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Abstract

A new silica-supported chromium complex catalyst for ethylene trimerization having high activity and high selectivity
is presented. The catalyst was prepared by supporting tris[bis(trimethylsilyl)amido]Cr(lll) Cr[N{siMeand isobutylalu-
moxane on silica calcined at 60Q. The catalyst containing 1.0 wt.% Cr with an isobutylalumoxane/Cr molar ratio of 24
gave a 74.2% 1-hexene selectivity at an activity of 3170 g/(mmol Cr h) in heptane solvent°& 48d 0.7 MPa ethylene
partial pressure. The main by-product was decenes while small amounts of 1-butene, 1-octene and polyethylene were also
obtained. To improve the 1-hexene selectivity, 1,2-dimethoxyethane was added as an electron donor, which gave an 86.4%
1-hexene selectivity at a 1,2-dimethoxyethane/Cr molar ratio of 0.25 under the same reaction conditions, but the activity
decreased to 1580 g/(mmol Cr h). With the addition of 1,2-dimethoxyethane, the 1-hexene selectivity increased at the expense
of decenes. The presence of the silica as a support and the silica calcination temperature were the key factors for the ethylene
trimerization. The trimerization activity greatly decreased when the silica support was not used or calcined at low temperature.
The trimerization activity obeyed first-order kinetics on the ethylene partial pressure. The ethylene trimerization mechanism,
which includes the metallacycle intermediates supported on silica by one Si—O—Cr bond, is proposed.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction carbon numbers obeys the Schulz—Flory distribution.

Therefore, it is very significant for the economics of

The 1-hexene is widely used in large amounts in
the polyolefin industry as a comonomer for linear
low density polyethylene (LLDPE) and high density
polyethylene (HDPE]1]. The 1-hexene is industrially
produced by ethylene oligomerization using a nickel
catalyst (Shell), alkylaluminum catalyst (Albemarle,
Chevron and Mitsubishi) and zirconium catalyst
(Idemitsu)[1,2], followed by fractional distillation of
1-alkene products. The distribution of the 1-alkene
products containing from £xo C;g carbons with even
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the polyolefin industry to produce 1-hexene by selec-
tive ethylene trimerization. Homogeneous chromium
catalysts are well known for their ability to selectively
trimerize ethylene[3]. To give typical examples,
Cr(2-ethylhexanoatg)isobutylalumoxane catalyst by
Union Carbide[4—6] and Cr(lll) compound/pyrrole
compound/alkylaluminum compound catalyst by
Phillips Petroleuni7,8], Mitsubishi Chemica[9,10]
and Sumitomo Chemic@l 1] are available.

Here we report a new heterogeneous catalyst pre-
pared by supporting Cr[N(SiM#]3 and isobutylalu-
moxane on silica (Cr[N(SiMg)2]s/isobutylalumoxane/
silica) having a high activity and high selectivity
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for ethylene trimerization. The characteristics of this flask and 35 ml of hexane was added. After stirring

catalyst are presented and a reaction mechanism isand warming to 40C, 2.9 ml of the hexane solution

proposed. of Cr[N(SiMes)2]s was added and stirred at 40
(chromium content was 1.0 wt.% to silica). The dark
green color of the hexane solution immediately disap-

2. Experimental peared and the silica became green in color indicating
_ the supporting reaction took place. After stirring for
2.1. Materials 2h, 11.5ml of a hexane solution of 1.2 M isobutylalu-

moxane (isobutylalumoxane/Cr molar ratio24) was
Anhydrous Cr(Ill) chloride CrG was purchased  added. The color of the solution did not change. After

from Kishida Chemical and used without fur- stirring at 40°C for 2 h, the hexane was removed in
ther purification. Lithium bis(trimethylsilyl)amide  vacuo at 40C. The catalyst was obtained as a bright
(MesSi)2NLi was obtained from Aldrich as a hexane green powder.
solution and used without further purification. Sylopol
952 silica was purchased from W.R. Grace (surface 2.4. Ethylene trimerization procedure
area= 300 n?/g, pore volume= 1.6 cn/g). Isobuty-
lalumoxane was purchased from Tosoh Finechem as All manipulations were done under a dry nitro-
a hexane solution and used without further purifica- gen atmosphere. The typical reaction procedure is
tion. The 1,2-dimethoxyethane, dimethoxymethane, illustrated as follows. A 1.51 stainless-steel autoclave
1,4-dioxane and diethyl ether were obtained from equipped with a magnet-drive stirrer, thermocouple,
Wako Pure Chemical Industries and purified by dis- an external steam-heating jacket, and several ports
tillation over lithium aluminum hydride under a nitro-  for delivering liquids, gases, and catalyst components
gen atmosphere. Tetrahydrofuran, hexane and heptanevas dried in a flow of dry nitrogen at 12C for 2h
were obtained from Wako Pure Chemical and puri- and was cooled to ambient temperature. The catalyst
fied by distillation over sodium/potassium amalgam (200-300 mg) and 600 ml of heptane were introduced
under a nitrogen atmosphere. Polymerization-grade to the autoclave. After heating to the reaction temper-
ethylene and isobutane from Japan Polyolefins, Oita ature, the autoclave was pressurized by ethylene to
Works, were used. attain 0.7 MPa of ethylene partial pressure. The reac-

tion started immediately and the reaction pressure was
2.2. Yynthesis of trig bis(trimethylsilyl)amido] Cr(l11) kept constant by feeding ethylene throughout the re-
Cr[N(SMez)2] 3 action. After 30 min, the ethylene supply was stopped

and the autoclave was depressurized and cooled to

All manipulations were done under a dry nitro- ambient temperature. The reaction product in the

gen atmosphere. Cr[N(SiMp]3 was synthesized ac- heptane solution was sampled by a syringe, filtered
cording to the literaturg12] by reacting anhydrous through a membrane filter and analyzed by gas chro-
CrClz and (MgSi),NLi in tetrahydrofuran and ob-  matography. The precipitated polymerization product
tained as bright green crystals. The crystals were dis- (high molecular weight polyethylene) was filtered off
solved and diluted with hexane to prepare the 0.2M from the heptane solution, washed with methanol and

Cr[N(SiMes)2]3 stock solution. dried in vacuo overnight at 12@. For the addition
of ether compounds as an electron donor, a 5mM
2.3. Preparation of catalyst hexane solution of the ether compounds (ether/Cr

molar ratio= 0.25) was added after the addition of
All manipulations were done under a dry nitrogen the catalyst and heptane to the autoclave.
atmosphere. The typical catalyst preparation proce-
dure is illustrated as follows. Sylopol 952 silica was 2.5. Analysis
calcined in a quartz tube by fluidizing with a stream
of dry nitrogen at 600C for 24 h. An amount of 3g The liquid products of the ethylene trimeriza-
of the silica was placed in a 100ml round-bottom tion were analyzed using a Shimadzu GC-17A gas
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chromatograph (temperature program: 70-ZZ0

at 4°C/min; carrier gas: nitrogen; carrier gas flow
rate: 50 ml/min; detector: FID) using a TC-1 column
(0.25mm x 60 m, GL Sciences Inc.). Heptane solu-

tions of authentic compounds were used for the iden-

tification and quantitative analysis of the products.

137
3.2. Effect of calcination temperature of silica

The effect of silica calcination temperature on the
activity and selectivity for 1-hexene production are
shown inTable 2 The activity for 1-hexene was sig-
nificantly low when the silica was calcined at 30D

(run 3) or 780°C (run 4). At 300°C, the main product
was polyethylene. At 780C, the main product was
1-hexene. Therefore, besides the presence of the silica
support, the silica calcination temperature plays a key
role in the selective trimerization with this catalyst.
This implies that at high calcination temperatures, the
The activity and selectivity for 1-hexene produc- active site for the trimerization is formed and that at

tion are shown inTable 1(run 1). The 1-hexene was low calc'inat.ion.temperatures, the active site for the
produced with high activity and selectivity. The main Polymerization is formed.

by-products were decenes and high molecular weight
polyethylene (molecular weight >0 Decenes were
formed as various isomers (1-decereinternal or
branched isomers). The purity of the 1-hexene in the  The yield of 1-hexene and by-products with reac-
Cs component was over 95%. When the reaction was tion time are shown iFig. 1L The yield of 1-hexene
conducted without using the silica support, the activity increased with the reaction time but the rate gradually
for 1-hexene decreased to about 1/800 (run 2), show- decreased with reaction time. The yield of 1-butene,
ing that the active site for the ethylene trimerization 1-octene and polyethylene scarcely changed with the
is formed on the silica support. reaction time, but the yield of decenes increased with

3. Results and discussion

3.1. Effect of silica as support

3.3. Effect of reaction time

Table 1
Comparison between supported and unsupported Cr[N(S#lefor ethylene trimerizatioh

Run Catalyst Activity for 1-hexene Selectivity (wt.%)
production
Supported or unsupported (mg) (g/(mmol Cr h)) 1-Butene 1-Hexene 1-Octene Decenes Polymer
on silica
1 Supportefl 188.7 3170 0.5 74.2 34 14.7 7.1
2 Unsupporteti 112.4 4 n.de n.d. n.d. n.d. n.d.
aReaction temperature: 12Q; ethylene partial pressure: 0.7 MPa; reaction time: 0.5h; heptane: 600 ml.
b Cr[N(SiMes),]s/isobutylalumoxane/silica, Ge 1.0 wt.%; isobutylalumoxane/Cr molar ratie 24.
Clsobutylalumoxane added to isobutane solution of Cr[N(S$)vle (isobutylalumoxane/Cr molar ratie 24).
d\Weight as Cr[N(SiMe)2]s.
€ Not determined because of the very low yield.
Table 2
Effect of calcination temperature of silica on ethylene trimeriz&tion
Run  Calcination temperature Catalyst (mg) Activity for 1-hexene pro- Selectivity (wt.%)
of silica (‘C) duction (g/(mmol Crh)) 1-Butene 1-Hexene 1-Octene Decenes Polymer
3 300 307.3 150 n.d. 12.8 n.d. n.d. 87.2
1 600 188.7 3170 0.5 74.2 34 14.7 7.1
4 780 329.7 990 n.d. 79.2 3.8 7.3 9.6

aReaction temperature: 12C; ethylene partial pressure: 0.7 MPa; reaction time: 0.5 h; heptane: 600 ml.
b Not determined because of the very low yield.
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Fig. 1. Effect of reaction time on yield. Reaction temperature: °I0ethylene partial pressure: 1.4 MPa; heptane: 600 ml.

the reaction time. This implies that decenes are pro- 1,2-dimethoxyethane/Cr molar ratio, the selectivity for
duced from 1-hexene and two equivalents of ethylene. 1-hexene increased to exceed 80%, although the activ-
ity for 1-hexene production decreased (runs 5-7). At
3.4. Effect of ether compounds as an electron donor the same time, the selectivity for decenes significantly
decreased. It is considered that 1,2-dimethoxyethane
Briggs reported that the selectivity of the 1-hexene coordinated to the Cr active site and increased the se-
production increased upon the addition of ether com- lectivity for 1-hexene by suppressing the production
pounds such as 1,2-dimethoxyethane to the homo- of decenes.
geneous Cr(2-ethylhexanoagé§obutylalumoxane Moreover, the effect of diethyl ether, dimethoxy-
catalyst [5,6]. It is considered that the role of methane and 1,4-dioxane as ether compounds instead
1,2-dimethoxyethane is to coordinate to the Cr active of 1,2-dimethoxyethane is shown ifable 3 (runs
sites as an electron donor and suppress the productior8B-10). The selectivity for 1-hexene was lower than
of the by-products. The effect of 1,2-dimethoxyethane when 1,2-dimethoxyethane was used. Steric factor
on the activity and selectivity for 1-hexene pro- is considered to be the main factor to explain the
duction is shown inTable 3 With increasing the  difference.

Table 3
Effect of ether compounds as an electron donor on ethylene trimerization
Run Catalyst Ether compound Donor/Cr Activity for 1-hexene Selectivity (wt.%)
(mg) molar ratio production
(g/(mmol Cr h)) 1-Butene 1-Hexene 1-Octene Decenes Polymer
1 188.7 - 0 3170 0.5 74.2 34 14.7 7.1
5 2356 1,2-Dimethoxyethane 0.15 2050 hd. 811 4.2 11.0 3.7
6 1917 1,2-Dimethoxyethane 0.25 1580 n.d. 86.4 3.9 5.6 4.2
7 257.1 1,2-Dimethoxyethane  0.45 470 n.d. 88.5 3.8 n.d. 7.6
8 219.0 Diethyl ether 0.25 2660 0.4 735 33 16.9 5.6
9 309.6 Dimethoxymethane 0.25 2020 0.4 72.0 35 20.6 35
10 213.2 1,4-Dioxane 0.25 970 n.d. 77.6 35 8.2 10.6

aReaction temperature: 12C; ethylene partial pressure: 0.7 MPa; reaction time: 0.5 h; heptane: 600 ml.
b Not determined because of the very low yield.
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Table 4
Effect of ethylene partial pressure and reaction temperature on ethylene trimerization in the presence of an electron donor
Run Catalyst Ethylene partial ~ Reaction Activity for 1-hexene Selectivity (wt.%)
(mg) pressure (MPa) temperature  production (g/(mmol Crh))
(°C) 1-Butene 1-Hexene 1-Octene Decenes Polymer

11 1935 0.3 120 540 nk. 86.2 2.6 2.6 8.6

6 1917 0.7 120 1580 n.d. 86.4 3.9 5.6 4.2
12 188.7 14 120 2140 0.6 80.9 6.7 6.0 5.8
13 2588 0.7 110 250 n.d. n.d. n.d. n.d. n.d.
14 2345 0.7 100 20 n.d. n.d. n.d. n.d. n.d.

aReaction temperature: 12C; reaction time: 0.5h; 1,2-dimethoxyethane/Cr molar rati6.25; heptane: 600 ml.
b Not determined because of the very low yield.

3.5. Effect of ethylene partial pressure and reaction Si—-O-Cr bond.
temperature
:Si—-OH+ Cr[N(SiMe3)2]3

The effect of the ethylene partial pressure and — 38i~O—Cr[NSiMe3)z]2 + HN(SiMes), (1)
reaction temperature on the activity and selectivity
for 1-hexene production at 1,2-dimethoxyethane/Cr A mechanism including the chromacyclopentane
molar ratio = 0.25 is shown inTable 4 The ac-  and chromacycloheptane intermediates has been pro-
tivity for 1-hexene obeyed first-order kinetics on posed for the chromium catalyst to explain the high
the ethylene concentration (ethylene concentra- selectivity for 1-hexene which does not obey the
tion in heptane is linear with respect to the ethy- Schulz—Flory distributiori3,5]. Jolly and co-workers
lene partial pressurgl3]). For the homogeneous showed the formation of 1-hexene by the thermal
Cr(2-ethylhexanoatelisobutylalumoxane  catalyst, decomposition of the chromacycloheptane complex
Manyik et al. reported that activity for 1-hexene bearing a pentamethylcyclopentadienyl ligafid].
obeyed second-order kinetics on the ethylene concen-Moreover, considering the fact that the selectivity
tration[4]. This implies that the rate determining step for 1-hexene increased when silica was calcined over
of our catalyst is different from their catalyst. 600°C and 1,2-dimethoxyethane was added, we pro-

Upon decreasing the reaction temperature from pose the reaction mechanism shownSoheme 1
120°C, the activity for 1-hexene significantly de- After supporting Cr[N(SiMe)2]z on silica and the
creased. Decreasing the reaction temperature B£10  reduction of Cr(lll) to Cr(Il) by isobutylalumoxane,
lowered the activity for 1-hexene to about 1/10. The 1 2-dimethoxyethane will coordinate to form an active
apparent activation energy was estimated to be aboutsijte (a). Then, chromacyclopentane intermediate (b)

286 kJ/mol. is first formed by oxidative addition of two molecules
of ethylene and next, chromacycloheptane intermedi-
3.6. Mechanism for 1-hexene production ate (c) is formed by the insertion of ethylene. Finally,

1-hexene is produced by ring-openifighydrogen

The silica support plays a key role in our catalyst. It elimination and reductive elimination of chromacy-
is considered that the Cr species are supported on sil-cloheptane intermediate (c). Considering the fact that
ica by the reaction between Cr[N(Sik)e]s and the the activity for 1-hexene obeyed first-order kinetics
surface silanols of the silica. Vicinal silanol, geminal on the ethylene concentration, the rate determining
silanol and isolated silanol are well known for com- step is supposed to be the chromacycloheptane inter-
prising the structure of the surface silafibd,15] The mediate formation step from the chromacyclopentane
structure type of the surface silanol depends on the intermediate.
calcination temperature of the silica. Almost all of the We consider that various kinds of decene isomers
silanols are isolated over 50CQ [16]. Therefore, the  are formed by the participation of 1-hexene as a re-
Cr species may be supported on silica through one actant in these metallacycle intermediate formations,
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Scheme 1. Proposed mechanism for selective ethylene trimerization.

because the yield of the decenes increases with the4. The mechanism for the selective ethylene trimer-

reaction time in the absence of 1,2-dimethoxyethane. ization, which includes the metallacyclopentane
and metallacycloheptane intermediates supported
on silica with one Si—O—-Cr bond, is proposed.
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