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Abstract

The Complementary Spherical Electron Density Model developed by Mingos and Hawes in 1985 is reviewed and its implications
to 18 electron complexes and co-ordinatively unsaturated complexes are developed. These conclusions are particularly germane in
view of the recent proposal by Landis that transition metal complexes are governed by a 12 rather than an 18 electron rule, Hall’s
recent OSRAM model and the availability of additional structural data.
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1. Introduction

This 40th Anniversary Issue of the Journal coincides
with my involvement with the subject since I went to
University in 1962 and in 1964-1965 1 took my first
course in organometallic chemistry (given by Jeff Leigh
and Michael Green) and chose to write an extended es-
say on theoretical aspects of organometallic chemistry.
Therefore 1 remember reading the first issues of the
Journal and being excited by the wonderful structures
of iron cluster compounds which were emerging from
the Union Carbide Laboratories in Belgium [1]. T still
have that essay and it is not one of which I am particu-
larly proud. It represented my first attempt at typing and
it is full of typographical errors and erasures, however it
does provide me with a suitable reference point for
assessing and reflecting on what has happened to the
theoretical basis of the subject in the intervening years.
The choice of essay proved to be prophetic in some re-
spects because although I initially chose to do a PhD
in synthetic chemistry the majority of fellow chemists

" Tel.: +44 1865 279076; fax: +44 1865 279033.
E-mail address: michael. mingos@seh.ox.ac.uk.

0022-328X/$ - see front matter © 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.jorganchem.2004.07.020

will associate me with my contributions to theoretical
organometallic chemistry and more specifically, with
the Polyhedral Skeletal Electron Pair Theory [2]. This
together with the 18 electron rule has provided a crude
conceptual framework for rationalising the ever increas-
ing number of compounds which were isolated and
structurally shown to have surprising and interesting
geometries. Therefore, this Special Issue provides me
with an opportunity for reflecting on what really under-
lines these concepts and to what extent they give us
really valuable information.

My 1965 essay highlighted, not unexpectedly, the fol-
lowing fundamental concepts and methodologies:

18 Electron rule which of course represents an exten-
sion of the Lewis Octet Rule to organometallic transition
metal compounds. The 18-electron rule is often errone-
ously [3] attributed to Sidgwick [4,5]. Sidgwick’s classic
book The Electronic Theory of Valency published in
1927 does not discuss the 18-electron rule with the detail
implied by present textbooks. Sidgwick focused attention
on the effective atomic number concept, but did not
make any statement about the stability of organometallic
compounds. Professor Ged Parkin [5] has brought to my
attention that it was probably Langmuir [6] who actually
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first stated that that certain transition metal complexes,
and specifically Ni(CO),, Fe(CO)s, and Mo(CO)g, pos-
sess an 18-electron valence configuration although he
did not make a predictive general statement about stabil-
ity. Later, Reiff [7] and Sidgwick and Bailey [8] separately
described the application of this concept to rationalize
the stability and structure of other nitrosyl and carbonyl
complexes.

Pauling’s electroneutrality principle [9] recognised that
in low oxidation state compounds there must be a mech-
anism to redistribute charge from the metal back to the
ligand. Within the valence bond formalism this was
achieved by multiple bond formation. Pauling recog-
nised that this principle was particularly important for
rationalising the occurrence of metal carbonyls of the la-
ter transition metals.

The Dewar bonding model combined Pauling’s electro-
neutrality principle and elementary symmetry concepts
in order to account for the geometries of metal-alkene
complexes. The historical development of this model
has been discussed by me in some detail elsewhere [10].

Symmetry based molecular orbital analysis. At a time
when even simple electronic calculators were not gener-
ally available it is not surprising that it was necessary to
develop symmetry based molecular orbital concepts to
account for the occurrence of metal sandwich com-
pounds [11]. These qualitative analyses drew heavily
on the knowledge of the m-systems of unsaturated
organic molecules developed by Dewar and Longuet-
Higgins [12] and culminated in the successful prediction
and isolation of stable cyclo-butadiene complexes of
iron and nickel [13].

In the intervening 40 years the widespread availabil-
ity of high speed computers has revolutionised the abil-
ity of organometallic chemists to tackle theoretical
problems [14] and it is not uncommon for synthetic
chemists to report simultaneously the synthesis, struc-
ture and bonding analysis of a compound in one paper.
The development of user friendly packages capable of
performing molecular orbital calculations on complex
molecules containing heavy metal atoms has been
made possible by the Density Functional Methodology
[15]. Although these studies have analysed specific
problems, there have been fewer attempts at using
the methodology to probe the fundamental concepts.
These Density Functional calculations have largely
superceded earlier extended Hiickel calculations used
extensively in the 1970’s and 1980’s by Hoffmann and
his school [16]. These more sophisticated calculations
can certainly provide much more accurate total ener-
gies and are routinely used to confirm the geometries
of molecules using energy minimisation methods, but
are less transparent and less amenable to generalised
interpretation [17].

In addition to these improved computational meth-
ods the last four decades has seen the development of

conceptual models. The Polyhedral Skeletal Electron
Pair Theory [2], the Zintl [18] and Isolobal Concepts
[19] have done much to provide a crude theoretical
framework for cluster compounds of the main group
and transition metals. They have provided an effective
bridge between main group and transition metal chemis-
try [20] and Fehlner has proposed the portmanteau
“Inorganometallic Chemistry” to describe this interdis-
ciplinary area. The extension of molecular orbital meth-
ods to infinite structures has also led to important
connections between molecular and solid state chemistry
[21].

The theoretical connection between main group and
transition metal clusters depended on recognising that
these two classes of compounds shared a common set
of unavailable molecular orbitals, which had a predom-
inance of s and p orbital character and were strongly
metal-metal antibonding. Their antibonding character
and their hybridisation towards the centre of the cluster
seals their unavailability for metal-ligand bond forma-
tion. Therefore, the number of these unavailable molec-
ular orbitals determines the limiting number of orbitals,
which can be occupied by electrons which are formally
donated by the ligands and the metal. In this review
we shall demonstrate that this methodology also has rel-
evance to mononuclear complexes and can lead to an
interesting reformulation of the 18 electron rule. The
development of the Polyhedral Skeletal Electron Pair
Theory also led to the recognition that certain classes
of polyhedra had a set of non-bonding orbitals which
were dictated by the cluster topology and which could
result in classes of clusters with the same geometry but
alternative electron counts. Group theory has been used
to identify the number and symmetries of these non-
bonding molecular orbitals [22]. This principle also has
a counterpart in mononuclear organometallic com-
pounds [22] and these ideas will be developed further
in this review.

The adoption of the adjectives available and unavail-
able rather than the more commonly used bonding and
antibonding may seem initially to be unnecessary and
imprecise and certainly needs some justification. The
distinction between bonding and antibonding is particu-
larly useful when the basis set of orbitals contributing to
a molecular orbital have the same energy. In such mol-
ecules the relative energies of the molecular orbitals are
determined exclusively by the number of nodes associ-
ated with each molecular orbital. The t-molecular orbit-
als of a hydrocarbon polyene provide a good illustration
of this generalisation. When the contributing atomic
orbitals have very different energies then of course the
calculated energy of a specific molecular orbital depends
not only on the extent of overlap between the orbitals
but also on the relative orbital character of those atomic
orbitals with different energies. For example, for a tran-
sition metal where the (n+ 1)p orbitals are separated
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from the other valence orbitals by large promotion ener-
gies then a molecular orbital which has a high percent-
age of p orbital character contributed by the central
metal atom may not be strongly antibonding but none-
theless could have a calculated energy which places it
very high lying relative to the other occupied molecular
orbitals. This orbital although not antibonding in the
formal sense may not interact with the lone pair orbital
of an additional ligand as a result of the high percentage
of p orbital character. Therefore, the term unavailable
rather than antibonding more precisely describes its
ability to participate in bonding. Furthermore, the
(n + 1)p orbitals of a transition metal atom are so differ-
ent from the nd and (n + 1)s orbitals that a small in-
crease in the amount of p orbital character can change
the energy of the molecular orbital dramatically. When
the relative energies of two complexes are being com-
pared the relative bonding and antibonding contribu-
tions of the orbitals to the frontier molecular orbitals
may not differ greatly and the energies of the frontier
orbitals may be determined primarily by the contribu-
tions made by the (n+ 1)p orbitals. The Polyhedral
Skeletal Electron Pair analogies between main group
and transition metal cluster compounds were almost
impossible to delineate when attention was focussed
completely on the occupied orbitals. The locations of
bridging and terminal carbonyls added many ill-defined
interactions and only by identifying sets of common
unavailable orbitals did the connection become clear.
For cluster compounds orbitals were identified as una-
vailable if they had a high percentage of p orbital char-
acter, were antibonding between the metals and were
hybridised towards the centre of the cluster by s—p mix-
ing. Unavailable orbitals in the context of a mononu-
clear complex similarly have some or all of the
following characteristics: a high percentage of p orbital
character, strongly metal-ligand antibonding, hybrid-
ised in a non-ligand direction. This paper illustrates
the advantages of concentrating on the unavailable
orbitals in mononuclear complexes.

2. An alternative description of the 18 electron rule

The descriptions of the 18 electron rule in the major-
ity of inorganic and organometallic textbooks provide
an excellent introduction to how the total electron count
in a complex or cluster may be calculated, but little
understanding of why it works and what one is expected
to do if it does not work. In fact the statements made
can border on the misleading, for example * The 18 elec-
tron rule is a way to help us decide whether a given d-
block transition metal organometallic complex is stable”
[23]. Besides the obvious undergraduate caveats con-
cerning the distinction between kinetic inertness and
thermodynamic stability such a generalisation fails to

recognise that the ability to isolate a compound requires
a deeper analysis of the bonding in the compound. To
take some very trivial examples: N, and BF and CO,
and NOj conform to the effective atomic number rule
but their ease of isolation and reactivities could not be
more different. The inorganic chemists’ view of the 18
electron rule reminds me of their corresponding view
of the Woodward Hoffman Rules for pericyclic organic
reactions. They tend to focus on the “allowed” and
“forbidden” nature of the reactions rather than the
more important consideration from the synthetic
organic chemists’ point of view namely the way in which
the stereochemistry of the product is influenced by
whether the ring opening occurs in conrotatory or disro-
tatory manner. The allowed or forbiddeness of a reac-
tion depends on the size of the activation barriers
which are notoriously difficult to estimate on the basis
of symmetry based qualitative arguments, whereas the
stereochemistry depends on the much smaller difference
between the two possible reaction pathways and in these
circumstances symmetry considerations may prevail and
provide an accurate prediction of the preferred pathway.
The really useful information with regard to geometry
and reactivity lies in recognising the electronic conse-
quences of the frontier molecular orbitals.

Based on this analogy I would argue that establishing
that a complex obeys the 18 electron rule may provide a
satisfying initial thrill because it confirms one can still
add-up reliably, but in itself provides very little theoret-
ical or chemical insight and no insight if it fails.

Firstly it is important to try and establish those areas
where the 18 electron rule is likely to apply. Such a dis-
cussion is particularly relevant given Landis’ recent pro-
posal [24] that the unavailability of the np valence
orbitals in transition metal atoms makes it more appro-
priate to consider that transition metals are limited to
sd” (n = 1-5) hybridisation and therefore transition me-
tal complexes should be considered in terms of a 12 elec-
tron rule (see also [25]). Complexes with more than 12
are better described as hypervalent and therefore analo-
gous to BrFs, XeF, and SF¢ in main group chemistry.
Frenking and Hall [17,26,27] have given a detailed anal-
ysis of why such arguments may be flawed, but nonethe-
less any generalised 18 eclectron rule should ideally
incorporate complexes with fewer than 18 wvalence
electrons.

There are two very significant differences in the rela-
tive energetics and radial distribution functions of the
valence orbitals of main group and transition metals
which are essential to an understanding of the underly-
ing electronic basis of the 8 and 18 electron rule.

For the heavier main group elements the relative
energies of the valence orbitals are: ns <np < nd.
Whereas for the transition metals the relative energies
are: (n+1)s~nd << (n+ 1)p. As Hall has pointed
out [27] the promotion energies separating the d and p
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Table 1

Comparison of ryax and reovatent for the Group 14 elements (pm)
Element rcovulent rm’dX (ns) rmilX (np)
C 77 65 64

Si 117 95 115

Ge 122 95 119

Sn 140 110 137

Pb 144 107 140

orbitals are much larger in the former case than the lat-
ter and therefore it is not so justifiable to exclude the p
orbitals completely in the latter. The most probable or-
bital radii of group 14 and group 6 elements summarised
in Tables 1 and 2 result in the following significant
differences [28]:

The 2s and 2p valence orbitals of carbon have very
similar r,x values and therefore they overlap almost
equally well with the valence orbitals of atoms bonded
to carbon. These comparable radii are ideal for effective
s—p hybridisation although of course the different orbital
energies prevent the formation of the idealised hybrids
as originally proposed by Pauling. For the heavier group
14 elements the ns orbital becomes progressively more
contracted relative to the np orbital and corresponds
closely to the covalent radius of the element (r.oy). Con-
sequently these orbitals hybridise less effectively than the
second row elements. It follows that sp® hybridisation
and the associated formation of compounds with 8 va-
lence electrons will be more prominent for the second
row elements than the heavier elements. For the heavier
elements accepted wisdom suggests that the nd valence
orbitals lie at too high energies and are too diffuse to
make a significant contribution to bonding. Conse-
quently it is not appropriate to describe compounds
such as PFs5, SF¢ and IF, as sp3d, sp3d2 and sp3d3
hybridised, respectively, and instead the valence shell is
restricted to sp® [28]. The molecules are described as
hypervalent (i.e., they have in excess of 8 valence elec-
trons) and some or all of the bonds are based on
three-centre four-electron interactions [28]. Such com-
pounds are particularly prevalent when the ligands are
highly electronegative and capable of forming multiple
bonds, e.g., F, O and N. The Complementary Sperical
Electron Density Model, developed some years ago by
myself and Hawes, suggests that in hypervalent com-
pounds there are (4 — n)D° functions localised on the

Table 2
Comparison of rpax and ryeanic for the Group 6 transition elements
(pm)

Element T'metallic Fmax (nd) Fmax (n + 1)S
Cr 129 46 161
Mo 140 74 168
w 141 79 147

ligands which have the symmetry properties of the d
orbitals but do not have a significant contribution from
the d orbitals of the central atom [29].

For the Group 6 transition metals the nd valence
orbitals, which have similar energies to the (n + 1)s va-
lence orbitals, have much smaller radii than the
(n + 1)s valence orbitals. The orbital radii of the latter
correspond much closer to the metallic radii of the met-
als (see Table 2). From this data and a knowledge that
the (n + 1)p valence orbitals are much higher lying than
nd and (n + 1)s it is not surprising that Landis et al. [24]
have found it plausible to suggest that the transition
metals may favour sd® hybridisation rather than sp>d°,
which corresponds to a 12 rather than 18 electron rule.
Indeed they have used this approximation to develop a
very useful force field for molecular mechanics calcula-
tions of organometallic and co-ordination compounds.

In my view, the differences in radial distribution func-
tions when taken together with the differences in orbital
energies have the following important consequences.
Effective d,s,p hybridisation will only occur when the lig-
ands around the metal approach the metal sufficiently
closely that they overlap effectively with both the nd
and (n + 1)s valence orbitals. There are two conditions
for this to occur:

1. The ligand forms strong multiple bonds with the
metal atom and therefore the metal ligand distance
is significantly shorter than the sum of the covalent
radii.

2. The ligand is a very small and has a low electronega-
tivity, e.g., hydride.

It follows that most effective hybridisation will occur
with ligands such as CO, NO, O and N capable of mul-
tiple bond formation and hydrogen or related ligands
with low electronegativities. There are, of course, addi-
tional steric constraints which affect whether the 18 elec-
tron rule is achieved [30].

The extent of d—p hybridisation is also influenced by
the total charge of the complex and the position of the
metal in the Periodic Table. Specifically, the d—p promo-
tion energy is smaller in negatively charged metal com-
plexes and the relativistic effects associated with the
heavier transition metals lead to a better match in radii
of the s, p and d orbitals and more effective
hybridisation.

3. Conclusions of the spherical electron density model

According to the Complementary Spherical Electron
Density Model the attainment of the 18 electron rule in
transition metal compounds is closely associated with
the occurrence of a set of complementary ligand and
central metal atom orbitals which together emulate the
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occupied orbitals of an inert gas atom, both in terms of
the angular momenta of the orbitals occupied and the
high ionisation energies. Since for any [ML,] complex
with n >4 the ligand linear combinations generate a
complete set of p functions P, P7, P7. they will be rep-
resented in the complete set of wave functions for the
whole molecule. Although, the extent of metal vs ligand
involvement will depend only on the extent of overlap
between metal and ligand orbitals and their relative
energies. Specifically, if the ligand shell in ML,, provides
S°, P¢, Pf’, P2, (n — 4)D° ... linear combinations then
the metal contributes (5 — n + 4) filled d orbitals with
complementary angular momentum properties. Taken
together they represent a complete shell in angular
momentum terms, i.e., in an octahedral complex if the
(n — 4)D° linear combinations corresponded to D,
(1=0) and D,2_p (1=2c), e, then the corresponding
filled metal d orbitals are d.., (1=1c) d,. (1=1s), dy,
(1= 2s) (t2p) (c and s represent the cosine and sine forms
of the wave functions in their real rather than imaginary
forms) [28,29].

In an octahedral complex the occupation of all orbit-
als except the 6 unavailable orbitals results in an 18 elec-
tron completed shell configuration as follows:

(a) Metal-ligand o-bonding molecular orbitals (6). S°,
P, P;’ P?, D., D,._,» These molecular orbitals
are localised mainly on the ligands but have a con-
tribution from the matching s, p,, p,, p-, d and
d,»_,» orbitals

Non-bonding metal localised molecular orbitals (3).
d,., (1=1c) d,. (I1=1s), dy, (I1=2s) These orbitals
are stabilised by m-acceptor ligands and destabilised
by m-donor ligands.

(b)
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(¢) Metal-ligand unavailable molecular orbitals (6).
S, P, P;,’*, P, D5, D ,» These molecular
orbitals are antibonding and localised mainly on
the metal but have a contribution from the match-

ing ligand orbitals.

.
x2—y

In an octahedral complex (a) and (b) represent avail-
able and (c) the unavailable molecular orbitals: unavail-
able because they are either strongly antibonding, S°*
and P°" or have a high percentage of p orbital character.
The total angular momenta of the orbitals associated
with (a) and (b) adds up to zero, because of the comple-
mentary nature of the orbitals involved. Thus they cor-
respond to a pseudo-spherical shell of electron density.

It is noteworthy that by switching attention to the
unavailable molecular orbitals the question of the pre-
cise contribution of the p orbitals is circumvented. How-
ever small their contribution, the p orbitals are going to
be classified as unavailable because of the large promo-
tion energies required to access them [27].

The spherical polyhedra generate the available molec-
ular orbitals — S°, P, P;’, P?, (n — 4)D° shown in Fig. 1:
The unavailable molecular orbitals are the antibonding
combinations of these linear combinations with the
matching metal orbitals and their number is equal to
the number of ligands:

Tetrahedron (4)

Trigonal bipyramid or square pyramid (5)

Octahedron (6)

Pentagonal bipyramid, capped octahedron, capped trig-
onal prism (7)

Dodecahedron, square antiprism (8)

Tricapped trigonal prism or capped square antiprism (9).

Coord. | Geometry Pic | Pis | Do | Dic | Dis | Dac Dy, | Total
No. X y 72 | xz yzZ )(2-y2 Xy | electrons
2 Linear 14
3 Trigonal planar 16

4 Tetrahedral 18

5 Trigonal Bipyramid 18

5 Square Pyramid 18

6. Octahedron

6 Trigonal prism

7 Pentagonal bipyramid ]

7 Capped trigonal prism

7 Capped octahedron

8 Dodecahedron

8 Squareantiprism

9 Tricapped trigonalprism |GG I

Ligand LCAOQO’s

Filled metal orbitals

Filled metal dp hybrids

Empty metal orbitals

Fig. 1.

Description of 18 electron complexes according to the Complementary Spherical Electron Density Model.
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Of course as the number of ligands increases the num-
ber of polyhedra which emulate a spherical shape increases
in number and the energies separating them decreases.

A detailed analysis of the spherical harmonic descrip-
tions of the LCAQO’s and the complementary metal
orbitals has been given by Hawes and Mingos [29] and
their results are summarised in Fig. 1. For co-ordination
numbers 9-6 the complementary d orbitals have exclu-
sively d orbital character if the spherical co-ordination
polyhedra are utilised (see Fig. 1 for specific descriptions
of the orbitals). The orbital energy ordering
(n+ 1)s ~nd < (n+ 1)p dictates that it is essential to
maximise the s and d orbital character in occupied orbit-
als and maximise the p orbital character in unoccupied
orbitals and these spherical polyhedra satisfy this
requirement even if L is a simple o-donating ligand.

18 Electron ML, complexes have the following fron-
tier orbital occupations (indicated in yellow in Fig. 1):

Square-antiprism (dzz)2
Dodecahedron (de_ye )

Capped octahedron (dxz_yz)z (dxy)2
Capped trigonal-prism (de_ z)z(dy_,)2
Pentagonal-bipyramid (dxz)zv (d,.)
Octahedron (d)? (d,.)* (dy,)?

These complement the metal-ligand bonding molecu-
lar orbitals and together emulate a spherical shell of
electron density in terms of the net zero angular momen-
tum characteristics of the complementary and complete
set of occupied orbitals.

If L is a good m-acceptor ligand then these metal
localised orbitals are stabilised additionally and the 18
electron spherical shell of electron density is reinforced.
The m-acceptor ligands will occupy positions and orien-
tations which maximise the interactions between the
empty m-orbitals of the ligand and the filled metal d
orbitals. For example, in a pentagonal bipyramidal com-
plex an axial m-acceptor ligand will preferentially occupy
an axial site and thereby maximise its overlap and inter-
action with (d,.)” (d,.)>. [Mo(NO)(S:CNMe,);] provides
a specific example of such a complex and is formally
Mo(IT) d* if NO is defined as NO™.

However, if the ligand(s) are strong m-donors then
the effect is to destabilise the d-orbitals listed above.
If the interactions are strong the result may very well
be to destabilise some of the frontier orbitals and
transform orbitals which were available in the ML,
complex into unavailable orbitals and thereby influence
the optimal electron count. For example, if the axial
ligand in a pentagonal bipyramidal is a strong n-donor,
e.g., O or N, then the (d,.) (d,.) orbital pair is destabi-
lised and joins the seven unavailable orbitals resulting

from the o-interactions shown in Fig. 1 and the pre-
ferred frontier orbital occupations are (di.)" (dyz)o.
These orbitals are rendered unavailable because they
are the antibonding components of a strong m-interac-
tion between ligand and metal orbitals. Therefore,
strong m-donor ligands are capable of generating addi-
tional unavailable antibonding orbitals which have a
high percentage of d orbital character, but in so doing
generate complementary filled n-donor orbitals local-
ised mainly on the ligands. If the electron pairs occupy-
ing these ligand orbitals are introduced into the
electron count then the 18 electron count is main-
tained. For example, [MoN(S,CNMe,);] has an 18
electron count if the nitrido-ligand is considered to be
a 3 electron donor. The complex is formally Mo(VI)
d° and this analysis, based on the unavailable orbitals,
coincides with this formalism.

Therefore, the 18 electron rule when reframed in
terms of the number of unavailable molecular orbitals
may be used flexibly for complexes with m-acceptor
and m-donor ligands. In those 18 electron complexes
which have lower co-ordination numbers (z =35 and
4) the 18 — 2n electrons metal localised electrons can-
not occupy exclusively orbitals with pure d orbital
character and the point group symmetries indicate
that in some of the frontier orbitals d—p mixing may
occur. These orbitals are indicated in orange in
Fig. 1. Even if the d—p mixing occurs to a small extent
it may have significant energetic consequences
because of the large promotion energies required to
promote an electron from an nd to an (rn + 1)p valence
orbital.

Fig. 2 illustrates schematically a molecular orbital
diagram for a tetrahedral ML, complex where initially
the ligands are simple -donors. The c-interactions cre-
ate a set of matching S°, P?, P;’, P?, bonding and anti-
bonding molecular orbitals and the 4 antibonding
components shown at the top of the figure are clearly
strongly unavailable. The frontier orbitals have predom-
inantly d orbital character and by symmetry split into
the familiar t, and e sets. The latter, are non-bonding
and localised exclusively on the metal, but the former
may have variable admixtures of p orbital character,
which will destabilise them relative to the e set. The ex-
tent of destabilisation will reflect the extent of d—p mix-
ing and will influence whether these orbitals are
designated as available or unavailable. If the d—p mixing
is not extensive they are available and if both e and t,
sets are occupied then an 18 electron configuration,
d', is achieved.

If L is a good m-acceptor ligand then both e and t,
orbitals have the appropriate symmetry to overlap with
the ligand n*-orbitals and such interactions will stabilise
both e and t, and will encourage the complex to achieve
an 18 electron configuration, i.e., the only unavailable
orbitals are the strongly antibonding S°*, P P,

x 0
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— always unavailable
s”p° orbitals due to ¢
donation

Moderately unavailable
orbitals if good d-p
mixing or good

“‘“%

dy, d,, d
d;yhyzbzri ; w-donors
- (t2)
e Unavailable orbitals
p only if strong =-
— d;2 dy2,2 donation, otherwise
(n+1)s (e non-bonding
Metal

Ligand
S°P° (a1 tp)

Fig. 2. Schematic representation of the molecular orbitals in a
tetrahedral complexes emphasising the different classes of unavailable
orbitals which can result in d°, d* and d'° closed shell and sub-shell
configurations. This d—p hybridisation is discussed in more detail in
[22].

P?*. These conclusions are summarised in Table 3. More
generally, 18 electron 4 and 5 co-ordinate complexes are
particularly favoured by m-acceptor ligands since they
reduce the p orbital character in occupied hybrids by
delocalising the orbitals onto the ligand. Complexes
such as Ni(CO),4, Fe(CO)s and related nitrosyl and iso-
cyanide compounds provide specific examples. If the lig-
ands are not such good m-acceptors then 16 and 14
electron complexes become favoured. For example terti-

Table 3

Unavailable and available orbitals in tetrahedral metal complexes, ML,

ary phosphine complexes of the platinum metals, partic-
ularly if the ligands have sterically demanding
substituents, tend to form trigonal and linear M(PR3)3
and M(PR3), complexes.

In tetrahedral ML, complexes there are three dp hy-
brids (see Fig. 2) of t, symmetry and therefore if d—p
mixing is effective then the number of unavailable orbit-
als may be increased to 7 from 4 by the addition of the t,
set. Strong o-donor ligands are particularly effective in
promoting d—p hybridisation, e.g., H or R. Therefore,
it is not surprising that 12 electron tetrahedral com-
plexes such as OsRy4, where R is a bulky aryl ligand,
have been structurally characterised.

The t, set and the remaining d orbitals (e(d.2,d,2_,2))
are also capable of interacting with the n-donor orbitals
if L is a m-donor and will become unavailable if the
interaction is strong, i.e., the number of inaccessible
orbitals may be raised to either 7 or 9. Consequently
complexes with d° to d* electron configurations are
likely to be favoured for tetrahedral complexes with =-
donor ligands. These possibilities are summarised in
the Table 3 in terms of the total number of valence orbit-
als in the valence shell. Besides the examples given in the
Table there are also examples of MO}~ with d°-d* low
spin configurations [28].

Drawing attention to the number of unavailable
orbitals connects the complexes which have 18 valence
electrons and those which have ligands where the num-
ber of o- and n-donating orbitals exceeds the number of
valence orbitals. For example, complexes which at first
sight have 20 valence electrons, e.g., [W(CO)(alkyne);],
may readily be rationalised by assessing the number of
unavailable molecular orbitals [33].

In MLs complexes there are 2 d—p hybrid orbitals in
the d manifold (Fig. 1) and therefore in addition to the
18 electron closed shell configurations 14 electron possi-
bilities exist with the appropriate ligands. An example
with a 14-electron count is [Ru(CO)(SAr)y] (Ar=
2,3,5,6-tetramethylphenyl). Ru(CO)(SAr), adopts a trig-
onal bipyramidal structure with the CO ligand
occupying one of the axial positions.[34] MLz complexes

No. of metal valence orbitals No. of ligand orbitals No. of unavailable orbitals Total no. of available orbitals Example
n-acceptor ligands

9-s p* d° 4c 4 9+4—4=9 Ni(CO),
G-donor ligands weaker m-acceptors

9-sp>d’ 4c 4 9+4-4=9 Pt(PMes),
o-donor ligands which result in good d—p mixing

9-s p3 K 4o 4+3(t)=7 6 OsMes,, ReR;
Good m-donor ligands

9-sp>d’ 4c4c(lone pair) +8n 4+3+2e)=9 16 050,
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M = d® metalion

Fig. 3. Examples of protonation of transition metal complexes
utilising electron density located away from the ligand direction and
the maximisation of back donation when the d, orbitals are non-
degenerate.

have a similar pair of hybrids and give rise to similar
possibilities.

Given that the lone pairs on the metal occupy
orbitals that are complementary to the ligand set it
follows that the most available electron density is
located along directions which lie between the ligands.
It follows that protonation and electrophilic attack in
general is favoured in these directions. The structures
of metal carbonyl complexes which have been proto-
nated or aurated (with AuPPhj) show very clearly
how these electrophilic ligands lie along a three fold
axes of the parent carbonyl anions [M(CO)4*"
(x =1-3). When one of the ligands in the complex
functions as a m-donor or acceptor in one preferred
plane then the ligand will take up a preferred
orientation which maximises the interaction between
the filled d orbital and the m-acceptor orbital of the
ligand. For example the olefin complex illustrated in
Fig. 3 has the olefin lying preferentially in the trigonal
plane.

Rule 1

18 Electron complexes have a spherical arrangement of
ligands and the ligand and metal orbtals form a comple-
mentary and complete set of orbitals which mimic the
angular momentum properties of an inert gas atom. The
filled metal orbitals have a high percentage of d orbital
character point away from the ligand directions and are

stereochemically inactive. The ligands must effectively
overlap with the metal d and p orbitals to ensure the
attainment of the 18 electron rule. The complementary
set of filled and metal localised orbitals determine the site
preferences and preferred conformations of m-acceptor
ligands.

In complexes with strong n-donor ligands some or all
of these d localised orbitals become unavailable but are re-
placed by orbitals with matching orbital characteristics on
the ligands and the 18 electron rule is maintained, as long
as the n-donor ligands do not contribute symmetry combi-
nations which do not match the d set.

3.1. 16 Electron complexes

There are two primary ways of creating an addi-
tional unavailable orbital with a high percentage of
metal p orbital character. The generation of a pure
p orbital which is orthogonal to the ligand plane is
the best way energetically of ensuring the presence
of a high lying and unavailable orbital. If this cannot
be achieved then the formation of a dsp hybrid with
the maximum amount of p orbital character represents
the next best choice.

Linear and planar geometries provide the most
effective ways of generating geometries with orthog-
onal p orbitals and this is why these geometries are fa-
voured for linear and trigonal-planar d'® complexes.
Fig. 4 illustrates how the attainment of the geometry
with the most favourable unavailable orbital may be
made for a four co-ordinate complex. Four co-ordi-
nate square-planar complexes provide the most preva-
lent example of this principle and there are of course
numerous examples of d® square-planar complexes.

100%p
character 50% p 30% p
chargcter character
5(%1) \\\\\ “\i/"'
character
¥ ¥y Y

Favoured structure because
unavailable orbital has 100%
p character

Fig. 4. Illustration of how the p orbital character is maximised in an
ML, 16 electron complex. Such complexes are favoured for metals
with large d—p promotion energies.
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75% 60% 50% 43% 37.5%
p character p character p character pcharacter pcharacter

50% 50%
p character p character

60% 40%
p character p character

Fig. 5. Illustration of effect of co-ordination number on the average
percentage p character in individual idealised hybrids and the
differences between equatorial and axial hybrids. These hybridisation
estimates do not take into account the differences in radial character-
istics of the contributing orbitals [22].

Interestingly Hall’s calculations [27] on 16 electron
MHs complexes with low spin d°® configurations
suggest the planar Ds, geometry as a possibility de-
spite the obvious steric crowding in the co-ordination
plane.

With higher coordination numbers it is increasingly
difficult to fit all the ligands in one plane and empty
hybrid orbitals with a high proportion of p character
remain as the only viable alternative. In general one
takes as the parent molecule the 18 electron com-
pound and then introduces an empty hybrid orbital
for each missing ligand. The fragment which remains
is required to belong to a point group which enables
d-p hybridisation to occur in order to maximise the
participation of the metal’s p orbital in the out-point-
ing hybrid.[29] For simple geometric reasons which
are indicated in Fig. 5 the hybrid which maximises
the p orbital character is that with the lowest co-ordi-
nation number. It is significant that the differences in
p character decrease as the co-ordination number in-
creases. It follows that for a 16 electron ML, complex
the creation of a hybrid with maximum p orbital char-
acter is achieved by adopting the co-ordination poly-
hedron for ML, ; ; and locating the empty hybrid in
the vacant position. We have previously described
such co-ordination polyhedra as nido-by analogy with
cluster structures [2]. Related co-ordination polyhedra
with two and three vacant co-ordination sites with hy-
brids are described as arachno- and hypho- and they
are also illustrated in Fig. 6. The utilization of the
same co-ordination polyhedron in 18 and 16 electron
complexes has the added energetic advantage that
the occupied frontier orbitals have a high proportion

Cn

% "

one hybrid

% -

two hybrids

% "

three hybrids

dsp,(c )and dp(n) hybrid

Fig. 6. Topology of nido-, arachno- and hypho-geometric shells. The
out-pointing dsp hybrids emanating form the open face are also
indicated.

of the more stable d orbitals and point away from
the ligands.

The formation of a single hybrid with a high pro-
portion of p orbital character requires the mixing of
s, d» and p. orbitals and therefore places a restriction
on the symmetry of the resultant 16 electron complex.
Specifically mixing of these orbitals requires the ab-
sence of either or a centre of symmetry and a mirror
plane perpendicular to the direction of the hybrid.
Therefore, 16 electron complexes of this type are re-
quired to belong to the point groups C,, or C, or
C, 122].

Effective d—p hybridisation is governed by the follow-
ing matrix element derived from second order perturba-
tion theory which depends on the ability of the d and p
orbitals to overlap with the ligands orbitals (the appro-
priate linear combination being represented by L) and a
minimum energy gap between the d and p orbitals
(Ed.. — Ep,) [31].
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<dy2lL><p,IL>
(Ez2 -EL)(Edz2 - Epy)
E; = Energy of orbital t
L =LCAO of Ligand donor orbitals
<d2lL> and <p,IL> represent the overlap

between the metal orbitals and
the ligand LCAQO's

Q.3 -
29

dp2 S

OO

dsp;
hybrid

oo . 9
Q O @ O o o

dxy Px dp
hybrid

The formation of a hybrid in the z-direction and suit-
able for o-bond formation requires p,—d.» mixing, and
the formation of hybrid with n-pseudo symmetry along
the z-axis requires d,.—p, mixing. Neither is possible
without the location of ligand orbitals in directions
which enable them to overlap simultaneously with both
orbitals being mixed, i.c., in the z-direction in the first
example and angularly arranged (L-M-L >90° and
<180°) in the xz plane in the second example.

Interestingly Hall’s detailed molecular orbital analy-
sis of transition metal hydrides has come to a similar
conclusion and they are summarised in Table 4, together
with the point group symmetries of the optimised geom-
etries. Indeed his Orbital Symmetry Ranked Method
(OSRAM) also emphasises the importance of the sym-
metry aspects of the problem, since it analyses the irre-
ducible representations of the metal’s atomic orbitals
and the ligand LCAO’s in order to identify which
LCAO’s match up the with the spherical harmonics of
the metal AO’s [27].

Indeed his results indicate a specific pattern whereby
the MHg complex is based on a pentagonal bipyramid
with a missing axial vertex (see Fig. 7). It is significant
that for the pentagonal-bipyramid the axial hybrid has
more p orbital character than the equatorial hybrid as
shown in Fig. 5. The related ML, and MLg 16 electron
complexes are based on related geometries with a pen-
tagonal equatorial plane and successively more ligands
occupying the space opposite the empty hybrid orbital
and presumably maximising the dsp mixing. In the pen-
tagonal pyramid, MLe, the metal d,.d,. pair retain

16 electron planar complexes

oot I/”I:,,,. v,‘\\\“\\ /4"- L St
7\
MLg ML, MLg
d1 0 d 8 d1 0

16 electron pyramidal complexes

MLg ML MLg
d* o2 o
(dxzs dyz) (dxz)

18 electron parent
ML,
d4
(dxz dyz)
Fig. 7. Generation of an unavailable p. orbital in planar complexes
and nido-co-ordination polyhedra with an out-pointing (to the South)

d—p hybrid. In the three 16 electron examples the pentagonal girdle is
augmented by 1, 2 and 3 ligands in the Northern hemisphere.

Table 4

Symmetries of optimised geometries for 16 electron metal hydrido-complexes (see Fig. 7 also)

Complex  Metal electron configuration  Optimised point group ~ Comment

[MHg] d° <(Cy, or C Five equatorial hydrogens and three more hydrogens on one side ([OsHg])
[MH~] d? Cyy Five equatorial hydrogens and two more on one side [OsH7]~

[MHg] d* Cs, Pentagonal pyramidal

[MHs] d® Ds, Ds;, has an empty p orbital vertical to the pentagonal plane
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100% d character by being orthogonal to the ligands and
thereby provide the maximum stabilisation for a d* com-
plex. In ML, the pair of ligands hybridises d,. with p,
and the d? pair is accommodated in d.., which retains
100% d character. In MLg the three ligands in the
Northern hemisphere hybridise both d..d,. with p,
and p,, creating two less available empty hybrid orbitals.
Fig. 8 gives examples of how analogous nido-fragments
may be constructed for other bipyramids.

Kubacek and Hoffmann analysis of the 16 electron
complexes ML,L)LY" where n-donor and acceptor lig-
ands are in competition non-octahedral geometries are
preferred because they maximise the instability of one
component of the t,, set. The argument therefore resem-
bles those made above since it emphasises increasing the
energy gap at the frontier level [35].

There is an alternative mechanism for creating una-
vailable dp hybrid orbitals in nido-co-ordination frag-
ments which was not considered in the initial analysis
[29], but which is now apparent. Fig. 6 suggests the for-
mation of an out-pointing d..sp, (a;) with c-symmetry
towards the missing vertex of the closo-polyhedron.
However, an empty orbital of m-symmetry d..p, may
be generated if the ligand arrangement is more appropri-
ate for d,.p, mixing than d,.sp, mixing. A pentagonal
16 electron

16 electron 16 electron

et

ML MLg
d? d°
(dxv dyz) (dxz)

an

!

MLs MLg ML,
dé a4 d2
(dxz> dyz) (dyz)

! it

ML, MLs MLg
d° db d*
(dxz; dy7) (dxz)

Fig. 8. Examples of nido-ML, co-ordination polyhedra based on
bipyramids with a missing vertex and the introduction of 1, 2 and 3
ligands in the lower polar region.

arrangement of ligands with two missing non-adjacent
ligands satisfies this requirement. The resultant local
geometry is Y-shaped and the resultant polyhedral frag-
ment has the topology of a bi-dimpled sphere.

%i st - 2hnds R
e > o
Pentagonal (By) Y -shaped (Gy)
MLg MLy
_i§£><5§! i —iéiss\\;:i
¥
(d,) (p) Out-pointing dp
C n
Co
6- hybrid T- hprid

Ligands ,L, adopt a
hemispherical bowl
arrangement

Ligands ,L,adopt
Y -shape in xz plane

nido- bi-dimpled sphere

Therefore, for 16 electron MLs complexes two possi-
bilities exist either a Cy4, square pyramidal fragment
based on a nido-octahedron (c-out-pointing hybrid) or
a pentagonal bipyramid with two missing equatorial
vertices (a m-out pointing hybrid between the remaining
Y-shaped equatorial ligands). RuCl,(PPhs), is square-
pyramidal and IrHCIy(P'Bu,Ph), provides a specific
example of a distorted trigonal-bipyramid with a Y
shaped equatorial arrangement of ligands [26].

Rule 2

In 16 electron complexes effective d—p mixing results
either in a nido-bowl like geometry or a bi-dimpled
spherical topology with a ligand disposition that pro-
vides occupied orbitals with a maximum amount of d
character and empty frontier orbitals where the d orbi-
tal character is minimised by d-p mixing. That d-p
mixing requires the ligands simultaneously to overlap
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with the d and p orbitals. Similar considerations apply
to arachno- and hypho-co-ordination polyhedra. m-Hy-
bridisation involving two d orbitals results in a topology
which corresponds to a sphere with a hollowed longitudi-
nal torus.

M =Transition Metal

4431
Rule 3
The empty hybrid orbitals are stereochemically active

and if formed by c-hybridisation point towards the miss-
ing ligand(s) and create two vacancies in the same plane

M = Main Group

Atom Atom
ocC ML,
ocCu,, (l wCO '|=
~Cr F”"m,, . wF
ML F 2- °F
n-1 ML
L _L2+
nido-geometry nido-geometry
ocC F
OCm,,,,, ‘ “\\\\\Co FIII/,,,“ | ““\\\\F
/ Cr"‘\ / S\
oc ] coFr” | F
co F
12+ ML, N
co |
OC_ Fe A..‘\\\\\CO F— P&‘“‘“F
| co G
co F
2-
ML-1 ML
Spherical Geometry Spherical Geometry
M = Transition Metal M = Main Group
Atom Atom
2-
NC///,N-.\\\CN F
! F
N c( \c N S'“‘\\\
I F
MLy, ¢ M,_g_;
-L 12+
nido-geometry nido-geometry
Ry
My, | o w "\
Ni(CN)s> PFs
ML,
_L2+ L
co F
Ni |
i Si.,
- NICO AONUF
oc” “co F™
ML, 2" ML,

Spherical Geometry

Spherical Geometry

Fig. 9. Examples of geometrically related main group and transition metal compounds. The complementary nature of the geometries arises because
in the former lone pairs are stereochemically active whereas in the latter empty hybrid orbitals are stereochemically active.
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by m-hybridisation, as shown below. The ligands in the co-
ordination sphere of nido-, arachno-, and hypho-co-ordi-
nation polyhedra move towards the site occupied by the
empty hybrid orbital.

Landis [24] has suggested that many main group and
transition metal compounds share common geometries
because they are hypervalent [27]. Detailed calculations
on PdH; [27] and CIH; suggest that the bonding pat-
terns are not common to both molecules and only the
latter is accurately described as hypervalent. Further-
more, the Complementary Spherical Electron Density
Model has previously shown that these two classes of
complexes share common geometries because in main
group compounds lone pairs are stereochemically active
whereas in transition metal compounds empty hybrid
orbitals are stereochemically active. This structural rela-
tionship first published in 1985 [29] is illustrated in Fig. 9
and serves to underline these relationships. Although the
empty orbitals are stereochemically active the other lig-
ands in the transition metal complex bend towards the
vacancy if the molecule does not have a horizontal plane
of symmetry. This contrasts with the situation in main
group chemistry where the ligands distort away from
the lone pair.

These unavailable orbitals clearly have a role in indi-
cating the sterochemistries of the complexes with 16
electrons but are also important in defining how transi-
tion states which they represent may be stabilised prefer-
entially. Therefore, they define a geometric preference
when it comes to product formation. For example, the
16 electron d° transition state MX(CO), has an empty
out-pointing hybrid orbital which may be stabilised
preferentially by electron donation. A m-donor in the
equatorial plane is much more able to stabilise this tran-
sition state than one axially located and therefore one
has a plausible interpretation of the cis-directing effect

Fig. 10. Stabilisation of the empty orbital in square-pyramidal 16
electron complexes.

in the substitution of M(CO)sX complexes [32]. Similar,
considerations apply to the other nido-co-ordination
polyhedra and it is possible to define n-donor and ago-
stic interactions which stabilise the 16 electron complex
or intermediate (see Fig. 10).

More generally it is obvious that identifying the
empty orbital in 16 electron complexes provides useful
information concerning the location and orientation of
n-donors which are capable of stabilising the empty
orbital.

3.2. 14 Electron complexes

In 14 electron complexes there are two unavailable
orbitals with the maximum amount of p orbital charac-
ter to be generated and the most obvious way is to utilise
arachno-polyhedral fragments as illustrated in Fig. 6.
The removal of two adjacent vertices from the parent
structure generally limits the symmetry of the remaining
shell to C,,,, or C,.. In terms of the symmetry elements of
these point groups the relevant unavailable orbitals
comprise of an out-pointing d..sp, (a;) with c-symmetry
and a d,.p, out pointing hybrid (b, symmetry). Some
examples of 14 electron complexes displaying arachno-
geometries are illustrated in Fig. 11.

Interestingly, within Hall’s detailed analysis of hy-
drides [27] the most stable 16 electron complexes gener-
ally belong to the point groups C,, and the calculated
minimum energy geometries are in agreement with the
geometries proposed by the complementary spherical
elelctron density model.

The alternative mechanism for creating unavailable
dp hybrid orbitals with n-symmetry is also observed in
arachno- and hypho-co-ordination fragments. In d®
ML; complexes the T-shape and Y-shaped planar geom-
etries provide two alternative ways of generating in plane
dp hybrids, one of o-pseudo symmetry in the former case
and one of n-pseudo symmetry in the latter. In Hall’s cal-
culations [27] this possibility is apparent and for example
for d® MLy complexes the alternative geometries are
T-shaped for PdH; and Y-shaped for AgHj;. For 14 elec-
tron MH; complexes a C3, geometry is generally pre-

Examples of 14 electronmolecules

Iy, o a{\“\

Pd(PCys), Rh(PPhg);* Mo(CO),

Linear T-shaped (C2,) saw-horse (Cyy)
Fig. 11. Examples of 14 electron complexes based on arachno-
fragments. In the first two examples the unavailable orbitals include

one and two pure p orbitals, respectively, the remainder are hybrids.
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ferred and can be associated with the formation of a
degenerate pair of dp hybrids with m-symmetry. The
topology of such co-ordination shell is based on a sphere
with a hollowed out latitudinal area, which extends right
around the sphere. Fig. 12 provides an illustration of this
possibility for a range of co-ordination numbers.

3.3. 12 Electron complexes

Referring back to Fig. 6 it is apparent that 12 elec-
tron complexes have three vacancies in their co-ordi-
nation polyhedron and adopt hypho-polyhedra. The
utilisation of three equivalent hybrids in the C,, point
groups permits involves an out-pointing d,sp, (a;)
with ¢-symmetry and a pair of d,.p,; dg;py out point-
ing hybrid with n—e symmetry. The d° M(CO); and
Rh(mesityl); complexes provide specific examples of
the application of this principle, For lower co-ordina-
tion numbers it is impossible to have axial symmetry
and for example d® ML, complexes have an angular
geometry which uses two out-pointing hybrids in the
plane and an empty p. orbital perpendicular to the
plane. d* MH, complexes may either utilise a Cg,
geometry with a; and e out-pointing orbitals or take
up the T, geometry described above and utilise the

14 electron ML3

S

m\\\““\

T-shaped (Ca) Y-shaped (Cay)
ML, ML,
Outpointing dsp (o) Outpointing dp (r)

14 electron ML4

s

saw-horse ML, (C,y)

Outpointing dsp (o) Outpointing dp (r)

&
<

distorted tetrahedron ML, (Cs,)
Outpointing dy,py () Outpointing dyzpy (m)

Fig. 12. Alternative ways of creating unavailable d—p hybrids in 14
electron complexes.

frontier orbitals illustrated in Fig. 2. As the co-ordina-
tion number increases then the amount of p orbital
character in the hybrid orbital decreases and the num-
ber of alternative parent structures increases. So for d°
MLg a Ds,, structure based on a trigonal-prism could
be viewed as a hypho-tricapped-trigonal-prism and this
geometry is observed in a wide range of d° complexes
particularly with bidentate sulfur based ligands. The
three in plane hybrids would have predominantly s,
dyy, de_p2/p,, p, character, but no p. character. It
could also form the basis of accounting for the Cj
geometry observed in WMeg — the additional distor-
tion from Dj3;, to Cs, being rationalised by d—p. mix-
ing of the frontier orbitals [24,27].

4. Complexes where d—p mixing is less effective

The primary thesis developed above is that although
the (n + 1)p orbitals of a transition metal atom are high
lying they provide a crucial role in determining the
geometries of a whole range of transition metal com-
plexes where the d—p mixing is encouraged by short
metal-ligand distances and good overlap between the
ligand orbitals and the metal d and p orbitals. Specifi-
cally d—p hybrids are important in defining the number
and location of unavailable orbitals. Although d—p mix-
ing may not be extensive, on a soft potential energy sur-
face it may prove very influential in discriminating
between alternative geometries.

There are a large number of complexes with more
sterically demanding ligands which do not form such

Table 5

Examples of octahedral complexes with partially filled d shells
Complex d” Occupying the t,, set Geometry

TiFZ~ d° Distorted octahedral
Ti(OH,)3" d! Octahedral

OsFs d? Octahedral

IrFg d? Octahedral

PtF¢ d* low spin Octahedral
Ru(NH;);" d’ low spin Octahedral
Co(NH;);" d® low spin Octahedral

Shaded examples correspond to 18 electron complexes.

Table 6
Examples of 7-co-ordinate complexes with partially filled d shells
Complex d” Occupying the Geometry

two non-bonding

d orbitals
ZrF3™ d° Pentagonal bipyramidal
V(CN);" d? Pentagonal bipyramidal
OsH4(PMe,Ph); d* Pentagonal bipyramidal
MoBr4(PMe,Ph); d? Capped-octahedral
WBr3(CO), d* Capped-octahedral
NbF%’ d° Capped-trigonal-prism
Mo(CNBu')3* d* Capped-trigonal-prism
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Table 7
Examples of 8-co-ordinate complexes with partially filled d shells
Complex d” Occupying the Geometry

single non-bonding

d orbital
MoH,(PMe,Ph),  d° Dodecahedron
NbCly(diars), d! Dodecahedron
Zng’ d° Bicapped-trigonal-prism
W(CN)§7 d? Square-antiprism

strong covalent bonds. These complexes frequently
adopt a common spherical geometry which minimises
the repulsions between the ligands and adopt the same
shape for complexes for several d electron counts. In
an ML, (n=6-8) the variable d electron counts arise
from occupation of (9 — n) d orbitals which are localised
primarily on the metal. Tables 5-7 provide specific
examples of such complexes:

Rule 4

Complexes where the ligands do not induce effective
d—p mixing may adopt spherical polyhedral geometries
and have partially filled d shells as frontier orbitals.

5. Other ramification of unavailable orbitals

Focussing attention on the number of unavailable
molecular orbitals has additional advantages, which
cannot be explored fully here. A couple of examples will,
however, suffice to indicate the possible scope of the
methodology [2].

In hydrido-complexes the formation of a three-centre
two-electron bond involving the bridging hydrogen
shown in Fig. 13 creates two-unavailable orbitals — the
non-bonding (or strictly speaking weakly metal-metal
antibonding) and the antibonding molecular orbital.
Therefore, in electron counting terms the presence of
each bridge of this type results in two unavailable orbit-
als and of course each terminal metal-ligand bond re-
sults in one unavailable molecular orbital. The
methodology may be illustrated by reference to B,Hg,
which has 12 valence electrons.

Total number of valence orbitals =14 (2x4 for

B =6 for H)

No of unavailable terminal B-H

Antibonding m.o.’s =4

No. of unavailable B-H-B m.o.’s =4 (2 for each
bridge)

Total number of unavailable orbitals =8

Total number of available m.o.’s =6 which can
accommodate

12 electrons

AN

— Anti-bonding
Non-bonding ‘ '
— | S
—u— Bonding

P

Fig. 13. A representation of three-centre bond in bridged hydrido
complexes.

Fig. 14 provides some examples of the relevance of
this principle to transition organometallic chemistry.
The orbitals associated with the bridging hydrogens
are added to the number of total available orbitals.
The methodology may be extended to polynuclear hydr-
ido-cluster compounds.

The description of the bonding in terms of the num-
ber of unavailable molecular orbitals introduces an
additional degree of flexibility which can prove useful.
For example, [(triphos)Co(p-H);Co(triphos)]” has an
additional electron pair compared to the related iron
complex shown in Fig. 14 and more detailed molecular
orbital calculations have indicated that the additional
electrons reside in an orbital of ¢’ symmetry which is
non-bonding with respect to the hydrogens but weakly
antibonding with respect to the metals. This complex
is therefore paramagnetic and has a slightly longer
metal-metal bond.

The analysis of the frontier molecular orbitals in ML;
and ML, complexes of course leads naturally to the
isolobal analogy which has been widely used in organo-
metallic chemistry. The replacement of m-acceptor lig-
ands by m-donor ligands introduces additional
unavailable molecular orbitals which have to be taken
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9x2=18 + 8(CO ¢)+2H = 28

atomic orbitals

8 unavailable c-antibonding
4 unavailable antibonding

M-H-M m.o.'s

16 available m.o.'s

32 valence electrons

p

9x2=18 + 6(PR; 6)+3H = 27

atomic orbitals

6 unavailable c-antibonding
6 unavailable antibonding

M-H-M m.o.'s
15 available m.o.'s

30 valence electrons

Fig. 14. Examples of how the unavailable orbitals may be used to account for the electron counts in bridged hydrido-complexes.

into account. For example, a Co(CO); fragment with
C3, symmetry has three electrons occupying a frontier
set of hybrid orbitals as required for a hypho-fragment
(see Fig. 6) and six electrons occupying an a; and e set
of orbitals localised mainly on the metal. Replacement
of the carbonyls by OR n-donor ligands makes the fron-
tier orbitals unavailable and the frontier orbitals become
the lower set of metal localised orbitals. Therefore, for-
mally d° and d* metal ions give rise to analogous struc-
tures (see Fig. 15).

6. Summary

The review has demonstrated that the Complemen-
tary Spherical Electron Density Model may be uti-
lised to account not only for molecules which
conform to the 18 electron rule but also to complexes
which diverge from it. In contrast to recent proposals
the p valence orbitals of the metal atoms are not ig-
nored but are shown to make a significant contribu-
tion to influencing the geometries of the great
majority of transition metal complexes. Although we
accept that the p orbitals are very high lying relative

to s and p they nonetheless make a small and crucial
contribution particularly in complexes with fewer than
18 valence electrons. Complexes with 16, 14 and 12
valence electrons have to have by definition 1, 2
and 3 unavailable orbitals and filled frontier orbitals
with a maximum amount of d orbital character. p-Or-
bital mixings provide the most effective way of mak-
ing the unoccupied molecular orbitals less available
energetically. The formation of a hybrid in the z-di-
rection and suitable for o-bond formation requires
p,—d.» mixing, and the formation of hybrid with =-
pseudo symmetry along the z-axis requires d..—p.
mixing.

In cluster chemistry similar arguments [36] regarding
the role of p orbitals were articulated and it was con-
cluded that although the p orbitals did not contribute
greatly to the metal-metal bond strengths they did pro-
vide an important role in defining the number of una-
vailable orbitals and therefore the preferred cluster
geometry for a given electron count [2]. In many
mononuclear transition metal complexes there is a rel-
atively soft potential energy surface connecting alterna-
tive geometries and one specific geometry may be
favoured because a small admixtue of p character
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Fig. 15. Examples of metal-metal bonded complexes with m-acceptor
and donor ligands.

raises the HOMO-LUMO gap and permits a greater
localisation of d orbital character in the highest occu-
pied orbitals.
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