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The transition-metal-catalyzed polymerization (and oligomer-
ization) of ethene leads principally to linear polymers.1 However,
Brookhart has recently demonstrated that substantially branched
polymers (methyl hydrogens/total aliphatic hydrogens up to 0.30)
can be synthesized using palladium(II) and nickel(II) catalysts
incorporating very bulky chelating diimine ligands.2 Branching
is thought to arise fromâ-hydrogen abstraction followed by
readdition of the resultant coordinated vinyl-ended polymer to
the metal hydride, a process that competes with polymer chain
growth. Herein, we report that the presence of a bulky ligand
on the metal is not a necessary criterion for the formation of
branched polymers; indeed, polymers with a degree of branching
higher than hitherto reported (methyl hydrogens/total aliphatic
hydrogens up to 0.65) can be synthesized from ethene using
relatively simple, sterically unencumbered, metal catalysts. Fur-
thermore, it is possible to efficiently graft these hyperbranched
polymer moieties on to aromatic rings in small molecules and
polymers.
The catalyst system that we have uncovered consists of two

components: a transition-metal complex (typically, [Ni(π-meth-
allyl)(Br)] 23 or Pd(1,5-cyclooctadiene)(Me)(Cl))4 and an excess
of an aluminum compound (AlCl3 or AlEt3).5 The reaction rates
were particularly high for the Ni(II)/AlCl3 systems with the
turnover frequency approaching 10 000/h for the polymers
isolated. There was also an exotherm observed for the Ni(II)/
AlCl3 reaction with the temperature reaching 140°C. In addition
to the polymer, significant quantities of 1- and 2-butenes were
formed in all of the reactions.
Our results on the synthesis of polymers are summarized in

Table 1. Especially noteworthy are the low polydispersities (Mw/
Mn). Because of the problem associated with comparing a highly
branched polymer with a linear polymer (polystyrene) standard
(due to differences in hydrodynamic volumes), the polymers
corresponding to entries 3 and 4 were also examined by light
scattering. The correspondingMw andMw/Mn values obtained
were 1700, 1.4 and 1200, 1.2. The polymers formed were very
highly branched with no discernible backbone; typical1H and

13C NMR (CDCl3) spectra are shown in Figure 1a and 1b,
respectively. Perhaps the most remarkable feature of the1H NMR
spectra is the resonance due to the methyl protons at 0.85 ppm
which dwarfed all other resonances. A combination of13C NMR
DEPT and HMQC1H-13C NMR correlation experiments indi-
cated that there were multiple13C NMR resonances between 8
and 30 ppm that corresponded to the methyl group in the1H NMR
spectrum. While broadly similar NMR spectra were obtained in
every case, there were some significant differences. For example,
irrespective of the aluminum compound used, the1H NMR
(CDCl3) resonances centered at 1.3 ppm always were of higher
intensity than those centered at 1.7 ppm when the nickel catalyst
was employed, while the reverse was true with the palladium
catalyst. Finally, an extremely regular series of fragmentation
peaks separated by 14 mass units were observed in the mass
spectrum of a polymer sample withMw ) 550 (GPC).
The reaction of ethene with Ni(II)/AlCl3 at ambient temperature

was monitored by1H NMR spectroscopy. The addition of 10
equiv (0.10 mmol) of AlCl3 to a CDCl3 (0.5 mL) solution of [Ni-
(π-methallyl)(Br)]2 (0.005 mmol) 0.01 mmol of Ni) caused a
significant change in the NMR resonances of the methallyl group
(from 2.85 (2H), 2.32 (3H), 1.94 (2H) ppm to 3.52 (2H), 2.50
(3H), 2.46 (2H) ppm). Upon the addition of 1 equiv of ethene,
the intensity of the methallyl resonances decreased by 50% while
the peaks due to the hyperbranched polymer appeared. After 5
equiv of ethene was added, the methallyl resonances were no
longer observable; only those of the hyperbranched polymer
remained in the spectrum. The simplest explanation for the above
observations is that the methallyl group on the nickel was directly
involved in the formation of the polymer but the rate of initiation
was slower than the propagation rate. Control experiments
indicated that neither [Ni(π-methallyl)(Br)]2 nor AlCl3 alone gave
rise to the polymer under the above conditions.
When aromatic solvents susceptible to Friedel-Crafts alkyla-

tion were employed, the use of Ni(II)/AlCl3/ethene system led to
the formation of aryl-capped hyperbranched polymers.6 For
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Table 1. Synthesis of Hyperbranched Polymers from Ethene

catalyst ligand solvent yield (g)h Mw
i Mw/Mn

i Me/totalj

Ni/AlCl 3a CHCl3 2.9 800 1.2 0.53
Ni/AlCl 3a C6H5Cl 3.6 450 1.2 0.49
Ni/AlCl 3a dpped,k C6H5Cl 3.5 1010 1.3 0.43
Ni/AlCl 3a dpppd,k C6H5Cl 2.2 800 1.2 0.42
Ni/AlBr 3a C6H5Cl 3.6 490 1.1 0.57
Ni/AlEt3b CHCl3 3.0 580 1.2 0.52
Ni/AlEt3b dbue CHCl3 1.3 370 1.1 0.54
Ni/AlEt3b dpppf,k CHCl3 4.7 370 1.1 0.57
Pd/AlCl3c CHCl3 2.6 460 1.1 0.61
Pd/AlCl3c dpppf,k CHCl3 3.2 600 1.2 0.55
Pd/AlCl3c PPh3g CHCl3 3.4 520 1.1 0.58
Pd/AlEt3c CHCl3 1.0 410 1.1 0.62
Pd/AlEt3c dpppf,k CHCl3 2.2 550 1.1 0.60
Pd/AlEt3c PPh3g CHCl3 2.4 580 1.1 0.64

a [Ni(π-MeC3H4)(Br)]2, 0.013 mmol; AlCl3, 0.25 mmol; 10 mL of
solvent; 800 psi of ethene (constant pressure); 25°C; 30 min; 125 mL
pressure reactor equipped with glass liner.b [Ni(π-MeC3H4)(Br)]2, 0.075
mmol; AlEt3; 0.75 mmol; 10 mL of solvent, 800 psi of ethene (single
charge), 55°C, 16 h; 125 mL pressure reactor equipped with glass
liner. c Pd(1,5-cyclooctadiene)(Me)(Cl), 0.075 mmol; AlCl3 or AlEt3;
0.75 mmol; 10 mL of solvent, 800 psi of ethene (single charge), 55
°C, 16 h; 125 mL pressure reactor equipped with glass liner.d 0.025
mmol. e1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU); 0.38 mmol.f 0.075
mmol. g 0.15 mmol.hYield of polymer obtained after applying vacuum
(1 mmHg) at 50°C to the purified organic reaction product to remove
volatiles. i Determined by GPC relative to linear polystyrene standards.
j Ratio of methyl protons (at 0.85 ppm)/total alkyl protons (by1H NMR
integration).k dppe) 1,2-bis(diphenylphosphino)ethane; dppp) 1,3-
bis(diphenylphosphino)propane.
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example, under the reaction conditions shown in Table 1 (first
or second entry), the use of benzene (10 mL) resulted in the
formation of phenyl-capped hyperbranched polymer in which the
ratio of nonaromatic to aromatic hydrogens was approximately
6. The molecular weight as determined by GPC versus polysty-
rene standards was 360. Thus, the ethene/phenyl ratio was
approximately 10 (however, molecular weights of hyperbranched
polymers that are determined versus linear polymer standards
should be treated with caution). The1H NMR (CDCl3) spectrum
of the material was very similar to those of the noncapped
hyperbranched polymers except for additional resonances at 2.60
and 3.02 ppm due to hydrogen(s) on the carbon directly bonded
to the aromatic ring (i.e., benzylic hydrogens). Similar grafting
of hyperbranched polymer derived from ethene was observed
starting with toluene, xylene, and naphthalene.
It was also possible to graft hyperbranched polymer tails

derived from ethene on to the pendant phenyl groups of

polystyrene.7 For example using the Ni(II)/AlCl3/ethene system
and 0.5 g of polystyrene (Mw ) 360 000) in 5 mL of chloroben-
zene, polymer-grafted polystyrene weighing approximately 18%
more than the starting polymer with a ratio of nonaromatic to
aromatic hydrogens of approximately 1.5 was obtained (ratio of
nonaromatic to aromatic hydrogens in pure polystyrene) 0.6).
As expected, theTg of the product polymer was significantly lower
than the starting polystyrene (72 versus 100°C).
While the mechanism of branching in the present system

remains to be elucidated, an obvious alternative to that suggested
by Brookhart2 involves Lewis acid promoted carbocationic
rearrangements and oligomerizations. Ethene itself is unreactive
toward Lewis acids under the mild conditions employed by us.8

A more viable possibility is that the transition metal species was
responsible for the dimerization of ethene to butenes which are,
of course, more susceptible to Lewis acid (or H+) promoted
rearrangements and oligomerizations.Although not conclusiVe,
the following observations appear to be inconsistent with the
above mechanistic scenario: (a) the addition of a base, 1,8-
diazabicyclo[5.4.0]undec-7-ene, (up to 50% relative to AlEt3) to
the Ni(II)/AlEt3/ethene system resulted in somewhat reduced
yields butnot reduced branching in the polymer formed, (b) the
molecular weight and the structure of the polymer obtained
depended on the transition metal and its ancillary ligand (phos-
phine), and (c) AlEt3 is a significantlyweakerLewis acid than is
AlCl3, yet the degree of branching was invariably higher when
AlCl3 was replaced by AlEt3. The presence of quaternary carbons
in the polymer formed would, of course, totally exclude the
Brookhart mechanism and be consistent with carbocationic
rearrangements. However, no quaternary carbons were discernible
in the NMR spectrum of the hyperbranched polymer when the
13C NMR DEPT technique was employed. Unfortunately, due
to the complexity of the13C NMR spectra, it is possible that small
resonances due to quaternary carbons escaped our detection.
In conclusion, we have achieved the synthesis of hyperbranched

polymers from ethene using a novel catalyst system. The product
polymers are viscous oils with a nonregular microstructure
containing a high ratio of methyl group carbons to total number
of carbons. The grafting of the hyperbranched polymer on to
aromatic rings in small molecules and polymers was also
accomplished.
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Figure 1. (a) 1H NMR (CDCl3) spectrum of the hyperbranched polymer
and (b)13C{1H} NMR (CDCl3) spectrum of the hyperbranched polymer.
Reaction conditions: [Ni(π-MeC3H4)(Br)]2, 0.026 mmol; AlEt3; 0.52
mmol; 10 mL of CHCl3, 800 psi of ethene (single charge), 50°C, 17.5
h; 125 mL pressure reactor equipped with glass liner.
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