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The Jahn-Teller effect is invoked to rationalise the observed structures of 
(&H&M for M = Be, Sn and Pb, and of the slipped dicarbollide complexes 
(CzBgH,1)2M-z (M = NiI’, Cu”, Cum and Au”‘). 

Introduction 

The d-block metallocenes, ($-&H&M, whose structures have been deter- 
mined (M = Mn [l] , Fe [2,3,4], Ni [ 561, Ru [4] and OS [ 71) all have five-fold 
axial symmetry with the metal atom equidistant from the two rings. In addi- 
tion those with M = V [ 81, Cr [ 91 or Co [lo] appear to be isostructural with 
ferrocene 123. By contrast, the p-block gnalogues are less symmetrical: ($- 
C&I&Be has five-fold symmetry, but the beryllium atom is not equidistant 
from the two rings [11] , while in ($-C&Hs)$n and (qS-&H&Pb the ring centres 
subtend angles at the metal atom of ca. 125” and 135” respectively [12]. It is 
the purpose of this communication to analyse such structures in terms of the 
second-order Jahn-Teller effect [ 131. 

Results and discussion 

The basis of this approach is the symmetry of an idealised molecule 
and its energy levels. A molecule is considered to have a certain initial 
geometry, here taken as axially symmetric with both rings equidistant from the 
metal atom: suppose the symmetry species of the HOMO and LUMO in this 
geometry are F0 and Fl respectively; then if the electronic excitation energy 
El -I&, is not too great, the molecule may distort spontaneously along a vibra- 
tional coordinate g whose symmetry species is contained in the direct product 
F0 X I?*. This may be justified by reference [13] to the form of the force 
constant fa for the vibration along Q: 
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where \k, and \kk are ground and excited state wave-functions. having energies 
E, and E, respectively and U represents the total potential energy of the system. 
If the approximation be made that only the lowest excited state of the system 
is considered, then fQ becomes: 

Both terms in fq are positive, but depending on their relative magnitudes fq may 
be: (I) positive, in which case the system executes small amplitude vibrations; 
(2) approximately zero, when the vibrational amplitudes are large; and (3) 
negative (especially when E, -E. is small), in which case the system distorts 
along a coordinate q such that rs is contained in rO X I’ 1, which is the condition 
necessary for (\kOla U/a@J?k,> to be non-zero. 

There seems to have been no calculation which orders all the orbital energy 
levels in metallocenes, but a simple ordering based largely on symmetry ground 
is adequate for the present purpose. For the axial systems the appropriate mole- 
cular point groups, assuming the molecule to be normally rigid, are DSh (as 
found for M = Fe 141, Ni [5], Ru [4] and OS I?]), DSd (in (C&H&Be the rings 
are staggered [ 111) or DS. Taking a basis set of carbon 2p orbitals for the ring 
bonding, these may be factorised into three groups: (1) those radial to a ring; 
(2) those tangential to a ring and parallel to the C5 axis; and (3) those tangential 
to a ring and normal to the C5 axis: no symmetry operation of the molecule 
can interconvert these groups. The transformation properties of these orbital 
groups, and their bonding character, are noted for DSh, DSd, and DS in Table 1. 

It is reasonable to suppose that the inter-carbon orbital interactions de- 
crease in the order: radial > tangential (lrCS) > tangential (IICS), and that the 
metal orbitals, taken as 2s + 2p for Be,.5s + 5p + 5d for Sn, and 6s + 6p + 6d 
for Pb, interact most strongly with the parallel tangential set of ring orbitals. 
On this basis, plausible configurations for (&H&M, linear at M, are for M = Be: 

(la~)2(la~)2(le~)4(le~)4(2~~)2(2a’;)’(le’,)J(le’:)4(2e~)J(2e’,)~(2e~)0(3e;‘)0 . . . 

(l~~g)2(l~2~)2(l~2~)4~l~2p)4(2~~s~2~2~2,~2(l~~,~4~l~,~4~2~~,~4~2~~~4~~~~,~0~~~~,~0 --- 

while for M = Sn and Pb, the configurations are: 

in BSh 

(la~)2(la’,‘)2(le~)4(le~)4(2a~)2(2a:’)’(le~)4(le:‘)4(2e~)4(2e:’)4(3e~)‘(2e~)o . . . 

and in Dsd 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ i 

with configurations in D, following from these. 
If the first electronic excitation energy is less than ca. 4 eV, as seems likely 
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[ 141, then the beryllium compound will distort along a vibrational coordinate 
q whose symmetry species is contained for D Sh in the direct product: E; X E’; = 
A: + Ai + Eg; and for Dsd in E,, X Elg = Al, + Azu + E,,. Of the vibrations of 
a metallocene in either of these point groups, those of symmetry A:’ in D,, or 
Azc in Dscl generate the observed distortion. Similarly for the tin and lead com- 
pounds, the symmetry species of the distortion is contained for Dsh in the 
product: E; X E; = E; + E;; and for Dsd in El, X EZg = El, + Ezu_ Vibrations 
of symmetry types E’, in D 5h and El, in DSd generate-the observed distortions. 

The possibility that the rings in the initial structure are in essentially free 
rotation must also be considered: this appears to be the case for (C,H&Mn Cl] 
and (C5H&Ni 163, while rotational barriers are small in both (&H&Fe and 
(C,H,),Ru [4] _ The rigid-molecule point groups D,, D,, and D,, cannot then 
be used, and the appropriate group is the nuclear permutation group *G,,, [15]- 
However, it is permissible in these circumstances [ 163 to regard the cyclopen- 
tadienide ligands as compound atoms, denoted by L, and to consider the mole- 
cule ML2 in the point group D ooh in which L has pseudo-atomic orbitals of 
symmetry types cr + 2n +.26: BeL, is then regarded as a 12 valence-electron 
triatomic and SnLz and PbLz as 14 valence-electron species. Following Walsh 
[17], plausible valence-shell configurations are, for linear BeL,: 

(lap)‘(lo,)‘(l~~)4(l~~)4(2~~)c(20,)0 . . . 

and for linear SnL, and PbL,: 

(10~)‘(1a,)‘(1~~)4(~~~~(2~~)*(20,)~ . . . 

BeL, may therefore be subject to distortion along a vibration whose symmetry 
species is contained in Hs X H, = IZI: + C; + AU while SnL, and PbLt are ex- 
‘petted to distort along a vibration whose symmetry species is II, X Zg = II,. 
The vibrational modes of a linear ML2 molecule are of symmetries xi, II, and 
Zi (corresponding to v,, v2 and v, respectively in Herzberg’s numbering [IS]). 
The only possible distorting vibrations, therefore, are Cc for BeL, and H, for 
SnL, and PbL2, in each example corresponding to the distortion observed ex- 
perimentally. 

Closely related to the nietallocenes are the bis-dicarbollide complexes 
(C2B9H11)2M-Z. Those containing metal atoms whose formal oxidation states 
imply six or fewer d electrons are axially symmetric (i.e. M = Cr”’ (d’) 1191, 
Co’” and Nirv (d6) [20,21]); in addition the mixed dS complex C,H,FemC2B, H, 1 
is also axially symmetric [22]. By contrast, those containing formally d8 or dg 
metals have slipped structures which while centrosymmetric have the five-fold 
axes of the individual ligands parallel rather than colinear: these include com- 
plexes having M = Cu” (d’) [23], Ni”, Cu”’ and Au”’ (d*) [24]. Adopting the 
rigid-molecule approximation in Dscr (the dicarbollide ions in these complexes 
are found always to be staggered), and regarding the ligands as 6 electron donors, 
the following simplified valence-shell configuration results for a d<6+p) metal: 

(la,32(la2,)2(~eI,)4(1e~~4(~I,)‘(le2,)4(2e,,)P(~2,)0 --- 

For a d8 metal, p = 2, and the system may be unstable to a vibration of sym- 
metry species E,, X AZu = Elg. For a dg metal, p = 3, and the system is unstable 
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to a first-order Jahn-Teller distortion along a non-totally symmetric vibrational 
coordinate whose symmetry species is contained in (E,,)’ = A Ig + AZg + EZg. 
Distortions along vibrations of either E,, or E,, symmetry will generate the 
observed structures. It is perhaps worth noting here that in an accurate electron 
diffraction study of the formally d8 system (C,H,),Ni [6], the authors found 
some evidence for the occurrence of a Jahn-Teller distortion (presumably 
second-order, since the compound has two unpaired electrons in e,,(DSd) or 
e: (DSh) [25] ), but were unable closely to define the nature of the distortion. 

For a d’ metal, p = 1, and behaviour analogous to d9 is expected. For a 
d6 metal, p = 0, but no Jahn-Teller distortion is expected since E(le& - E(2e,,) 
is substantial [ 143 _ For d3 and d', first-order Jahn-Teller distortions are anti- 
cipated to be small; lez, is approximately non-bonding and for degeneracies in 
orbitals not greatly involved in bonding the magnitude of the distortion is 
generally found to be small, or undetectable by diffraction methods, possible 
because of a dynamical interchange between several Jahn-Teller extrema 1261. 
It may also be noted that no accurate structure determinations appear to have 
been reported for those metallocenes expected to be subject to first-order 
Jahn-Teller distortions: the formally d5 system (C5H5)2Fe+I:, for example, 
exhibits disorder in the crystal, so that no detailed conclusions could be drawn 
about the structure of (&H&Fe’ [27]. 

The results discussed above demonstrate that the second-order Jahn-Teller 
effect is a powerful aid to the understanding of the molecular geometry of 
metallocenes and their analogues, in that it predicts the nature of any deviation 
from the idealised geometry without requiring any calculations. 
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