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Abstract

Reaction of anhydrous LnCl; with MeCsH,Na, followed by the treatment with LINCsH, in toluene at 0°C, affords the neutral
amido complexes (MeCsH,),LnNCsH,((HNCsH,)) (Ln=Yb (1), Er (2), Y (3)). The X-ray analysis determined the crystal
structure of 2. All of these complexes exhibit good catalytic activity for the polymerization of methyl methacrylate. © 1998

Elsevier Science S.A. All rights reserved.
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1. Introduction

In recent years, the use of lanthanoids as single-com-
ponent catalysts in polymer synthesis has attracted a
great deal of attention. Organolanthanoid complexes
such as CpfLnR (Cp* =#°-CsMes, R = alkyl and hy-
dride) have been found to be highly active catalysts for
the polymerization of ethylene [1], methyl methacrylate
(MMA) [2] and alkyl acrylates [3], as well as the ring
opening polymerization of lactones ([2]C, [4]). Ho-
moleptic lanthanoid alkoxide and thiolate compounds
can also initiate the polymerization of polar monomers
[5—-11]. Besides, divalent lanthanoid complexes based
initiators for the polymerization of MMA ([2]b), &-
caprolactone [12] and for the copolymerization of
ethylene carbonate and &-caprolactone [13], have been
demonstrated.

In contrast, the utilization of organolanthanoid
amides as homogeneous catalysts for the polymeriza-
tion of polar vinyl monomers remains relatively unex-
plored [14]. Like lanthanocene hydride and alkyl
compounds, in fact, lanthanocene amides also exhibit
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high reactivity in the hydroamination/cyclization of
aminoalkenes [15] and in the polymerization of MMA
[14]. Our recent studies have shown that (diisopropy-
lamido)bis(methylcyclopentadienyl)lanthanoids can be
active catalysts for the polymerization of phenyl iso-
cyanate [16] and MMA [17]. In order to further investi-
gate the effect of amido ligands around central metals
on catalytic activity, we synthesized bis(methylcy-
clopentadienyl)(piperidino)lanthanoids and determined
the X-ray crystal structure of the erbium complex.
Furthermore, their catalytic behavior for the polymer-
ization of MMA was tested. Now, we would like to
report the results of these studies.

2. Results and discussion

2.1. Synthesis of (MeCsH,),LnNCsH (HNCH ;)
(Ln=Yb (1), Er (2), Y (3))

Organolanthanoid amides were prepared by two
main routes: (1) the ionic metathesis of alkali metal
amides with lanthanocene chlorides [18-25]; (2) the
metalation of various amines by lanthanocene alkyl or
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Fig. 1. Crystal structure of complex 2.

hydride precursors [15,22,26—28]. The neutral and ionic
organolanthanoid complexes with N(SiMe,;), [21-
25,29], NPh, [28,30-33], NMe, [26,27], and NH,
[18,26,34,35] as ligands have been published. Recently,
we succeeded in preparing the desired neutral (diiso-
propylamido)bis(methylcyclopentadienyl)lanthanoids
by the ionic metathesis route [16]. The results prompted
us to try the synthesis of other lanthanoid derivatives
with different amido ligands using the same method.
When LnCl, reacts with two equivalents of MeCsH,Na
in THF, followed by the treatment with LiNC;H,, in
toluene at 0°C, the neutral amido complexes have been
obtained as crystals, as shown in the following
equations:

LnCl; 4+ 2MeCsH,Na'= (MeCsH,),LnCI(THF) + NaCl
(MeC5H,),LnCI(THF)

+ LINCH, """ (MeCH,),LnNCH, o(HNC,H, )
+ LiCl

Complexes 1-3 were characterized by elemental analy-
sis, IR, '"H-NMR (for 3), and MS. The X-ray analysis
determined the crystal structure of 2. These compounds
are highly soluble in THF and DME, moderately solu-
ble in diethyl ether and aromatic solvents, and insoluble
in aliphatic hydrocarbons and are extremely air- and
moisture-sensitive. Their melting points are around
110°C.

All of these complexes contain the coordinated pipe-
ridine instead of expected THF molecules. This may be
due to the use of excess piperidine in the preparation of
lithium amide. In addition, the coordinated piperidine

is not casily removed by recrystallization from diethyl
ether or by prolonged pumping under dynamic
vacuum.

2.2. X-ray crystal structure of 2

To our knowledge, the X-ray structural analyses of
the neutral lanthanoid amides with the less bulky
methylcyclopentadienyl as auxiliary ligands are still
scant [34]. Therefore, the determination of the crystal
structure of the complex 2 was desirable.

As shown in Fig. 1, the molecule has a monomeric
structure in which the erbium ion is coordinated to the
two methylcyclopentadienyl rings and two nitrogen
atoms from the piperidino group and piperidine
molecule in a distorted tetrahedral geometry. The for-
mal coordination number of the central metal is eight.
Selected bond distances and angles were given in Table
1.

In complex 2, the Er—N(I) and Er—N(2) distances
are 2.464(7) and 2.159(8) A, respectively. The large
disparity (ca. 0.3 A) in the Er—N bond lengths shows
that their bonding modes are different. It was reported
that a typical R;N: >Y donor bond distance ranges
from 2.47 to 2.63 A [36]. Thus, the Ry;N:— Er donor
bond distance was estimated to be in the range of 2.455
to 2.615 A after the subtraction of the difference (ca.
0.015 A) [37] in ionic radii for eight-coordinate Er**
and Y3 *. Obviously, the present Er—N(1) distance falls
within the range of a donor bond.

The Er—N(2) distance is ca. 0.1 A shorter than those
in previously characterized lanthanoid amido com-
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Table 1
Selected bond distances (A) and angles (°) for 2

Bond distances (A)

Er-N(1) 2464(7)  Er-NQ2) 2.159(8)
Er-C(1) 2.664(9)  Er-C(2) 2.664(8)
Er-C(3) 2.664(8)  Er-C(@) 2.63(1)
Er-C(5) 2.651(10)  Er—C(7) 2.712(7)
Er-C(8) 2.708(8)  Er-C(9) 2.684(8)
Er-C(10) 2.664(9)  Er-C(11) 2.702(8)
Er—Cent(1)* 2.377 Er—Cent(2)* 2416

Bond angles (°)
N(1)-Er—-N(2) 93.0(2)
Cent(1)-Er-N(1)  106.9
Cent(2)-Er—N(1)  102.5
Er-N(I)-C(13) 116.0(5)
Er—-N(2)-C(22) 118.3(5)

Cent(1)-Er—Cent(2) 1263
Cent(1)~Er—N(2) 109.6
Cent(2)-Er—N(2) 112.7
Er—N(I)-C(17) 114.6(5)
Er-N(2)-C(18) 134.3(7)

2Cent(1) is the centroid of the C(1)-C(5) ring and Cent(2) is the
centroid of the C(7)-C(11) ring.

plexes  ((CsMes),YN(SiMe,),:  2.274(5) A [21];
[(CH,C,H,),YbNH,],; 231 A [34]: (CsMe;),SmN
(SiMe,),: 2.301(3) A [23]; (CsH,),Lu(NC,H,Me,)
(THF): 2.289(4) A [20]) even if corrections are made for
trivalent eight-coordinate ionic radii. However, the Er—
N(2) distance is comparable to 2.313(10) A in the
similar complex (CsMe;s),LaNHCH;(NH,CH;) [15]]
when the 0.1 56 A difference [37] in radial size is
considered. Comparison of the Er—N(2) distance can
also be made with 2.353(4) A in the highly unsaturated
mono(pentamethylcyclopentadienyl) cerium complex:
(CsMes)Ce[N(SiMe;),], [38].

The Er-C(ring) distances range from 2.63(1) to
2.712(7) A. The average Er—C(ring) distance of 2.674 A
is on the long end of the range observed in other
trivalent erbium complexes: [(CsHs),ErCl],, 2.59 A [39];
[((MeOCH,CH,CsH,),Er(u-OH)],,  2.68 A [40;
[(CsH;s),ErC=C(¢-Bu),, 2.62 A [41]; {(CsHs) Er{u,n-
(HC=N(-Bu))l},,  2.645(7) A [36]; (CsHs),Er(u-

Table 2
Polymerization of MMA with (MeCsH,),LnNC;H,,(HNCsH,,)

Me),Li(tmed), 2.641(11) A [42]. The (ring
centroid)—Er—(ring centroid) angle in complex 2,
126.3°, is much larger than the angle N(1)-Er—N(2)
93.0(2)° and shows the large deviation from the ideal
tetrahedral geometry. This behavior is not unusual and
has been observed in the similar complex
(CsMe;),LaNHCH,(NH,CHj;), (ring centroid)—La(l)—
(ring centroid) 136.3(4)°, (ring centroid)La(2)—(ring
centroid) 140.8(4)°, N(1)-La(1)-N(2) 95.4(3)°, N(3)-
La(2)-N(4) 92.4(3)° [15].

2.3. Catalytic behavior

On the basis of well-defined structures of these com-
plexes, we tested their catalytic behavior for the poly-
merization of MMA.

It can be seen from Table 2 that complexes 1-3 all
give satisfying polymerization yields at 0°C for 2 h in
the case of 0.2 mol% catalyst concentrations. However,
different catalytic activity among lanthanoid analogues
has been noticed. The observed order, Yb > Er>Y, is
contrary to the increasing order of ionic radii,
Yb(0.985) < Er(1.004) < Y(1.019 A) [37], that is to say,
the activity decreases with an increase of ionic radii of
the central metal. The results are completely different
from those reported on the polymerization of MMA
using (diisopropylamido)bis(methylcyclopentadienyl)-
lanthanoids and lanthanocene hydride or alkyl com-
pounds as catalysts, in which the activity increases with
increasing ionic radii of the metal elements ([2]b, [17]).
The real reason is not clear yet and further study is in
progress.

Table 2 also lists the results of MMA polymerization
using complex 1 at various catalyst concentrations. The
polymerization gives quantitative yields and narrow
molecular weight distribution (MWD) at 0°C for 2 h in
the case of 0.2 and even 0.07 mol%. However, the yield

Entry Catalyst Catalyst concentration (mol%) Temperature (°C) Yield (%) 10—3 M, M,/M, Tacticity (%)
rr rm

1 1 0.2 40 85.5 146 2.14 76.5 23.5
2 1 0.2 25 95.8 198 2.02 78.7 21.3
3 1 0.2 0 100 125 1.14 80.5 19.5
4 1 0.2 —78 100 229 1.11 87.1 12.9
5 1 0.07 0 100 293 1.16

6 1 0.05 0 437 583 1.78

7 2 0.2 0 98.1 263 3.27

8 2 0.07 0 89.3

9 3 0.2 0 94.0 220 3.74

10 3 0.07 0 81.7

Reaction condition: solvent, toluene; solvent/[MMA], = 10 vol/vol; time, 2 h.
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decreases to 43.7% and the MWD slightly broadens
when the catalyst amount is further lowered to 0.05
mol%. In combination with the results obtained in the
polymerization of MMA with (MeCsH,),LnN(‘Pr),
(THF) (Ln=Yb (4), Er (5), Y (6)) [17], the catalytic
activity of these different amido complexes can be lined
in the following order: 6 > 5 >4 ca. 1 > 2 > 3. Further-
more, all of these amido complexes exhibit much higher
activity than that of the chiral organolanthanoid amide
(R)-(neomenthyl)LaN(TMS), [14]. This is presumably
related to the steric encumbrance and operational nu-
cleophilicity of amido group around the central metal.
The effect of temperature on polymerization reac-
tions was also investigated. Table 2 reveals a decline in
polymer yield and the broadening of the molecular
weight distribution with increasing reaction tempera-
ture. This may be caused by thermally-activated side
reactions, which inhibited the polymerization reaction.
In addition, the stereoregularity of resulting polymer
varies greatly depending on the polymerization temper-
ature. Table 2 indicates that the syndiotacticity in-
creased from 76.5 to 87.1% when the temperature is
changed from 40 to — 78°C. This is in line with the
general trend observed in MMA polymerizations.

3. Experimental section

All manipulations were carried out under an argon
atmosphere using standard Schlenk techniques. THF,
toluene, and diethyl ether were dried and freed of
oxygen by refluxing over Na or sodium benzophenone
ketyl and distilled under argon prior to use. MMA was
distilled over fresh calcium hydride powder and stored
over molecular sieves 3A under argon. Anhydrous
LnCl; was made according to the published method
[43]. LiNCsH,, was obtained by the reaction of
HNCH,, with n-BuLi in a solution of THF and
hexane.

Melting points were determined in sealed argon-filled
capillaries and were uncorrected. Metal analyses was
carried out by complexometric titration. Carbon, hy-
drogen and nitrogen analyses was carried out by direct
combustion. The IR spectra were recorded on a
Magna-550 spectrometer. 'H and '*C-NMR spectra
were obtained with a Bruker AM-300 apparatus. Elec-
tron ionization mass spectra (EI-MS) were determined
on a HP5989A spectrometer. The number-average
molecular weights (M,)) and the molecular weight distri-
bution (M,,/M,,) were determined by GPC (gel perme-
ation chromatography) using a Waters 150C module
equipped with two Ultrastyragel 103 A and linear
columns at 25°C. Molecular weight data was obtained
versus monodisperse polystyrene calibration samples.
THF was used as the eluent.

3.1. Preparation of (MeCsH,),YbNCsH ,((HNCsH,,) 1

To a slurry of YbCl; (3.19 g, 11.42 mmol) in 20 ml
THF, 18.51 ml of a solution of MeCsH,Na (22.84
mmol) in THF was added. The mixture was stirred at
room temperature (r.t.) for 48 h. After centrifugation,
the THF was completely removed and the oily residue
was extracted with 50 ml toluene. The toluene extracts
(49 ml, 8.96 mmol) were then cooled to 0°C and 20 ml
of a solution of LINC;H,, (8.96 mmol) in toluene was
added from a syringe. The mixture was stirred for 1 h
at 0°C and then for another 48 h at r.t. After centrifu-
gation, the toluene was pumped off and the solids were
extracted with diethyl ether. When the extracts were
concentrated and cooled to — 10°C, dark crystals were
formed. Yield 2.51 g (43.9%). M.p. = 112—-114°C. Anal.
Calc. for C,,H;sN,Yb: C, 52.51; H, 7.24; N, 5.62; Yb,
34.40. Found: C, 52.78; H, 7.06; N, 5.59; Yb, 34.57%.
IR (KBr pellet, cm™'): 3445(s), 3426(s), 2932(s),
2855(m), 2739(w), 1698(w), 1624(m), 1528(s), 1501(s),
1443(s), 1296(s), 1258(m), 1111(w), 1049(w), 860(w),
802(m), 733(m), 675(m), 648(m), 559(m). EI-MS (70
eV): m/e (%) 415 (35, M T —-HNCH,,), 332 (65, M+ -
HNC;H,,—NCsH,,), 253 (40, M™*-HNCH,,—
NCsH,,—MeCsH,), 79 (100).

3.2. Preparation of (MeCsH,),ErNCsH ,(HNCsH ) 2

This compound was prepared from 3.18 g of ErCl,
(11.62 mmol), 23.24 mmol of MeC;H,Na, 20 ml of a
solution of LINCs;H,, (9.52 mmol) in toluene using the
procedure described above. Pink crystals were obtained.
Yield 2.35 g (40.9%). M.p. =109-110°C. Anal. Calc.
for C,,H;sNLEr: C, 53.01; H, 7.34; N, 5.88; Er, 33.56.
Found: C, 53.40; H, 7.14; N, 5.66; Er, 33.80%. IR (KBr
pellet, cm~Y: 3453(m), 3067(w), 2932(s), 2855(m),
2735(w), 1632(w), 1528(s), 1493(s), 1443(s), 1292(s),
1258(m), 1110(w), 1030(w), 870(w), 800(w), 760(w),
670(m), 620(m), 563(m). EI-MS (70 eV): m/e (%) 325
(45, M*T-HNCsH,,—NCs;H,,), 246 (10, M-
HNCH,,—NC;H,,—MeCsH,), 79 (100).

3.3. Preparation of (MeCsH,),YNCsH ,((HNCsH ) 3

This complex was prepared from 3.30 g of YCl,
(16.90 mmol), 33.80 mmol of MeCsH,Na, 20 ml of a
solution of LiNCsH,, (13.38 mmol) in toluene using the
procedure described above. Colorless crystals were iso-
lated. Yield 2.68 g (38.2%). M.p. =106-109°C. Anal.
Calc. for C,,H;5sN,Y: C, 63.12; H, 8.97; N, 6.49; Y,
21.21. Found: C, 63.44; H, 8.49; N, 6.72; Y, 21.35%. IR
(KBr pellet, cm ~'): 3484(m), 2932(s), 2855(m), 2735(w),
1644(w), 1528(s), 1497(s), 1443(s), 1392(s), 1258(m),
1111 (w), 1030(m), 864(m), 800(w), 756(w), 613(m),
563(m). '"H-NMR (C¢Ds, 300 MHz, 25°C): 6 = 1.22—
1.65 (m, 12H, NCsH,,); 2.33-2.40 (m, 6H, MeCsH,);
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Table 3
Crystallographic data for 2

Table 4
Atomic coordinates and isotropic displacement coefficients for 2

Empirical formula C,,H;sNLEr
Molecular weight 494.79

Crystal color, habit Pink, prismatic
Crystal system Orthorhombic
Spaf:e group P222, (no. 19)

a (A) 13.547(8)

b (A) 17.806(4)

¢ (A) 9.130(3)
V(A% 2202(1)

zZ 4

D, (g. cm™?) 1.492

u Mo-K,) (cm™) 38.10

2 0 range for data collection (°) 18.8-25.5
F(000) 996.00

Scan type w-2 0

Scan width (1.78+0.30 tan )
Measured reflections 2881
Unique reflections with 7>3.000 (1) 2503
Number of variables 227

Final R, Rw 0.030, 0.039

1
R =3||F |- |F|/Z|F,]. Rw = [(Ew(F,|-|F)?/EwF2)T.

247 (s, 1H, HNCsH,,); 2.64 (s, 8H, NCsH,,); 6.00—
6.14 (m, 8H, MeCsH,). EI-MS (70 eV): m/e (%) 247
(100, M*-HNCH,,-NCH,), 167 (20, M*—
HNCH,,~ NCsH,,— MeC,H,).

3.4. Typical experiment for polymerization of MMA

To a toluene solution (12 ml) of MMA (15.97 mmol,
1.70 ml) was added at once the toluene solution (5 ml)
of (MeCsH,),YbNCsH,,(HNC;H,,) (0.0320 mmol, 16
mg) with vigorous magnetic stirring at the desired
temperature. After the polymerization was held for 2 h,
the viscous solution was poured into ethanol containing
5% HCI solution (100 ml) to induce the precipitation of
the polymer. The resulting polymer was washed three
times with ethanol and dried in vacuum at 50°C.

3.5. X-ray crystallographic analysis of 2

A pink crystal of approximate dimensions 0.20 x
0.20 x 0.30 mm was mounted in a thin walled glass
capillary for X-ray structure analysis. The data were
collected at r.t. on a Rigaku AFC7R diffractometer
using graphite monochromated Mo-K, (1=0.71069
A) radiation. During the period of collection of the
intensity data, no significant decays were observed. The
intensity was corrected for Lorentz-polarization effects
and empirical absorption. A summary of crystallo-
graphic data is given in Table 3. Atomic coordinates
and isotropic displacement coefficients were listed in
Table 4.

The structure was solved by the heavy-atom method.
The coordinates of the Er atom derived from Patterson
analysis were used to calculate the Fourier map. Suc-

Atom  x ¥ z B (4?)
Er 0.04842(3)  0.07964(2)  0.14066(4)  3.445(7)
N(1) 0.1864(5)  0.1401(4)  02711(7)  3.9(1)
NQ)  —0.0267(5) 0.0505(4) 0.341409)  4.4(2)
c() 0.02248)  0.1807(6) —0.071(1)  5.6(2)
cQ) 0.0194(7) 0.2212(5) 0.056(1) 5.02)
C3)  —00656(7) 0201555  0.1322)  6.103)
C@4)  —0.1137(8) 0.1468(7) 0.053(2) 7.43)
C(5)  —0061209)  0.13326) —0076(1)  6.3(3)
C(6) 0.096(1) 0.191209)  —0.191(2) 9.0(4)
c(7) 0.1198(7)  —0.0626(4)  0.135(1)  4.7(2)
C(8) 0.2003(7)  —0.0166(5) 0.096(1) 450)
C() 0.1793(7)  0.0157(5)  —0.0414(10)  4.2(2)
C(10) 0.08658)  —0.0113(5)  —0.084(1) 48(2)
c(11) 0.05048) —0.0602(5)  0.026(1)  5.1(2)
C(12)  —0.045909)  —0.1022(7) 0.0202) 8.13)
c(13) 02647(7)  0.1739(5)  0.177(1)  4.6(2)
C(14) 0.3524(7) 0.2014(5) 0.263(1) 52(2)
c(15) 032158) 025695  0.375(1)  6.0(2)
C(16) 0.2401(9) 0.2251(5) 0.474(1) 5.7(2)
c(17) 0.1557(7)  0.1970(5)  0384(1)  47(2)
C(18)  —0.1285(9) 0.0610(6) 0.397(1) 6.903)
C(19) —01781(8) —0.0128%8)  04312)  7.8(4)
C(20)  —0.120909)  —0.0562(6) 0.545(2) 7.23)
Cl)  —00140(8) —0.0639(6)  0498(1)  6.2(3)
C(22) 0.0286(7) 0.0120(6) 0.454(1) 5.12)

B,y = 87%/3(Uy (aa*)* + Up(bb*)? + Uss(cc*)>+2U ,aa*bb* cos y - +
2U,zaa*cc™ cos f+2U,3bb*cc™* cos a).

cessive Fourier syntheses gave the coordinates of all
non-hydrogen atoms refined by the block-diagonal
least-squares method. H atoms were placed in calcu-
lated positions and assigned isotropic thermal parame-
ters. Further refinement led to final convergence at
R =0.030. All calculations were performed on an IRIS
INDIGO computer using DIRDIF92 programs.
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