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Abstract

Cationic complexes of late transition metals with multidentate ligands have recently been
found to catalyze various novel homo- and copolymerization reactions of olefins. In this
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context, preparative routes to cationic nickel and palladium complexes and corresponding in
situ preparations of catalysts have been developed. These recent advances are reviewed (229

references).

Keywords: Catalysis; Olefin polymerization; Cationic late transition metal complex; Bidentate ligand;
Nickel; Palladium

Nomenclature

Ar
Arf
BAr} ~
bipy
Bz
cod
Cy
dba
dippe
dmpe
dppe
dppp
en
L*"L
MAO
Mes
OTf~
OTs™
phen

py
r.t.

terpy
tht
tmeda
TO

aryl

aryl group containing fluoro-atoms
tetrakis{3,5-bis(trifluoromethyl)phenyl} borate anion
2,2'-bipyridyl

benzyl

1,5-cyclooctadiene

cyclohexyl

dibenzylideneacetone = 1,5-diphenylpenta-1,4-dien-3-one
1,2-bis(diisopropylphosphino)ethane
1,2-bis(dimethylphosphino)ethane
1,2-bis(diphenylphosphino)ethane
1,3-bis(diphenylphosphino)propane
1,2-diaminoethane

bidentate ligand (coordinating via both donors)
methylalumoxane

mesityl = 2,4,6-Me;C H,—

triflate = CF5SO5

p-toluenesulfonate = p-CH;—C4H,—SO5
1,10-phenantroline

pyridine

room temperature

2,2":6",2"-terpyridine

tetrahydrothiophene
N,N,N’,N’-tetramethylethylenediamine
turnovers = mol substrate converted/mol metal

1. Introduction

In catalysis with transition metal complexes, insertion-type C—C linkage of olefins
resulting in formation of oligomers or polymers represents one of the most
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important reactions. Thus, olefin polymerization with metallocene catalysts [1] has
been subject to immense research efforts over the past years. The nickel catalyzed
Shell Higher Olefin Process for the oligomerization of ethylene to linear a-olefins is
currently applied on a scale of nearly 1 million tons per year [2]. As a recent
development, polymerization of olefins to high molecular weight polymers by late
transition metal complexes is finding strong attention [3]. The latter reactions,
namely the vinyl-type (to distinguish from metathesis reactions) homo- and copoly-
merization of monoolefins, are most often performed with nickel or palladium
catalysts. Other metals have also been applied [4], and very recently highly active
ethylene polymerization catalysts based on iron or cobalt complexes have been
reported [5]. Mechanistically, these reactions are generally assumed to involve
migratory insertion in alkyl—olefin complexes as the C—C linkage reaction step, as
illustrated by a simplified representation of ethylene polymerization (Scheme 1).

- o Ph P
R L = group V or VI donor ‘controlling' ligand \P/
M/ L'= weakly coordinating ligand J
Ln N stabilizing catalyst precursor Ol N‘\
Ly m > 0 (neutral or cationic complex) / O \O
1 2
H
LmM/
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" Conallns 7 \
hain t f 4 .
chain transier
+ = LM
H _ J—
4 T Tl T
LmM\ CanoHy
2n-284n-3
) Et
LmM/
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AW Vs 7
/C2nH4n+1 = /C2nH4n+1
7 T

chain growth, n enlarged by 1

Scheme 1. Mechanism of ethylene polymerization by late transition metal complexes (simplified scheme;
isomerization excluded).
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Most often the catalysts employed contain ligands with Group V or VI donors,
which coordinate not only in the catalyst precursor, but also in the active species,
in contrast to ligands merely intended to stabilize the catalyst precursor. For this
reason, they have been termed ‘spectator ligands’, though they are of course far
from being passive ‘spectators’ but control catalyst selectivity and activity via steric
and electronic interactions; therefore the term ‘controlling’ ligand may be more
appropriate. This concept is illustrated by the general structure 1 of an
organometallic complex suited as a single-component catalyst precursor. In addi-
tion to the ‘controlling’ ligands L and the ‘stabilizing’ ligands L', it features a
formally monoanionic ligand R bound to the metal via a carbon atom, which
enables facile entry into the catalytic cycle (e.g. R =alkyl). To allow for facile
removal from the metal center, e.g. by displacement by coordination of olefin
monomer, L' will most often be neutral, whereas L may also have a formal
(anionic) charge. Depending on its electronic configuration, which can be translated
to formal charges of the ligands and the oxidation state of the metal center, the
entire complex will obviously be neutral or (cationically) charged. An example of a
neutral nickel(II) complex is provided by 2, prepared by Keim and coworkers [6] as
a precursor for olefin oligomerization. The ‘controlling’ ligand in 2 is a formally
monoanionic P,O-chelate. In terms of the general structure 1, the stabilizing ligand
L’ in 2 is the olefinic function, which is covalently linked to the R group in this case.
It should be noted that the above considerations regarding the charge of the
precursor complex also apply to the metal species involved in the mechanism in
Scheme 1, the R group being replaced by the growing polymer chain or a
hydride-ligand.

In early work, the ‘controlling’ ligands were most often monodentate neutral, or
bidentate monoanionic entities, resulting in cationic or neutral M(II) complexes,
respectively, as constituents of the catalytic cycle. Prominent examples of catalysts
employing the former class of ligands are the phosphine-modified nickel systems
developed by Wilke et al., which are highly active for the dimerization of propene
[7]. The latter class of ligands is exemplified by the anionic chelating P,O-ligands
already referred to, nickel(II) complexes of such ligands being the basis of the Shell
Higher Olefin Process, i.e. the linear oligomerization of ethylene to a-olefins. In
terms of current developments, it is interesting to note that ethylene polymerization
to higher molecular weight products by nickel catalysts with monoanionic ligands
has also found continued interest (S,O ligands: [8a]; N,N ligands, yielding branched
polymer: [8b,c]; P,O derived systems: [8d—g]; N,O ligands, yielding moderately
branched, high molecular weight polymer: [9]). In addition to catalysts containing
‘controlling’ ligands, ‘weakly coordinated’ catalysts, exemplified by the precursor
structure [RM(L'),]* (R =0- or m-bound formally monoanionic hydrocarbon
ligand; L' = weakly coordinating ‘stabilizing’ ligand), have also been thoroughly
investigated. Particularly, they have been used for the polymerization of conjugated
dienes [10a], and in a recent development nickel and palladium complexes of the
above general structure have been found to be highly active precursors for the
polymerization of cyclic olefins [11,57,124].



329

Pd(OAc), / P/\P / strong acid

= +CO
n
(0)
alternating olefin-carbon monoxide copolymer
A (M =NiorPd)or
[(K N)NiBr,] / MAO
< A n>1
linear to highly branched ethylene-homopolymer
A (M=Pd)
= 4+ =
C(O)OR
C(O)OR
ethylene-acrylate copolymer
(highly branched)
= B/MAO highly linear polyethylene
| X
7
r A T
RN, Me N— r\|4/ N
Mo Y a a
RN L
M = Ni, Pd M= Fe, Co
R'= Me, H, acenaphtene
L =OEty,R"CN B

Y = BAr'y, SbF¢ (Arf = 3,5-(CF3),CsHs-)

Scheme 2. Cationic late transition metal complexes with multidentate ligands in catalysis.

Catalytic dimerization and oligomerization of monoolefins and the related
organometallic chemistry have been extensively investigated for complexes with
monodentate neutral ligands and bidentate anionic ligands, and some of the
excellent reviews which have appeared on the subject are given in Ref. [12]. By
contrast, late transition metal catalysts based on cationic complexes containing
multidentate ligands have only recently found strong attention, e.g. in the work of
Drent et al. [13] and Brookhart and coworkers [14]. Such catalysts can be highly
active, and allow for novel reactions, such as the alternating copolymerization of
olefins with carbon monoxide to high molecular weight polyketones, the copoly-
merization of ethylene and a-olefins with functionalized olefins such as acrylates, or
the homopolymerization of ethylene to high molecular weight, highly branched
materials (Scheme 2).
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Mechanistic investigations, as well as efficient and reliable catalyst synthesis on a
laboratory scale, require well-defined, highly reactive, versatile transition metal
reagents. The current surge of interest in catalyst discovery via automated parallel
syntheses [15] further underlines this demand, e.g. for screening of new ligands. In
terms of the above discussion, a cationic complex containing a multidentate
‘controlling’ ligand L™, which is suited as a catalyst precursor, can be represented
by structure 3.

+
/R_l L™ = multidentate ligand

L™ Y Y = non-coordinating anion
N L, L'= weakly coordinating ligand

In a cationic complex, the counterion Y~ obviously must be very weakly or
non-coordinating to prevent unfavorable interaction with the metal center, result-
ing, e.g. in displacement of labile ligands L’ in structure 3 or corresponding
blocking of coordination sites during catalysis [16]. While the finding of suitable
non-coordinating anions has been critical to the activation of metallocene catalysts
with excess [1b] or stoichiometric amounts [33] of cocatalyst, the subject of
interaction of the anion with the metal center has been given less systematic
consideration with respect to polymerization reactions catalyzed by late transition
metals. In general, late metal catalysts are less sensitive to anion coordination due
to the lower electrophilicity of the metal center. In cationic palladium(Il) com-
pounds anions such as SbF; ", PFg and BF; are usually regarded as very weakly or
non-coordinating [16]. For cationic nickel catalysts, the picture is less clear. In
terms of the general trend throughout the periodic table, they will be more
electrophilic than a respective complex of the higher homologues. The effect of
different anions on the polymerization of butadiene by cationic nickel complexes
has been investigated, revealing PF; to be essentially non-coordinating [10].
However, due to the different mechanisms (allyl vs. alkyl complexes, different
ligand environments), these results can not simply be transferred to polymerization
reactions of monoolefins.

Concerning the use of cationic complexes of late transition metals with multiden-
tate ligands in vinyl-type olefin polymerization, investigations utilizing well-defined
organometallic complexes as catalyst precursors have been limited mostly to nickel
and palladium'. While the organometallic chemistry of these metals in general has
been a subject of continued strong interest for a long time, cationic complexes with
multidentate ligands had received comparatively less attention. In view of their
applications in catalysis, this paper reviews recent advances in the preparation of
cationic complexes of these two metals.

' A slow reaction of ethylene yielding low molecular weight polymer, using a thodium methyl complex
with a multidentate nitrogen-donor ligand as a catalyst precursor, has been described [4c].
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2. Cationic alkyl complexes

As previously mentioned, in the C—C linkage of monoolefins by late transition
metal catalysts chain growth is generally assumed to proceed via migratory inser-
tion of alkyl-olefin complexes (Scheme 1). Thus, alkyl complexes of the general
type 3 (vide supra, R = alkyl) as catalyst precursors may be considered as the most
‘direct’ entry to the catalytic cycle, and they represent good models for mechanistic
studies, allowing for ready reaction of unsaturated substrates with the M-—alkyl
moiety even at low temperatures. Particularly in view of in situ generation of the
cationic species, the weakly coordinating stabilizing ligand L’ may also be a solvent
molecule or it may represent the olefin monomer, if the cationic complex is
generated in the presence of the latter. As alkyl complexes of late transition metals
are prone to B-hydride elimination, most work has employed alkyl substituents R
without B-hydrogen atoms, i.e. predominantly methyl groups or groups -CH,CR,
or —CH,SiR;, or alkyl groups in which steric restrictions disfavor B-hydrogen
elimination.

2.1. Preparation from neutral monomethyl complexes

Halide abstraction from neutral halide complexes in the presence of a weakly
coordinating ligand (vide infra) represents a general route to cationic complexes
(Eq. (1)).

—] +

A = Ag; alkali metal
X = halide

Y™ = weakly- or non-coordinating anion
L'= weakly coordinating ligand(s) 1
L™ = multidentate ligand (M

For preparation of the neutral starting compounds, the complex [(cod)PdMeCl]
is a versatile precursor. A new route to the preparation of [(cod)PdMeCl] was
recently introduced by van Leeuwen et al., employing selective monoalkylation of
[(cod)PdCl,] with a slight excess of SnMe, [17]. The cod ligand can be replaced by
a variety of bidentate ligands L-L, to yield complexes [(L"L)PdMeCl] (e.g.
diphosphines [18], diimines [19], polymer-bound diimines [15b], pyridine—imines
[17b], P~ N-ligands [20], P~ O-ligands [21], S” N-ligands [22]). By comparison,
reaction of [(cod)PdMeCl] with one equivalent of a monodentate ligand L (L =
phosphine, CN‘Bu, lutidine) can yield dimers [{MePd(L)(u-Cl)},] [23]. The bridge-
splitting reaction of the dimeric compound [{MePd(SMe,)(u-1)},] (accessible from
[trans-PdCl,(SMe,)] in high yield [24,43b]) with bidentate ligands, reported by
Canty and coworkers, represents another general route to complexes
[(L ~ L)PdMel]. The corresponding chloro and bromo compounds are also accessi-
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ble via halide exchange [41,42,43a]. [(bipy)PdMel] has also been obtained conve-
niently in good yield by oxidative addition of Mel to [Pd(dba),] in the presence of
bipy [42].

For halide abstraction to yield cationic complexes (Eq. (1)), most often silver? or
alkali metal salts of a very weakly or non-coordinating counterion Y~ are em-
ployed. In the presence of an additional ligand L', complexes [(L * L)PdMe(L")]Y
are obtained (e.g. [(P*N)PdMe(L)]Y (L'=NCCH;, CH,Cl,; Y- =OTf~, BF,)
[20]; [(P~ P)PdMe(L)]Y (L' = NCCHs;, PPhy; Y~ = OTf~ [18] or L' = MeOH, H,0;
Y~ =BF,) [25]. Concerning the choice of the halide abstracting agent, it is
interesting to note that for the o-diimine complexes [(N * N)PdMeCl] (NN =
ArN=C(R)-C(R)=NAr, Ar = 2,6-Pr,C,H;-) in the presence of the relatively weakly
coordinating ligand L’ = diethylether, reaction with NaBArf (Ar" = 3,5-(CF;),-
CH;) results in incomplete halide abstraction, yielding the dimeric monocation
[{(L~L)PdMe},CI]" [14d]. By contrast, in the reaction with a silver salt such as
AgSbF,, halide abstraction is complete, resulting in formation of [(N* N)PdMe-
(OEt,)]Y [14d]. With stronger ligands, such as nitriles, complete abstraction can
also be achieved with NaBAr} [14f]. The BAr} — counterion [26] is highly lipophilic,
enabling the preparation of cationic complex which are well soluble in organic
solvents even at low-temperatures [34]. Preparation of the thallium salt of BArj —
has also been described recently [27].

Cationic complexes are often prepared by direct halide abstraction without
isolation of [(L * L)PdMeX]. Care must be taken to avoid the presence of stronger
coordinating ligands, e.g. reaction of [{MePd(SMe,)I},] with bipy/AgBF,/acetoni-
trile did not yield the desired [(bipy)PdMe(NCCH,)BF, but [(bipy)PdMe-
(SMe,)|BF, [43c]. Cationic complexes of bidentate ligands [(L ~ L)PdMe(L')]Y have
been widely applied for mechanistic investigations of migratory insertion reactions
of olefins and carbon monoxide [14a,b.f,g,18,20,25,28,34b,c], as well as, as catalyst
precursors for the preparation of olefin homo- and copolymers [14a,b,d.f,28g,
29,34b]. As discussed previously, facile displacement of L’ by the substrates is a
necessary prerequisite. In cationic complexes [(N” N)PdMe(L)|BArf (N*N =
ArN=C(R)-C(R)=NAr; Ar = 2,6-Pr,CsH;-) the following sequence of coordination
strength of L was found: NCCH; > ethylene > hexene > propene > p-methoxysty-
rene > methyl acrylate > diethylether [14f].

The application of [(cod)PdAMe(NCCH,)]Y (Y~ = SbFs; BAr} ~), prepared by
halide abstraction from [(cod)PdMeCl], to the preparation of cationic diimine
complexes via ligand exchange for cod has been described recently in a patent
application [14d]. Obviously, this precursor allows for the preparation of a cationic
complex of a given bidentate ligand in one step. It can be speculated that in
comparison to [(cod)PdMeCl] the cod ligand in [(cod)PAMe(NCCH,)]* is more
amenable to displacement by hard-donor ligands, due to weaker back-binding from
the metal center to the cod ligand in the cationic species.

2 For a possible side reaction cf. Section 4.1.
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By comparison to its higher homologue, cationic methyl complexes of nickel with
multidentate ligands are relatively scarce [12b,c,14a,30]. Considering preparation of
cationic complexes of bidentate ligands via halide abstraction, addition of one
equivalent of L-L to the neutral nickel alkyl complexes [(PMe;),NiMeCl] [31] and
subsequent halide abstraction with TIBF, has been reported to yield five coordinate
cationic complexes [(L * L)(PMe;),NiMe]|BF, (L * L = dppe, dmpe, bipy, phen) [32].
Addition of an excess of dmpe results in formation of [(L * L),NiMe]BF,, but with
the less electron-donating ligands bipy and phen decomposition by methyl transfer
yielding [PMe,]* was observed.

2.2. Preparation from dialkyl complexes

The protonation of dialkyl complexes, or selective abstraction of one alkyl group
with a strong Lewis acid, represents a second general route to cationic transition
metal alkyl complexes (Scheme 3). By these routes complexes with very weakly
coordinating ligands L and/or special counterions Y —, which are not accessible by
other methods, can be obtained. In addition, they offer the opportunity of only a
gaseous, inert side product being formed, or the complete absence of such, which is
advantageous in preparation of defined complexes but also in in situ catalyst
systems [L,MMe,]/acid cocatalyst. This methodology has been applied widely with
early metal metallocenes, for the preparation of defined complexes or for in situ
catalysts [33]. With metallocenes, dimethylanilinium salts are often used as a proton
source, or tritylium salts or Lewis-acidic triaryl boron compounds can be used to
abstract one methyl group. Using the solid acid [H(OEt,),][BAr}] [34a], this method
has been introduced to the preparation of well-defined cationic late transition metal
complexes by Brookhart and coworkers [14a,34].

The dimethyl complexes [(L * L)MMe,] are usually prepared by alkylation of a
suitable Pd(IT), respectively Ni(Il) precursor with a main group methyl compound,
such as MeLi or a Grignard reagent. In early work by Wilke et al., [(bipy)NiMe,]
was prepared by reaction of [Ni(acac),] with Me,Al(OEt) in the presence of bipy
[35]. Preparation of o-diimine complexes [(N”N)NiMe,] by alkylation of
[(N*N)NiBr,] with MeMgl and the analogous reaction of [Ni(acac),]/N "N/
MeMgX have been reported by tom Dieck and coworkers [36]. For the latter route,
alkylation with Me,Mg has also been reported [14a]. [(tmeda)NiMe,] has been
obtained from [(tmeda)MgMe,] [37] and [(tmeda)Ni(acac),] [38]. In this compound,

+ 1 eq Bronstedt-acid H'Y" or
Lewis-acidic salt B*Y

-RH resp. RB \ -+
, ’ counterion=Y"
L“M\ L“M\ resp. RC’
R O
+ 1 eq neutral Lewis-acid C /

Scheme 3. Reaction of dialkyl complexes with Lewis or Brensted acids.
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which is reported to be stable at room temperature (r.t.) under a protective gas
atmosphere as a solid, the tmeda ligands can be displaced by bipy or by the
bidentate phosphine dmpe, yielding complexes [(L~ L)NiMe,] [38]. However, it
must be noted that in reaction with L =PR; (R =Me, Ph, OPh), reductive
elimination of ethane to complexes [NiL,] occurs [38]. Similarly, ligand exchange
reactions of [(bipy)NiMe,] with diphosphines Ph,P(CH,),PPh, yielded
[(P~P)NiMe,] for n =2 or 3 whereas for n =1 or 4 reductive elimination occurred
[39], which imposes some restrictions on the general applicability of this route.

The palladium complexes [(tmeda)PdMe,] and [(tmpda)PdMe,] (tmpda =
Me,N(CH,);NMe,) have been prepared by van Koten and coworkers by alkylation
of [(N ~N)PdCl,] with MeLi [24,40]. As with the corresponding nickel complex, in
[(tmeda)PdMe,] the hard-donor based tmeda ligand can be displaced by a variety of
ligands, such as bipy [40], phosphines [40], or pyridyl-oxazolines [29a]. Another
general route to complexes [(N » N)PdMe,], reported by Canty and coworkers, is
reaction of [trans-PdCl,(SMe,),] with halide free MeLi [41,42], (or MgMe, [14g]),
and subsequent addition of ligand. Canty and coworkers have also proposed
displacement of pyradizine from [(pyridazine)PdMe,], as a general route to
dimethyl complexes of ligands sensitive to MeLi [24,42,43a]. Palladium dialkyl
complexes [(L"L)PdR,] (L "L =dppe, bipy) can also be obtained by reaction of
[Pd(acac),] with R,AI(OEt) (e.g. R =Me, Et) in the presence of L-L [44]. In
general, the palladium dimethyl complexes can be handled at r.t. under a protective
gas atmosphere, although storage should occur at low temperature.

In comparison to the thoroughly investigated chemistry of the nickel and
palladium dialkyl complexes in general, reactions with Lewis or Brensted acids of
very weakly or non-coordinating counterions have found little attention. As the
resulting cationic nickel methyl complexes are very sensitive, they have rarely been
isolated [14a]. The polymerization of ethylene by in situ combinations of [(a-
diimine)NiMe,] with different cocatalysts has been described recently [45]; how-
ever, only very small amounts of polymers were obtained in this study. By con-
trast, the preparation and isolation of cationic palladium ether-adducts
[(L » L)PdMe(OEt,)][BAr}] by reaction of [(L » L)PdMe,] with [H(OEt,),][BArL] has
been reported for various ligands L "L with nitrogen-donors [14a,28¢,34c]. An
example of the related reaction with alkyl ammonium salts, well known for early
metal metallocene catalysts as already alluded to, is the reaction of [(dmpe)PdMe,]
with [NH,R, _,]BPh, (n = 1-4) [46]. In the resulting cationic complexes, the amine
formed coordinates to the metal center. Reaction of [(tmeda)PdMe,] with B(C.Fs),
yielding the cation [(tmeda)Pd(CD,Cl,)Me]* was monitored by 'H-NMR spec-
troscopy [47]. Reaction of the dibenzylcomplex [(dippe)Pd(CH,Ph),] with B(C¢F5),
was reported to yield the (rather unreactive) allylic complex [(dippe)Pd(n?-
CH,Ph),]" with a [PhCH,B(C¢F;);]~ counterion, the same cationic product being
obtained by reaction of the dibenzyl precursor with [H(OEt,),][BAr}] [48]. From the
reaction of the related neopentyl complex [(dppe)Pd(CH,CMe;),] with one or two
equivalents of [Ph;C][BF,], Ph;CCH,CMe; was isolated, evidence also for the alkyl
abstraction by tritylium salts [49]. Interestingly, reaction of the palladacyclopentane
complexes [(L ~ L)Pd(CH,),] (L * L = bipy, dppe) with [Ph;C][BF,] results in forma-
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tion of cationic allyl complexes [(L * L)Pd(1-MeC;H,)]*, corresponding to a hydride
abstraction from the butandiyl ligand [50]. In addition to the above routes via alkyl
abstraction, [(tmeda)PdMe(NCCH,)]JOTf has been prepared in good yield by the
reaction of [(tmeda)PdMe,] with MeOTf. A Pd(IV) intermediate is formed primarily
by oxidative addition of MeOTf, which reductively eliminates ethane [29b,40b].
Di(trimethylsilyl) complexes [(L * L)Ni(CH,SiMe;),] can be prepared from
[(py).Ni(CH,SiMe,),], the py ligands of which are easily displaced by a variety of
ligands (also by tmeda) [51]. The precursor [(py),Ni(CH,SiMe,),], which can be
prepared from [(py),NiCl,] and Mg(CH,SiMe;)Cl in good yield, is stable at r.t. under
a protective gas atmosphere as a solid. In contrast to [(tmeda)NiMe,], reaction of
[(py),Ni(CH,SiMe,),] with PMe, has been reported to yield the dialkylcomplex, but
with PPh; again [NiL,] is obtained [51]. The (relatively unstable) palladium compound
[(tmeda)Pd(CH,SiMe;),] can also be prepared by reaction of [(tmeda)PdCl,] with
Mg(CH,SiMe;)Cl [52]. Reaction of [(a-diimine)Ni(CH,SiMe;),] with the Brensted
acid [H(OEt,),][BAr}] was reported to result in ‘intractable product mixtures’ [53].

2.3. Complexes with an alkyl group which chelates via a functional group

Alkyl complexes can be stabilized by chelating coordination of a functional group,
which is incorporated in the alkyl ligand, i.e. in terms of the general structure 3, L’
is covalently bound to the R group. Enyl complexes are a representative of such
compounds. They can be obtained by addition of nucleophiles to coordinated dienes
(Eq. (2)) [54]. The dimer 4 reacts with monodentate ligands to neutral monomeric
complexes [(o,n-CgH;,OMe)PdCI(L)]. In the presence of a suitable neutral bidentate
ligand and a halide abstracting agent, cationic complexes can be obtained directly
[55,56]. Concerning applications of cationic complexes with bidentate ligands in
catalysis, the utilization of [(c,m-CsH,,OMe)Pd(L * L)]PF¢ (L~ L = bipy; phen) for
the copolymerization of olefins with carbon monoxide has been described [56].

%
N
NaOM Cl A .
[(cod)PdCl] ——— > 05 Ade( NN A pal ) PFg
MeOH > NH,PF; N
OMe OMe
4 ()

In terms of recent developments, it is interesting to note that the ‘weakly
coordinated’ cationic systems obtained by the reaction of [{(c,n-C;H;OMe)PdCl},]
with AgBF, or methylalumoxane (MAO) [57a], or the complex [(o,n-
C,H;OMe)Pd(cod)]PF, [58] have been applied to the polymerization of norbornene.

N
oMe'

N L0 )
( Pd Y
/7
N

5
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Another class of cationic chelate-stabilized alkyl compounds, which have been
applied as catalyst precursors and for mechanistic studies, are complexes of the type
5. The chelate is formed by migratory insertion of methyl acrylate into a Pd-Me
bond [14b.f]. The complexes, which are stable in air at r.t., can be prepared in a
one-pot reaction from [(L ~ L)PdMeCl], NaBAr} and acrylate (L * L = a-diimine).
They are readily activated for polymerization of olefins. Corresponding nickel—
chelate complexes have been described briefly [14d].

In the above examples, introduction of the cationic charge is achieved via halide
abstraction (cf. Section 2.1), but complexes of this type have also been prepared by
other routes [14b,d].

2.4. Protonation of olefin complexes

Protonation of an olefin complex by a Brensted acid, accompanied by increase of
the oxidation state of the metal, can also be utilized for the preparation of alkyl
complexes [59]. For the synthesis of neutral alkyl complexes with monoanionic
bidentate ligands this route is well established, exemplified by the preparation of a
cyclooctenyl complex via [Ni%cod),] + Ph,PCH,COOH — [(n3-CgH,;)Ni''{Ph,-
PCH,C(=0)0-x?P,0}] (here the Bronsted acidic site is part of a bidentate ligand)
[6]. Considering activation for catalysis, it should be noted that reaction of this
complex with ethylene resulted predominantly in formation of CgH,,-isomers, i.e.
cleavage of the cyclooctenyl group from the metal center does not involve coupling
with the olefinic monomer in this case [6].

+

P P H !
< \/M_” HBF,-OEt, < \M:,_,’__\_\ BE,
P Et,0
0°C
M = Ni, Pd
P"P = 'Bu,P(CH,),P'Bu, (n = 2, 3)
'Bu,P(0-CgH4)P'Bu, )

Well-defined cationic complexes of nickel and palladium have been prepared by
reaction of the ethylene complexes [(P * P)M(H,C=CH,)] with HBF,-Et,O (M = Nj,
Pd; Eq. (3)), yielding the agostic cations [(P "~ P)MEt] [60].

3. Cationic allyl complexes

In containing metal—carbon bonds, n3-allyl complexes also provide a convenient
entry into the catalytic cycle of monoolefin-linkage reactions. Much of the pioneer-
ing work in this field has relied on these complexes, and allyl complexes may be
regarded as the first well-defined organometallic late transition metal complexes
used as catalyst precursors for these reactions [61]. An example of early work in
catalysis, the dimerization of propene, explored by Wilke et al. is shown in Eq. (4)

[7].
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It should be noted that the related reactions of conjugated dienes proceed via
allyl complexes as intermediates of the catalytic cycle [7,10], and the extensive
chemistry of allyl complexes has also received much attention in this context.
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X =Cl,Br; R = H, Alkyl
A =Ag,Na, Tl; Y =BF,, PFg, SbF¢, BArF4‘

Scheme 4. General routes to allyl complexes.
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General routes to allyl complexes of nickel and palladium are depicted in Scheme
4. The starting compounds [{(ally])MX},] can be prepared from allyl halide and
[Ni(cod),] [62], or Na,PdCl, in the presence of CO [63], respectively. Cationic
compounds [(ally)ML,]Y (e.g. L, =cod, L = NCCH,;) are usually prepared from
the allyl complexes [{(allyl)MX},] by halide abstraction with silver or thallium salts
in the presence of the appropriate ligand [64]. For neutral bidentate ligands with a
strong and a weaker donor ligand, complexes [(ally)MX(A ~ B-x'A)] can be
isolated as products of the bridge splitting reaction of the dimeric starting com-
pound, and converted to the cationic complexes [(ally])M(A * B-x?A,B)]* by halide
abstraction [21,65a].

Activation of allyl complexes occurs by formal insertion of the monoolefinic
substrate into the metal—allyl moiety, ultimately resulting in cleavage of the allyl
group from the metal center [12a]. In recent work on cationic palladium complexes
with phosphine ligands PR;, complexes [(n3-allyl)(H,C=CH,)Pd(PR;)]* could be
observed directly as precursors for olefin—allyl coupling (Eq. (5)) [65].

i PRy
7/ FRs s —_— active species for
<<Pd\ I” Pd\ p— olefin dimerization
/ L - //\/\ ( 5)
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For complexes [(n*-allyl)(H,C=CH,)Pd(P ~ O-«x!P)]* with hemilabile P-O lig-
ands containing a strongly coordinating phosphine and a rather weakly binding
oxygen donor, the insertion rate was found to decrease when an O-donor of
increased binding strength was introduced, due to equilibria [(n’-al-
lyl)(H,C=CH,)Pd(P ~ O-x'P)]* & [(n3-ally)Pd(P * O-x*P,0)]" + H,C=CH, [65a].
Accordingly, cationic allyl complexes with strongly coordinating bidentate ligands
[(m3-allyDM(L ~ L)]*, which do not readily provide a free site for olefin coordina-
tion, have long been known to display relatively low, if any catalytic activity (cf.
Ref. [12a])®. For example, the complex [(m>-methallyl)Ni(N*N)|PF, (N*N =
ArN=C(H)-C(H)=NAr, Ar = 2,6-Pr,CsH;) has recently been reported [66] to be
considerably less active in ethylene polymerization than Brookhart’s original cata-
lyst systems [14a] with the same diimine ligand.

To circumvent the disadvantage of slow activation, substituted allyl complexes
with electron-withdrawing substituents [67] have been used recently in combination
with Lewis acids. For example, activity in olefin polymerization using complexes
[(XC;H,)Ni(bidentate ligand)]Y (X = Cl, MeOC(O), EtOC(O)) as precursors has
been claimed to be significantly enhanced by the presence of BAr; [14d,102].
Alternately, the use of allyl compounds with aryl or alkyl substituents in the
I-position has been claimed to be advantageous in comparison to the unsubstituted
allyl compounds in such catalysts [102].

4. Cationic aryl complexes

In nickel(Il) complexes containing an anionic bidentate ligand (cf. Section 1),
n'-c-bound aryl substituents have played an important role in the development of
well defined catalyst precursors. In the pioneering work of Keim et al., the phenyl
ligand in [{Ph,PC(H)=C(Ph)O-x’P,O}NiPh(PPh,)] originates from the ylid ligand
precursor PhyP = C(H)-C(=0)Ph [8d,68], In subsequent work, related single com-
ponent catalyst precursors with aryl substituents have also been prepared by other
routes [9a,69]. Neutral palladium complexes with an aryl substituent have also
attracted attention due to their occurrence as intermediates in organic synthesis
involving coupling reactions of aryl groups [70], such as the Heck reaction [71]. By
comparison, applications of cationic aryl complexes related to catalysis are less.

In comparison to alkyl complexes, in aryl complexes, particularly with perhalo
aryl substituents, the metal-carbon bond is significantly more stable. This may
result in lower reactivity of the catalyst precursor’s metal-carbon bond towards
olefin monomer on the one hand, but higher stability of the precursor may be an
advantage. The latter aspect may be relevant especially for the preparation of
well-defined nickel complexes, Ni—alkyl compounds being quite susceptible to

3 This generalized correlation of experimental observations should not be mistaken with a conclusion
(e.g. regarding intermediate involvment of five-coordinate species) on the mechanism of allyl-olefin
coupling for individual complexes.
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decomposition. However, so far aryl complexes clearly do not possess the same
importance as their alkyl counterparts (Section 2) as precursors for cationic
catalysts for C—C linkage reactions of olefins. In this section, examples of general
routes to their preparation will be reviewed briefly, and reactions relevant to
catalysis will be discussed.

4.1. Preparation from neutral monoaryl complexes

As precursors to cationic complexes, neutral nickel halide compounds [ArXNiL,]
(Ar =(CH,),CcHs _,, C.Cl;, C4Fs5) have been used in general. They can be pre-
pared by reaction of [X,NiL,] with magnesium Grignard reagents X'MgAr or with
LiAr [72,73]. Oxidative addition of aryl halides to [Ni(cod),] [74] in the presence of
L, or to [NiL,] [75], can also yield [ArXNiL,]. In [trans-BrMesNi(PPh,),], the
triphenylphosphine ligands can be displaced by bidentate ligands (bipy, phen, dppe)
to yield [BrMesNi(L * L)] [76].

Halide abstraction from [ArXNiL,] with silver [77,98b], thallium [98a], or alkali
metal salts [76,78], of counterions such as BF, or ClO, yields cationic complexes.
In the reaction of nickel mono-halide complexes with silver salts, abstraction of a
phosphine ligand to form [Ag(PR;),]* has been reported as a side reaction
[77¢,78,97a], limiting the general scope of this reaction. Employing [ArXNi(L * L)],
cationic complexes of bidentate ligands have been prepared [76,77¢,98b].

Palladium complexes [L,PdArl] are conveniently prepared by oxidative addition
of aryl iodides to Pd(dba), [79a,80]. By this route, van Koten and coworkers
obtained complexes [(tmeda)PdPhI] and [(bipy)PdPhI] in high yield [79a]. In the
former complex, the tmeda ligand can easily be displaced by bipy [79a] or by
bidentate phosphine ligands [79b].

Neutral pentahalophenyl complexes [Ar*BrPdL,] can be prepared by reaction of
L with the anionic dimer (NBuy,),[Pd,(1-Br),(C¢X5),Br,], which is accessible in a
two step-synthesis from (NBu,),[Pd,(u-Br),Br4] and BrMgC.Xs for X =F [81].
Complexes with bidentate ligands were prepared (X =Cl, F; L =0.5 dppe, bipy,
tmeda, cod). Compounds [(L”L)Pd(CcF5)Cl] (L”L =bipy, phen [82a] or
Ph,PCH,CH,(2-pyridyl) [83]) have been obtained by displacement of tetrahydroth-
iophene (tht) from [{(tht)Pd(C.Fs)(u-Cl)},] with L~L. Reaction of
[(bipy)Pd(C4F5)CI] with AgClO, in acetone was reported to yield the cationic
complex [(bipy)Pd(C¢F5)(acetone)]ClO,, the acetone ligand being lost upon heating
to yield [(L "~ L)Pd(C4Fs)(Cl0O,)] [82a]. Halide abstraction from [(L * L)PdCI(CF5)]
with NaClO, in the presence of isonitriles yields the complexes [(L"L)Pd-
(C¢F5)(NCR)ICIO, (L" L = bipy, tmeda, dppe; R = ‘Bu, Cy, p-Tol) [82b].

4.2. Bis(aryl) complexes

Activation of a bis(aryl) complex of an appropriate multidentate ligand to a
catalytically active cationic complex, analogous to the protonation or abstraction of
one methyl group from dimethyl complexes (Section 2.2), might be envisioned. In
this respect, it can be noted that cleavage of the M—C bond by HCI in complexes
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[XArNiL,] has been reported for various aryl groups, whereas in pentachlorophenyl
complexes (Ar = C4Cls) the M—C bond was found to be stable under the reaction
conditions employed [84]. Concerning the relative rate of protonation of complexes
with different Pd—C moieties, the reaction of [(n!-allyl)(FsC,)Pd(dppe)] with HCI
predominantly yielded propene. Reaction of [(n3-allyl)(FsCy)Pd(PPh,)] with HCI,
on the other hand, predominantly yielded HC,Fs [85]. These results imply a
decreasing susceptibility to protonation in the sequence o'-CH,R > perfluoroaryl >
n-allyl.

Considering preparative accessibility, e.g. bis(pentafluoroaryl) nickel complexes
have been prepared for a wide range of bidentate ligands L * L by displacement of
labile ligands L from [L,Ni(C4F5),] (L = dioxane, L * L = bipy, phen, dppe, en [86];
L =PhCN, L "L = a-diimine, iminophosphine [87]). As an example of a bis(aryl)
palladium complex, [(bipy)Pd(C4F5),] was obtained by the reaction of [(bipy)PdCl,]
with pentafluorophenyllithium in good yield [88]. Reaction of [(dioxane),Pd(C4F5),]
[89] with terpy yielded [(terpy)Pd(C¢Fs),] in moderate yield, the terpy ligand
coordinating in a bidentate fashion [90]. In context of the use of bis(aryl) nickel
complexes as catalyst precursors, it is interesting to note that complexes
[(arene)Ni(C4F5),] (accessible by vapor codeposition [91a] or more conveniently by
‘classic’ synthetic methodology via Grignard reactions [91b]) are precursors for
olefin dimerization or isomerization, without additional cocatalyst. In this case, the
authors propose complexes [(arene)Ni(alkyl)(C¢F5)] as part of the catalytic cycle,
one of the CiFs-ligands thus performing the role of a ‘controlling’ ligand [92].
Initial activation by coupling of one C Fs-group in [(arene)Ni(C¢Fs),] with olefin
monomer and cleavage from the metal center is thought to be the overall rate
limiting step of catalysis, due to the strong Ni—-C4Fs bond. Utilization of
[(toluene)Ni(CFs),] for the polymerization of functionalized norbornenes has been
described [93].

4.3. Activation of aryl complexes by olefin insertion

Considering suitability of aryl complexes as catalyst precursors, activation via
coupling of the aryl moiety with olefin monomer [68,98b] can be expected to be a
crucial step. With regard to cationic species containing bidentate ligands, data is
lacking to allow for a direct comparison to, e.g. alkyl complexes. Nonetheless,
various examples of olefin insertion into M—Ar bonds under mild reaction condi-
tions are known. Reaction of [(bipy)Pd(C¢F;)Br]/AgClO,/diene was reported to
yield cationic complexes [(bipy)Pd(C¢Fs-n3-allyl)]ClO, [94]. The neutral acetonitrile
complex [(MeCN),Pd(C4F5)Br] was found to react rapidly with dienes at r.t.,
yielding the dimeric insertion products [Pd(n3-CFs-allyl)(u-Br)], [95a]. Intramolec-
ular insertion of the neutral complex [(cod)Pd(C4F;)CI] was found to occur slowly
at r.t. in solution (Eq. (6)), allowing for isolation of the insertion product [95b].
Reversible insertion of carbon monoxide into the palladium—phenyl bond of the
cationic complex [(N”N”N)PdPh]JOTf (N"N "N = 2,6-bis[(dimethylamino)-
methyl]pyridine has been reported [96].



341

A pg-C! 401060k Aap-Ne pa- !
74 “Cp, Toomtemp. C.F >2/ >2/(
675 solvent 6%5 FsCé (6)

Cationic pentafluoro- and pentachlorophenyl complexes obtained in situ by
reaction of [(XsC¢)Ni(PPh;),Br] with AgClO, have been reported to be active for
ethylene dimerization [97]. For the system [(F;C¢)Ni(PPh;),Br]/two equivalents
AgClO, (proposed to contain an unsaturated species with one phosphine ligand
[(FsC¢)Ni(PPh5)(ClO,)]), catalysis was reported to proceed upon addition of
ethylene without a significant induction period (rate: ca. 300 TO h—! at 0°C, 0.67
atm initial pressure) [97b]. This result indicates a rapid activation by insertion of
ethylene into the Ni-Ar" bond. Cationic complexes [MesNiL,(L)]BF, (L = P"Bus,
P'Bu;, PBzy; L'=NCCH; resp. L=0.5 dppe; L' =py resp. L =0.5 Ph,PCH,(2-
pyridyl); L' = THF) have been employed as one-component catalysts for ethylene
dimerization [98]. In this study, the complexes with the bidentate ligands displayed
little or no activity, which the authors attribute to the instability of hydride
intermediates occurring as part of the catalytic cycle; considering activation of the
precursor complexes, substituted styrenes as coupling products of the aryl group
with ethylene could be detected [98D].

Transfer of halogenated aryl groups from BArX to a late transition metal center
may prove to be a useful route to the preparation of cationic catalysts. A precedent
for this reaction has been observed in early transition metal chemistry [99].
Polyketones with corresponding endgroups have been claimed to result from the
copolymerization of olefins with carbon monoxide with the in situ system
[(L » L)Pd(NCPh),]/B(p-CcH,Cl); [100].

5. In situ catalyst systems
5.1. Catalyst systems involving addition of Bronsted acids

Bronsted acids have been applied widely in in situ catalyst mixtures for the C-C
linkage of olefins. When discussing the reactions occurring in in situ catalyst
systems, it must obviously be kept in mind that often they have not been clarified
in detail for a particular system. Nonetheless, it is clear that Brensted acids can
fulfill various functions. In combination with metal species containing M-C o-
bonds (e.g. L, MMe,), the latter can be protonated by Brensted acids HY, resulting
in cationic complexes if Y is a very weakly or non-coordinating counterion, as
already referred to in Section 2.2. A second important function of Brensted acids
are addition-type reactions, the subject of this section. Another function, removal
of anions of weaker acids from the metal center, is mentioned in Section 5.3.

In situ reaction of a metal compound in a low oxidation state with a Brensted
acidic component is a well-established route for preparation of C-C linkage
catalysts, namely for preparation of nickel(II) catalysts [12a]. A net oxidative
addition resulting in formation of a hydride complex may occur. For example, by
reaction of the Ni(0) complex [Ni®{P(OEt),},] with Brensted acids cationic hydride
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species [HNi'L,]* are formed, which were observed spectroscopically [101]. The
latter are active for the dimerization and isomerization of olefins [101c]. Reaction of
M(0) olefin complexes with a Brensted acid can also result in the formation of
M(I) alkyl complexes, the alkyl moiety being formed by coupling of an olefin
ligand with the proton. As previously mentioned (cf. Section 2.4), this route has
also been used for the preparation of cationic alkyl complexes with bidentate
ligands.

Bronsted acids have also been used for the in situ preparation of cationic
catalysts with bidentate ligands for olefin polymerization. The system [Ni(cod),]/
bidentate ligand/[H(OEt,),][BArL] has been applied to olefin polymerization for a
variety of bidentate ligands [14d,102]. If the acid is premixed with the ligand, for
sufficiently basic ligands a salt will be formed, which can then be reacted with the
nickel component. With respect to the use of diimine ligands in such in situ
catalysts, it is interesting to note that reaction of the nickel(0) compound
[(Cy;P),Ni(N,)Ni(PCy;),] with [BZHN=CMe,]|BPh, to the cationic hydride complex
[(H)(BzN=CMe,-x'N)Ni(PCy,),|BPh, was reported recently [103]. Concerning the
use of [Ni(cod),] in combination with Brensted acids for the in situ preparation of
catalysts, the following observations made on isolated neutral complexes are
notable: whereas the cylooct-4-en-1-yl complex [(n',n2-CgH,;)Ni(hfacac)] (hfacac =
1,1,1,3,3,3-hexafluoroacetylacetonate), prepared from [Ni(cod),] and hfacacH, is
very active for 1-olefin oligomerization, the isomeric compound with a m3-allyl
bound cyclooct-2-en-1-yl ligand, prepared by a different route, is inactive towards
I-butene [104]. On the other hand, enyl to allyl isomerizations are well known
[65a,105], and for the similar compound [(n3-CgH,;)Ni"'{Ph,PCH,C(=0)0-x*P,0}],
an equilibrium between the 4-en-1-yl and the n?3-allyl form was observed [6]. Thus,
for the general case of utilization of the above in situ preparation methods with new
multidentate ligands, it may be speculated that formation of inactive n3-allyl
complexes may diminish catalyst activity (cf. Section 3), and that the conditions of
catalyst preformation (time, temperature) may have a strong influence.

5.2. Catalyst systems containing alkyl aluminum cocatalysts

In preparation of Ziegler-type catalysts, aluminum alkyls R,Al Cl;, _,, have
found extensive use as cocatalysts. Later, methylalumoxane (MAQO) was introduced
as a halide-free cocatalyst [106]. Kaminsky’s finding that Brintzinger’s ansa-metal-
locenes can be activated for the highly stereospecific polymerization of propylene by
MAO [107], as well as the independent work by Ewen utilizing ansa-titanocenes
[108], may be considered to have initiated today’s strong interest in metallocenes.
While the functions of MAO can by no means be regarded as fully understood,
there is evidence that activation of metallocene dihalides involves alkylation to the
dimethyl complexes, and subsequent abstraction of one methyl group by MAO
yielding a cationic metallocene complex [L,MCH;]" [1b,c]. Apart from its special
properties as a cocatalyst, MAO is also advantageous on a laboratory scale due to
its less hazardous properties in comparison to common aluminum alkyls. In the
pioneering work on nickel catalyzed oligomerization reactions of olefins, halide
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containing alkylaluminum compounds were used as activators in catalysts with
monodentate ‘controlling’ ligands or ‘weakly coordinated’ catalysts. For example
Et;ALCl; or EtAICl, were used in the activation of precursors such as nickel
carboxylates, phosphine adducts of nickel halides, or of halide containing allyl
complexes [7,12a].

In recent work, aluminum alkyls, particularly MAO, have also been applied
successfully to the activation of nickel catalysts with bidentate ligands. The system
[(a-diimine)NiBr,]/MAO resp. modified MAO (e.g. Ni:Al = 1:1000) was found to be
highly active in olefin polymerization and oligomerization [14a,e,h,53,109]. The same
nickel halides can also be activated by Et,AICI [14a,h,45]. Addition of Lewis acids
such as B(C¢F5); has been claimed to reduce the amount of aluminum alkyl cocatalyst
required in such systems [110]. The complexes [(L " L)NiBr,] can be prepared
conveniently from the commercially available [(dme)NiBr,] [111] via exchange of dme
for the bidentate ligand (dme = 1,2-dimethoxyethane) [14a,36,112]. Exchange for a
polymer-bound diimine ligand has also been described in the context of high-through-
put catalyst screening [15b]. In analogy to typical procedures used for metallocenes
[113], heterogenization of the above nickel systems on silica has been reported [114].
Activation of other diimine nickel compounds, such as allyl complexes [14d,66] or
dimethyl complexes [14d,45] (cf. Section 2.2) by MAO have also been described.

It should be noted that MAO has also proven a versatile cocatalyst with other late
transition metals. Iron and cobalt complexes [(N*N"N)MCI,] with tridentate
nitrogen donor ligands are highly active for ethylene polymerization in combination
with MAO [5]. The activation of palladium(I) complexes [(P"P)PdX,] with
alumoxanes for polymerization reactions of olefins has been claimed [29d,115]. MAO
activation of palladium catalysts without ‘controlling’ ligands has recently been
reported to result in highly active catalysts for norbornene polymerization [57].

5.3. In situ systems for the preparation of cationic palladium catalysts

A convenient catalyst precursor which has been used in combination with a
variety of different mono- or bidentate ligands is [PA(NCCH;),](BF,), [116], now
available commercially. Sen et al. have applied the compound, respectively its
reaction products with monodentate phosphines, as precursor to C-C linkage
reactions of olefins, such as the oligomerization of ethylene and a-olefins, the slow
copolymerization of ethylene with CO, or the polymerization of styrene [117]. Later,
Sen and coworkers [118] and others [119,120], applied the (much more active) catalyst
system obtained from [Pd(NCCH,),J(BF,), and one -equivalent of the
bidentate phosphine dppp to the alternating copolymerization of olefins with CO*.
Using aprotic solvents as a reaction medium, a relatively long induction period was
observed, which was strongly reduced by addition of protic solvents [118a,119].
Addition of hydrogen also eliminates the induction period [118a]. Running the

4 A similar catalyst system, obtained by reacting PdCl, with AgBF, and combining the product with
dppp in acetonitrile solvent has been described in an early Shell patent [13a].
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reaction in methylene chloride in the presence of only small amounts of methanol
or water, high molecular weight propylene—CO copolymers can be obtained [120].
The combination of [Pd(NCCH,),J(BF,), with a sterically hindered a-diimine ligand
results in an ethylene polymerization catalyst, yielding highly branched amorphous
ethylene homopolymers [121]. In this case, addition of small amounts of alcohol to
the dry chloroform solvent used had no effect on polymer yield. The related
compound [PdA(NCCH,;),](OTf), has also been applied to olefin—CO copolymeriza-
tion in combination with Dbidentate phosphines [13b]. Complexes
[(N~N)PdL,](BF,), (L = NCCHj;; OH,) with bidentate amine ligands are active for
the polymerization of norbornene [122]. Very recently, isolated complexes
[(C "~ C)PAd(NCCH,),](BF,),, containing a chelating N-heterocyclic carbene ligand,
have been employed for the alternating copolymerization of ethylene with carbon
monoxide [123]. While [Pd(NCCH,),J(BF,), provides a convenient entry to cationic
palladium catalysts, little unambiguous proof currently exists as to its mode of
activation. Concerning the mechanism of chain propagation, there is strong evidence
for an insertion-type mechanism, i.e. insertion of monomers into Pd—C bonds.
Thus, endgroup-analyses of propene—CO oligomers are in accordance with chain
initiation from intermediate Pd—H and Pd-OR species, and chain transfer from
Pd-alkyl and Pd-acyl complexes [118a]. Also, the similar results obtained in the
above reactions of olefins, catalyzed by [PA(NCCH,),](BF,),/L-L or isolated dica-
tionic complexes [(L » L)Pd(NCCH,),](BF,),, in comparison to well defined com-
plexes  [(a-diimine)PdAMe(OEt,)]Y [14a] or to the in situ system
Pd(OAc),/dppp/HOTs (methanol solvent; vide infra) [13b] suggest that with the
[PA(NCCH,),](BF,),-based in situ system chain growth proceeds via an insertion-
type mechanism. This assumption is in accordance with previous conclusions by
Risse and coworkers on the mechanism of norbornene-polymerization by
[Pd(NCR),](BF,), without additional ligands [11c,d]. In this case, well defined allyl
and alkyl complexes as catalyst precursors also yield comparative results [11b,124],
analogously indicating the reaction to proceed via an insertion-type mechanism.
Concerning the activation of [Pd(NCCH,),J(BF,),-based catalysts, a Wacker-type
mechanism involving nucleophilic attack by trace impurities of water on coordi-
nated olefin has been proposed [125]. In reactions in aprotic solvents involving CO,
formation of a palladium—hydride species via a water gas shift reaction with traces
of water has been formulated [118a]. In the presence of alcohol solvents, activation
via formation of a Pd—OR species has been proposed [118a]. However, unambigu-
ous experimental proof is lacking in all cases.

Another, related, system for the in situ preparation of cationic palladium
catalysts, which has been cited in a large number of patents [13a,126] on the
alternating copolymerization of olefins with CO in protic solvents is Pd(OAc),/lig-
and/strong acid with a weakly or non-coordinating anion (e.g. Pd(OAc),/dppp/p-
toluenesulfonic acid; in methanol solvent). Presumably, a catalyst system of this
type is the basis for Shell’s commercial process for the production of Carilon™
ethylene—propene—carbon monoxide terpolymers [127]. A mechanistic proposal
[13b] suggests the role of the acid being substitution of the acetate ligands for a
weakly coordinating anion via protonation to acetic acid, thus providing easily
accessible coordination sites. The acid component can also be replaced by transition
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metal salts of weakly or non-coordinating anions, such as Cu(OTs), [13b]. Further
activation is thought to occur via a Pd—C(O)OMe species, which results from CO
insertion into a palladium methoxide formed via (L*L)Pd*>* + MeOH —
(L"L)Pd-OMe* + H*, or by direct attack of methanol on coordinated CO.
Alternately, activation can proceed via a Pd—H species, which has been proposed to
be formed in various ways (B-hydrogen elimination from Pd-OMe, via the water
gas shift reaction, or by Wacker-type reaction of methanol with ethylene) [13c].
Addition of oxidant promoters, such as benzoquinone, was found to enhance
catalyst activity, particularly for bipy-type ligands [13¢,126b]. The related system
[(phen)Pd(OTs),] has been used for the alternating copolymerization of styrene and
CO by Consiglio and coworkers [128]. The system Pd(OAc),/bidentate ligand/
strong acid has also been applied in the absence of CO for the dimerization of
olefins, using bidentate ligands (dppp, phen, bipy) in alcohol solvents [129]. By
comparison, the system Pd(OAc),/HBF, Et,O/a-diimine has been reported to be
active for ethylene polymerization in chloroform solution, in the absence of protic
solvents [121].

6. Concluding remarks

Recent discoveries of a number of new catalyst systems for olefin polymerization
based on cationic complexes of late transition metals have stirred excitement in
industry and academia alike. Multidentate ligands are a key feature of these new
complex catalysts. Recent investigations of the reactivity of such complexes towards
unsaturated substrates has increased the understanding of their catalytic behaviour,
already providing a remarkably detailed mechanistic understanding in some cases.
The availability of synthetic routes to highly reactive, well-defined cationic com-
pounds has been a prerequisite for this work. Cationic methyl complexes are used
as well-defined catalyst precursors which are instantaneously activated, and they
also occupy a central position in mechanistic investigations. Protonation of neutral
dimethyl complexes, or halide abstraction from neutral mono-methyl complexes
have proven to be convenient routes to such cationic complexes. In addition, in
situ-systems allowing for a large-scale commercial application are known, as well as
organometallic complexes with other metal-bound organic groups. In summary, a
field of chemistry exciting from the standpoint of fundamental as well as applied
research has been opened.
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