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Abstract In this study, we examined catalyst systems

comprising chromium(III) chloride tetrahydrofuran,

diphenylphosphinoamine (PNP) ligand, and a mixed acti-

vator of methylaluminoxane (MAO) and alkylaluminum

for the selective tetramerization of ethylene. By comparing

the catalytic activities and the selectivities toward 1-hexene

and 1-octene, we investigated the effects of various mixed

aluminoxane systems on the ethylene tetramerization pro-

cess. MAO/trimethylaluminum, MAO/triethylaluminum,

and MAO/triisobutylaluminum were all effective co-

catalysts for the PNP/Cr(III) ethylene tetramerization sys-

tem, providing high catalytic activities and high

selectivities. When using MAO/diethylaluminumchloride

as the cocatalyst, PNP/Cr(III) exhibited an impressive

switch in selectivity: from ethylene tetramerization to

ethylene trimerization.

Keywords Methylaluminoxane � Mixed aluminoxane �
Ethylene tetramerization � Cocatalyst

Introduction

1-Hexene and 1-octene are versatile intermediates for

petrochemical industry and widely used as co-monomers

for the production of linear low-density polyethylene [1].

Recent years have witnessed considerable activity in the

tri- and tetramerization of ethylene for the production of

1-hexene and 1-octene, respectively [2–4]. These routes

largely avoid the production of undesirable olefins that

conventional full-range oligomerization processes produce.

Since the first report of ethylene tetramerization toward

1-octene using chromium/bis(diphenylphosphino)amine

(PNP) catalysts [5], many studies have been made into the

reaction mechanism and kinetics, the structure and prop-

erties of the ligand, and the effects of cocatalysts [6–16].

The ethylene tetramerization process typically requires a

high methylaluminoxane (MAO) chromium molar ratio

(ca. 300), which is undesirable because of the high cost of

MAO. Considerable research has been undertaken to afford

alternative cocatalysts exhibiting catalytic productivity and

selectivity similar as those of MAO. McGuinness [17]

developed well-defined, stoichiometric cocatalysts for

ethylene tetramerization from studies of a number of PNP/

Cr(III) catalysts activated using B(C6F5)3/AlR3 or

[Ph3C][B(C6F5)4]/AlR3. Although the liquid fraction se-

lectivities were similar to that obtained with MAO acti-

vation, these catalysts deactivate rapidly and provided

variable amounts of polyethylene formation.

It is well known for metallocene and constrained ge-

ometry catalysts, that the additives of TIBA can increase

cocatalytic activity of MAO, and prolong the catalyst life

[18–21]. In this present study, we employed several less-

expensive aluminum alkyls and a small amount of MAO to

construct mixed aluminoxane systems and then explored

their influence on ethylene oligomerization based on the

PNP/Cr(III) catalyst system.

Experimental

All manipulations were conducted under an N2 atmosphere

using standard Schlenk techniques or in a glove box.
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Materials

PNP ligand was synthesized according to a published

method [15]. CrCl3(THF)3 was purchased from Aldrich

and used as received. Polymerization-grade ethylene was

obtained from Tianjin Saimeite Specialty Gases (China).

Trimethylaluminum (TMA, 98 %), triethylaluminum

(TEA, 93 %), tri-n-hexylaluminum (TNHA, 95 %), di-

ethylaluminum chloride (DEAC, 97 %), triisobutylalu-

minum (TIBA, 1.1 mol/L in toluene), ethylaluminum

dichloride (EADC, 1.0 mol/L in hexane), and methyla-

luminoxane (MAO, 1.4 mol/L in toluene) were pur-

chased from Aldrich and used as received. Cyclohexane

was stored over activated 4-Å sieves; it was dried and

distilled under N2 from sodium/diphenylketone prior to

use.

Oligomerization of ethylene

Ethylene oligomerization was performed in a transparent

glass reaction vessel, equipped with a pressure meter and

needle valves for sample injections, with magnetic stir-

ring and heating in an oil bath. After evacuation and

flushing with N2 (three times) and ethylene (twice), the

reaction vessel was charged with a quantity of cyclo-

hexane and magnetically stirred under ambient ethylene

atmosphere. When the desired reaction temperature was

established, a quantity of MAO/alkylaluminum activator,

PNP ligand and CrCl3(THF)3 were injected into the re-

actor. Typically 30 min later, the mixture was rapidly

cooled to 0 �C and then the reaction was quenched

through the addition of EtOH/HCl (10 wt%). The cat-

alytic activity was calculated from the increase in pro-

duct weight.

Characterization of product

The distribution of the oligomers in the resulting solution

was determined through gas chromatographic analysis us-

ing an Agilent Technologies 7890A instrument equipped

with a 30 m 9 0.25 mm column and a flame ionization

detector. The solution was analyzed using a temperature

program—from 35 to 280 �C (10 �C/min, hold 10 min)—

with n-heptane as the internal standard. Product selec-

tivities were calculated using gas chromatography/mass

spectrometry (GC/MS) to analyze the collected gases and

obtained solutions.

Results and discussion

In Sasol’s initial report [5], the optimal results when using

the PNP/Cr(III)/MAO catalyst system for ethylene te-

tramerization were obtained at an MAO-to-Cr molar ratio

of 300. To examine the effect of the added alkylaluminum

on the catalytic system, in this study we kept the MAO/Cr

ratio constant at 100 in all runs. To test the effects of the

cocatalysts, we mixed an AlR3 species (TMA, TEA, TIBA,

TNHA, DEAC, or EADC) with MAO at various molar

ratios and then measured the resulting ethylene tetramer-

ization activities and product selectivities.

Effect of MAO/TMA mixtures on catalytic activity

and product selectivity

Table 1 lists the effect of the TMA/Cr molar ratio on the

catalytic activity and product selectivity provided by PNP/

Cr(III)/MAO/TMA catalytic systems. In general, the ad-

dition of TMA to MAO decreased the catalytic activity. A

Table 1 Ethylene oligomerization with PNP/Cr(III)/MAO/TMA

Runs Molar ratio of cocatalysts to Cr Activity (105 g/mol Cr h) Product selectivity (wt%)

MAO TMA 1-C4
= 1-C6

= C6H12
a C6H10

b 1-C8
= C1-C10

= 1-C6
= ? 1-C8

=

1 300 0 2.03 0.25 43.47 2.38 1.94 51.17 0.79 94.64

2 100 0 1.40 0.41 40.08 3.20 2.21 53.28 0.82 93.36

3 100 10 1.78 0.27 42.50 2.48 1.91 52.02 0.82 94.52

4 100 30 2.08 0.30 40.43 2.60 2.01 53.71 0.95 94.14

5 100 50 1.45 0.25 44.18 2.59 1.83 50.38 0.77 94.56

6 100 100 1.43 0.34 44.55 2.57 1.77 50.11 0.66 94.66

7 100 150 1.79 0.77 42.96 2.56 1.86 51.05 0.80 94.01

8 100 200 1.69 0.68 43.26 2.61 1.85 50.85 0.75 94.11

Reaction conditions: temperature 50 �C, pressure 0.8 MPa, time 30 min; c(Cr) 0.44 mmol/L, solvent cyclohexane
a Methylcyclopentane
b Methylenecyclopentane
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threshold appears to exist for the amount of TMA added to

MAO that is necessary to produce an effective cocatalyst.

One reason could be that TMA controls the Lewis acidity

of MAO through coordination to its oxygen atoms; an

excess of TMA may, therefore, interfere with the formation

of active Cr species and/or lead to over-reduction of the Cr

species. The total selectivity toward 1-octene and 1-hexene

remained constant at 94 % regardless of the Al/Cr molar

ratio over the tested range of TMA contents.

Effect of MAO/TEA mixtures on catalytic activity

and product selectivity

Table 2 reveals that TEA affected the 1-octene selectivity

and catalytic activity in PNP/Cr(III)/MAO/TEA catalytic

systems. Upon increasing the TEA/Cr molar ratio from 0 to

10, the catalytic activity and the selectivity toward 1-octene

both increased. When the TEA/Cr molar ratio was 10, the

catalytic activity and the selectivity toward 1-octene were

higher than the optimal results for the tetramerization of

ethylene using the PNP/Cr(III)/MAO catalyst system at an

MAO/Cr ratio of 300. Interestingly, an excess of TEA in

the mixed aluminoxane system decreased the catalytic

activity and increased the selectivity toward 1-butene (runs

13–17). Thus, the mixed aluminoxane derived from MAO

and TEA was a decent cocatalyst for the oligomerization of

ethylene based on the PNP/Cr(III) system.

Effect of MAO and TIBA mixtures on catalytic activity

and product selectivity

Table 3 presents the efficacy of MAO and TIBA mixtures

as cocatalysts in the catalytic system for ethylene

tetramerization. The mixed aluminoxane formed from

MAO/TIBA provided the PNP/Cr(III) catalyst system with

very high catalytic activity, relative to that of standard

MAO activation under the same conditions. The catalytic

activity increased initially upon increasing the molar ratio

of TIBA to Al/Cr, reaching a maximum at a ratio of ap-

proximately 50 (run 19). The activity under the best con-

ditions (run 19) was higher than that obtained at a molar

ratio of MAO to Al/Cr of approximately 100 (run 2) and

almost equal to that obtained when the MAO to Al/Cr

molar ratio was approximately 300 (run 1). In addition, the

introduction of MAO/TIBA as mixed aluminoxanes re-

sulted in almost no change in product selectivity. With this

mixed aluminoxane system, we could decrease the amount

of MAO and, thereby, lower the cost of the process without

changing the product distribution of ethylene oligomer-

ization when using the PNP/Cr(III) catalyst system.

Effect of MAO and TNHA mixtures on catalytic

activity and product selectivity

Table 4 displays the results for ethylene tetramerizations

performed at various molar ratios of TNHA to Al/Cr. Upon

increasing this molar ratio from 10 to 200, we observed

sharp decreases in the catalytic activity and selectivity to-

ward 1-octene and 1-hexene and a substantial increase in

the selectivity toward 1-butylene. The poor performance of

these mixed MAO/TNHA aluminoxanes was presumably

due to the large bulk of the alkyl groups in TNHA in-

hibiting concerted catalysis. In general, methylcyclopen-

tane and methylenecyclopentane are formed in a ratio of

1:1 and are the third most abundant products, after 1-octene

and 1-hexene, of ethylene tetramerization in PNP/Cr(III)/

Table 2 Ethylene oligomerization with PNP/Cr(III)/MAO/TEA

Runs Molar ratio of cocatalysts to Cr Activity (105 g/mol Cr h) Product selectivity (wt%)

MAO TEA 1-C4
= 1-C6

= C6H12
a C6H10

b 1-C8
= C1-C10

= 1-C6
= ? 1-C8

=

1 300 0 2.03 0.25 43.47 2.38 1.94 51.17 0.79 94.64

2 100 0 1.40 0.41 40.08 3.20 2.21 53.28 0.82 93.36

9 100 5 1.74 0.34 41.68 2.48 1.91 52.45 1.14 94.13

10 100 10 2.12 0.18 40.49 2.13 1.77 54.75 0.68 95.24

11 100 15 1.28 0.37 41.92 2.95 1.89 52.05 0.82 93.97

12 100 30 1.12 0.96 43.35 1.92 1.56 51.20 1.01 94.55

13 100 50 0.64 3.72 37.39 3.22 1.71 53.37 0.59 90.76

14 100 75 0.45 9.51 38.72 3.80 2.04 45.24 0.69 83.96

15 100 100 0.44 13.53 38.72 2.02 0.93 44.63 0.17 83.35

16 100 150 0.30 17.97 42.07 3.59 1.27 34.88 0.22 76.95

17 100 200 0.34 13.51 43.14 3.49 1.31 38.34 0.21 81.48

Reaction conditions: temperature 50 �C, pressure 0.8 MPa, time 30 min, c(Cr) 0.44 mmol/L, solvent cyclohexane
a Methylcyclopentane
b Methylenecyclopentane
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MAO catalytic systems. Unexpectedly, we found that the

selectivity toward methylcyclopentane increased sig-

nificantly upon increasing the molar ratio of TNHA to Al/

Cr from 10 to 200, with a conspicuous decrease in the

amount of methylenecyclopentane in the product.

These observations suggest the hexenyl/hydride-medi-

ated pathway. The n-hexyl units of TNHA are strong

electron-donating groups that decrease the amount of

positive charge at the Cr metal center—a situation that is

conducive to the generation of methylcyclopentane rather

than methylenecyclopentane (Scheme 1).

Effect of MAO and DEAC mixtures on catalytic

activity and product selectivity

The catalytic activity and product selectivity when using

MAO/DEAC as a mixed aluminoxane in ethylene

oligomerization were affected strongly by the molar ratio

of DEAC to Al/Cr. Table 5 reveals that the catalytic ac-

tivity increased upon increasing the molar ratio of DEAC

to Al/Cr, reaching a maximum at a value of 200, but de-

creased thereafter. Although the 1-octene selectivity was

extremely low, we obtained satisfactory activity and se-

lectivity toward 1-hexene with this mixed aluminoxane

when the DEAC/Cr ratio was 200. This system, employing

MAO/DEAC as the cocatalyst, exhibited an impressive

switch in selectivity of the PNP/Cr(III) catalyst from

ethylene tetramerization to ethylene trimerization. This

cocatalyst had another interesting effect on the catalytic

system because it increased the selectivity toward

methylcyclopentane when we increased the molar ratio of

DEAC to Al/Cr from 10 to 500. We found, however, that

the selectivity toward methylenecyclopentane decreased

when using DEAC as a cocatalyst. The formation of

Table 4 Ethylene oligomerization with PNP/Cr(III)/MAO/TNHA

Runs Molar ratio of cocatalysts to Cr Activity (105 g/mol Cr h) Product selectivity (wt%)

MAO TNHA 1-C4
= 1-C6

= C6H12
a C6H10

b 1-C8
= C1-C10

= 1-C6
= ? 1-C8

=

1 300 0 2.03 0.25 43.47 2.38 1.94 51.17 0.79 94.64

2 100 0 1.40 0.41 40.08 3.20 2.21 53.28 0.82 93.36

25 100 10 1.42 0.87 38.47 3.54 2.12 53.98 1.02 92.45

26 100 30 0.429 7.08 30.52 11.72 1.91 47.96 0.81 78.48

27 100 50 0.522 16.69 23.95 22.43 1.35 34.57 1.01 58.52

28 100 100 0.381 21.23 22.99 25.88 0.50 28.64 0.76 51.63

29 100 150 0.257 25.69 13.89 43.46 0.32 16.16 0.48 30.05

30 100 200 0.312 27.07 13.20 44.27 0.67 14.13 0.66 27.33

Reaction conditions: temperature 50 �C, pressure 0.8 MPa, time 30 min, c(Cr) 0.44 mmol/L, solvent cyclohexane
a Methylcyclopentane
b Methylenecyclopentane

Table 3 Ethylene oligomerization with PNP/Cr(III)/MAO/TIBA

Runs Molar ratio of cocatalysts to Cr Activity (105 g/mol Cr h) Product selectivity (wt%)

MAO TIBA 1-C4
= 1-C6

= C6H12
a C6H10

b 1-C8
= C1-C10

= 1-C6
= ? 1-C8

=

1 300 0 2.03 0.25 43.47 2.38 1.94 51.17 0.79 94.64

2 100 0 1.40 0.41 40.08 3.20 2.21 53.28 0.82 93.36

18 100 30 1.80 0.30 43.19 2.55 1.82 51.37 0.77 94.56

19 100 50 2.37 0.70 40.91 2.53 1.98 52.99 0.89 93.90

20 100 60 1.89 0.32 43.78 2.70 1.93 50.47 0.80 94.25

21 100 75 1.94 1.09 38.88 3.27 2.01 53.86 0.89 92.74

22 100 100 1.47 3.46 38.32 2.61 0.99 54.45 0.17 92.77

23 100 150 1.64 3.82 36.67 2.14 1.11 56.06 0.20 92.73

24 100 200 1.36 6.13 36.31 1.09 0.64 55.68 0.15 91.99

Reaction conditions: temperature 50 �C, pressure 0.8 MPa, time 30 min, c(Cr) 0.44 mmol/L, solvent cyclohexane
a Methylcyclopentane
b Methylenecyclopentane

146 Appl Petrochem Res (2015) 5:143–149

123



methylcyclopentane and methylenecyclopentane presum-

ably occurs through a disproportionation process.

Effect of MAO and EADC mixtures on catalytic

activity and product selectivity

Table 6 presents the results for the ethylene oligomer-

izations performed using the mixed aluminoxane MAO/

EADC as the cocatalyst. In the presence of EADC,

ethylene oligomerization occurred with low catalytic ac-

tivity relative to that of the standard MAO activation

process. We observed an increase in the yield of 1-hex-

ene relative to 1-octene and, simultaneously, an obvious

increase in the yield of methylcyclopentane upon in-

creasing the molar ratio of EADC to Al/Cr, similar to

DEAC system; we attribute this performance to the

presence of the chlorine atoms in these two aluminum

alkyls.

The added trialkylaluminum compound could interact

with the active species in the following two ways: one is

the interaction with the counter anion, and the other is the

interaction with the coordinatively unsaturated cationic

Table 5 Ethylene oligomerization with PNP/Cr(III)/MAO/DEAC

Runs Molar ratio of cocatalysts to Cr Activity (105 g/mol Cr h) Product selectivity (wt%)

MAO DEAC 1-C4
= 1-C6

= C6H12
a C6H10

b 1-C8
= C1-C10

= 1-C6
= ? 1-C8

=

1 300 0 2.03 0.25 43.47 2.38 1.94 51.17 0.79 94.64

2 100 0 1.40 0.41 40.08 3.20 2.21 53.28 0.82 93.36

31 100 10 0.498 0.89 74.33 9.91 0.76 13.47 0.64 87.80

32 100 30 0.882 1.07 81.93 12.56 0.31 3.75 0.38 85.68

33 100 50 1.22 0.77 82.19 12.94 0.17 3.87 0.06 86.06

34 100 75 1.42 0.55 83.61 13.99 0.17 1.56 0.12 85.17

35 100 100 1.46 0.52 83.90 14.38 0.28 0.84 0.08 84.74

36 100 150 2.38 0.42 84.16 14.82 0.25 0.32 0.03 84.48

37 100 200 3.37 0.44 84.31 14.81 0.24 0.14 0.06 84.45

38 100 300 2.91 0.72 78.64 18.85 0.39 1.22 0.18 79.86

39 100 400 1.13 1.34 78.08 18.36 0.34 0.61 1.27 78.69

40 100 500 1.11 2.14 77.58 18.42 0.35 0.46 1.05 78.04

Reaction conditions: temperature 50 �C, pressure 0.8 MPa, time 30 min, c(Cr) 0.44 mmol/L, solvent cyclohexane
a Methylcyclopentane
b Methylenecyclopentane

n+2Cr

H

n+2Cr

H
Al( )3

n+2Cr

Al3+ + nCr Al3+ +n+2Cr
H

H

Scheme 1 Postulated

mechanism for the formation of

methylcyclopentane and

methylenecyclopentane when

using TNHA as a cocatalyst
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chromium species to form a heterobinuclear complex. The

use of excess MAO has economic implications when it

comes to the large-scale use in industry. TMA, TEA and

TIBA were the most important and functioned as both

reducing agents and cocatalysts. They were readily

available and relatively inexpensive and performed well

with Cr(III)/PNP/MAO for ethylene tetramerization to-

ward 1-octene.

Conclusions

To decrease the cost of the cocatalyst, herein we tested

the effects of six relatively inexpensive aluminum alkyls

(TMA, TEA, TIBA, TNHA, DEAC, EADC) to partially

replace MAO in the PNP/Cr(III)/MAO catalyst system

for ethylene oligomerization. We achieved satisfactory

catalytic activity and product selectivity when using a

system of mixed aluminoxane activators, comprising

MAO and various aluminum alkyls as cocatalysts.

Amazingly, the application of MAO/DEAC as the co-

catalyst resulted in an impressive switch in the selectivity

of the PNP/Cr(III) catalytic system—from ethylene te-

tramerization to ethylene trimerization—as well as high

activity. Further research into other mixed aluminoxane

systems and their applications in ethylene oligomerization

are ongoing.
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