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Abstract

The catalytic properties of a series of Fe(ll) diimine complexes (diimine = N, N’-o-phenylenebis(salicylideneaminato),
N, N’-ethylenebis(salicylideneaminato), N, N’-o-phenylenebisbenzal, N, N’-ethylenebisbenzal) in combination with ethylalu-
minoxane (EAQ) for ethylene oligomerization have been investigated. Treatment of the iron(l1) complexes with EAO in
toluene generates active catalytic systems in situ that oligomerize ethylene to low-carbon olefins. The effects of reaction
temperature, ratios of Al /Fe and reaction periods on catalytic activity and product distribution have been studied. The
activity of complex FeCl ,(PhCH= 0-NC4H ,N=CHPh) with EAO at 200°C is 1.35 X 10° g oligomers/mol Fe- h, and the
selectivity of C,_;, olefins is 84.8%. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Low-carbon linear «-olefins are used primar-
ily as comonomers for production of linear
low-density polyethylene, plasticizers and syn-
thetic lubricants. Catalysts of ethylene oligomer-
ization now used in industry include neutral
Ni(11) complexes bearing bidentate monoanionic
ligands that are the basis for the Shell High
Olefin Process (SHOP) [1-3], and aluminum
alkyls, which find utility in the process of both
Chevron and Amoco [4]. Currently, much ef-
forts are devoted toward the development of
more efficient and selective catalysts for
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oligomerization and polymerization of alkenes
by early [5-8] and |ate transition metal catalysts
[9-11]. Ethylene polymerization catalyzed by
late transition metal Pd(I1) or Ni(ll) incorporat-
ing «-diimine complexes has been reported by
Brookhart et al. [12—15]. Recently, a new fam-
ily of catalysts based on iron and cobalt com-
plexes containing pyridine bisimine ligands has
been found to be very active towards ethylene
polymerization when methylaluminoxane
(MAO) is used as cocatalyst [16—19]. In their
researches on oligomerization of ethylene by
Fe(ll) and Co(ll) complexes, only oligomers
with high-average molecular weight were ob-
tained [18].

Ethylene oligomerization catayzed by di-
imine complexes of late transition metals with
ethylaluminoxane (EAO) has not been reported.
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Here we report the ethylene oligomerization
catalyzed by a series of iron(ll) complexes,
Fe(salphen) (1) (salphen= N,N’-o-phenylene-
bis(salicylideneaminato)), Fe(salen) (2) (salen =
N, N'-ethylenebis(salicylideneaminato)), FeCl -
(PhCH=0-NC4H ,N=CHPh) (3) and FeCl,
(PhCH=NCH,CH,N=CHPh) (4). The ca-
alytic activities and selectivities of the four
complexes with EAO as cocatalyst for ethylene
oligomerization have been studied at various
reaction temperatures and Al /Fe ratios as well
as different reaction periods. The experimental
results show that all four complexes have high
catalytic activities with satisfying selectivities to
low-carbon olefins.
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The structures of the four complexes.

2. Experimental

All reactions were carried out by using stan-
dard Schlenk techniques under an atmosphere of
nitrogen. Toluene was dried and deoxygenated
by didtillation aso under nitrogen. The other
chemicals were purchased commercially and
used without further purification.

1, 2, 3 and 4 were prepared according to the
literature [20,21]. EAO was prepared by partial
hydrolysis of Et;Al in toluene at 0-5°C with
Al (SO,), - 18H,0 as water source.

The oligomerization reactions were carried
out in a 75 ml stainless steel autoclave with

magnetic stirring. The autoclave was charged
under nitrogen with the solution of catalyst in
toluene and 10% EAO toluene solution. Con-
stant temperature was maintained by the electric
heating mantle. After the autoclave was pressur-
ized with ethylene to the desired pressure, the
reaction mixture was constantly stirred until the
end of the reaction. After it has cooled, the
vessel was vented and the reaction solution was
quenched by adding saturated NaOH-ethanol
solution and 1 ml of n-heptane as internal stan-
dard. Then, the gas and the solution were ana-
lyzed by gas chromatography with an OV 101
column (30 mx 0.25 mm) and FID detector
(temperature program: 60-100°C (9°C/min,
hold 0 min), 150°C (9°C/min, hold O min),
220°C (9°C/min, hold 8 min)). Oligomers were
analyzed by HP6890 GC/5973MSD GC-MS
detector.

3. Results and discussion

3.1. The effect of reaction temperature on cat-
alytic activities and product distribution

The catalytic activities of catalysts 1, 2, 3 and
4 for ethylene oligomerization are strongly af-
fected by reaction temperature (Fig. 1, Table 1).
When temperature was raised from 90°C to
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Fig. 1. The effect of temperature on catalytic activity. Reaction
conditions: reaction time: 2 h; pressure of ethylene: 1.8 MPg;
Al/Fe (molar ratio): 200; iron complex: 0.05 mmol; solvent:
toluene; total volume: 30 ml.
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Table 1
The effect of reaction temperature on product distribution

Reaction Product distribution

temperature C, , olefins
0

C,_1g linear a-olefins
1 2 3 4 1 2 3 4

90 100 912 100 994 787 950 959 89.6
110 100 886 100 988 911 785 90.6 88.2
130 95.6 83.0 982 939 785 60.7 773 759
150 874 783 868 838 679 606 654 663
170 86.1 76.0 83.0 837 784 678 73.6 76.8
200 869 73.0 848 848 583 630 695 66.0

200°C, the activities of the catalysts were greatly
increased. In the meantime, the four catalysts
displayed a decreased trend of selectivities to
C,_qo Olefinsand linear C,_,, a-olefins. Such a
drastic change of catalytic activities relying on
reaction temperature has not been observed in
ethylene oligomerization by homogeneous cata-
lysts of early transition metals. This phe-
nomenon might be attributed to the stability of
complexes. Complexes 1 and 2 have ligands
containing two O,N chelating bonds and large
conjugate systems. Complexes 3 and 4 contain
N,N’ chelating bonds and large conjugate sys-
tems. The catalytic system composed of com-
plex 3, and EAO is the most active one among
the four catalysts. Because complex 3 has a
large electron-withdrawing group and the iron—
chloride bonds, which are readily alkylated and
then undergo chain-growth reaction, high tem-
perature is favorable for the alkylation of iron
precatalysts. Compared with Cp,ZrL ,/EAO (L
= Cl, OAr), which was investigated in our pre-
vious research [22,23], the catalytic activities of
the Fe(11) complexes are much higher at temper-
atures above 170°C. It seems that iron catalysts
are more thermostable than zirconocene cata-
lysts.

3.2. The effect of Al /Fe ratios on catalytic
activities and product distribution

The effect of Al/Fe ratios on ethylene
oligomerization reaction was investigated and
the results are shown in Fig. 2 and Table 2.
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Fig. 2. The effect of Al /Fe ratios on catalytic activity. Reaction
conditions: reaction temperature: 150°C. The other conditions are
the same as those in Fig. 1.

Generaly, athreshold amount of cocatalyst was
needed to effectively activate the precatalyst.
The catalytic activities of the four complexes
were enhanced dramaticaly as the ratio of
Al /Fe (mol /mol) was increased from 50 to
200. When the ratio of Al /Fe was higher than
200, the activities went up smoothly, except
precatalyst 3. In addition, the ethylene oligomer-
ization experiment described above showed that
the ratio of Al /Fe from 50 to 200 resulted in
more active catalysts. These results suggest that
catalytically active species formed from precur-
sors containing diimine ligands with steric bulk-
iness near the metal center could be possibly
deactivated through reaction with excess EAQ.
The catalytic system of complex 3 and EAO
performed as the most active one and the activ-
ity grew up greatly when Al/Fe ratio was

Table 2
The effect of molar ratios of Al /Fe on product distribution
Al /Fe Product distribution

(molar ratio) ¢, . olefins Cy_1o linear a-olefins

1 2 3 4 1 2 3 4

50 933 893 923 90.1 755 784 756 66.6
100 90.0 835 891 873 732 69.2 774 633
200 874 783 868 838 679 60.6 654 66.3
300 90.8 80.3 90.6 86.1 61.0 54.1 704 60.6
400 88.7 729 89.1 86.7 60.1 56.3 61.7 58.8
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above 200. The catalysts kept relatively high
selectivities to low-carbon olefins, but the gen-
eral trend of selectivity of linear C,_,, a-Ol€fins
was decreased as the ratio of Al /Fe was raised.
In general, the structure of akylaluminoxane
has an obvious influence on the catalytic activ-
ity and product distribution. Compared with
other cocatalysts, like MAO and a modified
methylaluminoxane activator (MMAOQ, in which
25% of the methyl groups have been replaced
with isobutyl groups) [12—15], EAO favors the
formation of low-carbon olefins for either early
or late transition metal precatalysts.

3.3. The effect of reaction time on catalytic
activities and product distribution

Catalysts' lifetimes were investigated by
measuring the catalytic activities of ethylene
oligomerization at different reaction times. The
lifetimes of Fe(ll) catalysts generated by activa-
tion of EAO in ethylene oligomerization are
shown in Fig. 3 and Table 3. All used Fe(ll)
complexes generated the most active catalystsin
the first hour. After 3 h, the catalytic activities
went down dowly. The cataytic activities of
the Fe(ll) catalysts in the fourth hour is only
about half of that in the first hour. The activities
of the four catalysts steadily declined and the
selectivities of C,_,, olefins and linear C,_,,
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Fig. 3. The effect of reaction time on catalytic activity. Reaction
conditions: reaction temperature: 150°C; Al /Fe (molar ratio): 200.
The other conditions are the same as those in Fig. 1.

Table 3
The effect of reaction time on product distribution
Reaction  Product distribution
time(h) ¢, . olefins

1 2 3 4 1 2 3 4

91.1 925 980 958 688 700 744 874
874 783 868 838 679 60.6 654 66.3
894 805 859 770 715 686 731 774
870 783 877 764 663 668 717 723

C,_1o linear a-olefins

A WN PR

a-olefins gradualy decreased with extension
time.

4, Conclusion

Four diimine Fe(Il) complexes in combina-
tion with EAO as cocatalyst displayed high
activities in ethylene oligomerization and good
selectivities to low-carbon olefins. The catalytic
activities of catalysts closely depended on reac-
tion temperature and Al /Fe ratios. The active
catalysts reported here are stable over a wide
temperature range under a moderate ethylene
pressure. The obtained result that the catalytic
activity of complex 3 is higher than the activi-
ties of complexes 1, 2 and 4 indicates that two
structural factors, iron—chloride bond and large
conjugate system, are closely related to the cat-
aytic property of precursors. Therefore, the iron
complex with diimine containing the iron—
halogen bonds and a large conjugate system is
favorable to ethylene oligomerization reactions.
Further investigations on other diimine and
N, N, N-tridentate-coordinated Fe(l1) catalystsfor
ethylene oligomerization are under way.
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