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Bis(di-tert-butylcyclopentadienyl)ytterbium(ll). 
Synthesis and catalytic properties 
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Polymeric (Cp?Yb-THF),~ (l), ionic ate-complex Cp3YbNa (2), and mono-adduct 
(But?CsH3)?Yb'THF (3) were prepared through a reaction of Cp"Na (Cp" = CsH 5 or 
CsH3But?) with Ybl? in THE Cooling complex (3) in THF at -100 °C gives a bis-adduct, 
which revemibly dissociates to give the mono-adduct The (But?CsH)?Yb. THF complex 
shows catalytic activity in the homogeneous hydrogenation of hex-l-cne and in the 
polymerization of styrene. 
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The bis-cyclopentadienyl compounds of lanthanides 
in the +2 oxidation state with composition Cp2M (M = 
Sm, Eu, Yb) are strong Lewis acids. Because of their 
electronic structure, their metal atoms can have up to- 
three vacant molecular orbitals.I For this reason, synthe- 
ses of metallocenes with sterically non-hindered cy- 
clopentadienyl ligands (Cp = CsH 5, CsHaR) in elec- 
tron-donating solvents or in liquid ammonia give low- 
stable di- and trisoIvates, z,3 which rather readily lose the 
coordinated solvent molecules to give almost insoluble 
polymers z,4-8 or react with cyclopentadienides of alkali 
metals to yield ionic ate-complexes. 9,t° If alkyl substitu- 
ents, particularly bulky ones, are introduced into the 
Cp-rings, the solubility of bis-cyclopentadienyllantha- 
nides increases. In this case the tendency toward 
polymerization and the stability of the ate-complexes 
decreases, and mononuclear monomeric compounds sol- 
vated by one or two weakly bound electron-donating 
molecules (usually, solvent molecules) are obtained from 
solutioll. 2,3,6,i1-l't These molecules can be removed 
from the coordination sphere of the metal atom by 
heating in vacuo, i4-16 These compounds have rather 
similar structures, i7 which differ only in the interatomic 
distances M--C,  the dihedral angles between the 
cyclopentadienyl rings, and the conformation of the 
latter. However, in cry'stallme complexes of composition 
(Cp"2Yb),, and (Cp"?Eu) m where Cp" = CsH3(SiMe3)? 14 
not only have intra- and interrnolecular aghostic bonds 
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between methyl group protons and atoms of f-elements 
been found, but also changes in the type of coordination 
of some Cp-ligands. 

In the present work we studied the properties of and 
methods for synthesizing ytterbium(t0 complexes, includ- 
ing a complex with two bulky tea-butyl substituents in 
the cyclopentadienyl riags that is a close analog of the 
complex with silicon-containing substituents. 

Results and Discussion 

The. reaction of Ybl? with two equiv, of CsHsNa in 
tetrahydrofuran yields a bright-yellow pyrophoric com- 
pound, whose elemental analysis identified it as 
C p ? Y b ' T H F  (1) (Cp = C5H5). On the other hand, it is 
known i8 that reduction of Cp2YbCI with potassium 
naphthalide in TH F gives red-purple tnonomeric disolvate 
crystals of the composition C p ? Y b ' 2 T H F  The com- 
plete change in the color of the compound depending on 
the number of coordinated electron-donating molecules 
as well as the polynaerization of simple bis-cyclopenta- 
dienyllanthanides occurring during partial or total 
desolvation are well known in the chemistry of these 
compounds. There is no doubt that compound I is also a 
polymer, since the bright-yellow precipitate is insoluble 
in organic solvents even after prolonged boiling. 

As expected, the reaction between Ybl 2 and three 
equivalents of CpNa results in a homoleptic ate-complex 
of the composition Cp3YbNa (2). This compound is 
rather easily soluble in TH F and even in a benzene--TH F 
mixture (3 : I); however, like compound I, it is corn- 
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pletely inert in the homogeneous hydrogenation of hex- 
I-erie. Unlike bis-cyclopentadienylsamarium(ll), 19-2! the 
oxidation state of the metal atom in complex 2 d ~ s  not 
change in reactions with aluminum hydride derivatives 
and aluminumalkyls. One of the resulting compounds has 
the composition [AIH2"4THFIICp3"~qg(Na)YbCp3I and 
has been described in Ref. 2Z 

Bis(di-tert-cyclopentadienyl)ytterbium(ll) (3), like the 
similar complex of samarium 9 and its analog containing 
SiMe 3 groups at the Cp-rings, t4 is isolated through c~'s- 
tallization from mixed solvents such as TH F--toluene and 
THF--pentane (-50 to 30 °C) as a monosolvate of the 
composition (CsH3But2)2Yb • THF (the solvation is only 
based on ~H NMR and mass spectra (see below), since 
the accuracy of elemental analysis does not allow unam- 
biguous conclusions concerning the composition of this 
compound). The introduction of alkyl groups into the 
cyclopentadienyl rings dramatically increases the solubil- 
ity of lanthanide metallocenes both in electron-donating 
solvents and in aromatic and aliphatic hydrocarbons Tile 
mononuclear ytterbocene synthesized in this work is not 
an exception. This compound is very easily soluble not 
only in appropriate organic solvents but also even in liquid 
argon " the temperature of liouid nitrogen. This property 
can be explained by the weak polarity of the compound 
and the high degree of shielding of the metal atom by 
bulky CsH3But2 ligands, which hinder polymerization of 
the compound and coordination of more than one THF- 
molecule under ordinary conditions. The high degree of 
shielding of the Yb atom is also proved by the fact that 
chelating ligands, which usually readily replace THF in its 
complexes, either do not react with complex 3 at all, like 
e.g. tetramethylethylenediamine, or are readily displaced 
by the more compact THF molecule from the coordina- 
tion environment of the metal atom. For example, the 
violet solution of Cp2"Yb" DM E formed upon dissolution 
of crystalline compound 3 in dimethoxyethane quickly 
turns green (the color of (CsH3But2)?Yb • THF) after the 
addition of one to two equiv, of THF. It should also be 
noted that, unlike (CsH3(SiMe3))?Ln-THF, 14 heating 
complex 3 to 130 °C in a 5" 10 -3 Tort vacuum, accord- 
ing to ~H NMR data, does not cause its desolvation but 
results i~1 its sublimation with no change in composition 
However, this does not rule out the possibility of dissocia- 
tion of the compound during thermal treatment with 
subsequent recombination on a cooled surface. 

Taking into accoum that two of the three frontier 
molecular orbitals of the Yb atom in complex 3 remain 
vacant, one could expect that certain specific interactions 
would occt, r in this compound, e.g., the formation of 
intramolecular aghostic bonds between methyl group pro- 
tons and the metal atom, C--H--.~q3, which were found in 
its silicon-based non-solvated analog.14 Unfortunately, 
although (CsH3But2)2Yb'THF can be obtained under 
certain conditions as hexahedral planes with distinct fac- 
ets, all attempts to determine the structure of the com- 
pound by X-ray diffraction analysis proved unsuccessful 
because the crystals were completely X-ray amorphous. 

The IH NMR spectra of complex 3 in C6D 6 and 
C6DsCD 3 (Fig. I,a) contain, in addition to bands corre- 
sponding to the protons of aliphatic substituents (8 -I.44) 
and those of cyclopentadienyl rings (6 5.67 and 6.25), a 
broadened peak at ,5 3.55 (in benzene) and 6 3.75 (in 
toluene), whose position and shape ahnost do not change 
in the temperature range from -50  to 90 °C. The as- 
signment of this signal to the molecule of coordinated 
THF was not obvious because of the unusual width of its 
profile and the absence of a second signal near ,5 1.7 at 
temperatures from -50 to 25 °C (6 3.67 and 1.72 for pure 
THF). These facts served as the basis for the assumption 
that an aghostic bond exists between a hydrogen atom of 
one of the methyl groups and the ytterbium atom and for 
assigning the signal at 5̀ 3.55 to this interaction. However, 
when the temperature of a solution of compound 3 ira 
toluene is increased to 70--90 °C, the band of protons in 
the tert-butyl group narrows; simultaneously, the Yb4-O 
bond probably weakens, and a signal at/5 17 appears in the 
spectrum (Fig. 1, b). Cooling the solution to room tem- 
perature completely restores tile original spectnma. We 
made the final confirmation that complex 3 contains 
coordinated THF by recording the I H N MR spectrum of 
a solution obtained by solvolysis of the complex by metha- 
nol-d 4 and by studying the mass spectrum of the gas phase 
obtained through thermolysis. In both cases, the spectra 
contained signals and masses from pure THF. Thus, the 
composition of the complex obtained does not differ from 
those of the samarium compound reported previously 9 and 
of the solvated silicon-containing europium and ytterbium 
analogs, 14,23 although its unusual proton spectrum, the X- 
ray amorphism of the crystals, and the higher stability 
against the elimination of the THF molecule upon heating 
imply that the structure of compound 3 differs somewhat 
from those of similar compounds. 

Another feature of the behavior of complex 3 found 
by us is that the color of its THF-containing solutions 
changes from dark-green to yellow-brown, more typical 
of Yb m compounds, when it is cooled to -100  °C. The 
original dark-green color of the solution is recovered by 
heating, and hence the color transition c:mnot be attrib- 
uted to the oxidation of the compound during the 
experiments. On the other hand, prolonged cooling of a 
solid sample of compound 3 at the temperature of liquid 
nitrogen or of solutions of 3 in aromatic or aliphatic 
hydrocarbons does not result in noticeable color changes. 
This behavior unambiguously su~ests that a second 
THF molecule is coordinated to the ytterbium atom. 
Thus, although steric hindrance exists, complex 3 still 
maintains the ability to coordinate an additional ligand 
to its vacant MOs. However, its bond with the metal 
atom is considerably weaker than those in other known 
bis-adducts t3,t4,23 with bulky cyclopentadienyl groups, 
which are generally purple. 

The high acidity of (But2CsH3)2Yb'THF and its 
ability to coordinate electron-donating molecules made 
it possible to assume that this compound, despite its 
solvated state, should have catalytic properties in trans- 
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formations of  olefins. In fact, complex  3 possesses weak 
but measurable  activity in the hydrogenat ion o f  hex--  
I - ene  and in the po lymer iza t ion  of  styrene. Both reac- 
tions are preceded  by a prolonged induct ion period (30 
to 40 rain) and further occur  at rates of  5 tool Hz/ (g-a t  
Yb rain) (hydrogena t ion)  and 2 tool s ty rene / (mol  cata-  
lyst h) (polymer iza t ion) .  The rate of  hydrogenat ion in 
the presence of  complex  3 is one order  of  magni tude 
lower than that  found in the same react ion catalyzed by 
[(But2CsH3)2LuH]2 (40 mol Hf f (g -a t  Lu min))  24 and 
[(ButxCsH3)2SmH]2 (30 tool H2/(g-a t  Sm rain)), zs It is 
difficult to explain the catalyt ic  activity of  complex  3 in 
this react ion by the tbrmat ion  in solut ion of  "classic" 
y t terbocene(m) hydride,  which may occur through activa- 
tion and oxidat ive addi t ion of  molecular  hydrogen (as 
was assumed,  for example ,  in Re[s~ 26--28) ,  since even 
keeping a toluene solut ion of  c o m p o u n d  3 in hydrogen 
for 4 - -5  It at 70 °C does not result in a react ion be- 
tween the componen t s .  Of  course,  one can assume that 
this c o m p o u n d  is formed when both hydrogen and the 
olefin are present  s imul taneously .  26-z8 It can only be 
noted that  if a s to ich iomet r ic  hydride of  the composi t ion  
[(But2CsH3)2YbHI? were formed in solut ion from com-  
plex 3, the observed rate of  hydrogenat ion would not 
differ by a lmost  an order  of  magni tude  from those found 
for the lutetiun~ and samar ium complexes .  For  these 
reasons, we think there is an equal probabi l i ty  that the 
catalyt ic  processes of  hydrogenat ion  and polymer iza t ion  
of  olefins on l an than idocenes (n)  involve in termedia tes  
whose compos i t ions  and structures differ from those of  
classic l an than idocene  hydrides.  However,  because of  
the redis t r ibut ion of  e lec t ron densi ty,  e.g., due to the 

formation of  intra-  or in termolecular  aghostic bonds or 
aghostic bonds  between the substrate protons and the 
metal l ic  center ,  the formal oxidat ion state of  the metal  
a tom in them is closer to +3 than to +2. The  mecha-  
nism of  olefin catalysis, which involves the format ion of 
an aghostic subs t ra te- -meta l  bond,  has been considered 
previously in several publicat ions (see, e.g., Refs. 28 and 
29). However,  in our case we should probably consider  a 
somewhat  different type of  catalyt ic  action.  Despite the 
low effectiveness of  compound  3 in hydrogenat ion  and 
polymet ' izat ion,  the ve~'  fact of  catalysis by this com-  
pound expands our concepts  of  both the potent ial i t ies  of  
meta l locene  complexes  of  d- and f -e lements  in catalyt ic  
reactions and the possible types of  mechanisnls  of ho- 
mogeneous  ca ta lys is  

Exper imenta l  

All synthetic procedt~res and the preparation of compounds 
for physicochemical studies were carried out in a dry inert gas 
atmosphere or in vacuo~ 

Prior to use, the solvents were dehydrated by refluxing and 
distillation with LiAIH4~ 

Ytterbium diiodide was synthesized through a reaction of 
metallic ytterbium (a two|old excess with respect to the stoi- 
chiornetric amount) with iodine in THF. The suspension was 
stirred for two days until the color changed from orange to 
grayish-green The solution was filtered, the solvent was con- 
centrated, and the yellow bis-tetrahydrofttranate of ytterbium 
iodide was dried in vacuo with mild heating (yield 95 % with 
respect to iodine). 

Styrene was heed from an inhibitor, washed with 10 % 
KOH, dried with Na2SO, 1 and activated molecular sieves 3A, 
and distilled with metallic sodium~ 
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1,3-Di-tert-butylcyclopentadiene was obtained according 
to the procedure in Ref  30 using a Grignard reagent. The 
monomer yield was 46 %. IH NMR (60 MHz, C6D6), 8, 
HMDS: 1.07 (s, 18 H, Bu~), 2.73 (m, 2 H, - -CH2--) ,  5.63 
(q), 583 (t), 608 (q, 2 H, = C H - - )  

Sodium 1,3-di-tert-butylcyclopentadienide was obtained ac- 
cording to the procedure in Ref  31 in dry ammonia  The yield 
of the dry compound was 95 %. 

Sodium eyelopentadienide was obtained by the standard 
procedure in THF and was used as a solution 

Synthesis of his(qS-cyclopentadienyl)ytterbium mono-tetra- 
hydrofur,,nate (I) ,  Ybl 2 (0009 molt was added in small por- 
tions to a solution of CsHsNa (0018 molt in T H F  The 
resulting cher~'-colored solution was stirred for- 2 h, the sol- 
vent was distilled off, and the brick-colored precipitate con- 
raining embedded white Nal was treated with dry benzene 
(150 mL) The orange solution was filtered off from the 
precipitate and concentrated to dryness to give 2.02 g (yield 
60 %) of a yellow powder of Cp2Yb-THF.  Found (%)  
Yb, 46.0 Cl4[--Ilg~bO Calculated (%)  Yb, 4 6 1  The complex 
dried in vacuo is insoluble in THF and benzene. 

Synthesis of sodium tris(qS-cyclopentadienyl)ytterbate(n) 
(2). "rt312 (0006 molt was added in smgdl portions to a solution 
of CsHsNa (0018 molt in THF (150 mk) The solution was 
stirred fbr 2 h and concentrated to a syrupy state, and then 
150 mL of a benzene--THF mixture (3 I) was added The 
resulting white precipitate of Nal was filtered off, and the 
solution was eva~rated  to dryness to give 1~76 g (yield 75 %) of 
a yellow powder of complex 2. Found (%): Yb, 443; Na, 6 0  
CIsHIsYbNa. Calculated (%): Yb, 44.2; Na, 59. 

Synthesis of his( 1,3-di-terl-butylcyclol~ntadienyl)y~terbium- 
mono-telrahydrofur~mate (3). CsH3But2Na (0.064 molt was 
added in small portions to a solution of Ybl 2 ira THF 
(0031 m o l l  The dark-green solution was stirred for 2 h, the 
T H F  was distilled off, and toluene (150 mL) was added to the 
mixture of green and white precipitates. The white precipitate 
of  Nal was filtered off, the solution was evaporated to dryness, 
and the emerald-green powder was dried by heating at 70 °C 
in vacuo; the yield of  compound 3 was 90 %. Found (%)  Yb, 
30.8 C30Hs0OYb. Calculated (%): "7%, 289. IH NMR (300 
MHz, 20 °C, benzene-d6), 8 : 1 4 4  (br.s, 4 OH), 3.55 (br.s, 
4 H), 5.67 (t, 2 H, JH-H = 2~5 H z )  6.3 (d, 4 H, JH-H = 
2.6 Hz), 

The catalytic activity of the complexes in the homogeneous 
hydrogenation of hex- l -ene  was measmed by the standard 
procedure at 20 C and I arm in a two-compartment "duck" 
connected to a system of burettes for nreasuring the volume of 
hydrogen absort-,ed The concentration of yuerbium in toluene 
solutions was varied front 001 to 003 tool L -I ,  while the 
substrate (hex-l-ene)/yt terbium ratio was varied from 100 to 
200. A cylinder filled with the LaNisH,, hydride phase was 
used as the source of hydrogen The catalyst activity was 
estimated from the starling rate of hydrogen absorption. 

The polymerization of styrene was carried out in toluene at 
25 ~'C m a standard reactor equipped with a stirrer and a 
system for sample withdrawal. The catalyst concentration was 
varied from 0005 to 0008 tool k - l ,  while the styrene/catalyst 
ratio was varied front 500 to 1000 The samples of polystyrene 
were analyzed by gel-permeation chromatography in a T I t F  
solution with subsequent assignment of  the results to monodis- 
perse standard samples 

This  work  was f inancia l ly  suppor ted  by the Russian 
F o t t n d a t i o n  for  Bas ic  R e s e a r c h  ( P r o j e c t  No .  
9 5 - 0 3 - 0 9 - 5 3 9 ) .  
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