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Abstract

Selected results of our recent research on titanium, zirconium, hafnium and magnesium chloride and oxygen-based metal-assembled
compounds are summarized from the perspective of these metals acting as catalysts for olefin polymerization. This paper discusses our studies
on the isolation of various metal-assembled compounds, the determination of their structures by X-ray crystallography and the relationship
of their polynuclear structures to their activity as polymerization catalysts as well as to the field of molecule-functional-based materials. As
we demonstrate here, our attempts to prepare new metal-assembled pre-catalysts and to understand the chemistry of formation of these new
complexes often led to unexpected reactions, which could be applied to syntheses of well-defined heterogeneous olefin polymerization catalysts.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The last decades of research on olefin polymerization
catalysis were dominated by metallocene complexes of
early transition metals which were first introduced to olefin
polymerization more than 40 years ago[1]. Such com-
plexes activated by methylalumoxane (MAO) form highly
active homogeneous catalysts which produce polymers
with a narrow molecular weight distribution. Continuous

∗ Tel.: +48-71-3737306; fax:+48-71-3282348.
E-mail address:plas@wchuwr.chem.uni.wroc.pl (P. Sobota).

search for novel catalysts resulted in the development
of constrained-geometry catalysts[2] and a variety of
non-metallocene complexes of metals across the periodic
table[3]. An extraordinary amount of research has been di-
rected toward the development of homogeneous, single-site
polymerization catalysts[1,2]. These molecular compounds
have the general formula LnMR, where Ln is an organic
ligand set that remains bound to, and thus modifies the
reactivity of the active metal center (M) during the entire
chemical reaction; R is the polymer or initiating group. Be-
fore the recent discovery by Gibson and coworkers[4],
Brookhart and coworkers[5] and Bennett[6] of the po-
tent catalytic activity of electron-rich late metals which has

0010-8545/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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revolutionized our way of thinking in this field, the paradigm
requiring highly acidic metals for a functional catalyst has
traditionally dominated the Ziegler–Natta (Z–N) cataly-
sis scene. Heterogeneous catalysts typically have multiple
active sites, each of which has its own rate constant for
monomer enchainment, stereoselectivity, co-monomer in-
corporation, and chain transfer[7].

Alkoxo compounds have also attracted a lot of attention
[8]. Due to their acid–base properties, they are important in
many organic reactions such as oxidation of alcohols[9],
allylation of aldehydes[10], Diels–Alder reaction[11], and
many others[12]. They are especially important in enan-
tioselective catalysis, one of the most important areas of
synthetic organic chemistry[13]. Transition metal alkoxides
have found widespread applications in many fields of tech-
nology[14], for example, in the sol–gel process to synthesize
glasses, in ceramics and inorganic–organic materials[15], in
metallo-organic chemical vapor deposition (MOCVD)[16],
in the preparation of hydraulic liquids in oil exploration
[17] as a crosslinker of polysaccharides, and in coatings of
paper and textile[14]. Polyesters, coatings, and films are
ubiquitous engineering materials. Although the vast major-
ity of catalysts are designed for olefin polymerization, the
extension of this area of catalysis for the polymerization of
other monomers, such as lactones and epoxides, is already
in progress. The most common metal-containing catalysts
are metal alkoxides[18].

Ziegler–Natta catalysis is consistently one of the most im-
portant and profitable petrochemical processes[19]. Over the
years, from simple TiCl3 crystals, the catalyst has evolved
into the currently used high-technology system based on the
use of magnesium dichloride as a support for TiCl4 [20]. The
pro-catalysts mainly comprise MgX2 and TiX4 (X = Cl or
OR). The electron donor compound, whether used separately
or with pro-catalyst (as internal donor) or organoaluminum
compound (as external donor) is referred to as “selectiv-
ity control agent” (SCA). The organoaluminum compound,
whether used separately or partially or totally complexed
with an SCA, is referred to as “co-catalyst”. Each of these
components influences the catalyst and polymer produced
therefrom but the pro-catalyst seems to have the greatest im-
pact. Therefore, such catalyst is referred to as “supported
coordination catalyst” or “supported coordination catalyst
system”. This catalytic system is the most advanced method
in industrial applications, guaranteeing very high yields and
the highest stereochemical control of the polymers obtained
[21]. Great interest is now focused on attempting to under-
stand the structure of active sites[22]. The oxygen-based
ligands support a very high level of catalytic activity. How-
ever, ligand abstraction and reduction of Ti(IV) to Ti(III) or
V(III) to V(II) by co-catalyst constitute the main obstacle
for the development of a competitive heterogeneous single
site catalysts[23].

In this work, the behavior of some Mg and Ti, Zr and Hf
complexes of different ligands systems based on Cl and O
donor ligands will be reviewed.

2. Ligands

The starting point of our research in this field was a study
of the commercially used MX4/MgX2/AlR3 (M = Ti, Zr; X
= Cl, OR) system. The aim was to understand the role of
each catalyst component in sustaining the activity as well as
those factors that control the catalyst stability. For this we
synthesized a series of magnesium MgX2 species bearing
rather diversified substituents. The most widely used cer-
tainly are the magnesium halides and alkoxides.

It is known that catalysts based on MgCl2 and Mg(OR)2
have similar activity, and polymers derived therefrom have
similar properties. Nonetheless, the morphology of the
alkoxy catalyst is much better in terms of particle shape
and results in better polymer morphology. The morphol-
ogy of the catalyst and resulting polymer is technologi-
cally crucial. For example, the build-up of small polymer
particles can cause entrainment problems in the reac-
tor, valves or transfer lines. It is also easier in case of
alkoxy ligands to obtain a pro-catalyst with well-defined
stoichiometry.

As mentioned before, the most widely used magnesium
pro-catalyst component is MgCl2. The most commonly
used SCA for ethylene polymerization is tetrahydrofuran
[24]. The use of MgCl2/EtOH adducts with a restricted
range of composition yields, after inserting the TiCl4, a
most efficient and selective catalytic system for isotac-
tic propylene polymerization. EtOH associates easily with
MgCl2 to form different adducts of complex architecture
[25]. For propylene polymerization, aromatic esters such
as ethyl benzoate, ethyl anisate, and diisobutyl phthalate
are often used[26]. Others include ethyl acetate[27],
ethyl chloroacetate[28], phosphorus oxychloride[29], and
silanes. Addition of the above-mentioned SCA which coor-
dinates to the magnesium center (a) modifies the electronic
properties of MgCl2, (b) changes its molecular structure,
and (c) enhances its otherwise poor solubility. All these
ligands form a family of moderately weak Lewis bases and
establish good leaving groups. These facts and other obser-
vations convinced us that alkoxy ligands could also play
the role of SCA. For this purpose, we synthesized a se-
ries of metal compounds bearing rather diversified ligands.
In our research, we mainly utilize commercially avail-
able 2,3-dihydro-2,2-dimethylbenzofuran-7-ol (dbbfo-H),
1-methoxy-2-propanol (mpro-H) and tetrahydrofurfuryl
alcohol (thffo-H). Among the several advantages offered
by these ligands (large variety of substituents, electronic
flexibility, etc.) the ability to form crystalline metal ion
compounds suitable for X-ray diffraction studies, was par-
ticularly attractive.

3. Chloride-based metal-assembled compounds

The frequently dramatic and sometimes beneficial influ-
ence of electropositive metal species such as MgX2 (X = Cl,
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Scheme 1. [M4(�3-Cl)2(�-Cl)4(thf)6] type compound with open dicubane-
like structure[32–34].

OR) on the polymerization activity of early-transition-metal
compounds is widely recognized[30] but poorly under-
stood [31]. MgCl2(thf)1.5, as a catalyst component, is
especially attractive for studying the factors which favor
the polynuclear aggregation of magnesium dichloride with
TiCl4. Until now, only the structures of [M4Cl8(thf)6] (M
= Fe, Co and Mg) have been well documented[32–34].
The metal species exist as centrosymmetric tetranuclear
[M4(�3-Cl)2(�-Cl)4X2(thf)6] (X = Cl for M = Fe[32], Co
[33], X = Et for M = Mg [34]) compounds with two differ-
ent types of M(II) centers corresponding to six-coordinate
octahedral MCl4O2 and five-coordinate trigonal bipyrami-
dal MCl4O chromophores (Scheme 1). The structure of
MgCl2(thf)1.5 species is unknown, but is probably similar
to that found for [Mg4(�3-Cl)2(�2-Cl)4Et2(thf)6] (1) [34].

MgCl2(thf)1.5 has limited solubility and until now could
not be obtained in crystalline state. With this in mind, we
have been studying the reactivity of manganese MnCl2
which has similar properties to MgCl2. It was expected
that these investigations would help in understanding the
behavior of metal dichlorides toward the transition met-
als and furnish useful relationships between structure and
activity. Anhydrous MnCl2, when heated under reflux in
tetrahydrofuran, yields a colorless compound of compo-
sition MnCl2(thf)1.6 (2) [35a]. An X-ray study revealed
2 to be the polymer [{Mn5Cl10(thf)6}n] formed by the
tetranuclear [Mn4(�3-Cl)2(�2-Cl)4Cl2(thf)6] building block
linked by MnCl2(thf)2 moieties. As outlined inScheme 2,
the reaction of MnCl2 with EtOH afforded a polymeric
[Mn4Cl8(EtOH)6]n (2a) species. The2a is built up of chains
of [Mn4Cl8(EtOH)6] blocks linked by�-Cl chlorine bridges
[35b]. [Fe4Cl8(thf)6] (2b) as reported by Leigh and cowork-
ers contains the same essential basic blocks as2 and may
be converted formally into polymeric [{Fe5Cl10(thf)6}n]
(2b) by replacing thf on the five coordinate iron atom in
[Fe4Cl8(thf)6] by FeCl2(thf) or CoCl2(thf) moieties [36].
Subsequently, we isolated and completely characterized
two more Mg/Mn and Mg/Fe complexes. The reaction be-
tween anhydrous MgCl2 and MnCl2 or FeCl2 in refluxing
thf produced [MgMnCl4(thf)4] (3) and [MgFeCl4(thf)4]
(3a), respectively. An X-ray study revealed3 and 3a to
be [(thf)4Mg(�-Cl)2MnCl2] and [(thf)4Mg(�-Cl)2FeCl2],
respectively (Scheme 3). The magnesium atom in3 is
six-coordinate and the manganese atom four-coordinate, the

Scheme 2. Reaction scheme for the preparation of metal-assembled
polymeric [{Mn5Cl10(thf)6}n] (2), [Mn4Cl8(EtOH)6]n (2a), and
[{Fe5Cl10(thf)6}n] (2b), and compounds[35,36].

octahedron and tetrahedron being linked by two chloride
bridges.

The bimetallic molecular species3 has an approx-
imate two-fold rotational axis of symmetry passing
through both metals, and the MgMnCl4O4 core has
approximate C2v molecular symmetry. There is a re-
markable similarity in the molecular structures of3, to
[(thf)4Mg(�-Cl)2FeCl2] (3a) [36], [(thf)4Fe(�-Cl)2CoCl2]
(3b) [37a], and [(thf)4V(�-Cl)2ZnCl2] (3c) [38]. Al-
though the vanadium compound3c compared to3 in-
volves an inverted role for the transition metal and the
electropositive metal, the similarity of structures even
extends to very similar (±0.08(1) Å) metal–ligand bond
lengths. Recrystallization of [(thf)4Fe(�-Cl)2CoCl2] from
CHCl3/EtOH yielded [{(EtOH)4Fe(�-Cl)2CoCl2}n] (3d)

Scheme 3. Reaction scheme for the preparation of bimetallic molecular
species3 and 3abc [36–38].
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and its structure was determined crystallographically. Com-
plex [{(EtOH)4Fe(�-Cl)2CoCl2}n] is polymeric in the solid
state. The Co atoms lie on crystallographic two-fold axes,
and this generates infinite chains of alternating CoCl4 and
Fe(C2H5OH)4 units linked by single Cl bridges[36]. By con-
trast, the salt [Mg(H2O)2(thf)4][Mg(H2O)4(thf)2][MnCl4]2
(4) was obtained by two routes, the first being accidental.
Treatment of MgCl2 with MnCl2 in thf yields salt4. The
origin of the water in4 is probably wet MnCl2 being used.
Having established the structure of salt4, we sought a ra-
tional synthesis of this compound and found that it can be
obtained in high yield by treatment of anhydrous MgCl2
and MnCl2 in thf with 3 equiv. of H2O [35a]. The crystals
of 4 are composed of centrosymmetric [Mg(H2O)2(thf)4]2+
and [Mg(H2O)4(thf)2]2+ cations and [MnCl4]2− anions
in a 1:1:2 ratio. In conclusion, we see (1) the great ten-
dency of manganese, iron, cobalt, magnesium, and vana-
dium atoms to form tetranuclear species with M4Cl6 cores,
(2) that manganese and iron[36] tend to form polymeric
species3d while cobalt, and magnesium prefer the forma-
tion of tetranuclear [M4(�3-Cl)2(�2-Cl)4Cl2(thf)6] blocks,
(3) that the magnesium atom shows a clear preference for
six-coordination and manganese, iron, and zinc atoms pre-
fer four-coordination, (4) that the higher solubility of the
Mg or Mn halides leads to a coordination of MCl2(thf)2
at the five-coordinate metal center in the M4Cl6 core
(Scheme 2), and (5) that the formation of ionic or molec-
ular species in thf depends on the oxidation state of the
metal Mn+.

Despite the steady stream of new patents and publica-
tions, the role of MgCl2 was considered as a support until
1984, when the formation of [Mg2(�-Cl)3(thf)6][TiCl 5(thf)]
salt, in reaction of magnesium dichloride with TiCl4 was
first announced[37b]. This reaction shows that in polar
solvents MgCl2 is not a simple support but a Cl− donor
and is a highly reactive species. Alternatively, dimeric
cationic species such as [V2(�-Cl)3(thf)6]+ [38] and
[Fe2(�-Cl)3(thf)6]+ [39] can also be isolated. Note, that the
[Mg2(�-Cl)3(thf)6][TiCl 5(thf)] supported on SiO2 together
with organometallic co-catalyst is used as a commercial
ethylene polymerization catalyst[37b].

4. Oxygen-based metal-assembled compounds

As outlined inScheme 4, the protonolysis of the readily
available precursor MgBu2 (or Mg) with 2,3-dihydro-2,2-
dimethyl-7-benzofuranol (ddbfo-H), 1-methoxy-2-propanol
(mpro-H) or tetrahydrofurfuryl alcohol (thffo-H) inn-hexane
yields 5abc [40,41]. X-ray crystallographic analysis of5a
and 5b indeed showed a tetranuclear [Mg4(dbbfo)8] [40]
and [Mg4(mpro)8] [41] compounds with open dicubane
geometry. The centrosymmetric molecules of5a and 5b
possess two five-coordinate magnesium atoms of trigo-
nal bipyramidal geometry and two six-coordinate octahe-
dral metal sites. Interaction of metallic magnesium with

Scheme 4. Synthesis of5abc.

“simple” alcohols like methanol and ethanol is complicated.
An X-ray study of crystals of magnesium methoxide ob-
tained in the reaction of magnesium with MeOH allowed
the formulation of the product as Mg(OMe)2·3.5MeOH.
Its structure is built up of residues of four types: neutral
[Mg4(OMe)8] cubane, [Mg4(OMe)6(MeOH)2]2+ cubane
cations, [(MeO)2H]− anions and eight crystallographically
independent non-coordinated solvating methanol molecules
[42]. Crystals of Mg(OMe)2·3.5MeOH easily lose solvent
at 293 K, supporting the statement about lability of alkoxy
ligands. The structure of Mg(OEt)2 is not known. Although
there are magnesium complexes with other “simple” alco-
hols, those in the patent literature mainly comprise methoxy
and ethoxy compounds.

In comparison to magnesium, calcium is significantly
larger and its coordination chemistry is notably different
and much less developed than that of magnesium. Prepa-
ration of alkoxides [Ca4(ddbfo)8] (6) and [Ca4(thffo)8]
(7) paralleled the route developed for the synthesis
of 5abc [40,41]. As shown in Scheme 5, direct reac-
tion of Ca with tetrahydrofurfuryl alcohol (thffo-H) or
2,3-dihydro-2,2-dimethyl-7-benzofuran alcohol (ddbfo-H)
in toluene afforded6 or 7 as an analytically pure white pow-
der [43a]. Crystallization of6 from MeOH gave molecular
adduct6a.

In the solid state, complexes6 and7 are most presumably
tetrameric species and form open dicubane blocks similar to
their magnesium analogs5abc [40,41]. This conclusion was
drawn from analysis of the crystal structure of6a. As shown
in Scheme 5, four Ca atoms form a nearly regular rhombus
[43a]. Interestingly, discrete centrosymmetric molecule of
6a contains two hexacoordinated and two heptacoordinated
calcium atoms. The internal two Ca atoms have distorted oc-
tahedral geometry. The coordination spheres around exter-
nal two calcium atoms are distorted pentagonal bipyramids.
It seems obvious from the positions of MeOH molecules
in 6a that in 6 these sites remain unoccupied. Then, we
can suspect that two pentacoordinated and two hexacoor-
dinated Ca atoms are present in6 and7. Interestingly, the
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Scheme 5. Synthesis of6, 6a and 7.

pentacoordinated centers in6 and 7 are probably located
“inside” calcium centers. These initial results are both ex-
tremely promising with regard to the potential utility of
well-defined calcium coordination complexes for the ROP
of lactide and illuminating with respect to the differences
in the coordination chemistry of the elements Ca and Mg
[18,44].

4.1. Metal alkoxo complexes with an M3(µ3-O) core

For several purposes, we sought an easy and high-yield
method for preparation of mixed metal polynuclear alkox-
ides of Zr and Hf. Structural information from such com-
pounds is interesting, as it can reveal steps in Z–N catalyst
formation, as indicated in the introduction. Thus, MCl4
(M = Zr or Hf) were treated with5c at a slightly ele-
vated temperature in a mixture of CH2Cl2, thf, and CH3CN

Scheme 6. Metal-assembled complexes8–11 [43a].

(Scheme 6). The presence of CH2Cl2 in the solvent mix-
ture is highly desirable since the insolubility of MgCl2,
which forms as a side-product of the reaction, in CH2Cl2
allows its precipitation and easy separation from the final
product. Workups gave neutral heterobimetallic tetranuclear
complexes [M3M′(�x-O)(�,�2-thffo)6(Cl)6] (M/M ′/x: 8,
Zr/Mg/3; 9, Hf/Mg/3; 10, Zr/Ca/4; 11, Hf/Ca/4) as white
powders [43a]. These were stable for months as solids
under dinitrogen and were characterized by IR and1H
NMR spectroscopy, and X-ray diffraction studies. As can
be concluded from the reaction pathway (Scheme 6), a
small excess of5c and 7 is necessary to reach optimum
yield of the final products. This is due to decomposition
of some ligands (even under strict anaerobic conditions)
to produce the residual bridging oxo atom. Such a phe-
nomenon has abundant literature precedence[8]. Indeed
when 3 equiv. of MCl4 react with 4 equiv. of [Mg4(thffo)8]
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Scheme 7. The influence of solvent polarity on final product formation.

yields maximized. Nevertheless, reactions were tried at
different molar ratios (ranging from 1:1 to 1:2) to contin-
uously give analogous compounds based on1H NMR and
X-ray measurements of the unit cells. Complexes8 and
9 are isostructural[43a] (Scheme 6). Both include three
seven-coordinated zirconium or hafnium atoms, each sur-
rounded by two mutuallycis-terminal chlorine atoms, three
bridging oxo atoms from thffo− ligands, and one oxygen
atom from a substituted tetrahydrofuran ring. The coordina-
tion sphere of each transition metal in8–11 is completed by
a triply bridging oxo atom which holds the M3 triangle to-
gether. In these species, three magnesium sites are occupied
by the oxygen atoms of substituted tetrahydrofuran rings.
The remaining three sites are occupied by alkoxo atoms
of three thffo− ligands that also constitute three bridges
between magnesium and transition metal atoms. Next, we
attempted to “replace“ Mg2+, in 8, by AlMe3. The pre-
cursor [Zr4(�4-O)(�-OMe)6Cl8(thf)4] (8a) was obtained in
direct reaction of ZrCl4 with methanol. When8a reacted
with AlMe3 in thf, [Zr3Al(�4-O)(�-OMe)6Cl6(Me)(thf)3]
(8b) was isolated[43b]. The significant difference between
8a and8b is that one of the [ZrCl2(thf)]2+ moieties coor-
dinated to the�4-O oxygen atom in8a, is substituted by
an [Al-Me]2+ unit in 8b. Preliminary tests of the catalytic
properties of8b for ethylene polymerization have indicated
no activity. This result agrees with our presumptions due to
lack of a Zr–CH3 bond in 8b.We attempted to reveal the
formation mechanism of8–11 by accessing homometallic
complexes that were possible precursors of8–11 [43a]. A

Scheme 8. Possible isomers of cations in13 and 14 [43a].

family of compounds was synthesized by combining ZrCl4
or HfCl4 with thffo-H in non-coordinating (toluene) and
coordinating (EtOH or MeOH) solvents at low temperature
(Scheme 7). The molecular structure of12 (Scheme 7)
shows a neutral dimeric species with zirconium atoms that
have slightly different coordination spheres. Although both
metals have analogous Cl3O4 pentagonal–bipyramid ar-
rangements, one coordinates two bridging oxo ligands and
two substituted tetrahydrofuran rings while the other coordi-
nates one molecule of tetrahydrofurfuryl alcohol, apart from
two bridging alkoxo atoms. The consequences of changing
the solvent from toluene to ROH is quite surprising. Clearly
solvent coordination in the final product composition is
important. An X-ray diffraction study of13 and14 showed
the complexes to be ionic species with a bulky monoca-
tion comprising three Zr atoms and Cl− as a counter ion.
Three metal atoms in13 and 14 are coordinated similarly
to those in8–11. They also form M3 triangles that are held
together by�3-O oxo atom which originates from alcohol
decomposition[43a]. These homopolymetallic species13
and14 are geometrically very interesting. They all exhibit
C3 symmetry, thanks to thesyn-position of the three ROH
molecules (or alternatively Cl atoms). Another possible iso-
mer with two ROH moleculessynand oneanti is shown in
Scheme 8. Although the repulsion of the ROH molecules
should be lower for such an isomer we saw no sign of its
formation.

For a deeper understanding of the influence of solvent
polarity/coordination ability on the reaction pathway and
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Scheme 9. Synthesis of16 [43a].

final product formation, we also studied the reaction of
[ZrCl3(OMe)(MeOH)2] (15) with tetrahydropyran-2-meth-
anol (thp-H). Compound15 was obtained in a direct re-
action of ZrCl4 with methanol. This high-yield synthesis,
which was easy to perform, gave product which was pos-
sibly oligo- or polymeric and which was observed to be a
very good starting material for the syntheses of zirconium
alkoxo species by ligand exchange[43a]. After its reaction
with thp-H in a toluene/MeOH mixture at room temperature,
workup involving thf recrystallization afforded a neutral, an-
alytically pure sample of [Zr3(�3-O)(�,�2-thp)3(thf)2Cl7]
(16).The molecular structure of16 (Scheme 9) consists of
discrete trinuclear molecules that comprise a�3-O bridged
M3 triangle similar to8–11, 13 and 14. Each thp− ligand
coordinates with central atoms through the oxygen atom of
the heterocycle and the�2-bridging alkoxo oxygen atom.
Analogously to those in8–11, 13 and14, each Zr atom is
seven-coordinate but interestingly each of these complexes
possesses a different ligand arrangement. Zr(a) is surrounded
by the�3 oxo atom, one oxygen from the ligand heterocy-
cle, two �2-bridging alkoxo oxygens, two terminal, mutu-
ally trans, chlorine atoms, and one thf molecule. Zr(b) dif-
fers from Zr(a) in the orientation of the two terminal chlo-
rine atoms, these being in a mutuallycis-orientation. In turn,
Zr(c) lacks a thf molecule, which is replaced by the addi-
tional terminal Cl atom. Thus,16 in the solid state has lost
the C3 symmetry that is typical for the compounds men-
tioned earlier.

4.2. Titanium alkoxo-bridged dinuclear complexes

The titanium system catalyst is much more complex
than the zirconium system, and almost nothing is known
about its intermediates[45]. In contrast to the zirco-
nium compound8a, treatment of TiCl4 with methanol
give a thermally stable neutral tetranuclear molecule with
a cubane geometry [Ti4(OMe)14Cl2] [46] (17). Treat-
ment of 17 with an excess of AlMe3 (4 equiv., toluene/
thf, −30◦C; Scheme 10) gave a co-crystallite [Ti2(�-OMe)2
(�-Cl)Cl3(thf)3]·[Ti2(�-OMe)3Cl3(thf)3] (18·19) in a 1:1
ratio. Similar to18, [Ti2(�-OEt)2(�-Cl)Cl3(thf)3] (20) was
obtained in the reaction of an equimolar mixture of TiCl4,
Ti(OEt)4, Al, and AlMe3.

Addition of more than 1 equiv. of AlMe3 leads most
probably to the formation of species containing a Ti–Me
bond and reduce the yield of20. Reduction with only
Al or AlMe3 gave an oily product, purification of which
was demanding and eventually gave a “problematic” re-
sult. Species18–20 dissolved in thf undergo slow de-
composition to blue crystalline [TiCl3(thf)3] based on
X-ray measurements of unit cell parameters. The struc-
ture of the co-crystallite18·19 is composed of two
chemically independent [Ti2(�-OMe)2(�-Cl)Cl3(thf)3]
and [Ti2(�-OMe)3Cl3(thf)3] molecules which are statis-
tically distributed in the crystal[47]. The only signifi-
cant difference between [Ti2(�-OMe)2(�-Cl)Cl3(thf)3] and
[Ti2(�-OEt)2(�-Cl)Cl3(thf)3] is that two �-OMe moieties
in 18 are substituted by two�-OEt groups in20. The very
short Ti· · · Ti distance [2.543(1) Å in18·19 and 2.599(1) Å
in 20] accompanied by diamagnetism of both species might
indicate the presence of a Ti–Ti single bond. However, the
metal–metal distance is not a good bond criterion, especially
in systems where the bridging constraints are substantial
[48].

4.3. Reactivity of the Mg4X8 building blocks

High-activity, stereoregular olefin polymerization cata-
lysts can be produced from an organoaluminum co-catalyst
and titanium-magnesium pro-catalyst precursor containing

Scheme 10. Reaction scheme of the preparation of18 and 19 [47].
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Scheme 11. Reaction scheme of the preparation of21 and 22 [49,53].

alkoxide groups. Hence, studies on the interaction between
each of the catalyst components and the≡SiOH surface
groups are very important. Very recently, we have found
that in the reaction of5c with AlMe3, the methylalumoxane
[Al 3(�3-O)(Me)6]+ moiety is formed; this was isolated and
characterized as the compound [Al3Mg(�3-O)(thfo)3(Me)6]
(21) [49]. In this case, the dicubane-like magnesium block
5c splits and reacts with AlMe3 to form crystals of21 which
are extremely sensitive toward moisture. The X-ray crys-
tal structure of21 was determined as shown inScheme 11.
The four-coordinate aluminum atom in21 is surrounded by
two methyl groups and one�3-O oxo and one�-O alkoxo
oxygen atom of the [Mg(thffo)3]− moiety. Three AlMe2
moieties are held together by�3-O oxygen atoms to form
a trinuclear [Al3(�3-O)(Me)6]+ macro unit. The coordina-
tion sphere of the magnesium atom in21 is formed by six
oxygen atoms: three ether and three bridging�-O alkoxo
atoms of the thffo ligands. The�-O oxygen atom lies on a
pseudo-three-fold axis and exhibits bond angles as expected
for sp2 hybridization.

The factor governing stability of the methylalumoxane
[Al 3(�3-O)(Me)6]+ intermediates is not yet well under-
stood [50]. Insight into the problem has been gained by
comparison of [Al3(�3-O)(Me)6]+ cation with the cor-
responding known tetranuclear [Al4(�3-O)2(tBu)8] com-
pound [51] and [{(Me)2Al(�3-O)Al(Me3)}2]2− anion
[52]. We believe that the compound [Al4(�3-O)2(Me)8]
relevant to [Al4(�3-O)2(tBu)8] could be formed from
[Al 3(�3-O)(Me)6]+ cation by addition of the OAlMe2−
anion. The [Al4(�3-O)2(tBu)8] species with bulkytBu
groups is stable and could be isolated as a solid. In contrast,
methylation of [Al4(�3-O)2(Me)8] results in the formation
of the [{(Me)2Al(�3-O)Al(Me3)}2]2− anion.To identify
further intermediates and reactions steps that lead to the
formation of the active co-catalyst species we found that the
reaction of5b with AlMe3 proceeds differently from that
for 5c. AlMe3 reacted with5b to give a thermally stable
neutral heterobimetallic complex [Mg2(mpro)4(AlMe3)2]
(22) [53]. Compound22 was shown by X-ray diffraction
study to have a centrosymmetric tetranulear chain structure

as presented inScheme 11. Complex 22 comprises two
five-coordinate magnesium atoms and two four-coordinate
aluminum centers. The alkoxide oxygen atoms of the chelat-
ing 1-methoxy-2-propoxide ligands bridge all of the metal
atoms. Two of the alkoxide oxygen atoms bridge two mag-
nesium atoms, and each of the two remaining ones bridge
to AlMe3 unit. The central Mg2O2 four-membered ring in
22 is planar with the ligands adopting atrans-orientation.
The formation of a magnesium complex22 containing
AlMe3 units coordinated to�-alkoxide oxygen atom is
unusual. This is reminiscent of the hydrolysis of AlMe3,
which makes the methylalumoxane (MAO) polymerization
co-catalyst, and is believed to contain both AlMe3 and
AlMex(O) units [54]. The presence of magnesium atoms in
21 and22 is an additional advantage of these compounds.
The driving force for reaction between MCl4 (M = Ti, Zr,
Hf) and 22 should be the formation of MgCl2 providing in
return alkyl functions.

As stated earlier, we were interested in determining the
role of the reactive coordination site at the five-coordinate
metal center in the Mg4X8 (X = Cl, OR) building blocks.
This study has shown that a series of tetranuclear com-
pounds with Mg4X8 units exists and can be readily formed
under the appropriate conditions. Complexes5abc are
sensitive towards chlorinated hydrocarbons. CH2Cl2, for
example, causes substitution of�1-coordinated ligands
by chlorine atoms to give in case of5c molecular com-
plex [Mg4(thffo)6Cl2] (23). Compound23 was also ob-
tained when MgCl2 reacted with5c [55]. Although there
is no indirect proof, compound23 in methanol probably
undergoes ionization and the [Mg4(thffo)6(MeOH)x]2+
cation is formed. This conclusion may be drawn from
the fact that crystals of [Mg4(OMe)6(MeOH)10]Cl2 with
similar cation were isolated as one of the products of
the reaction of Mg(OMe)2·3.5MeOH with MgCl2 [56].
Formation of 23 in thf is attributed to stronger than
thf, donor properties of chlorine which stays in the
metal coordination sphere to form [Mg4(thffo)6Cl2] in-
stead of ionic [Mg4(thffo)6(thf)2]Cl2. The reaction of5a
with CH3OH gave crystals of new24a. The solid-state
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Scheme 12. Reaction mechanism showing the substitution of thffo group in5c by Ph3SiO group and formation of25 and 27.

structure of the complex24 consists of the tetranuclear open
dicubane [Mg4(�3-OMe)2(ddbfo)6(CH3OH)5] [40]. The
molecule contains one five-coordinate Mg atoms and three
six-coordinate Mg atoms. The inequivalence between mag-
nesium atoms arises from the six-coordinate environment
of the third magnesium atom which additionally contains
the methanol oxygen atom.

In Ziegler–Natta methodologies, the SiO2 surface is re-
acted with MgX2 (X = Cl or OR), followed by reaction
with a titanium species. In order to reveal the interaction
of the silica surface≡Si–OH groups with the magnesium
[Mg4(thffo)8] (5c) catalyst component, we have studied
the binding of Ph3SiOH used as a “surface” model to the
unsaturated magnesium centers in5c. The direct reaction
of the dicubane-like tetramer [Mg4(thffo)8] with Ph3SiOH
in a 1:2 molar ratio in toluene gives the air-sensitive com-
pound [Mg4(thffo)6(OSiPh3)2] [49] (25). A view of the
structure of25 is shown inScheme 12. The Mg4(thffo)6
core in 25 is similar to that of [Mg4(thffo)6Cl2] (23). The
difference is that the two OSiPh3 groups bound to the
five-coordinated magnesium atoms in25 are replaced by two
Cl atoms in23. The reaction of25 with 6 equiv. Ph3SiOH in
tetrahydrofuran (thf) gives the new air-sensitive compound
[Mg2(OSiPh3)4(thf)2] (26) [57]. A crystal structure deter-
mination of 26 showed it to be a centrosymmetric dimer
[Mg2(�-OSiPh3)2(OSiPh3)2(thf)2]. As an aid to explain

the formation of the catalytically active surface centers, we
are studying the binding of titanium species by magnesium
centers in26. The addition of TiCl4 to 25 in thf results in
the formation of [TiCl2(OSiPh3)2(thf)2] (27). It follows that
coordinated by “surface”≡SiO–Mg magnesium atom is
extracted by titanium atom to yield a new reactive species
27. Straightforward chloride replacement reaction by use of
Li tBu modified the arrangement around the titanium center
in 27. In the1H NMR spectrum, integration of thetert-butyl
protons provides good evidence for Ti–tBu coordination at
the new titanium center[57].

We have found also that a similar compound [Mg4(thffo)6
{OTi(dipp)3}2] (28) could be obtained by controlled hy-
drolysis of the reaction product formed between5c and
[Ti(dipp)4] (dipp = 2,6-diisopropylphenoxo group)[40].
The complex5c was converted into the [V2Mg2(thffo)4Cl4]
(29) via simple treatment with VCl3. The centrosymmetric
complex molecule29 also consists of M4 rhombus in which
two magnesium atoms were replaced by vanadium atoms.
Each metal center is six-coordinate and the open dicubane
structure is preserved[58]. We were interested in determin-
ing whether the compound5c would also react with MCl2
(M = Fe, Mn, Co). The reaction of [FeCl2(thf)1.5] with
3 equiv. of5c in thf gave crystals of [Mg7(thffo)12][FeCl4]
(30). The crystal lattice of30 consists of centrosymmetric
cations [Mg7(thffo)12]2+ as well as [FeCl4]2− anions in a
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1:1 molar ratio. The [Mg7(thffo)12]2+ cation is composed
of 7 magnesium atoms and 12 thffo ligands[59].

5. Metal-assembled compounds as a new materials

In the last decade, has been made significant progress
in the field of molecule-based functional materials, es-
pecially for bulk magnetic materials[60] and highly
conducting materials[61]. For molecule-based magnetic
materials, multi-dimensional lattices, which allow the
magnetic arrangement of individual magnetic spins in
the long-range order, are well designed by choosing ad-
equate molecular blocks (and/or metal ions) and bridg-
ing ligands to form sublattices and counter ions to fill
the voids among multi-dimensional lattices. The fabrica-
tion of molecule-based highly conducting materials was
promoted by the development of organic charge-transfer
molecules with tetrathiafulvalene (TTF) derivatives[61].
Thus, an effective strategy for fabricating such mate-
rials is to combine magnetic multi-dimensional lattices
and organic conducting columns or layers[62].Recently,
Miyasaka et al. succeeded in synthesizing a new hy-
brid system (BEDT-TTF)2[Mn2Cl5(EtOH)] (31) [63].
An assembled compound31 consists of two struc-
tural lattices of one-dimensional [Mn2Cl5(EtOH)]−
(1-D) chains and bis(ethylenedithio) tetrathiafulvalene
(BEDT-TTF)+ conducting layers in a 1:1 ratio. The
1-D chain is described as [Mn2Cl5(EtOH)]− in which
two Mn(II) and four Cl ions form a ladder-like chain
with Kagomé (cuboidal) sublattices, and the remaining
Cl− ion and an EtOH cap the edge-positioned Mn(II)
ions of the chains. The (BEDT-TTF)+ molecules are
packed between the [Mn2Cl5(EtOH)]− chains. Note that
[{Mn5Cl10(thf)6}n] (2a) [35] formed by tetranuclear
[Mn4(�3-Cl)2(�2-Cl)4Cl2(thf)6] building block linked by
MnCl2(thf)2 moieties contains a double-cuboidal frag-
ment in the chain (Scheme 2), similar to the Kagomé-like
(cuboidal) sublattice of31 [63]. We strongly believe that
careful and rational strategy for syntheses of a new hybrid
materials containing magnetic 1-D lattices and conducting
layers can create enormous possibilities.

6. Results of ethylene polymerization

We examined the catalytic behavior of the series of Ti, Zr
and Hf complexes with functionalized ligands using methy-
lalumoxane MAO as the co-catalyst[64]. The results are
collected inTable 1. The activities of these complexes are
moderate. Ethylene–octene copolymerization using MAO
as co-catalyst with the complexes presented inTable 1,
were carried out at 140◦C.The activities of these catalytic
systems were found to be one order of magnitude lower in
comparison to the [Cp∗-SiMe2-NtBu]TiCl2/MAO catalyst

Table 1
Results of ethylene–octene copolymerization/MAOa

Entry Complex Efficiency
(kg P/g Ti)

Mw
b PDIb

1 [Cp∗-SiMe2-NtBu]TiCl2 443.8 90000 5.54
2 [Zr3Mg(�3-O)(thffo)6Cl6] 18.5 38400 54.5
3 [Hf3Mg(�3-O)(thffo)6Cl6] 0.7 – –
4 [Zr3(�3-O)(thffo)3(EtOH)3]Cl 27.1 69200 30.3
5 [Hf3(�3-O)(thffo)3(EtOH)3]Cl 2.2 35400 45.1
6 [Ti4(OMe)14Cl2] 27.5 78500 42.0
7 [Ti(edbp)Cl2] 15.2 169000 2.28

a Conditions: MMAO-12/complex= 1000; temperature= 140◦C.
b Determined by GPC using polystyrene/polyethylene universal cali-

bration.

system under identical conditions. The polymer produced
with those catalysts (entries 2–6) posses broad polydisper-
sity (Mw/Mn values 30.3–54.5) and molecular weightMn ca.
35400–78500, characteristic of a Z–N polymerization cat-
alyst. These facts strongly indicate that during the process
of catalyst formation the ligands have been abstracted from
transition metal atoms and many active sites are formed
[23,64]. The tendency of the thffo ligands towards dissoci-
ation from the metal centers after addition of MAO forced
us to use the 2,2′-ethylidenebis(4,6-di-tert-butylphenol)
(edbp-H2) ligand [65]. By selecting the edbp-H2 ligand,
which contains phenols withtert-butyl “tails”, we expected
to obtain compounds with markedly improved solubility
in hydrocarbons, and an increased likelihood of compound
stability in the presence of the aluminum co-catalyst[64].
The catalyst [Ti(edbp)Cl2]/MAO (entry 7) which has an
edbp ligand strongly bonded to the metal atom, furnished
a narrower molecular weight dispersion of this polymer
(Mw/Mn = 6.23) in comparison to the polymers produced
with catalyst entries 2–6. The polymer densities of the
ethylene–octene copolymers (entries 2–6) were found to be
in excess of 0.93 g/mL indicating that octene was not being
incorporated into the propagating polymer. The exception is
for entry 1 ofTable 1where the polymer was determined to
have a density of 0.89 g/mL indicating a significant amount
of 1-octene incorporation resulting in a clearly elastomeric
polymer sample upon drying.

7. Summary and conclusions

As stated earlier, we were interested in determining the
role of the reactive coordination site at the five-coordinate
metal center in the M4X8 (X = Cl, OR) blocks. The
solid-state structures of these species offer little assistance
in the understanding of the reaction pathways involved
in the formation of5, 23–25 and 28. A plausible mech-
anism for formation of24 is shown inScheme 13. The
substitution of two ddbfo ligands in5a by two methox-
ide groups leads to the formation of the centrosymmet-
ric [Mg4(�3-OMe)2(ddbfo)6(CH3OH)4] (24) complex
which has a Mg4O6 core similar to that of5a and is
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Scheme 13. Reactivity of magnesium building blocks5a and 5c.

probably an intermediate in the formation of the species
[Mg4(�3-OMe)2(ddbfo)6(CH3OH)5] (24a). Thus, two un-
saturated five-coordinate metal sites in5a offer free coordi-
nation centers for incoming methanol molecules. However,
only one CH3OH is coordinated by the Mg atom, and com-
plex 24a is generated. It follows that compound24a is the
least soluble species and precipitates preferentially, thus
driving the equilibrium to its final position. We have demon-
strated that the magnesium [Mg4(thffo)8] (5c) catalyst com-
ponents can be trapped by AlMe3, Ph3SiOH, [Ti(dipp)4]
and VCl3 species (Scheme 13) to form metal-assembled23,
25, 28 and29 compounds, respectively.

Schemes 6–10summarize highly optimized routes to
homo- and heterometallic polynuclear alkoxo complexes of
Zr and Hf. Incorporation of an alkaline earth metal in7–11
provides additional information about the possible nature of
the interaction between pre-catalyst metal centers and the
MgCl2 or Mg(OR)2 catalyst support. It is also clear from
the data presented that solvent polarity plays a pivotal role
in the final product formation. Small differences in the re-
action conditions drive the reaction toward the formation of
neutral or ionic species, as shown in the syntheses of12–14.
It is interesting (and important) to note that the formation
of the �3-oxo-bridged M3 subunit is very common. This
structure seems extremely stable[66]. We believe that this
stability constitutes a major reason why the activity of such
compounds in olefin polymerization is lower than that of

titanium alkoxo species, which (for simple systems, for ex-
ample, those containing Ti(OEt)4) prefer motifs other than
M3(�3-O) [47,67]. Further investigation of7–11 showed
that even with very strong alkylating agents the structure
of the M3 triangle (including the terminal chlorine atoms)
remained untouched, proving the high stability of the trinu-
clear core[43b]. This stability prevents any metallic center
in such a pre-catalyst from being activated (for example,
by removal of a chlorine atom) to become a polymerization
center.

We have discovered a surprising new class of alkoxo-
bridged “Ti(III)” stable species18–20 that can be ac-
cessed by direct syntheses (Scheme 10). It could it is
possible that chloride ligands in these compounds in so-
lution undergo substitution by an excess of AlMe3 to
give [Ti2(�-OMe)2(�-Cl)(thf)3(Me)3] which is relevant to
[Ti2(�-OMe)2(OtBu)2(Me)4] [68] but up to now has not
been isolated in pure form. It can be expected that these
compounds will find application in several branches of
chemistry such as olefin polymerization, sol–gel chemistry
[69], and many others[8]. Further studies are needed to
determine possible incorporation of18–20 into catalytic
cycles.

Magnesium compounds Mg4X8 are good additives boost-
ing the activity of the catalytic mixture. For example, the
preliminary results of an ethylene polymerization test on
[Mg4(thffo)6Cl2]/TiCl4/AlEt3 catalyst gives ca. 170 kg of
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polyethylene/g of Ti h−1 [55] while only 11.6 kg of polyethy-
lene/g of Ti h−1 was obtained under the same conditions
when the MgCl2/TiCl4/AlEt3 catalyst was used[70].

As can be seen from the present review our attempts
to prepare new metal-assembled pro-catalysts and to un-
derstand the chemistry of formation of these new com-
plexes often led to observations of unexpected reactions,
which could be applied to syntheses of well-defined het-
erogeneous olefin polymerization catalysts. Further exper-
iments are being planned. In the next step we will conse-
quently “complicate” the system and aim at the synthesis of
Si/Mg4/Ti/Al species. Also other than titanium, vanadium
and zirconium transition metals will be investigated. Recent
discoveries on non-metallocene iron and cobalt olefin poly-
merization catalysts prove that there is no limit in terms of
metal site that can give a polymerization active center. We
strongly believe that careful and rational ligand design can
create enormous possibilities[3–5].

Acknowledgements

This work was supported by the State Committee for Sci-
entific Research (Grant No. 3 T09A 158 26).

References

[1] (a) D.S. Breslow, N.R. Newburg, J. Am. Chem. Soc. 79 (1957)
5072;
(b) G. Natta, P. Pino, G. Mazzanti, U. Giannini, J. Am. Chem. Soc.
79 (1957) 2975;
(c) D.S. Breslow, R.N. Newburg, J. Am. Chem. Soc. 81 (1959) 81;
(d) J.C. Chien, J. Am. Chem. Soc. 81 (1959) 86;
(e) F.R.W.P. Wild, L. Zsolnai, G. Huttner, H.H. Brintzinger, J.
Organomet. Chem. 232 (1982) 233;
(f) W. Kaminsky, K. Külper, H.H. Brintzinger, F.R.W.P. Wild, Angew.
Chem. Int. Ed. Engl. 24 (1985) 507;
(g) R.F. Jordan, Adv. Organomet. Chem. 32 (1991) 325;
(h) K.B. Sinclair, R.B. Wilson, Chem. Ind. (1994) 857;
(i) H.H. Brintzinger, D. Fischer, R. Mülhaupt, B. Rieger, R.M. Way-
mouth, Angew. Chem. Int. Ed. Engl. 34 (1995) 1143;
(j) M. Bochmann, J. Chem. Soc., Dalton Trans. (1996) 255;
(k) W. Kaminsky, J. Chem. Soc., Dalton Trans. (1998) 1413;
(l) K. Soga, T. Shiono, Prog. Polym. Sci. 22 (1997) 1503;
(m) G.W. Cotes, Chem. Rev. 100 (2000) 1223.

[2] (a) P.J. Shapiro, E. Bunel, W.P. Schaefer, J.E. Bercaw,
Organometallics 9 (1990) 86;
(b) P.J. Schapiro, W.D. Cotter, W.P. Schaefer, J.A. Labinger, J.E.
Bercaw, J. Am. Chem. Soc. 116 (1994) 4623;
(c) J. Okuda, Chem. Ber. 123 (1990) 1649;
(d) J.A.M. Canich, European Patent Application EP 436-A1 (1991)
420.

[3] (a) G.J.P. Britovsek, V.C. Gibson, D.F. Wass, Angew. Chem. Int. Ed.
Engl. 38 (1999) 428;
(b) G.J.P. Britovsek, M. Bruce, V.C. Gibson, B.S. Kimberley, P.J.
Maddox, S. Mastroianni, S.J. McTavish, C. Redshaw, G.A. Solan,
S. Strömberg, A.J.P. White, D.J. Williams, J. Am. Chem. Soc. 121
(1999) 8728;
(c) L.V. Cribbs, B.P. Etherton, G.G. Hlatky, S. Wang, Proc. Ann.
Technol. Conf. Soc. Plast. Eng. 52 (2) (1998) 1871;

(d) L. Deng, P. Margl, T. Ziegler, J. Am. Chem. Soc. 121 (1999)
6479;
(e) S. Mecking, Angew. Chem. Int. Ed. Engl. 40 (2001) 534.

[4] (a) G.J.P. Britovsek, B.A. Dorer, V.C. Gibson, B.S. Kimberley, G.A.
Solan, WO 99/12981 (1999), to BP Chemicals Limited, Chem. Abstr.
130 (1999) 252793;
(b) G.J.P. Britovsek, S. Mastroianni, G.A. Solan, S.P.D. Baugh, C.
Redshaw, V.C. Gibson, A.J.P. White, D.J. Williams, M.R.J. Elsegood,
Chem. Eur. J. 6 (2000) 2221;
(c) M. Bruce, V.C. Gibson, C. Redshaw, G.A. Solan, A.J.P. White,
D.J. Williams, Chem. Commun. (1998) 2523;
(d) G.J.P. Britovsek, V.C. Gibson, B.S. Kimberley, P.J. Maddox, S.J.
McTavish, G.A. Solan, A.J.P. White, D. Williams, Chem. Commun.
(1998) 849.

[5] (a) B.L. Small, M. Brookhart, Polym. Prep. (Am. Chem. Soc., Div.
Polym. Chem.) 39 (1998) 213;
(b) L.K. Johnson, C.M. Killian, M. Brookhart, J. Am. Chem. Soc.
117 (1995) 6414;
(c) L.K. Johnson, S. Mecking, M. Brookhart, J. Am. Chem. Soc.
118 (1996) 267;
(d) C.M. Killian, D.J. Tempel, L.K. Johnson, M. Brookhart, J. Am.
Chem. Soc. 118 (1996) 11664;
(e) L.K. Johnson, C.M. Killian, S.D. Arthur, J. Feldman, E.F. Mc-
Cord, S.J. McLain, K.A. Kreutzer, M.A. Bennett, E.B. Coughlin, S.D.
Ittel, A. Parthasarathy, D.J. Tempel, M.S. Brookhart, WO 96/23010
(1996), to DuPont, Chem. Abstr. 125 (1996) 222773t;
(f) E.L. Dias, M. Brookhart, P.S. White, Chem. Commun. (2001)
423;
(g) B.L. Small, M. Brookhart, A.M.A. Bennett, J. Am. Chem. Soc.
120 (1998) 4049.

[6] (a) A.M.A. Bennett, WO 98/27124 (1998), to DuPont, Chem. Abstr.
129 (1998) 122973x;
(b) A.M.A. Bennett, CHEMTECH (1999).

[7] P. Pino, R. Mülhaupt, Angew. Chem. Int. Ed. Engl. 19 (1980) 857.
[8] (a) D.J. Teff, J.C. Huffman, K.G. Caulton, J. Am. Chem. Soc. 118

(1996) 4030;
(b) W.A. Herrman, N.W. Huber, O. Runte, Angew. Chem. Int. Ed.
Engl. 34 (1995) 2187;
(c) R.C. Mehrotra, A. Singh, Chem. Soc. Rev. 1 (1996) 1;
(d) C. Carone, V. de Lima, F. Albuquerque, P. Nunes, C. de Lemos,
J.H.Z. dosSantos, G.B. Galland, F.C. Stedile, S. Einloft, N.R.D.
Basso, J. Mol. Catal. A: Chem. 208 (2004) 285.

[9] K. Krohn, I. Vinke, H. Adam, J. Org. Chem. 61 (1996) 1467.
[10] P. Bedeschi, S. Casolari, A.L. Costa, E. Tagliavini, A. Umani-Ronchi,

Tetrahedron Lett. 36 (1995) 7897.
[11] T. Sawaki, Y. Aoyama, J. Am. Chem. Soc. 121 (1999) 4793.
[12] (a) C. Yu, S. Yoon, H. Choi, K. Beak, Chem. Commun. (1997)

763;
(b) R.M. Vesteegen, R.P. Sjibesma, E.W. Meijer, Angew. Chem. Int.
Ed. Engl. 38 (1999) 2917;
(c) T. Ooi, K. Takaya, T. Miura, H. Maruoka, Synlett (2001) 69.

[13] S. Yamasaki, M. Kanai, M. Shibasaki, Chem. Eur. J. 7 (2000) 4067,
and references therein.

[14] A.L. Hock, Chem. Ind. (1974) 864.
[15] D. Hoebbel, T. Reinert, H. Schmidt, E. Arpac, J. Sol Gel Sci. Technol.

10 (1997) 115.
[16] K.A. Fleeting, P. O’Brien, D.J. Otway, A.J.P. White, D.J. Williams,

A.C. Jones, Inorg. Chem. 38 (1999) 1432.
[17] J.W. Ely, Stimulation Engineering Handbook, Penn Well Books,

Tulsa, Oklahoma, USA, 1994.
[18] (a) N. Spassky, M. Wisniewski, C. Pluta, A. Le Borgne, Macromol.

Chem. Phys. 197 (1996) 2627;
(b) T.M. Ovitt, G.W. Coates, J. Am. Chem. Soc. 121 (1999) 4072;
(c) M. Cheng, E.B. Lobkovsky, G.W. Coates, J. Am. Chem. Soc.
121 (1999) 11583;
(d) G. Odian, Principles of Polymerization, Wiley, New York, 1991
(Chapter 7);



P. Sobota / Coordination Chemistry Reviews 248 (2004) 1047–1060 1059

(e) B.J. O’Keefe, M.A. Hillmyer, W.B. Tolman, J. Chem. Soc., Dalton
Trans. (2001) 2215.

[19] L.L. Böhm, Angew. Chem. Int. Ed. Engl. 42 (2003) 5010.
[20] (a) E. Albizzati, U. Giannini, G. Collina, L. Noristi, L. Resconi,

in: E.P. Moore Jr. (Ed.), Polypropylene Handbook: Polymerization,
Characterization, Properties, Applications, Hanser Publishers, New
York, 1996, pp. 11–111;
(b) E.P. Moore Jr., The Rebirth of Polypropylene: Supported Cata-
lysts, Hanser Publishers, New York, 1998, pp. 45–71.

[21] (a) P.C. Barbè, P.G. Cecchin, L. Oristi, Adv. Polym. Sci. 81 (1987) 1;
(b) E. Albizzati, U. Giannini, G. Balbontin, I. Camurati, J.C. Chad-
wick, T. Dall’Occo, Y. Dubitsky, M. Galimberti, G. Morini, A. Mal-
dotti, J. Polym. Sci. Part A: Polym. Chem. 35 (1997) 2645;
(c) J. Xu, L. Feng, S. Yang, Macromolecules 30 (1997) 2539;
(d) J.S. Chung, J.H. Choi, I.K. Song, W.Y. Lee, Macromolecules 28
(1995) 1717;
(e) Y.V. Kissin, R.I. Mink, T.E. Nowlin, J. Polym. Sci. Part A:
Polym. Chem. 37 (1999) 4255.

[22] S. Gambarotta, Coord. Chem. Rev. 237 (2003) 229.
[23] X. Bei, D.C. Swenson, R.F. Jordan, Organometallics 16 (1997)

3282.
[24] H. Fuhrmann, H. Bredereck, H. Pracht, Makromol. Chem. 193 (1992)

1889.
[25] P. Sozzani, S. Bracco, A. Comotti, R. Simonutti, I. Camurati, J. Am.

Chem. Soc. 125 (2003) 12881.
[26] (a) N. Kashiwa, M. Kioka, Y. Ushida, European Patent 86,644 (1983);

(b) N. Kashiwa, M. Kioka, Y. Ushida, European Patent 86,645 (1983).
[27] J.C.J. Bart, I.W. Bassi, M. Calcaterra, E. Albizzati, U. Giannini, S.

Parodi, Z. Anorg. Allg. Chem. 482 (1981) 121.
[28] J.C.J. Bart, I.W. Bassi, M. Calcaterra, E. Albizzati, U. Giannini, S.

Parodi, Z. Anorg. Allg. Chem. 496 (1983) 205.
[29] A. Greco, G. Bertolini, S. Cesca, J. Appl. Polym. Sci. 25 (1980)

2045.
[30] (a) A. Toyota, N. Kashiwa, Japan Patent Kokai 75-30 (1975)

983;
(b) P.D. Gavens, M. Botrrill, J.W. Kelland, in: G.W. Wilkinson,
F.G.A. Stone, E.W. Able, Comprehensive Organometallic Chemistry,
vol. 3, Pergamon Press, Oxford, UK, 1982;
(c) U. Giannini, E. Albizzati, S. Parodi, F. Pirinoli, US Patent
4,124,532 (1978);
(d) U. Giannini, E. Albizzati, S. Parodi, F. Pirinoli, US Patent
4,174,429 (1979);
(e) K. Yamaguchi, N. Kanoh, T. Tanaka, N. Enokido, A. Murakami,
S. Yoshida, US Patent 3,989,881 (1976);
(f) G.G. Arzoumanidis, N.N. Karayannis, CHEMTECH 23 (1993)
43;
(g) P. Sobota, Macromol. Symp. 89 (1995) 63;
(h) K. Soga, T. Shiono, Prog. Polym. Sci. 22 (1997) 1503.

[31] (a) H. Fujimoto, T. Yamasaki, H. Mizutani, N. Koga, J. Am. Chem.
Soc. 107 (1985) 6157;
(b) S. Sakai, J. Phys. Chem. 95 (1991) 175;
(c) S. Sakai, J. Phys. Chem. 95 (1991) 7089;
(d) L. Cavallo, G. Guerra, P. Corradini, J. Am. Chem. Soc. 120
(1998) 2428.

[32] (a) V.K. Bel’skii, V.M. Ishchenko, B.M. Bulychev, A.N. Protskii,
G.L. Soloveichik, O.G. Ellert, Z.M. Seifulina, Yu.V. Rakitin, V.M.
Novotortsev, Inorg. Chim. Acta 96 (1985) 123;
(b) F.A. Cotton, R.L. Luck, K.-A. Son, Inorg. Chim. Acta 179 (1991)
11.

[33] P. Sobota, Z. Olejnik, J. Utko, T. Lis, Polyhedron 12 (1993) 613.
[34] J. Toney, G.D. Stucky, J. Organomet. Chem. 28 (1971) 5.
[35] (a) P. Sobota, J. Utko, J.B. Jerzykiewicz, Inorg. Chem. 37 (1998)

3428;
(b) P. L’Haridon, M.T. Le Bihan, Y. Laurent, Acta Crystallogr. B 28
(1972) 2743.

[36] P.B. Hitchcock, T.H. Lee, G.J. Leigh, Inorg. Chim. Acta 348 (2003)
199.

[37] (a) P. Sobota, T. Pluzinski, T. Lis, Polyhedron 3 (1984) 45;
(b) P. Sobota, J. Utko, T. Lis, J. Chem. Soc., Dalton Trans. (1984)
2077;
(c) P. Sobota, Polyhedron 7 (1992) 715.

[38] (a) F.A. Cotton, S.A. Duraj, M.W. Extine, G.E. Lewis, W.J. Roth,
C.D. Schmulbach, W. Schwotzer, J. Chem. Soc., Chem. Commun.
(1993) 1377;
(b) P.D. Smith, J.L. Martin, J.C. Huffman, R.L. Bansemer, K.G.
Caulton, Inorg. Chem. 24 (1985) 2997.

[39] Z. Janas, P. Sobota, T. Lis, J. Chem. Soc., Dalton Trans. (1991)
2429.

[40] P. Sobota, J. Utko, K. Sztajnowska, J. Ejfler, L.B. Jerzykiewicz,
Inorg. Chem. 39 (2000) 235.

[41] L. Albaric, N. Hovbanian, A. Julbe, C. Guizard, A. Alvarez-Larena,
J.F. Piniella, Polyhedron 4 (1997) 587.

[42] Z.A. Starikova, A.I. Yanovsky, E.P. Turevskaya, N.Ya. Turova, Poly-
hedron 16 (2000) 967.

[43] (a) J. Utko, S. Przybylak, L.B. Jerzykiewicz, S. Szafert, P. Sobota,
Chem. Eur. J. 9 (2003) 951;
(b) P. Sobota, S. Przybylak, J. Utko, L.B. Jerzykiewicz,
Organometallics 21 (2002) 3497.

[44] M.H. Chisholm, J. Gallucci, K. Phomphrai, Chem. Commun. (2003)
48.

[45] P. Sobota, S. Szafert, J. Chem. Soc., Dalton Trans. (2001) 1379.
[46] K. Hyvärinen, M. Klinga, M. Leskelä, Acta Chem. Scand. 49 (1995)

820.
[47] J. Utko, S. Przybylak, L.B. Jerzykiewicz, K. Mierzwicki, Z. Latajka,

P. Sobota, Inorg. Chem. 42 (2003) 267.
[48] F.A. Cotton, R.A. Walton, Multiple Bonds Between Metal Atoms,

second ed., Oxford University Press, Oxford, UK, 1993.
[49] P. Sobota, J. Utko, J. Ejfler, L.B. Jerzykiewicz, Organometallics 19

(2000) 4929.
[50] E.Y.-X. Chen, T.J. Marks, Chem. Rev. 100 (2000) 1391.
[51] (a) Y. Koide, A.R. Barron, Organometallics 14 (1995) 4026;

(b) M.R. Mason, J.M. Smith, S.G. Bott, A.R. Barron, J. Am. Chem.
Soc. 115 (1993) 4971;
(c) Y. Koide, C.J. Harlan, M.R. Mason, A.R. Barron, Organometallics
13 (1994) 2957;
(d) Y. Koide, S.G. Bott, A.R. Barron, Organometallics 15 (1996) 22.

[52] (a) J. L Atwood, D.C. Hrncir, R.D. Priester, R.D. Rogers,
Organometallics 2 (1983) 985;
(b) J.L. Atwood, M.J. Zaworotko, J. Chem. Soc., Chem. Commun.
(1983) 302.

[53] J. Utko, A. Lizurek, L.B. Jerzykiewicz, P. Sobota, Organometallics
23 (2004) 296.

[54] A.R. Barron, Organometallics 14 (1995) 3581.
[55] P. Sobota, J. Utko, Z. Janas, S. Szafert, Chem. Commun. (1996)

1923.
[56] R.I. Botchkova, V.P. Golovatchev, E.P. Turevskaya, N.V. Belov, Dok-

lady AN SSSR 189 (1969) 1246.
[57] P. Sobota, S. Przybylak, J. Ejfler, M. Kobylka, L.B. Jerzykiewicz,

Inorg. Chim. Acta 334 (2002) 156.
[58] Z. Janas, P. Sobota, M. Klimowicz, S. Szafert, K. Szczegot, L.B.

Jerzykiewicz, J. Chem. Soc., Dalton Trans. (1997) 3897.
[59] Z. Janas, L.B. Jerzykiewicz, P. Sobota, J. Utko, New J. Chem. (1999)

185.
[60] (a) O. Kahn, Y. Pei, M. Verdaguer, J.P. Renard, J. Sletten, J. Am.

Chem. Soc. 110 (1988) 782;
(b) K. Nakatani, J.Y. Carriat, Y. Journaux, O. Kahn, F. Lloret, J.P.
Renard, Y. Pei, J. Sletten, M. Verdaguer, J. Am. Chem. Soc. 111
(1989) 5739;
(c) M.-A. Martinez-Lorente, J.-P. Tuchagues, V. Petrouleas, J.-M.
Savariault, R. Poinsot, M. Drillon, Inorg. Chem. 30 (1991) 3589;
(d) H.O. Stumpf, Y. Pei, O. Kahn, J. Sletten, J.P. Renard, J. Am.
Chem. Soc. 115 (1993) 6738;
(e) H.O. Stumpf, L. Ouahab, Yu. Pei, D. Grandjean, O. Kahn, Science
261 (1993) 447;



1060 P. Sobota / Coordination Chemistry Reviews 248 (2004) 1047–1060

(f) C. Michaut, L. Ouahab, P. Bergerat, O. Kahn, A. Bousseksou, J.
Am. Chem. Soc. 118 (1996) 3610;
(g) S. Turner, O. Kahn, L. Rabardel, J. Am. Chem. Soc. 118 (1996)
6428;
(h) A. Escuer, R. Vicente, M.A. Goher, F.A. Mautner, Inorg. Chem.
36 (1997) 3440;
(i) S.J. Rettig, A. Storr, D.A. Summers, R.C. Thompson, J. Trotter,
J. Am. Chem. Soc. 119 (1997) 8675;
(j) J. Larionova, O. Kahn, S. Gohlen, L. Ouahab, R. Clérac, J. Am.
Chem. Soc. 121 (1999) 3349;
(k) M.G.F. Vaz, L.M.M. Pinheiro, H.O. Stumpf, A.F.C. Alcantara,
S. Golhen, L. Ouahab, O. Cador, C. Mathoniére, O. Kahn, Chem.
Eur. J. 5 (1999) 1486.

[61] (a) D. Jérome, A. Mazaud, M. Ribault, K. Bechgaard, J. Phys. Lett.
L-95 (1980) 41;
(b) K. Bechgaard, Mol. Cryst. Liq. Cryst. 79 (1982) 1;
(c) R.C. Lacoe, S.A. Wolf, P.M. Chaikin, F. Wudl, E. Aharon-Shalom,
Phys. Rev. B 27 (1983) 1947;
(d) D. Mailly, K. Bechgaard, F. Creuzet, T. Takahashi, M. Ribault,
andD. Jérome, J. Phys. (Paris) Colloq. C3 44 (1983) 1025.

[62] (a) S.J. Blundell, A.A. House, J. Singleton, M. Kurmoo, F.L. Platt,
P.A. Pattenden, W. Hayes, A.M. Graham, P. Day, J.A.A.J. Peren-
boom, Synth. Met. 85 (1997) 1569;
(b) A.M. Kini, U. Geiser, H.H. Wang, K.D. Carlson, J.M. Williams,
W.K. Kwok, K.G. Vandervoort, J.E. Thompson, D.L. Stupka, D.
Jung, M.-H. Whangbo, Inorg. Chem. 29 (1990) 2555;
(c) J.M. Williams, A.M. Kini, H.M. Wang, K.D. Carlson, U.
Geiser, L.K. Montgomery, G.J. Phyrka, D.M. Watkins, J.M. Kom-

mers, S.J. Boryschuk, A.V.S. Crouch, W.K. Kwok, J.E. Schirber,
D.L. Overmyer, D. Jung, M.-H. Whangbo, Inorg. Chem. 29 (1990)
3272.

[63] H. Miyasaka, Y. Yoshino, T. Ishii, R. Kanehama, T. Manabe, M.
Yamashita, H. Nishikawa, I. Ikemoto, H. Kishida, H. Matsuzaki, H.
Okamoto, J. Solid State Chem. 168 (2002) 418.

[64] M. Kobyłka, L.B. Jerzykiewicz, J.T. Patton, S. Przybylak, P. Sobota,
J. Utko, Organometallics, in press.

[65] (a) C. Floriani, F. Corazza, W. Lesueur, A. Chiesi-Villa, C. Guastini,
Angew. Chem. Int. Ed. Engl. 28 (1989) 66;
(b) A. van der Linden, C.J. Schaverien, N. Meijboom, C. Ganter,
A.G. Orpen, J. Am. Chem. Soc. 117 (1995) 3008;
(c) J. Okuda, S. Fokken, H.-C. Kang, W. Massa, Chem. Ber. 128
(1995) 221;
(d) L. Porri, A. Ripa, P. Colombo, E.E. Miano, S. Capelli, S.V.
Meille, J. Organomet. Chem. 514 (1996) 213.

[66] H.W. Roesky, I. Haiduc, N.S. Hosmane, Chem. Rev. 103 (2003)
2579, and references therein.

[67] E.P. Turevskaya, V.G. Kessler, N.Ya. Turova, A.P. Pisarevsky, A.I.
Yanovsky, Y.T. Struchkov, J. Chem. Soc., Chem. Commun. (1994)
2303.

[68] T.V. Lubben, P.T. Wolczanski, J. Am. Chem. Soc. 109 (1987) 424.
[69] (a) C. Yu, S. Yoon, H. Choi, K. Beak, Chem. Commun. (1997) 763.;

(b) R.M. Vesteegen, R.P. Sjibesma, E.W. Meijer, Angew. Chem. Int.
Ed. 38 (1999) 2917;
(c) T. Ooi, K. Takaya, T. Miura, H. Maruoka, H. Synlett (2001) 69.

[70] (a) R.C. Job, US Patent 5,066,737 (1991);
(b) R.C. Job, US Patent 5,106,806 (1992).


	Metal-assembled compounds: precursors of polymerization catalysts and new materials
	Introduction
	Ligands
	Chloride-based metal-assembled compounds
	Oxygen-based metal-assembled compounds
	Metal alkoxo complexes with an M3(µ3-O) core
	Titanium alkoxo-bridged dinuclear complexes
	Reactivity of the Mg4X8 building blocks

	Metal-assembled compounds as a new materials
	Results of ethylene polymerization
	Summary and conclusions
	Acknowledgements
	References


