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Nickel(Il) heterocyclic carbene complexes of the formula Nily(carbene), (carbene =
3-methyl-1-propylimidazolin-2-ylidene (1), 1-butyl-3-methylimidazolin-2-ylidene (2), 1-iso-
propyl-3-methylimidazolin-2-ylidene (3), 1,3-diisopropylimidazolin-2-ylidene (4)) have been
prepared and fully characterized by both spectroscopic methods and single-crystal X-ray
structure analysis. All complexes have “square-planar” nickel environments, with the donor
atoms pairwise trans, all obligate, except for one of the two independent molecular types
found in 2, in which, with different substituents at the nitrogen atoms, the two rotamers
are observed as independent molecules in the one crystal. Complexes 1—4 were tested as
catalysts for propene and 1-butene dimerization in both toluene and an imidazolium—
chloroaluminate ionic liquid. While the complexes are inactive to sparingly active in toluene,
highly active catalysts are produced in the ionic liquid. In all cases the complexes are more
active toward 1-butene dimerization than is NiCl,(PCys), in the ionic liquid. The results are
interpreted in terms of catalyst stabilization by the imidazolium-based ionic liquid. In toluene
the complexes decompose rapidly via reductive elimination of imidazolium cations, while in
the ionic liquid no decomposition is observed. While reductive elimination of imidazolium is
possible in the ionic liquid, a rapid reoxidation via addition of the solvent imidazolium cation
seems possible and may prevent the formation of Ni® deposits associated with catalyst
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deactivation.

1. Introduction

In recent years the use of transition-metal catalysts
dissolved in room-temperature molten salts, or ionic
liquids, has received increasing attention.!~6 These ionic
liquids are typically highly polar and are good solvents
for inorganic complexes (catalysts), while being im-
miscible with most hydrocarbons. As such, they provide
a nonaqueous alternative for two-phase catalysis, in
which the catalyst is immobilized in the ionic liquid and
can be easily separated from the products and recycled.’—3
Furthermore, ionic liquid solvents eliminate the need
to use volatile organic solvents. Among the different
types of ionic liquids available, imidazolium salts are
widely used, often in combination with halogeno- or
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alkylhalogenoaluminum(l11) compounds.t~2 The use of
these chloroaluminate imidazolium ionic liquids in the
Ni-catalyzed dimerization of olefins has been studied.”~10
Chauvin et al. have used a slightly acidic ionic liquid
composed of [imidazolium]CI/AICI3/AIELCI; in combina-
tion with Ni"' phosphine complexes for the selective
dimerization of propene.”8 The addition of AIEtCI; to
the melt is found to inhibit the formation of higher
oligomers due to a cationic side reaction. High activities
were achieved along with high selectivity toward desir-
able 2,3-dimethylbutene, with the product easily sepa-
rable from the catalyst solution by a simple decantation
step. The dimerization of ethylene using a similar
system was later reported.® The dimerization of 1-butene
using a buffered chloroaluminate—pyridinium ionic
liquid has recently been reported.'® Using weak organic
bases such as N-methylpyrrole to buffer the slightly
acidic melt prevented the formation of higher oligomers
by a cationic side reaction. In this way the addition of
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AIEtCI; to the melt, which was found to reduce selectiv-
ity toward linear dimers, could be avoided.
Deprotonation of 1,3-dialkylimidazolium salts yields
stable heterocyclic carbenes.!! The use of complexes of
these ligands as catalysts for a number of reactions has
been reported.’? These include olefin metathesis (Ru),3-18
hydrosilylation and hydroformylation (Rh),1°24 and
C—C coupling reactions (Pd, Ni).25736 The expected
affinity of heterocyclic carbene complexes for imidazo-
lium-based ionic liquids makes them promising candi-
dates for immobilization in these solvents. Furthermore,
in several recent reports we have shown that hetero-
cyclic carbene complexes of Pd'' and Ni'' which contain
alkyl, aryl, and acyl groups may decompose via elimina-
tion of 2-organylimidazolium salts (reaction 1)29:30.32.37
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and that this reaction occurs via a concerted reductive
elimination of the hydrocarbyl and carbene moieties.38
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°C, 2 h; (iv) R = H, 2 'Prl, KHCO;s, 70 °C, 2 days.

As this represents a route to catalyst deactivation, we
were interested in developing methods by which the
process could be controlled. It seemed possible that the
energetics of this reaction could be modified so that
oxidative addition of the imidazolium cation to M°
becomes favored over reductive elimination; it has
recently been shown by experiment and theory that
oxidative addition of imidazolium cations to Ni°, Pd°,
and Pt0 is possible.394° These results suggest that using
an imidazolium-based ionic liquid as solvent may limit
catalyst decomposition via reductive elimination. While
the catalyst may still reductively eliminate imidazolium
ion, a large excess of this cation may be expected to favor
reoxidation of the metal to give an active carbene
complex. Hence, catalysts based on heterocyclic carbenes
should be particularly suited to reactions in ionic
liquids.38 For this reason we decided to study catalysts
based on Ni'' heterocyclic carbene complexes for olefin
dimerization in an imidazolium-based ionic liquid. Here
we report the synthesis and structures of Ni carbene
precatalysts and investigations on their activity for
olefin (propene, 1-butene) dimerization in both toluene
and an ionic liquid.

2. Results and Discussion

2.1. Synthesis of Imidazolium Salts. A range of
carbene ligand precursors were required to study the
effect of the carbene ligand on activity, stability, and
selectivity of the catalyst. Four imidazolium salts were
prepared with different N-substituents, as shown in
Scheme 1, the n-propyl and n-butyl imidazoliums being
employed since salts of these cations are commonly used
in ionic liquids, for which the resulting carbene ligand
might be expected to have a good affinity. The 'Pr
imidazolium salts were prepared so that the effect of
steric bulk on the carbene could be investigated, with
the expectation that increased out-of-plane bulk might
lead to a greater stability of the catalyst and should
affect its selectivity.

2.2. Synthesis and Structures of Ni Carbene
Complexes. The preparation of Ni carbene complexes
from Ni(OAc), and 1,3-dimethylimidazolium salts has
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been previously reported.*! The use of this procedure
and workup for the present substituted imidazolium
salts resulted in a large amount of unreacted imidazo-
lium salt containing only a very small amount of the
expected complex. To get satisfactory yields of the pure
complexes, more forcing conditions and an improved
workup were introduced. Two equivalents of the imi-
dazolium salt was mixed with Ni(OAc),, and the mixture
was heated to 160—170 °C under vacuum for periods of
2—18 h. Under these conditions the imidazolium salts
melt, dissolving the Ni(OAc),. After cooling, the result-
ing dark residues were triturated with water to remove
unreacted imidazolium salt and Ni(OAc),. In each case
red powders were obtained corresponding to complexes
1—4 (reaction 2).

160-170°C
——
vacuum

(\ N-R 1R=Me, R="Pr

N— ! R 2R=Me R="Bu
[ 3R=Me,R=Pr (@

"o >:> 4R="Pr,R=Pr

r—N

2 R/N\/FN\R' + Ni(OAc)

The 13C NMR spectra of 1, 2, and 4 show the Cgarbene
resonances between 170.5 and 174.6 ppm (not observed
for 3 due to signal broadening). Comparison with the
values found for other Nily(carbene), complexes3041
suggested a trans arrangement of the ligands. The 'H
NMR spectra display broad signals, and in the case of
2 and 3 some peak splitting is observed (see Experi-
mental Section), suggesting restricted rotation around
the Ni—C bond giving different rotamers. This is
manifest in the 13C NMR spectra of 1—3, which also
show peak splitting.

Single-crystal X-ray structures were obtained for all
four complexes. Crystals were grown from DCM (dichlo-
romethane)/ether by vapor diffusion (1—3) or from
straight DCM by slow evaporation (4), representative
molecular structures being shown in Figure 1 with
selected bond lengths and angles listed in Table 1. The
results of low-temperature (ca. 153 K) single-crystal
X-ray structure determinations of 1-4 (and 5, the
tetramethyl-substituted analogue®®) are consistent, in
terms of stoichiometry and connectivity, with their
description as unsolvated “square-planar” trans-Nil,L,
arrays, obligate in all cases (except one molecule of 2),
the molecules being disposed with their metal atoms on
crystallographic inversion centers. Where there is un-
symmetrical substitution at the carbene ligand nitrogen
atoms, the substituent disposition is also trans, except
in one molecule of 2, as below. Half of one molecule
comprises the asymmetric unit of the structure in both
1 and 3 (and also 5%°), and two halves of each of two
molecules comprise the asymmetric unit in 4; in 2 half
of one molecule also has this status, but an independent
molecule, devoid of crystallographic symmetry, com-
pletes the asymmetric unit of the structure, and,
although of the form trans-Nil,L, also, the (unsym-
metrical) ligand substituents lie cis, so that here the
two rotamers coexist in the crystal in 1:2 trans:cis
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Figure 1. Single molecules of (a, top) 2 (molecule 1) and
(b) 3, projected normal to their coordination planes and
showing cis- and trans rotamers (see text). Thermal el-
lipsoids at the 50% level are shown for the non-hydrogen
atoms, hydrogen atoms having arbitrary radii of 0.1 A.

stoichiometry. The ligand donor atom dispositions about
all nickel atoms (inclusive of 5) are closely orthogonal
(overall cis I-Ni—C ranging between 89.21(8) and 90.79-
(8)° and trans between 178.21(5) and 180°); the dis-
tances overall are also in a tight range (Ni—I =
2.4952(9)—2.5149(1) A; Ni—C = 1.895(6)—1.909(1) A).
The exocyclic angles at the carbene carbon are es-
sentially symmetrical, regardless of asymmetry of the
N-substituents; the range overall for 2—4 is 127.3(2)—
129.2(6)° and is rather greater in 1 (125.8(9), 130.8(8)°).
This is also the case at the nitrogens (122.4(10)—126.0-
(2)°). The carbene ligand C3N; planes lie essentially
normal to the coordination plane (minimum dihedral
angle 79.91(5)° (4, molecule 2)); where substituted by
isopropyl, the tertiary hydrogen of the latter is quasi-
coplanar with the ligand, directed toward the nickel
atom. A further example of the trans-Nily(carbene),
array, essentially similar to the present case with
respect to its metal atom environment, has been re-
ported recently.*?

2.3. Catalytic Studies. Catalysis in Toluene. To
provide a comparison, and to highlight any effect due
to an imidazolium based ionic liquid in catalysis, initial
catalytic testing of 1—4 was conducted in toluene with
1-butene as the substrate. Results of the tests are shown
in Table 2. Complex 1 was first tested with AIEt,Cl as

(41) Herrmann, W. A.; Gerstberger, G.; Spiegler, M. Organometallics
1997, 16, 2209.

(42) Clyne, D. S.; Jian Jin; Genest, E.; Gallucci, J. C.; Rajan Babu,
T. V. Org. Lett. 2000, 2, 1125.
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Table 1. Selected Bond Lengths (A), Bond Angles (deg) and Interplanar Angles (deg) in Complexes 1—42

param 1 2 (molecules 1; 2) 3 4 (molecules 1; 2)
Ni—C 1.899(11) 1.905(4), 1.905(5); 1.895(6) 1.913(3) 1.904(1); 1.909(1)
Ni—I 2.4952(8) 2.508(1), 2.510(1); 2.5030(7) 2.5182(3) 2.4960(2); 2.5149(1)
Cearbene—N 1.326(14), 1.391(13) 1.351(7)—1.355(8) 1.349(4), 1.359(3) 1.354(2)—1.358(2)
C—Ni—-C 180(-) 179.5(2); 180(-) 180(-) 180(-) (x2)
C—Ni-I 89.7(3), 90.3(3) 89.2(2)—90.5(2) 89.46(8) 89.38(4)—90.62(4)
1I—-Ni—I 180(-) 179.21(5); 180(-) 180(-) 180(-) (x2)
NiCzly/carbene dihedral 84.4(4) 82.0—89.6(2) 83.68(9) 82.70(5); 79.91(5)

a Esds given in parentheses.

Table 2. Attempted 1-Butene Dimerization with Complexes 1—4 in Toluene?

run no. catalyst activator (equiv) temp (°C) remarks

1 1 AIEt,CI (100) 20 Ni° forms immediately after AIEt,Cl added,;
no dimers or oligomers detected;
only imidazolium salts detected (see text)

2 1 AIClI; (40) 20 no butene dimers or oligomers detected;
co-oligomers of butene—toluene formed

3 1 AIClI3 (35.2), pyrrole (34.2) 20 no products formed

4 3 MAO (50) 20 rapid decomposition once MAO added;
no products formed

5 2 MAO (50) —-20 complex decomposed, but more slowly than at 20 °C

6 4 AIEt,CI (100) —15 Ni° forms shortly after AIEt,Cl added;

5 mmol of isomeric butene dimers formed (TON = 50)

a Conditions: 0.1 mmol of Ni, 15 mL of toluene, 1 bar of 1-butene, 30 min.

Scheme 22
A
|
) e B b /@N_/—

/5@"1\/\ N——<
/" Ni
H
/'é\ s N_/—»y k:
PANZL N N N’J\ /6\
/ ONi /N\(N\/\
el H

a Counteranions (presumably chloroaluminates) are ex-
cluded.

the cocatalyst (run 1). Upon addition of the Al—alkyl
solution immediate decomposition to Ni° took place.
After 30 min the reaction was stopped and quenched
with methanol. Analysis of the toluene phase by GC
showed that no dimers or oligomers had formed. To gain
insight into the catalyst decomposition process, the
resinous phase formed by addition of methanol (mostly
reacted Al—alkyl) was extracted with DCM and allowed
to evaporate. This left a small amount of yellow oil,
which, when analyzed by MS (LSIMS), was found to
yield cations composed predominantly of 3-methyl-1-
propylimidazolium (m/z 125) along with traces of both
2-ethyl-3-methyl-1-propylimidazolium (m/z 153) and
2-butyl-3-methyl-1-propylimidazolium (m/z 181, ca. 5%
by ion count) species. The formation of these can be
accounted for by the reactions shown in Scheme 2.
Reaction of 1 with AIEt,CI would first give an ethyl—
Ni species through metathesis, which could decompose
via reductive elimination of 2-ethylimidazolium cation
(path a). The ethyl—Ni species could also form a Ni
hydride by g-hydride elimination (path b, either from
the ethyl group or after insertion of butene), which could
either reductively eliminate 2-H imidazolium (path c)

or insert butene to give a butyl—Ni complex (path d).
The butyl—Ni species could then decompose by reductive
elimination (path e), accounting for the formation of the
2-butylimidazolium cation. This result shows that al-
though the required reactions are taking place to create
a potentially active catalyst (i.e. formation of ethyl and
hydrido Ni species), the resulting species are decompos-
ing via reductive elimination too rapidly for chain
growth to occur.

The activity of complex 1 in toluene was tested with
AICI3 as an activator (runs 2 and 3). When AICI; alone
was used (run 2), no Ni° was observed, and no butene
dimers or oligomers were formed. Instead, coreaction
of butene and toluene took place to give isomeric butyl-,
dibutyl-, and tributyltoluenes. A control run was thus
conducted using only AICI; without a Ni complex. A
similar amount and distribution of products was formed,
showing coreaction of toluene and butene to be catalyzed
by Lewis acidic AICI3, and not a Ni carbene species. In
run 3 the organic base pyrrole was added to buffer
excess AlClI3,1° and although this stopped the formation
of toluene—butene oligomers, no butene dimers were
formed either. In run 4 complex 3 was tested with MAO
as the activator. As with run 1, Ni° formed immediately
after the Al solution was added and no oligomeric
products were obtained. The same activator was tested
along with complex 2 at —20 °C (run 5). In this case,
although decomposition was slightly slower than at 20
°C, no products were obtained. In the final run the
diisopropylcarbene complex 4 was tested at —15 °C with
AIEt,Cl as activator. Again decomposition occurred, but
more slowly than in other runs and approximately 5
mmol of isomeric butene dimers were formed, corre-
sponding to a TON of 50. This last result shows that,
although Ni carbene complexes are capable of dimeriz-
ing olefins, decomposition via reductive elimination of
the carbene is rapid and leads to a low conversion. The
slight activity of 4 may result from some protection
against decomposition by the bulky isopropyl groups.38

Catalysis in an lonic Liquid. Catalytic testing in
an imidazolium-based ionic liquid was conducted in a
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Table 3. 1-Butene Dimerization in lonic Liquid

with 1-42
run no. catalyst yield (%) TON TOF (h™1)
1 1 56.3 2815 5630
2 2 70.2 3510 7020
3 3 38.2 1910 3820
4 4 50.7 2535 5070
5 NiClx(PCys)2 29.5 1475 2950

a Conditions and reagents: 0.1 mmol of Ni, 0.5 mol of 1-butene,
30 min, room temperature.

Table 4. Selectivity of Propene Dimerization
(after Hydrogenation)2

catalyst 2,3-dimethylbutane 2-methylpentane hexane

1 6.9 71.1 22.0
NiCIz(PCy3)2 49.8 41.1 9.1
1+ 2PCys 7.6 69.1 23.3

a Conditions and reagents: 0.1 mmol of Ni, 0.25 mol of propene,
2 min, room temperature.

buffered melt composed of a mixture of 1-butyl-3-
methylimidazolium chloride, AICI3, and N-methylpyr-
role (0.45:0.55:0.1 molar ratio) at room temperature, as
previously used for olefin dimerization.1® For compari-
son NiCl,(PCys), was tested under the same conditions.
With a reaction time of 2 min, 0.1 mmol of Ni catalyst,
and 0.25 mol of propene, all carbene complexes gave
100% conversion to propene dimers, corresponding to a
TOF of 75 000 h~1. No Ni° was observed. NiCly(PCyz)2
led to the same conversion of propene under the same
conditions, whereupon 1-butene dimerization was tested
to differentiate the relative activities of the carbene and
phosphine complexes. Table 3 shows that all Ni carbene
complexes were active for dimerization of 1-butene, with
TONSs ranging from 1910 to 3510 after 30 min (runs
1-4). In comparison, NiCl,(PCys), gave a TON of 1475
after the same time (run 5), indicating greater olefin
dimerization activity for the carbene complexes. Inter-
estingly, the most active catalyst was 2 (run 2, n-butyl
substituent), followed by 1 (run 1, n-propyl substituent).
The isopropyl-substituted complexes 3 and 4 were
somewhat less active (runs 3 and 4). The reason for this
is unclear but may be related to steric effects of the
ligands. The selectivity toward different isomeric butene
dimers was relatively unaffected by the ligand, whether
carbene or tricyclohexylphosphine. The isomer propor-
tions, after hydrogenation, obtained with complex 1
were 11.5% octane, 56.8% 3,4-dimethylhexane, and
31.7% 3-methylheptane. A similar distribution was
obtained with the other carbene complexes, and NiCl,-
(PCys). gave 14.1% octane, 58.8% 3,4-dimethylhexane,
and 26.8% 3-methylheptane.

The selectivity of complex 1 toward different isomers
in the dimerization of propene is shown in Table 4, along
with that for NiCly(PCys3),. In contrast to butene dimer-
ization, the selectivity toward desirable highly branched
propene dimers is low for 1. In comparison NiCl(PCys).
gives a high proportion of 2,3-dimethylbutane after
hydrogenation. This may be attributed to the low steric
demand of the planar carbene ligand relative to PCys.
This is evident from the crystal structure of 1. Changes
in the organic side chain of the carbene did not lead to
an increase in branching, possibly due to the formation
of a common active species early in the reaction. If the
active complexes reductively eliminate imidazolium
cations reversibly during the reaction, the ionic liquid
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solvent (1-butyl-3-methylimidazolium cation) would be-
come incorporated into the complex (reaction 3). There-
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fore, early in the reaction any selectivity resulting from
a bulky carbene would disappear as 1-butyl-3-meth-
ylimidazolin-2-ylidene replaces the bulky carbene at the
Ni center. The diverse activities observed for the dif-
ferent catalyst systems may simply reflect varying
induction periods for conversion of the catalyst precur-
sors into the common active species. If this is the case,
to achieve selectivity toward branched dimers, a steri-
cally demanding substituent on the ionic liquid imida-
zolium species or a precatalyst containing a carbene that
better resists reductive elimination may be required.
Further studies to delineate the reaction pathway are
currently underway.

The selectivity of 1 has also been tested in the
presence of added PCysz (Table 4). The selectivity
remained virtually unaffected by PCys, indicating that
the phosphine does not coordinate to the Ni center and
that Ni remains ligated by carbene ligands during
catalysis. If the carbene ligands were not coordinated
to the Ni center, it would be expected that highly basic
PCys would be coordinated and that this would be
reflected in the dimer distribution. The fact that the
carbene complexes are much more active than the
phosphine complex is also indicative that the Ni center
remains ligated by carbenes.

3. Conclusions

The above results show that Ni carbene complexes
give rise to active catalysts for Ni-catalyzed dimerization
when used in an imidazolium-based ionic liquid. The
activity in one case is over twice that of NiCl(PCys),,
although selectivity toward branched dimers is disap-
pointing. Importantly, the change from toluene, in
which the complexes are almost inactive, to ionic liquid
results in high catalytic activity with good stability.
Several other groups have also recently shown imida-
zolium based ionic liquids to be noninnocent sol-
vents.*34 While further mechanistic information is
desirable, these results show that predictions proposing
carbene complexes would be especially suited to use in
ionic liquids were well founded384° and again highlight
the advantages of buffered chloroaluminate ionic liquids
for olefin dimerization.® Further work on this catalytic
system would involve testing the effect of carbene
ligands with even greater steric requirements, such as
those with mesityl, 2,6-diisopropylphenyl, and adaman-

(43) Xu, L.; Chen, W.; Xiao, J. Organometallics 2000, 19, 1123.
(44) Mathews, C. J.; Smith, P. J.; Welton, T.; White, A. J. P.;
Williams, D. J. Organometallics 2001, 20, 3848.
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Table 5. Crystal Data and Collection and Refinement Parameters for Complexes 1-4

1 3 4
Crystal Data
formula C;|_4H24|2N4Ni CleH28|2N4Ni C14H24|2N4Ni C18H32|2N4Ni
mol wt 560.9 588.9 560.9 617.0
cryst size (mm) 0.37 x 0.28 x 0.07 0.44 x 0.32 x 0.15 0.45 x 0.18 x 0.08 0.40 x 0.30 x 0.18
cryst syst orthorhombic triclinic monoclinic monoclinic
space group Pbca P1 P21/n C2lc
Cell Parameters
a(A) 12.896(2) 8.0659(8) 8.427(1) 32.052(2)
b (A) 9.091(1) 8.3373(8) 9.180(1) 9.1587(5)
¢ (A) 16.684(4) 27.188(3) 12.841(2) 17.4316(9)
o (deg) 90 83.618(3) 90 90
f (deg) 90 83.010(4) 107.005(2) 111.257(1)
y (deg) 90 62.557(2) 20 90
V (A3) 1956.0(6) 1607.4(3) 949.9(2) 4769(2)
Z 4 3 2 8
pc (g cm™3) 1.905 1.825 1.961 1.71g
Data Collection and Refinement Parameters

u (cm™1) 41.2 37.9 42.7 34.1
20max (deg) 52 75 58 75
N¢ 5743 32159 9093 45319
N (Rint) 1918 (0.15) 16553 (0.031) 2318 11921
No 1080 11696 2155 9715
“T” (min, max) 0.55, 0.99 0.46, 0.70 0.49, 0.80 0.45,0.70
R, R 0.068, 0.153 (WR2) 0.072, 0.085 0.029, 0.039 0.022, 0.031
|Apmax| (€ A=3) 2.0 4.2 1.7 1.2

tyl substituents, and studying the effect of different
imidazolium-based ionic liquids on selectivity. The in
situ formation of Ni carbene complexes from Ni° precur-
sors should also be possible.*® Furthermore, it would be
of value to carry out catalyst recycling experiments in
order to determine the long-term stability of the cata-
lysts, and the degree to which they are immobilized in
the ionic liquid. The extension of this methodology to
other reactions in which the catalyst may decompose
via reductive elimination—for example, olefin polymer-
ization and CO/olefin copolymerization—seems promis-
ing, given the remarkable increase in activity gained
in olefin dimerization.

4. Experimental Section

4.1. General Comments. All manipulations were carried
out using standard Schlenk techniques or in a nitrogen
glovebox. All solvents were purified and dried by standard
procedures and distilled under nitrogen immediately before
use. Nuclear magnetic resonance spectra were recorded at
ambient temperature, and peaks are labeled as singlet (s),
doublet (d), triplet (t), multiplet (m), and broad (br). Elemental
analysis and MS were carried out by the Central Science
Laboratory, University of Tasmania, Australia.

4.2. Structure Determinations. For 1, a unique data set
was measured at 213 K using an Enraf-Nonius CAD-4 dif-
fractometer and refined with SHELXL-97 on intensities. For
2—4 full spheres of data were measured at ca. 153 K using a
Bruker AXS CCD area detector instrument, with monochro-
matic Mo Ka radiation (A = 0.710 73 A) being employed in both
contexts, as also were “empirical”/multiscan absorption cor-
rections. N(total) reflections were obtained, merging to N(u-
nique) (Rint quoted), with N, with F > 40(F) being considered
“observed” and used in the full-matrix least-squares refine-
ments. Anisotropic thermal parameter forms were refined for
the non-hydrogen atoms, (X, y, z, Uis,)n being included con-
strained at estimates (except for 3, where those parameters
were refined). Conventional residuals R and Ry, (statistical
weights) are quoted at convergence, neutral atom complex
scattering factors being employed. Pertinent results are given
in the figures and tables and in the Cambridge Crystal-

lographic Data Base depositions (#167439—167442). Crystal
data and collection and refinement parameters are given in
Table 5.

Variata. Substituent strings in molecule 2 of 2 were
modeled as disordered over two sets of sites, set at equal
occupancies after trial refinement.

4.3. Catalysis. In Toluene. Catalysis attempts were car-
ried out in 100 mL glass Schlenk flasks so that the solution
could be observed. In a typical run, complex 1 (0.1 mmol) was
put under N and dissolved/suspended in toluene (15 mL). The
flask was charged with 1-butene (1 bar) before AIEt,CI (4.8
mL of 25% solution in toluene, 100 equiv) was added. After
30 min the 1-butene was bled off and the reaction quenched
with MeOH followed by water. The toluene phase was ana-
lyzed for products by GC.

In lonic Liquid. Catalysis was conducted in a 75 mL steel
autoclave at room temperature. The Ni complex (0.1 mmol)
and ca. 7.2 g of chloroaluminate ionic liquid (3-butyl-1-
methylimidazolium chloride/AlICIs/N-methylpyrrole, 0.45/0.55/
0.1) were added to the autoclave, which was then charged with
propene or 1-butene. After the desired time the reaction was
stopped by depressurizing the autoclave. The organic phase
was then collected by decantation and analyzed by GC using
a heptane internal standard. Dimer selectivity was in all cases
over 95%.

4.4. Synthesis. 1-Propyl-3-methylimidazolium lodide.
Propyl iodide (2.5 mL, 26 mmol) and methylimidazole (2 mL,
25 mmol) were taken up in 20 mL of THF and refluxed for 2
h. The cooled solution was decanted and the oil washed with
THF (4 x 20 mL) before being dried in vacuo to give a thick
oil. Yield: 4.2 g (67%). *H NMR (200 MHz, CDCls): 6 9.91 (s,
1H, NC(H)N), 7.59 (m, 1H, HC=CH), 7.54 (m, 1H, HC=CH),
4.27 (t, 3 = 8 Hz, 2H, NCH>), 4.08 (s, 3H, NCH3), 1.93 (m, 2H,
NCH,CHy), 0.95 (t, J = 7 Hz, 3H, NCH,CH,CHy).

1-Butyl-3-methylimidazolium lodide. This was prepared
in a manner similar to that for propylimidazolium from
1-butylimidazole (5.14 g, 41.4 mmol) and Mel (3 mL, 47 mmol)
to yield an oil. Yield: 7.46 g (68%). *H NMR (200 MHz,
CDCl3): 6 10.11 (s, 1H, NC(H)N), 7.48 (m, 1H, HC=CH), 7.42
(m, 1H, HC=CH), 4.33 (t, J = 7 Hz, 2H, NCH,), 4.12 (s, 3H,
NCHs), 1.92 (m, 2H, NCH,CH,), 1.40 (m, 2H, NCH,CH,CH),
0.97 (t, 3 = 7 Hz, 3H, NCH,CH,CH,CHy3).

1-1sopropyl-3-methylimidazolium lodide. This com-
pound was prepared as above from isopropyl iodide (2.5 mL,
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25 mmol) and methylimidazole (2 mL, 25 mmol) to yield a
white powder. Yield: 1.30 g (21%). 'H NMR (200 MHz,
CDCl3): 6 10.00 (s, 1H, NC(H)N), 7.54 (m, 2H, HC=CH), 4.80
(m, 1H, NCH), 4.09 (s, 3H, NCHs), 1.60 (d, J = 7 Hz, 6H, NC-
(CHa)2). 3C NMR (50 MHz, CDCl3): ¢ 136.1 (NCN), 124.4
(NC=CN), 120.9 (NC=CN), 53.9 (NC(CHa),), 37.6 (NCHs3), 23.8
(NC(CHa)2).

1,3-Diisopropylimidazolium lodide. Isopropyl iodide
(4.14 g, 24.4 mmol) and 1H-imidazole (1.63 g, 24.0 mmol) were
heated to 70 °C in THF (20 mL) for 24 h, after which time the
THF was decanted off; the oil that formed was washed with a
further 10 mL of THF. The oil was taken up in DCM (30 mL)
and KHCO3; was added along with ca. 3 mL of water. The
mixture was stirred until CO, evolution ceased and a large
excess of KHCO3; added to absorb the water. The DCM was
decanted off, and the H,O/KHCOs/KI mass was washed several
times with more DCM. The DCM was removed in vacuo, the
remaining oil taken up in THF (10 mL), and a further 1 equiv
of isopropyl iodide added. After the solution was heated to 70
°C for 18 h, it was cooled and the THF was decanted off the
oil. The product was washed with ether and dried in vacuo to
leave an oil. Yield: 2.9 g (43%). *H NMR (200 MHz, CDCl,):
0 10.22 (s, 1H, NC(H)N), 7.45 (2, 2H, HC=CH), 4.96 (m, 2H,
NCH), 1.65 (d, J = 7 Hz, 12H, NC(CHys)).

Ni Carbene Complexes. The general procedure for the
synthesis of 1—4 was as follows. The imidazolium iodide (0.5—1
g, 2 equiv) and anhydrous Ni(OAc); (1 equiv) were thoroughly
mixed and heated to 160—170 °C under vacuum. After 2—18
h (longer times were required for more sterically demanding
imidazoliums) the residue was cooled and water was added
(in air). After trituration the product was collected by filtration
and washed with more water followed by ether before drying
in vacuo.

Nilz(3-methyl-1-propylimidazolin-2-ylidene); (1). Yield:
14%. Anal. Calcd for C14H24N4l2Ni: C, 29.98; H, 4.31; N, 9.99.
Found: C, 29.96; H, 4.39; N, 10.01. MS (LSIMS): m/z 560 [M]*
(12%), 433 [M — I]" (40%), 306 [M — 211" (100%). *H NMR
(200 MHz, CDCls): 6 6.77 (s, 4H, HC=CH), 4.71 (t, br, J =8
Hz, 4H, NCHy), 4.27 (s, br, 6H, NCHs), 2.24 (m, br, 4H,
NCH,CHy), 1.12 (t, br, 3 = 7 Hz, 6H, NCH,CH,CHp3). 13C NMR
(100 MHz, CDCl3): ¢ 173.1 (NCN), 123.1 (HC=CH), 121.6
(HC=CH), 52.7, 52.6 (NCHy,), 38.1, 37.9 (NCHj3), 23.4, 23.3
(NCH2CH?>), 11.7 (NCH2CH,CHs).

Nilz(1-butyl-3-methylimidazolin-2-ylidene), (2). Yield:
33%. Anal. Calcd for C16H2sN4I2Ni: C, 32.63; H, 4.79; N, 9.51.
Found: C, 32.74; H, 4.86; N, 9.43. MS (LSIMS): m/z 589 [M]"
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(10%), 461 [M — 1] (40%), 334 [M — 21]" (100%). *H NMR
(300 MHz, CDCls): 6 6.70 (s, 4H, HC=CH), 4.65 (m, 4H,
NCH_), 4.21, 4.20 (two overlapping singlets, 6H, NCHj3), 2.10
(m, 4H, NCH,CHy), 1.48 (m, 4H, NCH,CH,CHy), 1.00 (m, 6H,
NCH,CH,CH,CH3). *C NMR (75 MHz, CDCly): & 174.6
(NCN), 124.6 (HC=CH), 122.9 (HC=CH), 52.4, 52.3 (NCHy,),
39.7, 39.5 (NCHpy), 33.5, 33.4 (NCH,CH,) 21.9 (NCH,CH,CHy),
15.5 (NCH2CH2CH;CHy).
Nilz(1-isopropyl-3-methylimidazolin-2-ylidene), (3).
Yield: 48%. Anal. Calcd for C14H24N4l;Ni: C, 29.98; H, 4.31;
N, 9.99. Found: C, 29.90; H, 4.41; N, 9.89. MS (LSIMS): m/z
560 [M]* (7%), 433 [M — 11T (30%), 306 [M — 2I]* (100%). *H
NMR (200 MHz, CDClg): ¢ 6.81 (m, 4H, HC=CH), 6.26 (m,
2H, NCH), 4.27, 4.26 (two singlets, 6H, NCH3), 1.63, 1.60 (two
doublets, J = 3 Hz, 12H, NC(CHj3);). *C NMR (100 MHz,
CDCl3): ¢ 123.7 (HC=CH), 117.2 (HC=CH), 52.4 (NC(CH3),),
38.1 (NCHg), 22.9 (C(CHs)y).
Nil2(1,3-diisopropylimidazolin-2-ylidene), (4). Yield:
24%. Anal. Calcd for C1sH3,N4l;Ni: C, 35.04; H, 5.23; N, 9.08.
Found: C, 35.20; H, 5.04; N, 9.21. MS (LSIMS): m/z 615 [M
— HJ* (5%), 487 [M — HI]* (10%). *H NMR (200 MHz, CDCls):
0 6.87 (s, br, 4H, HC=CH), 6.32 (m, br, 4H, NCH), 1.62 (d, br,
J = 6 Hz, 24H, NC(CH3)y). 23C NMR (50 MHz, CDCls): 6 170.5
(NCN), 117.6 (HC=CH), 52.4 (NC(CHs),), 22.8 (C(CHs),).
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