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A full literature account is given on work describing the transition-metal catalyzed vinyl or addition
polymerization to polynorbornene covering the years of 2001 to the beginning of 2008. The interest in
vinyl polynorbornene is driven by its dielectric and mechanical properties for the technical application in
microelectronics applications. Metal catalysts of Ti, Cr, Fe, Co, Ni, Pd and Cu with methylalumoxane (MAO)
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or perfluorinated borane, e.g. B(CsFs)s3, cocatalysts are presented in terms of their activity and ligand
effects. Among the ligands Schiff bases, tridentate N,N,N-bis(imino)pyridyl, bidentate N,N-anilido-imin,
N,0-B-ketoiminato, N,0-salicylaldiminato (=salicylideneiminato), 0,0-3-diketonato (=acetylacetonato),
P,P-bis(phosphino)alkane, multidentate carbon ligands, e.g. allyl, cyclopentadienyl, aryl, and monodentate
halo, especially chloro, triphenylphosphane (PPhs) and phenyl feature prominently.
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1. Introduction

This review is a follow-up to a review on the same topic pub-
lished in 2001 [1]. Since then the number of publications dealing
with metal complexes on the vinyl polymerization of norbornene
(NB) has increased drastically. The progress on the vinyl/addition
polymerization to (homo)polynorbornene (PNB) from 2001 to the
beginning of 2008 is summarized here.

1.1. Modes of NB polymerization

Bicyclo[2.2.1]hept-2-ene, better known by its trivial name
norbornene (NB, 1) and its derivatives can be polymerized in three
different ways (Fig. 1). Each route leads to its own polymer type
and can be differentiated through the choice of catalyst.

The best-known polymerization of norbornene is the ring-
opening metathesis polymerization (ROMP) technically applied
in the Norsorex process [2]. The commercial polymerization pro-
cess uses a RuCl3/HCI catalyst in butanol. Other technical ROMP

processes generally employ tungsten, molybdenum, rhenium or
ruthenium catalysts as metal halides, metal oxides or metal
oxo-chlorides in combination with alkylating agents (e.g. R4Sn,
Et,AICl) and promoting agents (e.g. O,, EtOH, PhOH) [2]. While
the industrial catalysts are usually heterogenous, academic ROMP
research has focused on molecular single-component catalysts
with metal-carbene complexes featuring prominently. Examples
are tungsten—(carbene) complexes [3-10], molybdenum-(carbene)
complexes [11-17] and ruthenium-(carbene) complexes [18-24].
The possibility of a ring-opening metathesis polymerization of
norbornene with catalyst systems based on titanium [25], zirco-
nium and hafnium [26], vanadium [27,28], niobium [29], tantalum
[29-32], osmium [33] and rhenium [34] has been reported.

Little is known about the cationic and the radical polymer-
ization of norbornene [35-38]. The result is a low molecular
mass oligomeric material with 2,7-connectivity of the monomer.
Initiators for the radical polymerization were, for example,
azoisobutyronitrile (AIBN), tert-butyl peracetate or tert-butyl per-
pivalate. The cationic polymerization was started with EtAICI, [35].

ROMP
Ti, Ta, Mo, W,
Re, Ru, Os, Ir, Co n
7 \—
R R vinyl-/addition type
SHEE R i Zr Er,
norbornene, 1 Co, Ni, Pd .
NB -
cationic or radical
= n

Fig. 1. Schematic representation of the three different types of polymerization of norbornene.
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It is also possible to polymerize norbornene and to leave the
bicyclic structural unit intact, i.e., to open only the double bond
of the m-component. Such a polymerization which is akin to the
classical olefin polymerization is termed a vinyl or addition poly-
merization here. The product does not contain double bonds any
more. The vinyl polymerization of norbornene can take place as a
homo- or as a copolymerization [39-41].

1.2. Vinyl norbornene copolymerization

In general, polycycloalkenes from a vinyl polymerization show
extremely high melting points which lie above their decompo-
sition temperatures (in air). Under vacuum the melting points
were found (by DSC) to be 485°C for polycyclobutene, 395°C
for polycyclopentene, and over 600°C for polynorbornene [1,42].
Such high melting points make the homopolymers difficult to
process. To lower the melting points, the cycloolefin can be
copolymerized with ethene or propene. Of interest is the vinyl
copolymerization of cyclic norbornene and acyclic a-olefins, espe-
cially ethene [43-47] and propene [48-50], to yield cycloolefin
copolymers (COCs). Such a copolymerization can be carried out
with metallocene, in particular zirconocene and half sandwich
titanium/MAO-catalysts [51-56]. The COCs can be melt-processed,
extruded to foils, tubes, pipes, fibers, etc. Their high transparency
makes them ideally suited for optical applications. Cycloolefin
copolymers have high refractive indices close to crown glass [57].
Thus, they can be applied as a glass substitute in lenses, prisms,
carrier plates and foils for optical data storage, video and compact
discs. They are envisioned as cover and focusing plates for solar cells
or in glass fiber optics [58]. The norbornene/ethene copolymer fea-
tures a high glass-transition temperature, excellent transparency,
thermal stability and chemical resistance. It is suggested that
these materials could be used for optical discs and fibers. With
CyHy(Ind’'Hy )ZrCl, /MAO, ethene is inserted only 1.5-3.2 times
faster than norbornene and copolymers containing more than
50 mol% of norbornene units can be made; if the norbornene con-
centration is higher than 60 mol%, a glass transition point of about
120°Ccanbe reached [59]. Hoechst (now Ticona) and Mitsui Sekka-
have jointly developed a highly transparent technical plastic: a
thermoplastic olefin polymer of amorphous structure (TOPAS) [60].
TOPAS® COC is a copolymer from norbornene and ethene made
through metallocene catalysis. The properties of TOPAS open appli-
cations in the market of compact discs, magneto-optic storage
discs, packaging materials and especially as toner binder in color
printers [61-65]. Cycloolefin copolymerization and COCs have in
part been included in some overviews on metallocene catalysts
[66-72].

1.3. Substituted norbornenes

In this review we focus on metal complexes which have been
described in connection with the vinyl homopolymerization of
unsubstituted norbornene. However, the same metal complexes can
also be used for the polymerization of substituted norbornenes
or for the copolymerization of different substituted norbornenes,
provided the substituent does not contain deactivating functional
groups. Substituents with donor atoms, like in esters, may slow
down the chain propagation through metal coordination. Usually
the norbornene derivatives are functionalized in the 5-position.

For the norbornene derivatives 5-vinyl-2-norbornene
(NB-CH=CHj), 5-ethylidene-2-norbornene (NB=CHCH3) and
dicyclopentadiene (Fig. 2) the activities in the homopoly-
merization with the half sandwich titanium/MAO-catalyst
(*BuNSiMe,Flu)TiMe,/[dMAO were two orders of magnitude
lower than that for norbornene. Yet, the copolymerization of

A7 A7

5-vinyl-2- 5-ethylidene- dicyclo-
norbornene, 2-norbornene, pentadiene
NB-CH=CH> NB=CHCHj;

Fig. 2. The NB derivatives NB-CH=CH,, NB=CHCH3 and dicyclopentadiene.

ethene and NB=CHCH3 proceeded with better activity than the
homopolymerization of the substituted norbornene. The glass
transition temperature of the ethene/NB=CHCHj3 copolymer
changed from 70°C to 155 °C with the increase in 5-ethylidene-2-
norbornene content from 27 to 68 mol%. Addition of norbornene
as a third monomer to the ethene/NB=CHCH3 copolymerization
yielded a terpolymer with a glass transition temperature Tg > 200 °C
[73].

Co- and terpolymerizations of 5-norbornene-2-methanol
(NB-CH,OH) and 5-norbornene-2-carboxylic acid (NB-COOH)
were carried out with ethene and norbornene, respectively, using
the homogeneous catalyst system (Pr[CpInd]ZrCl,/MAO. From
13C NMR the mol% of the substituted norbornene in the co-
or terpolymer was 5-12% at a content of 50-30mol% of the
derivative in the feedstock composition. For the ethene copoly-
merization and the ethene/norbornene terpolymerization with 5-
methyleneoxytriethylsilane-2-norbornene and 5-methyleneoxy-
tert-butyldimethylsilane-2-norbornene their incorporation rate in
the polymer was 5-6 mol% at a content of 20 mol% in the monomer
feedstock (Fig. 3) [74].

Late transition metals are more tolerant to polar functionali-
ties in the monomer and the formed polymer. On the other hand
later transition metals are often ineffective for the copolymeriza-
tion of ethene with norbornene because the former as well as other
1-alkenes act as a chain transfer agent through -hydrogen elim-
ination. Hence, a catalyst for the copolymerization of ethene with
functionalized norbornenes most be both tolerant of functional
groups and resistant to 3-hydrogen elimination. Yet in particu-
lar with nickel-based systems for the copolymerization of ethene
with functionalized norbornenes the extent of incorporation of the
norbornene derivative monomer is less than 25 mol% [75].

Co- and terpolymerization of norbornene, 5-norbornene-2-
carboxylic acid ethyl ester (NB-CO,Et), 5-norbornene-2-methyl

HOCH, HOOC
5-norbornene- 5-norbornene-
2-methanol, 2-carboxylic acid,
NB-CH,OH NB-COOH
'BuMe,SiOCH, Et;SiOCH,

5-norbornene-
2-methyleneoxy-
triethylsilane,
NB-CH,0SiEt;

5-norbornene-
2-methyleneoxy-
tert-butyldimethylsilane,
NB-CH,0SiMe,!Bu

Fig. 3. The NB derivatives NB-CH,OH, NB-COOH, NB-CH,0SiMe,‘Bu and
NB-CH,OSiEts.
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PLE? 0 féb
EtO0C MeCOCH,

5-norbornene-2-carboxylic
acid ethyl ester,

5-norbornene-
2-methyl acetate,

NB-CO,Et NB-CH,OC(O)Me
MeOOC’ ”Bqub
5-norbornene-2-carboxylic 5-n-butyl-
acid methyl ester, 2-norbornene,
NB-CO,Me NB-"Bu

Fig. 4. The NB derivatives NB-CO,Et, NB-CH,0C(O)Me, NB-CO,Me and NB-"Bu.

acetate (NB-CH,OC(O)Me), 5-norbornene-2-carboxylic acid
methyl ester (NB-CO,Me) and 5-n-butyl-2-norbornene (NB-"Bu)
with ethene and 1-alkenes, respectively, using square-planar
nickel complexes with anionic P,0-chelate ligands (Figs. 4 and 5)
gave up to 50 mol% incorporation only for norbornene, leading to
an essentially alternating copolymer. NB derivatives with oxygen
functionalities are noted to give lower (<19 mol%) incorporation and
reaction rates, as well as polymer molecular weights. In the terpoly-
merization with 1-alkenes the additional chain-transfer pathways
following 1-alkene insertion also decrease the polymer molar
mass. The Tg values increase with the norbornene content [76].

Copolymerization of norbornene or the functional derivatives
NB-CO,Et, NB-CH,0C(O)Me, NB-CH,OH and 5-norbornene-2-
acetate (NB-0O,CMe) with ethene using palladium allyl complexes
with anionic P,0-ligands gave up to 40 mol% incorporation of nor-
bornene. The copolymerization could even be carried out in the
presence of water (Fig. 6) [75].

It is noteworthy that the endo-functionalized norbornenes are
polymerized more slowly compared to the exo-analogues because
of the possible coordination of the donor-containing substituent
to the metal atom (Fig. 7), which attenuates the polymerization

Ph Ph
( P Ph
\ | ST
Ph,P. O
k¥ Ph o< >o Ph
SN .
=N~ “Ph N
\ Ph P
V.
Ph,
Ph Ph Ph

N / \< / \<
Ph,P., O  Ph,P. O Ph,P. O

B, N, S L
/NI\ /NI\ /NI\
H,C” "Ph  PhsP” 'Ph |c|> Ph
PPh; PPh,

Fig. 5. Square-planar nickel complexes with anionic P,0-chelate ligands used for
the co- and terpolymerization of NB, NB-CO,Et, NB-CH,0C(O)Me, NB-CO,Me and
NB-"Bu with ethene and 1-alkenes.

: $02 eO
PR O PhPR O pp

M
N/ N/ ‘=
P‘d P|d
el s MeO OMe

Fig. 6. Palladium allyl complexes used for the copolymerization of NB or the func-
tional derivatives NB-CO,Et, NB-CH,0C(0O)Me, NB-CH,OH and NB-0,Cme with

ethene.
!
X L M H &

exo H

Fig. 7. Modes of bonding for functionalized norbornene derivatives

(X =coordinating functionality).

activity. Since the synthesis of substituted norbornenes is accom-
plished in a Diels-Alder reaction, always a mixture of endo- and
exo-isomers is obtained. Hence, the polymerization of substituted
derivatives proceeds slower than in the case of the unsubstituted
norbornene monomer [77,78]. Examples for the polymerization of
substituted norbornenes are given in [77-85].

1.4. Properties and applications of vinyl polynorbornene (PNB)

The vinyl addition norbornene (derivatives) (co-)polymer is
a specialty polymer. PNBs from norbornene and its functional
derivatives possess high glass transition and decomposition tem-
peratures. Furthermore, they show a low water uptake, a small
optical birefringence and dielectric loss [86]. Vinyl polynorbornene
is investigated inter alia as a deep UV photoresist and interlevel
dielectric in microelectronics applications. High glass transition
temperature polynorbornenes exhibit many of the key perfor-
mance criteria necessary for these demanding applications, which
include good adhesion to a variety of films and substrates, ther-
mal stability, high elongation-to-break values, and low stress [87].
Films made from norbornene vinyl polymer are excellent in trans-
parency and heat resistance and have unchanged viscoelastic and
electric characteristics to markedly high temperatures. Such a film
is suitable for a condenser or an insulator [88] Polynorbornene
films are applied as cover layers for liquid-crystal displays. The
polymer is developed by Promerus (www.promerus.com) under
the trade name Avatrel® dielectric polymer [87]. The sometimes
poor adhesion of polynorbornene can be improved by attaching
triethoxysilyl groups on the backbone to lower the rigidity of
the system and result in higher elongation-to-break values and
a decrease in residual stress [87]. The addition polymerization
of substituted norbornenes was adopted for the preparation of
electroactive polymers, in particular polymers designed as elec-
trooptical materials [89]. Bis(trifluoromethyl)carbinol-substituted
polynorbornenes are promising materials for future 157 nm pho-
toresist resins [90].

2. Metal complexes for the vinyl NB polymerization

From their metal composition the catalysts for vinyl polymer-
ization can be divided into three groups: (a) the early transition


http://www.promerus.com/

F. Blank, C. Janiak / Coordination Chemistry Reviews 253 (2009) 827-861 831

metal, especially metallocene catalysts of zirconium, which also
give excellent results for ethene/norbornene copolymerization
[1,51-53,91-93]; (b) the less used and seldom mentioned com-
plexes of chromium, iron, cobalt and copper; (c) the often
highly active late transition-metal nickel(Il) and palladium(II)
catalysts.

Research on metallocenes for norbornene homopolymeriza-
tion seems to have ceased since 2001 [94]. Metallocenes are
still actively investigated for norbornene-olefin copolymerization
[51-56].

Usually, the metal complexes need to be activated by a cocatalyst
for NB polymerization.

2.1. Cocatalysts

Cationic palladium complexes of the general formula
[PA(NCR)4]2*2X~ are active without a cocatalyst [95]. These
palladium systems contain weakly bound nitrile ligands and
weakly coordinating counter ions, such as BF4;~. Most other
metal complexes are inactive as such (precatalysts) and require a
cocatalyst for their activation. Most frequently, methylalumoxane
(MAO) is used as cocatalyst, followed by perfluorinated boranes,
such as tris(pentafluorophenyl)borane, B(CgF5); and trityl-
tetrakis(pentafluorophenyl)borate, Ph3C*B(CgF5)4~. Recently,
boron trifluoride/etherate, BF;-Et;O was also employed. Non-
perfluorinated boranes, such as triphenylborane, B(CgHs); were
tested as cocatalysts for comparison but usually did not gen-
erate active species. The perfluorinated boranes were either
employed alone or together with aluminum alkyls as cocatalyst.
The aluminum alkyls, mainly triethylaluminum, AlEt3 are added
as scavengers towards impurities. Importantly, the combination
of B(CgF5)3 and AlMejs leads to a facile aryl/alkyl group exchange
and for an equimolar ratio results in the formation of BMe3; and
Al(CgF5)3 [96,97]. Accordingly, B(CgF5)3 and AlEts undergo an
analogous ligand exchange reaction [98] The reaction between
B(CgFs)3 and the higher aluminum alkyls tri(iso-butyl)aluminum
and tri(n-hexyl)aluminum (AIR3 with R=i-Bu, n-CgHj3) is slower
and requires excess AlR3 to shift the CgF5 <+ R exchange equi-
libria to almost complete formation of Al(CgF5)R, and BRs. At
equimolar ratio the equilibrium lies on the side of the unchanged
borane together with its boranate [B(CgF5)3R]™ anion. For tri(n-
octyl)aluminum even at large Al(n-CgH;7)3 excess no CgF5 < alkyl
exchange can be observed, but boranate anions form [98].

2.2. Titanium and zirconium catalysts

There are a few studies dealing with titanium catalysts for the
vinyl homopolymerization of norbornene in recent years. Poly-
norbornene (PNB) was obtained with the 3-diketonate titanium
complexes Ti-1 to Ti-3 after being activated with MAO, with Ti-3
showing the highest activity of 8 x 103 Zpolymer/Moly; h in the series
[99].

Ti-1R' = Me RZ=ClI
Ti-2 R' = Me R2=0OPh
) Ti-3R'=Ph [R2=OPh

R2 R

With the half-sandwich titanocene precatalyst Ti-4 in combi-
nation with MAO pure vinyl-type PNB, soluble in common organic
solvents, was obtained when the temperature did not exceed 80°C
and for an Al/Ti ratio of <60. In this case the highest monomer con-

version of 69% was found for a temperature of 60°C and an Al/Ti
ratio of ~40. The polymer products obtained at temperatures higher
than 80 °C and Al/Tiratios larger than 60 contained certain amounts
ofthering-opened polymer. At these conditions part of the titanium
species were pyrolized to form an alkylidene compound which was
able to catalyze ROMP [100].

&

|
Ty,
PhCH,0™" | ""OCH,Ph

OCH,Ph Ti-4

The half-sandwich titanocene precatalysts (!BuN-Me,Si-Flu)
TiMe, (Ti-5) and (‘BuN-Me,Si-Me4Cp)TiMe; (Ti-6) could be acti-
vated with MesAl-free MAO (dried MAO, dMAO) for the addition
polymerization of norbornene [101] Dried MAO is prepared by dry-
ing ordinary MAO (toluene solution) in vacuo to remove toluene
and AlMejs. From its synthesis, MAO contains residual trimethyla-
luminum. About 5% AlMej is stated in commercial MAO-toluene
solutions in company certificates, although other studies sug-
gest up to 25-50% of partly free and “associated” AlMes to MAO
[102,103]. The AlMes content is important for the solubility of
MAQO in aromatic hydrocarbons [104]. The agreement appears to
be that the MAO/AIMe3 oligomers are fluxional molecules with
a dynamic equilibrium, which changes their size and structure
[102,105,106]. Compound Ti-5 showed good activities in a region
of 106 Epolymer/Moly; h for temperatures of 20°C and 40°C, but
only a low activity at 0°C, whereas precatalyst Ti-6 showed only
very low activities even at 40°C. It was assumed that Ti-5 pro-
vides a larger aperture of the coordination sphere [107-109] that
favors an easier access of norbornene for propagation. The living
nature of this catalyst system was investigated by changing the
monomer concentration and by postpolymerization experiments
at 20°C indicating a living polymerization [110].

v

v, 7 ‘0, /N
V’B Ties r’z Tiew
Ti-5 Ti-6

The norbornene polymerization with Ti-5 exhibited only poor or
no activity with MAO or Ph3C*B(CgF5)4~ ata wide range of tempera-
tures (20-80°C) [111]. Therefore a more detailed investigation with
the cocatalysts dMAO, modified MAO (MMAO) and Ph3C*B(CgFs )4~
in combination with Al'Buz was performed. With dMAO and MMAO
the activity and My values increased with increasing Al/Ti ratios.
System Ti-5/MMAO showed a better performance than Ti-5/dMAO,
especially at the highest Al/Ti ratio of 800. Each catalyst Ti-5/dMAO,
Ti-5/MMADO, and Ti-5/borate/AlOct; showed good activity over a
wide range of reaction temperatures. For the dAMAO and MMAO
systems the activity improved with increasing temperature, being
highest at 60 °C, whereas the borate system showed the maximum
activity at 20°C. The catalyst system Ti-5/borate/AIR; showed the
overall highest activities of up to 4.8 x 108 Epolymer/MOl; h com-
pared to the dMAO and MMAO system which both exhibited
activities of around 10° gpq1ymer/moly; h [111].

The titanium catalysts Ti-7 to Ti-10 bearing bis(pyrrolide-imine)
ligands were predominantly applied for the copolymerization
of norbornene and ethylene with high activities of more than
106 Zpolymer/Moly; h when activated with MAO. Complex Ti-7/MAO
interestingly showed practically no reactivity towards the nor-
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bornene homopolymerization [112].
7
R-N N
CliTi=C]|

Ti-7 |R = cyclohexyl

Ti-8 R = phenyl

Ti-9 R = 4-'Bu-cyclohexyl
‘ l\; ,MNTRTi-10R = cyclooctyl

With the system TiCly/AIEt,Cl norbornene was oligomerized at
0°C at a molar monomer/titanium ratio of about 11 leading to
an X-ray amorphous fraction, soluble in Et,0, and a crystalline
fraction, insoluble in Et,0. Single crystal X-ray analysis indicated
that the crystalline compound was a norbornene heptamer with a
stereoregular 2,3-exo-disyndiotactic structure, containing a termi-
nal ethyl group, which originates from the first monomer insertion
into the Ti—-Et bond of the catalyst [113] (Fig. 8).

The hydrooligomerization of norbornene, that is the nor-
bornene polymerization in the presence of H;, with rac-
Me, C(Ind’),ZrCl,/MAO was used to deliberately obtain oligomers
in order to gain insight into the microstructure of polynorbornene.
The oligomers were separated by preparative HPLC and their struc-
tures, e.g. that of a norbornene pentamer (Fig. 9), determined by
single-crystal X-ray diffraction. These studies show thatin-between
the regular cis-2,3-exo vinyl/addition insertions a metallocene-
catalyzed o-bond metathesis can take place. The syn-hydrogen on
C7 (the bridgehead) of the previous to last inserted monomer inter-
acts with the Zr atom which in the o-bond metathesis becomes
now bound to C7. Thus, the chain continues with the next inser-
tion on the C7-bridgehead carbon atom of the previous to last
monomer [114]. The pentamer X-ray structure with the same
bridgehead (C7) substitution in a central trisubstituted norbornene
unit (Fig. 9) had already been described earlier, where it was iso-
lated from the hydrooligomerization of norbornene catalyzed by
rac-C2H4(Ir1d’H4)ZZrClz/MAO []15]

Fig. 8. Norbornene heptamer obtained with the system TiCl4/AlEt,Cl having a 2,3-
exo-disyndiotactic structure.

Fig. 9. Norbornene pentamer from a hydrooligomerization. The norbornene which
was part of the o-bond metathesis is highlighted for better visibility; the order of
monomer insertion is given in the gray circles.

2.3. Chromium catalysts

The chromium(Ill) complex Cr-1, bearing a bulky bis(imino)
pyridyl ligand, catalyzed the addition polymerization of nor-
bornene with the moderate activity of 3.5 x 102 Zpolymer/MoOlc; h
when activated with MAO (Al/Cr ratio=500). Compound Cr-1 was
also applied for the ethylene polymerization with higher activities
[116].

‘\
e
'Bu | r|\1 | '‘Bu
N\Cr/N
Cly
'Bu Cr-1 By

Furthermore, polynuclear homo- and heterometallic carboxy-
late complexes were used for the vinyl polymerization of
norbornene [117]. It is noteworthy that the presence of nickel
played an important role for the activity of those systems. The
activity of the homometallic {Cr3}, Ni-free triangles Cr-2 and
Cr-3 was much less (by factor 102-103) than the heterometal-
lic {CryNi}-triangle Cr-4, which exhibited a very high activity
of 1.5 x 107 Zpolymer/MOlmeta h. The activation was accomplished
with MAO. Interestingly, even the less active {Crs;}-cages Cr-
2 and Cr-3 are 5-10 times more active than mononuclear
Cr(acac);/MAO under the same conditions. More detailed inves-
tigations of the polymerization behavior were performed with
the {CrNi}-triangle Cr-4 using MAO and B(CgFs); with or
without AlEt3 as cocatalysts and different kinds of addition
sequences for the cocatalytic system. The addition sequence of
the cocatalytic compounds influenced the polymerization activ-
ity. Higher activities are obtained using the addition sequence
“Cr-4 — AlEt3 — B(CgF5)3” compared to “Cr-4 — B(CgF5)3 — AlEt3”
(5.1 x 10° vs. 8.2 x 10° gpolymer/ MOl ety h) which may be reasoned
by differences in CgFs5 <> ethyl exchange [98]. When AlEt3 is added
first such ligand exchange reaction can take place rapidly upon the
subsequent addition of B(CgF5)3 to the catalyst mixture and the
metal complexes will then be activated with the stronger Lewis acid
Al(CgFs)3.

Cr-2/M = Cr, [Cr30(0,CPh)s(H;0)3]CIO,
Cr-3 M = Cr, [Crz0(0,C'Bu)g(H20)3]0,C'Bu
Cr-4 M = Ni, [Cr,NiO(O,C'Bu)g(pip)s]

pip = piperidine, mor = morpholine
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When B(CgF5); is added first to the metal complex the boron
atom may coordinate to the donor atom of a ligand to increase
its coordination number to four [118], which completes the
coordination sphere of the small boron atom and slows down
the CgFs5/Et-ligand exchange with the subsequently added AlEt;
[98,119] Also, the borane B(CgFs )3 alone could be used as an effec-
tive activator (tested for Cr-4 and Fe-5) leading to similar activities
of 3.1 x 10° gpolymer/MOl ey h.

The activities of Cr-5 to Cr-10 showed the same trend
as mentioned above for the precatalysts Cr-2 to Cr-4 [117].
With no nickel present (Cr-5, Cr-8, Cr-9 and Cr-10) the
activity of the {Cr;M(u-F)s}-wheels was mediocre around
10° Zpolymer/MOlmerar h. Incorporation of Ni(Il) as in {Cr7Ni(pw-F)g},
Cr-6 and Cr-7 increased the activity by almost two orders of mag-
nitude to 107 gpolymer/MOl et h.

09 \ R I A

\ RC,O,CF/’/ M 0-CR

RC—q | Oc-O| Ng—CR
O_R _O

\C/

R

(Cation)[CryMFg(O,C'Bu)g]
Cr-5 no cation

Cr-6 Cation = Me,NH,"
Cr-7 Cation = Et,;NH,"
Cr-8 Cation = Et,NH,"
Cr-9 Cation = Et,NH,"
Cr-10 Cation = "Bu,NH,"

M = Cr(lll)
M = Ni(ll)
M = Ni(ll)
M = Co(ll)
M = Mn(ll)
M = Fe(ll)

The binuclear chromium(IIl) complexes Cr-11 to Cr-14 of the
general type [Cp’CrMeCl], [Cp’=cyclopentadienyl, pentamethyl-
cyclopentadienyl (Cp*), indenyl, fluorenyl] were synthesized to
investigate both the electronic nature and the steric demand
of substituted cyclopentadienyl ligands [107] on the polymer-
ization activity of norbornene when activated with MAO [120].
The catalyst activity increased with the electron donating char-
acter of the Cp’-ligands (up to 88% yield, calculated activity
1.8 x 10% gpoymer/molc h [121] for Cp’=fluorenyl), whereas the
steric demand affected the crystallinity of the obtained polynor-
bornenes. A monomer conversion of 88% was obtained with Cr-
14/MAO (reaction time 1 h in toluene at 25 °C, monomer/Cr =400,
Al/Cr=100). Catalyst Cr-11/MAO afforded only 2% conversion under
the same reaction conditions. By increasing the steric demand of the
cyclopentadienyl substituent docking of norbornene becomes more
and more selective. As a result the crystallinity of polynorbornene
is highest with Cp* as ligand. Furthermore, the copolymerization
of norbornene and ethylene and the homopolymerization of ethy-
lene were successfully performed with these chromium(IIl)/MAO
catalysts [120].

Cp'~. .Cl__. -Me

Me 1SN Cp!

Cr-11 Cp'= cyclopentadienyl

Cr-12 Cp'= pentamethylcyclopentadienyl
Cr-13 Cp'= indenyl

Cr-14 Cp'= fluorenyl

The chromium(IIl) allyl complex Cr-15 and the alkyl com-
plex Cr-16 were able to polymerize norbornene in moderate to
good yields of up to 100% (activity 7.6 x 10* Epolymer/Molcy h [121])
once activated with MAO. The polymer produced with the sys-
tem Cr-15/MAO was not soluble in organic solvents. In contrast
the polynorbornene generated with Cr-16/MAO was soluble in
1,1,2,2-tetrachlorethane-d, and 1,2,4-tetrachlorobenzene and was
found to consist of norbornene oligomers. There was no evi-
dence of unsaturated end-groups (by 'H NMR). However, NMR and
mass spectrometric evidence showed that the oligomers contained
methyl end-groups and, thus, must have arisen by norbornene
insertion into Cr-Me bonds, followed by rapid chain transfer to
aluminum. When complex Cr-15 was activated with the Lewis
acid B(CgFs)3 instead of MAO, no catalytic activity was observed
[122].

C|3HQSiMe3
Cri,. .
Me~SiCH -~ N CH,SiMe;
2 YCH,SiMe,
Cr-16

Cr-15

2.4. Iron catalysts

Complexes Fe-1 and Fe-2, bearing bulky chelating tridentate
bis(imino)pyridyl ligands, showed hardly any polymerization activ-
ity with MAO [123]. Interestingly, the closely related precursor
complex Fe-3 gave an activity of 9.25 x 103 Zpolymer/MOlge h once
activated with MAO [116].

| 3
RI ™ ||\|/ R
Ne— N
Fe
1~
R2 cIcl R2
R® R®

Fe-1R'='Pr R%='Pr R®=H
Fe-2R'='Bu R2=H R®=H
Fe-3R'='Bu R?=H R%='Bu

The polynuclear carboxylate complexes Fe-4 to Fe-6 showed
a similar polymerization behavior like the chromium complexes
Cr-2 to Cr-4. The Ni-free {Fes}-triangle Fe-4 gave an activity
(6.4 %103 Zpolymer/MOl ez h) more than 3 orders of magnitude
lower compared to the heterometallic {Fe;Ni}-triangles Fe-5 and
Fe-6 with activities around 107 gpqjymer/MOleta h after activation
with MAO [117].
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Fe-4'M = Fe, [Fe;0(0,C'Bu)g(H,0)3]0,C'Bu
Fe-5 M = Ni, [Fe,NiO(O,C'Bu)g(pip)s]
Fe-6 M = Ni, [Fe,NiO(O,C'Bu)g(mor)s]

pip = piperidine, mor = morpholine

The Fe(II) allyl complex Fe-7/MAO exhibited a poor activity and
only traces of monomer (1.2%) were converted [122].

2.5. Cobalt catalysts

For a {Cr;Co}-wheel, see Cr-8. A series of cobalt(Il) complexes
Co-1 to Co-5, having terpyridine derivatives as tridentate N-donor
ligands, showed very low conversions (~5% yield) [124] when
activated with MMAO. Thus, dMAO was chosen as cocatalyst and
applied as a solution in chlorobenzene which led to a drastic
increase of the conversion and activities (up to >99% for a reaction
time of 12 h, activity calculated as 1.6 x 103 Epolymer/Molco h [121])
[125].

=
R' ¢l R

Co-1R'=H RZ=H R®=H
Co-2R'=H R2=H R®='Bu
Co-3R'=H R%Z=Me R®=H
Co-4R' = Me RZ=H R°=H

Co-5R' = 3,5-Me,CsH; R®=H R3®=H

Polymerization of norbornene with the system Co-4/dMAO at
room temperature resulted in quantitative conversion within 3 h
(activity calculated as 6.7 x 103 Zpolymer/MoOlco h [121]), whereas

other systems required more than 12 h to achieve complete conver-
sion of the monomer. The polymer yield decreased with increasing
steric hindrance around the cobalt center. Complex Co-5 with its
bulky substituents showed the lowest activity among these terpyri-
dine complexes (activity calculated as 1.5 x 103 Zpolymer/MOlco h
[121]). The effect of varying the molar NB/Co ratio was investi-
gated with Co-4/dMAO. The NB/Co ratios covered a range from
117 to 1170. As a general trend the monomer conversion decreased
with increasing norbornene/Co ratio. At the same time the aver-
age molecular weights of the generated polynorbornenes increased
[125].

The complexes Co-6 to Co-13 bearing bulky bis(imino)pyridyl
ligands are further examples for tridentate N-chelating cobalt com-
plexes. Complex Co-6 in combination with MAO showed a solvent
dependency for the polymerization. Little activity was observed
when toluene was used as solvent and only traces of polynor-
bornene were obtained. When o-dichlorobenzene was chosen, a
low activity of 2.8 x 102 gpqymer/molc, h was found. Investigations
by 'H NMR showed that a certain amount of ROMP polymer (383
ROMP units per 10000 insertions) was generated during the poly-
merization process [123]. Complex Co-7/MAO showed a catalytic
activity of 1.14 x 10% gpyg/molc, h [116].

A
A
N
N\CQ/N
ltl
'Pr cic Co-6
»
'Bu | | I 'Bu
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4~
ClIClI
'‘Bu '‘Bu Co-7

Different substituents were introduced on the aryl groups of
the imine functions in the closely related precatalysts Co-8 to Co-
13 in order to modify either the electron density at the metal
atom or the steric demand around the catalytic center [126,127].
All precatalysts were activated with MAO and afforded the nor-
bornene polymerization in moderate yields in a range of 4.7 x 103
(Co-11/MAO) to 1.3 x 10* gy1ymer/MOlco h (C0-9/MAO). CoCl, /MAO
was able to catalyze the polymerization with a higher activity than
catalytic systems Co-8 to Co-13/MAO. All polymers obtained were
of high molecular weight (10°-108 g mol~1). Different polymeriza-
tion parameters were studied in more detail—NB concentration:
For Co-8/MAO, the monomer conversion increased linearly with
the norbornene concentration and no difference was observed
for the PNB molar masses. Al/Co ratio: With CoCl;/MAO a max-
imal activity was reached for low Al/Co ratios (around 100),
whereas the maximum activities for Co-8/ MAO and Co-9/MAO
were reached for much higher ratios (around 500-2000) [126,127].
For Co-9/MAO and CoCl,/MAO the PNB molar masses decreased
with increasing Al/Co ratios and the molar mass distribution was
always monomodal. In contrast, Co-8/MAO showed a bimodal
molar mass distribution, indicating the presence of at least two
different active sites. Reaction temperature: With CoCl,/MAO the
activity increased with temperature and reached a plateau around
40°C. With Co-8/MAO the activity increased to reach the plateau
around 80°C. With Co0-9/MAO the activity first increased to a
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temperature of around 50°C and then decreased with increasing
temperatures, perhaps due to the thermal instability of this com-
plex. For CoCl,/MAO the molar mass distribution is monomodal
up to 80°C with an increase for higher temperatures. For tempera-
tures above 80 °C the distribution became bimodal. This was shown
being due to norbornene polymerization by MAO alone under these
conditions. Complex Co-9/MAO gave a monomodal molar mass dis-
tribution below 60°C and bimodal ones above 60°C. In contrast,
Co-8/MAO yielded a bimodal molar mass distribution even at 20 °C
[126,127].

R3 R®

Co-8 R'='Bu R®=H
Co-9 R'=CF; R:=H R>=H

Co-10R'=CF; R?=H R3¥=cCl
Co-11R'=Me R%=Me R®=Br
Co12R'='Ppr R®='Pr R®=H
Co-13R'=Ph R®*=Ph R¥®=Ph

For the catalyst precursors Co-14 and Co-15 (MAO activation)
only the latter gave a modest activity of 1.06 x 103 gpqjymer/molco h
and always a certain amount of ROMP polymer was produced with
toluene as solvent [123]. When the solvent was changed from
toluene to the more polar ODCB the activity increased, so that even
the formerly inactive catalyst Co-14/MAO became modestly active,
and the amount of ROMP product decreased. When the reaction
temperature was changed from 30°C to 50°C both catalyst sys-
tems showed an increased activity with little variation in ROMP
percentage. The average molar mass could be controlled for the
system Co-15/MAO by addition of different amounts of 1-hexene.
The more 1-hexene was added to the polymerization mixture, the
lower the molar mass of the PNB. Furthermore, the addition of 1-
hexene led to a noticeable decrease of the amount of ROMP product
[123].

N\?'/NH
Co CI”

72N
N ¢ NH
__/

Co-15

The Co complexes with N,0-chelating trans bis(8-ketoiminato)
ligands Co-16 to Co-20 could be activated with MAO towards
norbornene polymerization [128,129]. The activity of Co-16/MAO
strongly depended on the molar Al/Co ratio. For a ratio of
800 no monomer conversion could be detected, whereas an
increase of this ratio to 1200 lead to an activity of almost
3x 104 Zpolymer/MOlco h. The polymer obtained was of high molec-
ular weight of around 106 g mol~! [128]. The iminato-R substituent
had a strong influence on the catalytic activity which was of the
order of Co-19 > Co-18 > Co-17 [129]. The highest activity with Co-
19/MAO (4.37 x 104 g5 )ymer/molco h) was attributed to both the
steric and conjugating effects of the bulky naphthyl ring. Com-

plex Co-20 with its electron-withdrawing p-nitrophenyl group
in combination with MAO exhibited a slightly higher activity of
3.05 x 10% Zpolymer/MOlco h than the complexes Co-17 and Co-18.
All PNBs produced featured high molecular weights in the area
of 10° gmol~!. TH NMR spectra showed that those (3-ketoiminato
cobalt systems mainly afforded vinyl-type polynorbornene. How-
ever, a small amount of the ROMP polymer could be detected
with the amount depending on the ligand type. The catalytic sys-
tem Co-20/MAO was chosen to study the effect of polymerization
conditions on the catalytic activity and the ROMP percentage.
Both, activity and the ROMP polymer incorporation monotonically
increased with increasing the Al/Co ratio from 600 to 3000. For
system C0-20/MAO the activity increased from 0°C to 80°C, as
did the ROMP percentage in the polymer (from 0.47% to 3.87%)
[129].

r N
R—N O
YWy H
EtO1Co-=QEt Co-16 R = p-fluorophenyl
H O/ \N— R Co-17 R = phenyl

Co-18 R = o-tolyl
Co-19 R = 1-naphthyl
Co-20 R = p-nitrophenyl

The dichloro(diphosphane)cobalt(Il) complexes Co-21 to Co-
24 catalyzed the vinyl type polymerization of norbornene when
activated with MAO with moderate activities in a range of
3.0 x 102-1.6 x 103 gp,5ymer/mMolco h. The PNB molecular weight was
between 10° and 10g gmol~1. Co-22 could also be activated with
B(CgFs5)3/AlEts, however, only traces of polymeric material were
obtained with an activity of 5.7 x 10? go1ymer/molco h [119].

(CHz)q
Ph,P PPh, Co-21 n =2, Co(dppe)Cl,
\Co/ Co-22 n =3, Co(dppp)Cl,
i= Co-23 n = 4, Co(dppb)Cly
CICl Co-23 'n =5, Co(dpppt)Cl;

The cobalt allyl complex Co-24 showed practically no activity
with MAO [122].

2.6. Nickel catalysts

Nickel(II) complexes constitute a large group of compounds for
the polymerization of norbornene. Hence, for a better overview
the Ni complexes are grouped according to the ligand type. In het-
eroleptic complexes of the type Ni(A"B)CD the bidentate A"B chelate
ligand was usually viewed as the major ligand. A chelate ligand
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is more likely to remain bound upon activation by the cocatalyst
and, therefore, can affect the metal catalyst properties, whereas the
unidentate (C, D) ligands are probably lost to create the necessary
vacant sites for norbornene coordination.

Four-coordinated nickel(Il) atoms can be in a square planar or
tetrahedral ligand environment, depending on the steric demand
of the ligands. In the absence of an X-ray crystallographic, UV/vis
or magnetic study it is not evident which coordination polyhedron
will be formed. Hence, also for simplicity the nickel structure draw-
ings with all ligands in the paper plane do not imply a square planar
coordination.

2.6.1. N,N-Chelate and bis(N) ligands

Precatalyst Ni-1 could be activated with MAO to show moder-
ate activities around 10° gpyg/molpg h depending on the reaction
conditions [130]. Two different catalyst activation processes were
tested. In the first procedure, the precatalyst and MAO were mixed,
generating the active species before the addition of norbornene.
In the second procedure the active sites were generated by the
activation of complex Ni-1 in the presence of the monomer with
the first procedure giving higher activities [130]. Furthermore, it
was shown that the activities increased with a rising Al/Ni ratio
up to 500 and then decreased again. The molecular weights of
the polynorbornenes increased up to a molar Al/Ni ratio of ~100.
Higher MAO to precatalyst ratios caused a lowering of the aver-
age molecular weight values, which reached a plateau around
2 x 10° gmol~'. Furthermore, there was a first-order dependence
in monomer indicating that the chain to olefin transfer pathway is
plausible as the main operative chain termination mechanism. A
decrease in temperature from 70°C to 0 °C resulted in an augmen-
tation of the polymer yield while a maximum was again observed
at 25°C in the molecular weights of the PNBs. This result indi-
cated that higher temperatures induced some deactivation of the
active sites in addition to more effective termination pathways
[130].
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Compound Ni-2 was less active than Ni-1 when activated with
MAO and an Al/Ni ratio of 100, yet when the molar Al/Ni ratio was
raised to 200, Ni-2/MAO became the more active system [131].

In addition, the chiral benzamidinato nickel complexes trans-
Ni-3 and Ni-4 could catalyze the addition polymerization of
norbornene when activated with MAO with conversions of 42% and
59%[124,132].
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When the complexes Ni-5 to Ni-8 were activated with MAO they
exhibited high activities for norbornene polymerization of around
106 Zpolymer/MOly; h[133]. The steric demand of the ligands slightly
influenced the catalytic activities, which increased with increasing
bulk in the substituents. This resulted in an activity order of Ni-
8> Ni-7 ~ Ni-6 > Ni-5.
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When the temperature was varied from 0°C to 90 °C the activ-
ities were highest at 70°C for all precatalysts Ni-5 to Ni-8 [134].
Surprisingly, low average molecular masses and broad molecular
weight distributions were observed at lower polymerization tem-
peratures. The molar mass increased and the distribution narrowed
with increasing temperature. The presence of two different active
species LNi(II)(p.-Me),AlMe;, (Ni-Me-Al) and LNi(II)Me (Ni-Me)
(L=anilido-imin ligand) was assumed for the broad molecular
weight distribution that indicated that two actives sites generated
two types of polynorbornene (Fig. 10). There was an equilib-
rium (Ni-Me-Al < Ni-Me +(1/2)Al;Meg) between the two active
species because the solid MAO used contained small amounts of
trimethylaluminum. Species Ni-Me-Al was stable below 50 °C, but
only monometallic Ni-Me could exist at higher temperatures [134].
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Fig. 10. Proposed coordination mechanism for norbornene polymerization catalyzed by the anilido-imin complexes Ni-5 to Ni-8 activated with MAO.

Further investigations were performed with the catalytic system
Ni-5/MAO with 70°C as polymerization temperature since in this
case the catalyst showed a single-site character. The polymer yields
increased with reaction time and the polymerization rate gradually
slowed down with the monomer consumed. The activity increased
both with increase in norbornene concentration or catalyst concen-
tration, with the monomer concentration having a greater influence
than the catalyst concentration on the activity [134].

Activated with MAO the closely related Ni(I) precatalysts
Ni-9 and Ni-10 could reach high activities in the order of
107 gpnp/moly; h[135]. When the molar Al/Ni ratio was varied from
1000 to 10 000 the activity steadily increased. For a ratio of 1000,
only traces of polynorbornene were generated, but for higher ratios
higher activities were obtained. With increasing reaction tem-
perature, the catalytic activity first increased and then decreased
(highest activity at 60 °C). The system Ni-10/MAO exhibited slightly
higher activities than Ni-9/MAO which could be attributed to the
steric hindrance in complex Ni-9 making the monomer insertion
more difficult [135].

R1 | R2
N N
Ni
1 2 . 1 i 2_i
R | R Ni-9 R'='"Pr R°='Pr
PPh; Ni-10R'=Me R%='Pr

When the nickel(I) complex Ni-11, bearing a -diketiminato
ligand, was activated with MMAQO it was able to perform the poly-
merization with high activities of more than 107 Epolymer/Moly; h
[136]. The catalyst was active over a wide range of temperatures.

There was practically no loss in activity when the temperature was
varied from 0°C to 60°C.

'Pr
PPh, Ni-11

Compounds Ni-12 to Ni-15 in the presence of MAO performed
with activities of around 108 gpyg/moly; h. The substituents slightly
influenced the catalytic activities. The fluorinated complexes
exhibited higher activities than the nonfluorinated analogues
(Ni-14>Ni-12 and Ni-15>Ni-13). The same trend was observed
for the bulkiness of the substituent, which showed higher
activities with increasing steric demand (Ni-12>Ni-13 and Ni-
14>Ni-15). The catalytic system Ni-14/MAO was investigated
more detailed. The optimal Al/Ni ratio was shown to be 1500.
Variation of the polymerization temperatures from 0°C to
90°C caused a steady increase in the activities, whereas the
molecular weights of the PNB decreased at the same time
[137].

1 1
R2R AR g2 Niv2R1=Me R2='pr
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=2 ' = Ni-15R! = CF; R% = Me
Br
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Precatalysts Ni-16 and Ni-17 with fluorinated -diketiminato
ligands yielded activities of more than 106 Epolymer/MoOly; h in com-
bination with MAO [138]. When the temperature was raised from
30°C to 90°C the activity increased and the average molecu-
lar weight decreased. When the Al/Ni ratio was changed from
200 to 1200 the activity first increased and then decreased with
an optimal ratio of 800 for both precatalysts Ni-16 and Ni-17.
Under the same conditions Ni-17 exhibited higher catalytic activ-
ities and produced PNB with higher molecular weight than Ni-16
[138].
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PPh; Ph Ni-16 R'= Me
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The compounds Ni-18 and Ni-19 with bulky diimine ligands
exhibited low activities of around 103 gpyg/molpg h when acti-
vated with MAO as cocatalyst [123]. The structure of the ligands
did not influence the activities. It is noteworthy that the gen-
erated polynorbornenes contained a certain amount of ROMP
units. The effect of the solvent was tested using toluene and
the more polar o-dichlorobenzene (ODCB). The activity increased
when the polymerizations were performed in ODCB. Addition-
ally there was a noticeable decrease of the detectable ROMP
units when ODCB was used as solvent. The effect of the reac-
tion temperature was investigated for the system Ni-18/MAO. An
increase from 30°C to 50°C caused higher activities. Finally, it
was possible to control the molecular weight of the polynor-
bornenes by the addition of 1-hexene. With increasing amounts
of 1-hexene the molecular weight could be lowered significantly
[123].

iPr iPr
7\
N_ _N
Y /NI\ . .
'pr B Bripr Ni-18
X
| ,
| r|\1 | 'Pr
N\N,i/N
4
ipr Cl Ni-19

Compounds Ni-20 to Ni-22 bearing a-dioxime ligands could be
activated with both cocatalysts MAO and B(CgF5)3/AlEt3 [139,140]
In general, the activities were moderate with values between 103
and 10° gpng/moly; h (to the high end with MAO). Compounds Ni-
21 and Ni-22 also showed low activities with AlEts alone. In all
cases, the activity increased with an increase of polarity of the
solvent (toluene vs. toluene/methylene chloride 1:1) which may
indicate a complex-cation/MAO-anion pair as the active species.
For the system Ni-21/B(CgFs )3/AlEt; the influence of the concentra-
tion of the borane was tested. The maximum activity was obtained
for a B/Ni ratio of around 3, higher amounts of the borane caused
a decrease in activity. In addition, the role of AlEt; was investi-
gated. For this, a B/Ni ratio of 1 was set and the Al/Ni ratio was
varied from 1 to 100. An increase in the amount of aluminum from

Ni/B/Al=1/1/1 lead to a strong increase in polymerization activ-
ity up to a molar ratio of 1/1/5. From there the increase leveled
off but continued steadily with a small gradient up to a ratio of
1/1/100. The molecular weight of the polynorbornenes could be
controlled with the addition of the chain transfer agent 1-dodecene

[139].
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A series of Ni(ll) cis-(dibromo) complexes Ni-23 to Ni-26,
containing pyridyl-pyrazolylato ligands, afforded the norbornene
polymerization with activities of more than 10° gpyg/molpg h in
combination with MAO. An exception was the system Ni-23/MAO
which exhibited noticeable lower activity [141].

R
Ol
N
"/ R

NiBr,

R /N/ \N Ni-23R = Me
\L(‘NO Ni-24 R = Ph
—/ Ni-25R ='Bu

R Ni-26 R = p-methoxyphenyl

The nickel(Il) imino-pyrrolylato chelate complexes Ni-27 to
Ni-30 performed the vinyl polymerization of norbornene with
very high activities of more than 107 Zpolymer/MOly; h in the pres-
ence of MMAO [142] (for Ni-27 also [143]). Bulky substituents
in the ortho-position of nitrogen hindered the insertion of nor-
bornene and lowered the activity. This fact is reflected in the
activity sequence Ni-30 > Ni-29 > Ni-28 > Ni-27. Variation of the
molar Al/Ni ratio from 1000 to 2000 led to an increase of the cat-
alytic activity in all cases. Meanwhile, the molecular weights of the
polynorbornenes decreased at the same time. For the system Ni-
27/MMAO the activity and molecular weights were highest at a
temperature of 30 °C. In addition, an increase of the monomer con-
centration caused a linear increase of the activity for Ni-27/MMAO.
At the same time, the molecular weight values first increased
and then kept constant with increase of norbornene concentration
[142].

R2
B Ni-27 R'='Pr R?="
N i Pr R%="Pr
N, N Ni-28 R' ='Pr R%= Me
NI / Ni-20 R' = Et RZ= Et
PhsP”  Ph R Ni-30R'='BuR®=H
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Compounds Ni-31 and Ni-32, bearing benzimidazole ligands,
were activated with MAO to catalyze the norbornene polymeriza-
tion [ 144]. Both complexes exhibited similar monomer conversions
of 77-99% (activities calculated by us as 10° gpyg/moly; h [121])
under the same reaction conditions and it was shown that an
increase in both reaction time and molar Al/Ni ratio led to slightly
higher monomer conversions.

c” cl Ni-31
Et
N Et
L Z L0
N N
/N
|
cl” Ni-32

The nonchelating monodentate pseudo-tetrahedral benzim-
idazole nickel(Il) catalysts Ni-33 to Ni-36/MAO showed very
high catalytic activities in a range of 5x 108 (Ni-35/MAO) to
1.7 x 10° gpng/moly; h (Ni-36/MAO) depending on the reaction con-
ditions. The lower activity of the system Ni-35/MAO was due to its
lower steric demand and electronic poor nature. Catalyst Ni-36 was
used for further investigation and it was found that the optimal
polymerization temperature was 25 °C. Furthermore, the activity
dramatically decreased by several orders of magnitude when the
solvent was changed from the polar ODCB to a ODCB/toluene mix-
ture [145].

Ni-33 R' = 2, 6-difluorophenyl R? = H
Ni-34 R' = 2 6-difluorophenyl R? = 2 6-difluorobenzyl
Ni-35 R = R%=H
Ni-36 R! = 2-methoxyphenyl B - 2-methoxybenzyl

The dinuclear complexes Ni-37 and Ni-38 were both active
towards norbornene polymerization in the presence of MAO. Under
the same conditions, Ni-37/MAO showed higher activities than
Ni-38/MAO although both catalysts still exhibited moderate activ-
ities in the order of 10° gpyg/moly; h. The activities for Ni-37/MAO
varied slightly with the amount of MAO when the molar Al/Ni
ratio was changed from 100 to 1600. Here, small MAO amounts
of Al/Ni=100 were found sufficient to create the catalytic active
species. At the same time, the molecular weights increased first
and then decreased with the Al/Ni ratio. Furthermore, in the more
polar solvent mixture toluene/dichloromethane higher activities
were generated than in pure toluene for Ni-37/MAO. For a tem-
perature of 0°C the optimal activity was observed and an increase
in temperature lowered the activity [146].

CI—Nl
I
|¥CI

Ni-37 R = 'Pr
— Ni-38 R = Me

The dinuclear diimine complex Ni-39, activated with MAO, gen-
erated polynorbornene with moderate activity in the range of
10° Zpolymer/MoOly; h and was also applied for the copolymerization
of norbornene with styrene [147].

Ni-39

The dinuclear bis(2-pyridylmethylene)-carbonodihydrazide
and -thiocarbonodihydrazide complexes Ni-40 and Ni-41 were
applied in the presence of the cocatalysts MAO and B(CgFs)/AlEts.
Activities were between 10% and 10° gpyg/moly; h. With B(CgFs)3
alone no polymerization activity was observed [140,148].
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78 Ni-40 X = O, +4MeOH
— Ni-41 X =S, +MeOH
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The tetranuclear nickel complex [NiBr(NPMes )]4 Ni-42,in which
the Ni- and N-atoms form a heterocubane, required MAO to cre-
ate an active species [149]. The catalytic activity depended on the
monomer/Ni ratio, which was varied from 5000 to 60 000. For the
latter value a high activity of 107 Zpolymer/MOly; hwas observed. This
is due to the high monomer excess, which at the same time leads to
rather low polymer yields of 10-18% only. Higher yields were pos-
sible by increasing the reaction time or the amount of catalyst. In
addition, it was shown that the molar masses could be controlled by
addition of styrene after certain reaction times. The MAO [150] or
B(CgFs5)3 [151] activated complex [NiBr(NPMes)]4 was also applied
for the copolymerization of norbornene with different olefins to
produce olefin-terminated polynorbornene chains.

Br R .PMej
MesP / //TBF
l/ —Niy,,.
\
Br/ PMes Ni-42

Precatalysts Ni-43 to Ni-46, bearing bipyridine ligands, were
highly active in the presence of MMAO with activities in the range
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of 107-108 gpng/moly; h [152]. The activities increased slightly with
the bulkiness of the substituent.

Ni-43 R = Et
Ni-44 R = 'Pr
Ni-45 R = cyclohexyl
RO OR Ni-46 R = Ph

Compounds Ni-47 to Ni-53 with tetradentate N,N,N,N-chelating
ligands were also activated with MMAO. The catalytic activities
were found to depend on the substituents, temperature, and sol-
vents [153]. The catalysts with electron-withdrawing substituents
generally showed higher activities. In general, the activities for
these catalysts covered a range from 10° to 106 gpyg/moly; h. In
all cases an increase of activity was obtained when the polymer-
ization was conducted in chlorobenzene instead of toluene. For
Ni-52/MMAO and Ni-53/MMAO the temperature was changed
from 25°C to 100°C. In both cases, the optimal temperature was
70°C [153].

R! [R?

Ni47R'=H R®=NO,
Ni-48R'=H R%=F
Ni-49 R'=Cl R?=cCl
Ni-50R'=H R%=H
N_ _N . il _ 2
N Ni-51R'=H R%=Me
SN SN Ni-52 R’ = Me R” = Me
I/ \I Ni-53R'=H R2=0OMe

2.6.2. N,0-(N,S-)Chelate ligands

Complexes Ni-54 to Ni-61 with a salicylaldiminato ligand
afforded very high activities of more than 107 Zpolymer/MOly; h in
combination with MMAO as cocatalyst [154] (for Ni-54 also [143]).
High molecular weight polynorbornenes were obtained in all cases.
Except for Ni-55, showing a threefold lower activity, the structures
of these complexes did not greatly affect the polymer yields under
the same reaction conditions. A more detailed study for the system
Ni-61/MMAO revealed that variation of the molar Al/Ni ratio
from a value of 100-10000 was followed by an increase of the
activity. Simultaneously, the molecular weights of the polymers
first increased and then decreased. With an increase of the reaction
temperature from 0°C to 50 °C, a significant increase of the activity
was obtained, and a significant decrease of the molecular weights
was observed. An increase of the monomer/Ni ratio caused a
dramatic increase of the catalytic activity of Ni-61/MMAO [154].

RZ

RS

| R!
N, O
/Ni\

RPPH  “PPh,
Ni-54R'=H R?=H R®='Pr
Ni-55R'=H R®=H R%=Me
Ni-56 R'='BuR?=H R®='Pr
Ni-57R'='BuR®=H R%=Me
Ni-58 R'=Ph RZ=H R%®='Pr
Ni-59 R'=Ph R2=H R®=Me

Ni-60 R' = 'Bu R® = 'Bu R®="Pr

Ni-61 R' = 'Bu R? = 'Bu R® = Me
The precatalysts Ni-62 to Ni-66 afforded activities of more
than 107 Epolymer/Moly; h when activated with MAO. In addition,

complex Ni-63 showed very good activities over a wide range of
temperatures [155].

R2
R1
0
/Ni\
Ph PPh,

Ni-62R'=H RZ=H  1-naphthyl
Ni-63R'='Bu RZ=H  1-naphthyl
Ni-64R'=H R%=OMe 1-naphthyl

Ni-65R'=NO, R%®=NO, 1-naphthyl
Ni-66R'=H R%=H phenyl

Precatalysts Ni-67 and Ni-68 were activated with MMAO and
catalyzed the norbornene polymerization in very good activities of
more than 107 g,o1ymer/moly; h [136].

| 1Bl.l

N_ 0

~
Ni Ni-67 R = Me

/N ) :
R Ph PPh; Ni-68 R ="Pr

When activated with MAO compounds Ni-69 to Ni-74 were very
efficient catalysts with activities of more than 108 gpqjymer/moly; h.
There was practically no influence of the ligand structures on the
polymer yields [156]. The system Ni-69/MAO was used for further
investigations concerning the polymerization parameters. It was
found that a large excess of MAO was necessary for high activi-
ties. There was a remarkable increase between an Al/Ni ratio of
500 and 1000, whereas the activity difference for the Al/Ni ratio
from 1000 to 2500 was not impressive. To the contrary, a ratio of
more than 2000 led to a decrease in activity. Ni-69/MAO showed
good activities over a wide temperature range from 0°C to 100°C.
The temperature influenced the activities only slightly, whereas
the NB/Ni ratio greatly affected the activity. It was shown that at
least a NB/Ni ratio of 10000 was required to give polynorbornene
in good yields and for a ratio of 25000 an excellent activity of
2.6 x 108 gpyg/moly; h was obtained [156].

R2
1
a i R Ni-69R'=pr R%=|
0 Ni-70R'='Pr R?=Cl
N Ni-71R'=Et R%=|
RV~ “ppn, Ni-72R'=Et RZ=Cl
y Ni-73R'=Me R®=1

Ni-74R!'=Me R%=Cl

The dinuclear (salicylaldiminato)nickel(ll) complexes Ni-
75 to Ni-77 exhibited very high activities of more than
107 Zpolymer/MOly; h in combination with MMAO [157]. Although
there is a profound difference in the steric structures of the
complexes Ni-75 and Ni-77, the obtained activities were almost
the same. This indicates that the size of the substituents on the
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phenoxy fragment did not influence the catalytic activity. The
system Ni-75/MAO was used for further investigations. The molar
Al/Ni ratio was increased from 500 to 2500 and a constant increase
of the activity was observed. At the same time the molecular
masses of the produced polymers decreased. When the reaction
temperature was changed from 10°C to 50°C both the activities
and the average molar masses decreased slightly. Furthermore, an
increase of the monomer concentration caused an increase of both
activities and molar masses [157].

PhaP,

R /Ph iPr

Ni-75 R=H

}
i SN
PrPh  PPh, Ni-76 R = NO,

Ni-77

Phs

The dinuclear salicylaldiminato Schiff-base complexes Ni-
78 to Ni-80 were applied in the presence of the cocatalysts
MAO, B(CgF5)/AlEt; or B(CgFs); alone [140,148]. Systems Ni-
78/MAO and Ni-79/MAO performed with high activities of more
than 107 gpyg/moly; h. The system Ni-80/MAO was close to the
107 gpnp/moly; h benchmark. The mononuclear Ni-salen complex
Ni-81 was included for comparison and it was found that the
dinuclear complexes Ni-78, Ni-79 and Ni-80 could reach higher
activities [140].
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Ni-79 R'=H RZ=Et

Ni-80
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o ©
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The activities of the MAO activated catalysts Ni-82 to Ni-85
were in the order Ni-82 >Ni-83 > Ni-84 > Ni-85, which indicated
that complexes with higher steric hindrance can afford higher
activities [158]. The systems Ni-82/MAO and Ni-83/MAO showed
very high activities of more than 108 Zpolymer/Moly; h. The reaction
parameters such as the Al/Ni ratio, polymerization temperature and
monomer/catalyst ratio were varied for the system Ni-82/MAO.
An Al/Ni ratio of 2000 was optimal. For higher values the activ-
ity decreased. Variation of the temperature from 0°C to 100°C
led to a slight decrease in activity. An increase in the NB/Ni ratio
from 2500 to 40000 dramatically increased the activity [158].

Ni-82R'=Ph R?=pPh R®=H

Ni-83R'=Me RZ=Ph R®=H | increased
Ni-84 R' = Me R?=Me R®=Me | steric
Ni-85R' = Me R®*=Me R®=H | demand

The neutral nickel(Il) complexes Ni-86 to Ni-91 performed
with activities in the area of 10° Zpolymer/Moly; h in combination
with MAO [159]. Ni-86/MAO was chosen for further investiga-
tions. The Al/Ni ratio was varied from 500 to 2500 and an increase
of the MAO amount led to higher monomer conversion. In addi-
tion, a temperature of 75°C was found optimal. Furthermore, an
increase in monomer concentration led to higher catalytic activities
[159].

R2

2
| Tr2 B (RZNi-86[R1=Me RZ=H

N O 771 nNi-87R'=Et R2=H
\Nfiﬁ > Ni-88 R =Me R2=|

9/1 N Ni-89R'=Et R2=|

R P Ni-90 R" = Me RZ=Cl
R Ni-91R'=Et R2=Cl

Precatalyst Ni-93 could be activated with MAO-W (contain-
ing 28 mol% free AlMe3) for the polymerization of norbornene
[160]. Moderate activities of 10° Zpolymer/Moly; h were reached with
this system. To investigate the influence of the content of free
AlMes in the cocatalyst, MAO-A (containing ca. 15 mol% AlMe3)
was used instead of MAO-W. The polymerization results were sim-
ilar [160]. It was found that the polarity of the solvent played
an important role. When dichlorobenzene or chlorobenzene were
used instead of toluene in the presence of MAO-W the polymer-
ization activity increased by about one order of magnitude. When
MAO-W was replaced by MAO-A, the productivity significantly
increased with an increasing Al/Ni ratio. Compound Ni-94, con-
taining also the electron-withdrawing nitro groups, showed the
same activity as Ni-93 while compound Ni-92 with no electron-
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withdrawing groups exhibited a significant decrease of activity
which indicated that the nitro groups played an important role
[160]. In other work Ni-92/MAO was reported with an activity of
107 gpNB/molNi h [143]

Ni-92 R" ='Pr R®=H

Ni-93 R' =iPr R2 = NO,
R2 i 1= 2 _

Ni-94R'=H R?=NO,

The series of bis(1-arylimino-methylenyl-naphthalen-2-
oxy)nickel(IT) complexes Ni-95 to Ni-113 was active with MAO and
showed similar moderate activities of almost 10° Epolymer/Moly; h
[161]. The catalytic system Ni-101/MAO was chosen for deeper
investigations concerning the reaction parameters and their
influence upon the catalytic activity. The molar Al/Ni ratio was
varied from 1000 to 3000 and a value of 2000 was found best.
The activity decreased with increasing temperature from 0°C
to 100°C. Also, the activity decreased with increasing reaction
volume or with a decrease of the norbornene/catalyst ratio

The bis(salicylideneiminato)nickel(Il) complexes Ni-82, Ni-83,
Ni-95, Ni-98 and Ni-100 were supported on spherical MgCl,
and silica [162]. The activities of the supported precatalysts Ni-
82, Ni-83 and Ni-98 were in the range of 10° Epolymer/Moly; h
and significantly higher than those of the supported compounds
Ni-95 and Ni-100. MAO was required as cocatalyst. The polymer-
izations of norbornene were performed in toluene and hexane
with the former producing slightly higher yields. In general,
the polynorbornenes produced with the supported catalyst had
higher molecular weights and slightly broader molecular weight
distributions than with the respective homogeneous catalyst
[162].

Complexes Ni-114 to Ni-117 afforded good activities in the pres-
ence of MMADO as cocatalyst [143]. The structures of the complexes
affected the activity. Ni-116 and Ni-117 with electron-withdrawing
CF3-groups gave activities of more than 107 gpng/moly; h, higher
than for Ni-114 and Ni-115 without such substituents (activi-
ties of 6.2 and 7.0 x 106 gpyg/moly; h, respectively). In addition,
the activities could be slightly increased by bulky substituents in
the ortho-position of the N-aryl group. So the order of activity
was Ni-117 > Ni-116 > Ni-115 > Ni-114. Polymer yields and molecu-
lar weights depended significantly on the reaction conditions. For
the system Ni-116/MMAO the effects of Al/Ni ratio, polymerization
temperature and monomer concentration were investigated. The
activity first increased rapidly with an increase of the Al/Ni ratio
up to a value of 2500 and then kept steady upon further increase.
In contrast, the molecular weight decreased at the same time. The
optimal temperature was shown to be 25 °C. The molecular weights
increased with raising the temperature from 0°C to 50°C. With
increasing norbornene concentration both the activity and molec-
ular weights increased [143]. For Ni-115 the activities increased

[161].
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Ni-95 R'=Pr R=H R®=H R*=H R®=H  Ni-108 R®=0CH,PhR’=H R®=H R%=
Ni-96 R'=Et R =H R®=H R*=H R®=H Ni-109 R®=H R'=H R®=H R%=
Ni-97 R'=MeR?=H R®=H R*=MeR’®=H Ni-110 R® = H R'=Me R®=H R%=
Ni-98 R'=MeR?=H R®=H R*=H R’=Me Ni-111 R®=H R"=Me R®=H R%=Me
Ni-99 R'=MeR?=MeR®=Br R*=H R°=H Ni-112 R® = Br R'=H R®=Br R%=Me
Ni-100 R'=Pr R®=H R®=H R*=H R®=Pr Ni-113 R®=H R'=H R®=NO,R%=H
Ni-101 R'=Me R?=H R3®=MeR*=H R%=Me
Ni-102 R'=F R?=H R%®=H R*=H R%°=H
Ni-103 R'=F R®=H R%=H R*=H R%°=F
Ni-104 R'=F R®=F R%=F R*=H R%°:=H
Ni-106 R'=F R®=F R%=H R*=H R%°:=F
Ni-106 R'=cl R®=H R®=cl R*=cl R®=H
Ni-107 R'=cl R®=H R®=cCI R*=H R®=cClI



F. Blank, C. Janiak / Coordination Chemistry Reviews 253 (2009) 827-861 843

sharply with an increase in the Al/Ni ratio to an optimal value and
then decreased again [163].

R? R
73
1 -/O R2
2 /N I\
R 1 IN
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R~ R2

Ni-114R'=Ph R?=Me
Ni-115R'=Ph RZ='Pr
Ni-116 R' = CF; R® = Me
Ni-117 R' = CF; R ='Pr

Compared with [3-diketonato ligands, [3-ketoiminato ligands
have an increased steric demand, so the bis([3-ketoiminato)nickel
complexes Ni-115 and Ni-114 produced higher molecular weight
polymers than the corresponding bis([3-diketonato)nickel complex
Ni-159 under the same conditions. At the same time steric hin-
drance makes the insertion step more difficult. As a consequence,
Ni-115 and Ni-114 exhibited slightly lower activities than Ni-159.
When the phenyl group in Ni-114 and Ni-115 was replaced by the
smaller and stronger electron-withdrawing CF; group, complexes
Ni-117 and Ni-116 displayed both higher activities and molecular
weights, as did the corresponding complex Ni-160 over Ni-
159. This fact indicates that the bis(3-diketoiminato)nickel
complexes are more favorable catalysts for norbornene
polymerization than the bis(f3-diketonato)nickel complexes
[143].

When the 3-ketoiminato complexes Ni-118 and Ni-119 were
activated with MMAO they afforded high activities of more
than 107 Zpolymer/Moly; h and high molecular weight polymers
[136].

R o~
W
N O
NI Ni-118 R = Me
R Ph PPh; Ni-119R="Pr

The steric structure of compounds Ni-116 to Ni-119
slightly influenced their catalytic activities in the order of Ni-
118 >Ni-116 > Ni-119 >Ni-117 [164]. Complex Ni-1118 with its
2,6-dimethylphenyl group displayed a higher activity than com-
plex Ni-119 with the bulkier 2,6-diisopropylphenyl substituent,
because an increase in steric hindrance makes the insertion of the
monomer more difficult. The catalytic system Ni-118/MAO was
chosen for further investigations. A value of 5000 for the molar
Al/Ni ratio allowed the highest activity of 5.2 x 107 gpyg/moly; h.
The minimum value to afford good yields was 3000. The reaction
temperature was varied from 0°C to 90 °C with 30 °C to be optimal
[164].

The multinuclear dendrimeric complexes Ni-120 to Ni-124
exhibited activities around 5 x 10° gpyg/moly; at optimized Al/Ni
ratios of about 4000 [164b].

X\/\/\X 7

N
Ni-120R = H /—F\ O R
Ni-121R = 'Bu X=N Ni

X—\_\N : .
Ni-122R=H \_\—X

Ni-123 R = 'Bu

Activities of more than 108 gpyg/moly; h were observed when
the precatalysts Ni-124, Ni-125 and Ni-126, in comparison with Ni-
127,Ni-128 and Ni-115 were used in the presence of MAO [163]. The
polymerization results were strongly dependent on the Al/Ni ratio.
For Ni-126 the activities increased sharply with an increase in the
Al/Ni ratio to a respective optimal value, and then decreased again.
For Ni-124, a fast increase of the activity was observed with increas-
ing ratios up to 600 and then a slight decrease for higher values was
noticeable. For Ni-125 a molar Al/Ni ratio of 1000 was necessary to
obtain activity. The highest yields and activities were achieved in
a range from 50°C to 70°C. It was found that steric effects of the
ligands did not play a role concerning the activities. Instead, the
ligand electronic effect obviously influenced the monomer con-
version. A stronger electron-conjugated substituent connected to
the imino group was more favorable for increasing the activities
than an electron-donating one. So Ni-128 and Ni-124 with their
conjugating naphthyl substituents showed higher activities than
complex Ni-125 bearing an electron-donating 2,6-dimethylphenyl
group [163].

Ni-124
R
73
NP R
/NI\
R g N
O Ni-125R=_NIe
R Ni-126 R = 'Pr

Precatalysts Ni-127 and Ni-128 showed high polymerization
activities of more than 107 gpnp/moly; h and high molecular weights
of more than 108 gmol~! once activated with B(CgFs)3. Both cat-
alytic systems required at least a B/Ni ratio of 10 and for higher
values up to 20 the activities increased. The average molecular
weights increased first and then decreased at the same time. Fur-
thermore, both compounds showed good activities over a wide
range of temperatures (20-100°C). The molecular weight values
reached the maximum at 75°C. The NB concentration caused a
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decrease in activity when the NB/Ni ratio was changed from 600
to 3800, whereas the molecular weights increased until a ratio of
1800 was reached [165]. Precatalyst Ni-127 and Ni-128 performed
with activities of around 10° Epolymer/Moly; h with MAO as cocat-
alyst depending on the polymerization temperature. This catalytic
system had a good thermostability and generated the highest activ-
ity at a temperature of 60 °C [166]. The polymerization results were
strongly dependent on the Al/Ni ratio. For Ni-128, a maximal activ-
ity was reached for a ratio of 600, and the activity decreased rapidly
for ratios higher than 600 [163]. The system Ni-128/MAO was also
applied for the copolymerization of norbornene and its derivative
norbornene carboxylic acid methyl ester [166].

3
. NO /N
Ni \__/
( /) VAN
o - Ni-127 phenyl
~ Ni-128 1-naphthy|

Compound Ni-129 was tested in the presence of MAO under
various reaction conditions leading to activities in the area of
108 gpng/moly; h. The amount of MAO was essential and the optimal
Al/Ni ratio was found to be 1000. Higher or lower values caused a
decrease in activity. This system showed good activities over a wide
range of temperatures from 20°C to 80°C. An increase of the cata-
lyst concentration first led to a significant increase of activity which

later decreased [167].

\ /
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/ \

Ni-129

Complexes Ni-130 to Ni-133 were activated with MAO [168].
The complexes with 2,6-diisopropyl-substituted N-aryl had higher
activities than the corresponding complexes bearing 2,6-dimethyl-
substituted N-aryl, i.e., Ni-130>Ni-131 and Ni-132>Ni-133,
especially at high temperatures. In addition, compounds Ni-132
and Ni-133 with benzoyl moieties were more active than Ni-130
and Ni-131 with acetyl groups. This result could be attributed
to the more effective conjugation of the benzoyl group for
stabilizing the insertion transition state. In general, activities
obtained with complexes Ni-130 to Ni-133 were in the range of
105-10° gpjymer/moly; h [168].

Ni-130 R' = Me R2 Pr
Ni-131 R1 Me R® = Me
Ni-132 R'=Ph R%='Pr
Ni-133 R' = Ph R = Me

The catalytic system Ni-134/MAO showed very high activi-
ties in the area of 107 gpyg/moly; h [128]. The activity increased
by almost a factor of 4 when the temperature was varied from
0°C to 80°C. At the same time the molecular weight decreased
sharply. In addition, the monomer conversion increased mono-
tonically when the molar Al/Ni ratio was changed from 600 to
2400 [128].

The catalytic activity sequence Ni-138>Ni-137 > Ni-136 > Ni-
135 indicated again that steric ligand effects play an important
role for activities [169]. Activities obtained with these complexes
in combination with MAO exceeded 107 gpyg/moly; h. The activity
of Ni-138/MAO as the most active among these catalytic systems
could be attributed to both the steric and the conjugating effect
of the large naphthyl ring. Also, the activity increased with higher
norbornene/Ni ratios as shown for Ni-138/MAO. The PNBs gen-
erated by complexes Ni-135 to Ni-138 were of high molecular
weights and molecular weight distributions around 2 indicated
an active species with single site character in all cases. The influ-
ence of MAO was examined with Ni-136. An increase of the
molar Al/Ni ratio from 500 to 3000 was followed by a linear
increase of the activity. An increase in the polymerization tem-
perature from 0°C to 70°C led to an increase of the activity
and to a decrease of the molar weight of the polynorbornenes
[169].

Ni-135 R = phenyl

Ni-136 R = o-tolyl ianea§e
Ni-137 R = p-nitropheny! | Of steric
demand

Ni-138 R = 1-naphthyl

The acylhydrazone nickel(Il) complexes Ni-139 to Ni-147
showed similar activities upon activation with MAO in the range
of almost 106 gpyg/moly; h depending on the reaction conditions
[170]. Interestingly, the cis-compounds Ni-143 to Ni-147 required
higher Al/Ni ratios for a complete monomer conversion than the
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trans-compounds Ni-139 to Ni-142. This result illustrates that the
pyridyl ligand lowered the activities of its complex. In addition,
complexes Ni-139 to Ni-142 produced higher molecular weight
polynorbornenes. For a systematic investigation of the reaction
parameters the system Ni-139/MAO was tested under various con-
ditions such as the solvent, Al/Ni ratio, reaction time, temperature,
and norbornene/catalyst ratio [170]. The activity increased when
the Al/Ni ratio was changed from 100 to 500 and then decreased
with further increase. At the same time, the average molecular
weights of the polymers increased as well. The activities in the
polar solvent dichloromethane were higher than those obtained
in toluene. For both solvents a dependency of the polymerization
temperature was investigated and 25°C was found to be opti-
mal in both cases. Furthermore, the activity could be increased by
increasing the monomer/Ni ratio for both solvents until a value of
5000 was reached. For higher ratios the activities started to decline
[170].

Ni-139R'=H R®’=H R’=H

Ni-140R'=Me R®=H R°=H
Ni-141R'=H R?=MeR®=H
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Ni-143R'=H RZ=H
Ni-144R'=Cl R%=H R3=H
Ni-145R'=Me R2=H R®=H
Ni-146 R'=H R2%= OMeR3 H
Ni-147R'=H R?=H R®=Me

Very high activities could be obtained with Ni-148 containing
a phenoxy-imidazole ligand in the presence of MAO. The activity
values exceeded 108 Zpolymer/Moly; h. The optimal Al/Ni ratio was
10 000 and the best polymerization temperature was 45°C. All
PNBs generated with this system were of high molecular weight
[171].

'Bu Ni-148

The mono- and trinuclear complexes Ni-149 to Ni-154 bear-
ing indanimine ligands were activated with MAO to catalyze
the norbornene polymerization with high yields of more than
107 gpnp/moly; h and high molecular weights (up to 106 gmol-1).
Both compounds Ni-149 and Ni-152 were studied under various
reaction conditions. For Ni-152/MAO the optimal temperature was
found to be 35 °C and a molar Al/Ni ratio of 7500 was optimal. The
system Ni-149/MAO performed best for a temperature of 40 °C and
an Al/Ni ratio of 4500. In general, the activities of the mononuclear
complexes Ni-149, Ni-150 and Ni-151 were slightly higher than
those of the trinuclear compounds Ni-152, Ni-153 and Ni-154 [172].

Ni-149 R = Me
Ni-150 R = H
R Ni-151 R = CI
7~ 0
% /\
\ Oy, AN AN
N N) N- "uN| Ni-152 R = Me
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The dinuclear Ni(Il)-carboxylate complex Ni-155 did not
show any activity towards the polymerization of norbornene,
but could be transformed into the active compound Ni-156 by
reaction with B(CgFs)3, which showed a high activity of up to
3.6 x 106 Zpolymer/Moly; h. The variation of reaction temperature
from room temperature to 70°C did not show an effect on the
activity but on the molecular weights which declined at the same
time [173].
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2.6.3. 0,0-Chelate ligands

An acetylacetonato ligand was already part of the nickel com-
plexes Ni-1 and Ni-2.

Multinuclear mixed-metal chromium-nickel and iron-nickel
{M;Ni}-triangles and {M;Ni}-wheels (M = Cr, Fe) with carboxylato-
kO:0' ligands were already reported in the section on chromium
and iron catalysts, respectively. The nickel content was important
to reach high activities of 107 Zpolymer/MOlyerar h. Without Ni, the
polymerization activities were about three order of magnitude
lower. For a {Cr;Ni}-triangle see Cr-4, for {Cr;7Ni(j-F)g}-wheels
see Cr-6 and Cr-7, for {Fe,Ni}-triangles see Fe-5 and Fe-6
[117].

The Ni(Il) complexes bis(acetylacetonato)nickel (Ni-157)
and bis(2-ethylhexanoato)nickel (Ni-158 [174]) were both acti-
vated with different cocatalysts such as MAO, B(CgFs)3 with or
without AlEt3 for norbornene polymerization [175]. Attempts
to activate with AlEt; alone or with triphenylborane B(CgHs);3
with or without AlEt; failed. Both catalysts Ni-157 and Ni-
158 exhibited a slightly higher or comparable activity with
B(CsFs)3/AlEts than with MAO of more than 106 Zpolymer/MOly; h.
Changing the sequence of addition of the cocatalytic compounds
had effects on the catalytic activities. When the sequence of
addition was changed from Ni-157+B(CgF5)3 +AlEt3 to Ni-
157 + AlEt3 + B(CgF5)3, a decrease of the activity was observed.
When Ni-158 was chosen as precatalyst changing the sequence of
addition from Ni-158 + B(CgFs )3 + AlEt3 to Ni-158 + AlEt3 + B(CgFs )3
caused a decrease of the activity by a factor of 4
[175].

A ~_ _Ph
o_ 0 o_ 0
Ni_ N
B g o g o
O\'h‘/o M PhM
NI Ni-157 Ni-159
0...0 CFa FaC CF
Et 1 1 1 1
o 0 o_ 0
N N
o O o 0
Lo ()
FaC” r=3c/K’/l\cr=3
Ni-158 Ni-160 Ni-161

The activity of Ni-157 and Ni-158 with MAO also depended
on the monomer/catalyst ratio [176]. For Ni-157/MAO the activity
passed through a maximum for a monomer/Ni ratio of about 4100.
A further increase of the norbornene concentration lowered the
activity again. For the system Ni-158/MAO a continuous increase of
activity was obtained when the norbornene/Ni ratio was changed
from 770 to 5060. Both nickel catalysts Ni-157 and Ni-158 exhibited
a steady increase of molar mass for the PNB formed with increasing
monomer/Ni ratio [176].

Compound Ni-158 in the presence of B(CgFs); in combination
with MAO led to a complete monomer conversion within 1h of
reaction time (activity calculated as 10° Zpolymer/MOly; h [121])
[177].

In a later publication different cocatalysts for the activa-
tion of Ni-158 were tested again such as MAO, B(CgFs5)3/MAO,
B(C6H5)3 /MAO, BEt3 /MAO, BF30BU2/MAO and B(C6F5 )3 /AlEt3 The
system Ni-158/B(CgFs5)3/MAO showed the highest activity of more
than 10° gpnp/moly; h, whereas Ni-158/B(CgFs)3/AlEt; only per-
formed with an activity of 3.6 x 103 gpng/moly; h. The other 4
mentioned catalytic systems were in a short range between 2.1 and
2.8 x 10* Zpolymer/MOly; h [178]. As Ni-158/B(CgFs)3/MAO was the
most active among these systems it was used for further investi-
gations. The optimal B/Ni ratio was found to be 5 and good yields
were already obtained for a value of 3. At the same time, the average
molecular weights of the polynorbornenes decreased with increas-
ing B/Ni ratio from a value of 1-10. Also the Al/Ni ratio greatly
influenced the polymerization activity. Changing the values from
20 to 100 enhanced the monomer conversion by a factor of 36. A
variation of the temperature from 0°C to 80°C showed no influ-
ence on the activity but on the molecular weights of the polymers,
which declined linearly with an increase in the polymerization
temperature. Furthermore, both the activities and the molecular
weight values increased with the polarity of the used solvents in the
order of heptane < cyclohexane < toluene < chlorobenzene. Finally,
the addition of 1-decene made it possible to control the molecular
weights. With an increase of 1-decene amount both the molecular
weights and the monomer conversion declined [178].

Complexes Ni-157 and Ni-159 to Ni-161 were compared under
the same polymerization conditions. The order of activities for the
substituted acetylacetonato complexes was found to be Ni-161 > Ni-
160 > Ni-159 > Ni-157, indicating that electron-withdrawing groups
and bulky substituents on [-diketonato ligands can increase the
catalytic activities. Bulky substituents are capable of controlling
chain transfer reactions. As a result, Ni-159 produced higher molec-
ular weight polymers than Ni-157 [151].
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Compound Ni-162 was applied in the presence of different
cocatalysts [179]. The addition of B(CgFs5)3 was essential for the
polymerization. When the boranes BF3-OEt,, B(OEt)3 or B(OCgFs )3
were used no monomer conversion was observed. Also, the addi-
tion of AlEt3 to the system Ni-162/B(CgF5)3 was not necessary for
better activities as both systems produced PNB with the same activ-
ity under the same conditions in the area of 10° Epolymer/MOly; h.
In addition the effect of water on the polymerization system was
investigated and the presence of certain amounts of water was
found to double the monomer conversion. Also, the average molec-
ular weights of the polymers obtained with the water containing
catalytic system Ni-162/B(CgF5)3 were significantly lower [179].
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Activated with MAO, the di- and tetranuclear compounds
Ni-163 to Ni-166 showed similar high polymerization activi-
ties of around 1.5 x 107 gpyg/moly; h. Compound Ni-164 also was
activated with B(CgFs)3/AlEts using different kinds of addition
sequences for the cocatalytic system. When the sequence of addi-
tion was Ni-164+AlEt; +B(CgF5)3 a slightly higher activity of
7.6 x 108 gpyg/moly; h was observed than for the sequence Ni-
164+B(CgFs )3 + AlEt; with 4.5 x 106 gpyg/moly; h. When the borane
alone was used for activation, the activity decreased to a value of
7.5 x 10° gpNB/molNi h [117]
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2.6.4. Phosphane (arsane, stibane) ligands

Nickel complexes with a single PPh3 ligand are reported in the
sections on N,N-, N,0- and 0,0-chelate ligands (see complexes Ni-9,
Ni-10, Ni-16, Ni-17, Ni-27 to Ni-30, Ni-54 to Ni-77, Ni-118, Ni-119)
and in the section on multidentate carbon ligands (see Ni-188, Ni-
189). In this section the focus is mainly on complexes with two
or more phosphane ligands, including chelating bisphosphanes.
In addition, complexes with P,0- and P,N-chelate ligands are
included.

The dimeric complex Ni-167 formed an active species with
B(CgFs)3 and showed a low activity of 7.9 x 10% gpyg/moly; h
for norbornene polymerization. However, the activity of the
complex was boosted by almost an order of magnitude by
addition of two equivalents of B(CgFs5)3-3H,0 and increased to
4.1 x 10° gpyg/molyih , which was known from previous work
to react with Ni-167 to form compound Ni-168 via an unprece-
dented transfer of two pentafluorophenyl groups from B to Ni
[179,180].
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High polymerization activities of more than 107 Zpolymer/MOly; h
were afforded with the P,N-chelate complexes Ni-169 and Ni-170
with MAO as cocatalyst [181]. The optimal Al/Ni ratio was found
to be 3000 for both precatalysts. The reaction temperature was
investigated for Ni-169. When changed from 0°C to 90°C the
maximum activity was observed for a temperature of 30°C. In
addition, the activity increased with higher monomer concentra-
tions until a plateau was reached for a norbornene concentration of
3 mol/l.

Ph

P N-
P N Ni-169R=H

Ph~ “PPh, Ni-170 R = Me

Precatalyst Ni-171 could be activated with MAO as cocata-
lyst. The optimal molar Al/Ni ratio here was 600. An increase in
norbornene concentration greatly enhanced the polymerization
activity. When the NB/Ni ratio was varied from 1062 to 20 000 an
increase of the activity by more than factor 103 was observed and
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a very high catalytic activity of more than 108 Zpolymer/MOly; h was
obtained. The effect of the reaction temperature was also investi-
gated and 25 °C was found to be the optimized temperature [182].
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Ni—Cl
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Cl Cl
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Tetrakis(triphenylphosphane)nickel(0), Ni-172 was used in
combination with BF3-OEt, for norbornene polymerization with
good activities in the range of 106 Zpolymer/Moly; h [183]. The molar
B/Ni ratio greatly influenced the polymerization activity and a vari-
ation of this ratio from 50 to 500 led to a steep increase until for
a value of 300 an activity plateau was reached. Ni-172/BF;-OEt,
was active over a wide range of temperature with 65 °C to be opti-
mal. At the same time, the average molecular mass of the polymers
increased with an increase in the B/Ni ratio and decreased with
higher temperatures. Furthermore higher monomer concentration
caused an increase of the activity [183].
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The phosphane complexes Ni-172, Ni-173 and Ni-174, were
compared for NB polymerization [177]. Ni-172 was used in the
presence of B(CgF5); leading to a 65% monomer conversion for
a B/Ni ratio of 5 (activity calculated as 6.5 x 10% gpyg/moly; h
[121]). Compounds Ni-173 and Ni-174 were used in combina-
tion with the cocatalytic system B(CgF5)3/MAO. For Ni-173 only
traces of norbornene were converted and Ni-174 performed with
39% conversion (activity calculated by 3.9 x 104 gpyg/moly; h [121])
[177178].

Precatalysts Ni-174 and Ni-175 gave rise to norbornene poly-
merization catalysts when activated with MAO or B(CgF5)3/AlEts.
When the borane was used as the activator, AlEt; had to be simul-
taneously applied for the halide/alkyl exchange to create the active
species and as a scavenger for impurities. The activities obtained
were rather low in a range from 3.9 x 103 to 2.9 x 10 gpg/moly; h.

Higher activities were observed with MAO than with B(CgFs )3/AIEt;3
and Ni-175 was slightly more active than Ni-174 [184].

The diphosphane complexes Ni-174, Ni-175 and Ni-176 to Ni-
178 were used with moderate activities when activated with
MAO [119]. Only complexes Ni-176 and Ni-178 containing the six-
or seven-membered dppb and dpppt ligands exhibited activities
around or above 10° Zpolymer/Moly; h. For the compounds Ni-174
and Ni-175 the conversion and activity with MAO was unremark-
able. The same trend with similar activities was observed when
compounds Ni-174, Ni-175, Ni-176 and Ni-178 were activated with
B(CgF5)3 in combination with AlEt3. Ni-176 and Ni-178 could
also be activated with the borane alone to moderate activities.
Precatalyst Ni-177 containing bromine instead of chlorine cat-
alyzed the norbornene polymerization after activation with MAO
or B(CgFs5)3/AlEt3. With the latter cocatalytic system the activity
exceeded 10° gpyg/moly; h [119].

(‘(CHz)n
Ph,P PPh,
\Ni/
f =
X X
Ni-174 n =2, X = Cl, Ni(dppe)Cl,
Ni-175 n =3, X = Cl, Ni(dppp)Cl»
Ni-176 n =4, X = Cl, Ni(dppb)Cl,
Ni-177 n =2, X = Br, Ni(dppe)Br,
Ni-178 n =5, X = Br, Ni(dpppt)Br,

Among the Ni(Il) precatalysts Ni-179 to Ni-183, only com-
pounds Ni-179, Ni-180 and Ni-181 polymerized norbornene,
with yields between 72% and 90% (activities calculated as
2.7-3.4 x 10° gpyg/moly; h [121]) and with L=SbPhs showing the
highest conversion. Interestingly, no cocatalysts were required to
perform the polymerization [185]. With Ni-182 and Ni-183 only
traces of PNB were obtained under the same conditions.

Ni-179 L = SbPhy

Cl F _FE Cl
||' Ni-180 L = AsPhg
F Ni F Ni-181 L = AsCyPh,
|I_ Ni-182 L = AsMePh,
Cl FT- F Cl

Ni-183 L = PPh;
Cy = cyclohexyl

The (diphosphinoamine)nickel(Il) complex Ni-184 exhibited
activities in the range of 10°-106 gpyg/moly; h under various reac-
tion conditions [186]. The optimal temperature was 20 °C. The best
Al/Ni ratio was 500 and required was at least a value of 300.

OMe

N
Ph,R” ~PPh
2 \ / 2
Ni
/

Cl \CI Ni-184



F. Blank, C. Janiak / Coordination Chemistry Reviews 253 (2009) 827-861 849

The complexes cis-P,P-(nm’-cyclopentadienyl)-{5,17-dibromo-
11,23-bis(diphenylphosphino)-25,26,27,28-tetrapropoxycalix|[4]
arene}nickel(Il) tetrafluoroborate (Ni-185) and dibromo-{5,17-
dibromo-11,23-bis(diphenylphosphino)-25,26,27,28-tetrapro-
poxy-calix[4]arene}nickel(Il) (Ni-186), both of which contain a
constrained chelating diphosphine built upon a calix[4]arene
skeleton produced polynorbornene with activities of up to
7.5 x 10° gpyg/moly; h under the same conditions and activated
with MAO [187]. For further investigations the system Ni-186/MAO
was used. The molar Al/Ni ratio was best for a value of 1000. The
influence of the reaction time was also investigated. It was found
that within 5 min the maximum conversion was almost reached.
When the reaction times were varied from 5min to 24h, the
monomer conversion slightly increased from 83% to 90% and the
molar mass of the polymer did not vary significantly [187].

04

/(B /ro J)\Kol »

+
Br " gF,

Phyp.2Ni~gp

Br Ph,P Br

’\\\ "/i L[]
S0

2.6.5. Multidentate carbon-bonded ligands

The previous sections on chelating ligands already featured
nickel-carbon bound complexes with ligands like phenyl (Ni-16,
Ni-17, Ni-27 to Ni-30, Ni-54 to Ni-68, Ni-75 to Ni-77, Ni-118,
Ni-119, Ni-167), naphthyl (Ni-69 to Ni-74), allyl (Ni-156) and
perfluorophenyl (Ni-168). The last section on phosphane ligands
included nickel complexes with carbon-bound ligands such as
phenyl (Ni-169, Ni-170), chlorofluorophenyl (Ni-179 to Ni-183) and
cyclopentadienyl (Ni-185).

The allyl, n®-toluene and cyclopentadienyl nickel complexes
would belong in this section, here. Yet, in combination with the
N,O-chelating ligand for allyl (Ni-156) and a P,P-chelating ligand for
cyclopentadienyl (Ni-185) the multidentate carbon group is prob-
ably the labile ligand which is lost upon activation.

A readily active catalyst, without the need of a cocatalyst,
should contain pentafluorophenyl ligands and one or two labile
ligands that can be readily displaced by norbornene. A prototype
is complex Ni-187 with the weakly coordinating m®-toluene lig-
and, which was applied for the copolymerization of norbornene
with 5-triethoxysilylnorbornene (the substituted norbornene was
incorporated for polymer solubility) [179].
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Fig. 11. End-group structure of the PNB polymer obtained with Ni-187 in the pres-
ence of ethylene, based upon 'H- and '3C NMR investigations [179].
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Complex Ni-187 was also used to investigate the mechanism
of the norbornene polymerization, whose initiation step is of high
interest. The most direct proof of the initiation mechanism would
come from elucidation of the end-group structure of the polymer.
The norbornene/5-triethoxysilylnorbornene copolymers produced
by Ni-187 were of too high molecular weight to determine the end-
group by NMR. Thus, norbornene was polymerized in the presence
of ethylene at a 500:1 norbornene to nickel ratio. '"H NMR and
19F NMR showed that the polynorbornene obtained had the end-
groups -CH=CH, and -CgF5 with an exo-enchainment of the latter
(Fig. 11) [179].

This allowed the suggestion of a mechanism of chain initia-
tion and termination (Fig. 12): The chain start occurs via insertion
of the exo face of the norbornene monomer into the Ni-CgF5
bond. Presumably, coordination of norbornene to Ni takes place
prior to insertion. This explains the higher activity observed
for Ni-187 with its labile toluene ligand compared to complex
Ni-168 containing a chelate ligand [179]. After the first nor-
bornene insertion, propagation ensues. After insertion of ethylene,
a (CgF5)Ni-CH,-CH,-(NB),-CgF5 capped norbornene polymer
intermediate is formed. Free rotation about the -CH,-CH,- bond
of this intermediate offers two (3-hydrogen atoms that can be read-
ily eliminated to form a neutral species and a vinyl-terminated
poly(norbornene) chain. The (CgF5)Ni—-H moiety decomposes via
reductive elimination of pentafluorobenzene and nickel(0).

Complex Ni-188 was activated with the cocatalysts B(CgFs)3,
Ph3C*B(CgF5)4~ or MMAO. For Ni-189 MMAO, B(CgFs)3/AlMes or
Ph3C*B(CgFs5),~/AlMe3 were applied as cocatalysts [188]. For Ni-
188 the cocatalytic system Ph3;C*B(CgFs)s~ afforded the highest
activity of more than 10° g;q1ymer/moly; h. With the borane or MAO
the activities were rather low. For Ni-189 the activities were mod-
erate on the order of 10° Zpolymer/Moly; h in all cases. Both catalysts
were also able to catalyze the copolymerization of norbornene with
5-norbornene-2-carboxylic acid methyl ester [188].
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From the two cis N-heterocyclic carbene complexes Ni-190 and
Ni-191 the former could catalyze the norbornene polymerization
in the presence of MAO with excellent activities of more than
107 Zpolymer/Moly; h and high molecular weights in the range of
106 g/mol. A polymerization temperature of at least 40°C was
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Fig. 12. Suggested polymerization mechanism of norbornene with Ni-187 in the presence of ethylene [179].

required. The optimum was 80°C, but also at 100°C good activi-
ties were obtained. At the same time, the average molar weights of
the polymers decreased with increasing temperature. Variation of
the reaction time showed that the monomer conversion increased
with longer reaction times and the catalytic activities decreased
at the same time due to the decreasing norbornene concentration
during the reaction [189].
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The picolyl-functionalized carborane Ni(Il) complex Ni-192
could be activated with MAO and showed activities up to
3 x 106 gpyg/moly; h and molar masses in the range of 10° g/mol.
A variation of the molar Al/Ni ratio from 3000 to 10 000 showed a
maximum activity for a value of 8000. At the same time, the molar
masses of the polynorbornenes increased significantly with higher
amounts of MAO. The reaction temperature was found to be optimal
at 60°C[190].
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The bis(cyclooctadiene)nickel(0) compound, Ni(cod), Ni-193
was tested in the presence of the borane activators B(CgFs)s,
B(CgHs)3, BEt3 and BF5-OBu,, of which only B(CgFs )3 produced PNB
in high yields of 96% (activity calculated as 9.6 x 10* gpyg/moly; h
[121]) [177]. In order to investigate the polymerization mecha-
nism, a small amount of ethylene was added and the end groups
analyzed by 'H- and 1°F NMR. The resulting polymer was vinyl ter-
minated on one side and CgFs-terminated on the other end of the
PNB-chain. These results pointed to a polymerization mechanism
very similar to that postulated by Goodall and co-workers in [179]

(Fig. 12).
/Z\ /l\
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The bis(allyl)-Ni(Il)-complex Ni-194 was activated with MAO to
catalyze the vinyl polymerization of norbornene with high yields
(activity calculated as 2.3 x 10 gpyg/moly; h [121]) [122].
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2.7. Palladium catalysts

Palladium(Il) complexes also constitute a large group of com-
pounds for the polymerization of norbornene. For a better overview
the Pd complexes are grouped according to the major ligand type
just like the Ni complexes. In heteroleptic complexes of the type
Pd(A"B)CD the bidentate A”B chelate ligand is usually viewed as
the major ligand. A chelate ligand is more likely to remain bonded
upon activation by the cocatalyst and, therefore, can affect the metal
catalyst properties, whereas the monodentate (C, D) ligands are
probably lost to create the necessary vacant sites for norbornene
coordination.

2.7.1. N,N-Chelate ligands

The Pd(II) complexes Pd-1 to Pd-3 with a-dioxime ligands
were investigated with the different activators MAO, B(CgF5)3/AlEt3
and B(CgF5)3 alone for norbornene polymerization. The activities
covered a range between 1.2 x 104 and 3.2 x 107 gpgjymer/Molpg h.
Compound Pd-1 always showed the highest activity which was
similar for MAO or B(CgFs)s/AlEts but lower for the borane.
When the polarity of the solvent was decreased by going from
a toluene/methylene chloride mixture (1:1, v/v) to pure toluene
a slight decrease in polymerization activity was observed which
suggested a complex-cation/MAO-anion pair as the active species
[139].
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Among the compounds Pd-4 to Pd-7 with pyrazolylpyridine
ligands in combination with MAO only the system Pd-4/MAO
showed a moderate activity of 1.33 x 10° Zpolymer/MOlpg h, whereas
Pd-5/MAO and Pd-6/MAO produced only traces of polynorbornene
and Pd-7/MAO was completely inactive [141].
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The palladium(ll) complexes Pd-8 to Pd-13 with
pyrrole-iminato ligands gave high and similar activities of
~106 Zpolymer/MoOlpg h - with MMAO. Detailed investigations for
Pd-8/MMAO showed a maximum activity for a catalyst concen-
tration of 0.025 pwmol/ml and an Al/Pd ratio of 1500 (in the range
500-2500). For higher ratios the activity just increased slightly. An
increase in NB/Pd ratio from 10000 to 80000 led to a decrease in
polymerization activity [192].
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The dinuclear diimine palladium complexes Pd-14 to Pd-16 with
MAQO catalyzed the vinyl polymerization of norbornene with activi-
ties in the range of 106 gpng/molpg h. The activity of Pd-16/MAO was
slightly higher than that of Pd-15/MAO, which seems to be due to
the smaller size of the methyl substituent. The system Pd-16/MAO
was used to study the influence of the polymerization conditions
on the catalytic activity. When the molar Al/Pd ratio was decreased
from 525 to 35, the activity also decreased, but still remained in the
area of 10° gpng/molpg h. Furthermore, the activity decreased with
a decrease of the monomer concentration [147].
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The dinuclear Pd(II) complexes Pd-17 and Pd-18 were applied
for the polymerization of norbornene with MAO, B(CgFs)3 or
B(CgFs5)3/AlEt3 as cocatalysts. When MAO or B(CgFs)3/AlEt3 were
used, the activities were in the area of 107 Epolymer/MoOlpg h. Com-
pound Pd-17 was slightly more active than Pd-18 under the same
conditions. With the borane alone the activity decreased drastically
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t0 2.7 x 104 gpoymer/Molpg h (Pd-17). The system Pd-18/B(CgFs)s
exhibited even no monomer conversion [140,148].

—| +CI_

After activation with MAO, the Pd(II) complexes Pd-19 to
Pd-23 yielded quantitative conversion of norbornene within a
short period of time (5min, activity 1.1 x 106 Epolymer/MOlpg h
[121]). No further investigations on the homopolymerization of
norbornene were conducted, but the precatalysts were also used
for the copolymerization of norbornene with different norbornene
derivatives [191].

R
Pd-19 R =H
7 N Pd-20 R i n-pentyl
N N Pd-21 R = phenyl
=/ “pg” = Pd-22R = p-tolyl
c” el Pd-23 R = ferrocenyl

2.7.2. N,O(N,S)-Chelate ligands

The precatalysts Pd-24 to Pd-26 bearing salicylaldiminato sub-
stituents could be activated with MMAO. The activities were in the
area of 106 Zpolymer/Molpg h and in the order of Pd-24 > Pd-25 > Pd-
26. For Pd-24/MMAO an optimal reaction temperature of 30 °C was
found [192].
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i R

P Pd-24 R: ='Bu Ri = Me
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= ® pd-26 R' = NO, R2 = Pr

The neutral salicylaldiminato Pd(II) complexes Pd-27 to Pd-32
in combination with MMAQO exhibited extremely high polymeriza-
tion activities of more than 108 Epolymer/Molpg h for Pd-27/MMAO,
Pd-29/MMAO and Pd-31/MMAQO, in particular [157]. To under-
stand the high activities of Pd-27 and Pd-29 the mononuclear
salicylaldiminato palladium complex Pd-33 was synthesized and
its catalytic behaviour was investigated under the same condi-
tions. This mononuclear complex displayed much lower activities
than the corresponding binuclear complexes Pd-27 and Pd-29.
Obviously, bulky groups in the 3-position of the salicylaldiminato
fragment were responsible for the high catalytic activities of the
binuclear palladium complexes [157]. It was also found that the
palladium complexes with pyridine exhibited much lower activi-
ties than those with PPhs. One would expect that Pd complexes
bearing a more weakly bound pyridine ligand have higher activi-
ties than those bearing a more strongly bound PPhs ligand because
of the need to dissociate the donor ligand to free a coordination

site for the monomer. Therefore, it was assumed that the bulky
PPh3 dissociates more easily than the small pyridine under acti-
vation with MMAO [157]. The activity of Pd-27/MMAO depended
on the amount of the cocatalyst. The activity slowly increased with
an increase of the molar Al/Pd ratio and reached the highest value
for a ratio of 2500. With a further increase of the Al/Pd ratio the
activity decreased. An increase of the reaction temperature from
20°C to 70°C caused an increase in the activity. Also, the cat-
alytic activity increased with higher monomer concentrations up
to 7 x 107 gpnp/molpg h [157].
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The dinuclear Pd(II) complexes Pd-34 and Pd-35 with Schiff-
base hydrazone ligands were applied for the polymerization
of norbornene with MAO, B(CgF5)3 or B(CgFs)3/AlEt; as cocat-
alysts. When MAO or B(CgFs)3/AlEt; were used, the activities
were in the area of 10°-107 gyoiymer/molpg h. With the borane
alone the activity decreased drastically to 6.3 x 102 (Pd-34) or
5.3 x 102 gpolymer/molpg h [140,148].
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Pd-34 X = S, +2DMF
Pd-35 X = O, +DMF

Compound Pd-36 with its dinucleating P,N,S ligand was tested
for the norbornene polymerization in combination with MAO or

NH,
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B(CgFs)3/AlEts [193]. Activities between 10° and 108 gpyg/molpg h
were obtained. So the activity of the dinuclear Pd complex Pd-36
is lower than that of the related precatalysts Pd-34 and Pd-35. This
observation was attributed to the presence of the Ph,P-ligating
group which can shield the active center with its bulkiness and
because the Pd-P bond is less likely to open even in the presence of
the cocatalysts to create a required open coordination site.

By T er

N S N
NSNS

[,"‘3 7kt

P° CICl P

Ph, Ph, Pd-36

The palladium(Il) complex Pd-37 in combination with MAO
exhibited a very high activity of up to 8 x 107 gpyg/molpg h over a
wide temperature range (0-80°C) with 60°C as the optimal tem-
perature. This system was also active for the copolymerization of
norbornene and norbornene carboxylic acid methylester [166].

2.7.3. 0,0-Chelate ligands

With complex Pd-38 in combination with B(CgFs )3 the activity
increased by almost a factor of 10 (to 3.66 x 10° gpng/molpg h) by
raising the molar B/Pd ratio from 1 to 10 [179].

The system bis(acetylacetonato)palladium(Il) (Pd-39) with
borontrifluoride etherate (BF;-OEt,) featured high activities up
to 2 x 107 Zpolymer/MOlpg h at an optimized B/Pd ratio of 25. The
activities decreased dramatically with increasing the monomer/Pd
ratio from 5600 to 56000. The structure of the polymer from
Pd-39/BF3-OEt; was found by NMR and FTIR spectroscopy to
consist exclusively of 2,7-enchained repeating norbornene units
(see Fig. 1) [194].

'‘Bu 5 '‘Bu 2
N 7S
O\ /O O\ /O
Pd\ /Pd\
o O o O
g SNy So
Bu Bu
Pd-38 Pd-39

Palladium(Il) carboxylates Pd-40 to Pd-44, in particular
Pd(OAc),, and BF3-OEt,, gave high activities of more than
106 gpNB/molpd h [195]

R Pd(carboxylate),
A\ Pd-40 R = CH,Ph — benzoate
/ Pd-41 R = CH; — acetate
d\ Pd-42 R = C,Hs — propionate
Pd-43 R = "CgH44 — heptanoate
\R( Pd-44 R = "C;;H;5 — stearate

For the system Pd-41/BF3-OEt, the molar B/Pd ratio was varied
between 5 and 60 and a ratio of 40 was found to be optimal. The
average molecular weight of the generated PNBs increased at the
same time. When the temperature was raised from 15°C to 65°C
both the activity and molar mass decreased, which indicated an
active species of low thermal stability. The NB/Pd ratio had no effect
on the activity, thus, indicating zero order of the reaction rate with
respect to monomer. A higher concentration of precatalyst led to
higher monomer conversion and activities but the average molec-
ular masses of the polymer decreased. The monomer conversion
was not affected by the nature of the carboxylate ligand, whereas
the PNB molecular weight showed a linear decrease with increasing
acidity of the carboxylate ligands [195-197].

2.7.4. Phosphane ligands

Palladium complexes with a single PPh3 ligand are reported in
the sections on N,N-, N,O- and 0,0-chelate ligands (see complexes
Pd-8 to Pd-11, Pd-24 to Pd-27,Pd-29, Pd-31, Pd-33, and Pd-37) and
in the section on multidentate carbon ligands (see Pd-59). AP, N, S-
ligand was given in Pd-36. In this section the focus is on complexes
with two phosphane ligands, including chelating bisphosphanes.

The two perfluorinated Pd(Il) precatalysts Pd-45 and Pd-46
were designed for applying the fluorous biphasic concept (FBS) to
the palladium-catalyzed addition polymerization of norbornene.
The FBS concept should have allowed the chemical recovery of the
active species by working in a biphasic system. Separation of the
fluorous phase containing the perfluorinated (active) metal species
would have opened the possibility to restart the polymerization by
a simple addition of a new portion of monomer. Although the per-
fluorinated Pd(II) precatalysts Pd-45 and Pd-46 were proven to be
highly active with the cocatalysts B(CgF5)3/AlEt; or MAO, the aim
to recycle the active species was not achieved. After each recycling
step the addition of new cocatalyst was required and monomer
conversions dropped considerably after the first recycling [198].
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Compounds Pd-47 to Pd-50 with their bidentate 1,2-
bis(diphenylphosphino)alkane ligands were used in combination
with different cocatalysts [MAO and B(CgFs5)3/AlEt3]. The activi-
ties were moderate around 103-10° Zpolymer/MOlpg h except for the
system Pd-47/B(CgFs)3/AlEt3, which showed an activity of more
than 107 Zpolymer/MOlpg h. It is noteworthy that the required cocat-
alyst quantities were much less with borane/AlEt; than with MAO
for similar monomer conversions and activities. This leads to less

C7F45-H,CO OCH,-C7F 45

OCH3-C7F 5
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Fig. 13. Part of the activation process of precatalyst Pd-47 and Pd-48 with B(CsFs )3 as elucidated by '°F- and 3'P NMR [119,140].

cocatalyst residues in the polymer, which is highly advantageous
for any prospective optical applications of polynorbornene [184].
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The activity of compound Pd-47 in comparison to the closely
related compound Pd-48 differed by a factor 6 x 103 when activated
with B(CgF5)3/AlEts [119,140]. For both complexes two equivalents
of borane were required to reach polymerization activity which
then continued to increase somewhat with the borane ratio in
combination with AlEt;. A combined '°F- and 3'P NMR study on
the reaction of Pd-47 and Pd-48 with B(CgFs)3 indicated chlo-
rine abstraction with formation of a fast equilibrium between free
excess borane and chloro-boranate, [Cl-B(CgF5)3]~ and a second
slow equilibrium to chloro-diboranate, [(F5Cg)3B-CI-B(CgF5)3]~
(Fig. 13). There was no indication of a phosphane ligand abstrac-
tion from Pd-47 or Pd-48. These salient features did not change
when the NMR-study was repeated with B(CgF5)3/AlEt;. On the
other hand, the NMR-results did not explain the activity difference

since apparently the same [Pd(bisphosphane)]?*-species was ini-
tially formed. Results from X-ray structural investigations based on
single-crystal products from the reactions of Pd-47 and Pd-48 with
B(CsF5)3 and Ag[closo-1-CB11H13], however, revealed a different
stability and solution behavior of these [Pd(phosphane)]%*-species:
reaction with B(CgFs5)3 yielded crystals only for Pd-47 and the X-
ray structure showed a Pd%*-cation with two dppe-bisphosphane
ligands, [Pd(dppe);]?*. In order to obtain crystalline products also
based on Pd-48, the chloride abstraction was carried out with
the silver salt of the monocarba-closo-dodecarborane(12) anion,
Ag[closo-1-CB11Hy2]. Crystals from Pd-47 again showed the Pd2*-
cation with two dppe ligands, [Pd(dppe);]%*, while crystals from
Pd-48 contained the expected Pd%*-cation with a single dppp lig-
and, [Pd(dppp)]?* (Fig. 14) [119,140].

The X-ray crystallographic results supported the notion
from the NMR data of chloride abstraction and forma-
tion of [Pd(bisphosphane)]?*-species. Yet, with bis(diphenyl-
phosphino)ethane, dppe as a ligand, the [Pd(bisphosphane)]?*-
cation obviously is unstable with respect to a ligand redistribution
(dismutation) reaction which yields a bis-dppe cation,
[Pd(dppe)2]** together with an un-ligated Pd%*-cation. The
formation of an un-ligated Pd%*-cation, which can be expected to
be highly unstable, is supported by the formation of elemental pal-
ladium under non-polymerization conditions. There is no evidence
that the cation from Pd-48, [Pd(dppp)]%*, can enter in a similar
ligand redistribution reaction. Hence, the activity difference was
attributed to the formation of a highly reactive “naked” Pd2*-cation

Q Q Pd( dppe )Cl, +n B(CoFs)s (AIEL) Pd(dppp)Cl,
chloride abstraction
P Cl ” P\ ,CI
(rd o dppe)] (Pd(dppp)F C )
p/ \CI ligand
redistribution
(dismutation)
Pd(dppe),]** + Pd?* y,
Pd-47 [Pd(dppe).] DhatEbls . _ \pm Pd-48
ﬂ -highly reactive { Pd
X-ray formation of elemental =Py P
\ /) % palladium under non-
N P polymerization conditions
(we
P,
s \) (/P\ possible ligand redistribution not possible

Fig. 14. Activation process of the precatalysts Pd-47 and Pd-48 with B(CsFs )3 or B(CsFs )3 /AlEt; and the possibility of ligand redistribution for dppe and dppp ligands [119,140].
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Fig. 15. Activation process of precatalyst Pd-58 with B(CsFs )3 [140,118].

in the case of Pd-47 and the absence of the same for Pd-48 (Fig. 14).
The [Pd(bisphosphane)]?*-cations themselves are apparently only
of mediocre activity in the addition polymerization of norbornene
[119,140].

The ligand redistribution with dppe in the case of Pd-47 and
the absence of this dismutation reaction with dppp for Pd-48 can
be explained with steric arguments due to the different bite angle
and chelate ring size, which results in a different steric demand
of the chelate ligand around the metal. The features of the dppe
ligand allow for the formation of two five membered Pd(dppe)-
rings around a square-planar Pd2*-ion center. With the dppp ligand
two six membered Pd(dppp)-rings in a square-planar geometry are
not possible (and have not been structurally authenticated in the
literature) because of inter-ligand repulsion between the sterically
demanding phenyl groups [119,140].

Precatalyst Pd-51 was applied with MAO as cocatalyst and for
two different Al/Pd ratios (500 and 1000) a ratio of 1000 gave the
highest activity of 10° Zpolymer/Molpg h (better than the used refer-
ence substance Pd(dppp)Cl,/MAO) [199].
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HO Cl Cl " OH Pd-51

2.7.5. Homoleptic Pd complexes with chloro ligands

Palladium(Il) salts containing the [PdCl4]?~ anion and the
organic cations [K(18-crown-6)]* or [imidazolium]* such as Pd-52
and Pd-53 could be activated with MAO or B(CgFs)3/AlEts. Precat-
alyst Pd-52 exhibited a high activity of more than 107 gpyg/molpg h
with the cocatalytic system B(CgFs)3/AlEt3 and a significant lower
activity when MAO was used. Compound Pd-53 showed high
activities in the range of 106-107 gpyg/molpg h for both activa-
tors. Furthermore Pd-52 and Pd-53 also proved to be active with
B(CgFs )3 alone, yielding 10% Zpolymer/MOlpg h. The inorganic Pd(II)
compounds PdCl, (Pd-54) and K,PdClg (Pd-55) were tested under

the same conditions and were considerably less active [140,118].
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Palladium(Il) salts Pd-56 to Pd-58 containing the [Pd,Clg]?~
anion and the organic cations [K(18-crown-6)]*, [H30(18-crown-
6)]* or [Ph3PCH,C(O)CH3]* could be activated with MAO or
B(CgF5)3/AlEt3 towards norbornene polymerization [140,118].
These catalytic systems gave very high activities of more than
107 gpnp/molpg h, except for Pd-56/MAO, which exhibited a lower
activity of around 10° gpnp/molpg h. System Pd-56/MAO also proved
to be active with B(CgF5) alone, yielding almost 10° gpng/molpg h.
The inorganic Pd(II) compounds PdCl, (Pd-54) and K,PdClg
(Pd-55) were tested under the same conditions and were con-
siderably less active. The activation process of the precatalyst
[Ph3PCH,C(O)CH3]3[Pd;Clg] (Pd-58) in combination with the
borane B(CgF5); was followed by multinuclear (1H, 13C, 19F, and
31p )NMR investigations and pointed to the in situ formation of
molecular PdCl, which may represent the active species in the poly-
merization process (Fig. 15) [140,118]. The higher activity of in situ
prepared PdCl; from Pd-58 over commercial, solid-state PdCl, (Pd-
54) was attributed to a higher solubility, larger surface area or the
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polymer initiation by molecular PdCl, and its stabilization by the
growing polymer chain.

2—
+‘
- Closg.. ol ol
j SPAS P
o~ | ClI cl Cl

[K(18-crown-6)],[PdsCle]
2 Pd-56

O H O

(%]
Lo

2—
Bl 5Bl g
e |
Cl Cl Cl

[H30(1 8-crown-6)],[Pd,Clg]

Pd-57
* PPhg )
H,C, Clry Gl WO
C=0| ~ePdunprPi~
! Cl Cl Cl

HsC

2 [Ph3PCH,C(O)CH,],[Pd,Cl;] Pd-58

2.7.6. Multidentate carbon-bonded ligands

The sections on palladium catalysts with N,N- and N,0-chelate
ligands also contained complexes with a Pd bound methyl group
(Pd-Me) as carbon bonded ligand, namely Pd-8 to Pd-12, Pd-24 to
Pd-33, and Pd-37. In this section the palladium-m complexes with
the m-ligands cyclopentadienyl, allyl, alkene or with N-heterocyclic
carbenes are summarized.

Compounds Pd-59 and Pd-60 were markedly affected in
their activity by the cocatalyst. Activators used were B(CgFs)s,
MMAO (modified MAO containing isobutylalumoxane) and
Ph3C*B(CgF5)s~ with an extremely high activity of more than
108 gpolymer/molpd h for Pd-GO/Ph3C+B(C6F5 )4_. With the other
cocatalysts the activities decreased by several orders of magnitude
for both precatalysts Pd-59 and Pd-60 covering a range from 10% to

106 gpolymer/mOIPd h [188]~

Pd Pd
Phep”  Me s o
o Pd-59 X+ Pd-60

The vinyl polymerization of norbornene with Pd-61 in combi-
nation with MAO was investigated by varying the molar Al/Pd ratio
and the monomer/Pd ratio [176]. The Al/Pd ratio was varied from
30 to 200 and the activity increased at the same time. It was also
shown that the MAO excess could be lowered without a significant
loss in activity. Only when the molar Al/Pd ratio dropped below
a value of 30 a significant decrease in activity occured. The opti-
mal monomer/Pd ratio was found to be at around 2300; a further
increase of this ratio then caused a decrease of the polymeriza-
tion activity. This may be explained by impurities in the monomer
which eventually decrease the number of active centers. In general,
the activities exceeded 106 gpng/molpg h [176].
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The palladium carbene complex Pd-62 could be activated with
MAO to catalyze the norbornene polymerization with very high
activities of up to 108 Zpolymer/MOlpg h. The molar ratio of Al to Pd
greatly affected the activity; the activity increased rapidly as the
molar Al/Pd ratio increased. Also, the polymerization temperature
influenced the catalytic activity. When the temperature rose from
0°C to 40°C the activity increased as well [200].

[:]:iﬁik
Pd\ \
Cl Pd-62

A series of in situ generated allyl palladium complexes bear-
ing N-heterocyclic carbene ligands (Pd-63 to Pd-67) were proven
to be catalysts for the norbornene polymerization once acti-
vated with AgBF4 or AgSbFg. The catalytic activities were highly
dependent on the counterion, the solvent, and the reaction tem-
perature. High yields were obtained for the catalysts Pd-64 to
Pd-67 (99% each [124]), whereas complex Pd-63 exhibited only a
poor monomer conversion of 30%. Catalysts Pd-65 to Pd-67 were
also used for the polymerization of the norbornene derivatives
5-norbornene-2-carboxylic-acid methyl ester (NB-CO,Me) and 5-
norbornene-2-carboxylic-acid n-butyl ester (NB-CO,"Bu) [201].
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2.8. Copper catalysts

The bis(salicylaldiminato)copper(ll) complexes Cu-1 to Cu-5
were activated with MAO-A (MAO-A contains about 15 mol% free
TMA) to afford between 10% and 10° gpng/molcy, h. Relative high
temperatures of 60-80°C and a rather high molar Al/Cu ratio of
2500 were needed to afford a significant monomer conversion. The
presence of electron-withdrawing nitro substituents on the chelate
ligand markedly increased the activity [202].
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For the complexes Cu-6 to Cu-9 with N,O-chelating g-
ketoiminato ligands in combination with MAO both steric and
electronic effects contribute to the catalytic activities which were
in the order of Cu-7>Cu-9>Cu-8>Cu-6 and between 1.31 x 10*
and 6.35 x 10% Zpolymer/MOlcy h[203,204]. The sequence of decreas-
ing activity correlated with the decrease in the bulkiness of the
iminato-R-substituent. In addition, an almost fivefold increase
of activity of Cu-7/MAO over Cu-6/MAO was attributed to the
large m-system of the naphthyl ring. The system Cu-9/MAO with
its electron-withdrawing p-nitrophenyl group and more electron-
deficient Cu(Il) center gave a similar high activity than Cu-7/MAO
[203]. The catalytic system Cu-73/MAO showed the lowest activity
among this group of 3-ketoiminato Cu(Il) complexes [204].

The precatalysts Cu-6 to Cu-10 in combination with MAO were
also tested for the copolymerization of norbornene and styrene and
featured the same activity sequence as for the homopolymeriza-
tion of norbornene. Complex Cu-11 activated with MAO exhibited
a moderate catalytic activity for norbornene polymerization of
~10% Zpolymer/MOlcy h. An increase in the molar Al/Cu ratio from
300to 700 led to an increase in activity. When the temperature was
raised from 20°Cto 100 °Calinear decrease of the polymer molecu-
lar weights and a linear increase of the activity was observed [205].

Cu-6 R =phenyl

Cu-7 R = 1-naphthyl
Cu-8 R =o-tolyl

Cu-9 R = p-nitrophenyl

Cu-10 R = benzyl
Cu-11 R = m-tolyl

The copper complex Cu-12 with its bidentate phenoxy-imidazol
ligands in combination with MAO catalyzed the norbornene poly-
merization with moderate yields up to 3.16 x 10° Zpolymer/MOlcy h
depending on the reaction conditions. The Al/Cu ratio was varied

from 500 to 3000 with a ratio of 2000 found to be best. The optimal
temperature was 60°C [171].

Bu

/N
0 N7
By iN Ph
\
Ph
'‘Bu Cu-12

The activities of the copper complexes Cu-13 to Cu-15 with
N,O-chelating hydroxyindaniminato ligands covered a range from
4.7 x 104 to 1.1 x 10° gpglymer/molcy h, with Cu-15 being the most
active one after activation with MAO. For Cu-13/MAO variation of
the molar Al/Cu ratio from 300 to 1500 showed the highest activity
ataratio of 750. Further investigations of the reaction temperatures
for Cu-13/MAO showed similar activities from 16 to 60°C and an
optimal temperature of 30°C [206].

R
Pr
/ )
N O'pr
\
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Pr o \',N
iPr
Cu-13R=H
Cu-14 R =Cl
R Cu-15R = Me

3. Supported catalysts

Unlike the classical Ziegler-Natta polymerization of ethene
or propene, norbornene polymerization is usually started as a
homogeneous solution polymerization. Within a short time the
precitation of polynorbornene often renders the polymerization
procedure inherently heterogeneous.

There are examples in the literature of supported nickel com-
plexes applied in norbornene polymerization. Layered double
hydroxides of Al and Zn of the hydrotalcite-type, were applied as
support for Ni(acac), (Ni-157). These functional inorganic hydrox-
ide frameworks possess anion-exchange properties, high polarity
and are selective towards polar molecules. The activity of immobi-
lized Ni-157 was found to be higher than that of the homogeneous
one [207].

The bis(salicylideneiminato)nickel(Il) complexes Ni-82, Ni-83,
Ni-95, Ni-98 and Ni-100 were supported on spherical MgCl, and
silica to yield activities in the range of 10° Zpolymer/Moly; h. MAO
was required as cocatalyst. In general, the polynorbornenes pro-
duced with the supported catalyst had higher molecular weights
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and slightly broader molecular weight distributions than with the
respective homogeneous catalyst [162].

4. Di- and multinuclear metal complexes

The majority of metal complexes reported for norbornene poly-
merization are mononuclear, that is, possess only one metal atom.
Some comparative studies showed significant activity differences
between polynuclear and related mononuclear complexes (for
details see in the individual metal sections):

The homo- and heterometallic nickel-containing wheels Cr-4,
Cr-6, Cr-7, Fe-5, Fe-6 revealed a higher activity per nickel when
compared to mixtures of Ni(acac), with Cr(acac); or Fe(acac);
[117]. The dinuclear salicylaldiminato Schiff-base complexes Ni-78
to Ni-80 could reach higher activities than the related mononuclear
Ni-salen complex Ni-81 [140,148]. On the other hand, the general
activities of the mononuclear complexes Ni-149, Ni-150 and Ni-151
were slightly higher than those of the trinuclear compounds Ni-
152,Ni-153 and Ni-154[172]. Again, the dinuclear salicylaldiminato
complexes Pd-27 and Pd-29 exhibited much higher polymeriza-
tion activities than the related mononuclear Pd-33 under the same
conditions [157].
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5. Activity comparison

Fig. 16 shows an overview of the catalytic systems which are
summarized in this review. It is obvious that the precatalysts
based upon nickel and palladium show the highest activities.
It is noteworthy that by far the largest number of publications
deal with nickel. This fact is also reflected in the wide range of
activity values. The majority of nickel catalysts exhibit activities
of 10° gpng/moly; h or higher (for the distribution see numbers in
Fig. 16). A more detailed overview over the different ligand types
for nickel is shown in Fig. 17. Precatalysts bearing N,0-coordinating
salicylaldiminato or [3-ketoiminato ligands showed activities of
at least 108 gpyg/moly; h. Exceptions to this generalizations are
Ni-86 to Ni-91, Ni-93, Ni-94 and Ni-95 to Ni-113 which have
lower activities. The widest range in activities is observed for
nickel complexes with an N,N-coordination. Such complexes
give the highest activities observed, so far (>10° gpyg/moly;h
with Ni-33 to Ni-36) but can also exhibit rather low
activities.

Palladium based precatalysts were also able to catalyze the vinyl
polymerization of norbornene with high activities, whereas the
activated precatalysts based upon titanium, chromium, iron, cobalt
and copper showed rather low activities.

activity [gpng/MOlmetarh] )
109 e v i i e O o i i i e e e e
108 e i b e i b e e e e e e
107 e — — — e —— —— — — . — — — — — -
Ni

106 e e I — Pd
105 SN O I I e s

Ti

| @) .
104_..._.. L. = i e s
Cr Fe
Co @

103 N BEa—— ey 00 EEES  —
102

Ti Cr Fe Co Ni Pd Cu

(active metal center)

Fig. 16. Activity ranges of the different metal catalysts for the vinyl polymerization of norbornene. (The bimetallic, nickel-containing {M;Ni}-triangles (M =Fe, Ni) and
{Cr7Ni(-F)s }-wheels are counted towards nickel, as this metal was shown to be responsible for the high activity.) The numbers in the nickel column indicate the number

of Ni-complexes in the respective activity range.
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(activity [gpng/molyih] )
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with Ni-33 to Ni-36
[NiBra(N)]
~
108 Ty
P

107 4 Ni complexes with
0O,0- > Ni complexes with N, O-chelating
chelating ligands N ligands (Ni-54 to Ni-156)

108 - (Ni-157 to Ni-166) 3 Ni complexes with bis(phosphane)
and ligands (Ni-167 to Ni-186)
carbon-bonded
ligands
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whole activity spectrum from 10° to
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Fig. 17. A more detailed overview of the different ligand types of the adopted nickel precatalysts for the vinyl polymerization of norbornene.

6. Conclusions

Metal complexes with M =Ti, Zr, Cr, Fe, Co, Ni, Pd, and Cu and
with almost any ligand type can be activated with MAO or per-
fluorinated borane, like B(CgF5)3 towards the polymerization of
norbornene. High activities of more than 107 Zpolymer/MOlmerar N
are obtained especially with Ni and Pd catalysts. Yet, the activity
studies of the majority of complexes towards various ligand or sub-
stituent effects are rather empirical. There is, at large, still a lack of
understanding on the activation mechanism and the nature of the
active species to understand the activity trends. Studies on these
questions are highly warranted in the future.
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