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We report on the first example of metallocene-catalyzed al-
lyl amine incorporation having only one CH2 chain spacer into
the nonpolar polymer backbone using new metallocene 1 and
methylaluminoxane with high activity at high temperature. This
is the first example of predominant chain end site-selective in-
troduction of amine group into the polyolefins.

The incorporation of polar groups, especially having highly
reactive hydrogen such as OH or NH2, into an otherwise non-
polar material is desired as a substantial way for modifying
the properties of polyolefins to broaden the polyolefin applica-
tions. Promising catalysts containing group 10 transition
metals2 or organolanthanide3 have succeeded in the controlled
copolymerization of simple olefins with polar monomers. Zirco-
nocene/MAO catalysts were also successful in copolymerizing
ethylene with 10-undecen-1-ol4 or other polar monomers,5 hav-
ing long CH2 spacers between polar and vinyl groups, although
Ziegler–Natta catalysts containing group 4 transition metals are
known for their highly oxophilic nature.6

In recent research, we discovered a novel stereorigid
bridged metallocene having an indenyl ligand, a fluorenyl li-
gand, and a zirconium ion named IFZ catalyst 1 exhibiting un-
ique catalytic performance for olefin polymerization7 and ethyl-
ene/10-undecen-1-ol8 or allyl alcohol9 copolymerization.
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Concerning amino groups, tertiary amine-functionalized
olefins are easy to copolymerize with group IV catalysts, pro-
vided that sufficient steric hindrance is present around the nitro-

gen atom.10 However, direct polymerization of primary or sec-
ondary amines have not been successfully carried out, with one
exception, that is in a secondary amine having a long chain
spacer, namely the copolymerization of N-phenyl-10-undecena-
mine with 1-hexene using TiCl3/Et2AlCl catalyst system.11

Now we here report that the use of IFZ catalyst 1 and MAO
as a cocatalyst has successfully enabled the first copolymeriza-
tion of ethylene with a masked primary allyl amine having two
reactive hydrogens and one CH2 chain spacer.12

In our polymerization system, the copolymerizations of eth-
ylene with allyl amine using IFZ catalyst 1/MAO cocatalyst
were conducted as follows: Subjection of the toluene solution
of IFZ catalyst 1 and MAO to the solution of allyl amine
masked by triethylaluminum (TEA) or tri-iso-butylaluminum
(TIBA) and ethylene, led to the predominant production of 2.
The results are shown in Table 1. By use of TEA, allyl amine
was incorporated into the chain end, although the concomitant
incorporation to the inner site also occurred (Entry 1) (Figure
1). The 13C NMR assignment of the copolymer presented in
Figure 1 showed an ambiguous absorption band at 31.9 ppm
(peak No. 7), which were interpreted by DEPT editing to CH
(peak No. 7a) and CH2 (peak No. 7b). Furthermore, analysis
of end groups by 13C NMR revealed signals of �, !-end groups
due to aminomethyl and Et(Me) groups only, while signals
which were attributable to the carbon of vinyl or vinylidene
(114.4, 39.1 ppm) were not detected. This result implies that
the chain termination predominantly occurred at the incorpo-
rated masked allyl amine unit by alkylaluminums (TEA, MAO).

The use of TIBA relatively increased the incorporation of
allyl amine into the inner site (entry 2). Analysis of this copoly-
mer by 13C NMR showed that one chain end group was amino-
methyl (94%) and the other end group was alkyl (methyl: 62%
and iso-butyl: 44%) due to the predominant chain termination
by alkylaluminum (Figure 2). This result of chain termination
indicates that both alkylaluminums (MAO, TIBA) act almost
comparably as chain transfer reagents in the chain transfer reac-
tion. The relative increase of inner aminomethyl group in a pol-
ymer chain and the increased molecular weight (Mn ¼ 25000)

Table 1. Ethylene/Allyl amine polymerization using IFZ catalyst 1/MAO catalyst system

Entry 1 MAO R3Al
a Ethylene Temp. Time Yield Activ.b Mn

c MDc
Number of
NH2 groupe

mmol mmol L/h �C min g mol%d end in
1 0.025 1.57 TEA 2 50 60 4.98 0.20 6,500 2.41 0.57 0.86 0.33
2 0.025 1.57 TIBA 2 50 75 1.26 0.043 25,000 2.49 0.22 0.94 1.17
3 0.250 7.90 TEA >5 100 180 43.5 0.053 3,700 2.39 0.30 0.19 n.d.

Conditions: 0.1MPa pressure, toluene; 500mL, R3Al; 48mmol, Allyl amine 40mmol. aAllyl amine was treated with R3Al before adding tol-
uene solution of MAO and 1. bkg-polymer�mmol-Zr�1�h�1�atm�1. cMw/Mn by GPC analysis. dComonomer content in polymer determined by
1H-NMR analysis. eThis value is based on one polymer chain determined by 13C-NMR analysis.
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of this copolymer may be caused by the lower chain transfer
rate compared to Entry 1. In contrast the result of copolymeriz-
ing masked allyl alcohol with ethylene,9 the numbers of incor-
porated allyl amine were different, 10 for allyl alcohol, 1 for al-
lyl amine, respectively when TIBA was used as masking
alkylaluminums. A sequence analysis of the copolymer revealed
that incorporated amine into a polyethylene backbone was iso-
lated. It is intriguing that the numbers of incorporated polar
monomer are significantly lower than those cases in allyl alco-
hol under similar reaction condition. The degree of electronic
interactions between Zr cation and oxygen or nitrogen atoms
of inserted polar monomers may determine the reaction path-
way going to the chain transfer reaction or successive ethylene
insertion when the steric hindrance of alkyl aluminum is the
same (Scheme 1). Direct observation of the intermediate 3 by
using NMR technique was unsuccessful. These unique regios-
electivities would be caused by the combination of IFZ catalyst
1 and alkylaluminums having different steric hindrance.

Polymerization under the condition of IFZ catalyst 1/MAO
= 0.25mmol/7.90mmol at higher ethylene supply and tempera-
ture (>5L/h. and 100 �C) for longer polymerization time (3 h)
was conducted (Entry 3) to obtain a large amount of polymer.
The obtained polymers, however, resulted in the mixtures of al-
lyl amine functionalized polyethylene (10%) and homo-poly-
ethylene (90%) having lower molecular weight (Mn ¼ 3700)

probably due to more frequent chain transfer to alkylaluminums
at the activated bond between Zr and ethylene units, unlike the
polymerization behavior in Entry 1 or 2. Thus, this active pol-
ymer mixture before quenching was subjected to the aerobic
oxidation followed by an acid hydrolysis, and we have obtained
the mixtures consisting of aminohydroxyl-capped polyethylene
6 (7%), amino-capped polyethylene 2 (3%), and hydroxyl-
capped polyethylene (60%) besides homo-polyethylene (30%).
The assignment of 6 (-CH2OH: 64.2 ppm, -CH2NH3

þ:
43.5 ppm, -CH-: 38.7 ppm), 2 (-CH2NH3

þ: 45.5 ppm), and hy-
droxyl-capped polyethylene (-CH2OH: 62.7 ppm) was deter-
mined by 13C NMR analysis. The chemical yield of 6 obtained
by aerobic oxidation from 4 was estimated reasonable from the
literature13 at 70% using 13C NMR technique. This is a one-pot
synthesis of regioselective A,B-functionalized polyolefin 6.
Moreover this polyolefin 6 is a new polymer structure in which
polyethylene polymer chain was specifically end capped by dif-
ferent functional groups (amino and hydroxyl group).
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Figure 1. 13C NMR spectra (270MHz) of a copolymer (Entry 1 in
Table 1). Figure 2. 13C NMR spectra (270MHz) of a copolymer (Entry 2 in

Table 1).

Scheme 1. Proposed reaction pathway in this catalyst system.
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