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Chemistry 5, Part III:
Coordina4on chemistry

Prerequisites: 
Molecular inorganic chemistry no5ons:
VSEPR, acid-base and redox reac5ons, electronic configura5on, 
periodic table of the elements, atomic orbitals, 
covalent bond (Lewis model), ionic bond
basic visible, NMR and IR spectroscopies 
Main objec5ves:
1) Determine the geometry of a coordina5on complex, know how to 
represent them and establish their reac5vity . 
2)  Write down the reac5on mechanisms of organometallic chemistry, 
observing the wri5ng conven5ons.
3) Predict and explain the op5cal and magne5c proper5es of a complex 
using crystal field or ligand field theory.



Chemistry 5, Part III:
Coordina4on chemistry

Menu:
- Complexes of d-block metals
- Recognise the coordina5on site(s) of a ligand from a Lewis structure
- Establish the interac5on diagram 
between a d-block orbital and a s-donor ligand orbital.
- Electron coun5ng
- Recognise a p-donor or p-acceptor ligand from a Lewis structure or its 
fron5er orbitals. 
- op5cal and magne5c proper5es of a complex.       
- Cataly5c ac5vity of complexes; cataly5c cycles:  
 - Recognise the nature of a step in a cataly5c cycle,
 - Iden5fy the orbital interac5ons between a metal and an alkene,   

  dihydrogen and carbon monoxide.
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Coordina(on complexes
Chemical formula : 
MLp with M metal (oxida:on number = 0) or metal ion at the center of the structure
     = Lewis Acid
    L ligand, = molecule with a lone pair of electrons (‘doublet non liant’), or a double 
bond (ex: C=C) or H2
    = Lewis base
Lewis Base:
A substance that can supply a pair of electrons to create a covalent bond, electron donor
Lewis Acid:
A substance that can receive a pair of electrons from a base (‘possède une lacune électronique’)
Electron acceptor
In a complex: Housecro* p237

 - A line denotes the interac:on between an anionic ligand and the acceptor

 - An arrow shows the dona:on of an electron pair from a neutral ligand to an acceptor  

Inorganic chemistry
Miessler, Gary L
Upper Saddle
5th ed., internat. 

Inorganic chemistry
Housecro(
Pearson Educa:on 
5th ed., internat. 
Cote Studium : 546 HOU
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Nomenclature of coordina(on complexes
Major rules:Missler Ed 1 p340 

1. The ca5on comes first, then the anion (the same for simple salts). 
It is the reverse in French!

2. The complex (coordina5on sphere) is enclosed in square brackets, 
the counter ions placed aTer. 
the ligands are named before the metal; in the formula the metal is
wriUen first.

Ex: diamminesilver(I)chloride [AgI(NH3)2]Cl sodium chloride : NaCl)
Chlorure de diammineargent(I) chlorure de sodium

3. The oxida5on number is put in parentheses as a Roman numeral
aTer the metal name complex. It can be wriUen as superscript at the 
leT of the symbol of the metal in the formula.

4. If the complex is nega5ve, add the suffix -ate.
If no specified counter-ion, begin by ion. 

Ex:  hexachloropla?nate(IV) [PtCl6]2- ion hexachloropla?nate(IV)

Inorganic chemistry
Miessler, Gary L., 
Pren:ce

1st ed., internat. 
(5th ed. internat. Ed 2014 
cote Studium : 546 MIE SCIENCES)

Inorganic chemistry
Housecro(
Pearson Educa:on 
5th ed., internat. 
Cote Studium : 546 HOU
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Nomenclature of coordina(on complexes
Major rules:Missler Ed 1 p340 

5. Ligands are named in alphabe5cal order (regardless of their charge). 
The name of the ligand is considered, not the prefix.

6. Anionic ligands are given an –o suffix. 
Neutral ligands retain their names, coordinated water is called aqua.
ammine (with 2 m) is used to dis5nguish NH3 from alkyl amines. 
In the formula, begin by anionic ligand and the coordinated atom.

7. The number of ligands of one kind is given by simple prefixes di-, tri-, 
tetra-…. If the ligand name includes these prefixes or is complicated, 
prefixes bis, tris, tetrakis… are used.

Ex: aquachlorobis(ethylenediamine)cobalt(III) [CoCl(en)2(OH2)]2+

ion aquachlorobis(éthylènediamine)cobalt(III)

8. Add prefixes cis– or trans–; mer– or fac– to dis5nguish geometrical
isomers; D– or L– for op5cal stereoisomers. 

9. Use the prefix µ– for bridging ligands.

Inorganic chemistry
Miessler, Gary L., 
Pren:ce

1st ed., internat. 
(5th ed. internat. Ed 2014 
cote Studium : 546 MIE SCIENCES)

Inorganic chemistry
Housecro(
Pearson Educa:on 
5th ed., internat. 
Cote Studium : 546 HOU
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Stability constants of coordina(on complexes
Stepwise stability constants: Kn

Housecro* p239 

(‘constantes par5elles de forma5on’)

In aqueous solu?on, metal ions are hydrated:
[Co(OH2)6]2+

In presence of a (neutral) ligand (for ex. NH3):

[Co(OH2)6]2+ + NH3(aq) ⇆ [Co(NH3)(OH2)5]2+ + OH2(aq) K1= a([Co(NH3)(OH2)5]2+)
a([Co(OH2)6]2+).a(NH3)

[Co(NH3)(OH2)5]2+ + NH3(aq) ⇆ [Co(NH3)2(OH2)4]2+ + OH2(aq )

K2= a([Co(NH3)2(OH2)4]2+)
a([Co(NH3)(OH2)5]2+).a(NH3)

….
[Co(NH3)n(OH2)6-n]2+ + NH3(aq) ⇆ [Co(NH3)n+1(OH2)5-n]2+ + OH2(aq )

Kn+1= a([Co(NH3)n+1(OH2)5−n]2+)
a([Co(NH3)n(OH2)6−n]2+).a(NH3)

[Co(NH3)p-1(OH2)5-p]2+ + NH3(aq) ⇆ [Co(NH3)p]2+ + OH2(aq )

Kp= a([Co(NH3)p]2+)
a([Co(NH3)p−1(OH2)5−p]2+).a(NH3)

   

Inorganic chemistry
Miessler, Gary L
Upper Saddle
5th ed., internat. 

Inorganic chemistry
Housecro(
Pearson Educa:on 
5th ed., internat. 
Cote Studium : 546 HOU
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https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0


8

Stability constants of coordina(on complex, den(city
Overall stability constants: bp

Housecro* p241 

(‘constante globale de forma5on’)

[Co(OH2)6]2+ + p NH3(aq) ⇆ [Co(NH3)p]2+ + p OH2(aq) bp= a([Co(NH3)p]2+)
a([Co(OH2)6]2+).a(NH3)p

bp=∏"#$
% 𝐾𝑛   

Den5city: Housecro9 p242 (or 183) ( ‘den5cité’ )

Number of donor atoms through which a ligand coordinates to a metal ion 

Monodentate
ligands 
( ‘monodente’ )

Inorganic chemistry
Miessler, Gary L
Upper Saddle
5th ed., internat. 

Inorganic chemistry
Housecro(
Pearson Educa:on 
5th ed., internat. 
Cote Studium : 546 HOU
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Den5city: Housecro9 p242 (or 183) ( ‘den5cité’ )
Monodentate
ligands 

Bidentate
ligands
( ‘bidente’ )

tridentate
ligands
( ‘tridente’ )

hexadentate
( ‘hexadente’ )

9

Den(city, examples of ligands
Inorganic chemistry
Miessler, Gary L
Upper Saddle
5th ed., internat. 

Inorganic chemistry
Housecro(
Pearson Educa:on 
5th ed., internat. 
Cote Studium : 546 HOU

ethylenediamine

diethylenetriamine

triethylenetetramine

9

https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0
https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0


Den5city: KeAle beginning book, + Bulach V. ch 1 ( ‘den5cité’ )

tridentate
ligands 

tetradentate
ligands

hexadentate
ligands
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Den(city, examples of ligands
Inorganic chemistry
Miessler, Gary L
Upper Saddle
5th ed., internat. 

Physico-Chimie Inorganique
Ke#le, Schriver, Ed. De Boeck; 1999

Terpyridine (terpy)

Tris(2-aminoethyl)amine (tren) Porphyrin
Phthalocyanin

bidentate
ligand

Oxalatato (ox)

10
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Chelate effect
Coordina5on of a polydentate ligand to an ion leads to the forma5on of a 
chelate ring. Housecro* p242 (or 183)

5 such rings can be seen in [Ca(EDTA)]2-

Chelate is derived from the Greek 
for a crab’s claw (‘pince’).

Chelate effect: Housecro* p241 (‘ effet chélate’)

For a given metal ion:
Polydentate ligands form more stable complexes than monodentate ones
[Ni(NH3)6]2+

(aq) + 3 en (aq) ⇆ [Ni(en)3]2+ + 6 NH3 (aq)

Inorganic chemistry
Miessler, Gary L
Upper Saddle
5th ed., internat. 

Inorganic chemistry
Housecro(
Pearson Educa:on 
5th ed., internat. 
Cote Studium : 546 HOU

rr r r
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Chelate effect
Chelate effect: Housecro* p241 (‘ effet chélate’)

For a given metal ion:
Polydentate ligands form more stable complexes than monodentate ones
[Ni(NH3)6]2+

(aq) + 3 en (aq) ⇆ [Ni(en)3]2+ + 6 NH3 (aq)

DrH° = - 16.8 kJ.mol-1 & DrS° = + 161 J.K-1.mol-1 TDrS° = +36.1 kJ.mol-1
Thus, both the nega:ve DrH° and posi:ve TDrS° terms contribute to the overall <0 value of DrG°. 

Enthalpic term: Entropic term:
• electrosta:c repulsion æ from 2 NH3 to en;

* desolva:on effects :more H bonds formed
with NH3 compared to en;

* an induc:ve effect of the alkyl bridges which
ä the donor strength of en versus NH3. 

Inorganic chemistry
Miessler, Gary L
Upper Saddle
5th ed., internat. 

Inorganic chemistry
Housecro(
Pearson Educa:on 
5th ed., internat. 
Cote Studium : 546 HOUrr r r

* 4 reactants and 7 products: the number of 
species in solu:on ä : DrS° >0 
* high probability of Mn+ to alach to the 2nd N
because the ligand is already anchored to Mn+. 

https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0
https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0
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Op(cal isomers with bidentate ligands
Op5cal isomers = enan5omers: Housecro* p551-2

Octahedron complexes containing 2 or 3 bidentate ligands exit as 
enan5omers dis5nguished using D (delta) and L (lambda) prefixes. 
Ex: [Co(en)3]3+

Octahedron viewed down a three-fold axis, and the chelates then define
either a right- (D) or leT-handed helix (L). 
Star:ng from a donor atom at the front and going to the other at the back on the same ligand, if 
you turn right, it is D , otherwise L.

Inorganic chemistry
Miessler, Gary L
Upper Saddle
5th ed., internat. 

Inorganic chemistry
Housecro(
Pearson Educa:on 
5th ed., internat. 
Cote Studium : 546 HOU
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Ambidendate, bridging ligands, hap(city
Ambidentates ligands: ( ‘ambidente’ ) Huheey pA73 + V. Bulach

Can bind by one or the other end
• SCN-: thiocyanate or kS-thiocyanate 
• NCS-: isothiocyanate or kN-thiocyanate
• OCN-: cyanate or kO-cyanate
• NCO- : isocyanate or kN-cyanate

Bridging ligands ( ‘pontant’ ) 

Hap5city: ( ‘hap5cité’ ) hGps://en.wikipedia.org/wiki/HapMcity

= coordina5on of a ligand to a metal center via an uninterrupted and 
con5guous series of atoms.
Ex: Nitrate cyclopentadienyl in ferrocene [Fe(h5-Cp)2 ]

Inorganic chemistry
Miessler, Gary L
Upper Saddle
5th ed., internat. 

Inorganic chemistry
Housecro(
Pearson Educa:on 
5th ed., internat. 
Cote Studium : 546 HOU

h5-
h1- h2-

https://en.wikipedia.org/wiki/Hapticity
https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0
https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0
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Coordina(on number and geometry
Coordina5on number (or ligancy): ( ‘coordinence’ ) of a central metal (ion) 
is the number of neighbours (atoms, molecules, ions) bound to it. Wikipedia

Geometry: depends on the coordina5on number (CN). Most oTen,
if CN = 6 octahedral geometry
If CN = 4 tetrahedral
or square planar geometry

(especially if d8 metal ion)

Electron coun5ng

Inorganic chemistry
Miessler, Gary L
Upper Saddle
5th ed., internat. 

Inorganic chemistry
Housecro(
Pearson Educa:on 
5th ed., internat. 
Cote Studium : 546 HOU

CN

Housecro9 p541 and V. Bulach

https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0
https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0
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Electron coun(ng ( ‘décompte d’électrons’ ) for a complex
consists of formally assigning a number of valence electrons to individual
atoms in a molecule.  of neighbours (atoms, molecules, ions) bound to it. 
hGps://en.wikipedia.org/wiki/Electron_counMng

Aids in predic:ng redox reac:vity and cataly:c cycles.
2 methods:
A. Ionic cou5ng: ( ‘modèle ionique’ ) 
1 Write the dissocia5on equilibrium of the complex (reverse of forma5on)
The more electronega:ve atom (the ligand) gains electron from the borken coordina:on bonds. 

[Fe(NH3)6]2+⇆ Fe2+ + 6 NH3
2. Deduce the oxida5on number (on) by applying the electroneutrality
rule. on(Fe) = +II
3. Determine the electronic configura5on of the obtained metal ion: dn.
Mind that external electrons are first removed (4s before 3d). n = nb(e-M) – on

Fe on column 8 of the periodic table: 3d64s2 Fe(II): 3d64s0

4. Each donor atom donates 2 electrons (a lone pair). Assume L donors.
Then, the total number of electrons (ten) of the complex is

ten = n + 2 X L ten = 6 + 2 X 6 = 18 electrons

Inorganic chemistry
Miessler, Gary L
Upper Saddle
5th ed., internat. 

Inorganic chemistry
Housecro(
Pearson Educa:on 
5th ed., internat. 
Cote Studium : 546 HOU

https://en.wikipedia.org/wiki/Electron_counting
https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0
https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0
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Electron coun(ng ( ‘décompte d’électrons’ ) for a complex
B. Neutral cou5ng: ( ‘modèle covalent’ ) 
1. Dissociate the complex assuming each bond is equally split into neutral 
fragments: one e- /bond is given to the metal, and one to the donor atom.

[RuCl2(bipy)2] ⇆ Ru + 2 Cl• + 2 bipy

If the ligand becomes a radical, it is called a X ligand. Cl• 1 X ligand
Such ligand are the ones that are anionic when dissocia:ng according to the ionic method.

If the ligand is neutral (with closed-shell configura:on, no unpaired electron),
it is called a L ligand. Bipy counts as 2 L Ligands
2. The complex, charged q, can then be written: [MLlXx]q, here [ML4X2]0 

Then, the total number of electrons (ten) of the complex is
ten = nCOL(M) + 2.l + 1.x - q
ten = 8 + 2 X 4 + 1 X 2 -0 = 18 electrons

3. Deduce the oxida5on number (on): on(Ru) = x + q = 2+0 = +II

4. Deduce the electronic configura5on of the obtained metal ion: dn.
n = nCOL(M) – on n = 8 – 2 = 6 d6

Inorganic chemistry
Miessler, Gary L
Upper Saddle
5th ed., internat. 

Inorganic chemistry
Housecro(
Pearson Educa:on 
5th ed., internat. 
Cote Studium : 546 HOU

https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0
https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0


Valence orbitals of d block metal: 
md (m+1)s (m+1)p

The coordina5on bond is a covalent bond, with a par5al ionic character. 

Condi5ons of interac5on: between a metal orbital and a ligand orbital
2 orbitals interact if :
• they are close enough in energy
• they have the same symmetry (have a non-zero overlap S)

Interac5on s with s-donor ligands
Anions/molecules with a single lone pair of electrons on the donor atom
Ex: NH3, H-, ethylenediamine axial overlap with M
The ligand donates
electrons to M 18

Orbitals and type of interac(on/ligands

t2g eg
dxy dxz dyz dx2-y2 dz2

s
a1g

px
t1u
py pz

Inorganic chemistry
Miessler, Gary L
Upper Saddle
5th ed., internat. 

Every ligand is s-donor 

Jean

https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0
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Type of interac(on/ligands
Interac5on s with s-donor ligands
Anions/molecules with a single lone pair of electrons on the donor atom
( ) Ex: NH3, H-, ethylenediamine…

axial overlap with M
The ligand donates electrons to M

The bonding orbital is
• occupied by 2 e- stability of the complex
• Is mainly developped on the ligand par5al ionic character

Interac5on p with p-donor ligands
Anions/molecules with > 1 lone pair of electrons on the donor atom
Ex: OH2, Cl-, OH-…
lateral overlap between the OM 
of this 2nd lone pair and an OM d of M 

Stabiliza5on of high oxida5on number of M

Inorganic chemistry
Miessler, Gary L
Upper Saddle
5th ed., internat. 

Every ligand is s-donor 

Jean, OM dans les complexes, Emond p 435

ns

Bonding orbital

An:-bonding

np

E

E

https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0


Interac5on p with p-acceptor ligands
Anions/molecules whose donor atom is involved in a mul5ple bond ; 
There is a vacant p* MO likely to accept electrons from the metal,
with a lateral overlap.

Stabiliza5on of low oxida5on number of M

Special case of PPh3: lateral overlap between
a d MO of M and a d-type MO based on P 

Special case of « special ligands »: H2, alkene
s-donor ligands with the 2 e- coming from a bonding orbital

weakens bond
between atoms
of the ligand

& s or p-acceptor ligands, s * or p* MO par5ally filled weakens bond 20

Type of interac(on/ligands
Inorganic chemistry
Miessler, Gary L
Upper Saddle
5th ed., internat. 

Jean, OM dans les complexes, Emond p 435

E

Chimie tout en un 
PC 2ème année, p568
T. Ribeyre, Ed De Boeck

https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0


Ethylene ligand : 

21

AND p-acceptor
ligands, 
p* MO par:ally
occupied

weakens C=C bond

Les OM dans les complexes, Yves Jean, p174

s interac?on
unchanged by rota?on

p interac?on : nodal plane (yz)
rota?on about z 

decreases the overlap S

p
p*

s-dona?on 
s-donor ligand

L ligand 

p-retrodona?on
p-acceptor ligand 



Special case of « special ligands »: H2, alkene
Both s-donor ligands with the 2 e- coming from a bonding orbital

AND p-acceptor ligands, s* or  p* MO par5ally occupied
weakens H-H or C=C bond

Applica5ons in catalysis
22

Type of interac(on/ligands
Inorganic chemistry
Miessler, Gary L
Upper Saddle
5th ed., internat. 

Chimie tout en un 
PC 2ème année, p568
T. Ribeyre, Ed De Boeck

Volatron, F. Chaquin, P., BUP 2018, 112, 1051
E

https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0
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molecular orbital diagramm of an octaedric complex : 
Condi:ons of interac:on: between a metal AO and a ligand orbital, 2 orbitals interact if :
• they are close enough in energy
• they have the same symmetry (have a non-zero overlap S)
The s orbital of metal is en2rely symmetric (sym/plane xy, sym/plane xz, sym/plane yz = SSS).
The fragment orbital of a1g symmetry too, they interact and 1 bonding MO (S>0) and 1 an2bonding MO (S<0) are obtained.
The fragment orbital of eg symmetry (leE) is an2symmetric versus the ver2cal plane bisec2ng the x and y axes, 
the dx2-y2 orbital also interacts.
On the other hand, the an2symmetric/yz fragment orbital t1u (along x) has zero overlap with the dx2-y2 orbital (symmetric/yz).

E
Métal

E
Ligands

3d

4s

4p

a1g

a1g

1a1g

2a1g

t1u

t1u

1t1u

2t1u

t2g
t2g

eg

eg

1eg

2eg

Δo

Metal

DO crystal-field splirng parameter
in octahedral symmetry

‘ paramètre du champ cristallin
en symétrie octaédrique ’
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ELECTRONIC CONFIGURATION OF COMPLEXES 
Electronic configura5on:
The OM diagram is filled by (2 :mes the number of donor atoms of ligands + the number of 
electrons coming from the metal):
• In order of increasing energy
• Pauli's exclusion principle (2 e- cannot have all their quantum numbers iden:cal)
• Hund's rule (maximum spin S when filling degenerate orbitals)

18-electron rule: A complex with 18 valence electrons is stabilised
(has the configura:on of the nearest rare gas, extension of the octet rule).

E
Métal

E
Ligands

3d

4s

4p

a1g

a1g

1a1g

2a1g

t1u

t1u

1t1u

2t1u

t2g
t2g

eg

eg

1eg

2eg

Δo
9 AO 
metal

p AO 
ligands

d 
block  
5 MO

eg an2bonding MO
t2g non-bonding MO
Mainly on metal

bonding MO: M-L s bonds
mainly developed on ligands

An2bonding MO, mainly on metal
Metal
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Influence of ligands on DO

p-donor ligands:
1 lower binding MO is formed,
developed on the ligands,
and an anMbonding MO, mainly
developed on the metal, located
above the iniMal energy level of the
t2g of M

Possible lateral overlap between the t2g MOs of the ligands and t2g MOs of the metal

Cours V. Bulach L3PC

p-acceptor ligands:
1 lower binding MO is formed,
developed on the metal,

and an an:bonding MO
is formed, mainly developed
on the ligands, of higher
energy than the OM p*

of the ligands.

p-donor ligand p-acceptor ligands-donor ligand only

DO (p-donor) < DO (s-donor) < DO (p-acceptor)
Explains the spectrochemical series:



Crystal field theory

p-acceptor
1 lower
developed

and an
is formed
on the
energy

Another way to determine electronic structure and explain bonds and proper:es of complexes

Disadvantage: covalency not taken into account MO theory beUer
also called Ligand field theory

Advantages:

• Simple
• symmetry is taken into account
• explains - breaking of degeneracy of e- orbital states, d OA levels

- stability
- op5cal proper5es (colors)
- magne5c proper5es

Overall

26



Crystal field theory

p-acceptor
1 lower
developed

and an
is formed
on the
energy

Electrosta5c model (Hans BETHE, 1929)

• Metal ion modeled as point posi:ve charge 
• Ligands lone pairs modeled as point nega:ve charges

create an electric field

Overall alrac:on & stabiliza:on

Free  ion
5 degenerate AO d 

metal ion
in spherical field

5 degenerate
AO d

metal ion
in octaedral field

Repulsion between
e- (metal) and e- (ligands)

= destabiliza:on barycentre

t2g eg
dxy dxz dyz dx2-y2 dz2

t2g eg
dxy dxz dyz dx2-y2 dz2

Stronger e--e- repulsion
for the AO poin:ng directly

towards the Ligands

e (metal) and e (ligands)

eg +3 DO /5 = + 6 Dq

t2g -2 DO /5 = - 4 Dq

DO = 10 Dq

HousecroT p 558-559 (modified)

27



Electronic configura5on:
The d block is filled by the number of valence e- from the metal only, Pauli & Hund’s rules
For a d1 to d3 metal ion and d8 to d10, the filling of the energy diagram is obvious. 
For a d4 to d7  metal ion, however, 2 op:ons  (ex : d5) 

weak field strong field

28

Crystal field theory

t2g

eg
Δo < P

t2g

eg

Δo > P
Cours V. Bulach
L3PC

High spin S = 5/2 low spin S = 1/2

P: pairing energy
(‘ énergie d’appariement ’)

If the number
↗, the energy

Factors influencing Do: Jørgensen’s rela5on Do = f.g
Nature of metal: g parameter

Do ↗ - if the oxida:on number of the metal ↗
- size of d orbital ↗ (overlap S ↗ ) : Do (3d) < Do (4d) < Do (5d)

Nature of ligand: f parameter spectrochemical series (‘ série spectrochimique ’)

Coordina:on number and geometry
(determined from absorp:on spectra)
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Crystal field theory
Schriver Atkins p 228)

If the number
↗, the energy

Ligand-field spli|ng parameters Do of octaedral ML6 complexes (cm-1)

(values in parentheses are for low-spin complexes)
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Crystal field theory

If the number
↗, the energy

In other geometries:

metal ion
in octaedral field

metal ion
in spherical field

metal ion
in tetraedral field

No ligand on the axes : weakest e- - e- interac:on
Dtet < Do high spin complexes

HousecroT p 562-563
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Crystal field theory

If the number
↗, the energy

In other geometries:

No ligand on the axes : 
Dtet < 

HousecroT p 562-563

octaedral square planar

square planaroctaedral tetrahedral
Tetragonal

(Jahn-teller distor2on)

M

L

L L
L
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Crystal field theory

If the number
↗, the energy

Crystal field stabiliza5on energy (CFSE): in octahedral geometry

For a dn configura5on, the CFSE is the difference in energy between the d 
electrons in an octahedral crystal field and in a spherical crystal field. 

No ligand on the axes : 
Dtet < 

HousecroT p 560 + V. Bulach ch2 P 20

Low spin High spin 

CFSE



33

Crystal field theory

If the number
↗, the energy

Crystal field stabiliza5on energy (CFSE): in octahedral geometry

No ligand on the axes : 
Dtet < 

HousecroT p 560 + V. Bulach ch2 P 20

+ 2 P

For a dn

CFSE is the 
energy between
electrons
crystal field

Strong field
(Low spin)

Weak field
(High spin) 

+ 2 P
+ P

0 paired e-

2 paired e-

Etot = CFSE + p.P

+ P
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MagneNc properNes

If the number
↗, the energy

Paramagne5c species: has unpaired electrons, total spin S ¹ 0
aUracted by a magne5c field

Diamagne5c species: has no unpaired electron, total spin S = 0

repelled by a magne5c field

magne5c moment µSO: (spin-only) 
µeff obtained experimentally by measuring the  molar magne:c suscep:bility, cm
expressed in Bohr magnetons (µB ) 

No ligand on the axes : 
Dtet < 

HousecroT p 570+ V. Bulach ch2 P 20

For a dn

CFSE is the 
energy between
electrons
crystal field

Etot = CFSE + 



Colors : 
selec/on rules
• Spin rule: DS = 0 (unless there is spin-orbit coupling, if heavy atom present)
• Laporte rule: The parity of the arithmetic sum changes.

transitions between levels from the same electronic configuration are prohibited.
• Symmetry rule: only g® u and u® g transitions are allowed

d-d transi/on
prohibited by the selec:on rules, 
not very intense

Charge Transfer
authorised by the selec:on rules,
very intense

OPTICAL PROPERTIES

favoured by
high oxida:on number of the metal
• p-donneurs ligands e.g. O2-

  

€ 

 i
i
∑

t2g

eg
Δo

hν

t2g

eg

Ligand-Metal
Charge Transfer

Metal-Ligand
Charge Transfer

favoured by
• metal dn (n>0)
• p-acceptor ligands 

e.g. CO, phen, bipy

[Fe(phen)3]2+

[Ru(bipy)3]2+[MnO4]-, [CrO4]2-, Ce4+ 

n an$bonding
MO*

(9-n) non-
bonding MO

n bonding 
MO

n 
ligand  

orbitals

9 
Metal

AO



Colors : 
d-d transi/on
Absorbed energy hn propor:onal to DO

If only one band in the visible region: 
color can be deduced from the chroma:c circle

Depends on DO:
• Nature of metal: 

Do ↗ - if oxida:on number ↗
- if size of d orbital ↗

• Nature of ligand:

• Coordina:on number and geometry

The spectrochemical series is deduced
from UV-visible spectra

36OPTICAL PROPERTIES

Précurseur
de catalyseur

Catalyseur

Complexe A

Complexe B

Complexe C

réactifs

produits

hν
ΔO

HousecroT p 559

20 300 cm-1

lmax = 493 nm

[Ti(OH2)6]3+

d1

pourpre

V. Bulach ch2 p 43

violet

400

580

620

450

520

750

yellow

blue red

green orange



Principle of catalysis: 
A catalyst:
• ↗ the rate of reac?on

by lowering the ac?va?on energy
• Does not appear in any of the 

products of that reac?on; 
• Is not consumed by the reac?on

is regenerated
Only a small amount is necessary.

hAps://en.wikipedia.org/wiki/Catalysis

Cataly?c cycle: 

Series of stoichiometric reac?ons
(oTen reversible) that form a closed loop

37

Précurseur
de catalyseur

Catalyseur

Complexe A

Complexe B

Complexe C

réactifs

produits

Ribeyre p572

20 300 cm
lmax

V. Bulach ch2 p 43

CATALYTIC PROPERTIES OF COMPLEXES
HousecroT p 786

Precursor
catalyst

Catalyst

A Complex

B Complex

C Complex

reagents

products

https://en.wikipedia.org/wiki/Catalysis


Cataly5c steps:

Ligand Coordina/on/ Ligand Dissocia/on (’ Coordina?on/décoordina?on ‘)

Ligands exchange (‘ Echange de ligands ’ )

Oxida/ve addi/on (‘ Addi?on oxydante ’ )

oxida:on number (metal) ↗ + 2,  Coordina:on Number ↗ + 2, number of electrons (ten) ↗ + 2

Reduc/ve elimina/on (‘ Elimina?on reductrice ’) (reverse of oxida:ve addi:on) 

oxida:on number (metal) ↘ - 2,  Coordina:on Number ↘ - 2, number of electrons (ten) ↘ - 2

HOMOGENEOUS CATALYSIS BY METAL COMPLEXES

MLp + X MLp-1X + L

MLp + A B LpM
A
B

LpM
A
B

MLp + A B

MLp + L' MLpL'



Cataly5c steps:

Inser/on need 2 ligands in cis (‘ inser:on ’ )

oxida:on number (metal) =,  Coordina:on Number ↘ - 1, number of electrons (ten) ↘ - 2

a- or b-Elimina/on (‘ Désinser:on (extrusion, élimina:on) ’ ) (reverse of inser:on)

oxida:on number (metal) =,  Coordina:on Number ↗ + 1, number of electrons (ten) ↗ + 2

Ex : Wacker process (alkene oxida:on)

39

HOMOGENEOUS CATALYSIS BY METAL COMPLEXES

LpM
X

A B LpM A B
X

insertion 1,2

LpM
X

A BLpM A B
X

degré d’oxyda:on (métal) =,  nombre (ligands) + 1, 
nombre d’e

LpM
X

A B LpM A B
X

insertion 1,1

agos2c M-H-C interac2on
is a 3-centre 2-e- interac2on
between a metal centre, M,
and a C-H bond in a ligand
aWached to M

HousecroT p 720

PdH2O
Cl OH

Pd
H

Cl
H2O

OH



Example : 

Mosanto process

40

Chimie tout en un 
PC 2ème année, p598
T. Ribeyre, Ed De Boeck

(1,1)
COCH3

Oxyda&ve addi&on

Inser&on 1,1Ligand 
coordina&on

Reduc&ve elimina&on

HOMOGENEOUS CATALYSIS BY METAL COMPLEXES

on = + I
ten = 16

on = + III
ten = 18

on = + III
ten = 18

on = + III
ten = 16



Special case of « special ligands »: H2, alkene
Both s-donor ligands with the 2 e- coming from a bonding orbital

AND p-acceptor ligands, s* or  p* MO par5ally occupied
weakens H-H or C=C bond

41

Type of interac(on/ligands
Inorganic chemistry
Miessler, Gary L
Upper Saddle
5th ed., internat. 

Chimie tout en un 
PC 2ème année, p568
T. Ribeyre, Ed De Boeck

Volatron, F. Chaquin, P., BUP 2018, 112, 1051
E

https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0


Réac5ons élémentaires : Coordina/on/décoordina/on
Echange de ligands

Addi/on oxydante

degré d’oxyda:on (métal) + 2,  nombre (ligands) + 2, nombre d’e- valence +2

Elimina/on réductrice (inverse de la précédente)

degré d’oxyda:on (métal) - 2,  nombre (ligands) - 2, nombre d’e- valence -2

Inser/on nécessite 2 ligands en cis

degré d’oxyda:on (métal) =,  nombre (ligands) - 1, nombre d’e- valence -2

Désinser/on (extrusion, élimina/on) (inverse de la précédente)

Ex : procédé Wacker (oxyda:on des alcènes)
42

CATALYSE PAR LES COMPLEXES 

MLp + X MLp-1X + L

MLp + A B LpM
A
B

LpM
A
B

MLp + A B

LpM
X

A B LpM A B
X

insertion 1,2

LpM
X

A BLpM A B
X degré d’oxyda:on (métal) =,  nombre (ligands) + 1, 

nombre d’e- valence +2

PdH2O
Cl OH

Pd
H

Cl
H2O

OH

MLp + L' MLpL'

LpM
X

A B LpM A B
X

insertion 1,1
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Type of interac(on/ligands

Interac5on s with s-donor ligands
Anions/molecules with a single lone pair of electrons on the donor atom
( ) Ex: NH3, H-, ethylenediamine…

axial overlap with M
The ligand donates electrons to M

The bonding orbital is
• occupied by 2 e- stability of the complex
• Is mainly developped on the ligand par5al ionic character

Interac5on p with p-donor ligands
Anions/molecules with > 1 lone pair of electrons on the donor atom
Ex: OH2, Cl-, OH-…
lateral overlap between the OM of this 2nd lone pair and an OM d of M

Inorganic chemistry
Miessler, Gary L
Upper Saddle
5th ed., internat. 

Every ligand is s-donor 

Jean, OM dans les complexes, Emond p 435

ns

Bonding orbital

An:-bonding

https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0
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Op(cal isomers delta/lamba Ambidendate
Op5cal isomers with bidentate ligands: Housecro* p552 and

Octahedron complexes containing bidentate ligands exit as enan5omers
dis5nguished using D (delta) and L (lambda) prefixes. 
Ex: [Co(NH3)6]3+

The octahedron is viewed down a three-fold axis, and the chelates then
define either a right- or leT-handed helix. The enan5omer with right-
handedness is labelled �, and that with leT-handedness is �. 

Coordina5on of a polydentate ligand to an ion leads to the forma5on of a 
chelate ring. Housecro* p242 (or 183)

Inorganic chemistry
Miessler, Gary L
Upper Saddle
5th ed., internat. 

Inorganic chemistry
Housecro(
Pearson Educa:on 
5th ed., internat. 
Cote Studium : 546 HOU

https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0
https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0
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Op(cal isomers delta/lamba Ambidendate
Coordina5on of a polydentate ligand to an ion leads to the forma5on of a 
chelate ring. Housecro* p242 (or 183)

Ambidentates ligands ( ‘ambidente’ ) 
Can bind by one or the other end
• SCN-: thiocyanate or k-S-thiocyanate 
• NCS-: isothiocyanate or k-N-thiocyanate
• OCN-: cyanate or k-O-cyanate
• NCO- : isocyanate or k-N-cyanate

-
nota5on kappa, hap5cité , bridging ligands

Coordina5on number (or ligancy): ( ‘coordinence’ ) of a central metal (ion) 
is the number of neighbours (atoms, molecules, ions) bound to it. 
Geometry
Electron coun5ng

Inorganic chemistry
Miessler, Gary L
Upper Saddle
5th ed., internat. 

Inorganic chemistry
Housecro(
Pearson Educa:on 
5th ed., internat. 
Cote Studium : 546 HOU

https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0
https://slsp-epfl.primo.exlibrisgroup.com/discovery/fulldisplay?docid=alma990097155060205516&context=L&vid=41SLSP_EPF:prod&lang=fr&search_scope=MyInst_and_CI&adaptor=Local%20Search%20Engine&tab=41SLSP_EPF_MyInst_and_CI&query=isbn%2Ccontains%2C9780136153832&sortby=date_d&facet=frbrgroupid%2Cinclude%2C9058570877494011692&offset=0


Différents types de ligands : 
Ligands s-donneurs : NH3, H-, éthylènediamine …

molécules possédant un seul doublet non liant (DNL) sur l’atome donneur ; 
ainsi, les électrons situés dans la Haute Occupée (DNL) peuvent faire une liaison s avec 
l’ion métallique (recouvrement selon un axe de révolu?on). 

Ligands P-donneurs : OH2, Cl-, OH- …
molécules possédant plus d’un doublet non liant (DNL) sur l’atome donneur ; 
Recouvrement latéral possible entre l’OM de ce 2ème DNL et une OM d du métal

Ligands P-accepteurs : pyridine, phénanthroline, CO, CN-, PPh3 …
molécules dont l’atome donneur est impliqué dans une liaison mul?ple ; 
alors il existe une OM p* vacante suscep?ble d’accueillir des électrons du métal, avec un 
recouvrement latéral. Cas par?culier PPh3 : recouvrement latéral entre une OM d du 
métal et une OM de type d basée sur le P

Recouvrement avec des « ligands par/culiers » : H2, alcène, 
les 2 e- apportés sont ceux d’1 liaison, qui est affaiblie.
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PROPRIETES DES COMPLEXES 

NH2H2N

Chimie tout en un 
PC 2ème année, p568
T. Ribeyre, Ed De Boeck



Ligand éthylène : 
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COMPLEXES p

Les OM dans les complexes, Yves Jean, p174

Interac?on s
Inchangé par rota?on

Interac?on p : Plan nodal (yz)
La rota?on autour de z 
diminue le recouvrement S

p
p*

Dona?on 
Ligand s-donneur

Ligand L 

Rétrodona?on
Ligand p-accepteur



Si E(np) < E(d): carbène de Schrock
• Pas de gpes mésomères donneurs sur carbène
• métaux à gauche
• Ligands p-donneurs

Transfert de 2e- du métal vers C
Métal oxydé, 
Carbène ligand X2 p-accepteur fort
Cd-, carbone nucléophile

Ligand carbène : 
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Ligand carbonyle Les OM dans les complexes, Yves Jean, p149

2 OM non liantes proches en énergie
à remplir par 2 électrons ns

Dona?on 
Ligand s-donneur

Ligand L 

Rétrodona?on
Ligand p-accepteur

H2C

np

Ligand X2 Ligand dianionique

Si E(np) > E(d): carbène de Fischer
• groupes mésomères donneurs sur carbène
• métaux à droite
• ligands p-accepteurs

2e- dans OM développée 
sur métal, non oxydé, 
Carbène ligand L p-accepteur faible
Cd+, carbone électrophile



Ligand carbène : 
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Ligands carbènes Les OM dans les complexes, Yves Jean, p226

2 OM non liantes proches en énergie
à remplir par 2 électrons ns

Dona?on 
Ligand s-donneur

Ligand L 

Rétrodona?on
Ligand p-accepteur

H2C

np

Ligand X2 Ligand dianionique

Si E(np) > E(d): carbène de Fischer
• groupes mésomères donneurs sur carbène
• métaux à droite
• ligands p-accepteurs

2e- dans OM développée 
sur métal, non oxydé, 
Carbène ligand L p-accepteur faible
Cd+, carbone électrophile

Si E(np) < E(d): carbène de Schrock
• Pas de gpes mésomères donneurs sur carbène
• métaux à gauche
• Ligands p-donneurs

Transfert de 2e- du métal vers C
Métal oxydé, 
Carbène ligand X2 p-accepteur fort
Cd-, carbone nucléophile



Chimie tout en un PC 2ème année, Tristan Ribeyre, Ed De Boeck

Les orbitales moléculaires dans les complexes, Yves Jean, Ed Polytechnique

Chimie inorganique, Schriver-Atkins, Ed De Boeck

Chimie inorganique, Housecro*, Ed De Boeck
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