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Single-Site, Single-Component Catalysts for Very High Molecular
Weight Polyethylene: A Robust “Ready-To-Go” Vanadium p-Bonded
Complex Without a Preformed V�C Bond**
Amir Jabri, Ilia Korobkov, Sandro Gambarotta,* and Robbert Duchateau*

Among the plethora of metals capable of performing ethylene
polymerization, oligomerization, and copolymerization, vana-
dium has traditionally played a relatively minor role.[1,2]

Nonetheless, the perfectly random copolymerization per-
formed by some vanadium catalysts makes these derivatives
commercially irreplaceable for EPDM production (EPDM=

ethylene propylene diene monomer).[3] In addition, di- and
trivalent vanadium complexes have in some instances shown
very high potential as precursors to highly active catalytic
systems.[1b,4]

Given that the CpV moiety (Cp=C5H5) has been shown
to be capable of forming stable ethylene complexes,[5] we
argued that perhaps a low-valent vanadium complex of a
hemilabile p-bonded ligand system (analogous to Cp) could
push the reactivity beyond the realm of olefin coordination
and possibly provide a self-activating catalyst. Indeed, ligand
hemilability has proven beneficial for catalytic C�C bond
forming reactions.[6] Thus, this work was initially aimed at
exploring the use of the pyrrolyl anion as a possible hemi-
labile Cp analogue. Previous reports have clearly pointed out
the tendency of the pyrrolide anion to form s- instead of p-
bonded vanadium complexes.[7] However, we reasoned that
once a strong Lewis acid, such as AlX3 (X= halogen, alkyl),
would lock the N atom through s-bonding, a p-bonding mode
with the transition metal could occur. The resulting p-bonded
pyrrolide complex would have the benefit that its p-bonding
interaction and thus its hemilability could be tuned via the
appropriate choice of the strength of the Lewis acid coordi-
nated to the pyrrolide N atom.

Given the above rationale, we have treated trivalent
vanadium with 2,5-Me2pyrrole in the presence of six equiv-
alents of AlMe3 and obtained the divalent complex [(h

5-{2,5-
Me2C4H2N(AlClMe2)})2V] (1; Scheme 1; UHMW-PE=

ultrahigh molecular weight polyethylene, Mw=weight-aver-

age molecular weight, PDI= polydispersity index). The con-
nectivity of this paramagnetic complex (meff= 3.79mB) was
elucidated by X-ray diffraction. The crystal structure
(Figure 1) shows a vanadocene-type arrangement with the

Scheme 1.

Figure 1. Crystal structure of 1 with thermal ellipsoids set at the 50%
probability level. Hydrogen atoms are omitted for clarity. Selected
bond lengths [']: V1–N1 2.234(3), V1–C2 2.261(3), V1–C3 2.290(3),
V1–C4 2.315(4), V1–C5 2.275(3), C2–C3 1.387(5), C3–C4 1.416(6), C4–
C5 1.389(5).
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two parallel rings symmetrically p-bonded to the vanadium
atom. As expected, each pyrrolyl nitrogen atom coordinates
to one coplanar Me2AlCl residue. The ring C�C bond lengths
show only a very minor extent of double-bond localization,
thus suggesting a six-electron p-bonding interaction (Cp-like)
to the vanadium center. The complex is thermally robust and
does not decompose upon heating in toluene solution at
100 8C for 12 h. During the formation of 1, AlMe3 has both
anionized pyrrole and reduced vanadium to the divalent state.
Given the poor stability of trivalent organovanadium, this
reduction is hardly surprising. In spite of the divalent state
and the thermal robustness, complex 1 is single-component,
single-site catalyst. It is highly unusual in this category of
catalysts since it does not have a preformed V�R bond.
Exposure of a toluene solution to ethylene under pressure
and at moderately high temperature started the polymeri-
zation reaction, which produced PE with very high molecular
weight, high linearity, and with polydispersity characteristic of
a single-site catalyst (Table 1). The best catalytic activity was

0.18 kg(gV)�1h�1bar�1. Moderate heating (75 8C) is neces-
sary to start the polymerization reaction, thus indicating that a
molecular reorganization of 1must occur in order to fulfill the
polymerization prerequisites. Lower pressure also seems to
have a detrimental effect on the activity. Instead, polymeri-
zation reactions carried out in the presence of methylalumox-
ane (MAO) as activator show both a decrease in catalytic
activity and formation of broadly dispersed polymers with
lower molecular weight. Entries 1 and 3–6 of Table 1 show a
melting point in the first heating curve above 141 8C, which is
characteristic for linear UHMW-PE. Themelting points in the
second heating curve are as expected for linear polyethylene.

Homogeneous single-component ethylene polymerization
catalysts capable of starting polymerization without further
activation by alkyl aluminum are known but are generally
limited to cationic alkyl complexes containing borate anions[8]

as well as neutral lanthanide[9] and late-transition-metal
complexes.[8] In all these species, either a cationic center or
a highly Lewis acidic element, an M�C bond, or both are pre-
existing. The only exception is provided by [Cp*2Sm(thf)2],
(Cp*=C5Me5) which is also s a single-site, single-component
ethylene polymerization catalyst.[10] Similar to samarocene,
complex 1 does not contain a metal–alkyl bond and yet acts as
an efficient single-component catalyst to produce UHMW-
PE. Since 1 appears to be thermally robust and coordinatively
saturated, intriguing questions arise about the polymerization

mechanism.We propose that the presence of ethylene triggers
a reorganization (possibly through an equilibrium) involving
either dissociation or slippage of one ring with or without
switching of the coordinationmode from p to s (Scheme 2). A

complete ring dissociation must necessarily imply formation
of 2,5-Me2C4H2N(AlClR) and transfer of one alkyl group
from Al to V, thus affording the coordinatively unsaturated
organovanadium species [h5-{2,5-Me2C4H2N(AlClR2)}VR].
Incidentally, the coordination of the pyrrolide ring may be
formally described in terms of a zwitterionic structure, which
would imply that the vanadium atom is acquiring some extent
of formal positive charge.

In search for clues, we have embarked on a study of the
reactivity of 1 with a variety of trapping agents including CO,
phosphines, deactivated alkenes, and mild oxidizing agents.
To this end, the reaction with azobenzene proved to be
successful.

When a solution of 1 was treated with half an equivalent
of azobenzene, a sudden color change took place and crystals
of a new complex [{h5-{2,5-Me2C4H2N(AlClR2)}VMe(NPh)}2]
(2) were isolated after workup. The complex is a symmetry-
generated dimer (Figure 2) formed by two identical {h5-(2,5-
Me2C4H2N{AlClMe2})VMe} residues linked by a bridging

Table 1: Polymerization of ethylene.

Entry MAO
(equiv)

T [8C] Yield [g] T1stm [8C] T2ndm [8C] Mw PDI

1[a,c,d] 0 100 5.1 144.9 135.6 1135500 2.1
2[a,c,d] 1000 100 1.9 132.8 130.8 79660 8.4
3[a,c,d] 0 75 12.5 141.2 137.1 1160500 2.0
4[a,c,d] 0 50 6.0 143.0 134.9 1689500 1.6
5[a,c,d] 0 25 0.4 144.0 136.7 1546000 3.3
6[a,c,e] 0 75 0.5 146.1 137.4 1494000 2.2
7[b,c,d] 0 75 7.6 146.1 137.4 1075500 1.3

[a] Complex 1. [b] Complex 2. [c] 30 mmol. [d] 35 bar. [e] 17 bar.

Scheme 2.

Figure 2. Crystal structure of 2 with thermal ellipsoids set at the 50%
probability level. Hydrogen atoms are omitted for clarity. Selected
bond lengths [']: V1–N1 2.359(5); V1–C2 2.324(6), V1–C3 2.297(7),
V1–C4 2.315(4), V1–C5 2.389(6), V1–C9 2.083(7), C2–C3 1.397(10),
C3–C4 1.401(10), C4–C5 1.381(9), V1–N2 1.861(5), V1···V1a 2.511(2).
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PhN imido group. The short V�V contact is in the range of
what might be normally regarded as a V�V single bond.
Nonetheless, the complex displays a small residual para-
magnetism that indicates the presence of antiferromagnetic
coupling. The magnetism, together with the very poor
solubility in any solvent with which the complex does not
react, prevented us from obtaining meaningful data from
NMR spectroscopy.

Formation of 2 is easily rationalized in terms of overall
dissociation of a 2,5-Me2C4H2N(AlClMe2) unit and formation
of a {h5-(2,5-Me2C4H2N{AlClMe2})VMe} residue. A four-
electron oxidative attack at the azobenzene molecule by two
of these intermediates results in N�N double-bond cleavage
and formation of the imido group. The presence of the V�Me
bond in 2 demonstrates that alkyl migration from Al to V is
indeed possible by dissociation of one of the two rings during
an oxidative addition reaction.

Accordingly, complex 2 also is a single-component
catalyst that starts polymerization with no need for further
activation. In the present case, either the same ring slippage
or dissociation as mentioned above could take place, or
simple dimer–monomer dissociation equilibrium may gener-
ate the required empty coordination site for ethylene bond-
ing. The catalytic activity is somewhat lower than for 1 under
the best polymerization conditions, but the polymer proper-
ties appears to be similar, with improved polydispersity
(entry 7, Table 1). Complexes 1 and 2 will obviously form
different intermediates during the polymerization. Whether
the active species derived from 1 remains in the divalent
oxidation state or, for example, undergoes oxidative addition
as was observed for the pentamethyl samarocene[10] is not yet
clear.

In conclusion, we have reported herein the synthesis and
characterization of a single-site, single-component ethylene
polymerization catalyst (1) that does not contain a preformed
organyl–transition-metal functionality. This ligand system
provides a robust p complex in the dormant state, but its
latent Lewis acidity and its ability to undergo intramolecular
alkyl shift to form a transition-metal–carbon bond provides
an unprecedented self-activating catalyst system. This system
has some stimulating but not yet fully elucidated implications
as far as the polymerization mechanism is concerned, which
will be the target of further studies. Furthermore, the fact that
even complex 2 (perhaps more predictably) is also a single-
component catalyst adds generality to these findings and
encourages further exploration in the domain of other metals
that are well-established for their performance as polymeri-
zation catalysts.

Experimental Section
1: A purple suspension of [VCl3(thf)3] (373 mg, 1 mmol) in toluene
(7 mL) was combined with a freshly prepared solution of AlMe3
(432 mg, 6 mmol) and 2,5-dimethylpyrrole (190 mg, 2 mmol) in
toluene (7 mL). The color of the mixture immediately changed to
black-green. The solution was stirred for a period of 10 minutes,
centrifuged to eliminate a small amount of insoluble residue, and
layered with an equal portion of hexanes to yield black-green plates
of 1a (250 mg, 0.63 mmol, 63%). meff= 3.83mB. Elemental analysis

(%) calcd for C16H28Al2Cl2N2V: C 45.01, H 6.53, N 6.51; found:
C 45.30, H 6.65, N 6.60.

2 : Method A. A greenish-black solution of 1 (398 mg, 1 mmol) in
chlorobenzene (15 mL) was treated with azobenzene (91 mg,
0.5 mmol). The color immediately changed to dark red. Crystals of
2 (270 mg, 88%) separated upon slow diffusion of hexane into the
chlorobenzene solution.

Method B. A solution of AlMe3 (432 mg, 6 mmol) and 2,5-
dimethylpyrrole (190 mg, 2 mmol) in chlorobenzene (7 mL) was
added to a purple solution of [VCl3(thf)3] (367 mg, 1 mmol) and
azobenzene (91 mg, 0.5 mmol) in chlorobenzene (7 mL). The addi-
tion was accompanied by an immediate color change to dark red. The
solution was stirred for a period of 10 minutes, centrifuged, and
layered with an equal portion of hexanes to yield dark red crystals of 2
(225 mg, 73%). meff= 1.4mB per vanadium center. Elemental analysis
(%) calcd for C30H44Al2Cl2N4V2: C 52.38, H 6.38, N 8.07; found:
C 52.41, H 6.45, N 8.15.

Polymerization results: Samples were tested in a 200-mL high-
pressure BGchi reactor containing a heating/cooling jacket. A
preweighed portion of catalyst was dissolved in toluene (100 mL)
under N2 prior to loading the reaction vessel. Solutions were heated
using a thermostatic bath and charged with ethylene, maintaining the
pressure throughout the run. Polymerizations were quenched by
addition of MeOH and HCl. The resulting polymer was isolated by
filtration, sonicated with a solution of HCl, rinsed, and thoroughly
dried prior to measuring the mass. Gel permeation chromatography
(GPC) analysis of the polyethylene was referenced to polystyrene
standards (Mw= 65500, PDI= 1.02).

Crystal data for 1: C16H28Al2Cl2N2V, Mr= 424.20, monoclinic,
space group P21/n, T= 203(2) K, a= 8.227(2), b= 18.349(5) c=
8.263(2) K, b= 119.116(4)o, V= 1089.7(5) K3, Z= 2, m(MoKa)=
0.781 mm�1; 7694 reflections were collected, of which 1804 were
unique (Rint= 0.0329), GOF= 1.0151, final R1[I>2s(I)]= 0.0486,
wR2= 0.1341.

Crystal data for 2 : C30H44Al2Cl2N4V2,Mr= 687.43, triclinic, space
group P1̄, T= 203(2) K, a= 9.031(2), b= 9.889(2) c= 10.313(3) K,
a= 66.972(3), b= 88.399(4), g= 89.769(4)8, V= 847.3(4) K3, Z= 1,
m(MoKa)= 0.787 mm

�1; 5604 reflections were collected, of which 1847
were unique (Rint= 0.0463), GOF= 1.060, final R1[I>2s(I)]= 0.0632,
wR2= 0.1615.

CCDC-644253 (1) and 644254 (2) contain the supplementary
crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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