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Efficient Ethylene Polymerization

Homogeneous Ethylene-Polymerization Catalysts
Based on Alkyl Cations of the Rare-Earth Metals:
Are Dicationic Mono(alkyl) Complexes the
Active Species ?**

Stefan Arndt, Thomas P. Spaniol, and Jun Okuda*

Cationic alkyl complexes of Group 4 metals, for example,
alkyl zirconocenium ions, currently play a pivotal role as
single-site catalysts in homogeneous olefin-polymerization
reactions.!! The first cationic alkyl rare earth metal complex
[La(n’>-CsMes){CH(SiMes),}(thf),]*[BPh,]~ (x=0 or 3) was
reported in 1992,%! and since then, there has only been one
report with evidence that such a complex, a scandium
dimethyl cation, polymerizes ethylene.”” A number of
cationic alkyl complexes of the rare-earth metals [Ln(L)R]*t
supported by monoanionic ancillary noncyclopentadienyl
ligands L, such as the amido-functionalized triazacyclono-
nane,” B-diketiminate, or benzamidinatel were surmised to
also catalyze ethylene polymerization. We reported that the
thermally sensitive tris(trimethylsilylmethyl) complexes
[Ln(CH,SiMe;);(thf),] (Ln=Lu, Y)! can be transformed
into robust monocationic bis(alkyl) complexes [Ln(CH,Si-
Me,),(thf),]* by the reaction with BPh,.”) Herein we report
that the tris(alkyl) complexes [Ln(CH,SiMe;);(thf),] without
any ancillary ligand L can act as precursors for highly active
catalysts for homogeneous ethylene polymerization. There is
evidence that the active species are the dications [Ln(CH,Si-
Me;)(solv),]**, which are formed by the protonolysis of
[Ln(CH,SiMe;);(thf),] via the dialkyl monocations
[Ln(CH,SiMe;),(solv),]*.

Toluene solutions of the alkyl complexes [Ln(CH,Si-
Me;);(thf),] (Ln =Tm, Er, Y, Ho, Dy, Tb) efficiently catalyze
ethylene polymerization upon activation with the Brgnsted
acid [NMe,HPh][B(CFs),] in the presence of AliBu;. After
short run times (10 min) at 5 bar of ethylene pressure, linear
polyethylenes with molecular weights M, =3500-45000 and
polydispersities M,/M,=2-6 were produced with activities
up to 899 kgmol 'h~'bar™! (Table1). As illustrated in
Figure 1, the catalyst performance can be adjusted by the
choice of the rare-earth metal as the activity is well correlated
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Table 1: Ethylene polymerization with [Ln(CH,SiMe;)(thf),] as catalyst
precursor.”!

Ln  RPA] Yield[g] Activity M, M, /M, T.[°C]
[kgmol™"h™'bar™"] [gmol™]
Scd 089  0.03 1 - - -
Lu¥ 1.00 traces - - - -
Yb 101 - - - - -
Tm 102 0.76 183 22033 4.1 136.7
Er 1.03 085 205 13430 53 134.7
Y4 1.04 091 272 14150 2.9 135.5
Ho 1.04 1.5 275 44847 1.7 132.5
3446 1.8
Dy 1.05 3.51 842 3652 3.6 126.3
Tb 1.06 3.74 899 3816 2.9 126.3

[a] [NMe,HPh][B(C4Fs),] as activator in the presence of AliBu;. Con-
ditions: 5 umol Ln; B:Ln=5:1, Al:Ln=200:1, T=25°C, p=>5 bar, t=
10 min, V=30 mL (toluene). [b] Effective ionic radius of Ln** for CN =6,
see reference ®l. [c] t=60 min. [d]t=8 min. [e] Bimodal molecular
weight distribution.
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Figure 1. Plot of the polymerization activity versus the effective ionic
radius R of the trivalent rare earth metal for coordination number
CN=6.

with the effective ionic radius® of the rare-earth metal. For
the smaller elements scandium, lutetium, and ytterbium, no
significant activity was observed, whereas thulium produced
polyethylene with 183 kgmol 'h 'bar™'. For terbium, the
element with the largest radius within the series examined, an
activity of 899 kgmol 'h~'bar~! was found, corroborating
that rare-earth metal alkyl cations are the active species.”
Although the active species initially appeared to be the
monocationic  bis(alkyl) complex [Ln(CH,SiMe;),(sol-
v),I"[B(C4Fs),]~ (Scheme 1), with aluminum alkyl acting as
scavenger for THF, two findings cast doubts on this hypoth-
esis. 1) Why is an excess of [NMe,HPh][B(C4Fs),] necessary
to activate the catalyst precursor?!'”) 2) Why does the choice
of the aluminum alkyl have a significant influence on the
polymerization results 2"l We therefore studied the following
(Scheme 1) as model reactions for the activation steps: 1) The
reaction of [Y(CH,SiMe;);(thf),] with excess [NMe,HPh]
[BPh,]. 2) The reactivity of [Y(CH,SiMe,);(thf),] towards the
aluminum alkyl Al(CH,SiMe,);. For these preparative-scale

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

ARy

[YR(THF),] [YR(THF),JAIR,J
[NMe;HPh] [B(CoFs)a] R =CH_SiMe, [NMe;HPh] [B(CeFs)a]
—NMe,Ph, -SiMe, —NMe,Ph, -SiMe,, AR,
[YR(THF),J'B(CFe) ™
fc] A|R3 (XS)[d]
SolV! ¢ —AIR4(THF)
[YRy(solv),J'[B(CeFs)al”

[NMe;HPh] [B(CgFs)a]
~NMe,Ph, -SiMe,

[YR(solv),F[B(CeFs)l 2

Scheme 1. Activation of [Y(CH,SiMe;); (thf),] with [NMe,HPh][B(C;Fs).]
in the presence of Al(CH,SiMe;);; [a] isolated, [b] analogous complex
isolated as [Y(CH,SiMej), (thf) ] [BPh,] ", [c] solv=toluene in polymeri-
zation experiments, the exchange of THF by toluene is postulated,™"
[d] xs =excess, [e] analogous complex isolated as [Y(CH,Si-

Me;) (thf)s]**[BPh,] .

and NMR-tube experiments, the use of the polar solvents
pyridine or THF was required, as oils form from aromatic
hydrocarbons such as toluene, benzene, or bromobenzene. To
avoid ring opening polymerization of THF, the use of [BPh,]~
instead of [B(C¢Fs),]™ as the counter anion was required when
THF was used as solvent.

When a THF solution containing the yttrium tris(alkyl)
[Y(CH,SiMe;);(thf),] and three equivalents of [NMe,HPh]
[BPh,] was stirred for 24 h at 25°C, colorless microcrystals of
the thermally robust dicationic alkyl complex [Y(CH,Si-
Me;)(thf)s]* [BPh,]~, were isolated in virtually quantitative
yield."” In [D;]pyridine, the methylene protons at yttrium
appear as a doublet at 6 =0.73 ppm with 2/(Y,H) =3.3 Hz in
the corresponding 'H NMR, while the *C NMR spectrum
exhibits a doublet for the YCH, group at 6 =44.5 with
J(Y,C) =449 Hz. The ¥Y NMR resonance of [Y(CH,Si-
Me,)(thf)s]** [BPh,] ™, in [Dg]THF at 6 =409.2 is shifted to a
significantly higher field compared with that for the corre-
sponding  monocations  [Y(CH,SiMej;),(thf),]*[Al(CH,-
SiMe;) ]~ (0=666.4,), [Y(CH,SiMejs),(thf),]*[BPh,]~ (6=
660.0) or the neutral analogue [Y(CH,SiMe;);(thf),] (0=
882.7).

The reaction of [Y(CH,SiMe;);(thf),] in THF with more
than two equivalents [NMe,HPh][BPh,] to give the dication
[Y(CH,SiMe;)(thf)s]**[BPh,] ", as the exclusive yttrium-con-
taining species suggests that the activation of the tris(alkyl)
precursors [Ln(CH,SiMej;);(thf),] in toluene with [NMe,HPh]
[B(C4Fs).] generates dications [Ln(CH,SiMe;)(solv),]** as the
active species.”” When the tris(aluminate) [Y{(u-
Me,)(AlMe,)};]"" was treated with excess [NEt;H][BPh,] in
THEF, the ion triple [Y(CH;)(THF)s]**[BPh,]", was obtained
in crystalline form [Eq. (1)].""! The resonance of the methyl

[Y{(1-Me,)(AlMe,) ;] 2 o
Y (CH,)(thf)s]** [BPh,]; 4+ 2NEt; +2 CH, + 3 AlMe;
2

group at the yttrium appears as a doublet in [Ds]pyridine at
0=0.69 with %J(Y,H)=2.1Hz. The “CNMR spectrum
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Table 2: Ethylene polymerization with yttrium catalyst precursors.?

6=32.8 with 'J(Y,C)=53.6 Hz, while the  precursor®
%Y-NMR resonance appears at 6 =433.2.

Single crystals of
[Y(CH.)(thf)J*[BPh,] -, suitable for X- gg;g:gz}
ray structure analysis were grown from a [YRz(thf)z][C]
supersaturated THF solution.™ The cati-  [YR,(thf),]
onic portion of the ion triple
[Y(CH,)(thf){**[BPh,], is shown in [YRs(thf);]

Figure 2, which illustrates the pentagonal
8 peras [YR, thf).]

[YR, (thf)JF[AIR,] 1

Aluminum  Yield[g]  Activity M, M, /M,
alkyl [kgmol"h~"bar™']  [gmol™]
AlEt, 0.11 27 - -
AlnOct, 0.43 103 - -
AliBu;, 0.91 272 14150 2.9
AliBu,H 1.67 401 59730 1.7
30304 23
AR, 1.53 1840 110990 2.9
AR, 1.13 1351 215599 2.4
MAO!e! 1.41 339 - -

Ta [°C]

128.3
136.7
1355
130.2

138.0
141.6
133.1

bipyramidal coordination geometry around
the yttrium center with the methyl group in
the apical position. The Y—C bond length of
2.418(3) A is comparable with those found

for the ion pair [Y(CH,SiMe;),(th-
f),F[AI(CH,SiMes),]”  (2.384(6)  and
2.411(6) A)")  while the Y-O bond lengths of

[Y(CH,)(thf)s]**[BPh,]~, (2.352(3)-2.427(3) A) are similar

to those found for Y—O(THF) bond lengths at monocationic
[17]

yttrium centers.

Figure 2. Molecular structure of the cationic portion of

[Y (CH;) (thf)]* [BPh,] . Thermal ellipsoids are drawn at the 30%
probability level, hydrogen atoms are omitted for clarity. Selected dis-
tances [A] and angles []: Y-O1 2.352(3), Y-02 2.426(3), Y-03 2.355(3),
Y-04 2.427(3), Y-O5 2.377(3), Y-O6 2.427(3), Y-C25 2.418(3); C25-Y-
06 176.5(1).

The nature of the aluminum alkyl compounds was found
to have a remarkable influence on both the activity of the
catalyst system [Y(CH,SiMes);(thf),]/[NMe,HPh][B(CFs),]
as well as the molecular weight M,. From Table 2 it is
apparent that the steric bulk of the alkyl group at the
aluminum center is critical with respect to the activity: only
traces of polyethylene were obtained with AlMes;, whereas
the use of Al(CH,SiMe;); gave high molecular weight poly-
ethylene (M,=110990) with an outstanding activity of
1840 kgmol " h~'bar~1.1"%

Equimolar amounts of [Y(CH,SiMe;);(thf),] and Al(CH,.
SiMe;);!"”! were found to form the ion pair [Y(CH,Si-
Me,),(thf),]* [AI(CH,SiMe;),]” in C,D¢ and in [Dg]THF,
which was isolated in 75% yield as the thermally stable ion
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pair  [Y(CH,SiMej;),(thf),]* [Al(CH,SiMe;),]". In  the
"H NMR spectrum of the product in [Dg]THF, the resonance
of the methylene protons at the aluminate center was
recorded at d =—1.28 ppm as a broad multiplet owing to
2J(ALH) coupling, whereas the methylene protons at the
cationic yttrium appear as a doublet at 6=-0.73 with
2J(Y,H) = 3.1 Hz. The *C NMR spectrum exhibits a doublet
for the YCH, group at 6 =37.2 with 'J(Y,C) =42.1 Hz.
Single crystals of [Y(CH,SiMe;),(thf),]"[Al(CH,.
SiMe;),]” suitable for X-ray structure analysis were obtained
from pentane/THE.™ The cationic portion of the ion pair
[Y(CH,SiMe;),(thf),]*[Al(CH,SiMes),] is shown in Figure 3,
which illustrates the distorted octahedral-coordination geom-
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Figure 3. Molecular structure of the cationic portion of [Y(CH,Si-
Me;), (thf) J*[Al(CH,SiMe;),] . Thermal ellipsoids are drawn at the
20% probability level, hydrogen atoms are omitted for clarity. Selected
distances [A™"] and angles [°]: Y-O1 2.448(4), Y-O2 2.354(4), Y-O3
2.354(4), Y-O4 2.479(4), Y-C1 2.384(6), Y-C5 2.411(6); O1-Y-C5
163.7(2), 02-Y-03 165.3(1), 04-Y-C1 171.0 (2).

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] [INMe,HPh][B(C4Fs),] as activator in the presence of aluminum alkyl. Conditions: 5 umol Y, B:Y =51,
Al:Y=200:1, T=25°C, p=>5bar, t=10min, V=30mL (toluene) [b] R=CH,SiMe;. [c]t=28 min.
[d] Bimodal molecular weight distribution. [e] t=2 min. [f] Al:Y=100:1. [g] Methylaluminoxane.
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etry around the yttrium center with the two alkyl groups
arranged in a cis fashion.”” The formation of alkyl aluminates
of the rare-earth metals as ion pairs is unprecedented. So far,
only complexes containing bridging alkyl groups such as
[Y{(u-Me,)(AlMe,)};]'" were reported for the trivalent rare
earth metals. When [Y(CH,SiMe,),(thf),]*[Al(CH,SiMe;),]”
was activated with [NMe,HPh][B(CF5),] for ethylene poly-
merization, similar results as for [Y(CH,SiMe;);(thf),] were
obtained (1351 versus 1840 kgmol 'h~'bar™"), thus indicating
that [Y(CH,SiMe,),(thf),]*[Al(CH,SiMe;),]” is converted
into a dication (Table 2).2!

In conclusion, we have demonstrated that the easily
accessible tris(alkyl) complexes of the rare-earth metals
[Ln(CH,SiMe;);(thf),] are precursors for highly active cata-
lysts for ethylene polymerization and that an alkyl dication
[Ln(CH,SiMe;)(solv),]**, formed via the dialkyl monocation
[Ln(CH,SiMe;),(solv),]*, is most probably the active species.

Experimental Section
[Y(CH,SiMe;),(thf),]*[BPh,] : A slurry of [Y(CH,SiMe;);(thf),]
(200 mg, 404 umol) and [NEt;H][BPh,] (170 mg, 404 umol) was
stirred in THF (20 mL) at —78°C. The reaction mixture was allowed
to slowly warm up to ambient temperature and stirred for 24 h to give
a colorless clear solution. After the volatile fractions were removed
in vacuo, the resultant colorless solid was washed with Et,0 (2x
20mL) and dried under vacuum to give colorless microcrystals
(135mg, 38%). 'HNMR (400 MHz, [Ds]THF, 25°C, TMS): 0=
—0.78 (d, 2J(Y,H)=3.3 Hz, 2x2H; YCH,SiCH;), —0.06 (s, 2x9H;
YCH,SiCH;), 1.76 (m, 4 x 4H; 3-CH,, THF), 3.60 (m, 4 x 4H; a-CH,,
THF), 6.74 (t,*J(H,H) = 7.0 Hz, 4H; 4-Ph), 6.87 (t, */(H,H) = 7.3 Hz,
2x4H; 3-Ph), 7.28 ppm (br, 2x4H; 2-Ph). *CNMR (101 MHz,
[Ds]pyridine, 25°C, TMS): 6 =4.5 (YCH,SiCH,), 25.8 ($-CH,, THF),
30.9 (dt, 'J(Y,C) =36.5 Hz, 'J(C,H) = 97.2 Hz; YCH,SiCH,), 67.8 (0-
CH,, THF), 122.3 (4-Ph), 126.2 (3-Ph), 137.2 (2-Ph), 165.0 ppm (q,
J(B,C) =49.3 Hz; 1-Ph). "B{'H} NMR (128 MHz, [Ds]THF, 25°C,
BF,Et,0): 6 = —6.6 ppm. Y NMR (20 MHz, [Dg]THF, 25°C, YCl,):
0 =660.0 ppm. Elemental analysis calcd (%) for C,sH,,BO,Si,Y: C
66.19, H 8.56, Y 10.21; found: C 65.91, H 8.44, Y 9.74.
[Y(CH,SiMe;)(thf);**[BPh,],: A solution of [Y(CH,Si-
Me;);(thf),] (300 mg, 606 umol) in THF (60 mL) was added to neat
[NMe,HPh]|[BPh,] (802 mg, 1818 pmol) at —78°C. The reaction
mixture was stirred at ambient temperature for 24 h to give a
brownish solution. The solution was filtered, the volatile fractions
were removed by evaporation, and the residue was washed with
pentane (60 mL) gave a colorless powder of [Y(CH,Si-
Me,)(thf)s]**[BPh,]~, (661 mg, 99%). "H NMR (400 MHz, [Ds]pyri-
dine, 25°C, TMS): 6 =0.17 (s, 9H; YCH,SiCH;), 0.73 (d, 2/(Y,H) =
3.3 Hz, 2H; YCH,SiCH;), 1.62 (m, 5 x 4H; 3-CH,, THF), 3.66 (m, 5 x
4H; a-CH,, THF), 7.10 (t, *’J(H,H)=7.3 Hz, 2x4H; 4-Ph), 7.27 (t,
*J(HH)=7.3Hz, 2x8H; 3-Ph), 8.06ppm (br, 2x8H; 2-Ph).
BCNMR (101 MHz, [Ds]pyridine, 25°C, TMS): 6=4.0 (YCH,.
SiCH,), 25.9 (B-CH,, THF), 44.5 (dt, 'J(Y,C)=44.9 Hz, 'J(C,H) =
93.8 Hz; YCH,SiCH3;), 67.9 (0-CH,, THF), 122.4 (4-Ph), 126.2 (3-
Ph), 137.1 (2-Ph), 165.0ppm (q, 'J(B,C)=49.2Hz; 1-Ph).
"B{'"H} NMR (128 MHz, [D§]THF, 25°C, BF;-Et,0): 6 = —6.7 ppm.
%Y NMR (20 MHz, [Dg]THF, 25°C, YCl,): 6 =409.2 ppm. Elemental
analysis caled (%) for C,,Hy,B,0sSiY: C, 73.59; H, 7.81; Y, 7.57;
found: C, 74.62; H, 8.37; Y, 7.16.
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