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Preface

Modern polymerization catalysis, as we know it, was triggered by the development
of metallocenes and the concomitant understanding of relationships between li-
gand structure and polymer properties. The manipulation of these useful relation-
ships has led to a renaissance in the synthesis of polyolefin materials having new
stereoregularities and, therefore, precise control of polymer rheology.

In contrast to Group IV-based polymerization catalysts, late transition metal
complexes can carry out a number of useful transformations above and beyond
the polyinsertion reaction. These include isomerization reactions and the incor-
poration of polar monomers, which have allowed the synthesis of branched poly-
mer chains from ethylene alone, and of functional polyolefins via direct copoly-
merization. The rational design of metallocene catalysts allowed, for the first time,
a precise correlation between the structure of the single site catalyst and the mi-
crostructure of the olefin homo- or copolymer chain. A similar relationship does
not yet exist for late transition metal complexes. This goal, however, and the enor-
mous opportunities that may result from new monomer combinations, provide
the direction and the vision for future developments.

The present book contains nine chapters focusing on the design of imine and
phosphorylide catalyst structures, the preparation of cycloaliphatic materials, polar/
nonpolar monomer copolymerizations, organometallic polymerizations in aqueous
media, and current frontiers in ROMP and ADMET processes. Exactly forty years
after the Nobel Prize for Ziegler and Natta, we give a concise description of the state
of the art in these fascinating and rapidly developing fields. The authors present,
likewise, viewpoints from the forefront of both academia and industrial research,
so that basic science and polymer applications are equally covered.
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1
Nickel Polymerization Catalysts with Ylide Steering Ligands

ALEKSANDER OSTOJA STARZEWSKI

Abstract

Ylide ligands in nickel catalysts possess a remarkable steering power. Bis(ylide)-
nickel complexes provide nonionic organometallic catalyst architectures, which ef-
ficiently suppress chain transfer and termination reactions and instead promote
chain growth in ethylene polymerizations. Pronounced ligand effects are observed
concerning catalyst activity, molecular weight and branching behavior. The catalyst
activities without co-catalysts are remarkable in unpolar and even in highly polar
solvents. The polar group tolerance makes these catalysts suitable for a variety of
polar monomers. Polyacetylene can now be prepared in a controlled fashion in
stabilizing highly polar matrices and, in this way, becomes easily processible and
even water soluble — ready for high tech applications.

1.1
Introduction

1.1.1
Ylides and Ylidic Bond Systems

Charge distributions and energy levels of phosphorus ylides can be described as the
result of specific donor—acceptor interactions between phosphanes and carbenes, re-
sulting in highly polar dative phosphorus—carbon bonds with varying degrees of 7-
contribution. Similar orbital interactions are also operative with other donor atoms
such as nitrogen, arsenic, sulfur or iodine in complexes with carbenes (i.e. in nitro-
gen, arsine, sulfur ylides), with nitrenes (i.e. in phosphine-imines, arsine-imines,
sulfimines), and with oxygen (i.e. in phosphine-oxides, sulfoxides). As a conse-
quence all of these ylidic bond systems exhibit dramatically lower first ionization
potentials than normal n-bonds: trimethylphosphine-methylene 6.8 eV versus ethyl-
ene 10.5 eV, trimethylphosphine-imine 8.3 eV versus azomethine 12.4 eV, trimethyl-
phosphine oxide 9.9 eV versus formaldehyde 14.4 eV [1-7].

The extreme bond system of phosphorus—carbon ylides, indicated in Eq. (1), is
reflected in outstandingly low first ionization potentials (Tab. 1.1).
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+ =
RgP =22 CXY (1)

Photoelectron spectroscopic data place this class of isolable energy-rich com-
pounds on the very top of an energy scale of ligands that do not have a net
charge. The molecular property “IE;” is a quantitative description for the ener-
getic availability of an outermost valence electron and thus a prominent feature of
reactivity.

Within a molecular orbital approximation, the electron is ejected from the high-
est occupied molecular orbital (HOMO). Molecular orbital calculations at various
levels of sophistication describe the highest occupied MOs of most ylides as being
strongly localized on the ylidic carbon. Exceptions to this are found for example
in cyclopentadienide derivatives, where the orbital of corresponding symmetry is
the HOMO-1 (IE;). In terms of reactivity, the low first ionization potentials of
ylides reflect high oxidizability, high proton affinity, and basicity. UV photoelec-
tron spectra in conjunction with detailed molecular orbital calculations for each
individual ylide structure have made possible a rationalization of the different sub-
stituent and heteroatom effects.

Tab. 1.1 Gas-phase UV-PES vertical ionization potentials IE; (eV) of phosphorus and arsenic
ylides (nf) and related phosphines (n).?

R=Me R=Ph

R;PCHCHCHMe N 6.02 5.95
R3;PCHCHCHPh Ne- 6.20

R;PCHCHCH, Ne- 6.20

R;PCHPh Nc- 6.19 6.01
R3PCHM€ Nc- 6.15
R3;PCH, Ne- 6.81 6.62
R;PCHSiMes Nc- 6.81 6.71
R3PCH(SiMe;s), Nec- 6.92

R3AsCH, Nc- 6.72

R3AsCHSiMe; Ne- 6.56

R3AsC(SiMes), Nc- 6.66

R3PCp Te-c/ne 6.82/7.02 6.66/6.91
R3PC(CN), Nc- 7.63
R,P np 8.60 7.80

a) Abbreviations: Me=methyl, Ph=phenyl, Cp=cyclopentadienyl; “nc” designates ionization from an
orbital with largest coefficient on the ylide carbon; “np” designates ionization from the phos-
phorus lone pair orbital.



1.1 Introduction

1.1.2
Ylide Ligand Properties and Coordination Modes

The above-mentioned features of ylides, together with the ability to form ylide an-
ions, and their ease of synthesis make them exciting and versatile ligands for tran-
sition metal chemistry [8]. Ylides have outstanding potential with respect to the
formation of transition metal-carbon bonds, because a major reaction path for the
decomposition of such moieties, i.e. f-H elimination, is blocked by the phospho-
nium group, a significant difference in comparison with simple alkyl complexes
[Egs. (2) and (3); Fig. 1.1].

H —
Y p-H-eim.  -M—H
Alkyl Complex LnM—ZC—sC— —_— " (2)
Il N
C=C
/9 10\
R
) _ 3
Ylide Complex L M_?_E,i_R no B-H-elimination ( )
n 18]
R

Ylides mostly act as g-carbon ligands with practically no back-bonding characteris-
tics. A variety of ylide—metal structural arrangements have been synthetically accom-
plished. The organometallic ylide chemistry (Fig. 1.1) covers most of the d-block and
some f-block as well as main group elements. It includes mono-, di- and trinuclear

B c
N |
\ / N+ / —P C \
—P=C ~-P—C— ~crNc” —P-cC
/ \ / \ | [ | /
phosphorus phosphonium M M
ylide salt
A \C/
\ / \ / - /7 N\ _ \ /
~-P=C —P—-C~— =P M -P=C
/ \ / \ \C/ / \
M M
M /\
\/
M M C—M
\ / \ / -
—P=C —P—C— P
/N /AN /\C "
M M -
/\
M
\ \ / \ / \ /
—-P=C=M —P—-C—M —P—-C-— —-P-C~—
/ / \ / \ N/
M M M M

Fig. 1.1 Ylide coordination modes.

3
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Tab. 1.2 (C=C)7 vertical ionization potentials of conjugated ylides IE, or IE; and related 7-
hydrocarbons (IE,).

IE; or IE; (Ylide)® [eV] IE; (n-Hydrocarbon) [eV]
Me;P=CH-CH=CH, 9.02 (IE,) Ethylene: 10.51
Me;P=CsH, 6.82 (IEq) ! Butadiene: 9.10
Me;P=CH-C¢Hs 8.32 (IEy) Benzene: 9.25

a) Ionization from (C=C)z localized orbitals.

species with ylide ligands sometimes in bridging or in chelating function. In
Fig. 1.1, A represents the fundamental monodentate o-complex. Its metal-carbon
bond can be described simply as the result of a two electron/two orbital stabilizing
interaction between the high lying carbon-centered ylide HOMO “nc-” and a vacant
metal orbital. For a given ylide, the degree of complex stabilization depends on the
energy of the interacting metal orbital(s), which can be tuned chemically with the
other ligands attached to the metal. In B and C hydrocarbon z-systems are attached
to the ylidic carbon which not only results in a delocalization of electron density but
also raises the energy levels of the z-substituents with respect to the unperturbed
parent z-hydrocarbon, i.e., for the ligands in B and C relative to ethylene and cis-bu-
tadiene (Tab. 1.2). In the exceptional case of cyclopentadienylidenephosphoranes
(R;PCsH,) the extreme perturbation of the n-substituent pushes the corresponding
cis-butadiene level even slightly above that of the ylide bond nc-level.

The enhanced energetic availability of the substituent n-electrons makes it clear
why strongly conjugated ylides may act as polyhapto n-ligands when metal local-
ized orbitals of appropriate symmetry are accessible. In extreme cases the location
of highest reactivity may shift into a position remote from the onium center. This
“activation” of a substituent, attached to the ylidic carbon, is a general feature and
is not limited to CC-z-systems. An impressive example is the photoelectron spec-
trum of acetylmethylene-trimethylphosphorane, where the low second ionization
potential IE,=8.2 eV originates essentially from an oxygen lone pair orbital [Egs.

MezPCHCMeO

photoelectron spectrum*®

1Eq IE2
7.2eV 8.2eV
(4)
HOMO HOMO-1

;@}c/ oo/
P~d \@ p/ ;Q
@

* K.A. Ostoja Starzewski, H. Blau, W. Malisch,
unpublished results
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(4) and (5)]. The corresponding lone pair ionization IE; of acetaldehyde appears at
10.3 eV, that of formaldehyde at 10.9 eV.

R;P —=C Substituent(activated) (5)

1.2
Ylide Nickel Complexes: Novel Polymerization Catalysts

Obviously, ylide complexes such as 1, in which the ylide ligand is coordinated via
the ylidic anion center to a suitable transition metal, are of interest concerning
their properties as polymerization catalysts in comparison to commonly used li-
gands such as phosphanes, which differ significantly in the energetic availability
of the ligand lone pair electrons as well as in the ligand donor/acceptor ratio.
This chapter reviews research results in this area, obtained in the Central Re-
search Laboratories of Bayer in Leverkusen.

X
RsP — cl: —M
v
1 phosphorus ylide complex

The organometallic chemistry of nickel has been demonstrated to have outstand-
ing potential in the activation of unsaturated substrates. Nickel-phosphane-based
homogeneous catalysts for the CC-linkage of olefins are known to provide syn-
thetic access to dimers, trimers, oligomers and cyclooligomers. Some of these cat-
alysts offer a high degree of control over the stereochemistry of these transforma-
tions [9a,b].

The reaction of the stabilized ylide benzoylmethylene-triphenylphosphorane
with Ni(0) in the presence of triphenylphosphane leads to the oligomerization cata-
lyst 2, which catalyzes the reaction of 6000 moles of ethylene per mole of complex
at 50 bar and 50°C. The catalyst 2 is a model system for the “Shell Higher Olefin
Process” (SHOP) for the production of liquid a-olefins of high linearity, which has
been studied in detail by Keim and coworkers at the RWTH Aachen [9¢ and lit-
erature, reviewed in 8.

2 phosphane nickel complex
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This system was selected by us to serve as a benchmark for developing new li-
gand fields, based on the concept of highly polar ylidic bond systems, with the in-
tention of turning low-valent nickel complexes into novel catalysts for polymeriza-
tion instead of for oligomerisation, without the need for co-catalysts. It was hoped
that such systems would provide a much broader ligand-based steering potential
for optimizing activity, controlling selectivity and for providing catalytic access to
new polymeric materials.

1.2.1
Ylide Nickel Complex Synthesis

Our first approach was to react a nickel(0) compound with two ylides, one of
which was CO-stabilized [Eq. (6)].

+ 1 1 - + 6
Ni(0)/RgP —C=C—O/RgP =X "

We found that the reaction of bis(cyclooctadiene)nickel(0) with the two ylides ben-
zoylmethylene-triphenylphosphorane and methylene-trimethylphosphorane in tol-
uene yields a highly active homogeneous catalyst (1a) without any co-catalyst —
the ethylene turnover being approximately tenfold compared to 2 [10].

Complex formation takes place immediately when the methylene-trimethylphos-
phorane is added. A yellow solid can be crystallized from the reaction solution in
high yield, microanalysis of which shows a Ni/ylide A/ylide B complex with 1/1/1
stoichiometry.

1.2.2
Spectroscopy [10-12]

Using *'P NMR spectroscopy it is particularly easy to follow the reaction of the ylides
A and B with the nickel(0) complex. The spectrum shows the rapid disappearance of
the two ylide resonances with the simultaneous formation of two new phosphoror-
ganic moieties “P5” and “Pg”. The reaction solution (Ni(COD),/Ph;PCHCHPhO/
MesPCH,/toluene) displays the new resonances in a 1:1 ratio. A well-resolved
7 Hz doublet fine structure from *'P,—>'Py spin-spin coupling proves that the
two newly formed phosphorus groups are building blocks in a common molecular
structure. The assignment is evident from the 'H-coupled *'P NMR spectrum, in
which the strongly down-field shifted signal P, of the trimethylphosphine-methy-
lene moiety displays a characteristic multiplet splitting due to coupling with 9
equivalent H atoms from the trimethyl-P group and 2 equivalent H atoms from
the P-methylene group. The slightly shifted resonance Py of the coordinated benzoyl
derivative is only broadened by 'H-coupling [Eq. (7)].
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3P NMR
benzene-dg [Ni=Ph(PhoPCHCPhO) (Me3zPCH)]
RT 8 A
MJU\M\J\N M 7

Mf PA PB
Ni(COD), + PhzPCHCRO + MegPCH, — “P,” “Pg”

+16.1 ppm - 3.8 ppm +225ppm +20.1ppm R=H
3P NMR:  +14.2 ppm -3.8 ppm +21.7ppm +17.8ppm R=Me

+ 16.5 ppm - 3.8 ppm +20.8ppm +17.4ppm R=Ph

strong downfield shift I

weak downfield shift

1221 NiPh(Ph,PCHCPhO)(Me;PCH,) Ta

The *C {'"H} NMR spectrum of 1a displays 16 C resonances, some of which are
split by *'P couplings, and which can be assigned to a structurally intact C-coordi-
nated ylide ligand, a nickel-bound phenyl ligand, and a chelating bidentate (PO)-li-
gand.

The Intact Ylide Ligand (Me;PCH,)

The nickel-bound anionic ylide carbon (3'°C=7.2 ppm) is the most strongly
shielded C center of the molecule. Its position signals a negative partial charge.
The fourline pattern stems from a doublet-of-doublets splitting (31 Hz/65 Hz) —
the smaller coupling can be assigned to the (*'P'*C) one-bond interaction. The
size of the two-bond coupling is due to the special trans orientation of an ylide
and a phosphane ligand in a square planar nickel coordination sphere.

In the 'H-coupled *C NMR spectrum each of the 4 lines splits further into a
1:2:1 triplet through interaction with the two magnetically equivalent directly
bound H atoms, resulting in a 12-line pattern. The 130 Hz (*C'H) interaction in-
dicates a pyramidalization of the anionic ylide carbon by coordination on nickel.
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The Ni-phenyl group(Ph)

This is the other C-bound ligand. It originates from an oxidative addition of a P-
phenyl moiety to nickel(0). In this way nickel binds to P and phenyl in a cis fash-
ion. Accordingly, the phenyl group has a heavily deshielded ipso C atom with a
two-bond cis coupling *J(*'P'>C).,=31 Hz. The highfield shifts of the ortho and
para C signals are indicative of a phenyl group bound to an electron-rich center
(Ni). The chemical shift behavior is reminescent of benzyl-Grignard reagents and
benzylidene phosphoranes [Eq. (8)].

m Oi ipso  ortho meta para 8)
P @Ni(thPCHCPhO)(Me3PCH2) 156.1 125.2 1289 120.3

The PO Chelate Ligand (Ph,PCHCPhO)

The Ni-P complexation generates a four-coordinate phosphorus and the ligand may
be viewed as a metallated ylide structure in a bis(ylide)nickel environment. The a
carbon of the stabilized ylide remains trigonal planar after complexation, as indi-
cated by the one-bond (**C'H) coupling of 163 Hz. The double bond, which can
be formulated as a phosphinoenolate structure, is strongly polarized. Owing to a par-
tial negative charge, C-a is shifted upfield by approximately 50 ppm compared with
“normal” sp® centers at 128 ppm. Accordingly, C-f is strongly deshielded.

The pronounced differences in the electronic structure of phosphanes R3;P and
highly polar ylides R;PCH, are clearly visible in valence electron photoelectron
spectra (UV-PES) in that the outermost electrons of ylides (nc-) are energetically
more readily available than those of corresponding phosphanes (np) (see Tab. 1.1).
This feature is “sensed” by the nickel core electrons of related complexes [Eq. (9)]

R,P—CH,— NiL,, R,P — NiL,, 9)

ESCA

The ESCA (X-ray photoelectron spectroscopy) of related nickel complexes shows
the 2p;), binding energy of the nickel center of [NiPh(Ph,PCHCMeO)(Ph;PCH,)]
=853.4 eV is lower than that of [NiPh(Ph,PCHCMeO)(Ph;P)]=854.4 eV by 1 eV
and thus it falls into the range of zerovalent nickel complexes! Obviously, the
nickel center experiences an energetic destabilization similar to ylide C-substitu-
ents [Eq. (5)].

1.23
X-ray Structure Analysis [11]

The basic structure 1 is structurally related to complexes of types 2 and 3
(Tab. 1.3). A comparison is of interest because of the marked differences in activ-
ity and selectivity of ylide catalysts 1, phosphane catalysts 2, and cis-[Ni(PO),]
bis(chelate) complexes 3. The ylide catalysts 1 are significantly more active and
produce higher molecular weight products than corresponding phosphane cata-
lysts 2. The bis(chelate) complexes 3 can be detected as polymerization-inactive de-
composition products of 1 and 2, e.g. after completed oligo- or polymerization.



Tab. 1.3 Bond lengths in (PCCONi) metallocycles

1.1 Introduction

Related (PO) Nickel Complexes d(NiO) (CO) [A]
[NiPh(Ph,PCHCMeO)(i-PrsPCH,)] 1b 1.951 1.302
[NiPh(Ph,PCHCPhO)(PPhs)] 2 1.914 1.313
[Ni(Ph,PCHCPhO),] 3 1.885 1.318
Ph Ph -
8+\/ o ylide (rearranged)
H \8— —P &+
¢ AN Z
I Ni -
H
Me /aci\o Si\ L
P C4H
[ ylide (intact)

Fig. 1.2 X-ray structure and charge
distribution of the bis(ylide)nickel cata-
lyst [NiPh(Ph,PCHCMeO) (i-PrsPCH,)].

An Xray structure determination of [NiPh(Ph,PCHCMeO)(i-Pr;PCH,)]
(Fig. 1.2) confirms the presence of a structurally intact C-coordinated i-Pr;PCH,-
ylide ligand in the trans position to the diphenylphosphino group of a
Ph,PCHCMeO-PO chelate. The most striking finding is a dramatic increase in
the Ni—O bond length to 1.95 A as a consequence of a structurally intact coordi-
nated ylide ligand (Tab. 1.3). The stepwise weakening of the Ni-O bond correlates
with enhanced catalyst activity.

In summary, prominent features of ylide nickel complexes versus phosphane
complexes have been identified: an electron-rich nickel center, energetically desta-
bilized nickel-localized occupied orbitals, a significant weakening of the Ni-O
bond, the phosphorus moiety being located outside the nickel coordination plane,
thus opening one axial position in the nickel coordination sphere for easy mono-
mer “landing”.
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1.3
Ethylene Polymerization

1.3.1
Catalyst Activity [10, 12, 13]

Different ligand properties affect the homogeneously catalyzed oligo-/polymeriza-
tion of ethylene. The nickel catalysts with structurally intact ylide ligands have
considerably higher activities than comparable nickel phosphane systems. The
MesP-nickel complex is even catalytically inactive. Frontier orbitals, as well as ac-
tivity of the catalysts are influenced by variations of the intact ylide ligand. Inter-
estingly, when the chelating acetylmethylene-triphenylphosphorane is kept un-
changed, the turnover increases with decreasing first ionization potential of the
structurally intact coordinating ylides [Eq. (10), bottom)].

C:_—_:C C';:'C C;-_—C
Ph P/{ ::\O Ph P( ::\O Ph: P/:' ‘;\O
i\ v 2 >M
Ph/ \/C—PMe3 Ph J P
H/ HY/ H/
H H H
increasing catalyst activity ————— (10)
H Me H Me H Me
N\ N /
CTC/ \C——C/ C—CGC
Ph P{ \'2\0 PhoP. {“\':\O Ph P/( \5\0
g i \Nv’g i \vg
Ph/ \/C-PMeg Ph/ \/C-PPhg Ph/ C-PPr3

Likewise, the phosphorus-31 coordination chemical shift (40P reori/coord) of the
chelate-phosphorus reflects the properties of the intact steering ligand which are
transmitted by the nickel into the metallocycle. The “intact ylide”-dependent chem-
ical shift behavior is mirrored in the activity profile of the catalyst system [12].

When, on the other hand, the intact ylide ligand Me;PCH), is retained [Eq. (10),
top], the turnover increases in the sequence formyl-, acetyl-, benzoyl-methylene-tri-
phenylphosphorane, at 10 bar and approximately 100°C, to around 0.5x10° mole
reacted ethene per mole nickel per hour. This corresponds to a catalyst activity of
1.4x10° g PE or 1.4tons PE produced per mole of catalyst without using any co-
catalyst or noncoordinating anions.
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1.3.2
Novel Ligand Control of PE Molecular Weight [13]

GC analyses of the reaction solutions show the formation of the homologous se-
ries of ethene oligomers butene, hexene, octene, decene, etc. While the phos-
phane-induced Schulz-Flory distributions fall off rapidly, the ylide-derived catalysts
favor formation of higher oligomers. Oligomers above C,4 are detectable. Both
ylide ligands affect the ratio of the reaction rates propagation/termination. The
quotient of the corresponding rate constants can be derived from neighboring GC
peaks.

The intrinsic viscosities of the solid oligo-/polyethenes from ylide-steered nickel-
catalyzed polymerizations are higher than those produced by related Ni-phos-
phane systems. Provided the polymer structure remains unchanged, the “Ni-ylide-
steered” products consist of longer macromolecules and, accordingly, have higher
molecular weights. IR data show correspondingly fewer end groups (methyl or vi-
nyl) per 1000 C. The DSC curves of the low-melting “Ni-phosphane-steered” oli-
goethenes are contrasted by higher melt temperatures in ylide catalysis. GPC in-
vestigations confirm the expected higher molecular weights for the ylide-derived
products.

In the above-mentioned bis(ylide)nickel series [Eq. (10), top], where the intact
ylide ligand Me;PCH, is kept constant and the PO component is changed at the
f-position from H — Me — Ph, substituting the formyl-methylenephosphorane at
the f-position with a methyl group (hyperconjugation in acetyl-methylenepho-
sphorane) affects the catalytic cycle with respect to turnover and polymer proper-
ties; the effect is even greater for substitution by a phenyl group (z-conjugation in
benzoyl-methylenephosphorane). The catalyst activity increases — and so does the
intrinsic viscosity of the PE formed, from approximately 0.05 to approximately
0.13dL g™". Chain propagation as opposed to chain termination and chain trans-
fer are favored by the ligand field modifications.

We therefore looked for other (R;P-C=C-0O) components in the (ylide A/ylide
B/Ni) concept that would allow us to control the molecular weight to a greater ex-
tent.

Indeed, more marked chemical changes in the PO component dramatically al-
tered the selectivity for the PE molecular weight and led to a novel ligand-steered
molecular weight control. The molecular weight increases in the ligand series
1-2-53-54-5->06-7][Eq (11)]

A sulfonate substituent at the a-position results in high molecular weight PEs.
The already mentioned f-substituent effects on the PE molecular weight can be
detected here again, i.e. the sulfonated benzoyl derivative exceeds the acetyl deriva-
tive. Incorporating the a- and the f-carbon into a ring system also increases the
molecular weight, with phosphane-chinone adducts being at the top of the scale.

An extreme range of high to ultra-high molecular weight PE is accessible by
using an in-situ catalyst, obtainable by reacting 1 mmol of each of the three com-
ponents Ni(COD),/PhsP-benzochinone/Ph;PCH, in 10 ml toluene at 50 C for 2
hours. The heterogeneous reaction mixture catalyzes the polymerization of ethyl-

n
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ene for example in cyclohexane at 10 bar and polymerization temperatures be-
tween 10 C and 150 C. The intrinsic viscosities measured in o-dichlorobenzene at

140 C and therefrom calculated viscosity average PE molecular weights depend
strongly on the polymerization temperature.

150 C PE sample 0.89dl/g 44000 g/mol
130 C PE sample 1.53dl/g 97000 g/mol
110 C PE sample 3.60dl/g 328000 g/mol
90 C PE sample 5.65dl/g 624 000 g/mol
70 C PE sample 9.12dl/g 1237000 g/mol
50 C PE sample 10.01 dl/g 1412000 g/mol
30 C PE sample 12.62 dl/g 1965000 g/mol
20 C PE sample 13.27 dl/g 2112000 g/mol
10 C PE sample 14.19 dl/g 2324000 g/mol

High temperature GPC studies who that the 20 C PE sample is monomodal and
has a narrow molecular weight distribution. The polydispersity My, /M,, of 2.4 indi-
cates a single site insertion mechanism. With increasing polymerization tempera-
ture the molecular weight distribution broadens.

Further chemical fine tuning has been achieved by means of additional ligands
with ylide-type bond systems from the iso-electronic series of highly polar P-
ylides, P-imines and P-oxides. Examples for HDPEs (high density polyethylenes)
are given in Tab. 1.4.

No oligomers are detectable in solution. Some of the very high molecular
weight polymers show long chain branching. This observation may indicate that
part of the molecular weight build-up may originate from reincorporation of vinyl-
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Tab. 1.4 Polyethylene properties obtained with [Ni/Ph;P-BC/R;PX] catalysts

In situ catalyst: T, n p
Ni(COD), ra [dL g™ g cm™]
Ph;P-BC

Ph;PO 65-85 9.60 0.968
(PhO);PO 60-100 5.85 0.960
Me;PO 75-80 4.29 0.968
(Me,N);PO 90 2.43 0.972
(MeO);PO 90-100 1.40 0.969

Abbreviations used: in situ catalyst: 2 mmol of each component preformed for 1 h at 50°C;
Ni(COD),: bis(cyclooctadiene)nickel(0); Ph3P-BC: 1/1 adduct of triphenylphosphane and p-benzochi-
none; Me: methyl; Ph: phenyl; T,,: polymerization temperature; T,,: melt temperature (DSC); #: in-
trinsic viscosity, measured in tetraline at 140°C; p: PE density. Polymerization conditions: in situ cata-
lyst in 50 mL toluene, solvent: cyclohexane, ethylene pressure: 100 bar.

terminated high molecular weight PE chains. High density polyethylenes are
usually unbranched and characterized by a density p=0.96-0.97 g cm™.

An outstanding property is the systems tolerance towards solvents of different
polarity with respect to maintaining catalyst activity, while at the same time creat-
ing an additional tool to control molecular weight. Increasing polarity results in
reduced molecular weight. Thus, nickel catalysts with ylide ligands have for the
first time opened access to all molecular weight ranges up to 10°gmol™ and
above; from ethene oligomers to polymers — from liquid a-olefins to soft and hard
waxes and further up to HDPE and even ultrahigh molecular weight polyethylene
(UHMW PE) with DSC melt temperatures up to 137°C .

133
Linear and Branched Macromolecules [14]

“Tailor-made materials” require access to linear as well as to branched macro-
molecular structures. FTIR spectra of the polymer and GC analysis of the oligo-
mers in solution (if present) can be used for characterization and as a reference
for structural changes.

1.3.3.1 Linear Macromolecules

The selectivity of the bis(ylide)nickel catalysts frequently favors the formation of
linear macromolecules with unsaturated end groups. In this case the FTIR spec-
trum of a PE film of defined thickness shows almost exclusively methyl and vinyl
end groups. Their presence in equal quantities proves linearity. An example for
the catalytically controlled formation of linear, unbranched macromolecules is giv-
en in Eq. (12).
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[NiPh(Ph,PCHCMeO) (PrsPCHPh)] 12 vinyl per 1000 C
0.2 vinylidene per 1000 C
0.4 trans-vinylene per 1000 C (12)

12 methyl per 1000 C

A mean degree of polymerization of 42 and a molecular weight M,, of approxi-
mately 1200 g mol™" can be estimated from the quantitative end group determina-
tion in the given example.

Gas chromatographic analysis identifies the oligomers in the reaction solution
as an homologous series of linear g-olefins in the range C4 to Cyo.

1.3.3.2 Short Chain-Branched Macromolecules

A conventional approach to the controlled formation of short-chain branches is
ethene copolymerization with co-monomers such as propene, butene(1), 4-methyl-
pentene(1), hexene(1) or octene(1). In the ethene/propene copolymerization exam-
ple given below an increased number of methyl groups compared with vinyl end
groups is consistent with a propene incorporation of approximately 6 mol% [Eq.
(13)], the observed lower DSC melt temperatures and lower densities are typical
for medium density (MDPE) and linear low density polyethylene (LLDPE).

Ni(0)/Ph;PC(SO3;Na)CPhO/Ph;PCHCHCHPh 6 vinyl per 1000 C
0.2 vinylidene per 1000 C

0.4 trans-vinylene per 1000 C (13)

35 methyl per 1000 C

Ylide nickel-catalyzed ethylene polymerizations can also produce branched mac-
romolecules from ethylene alone (that is without adding a co-monomer) due to li-
gand effects, which induce a nonlinear specificity. This “self-branching” can be
achieved with special ylide ligand combinations and adequate reaction conditions,
which allow the insertion of olefins other than ethylene into Ni-H and/or Ni-C
bonds. Low ethylene pressure and high catalyst concentrations favor self-branch-
ing. With the catalyst shown in Eq. (14), almost equal quantities of vinylidene,
trans-vinylene and vinyl double bonds are formed. The excess methyl content ver-
sus the total number of double bonds per 1000 carbon atoms, and the appearance
of significant amounts of vinylidene groups, indicate a branched structure.

Ni(0)/Ph;PC(CMe0),/Ph;PCH, 9 vinyl per 1000 C
9 vinylidene per 1000 C
9 trans-vinylene per 1000 C (14)
57 methyl per 1000 C

The appearance of vinylidene double bonds may be interpreted by successive
chain growth, chain termination by f-H elimination with formation of a-olefin,



