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1.General Introduction

1.1 Industrial Production andApplications of Poly(dienes)

1.1.1 Historical Development

"T EUOI Uw & @iéchvary that haatng natural rubber in the presence of sulfur
application of a new class of materials.t Natural rubber consists of 1,4cis-poly(isoprene) that
is harvested as latex from rubber trees. The material possesses propertief 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 crosslinking 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 forcespolymer chains in the material to stra ighten. 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 configu ration, 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
thesefirst synthetic rubbers. Free-radical and the later established anionic polymerization do
not provide appropriate EQOOUUOOwW OYT Uw UT 1T wi OUOI Ewx00adl UzUuw
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1. General Introduction

microstructure control is of paramount importance to influence the properties of the material
obtained. Dienes can beenchained with different regio - and stereoselectivities (Figure 1.1). A
polymer with predominantly 1,4 -cisunits exhibits the aforementioned elastomeric
properties, while a polymer with mostly 1,4trans-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 (T,) of the material and is thus of interest with regard to applications. 3

R

7\

Isoprene: R = Me
1,3-Butadiene: R=H

DN
vy I o

1,4-cis-motif 1,4-trans-motif 1,2-motif 3,4-motif

1,2- and 3,4-motif are identical for R = H

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 excel lent properties for tire
manufacturing. Both discoveries are reflected in the well -known bran d names for synthetic
rubbers, Bun&® and Buna® S+ ARLANXEO (German: ? ! UUEEDPI Ow- EUUPUO?» wEOEUU
-EUUDUOW. 2 Kawdmi» 1K01 Uz Uw EPUEOYI Ualymesized With imetdl a O1 O1 w |
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 diffe rent, often




1.1Industrial Production and Applications of Poly(dienes)

highly demanding, applications. However, stereoregular polar functionalized elastomers are

still not easily accessible.

1.1.2 Further Classes ofbynthetic 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 t he 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¢

Butyl rubber (lIR, 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 t he isoprene content in the
polymer is low , the introduced double bonds are crucial for later crosslinking. 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 masks367

Chloroprene rubber (CR, Figure 1.2) is another widely used synthetic rubber, often
referred to under its DUPONT brand name Neopren& 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}¢

m NG © mNC © Wﬁ Ah?:
NBR CR

HNBR IIR

Figure 1.2: Microstructures of important synthetic rubbers.




1. General Introduction

1.1.3 Rubbers in Tire Applications

Synthetic rubbers have a share of ca. 70% of all rubbers usedthe worldwide production
of synthetic rubber amounted in 2015 to 14.5 million metric tons.® 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, vulcani zation agents, and stabilizers?°- QU wOO0O0a wUT | WUUEEIT Uz UwODE
also its interaction with the filler mat erials 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.

/\/\/\)Oj\ 'OJ \_O \_O‘ O~
s "0l /\/\S/S\S/S\/\/SI\

PN N ,\Si
(0] \ (0]
/—O 0 O—\ _\
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Scheme 1.1: Sulfur -containing modifiers enhance thecompatibility 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?).

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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1.1Industrial Production and Applications of Pol y(dienes)

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]Jtetrasulfide (TESPT, Si6% ¢
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).7:1%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)polymerization s of ester, cyano-, and amine-functionalized dienes. 52t However, such
free-radical polymerizatio ns yield polymers with poorly defined microstructures, e.g. only
36¢ 45mol% 1,4-cis-units.1?

Likewise, anionic homopolymerization s 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)is oprenes???* and Hirao and coworkers described the
homopolymerization of [(d ialkylamino)dimethyls ilyl] -1,3-butadienes?* Depending on the
steric bulk of the amine moiety z 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 aniaoic chain propagation and
lead to sterecdirregular polymers, the sterically demanding substituent in (t ri-iso-
propoxy silyl) -1,3-butadiene gives access to stereoregular polymers.Yields and molecular
weights, however, were consistently low . Furthermore, all anionic polymerization s that were
reported to yield stereoregular polymers are homopolymerizations of functionalized dienes.

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

5



1. General Introduction

In view of the stereoregularity being di rectly 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 ho mopolymerizations of nonpolar diene s
yielding polymers with poorly def ined microstructures. 326

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 hydroxy I,2” silyl,2
amine,?’22tin ;27 acetal 2° and thiaacetal?® end-groups. The lack of microstructure control of the
obtained polymers is still a drawback of the employed polymerization technigues. 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?’

Post-poly merization 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 metalcarbon bonds present
in the reaction mixture is u sed to introduce a functional group by reaction of these bonds
with a suitable quenching reagent. Such postpolymerization reactions are often described in
patent literature to introduce functional groups like amines, quinones, thiazoles,
sulfonamides, epoxides, isocyanates, carboxylates, or nitriles3+34 However, reports that
indeed detail the product structure formed are scarce?®

Especially insertion polymerization could give access to stereoregular polar
functionalize d 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.3¢37 Earlier literature reports describe the formation of copolymers based on 1,3
butadiene with m ethyl butadienecarboxylate3® and 2-phthalimidomethyl -1,3-butadiene.?
"OPI YT UOwUTT wEOGXxOOaOl UUz wOPEUOUUUUEUOUUI Uwi pOTT U

evidence for a complete lack of stereoregularity, thus raising the question of the true




1.2Ni Catalyzed Diene Polymerization

polymerization mechanism in these examples So far, the stereoregular copolymerization of

butadiene with polar functionali zed 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, atalyst systems based on nickel becameéhe subject of both intensive
academic research ad industrially used technology . Typical industrially employed catalyst
systems that are capable of poducing high 1,4-cis-poly(butadiene) consist of a nickel source
(e.g. a nickel carboxylate Ni(OYCR)Y, a fluorine source (e.g. BPOEtS or HF), and an
aluminium alkyl (e.g. AlEt p or AliBup. Typical solvents used are aliphatic or aromatic
hydrocarbons. The heterogeneous catalyst system Ni(CHCR)Y BFpOEtYAIELt pis not only used
in industrial rubber synthesis but has also attracted attention of academic research4041 |t was
established that the active species is a cationic ?ligand-free? Ni(ll) complex that is
coordinated to amorphous AIF pclusters formed in the reaction of BFpand AlEtp (the term
? OPT-HEWEl 2 wUI I T UUwbOwWUT PUWEEUT wUOOWEOOUEDPOEUITI EwOl U
quantitatively replaced by molecules actively involved in the polymerization reaction, i.e.
free monomer or polymer chains). The active species can either be generatd in-situ as
applied in industry or through treatment of [Ni(C s5H3)[ISCH#? 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 o ccurs into a G3-allyl Ni species and
the proposed allyl -insertion mechanism was widely accepted based on NMR experiments. 4>
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(ally)X] &(cf. A) in Figure 1.3) were usedUD OET wUT T whNINgta,d WE a w6 b
Dolgoplosk 48, and Teyssie® 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.4” 1,4trans-Poly(butadiene) was obtained for X= ILand BrLJ

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 ]% 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 (I)(allyl) dimers exhibit low polymerization activity and the molecular weights of
the obtained polymers are low (M » < 2000g moll%). 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]t poly merizes butadiene to 1,4transpoly(butadiene). However, when
the complex is reacted with Lewis acids like AIBr por BFp prior to the polymerization , the
microstructure of the obtained polymer changes from mainly 1,4-trans to mainly 1,4-cis
enchained units.#” This behavior can be rationalized by the formation of a new active species,
namely [Ni(allyl) (CEC44H]dAIBr []LIs suggested by Natta®’ Teyssie et al. reported that
[Ni(ally)X] & can produce 1,4cis-poly(butadiene) when X = CHCOOL®:5° 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 .5t 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 (M w/M, = 1.2 ¢+ 20) 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 o f polar
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1.2Ni Catalyzed Diene Polymerization

dienes. Polar groups present in the comonomers could potentially be coordinating and cause
a change of stereoregularity as a result.

Cationic Ni(ll) 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)L §dX]Ldomplexes were synthesized with the ligands L varying in their
steric and electronic properties (L = PPlp CHECN, AsPhp 0.5 COD, SbPp and the anion X
being a weakly coordinating anion like PF lbd BF .1334 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)(SbPh pYdPFH{L&xhibits a high activity for the 1,4-cis
selective polymerization of butadiene. Taube rationalizes U1 1 w DO OUT OET w Ol wUT
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(C ¥ )p]dX]LJcf. C) in
Figure 1.3) and their use in butadiene polymerizations. 555 Such an equilibrium can also
account for different microstructure s in polymers obtained with [Ni(allyl)(SbPh pYdBAr fI]LJ
in different solvents. While polymerizations in aromatic solvents like benzene or toluene
yield a highly cisregular polymer, polymerizations in water yield a polymer with
predominantly trans-enchained units.5”

Higher polymerization activities as well as higher propensities for cisselective
enchainment are attributed to the ?ligand -free? species in this preliminary and simplified
mechanistic picture.s® 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(C 5 H35 )[RIK] LIX= SbFR,LBF,LBH ,LBArfl )I235%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. SbF+ @IBArfI)LI3 EUET z Uwi R x1 UDOI OUEOu
further supplemented by DFT studies performed by Tobisch, leading to a proposed detailed

mechanism for stereocontrol in butadiene polymerizations (Scheme 1.2).6365
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Scheme 1.2: Proposed mechanism, based on experimental and theoretical work, for butadiene

polymerizations. 6365 According anions are omitted for clarity. P = polymer chain segment.

In general, the formation of a cisor trans double bond upon insertion of a new butadiene
unit into the G3-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 formati on of a trans double
bond.

The catalytic cycle for cis-selective butadiene polymerizations starts with a fast insertion
of several butadiene units into the 7?ligand-free? starting complex [Ni(C s H3)[@an syn
conformation (f, as evidenced by single crystal X-ray structures® and DFT calculations®).
This results in the formation of complexes ¢ and g, respectively. Complex c represents the
product formed after insertion of a butadiene unit, because both insertion from anti speciesd
and from syn speciesh result in the formation of c. In the absence of (further) butadiene, syn
complex g was calculated to be thethermodynamic ally stable resting state. During the active
EEVUEOCAaUPEWEAEOI OwbPdl 6 wbOwWUT T wxUI Ul OEl wOi wEUUEEDI
in complexes c and g is easily feasible andyields complexesd 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
indi cate 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
10




1.2Ni Catalyzed Diene Polymerization

formation of trans double bonds, which is, however, not observed. Consequently, a
thermodynamically favored insertion step can be ruled out assource of stereocontrol. Rather,
the exclusive formation of c after monomer insertion together with a hampered anti-syn
isomerization between ¢ and g and d and h accounts for the, kinetically controlled, cis
selective enchainment of butadiene units.

EEPUDPOOEOOaAOwW3 OEDPUET z UwE E O Eivast thedcrdystuestidd
state in the presence of butadiere 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) ]dBArfI]LJ complexes through ligand abstraction from nitrile
complexes [Ni(allyl)(NCR) 1dBAr Fl]lLJwith B(C#l)p Diene insertion products of these
complexes were characterized in low temperature NMR studies.s” The catalyst resting state
forms after a 1,2insertion of butadiene and exhibits, in contrast to the calculated resting
state,a coordination of the generated vinyl group to the nickel center. 6567

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( G3-
CIH!)(CIH$P(OMe)gdzndicate, that in case of insertion from a species in which the axial
position of the active species is occupied by aphosphite OBPT EQEwbOUUI EEwOI
bond (cf. speciesd and h), stereocontrol is based on a thermodynamic discrimination
between insertion from the anti-species or thesyn-species. Now, thetrans-selective butadiene
polymerization is favored because the syn-species is more reactive andanti-synisomerization
is fast® 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(ll) 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) JdBAr FIJLI(Figure 1.4)%® and Brookhart et al.
reported the synthesis of [Ni(allyl)( mesitylene)]dBAr FIILINi -1, Figure 1.4).7° 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.6%71
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Figure 1.4. Cationic [Ni(allyl)(arene) Jdzcomplexes used as precursors for highly active diene

polymerization catalysts. 69.70

Although Ni catalyzed diene polymerization s were extensively studied in view of
mechanistic aspeds, reports of diene copolymerization with polar functionalized dienes are
rare. The non-stereoselective attempts to polymerize methyl butadienecarboxylate 38 and 2-
phthalimidomethyl butadiene3®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 ? O b I-fied ENi(allyl)
complexes The obtained polymer was of high molecular weight (M, = 113000g mol L1J but
the microstructure was not determined. Polymerizations of monomers with the ester groups
replaced by amino or hydroxyl groups were not successful. 7

A nickel catalyzed copolymerization of nonpolar dienes like butadiene or isoprene with
polar dienes to functionalized and cisregular 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 series2 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.” Additionally, butadiene rubbers synthesized with Nd -based Ziegler-
Natta catalysts are known to typically exhibit higher 1,4-ciscontents than rubbers
synthesized with other metals (e.g. based on Ti, Co, or Ni)# In general, binary or ternary

systems are used. Binary systems are based on a Nd source (often Nd halides, especially
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1.3Nd catalyzed Diene Polymerization

NdClp and cocatalysts like aluminium alkyl s 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-cisselective diene polymerization
because binary systemsare prone to form a heterogeneous catalyst and lead to unwanted
higher gel content in the synthesized rubber.”* Neodymium sources used are often Nd
alcoholates or Nd carboxylates, especially Nd(versatate)p Hence, neodymium carboxylates
have attracted wide attention in industrial as well as academic research.”>83

Aluminium alkyls are the mostly employed cocatalyst s. Various aluminium compounds,
including AlMe p AIEtp AliBup and AliButH, have been studied with regard to their
influence on the polymerization .798487 |t js generally accepted that aluminium alkyls ¢ an
participate in chain transfer reactions and that hydride containing cocatalysts , like Al iButH,
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 alkyl s not only serve as cocatalyst but alsoplay an important
role in the molecular weight regulation during the polymerization. 8481t 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 polymerization s of isoprene that vyield
poly(isoprene) with a very narrow molecular weight distribution ( Mw/M,2whid + A 6

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, espcially chloride, is crucial for cisselectivity and high
activities in Nd -catalyzed diene polymerization. While the necessary halide is already
contained in the neodymium precursor (NdCl p in most binary systems, ternary catalyst
systems based on Nd carbxylates require the addition of halide donors as third

compound. .22 A variety of halide donors used is found in literature , includ ing aluminium
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compounds like AlIEt £CI, Al YEtpClp or AliBusCI. Other classes of halide donors comprise GCI
bonds (e.g. tBuCl)® or Si-Cl bonds (e.g. SiCl).8¢ A transfer of the chloride moiety from
AIEtYCI to Nd carboxylates has been proven experimentally .*4 Althou gh an attempted
crystallization of the reaction product between AIEtYC| and Nd(O tCR)p yielded NdCI p
crystals, it was established by means of elemental analysis prior to crystallization that a
compound of formula Nd YAICI IICs s was formed. Additionally, the presence of +CHCHp
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 NdCI pand a
following activation can be assumed for the reaction of Nd carboxylates with aluminium -
basedchloride donors. %

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-synisomerization and consequently is responsible for
the observed cis-selectivity.? Typical Nd:Cl ratios are between 1:1 and1:10. Ideal CI:Nd
ratios are reported to be between 2 and 4, exhibiting optimized results with respect to
catalyst activity and cis-selectivity. 86.88.93.9

Neodymium catalysts can be trans-selective in the absence of chloride donors. A well -
studied catalyst precursor for trans-selective diene polymerization is Nd(BH |)p(THF)p®7.98
Nd(BH I)p(THF)pis known to catalyze the polymerization of 1,3 -butadiene or isoprene after
activation with aluminium alkyls AIR p or magnesium alkyls MgR& Activation with AIRp
results in the formation of non -stereoregular poly(dienes). In contrast, activation with MgR%
leads to highly 1,4trans-selective polymerizations that proceed in a controlled fashion. From
detailed studies of Visseaux and coworkers, it is understood that Nd(BH I)p(THF)p can be
activated with different magnesium -alkyls including mixed aliphatic magnesium alkyls like
ethyl(butyl)magnesium and olefinic diallyimagnesium .9 A transfer of an organic moiety
poly(ethylene) -block-poly(isoprene).1© For this purpose, Mg[poly(ethylene)] 4 was
synthesized in a Mg mediated coordinative chain transfer polymerization and subsequently
used to activate Nd(BH I)p(THF)pfor 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-methylidene but-3-enyl)furan catalyzed by
aUUuuUbUOwE OO0 x Qikefimindtou dr Bis(phasghino)carbazoleide ligands 3637 During
the course of this thesis, reports on polymerizations of functionalized styrenes catalyzed by
rare-earth complexes also appearedi®l192High comonomer incorporations (8 + 88 mol%) and
even homopolymerizations of MOPB were successfully achieved. The obtained polymers
exhibit high molecular weights (14000 ¢ 120000g mol LX) and are stereoregular.

Still, copolymerizations with func tionalized dienes, bearing different polar groups,

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

1.4 Insertion Polymerization of Polar Functionalized Monomers

As outlined in ¢ hapters 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, copolymerization s of ethylene with polar vin yl 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. 1314 ( Qw Y DI Pw O wUTl DU w
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 produce d via insertion
polymerization with catalysts based on early transition metals like Ti, V, Cr, or Zr. Caused
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 vin yl monomers was reported in the mid 1990z by Brookhart and coworkers. They
reported cationic diimine complexe s based on Ni or Pd to catalyzeethylene polymerizations

that yield high molecular weight polymers. 15 Not less important, a Pdbased 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).1% The polymer obtained is highly branched , contains

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

/n
R-N_ N-R o
Pd BAf, + / + Z>cooMe —> ~
\
Et,O. Me
R = 2,6-CgH3(iPT),

COOMe

branches.

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

E E U b GQdirBirie ®d’complex. The functional grou ps are locatedat the end of branches.

This particular microstructure is caused by the so-called chain-walking mechanism, i.e.
U I x 1 UEnhydBde lelnimafion 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 chainwalking. 197 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
EOOODOOOI Uz Uw x OOE U w alyst @dduitsuas® 1o Ta udddredsing Ppalyiherization

activity with an increasing comonomer ratio in the reaction mixture.

® ® © ome ®
<N\Pd/\P N\Pd‘/o (N\P:jo* Z NeON chain growth
T _— - A
N \/ 2,1 insertion N ome chain-walking  \ <N/Pd>_\> P ——
COOMe P P COOMe

P = polymer chain

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 copolymerization s of ethylene and methyl acrylate
that yield linear copolymers with the methoxyester groups being directly attached to the
x 00a Ol Uz U uyseHered E)@rhe 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 synt hesis of copolymers with
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1.4Insertion Polymerization of Polar Functionalized Monomers

higher comonomer incorporations up to 52 mol%.1%°® However, an attempted
homopolymerization of methyl acrylate yielded only oligomers with an average de gree of

polymerization DP = 5,100

\P\ R
pd o+ Z Z>CooMe ——— /\/\/I\/\/
-0 L
o\ 07 ~OMe
Ar = 2-MeO-Ph

R = H (in-situ), Me (isolated)

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,! vinyl sulfones, ! acrylic acid,'2 vinyl
fluoride, 113 viny | chloride, 4 vinyl ethers,!5 and acrylonitrile 116 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 in teractions is depicted in Scheme 1.6.

\ —
LnM‘/\(\X Z LM/\X LM/\XJ/\R 2
- Ln \(\—> n = LM —
ins. R —
R R 4‘2 R R \/\X/\
LR o = 2 B (exeoo) C (eX-co0r0) growth
\/ (/
growth
753 XN
/ * %LM/X Z /S x "~ T X
J B T LD e
R R Ns.
R "
~ hain
LM X °
i) B (SXcomrd) ¢ (coors)
j| JD B-X elimination
A

LM~X + 2 R

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 ( F-
X-EOOUEDOEUDOOAWDOUUI EEwOI wEOOU E poddedinaiand.up-M4 UOUT T u
Coordination of a free comonomer unit (A, Scheme 1.6A WE O O x I U lcabrdipabdhiofuthe
same comonomer, which is a prerequisite for monomer insertion. Thus, f-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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1. General Introduction

on the polar group of the comonomer itself. For example, in the case of acrylonitrile the F-X-
compll RuPEUWEEOEUOEUI E w U O w EcompléxGU[-XuQddidination audni EOQw U7 |
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 Ff-X-coordination result in a decreased polymerization
activity, this inhibition is reversible. However, irreversible catalyst inhibition, i.e.
El EOOxOUPUDPOOOW EEOWEOUOWEI wWEEUUI EwEawUl Tl wEDBOO
coOOO0O001I UUOwI 8T dwyYbOaoOwi GUdnimton is é&hlbhsanpdr@aotiorE T OOUDE
pathway after 1,2-insertion of the polar monomer ( D, Scheme 1.6X 6-XuBlimination yields a
polymer chain with an olefinic end -group and a M-X species that can becatalytically 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 rercomo 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, copolymerization s with > 50 vol% comonomer in
the reacton mixture are performed to reach incorporation ratios between 1 and
10 mol%.110116The presence of the comonomer decreass the polymerization activity typically
by 2+ 3 orders of magnitude compared to ethylene homopolymerizations .11 A similar effect
on the molecular weight is observed, molecular weights of the copolymers are typically
lowered when compared to poly(ethyle ne) synthesized under comparable conditions.
In conclusion, remarkable progress was made in the fidd of copolymerizations of
ethylene with polar vinyl monomers. Copolymers of ethylene with challenging comonomers
like acrylic acid, acrylonitrile or vinyl a cetate are accessible via direct insertion
copolymerization catalyzed by late transi tion metal complexes. However, the low reactivity
ratios of the comonomers compared to ethylene and al EOx1 UDOT wi 1 I 1 EQwOIl wli i
functional group on the polymerization activity are still drawbacks for such

copolymerizations.
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2.5cope of the Thesis

Metal catalyzed insertion (co)polymerization of polar monomers is a challenging goal in
the field of poly mer chemistry. Insertion polymerization potentially allows control over t he
PEOAXx 00adl Uz Uw Homvéer OBBEVIVEWUWI 61 1 EOUwWw Ol wUOTT wEOOO
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 i n
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 ai m 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 inve stigated 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 1,3Dienes

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-cispoly (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 li mited 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 103.104106,108By 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. 151721.120.121However, 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.383% A homopo lymer synthesized from 2,3-bis(4-trifluoroethoxy -4-
oxobutyl) -1,3-butadiene PEUwWw OOUWEOEOa &l EwbPUT wUI UxI E0WUOwWOT |
Although Cui et al. reported very recent ly a stereoselecvtive copolymerization of isoprene
with 2-(4-methoxyphenyl) -butadiene ¢ a successful insertion copolymerization of butadiene
to stereoregular polar functionalize d 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 adirect incorporation of (reactive) functionalities during polymerization would be
attractive compared to current additional steps of postpolymerization chemistry pr eceding

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

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 copolymerization s 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)5i-3-BD, (MeO) [5i-3-BD, and (EtO)5i-3-
IP were obtained in purites > 97% after a cuprate catalyzed coupling of 3
(iodopropyDtrialkoxysilane s with 1,3-dien-2-yl-magnesium reagents, while (EtO)Si-IP and
E/Z1-(EtO)5i-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).

Si(OEt)s Si(OMe)s Si(OEt)
Si(OEt)s Si(OMe)s
//_\<_/7 //_\<_/7 >/_\<_/7 :/ N\ :/ AN >/_\\MSi(OEt)3

(Et0),Si-3-BD (Me0),Si-3-BD (EtO),Si-3-1P (Et0);Si-IP  (MeO),Si-IP E/Z1-(EtO),Si-IP

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) JdBArFIJLJNi -1)7° was exposed to mixtures of monomer (EtO)5i-3-BD
and 1,3butadiene in CH:CI$ solution at 0 °C ((EtO)5i-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 to3; 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, H NMR
analysis already indicates the presence of ehoxy- (1 uB&4guand 1.18 ppm) and SiCH-groups
(1 uD&Buppm) in these polymers.
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3.2 Results and Discussion

Table 3.1: (Co)polymerizations of butadiene and different -Si(OR)psubstituted comonomers.

enty Ni-1 T time BD  CoMo yield ir::?)':/;lfa) CCZ';]A:' TON  Mp =T ci::zﬂ
[umol]  [°C] [h] [mmoll [g] [mol%]  [%] [g molL) [°C] [%]
1 10+30" 0 40 63g 1(28 6.1 22 89 2800 21000 2.8 -96 94
2 49 0 10 69g 1(&7) 72 33 93 3300 19000 3.4 -94 94
3 10440 0 45 66g 1(47) 32 78 98 1200 11000 2.7 -93 94
4 10420 0 2  68¢ .31 - - 1900 25000 3.4 nd. 94
5 2042000 40 38 25mL 3(30) 124 12 92 5700 33000 2.8 -96 95
6 104259 30 20 25mL 4(26) 146 09 96 7700 50000 3.2 -97 95
7 5430 22 35 105bar 5(11) 84 05 65 4400 44000 3.6 -96 95
8 1® 0 05 30mL - 84 - . 15000 148000 2.5 -96 96
9 » 22 28 2259 - 135 - - 83000 93000 32 -96 95
10 5+ 0 18 110g 1(0.39) 45 04 90 12000 100000 2.4 -97 96
11 4 22 27 105bar - 112 - . 52000 80000 27 -95 95
12 4 22 55 105bar 1(1.1) 126 05 95 58000 62000 2.6 -98 95
13 5+43 0 40 1.05bar 2(0.58) 9.4 0.2 77 22000 133000 2.3 nd. 96

Reaction conditions unless otherwise noted: 20 mL solvent (entries 1 ¢ 4: CHCIY entries 5t 13: toluene),
magnetically stirred in a Schlenk tube. Comonomer 1: (EtO)[8i-3-BD, 2: (MeO) [8i-3-BD, 3: (EtO)[5i-3-IP, 4:
(EtO)5i-IP, 5: (MeO) (Bi-IP. a)calculated from *H NMR. b)determined by GPC in THF vs. PS standards.
c) determined by DSC. d) calculated from 13C NM R-spectra. €) x+y indicates a successive addition ofNi-1 until
polymerization activity was observed by increasing viscosity. f) catalyst batch contained ca. 50% excess BAFI .lg)
polymerization in a pressure reactor with mechanical stirring, 30 mL solvent h) 45 mL solvent.

A L
fﬂ‘ };b

- O
~

9

8
i O
s ¢/ SiOE),

140 130 120 110 100 9 80 70 60 50 40 30 20 10
ppm

Figure 3.2: 13C-13C-INADEQUATE spectrum of a copolymer synthesized from BD and (EtO)5i-3-BD
(Table 3.1 entry 3, recorded at 27°C in C4D4).
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3. Ni Catalyzed Copolymerization of Butadiene and Functionalized 1,3 -Dienes

371 wi OUGEUDPOOWOT WEwWUOUUT wUEOEOOWE Ox 91éra,dsU wb D UT L
enchainment) was unambiguously proven by GPC and 1D-H-TOCSY, HSQGTOCSY, and
DOSY experiments in addition to HSQC and HMBC -experiments. Furthermore, the polymer
of Table 3.1, entry 3 was analyzed by a13C-13C-INADEQUATE experiment, clearly indicating
the connectivity of the SiCH &carbon along the linker to the PBD-backbone (Figure 3.2).

Notably, a major portion of (EtO)[5i-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)f5i-3-BD was
determined as 89% and 93%, respectiely.

More striking, even at low BD consumption (ca. 45%, entry 3), incorporative
consumption of (EtO)[5i-3-BD is close to quantitative with 98%. Higher degrees of
incorporation (10 37 mol%) and even a homopolymerization of monomer (EtO)Si-3-BD
were successfully performed in NMR -tube experiments (for spectra of poly((EtO)5i-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
UOET UwoOUI T UPDUI wbEI OUPEEOQWEOOEDPUDP OO U wDEWwuibH OOwWE Uu
cisunits (Table 3.1, entries 1 to 3 vs. entry4). 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)5i-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 and12,
however, it can be noted that the copolymerization proceeds somewhat slower than the
homopolymerization.

Copolymerizations with all the other (RO)5i-modified monomers were also successful
with (very) high conversions of the comonomer , independent of the EDI Ol w OODPI Uaz
substitution pattern. These high conversions prompted us to perform in-situ NMR-
copolymerizations, which show that (EtO)(5i-3-BD, (EtO)5i-1P, as well as E/Z1-(EtO)5i-I1P
are preferably incorporated compared to BD (for additional spectra see also Chapter3.5.4.
Figure 3.3 shows 'H NMR traces of the copolymerization of (EtO)Si-3-BD with BD at a
BD:(EtO)5i-3-BD:Ni -1 ratio of ca.240:24:1 after 5 to 100 min reaction time at9 °C.
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3.2 Results and Discussion

30 min

_ 20min

10 min

5 min ;|

6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
ppm

Figure 3.3: *H NMR spectra following a BD/(EtO)5i-3-BD copolymerization indicating full
conversion of (EtO)5i-3-BD (vinylic signal marked *) after 20 min, while only ca. 55% BD is

consumed.

Clearly, the trans-coupled vinylic signal of (EtO)p5i-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/kep > 1 for comonomers
(EtO)5i-3-BD, (EtO)5i-IP, and E/Z1-(EtO)5i-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)5i-3-BD, (MeO) 5i-3-BD, and (EtO)5i-3-IP (ca. 0.2 to 0.5 %) can be excluded on the
basis of control polymerizations in the presence of this imp urity .

b) Independent of the presence of a comonomer, effective (co)polymerizations resulting
in high overall turnover numbergTON) 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. 24t 25 wt% BD).

Such high BD concentrations, however, also limit the percentaged yield due to increasing
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3. Ni Catalyzed Copolymerization of Butadiene and Functionalized 1,3 -Dienes

mass transfer limitations with increasing viscosity of the reaction mix ture during the
polymerization.

¢) Molecular weig hts of (co)polymers exceeding 100000 gmollXJrequire high BD:Ni-1
ratios, high BD concentrations, and polymerization temperatures below room temperature

(Table 3.1, entries 8, 9, 11, and13 vs. all other experiments).

3.2.2 Copolymerizations with B-, N-, P-, and SFunctionalized 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 t he 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 Chapter3.5.2.

Except for PhNH-functionalized monomer PhNH-3-BD, and phosphonate-
functionalized E1-(EtO)YO)P-BD and (EtO){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 monomersMe tN-Ph-

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

O Oy
N— —N
0 o O
S N—S
AR a
7 7\ 7 N\ 7\ 2
PhS0,-3-BD PhSO,NH-3-BD CarbN-4-BD Ph,N-4-BD Me,N-Ph-BD Me,N-Bn-BD

)
O Q’* K
/T\<_F 78\ hsii]t /ﬁ\\—('i:g’i /T\<_F

PhNH-3-BD CarbN-pXyl-BD E1-PinB-IP E1-(EtO),(0O)P-BD (EtO),(0)P-3-BD

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

with BD and IP.
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3.2 Results and Discussion

This is probably due to substantial amounts of impurities in the used crude products.
During isolation, MetN-Ph-BD and MetN-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 PhSO43-BD, PhSOWNH -3-BD,
CarbN-4-BD, PhtN-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 1vs. entry 1). Comonomers PhSO%3-BD, PhSOYNH -3-BD, CarbN -4-BD, Phi\ -
4-BD, and E1-PinB-IP can be copolymerized with moderate to very high conversions
between 65 PhtN-4-BD) and 99% E1-PinB-IP) under comparable conditions (entries 3, 4, 5,
10, and11).

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

O, P, and S.
CoMo 1,4-ci
entry Ni-1 T time CoMo vyield COMO 1N TOE M2 2P T <
incorp.® conv. .0 content?
[umol] [°C] [h] [mmol] [g] [mol%] [%] [(hiy  [g moll}) [°C] [%]
1 5 22 1 - 6.2 - - 23000 23000 59000 3.9 -97 95
2 10 22 05 (87;) 4.5 0.48 80 8300 16600 44000 24 94 95
3 10 0 0.5 ((()8;) 5.6 0.14 73 10300 20600 53000 2.9 -94 95
9
4 10 22 1 (g ())) 7.4 1.2 82 14000 14000 48000 2.8 -96 95
1
5 10 22 05 ((l %)) 6.3 0.56 65 12000 24000 44000 3.2 -93 95
1
6 6% 0 4 ((0 %)) 6.2 0.27 60 19000 4750 123000 2.2 -95 95
12
7 10 22 1.2 (é 21) 6.0 0.07 37 11000 9166 59000 3.1 -96 95
8 10+30 22 25 ((332)) 2.2 0.11 22 1000 n.a? 51000 2.3 -97 94
14
9 10+80 22 3 ((O 43) 3.3 0.4 42 750 n.a9 28000 2.2 -98 95
1
10 10 22 (; gé) 4.9 1.85 81 9000 9000 37000 24 95 95
1
11 6° 0 4 ((() 3)3) 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: PhSO%3-BD, 8: PhSOYNH -3-BD, 9: CarbN -4-BD,
10: PhiN-4-BD, 12: CarbN-pXyl -BD, 13: MetN-Ph-BD, 14: MetN-Bn-BD, 15: E1-PinB-IP. a) calculated from H
NMR -spectra. b)determined by GPC in THF vs. PS standards. cjletermined 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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3. Ni Catalyzed Copolymerization of Butadiene and F unctionalized 1,3-Dienes

Lower conversions between 22% (MetN-Ph-BD) and 42% (MetN-Bn-BD) are observed
for comonomers CarbN -pXyl -BD, MetN-Ph-BD, and MetN-Bn-BD. This means, the low
comonomer incorporation s 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 mollY) 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% 1,4cis-enchained diene units.

The poor or problematic polymerization behavior in copolymerizations with  PhNH -3-
BD, E1-(EtO)YO)P-BD, and (EtO)YO)P-3-BD was further investigated by follow ing
copolymerizations with these comonomers by means of *H NMR spectroscopy. While Ni-1
shows no polymerization activity at all in presence of E1-(EtO)§O)P-BD even at elevated
temperatures, the presence of PhNH-3-BD or (EtO)YO)P-3-BD is not preventing
copolymerization but causes a significantly reduced polymerization activity: (EtO)YO)P-3-
BD was successfully copolymerized with BD at elevated temperatures (BD: (EtO)YO)P-3-
BD:Ni-1 = 655:33:1). Although the overall activity was drastically decreased, (EtO)YO)P-3-
BD is enchained faster by Ni -1 than BD resulting in 46% BD conversion at full consumption
of (EtO)YO)P-3-BD after 7 days at 50°C. Remarkably, (EtO)YO)P-3-BD is the only
comonomer, whose presence in the reaction mixture changes the microstructure of the
obtained polymer from a high 1,4ciscontent to 83% 1,4trans-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) wherePhNH -3-BD is completely consumed after 92 h at 22°C while only 22%
of the BD have been polymerized. Further 56% BD are subgquently polymerized in only

50h at the same temperature.
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3.3Summary

3.3 Summary

Insertion copolymerization of functionalized dienes with butadiene to ster eoregular
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)] dBArFIJLINi-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
tow ards 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)YO)P-BD,
polymerization activity was observed with all comonomers independently of the f unctional
group or substitution pattern of the diene moiety. Only the presence of phosphonate groups
in copolymerizations with (EtO)§O)P-3-BD has an influence on the formed polymer
microstructure and vyields a copolymer with predominantly 1,4 -trans-units. All other
copolymerizations were highly cisselective gpa N K 4&tcdis-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¢
140.000g moll1J 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(ally)CI] & (MCAT) and NaBAr fl (ABCR) were commercially available and used
without further purification. Chloroprene was commercially available (ABCR) or
synthesized by HCI elimination from 3,4, -dichlorobut -1-ene with KOH in DMSO at 75 °C.
Isoprene (Sigma) was dried over CaH$ and vacuum transferred prior to use; 1,3-butadiene

(Air Liquide) was passed through a commercial drying column (Air Liquide) prior to use.

29



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

All other com mercially 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 Viton ™ protection gloves and a face-shield in the
presence of a DRAGER 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 Ill 400 or a
Bruker Avance lll 600 spectrometer. *H 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 4m 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 isotherm al at
50°C, cooling to -150°C with 30 K/min, 10 min isotherm al at -150 °C, heating to 50°C with
30K/min).

3.4.2 Syntheses of Comonomers and Complex Ni

Synthesis ofbuta-1,3-dien-2-ylmagnesium chloride'?®

cl ZnCl, (cat.) MaCl
2 .
S e N

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, 1,2dibromoethane
(0.1 mL) and a solution of zinc(ll) chloride were added. The zinc(ll) chloride solution was
prepared by dissolving zinc(ll) chloride (0.93 g, 6.80 mmol, cat.) in THF (8 mL) under
vigorous stirring. Additional 12 mL of TH F 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 follo wing step without further purification.

Synthesis oftriethoxy(3 -iodopropyl)silane

Nal (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 (3x400 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 nol, 99%) as a light orange liquid. The orange color originates probably
from traces of 1§ which could not be completely separated by distillation. However, the
present quantities of 15 do not interfere with the intended use in subsequent steps and the

product was therefore used without further purification.

1H NMR (400 MHz, CDCIp 27 °C): % (ppm) = 3.80 (g2 = 7.0 Hz, 6H, H4), 3.20 (t33w = 7.0

Hz, 2H, H3), 2.02¢ 1.75 (m, 2H, H2), 1.20 (t33w = 7.0 Hz, 8H, H5), 0.7% 0.59 (m, 2H, H1).

Synthesisof triethoxy(4 -methylenehex-5-en-1-yl)silane ((EtO5i-3-BD)!?°

¢

8
; O/
5 SI\‘O
MgCl PN Li,CuCl, ;_z<_[ 0
U Si(OEt) <
7 N\ 3 THE 4/ \1

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

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

lithium chloride (960 mg) and copper(ll) 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 he ptane (2x500mL) to precipitate
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3. Ni Catalyzed Copolymerization of Butadiene and Functionalized 1,3 -Dienes

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, CDClp 27 °C): % (apm) =6.33 (dd, 3% =17.6 Hz,3}w =10.8, 1H, H3), 5.22
(d, 33w = 17.6Hz, 1H, H4yans), 5.02 (d,33n = 10.8 Hz, 1H, H4), 4.97(d, 2H, H1), 3.81 (q3dw =
7.0 Hz, 6H, H8), 2.24 (t33w = 7.8 Hz, 2H, H5), 1.62 (m, 2H, H6), 1.21 (Elw = 7.0 Hz, 9H, H9),
0.66 (m, 2H, H7).

13C{tH} NMR (101 MHz, CDClp 27°C): % (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}5i-3-BD)

\ 8

7 _IO/

5 SI\'O

MgCl PPN Li,CuCl, 3 2/ 5 P
+ Si(OMe)

/A /A

1

Trimethoxy(4 -methylenehex-5-en-1-yl)silane (33% vyield) was synthesized accordingly to
the preparation of triethoxy(4 -methylenehex-5-en-1-yl)silane. (MeO) 5i-3-BD was
synthesized and copolymerized (Table 3.1, entry 13) by Patrick Herr EUUB O1T wi PUwWOEUU

thesis 123

1H NMR (400 MHz, CDCIp 27°C): % (apm) =6.33 (dd, 2} = 17.7Hz, 3% = 10.7 Hz,1H, H3),
5.22 (d,33w = 17.7 Hz,1H, H4ans), 5.02 (d,3dw = 10.7Hz, 1H, H4g), 4.99 (d 2H, H1), 3.55 (s,
OH, H8), 2.23 (13w = 7.5 Hz,2H, H5), 1.61 (m, 2H,H6), 0.67 (133w = 8.2 Hz,2H, H7).

13C{tH} NMR (101 MHz, CDClp 27°C): 1 w qx x TA&0(C2), 139.0 (C3), 116.0 (C1), 113.3
(C4), 50.6 (C8), 347 (C5), 21.4 (C6), 9.1 (C7)

Synthesis of2-methylbut -1-en-3-yne!?*

%’H }
4 ACzo 4 2

H2$O4 (cat.)
2-methyl -3-yn-2-ol (215 g, 2.5 mol, 1 equiv.) was filled into a 1 L threenecked flask,

equipped with a dropping funnel and a distillation apparatus. The receiver flask was cooled

32



3.4 Experimental Section

to -78°C. Acetic anhydride (319 g, 3.13 mol, 1.25 equiv.) and sulfiric 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 Na SO to yield 2-methylbut -1-en-3-yne (90g, 1.36 mol, 55%) as a colorless
liquid.

'H NMR (400 MHz, CDCIp 27°C): 1 w o x x5G3B& (m, 1H, H1), 5.29 (m, 1H, H1), 2.86 (s, 1H,
H3), 1.90 (t,2p= 1.3 Hz, 3H, H2).

Synthesis of2-chloro-3-methylbuta -1,3-diene!?®

5

/\ = g
CuCl, NH4CI, HCI > <

4 1

Copper(l) 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 darkgreenish
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
agueous phase extracted with pentane (3100 mL). The organic phases were combined and
washed with water (3 x100 mL) and brine (100 mL) to remove residues of acid and copper.
After drying with NasSOl, BHT (50 mg) was added and the solvent was removed under
reduced pressure. The dark residue was distilled using a Vigreux column (receiver flas ks
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 *H NMR (5.26 mmol product per 1 g

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

1H NMR (400 MHz, CDCIp 27°C): % w opx =5®@& (m, 1H, H4), 5.44 (m, 1H, H1), 5.41 (m, 1H,
H1), 5.18 (m, 1H, H4), 1.99 (m, 3H, H5).

13C{tH} NMR (100 MHz, CDCIp 27°C): % w px x TAK0 (C2),139.1 (C3), 117.9 (C4), 113.3
(C1), 20.3 (C5).
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3. Ni Catalyze d Copolymerization of Butadiene and Functionalized 1,3 -Dienes

Synthesis oftriethoxy(5 -methyl-4-methylenehex-5-en-1-yl)silane ((EtO}GI-3-1P)

7 O /_9
MgCl
cl ZnCl, (cat.) TN =
j A\ Mo =/ N\ <
THF THF, Li,CuCl,

Magnesium turnings (6.73 g, 278 mmol, 1.6 equiv.) and THF (50 mL) were filled in a
500mL three necked flask, equipped with a r eflux 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
5.26mmol reactant), 1,2-dibromoethane (4.9 g, 26 mmol, 0.15 equiv.) and THF (100mL) 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(ll) 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 0.2mL 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 *H 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.: 77C / 0.1

mbar).
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3.4 Experimental Section

1H NMR (600 MHz, C#D# 27°C): % w cpx x5 & (dq, 23w = 1.7 Hz,2hw = 0.7 Hz, 1H, H4), 5.10
(dt, 23w = 1.6 Hz,Zhw = 0.9 Hz, 1H, H1), 4.99 (m, 1H, H1), 4.94 (degdw = 1.6 Hz,Zhw = 0.7 Hz,
1H, H4), 3.80 (q,%}n = 7 Hz, 6H, H8), 2.38 (dt,3%w = 7.6 Hz,zhy = 0.9 Hz, 2H, H5), 1.83 (m,
5H, H7 and H10), 1.17 (t,33w = 7 Hz, 9H, H9), 0.75 (m, 2H, H7).

13C{tH} NMR (150 MHz, C#D% 27°C): % w p x <1882 (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)%i-I1P,
E/Z1-(EtO)Bi-1P)126

6

Vs
7b

7 0 7 6
\ L Et) a a
A i !
Z 3 4/ \1 +4a/ 1\a SiOEt), “w” Mo

(EtO)S;

5b |/O

6b

2-Methylbut -1-en-3-yne (3.3 g, 50 mmol, 1 equiv.) was cooled to CC.
[Ru(ClMell)(MeCN) gPF#(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 mixtu re 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, C4D# 27°C): 1 w g x =50 (d, 23w = 3 Hz, 1H, H1), 5.88 (d, 2w = 3 Hz,
1H, H1), 5.55 (d, 23w = 1.2 Hz, 1H, H4), 5.07 (m, 1H, H4), 3.80 (dw = 7 Hz, 6H, H5), 1.83 (m,
3H, H7), 1.14 (t,33w = 7 Hz, 9H, H6).

13C{tH} NMR (100 MHz, CiD# 27°C): % w p x =146 (C2), 144.3 (C3) 129.6 (C1), 116.6 (C4),
58.7 (C5), 21.1 (C7), 18.4 (C6).

35



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

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

1H NMR (400 MHz, C4D# 27°C): 1 w (px =TI (d,3dw = 19.2 Hz, 1H, H1a), 5.66 (3} =
19.1 Hz, 1H, H2a), 5.00 (m, 1H,H4a), 4.98 (m, 1H, H4a), 3.82 (g3%w = 7 Hz, 6H, H5a), 1.68
(M, 3H, H7a), 1.17 (33w = 7 Hz, 9H, H6a).

13C{tH} NMR (100 MHz, CiD% 27°C): 1 w (px = K5K6 (Cla), 143.5 (C3a), 119.1 (C4a) a0
(C2a), 58.6 (C5a), 18.5 (C6a), 17.716).

(Z2) -triethoxy(3 -methylbuta -1,3-dien-1-yl)silane:

1H NMR (400 MHz, C4D# 27°C): 1 w cpx = 6B& (d,33w = 15.5 Hz, 1H, H1b), 5.47 (d3dw =
15.5 Hz, 1H, H2b), 5.14 (m, 1H, H4b), 5.02 (m, 1H, H4b), 3.78 (G = 7 Hz, 6H, H5b), 2.06
(m, 3H, H7b), 1.13 (t 33 = 7 Hz, 9H, H6b).

13C{tH} NMR (100 MHz, CiD# 27°C): % w px = 181 (Clb), 144.8 (C3b), I1 (C2b), 119.4
(C4b), 58.5 (Gb), 20.2 (C7b), 18.3 (C6b).

Synthesis oftrimethoxy(3 -methylbuta -1,3-dien-1-yl)silane ((MeO}Si-IP)

5

/\ © HSi(OMe) RUCMes)(MeCN)IPFg >3 2<S' ove)z H » 2
=Z * \ sioMe), 4”7 N

(MeO)ZS|
O

-
5b

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, C4D% 27°C): 1 w ¢px <5DA (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{tH} NMR (100 MHz, C4D#% 27°C): 1 w px =145 (C2), 143.2 (C3), 130.0 (C1), 116.7 (C4),
50.5 (C5), 20.9 (C6).
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(E)-trimethoxy(3 -methylbuta -1,3-dien-1-yl)silane:

IH NMR (400 MHz, CiD% 27°C): » w gpx x7A& (d,3%n = 19.1 Hz, 1H, H2a), 5.63 (d3Jw =
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, C#D% 27°C): 1 w px x 154 (C2a), 143.4 (C3a), 119.6 (C4a), 117.5
(C1a), 50.4 (Cba), 17.6 (C6a).

(Z2) -trimethoxy(3 -methylbuta -1,3-dien-1-yl)silane:

1H NMR (400 MHz, CiD% 27°C): % w gpx =6 (d, 3w = 15.5, 1H, H2b), 5.43 (d3dw = 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{tH} NMR (100 MHz, C#D# 27°C): % w px = 1BHK9 (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 (PhSO33-BD)

? ?
ﬁ\/\/CI Nal §W|
(T8 e
acetone
((3-lodopropyl)sulfonyl)benzene:  ((3-chloropropyl)sulfonyl) -benzene (4.37 g, 20 mmol,
1 equiv, synthesized according to Sonda et alg) was dissolved in acetone (50 mL) and Nal
(6.00 g, 40 mmol, 2 equiv) was added. The reaction mixture was refluxed for 12 h. The
solvent was removed under reduce pressure, EO (100 mL) was added and the mixture was
extracted with H #O (3 x 50 mL). The organic phase was dried over N&SOl and the solvent
removed under reduced pressure to give crude ((3-iodopropyl)sulfonyl)benzene which was

used in the next step without further purification.

9 aTet
S | 5 1l
©/(‘)‘\/\/ + /_{AQCI Li,CuCl, /3_2<_6/70 13 12

7 N\ 7\

s 1
((4-methylenehex -5-en-1-yl)sulfonyl)benzene:  ((3-iodopropyl)sulfonyl)benzene (930
mg, 3 mmol, 1 equiv.) was cooled to -20°C, Li%CuCll ( 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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'H NMR (400 MHz, CDCIp 27°C): 1 w x =78&¢ 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 (dd3Jw = 17.6, 10.8 Hz, 1H, H3), 5.11 (d,
3hn =17.6 Hz, 1H, H4), 5.01 (d3Jw = 10.8 Hz, 1H, H4), 5.00 (s, 1H, H1), 4.91 (s, 1H, H1), 3.08
(m, 2H, H7), 2.27 (t,3}w = 7.6 Hz, 2H, H5), 1.92 (m, 2H, H6).

13C{tH} NMR (101 MHz, CDClp 27°C): % w px x T340 (C2), 139.1 (C8), 137.9 (C3), 133.5
(C11), 129.2 (C10 and C12), 127.9 (C9 arell3), 116.7 (C1), 113.7 (C4), 55.5 (C7), 29.6 (C5), 21.0
(C6).

Synthesis of(4-methylene-5-hexenyl)-amine
™S

N NH,
/_<J TMS  MeOH /S_ZZ—[
72\ 720\

P

(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, 63.1mmol, 1 equiv., synthesized according to Davis et ali%7)
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 2h at 60°C. Residual magnesium was filtered off, and the
clear solution was used in the next step.

[NICl ¥dppp)] (0.252 g, 0.50 mmol) and chloroprene (5.9 g, 66.2 mmol, 1.08quiv.) were
dissolved in THF (21 mL). The reaction mixture was cooled to 0 °C and after the dropwise
addition of (3 -(bis(trimethyl silyl) 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 /
3.3-1@Jmbar) 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 (20mL) 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-hl, therefore the NH%
signal is not observed.

H NMR (400 MHz, CDClp 27°C): % w o x =62& (dd, 3} = 17.6 and 10.8 Hz, 1H, H3), 5.16
(d, 33 v = 17.6 Hz, 1H, H4), 4.97 (d33w = 10.9 Hz, 1H, H4), 4.93 (s, 1H, H1), 4.91 (s, 1H, H1),
2.63 (1,30 = 7.3 Hz, 2H, H7), 2.16 (t3dw = 7.7 Hz, 2H, H5), 1.57 (p33w = 7.4 Hz, 2H, H6)

Synthesis of(4-methylene-5-hexenyl)-phenylsulfonic amide (PhSONH-3-BD)

1. KOH o
__2PhsO,Cl 5 2 1812
/ \

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 CHCI% (10mL) was added. The
mixture was stirred for 1 h at r.t. and the aqueous phase was extracted with CHYCI% (3 x 50
mL). The combined organic layers were dried over NatSOl 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, CDCI% 27°C): % w gpx = 7CB& (m, 2H, H9 and H13), 7.60 (m, 1H, H11),

7.54 (m,2H, H10 and H12), 6.33 (dd,3}w = 17.6 and 10.8, 1H, H3), 5.15 (¢} = 17.6 Hz, 1H,

H4), 5.03 (d,33w = 10.8 Hz, 1H, H4), 5.00 (s, 1H, H1), 4.92 (s, 1H, H1), 4.78 { = 6.3 Hz, 1H,

NH), 2.96 (va,dw = 6.7 Hz , 2H, H7), 2.20 (td2dw = 7.7 Hz, 2H H5), 1.65 (vquint, Jw = 8.0 Hz,

2H, H6).

13C{tH} NMR (101 MHz, CDCIs 27°C): 1 w qpx = TAK8 (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 of9-(5-methylenehept-6-en-1-yl)-9H-carbazole (CarbN4-BD)

O 12
- Sl
1. Mg 5 8 10
2. Chloroprene / (dppp)NiCl, 3 2 6
N
BriCI” O 7\
4 1
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3. Ni Catalyzed Copolymerization of Butadiene and Functionalized 1,3 -Dienes

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 (2.8 g, 10 mmol, 1 equiv.; 9(4-chloro/bromo -butyl) -9H-carbazole
was synthesized according to Bhattacharya et al?29 in THF (40 mL) was added dropwise. The
reaction mixtur e 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 [NiCl ¥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 H ¥O/HCI. The aqueous phase was
extracted 5 times with Et¥O and the combined organic phases were dried over NatSOl.
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, C4D# 27°C) 1 w oo x =8D& (m, 2H, H13), 7.41 (m, 2H, H11), 7.23 (m, 2H,
H12), 7.16 (m, 2H, H10), 6.27 (dd2}w = 17.6, 10.8 Hz, 1H, 1), 5.05 (d,2dw = 17.6 Hz, 1H,

H4), 4.92 (d,3w = 10.8 Hz, 1H, H4), 4.89 (s, 1H, H1), 4.77 (s, 1H, H1), 3.76 &y = 7.2 Hz,

2H, H8), 1.92 (t,3w = 7.6 Hz, 2H, H5), 1.48 (m, 2H, H6), 1.28 (m, 2H, H7).

13C{tH} NMR (100 MHz, C#D# 27°C) 1 w p x =186%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 ofN-(5-methylenehept-6-en-1-yl)-N-phenylaniline (Ph#-4-BD)

O
1. Mg o

7
2. Chloroprene / (dppp)NiCI s 8 10 1
Brm >N ( INICl, 3 2 6
7 N\

4 1

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? 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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3.4 Experimental Section

suspension of [NICl ¥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, C4D% 27°C): % wpx x7C13¢ 7.10 (m, 4H, H10), 6.98 6.95 (M, 4H, H11),
6.86¢ 6.82 (M, 2H, H12), 6.29 (dd2}w = 17.6 and 10.8 Hz, 1H, H3), 5.08 (B} = 17.6 Hz, 1H,
H4), 4.93 (m, 1H, H4), 4.92 (m, 1H, H1), 4.85 (m, 1H, H1), 3.49 (8} = 7.5 Hz, 2H, H8), 2.01
(td, 33 = 7.6Hz and 2hy = 1.2 Hz, 2H, H5), 1.53m, 2H, H7), 1.35 (M, 2H, H6).

13C{tH} NMR (100 MHz, C4D% 27°C): % w p x =187 (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 ofN-(4-methylenehex-5-en-1-yl)aniline (PhNH-3-BD)

/ H
N, | 1-MeOH . 7 Ni@ "
™S 2. Cul/proline/K,CO3
+ DMSO 3 2 6 9 10
7 N\ 7 N\
4 1

Procedure adapted from Ma et al:'*® (4-methylene-5-hexenyl)-(bis(trimethyl silyl) amine

(2.0 g, 7.83 mmol, 1 equiv., synthesis described inChapter 4.4.2 was dissolved in DMSO (15
mL) and MeOH (2.5 g, 78.3 mmol, 10 equiv.). A mixture of Cul (149 mg, 0.78 mmol, 0.1
equiv.), proline (90 mg, 0.78 mmol, 1 equiv.), and K¥COp(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 *H NMR indicated nearly full conversion to the
desired product. Extraction with ethyl acetate/H $O, drying of the organic phase over NatSOl
and removal of the solvent gave the crude product. Purification by column chromatography
(pentane:ethyl acetate = 98:2 v/v, R= 0.4) yielded the desired compound (380 mg 2.03 mmol,

26%).

1H NMR (400 MHz, C#D% 27°C): % w qpx =< C2@A¢ 7.13 (M, 2H, H10), 6.74 (tt3dw = 7.4 Hz,
zhn = 1.1 Hz, 1H, H11), 6.48 6.40 (m, 2H, H9), 6.38t 6.27 (dd, 3} = 11.0 Hz,33y = 17.6 Hz,

1H, H3), 5.184 5.07 (M,%}y = 17.6 Hz, 1H, H4), 4.99 4.91 (m, 2H, H1 and H4), 4.87 (m, 1H,
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3. Ni Catalyzed Copolymerization of Butadiene and Functionalized 1,3 -Dienes

H1), 3.03 (bs, 1H, NH), 2.78 (33w = 7.0 Hz, 2H, H7), 2.07 (dt3w = 7.7 Hz,zhy = 1.2 Hz, 2H,
H5), 1.48 (vquint, i = 7.4 Hz 2H, H6).

13C{tH} NMR (101 MHz, C4D% 27°C) 1 w o x x1880 (C8), 146.2 (C2), 139.2 (C3), 129G10),
117.5 (C11), 116.1 (C1), 113.4 (C4), 113.1 (C9), 43.7 (C7), 29.1 (C5), 28.1 (C6).

Synthesis of9-(4-(2-methylenebut-3-en-1-yl)benzyl)-9H-carbazole (CarbNpXyl-BD)

O 16 15
14
N
N O 1. Mg 5 11 bt
/—Q—/ 2. Chloroprene / (dppp)NiCl, 3 2/ 6 9 10
Br/Cl / \ 7 8

4 1

Magnesium-turnings (46 mg, 1.9 mmol, 1.9 equiv.) were layered with THF and
dibrom oethane (0.05 mL) was added to activate the magnesium. Y4-(Chloromethyl)benzyl) -
9H-carbazole (306 mg, 1 mmol, 1 equiv.; prepared in analogy toBhattacharya et al1?9) 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 [NiCl §dppp)] (2 mol%) in THF (10 mL) at 0°C. Reaction was stirred for 1 h at
room temperature and then quenched by addition of H O/HCI. The crude product was
obtained by extraction with Et YO followed by removal of the solvent and purified by
dissolution in MeOH and f iltration 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, CiD#% 27°C) % w op x =x8D& (d, 30w = 7.9 Hz, 2H, H15), 7.31 (vt3dn = 7.5

Hz, 2H, H13), 7.21 (vt,3w = 7.5 Hz, 2H, H14), 7.10 (d2hw = 8.2 Hz, 2H, H11), 6.85 (d3d =

7.8 Hz, 2H, H7), 6.80 (d2Jw = 7.8 Hz, 2H, H8), 6.29 (dd 2k = 17.5, 10.8 Hz, 1H, H3), 5.07 (d,

3hw = 17.5 Hz, 1H, H4), 4.98 (s, 1H, H1), 4.93 (s, 2H, H10), 4.88 @ = 10.8 Hz, 1H, H4), 4.75

(s, 1H, H1), 3.27 (s, 2H, H5).

13C{tH} NMR (100 MHz, CiD% 27°C) % w px =185 (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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3.4 Experimental Section

Synthesis of4-(buta-1,3-dien-2-yl)-N,N-dimethylaniline (Me-Ph-BD)

12
\

~N g N
1. Mg 10 7
2. Chloroprene / (dppp)NiCl,
3 2 5 6
L 4/ \1

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
[NICI 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% vyield. 4-(buta-1,3-dien-2-yl)-N,N -
dimethylaniline is not stable in concentrated samples due to [4+2]cycloaddition and was
used asa 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).

IH NMR (400 MHz, C4D% 27°C): d 7.36 (m, 2H, H6 and H10), 6.66 (dd3J = 17.6 and 10.8
Hz, 1H, H3), 6.56 (M, 2H, H7 and H9), 5.45 (d, 3}y = 17.6Hz, 1H, H4), 5.25 (s, 1H, H1), 5.20

(s, 1H, H1), 5.14 (d2Jw = 10.8Hz, 1H, H4), 2.50 (s, 6H, H11 and H12).

Synthesis ofN,N-dimethyl -2-(2-methylenebut -3-en-1-yl)aniline (Me®-Bn-BD)

\N/ 1. nBuLi
2. MgCl, N
3. Chloroprene / (dppp)NiCly /_<5_©
9
3 2/ ©

2-(N,N -dimethylamino)benzyl lithium:  To a solution of 2-methyl-N,N -dimethyl aniline

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

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 MgCI & (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 [NiCl ¥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-
yhaniline 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, CiD#thf-hD27°C): d 7.13 (m, 1H, H7), 7.05 (m, 1H, H9), 6.94 (m, 1H,
H10), 6.88 (m, 1H, H8), 6.35 (dd3Jw = 17.6 and 10.8 Hz, 1H, H3), 5.20 (B = 17.6,Hz, 1H,
H4), 5.04 (s, 1H, H1), 4.89 (d3}w = 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 (EXPinB-IP)

0
B—H 7 6 .
/ iPr [\ iPr
| jio H o j N NS >>:
/\ [Cu] 4/ \1 B\o 5 iPr?:IE iPr
Cl
[Cu]

In analogy to a procedure published by Hoveyda et al:13! Pinacolborane (3.8g, 30 mmol,
1 equiv.), 2-methylbut -1-en-3-yne (2.2 g, 33 mmol, 1.1 equiv.), 1,32,6di-isqropyl -
phenyl)imidazolidin -2-ylidene)copper(l) chloride (4 mg, 10 umol, 0.3 mol%) and lithium tert-
butoxide (8 mg, 13 umol, 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) -4,4,5,5tetramethyl -2-(3-methylbuta -1,3-dien-1-yl)-1,3,2dioxaborolane

as a clear, colorless liquid in quantitative yiel d.
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3.4 Experimental Section

1H NMR (400 MHz, C4D% 27°C): 1 w g x =7UK (d, 3k = 18 Hz, 1H, H1), 5.82 (dt,3}w = 18
Hz, Zhw = 0.5 Hz, 1H, H2), 4.90 5.05 (m, 2H, H4), 1.68 (m, 3H, H7), 1.09 (m, 12H, H6).
13C{tH} NMR (400 MHz, CiD# 27°C): 1 w cpx = KBE7 (C2), 143.4 (C3)120.0 (C4), 117.2 (b,
C1), 83.1 (C5), 24.9 (C6), 17.7 (C7).

Synthesis ofDiethyl(1,3-butadien-1-yl)phosphonate (EX(EtO)30)P-BD)

1.160 °C 3 2 o)
2. DBU at 50 °C Il
CI\/\/\CI + P(OEY); . 4//_>_|:|>_o
o

Diethyl(1,3-butadien-1-yl)phosphonate was synthesized according to Monbaliu and
Marchand-Brynaert.132 1 4-trans-dichlorobutene (5.0 g, 20mmol, 2 equiv.) and P(OEt)p(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-diethoxy phosphoryl -
butene was dissolved in THF (5 mL) and added slowly to a solution of 1,8diazabicyclo-
(5.4.0undec-7-ene (DBU) (3.89, 25mmol, 2.5 equiv.) in THF (25mL). 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 HCI. Drying of the combined organic phases over
MgSOI 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, C4D# 27°C): % w qpx xTBK¢ 7.17 (m, 1H H2), 6.19¢ 5.89
(m, 1H, H3), 5.66 {/t, 33w = 17.3 1H, H1), 5.09 (d,3%n = 16.8 Hz, 1H H4), 4.98 (d,33w = 10.1
Hz, 1H, H4), 3.93 (d, 3% = 8.5 Hz,3Jw = 7.1 Hz, H, H5), 1.05 (t,3%w = 7.1 Hz, 6H, H6).
13C{tH} NMR (101 MHz, C4D# 27°C) 1 w op x x188K (d, 2} = 6.1 Hz, C2), 135.9d, 3%y = 26.6
Hz, C3), 123.6 (C4), 120.0d, 2}y = 189.1 Hz C1), 61.0(d, 23y = 5.3 Hz, C5), 16.1(d, 3k = 6.1
Hz, C6).

Synthesis ofDiethyl(4-methylenehex-5-en-1-yl)phosphonate ((EtO)3%0)P-3-BD)

MgCl Li,C
2 UC|4 3
+ "OPO)OEY), —————
7\ (O)(OEt), THE 4/ \

45



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

Diethyl -3-iodopropylphosphonate: To a mixture of Nal (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 Ragulin3¥) 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 2 20 mL), dried over NatSO 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, acetonedt 27°C): % (npm) =4.10 (m, 4H, CHICHOP), 3.39 (dd,3}w = 7.5
Hz, zby = 1.0 Hz, ICHY), 2.07 (m, 2H, PCH), 1.93 (m, 2H, PCHCHY), 1.27 (t,33w = 7.2 Hz, 6H
CHCHYOP).

13C{1H} NMR (100 MHz, acetonedt 27°C): 1 (apm) =62.3 (d,2bc = 6.3 Hz, POCHY), 27. 8 (d,
2}c = 4.0 Hz, PCHCHY), 26.9 (d,*%c = 140.8 Hz, PCH), 16.6 (d,3Jc = 5.9 Hz, POCHCHp, 7.7
(d, 3%c=20.1 Hz, PCHCHYCHH).

31P{1H} NMR (161 MHz, acetoned+ 27°C): 1 (apm) =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(ll) (prepared from LiCl (59.4 mg, 1.4 mmol) and CuCl £(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 temper ature after removal of the cooling bath. The
solvent was removed under vacuum, the residue extracted in a mixture of aqueous saturated
NH ICI (60 mL) and ethyl acetate (32 20 mL), the combined organic phase were washed with
water, dried over Na £SO, and concentrated to leave a pale yellow oil which was purified by
column chromatography (EtOAc:PE 5:1, Rr = 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, C4D# 27°C): ¥ (@@pm) =6.26 (ddm, 33w = 10.6 and 17.6 Hz, 1H, H3), 5.15
(dm, 33w = 17.6 Hz, 1H, H4), 4.91 (m, 3H, H4 and H1), 3.91 (m, 4H, H8), 2.15 (d&}w = 7.9
Hz, Zhw = 0.9 Hz, 2H, H5), 1.82 (m, 2H, H6), 1.59 (M, 2H, H7), 1.04 @} = 7.1 Hz, HO).

13C{tH} NMR (100 MHz, C4D4 27°C): 1 (pm) = 145.7 (C2), 138.9 (C3), 116.4 (C1), 113.5 (C4),
61.0 (d,2}c = 6.3 Hz, C8), 32.2 (d3dbc = 15.7 Hz, C5), 25.9 (dibc = 140.4 Hz, C7), 21.6 (Bbc =
4.7 Hz, C6), 16.6 (d3Jc = 5.7 Hz, C9).

s1P{iH} NMR (161 MHz, C4D% 27°C): % (apm) =31.3.

Synthesis of allyl(mesityl) nickel(ll)-tetrakis(3,5-bis(trifluoro -methyl)phenyl)borate
(Ni-1)7°

1 @\ ®
Ni >
5
CI< >CI * NaBAr,  + g} — NG
Hani | © F
i BAr
X s B
X~ 2

Procedure according to Brookhart et al:?° [Ni (allyl)CI] $(203mg, 0.751mmol, 1.00 equiv.)
and NaBArfl (1.33g, 1.5mmol, 2.00equiv.) were mixed in a Schlenk flask. After cooling
to -78°C the solids were dissolved in diethyl ether (12 mL). M esitylene (476 mg, 3.96mmol,
2.6equiv.) was addedto 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 vacuoat r.t. and the dark red residue was redissolved in methylene
chloride (10 mL). The resulting suspension was filtered using a syringe filter (4 4m) and the
solvent was removed. The reddish brown residue was washed with pentane (3x8 mL) and
dried in vacua The title compound Ni-1 (1.47g, 1.36mmol, 90%) was obtained as a red

powdery solid. *H and 3C NMR data are in accordance with reported data.

1H NMR (400 MHz, CDCI% 27°C) % wi qpx <Y (s 8H, ArF-H,), 7.57 (s, 4H,ArF-H,), 6.67
(s, 3H, H3), 586 (vsept,3y =12.5Hz, 33 =6.6 Hz, 1H, H2), 3.70(d, 33 =6.6 Hz, 2H, H1yn),

2.46 (d,33n =12.5Hz, 2H, H 14n), 2.36 (s9H, H5).

B3C{*H} NMR (101 MHz, CDCIY 27°C) 1 w px x 1023 (g, ks =49.8Hz, ArF-Cipso) 135.4(s,

ArF-C,), 1295 (qq, 3ke=3.2Hz, 2kr=31.6Hz, ArF-C-CFp, 1250 (s, &), 125.2 (q,
ke =273.5Hz, ArF-CFp, 118.1(m, ArkF-Cy), 1097 (s, C3), 107.7 (s, €), 59.9(s, C1), 20.8 (s,
C5).
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3. Ni Catalyzed Copolymerization of Butadiene and Functionalized 1,3 -Dienes

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 NEtpwere 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 NEt pwere 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 Amourof BD

A flame -dried Schlenk-flask was charged with solvent (CH tCls 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 ind icated time. 0.5 mL of NEtp
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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
(CH%CIs 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 NEtpwere added to end the polymerization. Residual butadiene
was carefully removed under reduced pressure and the poly mer 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 26

A solution of the comonomer in 30 mL of toluene was added to a 200 mL Biichi 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 ZC 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 1+ 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 o f BHT (ca.

100 mg/100 mL). The formed polymer was dried overnight at 50 °C under reduced pressure.
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3. Ni Catalyzed Copolymerization of Butadiene and Functionalized 1,3 -Dienes

3.5 Additional Spectra and Data

3.5.1 Selected NMRspectra of Copolymers Based on BD

Table 3.3: Additional polymerizations of polymers used for NMR analyses of the copolymers.

entry Ni-1 T tme BD CoMo yield iri?)':/":a) CCZ':': TON M 2T Ci:t’::t’d)
[umol]  [°C] [h] [mmoll [g] [mol%]  [%] [g molL]Y [°C] (%]
1 10415 rt 15 679 1(10) 57 084 8 4200 36000 35 -96 96
2 6+6+410" O 4 105bar 2(0.43) 30 04 50 2500 72000 2.0 -97 97
3 10 rt 042 1.05bar 3(0.67) 58 048 69 11000 52000 3.0 -96 96
4 10 rt 15 105bar 4(10) 35 089 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)5i-3-1P, 2: PhSOY\H -3-BD, 3: CarbN -4-BD, 4: Phi\-4-BD
a) calculated from *H NMR -spectra. b) determined by GPC in THF vs. PS standards. c) determined by DSC. d)
calculated from 13C NMR -spectra. €) x+y indicates a successive addition ofNi-1 until polymerization activity was
observed by increasing viscosity. f) 45 mL solvent

NMR-Spectra of copolymers with (EtO¥si-3-BD
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Figure 3.5: *H NMR spectra of copolymers synthesized from BD and (EtO)[5i-3-BD with different

incorporation ratios (2.2 mol%, 3.3 mol%, and 7.8 mol%, Table 3.1 entries 1, 2, and3, recorded at 27°C

in CDCI .
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Figure 3.6: *H NMR -spectrum of a copolymer synthesized from BD and (EtO)(5i-3-BD (Table 3.1
entry 3, recorded at 27°C in CDCl p.
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Figure 3.7: 133C{*H} NMR -spectrum of a copolymer synthesized from BD and (EtO)5i-3-BD (Table 3.1
entry 3, recorded at 27°C in CDCI p.
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Figure 3.8: HSQC (red for CHp CH and blue for CHY NMR-spectrum of a copolymer synthesized
from BD and (EtO)5i-3-BD (Table 3.1 entry 3, recorded at 27°C in CDCI p.
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Figure 3.9: HMBC NMR -spectrum of a copolymer synthesized from BD and (EtO)5i-3-BD (Table 3.1
entry 3, recorded at 27°C in CDCI p.
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Figure 3.10: 1D-TOCSY and 'H-spectrum of a copolymer synthesized from BD and (EtO)5i-3-BD
(Table 3.1 entry 3, recorded at 27°C in CDCI p. Mixing time in TOCSY experiment was 260 ms. ROE =

rotating frame Overhauser effect, i.e. transfer of magnetization through space.
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Figure 3.11: HSQC-TOCSY-spectrum of a copolymer synthesized from BD and (EtO)gSi-3-BD (Table
3.1 entry 3, recorded at 27°C in CDCl p. Mixing time in TOCSY experiment was 180 ms. HSQGsignal
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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3. Ni Catalyzed Copolymerization of Butadiene and Functionalized 1,3 -Dienes
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Figure 3.12: 13C-3C-INADEQUATE spectrum of a copolymer synthesized from BD and (EtO)5i-3-BD
(Table 3.1 entry 3, recorded at 27°C in C4D4. 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 3.2.1asFigure 3.2.
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Figure 3.13: DOSY NMR-spectrum of a copolymer synthesized from BD and (EtO)5i-3-BD (Table 3.1

entry 3, recorded at 27°C in CDCI p.

54



3.5Additional Spectra and Data

NMR-Spectra of copolymers with (MeO¥i-3-BD
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Figure 3.14: *H NMR -spectrum of a copolymer synthesized from BD and (MeO) [5i-3-BD (Table 3.1

entry 13, recorded at 27°C in CDCl p).
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Figure 3.15: 13C{*H} NMR -spectrum of a copolymer synthesized from BD and (MeO) 5i-3-BD (Table

3.1 entry 13, recorded at 27°C in CDCI p.
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3. Ni Catalyzed Copolymerization of Butadiene and Functionalized 1,3 -Dienes

NMR-Spectra of copolymers with (EtOXSi-3-1P
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Figure 3.16: *H NMR -spectrum of a copolymer synthesized from BD and (EtO)gSi-3-IP (Table 3.1
entry 5, recorded at 27°C in CDCI p.
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Figure 3.17: *H NMR -spectrum of a copolymer synthesized from BD and (EtO)g5i-3-IP (Table 3.3
entry 1, recorded at 27°C in CDClI p.
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Figure 3.18: 13C{*H} NMR -spectrum of a copolymer synthesized from BD and (EtO)5i-3-IP (Table 3.3
entry 1, recorded at 27°C in CDCI p.
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Figure 3.19: HSQC NMR-spectrum of a copolymer synthesized from BD and (EtO)5i-3-IP (Table 3.3
entry 1, recorded at 27°C in CDCI p.
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Figure 3.20: HMBC NMR -spectrum of a copolymer synthesized from BD and (EtO)5i-3-IP (Table 3.3

entry 1, recorded at 27°C in CDCI p.
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Figure 3.21: DOSY NMR-spectrum of a copolymer synthesized from BD and (EtO)5i-3-IP (Table 3.3

entry 1, recorded at 27°C in CDCI p.
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NMR-Spectra of copolymers with (EtO)Si-IP
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Figure 3.22: *H NMR -spectrum of a copolymer synthesized from BD and (EtO)Si-IP (Table 3.1 entry

6, recorded at 27°C in CDCI p.
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Figure 3.23: 3C{tH} NMR -spectrum of a copolymer synthesized from BD and (EtO)Si-IP (Table 3.1

entry 6, recorded at 27°C in CDCI p.
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Figure 3.24: HSQC NMR-spectrum of a copolymer synthesized from BD and (EtO)5i-IP (Table 3.1
entry 6, recorded at 27°C in CDCI p.
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Figure 3.25: HMBC NMR -spectrum of a copolymer synthesized from BD and (EtO)Si-IP (Table 3.1

entry 6, recorded at 27°C in CDCI p.
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NMR-Spectra of copolymers with (MeO¥i-IP
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Figure 3.26: 'H NMR -spectrum of a copolymer synthesized from BD and (MeO) (5i-IP (Table 3.1 entry

7, recorded at 27°C in CDCI p.
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Figure 3.27: 8C{*H} NMR -spectrum of a copolymer synthesized from BD and (MeO) [Bi-IP (Table 3.1

entry 7, recorded at 27°C in CDCI p.
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Figure 3.28 DOSY NMR-spectrum of a copolymer synthesized from BD and (MeO) [Si-IP (Table 3.1

entry 7, recorded at 27°C in CDCI p.
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Figure 3.29: 'H NMR -spectrum of a copolymer synthesized from BD and PhSO%3-BD (Table 3.2 entry
2, recorded at 27°C in CDClI p.
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Figure 3.30: 3C{*H} NMR -spectrum of a copolymer synthesized from BD and PhSO%3-BD (Table 3.2

entry 2, recorded at 27°C in CDCI p.
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Figure 3.31: HSQC NMR-spectrum of a copolymer synthesized from BD and PhSO43-BD (Table 3.2

entry 2, recorded at 27°C in CDCI p.
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Figure 3.322 HMBC NMR -spectrum of a copolymer synthesized from BD and PhSO3-BD (Table 3.2
entry 2, recorded at 27°C in CDCI p.
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Figure 3.33 'H NMR -spectrum of a copolymer synthesized from BD and PhSOYNH -3-BD (Table 3.2
entry 3, recorded at 27°C in CDCl p.
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Figure 3.34: 8C{*H} NMR -spectrum of a copolymer synthesized from BD and PhSONH -3-BD (Table

3.2 entry 3, recorded at 27°C in CDCl p.
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Figure 3.35: HSQC NMR-spectrum of a copolymer synthesized from BD and PhSONH -3-BD (Table

3.2 entry 3, recorded at 27°C in CDClI p.
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Figure 3.36: HMBC NMR -spectrum of a copolymer synthesized from BD and PhSOY\H -3-BD (Table
3.2 entry 3, recorded at 27°C in CDClp.
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Figure 3.37: DOSY NMR-spectrum of a copolymer synthesized from BD and PhSOYNH -3-BD (Table
3.2 entry 3, recorded at 27°C in CDClI p.

66



3.5Additional Spectra and Data

NMR-Spectra of copolymers withCarbN-4-BD
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Figure 3.38: 'H NMR -spectrum of a copolymer synthesized from BD and CarbN-4-BD (Table 3.2
entry 4, recorded at 27°C in CDCl p.
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Figure 3.39: 'H NMR -spectrum of a copolymer synthesized from BD and CarbN-4-BD (Table 3.3
entry 3, recorded at 27°C in CDCI p.
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Figure 3.40: TOCSY NMR-spectrum of a copolymer synthesized from BD and CarbN-4-BD (Table 3.3
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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 CDCI p.
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Figure 3.42: HSQC NMR-spectrum of a copolymer synthesized from BD and CarbN-4-BD (Table 3.3
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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 CDCI p.
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Figure 3.44: 13C{*H} NMR -spectrum of a copolymer synthesized from BD and CarbN -4-BD (Table 3.3

entry 3, recorded at 27°C in CDCI p.
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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 CDCI p.
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3.5Additional Spectra and Data

NMR-Spectra of copolymers with Pf#N-4-BD
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Figure 3.46: 'H NMR -spectrum of a copolymer synthesized from BD and PhtN-4-BD (Table 3.2 entry

5, recorded at 27°C in CDCl p.
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Figure 3.47: DOSY NMR-spectrum of a copolymer synthesized from BD and PhtN-4-BD (Table 3.2

entry 5, recorded at 27°C in CDCl p.
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Figure 3.48: H NMR -spectrum of a copolymer synthesized from BD and PhiN-4-BD (Table 3.3 entry

4, recorded at 27°C in CDCl p.
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Figure 3.49: COSY NMR-spectrum of a copolymer synthesized from BD and Phi\N-4-BD (Table 3.3

entry 4, recorded at 27°C in CDCI p.
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3.5Additional Spectra and Data

80 g
a
90
~100
10 12
-110
L/ °
4 120

03 .
e11 > @ 130
3 °" 140
: : . , e : : : . - : : — 150

75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
ppm

Figure 3.50: HSQC NMR-spectrum of a copolymer synthesized from BD and PhtN-4-BD (Table 3.3

AT

entry 4, recorded at 27°C in CDCl p.
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Figure 3.51: HMBC NMR -spectrum of a copolymer synthesized from BD and PhtN-4-BD (Table 3.3
entry 4, recorded at 27°C in CDCI p.

73
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Figure 3.52: 13C{tH} NMR -spectrum of a copolymer synthesized from BD and PhiN-4-BD (Table 3.3
entry 4, recorded at 27°C in CDCI p.
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Figure 3.53: 'H NMR -spectrum of a copolymer synthesized from BD and CarbN -pXyl-BD (Table 3.2
entry 7, recorded at 27°C in CDCI p.
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