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8.1.4: Coordination Numbers and Structures

8.1.4.1 Why do coordination complexes form the structures they do?

As with all chemical structure, coordination complexes form the structures they do so as to best stabilize the metal center and
ligands through the formation of metal-ligand bonds while avoiding destabilizing interactions like steric repulsions. The issue then
is how many metal-ligand bonds should be formed and how those bonds should be arranged spatially to give the largest net
stabilization possible. This question will eventually be considered in detail in connection with the nature of bonding in coordination
compounds. For now, it will be helpful to think about it in terms of seven factors:

8.1.4.1.1 The stabilizing effect of metal-ligand bond formation.

The driving force for complex formation is the stabilization of electrons in covalent chemical bonds. In the vast majority of cases,
this largely involves stabilization of the ligand lone pair as it experiences the effective nuclear charge of the metal, although a few
instances involve stabilization of metal electrons by ligand nuclei (inverse ligand fields). Regardless, metal-ligand bond formation
is stabilizing and classified by the way it preferences the addition of ligands to the complex.

8.1.4.1.2 Steric effects, specifically steric repulsions between ligands.

One reason coordination numbers do not increase indefinitely is that only so many ligands can fit around a metal. Exactly how
many depends on

o the size of the metal center. This is one of the more important factors. Many metals tend to exhibit preferred coordination
numbers, which depend on their oxidation state and size as shown in Figure 8.1.4.1 Larger inner transition metals like the
Lanthanides and Actinides can accommodate 9-12 sterically undemanding ligands, while the smaller transition metals tend to
accommodate up to six, although larger coordination numbers are more common for low valent metals and as size increases on
moving from right to left across the transition metal block of the periodic table. Thus, the early transition metal molybdenum
forms seven- and eight-coordinate [Mo"[(CN);]* and [Mo'V(CN)g]* with the sterically undemanding cyano ligand.

e the size of the ligands. As long as ligands are not excessively rigid and bulky, their size is less important than the size of the
metal in determining the number of ligands that coordinate. Ligands' ability to donate electrons to the metal center also tends to
influence coordination number more than ligand size. However, all other things being equal for a given metal and ligand donor
ability, small ligands allow higher coordination numbers while fewer bulky ligands will fit around the metal center.

e how the ligand bonds to the metal. Again, all other things being equal, ligands that are more sterically demanding in the vicinity
of the metal center tend to limit the ability of other ligands to bind more than those which bind through a small extended group.
For example, a bulky isocyanide like t-BuCN will sterically crowd the metal less than a bulky phosphine like t-BuH,P would.
For this reason the effective size of a ligand is sometimes rated in terms of either a cone angle of space they are estimated to
occupy around the metal (called the Tolman cone angle, it is commonly used to evaluate phosphines' steric bulk) or in terms of
the percentage of the metal's coordination sphere the ligand occupies (called the percent buried volume, it is used to estimate the
steric impact of N-heterocyclic carbenes).
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Figure 8.1.4.1. Preferred coordination geometries of the transition elements. Assignments are as reported in reference 1 except for
Cu”*, which is assigned above as square planar/elongated octahedral instead of the square planar assignment given in that work.
This work by Stephen Contakes is licensed under a Creative Commons Attribution 4.0 International License.

8.1.4.1.3 Repulsion between M-L bonding electrons on different ligands.

For many complexes, steric effects are neither the only effects nor the most important. Among the additional factors that should be
considered are the repulsions that occur between the electrons that different ligands donate to the metal-ligand bonding. These
electron-electron repulsions affect the

a. Coordination number. When a ligand donates its electrons to a metal center to form a new metal-ligand bond, the electron
density around the metal increases, raising the overall energy of the other M-L bonding electrons. This increased repulsion often
limits the number of coordinated ligands. As more ligands are added, the electron-electron repulsions keep increasing until the
lowering of energy of the ligand electrons in the new bond is insufficient to compensate for the raising of energy of the existing
M-L bonding electrons. Based on this effect alone,

o larger metals tend to achieve higher coordination numbers than smaller ones because the electron-electron repulsions are
spread across a larger coordination sphere.

o With a given metal, ligands that are more electron donating have a greater tendency to form complexes with lower
coordination numbers with a given metal than similar neutral ones do. This is why anionic ligands (which tend to be better
electron donors) tend to give lower coordination numbers than comparable neutral ligands (which tend to be weaker
donors). Thus Co?" forms CoCl,* with chloro ligands but [Co(H,0)g]?>* with aqua ligands.

b. Coordination geometry. In the Kepert model for the shapes of coordination complexes, this intraligand repulsion determines

the most stable coordination geometry by causing the ligands to move as far apart from one another on the metal's coordination
sphere as possible.

Formally, according to the Kepert model

o any of the metal's valence electrons not involved in metal-ligand bonds occupy (n-1)d orbitals and function as core electrons.
As core electrons they do not influence the molecular shape.

¢ electrons involved in bonding to a given ligand constitute an electron group that repels all other electron groups around the
metal.

o all other things being equal, the complex will form the geometry that maximizes the intra-electron group repulsions.

Notice the similarities of these postulates to those of VSEPR theory. In predicting coordination geometries in terms of electron-
electron repulsions, the Kepert model is just an extension of VSEPR theory to coordination compounds. The difference between
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VSEPR theory and the Kepert model is that in the Kepert model, only electrons involved in metal-ligand bonds count.

Coordination geometries predicted by the Kepert model for coordination numbers two through nine are given in Figure 8.1.4.2 As
may be seen from the geometries listed in Figure 8.1.4.2 these are just equivalent to VSEPR geometries for cases in which the
number of electron groups is equal to the coordination number.

The difference between optimal and suboptimal coordination geometries is greater with few ligands, and becomes smaller
as ligands become increasingly dispersed across the metal's coordination sphere. In complexes containing five, seven, eight, or
higher coordinate metals, there are a number of geometries that are similar in energy to the preferred geometry. These geometries,
which should be regarded as accessible, are also listed in Figure 8.1.4.2
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Figure 8.1.4.2. Coordination geometries predicted by the Kepert model for coordination numbers two through nine along with
other coordination geometries similar in energy to the lowest repulsion geometry. This work by Stephen Contakes is licensed under
a Creative Commons Attribution 4.0 International License.

8.1.4.1.4 d-electron effects

A few coordination geometries are noticeably absent from the Kepert-preferred and Kepert-accessible geometries in Figure 8.1.4.1
These include the trigonal prismatic geometries formed by compounds like W(CH3)g and the very common square planar geometry
illustrated by complexes like [PtC14]2' and [IrCIH(PPhj3),]. One of the reasons the Kepert model fails to predict the existence of
such structures is its neglect of directional interactions involving d electrons on the metal center. Metal d electrons exert a profound
influence on almost all properties of transition metal complexes, including their structures. The way in which this occurs will be
explored at length in the next chapter. For now, it is enough to note that both the ligand-donated electrons surrounding a metal
center and the electrons occupying particular d orbitals on that metal are oriented in specific directions relative to one another.
Because of this, the strength of the interactions between the ligand and metal d electrons depends on the number of d electrons
present, how strongly metal-ligand binding affects their energy, and how the ligands are arranged about the metal center. The
impact of these effects, here termed ligand field effects, differs from case to case and can include

o distortions of the complex's geometry. For instance, an ideal octahedral coordination geoemtry might be tetragonally distorted
by flattening or elongating it.

o imparting a strong preference for non-Kepert coordination geometries. This is why, for example, 2nd and 3rd row complexes in
which the metal has a d® electron configuration are almost always square planar.

o stabilizing non-Kepert geometries enough to permit complexes to adopt them in the presence of a rigid or semirigid ligand that
prefers to coordinate the metal in that geometry.3

Because of these effects, square planar and trigonal prismatic geometries are also observed, and the list of coordination geometries
given in Figure 8.1.4.2may be extended to that shown in Figure 8.1.4.3
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Figure 8.1.4.3. Coordination geometries accessible for 2-9 coordinate complexes even without constraint by rigid or semirigid
ligands. This work by Stephen Contakes is licensed under a Creative Commons Attribution 4.0 International License.

8.1.4.1.5 Ligand constraints imposed by rigid or semirigid ligands

Rigid or semirigid ligands influence the coordination geometry of metal complexes in two main ways:

a. Bulky rigid ligands that crowd the metal center prevent other ligands from binding. Thus such ligands are useful for preparing
low-coordinate complexes.

b. Rigid and semirigid ligands can impose their preferred coordination geometry on a metal center. This is because these ligands
energetically prefer to adopt a particular conformation when they bind a metal center. In doing so they shift the coordination
geometry energy landscape toward that preferred geometry. If the shift is large enough relative to the native preference due to
ligand repulsion and ligand field effects, the complex will either adopt the ligand-preferred geometry or be distorted in the
direction of the ligand-preferred geometry. Examples are given in Figure 8.1.4.4
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Figure 8.1.4.4. Examples of rigid/semirigid ligands that can impose their preferred coordination geometry on a metal center.
Porphyrins, phyhalocyanines and related macrocycles tend to impose a slightly bent square planar coordination geometry, although
(B) many such complexes, including the iron of myoglobin's heme cofactor, coordinate additional ligands to give square planar or
octahedral complexes. (C) Synthetic multidentate ligands have been developed to preference trigonal prismatic coordination
geometries, including the one shown here. It forms roughly trigonal prismatic complexes with Co™ and Zn'" albeit imperfect ones.>
This work by Stephen Contakes is licensed under a Creative Commons Attribution 4.0 International License.

The influence of ligands on coordination geometry is important in living systems, in which proteins and nucleic acids can act as
rigid or semirigid ligands. The ability of these ligands to distort the coordination geometries of metal atoms in ways that enable
them to perform specific functions is so common that the resulting distorted geometries are termed entactic states. A particularly

spectacular case of an entactic state involves the blue copper proteins azurin and plastocyanin, the structure of which is given in
Figure 8.1.4.5

N\\hu\'-‘lcu\ Cys

< e

Figure 8.1.4.5. (A) Structure and (B) schematic of the plastocyanin active site showing the distorted tetrahedral coordination
environment that the protein imposes on the copper center (tan), which is most evident from the long vertically oriented Cu-
Histidine bond. The image in part A is cropped from an original image by Ben Mills - Own work, Public Domain,
https://commons.wikimedia.org/w/inde...?curid=6202620. The image in part B is by Stephen Contakes and licensed under a
Creative Commons Attribution 4.0 International License.
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As may be seen from the structure in Figure 8.1.4.5 the copper in plastocyanin exibits a distorted tetrahedral coordination
geometry. The protein is said to act like a medieval torture device called a rack in stretching the metal into its distorted geometry.
This distortion makes it easier for the copper center to undergo facile redox reactions, enabling it to better function as an electron
carrier.

8.1.4.1.6 Crystal packing effects, in which the energy-lowering packing of molecules and ions in a crystal drives the
distortion of a complex's structure away from what it would adopt in the gas phase or solution

This effect is similar to that of ligand constraints except that in this case it arises not from the structure internal to a ligand but out
of the forces involves in maximizing the stabilization energy of a crystal. With lower coordination number complexes, packing
effects can shift the conformations of flexible ligands but only give rise to very small distortions of the overall coordination
geometry. Packing effects can drive a shift in the overall coordination geometry of higher coordination number complexes, for
which packing effects are significant relative to the small difference in energy between geometries. Thus while [Mo(CN)g]* has a
square antiprismatic coordination geometry, in solution it exhibits a dodecahedral coordination geometry in the crystals of many of
its salts.
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8.1.4.1.7 Relativistic effects on orbital energies

The proximity of fast moving electrons to massive nuclei in the heavier transition elements results in relativistic expansion and

contraction of orbitals. The net results are that

o heavier elements tend to be smaller than expected. This effect preferences lower coordination numbers.

o the relative energies of orbitals shift. Orbitals which become contracted are lowered in energy while those which are expanded
increase in energy, as shown for the case of gold in Figure 8.1.4.6A

The combination of smaller sizes and altered orbital energies affects coordination preferences. Relativistic effects contribute to the

greater tendency of Au' relative to other group 11 metals to form linear two-coordinate complexes. As shown in Figure 8.1.4.68

the relative closeness in energy of the 6s and 5d orbitals of gold makes mixing of these orbitals more favorable, facilitating the

ability of gold to form two-coordinate complexes with strong sigma bonds oriented 180/({\circ}\) from one another.
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Figure 8.1.4.6. (A) Gold experiences relativistic expansion and contraction of its 5d and 6s orbitals, resulting in shifts to their
relative energies. (B) This makes mixing of these orbitals more favorable, facilitating the ability of gold to form two-coordinate
complexes with strong sigma bonds that involve considerable sd,» character. This work by Stephen Contakes is licensed under a
Creative Commons Attribution 4.0 International License.

8.1.4.2 What structures do coordination complexes form?

Metal complexes with coordination numbers ranging from one to 16 are known, although values greater than seven are rare for the
transition metals. In this section, examples of common coordination geometries will be presented in order of coordination number.

8.1.4.2.1 Coordination Number 1.

Condensed phase monocoordinate complexes are unknown for the transition metals, although the post-transition metals Tl and In
form monocoordinate complexes with the bulky ligands triazapentadienyl and 2,6-tris(2,4,6-triisopropylphenyl)benzene as shown
in Figure 8.1.4.7

M=In,Tl

Figure 8.1.4.7. No monocoordinate transition metal complexes are known, but TI* and In* form monocoordinate complexes with
extremely bulky ligands. This work by Stephen Contakes is licensed under a Creative Commons Attribution 4.0 International

License.
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8.1.4.2.2 Coordination Number 2.
A coordination number of 2 is rare outside of d'° complexes of the group 11 metals and mercury, specifically, Cu*, Ag*, Au®,
and Hg?*. In accordance with the predictions of the Kepert model these give linear complexes.

linear

Among these,

o Cu" more commonly gives tetrahedral complexes but can be coaxed to give linear ones. The most prominent example is
[CuCl, ], which forms when CuCl is treated with concentrated HCI under anerobic conditions.

e Ag" also commonly forms tetrahedral or trigonal planar complexes but can give linear ones. The most prominent example is
[Ag(NH,),]", which can be formed by treating silver slats with concentrated aqueous or liquid ammonia.

o Au* almost always forms linear complexes, but many of these formally two-coordinate complexes associate as depicted in
Figure 8.1.4.8 The ability of Au" to form linear complexes with cyanide is even used to selectively extract metallic gold from
low grade ores. The stability of [Au(CN),]” means that the dissolution of metallic gold in aqueous cyanide is
thermodynamically favorable under aerobic conditions.

4Au + 8CN™ + O, + 2H,0 — 4[Au(CN),]- + 40H™

o Hg?*, like Au*, benefits from relativistic effects and more commonly forms two-coordinate complexes with a linear geometry.
Among these is [Hg(CN),]. However, its preference for linearity is not as rigid as for Au®, and so complexes with a variety of

coordination geometries are known.

And by means of honorary mention, the mercury(I) ion, Hg,?*, forms linear complexes of the type L-Hg-Hg-L, although since
Hg,?" is often considered as a single unit, these aren't always considered to be two-coordinate complexes.

X X T X X >|( X )|< X )|( )|< X X X
Au-------)Au/ Au-------)Au/- ------- Au Au /Au/ Au /Au/ g—“-Alu /Au/ A|u /Au/— ------- A‘u -------- Au/----g
||_ L 1 L ||_ ||_ L ||_ L L L L L ||_ L/

Figure 8.1.4.8. Many "linear" gold complexes associate side-on to form dimers, trimers, tetramers, and chains. Although in this
chapter L is usually taken to represent a generic ligand, in this scheme L represents a neutral ligand that donates two electrons to
the metal (py, PR3, CO, etc.) and X an anionic one (e.g., Cl', CN", etc.). Exactly which structure forms depends on the identity of L
and X. Redrawn from reference 5. This work by Stephen Contakes is licensed under a Creative Commons Attribution 4.0

International License.
Two-coordinate complexes may also be formed through the use of bulky ligands that only allow for the binding of two to the metal
center. The classic examples are given in Figure 8.1.4.9
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Ph—sg; Si<__
\N—M—N/
Ph\-/Si/ \Si\Ph
Ph \ Ph/\

M = Mn, Fe, Co

Figure 8.1.4.9. Two-coordinate complexes form between Mn?*, Fe?*, and Co?* with N(SiMePh,),.5 This work by Stephen
Contakes is licensed under a Creative Commons Attribution 4.0 International License.
8.1.4.2.3 Coordination Number 3

Three-coordinate complexes are similar to two-coordinate ones in that they are rare and, aside from the constraining influence of
ligands, usually limited to d'° metal ions such as Cu* , Ag®, Au*, Hg?", and Pt(0). As expected from the Kepert model, in the
absence of constraining ligands, three-coordinate complexes are trigonal planar.
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Figure 8.1.4.10. Three-coordinate complexes prepared using bulky and semirigid ligands. This work by Stephen Contakes is
licensed under a Creative Commons Attribution 4.0 International License.

8.1.4.2.4 Coordination Number 4

The two common four-coordinate geometries are tetrahedral and square planar.
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Tetrahedral complexes are commonly formed by metals possessing either a d® or d'° electron configuration. Monometallic
examples of d° configurations include TiCly, VO, WS,Z, MnOy4, CrO4%, and OsOg4, while d'° examples are [Ni(CO)4],
[HgBr4]2‘, [ZnCl4]%, and [CdI4]%. For other electron configurations, tetrahedral complexes are known but much less common.
Examples usually involve good donor ligands and include [FeCly]” (d°), [CoCl4*] (d®), and [NiCl4]* (d).

Second and third row transition metal centers with d® electron configurations like Rh*, Ir*, Pd?*, Pt2*, and Au3* almost exclusively
exhibit square planar geometries. Beyond this, square planar geometries are often formed by NiZ* (d®), Ni3* (d”), and Cu?* (d°).
Examples of square planar complexes include [Cu(acac),]; [PtCl,]> ;Wilkinson's catalyst, [RhCI(PPhs);]; and Vaska's complex,
trans-[Ir(CO)CI(PPhs),].

OCII,,“ ““\ PPh3

Ir
Php™ N

Vaska's Complex

8.1.4.2.5 Coordination Number 5

The two common coordination geometries for five-coordinate complexes are trigonal bipyramidal and square pyramidal.

L L
L I!n_.\u\“\“\l_ L'Hnm....,,,_M_,...mmmun|_
\ [
L
L
Trigonal bipyramidal Square pyamidal

Figure 8.1.4.11.
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Figure 8.1.4.11. Some tripodal ligands preference the formation of trigonal bipyramidal complexes. This work by Stephen
Contakes is licensed under a Creative Commons Attribution 4.0 International License.

Homoleptic [Ni(CN)s]> possesses a square pyramidal structure, although the geometry is more common for macrocyclic

complexes like the iron protoporphyrin of deoxymyoglobin shown in figure 8.1.4.4and for complexes containing oxo and nitrido
ligands, examples of which are shown in Figure 8.1.4.12

Cll) '|\f _
Cl—_ Il _ClI Cl—_ Il __ClI
W. M

Figure 8.1.4.12. Some square pyramidal oxo and nitrido complexes. This work by Stephen Contakes is licensed under a Creative
Commons Attribution 4.0 International License.

In the absence of rigid constraining ligands, the relatively low energy difference between the trigonal bipyramidal and square
pyramidal coordination geometries provides a mechanism for interconversion of the axial and equatorial ligands in a trigonal planar

complex. For example, pentacarbonyliron(0) exhibits fluxionality involving a square pyramidal intermediate via a Berry
pseudorotation mechanism, as shown in Figure 8.1.4.13
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| ‘.““\\\ \\\\CO - ‘\\\“ ax
OCe—Fé — oc—Fe = O F¢
\ 0 (‘: Cax \
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Square pyamidal Trigonal bipyramidal
Figure 8.1.4.13. Fluxionality in pentacarbonyliron(0) involves exchange of axial and equatorial carbonyl ligands via Berry
pseudorotation. Interconversion of the axial and equatorial carbonyl groups occurs faster than the NMR timescale at room
temperature. As a result the 13C NMR spectrum of Fe(CO)s exhibits a single signal rather than two separate signals for the axial
and equatorial carbonyl carbons. This work by Stephen Contakes is licensed under a Creative Commons Attribution 4.0
International License.

8.1.4.2.6 Coordination Number 6

The two common coordination geometries for coordination number 8 are octahedral and trigonal prismatic.
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Figure 8.1.4.14. Tetragonal distortions commonly occur for d4, d’, and d° octahedral complexes. The most common type involves
axial elongation in which the octahedron is stretched along a single trans-L-M-L axis, but axial compressions in which the
octahedron is compressed along such an axis instead are sometimes observed. An example of an axial elongated complex is
[Cu(Hzo)s]2+ in solution, while [CuFg]* is axially compressed when doped into a Ba,ZrFg lattice (it is elongated when doped into
a----- . Bond distances are taken from references 7 and 8. This work by Stephen Contakes is licensed under a Creative Commons
AttflbLl[lOH 4.0 International License.
Trigonal prismatic coordination is related to octahedral coordination as shown in Figure 8.1.4.15 As may be seen in Figure
8.1.4.15 an octahedral coordination sphere is just a trigonal antiprism in which all edge lengths are identical. Rotation of one
triangular face relative to its opposite until the two are eclipsed gives a trigonal prismatic geometry. In fact, since continuation of
this rotation gives another octahedral complex, the trigonal prismatic geometry is an intermediate in isomerization reactions
involving octahedral complexes.
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Figure 8.1.4.15. Since an octahedron is a trigonal antiprism, a trigonal prism may be produced by rotating or "twisting" one face of
the octahedron relative to its opposite. Since continuation of the rotation gives an isomer of the original octahedron, when the
energy landscape for twists like these is thermally or photochemically accessible, such twists provide one pathway for
isomerization reactions involving octahedral complexes. In tris- and bis-chelates, such isomerizations are said to occur by Bailar
and Ray-Dutt twists, which differ only in the relationship between the chelate rings and the faces twisted. Top: View looking down
an axis bisecting a pair of opposing faces. Bottom: View perpendicular to that shown at top. This work by Stephen Contakes is

licensed under a Creative Commons Attribution 4.0 International License.
In contrast to octahedral coordination geometries, trigonal prismatic coordination (and distorted versions thereof) are rare and occur
mostly for d°, d', and d? configurations. Examples of trigonal prismatic metal centers include the d> Mo*" centers in MoS,, d!
[Re(S2CoPhy)s], and d° [Ta(CHz)g],, of which the latter two structures are given in Figure 8.1.4.16 Semirigid ligands like that
shown in Figure 8.1.4.4Cmay be used to encourage the adoption of a trigonal prismatic geometry, although once the number of d
electrons present exceeds two, the preference for octahedral coordination is too great for a trigonal prismatic geometry to occur.
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Figure 8.1.4.16. The complexes [Ta(CH3)s]" and [Mo(S;CyH)3] adopt a trigonal prismatic geometry. Trigonal prismatic
coordination is common for d® and d' complexes with alkyl and dithiolene ligands. It is also typical for the dithiolene ligands to

coordinate along the rectangular edges of the trigonal prism instead of the triangular ones. This work by Stephen Contakes is
licensed under a Creative Commons Attribution 4.0 International License.

8.1.4.2.7 Coordination Number 7

Seven-coordinate complexes are rare outside of the relatively large early transition metals, lanthanides, and actinides. The three

common seven-coordinate geometries are pentagonal bipyramidal, monocapped octahedral, and monocapped trigonal prismatic.
The latter two are often called capped octahedral and capped trigonal prismatic, with the mono- prefix being understood.
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Although intraligand repulsions are smaller in the pentagonal bipyramidal coordination geometry than the capped octahedral and
capped trigonal prismatic geometries, the difference is small, and the three structures are often close in energy. As a result the

structure observed is often dependent on ligand-based constraints, crystal packing, and solvent effects that preference one geometry
over the others.

Heptacyano complexes are often pentagonal bipyramidal. Examples include [Mo(CN)7]*, [W(CN);]*, and [Os(CN)7]*". Seven-
coordinate complexes containing oxo ligands commonly are pentagonal bipyramidal with the oxo ligand(s) in the less sterically
hindered axial position. Examples include [NbOFg]® and, for the inner transition metals, [UO,Fs]>". Ligands that have been used to

promote formation of seven-coordinate species include 15-crown-5 and 2,2":6',2":6",2"'-quaterpyridine. Representative complexes
are given in Figure 8.1.4.17
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Figure 8.1.4.17. Seven-coordinate complexes containing ligands that encourage the formation of seven-coordinate geometries.
Note that while in [NbOFg]3- and [UO,F5]*" the oxo ligands occupy axial positions, the Osmium complex shown possesses an 0xo
ligand in an equatorial position. This is likely because the parent octahedral complex, in which the oxo ligand is not present,
possesses an expanded outer N-Os-N angle of 121.655° that opens to 154.161° to accommodate the oxo group. Drawn based on the

structures reported in references 9 and 10. This work by Stephen Contakes is licensed under a Creative Commons Attribution 4.0
International License.

Capped trigonal prismatic geometries are common for complexes of the early transition metals. Examples include [NbF,]* |
[TaF;]%, and [ZrF;]% in (NH,)3[ZrF7].

Capped octahedral geometries are found in [MoMe;]", [WMe;]', and [WBr3(CO)4], which contains three pairs of trans-Br and CO
with the final CO capping the octahedron's (CO)3 face, as shown in Figure 8.1.4.18
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Figure 8.1.4.18. Examples of complexes that adopt monocapped triconal prismatic and monocapped octahedral geometries.(A)

Two views of the structure of (A) capped trigonalprismatic [ZrF;]> and (B) capped octahedral [WBr3(CO)4]. This work by Stephen
Contakes is licensed under a Creative Commons Attribution 4.0 International License.
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In seven- and higher-coordinate complexes, ligand and crystal packing effects frequently give distorted coordination geometries.
These geometries are intermediate between two or more of the idealized seven coordinate geometries, making it difficult to tell

exactly which structure they are a distortion of (Figure 8.1.4.19).
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Figure 8.1.4.19. Many seven-coordinate structures are distorted and can be difficult to classify. For example, how should the
geometry of this complex be described - as distorted trigonal bipyramidal or distorted monocapped octahedral? This work by
Stephen Contakes is licensed under a Creative Commons Attribution 4.0 International License.

8.1.4.2.8 Coordination Number 8

Eight-coordinate complexes are rare and occurs in discrete molecules and ions only for the relatively large early transition metals,
lanthanides, and actinides. The three common eight-coordinate geometries are square antiprismatic, dodecahedral, and bicapped
trigonal prismatic. In contrast, the cubic coordination geometry is only found in ionic lattices like that of CsCl and in complexes of
the inner transition metals such as Naz[UFg].
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Figure 8.1.4.20. The square antiprism may be made by twisting one face of a cube relative to another, and the dodecahedron by
folding opposing faces towards one another.
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Figure 8.1.4.20. The (A) square antiprismatic and (B) dodecahedral coordination geometries are distorted cubic geometries. (A)
The square antiprismatic coordination geometry is just a cubic coordination geometry in which one face has been rotated 45°
relative to its opposite (and for which the distance between those faces need not be equal to the distance between adjacent atoms
within a face) (B) The dodecahedral geometry may be thought of as a cube in which opposing faces are folded up and down
relative to one another as shown. This work by Stephen Contakes is licensed under a Creative Commons Attribution 4.0
International License.
As with other high-coordinate structures, the energy difference between these eightfold coordination geometries is small enough
that packing effects can significantly influence the observed structure. For example, octacyanomolybdates commonly adopt a
square antiprismatic coordination geometry but depending on the counterions present can give dodecahedral or bicapped trigonal

prismatic complexes. Examples are given in Figure 8.1.4.21

. B -

Figure 8.1.4.21: Structures reported for (A) square antiprismatic [Mo(CN)g]*" as a solid 4,4'-Diazenediyldipyridinium salt and (B)
dodecahedral [Mo(CN)g]* as a solid tetra-n-butylammonium salt.

8.1.4.2.9 Coordination Number 9

Again, nine-coordinate complexes typically require larger transition metals, lanthanides, and actinides. Coordination geometries are
typically either tricapped trigonal prismatic or idiosyncratically determined by the ligands. Simple examples include the aqua
complexes [Sc(H,0)q]%*, [Y(H,0),1%", and [La(H,0)4]3*, as well as [TcHg]? and [ReHg]?".
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Tricapped trigonal Antiprism

Figure 8.1.4.22.

Figure 8.1.4.22. (A) Structure of [ReHg]> in Ky[ReHg] and (B) schematic showing how the structure maps onto a tricapped

trigonal pyramidal coordination geometry. This work by Stephen Contakes is licensed under a Creative Commons Attribution 4.0
International License.

8.1.4.2.10 Coordination Numbers 10-16

Coordination numbers higher than nine are extremely rare for compounds that bind in « fashion (form conventional metal-ligand

bonds)'# and usually involve some combination of large metals, sterically undemanding ligands, and special ligand structures that
promote higher coordination. Noteworthy examples include

1. Twelve-coordinate [Hf(BH,),], which illustrates how small multidentate ligands promote higher coordination numbers. As
shown in Figure 8.1.4.23 [Hf(BH,),] has a cubooctahedral structure in which BH," acts as a tridentate ligand, with BH; units
occupying triangular faces of the cubooctahedron to give a tetrahedron of BH,” ligands around the Hf.
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Figure 8.1.4.23. The anticubooctahedral coordination geometry is observed for [Hf(BHy4)4]. (A) An anticubooctahedron consists of
a hexagonal ring capped with antiparallel triangles above and below the ring. (B) Idealized anticubooctahedral complex. (C)

Structure of [Hf(BHy4)4]. This work by Stephen Contakes is licensed under a Creative Commons Attribution 4.0 International
License.

2. Twelve-coordinate [Ce(N03)6]2', in which the nitrate oxygens define an icosahedral coordination geometry as shown in Figure
8.1.4.24 The nitrates in the structure bind the Ce center in bidentate fashion in an octahedral array.
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Figure 8.1.4.24. Coordination geometry of [Ce(NO3)g]% in [Mg(H,0)gl[Ce(NO)¢]-H,0. (A) Idealized icosahedral coordination.
(B) View of the structure of [Ce(NO5)¢]>" showing how it maps onto the icosahedral coordination geometry. (C) The structure may
also be thought of as comprising an octahedral geometry in which each vertex of the octahedron is occupied by a x2-NO5". The
structure of [Ce(NO,)g]% is rendered in Mercury from the cif data in reference 15. This work by Stephen Contakes is licensed
under a Creative Commons Attribution 4.0 International License.

3. Fifteen-coordinate [Th(H3BNMe,BH3),4], which also uses bridging H-B-H units that occupy little of the coordination sphere. In
[Th(H3BNMe,BH3),], three of the four HsBNMe,BHj ligands bind in x* fashion and one binds 2, giving the fifteen fold
coordination.®

4. Sixteen-coordinate [CoB1g]~, which possesses the highest coordination number yet observed. Its structure is given in Figure
8.1.4.25 The coordination geometry is an octahedral antiprism, and the complex should be considered to involve a Co center in
the midst of a Big” "molecular drum" held together by cluster bonds.

Figure 2A from Popov, ., Jian, T., Lopez, G. et al. Cobalt-centered boron molecular drums with the highest coordination number in
the CoBg cluster. Nat Commun 6, 8654 (2015). https://doi.org/10.1038/ncomms9654, which is is licensed in that publication
under a Creative Commons Attribution 4.0 International License.
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