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Abstract

The ytterbocene(III) iodide [Yb(n-Cp”),I(THF)] (1) (Cp” = CsH;(SiMe;),-1,3) was synthesized by the reaction of two equiva-
lents of Na(Cp”) with YbI;(THF), (obtained from Yb and an excess of (ICH,), in THF). The heterobimetallic complex
[Yb(n-Cp”),(n-Cl),Li(THF),] (2) was prepared from two equivalents of Li(Cp”) with YbCl;. The crystal structures of 1 and 2 have
been determined. The formation of the ytterbium(II) complex [Yb(n-Cp”)(OAr)(THF),] (3) (OAr = OC(H,Bu5-2,6-Me-4) was
observed ('H- and '"'Yb-NMR spectroscopy) during the reaction of either Na(Cp”) or [Yb(n-Cp”),(THF)] with
[Yb(OAr),(THF);]. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the organometallic chemistry of the 4f elements
[1], the lanthanocene(III) halides are important precur-
sors for a variety of lanthanocene(III) derivatives such
as alkyls, hydrides or amides. These have shown unique
characteristics as catalysts in hydrogenation [2],
oligomerization [3], polymerization [4], hydroamination
[5], hydrosilylation [6], silanolytic chain transfer [7] and
hydroboration [8] of a-olefins.

Lanthanocene(III) halides are available as crystalline
solvent-free, dimeric compounds [{Ln(n-cp),X},] (cp is
C;H; (=Cp) or a derivative thereof) [9]. Monomeric
lanthanocene(111) halide complexes, [Ln(n-cp),X(THF)]
are well known. For Ln=Eu, Sm or Yb, they are
invariably prepared by the oxidation of the appropriate
lanthanocene(II) complex by a suitable alkyl halide
[10]. Heterobimetallic Ln(II)-M complexes (M = an
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alkali metal) are accessible from LnCl; and two equiva-
lents of the alkali metal (M) cyclopentadienyl in an
aprotic donor solvent [11]. Sublimation of the latter
generally gave lanthanocene(Ill) halides [{Ln(n-
cp),X},] [9a,b,c,e], MCI being eliminated.

Homoleptic lanthanide(I) complexes are numerous,
but somewhat fewer heteroleptic analogues have been
reported [12]. In some instances this was due to their
lability with respect to redistribution into homoleptic
partners. However, the following heteroleptic lan-
thanide(I) complexes have been structurally character-
ized by X-ray diffraction:  [{Ybg(n-CsMe,-
(SiMe,Bu’))slg} {Li(THF),},}]  [12a], [{Yb(n-Cp*)(p-
I(THF),},] [12a], [{Yb(n-Cp*)(w-D(DME)},] [12a],
[Yb(Tp)I(THF)] [12b,c], [Yb(Tp)L(3,5-lutidine),] [12c],
[{YDbI(L-OCPh;)(DME)} ] [12d], [{YbI(n-OMe)-
(DME)},] [12d], [{Sm(NR,)(w-I) THF)(DME)},] [12¢],
[{Sm(n-Cp*)(u-ITHF),},]  [12f],  [{Yb(CR)(p-D)-
(OEty)},]  [12g], [{YD(NR,)(n-OCBu3)},]  [12hi],
[Yb(Tp)NR,)]  [I12b],  [{YD(CR;)(n-OEt)(OEL,)},]
(12j.k],  [{Sm(n-Cp*)(n-OC¢H,Bus-2.4,6)},]  [12I],
[YB(TP)ICHR,)]  [12b],  [Yb(n-Cp*)(SiR;)(THF),]
[12m], [{Eu(n-Cp*)(n-C = CPh)(THF),},] [12n] and
[Yb(n-CsH,R)(Tp)] [120] (R =SiMe;, Cp* = CsMes,
Tp = hydrotris(3-tert-butyl-5-methylpyrazolyl)borate).

0022-328X/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.
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Heteroleptic lanthanide(IT) complexes Ln(X)(Y) are
accessible by the following routes (i)—(iii): (i) LnX, +
Y —; (i1) LnX, + LnY,; or (iii)) LnX, + HY.

2. Results and discussion
2.1. Synthesis of YbI;(THF),

The iodide YbI;(THF), was prepared in a similar
manner to its ytterbium(II) analogue [13], except that
an excess of ICH,CH,I was used (Eq. (1)). Normally in
the reactions leading to YbI,(L), (L being a neutral
donor), an excess of the metal is used in order to
prevent subsequent Yb(II) —» Yb(III) oxidation. The ti-
tle compound was isolated as a pink solid and the
quantitative yield indicated a bis-THF adduct, as evi-
dent also from the analytical data.

THF
Yb + 3ICH,CH,I — YbI,(THF), (1)

c21

Fig. 1. Molecular structure and atom-labelling scheme for [Yb(n-
Cp"),(THF)] (1).

Table 1 .
Selected bond lengths (A) and angles (°) for complex 12

Yb—Cent(1) 2.321 Yb-1 2.925(2)
Yb-Cent(2) 2.330 Yb-O 2.303(13)
Cent(1)-Yb—Cent(2) 129.7 Cent(2)-Yb-1I 105.7

Cent(1)-Yb-1 110.0
Cent(1)-Yb-O 104.3

Cent(2)-Yb-O 1078
Yb-O 93.3(3)

2 Cent(l1) and Cent(2) are the centroids of the C(1)-C(5) and
C(12)-C(16) rings, respectively.

2.2. Synthesis of [Yb(n-Cp"),I(THF)] (1)

The reaction of two equivalents of Na(Cp”) with
YbI;(THF), in diethyl ether yielded [Yb(n-Cp”),-
I(THF)] (1) as the sole product, Eq. (2). This is surpris-
ing, since generally the reaction of M(cp) with LnX;
gives as the principal product the heterobimetallic com-
plex [Ln(n-cp),(p-X),M(L),]. For example, from YCl,
and K(Cp*) in THF, [Y(n-Cp*),CI(THF)] was isolated
only as a minor product alongside [Y(n-Cp*),(p-
C1),K(THF),] [10]. We attribute our finding to steric
constraints, the Yb(II) radius being small and the Cp”~
and I~ ligands being sterically demanding. Consistent
with this interpretation, we note the recent reports on
the monomeric homometallic lanthanocene(III) halide
complexes [Ln(n-CsMe,Pr)),C(THF)] (Ln=Y, Sm or
Lu) [14] and [Sm{(n-CsMe,),SiMe,}I(THF)] [15], ob-
tained by a similar procedure. The conventional path-
way to such compounds is via oxidation of the
lanthanocene(Il) or the metal by an alkyl halide as for
the following compounds which were prepared in this
manner; [Sm(n-Cp*),X(THF)] (X=CI or I) [10] or
[Yb(n-Cp),X(THF)] (X = Cl, Br or I) [16]; while [Ln(n-
Cp"),I(THF)] (Ln=Sm, Y, Er or Lu) or [Lu(n-
CsH,SiMe;)(n-Cp”")I(THF)] were obtained from the
appropriate LnCl;, Na(Cp"), Na(C;H,SiMe;) and Nal
in THF [17].

YbI(THF), + 2Na(Cp’) = [Yb(n-Cp"),I(THE)]  (2)

2.3. X-ray crystal structure of [Yb(n-Cp" ),I(THF)] (1)

The molecular structure and atom numbering scheme
for the crystalline complex 1 are shown in Fig. 1.
Selected bond lengths and angles are in Table 1. The
structure of 1 is typical of a bent metallocene complex
with two additional ligands. Thus 1 adopts a distorted
tetrahedral geometry about the metal, with angles de-
creasing in the sequence Cent(1)-Yb—Cent(2) > Cent(l
or 2)-Yb-O > Cent(l or 2)-Yb-I>I-Yb-O [Cent(1)
and Cent(2) are the centroids of C(1)-C(5) and
C(12)-C(16) rings, respectively]. The Yb—C bond dis-
tances range from 2.59(2) to 2.69(2) A. The bond length
of Yb-I 2.925(2) A can be compared with the Yb-I
3.013(1) A for the ytterbium(Il) complex [YbI,(THF),]
[12p]. Selected data can be compared with those other
monomeric ether adducts of lanthanocene halide com-
plexes, Table 2.

2.4. Synthesis of [Yb(n-Cp" ),(u-Cl),Li(THF),] (2)

Compound 2 was prepared by the addition of two
equivalents of LiCp” to YbCl; in THF, Eq. (3) [19].
Recrystallisation from hexane gave red, X-ray-quality
crystals.
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Table 2

Selected bond lengths and angles for monomeric yttrium and lanthanocene(III) halide complexes

Complex L31 ionic radius Ln-C,, (A) Ln—-X (A) Ln-O (1&) Cp-Ln-Cp’ (°) X-M-0O (°)  Reference
(A) [18]
[Y(n-Cp*),CI(THF)] 1.015 2.655 2.578(3)  2.410(7) 136.4(4) 90.1(2) [10]
[Y(-Cp”),I(THF)] 1.015 2.654 2.969(1) 2.350(4) 130.4 94.2(1) [17]
[Sm(n-Cp*),CI(THF)] 1.09 2.72 2737(8)  2.46(2) 135(1) 91.0(5) [10]
[Sm(n-Cp*),I(THF)] 1.09 2.725 3.048(2) 2451 137(1) 89.7(3) [10]
[Sm(n-Cp*),I(THF)] 1.09 2.714 3.007(1) 2.41109) 129.4 94.0(2) [17]
[Sm{(n-CsMe,),SiMe,} 1.09 2.702 3.0485(4)  2.427(2) 123.3 93.24(5) [15]
I(THF)]
[Er(n-Cp”),[(THF)] 1.00 2.640 2931(1)  2.335(7) 130.5 94.1(2) [17]
[Yb(n-Cp),I(THF)] 0.98 2.565 2.9316(7)  2.311(5) 129.8 91.96(12) [16]
[Yb(n-Cp”),I(THF)] (1) 0.98 2.62 2925(2)  2.303(13)  129.7 93.3(3) This work
[Lu(n-CsMe,Pr’),CTHF)]  0.97 2.645 2.516(2) 2.314(5) 137.22(11) 87.17(12) [14]
[Lu(n-CsH,SiMes)(n-Cp”) 0.97 2.605 2914(2)  2.31010)  131.3 93.5(3) [17]
I(THF)]
[Lu(m-Cp"),I(THF)] 0.97 2.611 2.896(1)  2.307(7) 130.7 93.8(2) [17]
. 1. THF/20°C 2. hexane . .
YbCl, + 2Li(Cp”) Initially we observed that treatment of Na(Cp”) with
, . Yb(OAr),(THF)] afforded 3 (6 ['7'YDb] 206.1), but the
[Yb(n-Cp")(h-Cl), Li( THE) | @  LYDOADLIHE @1 Ybl 2061

2.5. X-ray crystal structure of
[Yb(y-Cp" )s(u-C)Li(THF)] (2)°

The molecular structure and atom numbering scheme
for the crystalline complex 2 are shown in Fig. 2.
Selected bond lengths and angles are in Table 3 and are
available for comparison with those for [Nd(n-Cp”),(p-
Cl),Li(THF),] [9a]. Complex 2 has a distorted tetrahe-
dral geometry about both the ytterbium and lithium
atoms, these being bridged by two chloride ligands. The
central Yb-CI(1)-Li—CI(2) unit is essentially planar.
The cyclopentadienyl rings are incorporated in the typ-
ical bent metallocene arrangement. The angles about
the ytterbium atom decrease in the sequence
Cent(1)-Yb—Cent(2) > Cent(1 or 2)-Yb-CI(2 or 1) >
Cent(2 or 1)-Yb-CI(1 or 2)> CI(1)-Yb-CI(2), while
those about the lithium atom fall off in the sequence
CI(1 or 2)-Yb-O(1 or 2) > CI(1 or 2)-Yb-O(2 or 1)~
O(1)-Li-O(2) > CI(1)-Yb-CI(2) [Cent(l) and Cent(2)
are the centroids of C(1)-C(5) and C(12)-C(16) rings,
respectively]. The Yb—-C bond lengths range from
2.581(2) to 2.677(6) A.

2.6. Formation of [Yb(n-Cp" OAr)(THF),.] (3)
(OAr = OC4H ,Bu’-2,6-Me-4)

The use of '""'Yb-NMR spectroscopy in the study of
ytterbium(IT) complexes [20] has allowed us to monitor
the formation of complex 3 via two synthetic pathways.

2 Note added in proof: crystals of 2 have independently been
X-ray-characterised in a paper which appeared after the submission
of this manuscript. The results are close to those reported here [27].

product was shown to be a mixture containing addi-
tionally [Yb(n-Cp”),(THF),] (6 ['7'Yb] 172.0) and
[Yb(OAr),(THF);] (6 ['"'Yb] 237.7) [21]. A further mi-
nor product is believed to have been [Na(THF),]J[Yb(n-
Cp”)(OAr),] (6 ['"'YD] 328.0). Synthesis of the complex
[K(THF),][Yb(n-Cp*),(OAr)], by the reaction of two
equivalents of K(Cp*) with [Sm(OAr),(THF),], has
been reported [121].

The reaction of excess [Yb(OAr),(THF);] with
[Yb(n-Cp")»(THF)] in THF was studied by '"'Yb-
NMR spectroscopy. The spectra recorded at 304 K
showed that [Yb(n-Cp”),(THF),] [20] was still present

C19
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Fig. 2. Molecular structure and atom-labelling scheme [Yb(n-
Cp")y(n-Ch),LI(THF),] (2).
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Table 3 .
Selected bond lengths (A) and angles (°) for complex 2 #

Yb-Cent(1) 2.331 Yb-Cl(1) 2.575(2)
Yb-Cent(2) 2.339 Yb-Cl(2) 2.582(2)
Li-CI(1) 2.337(14)  Li-O(1) 1.896(15)
Li-Cl(2) 2.330(13)  Li-O(2) 1.979(15)

Cent(1)-Yb-Cent(2) 127.7
Cent(1)-Yb-CI(1)  107.3

Cent(2)-Yb-Cl(1) 110.5
Cent(2)-Yb-CI(2) 107.1

Cent(1)-Yb-CI2) 1109 CI(1)-Yb-CI(2) 85.15(5)
CI(1)-Li-Cl(2) 95.7(5)  CI(1)-Li-O(1) 123.2(7)
CI(1)-Li-O(2) 104.9(6)  CI(2)-Li-O(1) 108.3(6)
Cl(2)-Li-O(2) 119.76)  O(1)-Li-O(2) 106.0(7)
Yb-CI(1)-Li 89.13)  Yb-Cl(1)-Li 89.9(3)

2 Cent(l) and Cent(2) are the centroids of the C(1)-C(5) and
C(12)-C(16) rings, respectively. Some comparisons with average bond
lengths (A) and angles (°) in [Nd(n-Cp”),(p-Cl),Li(THF),]: Nd-Cl,,
2.744, Li-Cl,, 2.405, CI-Nd-Cl' 82.1(3), CI-Li-Cl' 97.2(9) [9a].

in solution (J ['"'Yb] 172.0), along with 3 (6 ['7'YDb]
206.1) and the unreacted ytterbium aryloxide complex
(6 ['"YYDb] 237.7). Even with an excess of one or other of
the two starting components, ligand redistribution from
complex 3 still seemed to be taking place, with 3
existing in equilibrium with its parent precursor com-
plexes. Such behaviour has also been reported for
[Yb(OAr)I(THF),] [12p]. The minor product observed
in the above preparative scale experiment was not
observed.

3. Experimental

3.1. General procedures

All manipulations were carried out under vacuum or
argon by Schlenk techniques. Solvents were dried and
distilled over potassium-sodium alloy under argon
prior to use. The following compounds were prepared
by published procedures: Na(Cp”) [22], [Yb(OAr),-
(THF),] [23] and [Yb(n-Cp”),(THF)] [24]. Ytterbium
metal and YbCl; were donated by Johnson Mathey
PLC. Microanalyses were carried out in the micro-ana-
lytical department of the University of Sussex. NMR
Spectra were recorded using Bruker WM360 or Bruker
500 spectrometers.

3.2. Preparation of YbI;(THF),

Ytterbium metal powder (0.47 g, 2.72 mmol) was
added as a solid to a solution of ICH,CH,I (3.86 g,
13.70 mmol) in THF (250 ml); the mixture was stirred
for 20 h at 20°C, then filtered to give the pink precipi-
tate which was dried under vacuum to afford the
free-flowing powder of YbIy(THF), (1.83 g, 96%).
Anal. Found: C, 13.4; H, 2.22. Calc. for CgH,,I;0,YDb:
C, 13.8; H, 2.31%.

3.3. Preparation of [Yb(n-Cp"),I(THF)] (1)

YbI;(THF), (1.83 g, 2.62 mmol) was added as a solid
to a suspension of Na(Cp”) (1.22 g, 5.24 mmol) in
diethyl ether (200 ml); the mixture was stirred for 20 h
at 20°C. The red suspension was filtered and the solvent
removed from the filtrate in vacuo to give a brown solid
which was extracted into hexane (50 ml). Cooling this
solution to — 30°C afforded brown X-ray-quality single
crystals of 1 (1.53 g, 74%). Anal. Found: C, 39.2; H,
6.39. Calc. for C,Hs,ISi,Yb: C, 39.5; H, 6.37%.

3.4. Preparation of [Yb(n-Cp"),(u-Cl),Li(THF),] (2)

Ytterbium(III) chloride (0.93 g, 3.33 mmol) was
added to a solution of Li(Cp”) (1.45 g, 6.72 mmol) in
THF (250 ml). The resultant mixture was stirred for 20
h at 20°C. The volatiles were removed in vacuo, to give
a red solid which was extracted into hexane (100 ml).
The extract was concentrated to ca. 50 ml. Cooling to
—30°C yielded X-ray quality crystals of 2 (1.76 g,
65%). Anal. Found: C, 44.1; H, 7.17. Calc. for
C;0H55CLLiIO,S1,Yb: C, 44.3; H, 7.18%.

3.5. Preparation of [Yb(n-Cp" }(OAr)(THF).] (3)

Method A. To a solution of [Yb(OAr),(THF),] (2.36
g, 3.03 mmol) in THF (200 ml), a molar equivalent of
Na(Cp”) (0.69 g, 2.97 mmol) was added and the resul-
tant mixture was stirred for 8 h at 20°C. The suspen-
sion was filtered and solvent removed from the filtrate
in vacuo to yield a red oil.

Method B. [Yb(OAr),(THF)5] (2.53 g, 3.06 mmol) in
THF (100 ml) was added to a solution of [Yb(n-
Cp"),(THF)] (0.41 g, 0.62 mmol) in THF (100 ml). The
solution was stirred for 8 h at 20 °C and solvent was
removed under reduced pressure to yield a red oil.

[Yb(n-Cp”)OAr)(THF),] 3) NMR: 'H
(C,H;O-C;,DsCD;, 250.13 MHz), 6 0.16 (s, 18H,
SiMe,), 1.32 (s, 18H, Bu’), 1.58 (br s, B-CH, (THF)),
2.19 (s, 3H, Me), 3.74 (br s, a-CH, (THF)), 6.76 (m,
1H, CsH;), 6.84 (m, 2H, CsH;), 7.01 (s, 2H, C.H,);
"Yb-{'H} (C,H;O-C;DsCD;, 87.51 MHz, 25°C), ¢
206.1.

[Yb(n-Cp")o(THF),] NMR: 'H (C,H,O-C,DCDs,
250.13 MHz), ¢ 0.22 (s, 36H, SiMe;), 1.58 (br s, B-CH,
(THF)), 3.74 (br s, a-CH, (THF)), 6.92 (m, 2H, C;H;),
6.98 (m, 4H, CsH;); '"'Yb-{'H} (C,H;O-CcDsCD;,
87.51 MHz, 25°C), ¢ 172.0.

[Yb(OAr),(THF);] NMR: 'H (CH;0-CD;CD;,
250.13 MHz), ¢ 1.35 (s, 36H, Bu’), 1.58 (br s, B-CH,
(THF)), 2.26 (s, 6H, Me), 3.74 (br s, a-CH, (THF)),
6.92 (s, 4H, CH,); "'Yb-{'H} (C,H;O-CcDsCD;,
87.51 MHz, 25°C), ¢ 237.7.
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3.6. X-ray structure determinations for
[Yb(n-Cp"),I(THF)] (1) and
[Yb(1-Cp” )o(u-C),Li(THF),] (2)

In both cases unique data were collected, using a
crystal sealed in a capillary under argon on an Enraf-
Nonius CAD4 diffractometer in the § — 20 mode with
monochromated Mo-K, radiation (/1 =0.71069 A).
For 1 two standard reflections showed a decrease in
intensity of 9.2% and a correction for this was applied.
Data were corrected for Lorentz and polarisation ef-
fects and also for absorption using DIFABS [25] after
isotropic refinement. Reflections with |F?|> 3¢ (F?),
where o(F?) = {a*(I) + (0.041)?}'?/Lp were considered
observed. The structure was solved using the heavy
atom routines of SHELXS-86 [26]. Hydrogen atoms were
held fixed at calculated positions with Uy, = 1.3 U,, for
the parent atom.

For 1, non-hydrogen atoms were refined with
isotropic thermal parameters by full-matrix least-
squares, with Yb and I anisotropic, using programs
from the Enraf—Nonius SDP-PLUS package. For 2, non-
hydrogen atoms were refined anisotropically by full-
matrix least-squares, except for the C atoms of the
THF groups which became non-positive and were
therefore refined isotropically. This probably reflects
slight conformational disorder in the THF groups. Fur-
ther details are given in Table 4.

Table 4
Crystal data and structure refinement

[Yb(n-Cp"),-
I(THF)] (1)

[Yb(n-Cp")o(n-Cl)-
Li(THF),] (2)

Empirical formula
Formula weight

CyH,,I0Si,Yb
791.0

C3oH55CLLIO,Si, Yb
814.0

Crystal system Orthorhombic Monoclinic
Space group P2,2,2, P2,/c
Unit cell dimensions
aA) 10.930(2) 12.932(5)
b (A) 16.244(5) 19.530(5)
¢ (A) 20.033(5) 16.739(3)
p(©) 99.22(2)
V(A3 3556.9 4224.3
VA 4 4
D_,. (g cm—3) 1.48 1.28
u(Mo-K,) (em™1") 36.3 24.7
F(000) 1572 1668
Crystal size (mm) 0.3x0.3x0.2 0.8x0.4x0.4
Total unique reflections 3518 7668
0nax ©) 25 25
Significant reflections 2111 4797
|F?|>30|F?|
Variables 143 321
R, R'® 0.047, 0.059 0.031, 0.043

AR=Zw(|F,|—|F/E w|F,)); R =[Zw(|F,|—|F)?/(Z w|F,»]">.

4. Supplementary material

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic
Data Centre, CCDC no. 144235 for compound 1 and
CCDC no. 144236 for compound 2. Copies of this
information may be obtained free of charge from The
Director, CCDC, 12 Union Road, Cambridge CB2
IEZ, UK (Fax: +44-1223-336033; e-mail: de-
posit@ccdc.cam.ac.uk or www: http//www.ccdc.cam.ac.
uk).
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