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The four chemically significant spherical manifolds of atomic orbitals are the sp3, sd5, sp3d5, and sd5f 7 manifolds
of 4, 6, 9, and 13 orbitals found in the chemistry of the main-group elements, the early transition metal homoleptic
hydrides and alkyls, most other compounds of the d-block transition metals, and the actinides, respectively.
Coordination geometries with an inversion center (e.g., the octahedron) or a unique reflection plane passing through
no vertices (e.g., the trigonal prism) are symmetry forbidden for the sd5 manifold thereby accounting for some
unusual experimental and computed geometries for six-coordinate early transition metal hydrides and alkyls.
The maximum coordination numbers for polyhedra with inversion centers for the nine-orbital sp3d5 and 13-
orbital sd5f 7 manifolds are 6 and 12 corresponding to the regular octahedron and regular icosahedron, respectively,
for the most symmetrical manifestations of these coordination numbers.

1. Introduction

Spherical atomic orbital manifolds contain entire sets of
atomic orbitals with a given value of the azimuthal quantum
number, l, and are isotropic, i.e., they extend equally in all
directions. The following spherical atomic orbital manifolds
(Table 1) are of chemical interest: (a) the four-orbital sp3

manifold (l ) 0 and 1) involved in the chemistry of main-group
elements including their hypervalent compounds; (b) the six-
orbital sd5 manifold (l ) 0 and 2) involved in the chemistry of
early transition metal hydrides and alkyls;5 (c) the nine-orbital
sp3d5 manifold (l ) 0, 1, and 2) involved in the chemistry of
the d-block transition metals; and (d) the 13-orbital sd5f 7

manifold (l ) 0, 2, and 3) involved in the chemistry of the
actinides.

These manifolds are characterized by the following two
numbers (Table 1): (a) the total number of atomic orbitals in
the manifold designated asx which corresponds to the maximum
possible coordination number using only two-electron two-center
bonding; (b) the maximum number of atomic orbitals in a
submanifold consisting of equal numbers of gerade and ungerade
orbitals designated asy which corresponds to the maximum
possible coordination number for a polyhedron with a center
of symmetry or a unique reflection plane containing no vertices.
For a given manifold, such polyhedra withV vertices wherey
< V e x are symmetry-forbidden coordination polyhedra. The
group-theoretical basis for such symmetry-forbidden coordina-
tion polyhedra for the sp3d5 manifold was discussed in detail
by the author in 1984.6

2. The Four-Orbital sp3 Manifold

The four-orbital sp3 manifold (x ) 4, y ) 2) is necessarily
used by atoms below atomic number 10 since such atoms do

not have energetically accessible d orbitals. In addition, the
role of d orbitals in the chemical bonding of the heavier main
group elements (post-transition elements) is questionable2-4

since thend orbitals are of significantly higher energy than the
correspondingns andnp orbitals. For this reason the chemistry
of post-transition elements may be rationalized using only a
four-orbital sp3 bonding manifold without d orbital participation.
Coordination numbers 2, 3, and 4 for an sp3 manifold necessarily
exhibit linear, trigonal planar, and tetrahedral geometries,
respectively, in the absence of stereochemically active lone pairs
for coordination numbers 2 and 3. In the presence of stereo-
chemically active lone pairs, bent and pyramidal geometries are
possible for coordination numbers 2 and 3, respectively. The
only possible coordination geometry with an inversion center
but without any multicenter bonding for an sp3 manifold is linear
two-coordination.

Coordination numbers 5 and 6are possible for a four-orbital
sp3 manifold in so-called hypervalent compounds if three-center
four-electron bonds are used as suggested by Kutzelnigg,2

Schleyer,3 Buslaev,4 and their co-workers. In such hypervalent
compounds a single p orbital can bond to two opposite ligands,
leading directly to two-coordinate linear complexes, four-
coordinate square planar complexes, or six-coordinate octahedral
complexes by involvement of one, two, or three p orbitals,
respectively. The involvement of d orbitals can be avoided in
trigonal bipyramidal main group element compounds (e.g., PF5)
by forming the three equatorial bonds through sp2(x,y) hybrids
and using the p(z) orbital for a three-center four-electron bond
to the two axial ligands. Coordination numbers higher than 6
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Table 1. Spherical Atomic Orbital Manifolds

manifold elements involved

max.
coordination

no. (x)a

max. coordination
no. with inversion

center (y)a

sp3 main group elements 4 2
sd5 early transition metals 6 0
sp3d5 transition metals 9 6
sd5f 7 actinides 13 12

a Considers only two-center two-electron metal-ligand bonding.
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are not feasible for a four-orbital sp3 manifold even if three-
center four-electron bonds are used.

3. The Six-Orbital sd5 Manifold

The six-orbital sd5 manifold (x ) 6, y ) 0) may be found in
simple homoleptic hydrides and alkyls of the early transition
metals when thenp orbitals are of significantly higher energy
than thens and (n - 1)d orbitals. The following bonding
concepts have been proposed by Landis and co-workers5 for
such compounds: (a) only s and d orbitals are used to form
hybrid bond orbitals; (b) the hybrid orbitals have maximal s
character (or sdV-1 hybridization when makingV bonds). (c)
lone pairs are placed in pure d orbitals. (d) Three-center four-
electron bonds are used when the central metal atom has more
than 12 valence electrons.

Table 2 summarizes the possible shapes and corresponding
hybridizations for the six-orbital sd5 manifold up to the
maximum coordination number of 6. Some of the shapes of
the resulting complexes are depicted in Figure 1. Of particular
interest is the fact that since the s orbital and all five d orbitals
are gerade orbitals (i.e.,y ) 0), an inversion center is not
possible for coordination polyhedra using an sd5 manifold with
only two-electron two-center bonds. This has the following
interesting consequences:

(a) The octahedron has an inversion center. The trigonal
prism does not have an inversion center but has a unique
reflection plane passing through no vertices (i.e.,σh, which is
a primary plane6 fixing zero vertices). The octahedron and the
trigonal prism are thus both symmetry forbidden6 for six-
coordinate sd5 metal complexes in the absence of multicenter
bonding. This can rationalize the nonoctahedral geometries of
d0 early transition metal alkyls such as W(CH3)6 (ref 7) and
Zr(CH3)6

2- (ref 8). The observed geometry for such structures
as well as the lowest energy calculated9 structure for the
hypothetical WH6 appears to be a trigonal prism distorted from
D3h to C3V symmetry in order to destroy its inversion center.

(b) The trigonal bipyramid, although it does not have an
inversion center, is symmetry forbidden for coordination number
5 using an sd5 manifold. This may be a consequence of the
fact that the two axial vertices of the trigonal bipyramid are
related by an inversion center. The square pyramid is a feasible

polyhedron for five-coordinate complexes using an sd5 manifold
and has been found experimentally10,11 in Ta(CH3)5.

(c) The planar square has an inversion center and thus is a
forbidden geometry for four-coordinate complexes using an sd5

manifold and only two-center bonding. A tetrahedron has no
inversion center and thus is a favorable geometry for four-
coordinate complexes using an sd5 manifold.

Known homoleptic transition metal hydrides12 with more than
12 metal valence electrons (including lone pairs) like the square
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Table 2. The Irreducible Representations for the Hybrid Orbitals Corresponding to Configurations for Coordination Numbers 3-6 Based on
an sd5 Six-Orbital Manifold

configuration group V Γσ
a

trigonal planar D3h 3 A1(s,z2) + E′(x2-y2,xy)
trigonal pyramidal C3V 3 A1(s,z2) + E(x2-y2,xy;xz,yz)

tetrahedral Td 4 A1(s) + T2(xy,xz,yz)
pyramidal C3V 4 2A1(s,z2) + E(x2-y2,xy;xz,yz)
square pyramid base C4V 4 A1(s,z2) + B1(x2-y2) + E(xz,yz)
square planar D4h 4 A1g(s,z2) + B1g(x2-y2) + Eu(x,y)

square pyramid C4V 5 2A1(s,z2) + B1(x2-y2) + E(xz,yz)
pentagonal pyramid base C5V 5 A1(s,z2) + E1(xz,yz) + E2(x2-y2,xy)
trigonal bipyramid D3h 5 2A1′(s,z2) + E′(x2-y2,xy) + A2′′(z)
pentagonal pyramid C5V 6 2A1(s,z2) + E1(xz,yz) + E2(x2-y2,xy)
distorted trigonal prism C3V 6 2A1(s,z2) + 2E(x2-y2,xy;xz,yz)
trigonal prism D3h 6 A1(s,z2) + E′(x2-y2,xy) + A2′′(z) + E′′(xz,yz)
octahedron Oh 6 A1(s)+ Eg(z2,x2-y2) + T1u(x,y,z)
bicapped tetrahedron C2W 6 3A1(s,x2-y2,z2) + B1(xz) + 2B2(yz,y)

a Polyhedra listed in boldface require p orbitals in their hybridization. The required p orbitals are underlined.

Figure 1. Configurations listed in Table 2 for a six-orbital sd5 manifold.
Configurations enclosed in boxes (e.g., square planar, trigonal bipyra-
mid, trigonal prism, octahedron, and bicapped tetrahedron) are not
possible using only s and d orbitals without the involvement of p orbitals
or multicenter bonding.

3058 Inorganic Chemistry, Vol. 37, No. 12, 1998 King



planar MH4
2- (M ) Pd,13 Pt14,15) and the octahedral FeH6

4-

have the same geometries as other PtX4
2- and FeX6

4- complexes
(e.g., X ) CN) and thus are normally formulated as 16- and
18-electron complexes, respectively, with p orbital participation
in the sp3d5 valence orbital manifold discussed below. However,
alternative interpretations of these complexes without p orbital
participation but with four-electron three-center bonds can be
considered analogous to the four-electron three-center bonding
in the hypervalent main group element complexes.2-4 The
number of four-electron three-center bonds (4C3EB) in these
complexes using six-orbital sd5 manifolds can be related to the
number of metal valence electrons (VE) by the following
equation:

Possible structures of this type include the 14-electronD∞h linear
complexes PdH22-,16,17 hypotheticalC2V T-shape PdH3-, and
hypotheticalC2V sawhorse RhH4- with a single four-electron
three-center bond, the 16-electronD4h square planar complexes
RhH4

3- (ref 18) and MH4
2- (M ) Pd,13 Pt,14,15) and hypothetical

C4V square pyramidal complex RhH5
2- with two orthogonal

four-electron three-center bonds, and the 18-electronOh octa-
hedral complexes ReH65- (ref 19), MH6

4- (M ) Fe,20 Ru,21

Os22), M′H6
3- (M′ ) Rh, Ir),23 and PtH6

2- (refs 24 and 25)
with three orthogonal four-electron three-center bonds. Homo-
leptic late transition metal hydride anion structures with metal
coordination numbers below 6 and an 18-electron configuration
such as C4v square pyramidal CoH54- (ref 26) as well as
tetrahedral CoH45- (ref 27) and NiH4

4- (refs 28-30) cannot
be formed using a six-orbital sd5 manifold and three-center four-

electron bonds and thus necessarily must use p orbitals of the
late transition metal in the nine-orbital sp3d5 manifold discussed
below.

4. The Nine-Orbital sp3d5 Manifold
This nine-orbital sp3d5 manifold (x ) 9, y ) 6) has been

discussed in detail by the author,31-33 and by Mingos and Lin
Zhenyang34 since it is the usual valence-orbital manifold for
the extensive chemistry of the d-block transition metals except
for some of the early transition metals as noted above. In this
manifold several rather symmetrical eight-vertex coordination
polyhedra (e.g., the cube and hexagonal bipyramid) are sym-
metry forbidden because they have inversion centers.6

5. The 13-Orbital sd5f 7 Manifold
The 5f orbitals35,36 not only are energetically accessible

valence orbitals for actinide chemistry37,38but also are of lower
energy than the 7p orbitals so that the covalent bonding in most
actinide derivatives39 can be rationalized in terms of a 13-orbital
sd5f 7 manifold (x ) 13,y ) 12). Table 3 summarizes possible
hybridizations for selected polyhedra using a 13-orbital sd5f 7

manifold with particular emphasis on polyhedra which cannot
be formed using a nine-orbital sp3d5 manifold.

The following observations can be made concerning the sd5f 7

manifold:
(a) Since the f orbitals are ungerade like the p orbitals, all of

the coordination polyhedra that are possible for a nine-orbital
sp3d5 manifold are also possible for a 13-orbital sd5f 7 manifold.
In the hybridization schemes for such polyhedra, the{x3,y3,z3}
set of f orbitals35,36 plays a role analogous to that of the p
orbitals. In addition, the cube and hexagonal pyramid, which
of both have inversion centers, are forbidden for the sp3d5

manifold but are allowed for the sd5f 7 manifold, thereby
rationalizing their occurrence in actinide chemistry.

(b) For the sd5f 7 manifold the largest polyhedra with inversion
centers that can be formed have 12 vertices. These include the
highly symmetrical icosahedron and cuboctahedron.
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Table 3. The Irreducible Representations for the Hybrid Orbitals Corresponding to Selected Polyhedra for Coordination Numbers 4-12 Based
on an sd5f 7 13-Orbital Manifold

polyhedron group V e f Γσ

tetrahedron Td 4 6 4 A1(s) + T2(xy,xz,yz;x3,y3,z3)
octahedron Oh 6 12 8 A1g(s) + Eg(z2,x2-y2) + T1u(x3,y3,z3)
cube Oh 8 12 6 A1g(s) + T2g(xy,xz,yz) + A2u(xyz) + T1u(x3,y3,z3)
hexagonal bipyramid D6h 8 18 12 2Ag(s,z2) + E2g(xy,x2-y2) + A2u(z3) + B2u[x(x2-3y2)] + E1u(xz2,yz2)
icosahedron Ih 12 30 20 Ag(s) + Hg(xy,xz,yz,x2-y2,z2) + T1u(x3,y3,z3) + T2u[x(z2-y2),y(z2-x2),z(x2-y2)]
cuboctahedron Oh 12 24 14 A1g(s) + Eg(z2,x2-y2) + T2g(xy,xz,yz) + T1u(x3,y3,z3) + T2u[x(z2-y2),y(z2-x2),z(x2-y2)]

4C3EB) 1/2(VE - 12)
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