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Abstract A series of rare-earth metal Dbis(alkyl) complexes bearing
pyrrolidinyl-functionalized cyclopentadienyl, indenyl and fluorenyl ligands were
prepared and characterized. Alkane elimination of Ln(CH,SiMes);(THF), with 1
equiv of the corresponding ancillary ligand precursors in THF at room temperature
afforded the rare-earth metal bis(alkyl) complexes LLn(CH,SiMe;),(THF), (L =
CsMesSiMeo:NCyHg, Ln = Y (1), Lu (2); L = CoHeSiMe;NC4Hg, Lu (4)).
Intramolecular C-H activation occured when Sc(CH,SiMe3);(THF), was treated with
1 equiv of CsMesHSiMe,NC4Hg, leading to the generation of the scandium
mono(alkyl) complex (CsMesSiMe,NC4H7)Sc(CH,SiMes)(THF) (3). One-pot salt

metathesis reaction of LnCl; with 1 equivalent of fluorenyl lithium
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C3HsSiMe;NC4HsLi, followed by addition of 2 equivalents of LiCH,SiMe; in THF at
room temperature gave the mono-fluorenyl-ligated rare-earth metal bis(alkyl)
complexes (C;3HsSiMe,NC4Hg)Ln(CH,SiMe;)>(THF) (Ln = Y (5), Lu (6)). All these
complexes were characterized by elemental analysis and NMR spectroscopy. 3, 5 and
6 were subjected to X-ray single crystal determination. Upon activated with one
equivalent of [Ph;C][B(C¢Fs)s] and excess Al'Bus, the rare-earth metal bis(alkyl)
complexes 1, 2, 4-6 were active for cis-1,4-selective polymerization of isoprene in
toluene at room temperature. The ligand effect on the polymerization activity was
observed, with a sterically more bulky ligand providing higher activity (Fluorenyl >
Indenyl > Cp). Moreover, employing 6/[PhsC][B(CsFs)s]/AlI'Bus as the catalyst

system, the polymerization proceeded in a controllable fashion.

Introduction

To investigate the relationship between molecular structure and reactivity is a
long-standing research topic in organometallic and polymer chemistry.' Over the past
decade, one of the most attractive outcomes in the field of organo-rare-earth-metal
chemistry is employing rare-earth metal bis(alkyl) complexes with a general formula
LLnR»(S)x (L = monoanionic ancillary ligands, R = alkyl, benzyl, and allyl groups; S
= coordinated solvent) as catalyst precursors, for such complexes have demonstrated
high efficiency and wunique performance in polymerization and organic
transformations when activated with an appropriate borate compound such as

[PhsC][B(CgFs)4] or [PhNMezH][B(C6F5)4].2 Upon to date, much attention is still
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ongoing to cationic rare-earth metal alkyl complexes aiming at designing efficient
catalysts and developing novel reactions. Due to the unique chemical and physical
properties of rare-earth metal elements, the reactivity of rare-earth metal complexes
can be tuned not only by modifying the ancillary ligands but also by changing the ion
size of the central metals, however, in most cases changing the ligand environment of
a complex to modify its properties is usually an important strategy for the
development of more efficient and selective catalysts.1

On the other hand, to meet the shortage of natural rubber and the increasing
demand for high-performance rubbers, cis-1,4-polyisoprene is recognized as a
promising candidate to replace natural rubber for tires manufacture.’® Contrary to
heterogencous  rare-earth-metal-based ~ Zieglar-Natta  catalysts,'  structurally
well-defined homogeneous single-site rare-earth metal catalysts are beneficial to
mechanistic investigation. For example, rare-earth metal metallocene complexes,’
non-Cp ligated rare-earth metal complexes,”’ and pincer-type rare-earth metal
complexes® have displayed distinguished cis-1,4-selectivity in isoprene
polymerization. To understand the ligand effect on the polymerization performance,
we prepared a series of rare-earth metal bis(alkyl) complexes bearing
pyrrolidinyl-functionalized cyclopentadienyl, indenyl and fluorenyl ligands, and
employed them as catalyst precursors in isoprene polymerization. It was found that
the fluorenyl-ligated rare-earth metal bis(alkyl) complexes, upon activated by
[Ph3C][B(CeFs)s] and Al'Bus, showed highly cis-1,4-selective polymerization of

isoprene in a controllable fashion. Here we report these results.
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Results and discussion
Synthesis and characterization of the pyrrolidinyl-functionalized indene and
fluorene

The pyrrolidinyl-functionalized indenyl ligand CyoH;SiMe,NC4Hg (HLI) and
fluorenyl ligand C;3HoSiMe,NC4Hg (HL?) were synthesized by treatment of
1-(chlorodimethylsilanyl)-pyrrolidine C4HgNSiMe,Cl with 1 equivalent of indene
lithium CoH7Li or fluorene lithium C;3HoLi in THF at room temperature, respectively
(Scheme 1). HL' was obtained in 65% isolated yield as yellow oil, which contains a
mixture of isomers in nearly 20:1 molar ratio (A:B = 20:1). HL? was obtained as
yellowish brown powder in 95% isolated yield. HL' and HL* were confirmed by

elemental analysis and NMR spectroscopy.

| - + LiCl
—Si— rt, 24 h
Li <|:| O Q
HL1
0.0 R .# .
—Sj— rt.,24h —S|
Li & NQ
HL2

Scheme 1 Preparation of the pyrrolidinyl-functionalized indene and fluorene

Synthesis and characterization of the rare-earth metal bis(alkyl) complexes

Alkane elimination of Ln(CH,SiMes);(THF), (Ln =Y, Lu) with 1 equiv of the
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pyrrolidinyl-functionalized cyclopentadiene CsMesHSiMe,NC4Hs in THF at room
temperature for 3 h, after workup, afforded the neutral mono-Cp-ligated rare-earth
metal bis(alkyl) complexes (CsMe4sSiMe,NC4Hg)Ln(CH,SiMes3)(THF), (Ln =Y (1),
Lu (2)) in 82-86% isolated yields, as shown in Scheme 2. In contrast, employing the
same synthetic route, if the central meter being Sc**, only mono-Cp-ligated scandium
mono(alkyl) complex (CsMe4sSiMe,NC4H7)Sc(CH,SiMes)(THF) (3) was isolated. The
proposed mechanism for the formation of 3 is illustrated in Scheme 3. The generation
of 3 instead of the aimed product scandium bis(alkyl) complex
(CsMe4SiMe;NC4Hg)Sc(CH,SiMe;),(THF) may contribute to the intramolecular C-H

o bond activation at a-position of the pyrrolidinyl ring,” as illustrated in Scheme 3.

: D +  Ln(CHySiMes)3(THF), ———> /S'\N;(Ln\\// NN
S

Si” rt,3h
7\ Q /TN

\
H
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N N 4 CH,SiMes
P [ e
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~ +  LnCl > > CH,SiMe,
3 rt,2h s e
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\

NQ N \\CHZSiMeg
':) THF

Ln =Y (5), Lu (6)

Scheme 2 Preparation of the rare-earth metal bis(alkyl) complexes 1, 2, 4-6
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Scheme 3 Proposed mechanism for the generation of the pyrrolidinyl-functionalized

Cp-ligated scandium mono(alkyl) complex 3

Deprotonation of a mixture of isomers of the pyrrolidinyl-functionalized indene
CoH;SiMe,NC4Hg with one equivmolar amount of Lu[CH,SiMes]3(THF), in THF at
room temperature, after workup, gave the mono-indenyl-ligated Iutetium bis(alkyl)
complex (CyHeSiMe,NC4Hg)Lu(CH,SiMes),(THF), (4) as pale yellow powder in
86% isolated yield, as shown in Scheme 2.

However, due to the low acidity of fluorene, salt metathesis strategy was adopted
to prepare fluorenyl-ligated rare-earth metal bis(alkyl) complexes. One-pot reaction of
LnCl; with 1 equivalent of fluorenyl lithium C;3HgSiMe,NC4HgLi, followed by
addition of 2 equivalents of LiCH,SiMe; in THF at room temperature, after workup,
produced the mono-fluorenyl-ligated rare-earth metal bis(alkyl) complexes
(C13HgSiMe,NC4Hs)Ln(CH,SiMes)o(THF) (Ln = Y (5), Lu (6)) in 53-54% isolated

yields (Scheme 2).
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All these rare-earth metal alkyl complexes were characterized by elemental
analysis and NMR spectroscopy. These air- and moisture-sensitive complexes are
soluble in common organic solvents such as toluene, THF, even in hexane. In the "H
NMR spectra, the methylene protons of Y-CH,SiMe; in 1 give a doublet resonance
with a Jy.y coupling constant of 3.2 Hz at -0.61 ppm, while those of Lu-CH,SiMejs in
2 display sharp singlet resonance at -0.81 ppm. The methylene protons of
Lu—CH,SiMe; in 4 are diastereotopic, and display AB spin resonances in the upfield
regions at 6 -0.93 and -0.79 ppm. In comparison, the methylene protons arising from
Y-CH,SiMe; in 5 and Lu—CH,SiMe; in 6 show doublet resonances around -0.58 and
-0.72 ppm, respectively. In comparison, with a same central metal Lu*’, BC NMR
spectra show that the resonances of methylene carbon of Lu—~CH,SiMes in 2, 4, and 6
appear at o 39.7, 41.1, and 44.5 ppm, respectively, reflecting an increase of the
interaction between central metal and the CH,SiMe; group in the order of Cp >
Indenyl > Fluorenyl for ligand effect.

Single crystals of 3, 5 and 6 suitable for X-ray diffraction were grown from a
mixture solution of toluene and hexane at -30 °C. The crystallographic data are
summarized in Table 1. X-ray diffraction showed that 5 and 6 are isomorphous,
therefore, only the molecular structure of 3 and 6 are illustrated in Fig. 1 and Fig. 2,
respectively. The complexes are mononuclear and donor-solvent-coordinated species.
The central metal in 3 is five-coordinated by one Cp ring in 7°-mode, one nitrogen
atom and one a-position-carbon atom from the pendant pyrrolidinyl group, one

CH,SiMe;  group, and one oxygen atom of THF to adopt a
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distorted-trigonal-bipyramidal geometry, if the Cp ring is regarded as occupying an
independent vertex. The average bond distances of Sc—Cp (2.5132 A) and
Sc—CH,SiMe; (2.277(2) A) are agreement with those in
(CsMesSiMe;)Sc(CH,SiMes),(THF) (av. Sc—Cp = 2.4979 A, Sc—CH,SiMe; = 2.223
A)."® In contrast, the coordination mode of the fluorenyl moiety to the central metals
in 5 and 6 is unexpected. X-ray single crystal structural determination shows that the
bonding features of the ligand with the central metal in the most fluorenyl-ligated
rare-earth metal complexes are usually in 77 and 7°."' However, the smallest
differences of the bond distances of ALn—C(fluorenyl) in 5 and 6 are 0.323 and 0.326
A (A(Ln—C(1)/Ln—C(2))), respectively, which show that the bonding mode of the
fluorenyl moiety to the central metal in 5 and 6 is in nl—hapticity through the
bridgehead carbon atom of the central ring. Such nl-bonding mode in rare-earth metal
complexes 1is scarce.'>” For instance, in Sm( ﬂz-ClegCNPh)(OAI‘)(THF)3 the
fluorenyl moieties is bound to samarium ion via the bridgehead atom in #'-fashion,'
while in  [(#7’:7°-Flu-CMe,-Cp)(7': 77°-Flu-CMe,-Cp)Y][Li(Et,O)(THF)s],  the
fluorenyl moiety is coordinated via merely one carbon atom of the phenyl ring, not
involves the bridgehead carbon atom of the central ring.13 The central metal in 6 is
five-coordinated by one fluorenyl ligand in 7', x-mode, two CH,SiMe; groups, and
one oxygen atom of THF to adopt a distorted-trigonal-bipyramidal geometry. If the
ionic radius is considered,'* the Cpy—Lu distance (2.529(12) A) in 6 is comparable
with those in Sm(772—ClegCNPh)(OAr)(THF)g,12 but is much longer than those in

(FluCH,-Py)Lu(CH,SiMes),(THF) (av. Cr—Lu = 2.357 A), in which the fluorenyl
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ligand is bound to the central metal in 7°-fashion."
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Fig. 1 Molecular structure of 3 with thermal ellipsoids at 20% probability. Hydrogen
atoms are omitted for clarity. Selected bond distances (A) and bond angles (°) for 3:
Sc1-Cl = 2.433(2), Scl1-C2 = 2.473(2), Scl-C3 = 2.556(2), Scl-C4 = 2.589(2),
Sc1-C5 = 2.515(2), Sc1-C12 = 2.190(2), Sc1-C16 = 2.277(2), Scl-N1 = 2.290(2),
Sc1-01 =2.2006(16), Sc1-Cp (centroid) = 2.206(7), Cp(centroid)-Sc1-N1 = 101.1(3),

Cp(centroid)-Sc1-C12 = 112.6(3), Cp(centroid)-Sc1-C16 = 117.3(3).
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Fig. 2 Molecular structure of 6 with thermal ellipsoids at 20% probability. Hydrogen
atoms are omitted for clarity. Selected bond distances (A) and bond angles (°) for 6:
Lul-C1 =2.529(12), Lul-C2 = 2.855(12), Lul-C3 = 3.297(16), Lul-C7 = 3.758(13),
Lul-C8 = 3.995(13), Lul-C12 = 4.152(15), Lul-C13 = 3.338(12), Lul-C20 =
2.322(14), Lul-C24 = 2.321(12), Lul-N1 = 2.469(11), Lul-O1 = 2.275(10),

C1-Lul-N1 = 70.4(4), C20-Lul-C24 = 109.1(5).

10
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Table 1 Details of the crystallographic data and refinements of complexes 3, 5, and 6

3 5 6
Empirical formula Cp;H44sNOSCSi, C;;H5sNOS1,Y C3;Hs5,LuNOSI;
Formula weight 451.73 627.92 713.98
Temperature (K) 223(2) 220(2) 220(2)
Crystal system monoclinic monoclinic monoclinic
Space group P2,/c P2/c P2/c
a(A) 10.7306(5) 10.1323(4) 10.0861(5)
bA) 16.1771(7) 11.1789(4) 11.1647(6)
c(A) 15.2453(7) 30.7457(11) 30.639(2)
a(°) 90 90 90
B 95.132(4) 96.195(4) 96.377(5)
7 90 90 90
Volume (AB) 2635.8(2) 3462.2(2) 3428.8(3)
VA 4 4 4
Density (g-cm™) 1.138 1.205 1.383
u(mm™) 0.383 1.811 3.006
F(000) 084 1336 1464
Crystal size (mm) 0.80x0.30x0.20 0.60x0.40x0.30 0.70x0.50x0.30
6 range (°) 3.15 to 25.50 3.17 to 25.50 3.14t025.50
Limiting indices A12<h<10 9<h<12 -12<h<10
-19<k<18 -13<k<13 -13<k<11
-17<1<18 -32<1<37 -37<1<36
Reflection collected 12252 15358 14287
Rin 0.0304 0.0376 0.0416
Reflection unique 4908 6443 6386
Data/restraints/param. 4908/0/262 6443 /0/330 6386/0/330
GOF on F* 1.028 1.024 1.133
Ry, wRy [I1>20(])] R, =0.0447, R, =10.0418, R, =0.0741,
WR, = 0.1096 WR, = 0.0847 wR, =0.2001
Ry, wR, (all data) R, = 0.0605, R, =0.0673, R, =0.0874,
WRy = 0.1164 WR, =0.0912 wR, =0.2048

Largest diff. (e:A”)

0.352 and -0.355

0.469 and -0.521

4.897 and -2.229

11
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Isoprene polymerization

To investigate the effect of ancillary ligand on polymerization behavior, 1, 2, 4-6
were employed as catalyst precursors for isoprene polymerization. These neutral
complexes alone showed no activity toward isoprene polymerization in toluene at
room temperature, neither did the binary catalyst systems formed from the neutral
complex/Al'Bus. On activation with one equivalent of [PhsC][B(C¢Fs)4], it was found
that 5 and 6 became active for isoprene polymerization, whist 1, 2 and 4 were still
inert to isoprene polymerization even the polymerization was prolonged to 24 h.
NMR spectra show that the binary catalyst systems of 5 or 6/[Ph;C][B(C¢Fs)4] in
toluene at room temperature produce poly(isoprene)s with cis-1,4-selectivity > 95%.
As the results summarized in Table 2, the activity is also somewhat dependent on the
central metal (Table 2, runs 4 and 5).

Notably, addition of excess Al'Bus to 1, 2, 4-6/[Ph;C][B(C¢Fs)4] catalyst systems
improves the polymerization activity, albeit 1, 2 and 4 still show poor activity. As
illustrated in Table 2, with the same central metal Lu’", the polymerization activity is
in the order of 2 < 4 < 6, indicative of an obvious ligand effect on the polymerization.
The catalytic activity trend follows Fluorenyl > Indenyl > Cp. GPC curves indicate
that the polymer samples produced by either the binary catalyst systems or the ternary
catalyst systems are all unimodal, indicative of a single-site polymerization behavior.

Remarkably, using 6 as the catalyst precursor, the polymerization can complete
in 10 min even the molar ratio of [M]/[Lu] is increased upon to 2000. Furthermore, a

controllable polymerization fashion is observed in the molar ratio range of [M]/[Lu]

12
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from 500 to 2000 with 6/[Ph;C][B(C¢Fs)s]/Al'Bus as a catalyst system, for the
molecular weights of the resulting polymers increase almost linearly with the increase
of the molar ratio of monomer-to-Lu while the molecular weight distributions kept

nearly constant (Table 2, runs 11-14).

13



Table 2 Polymerization of isoprene by 1, 2, 4, 5 and 6/[Ph3C][B(C¢F5)4]/Al'Bus”

New Journal of Chemistry

Run complex [M]/[Ln]/[Al] t conv.” M,° M, /M,° cis-1,4¢
(min) (%) x10™ (%)
1 1 500/1/0 1440 0 - - -
2 2 500/1/0 1440 0 - - -
3 4 500/1/0 1440 0 - - -
4 5 500/1/0 720 97 12.63 1.69 95.8
5 6 500/1/0 360 96 8.68 1.61 97.6
6 1 500/1/10 10 12 6.8 1.67 95.5
7 2 500/1/10 10 24 6.2 1.84 97.2
8 4 500/1/10 10 36 8.2 1.65 97.9
9 5 500/1/10 10 75 10.2 1.81 98.1
10 5 500/1/10 20 100 143 1.78 97.8
11 6 500/1/10 10 100 7.49 1.76 96.6
12 6 1000/1/10 10 100 15.16 1.73 97.4
13 6 1500/1/10 10 100 21.98 1.79 95.8
14 6 2000/1/10 10 100 29.85 1.81 96.1

“Polymerization conditions: in toluene; Ln, 20 umol; solvent/monomer = 3/1 (v/v); [Ln}/[B] = 1/1
(mol/mol); B = [Ph3C][B(C¢Fs)], T, = 25 °C. bconv. = weight of polymer obtained/weight of
monomer used. ‘Determined by GPC in THF at 40 °C against polystyrene standard. “Determined

by '"H NMR and *C NMR in CDCl,.

Conclusion
With the aim of investigating ligand effect on the structure-reactivity relationship,
a series of rare-earth metal bis(alkyl) complexes bearing pyrrolidinyl-functionalized

cyclopentadienyl, indenyl and fluorenyl ligands were prepared and characterized. The
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substituted cyclopentadienyl- or indenyl-ligated rare-earth metal bis(alkyl) complexes
LLn(CH,SiMes)»(THF), (L = CsMesSiMe;NC4Hg, Ln = Y (1), Lu (2); L =
CoHgSiMe,NC4Hg, Lu (4)) could be prepared via alkane elimination between
Ln(CH,SiMe;);(THF), and 1 equiv of the corresponding ligand precursor at room
temperature in THF. The alkane elimination synthetic strategy could not be applied to
access fluorenyl-ligated rare-earth metal bis(alkyl) complexes for the low acidity of
fluorene.  Mono-fluorenyl-ligated  rare-earth  metal  bis(alkyl) complexes
(C13HsSiMe;NC4Hg)Ln(CH,SiMes)o(THF) (Ln = Y (5), Lu (6)) were prepared by
one-pot salt metathesis reaction of LnCls;, C3HgSiMe;NC4HgLi and LiCH,SiMes in
1:1:2 molar ratio in THF at room temperature. In the presence of excess Al'Bus, and
upon activated with one equivalent of [Ph;C][B(C¢Fs)4], these complexes were active
for cis-1,4-selective polymerization of isoprene in toluene at room temperature. The
activity trend with respect to the ligand effect followed Fluorenyl > Indenyl > Cp. A
controllable polymerization fashion was observed with 6/[Ph;C][B(CsFs)s]/Al'Bu; as
a catalyst system.

Experimental

Materials and procedures

All manipulations were performed under pure argon with rigorous exclusion of
air and moisture using standard Schlenk techniques and argon-filled glovebox.
Solvents (toluene, hexane and THF) were distilled from sodium/benzophenone ketyl,
degassed by the freeze-pump-thaw method, and dried over fresh Na chips in the
glovebox. Anhydrous LnCl; were purchased from Strem. LiCH,SiMes; (I M in

pentane solution) was obtained from Aldrich, dried under vacuum before use. Al'Bus

15
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(1.1 M in toluene), n-BuLi (2.5 M in hexane solution), and [Ph;C][B(CsFs)4] were
purchased from Acros. Isoprene was dried by stirring with CaHs, and distilled before
polymerization. CsMesHSiMe,Cl, indene, fluorene, Me,SiCl, and pyrrolidine were
purchased from Aldrich, and used as received. Deuterated solvents (C¢Dg, CDCl3)
were obtained from Aldrich. Ln(CH,SiMes);(THF), (Ln = Sc, Y, Lu),lo’16
C4HsNSiMe,Cl and CsMesHSiMe;NC4Hg were prepared according to the
literatures.'”'®

Samples of rare-earth metal complexes for NMR spectroscopic measurements
were prepared in the glovebox using J. Young valve NMR tubes. NMR ('H, °C)
spectra were recorded on a Bruker AVANCE III spectrometer at 25 °C for the
rare-earth metal complexes and the polymer samples, and referenced internally to
residual solvent resonances unless otherwise stated. Carbon, hydrogen, and nitrogen
analyses were performed by direct combustion on a Carlo-Erba EA-1110 instrument;
quoted data are the average of at least two independent determinations. FT-IR spectra
were recorded on a Bruker TENSOR 27 spectrometer. Molecular weight and
molecular weight distribution of the polymers were measured by PL GPC 50 at 40 °C

using THF as eluent against polystyrene standards, flow rate: 1.0 mL/min, sample

concentration: 1 mg/mL.

Syntheses

CyH,SiMe,NC4H;g. To a THF solution of CoH,Li (2.442 g, 20 mmol), which was
prepared from the reaction of CyHg with 1 equivalent amount of #n-BuLi in hexane at
the room temperature, was added slowly one equimolar amount of C4HsNSiMe,Cl
(3.275 g, 20 mmol) in THF. The wine-red mixture was stirred at the room temperature

for 24 h, and then the volatiles were removed in vacuo. The resulting residue was

16
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extracted by hexane (3x10 mL) and filtered. Removal of hexane gave a mixture of
isomeric products in nearly 20:1 molar ratio (A:B = 20:1) as pale-yellow oil (3.17 g,
65%). '"H NMR (400 MHz, C¢Ds): (A) d -0.04 (s, 3H, SiMe,), 0.00 (s, 3H, SiMe,),
1.47 (m, 4 H, C4HsN), 2.72 (m, 2H, C4HsN), 2.80 (m, 2H, C4HN), 3.59 (s, 1H,
indenyl-H), 6.59 (d, 1H, indenyl-H), 6.88 (d, 1H, indenyl-H), 7.20 (t, 1H, Ar-H), 7.26
(d, 1H, Ar-H), 7.49 (d, 2H, Ar-H). (B) ¢ 0.40 (s, 0.3H, SiMe;), 1.56 (m, 0.2H,
C4HgN), 2.98 (m, 0.2H, C4H3N), 3.16 (s, 0.1H, indenyl-H), 6.65 (0.05H, indenyl-H),
7.38 (0.05H, Ar-H), 7.58 (0.05H, Ar-H), 7.71 (0.05H, Ar-H). >C NMR (100 MHz,
CeDs): 0 -3.6, -3.8, -1.9 (SiMe,), 27.1 27.3 (C,HgN), 40.9 (C,HgN), 47.3 (CHgN),
47.4 (C{HsN), 48.7 (C,HsN), 121.4, 122.7, 122.9, 123.3, 123.9, 124.7, 125.1, 126.6,
135.8, 144.9, 145.2, 145.6 (CyHg). Caled for CisHyNSi: C, 74.01; H, 8.70; N, 5.75.
Found: C, 74.05; H, 8.76; N, 5.40.

C13HoSiMe;NC4Hg. To a THF solution of CjsHoLi (3.443 g, 20 mmol), which
was prepared from the reaction of C;3H;y with 1 equivalent amount of #-BuLi in
toluene at the room temperature, was added slowly one equimolar amount of
C4HgNSiMe,Cl (3.275 g, 20 mmol) in THF. The mixture was stirred at the room
temperature for one day, and then the volatiles were removed in vacuo. The resulting
residue was extracted by hexane (3x10 mL) and filtered. Removal of hexane gave the
aimed product as yellowish-brown powder (5.571 g, 95%). 'H NMR (400 MHz,
CeDs): 00.00 (s, 6H, SiMe,), 1.40 (m, 4H, C4H3N), 2.59 (m, 4H, C4H;sN), 3.82 (s, 1H,
fluorene H), 7.27 (m, 4H, ArH), 7.50 (d, J = 7.2 Hz, 2H, ArH), 7.79 (d, J = 6.8 Hz,

2H, ArH). >C NMR (100 MHz, C¢De): & -3.5 (SiMe,), 27.1 (C,H7N), 44.8 (C,H;N),
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47.4 (fluorene C), 120.2, 124.6, 125.5, 126.2, 141.2, 146.1 (ArC). Calcd for
Ci9H23NSi: C, 77.76; H, 7.90; N, 4.77. Found: C, 77.55; H, 7.73; N, 4.58.
(CsMe4SiMe; NC4Hs)Y(CH,SiMes),(THF), (1). To a THF (10 mL) solution of
CsMesHSiMe,NC4Hg (0.249 g, 1.0 mmol) was added slowly a THF solution (5 mL)
of Y(CH,SiMes)3;(THF), (0.495 g, 1.0 mmol) at room temperature. The reaction
mixture was stirred for 3 h to give a clear pale yellow solution. Removal of the
volatiles under vacuum afforded 1 as pale-yellow oil (0.52 g, 86%). 'H NMR (400
MHz, C¢Dg): -0.61 (d, J= 3.2 Hz, 4H, CH,SiMe3), 0.31 (s, 18H, CH,SiMej3), 0.49 (s,
6H, SiMe,), 1.28 (br s, 8H, p-THF), 1.57 (m, 4H, C4HsN), 2.02 (s, 6H, CsMey), 2.30
(s, 6H, CsMey), 2.87 (m, 4H, C4HsN), 3.50 (br s, 8H, a-THF). >*C NMR (100 MHz,
CeDs): 6 1.1 (SiMey), 4.6 (CH,SiMes), 11.7 (CsMey), 14.7 (CsMey), 25.1 (f-THF),
26.6 (C,HsN), 27.3 (C4HgN), 34.3 (d, J = 43.4 Hz, CH,SiMes), 47.4 (C,HsN), 69.8
(a-THF), 124.1 (CsMes), 126.6 (CsMes). Anal. Caled for C3;HauNO,SiY: C, 62.07; H,
10.75; N, 2.34. Found: C, 61.90; H, 10.42; N, 2.30.
(CsMesSiMe;NCy4Hg)Lu(CH,SiMe;),(THF), (2). 2 was prepared by a
procedure similar to that of 1. Using Lu(CH,SiMes);(THF), (0.581 g, 1.0 mmol),
CsMesHSiMe,NC4Hg (0.249 g, 1.0 mmol), 3 was isolated as pale-yellow powder
(0.61 g, 82%). '"H NMR (400 MHz, C4D¢): 5-0.81 (s, 4H, CH,SiMe3), 0.32 (s, 18H,
CH,SiMes3), 0.43 (s, 6H, SiMe,), 1.27 (br s, 8H, f-THF), 1.53 (m, 4H, C4H;N), 2.04 (s,
6H, CsMey), 2.28 (s, 6H, CsMe,), 2.78 (m, 4H, C4HsN), 3.55 (br s, 8H, o-THF). °C
NMR (100 MHz, C¢Dg): 6 0.9 (SiMe;), 4.7 (CH,SiMes), 11.8 (CsMey), 14.8 (CsMey),

24.9 (B-THF), 26.1 (C;HgN), 39.7 (CH,SiMes), 47.5 (C,HsN), 70.2 (a-THF), 124.2
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(CsMey), 126.0 (CsMey). Anal. Caled for C3;HgsLUNO;Si: C, 52.28; H, 9.40; N, 2.04.
Found: C, 52.05; H, 9.75; N, 2.01.

(CsMe4SiMe;NC4H7)Sc(CH,SiMe3)(THF) (3). To a THF (10 mL) solution of
CsMesHSiMe,NC4Hg (0.249 g, 1.0 mmol) was added slowly a THF solution (5 mL)
of Sc(CH,SiMes);(THF), (0.451 g, 1.0 mmol) at room temperature. The reaction
mixture was stirred for 3 h to give a clear pale yellow solution. Removal of the
volatiles under vacuum afforded yellow oily residue, which was recrystallized from
pentane at -30 °C to give 1 as colorless block crystals (0.318 g, 71%). '"H NMR (400
MHz, C¢Dg): 6 -0.98 (d, J = 12.0 Hz, 1H, CH,SiMe3), -0.90 (d, J = 12.0 Hz, 1H,
CH,SiMes), 0.28 (s, 9H, CH,SiMes), 0.42 (s, 3H, SiMe,), 0.61 (s, 3H, SiMe,), 1.22 (s,
4H, p-THF), 1.61 (m, 2H, C4H;N), 1.71 (s, 3H, CsMes), 1.79 (s, 3H, CsMey), 2.12 (s,
4H, C4H;N), 2.28 (s, 3H, CsMes), 2.34 (s, 3H, CsMes), 2.99 (d, J = 36.0 Hz, 1H,
C4HN), 3.46 (m, 4H, a-THF). >C NMR (100 MHz, C¢Ds): & -1.7 (SiMe,), 1.9
(SiMe,), 4.5 (CH,SiMes3), 11.9 (CsMes), 15.4 (CsMey), 25.3 (B-THF), 27.3 (C4H;N),
29.2 (C4H7N), 31.4 (CH,SiMes), 50.1 (C4HyN), 70.9 (a-THF), 103.6 (CsMey), 124.0
(CsMey). Anal. Calcd for Cy3H44NOSiSc: C, 61.50; H, 9.29; N, 3.17. Found: C, 61.15;
H, 9.62; N, 3.10.

(CoHeSiMe,NC4Hg)Lu(CH,SiMes),(THF), (4). To a THF solution of
Lu(CH,SiMe;)3(THF), (0.581 g, 1.0 mmol) was added slowly one equimolar amount of
CyHeSiMe,NC4Hg (0.243 g, 1.0 mmol) in THF. The mixture was stirred at the room temperature
for 4 h, and then the volatileS were removed in vacuo. The resulting residue was extracted by

hexane (3 x 5 mL) and filtered. Removal of hexane gave 4 as pale-yellow powder (0.64 g, 86%).
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'H NMR (500 MHz, C4Dy): 6 -0.93 (d, J = 15.0 Hz, 2H, CH,SiMe3), -0.79 (d, J = 10.0 Hz, 2H,
CH,SiMes), 0.31 (s, 18H, CH,SiMes), 0.61 (s, 3H, SiMes), 0.63 (s, 3H, SiMes), 1.20 (br s, SH,
B-THF), 1.53 (m, 4H, C,H;N), 2.91, 2.96 (m, 4H, C4H,N), 3.38 (br s, 4H, a-THF), 6.85 (m, 1H,
Ar-H), 6.92 (m, 2H, Ar-H), 7.57 (m, 2H, Ar-H), 7.80 (m, 1H, Ar-H). >*C NMR (100 MHz, C¢Ds):
5 -0.9 (SiMey), 0.2 (SiMe), 4.5 (CH,SiMes), 25.7 (B-THF), 27.1 (C,;HsN), 41.1 (CH,SiMe3), 47.5
(C,;HsN), 69.6 (a-THF), 103.2 (indene C), 121.3, 121.8, 122.9, 124.6, 132.0, 133.5 (Ind-C and
Ar-C). Caled for Cs;HssLuNO,Sis: C, 50.59; H, 7.94; N, 1.90. Found: C, 50.68; H, 8.09; N, 2.16.
(C13HsSiMe;NC4H3)Y(CH,SiMe;3),(THF) (5). To a THF slurry of YCls (0.196
g, 1.0 mmol) was added slowly 1 equiv of C;3HgSiMe,NC4HsLi (0.299 g, 1 mmol),
which was prepared by the treatment of C;3HySiMe,NC4Hg with one equivalent
amount of n-BuLi in hexane at room temperature. The mixture was stirred at room
temperature for 2 h to afford a clear solution, to which LiCH,SiMes (0.188 g, 2.0
mmol) was introduced. The resulting yellow solution was stirred at room temperature
for another 2 h. Remove of the volatiles gave a yellow residue, which was extracted
by hexane (3 x 10 mL). After filteration and removal of hexane, the crude product 5
was obtained as yellow powder. Recrystallization from hexane/toluene at -20 °C gave
5 as orange block crystals (0.338 g, 54%). 'H NMR (400 MHz, C¢Dy): 6-0.58 (d, J =
4.0 Hz, 4H, CH,SiMes), 0.22 (s, 18H, CH,SiMe;), 0.37 (s, 6H, SiMe>), 1.00 (br s, 4H,
C4HN), 1.56 (m, 4H, p-THF), 2.70 (br s, 4H, C4H;N), 3.21 (m, 4H, a-THF), 7.18 (t,
2H, Ar-H), 7.47 (t, 2H, Ar-H), 7.75 (d, 2H, Ar-H), 8.05 (d, 2H, Ar-H). *C NMR (100
MHz, C¢Dg): 6 -1.2 (SiMe;), 4.2 (CH,SiMes), 25.0 (p-THF), 25.9 (C/HsN), 38.6

(CH,SiMe3), 38.9 (C;HgN), 69.6 (a-THF), 79.0 (fluorene C), 118.3, 118.9, 120.5,
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125.5, 132.2, 141.4 (4Ar C). Caled for C3Hs:NOSiz3Y: C, 59.29; H, 8.36; N, 2.23.
Found: C, 59.36; H, 8.15; N, 2.38.

(C13HgSiMe,NC4Hg)Lu(CH,SiMe3),(THF) (6). 6 was prepared by a procedure
similar to that of 5. Using LuCl; (0.282 g, 1.0 mmol), C;3HsSiMe,NC4HgLi (0.299 g,
1.0 mmol), and LiCH,SiMe; (0.188 g, 2.0 mmol) to afford the aimed product as
yellow block crystals (0.382 g, 53%). '"H NMR (400 MHz, C¢De): 6 -0.72 (d, 4H,
CH,SiMej3), 0.24 (s, 18H, CH,SiMes3), 0.30 (s, 6H, SiMe;), 0.87 (m, 4H, C4HsN), 1.52
(m, 4H, B-THF), 2.35 (br s, 4H, C4H;sN), 3.25 (m, 4H, o-THF), 7.22 (t, 2H, Ar-H),
7.52 (t, 2H, Ar-H), 7.67 (d, 2H, Ar-H), 8.09 (d, 2H, Ar-H). C NMR (150 MHz,
CeDs): 0 -1.3 (SiMe;), 4.40 (CHaSiMes), 25.1 (B-THF-C), 25.7 (CHsN), 44.5
(CH,SiMe3), 50.6 (C,HsN), 69.8 (a-THF-C), 118.3, 118.5, 120.2, 125.1, 133.3, 142.5
(Ar-C). Calcd for C3;Hs,LuNOSis: C, 52.15; H, 7.36; N, 1.96. Found: C, 52.33; H,
7.29; N, 1.81.

Typical procedure for isoprene polymerization. The procedures for isoprene
polymerization catalyzed by these rare-earth-metal complexes were similar, and a
typical polymerization procedure is given below. A 50 mL Schlenk flask equipped
with a magnetic stirring bar was charged in sequence with the desired amount of the
scandium complex, toluene, borate (or borate and methyl aluminum) and isoprene.
The mixture was stirred vigorously at room temperature for the desired time, during
which an increase of viscosity was observed. The reaction mixture was quenched by
the addition of ethanol and then poured into a large amount of ethanol to precipitate

the polymer, which was dried under vacuum at 60 °C and weighted.

21



New Journal of Chemistry

X-ray crystallographic study. Suitable single crystals of complexes were sealed in a
thin-walled glass capillary for determining the single-crystal structure. Intensity data
were collected with a Rigaku Mercury CCD area detector in @ scan mode using Mo
Ko radiation (1 = 0.71070 A). The diffracted intensities were corrected for
Lorentz—polarization effects and empirical absorption corrections. The structures were
solved by direct methods and refined by full-matrix least-squares procedures based on
|F |2. All the non-hydrogen atoms were refined anisotropically. The structures were
solved and refined using SHELXL-97 program.
Supplementary materials

NMR spectra of 1-6, Molecular structure of 5, GPC curve and NMR spectra of
representative polymer sample, CCDC 1044841-1044843 contain the supplementary
crystallographic data for complexes 3, 5 and 6, respectively. These data can be
obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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