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The four chemically significant spherical manifolds of atomic orbitals are thessp sp’d®, and séf 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 tRersahifold 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-oriitlasmw 13-

orbital séf ” 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 Table 1. Spherical Atomic Orbital Manifolds

max. max. coordination
coordination no. with inversion

Spherical atomic orbital manifolds contain entire sets of
atomic orbitals with a given value of the azimuthal quantum

number,|, and are isotropic, i.e., they extend equally in all Manifold e_lemems'nvowe‘j no. & center )
directions. The following spherical atomic orbital manifolds Slg; malln group ?'ememsl 4 2
(Table 1) are of chemical interest: (a) the four-orbitaf sp 5%~ early transition metals 6 0
. . . . . spid transition metals 9 6
manifold ( = 0 and 1) involved in the chemistry of main-group s#f?  actinides 13 12

elements including their hypervalent compounds; (b) the six-
orbital s¢ manifold ( = 0 and 2) involved in the chemistry of
early transition metal hydrides and alkyl$c) the nine-orbital
sp*d® manifold ( = 0, 1, and 2) involved in the chemistry of
the d-block transition metals; and (d) the 13-orbital5fsd
manifold ( = 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 asvhich 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 ungerad

a Considers only two-center two-electron metbggand bonding.

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 questiofable
since thend orbitals are of significantly higher energy than the
correspondingps andnp orbitals. For this reason the chemistry
of post-transition elements may be rationalized using only a
four-orbital s§ bonding manifold without d orbital participation.
Coordination numbers 2, 3, and 4 for ad spanifold necessarily
exhibit linear, trigonal planar, and tetrahedral geometries,
espectively, in the absence of stereochemically active lone pairs

orbitals designated ag 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 withvertices wherey

< p < x are symmetry-forbidden coordination polyhedra. The
group-theoretical basis for such symmetry-forbidden coordina-
tion polyhedra for the sj® manifold was discussed in detail
by the author in 1984,

2. The Four-Orbital sp® Manifold
The four-orbital sp manifold & = 4, y = 2) is necessarily

or 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®spanifold is linear
two-coordination.

Coordination numbers 5 and 6are possible for a four-orbital
sp® manifold in so-called hypervalent compounds if three-center
four-electron bonds are used as suggested by Kutzetnigg,
Schleyer Buslaev? 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-

used by atoms below atomic number 10 since such atoms docoordinate 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) PF
by forming the three equatorial bonds througB(zpy) hybrids
and using the @ orbital for a three-center four-electron bond
to the two axial ligands. Coordination numbers higher than 6
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Table 2. The Irreducible Representations for the Hybrid Orbitals Corresponding to Configurations for Coordination Num®dasgd on
an sd Six-Orbital Manifold

configuration group v T2
trigonal planar Dan 3 Ai(s ) + E (%—y2xy)
trigonal pyramidal Ca 3 Ay(sZ) + E(C—Y2xy,Xzy2)
tetrahedral Ta 4 Aq(s) + Ta(Xyxzy2)
pyramidal Cs, 4 2A(s 2 + E(C—Y? Xy,xzy2)
square pyramid base Cu, 4 Ai(s ) + B1(x>—y?) + E(xzy2)
square planar Dan 4 A1(s22) + B1g(x>—y?) + Eu(X,y)
square pyramid Ca, 5 2A(s ) + B1(x>—y?) + E(xzy2)
pentagonal pyramid base Cs, 5 Au(s ) + Ei(xzy2) + E.(6¢—Y2,xy)
trigonal bipyramid Dan 5 2A1'(sZ?) +E'(x>—y?xy) + A" (2)
pentagonal pyramid Cs, 6 2A4(s2?) + Ex(xzy2) + Ex(XP—Y2,Xy)
distorted trigonal prism Cs, 6 2A1(S2) + 2E(C—Y2 XY;XZY2)
trigonal prism Dan 6 Ai(s ) +E'(X>—y?xy) +A"(2 +E"(xzy2)
octahedron On 6 Ax(S)+ Eo(Zx2=y?) + T1(X,y,2)
bicapped tetrahedron Ca 6 3A(SX°—Y?,2%) + B1(x2) + 2By(yzy)

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

are not feasible for a four-orbital $pnanifold even if three-
center four-electron bonds are used.

%
3. The Six-Orbital s¢f Manifold Bont Trigonal By
The six-orbital sélmanifold k = 6,y = 0) may be found in
simple homoleptic hydrides and alkyls of the early transition
metals when thep orbitals are of significantly higher energy
than thens and ( — 1)d orbitals. The following bonding
concepts have been proposed by Landis and co-wdrkers
such compounds: (a) only s and d orbitals are used to form

Square

hybrid bond orbitals; (b) the hybrid orbitals have maximal s Pyramid Suare
character (or sd?® hybridization when making bonds). (c) Tetrahedron Base
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. ol / \\* et
Table 2 summarizes the possible shapes and corresponding: >\ i /Y‘
hybridizations for the six-orbital §dmanifold up to the Square Egp;;%g“a' Trigonal Pem;gonal
maximum coordination number of 6. Some of the shapes of Pyramid Base Bipyramid Pyramid
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.ey, = 0), an inversion center is not ) ]
possible for coordination polyhedra using af sthnifold with
only two-electron two-center bonds. This has the following P i | ot
interesting consequences: . 4
(a) The octahedron has an inversion center. The trigonal ?}fggﬁj,d Trigonal Bicapped
prism does not have an inversion center but has a unique Prism (Cg,) Prism (Dgn) Octahedron etrahedron
reflection plane passing through no vertices (g, which is Figure 1. Configurations listed in Table 2 for a six-orbitaFsdanifold.
a primary planéfixing zero vertices). The octahedron and the Configurations enclosed in boxes (e.g., square planar, trigonal bipyra-
trigonal prism are thus both symmetry forbidfefor six- mid, trigonal prism, octahedron, and bicapped tetrahedron) are not

coordinate stimetal complexes in the absence of multicenter possible using only s and d orbitals without the involvement of p orbitals

bonding. This can rationalize the nonoctahedral geometries of OF multicenter bonding.

d° early transition metal alkyls such as W(gkl (ref 7) and

Zr(CHs)e> (ref 8). The observed geometry for such structures polyhedron for five-coordinate complexes using ahradnifold

as well as the lowest energy calculdtestructure for the  and has been found experiment&li in Ta(ChHy)s.

hypothetical WH appears to be a trigonal prism distorted from (c) The planar square has an inversion center and thus is a

Dsn to C3, symmetry in order to destroy its inversion center. forbidden geometry for four-coordinate complexes using &n sd
(b) The trigonal bipyramid, although it does not have an manifold and only two-center bonding. A tetrahedron has no

inversion center, is symmetry forbidden for coordination number inversion center and thus is a favorable geometry for four-

5 using an sdmanifold. This may be a consequence of the c¢oordinate complexes using anfsdanifold.

fact that the two a>_<ia| vertices of the trigonal bi_py_ramid ar®  Known homoleptic transition metal hydridésvith more than
related by an inversion center. The square pyramid is a feasible, 5 et yalence electrons (including lone pairs) like the square
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Table 3. The Irreducible Representations for the Hybrid Orbitals Corresponding to Selected Polyhedra for Coordination Nurhpddaskd

on an séf 7 13-Orbital Manifold

polyhedron group v e f Iy
tetrahedron Tq 4 6 4 AS)+ TaAxyxzyzxey3,2%)
octahedron On 6 12 8  Ay(s)t+ Eg(ZX—y?) + T1(Ey5,2)
cube On 8 12 6 Ag(s)t+ Tog(XyXzy2) + Azu(xyd + Ty, 2)
hexagonal bipyramid ~ Dgn 8 18 12 2A(S2) t+ Exg(xyx2—y?) + Ax(Z) + BaXx(x*—3y?)] + Eru(X2,y2)
icosahedron In 12 30 20  A(s)+ Haxyxzyzx2—y%2%) + T3 Y3.2) + TalX(Z—Y?).Y(Z—X?),z(x*>—y?)]
cuboctahedron On 12 24 14 A(S)+ Ey(ZX—Yy?) + Taog(XyXzy2) + T1(3CY32) + ToX(Z—Y?) Y(Z—x?),z(x%—y?)]

planar MH2= (M = Pd}3 P19 and the octahedral Feit
have the same geometries as other,Pténd FeX*~ complexes
(e.g., X= CN) and thus are normally formulated as 16- and
18-electron complexes, respectively, with p orbital participation
in the sPd° 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 bondin
in the hypervalent main group element complekés. The
number of four-electron three-center bonds (4C3EB) in these
complexes using six-orbital dhanifolds can be related to the
number of metal valence electrons (VE) by the following
equation:

AC3EB= "/,(VE — 12)

Possible structures of this type include the 14-eleddaplinear
complexes Pdb¥~,1617 hypotheticalC,, T-shape Pdkl”, and
hypotheticalC,, sawhorse Rhif with a single four-electron
three-center bond, the 16-electg, square planar complexes
RhH2~ (ref 18) and MH2~ (M = Pd 3 Pt1413 and hypothetical
C4, square pyramidal complex RBH with two orthogonal
four-electron three-center bonds, and the 18-eledBgpnocta-
hedral complexes Refi (ref 19), MH*~ (M = FeZ° Ru#
09, M'He®~ (M’ = Rh, )28 and PtHZ~ (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 @, square pyramidal Co4 (ref 26) as well as
tetrahedral Col?~ (ref 27) and NiH*~ (refs 28-30) cannot

be formed using a six-orbital 3chanifold and three-center four-
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electron bonds and thus necessarily must use p orbitals of the
late transition metal in the nine-orbital®sp manifold discussed
below.

4. The Nine-Orbital sp*d®> Manifold

This nine-orbital sfd® manifold k = 9, y = 6) has been
discussed in detail by the authdr;?® and by Mingos and Lin

gZhenyan@4 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 cefters.

5. The 13-Orbital scPf 7 Manifold

The 5f orbital853% not only are energetically accessible
valence orbitals for actinide chemistfyébut also are of lower
energy than the 7p orbitals so that the covalent bonding in most
actinide derivative® can be rationalized in terms of a 13-orbital
scPf 7 manifold k = 13,y = 12). Table 3 summarizes possible
hybridizations for selected polyhedra using a 13-orbitaf &d
manifold with particular emphasis on polyhedra which cannot
be formed using a nine-orbital &% manifold.

The following observations can be made concerning thie’sd
manifold:

(a) Since the f orbitals are ungerade like the p orbitals, all of
the coordination polyhedra that are possible for a nine-orbital
sp*d® manifold are also possible for a 13-orbitaPstimanifold.

In the hybridization schemes for such polyhedra,{tkey® 2%

set of f orbital§>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 thédsp
manifold but are allowed for the ¥ manifold, thereby
rationalizing their occurrence in actinide chemistry.

(b) For the s& 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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