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1. Introduction for Catalytic Polyethlene 
Production in Industry
Polyethylene (PE) and polypropylene (PP) are 

representative polyolefi ns widely used in human life. 
For instance, they are seen in a shopping bag supplied 
at a grocery store, a bumper of automobiles, and 
plastics we are commonly using. Our society is not 
convenient without polyolefi ns. There are two methods 
for industrial production of PE at present. One is a 
radical polymerization of ethylene, which is initiated 
by a peroxidic initiator, under high pressure of ethylene 
at high temperature, whereas the other is coordination 
polymerization of ethylene catalyzed by transition metal 
complexes. In Japan, 2,500,000 ton of PE is produced 
per year by coordination polymerization of etylene1). HP-
LDPE produced by radical polymerization has excellent 
properties in transparency and elasticity, and easily 
undergoes processing due to its branched structure and 
wide molecular weight distribution. Approximately 50% 
of low density PE is produced by the radical process. 
Despite the utility of HP-LDPE by the radical process, 
there are demerits in consumption of energy for the 
synthetic process derived from extremely high pressures 
of ethylene (100~300 MPa) and high temperatures 
(150~300 oC). In contrast, coordination polymerization 
of ethylene by transition metal catalysts proceeding 
under much milder conditions can produce PE having 
a linear structure and high density with a small amount 
of energy supply. It is important that the transition 
metal catalysts can copolymerize ethylene (monomer) 
with other olefi ns (co-monomer) such as 1-butene and 
1-hexene. Since the copolymerization provides branches 
derived from the alkyl moieties of co-monomers in linear 
PE, judicious choice of the monomer / co-monomer ratio 
resulted in selective production of PE having a variety 
of density. In typical examples, HDPE produced by 
homopolymerization of ethylene or copolymerization of 
ethylene with small amounts of co-monomers is used for 
a plastic drain and a polytank for oils due to its stiffness. 
LLDPE in which the increased co-monomer ratio was 

introduced shows mechanically stronger than HP-LDPE. 
There are two types of catalysts used for industrial 

production of PE. One is named the Ziegler-Natta 
catalyst, which was discovered by Ziegler and Natta in 
1950s, composed of titanium halides (main catalyst) 
and alkylaluminum compounds (cocatalyst)2). Use of 
the Ziegler-Natta catalyst made possible PE production 
under low ethylene pressure (1 atm). Stereoselective 
polymerization of propylene fi rst gave a method to 
produce isotactic-PP. Although long history of the 
investigation of the net catalytic species did not give 
any clear answer, the catalyst contains several different 
active sites (multi-site catalysts) and gives PE with 
broader molecular weight distribution. The improved 
Ziegler-Natta catalysts supported on MgCl2, which was 
later invented, is now used in the real industrial process3).  
The Kaminsky catalyst discovered in 1980 is composed 
of zirconocenes (main catalyst) and methylaluminoxane 
(MAO; cocatalyst)4). The active species is molecular and 
called a single site catalyst, which contributes to produce 
PE with narrow molecular weight distribution. By virtue of 
the molecular catalyst, appropriate catalyst design results 
in facile control of catalytic activity and molecular weight 
of the polyolefi n. In case of PP production, stereoselective 
polymerization to isotactic and syndiotactic PP is achieved 
by the catalyst design. The Kaminsky catalyst has made 
possible copolymerization of ethylene with less reactive 
comonomers such as cycloalkenes.

Early transition metals such as titanium and zirconium 
are good catalyst components for the Ziegler-Natta 
catalyst and the Kaminsky catalyst to give linear, high 
density PE with high molecular weight. In contrast, 
efforts to polymerize ethylene by late transition metal 
catalysts opened the way to produce C4 ~ C30 oligomers. 
Typical catalysts are organonickel complexes, which 
showed high reactivity towards β-hydrogen elimination to 
produce 1-olefi ns from Ni-alkyl species. The β-hydrogen 
elimination accelerates chain transfer reactions rather than 
propagation; this causes facile production of oligomers 
rather than PE as shown in Fig. 1. Typical industrial 
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oligomerization process of ethylene is called SHOP 
(Shell Higher Olefin Process). In Fig. 2 is illustrated a 
typical example of the SHOP catalyst which often has 
nickellacyclic structure5). This particular catalyst has a 
five-membered ring structure having a Ni-O bond and 
coordination of P stabilizes the Ni center. The catalyst has 
high catalytic activity and durability to give a mixture of 
α-olefins having C4~C30 (300,000 ton / year), which are 
widely used as starting materials for industrially useful 
materials. One of the typical examples is comonomers for 
polyolefins described above.

Of interest is whether there is no way to obtain PE 
with high molecular weights from ethylene monomer 
by nickel catalysts. A breakthrough was discovered in 
1995 by Brookhart and coworkers who found certain 
nickel complexes bearing α-diimine ligands to be a good 
catalyst for production of PE in the presence of MAO6). In 
particular, introduction of sterically bulky N-subsituents 
to the α-diimine ligand is a key to form PE with high 
molecular weights; catalytic activity is comparable to 
the metallocene catalysts. As described above, rapid 
chain transfer is a problem to obtain PE in the nickel 
catalyzed reaction with ethylene; this is due to the high 
reactivity of alkyl-nickel moieties towards β-hydrogen 
atom elimination followed by exchange of the resulting 
coordinating higher olefin by ethylene. 

The role of sterically bulky group to suppress olefin 
exchange is illustrated in Fig. 3 and Fig. 4, in which the 
four R groups protect the metal center for coordination 
of ethylene at the axial position of square-planer nickel 
species, which facilitate exchange process of coordinated 
higher olefin shown in II of Fig. 4 by ethylene. “The 
chain walking” was found to be a characteristic feature 
of ethylene polymerization by certain nickel complexes, 
which is promoted by reactions involving β-hydrogen 
elimination, reinsersion, and propagation as shown in 
I~III in Fig. 4. The chain walking facilely takes place with 
nickel catalysts having bulkier N-substituents, providing 
a synthetic route of hyperbranched polyethylene7). 
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Fig. 1 Chain transfer reaction of late metal catalysts.

L

L
Ni

H

n L

L
Ni

H

n

L

L
Ni

H

n

L

L
Ni

H

n

β-H elimination

n

associative
displacement

Fig. 2 SHOP(Shell Higher Olefin Process).

 

O
Ni

P

Ph PPh3

Ph
Ph

Ph

Discovery of Brookhart catalysts and the concept that 
sterically bulky group protecting the axial positions of 
square planer nickel species results in formation of PE 
with high molecular weights stimulated the improvement 
of SHOP catalysts for ethylene polymerization. Ligand 
design suitable for Brookhart’s concept has provided a 
salicylaldimine nickel complex shown in Fig. 5, which 
successfully gives PE with high molecular weights8,9).

We have recently discovered nickel complexes shown 
as A in Fig. 6 to be a catalyst for ethylene polymerization 
in the presence of MAO10). The complex A is easily 
synthesized by trimerization of arylisocyanide on the 
nickel atom, having an azanickellacyclopentene skeleton. 
The aryl group on the nitrogen atom in A is important 
for changing molecular weight and number of branches 
in PE produced. Interestingly, A contains α-diimine 
moiety in the molecule which potentially coordinates to 
other metals. Introduction of the second metal such as 
ZnBr2, CoBr2, and FeBr2 (Fig. 6, B) results in dramatic 
increase of the catalytic activity, which is considered to 
be promoted by the fact that the second metal reinforces 
the metallacyclic structure.
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The reason why nickel-catalyzed polymerization of 
ethylene attracts attention from industry is its potential 
to achieve copolymerization of ethylene with polar 
monomers such as acrylates and methacrylates. The 
polar monomers often have oxygen atoms in the 
molecule, which coordinates to catalytically active and 
highly oxophilic zirconium and titanium intermediates 
to prevent the reaction. Consequently, it is difficult to 
substitute radical copolymerization of ethylene and polar 
monomers, which is carried out in the industrial process 
(e.g. copolymerization of vinyl acetate with ethylene to 
give EVA) but has demerits its harsh reaction conditions, 
by a metal-catalyzed process. Less oxophilic nickel 
catalysts may solve this problem; however, attempts 
to achieve copolymerization of ethylene with polar 
monomers were not successful from the industrial point 
of view due to low catalytic activity of the conventional 
nickel complexes. In this sense, new types of 
polymerization catalysts with high reactivity are required 
to be developed. The azanickellacyclopentene complexes 
A and B are of interest because they have new concepts 
for the catalyst design; A is the first nickel catalyst having 
azanickellacyclopentene structure, whereas B is the 
first bimetallic catalysts showing high catalytic activity 
towards ethylene polymerization. In this paper, we wish to 
report synthesis and catalytic activity of two novel nickel 
complexes, C1 and C2, which are designed by extension 
of the concept to form the azanickellacyclopentene 
complexes. 

 
2. Results and Discussion
2.1 Catalyst Design

The azanickellacyclopentene complexes, A and B, 
contain a five-membered chelate structure in which the 
nickel center is bonded with a carbon of an iminoacyl 
group and with a nitrogen of the one of the imino 
moieties. If the nickel center is considered to be di-valent, 
the chelate ring would acts as an anionic bidentate ligand, 
in which C- and N: ligate to the Ni(II) center. This can be 
comparable to the SHOP catalyst shown in Fig. 5 in the 
point that the salicylaldimine ligand is considered to be an 
anionic bidentate ligand in which O- and N: ligate to the 
Ni(II) center. Of particular interest of our compounds, A 
and B, is existence of the Ni-C bond, which is susceptible 
towards insertion of ethylene11). In other words, it is 
surprising that A and B acts as good polymerization 
catalysts without decomposition of the catalyst due 
to facile insertion of ethylene into the Ni-C bond. Our 

hypothesis is the azametallacyclopentene structure to be 
enough robust to prohibit the insertion of ethylene to the 
Ni-C bond. This hypothesis provided us extended idea 
for the ligand design; the Ni-C=NR bond effectively 
stabilized by chelate structures may generally be robust 
towards the insertion of ethylene, and the complexes 
having other anionic bidentate ligands, in which C- and N: 
ligate to the Ni(II) center, may act as catalyst for ethylene 
polymerization.  

Our catalyst design based on these consideration 
provide two novel azanickellacyclopentene complexes 
shown in Fig. 7. The complexes C1 and C2 have an 
iminoacyl moiety, of which the iminoacyl carbon is 
connected to an aromatic ring and the nickel center. 
Intramolecular coordination of the imino- or quinolino 
group to the nickel center in C1 or C2 reinforces a five-
membered chelate ring. Since the synthetic route to C1 
and C2 involves oxidative addition of a Ar-Br bond in the 
precursors of C1 and C2 to nickel-phosphine complexes, 
a phosphine is coordinated to the nickel center, too. 
As described above, introduction of the second metal 
to A makes planer the metallacyclic structure, which 
contribute to reinforcing the catalyst. Introduction of 
aromatic ring in the metallacycle also contribute to the 
planer structure of the catalyst to strengthen the catalyst. 
In the new complexes, we anticipated that a benzene ring 
in C1 and a quinoline moiety in C2 would play important 
roles to reinforce the metallacyclic structure. As easily 
deduced from the molecular structures of C1 and C2, C2 
is apparently less flexible than C1; this results in higher 
catalytic activity of C2.
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2.2 Preparation and structure determination of C1 
and C2
The complex C1 was prepared by the following 

procedure: condensation of 2,6-dimethylbenzaldehyde 
with 2-bromo-4-methylaniline was treated with  p-toluene 
sulfonic acid (PTSA) during which water was removed 
from the reaction mixture. The complex precursor L1 
was obtained as yellow solids in 29% yield. Reaction 
of L1 with bis(1,5-cyclooctadiene)Ni [Ni(COD)2] in 
the presence of  PMe2Ph and 2,6-xylylisonitrile (1 eq. 
to L1) gave C1 in 76% yield. The complex C2 was 
prepared from commercially available 8-bromoquinoline 
by the reaction with Ni(COD)2, PMe2Ph, and 
2,6-diisopropylphenylisonitrile in 74% yield. 

Molecular structures of C1 and C2 were determined by 
crystallography. The ORTEP views are shown in Figs. 8 
and 9, whereas representative bond distances and angles 
are listed in Table 1. Both of the complexes have a square 
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Fig. 8 ORTEP drawing of C1. Fig. 9 ORTEP drawing of C2.

C15 C10

 Table 1-1 Crystallographic data, bond distances and bond angles of C1 

C1 

Crystallograpic data Bond distances Bond angles 

Formula 
Crystal system 
Space group 
a[Å] 
b 
c 
α[º] 
β 
γ 
V[Å3] 
Z 
R, Rw 

C33H36N2BrNiP 
Triclinic 
P-1 (#2) 
10.9082(7) 
15.4658(7) 
10.2929(7) 
106.253(4) 
115.943(2) 
81.801(2) 
1498.66(16) 
2 
0.0426, 0.1065 

Ni(1)-C(1) 
Ni(1)-N(1) 
Ni(1)-Br(1) 
Ni(1)-P(1) 
N(1)-C(15) 
C(1)-C(10) 
C(10)-C(15) 
N(1)-C(17) 
C(1)-N(2) 
N(2)-C(2) 

1.900(3) 
1.962(2) 
2.3877(5) 
2.1647(8)   
1.437(4) 
1.488(4) 
1.392(4) 
1.285(4) 
1.269(4) 
1.412(4) 

C(1)-Ni(1)-N(1) 
Br(1)-Ni(1)-P(1) 
C(1)-Ni(1)-P(1) 
N(1)-Ni(1)-Br(1) 
C(1)-N(2)-C(2) 
C(1)-Ni(1)-Br(1) 
N(1)-Ni(1)-P(1) 

81.50(11) 
95.87(7) 
94.78(9) 
95.87(7) 
127.5(3) 
165.79(9) 
163.20(8)  

 
Table 1-2 Crystallographic data, bond distances and bond angles of C2 

C2 

Crystallograpic data Bond distances Bond angles 

Formula 
Crystal system 
Space group 
a[Å] 
b 
c 
α[º] 
β 
γ 
V[Å3] 
Z 
R, Rw 

C30H34N2BrNiP 
Triclinic 
P-1 (#2) 
9.1564(8) 
17.7859(15) 
9.1190(9) 
95.706(3) 
105.318(3) 
99.124(4) 
1398.5(2) 
2 
0.0557, 0.1385 

Ni(1)-C(10) 
Ni(1)-N(1) 
Ni(1)-Br(1) 
Ni(1)-P(1) 
N(1)-C(9) 
C(10)-C(7) 
C(7)-C(9) 
N(1)-C(1) 
C(10)-N(2) 
N(2)-C(11) 

1.899(4) 
1.969(4) 
2.3959(8) 
2.1830(13) 
1.369(6) 
1.495(6) 
1.411(6) 
1.326(6) 
1.280(6) 
1.405(6) 

C(10)-Ni(1)-N(1) 
Br(1)-Ni(1)-P(1) 
C(10)-Ni(1)-P(1) 
N(1)-Ni(1)-Br(1) 
C(10)-N(2)-C(11) 
C(10)-Ni(1)-Br(1) 
N(1)-Ni(1)-P(1) 

84.41(17) 
96.04(11) 
96.48(13) 
96.04(11) 
128.2(4) 
159.32(14)
 

154.31(12)
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planar geometry, in which the nickel atom is bonded with 
a carbon of the iminoacyl group, bromine, a nitrogen 
atom of the imino or qunoline group, and phosphorous 
atom of PMe2Ph. The carbon and the bromine are in the 
trans-position. The xylyl group in the iminoacyl moiety 
in C1 takes part in giving some steric influence around 
the nickel center; however, that in the imino group is 
far from the metal center. The molecular structure of C1 
suggests that nickellacyclopentene structure is flexible and 
the substituents connected to the non-planer metallacycle 
freely rotated to avoid the steric repulsion; this leads to 
only small steric bias is available for the circumstance of 
the nickel center from the ligand structure. In contrast, C2 
has a planer structure due to the planarity of the quinoline 
ring, and sterically more bulky 2,6-diisopropylphenyl 
group exists in the iminoacyl moiety effectively protect 
the axial position of the nickel square. In other words, 
we prepared two complexes, C1 and C2, having a similar 
ligand arrangement consisting of a carbon, bromine, 
nitrogen, and phosphorous; however, C1 has a small 
effect on the protection of the axial positions of the nickel 
square, whereas C2 has a relatively large effect.

1H NMR spectra of C1 and C2 in C6D6 at 60 oC 
indicate that the molecular structures determined by 
crystallography are maintained in solution states. 
Interestingly, the spectra sometimes showed dynamic 
behavior; at room temperature, the signals due to the 
iminoacyl group and PMe2Ph are broaden. For instance, 
a signal due to the methyl group of the imonoacyl moiety 
in C1 appears as a singlet (δ 2.8) at 60 oC, whereas it 
was seen as a broad bump (δ 2~3) at room temperature. 
This indicates that the benzene ring of the iminoacyl 
moiety has a rotational barrier in the NMR time scale; 
this may affect the rotation of PMe2Ph along the Ni-P 
bond. In sharp contrast, the diastereotopic two methyl 
groups of the two isopropyl moieties in C2 appeared as 
a independent sharp doublets at both 60 oC and at room 
temperature. This suggest that the benzene ring connected 
to the isopropyl moieties does not rotate, but affect to slow 
down the rotation of PMe2Ph (δ 0.84). In considering the 
catalytic species, PMe2Ph in C1 and C2 should dissociate 
from the nickel center to provide a coordination site for 
ethylene. In the absence of MAO, free PMe2Ph was not 
observed; this indicates the importance of the action of 
MAO for generation of the active species. 

2.3 Polymerization of ethylene by C1 and C2 in the 
presence of MAO. 
The results of ethylene polymerization by C1 and C2 

are shown in Table 2. The catalyst was prepared in situ 
by treating with MAO (200 eq. to the catalyst) in toluene 
at room temperature for 30 min. Then, the reaction vessel 
was put into a 100 mL stainless steel autoclave, and 0.8 
MPa of ethylene was applied. After 20 min, the reaction 
was quenched, and the formed PE was subjected to GPC 
analysis. The molecular weight of the formed polyethylene 
was Mn > 105 in either the catalyst. The melting point 
of the formed PE indicates existence of branches. The 
catalytic activity of C2 was 73 g PE/ mmol·hr, which is 
comparable to those seen in the ethylene polymerization 

by the catalyst A. In contrast, C1 was not a reactive 
catalyst (5 g PE/mmol·hr). These differences between C1 
and C2 will be discussed later. 

2.4 The relationship between the catalyst structure 
and activity and branching.
 In Fig. 10 are summarized valued of ω, θ, and τ for C1 

and C2. The ω is defined as sum of inner angles of the five 
membered nickellacycle, which is an indicator of planar-
ity of the azametallacycle. The dihedral angle between the 
least square plane defined by the five-membered nickel-
lacycle and iminoacyl moiety was defined by θ, which 
shows deviation of the iminoacyl group from the nickel 
square. The τ is defined as dihedral angle between the 
nickellacycle plane and the imino moiety, which shows 
deviation of the ligand containing a coordinating nitrogen 
atom from the nickel square. The ω = 534.7o of C2 is close 
to that of B, suggesting the nickel square is more planer 
than that of C1 (w = 521.9 oC). The iminoacyl moieties of 
C1, C2, and B are not coplanar with the nickel square, giv-
ing θ > 36o, which is much different from θ of B (16.4o). 
The τ of C1 is 43.9o, which is much larger than those of C2 
(6.4o), A (10.8o), and B (4.5o); only C1 has a coordinating 
nitrogen-containing ligand which is not coplanar with the 
nickel square. The bond distances around the imino group 
in C2 are the following features; the N(1)-C(9) bond in 
the nickellacycle is 1.369 Å, whereas the N(1)-C(1) at the 
exo position is 1.326 Å; these are apparently shorter than a 
typical N-C single bond distance (1.45 Å), suggesting mul-
tiple bond interaction. In the complex C1, the N(1)-C(15) 
in the metallacycle is close to a N-C single bond (1.47 
Å), whereas the N(1)-C(17) bond distance of  1.285 Å is 
similar to a typical N=C bond（1.26 Å）; these makes 
τ larger. The structural feature of C1 having larger θ and 
τ provides two important factors for the polymerization 
mechanisms; one is the aromatic group on the imino moi-
ety is too remote and too flexible to give steric influence to 
the nickel center compared with other three nickellacyclic 
complexes. Compared with the structure of C1, C2 and A 
have relatively rigid structure. In particular, the quinoline 
ring in C2 takes part in increasing ω, namely the planarity 
of the metallacycle, which is an indicator of rigidity of the 

Run Complex Activity Mn Mw/Mn Tm 
g/mmol · hr ×104 ℃

1 C1 5 10.9 7.9 128.5 

2 C2 73 22.1 2.3 103.8 

3 A 76 10.0 3.3 128.0 

4 B 1620 0.6 3.4 127.4 

cocatalyst: pMAO (200 equiv, run 3:100 equiv),  
ethylene: 0.8 MPa,  solvent: toluene 50 mL (total volume),  
temperature: r.t., time: 20 min 

Table 2 Catalytic activities of azanickellacycle 
complexes for porimerization of ethylene
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complex. Straight comparison of the effective blocking of 
the axial positions of the nickel atom by the substituents 
of the metallacycle is difficult between C2 and A, because 
C2 has a single more bulky 2,6-diisopropylphenyl ring, 
whereas A possesses two less bulky o-xylyl groups. How-
ever, it is of interest as rough estimation that both of them 
contribute to providing good steric factor for blocking the 
axial positions of the nickel atom. Compared with C1, C2, 
and A, B has the largest ω and the smallest θ and τ; this 
means that the complex has a planer and rigid structure, 
taking part in effective blocking of the axial positions of 
the nickel atom by two o-xylyl moieties. 

In summary, the order of the rigidity of the complex is: 
B > C2 > A > C1, whereas the order of effective blocking 
of the nickel atom by the ligands is: B > C2 ≧ A > C1. 
These two factors are known to provide catalytic activ-
ity for ethylene oligomerization and polymerization; the 
higher rigidity and the more effective blocking of the axial 
positions generally give higher catalytic activity. In the 
SHOP catalysts, the catalytic activity is decreased in the 
order, nickellacyclopropane, nickellacyclohexane, and 
nickellacycloheptane. This is explained by the decreased 
planarity and rigidity of the metallacycle in increasing 
the ring size of the metallacycle12). The decreased planar-
ity and rigidity in the order, B > C2 > A > C1, described 
above are consistent with the order of the catalytic activ-
ity. Sterically bulky ligands which effectively block the 
axial positions of the nickel center suppress the chain 
transfer to contribute to producing PE with high molecu-
lar weight as described above. The other sterically bulky 
ligand effect which was proposed in literature regarding to 
the Brookhart catalyst is destabilization of alkylnickel in-
termediates coordinating to ethylene (resting state) which 

Fig 10 Structure and catalytic activity.

facilitates the propagation. In the mechanism of Grubbs’ 
salicylaldimine complex, sterically bulky ligand was pro-
posed to accelerate dissociation of PPh3 to open the coor-
dination site for ethylene and to suppress the formation of 
inactive salicylaldimine dimer13). These may be effective 
for high catalytic activity of B, too.

Measurement of DSC of the formed PE showed melting 
points of PE produced by C1, C2, A, and B to be 128.5, 
103.8, 128.0, and 127.4 oC, respectively. In general, linear 
PE is crystalline and its melting point is around 138 oC. 
Introduction of branches to PE results in lowering of the 
crystallinity to decrease the melting point. For instance, 
the melting point of PE produced by the Brookhart catalyst 
is dependent on the steric bulkiness of the ligand; higher 
steric bulkiness gives lower melting point. This is a side 
effect of destabilization of the resting state as described 
above; “Chain Walking” pathway is predominant over the 
propagation from the alkyl cation intermediates (complex 
I of Fig. 4). It is known that two diimine complexes shown 
in Fig. 3, where R = Me and iPr, gave PE with Tm = 128 
and 110 oC, respectively, which are corresponding to the 
ratio of branched carbon in the PE chain of 13/1000C 
and 24/1000C, respectively, when polymerization was 
performed at 35 oC for 10 min under 200 psi of ethylene 
pressure.7) Similar effect of sterically bulky ligand is 
apparently involved in the mechanisms to give PE with 
different Tm in C1, C2, A, and B. In particular, it is of 
interest in comparison with the Brookhart catalyst of R = 
iPr which have four isopropyl groups in the molecule that 
only two isopropyl groups effectively gave significantly 
low Tm of 103 oC. 

In summary, we have synthesized two novel complexes, 
C1 and C2 having an iminoacyl moiety and found their 

C1 C2 A B

Activity
[g/mmol·hr]

θ [°]

ω [°]

τ [°]

5

45.5

521.9

43.9

73

36.2

534.7

6.4

76

42.4

525.1

10.8

1620

16.4

536.7

4.5



Catalyst Design of Novel Nickellacyclic Complexes for Ethylene Polymerization

catalytic activity towards PE production in the presence 
of MAO. This is the second example that the iminoacyl 
moiety is effective partial structure in the SHOP type 
catalyst. Higher catalytic activity of C2 is ascribed 
to appropriate planarity and rigidity of the complex 
associated with the steric bulkiness of the ligand affecting 
blocking of the nickel center. In the same line of these 
catalyst design, we anticipate further examples of active 
polymerization catalyst having the iminoacyl moiety, and 
further investigation is in progress.

3. Experimental
 All of the experiments were carried out under nitro-

gen atmosphere. Anhydrous toluene and pentane were 
purchased from commercial source. Benzene-d6 was dis-
tilled from benzophenone ketyl. Other reagents, 2,6-di-
methylbenzaldehyde, and 2-bromo-4-methylaniline were 
purchased from TCI, whereas 8-bromoquinoline and 
PMAO-S were from Aldrich and TOSOH Fine Chem, 
respectively. NMR (1H, 13C, and 31P) were measured by 
JEOL GSX 270. Mw and Mw/Mn were determined by 
GPC (TOSOH HLC-8121GPC/HT) at 140 oC by o-di-
chlorobenzene as an eluent. Tm was measured by DSC 
(Seiko DSC-200).

3.1 Preparation of C1. 
3.1.1 Preparation of the ligand precursor L1. 

In a Schlenk tube (300 mL) was dissolved 2,6-dimeth-
ylbenzaldehyde (3.37 g, 25.2 mmol) in toluene (250 mL).
To this solution, p-toluenesulfonic acid monohydrate 
(PTSA) (4.8 g, 25.2 mmol), 2-bromo-4-methylaniline 
(3.2 mL, 25.8 mmol) was added. Suspension was formed. 
Dean-Stark trap was attached to the Schlenk tube and the 
reaction vessel was heated under reflux of toluene with 
removal of formed water. Reddish brown homogeneous 
solution was formed. After 6 h, the mixture was cooled to 
room temperature. The toluene solution was washed with 
NaHCO3 aq. and brine, and dried over MgSO4. Concen-
tration of the organic solution gave brown solid, which 
was washed with hexane to remove impurities. The ligand 
precursor L1 was obtained as a yellow solid (3.49 g, 29 
%). 1H NMR(δ, C6D6): 1.95(s, 3H, tolyl-CH3), 2.51(s, 6H, 
2,6-(CH3)2C6H3) imine), 6.65(d, 1H, tolyl), 6.80(d, 1H, 
tolyl), 6.89(d, 2H, m-2,6-(CH3)2C6H3)), 7.01(t, 1H, p-2,6-
(CH3)2C6H3)), 7.34(s, 1H, tolyl), 8.50(s, 1H, N=C-H).

3.1.2 Preparation of C1. 
To Ni(cod)2 (0.18g, 0.66mmol) dissolved in toluene 

(10 ml) was added a toluene solution of PMe2Ph (95 
µL, 0.66mmol) and 2,6-dimethylphenyl isocyanide (0.5 
M、1.3 mL, 0.65 mmol), and the mixture was stirred at 
room temperature for 1 h. Then, L1 (0.20 g, 0.66 mmol) 
dissolved in toluene (10 mL) was added. The mixture was 
heated at 50 oC for 6 h. The solvents were removed in 
vacuo, and the resulting solids were washed with pentane. 
Dissolution of the obtained solid in toluene was followed 
by filtration for removal of insoluble materials. The com-
plex C1 was obtained by concentration as red solids. (0.31 
g, 75.8 %). 1H NMR(δ, C6D6): 1.48(br, 6H, P(CH3)2Ph), 
1.87(s, 3H, tolyl-CH3), 1.91(br s, 6H, 2,6-(CH3)2C6H3) 

imine), 1.98(br s, 6H, 2,6-(CH3)2C6H3) iminoacyl), 
6.36(d, 1H), 6.44(d, 1H). 31P NMR(δ, C6D6): -2.18. 
13CNMR(δ, C6D6): 20.32, 20.40, 20.78, 118.82, 123.04, 
123.79, 128.31, 128.67, 129.67, 129.77, 134.82, 138.93, 
147.59, 147.96, 148.28, 171.17 (several peaks were not 
observable due to the poor solubility of the complex)

3.2 Preparation of C2
To a Ni(cod)2 (0.28 g, 1.0 mmol) dissolved in toluene 

(10 mL) was added a toluene solution of  PMe2Ph (0.15 
mL, 1.05 mmol) and 2,6-diisoprpylphenyl isocyanide (0.5 
M, 2.1 mL, 1.05 mmol), and the mixture was stirred at 
room temperature for 1 h. Then, 8-bromoqinoline (0.223 
g) dissolved in toluene (10 mL) was added, and the mix-
ture was heated at 50 oC for 6h. After removal of the sol-
vent in vacuo, the crude material was washed with pentane 
and redissolved in toluene. Insoluble by-products were re-
moved by filtration, and the filtrate was concentrated. The 
complex C2 was obtained as red solids. (0.454 g, 74.4 %). 
1H NMR(δ, C6D6): 0.91(d, 6H), 1.29(d, 6H), 1.53(s, 6H), 
3.74(br, 2H), 6.59(m, 1H), 6.83(t, 1H), 7.01-7.10(m, 7H), 
7.37(t, 2H, 7.66(br, 2H), 10.00(d, 1H). 31P NMR(δ, C6D6): 
0.84. 13CNMR(δ, C6D6): 23.30, 23.41, 29.28, 122.43, 
123.38, 123.85, 124.04, 127.04, 128.09, 136.28, 136.51, 
153.78 (several peaks were not observable due to the poor 
solubility of the complex)

3.3 Polymerization of Ethylene
In a 100 mL Schlenk tube, the catalyst (10 mmol) was 

dissolved in toluene (50 mL). To this solution, MAO 
(PMAO-S, 2.0 mmol) was treated at room temperature 
for 1 h. The solution was placed a stainless autoclave 
(100 mL), and ethylene was applied at room temperature. 
During the polymerization, the pressure of ethylene was 
kept at 0.8 MPa. After 20 min, ethylene was purged, and 
the reaction was quenched by methanol (10 mL).The 
reaction mixture was poured into a solution of HCl in 
methanol for removal of aluminum residues. The formed 
PE was filtered and dried in vacuo at 80 oC for 12 h.
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