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Abstract

(CH3)2E(3-(CH3)3EC5H3)2Li2 (E=C, Si) compounds react with YbCl3 to yield the ate-complex rac-(CH3)2C(3-
tBuC5H3)2Yb(m2-Cl)2Li(OEt2)2 (1) and the monosolvate meso-(CH3)2Si(3-(CH3)3SiC5H3)2YbCl(THF) (2), respectively. The reac-
tion between (CH3)2C(3-tBuC5H3)2Li2 and YbI2 in 1,2-dimethoxyethane (DME) proceeds with solvent decomposition, and the
complex [meso-(CH3)2C(3-tBuC5H3)2Yb(m2-OCH3)]2 (3) crystallises from a DME–hexane mixture. The structures of the com-
pounds obtained were determined by X-ray structural analysis. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

The optical isomers of a large number of Group IVB
ansa-metallocenes [1], including those of zirconium
complexes with (CH3)2Si[3-Me3SiC5H3]2 and
(CH3)2C[3-tBuC5H3]2 ligands [2,3], have recently been
synthesised by various methods and studied. Much less
research has been given to analogous compounds of
Group IIIB [4,5] although they are unique one-compo-
nent catalysts of alkene polymerisation and are useful
in investigation of polymerisation mechanism [6–8]. In
the known ansa-metallocenes of these elements, either
cyclopentadienyl ligands are linked by long hydrocar-
bon bridges [9], which do not allow the complex to take

on a certain conformation in solution, or the cyclopen-
tadienyl rings contain no bulky substituents [10], which
could give rise to optical isomerism.

In this work, which continues the series of works
devoted to the synthesis of the optical isomers of rare-
earth complexes, we report on the synthesis and struc-
ture of ytterbium(+3) complexes with
2,2-bis-(h5-3-(tert-butyl)cyclopentadienyl)propane and
bis-(h5-3-(trimethylsilyl)cyclopentadienyl)dimethylsilane
ligands.

2. Experimental

All manipulations involved in the pre-treatment of
the starting reagents, synthesis, and study of reaction
products were performed under flowing argon or in
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vacuo with the use of Schlenk techniques. Solvents were
boiled over LiAlH4 for 2 h and then distilled. (CH3)2C[3-
tBuC5H3]2Li2 and (CH3)2Si(3-(CH3)3SiC5H3)2Li2 were
prepared by the known [2,11] procedures. YbCl3 was
obtained by dehydration of YbCl3 ·6H2O in the presence
of NH4Cl [12], and YbI2 by the reaction between
ytterbium and iodine in THF with subsequent desolva-
tion of the product in vacuum under heating [13].

2.1. rac-(CH3)2C(3-tBuC5H3)2Yb(m-Cl)2Li(OEt2)2 (1)

To a suspension of YbCl3 (2.91 g, 10.42 mmol) in
diethyl ether (100 ml), a suspension of (CH3)2C[3-
tBuC5H3]2Li2 (3.03 g, 10.17 mmol) in diethyl ether (100
ml) was added with stirring. The resulting green solution
together with the precipitate was stirred for 3 days. Next,
the mixture was filtered, and the precipitate washed until
white. The ether fractions were combined, mixed with 30
ml of benzene, and boiled down to obtain 3.78 g of green
crystals of 1. Yield: 51%. Anal. Found (%): C, 51.15; H,
7.43; Yb, 25.5; Li, 1.1; Cl, 10.3. Calc. for
C29H50Cl2O2LiYb (%): C, 51.10; H, 7.39; Yb, 25.39; Li,
1.02; Cl, 10.40.

2.2. meso-(CH3)2Si(3-(CH3)3SiC5H3)2YbCl(THF) (2)

To a suspension of YbCl3 (0.85 g, 3.04 mmol) in

diethyl ether (100 ml), a suspension of (CH3)2Si(3-
(CH3)3SiC5H3)2Li2 (0.93 g, 2.70 mmol) in diethyl ether
(100 ml) was added with stirring. The resulting red
solution together with the precipitate was stirred for a
day. Next, the solution was filtered, and the solvent
evaporated. To the resulting red oil, 3 ml of THF and
30 ml of toluene were added, and the solvents were
evaporated until crystallisation commenced. This af-
forded 0.33 g of red crystals of 2. Yield: 20%. Anal.
Found (%): C, 43.25; H, 6.20; Yb, 28.2; Cl, 5.8. Calc. for
C22H38Si3ClOYb (%): C, 43.23; H, 6.27; Yb, 28.31; Cl,
5.80.

2.3. [meso-(CH3)2C(3-tBuC5H3)2Yb(m2-OCH3)]2 (3)

To a suspension of YbI2 (2.40 g, 5.62 mmol) in
1,2-dimethoxyethane (DME) (100 ml), a suspension of
(CH3)2C[3-tBuC5H3]2Li2 (1.67 g, 5.61 mmol) in DME
(100 ml) was added with stirring. The resulting red
solution was evaporated to about 10 ml, and 30 ml of
hexane was added. Upon storage for 2 months, dark red
crystals of 3 (0.11 g) formed in the hexane layer. Yield:
ca. 2%. Anal. Found (%): Yb, 35.5. Calc. for C22H33OYb
(%): Yb, 35.57.

2.4. X-ray structure determination

Unit cell determination, data collection and structure

Table 1
Crystal data and structure refinement for compounds 1–3

Compound 1 2 3

Monoclinic TriclinicCrystal system Monoclinic
P21/c P21/nSpace group P1(

Unit cell dimensions
11.664(2) 10.773(2) 11.093(2)a (Å)
21.033(4)b (Å) 23.347(5) 13.217(3)

12.115(2) 15.533(3)13.751(3)c (Å)
77.32(3)a (°) ——
78.19(3)b (°) 99.31(3) 115.61(3)
71.83(3)g (°) ——

Volume (Å3) 2088.1(7)2747.8(9)3329.1(11)
1.478 1.5481.360Dcalc. (g cm−3)

2Z 4 4
CAD-4Diffractometer Syntex P1( CAD-4

Wavelength (Å) 0.710730.710730.71073
293(2) 293(2)293(2)Temperature (K)

Collection method u/2u u/2u u/2u

Mo–KaRadiation type Mo–KaMo–Ka

b-FilterRadiation monochromator b-Filter b-Filter
2.990Absorption coefficient (mm−1) 3.642 4.484
0.40×0.25×0.20Crystal size (mm) 0.34×0.28×0.16 0.28×0.22×0.18

Theta range for data 1.95–24.972.06–25.052.34–24.91
collection (°)

Reflections collected 79686364 3134
2252Independent reflections 49633134
Full-matrix-block least-squares Full-matrix-block least-squares onRefinement method Full-matrix-block least-squares on
on F2 F2F2

R1=0.0297, wR2=0.0743 R1=0.0357, wR2=0.0893Final R indices [I\2s(I)] R1=0.0333, wR2=0.0839
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Table 2
Atomic coordinates (×104) and equivalent isotropic displacement
parameters (A2×103) for 2

y zAtom x Ueq
a

2194(1) 33(1)1282(1)4440(1)Yb
63(1)2463(3)Cl 5697(2) 357(1)
42(1)2307(2)−128(1)2274(2)Si(1)

3476(2) 45(1)Si(2) 8647(2) 1418(1)
3946(2) 41(1)Si(3) 3734(2) 2236(1)

1621(3) 3033(7)C(1) 2732(8) 39(2)
1611(4) 1734(8) 37(2)2001(8)C(2)

1772(8) 1041(4) 1328(8) 35(2)C(3)
35(2)2342(7)667(3)2423(7)C(4)

1039(4) 3368(9)C(5) 3001(9) 37(2)
2200(3) 3522(7)C(6) 5203(8) 39(2)

41(2)2358(10)2352(4)5083(11)C(7)
2096(4) 2162(8)C(8) 6143(9) 44(2)

38(2)3189(7)1764(3)6963(8)C(9)
4014(7) 36(2)C(10) 6364(8) 1822(3)
3713(10) 62(3)C(11) 3617(12) −451(5)

−410(5) 926(11)C(12) 2393(19) 67(3)
−333(5) 67(3)2238(13)562(12)C(13)

1989(7) 4065(14)C(14) 9979(12) 83(4)
91(4)4669(15)856(7)9102(15)C(15)

1140(6) 2026(12)C(16) 8574(15) 77(4)
2114(6) 5579(11)C(17) 4212(13) 65(3)

72(4)3459(16)2932(5)2831(14)C(18)
110(7) 49(2)O 3818(8) 1291(4)

942(10) −478(14)C(19) 4460(24) 108(7)
−1720(13)1183(7) 112(6)4020(21)C(20)

1477(9) −1974(13)C(21) 2746(20) 113(7)
−818(11) 79(4)C(22) 2787(17) 1648(6)

a Ueq is defined as one third of the trace of the orthogonalized Uij

tensor.

(trimethylsilyl)cyclopentadienyl)propane [17]. Succes-
sive crystallisation from an ether–benzene mixture did
not afford the meso isomer of this complex, as was
evident from lattice constant data. By contrast, the
reaction of YbCl3 with the dilithio salt of the silicon
analogue, bis-(3-(trimethylsilyl)cyclopentadienyl)dim-

Table 3
Atomic coordinates (×104) and equivalent isotropic displacement
parameters (A2×103) for 3

z Ueq
axAtom y

Yb(1) 5365(1) 4253(1) 32(1)6288(1)
4716(4)O(1) 37(1)4237(5) 5955(4)
4199(5) 37(2)5488(7)8546(8)C(1)

6574(7)7817(8) 4074(6) 41(2)C(2)
C(3) 6815(6) 4861(5) 37(2)7030(8)

5487(6) 40(2)5862(7)C(4) 7212(9)
5042(6)8158(8) 5084(6) 37(2)C(5)
4762(7)8144(8) 3036(5) 39(2)C(6)

3291(5) 39(2)3923(7)C(7) 7546(8)
C(8) 2974(6)6365(9) 43(2)4282(8)

2503(5) 46(2)5332(7)6216(9)C(9)
5625(8)7277(9) 2556(6) 44(2)C(10)

3429(6) 41(2)C(11) 9257(8) 4849(7)
2742(8) 56(2)5502(9)10060(11)C(12)

3747(9)10094(11) 3778(9) 56(3)C(13)
7953(7)6241(9) 5033(6) 49(2)C(14)

5360(12) 74(4)8438(10)C(15) 7135(13)
7917(8)5091(12) 5764(8) 62(3)C(16)
8655(8)5775(13) 4187(8) 62(3)C(17)

1899(6) 58(3)5968(9)C(18) 5192(10)
2249(11) 84(4)C(19) 3927(13) 5682(15)

980(8) 86(4)5665(18)5711(16)C(20)
7175(13)4960(16) 1822(12) 81(4)C(21)

4389(8) 55(2)C(22) 3365(11) 6955(8)
8911(1) 31(1)9649(1)423(1)Yb(2)

9030(4)731(5) 10307(3) 34(1)O(2)
10231(6)1294(8) 7276(5) 36(2)C(1A)

7720(6) 41(2)11085(7)C(2A) 1204(9)
10734(7)2189(9) 8266(6) 45(2)C(3A)

9669(7)2883(8) 8184(5) 39(2)C(4A)
7573(5) 37(2)9361(7)C(5A) 2335(8)
7576(5)C(6A) 40(2)−488(8) 9512(7)
8176(6) 44(2)9967(7)C(7A) −1568(9)

9178(7)−1732(8) 8918(6) 44(2)C(8A)
8786(5) 41(2)C(9A) −790(8) 8194(7)
7965(5) 36(2)8424(6)−22(8)C(10A)

10108(7)277(9) 6810(5) 45(2)C(11A)
11212(10)−541(13) 6421(8) 62(3)C(12A)

6063(7) 55(2)9440(10)C(13A) 871(12)
9047(8)4146(9) 8508(6) 49(2)C(14A)
9357(15)5263(14) 7834(11) 74(4)C(15A)

9395(8) 68(3)9327(12)C(16A) 4234(13)
8602(9)C(17A) 64(3)4352(13) 7841(10)
9310(6) 50(2)7093(7)−743(10)C(18A)

7141(11)−1263(14) 10299(7) 62(3)C(19A)
8961(9) 70(3)C(20A) −1631(14) 6634(10)
9218(10) 67(3)6342(9)630(14)C(21A)

8036(8)1515(12) 10671(8) 50(2)C(22A)

a Ueq is defined as one third of the trace of the orthogonalized Uij

tensor.

refinement are detailed in Table 1. Experimental data
were processed using the PROFIT procedure [14].
Absorption correction was not applied. The structure
was solved by heavy atom technique and refined by
full-matrix anisotropic least-squares method.
Hydrogen atoms positions were found from difference
synthesis, their positional and isotropic thermal
parameters were included into refinement fixed.
Structure solution and refinement were performed
using SHELXTL-81 [15] and SHELXL-93 [16]
packages, respectively. Atomic coordinates for 2 and 3
are given in Tables 2 and 3, respectively.

3. Results and discussion

Reacting the dilithio salt of 2,2-bis(3%-tert-butylcy-
clopentadienyl)propane with ytterbium(III) chloride in
ether, the method commonly used to prepare the ate
complex of trivalent ytterbium, results in rac-
(CH3)2C(C5H3-3-tBu)2Yb(m2-Cl)2Li(OEt2)2 (1) in about
50% yield. A similar situation obtains with 2,2-bis-(3%-
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Fig. 1. Molecular structure of rac-(CH3)2C(tBuC5H3)2Yb(m2-Cl)2Li(OEt2)2 (1). Selected bond lengths (Å) and angles (°): Yb–Cp1 2.31(1), Yb–Cp2

2.32(1), Yb–CCp1
av 2.60(1), Yb–CCp2

av 2.61(1), Yb–Cl(1) 2.574(3), Yb–Cl(2) 2.578(3) Å; Cp1–Yb–Cp2 113.4(3), Cp1/Cp2 76.8(3), Cl(1)–Yb–Cl(2)
86.12(9), (Cp1–Yb–Cp2)/(Cl1–Yb–Cl2) 87.0(1), C(3)–C(11)–C(8) 102.0(8)°.

ethylsilane, gives the meso form of (CH3)2Si(3-
(CH3)3SiC5H3)2YbCl(THF) (2). Such compounds usu-
ally crystallise as dimers of composition (Cp%2YbCl)2

[18] although unsubstituted ansa-ytterbocenes with a
dimethylsilyl bridge give a compound where the ansa
ligand is bridging rather than chelating, that is, binds
two metal atoms [19]. Crystallisation of the monomer
2 in our case is likely due to the presence of bulky
trimethylsilyl groups in cyclopentadienyl rings.

An attempt to synthesise an ansa-ytterbocene
(+2) with the 2,2-bis-(h5-3-tert-butylcyclopentadi-
enyl)propane ligand in DME resulted in a non-crys-
tallising oil, which apparently consisted of a mixture
of isomers. Upon prolonged keeping of this substance
in a DME–hexane mixture, the ytterbium atom oxi-
dises, and DME decomposes to form [meso-
(CH3)2C(3-tBuC5H3)2Yb(m2-OCH3)]2 (3). Destruction
of the DME molecule occurs rather often in the sys-
tems containing strong reductants [20–22]. Moreover,
the ytterbium(+2) complex with the (SiMe3)3C ligand

even causes decomposition of diethyl ether [23]. There-
fore, the observed formation of methoxoytter-
bocene(+3) was not surprising.

The crystal structure of the ate complex 1 (Fig. 1) is
typical for such compounds [24] and similar to the
structure of the complex rac-(CH3)2C(C5H3-3-
Si(CH3)3)2Yb(m-Cl)2Li(OEt2)2 (4) [17], containing
trimethylsilyl substituents. In these structures, main
angles (Cp–Yb–Cp, Cl–Yb–Cl) and distances (Yb–
Cp, Yb–Cl) are nearly identical. Note only that, in
the structure of 1, the angle between the cyclopentadi-
enyl rings is a little (by about 3°) increased, and the
geometry of the bridge between the Cp ligands is
slightly distorted. The bridging atom C11 in 1 is 0.30
and 0.35 Å off the ring planes, making angles of 11.9
and 13.4°, respectively. In 4, the corresponding dis-
tances are 0.33 and 0.43 Å, and the angles, 12.7 and
15.8°, respectively.

The molecular structure of complex 2 (Fig. 2) and
that of (tBuC5H4)2YbCl(THF) [25] are similar in ge-
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ometry, Yb–Cav bond length (2.617(8) and 2.63(1) Å,
respectively), Yb–O bond length (2.316(8), 2.333(6) Å),
and Cp1–Yb–Cp2 angle (122.5(3), 121.3(3)°). How-
ever, the Yb–Cl distance in 2 (2.496(2) Å) is smaller
than not only that in (tBuC5H4)2YbCl(THF) but also
those in (C5Me5)2YbCl(THF) (2.539(4) Å) [26],
(C5Me5)2YbCl(1,1-bis(dimethylphosphino)methane)
(2.532(8) Å) [27], and (CH3OCH2CH2C5H4)2YbCl
(2.588(6) Å) [28]. It is natural that the Cp–Yb–Cp% and
CCp–Sibr–CCp% angles are much smaller in the structure
of 2 (122.5(3) and 98.4(3)°, respectively), where the ansa
ligand is chelating, than in the structure of [m-
(CH3)2Si(C5H4)2Yb(m-Cl)]2 (135.5 and 118.7°, respec-
tively) [19] with a bridging ansa ligand. In both
complexes, the Yb–Cav distance is 2.617 Å. In addition,
the Cp–Yb–Cp% angle falls in the range of the values
found for Me2Si-bridged ansa-lanthanidocenes (meso-
Me2Si(Me2SiOSiMe2)(3-tBuC5H2)2Sm(THF)2 116.7° [8],
rac-Me2Si(2,4-(SiMe3)2C5H2)2SmCl2Li(THF)2 117° [6],
rac-Me2Si(2-SiMe3-4-tBuC5H2)2Sm(THF)2 117.1° [8],

Me2Si(2(3),4-(SiMe3)2C5H2)2SmCH(SiMe3)2 118° [6],
(S)-(+ )-LSmN(SiMe3)2 119.3°, (R)-(+ )-
LSmCH(SiMe3)2 120.6, 121.1°, (S)-(− )-LSmN(SiMe3)2

121.3°, (R)-(− )-LYN(SiMe3)2 122.1, 122.4°, (R)-(− )-
LYCH(SiMe3)2 124.3, 123.5°, (R)-(+ )-
LLuCl2Li(Et2O)2 125.4°, (R)-(+ )-LYCH(SiMe3)2

125.5°, (S)-(+ )-LYCH(SiMe3)2 130.0° (L= (R or S)-
Me2Si(C5H4)[(+ or − )-(neomenthyl or menthyl)-
C5H3]) [4]).

The ansa-metallocene fragment of complex 2 differs
in geometry from that of 1 because the bridging silicon
atom is larger than the bridging carbon atom. In pass-
ing from 1 to 2, the Cp1–Yb–Cp2 angle increases from
113.4 to 122.5°, and the Cp1/Cp2 and CCp1–Ebr–CCp2

angles decrease from 76.8 to 63.8° and from 102.0 to
98.4°, respectively, while the Yb–Cp distance remains
essentially constant. The Si1 and Si2 atoms of
trimethylsilyl groups are off the Cp1 and Cp2 planes by
0.20 and 0.26 Å, respectively, and the bridging atom
Si3, by 0.53 and 0.56 Å, respectively.

Fig. 2. Molecular structure of meso-(CH3)2Si((CH3)3SiC5H3)2YbCl(THF) (2). Selected bond lengths (Å) and angles (°): Yb–Cp1 2.316(7), Yb–Cp2

2.335(7), Yb–CCp1
av 2.610(8), Yb–CCp2

av 2.624(8), Yb–Cl 2.496(2), Yb–O 2.316(8) Å; Cp1–Yb–Cp2 122.5(3), Cp1/Cp2 63.8(3), O–Yb–Cl 92.0(2),
C(1)–Si(3)–C(6) 98.4(3)°.
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Fig. 3. Molecular structure of [meso-(CH3)2C(tBuC5H3)2Yb(m2-OCH3)]2 (3). Selected bond lengths (Å) and angles (°) for two independent
molecules: Yb–Cp1 2.32(1), 2.35(1); Yb–Cp2 2.35(1), 2.33(1); Yb–CCp1

av 2.606(9), 2.641(9); Yb–CCp2
av 2.630(9), 2.622(9); Yb(1)–O(1) 2.185(6),

2.201(5); Yb(1)–O%(1) 2.230(6), 2.250(5); O(1)–C(22) 1.43(1), 1.40(1) Å; Cp1–Yb(1)–Cp2 111.3(2), 110.8(2); Cp1Þ–Yb(1)–Cp2Þ 103.7(2), 103.2(2);
Cp1/Cp2 76.3(3), 76.8(3); O(1)–Yb%(1) 2.230(6), 2.250(5); O(1)–Yb(1)–O%(1) 73.5(2), 73.4(2); Yb(1)–O(1)–Yb%(1) 106.5(2), 106.6(2); (Cp1–Yb–
Cp2)/(Yb–O–Yb%) 89.9(2), 90.2(2); C(6)–C(11)–C(1) 102.1(6), 101.8(6)°.

The structure of complex 3 is composed of two
crystallographically-independent [meso-(CH3)2C(3-
tBuC5H3)2Yb(m2-OCH3)]2 molecules (Fig. 3). The Yb–
O distances (2.185(6) and 2.201(5) Å) and O–Yb–O
angle (73.5(2)°) are smaller than those in
[(C5H4SiMe3)2Yb(m-OH)]2 (2.29(2) Å, 77.9(7)°) [29].
However, the Yb–O distances are nearly equal to that
in[Yb(paphy)(OH2)3(OH)]2Cl4 · 4H2O (2.19(1) Å) [30]
and fall in the range of the M–O bond lengths found
for various lanthanide and yttrium bis(cyclopentadi-
enyl) complexes ((C5Me5)2Sm[O(CH2)4C5Me5](THF),
2.08(1) Å [31]; (C5Me5)2Y)2(m-OCH2CH2O)(THF)2,
2.042(4) Å [32]; (C5H4SiMe3)2Y(m-OC(CH3)3)2

Li(THF)2, 2.148(10) and 2.157(11) Å [33];
[(C5Me5)2Y)2(m-OCCH3�CHC(OC2H5)O)]2, 2.179(2) Å
[34]; (C5H4SiMe3)2Y(m-OMe)]2, 2.217(3) and 2.233(3) Å
[35]; [(CH3C5H4)2Y(m-OCH�CH2)]2, 2.275(3) and
2.290(3) Å [36], (C5Me5)2Nd(m-OCH3)2Na(DME)2,
2.248 Å [21]; (C5H3

t Bu2)2Ce(m-OMe)]2, 2.366(4) and
2.386(4) Å [20]).

Because complexes 1 and 3 contain the same ansa

ligand, the geometric parameters of their ansa-metal-
locene fragments (Yb–Cp distances and Cp1/Cp2 an-
gles) differ little despite the fact that the complexes are
of different types (ate complex with lithium chloride
and dimer with oxo bridges) and contain ligands in
different conformations (rac and meso forms).

Crystallisation of the meso form of 3 is rather sur-
prising for the methoxo group has a larger volume than
the chlorine atom. This suggests that the meso form of
the ansa ligand is ‘inherited’ by 3 from the starting
ytterbocene(+2), for which steric hindrance is less
important.

4. Supplementary material

Listings of anisotropic temperature factors, hydrogen
atom parameters, complete bond distances and angles
of complexes 1, 2, 3 and atomic coordinates with
equivalent isotropic displacement parameters for com-
plex 1 can be obtained from the authors on request.
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