
General electron configuration: ns2 (n-1)dg-2 (n = main quantum #, g = group #)

Example: Ti (4s2 3d2), W (6s2 5d4)

note: there are several exceptions to this rule (see next slides)
note: when forming cations: remove s electrons first! (e.g., Ti3+ 3d1 4s0)

Electron configuration for transition metals
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d orbital shape
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Electron configuration for transition metals

3d TMs:
Cr and Cu do not follow the expected trend for the electron configuration. 
Traditionally, this is explained by the stability of half- and fully-filled shells.

HOWEVER, this is not a satisfactory answer!
Otherwise, how would we explain that there are so many exceptions in the 4d 
block?
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Schematic energy levels for transition elements
elemental

monovalent

Crossing between the 
energies of s and d orbitals is 
very different when 
comparing elemental and 
monovalent metals!
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History of Coordination Chemistry

Studies on complexes began in the 19th century. The description of such
compounds was challenging (in fact, unsuccessful) since these did not obey
the usual valence rules (hence, the name complex).

first Inorganic Chemist to win a Nobel Prize (in 1913)
(observations on 4 chloro/ammine complexes of Co3+)

Compound Colour Original name Ag(I) precipitation

CoCl3 × 6 NH3 Yellow Luteo complex 3 AgCl
CoCl3 × 5 NH3 Purple Purpureo complex 2 AgCl

CoCl3 × 4 NH3 
* Green Praseo complex 1 AgCl

CoCl3 × 4 NH3 
* Violet Violeo complex 1 AgCl

* note the same stoichiometry but different colours!

Alfred Werner (1893): 
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Werner’s conclusions:

1. When NH3 is removed, Cl- replaces NH3

2. The Cl- ion behaves as if it is covalently bonded to Co(III), rather than being free Cl-. 
e.g.,  CoCl3 x 5 NH3: 1 Cl- is in the complex, the other 2 Cl- are counterions, which 
precipitate with Ag(I). 

3. Co(III) in these complexes has a constant coordination number (CN) of 6
(as NH3 is removed from Co(III), they are replaced by Cl-)

Because of the constant CN, Werner introduced a new formulation for the above four salts: 

[Co(NH3)6]Cl3 Luteo complex
[Co(NH3)5Cl]Cl2 Purpureo complex
[Co(NH3)4Cl2]Cl  Praseo complex [trans complex]
[Co(NH3)4Cl2]Cl Violeo complex [cis complex]

From these formulations the precise number of the ions formed in solution can be deduced. 
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Experimental support for Werner’s theory came (in 1893/94) from measurements of conductivity 
(by Werner) of a large number of complexes:

Formula Conductivity 
[W‐1cm2mol ‐1]

Electrolytes Werner formulation

PtCl4∙2NH3 4 0 [Pt(NH3)2Cl4] (trans)

PtCl4∙2NH3 7 0 [Pt(NH3)2Cl4] (cis)

NaCl 124 1 : 1 ‐

PtCl4∙NH3∙KCl 107 1 : 1 K[Pt(NH3)Cl5]

CaCl2 261 1 : 2 ‐

CoCl3∙5NH3 261 1 : 2 [Co(NH3)5Cl]Cl2

PtCl4∙2KCl 257 2 : 1 K2[PtCl6]

CoCl3 408 1 : 3 ‐

CoCl3∙6NH3 432 1 : 3 [Co(NH3)6]Cl3



8

Werner’s conclusion: To describe the chemistry of complexes, the oxidation state
(Werner: primary valence) and coordination number (Werner: secondary valence) must
be considered.

Werner’s second important postulate: Ligands are fixed in space (similar to covalently 
bonded atoms). The resulting different possible coordination spheres are distinguishable 
on the basis of the number of their isomers.

Formula Planar Trigonal prismatic Octahedral Experimental
MA5B 1 1 1 1
MA4B2 3 3 2 2
MA3B3 3 3 2 2

Numbers of isomers expected and found for CN = 6
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Possible isomers for hexa-coordinate complexes (MA4B2-type)
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Possible isomers for hexa-coordinate complexes
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Nomenclature of complexes

According to IUPAC (International Union of Pure and Applied Chemistry), 1999

1) The inner coordination sphere of complexes is enclosed in brackets [ ].

2) The positive ion (cation) comes first, followed by the negative ion (anion). → just as 
in simple salts.

[Ag(NH3)2]Cl diamminesilver(I) chloride
K3[Fe(CN)6] potassium hexacyanoferrate(III)

3) The oxidation number of the metal is added in parentheses (roman numerals).

4) In the name, ligands come first (in alphabetical order), followed by the metal ion.
[Pt(NH3)2BrCl] diamminebromochloroplatinum(II)

5) -o is added to anionic ligands. Neutral ligands retain their usual name.
Exceptions: H2O aqua

NH3 ammine
Examples: chloro-, bromo-, iodo-, cyano-, hydroxo-, nitro-

Methylamine (but ammine for NH3), phosphine (PR3)
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6) In anionic complexes, -ate is added to the name of the metal.
K3[Fe(CN)6] potassium hexacyanoferrate(III)
K[Ag(CN)2] potassium dicyanoargentate(I)
Others: Pb plumbate

Sn stannate
Cu cuprate
Au aurate

7) The number of ligands of one kind is given by the following prefixes: 
(mono-), di-, tri-, tetra-, penta-, hexa-, hepta-, octa-, nona-, deca-, …

8) When the ligand name includes the prefixes above, or when the ligand is complicated, it is put 
into parentheses and the following prefixes are used:

bis-, tris-, tetrakis-, pentakis-, hexakis, …
[Co(NH2CH2CH2NH2)2Cl2]+ dichlorobis(ethylenediamine)cobalt(III)
[Fe(NH4C5-C5H4N)3]2+ tris(bipyridine)iron(II)

9) Prefixes cis- and trans- designate adjacent and opposite geometric locations.
[PtCl2Br2]2- cis- and trans-dibromodichloroplatinate(II)

10) Bridging ligands between two metal ions have the symbol -. Bridging ligands between three 
metal ions have the symbol 3-.
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Structure of coordination compounds: Coordination numbers

Coordination number 1:
Extremely rare (unless one counts ion pairs in the gas phase, such as NaCl(g) as 
complexes)

Coordination number 2:
Generally limited to +1 ions of Cu, Ag, Au and Hg(II) → all d10

Examples: [Hg(CN)2], [CuCl2]-, [Ag(NH3)2]+

Structure: linear (involvement of sp or sd(z2) hybrid orbitals)

Coordination number 3:
Rare

Examples: [HgI3]-, [Pt(PPh3)3]0

Structure: triangular (involvement of sp2 and/or sd2 hybrid orbitals)
→ In the Pt complex, steric effects (bulky phosphine ligands) dictate the 

structure (i.e., preference of CN = 3 over CN = 4)
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Coordination number 4:

Very common
Typical geometries: tetrahedral or square-planar geometry

Tetrahedral:

favored by:

a) large ligands (Cl-, Br-)      →  steric factors

b) ligand-ligand repulsions (e.g., with anionic ligands) →  electrostatic factors

c) small metal ions with either d10 configuration Zn2+, Ga3+ or with configurations 
that do not favor other structures due to their CFSE (e.g., Co2+ d7)

Comments in red will be covered in upcoming lectures!
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Other notable feature: tetrahedral complexes can be chiral

Note: complexes with 4 different substituents are rarely chiral because of rapid 
racemization → ligands are usually quite ‘labile’

acac

Keto tautomer Enol tautomer

Acetylacetone (acac)

as a ligand: acetylacetonato
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Square-planar: 

Only formed by a few metal ions:
→ if ligands too large: tetrahedral preferred over square-planar
→ if ligands small enough: octahedral complex is preferred (2 additional 

bonds)

Most common: d8 species (Ni2+, Pd2+, Pt2+, Au3+) with non-bulky, strong ligands 
(-acceptors)

Ni2+ complexes: CN- square-planar strong -interaction
NH3, H2O octahedral small, neutral ligands
Cl-, Br-, I- tetrahedral steric & electrostatic 

effects

Note: [PdCl4]2-, [PtCl4]2-, [AuCl4]- are all square-planar (metal ions are 
larger!)
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Isomerism in [MA2B2]-type complexes: cis- and trans
(can be distinguished by measuring the dipole moment of the complex)

Chirality: generally not observed (because of the mirror plane in square-
planar complexes)
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Coordination number 5:

Less common than complexes with CN = 4 or 6
Typical geometries: trigonal bipyramidal and square-pyramidal

Geometric isomerism Optical isomerism (very rare)
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Coordination number 6:

Most common CN
Typical geometries: octahedral, distorted octahedral, trigonal prism

Geometric isomerism

Trigonal prismatic complex
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Optical isomerism

en = ethylenediamine

Oxalate as a ligand = oxalato
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Coordination number 7:

Far less common than complexes with CN = 4, 5 or 6 because of 
(i) increased ligand-ligand repulsion
(ii) weaker bonds
(iii) reduced CFSE (resulting from non-octahedral geometry).

Three types of geometries:
1. pentagonal bipyramid (as in the main group compound IF7)
2. capped octahedron
3. capped trigonal prism
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Coordination number 8:

Relatively uncommon (except for larger central metal ions 
of lanthanide and actinide series)

Formed with relatively small and electronegative ligands, and metal ions in high 
oxidation states (electroneutrality principle).

Types of coordination polyhedra:
1. Cube is extremely rare in isolated complexes (observed more often in the solid 

state, e.g., in CsCl)
2. Square antiprism (VB model: sp3d4 hybridization)       e.g., [Mo(CN)8]4-

Higher coordination numbers:

Only a few discrete structures known 
with CN = 9, 10, 12
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Some general rules about coordination numbers

1. Soft ligands and metals in low oxidation states prefer lower CN
2. Hard ligands and metals in high oxidation favour higher CN
3. Complexes with large, bulky ligands prefer lower CN
4. Complexes with small ligands prefer higher CN

Linkage isomerism

When a ligand can bond to the metal via 
different donor atoms

Examples: NO2
- can bond via O or N

SCN- can bond via S or N
CN- can bond via C or N 

(e.g., in Prussian blue)


