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I, Introduction

Less than 20 years ago organometallic compounds
of the rare earth metals were a curiosity. Apart from
some cyclopentadienyl derivatives, prepared in anal-
ogy with ferrocene to complete the system of sand-
wich compounds within the periodic table, only very
few significant contributions had been made to f-
element organometallic chemistry. That changed
after the availability of modern preparative and
analytical techniques made it possible to handle these
compounds, which are all extremely sensitive to
oxygen and water. Beginning in the late 1970s the
chemistry of these fascinating organometallic com-
pounds developed, first with the discovery of several
classes of compounds with the rare earth elements
in their principal oxidation state Ln3*, then later
extended to the elements in their oxidation states
Ln° Ln?*, and Ln*'. These organometallic com-
pounds have been characterized and used as reagents
in organic synthesis and as very active catalysts.

The research in this field has been extensively
reviewed. There are three books,! several compre-
hensive review articles,? and a lot of specialized
reviews on the structure, bonding energeties,* mag-
netic properties,” NMR,5 photoelectron spectroscopy,’
UV spectroscopy,® and chemiluminescence.® This
article will not review the application of organolan-
thanide compounds as reagents in organic synthesis
and catalysis since this topic was reviewed very
recently in this journal.}® Attention should be made
to annual surveys covering the recent research in
organolanthanide chemistry, which have appeared
since 1964.1!

The extensive development of this area of chemis-
try during the last decade renders a comprehensive
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review the field impossible, like was done eight years
ago.?* Therefore this review focuses only on organo-
metallic compounds of the rare earths, which includes
the group 3 elements scandium, yttrium, and lute-
tium as well as the 4f-elements lanthanum to ytter-
bium, in the oxidation state Ln3*, and it reviews two
important aspects of this area of chemistry: the most
successful methods for their preparation and their
molecular structure. Although one review from
19842 deals with all rare earth organometallic com-
pounds known up to this date, the present article will
include this material in the tables for completeness.
Spectroscopic data are not discussed in detail, but
mentioned in the tables of compounds. In this review
article the types of compounds have been numbered
in several cases for ease of identification; lower case
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letters after the numbers signify the respective metal
that is present: a stands for Sc, b for Y, ¢ for La
and the lanthanide elements d through i for the
elements Ce through Eu, then k for Gd through r
for Lu. Ln signifies Sc, Y, La through Lu. All other
abbreviations are given in the list of abbreviations.

ll. Cyclopentadienyl Rare Earth Compounds
A. Tris(cyclopentadienyl) Rare Earth Complexes

The organometallic chemistry of the rare earth
metals began with the synthesis of their tris(cyclo-
pentadienyl) derivatives. Their early discovery!?
together with their ready availability and moderate
sensitivity toward moisture and air made them one
of the best investigated classes within the organo rare
earth compounds.

1. Cyclopentadieny! Derivatives

Nearly exactly in the middle of this century Wilkin-
son and Birmingham!?® reported the synthesis of a
series of tris(cyclopentadienyl)lanthanide complexes
from the metathesis of anhydrous lanthanide trichlo-
rides with a 5-fold molar excess of sodium cyclopen-
tadienide in THF. They isolated the pure, THF-free
compounds 1 after high vacuum sublimation above
200 °C according to eq 1:

LnCl, + 3NaC,H, — (C;H,),Ln + 3NaCl (1)
1

Ln = Sc(1a), Y (1b), La (1¢), Ce (1d), Pr (1e),
Nd (1f), Sm (1h), Gd (1k), Dy (1m), Er (10),
Yb (1q)

The same compounds and also the missing tris-
(cyclopentadienyl) species of the four smaller lan-
thanide metals (C5H5)3Tb (11), (C5H5)3H0 (ll'l), (CsHs)g-
Tm (1p), and (CsHs)sLu (1r) were obtained analogously
from the LnCl; and NaCsH;!314 or KCs;H; ' in ether
or benzene (eq 2):
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Et,O or benzene

LnCl, + 3MC.H, (C.H.),Ln + 3MCl

4 2)

Ln =Tb (11), Ho (1n), Tm (1p), Lu (1r);
M = Kor Na

Later on Tsutsui et al. succeeded in preparing the
thermally sensitive (C;H;);Eu (1i) following eq 1 or
by reacting THF solutions of (C;H;)EuCly(THF); with
2 equiv of NaC;H;."> The radioactive derivative
(C5H5);Pm (1g) was obtained for the first time after
neutron bombardment of 1f and a subsequent S-de-
cay process (eq 3);'° further evidence for the existence
of 1g has been obtained by doping experiments of 1e
with 147Pm:!7

(n

10N d(C,4H,); —— P'Nd(C;H,), - "'Pm(C,H,),
1f 1g 3)

Using molten (C;H;):Be'® as a cyclopentadienyl
transfer reagent and as a solvent represents another
route to tris(cyclopentadienyl)lanthanides, specifi-
cally 1g, which also can be made like all the other
(CsHs)sLn compounds using (C;H;):Mg and LnCl;,!®
LnF;,'920 or Lnl3." More recently discovered meth-
ods are the transmetalation between rare earth metal
powders and C;H;5T1?! %4 or (CsH;).Hg,??%5-27 and the
ligand exchange reactions between Ln(CgF5), (n = 2,
3) and C;Hg,?**2® and the oxidation of (CsH5):Eu or
(CsH5)2:Yb with CsH5TI or (C5H5)2Hg.21‘2223 Finally
it should be mentioned that the reaction between
excess of NaCs;H; and (pyH)s[CeClg] does not result
in the formation of (C;H;),Ce,*® but yields (C;H5);Ce
(1d).3¢

Nearly all the tris(cyclopentadienyl) compounds of
the rare earth elements have been investigated by
X-ray crystallography. The unsaturated character of
the complexes 1 is reflected in their formation of
polymeric structures. For instance, the samarium
derivative 1h crystallizes in two different polymeric
chains along with severely disordered cyclopentadi-
enyl ligands.?'*?* Unexpectedly, both the scandium
complex 1a*® and the lutetium compound 1r** (Figure
1) are isostructural. They crystallize in chains
[(CsHj5)oLin(u-n':p*-CsHs)].. in which (CsHs)2Lin units
are bridged in a monohapto fashion by two other
C;H; ligands.

On the other hand, La (1¢) (Figure 2), Pr (1e),%
and Nd (1£)*¢ form polymeric zigzag chains of distinct
(CsHs)oLin(u-1°:1*-CsHs) units (La x = 2,322 1;32b Pr x
= 1-2; Nd x =1) involving two nonequivalent ter-
minal cyclopentadienyl ligands. The effective coor-
dination numbers of the lanthanides increase from
nine in the hypothetical monomers to either 10 or
11 in the polymeric species.

1b?", 10,’® and 1p*® are isomorphous because of the
similarity of their ionic radii. The compounds show
coordinatively saturated molecules containing three
1°-C5H; ligands around the metal atoms, which form
polymeric chains via van der Waals interactions
between monomeric units. However, in spite of the
very similar ionic radii of Yb*" and Lu®*, 1q* is
strictly a monomer, unlike the polymeric 1r (note
that only two C;H; groups are #°), with D3, idealized
symmetry, resulting in an effective coordination
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Figure 2. Structure of (C;H;);La (1c¢) in the crystal.?*?

number 9 for Yb. These unexpected differences in
the structure of tris(cyclopentadienyl)lanthanides are
largely due to steric effects caused by the difference
sizes of the respective rare earth elements: the larger
metal centers try to attain as high a coordination
number as possible, consistent with tolerable in-
tramolecular repulsions. The smaller rare earths
have lower coordination numbers due to the increase
in intramolecular ligand—ligand repulsions as the
metal size decreases.*’

All compounds of type 1 are air and moisture
sensitive. The bonds between the three negatively
charged cyclopentadienyl ligands and the rare earth
metal ions in the oxidation state Ln®" is assumed to
be predominantly electrostatic, a conclusion derived
from several spectroscopic studies, e.g. refs 1b, 2f,
12b, and 91. Except for the europium derivative 1i,
all complexes 1 have a high thermal stability. 1h,
1i, and 1q can be reduced reversibly at platinum,
gold, and mercury electrodes to give the Ln?" species
[(CsH5)3Ln] %2 In general, tris(cyclopentadienyl)-
lanthanides show very similar chemical behavior, e.g.
with regard to their solubility in organic and inor-
ganic solvents.'??%3% They hydrolyze in water, form-
ing the corresponding lanthanide hydroxides and
cyclopentadiene. The first step of this reaction, the
1:1 complex with water (C;H;);Ln(OHs), has been
detected recently.”? With alcohols they decompose to
give lanthanide alkoxides and cyclopentadiene; with
FeCl; ferrocene is formed quantitatively.!?>%4

Because of their strong Lewis acidity, most
tris(cyclopentadienyl)lanthanides coordinate one
or even two solvent molecules (eq 4). Several
complexes of 1b—f and 1h—r with H,0,”* THF
(2)’3(.‘,f.g.21—23.25,26,38.52&.b.6(}—62,73.84--87.9().95 116 methyltet_
rahydrofuran,522:6873.115117.118  gcetone,*?® MeCO,-
Me’119.121c MECOQBU. (3)’118.120,121&(‘ DMSO;’}‘ZI) OS(Me)_
CsHsMe-4 (4),'2'* OS(CHypy-2)CsHsMe-4,'%'" tetrahy-
drothiophene,?® NHj,!286-88.96 Et,NH,!!® Bu,NH,!!?
NEt3,° pyrrole,”” methylpyrrole,® py (5),2%2465.8586
picoline,!''? pyrazine (6),3¢119122 phen,'?* (—)-nicotine,*
DMF 5% and various primary, secondary, and tertiary
organophosphines,®2ab.72.86.89.90.96 haye been prepared
and investigated by several spectroscopic methods.

Special attention should be drawn to the complexes
Of l Wlth the mtnles NCMe (7)’23,:)2;1.6].62.;3.89.1 19,121,124-127



868 Chemical Reviews, 1995, Vol. 95, No. 4

NCEt (8),124128129 NCPr,!2¢ NC'Pr,12¢ NC'Bu,!24125
NCPh,* NCC¢HsMe-4,%%12¢ NCCsH4Cl-4,% and the
isonitrile ‘CgH,;NC (9),52a.60.65.68,85.86.96,117,130-139 which

(C,H,);Ln + nLB — (C;H,);Ln(LB),  (4)
1

LB = H,0, THF (2), MeTHF, MeCO,Me,
MeCO,Bu (3), 0S(Me)C,H,Me-4 (4),
OS(CH,py-2)C¢H,Me-4, SC,H,, NH,, Et,NH,
Bu,NH, NEt;, NHC Hg, MeNC,Hg, py (5), Mepy,
N,C,H, (6), phen, nicotine, ‘C¢H,,PH,, PhPH,,
(‘C¢H,,),PH, Ph,PH, PEt,, PBu,, P(CCgH,,),,
PPh,;, PPhMe,, PBu,Cl, NCMe (7) (n = 1, 2),
NCEt (8) (n = 1, 2), NCPr (n = 2), NC'Pr (n = 2),
NC'Bu NCPh, NCC,H,Me, NCC.H,Cl,

CN°C¢H,, (9) (n =1, 2)

have been the target of extensive structural and spec-
troscopic investigations (e.g. **La-NMR of 1lc¢ in
different coordinating solvents and other basic lig-
andsf¢52ab) to find out the influence of the f-electrons
on the ligand field parameters of these complexes.
Single-crystal X-ray structure determinations of
the THF and other Lewis base adducts 2b,%® 2¢,%8
2e,103 2f 101103 gk (Figure 3),97 2m 114,116 2(],108 2r,105

Filg;l_lre 3. Structure of (C;H;)3Gd(THF) (2Kk) in the crys-
tal.”’

5f,% 5h,?* (C;H;5);Sm(NCCD3),4% 7m (n = 1),!?! 8¢
(n —_ 1))128.140!3 8e (n - 1)’128 8q (n — 1)’128 9e (n p—
1),12% 3,21 and 4 '?» show these compounds to be
monomeric with three 7°-CsH; systems and the Lewis
base coordinated via O, N, S, P, or C in the case of
the isonitriles. Using structural criteria the bonding
character of these organolanthanides is described
best via an ionic model.?¢ Geometrical approaches
to the coordination numbers are discussed by the
cone-packing model.?>¢f

Pyrazine coordinates two (C;H;);Yb units as shown
in the X-ray structure of 6q (Figure 4),'?? and the
complexes of various 1 with two nitrile ligands show
a trigonal bipyramidal structure with the nitrile
ligands occupying the axial positions as in 7¢,'?*
7d,1‘24 78,124 and 8c (Fig’ure 5).128.14%

Schumann et al.

Figure 4. Structure of (CsH3);Yb(NC H,;N)Yb(C;H;); (6q)
in the crystal.!22

Figure 5. Structure of (C;H;);La(NCEt); (8c) in the
crystal.128

The Lewis acidity of 1 together with the distinct
oxophilicity of the lanthanides results in the forma-
tion of complexes with transition metal carbonyls and
nitrosyls. Their IR spectra give evidence for isocar-
bonyl and isonitrile coordination.!*14? Even phos-
phorus ylides like Ph3PCH; react with 1r to give the
zwitterionic complex (CsH;);LuCH2PPhj. 14

Dry ammonium cerium(IV) nitrate (NH,)s[Ce-
(NO3)s] is reduced by excess NaC;H; to yield 1d
together with the first formal tetrakis(cyclopentadi-
enyl) derivative of a trivalent rare earth metal (10d)
(eq 5).1%° IR and NMR spectra, but no X-ray struc-

NaC;H;
(NH,),[Ce(NO;)] ——
(C,H,),Ce(THF) + [Na(THF)][Ce(C;H,),] (5)
2d 10d

tural investigations, are in accordance with a [(»°-
CsHs)sLn(u-n*-CsHs;)Na(THF),] formulation for the
complexes; 10¢, 10e, and 10f are also available from
LnCl; and 4 equiv of NaC;Hj;.!*?

Nucleophilic substitution of 10d with alkyl, aryl,
acyl, and organometallic halides shows that the
o-bonded C;H; group can be transferred preferenti-
ally to these substrates.!%9113144 Furthermore 10d re-
acts with equimolar amounts of I, forming [Na(THF)]-
[(CsH5)3Cell.1?? The X-ray structural analysis of [Li-
(DME)s][(CsHj5);NdPh], prepared in a similar fashion,
reveals three 7-bonded cyclopentadienyl ligands and
one o-bonded phenyl group in a distorted tetrahedral
arrangement.'4>1462b Quasi tetrahedral complexes
[BusN]J*[(CsH5);LnX] (Ln = La,'4¢ X = Br, I; Ln =
Pr,147 X = NCS) and (CsH;);Yb-F-U(CsHs5)s,14® are also
formed during the reactions of 1 with [BusNJX (X =
Br, I, NCS) or (CsH;)3UF, respectively.

Ionic, binuclear organolanthanides containing an
anion bridging two tris(cyclopentadienyl)lanthanide
units (eq 6) are also known. Fischer et al.??»!1?
postulated, on the basis of NMR experiments orga-
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Table 1. Spectroscopic and Other Data of Tris(cyclopentadienyl)lanthanide Compounds

compound Ln

color, characterization, etc.

(CsH5)3Ln Sc 1la
Y 1b

La 1lc

Ce 1d

Pr 1le

Nd if

Pm 1g
Sm 1h

Gd 1k

Tb 11

Dy 1m

Er 1o

Tm 1p

straw,122b X.ray,33 NMR, 6414 IR,*2 Raman,* MS,*4 melt./dec.,'22® elec. d.,*® thermo. d.444647

pale yellow,'?2P X-ray,3” Raman,* MS,*4%50 melt./dec.,'22" elec. d.,*> thermo. d.;*4*64751 complex
with HzO: colorless;? with THF (2b): white, X-ray, melt./dec.,’® bond angles;3¢3f
with ¢CsH;;NC (9b): UV, NMR, IR, melt./dec.130

colorless,!22b X-ray,32 NMR,32522b [R 52 Raman,*3 UV 5 fluores.,’ MS,*449.505556 melt /dec,,122b
elec. d 4557 thermo, d.;4447,5859 complex with THF (2¢): whlte X-ray, melt./dec.,® light yellow 103
colorless 146c NMR, 522 15,146c UV, electr. d.,115 IR, bond angles ;323 with 3THF: melt. /dec.;®
with MeTHF: NMR,‘W*‘v115 UV, electr. d.;115 with MeCO:zBu (8¢): X-ray, UV;12ic with NCMe (7e):
white, IR,12¢ NMR;522520.125 with 2NCMe (7¢): X-ray, IR,12¢ UV, lumines.,9* NMR;5¢522124,125
with NCEt (8¢): X-ray,1?8140 NMR;!?* with 2NCEt (8¢): X-ray,'2® NMR;!?* with 2NCPr;'% with
2NCPr: NMR;!** with NC'Bu: colorless, NMR, IR;!% with cCsH;;NC (9¢): NMR, IR, melt./dec.;13°
with ©‘CgH1,CN: colorless, melt./dec.,!25 NMR;8¢522.125 with acetone: NMR; with DMSO: NMR;
with DMF: NMR; with OP(OMe);: NMR,52® with OP(OEt);: colorless, IR, NMR, dip.5%

orange, 122540687 UV 6062 lymines. 6! MS, #4495 melt./dec., 2253 magn. d.,1203062 glec, d. 456263
thermo. d.; 14,4750,38,59 complex with THF (2d): brown, 103,693 tan,l12 X-ray,112:693 NMR 12 TR 22100 JV 62
lummescence 61 magn. d.;!°° with NCMe (7d): NMR, IR,12* UV ;82 with 2NCMe (7d): X-ray, NMR, IR,1
lumines.;8! with cCGHHNC (9¢): IR, melt./dec.,130 NMR,‘Sf’v130 UV,62 with OP(OEt)s: yellow, IR, NMR, dip.696

pale green 1222887 X_ray 35 powder diffr., 1864 NMR, 8 UV—vis, 126668 Raman, 1348 MS, 44950555667
melt./dec.,'22> magn. d.,'? elec. d.,45638668 thermo. d.;#446:47.5859.69 complex with THF (2e):
greenish, X-ray,!03 UV 60.107 [R 100 hond angles;?*f with MeTHF: UV;8117.118 with MeCO,Bu (3e):
X-ray,12la JV;118120121c with OS(Me)CeH Me-4 (4€): X-ray, NMR, UV;12lb with MeCO;Me:
NMR,® UV;%¢ with OS(CHzpy-2)CeHsMe-4: X-ray, NMR, UV;2!* with NHEt;: NMR; with NHBuy:
NMR; with picoline: NMR;!!® with (—)-nicotine: NMR;% with NCMe (7e): IR,!2¢ NMR,119124 JV;126
with 2NCMe (7e): X-ray, NMR, IR;!? UV;126 with NCEt (8e): X-ray;?® with NC‘Bu: NMR;!2*
with <C¢H;;NC (9e): light green,'3! X-ray,!32 NMR,54119.130.131 TR 130 hond angles,3 UV,88117.134
lumines., magn. d.,'¥ with OP(OEt);: green, IR, NMR, dip.6%

blue, 122687 X_ray,36 NMR, IR,* Raman, UV—vis,6.70-78 MS 444950555674 melt /dec, 124516
magn. d.,12" elec. d.,%83.7 thermo. d.;*47:5056:5859.69.75 complex with THF (2f): pale yellow,101
light purple,1%8 X-ray,10018 light blue, 10623 NMR06.115 MS 22 [R, 2223100103 [JV, 28073115 glec. d.,100115
magn. d,15 bond angles;%f with MeTHF: NMR, magn. d., elec. d,!15 UV;’3115 with methylpyrrole:
NMR;% with py (5f): X-ray,?*light blue, NMR, MS, IR, UV;22 with phen: red brown, IR,
melt./dec.;1%® with (—)-nicotine: NMR;® with NCMe (7f): blue, MS, IR,2% UV;2%7 with 2NCMe (7f):
UV;127 with <CeH;;NC (9f): violet, magn. d.,°¢ IR, melt./dec.,%130 NMR, 130 JV,136 with OP(QEt)s:
blue-violet, IR, NMR, dip,%% with CH;PMePh,: purple, X-ray, NMR, IR, melt./dec.”"2

yellow orange, powder diffr., vis,'® y-spectrum?¢

orange,'?2b X.ray 31688 powder diffr.,'* NMR,?® IR, Raman,*® UV—vis,'87¢ lumines.,”7~7 MS,4449.50,74.80
melt./dec.,'22578 magn. d.,12>7 elec. d.,* 65 thermo. d.;#47 50524,58,59 complex with THF (2h):
yellow,22 235,26,108 melt, /dec ;3 X-ray;34 NMR 106 IR,2% 236,689 UV, MS;226% with 2THF: melt./dec.;?
0OS(Me)C¢H Me-4 (4h): NMR uv;iz with Py (5h): X- -ray, 2 yellow NMR, IR, UV, MS;23%= with
NCMe (7h): X-ray,0= yellow, MS,23a UV 232,694 [R:232,124 [yminesc.;5% with 2NCMe: UV, luminesc.;8%*
with ¢<C¢H;;NC (9h): NMR, melt./dec.,130 IR,12413° UV, magn. d.,'3” with OP(OEt);: orange, IR,
NMR, dip,%% with CH;PMePh,: yellow, X-ray, NMR, IR, melt./dec.”™

brown, IR,!5 lumines.,””® melt./dec.,’® mag. d.;! complex with THF (2i); brown, NMR,2 UV,
luminesc., magn. d.%! M68b.;556%2 with 2THF: melt./dec.;? with py (5i): orange, NMR, IR, MS,
UV;2% with <CgH;;NC (91): IR, melt./dec.,!3° NMR;85130.138 UV, luminesc., magn. d., M6gb.,%!
with OP(OEt)s: brown, IR, NMR, dip.8%

pale yellow,122b powder diffr.,!8 UV—vis,’35 Raman,*348 PE, 5 MS, 44950 melt./dec.,122> magn. d.,12>
elec. d.,*8381 thermo. d.;*47505859 complex with THF (2k): X-ray,*>*" IR,?2 bond angles;3f
with ¢CeH;;NC (9k): NMR, IR, melt./dec.,!3® with OP(OEt);: white, IR, NMR, dip.5%

colorless,'* powder diffr.,18 IR,'* Raman,*® MS,44%50 melt./dec.,’* magn. d.,4 thermo. d.;44475051
complex with THF (21): dark green,® lumines.;?*10¢ with MeCO.Bu (8f): UV;!?l¢ with NCMe (71):
X-ray,'2'=2 UV, with ‘C¢Hy;NC (91): colorless, %139 melt, /dec.,%8:130.139 TR 9 NMR 130 magn. d.,%
w1th OP(OEt)s: white, IR, NMR, dip.%%

vellow,'? Raman,* UV,” MS,#4%50 melt./dec.,'?® magn. d.,!? elec. d.,*56373 thermo. d.;444750.51
complex with THF (2m): X-ray,“‘*'“‘ive'f’0 MS;%9 with «CeH;;NC (9m): NMR, IR, melt./dec.,!3
with OP(QOEt);: ivory, IR, NMR, dip.5%

yellow,'* powder diffr.,8° NMR,8 UV—vis 148 Raman,*® MS, 44495087 melt./dec.,!* magn. d.,}*
thermo. d.;*447505167.69 complex with HoO: pale yellow, X-ray;* with <C¢H;;NC (9n): yellow,%:139
melt./dec.,%6:130.139 NMR, 65130 IR %130 magn. d.,% with OP(OEt)s: beige, IR, NMR, dip.69

pink,'? X.ray,3 IR,12># Raman,*® UV —vis,0082M844,49.50 malt /dec.,12*83 magn. d.,!2" elec. d., %
thermo. d.;#475051 complex with THF (20): pink,2269 X-ray 6 IR, MS,22 UV;% with phen: dark red,
IR, melt./dec.;'® with ‘CgH1;NC (90): NMR, IR, melt./dec.,!3® with OP(OEt);: pink, IR, NMR, dip.6%

yellow green,'* X-ray,363 powder diffr.,'®* NMR,3%65 IR,1484 Raman,*® UV—vis,6084MS,44:49,50,67
melt./dec.,* magn. d.,'* thermo. d.;#446:47.5051.67.69 complex with THF (2p): NMR,38 UV, IR;® with 3THF:
melt./dec.?5 with (—)-nicotine: NMR;® with ¢<C¢H;;NC (9p): IR, melt./dec.,!3° NMR,$5.130
with OP(OEt);: green, IR, NMR, dip.%%

dark green,!2:8 X-ray,3 NMR, 7285 [R 228387 [JV—vis 60.7L7286-90 M 4449506774 melt /dec, 1208347
magn. d.,'® elec. d.,* thermo. d.;#446.805152467.74 complex with THF (2q): green % X-ray,108 IR,587%
NMR,25 UV 73,86,87,90 melt./dec.;87 w1th 2THF: melt./dec.;2’ with MeTHF: UV;” with OS(Me)CeH4Me 4
(4q): X-ray, Uv;iaid tetrahydrothiophene: UV;% with NH3: green, IR, mel'c./dec.,87 UV,8687.8 NMR;%
with NEts: UV;% with pyrrole: UV;® with py (5q): green, IR,232 UV 2328 NMR;85¢5 with pyrazine (6q):
green brown, X-ray, NMR, MS, IR, magn. d.;'?2 bond angles;? with ‘C¢H;;PH2: green, UV, with
CegHsPHo: green, UV, with (‘CgH11)oPH: UV; with HPPhy: UV;® with PEts: UV,;% with PBus:
synthesis;’? with P(¢cC¢Hi11)s: UV;® with PPhg: black, melt./dec.,% UV;868° with Me,PPh: UV; with
CIP‘Buy: UV;#° with NCMe (7q): olive green, IR, 23 UV;2328 with NCEt (8q): X-ray;'?® with NCPh:
UV; with NCCsH Me-4: UV; with NCCgH4Cl-4: UV;# with ‘CsH1:NC (9q): green,’®139 NMR, 585130
IR 96,130 JV 607386 melt./dec.,%6130:139 magn. d.,% with OP(OEt);: green, IR, NMR, dip.%%
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Table 1 (Continued)

Schumann et al.

compound Ln

color, characterization, etc.

(CsH5)3Ln Lu 1r

colorless,'* X-ray,* NMR,*3487 IR ¥ Raman,*® MS, 4495067 melt./dec.,'* magn. d.,"

thermo. d.;3*4447.50.51.67 complex with THF (2r): X-ray,!’® colorless,!?6:11!
NMR;'% with <CgH,;NC (9r): NMR, IR, melt./dec.;'*" with CH,PPhj: colorless,
NMR, IR, melt./dec.,'** with OP(OEt)s: colorless, IR, NMR, dip.5%
[Na(THF),)[Ln(C5;H5),] La 10c n = 1: beige, NMR, IR!!3
Ce 10d n = 1: red, NMR, IR, magn. d.,109.113 Jy109
Pr 10e n = 0: green yellow, NMR, IR, magn. d.!'3
Nd 10f n = 1: light red, IR, magn. d.'"®

[Na(THF)][(C5;H5)3LnI] Ce black brown, magn. d.1%?
Na[{C,r,H,:,)gLnBH.;] Pr NMR“Q
Na{[(CsH;5)3sLn]o(BH,)} Pr NMR!"?
Na[(C5H;)3L.nO’Bu] Pr NMR!19
[Na(phen);][(C5H5)3Ln-Cl](phen) La colorless, NMR, IR%%

Pr yellow, X-ray, IR%%

Nd blue, IR5%
[Na(THF)s){[(CsH5)sLn]o(u-H)} Lu 11r complex with 2 THF: colorless, X-ray, NMR, IR!*
[BusN][(CsH5)3LnNCS] Pr LVasl
[(BusNH{[(CsHj5)3Ln]o(u-NCS)} Pr NMR!9
[BusN][(C5H;5)3LnBr] La colorless, NMR!46¢
[BuyN][(C5H;5)3LnI] La colorless, NMR!46¢
[BusN][(CsH5);LnNCBH3] Pr NMR!"?
(C5H5);LnFU(C5H;5)4 Yb JR148
[Li(THF),][(CsH5);LnMe] Pr NMR!?
[Li(THF)4][(CsH5)3LLnAlIH,] Pr NMR!19
[Li(DME);][(CsH5)sLnPh] Nd X-ray!45.146

[Li(DME)3){[(CsH5)sLnlo(u-H)} Nd

purple,m X-ray”‘”-l52

[Li(DME); {[(C5H5)3Lnla(x-N3)} Sm 12h yellow, X-ray, NMR, IR, melt./dec.!5°

iLl(DMEJ;]{ |_(C5H5}:;Ln Iz(;t-Cl )} Sm
[Li(DME); [{[(C5H5)sLn]x(x-Me)} Sm NMR!54

Lu NMR!4
[Li(DME);){[(C5H5)sLin]o(-GeMes)} Sm yellow, NMR!53

yellow, X-ray, NMR, melt./dec.!5

Figure 6. Structure of [Li(DME)3][(C5H5)3Sm(u-N3)Sm-
(CsHs)3] (12h) in the crystal.!50

nolanthanides containing the anions [(C;H3);LnX]~
(Ln = Pr, X = O’Bu, Me, Bu, AlH4, BH;, NCBHj3; Ln
= Nd, X = NCBH3), on the existence of [BuyN]-
[((CsH5)3Pr)o(u-X)] (X = NCS, NCBH;) and Na-
{[(CsH5)3sPrlo(u-BH4)}. Two years later, the hydrido

2(C:H,),Ln(THF) + MX >~
2

[M(S),][(C;H;)sLn(u-X)Ln(C,H,),(THF), (6)
11,12

In=Lu: M=Na;S=THF;n =6, m = 2;
X=H,D((11r)

ILn=Sm: M=Li;S=DME; n=3;m =0;
X = Nj (12h)

complex [Na(THF)sJ{[(CsH5)3Luls(u-H)}(THF), (11r)
was isolated from the reaction between (CsH;).LuCl-
(THF) and sodium hydride in THF,'*° and an X-ray
structural analysis showed it to be like the corre-
sponding azido species 12h (Figure 6).1° Both types
of compounds can be obtained from 2 or from the
reaction of (CsHj;):NdCI(LiCl); and lithium methyl-

naphthalene. The latter reaction is not very well
understood. 45151152

(CsH5)2Sm(u-Cl);Na(DME) reacts with LiGeMe; in
DME form'mg [LI(DME)3][(C5H5)3SII1(?]-C].)SIT1(C-',H=,)3],
which was proven by an X-ray structural analysis.
Excess of LiGeMe; is necessary to make isolation
of extremely air-sensitive [Li(DME);][(C5H5);Sm(#-
GeMe3)Sm(C;H;)3] possible.!?? Finally, it should be
mentioned that '"H-NMR studies indicate that the
reactions of 1 with MeLi in DME results in the
formation of the methyl-bridged derivatives [Li-
(DME);][(CsH5)sLn(u-Me)Lin(CsHs)3] (Ln = Sm, Lu).'*

Tris(cyclopentadienyl) rare earth complexes and
some of their adducts discussed above are used
as starting materials for the synthesis of other or-
gano rare earth compounds,?*'5°-163 a5 reducing
agents,'%4-168 a5 reagents to make other organome-
tallic compounds,'®® as catalysts,!’°"1™* and as precur-
sor for electronic doping materials.'75~177

A list of references for spectroscopic and other data
of solvent-free tris(cyclopentadienyl)lanthanides, their
Lewis base adducts, and other tris(cyclopentadienyl)
derivatives of the rare earths together with refer-
ences found after completion of the manuscript is
given in Table 1.

2. Derivatives with Substituted Cyclopentadieny! Ligands

While tris(cyclopentadienyl) metal complexes of the
rare earths with three C;H; ligands have been
studied in great detail the corresponding derivatives
with substituted cyclopentadienyl groups C;H,R;-,
have received much less attention. The synthetic
routes to synthesize complexes with three monosub-
stituted-cyclopentadienyl ligands (Table 2) follow the
methods used for CpsLn compounds. New methods
are found or have been developed recently to get the
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Table 2. Spectroscopic and Other Data of Tris(cyclopentadienyl)lanthanide Compounds Containing Substituted

Cyclopentadienyl Ligands

complex Ln color, characterization, etc.
(MeCsHy)sLn Sc 18a orange-red, diff., IR, NMR®7
Y 13b complex with THF: NMRS178
La 13c colorless,'” NMR,52 cond.,'8® MS, 8 melt./dec.,!” X-ray;!®2 complexes with THF:
MeCN, Me,NF and other donors522
Ce 13d yellow orange,?® X-ray,? IR,% MS,* melt./dec.;*° complexes with THF 0.183a184
[N(CH2CH2);CH],1832.b PMe? 18 [P(QOCH2);CEt],1832b NCEt,** CNEt,* CNtBu,40 CN<CgH ;%
Pr 13e NMR,!!° PE 86 MS;1% complex with CN!Bu,!1® CN<C¢H ;%
Nd 13f reddish blue,®” X-ray,#8 MS,22180 melt./dec.;'87188 complex with CN°C¢H;,%
Sm 13h orange,?8°214 R 22 MS;22 complex with Co(CO)4 and Fe(CO)y(CsH;)140:141
Gd 138k yellow,22 IR,22 MS22
Tb 13l complex with THF: lumines.%:104
Dy 13m PEL®
Ho 18n complex with H;O: X-ray®
Er 130 use for MOCVD!7?
Tm 13p green yellow,? UV 8 MS,!80 melt./dec.8¢
Yb 13q dark green, diff,5°7 X-ray,!®® IR,!8697 NMR, %97 MS, 180 melt./dec.,189897 v.p, 897 reaction;!%
complex with CNtBu!?®
(EtCsH4)3Lin Sc MS#b
(PrCsHy)sLn Sc MS#
(iPI‘05H4)3Ln SC MS44b
La MS, 192,193 thermo. d.191
Ce melt./dec.19%
Pr MS,1921932 thermo. d.,1°! catalyst!942
Nd MS,192.193 thermo. d.191
Sm MSIQ3E
Gd synthesis, use for MOCVD194
Ho catalysti%
Yb MS,19% melt./dec.”’
(‘BuCsH,4)sLn Nd green violet, X-ray, IR, MS; complex with THF!%
(‘BuCsHy)sLn La complex with THF: white yellow, NMR, IR;1% with LiCI(THF);: white, X-ray, IR, NMR703
Ce purple, NMR, IR, MS, melt./dec.,* reactions!84520
Nd green violet, IR, MS, DTG, melt./dec.;'*” complex with LiCI(THF)3: X-ray;%®
with LiBr(THF)3: X-ray, IR,1%%
Sm orange, NMR, IR19%
Dy yellow, IR, MS, DTG, melt./dec.19
Tm greenish, IR, MS, DTG, melt./dec!®’
(*BuCH3CsHy)sLn Nd blue, IR, MS, melt./dec.1%5
(MeOCH,;CH.CsHy)sLn La colorless,%8 X-rayl9b
Pr yellow, X-ray!98
Nd blue, IR, MS, melt./dec.1%
Sm yellow 8% X-ray, 1980699 NMR, MS, melt./dec,5° UV —vig?™
Yb dark green, MS, melt./dec.8%®
(Me:NCH,;CH:CsHy)sLn La white, X-ray, IR, NMR, MS, melt./dec.7
Nd blue violet,1% X-ray,’® IR, MS, melt./dec.19
(Me3SiCsHy)sLin Ce blue, NMR, IR, MS, melt./dec.; complexes with NCEt, CNEt, CN*Bu*’
Pr NMR,; complex with THF1°
[(Me3Si).CsHzlsLn Ce 14d blue, X-ray, NMR, IR, MS, melt./dec.; complex with CN‘Bu*®
Sm 14h X-ray, NMR, IR, magn. d.1%
(Et3SiCsH4)sLin Pr OS(Me)Ce¢H Me-4 adduct: UV and NMR12ib
(MesCsH)sLn La 15¢ green yellow, X-ray, NMR, MS, melt./dec.2002,701
Nd 15f blueviolet, NMR, MS, melt./dec.”!
Sm 15h blood-red, X-ray, NMR, MS, melt./dec,2002.701
Tb 151 orange, X-ray, NMR, MS, melt./dec.2002,701
[CsHoMe(CHg)slsLin Nd green, X-ray, IR, MS"02
(CsMes)sLin Sm 16h red, X-ray, NMR, IR20!

more interesting complexes with two or more sub-
stituents on the cyclopentadienyl ring, like [(Mes-
Si)oCsH313Sm (14h), which can be made by metath-
esis of SmCl; and KCsH3(SiMes)2.1% Although all
attempts to get the analogous cerium derivative 14d
by salt elimination methods failed, 14d was readily
formed according to eq 7:4°

Ce[N(SiMey),1; + 3(Me,Si),C,H, —
[(Me,Si),C;Hjl,Ce + 3(MeySi),NH (7)
14d

Although the pentamethylcyclopentadienyl system
is particularly popular in the organometallic chem-
istry of the rare earths, it was only recently that
Evans et al. obtained the first tris(cyclopentadienyl)-

lanthanide complex containing three bulky penta-
methylcyclopentadienyl ligands??! according to eq 8:

2 (CsMes),Sm +

16h
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Figure 7. Space-filling model of (Me;C5);Sm (16h).%01
(Reprinted from ref 201. Copyright 1991 American Chemi-

cal Society).
k:./“' H
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\' \IL..
! |
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Figure 8. Structure of (Me,C;H);La (15¢) in the crystal .2

In the solid state 16h is a discrete monomer
(Figure 7)?°! just as the analogous tetramethylcyclo-
pentadienyl derivatives 15c¢ (Figure 8), 15h, and
151,2° the bis(trimethylsilyl)cyclopentadienyl deriva-
tives 14d%° and 14h,'* or (MeOCHCHCsH,)3Pr!98
as well as tris(methylcyclopentadienyl)ytterbium
(13q),'®® whereas the derivatives 13c¢ (Figure 9),82
13d%° and 13f'8 crystallize as cyclic tetramers.

The mono- and disubstituted tris(cyclopentadienyl)-
lanthanides show, in general, chemical behavior simi-
lar to that of the unsubstituted tris(cyclopentadien-
yl) complexes. They form stable, monomeric 1:1 ad-
ducts with Lewis bases like THF, OS(Me)CsHsMe-4,
nitriles, isonitriles, phosphanes, some of which have
been studied by X-ray diffraction (see Table 2).
Evidence for adducts with transition metal carbonyls
and nitrosyls has been derived from infrared spec-
troscopy, whereas the water adduct, (MeCsH,4);Ho-
(OHy), has been characterized by X-ray crystallogra-

phyp3

3. Miscellaneous Derivatives

Heteroleptic tris(cyclopentadienyl)lanthanide com-
plexes containing two different substituted cyclopen-
tadienyl ligands (Table 3) could be prepared using

Schumann et al.

—

Figure 9. Structure of {(MeCs;H,);Lal, (13¢) in the crys-
tal.1®2 (Reprinted from ref 182. Copyright 1991 Elsevier
Sequoia).

Al 4 Sm2 4% -
'? Smi @ .r:‘k" . : :

&

Figure 10. Structure of (C;Mes);Sm(u-C5H5)Sm(CsMes),
(18h) in the crystal.?02a

the metathesis route from bis(cyclopentadienyl)-
lanthanide halides and sodium-substituted cyclopen-
tadienide compounds,® or in the case of (C;H5)Sm(Cs-
Mes), (17h) from excess cyclopentadiene and the
strongly reducing (CsMe;).Sm or its THF complex (eq
9).202a With a deficiency of CsHg, the mixed-valence
complex (CsMes)eSm(u-CsH5)Sm(CsMes), (18h) forms.
The coordination environment around the Sm(III)
ions in 18h (Figure 10) is similar to that found for
the Sm atom in 17h, which was also observed as one
of the products formed in the reaction of [(CsMe;)s-
Sm(THF),][BPh4] and KCsHj5.208

hexane

(CMe;),Sm(THF), + C.Hy — s

nTHF
(C;H;)Sm(C;Me:), + '/,H, (9)
17h
n=20,2

In addition to a series of heteroleptic tris(cyclopen-
tadienyl)lanthanide complexes containing ring-bridged
dicyclopentadienyl ligands with®2% and without?%4
a coordinating oxygen atom within the bridge, just
three other compounds of this type are in the
literature, (C5H5)Y(C§H4CH20H20M9)2,174 (CsH;})QYb-
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Table 3. Spectroscopic and Other Data of Miscellaneous Tris(cyclopentadienyl)lanthanide Derivatives

complex Ln color, characterization, etc.

(CsHs):Ln(CsH Me) Er pink, IR, melt./dec.®®
(CsHs):Ln(CsH4CH,CH20OMe) Y X-raylo®
(CsHs)Ln(CsHqMe)s Yb green, IR, melt./dec.®?
(CsHs)Ln(CsMes)s Sm 17h orange-red, X-ray, NMR, IR, magn. d.20%
(CsH5)Ln(CsH,CH,CH2OMe), Y catalystl?
(CsHs):Ln(CsH,PPh,0) Yb complex with OPPhs: yellow, X-ray, NMR, UV, IR202
(CsHs)Ln(CsH,PPhy), La complex with THF: colorless, X-ray, NMR, MS203
(CsHs)Ln[CsH4(CHy)sCsHyl Y complex with THF: white, IR, NMR, melt./dec.20*
(C5Hs)Ln[(CsH4CH2CH2);0] Y colorless, NMR, IR, MS, melt./dec. 93205

Nd blue, IR, MS, melt./dec.2%

Gd pale yellow, IR, MS, melt./dec.2%

Ho pale yellow®?

Er pink, IR, MS, melt./dec.2%

Yb dark green, IR, MS, melt./dec.2%

Lu white, NMR, IR, MS, melt./dec.20%
(MeCsH4)Ln[(CsH4CH2CH,);0] Y white, NMR, IR, MS, melt./dec.93:205

Ho yellow®

Yb dark green, IR, MS, melt./dec,205
[(CsMes)oLinla(u-CsHs) Sm 18h brown, X-ray, NMR, IR, magn. d.2022
Me,Si(CsH;3Buf);LnCsHMey La complex with THF: yellowish, X-ray, NMR, MS, melt./dec.20%

Nd complex with THF: blue, MS, melt./dec.20%
Me:Si(CsMey)(CsH3Bu)Ln(CsMHMe, (THF)  La colorless, X-ray, NMR, MS, melt./dec.”%

Nd colorless, NMR, MS, melt./dec.”%
[Me2Si(CsHy)o]lsLing Yb green, IR, UV350
[2,6-(CH205H4)205H3N]3LD2 Pr yellow, NIV.[R707
(C7H;1)sLn Nd 19f green, X-ray, NMR, IR;2¢ reactions’®

Sm 19h pink, NMR, reactions?®

Gd 19k  X.ray 2060

Lu 19r orange, X-ray, NMR, melt./dec.20

(CsH4PPhyO)OPPhs),2?® and (CsHs)La(CsHsPPhy),.20
The X-ray structure of the Yb(III) complex indicates
that the ytterbium atom is eight coordinate with two
n5-bonded cyclopentadienyl groups and the oxygen
atoms of Ph;PO and the OPPh.C:;H, ligands are
bound to Yb rather than 10 coordinate with three 75-
bonded cyclopentadienyl groups and one oxygen of
Ph;P0Q.202> The latter bidentate, monomeric lantha-
num complex (Figure 11) is obtained by reaction of
LaCl, with the thallium salt, TIC;H,PPhs, in THF
followed by subsequent treatment with NaCs;H; (eq
10):

LaCl, + 2 TIC;H,PPh, { (thPCSH,,)zLaCl(TI-IF)}

-2 Tict

l NaCH, / THF

NaCl

C/O/ +
P\
@ \© (10)

Finally, mention should made of the lanthanum
and neodymium derivatives of MeySi(CsMey)(CsHs-
‘Bu)Ln(CsHMe,(THF) in which three different cy-
clopentadienyl ligands, two of them connected via a

Figure 11. Structure of (CsHs)La(CsH4PPhy)o(THF) in the
crystal.208

MesSi bridge, are bonded to a lanthanide metal,’%
to the dinuclear ytterbium complex [MesSi(CsHy)z]s-
Yb,,55° the dinuclear praseodymium complex [2,6-
(CH3CsH,4)2CsH3N13Prs,77 and to organolanthanide
compounds with three 2,4-diethylenedienyl ligands,
often named “open-Cp ligands”. Reaction of NdCl;
or LuCl; with 3 equiv of potassium 2,4-dimethylpen-
tadienide yields (C7H;1)sNd (19)2%2 or the corre-
sponding lutetium derivative (19r),207 respectively.
Variable-temperature NMR spectroscopy shows that
19f is fluxional in solution, whereas the solid-state
structure of (73-C7H1)Lu(n5-C-Hn )z (Figure 12) ex-
hibits two different sets of ligands in contrast to the
structure of 19f which has three identical pentadienyl
ligands. 19f reacts with NdCl; in THF yielding
(CH11)NdCl15.20° The X-ray structural analysis of
the gadolinium derivative 19k has also been
done.206b
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Figure 12. Structure of (C;H,;);Lu (19r) in the crystal.207

B. Bis(cyclopentadienyl) Rare Earth Complexes

1. Bis(cyclopentadienyl) Rare Earth Halides and Pseudo
Halides

a. Cyclopentadienyl Derivatives. The rapid
development of organolanthanide complexes with #!-
bonded ligands was only possible when the bis-
(cyclopentadienyl)lanthanide halides became avail-
able. In 1963 Dubeck et al.'” reported on the synthe-
sis of a number of thermally stable, but air-sensitive,
bis(cyclopentadienyl)lanthanide chlorides. Although
a couple of different synthetic approaches®'%2!® have
been proposed since then, the direct synthesis from
LnCl; and NaCs;H; (eq 11) or the comproportionation
reaction between LnCl; and Ln(Cs;Hs); (eq 12) in THF
are the most useful.

LnCl, + 2NaC.H, —
(C,H,),LnCl + 2NaCl (11)
20

LnCl, + 2Ln(C;H,); — 3(CsH,),LnCl (12)
20

Although reactions 11 and 12 appear to be quite
general, it was already noted that the lanthanides
with large ionic radii (La through Nd) failed to give
isolable compounds. Due to the fundamental impor-
tance of the complexes 20, single-crystal X-ray struc-
ture determinations of (C;H;),L.nCl with Ln = Sc¢
(20a),?'1212 Gd (20k),?'* Dy (20m),?'* Ho (20n),?4%2 Er
(200),°"> Yb (20q),2'%217 and Lu (20r)’°" have been
described. From ebulliometric measurements, it was
known that these two ring compounds are dimeric
in benzene and monomeric in THF. 20a was the first
complex of this series to be structurally characterized,
and it consists of well-separated dimers, in which two
(CsHj5)2Sc"-units are symmetrically bridged by two
chloride ions, as shown in Figure 13.

Isolated dimers have also been found for the
erbium and ytterbium complexes 200 and 20q.

Schumann et al.

Figure 13. Structure of [(C;H;),ScCl], (20a) in the crys-
ta] 211212

crystaj. 24

Figure 15. Structure of [(C;H5);GdCl]; (20k) in the
crystal.?!?

However, a structural change is observed on going
to the lanthanide ions with larger ionic radii. Thus,
the dysprosium complex 20m is made up of infinite
double chains (Figure 14), in which each chloride ion
bridges two Dy?" ions, whereas the gadolinium
complex 20k consists of tetramers [(C;H;)2GdCl],
(Figure 15).

While the coordination environment of each Dy**
in 20m is identical throughout the crystal, two
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Figure 16. Structure of [(C5H5),YCl]2(AlH3)(OEt,) in the
crystal.219a

Figure 17. Structure of [(C:H5);NdCI(THF)], (21f) in
the crystal.?20a

nonequivalent species of Gd** exist in 20k with
formal coordination numbers of eight and nine.

Although Lewis bases readily cleave the [(C5Hs)q-
LnCl]; dimers (vide infra) three reports on the
reaction of Lewis bases with 20b218:219 or 20f,15! show
that the dimeric structure of 20 is retained. 20b
reacts in Eto:O or benzene with AlH3OEt: and
A]H;;'NEta to fOI'II'l [(C5H5)2YCI]2'A1H3'OEt2218 and
[(CsHs5)2:YCll2(AlH3°NEt3),%'° respectively. X-ray
structure studies revealed, in both cases, unaltered
[(C.H5):YCl]; dimers in which the Y** centers bind
either one or two additional molecules of AlH5OEt,
or AIHyNEt; presumably via AlI-H-Y bonds (Figure
16).

The tendency of the bigger lanthanide ions to adopt
higher coordination numbers is reflected in the
recently elucidated structures of [(CsH;5).NdCI(THF)],
(21£)145:151.220a (Figure 17) and [(C5H5):ErCl(THF)],
(210).22%> Both Ln3* ions reside in the center of a
distorted trigonal bipyramid. The stability of 21f
may provide an explanation for the observation that
solvent-free bis(cyclopentadienyl)lanthanide chlorides
have only been obtained from Sm through Lu.

Although the bis(cyclopentadienyl)lanthanide chlo-
rides greatly outnumber the corresponding fluorides,
bromides, and iodides, some complexes of the type
[(CsH5):LnBr]; with Ln = Sm (22h),%° Gd (22k),?*!
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C I .

Figure 18. Structure of [(C5H5)2:ScF]; in the crystal.?’

Dy (22m),222 Er (220),222 and Yb (22q)2'62!7223 have
been prepared. The latter compounds have been
obtained from stoichiometric reactions similar to eq
11, except that LnBr; rather than LnCl; is used.
Structural data are available for all compounds
mentioned above except for 22h. It is interesting to
note that almost all bis(cyclopentadienyl)lanthanide
bromide complexes that have been structurally char-
acterized so far belong to the [(C;H;)2ScClls-type
structure. However, two solid-state structures have
been found for the gadolinium complex 22k. Subli-
mation at 130 °C afforded spherical crystals of
[(C;H5)2GdBr]; which belonged to the [(C5H5)2ScCl],-
type structure, but at 150 °C, needle-shaped crystals
were obtained. An X-ray diffraction study of these
needles revealed a polymeric structure which is
reminiscent of the double chains found in 20m. The
existence of two crystalline modifications of 22k can
be explained by the temperature dependence of the
gaseous phase equilibrium between dimeric and
monomeric molecules as indicated in eq 13. Below
130 °C the concentration of [(CsH5):GdBr]; in the gas
phase is higher than that of monomeric (CsH;):GdBr,
leading to the formation of crystals that are made
up of isolated dimers. As the temperature is raised
to 150 °C, the concentration of (C;H;5),GdBr increases
which in turn favors the formation of infinite chains
of [{C5Hj5)2GdBrl: upon cooling to room temperature.
The latter considerations are based upon qualitative
and quantitative results of the fragment ions in the
mass spectra, which have been recorded at various
ion-source temperatures.??!

[(C5H;),GdBr], ==—= 2(C;H,),GdBr  (13)

To date, only one example of a bis(cyclopentadienyl)
rare earth fluoride has been reported. [(Cs;Hs)2ScF];
(Figure 18) was isolated from the reaction of ScFj
with excess Na(Cs;Hs) which was originally designed
to produce Sc(CsHj)3.2°

In contrast, the three known solvent-free bis-
(cyclopentadienyllanthanide iodides [(Cs;Hs):LnI],
(Ln = Sm (23h),*® Er (230),'*® and Yb (239)***) have
been reported but they are poorly characterized.
There are also only two cyanide complexes in the
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Figure 19. Structure of (C;H;);LuCl(THF) (21r) in the
crystal.230

literature (Cs;H;)2:NdCN and (CsH;5):YbCN which
were synthesized from the corresponding 1 and liquid
HCN in benzene.??*

Monomeric THF adducts of the type (CsHs).LnCl-
(THF) (21) are best prepared by dissolving 20 in THF
followed by subsequent crystallization. However,
only (C;H5).LnCI(THF) with Ln = Sc (21a),2%?® Y
(21b),>?6 Nd (21£),%27 Eu (21i),2* Gd (21k),%%® Yb
(21q),**” and Lu (21r)**° have been studied in detail.
These compounds are remarkably thermally stable
and are reported to sublime under reduced pressure
without loosing the coordinated THF. A single-
crystal diffraction study of 21r revealed the expected
structure (Figure 19).%° Both cyclopentadienyl rings
are 17°-bound to the Lu®* ion and the centroids of the
cyclopentadienyl rings, the Cl™ ion and the oxygen
atom of the THF molecule define a polyhedron
around lutetium which is often referred to as a
pseudo or distorted tetrahedron, a structure type that
1s common in organolanthanide chemistry and it will
be encountered in a variety of complexes with for-
mally eight-coordinate lanthanide ions.

The coordinated THF in the above-mentioned
complexes, as well as that of (C5Hs);LuBr(THF),23!
can be readily displaced by a variety of Lewis bases
such as MeCN,'?* <C¢H;;NC,'** 4-MeCgH,CN,!2¢
bipy,*? or phen.'?> Using DME as a solvent and
omitting the sublimation step in the work-up proce-
dure, Schumann et al. obtained alkali chloride-
stabilized bis(cyclopentadienyl)lanthanide chlorides
of the general formula (C;Hj;);Lin(u-Cl);Na(DME),, of
nearly all rare earth metals (eq 14).1%3:233

LnCl, + 2NaC,H, =

(C.H,),Ln(u-C1),Na(DME), + NaCl (14)

Ln = Sm, Gd, Dy, Er, Yb, Lu (n = 1);
Ho, Lu (n = 2)

Finally the bimetallic complex (C5Hj)2Y(u-Cl).Al-
(CHj3)2,%%* the zwitterionic compound (CsHjs).Lu(Cl)-
(CH3PPhyj),?* (CsH;)oLuBr(PhCH3NHby), (n = 1, 2),23
as well as an anionic iodide complex thought to have
the composition [Na(THF)][(CsHs5)2Cels],'? have
been described. References for bis(cyclopentadienyl)-

Schumann et al.

lanthanide halides and pseudohalides are given in
Table 4.

b. Pentamethylcyclopentadienyl Derivatives.
It should be pointed out that much of the recent
success in the synthesis of highly reactive organo-
lanthanide species can be attributed to the favorable
chemical properties of complexes with a bis(penta-
methylcyclopentadienyl) ligand environment. These
compounds usually have high solubilities in nonpolar
solvents, crystallize well, and are stable toward
ligand redistribution due to the size of the penta-
methylcyclopentadienyl ligand. Within the bis(pen-
tamethylcyclopentadienyl)lanthanide halide series,
the majority of complexes are organolanthanide
chlorides.

Very recently, however, a number of fluoride
complexes have been isolated and most of them
structurally characterized. The base-free complexes
(CsMe5): Yb(u-F)Yb(CsMes): (24q),%%% (CsMes)sYbsFy
(25q),262263 and (Cs;Mes)sYbsFy (26q)%*%* show unex-
pected and unprecedented structures. Not surpris-
ingly, none of them had been prepared from LnF;
since the trifluorides of the lanthanides are com-
monly regarded as being too insoluble, even in polar
solvents, and therefore too unreactive toward organo
alkali reagents. A very elegant way of forming
lanthanide—element bonds has been described for the
bivalent lanthanides (notably Sm, Eu, and Yb) which
utilizes the reduction potential of organolanthanide-
(IT) complexes. Thus, (CsMes5):Yb reacts with CgFs
in toluene (eq 15) to form two paramagnetic mixed-
valence complexes which were identified as 24q and
25q by X-ray crystallography.

PhMe

“(CSMes)ng L2 CGFS”

24q 25q

The molecular structure of 24q (Figure 20) shows
a crystallographically constrained linear Yb(2)- - -F—
Yb(1) unit in which each Yb atom is surrounded by
four n°-bound (C;Mes) rings oriented so as to mini-
mize intramolecular steric repulsion. This geometry
(the centroids of the rings define a tetrahedron) is
very typical for homobimetallic bis(pentamethylcy-
clopentadienyl)lanthanide complexes and appears to
be independent on the nature of the additional
ligands that are attached to the lanthanide ion. The
bridging fluoride ion is closer to Yb(2) (208.4(2) pm)
than to Yb(1) (231.7(2) pm) which allows the assign-
ment of Yb(2) as Yb®*" and Yb(1) as Yb?". Thus 24q
can be regarded as being composed of two distinct
fragments, namely (CsMe;); Yb''F and (CsMe;), Yb'.
This trapped-valence formulation is supported by
results from variable-temperature measurements of
the magnetic susceptibility which showed no indica-
tion of spin coupling.

The paramagnetic compound 25q can be obtained
either by heating 24q or oxidizing (CsMe5).Yb with
AgF. The crystal structure of 25q (Figure 21)
consists of a regularly arranged cyclic set of two (Cs-
Me;),Yb'''F and two (C;Me5)Yb!'F fragments which
is held together by four fluoride bridges. While the
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Table 4. Spectroscopic and Other Data of Bis(cyclopentadienyl)lanthanide Halides and Pseudohalides

complex Ln

color, characterization, etc.

(C;;Hs,)zLIlF Se

orange, X-ray, NMR, IR, MS;?° complex with CN¢CgH;!**

(CsHs).LnCl ~ Sc  20a green-yellow,?¢ X-ray,?!112 PE 237 NMR,*-?%¢ melt./dec.;?* complex with THF (21a)**®
Y 20b colorless,?3® NMR,204220d.239,240 PE 186,241,242,243 \[S;220¢ X_ray of complex with AlH; and
Et,0,218219a AJH; and NEt3;2'% complex with THF (21b);%?6 complex with Me;AlC]1**

La 20c complex with 2phen!?3
Ce 20d complex with 2phen!?
Pr 20e complex with 2phen!??

Nd 20f green;?*” complex with THF (21f): PE,?20¢ X-ray;!45.151.220a.227 complex with phen and 2phen;!??

reactions244

Sm 20h yellow,!93155210 JV 84 MS 80 Jlumines.?*> magn. d.,'> melt./dec.;>> complex with MeCN;!%
complex with NaCl(DME);!53 reactions!71:246:247,248

Eu 20i complex with THF: violet, NMRZ*

Gd 20k colorless,'® X-ray,?'? IR, PE,31:186 M, 220e XPS 232.241.242 magn, d.,15%22% complex with

THF (21k),228 bipy,232 NaCl(DME)!53
brownish, %3 MS,#2% reaction;**?* complex with NaCI(DME)!%?

Tb 201

Dy 20m yellow,'* X-ray,?* MS,22%¢ XPS, 232 magn. d.,!°® melt./dec.,'5® reactions;**¢ complex with

bipy,?? NaCl(DME)!53

Ho 20n yellow,!5 X-ray,24% [R5 MS,220 XPS, 232241242 magn

. d., 155250 melt./dec.,!®® reactions,71216

complex with bipy,22 MeCN,'2¢ NaCl(DME),!%3

Er 200 pink,!55 X-ray,2!5.220b [R 83232250 MG 220e X PG 232241242 maom

. d.,1%5 melt./dec.,!%®

reactions,?*¢ MOCVD;!'75 complex with THF (210),%2% bipy,?*? phen,'?* NaCl(DME)'>?
Tm 20p yellow,?® UV 8 melt./dec.,2* reactions;'”! complex with NaCI(DME)!%3

Yb 20q yellow 210,251 orange, 155,223,113 X- -ray, 216, 217 IR 83 UV 84 NMR 65,85 X P,

S 232,241,242 MS 67,220e

magn. d.,!55216.228 melt /dec., !5 reactions;!73:246.252 complex with THF (21q), 111,228.229.253 bipy,**?
CN"Can 124 CNCgHsMe-4, i24 NaCl(DME)l"-”

Lu 20r white,'® X-ray,7 IR,!5 NMR,204220d M 220e XP§S 232241 melt./dec.,!% reactions;!73252:254-257.481 complex
with THF (21r)!11:149,175,230.258 (X_rqy230) bipy,2*2 NaCl(DME),!*3 NaCl(DME)?233 PhsPCH2%%

(CsH5):LnBr  Sm 22h brown, IR, MS,SU magn. d.??
Gd 22k X-ray,??! magn. d.269760
Dy 22m X-ray,2? magn d.?
Er 220 X-ray, magn.d.?®

Yb 22q orange red,??? X-ray,?'%2'7 magn. d.;?'¢ complex with THF,?6! NC‘CsH,,!*
Lu 22r complex with THF, PhCH;NH,, 2PhCH;NH; (X-ray)*!

(CsHs);Linl La 23c complex with THF: NMR!46¢

Ce 23d complex with Nal(THF);: brown red, magn. d.!%

Sm 23h black, IR, MS®°

Er 230 pink, melt./dec.!

Yb 23q synthesis??3
(CsH5),LnCN  Nd light blue, IR?*

Yb yellow, IR224
(CsH;5),LnNCS Yb complex with MeCN: IR5%0

Figure 20. Structure of (CsMes):Yb(u-F)Yb(C;Mes); (24q)
in the crystal.262

coordination geometry of the trivalent ytterbium ions
is very common and resembles a distorted tetrahe-
dron, the bivalent ytterbium atoms reside in the
center of a trigonal planar ligand array. The excep-
tional stability of 25q is reflected both by the fact
that 24q thermally decomposes to form 25q and the
observation that 25q is formed exclusively, even
when a 4-fold excess of AgF is used. Although 24q
and 25q display nearly linear u,-fluoride bridges,
much more complex structures with us-, us-, and uy-
fluoride bridges are known. The cluster complex 26q

Figure 21. Structure of (C;Me;)sYbsFs (25q) in the
crystal 263

was identified as the reaction product of (CsMes)s-
Yb(Et20) and perfluoro olefins (eq 16):264

“(CsMey),Yb(Et,0) + CoF,;g” —

(Cs;Me;)sYbsF, (16)
26q

Unlike 24q and 25q, the product of eq 16, 26q, has
all of its ytterbium’s trivalent.?®* It is evident from
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Figure 22. Structure of (C;Me;)sYbs;Fo(PhMe) (26q) in the
crystal.?64

Figure 22, that 26q is composed of one (C;Me5).Yb-
(u-F) and four (CsMe;)Yb(u-F)2 units. The former can
be regarded as a bis(pentamethylcyclopentadienyl)-
ytterbium fluoride, having normal bond distances
and displaying the common pseudo-tetrahedral ge-
ometry.

When the reaction shown in eq 16 is carried out in
diethyl ether, solvated organolanthanides are ob-
tained which exhibit much simpler monomeric struc-
tures.

Et,O
“(C;Me,),Yb(E,0) + C,F,;” ——
(CsMe,),YbF(Et,0) (17)

The X-ray structure analysis of the bent sandwich
compounds (C;Me;),YbF(Et,0)?%* and (CsMe;). YbF-
(THF)*%* established the first terminal ytterbium—
fluoride bond distances of 202.6(2) and 201.5(4) pm,
respectively.

In contrast to bis(cyclopentadienyl)lanthanide chlo-
rides, much less effort has been made to prepare
solvent-free bis(pentamethylcyclopentadienyl)lantha-
nide derivatives. However [(CsMe;);LnCl], with Ln
=8Sc,x=1(272)%° Y, x = 2 (27b),26 Ce,x = n
(27d),%7 Pr, x = n (27e)?%® and Sm, x = n (27h)2%°
have been synthesized and characterized (eqs 18 and
19). In general, heating solvated or alkali halide sta-
bilized complexes under reduced pressure affords the
desired unsolvated complexes which may be purified
by sublimation or by recrystallization from toluene.
(C;Me;),LnCI(THF) —"— 2

1/x[(C;Me;),LnCl]. + THF (18)
27

(C;Me;),Ln(u-C), Li THF), — - —
1/2[(C;Me;),LnCl]. + LiCl + 2THF (19)
27

The scandium complex 27a is monomeric by cryos-
copy,”®® which is in marked contrast to the dimeric
parent compound [(CsHj5)2ScCl]; (20a). Likewise, the
X-ray structures of 27b (Figure 23)* and 27h
(Figure 24)°%° revealed an unsymmetrically bridged
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Figure 23. Structure of (C;Me;):Y(u-CDHY(CI)Cs;Mes;),
(27b) in the crystal.?56

Figure 24. Structure of [(C;Me;)>,SmCl]; (27h) in the
crystal.?69

dimer and a nearly symmetrical trimer, respectively.
Presumably these intriguing structural changes can
be ascribed to the steric demand of two bulky pen-
tamethylcyclopentadienyl ligands and to markedly
different ionic radii of eight-coordinate Y** (r = 101.9
pm) and Sm?** (» = 107.9 pm). Both of the penta-
methylcyclopentadienyl rings in 27b coordinate to the
yttrium ions in an #°-fashion at normal bond dis-
tances, and their relative orientation is apparently
governed by the necessity to minimize mutual steric
repulsion. Thus, the averaged magnitudes of the
torsion angles between the centroids of the cyclopen-
tadienyl rings and the yttrium atoms (|z|) {7;/(C,i—
Y(1)-Y(2)—-C,;) with i = 1, 2;j = 3, 4} is close to 90°
compared to {|7]) = 0° in 20a. As it is evident from
Figure 23, Y(2) is only attached to the bridging
chlorine ion Cl(1), whereas Y(1) binds to Cl(1) and
to Cl(2). Despite large differences in the electronic
structure of yttrium and ytterbium, the similarities
between 27b and 24q are very striking, as far as the
relative orientation of the cyclopentadienyl ligands
or the asymmetric halide bridge is concerned. Al-
though it might be argued that there is sufficient
space for only one bridging atom in 27b, theoretical
molecular orbital studies of (C;H;):Ln* ions*”® indi-
cate that additional ligands (such as another hypo-
thetical bridging ligand) can only bind to the lan-
thanide center within the equatorial girdle that bi-
sects the C,;—C,» vector. An interaction between the
seven-coordinate atom Y(2) and Cl(2) seems unlikely.
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Figure 25. Structure of (C;Me;);LuCl(THF) (28r) in the
crystal.?8s

The fact that the analogous bis(pentamethylcyclo-
pentadienyl)samarium chloride (27h) (Figure 24)
forms a regular trimer with three slightly bent Cl
bridges and eight-coordinate samarium ions as op-
posed to dimeric 27b can be rationalized by consider-
ing electronic and steric factors. On the one hand, the
cyclic arrangement provides for a maximum number
of anionic ligands around each samarium ion which
is desirable for electrostatic reasons. On the other
hand, the elongated Sm—(«-Cl) bond distances (av
288(2) pm compared to 276(1) pm in the related anion
[(CsMe5)o(Cl)Sm(u-CHSm(CI)(CsMes)2]7)?%° strongly
suggest that steric repulsion play an important role.
The question, however, as to why 27h adopts a
trimeric rather than dimeric structure (for instance
that of the [(C5H5)2ScCl]; type) is unknown.

Comparable bromides and iodides, i.e. (C;Mes)s-
SmBr,?"! (CsMes),Lnl, Ln = S¢,265272 Ce,273 and Sm?2™!
have been prepared but no structural information is
available. In the case of (CsMe;)2SmI, the absolute
bond disruption enthalpy of the Sm—1I bond has been
measured.?’!

Despite steric crowding in bis(pentamethylcyclo-
pentadienyl)lanthanide derivatives, the lanthanide
ion is still capable of binding a variety of Lewis bases.
Monomeric THF adducts of the general formula (Cs-
Me;):LnCI(THF') with Ln = Sc (28a),27? Y (28b),?74-278
Ce (28d),%" Nd (28f),?8° Sm (28h),?’® Ho (28n),2%! Yb
(28q),?8%%%2 and Lu (28r)?*® have been prepared and
most of them have been structurally characterized.
They are all similar to the lutetium complex 28r (Fig-
ure 25), in which the lutetium atom is tetrahedral.

The existence of a dynamic equilibrium between
free and coordinated THF with a barrier to exchange
of 54 kJd/mol at 0 °C has been shown by variable
temperature NMR spectroscopy?®® and THF can be
readily replaced by other Lewis bases. In particular,
bis(pentamethylcyclopentadienyl)lanthanide halides
and pseudo halides react with THF, Et,0,264:285.286,287
acetone,’”” Me(OCH,;CH;);OMe,?%° pyridine,?77:280
MeCN,?8° ‘BuNC,284291 Me,PCHsPMe,,288 and 1,5-
pentamethylenetetrazol ?°° yielding 1:1 complexes.

In 1980, Wayda and Evans?? showed that two
pentamethylcyclopentadienyl ligands were able to
stabilize lanthanide ions which were as large as Nd**
(r = 110.9 pm). The reaction of NdCl; and two
equivalents of LiC;Me; in THF afforded a blue,
pentane soluble complex of proposed formula
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Figure 26. Structure of (CsMes).Pr(u-Cl);Na(DME); in the

crystal.268.294

(CsMes)oNd(u-Cl);Li(THF)2. In ensuing years alkali
halide-stabilized bis(pentamethylcyclopentadienyl)-
lanthanide halides of virtually all of the rare earth
elements have been prepared (eq 20):

solvent

9MC,Me, + LnCl; ~——
(C-Me.),Ln(u-C1),M(S), + MCI (20)

M = Li, Na, K; S = THF, Et,O, DME, tmed;
x=1or2

Single-crystal X-ray structures show the yellow (Cs-
Me;;)2Ce(‘u-Cl)2Li(0Et2)2,293 the green (C5M85)2P1‘(ﬂ-
Cl)s:Na(DME),,2682% (Figure 26) and the dark purple
(CsMe5)2Yb(u-Cl),Li(OEty), 2% have structures in
which the two halogens bridge between the lan-
thanide and the alkali metal. Similar complexes with
M = Mg?% or Al,2"7282 a5 well as some iodides,?82289
have also been prepared and characterized. In
general, the majority of bis(pentamethylcyclopenta-
dienyllanthanide halides form anionic complexes
with coordination of 1 equiv of alkali halide. The
reason for their formation, in competition with neu-
tral solvent adducts like e.g. 28 under virtually the
same reaction conditions, is not fully understood but
demonstrates the ability of the lanthanide ions to
tolerate different types of ligands in the coordination
sphere. Thus, even subtle change in the reaction
conditions and in the work-up procedure can result
in isolation of different reaction products.

Only two bis(pentamethylcyclopentadienyl)lan-
thanide cyanides have been reported. According to
eq 21 they are formed by reductive cleavage of a
CN-R bond by (CsMes5).Sm(THF),, generating tri-
mers with bridging cyanide.?"!

PhMe

(C;Me;),Sm(THF), + excess CNR
'/,[(CsMe;),Sm(u-CN)(CNR)], (21)

R = ‘C¢H,,, ‘Bu

A single-crystal X-ray diffraction study of the cyclo-
hexylcyanide complex (Figure 27) establishes the ex-
istence of three (CsMes):Sm!"'(CN°CgsH;,) fragments
connected via [u-n*-(CN)]-bridges; it also shows inclu-
sion of three molecules of toluene per lanthanide
fragment in the lattice. In contrast, the tert-butyl
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Table 5. Spectroscopic and Other Data of Bis(pentamethylcyclopentadienyl)lanthanide Halides and

Pseudohalides
complex Ln color, characterization, etc.
(CsMes)LnF Eu complex with Et;O: orange-red, NMR, IR, UV26+
Sm complex with Et,0O: yellow, NMR, IR, UV %+ with BF3(THF): X-ray?°
Yb complex with Et;0: red-orange,?64%7 X-ray, NMR, IR, UV,;?% with THF:
red-orange, X-ray, NMR;%¢ with PF;(DME): purple?’
[(CsMe;)oLinlo(u-F) Yb 24q brown, X-ray, NMR, magn. 4.262
(CsMes)sLngFy Yb 25q orange-red,?62263 X-ray, melt./dec.2%?
(CsMes)sLinsFo Yb 26q (+ PhMe): red, X-ray?+
(CsMes):LnCl Sc  27a yellow,22 NMR, IR,2% lumines.;?%%2® complex with THF (28a);265.272
with (C5Hs),WCO: NMR2%9
Y 27b  white, 277278 yellow,?6 X-ray,266 NMR, IR;266.277.278 complex with THF (28b):
white 275277278 yellow 266277 X ray 276 NMR 266274-277 [R;275.277 with acetone:
vellow, NMR, IR;?"" with py: white, NMR, IR;?"7 with MgBry(THF):
colorless, IR;2% with Et,AlICl: colorless, NMR, IR?"7
Ce 27d orange, IR,2¢* NMR, IR;145267 dimer: yellow;?% complex with THF (28d):
yellow-orange,2"28 X.ray 2 NMR, IR 27928 magn. d.,?”° lumines.;2
with 2CN'Bu: yellow, NMR, IR2%
Pr 27e green, melt./dec.268
Nd 27f complex with THF (28f); green,?803% IR, melt./dec.?80
Sm 27h orange-red, X-ray,? NMR, IR;?°2"1 complex with Et;0: orange, NMR, UV,
with THF (28h): orange, X-ray, NMR<76
Ho 27n complex with THF (28n): brown, X-ray, MS, melt./dec.26828
Yb 27q complex with Et,O: purple, NMR, UV;286.287 with THF (28q): purple,280282 X.ray, 301
NMR, IR, UV 2% lumines.,?2 melt./dec.;280.282 with py: purple, IR, melt./dec.;?80
with (Me;PCH;PMe;): purple, X-ray, IR, magn. d., melt./dec.;28®
with AlClz: blue, X-ray, NMR, IR, UV, melt./dec.282
Lu 27r complex with THF (28r): X-ray, NMR;?® with AICls: white, NMR282
(CsMes)2Lin(u-Cl)oLi(LB) Y LB = 2Et;0: colorless, NMR, IR;>”” DME: white, NMR, IR;2"” 2THF: X-ray;303
3THF: X-ray;%% tmed: colorless, NMR, IR27
La LB = 2Et,0: white,3043% pale yellow,293 NMR293:30¢
Ce LB = 2Et;0: yellow,?933% X.ray 2% NMR, IR,3°¢ lumines,;$1,289.293 9THF;2"3 2 5THF:
yellow, NMR, IR;2%* DME: yellow, NMR, IR;?% py;!*® tmed: yellow, NMR, IR28*
Pr LB = 2Et,0: pale green,?%
Nd LB = 2Et;0: blue, IR, melt./dec,?? catalyst;3°" 2THF: blue, NMR, IR, UV,
magn. d.;?*? tmed: blue, IR, melt./dec.280
Sm LB = 2Et;0;3%43% 2THF: orange, NMR, IR, magn. d.;?”® tmed: yellow, melt./dec.280
Gd LB = 2THF, IR, melt./dec.3%°
Yb green, IR;2%2 LB = 2Et,0: purple,280282297 X.ray, NMR, IR, UV 282297 melt./dec.;28°
tmed: violet, mel./dec.28°
Lu LB = 2Et;0: white, NMR, IR, melt./dec, 268280310
(CsMes);Ln(u-Cl);Na(LB) Y LB = 2Et,0: colorless, NMR, IR;?"7 tmed: pale yellow, NMR, IR%"
Pr LB = 2Et;0: greenish, NMR, melt./dec.,2682% Jumines.;?** 2DME: green, X-ray,
NMR, melt./dec.258294310
Nd LB = 2Et;0: blue, IR, melt./dec.28
Sm LB = Et;0: orange, melt./dec.;?*° tmed: yellow, melt./dec.280
Gd colorless;?® LB = 2Et,0: colorless, melt./dec.;2¢® 2DME: colorless, MS, melt./dec. 268
Tb LB = 2Et,0: colorless, melt./dec.;268 2DME: colorless, MS, melt./dec.268
Dy LB = 2Et;0: colorless, MS, melt./dec.;268 2DME: colorless, MS, melt./dec.268
Ho LB = 2DME: brown, MS, melt./dec.258
Er LB = 2Et;0: pink, melt./dec.;?®® 2DME: pink, MS, melt./dec.268
Tm LB = 2Et;0: green, melt./dec.;?®® 2DME: green-yellow, MS, melt./dec.268
Yb LB = 2Et;0: purple,268280 NMR,68.310 [R, 280 melt./dec.;26%280 tmed: violet,
melt./dec.280
Lu LB = 2THF: reactionl4é
(CsMes)oLin(u-C1)2K(LB) Y LB = THF;2¢ 2THF: white, NMR178.266
La LB = 2Et20: colorless, NMR;2%¢ 2DME: colorless, NMR, melt./dec,2682%4 reactions*4®
Ce LB = THF: yellow, X-ray, NMR, magn. d.2” lumines.,?® reactions;*?
2DME: yellow, MS, melt./dec.28®
Nd LB = THF: reactions.*4
Sm LB = THF: reactions. 440501
(C:Mes)10Ln;Cls(tetraglyme) Sm orange, X-ray26®
(CsMes)oLnBr Sm reddish rust, NMR, IR?"1
Yb complex with THF: NMR?287
(CsMe;):Lnl Sc NMR, 265272 Jumines,298b
La complex with 2NCMe: colorless, NMR28®
Ce polymer,?’® lumines.;2®° complex with THF: orange, NMR, IR,24 lumines.;28°
with 2NCMe: yellow, X-ray, NMR, IR, lumines.,?® reactions;3!!
with (CsHs)(CO)sWK(THF),: yellow, NMR, IR, lumines.28?
Sm polymer, purple, NMR, IR;?"! complex with THF: X-ray, NMR, IR, magn. d.,278
reactions;2"129 with C¢H;oNy: X-ray, NMR, IR2%
Yb complex with THF?87
(CsMes)oLin(u-I)Li(LB) Yb LB = 2Et,0: purple, X-ray, NMR, IR, UV?282.207
La LB = 2THF: colorless, NMR28®
Ce LB = 2THF: orange, NMR, lumines.28°
[(CsMes)2Linls(1-CN)3(LB)3 Sm LB = CN!Bu (+2THF): yellow, X-ray, NMR, IR;?°* CN°CgH; (4+3toluene): yellow,

X-ray, NMR, IR?"
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Figure 27. Structure of [(CsMe;)eSm(u-CN)(CN<CsH;1)]3
in the crystal.??!

complex crystallizes with two molecules of tetrahy-
drofuran.?®!

References to the known bis(pentamethylcyclopen-
tadienyDlanthanide halides and pseudohalides are
given in Table 5.

c. Derivatives with Other Substituted Cyclo-
pentadienyl Rings. The use of cyclopentadienyl
derivatives as z-ligands is a well-known strategy to
introduce either subtle or major changes into the
chemical or physical properties of metal complexes,
depending on the number and nature of the substit-
uents. However, despite the immense diversity of
available or imaginable cyclopentadiene derivatives,
the most important complexes with respect to com-
pleteness of the rare earth series, are derived from
cyclopentadienes of the type RC;H; with R = Me, ‘Bu,
Me3Si, M92PhSi, and MEOCHQCHQ or 1,3-R205H4
with R = ‘Bu and Me3Si (Table 6). The synthesis of
e.g. bis(methylcyclopentadienyl)lanthanide chlorides
dates back to 1963, and the synthetic route is
identical to that used for the preparation of the
unsubstituted parent compounds 1.1%° As expected,
these complexes exhibit similar properties and struc-
tures as 1, except that they have a better solubility.
In addition, the cyclopentadienyl rings show reduced
librational motion around the pseudo-5-fold rotation
axis in the solid state structure of bis(methylcyclo-
pentadienyl)ytterbium chloride.?!?

Significant changes are observed in complexes
containing coordinating side chains bonded to the
cyclopentadienyl ligands. [((MeOCH;CH;CsH,),LnCll,
are dimers, as expected, but the dimers show in-
tramolecular coordination of both oxygen atoms of the
methoxyethyl ligands to the lanthanide ions. This
conclusion was deduced first from XPS spectra?!>3%
and then later proved by an X-ray structural analysis
of the lanthanum derivative (Figure 28). The struc-
ture shows that the lanthanum ion is coordinated by
two oxygen atoms at nearly equal distances.??® In
contrast, (Mea2NCHyCH>C5H4);NdCl is a monomer
with two nitrogen atoms coordinated to the neodym-
ium (Figure 29).19

A different approach to complexes of high thermal
stability, volatility, and high solubility in hydrocar-
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Figure 28. Structure of [(MeOCH;CH;C;H4);LaCl], in the
crystal.326

Figure 29. Structure of (Mes2NCH,CH,C;H4);NdCl in the
crystal.195

Figure 30. Structure of {[(Me3Si):;C;H3],PrCl}, (29e) in
the crystal.?3?

bon solvents has been made by Lappert et al.?3%:339.342
They demonstrated that bis(trimethylsilyl)cyclopen-
tadienyl ligands are capable of imparting favorable
chemical properties, such as solubility in hydrocar-
bons, to rare earth metal complexes. The series
{[(Me3Si):C5H;3]oLnCl}: (29) has been extended to all
rare earth elements except for the radioactive prome-
thium. Single-crystal X-ray structure determinations
of 29a,’3° 29e (Figure 30),°* 29q,** and 29r!
revealed that these are isomorphous.
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Table 6. Spectroscopic and Other Data of Bis(cyclopentadienyl)lanthanide Halides Containing Other
Substituted Cyclopentadienyl Ligands

complex Ln color, characterization, ete.
(MeC5sHy)oLnF Yb complex with THF: orange, NMR, IR26¢
[(Me3Si)CsHslo.LnF La complex with BF3, Et,0, 2NCMe: NMR313
Ce complex with BF3, 31! Et,0, 2NCMe: NMR, IR313
(MeC5sH,):LnCl Y NMR8:178.814,220d M§;220e complex with THF: NMR#178
Sm complex with THF: orange, NMR, IR 3152 X-ray313
Gd colorless, melt./dec.,15% IR®3
Tb white, IR, lumines.;1% complex with THF: lumines.0*
Dy synthesis!4!
Ho synthesis!4!
Er pink, melt./dec.,15> MS,220 [R83
Yb red, melt./dec.,'35 X-ray,312 MNDQ?318
Lu NMR,314.220d Mg220d
(*BuCsH,)2LinCl Pr green, X-ray, IR,3!% complex with 2THF: green, X-ray, [R317:318
Nd complex with 2THF: purple, IR317:318b
Sm yellow,1%78 X._ray 7% NMR, IR,!% reactions;?? complex with DME: [R317:31¢
Gd pale yellow, X-ray, NMR, IR 3% complex with THF: white, IR317:318b
Er pink, IR3t8e
Yb complex with THF:320 orange, 318> X-ray 3186321 [R317.318b.321
Lu cream white,1% X-ray,’%® NMR, IR,19% MS1%7
(Me3SiC;Hy)oLnCl Y synthesis,3?? X-ray, NMR, [R??
Yb red, melt./dec. 323 MS324
(MeOCH;CH,CsH.),LnCl Y white, NMR, 54 [R,242325545 X PG 242325 cqtglystl6i-174
La X-ray, NMR,3% [R, 242325326 X PG242
Pr [R325.826
Nd [R,242.325.326 X PG242
Sm synthesis3?
Gd IR, XPS242325
Dy X-rangb
Ho IR, XPS242325
Er IR, XPS24232
Tm synthesis??
Yb X-ray,19% [R, XPS2¢2.325
(MesNCH2CH2C;H,)2LinCl Nd blue, X-ray, IR, MS, melt./dec.19
Lu melt./dec., MS, IR70®
[(CH2)5CsHaMel:LnCl Nd dimer: blue, MS702
[(CH2)sCsHaMel:LnCl Nd dimer: blue, MS702
(PhyPC;H,)LnCl Yb dimer: orange, X-ray, NMR, UV, MS7®
[(CO)sMnC;H4]:LnCl Yb formation3?”
(MeoCsHj3)2LnCl Y NMR, IR, THF complex32®
(BusCsH3):LnCl Ce X-ray,3?® reactiong?48329-331
Nd blue, X-ray, NMR, IR, MS332
Sm reactions?4®
Lu X-ray, NMR,333 reactions334-337
[(Me3Si),Cs;H3].LnCl Sc 29a white,338 X-ray,33° melt./dec.338
Y 29b white, melt./dec.338339
La 29¢ white, melt./dec.,338339.146c NMR146c
Ce 29d yellow, melt./dec.338.339
Pr 29e yellow,8 X-ray,33° melt./dec.338
Nd 29f green-blue, melt./dec.3383%9
Sm  29h yellow, melt./dec.338-339
Eu 291 brown-violet, melt./dec.338:33°
Gd 29k white, melt./dec.338:339
Th 291 white, melt./dec.338339
Dy 29m white, melt./dec.338339
Ho 29n pink ?, melt./dec,338:33°
Er 290 pink, melt./dec.33833°
Tm  29p vellow, melt./dec.338339
Yb 29q maroon,33® X.ray,33? melt./dec.,33® reactions®
Lu 29r colorless,'#6 white,338339 melt./dec.,338339.146c NMR, X-ray!4¢
(CsHMe4):LinCl Ho THF complex: yellow, melt./dec., NMR70!
Tm THF complex: yellow, melt./dec., NMR70!
Lu THF complex: colorless, melt./dec., NMR0!
(PrCsMe4).LnCl Nd IR, melt./dec.3%?
(CsPhs)LinCl Lu yellow, NMR, IR, UV, MS, melt./dec.340
(*‘BuCsHy)oLinl Sm complex with THF; with 2MeCN: X-ray34
(Me3SiCsH,)oLinl Yb red-brown, melt./dec.323
(MeOCH:CH:CsH,);Lnl Y white,”10 X-ray,198b710 NMR, MS, IR710
La white,’10 X-ray,196»710 NMR, MS, IR10
Sm X-ray,1%% reactions’!!
Yb red,®® X-ray, 198" melt./dec., MS5%
(PhCH,OCHMeCH,CsH,);Lnl Sm yellow, NMR, MS, IR"12
[(Me3Si)CsHsloLnl La complex with 2MeCN: NMRS313
Ce complex with 2MeCN: NMR, IR3?


lR3n.3isb.32i
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complex Ln color, characterization, etc.

(MeOCH2CH,CsH4):Ln][Co(CO);,] Sm complex with THF: yellow, melt./dec.; NMR, IR

Yb complex with THF: red, X-ray, melt./dec., NMR, [R""!
(Me3SiCsHy):Ln(u-Cl);Li(LB) Y LB = 2THF: colorless; tmed: colorless???
(MePh:SiCs;H4):Lin(u-Cl);Li(LB) Yb LB = 2Et,0: orange, X-ray?%?

Lu without LB: white, NMR252
(PhoPCsH4):Lin(1-Cl);Na(LB) Yb LB = DME: orange, X-ray, NMR, IR"?
(‘BuyCsH3):Lin(1-Cl),Li(LB) Ce LB = tmed: X-ray?330:331

Sm LB = tmed: yellow-green, X-ray’'

Lu LB = 2Et;0 colorless;**” 2THF: colorless, X-ray;"'* tmed: colorless, X-ray?3337
[(Me3Si)2CsHsloLin(1-Cl),Li(LB) Sc LB = 2THF: colorless338:339.342

Y LB = 2THF: colorless;?38339.342 DME;342 tmed?*

La LB = 2THF: colorless;338:339.342 tmed;342 4THF?*3

Ce LB = 2THF: yellow;338339.342 9E,0: lumines.?®

Pr LB = 2THF: pale green?338339.342

Nd LB = 2THF: blue-green,?3#339.342 X_ray DME?3**

Yb LB = 2THF: orange-red, melt./dec.?38:339.342
(EtCsMe4):Lin(u-Cl);Li(LB) Y without LB%?2

Nd LB = 2THF: melt./dec.!45:309

Sm LB = 2THF: orange, NMR, IR, magn. d.?"®

Gd LB = 2THF: IR, melt./dec.!45:309

Yb LB = 2THF: IR, melt./dec.?*
(PrCs;Mey):Lin(1-Cl),Li(LB) Nd LB = 2THF: IR, melt./dec.?%?

Gd LB = 2THF: IR, melt./dec.?%?

Yb LB = 2THF: IR, melt./dec.?"?
(PrCsMe;):Lin(1-Cl);K(LB) Nd LB = 2THF: IR, melt./dec.!%®

Yb LB = 2THF: IR, melt./dec.?"?
[K(THF)I[{(Me3Si),CsH3},Lnl;] Ce yellow-green, NMR, IR*!?
[Cation ][{(MG;SI ]gC;’,H:;}gLnClzl Y cation = N{Pph3}3343

Pr cation = PPh,3%3

Nd cation = PPh,CH,Ph; AsPh;: X-ray**

Dy cation = PPh,CH,P?*

Tm cation = PPh,*3

In summary, progressive substitution of the cyclo-
pentadienyl ligand with alkyl or trimethylsilyl groups
resulted in complexes displaying properties that are
intermediate between bis(cyclopentadienyl)- and bis-
(pentamethylcyclopentadienyl)lanthanide complexes.
Not surprisingly, the complexes under discussion
form neutral dimers like e.g. [(Me3SiCsH,),YCl]y,%%6
in which the bridge can be cleaved by Lewis bases
(in general solvent molecules) to form monomeric
adducts like e.g. (‘BuC;H4):SmI(MeCN),.?*! Further-
more, addition products with alkali halides are
formed, which contain bridging halides like e.g.
[(‘BusC5;Hj3)2Ce(u-Cl)sLi(tmed)],**° or terminal halo-
gens in ionic species like e.g. in [Li(Et20)][(MePhs;-
SiCs5H4)2YbCl].282

d. Ring-Bridged Bis(cyclopentadienyl) Rare
Earth Halides. Prior to the early 1980s, no ther-
mally stable bis(cyclopentadienyl)lanthanide alkyl
complex of the large lanthanide metals (La, Ce, Pr,
and Nd) had been prepared, due to the absence of
appropriate starting materials, such as the corre-
sponding bis(cyclopentadienyl)lanthanide chlorides.
Then, simultaneously with the introduction of pen-
tamethylcyclopentadiene as an ancillary ligand in
lanthanide chemistry,?®> Tsutsui et al.?** demon-
strated that isolable lanthanum and cerium com-
plexes may also be obtained by using ligands that
were essentially as small as cyclopentadiene, but the
cyclopentadienyl groups were linked by a 1,3-pro-
panediyl chain. Verifying these early results, Qian
et al.1643% gbtained a series of complexes by reacting
Nay[(C5H4)o(CHy)3] with a number of representative
lanthanide chlorides according to eq 22:

THF
Nay[(CsHy)p(CHy)y| + LnCl;, ———>

+ 2 NaCl (22)

30

Ln=Y (30b), La (30c), Pr (30e), Nd (30f), Gd (30k), Dy (30m),
Ho (30n), Er (300), Yb (30q), Lu (30r)

In the past decade a variety of complexes with two
to six carbon atoms bridging the two cyclopentadienyl
rings have been prepared (Table 7).204243.345-347 " A].

Figure 31. Structure of the anion of [Mg,Cly(THF )s][(C5H.-
CMeyCMe;CsH,)YBCLy ] in the crystal 16
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Table 7. Spectroscopic and Other Data of Ring-Bridged Bis(cyclopentadienyl)lanthanide Halides

complex Ln color, characterization, etc.
(CMeyCsHy):LnCl Sm complex with THF: yellow,3472 X.ray,’t* NMR, IR, MS 3472715
melt./dec;342 with MgC12/3THF: yellow, X-ray’!®
Yb orange, gé, NMR, MS, melt./dec.;34" complex with 2[MgCIl(THF)3]:
X-ray
[(CH2)3(CsHy)2]LnC1 Y 30b complex with THF!8

La 80c pale yellow,> NMR,572413¢= PE;57 complex with THF 184

Ce 30d brown, NMR,5" magn. d.57344

Pr 30e complex with THF: pale yellow, IR, melt./dec., magn. d.;3440.¢345
with bipy: yellow, melt./dec., magn. d.34

Nd 380f complex with THF: blue-green, IR, melt./dec., magn. d.;3¢c34
with bipy: pale yellow, melt./dec., magn. d.3%

Gd 30k complex with THF: pale yellow, IR, melt./dec., magn. d.344b<345

Dy 380m complex with THF: orange-yellow, IR, melt./dec., magn. d.;34b.<:345
with bipy: yellow, melt./dec., magn. d.3%

Ho 80n complex with THF: yellow, IR, melt./dec., magn. d.;3*¢*<34 with bipy:
yellow, melt./dec., magn. d.3%

Er 800 complex with THF: orange-red, IR, melt./dec., magn.d. 34%bc345
solubility;2*! with bipy: orange-yellow, melt./dec., magn. d.343

Yb 30q complex with THF: red, IR, melt./dec., magn. d.;34*b<345 reaction;34®
with bipy: orange-yellow, melt./dec., magn. d.34

Lu 30r complex with THF: pale yellow,34c345 NMR,%41:345 melt./dec.,34
reaction;¢* with bipy: pale-yellow, IR, melt./dec.34

[(CH2)s(CsH4)21LnCl Y complex with THF: pale yellow, IR, melt./dec.,2%* NMR,204.220d.241

Sm complex with THF: yellow, IR, melt./dec.2%¢

Gd complex with THF: white, IR, melt./dec.20*

Dy complex with THF: yellow, IR, melt./dec.?%*

Er complex with THF: orange, IR, melt./dec.2%¢

Lu complex with THF: pale yellow, IR, melt./dec.20¢* NMR204220d,241
[CeHy-m-(CH2C5Hy)o]LnCl Y complex with THF: pale yellow, NMR, IR, MS, melt./dec.2*3

La complex with THF: white, NMR, IR, MS, melt./dec 243

Nd complex with THF: purple, IR, MS, melt./dec.24

Dy complex with THF: pale yellow, IR, MS, melt./dec.243

Er complex with THF: orange-red, IR, MS, melt./dec.2?

Yb complex with THF: orange-yellow, IR, MS, melt./dec.24
[CeHy-p-(CH2C:Hy)o]LnCl La complex with THF: white, NMR, IR, MS, melt./dec. 243

Pr complex with THF: pale yellow, IR, MS, melt./dec.243

Nd complex with THF: purple-blue, IR, MS, melt./dec.2*3
[C4H2O(CHCsH4)2-2,51LnCl Y dimer: yellow, NMR, MS, IR, melt./dec.716

Nd dimer: purple, MS, IR, melt./dec.7¢

Sm dimer: orange, MS, IR, melt./dec.718

Yb dimer: red, MS, IR, melt./dec."16
[CsHaN(CHgC5H4)2-2,6]LnCl Y dimer: yellow, NMR, MS, IR, XPS707

Pr dimer: yellow-green, NMR, MS7%7

Nd dimer: light blue, NMR, MS7%7

Sm dimer: yellow lemon, NMR, MS"0*

Dy dimer: yellow-orange, MS, XPS707

Er dimer: pink, MS, XPS""

Yb dimer: orange, NMR, MS™0

Lu dimer: yellow-orange, NMR, MS, XPS70°
[O(CH2CH2C5H4)21LinCl Y green,’4! NMR,205.220d.241 M§ 220e.241 [R XPS, melt./dec.24

Nd green, IR, XPS, MS, melt./dec.220e241

Gd white, IR, XPS, MS, melt./dec.220e.241

Ho pale yellow, IR, MS, XPS, melt./dec.220e:241

Er orange, IR, XPS, MS, melt./dec 220e241

Yb red, IR, XPS, MS, melt./dec.220e241

Lu white,24! NMR,205.2204241 M[§ 220e R XPS, melt./dec.24!
[MeN(CH;CH:C5H,);]LnCl Y reactivity,™ white, melt./dec., IR, MS, NMR357

Nd purple, melt./dec., IR, MS357

Sm orange, melt./dec., IR, MS?3"

Yb red, melt./dec., IR, MS3¥
Me;Si(CsH4)LnCl Y 381ib MS,3% reactions®?

Yb 31q red,*9550 melt./dec., X-ray,’? MS, 324349 complex with MeCN: reactions?*®
Me:Si(CsHy)2LinBr Yb 32q X-ray*’
Me;Si(C5;Hy):Ln(NCS)NCMe) Yb pink, NMR?350
Me,Si(CsHg'Bu)oLin(u-Cl)oLi(THF )3 Nd blue, X-ray3°
Me;Si(C5H3'Bu);LnCl Sc synthesis, reactions?®1:352
Me2Si{CsH2(SiMes¥Bu}Ln(u-Cl);Li(THF), Y X-ray?53686
Me;Si(CsHy)(CsMes)Ln(u-Cl);Li(Et,0)z Lu colorless, NMR, IR+
Et2Si(CsHy)(CsMey)Ln(u-Cl)Li(Et;0)y Y colorless, NMR, IR3%

Lu colorless, NMR, IR35¢
Me;Si(CsMey)oLin(u-Cl),Li(LB) Sc LB = 2THF352

Nd LB = 2 Et,0: pale green, NMR, IR3622

Sm LB = 2 Et,(Q8%622

Lu LB = 2 Et,0: colorless, NMR, IR362a
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complex Ln color, characterization, etc.

Me;Si(CsMey)(CsHyBu)Ln(u-Cl);Li(Ets0), La yellow, NMR, MS, melt./dec.”

Lu green, MS, melt./dec.’%
[Me2Si(CsMey)oLinlo(u-Cl);Li(THF), Nd X-ray36%
Me;ySi(CsMey)(CsHsCioHis)Lin(u-Cl), Sm complex with 2 Et,03%
(R)-MegSi(CsMes)[(—)-menthyl CsH3]Lin(u-Cl):Li(Et20)e Y colorless, NMR, UV, CD728

Sm orange, NMR, UV, CD726

Lu colorless, NMR, UV, CD726
(S)-Me;Si(CsMes)[(—)-menthylCsHsILn(u-Cl)Li(Et.0)2 Sm orange, NMR26
(S)-Me2Si(CsMes)[(—)-menthylCsHsLn(u-Cl),Li(DME) Sm yellow, NMR, UV, CD7%6

Lu colorless, NMR, UV, CD"26
(R)-MesSi(CsMes)[(+)-neomenthylCsHsJLn(u-Cl).Li(Et,0)2 Y colorless, NMR, UV, CD726

La colorless, NMR7%6

Nd pale blue, NMR"%

Sm orange, NMR, UV, CD"26

Lu colorless, X-ray, NMR, UV, CD"26
(S)-MesSi(CsMes)[(+)-neomenthylCsHs1Lin(u-Cl):Li(Et,0), Sm orange, NMR, UV, CD"%
(R)-MegSi(CsMes)[(+)-neomenthylCsHsLn(u-Cl).Li(DME) Sm yellow, NMR"28
(R)-MegSi(CsMes)[(—)-phenylmenthylCsH3]Ln(u-Cl).Li(Et,0); Y NMR"?8
(S)-MesSi(CsMes)[(—)-phenylmenthylCsHsLin(u-Cl):Li(Et,0); Y colorless, NMR, UV, CD726
Me,Ge(CsMey);Ln(u-Cl),Li(THF), Nd blue, NMR356

Sm yellow, X-ray, NMR3%6

Eu blue, X-ray, NMR, melt./dec.35°

Ho yellow, NMR356

Tm green-yellow, NMR, melt./dec.350

Yb brown, NMR, melt./dec.35°

Lu colorless, X-ray, NMR356
[O(SiMesCsH,)2LnCl Pr complex with THF: yellow, UV, NMR, melt./dec.”"’

Yb dimer: orange, X-ray, NMR, MS"7

though most of them have been characterized by
various spectroscopic methods, only one of them has
been subjected to an X-ray structure determination
(Figure 31),346

In many respects, complexes containing heteroat-
oms in the bridge, notably silicon or oxygen, have at-
tracted much attention. It has been shown that ster-
eorigidity of the ligand array and coordinative satura-
tion of the lanthanide ion can be achieved by utilizing
a 1,5-(3-oxapentamethylene) bridge (eqs 23—25):24

2NaC,H, + O(C,H,CD), =%
O(C,H,C;H,), + 2NaCl (23)

O(C,H,C;H,), + 2Na ——-
Nay[O(C,H,C,H,),] + H, (24)

THF / hexane
N2;[O(C;HCsHy))| + LnCly

X

O—Ln—Cl

+2NaCl  (25)

Due to the flexibility of the chain, which allows the
central oxygen atom to approach the lanthanide ion,
monomeric and solvent-free complexes were iso-
lated.?*! The oxygen atom coordinates the lanthanide
ion intramolecularly as shown by X-ray crystal-
lography of [O(CzH4C5H4)2Y]2(#-0H)(!4-N203HM92).357a
Initial systematic investigations on nitrogen contain-
ing ring-linked bis(cyclopentadienyl)lanthanide chlo-
rides indicate that intramolecular stabilization via
nitrogen coordination occurs in chloride-bridged
dimers.%™

While the introduction of the above ring-bridged
bis(cyclopentadienyl) ligands originated in the desire
to get access to kinetically stable complexes of the
larger lanthanide ions Nd?*, Pr3*, Ce®*, and La®*, the
necessity to reduce steric congestion of the central
ion in bis(pentamethylcyclopentadienyl)lanthanide
alkyl and hydride complexes sparked the develop-
ment of singly heteroatom bridged, and in most cases
peralkylated ancillary z-ligand systems. The interest
in constrained systems emerged in the early 1980s
when bis(pentamethylcyclopentadienyl)lanthanide
methyl and hydride compounds were found to acti-
vate C—H bonds?58359.360 and to catalyze hydrogena-
tion and polymerization of olefins with high reaction
rates.?58361 However, these complexes have been
suggested to suffer from steric congestion about the
metal center, which severely limited their application
in the polymerization of olefins other than ethene.
The methodology of using “tied”-back ligands in order
to reduce steric crowding, while preserving the
beneficial properties of a bis(permethylcyclopentadi-
enyl) ligand environment, is well established in
transition metal and actinoid chemistry, also has
been adapted to lanthanide chemistry,362a352.354

Sterically less encumbered organolanthanide ha-
lides, which may serve as starting materials for the
synthesis of exceptionally reactive organolanthanide
hydrides, have been prepared with ligands of the type
Me,Si(CsHsR)e2~ (R = H, 217324349 tBy350-352) R',Si-
(CsHy)(CsMey)?™ (R’ = Me, Et),3 MeySi(CsMey)q?™,3622
and MesGe(CsMe,y),27.350356 These anionic ligands
can be prepared in metathetical reactions from
M[Cs;H.R] or M[CsMe,H] (M = alkali metal) with
Me;SiCl,, EtsSiCls and MeoGeCly, respectively, fol-
lowed by deprotonation with Na, "Buli, or MeLi.
Moreover, a stepwise procedure allows the prepara-
tion of mixed 7-ligands; Me:SiCl{CsHMe,) and Mes
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Figure 32. Two possible arrangements for ligands
Me,Si(C5;H4)2? to act as chelating or metal-bridging ligand.

Figure 33. Structure of [Me;Si(CsH4):YbBr]; (32q) in the
crystal.?17

CHy— Si—CH; CH,— Si—CH,

meso isomer rac isomer

Figure 34. The relative orientation of the tert-butyl groups
in Me,Si(CsH3'Bu),?~ ligands.

Schumann et al.

GeCl(CsHMey) are stable and can be isolated in high
yields as colorless liquids from stoichiometric reac-
tions of LiCsHMes with Me2SiCl,3%* and MeyGeCls,?°
respectively.

Interestingly, the coordination chemistry of the
above ligands has shown remarkable differences with
respect to the ligand-to-metal bonding modes. Figure
32 shows the two possible isomers which may result
when two Me,Si(C5H,).?~ ligands are combined with
a rectangular planar [Ln(u-X)]:*" unit.

Structure determinations of [Me2Si(C5H4): YbX]s (X
= Cl (31q),**° Br (32q) (Figure 33)*'7) showed the
metal-bridging mode to be preferred. Simple model
calculations are in accord with these results.?’” In
the case of mixed z-ligands such as Et,Si(C;Hy)-
(CsMes)?~ a high degree of flexibility which included
intermolecular ligand exchange under very mild
conditions was observed.?**

Unsymmetrically substituted bis(cyclopentadienyl)
ligands (such as Me,Si(Cs;H3'Bu),? ") are potentially
useful in the synthesis of chiral organolanthanide
complexes. Figure 34 demonstrates the relative
orientation of the tert-butyl groups which determines
the nature of the ligand.

It was however shown that Me;Si(CsH3'Bu);Lis
reacts with ScClz or NdCl; to produce exclusively the
achiral isomer {meso-Me,Si(C;H3'Bu);LnCl'B}, (Ln =
Sc, base free, x = 1; and Ln = Nd, B = CILi(THF)s,

= 2). In the case of the Sc compound, the NMR
spectrum clearly showed two resonances for the
methyl groups attached to silicon, a result that is in
accordance with the meso isomer. The NMR spec-
trum of the paramagnetic Nd complex could not be
readily interpreted, but a single-crystal structure
determination proved it to belong to the meso type
(Figure 35).35°

Due to the great number of methyl groups, com-
plexes of these ligands exhibit high solubility in
nonpolar solvents such as pentane and toluene.
Bridged compounds are somewhat less soluble in
hydrocarbons due to the increase in their dipole
moment., The X-ray crystal structure of [Me,Si-
(CsMey)oNdlo(u-Cl)sLi(THF), (Figure 36) shows Me,Si-
(CsMes)o? acting as a chelating rather than a metal-
bridging ligand. Consequently, each of the crystal

Figure 35. Structure of [Me,Si(CsH3'Bu)oNd(u-Cl);Li(THF);]; in the crystal.35°
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Figure 36‘ StrUCture Of [Mezsi(C5M94)2Nd]2(ﬂ'C1)3Li-
(THF); in the crystal.?622

Figure 37. Structure of Me;Ge(C;Me4);Lu(u-Cl);Li(THF),
in the crystal.3%6

lographically identical Nd** ions resides in the center
of a distorted tetrahedron. However, according to the
X-ray data the Nd—C bond lengths are markedly
different, ranging from 267.6(7) to 281.5(7) pm.362a
This is in sharp contrast to comparable bis(penta-
methylcyclopentadienyl)lanthanide complexes which
display nearly equal Ln—C bond distances.304362b
Similarly, the small Me,Si bridge results in closing
of the Cp,—~Nd—Cp, angle and the corresponding
opening of the coordination sphere around Nd**
(Cpg—Nd—Cp, = 134.4° in (C5Me;):NdCH(SiMe3),?%
and 121.3° in [Me2Si(CsMey)oNd]o(u-Cl)sLi(THF),). 3622

Similar results have been obtained by using a Me;-
Ge bridge. Several lanthanide trichlorides react with
Lis[MesGe(CsMey)2] in boiling THF according to eq
26 yielding the corresponding dimethylgermyl-bridged
complexes:370:356

, THF
Lij[Me,Ge(CsMey), | + LnCly  ———»

-LiCl
Me,Ge Ln® ""Li<(D (26)

Ln=Nd, Sm, Eu, Ho, Tm, Yb, Lu

Chemical Reviews, 1995, Vol. 95, No. 4 887

The Sm, Eu, and Lu derivatives have been char-
acterized by X-ray structural analyses. Not surpris-
ingly, they are all isomorphous. The structure of the
lutetium derivative is shown in Figure 37.3°03%6

More recently several other ligands containing two
connected cyclopentadienyls like (C;H4sCMesCMes-
CsHy),"® 2,5-(C5H4CH»).CsH20,7¢ 2,6-(CsH4sCHy).-
CsH;sN,7%7 and the disiloxane (CsHsSiMe;),O"'7 have
been used to prepare new bis(cyclopentadienyl) rare
earth halides.

e. Other Bis(cyclopentadienyl) Rare Earth
Halides. Table 8 contains some bis(cyclopentadi-
enyl) rare earth chlorides, which were not included
in the previous chapters. They contain either two
different cyclopentadienyl ligands, or two different
rare earth elements, or “special” cyclopentadienyl
ligands.

Several scandocene chloride complexes 33a—37a
containing two different substituted cyclopentadienyl
ligands have been made and characterized by 'H and
13C NMR studies. They were used to synthesize the
corresponding bis(cyclopentadienyl)scandium alkyl
complexes, such as Cp*Cp**ScR, which were used in
connection with the determination of relative bond
dissociation energies of early transition metal com-
pounds.?%® (Cs;Hj;)YbCIly(THF); reacts in toluene at
—10 °C with Nay[CsH4,CMe.CMeyCsHy] or Nagl(CsHy)o-
SiMe,] to give the red complexes [-CMea C;H4)(C5Hs)-
YbCl]; or MesSi[(CsHy)(CsH;)YbCl]le which were char-
acterized only by elemental analyses.?%*

The first complex containing two different rare
earth metals, MesSi(CsH4)o Y-(1-Cl)oYb(CsHy)2SiMes,
was not isolated but its existence was deduced by its
fragmentation pattern in the mass spectrum of the
reaction mixture, isolated after stirring a mixture of
the symmetrical complexes [MesSi(CsHy)2Y(u-Cl)ls
and [Me,Si(C5;H4)2:Yb(u-CD) ], in THEF at room temper-
ature.3%

Finally it should be mentioned that two tetraphen-
ylborate complexes with organolanthanide cations
containg the “open-Cp ligands” 2,4-dimethylpenta-
dienylcyclopentadienyl”™® as well as the first rare
earth complexes with 7-bonded heteroaromatic ligands
have been prepared. Neodymium trichloride reacts
with Na(pyr) (pyr = NCs;Hy'Bus-2,5) to give [(pyr)o-
Nd(u-Clo{Na(THF)}o(u-Cl)oNd(pyr)2], which could be
characterized by an X-ray structural analysis.”™®
Li[CsMe,P] reacts with YCl3 and LuCl; to give (Cy-
Me,P):Y(u-Cl);Li(DME), (n = 1, 2) and (CsMe4P);Lu-
(u-Cl)oLi(Et30)q, respectively. No crystal structure
was reported, but high J(YP) coupling constants of
about 45 Hz and small 'J(PC) coupling constants of
6.4 Hz are suggestive of m-interaction between the
rare earth ions and the tetramethylphospholyl ions.™
A second example is the first carborane analogue of
an yttrocene derivative, the sandwich complex [Li-
(THF)4J[Li(THF){(Me3Si).C2BsH,} . YCI(THF)], which
was isolated from the reaction of YCI; with Liy[2,3-
(MesSi)e-2,3-CoB4H4] in benzene. It was character-
ized by 'H-, 'B-, and *C-NMR and an X-ray struc-
tural analysis (Figure 38).36¢

2. Bis(cyclopentadienyl) Rare Earth Chalcogenides

According to the concept of hard and soft acids and
bases (HSAB),’%7 the rare earth metals are hard
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Table 8. Spectroscopic and Other Data of Other Bis(cyclopentadienyl)lanthanide Halides

complex Ln color, characterization, etc.

(CsMes)(CsMe4Pr)LnCl Sc 33a amber, NMR?363
(CsMes)(CsMe,CH,Ph)LnCl Sc 34a amber, NMR363
(CsMe,CH:Ph)(CsMe,CH,CsH Me-3)LnCl Sc 35a amber, NMR363
(CsMe4CHQCeH4Me-3)(CsMe4CHQCeH4CF3-3)LDCI SC 36a off-white, NIV.[R363
(CsMesCH:CsH Me-3)(CsMe,CH;CsH:NMe;)LnCl Sc 37a off-white, NMR383
[—CM62(05H4)(05H5)LDCI]2 Yb 1‘6(1364
Me,Si[CsH4)(CsHs)LnCl, Yb reds38
MeQSi(CsH4)2Y(‘M-Cl)ng(CsHOzSiMGz Y, Yb IV.[S324
[(C7H11):Ln][BPhy] Nd greenish-yellow, NMR706

Sm violet7%6
(*BuzC4HoN)o Lin(u-Cl)o[ Na(THF )2 1(1-Cl)osLn(NCHo'Buo)e Nd blue, X-ray, MS, melt./dec.758
(CsMesP)oLin(u-Cl)oLi(DME),, Y n=1,2: NMR3%
(C4M64P)2Ln(/,l-Cl)gLi(Et20)2 Lu NIV.[R365
[Li(THF),[Li(THF){ (Me3Si)2CeBsH, } . LnCI(THF)] Y colorless, X-ray, NMR, IR, melt./dec.386

iz (C.H,),LnCI(THF) + MOR ——=-
21

crasl

Cl42

Figure 38. Structure of [Li(THF){(Me;Si);C3B,H,}.YCl-
(THF)]™ in the crystal.?6¢ (Reprinted from ref 366. Copy-
right 1991 American Chemical Society.)

Lewis acids and form thermodynamically stable
bonds with ligands containing hard donor atoms like
oxygen. The stability of the lanthanide—chalcogen
bond decreases significantly as the “softness” of the
higher homologues of oxygen increases. Therefore
the first bis(cyclopentadienyl)lanthanide —oxygen com-
pounds were discovered very early,!'®® while first
preparations of bis(cyclopentadienyDlanthanide sul-
fur,®®® selenium,?9370 gnd tellurium?®° species, re-
spectively, were described during the last decade.

a. Compounds with Rare Earth to Oxygen
Bonds. i. Cyclopentadienyl Derivatives. Following
the successful isolation of the first bis(cyclopentadi-
enybhlanthanide chlorides, bis(cyclopentadienyl)lan-
thanide alkoxides and carboxylates have been pre-
pared by reacting the corresponding chlorides with
sodium alkoxides or carboxylates, respectively.!5®
Since the original discoveries, many analogous com-
plexes have been made and characterized (Table 9)
as shown in eqs 27-29.

(C.H,),LnOR + MCl (27)

M = Na: R = Me, Ln = Dy, Er, Yb;'*
R =‘Bu, Ln = Sm;*"° R = Ph, Ln = Yb'*®

M =K: R = Me, Ln = Y*">2%6

THF
2(C5H5)2LI\CKTHF) + ZNEOZCR E—

21 -2 NaCl
KR o, B
(28)
&g o b,

R=H Ln=E'"
R = Me: Ln = Sc,236 Sm,80 Er, Yb!55
R=Ph: Ln=Yblss

(C5H5)2Ln01(phen)n + NaOQCCF3 —’II‘\IIZ}(;

(C;H,),Ln(7*-0,CCF,)(phen), (29)

n=1,Ln=Pr Nd;n=2 Ln=La, Ce, Pr, Nd'®

The apparent dimeric structure of these carboxyl-
ate complexes has been deduced from molecular
weight determinations in benzene!®52% and from
mass spectra.’® Due to the presence of coordinated
phen the trifluoroacetate derivatives are expected to
exist in the unidentate form.123 In 1986, Evans et
al.?” showed the bis(cyclopentadienyDlanthanide
derivatives [(CsHs)sLn(u-OCH=CHy)]; to be dimers.
They found that these enolate complexes are formed
by anion metathesis from [(C;Hs):LnCl]s and Li-
OCH=CHs;, as well as by thermal decomposition of
(CsHs)ZY(CHgSlMEa)(THF) or [(CsHs)szMe]z in the
presence of LiCl and THF, showing that ring open-
ing of THF was the source of the enolate. Recently,
the X-ray structural analyses of [(CsHs):YbOCHS,-
CH=CHMe]s,%2° the chiral compound [(CsH;5):PrOCH-
(Me)CO:Buls,'2'* and [(CsH5):YbOPr},?™ proved the
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Table 9. Spectroscopic and Other Data of Bis(cyclopentadienyl)lanthanide Oxygen Compounds

compound Ln color, characterization, etc.

(CsH;)LnOH Y complex with THF: NMR, IR;!%° complex with PhnC=CPh: X-ray!®®
[(CsHs):Lin],O Yb intermediate3®”!

Lu complex with 2THF: X-ray, NMR, melt./dec.372
(CsHs):LnOMe Y NMR,378:228 [R;226 ionic complexes {[Na(THF)3]2(CSH5)}{[(CsH5)2Y]3(OMe)20}:

X-ray, [K(THF)4){[(CsHs).Y]s(OMe);0}: NMR, IR?26

La use as a dopand!76a

Dy yellow, melt./dec.155

Er pink, melt./dec.155

Yb orange, melt./dec.!55
(CsHs)oLnOPr Dy yellow, MS, IR, melt./dec.3™

Ho yellow, MS, IR, melt./dec.3™

. Yb yellow, X-ray, MS, IR, melt./dec.37*

(CsH5).LnOBu Dy pale yellow, MS, [R71°

Yb yellow,719720 NMR, UV 121> MS 719720 [R, melt./dec.72°
(CsHs):LnO’Bu Sm colorless, IR, melt./dec.?7

Lu complex with THF: colorless, NMR, melt./dec.36?
(C5Hs)2LnOCsH;; Sm yellow, MS, rections.6%
(CsHs):LnOCH;Ph Lu complex with THF: colorless, NMR37¢
(CsHs):LnO(CH,),PPh, Lu 38q colorless, X-ray, MS, melt./dec.372
(C5Hs):LnOCHy(C4H30) Nd blue, IR, MS, XPS, melt./dec.??"

Yb yellow, IR, MS, XPS, melt./dec.37”
(CsHs)gLnO(CengN) PI‘ NMR, UV121b
(CsHs)sLn(menth) Pr NMR, UV
(CsHs);LnOCMeCHCOOEt Yb therm. d.524
(CsHs)2:LnOCH(Me)COO'Bu Pr X-ray, UV, NMR12lb

Sm NMR, UV

Yb yellow, X-ray, NMR, UV, IR, melt./dec.72®

Lu NMR:2ib
(CsHs):LnOC1oH; Yb orange, MS, IR, melt./dec.; complex with THF: X-ray, MS, [R163
(CsH5):LnOCH:CsH Fe(CsHs) Sm yellow, MS, melt./dec.37®
(CsHs):LnOCH=CH, Y white, NMR, IR, melt./dec.37

Yb orange, IR, melt./dec.?™

Lu straw, NMR, IR, melt./dec.37®
(CsHs):LnOCH,CH=CHMe Yb yellow-green, X-ray®&®
(CsHs)oLn(OC(Me)=CHMe Dy dimer, pale yellow, X-ray™®°

Yb dimer, orange, X-ray™®
(CsHs)o:LnOC(iPr)=CMe, Lu complex with THF: colorless, NMR14é¢
(CsHs):LnOPh Yb red, melt./dec.1%5
(CsHs):LnOCsH,/NH,-2 Nd blue-gray, NMR, IR, MS, XPS, melt./dec.18!

Yb yellow, NMR, IR, MS, XPS, melt./dec.16!
(C5Hs):LnOC¢H,CHO-2 Nd yellow, IR, MS, XPS, melt./dec.37"

Yb yellow, IR, MS, XPS, melt./dec.3”
(CsHs)eLnOC¢H3Ph,-2,6 Nd complex with 2THF: X-ray, IR, MS162
(CsH5):LnO(CoHgN) Nd green, NMR, IR, MS, XPS, melt./dec.16!

Yb yellow, NMR, IR, MS, XPS, melt./dec.18!
(CsHs)gLn[ﬂ2-OQCQ(X)(Y)] SC X= Si(SiMea)a, Y= METHF, PMegPh', orange, NMR; X= Ge(SiMea)a, Y= TI‘IF381
(CsHs)oLnOCX)=C(X)OLn(CsH;); Sc X = C(0)SiPhy'Bu, C(O)Si(SiMes)s: green, X = C(0)Ge(SiMes)s: blue;

NMR, IR, melt./dec.38!

(CsHs)Ln(acac) Sc 39a pale yellow, NMR, melt./dec.236

Nd 389f purple, IR, MS, melt./dec.16®

Sm 39h yellow, IR, MS, melt./dec.16°

Gd 39k pale yellow, IR, MS, melt./dec.160

(CsHs):LnOC(Bu)=CHC(O)'Bu
(CsHs):LnOC(Me)=CHC(O)Ph
(C5Hs):LnOC(Me)=CHC(O)CF;

(CsHs)gLnOC(CF3)=CHC(O)(C4H3S)

(CsHs):LnOC(Ph)=CHC(O)Ph
(CsHs):LnOC(Me)=CHC(NPh)Me
(CsHs)eLnOC(Ph)=C(C4H:sN,0)
(CsHs)gLnOQCH

(CsHs)Ln0OsCMe

(CsHs)2LnO2CCFy

39m
390
39q

yellow, IR, MS, melt./dec.16°

pink, IR, MS, melt./dec.6°

orange, 223382383 X._rqy 38 [JV 382 MS 383385 melt /dec.2383 thermo. d.52¢
yellow,383 NMR, 382 MS, 382383385 o]t /dec, 382,383

yellow, melt./dec.,38% MS383.385

orange,383.721 X.ray, 21 MS,383.385 melt./dec.,32 thermo. d.524

yellow, IR, melt./dec.,383 MS383,385

intermediate???

yellow, UV, MS, melt./dec.382

yellow, IR, melt./dec. 38 MS383,385

pink, melt./dec.1%5

orange!%

yellow, NMR, melt./dec.238

yellow, IR, MS, melt./dec.,® thermo. d.524

thermo. d.52¢

thermo. d.52¢

pink, melt./dec.155

orange!%6223.385 [R UV, MS, 3% melt./dec.155

thermo. d.524

complex with 2phen: brown, NMR, IR, melt./dec.1%

complex with 2phen: red brown, IR, melt./dec.123

complex with phen: yellow, IR, melt./dec.; with 2phen: brown, IR, melt./dec.1??
complex with phen: brown, IR, melt./dec:; with 2phen: brown, IR, melt./dec.!?
orange, UV, IR, MS386
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compound color, characterization, etc.
(CsHs5);Ln0O,CBu yellow,38” NMR™?
(C5H5)2LnO2CPh orange,'55.386 TR 386388 1TV MS 386 melt./dec.15®
(CsH5)2Ln02CCGH4CI-2 IR, MS, XPS, melt./dec.388
(CaHa)gLDOgCCeI‘hBI‘-z IR, MS, XPS, 1’!‘1611‘,./(16(3.388

(CsHs)2LDOzCCeH4I-2
(CsH5)2:Ln0O2,CC¢H,OEt-2

IR, MS, XPS, melt./dec.3%
IR, MS, XPS, melt./dec.35®

(C5H5).Ln0,CCeH,OPr-2 IR, MS, XPS, melt./dec.3%
(C5H5).LnO,CCcH.NHPh-2 IR, MS, XPS, melt./dec.3%®
(CsH5)2LnOQCCGH2M63 yellow, IR, MS, Uvses
(CsH5),LnO,CCgF'5 yellow,223.38 X.ray 233 [R, UV, MS386
(CsHs)gLnOQCCGBI‘5 yellow, IR, UV, M8386

(CsHs)oLnO2CCeF,COMe-2
(C:H5):LnOsCC;HN-2
(C5H5)2LLn02C(CoHgN)
(CsH5):LnO,C(CH;);NMes
(CSH5)2LDOQCSi( SiMe3)3

yellow, X-ray®8°

P 5555555555555

orange, IR, UV, MS38
vellow, IR, MS?23386
complex with py: purple, IR, UV, MS386

yellow, X-ray, NMR, melt./dec.3%

dimer, orange, MS, IR; complex with THF: X-ray, MS, [R"23
complex with NaNOs(THF)e: tan, NMR, IR, melt./dec.112

colorless, NMR, MS;389:392 complex with THF: colorless3®2

complex with THF: orange, NMR, IR, melt./dec.,?™ catalyst!?

complex with 2THF: yellow, NMR, IR, melt./dec.3%%
complex with THF: NMR, IR, melt./dec.?%
catalyst;!”® complex with THF: orange-yellow,?? NMR,3% IR,252:395,3% [Jy 396

melt./dec.,252% catalyst, 11397 complex with 2THF: IR, UV?2523%

complex with THF: yellow, IR, melt./dec.;2523%7 complex with 2THF: catalyst!73:252

(CsH5)2:Ln02CSiPhy/'Bu NMR, IR, melt./dec.39°
(CsH5),LnOOC5H; Sm lumines.”®

Eu lumines.
(CsH;):LnONCMe; Gd dimer, X-ray, MS, IR"2
(CsH5)2Ln0NO Yb
(CsHs)gLDONOg Ce
(C5H;):LnO2S(O)CF3 Sc  40a colorless, NMR, MS3%

Yb 40q orange, X-ray, IR; melt./dec.3!

Lu 40r
(C5H5);LnOSi(SiMe3)3 Se NMR39°
(CsHs5);LnOC!Bu Lu pale yellow, NMR, IR3%
[(CsH5)2LnOC('Bu)=C=0]; Lu purple, X-ray, NMR, IR
(CsHs)gLnOCMO(CO)Q(CsHs) Er IR141b
(CsHs)gLnOCW(CO)Z(CaHa) Dy IRMlb

Er IRl4lb

Yb IR141b
(CsH;5)2LnOCRe(CO), Lu
[(CsHs):Lnla[Fes(CO)1;1] Yb synthesis3%
(CsH;5):LnOCCo(CO)3 Sm 41h

Ho 41n

Yb 4l1q

Lu 41r
[(CsHs)2Lnlo[Rhs(CO)s] Yb complex with DME: IR3

dimeric nature of these derivatives. The latter
alkoxide, as well as its Dy and Ho analogues, were
prepared by stoichiometric reaction of 1 with pro-
panol.’™ Another alternative procedure leading to
dimeric metallorganic lanthanide—oxygen derivatives
[(Cs5H5)2Yb(u,n2-0O2.CR)] (R = H,1% "Bu’?%7) is the
treatment of 1q with carboxylic acids or their sodium
salts.

In the context of carboxylate complexes it should
be mentioned that metathetical reactions of lan-
thanide triflates with 2 equiv of NaC;H; and subse-
quent removal of coordinated solvent molecules yield
solvent-free bis(cyclopentadienyllanthanide trifluo-
romethanesulphonates 40 (eq 30).389392 The dimeric

2 Ln(OSO,CF3); + 4 NaCsH;s
-4 Na(SO;CF3)

U\
@Lﬁ_,,,,.o/ \o.,,thng@
Nt v
& sy
07" CF;

40

(30)

Ln = Sc (40a), Lu (401),389,392 Yb (40q)3!

structure of the Yb derivative 40q was shown by an
X-ray structural analysis (Figure 39).5%

Figure 39. Structure of [(C5H;):YbOSO2CFsle (40q) in the
crystal.?*! (Reprinted from ref 391. Copyright 1992 Elsevier
Sequoia).

On the other hand, 21a reacts with the sodium
acetylacetonato ligand in boiling benzene to form
the monomeric complex 39a (eq 31).23¢ A gimilar
metathesis is possible with bulky aryloxide ligands
as shown by the X-ray structural analyses of
(CsHs)ZYbOCloH7(THF)163 or (CsHs)szOCeH3Ph2-
2,6(THF),.162

Reactions of several p-diketones, f-keto-
imines,’2160382-385 gnd similarly chelating ligands,
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benzene
(CsHs),ScCTHF) + Na(acac) ———>

21a

+ NaCl  (31)

39a

such as salicylaldehyde, furfuryl alcohol,?’” 8-hy-
droxyquinoline, or o-aminophenol,'®! with tris(cyclo-
pentadienyl)lanthanides (eq 32) afford monomeric,

(CsHs);Ln + Hacac ——»

1
(32)

Ln= Nd (39f), Sm (39h), Gd (39k), Dy (39m), Er (390),160 Yb (39q)3%4

intramolecularly stabilized bis(cyclopentadienyl) lan-
thanide oxygen complexes with liberation of cyclo-
pentadiene. The X-ray structural analysis of (C;Hj)-
Yb(acac) (39q) (Figure 40) indicates the monomeric
nature of these derivatives.38
Bis(cyclopentadienyl)lanthanide alkoxides can also
be obtained from tris(cyclopentadienyl)lanthanides
and equimolar amounts of nonchelating alcohols con-
taining acidic hydrogens, as demonstrated by the re-
action of Nd(CsHj5); with 2,6-diphenylphenol in THF
yielding (C5H;)o:NdOCgH3Phy-2,6(THF),. Despite the
presence of the bulky phenoxide ligand the neodym-
ium ion attains a formal coordination number of nine
and the geometry is a distorted trigonal bipyramid.!6?
Organolanthanide peroxides of the type (CsHj;):Lin-
OOC;5H;5 have been described for Ln = Sm and Eu.”®
A completely different way for preparation of
organolanthanide carboxylates and dionates was
found by Deacon et al. Oxidizing (CsH;):Yb(DME)
with thallous, mercuric, argentic, or cuprous car-
boxylates,??33% or f-diketonates,??® gave the corre-
sponding compounds shown in eqs 33 and 34:

THF or DME

mn(C;H;),Yb(DME) + mM(O,CR),
n[(C;H;),YbO,CR],, + mM (33)

mn(C5H,),Yb(DME) +

mM[R’C(O)CHC(O)R’]
n{(C;H;),Yb[OC(R")CHC(O)R’]},, + mM (34)
M=Tl,Ag(n=1)or M = Hg, Cu (n = 2)
m=1: R=CzH,2,4,6-Me,), pyridine-2-yl,
(quinoline-2-yl)<(py); R = Ph
m = 2: R = Me, CF,, Ph, C;F;; R" = Me (39q)
m =7?(1or2): R=C434,5,6-F,)CO,Me, C,Br;

THF or DME

The mass spectrum of (C5H5):Yb[OC(Me)CHC(O)-
Me]| (39q), prepared by transmetalation, showed
dimer ions,?*? a result in sharp contrast of the result
of the single-crystal X-ray structure analysis which
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Figure 40. Structure of (C;H;);Yb(acac) (39q) in the
crystal.384

Figure 41. Structure of [(C;H;):YbOyCCg¢F5s]o in the
crystal.223

showed a monomeric constitution.?®* The nonvola-
tility of (CsH5)2:YbO,CCsF4COsMe and (C5Hj;)2YbOo-
CC¢Br; prevents the observation of Yb-containing
ions, but mass spectrometric investigations of other
derivatives (CsH5)2:YbO>CR however, indicate the
existence of monomers, with #?-chelating ligands (R
= 2,4,6-C¢HsMes, CsH4N-2, CogH;NOH-2, and R =
Ph), or of dimers, with u-n*-ligand bridges (R = Me,
Ph, CF3, C¢F5). The dimeric structure of the perfluo-
rophenyl derivative is shown by an X-ray crystal-
lographic determination (Figure 41).

During the study of the reactivity of d° transition
metal to silicon bonds relative to unsaturated inor-
ganic and organic reagents, Tilley®*° discovered an
uncommon method for the preparation of dimeric bis-
(cyclopentadienyl) rare earth complexes with bulky
carboxylates since the insertion of carbon dioxide into
the Sc—Si bond of bis(cyclopentadienyl)(trialkylsilyl)-
scandium derivatives yields the dimeric products (eq
35). NMR investigations showed that (C5H5)2ScO,-

2 (C5Hy),Sc(SiR3)(THF) + 2 CO, —Et-z-g-—*-
2 THF
SR,
@ ..... 0770.,, @
@Sc\ok,f'ofsc@ (39)
SiR,

R3 = (SMG_;};, thrBLl
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Figure 42. Structure of (C5H;5)2Y[#?-O2C(CH3)3NMe;] in
the crystal.?%?

Figure 43. Structure of [(C5H;):LuOC(‘Bu)=C=0]; in the
crystal.??3

CSi(SiMes); decomposes in solution with elimination
of CO generating polymeric [(C5H5)2ScOSi(SiMes)s],.>%

The activation of carbon dioxide was also observed
by bis(cyclopentadienyl)[3-(dimethylamino)propyl]yt-
trium, resulting in the formation of (C;H;).Y[#?-
0,C(CHj3)3NMe;y]. The single-crystal X-ray structure
determination shows a bidentate chelating carboxyl-
ate system but no transannular Y—N interactions
(Figure 42).389

In the early 1980s, Evans et al.??3 were successful
in the activation of carbon monoxide with the alkyl-
bis(cyclopentadienyl)lutetium complex (C;Hj;):Lu-
(‘Bu)(THF). The reaction proceeds via the single
insertion product (CsHs):Lu[#?-C(O)YBul, which reacts
with additional CO to give the binuclear complex
[(C5H35):Lu(CO)(‘Bu)CO]; (Figure 43), in which the
two (CsHs):Lu units are bridged by an enedione
diolate ligand. Ketene—carbene intermediates are
discussed as likely intermediates during the forma-
tion of the two six-membered metallacyclic rings.

Scandocene silyl and germyl complexes (C;Hs)2Sc-
(ER3)(THF) (ER3 = Si(SiMes3)s, SiPhy'Bu, Ge(SiMe3)s3)
react with carbon monoxide via scandoxy ketene
derivatives, which are trapped as the adducts (C;Hj).-
Sc[OC(ER3)C(L)O] (L = THF, MeTHF, PMe,Ph) (e.g.
eq 36) or as enedione diolates [(C;Hj5)2Sc[OC(ER3)-
CO]J,.381

It has also been reported that the monomeric
alkoxide (C;Hj;),Lu(OCH,Ph)(THF) is formed quan-
titatively from the dimeric lutetium hydride [(C5;Hj5).-

Figure 44. Structure of [(C;H5).Y(«-OH)],(PhCCPh) in the
crystal.15?

Lu(u-H)THF)]; and the double molar amount of
benzaldehyde as result of a nucleophilic addition of
lutetium hydride to the carbonyl group.3"®

@ SISMes)s 00/ MeTHF
Sc‘L
&g O
_THF

@ o, 0
o :[[ (36)
& Mo

Si(SiMe),

Y

Complexes of uncommon constitution were ob-
tained by reaction of the organoyttrium derivative
[Li(THF)4{[(C5H5):Y(u-H)l3(u3-H)} with different
amounts of methanol in THF at low temperatures.
The stepwise substitution of the u-bridging hydride
atoms by methoxo groups leads eventually, under
liberation of molecular hydrogen, to [Li(THF)4l-
{[(CsH5)2Y(u-H) L [(C5H5)2Y(u-OMe) s (us-H)} (x = 2,
1) and finally to the ionic species with x = 0. The
latter compound crystallizes from THF as [Li(THEF); -
{[(C5H5)Y(u-OMe)ls(us-H)}o. (See also section I1.B.5.a,
bis(cyclopentadienyl) rare earth hydrides.??®)

Hydrolysis of metallorganic compounds of the rare
earths is a common decomposition procedure, which
implies that hydroxo complexes are formed at some
time during the net reaction. However, metallor-
ganic lanthanide hydroxides were not prepared and
unambiguously characterized before 1988. The par-
tial hydrolysis of (tert-butyl)bis(cyclopentadienyl)-
yttrium yields in the presence of diphenylethyne the
organoyttrium hydroxide [(C5H5).Y(«-OH)]o(PhCCPh)
(Figure 44).15°

The cleavage of THF is postulated to occur in the
formation of {(CsHj5).Lulu-O(CHy),PPhs]}- (38r) since
it crystallizes from THF solutions of (C;H;).Lu-
PPho(THF). It was suggested that the THF ring in
(C5H5):LuPPhy(THF) opens. Then subsequent mi-
gration of the diphenylphosphine groups to the
opened ends of the C4Hg chain results in the forma-
tion of the four-membered ring with alternating
Lu—O0 bonds in 38r (Figure 45).37
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Figure 45. Structure of {(C;H;);Lul[u-O(CH;),PPhy]},
(38r) in the crystal.?7?

Figure 46. Structure of [(C;H;);Lu(THF)]y(x-O) in the
crystal.???

The tendency of the rare earth elements to incor-
porate oxygen into their coordination sphere is also
reflected in the isolation of the oxo-bridged dimer
[(C5H3):Lu(THF)]2(4-O) which was obtained by hy-
drolysis of the diphenylarsino derivative (CsHjs)o-
LuAsPhy(THF). A single-crystal X-ray structure
analysis reveals the presence of a strictly linear Lu—
O—Lu unit (Figure 46).3"? It is noteworthy that the
product of the oxidation of (C;H;5):Yb(DME) by tri-
methylamine oxide or triphenylarsine oxide, respec-
tively, has been identified as the tetrahydrofuran-
free Yb analogue, [(C5H5):Yb]20,?"! although nothing
is known about its molecular structure.

Recently, simple metathetical reactions of bis-
(cyclopentadienyl)yttrium chlorides with alkali metal
alkoxides have been found to yield also trimetallic
alkoxide oxide complexes which contain the anion
{[(C5H5)2Y13(u-OMe)s(13-O)} ~.  Structural data are
available for the complex that crystallizes with the
countercation {[Na(THF);]o(u-CsHs)} * (Figure 47).2%6

Starting from water-free ammonium cerium nitrate
and NaCs;H;, Gradeff et al.!'? reported that it is
possible to produce the bis(cyclopentadienyl)dinitra-
tocerium species, (CsHj5):Ce(NO3):Na(THF),, which
decomposes explosively upon heating. The proposed
structural formula is related to the well-established
class of bis(pentamethylcyclopentadienyl)lanthanide
halides of the type (Cs;Mej;);Ln(u-Cl):Na(Et,0),,286
with the nitrate replacing chloride. Furthermore, the
bis(cyclopentadienyl)lutetium alkyl complexes (CsHs)o-
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Figure 47. Structure of {{Na(THF)3]o(u-CsH5)}H[(C5H5)2Y I5-
(u-OMe),(u3-O)} in the crystal.??6 (Reprinted from ref 226.
Copyright 1992 American Chemical Society.)

Figure 48. Structure of (THF)(C;Me5);Yb(u-OC)Co(CO);
in the crystal.???

Lu(u-CH3);Li(THF), and (CsHj):Lu(‘Bu)(THF) react
with tert-butyl alcohol with formation of the bis-
(cyclopentadienyl) tert-butoxide species (C;H;):Lu-
(O'Bu)(THF).?¢°

Many complexes are known in which the strongly
Lewis acidic rare earth elements are linked together
by isocarbonyl (Ln = Dy, M = W; Ln = Er, M =W,
Mo; Yb, M = Mn, W;!¥! Ln = Sm, Ho, Yb, Lu, M =
Co;111.173.395,396 T.n = Yb, M = Rh?%) or isonitrosyl!4!
(Ln = Yb, M = Cr) bonds with transition metal
fragments. A typical example is the isocarbonyl
complex (THF)CsH5) Yb(u-OC)Co(CO); (41q), in which
the isocarbonyl group acts as a bridge between the
two metal centers. This complex is accessible either
via a photo-induced electron transfer process by
exposing divalent [(C5H5);Yb(THF),][Co(CO);] to ul-
traviolet radiation or, by redox reaction of divalent
ytterbocene and Coy(CO)s, or from [(CsH5): Yb(THEF), -
[Co(CO)s] by removal of one molecule THF in
vacuum.’® However, in the bimetallic cluster,
(THF)(CsH5):LuRu(CO)s(C5sH5), there is a direct
metal—metal bond and the carbonyl groups are
terminal.**®

it. Pentamethylcyclopentadienyl Derivatives. First
reports on bis(pentamethylcyclopentadienyl) com-
pounds with lanthanide—oxygen bonds came from
Tilley and Andersen in 1981.%% After cleavage of the
Co—Co bond of Cox(CO)s by the one-electron reducing
agent (CsMes)2Yb(Et20) (molar ratio 1:1 or 1:2) in
toluene and subsequent recrystallization from a
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Table 10. Spectroscopic and Other Data of Bis(pentamethylcyclopentadienyl)lanthanide Oxygen Compounds

compound Ln color, characterization, etc.
[(CsMe3):Ln].0 Sm 50h orange, X-ray, IR,*%° NMR, 40724 MS, 401 guyblimation byproduct;’?
complex with 2THF: brownish-yellow; with 2 phthalan:
brownish-yellow, NMR;"2¢ with 2CN‘Bu: orange,™* X-ray,2®0
NMR, 2%0.72¢ [R290
Yb 50q orange, NMR, MS, IR, melt./dec., magn. d.4%!
(CsMes),LnOMe Y complex with Et;0O: colorless, NMR, [R?"®
(CsMe;):LnOEt Y 43b complex with Et;0: colorless, NMR, IR2™®
Sm 43h complex with Et;0: yellow, NMR, IR, magn. d.;*®® with THF: NMR**
Lu 43r synthesis;3% NMR?30
(CsMes)oLnOPr Y complex with Et;0: yellow, NMR, IR?"8
(CsMes):LnO"Bu Sm 44h complex with THF: yellow, NMR, IR, magn. d.403
(CsMes).LnO‘Bu Sm orange, NMR, IR?"!
Yb complex with NH;: orange, NMR, IR, melt./dec.37°
Lu complex with THF: colorless, NMR, melt./dec 369405
(CsMe;).LnOCH!Bu; La complex with OC’Bu,: yellow, NMR, IR#08
Sm yellow, NMR, IR?"!
(CsMes)oLnO(CH,),CsMes La 46c¢c complex with THF: colorless, NMR, melt./dec.20%
Nd 46f complex with THF: blue, X-ray, melt./dec.2%®
Sm 46h complex with THF: orange, X-ray, NMR, IR?%
Tm 46p complex with THF: yellow, melt./dec.20%
Lu 46r complex with THF: colorless, X-ray, NMR, melt./dec.20%
(CsMEs)gLnOCeHatBuz La white, NMR, IR407
Ce red, NMR, IR*08
(CsMes):LnOCgHz-4-Me-2,6-‘Bug La NMR#®
Ce NMR*0®
(CsMes5):LnOC¢H-2,3,5,6-Me, Sm orange, X-ray, NMR, [R*0
(CsMes)eLin(acac) Y yellow, NMR, IR?%8
(CsMes):LnOCMe,CH,COMe La yellow, NMR, IR%
Ce red, X-ray, NMR, IR*0¢
(CsMes);LnOCEt=CHMe La complex with Et,CO: yellow, NMR, IR0
Ce complex with Et,CO: red, NMR, IR*06
(CsMes):Ln0.C'Bu Yb 47q red, NMR, IR, melt./dec., magn. d.368
(CsMes):Ln0O,CCF3 Yb 48q violet, MS, IR, melt./dec .36
(CsMes),LnO,CCH2CsH3zMe; Y colorless, NMR, IR!
(C5Me5),Ln0O,CCH(SiMe3); Y colorless, NMR, [R*!1
(CsMe;):Ln0,CC¢H Me-4 Sc pale yellow, X-ray;*2 synthesis??
(CsMe;):LnOSiMe; Yb complex with NH;: orange, NMR, IR, melt./dec 37
[(CsMes)oLn(THF)],(0OSiMe,0SiMe,0) Sm 45h yellow, X-ray, NMR, IR, magn. 4.4%
[(CsMes):Lnl,[OC(CH-2-py)—1l. Sm (+2toluene): yellow-orange, X-ray, NMR, IR%13
[(CsMes)oLnlol OCN(Ph)12 Sm (+2toluene): green, X-ray, NMR, IR;108414 [JV108
[(CsMes)oLinO]o(Ci6Hsg) Sm 49h yellow-orange, X-ray, NMR, IR;*15 complex with 2THF:
X-ray, NMR, IR2%
[(CsMes)oLin]o{[(3-MeCeHsN)OC—12} Sm dark green, NMR108
[(CsMes)gLn]g[(CeHsN)OCCO(NCGH4NM62-4] Sm dark brown, NIV.[R108
[(CsMes)sLna(O.CCCOXTHF)]; Sm dark brown, X-ray, IR*6
[(CsMes)2(Ph;PO)Ln]o(OCH=CHO) Sm orange, X-ray, NMR, IR*"
(CsMes):Lin(CO),CH(SiMe3)e Nd dark red, NMR, IR3%¢
(C;Mes):Lin[72-C(0)CeH;] Sc synthesig®?
(CaMes)gLnOCH=W(CaH5)2 SC NMR, IR299
(CsMe;);LnOCH=Co(CO)(CsH5) Sc yellow-orange, NMR, IR?%
(CsMes)gLDOCH=Rh(CO)(CsHs) SC NIV.[R299
(CsMe5)2LnOC(Me)=Mo(CsHs) Se NMR, IR?%
(CsMes).LnOC(Me)=W(C:sHs)s Sc brown, NMR, IR%%°
(C5Mes5):LnOC(Me)=Co(COXCsHs) Sc  42a orange, X-ray, NMR, IR?%
(CsMes):LnOC(Me)=Rh(CO)CsHs) Sc NMR, IR?*
(CsMes);LnOC(CH,CH;Ph)=Co(COXCsH;)  Sc red-orange, NMR, IR2%°
(C5Me;).LnOC(NMe;)=Co(CO)CsHs) Sc NMR, [R%%®
(CsMes5):LnOCMn(CO), Yb complex with Y/stoluene: dark blue, X-ray, NMR, IR, melt./dec.4!®
(CsMes).LnRe(CO)s5 Yb complex with Y,toluene: dark red, NMR, IR, melt./dec.*®
[(CsMes)oLinlo( OC)y[Fes(CO)-] Yb violet, X-ray, NMR, IR , melt./dec., magn. d.*®
(C5Mes)2Lin(OC)Fe(CsMes) Sm dark red, X-ray, NMR, MS, IR, melt./dec.42°
(CsMes)sLna(u-OCO)u-OC)2Fex(CO)C:Hs): Dy complex with 2toluene: X-ray, NMR, IR%!
(CsMes):LnCo(CO), Sm complex with THF: orange, NMR, IR, magn. d .42
(CsMes):Ln(0OC)Co(CO);3 Yb complex with THF: blue, X-ray, NMR, magn. d.;3° IR*8
[(CsMes)2Lin]o[ Cos(CsHis)ao(CO)4] Yb blue, NMR, melt./dec.*23
[(CsMes)oLin]o[ Cos(CsHeMe)o(CO) 4] Yb complex with toluene: purple, NMR, IR, melt./dec.423
[(CsMes)2Linlo(OC)4[Cos(CsHySiMes)e] Yb X-ray, NMR, IR, ESR*%
THF—Et:O—pentane mixture blue prisms of (THF)(Cs- In the suceeding years the utility of divalent
Mes)2 Yb(x-OC)Co(CO); (Figure 48), the pentameth- decamethylmetallocenes as electron transfer reagents
yleyclopentadienyl analogue of 41q, were obtained. toward transition metal carbonyl derivates has been
A summary of known bis(pentamethylcyclopentadi- shown clearly by the synthesis of a considerable

enyl) species with lanthanide oxygen bonds is given number of bis(pentamethylcyclopentadienyl)lanthanide

in Table 10.

transition metal complexes with Ln—OC—M interac-
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Figure 49. Structure of [(CsMes):Yblo(u3-OC)s[Fes(CO);]
in the crystal.*!?

tions. Because of the better crystallization properties
of pentamethylcyclopentadienyl species, compared to
cyclopentadienyl compounds, the crystal structures
of several new complexes could be elucidated com-
pletely by single-crystal X-ray studies. The reactions
of samarium or ytterbium decamethylmetallocenes
with [(CsMe;)Fe(CO)slo, Mno(CO)yp, Fes(CO),9/Fex(CO),
or (Cs5H5)Co(CO), yield [(CsMes):Sm(u-OC) Fe(Cs-
Me;)]2,*? {[(C5Me5): Yb(u-OC),.Mn(CO)s -, J'/4(PhMe)},
(x=2,y=2;x =3,y =), 18 [(CsMe5):Ybla(u3-OC);-
[Fe3(CO);] (Figure 49),*"Y and [(C5Me;)2 Ybla(us-OC)s-
[Cos(C;H4SiMes)s],*%? respectively. No X-ray struc-
tures are available for “(THF)(CsMes):SmCo(CO),”,422
“(CsMes). YbRe(CO)st/4(PhMe)”,#18 and “{(CsMes)o Yb Jo-
[Co3(CsH4R)2(CO)4J” (R = H, Me).*23

Bis(pentamethylcyclopentadienyl)lanthanide ha-
lides?®42! and alkyls?” react with some metal carbon-
yl derivatives to give the oligomeric species [(C;Mes)s-
Dys(u-OCO)(u-OC)oFea(COXCsHj)o o PhCHj)o,*2! and
the ionic cerium complex [K(THF):][(CsMes)2(1)Ce-
(u-OC)W(CO)o(C5H5)1.2% The following scandoxycar-
benes (eqs 37 and 38) are known:?

toluene

(C;Me;),ScR + (C.H,)M(CO),
(C;Me;),ScOC(R)=M(CO)(C,H;) (37)

M = Co: R = H, Me (42a), NMe,, CH,CH,Ph
M =Rh: R=Me

toluene

(C;Me),ScR + (C;H;),MCO ~
(C;Me;),ScOC(R)=M(C.H,), (38)

M = Mo: R = Me
M =W: R=H, Me

The above transformations are attributed to the
strongly Lewis acidic character of the scandium ion,
which activates the carbonyl group toward an in-
tramolecular migration of the organic group R to form
the acyl. A single-crystal X-ray structure determi-
nation of 42a reveals a wus-n*-carbonyl ligand in
addition to the scandoxycarbene moiety bridging both
metal fragments (Figure 50).%%

Three synthetic routes have been used to prepare
simple monomeric bis(pentamethylcyclopentadienyl)-
alkoxolanthanide derivatives. Firstly, it is possible
to use lanthanoid alkyls as starting materials. Alco-
holysis of bis(pentamethylcyclopentadienyl)alkyl-
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Figure 50. Structure of [(C;Me5),ScOC(Me)=](u-OC)Co-
(CsH5) (42a) in the crystal.2%?

lanthanide complexes affords the desired alkoxo
products (eqs 39 and 40):369405

Sr

(C;Me;),LnCH(SiMe,), + ROH —————-
(C;Me,),Ln(OR)(Et,0), (39)

Ln=Y: R = Me, Et (43b), 'Pr; n = 1;
Sf — Et20278

Ln = La, Ce: R = C,H;(2,6-'Bu,); n = 0;
S’ = pentane’"*%

Et,0
(C;Me;),Lu(u-Me),Li(THF), + 2'BuOH n.

(CMe;),Lu(O‘Bu)(THF) + LiO'Bu (40)

Even diethyl ether reacts with (C;Mej;)2Sm(Me)-
(THF) to form the ethoxide—THF adduct (CsMes)s-
Sm(OEt)(THF).“%¢ It is worth mentioning that the
exchange reaction of the aryloxide tris(2,6-di-tert-
butylphenoxo)lanthanum yields with an excess of
LiCsMe; traces of (CsMes):LalOCeH3(2,6-'Bu)s].407
Detailed data on the disproportionation of (Cs-
Mes)La[OCGH3(2,6-‘Bu)2J2 to (CsMe5)2La[OCgH3(2,6—
‘Bu)e] and La[OCgHs(2,6-‘Bu)s]; are given in the same
article.

The second convenient synthetic strategy is derived
from reaction of the lanthanide hydride compounds.
Watson obtained (CsMe;).LuOEt, by activation of the
sp® C—H bonds of diethyl ether, from in situ gener-
ated lutetium hydride (C;Me;)sLuH.?**% The dimer-
ic samarium hydride [(C;Mes)Sm(u-H)J; reacts simi-
larly with ether solvents as shown in eq 41:*%

~4EL0 L (CoMes),Sm(OE)ELO)

[(CsMeshSm(u-H)], — + 2 CH;CH,

L— (C sMesh Sm(O"Bu)(THF)
4 THF

41

[(CsMe5)eSm(u-H)], is said to form a fleetingly stable
complex in THF, most resonably of composition (Cs-
Me;)oSmH(THF), which then converts to 44h im-
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Figure 51. Structure of [(CsMe5)Sm(THF)]s[4-1%-(0SiMe,-
0OSiMe;0)] (45h) in the crystal.**? (Reprinted from ref 403.
Copyright 1991 American Chemical Society.)

mediately. The identity of the oily samarium butox-
ide complex 44h has been established independently
by its metathetical synthesis from (C;Mes):SmCI-
(THF) and NaOBu in a 5:1 hexane—THF solvent
mixture. Marks et al.?”! described, in connection with
investigations of bond disruption enthalpies, several
bis(pentamethylcyclopentadienyl)samarium deriva-
tives such as dimeric [(CsMes5):Sm(u-O‘Bu)l, and
monomeric (CsMe5):SmOCHBu,, by treatment of [(C.-
Me;)oSm(u-H)l» with toluene solutions of tert-butyl
alcohol or HOCH'Bus, respectively. The correspond-
ing lanthanum hydride [(CsMes);La(u-H)], reacts
with excess di-tert-butyl ketone giving the alkoxy
adduct (CsMes):La(OCH!Bus)(OC!Bus).4%¢ The reac-
tive nature of the samarium hydride is shown by
dissolving [(CsMes5)oSm(u-H)l, in THF, which had
been distilled from glassware lubricated with high-
vacuum silicone grease, which generated the bridged
samarium siloxide compound [(CsMes)oSm(THF) o[ -
7?-(0SiMe,0SiMe,0)] (45h) (Figure 51) in high yield.
45h can also be obtained by reaction of [(C;Mes)2Sm-
(u-H)]» with hexamethylcyclotrisiloxane according to
eq 42.403

1 ,O L
'Sl Nt

r'd
[(CMegnsmu-HY, + ~ 4

§

SN
6
A

Smi /"Sm g (42)
(0]
\@, O\S" O\s/
& I\ \\‘. I\

45h

Y

s,

Thirdly, the electron transfer capacity of divalent
permethylated metallocenes of ytterbium and sama-
rium can be used in the synthesis of bis(pentameth-
yleyclopentadienyl)lanthanoid alkoxides. For exam-
ple, the preparation of (CsMe5).SmOCsH(2,3,5,6-Me,)
has been accomplished by reaction of (CsMes):Sm-
(THF), with 2,3,5,6-tetramethylphenol in toluene.*?
However, addition of KC;Me; to a toluene solution
of [(CsMes5),Sm(THF):|[BPhy], which is accessible
from (C;Me;)oSm(THF); and AgBPhy, results in the
formation of (CsMes):Sm[O(CHs)sCsMe;)(THF) (46h)
(e 43).2%

Schumann et al.

Figure 52. Structure of (C;Me;).Sm[O(CH3);CsMe;|(THF)
(46h) in the crystal.208

The structure of 46h (Figure 52) illustrates, once
again, the oxophilic nature of the rare earths. The
Lewis acidic Sm?* ion of [(CsMe5):Sm(THF); ][ BPh4]
is assumed to form an oxonium ion that is coordi-
nated to THF, which is opened by a nucleophilic
attack of the anion CsMe; .2°® Complexes of a similar

THF
(CsMes),Sm(THF), + AghPh, ————>
-Ag

KCsMe;s / toluene
[(CsMes),Sm(THF),|[BPh] =

29? 5
Snt’ + KBP 43
e G
0}
46h

type as 46h could also be isolated from the rare
earths La, Nd, Tm, and Lu after reaction of the
corresponding lanthanide trichlorides with a 3-fold
excess of sodium pentamethylcyclopentadienyl in
THF 200b

Furthermore, it could be shown that cleavage of
diorganoperoxides by the divalent bis(pentamethyl-
cyclopentadienyl)ytterbium ammonia adduct leads
to trivalent alkoxides or siloxides as shown in eq
44370

toluene

2(C;Me,),Yb(NH,), + ROOR ——
(C;Me;),Yb(OR)(NH,) + 2NH, (44)

R = ‘Bu, SiMe,

Acetylacetonato complexes of bis(pentamethylcy-
clopentadienyl)lanthanoid species are also known.
Stoichiometric reaction between the yttrium deriva-
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tive (C;Me;5): YCH(SiMe3); and 2,4-pentadione gives
the permethylated analogue of 39%™ (eq 45):

&
e

Y—CH(SMe3); + Hacac —»

Additional early lanthanide aldolates have been
prepared recently by reaction of bis(pentamethylcy-
clopentadienyl)lanthanide carbyls with acetone. How-
ever, addition of higher ketones, e.g., 3-pentanone,
did not result in C—C coupling but gave enolate—
ketone adducts.*%

Metathetical exchange processes of bis(pentameth-
yleyclopentadienyl)lanthanoid chlorides with sodium
carboxylates, which were published 1982 by Tilley
et al.,’®® provide a facile synthesis of bis(pentameth-
yleyclopentadienyl)carboxylato derivatives.

(C;Me;),Yb(*-O,CR) + 2NaCl (46)

R = ‘Bu (47q), CF, (48q)

Mass spectrometric studies of 47q show, besides
the monomeric molecular ion, higher peaks due to
oligomers, whereas the mass spectrum of 48q shows
exclusively monomeric molecular ions. The mono-
meric character of the exceptionally air stable scan-
dium carboxylate (Cs;Mes;)2Sc[n?-0.CCesH4(4-Me)],
which is accessible by insertion of carbon dioxide into
the scandium—aryl bond of the p-tolyl species (Cs-
Me;)oScCsH4(4-Me), has been verified by a single-
crystal X-ray structure determination (Figure 53).412
Related CO, insertion reactions are reported for
the yttrium analogues giving (C;Me5).Y[#?-O.CCH-
(SiMe:; )2] and (C.-;Mes)gY[n-OQCCHQCGH3(3,5—Me2)].‘“1
Exposure of (CsMe;):NdCH(SiMes); to carbon mon-
oxide leads to the dimer [(C;Me;)Nd(CO).CH(SiMe3):]»
which is assumed to be a dione diolate species,***
while (Cs;Me5)2ScPh reacts with CO to give the
monomeric acyl (CsMej;)2Sc[#7%-C(O)Ph].%52

Reaction of the low-valent, strongly reducing sama-
rium complex (CsMes5):Sm(THF); with carbon mon-
oxide at 90 psi for prolonged periods gives the
dimetal-substituted ketenecarboxylate of the general
formula [(C5Me;)sSmy(O.CCCO)THF)], (Figure 54)
in low yield. The mechanism of this unusual reaction
is not known.*'® The reduction of CO and the
induction of C=C double bond formation is observed
when arene solutions of the samarium hydride [(Cs-
Mes)oSm(u-H)]; are exposed to carbon monoxide.
Addition of Ph3sPO to the liquor yields crystals of the
enediolate-bridged compound cis-[(CsMes)s(Ph3PO)-
Smly-[u-7*-(OCH=CHO)], which isomerizes at room
temperature in solution to the corresponding trans
species. !’
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Figure 53. Structure of (C;Mes):Sc(n*-0,CCsHsMe-4) in
the crystal.*!?

Figure 54. Structure of [(C;Me5);Smy(O,CCCO)THF)]; in
the crystal.*!® (Reprinted from ref 416. Copyright 1985
American Chemical Society.)

Figure 55. Structure of [(C;Mes)oSm(THF)lo[u-1%-(0,-
Ci6Hio)] in the crystal.?? (Reprinted from ref 290. Copy-
right 1988 Pergamon.)

Other carbon monoxide activation reactions of
divalent permethylated samarocene derivatives have
been described by Evans et al. They functionalize
unsaturated hydrocarbon substrates, such as stilbene
(eq 47),15 1,2-di-2-pyridylethene (eq 48),'? azoben-
zene (eq 49), 3,3"-azatoluene, or the mixed species
PhN=N[CsH4(4-NMe,)]'® as shown by X-ray crystal-
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lographic characterization of the resulting trivalent
samarium dimers:

2 >
\ﬁ' OQ 2.2C0
(CsMes)gsmg
(47)
OSm(CsMes),
49h

EE‘ :éF 1. (2-py)CH=CH(2-py) / toluene

5 .OO 2:2C0
(C<Me:),Sm
[ s 0\,§"‘(C5M95)2 2(PhMe)  (48)

LD

Sm
2.2CO

\0
3. toluene

N_
/Sm(C sMeg), ] 2(PhMe)  (49)

G
[(CsMes)Snf] l

©

Reactions of (CsMes)sLn(THF),4% or their base-free
derivatives,*’! with oxygen-containing substrates such
as NO, N,O, pyridine N-oxide, or 1,2-epoxybutane,
allow the isolation of the rigorously linear oxo-bridged
bimetallic species [(CsMes):Lnls(u-0O) (Ln = Sm
(50h),**2 Yb (50q)), in acceptable yields; the N,O
reactions work best.*! Atwood et al.?** obtained the
tetracyclic dihydroindenoindene diolate derivative
49h when the oxo species 50h was crystallized from
THF and toluene in presence of CN‘Bu. Single-
crystal X-ray structures of both products, [(CsMes).-
Sm(THF)]2[‘14-172-(020151{10)] (Flgure 55) and [(CsM85)2-
Sm(CN'Bu)ls(u-O) were reported.

. Derivatives with Other Substituted Cyclopen-
tadienyl Rings. The number of compounds in this

Schumann et al.

Figure 56. Structure of {(MeC;H,),Yb{u-O(C,H;0)1},
(51q) in the crystal.380

class is small (see Table 11). Besides the two di-
meric methyleyclopentadienyl acetate complexes
[(MeCsH4)oLn(u-32-0,CMe)l; (Ln = Gd, Er), which
have been prepared from (MeC;H,4);L.nCl and sodi-
um acetate,’® the yttrium enolate [(MeCsHy)2Y(u-
OCH=CHy)]; is known?" as is the methoxide [(Me3-
SiCsHy)2Y(u-OMe)]5,%?¢ and some chiral bis(alkyl-
cyclopentadienyl)lanthanide alkoxides.!?'38 For in-
stance, the synthesis and structure of the chiral

| S
dimer, [(MeCsH4),Yb(u-OCH(CH2);0)]; (51q) (Figure
56) have been published recently.?%¢

The synthesis of two bis(tert-butylcyclopentadi-
enyl)cerium alkoxides, 52d and 53d (eq 50), has been

hexane

2(‘BuC;H,);Ce + 2ROH ——
[(‘BuC;H,),Ce(u-OR)], + 2'BuC;H, (50)

R = 'Pr (52d), Ph (53d)

accomplished by equimolar reactions of trivalent
cerium metallocene with 2-propanol or phenol, lib-
erating tert-butylcyclopentadiene.!® Suitable crys-
tals of 52d have been investigated by a X-ray
structure analysis, which establishes the existence
of dimeric units with pseudo-tetrahedral cerium ions
and bridging isopropoxide groups.

Using trimethylsilyl-substituted cyclopentadienyl
ligands, Hitchcock et al.*?® succeeded in preparing the
first pure trivalent organolanthanide hydroxides by
accurate hydrolysis of the appropriate divalent sama-
rocene and ytterbocene derivatives, [(Me3Si)eCsH3]o-
Sm(THF) and (Me3SiC;H4):Yb(Et;0O). Single crystals
of {[(Me3S1):CsH3].Sm(u-OH)}, (54h) (Figure 57) as
well as of [(Me3SiCsHy):Yb(u-OH)J, were grown from
toluene and diethyl ether solutions, respectively, and
their identities were established by X-ray diffraction
studies.??> Recently, the solid-state structure of the
lutetium homologue 54r'*c was described as were the
related dimers [(RCs;H4)oLin(u-OH)J; (R = ‘Bu, Ln =
Dy, Nd; " R = CH;CH;OMe, Ln = Er***), and
{[O(CHECHZCSH4)2]Y(ﬂ'OH)}293 (Figure 58)

The accidental isolation of the oxo-bridged ytter-
bium organyl [(MeCsH,).Yb(THF)](4-O) from THF
solutions of (MeC;H4);Yb (13q) in the presence of
glyoxal bis(tert-butylimine) emphasizes that small
amounts of water leads to hydroxide species.'*"
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Table 11. Spectroscopic and Other Data of Bis(cyclopentadienyl)lanthanide Oxygen Compounds Containing

Other Substituted Cyclopentadienyl Ligands

compound Ln color, characterization, etc.

[((MeCsH4):Ln],0 Yb complex with 2THF: light green, X-ray'%
(MeCsH4);Ln(menth) Pr NMR, UV!2ib

Yb orange, melt./dec.;?*° UV121b
(MeC5sH,4).LLnO(C4H-0) Yb 51q dimer, yellow orange, X-ray, melt./dec.?*°
(MeC;H4):LnOCH(Et)CO;Et Pr NMR, UV!21b
(MeC;H4):Ln(OCH=CH,) Y dimer, straw, X-ray, NMR, IR, melt./dec.?”
(MeCsH,4)2LnO,CMe Gd white, melt./dec.1®

Er pink, melt./dec.!%®
(MeC5H4):LnW(CsH5)(CO)3 Dy JR141b

HO IR14lb
(EtCsH4);LnOCH(Me)Et Yb yyrab
(‘BuC;sH,4):LnOH Nd dimer, X-ray, MS, IR'¥7

_ Dy dimer, X-ray'?’

(‘BuCsH4)2LnO'Pr Ce 52d dimer, yellow, X-ray, NMR, MS, IR, melt./dec.!%
(‘BuCsH4):LnOPh Ce 53d dimer, yellow, NMR, MS, IR, melt./dec.'®
(MeOCH.CH,>CsH4):LnOH Ho dimer, yellow, X-ray?

Er dimer, X-ray*?
(Me3SiCsH4),LnOH Yb dimer, yellow, X-ray*%
(Me3SiCsH4):LnOMe Y dimer, X-ray, NMR, IR?%¢
(Me3SiCsHy)oLn(u-O'Bu);Li(THF ), b4 X-ray, NMR58!
[(Me3Si)oC5H3loLnOH Sm 54h dimer, yellow, X-ray*?®

Lu 54r dimer, X-ray, NMR, melt./dec.!46¢
[(Me3Si)eCsH3l.Lin(1-OC)W(CO)(CsHs)(u-CO) Ce 55d dimer, yellow, NMR, IR;*'3 X-ray, lumines.;*!! with NCMe:

[(Me3Si)2CsHsloLn(NCMe), " [(CsH5) W(CO)3]~ 311

[CsH4(CH32)3C5H4 ILnO2CCF3 La complex with THF: reaction!'®
[O(CH2CH3C5H4);]LnOH Y dimer, colorless, X-ray, NMR, IR%

Figure 57. Structure of {[(Me3Si):C;H3]e:Sm(u-OH)}; (54h)
in the crystal.#?®

ci4

- Figure 58. Structure of{[O(CH,;CHyC;H,)2]Y(1«-OH)}5 in
the crystal.?

Figure 59. Structure of {[(Me3Si),C;H3],Ce(u-OC)W(CO)-
(CsH5)(u-CO)}s (65d) in the crystal.?!! (Reprinted from ref
311. Copyright 1988 Chemical Society of London.)

Some heterobimetallic isocarbonyl (Ln = Dy, Ho,
M = W) and isonitrosyl (Ln = Yb, M = Cr) derivatives
of organolanthanides with two monomethyl-substi-
tuted cyclopentadienyl ligands have been mentioned
in literature.!*! The single-crystal X-ray structure
determination of the cerium—tungsten metallacycle
{[(Me3Si)2C5H3]oCe(u-OC)W(CO)CsH5)(u-CO)}2 (55d)
reveals a 12-membered ring in which two cerium and
two tungsten atoms are linked alternately by four 7>
bridging carbonyl groups (Figure 59).?' The nonlu-
minescent character of the Ce3* centers is assumed
to be due to a close cerium—tungsten contact that
results in excited-state energy transfer. Sequential
treatment of cerium triiodide (eq 51) with potassium
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bis(trimethylsilyl)cyclopentadienyl, acetonitrile, and
KICsH5)W(CO);] yields 55d:%13

THF
2 Cely(THF), + 4 K[(Me3Si)CsHy " 2 [K(M),}{[(Megsozcsﬂg]zcaz}

MeCN l -2KI, -2n THF

Me;
+2K[(CsHs)W(CO)] / THF ~ MesSi NCMe
2 Ces1
. NCMe
2K, -4 MeCN M"JS'\@
SiMe;

iMe3 / \ Me;S|
Me;S| ,,_ @SNG}

Ce

Me;&@ o/ @sma
SiMe; Me;Si
@6

554 (51

b. Compounds with Rare Earth to Sulfur,
Selenium, and Tellurium Bonds. The lesser
stability of bonds between “hard” rare earth elements
and the heavier chalcogenides, which are “soft”
donors according to Pearsons concept,®®” has already
been mentioned. Perhaps it is not surprising that

Schumann et al.

organolanthanides with lanthanide to sulfur bonds
are more rare than the analogous species with
oxygen. The synthesis of complexes with lanthanide—
selenium or even lanthanide—tellurium linkages was
accomplished in only a few cases. At this time, the
pool of known compounds containing Ln—E (E = §,
Se, Te) units is restricted to five different structural
types: CpaLn(u-EoR) [Cps = (C;Mes)z, (CMexCsHy)s],
CpsLu(u-ER).Li(THF); [Cps = (CsHs)e, (CsMes):], Cpe-
Ln(ERXS") [Cpz = (CsMes)z, (CMezCsHy)g; S” = sol-
vent], [(CsMes):Linlo(u-E) and [CpsLn(u-ER)): [Cp: =
(*BuCsHy)g, (CsMes).]. Important data of these chal-
cogenides are summarized in Table 12 (sulfur deriva-
tives) and Table 13 (selenium and tellurium deriva-
tives).

Dithiocarbamates, the first metallorganic species
with rare earth to sulfur bonds were synthesized as
long ago as 1982 by metathesis of bis(pentamethyl-
cyclopentadienyllanthanide chlorides with sodium
diethyldithiocarbamate in diethyl ether (eq 52, Figure
60).3%8 Later, Teuben et al.*!! described the formation

(CsMe,),Ln(u- CI)QNa(EtQO)Q

NaS,CNEt, —— (C,Me;),Ln(y*S,CNEt,) (52)

NaCl
—2NaC 56

Ln = Nd (56f), Yb (56q)

of (CsMes)2Y(72-S:CHoCe¢H3sMes-3,5) from the inser-
tion of carbon disulfide into the Yb—C bond in (Cs-
M95)2YCH206H3M92-3,5.

Table 12. Spectroscopic and Other Data of Bis(cyclopentadienyl)lanthanide Chalcogenides Containing

Lanthanide to Sulfur Bonds

compound Ln color, characterization, etc.
(CsHs):LnSC.Hy Dy dimer, MS, reaction®%®
(CsHs)2Ln(u-S'Bu);Li(THF), Lu white, NMR, melt./dec.36®
[(CsMes).Lin],S Sm complex with 2 THF: yellow, X-ray, NMR™"

Yb red, NMR, IR, MS, melt./dec., magn. d.4!

[(CsMes)2Lin]oSs Sm complex with THF: orange, NMR, IR’
(CsMes).LnSMe Yb complex with NH;: NMR, IR, melt./dec.37°
(CsMes):LnS"Pr Sm orange, NMR, IR?"!
(CsMes):LnS'Bu Se complex with 4-(dimethylamino)pyridine: NMR"28

(CsMes)sLin(u-StBu), LI(THF), Lu 58r colorless, X-ray, NMR, melt./dec.369:40

(CsMes):LnSCH,Ph Yb complex with Et,O: purple, NMR, IR, melt./dec.; with NH;: NMR, IR, melt./dec.?"®
(CsMes):LnSPh Yb complexg\gith Et,0: purple, NMR, IR;*° with NH;: red, NMR, IR, melt./dec.;37°
X-ray
(CsMes):LnSCgH Me-3 Yb complex with Et,O: purple, NMR, IR, melt./dec.; with NH;: NMR, IR, melt./dec.?70
(CsMes):LnSCeH Me-4 Yb complex with Et;0: purple, NMR, IR, melt./dec.; with NHz: NMR, IR, melt./dec.37®
(CsMes):LnSCcH:Me3-2,4,6 Sm complex with THF: orange, NMR, IR, MS, melt./dec.*?
Yb purple, NMR, IR, melt./dec.37®

(CsMes)QLDSQCCHQCGH3M62-3 ,5 Y

white, NMR, IR*!!

(CsMe5);LnS;CNMe, Nd green, NMR, MS, IR, melt./dec.30°

Sm orange, X-ray, NMR, MS, IR, melt./dec.4?’
(CsMes)LnS:CNEt; Nd 56f green, NMR, MS, IR, melt./dec., magn. d.368

Yb 56q purple, melt./dec.,36837° X-ray, NMR, IR, MS, magn. 4.368
(CsMes):LnS;PMe; Yb violet, NMR, IR, melt./dec.370
(CsMes)gLnSQPEtg Yb NMR, IR, melt./dec.37°
(MeC;5H,)oLnS’Bu Ce purple, NMR, IR, melt./dec.18¢
(*BuCsH,):LLnS"Bu Y ref 428
(*BuCsH4);LLnS'Bu Y ref 428
(‘BquH4)2LnSCH2Ph Y ref 428

Lu ref 428
(*‘BuCsH4).LnSPh Y colorless, NMR, melt./dec.428

Ce pink, NMR, MS, IR, melt./dec.18

Lu colorless, NMR, melt./dec.428
(*‘BuCsH,):LnSPr Ce magenta, X-ray, NMR, MS, IR, melt./dec,'®* reactions52°
(CMe3CsH,4)2LnS;CNMe; Sm yellow, NMR, MS, IR, melt./dec.3¢™

Yb orange red, NMR, MS, IR, melt./dec.34™
(CMezCsHy):LnS;P(OMe), Sm yellow, NMR, MS, IR, melt./dec.3¢™

Yb red, NMR, MS, IR, melt./dec.3¢™
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Table 13. Spectroscopic and Other Data of Bis(cyclopentadienyl)lanthanide Chalcogenides Containing
Lanthanide to Selenium and Tellurium Bonds, Respectively

compound Ln color, characterization, etc.

(CsH5)Ln(u-SePh),Li(THF ), Lu B87r colorless, X-ray, NMR, melt./dec.3%°
[(CsMes).Lnl:Se Sc yellow, X-ray, NMR, UV728

Sm complex with 2 THF: orange, X-ray, NMR, IR"?’

Yb 59q purple, X-ray, NMR, IR, MS, melt./dec., magn. d.*!
[(CsMes)oLinloSes Sm complex with THF: dark red, X-ray, NMR, IR,”?” reactions?3?
(CsMes)oLnSeCH,SiMe; Sc yellow, NMR, UV"28
(CsMes);LnSePh Yb complex with Et;O: purple, NMR, IR, melt./dec.; with NH;: NMR, IR, melt./dec.37
(CsMes);LnSeCe¢HoMes-2,4,6 Nd complex with THF: olive green, NMR, IR, melt./dec.3%

Sm complex with THF: orange, NMR, IR, MS, melt./dec.4?
(CsMe;5):LnSeCeH3(CF3)3-2,4,6  Sm complex with THF: orange, X-ray, NMR, MS, IR, melt./dec.*??
(‘BuCsH,);LnSePh Y complex with C¢He: colorless, X-ray, NMR, melt./dec.*?®

Lu colorless, NMR, melt./dec.28
(CMesCsHy4):LnSeCe¢HoMes-2,4,6 Sm yellow, NMR, MS, IR; melt./dec.34™
[(CsMes).Ln];Te Sc orange,’?8731 X.ray, NMR, UV, reactions,?®

Sm complex with 2THF: dark red, X-ray, NMR, IR’

Yb 60q X-ray,*° green, NMR, MS, melt./dec., magn. d.*%
[(CsMes)sLin];Te; Sm brown, X-ray, NMR™7
[(CsMe;)oLin]sTes Sm black, NMR, IR
[(CsMes)oLinlx(SesTe) Sm complex with THF: orange, X-ray, NMR"’
(CsMes)LnTeH Se complex with 4-(dimethylamino)pyridine: NMR"2
(CsMes):LnCHDCHD’Bu Sc yellow, NMR728731
(CsM65)2Ln(CH2)4CH=CMez SC NIV.[R728
(CsMes)gLn(CH2)4CH=CH2 SC NIV.[R728
(C5Me5)gLnCH2C5H9-c Sc NMR"28
(CsMes),LnTeCH,Ph Sc yellow, X-ray, NMR28
(CsMes).LnTeCH,SiMe; Sc orange, NMR, UV728
(CsMes).LnTePh Sc yellow, NMR, UV728

Yb complex with Et20: olive-green, NMR, IR, melt./dec.; with NHs: X-ray, NMR,

IR, melt./dec.37®

(CsMes);LnTeC¢H:Mes3-2,4,6 Sm complex with THF: orange, X-ray, NMR, MS, IR, melt./dec.?
[(CsMes);LnTeCH;SiMes);Te Sc NMR28

(*BuCsH,);LnTeMe Y
[Me2Si(CsHs!Bu):LnlsTe Sc
Me;Si(CsH3yBu).LnTeCH,SiMe; Sc

colorless, NMR#30
purple, NMR, reactions; complex with 2PMe;: red-purple, X-ray, NMR732
orange, NMR, reactions’?

Figure 60. Structure of (CsMes).Yb(?-S;CNEt,) (56q) in
the crystal.’®® (Reprinted from ref 368. Copyright 1982
American Chemical Society.)

Andersen et al.3”° showed that it is also possible to

toluene/—4Et,O

4(C;Me;),Yb(Et,0) + 5R,P(S)P(S)R,
4(C;Me;),Yb(7*-S,PR,) + R,PPR, + 2R,P(S)PR,
(53)

R =Me, Et

(CMeyCsHy)oLin(72-S2CNMey) (Ln = Sm, Yb) via re-
ductive cleavage of the S—S bond with corresponding
divalent lanthanidocenes.?*™ The latter reaction
works analogously with bis(dimethoxythiophospho-
ryl) disulfide [(MeO).P(S)S—1 yielding the complexes
(CMesCsHy)oLin[#2-SoP(OMe)s] (Ln = Sm, Yb).347

Much later the synthesis and X-ray crystallography
verification of the first organolanthanide-selenium
compound was reported: Schumann et al. published
in 1988 a series of methane-liberating reactions of
bis(cyclopentadienyblutetium alkyls with acidic re-
agents such as benzeneselenol and 2-methylpropane-
2-thiol (eq 54).405:369

Et,0
Cp,Lu(u-Me),Li(THF), + 2HER ——

isolate 56q after S—S bond cleavage of tetraethylthi-
uram disulfide [Eta2NC(S)S—]» with divalent per-
methylated ytterbocene. In addition, (CsMes)2Yb-
(Et20) reacts with dithiophosphinates with formation
of trivalent dialkyldithiophosphinatoytterbium de-
rivatives and in addition to two other phosphorous-
containing species, according to eq 53.37°

Recently, Edelmann et al. reported the synthe-
sis of the dithiocarbamates (CsMes)oLn(7?-SsCNMey)
(Ln = Nd, Sm) from [K(THF),{(CsMes):NdCl1,1*° or
(CsMes):Sm(THF)24?" with tetramethylthiuram di-
sulfide [MesNC(S)S—1: as well as the synthesis of

Cp,Lu(u-ER),Li(THF), + 2CH, (54)
E = Se: R =Ph; Cp = (C;H;) (57r)
E =S: R ='Bu; Cp = (C;H;), (C;Me;) (58r)

The single-crystal X-ray structure analyses of 57r
(Figure 61) and 58r showed that both of the metal
atoms Lu and Li were arranged in puckered four-
atom units, containing two bridging seleno or thio
groups, respectively.
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Figure 61. Structure of (CsHs)oLu(u-SePh);Li(THF), (57r)
in the crystal.36?

Figure 62. Structure of (CsMes).Yb(TePh)(NH3) in the
crystal.370

Reductive cleavage of S—S, Se—Se, or Te—Te bonds
by divalent permethylated ytterbocenes provided
access for the first time to monomeric organolan-
thanides with a rare earth linkage to the higher
homologues of oxygen (Figure 62). The diethyl ether
and ammonia complexes have been described, as
shown in eqs 55 and 56.37°

9(CsMe,),Yb(Et,0) + REER —--
2(C;Me,),Yb(ER)Et,0) (55)

E=S: R=Ph, CH,, Ph, C;H,Me-3, C;H,Me-4

E=Se: R=Ph

E=Te: R=Ph

2(C;Me.),Yb(NH,), + REER 22"
2(C;Me,),Yb(ER)(NH,) + NH, (56)

E =S: R = Me, Ph, CH,Ph, C;H,Me-3,

CcH Me-4

E =Se: R=Ph

E=Te: R=Ph

Similar bis(pentamethylcyclopentadienyl)neodym-
ium and -samarium monomers with a terminal chal-
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Figure 63. Structure of [(‘BuCsH4):Ce(u-S'Pr)]; in the
crystal.184

cogenide ligand have been obtained as THF adducts
by reactions of [K(THF),][(CsMe5):NdCl:]*®° or (Cs-
Mes)eSm(THF),,427 with disulfides, diselenides, or
ditellurides: (C5MB5)2L11(ECeH2M93—2,4,6)(THF) (Ln
=Nd, E =Se; Ln = Sm, E =S, Se, Te) and (CsMes).-
Sm[SeCe¢Hy(CF3)3-2,4,6(THF). However, the the use
of the sterically less demanding bridged bis(cyclo-
pentadienyl) dianion [(CMeCsHy)2]?~ allows isolation
of the solvent-free mesityl species (CMe2CsHy)o-
SmSeC¢HoMes-2,4,6.347

In analogy to electron transfer processes affording
the oxo-bridged compound [(CsMes):Linly(u-O) (50),
Andersen et al.*’! described the synthesis of the
bridging chalcogenides {(CsMe;):Yblo(u-E) [E = S, Se
(59q), Te (60q)] from (Cs;Mes):Yb(Et;O) and the
appropriate trialkylphosphine species RsPE (R = "Bu,
Ph). While the sulfur derivative could be synthesized
from (CsMes): Yb(Ety0) with either COS or As,Ss, but
not from elemental sulfur, (CsMes):Yb(Et,O) was
shown to react with elemental selenium and tel-
lurium to give the complexes 59q and 60q, respec-
tively. X-ray crystallographic data for the selenium
dimer 59q show that the Yb—Se—Yb angle is 171°.
The reason for the change in geometry between the
selenium and oxygen analogous is not known.

The dimeric complexes [CpsLn(u-ER)]z (Cp: =
(‘BuCsH,),, (CsMes)s) are also known. Preparative
routes are based on reactions of thiols with trivalent
lanthanide hydrides (eq 57)** or homoleptic alkyl-
cyclopentadienyllanthanides (eq 58).184

[(C;Me;),Sm(u-H)], + 2HS"Pr —
[(C;Me,),Sm(u-S"Pr)l, + 2H, (57)

2(RC,H,),Ce + 2HSR’ —
[(RC,H,),Ce(u-SR")], + 2RC.H, (58)

R =Me: R’ ='Bu
R ='Bu: R’ ='Pr, Ph

While the dimeric character of the Sm derivative
is supported by cryoscopy, the structure of the cerium
thiolate, [(‘BuCs;H4)2Ce(u-S'Pr)]; (Figure 63), has been
determined by X-ray crystallography.

Recently, many dimeric chalcogen derivatives of
organolanthanides [(‘BuCsHy);Ln(u-ER)]; (Ln = Y,
ER = SPh, S"Bu, S‘Bu, SCH2Ph, SePh; Ln = Lu, ER
= SPh, SCH;,Ph, SePh;*?® Ln =Y, R = TeMe**°) have
been reported. While the sulfur and selenium com-
pounds were synthesized from the cleavage of Ln—
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Me o-bonds in [(‘BuCsHs):Ln(u-Me)ls by dichalco-
genides R—E—E—R, the tellurium complex was
prepared by insertion of metallic tellurium into the
Ln—Me o-bond of [(‘BuCs;H4).Lin(u-Me)ls.

3. Bis(cyclopentadienyl) Rare Earth Pnicogenides

Similar to rare earth chalcogenide compounds, a
close relationship exists between the stability of
lanthanide—pnicogen bonds and the degree of hard-
ness or softness®®’ of the group-15 element. Conse-
quently, many compounds exist with nitrogen to
lanthanide bonds, whereas only one is known with a
lanthanide—bismuth bond.

a. Compounds with Rare Earth to Nitrogen
Bonds. i. Cyclopentadienyl Derivatives. The syn-
thesis of the first organometallic lanthanide—nitro-
gen complex was published in 1963 (eq 59):1%°

(C;H,),ErCl + NaNH, ——
(C,H,),ErNH, + NaCl (59)
61lo

Three years later, in 1966, Fischer et al.”® showed
(eq 60) that the ammonia adduct of tris(cyclopenta-
dienyl)ytterbium decomposes upon heating above 200
°C to give cyclopentadiene and the ytterbium amide
61q:

200-250 °C

- (C,H,),YbNH, + C,H,
8lq (60)

(C.H,),Yb(NH,)

In succeeding publications 61q has been described
as the dimer [(C5H5):Yb(u-NHy)],.556772431 The dimer-
ization by way of bridging NHs groups for 61q is
supported by mass spectroscopic studies®”*3! and by
the crystal structure of the methylcyclopentadienyl
analogue.*%?

Evans et al.***%3* reported in 1983 the synthesis of
N-alkylformimidoyl rare earth complexes (62 and 63)
from the organoyttrium hydride [(CsHj;),Y(u-H)-
(THF)]; or its deuterated derivative with 2-methyl-
propane-2-butylisonitrile as outlined in eq 61. The

[(C;H,),Ln(u-X)THF)], + 2'BuN=C —~

{(C;H;),Ln[u-n*-(XC=N'Bu)]}, (61)
62, 63
Ln=Y: X=H (62b), D (63b)
Ln =Er: X=H (620)

dimeric formimidoyl geometry of 62b (Figure 64) (and
later on of 620***), suggested by spectroscopical data,
was proved by a X-ray diffraction study.

A series of dimeric alkylideneamidoyttrium species
could be prepared (eq 62) from reaction of the yttrium

[(C.H.),Y(u-X)(THF)], + 2RC=N —

{(C;H;), Y[u-N=CX)R)]}, (62)
X =H: R = Me, ‘Bu
X =D: R = Me, ‘Bu
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Figure 64. Structure of {(C;H;).Y[u-n?-(HC=N'Bu)l},
(62b) in the crystal.433.434

Figure 65. Structure of {(C;H;);Y[u-N=CH’Bul}; in the
crystal.*5 (Reprinted from ref 435. Copyright 1984 Ameri-
can Chemical Society.)

hydride and organonitriles. The X-ray structure
analysis of {(CsH5).Y[#-N=CH’Bul}; (Figure 65) shows
two bis(cyclopentadienyl)yttrium units connected by
two asymmetric Y—N bridge bonds.*3

Another dimeric tetrakis(cyclopentadienyl)di-
lanthanide derivative is accessible by ligand ex-
change between (C;H;):YbCsF5; and succinimide.
The proposed bimetallic composition of {(CsH5).Yb-

|
[u-n2-(NC(O)CH,CH,C(0))]}THF), with bridging
Yb: ::N:::C:::0:::Yb interactions and only one
molecule of tetrahydrofuran, has been deduced mainly
from infrared spectra and mass spectrometrical
measurements.???

Pyridine reacts with [(C;H;):Y(u-H)THF)]; in non-
polar solvents (such as pentane) to give the pyridine
adduct, but in polar solvents (such as THF) Y-—H
adds to the pyridine ring. As shown in eq 63, a 10-
fold excess of pyridine generates a pyridine adduct,
which then rapidly rearranges to the 1,2-addition
product, which then isomerizes to the 1,4-addition
species. At least this is proposed to occur over the
5-day reaction period:**
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excess py

[(C5Hs), Y (u-HY(THF) ——  [CHxY (),

excess py / THF J

|
-0

(63)

excess py, 5 d

2 @Y-""'py -
&0

A related benzylamide, (CsHs):LuNHCH;Ph, and
its corresponding deuterated isotopomer (Cs;Hjs)s-
LuNDCH,Ph were prepared by Beletskaya et al.*3¢
from the amine and (CsHj;);LuPh(THF) in THF at low
temperatures.

About the same time, Schumann et al. used lithium
N,N,N’-trimethylethylenediamide*}” and sodium pyr-
rolyle derivatives*® to introduce these new ligands
into the cyclopentadienyl chemistry of the rare earth
elements (eqs 64 and 65). The pyrrole ligand is

(CsHs), YCTHF)

+
toluene

2 LIN(Me)CH,CH,NMe,
| -LiCl

o v
L
N N
2N\ / N\
(64)
R
. THF
(CsHs),LuCI(THF) + NaN —
| -NaClI
R
Lu\ R 65
&
R —

R =H, Me

isoelectronic with the cyclopentadienyl group, and it
is known to coordinate to d-transition metals either
by way of the lone pair on nitrogen as a monohapto
ligand or by way of its 7-electrons as a pentahapto
ligand (Figure 66). The X-ray structure diffraction
study showed that the monomer was bonded to two
pentahapto cyclopentadienyl groups, one monohapto
2,5-dimethylpyrrole ligand and one monohapto tet-
rahydrofuran molecule.*3®

Finally, some anionic bis(cyclopentadienyl)lan-
thanide amides have been isolated from reactions of
the methyl-bridged organolanthanide alkyls (C5Hs)o-
Ln(u-Me):Li(tmed) with the protonic acid, diphenyl-
amine.** Steric reasons are supposed to be respon-
sible for the instability of the bridged intermediates
(CsHs)oLin(u-NPhg)oLi(tmed), since these hypothetical

Schumann et al.

Figure 66. Structure of (C;H;);Lu(NCsHsMez)(THF) in
the crystal.*38

Figure 67. Structure of [Li(THF),][(CsH5);Lu(NPhy)s}
(Etz0) in the crystal.*3?

species rearrange in benzene solutions to precipitate
the insoluble cation—anion complex [Li(tmed):][(C5Hs)s-
Ln(NPhs);] (Ln = Sm, Lu) with two terminal diphen-
ylamido ligands. Recrystallization from a 3:1 mix-
ture of THF/diethylether affords [Li(THF),J[(CsHs)o-
Lu(NPhy):{Et20) (Figure 67).

Very recently, Campion et al. reported the synthe-
sis of blue (05H5)QSCN(CngMeg-2,6)—C(SiMe3)=C—
{NCgHy[Si(SiMes):]} from reaction of (CsHs)2ScSi-
(SiMe3)3(THF) with 2 equiv of CNC¢H3sMe3-2,6 in
benzene.?8!

A survey of known bis(cyclopentadienyl) deriva-
tives with rare earth to nitrogen bonds is given in
Table 14.

it. Pentamethylcyclopentadienyl Derivates. Devel-
opment of bis(pentamethylcyclopentadienyl) com-
plexes of the rare earths containing Ln—N bonds
started comparatively late, 1981, with the prepara-
tion of the amides (CsMes):LnN(SiMes), (Ln = Nd
(64f), Yb (64q)) from sodium bis(trimethylsilyl)amide
and the chlorides [Ll(EtQO)z][(C5ME5)2Nd012] and (C5-
Mes;):YbCl(py), respectively (eq 66).25° The first

toluene

(CsMe;),YCATHF) + NaN(SiMe,), -

(C.Me,),YN(SiMe,), + NaCl (66)
64b
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Table 14. Spectroscopic and Other Data of Bis(cyclopentadienyl)lanthanide Pnicogenides Containing

Lanthanide to Nitrogen Bonds

compound Ln color, characterization, etc.

(CsHs):LLnNH, Er 610 pink, melt./dec.’>

Yb 61q yellow, IR, melt./dec.,”® NMR, 657285 MS67.431
(C5H5):LnN(D)CH,Ph Lu yellow, NMR, melt./dec.*36
(CsHj5)oLin(u-NPhg):Li(tmed) Lu NMR*39
(CsHs)2Lin(1-NPhy)(u-Me)Li(tmed) Lu NMR#39
[Li(THF)4][(CsHs):Ln(NPhs)s] Lu (+Et20): colorless, X-ray, NMR, melt./dec.*3°
[Li(tmed):]1{C5Hs)oLn(NPhy)s] Sm yellow, NMR, melt./dec.*®
(C5H5):Ln(NC,H,) Lu complex with THF: yellow, NMR, melt./dec.**
(C5H5):Ln(NC;sMe;Hz) Lu complex with THF: yellowish, X-ray, NMR,

melt./dec.*38

(CsHs5):Ln(NC5Hs) ¥ complex with py: orange, NMR*%
(Cs5H5)o:Ln(NC4H,02) Yb (+THF): IR, MS?#
(CsH5):LnN=CHMe Y white, IR, NMR*3%
(C;3H5)2LHN=C(D]MG Y IRdg'r’
(CsH5):LnN=CH'Bu Y colorless, X-ray, NMR, IR*3
(CsHs5):LnN=C(D)Bu Y R4
(CsHj5):Ln[N(Me)CH2CH2NMe:s o Li Y colorless, NMR*7
(C5H5)2LHN(CGH3M92-2,6)C(SIM83]=C{NCSHQESI(SIME:;)QJ} Se blue, NMR, IR, melt.fdec.“ml
{(C5H5):Lin[u,n>-(HC=N'Bu)l}» Y 62b colorless, X-ray, NMR, [R*33:434

Er 620 pink, X-ray, IR*3
{(CsHs)oLin[u,n?-((D)C=N’Bu)|}» Y 63b IR, NMR*34

Y

Figure 68. Structure of (C;Me;).YN(SiMej3); (64b) in the
crystal.2?

crystal structure was solved for the yttrium analogue
64b (Figure 68).27°

The coordinative unsaturation at the yttrium atom
(formal coordination number of seven) results in
weak v-agostic Y—methyl contacts and the somewhat
short Y—N distance. This short Y—N distance is
proposed to result by donation of the nitrogen lone
pair to the electron-deficient yttrium center.?”

Analogous results were obtained in reactions of the
early lanthanide complexes, (CsMes);LnClK(THF)
(Ln = Ce, Nd, Sm), with KN(SiMe3); yielding the
amides 64d, 64f, and 64h.* The permethylated
yttrocene, lanthanocene, and cerocene bis(trimeth-
ylsilyl)amides, 64b, 64c, and 64d, were prepared by
either addition of pentamethylcyclopentadiene to
THF-dg solutions of Ln[N(SiMe3)]3 (Ln = La, Ce or
Y)*! or by metathetical exchange reactions of the
corresponding halides [(CsMes);LnCl], (Ln = La,**!
Ce?®) with NaN(SiMe;3),. Metathesis of (CsMes)2YCl-
(THF) with sodium pyrrole proceeds similarly, yield-
ing the permethylyttrocene complex (CsMes),Y-
(NC4Hy)(THF).438

Much research has also focused on the reactivity
of coordinatively unsaturated 14-electron species, like

bis(pentamethylcyclopentadienyl)lanthanide alkyls
or hydrides, with various nitriles, isonitriles, or
amines. For example, the scandium azomethine
insertion complexes, (CsMes):ScN=CRR’, are formed
on reactions of the scandium alkyls (or hydrides) with
nitriles, R’"CN, via intermediate bis(pentamethylcy-
clopentadienyl)alkylscandium nitrile adducts accord-
ing to eq 67:44?

(C;Me;,),ScR + R'C=N —
(C;Me,),Sc(RYN=CR’) —
(C;Me;),SeN=C(R)R’) (67)

R = Me: R’ = Me, ‘Bu, CH=CH,
R =CHMe-4: R' = C;H,Me-4
R =H: R’ ='Bu(65a), C;H,OMe-4 (66a)

The outcome of the reaction of (CsMes).ScMe with
nitriles strongly depends on using a 1:1 stoichiome-
try, since with excess p-anisonitrile at 80 °C, the

double insertion product (C5Me5):gS|cN HC(C¢H;sOMe-

|

4) CHC(C¢H4OMe-4)NH is obtained. Incidentally,
65a was shown to undergo a nitrile exchange with
p-anisonitrile yielding 66a and 2-methylpropane-
2-nitrile. Furthermore, hydrogenation of the spe-
cies 65a and 66a occurs by way of a reversible four-
center mechanism to give the bis(pentamethylcyclo-
pentadienyl)scandium amide compounds, (C;Mes)s-
ScNHCH3R’ (R’ = ‘Bu, C¢HsOMe-4). The ‘Bu de-
rivative can be hydrogenated catalytically to ‘BuCHo-
NH; (4 atm dihydrogen), but unfortunately the com-
peting irreversible insertion of 2-methylpropane-2-
nitrile into the Sc—N bond also occurs, forming
(CsMe5)2ScN=C'Bu(NHCHy'Bu).4*? The amide, (Cs-
Me5):ScNHCH,'Bu, as well as a series of other bis-
(pentamethylcyclopentadienyl)amidoscandium com-
plexes have been obtained using the following
exchange reactions (eqs 68 and 69):
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(C;Me;),LnR + R'NH, —
(CsMe;),Sc(NHR')(R'NH,), + RH (68)

Ln = Sc:**? R = Me, H; R’ = H, Me, Ph, CHztBu;
n=20

Ln = Sc:*** R = Me, H; R’ = CH,C,H,OMe-4;
n=1

Ln = Ce:® R = CH(SiMey),; R ='Bu;n =1

(C;Me;),LnR + HNR/, —
(C;Me;),LnNR’, + RH (69)

Ln = Sc:**? R=R’ = Me
Ln = Ce:*® R = CH(SiMe,),, R’ = SiMe,

Ln=Nd, Sm:**! R=H, R =Me

Due to the electron deficiency at the formal 14-
electron lanthanide center, the permethylated lan-
thanocene azomethines and amides might have some
m-donation of the nitrogen lone pair to the rare earth
metal.

Other versatile preparative reagents for the syn-
thesis of bis(pentamethylcyclopentadienyl)lanthanide
imides and iminoacyls are represented by the per-
methylyttrocene alkyls (C;Mes):YCH(SiMe3); and
(CsMe;)2:YCH2CsH3Mes-3,5 as shown in eqs 70 and
71:411

(C;Me;),YR + 2'BuC=N —
(C;Me),YIN=C(‘Bu)(R)I(NC'Bu) (70)

R = CH(SiMe,),, CH,C H,Me,-3,5

Et,0

(C;Me;),YCH,C¢H,Me,-3,5 + 2C=NR ——
(C;Mej),Y{n*-[C(CH,C¢H;Me,-3,5)=NR]}(CNR),
(71)

R = ‘Bu (n = 1) (67b), C;H;Me,-2,6 (n = 0) (68b)

The insertion derivatives (CsMes): YIN=C(‘Bu)(R)]-
(NC'Bu) retain a 2-methylpropane-2-nitrile ligand
and thereby the yttrium center acquires a 16-electron
configuration. The permethylyttrocene iminoacyl
67b also coordinates one isonitrile molecule to give
an 18-electron complex, while bulky 2,6-xylyleneiso-
nitrile only gives a 16-electron species 68b. The
comparatively small Lewis base THF-ds has been
shown to reduce the coordinative unsaturation of 68b
by generating the 18-electron THF-dg adduct (Cs-
Me;): Y{?-[C(CH2CsHsMe»-3,5)=NCsHsMe,-2,61}(THF-
ds). The single-crystal X-ray structure determination
of the latter complex (Figure 69) reveals a pseudo-
tetrahedral environment for the yttrium atom and
confirms the dihapto bonding of the iminoacyl ligand
to the metal center.4!!

Watson reported 1983 the first successful metala-
tion of pyridine at the a-position with liberation of
dihydrogen or methane from bis(pentamethylcyclo-
pentadienyl)lutetium hydrides or alkyls respec-
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Figure 69. Structure of (CsMe;):Y{n*-[C(CH,CsHsMe,-
3,5)=NC¢H3'Buy-2,6]}(THF-ds) in the crystal.*!!

tively.3%? Two years later, permethylated yttrocence
alkyls were shown to react in an analogous manner
(eq 72).278

.0~

Ln= Sc:265,272 R= Me
Ln = Lu:360 R=H, Me
Ln=Y2®  R=CH(SMe;),

The tetrahydrofuran-containing complex (CsMes), Y-
[72-(NC5H4)(THF) is accessible from the THF adduct
of (CsMes)oLnMe and equimolar amounts of pyridine
in a solution of deuterated benzene. (C;Me;);LnMe
gives the orthometalation product of a-picoline in
THF, (CsMes):Y[n?-(NCs;H;Me-6)1(THF).2™®

Solvent-free bis(pentamethylcyclopentadienyl)scan-
dium methyl is a convenient starting material for the
preparation of permethylscandocene hydrazide spe-
cies such as with the anhydrous hydrazine deriva-
tives (eq 73):443

petroleum ether_

(C;Me),ScMe + H,NNR,
(C;Me.),ScNHNR, + CH, (73)

R = H, Me

Since all attempts to obtain suitable crystals of the
hydrazido compounds failed, the spectral data are not
reliable for distinguishing between monohapto, di-
hapto, or other fluxional structures with N—H agostic
interactions; the exact structure is still unknown.
However, the authors favor an 7?-[NHNR;] structure.
Addition of acetonitrile to (CsMes):ScNHNR; (R = H,
Me) leads to the heterometallacycles (CsMes)s-
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P
Figure 70. Structure of (CsMe5):ScNHCMeNNH; in the
crystal 443

1
Figure 71. Structure of (C;Me;)o:ScNHCMeNNMe; in the
crystal. 443

e 1 ]
ScNHCMeNNH; and (CsMes)e:ScNHCMeNNMe,. X-
ray crystallographic studies showed the five-mem-
bered (Figure 70) and the four-membered ring (Figure
71) metallacycle, respectively. The possible reaction
mechanisms have been discussed in detail.*43

Divalent (Cs;Mes)Sm(THF),, which reacts as a
single electron reductant toward several organic and
inorganic compounds, behaves similarly toward het-
erocyclic nitrogen bases. In the middle 1980s, it was
reported that a toluene solution of (CsMes)>,Sm(THF),
reduces azobenzene to form the dimer [(CsMes5)2Sm -
(u-n*-N2Phy) in which there is a short o-phenyl hydro-
gen distance (Figure 72).198444a The stoichiometry is
important, since equimolar amounts of (CsMes)s-
Sm(THF),: azobenzene in THF give the monomeric
THF adduct (C;Mes)2Sm(7?-NoPhy)(THF)0.5(THF).
The closely related complexes [(CsMes)oSmlofu-12-
Ny(C¢HsMe-3)2] (69h) and [(CsMes)eSm o[ p-72-No( CeHy-
NMe;-4)Ph] (70h) have been obtained in analogous
reactions of 2 equiv of (CsMes):Sm(THF), with 1
equiv of 3,3"-azatoluene PAN=NCsH,;NMe;-4, respec-
tively.108

The insertion product of [(CsMes)sSm Jo(u-172-NoPhsy)
and carbon monoxide, [(CsMes)oSmlo{u-n*-[(PhN)-
OCCO(NPh)]}2(PhMe) has been mentioned in the
section on lanthanide—oxygen bonds containing bis-
(pentamethylcyclopentadienyl) species. In a pres-
surized CO atmosphere 69h and 70h behave analo-
gously, giving the dimeric molecules with two
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Figure 72. Structure of [(C;Me;)2Sm]s(u,n?-N2Phy) in the
crystal,108444a

(CsMes)2Sm fragments bridged by the doubly depro-
tonated N,N’-diphenyloxamide.!%®

The trimetallic samarium species {(C;Mes):Sm-
(CNR)[u~n%-(CN)1}3 (R = °CgHy1, ‘Bu) are accessible
by reductive cleavage of the corresponding isonitriles,
when added in excess to toluene solutions of (CsMes)o-
Sm(THF), (see eq 21 and Figure 27; bis(pentameth-
yleyclopentadienyl)lanthanide pseudo halides).?!

Additional reductive coupling reactions of py-
ridazine (eq 74) and benzaldehyde azine (eq 75),
respectively, could be observed in the presence of
equimolar amounts of (CsMes):Sm(THF),, affording
the two bimetallic products, characterized by X-ray
crystallography: 444

| >SR(C5MCS)Q(“'{F)
N - 3(PhMe)
('[HF)(CSMeS)sz:IIq

4@‘ D THF / toluene (1:5)
2 SM\D + 2 PhHC=NN=CHPh >

Ph Sl‘ﬂ(C 5M 85)2

’J\r [\

PhHC. N—Ngs
SN—-N SCHPh
\ /

(CsMeg),Sm  Ih

(74)

3(THF)-0.5(PhMe)  (75)

Bipyridine reacts with (CsMe;):Sm(THF); to give
the 1:1 adduct (CsMes):Sm(n2-NoC;oHg) (Figure 73),
which is formulated as trivalent permethylsama-
rocene and a n%-bonded bipyridyl radical .4

Recently, synthesis and structure of a mononuclear
n*-hydrazine complex has been reported:**> Protona-
tion of the structurally characterized organosama-
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Figure 73. Structure of (CsMe;):Sm(72-NoC;oHg) in the
crystal.444b

rium (NyH)?~ species [(CsMes)o( THF)Smlo(u-n%:n2-
N3Hj) with 2 equiv of (Etz3NH)BPhy in THF results
in formation of [(CsMes)2Sm(#?-NoH4)(THF)][BPhy]
with side-on coordination of the hydrazine ligand.

It should be also pointed out that even antiaromatic
systems like N-heterocyclic dianions of quinoxaline
and phenazine are stabilized on coordination between
two (CsMes);La units. Close La—N bonds as well as
La—C contacts characterize this new type of organo-
lanthanides**¢ (Figure 74).

To conclude, a few bis(pentamethylcyclopentadi-
enyl)aminosamarium derivatives have been briefly
mentioned in connection with studies of organolan-
thanide-centered hydroamination/cyclization reac-
tions of aminoolefins,*7517 with studies of reactions
of decamethylsamarocene with 1,4-diazadienes,5%°
and polycyclic nitrogen heterocycles,’?® and an un-
expected CO insertion product, [(CsMes)oY lo(u-n%:n?-
OC(NC;Hy)2) was reported.”*

Important data of bis(pentamethylcyclopentadi-
enyl) species with rare earth to nitrogen bonds are
summarized in Table 15.

iti. Derivatives with Other Substituted Cyclopen-
tadienyl Rings. The compounds of this class, known
up to day are listed in Table 16. In 1990, Weidlein
et al. prepared [(MeCsH4):Yb(u-NHy)]p,*32448 the
methylcyclopentadienyl congener of 61q. The single-
crystal X-ray study proves its dimeric character and
shows the two bridging amido fragments (Figure 75).
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The yttriumorganyl {(MeCsH4):Y[u-N=CHMel};
can be obtained in a manner analogous to that of the
unsubstituted cyclopentadienyl species, that is from
[(MeCsH4):Y(u-H)THF)]; and acetonitrile. The 'H
NMR spectrum of the hydride with excess pyridine
in polar solvents gives evidence for the 1,2-addi-
tion product (MeC;H4);Y(NC5Hg).4*® Also known is
{(MeC5H4)2Y[u-n?-(HC=N*Bu)]}, the bis(methylcy-
clopentadienyl)yttrium analogue of 62b, as is the
structurally characterized (N-alkylformimidoyl)er-
bium complex 620, prepared similarly.*33434

The chiral organolanthanides [Me;Si(Me4Cs)(Cs-
Hs;R*)]LnN(SiMes3); (Ln =Y, La, Sm, Lu; R* = (+)-
neomenthyl; Sm: R* = (—)-menthyl, (+)-neomenthyl,
(—)-phenylmenthyl) are of considerable interest since
they can be used as precatalysts for enantioselective
or diastereoselective hydroamination/cyclization pro-
cesses for the conversion of aminoolefins to chiral
pyrrolidines and piperidines.*4%726.736

The use of lanthanide chlorides, in which two
aromatic cyclopentadienyl units #°-C;H, are con-
nected by an 3-oxapentamethylene fragment, are
interesting, since the oxygen lone pairs coordinate
to the lanthanide metal in the pyrazolate (eq 76)
complexes.?57

4 g l, N THF
O——ILn—Cl + Na| _—
< : 5 N -NaCl

:0—*Ln‘.';_b|1 (76)

71
Ln=Y (71b), Lu (71r)

Partial hydrolysis of the lanthanide 1,3-dimeth-
ylpyrazolates 71 has enabled the isolation of di-
nuclear complexes with both rare earth metals
coordinated by the 1,1’-(3-oxapentamethylene)bis-
(cyclopentadienyl) system which are bridged by the
1,3-dimethylpyrazolate nitrogens as well as by a
hydroxyl group. X-ray structure analysis of {[CsHs-
(CH3)20(CH3)2CsH4]Lin}o(u-n%-N2CsHMe2)(u-OH)

7
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& Qr
& /) l =
&
-
i
&
D
a7

Figure 74. Structure of [(C;Me;):Lalo(C12HgNy) in the crystal. 46
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Table 15. Spectroscopic and Other Data of Bis(pentamethyleyclopentadienyl)lanthanide Pnicogenides

Containing Lanthanide to Nitrogen Bonds

compound Ln color, characterization, ete.
(CsMes);LnNH; Sc white, NMR, [R442
(CsMes):LnNHMe Se NMR, IR%2
La complex with MeNH,: colorless, X-ray, NMR, IR,
reactions®?
(CsMes)o.LnNHEt La complex with EtNH,: colorless, NMR, IR, reactions5!’
Nd complex with EtNH,: blue, NMR, reactions®?
(CsMes):LnNHC3H, Sm complex with HoNC3H;: NMR’
(CsMes):LnNH!Bu Ce complex with NHyBu: gold brown, NMR, IR2%¢
(CsMes):LnNHCH:'Bu Sc NMR, IR#2
(CsMes):LnNHCH,CsH,OMe-4 Sc NMR; complex with NH;CH;C¢H,OMe-4: IR*42
(CsMes)gLnNHPh SC NMR, IR442
(CsMes)LnNH(CH;3);CH=CH, Sm complex with NHo(CHj3)sCH=CH,: NMR*Y
(C5M65)2LDNHCHQCMEQCHQCH=CH2 La complex Wlth HQNCHQCMeQCHQCH-':CHQ: NIV.[RE’17
Sm complex with HONCH;CMe,CH,CH=CH,: NMR*’
(CsMes):LnNHCH,CH=CHCH:;CH:NMe; Sm NMR#7
(CsMes):LnNMe, Se NMR, IR#2
Sm orange, NMR, IR?"!
(CsMes):Ln(NC4Hy) Y complex with THF: colorless, NMR, MS, melt./dec.*3®
(CsMes)gLn(NCE,He) Y NIV.[R734
(! La (e
(CsMes);LnN(CH2);CHMe complex with HN(CH2)sCHMe: white, NMR, IR, reactions?®’
— e
(CsMes5),LnNCH2CMeCH,CHMe La complex with HN(CsH1,)CHMe: pale yellow, NMR,
IR, reactions5'’
(CsMes):LnN(SiMes), Y 64b colorless, X-ray, NMR, IR,27 NMR*4!
La 64c¢c white, NMR, IR,** reactions®’
Ce 64d red 284440 NMR 264440441 [R28¢
Nd 64f blue25040 IR, melt./dec.,8® NMR,* reactions'’
Sm 64h orange, X-ray, NMR44
Yb 64q purple, IR, melt./dec.28
(CsMe;):Ln[N(R)=CHCH=NR] Sm R = ‘Pr: dark blue, NMR, IR, MS, melt./dec.25
Sm R =‘Bu: dark blue, X-ray, NMR, IR, MS, melt./dec.525
Sm R =°CgHi;: brown, NMR, IR, MS, melt./dec.625
Sm R = C¢H Me-4: dark green, NMR, IR, MS, melt./dec.5%
(CsMes):LnNHCR=CHCR=NH Sc R = C¢H,OMe-4: yellow, IR, NMR*2
(CsMes);LnNHNH, Sc white, NMR, MS, TR¢4
(CsMes):LnNHNMe; Sc yellow, NMR, [R%43
— ; 3 443
(CsMes)sL.n[NHCMeNNH,] Sc white, X-ray, NMR, IR
— 443
(CsMes);Ln[NHCMeNNMes] Se tan, X-ray, NMR, IR
(CsMes):Lin(572-NoPhy) Sm complex with THF (+0.5THF): green, X-ray, NMR,
IR, magn. d.108
[(CsMes)oLinlol(1,72-N2Phy) Sm dark blue, 1084144442 X.ray NMR, magn.d., IR,108:444a [JV44¢a
[(CsMes)sLinlaolu,n2-No( CeH.NMe,-4)Ph] Sm 70h dark green, NMR!%®
[(CsMes)oLinlolu,72-No(CeHiMe-3)2] Sm 69h dark blue, NMR1%®
[(CsMes);Linla(N.CsH,C H No) Sm complex with 2THF: orange, X-ray, NMR, IR*4
[(CsMes)oLn]o[N(N=CHPh)CH(Ph)—], Sm orange, X-ray, NMR, [R*4#
(CsMes)oLin(72-NoCioHsg) Sm dark brown, X-ray, NMR, IR, UV—vis, magn. d.4¢
[(CsM65)2LD]2LM-(CsH4N2-2,3-Mez)] La dark green, X-ray, NIV.[R446
[(CsMes)oLinlo[u-(C12HgN2)] La orange, X-ray, NMR##¢
[(CsMes)oLinlalpu-73:73-(C13HoN)o] Sm orange, X-ray, NMR, IR"33
[(CsMes)oLinlolu-72:7%-(C12HgN3)] Sm dark brown, X-ray, NMR, IR"33
[(CsMes)oLinla(u-n272-NoHs) Sm complex with 2 THF: X-ray, NMR*
[(CsMes),Lin(772-NoH,)1[BPhy) Sm complex with THF: X-ray, NMR*$
(CsMes).LnN=CH‘Bu Sc  65a pale yellow, NMR, IR*2
(CsMes ) LnN=CH(C¢H,OMe-4) Sc  66a yellow, NMR, [R*2
(CsMes)o:LnN=CMe, Sc NMR, IR#2
(CsMes)LnN=C(C¢HMe-4), Sc orange, NMR, IR*4?
(CsMes):LnN=CMe(‘Bu) Sc NMR, IR#42
(CsMes):LnN=CMe(CH=CHy) Se yellow, NMR, [R442
(CsMes)o:LnN=C*Bu(CH:CsH3sMe;-3,5) Y complex with NC'Bu: colorless, NMR, IR*!!
(CsMes)o:LnN=C!Bu[CH(SiMe3):] Y complex with NC'Bu: colorless, NMR, IR*!!
(CsMes):LnN=C!Bu(NHCH2'Bu) Sc white, NMR, IR*4?
[(CsMes)oLinla(u-C12H10Ng) Sm green, melt./dec. 5%
(CsMes)oLin{72-[C(CH2CgH3Mes-3,5)=N*Bul} Y 67b complex with CN'Bu: white, IR, NMR4!
(CsMes)oLin {572-{C(CH2CeH3sMes-3,5)=NC¢H3sMez-2,6]1} 'Y  68b pale yellow,g\lIMR, IR; complex with THF-ds: pale yellow,
X-ray, IR
(CsMes)oLn-72-(NCsHy) Sc X-ray,265272 NMR, IR, reactions?5
Y red,2’® yellow,734746 NMR, IR;27®73¢ complex with THF:
NMR;?78.73¢ complex with py: NMR, reactions™*
Lu NMR36°0
(CsMes)oLin(72-NCsHsMe-6) Y complex with THF: NMR?78.734
[(CsMes)oLinla[u-172:12-OC(NCsHy)e] Y purple, X-ray, NMR, IR7*
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Table 16. Spectroscopic and Other Data of Bis(cyclopentadienyl)lanthanide Pnicogenides Containing Other
Substituted Cyclopentadienyl Ligands and Lanthanide to Nitrogen Bonds

compound Ln color, characterization, etc.
(MeCsH4)2LnNH, Yb yellow-green,*!2 X-ray, IR*3
(M605H4)2L1‘1NC5H5 ¥ NMR435
(MeCsH4):LnN=CHMe Y NMR#35
(MeCsHy)zLin[u,n2-(HC=N'Bu)] Y dimer: colorless, NMR, JR#33434
[Me;ySi(MesC5)(CsHs-menthyl) ILnN(SiMes), Y colorless, X-ray, NMR, CD;"?® reactions®
Sm orange, X-ray, NMR, CD;*4%7%6 reactions”®
Lu colorless, NMR, CD;"26 reactions’®
[Me;Si(Me4Cs)(CsHz-neomenthyl) ILnN(SiMes), Y pale yellow, NMR, CD;?6 reactions”¢
La colorless, NMR, CD;"26 reactions*49.736
Sm orange, X-ray, NMR, CD;’?® reactions*4®73%
Lu colorless, NMR, CD;?2¢ reactions’®
[Me2Si(Me4Cs)(CsHs-phenylmenthyl) |[LnNHPr Y complex with NHoPr: NMR7%6
[Me;Si(MesC5)(CsHs-phenylmenthyl)ILnN(SiMe;), Y pale yellow, NMR;"?¢ reactions®
[C5H4(CH3)2O(CH3):CsH4]Ln(52-NoC3sHMe;) Y 71b white, IR, melt./dec.3572
Lu 71r white, IR, melt./dec.357
{[Cqu(CHZ)QO(CHQ)2C5H.;]Ln}2(;,1,?}‘2-N203HM82)(,&-0H) Y X-ray, IR357a
Lu X-ray357a

crystal.432

Figure 76. Structure of {{CsH4(CH2)2O(CH2)2CsHIY }o(u-
n?-N2CsHMe,)(u-OH) in the crystal.?57a

Ln Y (Figure 76), Lu) confirms the unusual
existence of a closed five-membered, two lanthanide
atoms involving chain, which connects two (3-oxa-
pentamethylene)dicyclopentadienyl ligand systems.3572

b. Compounds with Rare Earth to Phospho-
rus, Arsenic, Antimony, and Bismuth Bonds.
The first reports on trivalent bis(cyclopentadienyl)-
lanthanide compounds with bonds to phosphorus
originate from Schumann et al. They synthesized
according to eq 77 phosphino complexes of the

heavier rare earths from the bis(cyclopentadienyl)
rare earth chlorides and lithium phosphides.?492:450

(C5H,),LnCI(THF) + LiP(Bu)R —— 2

(C;H,),LnP(Bu)R + LiCl (77)

R =‘Bu: Ln = Tb, Ho, Er, Tm, Yb, Lu
R = Ph: Ln =Tb, Ho, Er, Yb, Lu

Cryoscopical molecular weight studies in benzene
gave values higher than expected for monomers, and
these organolanthanide phosphides are assumed to
be oligomers.*5°

The synthesis® of (C5Hs):YbP(CgHi1)2 proceeds via
metathesis of [(CsHs)oYb(u-Cl)]o and LiP(‘CgHii)e
similar to the route shown in eq 77. The preparation
of the (di-tert-butylphosphino)erbium derivative could
also be done by solvent-free reaction of bis(cyclopen-
tadienyl)erbium chloride with the corresponding di-
alkyl(trimethylsilyl)phosphane under reduced pres-
sure (eq 78):24%2

6 days

(C.H,),ErCl + Me,SiP‘Bu,
(C;H,),ErP'Bu, + Me,SiCl (78)

Alkane elimination reactions have been developed
especially with samarium, making halide-free prod-
ucts possible. These synthesis methods are outlined
in eq 79. The permethylated samarium derivative,

toluene

[Cp,Sm(u-R)], + 2HPR’, 2.
2Cp,SmPR’, + 2HR (79)

Cp=MeC;Hy: R= CECfBu; R’ = Ph3!%2

Cp = (CsMe5): R= H; R = Et271

(CsMes)2SmPELts, is thought to be a monomer analo-
gous to the monomethylated species (MeCsHy)o-
SmPPh,, which isopiestic molecular weight determi-
nation indicates to be a monomer in toluene. The
(trimethylsilyl)methyllutetium compound (C5;Hjs):Lu-
(CHySiMe3)(THF) reacts with diphenylphosphane
and diphenylarsane with evolution of tetramethyl-
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Figure 77. Structure of (C;H;);Lu(u-PPhy)sLi(tmed) in the
crystal 3!

silane affording bis(cyclopentadienyl)phosphano- and
bis(cyclopentadienyl)arsanolutetium THF-adducts (eq
80)_372

+HEPh,
(C;H;),Lu(CH,SiMe,)(THF) T

(C5H,),Lu(EPh,)(THF) + SiMe, (80)

E=P,As

The methane elimination reaction shown in eq 81
was developed for the synthesis of diphenylphos-
phido*®! and -arsenido?? anions. NMR monitoring
of the reaction showed that the reaction proceeds
stepwise, giving the monomethyl compounds as an
intermediate.

. +HEPh,

(C5H5)2Lu(4u'Me)2L1(S’)H —CH,
_ +HEPh,
(CsHy),Lu(u-Me)(u-EPhy)Li(S"), — -

(CsH;),Lu(u-EPh,),Li(S"), (81)
E=P: S =tmed (n =1), THF (n = 2)
E=As: S=tmed(n=1)

The first X-ray crystallographically examined or-
ganolanthanide—phosphorus complex, (CsHjs)oLu(u-
PPhy)sLi(tmed) (Figure 77), crystallizes with one
disordered toluene for two Lu fragments,*! whereas
the first and sole X-ray crystallographically charac-
terized bis(cyclopentadienyl)lanthanide arsenic com-
pound, (CsH;)oLu(u-AsPhy)oLi(tmed) (Figure 78), con-
tains one molecule of benzene per asymmetric unit.*?

Only two bis(cyclopentadienyl) derivatives of the
rare earth elements have been published, which show
bonds to antimony and bismuth. The samarium
bismuth complex [(CsMes)oSmo(u-1%:3%-Biy) (72h) the
first dibismuth complex of an f element, was prepared
according to eq 82. The structure possesses a planar

4(C;Me;),Sm + 2BiPh, —

[(C;Me;),Sm],(u-n*:n°-Bi,) + 2PhPh +
72h
2(C;Me;),SmPh (82)

Figure 78. Structure of (CsHs):Lu(u-AsPhy),;Li(tmed) in
the crystal. 42

o))
2 S @\F%Q
g o Q
Bi
&l i == Sm2
Bi2
(%)

Figure 79. Structure of [(CsMe5):Smla(u-n%:n%-Biy) (72h)
in the crystal.*>3 (Reprinted from ref 453. Copyright 1991
American Chemical Society.)

Figure 80. Structure of [(CsMes)o:Smls(u-n%n%n'-Sbs)-
(THF) in the crystal.*>* (Reprinted from ref 454. Copyright
1992 Chemical Society of London.)

Lny(u-n?:12-Biy) unit in which the Biy; moiety coordi-
nates two lanthanides in a side-on bonding mode
(Figure 79).453

Recent studies of the reactivity of the divalent
metallocene (CsMes)2Sm allowed the isolation of the
bent triatomic Zintl ion (Sbh3)?~ in form of the trivalent
organolanthanide THF adduct [(CsMes)oSm]s(u-n?:n*
n'-Sbs)(THF) (Figure 80) after treatment of (C;Mes)2-
Sm with Sb”Bus in toluene.**

A summary of important data of bis(cyclopentadi-
enyl) compounds with rare earth to phosphorus,
arsenic, antimony and bismuth bonds is given in
Table 17.
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Table 17. Spectroscopic and Other Data of Bis(cyclopentadienyl)lanthanide Pnicogenides Containing
Lanthanide to Phosphorus, Arsenic, Antimony, and Bismuth Bonds, Respectively

compound Ln color, characterization, etc.

(CsHs)oLnP(‘Bu), Tb yellowish, NMR, IR, melt./dec.24%:450

Ho yellow, NMR, IR, melt./dec.?492:450

Er pink, NMR, IR, melt./dec.?4%:450

Tm yellow, melt./dec.5°

Yb white, melt./dec.45°

Lu white, melt./dec.#5°
(CsH5):LnP(cCgH11)2 Yb orange, MS#
(CsHs):LnP(‘Bu)Ph Tb yellow, melt./dec.45°

Ho yellow, melt./dec.4%0

Er pink, melt./dec.*3°

Yb yellow, melt./dec.*°

Lu white, melt./dec.45°
(C5H5)2LnPPh2 Lu complex with THF: NMR372
(CsHs)oLin(u-PPhy)oLi(THF), Lu colorless, NMR, melt./dec.%>!
(CsH5)2Lin(u-PPhy);Li(tmed) Lu colorless, X-ray, NMR, melt./dec.*5!
(CsHs)oLin(u-PPh,)(u-Me)Li(tmed) Lu NMR#!
(CsHjs):Ln(u-PPhy)(u-Me)Li(THF), Lu NMR#!
(CsMes):LnPEt, Sm NMR, IR?"!
(MeC5Hy)LnPPh, Sm orange, NMR, magn. d.31%
(C5H5}2L11A8Ph2 Lu complex with THF: 1%1\?“3.372
(CsHs)oLin(u-AsPhg);Li(tmed) Lu yellow, X-ray, NMR, melt./dec.%?
(CsHs)oLin(u-AsPhs)(u-Me)Li(tmed) Lu NMR#52
[(CsMes5):Lin]3Sbs Sm complex with THF: red brown, X-ray, NMR**
[(CsMes)2Lin]yBis Sm 72h X-ray, NMR, IR%53

4. Bis(cyclopentadienyl) Rare Earth Complexes with Rare
Earth to Element Group 14 Bonds

a. Compounds with Rare Earth to Carbon
Bonds. i. Cyclopentadienyl Derivatives. References
to known bis(cyclopentadienyl)lanthanides with lan-
thanide to carbon bonds are given in Table 18.

Bis(cyclopentadienyl)lanthanide alkyls and aryls
may be prepared in metathetical reactions from
[(CsHs):LinCl]; (20) or (CsH5).LnCI(THF) (21) in THF
with the appropriate Grignard or organolithium
reagents. Although solvent-free methyl complexes
had been prepared from 20 and MeLi,?>° the majority
of the known species were produced by cleaving
methyl—aluminum bonds of (C;Hs):Ln(u-Me)AlMe;
with Lewis bases (such as pyridine)?34455 as outlined
in eq 83.

@Q .-IMB"-. /Me
Ln." B\
AN

@ \Me/ Me

+ PY
-Me; Al(py)

lfz@Ln'\Me /Ln©

73
Ln =Y (73b), Dy (73m), Ho (73n), Er (730), Tm (73p), Yb (73q)

(83)

The complexes 73 are reported to be soluble in CHy-
Cl;, hot benzene, and toluene, but insoluble in
saturated hydrocarbon solvents. Solution NMR stud-
ies carried out on 73b*% as well as solid-state single-
crystal structure analyses of 78b (Figure 81)?** and
73q***% proved these complexes to be dimeric in
nature which contrasts with the initial formulation
of 73 as monomers.?5°

The two (CsHs):Ln moieties are related to each
other by a center of symmetry and the lanthanide

Figure 81. Structure of [(C;H;5):Y(u-Me)], (73b) in the
crystal.234

ions are symmetrically bridged by two methyl groups.
The hydrogen atoms could be located from the X-ray
data for 73b so the ambiguity which had existed
concerning their positions could be resolved. As
shown in Figure 81 none of the hydrogen atoms are
located between the Y—C(methyl) vector, and the
bonding can be described as an electron deficient
Y—C-Y three-center, two-electron bond analogous to
that in (A1M63)2.486

It has been shown that the course of the reaction
symbolized by eq 83 depends on the relative Lewis
acidity of the rare earth ion and Al**, since a given
base can coordinate to either of the metal ions.
Indeed, in the case of Ln = Sc, bases such as THF or
pyridine, bind to the Lewis acid Sc®* yielding (CsHj)e-
ScMe(THF) or (CsHs)2ScMe(py), respectively, and the
concomitantly formed (AlMes); can easily be removed
in vacuo (eq 84):

toluene

(C5H5)2SC(“'M9)2A1M92 + LB —90 °C
(CsH;),ScMe(LB) + '/,(AlMe,), (84)

LB = THF,234 py455
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Table 18. Spectroscopic and Other Data of Bis(cyclopentadienyl)lanthanide Complexes Containing Lanthanide
to Carbon Bonds

compound Ln color, characterization, ete.

(CsHs);LnMe Sc  73a ND calculations;®® complex with THF: cream, NMR, IR;23¢

with py:#%6 cream, NMR, IR234

Y 78b colorless, melt./dec.,234%5% white, 435 X-ray,23¢ NMR,234.240,435,455,456
IR, MS,*% bond angles;% complex with THF: reaction*’

Gd 73k elec.d.®!

Dy 73m pale yellow, melt./dec., 23445 IR, MS,*5 magn. d.23¢

Ho 73n straw, melt./dec.,2344%5 IR, MS,%5 magn. d.23¢

Er 730 pink,234260455458 [JV/ 260458 TR 250455 MS 455 melt./dec. 234455
magn. d.234250,455,458

Tm 73p pale green, melt./dec., magn. d.23¢

Yb 73q orange20458459 orange red, X-ray,238455 [R, 250455459 MG 455
melt./dec.,238250.455 magm, d.,238.250 hond angles;
complex with THF: auburn orange, X-ray,%° melt./dec.3”

Lu 73r reaction;**® complex with THF: colorless, melt./dec.,3”5 NMR375:460

(CsHs)sLin(u-Me),Li(LB), Sm LB = tmed (n =1): yellow, NMR, melt./dec.46!

Er LB = THF (n = 2); pink,*62:463 melt./dec.;*® LB = tmed (n = 1):

pink,*62:463 X.ray, melt./dec, 462
Lu LB = THF (n = 2): colorless, NMR, 62463 melt./dec.;42 LB = tmed
(n = 1): colorless,62463 X.ray,*6¢ NMR,62463.465 melt,./dec.452

(CsHs)oLn(u-Me)oAlMe, Sc pale yellow, NMR, melt./dec. 238466 M S238

Y colorless, melt./dec.,238 X-ray,466.467 NMR,238.468 \[S238

Gd colorless,*6® white,238 melt./dec.,238466 M S238

Dy pale yellow, melt./dec.,238466 M S238

Ho straw, melt./dec.,238468 M S238

Er pink, melt./dec.,?38:486 M S238

Tm pale green, melt./dec.,238468 M S238

Yb orange red, X-ray, melt./dec.,238466 MS 238 hond angles?
(CsHs):Ln(Me)Sn[N(SiMes)alo Sc pale yellow, NMR, IR, melt./dec.46®
(CsHs),LnEt Lu complex with THF: colorless, melt./dec.;37®* NMR375:460
(CsHs)Ln(u-Et),AlEt, Se pale yellow, NMR?23%:466 [R 238 melt./dec.*66

Y colorless, NMR, 238468 TR 238 melt /dec.466

Ho straw?38
(CsHs)oLniPr Lu complex with THF: colorless, NMR, melt./dec.?"®
(CsHs),Ln"Bu Lu complex with THF: colorless, melt./dec.;37® NMR375:460
(CsHs)Ln*Bu Nd complex with THF: green!®?

Lu complex with THF: colorless!5?
(CsHs)Ln'Bu Y 74b complex with THF: light yellow, NMR, IR314

La 74c complex with 2phen: purple red, NMR, IR, melt./dec.24
Nd 74f complex with THF: green, NMR, IR, melt./dec.;106.157
with phen: purple red, IR, melt./dec.24*
Er 740 complex with THF: pink,*"® orange pink, IR31437 melt./dec.57
Yb 74q complex with THF: orange, NMR, IR, melt./dec.57
Lu 74r complex with THF: white, X-ray, 4’ colorless,196:375 [R, 314375
NMR, 106314:375,460.470 melt /dec. 375460 bond angles®

(C5H;):Ln(*Bu){CH(SiMe;)(PMe3)] Lu colorless, NMR, IR, melt./dec.4™
(CsHs):Ln(*Bu)(CH:PPh3) Lu NMR, IR, melt./dec.4™
(CsHs):LnCH2'Bu Lu complex with THF: colorless, IR,3”> NMR, melt./dec.375:460
(CsH;),LnCH,Ph Sm synthesis*’

Lu colorless, IR,3"> NMR, melt./dec.375:460
(CsHs):LnCH,CsH£Bu-4 Sm synthesis*72
(CsHs)gLnCHQCeH3M62-3,5 Sm synthesism
(CsH5);LnCPh; Lu red yellow®™
(CsH;5);Ln(CH;)3sNMe; Lu colorless, X-ray, NMR, MS, melt./dec.3®
(CsHs);LnCH,PMe, Lu colorless, NMR, melt./dec.47
(CsHs)oLin(u-CHy):PtBu, Lu NMR, IR, melt./dec.4™
(CsHs)oLin(u-CHg):PPho Sc pale yellow, NMR*"™
(CsHg)oLn[(u-CHa)(u,72-CeH4)PPhy) Lu colorless, melt./dec.143:473
(CsHs),Ln(CH,SiMes)(CH2PPh;) Lu colorless, NMR, IR, melt./dec.*’!
(CsHs)oLnCH.SiMe; Y 75b complex with THF: colorless, X-ray, NMR, [R*?

Sm 75h colorless, IR, melt./dec.37®

Er 750 complex with THF: light brown, IR, melt./dec.37

Yb 75q complex with THF: red brown, NMR, IR, melt./dec.3"

Lu 75r complex with THF: colorless, IR,37 X-ray, NMR, melt./dec., 375480
bond angles?e

[Lioa( DME)o(u-dioxane)][(CsHs)oLn-(CHoSiMes)l: Y colorless, X-ray, NMR, IR;¥7¢ NMR+""
(CsHs):LnCH(SiMes). Sm complex with THF: orange, NMR, IR1%
Lu complex with THF: colorless, NMR, IR106
(CsHs)eLnPh Gd lavender, magn. d.250:458
Er pink, IR, UV, melt./dec.,?° magn. d.458
Yb orange, magn. d.,250 IR458
Lu complex with THF: colorless,*3 NMR, melt./dec.376:436
(CsHs)oLnCeHsMe-4 Gd pale yellow, melt./dec.; complex with THF: orange yellow, IR,
melt./dec.®
Er light pink, melt./dec., magn. d.; complex with THF: light pink,

IR, melt./dec.®3
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Table 18 (Continued)
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compound Ln color, characterization, etc.
(CsHj5):LnCgHsMe-4 Yb orange red, melt./dec., magn. d.; complex with THF: red, IR melt./dec.®
Lu complex with THF: colorless, X-ray, IR,*”> NMR, melt./dec.?’460 bond angles®
(CsHs5):LnCgH,C1-4 Er pink, melt./dec., magn. d.; complex with THF: orange red, IR, melt./dec.®3
(CsH5):LnCgH4-2-CHsNMes Sc white, NMR, melt./dec.47®
Y white, X-ray, melt./dec.?3?
(C5H5)2LDCsF5 Yb complex with THF: MS, IR, UV229
(C5H5)2:LnCgCl; Yb MS, IR, UV?22?
(CsHs5):LnCH,CH=CH, Sc orange, NMR, IR, melt./dec.?36
Y complex with THF: colorless, NMR, IR*35
Nd IR*7
Sm yellow, UV;*¥ intermediate™’
Ho orange, UV480
Er pink, UV480
(CsHs5):LnCH,CH=CHCH3; Sm intermediate”’
(CsH;5):LnC(Et)=CHEt 4 complex with THF: colorless, NMR, IR*35
(CsH5):SmCH,;CH=CHPh Sm intermediate”’
(CsHs)2LnC(Ph)=CHPh Y complex with THF: pink orange, NMR, IR**
[Na(LB),l[(CsH5)2Ln(C14H10)] Lu LB = THF (n = 1): orange, NMR,*®! UV;%7 LB = diglyme (n = 2): orange,

X-ray, NMR*8!
yellow green, NMR, IR, melt./dec.3®!
complex with THF: red brown, NMR, IR, UV, melt./dec., magn. d.***

(C5H5)2LDC[Si(SiM83 )3]=NC6H3M82-2,6 Se
(CsHs)oLin[ CsHs(CHoNMes)Fe(CsHs) Sm

Er NMR, IR, UV, melt./dec., magn. d.482

(C5Hs5):LnC=C"Bu Nd pink387

Yb orange red, NMR, IR, melt./dec.?®7

(CsH5):LnC=C'Bu Er
(CsH5):LnC=CCsH3 Nd pink?3®7

pink, X-ray,*® IR,*83.484 hond angles®

Yb yellow, NMR, IR, melt./dec.?®7

(C5H5)2LDCECCCGH11 Yb
(CsH5):LnC=CPh Se

orange red, NMR, IR, melt./dec.?®”
yellow, NMR, IR, melt./dec.?3¢

La complex with 2phen: brown, NMR, IR, melt./dec.2*
Nd complex with phen: brown, IR, melt./dec.?*
Gd yellow, IR, magn. d.,25%48 melt./dec.,? elec. d.%!

Ho sand, UV, magn

d.250

Er pink, magn. d.,250485 IR, 485 (JV250
Yb orange,20387.485 NMR, melt./dec.,?" IR,229387.485 UV, MS,22° magn. d.20:48

(CsH5)2Ln(C=CCsH4)Fe(CsHs) Nd orange?87

Yb orange, NMR, IR, melt./dec.?8"

(CsHs)2Lin(7°-C¢Hs) Sm

complex with THF: yellow, X-ray, IR738

The different reaction paths symbolized by eqs 83
and 84 establish the following relative order of Lewis
acidity: Sc** > APt > Y3 &~ La3*+<Lu®*. Monomeric
THF adducts are also known for Y,%7 Yb,379459 and
Lu?®7460 which were prepared either by dissolving 73
in THF or by reacting (CsH5):LnCI(THF') (21) with
MeLi.#6° The ability of the above methyl compounds
to react with protonic acids has led to applications
in the synthesis of novel hetero bimetallic com-
plexes.*” Likewise, more strongly basic species of
the type (C;Hs):Lin(u-Me),;Li(tmed)*61-465 and (C5Hs)s-
Ln(u-Me),Li(THF),*61463 have successfully been em-
ployed in generating lanthanide to element bonds
which would be difficult to prepare otherwise (e.g.
refs 451, 452).

Tetraalkylaluminate complexes have already been
mentioned because of their usefulness in the prepa-
ration of 73. They are best prepared from 20 and

2 equiv of LiAlMe; in toluene as outlined in eq
85,234,238,455,466,468

toluene
—2LiCl

'/,[(CsH;),LnCl], + 2LiAlMe,
20
(C;H;),Ln(u-Me),AlMe, (85)

Ln = Sc, Y, Gd, Dy, Ho, Er, Tm, Yb

These complexes are soluble in toluene, benzene,
and partly soluble in methylene chloride. The yt-
trium derivative was shown to be fluxional at 40 °C
with regard to site exchange between terminal and

Figure 82. Structure of (CsHj;):Yb(u-Me);AlMes in the
crystal 238,466

bridging methyl groups. Variable-temperature NMR
studies established an activation energy of 15.9 kcal
mol ™! (T = 392 K), whereas the analogous scandium
compound is nonfluxional. The solid state struc-
ture?38.466 of (CsHs). Yb(u-Me)osAlMe,, depicted in Fig-
ure 82, shows that the [AlMe,]™ anion coordinates to
the ytterbium center with two symmetrical Yb—Me—
Al interactions; two methyls on aluminum are ter-
minal.

The methyl complexes discussed so far are kineti-
cally stable which is probably due to the lack of low
energetic decomposition pathways. In view of the
accumulated data for all alkyl and aryl derivatives
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of the lanthanides it becomes apparent that the
concepts developed for preparation of stable transi-
tion metal—»'-carbyl complexes, that is, the use of
alkyls without g-H atoms, sterically demanding as
well as chelating alkyl or aryl ligands, can be applied
to lanthanide chemistry as well. Owing to the
possibility of -H extrusion, it is not surprising that
ethyl,238:375.460.466 jsonropyl 37 n-butyl 375460 and sec-
butyl’®” complexes are less stable and less well-
defined relative to the simple methyl compounds.
Presumably the steric bulk of the tert-butyl group
allows isolation of complexes of the type (CsHj).Lin-
‘Bu(THF) (74) as outlined in eqs 86,470 87,3143 and
88.106.157

[(C.H.),LuCl], + ‘BulLi ——
20
(C.H,),Lu’Bu(THF) + LiCl (86)
74r
(C,H,),LnCI(THF) + ‘BuLi ——
21
(C.H.),Ln'Bu(THF) + LiCl (87)
74

Ln =Y (74b), Er (740), Yb (74q), Lu (74r)
(C.H,),Ln + ‘BuLi —=
1
(C:H.),Ln'Bu(THF) + LiC.H, (88)
74

Ln = Nd (74f), Lu (74r)

These complexes are thermally stable at most up
to 80 °C, but there is evidence that -H elimination
takes place when 74r is heated to 200 °C.?*® A likely
course for the decomposition is given in eq 89:

80 °C
(C;H;),Lu'Bu(THF) g
[(C5Hg),Lu'Bul, — = [(C;H,),LuH], (89)

74r

In order to prevent decomposition by g-H atom
transfer, neopentyl,?7>46° benzyl, 375460472 (trimethyl-
silyl)methyl (75),375:459,460.471,466.477 and bis(trimethyl-
silyl)methyl'% complexes have been prepared and
characterized. In addition to spectroscopic investiga-
tions by proton and carbon NMR, 75r375460 and
[Lios(DME)y(u-dioxane)][(CsHs)oLn(CH:SiMe3): Jo* have
been subjected to single-crystal structure analyses.
Figure 83 shows that the Me3sSiCHy ™ unit in 75r is
n'-bonded to the eight-coordinate lutetium ion at a
normal bond distance (d,-c = 237.6(17) pm). How-
ever the Lu—C;—Si angle of 130.7(8)° is substantially
greater than expected for a tetrahedrally coordinated
sp® hybridized carbon atom. (Similar values have
been determined for [Lis(DME)s(u-dioxane)][(CsHs)o-
Ln(CH3SiMe;)2]; Y—C—Si = 134.3° and 130.1°.)476
This phenomenon has been studied theoretically by
Tatsumi and Nakamura®®” on ethyl complexes of the
actinoids. They concluded that a large bond angle
allows the atom orbitals of the a-H atom to overlap
with vacant metal orbitals giving rise to a-agostic
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Figure 83. Structure of (C;Hs);Lu(CH>SiMe3)(THF) in the

CI.ystal_:375,460

Figure 84. Structure of (Cs;Hj;);Lu(CHj3);NMe; in the

crystal.389

metal—hydrogen bonds which, in turn, would re-
duce the negative charge of the o-bonded carbon
atom. This argument may also apply to 75r and
[Lig(DME)g(ﬂ—dioxane)][(C5H5)2Ln(CHQSiMe3)2]2 be-
cause Lu®" and Y are known to be highly acidic.
Further examples of agostic lanthanide to hydrogen
and carbon bonds follow in the following section.

Bidentate ligands are also effective in stabilizing
lanthanide to alkyl linkages even when a -hydrogen
atom is present, since chelating ligands block ad-
ditional coordination sites that must be vacant for
B-hydrogen elimination to occur. For example, use
of Li(CHz)3sNMe, as bidentate ligand results in the
base-free bis(cyclopentadienyl)lanthanide organyl (Fig-
ure 84). The originally free coordination site at the
rare earth metal is filled by lone pair coordination of
the nitrogen atom (eq 90):3%°

/ THF
LuCh + 2NaCeHs + Li”” "N >
3 W < -2 NaCl -LCl

S
RS
&

The addition of lithium ylides to equimolar amounts
of 21 gives rise to organolanthanide ylides (eq 91):
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(C5H,),LuCl(THF) + Li[(CH,),PR,] —
21
(CsH;),Lu(u-CH,),PR, + LiCl (91)

R = !Bu 474 Ph475

Kinetically stable complexes with bonds to sp?-
hybridized carbon atoms have also been obtained
from ligands containing one further donor group.4*4"
Hence, Li{CsHs-2-CHsNMe, 32478 (see Figure 85) and
Li[(CsH5)FeCs;H3-2-CHaNMe;]*82 react in ether with
20 to form monomeric, intramolecularly stabilized
complexes according to eq 92.

ether or THF

'/,[(CsH;),LnCl], + LiR
20
(CsH;),LnR + LiCl (92)

R = CgH-2-CH,NMe,: Ln =S¢, Y

Ln = Sm (THF adduct), Er

In addition to chelating aryl ligand, complexes of
simple monodentate phenyl derivatives also are
known. Some of them were known when the first
report on bis(cyclopentadienyl)lanthanide methyl
complexes appeared in 1975.25° For example, aryl-
lithium reagents readily react with 21 in THF,
yielding the corresponding aryl complexes according
to eq 93. Similar ytterbium compounds were gener-
ated by reducing mercury organyls with (CsHs)2Yb-
(THF); as outlined in eq 94.22

(C;H.),LnCI(THF) + LiR —
21
(C.H,),LnR(THF) + LiCl (93)

R=C,H,CH,-4: Ln = Gd, Er, Yb,% L3756

R = C;H,Cl-4: Ln = Er®

(C,H,),Yb(THF), —
(C5H,),Yb(CF,)(THF) (94)

These complexes have been characterized by stan-
dard spectroscopic methods and the structure of
(CsH;):Lu(C¢HsCH3-4)(THF) has been elucidated by
X-ray crystallography.?’> Coordinated THF can be
removed by treatment with e.g. hexane, benzene, or
toluene giving rise to the seemingly monomeric,
solvent-free complexes. Although both mass spectra
and molecular weight determinations of solvent-free
“(CsH;5)2Er(CsHsMe-4)” apparently support the ini-
tially monomeric formulation, no solid-state crystal
structure has as yet been reported. In view of the
enormous amount of structural and chemical knowl-
edge accumulated in the past few years, the existence
of monomeric, base-free bis(cyclopentadienyl)lan-
thanide aryl compounds without bulky substituents
in the ortho position seems to be unlikely.

Finally a number of o-bonded ethynyl complexes
have been prepared by a variety of methods which
included acid—base reactions,*35483:484 transmetala-
tion,236.244.250.435.485 gnd ligand displacements.?¥” The
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Figure 85. Structure of (C;H;):YCsH4-2-CH3;NMe; in the
crystal.239

Figure 86. Structure of [(C;Hs)Er(u-C=C'Bu)l; in the
crystal. 483

resulting complexes of the type [{CsHs)Lin(n'-C=CR)},
(R = "Bu, ‘Bu, Ph, C¢H;3, ‘CsH11, CsHsFeCsHs) are
at least dimeric when unsolvated, as shown by the
X-ray structure analysis of [(CsHs):Er(u-C=C'Bu)],*
(Figure 86). Apparently the terminal sp?-hybridized
carbon atom of the alkynyl group is capable of
bridging two electron-deficient metal ions by way of
three-center, two-electron bonds.

The synthesis of N-alkylformimidoyl rare earth
complexes {(CsHs)oLin[u-72-(XC=N'Bu)]}: (X = H (62),
D (63))43343¢ have already been discussed within
the chapter of bis(cyclopentadienyl) rare earth pni-
cogenides (see eq 61 and Figure 64). In this con-
text the »2-iminosilaacyl complex (CsHs)2ScC[Si-
(SiMe3)3]=NCgsHsMe,-2,6 has to be mentioned,*! as
well as the two known alkenyl species, (CsHs),YC-
(R)=CH(R) (R = Et, Ph).#3®> The latter compounds
are product of the reaction of bis(cyclopentadienyl)-
yttrium hydride with internal alkynes (addition of
Y—H across the multiple alkyne bond).

The use of bulky anthracene dianion as a ligand
in organolanthanide chemistry results in formation
of the ionic complex [Na(diglyme)s][(CsHs):Ln(Ci4H;0)],
which the structure of has become available recently
(Figure 87).481

ii. Pentamethylcyclopentadienyl Derivatives. The
chemistry of these species has opened a new chapter
in lanthanoid catalysis and C—H activation. Most
of the compounds discussed in this chapter (see Table
19) were either prepared to probe reaction paths in
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Figure 87. Structure of the anion of [Na(diglyme),]-
[(CsH5)oLu(C14H;p)] in the crystal.‘““

homogeneous catalytic reactions and C—H activation
or to establish structural knowledge of those orga-
nolanthanide—carbyl species that serve as starting
materials and potential reaction products. To give
a detailed account of the latest development in this
fast-growing field is beyond the scope of this review,
however, the interested reader is referred to the
literature covering these topics (e.g. refs 265, 351,
354, 355, 488a, 512, and 515—517).

This fascinating new avenue of organolanthanide
chemistry began in 1982 with the discovery of the
Ziegler—Natta-type catalyst (CsMes):LuMe(Et20O) by
Watson.?%359 Prior to Watsons studies, the number
of investigations in this field remained small due to
the short lifetime of these catalysts derived from CsHj;
ligands, their low solubility in noncoordinating sol-
vents and their rapid and complex decomposition
which involved metalation of the C;H5 ring. Then,
after the unsubstituted cyclopentadienyl ligand was
replaced by its permethyl analogue, (Cs;Me;), the
above-mentioned problems could be satisfactorily
solved and investigations of catalytic processes as
well as C—H and C—C bond activations could be
studied.

Naturally, the most intriguing transformations
have been obtained by using solvent-free and thus
extremely electrophilic lanthanide alkyl species in
nonpolar solvents, since Lewis bases would occupy a
coordination site that must be vacated in order to
bind the substrate. But, the preparation of solvent-
free bis(pentamethylcyclopentadienyl) rare earth
methyl complexes is not easy. The lanthanide ion is
determined to keep further donor ligands (i.e. anions
or THF/Et,0) within its coordination sphere. Thus,
(CsMes)2ScMe (76a) can only be prepared from (Cs-
Mes5)2ScCl (20a) and MeLi in the absence of THF as
shown in eq 95.

ether/hexane
el

(C;Me;),ScCl + MeLi
20a
(CsMe;),ScMe + LiCl (95)
76a

In the presence of THF the sole product obtained
was (CsMe;)2ScCI(THF) (21a), indicating that the
THF complex is inert toward metathetical substitu-
tion. 76a is a yellow, air-sensitive and, as shown by
X-ray crystallography, monomeric complex.?¢%2™? Fig-
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Figure 88. Structure of (C;Me;s):ScMe (76a) in the crys-
ta] 265.272

ure 88 shows that 76a has the typical structure of a
bent metallocene with a terminal methyl group.

Compound 76a rapidly polymerizes ethylene
and mechanistic studies of this and related processes
indicate that agostic Sc—H—C interactions may pro-
mote the reaction and may also influence the selec-
tivity.?¢7518 Although the 'H chemical shift difference
between (CsMes):ScMe (76a) and (CsMes)2ScCH,D of
0.057 ppm indicated the presence of an agostic struc-
ture in solution. The solid-state crystal structure de-
termination showed no such interaction, but the res-
olution of the structure determination was not high
enough for the hydrogen atoms to be located. How-
ever, it was argued that the position of the methyl
group in the plane defined by the centroids of the
cyclopentadienyl rings and scandium precludes the
formation of an agostic bond, because this interaction
would distort the methyl group to one side of the
plane.

In an inert solvent such as cyclohexane, 76a
undergoes a variety of reactions with aliphatic and
aromatic substrates by a process which is called
o-bond metathesis. Some of the most prominent
reactions are outlined in eqs 96—100:265272488a

488a

(C;Me;),ScMe + H, — (C;Me;),ScH + CH, (96)
76a

(Cs;Me;),ScMe + C;Dg —
76a
(C;Me;),ScCiD; + CH;D (97)

(CsMe;),ScMe + CH,=CHMe —

76a
CH,~CHMe

(Cs;Me;),ScCH=CHMe (98)

(C;Me;),ScMe + CH,=CMe, —
76a
(C:Me:),ScCH=CMe, + CH, (99)

(C;Me;),ScMe + HC=CR —
76a
(C;Me;),ScC=CR + CH, (100)
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Table 19. Spectroscopic and Other Data of Bis(pentamethyleyclopentadienyl)lanthanide Complexes Containing
Lanthanide to Carbon Bonds

compound Ln color, characterization, etc.
(CsMes):LnMe Sc 76a pale yellow,?%5 IR,265.272 X.rqy 265272 NMR, 265272 488a
lumines.;?*® complex with THF: NMR,2% synthesis?7
Y 76b NMR;46488 complex with Et,0: NMR;%¢ with THF:
colorless, IR,295:489 X.ray 489 NMR,295.456,489 reactions’s? ™40
Sm 76h complex with THF: yellow, X-ray, NMR, IR,
magn. d.,*% synthesis20®
Yb 76q synthesis;* with Et;0: red, UV,287 NMR;287:358
complex with THF: orange?’
Lu 76r NMR,369:456,488b X _yqy:490 complex with Et,O: synthesis,?58
NMR;*®¢ with THF: NMR;%® with NEt;: synthesis;3°
with py: synthesig3%®
(CsMes):LnCH2D Y complex with THF: NMR41
(CsMes):Lin(u-Me),Li(LB), Y LB = Et:0 (n = 1): colorless, NMR, IR2%
La LB = tmed (n = 1):colorless, melt./dec.,268 NMR268.294,465
Ce LB = tmed (n = 1): lumines.5!
Pr LB = tmed (n = 1): greenish, NMR,268463 melt./dec 268
Yb (n = 0): synthesis;%8 LB = Et,0 (n = 2): yellow;?7
LB = THF (n = 3): synthesis3*®
Lu (n = 0): synthesis;%8 LB = THF (n = 2): colorless,
NMR,268463 melt./dec.;268 LB = THF: (n = 3): NMR;358
LB = tmed (n = 1): colorless,26863
melt./dec. 268 NMR268.29463 465
(CsMes):Ln(Me);AlMe, Y 77b colorless, IR,%% NMR,2%:456 X.ray, thermo. d.45
Sm 77h orange, X-ray, NMR, IR, magn. d.4%¢
Yb 77q synthesis38
Lu T7r synthesis,3%8 NMR, thermo. d.458
(CsMes)oLin[(u-Me)AlMey(u-Me) b Ln(CsMes), Y, Lu NMR*6s
(CsMes)gLn(Mem)(GaMe4)Ln(CsMe5)2 Y NIV.[R456
(CsMes):Ln(Me):GaMe, Y NMR, thermo. d.45¢
Lu NMR*6
(CsMes)Lin(u-Me)(u-CHLi(Et;0), Y colorless, NMR, IR%%
Yb brown?’
(CsMes):LnMe(MgCl(THF), Y colorless, NMR, IR?%
(CsMes)oLnEt Sc yellow, X-ray, IR,%65 NMR?265.488a
(CsMes), Ln(u-Et).AlEty Sm red, X-ray, NMR, IR, magn. d.4%2
(CsMes),Ln"Pr Sc NMR, 2654882 TR, 265 gynthesis52
Sm synthesisé
(CsMes)Ln"Bu Sc pale yellow,*882 NMR265488a
(CsMes):Ln*Bu Sc NMR?265
Lu NMR358.359
(CsMes)oLn(CHz):Me Sc synthesis,3? NMR%28=
(CsMes):Ln(CHj)sMe Sc NMR8ea
(CsMes):LnCH,CH(Me)CH,CH,Me Lu catalysis®?
(CsMes);LnCHDCHD'Bu Sc NMR, reactions?28731
(CsMe;):LnCH,CH(Me)CH,CHMe; Lu catalysis®®®
(CsMes):LnCH2*CsHg Sc synthesig™®
(CsMes);LnCH,Ph Sc yellow, NMR, IR,?% synthesis?"2
Y NMR#8
La NMR#+
Ce X-ray, NMR, IR#*
Sm red orange, NMR; complex with THF: red orange, X-ray,
IR, magn. d.,403 NMR403.40¢
(CsMes)o:LnCHoPh(MgCl,)(THF ), Y colorless, NMR, [R2%
(CsMes):LnCHCgH3zMe,-3,5 Y yellow, NMR, IR; complex with THF: colorless, NMR, IR?7®
(CsMes)o:LnCH,CH,Ph Sc yellow, NMR?299488a
(CsMes):LnCH,;CHDPh Sc yellow88é2
(CsMes):LnCH,CH,C¢H Me-4 Sc yellow, NMR#88a
(CsMes):LnCH,CH,CsH4CF3-4 Sc NMR488=
(CsMes)oLnCH.CH,CsH NMes-4 Sc yellow, NMR#88a
(CsMes);LnCH,CN La white, X-ray, NMR, IR*>
Ce pink, NMR, IR#%5
(CsMes)oLin(u-CHz),PMe, Sm complex with 2 LiCl: yellow, NMR, IR, melt./dec.30®
Lu colorless, X-ray, NMR, IR, melt./dec.4%
(CsMes)oLn(u-CH,)oP'Bu, Sm complex with 2 LiCl: yellow, NMR, IR, melt./dec.3%®
(CsMes)oLn(u-CH;):PMePh Nd complex with 2 LiCl: blue, NMR, IR, melt./dec.3%®
Sm complex with 2 LiCl: yellow, NMR, IR, melt./dec.3%
(CsMes)oLin(u-CHy)oPPh, Nd complex with 2 LiCl: blue, NMR, IR, melt./dec.308
Sm complex with 2 LiCl: yellow, NMR, IR, melt./dec.30®
(CsMes)oLin[(¢-CHg)(u,n?-CeH4)PPhy) Y colorless, X-ray, NMR, IR
Lu NMR360
(CsMes);LnCH:SiMes Sc white, NMR,”? reactions?363.511,729
Lu NMR360
[Li(DME), I[(CsMes).Ln(CH:SiMej3):] Pr n = 3: green, NMR, melt./dec268
Lu n =2: NMR;*> n = 3: colorless, melt./dec.,?68 NMR268.294
(CsMes)o:LnCH(SiMe3), Se yellow, NMR2%°
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Table 19 (Continued)
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compound Ln color, characterization, etc.
(CsMes)o.LnCH(SiMes), Y colorless, X-ray, IR,2"5 NMR,274275,497.598 melt./dec. 274275
reactions;’*72 complex with CN’Bu: white, NMR, IR*!!
La pale yellow, 304305743 TR 304 N]MR304441498
Ce red, IR,273.28¢ X.ray,28¢ NMR;273.284441 complex with NC'Bu:
gold, NMR, IR;%%* with LiCl(Et;0).: synthesis;?"3
with LiCl(tmed)s: synthesis?"
Nd blue green, X-ray, NMR, IR,3%4362 reactions’42744
Sm red brown, NMR, IR 3% reactions742744745
Lu colorless, IR,30¢* NMR304498
(CsMes):LnC(=N;)SiMe; Y complex with THF: yellow, NMR, IR®
Yb complex with THF: dark red, IR*%°
Lu complex with THF: yellow, NMR, IR®
(CsMes):Ln[(*Bu)CPPC('Bu)lLn(CsMes): Sm orange red, X-ray, NMR, IR, melt./dec.5%
(CsM65)2Ln(CGHucNCGH11) Sm I‘Ed, IR291
(CsMes)oLn[CsH3(CHoNMes)Fe(CsHs) Sm light brown, NMR, MS, IR, UV, melt./dec., magn. d.5%
(CsMes)LnCsHy(u-H):WCsH; Y yellow, NMR, IR;%2746 complex with py: NMR46
Sm red, X-ray, NMR™2.746
(CsMes)LnPh Sc  78a NMR?5
Y 78b NMR#
Sm 78h orange, NMR, IR, magn. d.; complex with THF: orange,
X-ray, NMR, magn. d.5%2
Lu 78r NMR3#
(CsMes):LnCsH Me-2 Sc off-white, NMR, IR265
(CsMEs)gLnCeH4Me-3 SC NIV.[R265
(CsMes):LnCsH Me-4 Sc NMR;2% complex with NCCgHsMe-4: yellow, NMR, IR*2

(CsMes)gLnCGH4-2-CH2NM62
(CsMes)QLnCeH4NMeg-2
(CsMes)gLnCeH4pMez-2
(CsMe;)oLnCegH,OMe-2
(CsMe5)2LnCeH4SMe-2
[(CsMes)oLin]oCeHy
(CsMes)oLnCeF's
(CsMes)gLnCHQCH=CH2

(CsMes)anCHQCH=CHMe
(CsMes):LnCH,CH=CH"Pr

(CsMes)gLn(CH2)4CH=CMez
[(CsM65)2LnCHQCH=CH—]2
[(CsMEs)2LDCH2CH=CHCH2—]2
(CsMEs)gLnCHQCH';CHPh
(CsMes)anCHQCMe=CH2

(CsMes)gLnCH-':CHMe
(CsMes)gLnCH-':CMez
(CsMes)gLnCH=CHCGH4Me-4
(CsMes)gLnCH=CHCGH4CF3-4
(CsMEs)gLnCH=CHCGH4OMe-4
(CsMes):LnCMe=CHMe
(CsMe;):LnCHMeCs;HN-2
(CsMes)anCHQCH205H4N-2
(CsMes)anCHZCHMe05H4N-2
(CsMes)o:LnCMe=CEtCsHN-2
(CsMes)oLnCEt=CMeCsHN-2
(CsMes)oLncCgHg

[(CsMes)oLinla(u-nt,73-C4Hg)
(CsMes):Ln['BuCH=CC(‘Bu)=CHj,]
[(CsMes)oLinlo(u-n2:2-MeCyMe)

[(CsMes)oLinla(u-n2n2-BuC4Bu)

[(CsMes)oLinlo[p-n2:n%-MeoCH(CHz)2C4(CHs):CHMes]
[(CsMes)oLinlo[u-72:72-Ph(CH2)2C4(CHz)oPh]

[(CsMes)oLinlo(ue-n2:42-PhCPh)

[(CsMes)oLinlolu-17%:73-1,2,3,4-(py4)CaH4l
[(CsMes)oLinla(u-n2%:12-pyCHCHpy)
[(CsMes)oLinlo(PhC=CPh)
[(CsMes)oLinla(u-n2:7*-CH2CHPh)

Sm

white, NMR#3

red, NMR, IR4%3

NMR, IR

orange, NMR, IR*3

white, NMR, IR*3

NMRE60

purple, NMR, melt./dec.282

NMR, IR265

NMR304

NMR, [R3%4

orange,?’! red, X-ray, magn. d.,5 NMR, [R271.503
synthesis35°

NMR204

red, X-ray, NMR, IR, magn. 4.5

NMR304

NMR304

synthesig503

synthesis, reactions?

purple, X-ray, NMR, IR, magn. .50

red orange, X-ray, NMR, IR, magn. d.5%
red, X-ray, NMR, IR, magn. d.5%

with MgCL(THF)2: colorless, NMR, IR2%
synthesig3®

NMR, [R265

NMR, IR265

pale yellow, IR265

NMR265

NMR265

orange,*88 synthesig?299:352

NMR*

yellow, NMR, reactions’

brown, NMR, IR734

NMR734

NMR734

NMR20+

NMR20+

complex with THF: red, X-ray, NMR, melt./dec.5%
orange, X-ray*®

deep red, NMR, IR*®

red brown, X-ray, NMR, [R40°

red brown, X-ray, [R*®

dark red (yellow green), X-ray, NMR*0
dark red (yellow green), X-ray, NMR*?
dark green red, NMR, IR*¢

dark red, X-ray, NMR, IR*¥0

red, magn. d., IR,5% X-ray,505.506 NMR3k 505,506
red, X-ray, NMR, IR%7

red, X-ray, NMR, IR%%

black, NMR, IR508

X-ray,5%3509 maroon, NMR, IR, magn. 4.5°
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Table 19 (Continued)

Schumann et al.

compound Ln color, characterization, etc.
[(CsMes)oLinla(u-72n*-PhCHCHPh) Sm X-ray,5935% red brown, NMR, IR, magn. d.5%°
[(CsMes)oLinlolu-173:73-(C14H10)] Sm black, X-ray, NMR, IR"33
[(CsMes)2Linla[u-%3:173-(C16H10)] Sm black, X-ray, NMR, IR"33
[(CsMes)oLinlolu-17%:773-(C1H12)] Sm green, X-ray, NMR, IR733
[(CsMes)oLin]o[(CisHio)] Sm wine red, NMR, IR™3
[(CsMes)oLinlo[(C12Hs)] Sm dark blue, NMR, IR733
(CsMes):LnCH,C=CMe Y NMR 510.73¢ [R;510 complex with py: brown-yellow, NMR, IR74
La NMR?i0
Ce NMRS510
(CsMes)gLnCHQCEC‘Bu Ce NMR?510
(C5M65)2LDCHQC-=—CSiMea Ce NMR?510
(CsMes5):LnC=CH Sc NMR, IR511
Y complex with py: yellow, NMR, IR"3
(CsH5):LnC=CMe Sc white, NMR, [R%5
Y NMR; complex with Et;O: colorless, NMR, IR; with THF: NMR, IR?"®
La white, NMR, IR®
Ce purple, IR,409.512 NMR512
(CsMes)LnC=C‘Bu Ce purple, NMR, IR;*512 complex with THF: orange, NMR, IR%!2
Sm yellow, X-ray;**? complex with THF: NMR, IR208
(CsMes)sLin(u-C=C'Bu);Li(THF) Y X-ray, NMR, IR513
(CsMes)o:LnC=CCHMe, Sm complex with THF: NMR#0
(CsMes):LnC=C(CH;);CHMe, Sm complex with THF: NMR, [R*40
(CsMes):LnC=C(CH_.);Ph Sm complex with THF: NMR, IR*40
(CsMes):LnC=CCH,NEt, Sm complex with THF: NMR, [R*40
(CsMes5)o.LnC=CPh Y NMR;%2 complex with Et;O: white, NMR, IR?"8
Ce complex with THF: red, NMR, [R*?
Nd complex with THF: blue, NMR, [R*0
Sm NMR, IR;?"! complex with THF: orange, X-ray, NMR, IR2%8
K[(CsMes)oLn(C=CPh);] Ce blue, X-ray, NMR, IR*0
Nd green, NMR, IR0
Sm orange, X-ray, NMR, IR*?
(CsMes5);LnC=CSiMes Y NMR;512 complex with Et,0: colorless, NMR, IR27®
Ce NMR512
(CsMes).LnC=CLn(CsMes): Sc white, X-ray, NMR, IR5%1
{(CsMes)aLua-ﬂs,ﬂl,ﬂl-CsMea(CH2)2]Ln2}2 La IR‘*Q4
Ce X-ray, [R**
(CsMes).Ln-72-(NCsHy) Sc X-ray,265272 NMR, IR, reactions?6’
Y red,?’® yellow,3¢746 NMR, IR;2873¢ complex with THF: NMR;27873¢ complex
with py: NMR, reactions”
Lu NMR36¢
(CsMes):Ln(72-NCs;H;z;Me-6) Y complex with THF: NMR?27873¢

Q}\CQ\\;\:E‘OWO 14

R S

Figure 89. Structure of [(CsMes);LuMe], (76r) in the
crystal.*® (Reprinted from ref 490. Copyright 1985 Ameri-

can Chemical Society.)

In addition, thermolysis of 76a at 80 °C in cyclo-

@j H
Cﬁ
/ “H
C

S

=

hexane evolved methane and formed a yellow in-
soluble product whose identity was established by
X-ray crystallography as [(CsMes)Sc(u-n':95-CHoCs-
Me,)]o.51% This ring metalation, due to intramolecular
activation of a ring methyl C—H bond, can explain
the observed rate law for reaction 97, which is first
order in 76a. Thus, a generation of [(CsMe;s)Sc(u-nt:
n>-CH;CsMeys)]s is the slow kinetic step and its
dimerization is fast, as indicated in eq 101:265.272

@é y A
\

Sc \Sc (101)
\

8
Hu

The experimental details in this field are vast but
they all are consistent with reactions occurring by
o-bond metathesis transition states.265.272.488a
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Before the rich chemistry of 76a was developed,
Watson?358-360.488b.490 ghowed that [(CsMes):LuMels
(76r) undergoes a variety of reactions involving C—H
and C—C bond activation. Even though 76a is
difficult to prepare the synthesis of 76r is even more
complicated. The labor-intensive multistage synthe-
sis is depicted in eq 102:4%

2 MeLi/ THF Lu_l__...Me
i gm\l -2 LiCl éf \Me—Li' ----- (THF),
A l vacuum
; : e "‘<MM3 v ; ! oMew,,
Lu.l h.l" -.u
éf Sme”” e LiAMeg4 ég Sme””

@‘ O\ NEt3/vacwum ‘@‘
| i«“‘\ -E1,0 -

Me

‘v 2 Me‘"“'---.[_:@k
Me/ ﬁ
T6r

(102)

Unlike the scandium species 76a, the analogous
lutetium complex 76r is dimeric in solid state but
'H-NMR studies, in cyclohexane-d;», show a rapid
monomer—dimer equilibrium (15% dissociation). The
molecular structure analysis of 76r revealed an
unsymmetric dimer with one bridging and one ter-
minal methyl group (Figure 89),488b.490

In sharp contrast to the previously discussed sym-
metrically methyl-bridged complexes of the type
[(C.H5):Ln(u-Me)]s (73), the interactions between the
bridging methyl group and Lu(2) in this asymmetric
complex should be regarded as intermolecular agostic
Lu—C—H:-‘Lu contacts. This clearly demonstrates
the exceedingly high Lewis acidity of the coordina-
tively unsaturated (CsMes),LuMe (76r) species which
coordinates C—H o-bonds in the absence of classical
donors. In view of this result, complexation of al-
kanes by 76r seems possible. Indeed, in a sealed
NMR tube a solution of 76r in cyclohexane-d;; reacts
at 70 °C under an atmosphere of *CHy to form the
corresponding *C-labeled complex that is in equilib-
rium with the unlabeled methyl compound (eq
103).488b,490

However, the ease with which the methane ex-
change reaction proceeds depends dramatically on
the ionic radius of the metal ion. In the order of
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Figure 90. Structure of (C;Me;);SmMe(THF) in the
crystal. 404

increasing ionic radius of the rare earth ion bis-
(pentamethylcyclopentadienyl) methyl complexes of
Sc (monomer,265272 76a), Lu (dimer,** 76r) and Y

(C;Me;),LuMe + '°CH, =
76r
(CsMe;),Lu'°CH; + CH, (103)

(dimer,*56:488> 76b) show the following relative meth-
ane exchange rates: 1:50:250. Higher alkanes such
as ethane and propane also react but at much smaller
rates and the resulting ethyl and propyl complexes
are reported to decompose by S-hydrogen transfer, 488
Furthermore, bulkier alkanes do not react at all
because these molecules cannot enter the narrow
wedge between the canted (CsMes) rings which is a
requirement for the reaction to occur.

Naturally hard Lewis bases bind strongly to
the lanthanide ion and a number of mono-
meric adducts (C;Mes):LnMe(LB) with LB =
THF, 208.265.272,295,297,404,456,489,491 F,() 287:358,456 N 359
and pyridine®*® have been reported. The THF ad-
ducts were characterized by spectroscopic methods
and by crystal structure analysis of the yttrium*®°
and samarium?®* derivative. These compounds can
be prepared by way of ionic metathesis from ap-
propriate bis(pentamethylcyclopentadienyl)lanthanide
chlorides and MeLi?%8.297:489 or by cleaving tetrameth-
ylaluminate complexes such as [(C;Mes)2Sm(u-Me)o-
AlMes]); with THF .4 The structure of (CsMes)e:SmMe-
(THF) is typical for metallocenes of eight-coordinated
lanthanides and exhibits no unusual features (Figure
90).404

Despite the presence of THF, (CsMe5):SmMe(THF')
was reported to react with various organic substrates
in reactions which were typical for solvent-free spe-
cies.?%¢ Although the scandium derivative of this
series, (CsMes)oScMe(THF), can be isolated in pure
form,2’2 only NMR data have been reported.?®> How-
ever, it was noted that the THF molecule was not as
tightly bound as expected which is indicative of the
severe steric constraints imposed by the bulky pen-
tamethylcyclopentadienyl rings on the scandium ion.

When bis(pentamethylcyclopentadienyl)lanthanide
halides are allowed to react with a 2-fold molar
amount of MeLi in THF, methyl complexes of the
general formula (CsMe;):Ln(u-Me);Li(LB), (n = 0;%®
(LB)n e (THF)2,268'463 (THF)3,358 (tmed),61'268'294'463’465
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Figure 91. Structure of [(C;Me;)2Sm(u-Me);AlMe;]; (77h)
in the crystal.%4

(Et20),%° and (Et20)9?°") may result depending on the
added bases and work-up procedures. Although
these complexes were only characterized spectro-
scopically there is little, if any, doubt about the
correctness of the proposed structures which is
expected to be similar to that of their parent com-
pounds (Cs;Hj;)oLin(u-Me),Li(LB),. However, base-free
(CsMes)oLu(u-Me)oLi, an important intermediate in
the synthesis of 76r, probably has a more complicated
structure.

Unlike the monomeric parent compounds (CsHj)o-
Ln(u-Me);AlMe,, the analogous bis(pentamethylcy-
clopentadienyl) complexes 77 exist in a dimer—
monomer equilibrium?*445% in solution and are dimers
in the solid state. Tetramethylaluminate complexes
(Ln = Y,295:456 S 404 Y 358 y358.456) may be prepared
in reactions outlined in eqs 104—106:

(C;Me;),Ln(Me),Li + Al,Me, —

',[(CsMe;),Ln(Me),AlMe,], + LiAlMe, (104)
77q, 77r

Ln =Yb, Lu

(C;Me;),YCI(THF) + LiAlMe, —

'/,[(C;Me;),Y(Me),AlMe,], + LiCl (105)
77b

(C;Me),Sm(THF), + (AlMe,), —

',[(CsMe5),Sm(Me),AlMe,], + “Al” (106)
77h

The solid-state structures of the isomorphous mol-
ecules 77b*% and 77h*%* confirm their dimeric na-
ture. Figure 91 shows a perspective drawing of 77h.
The structure analysis revealed two eight-coordinate
Sm?3* ions which are symmetrically bridged by two
u-bis-n' AlMe,s anions. The bent metallocene moi-
eties (CsMe5;)Sm and the tetrahedral AlMe;  unit
displayed no unusual feature. Furthermore, allowing
for a difference of 22 pm in bond lengths between
terminal and bridging methyl groups, the averaged
bond distance d(Sm—u-CHs) = 274.6(16) A falls in
the usual range. (The value of 22 pm was derived
experimentally from several crystal structure deter-
minations.) More interestingly, the linear Sm—C—
Al angle (averaged to 176.5(9)°) raises the question
regarding the position of the methyl hydrogen atoms,
because the normal Sm—methyl distances require
that a model is proposed that is different from the
two-electron, three-center bonding mode in (C5Hs)o Y(u-

Schumann et al.

Me),AlMe; and the agostic bonding situation in 76r.
An alternative would be a methyl carbon atom in a
center of a trigonal bipyramid in which the Sm and
Al may occupy the apices and the hydrogen atoms
the equatorial positions. The correctness of this
proposal awaits further evidence, especially by a
highly accurate X-ray or neutron diffraction study
which could reveal the position of hydrogen atoms.

Due to interest in the catalytic and stoichiometric
reactions of organolanthanides, e.g. reactions of bis-
(pentamethylcyclopentadienyl)lanthanide methyl and
hydride complexes with alkenes under conditions in
which a-olefin insertion as well as o-bond metathesis
can occur, many (Cs;Me;)Ln alkyl (ethyl,26%.488a492
propy], 265:352:446.488a _hyty] 265363488 gec_hyty],265:358,359,363
n-pentyl 3524882 p_hexyl 4882 (trimethylsilyl)meth-
y1,268294.360.465 9_phenylethyl, 2?9488 para-substituted
2-phenylethyl, #8582 henzyl,265.272.295.403,404.442493,494,503 a1 d
substituted benzyl,?’®4!!) complexes, allylic deriva-
tives,265295,271,304,359,503 9_hutynyl complexes,’’’ and
ylidic species (CsMes):Ln(u-CH3):PRy (R = Me,398:4%
‘Bug, Ph3%® have been prepared.

Olefin insertion into a M—H or M—C bond is the
key step in polymerization processes and has there-
fore been extensively investigated. Olefins readily
insert into Ln—H or Ln—C bonds, giving rise to the
alkyl compounds as outlined in eqs 107,265 108,358,359
and 109:2%°

(C5Me5)QSCH -+ CH2=CM92 =t
(C.Me,),ScCH,CHMe, (107)

(C;Me;,),LuMe + CH,—CHMe —

76r
(C;Me;),LuCH,CHMe, (108)
H,/H,C=CHPh
(Cs;Me;),ScMe (C;Me;),ScCH,CH,Ph
76a

(109)

Some of the alkyl species have only transient
stability due to the reverse reaction, and other
decomposition routes, and they were only character-
ized spectroscopically. Reaction 108 is particularly
interesting, because the decomposition of the isobutyl
product allowed the direct observation of f-methyl
elimination by NMR.?*® It is interesting to note that
the latter process is a factor of 100 times faster than
B-hydride transfer. Benzyl complexes may be pre-
pared by C—H activation of the methyl group in
toluene according to eq 110.4%* As there is a prefer-
ence of C(sp?)—H over primary C—H bonds to un-
dergo bond disruption by organolanthanide hydride
systems, mixtures of benzyl and tolyl derivatives are
obtained.?®> Clean conversion of organolanthanide
halides to benzyl complexes was achieved by metath-
esis as in eq 111.26°

(1) cyclohexene, 10 min

'/,[(CsMe;),SmH], + MePh g
(CsMe;),SmCH,Ph(THF) (110)

THF/hexane

~KCl
(C;Me;),ScCH,Ph (111)

(C;Me;),ScCl + KCH,Ph
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Apart from their importance as initial reaction
products of olefin insertion, alkyl complexes have a
long-standing history as precursors in the synthesis
of organolanthanide hydrides. They can be prepared
conveniently by cleaving the Ln—C bond by molecular
hydrogen as shown in eq 112:

(C;Me;),LnR + H, — (C;Me;),LnH + RH (112)

It is clear that the synthesis of well-defined hy-
drides require that the alkyl species meet certain
conditions such as kinetic stability, high purity, and
good solubility even in hydrocarbon solvents. Fur-
thermore, if the absence of any coordinating base is
added to the list of restrictions and if complexes with
a low coordination number are anticipated, the choice
of suitable alkyl ligands is limited to those without
pB-hydrogens and bulky alkyl ligands. A ligand that
satisfies all the requirements is the bis(trimethylsil-
yDmethyl anion, because the trimethylsilyl groups
provide for good solubility in aliphatic solvents and
the absence of f-hydrogen atoms as well as the lack
of B-C atoms preclude decomposition by way of g-H
or -Me extrusion. The latter process would be
thermodynamically unfavorable, because of the for-
mation of a carbon—silicon double bond. Moreover
the steric bulk of this ligand effectively prevents the
attack of Lewis bases on the lanthanide ion. Stoi-
chiometric amounts of [bis(trimethylsilyl)methyl]-
lithium react with bis(pentamethylcyclopentadienyl)-
lanthanide chlorides giving rise to (CsMes);LnCH-
(SiMej3); in good yields (eqs 113—115).

(C;Me;),LnCITHF), + LiCH(SiMe,), ——-

(C;Me),LnCH(SiMe,), (113)

Ln=Sc(n =0)*?Y (n = 1)*

[(C;Me;),LnCl], + LiCH(SiMe,), -
(C;Me,),LnCH(SiMe,), (114)
Lin = Ce®¥
LiCH(SiMey), .

(CsMe;),LnCH(SiMe;), (115)

Ln = La, Nd, Sm, Lu®*

These compounds are soluble in THF, ether and
aliphatic solvents and can be recrystallized from
saturated pentane solutions at low temperature.
They have been characterized by common spectro-
scopical methods as well as by X-ray structure
determination of the colorless yttrium,??> bright red
cerium,?®* and blue-green neodymium?3°4:362> (Figure
92) compound.

Allowing for differences in the ionic radii of the
lanthanides, the three crystallographically deter-
mined structures have the same overall geometry.
The most important feature is the unusually unsym-
metrical conformation of the bis(trimethylsilyl)meth-
yl residue. One methyl group has a short contact to
Nd (dng.--ci2) = 289.5(7) pm) as can be seen by in-
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Figure 92. Structure of (C;Me;)2NdCH(SiMej3); in the
crystal 304.362b

specting Figure 92, which shows a plot of neody-
mium complex perpendicular to the plane defined by
Nd, Si; and Si;. This apparent intramolecular y-ago-
stic Me—Ln interaction is clearly a result of the
coordinatively unsaturated, seven-coordinate Nd**
ion. Moreover the planarity of atoms Nd, Si,, Siy, and
C, within 2(1) pm and the significant lengthening of
the Si;—Cs (d = 189.0(9) pm; compare Si;—C3, 184.7-
(13) pm) is suggestive of a model for an incipient
p-methyl elimination. This minimum conformation
does not seem to lie in a deep potential well because
the low-temperature (7' = —90 °C) NMR spectra in
toluene-dg did not unambiguously show resonances
which could be assigned to an unsymmetrically
bound CH(SiMej;); residue.?%?* Although this agostic
metal « ‘methyl contact is to weak to be observed in
solution on the NMR time scale, this type of second-
ary interaction?75284:304,354,356,362b,49%8 hag hecome an
integral part of the picture developed to explain the
initial step in C—H activation and homogeneous
catalysis by strongly electrophilic organolanthanide
compounds.

Although the steric bulk of the CH(SiMej3); group
in (CsMejs);LnCH(SiMe3); shields the metal ion from
attack of coordinating bases such as THF or ether,
some small molecules such as NC'Bu and CN'Bu
were shown to react, yielding (C;Me5):CeCH(SiMe3)s-
(NC'Bu)?®* and (CsMes):YCH(SiMes)o(CN‘Bu),*!! re-
spectively. By contrast, NC'Bu is reported to insert
into the Y—C bond of (CsMes); YCH(SiMe3); forming
the imide complex (CsMe;): YIN=C(‘Bu)CH(SiMej3):]-
(NC’Bu).*1! Additional bis(pentamethylcyclopenta-
dienyl)lanthanide imides and iminoacyls are dicussed
earlier within the chapter of bis(pentamethylcyclo-
pentadienyl)lanthanide pnicogenides (see, for ex-
ample, eqs 70 and 71 and Figure 69.)%!

Unlike NC’Bu, acetonitrile reacts as a proton acid
with bis(trimethylsilyl)methyl complexes, yielding
[(C5sMes):LnCH,CN]; and CHy(SiMe3); (eq 116):4%

(C;Me;),LnCH(SiMe3), + MeCN —
1/2[(C5Me5)2LnCH20N]2 + CH,(SiMe,), (116)
Ln = La, Ce
Besides the synthesis of dimeric (C;Mes):Sm([(‘Bu)-

CPPC('Bu)ISm(CsMes); (Figure 93) by reductive dimer-
ization of phosphaalkine ‘BuC=P with (C;Me;)>Sm-
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Figure 93. Structure of (C;Me5)2Sm[(‘Bu)CPPC(‘Bu)]Sm-
(CsMes); in the crystal.?%

(THF); in toluene,® (trimethylsilyl)diazomethyl
complexes (CsMe;)oLnC(=N2)SiMes (Ln =Y, Yb, Lu)
are known,** as well as a bis(pentamethylcyclopen-
tadienyl)samarium derivative with the bulky 2-(di-
methylaminomethyl)ferrocenyl ligand.?!

Most of the known bis(pentamethylcyclopentadi-
enyl)lanthanide aryl compounds and vinyl deriv-
atives?®548%2 have been studied in the context of the
C—H activation reaction. There are reports265.274.360
on the reversible reaction of benzene with [(CsMes)s-
LnH]; generating corresponding phenyl complexes 78
as shown in eq 117.

'/,[(CsMe;),LnH], + C;Hg — (CsMe;),LnPh + H,
®

When the evolving Hy is purged from the reaction
mixture the corresponding phenyl derivatives were
obtained in good yield. The lutetium complex 78r is
reported®$4% to undergo a second activation of a
remote C—H bond leading to the dimer [(CsMes)q-
Lul,CsHy. Naturally classical methods involving
reagents such as LiPh2%5:272 and HgPhy°"? can also be
utilized to produce phenyl derivatives as outlined in
eqs 118 and 119.

toluene

20a 78a (118)

(C;Me;),Sm(THF) + '/,HgPh, —
(C;Me;),SmPh(THF) + '/,Hg (119)

The majority of phenyl complexes have been char-
acterized by spectroscopic means. Only the Sm—
THF—adduct has been subjected to an X-ray struc-
ture analysis.’”? In addition to these phenyl deriva-
tives, some tolyl,26>442 ortho-substituted phenyl,*?
and pentafluorophenyl?*? complexes have been re-
ported.

The reaction of pyridine with hydride and alkyl
complexes (notably 76a, 76b and 76r) bears resem-
blance to that in eq 117 inasmuch as C—H activation
readily occurs, this time promoted by the nucleophilic
nitrogen atom which stabilizes the transition state
and the reaction product. Further information is
available in the section on bis(pentamethylcyclopen-
tadienyl)lanthanide pnictogenides: eq 72.265272:278,360
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Figure 94. Structure of (C;Me;),Sc[#?-N,C-(NC;H,4)] in the
crystal 272265

The X-ray structure analysis of the scandium com-
pound (CsMes)2Sc[#?-N,C-(NC5H,4)] reveals a mono-
mer in the solid state as shown in Figure 94.265272
The pyridyl ring lies normal to the plane defined by
the centroids of (CsMe;) and scandium and is #?-
bound to the Sc3* ion with the nitrogen and an
adjacent carbon atom.

The study of alkynyl complexes of the bis(penta-
methylcyclopentadienyl) lanthanide fragment, aimed
at a deeper understanding of the frequently observed
alkynyl coupling and oligomerizations reactions, has
attracted much attention in recent years. Methods
of preparation of terminal alkynyl complexes involve
both ionic metathesis (e.g. eqs 120°'® and 121%%%),
protonation of organolanthanide compounds (e.g. eqs
122,265 123,499 and 124%4%), as well as oxidation

processes (e.g. eq 125%40):

(CsMe),YCI(THF) + 2LiC=C'Bu —

(C;Me;),Y(u-C=C'Bu),Li(THF) (120)
[(C;Me;),Sm(THF),|[BPh,] + KC=CR —

—K[BPhy]

(C:Me,),Sm(C=CR)(THF) (121)

R = ‘Bu, Ph

(C;Me;),ScMe + HC=CMe —
(C;Me;),ScC=CMe + CH, (122)

THF

1/n[(C;Me;),LnC=CR], (123)
Ln = La, Ce: R = Me
Ln=Ce: R=‘Bu
. . THF

(C5Me5)2LnN(SlMe3)2 + HC=CPh m’

(C;Me;),Ln(C=CPh)(THF) (124)
Ln = Ce, Nd

toluene

(C:Me,),Sm(THF) + HC=CR ~"%
(C:Me;),Sm(C=CPh)(THF) (125)

R = (CH,),Ph, CH,NEt,, (CH,),CHMe,, ‘Pr, ‘Bu
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Figure 95. Structure of (CsMe;):ScC=CSc(CsMes), in the
crystal.’!! (Reprinted from ref 511. Copyright 1991 Ameri-
can Chemical Society.)

%%%

Figure 96. Structure of {K[(CsMe5):Sm(C=CPh),]}, in the
crystal.*4? (Reprinted from ref 440. Copyright 1993 Ameri-
can Chemical Society.)

Terminal alkynes such as propyne, "PrC=CH,
‘BuC=CH, Me3SiC=CH, and "PrC=CH react with
(CsMes):LLnMe?55 and (CsMes)oLnCH(SiMejs),278:512
within minutes to afford the corresponding alkynyl
complexes. With excess alkyne these compounds
promote catalytically alkyne coupling reactions to
either dimers (for Ln = Sc, Y) or a mixture of dimers
and higher oligomers (for Ln = La, Ce). The depen-
dence of the reaction product on the metal ion radii
demonstrates that steric effects may play an impor-
tant role. Possible mechanisms for the catalytical
dimerization/oligomerization of terminal alkynes by
lanthanide carbyls (alkynyl formation and insertion
into Ln—C(sp) bonds) have been described, for ex-
ample, by Heeres et al.’1%512 and den Haan et al.?’8
It is interesting to note that the regioselectivity
depends on the nature of the alkyne. Thus, propyne,
"PrC=CH, and ‘BuC=CH were dimerized to head-
to-tail dimers, whereas Me3SiC=CH and "PrC=CH
gave mixtures of isomers.

Owing to their high reactivity and low solubility
most of the base-free alkynyl complexes have defied
characterization by single-crystal X-ray structure
determination. Whereas the structures of [(CsMes)s-
Sm(C=C'Bu)],,**° (CsMe5)2ScC=CSc(CsMes).*'! (Fig-
ure 95) and (CsMej5), Y(u-C=C'Bu);Li(THF),5!3 (CsMes )o-
Sm(C=CPh)(THF),?® and polymeric {K[(CsMes).-
Ln(C=CPh),]}, (Ln = Ce, Sm (Figure 96))**° exhibit
basically no unusual features, it is the structure of
[(CsMes)2Smla(u-n%:n%-PhC4Ph)3%%:5% that is unusual
(see Figure 97).

This complex is prepared from (CsMes)Sm(THF),
and the diyne PhC=CC=CPh;*% it also can be
obtained from thermolysis of (CsMes)oSm(C=CPh)-
(THF) or by reacting the samarium complexes [(Cs-
Mes)oSm(u-H)le, (CsMes)2Sm, or (C;Me;):SmCH-
(SiMes3)2, for example, with HC=CPh.?%® These
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Figure 97. Structure of [(CsMes):Sm]yo(u-n%n?-PhC4Ph) in
the crystal 505,506

Figure 98. Structure of (CsMes).La(THF)(u-n',n3-C4Hs)-
La(C;Mes); in the crystal.5*

il

gure 99. Structure of [(CsMes):Smlo[u-n?n3-1,2,3,4-
(PY4)C4H4] in the crystal.?’ (Reprinted from ref 507 Copy-
right 1993 American Chemical Society.)

reactions could have led to “simple” dimeric phenyl-
ethynyl complexes, but instead, the X-ray structure
showed that coupling of the terminal alkyne occurred.
The alkyne coupling mediated by organolanthanide
compounds has been discussed in detail recently:*4
Up to now, five further coupled trienediyl products
[(C5Me5)2Nd]2(;1-172:172-PhC4Ph),440 [(CsMes)2Smo(u-n?:
n%.-RC4R) (R = (CH;);CHMe; and (CH3),Ph)**° as well
as [(CsMes)2Celo(u-n%:n%-RC4R) (R = Me and ‘Bu)*®
have been identified by X-ray crystallography.
Reaction of [(CsMes):Sm(u-H)]e with ‘BuC=CH
generates not only the already mentioned [(CsMes)2-
Sm(C=C'Bu)ly, but also another unusual product, the
formally 1,3-di-tert-butyl-substituted butadienyl spe-
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Figure 100. Structure of [(CsMe3)sSm]y(u-n2:n*-CH,CHPh)
in the crystal.503:509

Figure 101. Structure of [(C;Me;);Smly[u-7%:1%(C1oH,4)]
in the crystal.”? (Reprinted from ref 733. Copyright 1994
American Chemical Society.)

cies (CsMes)oSm[(‘Bu)CH=CC(*‘Bu)=CH,].**° The use
of magnesium butadiene, [Mg(CsH4)(THF):], as diene
carrier, together with (CsMes);La(u-Cl):K(DME); as

Schumann et al.

lanthanide reagent resulted in the synthesis and first
X-ray structurally characterized “pure” butadiene
complex (CsMes);La(THF)(u-n',n*-CsHg)La(CsMes),
(Figure 98). Astonishingly the compound is ther-
mally stable up to 200 °C.5%

As long ago as 1983, black [(C;Me;)2Smo(PhC=CPh)
was reported to be formed by reaction of (CsMe;)o-
Sm(THF'), and PhC=CPh in pentane and its enediyl
structure was derived from NMR and IR spectra.>%®
Divalent (CsMes):Sm(THF), with 1,2-di-2-pyridyl)-
ethene yields either [(CsMe;)oSmJo(u-n%n?*-pyCHCH-
py) (ratio 2:1) or the reductive coupling product
[(CsMes)2Smlslp-n3:9%-1,2,3,4-(pys)CsH,] (ratio 1:1)
whose structure is shown in Figure 99.°°7 These
results illustrate the importance of stoichiometry on
synthetic reactions.

Solvent-free divalent bis(pentamethylcyclopenta-
dienyl)samarium generates, in a stoichiometric reac-
tion with stilbene, [(CsMes)oSm |o(u-n*1*-PhCHCHPh)
while with styrene [(CsMes)2Smlo(u-n?:1*-CH,CHPh)
forms (Figure 100).°935% In both bimetallic com-
plexes, phenyl carbon atoms are oriented to interact
with one of the samarium centers and the two (Cs-
Mes)oSm units of each molecule coordinate to the
carbon—carbon alkene bond.

Decamethylsamarocene reacts with polycyclic aro-
matic hydrocarbons like anthracene, pyrene, 2,3-
benzanthracene, 9-methylanthracene, and acenaph-
thylene to form the binuclear samarium complexes
[(C5Me5)gSm]2[ﬂ-?}3:?73-(C10H14)] (Figure 101), [(Cs-
Mes)oSmlo[u-n2:m%-(C16H10)], [(CsMes)oSmlalu-13:n3-
(CisHi2)], [(CsMes)2Sml[(Ci5Hi2)], and [(CsMes)eSm -
[(C12Hg)], respectively.’3?

Last but not least, the tetranuclear species {(Cs-
Mes)slus-n°,n',n'-CsMes(CHp)2]Lng}, (Ln = La, Ce
(Figure 102)) has to be mentioned. It is formed by
thermolysis of (CsMe5):LnCH(SiMej3); in cyclohexane
with extrusion of CHy(SiMes), via intermolecular
hydrogen transfer.494

iii. Derivatives with Other Substituted Cyclopen-
tadienyl Rings. Compared to the large number of
available ring-substitued bis(cyclopentadienyl)lan-
thanide halides, only a small number of derivatives
have been reported in which the ring is partially
substituted with sterically small alkyl groups. Most

Figure 102. Structure of {(C;Mes)slus-n°,n',n'-CsMe3(CH,),]Ces}; in the crystal. %4
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Table 20. Spectroscopic and Other Data of Bis(cyclopentadienyl)lanthanide Complexes Containing Other
Substituted Cyclopentadienyl Ligands and Lanthanide to Carbon Bonds

compound Ln color, characterization, etc.
(MeCsHy):LnMe Y NMR;8178:435519 complex with THF: NMR!7®
Tb yellow, IR, lumines.; complex with THF: lumines.0*
Er catalysis®1®
Yb synthesis,*®3 catalysig51®
(MeCsHs)oLn(u-Me)oAlMeo Y synthesis, catalysis®1®
Ho synthesis, catalysis5??
Er synthesis, catalysis®®

(M605H4)2LnEt
(M605H4)2LDPI‘
(MeCsH4)2Ln”Bu
(MeCsH4)2Ln‘Bu

(MeCsH4)oLnCgH ;7
(MeC;sH4):LnCH.CHMeCH:NMe;
(M605H4)2LDCHQSiM63
(MeCsHy4):LnCH.CH=CH,
(MeCsHy).LnC(Et)=CHEt
(MeCsH4)o:LnC=C'Bu

(M605H4)2LHCGH4M6-4

(MeC5H4)Ln(/4-CsHaMe)gLn(Me05H4)
(‘BquH4)2LnMe

(*BuCsH4);LnC=CPh
[Li(THF)4{[(C14H10)CMe2CsH3'BulsLin}
[Li(THF){[(C14H10)CMesCsHy s Lin}
(Me38105H4)2LnMe

(Me38105H4)2Ln(u-Me)2AlMe2
(M638105H4)2LDB11
(M6205H3)2LDM6
(CsMeEt);LnMe
(CsMe4Et)2LnPh

[CsH4(CH2)305H4]Ln‘Bu

[CsH4(CH3);CsH4]LnCH2CMes
[CsH4(CH2)305H4]LnCECPh

[CsH4(CH3)3CsH4]LnPh
[CsH4(CH3)3CsH4ILnCsH Me-4
[MeQSi(CsMe4)2]LnMe

[MeQSi(CsMe4)2]Ln03H7
[Me2Si(CsMe4)2]Lni03H7
[MeQSi(CsMe4)2]LniBu
[MGQSi(CsM84)2]LnC5H11
[MGQSi(CsM&;)g]LDCHQCHM603H7
[Me2Si(CsMey)2]LnCH,CHEt;
[MGQSi(CsMe4)2]LnCH2PMez
[MegSi(C5Me4)2]Ln(CH2)300H20H=CH2
[Me2Si(CsMey)2]ILnCMe=CHMe
[MeQSi(CsMe4)2]LnCMe=CMe2
[MeSi(CsMey)2:]LnCH(SiMes):

[Li(tmed)s]{[MesSi(CsMes)2]Ln[#2-CH(SiMe;)Si(Mez)CH,1}
[MeQSi(C5H3‘Bu)2]LnCHQSiMe3
[Me,Si(CsHs'Bu)o]Ln(CH,CH=CHMe)

[l

<< e g

Lu

79a
79b
79c
79f

79h
79r

synthesis, catalysis®!®

NMR435

NMR#36

NMR, catalysis®®

complex with THF: yellow, [R3

complex with THF: pink3*

complex with THF: white, NMR, [R31445°

NMR, catalysis5!®

colorless, NMR, MS, melt./dec.3%°

complex with THF: NMR, IR%°

complex with THF: NMR#35

complex with THF: NMR*3%

NMRU78.435

yellow, X-ray, NMR, IR, UV, magn. d.31%

bright orange, IR, UV4

light pink, melt./dec., magn. d.; complex with THF:
orange red, MS, IR, melt./dec.®®

NMR519

reactiong*28:430

orange, X-ray, NMR, IR, MS, melt./dec.520

purple, X-ray, IR5%

colorless, IR%2!

reactions*®

yellow, X-ray, IR, melt./dec.3®

yellow522

brown yellow, X-ray52?

catalysis®®

catalysis5®

synthesis, catalysis5!®

catalysis51°

X-ray, NMR, IR328

catalysis51°

orange, NMR, IR, magn. d.; complex with THF:
orange, NMR, IR, magn. d.502

complex with THF: yellow, NMR, IR, melt./dec.523

complex with THF: pale yellow, IR, melt./dec.,5?3
NMR241523,524

complex with THF: pale green, NMR, IR, melt./dec.5%

complex with THF: yellow, NMR, IR, melt./dec.5?

tan,%” melt./dec., NMR, IR57344a

brown, NMR,% melt./dec., [R57344

complex with THF: yellow green, IR, melt./dec.?4

complex with THF: yellow, NMR, IR, melt./dec.523

complex with THF: pale yellow, IR, melt./dec.5%

complex with THF: orange yellow, NMR, IR, melt./dec.523

complex with THF: pale yellow, IR, melt./dec.5%

NMR; complex with PMes: orange-yellow, NMR,
reactions™?

synthesis; complex with PMe;: NMR™

NMR™7

complex with PM3: NMR™7

synthesis; complex with PMes: synthesis™’

complex with PMeg: NMR™7

orange-yellow, NMR; complex with PMes: NMR"™’

NMR™7

synthesig32

complex with PMeg: NMR™7

NMR; complex with PMe;: synthesis™7

synthesis32

catalysis5!7

PE74

blue green,3% green, X-ray, NMR, IR,3¢%2 PE,743
catalysis57

red brown,3% orange, NMR, IR3¢22 PE ™3 catalysis5!’

colorless,305:362a []R, NMR?3622 PE, 73 catalysis®1?

colorless, NMR, IR362a

synthesis, 3132 catalysis’s?

synthesis?!
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Table 20 (Continued)
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compound Ln color, characterization, etc.
[Me2Si(CsHs'Bu):ILn(CH,CMe=CHMe) Sc synthesis®!?
[Me2Si(CsHs'Bu)2JLn(CH.CMe=CMe;) Sc synthesis35!
[Me;Si(CsHs'Bu)2]Ln(CH,CH=CHPr) Sc synthesis3!
[MexGe(CsMey):]LnCH(SiMe3): Nd 80f blue, NMR336
Ho 80n yellow, X-ray, NMR, MS3%
(CsMe5)2Ln(Me)2Ln(CsH5)2 Y NIV.[R456
Lu NMR*56
(CsH;)(CsMes)LnMe Sc complex with PMe;: synthesis35?
(CsMe;)(CsMe,Pr)LnMe Se synthesis363
(CsMes)(CsMesPr)LnPh Se NMR363
(CsMes)(HyCsMes-1,3,4)LnMe Sc complex with PMe;: synthesis35?
(CsMes)(CsMesCHPh)LnC=C‘Bu Sc NMR363
(C5M64CH2CGH4M6-3)(CsMe4CHQCGH4CF3-3)LnPh Sc off-white, NIV.[R363
(C5M64CH206H4M6-3)(CsMe4CHgCeH4NM62-3)LDPh SC NIV.[R363
[Me;Si(CsHy)(CsMey)ILnCH(SiMe;3)2 Lu 81r colorless, X-ray, NMR, IR3%
{MeSi(CsMes)[CsHs(C1oH18)1} LnCH(SiMegs) Y colorless,’?6 X-ray,’2635 NMR, CD,26 catalysis™*
(C10His = (—)-menthyl and (4+)-neomenthyl) La synthesis, catalysis’®
Nd green, NMR, "% catalysis’3?
Sm red-orange,’?® X-ray 355726 NMR, CD,726 catalysis355449.736
Lu colorless, NMR,"? catalysis™>
{MGQSi(CaM64)[CsH3(C10H18)]}LnCGH4CH2NM62-2 Lu colorless, NMR, CD726
(C10His = (+)-neomenthyl)
{MeSi(CsMes)[CsH3(C10H1s)1} Ln(CH;z)2:PMe; Lu colorless, NMR, CD"26
(C1oHis = (+)-neomenthyl)
{Me;Si(CsMey)[CsHs(Ci6Ha2) Y LnCH(SiMes)s Y colorless, NMR, CD,726 catalysis?3
(C16Haz = (—)-phenylmenthyl)
{MeQSi(C5Me4)[C5H3(CHQCH2P‘Bu2)]}LnCH(SiMea)g Se X-ray525
[Et2Si(CsHy)(CsMey)ILnCH(SiMes): Y 82b colorless, NMR, IR,3* catalysis®!’
Lu 82r colorless, NMR, IR,3% catalysis®’
[(CsMes)Lin(u-nt:7°-CH2CsMey)l2 Se yellow, 265514 X.ray 514 NMR?65
(CsMes)Linl#5:71-CsMes(CHz)s] Se pale yellow, NMR363
(CsMes)Lin(%:971-CsMesCHo-0-CgHy) Sc colorless, NMR?363
(CsMes)Lin[#%:17-CsMe,CHz-0-(CsHsMe-p)] Sc NMR363
(CsMe4CH2Ph)Ln[T]5277I-CsMe4CH2-O-(CeH3Me-p)] SC NIV.[R363
(C5Me4CHgCeH4Me-m)Ln(7y5:r]l-CsMe4CH2-o-CeH4) SC NIV.[R363
(CsM64CHQCGH4Me-m)Ln[7]5:7]1-C5Me4CH2-O-(CeHaCFa-p)] SC NIV.[R363
(C5Me4CHgCeH4Me-m)Ln[775:r]l-CsMe4CH2-o-(CeHaNMeg-p)] SC NIV.[R363
(C5Me4CH206H4CF3-m)Ln[7y5:7y1-CsMe4CH2-o-(CeH3Me-p)] SC NIV.[R363
(C5Me4CHQCGH4NMe2-m)Ln[775:771-C5Me4CH2-o-(CeHaMe-p)] Sc NIV.[R363
of the research has been confined to complexes of the 1 . THF
methylcyclopentadienyl series and bridged cyclopen- 1l(MeC;H ),ErCl], + LiC¢H Me-4 —Licl

tadienyl ligand systems. The latter ones may become

very important for asymmetric catalysis.
comprehensive survey see also Table 20.

For a

Reactions of bis(methylcyclopentadienyllanthanide
chlorides in ether with MeLi followed by extraction
of the residue yield complexes of the composition

[(MeCs;Hy):LnMel, (eq 126):

'/,[(MeC4zH,),LnCl], + MeLi —

[(MeC,H,),LnMel, + LiCl (126)

Ln = Y 178,435 Tb104

Other alkyl, aryl, and alkynyl complexes may be
prepared as shown in eqs 127,4% 128,314 129,83 130,315
and 131 (see also section II.B.3.a.iii and Table

16):433,434

1/,[(MeC;H,),YH(THF)}, + CH,=CHR —

(MeC;H,),YCH,CH,R (127)

R =H, Me

1/, [(MeC;H,),LnCl], + ‘BuLi —

-LiCl

(MeCzH,),Ln'Bu(THF) (128)

Ln=Y, Er, and Lu

(MeC,H,),ErC,H,Me-4(THF) (129)

2(MeC;H,),SmCITHF) + 2LiC=C'Bu ——
[((MeC;H,),SmC=C'Bul, (130)

[((MeC;H,),YH(THF)], + 2CN‘Bu —
{(MeC,H,),Ylu-7>-(CH=N'Bu)l}, (131)

These complexes strongly resemble the analogous
bis(cyclopentadienyllanthanide derivatives and it
appears that in most cases, the intention was to
prepare (MeCsH4)»LnX compounds in order to am-
plify the results already obtained from their C;Hs
analogues. However, better solubility and crystal
quality also played a role. Unfortunately, the ring
substituted compounds are characterized, although
a number of alkyl species have been utilized as
ethylene polymerization catalysts.?'® These investi-
gations revealed (by 'H- and *C-NMR spectroscopy)
that the major deactivation step severely limiting the
lifetime of the catalyst, is a sp?>-C—H bond disruption
of the MeCp ring, yielding the “tucked-in” complex
{n*-MeCsH)Y[*:n*-(MeCsH,)1}2. This discouraging
outcome was overcome by using permethylated cy-
clopentadienyl ligand systems as described in the
previous section.
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Besides the intramolecularly stabilized, base-free
lutetium alkyl complex (MeCsH4):LuCH;CHMeCHo-
NMe,, which is accessible from stoichiometric reac-
tion of LuCls, the lithium salt LICH,CHMeCH;NMe;
and Na(MeCs;Hy) in THF,*® there are a few other
bis(methylcyclopentadienyl)lanthanide complexes
(MeCsHy):YR (R = CH,CH=CH,, C(Et)=CHEt,**
CH3SiMe;*?) that exist as THF adducts. Whithin the
context of homogeneous ethylene polymerization
catalysts, some attention has been made to the
dimeric species [(MeC;H4):YR]s (R = "Bu, CsHi7),
their thermolysis product (MeCsH4)Y(u-CsHsMe)o Y-
(MeC;H,), and the trimethylaluminum adducts
(MeC;sH4)oLn(u-Me)2AlMe; (Ln = Y, Ho, Er, Yb).519

In addition to bis(methylcyclopentadienyl)lan-
thanide methyl complexes four further types of
methyl complexes with ancillary bis(1,3-dimethylcy-
clopentadienyl),3?® bis(tert-butylcyclopentadienyl),?20:5%1
bis(ethylcyclopentadienyl),’'? or bis(trimethylsilylcy-
clopentadienyl)®'? ligand environments have been re-
ported. These compounds are dimeric and the lantha-
nide ions are symmetrically bridged by methyl groups
as shown by X-ray crystallography of [(Me;CsHj3)2 Y-
(u-Me)l5328 and [(‘BuCsHy).Ln(u-Me)]; (Ln = Ce,520
Nd>?!). While other derivatives like [(Me3SiCsHy)o-
ErBul,,’"? (CsMe4Et):SmPh(THF),5°2 and [Li(THF),]-
{[(C14H10)CMeoCsH3'Bul:Nd}°?2 have been character-
ized at most by spectroscopic means, the structures
of [(‘BuCsH4):Sm(u-C=CPh)];*'® and of the 9-(cy-
clopentadienyl-1-methylethyl)-9,10-dihydroanthra-
cene derivative [Li(THF)4]{[(C,4H,0)CMe.C5H4]oNd }5?2
(Figure 103) were confirmed by X-ray crystallogra-
phy.

Ring-bridged bis(cyclopentadienyl)lanthanide de-
rivatives are very well known. Just as a 1,3-pro-
panediyl chain can kinetically stabilize bis(cyclopen-
tadienyl)lanthanide chlorides, notably those of the
large lanthanide ions (La, Ce, Nd, and Pr), this
chelating ligand also allows the preparation of alkyl,
aryl, and alkynyl complexes of the general formula
[CsH4(CH2)3CsH, . LnR(THF), by way of simple meta-
thetical reactions as shown in eq 132:

THF
—MCl

[C.H,(CH,),C.H,],LnCI(THF) + RM
30
[C,H,(CH,),C;H,],LnR(THF), (132)

M = Li:*® R='Bu,Ln=Y, La, Nd (n = 1);
R = CH,CMe;, Ln = La (n = 1); R = Ph,
Ln=La,Pr(n =1); R=CH,Me-4, Ln = La,
Pr(n=1)

M=TNa:"#*"8 R —(=CCH,, Ln=La,
Ce(n=0);Ln=Nd(n=1)

All compounds have been examined by spectro-
scopic means such as 'H- and 3C-NMR and IR
techniques as well as by elemental analyses, so that
little, if any, doubt exists concerning their composi-
tions, despite the absence of structural data.

Permethylated ring-bridged cyclopentadienes have
been synthesized to replace the bis(pentamethylcy-
clopentadienyl) system as an ancillary ligand, aiming
at complexes having on the one hand essentially the
same properties (high solubility in pentane, steric
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Figure 103. Structure of the anion of [Li(THF)4]-
{[(C14H;0)CMe;C5H4]2Nd} in the crystal.522

Figure 104. Structure of [Me,Ge(Cs;Me,):]JHoCH(SiMe3),
(80n) in the crystal.?%®

bulk) as (C;Me;);Ln—C compounds but displaying on
the other hand a much higher catalytic activity due
to the more open coordination sphere of the lan-
thanide ion. The most frequently utilized alkyl
ligand that allows access to the catalytically active
hydrides is again the bis(trimethylsilyl)methyl group.
Thus, appropriate halide precursors like [MesE(Cs-
Mey)o|Lin(u-Cl)Li(LB)s (E = Si, Ge; LB = Et,0, THF)
and [RySi(C5H4)(CsMe4)ILn(u-Cl);Li(Et20), (R = Me,
Et) react with LiCH(SiMe3); in toluene giving rise to
[Me2Si(CsMey):]LnCH(SiMe;), (Ln = Sc (79a),?*? Nd
(79f), Sm (79h), Lu (79r)305.362a) [Mey,Ge(CsMes)s]-
LnCH(SiMej3); (Ln = Nd (80f), Ho (80mn)),**® [Me2Si-
(CsH4)(CsMeq)]LuCH(SiMe3), (81r),** and [EtsSi-
(CsH4)(Cs;Mes)ILnCH(SiMe3): (Ln = Y (82b), Lu
(82r)),%%* respectively. All reactions proceed under
essentially the same conditions and the resulting
alkyls are isolated in good yields. The resulting
complexes are soluble in pentane, toluene, and polar
solvents, and they have been examined by NMR and
IR spectroscopy. Since these compounds crystallize
very nicely from saturated pentane solutions 79f,%*
80n,%% (Figure 104), and 81r*** have been subjected
to X-ray structure analysis. In view of the solid-state
structure of (CsMe;):NdCH(SiMe;),?04362b it is not
surprising that the CH(SiMe3); group adopts the
unusual planar geometry with a close lanthanide—
methyl contact which is reminiscent of the transition
state for f-methyl elimination.
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Figure 105. Perspective ORTEP drawing of the structures of (R)-{ MesSi(C;Me )[CsHs(+)-neomenthylj} YCH(SiMes)s (A)
and of (S)-{MeSi(CsMey)[CsH3(+)-neomenthyl]}YCH(SiMe;), (B) in the crystal.’?6 (Reprinted from ref 726. Copyright 1994

American Chemical Society.)

Table 21. Spectroscopic and Other Data of Bis(cyclopentadienyl)lanthanide Complexes Containing Lanthanide

to Silicon, Germanium, and Tin Bonds, Respectively

compound Ln color, characterization, etc.

(CsH;)2LnSiPh; Sc complex with THF: yellow, NMR38!
(CsHs):LnSi‘BuPhs; Sc complex with THF: yellow, NMR, IR, melt./dec.38!
(C5Hs5).LnSi(SiMe;):Ph Sc complex with THF: yellow, NMR, IR, melt./dec.38!
(C5H;5).LnSi(SiMes)3 Sc complex with THF: yellow, X-ray, NMR, IR, melt./dec.38!
[Li(DME), 1[(CsH3)2Ln(SiMe3):] Sm x =2 (83h): yellow;!%% x = 3 (84h): yellow, NMR, melt./dec.133528

Dy x =2 (83m): brownish, NMR, melt./dec.153

Ho x =2 (83n): yellow, NMR, melt./dec.153

Er x = 2 (830): yellow, NMR, melt./dec.15?

Tm x = 2 (83p): green, NMR, melt./dec.153

Lu x = 2 (83r): yellowish, melt./dec.;'33 x = 3 (84r): yellow, NMR,153.233,528

X-ray,??® melt./dec.153:5%6

(CsMes):LnSiH(SiMes), Y yellow, reactions’#

Nd bluegreen,’#2 [R5%°

Sm red, X-ray, IR529.742
(CsH;)LnGePhg Er pink, melt./dec., magn. d.53¢
(CsHs):LnGe(SiMej3)3 Se complex with THF: yellow, NMR, IR, melt./dec.38!
(CsH;5):LnSnPh;y Er pink, melt./dec., magn. d.53¢

Yb yellow, melt./dec.53°

With [Mezsi(C5M€4)2]SC(CHz)aOCHzCH=CH2,352
[Me;ySi(CsHy'Bu)oJLnR (R = alkyl, allyl),?%1:252 and the
ionic species [Li(tmed);}{[Me3Si(CsMe,)o]Luln?-CH-
(SiMe3)Si(Meg)CH,]}%622 further symmetrical dimeth-
ylsilyl-bridged cyclopentadienyl ligand systems, chelat-
ing the Ln—C fragment in #%:#°-fashion, have been
mentioned in the literature. The chiral organolan-
thanides [MesSi(CsMey)(CsHsR*)JLnCH(SiMes)s (Ln
=Y, La, Nd, Sm, Lu; R* = (—)-menthyl, (+)-
neomenthyl, (—)-phenylmenthyl) are of interest as
precatalysts for catalytic enantioselective olefin hy-
drogenation 355449726735 Thege complexes, like the
yttrium derivative with R* = (+)-neomenthyl (Figure
105) are configurationally stable in toluene at 60 °C
but they epimerize in the presence of primary alkyl
amines."?8

Examining the role of phosphines in Ziegler—Natta
polymerization processes Schaefer et al.?° prepared
{MesSi(C;Mey)[CsH3(CHyCH P! Buz)1} ScCH(SiMes)y,
a scandium alkyl with a well-defined, high effective
phosphine concentration.’?> Furthermore, dealing

with relative bond dissociation energies of early
transition metal compounds a great many of new
organoscandium species with two differently substi-
tuted cyclopentadienyl ligand systems have been
synthesized.?®® [(CsMes)Sc(u-n:n5-CHoCsMey)lo, the
decomposition product of (CsMes)sScMe (76a), has
already been discussed in detail within the previous
chapter, 265514

b. Compounds with Rare Earth to Silicon,
Germanium, and Tin Bonds. In comparison to the
abundant alkyl complexes described in the preceding
section, lanthanide compounds with bonds to silicon,
germanium, or tin are rare (Table 21).

In fact there are only two crystallographically
characterized bis(cyclopentadienyllanthanide com-
plexes having unsubstituted CsHs ligands and Ln—
Si bonds.233:381526 The lack of further examples can
be ascribed to experimental difficulties which arise
in the preparation of stable MR3;~ anions (M = Si,
Ge, or Sn; R = alkyl or aryl) and also to the decreased
propensity of lanthanide ions to form bonds to soft
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Figure 106. Structure of [Li(DME);i[(CsHs):Lu(SiMes);] in the crystal.23?

donors. Complexes of the type [Li(DME),J[(CsHs)o-
Ln(SiMe3).] (83 and 84) may be prepared in reactions
between (Cs;H;),LnCloNa(DME) and LiSiMe; as out-
lined in eq 133:153:233,526

(C5H,),Ln(u-C1),Na(DME) +
9LiSiMe pentane, DME
3

[Li(DME),]J[(C;H;),Ln(SiMej3),] + NaCl + LiCl
83, 84
(133)

x =2: Ln = Sm (83h), Dy (83m), Ho (83n),
Er (830), Tm (83p), Lu (83r)

x =3: Ln = Sm (84h), Lu (84r)

These complexes are extremely moisture- and air-
sensitive and slowly decompose at room temperature.
Thermolysis of neat 83 occurs at elevated tempera-
tures (73 to 96 °C). Complexes with x = 3 (84) are
reported!®® to lose one molecule DME in vacuum
generating compounds of the type 83. Characteriza-
tion of 83 and 84 was achieved by NMR and IR
spectroscopy. Structural evidence for the existence
of Ln—Si bonds was first obtained by X-ray crystal-
lography of a complex with the proposed composition
[Li(DME)s][Cp2“Sm™(SiMes)s] (84h).5%¢ Unexpectedly,
the solid-state structure of 84 (Figure 106) shows the
lutetium compound [Li(dme);][(CsHs):Lu(SiMes)s]
(84r)?33 consisting of well separated cation—anion
pairs. (This case of mistaken identity is due to a
mislabeling.) While three bidentate DME molecules
coordinate to the central metal ion Li* of the cationic
moiety in an octahedral fashion, the two centroids
of the cyclopentadienyl and the two Me;Si~ anions
describe a distorted tetrahedron around the lan-
thanide ion Ln3* which resides in the center of the
counteranion.

However, in 84h unusual short Sm to carbon bond
distances (roughly 10 pm shorter than expected) gave
rise to some speculation®35% ahout a seemingly high
degree of covalency which might be induced by the
strongly donating MesSi~ groups. Interestingly, a
reinvestigation of the structural results®®® using a
single crystal of [Li(DME);][(CsHs)oLu(SiMe;)s] (84r)
revealed exactly the same unit cell parameters and
bond lengths within the error limits. As Lu®* is

Figure 107. Structure of (C5Hz)2ScSi(SiMe;);(THF) in the
crystal.3®! (Reprinted from ref 381. Copyright 1993 Ameri-
can Chemical Society.)

smaller than Sm3* by 10 pm,®?” the former question-
able Sm—C bond distances fell precisely in the range
of cyclopentadienyl—carbon—lutetium bond lengths.
From this it can readily be inferred that all ambigu-
ities in the structure of 84h5%¢ could be eliminated if
samarium was replaced by lutetium. The assump-
tion that the lutetium compound was confused with
the samarium complex receives further support by
the fact that both compounds have the same yellow
color and also by the fact that the heavy metal
elements Sm and Lu diffract X-rays nearly equally
well, so that an error in the choice of the lanthanide
atom might remain undiscovered.

Very recently, a small number of scandocene silyl
complexes (CsHs)oSc(SiR3)(THF) (SiR; = Si(SiMes);
(see Figure 107), Si(SiMes);Ph, Si‘BuPh,, SiPhs) as
well as one scandocene germyl complex (Cs;Hj;)sSc-
[Ge(SiMe;);}(THF) have been obtained after reaction
of dimeric scandocene chloride (20a) with appropriate

1,[(C5H,),ScCl], + (THF),LiER,

—9THF, -LiCl
20a

(C5H;)oSc(ER)(THF) (134)
ER; = Si(SiMe,),, Si(SiMe,),Ph, Si'BuPh,,
SiPh;, Ge(SiMej),

silyl and germyl lithium reagents (eq 134). These
yellow crystalline d° metal silyl species are very air-
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OCHSal

Figure 108. Structure of [(CsMes):SmHSi(SiMes).]s in the
crystal.529 (Reprinted from ref 529. Copyright 1992 Ameri-
can Chemical Society.)

and moisture-sensitive, soluble in most organic sol-
vents, and react with alkenes, alkynes, carbon mon-
oxide, and xylyl isocyanide.38!

In 1991, interest in the chemistry of organolan-
thanide complexes with lanthanide to silicon bonds
developed because of their potential and utility as
catalysts for hydrosilylation of olefins®*” and dehy-
drocoupling of silanes to polysilanes.’?® The catalyti-
cally active species with Ln—Si bond were prepared
in situ by reacting bis(pentamethylcyclopentadienyl)-
lanthanide alkyl compounds with alkyl or aryl si-
lanes. One year later, in 1992, isolation and struc-
tural characterization of the first bis(pentamethyl-
cyclopentadienyllanthanide silyl compounds was
reported.’?® According to eq 135, (C:Mes)LnCH-
(SiMes): (Ln = Nd, Sm) react at 85 °C with excess
H:Si(SiMes)s to form isolable silyl complexes.

_ H,Si(SiMey),
(C;Meg),LnCH(SiMe;), ————*

(CsMe,),LnHSi(SiMey), (135)

Ln =Nd, Sm

Spectroscopic evidence shows that these complexes
are monomeric in solution while the solid-state
structure consists of dimers as shown in Figure 108.
It has been found that a variety of silanes react with
lanthanide alkyl complexes to form corresponding
silyl species, which however, tend to undergo further
reaction with silanes ending up in the formation of
disilanes and organolanthanide hydrides. Thus the
proper choice of the lanthanide alkyl and the orga-
nosilane appears to be crucial for the preparation of
stable and isolable silyl complexes.

By 1978, metathesis of LiGePh; and LiSnPhj with
[(CsH;5);LnCl]l; (20) in THF solution had been re-
ported to afford the bis(cyclopentadienyl)lanthanide
triphenylgermyl and triphenylstannyl compounds,
respectively.?3® Characterization was achieved by
elemental analyses, molecular weight determina-
tions, IR spectroscopy, and measurements of their
magnetic susceptibilities although no structural data
are yet available.

5. Bis(cyclopentadienyl) Rare Earths Hydrides

a. Cyclopentadienyl Compounds. The initial
report?® on the thermolysis of (CsHs)Lu’‘Bu(THF)

Schumann et al.

(and related alkyl and aryl compounds) at 200 °C
suggested that the decomposition proceeds by way
of -H elimination and the formation of an organo-
lanthanide hydride. In the ensuing years, methods
have been developed to synthesize and isolate these
sensitive and reactive hydride complexes. Many of
them have been fully structurally characterized by
single-crystal X-ray crystallography (compare Table
22), but the hydride—hydrogen atoms are usually not
located nor refined.

There are basically three methods which proved
most useful in generating discrete organolanthanide
hydrides: hydrogenolysis®'4459 of lanthanide to car-
bon bonds, carefully controlled thermolysis!s” of lan-
thanide alkyl complexes, and substitution of halide
ion X~ in (CsHs):LnX(THF) by hydride ions.!*°

Cleavage of Ln—C bonds by molecular hydrogen at
ambient pressure and room temperature has found
wide application especially in the synthesis of solvent-
free (and in many instances ring-substituted (vide
infra)) bis(cyclopentadienyl)lanthanide hydrides. In
a series of experiments, Evans et al.3144% showed that
the ease with which the hydrogenolysis of bis-
(cyclopentadienyllanthanide alkyl complexes occurs,
critically depends on the nature of the solvent (i.e.
polarity) and to some extent on the steric bulk of the
alkyl residue. While [(CsHs):Ln(u-Me)ls (73) reacts
fastest with Hs in a mixture of 10:1 toluene/THF (eq
136), (C;H;):Ln'Bu(THF) (74) exhibited the highest
reaction rates in pure toluene according to eq 137.

toluene/THF
ambient pressure

[(C,H,),Ln(u-Me)l, + H,
73

[(CsHy),Ln(u-H)THF)], + 2CH, (136)
85

Ln =Y (85b), Er (850), Yb (85q), Lu (85r)

toluene

2(C,H,),Ln'Bu(THF) + H, ==
74

[(C;H,),Ln(u-H)XTHF)], + 2HCMe, (137)
85

Ln =Y (85b), Er (850), Lu (85r)

By contrast, no reaction was observed in the sys-
tems 73/toluene, 73/THF, and 74/THF. Thus tightly
bound donor molecules such as THF as well as
noncoordinating solvents such as toluene may ham-
per reactivity, either by firmly occupying a coordina-
tion site on the lanthanide ion as in the latter cases
or by disallowing dissociation of dimeric molecules
such as 73. In other words, the solvent must support
the formation of coordinatively unsaturated lan-
thanide—alkyl intermediates which then undergo
hydrogenolysis. Characterization of these extremely
air- and moisture-sensitive dimeric complexes 85 was
achieved by IR and 'H-NMR spectroscopy. Infrared
bands within the region of 1350 cm~! were assigned
to Ln—(u-H)—Ln vibrations by evaluating the isotope
shift of deuterated analogues. NMR spectroscopy
also proved useful as a diagnostic tool in cases where
Ln = yttrium, since the nucleus #Y (100% natural
abundance) is magnetically active I = ;) and
coupling with bridging and terminal hydrogen atoms
gives rise to characteristic multiplets.!?
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Table 22. Spectroscopic and Other Data of Bis(cyclopentadienyl)lanthanide Hydrides

compound Ln color, characterization, etc.
(CsHs)oLnH Y 85b complex with THF: white, IR,3!4 NMR;?14240 with DME:
NMR, IR;**° with dioxane: IR;*° with py: yellow, IR*%
Nd 85f complex with THF: blue, NMR, IR, melt./dec.106157
Sm 85h complex with THF: yellow, NMR, IR;!% with NEts:
green, IR4®
Er 850 complex with THF: pink,314 IR314459
Yb 835q complex with THF: yellow, NMR, IR*5°
Lu 85r colorless, X-ray;®! complex with THF: colorless,
NMR, 106.149.254,258.314376 X_pqy 148,254,532 TR 149,264,258 314
melt./dec.;14%37¢ with NEts: colorless®3!
(CsHj5)oLnD Y complex with THF: white, R3¢
Er complex with THF: pink, IR31¢
Yb complex with THF: IR*®
Lu complex with THF: IR14%31¢ NMR, melt./dec.14°
[Li(THF),]{[(CsHs):LnH]sH} Y x = 0: yellow;!2 x = 4: yellow,!°2 NMR,102178,240,398 TR 102,358
Yb x = 4: orange opaque, NMR, IR*5°
Lu x = 3: colorless, NMR, IR,149533 [R, melt./dec.1*®
[Li(THF),J{[(CsHs):LnD1sD} Yb x = 4: NMR, IR*?
[Na(THF)]{[(CsH5):LnH]:H} Lu colorless, NMR, IR1#?
[Li(THF)4){[(CsHs),LnH]15Cl1} Er pink, X-ray, IR%33
(CsHs)2LnBH4 Sc colorless, IR, MS, melt./dec.,53¢ NMR#.534
Sm yellow;?*8 complex with THF: yellow, IR535
Er pink, IR; complex with THF: peach colored, IR
Yb orange, NMR, IR; complex with THF: orange, IR%3%
Lu colorless, IR,37® NMR258:375
(CsH;5).LnBD, Sm complex with THF: IR%3%
Er complex with THF: IR53%
Yb IR; complex with THF: IR%3%
[(CsHs)oLnAlH,](LB), Y LB = Et:0 (x = 2, n = 1): colorless, X-ray, IR;3%
(x =2,n =2): colorless,53¢ [R;218536 B = THF
(x =2,n =2): colorless, IR,5%¢ X.ray;537 LB = NEt;
(x =2, n = 2): white, IR, X-ray53¢
Sm LB = NEt;3 (x = 2, n = 2): yellow green, X-ray*’
Yb LB = NEt3 (x = 2, n = 2) (with Ce¢Hs): yellow, X-ray®3!
Lu (x=2,n=0) IR;? LB =NEt3 (x =1, n =1): X-ray;5®
(x =2, n = 2) (without C¢Hs): colorless, X-ray, IR;538
(with C¢Hs): colorless, X-ray;53! LB = Et.0 (x =2, n = 2):
white, IR; LB = THF (x = 2, n = 2): X-ray, [R5
[(CsHs)oLn]2AlH,C1 Y complex with 2THF: IR; with NEt3 (C¢He): X-ray, IR%3°
(CsH5)2LnA1H2Et2 Lu IR255
(CsHs);LnAlH3(CsH3) Lu IR255
(CsHs):LnAlHo(CeH 3)2 Lu IR255
(CsHs):LnHsRe(PPhMeg)s Y complex with THF: yellow, X-ray, NMR, IR540
Lu complex with THF: NMR, IR54
(CsHs)sLnH Re(PPhg)s Y complex with THF: NMR540
(CsHs):LnHsRe(PPhj), Y complex with THF: pale yellow, X-ray, NMR, [R54
Lu complex with THF: NMR, IR
(CsHs)oLnH7Res(PMeyPh), Y NMR;*7 comglex with THF: bright red,?*® X-ray,
NMR, IR#5754
Lu dark brown,?¥® X-ray, NMR, [R467.540
[Li(THF)4{[(CsHs)oLin(u-H)o[(CsHs)oLn(u-OMe)1(u3-H)} 'Y NMR, IR
(Li(THF),{((CsHs)2Lin(u-H)I[(CsHs)oLin(1-OMe) o(u3-H)} 'Y NMR, IR3%8
(Li(THF),{[(CsHs) Y(u-OMe)l5(u3-H)} Y NMR, IR3%
[Li(THF)3]2{[(CsHs)2Y(u-OMe)13(u3-H)} 2 Y X-ray*%®

The structure of 85r has been determined by X-ray
diffraction studies.}49254532 The centrosymmetric
molecule (Figure 109) is reminiscent of dimeric bis-
(cyclopentadienyDlanthanide halide [(CsHs)2Sc(u-Chlo
(20a)2! and alkyl [(CsH5):Y(u-Me)l: (73b)23¢ com-
plexes inasmuch as two (CsHs):Ln* moieties are
bridged in a symmetrical fashion. Unlike the major-
ity of halide ions and alkyl groups, the small hydride
ions allow the coordination of an additional molecule
of THF, leading to formally nine-coordination at the
lanthanide ions.

The accuracy of the structure determination was
sufficient to reveal the u-H atoms at distances of 198-
(6) and 231(6) pm from Lu®*.14° 85f and 85r can also
be obtained by thermal decomposition (5-H elimina-
tion) of (CsHs)oLn¢*Bu)(THF) at temperatures be-
tween —30 °C and 0 °C.1%6157 (Trimethylsilylmethyl
complexes (CsHs)oLn(CHsSiMes)(THF) (Ln = Sm, Lu)

have also been used successfully as starting materials
in hydride synthesis.!°¢ However, the triethylamine
adduct [(CsH5)Sm(u-H)NEt3)ls was prepared by
reaction of (CsHs):SmCl (20h) with LiAlH, and excess
NEt; in diethyl ether.24®

The structural chemistry of organolanthanide hy-
drides is not restricted to the above, comparatively
simple neutral dimers, but rather dominated by
anionic, trimetallic units which crystallize with a
solvated alkali metal ion as countercation. [Li(THF),]-
{[{CsH;5):ErH]5Cl} was the first complex of this family
to be structurally characterized.?3® The anion pre-
sented in Figure 110 consists of three (C;H;:hErt
units bridged by two u2-H™ and one u9-Cl™ anions as
well as one central y3-H~ ion. The similar structural
type in the anion has been established for [Li(THF),]-
{[(CsHs)anH]aH} (Ln —_ Y,102'178’240’398 Yb,459 Lu149’533),
[Na(THF){[(CsHs).LuH]sH},'*° [Li(THF ), {{(CsHs) Y-
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Figure 109. Structure of [(CsHs);Lu(u-H)(THF)]; (85r) in
the crystal.!*?

Figure 110. Structure of {[(C;H;):ErH];Cl}" in the crys-
tal.?33 (Reprinted from ref 533. Copyright 1982 American
Chemical Society.)

(ue-H)L[(CsHj5)2Y(12-OMe)ls—(us-H)} (x = 2, 1, 0),3%8
and [Li(THF)3]o{[(CsH5)2Y(u2-OMe)l3(us-H)}2%%® (see
also section I1.B.2.a bis(cyclopentadienyl)lanthanide
chalcogenides).

These complexes have been synthesized by a va-
riety of methods which include thermolysis of tert-
butyl complexes (74) in toluene in the presence of
alkali halides (eq 138),°% reaction of metallic sodium
(or sodium amalgam) with (C;H;);LnCI(THF) (21) in
THF (eq 139),!*° or by rearrangement of dimeric
hydrides 85 to trimeric ones induced by strongly
nucleophilic reagents (eq 140).1%2

toluene, 75 °C
3(CSH5)2171;1;Bu(THF) S
[Li(THF); {[(C;H;),LuH];H} (138)
3(C,H,),LuCl(THF) ~E,

21r
[Na(THF)s{[(C;H;),LuH];H} (139)

; . THF
4[(C;H;),YH(THF)], + 2'BuLi BT ETRpp—

85b —(CsH;5)3Y(THF)
2(Li(THF), {[(CsH,),YH],H} (140)

Unlike reactions 138 and 139 whose mechanisms
are unknown, the proposed mechanism of reaction
140 begins by a nucleophilic attack of a ‘Bu™ anion

Schumann et al.

on 85b, S-elimination of isobutene and generating
[(CsH5):YH32]™ ion which may then react with dimer
85b to form the triangular-shaped anion {[(C;Hj5),Y-
(ue-H)l3(us3-H)}~ as outlined in eqs 141 and 142:

[(CsH,),YH(THF)], + ‘Bu”™ —

85b
(CH,),Y'Bu(THF) + [(C.H,),YH,]™ (141)
74b
@ T e _OD

The remarkable stability of such a trimetallic
structure has been demonstrated by Evans et al.??®
who conducted a series of methanolysis experiments
on [Li(THF)4{[(CsH5):Y(u-H)ls(u3-H)}. In accord with
their anionic nature the bridging hydrogen atoms of
the latter complex react with protons of 1—3 equiv
of MeOH, giving rise to three discrete and isolable
us-methoxy-bridged complexes which were identified
by NMR, IR (see eq 143, x = 2, 1, 0) and X-ray
structure analysis of [Li(THF);]o{[(C5Hj5).Y(1o-OMe)]3-
(us-H)}o.

[LI(THF)4]{[(C5H5)2Y(ﬂ2'H)]3(ﬂ3'H)} +

nMeOH ——— [Li(THF),]

{[(CH),Y1y(uy-OMe), _ (it H) (- H)} + n/2H,
(143)

Interestingly, all uo-H™ ions can be displaced by uo-
OMe™ ions leaving the entire trimetallic structure
intact. Furthermore, the central, triply bridging H-
ion could not be replaced even under rigorous condi-
tions (temperature as high as 65 °C for 30 min). This
suggests that the trimetallic structure has superior
stability which might be attributable to the ad-
ditional negative charge which reduces the inherent
electron deficiency of lanthanide complexes.

Tetrahydroborate complexes of the bis(cyclopenta-
dienyl)lanthanide system with bridging hydrogen
atoms have been known since 1976.°3 Metathesis
of stoichiometric amounts of NaBH, and (Cs;Hj5),L.nCl-
(THF) (21) (eq 144) affords complexes of the type
(CsH5).LnBH4(THF) which lose THF under dynamic
vacuum at elevated temperatures.*1534535

(C,H,),LnCI(THF) + MBH, —

21
(C,H,),LnBH,(THF) + MCI (144)

M = Na: L = Sm, Er, Yb*®
M = Li: Ln = S¢***
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Figure 111. Structure of [(C5H5);YHI2(AIH3THF), in the
crystal.?3?

Infrared spectra of the unsolvated complexes (CsHs)o-
LnBH, exhibit three bands which are characteristic
of a H-bridged structure with a tridentate BH4~
ligand, whereas the spectra of the corresponding THF
adducts were suggestive of a bidentate tetrahydrobo-
rate ligand.

A number of tetrahydroaluminate complexes have
been prepared and characterized by complete X-ray
structure determination,?47,531,536,537,538,559  Bjg(cyclo-
pentadienyl)lanthanide chlorides react in benzene (in
the presence of excess Lewis base), diethyl ether, or
THF with a suspension of LiAlH4 (or NaAlH,) to form
compounds of the general formulae: [(CsHs)LnAlIH -
LB, Ln=Lu(n=0)%Ln=Y,LB=Et,0(n =
1);33 Ln =Y, Lu, LB = Et,0 (n = 2);218536538 [y = Y,
Lu, LB = THF (n = 2);536-538 In = Y, Sm, Yb, Lu,
LB = NEt; (n = 2)?47531.536,538)  Equation 145 shows
the formation of the latter triethylamine adducts:

[(C5H52)%)Ln01]2 + 2MAIH, + 2NEt, -y

[(C,H,),LnH],(AIHsNEt,), (145)
M = Li, Na

Depending on the stoichiometry and reaction con-
ditions, slightly different structures have been ob-
served.?47,531,536,537538 Rioyre 111 presents the struc-
ture of [(CsHj5):YH]2(AlHs THF'); which may serve as
an explanatory example.?®” The core of this complex
is made up of a centrosymmetric [(CsH5):YH], unit
which is essentially identical to that of 85y, 149,254,532
While in the latter complex, THF molecules provide
a formal coordination number of nine for each Lu?*
ion, the coordination spheres of the Y atoms are
coordinated by two (AlHs THF) ligands. The coordi-
nation geometry of aluminum is best described as a
distorted trigonal bipyramid in which three hydrogen
atoms lie in the equatorial plane and one hydrogen
and the oxygen atom occupy the axial positions. One
of the equatorial H atoms bridges yttrium (d(Y—H)
= 217(6) pm) and aluminum (d(Al-H) = 157(6) pm),
whereas the remaining equatorial hydrogen atoms
are terminal. Accordingly, their bond distances are
much shorter, d(Al=Hiermina) = 149(6) and 146(8) pm,
respectively. Compared to this, the distance between

Figure 112. Structure of [(CsHs)2Luls(uo-H)o(us-H) in the
crystal.31

the Y-bridging hydride ion and the adjacent Al atom
is long (200(1) pm) and the interaction must be
considered weak. Nevertheless, the same struc-
ture type has been established for [(CsH;)oYH]o-
(AlH3NEt3)2,5%6 and the benzene-free lutetium com-
plexes [(CsH;)oLuHI(AIH;LB), (LB = NEt;, THF),?38
whereas the related samarium complex?!’ exhibits
NEt;-stabilized AlH3; molecules which coordinate to
both samarium ions via two independent hydrogen
bridges. Furthermore, the environment of Al re-
sembles a distorted tetrahedron rather than a bi-
pyramid because the Sm-bridging hydride ion seems
to be too remote to coordinate to Al.

Exposure of a single crystal of the 18-electron
complex [(CsHs);LuHJx(AlHs*NEt3), to hard X-rays
(Mo Ka, A = 0.7106 nm) resulted in dissociation of
the dimer and formation of monomeric (CsHj)oLu(u-
H)AIH3(NEts), a species with a monodentate alumo-
hydride group and a 14-electron configuration at the
rare earth metal.53® Resistance to X-ray radiation
can be achieved by inclusion of noncoordinated
benzene molecules in the crystal lattice. While the
structure of the Yb derivative [(C5Hs)o Yb(u3-H)Jol (12-
H)AIH>NEt3]o'CsHg is, in general, identical to the
already discussed Y systems [(CsHj5):YHIo(AIH3-LB)2
(LB = THF, NEt;3)5%6537 the corresponding heavy
metal Lu complex (with CsHs in the crystal lattice)
can be described best as [(CsHs)oLu(ug-H)lol (1o-H)o-
AIH'NEt;]*C¢He.5! The latter compound decomposes
with excess NEts to yield a mixture of [(CsHs)oLu(u-
H)(NEt3)], and trimetallic [(CsHs)oLuls(ue-H)o(us-H)
(Figure 112).531 Also with one molecule benzene in
the lattice crystallizes the bis(cyclopentadienyl)yt-
triumsgghydridochloride [(CsH5).Y lo(AIH,CH)(NEts)
CeHs.

Methyl complexes such as (CsHs):LuMe(THF) and
(CsHs):YMe(THF) are capable of abstracting acidic
hydrogen atoms even those of transition metal hy-
dride complexes generating novel mixed polymetallic
hydride species as shown by Alvarez et al.*>’
(C;Hy),LnMe(THF) + Re,Hy(PMe,Ph), — -~

(C:H,),Ln(THF), Re,H (PMe,Ph), (146)
In=Yn=1,Lu(zn=0)
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Figure 113. Structure of (CsH;);Y(THF)HgRe(PPhs), in
the crystal.540

The structures of both complexes was deduced by
common spectrocopic methods and X-ray crystal-
lography.#7540 Using again the reaction of (CsHjs)s-
LnMe(THF) (Ln =Y, Lu) and rhenium polyhydrides
ReH;(PPhj)s, ReHs(PMesPh)s, and ReH7(PPhs)s, re-
spectively, five other heterobimetallic hydrides have
been synthesized in good yields: (CsHs)Ln(THF)H,-
Re(PPhj); (Ln =Y), (C5H5):Ln(THF)H,Re(PPhMe;)3
(Ln = Y, Lu) and (C5H5)2Lﬂ(THF)H6R€(PPh3)2 (Ln =
Y (Figure 113), Lu). The structure of the latter two
yttrium compounds was verified by single-crystal
X-ray determinations.?4?

b. Pentamethylcyclopentadienyl Compounds.
Since the discovery?®®3% in 1982 of bis(pentameth-
yleyclopentadienyl)lutetium hydride [(CsMes)LuH],
(86r) which exhibits a remarkable reaction chemis-
try3604% with chemically “inert” substrates such as
benzene, tetramethylsilane, and methane, the inter-
est in hydride complexes of the other members of the
rare earth group?65272-274,278,284,304,362b 403,508 hag orown
steadily. The synthesis of such highly reactive,
solvent-free hydrides is best achieved by hydro-
genolysis of solvent-free alkyl complexes in nonpolar
solvents as shown in eq 147:

pentane

n(C5Me5)2LnCH(SiMe3)2 + 2H2 ambient pressure

[(C;Me;),LnH], + nCH,(SiMe,), (147)
86

n=2: Ln=Y (86b), La (86¢), Ce (86d),
Nd (86f), Sm (86h), Lu (86r)

n =7 Ln= Sc(86a)

The lutetium complex 86r was first prepared by
hydrogenolysis of the methyl complex [(CsMes)o-
LuMel; (76r)**° which is much harder to prepare than
the bis(trimethylsilyl)methyl analogue. The orange
samarium hydride 86h may also be prepared by
hydrogenolysis of [(C;Me5):Sm];CsPhs (eq 148) which
is precipitated as a black substance from the reaction
of (CsMes)oeSm(THF); and PhC=CPh in toluene.?%8

[(C;Me;),Sm],C,Ph, + 2H, —

[(C;Me;),SmH], + C,H,Ph, (148)
86h

Figure 114. Structure of [(CsMe;5)2SmH]; (86h) in the
crystal.5%8

In all cases, hydride complexes 86 form as spar-
ingly soluble, exceedingly moisture- and air-sensitive
solids on the wall of the flask. These compounds
have been mainly characterized by NMR and IR
spectroscopy. Only 86h was subjected to a single-
crystal X-ray diffraction analysis; Figure 114 shows
the molecular structure of 86h.5%

Two (CsMes):Sm moieties are oriented in a way
that minimizes mutual steric repulsion by adopting
a nearly tetrahedral arrangement of the rings about
the center of the Sm—Sm axis. Although the posi-
tions of hydride ions could not be determined by the
X-ray diffraction study, it can be assumed that at
least one of them bridges the two metal centers. This
would lead to a structure in accord with that of (Cs-
Mes);Lu(u-Me)(Me)Lu(CsMes)s (76r).4° Neverthe-
less, it is also conceivable that both of hydrogen
atoms bridges the samarium atoms.>*!

The molecularity of the highly sensitive scandium
hydride [(CsMe5)2ScH], (86a) is unknown, because it
is unstable in the absence of an atmosphere of Ho.
The solvent adduct (CsMes):ScH(THF) is monomeric
and can be stored infinitely in the dark at —10
°C.?65.272 However, 86a is a valuable synthetic re-
agent when generated in situ and readily inserts into

the double bond of olefins as outlined in eqs 149 and
150:265.272,352

toluene

“(CsMe;)yScH” + CH,=CHR ——
86a
(CsMe;),ScCH,CH,R (149)

“(C;Mey),ScH” + CH,~C—=CH, —~

86a
(C;Me;)yScCsH; (150)

These highly reactive solvent-free and, in contrast
to their unsubstituted analogous in nonpolar sol-
vents, moderately soluble bis(pentamethylcyclopen-
tadienyl)lanthanide hydrides have been employed in
a variety of stoichiometric and catalytic reactions
such as oligomerization of olefins, hydrogenation, and
activation of C—H bonds. Most of the reaction
chemistry has been described in refs 265, 304, 305,
352, 360—362, 490, and 542.

Thermolysis of [(CsMes):YH]> (86b) at 100 °C in
n-octane, cyclohexane, or benzene yields a “tucked-
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Figure 115. Structure of (CsMeg)sSm(u-H)(u-1':75-CH,Cs-
Me,)Sm(CsMes) in the crystal.203 (Reprinted from ref 403.
Copyright 1991 American Chemical Society.)

over” bimetallic red metallocene (eq 151) which was
identified as (CsMes)o Y{(u-H)(u-n:73-CHyC:Mes) Y(Cs-
Me;).*93543  Analogously, the samarium hydride 86h

86 ’
(CsMey),Ln(u-H)(u-n":7°-CH,CsMe )Ln(C;Me;)
(151)
Ln=Y, Sm

converts via an internal metalation in alkanes or
benzene at room temperature over a period of several
days (eq 151) into the corresponding complex (Cs-
Mes)oSm(u-H)(u-n':n5-CHyCs;Me,)Sm(CsMes). Single
crystals of the dark brown Sm complex were struc-
turally characterized by X-ray crystallography which
revealed the molecular structure presented in Figure
115,408

References to spectroscopic and other data of
known bis(pentamethylcyclopentadienyl) rare earth
hydrides are given in Table 23.

c. Derivatives with Other Substituted Cyclo-
pentadienyl Rings. Parallel with the development
of bis(cyclopentadienyl)lanthanide hydrides (vide su-
pra) a variety of ring-substituted analogues thereof
have been prepared and analyzed (Table 24). Methyl,
tert-butyl, and trimethylsilyl substituents on the
cyclopentadienyl rings provide for good solubility in
aromatic and to a lesser extent in aliphatic solvents
which is essential for studying their reactions and
for growing X-ray quality single crystals. Despite the
principal difficulty of X-ray diffraction studies to
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locate hydrogen atoms due to their small contribu-
tions to the electron density, this technique has been
widely used to characterize hydride complexes, since
NMR spectroscopy also often fails to give well-
resolved spectra.

(MeCsH,)oLn!Bu(THF) (Ln = Y, Er, and Lu)3!¢ re-
acts with Hs to generate the corresponding [(MeCsH)o-
LnH(THF)); which are soluble in THF and partly
soluble in toluene and which can be recrystallized
from THF/hexane. The molecular structure®‘ of
[(MeCsHy).YH(THF)], is virtually identical to that of
[(CsHs):LuH(THF)]; (85r).

The assumption that trimetallic hydride complexes
form by interaction of anionic [(CsH;5).LnHs]~ and the
neutral dimer 85 (compare eq 142) was further
supported by an experiment in which [(MeCs;H4).YHs]~
had been replaced by an isolobal (MeCs;H4)ZrH,
molecule. Expectedly, a neutral (hetero) trimetallic
comp&gx was generated in 32% yield according to eq
152:1

[(MeC,H,),YH(THF)], +
Y [(MeC,H,),ZrH,},
[(MeC,H,),YH],[(MeC,H,),ZrHI(x*-H) (152)

THF/hexane

Like bis(methylcyclopentadienyllanthanide hy-
dride complexes, which show much the same struc-
tural types as their unsubstituted cyclopentadienyl
analogues, the bis(1,3-dimethylcyclopentadienyl) sys-
tem exhibit similar structures. Thus, [Li(THF)4]-
{[(Me.CsH3):LnH};H} could be synthesized®?® and
hydrogenolysis?®?® of [(MesCsH3):YMels dissolved in a
mixture of THF and hexane affords the unsolvated
trimeric complex [(MesCsH3):YH]; (eq 153) which
recalls the trimeric decomposition product53! [(CsHjs)s-
Luls(ua-H)o(us-H).

3/,[(Me,CsH,), Y(u-Me)l, + 3H, —
[(Me,C;H,),Y(u-H)]; + 3CH, (153)

Dissolution of [(MesCsH3z)2Y(u-H)ls in pure THF
generates [(MesCsH;3)Y(u-HYXTHF)]: which belongs
to the well-known structure type of 85r. Both
compounds, [(MexCsHjz)Y(u-H)lz (hydrogen atoms
could not be located) and [(Me2CsH3)2Y (u-H)(THF)],
have been characterized by standard instrumental
methods and by X-ray crystallography.3®

Just as two methyl substituents on the cyclopen-
tadienyl rings can decrease the coordination number
of the central metal to eight, tert-butyl groups are
even more effective in doing so. Thus the solvent-

Table 23. Spectroscopic and Other Data of Bis(pentamethylcyclopentadienyl)lanthanide Hydrides

compound Ln

color, characterization, etc.

(CsMes)2LnH Sc 86a NMR; with THF: yellow,265 NMR, IR265.272
Y 86b white, IR,27 NMR;274278 with THF: white, NMR, IR,?7®
reactions?54.738,740,742,746
La 86c¢ colorless, NMR, IR, D-deriv.3%
Ce 86d green, NMR, IR,273.28¢ D.deriv.28¢
Nd 86f blue green, NMR, IR,304362> D.deriv.3%
Sm 86h orange, X-ray, NMR, IR;%°¢ with THF: yellow, NMR,*% reactions"42746
Lu 86r colorless, NMR,3043% [R, D-derivative304360

(CsMes)2Ln(u-H)2:BMes, Y

yellow, NMR42

Sm red, NMR742

(CsMes)oeLn(u-H)(u-n1:575-CHoCsMey)Ln(CsMes) 'Y

(with C¢He): red, NMR, IR,493543 X.ray4%

Sm brown, X-ray, NMR, IR, magn. d.4%
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Table 24. Spectroscopic and Other Data of Bis(cyclopentadienyl)lanthanide Hydrides Containing Other

Substituted Cyclopentadienyl Ligands

compound Ln color, characterization, etc.
(MeCsH,4)2LnH Y complex with THF: colorless, X-ray, IR, D-deriv.,3* NMR;17831¢
with py: yellow, NMR*5
Er IR;% complex with THF: pink, X-ray, IR3!4
Lu complex with THF: colorless, NMR, IR314
[(MeC5sH4)2LnH1[(MeCsHy)oZrHIH Y colorless, NMR, IR, melt./dec.192
(*‘BuCsH4).LnBH, Sm yellow green?*®
[(*BuCsH4)oLinloH(AIH 4tmed) Sm green, X-ray?’
(fBuC5H4)2LnH(A]H3-THF) Sm X-rayf’“
[MeO(CH,)2CsH,J.LnH Y white, 345,725 X.ray, MS,”?6 NMR, [R5345:725
La white, NMR, MS, IR
Pr yellow, IR, MS"25
Ho pale brown25
[MeO(CH;)CsH,l,LnBH, Y X-ray, NMR, IR54
La colorless, MS, NMR, IR, melt./dec.56
Pr green, X-ray, MS, IR, melt./dec.548
Nd blue, X-ray, MS, IR, melt./dec.546
Sm yellow, MS, IR, melt./dec.54
Gd colorless, MS, IR, melt./dec.548
[MeO(CH2):CsH4]sLnAlH, Y white, NMR, IR545
(Me2CsHjs).LLnH Y X-ray, NMR, IR, melt./dec., complex with THF:
colorless, X-ray, NMR, IR3%8
[LUTHF);){[(MesCsH3):LnH1;H} Y NMR, IR328
(*BusCsH3);LnH Ce X-ray?®
Sm X-ray?*
Lu colorless, X-ray33*
(*‘BuzCsHs).LnBH, Ce orange, X-ray3?
Sm yellow orange, X-ray?4®
(‘BugCsHs)oLnAlH, Lu white; complex with THF: yellow337
[(MesSi):CsH3le.LnBH, Sc white, X-ray, NMR, IR, melt./dec.5¢"
Y complex with THF: white, IR, melt./dec.?4
La complex with THF: white, IR, melt./dec.5%
Pr complex with THF: green, IR, melt./dec.5¢
Nd complex with THF: blue violet, IR, melt./dec.5¢7
Sm complex with THF: yellow, IR, melt./dec.5¢
Yb complex with THF: maroon, IR, melt./dec.5¢’
[(Me3Si),CsH3l.LnBPhy Ce complex with NCMe, DME: yellow brown, NMR, IR3!3
[(CsH4(CH2)sCsH4LnH Y 87b complex with THF: white, NMR, IR, MS, melt./dec.54®
Dy 87m complex with THF; yellow, IR, MS, melt./dec.54®
Er 870 complex with THF; pink, IR, MS, melt./dec.54
Lu 87r complex with THF: white, NMR, IR, MS, melt./dec.54
[O(CH2CH3CsH4)o]LnH Y colorless, NMR, MS, IR, D-deriv.5¢
Gd white, MS, IR54°
Er orange, MS, IR
Yb red, MS, IR
Lu colorless, NMR, MS, IR, D-deriv.54®
[Me2Si(CsH4),]LnH Y complex with THF: MS5%0
{[Me2Si(CsHy)sloLn}o(u-H)(u-Cl) Yb complex with 2THF: reddish, X-ray, MS5%
[Me2Si(CsHs'Bu)o]LnH Sc NMR,3! catalysis™?2
[Me2Si(CsH2('Bu)SiMes)]LnH Y colorless, catalysis®8é
[Me;Si(CsMey).]LnH Sc complex with PMes: catalysig352518747
Nd green, NMR, IR, D-deriv.,%6% catalysis361.3622
Sm orange, NMR, IR, D-deriv.,322 catalysig361362
Lu colorless, NMR, IR, D-deriv.,3622 catalysis361.362a
(CsMe4CHQCGH4Me-3)(C5Me4CH2Ph)LnH SC NIV.[R363
[Me2Si(CsH4)(CsMey)ILnH Lu colorless, NMR, IR34
{MezSi(CsMey)[CsH3(C1oH18)1} LnH Y NMR726
(C10H1s = (+)-neomenthyl)
[Et2Si(CsH4)(CsMey)lLnH Y colorless, NMR, IR354
Lu colorless, X-ray, NMR, IR, D-deriv.35¢
{[Et2Si(CsHy)(CsMes)ILin}o(u-H)(u-Et) Y NMR, D-deriv.3*
Lu white, X-ray, NMR, IR, D-deriv.35*
{[Et2Si(CsH4)(CsMey)ILn}o(u-H)(u-Pr) Y white, NMR, IR35¢
Lu off-white35¢
{[Et2Si(CsH4)(CsMes) ILn}o(u-H)(u-CeHiz) Lu off-white, NMR, IR35¢

free dimers [((BusCsH3):LnH]s were obtained as
outlined in eq 154:

[(‘BuyC3Hy),LnCll, + 2MAIH, ———
[(‘Bu,C;H,),LnH], + 2AIH,(LB), (154)
Ln = Lu:®* M = Lij, LB = Et,0

Ln = Ce, Sm:>*® M = Na, LB = NEt,

The shielding effect of the tert-butyl groups is
reported to be so pronounced that the intermediate
[((BusCsH3)sLuHls(AlH3;*OEts)s is not observed. In
addition, crystals of [({BusCs;Hj3)oLuH], exhibit en-
hanced stability against oxygen and moisture so that
they do not deteriorate on exposure to air within a 3
to 5 min period—a behavior that is completely
unknown for all hydride complexes discussed so far.
The X-ray diffraction study revealed a crowded dimer
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Figure 116. Structure of [(‘BusCsHj3)oCe(BHy)l; in the
crystal.???

with d(Lu—H) = 232(1) and 227(1) pm.?3* The Sm
species can also be obtained by redox reaction of the
divalent samarocene (‘BuyCsHj3):Sm(THF') with AlHj
NEt3.248

A bis(di-tert-butylcyclopentadienyl)ligand system
also supports the formation of solvent-free dimeric
tetrahydroborate complexes.?*8329 The structure of
[(‘BusCsH3)Ce(BHy)}o (Figure 116) reveals that the
BH,™ anion acts as a bridge between two Ce3* ions
in a u-n*:n® fashion.??® Interestingly, [(‘BusCsH3).Ce-
(BHy)], is isostructural to [(‘BusCsHj3)2CeCl]*?° and
in fact the Ce--‘B separation (293(2) pm) is in
agreement with the Ce—Cl bond distance of 289.8(4)
pm in the chloride suggesting that a BH; ion
occupies roughly the same size as a Cl™ anion. A
further increase in steric bulk of the Cp substituents
leads to monomeric tetrahydroborates®” as shown by
the crystal structure of bis[(trimethylsilyl)cyclopen-
tadienyl]scandium tetrahydroborate [(Me3Si),CsHslo-
ScBH,.

The use of a substituted cyclopentadienyl system
with a pending ether function has also enabled
isolation of monomeric tetrahydroborates [MeO-
(CHy):CsH4l:LnBHy (Ln = Y,>®% La, Pr, Nd, Sm,
Gd>%). Single-crystal X-ray structures of the Y,5% Pr,
and Nd>* derivatives support intramolecular stabi-
lization of the rare earth element by lone pair of the
oxygen atoms.

The chemistry of tetrahydroaluminates seems to
be dominated by bimetallic species; some recent
examples include the dimers [(‘BuCsH4):SmH-
(AIH3THF)],,°4 [(‘BuCsHy)2Sm]o:H(AIH#tmed),?4” and
[(‘(BusCsH3);LnAIH4(LB)]:3%7 as well as monomeric
[MeO(CH3):CsH4]oYAIH,.5%5 Treatment of the latter
compound with triethylamine at 50 °C leads to
elimination of AlH3 and formation of the symmetric
dimer {{MeO(CH2):C5Hsl:Y(«-H)}5 in moderate yield.?*

There has been considerable interest in organo-
lanthanide hydrides with bridged ancillary n-ligands
whose structural features differ in both, length of
the ring-bridging chain and in the nature and
number of further substituents attached to the cy-
clopentadienyl ring. Butyl complexes of the type
[CsH4(CHy)3CsH4]Ln'Bu(THF) are useful starting
materials and readily undergo hydrogenolysis of the
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Ln—C bond generating the desired hydrides 87 as
shown in eq 155:548551

H2
2[C;H,(CHy);C;H JLnBu(THF) — -
{[CsH,(CH,),C;H,]LnH(THF)}, (155)
87

Ln =Y (87b), Dy (87m), Er (870), Lu (87r)

Although no structural data are available there is
mass and NMR spectroscopic evidence that the
dimeric formulation is correct.’*® Since a 1,3-pro-
panediyl chain does not impose severe steric con-
straints on the complex, the structure of 87 should
be similar to that of [(CsHs):LuH(THF)],!49:254.532
(85r). Recently, however, it was shown that chelat-
ing m-ligands can convert into metal-bridging ones
after dimerization (vide infra).?>* Complexes 87 were
obtained in low to moderate yield (18—30%). They
are soluble in THF and insoluble in aliphatic and
aromatic solvents. These hydrides are capable of
hydrogenating olefins such as 1-hexene catalyti-
cally.’*® Similar results, as far as the hydrogenation
of olefins is concerned, were obtained with 1,1’-(3-
oxapentamethylene)dicyclopentadienyl lanthanide hy-
dride complexes which were prepared from [O(CHs-
CH,C5H4)2]LnCl and sodium hydride in THF (eq
156).549

toluene

2[0(CH,CH,C.H,),]LnCl + 2NaH —=—=.

—2NaCl
{[O(CH,CH,C,H,),]LnH}, (156)

Ln =Y, Gd, Er, Yb, Lu

The complexes were characterized by elemental
analyses and NMR and infrared spectroscopy. Un-
fortunately, the deuterated species failed to show
Ln—D absorption bands characteristically shifted to
lower wavenumbers, so that no assignments of bands
could be made. This was explained by accidental
overlap of bands or more likely by H—D exchange.5*°

In the hope of finding catalysts with enhanced
reactivity, singly heteroatom bridged complexes of
the types {{Me2Si(CsHs'Bu)s]LnH},,351:352 {[Me,Si(Cs-
Mey):]LnH}; (Ln = Nd, Sm, Lu),3613622 {[Me,Si-
(CsH4XCsMey)ILnH},, and {[Et,Si(CsHy)(CsMey)ILnH},
(Ln = Y and Lu)** have been synthesized and
intensively investigated. These complexes were ex-
pected to be less sterically crowded than their bis-
(pentamethylcyclopentadienyl) analogues and as a
result, may show higher rates of reaction and turn-
over numbers. Comparisons across the lanthanide
series between [(CsMes):LnH]; (86) and {[MesSi(Cs-
Me,y)2]LnH}2 have been made and published in a
series of three papers.304361.362a The golvent-free
hydrides are best prepared by hydrogenolysis of the
corresponding bis(trimethylsilyl)methyl derivatives
79 as outlined in eq 157:3622

92[Me,Si(C;Me,),Ln]CH(SiMe,), + 2H,
79

pentane
“-2CH2(SiM93}2

Ln = Nd, Sm, Lu

- {[Me,Si(C;Me,),]LnH}, (157)
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Figure 117. Structure of {[Et:Si(C;H4)(Cs;Meq)]LuH}s in
the crystal.?* (Reprinted from ref 354. Copyright 1990
American Chemical Society.)

These dimeric hydrides (by cryoscopy and mass
spectrometry) can be collected as microcrystalline
materials which are reported to be markedly less
soluble in aliphatic solvents than their nonbridged
pentamethylcyclopentadienyl analogues 86. Thus,
ethylene polymerization suffers from catalyst poison-
ing caused by trace impurities, but yields of propylene
polymerization are roughly 10 times those catalyzed
by 86. Similarly, the insertion of bulky olefins such
as cyclohexene into Ln—H bonds is sensitive to the
ligand environment and was shown to be the rate-
limiting factor in the homogeneous hydrogenation.
Thus, the catalyst offering the most accessible surface
area reacts fastest. However, it would be misleading
to assume that enhanced reactivity of a catalyst
always goes along with a reduction in steric bulk of
the metal supporting 7-ligand system. By contrast,
hydrogenolysis of small olefins such as 1-hexene is
fastest when catalyzed with 86 which offers less
space to bind the hexyl group and possesses the
weakest Ln—C bond. The reversed behavior here
reflects the fact that a-olefin insertion for small
substrates is fast and instead the cleavage of the
Ln—C bond by molecular hydrogen becomes the rate
limiting step. Hence, the complex with the weakest
Ln—C bond reacts fastest.304361:362a

A further extension of the concept to enhance
reactivity, by reducing steric demand of the ligands
attached to the metal ion, consists in the utilization
of partially substituted or completely unsubstituted
ring-bridged ligands of the types [RoSi(CsHy)(CsMey) ]2~
(R = Me, Et)** and [Me;Si(CsHy)o]?.9°° Unfortu-
nately, the attempt turned out to be counterproduc-
tive at least to some extent. The hydrogenolysis of
[R2Si(CsH4)(CsMey)ILnCH(SiMes): (R = Me (81), Et
(82)) led to dimeric hydride complexes {[R2Si(CsH4)(Cs-
Mey)lLnH}, (Ln =Y, Lu) with rearranged n-ligands
(u-n°:°), effectively preventing the complex from
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Figure 118. Structure of (THF)(C5H;);LuRu(CO)(CsHs)
(88r) in the crystal.146¢256

dissociation. {[Et.Si(CsH4)(CsMeys)]LuH}s has been
structurally characterized and consists of a cen-
trosymmetric dimer as shown in Figure 117.3%

The comparatively slow hydrogenolysis of 81 and
82, respectively, is remarkable in that it constitutes
a rare example of an observable process in which a
distinctly monomeric species with a chelating ligand
changes into a dimer with two metal-bridging ligands.
Despite the noticeably depressed reactivity, olefins
such as ethylene, propylene, and 1-hexene insert into
one of the LnHLn bonds of {[Et,Si(CsHs}(CsMe,)ILnH},
(Ln = Y, Lu) yielding unsymmetrical compounds
{[Et2Si(CsMey)(CsHy)ILn}o(u-H)u-R) (R = Et, Pr,
CsH13).3%* Very recently, synthesis of a similar un-
symmetrically bridged Yb—chloro—hydride has been
reported which crystallizes from THF as the solvent—
adduct {[MesSi(CsH4)2loYb(THF)}o(u-H)(1-Cl) with
two nonchelating, metal-bridging [Me.Si(CsHy)o 1%~
ligand systems.5%°

6. Bis(cyclopentadienyl) Rare Earth Complexes with Rare
Earth to Other Element Bonds

A direct bond between a rare earth ion and a
transition metal atom was first reported in 1990.256
Metathesis of Na[(CsH5)Ru(CO):] and (CsHjs):LuCl-
(THF) (21r) in THF results with 62% yield in the
formation of a molecular complex (eq 158) which
composition of (THF)(CsH5):LuRu(CO)s(CsH5) (88r)
was determined by an X-ray structure investigation
(Figure 118).146¢.256

THF/20 °C

(CsH;),LuCI(THF) + Nal[(C,;H;)Ru(CO),]
21r
(THF)C;H;),LuRu(CO),(C;H;) + NaCl (158)
88r

This structure is remarkable in both the fact that
there is a direct bond between Lu and Ru (d(Lu—
Ru) = 295.5(2) pm) and the observation that both
carbonyl groups are strictly bonded to Ru in a
terminal fashion. This contrasts with a number of
bimetallic lanthanide complexes with anionic transi-
tion metal carbonyl fragments in which CO ligands
always serve as a bridging isocarbonyl group. In
these species the partially negatively charged oxygen
atoms constitute a hard Lewis base which forms
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Table 25. Spectroscopic and Other Data of Bis(cyclopentadienyl)lanthanide Complexes Containing Rare Earth

to Other Element Bonds

compound Ln color, characterization, etc.
(CsHs):LnRu(CO)y(CsHs5) La 88c complex with THF: NMR!46c
Lu 88r complex with THF: colorless, NMR, IR, melt./dec.,!46 X-ray!46c256
(CsMes)o:LnRu(CO)o(CsHs) Lu colorless, NMR, IR, melt./dec.46

[(1,3-MesSi)2CsHsl:LnRu(CO)o(CsHs) Lu

complex with THF: colorless, NMR, IR, melt./dec.146

Table 26. Spectroscopic and Other Data of Cationic Bis(cyclopentadienyl)lanthanide Complexes

compound Ln

color, characterization, etc.

[(CsMes);Ln]l[BPh4] Ce

complex with 2THF: orange, NMR, IR; with 2SC,Hs: blue green, X-ray, NMR, [R552

Sm  complex with 2THF: red orange, X-ray, NMR, IR, magn. d.;?8 with THF, H.NNH,:

X-ray, NMR#5
{[(1,3-Me3Si):CsHsl.Ln}[BPhyl La

complex with DME, NCMe (+0.5DME): colorless, X-ray, NMR313

Ce complex with DME, NCMe (+0.5DME): yellow brown, IR, NMR313

strong bonds with the lanthanide ion as dicussed in
detail within the section on bis(cyclopentadienyl) rare
earth chalcogenides (IIB2a).

Very recently, three further heterobimetallic bis-
(cyclopentadienyl) species containing a direct lan-
thanide—metal bond have been published:!4¢ (Cs-
Mes)oLuRu(CO).(CsHs), (THF)[(1,3-MesSi):CsHsloLu-
Ru(CO)x(CsHs), and the lanthanum complex (THF)-
(CsHs):LaRu(CO)x(CsHs) (88¢). For both the Lu
derivatives the synthetic pattern is based on meta-
thetical reactions similar to those in eq 158. The
starting materials are the salt Na[(C;Hs)Ru(CO)]
and common rare earth chlorides (CsMes)sLu(u-
ChoNa(THF), and {[(1,3-Me3Si):CsHsloLu(u-Ch}e (29r),
respectively. Equimolar reactions are carried out in
THF at 20 °C and both compounds can be isolated
after work-up procedures as microcrystalline, ex-
tremely air- and moisture-sensitive solids in yields
of more than 50%. The lanthanum analogue to 88r
has been derived from ¥°La-NMR spectroscopy as
one disproportionation product of the unstable mono-
(cyclopentadienyl) complex (THF)o(CsHs)DLaRu-
(CO)(CsHs).

Table 25 summarizes some important data of bis-
(cyclopentadienyl) lanthanide complexes which con-
tain a direct lanthanide to other element bond.

7. Cationic Bis(cyclopentadienyl) Rare Earth Complexes

The steadily growing interest in the development
of cationic compounds of the rare earth elements is
due to the assumption that cationic species are of
importance in olefin polymerization processes by
Ziegler—Natta and Kaminsky type catalysts. How-
ever, bis(cyclopentadienyl)lanthanides with a rare
earth metal in the cation can still be counted on one’s
fingers (Table 26).

With exception of [(CsMes):Ce(THF),][BPh,]%%2 and
{[(1,3-Me;3S1)2CsH31:Ce(DME)NCMe)}[BPh,}-0.5-
(DME»??¥ all of them have been characterized by
single-crystal X-ray structure analysis.208313445,552 ¢
is striking that in all cases the counterion consists
of the bulky, unreactive tetraphenylborate anion; in
addition no unsubstituted cyclopentadienyl systems
have been reported to be part of such cationic bis-
(cyclopentadienyl)lanthanides. The cerium complex
[(CsMes5):Ce(THF)2l[BPhy] as well as its tetrahy-
drothiophene derivative have been prepared by pro-
tolysis of the lanthanide alkyl (CsMes):CeCH(SiMes):
with triethylammonium tetraphenylborate in THF

Figure 119. Structure of [(C;Me5)Sm(THF)s]" in the
crystal.208 (Reprinted from ref 208. Copyright 1990 Ameri-
can Chemical Society.)

and tetrahydrothiophene, respectively, at room tem-
perature according to eq 159:552

(C;Me;),CeCH(SiMe,), + (HNEt,)BPh, ~2-
[(C;Me,),Ce(LB),][BPh,] + CH,(SiMe,), + NEt,
(159)

LB = THF, SC,H,

The samarium analogue, [(CsMes):Sm(THF):][BPhy],
is formed in high yield on oxidation reaction of the
strong reductant (CsMes):Sm(THF),; with AgBPh, in
THF. The structure of the cation, which is depicted
in Figure 119, possesses an overall geometry similar
to that of divalent, neutral (CsMes):Sm(THF),.208
Reaction of [(CsMes)o( THF)SmIo(u-n2:1%-NoHs) with 2
equiv of (HNEt3)BPh, in THF affords under expulsion
of triethylamine the well-known THF adduct [(Cs-
Mes):Sm(THF)l[BPh,] and the hydrazine complex
[(CsMes)2Sm(n2-NoH)(THF)[BPh,].445

The lanthanide iodide [(1,3-MesSi)sCsHsloLinl-
(NCMe): provides a good precursor for synthesis of
the ionic mixed DME/NCMe adducts {[(1,3-Me3Si)s-
CsH3.Ln(DME)XNCMe)}{BPhy}0.5DME (Ln = Ce,
La); it reacts smoothly with suspensions of AgBPhy
in THF to give the desired cationic compounds.3!?

C. Mono(cyclopentadienyl) Rare Earth Complexes

The previously reviewed chemistry deals exclu-
sively with metallorganic compounds of trivalent rare
earths made up of either unsubstituted, permethyl-
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Table 27. Spectroscopic and Other Data of Mono(cyclopentadienyl)lanthanide Halides and Pseudohalides

compound Ln color, characterization, etc.
(CsH5)LnCls Y 89b colorless, X-ray’®
La 89c complex with 3THF: melt./dec.?5

Ce 89d yellow green; complex with THF: white!%

Pr 89e

light green, IR; complex with HCI: light green; with THF: yellowish green;

with 2THF: yellowish green; with 2THF, HCI: green!®

Nd 89f

reddish; complex with HCI: light purple; with THF: purple; with 2 THF:

purple;!%®° with 3THF: purple, IR, elec. d.;1°° X-ray;!45553 with THF, HCI:
purple; with 2THF, HCl: purple; with 3STHF, HCIL: purple!®
Sm 89h complex with 3THF: beige,*®* melt./dec.?5:5%4

Eu 89i

complex with 2THF: melt./dec.;?® with 3THF: purple,®>* X-ray, Mofb.,59

magn. d., melt./dec.3%*
Gd 89k elec. d.; complex with 3THF: elec. d.,?! lavender, magn. d., melt./dec.?5*
Dy 89m complex with 3THF: colorless, magn. d., melt./dec.55*
Ho 89n complex with 3THF: yellow, melt./dec.5%

Er 890

complex with 3THF: pink, melt./dec.5%* X-ray,?*® magn. d.2595%

Tm 89p complex with 3THF: melt./dec.;?> with 4THF: melt./dec.5%¢
Yb 89q complex with THF: yellow, NMR, UV;%* with 3THF: orange, magn. d.,%%!
X-ray,?61.3¢4 NMR,%6* melt./dec.25:554

Lu 89r complex with 3THF: colorless, melt./dec.%%*
[Li(THF )z lo(u-Cl)4[ (CsHs)Ln(THF)] La X-ray 145,551,558 TR559

Pr X-ray®61

Nd X*I'ay,l45’557_559 IR,559,560 NMR560

(CsHs)LnCH(THF)o(u-Cl)oLnCly(THF); Sm

(CsHs)LnBry Yb
(C5H5)LD(NCO)2 Eu
(C5H5)LD(NCS)2 Eu

yellow green, X-ray®?

complex with 3THF: X-ray?6!
complex with 3THF: Mof3b.6%2
complex with 3THF: M¢fb.692

ated, or partly substituted tris- and bis(cyclopenta-
dienyl)lanthanide species. The presence of two or
even three of these more or less bulky aromatic
ligand systems results in enhancement of stability;
however, the steric congestion around the metal
center results in a significant reduction in reactivity.
Nevertheless, the reactivity of bis(cyclopentadienyl)-
lanthanide derivatives with alkyl bonds is extensive.
In order to relax the steric constraint, interest in the
spatial less-demanding mono(cyclopentadienyl)lan-
thanide unit grows steadily, particularly since orga-
nolanthanides containing only one cyclopentadienyl
group on the rare earth metal center results in not
only one, but two highly reactive bonds.

1. Mono(cyclopentadienyl) Rare Earth Halides

Due to the broad area of application which is
generally offered by metal halides synthesis of ha-
lides of mono(cyclopentadienyl)lanthanide complexes
are the key starting materials. The synthetic routes
are outlined below.

a. Cyclopentadienyl Derivatives. Rare earth
organyls with only one cyclopentadienyl ligand were
first described in 1963 by Manastyrskyj et al.,5* who
succeeded in preparing the chloro complexes by three
different synthetic routes (eqs 160—162). A short

LnCl, + NaC,H, — (C,H,)LnCL(THF), + NaCl
= (160)
Ln = Sm (89h), Eu (89i), Gd (89k), Dy (89m),

Ho (89n), Er (890), Lu (89r)
THF

(CHy);Er + 2ErCl, — 3(C;H,)ErCl,(THF),
- %90 el
(C,H,),YbCI(THF) + HCl —

21q
(C;H;)YbCl,(THF); + C;Hy (162)
89q

Figure 120. Structure of (C5H5)ErCly(THF); (890) in the
crystal.555

summary of known mono(cyclopentadienyllanthanide
halides is given in Table 27.

About 20 years later, syntheses of mono(cyclopen-
tadienyl)dichloro compounds were reported for some
lower rare earth elements.100:103.151 They are acces-
sible by reaction of the corresponding trichlorides
with sodium cyclopentadienide in THF as both sol-
vent free and with one to three solvent molecules in
the coordination sphere: (C;Hs)LnCly(THF), (Ln =
Ce,n=0,1;Pr,n=0,1,2; Nd, n =0, 1, 2, 3 (89f)).
In addition the hydrogen chloride derivatives (CsHs)-
LnCl,(HCI(THF), Im =Pr,n =0, 2; Nd, n = 0, 1,
2, 3) have been prepared, using appropriate lan-
thanide chlorides mixed with hydrogen chloride in
THF.1% The first reports on the yttrium complex
(CsH5)YCly(THEF)3 (89b) came from the work of Jam-
erson et al.’%® During extensive studies whether 4f
orbitals of organolanthanide compounds display co-
valent bonding the X-ray photoelectron spectrum of
(CsH5)GdCl; was recorded.®!

X-ray crystallographic data, for the organolan-
thanide chlorides and bromides (CsH;)LnXo(THF); (X
= Cl, Ln = Nd (89f),145553 Er (890) (Figure 120),%5°
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Figure 121. Structure of [Li(THF)]o(u-Cl)4[(C5H5)Nd-
(THF)] in the crystal.557-559

Yb (89q);261:364 X = Br, Ln = Yb?%!) show that these
molecules are monomeric with a pseudo-octahedral
coordination geometry around the rare earth metal,
considering the 7°-bonded cyclopentadienyl ligand as
occupying a single octahedral site. Exposure of 89q
to high vacuum results in the formation of the mono-
THF adduct (CsH5)YbCly(THF).364

In the early 1980s, zerovalent lanthanides ac-
tivated by amalgamation were shown to be use-
ful starting materials in the synthesis of mono-
(cyclopentadienyl)dichlorolanthanide THF adducts
(eq 163):25’556

5Ln + 3HgCl, —— 3Ln/Hg +
g(C;Hy),

H
2LnClyn(THF) ———- 2(C,H,)LnCl,(THF),
89

(163)
Ln =La, Sm, Eu, Tm, Yb;n =2, 3, 4

A completely new structural type was discovered
in 1987 for the light rare earths lanthanum and
neodymium.”” Reaction of LnClsn(LiClyn(THF) with
one equivalent of NaCs;H; yielded [Li(THF)sJo(u-Cl)4-
[(C5H5)Ln(THF)] (Ln = La, Nd (Figure 121)), in which
the pseudo-octahedral geometry is achieved by coor-
dination to an #°-cyclopentadienyl group which is
trans to tetrahydrofuran and the two cis sites are
filled by (THF)2Li(u-Cl)2, forming the, by now, com-
mon Ln(u-Cl);Li unit.!45557-559  Recently, praseody-
mium was shown to form a tetrachloride with a
similar structure.?¢!

In contrast, addition of NaCsH; to a THF solution
of pure samarium trichloride in the stoichiometrical
ratio 0.6:1 generated the binuclear, mono(cyclopen-
tadienyl)samarium species (CsHs)SmCI(THF)o(u-Cl)o-
SmCIly(THF); (Figure 122). In this complex, sama-
rium is at the center of a pseudo-octahedron of which
two positions are occupied by bridging chlorine
atoms, forming the connection between the other pen-
tagonal—bipyramidal-coordinated samarium atom.%52
The structure of (C;H;)LnClo(THF)(u-Cl)2Li(THF)4
has been mentioned, although no details are avail-
able.!5!

b. Pentamethylcyclopentadienyl Derivatives.
With the isolation of “Li[(CsMe5)YbI3l(Et20),”, sug-
gested to have the structure shown in eq 164, Watson
first introduced in 1980 the pentamethylcyclopenta-
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Figure 122. Structure of (C5H5)SmCI(THF),(u-Cl1):SmCl,-
(THF); in the crystal.?%?

dienyl anion into the mono(cylcopentadienyl) chem-
istry of trivalent rare earths. Stirring for at least a
further day afforded conversion to the bridged bis-
(pentamethylcyclopentadienyl)ytterbium iodide.?%2%7

|i!|l )
L Ty

Et,0 LA -.,L./Et20

"Yb + CsMegl + LiI' ——> —1—LI
15h \l/ E,O

15h l Et,O
; é I‘I'in Et,O
'..I N, 2

Yb. ’Li<

1~ EL0

e

In the past decade, this series has been extended
to those compounds shown in eq 165. Unfortunately,
no single-crystal X-ray diffraction analysis has been
performed but the structures are probably similar to
the CsH; derivatives.

(164)

LnX, + MC,Me; 2 (C;Me;)LnX;M(S"), (165)
Ln =La, Ce: X=Cl, M = Li, ' = THF (n = 2)*"!

Ln=Pr: X=ClLM=Na, & =Et,0(n = 1)294,564
Ln=Nd: X=Cl, M= Na, & = Et,0 (n = 2)**°

Ln=Yh: X=I1 M =Li, 8 =Et,0 (n = 2);522"
X =Cl,M = Li, S’ = THF (n = 1>

Ln=Lu; X=Cl,M=Li, 8 =Et,0 (n =1);**
X.=Cl, M= Na, 8= Bt,0(n=2):"*X=0],
M = Na, S’ = THF-Et,0 (n = 1)°>:56¢

The praseodymium derivative slowly liberates so-
dium chloride at room temperature over a period of
several days to give (CsMe;)PrCly(Et,0).554 Crystals,
which were isolated by addition of dimethoxyethane
to an equimolar mixture of YbCl; and KCsMe; in
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Figure 123. Structure of {K[((C5Me5)Yb)sCIsK(DME);]o}~ in the crystal.’4

THF, have been identified as [K(DME); { K[((CsMe;)-
Yb);ClIsK(DME); )5}, shown in Figure 123.554

It has been shown that treatment of the tetravalent
cerium complex (C;HegN)oCeClg with a 4-fold molar
excess of LiCsMe; did not afford an organo-Ce!
species but rather the trivalent reduction product (Cs-
Meg,)CeClgLi(py)g.E’ﬁT

The reaction shown in eq 166 shows, once again,
how the outcome of an experiment depends upon the
lanthanide metal, the halide, and alkali metal metal-
locene. Using KCs;Mes and Lal;(THF), gives (C_Mes)-

Lnl,(THF), + KC;Me, ——
(C;Me;)LnL(THF), + KI (166)
90

Ln = La (90¢), Ce (90d)

Lnl,(THF); (Ln = La (90¢), Ce (90d)) as shown.?% It
is assumed that the higher lattice energy of potas-
sium iodide is the reason for the clean separation.
Very recently, 90c has been obtained in nearly
quantitative yield from the exchange reaction of
Lal3;(THF); and CsMesT1 in THF.146¢

The X-ray structure determination of yellow-green
90d confirms its monomeric nature and the pseudo-
octahedral mer,trans geometry (Figure 124),° which
is analogous to that of the unsubstituted mono-
(cyclopentadienyl)lanthanide analogues (C;H;)LnClo-
(THF);3 (89) and (C;H;)LnBry(THF);.

A convenient method for removal of the coordinated
THF molecules of 90 is by its treatment with tri-
methylsilyl iodide, since cyclic ethers such as THF
undergo ring opening by trimethylsilyl iodide. Thus,
using the lanthanum species 89¢ these ring opening
reactions result in the formation of Me3SiO(CHy)4l
and base-free [(CsMes)Lal,],.>66:568

Prolonged exposure of 89 to vacuum leads to loss
of some THF and conversion to the less soluble [(Cs-
Mes)Lnlx(THF), ], (x < 1).°%6 Synthesis of the corre-

Figure 124. Structure of (C;Me;)Celo(THF)3 in the crys-
tal_li(]b'

sponding chloride species [(C5Me;)CeCly(THF), ], has
been accomplished from CeCl; by conproportionation
with [Li(Et20):][(CsMe5):CeCls] or by reaction with
MCsMe; (M = K, Li). It was shown by cryoscopy that
“[(CsMe5)CeCly(THF),],” is monomeric in THF al-
though it was suggested that it was oligomeric in
other solvents. Thus, at room temperature the

following monomer—oligomer equilibrium is proposed
(eq 167):3%6

¥(C;Me;)CeCly(THF); == [(C;Me;)CeCly(THF), ], +
y(3 — x)THF (167)
Luminescence spectra have been determined for

the cerium—THF species (CsMe5)CeCly(THF),,28 (Cj-
Mes)Celo(THF); (90d),512% or [(C5Me;)Celo( THF),],,61



Organometallic z-Complexes of the Rare Earths

Fig’ure 125. Structure of [Yb5(C5Me5)6(/44-F)(/43-F)2(/4-F)6]_
in the crystal.264 (Reprinted from ref 264. Copyright 1990
American Chemical Society.)

and for the mono(pentamethyleyclopentadienyl)dichlo-
roceriumacetonitrile adduct (CsMes)Celo(NCMe),.28°

Two lutetium species, formulated as (CsMes)Lug-
Cl;(THF), and [(CsMes)LuCls),,, have been mentioned
as resulting from the workup of (C;Me;)LuCl;Na-
(THF-Et;,0).5% Likewise, by accident, the dichloro-
cerium pyridine adduct (CsMe;)CeCly(py) was formed
from (CsHgN)sCeClg and the 3 molar equiv of NaCs-
Mes. 567

The first monomeric salt- and solvent-free mono-
(pentamethylcyclopentadienyl)lanthanide dihalide was
prepared in 1986: A study of the one-electron oxida-
tion of alkyl and aryl chlorides RCl with divalent (Cs-
Me;):Yb(Et20) lead to (CsMe;)YbCl:.28¢ It was pos-
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tulated that the species (CsMes):YbR was formed by
trapping of R by (C;Mes);Yb which then, along with
(CsMes):YbCl, rearranges to give (CsMe;)YbCly, Cs-
Me;sR, and R—R. Additional studies on mechanisms
of these atom-abstraction oxidative additions, as well
as the extension to the corresponding fluoride, bro-
mide, and iodide systems, including the independent
synthesis of (CsMe;)YbXy; (X = Cl, Br), are sum-
marized in yet another article.?®” Similar reactions
with samarium and europium species have also been
dicussed.?® The oxidation of divalent permethyl-
ytterbocene by titanium tetrachloride or trimethyl-
chlorsilane gives (CsMes)YbCls or [(CsMes)YbCll,,
respectively.30!

The formation of the X-ray crystallographically
characterized pentaytterbium cluster [Ybs(CsMes)s-
(ua-F)us-Fla(us-Flg] (Figure 125) results from deflu-
orination of the fluorocarbon perfluoro-2,4-dimethyl-
3-ethylpent-2-ene by (CsMes):Yb(Et20).264

Recently, a totally different preparative pathway
has been discovered by reacting 1 equiv of mono-
(pentamethylcyclopentadienyl)bis(acetylacetonato)-
scandium with 2 equiv of aluminum trichloride in
toluene. Transfer of the acetylacetonato anions to
aluminum generates oligomeric [(CsMes)ScClz], as
shown in eq 168:5%°

toluene

n(C;Me;)Sc(acac), + 2nAlCl, m
[(CsMe;)ScCL,], (168)

Reaction between GdCl; and NaCs;Me; give (Cs-
Me;)GdCly(THF); and {Na(u,-THF)[(CsMes)GA(THF) L-
{u2-CD3(u3-Cl)o}e (Figure 126); the latter compound
represents the first species in which two organolan-
thanide moieties are bridged by the oxygen atoms of
two molecules of tetrahydrofuran.5”° The oxo-bridged
pentaytterbium species [(CsMe;)YbCllsCl30(Et20)2
was identified by X-ray structure analysis.?"

References to spectroscopic and other data for
mono(pentamethylcyclopentadienyl) halides of the
rare earth elements are given in Table 28.

Table 28. Spectroscopic and Other Data of Mono(pentamethylcyclopentadienyl)lanthanide Halides

compound Ln color, characterization, etc.
[Lns(CsMes)s(u-F)(u3-F)o(u2-F)e] Yb (+PhMe): red, X-ray?26*
(CsMEE,)LnClg Sc NIV.[R569
Y complex with KCI(THF): reactions30!
La complex with LiCI(THF);: colorless, NMR, [R*!
Ce complex with THF: yellow, IR,%%¢ lumines.;?*® with py:
yellow brown, IR, melt./dec.;®" with LiCI(THF).: green,
NMR, IR;*! with LiCl(py)s: pale yellow, IR, melt./dec.567
Pr complex with Et,0: synthesis;?* with NaCl(Et,0): synthesis294564
Nd complex with NaCl(Etz0).: blue, IR, melt./dec.280
Gd complex with 3STHF: white, IR5
Yb blue, NMR, 286,287,301 1JV;286,287 complex with LiCI(THF):
blue, IR, UV?282
Lu complex with LiCl(Et;0): white, NMR;?#2 with NaCl(Et20).:
synthesis;?% with NaCl(THF-Et;0): white, NMR,5% synthesig66
(CsMes)aLn2013 Sm NIV.[R285
[K(DME)a]{K[((CsMes)Ln)aclsK(DME)g]g} Yb X-ray564
{Nau®-THF)[(CsMes)Ln(THF)]2(12-CDs(u3-Cl)2}2  Gd (+6THF): white, X-ray, IR57®
[(CsMes)LinCl15Cl30(Et20); Yb X-ray®"!
(CsMes)LnBr; Yb blue?®’
(CsMes)Lnl, La 90c colorless;¢ complex with 3THF: colorless, melt./dec.,146

NMR, 146¢,506 TR306

Ce 90d complex with 3THF: yellow green, X-ray,%¢ lumines.;5!,28°

with CNMe: lumines.28®

Yb 90q complex with Lil(Et,0): green, UV282:297
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Figure 126. Structure of {Na(us-THF)[(CsMe5)Gd(THF)ly(12-Cl)3(u3-Cl)o}2 in the crystal.57

Table 29. Spectroscopic and Other Data of Mono(cyclopentadienyl)lanthanide Halides Containing Other

Substituted Cyclopentadienyl Ligands

compound Ln color, characterization, etc.

[Li(THF)2]o(1-Cl)s[(MeCsH4)Ln(THF) | La yellow, NMR, IR572

Nd X-ray, IR,57257 purple, melt./dec.5™
(‘BuCsH4)LnCl, Lu complex with 2THF: white, NMR, IR!%
(‘BuCsH4)Linl, Sm complex with 3THF: X-ray?*!
(PhCH»CsMe4)LnCl, Nd complex with THF: IR; with 2THF: IR5™

Sm complex with THF: IR; with 2THF: IR%™

Gd complex with THF: IR; with 2THF: IR>"

Er complex with 3THF: synthesis®™

Yb complex with 3THF: synthesis®™
(C5HyCsH4)LnCl; Nd complex with 3aTHF: NMR, IR%7¢

Sm complex with 2THF: NMR, IR>%

Gd complex with THF: NMR, IR; with 2THF: NMR, IR;

with 3THF: NMR, IR57¢

{[(CsHyCsH,)Ln(THF) la(u2-Cl)3(43-C1);Na(THF)s} Er (+THF): pink, X-ray, IR5"7
(C3H5C5;H4)LinCl, Nd complex with THF: NMR, IR576

Sm complex with 2THF: NMR, IR%7®

Gd complex with THF: NMR, IR; with 2THF>76
(Me3SiCsH,4)LnCls Nd IR; complex with THF: synthesis; with 2THF: synthesis®™®

Sm synthesis; complex with THF: synthesis®"®

Gd complex with THF: synthesis®™®
(C3H,CsMe,)LnCl, Ce complex with LiCl(py)2: pale yellow, IR, melt./dec.?¢7
(Me;,CsCH2Ph)LnCl, Se NMR?83
(Me;sC5CH3CsHsMe-3)LnCls Se NMR?63
(PhCsMe;3)LinCls Lu complex with (THF-Et;0): brown, NMR?%
(CsPh;)LnCl, Lu complex with THF: orange, NMR, MS, UV, IR, melt./dec.3°
(CO);MnC;H,Lnl, Yb complex with 3THF: yellowish, IR, melt./dec.327
(2,4-C7H,;)LnCl; Nd complex with THF: ruby-red, X-ray?'®
(2,5-'BusC4H2)YbCl, Yb complex with 2THF: orange, X-ray, melt./dec.7?

c. Derivatives with Other Substituted Cyclo-
pentadienyl Rings. A large number of these com-
pounds have been prepared and they are listed in
Table 29.

The incorporation of an alkalimetal halide, e.g. LiCl
or NaCl, occurs when monosubstituted cyclopenta-
dienyl ligands are used in much the same way as that
obtained with permethylated cyclopentadienyl. For
example, the tetranuclear oxocomplex [Li(THF)4lo-
{{(MeC5H4)NdCl(4*>-CDHNdClo(MeCsHy)lo(u*-0)} (for
more details see the chalcogenide section I1.C.2.c),
crystallized from a THF solution of NdCls2(LiCl)
n(THF) and 2 equiv of NaMeC;H4.°” Changing the
stoichiometry from 1:2 to 1:1 led to [Li(THF)z]o(u-Cl)4-
[(MeCsH4)Ln(THF)] (Ln = La,?2 Nd>72573), Reaction
of ErCl; with an equimolar amount of the cyclopen-
tane-substituted cyclopentadienyl sodium salt, CsHo-
CsHsNa, yielded {[(CsHoCsH4)Er(THF)lao(u2-Cl)a(us-
CDoNa(THF).}THF) (Figure 127).57

Fig‘ure 127. Structure Of{[(C5HQC5H4)EI'(THF)]2(‘L¢2-CI)3(#3-
Cl);Na(THF),} in the crystal.’”” (Reprinted from ref 577.
Copyright 1992 Pergamon.)
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Fig‘ure 128. Structure of (2,4-CTH11)5Nd50112(THF)2 in the crystal.209b

Figure 129. Structure of (2,5-‘BusC4HoN)YbCly(THF); in
the crystal.”?

Except for (C3H;Cs;Mes)CeClsLi(py)s,°%” (MesCs-
CH3Ph)ScCl,, and (MesC;CHyCsHsMe-3)ScCl,,?%3 all
additional examples of known chloride complexes
(‘BuCsH4)LuCla(THF)3,'  (PhyCsMe3)LuCly(THEF*
Et;0),5%% (PhCH2C5;H4)LnCly(THF), (Ln = Er, Yb,57
n = 3; Ln = Nd, Sm, Gd,*"* n = 1, 2), (RC5H4)LnCl,-
(THF)n (R _— 03H5, Cng, Ln= Nd, Sm, Gd; n= 0, 1,
2, 3),°76 (Me3SiCsH4)LnCly(THF), (Ln = Nd, Sm, Gd,

=0, 1, 2),5"® and (C5Ph5)LuCly(THF)3**° have been
obtained by metathesis of the corresponding anhy-
drous lanthanide chloride with the respective sodium
organyl in THF. Dichloroscandium derivatives
(MesCsCH,C¢H4R-3)ScCl; (R = H, Me) have been
prepared in a similar manner as its permethylated
congener [(CsMe;)ScCls], (eq 168).353

The number of mono(cyclopentadienyl)lanthanide
iodides is limited to one example, (‘BuCs;H4)SmlI,-
(THF)3.34

Studying the catalytic activity of the “open-Cp”
compound tris(2,4-dimethylpentadienyl)neodymium
for 1,4-polymerization of butadiene in the presence
of halide containing Lewis acids, Taube et al.20%
synthesized “(2,4-C;H;;)NdCly(THF)y 33” by heating a
toluene solution of (2,4-C;H;;)3sNd and neodymium

trichloride NdCl32(THF'). The reaction product crys-
tallizes as the hexameric species (2,4-C7H;1)sNdgClo-
(THF);, (Figure 128) showing two Nd3Cl; trimers held
together by two chloro bridges. The pentadienyl sys-
tems coordinate the neodymium atoms of the Nd3Cl;
units (which form coordination polyhedrons of the
appearence of distorted hexagonal bipyramids) in #°
fashion.

The reaction between YbCl3(THF); and Na[NC4Hs-
‘Bug-2,5] yields the monopyrrolyl complex (2,5-‘Bus-
C4HoN)YbCly(THF),, the first organolanthanide ha-
lide containing a 7°-bonded azacyclopentadienyl ligand
(Figure 129).74°

2. Mono(cyclopentadienyl) Rare Earth Chalcogenides

The number of mono(cyclopentadienyl) rare earth
oxygen compounds is rather large, but complexes of
this type with metal sulfur, selenium, or even tel-
lurium bonds are largely unknown.

a. Cyclopentadienyl Derivatives. Available
data for monocyclopentadienyl rare earth chalco-
genides are given in Table 30.

The first report on complexes with chelating agents
such as fB-amino ketones dates from Bielang and
Fischer.?®? After reactions of bis- and tris(cyclopen-
tadienyl)ytterbium compounds (20q and 1q) with the
protonic acid, 4-anilino-3-penten-2-one, they obtained
the products shown in eqs 169 and 170.

toluene
(CsHs),YbCl + MeC(O)CH=C(NPhH)Me
"CsHg
20q
o (169)
o’ \0 -
toluene
(CsHs);Yb + 2 MeC(0)CH=C(NPhH)Me
-2 CsHg

1q
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Table 30. Spectroscopic and Other Data of Mono(cyclopentadienyl)lanthanide Chalcogenides

compound Ln

color, characterization, etc.

(CsHs)sLins(u?-OMe)(13-OMe)4(15-0)

(CsHs)Ln(O*Bu)e
(C5H5)gLn(u-O‘Bu)gLn(O‘Bu)(CsHs)
(CsH35)Ln[OCHy(CH;0)12

[(C5H;5)Ling(OPh)s(u-OPh)(DME);]
(CsHs)Ln(OCgHNH»-2),
(CsHs)Ln(OCeH4CHO-2)2

(CsHs)Ln(OCgHeN)o; (OCoHgN) =
8-hydroxiisoquinoline
(CsHs)Lin(acac),

SHFRFESESESE TR g

[(CsH5)2Col((CsHs)Lin(acac)s]
(CsHs)Ln[OC(Me)=CHCOsEt],
(CsHs)Ln[OC(Me)=CHC(O)CF3lo
(CsHs)Ln[OC(*Bu)=CHC(0)!Bul,
(CsHs)Ln[OC(Ph)=CHC(O)Me],
(CsHs)Ln[OC(CF3)=CHC(O)C4H38)]2
(CsHs)Ln[OC(Ph)=C(CHsN;,0)l,
(CsHs)Ln[OC(Me)=CHC(Me)=NPh];
(CsHs)Ln(C1H[OC(Me)=CHC(Me)=NPh]
(CSHs)Ln(OSOQCFa)g
(CsH5)Ln(Cl)(O.,CPh)

Q
®

(CsHs)Ln(C1)(0:CCsH4OMe-2)
(CsHg)Ln(C1(O2CCsH4F-2)
(CsHs)Ln(C1)(02CCsH4Br-2)
CsHs)Ln(C1)(O2CCeH4I-2)

=Rl s e je e fege g

X-ray, melt./dec.,3 NMR, [R226373
white, X-ray, MS, IR, melt./dec.58°
yellow, X-ray, NMR381
X-ray, NMR58&1
blue, MS, IR, XPS, melt./dec.3”
yellow, MS, IR, XPS, melt./dec.5”
(+DME): X-ray, NMR, IR, melt./dec.582
pink, NMR, MS, IR, XPS, melt./dec.¢!
yellow, MS, IR, XPS, melt./dec.?"”
yellow, MS, IR, XPS, melt./dec.3”
yellowish green, NMR, MS, IR, XPS, melt./dec.!6!
yellow, NMR, MS, IR, XPS, melt./dec.!6!
91f purple, MS, IR, melt./dec.16°
91h pale yellow, MS, IR, melt./dec.160
91k pale yellow, MS, IR, melt./dec.15°
91m yellow, MS, IR, melt./dec.1
910 pink, MS, IR, melt./dec.1¢°
91q orange, melt./dec.,38 MS,383.38 thermo. d.52d
blue green, magn. d.1%°
thermo. d.5%¢
orange, melt./dec.,38 MS383385
pale yellow, melt./dec.,383 MS383,385
yellow, melt./dec.,383 MS383.385
yellow, IR, melt./dec.,38 MS383,385
gray yellow, IR, melt./dec.,383 MS383.38
yellow, UV, melt./dec.382
red brown, UV, melt./dec.382
92r complex with THF: colorless, NMR; with 3STHF: colorless, X-ray, NMR?392
orange, MS, IR, melt./dec.58®
orange, MS, IR, melt./dec.58
orange, MS, IR, melt./dec.5®
orange, MS, IR, melt./dec.583
orange, MS, IR, melt./dec.58
orange, MS, IR, melt./dec.5%
orange, MS, IR, melt./dec.583
orange, MS, IR, melt./dec.5®
orange, MS, IR, melt./dec.5%
orange, MS, IR, melt./dec.58

Analogous reactions of tris(cyclopentadienyl)lan-
thanides 1 with pure acetylacetone occur smoothly
to give (CsHs)Lin(acac)z (91) (Ln = Nd (91f), Sm (91h),
Gd (91k), Dy (91m), Er (910),!%° Yb (91q)%8%3%) in
acceptable yields. A large number of similar mono-
(cyclopentadienyl) compounds of the rare earths are
reported in the literature. In most cases, they have
been prepared by reactions of 1 with 2 equiv of a
substituted S-diketones and p-ketoimine,”®38338 or
related chelating reagent such as salicylaldehyde,
furfuryl alcohol,®”” 8-hydroxyquinoline, or o-amino-
phenol'®! and the “double-chelate” [MeC(O)CHC-
(Me)NHCH:CH,NHCH(Me)C(O)Me].”? In connection
with mono(cyclopentadienyl)lanthanide acetylaceto-
nates, it should be mentioned that the ionic cobalti-
cinium salt [(CsH;5),Coll{CsH5)Ce(acac);] contains three
acetylacetonate groups ligated to a mono(cyclopen-
tadienyl)cerium unit. An attempt to transform the
trivalent THF adduct (CsH;);Ce(THF) (2d) with the
strong oxidant, cobalt(IIl) acetylacetonate failed to
oxidize Ce, but the salt, [(CsHs)2:Co™][(CsHs)Ce'!-
(acac)s], was isolated.10?

(C;H,);,Ce(THF) + Co(acac);
2d
[(C5H;),Coll(C;H;)Ce(acac);] (171)

Equimolar treatment of bis(cyclopentadienyl)lan-
thanide chlorides 20 with benzoic acid, or some of its
substituted derivatives, yielded chloromono(cyclo-

pentadienyl)lanthanide carboxylates. Spectrometri-
cal investigations (IR, MS, and XPS) indicate that
the carboxylates are dimeric (eq 172). The donor
atoms in ortho position of the phenyl groups are
assumed to interact with the rare earth metals.58?

THF

2. CH
20

Ln=8m Yb:Z=F, Br,I, OMe

z
@ / 07-0
7 " Sta (172)

Ln
/ \O‘\_/O// \
Cl Cl
Z

X-ray crystallography showed the cyclopentadienyl-
yttrium methoxide complex (CsHs)sYs(ua-OMe)y(us-
OMe)y(15-O) made from a mixture of (CsHs)YCI-
(THF) (21b) and KOH in methanol contains an
interstitial oxygen dianion.2?637 The corresponding
gadolinium complex (CsHs)sGds(ua-OMe)s(us-OMe)s-
(us-0) (Figure 130) was obtained from (CsH;)GdClo-
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Figure 130. Structure Of(C5H5)5Gd5(ﬂ2-0Me)4(ﬂ3-OMe)4—
(u5-0) in the crystal.?8

(THF); (89k) and 2 equiv of NaOMe.?® Furthermore,
it has been observed that a suspension of LuCl;s in
DME reacts with NaCsH; and NaOPh, in the molar
ratio of 1:1:2, generating [(CsHs)Lua(OPh)s(u-OPh)e-
(DME);]{DME).582

Very recently, the dimeric type complexes [(CsHj)-
Y(u-O'Bu)(O'Bu)]; (Figure 131) and (CsHj5)2Y(1-O'Bu)s-
Y(O'Bu)(CsHs5) have been isolated and structurally
characterized. Both yttrium tert-butoxy species were
obtained as a part of an investigation on the reactiv-
ity of the trimetallic alkoxide Y3(O‘Bu);Clo(THF),
with alkali metal cyclopentadienyl reagents.®!

Research has focused on the development of new
synthetic strategies. The application of the easily
available rare earth tris(trifluoromethanesulfonates)
as starting materials is one strategy. Indeed, addi-

tion of an equimolar amount of sodium cyclopenta-

dienyl to a THF solution of lutetium triflate gave the
mono(cyclopentadienyl)bis(triflato)lanthanide 92r as
outlined in eq 173:3%92

Lu(OSO,CF3); + NaCsH -
£+ Nalslly ———t———e
S 7 Na[SO,CF}

(173)

92r

In order to elucidate the solid state structure of this
organolutetium triflate, X-ray quality single crystals
of 92r were grown from THF and a diffraction study
(Figure 132) was undertaken. It confirms the pre-
dicted monomeric structure with a pseudo-octahe-
drally surrounded rare earth metal with two mono-
dentate triflato ligands, a #°-cyclopentadienyl group,
and three meridionally arranged tetrahydrofuran
molecules. In vacuum, crystalline 92 liberates two
THF molecules.?%

b. Pentamethylcyclopentadienyl Derivatives.
The first examples of mono(pentamethylcyclopenta-
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Figure 131. Structure of [(C5H;)Y(x«-O‘Bu)(O‘Bu)]; in the
crystal.”8! (Reprinted from ref 581. Copyright 1993 Ameri-
can Chemical Society.)

Figure 132. Structure of (C;H;)Lu(OSO,CF3)o(THF)3
(92r)in the crystal.392

dienyl)lanthanide chalcogenides appeared in 1985.
The initial product of a redox reaction between
divalent [(CsMes)Sm(I)(THF);]s and Coy(CO)s was
thought to be (CsMes)(I)(THF):SmOCCo(CO)s, but
the isolated products are (CsMes):(THF)SmOCCo-
(CO); and [SmIs(THF)5][Co(CO)4).4%22 In the same
year, alcoholysis (eq 174) of mono(pentamethyleyclo-

Et, 0
[Li(tmed),][(C;Me,)LuMe,] + 3'BuEH ——

(C;Me;)Lu(u-E'Bu),(E‘Bu)Li(tmed) + 3CH, (174)

E=0,S

pentadienyl)trimethyllutetate by tert-butyl alcohol or
tert-butyl mercaptan, afforded the doubly bridged
alkoxo species (CsMes)Lu(u-O'Bu)o(O‘Bu)Li(tmed) and
mono(cyclopentadienyl)lanthanide thiolate (CsMes)-
Lu(u-S‘Bu)o(S‘Bu)Li(tmed), respectively.*> NMR in-
vestigations of both species indicate a fast exchange
between the terminal E‘Bu groups and the corre-
sponding bridging groups.

Neutral alkyls (CsMes):LnCH(SiMe3), react, ac-
cording to Heeres et al.,*’® with tert-butyl alcohol in
the ratio 1:2 to give dimeric mono(pentamethylcy-

clopentadienyl)alkoxolanthanide compounds as in eq
175.
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(C;Me;),LnCH(SiMe,), + 2HO'Bu *==
[(C5Me5)Ln(u-0tBu)(OgBu)]2 + C.Me.H +
93
CH2(SiMe3)2 (173)

Ln = La (93c¢), Ce (93d)

Two methods have been developed recently to
prepare the tert-butoxide yttrium%®! and europium?®*
derivatives 93b and 93i. Reaction of the trimetallic
alkoxides Ln3(O‘Bu);Cly(THF); (Ln = Y, Eu) with
MC;Me; (M = Na, K) in toluene gives the appropriate
dimers. The dark purple europium alkoxide [(Cs-
Me;)Eu(u-O'Bu)(O'Bu)l; (93i) represents the first
pentamethylcyclopentadienyl complex of trivalent
europium.®®* 93b can also be synthesized directly
from solvated yttrium trichloride, NaO‘Bu, and KCs-
Me; according to eq 176:%8!

toluene

YCI,(THF), + 2NaO'Bu + KC;Me; ~2 NaCl/~KCl

1/,[(CsMe;)Y(u-O‘Bu)(O'Bu)], (176)
93b

X-ray crystallographic studies of 93b,%%! 93d,%%® and
93i (Figure 133)°%4 show them to be isostructural with
the unsubstituted cyclopentadienyl congener [(CsHs)-
Y(u-O'Bu)(O‘Bu)]s.%8! The two symmetrical alkoxo
bridges as well as the two terminal tert-butoxo
ligands are arranged in a cis configuration.

Monomeric 94 have been prepared by the reaction
shown in eq 177, starting from tris(2,6-di-tert-bu-
tylphenoxo)cerium,58%86 -yttrium,*’ or -lanthanum.*?

toluene
Ln(0C6H3‘Bu‘,-2,6}3 g MCsMes >

-MOCH;/Bu,-2,6

Ln=La, Ce: M=Li
Ln=Y: M=K

The solvent-free structures of the unsaturated
alkoxides 94d (Figure 134)%85586 and 94b*°7 have been
obtained by single-crystal X-ray analyses. Addition
of THF to a toluene solution of 94c¢ yields the THF
adduct (CsMes)La(OCgHs'Bus-2,6)o(THF).. A solution
of 94¢ in benzene has been observed to dispropor-
tionate slowly to Ln(OC¢H3s'Bus-2,6); and the bis(pen-
tamethylcyclopentadienyl)lanthanum aryloxide, (Cs-
M95)2L3006H3tBUQ-2,6.407

Lithium chloride containing chloromono(penta-
methylcyclopentadienyl)scandium aryloxides are ob-
tainable (eq 178) by slow addition of an equimolar
amount of butylated lithium phenolates to a toluene
solution of oligomeric scandium chloride [(CsMes)-
ScClz], in the presence of trimethylphosphine (to
increase the solubility of the oligomer in the aliphatic

Schumann et al.
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Figure 133. Structure of [(CsMes)Eu(u-O‘Bu)(O‘Bu)l; in
the crystal.’8* (Reprinted from ref 584. Copyright 1994
American Chemical Society.)

Figure 134. Structure of (CsMe5)Ce(OCgH3'Bus-2,6); (94d)
in the crystal 585,586

‘solvent via formation of the adduct (CsMes5)ScCls-

(PMe3)).>6

toluene/PMe,

1/n[(CsMe;)ScCL,], + LiOR
(CsMe,)Sc(OR)(CDHLICl) (178)

R = OCSHztBu3'2,4,6; OCGH3tBU2'3,5

The latter two reaction products (eq 178) are
suggested to exist as symmetrical dimers of the
formula [(CsMe5)Sc(u-OR)(u-CDLi(u-Cl)]. Absence of
trimethylphosphine, under otherwise the same con-
ditions, gives a 1:1 mixture of [(CsMe;)ScCly], and
[(CsMe5)Sc(OR)z],. The use of THF, in which [(Cs-
Mes5)ScCl,], dissolves freely, instead of PMe; leads to
the corresponding salt-free, monomeric THF adducts
(CsMe5)Sc(OR)(CIY(THF).%%° In the same article, Ber-
caw et al. reported the preparation of (CsMes)Sc-
(acac)s from scandium acetylacetonate and a pen-
tamethylcyclopentadienyl Grignard reagent according
to eq 179:

toluene

Sc(acac); + (C;Me;)MgCI(THF) sl i
(C;Me;)Sc(acac), (179)

Very recently, the analogous Y—acac complex (Cs-
Mes)Y(acac); has been synthesized from (CgHg)Lin-
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Table 31. Spectroscopic and Other Data of Mono(pentamethyleyclopentadienyl)lanthanide Chalcogenides

compound Ln color, characterization, etc.

(CsMes)Ln(O'Bu), Y 93b colorless, X-ray, NMR, IR%8!

La 93¢ NMR, [R48

Ce 93d yellow, X-ray, NMR, IR*%

Eu 98i purple, X-ray, NMR, IR, UV, magn. d.58¢
(CsMes)Lin(u-0O'Bu)o(O'Bu)Li(tmed) Lu colorless, NMR, melt./dec.4%
(CsMes)Lin(OCeH3s'Bus-2,6), Y 94b X-ray, NMR*

La 94ce white, IR; complex with 2THF: white, NMR, IR*%

Ce 94d yellow orange, X-ray, NMR, [R586586
(CsMes)Lin(acac)z Sc yellow, NMR5%°

Y white, NMR, MS, melt./dec.587
(CsMes)Ln(C1)(OCeH2'Bus-2,4,6) Sc with LiCl: synthesis5®
(CsMes)Ln(C1)(OCgH4'Buy-3,5) Sc with LiCl: white, NMR56°
(CsMes)XDLnOCCo(CO); Sm NMR*22
(CsMes)Lin(u-S'Bu)y(S*Bu)Li(tmed) Lu colorless, NMR, melt./dec.40
(CsMes)Ln[S,P(OMe)s], Sm dimer, red, X-ray, NMR, IR, MS, melt./dec.72®
[(05M65)Ln]eseu Sm X-ray73°

Figure 185. Structure of [{(CsMes)Sm}sSey;]in the crys-
tal.7?0 (Reprinted from ref 730. Copyright 1994 VCH.)

(CsHs) and a 2-fold amount of acetylacetone in
hexane,’¥” and a polynuclear samarium selenide,
[{(CsMe5)Sm}eSer;] (Figure 135) was found in an
NMR tube containing [{(CsMes)2Sm}a(u-nt:n3-Ses)-
(THF)] in toluene.”®

Table 31 gives the data of known mono(pentameth-
ylcyclopentadienyDlanthanide chalcogenides.

c. Derivatives with Other Substituted Cyclo-
pentadienyl Rings. A whole series of substituted
bis(cyclopentadienyl)scandium alkyls has been re-
ported and investigated in detail in the course of
studies aimed at determining the relative bond
dissociation energies. The synthetic route used to
make these complexes is shown in eq 180:363

toluene
——————

Sc(acac)3 + Li(Me4C5CH206H4R'3) —Li(acac)
(Me,C5CH,C;H,R-3)Sc(acac), (180)
R =H, Me

The preparation of [(RC;H)Y(u-O'Bu)O’‘Bw)l: (R
= Me, SiMe3) was obtained from Y3(O!Bu);Cls(THF),
and NaC;:H,;Me and KCsH,SiMes, respectively. The
latter trimethylsilyl-substituted cyclopentadienyl com-
pound has also been obtained from YCI;(THF),,

ci2n

Figure 136. Structure of {{(Me;S1),CoBsH,IGd}s{[(Mes-
Si)eCoB4H,1Li}3[Li(THF);J(43-OMe)(u3-0) in the crystal
(Ccage—SiMe; groups are omitted for clarity).588 (Reprinted
from ref 588. Copyright 1992 VCH.)

KCs;H,SiMes, and 2 equiv of NaOQ’Bu although in a
slightly lower yield.5®!

Metathesis of NdCl{LiCl)o(THF), with a 2-fold
molar equivalent of methyleyclopentadienyl sodium
in THF allowed isolation of air and moisture sensitive
crystals of the tetranuclear oxo species [Li(THF)4lo-
{[(MeCsH)NdCl(us-CHNACla(MeCsHy)lo(u4-0)} .5 An-
other cluster worth mentioning at this point has been
isolated recently by reaction of GdCls; with the THF-
solvated carborane salt Liy[2,3-(SiMes),CyB4H,]:5%8
The first trinuclear us-oxygen bridged half-sandwich
m-complex of Gd™' with the formula {[(Me;Si)e-
CoBH4lGd}3{[(Me3Si)oCoBH4]Li } 5[ Li(THF);J(13-OMe)-
(43-0) (Figure 136) consists of six closo-carborane
cages, three THF molecules, and three Gd and six
Li atoms. The origin of the u3-OMe ligand and the
u#3-O atom is unknown. The reproducibility of the
reaction and the fact that SmCl; reacts completely
analogously led to the assumption that THF cleavage
might occur; however, the presence of water was not
excluded.

Table 32 summarizes important data of mono-
(cyclopentadienyl) rare earth chalcogenides with
other substituted cyclopentadienyl rings.
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Table 32, Spectroscopic and Other Data of Mono(cyclopentadienyl)lanthanide Chalcogenides Containing Other

Substituted Cyclopentadienyl Ligands

compound Ln color, characterization, etc.
(MeCsH4)Ln(O'Bu), Y yellow, NMR581
[Li(THF)42{[(MeCsH4)LnCl(x2-Cl)LnCla(MeCsHy)lo(u-0)} Nd X-ray"?
(Me3SiCsH4)Ln(O*Bu), Y white, X-ray, NMR58!
(CsMe4Et)Ln(acac), Lu colorless, X-ray, NMR, MS, melt./dec.75
(Me4CsCH,Ph)Ln(acac) Sc NMR3é3
(Me4CsCHoCgH Me-3)Ln(acac)s Sc pale yellow, NMR363

{[(Measi)202B4H4]Ln}3{[(Measi)202B4H4]Li}3[Li(THF)3](ﬂ3-OMe)(/13-0) Gd

light yellow, X-ray, IR5%

Table 33. Spectroscopic and Other Data of Mono(cyclopentadienyl)lanthanide Pnicogenides

compound Ln

color, characterization, etc.

[(CsHs)Linla(u-17%72%-N2oPhy), Yb
(CsHs)Ln((BuNCH=CHN'’Bu) Yb
(CsHs)Lin(OEP) Se
(CsHs)LnPCCeHu Yb
(CsHs)LnPPh

complex with 2 THF: purple, X-ray!

vellow green, NMR, IR, melt./dec.3%°

X-ray,%° dark red, NMR, MS, UV 38959 [R melt./dec.5°
orange, MS®®

orange, MS#

O

Figure 137. Structure of (CsH5)Sc(OEP) in the crystal.58®
(Reprinted from ref 589. Copyright 1990 American Chemi-
cal Society.)

3. Mono(cyclopentadienyl) Rare Earth Pnicogenides

Except for the ytterbium systems “(CsHs)YbPR” (R
= ‘CgHy;, Ph),*® no mono(cyclopentadienyl) com-
pounds of rare earth metals with bonds to the soft
pnicogenides phosphorous, arsenic, antimony, or even
bismuth have been described. In contrast several
examples are known with the lightest homologue,
nitrogen.

a. Cyclopentadienyl Derivatives. Apart from
the mono(cyclopentadienyl)ytterbium S-amino keto-
nates mentioned earlier (see section I1.C.2.a),%2 only
three complexes have been identified as containing
lanthanide—nitrogen bonds in complexes with only
one unsubstituted cyclopentadienyl ligand (Table 33).

Studying metalloporphyrin derivatives, Arnold et
al.589590 gycceeded in 1990 in the synthesis of the first
mono(cylcopentadienyllanthanide sandwich com-
pound containing the dianion of octaethylporphyrin
(Figure 137). This bulky dianion is able to stabilize
the mono(cyclopentadienyl)scandium unit as outlined
in eq 181. This compound is soluble in various polar
and nonpolar solvents and in the solid state it is air
stable.553

Reaction of azobenzene with 2 molar equiv of
divalent ytterbocene (CsH;).Yb(THF) in THF gives
the redistribution products (CsHs)sYb(THF) (2q) and
[(CsHsXTHF)Yblo(u-n2:72-NoPho)s. Intermediate for-

(OEP)ScCl+ LiCsH; —»
-LiCl

(181)

mation of “[(CsHs)oYbla(u,7%-NoPhy)” with subsequent
ligand redistribution is proposed (eq 182):108

THF
4 (CsHs),Yb(THF) + 2 PIN=NPh ——»

27(CsHsp Yol (P-NoPhy)"  ———mmr——
(CsHy: Yol (urP-NoPh)" — (C sHs); Yb(THF)

©

AN “\'}“’/O
TV @

The structure of the latter mono(cyclopentadienyl)
compound (Figure 138), which precipitates with one
molecule of toluene of crystallization, contains two
fully reduced NoPho?~ ligands. The two different sets
of Yb—N distances observed for both ligand systems
have to be assigned to Yb—NR; single bonds and
Yb—NRj; donor bonds in such a way that each rare
earth metal center is involved in two single bonds
(one to each NoPhs?~) and two donor bonds (one to
each NzthZ_).w8

Recently, [(CsHs;)Yb((BuNCH=CHN‘Bu)}, was syn-
thesized in good yield from (CsH:)YbCI(THF); (89q)
with a mixture of CoHa(IN*Bu)s and 2 equiv of potas-
sium in THF %80

b. Pentamethylcyclopentadienyl Derivatives.
The pentamethylcyclopentadienyl—samarium ana-
logue of [(CsHs;)XTHF)Yblo(u-n%n2-NoPhg)s was ob-

(182)
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Figure 138. Structure of [(C;H;)(THF)Yblo(u-n%:n2-NoPhg)s
in the crystal.108

tained from [(Cs;Mes)2Smlo(u,n?-NoPhy) which slowly
rearranges to bimetallic [(CsMes)(THF)Sm]a(u-
7}2:?72-N2Ph2)2, two Sm3+, and six C5Me5_. (C5ME5)3-
Sm (16h) could not be identified. The single-crystal
X-ray structure determination of orange [(CsMes)-
(THF)Smlo(u-n*13-NoPhy), revealed the presence of
two molecules THF of solvation per lanthanide or-
ganyl, 108

Monomeric mono(pentamethylcyclopentadienyl)-
lanthanide—nitrogen compounds of the type (CsMes)-
Ln[N(SiMes):]o (95) have been prepared by two
different synthetical pathways, either by metathesis
of a lanthanide chloride (eq 183)28044! or an aryloxide
(eq 184).586

(C;Me;) LnCI;M(S'), + 2Na(SiMey), —yo—

(C;Me,)Ln[N(SiMe,),], (183)
95

Ln = Ce (95d):**! M = Li; &’ = THF
Ln = Nd (956):**° M = Na; S’ = Et,0

94d

2NaN(SiMes), 2% (C,Me;)Ce[N(SiMe,), ], +
95d

Additionally, the 'H-NMR data of the yttrium and
lanthanum derivatives 95b and 95c¢ are reported.**!
The structure of 95d was elucidated by an X-ray
diffraction analysis and shown by Heeres et al.?% to
consist of a pentamethylcyclopentadienyl ligand and
the two amide ligands in which a carbon atom of a
trimethylsilyl group is within bonding distance of the
cerium metal center (Figure 139).

Reaction of permethylated divalent samarocene
(CsMes)2Sm with excess hydrazine in benzene affords
a yellow crystalline hydrazido samarium complex of
overall formula [(CsMe;)Sm]4(NHNH:)s(NHNH); (eq
185). The tetranuclear compound has the samarium
atoms arranged in a distorted tetrahedron with
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Figure 139. Structure of (C;Me;)Ce[N(SiMe;)s]ls (95d) in
the crystal.58¢

Figure 140. Structure of [(CsMe;)Sm]y(NHNH2),(NHNH),
in the crystal (Me groups of CsMe; are omitted for clar-
ity).%9! (Reprinted from ref 591. Copyright 1992 American
Chemical Society.)

bridging hydrazido anions, NHNH>", on four edges
of the tetrahedron while two hydrazido dianions,

benzene

4(C5M85)28m + 6N2H4 —405M85H, _2H2'
[(C.Me;)Sm],(NHNH,),(NHNH), (185)

NHNH?", are located on the crystallographic 2-fold
axis which are on the remaining opposite edges of
the tetrahedron (Figure 140).5%!

The permethylated congener of the metalloporphy-
rin—cyclopentadienyl sandwich complex (Cs;Me;)Sc-
(OEP), was synthesized by metathesis of the chloride,
(OEP)ScCl, with an alkali metal pentamethylcyclo-
pentadienide.?89-5%

Important spectroscopic and other data of mono-
(pentamethylcyclopentadienyl)lanthanide pnicogenides
are shown in Table 34.

c. Derivatives with Other Substituted Cyclo-
pentadienyl Rings. Similar to (CsH5)Sc(OEP) and
(CsMe5)Sc(OEP), the sandwich compound (MeCsHy)-
Sc(OEP) has been formed on reaction of methylcy-
clopentadienylsodium®®® or lithium5% and the octa-
ethylporphyrinscandium chloride (OEP)ScCl.

The rather uncommon use of the doubly negatively
charged cyclopentadienyl amido chelate Lis[Me,Cs-
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Table 34. Spectroscopic and Other Data of Mono(pentamethylcyclopentadienyl)lanthanide Pnicogenides

compound Ln color, characterization, etc.
(CsMe;)Ln[N(SiMes)z ]2 Y 95b NMR44
La 95¢ NMR#41
Ce 95d orange, X-ray, IR,%8 NMR*41.586
Nd 95f blue, IR, melt./dec.?8°
[(CsMes)Linlo(u-n?:p2-NoPhy)s Sm complex with 2 THF (+2THF): orange, X-ray, NMR, IR!%®
[(CsMes;)Ln]s(NHNH,)4NHNH), Sm (+2NHs3): yellow, X-ray, NMR, IR, magn. d.>
(CsMe;) Ln(OEP) Sc NMR, MS, UV,58959 bright red, IR, melt./dec.??°

Table 35. Spectroscopic and Other Data of Mono(cyclopentadienyl)lanthanide Pnicogenides Containing Other

Substituted Cyclopentadienyl Ligands

compound Ln color, characterization, etc.
[Li(THF)4][(‘BuCsH4)Ln(NPhy)s] Yb red, X-ray, NMR, IR7
LLIDME); [[(MeCsHy)Ln(NPhs)s] La bright yellow,5”? X-ray, NMR, IR, melt./dec.572593
Pr yellow green 5" IR, melt./dec.57259
Nd blue purple,>”? IR, melt./dec.5725%
(MEC%HOLH{OEP) Sc brlght red, IR, melt’.;’dec'ﬁg{) NMR’ w539.590
[Me4C5Si(Me)y(n'-N‘Bu)|LnCl Sc white, 352592752 NMR, IR, catalysis’>?

Figure 141. Structure of the anion of [Li(DME);][(MeCsH,)-
La(NPhy)s] in the crystal.572:593

Si(Me);NCMes] in organometallic chemistry of the
rare earths has enabled the preparation of the
scandium derivative, [MesC;Si(Me)s('-NCMej3)]1ScCl,
from ScCl3(THF)3. The formal coordination number
of five for Sc** in the latter product ensues from
combining one z-bonded, substituted anionic cyclo-
pentadienyl system (which contributes three electron
pairs) with one o-bonded chloride anion and an
amido—scandium o-bond. The dianionic [MesCs-
SiMesNR] group is therefore an eight-electron chelat-
ing ligand.?*2592 More detailed information concern-
ing synthesis and structure of the amidoscan-
dium alkyls [Me;C5Si(Me)x(17'-NCMe3)IScCH(SiMe3)s,
{[Me4C5Si(Me)s(17'-NCMes3)]Sc(u-"Pr)}2, and the ami-
doscandium hydride {[MesCsSi(Me)s(n'-NCMes)]Sc-
(PMe;)(u-H)}» are given in the following sections.3%2:592

The synthesis of ionic compounds [Li(DME);]-
[(MeCsH4)Ln(NPhy)3] (Ln = La, Pr, Nd) has been
recently accomplished by reaction of the in situ pre-
pared chloride precursors [Li(THF)slo(u-Cl)s[(MeCsHy)-
Ln(THF)] of lighter lanthanides with a 2-fold amount
of LiNPh;y (eq 186). A single-crystal

[Li(THF),],(u-C1),[(MeC.H,)Ln(THF)] +
. THF/hexane/toluene
2LiNPh, —
[Li(DME),][(MeCH,)Ln(NPh,),] + 4LiCl (186)

Ln =La, Nd, Pr

X-ray structure analysis of the lanthanum species
shows the anion to form a distorted tetrahedron of
three diphenylamido groups and one methylcyclo-
pentadienyl ligand surrounding the central rare
earth metal (Figure 141).572:593

A short summary of important data of mono-
(cyclopentadienyl)lanthanide pnicogenides containing
other substituted cyclopentadienyl rings is given in
Table 35.

4. Mono(cyclopentadienyl) Rare Earth Complexes with
Rare Earth to Element Group 14 Bonds

Neither lanthanide—silicon bonds nor bonds of the
rare earths to the elements that follow silicon in
group 14 of the periodic table are known, but many
are known with the congener of silicon, carbon.

a. Cyclopentadienyl Derivatives. Well-defined
mono(cyclopentadienyl)lanthanide complexes with
two o-carbyl ligands are scarce owing to the low
degree of steric saturation of the lanthanide ion by
the unsubstituted cyclopentadienyl group (Table 36).
Two approaches have been taken to address the
problems associated with the insufficient steric satu-
ration of the highly reactive mono(cyclopentadienyl)-
lanthanide unit; on the one hand bulky hydrocarbyl
ligands were used, and, on the other hand ligands
with heteroatom lone pairs connected to the cyclo-
pentadienyl groups were studied.

In the mid-1970s Tsutsui et al.?’° described the
preparation of solvent-free mono(cyclopentadienyl)-
holmium bis(phenylacetylide) from the appropriate
lanthanide chloride 89n, although the sand-colored
solid was poorly characterized (eq 187).

THF

(C;H;)HoCl,(THF); + 2LiC=CPh —
89n
(C;H;)Ho(C=CPh), + 2LiCl (187)

However, synthesis of the mono(cyclopentadienyl)-
dialkyllutetium THF adduct (CsHs)Lu(CH2SiMes)o-
(THF); (96r) has been accomplished by reaction of a
THF solution of mono(cylcopentadienyl)lutetium bis-
(triflate) (92r) with 2 equiv of lithium (trimethylsilyl)-
methyl, according to eq 188.39? Unfortunately, all
attempts to obtain single crystals of 96r, suitable for
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Table 36. Spectroscopic and Other Data of Mono(cyclopentadienyl)lanthanide Complexes Containing

Lanthanide to Element Group 14 Bonds

compound Ln color, characterization, etc.
(CsHs)Ln(CH3SiMes), Lu 96r complex with 3THF: pale yellow, NMR39?
(CsHs5)Ln[(CH2):AsMez)e Lu yellow orange, NMR5%
(CsH;s)Lin[(CH2)3As'Buzlz Lu yellow, NMR, MS5%¢
(CsHs)Ln[(CH;);NMe:](Cl) Lu complex with 2THF: colorless, NMR5%
(CsHs)Ln[CH,CH(Me)CH:NMe,1(Cl) Lu complex with 2THF: colorless, X-ray, NMR, melt./dec.5%
(CsHs)Ln(CH,CH=CHy). Nd complex with THF: IR, MS*™
[Li(dioxane);][(CsHs)Ln(CH,CH=CH,)s] Nd IR, MS*™
(CsHs)Ln(72-C4Phy) Gd complex with 3THF: IR%5
(CsHs)Lin(C=CPh), Ho sand, IR, UV, magn. d., melt./dec.?5°
(CsHs)Lin(C10Hs) Lu complex with DME: X-ray,5?%2% purple black, IR, melt./dec.596b
(CsHs)Lin(C14H o) Lu complex with 2THF: red orange, NMR*!
(CsHs)Ln{[CsH3(CH;NMez)IFe(CsH;5)}» Yb sand, IR, MS, melt./dec.*8?
(CsHs)Ln(CD[CsH3(CH;NMe;)IFe(CsHs) Sm yellow brown, NMR, MS, IR, UV, magn. d., melt./dec.5%

(Li(DME);1o{[(CsHs)Lin]ly(u2-Me)a(u*-0)%-Cl)s}  Nd

X-ray®97

a X-ray diffraction study, failed as the crystals are
extremly thin and needlelike in shape.

—_—
-2 Li{SO;CFy]

( :O'Iu.._,Lu.,,..|IICH25Me3

/|\
0
QL

96r

(CsHs)Lu(OSO,CF;),(THF) + 2 LiCH,SiMe;
92r

(188)
Me3SiCH2

The use of the bidentate, bulky 1,2,3,4-tetraphen-
ylbutadienedi-1,4-yl ligand system has been reported
to allow the isolation of a mono(cyclopentadienyl-
gadolinium THF adduct of the formula (C;H;)Gd-
(n?-C,PhyY(THF);.5%® Two mono(cyclopentadienyl)-
lanthanide allyl compounds could be prepared by
metathesis. Spectra of both complexes, (CsHs)Nd(CHo-
CH=CH,)x(THF) as well as [Li(dioxane)}[(CsHs)Nd-
(CH;CH=CH,);], show bands characteristic of 3-allyl
groups.*™

The first X-ray crystallographic data on a mono-
meric lanthanide organyl containing, in addition to
one unsubstituted cyclopentadienyl anion, a Ln—C
o-bond has become available for the intramolecularly
stabilized species (CsHs)Lu[CH,CH(Me)CH:NMe,]-
(CI)(THF),. It was formed on metathesis of in situ
prepared mono(cyclopentadienyDlutetium dichloride
89r with 1 equiv of lithium 3-(dimethylamino)-2-
methylpropyl in THF as outlined in eq 189:5%

s THF
LuCl, + NaCgH, + Li/\(\N —_—
N\ -NaCl -LiCl

The molecular structure of the latter product
(Figure 142) shows a distorted pseudo-octahedral
geometry around the rare earth metal with two
molecules of tetrahydrofuran located in the coordina-
tion sphere of the lutetium. The centroid of the #°-

Figure 142. Structure of (CsHs)Lu[CH;CH(Me)CH,NMe,]-
(CL(THF); in the crystal 54

cyclopentadienyl group and the intramolecularly
dative amino function occupy the imaginary, axial
sites of the distorted octahedron.’%*

Equimolar reaction of isolated 89q and the non-
methyl-substituted salt lithium 3-(dimethylamino)-
propyl proceeds analogously to yield the closely
related chloromono(cyclopentadienyDlutetium alkyl
(CsH;s)Lul(CH)sNMeoJ(CH)(THF),. Although bonds
between the hard lanthanide lutetium and the soft
donor atom arsenic are not necessarily obvious, As—
Lu interactions of corresponding 3-(dialkylarsano)-
propyl systems are assumed to effect a similar
coordinative stabilization of the (CsHs)—Lu unit in
dialkylated products described below (eq 190):5%

(CsHs)Lu(OSO,CF3),(THF)

92r
+

R
2 C]Mg/\/\As<R

THF
-2 CIMg[SO;CF3

R
1.
A

AL

As
R" }

R

(190)

R=Me(n=2),Bu(n=1)
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Table 37. Spectroscopic and Other Data of Mono(pentamethylcyclopentadienyl)lanthanide Complexes

Containing Lanthanide to Element Group 14 Bonds

compound Ln color, characterization, etc.
(CsMes;)LnMe; Sc white, NMR?69
Y white, NMR?59%8
[Li(tmed)2][(CsMe;)LnMes] Yb 97q yellow, NMR,294463.465 melt./dec.294465
Lu 97r colorless,*3465 X.ray 294465 NMR,294.463 [R, melt./dec.65
(CsMes)Ln'Bus Lu complex with THF: NMR565
[Li(tmed):][(CsMes5)Ln‘BuyCl] Yb wine red, melt./dec.?#
[Li(THF), ][(CsMe5)Ln‘Bu,Cl] Lu n =2: NMR;*% n = 3: colorless, NMR, melt./dec.5®
(CsMe5;)Ln(CHy'Bu)s Lu complex with THF: NMR?6
(CsMe;5)Ln(CHsSiMes) CH(SiMe3s)s] Lu complex with THF: NMR?6
[LI(THF)3][(CsMes)Lu(CH2SiMe3)[CH(SiMes):|C1]  Lu X-ray°%
(CsMe;5)Ln[CH(SiMes)s]» La 98c X-ray,’6568 NMR;41498568 complex with THF: X-ray, NMR?68
Ce 98d orange, X-ray,’#6 NMR, 41585586 R585.586
(CsMe;)Ln[CH(SiMes): [(BPhy) La yellow, NMR; complex with 3THF: yellow, NMR®"
(CsMe;)Ln[CH(SiMes): )| B(CeH4F-4)4) La NMR, melt./dec.6°
{C5M65)LH[ CBH4CH2NM62)2 Y X-ray,am White, NMR, IR
(CsMe;)Lnlo-C¢HsCHoNMe(CHo-0)]- X complex with THF: white, X-ray, NMR, TR%%!
[1-0-CeH4sCH2NMe(CHay-1) ILn(CsMes)
(CsMes)Ln[(u-CHz):PMes]; Lu colorless, NMR, IR*%
[(CsMes)oLin(u-C=CPh)s]oLin Yb red, X-ray, NMR, IR, melt./dec.5%2
(CsMe;)(C3BgH;1)Lin Sc complex with 3aTHF: yellow, NMR%3
[Li(THF)3][(CsMes)(CeBoH 1) LNCH(SiMes)s | Se NMRS&03
[LI(THF)3){Li[(CsMe5)(C2BgH ;1) LnCH(SiMe3)q ]2} Sc yellow, X-ray603.604
(CsMes)Ln(Me)(OCgH3'Bus-3,5) Sc white, NMR569
(CsMe;) Ln(Me)(OCsH3'Bus-2,6) ¥ white,?? NMR;?96% complex with 2THF: NMR?®
(C5Me5)LnICH(SiMe3]21{ OCBHngu2-2,6] Y white,593 NMR497,598
La NMRS0
Ce orange, NMR, IR%%6
(CsMe;)Lu[CH(SiMejs): |Cl,Li(LLB), Lu (LB), = (THF),: white, NMR; (LB), = (tmed): white,
NMR, X-ray®%5
(CsMes5)Ln(C=CSiMe;)(OCgH5'Bus-2,6) Y yellow, NMR; complex with 2 THF: white, NMR%
(CsMes)Ln(C)[CsH3(CHz:NMe;)|Fe(Cs;H5) Y brown red, NMR, MS, IR, UV—vis, melt./dec., magn. d.°"!

‘Figure 143. Structure of (C;H;)Lu(n*-C,oHg)(DME) in the
crystal 5%

Taking advantage of the chelate effect two ther-
mally stable 2-[(dimethylamino)methyllferrocenyl com-
pOllIldS (C5H5)Yb{[C5H3(CHQNMBQ)]FG(C5H5)}2 (a dl-
alkyl)**? and (C5H5)Sm(CD[CsH3(CH2NMe,)Fe(CsHs)
(a monoalkyl)**! have successfully been employed to
stabilize the mono(cyclopentadienyl)lanthanide unit.

Very recently, some approaches to mono(cyclopen-
tadienyl)lanthanide alkyls have been made using
bulky aromatic systems such as the anthracene
dianion (C14H;0?>7)*! and the naphthalide ligand
(C10Hg?7).5%6 However, only the structure of the
lutetium naphthalene complex (CsHs)Lu(n*-C;oHs)-
(DME) (eq 191) could be elucidated by a single-crystal
X-ray analysis (Figure 143).7%

Finally, a tetranuclear neodymium cluster has to
be mentioned which acquires stabilization by incor-
poration of an oxygen dianion in the molecular unit.
[Li(DME)3]2{[(CsH5)Nd]4(#2'0H3)2(ﬂ4-0)(#2-01)6} has
been crystallized from DME after reaction of (CsHj)s-

(CsHoLuCL + 2 N © —
u - a e
LY @ -CoHg, -2 NaCl
20r
@l el

Lu:
7 0

PN

(191)

NdCI-2(LiClyn(THF) and lithium methyl in the molar
ratio 1:1.597

b. Pentamethylcyclopentadienyl Derivatives.
In view of the sterically larger permethylated cyclo-
pentadienyl group CsMe;  compared to the unsub-
stituted aromatic ligand system C;H;  quite a few
mono(pentamethylcyclopentadienyl)lanthanide spe-
cies containing additionally at least one #!-Ln—C
bond have been described (Table 37).

Alkylmono(pentamethylcyclopentadienyl)lantha-
nide complexes were first prepared 1984 in form of
the phosphorus ylide (CsMes)Lul(«-CHz):PMeslo. This
ylide complex has been obtained by reaction of
lutetium trichloride with 1 equiv of sodium penta-
methylcyclopentadienyl and 2 equiv of the chelating
ligand Li(u-CHj):PMe; as in eq 192:4%

LuCl,; + NaC Me; +
2Li(u-CH,),PMe, —NaCl, —2LiCl

In the same year Schumann et al.*% also reported
the synthesis and structure of the ionic complex type
[Li(tmed);][(CsMes)LnMes] (97) with only terminal
methyl groups (eq 193). The single-crystal X-ray
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_ THF/Et,0
LnCl; + NaC;Me; + 2tmed + 3LiMe “NaClL —2LiCl

[Li(tmed),][(C;Me;)LnMe,] (193)
97

L= Yb (97q), Lu (971,)294,463,465

diffraction study of the lutetate 97r (Figure 144)
showed that the molecule is composed of one 7-bond-
ed pentamethylcyclopentadienyl ligand and three
o-bonded methyl groups in a distorted pseudo-
tetrahedral arrangement.?94465

Initial efforts toward the synthesis of neutral
compounds of the general monomeric formula, (Cs-
Me;s)LinRy, showed that two tert-butyl groups together
with the pentamethylcyclopentadienyl anion are not
bulky enough to give isolable compounds of even
small lanthanides like ytterbium and lutetium. Thus,
treatment of LnCl; with NaCsMes; and lithium tert-
butyl in the molar ratio 1:1:2 yielded again cation—
anion pairs as in eqs 194 and 195.5655%° However, it
was reported that the reaction illustrated in eq 195
also gives the salt-free THF adduct (CsMes)Lu‘Bus-
(THF) as a byproduct.”®

THF/Et,O/tmed
.t 2
YbCl; + NaC,Me; + 2Li Bu NaCl ~LiCI

[Li(tmed),][(CsMe;)Yb'Bu,Cl] (194)

., THF/Et,0
LuCl; + NaC;Me; + 2Li Bu NaCL-LiCl

[Li(THF), I[(C;Me;)Lu‘Bu,Cl] (195)
n= 2’565 3599

While the anion of [Li(tmed):][(CsMes)Yb‘BuyCl]
contains a cation with tetracoordinated lithium, the
THF analogue, [Li(THF)3;][(CsMe;)Lu(‘Bu).Cl1] con-
tains only three-coordinate lithium. It is thought
that the lithium is coordinated to the chloride,
thereby increasing its coordination number to four.5%

First reports on salt- and solvent-free mono(pen-
tamethylcyclopentadienyl)lanthanide dialkyls date
back to 1988. Teuben et al.’®® obtained (CsMes)Ce-
[CH(SiMes)2]: (98d) by reacting mono(pentamethyl-
cyclopentadienyl)cerium aryloxide 94d with 2 molar
equiv of the corresponding lithium alkyl (eq 196).
Thermolysis of 98d begins at room temperature and
slowly proceeds to generate CHy(SiMes); and a mix-
ture of unidentified organocerium materials.

(C;Me;)Ce(OCH, Bu,-2,6), +
94d

pentane

2LiCH(SiMe,), =~ (C,Me;)Ce[CH(SiMe,),], +
98d
9LiOC:H,Bu-2,6 (196)

One year later, the solid-state structure of 98d
proved the existence of the monomeric complex. The
high-electron deficiency at the formally five-coordi-
nate rare earth metal center is alieviated by the
formation of a variety of secondary interactions with
the a-C—H or even -Si—CHj bonds.?®® The X-ray
crystal structure of the lanthanum congener, (CsMes)-
La[CH(SiMe3):]: (98c) (Figure 145), published by
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Figure 144. Structure of [Li(tmed);][(C5Mes)LuMe;] (97r)
in the crystal.294.465

Figure 145. Structure of (C;sMe;s)La[CH(SiMes)q], (98¢)
in the crystal.?66.568

Figure 146. Structure of (CsMes)La[CH(SiMejs);]lo(THF)
in the crystal.?6®

Schaverien et al.,’565%8 gave similar results. The
coordination geometry of the complexes 98 is de-
scribed best as a two-legged piano stool.

The lanthanum derivative 98¢ was prepared by
metathesis of (CsMes)Laly(THF)3 (90¢) with 2 equiv
of potassium bis(trimethylsilyl)methyl, followed by
removal of THF from the THF adduct (Figure 146)
via cleavage of the cyclic ether tetrahydrofuran by
trimethylsilyl iodide (eq 197).5%6568 Higher yields of
98c are available by direct treatment of the THF-
free iodide [(CsMes)Lals],, with 2 equiv of KCH-
(SiMes3); in diethyl ether. Addition of THF regener-
ates the THF adduct quantitatively.>66-568
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hexane / Et,0

(CsMGs)LﬂIz(TI{F)_j + 2 KCH(SNC3)2 Ly
-2 KI, -2 THF
90c

(CsMes)La[CH(SiMes),),(THF)

+MC3SH l -MG3SK)(CH2)4I

bl

La (197)
Me;;Siu---(i‘H/ “NCH-SiMe;

|
SiMe, SiMe;

98¢

Incorporation of salts can be avoided by using
neutral homoleptic lanthanide alkyl complexes in
acid—base reactions with pentamethylcyclopentadi-
ene as in eq 198:441,601

LnR, + C;Me;H — (C.Me;)LnR, + RH (198)
R = CH(SiMe,),: Ln = La (98c), Ce (98d)

The introduction of a single pentamethylcyclopen-
tadienyl ligand occurs cleanly with the starting
material Y[CsH4(CH2NMey)-2];. However, analogous
reactions of the homoleptic species Ln[CH(SiMe3):2ls
give product mixtures comprised of 98, (CsMes)2Lin-
[CH(SiMe3):] and Ln[CH(SiMes)s]3.44! The single-
crystal X-ray structure determination of the 14-
electron system (C;Me;5)Y[CcH4(CHsNMegy)]s (Figure
147) unambiguously demonstrates the presence of
agostic Y-+*C—H and unique Y--‘C—N interactions
in addition to intramolecular coordination of the
dimethylamino group.°!

Thermal decomposition of a THF solution of (Cs-
Me;)Y[CsH4(CHoNMeg)le (eq 199) gives the species
depicted in Figure 148. Its asymmetrical structure
has been demonstrated by a X-ray diffraction study.5*

b
QAR

4 BEA

THF

A i -2 C6H5CH2NM82

%Lﬂ,ﬁ
o S

(199)

Intramolecular coordination of the nitrogen lone
pairs to the rare earth metal center was suggested

Schumann et al.

Figure 147. Structure of (C;Me;5)Y[CsH4sCHoNMes]s in the
crystal.801

Figure 148. Structure of (CsMes)Y[0o-C¢cH,CHsNMe(CH,-
wlu-0-CeH,CH;NMe(CHz-4)]Y(C;Me;)(THF) in the crys-

tal.601

Figure 149. Structure of (C;Me;)Lu(CH;SiMe;)[CH-
(SiMej3)2)(u-Cl)Li(THF); in the crystal.?%

for the ferrocenyl derivative (CsMes)Y(CD[CsH3(CHs-
NMe,)]Fe(CsHs).5%

The dialkyl derivative (CsMes)La[CH(SiMes):]» (98¢)
is a useful precursor for synthesis of cationic mono-
(pentamethylcyclopentadienyl)lanthanide alkyl com-
plexes. Compound 98¢ reacts with [PhNMe;H|BPh,
to give zwitterionic (CsMes)Lal CH(SiMes)zlo(u-7*-Ph)s-
BPh,. Irreversible reaction of the latter compound
with THF generates the solvated cationic species
{(CsMes)La[CH(SiMe3): (THF)3}(BPhy4).5° The zwit-
terionic lanthanoorganyl can also be used as starting
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Figure 150. Structure of (C;Mes;)Lu[CH(SiMej)2](u-Cl)o-
Li(tmed) in the crystal.?6>

material for mixed species such as (C;Mes)La[CH-
(SiMQB)?](OCGH3:BUQ'2,6).600

A respectable number of alkyllanthanide chlorides
with only one pentamethylcyclopentadienyl ligand
has been prepared in course of the reaction sequence,
illustrated in eq 200:56°-566

(CsMcs)LMCI:;Na(THF'EQO)
+ hexane / THF

LiCH(SiMe;), |LiCI

(C sMes)Lu[CH(SMe3)| CLLI(THF ),

(200)

Addition of [bis(trimethylsilyl)methyl]lithium to a
diethyl ether solution of (CsMes)Lu[CH(SiMej3)2]Cls-
Li(THF); yields the chiral, LiCl-free, mixed-dialkyl-
ated compound (CsMes)Lu(CH,SiMes)[CH(SiMe3)q]-
(THF) which is contaminated with a small amount
of the lithium chloride adduct (CsMes)Lu(CH.SiMe3)-
[CH(SiMe3):ICILi(THF)3.%%5566 ~ Single-crystal X-ray
structure determinations show that the THF complex
(Figure 149) and the tmed complex (C;Me;)Lu[CH-
(SiMe3);ICloLi(tmed) (Figure 150) have tetracoordi-
nated lithium linked to lutetium by two or one
bridging chloro ligands, repectively. In each case the
overall geometry corresponds roughly to a three-
legged piano stool.>%°

In addition, syntheses of two other salt-containing
and salt-free complex combinations are described in
the same article:?% (CsMes)LuRsCILi(THF)o/(CsMes)-
LuRs(THF) (R = ‘Bu and CHy'Bu). The equilibrium
outlined in eq 201 is suggested to exist in the
presence of lithium chloride, which is solvated by
THF, in hexane solutions.

(C;Me;)LuR,CILi(THF), = (C,Me,)LuR,(THF) +
LiCTHF) (201)
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Figure 151. Structure of [(C;Me5);Yb(u-C=CPh),],Yb in
the crystal.?°? (Reprinted from ref 602. Copyright 1984
Chemical Society of London.)

Some (aryloxo)mono(pentamethylcyclopentadienyl)-
lanthanide alkyl species are known. Solvent-free
organolanthanides (CsMe;)Ln[CH(SiMe;)2](OCsHz3-
‘Buy-2,6) are accessible by metathesis of the corre-
sponding pure mono(pentamethylcyclopentadienyl)-
lanthanide aryloxides 94 with an alkalimetal bis-
(trimethylsilyl)methyl salt in toluene or pentane,
respectively (eq 202).

94
MCH(SiMe,),

~MOCgH3'Buz-2,6
Im =Y M=1i*% K&%
Lin =Ce; M=K
The mixed phenoxomethylscandium derivative,
prepared by the two different pathways shown in eqs

203 and 204, is thought to be dimeric with bridging
alkoxo units.’®® The synthesis of oligomeric mono-

2(C Me5)Sc(OC H,'Buy-3,5)CI(LiCl) +

2LiMe — - [(C;Me;)Sc(Me)(u-OCgH, Bu,-3,5)],
(203)
benzene-d,

2/n[(C5Me;)ScMe, ], + 2HOCH, Bu,-3,5 —; o

[(C;Me;)Sc(Me)(u-OC:H,'Bu,-3,5)1, (204)

(pentamethylcyclopentadienyl)dimethylscandium [(Cs-
Mes)ScMes], is achieved by reaction of an ethereal
suspension of [(CsMe;)ScCly], with two equivalents
of LiMe+(LiBr).5%® Very recently, the corresponding
Y—Me species has been synthesized from mono-
(pentamethylcyclopentadienyl)lanthanide aryloxides
and NMR data are suggestive of a trimeric constitu-
tiOI’l, [(C5M95)YM82]3.598
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Figure 152. Structure of [Li(THF);]{Li[(C5Me5)(C2BgH;,)ScCH(SiMej3),]o} in the crystal, showing the two anions and the
bridging lithium atom.6%3.604 (Reprinted from ref 603. Copyright 1993 American Chemical Society.)

The preparation of dimeric [(CsMes)Y(Me)(u-OCgHat-
Buy-2,6)]; proceeds in a manner analogous to that in
eq 203. The dimers are cleaved by THF to give the
monomeric THF adduct (CsMes)Y(Me)(OCsHs'Bus-
2’6)(THF)2.598,605

Evidently, mono(pentamethyleyclopentadienyl)-
lanthanide alkyls do not tend to form clusters in
order to saturate the coordination sphere of the rare
earth metal. Only one, mixed-valence Yb™Yb!'Yb!!!
cluster has appeared in the literature. Permethyl-
ated, divalent ytterbocene reacts with phenylacetyl-
ene in the molar ratio 3:4 to afford the phenylacetyl-
ide derivative [(C;Me;)2Yb(u-C=CPh):]oYb (Figure
151) which crystallizes with one molecule benzene
of solvation. Magnetic susceptibility studies reveal
that no electron exchange occurs between the two
YbI centers.592

Recently, some research has centered on penta-
methylcyclopentadienyl dicarbolide complexes of the
rare earth scandium:%%36%% Alkylation of (CsMes)-
(CyBoH11)Sc(THF); with LiCH(SiMes3), yields essen-
tially quantitatively [Li(THF);][(CsMes)(CsBoHy;)-
ScCH(SiMe;):]. Recrystallization of the latter complex
by pentane diffusion into a concentrated toluene
solution gives [Li(THF)s]{Li[(CsMe5)(C2:BsH;1)ScCH-
(SiMej3)2]o} whose structure has been determined by
single-crystal X-ray diffraction analysis (Figure 152).

c. Derivatives with Other Substituted Cyclo-
pentadienyl Rings. Application of the sterically
congested cyclopentadienyl derivative, 1,3-diphenyl-
2.,4,5-trimethylcyclopentadienyl, leads to a discernible
enhancement in thermal stability of the resulting
metallorganic rare earth species. In contrast to their
permethylated relatives, the lutetium organyls (PhyCs-
Mes)Lu(CHsSiMes)o(THF) and [K(Et20)o51[(PhyCs-
Mes)Lu{CH(SiMejy),}Cl;] are stable in solution at 50—
60 °C for short periods of time.>®5°%6 While the latter
compound has been isolated after treatment of (PhyCs-
Me3)LuCly(THF)(Et,0) with 1 equiv of KCH(SiMej)s,,
the potassium organyl KCH32SiMe; reacts with (PhyCs-
Me3)LuCly(THF)(Et20) in a 2:1 molar ratio to give
(thC5Me3)Lu(CH2SiMEg)g(THF).565

In studying catalytically active scandium hydrides,
Bercaw et al. reported the metathetical synthesis of
the intramolecularly chelated amidoscandium com-
plex [Me4C5Si(Me)o(n!-N?Bu)[ScCH(SiMes); prepared
from [MesC5Si(Me;)(n!-N*Bu)|ScCl with an equimolar
amount of lithium bis(trimethylsilyl)methyl.352.592
Recently, the same group succeeded in the isolation

Figure 153. Structure of {[MesC5;Si(Me)s(n'-N‘Bu)]Sc(u-
"Pr)}s in the crystal.?5? (Reprinted from ref 352. Copyright
1990 Thieme.)

Figure 154. Structure of (MesSiC;Hy)Y[(x-O'Bu)(u-Me)-
AlMe;]; in the crystal 606

of the highly active dimer {{Me,C5Si(Me)s(n'-N'Bu)]-
Sc(u~"Pr)}s (Figure 153) after reaction of the hydridic
phosphine adduct {{MesC5Si(Me)s(n'-N‘Bu)]Sc(PMes)-
(u-H)}o with 2 equiv of propene at low tempera-
tures?®5? as well as some more of these derivatives.?52

Studies on the reactivity of the alkoxide [(Mes-
SiCsHy)Y(u-O‘Bu)(O‘Bu)]e with trimethylaluminum
resulted in cleavage of the dimeric precursor and
affording the mixed-ligand complex (Me3SiCsH4) Y[ (u-
O'Bu)(u-Me)AlMe;];. X-ray crystallographic data
from the latter monomer confirm a formally seven-
coordinated yttrium atom which is linked to two four-
coordinate aluminum atoms by bridging fert-butoxide
and methyl groups (Figure 154).5%6

Important data on reported mono(cyclopentadi-
enyDlanthanide alkyls containing a differently sub-
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Table 38. Spectroscopic and Other Data of Mono(cyclopentadienyl)lanthanide Complexes Containing
Lanthanide to Element Group 14 Bonds and Other Substituted Cyclopentadienyl Ligands

compound Ln color, characterization, etc.
(Me3SiCsHy)Lin[ (1-O'Bu)(u-Me)AlMe:s Jo Y X-ray, NMR, IR6%
(PhyCsMes)Ln(CH2SiMes)s Lu complex with THF: NMR?>%>
[K(Et20)05][(PhoCsMe3)Ln{CH(SiMe3):} Cls] Lu NMR565
[MesC5Si(Me)o(n!-N*Bu)|LnC3sH5 Se dimer: white, X-ray,3%272 NMR, IR; complex with PMe3: NMR">?
[Me;C5Si(Me)y(#'-N'Bu)]LnC:Hyg Se dimer: NMR, IR7?
[MesC5Si(Me)2(n!-N‘Bu)|Ln‘C4Hy Sc complex with PMes: cream, NMR7%2
[MesC5Si(Me)o(n!-N'Bu)|Ln'CeH 1, Sc complex with PMes: white, NMR, IR7%2
[MesC5Si(Me)o(n!-N'Bu)|ILnCHPh(CH2)3Ph Sc complex with PMes: yellow, NMR, IR7?
[Me;CsSi(Me)a(n'-N‘Bu) ILnCH(SiMes), Sc white, NMR, IR, catalysis?52.752

[{Me,C5Si(Me)y(1'-N*Bu)} Lnlo(u,n%,n*-CoHa) Sc

complex with 2PMe;: orange, X-ray, NMR">?

stituted cyclopentadienyl ring are surveyed in Table
38.

5. Mono(cyclopentadienyl) Rare Earth Hydrides

Up to now, only three different cyclopentadienyl
ligand systems have been used in the synthesis of
mono(cyclopentadienyl) rare earth hydride com-
pounds: disubstituted ‘BusCsH;3 ™, bulky CsMe; ™, and
chelating [Me,C5Si(Me2)(NCMe3)]~. The interest in
these compounds centers around their potential as
catalysts.

The initial report in this area dates back to 1989:
LobkovskKii et al.?* prepared {[(‘BusCsHs)LuH]s(AlH)2-
[AIH4(Et20)]2}*Et20, a polynuclear lutetium etherate
with a tetralanthanide metal skeleton, by reaction
of [(‘BusC5H3)2LuCl]e with LiAlH, in a pentane—ether
mixture. This hydride differs from the one reported
two years later by the presence of one molecule of
ether of crystallization. Both complexes are assumed
to be generated by decomposition of dimeric bis-
(cyclopentadienyl)lutetium hydride {[(‘Bu2CsH3)2-
LuH]x(AlH3LB),}.237 The synthesis of the octanucle-
ar aluminohydride, (‘BusCsHj3)sSm4(AlH4)sHs(tmed)s,
has been accomplished by reaction of divalent (‘Bus-
CsHj3)oSm with AlHj; in Et;O or its THF adduct with
AlH; in THF and excess tmed. The cyclic metal core
of this cluster resembles a sitting frog with three Sm
atoms coordinated to one ‘BusCsH3™ ligand each and
a (‘BusCsHj3)2Sm unit; all Sm atoms are connected via
us- and us-bridging hydrogens.®%’

The influence of ancillary hard ligands such as
alkoxides in the catalytic behavior of organolan-
thanide hydrides has been studied by Schaverien et
al. They developed mono(pentamethylcyclopentadi-
enyl)alkoxoyttrium hydride species of the type [(Cs-
Me;)(2,6-'BusCsH30)Y(u-H)]s (99b)497:598.605 gand [(Cs-
Me;)(2,6-'BusCeH30)Y lo(u-H)(u-R) where R = Et, "Pr,
"Bu, C¢His, as well as C=CSiMe;3.5986% The latter

2(C;Me;)Y(OC:H, Bu,-2,6)[CH(SiMe,),] +

hexane

2H, — [(C;Me;)(2,6-Bu,C,H,0)Y(u-H)], +
99b
CH,(SiMe,), (205)

[(C;Me;)(2,6-'Bu,CeH;0)Y(u-H)], + H,C=CHR —
99b
[(C;Me;)(2,6-Bu,CsH,0)Y,(u-H)(u-R) (206)

R = H, Me, Et, "Bu

alkyl derivatives may serve as models for the first
insertion step in alkene polymerization processes.%8605
Hydrogenation of (CsMe;5)Y(OC¢H3'Bug-2,6)[CH-

T g
,0:7»%0“&/&“\ .

Figure 155. Structure of {[Me,C5Si(Mes)(n'-N‘Bu)]Sc-
(PMej3)(u-H)}» in the crystal.352:592

Figure 156. Structure of the anion of [Li(THF)],[(C;Mes)-
(CeBgH11)ScH]; in the crystal (only the pentagonal faces
of the dicarbolloide ligands are shown).6%%

(SiMes)2] in hexane affords the trans dimer 99b (eq
205) which reacts regiospecifically with terminal
olefins H,C=CHR (R = H, Me, Et, "Bu) or (trimeth-
ylsilylDacetylene HC=SiMe; to yield corresponding
u-hydride-u-alkyl (eq 206) and u-hydride-u-acetylide
species, respectively.497:598,605

The structurally characterized single-component
organoscandium compound {[Me,C5Si(Me)s(5!-N‘Bu)l-
Sc(PMes)(u-H)}e (Figure 155) also provides a re-

giospecific catalyst for clean polymerization of a-ole-
fins, 352,592,752



962 Chemical Reviews, 1995, Vol. 95, No, 4

Schumann et al.

Table 39. Spectroscopic and Other Data of Mono(cyclopentadienyl)lanthanide Hydrides

compound Ln

color, characterization, etc.

(CsMes)(Z,6-‘BuZCGH30)LnH Y
[(CsMes)(2,6-'BusCeHsO)Linlo(u-H)(u-Et) Y
[(CsMes)(Z,6-‘BuQCGH30)Ln]2(u-H)(u-”Pr) Y
[(CsMes)(Z,6-‘BuQCeH30)Ln]z(u-H)(u-"Bu) Y
[(CsMEE,)(2,6-tBuzceHao)Ln]g(ﬂ-H)(u-CeH13) Y
[(CsMes)(2,6-BuzCeHs0)Lnl:(u-H)(u-C=CSiMe;) Y

[LI(THF)][(CsMes)(C:BoH11)LnH], Se
[(¢BusCsH3)LnHI1(AlH,)2[ATH4(Et,0)]e Lu
(‘Bu205H3)5Ln4(A]H4)4H3(tmed)z Sm
{[MesCsSi(Mey)(n1-N‘Bu)]Ln(u-H)}» Sc

99b

white 598 NMR#975%8
NMR598.605

white,5% NMR39605

white, NMR5%8

yellow, 59 NMR598:605

NMR598

(+%/stoluene): X-ray, NMRS®

X-ray;%7 complex with Et,0: X-ray33%

yellow green, X-ray%’

complex with 2PMe;: white,’? X-ray,352592 NMR592752 [R752

Table 40. Spectroscopic and Other Data of Mono(cyclopentadienyl)lanthanide Complexes Containing Rare

Earth to Other Element Bonds

compound Ln color, characterization, etc.
[(CsHs)Ln{(CsH5)Lu[W(CO)sl2} Lu synthesis®8
[Na(THF),J[(CsHs)Ln{Ru(CO)x(CsHs) H THF)(u-1)] La colorless, NMR, IR 46

The high stability of the pentamethylcyclopenta-
dienyl-dicarbollide scandium hydride, [Li(THF)]o[(Cs-
Me;s)(C2BgH,;)ScH]y, augurs ill for its utility as an
olefin polymerization catalyst. The dimeric complex
consists of two anionic [(CsMe;)(CoBoH11)ScH]™ frag-
ments held together by two, 2e~, dative bonds be-
tween an electron-rich boron hydride and the electron-
deficient rare earth scandium (Figure 156).503

Important data of hydridic mono(cyclopentadienyl)-
lanthanides are given in Table 39.

6. Mono(c/;/c/opentadieny/) Rare Earth Complexes with
Rare Earth to Other Element Bonds

The lanthanum—ruthenium compound (THFXCsHs)-
La[Ru(CO)s(CsHs)Wu-1)oNa(THF): and the ionic
lutetium—tungsten complex [(CsHs)Lu}{(CsHs)Lu-
[W(CO)s]s} are the only mono(cyclopentadienyl)-
lanthanides reported to possess direct lanthanide—
transition metal bonds (see Table 40). The latter
complex is formed as the main product when equimo-
lar amounts of the chloride (CsHs)LuCls (89r) and the
carbonyl Na,W(CO); are allowed to react in DME at
—78 °C. The resulting reactive intermediate {(CsHs)-
Lu-+W(CO);} dimerizes immediately to give [(Cs;H;)-
Lul{(CsHs)Lu[W(CO);]5}.6%® In contrast, [Na(THF)s}-
[(THFXCsHs)La{Ru(CO)2(CsHs)}(u-1)2] results from
mixing an equimolar mixture of the iodide (CsHs)-
Laly(THF); with Na[(CsHs;)Ru(CO);] in THF at
—20 °C.1%c While no spectroscopic data are given
for [(CsHs)Lull[(CsHs)Lu{W(CO)s}2],%®% the La—Ru
bond of crystalline [Na(THF), J[(THF)(CsHs)La{Ru-
(CO)2(CsH5)}u-D2] was supported by IR and NMR
spectra,l4ée

lll. Cyclooctatetraenyl Rare Earth Compounds

A. Cyclooctatetraenyl and
Cyclooctatetraenyl-Cyclopentadienyl Rare Earth
Complexes

Owing to their large size and possibly due to the
availability of f orbitals of suitable symmetry, the
lanthanide and actinide ions form many complexes
with the 10 #-electron planar aromatic cyclooctatet-
raene dianion (CgHs?™). Many sandwich complexes
of the rare earth elements have been isolated and
these containing either exclusively the cyclooctatet-

raenyl ligand or a cyclooctatetraenyl and a cyclopen-
tadienyl ligand within in one compound are listed in
Tables 41 and 42.

Shortly after the synthesis of “uranocene” (CgHg),U
by Streitwieser et al.®3! in 1968, Hayes and Thomas®32
reported the successful isolation of lanthanide(II)
cyclooctatetraene complexes in 1969. One year later
Mares, Hodgson, and Streitwieser®!? prepared com-
plexes of the type K[(CgHg)sLn] (100) using the
methodology developed for the synthesis of uranocene
(eq 207).

1) THF
LnCl; + 2 K,(CgHg) »
2) soxhlet extraction

o
O

100

+ 3KCl  (207)

Ln =Y (100b), Gd (100k),61! La (100¢),6!1,612 Ce (100d), Pr (100e),
Nd (100f), Sm (100h), Tb (1001)611,613

In contrast, the scandium derivative 100a was
isolated in the equimolar reaction of (CsHg)ScCI(THF)
with Ky(CsHsg) in THF at room temperature in almost
quantitative yield.®®® These complexes 100 are air-
and moisture-sensitive and decompose without melt-
ing about 160 °C. They are insoluble in hexane,
benzene, toluene, ether, CCly, CHCl;, and acetoni-
trile, but moderately soluble in dioxane and THF. The
similarities of the IR spectra of uranocene and 100
suggested that in the latter compounds the two
(CsHs)?™ rings are n%-bound to the lanthanide ion with
local Dg;, symmetry as is the case for (CgHs),U.523
Unequivocal structural proof was achieved in the sol-
vated heterobimetallic sandwich species [K(diglyme)}-
[(CgHg)oLn] (Ln = Ce (Figure 157)516, Yb®19) in which
the counter cation is coordinated by a chelating ether
molecule and one bridging cyclooctatetraenyl ring
system. The latter compounds are described more
precisely as (diglyme)K(u-CsHs)Ln(CsHs).
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Table 41. Spectroscopic and Other Data of Cyclooctatetraenyllanthanide Complexes

compound Ln color, characterization, etc.
[M(LB),[(CsHg):Lin] Sce M=K(n=0)(100a): yellow brown, IR%%
Y M=Li(LB=THF,n=x): NMR;*M = K (n = 0) (100b): yellow, IR®!!
La M=K(n=0)(100¢): green,’'! IR,61612
Ce M =Li(LB=THF, n =4). green, X-ray, NMR, IR, melt./dec.; M = Na
(LB = THF, n = 3): green, X-ray, NMR, IR, melt./dec.;#3** M = K (n = 0)
(100d): pale green, IR 51 UV, 511613 melt./dec., magn. d.,5'® lumines.,??
MO;%* (LB = DME, n = 1): green, IR;%'® (LB = diglyme, n = 1):
X-ray,%1% lumines.®!
Pr M=K (n=0)(100e): yellow gold, IR,! UV 611613 melt./dec., magn. d.5'3
Nd M=K (n =0)(100f): pale green, IR,6'! UV, magn. d., melt./dec.;5*
complex with 2THF: M = Li (LB = THF, n = 4): X-ray!®
Sm M =Li(LB =THF, n = x): NMR;#° M = Na (LB = THF, n = x):
synthesis;®" M = K (n = 0) (100h): brown, IR,5!! UV, melt./dec.,
magn. d.613
Gd M=K (n=0)(100k): yellow, IR, UV, magn. d.5
Tb M=K (n =0)(1001): yellow brown, IR, UV;6!! melt./dec., magn. d.613
Yb M=K (LB =DME, n =1): blue, NMR, IR;%!® (LB = diglyme, n = 1):
blue, X-ray®!®
Lu M =Li(LB=THF, n =x): NMRS°
(Cng]gLng Ce green, MS, IR615
((CaHg)Ln(THEF ), [ Ln(CsHg)s | Ce gold, IR, magn. d.520
La gold, IR
Nd X-ray,620621 green, IR, magn. d.62°
Er reddish brown, IR, magn. d.5%°

(CgHs)Ln(,ﬂ-C 3H3)K(‘£t -CSHS)LD(IH-Cng)K(THFM Er

yellow, X-ray, NMR, IR>7

concerned, the lanthanide compounds are much more
sensitive toward oxygen which is attributable to the
ionic nature of their bondings.’’® The readiness of
ligand exchange is typical for lanthanide complexes
and this behavior is exemplified by the reaction of
K[(CgHg)2Ce] (100d) and UCl; which results in the
formation of uranocene, CeCls, and KCIl in nearly
quantitative yield.’'! Resurgence of interest in met-
allocenes in general and in lanthanide complexes
(including oxidation states +4 and +2) in particular
led to the synthesis of [Li(THF)][(CsHg):Nd](THF)y,'45
(CSHg)Ln(u—C8Hg)K(ﬂ-—CgHg)LIl(ﬂ-CgHg)K(THFh (Ln =
Er, Yb®™), and [K(diglyme)][(‘BuCsH7),Yb]%342 as well
as the very recently isolated [M(THF),][(CsHg)2Cel
with M = Li and n = 4 (separated ion pairs) or M =
Na and n = 3 (linear Na(u-CsHg)Ce(CgHg) arrange-

634b : :
Figure 157. Structure of [K(diglyme)J[(CsHg),Ce] in the ~ ment).”"" Figure 158 presents a perspective plot of

crystal 616 the tetradecker complex (CsHg)Er(u-CsHg)K(u-CsHg)-
Er(u-CsHg)K(THF),.575

Despite the striking similarities between actinide Cocondensation of cyclooctadiene and lanthanide

and lanthanide complexes as far as the structure is atoms in the ratio 10—20:1 results in binary cyclooc-

Figure 158. Structure of (CsHg)Er(u-CsHg)K(u-CsHg)Er(u-CsHg)K(THF), in the crystal.’”™ (Reprinted from ref 575.

Copyright 1991 Chemical Society of London.)
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Table 42. Spectroscopic and Other Data of Cyclooctatetraenylcyclopentadienyllanthanide Complexes

compound Ln color, characterization, etc.
(CsHg)Lin(CsHs) Se 101a IR, MS, melt./dec.,t% PE27
Y 101b  IR; complex with THF; complex with py: IR
Pr 10le complex with 2THF: yellow, X-ray%*
Nd 101f IR;%3 complex with 2THF: purple®??
Sm 101h  synthesis®®®
Gd 101k complex with THF: colorless®*?
Ho 10ln IR, MS; complex with THF: IR; with NH3: IR; with CN‘CgH;;: IR%63
Er 10lo synthesis®
(CsHg)Ln(CsMes) Sc white, NMR, MS, IR, melt./dec., elec. d.623
Y colorless,®2* white 23 NMR, melt./dec.,52362¢ IR, elec. d.5%3
La pale yellow, IR, melt./dec.,5* NMR;*162% complex with THF: white, IR,
elec. d.,5% yellowish,52* NMR®23.624
Ce brown, NMR, IR%41
Pr complex with THF: yellow, NMR5%*
Sm orange, NMR, IR;2! complex with THF: red,%?462> NMR, melt./dec.5%*
Gd complex with THF: yellowish, NMR, melt./dec.5**
Tb yellowish, NMR%%
Dy yellow, NMR, melt./dec.5%*
Er pink, NMR624
Lu colorless, X-ray, NMR, melt./dec.5**

(CgHS)(C5M€5)LD{CH2=C;3N2M84} Y

yellow, X-ray, NMR, melt./dec.”

(CsHg)Ln(MeCsHy,) Y complex with THF: colorless, X-ray, MS, NMR, melt./dec.5%¢
(CsHg)Ln(C;H4PPhy) Sm complex with 2THF: blue, X-ray, NMR%*
(CsHg)Ln(CsH4PPhs)Rh(CsH5)(CO) Sm pink grey, NMR, IR6%7
(CsHg)Ln(C5H3'Buy) Tb yellow, X-ray, NMR, melt./dec.?®7
(CsHg)Ln(CsH3(SiMes)s) Pr green-yellow, NMR, MS, melt./dec.”
Dy yellow, NMR, MS, melt./dec.”™
(CsHg)Ln(Cs;Me H) b complex with nTHF(n < 2): colorless, NMR, MS, melt./dec.%?®
La complex with 2THF: colorless, X-ray, NMR, MS, melt./dec.5?8
Pr complex with nTHF(n < 2): yellow, NMR, MS, melt./dec.5?
Sm complex with nTHF(n < 2): dark red, NMR, MS, melt./dec.5®
Gd complex with nTHF(n < 2): colorless, MS, melt./dec.5%®
Dy complex with nTHF(n < 2): yellow, MS, melt./dec.528
Er pink, MS, melt./dec.5%8
Lu colorless, X-ray, NMR, MS, melt./dec.5%®
(CsHg)Ln(CsMe4Et) Y complex with THF: colorless, NMR, melt./dec.”>°
La complex with THF: white, NMR, melt./dec.”°
Nd complex with THF: green, melt./dec.”°
Sm complex with THF: dark red, NMR, melt./dec.”
Gd complex with THF: colorless, melt./dec.”°
Tm yellow, melt./dec.”°
Lu colorless, X-ray, NMR, melt./dec.”®
(CsHg)Ln(CsMesPMe2) Sm dark green, NMR®%7
(CsHg)Ln(CsMesPMe;)Rh(C5H;5)(CO)  Sm red, NMR627
(CgHg)Lin(CsMesPPhy) Sm red brown, NMR®27
(CsHg)Ln(CsMesPPh)Rh(CsHs)(CO)  Sm brown, NMR, IR627
(CsHg)Lin[C5(CH2Ph)s] Lu white, X-ray, NMR62?
(CsHg)Ln(C5Phs;) Pr yellow, MS, melt./dec.”°
(CsHs)Lin(2,4-C7H11) Nd complex with THF: green, X-ray, MS, IR
Sm complex with THF: red brown, X-ray, IR, NMR7%
Er complex with THF: deep red, X-ray, MS, IR

tatetraenyl complexes which after extraction with
THF gives the THF adducts according eq 208:

cocondensation THF

CgHg(g) + Lin(g) ezl (CgHg)sLny —
[(CsHg)Ln(THF),J[(C¢Hg),Ln] (208)

Ln = Ce, La, Er,*”’ N@**%*!

The unsolvated complexes are extremely sensitive
to air and moisture, pyrophoric, and insoluble in
nonpolar solvents. The neodymium complex has
been examined by X-ray analysis.??062! Figure 159
shows two different environments around the Nd
atoms. The molecule is composed of a cationic (CsHs)-
Nd(THF);* unit which is #* bound to one cyclooc-
tatetraenyl ring of the well-known (CgHg);Ln~ (Ln =
Nd) sandwich.

Since the first preparation of neutral mixed sand-
wich complexes of the type (CsHg)Ln(CsHs) by Jam-

Figure 159. Structure of [(CsHg)Nd(THF),][(CsHg)oNd] in
the crystal.620.621

erson et al.’%3 in 1974 much interest has been directed

at these and related derivatives. Metathetical reac-
tions of either [(CsHg)LnCl(THF):]; and NaCsH; (eq
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Figure 160. Structure of (CsHg)Pr(C;H;)(THF), (101e) in
the crystal.622 (Reprinted from ref 622. Copyright 1991
Chemical Society of London.)

209) or (C;H;5)LnCl(THF);3 (89) and Ky(CsHsg) (eq 210)
result in the formation of (CsHg)Ln(Cs;H;)THF), (n
=0-2) (101):
THF
[(CgHo)LnCI(THF), ], + 2NaC,H; S
2(CgHg)Lin(C H;)(THF), (209)
101

Ln = Sc (101a),2"% Y (101b), Nd (101£)°%

(C;H;)LnCly(THF), + Ky(CgHy) ——
89
(C4Hy)Ln(C,H,(THF), (210)
101

Ln =Y (101b), Sm (101h), Ho (101n),
Er (1010),°% Nd (101f),%** Pr (101e),
Gd (101k)%?2

The THF is lost upon heating in vacuo; compounds
101 are remarkably thermally stable and can be
sublimed under reduced pressure (for instance (CgHg)-
Sc(CsH5)%% sublimes at 120 °C/0.1 Torr). Neverthe-
less, they are extremely sensitive toward oxygen and
ignite in contact with air. The volatile sandwiches
give molecular ions in their mass spectra.563.6%
Evidence for 7-bonded CgHg?™ and CsH;™ rings comes
also from infrared spectra, but it was not before 1991
when the crystal structure of (CsHg)Pr(CsHs)(THF),
(101e) was published:®?? Figure 160 shows a formally
nine-coordinate Pr®* ion to which both the CsHg?™ and
the CsH;5™ ligand is #® and #° bound, respectively. The
centroids of the eight- and five-membered rings and
Pr** make an angle of 138°.

Many examples have been prepared in which the
CsHg?™ ring is unsubstituted while the substitutions
on the cyclopentadienyl ring are varied. Complexes
with MeCsHy 626 CsMe H 628 CsMes-,201:441,623-625
‘BusCsH;3 %87 CsH4PPhy (see Figure 161),%27 CsMes-
PMe;,%2"7 CsMesPPhy™,%?" and Cs(CH3Ph)s%%° have
been prepared in similar ways as their unsubstituted
analogues. The solvent-free species exhibit the ex-
pected linear arrangement about the center lan-
thanide ion ((CsHg)—Ln—(CsHs)) in (CgHg)Lu(Cs-
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Figure 161. Structure of (CsHg)Sm(Cs;H,PPhy)(THF), in
the crystal.f?7

Figure 162. Structure of (CgHg)Lu[C5(CH2Ph)s;] in the
crystal. 29

C8

Figure 163. Structure of (CgHg)(CsMes5)Y(CHy;=CC3No-
Me,) in the crystal.’®

Me H),%28 (CsHg)Lu(Cs;Mes),524 (CsHg) Th(‘BusCsHs),%®7
and (CgHg)Lu[Cs5(CH2Ph)s] (Figure 162).5%° The
(CsgHg)centroid— M—Cpeentroia angles are 176.3(4)/175.4-
(3)°, 173.0°; 177.8"; aiid 167.7";
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C(2)

C(21)
C(22)

C(14)

C(17)

Figure 164. Structure of (CgHg)Sm(2,4-C;H;,)(THF) in the
crystal.®®® (Reprinted from ref 630. Copyright 1991 Chemi-
cal Society of London.)

(CsHg)Y(CsMes) reacts with 1,2,3,4-tetramethyl-2-
methyleneimidazoline with formation of a 1:1 com-
plex in which the olefin is “end-on” coordinated via
the CH; carbon of the olefin. There is a Y-CHy—C
angle of 123.1° (Figure 163).753

The high solubility in aliphatic and aromatic
solvents of pentamethylcyclopentadienyl compounds
(CsHg)Lu(CsMes) and their high volatility makes
them valuable sources of rare earth metals for the
production of thin films by CVD methods.®3* Further
applications exist in the preparation of novel hetero-
bimetallic complexes®?” when the cyclopentadienyl
ring bears a donor group (such as PRy) which will
bind transition metal atoms. Very recently, a couple
of heterobimetallic rhodium complexes have been
prepared by reacting (CsHg)Sm(CsR4PR’2) (R = H,
CHj; R’ = Me, Ph) with (C5H5)Rh(CO), in refluxing
THF or toluene as outlined in eq 211:627

Sm + (CsH¢RK(CO) E—
R R sHs)Rh(CO),
R PR,
R
Sm @ (211)
R R
R’ ¢ ‘P/Rh\
SN\ CcoO
R £ R‘
R!
R=H: R'=Ph

R =Me: R'=Me, Ph

Mixed m-complexes have also been obtained from
2,4-dimethylpentadienyl (as an example for an open
pentadienyl system), such as (CgHg)Sm(2,4-C-Hi;)-
(THF)%%° and indenyl anions as in (CgHg)Pr(CoH7)-
(THF),.5% The #° coordination of the former ligands

Schumann et al.

Figure 165. Structure of [(CsHg)CeCl(THF),]; (102d) in
the crystal.637.638

have been confirmed by X-ray crystallography (Fig-
ure 164).

B. Cyclooctatetraenyl Rare Earth Halides

Cyclooctatetraenyl lanthanide halide complexes
(Table 43), in particular [(CsHg)LnCI(THF);], (102),
are useful precursors for the synthesis of a variety
of lanthanide complexes.

Although several different synthetic methods have
been employed,!45:639.640 the most straightforward and
useful route is the ionic metathesis between Kao(CgHg)
and LnCl; illustrated by eq 212. The byproduct

2LnCl, + 2K,(C H,) —

[(C{Hy)LnCI(THF), ], + 4KCl (212)
102

n=1: Ln = Sc (102a),*” Er (1020),°*
Lu (102r)636,541

n =2: Ln = La (102¢),*® Ce (102d),5'1:637:638
Pr (102e), Sm (102h), Nd (102£)%11:637

K[(CgHg)oLn] (100), which is also formed in the
reaction, can be removed by washing with THF
because the halide complexes 102 are even less
soluble in THF than 100 and virtually insoluble in
all common aromatic and aliphatic solvents.%*” Single-
crystal X-ray structure analyses of 102d%%7%3% and
102£145:639 show that these compounds were dimeric.
As can be readily inferred from Figure 165 moleculeg
of 102d are composed of two (CgHg)CeCl(THF),
moieties which are related by a center of symmetry.
The two cerium atoms are asymmetrically bridged
by two Cl~ ions at distances of 285.5(2) and 293.5(2)
pm, respectively. Bridging chloride ions are also
present in {[1,4-(M9381)QCSH6]SC(ﬂ“Cl)}g(ﬂ-THF) but
the small size of Sc** only allows the coordination of
one semibridging THF molecule (Figure 166).5*

As the size of the halide ion increases the com-
plexes become monomeric (eq 213), as can be seen in
Figure 167 which shows the results of an X-ray
structure determination of (CsHg)Cel(THF);.64%22 The
THF adducts (CsHg)LnI(THF), (Ln = Nd, Sm) are
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Table 43. Spectroscopic and Other Data of Cyclooctatetraenyllanthanide Halides

compound Ln color, characterization, etc.

(CsHg)LnCl  Sc 102a complex with THF: yellow, IR%%
Y 102b complex with THF: reactions®24627
La 102¢ complex with 2THF: yellow, NMR, IR%36
Ce 102d complex with 2THF: yellow green, IR,5!! X-ray,53763% magn. d.5%7
Pr 102e complex with 2THF: pale green, IR,%!! magn. d.%%7
Nd  102f complex with 2THF: bright green 511639 X-ray, 145639 [R 611,640 [JV 611,637 maom  d.637
Sm  102h  complex with 2THF: purple,®7% NMR,75 IR 611,640 UV 611637 magn. d.6%7
Gd 102k complex with THF: reactions®*
Th 1021 complex with THF: reactions®%*
Dy 102m  complex with THF: reactions®*
Er 1020 complex with THF: pink,% reactions®%
Lu 102r complex with THF: white, %3¢ NMR, 636641 reactions®%*

(CsHg)LnBr  Sm complex with THF: purple NMR, melt./dec.”

(CsHg)Lnl La complex with 3THF: pale yellow, NMR, melt./dec.54%8.75
Ce complex with 3THF: bright yellow, X-ray, melt./dec.54%*7%5
Py complex with 3THF: greenish yellow, melt./dec.54%2.755
Nd complex with 2THF: green, melt./dec;%4?*755 with 3THF: green, X-ray, NMR, IR, melt./dec.54?
Sm complex with THF: purple, melt./dec.;54?275 with 3THF: violet, NMR, IR, melt./dec. 642

Figure 166. Structure of {[1,4-(Me3Si)2CsHglSc(u-Cl)}a(u-
THF) in the crystal.543

Figure 167. Structure of (CgHg)Cel(THF); in the crystal 5422

also available by reaction of LnI3(THF); with K-
(CsHg) in THF. 642

2Ln +2C;Hg + I, — 2(C ¢Hg)LnI(THF), (213)
ILn=La,Ce,Pr(n=3),Nd(n=2),Sm(n=1)

C. Cyclooctatetraenyl Rare Earth Complexes with
Rare Earth to Element Group 14, 15, or 16 Bonds

By far the synthetically most challenging task in
this area is the synthesis of cyclooctatetraenyl de-
rivatives with o-bonded ligands such as alkyl, aryl,
amide, alkoxide, or aryloxide. This is propably due
to the fact that the dinegative, planar CsHg ligand is

sterically smaller than, for example, two CsH;s™ lig-
ands, and rearrangement pathways that are prevent-
ed in the latter are available to the former. Thus, in
many instances ligand redistributions are observed
eventually leading to stable M*[(CgHg):Ln]~ (M =
alkali metal) species and unidentified byproducts.536644
A prominent example of such a reaction has already
been mentioned (see section II.A.2) which interest-
ingly led to the formation of an unexpected complex
(CsMe5)3Sm.2°! It is therefore not surprising that air-
sensitive (CgHg)Lu(CH3SiMe3)(THF); decomposes in
toluene (eq 214).9%¢ Nevertheless, two well-character-
ized types of cyclooctatetraenyllanthanide compounds
with a Ln—C o-bond could be prepared following the
synthetic routes outlined in eqs 215 and 216.

[(C¢Hg)LuCl(THF),], + 2LiCH,SiMe; — -~
102r

THF

—2LiCl

2(CgHg)Lu(CH,SiMe,THF), (214)
toluene / THF

1/2[(CgHg)LnCTHF);], + 2 LICH(SiMe3), =
-Li

102

Q CH(SMe3),

'Li L 215)
G)/ “NCH(SMe),

103

= Y (103b), Sm (103h), Lu (103r)610
THF

—_—

-LiCl

1/2 [(CgHg)LnCTHF),], + LiC¢H,CH,NMe,
102

(216)

II|

104
Ln = Er (1040),6% Lu (104r)636,641,644
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Table 44. Spectroscopic and Other Data of Cyclooctatetraenyllanthanide Complexes Containing Lanthanide to

Element Group 14 Bonds

compound Ln color, characterization, etc.
(CsHg)LnCH3SiMes Lu complex with 2THF: white, IR, NMR®36
(THF ), Li(CsHg)Ln[CH(SiMes )2 > Y 103b colorless, NMR®10
Sm 103h red, NMR, X-ray%1°
Lu 103r colorless, NMR610
(CsHg)LnCsH4-2-CHsNMes Er 1040 complex with THF: IR644
Lu 104r complex with THF: beige,5¢ X-ray,5** NMR, [R636.641.644
(CsHg)LnC=C'Bu Lu complex with 0—1THF: cream, NMR, [R5

Figure 168. Structure of (THF),Li(u-n%:n8-CsHg)Sm[CH-
(SiMej)z]; (103h) in the crystal.610

The kinetic stability of 103 (b, h, and r) and the
good solubility in nonpolar solvents is attributable
to the frequently emphasized favorable properties of
CH(SiMe3),~ ligands. Nevertheless the compounds
are still very sensitive toward oxidation and they are
thermally unstable. However, 103h was character-
ized by proton and carbon NMR spectroscopy as well
as by X-ray crystallography. The molecule is de-
picted in Figure 168. As expected the carbon atoms
of the (CgHg)?>" ring are bonded to Sm3* at nearly
equal distances in an #®-fashion. The centroid of the
(CgHg)*™ ring and two carbon atoms of the CH(SiMes)s™
ligands define a planar triangle. Whereas the two
alkyl ligands show no unusual features it is interest-
ing to note that the Li* cation is coordinated to two
carbon atoms of the (CsHg)?>~ ring. Two additional
bonds to two THF oxygen atoms provide Li™ with a
four coordinate environment. The latter result was
not determined by the spectroscopic data, as the
molecule is fluxional.®'°

The chelating ligand 0-CcH4CHoNMes~ has often
proven useful in the synthesis of complexes that need
to become sterically saturated. The X-ray structure
analysis®* of 104r is in accord with this expectation
since the dimethylamino group serves as a hard
Lewis base and coordinates to Lu®*. Although the
corresponding erbium compound is also isolable, the
synthesis of species with middle and early lanthanide
ions are reported to be unsuccessful. Again the most
important byproduct was [Li(THF)4J[(CgHg);Ln]. Re-
action of 104r with excess of the terminal alkyne 3,3-
dimethyl-1-butyne in THF allowed the isolation of
(CsHg)Lu(C=C'Bu)(THF), (x = 0—1) in 75% yield.5*

Known cyclooctatetraenyl complexes of the rare
earth elements which contain at least one rare earth

Figure 169. Structure of {Sm[N(SiMe3)2]o}2(u-CsHg) in the
crystal.617

to element group 14 bond are summarized in Table
44.

When CH(SiMes);~ is replaced by its isolobal
analogue N(SiMej3),~ neutral pnictogenide complexes
of the type (CsHg)Ln[N(SiMe;):J(THF) (eq 217) and
{Ln[N(SiMe3)s]o}2(u-CsHs) (eq 218), depending on the
size of the lanthanide ion, can be isolated:%!"

toluene

1/,[(CgHg) LnCI(THF),], + NaN(SiMe,), — o
102
(CsHy)Ln[N(SiMe,),(THF) (217)

Ln=Y, Gd, Er, Lu

toluene

3[(C4H,)SmCI(THF),], + 8NaN(SiMey),
102h

2{Sm[N(SiMe;),],},(u-CeHy) +

2[Na(THF),[Sm(CH,),] + 6NaCl (218)

Whereas (CgHg)Lu[N(SiMe3).|(THF) consists of mon-
omeric molecules, as expected, {Sm[N(SiMejs)2]o}o(u-
CsHg) (Figure 169) is made up of two centrosymmet-
rically arranged Sm[N(SiMes):]o* units which are »®
bonded to opposite sites of the (CgHsg)?~ ring.%!” Thus,
the structure of the latter complex is that of a perfect
inverse sandwich. Probably due to the mutual repul-
sion of the positively charged Sm ions the averaged
Sm—C distance of 283.1(2) pm is 14.3 pm longer than
in comparable half-sandwich compounds such as [Li-
(THF):{(CsHg)Sm[CH(SiMe3)2]2}°"° (d = 268.8(5) pm).
By contrast, the Sm—N bonds are as short as 228.1-
(2) pm, which is comparable to the values found in
homoleptic tris[bis(trimethylsilyl))amide lanthanide
complexes such as Ln[N(SiMej3):]; (Ln = Eu, d(Eu—
N) = 225.9(9) pm;%4 Nd, d(Nd—N) = 229(2) pm®*7).
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Table 45. Spectroscopic and Other Data of Cyclooctatetraenyllanthanide Pnicogenides

compound Ln color, characterization, etc.

(CsHg)LnN(SiMejy), Y complex with THF: colorless, NMR, MS, melt./dec.5'

Gd complex with THF: colorless, MS, melt./dec.8

Er complex with THF: pink, MS, melt./dec.5!

Lu complex with THF: colorless, X-ray, NMR, MS, melt./dec.®
{Ln[N(SiMej3)ol2}o(u-CsHs) Sm orange, X-ray, NMR, melt./dec.617
(CgHg)Ln[HB(N,C3H3)s] Y colorless, NMR, MS, IR, melt./dec.54

Ce pink red, NMR, MS, melt./dec.5462

Pr yellow orange, NMR, MS, melt./dec.8¢62

Nd green, NMR, MS, melt./dec.8462

. Sm dark red, NMR, MS, melt./dec.8462

(CsHg)Ln[HB(N:C3;HMe;-3,5)3] Y colorless, NMR, MS, IR, melt./dec.546®

Ce pink, NMR, MS, melt./dec.8462

Pr yellow, NMR, MS, melt./dec.646=

Nd green, NMR, MS, melt./dec.8462

Sm violet, NMR, MS, melt./dec.3462
(CsHg)Ln[PhyP(NSiMes):] Y complex with THF: colorless, NMR, MS, IR, melt./dec.546®

Ce complex with THF: green brown, NMR, MS, IR, melt./dec.5462.756

Pr complex with THF: orange yellow, NMR, MS, IR, melt./dec.5462756

Nd complex with THF: green, X-ray, IR, NMR, MS, melt./dec.8462,756

Sm complex with THF: red, NMR, MS, IR, melt./dec.646=
(CsHg)Ln[PhC(NSiMe3)2] Y complex with THF: colorless, NMR, MS, Raman, melt./dec.”5®

Ce complex with THF: orange, NMR, MS, IR, melt./dec.75¢

Pr complex with THF: yellow, NMR, MS, IR, melt./dec.”®

Nd complex with THF: blue green, NMR, MS, I, melt./dec.”5¢

Sm complex with THF: red, NMR, MS, melt./dec.75®

Tm complex with THF: yellow, X-ray, MS, Raman, melt./dec.”%¢

Lu complex with THF: colorless, NMR, MS, Raman, melt./dec.75®
(CsHg)Ln[MeOCcHC(NSiMes)s] Y complex with THF: colorless, NMR, MS, IR, Raman, melt./dec, 846756

Ce complex with THF: brown, NMR, MS, IR, melt./dec.8¢62756

Pr complex with THF: yellow, NMR, IR, MS, melt./dec, 8462756

Nd complex with THF: green, NMR, MS, IR, melt./dec.5462.756

Sm complex with THF: orange, NMR, IR, MS, melt./dec.8462756
(CsHg)Ln[MeOC¢H,C(NSiMes):] Tm complex with THF: yellow, MS, melt./dec.”¢

Lu complex with THF: colorless, X-ray, NMR, Raman, MS, melt./dec.”¢
(CsHg)Ln[F3CCeH,C(NSiMejs)s] Y complex with THF: colorless, NMR, MS, IR, Raman, melt./dec, 546756

Tm complex with THF: yellow, MS, Raman, melt./dec.”®

Lu complex with THF: colorless, NMR, Raman, MS, melt./dec.”%®

Very recently, it has been reported that similarly

stable monomeric half-sandwich species with Ln to
nitrogen bonds can be prepared by using pyrazol-1-
yl ligands such as hydrotris(pyrazolylborate and
hydrotris(3,5-dimethylpyrazolyl)borate, or chela-
ting ligands like [PhoP(NSiMe;)2]~, and [4-XCeH,C-
(NSiMes),]~, with X = H, MeO, and CF;.646.756

Spectroscopic and other data of cyclooctatetraenyl-
lanthanide pnictogenides are given in Table 45.

Monomeric aryloxy and siloxy complexes are avail-
able by reacting stoichiometric amounts of [(CsHjg)-
LnCI(THF).]; (102) with the appropriate alkali salts
in toluene or THF according to eq 219:5%7

1/,[(CgHg)LnCTHF),), + NaOR —
102
(CgHg)LnOR(THF) + NaCl (219)

Ln =Y, Lu: R = C'Bu,, SiPh,

These complexes have been characterized by 'H-
and ®C-NMR and mass spectrometry which gives
evidence for monomeric structures. Dimeric species
with bridging aryloxy ligands (OPh and OCsHsMes-
2,6, respectively) may be prepared in a manner
similar to that described above (Ln = Y, Lu). The
dimeric nature of [(CsHs)Y(u-OPh)THF)], was con-
firmed by X-ray structure analysis (Figure 170).587

Already in 1977 synthesis of the cerium isopro-
poxide (CgHg)Ce(u-O'Pr)2AlEt; and its acetonitrile
adduct had been accomplished by reduction of the

Figure 170. Structure of [(CsHg)Y(u-OPh)(THF)]; in the
crystal.?®7

cerium(IV) compound Ce(OPr)4(LB) (LB = ‘PrOH or
py) by AlEt; in the presence of cyclooctatetraene.548
Cyclooctatetraenyl complexes with lanthanide to
oxygen bonds (Ln = Pr, Sm) are also available
using the anionic tripod ligand system {(Cs;H;)Co-
[P(O)(OEt)q]3} 6462

Very recently, Edelmann et al.642b646b reported the
synthesis and full characterization of new starting
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Table 46. Spectroscopic and Other Data of Cyclooctatetraenyllanthanide Chalcogenides

compound Ln color, characterization, etc.

(CsHg)Ln(u-O'Pr);AlEt, Ce yellow, NMR, IR, melt./dec.; complex with acetonitrile: yellow, NMR®4®
(CsHg)LnOC’Bus Y complex with THF: colorless, NMR, MS, melt./dec.58"

Lu complex with THF: white, NMR, MS, melt./dec.5%
(CgHg)LnO(CH2)sCH=CH,, Dy complex with THF: dimer, yellow, X-ray, IR77
(CgHs)LnOPh Y complex with THF: colorless, X-ray, NMR, MS, melt./dec.5%"

Lu complex with THF; colorless, NMR, MS, melt./dec.587
(CsHg)LnOCeHsMe;-2,6 Y complex with THF: colorless, NMR, MS, melt./dec.587

Lu complex with THF: colorless, NMR, MS, melt./dec.587
(CsHs)LnOSiPhs Y complex with THF: colorless, NMR, MS, melt./dec.587

Lu complex with THF: colorless, NMR, MS, melt./dec.587
(CgHg)LinO2S(0)CF; Y complex with 2THF: light yellow, NMR, IR, melt./dec.846®

Ce complex with 2THF: yellow, NMR, IR, melt./dec 4%

Pr complex with 2THF: yellow, NMR, IR, melt./dec. 842>

Nd complex with 2THF: green, X-ray, NMR, IR, melt./dec.542"

Sm complex with 2THF: violet, NMR, IR, melt./dec.54?
(CsHg)Ln{(CsHs)Co[P(O)(OEt)2]s} Pr beige, NMR, MS, melt./dec.5462

Sm orange, NMR, MS, melt./dec.646=
(CsHg)LnSPh Sm complex with 2THF: dimer, blue purple, X-ray, NMR, melt./dec.54%755
(CgHg)LnSCeHoMe;-2,4,6 Sm complex with 2THF:dimer, purple, NMR, melt./dec.849.755
(CsHg)LnSCeH,'Pr3-2,4,6 Sm complex with 1THF: dimer, purple, X-ray, NMR, melt./dec.54975
(CgHg)LnSePh Sm complex with 2THF: dimer, purple, X-ray, NMR, melt./dec 849755

oV
F12y  FI3)

Figure 171. Structure of {(CsHg)Nd[u-52-02S(0)CF3}-
(THF)9}s in the crystal.f4?® (Reprinted from ref 642b.
Copyright 1994 Elsevier Sequoia.)

materials in COT—lanthanide chemistry; dimeric
cyclooctatetraenyllanthanide triflates of the type
{(CsHg)Lin[,n?-02S(O)CF3XTHF):}o. The triflates are
superior to the cyclooctatetraenyllanthanide chloride
starting materials 102, since they are more soluble.
Equimolar reaction of appropriate lanthanide tri-
flates Ln(OSO:CF3); with Ky(CsHs) in THF proceeds
smoothly to give {(CgHg)Ln[M-UZ-O2S(O)CF3](THF)2}2
(Ln = Ce, Pr, Nd (Figure 171), Sm,%4% Y64é%) in good
yields.

A very simple and convenient synthetic route
affording cyclooctatetraenyllanthanide thiolates and
selenolates has been introduced by Mashima et
al.84%.7%% Direct treatment of metallic samarium with
cyclooctatetraene, diaryl disulfide or diaryl dise-
lenide, and a catalytic amount of iodine yields new
dimeric COT complexes bearing Ln—S and Ln—Se
bonds, respectively, as outlined in eq 220:

2Sm + 2CgH; + REER — -

[(CeHo)Sm(u-ER)THF),], (220)
n =2: ER = SPh, SC4H,Me;-2,4,6, and SePh
n=1: ER = SC;H,'Pr,-2,4,6

The solid-state structure of binuclear thiolate-
bridged [(CsHg)Sm{(u-SC¢HoPr3-2,4,6 (THF)]; resem-

=%
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Figure 172, Structure of [((CsHg)Sm(u-SPh)(THF);]o in the
crystal.54? (Reprinted from ref 649. Copyright 1993 Chemi-
cal Society of London.)

bles the phenoxyyttrium derivative, [(CsHg)Y(u-OPh)-
(THF)1%%" (vide supra). However, the corresponding
thiolate (and selenolate) dimers which contain less
bulky phenyl groups, instead of the sterically very
demanding 2,4,6-triisopropyl phenyl ligand, need two
molecules of tetrahydrofuran to satisfy the coordina-
tion sphere of each Sm3*, as can be seen in Figure
172,64

A survey of cyclooctatetraenyl rare earth chalco-
genide compounds is given in Table 46.

D. Cyclooctatetraenyl Rare Earth Complexes with
Substituted Cyclooctatetraenyl Ligands

Some progress has been made recently in synthesis
of cyclooctatetraenyllanthanide complexes that have
substituents on the ring. The substituents are alkyl
groups such as "Bu, By, or two trimethylsilyl groups
in 1,4-position (see Table 47).

The chloride [("BuCgH;)LuCI(THF);}*" and the
amide Li[("BuCgH,;)Lu{NMe(CH,);NMes}2]43" exhibit
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Table 47. Spectroscopic and Other Data of Cyclooctatetraenyllanthanide Complexes Containing Substituted

Cyclooctatetraenyl Ligands

compound Ln color, characterization, etc.
[K(diglyme)][(‘BuCgH7);Lin] Yb bluef34a
Li[{(Me3Si):CsHg}2Lin] Ce green, reactions®®?
[(C5H5)2Coll{(Me3Si):CsHg}oLin] Ce green, NMR, MS, IR, melt./dec.5%3
(C4HoCsH7)LnCl Lu complex with THF: reactions®’
{[1,4-(Me3Si)2CsHgILn(4-Cl)} o(u-THF) Sc yellow, X-ray, NMR**
{[1,4-(Me3Si)2:CsHglLn(1-C1)}o(THF), Y white, NMR543
Li[(C4HgCsH7;) Ln(NMeCH,CH:NMes)s | Lu colorless, NMR*37

Figure 173. Structure of (CgH;);Sm (105h) in the crys-
tal 650

no unusual features. The complexes [K(diglyme)]-
[(‘(BuCgH7):Yb]%%42 (see section III.A) and [{1,4-(Mes-
Si)eCsHg} Ln(u-CD]Jo(THF), (Ln =Sce (n =1), Y (n =
2))%43 are also as expected, although the latter scan-
dium species possesses a semibridging THF ligand
(see section III.B, Figure 166).

IV. Indenyl Rare Earth Compounds

A. Triindenyl, Indenyl-CycIopentadienzl, and
Indenyl-Cyclooctatetraenyl Rare Eart
Complexes

Triindenyllanthanide complexes can be prepared
by reaction of stoichiometric amounts of Mg(CgH7)o5%°
or KCgH7%°! and the appropriate lanthanide trichlo-
ride, suspended in benzene or THF, as outlined in
eq 221:

nLnCly +3 M(CgH,), —>

oP

n Ln + 3 MCl, (221)

105

M=K (n=1): Ln=Sc(105a), Y (105b), Ce (105d),
Pr (105e), Nd (105£)65!
M=Mg(n=2): Ln= Sm (105h)630

The complexes 105 are insoluble in benzene, tolu-
ene, xylene, and CCl, but soluble in THF. The solid-

Figure 174. Structure of (CoH7)3Ce(py) in the crystal.656

state structure of the deep-red complex 105h (Figure
173) shows a formally nine-coordinate samarium ion
which is bonded to the five-membered ring of the
indenyl anions in an #°-fashion. The absence of
intermolecular contacts in solid-state contrasts with
the polymeric chain structure of the tris(cyclopenta-
dienyl)samarium parent compound 1h,313?2 a result
consistent with the greater steric demand of the
indenyl groups.

Nevertheless, triindenyllanthanide complexes form
adducts with THF,28:107.652-655 pyridine,56 and OSMe-
CsHsMe!2!? in reactions outlined in eqs 222652653 and
223,556 or for example by reaction®®* of lanthanide
trichlorides (Ln = Nd, Gd, Er) with 2 equiv of indenyl
potassium and 1 equiv of cyclooctadienyl potassium
in THF. A single-crystal X-ray structure analysis of

LnCl, + 3NaCyH, — (CoH,);Ln(THF) + 3NaCl
(222)

Ln = La, Sm, Gd, Tb, Dy, Yb

AlEts/indene

Ce(O'Pr),(py) (CoH,);Ce(py) (223)
the isolated product, (CoH7)3Ce(py), is depicted in
Figure 174. The yellow crystalline triindenylcerium
pyridine complex has a distorted pseudo-tetrahedral
coordination geometry.®® Actually, a halide ion can
also serve as Lewis base, eventually bridging two
metal ions as in [Na(THF)s]{[(CoH7)3sNd]s(u-Cl)}.657.658

For a survey of triindenyl compounds of the rare
earth elements see Table 48.

Mixed m-complexes (see also Table 49) of the
general formula (CoH7)Ln(Cs;H5):(THF) are quite
well-known and are accessible by reaction of bis-
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Table 48. Spectroscopic and Other Data of Triindenyllanthanide Complexes

compound Ln

color, characterization, etc.

ngHT);;Ln Sc 105a
Y, 105b
La 105¢
Ce 105d
Pr 105e
Nd 105f
Sm 105h

scarlet®5!
light brown®!

magn. d.652653
Gd 105k
Tb 1051

Er 1050
Yb 105q
[Na(THF)6{[(CgH7)sLnlo(u-C1)} Nd

complex with THF
complex with THF
Dy 105m complex with THF
complex with THF
complex with THF
green, MS, IR,558 X.-ray®57.658

complex with THF: pale tan,53 magn. d.652

violet;%! complex with py: yellow, X-ray®5

yellow;5%! complex with THF: UV;197 with OSMeCsH ;Me: NMR, UV!21b

dark brown;%! complex with THF: green, X-ray, IR;%* with 2THF: bond energy®?®
reddish, X-ray;5° complex with THF: red,?8553 NMR,28652653 [R 28 melt./dec.,%%

. yellow, X-ray, IR, pale green,5® magn. d.652653
. pale yellow,553 magn. d.652.653

: pale tan,% magn. d.652653

: pink, IR®*

: dark green,®53 magn. d.652.653

Table 49. Spectroscopic and Other Data of Indenylcyclopentadienyllanthanide and

Indenylcyclooctatetraenyllanthanide Complexes

compound Ln color, characterization, etc.
(CgH7)Ln(Cs5Hj5), Sm 106h complex with THF: yellow orange, MS, IR, melt./dec.?*¢
Dy 106m complex with THF: pale yellow, MS, IR, melt./dec.?*®
Er 1060 complex with THF: pink, MS, IR, melt./dec.?*6
Ho 106n complex with THF: yellow, MS, IR, melt./dec.?46
Yb 106q complex with THF: deep green, MS, IR, melt./dec.?
(CoH7)Lin(CsHg) Pr complex with 2THF: X-ray®2?
Nd complex with 2THF622

C(13)

Figure 175. Structure of (CoH7)Pr(CsHg)(THF), in the
crystal.?? (Reprinted from ref 622. Copyright 1991 Chemi-
cal Society of London.)

(cyclopentadienyl)lanthanide halides 21 with indenyl
sodium, given in equation 224:246

(C5H5)2LHCI(THF) + Nach7 T_HF,
21
(CoH,)Ln(C:H;),(THF) + NaCl (224)

106

Ln = Sm (106h), Dy (106m), Ho (106n),
Er (1060), Yb (106q)

While no X-ray structural data are available for
106, X-ray quality single crystals of the mixed
indenyl—cyclooctatetraenyl complex (CoH7)Pr(CsHg)-
(THF); have been prepared and investigated (Figure
175). (CoH7)Ln(CgHg)(THF)y (Ln = Pr, Nd) is formed
in the equimolar reaction of LnCl;, KCoH; and Ks-
(CsHg) in THF 522

Figure 176. Structure of (CoH7)GdCly(THF); (107K) in the
crystal.659

B. Indenyl Rare Earth Complexes with Rare Earth
to Element Group 14, 15, 16, or 17 Bonds

There are reports on monoindenyllanthanide dichlo-
rides 107 which were poorly characterized.®®> Very
recently, however, the first crystal structure of
(CoH7)GACl(THF); (107k) was published.’®® The
solid-state structure of 107k (Figure 176) shows a
formally eight-coordinate Gd** ion located in a center
of a distorted trigonal bipyramid. The indenyl ligand
coordinates to the gadolinium ion via the five-
membered ring in an #° fashion at normal bond
distances. Thus the complex strongly resembles that
of monocyclopentadienyllanthanide dichloride spe-
cies (CsH;)LnCly(THF); (89) whose crystal struc-
tures have been determined (Ln = Nd,!#>%%3 Er,*>° and
Yb261:364)  Also proven by X-ray crystallography
is the existence of the already discussed chloro-
bridged neodymium species [Na(THF)s]{[(CoH7)sNd -
(4-Cl)} 657658

Only a few indenyl chalcogenide complexes of the
rare earth elements are known. Besides (CoH7)s-
PrOCHMeEeEt,?'P a series of diindenyllanthanide aryl-
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Figure 177. Structure of [(CoH,)Y(u-O!Bu)(O'Bu)]; in the
crystal.58! (Reprinted from ref 581. Copyright 1993 Ameri-
can Chemical Society.)

oxides have been published:®¢° Reactions of triin-
denyl compounds 105f and 105h with 8-hydroxy-
quinoline or o-aminophenol afford the appropriate
mono- and diindenyllanthanide chelates. Evans et
al.%® succeeded in obtaining the X-ray crystallo-
graphic characterization of dimeric [(CoH7)Y(u-O'Bu)-
(O’Bu)ls, prepared according to eq 225:

YCly(THF), + 2NaO'Bu + KCH; ————
Y, [(CoH)Y(u-O'Bu)O'Bu)l, (225)

As can be seen from Figure 177, the monoindenyl
yttrium alkoxide has a structure that is similar to
the related complexes with the z-ligands cyclopen-
tadienyl, pentamethylcyclopentadienyl, and trimeth-
ylsilylcyclopentadienyl, respectively, instead of the
indenyl ring system.%®!
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The sole known indenyl complex containing direct
nitrogen to lanthanide bonds has been provided by
Arnold et al.’® This work takes advantage of the
sterically very demanding character of the porphyrin
dianion to stabilize the monoindenyllanthanide unit.

With the exception of a monoindenyl rare earth
THF adduct,5%5 which involves the chelating 1,2,3,4-
tetraphenylbutadienyl dianion, no organolanthanides
bearing both, the indenyl system and a lanthanide
to carbon bond are as yet known; no bonds to silicon
are known either.

Table 50 gives spectroscopic and other important
data of indenyl rare earth halides, pnictogenides,
chalcogenides, or indenyl complexes with rare earth
to element group 14 bonds.

C. Indenyl Rare Earth Complexes with
Substituted Indenyl Rings

Similar to the synthesis of triindenyllanthanide
complexes, reactions of stoichiometric quantities of
permethylindenyl potassium and LnCl; yield tris-,
bis-, or monotheptamethylindenyl)lanthanide species
as outlined in eq 226:%%!

THF
LnClS +n KCQMe7 room temperature, 2 days

(CgMe,), LnCl,_ (THF), + nKCl (226)
n=3 Ln=Nd(x=5),Er(x =3)
n=2:Ln=La(x=1),Nd(x=1), Er(x=0)
n=1:Ln=La(x=1),Ndx=0) Er (x =0.5)

Equimolar addition of 1,3-diphenyl-2-methylinde-
nyl lithium to a suspension of the cerium aryloxide
Ce(OCgH5'Bus-2,6); in toluene results in the fomation

Table 50. Spectroscopic and Other Data of Indenyllanthanide Complexes Containing Lanthanide to Element

Group 14, 15, 16, or 17 Bonds

compound Ln color, characterization, etc.
(CsH7)LnCl, Pr 107e yellowish green; complex with 2THF: yellowish red; with THF, HClL:
vellowish green®®
Nd 107 light red; complex with THF: light red, bond energy; with 2THF:
light purple, IR; with HCL: light purple; with THF, HCL light purple, IR;
with 2THF, HCl: light purple$
Sm 107h complex with THF: light yellow, IR; with 2THF: light yellow;
with 3THF: light yellow; with 2THF, HCL: light yellow®55
Gd 107k light yellow;85® with 3THF (+THF): yellowish,8%6.659 X.ray, IR®5®
(CoH7):LnOCHMeEt Pr NMR, UVl
(CoH7):LnOCeHsNH, Nd IR, melt./dec.%60
Sm IR, melt./dec.560
(CoH7);LnOCyHsN Nd IR, melt./dec.580
Sm IR, melt./dec.%6°
[(CoH7)Ln(u-OBu)(O’Bw)le Y X-ray, NMR, IR%8!
(CoH7Ln(OCeH4NH2): Sm IR, melt./dec.860
(CoH7)Ln(OCoHgN)2 Nd IR, melt./dec.%6°
Sm IR, melt./dec.56°
(CoH7)Ln(OEP) Sc X-ray, NMR, IR, UV, melt./dec.%
(CoH7)Ln(#%2-C4Phy) Nd complex with THF; IR

Table 51. Spectroscopic and Other Data of Indenyllanthanide Complexes Containing Substituted Indenyl Rings

compound Ln color, characterization, etc.
(CoMe7)sLn Nd complex with 5THF: IR, UV6él
Er complex with 3THF: IR, UV
(CoMey)oLnCl Nd complex with THF: IR, UVeéé!
Er IR, UVes!
(CsMe7)LnCl2 La complex with THF: NMR, IR, UV®é!
Nd IR, UVes!
Er complex with 0.5THF: IR, UV®é!
(1,3-PhyCoHMe-2)Ln(OC¢H3'Bus-2,6)2 Ce orange, NMR, [R58é
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Table 52. Spectroscopic and Other Data of Fluorenyllanthanide Complexes

compound Ln color, characterization, etc.

{C13H9)3Ln Sc 108a bI‘OWI’l, IRS51

'8 108b colorless, IR5%!

La 108c light yellow, IR65!

Ce 108d pale yellow, IR,5°1.662 IR, melt./dec.56?

P¥ 108e green, IR%!

Nd 108f yellow, IR551

Sm 108h yellow, IR55!

Gd 108k colorless, IR%%!

Dy 108m colorless, IR%%!
(C13H9]2LH(}£—CI)2Li(THF]2 La Ilght brownﬁﬁ&ﬁs“

Nd brown, IR%64

By yellow, 663664 TRE64

Ho red brown,63:664 [R664

Lu dark red, NMR, IR564

of orange (1,3-PhyCoHsMe-2)Ce(OCsHs'Bug-2,6), which
is soluble in aromatics but poorly soluble in aliphatic
hydrocarbons.?%6

Spectroscopic and other data of indenyl rare earth
complexes containing substituted indenyl ligands are
summarized in Table 51.

V. Fluorenyl Rare Earth Compounds

Three equivalents of fluorenyl potassium (KC;3Hg)%!
or sodium (NaC;3Hy)%? react with LnCls to yield
trifluorenyllanthanide complexes 108 according to eq
227. Characterization of these sensitive materials

LnCl, + 3MC,,;H, — (Cy3Hg)sLn + 3MC1  (227)
108

M = K:%! Ln = Sc (108a), Y (108b), La (108¢),
Ce (108d), Pr (108e), Nd (108f), Sm (108h),
Gd (108k), Dy (108m)

M = Na:*** Ln = Ce (108d)

108, which precipitate from a THF solution after
addition of petroleum ether, was achieved only by
elemental analysis and infrared spectroscopy.

When 2 (or even 3) equiv of fluorenyl lithium
LiC;3Hg are allowed to react with 1 equiv of LinCls,
difluorenyllanthanide chlorides presumably stabi-
lized by coordination to LiCl (C;3Hg)oLn(u-Cl)sLi-
(THF); (Ln = La, Nd, Sm, Ho, Lu) form.663.664

In fact, all of the preceding fluorenyllanthanides
are poorly characterized. None of them has been
investigated by an X-ray diffraction study. The data
that are available are given in Table 52.

VI. Organometallic Rare Earth Compounds with
Other Aromatic n-Ligands

The major part of the research on organometallic
rare earth z-complexes has focused upon the very
popular aromatic anionic ligand systems cyclopen-
tadienyl CsH;~, pentamethylcyclopentadienyl CsMe;,
cyclooctatetraenyl CgHg?~, indenyl CoH;~, and fluo-
renyl C;sHo™. However, several organolanthanides
have been obtained which contain neutral arenes. In
1986 Cotton et al.®%® succeeded in the preparation of
the first arene complex with a rare earth element.
Reaction of SmCl; with AICl; and hexamethylben-

_ELn

Figure 178. Structure of (CsMeg)Sm[(u-C1);AlCl;]; (109h)
in the crystal.665666

zene in refluxing toluene in the presence of aluminum
foil gives yellow plates of (CsMeg)Sm[(u-Cl)2Al1Cl2]3
(109h) which crystallize from a blood red solution
(indicative of Sm(II) species) in a total yield of 14%
within two days (eq 228). The latter Sm(III) complex

toluene
SmCly + 3 AICl; +

'.||I'CI'|I||‘.. '.a-“'Clllu.,.

109h

109h is found by X-ray crystallography to form a
distorted pentagonal bipyramidal coordination poly-
hedron with the n®-arene in an apical position (Figure
178).665666 Recently the Nd, Gd, and Yb derivative
have been described and characterized as well.™®
Later on, it was shown that less substituted arenes
such as m-xylene®’ or even benzene®? also yield



Organometallic 7-Complexes of the Rare Earths

Figure 179. Structure of (7-2-Ph,6-PhCsH30)Yb(OCgHj3-
Phy-2,6); (110q) in the crystal.®*

isolable analogoues of the type (1,3-MesCsH4)Sm[(u-
Cl)2A1012]3 or (CsHe)LIl[(ﬂ-Cl)zAlClz]g (Ln = La, Nd,
Sm).

An unusual intramolecular chelate with a Yb—n-
arene interaction is reported to exist for the homo-
leptic ytterbium(III) aryloxide complex (s-2-Ph,6-
PhCGH30)Yb(OCGH3Ph2-2,6)2 (110q) (Figure 179).
The stereochemistry of corresponding homoleptic
species 110 with other rare earth elements (Ln = Nd
(110f), Sm (110h), Er (1100), Lu (110r)) are sug-
gested to be similar to those for Ln = Yb (110q).%*
Complexes 110 are available by using two different
synthetic approaches. Reactions between the rare
earth metal, bis(pentafluorophenyl)mercury, and 2,6-
diphenylphenol in THF affords the aryloxides 110.
Treatment of ytterbium metal with bis(phenylethy-
nyl)mercury and 2,6-diphenylphenol yields 110q (eq
229). Protolysis of tris(cyclopentadienyl)lanthanides
with 3 equiv of 2,6-diphenylphenol in THF provides
another access to the tris(2,6-diphenylphenoxo)lan-
thanides 110f and 110q.%*

Ln + 3/2 HgR, + 3 HOC¢H;Phy-2,6 —————»
-3/2 Hg, -3 RH

. ph (229)

110

R=C¢Fs: Ln=Nd (110f), Sm (110h), Er (1100), Yb (110q), Lu (110r)
R =PhCC:Ln=Yb (110q)

Further organolanthanides with neutral 7-ligands
such as arenes or naphthalene are only known for
zerovalent or divalent lanthanides (see, for example
refs 669—672.) Recently, however, rare earth triio-
dides have been shown to react with equimolar
amounts of lithium and excess naphthalene (forma-
tion of 2Li" and [C,0Hs]?>") in THF according to eq
230. The X-ray structure analysis of the product,
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Figure 180. Structure of (u-n*:n*-CyoHs)[Lalo(THF);]; in
the crystal.®7

B(IM

Figure 181. Structure of the anion of [(PhsP):NI[(C:BoH;1)s-
Sm(THF);] in the crystal.6* (Reprinted from ref 674.
Copyright 1988 American Chemical Society.)

(CioHg)[Lalo(THF)s]o, reveals two Lalo(THF); frag-
ments which are connected via a bridging naphtha-

naphthalene
——————ml

2Laly(THF); + 2Li —
(u-n*n*-C Ho)Lal,(THF),], + 2LiCl (230)

lene dianion (CioHg)?>~ in u-p*:n* fashion (Figure
180).573 A similar structure was found for (u-n*:n*-
PhCH=CHCH=CHPh)[Laly(THF)3]; by X-ray crys-
tallography.”®°

Relying on the isolobal analogy between C;H;™ and
the dicarbollide dianion [nido-7,8-CoBgH;1]?>~ three
anionic homoleptic lanthanacarboranes were synthe-
sized. The samarium THF adduct [(PhsP).N][(7°-
CyBgH11)2Sm(THF),] has been subjected to a single-
crystal X-ray diffraction study, and is seen in Figure
181.67* The anions of the gadolinium complexes, Na-
[(C2BgH11):GAI(THF) and [BusN][(C2ByH11):Gd)(THF),
have only been investigated by elemental analysis,
11B-NMR and EPR.¢7

Important data of organometallic rare earth com-
pounds containing other z-ligands than cyclopenta-
dienyl, cyclooctatetraenyl, indenyl, or fluorenyl de-
rivatives are summarized in Table 53.
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Table 53. Spectroscopic and Other Data of Organolanthanides with Other Aromatic 7-Ligands

compound Ln color, characterization, etc.

(CeHg)Lin[(u-Cl1),AlIC] 5 La synthesisf6®

Nd X-ray®6®

Sm X-ray, IR%8
(CeMeg)Lin[(1-C1)2AICL]5 Nd 109f blue, MS, IR, melt./dec.7®

Sm 109h yellow,885.759 X.ray 665666 MS IR, melt./dec.”®

Gd 109k yellow, MS, IR, melt./dec.”®®

Yb 109q blue, X-ray, MS, IR, melt./dec.”®?
(1,3-MesCsH4)Ln[(1-Cl1)2A1ClL; 15 Sm yellow, X-ray, IR%7
(1-2-Ph,68-PhCgH30)Ln(OCsH3Phs-2,6), Nd 110f blue, MS%

Er 1100 pink, MS, IR, UV—vig®

Yb 110q orange, X-ray, MS, IR, UV—vis

Lu 110r white, MS, IR
(w-17%:17%-C1oHg)[LinIo(THF )31, La blue, X-ray, IR, vis, melt./dec.6™
(PhCH=CHCH=CHPh)[LnIx(THF)312 La red, X-ray, melt./dec.7®
[(PhsP);N1[(C2BgH;1)2Lin] Sm complex with 2THF: greenish yellow, X-ray, NMR, IR%7¢
Nal(CyBgH;1)2Lin] Gd complex with THF: NMR, EPR6"
[(BuyNI[(C2BgH11)2Lin] Gd complex with THF: NMR, EPRé7

Vil Conclusions and Outlook

It has been 40 years since organolanthanide chem-
istry began with the synthesis of the tris(cyclopen-
tadienyDlanthanide complexes Ln(C;Hs); by Wilkin-
son and Birmingham.1? Since then cyclopentadienyl
complexes containing the unsubstituted cyclopenta-
dienyl ligand and later on an increasing number with
simple and not so simple substituted cyclopentadi-
enyls have been the subject of numerous organome-
tallic studies concerning all the rare earth metals
(with exception of the radiocactive promethium).
Eventually, most of the gaps have been filled at least
for the simple compounds. This has been made
possible by improved synthetic routes and by the
rapid determination of crystal structures, an impor-
tant advance particularly for paramagnetic com-
pounds.

After the pioneering work was done, more and
more types of organolanthanide compounds were
prepared using ligands such as cyclooctatetraenyl6?
and allyl complexes,®’® alkyl and aryl compounds and
ions like LnR3,%77 [LnR4]7,%78 and [LnR¢]®~,57° m-arene
complexes,® carborane derivatives,5 phosphino-
methanide complexes,”1-763 carbene complexes, ™™~ 766
and even the first lanthanide inclusion compound of
the fullerenes showed up with a lanthanum atom
presumably trapped on the inside of the carbon cage
of Ce,%8! followed by metallofullerenes containg Sc,”¢7
Y,767.768 1,a,767.769 Ce,770 as well as radioactive %°Gd
and $1Th.”! Most of this work exhibited a fascinat-
ing diversity in structure and reactivity. In addition
a great deal of interest has focused on complexes of
samarium, europium, and ytterbium in the oxidation
state Ln?*,%82 certain Ce** species,’® and organome-
tallic compounds of zerovalent lanthanides,?d none of
which were mentioned in this article.

However, there are still some synthetic challenges
that remain within this area of chemistry since the
last review by one of the authors appeared 10 years
ago:% No definite carbonyl and olefin complexes (with
one exception)®® of the lanthanide metals have been
made; furthermore, there is only one compound in
literature containing a lanthanide to transition metal
bond proved by an X-ray crystal structure analysis,146
and not a single organometallic compound with a lan-
thanide to lanthanide bond is known. The synthetic
routes to these compounds are by no means obvious
and the door is open to creative synthetic chemists.

Organolanthanides are useful reagents in stoichio-
metric organic synthesis!® and they promise to find
important applications in MOCVD to make thin films
for semiconductors, superconductors, and as doping
materials for optoelectronic devices®®? or in catalysis
e.g. ref 686. The cyclopentadienyl complexes of the
lanthanides with bulky cyclopentadienyl or indenyl
or bridged cyclopentadienyl ligands have created the
new area of enantioselective hydrogenation, alkyla-
tion, and hydroamination.”?7%% Perhaps the most
exciting development is their use in manufacturing
isotactic polyolefins even without a cocatalyst.58¢
Since so much is known about what can be made and
what chemical and physical properties can be ex-
pected, the next decade of studies on organolan-
thanide compounds will surely exploit these proper-
ties for academic and idustrial utility.

Vill. List of Abbreviations

Ln lanthanide metal, rare earth metal
M metal

E main group element

LB Lewis base

R organic ligand

Me methyl, CH;

Et ethyl, CoHs

Pr propyl, CsH;

Bu butyl, C;Hs

Ph phenyl, C¢H;

Ar aryl

triflate trifluoromethanesulfonate, O3SCF;~
acac acetylacetonate, OCMeCHCMeCO~
menth mentholate

OEP octaethylporpyrin dianion

CsH; =Cp  cyclopentadienyl (usually #5)

Cp, centroid of a cyclopentadienyl group

CsMes pentamethylcyclopentadienyl (usually #®%)

RC;H, monosubstituted cyclopentadienyl (usually
%)

RC;s;Me, monosubstituted pentamethylcyclopentadi-
enyl (usually #®)

CsHs benzene (usually #8)

CsRe peralkylated arene (usually #%)

MesCeHy dimethylbenzene (usually #%) = xylene

C:Hy; 2,4-dimethylpentadienyl

CsHg = COT cyclooctatetraenyl (usually #%)

CoH; indenyl (usually #%)

Ci3Hg fluorenyl (usually #5)

ni st normal, iso, secundary, tertiary, cyclo
0-, m-, p ortho-, meta-, para-
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Hn

S

THF
THF-ds
Et,0
DME
DMSO
DMF
PhMe
Py

bipy
phen
tmed
diglyme
tetraglyme
D-deriv.
X-ray
powder diffr.
diff.
NMR
uv

vis

PE

XPS
ESCA
ESR
EPR

IR
Raman
Mégb.
CD
fluores.
lumines.
MS
melt./dec.
v.p.

dip.

mol. w.
magn, d.
elec. d.
thermo. d.
cond.
HSAB
MOCVD
DTG
MNDO

DF
MO

I
B
Y
r

4
d
T
RT
(8
@
(s)

hapticity (n = number of atoms participating
in a bond)

bridging (n = number of atoms bridged; u =
H2)

solvent

tetrahydrofuran

deuterated tetrahydrefuran (C,DsO)

diethyl ether

dimethoxyethane

dimethyl sulfoxide

dimethylformamide

toluene

pyridine

bipyridine

1,10-phenanthroline

N,N,N',N’'-tetramethylethylenediamine

diethylene glycol dimethyl ether

tetraethylene glycol dimethyl ether

deuterated derivatives

single-crystal X-ray structure analysis

powder diffractometry

electron diffraction

nuclear magnetic resonance

ultraviolet spectroscopy

visible spectroscopy

photoelectron spectroscopy

X-ray photoelectron spectroscopy

electron spectroscopy for chemical analysis

electron spin resonance

electron paramagnetic resonance

infrared spectroscopy

Raman spectroscopy

Méssbauer spectroscopy

circular dichroism

fluorescence spectroscopy

luminescence spectroscopy

mass spectrometry

melting/decomposition/(sublimation) point

vapor pressure

dipole moment

molecular weight

magnetic data

electronic data

thermodynamic data

conductivity

concept of hard and soft acids and bases

metalorganic chemical vapor depositon

differential thermogravimetry

modified neglect of (diatomic) differential
overlap

nonlocal density functional calculations

molecular orbital

nuclear spin quantum number

neutron

B-radiation

y-radiation

radius

torsion angle

distance

temperature

room temperature

gaseous

liquid

solid
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