Polyolefins Journal, Vol. 1 No. 2 (2014) 107-116

IPPI

ORIGINAL PAPER

Dissymmetric dinuclear transition metal
complexes as dual site catalysts for the
polymerization of ethylene
Haif Alshammari and Helmut G. Alt*
Inorganic Chemistry Laboratory, University of Bayreuth, D-95440 Bayreuth, Germany
Received: 31 February 2014, Accepted: 25 June 2014

ABSTRACT

A

series of dissymmetric dinuclear complexes were synthesized, as dual site catalysts in ethylene polymerization,
by coupling the allylated a-diimine complexes of the metals Ti, Zr, V, Ni and Pd with the ansa-zirconocene
complex [C5H4-SiH(Me)-C5H4]ZrCl2 possessing a hydride silane moiety. The different stages of syntheses included
the formation of bis(cyclopentadienide)methyl silane which was utilized to prepare the silyl-bridged zirconocene
complexes. The dinuclear complexes were prepared by mixing the latter complexes with allylated alpha-diimine
via a hydrosilylation reaction using the Karstedt catalyst, platinum (0)1,3 divinyl-1,1,3,3,-tetramethyldisiloxane to
react at room temperature for 40 h. These dinuclear complexes were activated with methylaluminoxane (MAO)
and tested for the polymerization of ethylene. The dinuclear catalysts showed various activities depending on the
nature of the metals and produced polyethylenes with broad or bimodal molecular weight distributions. The trend
in polymerization activities was: Ni>Pd>V>Zr>Ti. The ethylene polymerization activities of the dinuclear catalysts
were almost double the activities of their analogous alpha-diimine precursors. Polyolefins J (2014) 1: 107-116
Keywords: Dissymmetric dinuclear complexes; Ti, Zr, V, Ni, Pd; Dual site ethylene polymerization catalysts; Bimodal resins

INTRODUCTION
α-Diimine complexes of nickel(II), palladium(II)
and other transition metals have proven as excellent
single site catalysts for the polymerization and
oligomerization of olefins [1-11]. However, the use of
these single site catalysts for olefin polymerization has
the disadvantage of producing polymers with narrow
molecular weight distributions (MWD). This is due to
identical active sites of the catalyst which may cause
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problems in industrial scale processing like extrusion
or injection molding. An elegant solution is to develop
catalysts which are able to produce polyolefins with
broader, bimodal or multimodal molecular weight
distributions.
There exist several methods for the production of
polyolefin resins with bimodal or broad molecular
weight distributions: melt blending, reactors-in-series
configuration, or a single reactor with a dual site
catalyst. Melt blending suffers from the disadvantage
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of high costs [12]. The method with two reactors
linked in series results in an expensive production due
to the costly process required. The method of using
dual site catalysts in a single reactor is the favored
solution and it is widely employed [13-35]. In most
cases, the mixtures of two mononuclear catalysts
lead to resins with average molecular weights while
the dinuclear catalysts containing combined ligand
frameworks seem to produce resins with bimodal
or broad molecular weight distributions when the
metal centers are kept separated from each other by
the ligand frameworks. The hydrosilylation reaction
has been used to synthesize dinuclear or multinuclear
complexes via coupling of two or more moieties where
at least one contains a hydride silane unit and the other
possesses an alkenyl group [36-40]. The two moieties
can be either two mononuclear complexes or two
organic compounds which can coordinate to different
metal centers. Several electron-rich complexes of late
transition metals such as Co(I), Rh(I), Ni(0), Pd(0), or
Pt(0) are used to activate the hydrosilylation reaction
while the most used catalysts are Speier's catalyst
[41-44] (chloroplatinic acid, H2PtCl6) and Karstedt's
catalyst [45-46] (Pt2{[(CH2=CH)Me2Si]2O}3).
In this paper, dissymmetric dinuclear complexes
consisting of α-diimine compounds and an ansazirconocene unit were synthesized via a hydrosilylation
reaction in the presence of Karstedt's catalyst. The
ethylene polymerization activities of these dinuclear
catalysts were investigated and compared to the
summarized activities of their mononuclear precursors.
Polyethylenes produced with the dinuclear catalysts
were analyzed by gel permeation chromatography
(GPC) to test the bimodalities of the molecular weight
distributions.

EXPERIMENTAL
All experimental work was routinely carried out using
Schlenk technique. Dried and purified argon was used
as inert gas. n-Pentane, n-hexane, diethyl ether, toluene
and tetrahydrofuran were purified by distillation over
Na/K alloy. Diethyl ether was additionally distilled
over lithium aluminum hydride. Methylene chloride
was dried in two steps with phosphorus pentoxide and
calcium hydride. Methanol and ethanol were dried
over molecular sieves. Deuterated solvents (CDCl3,
CD2Cl2) for NMR spectroscopy were purchased from
Polyolefins Journal, Vol. 1, No. 2 (2014)

IPPI

Euriso-Top and stored over molecular sieves (3Å).
Methylaluminoxane (30% in toluene) was purchased
from Crompton (Bergkamen) and Albemarle (Baton
Rouge, USA/Louvain, La Neuve, Belgium). Ethylene
(3.0) and argon (4.8/5.0) were supplied by Rießner
Company (Lichtenfels). All starting materials were
commercially available and used without further
purification.
NMR spectroscopy
NMR spectra were recorded with Bruker ARX (250
MHz), Varian Inova (300 MHz) or Varian Inova (400
MHz) spectrometers. The samples were prepared
under inert atmosphere (argon) and routinely recorded
at 25°C. The chemical shifts in the 1H NMR spectra
are referred to the residual proton signal of the solvent
(δ = 7.24 ppm for CDCl3, δ = 5.32 ppm for CD2Cl2)
and in 13C NMR spectra to the solvent signal (δ = 77.0
ppm for CDCl3, δ = 53.5 ppm for CD2Cl2).
Mass spectrometry
Mass spectra were routinely recorded at the Zentrale
Analytik of the University of Bayreuth with a Varian
MAT CH-7 instrument (direct inlet, EI, E= 70 eV) and
a Varian MAT 8500 spectrometer.
Gel permeation chromatography (GPC)
GPC measurements were routinely performed by the
Analytical Department at Saudi Basic Industries
Corporation (SABIC) in Riyadh, Saudi Arabia.
Elemental analysis
The analyses were performed with a Vario EL III
CHN instrument. Therefore, an amount of 4–6 mg
of the complex was weighed into a standard tin pan.
The tin pan was carefully closed and introduced into
the autosampler of the instrument. The raw values
of the carbon, hydrogen, and nitrogen contents
were multiplied with calibration factors (calibration
compound: acetamide).
Synthesis of bis(cyclopentadienyl)methyl silane
(C 5H 5-SiHMe-C 5H 5)
Methyldichlorosilane (8.62 g, 75 mmol) in 80 mL of
diethyl ether was cooled to -78°C and to this mixture
sodium cyclopentadienide (13.2 g, 150 mmol), dissolved
in 100 mL tetrahydrofuran, was slowly added over a
period of 3 h. The solution was left to warm to room
108
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Table 1. NMR spectra of complexes 1, 6, and 11
H NMR [δ in ppm](a)

C NMR [δ in ppm](b)

No.

1

1

6.8-6.4(m,4H), 6.1(d,4H), 5.16(s,1H), 0.1(s,3H).

Cq: 108
CH: 130, 128, 115, 114
CH3: -2

6

7.40(t,2H), 7.29(d,2H), 7.27(d,2H), 5.64(m,1H),
5.01(dd,2H), 3.10(sep,2H),2.98(sep,2H), 2.54(t,2H), 2.21(q,2H), 2.13(s,3H),
1.54(d,6H), 1.47(d,6H), 1.29(d,6H), 1.23(d,6H).

Cq: 178.6, 174, 141.3, 140.9, 139.3
CH: 134.2, 129, 124, 29.5, 29.3
CH2: 117.3, 32.6, 31
CH3: 24.2, 23.5, 20.8

11

7.4-7.2(m,6H), 7-6(br,8H), 3.1(m,4H), 2.35(br,t,2H), 2.1(s,3H), 1.7(m,2H),
1.5(m,12H), 1.3(m,12H), 0.9(m,4H), 0.1(s,3H).

n. a. (c)

13

(a) 25˚C in methylene chloride-d2, rel. CH2Cl2, δ = 5.32 ppm; (b) 25˚C in methylene chloride-d2, rel. CH2Cl2, δ = 53.5 ppm; (c) not applicable

temperature with continuous stirring. The suspension
was filtered and the solvents of the filtered solution
were removed under reduced pressure to afford the
final product MeSiH(C5H5)2 as viscous clear yellow
oil (12.3 g, 92%), a mixture of three stereoisomers.
The product was used without purification in the next
reaction.
Synthesis of the silyl bridged zirconocene complex 1
An amount of 100 mmol of (C5H5-SiHMe-C5H5) was
dissolved in 200 mL diethylether and mixed with 200
mmol of n-butyllithium (1.6 M in n-hexane) at −78°C.
After warming up to room temperature, the mixture
was stirred for 4 h. Subsequently, at -78°C, 2.33 g
(100 mmol) zirconium tetrachloride was added and
stirred for 12 h at room temperature. Then, the solvent
was evaporated and the residue was extracted with
dichloromethane and the solution was filtered over
sodium sulfate. The solution was reduced in volume
and the product was precipitated by adding n-pentane.
The yield was 86%. The complex was characterized by
mass and NMR spectroscopy and elemental analysis
(Tables 1 and 2).
General synthesis of the allylated-diimine complexes 2-6
The allylated α-diimine complexes were synthesized
according to our previous work [47]. The yields
were 55-90%. All compounds were characterized by
mass spectroscopy and elemental analysis (Table 2).
Complex 6 was characterized by NMR spectroscopy
(Table 1).
General synthesis of the dinuclear complexes 7-11
The appropriate allylated α-diimine complexes 2,
3, 4, 5, or 6 (2 mmol) were mixed with 2 mmol of
109

the silylene bridged zirconocene complex 1 in 100
mL toluene. The mixture was stirred and then a few
drops of a solution of Karstedt’s catalyst, platinum(0)1,3-divinyl-1,1,3,3-tetramethyldisiloxane (0.1 M in
xylene), were added. The reaction mixture was stirred
at room temperature for 40 h. The mixture was then
filtered through a glass frit and the resulting solid
was washed several times with toluene and dried in
vacuo to afford the dinuclear precursors. The yields
were 40-90%. All precursors were characterized by
mass spectroscopy and elemental analysis (Table 2).
Complex 11 was characterized by NMR spectroscopy
(Table 1).
Activation of the complexes
An amount of 1–5 mg of the desired complex was
suspended in 5 mL of toluene. Methylaluminoxane
(30% in toluene, M:Al = 1:1500) was added resulting
in an immediate color change. The mixture was added
to a 1 liter Schlenk flask filled with 250 mL n-pentane.
Polymerization of ethylene
The mixture in n-pentane was transferred to a 1 l
Büchi laboratory autoclave under inert atmosphere
and thermostated at 65°C. An ethylene pressure of 10
bar was applied for 1 h. After releasing the pressure,
the polymer was filtered over a frit, washed with
diluted hydrochloric acid, water, and acetone, and
finally dried in vacuo.

RESULTS AND DISCUSSION
Synthesis of the silyl-bridged zirconocene complex 1
The first step was the reaction of methyldichlorosilane
Polyolefins Journal, Vol. 1, No. 2 (2014)
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Table 2. Mass spectra and elemental analyses of complexes 1-11
No.

Mass spectrum [m/z(%)]

Elemental analysis [%]

1

331(M·+, 48), 317(18), 296(78), 259(23), 227(63), 192(15), 174(14), 162(25), 109(21)

Measured: C, 38.76; H, 3.53; N, Calculated: C, 39.51; H, 3.62; N, -

2

634(M·+), 598(13), 563(25), 544(14), 526(36), 519(8), 444(50), 401(40), 357(15),
277(28), 242(64), 202(80), 190(15), 186(100), 117(34)

Measured: C, 58.79; H, 6.89; N, 4.15
Calculated: C, 58.69; H, 6.99; N, 4.42

3

674(M·+, 8), 643(6), 633(10), 586(3), 502(5), 444(100), 401(33), 242(46), 202(42),
186(37), 176(13)

Measured: C, 55.07; H, 5.27; N, 4.03
Calculated: C, 54.94; H, 6.54; N, 4.13

4

598(M·+, 7), 567(13), 529(3), 512(10), 494(12), 443(20), 427(27), 352(30), 254(48),
226(72), 177(29), 156(10), 105(58)

Measured: C, 59.83; H, 6.98; N, 4.80
Calculated: C, 61.85; H, 7.37; N, 4.65

5

662(M·+, 10), 623(18), 619(15), 582(37), 578(52), 545(22), 502(45), 444(77),
399(38), 263(28), 242(73), 216(10), 202(100), 158(35), 120(26)

Measured: C, 55.63; H, 6.52; N, 4.01
Calculated: C, 56.14; H, 6.69; N, 4.22

6

621(M·+, 7), 587(20), 580(35), 544(32), 463(48), 444(58), 240(45), 202(100), 118(38)

Measured: C, 60.18; H, 7.11; N, 4.38
Calculated: C, 59.86; H, 7.13; N, 4.50

7

966(M·+), 931(8), 922(15), 901(7), 878(25), 792(13), 618(22), 535(14), 444(100),
290(92), 238(38), 202(47), 186(35)

Measured: C, 49.15; H, 6.15; N, 2.92
Calculated: C, 52.07; H, 5.83; N, 2.89

8

1008(M·+), 977(3), 973(5), 888(3), 848(8), 835(5), 796(3), 775(10), 717(5), 595(6),
531(9), 462(7), 444(25), 369(6), 325(7), 254(24), 202(100), 162(48)

Measured: C, 48.15; H, 5.88; N, 2.80
Calculated: C, 49.84; H, 5.58; N, 2.77

9

934(M·+), 899(3), 802(5), 778(6), 774(10), 758(15), 751(16), 707(23), 672(20),
616(18), 509(29), 444(60), 364(42), 293(44), 252(48), 202(100)

Measured: C, 53.16; H, 6.47; N, 2.95
Calculated: C, 53.87; H, 6.03; N, 2.99

996(M·+), 965(3), 937(2), 904(2), 837(2), 778(4), 762(7), 710(12), 512(9), 456(10),
444(53), 427(44), 388(24), 271(52), 202(54), 186(51)

Measured: C, 49.97; H, 5.97; N, 2.58
Calculated: C, 50.57; H, 5.66; N, 2.81

955(M·+, 5), 921(13), 884(16), 797(15), 779(20), 624(19), 445(35), 403(37), 467(18),
326(23), 269(34), 244(64), 202(76)

Measured: C, 51.50; H, 6.29; N, 3.16
Calculated: C, 52.74; H, 5.90; N, 2.93

10
11

with two equivalents of sodium cyclopentadienide
to produce bis(cyclopentadienyl)methyl silane by
salt elimination reaction. The next step was treating
the bis(cyclopentadienyl)methyl silane with two
equivalents of n-butyllithium (n-BuLi) followed by
the addition of zirconium tetrachloride (ZrCl4) to yield
the silyl-bridged zirconocene complex 1 (Figure 1).
The silylene-bridged zirconocene complex 1 was
characterized by mass spectroscopy and NMR
spectroscopy and elemental analysis.

corresponding dinuclear precursors 7-11 (Figure 3).
The dinuclear complexes 7-11 were characterized
by mass spectroscopy and elemental analysis. Due
to either the paramagnetism of these complexes or
the poor solubility in prevalent NMR solvents, only
complex 11 was characterized by NMR spectroscopy.
The 1H NMR spectrum of complex 11 is shown in
Figure 4.
The 1H NMR spectrum of complex 11 shows a
multiplet at δ = 7.40-7.20 ppm which is assigned to
the protons of the aromatic phenyl rings while the

Synthesis of the allylated α-diimine complexes
The allylated α-diimine complexes 2-6 were synthesized
according to our previous work [47] (Figure 2).
Synthesis of the dinuclear complexes
The silylene-bridged zirconocene complex 1
was coupled with the α-diimine complexes 2-6
via a hydrosilylation reaction in the presence of
Karstedt's catalyst, platinum(0)-1,3-divinyl-1,1,3,3tetramethyldisiloxane (0.1 M in xylene), to produce the
Polyolefins Journal, Vol. 1, No. 2 (2014)

Figure 1. Synthesis of the silylene-bridged zirconocene
complex 1
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Figure 2. Synthesis of the allylated α-diimine complexes 2-6

signals at δ = 7.00, 6.50, 6.20, and 6.00 ppm are
attributed to the protons of the cyclopentadienyl rings.
The CH groups of the isopropyl functions yield the
multiplet at δ = 3.10 ppm while the methylene group
(2) produces the signal at δ = 2.35 ppm. The singlet at
δ = 2.10 ppm is assigned to the methyl group bonded
to the diimine moiety while the methylene group (21)
affords the signal at δ = 1.70 ppm. The methyl groups
of the isopropyl functions produce broad signals at
δ = 1.50 and 1.30 ppm. The methylene groups (22,
23) generate a broad signal at δ = 0.90 ppm, while
the singlet at δ = 0.10 ppm is attributed to the methyl
group attached to the silicon atom.
The 1H NMR spectrum of complex 11 proves the
completion of the hydrosilylation reaction when it was
compared with the 1H NMR spectra of the starting
complexes 6 and 1 (Figure 5). The spectrum of

Figure 3. Synthesis of the dinuclear complexes 7-11

complex 11 shows the disappearance of three proton
signals: The two signals observed in the spectrum of
complex 6 at δ = 5.64 and 5.01 ppm are assigned to
the protons of the terminal double bond (-CH=CH2)
of the allyl group. The signal produced by the proton
of the silane group in the spectrum of complex 1 has
appeared at δ = 5.16 ppm.
The disappearance of these signals can be explained
by completion of the hydrosilylation reaction. The
evidence of this addition is observed from the formation

Figure 4. 1H NMR spectrum of the dinuclear complex 11
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Figure 5. Comparison of the 1H NMR spectrum of the dinuclear complex 11 with the spectra of complexes 6 and 1

of a new signal at δ = 0.90 ppm which is attributed
to the methylene groups of the linkage -CH2-CH2-Sireplacing the terminal double bond of the allyl group
-CH=CH2. Hence, 1H NMR spectroscopy has assisted
to evince and monitor the hydrosilylation reaction.
Results of ethylene polymerization reactions
The complexes 1-11 were suspended in toluene and
activated with methylaluminoxane (MAO) (M:Al =
1:1500). The activated complexes were transferred to a
1-L Büchi laboratory autoclave under inert atmosphere
and tested for the polymerization of ethylene (in 250
mL of n-pentane, 10 bar ethylene, polymerization
Polyolefins Journal, Vol. 1, No. 2 (2014)

temperature of 65°C for 60 min).
The ethylene polymerization activity of the silylene
-bridged zirconocene catalyst 1 was 16130 kg PE /
mol.cat.h. The polymerization results of catalysts 2-11
are listed in Table 3.
The ethylene polymerization activities of the
dinuclear catalysts 7-11 were almost double the
activities of their analogous α-diimine precursors 2-6.
The silylene-bridged zirconocene moiety is the same
for all the dinuclear complexes. Therefore, the ethylene
polymerization activities of these dinuclear catalysts
showed dependency on the variant metal centers of
the α-diimine moiety. The trend in polymerization
112
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Table 3. Comparison of polymerization activities of dinuclear
catalysts 7-11 versus the catalysts 2-6
Complex
No.
2
3
4
5
6

Activity
(kg PE / mol
cat. h)
761
1119
3428
3980
0

Complex
No.

Activity
(kg PE / mol
cat. h)

7
8
9
10
11

1731
3528
6973
8409
7523

activities was: Ni >Pd> V >Zr> Ti. The mononuclear
complex 6 which was used to prepare the dinuclear
precursor 11 showed no polymerization activity while
the dinuclear catalyst 11 produced polyethylene with
the second highest activity among the dinuclear series
7-11. This result can be explained hereinafter. The
inactivity of catalyst 6 is assigned to the allyl function
at the α-diimine ligand that can block the active site at
the metal and is then deactivating the catalyst. In the
hydrosilylation reaction used to prepare the dinuclear
precursor 11, the allyl function of complex 6 reacted
with the silane group of complex 1 and disappeared
upon forming the silyl-alkyl link coupling the two
dinuclear moieties. Consequently, both catalytic parts
of the dinuclear catalyst 11 can polymerize ethylene.
The dinuclear catalysts 7-11 showed lower
polymerization activities compared to the summarized
activities of their mononuclear precursors (Figure 6).
These low activities are attributed to the reduced
activity of the silylene-bridged zirconocene complex
when coupled with the α-diimine precursors 2-6.
The coupling increases the steric hindrance around
the active zirconium sites and prevents the ethylene
molecules from reaching these sites leading to
reduced activity. This effect is even stronger when the
interactions of the cationic catalyst molecules and the
anionic bulky MAO anions are considered.
Polyethylene samples produced with the single
site catalyst 1, the α-diimine nickel catalyst 5, and
the dinuclear catalysts 8-10 were analyzed by gel
permeation chromatography (GPC). The GPC results

Figure 6. Comparison of ethylene polymerization activities
of dinuclear complexes 7-11 and their ''precursor'' complexes

are summarized in Table 4.
The GPC spectra of the polyethylenes produced
with the dinuclear catalysts displayed the desired
broad or bimodal molecular weight distributions due
to the dual site catalysts. The molecular weight of

(a)

Table 4. GPC results of polyethylenes produced with the
mononuclear catalysts 1 and 5 and the dinuclear catalysts 8-10
Complex
number
1
5
8
9
10

113

Mw
( g/mol )
200745
1153553
392266
763410
884741

Mn
( g/mol )

MWD

69556
293217
8323
10251
28880

2.89
3.93
47.13
74.47
39.43

(b)
Figure 7. GPC spectra of polyethylenes produced with
mononuclear catalyst 5 (a) and the dinuclear catalyst 10 (b)
Polyolefins Journal, Vol. 1, No. 2 (2014)
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the polyethylene resulting from the silylene-bridged
zirconocene catalyst 1 is 200745 g/mol. Consequently,
the ansa-zirconocene unit of the dinuclear precursors
is estimated to produce the lower molecular weight
fraction. The GPC spectrum of polyethylene produced
with the dinuclear catalyst 10 is discussed as an
example and it is compared to the GPC spectrum of
polyethylene produced with its mononuclear catalyst
5 (Figure 7).
The GPC spectrum of the polyethylene resulting
from the nickel catalyst 5 shows a narrow molecular
weight distribution (MWD = 3.93) while a broad
molecular weight distribution (MWD = 39.43) is
afforded by the polyethylene of the dinuclear catalyst
10. The nickel center of the dinuclear catalyst 10
yielded the higher molecular weight fraction.

CONCLUSION
Suitable dissymmetric dinuclear complexes of the
metals Ti, Zr, V, Ni and Pd can be activated with
methyl aluminoxane and then be applied as dual site
ethylene polymerization catalysts to produce bimodal
resins.

ACKNOWLEDGEMENTS
We thank Saudi Basic Industries Corporation (SABIC),
Saudi Arabia, for the financial support. .

IPPI

4.

5.

6.

7.

8.

9.

10.

11.

REFERENCES
1.

2.

3.

Johnson LK, Killian CK, Brookhart M (1995),
New Pd (II)- and Ni (II)-based catalysts for
polymerization of ethylene and. alpha-olefins. J
Am Chem Soc 117: 6414
Johnson LK, Mecking S, Brookhart M, (1996)
Copolymerization of ethylene and propylene with
functionalized vinyl monomers by palladium (II)
catalysts. J Am Chem Soc 118: 267-268
Killian CM, Tempel DJ, Johnson LK, Brookhart
M (1996) Living polymerization of α-olefins
using Ni(II)-α-diimine catalysts. Synthesis of
new block polymers based on α-olefins. J Am
Chem Soc 118: 11664-11665.

Polyolefins Journal, Vol. 1, No. 2 (2014)

12.

13.

14.

15.

Brookhart M, Johnson LK, Killian CM, Mecking
S, Tempel DJ (1996), Palladium(II)- and
nickel(II)-catalyzed olefin polymerization. Polym
Prep Am Chem Soc, Div Polym Chem 37: 254
McLain SJ, Feldman J, McCord EF, Gardner KH,
Teasley MF, Coughlin EB, Sweetman KJ, Johnson
LK, Brookhart M (1997) Poly(cyclopentene): A
new processible high-melting polyolefin made
from Ni and Pd catalysts. Polym Mater Sci Eng
67: 20
Huff RL, Svejda SA, Tempel DJ, Leatherman MD,
Johnson LK, Brookhart M (2000) Mechanistic
studies of olefin polymerizations catalyzed by
Pd(II) and Ni(II) diimine complexes. Polym Prep
Am Chem Soc Div Polym Chem 41: 401
Brookhart M, Johnson LK, Killian CM, McCord
EF, McLain SJ, Kreutzer KA, Ittel SD, Tempel DJ
(1999) Highly branched polyalkenes. US Patent
5880241
Svejda SA, Johnson LK, Brookhart M (1999)
Low-temperature spectroscopic observation of
chain growth and migratory insertion barriers
in (α-diimine) Ni (II) olefin polymerization
catalysts. J Am Chem Soc 121: 10634-10635
Ittel SD, Johnson LK, Brookhart M (2000)
Late-metal catalysts for ethylene homo- and
copolymerization. Chem Rev 100: 1169-1204
Brookhart M, Johnson LK, Killian CM, Svejda
SA, Gates D, Tempel DJ, Huff RL, Leatherman
MD (2001) Olefin polymerizations using cationic
Ni(II) and Pd(II) diimme complexes. Macromol
Symp 174: 29-30
Boudier A, Breuil PRA, Magna L, OlivierBourbigou H, Braunstein P (2014) Ethylene
oligomerization using iron complexes: beyond
the discovery of bis(imino)pyridine ligands.
Chem Commun 50: 1398-1407
Ruff M, Paulik C (2012) Controlling polyolefin
properties by in-reactor blending: 2. Particle
design. Macromol React Eng 6: 302-317
Schilling M, Bal R, Görl C, Alt HG (2007)
Heterogeneous catalyst mixtures for the
polymerization of ethylene. Polymer 48: 7461-7475
Lindenberg F, Shribman T, Sieler J, Hawkins
EH, Eisen MS (1996) Dinuclear phosphidoand arsenido-bridged early/late transition metal
complexes. Efficient catalysts for ethylene
polymerization. J Organo met Chem 515: 19-25
Noh SK, Kim S, Kim J, Lee DH, Yoon KB,
114

Dissymmetric dinuclear transition metal complexes as dual site catalysts for the polymerization of ethylene

16.

17.

18.

19.

20.

21.

22.

23.

115

Lee HB, Lee SW, Huh WS (1997) Peroxideinitiated vinylsilane grafting: structural studies
on a hydrocarbon substrate. J Polym Sci Part A:
Polym Chem 35: 3717–3728
Bosch B, Erker G, Fröhlich R (1998) The synthesis
of
substituted
bis[(diarylphosphinomethyl)
cyclopentadienyl]
zirconocene
dichloride
complexes for the preparation of heterodimetallic
complexes containing early/late transition metal
combinations. Inorg Chim Acta 270: 446-458
Noh SK, Kim J, Jung J, Ra CS, Lee DH, Lee
HB, Lee SW, Huh WS (1999) Syntheses of
polymethylene bridged dinuclear zirconocenes
and investigation of their polymerisation
activities. J Organomet Chem 580: 90–97
Mota FF, Mauler RS, de Souza RF, Casagrande OL
(2001) Tailoring polyethylene characteristics using
a combination of nickel α-diimine and zirconocene
catalysts under reactor blending conditions.
Macromol Chem Phys 202: 1016-1020
Reardon D, Guan J, Gambarotta S, Yap GPA
(2002) Vanadium-promoted aldol condensation
and pinacolic coupling of acetyl pyrrole:
formation of two new potent dinuclear catalysts
for olefin copolymerization. Organometallics 21:
4390-4397
Brownie JH, Baird MC, Zakharov LN, Rheingold
AL (2003) Formation and properties of a novel
dinuclear, cationic α-diimine palladium-based
ethylene polymerization catalyst containing a
Pd−Pd bond and bridging methylene and methyl
groups. Organometallics 22: 33-41
Noh SK, Yang Y, Lyoo WS (2003) Investigation
of ethylene and styrene copolymerization initiated
with dinuclear constrained geometry catalysts
holding polymethylene as a bridging ligand and
indenyl as a cyclopentadienyl derivative. J Appl
Polym Sci 90: 2469-2474
Noh SK, Lee J, Lee DH (2003) Syntheses
of dinuclear titanium constrained geometry
complexes with polymethylene bridges and their
copolymerization properties. J Organomet Chem
667:53–60
Noh SK, Lee M, Kum DH, Lyoo WS, Lee
DH (2004) Studies of ethylene–styrene
copolymerization with dinuclear constrained
geometry complexes with methyl substitution at
the five-membered ring in indenyl of [Ti(η5:η1C9H5SiMe2NCMe3)]2 [CH2]n. J Polym Sci Part A:

IPPI

Polym Chem 42: 1712–1723
24. Deppner M, Burger R, Alt HG (2004)
Alkylidenverbrückte
dissymmetrische
zweikernige
metallocenkomplexe
als
katalysatoren für die ethylen polymerisation . J
Organomet Chem 689: 1194-1211
25. Rosenthal ECE, Cui H, Lange KCH, Dechert S
(2004) Synthesis, molecular structure, and olefin
polymerisation activity of an oxovanadium (V)
alkoxide with unprecedented chloride bridging
ligands. Eur J Inorg Chem: 4681-4685
26. Jie S, Zhang D, Zhang T, Sun WH, Chen J, Ren
Q, Liu D, Zheng G, Chen W (2005) Bridged bispyridinyliminodinickel(II) complexes: syntheses,
characterization, ethylene oligomerization and
polymerization. J Organomet Chem 690: 17391749
27. Wei Z, Al-Shammari H, Palackal S, Abu-Raqabah
A (2005) catalyst composition for polymerization
of olefins comprising at least two catalytic
components; and the polymerization process
using that catalyst composition. US2005203260
A1
28. Kuwabara J, Takeuchi D, Osakada K (2005) Zr/
Zr and Zr/Fe dinuclear complexes with flexible
bridging ligands. Preparation by olefin metathesis
reaction of them precursors and properties as
polymerization catalysts. Organometallics 24:
2705-2712
29. Pennington DA, Horton PN, Hursthouse MB,
Bochmann MB, Lancaster SJ (2005) Synthesis
and catalytic activity of dinuclear imido titanium
complexes: the molecular structure of [Ti(NPh)
Cl(μ-Cl)(THF)2]2. Polyhedron 24: 151-156
30. Taquet JP, Siri O, Braunstein P (2006) Dinuclear
nickel and palladium complexes with bridging
2,5-diamino-1,4-benzoquinonediimines:
synthesis, structures, and catalytic oligomerization
of ethylene. Inorg Chem 45: 4668
31. Lin F, Sun J, Liu X, Lang W, Xiao X (2006)
Ethylene polymerization by alkylidene-bridged
asymmetric dinuclear titanocene/MAO systems.
J Appl Polym Sci 101: 3317-3323
32. Chadwick JC, Huang R, Kukalyekar N,
Rastogi S (2007) Ethylene polymerization
with combinations of early- and late-transition
metal catalysts immobilized on MgCl2 supports.
Macromol Symp 260: 154-160
33. Görl C, Alt HG (2007) The combination of
Polyolefins Journal, Vol. 1, No. 2 (2014)

Alshammari H. & Alt. H.G.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

mononuclear metallocene and phenoxyimine
complexes to give trinuclear catalysts for the
polymerization of ethylene. J Organomet Chem
692: 5727-5753
Zou H, Hu S, Huang H, Zhu F, Wu Q (2007)
Synthesis of bimodal molecular weight distribution polyethylene with α-diiminenickel(II)
complexes containing unsym-substituted aryl
groups in the presence of methylaluminoxane.
Eur Polym J43: 3882-3891
Kim SK, Kim HK, Lee MH, Yoon SW, Han Y,
Park S, Lee J, Do Y (2007) Dinuclear metallocenes
with a modulated biphenylene bridge for olefin
polymerization. Eur J Inorg Chem 2007: 537-545
Alt HG, Ernst R, Böhmer IK (2002) Dinuclear
ansa-zirconocene complexes containing a
sandwich and a half-sandwich moiety as catalysts
for the polymerization of ethylene. J Organomet
Chem 658: 259
Alt HG, Ernst R (2003) Asymmetric dinuclear
ansa-zirconocene complexes with methyl and
phenyl substituted bridging silicon atoms as dual
site catalysts for the polymerization of ethylene.
Inorg Chim Acta 350: 1-11
Alt HG, Ernst R, Böhmer IK (2003) Catalytic
oxidation of α-pinene by transition metal using
t-butyl hydroperoxide and hydrogen peroxide. J
Mol Catal A: Chem 191: 177-184
Alt HG, Ernst R (2003) Dinuclear ansazirconocene complexes as dual-site catalysts for
the polymerization of ethylene. J Mol Catal A:
Chem 195: 11-27
Schilling M, Görl C, Alt HG (2008) μ-Gels
as support materials for dinuclear olefin
polymerization catalysts. J Appl Polym Sci 109:
3344-3354
Speier JL, Webster JA, Barnes GH (1957) The
addition of silicon hydrides to olefinic double
bonds. Part II. The use of group VIII metal
catalysts. J Am Chem Soc 79: 974-979
Saam JC, Speier JL (1958) The addition of silicon
hydrides to olefinic double bonds. Part III. The
addition to non-terminal olefins in the presence of
chloroplatinic acid. J Am Chem Soc 80: 4104-4106
Ryan JW, Speier JL (1964) The addition of silicon
hydrides to olefinic double bonds. VIII. The
addition of trichlorosilane-d. J Am Chem Soc 86:
895-898
Speier JL (1979) Homogeneous catalysis of

Polyolefins Journal, Vol. 1, No. 2 (2014)

IPPI

hydrosilation by transition metals. Adv Organomet
Chem 17: 407-447
45. Karstedt BD (1973) Platinum-vinylsiloxanes. US
Patent 3715334
46. Hitchcock PB, Lappert MF, Warhurst NJW
(1991) Synthesis and structure of a ractris(divinyldisiloxane) diplatinum (0) complex
and its reaction with maleic anhydride. Angew
Chem Int Ed Engl 30: 438-440
47. Alshammari H, Alt HG (2014) Transition metal
complexes of allylated α-diimines as selfimmobilizing catalysts for the polymerization of
ethylene. Jordan J Chem 9: 34-49

116

