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Analysis of Main-Group Metallocenes [E(Cp),] (E =Be-Ba, Zn, Si—Pb)
and [E(Cp)] (E =Li-Cs, B-TI)**
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Abstract: The geometries, metal-li-
gand bond dissociation energies, and
heats of formation of twenty sandwich
and half-sandwich complexes of the

valence basis sets, which have DZP and
TZP quality. Improved energy values
have been obtained by using coupled-
cluster theory at the CCSD(T) level. The

nature of the metal —ligand bonding has
been analyzed with an energy-partition-
ing method. The results give quantita-
tive information about the strength of

main-group elements of Groups1, 2,
13, and 14, and Zn have been calculated
with quantum chemical methods. The

: analysis
geometries of the [E(Cp)] and [E(Cp),] calculations -
complexes were optimized using density metallocenes

functional theory at the BP86 level with

Introduction

The synthesis of the first sandwich complex ferrocene
[Fe(Cp),], which was published by Kealy and Pauson fifty
years ago,l? is considered as a landmark event in organo-
metallic chemistry.’ It was the starting point for a new class of
compounds called metallocenes that became ubiquitious in
synthetic* and industrial®! applications. The initial suggestion
of the structure having two Fe—CsH;s o bonds!! was soon
corrected in two independent publications by Fischer and
Pfabl®! and by Wilkinson, Rosenblum, Whiting, and Wood-
ward,! who showed that the molecule has a m-bonded
sandwich structure. A bonding model for ferrocene using
symmetry-adapted molecular orbitals, which is also valid for
other metallocenes of the transition metals, was introduced by
Shustorovich and Dyatkina.®®! The orbital correlation model is
now generally accepted and used as a standard in many
textbooks.’l The metal -ligand bonding is explained in terms
of donor —acceptor interactions between Fe?" (t,,, d°) and two
Cp~ ligands. A recent energy-partitioning analysis of ferro-
cene showed that the [Fe?>*(Cp~),] bonding is ~51 % electro-
static and ~49 % covalent, and that two thirds of the covalent
interactions come from (Cp~),— Fe?* m donation of the
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the covalent and electrostatic interac-
tions between E"* and (Cp™), (n=1, 2).
The contributions of the orbitals with
different symmetry to the covalent
bonding are also given.

bonding
functional

e, MO of the ligand into the degenerate d(w) metal
orbitals.['"]

Metallocenes have in the meantime also been synthesized
with main-group elements E, which may be metals or other
atoms. Although the term metallocene was originally defined
for sandwich compounds [E(Cp),], in which E is a metal, it is
now also used for compounds with only one Cp ligand [E(Cp)]
and for complexes with main-group elements E such as silicon
and boron. Recent reviews of main-group metallocenes show
that a large number of compounds with the formula [E(Cp)]
and [E(Cp),], particularly with elements E of the Groups 1, 2,
13, 14, and 15, have been synthesized and structurally
characterized by X-ray analysis.''/ Numerous quantum chem-
ical calculations of main-group metallocenes have also been
published in recent years. The theoretical knowledge, which
has been gained in these studies, was recently reviewed by
Kwon and McKee.['"”l Many calculations have been aimed at
determining the equilibrium geometry of [E(Cp),] com-
pounds which may have parallel (Ds4, Ds,) or bent (C,,, C,,
C,) structures (Scheme 1). The bonding situation in the
compounds has also been analyzed with qualitative bonding
models. There is general agreement that, in main-group
metallocenes, m-type interactions are weaker than in transi-
tion-metal metallocenes because the main-group elements do
not have d-type valence orbitals.' 2] The bonding of the
Cp ligand to the s-block elements (Groups 1, 2) is considered
to be mainly ionic, while complexes of the p-block elements
should be predominantly covalent. Therefore, orbital corre-
lation diagrams of main-group metallocenes use only the s and
p orbitals of E for a discussion of the covalent bonding in
[E(Cp)] and [E(Cp),] complexes.['' 121
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Scheme 1. Representation of the parallel (also called linear) and bent form
of metallocenes [E(Cp),]. Depending on the rotation about the E—Cp bond

axis, the parallel form may have D, (staggered) or Dy, (eclipsed) symmetry,
and the bent form may have C,,, C,, C,, or C; symmetry.

It would be very helpful if the covalent and electrostatic
contributions to the E—Cp bonding and the strength of the
different orbital terms could be quantitatively given. The
recent review by Kwon and McKee recognized this by saying:
“there is not enough data from high-level theoretical calcu-
lations to have a quantitative understanding of the factors
involving covalent or ionic bonding between the Cp ligand
and the main-group element”.!'¥] We have given such data for
transition-metal metallocenes in our analysis of the bonding
in ferrocene [Fe(Cp),] and isoelectronic iron bispentazole
[Fe(17°-N;),]l'%] and in the homoleptic and heteroleptic com-
plexes with the heavier Group 15 analogues [Fe(1°-Es),] and
[Fe(Cp)(37°-E5)].'® The studies are part of our ongoing
theoretical work, which aims at a systematic quantitative
analysis of chemical bonding in main-group and transition-
metal compounds that gives the strength of the covalent and
electrostatic bonding and of the contributions by the orbitals
having different symmetry.' I Tt is our goal to compare the
chemical bonds of different elements and different structures
in a quantitative fashion by using accurate quantum chemical
methods. In this paper we present results for the main-group
metallocenes [E(Cp),] (E=Be-Ba, Si—Pb) and [E(Cp)]
(E=Li-Cs, B-Tl). We present for the first time bond
dissociation energies and heats of formation of all molecules.
The bonding analysis uses the energy-partitioning scheme in
the program ADF,[™] which is based on the methods suggested
by Morokumal'® and Ziegler.['’] A short outline is given in the
method section.

The following theoretical results are presented for the first
time in this paper.

1) A complete set of bond dissociation energies.
2) A complete set of heats of formation.
3) Quantitative analyses of the metal — Cp bonds.

Methods: Nonlocal density functional theory (DFT) using
Becke’s exchange functional!'® and the correlation functional
of Perdew!"! (BP86) was employed to carry out the geometry
optimizations. An extra tight grid having 99 radial shells and
590 angular points per shell was used throughout. All the
structures located on the potential energy surface (PES) have
been characterized by checking the number of negative
eigenvalues of the corresponding Hessian matrix. A conver-
gence in the maximum gradient of, at least, 5x
1073 hartree bohr~! was achieved. The following basis sets
which are labeled in the papers as basis set A have been used.
For main-group elements up to the fourth period a standard
6-31G(d) basis set with six cartesian d-type polarization
functions was employed.?> 2!l Notice that the 3dshell is
included in the valence space of the elements of the fourth
period.?!] For the heavier elements of Group 1 (Rb, Cs) a
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quasirelativistic 9-valence electron (VE) pseudopotential has
been used with a (31111/3111/1) valence basis set.??l We have
also used this basis set for K in order to compare the results
with the pseudopotential and the 6-31G(d) full electron basis
set. The exponents for the six cartesian d-type polarization
functions have been optimized in conjunction with the small-
core effective core potentials (ECPs) for the interaction of the
metal with a cyclopentadienyl ligand, [M(CsHs)]. The energy-
optimized exponents are: o4(K)=0.31, a4(Rb)=0.22, and
a4(Cs) =0.18. For the heavier atoms of Group 2 (Ca, Sr, Ba), a
quasirelativistic 10-valence electron pseudopotential has been
used with a (3111/3111/32) valence basis set for Ca and Sr and
a (3111/3111/32/1) valence basis set for Ba.’l A quasirelativ-
istic 3-VE-ECP has been used for the elements Ga, In, and TI,
and a 4-VE-ECP for the atoms Ge, Sn, and Pb. The valence
basis sets for these six elements have (31/31/1) quality.*!l The
exponents of the cartesian d-type polarization functions in
Ga, In, Ge, and Sn are taken from Huzinaga.?! For the Zn
atom, a relativistic 20-VE ECP has been employed with a
(311111/22111/411) basis set.?’l The geometry optimizations
have been carried out using the program package Gauss-
ian 98.7

In order to improve the calculated energies, CCSD(T)2 %
single point calculations were accomplished with a larger basis
set B at BP86/A optimized geometries by using the program
MOLPRO.B In the case of open-shell fragments, we used the
RHF-UCCSD(T)P! method. Basis set B has 6-311G(2d) basis
setsB> 31 for H, Li, Be, B, C, Na, Mg, Al, and Si. Three and four
valence electrons have been correlated on atoms belonging to
Groups 1 and 13, and 2 and 14, respectively, except Na and
Mg, for which nine and ten electrons have been considered.
On the other hand, the ten 1score orbitals of the carbon
atoms in the Cp rings have been “frozen” in the correlated
calculations. The valence basis sets of the 9-VE-ECP for K,
Rb, and Cs have (311111/31111/11) quality, in which the
exponents of the outermost s and p valence orbitals are 65 %
of the former outermost ones. One set of spherical d-type
polarization exponents has been optimized for the 9-valence
electron pseudopotential at the CISD level in atomic calcu-
lations. The exponents are: a4(K)=1.02, a4(Rb) =0.57, and
a4(Cs) =0.38. For the CCSD(T) calculations, each exponent
has been split into two following the pattern 2- a4, ay/2. The
10-VE basis sets for Ca and Sr have (31111/31111/21111)
quality. Again, the outermost s and p valence orbitals have
exponents, which are 65 % smaller than the former outermost
ones. The d orbital space, on the other hand, has been re-
contracted as indicated, and the outermost d valence orbitals
have been split as described above. The valence basis set of Ba
has the same contraction scheme and has been augmented
with one set of f-type polarization functions. For the atoms of
Groups 13 and 14 (Ga, In, and TI, and Ge, Sn, and Pb), a (211/
211/11) basis set has been used. Finally, the basis set employed
for the Zn atom has (311111/22111/3111/1) quality, for which
we have employed one set of f-type polarization functions
with exponent a(Zn) =4.3 optimized at the CISD level. All
valence electrons apart from the 1s carbon orbitals of the Cp
rings have been correlated in the CCSD(T) calculations when
using ECPs. Unless otherwise noted, energies will be dis-
cussed at CCSD(T)/B and geometries at BP86/A.
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In order to carry out the energy-partitioning analysis, which
is described below, the geometries were also optimized with
the program package ADF(2000.02)[">34 using the BPS86
functionals. A convergence threshold for the maximum
gradient of 5 x 1075 hartree bohr~! has been used throughout.
Relativistic effects were considered in those compounds
having elements of the fifth and sixth period by means of
the zero-order regular approximation (ZORA).l Uncon-
tracted Slater-type orbitals (STO) were employed as basis
functions for the SCF calculations.®! The (full) basis sets for
the main-group elements up to the fourth period have triple-§
quality augmented by one set of d-type polarization functions.
One set of p polarization functions has been added to H.
Regarding the main-group atoms of the fifth period, the
(1s2s2p3s3p3d)® core electrons of Rb and Sr were treated
by the frozen core approximation, whereas for In and Sn
the frozen core approximation was applied to the
(1s2s2p3s3p3ddsdp)® core electrons. This gives 9, 10, 13, and
14 valence electrons for the Groups 1, 2, 13, and 14, respec-
tively. Extending the valence space in Group 13 and Group 14
to 13 and 14 electrons, respectively, was necessary to achieve
results of the same quality as the ones obtained with 3 and
4 valence electrons in G98. The same number of valence
electrons was considered for the Group 1, Group 2, Group 13,
and Group 14 elements of the sixth period. This gives a
(1s2s2p3s3p3ddsdpdd)* core for Cs and Ba and a
(1s2s2p3s3p3d4sdp4d4£5s5p)®® core for Tl and Pb. Basis sets
of triple-£ quality have been used for elements of the fifth and
sixth period. These basis sets have been augmented with one
set of d- and f-type polarization functions except for In, Sn,
and TI, for which only f-type functions are available. An
auxiliary set of s, p, d, f, and g STOs was used to fit the
molecular densities and to represent the Coulomb and
exchange potentials accurately in each SCF cycle.?”

For the energy-partitioning analysis the interaction energy
AE;,, was calculated and decomposed for the bonding
between the metal ions E** and two Cp~ ligands in [E(Cp),]
and between E* and Cp~ in [E(Cp)] in the electronic ground
state, respectively. The instantaneous interaction energy AE;
can be divided into three components [Eq. (1)].

AEi = AE g+ AEpaui + AE o, 1)

AE. . gives the electrostatic interaction energy between
the fragments which are calculated with a frozen-electron-
density distribution in the geometry of the complex. It can be
considered as an estimate of the electrostatic contribution to
the bonding interactions. The second term in Equation (1)
AFEp,; gives the repulsive four-electron interactions between
occupied orbitals. The last term gives the stabilizing orbital
interactions AE,,,, which can be considered as an estimate of
the covalent contributions to the bonding. Thus, the ratio
AE ../ AE,,, indicates the electrostatic/covalent character of
the bond. The latter term can be partitioned further into
contributions by the orbitals which belong to different
irreducible representations of the interacting system. This
makes it possible to calculate, for example, the contributions
of 0 and m bonding to a covalent multiple bond. Technical
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details about the energy partitioning method can be found in
the literature.['> 3

The bond dissociation energy (BDE) AE, is given by the
sum of AE;, and the fragment preparation energy AE,

[Eq. 2)].

prep

AE = AEy, + AE,, @

AE,., is the energy which is necessary to promote the
fragments from their equilibrium geometry and electronic
ground state to the geometry and electronic state which they

have in the optimized structure.

Geometries, bond energies, and heats of formation: The
geometry optimization of the complexes was carried out first
with restricted symmetry-enforcing Cs, symmetry for the
[E(Cp)] molecules and Ds, symmetry for [E(Cp),] species.
The calculation of the vibrational frequencies revealed that
most structures are minima on the PES (number of imaginary
frequencies i = 0), while some of them are higher order saddle
points with i =2 or in the case of [Zn(Cp),] with i =4. In those
cases we located the energy minima by lowering the symmetry
constraints in the geometry optimization. All Group 1 and
Group 13 halfsandwich complexes [E(Cp)] have an equilib-
rium geometry, which has Cs, symmetry (structure type 1).
Seven different structure types2-8 were found by us as
energy minima for the sandwich complexes [E(Cp),]. They
are shown in Figure 1. Structures2 and 3 are the high
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Figure 1. Schematic representation of the structure types 1-8, which have
been found as energy minima in this work.
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symmetry forms of [E(Cp),] with parallel Cp rings, which are
staggered (2) or eclipsed (3). In structures 4—6 the Cp rings
are bent, that is, the angle X—E—X' (X, X' being the center of
the Cp rings) is <180°. Different rotation of the Cp rings
around the E-X and E—X" axes leads to structures which have
C, @), C, (5), or C; (6) symmetry. A bent structure with
C,, symmetry was not found as an energy minimum for any of
the molecules in this investigation. The binding mode
between the metal and the Cp ligands in 1-6 is #°, that is,
atom E is bonded to the five carbon atoms. Structures 7 and 8
show “slipped” sandwich complexes [E(Cp),], in which the
metal binds 7’ to only one ring but in an %> to 5! fashion to the
other (7) or it binds #*/5' to both rings (8). Further details are
discussed below.

Table 1 gives the calculated geometries and bond disso-
ciation energies of the investigated metallocenes. The dis-
sociation products have the metal atoms in the respec-
tive electronic ground state and the Cp ligand in the ?B,
state. Since the experimental heats of formation of the
atoms E and the Cp ligand are known,*! we took the data
and the calculated bond energies in order to predict the AH?
values of the metallocenes. The results are also shown in
Table 1.

We begin the discussion of the results with the alkaline
complexes [E(Cp)] (E=Li-Cs). All molecules belong to
structure type 1, that is, they have geometries with Cs, sym-
metry. The calculated bond lengths are very similar to
previously reported values of [Li(Cp)]P and [Na(Cp)],*"
which come from accurate quantum chemical methods.[') The
complexes with E=K, Rb, and Cs have not been calculated
by ab initio or DFT methods before. Thus, the data in Table 1
are the first complete set of theoretically predicted geometries
and bond energies of Group1 metallocenes [E(Cp)]. A
comparison of the calculated bond lengths with experimental
values is not very meaningful because the latter data have
been obtained from polymeric compounds or from molecules
which carry additional solvent molecules at the metal atom.!'!]
For example, the measured Cs—X distance (X being the center
of the Cp ring) of polymeric [Cs(Cp)] (2.82 A)#! is similar to
the BP86/A value (2.874 A), but the agreement is fortuitous
and misleading because the measured K—X distance of
[K(Cp)] (2.82 A)*) is the same as for Cs—X, while the
calculated value (2.566 A) is as expected much shorter.

An interesting result of the energy calculations is that the
E—Cp bond strength from Na-Cs remains nearly constant.
The cesium complex is predicted to have a rather strong
Cs—Cp bond (D.=61.8 kcalmol~!), which is as strong as the
Na—Cp bond (D, =60.8 kcalmol~"). The Li—Cp bond (D.=
86.0 kcal mol ") is significantly stronger than the bonds of the
heavier analogues. [Li(Cp)] is the only metallocene complex
of this work for which the E—Cp bond dissociation energy for
the formation of the neutral fragments has been calculated
before. Blom et al.?*¥ reported the value D, =72.2 kcalmol ',
which was obtained at the Hartree — Fock level of theory. The
calculated bond energy which is given here should be more
reliable because the earlier data do not include correlation
contributions. We want to point out that the calculated bond
energies at BP86/A are very similar to the CCSD(T)/B results.
This is gratifying because CCSD(T) calculations are much
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more expensive to carry out than BP86. The calculated heats
of formation of the metallocenes have always positive values.
The somewhat irregular trend of the AH? values from Li to Cs
comes from the data of the atoms E.FS!

Next we discuss the results of the alkaline-earth metal-
locenes [E(Cp),] (E=Be-Ba). Several theoretical studies
which report the geometries and electronic structure of the
molecules have already been published.[*’] The wide variety of
experimental and theoretical studies of 14-electron metal-
locenes has been comprehensively reviewed by Hanusa.[*!
The geometry optimization of the Dy, geometries at BPS6/A
yielded structures which are energy minima (i =0) for E = Be,
Mg, and Ca but second-order saddle points (i =2) for E=Sr
and Ba (Table 1). The calculated geometry of [Be(Cp),] is
particularly interesting because of experimental data which
suggest a rather unusual structure that is still somewhat
uncertain.! [Be(Cp),] has a permanent dipole moment of
2.24 D which clearly shows that the Cp rings cannot be
equivalent.*l The '"H NMR spectrum shows only one signal,
however, which indicates a fast exchange of the hydrogen
atoms on the NMR timescale.*’l The results of electron
diffraction measurements have at first been interpreted as a
structure with Cs, symmetry which has two #>-bonded Cp
ligands that have different Be—X distances.*? A later X-ray
structure analysis gave a “slipped sandwich” geometry with
approximate C,symmetry, in which one Cp ligand is #’-
bonded, while the second ring does not lay on top of the first
one but it has one short Be—C bond (1.81 A).[¥! A reinter-
pretation of the electron diffraction data led us to the
conclusion that [Be(Cp),] may indeed have a slipped-sand-
wich structure. 4]

We also optimized the geometry of [Be(Cp),] without
symmetry constraints by using the experimental geometry as
starting point. The calculation yielded a structure with
C,symmetry (Figure 2), which is a minimum on the PES
(i=0). At the BP86/A level, the C,form of [Be(Cp),] is
0.1 kcalmol~! lower in energy than the Ds4 structure. Energy
calculations at CCSD(T)/B//BP86/A predict that the former
structure is 0.6 kcalmol~! more stable than the latter form.
The calculations indicate that the [Be(Cp),] PES around the
CyJDs4 form is very flat which means that the molecule has a
fluxional structure. This is in agreement with the experimental
observations.“*1 The floppiness of the PES must be taken
into account when the calculated bond lengths are compared
with the experimental values (Figure?2). The calculation
suggests that the rings are not coplanar. This may be the
reason why the short Be—C distance of the slipped Cp ring is
calculated to be much shorter (1.774 A) than the gas-phase
value (1.99 A). Note that the value from the X-ray structure
analysis (1.81 A) is in much better agreement with the
theoretical number than the gas-phase value. The calculated
structure shown in Figure 2 suggests that the Be—Cp bonding
in [Be(Cp),] is best described as 7°/5' (structure type 7). This
is in agreement with the latest discussion of the experimental
structure.[1"]

We calculated the geometry of [Mg(Cp),] with eclipsed Cp
rings (Ds, symmetry) in addition to the Dy, form, because it
has been reported that the former conformation prevails in
the gas phase,” while an X-ray structure analysis identified
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Table 1. Calculated bond lengths [A] and angles [°] at BP86/A. Values at BP86/TZP are given in parentheses. Relative energies E,, of the isomers and
theoretically predicted bond dissociation energies D, and ZPE corrected values D, [kcalmol~'] at CCSD(T)/B//BP86/A in italics and at BP86/A. Calculated
heats of formation AHY [kcalmol~'] at CCSD(T)/B//BP86/A.

Molecule Symm. E-C E—-X c—-C BX—E-X)d E. Dl D! AH}

[Li(Cp)] 1(C,) 2123 1.740 1.430 - 0 - -860  -823 134
(2.142) (1.767) (1.425) —82.7 ~79.0

[Na(Cp)] 1(Cy) 2512 2.197 1.430 - 0 - —608  —586  25.
(2.524) (2.214) (1.425) —-566  —544

[K(Cp)] 1(C) 2839 2.566 1.427 - 0 - ~599  -579 216
(2.842) (2.572) (1.423) 525 —504

[Rb(Cp)]  1(Cs)  3.007 2.751 1.427 - 0 - -570  -553 223
(3.052) (2.802) (1.422) 521 ~50.4

[Cs(Cp)]  1(Cs) 3119 2.874 1.426 - 0 - —618  —60.0 16.5
(3.258) (3.026) (1.422) -578  -561

[Be(Cp)] 2 (Ds) 2058 1.661 1427 180.0 0 00  —1611 —1539 386
(2.078) (1.689) (1.424) (180.0) 1539  —146.6

[Be(Cp),] 7(Cy) 1.915-1.958 1.50412 1.430-1.4320 152.7 0 —0.6 —161.7 —154.0 38.5
(1.934-1.965)4  (1.524)01  (1.425-1.427)4  (153.4) —01 1540  —1463
1.774-3.0641] 2.26100 1.393 -1.4370]
(1777-3189)1  (2355)1  (1.383—1.437)®)

[Mg(Cp)] 2 (Ds) 2368 2.030 1432 180.0 0 00  —1272  —1211 29.9
(2.371) (2.037) (1.426) (180.0) ~1187 1125  Exp.:31+200

[Mg(Cp),] 3 (Ds) 2368 2.030 1432 180.0 0 <4001 —1272 —I1210 300
(2.371) (2.038) (1.426) (180.0) <+001  —1187 —1125  Exp.: 31+200

[Ca(Cp)s] 2 (Dsa)  2.645 2350 1.428 180.0 0 00  —1603  —1549 36
(2.668) (2.377) (1.423) (180.0) 1606 —1552

[St(Cp),] 2 (Ds) 2819 2.544 1.429 180.0 2 0.0
(2.869) (2.601) (1.423) (180.0)

[St(Cp),] 6 (C) 2.815-2.8188 2.541 1.428—1.429) 167.1 0 +01 1543 1493 57
() ()l ()l () —002  —1503 —1453

[Ba(Cp)] 2 (Ds)  2.998 2.741 1.428 180.0 2 0.0
(3.093) (2.847) (1.423) (180.0)

[Ba(Cp)]  5(C) 2.955-3.0011 2719 1.427-1.428 140.0 0 —02 1660  —1611  —2.1
() ()l ()l () ~12  —1592  —1543

[Zn(Cp))] 2 (Ds) 2319 1.971 1.436 180.0 4 0.0
(2.334) (1.991) (1.431) (180.0)

[Zn(Cp)]  8(C) 2.116-2.5311 20116 1.425—1.4500) 1722 0 -37 —749  —696 72.1
(2.048-2.862)1  (2218)l  (1.403-1.457)  (177.8) ~88 ~662  —60.9
1.986—3.332M 2.531M 1.386—1.480"!
(1.998-3307)1  (2.520)81  (1.382—-1.473)P)

[B(Cp)] 1(C) 2012 1.607 1.423 - 0 - —913  —873 1040
(2.002) (1.597) (1.419) ~995 —945

[Al(Cp)]  1(Cs) 2390 2.059 1.428 - 0 - —90.7  -874 194
(2.396) (2.068) (1.423) —91.8 — 884

[Ga(Cp)] 1(Cs) 2476 2.157 1.429 - 0 - —81.3 ~78.3 45
(2.471) (2.154) (1.424) 822 ~792

[In(Cp)] 1(C,) 2631 2333 1.430 - 0 - —-808  —780 382
(2.662) (2.370) (1.424) ~795 ~76.7

[TI(Cp)] 1(C,) 2782 2502 1.430 - 0 - —684  —660 357
(2.761) (2.481) (1.424) —69.5 —67.0

[Si(Cp),]  2(Ds) 2513 2201 1.425 180.0 2 0.0
(2.532) (2.225) (1.420) (180.0)

[Si(Cp),]  4(C) 2.260-2.781 2215 1.415-1.4401¢) 154.7 0 —46 1307  —1243 99.7
(2276-2.790)0  (2.235) (1.410-1.435)F  (155.8) -28 ~1374  -1310

[Ge(Cp)] 2 (Ds) 2582 2279 1.427 180.0 2 0.0
(2.597) (2.298) (1.422) (180.0)

[Ge(Cp)]  5(C) 2.428-2.7371 2282 1.419-1.4350¢ 159.0 0 —10  —1232 —1174 87.9
(2475-2.744)0  (2.299) (1.414-1.429)¢  (162.0) —06 —1293  —1234

[Sn(Cp),]  2(Ds) 2775 2.495 1.428 180.0 2 0.0
(2.758) (2.479) (1.422) (180.0)

[Sn(Cp),]  5(C) 2.635-2.9041 2.490 1.420-1.4351¢) 151.6 0 -17  —1168 —1113 76.9
(2.623-2.882))  (2.473) (1.414-1.428)9  (154.0) —09  -1215  —1160

[Pb(Cp))]  2(Ds)  2.860 2.589 1.429 180.0 2 0.0
(2.833) (2.561) (1.423) (180.0)

[Pb(Cp),] 6 (C) 2.755-2.9591 2.586 1.423-1.433¢ 156.3 0 -05  —1113 —1062 56.6
(2.756-2.899))  (2.557) (1.420-1.426)9  (163.0) -03 ~1130  -107.9

[a] Values for the 7°-bonded ring, see Figure 2. [b] Values for the #'-bonded ring, see Figure 2. [c] Geometry optimization at BP86/TZP leads to the Ds, form.
[d] X is the center of the ring. [e] Dissociation into atom E and one or two Cp ligands. [f] Reference [55]. [g] Number of imaginary frequencies.
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Figure 2. Calculated bond lengths [A] and angles [] of [Be(Cp),] and
[Zn(Cp),] at BP86/A. Experimental values are given in brackets.

the latter form in the solid state.’'] The calculations predict
that the Dy, and Ds, forms of magnesocene are energetically
nearly degenerate (Table 1). Both conformations are found as
minima on the PES. The energy difference between the two
forms is only <0.01 kcalmol~'. The heavier metallocenes
[Ca(Cp),], [Sr(Cp),], and [Ba(Cp),] in the solid state have
bent polymeric structures,'! and thus, the experimental
geometries shall not be compared with the calculated values.
Gas-phase values are not available for them. The decamethyl-
substituted analogues [Ca(Cp*),], [Sr(Cp*),], and [Ba(Cp*),]
are monomeric species, the geometries of which have been
measured by electron diffraction™® > and X-ray structure
analysis.’*l The analysis of the recorded data indicated bent
sandwich structures with two #°-bonded Cp rings, but it was
pointed out that the molecules might have D5, structures if the
energy difference between the parallel and the bent form is
< 0.5 kcalmol~.P? The reported bending angle S(X—E—X’)
decreases from E=Ca (=154°) to E=Sr (=149°) and
E =Ba ( =148°). Table 1 shows that the BP86/A calculations
give the same trend for the [E(Cp),] species albeit with a
steeper decrease. [Ca(Cp),] has a linear (Ds,) structure, while
[Sr(Cp),] (8 =167°) and [Ba(Cp),] (8 =140°) are predicted to
be bent. The energy differences between the D, form and the
bent equilibrium structures are very small however. The
CCSD(T)/B calculations favor the bent structure of [Ba(Cp),]
only by 0.2 kcalmol~!, while for [Sr(Cp),], the bent form is
even 0.1 kcalmol~! higher in energy than the Ds,4 structure. At
BP86/TZP, the linear forms of both molecules are found as the
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energetically lowest lying structures. The geometry optimiza-
tion of [Sr(Cp),] and [Ba(Cp),] at BP86/TZP using the bent
equilibrium structures as starting points led to the Dsq struc-
tures. The results presented here agree with previous exper-
imental® ' ! and theoretical® work which suggests that that
the alkaline-earth metallocenes have a parallel or quasipar-
allel structure.

The theoretically predicted bond energies of the alkaline-
earth metallocenes are very interesting. The CCSD(T)/B
values suggest that [Ba(Cp),] has the highest bond
energy (D.=166.0 kcalmol™!) and that [Be(Cp),] (D.=
161.7 kcalmol~!) and [Ca(Cp),] (D.=160.3 kcalmol~") have
slightly weaker bonds. Smaller bond energies are calculated
for [Sr(Cp),] (D.=154.3 kcalmol™'), but the lowest value is
predicted for [Mg(Cp),] (D.=1272 kcalmol™'). Thus, the
trend of the bond energies of the alkaline-earth metallocenes
is different from the alkali-metal metallocenes, for which the
strongest bond was calculated for the lightest element
[Li(Cp)]. The calculated heats of formation of the sandwich
complexes of the lighter elements Be and Mg are clearly
positive, while the AH? values of the heavier metallocenes
[Ca(Cp),], [Sr(Cp),], and [Ba(Cp),] are close to zero (Ta-
ble 1). The experimental heat of formation of magnesocene is
known.® The measured value AHP ([Mg(Cp),])=31+
2 kcalmol~' is in perfect agreement with the calculated result
(29.9 kcalmol~'). This means that the theoretical AH? values
and the bond dissociation energies at CCSD(T) should be
quite reliable. We want to mention that the heat of formation
of magnesocene has previously been calculated by Cioslowski
etal. at the B3LYP/6-311 ++ G(d,p) level.®™ The authors
reported the value AH?([Mg(Cp),]) =32.9 kcal mol~!, which
agrees with the experimental result and with our data. The
calculated bond dissociation energies of the alkaline-earth
metallocenes at BP86/A are always up to 8.5 kcal mol~! lower
than the CCSD(T)/B values except for [Ca(Cp),], for which
the D, value at the former level is 0.3 kcal mol~! higher than at
the latter level (Table 1).

We calculated the structure of [Zn(Cp),] which may be
compared with the alkaline-earth metallocenes because the
electron configuration of Zn (d'%?p®) resembles those of the
elements Be—Ba (s?p°). [Zn(Cp),] is polymeric in the solid
state.ll Experimental studies suggest that isolated [Zn(Cp*),]
has a slipped sandwich geometry and a fluxional structure
similar to that found for [Be(Cp),].”® The only previous
theoretical work on the geometry of [Zn(Cp),] was carried out
at the MP2 level of theory.’’s] The optimization was per-
formed with the constraint of Dy, symmetry. The vibrational
frequencies were not reported, and thus, it is not clear if it is a
minimum on the PES. The geometry optimization of the
D5 form at BP86/A yielded a structure which has four
imaginary frequencies. Calculations with less symmetry con-
straints indicated a C;symmetric structure as an energy
minimum form (i =0), which is 8.8 kcalmol~! lower in energy
than the Ds,4species. The optimized equilibrium structure is
shown in Figure2. The Cp rings of [Zn(Cp),] are not
equivalent. The Zn atom has three short (2.116 A, 2 x
2.290 A) and two long (2 x 2.531 A) Zn—C distances to one
Cp ring, while the other Cp ring has one short (1.986 A) and
four long (2x2.640 A, 2x3.332A) Zn—C distances. The
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Zn—Cp, bonding situation may thus be interpreted as 7
bonded to one Cp ring and #n'-bonded to the other (struc-
ture 8). However, the distances Zn—C =2.531 A of the first
ring could still be considered as weak bonds, and this would
give one 7°-bonded ring and thus, an 18 electron configuration
for Zn. Figure2 gives also the gas-phase values of
[Zn(Cp*),].P A comparison of the calculated structure of
[Zn(Cp),] with the experimental geometry of [Zn(Cp*),]
shows a stronger #°/'-bonding situation for the latter com-
plex. The calculated bond energy shows that the Zn—Cp, bond
strength (D, =74.9 kcalmol!) is much less than those of the
alkaline-earth metallocenes (D,=127.2-166.0 kcalmol™).
The calculated heat of formation of [Zn(Cp),] has a strongly
positive value (72.1 kcalmol ).

Now we turn to the Group 13 metallocenes [E(Cp)] (E =
B-TI). The calculations of the geometries gave 7’-bonded
structures (Cs, symmetry) for all molecules, and this is in
agreement with experimental work and with previous theo-
retical studies.l'’- 12 %] The geometries of the heavier species
[In(Cp)] and [T1(Cp)] have been determined by gas-phase
electron diffraction. The experimental In—X distance (2.32 A)
is in excellent agreement with the calculated value (2.333 A),
while the experimental TI-X value (2.41 A) is somewhat
shorter than the theoretical result (2.502 A).["'2l Experimental
data of the lighter homologues are not known to us, but the
geometries of monomeric [Al(Cp*)] and [Ga(Cp*)] have
been measured by gas-phase electron diffraction. The report-
ed Al-X value of the former compound (2.06 A)) is the
same as the calculated Al-X value of [AI(Cp)] (2.059 A). The
experimental Ga—X bond length of [Ga(Cp*)] (2.08 A),50
which is nearly the same as the Al-X bond length in
[AI(Cp*)], is shorter than the calculated value for [Ga(Cp)]
(2.157 A). This is reasonable because Cp* is a stronger donor
than Cp. However, it is puzzling that [Al(Cp*)] and
[Ga(Cp*)] should have nearly the same E—X distances. The
calculations predict that the Ga—X bond of [Ga(Cp)] is 0.1 A
longer than the Al-X bond of [Al(Cp)].

The calculated energies (Table 1) predict that [B(Cp)] and
[Al(Cp)] have the strongest E—Cp bonds (D, =91 kcalmol ')
followed by [Ga(Cp)] and [In(Cp)] (D.= 81 kcalmol~!) and
[TI(Cp)] (D.=68 kcalmol™!). The calculations indicate that
the Group 13 metallocenes [B(Cp)]-[TI(Cp)] have slightly
stronger bonds than the Group 1 metallocenes [Li(Cp)]-
[Cs(Cp)] of the same period. The theoretically predicted
heats of formation of the former species are much more
positive particularly for [B(Cp)] because the AHP(E) values
of the Group 13 atoms have large positive values.*!

Finally we discuss the results of the Group 14 metallocenes
[E(Cp),] (E =Si—Pb). We left out carbocene because a recent
theoretical study of [C(Cp),] and [Si(Cp),] by Schoeller
et al.l’l showed that carbocene prefers a classical dicyclopen-
tadienylcarbene structure, and thus, a discussion in terms of a
donor—acceptor metallocene complex is not appropriate. The
heavier analogues [Si(Cp),]—[Pb(Cp),] have been studied
before theoretically,®-%% but the bond energies and heats of
formation have not been reported yet.[*! A very recent DFT
study about [Si(Cp),]-[Pb(Cp),] by Smith and Hanusal®!
focussed on the equilibrium geometries and electronic
structure of the molecules.

Chem. Eur. J. 2002, 8, No. 20
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We optimized the geometries of the molecules [Si(Cp),]-
[Pb(Cp),] first with enforced Dsy symmetry. The Ds, forms are
second-order saddle points (i=2). Geometry optimization
with less symmetry constraints gave energy minima, which
have a bent sandwich structure with C,symmetry for
[Si(Cp)],, C,symmetry for [Ge(Cp),] and [Sn(Cp),], and
C, symmetry for [Pb(Cp),] (Table 1). The same energy mini-
ma were found by Smith and Hanusa, except that they report
a C,form as energy minimum for [Pb(Cp),].l* The energy
difference between the C, and C, form is very small
(<0.01 kcalmol 1), and thus, it is not significant. The calcu-
lated geometries are in good agreement with experimental
values, which have been reported for [Ge(Cp),], [Sn(Cp),],
and [Pb(Cp),]. For germanocene, the measured Ge—X
distance is 2.23 A, and the bending angle S(X—Ge—X') is
152°.1651 The calculated values are Ge—X=2.282A and
B(X—Ge—X') =159.0°. The X-ray structure analysis of stan-
nocene gave two crystallographically independent molecules,
which have Sn—X distances between 2.37-2.45 A and bend-
ing angles S(X—Sn—X’) of 144 and 148°.[°! The calculated data
in Table 1 are Sn—X =2.490 A and A(X—Sn—X') = 151.6°. The
experimental values for plumbocene are Pb—X =2.55 A and
B(X—Pb—X') =135+ 15°.""al The calculations give a larger
bending angle [(X—Pb—X')=156.3°, while the distance
Pb—X =2.586 A concurs with experimental values.

The calculations predict that the bond energies of the
Group 14 metallocenes [E(Cp),] have the trend Si> Ge >
Sn > Pb, but the differences between the calculated D, values
are not very big. The comparison of the Group 14 sandwich
complexes with the alkaline-earth species [Mg(Cp),]-
[Ba(Cp),] shows interesting differences between the trend of
the BDE values. The calculated bond energy of [Si(Cp),]
(D.=130.7 kcalmol!) is slightly higher than that of
[Mg(Cp),] (D.=1272 kcalmol '), but the heavier analogues
[Ge(Cp),] - [Pb(Cp),] have significantly weaker bonds (D, =
111.3-123.2 kcalmol™') than those of [Ca(Cp),]-[Ba(Cp),]
(D.=154.3-166.0 kcalmol~!). The calculated heats of for-
mation of the Group 14 metallocenes are always strongly
positive (Table 1). We want to point out that the heat of
formation of silicocene has previously been calculated by
Baxter et al.? at a semiempirical level using MNDO.[*”) The
reported value AH([Si(Cp),]) = 50.8 kcalmol~! is much low-
er than our result AHP([Si(Cp),])=99.7 kcalmol~!. Tt is
possible that the unusual bonding situation of Si in [Si(Cp),]
may not be correctly described by MNDO, and therefore, the
semiempirical value could have a significant error.

Figure 3 shows the trend of the theoretically predicted bond
dissociation energies of the half-sandwich and sandwich
complexes at CCSD(T)/B. It becomes evident that the
D, values of the four groups of metallocenes change differ-
ently when the metal becomes heavier. The Group 1 com-
plexes [Li(Cp)]—[Cs(Cp)] exhibit a significant decrease in
bond energy from the first period (Li) to the second period
(Na), but then the D, values remain nearly the same. The
Group 2 complexes [Be(Cp),]-[Ba(Cp),] show also a de-
crease from the first period (Be) to the second period (Mg),
but then the bond energies increase for the next element (Ca)
and remain at rather high values for Sr and Ba. The bond
energies of the Group 13 complexes [B(Cp)] - [TI1(Cp)] do not
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Figure 3. Trend of the theoretically predicted bond dissociation energies
D, at CCSD(T)/B//BP86/A of the sandwich and half-sandwich complexes.

change much from the first period (B) to the second (Al), but
the D, values of the next members of the series are smaller.
The Group 14 metallocenes show a smooth trend of decreas-
ing bond energies from [Si(Cp),] to [Pb(Cp),].

Bonding analysis: The bonding model which is generally used
for describing the metal —ligand interactions in metallocenes
[E(Cp)] and [E(Cp),] correlates the atomic orbitals of E**
with the m orbitals of Cp~. The covalent bonding is then
frequently discussed in terms of donor—acceptor interactions
between Cp~ and E* or E**, in which electronic charge is
donated from the occupied orbitals of Cp~ into vacant orbitals
of E"*, and, in the case of transition metals E"*, backdonation
takes place between occupied d orbitals of the metal and
empty ligand orbitals.?> % ¢ 10121 The model is very convenient
because it considers the bonding between closed-shell species
which avoids the problem that arises from assigning three
electrons to the degenerate 27 orbital of (Ds,) Cp.[®! Tt should
be pointed out that the interactions between Cp~ and E"*
must not be confused with the actual driving force of the
chemical bonds in metallocenes. The latter arises from the
attraction between neutral E and Cp. The conceptually simple
donor—acceptor model may legitimately be used, however,
for a comparison of the bonding between different metal-
locenes. We will do this in the following section in a
quantitative way by using the results of the energy-partition-
ing analysis.['>-17]

We begin the discussion with
the Groupl metallocenes
[E(Cp)] (E=Li-Cs). Figure 4
shows qualitatively the orbital

(>

Figure 4. Orbital correlation diagram for half-sandwich complexes [E(Cp)].

than the other and how important are they compared with the
electrostatic attraction ? Table 2 gives the results of the energy
analysis. The bonding between E* and Cp~ has between 80—
90% electrostatic character. Thus, the breakdown of the
energy contributions supports the classification of the metal —
ligand bonding in alkali-metal metallocenes as mainly ionic.
As expected, the largest covalent contributions are calculated
for [Li(Cp)] (AE.,=20.4%) and the lowest for [Cs(Cp)]
(AE.,=10.9%). The larger part of the orbital interaction
comes always from the e, orbital which gives 58—64 % of the
total AE,,, value. The a; contributions are clearly smaller than
the e, interactions because the overlap of the a, orbitals of E
and Cp is not very large. The small contributions by the
e, term come from the relaxation of the lower lying e,
o orbitals of the ligand.

It may be argued that the calculated high percentage of
AE . 1s caused by the choice of charged fragments rather
than neutral species as interacting moieties. Table 2 gives also
the calculated atomic partial charges at atom E. The data
show that the alkali-metal atoms E carry always a large
positive charge, which is close to + 1. Thus, the partitioning of
[E(Cp)] into E*+ Cp~ for analyzing the interactions in
[E(Cp)] is quite realistic.

Table 2. Energy-decomposition analysis of Group 1 metallocenes [E(Cp)] (E=Li-Cs) at BP86/TZP. The
symmetry point group is Cs,. All values in kcalmol~!. NBO (natural bond orbital) atomic partial charges q(E) at

. . BP86/A.
correlation diagram between
the valence orbitals of a main-  1em Li K Rb Cs
group element and the m orbi- AE;, —164.1 —138.0 —120.8 —113.9 —105.9
tals of Cp~ in (Cs,) [E(Cp)].  AEpui 226 215 275 24.1 22.9
AE g —148.7 (79.6 %) —138.0 (86.6%) —128.2 (86.4%) —121.0 (87.7%) —114.7 (89.1%)

The six E-Cp bonding \falence AL 381 (204%)
electrons of the alkali-metal A —9.6(252%)
metallocenes occupy the lowest A, 0.0
lying a, and the degenerate E, —24.0(63.0%)
e, orbitals. Which of the two E, —45 (11.8%)
orbital interactions is stronger aE) 090

—21.4 (134%)
—6.4(299%)

—20.1 (13.6%)
—52(257%)

—17.0 (123%)
—48(284%)

—14.1 (10.9%)
—42(30.0%)

0.0 0.0 0.0 0.0
—123 (575%) —13.0 (644%)  —10.5 (62.1%) —8.5(60.7%)
2.7 (12.6%) ~2.0(9.9%) —1.6 (9.5%) —13(93%)

+091 +091 +0.94 +0.93
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We want to mention two other important points when the
effect of charges on AE,, and AE,, is considered. Our
recent energy analysis of the chemical bonding in isoelec-
tronic metal hexacarbonyls [TM(CO)] (TM9=Hf?>-, Ta~, W,
Re*, Os?*, Ir**) has shown that the bonding between the
highest charged metals Hf*~ and Ir** and the ligand cage
(CO); has the lowest degree of electrostatic bonding and the
highest degree of covalent bonding.'*l The counterintuitive
result could be explained by the influence of the atomic
charge on the energy level of the orbitals. A positive charge
lowers the orbital energy levels, which enhances the acceptor
strength, while a negative charge raises the orbital levels,
which enhances the donor strength. Thus, atomic charges may
also strongly enhance the covalent bonding through changing
the energy levels of the interacting orbitals. The second point
concerns the change in the hybridization which occurs in the
fragment orbitals when they relax in the final step of the
energy analysis. This leads to an energy decrease of the
occupied orbitals even when there is no orbital with the same
symmetry in the other fragment because the electrostatic
forces change the charge distribution in the fragments. In
metallocenes, the relaxation effect of the metal cations should
be stronger for the m electrons of the Cp~ ligand than for the
o electrons.

Next we discuss the chemical bonding in the alkaline-earth
metallocenes [E(Cp),] (E =Be-Ba). The qualitative orbital
correlation diagrams between the valence orbitals of a main-
group element and the morbitals of (Cp~), in [E(Cp),]
complexes with parallel (Dsy) and bent (C,,) structures are
shown in Figure 5. The orbital diagram for main-group

Ay —————

metallocenes is usually given without the d orbitals because
they are considered unimportant for the covalent bond-
ing.' 12 For reasons which are given below we include the
vacant d orbitals of E in Figure 5.

We first discuss the Ds, structures. The Group 2 complexes
[E(Cp),] have 12 valence electrons for E—Cp, bonding which
occupy the 1ay,, 1a,,, 1€y, and le,, orbitals. Electron donation
from the occupied ligand orbitals of (Cp~), into the vacant
AOs of E*' takes place via (1a;,) —s(E*"), (1ay,) — p,(E*"),
and (le,,) — p,,(E*"), in which z is the bonding axis. There is
no valence s or p orbital which has e;, symmetry, and thus, the
highest occupied e, orbital of the ligand should not signifi-
cantly contribute to the covalent bonding. The only AOs of E
which have e, symmetry are the d,, and d,, orbitals. The
covalent bonding in transition-metal (TM) metallocenes may
have significant contributions from (Cp; )e;, — d(TM?**) don-
ation because the d AOs of transition metals are valence
orbitals. A recent energy analysis of ferrocene showed that
64.7% of the covalent bonding comes from (Cp;)e;,—
d(Fe?*) donation.['%]

Table 3 gives the results of the energy-partitioning analysis
of the alkaline-earth metallocenes with Dsq symmetry. The
attractive interactions between E** and (Cp~), have more
electrostatic than covalent character, but the covalent con-
tributions are larger than in the alkali-metal metallocenes
[E(Cp)]. The covalent bonding in beryllocene is 41 % of the
total attraction which means that the nature of the metal —
ligand interactions in [Be(Cp),] has a significantly covalent
character. The contributions of the AE,,, term in the heavier
analogues [Mg(Cp),]—[Ba(Cp),] are only between 17-28%

a4 b,

. R __‘>—¢: ,
* lay, .- Tl 1b, R
et N L Tl .
—_ er e
g 1 a

y
\
B> E G,

Figure 5. Orbital correlation diagram for sandwich complexes [E(Cp),] that includes the d orbitals of the main-group elements.
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Table 3. Energy-decomposition analysis of Group 2 metallocenes [E(Cp),] (E =Be—Ba) and [Zn(Cp),] at BP86/
TZP. The symmetry point group is Ds,. All values in kcalmol~!. NBO atomic partial charges q(E) at BP86/A.

Term Be Mg Ca Sr Ba Zn
AE,, —780.9 —636.7 —549.0 —504.5 —461.0 —707.9
AE i 35.9 52.7 73.6 66.5 62.2 85.5

AE 0 — 4832 (59.2%) —493.6 (71.6%) —477.9 (76.8%) —458.3 (80.3%) —437.0 (83.5%) — 533.6 (67.3%)

orbitals of heavier main-group
elements. Rather they mainly
play a role as polarization func-
tions, which are important for
the relaxation of the e, ligand
orbitals. However, the orbital

AEy, —333.6 (40.8%) —1958 (28:4%) — 1447 (232%) — 1127 (19.7%) ~862(165%) 2598 (327%)  correlation diagram shown in
A, —586(17.6%) —389(19.9%) —215(149%) —182(161%) —13.8(16.0%) —80.6 (31.0%) X .
As, 0.0 0.0 0.0 0.0 0.0 0.0 Figure S.Would not be sufficient
E, —535(16.0%) —47.6 (243%) —63.0(43.5%) —455(404%) —32.0(37.1%) -39.1(150%) to describe the covalent bond-
En ~158(4.7%) —125(64%) —91(63%) —71(63%) —55(64%) —151(58%) ing in alkaline-earth metallo-
A 0.0 0.0 0.0 0.0 0.0 0.0 cenes without showing the d or-
As  —589(176%) —266(136%) —130(90%) —100(89%)  —79(92%) —355(137%) ol ore i
E, —1328(39.8%) —59.0(30.1%) —29.6(205%) —24.7(21.9%) —21.2(246%) —78.4 (302%) g .

En  —141(42%) —113(58%) —85(59%) —72(64%) —59(68%) —112(43%)  portantthanthesand p orbitals
q(E) +1.68 +1.74 +1.72 +1.77 +1.77 +1.60 of atom E.

of the total bonding. The positive partial charges at E are
between +1.68 (Be) and +1.77 (Ba) which means that the
partitioning into E**+ (Cp~), is reasonable. Note that the
small differences between the positive charge of Be (+1.68)
and Mg (+1.74) do not indicate the substantial difference in
covalent bonding between beryllocene and magnesocene.

The breakdown of the AE_, term into contributions by the
different orbitals shows that, in beryllocene, the strongest
interaction comes from the e,, orbitals (39.8 %) followed by
the a;, and a,, orbitals (17.6 % each). The small contributions
by the e,, (4.7%) and e,, (4.2%) orbitals come from the
relaxation of ligand o orbitals through the electrostatic effect
of Be?" and by mixing of the d(e,,) AOs of the metal with
those of the former. There is a somewhat stronger contribu-
tion by the e, orbitals (16.0%) which arises from the
relaxation of the ligand 1 HOMO and some mixing with the
d(e,,) polarization function of beryllium. We want to point out
that the d(e,,) functions of Be have a perfect shape for
overlapping with the e;,, HOMO of (Cp~),.

The change of the orbital contributions of the different
alkaline-earth elements to the AE,,, term is very interesting.
Table 3 shows that the stabilization through the e, orbitals
increases relative to the other orbitals when the atom E
becomes heavier. In [Ca(Cp),], [Sr(Cp).], and [Ba(Cp),], the
contribution of the e;, orbitals becomes the largest compo-
nent of the AE,, term. It is interesting to note that the
bonding contribution of the latter orbitals, which involve the
metal d AOs, becomes larger than the contributions by the e,
a;,, and a,, orbitals, which arise from the covalent bonding
through the s and p orbitals of atom E. A similar finding was
recently reported by Bridgeman.[®) The Mulliken population
analysis at the DFT level revealed that the greater & bonding
in [Ca(Cp),] and [Sr(Cp),] was influenced by metal d orbitals,
while the dorbital population of Mg in [Mg(Cp),] is
negligible.”). We want to point out, however, that the
contribution of covalent interactions in [Ca(Cp),]-
[Ba(Cp),] is only between 17-23% of the total bonding.
Although the relative contribution of the e, orbitals to the
AE,, term increases from [Be(Cp),] to [Ca(Cp),], the
absolute values do not change very much (Table 3). Therefore
we do not think that it is justified to classify these molecules
as examples, in which the d orbitals become true valence
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Table 3 gives also the results
of the bonding analysis of zin-
cocene. The data are very inter-
esting because the comparison of the calculated values of
[Zn(Cp),] with those of the alkaline-earth metallocenes and
with ferrocenel'”! gives information about the question as to
whether Zn behaves more as a transition-metal or as a main-
group element. The results show that the bonding in
zincocene is similar to the bonding in magnesocene. The
attractive interactions between Zn** and (Cp~), have a higher
electrostatic (67%) than covalent (33%) character. The
electrostatic and covalent interactions in ferrocene have
about the same strength.'”? The contributions of the e,, orbi-
tals in [Zn(Cp),] are only 15% of the AE,,, term because Zn
has a filled dshell, and thus, there are no d(e,,) acceptor
orbitals in zincocene. The most important orbital interactions
in [Zn(Cp),] come from the a;, and e,, orbitals which arise
from the donation of the (Cp~), ligand orbitals into the empty
s and p valence orbitals of Zn (Figure 5).

Are the results of the energy analysis of the Ds4 forms of
[Be(Cp),], [Sr(Cp),], and [Ba(Cp),] meaningful when the
equilibrium structure of [Be(Cp),] has a slipped sandwich
geometry, and [Sr(Cp),] and [Ba(Cp),] are predicted to have
bent gometries? We carried out bond energy analyses at BP/
TZP by using the energy minima predicted at BP86/A.
Although the energy differences between the Dy, forms are
very small, it is conceivable that there might be significant
changes in the components of the interaction energy. The
calculations showed that this is not the case. The calculated
values of AFE.uu, AEpu, and AE.; of the (BP86/A)
equilibrium geometries were very similar to the data, which
are shown in Table 3. The different orbital contributions
cannot be compared because the symmetry of the structures is
not the same. In order to see if the significant contribution of
the metal d orbitals in the heavier alkaline-earth metallocenes
is only found in the D5, forms, we calculated bent structures of
[Sr(Cp),] and [Ba(Cp),], in which the Cp rings are rotated and
the molecules have C,, symmetry. The energy difference
between the C,, structures and the bent equilibrium forms
of [Sr(Cp),] (C;) and [Ba(Cp),] (C,) is very small
(<0.1 kcalmol~"). The advantage of the C,, forms is that the
orbital terms indicate the contributions, which come from the
metal d orbitals. Figure 5 shows that, in the bent C,, structure,
the p orbitals of E have a;, b;, and b, symmetry, and the
s orbital has a; symmetry. There is no valence AO of E which
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has a, symmetry. The HOMO of (Cp~), which has e, sym-
metry in the Dsyform splits in the C,, form into two
components, which have a, and b, symmetry. Thus, the size
of the a, contribution to AE, in the C,, form is a probe for
the d(E) participation in the orbital interactions.

The results of the energy analysis of the C,, forms of
[Sr(Cp),] and [Ba(Cp),] are given in Table 4. A comparison of
the calculated energy contributions in the Ds, (Table 3) and

Table 4. Energy-decomposition analysis of Group 2 metallocenes [E(Cp),]
(E =Sr, Ba) at BP86/TZP//BP86/A. The symmetry point group is C,,. All
values in kcalmol~!. NBO atomic partial charges q(E) at BP86/A.12!

Term Sr Ba

AE;, —505.7 —461.3

AE i 79.8 88.1

AE g —466.9 (79.7%) —452.8 (82.4%)
AEy —118.6 (20.3%) —96.6 (17.6%)
A, —35.9(30.3%) —30.8 (31.9%)
A, —27.9 (23.5%) —20.8 (21.5%)
B, —16.9 (142%) —-153 (15.8%)
B, —37.9 (32.0%) —29.8 (30.8%)
q(E) +1.77 +1.74

[a] The partial charges q(E) have been calculated for the bent
equilibrium structures.

C,, (Table 4) forms of [Sr(Cp),] and [Ba(Cp),] shows that the
absolute values of AFE ., AEp., and AE,, in the bent
structures are higher than in the former species. The data of
the attractive interactions suggest that the bonding in the
C,, form has a slightly higher electrostatic character than in
the D, form, but the difference is not very big. The break-
down of the covalent term into different symmetry contribu-
tions shows that the a, orbitals are as important as the a;, by,
and b, orbitals. Thus, the metal d functions are also important
in the bent forms of [Sr(Cp),] and [Ba(Cp),].

Next we consider the Group 13 half-sandwich complexes
[E(Cp)] (E=B-TI). The results of the bonding analysis are
shown in Table 5. The metal-ligand interactions in the
complexes have a higher covalent character than in the
Group 1 metallocenes (Table 2). The covalent and electro-
static contributions to the B™—Cp~ interactions have nearly
the same strength (Table 5). Note that the atomic partial
charge at boron (+0.18) indicates that the formal electron
donation from Cp~ to B* is very large. We remind the reader
that the choice of ionic fragments as interacting moieties does
not necessarily mean that the electrostatic contributions to

Table 5. Energy-decomposition analysis of Group 13 metallocenes [E(Cp)] (E=B-TI) at BP86/TZP. The
symmetry point group is Cs,. All values in kcalmol~'. NBO atomic partial charges q(E) at BP86/A.

the bonding are calculated as being too high. The covalent
bonding decreases from [Al(Cp)] (35%) to [TI(Cp)] (28 %),
which is still higher than in [Li(Cp)] (20%, Table 2). The
partial charges at the heavier atoms E do not change very
much from Al (+0.61) to T1 (+0.62). The contributions of the
a, orbitals are significantly higher in the Group 13 complexes
(37-44%) than in the Group1l [E(Cp)] molecules (25—
30%). This can be explained by the energy decrease of the
acceptor orbitals in Bt —T1* compared with those of Li* — Cs™.
The energy of the sp-hybridized a, orbital is decreased more
than in the p(e;) AOs.

We finally discuss the bonding analysis of the Group 14
metallocenes [E(Cp),] (E=Si—Pb). The results of the
D3, structures are shown in Table 6. It becomes evident that

Table 6. Energy-decomposition analysis of Group 14 metallocenes [E(Cp),]
(E=Si, Ge, Sn, Pb) at BP86/TZP. The symmetry point group is Ds4. All values
in kcalmol~!. NBO atomic partial charges q(E) at BP86/A.

Term Si Ge Sn Pb
AE,, —6854 —661.4 —601.4 —577.2
AE, 120.4 108.7 101.6 91.3

pauli

AE e —506.7 (62.9%) — 5013 (65.1%) —490.0 (69.7%) —480.2 (71.8%)

AE,, —299.1(371%) —2687 (34.9%) —213.0 (303%) — 1883 (28.2%)
Ay, —166 (5.6%) —132(49%) —122(57%) —103(55%)
Ay, 0.0 0.0 0.0 0.0

E, —489 (163%) —37.7(140%) —28.9(13.6%) —24.9(132%)
E,, —97(3B2%) —90(33%) -78(36%) —73(39%)
A 0.0 0.0 0.0 0.0

A —587(19.6%) —542(202%) —415(195%) —36.3(193%)
E.  —1564(523%) —146.5 (54.5%) —1152 (54.1%) —102.7 (54.5%)
Es —88(29%) —82(31%) -75(35%) —68(3.6%)
q(E) +0.80 +0.86 +0.98 +0.99

the covalent contributions to the E>*—Cp~, interactions are
larger than in the Group 2 metallocenes (Table 3), but the
AE . term is still significantly bigger than the AE,; term.
Note that the ratio of covalent to electrostatic bonding in
[Si(Cp),]-[Pb(Cp),] is nearly the same as in [AIl(Cp)]-
[TI(Cp)] (Table5) for elements of the same period. The
largest contribution to the covalent bonding in the Group 14
sandwich complexes comes from the e, orbitals, which
contribute 52-55% of the total orbital interactions (Table 6).
The e,, orbital term comes from the donation of the occupied
ligand orbitals into the vacant p(mt) AOs of E** (Figure 5). The
relative contributions of the orbitals having different symme-
try do not change very much from [Si(Cp),] to [Pb(Cp),]. We
want to point out that the
e, orbitals have a rather small
weight for AE,, even for the
largest element Pb. This means

Term B Al Ga In Tl that the dfunctions of the
AE,, —256.0 —188.4 —181.2 —164.6 —155.0 Group 14 elements are not very
AE i 202.2 118.1 97.1 81.6 67.2 important for the covalent
B — —2261(493%)  —1978(646%)  —1835(659%)  —1723(100%)  —1600(720%)  pongino This is in agreement
AE, — —2321(507%)  —108.6(354%)  —948(341%)  —73.9(30.0%)  —622(28.0%) b dard bondi

A ~039 (40.4%)  —479 (441%)  —384(405%)  —297(402%)  -227(365%) With the standard bonding
A, 0.0 0.0 0.0 0.0 0.0 model of main-group metallo-
E, —130.1 (56.1%) —55.2 (50.8%) —51.9 (54.8%) —40.3 (54.5%) —36.3 (584%) cenes.['> 121 The atomic par-
E, ~8.10 (3.5%) ~56(5.1%) —45 (47%) ~3.9(53%) -32(51%)  tial charges increase from Si
q(E) +0.18 +0.61 +0.57 +0.63 +0.62

(+0.80) to Pb (+0.99), but they

Chem. Eur. J. 2002, 8, No. 20 © 2002 WILEY-VCH Verlag GmbH & Co.
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Table 7. Energy-decomposition analysis of Group 14 metallocenes [E(Cp),]
(E =Si, Ge, Sn, Pb) at BP86/TZP. The symmetry point group is C,,. All values in
kcalmol~!. NBO atomic partial charges q(E) at BP86/A.[

Term Si Ge Sn Pb
AE,, —690.5 —663.1 —603.9 —577.8
AE,.; 1448 118.9 109.8 93.8

AEgq —511.6 (612%) —504.1 (64.5%) —492.5 (69.0%) —481.0 (71.6%)
AE,, —323.7(388%) —2780(355%) —221.1 (31.0%) —190.6 (28.4%)
A, —1174(363%) —97.9(352%) —79.6(36.0%) —66.8(35.0%)

A, —30.1 (93%) —234(84%) —188(85%) —16.1(84%)
B, — 854 (264%) —789 (284%) —62.6(283%) —554(29.1%)
B, —90.8 (281%) —77.9(28.0%) —60.1(272%) —52.3(27.4%)
q(E)  +0.388 +0.89 +1.01 +1.00

[a] The partial charges q(E) have been calculated for the bent
equilibrium structures.

are significantly less positive than in the alkaline-earth
metallocenes.

Table 7 gives the results of the energy analysis for the bent
structures of [Si(Cp),]—[Pb(Cp),] with C,, symmetry. Unlike
the alkaline-earth metallocenes [Sr(Cp),] and [Ba(Cp),], the
covalent contributions are a little stronger in the bent forms
than in the Ds,4structures. The degenerate e, orbital splits
into a; and b, (Figure 5). Table 7 shows that the sum of the
orbital contributions a;+b; provides >60% of the AE,,
term. Thus, the orbital correlation diagram, which is shown
in Figure 5, and the data, which are given in Table 6, provide a
reasonable bonding model for the metal —ligand interactions

in [Si(Cp),] - [Pb(Cp),].
Discussion

We want to use the results of the bonding analysis in order to
address the question why some metallocenes [E(Cp),] have a
bent rather than a parallel structure which has been the topic
of numerous investigations.!' 1> 431 Several explanations
have been given for the finding that some molecules have
bending angles S(X—E—X’) <180°. The theoretical models
that have been suggested to explain the geometries of
molecules which exhibit “non-VSEPR” (valence shell elec-
tron pair repulsion) structures have recently been discussed in
a comprehensive review by Kaupp.P* We want to point out
that, because the energy differences between the linear and
bent structures of [E(Cp),] are very small, one should be
cautious about specifying a particular force, which may be
responsible for the bending. The equilibrium geometries of
the molecules are the results of all interactions of the involved
particles. The desire to find a simple explanation for an

interesting observation shall not be an excuse for inappro-
priate approximations.

Previous theoretical studies led us to the conclusion that the
deviation from conventional VSEPR structures correlates
with more covalent bonding.** This means that metallocenes
with more covalent E-Cp bonding should show a stronger
tendency towards bent structures. Our calculations show that
the covalent contributions to the metal-ligand bonding in
[E(Cp),] decrease when E is a heavier element. On the other
hand, the ligand —ligand repulsion in the sandwich complexes
of the lighter atoms E is also stronger because the E—Cp bond
lengths are shorter, and therefore, the two factors may
compensate each other. However, if covalently bonded
metallocenes indeed prefer bent structures, then the bonding
analysis should give a higher degree of covalent E**—Cp-,
interactions. Table 8 gives the contributions of AE ., AEpayi,
and AE,,, to the (bent) equilibrium structures of [E(Cp),]
(E=Sr, Ba, Si, Ge, Sn, Pb, Zn).

A comparison of the calculated values given in Table 8 with
the data for the D5, structures (Tables 3 and 6) shows that the
absolute values of the energy terms in the bent forms are
always larger than those in the linear structures. The AEp,;
term, which gives the strength of the repulsive forces,
indicates that as expected the repulsion between the Cp rings
in the former structures is larger than in the latter species. This
is compensated for in the equilibrium forms by the attractive
interactions AE, g, and AE,,. The calculations show that the
contributions of the orbital term play a greater role in the bent
form than in the linear form. Thus, the driving forces for
bending are indeed the covalent metal —ligand interactions as
suggested previously.>

It is difficult to specify a particular orbital interaction which
is responsible for the increase in the covalent interactions in
the bent forms, even when the C,, structures are taken as
models for the bent equilibrium structures. The results in
Tables 4 and 7 show that the energy terms in the C,, structures
and in the equilibrium forms are very similar in size. It has
been suggested that the 2a;, MO of the Ds,form which
correlates with the 2a; MO of the C,, form (Figure 5)
becomes stabilized due to incorporation of the p(a;) AO of
E. The entries in Tables 4 and 7 show that the a, orbitals are
indeed the strongest contributor to the AE,, term except for
in [Sr(Cp),], for which the a; value is slightly less than for the
b, data. However, the a, orbitals in the C,, form correlate also
with one component of the degenerate e, orbital of the
Dsy form (Figure 5). Thus, it is not possible to say that one
particular orbital is the driving force of the stronger covalent
interactions in the bent form.

Table 8. Energy-decomposition analysis of the [E(Cp),] at the bent equilibrium geometry (E =Sr, Ba, Si, Ge, Sn, Pb, Zn) at BP86/TZP.

All values in kcalmol .

Term Sr (C))lal Ba (G, Si () Ge (G, Sn (Cy)lM! Pb (C)) Zn (C/)P

AE;, —505.6 —461.4 —691.9 —663.2 —604.0 —578.0 —1720.0

AE 79.6 87.6 153.1 119.4 110.1 94.5

1133

AE —466.8 (79.7%) —452.7 (82.4%) —513.2 (60.7 %) —504.0 (64.4%) —492.5 (69.0%) —481.6 (711.7%) —553.1 (66.4%)
AE ., —118.4 (20.3%) —96.3 (17.6%) —331.8 (39.3%) —278.7 (35.6%) —221.6 (31.0%) —190.8 (28.3%) —280.2 (33.6%)

[a] BP86/TZP//BP86/A. [b] BP86/TZP//BP86/TZP.
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Conclusion

The results of this work can be summarized as follows.

1) The equilibrium geometries of the Group 1 and Group 13
metallocenes [E(Cp)] (E=Li-Cs, B-TIl) have Cs, sym-
metry. The Group 2 sandwich complexes [E(Cp),] have
fluxional structures. The energetically lowest lying ge-
ometries of [Mg(Cp),] and [Ca(Cp),] have D5, symmetry,
while the most stable structures of [Sr(Cp),] and [Ba(Cp),]
are bent. [Be(Cp),] has a slipped sandwich structure. A
slipped sandwich structure is also calculated for [Zn(Cp),].
The Group 14 metallocenes [E(Cp),] (E=Si—Pb) have
bent equilibrium geometries, which are only slightly lower
in energy than the Ds4 structures.

2) The trends of the E—Cp, bond energies are quite different
for the elements E of Groups1, 2, 13, and 14. The
calculated bond dissociation energies of the alkali-metal
metallocenes change little from [Na(Cp)] (D.=
60.8 kcalmol~!) to [Cs(Cp)] (D.=61.8 kcalmol~"), while
the value for [Li(Cp)] (D.=86.0kcalmol™) is clearly
higher. Magnesocene has clearly the weakest metal —li-
gand bonds among the Group2 complexes (D.=
1272 kcalmol '), while the values for [Be(Cp),] (D.=
161.7 kcalmol™'),  [Ca(Cp),]  (D.=160.3 kcalmol™),
[Sr(Cp),] (D.=154.3 kcalmol~!), and [Ba(Cp),] (D.=
166.0 kcalmol~!) are higher and do not vary very much.
The calculated bond energy of zincocene (D.=
74.9 kcalmol™') is much lower than those of the main-
group metallocenes [E(Cp),]. The bond energies of the
Group 13 half-sandwich complexes exhibit the trend:

[B(Cp)] (D.=91.3kcalmol™!) =[Al(Cp)] (D.=
90.7 kcalmol ') >[Ga(Cp)] (D.=81.3 kcalmol )
~[In(Cp)] (D.=80.8kcalmol!) >[TI(Cp)] (D.=

68.4 kcalmol™'). A smooth trend of decreasing bond
energies from [Si(Cp),] (D.=130.7 kcalmol~!) to
[Pb(Cp),] (D.=1113 kcalmol!) is predicted for the
Group 14 complexes. The theoretically predicted heats of
formation are positive for all complexes except for
[Ca(Cp),], [Sr(Cp),], and [Ba(Cp),], which have AH?
values ~0 kcalmol L.

3) The energy-decomposition analysis of the interactions
between E"* and (Cp™), suggests that, in the alkali-metal
metallocenes [Li(Cp)]—-[TI(Cp)], the electrostatic contri-
butions are 80—90 % of the total attraction. The strongest
covalent interactions are found in [Li(Cp)] (20%). The
orbital interactions come mainly from the m donation of
the e, ligand orbital into the vacant p(sm) AOs of the
metals. The bonding in the heavier alkaline-earth metal-
locenes is also mainly caused by electrostatic forces which
contribute 72% (Mg)—-84% (Ba) to the total interaction
energy. Beryllocene has a significant covalent contribution
to the bonding interaction (41 % ). The orbital interactions
in beryllocene come mainly from the orbitals which have
e, (40%), ay, (18%), and a;, (18%) symmetry, which
correlate with the electron donation from the occupied
ligand orbitals into the vacant p(m), p(0), and s AOs of Be.
The largest contributions to the AE,, term of the heavier
complexes [Ca(Cp),]-[Ba(Cp),] come from the e,, orbi-
tal, which corresponds to the d orbitals of the metals. This
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is more a relaxation effect of the ligand orbital rather than
genuine covalent metal —ligand bonding. The calculated
energy terms of the metal-ligand interactions in
[Zn(Cp),] suggest that the bonding situation in zincocene
is similar to that in magnesocene. The ratio of electrostatic
to covalent bonding in the parallel (Ds,) and bent forms of
the two molecules is nearly the same. The bent forms of
[Zn(Cp),] and [Mg(Cp),] have a slightly higher covalent
character than in the parallel forms.

The covalent contributions to the bonding in the Group 13
metallocenes are still higher than those in the Group 2
metallocenes. The covalent and electrostatic attractions in
boracene have nearly equal strength, while the covalent
bonding in the heavier analogues contributes between 28 %
([TI(Cp)]) and 35% ([AI(Cp)]) to the total attraction. The a,
(o) orbital interactions contribute 37 —44 % to the AE,,, term,
while 51-58 % comes from the e, (;t) orbitals. The attractive
interactions in the Group 14 sandwich complexes [Si(Cp),] -
[Pb(Cp),] have between 63 -72 % electrostatic character. The
covalent bonding in the latter species comes mainly (52—
55%) from the e, orbitals. The metal - Cp bonds in the bent
forms have a higher covalent character than in the Dsq4 struc-
tures.
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