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Abstract

Two series of new organolanthanide(II) complexes with general formula {g5:g1-[1-R-3-(2-C5H4NCH2)C9H5]}2Ln(II) (R = H–,
Ln = Yb (3), Eu (4); R = Me3Si–, Ln = Yb (5), Eu (6)), and {g5:g1-[1-R-3-(3-C5H4NCH2)C9H5]}2Ln(II) (R = H–, Ln = Yb (9), Eu
(10); R = Me3Si–, Ln = Yb (11), Eu (12)) were synthesized by silylamine elimination with one-electron reductive reactions of lantha-
nide(III) amides [(Me3Si)2N]3Ln(l-Cl)Li(THF)3 (Ln = Yb, Eu) with 2 equiv. 1-R-3-(2-C5H4NCH2)C9H6 (R = H (1), Me3Si– (2)) or
1-R-3-(3-C5H4NCH2)C9H6 (R = H (7), Me3Si– (8)) in good yields. All the complexes were fully characterized by elemental analyses
and spectroscopic methods. Complexes 3 and 5 were additionally characterized by single-crystal X-ray diffraction study. The catalytic
activities of the complexes for MMA polymerization were examined. It was found that complexes with 3-pyridylmethyl substituent
on the indenyl ligands could function as single-component MMA polymerization catalysts with good activities, while the complexes with
2-pyridylmethyl substituent on the indenyl ligands cannot catalyze MMA polymerization. The temperatures and solvents effect on the
MMA polymerization have also been examined.
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Organolanthanide chemistry is continuous one of the
most attractive fields of chemistry for the potential applica-
tions of organolanthanide complexes as catalysts in olefins
transformation and in organic synthesis [1]. Lanthanide
complexes with the Ln–N bond has been proved having a
diverse chemistry including catalytic reactivity and selectiv-
ity for hydroamination of olefins and alkynes [1e,2], hydro-
silylation of olefins [3], hydrophosphination of olefins and
alkynes [4], olefin polymerization, ring-opening polymeri-
0022-328X/$ - see front matter � 2005 Elsevier B.V. All rights reserved.
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zation of e-caprolactone, d-valerotactone and lactide
[1a,1b,1c,1d,5], insertion reactions [6]. Homolytic reactivity
of the Ln–N bond has been recently developed [7].

Lanthanide(II) complexes, which are normally prepared
by metathesis reaction of alkaline metal salts of a ligand
with LnI2 or by reductive reaction of lanthanide(III)
halides with metallic atoms [8], are one of the families of
the lanthanide complexes which showed reductive chemis-
try to organic and inorganic compounds [9], N2 [10], CO
and CO2 [11], as well as for olefin polymerization catalysts
[1a,1b,1c,1d,7].

We have demonstrated that the interactions of (dimeth-
ylamino)ethyl-functionalized or methoxyethyl-substituted
indene compounds with the lanthanide(III) amides
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[(Me3Si)2N]3Ln(l-Cl)Li(THF)3 (Ln = Yb, Eu) produced
organolanthanide(II) complexes [7a,7b,7c]. The formation
pathway of the organolanthanide(II) complexes is pro-
posed to proceed through a tandem silylamine elimina-
tion/homolysis of the Ln–N bonds, thus it provides a
new methodology for the preparation of the lanthanide(II)
complexes [7]. Extension of our study on the reaction of
heterocyclic-functionalized indene compounds C9H6-1-R-
3-CH2SiMe2NC4H8 (R = H, Me) with europium(III)
amide [(Me3Si)2N]3Eu(l-Cl)Li(THF)3 has led to the isola-
tion and characterization of the unexpected novel triple-
decker tetranuclear europium(II) complex with linked
indenyl ligands, and findings of a series of new single-site
MMA and e-caprolactone polymerization catalysts [7d,7e].
These results promoted us to extend our work on studying
the reactivity of other heterocyclic-substituted indene com-
pounds with the lanthanide(III) amides [(Me3Si)2N]3-
Ln(l-Cl)Li(THF)3 (Ln = Yb, Eu), and to develop new
catalysts for olefin transformations.

In this paper, we will report the interaction of pyridyl-
methyl-functionalized indene compounds with the lantha-
nide(III) amides [(Me3Si)2N]3Ln(l-Cl)Li(THF)3 (Ln =
Yb, Eu) leading to preparation and characterization of
two series of new organolanthanide(II) complexes, and
the catalytic activities of the complexes as single-compo-
nent MMA polymerization catalysts were also examined.
The effects of polymerization conditions on the catalytic
activities of the complexes will be discussed in this paper.

2. Results and discussion

2.1. Synthesis of the ligands

The indene compounds were synthesized by the reac-
tions of lithium indenide with 2-pyridylmethyl or 3-pyr-
idylmethyl chlorides by using the reported procedures
with slightly modifications [12]. The silyl-substituted indene
compounds were prepared by treatments of 3-(2-
C5H4NCH2)C9H7 or 3-(3-C5H4NCH2)C9H7 with n-BuLi,
followed by reactions with excess Me3SiCl, the synthetic
routes were outlined in Schemes 1 and 2. All the indene
compounds were fully characterized by elemental analyses
and spectroscopic methods. 1H NMR spectra analyses
showed that the pyridylmethyl substituents connect to the
sp2 carbon at 3-position of the indene ring, the silyl group
connects to the sp3 carbon of the indenyl ring.

2.2. Reaction of the indene compounds with lanthanide(III)

amides [(Me3Si)2N]3Ln(l-Cl)Li(THF)3 (Ln = Yb, Eu).

Synthesis and characterization of ytterbium(II) and

europium(II) complexes

Treatments of lanthanide(III) amides [(Me3Si)2N]3Ln(l-
Cl)Li(THF)3 (Ln = Yb, Eu) with 2 equiv. of 1-R-3-(2-
C5H4NCH2)C9H6 (R = H (1), Me3Si– (2)) in hot toluene
produced, after workup, the lanthanide(II) complexes with
general formula {g5:g1-[1-R-3-(2-C5H4NCH2)C9H5]}2Ln(II)
(R = H–, Ln = Yb (3), Eu (4); R = Me3Si–, Ln = Yb (5), Eu
(6)) (Scheme 3). The complexes were air- andmoisture-sensi-
tive solid, they are soluble in THF, DME and pyridine, and
are soluble in hot toluene, but they are insoluble in n-hexane.
All complexes were fully characterized by elemental analyses
and spectroscopic methods. NMR analyses of complexes 3
and 5 showed that they behaved diamagnetic properties,
indicating that the oxidation state of the central ytterbium
metal be in the oxidation state of +2. NMR spectra of com-
plexes 4 and 6 are not informative for lacking of locking sig-
nals due to the paramagnetic properties of the complexes. In
order to get further information about the reaction, and to
determine the structures of the complexes, the structures
of the complexes 3 and 5 were determined by single-crystal
X-ray diffraction study.

Although the quality of the X-ray analyses data of com-
plex 5 is not good enough for the severe thermally disorder
of the carbon atoms of the Me3Si groups, we can still
deduce from the data that the central ytterbium ions of
the complexes are in the oxidation state of +2. This result
suggested that the formation of the lanthanide(II) com-
plexes goes through one-electron reductive process.

From Figs. 1 and 2, we can see that the ytterbium(II) ion
is coordinated by two indenyl ligands in an g5-mode, and
two nitrogen atoms of the pyridine rings on the indenyl
side-arm in an g1-fashion, thus the coordination chemistry
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Fig. 1. Molecular structure of [g5:g1-(2-C5H4NCH2)C9H6]2Yb (3). The
hydrogen atoms are omitted for clarity.

Fig. 2. Molecular structure of [g5:g1-1-Me3Si-3-(2-C5H4NCH2)C9H5]2Yb
(5). The hydrogen atoms and LiCl in the unit cell are omitted for clarity.

Table 1
Selected bond lengths (Å) and angles (�) for 3

Yb–N 2.561(7)
Yb–C(7) 2.666(11)
Yb–C(8) 2.707(13)
Yb–C(9) 2.769(14)
Yb–C(10) 2.768(12)
Yb–C(11) 2.705(10)
Yb–Cav 2.723(14)

N(2)–Yb–N(1) 106.7(4)
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of the ytterbium(II) metal can be described as a distorted
tetrahedron.

The Yb–C distances range from 2.666(11) to 2.769(14) Å
in 3 (Table 1), with an average distance of 2.723(14) Å.
This distance is shorter than the corresponding values of
2.806(12) Å in [Me2Si(Me2NCH2CH2C9H5)(t-BuNH)]2-
YbII [7a], 2.782(8) Å in [g5:g1-(2-C5H4NCH2)C9H6]2YbII

(THF) [12], 2.778(14) Å in (Me2NCH2CH2C9H5SiMe3)2Yb
[7a], is close to 2.722(10) Å in (Me2NCH2CH2C9H6)2Yb
[7a]. The average distance of 2.723(14) Å in 3 is longer than
those of 2.683(5) Å, 2.68(1) Å, and 2.68(2) Å found in
(Me2NCH(Me)CH2C5H4)2Yb [13], Yb(CpPy)2 [14], and
Yb(CpPy(s))2 [14], respectively. The Yb–N distance of
2.561(7) Å in 3 is shorter than the corresponding values
of 2.587(7) Å in [g5:g1-(2-C5H4NCH2)C9H6]2YbII (THF)
[12], 2.673(11) Å in [Me2Si(Me2NCH2CH2C9H5)(t-Bu-
NH)]2YbII, 2.650(12) Å in (Me2NCH2CH2C9H5SiMe3)2-
Yb, 2.588(7) Å in (Me2NCH2CH2C9H6)2Yb [7a], and
2.603(4) Å in (Me2NCH(Me)CH2C5H4)2Yb [13]. But, the
Yb–N distance of 2.561(7) Å in 3 is longer than those of
2.48(1) Å found in Yb(CpPy)2 [14], and Yb(CpPy(s))2 [14],
respectively. The differences of the average Yb-C and the
Yb-N distances in these ytterbium(II) complexes may be
attributed to the steric effects of the complexes, ionic radii
differences [15] for the different coordination number of the
ytterbium metal, and different hybridization of the nitrogen
atoms.

The N–Yb–N angle of 106.7(4)� found in 3 is smaller
than the corresponding value of 159.8� in [g5:g1-(2-
C5H4NCH2)C9H6]2YbII(THF) [12] for different coordina-
tion geometry, but the N–Yb–N angle of 106.7(4)� found
in 3 is larger than those of 95.1(1)� in [Me2Si(Me2NCH2-
CH2C9H5)(t-BuNH)]2YbII, 92.8(5)� in (Me2NCH2CH2C9-
H5SiMe3)2Yb, 103.7(2)� in (Me2NCH2CH2C9H6)2Yb [7a],
103.1(2)� in (Me2NCH(Me)CH2C5H4)2Yb [13], 100.8(2)�
in Yb(CpPy)2, and 84.04(4)� in Yb(CpPy(s))2 [14] due to
steric effects.

In order to compare the catalytic activity between com-
plexes with 2-pyridylmethyl-substituted indenyl ligands
and complexes with 3-pyridylmethyl-functionalized indenyl
ligands. Reactions of 1-R-3-(3-C5H4NCH2)C9H6 (R = H
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(7), Me3Si– (8)) with lanthanide(III) amides [(Me3Si)2N]3-
Ln(l-Cl)Li(THF)3 (Ln = Yb, Eu) were studied.

The reactions of [(Me3Si)2N]3Ln(l-Cl)Li(THF)3
(Ln = Yb, Eu) with 2 equiv. of 1-R-3-(3-C5H4NCH2)C9H6

(R = H (7), Me3Si– (8)) in hot toluene produced, after
workup, lanthanide(II) complexes with general formula
{g5:g1-[1-R-3-(3-C5H4NCH2)C9H5]}2Ln(II) (R = H–,
Ln = Yb (9), Eu (10); R = Me3Si–, Ln = Yb (11), Eu
(12)) (Scheme 4). They were extremely air- and moisture-
sensitive solid. All complexes were fully characterized by
elemental analyses and spectroscopic methods. Elemental
analyses data of the complexes are in agreement with the
general formula of lanthanide(II) complexes with 3-pyr-
idylmethyl-substituted indenyl ligands. It is found that
complexes with 3-pyridylmethyl-functionalized indenyl
ligand cannot be dissolved in hot toluene and n-hexane,
but they are soluble in donor solvents such as THF,
DME and pyridine. NMR analyses indicated that com-
plexes 9 and 11 behave diamagnetic properties, suggesting
that the oxidation state of the ytterbium metal be +2.
NMR spectra of complexes 10 and 12 were not informative
for lack of locking signals due to the paramagnetic proper-
ties of the complexes. All the attempts to grow crystals for
determination the structure of the complexes failed for the
poor solubility of the complexes in toluene, and severe twin
problems of crystals growing in THF or diethyl ether.

We have proved that the interactions of indene com-
pounds without donor substituted groups on the indene
ring with lanthanide(III) amides [(Me3Si)2N]3Ln(l-
Cl)Li(THF)3 (Ln = Yb, Eu) produced lanthanide(III)
amides (Ind 0)2LnN(SiMe3)2 (Ind 0 = indenyl or ethylene
bridged indenyl ligands), while the interactions of the het-
eroatom side-arm functionalized indene compounds with
N
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[(Me3Si)2N]3Ln(l-Cl)Li(THF)3 (Ln = Yb, Eu) produced
lanthanide(II) complexes, the formation pathway of the
lanthanide(II) complexes have been proposed via a tandem
silylamine elimination/homolysis of the Ln–N bond
(Ln = Yb, Eu) based on the experimental results [7]. On
the basis of these evidences, we can deduced that the inter-
actions of 2-pyridylmethyl or 3-pyridylmethyl-functional-
ized indene compounds with lanthanide(III) amides
[(Me3Si)2N]3Ln(l-Cl)Li(THF)3 (Ln = Yb, Eu) produced
the lanthanide(II) complexes via silylamine elimination to
give (Indenyl 0)2Ln

IIIN(SiMe3)2 (Indenyl 0 = pyridylmethyl-
functionalized indenyl) as intermediates, coordination of
the heteroatom on the indenyl side-arm to the central metal
led to the homolysis of the Ln–N bond, and lanthanide(II)
complexes and coupled product [N(SiMe3)2]2 thus
produced.

2.3. Catalytic activity of the complexes on MMA

polymerization

We have examined the catalytic activity of the com-
plexes as single-component MMA polymerization by per-
forming the polymerization procedures in series of
solvents at different temperatures. The polymer products
were obtained by quenching with acidified methanol after
a fixed interval and analyzed by 1H NMR spectra for the
microstructures, and by GPC for the molecular weight
and molecular weight distribution. The results are summa-
rized in Table 2 and 3.

It is found that complexes 3–6 with 2-pyridylmethyl-
substituted indenyl ligands showed very poor catalytic
activity on MMA polymerization (with no more than 1%
conversion of monomer in 1 h), these results are similar to
those of the THF-coordinated complexes with 2-pyridylm-
ethyl-substituted indenyl ligands [12]. It is of interesting
found that the lanthanide(II) complexes 9, 10 and 12 with
3-pyridylmethyl-functionalized indenyl ligands showed
moderate to good catalytic activities on MMA polymeriza-
tion in THF and DME, but they showed very poor catalytic
activities when the polymerization procedures were per-
formed in toluene, this phenomenon may be attributed to
the poor solubility of the complexes in toluene at low tem-
peratures. The dramatic differences in catalytic activities of
between complexes with 2-pyridylmethyl indenyl ligand and
complexes with 3-pyridylmethyl-substituted indenyl ligand
may be explained by the different coordination bonding
strengths between the central metal and the pyridylmethyl
side-arm. The coordination bond of the 2-pyridylmethyl-
substituted group with the central metal atom may be more
stronger than that of the 3-pyridylmethyl-substituted group
with the central metal atom, which in turn to affect the ini-
tiation and propagation process of polymerization, a
dimeric enolate polymerization mechanism upon the
MMA coordinating to the central metal proposed by Boffa
and Novak [16]. The strong coordination bonding between
the metal center and the 2-pyridylmethyl-substituted groups
may prevent the enolate being formed. The catalytic



Table 2
Data for the polymerization of methyl methacrylate (MMA)

Catalyst Solution Tp (�C) tp (min) Stereochemistry
(%)

Mw · 10�4 Mn · 10�4 Mw/Mn Conv. (%) Activity ·10�4

mm mr rr

4 THF 0 15 6 30 64 13.02 8.00 1.63 8 1.61
THF 20 15 7 32 61 5.62 3.77 1.49 6 1.74
DME 0 15 12 32 56 6.17 3.69 1.67 5 0.81
DME 20 15 9 37 54 3.00 1.90 1.57 6 1.13

9 THF 0 20 9 36 55 7.64 5.15 1.48 23 2.7
THF �20 20 10 33 57 11.80 7.33 1.60 61 7.3
THF �40 15 6 30 64 12.61 8.42 1.50 76 12.1
THF �60 5 8 29 63 22.40 17.44 1.28 59 28.3
DME �20 20 13 34 53 7.12 4.09 1.73 27 3.2
DME �40 20 9 29 62 11.32 6.59 1.71 36 4.3
DME �60 15 8 30 62 20.14 13.06 1.54 53 8.4

10 THF 0 20 8 33 59 7.37 4.39 1.60 32 3.8
THF �20 20 8 35 58 17.42 10.29 1.69 39 4.6
THF �40 1 9 33 58 14.49 9.75 1.48 71 170.6
THF �60 0.5 5 31 64 18.80 14.27 1.31 85 408.4
DME 0 20 10 33 57 3.78 2.63 1.43 10 1.2
DME �20 20 11 30 59 6.73 4.17 1.61 28 3.3
DME �40 15 5 28 67 9.96 5.91 1.68 55 88.1
DME �60 10 8 24 68 18.07 11.01 1.64 55 132.1

12 THF 0 20 8 34 58 3.94 2.99 1.31 21 6.1
THF �20 20 5 31 64 13.64 7.11 1.91 36 10.9
THF �40 5 8 30 62 17.79 9.72 1.82 37 44.5
THF �60 0.5 5 28 67 20.60 12.76 1.20 64 768.9
DME 0 20 16 35 49 3.43 2.33 1.47 18 2.4
DME �20 20 14 34 52 5.94 3.68 1.61 52 6.8
DME �40 1.5 10 30 60 10.00 5.77 1.73 69 110.5
DME �60 0.5 12 37 51 14.73 9.01 1.63 95 457.8

Conditions: MMA/solvent (v/v) = 1:5 for catalysts 4, 9 and 10 either in THF or in DME, and 12 in DME, MMA/solvent (v/v) = 1:2.5 (v/v) for catalyst 12
in THF; MMA/Cat. (mol ratio) = 500:1 for catalyst 4; MMA/Cat. (mol ratio) = 400:1 for catalysts 9 and 10 either in THF or in DME, and 12 in DME;
MMA/Cat. (mol ratio) = 1000:1 for catalyst 12 in THF; activity g PMMAmol�1(cat) h�1, stereochemistry is based on 1H NMR spectroscopic analyses;
Tp: polymerization temperature; tp: polymerization time.

Table 3
MMA/catalyst mole ratio effects on the MMA polymerization

Catalyst Ratio Solvent/MMA
(v/v)

Solution tp (min) Stereochemistry (%) Mn · 10�4 Mw · 10�4 Mw/Mn Conv.
(%)

Activity
(·10�4)mm mr rr

10 400:1 THF 1 9 33 58 9.75 14.49 1.48 71 170.6
600:1 THF 3 � 34 66 14.51 21.06 1.45 65 78.1
800:1 THF 20 5 24 71 11.27 21.25 1.88 35 8.4
1000:1 THF 20 6 29 65 18.58 22.96 1.23 11 3.3
200:1 5:1 DME 10 8 27 65 4.76 8.29 1.74 61 7.3
400:1 DME 15 36 22 42 5.91 9.96 1.68 55 8.8
600:1 DME 20 11 30 59 10.92 17.25 1.57 45 8.1
800:1 DME 20 3 10 87 8.87 15.52 1.75 28 6.7
1000:1 DME 20 8 28 64 8.08 14.43 1.78 5 1.5

12 400:1 THF 0.5 30 33 37 6.86 9.61 1.39 73 350.8
600:1 THF 0.5 13 33 54 10.33 15.10 1.46 77 555.0
800:1 2.5:1 THF 0.5 51 18 31 11.62 19.69 1.21 66 634.3
1000:1 THF 0.5 5 28 67 12.76 20.60 1.20 64 768.9
1200:1 THF 0.5 16 28 56 16.08 23.39 1.45 62 893.8
400:1 DME 1.5 10 30 60 5.77 10.00 1.73 69 110.5
600:1 DME 5 28 29 43 10.00 15.21 1.52 45 32.4
800:1 5:1 DME 15 11 31 58 9.88 14.66 1.48 29 9.2
1000:1 DME 20 10 29 61 7.76 14.39 1.85 27 8.1
1200:1 DME 20 8 3 89 10.61 17.30 1.62 14 5.0

Conditions: polymerization temperature: �40 �C for catalysts 10 either in THF or in DME, and 12 in DME, �60 �C for catalyst 12 in THF, ratio:
MMA:catalyst mole ratio; activity: g PMMAmol�1(cat) h�1, stereochemistry is based on 1H NMR spectroscopic analyses; tp: polymerization time.

S. Wang et al. / Journal of Organometallic Chemistry 691 (2006) 1265–1274 1269



1270 S. Wang et al. / Journal of Organometallic Chemistry 691 (2006) 1265–1274
activities of the complexes 9, 10 and 12 can be comparable
to those of lanthanide(II) complexes with indenyl ligands
having donor atoms on the substituent [7], but is only
slightly lower than that of (C5Me5)2Sm(THF)2 [16].

It is found that the catalytic activities of the complexes
are temperatures dependent. The catalytic activities of the
complexes increase as the temperature decreases (Table 2),
this phenomenon is similar to those of lanthanide complexes
with 1,1 0-(3-oxapentamethylene) bridged indenyl ligands
[5d] and those of lanthanide(II) with different heteroatom
substituted side-arms [7]. Complexes 9, 10 and 12 generally
exhibited moderate catalytic activities in the temperature
ranges of 0 to �20 �C, they showed very good catalytic
activities in the temperature ranges of �40 to �60 �C, for
example, complex 12 has catalytic activities of 6.1 · 104

and 10.9 · 104 g polymer mol�1(cat) h�1 in THF at 0 and
�20 �C, respectively, it showed catalytic activities of
44.5 · 104 and 768.9 · 104 g polymer mol�1(cat) h�1 in
THF at �40 and �60 �C (Table 2).

The microstructures of the polymers were analyzed by
1H NMR spectral analyses. The spectra showed that
mostly syndiotactic polymers were obtained in all catalyst
systems (Tables 2 and 3). The co-existence of different tac-
ticity polymers may be due to the rac/meso interconversion.
The interconversion is commonly promoted by the donor
solvents such as THF, DME and Li+ salt. Such conversion
has also been observed in the ether-bridged lanthanidocene
chlorides [5d].

The molecular weights of the polymers were analyzed by
GPC; we found that the molecular weights of the polymers
were dependent on the choice of catalysts, solvent, and
polymerization temperatures. The molecular weight of
polymers generally increase as the polymerization temper-
atures decrease, for example, the molecular weight is
5.15 · 104 (Mn) when catalyst 9 was used and the polymer-
ization reaction was performed at 0 �C in THF, the molec-
ular weight (Mn) can reach as high as 17.44 · 104 when the
same catalyst 9 was used and the polymerization reaction
temperature was lowered to �60 �C in THF. The narrow
molecular weight distributions (Mw/Mn = 1.20 to 1.88)
were observed in all catalytic systems. The polymerization
mechanism may follow the supposition that initiation with
a divalent lanthanidocence complex occurs through reduc-
tive dimerization of MMA to form a bis-initiator, compris-
ing two lanthanide(III) enolated joined through their
double-bond termini [16]. The fact that the Mw/Mn values
are far from unity may be explained by the effect of partial
chain termination caused by deactivation of the catalysts
with trace amounts of impurities present in the system
for the lanthanide(II) complexes and the intermediates
formed during the polymerization process are very sensitive
to these impurities.

For the catalysts generally showed good catalytic activ-
ity on MMA polymerization at low temperatures, the influ-
ences of the MMA/catalyst mole ratio on the MMA
polymerization were studied when the polymerization tem-
peratures were fixed at �40 �C for catalysts 10 either in
THF or in DME, for 12 in DME; and at �60 �C for 12

in THF (Table 3). It is found that catalytic activities of
the catalysts decreases as the MMA/catalyst mole ratio
increase for catalyst 10 either in THF or in DME and 12

in DME. But the catalytic activity of the catalysts increases
as the MMA/catalyst mole ratio increases for catalyst 12 in
THF. The highest catalytic activity (as high as 893.8 · 104 g
polymer mol�1 (cat) h�1) of the catalyst has been observed.
It is also found the molecular weight (Mn) increase as the
MMA/catalyst mole ratio increase. These results indicated
that the propagation process will be favored as the MMA
concentration increase. The highest syndiotactic polmers
87% and 89% can be obtained when the MMA/catalyst
mole ratio is 800:1 for catalyst 10 in DME, and the
MMA/catalyst mole ratio is 1200:1 for catalyst 12 in
DME, respectively.

3. Conclusion

Two series of new organolanthanide(II) complexes with
general formula {g5:g1-[1-R-3-(2-C5H4NCH2)C9H5]}2Ln(II)
(R = H–, Me3Si–, Ln = Yb, Eu) and {g5:g1-[1-R-3-(3-
C5H4NCH2)C9H5]}2Ln(II) (R = H–, Me3Si–, Ln = Yb,
Eu) were synthesized by silylamine elimination with one-
electron reductive elimination reactions. They were fully
characterized by elemental analyses and spectroscopicmeth-
ods. This work demonstrated that the methodology for the
synthesis of organolanthanide(II) complexes via a tandem
silylamine elimination/homolysis of the Ln–N bonds reac-
tion can be extended to reactions of unsaturated heterocyclic
pyridylmethyl functionalized indene compounds with
tetracoordinated lanthanide(III) amides. The studies on
the catalytic activities of the complexes showed that the pyr-
idylmethyl-substituted group on the indenyl ligands have
great influences on the catalytic activities of the complexes.
Complexes with 3-pyridylmethyl-substituted group on the
indenyl ligands exhibited moderate to good catalytic activi-
ties on MMA polymerization, while complexes with 2-pyr-
idylmethyl functionalized groups on the indenyl ligands
behaved very poor catalytic activities onMMA polymeriza-
tion. These differencesmay be attributed to bonding strength
between the substituted groups and the central metals. It is
found that the catalytic activities of complexes with 3-pyr-
idylmethyl groups are dependent on the choice of polymeri-
zation conditions and the lanthanide metals. The catalytic
activities of the complexes generally increase as the polymer-
ization reaction temperatures decrease. The highest molecu-
lar weight (as high as 17.44 · 104) and highest syndiotactic
polymers (89%) can be obtained by choosing catalysts and
controlling polymerization conditions.

4. Experimental

4.1. Materials and methods

All the syntheses and manipulations of air- and mois-
ture-sensitive materials were carried out on the flamed
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Schlenk-type glassware on a Schlenk line. All solvents were
refluxed and distilled over finely divided LiAlH4 or sodium
benzophenone ketyl under argon prior to use unless other-
wise noted. CDCl3 was dried over activated 4 Å molecular
sieves. MMA was dried over finely divided CaH2, distilled
before use. 3-(2-C5H4NCH2)C9H7 [12], [(Me3Si)2N]3Ln(l-
Cl)Li(THF)3 (Ln = Yb [7a], Eu [5g]) were prepared accord-
ing to the reported procedures with slightly modifications.
Elemental analyses data were obtained on a Perkin–Elmer
2400 Series II Elemental Analyzer. IR spectra were
recorded on a Perkin–Elmer 983(G) spectrometer (CsI crys-
tal plate, Nujol and Fluoroble mulls). Melting points were
determined in the sealed capillaries without corrections.
GC–MS analyses were carried out on an Agilent 6890/
Micromass GCT-MS instrument. 1H and 13C NMR spectra
for analyses of the compounds were recorded on a Bruker
AV-300 NMR spectrometer in C5D5N (pyridine-d5) for lan-
thanide complexes and in CDCl3 for polymers and indene
compounds. The chemical shifts for 1H and 13C NMR spec-
tra were recorded to internal solvent resonances. Gel perme-
ation chromatography (GPC) analyses of polymer samples
were carried out at 30 �C using THF as eluent on a Waters-
150C instrument and calibrated using monodispersed
polystyrene standards at flow rate of 1.0 mL min�1. Number-
average molecular weight and polydispersities of polymers
were given relative to PS standards. The polymers were
analyzed according to the literature [17].

4.2. Synthesis of 1-Me3Si-3-(2-C5H4NCH2)C9H6 (2)

To a solution of 3-(2-C5H4NCH2)C9H7 (1) (7.53 g,
36.3 mmol) in 50.0 mL of THF was slowly added a
1.55 M n-BuLi solution (23.4 mL, 36.3 mmol) at 0 �C. The
reaction mixture was stirred at room temperature over-
night, it was then cooled to 0 �C. To the mixture was added
a freshly distilled Me3SiCl (10.0 mL, 78.3 mmol) in one por-
tion. The reaction temperature was gradually raised to
room temperature, and was stirred at the temperature over-
night. The solvents and excess Me3SiCl were evaporated
under vacuum, 80.0 mL of n-hexane was added, and the
precipitate was filtered off. The solvent was pumped off
affording the pure product as a pale yellow oil identified
by NMR (8.62 g, 85%). 1H NMR (CDCl3): dH 8.58 (s,
1H) (C5H4N), 7.09–7.57 (m, 7H) (C9H7 + C5H4N), 6.43
(m, 1H) (C9H7), 4.21 (s, 2H) (C5H4NCH2), 3.48 (s, 2H)
(C9H7, saturated CH), 0.02 (s, 9H) (Si(CH3)3) ppm. IR
(Nujol and Fluoroble mulls, cm�1): m 3067 (s), 3014 (s),
2898 (s), 1930 (m), 1715 (w), 1690 (s), 1469 (s), 1429 (s),
1363 (m), 1250 (s), 1187 (w), 1145 (m), 1088 (w), 1028
(s), 989 (s), 877 (s), 840 (s), 764 (s), 689 (s), 608 (s), 566
(m). Anal. Calc. for C18H21NSi: C, 77.36; H, 7.57; N,
5.01. Found: C, 77.10; H, 7.70; N 4.99%.

4.3. Synthesis of [g5:g1-(2-C5H4NCH2)C9H6]2Yb
II (3)

To a toluene (30.0 mL) solution of [(Me3Si)2N]3YbIII(l-
Cl)Li(THF)3 (1.10 g, 1.2 mmol) at room temperature was
slowly added a toluene (10.0 mL) solution of 3-(2-
C5H4NCH2)C9H7 (1) (0.50 g, 2.4 mmol). After the reaction
was stirred at room temperature for 6 h, the mixture was
then refluxed for 24 h. the color of the solution was chan-
ged from yellow to purple-red. The solvent was evaporated
under reduced pressure. The residue was washed with n-
hexane (10.0 mL). The resulting solid was extracted with
toluene (2 · 10.0 mL). The toluene solution was combined
and concentrated to 15.0 mL. Purple-red crystals were
obtained by cooling the concentrated solution at 0 �C for
several days (0.47 g, 59%). M.p. 108–110 �C. 1H NMR
(pyridine-d5): dH 9.08 (s, 2H) (C5H4N), 7.78–7.92 (m, 6H)
(C5H4N), 7.18–7.55 (m, 13H) (C9H6 + C6H5CH3), 6.60–
6.52 (m, 4H) (C9H6), 3.61 (s, 4H) (C5H4NCH2), 2.31 (s,
3H) (C6H5CH3) ppm. IR (Nujol and Fluoroble mulls,
cm�1): m 2929 (w), 2854 (w), 2726 (m), 2678 (m), 1689
(w), 1456 (s), 1380 (s), 1304 (m), 1150 (w), 1081 (w), 970
(w), 724 (s). Anal. Calc. for C30H24N2Yb + C7H8: C,
65.57; H, 4.76; N, 4.13. Found: C, 65.21; H, 5.10; N, 4.18%.

4.4. [g5:g1-(2-C5H4NCH2)C9H6]2Eu
II (4)

To a toluene (30.0 mL) solution of [(Me3Si)2N]3Eu
III(l-

Cl)Li(THF)3 (1.25 g, 1.4 mmol) at room temperature was
slowly added a toluene (10.0 mL) solution of 3-(2-
C5H4NCH2)C9H7 (1) (0.58 g, 2.8 mmol). After the reaction
was stirred at room temperature for 6 h, the temperature
was raised to 50 �C, and the reaction mixture was stirred
at the temperature for 12 h. The solvent was evaporated
under reduced pressure. The residue was washed with n-
hexane (10.0 mL). The resulting solid was extracted with
toluene (2 · 10.0 mL). The toluene solution was combined
and concentrated to 15.0 mL to give a green powder upon
standing the solution at �15 �C for several days (0.58 g,
70%). M.p. 120–121 �C. NMR (pyridine-d5) spectra of
the compound were not informative due to the strong para-
magnetic property of the europium(II) complex. IR (Nujol
and Fluoroble mulls, cm�1): m 2955 (w), 2858 (w), 2729 (m),
2676 (m), 1588 (m), 1455 (s), 1378 (s), 1300 (w), 1153 (w),
1089 (w), 971 (w), 720 (m). Anal. Calc. for C30H24-
N2Eu + 1/4C7H8: C, 64.90; H, 4.46; N, 4.77. Found: C,
64.97; H, 4.65; N, 5.01%.

4.5. [g5:g1-1-Me3Si-3-(2-C5H4NCH2)C9H5]2Yb
II Æ

(LiCl)0.5 (5)

This compound was prepared as a purple-red crystals
in 60% yield from reaction of [(Me3Si)2N]3YbIII(l-Cl)Li-
(THF)3 (1.10 g, 1.2 mmol) and 1-Me3Si-3-(2-C5H4NCH2)-
C9H6 (2) (0.67 g, 2.4 mmol) following the procedures
similar to those used for the preparation of complex 3.
M.p. 142–143 �C. 1H NMR (pyridine-d5): dH 9.08 (s, 2H)
(C5H4N), 7.78–7.92 (m, 6H) (C5H4N), 7.18–7.55 (m, 8H)
(C9H5), 6.60 (s, 2H) (C9H5), 3.61 (s, 4H) (C5H4NCH2),
0.02 (s, 18H) (Si(CH3)3) ppm. IR (Nujol and Fluoroble
mulls, cm�1): m 2921 (w), 2729 (m), 1597 (w), 1454 (s),
1381 (s), 1301 (m), 1251 (w), 1162 (w), 1072 (w), 1027
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(w), 968 (w), 889 (w), 836 (w), 724 (m). Anal. Calc. for
C36H40N2Si2Yb + 1/2LiCl: C, 57.56; H, 5.37; N, 3.73.
Found: C, 57.15; H, 5.48; N, 3.73%.

4.6. [g5:g1-1-Me3Si-3-(2-C5H4NCH2)C9H5]2Eu
II (6)

This compound was prepared as a yellow solid in 54%
yield from reaction of [(Me3Si)2N]3Eu

III(l-Cl)Li(THF)3
(1.25 g, 1.4 mmol) and 1-Me3Si-3-(2-C5H4NCH2)C9H6 (2)
(0.78 g, 2.8 mmol) following the procedures similar to those
used for the preparation of complex 4. M.p. 140–142 �C.
NMR (pyridine-d5) spectra of the compound were not
informative due to the paramagnetic property of the euro-
pium(II) complex. IR (Nujol and Fluoroble mulls, cm�1): m
3061 (m), 2955 (m), 2726 (m), 1590 (w), 1454 (s), 1379 (s),
1306 (w), 1155 (w), 1081 (w), 969 (w), 887 (w), 835 (w), 718
(m) cm�1. Anal. Calc. for C36H40N2Si2Eu + C7H8: C,
64.48; H, 6.04; N, 3.50. Found: C, 64.07; H, 5.80; N, 3.79%.

4.7. Synthesis of 3-(3-C5H4NCH2)C9H7 (7)

To a THF (120.0 mL) solution of indene (12.0 mL,
104.0 mmol) was slowly added a 1.55 M n-BuLi solution
(67.0 mL, 104.0 mmol) at 0 �C. The reaction mixture was
stirred at room temperature overnight and was then cooled
to 0 �C. To 3-(ClCH2)C5H4N Æ HCl (10.2 g, 62.0 mmol) in
50.0 mL of THF was slowly added the reaction mixture.
The reaction mixture was stirred at room temperature
overnight and then it was hydrolyzed. The organic layer
was separated and the aqueous layer was extracted with
diethyl ether (2 · 15.0 mL). The organic fractions were
combined and dried with anhydrous MgSO4, filtered, and
evaporated under vacuum. The pale yellow oily product
(8.9 g, 69%) was obtained after distillation under reduced
pressure. 1H NMR (CDCl3): dH 8.61 (s, 1H) (C5H4N),
8.50 (d, 1H, J = 6.3 Hz) (C5H4N), 7.57 (m, 1H) (C5H4N),
7.50 (d, 1H, J = 6.9 Hz) (C5H4N), 7.20–7.30 (m, 4H)
(C9H7), 6.15 (m, 1H) (C9H7), 3.92 (s, 2H) (C5H4NCH2),
3.41 (s, 2H) (C9H7, saturated CH) ppm. IR (Nujol and Flu-
oroble mulls, cm�1): m 3024 (s), 2897 (s), 2774 (m), 1916
(w), 1796 (w), 1709 (m), 1608 (m), 1578 (s), 1478 (m),
1461 (s), 1419 (m), 1393 (m), 1193 (m), 1027 (s), 977 (m),
920 (m), 838 (m), 775 (s), 712 (s), 621 (m). Anal. Calc.
for C15H13N: C, 86.92; H, 6.32; N, 6.67. Found: C,
86.78; H, 6.23; N, 6.65%.

4.8. 1-Me3Si-3-(3-C5H4NCH2)C9H6 (8)

To a solution of 3-(3-C5H4NCH2)C9H7 (7) (7.53 g,
36.3 mmol) in 50.0 mL of THF was slowly added a
1.61 M n-BuLi solution (22.5 mL, 36.3 mmol) at 0 �C.
The reaction mixture was stirred at room temperature
overnight and was then cooled to 0 �C. To the mixture
was added freshly distilled Me3SiCl (5.0 mL, 39.9 mmol)
in one portion. The reaction temperature was gradually
raised to room temperature and stirred at the temperature
overnight. The solvents and excess Me3SiCl were evapo-
rated under vacuum. 30.0 mL of n-hexane was added and
the precipitate was filtered off. The solvent was pumped
off affording the product as a pale yellow oil (8.81 g,
87%). 1H NMR (CDCl3): dH 8.59 (s, 1H) (C5H4N), 8.47
(d, 1H, J = 4.7 Hz) (C5H4N), 7.59 (m, 1H) (C5H4N), 7.45
(d, 1H, J = 6.7 Hz) (C5H4N), 7.33–7.17 (m, 4H) (C9H6),
6.27 (s, 1H) (C9H6), 3.98 (s, 2H) (C5H4NCH2), 3.45 (s,
1H) (C9H7, saturated CH), 0.07 (s, 9H) (Si(CH3)3) ppm.
IR (Nujol and Fluoroble mulls, cm�1): m 3036 (m), 2859
(s), 2900 (m), 1943 (w), 1683 (w), 1588 (m), 1569 (m),
1481 (m), 1451 (m), 1422 (m), 1367 (w), 1252 (s), 1184
(w), 1103 (w), 1029 (s), 992 (m), 876 (m), 829 (s), 758
(m), 710 (m), 608 (m). Anal. Calc. for C18H21SiN: C,
77.36; H, 7.57; N, 5.01. Found: C, 77.20; H, 7.71; N, 4.80%.

4.9. Synthesis of [g5:g1-(3-C5H4NCH2)C9H6]2Yb
II (9)

To a toluene (50.0 mL) solution of [(Me3Si)2N]3YbIII(l-
Cl)Li(THF)3 (1.09 g, 1.19 mmol) at room temperature was
slowly added a toluene (10.0 mL) solution of 3-(3-
C5H4NCH2)C9H7 (7) (0.49 g, 2.38 mmol). After the reac-
tion was stirred at room temperature for 6 h, the tempera-
ture was raised to 75 �C and the reaction mixture was
stirred at this temperature for 12 h. The color of the solu-
tion changed to dark-green. The solvent was evaporated
under reduced pressure. The residue was washed with n-
hexane (10.0 mL). The resulting solid was extracted with
THF (2 · 10.0 mL). The THF solution was combined and
concentrated to 10.0 mL. The dark-green solid complex
was obtained by cooling the concentrated solution at
0 �C (0.64 g, 71%). M.p. 104–106 �C; 1H NMR (pyridine-
d5): dH 8.87–8.70 (m, 4H) (C5H4N), 7.72–7.34 (m, 17H)
(C5H4N + C9H6 + C6H5CH3), 7.08 (m, 2H) (C9H6), 6.23
(m, 2H) (C9H6), 4.98 (s, 4H) (C5H4NCH2), 2.36 (s, 3H)
(C6H5CH3) ppm. IR (Nujol and Fluoroble mulls, cm�1):
m 2958 (s), 2856 (s), 1185 (s), 1466 (s), 1306 (s), 964 (s),
771 (m), 718 (m), 593 (s). Anal. Calc. for C30H24-
N2Yb + C7H8: C, 65.57; H, 4.76; N, 4.13. Found: C,
65.30; H, 4.65; N, 4.38%.

4.10. [g5:g1-(3-C5H4NCH2)C9H6]2Eu
II (10)

To a toluene (50.0 mL) solution of [(Me3Si)2N]3Eu
III(l-

Cl)Li(THF)3 (0.96 g, 1.09 mmol) at room temperature was
slowly added a toluene (10.0 mL) solution of 3-(3-
C5H4NCH2)C9H7 (7) (0.45 g, 2.18 mmol). After the reac-
tion was stirred at room temperature for 6 h, the tempera-
ture was raised to 50 �C and the reaction mixture was
stirred at this temperature for 12 h. The color of the solu-
tion changed to dark-green. The solvent was evaporated
under reduced pressure. The residue was washed with n-
hexane (10.0 mL). The resulting solid was extracted with
THF (2 · 10.0 mL). The THF solution was combined and
concentrated to 10.0 mL to give a dark-green powder
(0.46 g, 65%). M.p. 89–91 �C; IR (Nujol and Fluoroble
mulls, cm�1): 2952 (s), 2851 (s) 1422 (m), 1306 (s), 1165
(s), 1042 (m), 970 (s), 837 (m), 698 (m), 595 (s). Anal. Calc.



Table 4
Crystal and data collection parameters for 3

Empirical formula C30H24N2Yb
Formula weight 585.55
Crystal system Monoclinic
Space group C2
a (Å) 16.805(3)
b (Å) 8.2129(13)
c (Å) 8.6129(14)
b (�) 91.34
V (Å3) 1188.4(3)
T (K) 293(2)
Dcalcd (g cm�3) 1.636
Z 2
F(000) 576
No. refls. collected 1640
No. unique refls. 1468 (Rint = 0.032)
No. parameters 127
k (Å) Mo Ka 0.71073
l (mm�1) 3.955
h range (�) 2.37–24.94
Goodness-of-fit 1.092
R (I > 2r(I)) 0.046
wR2 0.116
Largest difference peak and hole (e Å�3) 1.783 and �0.979
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for C30H24N2Eu: C, 63.83; H, 4.30; N, 4.96. Found: C,
64.33; H, 4.45; N, 4.85%.

4.11. Synthesis of [g5:g1-1-Me3Si-3-(3-C5H4NCH2)-

C9H5]2 Yb (11)

To a toluene (50.0 mL) solution of [(Me3Si)2N]3YbIII(l-
Cl)Li(THF)3 (1.34 g, 1.47 mmol) at room temperature was
slowly added a toluene (10.0 mL) solution of 1-Me3Si-3-(3-
C5H4NCH2)C9H6 (8) (0.82 g, 2.94 mmol). After the
reaction was stirred at room temperature for 6 h, the tem-
perature was raised to 75 �C and the reaction mixture was
stirred at this temperature for 12 h. The color of the solu-
tion changed to dark-green. The solvent was evaporated
under reduced pressure. The residue was washed with n-
hexane (10.0 mL). The resulting solid was extracted with
THF (2 · 10.0 mL). The THF solution was combined and
concentrated to 10.0 mL. The dark-green solid complex
was obtained by cooling the concentrated solution at
0 �C (1.07 g, 77%). M.p. 132–134 �C; 1H NMR (pyridine-
d5): dH 8.69–8.46 (m, 4H) (C5H4N), 7.53–7.16 (m, 12H)
(C5H4N + C9H5), 6.02 (s, 2H) (C9H5), 4.04 (s, 4H)
(C5H4NCH2), 0.09 (s, 18H) (Si(CH3)3) ppm. IR (Nujol
and Fluoroble mulls, cm�1): m 3067 (s), 2899 (s), 1484 (s),
1377 (m), 1309 (w), 1247 (w), 1151 (w), 1089 (w), 1028
(w), 837 (w), 721 (w). Anal. Calc. for C36H40Si2N2Yb: C,
59.24; H, 5.52; N, 3.84. Found: C, 58.94; H, 5.82; N, 3.88%.

4.12. Synthesis of [g5:g1-1-Me3Si-3-(3-C5H4NCH2)-

C9H5]2Eu (12)

To a toluene (50.0 mL) solution of [(Me3Si)2N]3Eu
III(l-

Cl)Li(THF)3 (1.02 g, 1.15 mmol) at room temperature was
slowly added a toluene (10.0 mL) solution of 1-Me3Si-3-(3-
C5H4NCH2)C9H6 (8) (0.64 g, 2.29 mmol). After the reac-
tion was stirred at room temperature for 6 h, the reaction
temperature was raised to 50 �C and the reaction mixture
was stirred at this temperature for 12 h. The color of the
solution changed to dark-green. The solvent was evapo-
rated under reduced pressure. The residue was washed with
n-hexane (10.0 mL). The resulting solid was extracted with
THF (2 · 10.0 mL). The THF solution was combined and
concentrated to 10.0 mL to give a dark-green powder
(0.82 g, 68%). M.p. 130–132 �C; IR (Nujol and Fluoroble
mulls, cm�1): m 3067 (s), 2946 (s), 1730 (w), 1462 (s), 1374
(m), 1307 (w), 1248 (w), 1163 (w), 971 (w), 839 (w), 718
(w). Anal. Calc. for C36H40Si2N2Eu: C, 61.00; H, 5.97;
N, 3.95. Found: C, 60.72; H, 6.19; N, 4.01%.

4.13. X-ray crystallography

Suitable crystals of the complexes 3 and 5 were mounted
in sealed capillaries. Diffraction was performed on a Sie-
mens SMART CCD-area detector diffractometer using
graphite monochromated Mo Ka radiation (k =
0.71073 Å), temperature 293(2) K, w and x scan technique,
SADABS effects and empirical absorption were applied in the
data corrections. All structures were solved by direct meth-
ods (SHELXS-97), completed by subsequent difference Fou-
rier syntheses, and refined by full-matrix least-squares
calculations based on F2 (SHELXS-97) [18]. The crystal and
data collection parameters are given in Table 4. The crystal
data in CIF format has been deposited with CCDC No.
283147 for 3 and 283148 for 5, this data can be obtained
free of charge from the Cambridge Crystallographic Data
Centre. deposit@ccdc.cam.ac.uk; Tel.: (44)01223 762910;
or Postal address: CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK.

4.14. MMA polymerization

MMA polymerization reactions were performed in a
50.0 mL Schlenk flask, placed in an external temperature-
controlled bath, on a Schlenk line or in a glovebox. In a
typical procedure, the catalyst (20–50 mg) was loaded into
the Schlenk flask and the solvent was added. After the
external bath temperature was stabilized, MMA was added
through a gastight syringe in one portion. The polymer
product was precipitated into methanol (50.0 mL), washed
with methanol, and then dried to a constant weight in a
vacuum oven at 50 �C. The stereochemistry of the poly-
mers and their molecular weights were analyzed by 1H
NMR spectroscopy and GPC techniques, respectively.
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