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Abstract

A series of zirconium salen-type complexes were prepared by using Zr@ sodium salts of the tetradentate Schiff base ligands. In
combination with E$AICI, they displayed moderate to high catalytic activities in ethylene oligomerization under a pressure of 1.0-1.8 MPa
at 150°C in toluene. The main products are-@g olefins with good selectivity to lineaz-olefins. The turnover frequency (TOF) of
catalyst system Zr(salen)c! THF/Et,AICI, under a pressure of 1.8 MPa and in ary2i molar ratio of 300, was 83 x 10* h—1 with a
satisfactory selectivity to £-Cy g olefins (89%), and lineaz-olefins accounted for 95%. The steric and conjugate effects of the ligands on
ethylene oligomerization, as well as the effects of cocatalysts, tti&r Aholar ratios, the reaction temperature, the ethylene pressure, and the
lifetime of the catalysts were studied.

0 2003 Published by Elsevier Inc.
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1. Introduction merization and oligomerization have triggered an upsurge
in preparation and catalysis of postmetallocene precatalysts,
Investigations of catalytic oligomerization of ethylene particularly the complexes incorporating diverse chelating
have been mainly focused on the complexes of titanium, Schiff base ligands.
zirconium, chromium, and nickel for decades [1-3]. Inaddi-  The precatalysts formed by the combination of group
tion to the extensively studied complexes of group 4 metal- 4 metals with various N,O-bidentate on®,-tetradentate
locenes, the catalytic properties of related catalyst systemssalen-type ligands possess many advantages, such as facile
such as half-sandwich titanium and boratabenzene zirco-approach, relative tolerance, readily adjusted ancillary lig-
nium complexes, were also reported for ethylene oligomer- ands, and tunable steric and electronic coordination envi-
ization by Bazan [4,5], Teuben and their co-workers [6]. ronments on the metal center. All these merits have drawn
Chromium compounds possessing nitrogen or oxygen lig- our attention to the catalytic performance of tetradentate zir-
ands and tantalum(V) chloride were found to be effective conium salen-type complexes. Some salen-type complexes
catalyst precursors for the selective trimerization of ethylene of late transition metals have proved to be good cata-
to 1-hexene [7,8]. A variety of nickel complexes with P,O- |yst precursors for ethylene oligomerization to low-carbon
(analogous to the Ni precursors used in the SHOP processplefins [14]. In contrast to transition metals of middle and
[2], P.N-, §,S-, or O,0-chelating ligands were widely stud- |ate d-block, literature references are limited in the synthe-
ied, predominantly affording linear-olefins in different se-  sjs, crystal structures, and chemical behaviors of salen-type
lectivities to the chain length of the oligomers. In recent complexes of group 4 metals [15-26]. The two reactive
years, the discoveries of a new family of Fe(ll)- and Co(ll)- \M—cI bonds in a zirconium salen-type complex are appro-
based bis(imino)pyridyl catalysts and a series of Ni(ll)- priate for alkylation of the metal center, which is one of
and Pd(ll)-basedx-diimine catalysts, by Gibson [9,10], the essential properties of precatalysts available for cataly-
Brookhart and their co-workers [11-13], for ethylene poly- js studies of ethylene oligomerization and polymerization.
So far very few reports concerning ethylene polymerization
~ * Corresponding authors. by this class of Ti and Zr complexes have been found in the
E-mail addresssymbueno@mail.dlptt.In.cn (M. Wang and L. Sun). literature [27—31], and none is related to ethylene oligomer-
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ization. Here we report the results on the synthesis and cata- 1, IR (KBr): v(C=N) 1623 cntl. 1H NMR (CD3CN):
lytic properties of zirconium salen-type complexes LZCl § 8.27 (s, 2H, N=CH), 7.50-6.86 (m, 8H, 8 of Ph),
(1-4) (1, HoL1, N, N'-0-ethylenebis(salicylideneiminate); 4.13 (s, 4H, &, of ethylene group). Anal. Calcd. for
2, HoL? N, N’-o-phenylenebis(salicylideneiminate)s, Ci16H14N20,CloZr: C, 44.86; H, 3.29; N, 6.54. Found:
H,L3, N, N’-o-ethylenebis(3,5-diert-butylsalicylideneimi- C, 44.47:H, 3.32: N, 6.60.

nate); 4, HoL%, N, N’-o-phenylenebis(3,5-dkrt-butylsal- 2, IR (KBr): v(C=N) 1610 cnrl. 1H NMR (CD3CN):
icylidene iminate)) in combination with EAICI or EAO §8.72 (s, 2H, N=CH), 7.58-6.85 (m, 12H, B of Ph). Anal.

(ethylaluminoxane) as cocatalyst for ethylene oligomeriza- caicd. for GoH14N20,CloZr: C, 50.42; H, 2.96; N, 5.88.
tion. Moderate to high catalytic activities for catalyst sys- rqund: C. 49.97- H. 2.93' N. 5.79.

tems of zirconium complexebs-4/Et,AICI were observed 3. THF, IR (KBr): v(C=N) 1616 cntl. 'H NMR

with high selectivities to low-carbon-olefins under high (CDCh): 5 8.50 (s, 2H, N=CH), 7.64 and 7.28 (2s, each
temperature (150C) and moderate pressure (1.0-1.8 MPa). for 2H, CH of Ph), 4.14 (s, 4H, B of ethylene group),

3.82 (m, 4H, ®, of THF), 1.82 (m, 4H, €, of THF), 1.50
and 1.32 (2s, each for 9HHG of tert-Bu).

2. Experimental 3, IR (KBr): v(C=N) 1624 cnt. 'H NMR (CDCl):
§ 8.29 (s, 2H, N=CH), 7.48 and 7.20 (2s, each for 2H,
2.1. General procedures CH of Ph), 4.15 (s, 4H, 8, of ethylene group), 1.50

and 1.31 (2s, each for 9H,HG of tert-Bu). Anal. Calcd.

All reactions and operations related to organometallic ¢, CaoHagN20-CloZr: C, 58.86; H, 7.12: N, 4.29. Found:
complexes were carried out under a dry, oxygen—freedinitro—c 58.61' H. 7.01: N. 4.34.

gen atmosphere Wltn stanqlard Schlenfk techniques. Toluene 4. THF, IR (KBr): v(C=N) 1603 cml. 'H NMR

aﬂd THkaerIe déstl ed .tprlor to tuse rrc:m S(I)Ec#]urln/benzol- (CDCh): § 8.70 (s, 2H, N=CH), 7.74-7.34 (m, 8H, B

phenone ketyl under a nitrogen atmosphere. Ethylene (po Y-of Ph), 3.76 (m, 4H, @l of THE), 1.83 (M, 4H, El, of

mer grade) passed through molecular sieves (4 A). Ethyl-

aluminoxane was prepared by partial hydrolysis ofAEt THF), 1.48 and 1.32 (s, each for SHbig of tert-Bu).

with ALSOL, 18pH2C§) e n Vb’af’er souré’e (AléH oo 4, IR (KBr): v(C=N) 1610 cnt’. 1H NMR (CDCl):
213 2~ = 58.88 (s, 2H, N=CH), 7.73-7.33 (m, 8H, 8 of Ph), 1.60

1:1, mol/mol) in toluene at 0-8C [32]. Diethyl aluminum
and 1.34 (2s, each for 9H,HG of tert-Bu). Anal. Calcd.

chloride, triethyl aluminum, and Zr@lwere purchased from _ _ : _
Sigma-Aldrich Chemie GmbH. Other commercially avail- for CaeHagN202CloZr: C, 61.68; H, 6.63; N, 4.00. Found:
C,61.82; H, 6.60; N, 3.94.

able chemical reagents were used without further purifica-
tion.

Infrared spectra were recorded from KBr pellets using a ) L
JASCO FT/IR 430 spectrophotometer aitiNMR spectra 2.3. Oligomerization of ethylene
on a Varian INOVA 400NMR apparatus. Elemental analyses
were performed on a CARLO ERBA MOD-1106 elemental
analyzer. GC/MS analyses of oligomers were made using an
HP6890GC/5973MS instrument.

The ethylene oligomerization reactions catalyzed by
complexesl-4 were performed as previously reported [34].
A toluene solution of the cocatalyst in a needed Zlra-
tio was added to either the toluene solution or suspension of
the precursor complexels4. The suspension turned clear
after the mixture was stirred for several minutes. No aging
time was needed for these catalytic systems. The oligomer-
ization reaction was carried out in a 100-ml autoclave under
a constant ethylene pressure (1.0-1.8 MPa). The autoclave

of ZrCly - 2THF used in the literature, the compound Z¢Cl was heated in an oil bath to the preset temperature and the
(1.08 g, 4.61 mmol) was slowly rak;ad into a freshly pre- contents were stirred magnetically for a certain period. After

pared THF solution (70 ml) of Né (4.61 mmol) at—20°C. reaction, the valve of the autoclave to the ethylene pipeline
After half an hour the mixture was allowed to reach room Was closed. The autoclave was cooled, vented and weighed.
temperature and stirred for another hour. Afterward the re- The catalytic reactivity of a catalyst was calculated based
action conditions and work-up were as described in the lit- ©n the weight difference of the autoclave before and after
erature [15]. the reaction. After the reaction was quenched by an alco-

The desolvated complexds4 were prepared by reflux-  holic solution saturated with NaOH, the distribution of the
ing the above-obtained complexes in toluene for 2 h. Af- oligomers was determined by GC analysis and GC/MS spec-
ter being filtrated with a cannula, the crystalline solid was tra of the obtained solution with-heptane as an internal
washed two times with pentane and dried in vacuo. standard.

2.2. Preparation of complexds4

All ligands and their sodium salts were prepared accord-
ing to literature procedures [33].

Complexesl—4 in the THF-solvated form were prepared
by a modified method referring to the literature [15]. Instead
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3. Resultsand discussion

3.1. Preparation and characteristics of zirconium
salen-type complexds4

Zirconium salen-type complexels- THF and2 - THF
were prepared by Repo and Floriani from ZQATHF. Both
complexes were identified by X-ray crystallography [15,29].
In our experiment, ZrGlwas used directly as starting com-
pound in the preparation df4 to combine two synthetic
steps into one.

—2NacCl
ZrCl NapL ZrLCly - (TH 1
a+Nagl — = = 2+ (THR), )
n=0,1
=C C=N N—C
G v Q e
1, LY=salen R=H L2 = salphen R=H

3, L3 =1!Buysalen R="'Bu 4, |_4=tBu4sa|phen R="!Bu

Except compleX, which was isolated in a yield of ca. 35%,
good yields of2—4 were obtained (60-75%). Complex@s
and4, each incorporating fouert-butyl groups on the salen
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changed, resulting from the association and disassociation
of a molecule of solvent, the resonance of the imino hydro-
gen in1H NMR spectra of metal salen complexes shifted
apparently. The signals of the imino hydrogen in CP&p-
peared a6 8.50 for3- THF and 8.70 fod - THF, while the

1H NMR spectra of unsolvated complexg@snd4 showed
singlet signals of the imino hydrogen&8.29 and 8.88, re-
spectively. The poor solubility of unsolvated complexes
and 2 thwarted us from acquiring cledH NMR spectra.
When thelH NMR spectra ofl and2 were measured in
CD3CN, two singlet signals for each complex appeared in
the range of 8-10 ppm, & 9.92 and 8.27 in an integra-
tion ratio of 0.28:1 forl and at§ 9.93 and 8.72 in a ratio of
0.37:1 for2, which can be attributed to the resonance of the
imino hydrogen in two coordination situations. The signals
até$ 8.27 and 8.72 can be assigned to the imino hydrogen
of unsolvated complexesand?2, respectively, and it is as-
sumed that the signals with considerable downfield shifts at
§ 9.92 and 9.93 result from the coordination of &N to

the Zr center of complexek and2. The elemental analy-
ses of complexed&—4 are consistent with the composition
of supposed zirconium salen-type complexes. Crystal struc-
tures of solvated and unsolvated comple8eand 4 have
been determined by X-ray studies. The structural results will
be discussed in a forthcoming publication elsewhere.

or salphen ligand, had much better solubility in toluene and 3.2. Catalysis of ethylene oligomerization

other polar organic solvents than their analogliasd?2.

The 'H NMR spectra showed that when Malen and
Nagsalphen were used in the reactions, complekesd
2 were isolated in THF-solvated form with a seven-co-
ordinated metal center [Eq. (1)]. While using the sodium
salts of the ligands havintert-butyl groups, NaL® and
NapL4, the reactions gave complex8sand 4 not only in
a solvated form, but also in an unsolvated form with a six-

The aim of this research is to gain a preliminary insight
into the effects of the ligands, the Ar molar ratios, and
the reaction temperature and pressure, as well as the lifetime
of the catalyst on ethylene oligomerization. The catalytic
reactions were carried out in a stainless autoclave under a
constant pressure of ethylene in toluene.

coordinated metal center. According to the signals in the 3.2.1. Effect of the ligands on the catalytic activity and

IH NMR spectra in CDG at 20°C, the ratio of the THF-
solvated to the unsolvated form is 0.78-0.79:1 3@nd 4.

oligomer distribution
With Et,AICI as cocatalyst at 150C, the effect of differ-

The steric congestion around the metal center, induced byent salen-type ligands on the catalytic activity and oligomer

the twoortho tertbutyl groups, may block the solvation of
complexes3 and 4 to a certain extent. When refluxed in

toluene, all solvated zirconium complexes turned to the un-

solvated form with an observable color change, from light
yellow to yellow for1 and3 and from orange to reddish or-
ange for2 and4.

Complexesl—4 in both solvated and unsolvated forms
were characterized by IRH NMR, and elemental analy-
sis. The characteristic bands (1619 ¢nfor 1 - THF and
1606 cnt! for 2 - THF) of v(C=N) in IR spectra and the
signals in’H NMR spectra ofl - THF and2 - THF were
identical with the spectroscopic data of Zr(salenjTHF)
and Zr(salphen)G(THF) reported in the literature [15,29].
The C=N-stretching vibrations of the unsolvated complexes
14in IR spectra displayed minor blue shifts compared with
the v(C=N) bands of their corresponding THF-solvated

distribution of the precatalysis4 was explored. The results
are summarized in Table 1. Among the zirconium complexes
adopted, complex® exhibited a relatively low catalytic ac-
tivity and the activity ofl was calculated to be about four
times higher than that of. The order of catalytic activi-
ties for complexed—4 under the same condition might be
brought about by the combination of three factors of the
ligand structures: the steric congestion of butkyt-butyl
groups on the ligands, the electronic properties of the lig-
ands differing in conjugate systems, and the flexibility of
the ligands in coordination structures. The results of entries
3-6 in Table 1 showed that the complegsnd4 displayed
lower catalytic activities in comparison with their analogues
1 and 2. The steric hindrance on the metal center, caused
by the tert-butyl groups attached to thertho positions of
salicylidene, abated the interaction between the zirconium

forms. As the coordination environment of the metal center atom and ther-electron of the ethylene monomer and hence
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Table 1
Results of ethylene oligomerization by LZgdl1-4)/Et,AICI catalyst systems
Entry? Precatalyst TOF Products distribution Linear olefiné o
(x1073,h™1 C Cs Cs Clo a-C 40/ 2Chap
1 1.-THF 9.32 240 287 206 118 78.6 0.58
2 2.THF 7.96 254 327 218 9.0 81.0 0.46
3 1 10.78 165 287 257 138 75.6 0.56
4 2 7.54 178 333 240 126 78.8 0.53
5 3 757 224 339 231 121 76.8 0.50
6 4 2.36 235 351 250 84 91.6 0.39
7 1. THFP 34.00 101 359 310 121 91.5 0.48
8 (OX)pZrCl,° 4.00 Cr10/ X C 946 93.5
9 (acac)ZrClyd 321 Cygca. 50
10 (fod)ZZrCIzd 4178 Linear G5 «-olefins 0.67
11 (Pt-Nacac)yZrCl,® 2950 Cr 0/ X C60.1 99.4 0.81

@ Reaction conditions: precatalyst 0.05 mmol (1.4 mfadpl Al /Zr 100, 150°C, 60 min, P(GHy4) 1.4 MPa, toluene 30 ml.

b Reaction conditions: precatalyst 0.01 mmol (0.3 mthdl 30 min. Other conditions are the same as above.

C Ref. [36]. Reaction conditions: (OxIrCl, 0.025 mmol (0.8 mmglL), cocatalyst BSAICI, Al /Zr 60, 90°C, 60 min, P(GH,4) 1.8 MPa, toluene 30 ml.

d Ref. [37]. Reaction conditions: (aca@rCl, or (fod)ZrCl, 0.8 mmo)L, cocatalyst MeAICI, Al /Zr 10, 60°C, 10 min, P(GH,4) 5.0 MPa, toluene
50 ml.

€ Ref. [39]. Reaction conditions: ('PNacacQZrCIz 0.02 mmol (1.0 mmolL), cocatalyst E§AlCl3, Al /Zr 10, 100°C, 60 min, P(GH4) 3.5 MPa, toluene
20 ml.

f Determined by GC analysis with-heptane as an internal standard and by GC/MS spectra.

led to the deceleration of chain propagation in ethylene workers, indicated that no alkylation occurred at theNC
oligomerization, being disadvantageous for catalytic activ- group of the Schiff base ligands [27]. It is assumed that the
ity but advantageous for selectivity to low-carbon olefins. conjugate effect and the flexibility of the ligands in coordi-
Thea-value, which represents the probability of chain prop- nation structures are important factors affecting the catalytic
agation, changed from 0.56 to 0.50 for the zirconium salen activity of the salen-type zirconium complexes. Two conju-
complexed and3 (entries 3 and 5in Table 1) and from 0.53 gate parts (-N-CHAr) are separated by a GBH, bridge

to 0.39 for the salphen complex2and4 (entries4 and 6in  in a salen ligand, while the two parts are combined into

Table 1). an integral conjugate system in a salphen ligand by bond-
It was observed that the salen completeand 3 mani- ing the two parts to thertho positions of a benzene ring.
fested higher catalytic activities than their analogous salphenAccordingly, the desolvation of the zirconium salen com-
complexes2 and 4, respectively, and the activity of plexes in toluene leads to six-coordinated complexes, which
having an N, N'-o-phenylenebis(3,5-diert-butylsalicyli- might rearrange to a nonplanar coordination geometry of the

deneiminato) ligand dropped considerably compared with four donor atoms in a salen ligand withcas-N, cis-O, and
three other complexes. In order to give a plausible explana-cis-Cl arrangement (structure A) (Fig. 1), just like the zir-
tion for the experimental data, the reactiorafith EtAICI conium acen complex (acen)ZgCwhich was structurally
was preliminarily explored by UV-vis and NMR spectra. characterized [15]. In contrast, the coordination geometry of
Treatment of complex® with 30 eq of EAICI in toluene a tetradentate salphen ligand is in a planar fashion with a
in reflux for 1 h, followed by hydrolysis, gave the starting trans-Cl arrangement (structure B) (Fig. 1) in both solvated
salphen ligand, evidenced by the characteristic signal of theand unsolvated forms, which has been proved by X-ray crys-
imino hydrogen (CH:N) in the 'H NMR spectrum. Com-  tallography [35]. In the light of the results from the relevant
pared with the UV-vis spectrum of the toluene solutiod of

which displayed two absorption bands in the 300—450 nm

region centered at 315 and 383 nm, the spectrum of the mix- cl H )&
ture of4 with 30 eq of E3AICI in toluene showed only very 1 /T\ ¢l SR
slight blue-shifts of the two bands with increasing intensity /N (f Cl N | <O -?.-—O -
and no novel band was observed. The experimental results < Z|r\ <N/Z:r\—Sol i
suggested that the integral conjugate system in the salphen o N_/O \}/O TE]él R
ligand is kept in the active species derived from zirconium cl H \g;(
salphen complexes. Although it was reported that monoalky- R
lation of the salen ligand took place when Ti(salen)f®- structure A structure B structure C

acted with Grignard reagent in toluene [23], the reactions
of LoZrCly (L = N-(3-tert-butylsalicylidene)anilinato) with
30 eq ofi-BusAl and MAO, reported by Fujita and his co- Fig. 1.
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reactions, it is tentatively premised that the rigid planarity of
the salphen ligand is kept intact in an active species. As an
efficient catalyst precursor for the oligomerization and poly-
merization of ethylene, ais-arrangement of the chlorides
in zirconium complexes is appropriate for coordination and
consecutive insertion of the monomer after a precatalyst is
activated by an alkylaluminum compound. The higher cat-
alytic activities were thus observed for the zirconium salen
precatalystsl and 3. With desolvation of the zirconium

M. Wang et al. / Journal of Catalysis 220 (2003) 392—-398

and (acagiZrCly. The propensities of catalyst systems
1-4/EAICI to low-carbon linearx-olefins were similar
with that of (OxpZrClz/EtAICI and much higher than
those of (acaeyrCl,/MeyAICI and (Pt-NacacyZrCly/
EtzAl»Cls.

3.2.2. Effects of the property of cocatalysts and thezAl
molar ratios
The property of alkylaluminum cocatalysts has an appar-

salphen complexes, a vacant coordination site between twoent effect on the catalytic activity and product distribution.

oxygen atoms (structure C) (Fig. 1) is left, which proved
to be a labile coordination site by th&l NMR spectra in
CDCl. The catalytic activity of the zirconium salphen com-
plexes2 and 4 is presumably attributed to the probability
of the monomer ligation to this vacant coordination site in
the activated cationic zirconium salphen catalyst. In view of
two bulky tert-butyl groups existing on thertho position

of each salicylidene of the salphen ligand, the large spatial

block can shelter the vacant coordination site to some extent,

leading to a great drop in the catalytic activity of compfiex
while the product distribution tends to shift to low-carbon
olefins.

The solvated complexds THF and2- THF were directly
activated with EfAICI and used in situ as a homogeneous
catalyst in ethylene oligomerization (entries 1 and 2 in Ta-
ble 1). High activities, with a TOF of .82 x 10% h~1 for
1. THF and 796 x 10° h~1 for 2 - THF, were obtained.
The solvation of the precatalysts did not obviously affect the
catalytic activity and the selectivity in ethylene oligomer-
ization. Under the pressure of 1.4 MPa and at thg¢ZAl
molar ratio of 100, the activity of - THF came to a TOF
of 3.40 x 10* h~1 with a satisfactory selectivity of 89% to
C4—Cypolefins, and among themyE€Cyg lineara-olefins ac-
counted for 91%.

The previously reported results of ethylene oligomer-
ization with other convenient postmetallocene catalysts,
(Ox)2ZrCly (HOx = 8-hydroxyquinoline), (acagXrCly,
and (Pr-Nacac)ZrCl, (Pr-HNacac = 4-(N-isopropyl-
amino)-3-penten-2-one) [36—39], the former two activated
by ERAICI and the latter by E4AI>Cl3 in toluene, were
also listed in Table 1 to have a preliminary comparison of
the activity and selectivity of the catalyst precursors with
different bi- or tetradentate ligands. Although the catalytic
reactions were not carried out under the same condition,
the tendency was shown by the initial results that the zirco-
nium salen complexes had higher activity than (£2xTl>

The results of ethylene oligomerization catalyzed byHF
and?2 - THF with EAO or EpAICI as cocatalyst are listed

in Table 2. In the case of employing EAO, both precata-
lysts1- THF and2 - THF displayed low catalytic activities
(entries 1 and 3 in Table 2) and the selectivity of~Cio
olefins was rather low, 29% fdr- THF and 35% fo2 - THF.

A noticeable amount of jelly-like polymer was formed in
entries 1 and 3. When EAICI was used as a cocatalyst (en-
tries 2 and 4 in Table 2), the selectivity of-8C1g olefins
was calculated to be 85-89% and the catalytic activity was
about six times higher than that of the catalyst system with
EAO as cocatalyst. Although EAICl is an ineffective cocat-
alyst with conventional metallocene complexes, it is indeed
an effective cocatalyst in combination with zirconium salen-
type complexes in ethylene oligomerization to low-carbon
olefins.

Table 3 gives the results of ethylene oligomerization in
different molar ratios of AlZr catalyzed byl - THF. The
activity went up obviously as the molar ratio of Ar was
increased from 50 to 100 (entries 3 and 4 in Table 3). When
the molar ratio of AfZr was further increased from the
threshold value of 100 to 200, and then to 300 (entries 1-3
in Table 3), the catalytic activity of - THF smoothly rose
to a TOF of 374 x 10* h~1, which is comparable to the
activity of catalyst system (fodXrClo/Me2AICI (Hfod =
6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedione) in
ethylene oligomerization [37]. The catalyst kept high selec-
tivity to C4—Cyp olefins (86%) and to linear-olefins (91%)
as the molar ratio of AZr was enhanced in the present ex-
periments.

3.2.3. Influence of the reaction temperature and the
ethylene pressure

A series of experiments were carried out in order to de-
termine the optimal reaction temperature for the present cat-
alyst system. The selected data are given in Table 4. Either

Table 2

Effect of the property of cocatalysts on ethylene oligomerizatiod byHF and2 - THF

Entry? Precatalyst Cocatalyst TOF Olefins Linear olefins Note

(x1073, ™1 Corao/2C @-C410/2-C4 a0

1 1.THF EAO 1.36 28.5 90.7 Polymer was observed
2 1-THF EbAICI 9.32 85.0 78.6 a=0.58
3 2. THF EAO 1.32 35.0 92.5 Polymer was observed
4 2-THF EbAICI 7.96 88.9 81.0 a=0.46
a

The reaction conditions are the same as those in footnote a of Table 1.
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Table 3 ity to linear «-olefins is relatively low. In comparison, other
Effect of different A/Zr molar ratios on ethylene oligomerization by catalyst systems based on late transition metals such as Fe,
1- THF/ERAICI Co, Ni, and Pd featuring Schiff base ligands with MAO or
Enty®  Al/Zr TOF Olefins Linear olefins  « MMAO as cocatalyst generally afford long-chain oligomers
(molar OO Camao/ 2C7 @G/ 2.Cho in high activities with perfect selectivities to linearolefins
ratio) h™) [9-13]
1 300 3739 863 910 0.50 ' o -
> 200 3471 879 892 0.52 The preliminary results on the Ilfetlmes mf- THF a'nd
3 100 3400 891 915 0.48 2.-THF Cat.alysts gengrated by actlvgtlon withpAHCI in
4 50 732 100 >99 - ethylene oligomerization are shown in Table 5. The zirco-
a Except for the AfZr molar ratios, the reaction conditions are the same NiUM salen-type complexes required no aging time to initi-
as those in footnote b of Table 1. ate the oligomerization reaction. The activitieslof THF

and 2 - THF declined by half as the reaction time was

. ) ) prolonged from 30 to 120 min, accompanied with gradual
increasing or decreasing the temperature from°I5ed to  gecreases in the selectivities ta-C;o olefins and linear
an evident drop in catalytic activity for both- THF and a-olefins.

2 - THF with ELAICI as cocatalyst. The decrease in overall
catalytic activity may be associated with gradual degradation
of the active cation catalyst at temperatures above® €50
The selectivities to §-Cyg olefins and lineat-olefins did 4. Conclusions
not show significant changes as the temperature varied from
135 to 180°C. Raising the ethylene pressure from 1.0 to
1.8 MPa greatly increased the catalytic activitylof THF

(entries 9-11 in Table 4), while the selectivities of low- .
carbon olefins and linear-olefins did not evidence apparent SUre (1.0-1.8 MPa) and high temperature (15pfor ethyl-

changes. Under a pressure of 1.8 MPa in afiZAlmo- ene oligomerization to low-carbon olefins with satisfactory
lar ratio of 300 at 150C, the TOF ofl - THF went up to selectivity of linearx-olefins. While with EAO as cocata-
4.93 x 10* h~2 with the selectivity of 89% to &1 olefins lyst, dominant products are high-carbon oligomer as well
and 95% to lineaw-olefins, which is comparable to the best @S Polymer and the catalytic activity is an order of magni-
results ever reported for ZAl catalyst systems in ethylene tude lower than that obtained in the case ofAf€l as co-
oligomerization considering both the activity and the se- catalyst. The present experimental results show th&N
lectivity to low-carbon linear-olefins [1,36—39]. Recently, ~ tetradentate zirconium complexes, which are conveniently
two novel catalyst systems of Ni(naphjnaph= «-nitro- prepared and easily handled, activated by a proper cocata-
acetophenonato) and Ni(sa(pal= salicylaldiminato) com- lyst, are promising homogeneous postmetallocene catalysts
plexes in combination of MAO or EAICI as cocatalystwere  for ethylene oligomerization to low-carbon linealefins.
reported as highly active catalysts for ethylene oligomeriza- Further investigation on the electronic effect of the sub-
tion to low-carbon olefins (&-Cyo) [14,40,41]. The TOFs  stituents attached to salen-type ligands and on mechanistic
of Ni(sal), catalysts are up to 610’ h—1, but the selectiv-  details is underway.

In summary, the zirconium salen-type complexes in com-
bination with ERAICI are highly active at moderate pres-

Table 4
Influence of the reaction temperature and the pressure on ethylene oligomerization
Entry? Precatalyst TemperatureQ), TOF Olefins Linear olefins o
pressure (MPa) (x1073, h 1 Crao/XC @-Cy 10/ Y Ch a0
1 1-THF 180, 1.4 1209 90.6 94.4 0.43
2 1.-THF 165,1.4 1816 89.9 96.6 0.44
3 1-THF 150, 1.4 3400 89.1 91.5 0.48
4 1-THF 135,1.4 1636 94.5 97.7 0.45
5 2-THF 180, 1.4 %1 89.7 85.7 0.42
6 2-THF 165,1.4 3389 88.1 85.8 0.46
7 2-THF 150, 1.4 6 88.9 81.0 0.46
8 2. THF 135,1.4 575 93.7 91.1 0.40
ob 1-THF 150, 1.8 482 89.3 94.9 0.48
1P 1.THF 150, 1.4 339 86.3 91.0 0.50
110 1.THF 150, 1.0 201 87.8 90.0 0.49

@ Except for reaction temperature, the reaction conditions of entries 1-4 are the same as those in footnote b and the conditions of entries 5-8 are the sam
as those in footnote a of Table 1.

b The reactions were carried out under the given pressure and with/an miblar ratio of 300, and the other conditions of entries 9-11 are the same as
those in footnote b of Table 1.
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Table 5
Effect of reaction time on ethylene oligomerization with&ICI as cocatalyst
Entry? Precatalyst Time TOF Olefins Linear olefins
(min) (x1073, h™ 1) Ciri0/ X C @-C7 40/ X Cha0
1 1.THF 30 1236 88.0 84.5
2 1.-THF 60 932 85.0 78.6
3 1.THF 120 629 78.6 73.3
4 2-THF 30 1232 89.8 87.5
5 2-THF 60 7.96 88.9 81.0
6 2-THF 120 543 81.5 79.7
a

Except for reaction time, the reaction conditions are the same as those in footnote a of Table 1.
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