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Bond Orders between Molecular Fragments
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Introduction

Bond multiplicity, atomic charge and valency are key con-
cepts in the way in which the covalent and electrostatic in-
teractions between atoms and the chemical characteristics
and identities of elements are described. These terms form
the language that we use to portray the formation of mole-
cules and the building of chemical structures from atoms.
Despite the utility of these notions in teaching and describ-
ing chemistry, no quantum-mechanical operators have been
derived to calculate them. In electronic-structure methods,
molecular orbitals (MOs) are commonly constructed from
linear combinations of atomic orbitals so that analysis also

focuses on atomic and diatomic terms through the calcula-
tion of partial charges and bond orders. The “atoms in mole-
cules” (AIM) approach developed by Bader[1] has shown
that molecules can be partitioned into atoms and that terms
such as chemical bonds and atomic quantities, including
charge, volume and energy, emerge through a topological
analysis of the electron density.
The influence of Lewis structures and, in particular, the

concept of sharing of electron pairs between atoms in mole-
cules is very strong, although their connection with the MOs
or electron density generated by modern quantum-chemical
methods is not at all obvious. It is known that MOs can, in
many cases, be transformed into localized orbitals, which re-
flect the diatomic nature of bonding implicit in chemical
structures. Analysis based on the delocalized orbitals, how-
ever, is often more transparent when discussing reactivity,
when comparing related systems and when showing the con-
nections between apparently unrelated systems. Delocalized
orbitals also reflect the symmetry of molecules allowing the
power of symmetry theory to be applied in both their con-
struction and analysis.[2,3] Diatomic or even multicentred
bond orders and atomic charges can be calculated from de-
localized orbitals to generate local information about bond-
ing. Classically, the bond multiplicity reflects the number of
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shared electron pairs between atoms; various models have
been proposed for its analogue in the MO method. A
number of definitions of bond order have been proposed
based on the density matrix formed from the atomic coeffi-
cients of the occupied MOs.[4] The definition which we have
found particularly valuable in analyses of inorganic mole-
cules[4] and clusters[5,6] is that due to Mayer.[7] The Mayer
bond order, bAB, between two atoms, A and B, in a closed-
shell molecule is given by Equation (1), in which P and S
are the density and overlap matrices; the summations run
over the atomic orbitals (AOs) centred on the two atoms.

bABðAOÞ ¼
Xon A

i

Xon B

j

ðPSÞijðPSÞji ð1Þ

For simple, homonuclear diatomics, the Mayer bond order
is equal to the classical bond multiplicity, at least for mini-
mal basis sets. The Mayer bond order, itself a generalization
of the Wiberg[8] bond order widely used in zero-overlap the-
ories, is applicable to any single-determinant techniques in-
cluding various semiempirical, Hartree–Fock and density-
functional methods. Bond orders are particularly valuable
for large and low-symmetry molecules, in which the interac-
tions between pairs of atoms may be distributed over many
occupied levels. For many high-symmetry systems, we have
shown previously,[4] and exploited for a variety of sys-
tems,[4–6] that the Mayer bond order can be expressed as a
sum over symmetry species G [Eq. (2)].

bABðAOÞ ¼
X

G

bG

AB
ðAOÞ ð2Þ

This decomposition allows calculation of the separate s

and p contributions to bonds, either by use of the full molec-
ular point group or by lowering the symmetry to resolve the
contributions from degenerate orbitals. A typical use of the
diatomic bond order would be the calculation of the s and p
contributions to the Cr�C bond order in any molecule con-
taining a Cr�CO bond. As the summation in Equation (1) is
over pairs of atomic orbitals, the relative importance of the
chromium 3d, 4s and 4p orbitals can also be assessed.
The covalency of an atom, CA, can be simply written as a

sum of all of the bond orders made by the atom. The Mayer
prescription for the bond order is closely related to that pro-
posed by Mulliken for the atomic partial charge, QA, allow-
ing a definition of the total “bonding power” or valency of
an atom in a molecule[9] as a combined measure of covalent
(covalency) and ionic (electrovalent) bonding [Eq. (3)].

VA ¼ 1
2
½CA þ ðCA

2 þ 4QA
2Þ1=2� ð3Þ

We have shown previously, for example, that the valency
of oxygen atoms in a range of coordination environments in
polyoxometalates is nearly constant,[6] slightly exceeding the
classical value of two.

In this paper, we extend the utility of the Mayer bond
order to cover interactions between fragments and between
groups of symmetry-equivalent fragments. The analytical
method presented is applicable to any single-determinant
MO model but is most immediately related to the approach
used by the widely used Amsterdam density functional
(ADF) code.[10] After presenting these extensions of the
Mayer bond order, their usefulness in the computational
analysis of bonding in some simple organometallic sandwich
complexes is examined.

Analytical approach : Although atomic and diatomic quanti-
ties prove very useful in conveying chemically transparent
notions from the results of high-level calculations, much of
chemistry is best understood in terms of building blocks
other than the atom. Molecules can often be usefully imag-
ined as being built from fragments, such as ligands and
metals, functional groups and hydrocarbon backbones, and
donor and acceptor groups. The work of Hoffmann,[2] Al-
bright, Burdett and Whangbo,[3] amongst many others, has
shown just how powerful this approach is and how it can be
used to relate the chemistry of apparently disparate parts of
the periodic table. Scheme 1 shows some examples of typical

interactions, which are better considered as between frag-
ments rather than atoms. Scheme 1a shows a typical Lewis
acid–base adduct. As suggested by this description of the
molecule, it is perhaps most natural to imagine the bonding
between the orbitals of the pyramidal BF3 and the NH3
fragments, rather than between the orbitals of the B and N
atoms. Scheme 1b shows a typical metal–ligand interaction.
Again, it seems more appropriate to consider the bonding
between a ML3 unit and a pyridine ligand rather than that
between a metal and a nitrogen atom. Indeed, the influence
of ligand-field treatments of bonding, such as the angular
overlap model[11] (AOM) and cellular ligand-field[12] (CLF)
model, is such that the interaction is measured by the s and
p-donor or p-acceptor character of the ligand, rather than
of the donor atom. Scheme 1a shows a typical organometal-
lic complex. It is perfectly possible to calculate the bond
order between the metal and the individual ring carbon
atoms and to construct localized M–C orbitals. It is more ap-
propriate, however, to describe the bonding in terms of an
interaction between an arene ring and a M(CO)3 fragment.
In this way, the delocalized p-orbitals of the ring interact
with the suitably orientated frontier orbitals of the pyrami-

Scheme 1. Typical Lewis acid–base adducts.
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dal M(CO)3 unit. The bonding is then considered as ring-to-
metal s and p donation with metal-to-ring d backdonation
utilizing appropriate occupied and empty frontier orbitals
on the two fragments.
MOs, q, are commonly constructed as linear combinations

of atomic orbitals, g, as shown in Equation (4), in which ciA
is the coefficient for the ith atomic orbital on atom A, and
the first summation is over all atoms in the molecule.

q ¼
Xmolecule

A

Xon A

i

ciAgiA ð4Þ

As noted above, it is often natural to group the atoms in a
molecule into fragments. It is similarly possible to partition
the basis set of atomic orbitals into those belonging to each
fragment and calculate the optimum linear combinations, f,
for each fragment, as outlined in Equation (5), in which the
first summation is restricted to the atoms chosen to belong
to the fragment.

� ¼
Xon f

A

Xon A

i

c0iAgiA ð5Þ

All of the fragments are taken to have the geometries
that they adopt in the final molecules, as in HoffmannKs
fragment and isolobal approaches,[2] so that these “fragment
orbitals” (FOs) reflect the directional characteristics and en-
ergies of the orbitals used to form the molecule. The MOs
can then be constructed as linear combinations of the frag-
ment orbitals, Equation (6), in which c00if are the coefficients
for the ith FO on fragment f.

q ¼
Xmolecule

f

Xon f

i

c00if�if ð6Þ

The bond order between the fragments [Eq. (7)] can be
defined analogous to Equation (1) on the basis of fragment
orbitals.

bf1f2ðFOÞ ¼
Xon f1

i

Xon f2

j

ðPSÞijðPSÞji ð7Þ

The PS matrix is constructed on this basis. The total bond-
ing power of a fragment can similarly be defined through its
covalency, the sum of its bond orders and its total valency.

The MOs in the fragment-orbital basis are related to
those in the atomic-orbital basis by a unitary transformation,
Equation (8), in which C and C’’ represent the matrix of or-
bital coefficients in the atomic orbital and fragment orbital
bases respectively and U is determined by the choice of
fragments.

C00 ¼ UC ð8Þ

The PS matrix in the fragment orbital basis is then related
to that in the atomic orbital (AO) basis by a similar transfor-

mation [Eq. (9)].

PSFO ¼ UðPSÞAO �U ð9Þ

As, by definition, an atom cannot belong to more than
one fragment, the bond order between two fragments is
therefore equal to the sum of the diatomic bond orders be-
tween the atoms constituting each fragment.

As well as reflecting the number of shared electron pairs
between fragments, the bond order can be used to assess
which of the fragment orbitals, occupied and empty, are im-
portant in the bonding between the fragments. The bond
order given in Equation (7) is a sum of the contributions
from each combination of the orbitals on the two fragments.
The largest terms in the summation can thus be used to
identify the key frontier orbitals involved in the interaction.
Although such information is available by visualizing or
studying the MOs given by Equation (6), the bond order in-
cludes contributions from all the occupied levels and so is
much simpler to routinely use, especially for large systems.
It also gives a quantitative measure of the key orbital inter-
actions. A typical use of the fragment bond order would be
the calculation of the s and p contributions to the Cr�CO
bond order in any molecule containing a Cr�CO bond. The
relative importance of the CO 1s, 2s and 3s orbitals to the
s bonding and of the CO 1p and 2p orbitals to the p bond-
ing can be assessed.
As for the diatomic bond order, the bond order between

fragments can be expressed, in many systems, as a sum over
symmetry species G [Eq. (10)].

bf1f2ðFOÞ ¼
X

G

bG

f1 f2
ðFOÞ ð10Þ

Decomposition allows the calculation of the separate s

and p contributions. The summation does not apply when a
pair of orbitals on two fragments occurs in more than one
symmetry species. This can occur where fragments are
equivalent by symmetry. For example, fragmenting C6H6
into six CH units does not allow the a2u and e1g p bond
orders to be calculated, as the same fragment orbitals are in-
volved in both symmetry species. However, the in-plane “s”
and out-of-plane “p” bond orders can be established by low-
ering the symmetry to Cs to remove the equivalence of the
CH groups.

For molecules involving groups of symmetry-equivalent
fragments, symmetry-adapted linear combinations of the
fragment orbitals, or “symmetrized fragment orbitals”, y,
(SFOs) can be constructed by using Equation (11), in which
c000if are the symmetry determined coefficients for the ith FO
on fragment f and the summation is over all symmetry-
equivalent fragments.

y ¼
Xon f

i

c000if�
FO
if ð11Þ
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The MOs can then be calculated as combinations of the
SFOs on different groups. The bond order between the
group g1 and g2 can be defined analogously to that given in
Equations (1) and (7) on the basis of SFOs [Eq. (12)], in
which the PS matrix is constructed in this basis.

bg1g2ðSFOÞ ¼
Xon g1

i

Xon g2

j

ðPSÞijðPSÞji ð12Þ

The fragments can, of course, simply be atoms. On this
basis, the bond orders are naturally decomposed into the
contributions from different symmetries. The bond order on
this basis relates naturally to symmetry-based views of bond-
ing. A typical use of the SFO bond order would be the cal-
culation of the a1g, t1u, eg and t2g contributions to the Cr�
(CO)6 bond order in octahedral Cr(CO)6.

Computational Methods

All density functional (DF) calculations reported in this work were per-
formed with the ADF 2000.02 program[13] using a triple-z Slater-type or-
bital (STO)[14] framework incorporating frozen cores (ADF TZP C.1s,
Mg.1s, Ca.2p, Sr.3d, Ba.4d, Fe.2p, Cr.2p, Mn.2p, Co.2p, Ni.2p, Ce.5p,
Th.5d, Mo.4p, W.4f, B.1s, N.1s) and the zeroth-order regular approxima-
tion (ZORA) relativistic correction.[15] The Vosko, Wilk and Nusair
(VWN)[16] local density approximation (LDA)[17] and the BP86 density
functional, which utilizes the exchange correction proposed by Becke[18]

and the correlation term put forward by Perdew,[19] were used in all DF
calculations. The bond order and valency indexes were obtained accord-
ing to the definitions proposed by Mayer[7] and by Evarestov and Verya-
zov,[9] respectively by using the MAYER program,[20] which was written
and specifically extended by the authors to facilitate calculation of the
Mayer bond order between molecular fragments from the ADF output.
All charges given were calculated by using MullikenKs definition.

In this paper, the bonding in a number of archetypal organometallic com-
pounds is re-examined by using this approach. The symmetrical sandwich
complexes [M(h5-C5H5)2](M=Mg, Ca, Sr, Ba, Fe) and [Cr(h6-C6H6)2] and
the unsymmetrical sandwich complexes [M(h5-C5H5)(h

x-CxHx)] (M=Cr;
x=7, M=Mn; x=6, M=Co; x=4, M=Ni; x=3) have been studied
using this approach. Whilst the bonding in this set is fairly well under-
stood, these molecules are of sufficiently broad interest and complexity
to allow the present approach to be illustrated using a variety of chemi-
cally intuitive fragments.

To calculate bond orders between fragments, such as between the metal
and the polyene rings or the M(CO)x and the polyene ring, the FOs for
each of the user-defined fragments are first calculated (generating ADF
TAPE21 files). The MOs of the complete molecule are then obtained
using the FO basis set. The bond orders are obtained directly and rapidly
from the ADF output file using the MAYER program.[20]

Further insight into the bonding can be afforded if the molecular bonding
or atomization energy (EB) is decomposed as, in Equation (13), in which
EO, EP and EE represent orbital mixing, Pauli repulsion and electrostatic
interaction terms, respectively.

EB ¼ EO þ EP þ EE ð13Þ

Descriptions of the physical significance of these properties have been
given by Landrum, Goldberg and Hoffmann[21] and Baerends and co-
workers.[15,22] Both EO and EP arise from orbital-interaction effects with
the former stabilizing and the latter destabilizing. EO represents the
effect of charge transfer, orbital mixing and polarization when filled and
empty atomic orbitals overlap. This term can be decomposed as a sum
over symmetry species G [Eq. (14)]

EO ¼
X

G

EG
0 ð14Þ

The EP component is obtained by the requirement of antisymmetry and
can be considered as the effect of the interaction between filled orbitals.
The resulting destabilization, labelled as Pauli exchange or overlap repul-
sion, has been described as a measure of steric interaction. The EE contri-
bution arises from the Coulombic interaction between the atoms, before
any orbital relaxation occurs. It is dominated by nucleus–electron attrac-
tions.

The molecular-bonding energy can also be related to the change in
energy when fragments, other than atoms, are brought together
[Eq. (15)]

DEB ¼ DEO þ DEP þ DEE ð15Þ

The terms now represent the changes in orbital interaction, Pauli and
electrostatic energies. We have previously studied the correlation be-
tween the bond order and valency indices and the orbital-interaction
energy in polyoxometalates.[5,6] In this paper, this work is extended to
compare the fragment bond orders with the fragment orbital-interaction
energies.

Results and Discussion

[M(h5-C5H5)2] (M=Mg, Ca, Sr, Ba and Fe): The preparation
of ferrocene in the early 1950s initiated an explosion of in-
terest in organometallic chemistry and its symmetrical shape
with parallel rings still has the power to astonish. Isostruc-
tural [M(h5-C5H5)2] molecules and derivatives are known for
many transition metals and main-group metals. In this sec-
tion, the bonding in ferrocene itself and the bis(h5-cyclopen-
tadienyl) complexes of the heavier alkaline earths are exam-
ined by using the fragment bond-order and bond-decompo-
sition approaches.
Geometrical parameters for the optimized structures and

a comparison with known experimental data are listed in
Table S1 in the Supporting Information. Optimised struc-
tures for the alkaline-earth systems are in excellent agree-
ment with those recently reported by RayOn and Frenking[23]

using the same combination of the BP86 density functional
and triple-z STO framework. We previously reported[24] cal-
culations on these systems which indicate a tendency for the
rings to bend away from being parallel for the heavier alka-
line earths. The present calculations do not support this find-
ing, which appears to be due to the higher quality of the
basis sets used in the present work. The effects of bending
are discussed in more detail below.
Figure 1a shows a qualitative molecular-orbital diagram

for ferrocene. The diagram follows the approach common to
many textbooks and undergraduate courses in building the
MOs by first taking in-phase and out-of-phase combinations
of the C5H5 p orbitals to produce the gerade and ungerade
symmetry-adapted linear combinations (SALCs) of the (h5-
C5H5)2

2� fragment. These SALCs are then combined with
the matching orbitals on the metal, commonly taken to be
an Fe2+ ion. The occupied a1g and a2u orbitals of the (h

5-
C5H5)2

2� fragment can be considered to “s donate” into the
metal a1g (4s and 3dz2) and a2u (4pz) orbitals. Similarly, the
e1g and e1u orbitals of the organic fragment can be consid-
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ered to “p donate” into the metal 3dxz,yz and 4px,y orbitals re-
spectively. Finally, the metal dx2�y2,xy orbitals can be consid-
ered to “d backdonate” into the vacant e2g orbitals on the
rings. Table 1 lists the bond orders and orbital interaction
energies between the Fe and (h5-C5H5)2 fragments, decom-
posed into the s, p and d components. Note that as the
bond orders are calculated from the final density matrix

they are not dependent on the charges or spins that a chem-
istKs intuition might arbitrarily place on the fragments. The
orbital-interaction energies are highly dependent on the
choice of fragment charges and, in principle, spins.
The charge on Fe in the complex is very low (ca. 0.02), in-

dicating that the interaction is essentially covalent in nature.
The total bond order between Fe and the (h5-C5H5)2 frag-
ments is 4.9, indicating covalence and valence of about 2.5
for each ring or 0.5 for each C atom. This is achieved
through contributions of 1.0, 2.8 and 1.2 from s, p and d in-
teractions, respectively. This decomposition is consistent
with the contributions to the bond energy and also suggest
that the p and d interactions dominate.
The s bonding is made from contributions of 0.4 and 0.6

from the a1g and a2u orbitals, respectively. The a1g contribu-
tion arises from three main orbital interactions. The Fe 3dz2
orbital weakly interacts with a ring s* orbital involving a
combination of H 1s orbitals, shown in Figure 2a, giving a
bond order of 0.1. The Fe 4s orbital interacts with the ring p
orbital shown in Figure 1a, in an antibonding manner, and
with the ring C�H bonding orbital shown in Figure 2b,
giving contributions of 0.5 and �0.3, respectively. The bond-
order analysis also shows a small, stabilizing hybridization
between the Fe 3dz2 and 4s orbitals. The a2u bonding arises
through interaction of the Fe 4pz with a ring s orbital,
shown in Figure 2c, and with the ring p orbital, shown in
Figure 1a, leading to contributions of 0.2 and 0.3, respective-
ly. The small role of the Fe 3dz2 orbital has been recog-
nized.[3] The analysis, however, also reveals the role of the
ring s orbitals in an analytically straightforward way.
The p bonding is made from contributions of 2.0 and 0.8

from the e1g and e1u orbitals, respectively. Both of these arise
in turn from the interactions shown in Figure 1a between
the Fe valence orbitals and the ring p orbitals of appropriate
symmetry. A d bonding of 1.2 similarly arises from the inter-
action, shown in Figure 1a, between the Fe 3dd orbitals and
the matching ring p functions. The e1g bond order suggests
that this p contribution to the bonding is significant. Consis-
tent with this, the orbital-interaction energy for this term is
also large and appears to dominate the bond energy. The
importance of p donation from the ligands into empty metal
d orbitals is also indicated by the results obtained for the
other transition-metal sandwich complexes discussed below.

The bonding in ferrocene, re-
vealed by the fragment bond-
order analysis, is thus consistent
with the familiar MO diagram
for the p and d bonding, but is
slightly more complicated for
the s interactions, in which the
ring s functions also contribute.
The bond-order and bond-
energy analyses indicate that p
and d bonding and hence the
metal 3d ring p orbital interac-
tion dominate.

Figure 1. Qualitative MO scheme for [M(h5-C5H5)2] sandwich complexes,
in which a) M is a transition metal and b) M is a main-group metal.

Table 1. Fragment bond orders (b), orbital interaction energies (DEO) and metal charges (qM) for [M(h
5-

C5H5)2] (M=Mg, Ca, Sr, Ba and Fe) for the (h5-C5H5)2 and M fragments.

s p d total qM
a1g a2u e1g e1u e2g

[Mg(h5-C5H5)2] bAB (FO) 0.60 0.46 0.57 0.92 0.07 2.62 0.49
DEO �163 �110 �197 �246 �52 �815

[Ca(h5-C5H5)2] bAB (FO) 0.10 0.08 0.31 0.36 0.00 0.85 1.57
DEO �91 �54 �270 �124 �40 �614

[Sr(h5-C5H5)2] bAB (FO) 0.036 0.07 0 0.28 0 0.38 1.80
DEO �67 �43 �108 �98 �29 �373

[Ba(h5-C5H5)2] bAB (FO) �0.02 �0.01 0 0.12 0 0.09 1.93
DEO �52 �32 �98 �75 �24 �306

[Fe(h5-C5H5)2] bAB (FO) 0.43 0.57 2.00 0.77 1.15 4.91 0.03
DEO �203 �118 �1556 �258 �208 �2413
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Figure 1b shows a qualitative MO diagram for a D5d [M-
(h5-C5H5)2] complex in which the metal has only s and p or-
bitals in its valence shell, constructed in a similar way to
that used for Figure 1a, in which the metal also uses d orbi-
tals. Without d orbitals on the metal, the d interaction is
lost. This diagram might be expected to be relevant for [Mg-
(h5-C5H5)2] as the contribution from the Mg orbitals might
be expected to be minimal. The remaining alkaline-earth
metals are placed immediately before the transition-metal
block in the periodic table, so they might be expected to
have important contributions from metal d orbitals.[26]

Table 1 lists the contributions to the bond order and orbital

interaction energies for the [M(h5-C5H5)2] (M=Mg, Ca, Sr,
Ba) complexes.
The metal charges indicate that ionicity is important in all

the complexes and that this increase as Group 2 is descend-
ed, with [Ba(h5-C5H5)2] being essentially Ba

2+[(h5-C5H5)2]
2�

The bond orders and orbital interaction energies are also
consistent with this observation, being significantly smaller
than for ferrocene and decreasing rapidly down the group.
For [Mg(h5-C5H5)2], the covalence of the ring is 2.6. The s

bonding represents a slightly higher proportion of the total
interaction than in ferrocene. The orbital interaction ener-
gies are consistent with this observation. The a1g interaction
is dominated by an overlap between the Mg 3s and the ap-
propriate ring p orbital, shown in Figure 1b. The a2u interac-
tion is similarly dominated by an interaction between the
Mg 3pz orbitals and the appropriate ring p orbital, shown in
Figure 1b. The interaction between Mg 3pz and a ring s or-
bital, similar to that shown in Figure 2c, contributes about a
quarter of the overall bond order. The p bonding contains
contributions from both the e1g and e1u representations. The
contribution from the former is somewhat surprising as it
arises from interactions between the Mg 3dp orbitals and
ring s and p orbitals. The orbital interaction energies also
indicate a significant contribution from this source. The larg-
est contribution to the bonding arises from the e1u interac-
tion between the Mg 3pp orbitals and the matching ring p

orbitals, shown in Figure 1b.
In the remaining alkaline-earth complexes, there is a con-

siderable decrease in the s bonding. In [Ca(h5-C5H5)2], p
bonding arises through both its 3dp and 4pp orbitals overlap-
ping with the matching ring p orbitals, whilst only the pp or-
bitals appear to be important in the Sr and Ba complexes. In
a previous publication,[26] we reported that the dp orbitals
are important in causing the bent geometry of the heavier
alkaline earth metallocenes. Whilst the present work also
suggests that the dp–ring p orbital interaction increases on
bending, the small role of these orbitals and the large ionici-
ty predicted by the larger basis set used in the present work
presumably critically reduces this role, so that geometry
with parallel rings is predicted.
We have previously commented on the reproducibility of

the oxygen total valence in a variety of sites and coordina-
tion numbers in polyoxometalates.[6] The valency of the
carbon atoms in the metallocenes discussed in this section is
also consistent, this is, about four, despite the variations in
the ionicity of the complexes. The total valence of the h5-
C5H5 ligand, however, decreases from approximately 2.5 in
[Fe(h5-C5H5)2] to 0.1 in [Ba(h

5-C5H5)2]. This variation under-
lines the flexibility in the bonding of the cyclopentadienyl
ligand. The synergistic nature of the metal–ring interaction
means that increases in the p and d interactions have a
direct effect on the C=C bonding, with the C�C bond order
decreasing from 1.4 in (h5-C5H5)2Ba to 1.1 in (h

5-C5H5)2Fe,
so that the carbon valence is maintained.

[Cr(h6-C6H6)2Cr]: [Cr(h
6-C6H6)2] is the benzene ring ana-

logue of ferrocene and Figure 3 shows a qualitative MO dia-

Figure 2. a) C�H s*, b) C�H s and c) C 2s dominated s ligand-group or-
bitals for the (h5-C5H5)2 fragment.
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gram for this complex, showing the isolobal nature of the
bonding in these molecules. Geometrical parameters for the
optimized structure and a comparison with known experi-
mental data are listed in Table S1 in the Supporting Infor-
mation. The MO diagram follows the approach used above
for bis(cyclopentadienyl) complexes and in common with
many textbooks and undergraduate courses of building the
MOs by first taking in-phase and out-of-phase combinations
of the C6H6 p orbitals to produce the gerade and ungerade
symmetry-adapted linear combinations (SALCs) of the (h6-
C6H6) fragment. These SALCs are then combined with the
matching orbitals on the metal, commonly taken to be a
neutral Cr atom.
The occupied a1g and a2u orbitals of the ligand fragment

can be considered to “s donate” into the metal a1g (4s and
3dz2) and a2u (4pz) orbitals. Similarly, the e1g and e1u orbitals
of the organic fragment can be considered to “p donate”
into the metal, 3dxz,yz and 4px,y orbitals, respectively. Finally,
the metal dx2�y2,xy orbitals can be considered to “d backdo-
nate” into the vacant e2g orbitals on the rings. Table 2 lists

the bond orders and orbital interaction energies between
the metal and the ligands, decomposed into s, p and d com-
ponents. The charge on Cr in the complex is very low (ca.
�0.06), indicating that the interaction is, like ferrocene, es-
sentially covalent in nature. The total bond order between
Cr and the (h6-C6H6)2 fragments is 5.3, indicating a cova-

lence and valence of about 2.7 for each ring or 0.4 for each
C atom. This is achieved through contributions of 0.9, 2.4
and 2.0 from s, p and d interactions, respectively, suggesting
slightly weaker p but stronger d interactions than in ferro-
cene, 1.0, 2.8 and 1.2 from s, p and d interactions, respec-
tively. This decomposition is consistent with the contribu-
tions to the bond energy, which also suggest that p and d in-
teractions dominate.
The s bonding is made from contributions of 0.4 and 0.6

from the a1g and a2u orbitals, respectively. The a1g interaction
is dominated by a bond with order 0.2 between the Cr 3dz2
orbital and the C�H s* orbital, analogous to that shown in
Figure 2a for ferrocene, a bond with order 0.3 between Cr
4s and the ring p orbital shown in Figure 3 and an antibond
with order �0.2 between the Cr 4s and a ring s orbital, anal-
ogous to that shown in Figure 2b for ferrocene. The interac-
tion between the Cr 3dz2 orbital and the ring p orbital con-
tributes only about 0.01 of a bond. The a2u interaction is do-
minated by similar contributions from the Cr 4pz orbital
overlapping with a ring s orbital, analogous to that shown in
Figure 2c for ferrocene, and the ring p orbital shown in
Figure 3.
The p bonding is made from contributions of 1.8 and 0.8

from the e1g and e1u orbitals, respectively. The e1g interaction
is dominated by a Cr 3dp ring p orbital overlap. Significant
contributions to the e1u bonding arise from the Cr 4pp orbi-
tals overlapping with the ring p orbitals and the ring C�H
s* function, which have bond orders of 0.6 and 0.2, respec-
tively. The d bonding is dominated by the interaction be-
tween the metal 3dd orbital and the matching ring p func-
tion, as shown in Figure 3.
The bonding in chromocene revealed by the fragment

bond-order analysis is again consistent with the familiar MO
diagram for p and d bonding, but is slightly more complicat-
ed for the s interactions, in which the ring s functions are
again shown to contribute. As in ferrocene, the p and d in-
teractions dominate.

[Cr(h5-C5H5)(h
7-C7H7)], [Mn(h5-C5H5)(h

6-C6H6)], [Fe(h5-
C5H5)(h

5-C5H5)] and [Co(h5-C5H5)(h
4-C4H4)] and [Ni(h5-

C5H5)(h
3-C3H3)]: In the previous sections, the utility of the

fragment bond-order approach for analyzing the bonding in
high-symmetry sandwich complexes was outlined. In this
section, the use of the approach will be demonstrated for
systems in which low symmetry masks the relatively simple
underlying orbital structures. Together with ferrocene, the
mixed sandwich complexes [M(h5-C5H5)(h

x-CxHx)] (M=Cr;
x=7, M=Mn; x=6, M=Co; x=4, M=Ni; x=3) form a
convenient set of isoelectronic molecules that fit this de-
scription. These mixed sandwich complexes can have, at
most, Cs symmetry, but, as revealed by the isolobal and orbi-
tal interaction approaches,[2,3] have MOs that are closely re-
lated to those in the high-symmetry ferrocene complex. Fol-
lowing this work, it is most convenient to consider the bond-
ing in terms of the interaction of the [M(h5-C5H5)] fragment
with the orbitals of the second ring. Table S2 in the Support-
ing Information lists the optimized M�C bond lengths and

Figure 3. Qualitative MO scheme for a [M(h5-C6H6)2] sandwich complex
of a transition metal.

Table 2. Fragment bond orders (b) and metal charges (qM) for [Cr(h
6-

C6H6)2] for the (h
x-CxHx)2 and M fragments.

s p d total qM
a1g a2u e1g e1u e2g

[Cr(h6-C6H6)2] 0.42 0.47 1.80 0.79 1.98 5.26 �0.06
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Table 3 lists the calculated fragment bond orders for these
molecules.

Figure 4 shows the frontier
orbitals of the C5v [M(h

5-C5H5)]
fragment. The valence orbitals
are e2+1a1+e1+2a1, with the
e2+1a1 levels filled for a d

6

metal ion. The e2 levels are d

bonding between the metal and
C5H5 ring and also present a d

orientation to the second ring.
The 1a1 orbital is primarily
metal 3dz2 in character and has
the possibility of forming a s in-
teraction with the second ring.
The e1 orbitals are p bonding
between metal and C5H5 but,
because of d–p hybridization on
the metal are shaped to form a
strong p interaction with a ring
placed above the fragment.

Similarly, because of s–p hybridization, the 2a1 orbital is
fashioned to s interact with the second ring.
Figure 5 shows the familiar p orbitals of the CxHx rings

with x=3–7. Each is labelled with the pseudosymmetry of a
linear ligator. Thus, C3H3 presents orbitals of s and p sym-

metry to the [M(h5-C5H5)] fragment. C4H4 and C5H5 addi-
tionally offer a single and pair of d orbitals, respectively.
Likewise, C6H6 and C7H7 have a single and a pair of f orbi-
tals, respectively, which are unable to interact with the frag-
ment. There is a good match between the orbitals on the
second ring and the valence orbitals of the [M(h5-C5H5)]
fragment. The relative importance of the interactions be-
tween these frontier orbitals can be gauged using the frag-
ment bond-order approach.
The Cs symmetry of the mixed-sandwich complexes

means that other orbital interactions are possible. In the
complex, the s-type orbitals of (h5-C5H5)M have a’ symme-
try, whilst the p and d-type orbitals split into a’+a’’. Similar-
ly, the s-type orbitals of the second ring have a’ symmetry,
and the p and d orbitals split into a’+a’’. The importance
(or not) of the interactions between all a’ orbitals and be-
tween all a’’ orbitals is revealed by the fragment bond-order
analysis. Additionally, the role played by the remaining orbi-
tals of each fragment is also evident from the analysis, as
discussed above for the symmetrical-sandwich complexes.
For [Cr(h5-C5H5)(h

7-C7H7)], the Cr�C bond orders are
0.39 and 0.49 for the five and seven-membered rings, respec-
tively. As might be expected, the bonding between [Cr(h5-
C5H5)] and C7H7 is dominated by the interactions between
the frontier orbitals shown in Figure 4 and Figure 5, for the
p and d-type interactions but not for the s-type interactions.
The s-type interaction is represented entirely within the a’

orbitals of the complex. There is a bond order of 0.16 be-
tween the 1a1 dz2-dominated function of the [Cr(h

5-C5H5)]
unit and two empty orbitals of the C7H7 ring, which are do-
minated by the hydrogen s orbitals analogous to that shown
in Figure 2a for a five-membered ring. These interactions
are presumably a primary cause of the pronounced distor-
tion of the seven-membered ring to allow closer Cr�H inter-
action. Only very small bond orders arise from interaction
of the [Cr(h5-C5H5)] 1a1 fragment orbital with the p func-
tions of C7H7, as the latter are located around the nodal
cone of the chromium dz2 orbital. The empty 2a1 orbital of

the [Cr(h5-C5H5)] fragment,
which is essentially an chromi-
um-based sp hybrid directed to-
wards the seven-membered
ring, forms a bonding interac-
tion with the a2’’ p orbital of
the latter, giving rise to a bond
order of 0.19. The same orbital
also interacts with a low-lying
combination of the carbon 2s
orbitals of the C7H7 ring, lead-
ing to a bond order of 0.09. The
s-type interactions between the
two fragments thus arise from
[Cr(h5-C5H5)] donation to C7H7
hydrogen-based acceptor func-
tions and from p and s-bonding
electron density on C7H7 being
donated to [Cr(h5-C5H5)]. Thus,

Table 3. Fragment bond orders (b) and metal charges (qM) between [M-
(h5-C5H5)] and CxHx rings (M=Cr; x=7, M=Mn; x=6, M=Co; x=4,
M=Ni; x=3) fragments.

s p d total qM

[Cr(h5-C5H5)(h
7-C7H7)] 0.5 0.9 1.9 3.3 �0.003

[Mn(h5-C5H5)(h
6-C6H6)] 0.5 1.0 1.4 3.3 0.003

[Fe(h5-C5H5)(h
5-C5H5)] 0.6 1.4 0.6 2.6 0.03

[Co(h5-C5H5)(h
4-C4H4)] 0.5 1.8 0.1 2.4 0.11

[Ni(h5-C5H5)(h
3-C3H3)] 0.4 1.6 0 2.0 0.22

Figure 4. Frontier orbitals for a
[M(h5-C5H5)] fragment.

Figure 5. p orbitals for organic ring systems (shown from above).
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s-type bonding is drawn from both s and p orbitals of the
C7H7 ring with similar levels of importance. Despite the low
symmetry of the overall complex, the s-type functions of
the [Cr(h5-C5H5)] fragment do not interact significantly with
the p, d and f functions of the C7H7 ring.
The p-type interaction between the two fragments is

drawn from both a’ and a’’ orbitals of the complex. It is do-
minated by the overlap of the dxz and dyz-like e1 acceptor
functions of the [Cr(h5-C5H5)] fragment with the e1’’ p orbi-
tals of the C7H7 ring giving rise to bond orders of 0.37 for
both the a’ and a’’ overlaps. Essentially equal contributions
from the formally a’ and a’’ orbitals of the complex fully jus-
tify the description of the interaction as p-like. There are
also small contributions, with bond orders of 0.1 from these
same acceptor functions interacting with low-lying combina-
tions of the carbon 2s orbitals on the C7H7 fragment.
The d-type interaction is completely dominated by the in-

teraction between the dxy and dx2-y2-like e2 donor functions of
the [Cr(h5-C5H5)] fragment with the e2’’ p orbitals of the
C7H7 ring giving rise to bond orders of 0.95 for both the a’
and a’’ orbitals of the complex. Again the similarity of these
contributions fully justifies use of the d pseudosymmetry
label. Overall, the bond orders for the s, p and d-type inter-
actions between the [Cr(h5-C5H5)] and C7H7 fragments are
roughly of the order 0.5:0.9:1.9.
[Mn(h5-C5H5)(h

6-C6H6)] is isoelectronic to [Cr(h
5-C5H5)-

(h7-C7H7)]. The frontier orbitals of [Mn(h
5-C5H5)] are the

same as for [Mn(h5-C5H5)], with the 1a1 level being the high-
est occupied orbital. The p orbitals of benzene are shown in
Figure 5. C6H6 and C7H7 offer similar p functions to the
metal fragment. Although C7H7 has an additional “f-type”
orbital to C6H6, there are, as noted above, no donor func-
tions of appropriate symmetry and energy to interact so that
this difference should not greatly affect the overall interac-
tion. The Mn�C bond orders are 0.44 and 0.51 for the five-
and six-membered rings, respectively. As described above
for [Cr(h5-C5H5)(h

7-C7H7)], analysis reveals that p- and d-
type interactions are dominated by the interaction of the
metal-based fragment orbitals with the p functions on the
second ring, whereas other orbitals play a role in the s-type
interactions.
The s-type interactions are again represented by the a’ or-

bitals of the complex. There is a bond order of 0.08 between
the 1a1 dz2-dominated function of the [Mn(h

5-C5H5)] unit
and an empty orbital of the C7H7 ring, which is dominated
by the hydrogen s orbitals analogous to that shown in Fig-
ure 2a for a five-membered ring. The analogous interaction
is also present in [Cr(h5-C5H5)(h

7-C7H7)] and the large mag-
nitude of the corresponding fragment bond order in the
latter is reflected in a larger distortion of the seven-mem-
bered ring from planarity. Only very small bond orders arise
from interaction of the [Mn(h5-C5H5)] 1a1 fragment orbital
with p functions of the C6H6 ring, as again the latter are lo-
cated around the nodal cone of the metal dz2 orbital. The
empty 2a1 metal sp-hybrid orbital of the [Mn(h

5-C5H5)] frag-
ment forms a bonding interaction with the a2u p orbital of
the benzene ring giving rise to a bond order of 0.19, almost

the same as that found for the analogous interaction in [Cr-
(h5-C5H5)(h

7-C7H7)]. The same metal-based fragment orbital
also interacts with a low-lying combination of the carbon 2s
orbitals of the C6H6 ring leading to a bond order of 0.17.
The s-type interactions between the two fragments thus
arise from slightly weaker [Mn(h5-C5H5)] donation into
C6H6 hydrogen-based acceptor functions; a similar degree of
donation from C6H6 p-bonding electron density and some-
what great donation from C6H6 s-bonding electron density
into empty metal-based orbitals than in the chromium ana-
logue. Again, the low symmetry of the overall complex does
not lead to any significant mixing between the s-type func-
tions of the [Mn(h5-C5H5)] fragment with the p, d and f
functions of the C6H6 ring.
The p-type interaction is dominated by overlap of the dxz

and dyz-like e1 acceptor functions of the [Mn(h
5-C5H5)] frag-

ment with the e1g p orbitals of the C6H6 ring giving rise to
bond orders of 0.50 for both the a’ and a’’ overlaps. Again,
essentially equal contributions from the formally a’ and a’’
orbitals of the complex fully justifies the description of the
interaction as p like. There are also small contributions, with
bond orders of 0.06, from these same acceptor functions in-
teracting with low-lying combinations of the carbon 2s orbi-
tals on the benzene ring fragment.
The d-type interaction is completely dominated by the in-

teraction between the dxy- and dx2�y2-like e2 donor functions
of the [Mn(h5-C5H5)] fragment with the e2u p orbitals of the
C6H6 ring giving rise to bond orders of 0.69 for both the a’
and a’’ orbitals of the complex. Again the similarity of these
contributions fully justifies use of the d pseudosymmetry
label.
Overall, the bond orders for the s, p and d-type interac-

tions between [Mn(h5-C5H5)] and C6H6 fragments are rough-
ly of the order 0.5:1.0:1.4, suggesting a strengthening of the
p and a weakening of the d-type interaction compared to
the chromium system. The s-type interaction is similar in
the two systems although; as noted above, the C6H6 ring ap-
pears to be a slightly better donor and more reluctant ac-
ceptor of electron density into its s and s* orbitals, respec-
tively, than the seven-membered ring.
The bonding in [Fe(h5-C5H5)2] has been described above

in terms of the interaction between the metal atom and the
ligand-group orbitals of the rings. In this section, this de-
scription is augmented by examination of the interaction be-
tween the [Fe(h5-C5H5)] and C5H5 fragments. Unlike the
other complexes in the isoelectronic systems described here,
ferrocene has D5d symmetry allowing full separation of the
s-, p- and d-type interactions. As the two separate frag-
ments each have C5v symmetry, it is convenient to use this
group in the description of the interaction between the frag-
ments. The frontier orbitals of the [Fe(h5-C5H5)] and C5H5
fragments are shown in Figures 4 and 5. The Fe�C inter-
atomic bond orders are 0.48.
The s-type interactions occur in the a1 orbitals of the

complex. As in the other sandwich complexes, the doubly
occupied metal dz2-dominated orbital 1a1 interacts with
empty ring orbitals dominated by H 1s orbitals, rather than
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ring p functions. The total bond order for this interaction of
0.05 is even smaller than that found for the manganese–ben-
zene system, consistent with the only slight distortion of the
C5H5 ring from planarity. The iron sp-hybrid function 2a1 in-
teracts with a low-lying carbon 2s-dominated function to
give a bond order of 0.17, essentially the same as noted
above for the analogous interaction in the manganese
system. The hybrid orbital also interacts with the a2’’ p func-
tion of the C5H5 ring leading to a bond order of 0.27, some-
what higher than that found in the manganese and chromi-
um systems. The s-type interactions between the two frag-
ments thus arise from weaker [Fe(h5-C5H5)] donation into
C5H5 hydrogen-based acceptor functions, a similar degree of
donation from C5H5 s-bonding electron density and a great-
er degree of C5H5 p-bonding electron density into empty
metal-based orbitals than in the manganese analogue.
The p-type interaction occurs in the e1 orbitals of the

complex. As in the other sandwich complexes, it is dominat-
ed by the interaction between the e1 frontier orbitals of the
[M(h5-C5H5)] fragment and the corresponding p orbitals of
the second ring. For ferrocene, the bond order between
these doubly degenerate fragment orbitals is 1.42, suggesting
an increase in the importance of p-type bonding along the
series. The d-type interaction occurs in the e2 orbitals of the
complex. It is dominated by the interaction between the e2
frontier orbitals of the [Fe(h5-C5H5)] fragment with the
empty e2’’ orbitals of the second C5H5 ring giving rise to an
overall bond order of 0.58. It may be noted that the d-type
interaction is considerably smaller in [Fe(h5-C5H5)2] than in
[Mn(h5-C5H5)(h

6-C6H6)] despite the shorter Fe�C bond
lengths in the former. This presumably reflects the lower
energy of the relevant acceptor orbital on the C6H6 ligand
than on the C5H5 ring. Overall, the bond orders for the s, p
and d-type interactions between the [Fe(h5-C5H5)] and C5H5
fragments are roughly of the order 0.6:1.4:0.6, suggesting a
further strengthening of the p-type interaction and weaken-
ing of the d-type interaction compared to the manganese
system.
[Co(h5-C5H5)(h

4-C4H4)] is the next isoelectronic complex
in this series. The frontier orbitals of the [Co(h5-C5H5)] and
C4H4 fragments are shown in Figures 4 and 5. The Co�C in-
teratomic bond orders are 0.41 and 0.58 for the five- and
four-membered rings, respectively.
The s-type interactions occur in the a’ orbitals of the com-

plex. Unlike the other sandwich complexes, the doubly oc-
cupied metal dz2-dominated orbital 1a1 does not interact sig-
nificantly at all with empty orbitals of either s* or p charac-
ter and is essentially a non-bonding orbital. The cobalt sp-
hybrid function 2a1 interacts with a low-lying carbon 2s-do-
minated function to give a bond order of 0.12, slightly small-
er than for the other systems. The hybrid orbital interacts
much more strongly with the a2u p function of the C4H4 ring
leading to a bond order of 0.34. Comparison with the analo-
gous interaction in complexes of the lighter metals suggests
that this interaction has increasing importance along the
series. The s-type interaction is thus dominated by donation

from C4H4 p-bonding electron density into the empty metal-
based 2a1.
The p-type interaction occurs in a’ and a’’ orbitals of the

complex. As in the other sandwich complexes, it is dominat-
ed by the interaction between the e1 frontier orbitals of the
[M(h5-C5H5)] fragment and the corresponding p orbitals of
the second ring. The bond orders for the p-type interactions
are 0.96 and 0.94 for a’ and a’’ representations, respectively,
indicating a further strengthening of the overall p-type inter-
action along the series. The d-type interaction occurs only in
the a’ orbitals of the complex as C4H4 has only one p orbital
of the correct symmetry to interact in this fashion. The d-
type interaction is dominated by the interaction between
one of the e2 frontier orbitals of the [Co(h

5-C5H5)] fragment
with the empty b2u orbital of the C4H4 ring giving rise to an
overall bond order of only 0.13. Overall, the bond orders for
the s, p and d-type interactions between the [Co(h5-C5H5)]
and C4H4 fragments are roughly of the order 0.5:1.8:0.1,
suggesting a further strengthening of the p-type interaction
and weakening of the d-type interaction compared to ferro-
cene.
The final molecule in this isoelectronic series is [Ni(h5-

C5H5)(h
3-C3H3)]. As shown in Figure 5, C3H3 only presents

s- and p-type orbitals to the metal fragment and these occur
in the a’ and a’+a’’ orbitals of the complex, respectively.
The Ni�C interatomic bond orders are calculated to be 0.33
and 0.63 for the five and three-membered rings, respective-
ly.
The s-type interactions are dominated by the interaction

of the empty sp-hybrid type function on the nickel with
donor functions on the C3H3 ring. Bond orders of 0.34 and
0.08 are calculated for the interaction of this function with
the C3H3 a2’’ p orbital and a low-lying C 2s-dominated orbi-
tal, respectively. The former is very similar to that obtained
for an analogous interaction in the cobalt system whilst the
latter interaction appears to be reduced. The nickel dz2-do-
minated 1a1 function on the [Ni(h

5-C5H5)] fragment is essen-
tially non-bonding with very little interaction with empty H
1s orbital-dominated functions on the C3H3 ring. This inter-
action becomes consistently less important along the series.
The p interaction occurs between the e1 functions on the

[Ni(h5-C5H5)] fragment and the e’’ orbitals on the C3H3 ring.
The bond order is calculated to be 0.81 in both the a’ and a’’
representations, suggesting a small decrease in this interac-
tion compared to the cobalt complex.
With no ring functions of d-type symmetry, the s and p-

type bond orders are roughly of the order 0.4:1.6.
Despite the low overall symmetry of these sandwich com-

plexes, the fragment bond-order analysis allows an examina-
tion of the roles of s-, p- and d-type interactions and of the
legitimacy of this description. The analysis also allows the
suitability of the frontier orbital approach to be uncovered.
Overall, the analysis suggests that the bonding in each com-
plex is rather similar to that in the symmetrical-sandwich
complexes ferrocene and chromocene described in earlier
sections. The low symmetry of the present systems hides a
relatively simple electronic structure, which is conveniently
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analysed in terms of s-, p- and d-type interactions between
the fragments. The s-type interactions involve p, s and s*
functions on the rings. For the complexes of the lighter
metals, the interaction between the metal dz2 orbital on the
[M(h5-C5H5)] fragment and C-H s* orbitals is important and
contributes to bending of the hydrogen atoms on the second
ring. Across the series, this metal orbital does not interact
greatly with the ring p orbitals. A metal-based sp hydrid
does interact with the p electrons on the second ring, but is
also accepts electron density from s orbitals on the second
ring. The p- and d-type interacts between the two fragments
are dominated by the “classical” interaction between metal
d functions and p orbitals on the second ring. Across the
series, the p-type interaction appears to increase in impor-
tance, whereas the d-type interaction decreases leading to
an overall decrease in the interaction and a rise in the posi-
tive charge on the metal.

Conclusion

The fragment bond-order approach has been used to de-
scribe the bonding in a number of main-group and transi-
tion-metal sandwich complexes. By calculating the bond
orders between molecular fragments rather than between
atomic centres, this approach extends the utility of frontier-
orbital and symmetry-theory techniques. For high-symmetry
systems, the approach allows contribution from each irredu-
cible representation to be analysed and thus provides a sem-
iquantitative measure of the role of each bonding mode to
the interfragment interactions. The validity of the frontier-
orbital approach can also be gauged as the contributions
from each fragment orbital interaction is included. This
proves to be especially useful for low-symmetry complexes
in which the symmetry of the fragment orbitals is formally
lost. In the mixed-sandwich complexes studied, the approach
shows that the electronic structure is very similar to that in
the high-symmetry systems. Even in the low-symmetry sys-
tems, the roles of s-, p- and d-type interactions can be stud-
ied. The analysis also reveals the importance of s and s* or-
bitals on the rings and the role of the “classical” p functions.
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