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Abstract

VI Ž . Ž .Organoimido Cl W sNAr Arsaryl 1 complexes catalyze the dimerization of propene and ethene in presence of4

alkylaluminum derivatives. Similar results are obtained with the in situ formed tungsten system based on the mixture
WCl ranilineralkylaluminum. For most cases, 2,3-dimethylbutenes are the main dimers formed from propene. However, in6

IV Ž .some instances, propene metathesis reactions can be promoted. The Cl W sNPh PMe 3 complex is an efficient2 3 3

catalyst for ethene dimerization when promoted by AlCl The reaction can be carried out using acidic chloroaluminates as3.

the solvent with 3 without an additional cocatalyst. Cationic species are proposed as the active intermediate. q 1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Tungsten and molybdenum complexes have
been known for a long time as homogeneous
catalysts for the metathesis of cyclic and acyclic

w xolefins 1,2 . Very early it appeared that oxo or
alkoxo andror imido anionic ligands could im-
prove catalyst efficiency. Thanks to Schrock’s
brilliant work, it has been demonstrated that the

Ž .active species is a W VI alkylidene complex
w x3 . The alkoxo andror imido ligands play an
important role in the stabilization of the four
member metallacyclic intermediate and prevent
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w xintermolecular reactions 4 . Rappe and God-´
w xdard 5 have suggested in a theoretical mecha-

nistic study that the spectator oxo makes the
metallocycle formation favourable.

However in the middle of the seventies, Law-
w xson and Menapace et al. from Goodyear 6–10

pointed out that the catalyst system based on
WCl and aniline, which is efficient for olefin6

metathesis reactions, could be changed into an
olefin dimerization catalyst system. As an ex-
ample, a mixture of tungsten hexachloride, ani-

Ž .line anilinerW molar ratios2 and ethylalu-
Ž .minum dichloride AlrWs10 catalyzes the

dimerization of propene into a mixture of 2,3-
dimethylbutene and 2-methylpentene, using
chlorobenzene as the solvent. More recently,
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this reaction has been reexamined, in the hope
that an industrial process based on a tungsten

w xcatalyst might be developed 11 .
We undertook to revisit the ‘Goodyear reac-

tion’ and to transfer the catalytic system into an
ionic liquid, with the aim of increasing the
catalyst turn-over number by using the two-
phase catalysis concept. This technique has been
used in a similar way for the dimerization of
propene catalyzed by cationic nickel complexes
w x12 .

2. Experiment

All the manipulations were conducted under
argon atmosphere using the Schlenk tube tech-
nique. Most of the reagents are commercially
available. Chlorobenzene was dried over P O2 5

and other liquids over molecular sieves.

2.1. Preparation of catalytic systems

WOCl was prepared according to Gibson et4
w xal.’s procedure 13 . Imidotetrachloro tungsten

complexes were synthesized by reacting the
corresponding isocyanate with oxotetrachloro

Ž .tungsten, which provided the Cl WsNAr 14
Ž .Arsaryl group complexes. These complexes

Ž .are further reduced to Cl WsNAr PMe3 3 2

complexes 2 upon addition of PMe . The corre-3
Ž .sponding Cl WsNAr PMe complexes 32 3 3

were obtained by the reduction of 1 using
sodium–mercury amalgam in the presence of

w xPMe , as described by Nielson 14 .3

2.2. Preparation of the ionic liquid

1-Butyl-3-methylimidazolium tetrachloroalu-
minate was obtained by reacting 1-butyl-3-

Ž .methylimidazolium chloride BMIC with alu-
w xminum chloride as previously described 15 .

2.3. Catalytic experiments

The catalytic reactions were conducted in a
100 ml double walled stainless steel autoclave
equipped with a magnetic stirring bar. In a
typical experiment, the reactor purged of both
air and moisture, was maintained under an at-
mosphere of olefin. Then a solution containing
the catalytic system was introduced, the reactor
was heated to the desired temperature and a
constant pressure of gaseous olefin was applied.

Table 1
Ž .Reaction of propene with WCl rArNH rEADC 1:2:11 catalytic system6 2

Entry 1 2 3 4 5 6
iŽ . Ž .Catalyst nature of Ar C H 4-FC H 2,6-Cl C H 2,6-Me C H 2,6- Pr C H 3,5- CF C H6 5 6 4 2 6 3 2 6 3 2 6 3 3 2 6 3

Ž .Reaction time mn 175 180 150 135 145 210
y1Ž .TON mol mol 4250 5660 3650 700 530 1100

( )Products wt.%
ethene 1
n-butenes traces traces traces traces 41
pentenes traces traces traces 14
i-hexenes 96 96 95 77 74 22
heavier olefins 4 4 5 23 26 22

aDistribution of dimers
DMB 62 59 87 81 78 51
4MP 5 5 5 13 15 43
2MP 33 36 8 6 17 6

Reaction conditions: Solvent: chlorobenzene. Pressure: 0.8 MPa. Ts608C.
aAnalysis of the liquid phase: DMB: 2,3-dimethyl but-1-ene and 2,3-dimethyl but-2-ene; 4MP: 4-methylpent-1-ene and 4-methylpent-2-ene;
2MP: 2-methylpent-1-ene.
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Ž .Fig. 1. Formation of the imido W VI complexes.

At the end of the reaction, the catalyst was
deactivated by injecting gaseous ammonia.

Hydrocarbons were analyzed by means of
gas chromatography on a HP5890 apparatus

Žequipped with a PONA column length 50 m,
.internal diameter 0.2 mm, FID detector .

3. Results and discussion

(3.1. WCl and aniline ‘Goodyear type’ cata-6
)lyst

In the first series of experiments, propene
was reacted under 0.8 MPa and 508C with a
‘Goodyear-type’ catalyst resulting from the in-
teraction of WCl , aniline or derivatives and6

Ž .AlEtCl EADC , using chlorobenzene as the2

solvent. The results obtained with an excess of
Ž .EADC AlrWs11 are summarized in Table

1. Dimerization is the prevalent reaction for
almost all the anilines used. 2,3-Dimethyl-

Ž .butenes tail-to-tail dimers are the main prod-
Ž .ucts but 2-methylpent-1-ene head-to-tail is im-

portant for the 2,6-unsubstituted aryl group of
Ž .the aniline derivatives entries 1 and 2 . 4-Meth-

Ž .ylpentenes head-to-tail are also formed but in
minor quantities. No n-hexenes were observed.
The best selectivity in 2,3-dimethylbutenes is
obtained with o-substitution of the aromatic
group of the aniline by two chlorine atoms
Ž .entry 3 . On the other hand, substitution in

Ž .o-position with an alkyl group entries 4 and 5
considerably reduces the dimerization reaction
rate. Unexpectedly, using bis 3,5-trifluoro-

Ž .methyl aniline entry 6 , metathesis is the main
reaction pathway. In this case, but-2-ene is the
primary product and n-pentenes probably arise
from the subsequent reaction of but-1-ene with
propene.

When EADC is used with AlrW molar ratio
of 1, under the same operating conditions as
previously described, the catalyst activity de-
creases considerably.

3.2. Cl WsNAr as catalyst precursors4

The reaction of a suspension of WCl in6

chlorobenzene with one equivalent of aniline

Table 2
Ž .Reaction of propene with ArNsWCl rEADC AlrWs11 catalytic system4

Entry 7 8 9 10
a i bŽ .Catalyst nature of Ar C H 4-FC H 2,6-Me C H 2,6- Pr C H6 5 6 4 2 6 3 2 6 3

Ž .Reaction time mn 148 80 152 210
y1Ž .TON mol mol 3400 4150 1190 360

( )Products wt.%
ethene 1
n-butenes traces traces 1
pentenes traces traces 1
i-hexenes 86 97 91 79
heavier olefins 13 3 9 18

Dimer distribution
DMB 74 65 85 80
4MP 4 5 11 12
2MP 22 30 6 8

Operating conditions see Table 1.
aSolvent: toluene.
bComplex recrystallized from tetrahydrofuran.
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Table 3
Ž .Reaction of ethene with 2,6-Me C H NsWCl rAlEt Cl catalytic system2 6 3 4 n 2- n

Entry 11 12 13

Nature of the alkylaluminum AlEtCl AlEtCl AlEt Cl2 2 2
a aŽ .AlrW molar ratio 11 40 40

Ž .Reaction time mn 240 450 274
y1Ž .TON mol mol 0 14000 22300

( )Products wt.%
Ž . Ž .n-butenes 63 97% but-1-ene 83 99% but-1-ene
Ž . Ž .i-hexenes 17 7% hex-1-ene 16 3% hex-1-ene

heavier olefins 20 1

Reaction conditions: Solvent: chlorobenzene. Ts408C, Ps6 MPa.
a 0.2 MPa ethene was applied over night before starting the reaction.

Ž .under reflux 1408C , in the presence of a stream
of argon, yields a brownish orange solution.
HCl simultaneously evolves. Depending on the
reaction conditions and on aniline substituents,
1.6 to 2.2 moles of HCl per mole of W were
formed. From these results, it may be suspected
that the active species precursor is the

Ž .monoimido W VI complex formed as depicted
in Fig. 1. However, we were not able to isolate
any definite compound from this solution.

For this reason, we synthesized complexes 1
by a well known method, i.e., the reaction of

w xisocyanates with WOCl 13,14 . Reacting 14

with EADC in quite similar conditions to those
previously used, affords clear orange to red
solutions. Table 2 shows the results obtained
with different arylimido groups using EADC in

Ž .excess AlrWs11 . The results compare rather
well with the results in Table 1.

In a similar way, in the presence of EADC,
complexes 1 catalyze the dimerization of ethene
Ž .Table 3 . Surprisingly, activity was only ob-
served for AlrWs40. AlEt Cl proved to be a2

Ž .better cocatalyst entry 13 . Higher TON are
obtained. Selectivities both in n-butenes and
but-1-ene are high. Using similar operating con-

Ž .ditions, W sO Cl complex, associated with4
Ž .AlEt Cl AlrWs40 is not reactive.2

3.3. Catalysis with low oxidation state tungsten
complexes

In order to specify the valence of the active
species we have synthesized the corresponding

Table 4
Ž .Reaction of ethene catalyzed by Cl WsNPh PMe2 3 3

Entry 14 15

Ž .Solvent Chlorobenzene BMICrAlCl 1:1.083
Ž .Volume of solvent ml 15 4

Ž .Cocatalyst AlCl AlrWs4.53
y1Ž .TON mol mol 1740 1280

( )Products wt.%
Ž . Ž .butenes 80 but-1-ene 60% 81 but-1-ene 65%
Ž . Ž .i-hexenes 18 hex-1-ene 85% 18 hex-1-ene 92%

heavier olefins 2 1

Operating conditions: W:0.25 mmole, Ts608C; Ps4 MPa; reaction time: 230 mn.
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Ž .Cl WsNPh PMe 2 and Cl WsNPh-3 3 2 2
Ž .PMe 3 imido complexes. These complexes3 3

are not active per se, but reacting a solution of
3, in chlorobenzene, with an excess of alu-

Ž .minum chloride AlrWs4.5 yields an or-
ange–brown solution which dimerizes ethene
Ž .Table 4 . Under these conditions, a part of the
phosphine ligand coordinates to aluminum chlo-

31 Žride as shown by the P NMR spectra sextup-
let between y52.1 and y35.8 ppm resulting

27 31 .from Al– P coupling; Js290 Hz . On the
other hand, complex 2 did not yield to an active
species but it can be activated by EADC in the
same conditions and with similar results as 1.

Acidic ionic liquids composed of the mixture
of butyl-1 methyl-3 imidazolium chloride and

Ž .aluminium chloride AlCl rBMIC)1 , are liq-3

uid at room temperature. They contain the
Al Cly anion which is in equilibrium with2 7

AlCl and the AlCly anion. Complex 3 dis-3 4

solves in acidic organochloroaluminate ionic
liquids. It forms a homogeneous brown solution
which also catalyzes the dimerization of ethene
without the addition of AlEtCl . The super-2

Ž .natant hydrocarbon layer oligomers is quite
colorless. We can then assume that the catalysis
occurs in the ionic phase. The products can be
easily separated by simple decantation and the
ionic liquid containing the catalyst may be
reused. Complex 1 also dissolves in acidic
BMICrAlCl based ionic liquids. It can be3

reduced directly in the ionic liquid by the addi-
tion of EADC and catalyzes the dimerization of

propene. However, in this case and contrary to
experiment starting from complex 3, the organic
phase is colored which suggests that some tung-
sten species has been extracted. This may be

Ž .ascribed to the fact that the reduction of W VI
Ž .to W IV is not selective in the ionic liquid.

In the case of 3, the following reaction scheme
Ž .can be suggested Fig. 2 .

Starting from complex 1 and EADC, the
Ž .same type of W IV active intermediates may

be formed on account of a double alkylation of
Ž .W VI followed by b–H transfer yielding a
Ž . w xW IV complex 16,17 . In the ‘Goodyear sys-

tem’, the role of the excess aniline is probably
to neutralize a part of the HCl that is formed.
As could be expected, sterically demanding

Ž .arylimido groups o-disubstituted phenyl favor
tail-to-tail coupling of two moles of propene
yielding 2,3-DMB.

Metallocyclopentane formation has also been
invoked in the case of zirconium complexes and
may explain the obtained selectivity in the

w xalkene–alkene coupling reaction 18 .
ŽIn some instances e.g., bis 3,5-trifluoro-

.methyl aniline , the a–H elimination could be
Ž .promoted in the intermediate ‘ArNsW X Et ’2 2

and could generate the metallacarbene responsi-
ble for the metathesis reaction.

The metathesis of olefins results from the
conversion of a p-olefin-metallocarbene species
into a metallacyclobutane intermediate. The
change of tungsten based catalyst reaction path-
way from metathesis to dimerization could be

Ž .Fig. 2. Proposed reaction pathway for ethene dimerization catalyzed by complex 3 LsPMe .3
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ascribed to the relative instability of the metal-
locarbene in the presence of a strong Lewis
acid. The instability of the carbene would result
in the p-coordination of a second molecule of
olefin, and the consecutive oxidative coupling
forming a metallacyclopentane. Clearly, the
substitution of aniline with two trifluoromethyl
groups stabilizes the carbene intermediate in
spite of the presence of a Lewis acid and then
favors the metathesis pathway. The role of the
imido ligand in the dimerization reaction could
be the same as in a metathesis catalyst i.e., it

Ž .stabilizes a W VI species with two metal–
carbon bonds either C–W–C or C5W bonds.

4. Conclusion

We have specified the nature of the active
species in the dimerization of olefins by the
mixture of Cl WsNArrEADC. The same ac-4

tive intermediates may be involved in the reac-
tion with the mixture of WCl ranilinerEADC6

previously described by Menapace et al. The
cationic nature of this complex is confirmed by
its solubility in an ionic liquid and its insolubil-
ity in aliphatic hydrocarbons. Unfortunately, the
instability of the active species precludes both a
more accurate characterization and an industrial
development. As the nature of the ligand seems
to be of prime importance in stabilizing the
active intermediates, other types of ligands need
to be examined.
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