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Abstract

The catalytic oligomerisation of ethene at about room temperature and one
atmosphere of ethene by a series of catalysts derived from WNi(sacsac)PR,Cl
(sacsac” = C;H,S,™ = pentane-2,4-dithionate anion) is described. The catalytic ac-
tivities and selectivities are shown to be dependent on the phosphine ligand and the
reaction temperature. Activities of the order of 4 X 10° mol of ethene converted per
mol of nickel per h (> 1000 s™') are reported. The catalysts are quite long-lived,
more than 2 X 107 g of products can be produced per mol of nickel.

Introduction

Olefin oligomerisation is a pivotal process in the catalytic production of fuels and
specialty chemicals. A number of very active olefin oligomerisation catalysts can be
generated by combining a nickel compound with an alkylating or hydridic co-cata-
lyst [1-4]. Catalysts of this type have been extensively investigated and several
processes have been commercialized [5,6].

Air stable sixteen electron nickel complexes of the general formula Ni(R*-
RlsacR’sac)X(PLIL’L?Y), (R/, L/ = alkyl or aryl; X = halide; sacsac”™ = CsH,S,” =
dithioacetylacetonate anion = pentane-2,4-dithionate anion) (I) when activated by a
co-catalyst under mild conditions form extremely active olefin oligomerisation and
isomerisation catalysts [7-10].
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We have investigated the reaction rates and product distributions of a series of
reactions between ethene and catalysts derived from (I; R'=R'=CH,. R*=H,
X = Cl) but with differing phosphine ligands. In the present series of experiments
we have established that the previously reported activity [8] of these catalysts in
their reactions with ethene were apparently determined by the reaction conditions.
The earlier experiments were performed using a flow through system at less than
complete conversion, and with activities determined by gas chromatographic analyses
of the reaction products as a function of time. The turnover numbers determined in
this manner significantly underestimated the true values of the turnover numbers.
but were nevertheless useful in demonstrating that the compounds 1 formed highly
active catalysts.

We have shown recently that the actual turnover numbers for propene oligomeri-
zation are almost two orders of magnitude higher than orniginally reported [9]. The
present results demonstrate that the activities for ethene oligomerization are almost
three orders of magnitude higher than originally reported. The experiments for
determining such high activities at 100% conversions were performed as follows.

Experimental

The apparatus consisted of a 250 ml glass three-necked, flanged. Quickfit reactor
vessel. One neck was fitted with a septum. One neck was connected to a vacuum/
argon manifold. The central neck contained a dip tube connected via a calibrated
flow meter and pressure regulator to an ethene cylinder. The temperature of the
solution was monitored via a thermocouple. Ethene was introduced below the
surface of the vigorously stirred liquid. The glass apparatus was assembled hot
(90 °C) and was then repeatediy evacuated and filled with ethene. The reactor was
then charged with 30 + (0.5 ml of dried. distilled, degassed chlorobenzene and
Et, AlCI (0.2 + 0.05 ml, 1.7 + 0.4 mmol) under an atmosphere of ethene (24 mmHg
above atmospheric). The apparatus was conditioned by stirring for 1 h at ambient
temperature. The vigorously stirred mixture was then treated with a solution of the
nickel precursor 1 in chlorobenzene (3.5x10 * M) in 10 x 1 ml aliquots and the
rate of ethene uptake was measured using the flow meter. After all ten aliquots of
catalyst were added and the ethene consumption had fallen to zero, 10 ml of water
was added. The weight and volume ol the products were recorded and the product
distribution was determined by gas chromatography.

Discussion

No reaction was observed in solutions of the nickel complex alone, nor of the
alkyaluminium co-catalyst alone under these conditions. Because of the exothermic
nature of the oligomerisation reaction and the very high activities, the reaction
temperature proved difficult to control. The activites of a large number of catalysts
over a range of temperatures are illustrated in Table 1. The stirring speed was high
enough that the reaction rate was independent of stirring speed. All the catalysts
tested showed extremely high activites, with turnover numbers (moles of ethene
converted per mole of catalyst per second) in excess of 1000 s ' at or just above
ambient temperature. These catalysts are thus some of the most active. if not the
most active, olefin oligomerisation catalysts reported. Turnover numbers as high as
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Table 1

Variation in catalytic activity with phosphine

Catalyst precursor Temperature Activity Mass of products
Ni(sacsac)PR4Cl (°0) he 1 5! per mol of nickel
PR3 = (kg)

PBu, 35 5.8x10¢ 1600 3900

PBu, 0 3.0x10°¢ 800 9300

PBu, -20 2.3%10° 600 21700

P(CgH, ;)4 32 46x108 1300 4500
P(CgH,5), 0 2.7x 10 750 5600

PEt, 27 4.6x10° 1300 2200
P(C,6H33)5 32 41x10° 1100 3200

230 57! at —55°C have been reported for the catalytic oligomerisation of propene
using the catalyst system Ni(n*-C,Hs)Br{P(CsH;,);]/ EtAlICl,/C,HCl [12], but
the activity of this system at higher temperatures has not been reported. By
comparison, the turnover numbers for most enzymes with their physiological
substrates are in the range 0.2 to 10° s~ ' [13,14] with very fast enzymic reactions
(e.g., carbonic anhydrase) having turnover numbers of ca. 1000000 s~ [14]. The
observed activities of catalysts derived from I do not appear to be very dependent
on the nature of the trialkylphosphine ligands used in this study. However, we have
noted previously that the phosphine is presumably bound to the complex at least
during some point of the catalytic cycle, since different phosphines show marked
product directing effects in the oligomerization of propene [7,8]. Reducing the
reaction temperature results in a reduction in activity, as expected, but also results
in a greater product yield, possibly demonstrating a degree of thermal instability
associated with the catalyst.

The products of the ethene oligomerisation reaction are dependent on the
reaction temperature (Table 2). Reducing the reaction temperature gives fewer
higher oligomers in both cases examined. This is particularly so in the case of the
catalyst derived from Ni(sacsac)P(C4H;,);Cl/Et, AICIL No correlation between the
bulk of the phosphine substituent and the product distribution is apparent, although
only a limited number of phosphine ligands has been surveyed. All isomers expected

Table 2

Variation in oligomeric products as a function of phosphine

Catalyst precursor Temperature Products (wt %)

i PR ,Cl °
Ni(sacsac)PR 4 (°C) C, C, Cy Cro C,-
PR, =
PBu 35 43.0 515 45 0.6 0.4
PBu, 0 544 434 21 0.1 -
PBu, -20 58.3 373 44 - -
P(CgH )3 32 43.6 50.8 4.7 0.7 0.2
P(CgH;7); 0 75.9 241 - - -
PEt, 27 535 429 3.6 - -

P(C1sH13)5 32 51.0 439 3.6 - -
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Table 3

Equilibrium butene isomer distribution as a function of phosphine

Catalyst precursor Temperature Isomer (%)

Ni(sacsac)PR,Cl (°0 1-Butene trans-2-Butene cis-2-Butene
PR, =

PBu, 35 2 67 31
PBu, 0 2 70 28
PBu, -20 4 69 27
P(CyH;7) 32 2 66 32
P(CyHy7)3 0 2 61 a7
P(C 1 H33)4 33 2 69 29
Thermodynamic: 27 2.5 73.8 23.8

from a catalytic cycle involving ethene substrate and nickel-hydride / nickel-alkyl
intermediates are observed, as is illustrated by the butenes produced (Table 3).
Within each oligomer fraction the distribution of isomers is close to the thermody-
namic equilibrium isomer distribution. Although the deviations from the thermody-
namic equilibrium distribution are small, the proportion of ¢is-2-butene is con-
sistently high, and the proportion of rrans-2-butene is consistently low. We have
observed a similar effect on the equilibrium isomer distribution during 1-hexene
isomerization [15]. The effect is probably steric in origin and may be consistent with
a bimetallic nickel-aluminium intermediate.

The rates of olefin isomerisation by these catalysts are known to be considerably
faster than the rate of oligomerisation [9]. To our knowledge the systems described
here are amongst the most active synthetic homogeneous catalysts reported to date.
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