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Abstract

Cyclopentadienyl-alkalimetal compounds are among the first organometallic compounds
prepared. Their structures have been well studied and generally show unsolvated or solvated
polymer chains or solvated monomers. During the last few years there have been some
interesting developments in the structural chemistry of this compound class; structures of
oligomeric species and anionic metallocene sandwich complexes have been reported. This
work discusses bonding in Cp-alkalimetal compounds and summarizes selected structural
data of all Cp-alkalimetal compounds published up to September 1997 including our own

Žunpublished results the indenyl, fluorenyl and higher delocalized systems have been
.excluded deliberately and are only mentioned occasionally for comparison . Q 1998 Else-

vier Science S.A. All rights reserved.

Keywords: Cyclopentadienyl; Alkalimetal; Sandwich compounds

1. Introduction

Ž .The landmark synthesis and structure determination of bis cyclopentadienyl iron
Ž . w x‘ferrocene’ 1,2 opened an important field in chemistry: the organometallic
chemistry of the transition metals, a field which is nowadays well-established and
surpassed the chemistry of the main-group metals. A surprisingly large amount of

Ž .modern transitionmetal compounds still contain the cyclopentadienyl ligand Cp .
Ferrocene is often labelled as the first metallocene. However, if one takes the

w xterm ‘metallocene’ to describe a metal complex having one or more Cp ligands 16 ,
than metallocene chemistry existed already long before the discovery of ferrocene.

ŽIronically, the first synthetic route to ferrocene 2CpMgBr q FeCl ª Cp Fe q2 2
.2MgBrCl makes use of Cp-magnesiumbromide, a main-group metallocene. Even

w xolder than this cyclopentadienyl Grignard reagent 3 are the cyclopentadienyl
complexes of the alkalimetals, which have been prepared already shortly after the
isolation of cyclopentadiene itself.

The discovery of cyclopentadiene has been described in a couple of entertaining
1 w xpapers 4,5 which show that especially the slow and reversible Diels]Alder

dimerization of cyclopentadiene has been puzzling at that time. The new C H -5 6
w xcompound has been marked as the ‘simplest indene’ 4 or was labelled ‘propenty-

w x w xlene’ 6 . Later it was more correctly named ‘cyclopentadiene’ 5 and soon after, in

1 w x Ž .Quoted from Roscoe and Liebigs 4 translated from German : ‘‘In order to find a clarification for the
Genesis of this hydrocarbon, I approached a friend, Mr Josiah Hardman, who kindly supplied me with
about 200 liters of the most volatile fractions from 240 tons of tar. This material was carefully

w xfractionated and yielded circa 2 liters of a low-boiling substance’’.Quoted from Kraemer and Spilker 5
Ž .translated from German : ‘‘The observation that the boiling point of the volatile fractions experience
an increase after standing was already made by us in an early stadium of our research, in the course of
which we sometimes experienced in our laboratory an explosion of great violence which we ascribe to
the sudden decomposition of such unsaturated compounds’’.
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the year 1900, the first organometallic compound containing a cyclopentadienyl
ligand was prepared in the form of CpNa. Thiele prepared CpNa ‘in situ’ for the

w xuse in further reactions 7 , but 1 year later he synthesized and isolated pure CpK
w xfrom the reaction of cyclopentadiene and potassium metal in benzene 8 . Interest-

Žingly, CpK represents the first isolated pure organoalkalimetal compound all
previous attempts to isolate pure organometallic compounds of the alkalimetals

w x . 2failed 9 .
Although it was recognized in an early stage that Cp-alkalimetal compounds are

salt-like highly ionic species, investigations on its bonding and molecular structures
w xonly started in the late 1950s. Results from IR 10,11 and NMR measurements

w x12]14 indicated largely ionic species in which the metal cation is bonded above
Ž .the p-plane along or close to the fivefold axis of the Cp ligand. The first single

crystal structure determinations of Cp-alkalimetal compounds date from 1976 and
Žshowed this structural type indeed to be correct first polymeric chain structure

w x w x.15,16 ; first monomeric structures 17]20 . In the meantime, several structures in
the Cp-alkalimetal series have been determined. These include structures of
substituted and unsubstituted Cp rings with a large variety of alkalimetalrligand
combinations. In general, the structures of Cp-alkalimetal compounds belong to
the categories of unsolvated linear polymers, solvated linear polymers and solvated

Ž .monomers Fig. 1 .
The preference for a certain structure type depends on the combination of

Ž .ring-substituents, metal and the solvent or ligands present. For a long time there
seemed to be no more variation within this group of Cp-alkalimetal structures.
However, the continuous work of main-group organometallic chemists combined
with the increasing interest of transitionmetal chemists in their Cp-alkalimetal
precursors, resulted in some new impulses in this field. Likewise, new develop-
ments and improvements in methods for structure determination have been of
great value. This work is the first review article dealing specifically with Cp-
alkalimetal compounds. It not only complements earlier review articles in which

w xCp-alkalimetal compounds were included 21]28 , but also gives a complete sum-
mary of all Cp-alkalimetal structures and incorporates the most recent develop-
ments in this branch of chemistry.

2. Bonding in cyclopentadienyl-alkalimetal complexes

Nearly 1 century ago, Thiele isolated the first pure Cp-alkalimetal compound in
w xthe form of CpK 8 . Although Thiele was aware of the fact that double bonds next

2 The most common ways to prepare organoalkali compounds were either the Zn]Na exchange reaction,
Ž y q.Et Zn q 2Na ª 2EtNa q Zn, in which case ate-complexes are formed Et Zn rNa or the Hg]Na2 3

exchange reaction, Et Hg q 2Na ª 2EtNa q Hg, in which case the finely divided sodium amalgam2
Žcould not be separated from the EtNa precipitate polar etheral solvents to dissolve the sodium species

.were not used at that time .
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Fig. 1. Generally observed solid state structures of Cp-alkalimetal compounds. Stepwise solvation of the
metal cation results in degradation of the polymer chain into monomeric units.

Žto a methylene or methyl group acidify this C]H unit or in his own words:
.‘increase the mobility of the hydrogen atom’ , he was reserved about the exact

structural formula of the new Cp complex. The first sentence of his article reads
Ž .translated from German : ‘One of the hydrogens in cyclopentadiene is very easily
exchanged for a potassium; probably this is a methylene hydrogen which, as I
recently proved, is very reactive on account of its neighbouring ethylene double
bonds’. The fact that Thiele was not sure which hydrogen reacted seems amazing,
however, one should consider that the concept of aromaticity and Huckel’s 4n q 2¨

w xelectron rule 29 were unknown at that time. Nowadays a simple ab initio
calculation suffices to estimate roughly the energy differences between the isomers
Ž . w xFig. 2 30 .

At present the aromaticity of the Cp anion is beyond dispute, however, the
nature of the Cp-alkalimetal bond is still confusing. The bond between a highly
electropositive alkalimetal and a less electropositive carbon is expected to have
ionic character, but the extent of ionic character has been the subject of a longtime

w xdiscussion 31]33 . Several advanced calculational methods have been applied to
w xanalyze the electron distribution in alkalimetal compounds 34]38 . At present, the

w xvalue of 80]90% ionic character seems to be established 31]33 . This implies that
organoalkalimetal compounds in general should be described as ion clusters in
which electrostatic anion]cation attraction predominates the bonding.

The polarity of the carbon]alkalimetal bond is not only dependent on the metal
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Ž . Ž 5.Fig. 2. The energy difference between hypothetical 2-lithio-cyclopentadiene C and aromatic h CpLis
Ž . Ž U .C , according to ab initio calculation RHFr6-31 q G .5v

Ž .the polarity increases along the row Li]Cs but also depends on the nature of the
organic anion. Calculations show Cp-alkalimetal bonds to be more ionic than

Ž w x .alkyl-alkalimetal bonds 91]97% vs. 79]93% for the latter 31,32 . For this reason
the Cp-alkalimetal bond should be considered as highly ionic with negligible
covalent character. In analogy, its structures should be described and discussed
from an electrostatic point of view. Therefore CpLi can not be considered a

Ž .member in the series of aromatic 6-membered nido-polyhedra 1]3 for which
‘aromaticity in three-dimensions’ has been demonstrated and corresponding 4n q 2

w xelectron rules have been devised 39]41 . Instead, CpLi is better described as a
Ž . qcontact ion-pair 4 without delocalization of ring electrons in the Li -cap and only

‘two-dimensional aromaticity’ in the Cp ring.
In principle, the cyclopentadienyl ligand may bind to the metal in several ways

varying from h1 to h 5. In order to determine the preferred hapticity in CpLi, a
w xso-called calculational haptotropic search has been carried out 42 . For this

purpose the Liq was moved above the Cp anion from one side to the other side of
the ring. Constrained optimization of the different stadia along the path shows a

Ž 5.distinct preference for h Cp]Li bonding.
We repeated a similar haptotropic search with less constraints and a better level

Ž . w xof theory including correction for electron correlation 30 . The CpLi moiety was
q Žconstrained in C symmetry and Li was moved in steps above the Cp ring whichs

.was constrained planar but the hydrogens were allowed to move out of the plane .
Ž .Several stadia of lithium coordination were optimized Fig. 3 . The energy as well

as the distance between the Cp plane and Liq increase with decreasing hapticity:
5 4 3 2 1 Ž 5.h - h - h - h - h . The energy difference of 19.6 kcalrmol between h

Ž 1.and h Cp]Li bonding is substantial. Hitherto, this preferred mode of bonding is
confirmed by numerous structure determinations. However, small deviations from
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Ž U . ŽFig. 3. A haptotropic search on CpLi MP2r6-31qG Li is shifted over the Cp plane from left to
. Ž . Ž .right . The energy as well as the Cp plane ]Li distance given in parentheses increase with decreasing

hapticity.

Ž 5.perfect h Cp]alkalimetal bonding are common. The energy curve around the
5 Ž .h -minimum is rather flat Fig. 3 and symmetry breaking ring substituents or

Ž 5.metal bound ligands already suffice to distort a perfect h Cp-alkalimetal bonding
geometry.

w xAs has been previously calculated 39]44 , the hydrogens in CpLi bend away
from the metal cation. This out-of-plane bending shifts more electron density to

Ž .the side of the ring facing the Li cation 5 , whereas opposite bending would shift
Ž .the negative charge to the other side of the Cp ligand 6 . These effects are

generally small: the hydrogens in CpLi are calculated to bend only 2.08 out of the
Ž U .plane of the Cp ring MP2r6-31qG . The different stadia in the haptotropic

search on CpLi show that out-of-plane bending is most extreme for those C]H
q Ž . Ž 1.units closest to Li Fig. 4a . The largest bending is observed in the h Cp]Li

q Ž .complex for the C]H unit closest to Li 15.78 .
An analysis of the atomic charges in the different stadia of the haptotropic

Ž . qsearch Fig. 4b , shows that the position of Li also has a tremendous effect on the
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charge distribution in the Cp anion. The CH groups closest to Liq have the highest
electron density. This is due to the strong polarizing influence of the small Li
cation and the good polarizability of the Cp p-system.

Apart from the ‘face-on’ Cp-alkalimetal bonding described above, the Cp ligand
also possesses ‘side-on’ bonding abilities. Such Cpy ??? Mq interactions especially
play a role in the bonding of polymeric structures of the heavier Cp-alkalimetal
compounds. Two border structures for ‘side-on’ Cpy ??? Liq bonding have been

Ž . w x 1 2calculated Fig. 5 30 : an ‘h ’ and an ‘h ’ interaction of which the latter is
energetically favoured. The CpyrLiq dissociation energies are 92.7 and 123.2
kcalrmol, respectively. These interactions are characterized by very short
Liq ??? H]C distances and for this reason sometimes labelled as agostic interac-

Ž U . Ž .Fig. 4. The different stadia in the haptotropic search on CpLi MP2r6-31qG . a Side view which
q Ž .shows the hydrogen out-of-plane bending in relationship to the position of Li above the Cp plane. b

˚Ž .Top view showing the relation between the C]Li bond distances given in A and the NPA group
Ž .charges i.e. charge of the carbon q attached hydrogen given in parentheses .
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Fig. 5. ‘Side-on’ Cpy ??? Liq coordination in comparison to ‘face-on’ Cpy ??? Liq coordination
Ž U .MP2r6-31qG . Energy differences are given in kcalrmol. Charges are given in parentheses as NPA

Ž .group charges i.e. sum of the charge of the carbon and attached hydrogen .

w x dy dqtions 45]47 . Although C]H bonds are usually polarized C ]H and would not
favourably interact with a Liq cation, the strong polarizing influence of a nearby
Liq draws electron density from the ring into the C]H s-bond. This is generally

1 w xobserved from a low-field shift in H-NMR for the agostic proton 45]47 . Additio-
nally, the p-system of the Cp anion is also strongly polarized by this ‘side-on’

y q Ž .Cp ??? Li contact. This can be concluded from the calculated charges Fig. 5 .
Thus, this type of bonding can be understood as an interaction of a metal cation
with the electron density and the induced dipole on the Cp ligand.

The calculations presented are performed on gas phase models of an interacting
anion]cation combination, whereas in solution or in the solid state many anions
and cations seek balance between Coulomb attraction and repulsion. For this
reason, the relative energy differences should not be taken as absolute values.
However, the fact that a ‘side-on’ Cpy ??? Liq bond is calculated to be approx. 50%

Ž 5. y qweaker than the usual observed ‘face-on’ h Cp ??? Li bonding, indicates that
such interactions should not be underestimated.

Cp-alkalimetal compounds are, with a few exceptions, insoluble in apolar sol-
vents. Consequently, nearly all structure determinations have been performed on

Ž .species containing polar co solvent molecules as a ligand for the metal cation. It is
therefore appropriate to include a brief discussion on alkalimetal]ligand interac-
tions here as well. This type of interaction is often described as an electron-donating

Ž .ligand or solvent molecule bonding to an electron-deficient cation, a terminology
dating from an era in which organoalkalimetal compounds were described from the
viewpoint of a predominant covalent bonding model. It should be stressed that
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alkalimetal cations are not electron-deficient. Ionization potentials for the alka-
limetals are the lowest throughout the periodic table of elements and as Schleyer

w xstated 48 : ‘It is hard for lithium to bind two or three electrons; eight is out of the
question’. For this reason, polar solvents like THF or TMEDA are not electron-
donating species which donate electron density in order to fill up empty valence

w xorbitals at the alkalimetal cation. Several independent calculations 49,50 have
shown the interaction between lithium and a polar solvent to be primarily elec-

Ž .trostatic, i.e. a large electrostatic component cation]dipole attraction and a
Ž .smaller polarization component cation-induced dipole attraction are involved, but

negligible charge transfer from the ligand to the lithium cation is observed.
Consequently, eight-electron rules do not apply to the coordination chemistry of
the Group I metals. Instead, alkalimetal cations collect as many anions and dipolar
ligand molecules in their coordination spheres as possible. This number is only
defined by steric limits. For example, an official electron count in the complex

Ž . Ž . w xCpLi ? 12-crown-4 7 51 results in 14 valence electrons in the Li coordination
sphere. The large number of Liq-anion and Liq-dipole contacts in this complex is
merely a consequence of the favourable construction of the crown ether molecule.

In summary, Cp-alkalimetal compounds are highly ionic species of which the
molecular structures should be discussed in terms of electrostatic attraction and

Ž .repulsion between ion charges, induced ion dipoles and partially induced ligand
dipole moments.

3. Structures of cyclopentadienyl-alkalimetal complexes

3.1. Polymeric cyclopentadienyl-alkalimetal complexes

Although the bond between a carbanion and an alkalimetal cation is highly ionic,
organoalkalimetal compounds generally do not show the salt-like character as

Žfound for NaCl i.e. poor solubility in organic solvents and the formation of an
.infinite three-dimensional structure . This distinction stems from the difference

between the electron-distribution around a Cly and a carbanion in general.
Whereas the electron density in Cly is distributed spherically, a carbanion com-
monly shows an asymmetric charge distribution in which the negative charge is
localized on one side of the molecule. Obviously, these differences are reflected in

Žthe different solid state structures of NaCl and organoalkalimetal compounds Fig.
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Fig. 6. The relationship between the structure of the anion and the structure of the aggregate.

.6a,b and, consequently, in their physical properties. Whereas NaCl forms an
infinite three-dimensional polymeric structure, organoalkalimetal compounds gen-
erally form defined clusters in which the outside organic bulk prevents further
aggregation.

The cyclopentadienyl anion differs from general carbanions in the sense that the
electron distribution is evenly divided between all carbon atoms in the ring and on

Ž .both sides of the Cp ring Fig. 6c . For this reason a one-dimensional polymer-like
chain structure, a supersandwich, is obvious and often observed in X-ray structures
of Cp-alkalimetal compounds. All structurally known polymeric Cp-alkalimetal
complexes have been summarized in Table 1.

The structures of the unsubstituted and unsol̈ ated Cp-alkalimetal compounds
Ž .CpLi, CpNa, CpK, etc. have always been a matter of fundamental interest.
However, such compounds are generally very slightly soluble in non-coordinating
apolar solvents and can only be obtained from these solvents as fine powders.
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Table 1
aCrystal structures of polymeric Cp-alkalimetal compounds

bCompound Range C]M Av. C]M Cp ]M CCDC Ref.c

˚ ˚ ˚Ž . Ž . Ž .formula A A A code

w xCpLi 2.275]2.335 2.307 1.969 ] 52
w xCpNa 2.632]2.671 2.650 2.357 ] 52
w xCpK 3.033]3.081 3.056 2.816 ] 52

2.956]3.139 3.055 2.816 ]
Ž . w xCpRb phase I 3.173]3.263 3.214 2.962 ] 53

3.086]3.301 3.175 2.944
Ž . w xCpRb phase II 3.139]3.228 3.184 2.962 ] 53

Ž . w xTMS CpLi 2.280]2.339 2.305 1.966 PAPYOU 54
2.281]2.333 2.299 1.959
2.283]2.329 2.308 1.968
2.274]2.347 2.312 1.972
2.279]2.324 2.299 1.957
2.301]2.339 2.320 1.982

Ž . w xTMS CpK 2.988]3.079 3.032 2.785 FOGMET 55,56
3.002]3.073 3.035 2.788

w xCpNa ? TMEDA 2.856]2.964 2.914 2.667 CPNATM10 15,16
2.830]3.017 2.940 2.691

Ž . w x2- THF CH CpNa ? THF 2.733]2.898 2.823 2.568 PIRFAX 572
2.698]2.968 2.829 2.576

Ž . w xbenzyl CpNa ? THF 2.728]2.836 2.784 2.515 SUDWAP 58
2.661]2.897 2.774 2.506

Ž . w xcyclopentyl CpNa ? THF 2.667]2.803 2.724 2.455 SUDWET 58
2.693]2.799 2.744 2.477

Ž . w xMe N BCpNa ? THF 2.704]2.796 2.752 2.477 ZOQLUM 592 2
2.710]2.787 2.753 2.479
2.681]2.824 2.754 2.482
2.614]2.926 2.801 2.538

Ž . w xMe N BCpNa ? THP 2.662]2.778 2.720 2.441 ZOQMAT 592 2
2.712]2.745 2.731 2.452

Ž . Ž . w xMe B CpNa ? THP 2.744]2.928 2.843 2.578 ZOQMIB 592 2
2.714]2.745 2.731 2.452

tŽ . w xBu NHSi CpK ? THP 3.012]3.095 3.052 2.808 HACYOZ 60
2.979]3.085 3.031 2.785

U Ž . w xCp K ? pyridine 2.962]3.104 3.030 2.783 KOHZUC 612
2.959]3.105 3.058 2.794

w xCpK ? Et O 2.992]3.030 3.011 2.767 NAGSUJ 622
2.992]3.032 3.012 2.768

a Ž . w xCoordinates without S.D. originate from the Cambridge Crystallographic Database 63 .
bCp represents the geometric center of the C -ring.c 5

Developments in high-resolution powder X-ray diffraction using synchrotron radia-
tion, however, enable the powder structure determinations of substances of growing
complexity. The solid state structures of the series of simple unsubstituted and
unsolvated Cp-alkalimetal compounds have been determined only very recently via
X-ray powder diffraction.
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Structural analyses of CpLi and CpNa powders reveal that these compounds are
isomorphous, i.e. they show very similar cell parameters and possess an identical

w xcrystal system and spacegroup 52 . Both compounds can be described as one-di-
Žmensional linear supersandwiches of alternating Cp anions and metal cations Fig.

.7 . Crystallographic symmetry imposes all Cp rings within each supersandwich to be
coplanar and eclipsed. Likewise, equidistant Cp]M bonds are imposed by symme-
try, however, the metal cations are not bound exactly on the line between the
centres of two subsequent Cp rings: the angles Cp ]Li]Cp and Cp ]Na]Cpc c c c
measure 176.4 and 177.78, respectively. Each linear supersandwich is surrounded

Ž . Ž .from six other parallel running CpM chains Fig. 7b . Four of these chains are`

Žpositioned ‘staggered’ i.e. offset by exactly halve of the c-axis like shown in Fig.
. y q Ž .7a , a situation which enables ‘side-on’ Cp ??? M bonding see Section 2 , and

Ž .two are positioned ‘eclipsed’. The distances between ‘eclipsed’ chains z in Fig. 7b
Ž .are longer than those between ‘staggered’ chains x and y in Fig. 7b . Whereas, the

‘eclipsed’ chain pairs in CpLi and CpNa are situated at similar distances, the
‘staggered’ chains in CpLi are further apart from each other than those in CpNa.

˚Also, the shortest interchain Li ??? H contact of 3.453 A is longer than the shortest
˚ Ž .interchain Na ??? H contact of 3.353 A. Apparently, the Cp rings within the CpLi `

chain are so close to each other that ‘side-on’ Cpy ??? Liq bonding is effectively
y y Ž . qprohibited by interchain Cp ??? Cp repulsion. In CpNa , the larger Na forces`

the Cp rings further apart and enables a slightly more efficient penetrating of
‘staggered’ chain pairs.

Whereas CpLi and CpNa form nearly linear supersandwiches which only slightly
w x w xinteract, the structures of the heavier cyclopentadienides, CpK 52 and CpRb 53 ,

form bent ‘zig]zag’ chains of CpM units which strongly interact among each other.
This nicely shows the influence of an increase in metal radius. Enlargement of the
cation results in larger distances between the Cp anions within a chain. This
facilitates bending of the Cpy]Mq]Cpy unit and enables a very efficient bonding
interaction between the polymer chains. For example, strongly bending of the

Ž . y qCp]K]Cp unit in CpK 1388 maximizes interchain Cp ??? K bonding, while

Ž . Ž . Ž .Fig. 7. a View perpendicular on the linear chains of CpM M s Li or Na . b View along the linear
Žchains of CpM the distances between neighbouring chains are designated with x, y and z; for M s Li:

˚ ˚ ˚ ˚ ˚ ˚.x s 5.565 A, y s 5.557 A and z s 6.260 A; for M s Na: x s 5.503 A, y s 5.309 A and z s 6.291 A .
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Ž . Ž .Fig. 8. a Two neighbouring ‘zig]zag’ chains of CpK units. b Perspective view along the interacting
chains in the structure of CpK; hydrogen atoms are omitted for clarity.

y y Ž .minimizing the interchain Cp ??? Cp repulsive interactions Fig. 8a . The chain
direction in the structure of CpK coincides with a crystallographic fourfold inver-

Ž .sion axis and therefore each CpK chain interacts with four neighbouring chains`

Ž .Fig. 8b .
w xFor CpRb, two different crystal phases are found 53 . The polymer chains in

Ž . Ž .both crystal phases are strongly bent 123.5]131.68 . One of the phases phase I
differs from all other polymeric Cp]M chain structures: the structure is built-up
from layers of parallel chains, however, neighbouring layers show a mutually

Ž .perpendicular orientation Fig. 9 . The other structurally known phase of CpRb
Ž . Ž .phase II shows interacting parallel chains Fig. 10 .

Although ‘side-on’ interchain Cpy ??? Mq contacts are generally weaker than
‘face-on’ Cpy ??? Mq intrachain contacts, the energy of such interactions should

Ž .not be neglected see discussion in Section 2 . Therefore the structures of CpK and
CpRb, can be considered as a transitional form between the one-dimensional
chain-like polymer structure of CpLi and an infinite three-dimensional polymer
structure.

Only two cases of single crystal structure determinations of solvent free Cp-al-
Ž . w xkalimetal compounds have been described in the literature, that of TMS CpLi 54

Ž . w xand that of TMS CpK 55,56 . A comparison of these results with the work on
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Ž .Fig. 9. CpRb phase I shows layers of parallel chains. Subsequent layers possess a mutually perpendicu-
lar orientation. ‘Side-on’ Cpy ??? Rbq bonding proceeds within the layers and between the layers.

Cp-alkalimetal powders nicely demonstrate the effect of ring substituents on the
Ž .overall structure. The structure of TMS CpLi shows a linear supersandwich of

Ž .alternating anions and cations similarly to the structure of CpLi Fig. 11a . As in
CpLi, no pronounced interchain interactions are observed. The Cp rings are nearly

Ž .coplanar angles between planes vary from 5 to 88 and the TMS-substituents point
Ž .in various directions around the chain Fig. 11b .

Ž .However, the complex TMS CpK forms a supersandwich in which the Cp]K]Cp
Ž .units are bent 150.78 and the TMS-substituents are situated roughly on one side

of the chain. This enables mutual ‘side-on’ Cp]K interchain contacts between
Ž .neighbouring chains Fig. 12a and layers of coordination polymers originate. These

Ž . Ž .Fig. 10. The structure of one of the crystal phases of CpRb phase II . a View perpendicular on the
Ž . y q‘zig]zag’ chains. b View along the chains showing the ‘side-on’ Cp ??? Rb interchain contacts for

one particular Rbq.
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Ž . Ž .Fig. 11. a The crystal structure of TMS CpLi: a linear supersandwich of alternating anions and
Ž .cations. b View along the linear chain.

Ž .layers are shielded on the outside by the TMS bulk Fig. 12b and do, except for
the usual van der Waals attraction, not interact with each other. Thus, the
introduction of a simple TMS-substituent breaks down the three-dimensional
salt-like CpK array in two-dimensional sheets of mutually interacting linear chains.
Sterically blocking of coordination sites at the metal by simple substitution of the
Cp ring is therefore also related to an increased solubility of substituted Cp-

Ž .alkalimetal compounds; cf. CpK is largely insoluble in toluene whereas TMS CpK
was crystallized from this solvent.

All other polymeric Cp-alkalimetal structures which have been determined were
crystallized from polar solvents and include one or more solvent molecules. Such
solvated polymers crystallize as supersandwiches which all exhibit a characteristic

w x Ž .zig]zag chain structure like in CpK ? Et O 62 Fig. 13 .2
This zig]zag structure is imposed by ligand]cation interactions which result in

bending of the Cpy]Mq]Cpy unit. The supersandwich chains in all these com-
pounds are isolated chains which do not mutually interact. Thus it can be
concluded that ligand]cation contacts are given preference to interchain interac-
tions.

Ž . Ž . y qFig. 12. The crystal structure of TMS CpK. a ‘Side-on’ Cp ??? K interaction between two neigh-
Ž .bouring chains. b View along the chains showing a ‘zig]zag’ sheet of interacting chains.
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Fig. 13. The crystal structure of CpK ? Et O: a ‘zig]zag’ chain typical for the structures of solvated2
polymeric Cp-alkalimetal complexes.

If bending of two successive Cpy]Mq]Cpy units proceeds in different planes,
Ž . w xspiral structures like that of the CpNa ? TMEDA chain can arise Fig. 14 15,16 .

One turn in the spiral consists of four CpNa units.
Intramolecular solvation of the cation has been observed in the chain structures
Ž t . w x Ž . w x Ž .of Bu HN Me SiCpK ? THF 60 and 2- THF CH CpNa ? THF 57 Fig. 15a .2 2

w x Ž .Another remarkable structure exhibits benzyl-CpNa ? THF 58 Fig. 15b which

Ž . Ž .Fig. 14. The spiral chain structure of CpNa ? TMEDA. a View perpendicular on the chain. b View
along the spiral chain.
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Ž . Ž . Ž .Fig. 15. Intramolecular coordination in the crystal structures of a 2- THF CH CpNa ? THF and b2
benzyl-CpNa ? THF.

forms an ordinary zig]zag chain in which Naq is solvated by one THF ligand.
However, the position of the phenyl group is such that a weak but not insignificant
interaction between its electron-rich p-system and Naq can be expected. The

q ˚ y qŽ . Ž .shortest phenyl C ??? Na contact of 3.32 A is much longer than the Cp C ??? Na
˚bond distance which in the same structure averages 2.779 A, however, it should be

noted that no sharp cut-off value for an electrostatic interaction exists: Coulomb
attraction falls off slowly with a 1rr dependence. The striking conformity between

q Ž . Ž .the Na coordination spheres in 2- THF CH CpNa ? THF Fig. 15a and benzyl-2
Ž . Ž . qCpNa ? THF Fig. 15b justifies a phenyl p ??? Na interaction in the latter.

3.2. Monomeric cyclopentadienyl-alkalimetal complexes

Polar solvents can break down polymeric Cp-alkalimetal structures into
monomeric units. The majority of all X-ray structure determinations of Cp-al-

Žkalimetal compounds revealed monomeric structures principal structural data are
.summarized in Table 2 . Their relatively large number and the absence of strong

intermolecular interactions between monomeric species enables a reliable evalua-
tion of the factors determining their structures. The influences of the metal cation,
coordinating ligands and ring substituents are discussed.

3.2.1. The influence of the metal cation
It is remarkable that a vast number of all structurally known monomeric

Ž .Cp-alkalimetal compounds listed in Table 2 are lithium complexes, whereas the
Ž .polymeric chain structures listed in Table 1 are nearly exclusively Cp complexes

of the heavier metals Na and K. This nicely reflects the problem of coordinative
Žsaturation which is generally encountered with the larger electropositive metals cf.

w xorganoalkalimetal structures in general 74 and also the structural chemistry of the
w x.alkaline-earth metals 75,76 . Enlargement of the metal cation increases its coordi-

nation number and results in an increased tendency for the formation of coordina-
U Ž .tion polymers. For example, precipitation of Cp Na Me CpNa from a pyridine5
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U Ž .solution results in the crystallization of the monomeric complex Cp Na ? pyridine ,3
whereas CpU K crystallizes from the same solvent as a solvated polymeric chain:
w U Ž . x w xCp K ? pyridine 61 .2 `

Ž .A monomeric CpK complex has only been observed in the case of benzyl CpK ?5
w x Ž .THF 72,73 Fig. 16 , a complex in which large benzylsubstituents in the Cp ring3

prevent the formation of a polymeric chain structure. For similar reasons, bulky
substituents are often introduced to enhance the solubility of Cp-alkalimetal

Ž .compounds, e.g. it is noteworthy that 1,2,4- TMS CpLi even dissolves in hexane3
w x19,55,56 .

( )3.2.2. The influence of the ligand sol̈ ent
An evaluation of the influence of the ligand on the structure of solvated

Cp-alkalimetal complexes is only valid when the influences of different substituents
Ž .are excluded. Table 2 shows a number of TMS CpLi structures which only vary in3

the ligand solvating the Li cation. The structures of these compounds and their
corresponding Cp ]Li distances are listed in Fig. 17a. This series shows increasingc
Cp ]Li distances with increasing solvation of Liq. The shortest bond distances arec

Ž . Ž .observed for the monosolvated species TMS CpLi ? chinuclidin and TMS CpLi ?3 3
Ž . q Ž .THF . Chelation of Li by TMEDA N,N,N9,N9-tetramethylethylenediamine
results in a significant increase of the Cp ]Li distance. The crystal structure of thec

Ž .analogue PMDTA N,N,N9,N0 ,N0 -pentamethyldiethylenetriamine complex
shows only bidentate coordination of the tridentate ligand and a similar Cp ]Lic

Ž .distance. Finally, an X-ray study on crystals of TMS CpLi formed in the presence3
Ž q.of 12-crown-4 a very efficient complexing agent for Li revealed the structure of

w xa solvent-separated ion pair in which the Cp]Li bond is broken 70 . These results
show that solvation of Liq with external ligands competes with Cpy]Liq bonding.
Thus, solvation of the metal cation not only induces the gradual cutting of polymer
chains into monomeric units but might even cause an extended degradation of
monomers into separated ion-pairs.

Ab initio calculations confirm that progressive solvation of the metal in CpLi
Ž . w xincreases the Cp]Li bond distance Fig. 17b 77 . This is explained by Coulombic

repulsion between the Cp anion and the directed solvent dipoles.

Ž .Fig. 16. The only monomeric crystal structure of a CpK compound: benzyl CpK ? THF .5 3
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˚Ž . Ž . Ž .Fig. 17. a Crystal structures of TMS CpLi complexes and their corresponding Cp ]Li distances A .3 c
˚Ž . Ž . Ž . w xb Ab initio RHF calculated CpLi complexes Cp ]Li distances in A 52 .c

3.2.3. The influence of ring substituents
The majority of all substituted Cp-complexes include either alkyl or silyl substi-

tuted Cp rings. Therefore the influence of ring substituents on the molecular
structure, electron distribution and stability of Cp-alkalimetal compounds will be
discussed here for alkyl and silyl substituents in particular.

Ž .Due to the frequent use of the Me Cp ligand in organometallic chemistry, the5
effect of alkyl substitution is well documented. Alkyl substituents increase the

w xelectron density in the Cp ligand 78]80 , however, not much is known about the
w xelectronic effects of silyl substituents on the Cp ring 81 .

Ž U . w xAb initio calculations RHFr6-31 q g q ZPE correction 30 show that elec-
Ž .tron releasing alkyl substituents destabilize the Cp anion eqs. 1]2 . In contrast,
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Ž .3silyl substituents strongly stabilize the Cp anion eqs. 3]4 . The strong stabiliza-
tion of the Cp anion by fivefold H Si substitution is in line with the observation3
that second-row elements generally stabilize adjacent anionic centres, partly through

w xpolarization effects and partly through negative hyperconjugation 82]84 .
Ž y q.The heterolytic dissociation energies Cp9Li ª Cp9 q Li for the substituted

Ž . Ž . Ž .Cp compounds are given in kcalrmol : Me CpLi 170.0 , MeCpLi 168.8 , CpLi5
Ž . Ž . Ž . Ž .168.3 , H SiCpLi 160.4 and H Si CpLi 134.5 . Alkyl substitution results in3 3 5
slightly stronger Cp]Li bonding, whereas silyl substitution induces the opposite.

What are the effects of alkyl and silyl substituents on the Cp-alkalimetal bond
length? A discussion of experimentally determined Cp]metal bond distances in
differently substituted Cp-alkalimetal compounds, only makes sense when compar-
ing compounds with the same cap, i.e. metal]ligand combination. A comparison in

Ž .the series of CpLi structures with TMEDA as a solvating ligand Fig. 18a shows
that the Cp]Li distance shortens with increased alkyl substitution in the Cp ring.

3The equations 1]4 show the MeCpH and H SiCpH isomers of lowest energy. The relative energies3
Ž . Ž . Ž . Ž .kcalrmol for the isomers are: 1-MeCpH q3.5 ; 2-MeCpH q0.4 ; 3-MeCpH 0.0 and 1-H SiCpH3
Ž . Ž . Ž .q1.1 ; 2-H SiCpH 0.0 ; 3-H SiCpH q0.8 .3 3
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This effect is small but is in agreement with increased electron density in the Cp
ligand which enhances Coulombic Cpy ??? Mq attraction and also fits well to the
calculational data in Fig. 18b4. On the other hand, gradual TMS-substitution

Žresults in a significant elongation of the experimentally observed CpLi bond Fig.
. Ž .18a . Calculational data Fig. 18b , however, do not confirm the elongation of the

CpLi bond with increased silyl substitution. Even fivefold H Si-substitution does3
not considerably affect the Cp]Li distance. A silyl ring substituent draws p-elec-
tron density from the Cp ring by negative hyperconjugation, but it also strongly
donates electron density in the s-system of the ring. Apparently, the overall effect
balances and no large influence on the Cp]Li bond length is observed in the
calculational models. The experimentally observed elongation of the Cp]Li dis-
tance with increased TMS-substitution of the Cp ring is likely controlled by steric
interactions between the substituents and the Li ? TMEDA cap. These interactions
are especially obvious in the tris-TMS substituted CpLi compound. Steric repulsion
between the substituted Cp anion and the TMEDA ligand is also reflected in the
N]Li bond distances; e.g. the average N]Li bond distances in TMSCpLi ? TMEDA

˚Ž .and TMS CpLi ? TMEDA are 2.130 and 2.185 A, respectively.3
Ž .Table 2 includes two other compounds with an identical cap: CpLi ? 12-crown-4

Ž . Ž .and RO BCpLi ? 12-crown-4 . The slightly longer Cp]Li distance in the latter is2
Ž .caused by the p-electron withdrawing RO B substituent. In this respect the2

Ž . y qŽ .crystal structure of the separated ion-pair TMS Cp rLi 12-crown-4 is note-3 2
Ž .worthy. The contact ion pair, CpLi ? 12-crown-4 , and the separated ion pair,

Ž . y qŽ . ŽTMS Cp rLi 12-crown-4 , were crystallized under similar conditions i.e. with3 2
.2 molEq. of 12-crown-4 present in a THF solution . Formation of the separated ion

Ž .pair is explained by a combination of factors: i efficient solvation of the Li cation
Ž .with a crown ether ligand; ii a reduced dissociation energy for the Cp]Li bond by

Ž . Žthreefold TMS substitution; and iii strong steric interactions between the Li 12-
. Ž .crown-4 cap and the TMS Cp anion in a hypothetical contact ion-pair3

Ž . Ž .TMS CpLi ? 12-crown-4 .3

3.3. Oligomeric cyclopentadienyl-alkalimetal compounds

Apart from polymeric and monomeric Cp-alkalimetal complexes, a few cases of
Ž .oligomeric solid state structures have been revealed only very recently Table 3 .

Ž . w x Ž .A dimeric structure of Ph P CpNa ? DME has been published 85 Fig. 19 .2
ŽThe structure represents an odd dimer in the sense that not the carbanion the

y . qCp moiety bridges the metal centres but coordinative P ??? Na bonding provides
the contacts between the two monomeric species, a situation which is also common

w xin a-heteroatom substituted organolithium compounds 88,89 . Although not
recognized by the authors, this case of ligand]metal bonding represents the first
coordinative R P ??? Naq bond.3

4 ŽIt should be noted that the calculated Cp]Li distances are shorter than the experimental values this is
.due to lack of Li-solvation , but the relative effects of ring substitution can be nicely compared.
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Ž .Fig. 18. a Crystal structures of TMEDA-solvated CpLi complexes and their corresponding Cp ]Lic
˚ UŽ . Ž . Ž .distances A . b Ab initio calculated CpLi complexes RHFr6-31 q g and their corresponding

˚ 5Ž .Cp ]Li distances A . All Cp]Li bonding modes are close to h .c

A dimer with a bridging Cp moiety has been found in a crystal structure of
Ž . w xbenzyl CpLi 86 . This highly substituted CpLi compound dissolves in benzene5

wŽ . x Ž .and crystallizes as benzyl CpLi ? C H Fig. 20a . The linear arranged dimer5 2 6 6
can be considered as the first intermediate in the formation of Cp-alkalimetal
polymer chains. Obviously, further extension of the dimer to a polymeric
Ž .benzyl CpLi chain is not possible for steric reasons: in the dimer the benzyl5
substituents at neighbouring Cp rings point away from each other. An interesting
feature in the structure of this dimer is the variety in the observed Cp]Li bond
distances. The sandwiched Liq is not symmetrically bound between the two Cp

Ž . w xanions Fig. 20b and this asymmetry was confirmed by calculation 86 . The
asymmetry in the dimer is evident from electrostatic bonding considerations: the

q q Žtop Li exerts a repulsive force on the sandwiched Li or similar, the terminal Cp
.anion exerts a repulsive force on the bridging Cp anion . In a symmetrical

supersandwich all repulsive and attractive forces on both sides of the metal cation
are equal.

An oligomer composed of four monomeric units has been found in the crystal
Ž . Ž . w xstructure of a C -bridged dilithio-bis cyclopentadienide Fig. 21 87 . The1
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Ž .2yRCp units in this tetramer are connected by four bridging Li cations reciding2
Ž .2yat the exo-side of the RCp unit. The remaining Li cations are bound to one2

Cp ring and solvated with a TMEDA ligand. This complex can be considered as a
cyclic supersandwich, i.e. a chain-like polymer of which both ends interact mutu-
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ally. A similar cyclic tetramer has been observed in the analogue fluorenyl
chemistry of the alkalimetals. For example, fluorenylsodium in the presence of

w xTMEDA crystallizes in a polymeric chain structure 90 . However, exchanging
ŽTMEDA for TMPDA tetramethylpropylene-diamine, a ligand with a larger bite

. w xangle results in the crystallization of a cyclic tetramer of fluorenylsodium 90 .
Similar cyclic hexameric structures have been found in the solid state structure of
Ž . ŽI. w xTMS CpTl 91 . In analogy to the ‘sandwich’ terminology, cyclic supersand-2

w xwiches have been labelled as ‘doughnut’ complexes 91 .
Certain substituted Cp-alkalimetal complexes dissolve in apolar solvents like

Žhexane and may well be present in solution as a ‘doughnut’ complex a cyclic
. Ž .oligomer . The observation that a hexane solution of TMS CpLi stiffens at higher3

Ž .Fig. 19. The dimeric structure of Ph P CpNa ? DME.2
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Ž . Ž . Ž .Fig. 20. a The dimer of benzyl CpLi is capped with a benzene ligand. b The different Cp]Li bond5
distances.

w xconcentrations into a gel-like substance 55,56 argues for the presence of oligomeric
units. In aromatic solvents, the end-standing metal cation of a linear oligomer can

Ž Ž . .be capped with a solvent molecule like in dimeric benzyl CpLi; Fig. 20 , but in5
alkanes cyclic oligomers are more likely. The presence of oligomers with a variety
of ring sizes likely hinders crystallization of defined molecular units and a gel,
typical for oligomers in solution, is formed. The report that removal of the hexane

w xsolvent yields a white powder which cannot be dissolved in hexane again 64 ,
Ž .suggests that in the solid state TMS CpLi forms long insoluble polymer chains3

which, upon solvation in alkane solvents, not reversibly break down to oligomeric
units.

Ž .Fig. 21. The tetrameric ‘doughnut’ structure of a C -bridged dilithio-bis cyclo-pentadienide . The1
TMEDA ligands are shown as thin black lines.
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Table 4
aCrystal structures of mixed-metal Cp-alkalimetal compounds

bCompound Range C]M Av. C]M Cp ]M CCDC Ref.c

˚ ˚ ˚Ž . Ž . Ž .formula A A A code

w xCp Sn-CpNa ? PMDTA 2.782]2.846 2.814 2.551 KUPFEG 92,332
Ž . w xTMS N CpSn-CpLi ? PMDTA 2.416]2.648 2.545 2.252 PESVUE 942

w xCpTl-CpLi ? PMDTA 2.342]2.685 2.517 2.226 SUMSIC 95,96
2.449]2.681 2.559 2.271

a Ž . w xCoordiantes without S.D. originate from the Cambridge Crystallographic Database 63 .
bCp represents the geometric center of the C -ring.c 5

3.4. Mixed-metal cyclopentadienyl-alkalimetal compounds

As discussed in Section 3.1, the distribution of electron density on both sides of
the Cp anion gives rise to the formation of polymeric ]Cpy]Mq]Cpy]Mq]
chains. Solvation of the metal cation can break the polymeric chain into smaller
units, among which the solvated monomer. The Cp anion in a solvated monomer
still possesses one empty electron rich side which can dock on electrophilic metal

Ž .compounds. In several cases mixed-metal complexes have been isolated Table 4
w x92]98 .

w xThe crystal structure of one of these complexes, Cp Sn-CpNa ? PMDTA 92,93 ,2
is shown in Fig. 22. As expected, Sn ??? Cp bond distances to the terminal Cp rings
are shorter than that to the docked CpNa species. Such complexes are generally
considered as intermediates in nucleophilic substitution reaction at SnII centres.

4. Anionic alkalimetallocene sandwich complexes

Starting with the discovery of ferrocene, many of the elements within the
periodic table have been sandwiched between the rings of cyclopentadienyl ligands.
Not only a wide variety of transition metals, but also the group II alkaline-earth

w x Ž w x w x w x.metals 75,76 and even group III B 98 , Al 100,101 , As and Sb 102,103 and
Ž w x w x.group IV Si 104]106 , Sn 107,108 elements have been put between the p-sys-

Fig. 22. The crystal structure of Cp Sn-CpNa ? PMDTA.2
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tems of Cp ligands. From various experimental observations it was concluded that
similar ‘Cp M’ sandwich compounds also could exist for the series of the group I2
alkalimetals.
Ž .i Already in 1962, the unexpected high conductivity of a solution of CpLi in

w xTHF raised the suspect that ionic particles exist in solution 109 . These could
either be the free ions Cpy and Liq, but the existence of triple-ions like Cp Liy

2
was also not excluded.
Ž . w xii Cryoscopic measurements on a solution of CpLi in liquid ammonia 110

showed that the molecular weight for the average CpLi species in solution is
Ž .1.4 "0.1 times the molecular weight of CpLi monomer. Thus, higher aggregates

exist in solution. The observed aggregation factor can be explained by an equilib-
Ž .rium between monomers and dimers eq. 5 or by assuming the existence of

Ž .triple-ion pairs eq. 6 .
The triple cation, CpLiq, is considered an inverse sandwich complex and such a2

complex was recently observed in a crystal structure determination in the form of
q Ž . Ž . w x q w x t qMeCpLi ? TMEDA Fig. 23 111 . Likewise, CpNa ? THF 112 and Bu CpK2 2 2 6 2

Ž . w x? 18-crown-6 113 have been observed in solid state structures.2
Ž . w xiii A recent extensive NMR study using a variety of available techniques 114

shows the existence of an anionic Cp Liy sandwich in solution. In a THF solution2
at low temperature, monomeric lithium isodicyclopentadienide is in equilibrium

q Ž .Fig. 23. A structurally confirmed inverse sandwich complex: the MeCpLi ? TMEDA cation.2 2
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with the dimer and with a combination of a sandwich metallocene anion and
q Ž .THF-solvated Li eq. 7 .

w xComparable low temperature NMR data 114 suggest that a similar equilibrium
is present for CpLi in THF, although the existence of the Cp Liy species could not2
be proven here with absolute certainty.
Ž . yiv Other NMR studies provided evidence for a ferrocene-bridged Cp Li2

Ž . w x y Ž . w xanion 8 115 and the doubly CH CH -bridged Cp Li anion 9 116 .2 2 2
Though quite some crystal structures of lithium cations sandwiched between

w xp-systems are known 117]121 , structural proof of the ‘lithocene anion’ was still
lacking. However, considering Cp-alkalimetal complexes in the solid state as linear
supersandwiches, one likely method for the syntheses of anionic metallocene
sandwiches is obvious. Exchanging halve of the metal cations in a supersandwich
array for non-coordinating cations, like ammonium or phosphonium cations, will

Ž .result in the formation of isolated anionic metallocene sandwiches Fig. 24a .
Likewise, considering Cp-alkalimetal complexes in solution as monomeric species,
exchanging halve of the metal cations for non-coordinating cations results in the
generation of a mixture of ‘free’ Cp-anions and solvated CpM monomers. If
Cpy ??? Mq coordination competes successfully with cation solvation, the forma-

Ž .tion of an anionic metallocene sandwich is achieved Fig. 24b .
According to this method, the lithocene anion was prepared and its structure was

w xelucidated 122,123 . Several other anionic alkalimetallocene sandwich complexes
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Fig. 24. Approach for the syntheses of anionic metallocene sandwich complexes.

have been isolated and characterized, partially via other methods and sometimes by
coincidence. These complexes and its most important data are listed in Table 5.

4.1. Syntheses and structures of anionic lithocene sandwich complexes

w yxw qxLarge yellow crystals of Cp Li Ph P can easily be obtained from a solution2 4
Ž .of CpLi and Ph PCl molar ratio 2:1 in THF. An X-ray structure determination4

w x Ž .122,123 shows a monoclinic unit cell P2 r c symmetry with an alternating
w yx w qx Ž .arrangement of Cp Li and Ph P ions Fig. 25a . The phosphonium cations2 4

show C -symmetry with the phosphorus atom located on a crystallographic twofold2
axes. The lithocene anions are positioned on crystallographic inversion centres. In
this respect, the crystal structure of the lithocene anion is comparable to those of

Ž w xmagnesocene, chromocene, ferrocene, cobaltocene and nickelocene Cp Mg 131 ;2
w x w x w x w x.Cp Cr 132 ; Cp Fe 133 ; Cp Co 134 ; and Cp Ni 135 . All these compounds2 2 2 2

crystallize in centrosymmetric monoclinic spacegroups in which the metals are
located on inversion centres.

w yxThe structure of the lithocene anion, Cp Li , is shown in Fig. 25b. The2
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coplanarity of both Cp rings is inherent to the centrosymmetric nature of the
˚Ž .anion. The Cp ]Li distance of 2.008 4 A is slightly longer than the comparablec

˚ Ž . w xdistance of 1.969 A in CpLi 52 . The lithocene anion shows only a small variance`

˚ ˚w Ž . Ž . Ž . xin the C]Li bond distances range from 2.262 3 to 2.366 4 A; average, 2.318 4 A
Ž .and the angle between the Cp ]Li axis and the Cp plane is 87.1 3 8. Therefore thec

Ž 5.Cp]Li interaction can be regarded as an h Cp]Li bond which is hardly slipped.
The Cp rings in the lithocene anion are almost perfectly staggered. However,

high anisotropy in the ring thermal parameters indicates substantial rotational
Ž .disorder in the positions of the Cp carbon atoms Fig. 25c . This is most likely due

to small energy differences between staggered and eclipsed conformations. Recent
MNDO calculations on the lithocene anion do indeed indicate essentially free

w xrotation of the Cp rings around the longitudinal axis 114 .
The lithocene anion has also been generated in the presence of the weakly

Ž . q w xcoordinating cation, Me N S 124,125 . Free Cp anions can be obtained accord-2 3
ing to eq. 8.

w yxwŽ . qxSubsequent reaction of the salt Cp Me N S with CpLi resulted in the2 3
w yxwŽ . qxformation of the complex Cp Li Me N S which was structurally character-2 2 3

w xized by X-ray diffraction 124,125 . The lithocene anion in this complex is, similar
w yx w qxto that in Cp Li Ph P , a staggered sandwich with approximate D symme-2 4 5d
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w yxw qx Ž .Fig. 25. Crystal structure of Cp Li Ph P . a View of the monoclinic unit cell along the b axis2 4
Ž . Ž . w yx Ž .space group P2 r c . b The D ‘ferrocene-like’ structure of the Cp Li anion. c ORTEP plot5d 2

Ž .showing disorder within the planes of the Cp rings top view; ellipsoids represent 50% probability .

w yxwŽ . qxtry. The Cp ]Li distance in Cp Li Me N S is only slightly longer than thatc 2 2 3
w yxw qx Ž .in Cp Li Ph P Table 5 .2 4

Two structures of substituted lithocene anions were published. Isodicyclopenta-
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wŽ . yxFig. 26. The structure of isodiCp Li , a substituted lithocene anion.2

dienide lithium crystallizes from THF solution in the presence of an excess of
w x Ž .12-crown-4 as an anionic sandwich complex 129 Fig. 26 .

In the crystal structure, one of the two Li cations is solvated with two 12-crown-4
ligands. Like the phosphonium cation, such a strongly solvated Liq can be
considered as a non-coordinating cation. Thus, anionic alkalimetallocene sand-
wiches can be generated also by specific solvation of halve of the metal cations in a
solution of Cp-alkalimetal species. However, ring substituents seem to have a large
influence on the nature of the crystallizing species and varying structures can result
when CpLi species with different substituents are crystallized under the same

Ž .conditions Fig. 27 . When no substituents are present a solvated contact ion pair is
Ž . w xformed a 51 , whereas three TMS-substituents placed on the ring result in the

Fig. 27. The varying results when CpLi species with different substituents are crystallized in the
presence of 12-crown-4.
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Ž . w xcrystallization of a ‘free’ solvent-separated ion pair b 51 and in the case of
Ž . w xdialkyl substitution a lithocene anion is formed c 129 .

Recently, the crystal structure of another substituted lithocene anion was re-
Ž . w xvealed accidentally eq. 9 130 .

The structure of the But-substituted lithocene anion is a staggered sandwich
Ž . ŽFig. 28 in which the Cp rings are nearly coplanar the angle between the planes is

.2.58 . The Cp]Li distances in this anion are comparable to those observed in the
Ž .lithocene anions described previously Table 5 . This complex,

wŽ t . yxw qxBu Cp Li Ph PMe , can also be prepared in 70% yield from the reaction of2 2 2
w qxw yx t w xPh PMe CF SO with 2 molEq. of Bu CpLi 130 .2 2 3 3

The Cp ]Li bond distances in both alkylsubstituted lithocene anions are close toc
the Cp ]Li bond distances in the structurally known unsubstituted lithocenec
anions.

4.2. Syntheses and structures of anionic sodocene sandwich complexes

In analogy to the synthesis of the lithocene anion described in Section 4.1, CpNa
was reacted under similar conditions with 0.5 equivalent of Ph PCl in THF. The4

t wŽ t . yxFig. 28. Structure of the Bu -substituted lithocene anion, Bu Cp Li .2



( )S. Harder r Coordination Chemistry Re¨iews 176 1998 17]6650

w yxw qxdark-red crystalline product, unexpectedly, appeared to consist of Cp Ph P4
w yx w qx w xinstead of the desired Cp Na Ph P 126 .2 4

Addition of 0.5 molEq. of Ph PCl to a solution of CpNa in THF results in the4
generation of free Cp anions. These ‘naked’ anions were expected to function as
very effective ligands and to interact with the remaining CpNa species to form
w yx Ž .Cp Na . However, in THF solution this is presumably an equilibrium eq. 102
which will be dependent on the strength of the Naq]THF bond and the energy
involved in Cp ]-Naq bonding.

The Cp-alkalimetal bond is highly ionic and, according to Coulomb’s law,
weakens with increasing Cpy]Mq distance, i.e. along the series M s Li, Na, K
Ž . Ž .etc. . Ab initio calculations eqs. 11, 12 indeed show that association of a free Cp

q q w xanion with Li is more exothermic than association with Na 126 and are in
w xagreement with results obtained earlier 31,32 . Compared to the Cp]Li bond, the

weaker Cp]Na bond would imply lower stability of the sodocene anion. This could
w yxw qxexplain the observed crystallization of Cp PPh in the attempted synthesis.4

However, calculations on the actual metallocene anions show that bonding of a
q q Ž .second Cp anion is more exothermic for Na than for Li eqs. 13, 14 .

The reason for the weaker Cp]metal bond in the lithocene anion is the stronger
y y Ž qrepulsive Cp ??? Cp interaction due to the smaller radius of Li and thus

y y . y qsmaller Cp ??? Cp distance which outweighs the advantage of stronger Cp ]Li
bonding. This is nicely illustrated by a comparison of the Cp]metal bond lengths in

y y Ž .the pairs CpLirCp Li and CpNarCp Na see eqs. 13, 14 . Coordination of a2 2
˚Cp anion to CpLi results in Cp]Li bond lengthening of 0.29 A, i.e. 16%, whereas

˚coordination of a Cp anion to CpNa induces a Cp]Na bond lengthening of 0.18 A,
i.e. only 8%.

Solvation of the alkalimetal will have a dominant influence on the relative
stabilities of the species in the equilibrium of eq. 10. For this reason it is not
straightforward to estimate the position of this equilibrium. The possible existence
of higher oligomeric CpMCpM structures or triple-decker anions, CpMCpMCpy,
complicates the solution equilibrium. It should also be mentioned that the crystal-
lizing species not always is the dominant species in the solution equilibrium. The
nature of the crystallizing species is also determined by the relative solubilities of
all species participating in the equilibrium. For example, the sodocene anion in

Ž .THF solution might be present as a THF-monosolvate 10 , a species which
represents part of the THF-solvated Na-supersandwiches described in Section 3.1
Ž .Fig. 15 . In contrast to the unsolvated lithocene anion, such a species has a dipole
moment and is probably well soluble in THF.
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One approach to overcome withdrawal of the Cp anion from the reaction
mixture is to tie this anion to the CpM fragment, i.e. to synthesize an anionic

Ž .ansa-sodocene sandwich 11 ; such species are described in Section 4.4.
As another approach to prepare anionic sodocene sandwiches, the equilibrium in

eq. 10 can be directed towards the side of the sandwich anion by varying the
reactant concentrations. Increasing the overall absolute concentration favours the
formation of Cp Nay. Likewise, an increment of the CpNa concentration shifts2
the equilibrium to the side of Cp Nay. A combination of both, resulted in2
the formation of orange needle-like crystals revealing the structure of
w yxw qx w x w yxw qx w yxw qxCp Na Ph P 126 . The compounds Cp Li Ph P and Cp Na PPh2 4 2 4 2 4
are isomorphous, i.e. cell dimensions, space group symmetry, crystal packing and
the molecular structure are remarkably similar. Like the lithocene anion, the
sodocene anion also forms a staggered sandwich complex with coplanar Cp rings

˚Ž . Ž . Ž .Fig. 29 . The C]Na bond distances are in the narrow range of 2.584 3 ]2.670 3 A
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Ž .Fig. 29. ORTEP plot of the anionic sodocene sandwich 50% probability ellipsoids .

˚w Ž . xaverage 2.630 3 A . Although high anisotropy in the ring displacement parameters
indicates a small energy difference between staggered and eclipsed conformations,

Ž 5 5. ythe average structure can be described as a h ,h Cp Na sandwich with approxi-2
mate D symmetry.5d

A similar Cp Nay unit was found in the crystal structure of a complex consisting2
y y Ž . q w xof a Cp Na , a Cp and two Me N S units 124,125 . In this complex, the2 2 3

sodocene anion displays a similar staggered conformation with the same structural
w yxw qx Ž .features as the anion in Cp Na PPh see Table 5 for a comparison .2 4

4.3. Synthesis and structure of an anionic cesocene sandwich complex

Ž .The X-ray structure analysis of a product obtained from a CpCsrPh PCl 2:14
w yxw qx w x w yxsolution revealed the product formula Cp Cs Ph P 127,128 . The Cp Cs3 2 4 3 2

Ž . Žspecies Fig. 30 represents a triple-decker or in ‘sandwich’ terminology: a ‘Big-Mac’
. w yx w Ž . xcomplex . The Cp Cs anion is strongly bent Cp]Cs]Cp s 115.6 2 8 and closely3 2

resembles a recent structure of the first triple-decker of a main group metal, the
w yx w xCp Tl anion, in which the angle Cp]Tl]Cp is 134.28 136 . The bridging Cp ring3 2
is positioned over a crystallographic centre of inversion and consequently is
disordered in a 50:50 ratio. The centres of both disordered Cp rings are only

˚Ž .0.01 1 A apart from the crystallographic center of inversion and this results in a
perfect ring of electron density between the Cs cations.5

The Cs]C bond distances for the terminal Cp ligands are in the range of
˚ ˚ ˚Ž . Ž . Ž Ž . . Ž .3.313 6 ]3.385 5 A average 3.350 5 A and the Cp ]Cs distance is 3.134 5 A.c

These values compare well with Cs]C bond lengths observed for the disordered
˚ ˚ ˚Ž . Ž . Ž . Žbridging Cp rings which range from 3.30 2 A to 3.38 2 A, average 3.34 2 A the

˚Ž . .Cp ]Cs distance is 3.12 2 A . This narrow range of Cs]C bond distances shows ac
Ž 5. Žclose to perfect h Cp]Cs bonding geometry the largest deviation from the

.average Cs]C bond distance is only 1.2% . The Cp]Cs bonds are extremely long
and probably the longest Cp]metal bonds ever to be encountered throughout the

Ž .periodical system apart from Cp]metal bonding in hypothetical francocene . At

5It should be mentioned that the centers of the disordered bridging Cp rings not necessarily have to
coincide with the crystallographic center of inversion. A large deviation would imply that the bridging

Ž . 5Cp]Cs bonds or at least one of them are highly distorted from an ideal h -bonding geometry.
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w yxFig. 30. A space-filling model of the strongly bent anion Cp Cs . The bridging Cp ring is located on a3 2
Žcrystallographic centre of inversion and therefore disordered over two positions each with 50%

.occupation .

present, there are no precedent structures of Cp]Cs compounds in order to
compare the Cp]Cs bonding distances in the cesocene triple-decker. However,

y q w xthere is a structure known for C Cs 137 . In the solid state it forms a60
three-dimensional polymeric structure in which Cs cations are sandwiched between
Cy spheres. Partial structures in which the Csq cation coordinates at a five-mem-60

y Ž .bered carbon ring of the C anion can be recognized Fig. 31 . In this respect, the60
Cy anion can be considered as a higher homologue in the series cyclopentadiene,60

y q ˚indene, fluorene, etc. The C]Cs bonds in C Cs vary from 3.505 to 3.696 A and60
w xyare longer than the Cp]Cs bonds observed in Cp Cs . This is due to delocaliza-3 2

tion of the negative charge over all 60 carbon atoms.
w xyThe bonding within the Cp Cs anion should be considered as highly ionic3 2

and consequently the very long electrostatic Cpy]Csq bonds are relatively weak
Žfor the heterolytic bond dissociation of CpCs a value of 124 kcalrmol has been

w x.calculated; cf. for CpLi this value amounts to 182 kcalrmol 31,32 . It is therefore
remarkable that these loosely bonded Cp ligands show such a perfect h 5-bonding
mode. Also remarkable is the similarity in the Cp]Cs bond distances for terminal
and bridging Cp rings. According to electrostatic principles, larger Cp]Cs bond
distances are expected for the bridging unit. Apparently, the Cs cations in the

Fig. 31. Part of the crystal structure of Cy Csq in which a Csq cation is bound at the site of a60
Ž . Ž .five-membered carbon ring; a top view and b side view.
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q q ˚w Ž . xtriple-decker are too remote the Cs ??? Cs distance is 6.236 3 A for a signifi-
cant repulsive Csq ??? Csq interaction and a concomitant elongation of the inner
Cp]Cs bonds.

Another explanation for the longer than expected Cs]Cp bond distancesterminal
might be related to the participation of the terminal Cp rings in intermolecular
Cpy ??? Csq bonding. The huge coordination sphere of Csq can not be filled with
only two Cp ligands and is therefore completed by intermolecular interactions. A

w yxspace-filling packing model of the structure shows that layers of Cp Cs are3 2
w qx Ž .alternated by layers of Ph P Fig. 32a . The shortest interaction between the4

q ˚Ž . Ž .layers is a phenyl C ??? Cs contact of 3.760 5 A. More important are the short
y q w yx Žintermolecular Cp ??? Cs contacts within the layers of Cp Cs anions depicted3 2

.in Fig. 32b by dotted lines . Each layer is a two-dimensional coordination polymer
q ˚Ž . Ž .in which intermolecular C ??? Cs contacts range from 3.699 5 to 3.810 5 A. The

intermolecular C ??? Csq contacts are only 10% longer than the intramolecular
C ??? Csq bond distances and should therefore be considered as significant bonding
interactions.

The generation of a CpyrCpCs solution resulted in precipitation of the anionic
w yxtriple-decker Cp Cs . This suggests that the remaining mother liquor might3 2

w 2yxcontain other species with an interesting composition: e.g. Cp Cs or3
w 3yxCp CsCpCsCp . Crystallization experiments with a variety of different tempera-2 2
tures, absolute concentrations and relative CpyrCpCs concentrations all resulted

w yx w xin the crystallization of the anionic triple-decker Cp Cs 30 . It is likely that the3 2

Ž . w yx Ž . w qx Ž .Fig. 32. a Packing of the alternate layers of Cp Cs anions in white and Ph P cations in black .3 2 4
Ž . w yx y qb The layer of Cp Cs anions in which intermolecular Cp ??? Cs contacts are denoted by dashed3 2
lines.



( )S. Harder r Coordination Chemistry Re¨iews 176 1998 17]66 55

Table 6
Crystal structures of anionic ansa-alkalimetallocene sandwich complexes

aCompound Range C]M Av. C]M Cp ]M CCDC Ref.c

˚ ˚ ˚Ž . Ž . Ž .formula A A A code

y qw xw x w xMe C Cp Na Ph P 2.614]2.705 2.664 2.381 ZOQPOK 1264 2 2 4
2.574]2.757 2.663 2.380
2.482]2.943 2.719 2.449

y qwŽ . xw x w xallyl SiCp Na Ph P 2.635]2.744 2.693 2.414 } 1382 2 4
2.639]2.735 2.689 2.407

yw Ž . x w xMe Si fluorenyl Li 2.584]2.670 2.630 2.366 } 1392 2
qw xLi ? THF4

a Cp represents the geometric center of the C -ring.c 5

w yxw qxcomplex Cp Cs Ph P represents the species with the most advantageous3 2 4
intermolecular contacts and crystal packing.

4.4. Syntheses and structures of anionic ansa-alkalimetallocene sandwich complexes

A few anionic ansa-alkalimetallocene complexes, i.e. Cp M complexes with2
Ž .bridged Cp rings, have been isolated and were structurally characterized Table 6 .

Ž .Bis-cyclopentadienyl ligands with a Me C]Me C -bridge are easily available via2 2
w xreductive coupling of dimethylfulvene 140 . Subsequently, the bis-Na compound

can be obtained quantitatively by double aromatization of the ligand with BuNa.
The reaction of this bridged CpNa species with one equivalent of Ph PCl in THF4

Ž . w xresulted in the rapid formation of large red crystals eq. 15 126 .
w yA crystal structure determination shows the composition Me C Cp Na ?4 2 2

xw qx Ž . qTHF Ph P Fig. 33 . The Na is sandwiched between the bridged Cp anions.4
ŽThe bridge between the Cp rings enforces a bent metallocene structure angle

.between the Cp planes is 608 and enables the coordination of a THF molecule.
˚Ž .Consequently, the average C]Na distance 2.680 A is longer than in the unsol-

w yxvated Cp Na species. The average Cp]Na bond distances is comparable to the2
˚Ž .Cp]metal distances in an isovalent Ca complex, Me C Cp Ca 2.678 A solvated4 2 2

w xwith a diimine ligand 141,142 . Likewise, the angle between the planes of the Cp
w y x Ž . Ž .rings in Me C Cp Na ? THF 608 and in Me C Cp Ca 61.28 are very similar.4 2 2 4 2 2

q ˚ 2qŽ .This similarity originates from the very similar ion radii of Na 0.97 A and Ca
˚Ž .0.99 A .
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ŽFig. 33. The crystal structure of the C]C bridged sodocene anion solvated with one THF ligand the
bridge and one of the Cp rings is disordered over two positions of which the highest occupancy is shown

.here .

A single atom bridge enforces a much larger aperture in the ansa-metallocene
ligand, e.g. it has been calculated that even the largest metal cation, Csq, is too

Ž 5. y w xsmall for double h Cp]Cs bonding to a fully relaxed R SiCp ligand 139 . This2 2
leaves three possibilities for the structure of a Si-bridged alkalimetallocene com-
plex:

1. The Si-bridged ligand is distorted from its fully relaxed geometry similar to the
Ž .Si-bridged ansa-metallocenes of the d-block metals 12 : squeezing of the

Ž . Ž .C]Si]C angle a and titling of the Cp plane in respect to the Si]C axis b .ipso
Ž 5.2. The Cp]M bond is distorted from its favourable h Cp]M geometry.

Ž .3. Anionic Si-bridged alkalimetallocene complexes build a polymeric structure 13
Žin which the metal cations bridge the exo-sides of the ansa-Cp ligands such2

polymers are comparable to polymers obtained after heating highly strained
w x Ž .ferrocenophanes like Ph SiCp Fe 142 . Fig. 182 2

During our investigations on Si-bridged alkalimetallocene compounds, the com-
wŽ . yxw qxplex allyl SiCp Na Ph P was obtained as a dark-red oil. After standing,2 2 4

some crystals started to precipitate and could be isolated. A crystal structure
wŽ . yxw qx w xdetermination revealed the composition: allyl SiCp Na Ph P 138 . The2 2 4

crystal structure shows long polymeric chains which are separated by the phospho-
Ž . 2ynium cations. The linear chains Fig. 34 consist of the R SiCp species which are2 2

bridged by Na cations. All Naq cations are bound at the exo sides of the R SiCp2y
2 2

ligand. Evidently, the Naq is too small too fit properly in the R SiCp2y ligand.2 2
Such a structure type is reminiscent to polymers obtained from highly strained

w xsilicon-bridged d-block metallocenes 143]145 .
˚The two similar Cp ]Na distances of 2.407 and 2.414 A show a symmetricc

bonding of Naq between the Cp rings. The average Cp ]Na distance is signifi-c
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wŽ . yx qFig. 34. The coordination polymer of allyl SiCp Na units. Weak intramolecular alkene]Na2 2
p-interactions are indicated by dashed lines.

cantly longer than the corresponding values obtained for the structurally known
y ˚ qw x Ž .sodocene anions Cp Na 2.329 and 2.366 A . It is believed that an alkene]Na2

Ž .p-interaction indicated in Fig. 34 with dotted lines is responsible for the some-
what elongated Cp ]Na distances. This p-interaction likewise causes a bending ofc

w yxthe Cp]Na]Cp unit. The Cp rings in the sodocene anion Cp Na are coplanar,2
wŽ . yxbut the Cp]Na]Cp unit in allyl SiCp Na is bent with an angle of 151.48.2 2

We recently reported the first structure elucidations of silicon-bridged sandwich
w xcomplexes of group I and II metals 139 . Among the compounds under investiga-

tion is a dilithiated Me Si-bridged bisfluorenyl ligand. An X-ray structure determi-2
nation shows that this species spontaneously crystallizes from THF solution as an
ion pair which consists of an anionic lithium sandwich complex and a tetrakis-THF
solvated Liq cation.

Ž .The structure of the anionic part Fig. 35 shows that the Li cation is sandwiched
between the fluorenyl rings and is additionally solvated from two THF ligands. The

Ž .Me Si fluorenyl ligand does not exhibit any of the distortions as shown in 12.2 2
Ž 5. q Ž 1.However, a severe distortion from an h fluorenyl]Li interaction to an h fluo-

renyl]Liq interaction is evident from the C]Li bond distances. This nicely illus-
trates the major difference between cyclopentadienyl and fluorenyl alkalimetal
complexes. Fluorenyl]metal coordination may vary from h1 to h6 and all possible

w xcoordination modes have been reported 146]152 . This rich variety of observed
coordination modes is in accord with calculations on fluorenyllithium which show
that the energy differences between the different modes of coordination are - 1.5

w x Ž 1 5kcalrmol 147 cf. the difference between h and h coordination in CpLi
.amounts to approx. 20 kcalrmol, see Fig. 3 . It is therefore not surprising that

strong deviation from ideal h 5-coordination is employed in order to fit the small
lithium cation in the Si-bridged bisfluorenyl ligand.

4.5. A comparison of main-group metallocene sandwich complexes

The lithocene anion is isoelectronic to its structurally known first-row relatives
w x U q w xCp Be 153 and Cp B 99 . However, these compounds are not isostructural to2 2

- Ž 5 1. Ž .Cp Li but are of the slipped sandwich type: h ,h Cp M Fig. 36 . On the other2 2
w xhand, the lithocene anion is iso¨alent to its second-row relatives Cp Mg 131]1352
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w Ž . yx w q Ž . xFig. 35. The anionic part of the crystal structure of Me Si fluorenyl Li Li ? THF .2 2 4

U q w xand Cp Al 100,101 , both complexes which exhibit D sandwich structures2 5d
w yxsimilar to that of Cp Li . How can this be explained?2

Preference for the geometry of a slipped sandwich complex has been discussed in
w xterms of three-dimensional aromaticity 39]41 . A total of 12 interstitial electrons

in species Cp Be and Cp Bq with D symmetry, would result in occupation of the2 2 5d
Ž .degenerated Cp e orbitals for which no bonding combination with metal s- and2 1g

p-orbitals is possible. The alternative slipped sandwich complex, with six interstitial

Fig. 36. A comparison of some main-group metallocene sandwich complexes.
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electrons, satisfies the rules for three-dimensional aromaticity. Although such
orbital rules are perfectly valid for complexes with significant covalent Cp]M bond

Ž U q.character like Cp B , another explanation should be forwarded for more ionic2
complexes like Cp Be. The preference for the slipped sandwiches of beryllocene2

Ž 5.and borocene can also be explained by simple size arguments. The h Cp]Be
˚Ž .distance in the slipped sandwich of Cp Be amounts 1.505 6 A. Thus, a hypotheti-2

cal Cp Be sandwich of D symmetry would have a Cp ??? Cp distance of approx.2 5d
˚3.0 A, i.e. a ring]ring distance much shorter than the interlayer distance in

˚Žgraphite the interlayer distance of 3.35 A in graphite is commonly regarded as the
equilibrium distance between two relaxing non-bonded sp2-hybridized carbon

.atoms; this equals approximately twice the van der Waals radius for carbon . In a
Ž 5. qhypothetical D h Cp B complex, the Cp ??? Cp distance would be even shorter5d 2

˚ U qthan 3.0 A. For this reason Cp Be and Cp B exhibit slipped sandwich structures2 2
in which unfavourable repulsions between the Cp rings are avoided. On the other

y ˚w x Ž .hand, the Cp ??? Cp distance in Cp Li amounts 4.012 8 A and is well above the2
sum of the C ??? C van der Waals radii. Likewise, Cp Mg and CpU Alq show2 2

˚Ž . Ž .relatively long Cp ??? Cp distances of 3.96 1 and 3.67 1 A, respectively, and
staggered sandwich complexes with approximate D symmetry are observed here5d
as well. In fact, the structures of Cp Liy and Cp Mg show a striking similarity.2 2
The staggered sandwich structures as well as the average C]M bond distances

y ˚ ˚�w x Ž . Ž . 4Cp Li : 2.318 4 A; Cp Mg: 2.304 8 A are very similar. This similarity in2 2
q ˚ 2qŽ . Žstructure is born out of the very similar ionic radii for Li 0.59 A and Mg 0.57

˚.A .
The sodocene anion is isoelectronic and also isostructural to its second-row

relatives Cp Mg and CpU Alq. However, the diagonally related Cp Ca crystallizes2 2 2
w xas bent Cp Ca units which form a coordination polymer 154 . The bending of the2

Cp Ca unit results in coordination space at the metal cation and enables the2
formation of such a coordination polymer. Bending of Cp M units involves a2
shortening of the Cp ??? Cp distance and is therefore usually observed for the
Cp M species with the larger metals. Despite the very similar ion radii of Naq

2
˚ 2q ˚ yŽ . Ž . w x0.97 A and Ca 0.99 A , Cp Na and Cp Ca crystallize as different structures.2 2

A possible explanation for the formation of a structure with isolated sodocene
anions might be the presence of the phosphonium cations. The alternate packing

w yxw qxof anions and cations, as observed in the crystal structure of Cp Na Ph P ,2 4
Ž .seems to be preferred. Another or additional explanation may be found in the

twofold charge on Ca2q when compared to Naq. This implies that intermolecular
M ??? Cp Coulomb attraction is stronger between bent Cp Ca units than between2

w yxbent Cp Na units.2
The structure of CpU Ca shows a monomeric complex with an average C]Ca2

˚ w xbonding distance of 2.640 A 155 . This is very close to the average C]Na bond
y q ˚ Uw xw xdistance in Cp Na Ph P of 2.630 A. However, the monomeric Cp Ca complex2 4 2

Ž .forms a bent sandwich structure the angle Cp ]Ca]Cp is 1478 , whereas the Cpc c
w yxligands in the Cp Na unit are arranged perfectly coplanar. It is not excluded2

w yxthat Cp Na has a shallow bending energy profile similar to that of Cp Ca. In2 2
w yxthat case the perfectly linear structure of Cp Na is just a coincidence which is2
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caused by crystallization of this compound in a centrosymmetric spacegroup with
w yxthe Cp Na units on crystallographic inversion centres.2

w yxThe structure of the triple-decker Cp Cs shows considerable bending of the3 2
Ž .Cp]Cs]Cp unit 115.68 . Similar, the powder diffraction structures of Cp Rb2
Ž .exhibit bent units 123.5]136.58 . Is there a structural conformity between the

heavy anionic alkali metallocenes and alkaline-earth metallocenes? The latter
metallocenes are typified by their bent structures which violate VSEPR-rules and

w xsimple electrostatic bonding models 75,76,156]158 . It is believed that packing
effects and intermolecular interactions do not play a significant role in the solid
state structures of CpU Ca and CpU Ba and, in particular, are not responsible for the2 2

Ž . w xbending Cp]Ca]Cp s 146.38 and Cp]Ba]Cp s 131.08 155 . This argument is
enforced by structural analyses of these metallocenes in the gas phase which

w xlikewise indicate bent structures 159,160 . Arguments advanced as explanations for
Žthe bending attractive van der Waals forces between the Cp rings, induced

.polarization of the metal centre by the ligands and involvement of d-orbitals could
to a certain extent similarly be applied to the heavier anionic alkali metallocenes.
High-level ab initio calculations indeed show that bent structures play a role in the

qŽ .coordination chemistry of the Cs cation: the minimal energy structure of Cs H O2 2
q wis a bent structure with a O]Cs ]O angle of 113.38 cf. the angle of 109.68 in

2qŽ . x w xBa H O 161 . However, the extremely small linearization energy of only 0.262 2
wkcalrmol shows the potential surface to be very shallow cf. the linearization

2qŽ . xenergy for bent Ba H O is 1.03 kcalrmol . The energy involved with the2 2
w yxw qxintermolecular contacts in the solid state structure of Cp Cs Ph P is much3 2 4

larger. The bent structure as a typical energy minimum for sandwich cesocene
complexes can therefore not be confirmed by our experimental data. The use of
bulky substituted Cp ligands could probably yield anionic rubidocene or cesocene
sandwich complexes in which intermolecular Cpy]Mq interactions are negligible.
The structural identification of such compounds will reveal more about their
similarity with the bent structures of the heavier alkaline-earth metallocenes.

w xHowever, as has been indicated by the calculations 161 , the energy difference
between linear and bent sandwich complexes is probably extremely small. There-

Ž .fore anionic sandwich complexes of the heavier alkalimetals Rb and Cs are better
described as very floppy molecules which can adopt structures with a variety of
bending angles.

4.6. Nomenclature for anionic alkalimetallocene sandwich complexes

A possible systematic IUPAC name for ‘the lithocene anion’ appears to be
Ž . w x‘di-2,4-cyclopentadien-1-yllithate 1 y ’ 162 , a name which is not only long and

w yxcomplicated but also gives a wrong picture of the bonding in the Cp Li2
molecule. In general, Cp M sandwich complexes are known by common names2
Ž .like ferrocene , a situation which is also highly desired in the chemistry of the
Group I metallocene sandwich complexes. However, according to the metallocene

w xnomenclature 163 the name ending ‘-ocene’ should be confined to molecules
Ž 5 .having the structure bis h -cyclopentadienyl metal in which the rings are essen-
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Žtially coplanar and the metal belongs to the d-block series names like ‘barocene’
.and ‘titanocenedichloride’ are not official . Nevertheless, common names for

anionic alkalimetallocene sandwich complexes were introduced. It was found that
naming these new species is not self-evident.

w yxThe original version of our manuscript described the Cp Li species as ‘the2
lith iocene anion’, however, this name was changed by the editors of the magazine

Žin ‘the lith ocene anion’ in analogy to existing common names: magnes-ium ª
.magnes-ocene and therefore lith-ium ª lith-ocene . Thus, the following anionic

w yxsandwich complex in the series, the Cp Na species, was described by us as ‘the2
sodocene anion’. However, the editors of another magazine questioned this name

Žand proposed that ‘sod iocene’ sounds more reasonable in anology with the fact
.that phenylsodium is sometimes described as ‘sod io-benzene’ .

Is there any system in the naming of the sandwiched metal compounds? It
should be noted that the first sandwich complex ‘ferrocene’ stems from the Latin
element name ‘ferrum’: ferr-um ª ferr-ocene and therefore lithi-um ª lithi-ocene
seems to be allowed. Apart from the ocene]iocene controversy, naming of the
alkalimetallocene anions leads to other problems. For example it is not always
clear which Latin name should be used in the prefix: the Latin word for sodium is

Ž . w x‘natrium’ but medieval Latin uses the word ‘sodanum’ headache remedy 164 . In
w yxa report on an anionic sodium sandwich complex, the Cp Na unit was named2

Ž‘sodocene anion’ in the English version of the paper after the Latin ‘sodanum’ or
.the English ‘sodium’? , but surprisingly the german version used the name ‘Natro-

Ž . w xcen Anion’ after the Latin or the German ‘natrium’? 124,125 . At least the use of
one Latin prefix for different languages would be highly desired. It should be noted

w yxthat the anion Cp Cs was described by us as ‘cesocene’ in the English version3 2
and ‘C aesocen’ in the German version of the publication. However, the prefix
‘c aes’, derived from the Latin ‘caesius’, should be preferred in both languages.

w xDespite our recommendation 165 it has been published in the English version of
w xthe original paper as ‘cesocene’ 127,128 with the argumentation that this con-

forms more with the English spelling. In this respect it should be mentioned that
‘cesium’ represents the American spelling whereas the British word for Cs is
‘caesium’.

New IUPAC nomenclature rules for all sandwich compounds not belonging to
the d-block metal compounds is higly desirable. In this work, the names for the
anionic sandwich complexes have been adapted to the first common name used for

w yx w xa Cp M species, the lithocene anion 122,123 , and to the names used in the2
original publications of our contributions.

5. Summary and outlook

This work summarizes selected structural data of all Cp-alkalimetal compounds
Žpublished up to September 1997 including own unpublished results the indenyl,

fluorenyl and higher delocalized systems have been excluded deliberately and are
.only occasionally mentioned for comparison . An overview has been given of all
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different structural types encountered in the chemistry of the Cp-alkalimetal
compounds: one-dimensional linear polymers, two-dimensional sheet-like po-
lymers, three-dimensional polymers, solvated linear polymers, solvated monomers,
oligomeric chain or ring structures, inverse sandwich cations and sandwich anions.

ŽThe rapidly developing interest for Cp-alkalimetal compounds with one or
. Ž .more intramolecular coordinating group s will likely result in new structural

types. Also, the fully unknown chemistry of mixed alkalimetal systems, CpMrCpM9,
or mixed anion systems, CpMrRM, could show surprisingly new bonding types.
The new field of alkalimetallocene anions is still largely unexplored. The structures

w yxof some simple Cp M anions are known, however, not much information is2
available on the consequences of substituting the Cp rings. Further research in the
field of alkyl or silyl substituted alkalimetallocene anions is needed. For the larger

Ž q q. w 2yx w 3yxmetal cations Rb , Cs even species like Cp M or Cp M are predicted.3 5 2

6. General remarks

Some of the work described in this review article originates from unpublished
results from our own laboratory. All of these experiments described, have been
performed under argon with the use of freshly dryed and destilled solvents and
Schlenkrsyringe techniques. Calculations have been done with the GAUSSIAN94

w x wprogram 166 using the standard designated methods and basis sets MP2 refers to
Ž .xMP2 fc . All geometrical calculations and graphical work on the X-ray structures

w xhas been performed with the EUCLID package 167 .
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