:100 were performed to assess the general 

ability of Mg-x (x = 1 – 5) to activate Nd(BH₄)₃·(THF)₃ for the trans-selective diene 

polymerization (Table 7.2). The low Nd:diene ratio was chosen to ensure an end-group to 

backbone ratio sufficiently high for subsequent NMR analyses. Activation of 

Nd(BH₄)₃·(THF)₃ was successful with all different polar functionalized organo-Mg 

compounds. This includes not only the activation by Mg-alkyl compounds (Mg-1, Mg-4, and 

Mg-5) but also the activation by Mg-aryl compounds (Mg-2 and Mg-3). ¹³C-NMR shows all 

obtained polymers to be stereoregular with a high 1,4-trans-content (91 – 95 mol% trans-

units), comparable to the model polymers obtained by activation of Nd(BH₄)₃·(THF)₃ with 

MgBu₂. NMR experiments verify the ability of this approach to generate heteroatom 

functionalized chain-ends. ¹H and ¹³C NMR spectra of all polymers obtained exhibit 

characteristic signals for the respective functional group, including pyrrolidine rings for Mg-

2, Mg-3, and Mg-4, resonating between δ= 2.94 ppm (¹³C: 47.5 ppm, Mg-2) and 2.38 ppm (¹³C: 

54.1 ppm, Mg-3). In addition, signals for the benzylic protons of Mg-3 (¹H: 3.53 ppm, ¹³C: 

61.1 ppm) and (C₄H₈)N-CH₂ group of Mg-4 are found in the respective spectra. In the case of 

the PhS-CH₂- group, introduced by activation with Mg-5, a proton signal at δ= 2.67 ppm (¹³C: 

33.3 ppm) suggests functionalization and 1D-TOCSY reveals the connectivity along the 

residual pentyl-chain to the olefinic signal of the first unit in the PBD backbone. To further 

prove the chain-end functionalization, i.e. the attachment to the polymer chain, DOSY NMR 

experiments were performed for all different functional groups (Figure 7.6). This verified a 

chain-end functionalization by showing that the functional groups have the same diffusion 

coefficients as the polymer backbone. In detail, the signals of the functional groups at the 

polymers’ chain-ends often show a slightly different diffusion coefficient compared to the 

poly(diene) backbones signals. This observation can be rationalized, because chain-ends can 

certainly move more freely than most of the polymer backbone, thus exhibiting a slightly 

different diffusion coefficient. Still, the connection of the functional groups to the backbone is 

unambiguously evident when the diffusion coefficients are compared to true low molecular 

weight compounds in the sample like e.g. the solvent signal.  
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Figure 7.6: ¹H NMR spectrum and according DOSY NMR traces of chain-end functionalized 

poly(butadiene) sample. The sample was obtained by a polymerization activated with Mg-5 (Table 

7.2, entry 8, spectra recorded at 27 °C in C₆D₆). 

Chain-end functionalization proceeds efficiently for the obtained polymers. It is known 

that each activator MgR₂ transfers one moiety to the Nd center in the activation step.97,98 

Moreover, MALDI-TOF analyses of the obtained polymers have proved that all polymer 

chains bear a chain-end with R-groups derived from the MgR₂ used.168 Under the assumption 

of quantitative chain-end functionalization, it is possible to determine the activation 

efficiency of the different Mg-x (Table 7.2). The activation efficiency is the ratio of the 

amount of functional groups found in the functionalized polymers to the theoretically 

expected amount of functionalization expected for quantitative activation of 

Nd(BH₄)₃·(THF)₃ (see Chapter 7.4.4 for the equations used). 

Activation occurs moderately for Mg-3 and Mg-4 with efficiencies between 42 and 58% 

(Mg-3) and 32 and 42% (Mg-4), respectively. In contrast, excellent activation efficiencies are 

observed for polymerizations activated with Mg-1 or Mg-5 (92 – 94%). The molecular weight 

distributions are broader in these examples than observed for polymerizations activated with 

MgBu₂, this arises most likely from a slower activation compared to activation by MgBu₂ 

caused by the addition of Mg-x as a solid (the Mg-x used are typically poorly soluble in 

toluene). Nevertheless, molecular weights comparable to polymerizations activated with 

MgBu₂ can be obtained by adjusting the diene:Nd ratio. Polymerizations with a diene:Nd 

ratio of 920:1 gave polymers with molecular weights (48 and 57 × 10³ g mol⁻¹) close to the 

theoretical value (50 × 10³ g mol⁻¹, Table 7.1, entries 9 and 10). 
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7.2.4 Trifunctional Poly(dienes) 

At this point, it has been established that all three methods to functionalize the 

synthesized stereoregular poly(dienes) work separately. Further, it would be highly 

desirable to combine all three functionalization methods at the same time. This could give 

access to stereoregular, hetero-telechelic poly(dienes) bearing three different types of 

functional groups (Scheme 7.3). 

 

Scheme 7.3: Combination of three different methods for the introduction of functional groups, thus 

enabling the synthesis of triple functionalized, hetero-telechelic poly(dienes). 

As an example of a stereoregular poly(isoprene), the copolymerization of IP and 

TMS₂N-3BD was investigated. The polymerization was activated with Mg-1 (IP:Nd:Mg = 

100:1:1) and quenched with Si(OEt)₄. The obtained polymer is stereoregular with 95% 1,4-

trans-units. ¹H-NMR shows the presence of TMS-groups (0.19 ppm) and TMS₂NCH₂-groups 

(2.84 ppm) indicating a comonomer incorporation of 2.3 mol%. CarbNCH₂-groups resonate 

at 3.83 ppm and the aromatic protons of the carbazyl group are clearly observed (Figure 7.7). 

The presence of 1 mol% of CarbN-groups derived from Mg-1 agrees well with the expected 

theoretical degree of functionalization (1 mol%) calculated from the IP:Mg-1 ratio (100:1). 2D 

NMR-spectroscopy also reveals the presence of (EtO)₃Si-groups. While the proton resonance 

of the SiOCH₂CH₃ group is overlapped by the resonance of CarbNCH₂-groups (3.83 ppm), 

the presence of a signal at 59.0 ppm in the ¹³C dimension of the HSQC spectrum proves the 

functionalization of the terminating chain-end. As already observed in the quenching 

experiments above, the degree of functionalization is moderate (ca. 15 – 20% of the polymer 

chains). The connection of all three different functional groups to the polymer backbones 

was additionally verified by DOSY NMR. 
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Figure 7.7: ¹H NMR spectrum of a trifunctionalized, hetero-telechelic poly(isoprene) sample (recorded 

at 27 °C in C₆D₆). 

As an example of a stereoregular poly(butadiene), a copolymerization of BD and CarbN-

4-BD (2 mol %) was studied. The polymerization was activated by Mg-5 (BD:Nd:Mg = 

100:1:1) and quenched with Si(OEt)₄ at the end of the reaction. ¹H, ¹³C, and 2D NMR 

spectroscopy shows the polymer obtained to be stereoregular (93% 1,4-trans-units) and 

reveals the presence of all three different functional groups (Figure 7.8): PhS- groups 

originating from the activation of Nd(BH₄)₃·(THF)₃ with Mg-5 (¹H: 2.66 ppm, ¹³C: 33.2 ppm 

for PhS-CH₂-groups). Carbazol moieties (CarbN) introduced by direct copolymerization with 

CarbN-4-BD show characteristic shifts in the aromatic region (e.g. ¹H: 8.04 ppm, ¹³C: 120.5 

ppm) and at 3.84 ppm (¹³C: 42.5 ppm) for CarbN-CH₂-groups. As already observed in the 

example above, the most characteristic proton resonance of the SiOCH₂CH₃ group (3.90 ppm) 

is (partially) overlapped by the resonance of CarbNCH₂-groups, but the presence of 

SiOCH₂CH₃-groups is proven by 2D NMR spectroscopy (¹³C: 59.0 ppm for SiOCH₂CH₃). A 

connectivity between all three different functional groups and the polymer backbone was 

unambiguously established by DOSY NMR (Figure 7.8).  

In view of the practical importance of cis-stereoregular poly(dienes), it would be highly 

desirable to functionalize the chain-ends of such polymers by activation with functionalized 

activators. Prior examples of the initiation of cis-selective butadiene polymerizations with 

magnesium alkyls are scarce.75,76 In preliminary experiments, the reported catalyst system 

(Nd(versatate)₃ activated with MgR₂ in the presence of ethylaluminium sesquichloride) was 

tested in polymerizations of butadiene after activation with MgBu₂ or Mg-5. 
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Figure 7.8: ¹H NMR spectrum and according DOSY NMR traces of a trifunctionalized, hetero-

telechelic poly(butadiene) sample, proving the connection of all different functional groups to the 

polymer backbone (recorded at 27 °C in C₆D₆). 

Polymerizations activated with MgBu₂ showed that the used catalyst system can 

produce stereoregular poly(butadiene) with a high content of 1,4-cis-units (e.g. 92 mol%). 

Similarly, a BD polymerization activated with Mg-5 resulted in the formation of 

stereoregular PBD (86 mol% 1,4-cis-units). Additionally, NMR spectroscopy reveals the 

presence of functional groups introduced by the activation with Mg-5 as already described 

above for trans-selective catalyst systems. These results evidence that the introduction of 

functionalized chain-ends by functionalized activators is also feasible in cis-selective diene 

polymerization catalyzed by Nd catalysts. 

7.3 Summary 

The synthesis of polar functionalized stereoregular poly(dienes) is highly interesting in 

view of possible applications of synthetic rubbers. Especially the selective functionalization 

of polymer chain-ends to form (hetero)telechelics is challenging. 

Three different methods were tested towards their capability to introduce functional 

groups in trans-poly(butadiene) and trans-poly(isoprene): 1) A key element is the finding that 

Nd-based trans-selective systems for diene polymerization are tolerant towards different 

functional groups based on nitrogen or sulfur. Thus, a functionalization of the polymer 
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backbone is accessible via direct incorporation of a polar comonomer. 2) Activation of 

Nd(BH₄)₃·(THF)₃ proceeds with polar functionalized magnesium alkyls to introduce 

functional groups at the initiating chain-ends. 3) At the terminating chain-end, an end-group 

could be generated by conversion of reactive metal-carbon bonds present in the catalyst 

system with suitable quenching reagents. Notably, all three elements are compatible with 

one another and can be carried out together, i.e. stereoregularity or the nature of the reactive 

metal-polymeryl bonds are not compromised by the presence of functional activators or 

monomers. A combination of all three functionalization methods in one polymerization 

provides the preparation of stereoregular poly(dienes) with functional groups in the main 

chain as well as in both end-groups, the later in a hetero-telechelic fashion. 

7.4 Experimental Section 

7.4.1 Materials and General Considerations 

Unless noted otherwise, all manipulations were carried out under an inert atmosphere 

using standard Schlenk or glove box techniques. Solvents were dried and degassed using 

standard laboratory techniques.138 

Chloroprene was synthesized by HCl elimination from 3,4,-dichlorobut-1-ene with KOH 

in DMSO at 75 °C. Isoprene (Sigma) was dried over CaH₂ and vacuum transferred prior to 

use. 1,3-Butadiene (Air Liquide) was passed through a commercial drying column (Air 

Liquide) prior to use. All other commercially available reagents were used without further 

purification. Nd(BH₄)₃·(THF)₃ was available in the group and synthesized according to 

literature.169 (5-Methylenehept-6-enyl)-phenylaniline (Ph₂N-4-BD), (4-methylenehex-5-enyl)-

bis(trimethylsilyl)amine (TMS₂N-3-BD), and 9-(5-methylenehept-6-enyl)-9H-carbazole 

(CarbN-4-BD) were synthesized as already reported in Chapter 3.4.2. (4-Methylenehex-5-

enyl)(phenyl)sulfide (PhS-3-BD), (7-methylenenon-8-enyl)(phenyl)sulfide (PhS-6-BD), and 

(8-methylenedec-9-enyl)(phenyl)sulfide (PhS-7-BD) were synthesized as already reported in 

Chapter 4.4.2. 

Caution: 1,3-Butadiene (BD) is gaseous at room temperature as well as toxic and 

carcinogenic. It requires special safety measures to avoid exposure. All operations were 

performed in a well ventilated fume hood using VitonTM protection gloves and a face-
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shield in the presence of a DRÄGER 1,3-Butadiene Sensor. In order to prevent accidental 

exposures to BD a trained working protocol should be used. 

NMR spectra were recorded on a Varian Unity Inova 400, a Bruker Avance III 400 or a 

Bruker Avance III 600 spectrometer. ¹H chemical shifts were referenced to the residual 

proton signal of the solvent. ¹³C chemical shifts were referenced to the carbon signal of the 

solvent. Multiplicities are given as follows: s: singlet, d: doublet, t: triplet, q: quartet, quint: 

quintet, v: virtual multiplet, m: multiplet, br: broad signal or combination thereof.  

Molecular weight distributions of polymers were determined by GPC on a Polymer 

Laboratories PL-GPC 50 with two PLgel 5 μm MIXED-C columns in THF at 40 °C vs. 

poly(styrene)standards using refractive index detection. Glass transition temperatures were 

determined by DSC-measurements (heating to 50 °C with 30 K/min. 2 min isothermal at 

50 °C, cooling to -150 °C with 30 K/min, 10 min isothermal at -150 °C, heating to 50 °C with 

30 K/min). 

7.4.2 Syntheses of Functionalized Magnesium Alkyls 

Synthesis of bis(4-(9-carbazyl)butyl)magnesium (Mg-1) 

 

Mg turnings (0.21 g, 8.5 mmol, 1.1 equiv.) were layered with THF and 1,2-

dibromoethane (0.03 mL, 0.07 g, 0.4 mmol) was added without stirring to activate the 

magnesium. A solution of 9-(4-chlorobutyl)-carbazole (2.00 g, 7.8 mmol, 1 equiv., synthesized 

according to Bhattacharya et al.⁹) in THF (5 mL) was added dropwise and the reaction 

mixture was stirred for 7 h at 50 °C. 1,4-dioxane (15 mL) was added to the reaction mixture, 

THF was removed under reduced pressure, and the mixture was stirred for 1 h at room 

temperature. The formed precipitate was separated by centrifugation and dioxane was 

removed under reduced pressure. Pentane (20 mL) was added to the brown, highly viscous 

crude product, the mixture was sonicated and the product precipitated as an off-white 

powder. Pentane was decanted, the product was washed four times with pentane (10 mL 
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each), and dried under reduced pressure to yield 1.55 g (85.4 %) of a product mixture of 

bis(4-(9-carbazyl)butyl)magnesium (69 %) and 9-butyl-carbazole (31 %) as an off-white 

powder. 

¹H NMR (400 MHz, C₆D₆:THF-d₈ = 14:1, 27 °C) δ (ppm) = 8.05 – 8.00 (m, 4H, H8), 7.45 – 7.39 

(m, 4H, H5), 7.39 – 7.33 (m, 4H, H6) 7.25 – 7.17 (m, 4H, H7), 4.22 (t, ³JHH = 6.7 Hz, 4H, H4), 

2.14 – 1.92 (m, 4H, H3), 1.90 – 1.77 (m, 4H, H2), -0.21 (t, ³JHH = 8.0 Hz, 4H, H1). 

¹³C{¹H} NMR (100 MHz, C₆D₆:THF-d₈ = 14:1, 27 °C) δ (ppm) = 141.3 (C10), 125.7 (C6), 123.3 

(C9), 120.8 (C8), 118.8 (C7), 109.1 (C5), 42.7 (C4), 38.1 (C3), 28.5 (C2), 7.8 (C1). 

Synthesis of bis(4-(pyrrolidin-1-yl)phenyl)magnesium (Mg-2) 

 

Mg turnings (0.24 g, 9.7 mmol, 1.1 equiv.) were layered with THF (5 mL) and 1,2-

dibromoethane (0.06 mL, 0.13 g, 0.7 mmol) was added without stirring to activate the 

magnesium. A solution of 1-(4-bromophenyl)pyrrolidine (2.00 g, 8.8 mmol, 1 equiv.) in THF 

(5 mL) was added dropwise and the yellow reaction mixture was stirred for 1 h at 60 °C and 

14 h at room temperature. 1,4-dioxane (15 mL) was added, THF was removed under reduced 

pressure, and the formed suspension was stirred for 1 h at room temperature. The formed 

precipitate was separated by centrifugation and dioxane was removed under reduced 

pressure to give the crude product. Washing with pentane (3 × 5 mL) and drying in vacuo 

yielded 1.39 g (98.9 %) of a product mixture of bis(4-(pyrrolidin-1-yl)phenyl)magnesium (77 

%) and 1-phenylpyrrolidine (23 %) as an off-white powder. 

¹H NMR (400 MHz, C₆D₆:THF-d₈ = 14:1, 27 °C) δ (ppm) = 8.22 (d, ³JHH = 7.6 Hz, 4H, H3), 6.89 

(d, ³JHH = 7.6 Hz, 4H, H2), 3.23 – 3.11 (m, 8H, H5), 1.65 – 1.58 (m, 8H, H6). 

¹³C{¹H} NMR (100 MHz, C₆D₆:THF-d₈ = 14:1, 27 °C) δ (ppm) = 148.0 (C1), 144.4 (C3), 112.1 

(C2), 47.6 (C5), 25.6 (C6), C4 was not detected. 
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Synthesis of 1-(4-bromobenzyl)pyrrolidine 

 

1-Bromo-4-(bromomethyl)benzene (10.00 g, 40.0 mmol, 1 equiv.) was suspended in 

toluene (30 mL). Pyrrolidine (7.6 mL, 6.54 g, 92.0 mmol, 2.3 equiv.) was added dropwise at 

0 °C and the reaction mixture was stirred for 16 h at room temperature. Pentane (25 mL) and 

diethyl ether (25 mL) were added and the organic phase was washed with brine (50 mL) and 

water (3 × 70 mL). Drying over MgSO₄ and removal of the solvent yielded 8.27 g (86 %) of 1-

(4-bromobenzyl)pyrrolidine as a yellowish liquid. 

¹H NMR (400 MHz, CDCl₃, 27 °C) δ (ppm) = 7.42 (d, ³JHH = 8.3 Hz, 2H, H2), 7.20 (d, ³JHH = 8.3 

Hz, 2H, H3), 3.55 (s, 2H, H5), 2.59 – 2.38 (m, 4H, H6), 1.83 – 1.72 (m, 4H, H7). 

¹³C{¹H} NMR (100 MHz, C₆D₆, 27 °C) δ (ppm) = 138.6 (C4), 131.4 (C2), 130.6 (C3), 120.7 (C1), 

60.0 (C5), 54.2 (C6), 23.5 (C7). 

Synthesis of bis(4-(pyrrolidin-1-ylmethyl)phenyl)magnesium (Mg-3) 

 

Mg turnings (0.22 g, 9.2 mmol, 1.1 equiv.) were layered with THF (5 mL) and 1,2-

dibromoethane (0.04 mL, 0.08 g, 0.4 mmol) was added without stirring to activate the 

magnesium. A solution of 1-(4-bromobenzyl)pyrrolidine (2.00 g, 8.3 mmol, 1 equiv.) in THF 

(5 mL) was added dropwise and the reaction mixture was stirred for 2 h at 60 °C and 16 h at 

room temperature. 1,4-dioxane (15 mL) was added, THF was removed under reduced 

pressure, and the formed suspension was stirred for 1 h at room temperature. The formed 

precipitate was separated by centrifugation and dioxane was removed under reduced 

pressure to give the crude product. Washing with pentane (3 × 5 mL) and drying in vacuo 

yielded 1.43 g (99.2 %) of a product mixture of bis(4-(pyrrolidin-1-

ylmethyl)phenyl)magnesium (93 %) and 1-benzylpyrrolidine (7 %) as an off-white powder. 
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¹H NMR (400 MHz, C₆D₆:THF-d₈ = 14:1, 27 °C) δ (ppm) = 8.08 (d, ³JHH = 7.3 Hz, 4H, H2), 7.55 

(d, ³JHH = 7.3 Hz, 4H, H3), 3.74 (s, 4H, H5), 2.62 – 2.52 (m, 8H, H6), 1.67 – 1.60 (m, 8H, H7). 

¹³C{¹H} NMR (100 MHz, C₆D₆:THF-d₈ = 14:1, 27 °C) δ (ppm) = 166.2 (C1), 141.2 (C2), 135.9 

(C4), 127.4 (C3), 61.8 (C5), 54.37 (C6), 24.0 (C7). 

Synthesis of bis(4-(pyrrolidin-1-yl)propyl)magnesium (Mg-4) 

 

Mg turnings (0.22 g, 11 mmol, 1.1 equiv.) were layered with THF (5 mL) and 1,2-

dibromoethane (0.04 mL, 0.08 g, 0.4 mmol) was added without stirring to activate the 

magnesium. A solution of 1-(3-chloropropyl)pyrrolidine (1.5 g, 10 mmol, 1 equiv., 

synthesized according to Melnyk et al.170) in THF (5 mL) was added dropwise and the 

reaction mixture was stirred for 6 h at 50 °C. 1,4-dioxane (15 mL) was added, THF was 

removed under reduced pressure, and the formed suspension was stirred for 1 h at room 

temperature. The formed precipitate was separated by centrifugation and dioxane was 

removed under reduced pressure to give the crude product. Washing with pentane (3 × 5 

mL) and drying in vacuo yielded 1.31 g (3.8 mmol, 76 %) of a product mixture of bis(3-

(pyrrolidin-1-yl)propyl)magnesium (90 %) and 1-propylpyrrolidine (10 %) as an off-white 

powder. 

¹H NMR (400 MHz, C₆D₆, 27 °C) δ (ppm) = 2.40 (br m, 8H, H4), 2.27 – 2.22 (m, 4H, H3), 2.17 – 

2.09 (m, 4H, H2), 1.59 – 1.42 (br m, 8H, H5), -0.03 (t, ³JHH = 7.3 Hz, 4H, H1). 

¹³C{¹H} NMR (100 MHz, C₆D₆:THF-d₈ = 14:1, 27 °C) δ (ppm) = 64.3 (C3), 54.0 (C4), 27.5 (C2), 

23.3 (C5), 2.4 (C1). 
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Synthesis of bis(5-(phenylthio)pentyl)magnesium (Mg-5) 

 

Mg turnings (750 mg, 30.8 mmol, 1.1 equiv.) were layered with THF (7 mL). 2 drops 1,2-

dibromoethane were added without stirring to activate the magnesium. A solution of (5-

chloropentyl)(phenyl)sulfide (6.0 g, 28 mmol, 1 equiv.) in THF (20 mL) was added. The 

reaction mixture was stirred at 50 °C for 6 h. Dioxane (20 mL) was added to the half of the 

reaction mixture and THF was removed from this mixture under reduced pressure. The 

formed suspension was stirred for 1 h at room temperature and the precipitate was removed 

by centrifugation. Removal of the solvent gave a yellowish oil which solidified after addition 

of pentane (15 mL) and sonication. The formed solid was dried under reduced pressure. 

¹H NMR (400 MHz, C₆D₆:THF-d₈ = 14:1, 27 °C) δ (ppm) = 7.36 – 7.29 (m, 2H, H7), 7.04 (t, ³JHH 

= 7.7 Hz, 2H, H8), 6.96 – 6.88 (m, 1H, H9), 2.90 (t, ³JHH = 7.3 Hz, 2H, H5), 1.93 – 1.71 (m, 4H, 

H2 and H4), 1.71 – 1.60 (m, 2H, H3), -0.19 (br s, 2H, H1). 

7.4.3 Polymerization Procedures 

Trans-selective Diene (Co)polymerizations Activated with R₂Mg 

The desired amount of a BD stock solution (ca. 1.6 mmol BD mL⁻¹ toluene) or isoprene 

and toluene was added to Nd(BH₃)₄·3 THF. In case of a copolymerization the comonomer 

was added to the reaction mixture. Additional toluene was added when necessary (for high 

MW polymerizations) and the mixture was stirred at 60 °C for ca. 2 min to dissolve the Nd 

precursor. The polymerization was activated by addition of R₂Mg (1 equiv. to Nd) and 

stirred at 60 °C for 5 h. The polymerization was ended by addition of either the quenching 

reagent (10 – 50 equiv. compared to Nd) or a BHT solution in MeOH. The polymer was 

precipitated in MeOH (or dry acetonitrile after quenching with TEOS), and dried under 

reduced pressure. 
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Cis-selective Diene (Co)polymerizations Activated with R₂Mg 

Nd(versatate)₃ (5 µmol, as stock solution) was dissolved in toluene (3 mL) and BD stock 

solution was added (ca. 1.6 mmol BD mL⁻¹ toluene). EASC was added (50 µmol, as 10 wt% 

stock solution in toluene) and the mixture was stirred at room temperature. R₂Mg (50 µmol) 

was added to start the polymerization and the reaction mixture was stirred at 60 °C for 5 h. 

The polymerization was ended by addition of MeOH/BHT, the polymer was precipitated in 

MeOH, and dried under reduced pressure. 

7.4.4 Calculation of Activation Efficiency 

The activation efficiency is the ratio of the amount of functional groups found in the 

functionalized polymers to the theoretically expected amount of functionalization expected 

for quantitative activation of Nd(BH₄)₃·(THF)₃, i.e.  

activation efficiency= 
mol% (funct. groups in polymer)

mol% (maximum  theoretical  amount of funct.  groups in polymer)
 

 

with mol% (maximum  theoretical  amount of funct.  groups in polymer)=  

mmol (Mg-x)

mg (polymer yield)

mg mmol-1 (molecular weight of diene monomer)
⁄
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7.5 Additional Spectra and Data 

7.5.1 NMR Spectra of Homopolymers 

 

Figure 7.9: ¹H NMR-spectrum of a BD homopolymer (Table 7.1 entry 1, recorded at 27 °C in C₆D₆). 

 

Figure 7.10: ¹³C{¹H} NMR-spectrum of a BD homopolymer (Table 7.1 entry 1, recorded at 27 °C in 

C₆D₆). 
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Figure 7.11: ¹H NMR-spectrum of an IP homopolymer (Table 7.1 entry 4, recorded at 27 °C in CDCl₃). 

 

Figure 7.12: ¹³C{¹H} NMR-spectrum of an IP homopolymer (Table 7.1 entry 4, recorded at 27 °C in 

CDCl₃). 
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7.5.2 NMR Spectra of Homopolymers with Functionalized End-Groups 

Obtained by Quenching 

 

Figure 7.13: ¹H NMR-spectrum of an IP homopolymer quenched with Si(OEt)₄ (Table 7.1 entry 5, 

recorded at 27 °C in C₆D₆). 

 

Figure 7.14: ¹³C{¹H} NMR-spectrum of an IP homopolymer quenched with Si(OEt)₄ (Table 7.1 entry 5, 

recorded at 27 °C in C₆D₆). 
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Figure 7.15: COSY NMR-spectrum of an IP homopolymer quenched with Si(OEt)₄ (Table 7.1 entry 5, 

recorded at 27 °C in C₆D₆). 

 

Figure 7.16: HSQC NMR-spectrum of an IP homopolymer quenched with Si(OEt)₄ (Table 7.1 entry 5, 

recorded at 27 °C in C₆D₆). 
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Figure 7.17: DOSY NMR-spectrum of an IP homopolymer quenched with Si(OEt)₄ (Table 7.1 entry 5, 

recorded at 27 °C in C₆D₆). 

 

Figure 7.18: ¹H NMR-spectrum of an IP homopolymer quenched with Ph₂PCl (Table 7.1 entry 6, 

recorded at 27 °C in C₆D₆). 
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Figure 7.19: ³¹P NMR-spectrum of an IP homopolymer quenched with Ph₂PCl (Table 7.1 entry 6, 

recorded at 27 °C in C₆D₆). 

 

Figure 7.20: ³¹P HMBC NMR-spectrum of an IP homopolymer quenched with Ph₂PCl (Table 7.1 entry 

6, recorded at 27 °C in C₆D₆). 
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Figure 7.21: DOSY NMR-spectrum of an IP homopolymer quenched with Ph₂PCl (Table 7.1 entry 6, 

recorded at 27 °C in C₆D₆). 
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7.5.3 NMR Spectra of Copolymers 

 

Figure 7.22: ¹H NMR-spectrum of a copolymer synthesized from BD and Ph₂N-4-BD (Table 7.1 entry 

7, recorded at 27 °C in C₆D₆). 

 

Figure 7.23: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and Ph₂N-4-BD (Table 7.1 

entry 7, recorded at 27 °C in C₆D₆). 
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Figure 7.24: HSQC NMR-spectrum of a copolymer synthesized from BD and Ph₂N-4-BD (Table 7.1 

entry 7, recorded at 27 °C in C₆D₆). 

 

Figure 7.25: ¹H NMR-spectrum of a copolymer synthesized from BD and TMS₂N-3-BD (Table 7.1 

entry 9, recorded at 27 °C in C₆D₆). 
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Figure 7.26: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from BD and TMS₂N-3-BD (Table 7.1 

entry 9, recorded at 27 °C in C₆D₆). 

 

Figure 7.27: HSQC NMR-spectrum of a copolymer synthesized from BD and TMS₂N-3-BD (Table 7.1 

entry 9, recorded at 27 °C in C₆D₆). 
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Figure 7.28: ¹H NMR-spectrum of a copolymer synthesized from IP and TMS₂N-3-BD (Table 7.1 entry 

10, recorded at 27 °C in C₆D₆). 

 

Figure 7.29: ¹³C{¹H} NMR-spectrum of a copolymer synthesized from IP and TMS₂N-3-BD (Table 7.1 

entry 10, recorded at 27 °C in C₆D₆). 
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Figure 7.30: COSY NMR-spectrum of a copolymer synthesized from IP and TMS₂N-3-BD (Table 7.1 

entry 10, recorded at 27 °C in C₆D₆). 

 

Figure 7.31: HSQC NMR-spectrum of a copolymer synthesized from IP and TMS₂N-3-BD (Table 7.1 

entry 10, recorded at 27 °C in C₆D₆). 
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Figure 7.32: DOSY NMR-spectrum of a copolymer synthesized from IP and TMS₂N-3-BD (Table 7.1 

entry 10, recorded at 27 °C in C₆D₆). 

 

Figure 7.33: ¹H NMR-spectrum of a copolymer synthesized from BD and PhS-6-BD (Table 7.1 entry 

11, recorded at 27 °C in C₆D₆). 
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Figure 7.34: ¹H NMR-spectrum of a copolymer synthesized from BD and PhS-7-BD (Table 7.1 entry 

12, recorded at 27 °C in C₆D₆). 

 

Figure 7.35: HSQC NMR-spectrum of a copolymer synthesized from BD and PhS-7-BD (Table 7.1 

entry 12, recorded at 27 °C in C₆D₆). 
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7.5.4 NMR Spectra of Homopolymers with Functionalized End-Groups 

Obtained by Activation with Mg-x 

NMR Spectra of Polymers Obtained by Activation with Mg-1 

 

Figure 7.36: ¹H NMR-spectrum of an end group functionalized homopolymer synthesized from IP by 

activation with Mg-1 (Table 7.2 entry 1, recorded at 27 °C in CDCl₃). 

 

Figure 7.37: ¹H NMR-spectrum of an end group functionalized homopolymer synthesized from IP by 

activation with Mg-1 (Table 7.2 entry 2, recorded at 27 °C in CDCl₃). 
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NMR Spectra of Polymers Obtained by Activation with Mg-2 

 

Figure 7.38: ¹H NMR-spectrum of an end group functionalized homopolymer synthesized from IP by 

activation with Mg-2 (Table 7.2 entry 3, recorded at 27 °C in CDCl₃). 

 

Figure 7.39: ¹H NMR in-situ spectrum of an end group functionalized homopolymer synthesized from 

IP by activation with Mg-2 (Table 7.2 entry 3, recorded at 27 °C in CDCl₃). 
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Figure 7.40: COSY NMR in-situ spectrum of an end group functionalized homopolymer synthesized 

from IP by activation with Mg-2 (Table 7.2 entry 3, recorded at 27 °C in CDCl₃). 

 

Figure 7.41: HSQC NMR in-situ spectrum of an end group functionalized homopolymer synthesized 

from IP by activation with Mg-2 (Table 7.2 entry 3, recorded at 27 °C in CDCl₃). 
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Figure 7.42: HMBC NMR in-situ spectrum of an end group functionalized homopolymer synthesized 

from IP by activation with Mg-2 (Table 7.2 entry 3, recorded at 27 °C in CDCl₃). 

 

Figure 7.43: DOSY NMR in-situ spectrum of an end group functionalized homopolymer synthesized 

from IP by activation with Mg-2 (Table 7.2 entry 3, recorded at 27 °C in CDCl₃). 
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NMR Spectra of Polymers Obtained by Activation with Mg-3 

 

Figure 7.44: ¹H NMR spectrum of an end group functionalized homopolymer synthesized from IP by 

activation with Mg-3 (Table 7.2 entry 4, recorded at 27 °C in CDCl₃). 

 

Figure 7.45: ¹H NMR in-situ spectrum of an end group functionalized homopolymer synthesized from 

IP by activation with Mg-3 (Table 7.2 entry 4, recorded at 27 °C in CDCl₃). 
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Figure 7.46: HSQC NMR in-situ spectrum of an end group functionalized homopolymer synthesized 

from IP by activation with Mg-3 (Table 7.2 entry 4, recorded at 27 °C in CDCl₃). 

 

Figure 7.47: HMBC NMR in-situ spectrum of an end group functionalized homopolymer synthesized 

from IP by activation with Mg-3 (Table 7.2 entry 4, recorded at 27 °C in CDCl₃). 
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Figure 7.48: DOSY NMR in-situ spectrum of an end group functionalized homopolymer synthesized 

from IP by activation with Mg-3 (Table 7.2 entry 4, recorded at 27 °C in CDCl₃). 

 

Figure 7.49: ¹H NMR spectrum of an end group functionalized homopolymer synthesized from BD by 

activation with Mg-3 (Table 7.2 entry 5, recorded at 27 °C in C₆D₆). 
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Figure 7.50: HSQC NMR spectrum of an end group functionalized homopolymer synthesized from 

BD by activation with Mg-3 (Table 7.2 entry 5, recorded at 27 °C in C₆D₆). 

 

Figure 7.51: DOSY NMR spectrum of an end group functionalized homopolymer synthesized from 

BD by activation with Mg-3 (Table 7.2 entry 5, recorded at 27 °C in C₆D₆). 
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NMR Spectra of Polymers Obtained by Activation with Mg-4 

 

Figure 7.52: ¹H NMR spectrum of an end group functionalized homopolymer synthesized from IP by 

activation with Mg-4 (Table 7.2 entry 6, recorded at 27 °C in CDCl₃). 

 

Figure 7.53: ¹³C{¹H} NMR spectrum of an end group functionalized homopolymer synthesized from IP 

by activation with Mg-4 (Table 7.2 entry 6, recorded at 27 °C in CDCl₃). 
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Figure 7.54: HSQC NMR spectrum of an end group functionalized homopolymer synthesized from IP 

by activation with Mg-4 (Table 7.2 entry 6, recorded at 27 °C in CDCl₃). 

 

Figure 7.55: ¹H NMR spectrum of an end group functionalized homopolymer synthesized from BD by 

activation with Mg-4 (Table 7.2 entry 7, recorded at 27 °C in C₆D₆). 
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Figure 7.56: ¹³C{¹H} NMR spectrum of an end group functionalized homopolymer synthesized from 

BD by activation with Mg-4 (Table 7.2 entry 7, recorded at 27 °C in C₆D₆). 

 

Figure 7.57: HSQC NMR spectrum of an end group functionalized homopolymer synthesized from 

BD by activation with Mg-4 (Table 7.2 entry 7, recorded at 27 °C in C₆D₆). 
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Figure 7.58: DOSY NMR spectrum of an end group functionalized homopolymer synthesized from 

BD by activation with Mg-4 (Table 7.2 entry 7, recorded at 27 °C in C₆D₆). 

 

Figure 7.59: ¹H NMR spectrum of an end group functionalized homopolymer synthesized from BD by 

activation with Mg-4 (Table 7.2 entry 9, recorded at 27 °C in C₆D₆). 
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NMR Spectra of Polymers Obtained by Activation with Mg-5 

 

Figure 7.60: ¹H NMR spectrum of an end group functionalized homopolymer synthesized from BD by 

activation with Mg-5 (Table 7.2 entry 8, recorded at 27 °C in C₆D₆). 

 

Figure 7.61: ¹³C{¹H} NMR spectrum of an end group functionalized homopolymer synthesized from 

BD by activation with Mg-5 (Table 7.2 entry 8, recorded at 27 °C in C₆D₆). 
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Figure 7.62: HSQC NMR spectrum of an end group functionalized homopolymer synthesized from 

BD by activation with Mg-5 (Table 7.2 entry 8, recorded at 27 °C in C₆D₆). 

 

Figure 7.63: 1D TOCSY NMR spectrum of an end group functionalized homopolymer synthesized 

from BD by activation with Mg-5 (Table 7.2 entry 8, recorded at 27 °C in C₆D₆). 
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Figure 7.64: DOSY NMR spectrum of an end group functionalized homopolymer synthesized from 

BD by activation with Mg-5 (Table 7.2 entry 8, recorded at 27 °C in C₆D₆). 

 

Figure 7.65: ¹H NMR spectrum of an end group functionalized homopolymer synthesized from BD by 

activation with Mg-5 (Table 7.2 entry 10, recorded at 27 °C in C₆D₆). 
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NMR Spectra of cis-selective Polymers Obtained by Activation with Mg-x 

 

Figure 7.66: ¹H NMR spectrum of an end group functionalized cis-selective homopolymer synthesized 

from BD by activation with Mg-5 (recorded at 27 °C in C₆D₆). 
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7.5.5 NMR Spectra of Hetero-Telechelic and In-Chain Functionalized 

Polymers 

 

Figure 7.67: ¹H NMR spectrum of a hetero-telechelic and in-chain functionalized polymer synthesized 

from IP (recorded at 27 °C in C₆D₆). 

 

Figure 7.68: COSY NMR spectrum of a hetero-telechelic and in-chain functionalized polymer 

synthesized from IP (recorded at 27 °C in C₆D₆). 
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Figure 7.69: HSQC NMR spectrum of a hetero-telechelic and in-chain functionalized polymer 

synthesized from IP (recorded at 27 °C in C₆D₆). 

 

Figure 7.70: 1D-TOCSY and ¹H NMR spectrum of a hetero-telechelic and in-chain functionalized 

polymer synthesized from IP (recorded at 27 °C in C₆D₆). Mixing time in TOCSY experiment was 260 

ms. 
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Figure 7.71: 1D-TOCSY and ¹H NMR spectrum of a hetero-telechelic and in-chain functionalized 

polymer synthesized from IP (recorded at 27 °C in C₆D₆). Mixing time in TOCSY experiment was 260 

ms. 

 

Figure 7.72: DOSY NMR spectrum of a hetero-telechelic and in-chain functionalized polymer 

synthesized from IP (recorded at 27 °C in C₆D₆). 
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Figure 7.73: ¹H NMR spectrum of a hetero-telechelic and in-chain functionalized polymer synthesized 

from BD (recorded at 27 °C in C₆D₆). 

 

Figure 7.74: COSY NMR spectrum of a hetero-telechelic and in-chain functionalized polymer 

synthesized from BD (recorded at 27 °C in C₆D₆). 
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Figure 7.75: HSQC NMR spectrum of a hetero-telechelic and in-chain functionalized polymer 

synthesized from BD (recorded at 27 °C in C₆D₆). 

 

Figure 7.76: TOCSY-HSQC NMR spectrum of a hetero-telechelic and in-chain functionalized polymer 

synthesized from BD (recorded at 27 °C in C₆D₆). 
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Figure 7.77: DOSY NMR spectrum of a hetero-telechelic and in-chain functionalized polymer 

synthesized from BD (recorded at 27 °C in C₆D₆). 

7.5.6 Microstructure Determination 

 

Figure 7.78: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of a 

homopolymer synthesized from BD (Table 7.1 entry 1, recorded at 27 °C in C₆D₆, cf. Figure 7.10). 
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Figure 7.79: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of a 

homopolymer synthesized from IP (Table 7.1 entry 4, recorded at 27 °C in C₆D₆, cf. Figure 7.12). 

 

Figure 7.80: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of a 

copolymer synthesized from BD and 1 (Table 7.1 entry 7, recorded at 27 °C in C₆D₆, cf. Figure 7.23). 
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Figure 7.81: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of a 

copolymer synthesized from BD and 3 (Table 7.1 entry 9, recorded at 27 °C in C₆D₆, cf. Figure 7.26). 

 

Figure 7.82: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of a 

copolymer synthesized from IP and 3 (Table 7.1 entry 10, recorded at 27 °C in C₆D₆, cf. Figure 7.29). 
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Figure 7.83: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of a 

copolymer synthesized from BD and 4 (Table 7.1 entry 11, recorded at 27 °C in C₆D₆). 

 

Figure 7.84: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of a 

copolymer synthesized from BD and 5 (Table 7.1 entry 12, recorded at 27 °C in C₆D₆). 
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Figure 7.85: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of a 

homopolymer synthesized from IP by activation with Mg-1 (Table 7.2 entry 1, recorded at 27 °C in 

CDCl₃). 

 

Figure 7.86: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of a 

homopolymer synthesized from IP by activation with Mg-1 (Table 7.2 entry 2, recorded at 27 °C in 

CDCl₃). 
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Figure 7.87: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of a 

hopolymer synthesized from IP by activation with Mg-2 (Table 7.2 entry 3, recorded at 27 °C in 

CDCl₃). 

 

Figure 7.88: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of a 

hopolymer synthesized from IP by activation with Mg-3 (Table 7.2 entry 4, recorded at 27 °C in 

CDCl₃). 
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Figure 7.89: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of a 

hopolymer synthesized from IP by activation with Mg-4 (Table 7.2 entry 6, recorded at 27 °C in 

CDCl₃, cf. Figure 7.53). 

 

Figure 7.90: Microstructure determination using 13C inverse gated decoupled NMR spectroscopy of a 

hopolymer synthesized from BD by activation with Mg-4 (Table 7.2 entry 7, recorded at 27 °C in C₆D₆, 

cf. Figure 7.56). 
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Figure 7.91: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of a 

hopolymer synthesized from BD by activation with Mg-5 (Table 7.2 entry 8, recorded at 27 °C in C₆D₆, 

cf. Figure 7.61). 

 

Figure 7.92: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of a 

hopolymer synthesized from BD by activation with Mg-5 (Table 7.2 entry 10, recorded at 27 °C in 

C₆D₆). 
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Figure 7.93: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of a 

hetero-telechelic and in-chain functionalized polymer synthesized from IP (recorded at 27 °C in C₆D₆). 

 

Figure 7.94: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of a 

hetero-telechelic and in-chain functionalized polymer synthesized from BD (recorded at 27 °C in 

C₆D₆). 
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Figure 7.95: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of a 

polymer synthesized from BD by activation of Nd(versatate)₃ with MgBu₂ (recorded at 27 °C in C₆D₆). 

 

Figure 7.96: Microstructure determination using ¹³C inverse gated decoupled NMR spectroscopy of a 

polymer synthesized from BD by activation of Nd(versatate)₃ with Mg-5 (recorded at 27 °C in C₆D₆). 
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7.5.7 Selected GPC and DSC Data 

 

Figure 7.97: GPC data of a homopolymer synthesized from BD (Table 7.1 entry 1). 

 

Figure 7.98: GPC data of a homopolymer synthesized from BD (Table 7.1 entry 2). 
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Figure 7.99: GPC data of a homopolymer synthesized from BD (Table 7.1 entry 3). 

 

Figure 7.100: GPC data of a homopolymer synthesized from IP (Table 7.1 entry 4). 
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Figure 7.101: GPC data of a copolymer synthesized from BD and 1 (Table 7.1 entry 7). 

 

Figure 7.102: GPC data of a copolymer synthesized from BD and 2 (Table 7.1 entry 8). 
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Figure 7.103: GPC data of a copolymer synthesized from BD and 3 (Table 7.1 entry 9). 

 

Figure 7.104: GPC data of a copolymer synthesized from IP and 3 (Table 7.1 entry 10). 
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Figure 7.105: GPC data of a copolymer synthesized from BD and 4 (Table 7.1 entry 11). 

 

Figure 7.106: GPC data of a copolymer synthesized from BD and 5 (Table 7.1 entry 12). 
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Figure 7.107: GPC data of a homopolymer synthesized from IP by activation with Mg-1 (Table 7.2 

entry 2). 

 

Figure 7.108: GPC data of a homopolymer synthesized from IP by activation with Mg-2 (Table 7.2 

entry 3). 
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Figure 7.109: GPC data of a homopolymer synthesized from IP by activation with Mg-3 (Table 7.2 

entry 4). 

 

Figure 7.110: GPC data of a homopolymer synthesized from BD by activation with Mg-5 (Table 7.2 

entry 8). 
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Figure 7.111: Figure 7.112: GPC data of a homopolymer synthesized from BD by activation with Mg-4 

(Table 7.2 entry 9). 

 

Figure 7.113: Figure 7.114: GPC data of a homopolymer synthesized from BD by activation with Mg-5 

(Table 7.2 entry 10). 
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Figure 7.115: Figure 7.116: DSC data of a homopolymer synthesized from BD (Table 7.1 entry 1). 

 

 

Figure 7.117: DSC data of a copolymer synthesized from BD and 1 (Table 7.1 entry 7). 
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Figure 7.118: DSC data of a copolymer synthesized from BD and 2 (Table 7.1 entry 8). 

 

 

Figure 7.119: DSC data of a copolymer synthesized from BD and 5 (Table 7.1 entry 12). A glass 

transition at lower temperature is not detected. 
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8. Summary and Conclusion 

Synthetic rubbers are widely employed in manifold applications. Modern diene-based 

elastomers meet demanding requirements like high thermal stability, low gas permeability, 

flame resistance, or resistance against different chemicals like fuels, oils, and refrigerants. In 

addition, suitable mechanical properties over a wide temperature range are also desired, 

especially in the most prominent application of synthetic rubbers, tire manufacturing. Such 

excellent and tailor-made properties are based on the microstructure of the synthesized 

elastomers. The two main influences are the stereoregularity of the polymer backbone and 

the introduction of different, often polar groups, through copolymerizations with suitable 

comonomers. While those two aspects were individually well investigated, a general access 

to stereoregular polar functionalized poly(dienes) remained elusive so far. The reason for 

this is that stereoregular poly(dienes) are usually solely accessible via catalytic insertion 

polymerization. In contrast, poly(dienes) with polar groups in the backbone are usually 

synthesized via free-radical or anionic polymerization pathways. The combination of both 

approaches, i.e. a stereoregular polymer backbone with functional groups attached, could 

give access to a new class of materials with improved and unprecedented properties. 

However, insertion (co)polymerization of polar monomers is, not only in diene 

polymerizations, a challenging issue. It is known that certain catalysts based on the late 

transition metals nickel or palladium enable copolymerizations of ethylene with polar vinyl 

monomers like acrylates,106,108 vinyl acetate,110 vinyl sulfones,111 acrylic acid,112 vinyl 

fluoride,113 vinyl chloride,114 vinyl ethers,115 or acrylonitrile.116 The impact of the polar 

monomer on the polymerization is mechanistically well-studied for copolymerizations 

catalyzed by phosphine-sulfonato palladium complexes. The catalytically active metal center 

is coordinated by a functional group of a free or an already incorporated comonomer unit. 

Although such an interaction is usually reversible, it leads to a significant decrease of 

polymerization activity. Additionally, issues like unfavorable copolymerization parameters 

or an adverse effect on the molecular weight of the obtained polymer are observed. Against 

this background, the catalytic insertion polymerization of polar dienes to stereoregular 
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elastomers is both a highly desirable and highly challenging topic in the field of polymer 

chemistry. 

In this thesis, stereoregular functionalized poly(dienes) were synthesized and 

characterized. Chapters 3, 4, and 6 report on the direct insertion copolymerization of 30 

different polar dienes with butadiene or isoprene catalyzed by early and late transition metal 

complexes (Scheme 8.1). In detail, [Ni(allyl)(mesitylene)]₊[BArF₄]⁻ (Ni-1) is known to catalyze 

polymerizations of isoprene or butadiene to stereoregular polymers with high 1,4-cis-

contents.71 Hence, Ni-1 was probed in copolymerizations of butadiene or isoprene with a 

variety of functionalized dienes (Chapter 3). It was shown that Ni-1 exhibits a broad 

tolerance against polar moieties and catalytic polymerization activity is observed in the 

presence of (RO)₃Si-, (RO)₂B-, Ph₂N-, PhHN-, (TMS)₂N-, PhSO₂HN-, PhSO₂-, PhS-, and 

(RO)₂(O)P- groups. In contrast, no polymerization activity is observed in the presence of E1-

(EtO)₂(O)P-BD or E1-PhS-IP. The obtained copolymers were scrutinized by GPC, DSC, and 

extensive NMR spectroscopy including ¹H, ¹³C, 1D-TOCSY, HSQC, HMBC, DOSY, and ¹³C-

¹³C-INADEQUATE experiments to verify the formation of stereoregular polar functionalized 

polymers. Except for copolymers of (EtO)₂(O)P-3-BD (83% 1,4-trans-units), all copolymers 

obtained exhibited a high content of 1,4-cis-units (94 – 96 mol%) and high to very high 

molecular weights (28.000 – 140.000 g mol⁻¹). At the same time, comonomer conversions are 

consistently high, even for high BD:comonomer ratios or polymerizations with a constant 

butadiene feed (typically 60 – 99 % conversion). This allows for the synthesis of comonomers 

with a broad range of comonomer incorporation ratios and is supposedly due to favorable 

comonomer reactivity ratios. Incorporations between ca. 0.1 mol% and 8 mol% or even 

higher contents (ca. 16 – 37 mol%) and also homopolymerizations of the polar dienes are 

feasible as shown for (EtO)₃Si-3-BD.  

Such an advantageous copolymerization behavior resulting in copolymerizations with 

high activities that yield copolymers with high molecular weights and a broad range of 

comonomer incorporation ratios is remarkable. Especially in view of the well-studied 

copolymerization of ethylene and polar vinyl monomers, where high incorporations usually 

prevent high activities and high molecular weights because of poor comonomer reactivity 

ratios in combinations with the comonomer’s adverse effects on activity and molecular 

weight. 
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Scheme 8.1: 30 Different polar functionalized dienes used in insertion copolymerizations with 

butadiene or isoprene. Green: copolymers are accessible via direct copolymerization catalyzed by 

early and/or late transition metal complexes. Orange: copolymers are accessible with some limitations. 

Red: copolymers are not accessible via direct copolymerization. 
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To gain more information about the favorable copolymerization behavior of polar diene 

monomers, detailed kinetic studies were performed with respect to the influence of the 

nature of the functional group and the linker length between functional group and diene 

moiety (Chapter 4). As a general mechanistic scenario, different situations can be considered 

(Figure 8.1). In the first case, the functional group does not enhance the copolymerization 

behavior. Instead, κ-X coordination of the functional group results solely in a decreased 

polymerization activity and insertion does not occur from a κ-X coordinated species. In the 

second case, insertion from a κ-X coordinated species is possible, but slow supposedly due to 

unfavorable geometries of the species’ ground state and/or transition state. A slow 

copolymerization with enhanced comonomer incorporation is the consequence. In the third 

case, the ground state and/or transition state of the κ-X coordinated species is favorable for 

insertion and results in an enhanced comonomer incorporation without a drastic reduction 

of the polymerization activity. 

 

Figure 8.1: Schematic representation showing the influence of κ-X assisted precoordination with 

different linker lengths on polymerization activity and comonomer reactivity ratios. 

A profound influence on polymerization activities and comonomer reactivity ratios was 

found for the nature of the functional group itself as well as for the linker length between the 

functional group and diene moiety. The coordination strength of the functional group 

determines the extent of the observed effect. At a lower coordination strength, as observed 

for the functional groups -NPh₂ or -N(TMS)₂, the effect of the linker length is limited which is 

reflected in roughly similar comonomer reactivity ratios between rCoMo = 0.8 (TMS₂N-3-BD) 

and rCoMo = 1.5 (TMS₂N-6-BD). A more pronounced influence of the linker length is observed 

for PhS- or PhNH- functionalized comonomers. PhS-3-BD (rCoMo = 4.6), PhS-4-BD (rCoMo = 
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4.9), and PhNH-3-BD (rCoMo = 7.9) show a very high propensity for incorporation when 

compared to butadiene. However, the observed polymerization activities differ significantly. 

Activities are considerably impaired for copolymerizations with PhS-3-BD and PhNH-3-BD 

(kBD = 0.16 × 10⁻³ s⁻¹ and kBD = 0.09 × 10⁻³ s⁻¹) when compared to a copolymerizations in the 

presence of PhS-4-BD (kBD = 4.4 × 10⁻³ s⁻¹). Similarly, PhNH-6-BD shows a significantly 

increased polymerization activity (kBD = 32.6 × 10⁻³ s⁻¹) compared to PhNH-3-BD. However, 

the comonomer reactivity ratio is not affected in contrast to PhNH-3-BD, but the comonomer 

is only slightly preferred when compared to butadiene (rCoMo = 1.3). These two observations 

correspond to cases 2 and 3 in Figure 8.1, the comonomer incorporation is increased in both 

cases, but the polymerization activity is strongly influenced by the linker length. Such a 

remarkable copolymerization behavior is ascribed to κ-X assisted precoordination of the 

functional group to the metal center. This is underlined by control experiments with suitable 

model compounds. 

The kinetic data determined are also of practical relevance. A copolymerization with 

PhS-3-BD reaches > 95 % conversion after 5 – 6 days. In contrast, a copolymerization with 

PhS-4-BD under comparable conditions reaches the same conversion after only 6 h. 

Likewise, a copolymerization with PhNH-6-BD requires 2 – 3 h to reach the same conversion 

a copolymerization with PhNH-3-BD reaches after 10 days. Additionally, it is expected that a 

copolymer with a gradient type structure is obtained in copolymerizations with PhNH-3-BD 

whereas a more statistical copolymer is obtained in copolymerizations with PhNH-6-BD. 

With the successful copolymerization of various polar dienes with a late transition metal 

complex established, the tolerance of catalyst systems based on the early transition metal 

neodymium was probed. For this purpose, industrially relevant in-situ catalysts systems 

were used (Chapter 6). All catalyst systems tested are able to copolymerize butadiene or 

isoprene with functionalized dienes bearing groups based on nitrogen or sulfur (e.g. 

TMS₂N-3-BD, CarbN-4-BD, PhS-3-BD). A masking of the functional groups by aluminium 

alkyls is not required and even homopolymerizations of the functional dienes are possible. 

In contrast, attempted copolymerizations with several oxygen-containing dienes were 

not successful and showed no (co)polymerization activity (e.g. PhSO₂-3-BD, (EtO)₃Si-3-BD, 

E1-PinB-IP).  

Systems based on Nd(versatate)₃ that were activated with AliBu₂H or AlEt₃ in the 

presence of Al₂Et₃Cl₃ were found to yield (co)polymers with both high molecular weights 
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(typically 50 – 150 × 10³ g mol⁻¹) and high 1,4-cis-contents (92 – 97 mol%). Kinetic evaluation 

of the copolymerizations and comparison of the results with nickel catalyzed 

copolymerizations reveals that the influence of the functional group on polymerization 

activity is moderate. Similarly, comonomer reactivity ratios are not strongly dependent on 

functional group and linker length. The comonomers typically exhibit reactivity ratios 

comparable to butadiene (e.g. rCoMo = 1.0 for PhS-4-BD). This allows for example to determine 

the comonomer content in the copolymer by selecting the corresponding BD:comonomer 

ratio or even copolymerizations with low comonomer incorporation ratios under a constant 

butadiene feed. 

Notably, the trimethylsilyl groups in, for example, TMS₂N-3-BD can easily be cleaved in 

the obtained copolymers. Reaction with MeOH during the polymer work-up provides facile 

access to poly(dienes) functionalized with primary amine groups –NH₂. 

Although Chapters 3, 4, and 6 revealed that direct incorporation of polar dienes via 

insertion polymerization is a broadly applicable method for the synthesis of functionalized 

and stereoregular poly(dienes), there are still open challenges. For example, different 

functional groups still withdraw themselves from direct incorporation (e.g. phosphonates or 

aliphatic amines) and a selective functionalization of polymer chain-ends would also be 

desirable. The protecting groups successfully employed in Chapter 6 , however, can not 

solve all of these issues.  

Chapters 5 and 7 provide insight in different concepts to introduce functional groups in 

stereoregular poly(dienes). Chapter 5 describes the utilization of post-polymerization 

reactions for the introduction of polar groups. An allylboration reaction of allyl boronic ester 

groups was used for the in-situ functionalization of poly(butadiene-co-E1-PinB-IP) (Scheme 

8.2).  

 

Scheme 8.2: Allylboration as versatile tool for the introduction of various polar groups by in-situ 

functionalization. 
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The reaction can be performed directly after the polymerization without a previous 

polymer work-up and shows no need for an addition of other reagents or catalysts. It 

proceeds quantitatively (by an SN2’ mechanism) and is not influenced by the polar groups 

present. Different aliphatic and aromatic aldehydes were shown to be viable reagents and 

synthetic routes were established to give access to a variety of functionalized aromatic 

aldehydes. The high reactivity of the synthesized aromatic aldehydes enables the utilization 

of equimolar or even substoichiometric amounts of the aldehyde and gives access to 

functionalized poly(dienes) bearing polar groups that can not be introduced directly by 

insertion (co)polymerizations. 

Chapters 7 provides a further, different approach to functionalized poly(dienes). In 

detail, a method for the selective functionalization of polymer chain-ends is presented. For 

this purpose, the activation of Nd(BH₄)₃·(THF)₃ with magnesium alkyls MgR₂ was utilized 

and different functionalized aliphatic and aromatic magnesium activators were synthesized 

(Figure 8.2). The activation of Nd(BH₄)₃·(THF)₃ with functionalized MgR₂ species transfers an 

organic moiety from the magnesium to the catalytically active neodymium center. Chain 

growth is started from this species and the transferred organic moiety is found later on as 

end-group in the formed polymer chain. Activation efficiencies are between 32 % (Mg-4) and 

94 % (Mg-1) and a living character of the polymerization enables functionalization of all 

chain-ends. The polymers obtained exhibit comparable properties in terms of molecular 

weight and microstructure (typically ≥ 93 mol% 1,4-trans-units) as polymers formed by 

activation with non-functionalized MgBu₂. 

 

Figure 8.2: Functionalized organo-magnesium compounds used for the activation of Nd(BH₄)₃·(THF)₃. 

This approach was further extended by functionalization of the other chain-end and the 

polymer backbone. Chain-end functionalization was achieved through quenching at the end 

of the polymerization and functionalization of the backbone was reached by direct 

copolymerization with polar diene monomers. The combination of all three functionalization 

methods in one polymerization allows for the synthesis of hetero-telechelic and in-chain 

functionalized poly(dienes) bearing three different functional groups (Scheme 8.3).  
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Scheme 8.3: Application of three different functionalization methods for the synthesis of hetero-

telechelic and in-chain functionalized poly(dienes) and an example of a trifunctionalized 

poly(butadiene). 

A suitable quenching reagent for example is Si(OEt)₄. Possible polar diene monomers 

can be chosen from the group of comonomers that are compatible with Nd catalyzed 

polymerizations, i.e. the functional groups are based on nitrogen and sulfur. Polymers 

synthesized with Nd(BH₄)₃·(THF)₃ exhibit a high content of 1,4-trans-units. However, first 

experiments to transfer the unique approach of using functionalized activators to 1,4-cis-

selective polymerizations were successful and promising. 

In conclusion, the aim of this thesis was to explore catalytic insertion polymerization as 

pathway to stereoregular polar functionalized poly(dienes). Catalytic systems based on early 

and late transition metals were successfully employed in copolymerizations of non-polar 

dienes like butadiene or isoprene with polar functionalized dienes. The functionalized dienes 

synthesized cover a broad range of functional groups based on Si, B, N, O, S, and P. The 

catalysts system based on the late transition metal nickel is tolerant towards virtually all 

polar groups tested. However, depending on the functional group and the comonomer 

geometry, a significantly decreased catalyst activity can be observed in copolymerizations. 

Catalyst systems based on the early transition metal neodymium had a low tolerance 

towards functional groups that contain oxygen electrophiles in the monomers studied. 

Although both nickel and neodymium catalyzed copolymerizations have shortcomings 

(strongly decreased activity in some cases and limited tolerance towards O-functionalities), a 

comparison of the systems is instructive. Comonomers problematic for nickel catalyzed 

copolymerizations are easily copolymerized by neodymium-based systems and comonomers 
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problematic for neodymium-based systems can be copolymerized by nickel-based systems. 

The advantages of both systems complement each other. 

Additionally, detailed kinetic studies provided deeper insights into the 

copolymerization behavior of polar functionalized dienes. The gained understanding gives 

access to copolymerization conditions and monomer combinations that enable the synthesis 

of highly stereoregular and polar functionalized poly(dienes) with reasonable catalyst 

activities. Moreover, the obtained polymers exhibit high to very high molecular weights and 

virtually any comonomer incorporation is possible. 

These remarkable results in direct copolymerizations of polar dienes were further 

complemented by the exploration of additional pathways that provide access to 

stereoregular functionalized poly(dienes). 

A new concept of functionalization was proven to be viable by the use of functionalized 

activators. This method provides access to chain-end functionalized polymers and enables 

the synthesis of hetero-telechelic and in-chain functionalized poly(dienes).  

Despite the progress made in this thesis, there are still functional groups that are not 

compatible with insertion polymerization. This drawback was overcome by post-

polymerization functionalization via the allylboration reaction. Aldehydes react in-situ after 

the polymerization with allyl boronic ester groups present in poly(butadiene-co-E1-PinB-IP). 

The fast and clean reaction shows no need for further activation or reagents and enables 

functionalization with e.g. phosphonates or aliphatic amines. 

Together, all different pathways presented in this thesis provide a broad and versatile 

toolbox for the synthesis of various stereoregular polar functionalized poly(dienes). 
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9. Zusammenfassung 

Synthesekautschuke sind eine wichtige Polymerklasse und finden zahlreiche 

Anwendungen in allen Bereichen des täglichen Lebens. Besonders im Automobilbereich sind 

die Ansprüche an die eingesetzten Synthesekautschuke hoch. So sind thermische Stabilität, 

Gasdurchlässigkeit oder Widerstandsfähigkeit gegen Öle, Kraftstoffe oder Kühlmittel 

wichtige Eigenschaften, die den Anwendungsbereich bestimmen. Eine hohe mechanische 

Belastbarkeit ist in allen Fällen zusätzlich unverzichtbar, speziell in einer der bekanntesten 

Anwendungen für Synthesekautschuke, der Reifenherstellung. Auf molekularer Ebene 

werden all diese Eigenschaften von zwei Hauptfaktoren beeinflusst. Zum einen bestimmt die 

Stereoregularität des Polymerrückgrats einen Großteil der mechanischen Eigenschaften, zum 

anderen können verschiedene, oft polare, funktionelle Gruppen die oben genannten 

Materialeigenschaften beeinflussen. Sowohl die Kontrolle der Polymermikrostruktur 

während der Polymerisation, als auch die Copolymerisation von unpolaren Dienen, wie 

Butadien oder Isopren, mit funktionalisierten Comonomeren wurden bisher nur unabhängig 

voneinander erforscht. Dabei hat sich gezeigt, dass eine Kontrolle der Mikrostruktur 

praktisch nur durch Insertionspolymerisation beeinflussbar ist. Im Gegensatz dazu sind 

Copolymerisationen mit polaren Dienen bis heute fast ausschließlich nur durch radikalische 

oder anionische Polymerisationsmethoden durchführbar. Diese lassen jedoch keine 

Kontrolle über die Mikrostruktur zu. Der Zugang zu sowohl stereoregulären, als auch polar 

funktionalisierten Poly(dienen) ist nicht nur aus materialwissenschaftlicher, sondern auch 

aus polymerchemischer Sicht erstrebenswert.  

Die direkte Copolymerisation von polaren Vinylmonomeren mit Ethylen wurde intensiv 

erforscht. Dabei hat sich gezeigt, dass nur wenige Katalysatorsysteme diese herausfordernde 

Aufgabe bewältigen können. Dies liegt vor allem an der niedrigen Reaktivität der polaren 

Comonomere und den Wechselwirkungen der polaren Gruppen mit dem 

Katalysatorzentrum, welche sich ausschließlich negativ auf die Polymerisation auswirken. 

Folgen dieser Wechselwirkungen können zum Beispiel eine deutlich reduzierte Aktivität des 

Katalysators oder geringere Molekulargewichte der erhaltenen Polymere sein.  
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Das Ziel dieser Arbeit war die Herstellung stereoregulärer, polar funktionalisierter 

Poly(diene). Kapitel 3 beschreibt die direkte Copolymerisation von polaren und unpolaren 

Dienen mittels eines Katalysators, der auf dem späten Übergangsmetall Nickel basiert 

([Ni(allyl)(mesitylene)]⁺[BArF₄]⁻, Ni-1). Dabei wurde gezeigt, dass Ni-1 eine ausgeprägte 

Toleranz gegenüber einer Vielzahl verschiedener funktioneller Gruppen besitzt. Direkte 

Copolymerisationen in Anwesenheit von (RO)₃Si-, (RO)₂B-, Ph₂N-, PhHN-, (TMS)₂N-, 

PhSO₂HN-, PhSO₂-, PhS-, und (RO)₂(O)P- Gruppen sind möglich. Bis auf 

Copolymerisationen mit (EtO)₂(O)P-3-BD sind alle erhaltenen Copolymere stereoregulär 

und haben einen hohen Gehalt an 1,4-cis-Einheiten. Des Weiteren weisen die Copolymere 

hohe bis sehr hohe Molekulargewichte auf. Besonders hervorzuheben sind die durchweg 

hohen Comonomerumsätze. Diese bewegen sich typischerweise im Bereich von 60 – 99 %, 

auch für hohe BD:Comonomer Verhältnisse und Polymerisationen unter kontinuierlicher 

Butadienzugabe. Diese vorteilhaften Copolymerisationsparameter erlauben die Synthese von 

Copolymeren mit praktisch jedem gewünschten Comonomereinbau. 

Das sehr vorteilhafte Copolymerisationsverhalten der funktionalisierten Diene wurde in 

Kinetikexperimenten weiter untersucht (Kapitel 4). Dabei wurde festgestellt, dass die Art der 

funktionellen Gruppe und ebenso die Länge der Seitenkette zwischen Dieneinheit und 

funktioneller Gruppe einen beträchtlichen Einfluss auf die Copolymerisation haben. Für 

stark koordinierende funktionelle Gruppen wie z.B. PhS- oder PhHN- gilt, dass eine 

Seitenkettenlänge von drei Methylengruppen zu einem großen Copolymerisationsparameter 

führt, gleichzeitig aber die Aktivität des Katalysators deutlich verringert wird. Für eine 

Kettenlänge von vier Methyleneinheiten bleibt der große Copolymerisationsparameter 

bestehen, die Katalysatoraktivität wird jedoch im Vergleich zu Comonomeren mit drei 

Methyleneinheiten deutlich erhöht. Seitenketten länger als vier Methylengruppen führen zu 

Copolymerisationsparamter im Bereich von rCoMo = 1 und die Katalysatoraktivität bleibt 

erhöht.  

Eine Erklärung für die beobachteten Effekte wäre eine sogenannte Präkoordination der 

funktionellen Gruppen an das Metallzentrum. Vor der eigentlichen Insertion würde sich 

durch eine zusätzliche Koordination der Dieneinheit desselben Comonomers ein 

Chelatkomplex bilden. Die Geometrie des gebildeten Chelatkomplexes, welche wiederum 

mit der Länge der Seitenkette zusammenhängt, beeinflusst nun die Geschwindigkeit des 



 

383 

Insertionsschrittes. So trägt die Präkoordination der funktionellen Gruppen des 

Comonomers entscheidend zu den vorteilhaften Copolymerisationsparameter bei. 

Nach der erfolgreichen Copolymerisation verschiedenster polar funktionalisierter Diene 

mit einem, auf einem späten Übergansmetall basierenden, Katalysator, wurden 

Katalysatorsysteme getestet, die auf einem frühen Übergangsmetall basieren. Ternäre 

Katalysatorsysteme basierend auf Neodym werden in-situ aktiviert und sind von industrielle 

Bedeutung. Alle getesteten Systeme können die verwendeten polaren Diene 

copolymerisieren (Kapitel 6), wenn die funktionelle Gruppe auf Stickstoff oder Schwefel 

basiert und keine Sauerstoffatome enthält. Eine Abschirmung der funktionellen Gruppen 

durch die anwesenden Aluminiumalkyle ist nicht notwendig, so dass beliebige Mengen des 

Copolymers eingesetzt werden können. Ebenso sind Homopolymerisationen der polaren 

Diene möglich. Die erhaltenen Copolymere haben nicht nur ein hohes Molekulargewicht, 

sondern sind auch stereoregulär mit einem hohen Gehalt an 1,4-cis-Einheiten. Die 

Copolymerisationsparameter sind für die getesteten funktionellen Gruppen nicht stark von 

der Länge der Seitenkette abhängig, bewegen sich aber dennoch in einem vorteilhaften 

Bereich um rCoMo = 1. Besonders hervorzuheben sind Copolymerisationen mit TMS₂N-

funktionalisierten Comonomeren. Die später im Polymer vorhanden TMS₂N- Gruppen 

können bei der Aufarbeitung des Copolymers. in primäre Amingruppen –NH₂ umgewandelt 

werden. 

Im Verlauf dieser Arbeit wurde deutlich gezeigt, dass die direkte, metallkatalysierte 

Copolymerisation von polaren Dienen mit z.B. Butadien oder Isopren eine einfache und 

vielseitige Methode ist um die gewünschten stereoregulären, polar funktionalisierten 

Poly(diene) herzustellen. Dennoch sind sicherlich auch andere Reaktionspfade interessant, 

die einen Zugang zu den oben genannten Materialien ermöglichen. Solche alternativen 

Methoden werden in den Kapiteln 5 und 7 beschrieben. 

Kapitel 5 beschreibt die Nutzung der Allylborierung als vielseitige und robuste Reaktion 

zur in-situ Funktionalisierung von Poly(butadien-co-E1-PinB-IP). Besonders hervorzuheben 

ist hierbei, dass das Polymer vor der Reaktion nicht isoliert werden muss und für die 

Reaktion keine zusätzlichen Reagenzien benötigt werden. Die eingesetzten polar 

funktionalisierten, aromatischen Aldehyde reagieren quantitativ in einer SN2‘-Reaktion mit 

den im Polymer vorhandenen Allylboronsäureestergruppen und ermöglichen so eine 
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Funktionalisierung. Auf diesem Wege sind Polymere mit polaren Gruppen herstellbar, die 

durch direkte Copolymerisation nicht zugänglich wären. 

Kapitel 7 beschreibt die selektive Funktionalisierung von Kettenenden. Es ist bekannt, 

dass Nd(BH₄)₃·(THF)₃ mit Magnesiumalkylen MgR₂ für Dienpolymerisationen aktiviert 

werden kann. Die so erhaltenen Polymere sind stereoregulär mit einem hohen Anteil an 1,4-

trans-Einheiten und weisen die vom Magnesiumalkyl MgR₂ übertragene Gruppe R als 

Endgruppe auf. Da diese Polymerisationen Charakteristika einer lebenden Polymerisation 

zeigen (z.B. keine Kettenabbruchreaktionen) ist eine vollständige Funktionalisierung aller 

Kettenenden möglich. Zu diesem Zweck wurden verschiedene funktionalisierte 

Organomagnesiumverbindungen hergestellt. Dabei handelt es sich sowohl um 

Magnesiumalkyl- als auch Magnesiumarylverbindungen mit funktionellen Gruppen 

basieren auf Schwefel oder Stickstoff. Die Aktivierungseffizienz der getesteten 

Verbindungen liegt zwischen 32% und 94%.  

Dieser Funktionalisierungsansatz wurde noch erweitert durch das Beenden der 

Polymerisation mit einem geeigneten Reagenz (z.B. Si(OEt)₄). Dies führt zu einer 

Funktionalisierung des zweiten Kettenendes durch die Reaktion des Reaktionsstoppers mit 

den vorhandenen Metall-Kohlenstoffbindungen und gestattet so die Einführungen von z.B. 

(EtO)₃Si- Gruppen am zweiten Kettenende.  

Die Kombination der beiden Endfunktionalisierungen mit einer direkten 

Copolymerisation eines polaren Diens ermöglicht so den Zugang zu dreifach 

funktionalisierten Polymeren, die unterschiedliche polare Gruppen, sowohl an beiden 

Kettenenden, als auch am Polymerrückgrat tragen. 

Das Ziel dieser Arbeit war die Herstellung stereoregulärer, polar funktionalisierter 

Poly(diene). Dieses Ziel wurde durch verschiedene Methoden erreicht. Zum einen wurde 

gezeigt, dass sowohl späte als auch frühe Übergangsmetallkatalysatoren in der Lage sind 

verschiedenste polare Diene in Insertionscopolymerisationen einzubauen. Zum anderen 

wurde in kinetischen Untersuchungen der Einfluss der polaren Gruppe dieser Copolymer 

auf die Polymerisation näher untersucht. Des Weiteren wurden alternative 

Funktionalisierungsmethoden untersucht. So ermöglicht die Allylborierungsreaktion im 

Anschluss an einen Polymerisation die Funktionalisierung mit polaren Gruppen, die über 

eine direkte Copolymerisation nicht einführbar sind. Die Verwendung funktionalisierter 

Aktivatoren in neodymkatalysierten Polymerisationen ermöglicht die selektive 
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Funktionalisierung von Kettenenden. Dieser Ansatz konnte zusätzlich erweitert werden 

durch die Kombination mit einer direkten Copolymerisation polarer Diene und das Beenden 

der Polymerisation mit geeigneten Reagenzien. Dies ermöglicht die Herstellung dreifach 

funktionalisierter Poly(diene) bei denen beide Kettenenden polare Gruppen tragen.  

Die in dieser Arbeit erzielten Ergebnisse stellen somit eine breite Auswahl an Methoden 

zur Herstellung stereoregulärer, polar funktionalisierter Poly(diene) bereit. 
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