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bstract

Cyclopentadienylnickel(II) complexes with N-heterocyclic carbenes [NiCp(X)(NHC)] (X = Cl, Br or CH3), combined with MAO have been used
s catalysts for the polymerization of styrene. The catalytic activity of the systems depended mainly on the ease of the abstraction of X substituent
y MAO and the stabilization of cationic species [NiCp(NHC)]+. The molecular structures of three title complexes have been determined by

ingle-crystal X-ray diffraction. All three compounds crystallize in monoclinic crystal system with four molecules in the unit cell. Their structural
arameters have been compared with data reported for similar complexes. Two of these complexes [NiCp(CH3)(IMes)] and [NiCp(CH3)(SIMes)]
re the first examples of structurally characterized (unsubstituted)-cyclopentadienylnickel methyl compounds.

2006 Elsevier B.V. All rights reserved.
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. Introduction

N-Heterocyclic carbenes (NHC) (Fig. 1) are ubiquitous and
ersatile ligands in organometallic chemistry and homogeneous
atalysis [1–4].

Complexes [NiCp(Cl)(NHC)] have been obtained recently
y reacting nickelocene with a suitable carbene precursor
5,6]. Their catalytic activity in aryl dehalogenation and aryl
mination reactions was demonstrated [6]. Related indenyl-
ickel(II) complexes [Ni(Ind)(L)X] (Ind = indenyl; L = 1,3-
iisopropylimidazole-2-ylidene; X = Cl or Br) with MAO as
co-catalyst displayed modest activity in oligomerization of

thylene [7]. Olefin polymerization was also reported with Ni(3-
ethyl-1-picolylimidazolin-2-ylidene)2Cl2 or Ni(3-benzyl-1-

icolylimidazolin-2-ylidene)2Cl2 [8] as well as with Ni(II) N-

eterocyclic carbene enolates [9]. On the other hand, substituted
ndenyl-nickel complexes [Ni(R-Ind)X(PR3)] are active cata-
ysts for alkyne polymerization [10], dimerization and polymer-
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zation of ethylene [11], polymerization of styrene [12–14] and
ydrosilylation of styrene [14].

Here, we report the activity of cyclopentadienylnickel(II)
omplexes with N-heterocyclic carbenes in the polymerization
f styrene in the presence of MAO.

. Experimental

.1. Techniques and materials

All manipulations were carried out under an atmosphere
f purified argon using standard Schlenk techniques. Sol-
ents were distilled from potassium benzophenone ketyl. NHC
igands [15], SIMesBr [16], carbene IMes [17] nickelocene
18], 1,1′-dimethylnickelocene [19], [NiCp(Cl)(IMes)] 1 [5],
NiCp(Cl)(SIMes)] 2 and [NiCp(Cl)(SIPr)] 3 [6] were synthe-
ized according to the literature procedures. Methylalumoxane

MAO), 10% in toluene, was purchased from Crompton GMBH.
tyrene (Aldrich) was distilled from CaH2 under reduced pres-
ure and stored over MS 4A at −78 ◦C. Solutions of CH3Li
ere prepared from CH3I and Li in Et2O. 1H NMR (400 MHz)

mailto:anpietr@ch.pw.edu.pl
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Fig. 1. NHC liga

nd 13C NMR (100 MHz) spectra were recorded on a Mercury-
00BB spectrometer in C6D6 at ambient temperature. Mass
pectra (EI, 70 eV) were measured on an AMD-604 mass spec-
rometer. GPC analyses were performed on a LabAlliance chro-

atograph on a divinylbenzene column. THF was used as an
luent.

.2. Synthesis of [Ni(C5H4CH3)(Cl)(SIMes)] 4

A modified literature procedure was applied [5]. 1,3-Bis-
2,4,6-trimethylphenyl)imidazolinium chloride [15] (0.94 g,
.75 mmol) was added to a solution of 1,1′-dimethylnickelocene
0.45 g, 2.07 mmol) in THF (20 mL). The resulting mixture
as refluxed for 24 h during which time the colour changed

rom dark green to red. The solvent was removed under
acuum to yield a deep red solid. This crude product was
ashed with hexane (3× 20 mL) and subsequently extracted
ith hot toluene (60 mL). The solution was filtered, and

he filtrate was evaporated do dryness. A red powder was
btained (0.702 g, 1.46 mmol, 70% yield). It was identified as
Ni(C5H4CH3)(Cl)(SIMes)]: 1H NMR (C6D6, δ, ppm): 1.26
s, C5H4CH3, 3H), 2.14 (s, p-CH3, 6H), 2.34 (s, o-CH3,
2H), 3.09 (s, NCH2, 4H), 4.39 (t, J = 2.4 Hz, C5H4CH3, 2H),
.71 (t, J = 2.4 Hz, C5H4CH3, 2H), 6.87 (s, m-H, 4H). 13C
MR (C6D6, δ, ppm): 13.40 (s, Cp-CH3), 18.76 (s, o-CH3),
1.06 (s, p-CH3), 50.60 (s, NCH2), 82.96; 99.49; 111.14 (Cp,
atio ∼ 2:2:1), 129.61 (s, C-3,5), 136.50 (s, C-2,6), 137.66 (s,
-4), 137.96 (s, C-1), 203.77 (s, NCN). EI-MS (70 eV) m/z

relative intensity) (58Ni): 478 (M+, 57%), 442 ([M–HCl]+,
5%), 364 ([Ni(SIMes)]+, 36%), 305 ([SIMes-H]+, 80%), 303
[SIMes-3H]+, 100%). HRMS: Calcd. for C27H33N2

58Ni35Cl:
78.16857; Found: 478.16790. Crystals suitable for X-ray
iffraction studies were obtained from a hexane/toluene solu-
ion.

.3. Synthesis of [NiCp(Br)(SIMes)] 5

This compound was prepared in a similar way as described
bove for 4 from 1,3-bis-(2,4,6-trimethylphenyl)imidazolinium
romide [16] (2.36 g, 6.1 mmol) and nickelocene (1.14 g,
.06 mmol) in tetrahydrofuran (20 mL) under reflux for 12 h.
ield: 13% (0.410 g, 0.80 mmol). [NiCp(Br)(SIMes)]: 1H NMR

C6D6, δ, ppm): 2.13 (s, p-CH3, 6H), 2.33 (s, o-CH3, 12H),
.08 (s, NCH, 4H), 4.76 (s,Cp,5H), 6.86 (s, m-H, 4H).; 13C

MR (C6D6, δ, ppm): 19.04 (s, o-CH3), 21.06 (s, p-CH3), 50.76

s, NCH2), 92.87 (s, Cp), 129.72 (s, C-3,5), 137.04 (s, C-2,6),
37.54 (s, C-4), 138.12 (s, C-1), 203.17 (s, NCN); EI-MS (70 eV)
/z (rel. intensity) (58Ni, 79Br): 508 (M+, 48%), 428 ([M–HBr]+,

N
3
N
2

sed in this study.

5%), 371 ([(SIMes)Cp]+, 92%), 361 ([Ni(SIMes)-3H]+, 70%],
05 ([SIMes-H]+, 100%), 303 ([SIMes-3H]+, 95%). HRMS:
alcd. for C26H31N2

58Ni79Br: 508.10241; Found: 508.10422.

.4. Synthesis of [NiCp(CH3)(IMes)] 6

A modified literature procedure was used [5]. A solution of
H3Li in Et2O (0.70 mL, 0.79 mmol) was added to a solution
f [NiCp(Cl)(IMes)] (0.335 g, 0.722 mmol) in THF (17 mL) at
78 ◦C. The reaction mixture was warmed slowly to −20 ◦C
hen the solution changed colour from red to yellow. The sol-
ents were removed under vacuum at this temperature. Green oil
as obtained which was extracted with hexane (60 mL). These

xtracts were filtered through a pad of Celite, then kept for 24 h
t −78 ◦C and filtered to remove residual LiCl. The resulting
reen filtrate was stored at −78 ◦C for 1 week. Small, green
rystals of [NiCp(CH3)(IMes)] were formed. They were sepa-
ated from the mother liquor and dried under vacuum. Yield:
.031 g; 9.7%. 1H NMR (C6D6, δ, ppm): −0.65 (s, Ni–CH3,
H), 2.12 (s, o- and p-CH3, 18H), 4.91 (s, Cp, 5H), 6.16 (s, NCH,
H), 6.82 (s, m-H, 4H). 13C NMR (C6D6, δ, ppm): −36.91 (s,
i–CH3), 18.56 (s, o-CH3), 21.04 (s, p-CH3), 89.94 (s, Cp),
22.36 (s, NCH), 129.23 (s, C-3,5), 135.78 (s, C-2,6), 137.87 (s,
-4), 138.23 (s, C-1), 186.92 (s, NCN). EI-MS (70 eV) m/z (rel-
tive intensity) (58Ni): 442 (M+, 43%), 427 ([M–CH3]+, 28%),
62 ([Ni(IMes)]+, 37%), 305 (IMesH+, 60%), 303 ([IMes-H]+,
00%). Crystals suitable for X-ray diffraction were grown from
hexane solution at −20 ◦C.

.5. Synthesis of [NiCp(CH3)(SIMes)] 7

A solution of CH3Li in Et2O (0.40 mL, 0.43 mmol) was added
o a solution of [NiCp(Cl)(SIMes)] (0.181 g, 0.389 mmol) in
oluene (15 mL) at −78 ◦C. The mixture was slowly warmed to
oom temperature during which time the colour changed from
ed to green. Deoxygenated water (20 mL) was added and the
ixture was stirred vigorously for 30 min. The organic layer
as transferred to another Schlenk tube and dried over MS 4A
vernight. The solvent was removed under vacuum and hexane
80 mL) was added to the green residue. The resulting sus-
ension was filtered through a pad of Celite, and the filtrate
as reduced in volume. This solution was stored at −78 ◦C

or 48 h to yield green, fine crystals of [NiCp(CH3)(SIMes)]
0.125 g, 72% yield). 1H NMR (C6D6, δ, ppm): −0.60 (s,

i–CH3, 3H), 2.13 (s, o-CH3, 6H), 2.26 (s, p-CH3, 12H),
.07 (s, NCH2, 4H), 4.83 (s, Cp, 5H), 6.84 (s, m-H, 4H). 13C
MR (C6D6, δ, ppm): −35.03 (s, Ni–CH3), 18.53 (s, o-CH3),
1.05 (s, p-CH3), 50.57 (s, NCH2), 90.33 (s, Cp), 129.52 (s,
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-3,5), 136.61 (s, C-2,6), 137.34 (s, C-4), 138.43 (s, C-1),
17.75 (s, NCN). EI-MS (70 eV) m/z (relative intensity) (58Ni):
44 (M+, 5.5%), 322 ([M–NiC5H4]+, 48%), 321 ([M–NiCp]+,
1%), 320 ([M–NiCpH]+, 57%), 319 ([M–NiC5H7]+, 100%),
05 ([SIMes-H]+, 29%), 304 ([SIMes-2H]+, 37%), 160 (48%),
46 (46%), 119 ([C9H11]+, 16%), 105 ([C8H9]+, 51%), 77
[C6H5]+, 29%). HRMS Calcd. for C27H34N2

58Ni: 444.20755;
ound: 444.20618. Mp: 133–134 ◦C. Crystals suitable for X-ray
iffraction were grown from a hexane solution at −20 ◦C.

.6. Typical procedure for the polymerization of styrene
A solution of MAO (0.43 mL, Al/Ni = 100) was added to a
olution of [NiCp(Cl)(IMes)] (0.010 g, 0.0216 mmol) in toluene
5.0 mL). The resulting mixture was stirred for 30 min at room

f
[
s

able 1
rystal data and structure refinement for [Ni(C5H4CH3)(Cl)(SIMes)], [NiCp(CH3)(I

Ni(C5H4CH3)(Cl)(SIMes)

mpirical formula C27H33ClN2Ni
rystal size (mm) 0.257 × 0.142 × 0.037
rystal system Monoclinic
pace group P21/n (no.14)

nit cell dimensions:
a (Å) 9.271(5)
b (Å) 19.756(5)
c (Å) 14.318(5)
β (◦) 107.83(1)

olume (Å3) 2496.5(17)
4

ormula weight 479.71

calc (g cm−1) 1.276
emperature (K) 100(2)
bsorption coefficient (mm−1) 0.900
(0 0 0) 1016

adiation M
range (◦) 3.10–28.07
can type �

bsoprtion correction
Tmin, Tmax 0.71, 0.93

Index ranges −12 ≤ h ≤ 12
−23 ≤ k ≤ 26
−18 ≤ h ≤ 18

Reflections collected 34902
Unique data 6044, Rint = 0.0556

efinement method
ata/restraints/parameters 6044/0/287
oodness-of-fit on F2a 1.018

inal R indices [I > 2σ(I)]b R1 = 0.0312
wR2 = 0.0760

indices (all data) R1 = 0.0463
wR2 = 0.0798

argest resid. (e Å−3) 0.39/−0.31
eights a; bc 0.0471; 0.0

a GooF = S = {
∑

[w(F2
o − F2

c )
2
]/(n − p)}1/2.

b R1 =
∑

| |Fo| − |Fc| |/
∑

|Fo|, wR2 = {
∑

[w(F2
o − F2

c )
2
]/

∑
[w(F2

o )
2
]}1/2

.
c w = 1/[σ2(F2

o ) + (aP)2 + bP], where P = [2F2
c + max(F2

o , 0)]/3.
alysis A: Chemical 257 (2006) 118–123

emperature. The solution changed colour from green to yellow-
rown. Styrene (neat, 11.50 g. 0.11 mol, styrene/Ni = 5000) was
dded and the mixture was vigorously stirred at 50 ◦C for 3 h.
fter cooling to room temperature, 9% aq. HCl was slowly added

o decompose the remaining MAO; the organic layer was sep-
rated and poured into an excess of methanol (200 mL). The
esulting polystyrene was collected by filtration, washed with
ethanol and dried at 80 ◦C.

.7. Crystal structure determination
Crystal data, data collection and refinement parameters
or [Ni(C5H4CH3)(Cl)(SIMes)] 4, [NiCp(CH3)(IMes)] 6 and
NiCp(CH3)(SIMes)] 7 are given in Table 1. The molecular
tructures of these compounds are presented in Figs. 2–4, respec-

Mes)], [NiCp(CH3)(SIMes)]

NiCp(CH3)(IMes) NiCp(CH3)(SIMes)

C27H32N2Ni C27H34N2Ni
0.25 × 0.10 × 0.06 0.48 × 0.35 × 0.30
Monoclinic Monoclinic
P21/c (no. 14) P21/c (no. 14)

13.700(4) 13.938(4)
10.994(4) 10.941(3)
16.216(5) 16.094(4)
108.11(4) 109.85(3)

2321.4(13) 2308.4(11)
4 4
443.26 445.27
1.268 1.281
100(2) 85(2)
0.851 0.856
944 952

o K� (λ = 0.71073 Å, graphite monochromator)
3.13–27.00 4.66–28.00
� � and �

0.838, 0.949 0.700, 0.793

−9 ≤ h ≤ 17 −16 ≤ h ≤ 18
−14 ≤ k ≤ 14 −14 ≤ k ≤ 14
−20 ≤ h ≤ 20 −20 ≤ h ≤ 21

14138 30482
4966, Rint = 0.0785 5551, Rint = 0.0380

Full-matrix least-squares on F2

2571/3/340 4933/0/326
0.903 1.102

R1 = 0.0527 R1 = 0.0359
wR2 = 0.0402 wR2 = 0.0901

R1 = 0.1382 R1 = 0.0402
wR2 = 0.0483 wR2 = 0.0931

0.36/−0.37 0.73/−0.33
0.0; 0.0 0.048; 1.48
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Fig. 2. ORTEP drawing of the molecular structure of
[Ni(C5H4CH3)(Cl)(SIMes)] 4. Hydrogen atoms, except for the imida-
zole ones, have been omitted for clarity. Thermal ellipsoids are drawn at the
50% probability level. Selected bond lengths [Å] and angles [◦]: Ni(1)–Cl(1)
2.1915(9), Ni(1)–C(11) 1.889(2), Ni(1)–Cp(c) 1.778(1), N(1)–C(11)
1
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Fig. 4. ORTEP drawing of the molecular structure of [NiCp(CH3)(SIMes)]
7. Hydrogen atoms, except for the imidazole ones, have been omitted for
clarity. Thermal ellipsoids are drawn at the 50% probability level. Selected
bond lengths [Å] and angles [◦]: Ni(1)–C(1) 1.967(2), Ni(1)–C(2) 1.864(2),
N
1
C
1

l
N
i
A
m

3

b
t
5, 7) and four complexes (1–3, 6) described earlier in the litera-
ture [5,6], and have checked their activity in the polymerization
.340(2), N(1)–C(12) 1.484(2), N(2)–C(11) 1.352(2), N(2)–C(13) 1.476(2),
(12)–C(13) 1.525(2), Cl–Ni–C(11) 100.67(5), Cl(1)–Ni(1)–Cp(c) 125.98(2),
(11)–Ni(1)–Cp(c) 133.04(7), N(2)–C(11)–N(1) 107.32(14).

ively. Selected bond lengths and angles are given in the figure
aptions.

Crystallographic data for the structural analysis of 4, 6 and 7
ave been deposited with the Cambridge Crystallographic Data
entre, Nos. CCDC 299129, 299130 and 299131, respectively.
opies of this information may be obtained free of charge from
he Director, CCDC, 12, Union Road, Cambridge CB2 1EZ

fax: +44 1223 336 033 or e-mail: deposit@ccdc.cam.ac.uk or
ttp://www.ccdc.cam.ac.uk).

Preliminary examination and intensities data collections for
, 6 and 7 were carried out on a CCD KUMA KM4 diffractome-

er with graphite-monochromated Mo K�. Data were corrected
or Lorentz, polarization and absorption effects. The structures
ere solved by direct methods and refined by the full-matrix

ig. 3. ORTEP drawing of the molecular structure of [NiCp(CH3)(IMes)]
. Hydrogen atoms, except for the imidazole ones, have been omitted for
larity. Thermal ellipsoids are drawn at the 50% probability level. Selected
ond lengths [Å] and angles [◦]: Ni(1)–C(1) 2.033(3), Ni(1)–C(2) 1.854(3),
i(1)–Cp(c) 1.798(1), C(2)–N(2) 1.376(3), C(2)–N(1) 1.382(3), C(3)–C(4)
.334(4), C(4)–N(2) 1.390(3), N(1)–C(3) 1.409(3), C(2)–Ni(1)–C(1) 93.06(12),
(1)–Ni(1)–Cp(c) 127.91(9), C(2)–Ni(1)–Cp(c) 138.67(9), N(2)–C(2)–N(1)
02.6(2).

o
p

S
(

i(1)–Cp(c) 1.801(1), C(2)–N(2) 1.354(2), C(2)–N(1) 1.348(2), C(3)–C(4)
.523(2), C(4)–N(2) 1.476(2), N(1)–C(3) 1.473(2), C(2)–Ni(1)–C(1) 91.65(7),
(1)–Ni(1)–Cp(c) 128.56(6), C(2)–Ni(1)–Cp(c) 139.48(5), N(2)–C(2)–N(1)
06.80(13).

east-squares method on all F2 data using the SHELXTL-
T V5.1 software [20]. Carbon bonded hydrogen atoms were

ncluded in calculated positions and refined in the riding mode.
ll non-hydrogen atoms were refined with anisotropic displace-
ent parameters.

. Results and discussion

The activity of cyclopentadienylnickel(N-heterocyclic car-
ene) complexes in the polymerization of alkenes has not been
ested up to now. We have synthesized three new complexes (4,
f styrene, using MAO as a co-catalyst. The complexes were
repared as shown in Schemes 1 and 2.

Scheme 1. Synthesis of catalysts [5,6].

cheme 2. Synthesis of complexes [NiCp(CH3)(IMes)] 6 [5] and [NiCp(CH3)
SIMes)] 7.

mailto:deposit@ccdc.cam.ac.uk
http://www.ccdc.cam.ac.uk/
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Table 2
Styrene polymerization with [Ni(Cp)X(NHC)]/MAO

Entry Precatalyst Yield (%) Mn Mw/Mn

1 [NiCp(Cl)(IMes)] 1 89 165000 2.0
2 [NiCp(Cl)(SIMes)] 2 81 158000 2.0
3 [NiCp(Cl)(SIPr)] 3 23 16100 4.0
4 [NiCp(Br)(SIMes)] 5 18 19450 2.9
5 [Ni(C5H4CH3)(Cl)(SIMes)] 4 16 9370 3.0
6 [NiCp(CH3)(SIMes)] 7 33
7 [NiCp(Cl)(SIMes)]a 2 –

A ◦
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The molecular structure of 4 is depicted in Fig. 2. The coor-
ination geometry at the nickel centre can be described as
rigonal planar considering the Cp(centroid), the carbene and
he chloride ion (sum of bond angles = 359.7◦). These angles
nd the bond lengths between nickel atom and its substituents
re almost identical with those reported for [CpNi(Cl)(SIMes)]
6]. This indicates that the methyl substituent in the cyclopen-
adienyl ring has no influence on the coordination sphere of
Ni(C5H4CH3)(Cl)(SIMes)].

Two methylnickel compounds, i.e. the previously reported
ethyl complex [Ni(Cp)(CH3)(IMes)] 6 [5] and its saturated

ounterpart [Ni(Cp)(CH3)(SIMes)] 7 were prepared in the reac-
ions of their chloride analogues 1 and 2 with methyllithium
Scheme 2).

While we found the isolation of [NiCp(CH3)(IMes)] 6,
escribed in the literature [5], somewhat problematic, the com-
lex [NiCp(CH3)(SIMes)] 7 proved to be stable to the hydrolytic
ork-up and was isolated in a 72% yield. The structures of 6

nd 7 determined by single crystal X-ray diffraction are shown
n Figs. 3 and 4, respectively. To the best of our knowledge, the
omplexes are the first examples of structurally characterized
unsubstituted)-cyclopentadienylnickel methyl compounds.
oth complexes display trigonal planar geometry at the nickel
entre considering the Cp(centroid), the carbene, and the methyl
roup (sum of bond angles = 359.7◦). The Ni–C(carbene) bond
engths of 1.854(3) and 1.864(2) Å, respectively, are similar
o those reported for [NiCp(�1-Cp)(1,3-bis(2,6-dimethyl-
-bromophenyl)imidazol-2-ylidene)] (1.885(4) Å [21]),
NiCp(Cl)(IMes)] 1 (1.917(9) Å [5], and [NiCp(Cl)(SIMes)] 2
1.85(2) Å and 1.89(2) Å [6]), but are shorter than those in nickel
arbonyl complexes: [Ni(CO)3(IMes)] (1.971(3) Å [22]) and
Ni(CO)3(SIMes)] (1.960(2) Å [22]). The Ni–CH3 distances
n [NiCp(CH3)(IMes)] 6 and [NiCp(CH3)(SIMes)] 7 (2.033(3)

nd 1.967(2) Å, respectively) are within the upper limit of
i–CH3 bond lengths determined for [Cp*Ni(CH3)(PEt3)]
.96(1) Å [23] and substituted indenyl–Ni(II) phosphine com-
lexes: [Ind–(CH2)2N(CH3)2)Ni(CH3)PPh3] 1.950(2) Å, [Ind–

r
a
a
2

Scheme 3. Proposed course for the cat
ll reactions were performed in duplicate at 50 C in toluene for 3 h,
Ni] = 4.32 mmol/L, Ni:styrene = 1:5000, Ni:Al = 1:100.

a Reaction at 20 ◦C.

CH2)2N(CH3)2)Ni(CH3)P(CH3)3] 1.983(4) Å [12]; [(1-CH3–
nd)Ni(CH3)(PCy)3] 1.965(4) Å, [(1-CH3–Ind)Ni(CH3)
PCH3)3] 1.955(4) Å [24].

The catalytic activity of cyclopentadienylnickel(N-
eterocyclic carbene) complexes was tested in the
olymerization of styrene under standard conditions: all
eactions were carried out at 50 ◦C in toluene for 3 h,
Ni] = 4.32 mmol/L, Ni:styrene = 1:5000, Ni:Al = 1:100. The
esults are shown in the Table 2.

In control experiments all precatalysts (without MAO), MAO
tself and the free carbene combined with MAO were inactive.

Polystyrene obtained in the above reactions was atactic, what
as confirmed by 1H and 13C NMR spectra, melting point deter-
ination and its solubility in toluene.
The highest catalytic activity (yield 80–90%) was observed

or cyclopentadienylnickel chloride complexes with IMes and
IMes ligands, 1 and 2 (entries 1 and 2). On the other hand the
omplex 2 was inactive at room temperature (entry 7). Intro-
ucing more bulky isopropyl groups in the carbene significantly

educed the activity (entry 3). Rather unexpected decrease in the
ctivity was observed for the complex 4 with a methyl substituent
t the cyclopentadienyl ligand (entry 5). The bromo analogue of
also displayed low activity (entry 4).

ionic polymerization of styrene.
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We presumed that activation of the precatalyst with MAO led
o the formation of a Ni–methyl bond. Therefore, the low activity
f the methyl analogue of 2 was a somewhat unexpected result.
oreover, MALDI-ToF spectra of the polystyrene obtained in

ll reactions clearly showed that there were no methyl groups
resent as the end-groups of the polymer. This indicated that
he mechanism of the polymerization was not a coordination-
nsertion one.

The above results led us to the conclusion that in the stud-
ed reactions, the styrene polymerized according to the cationic

echanism [14]. For the chloride complexes 1 and 2, the anion
l− is permanently bonded by MAO, leading to the formation
f a stable cation on nickel atom. Coordination of a styrene
olecule to that cation is followed by a transfer of the positive

harge to the carbon atom. Further polymerization proceeds on
arbocationic centres of the growing polymer chain (Scheme 3).

If in the precatalyst the chloride substituent is replaced by the
ethyl group, the decrease of the polymer yield can be explained

y a weaker bonding of CH3
− than Cl− by MAO. This is caused

y lower affinity of aluminium to CH3
− than to Cl−. As the

esult of that the number and stability of the cationic centres Ni+

ecrease and the yield of the polymer become lower. Decreasing
f the polystyrene yield with the bromide analogue of the catalyst
Table 2, entry 4) can be explained similarly (lower affinity of
luminium to Br− than to Cl−).

The reduced activity of precatalyst 4 with the methyl-
ubstituted cyclopentadienyl ring is not fully understood
Table 2, entry 5). The possible explanations could be: reducing
f the cationic character of Ni+ caused by an increase of the
lectron density on the cyclopentadienyl ring or an increase of
he steric hindrance around catalytic active Ni+ centre.

. Conclusions

We have prepared a series of cyclopentadienylnickel(N-
eterocyclic carbene) complexes. Molecular structures of three
f these complexes were determined by single-crystal X-ray
iffraction. The combination of MAO with the nickel complexes
ormed effective catalysts for the polymerization of styrene (the
aximum TON was 4450). The results obtained indicated that
olymerization proceeded probably according to the cationic
echanism. It was found that polystyrene yield depends on num-

er and stability of cationic nickel centres. The polymer obtained
as atactic.
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