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Electronic configurations of metal ions:

[Ar]3d1   [Ar]3d2    [Ar]3d5      [Ar]3d5     [Ar]3d7 [Ar]3d8 [Ar]3d9



What we already know:

• The dative or coordinate covalent bond
• The valence bond approach to keeping track 
of electrons in Lewis acid/Lewis base adducts;

• The Hard/Soft, LA/LB, approach to binding 
preferences

• How to assemble molecular orbitals from 
linear combination of atomic orbitals

• We remember!!!.



What we want to know:

• Explanations/predictions of properties:
– Colors/spectroscopy
– Magnetism
– Compositions and Structures

• Isomers
• Symmetry point group designations

• Dependence of the above on ligands and on 
Metals

• We Can Do It!!!.



Alfred Werner:  Father of Coordination Chemistry.  

1866‐1919
Nobel Prize in Chemistry, 1913

Structure of Co(NH3)6Cl3 is NOT 
Co(NH3‐NH3‐NH3‐Cl)3 but rather is an octahedron with 6 
NH3 directly attached to Co(III) and 3 Cl‐ are dissociable 
counterions, consistent with electrical conductivity of 
solutions‐ a 1:3 electrolyte.  

If this analysis is correct then the 1:1 electrolyte
[Co(NH3)4Cl2]Cl should exist in two isomeric forms. 
It does; one is green and one is purple.

Transition metals have 2 valencies:  their coordination 
number and their charge balance requirement.  The 
octahedron is a common geometry in coordination 
chemistry.



1866‐1919
Nobel Prize in 
Chemistry, 1913

?





These are real and stable entities.  They have thermodynamic stability



Properties of Transition Metal Complexes 

1. Highly colored (absorb light in visible, transmit 
light which eye detects)

2.  Metals may exhibit multiple oxidation states

3.  May exhibit paramagnetism that is dependent on metal
oxidation state and on ligand field.

4.  Reactivity includes:
A) Ligand exchange processes:  

i)  Associative (SN2; expanded coordination no.)
ii) Dissociative  (SN1; slow step is ligand loss)

B) Redox Processes  
i)  inner sphere atom transfer;
ii)  outer sphere electron processes) 
iii)  Oxidative Addition and Reductive Elimination 



Prime examples: The magical porphyrin ligand: 
Hemoglobin, myoglobin and 
Other proteins that have “Heme iron”
When oxygenated, hemoglobin is red and diamagnetic.
When deoxygenated, blue and paramagnetic!
What’s going on here????

Myoglobin (muscles)Hemoglobin (blood)



Discovery of the magnetic behavior of hemoglobin: 
A beginning of bioinorganic chemistry

Kara L. Bren, Richard Eisenberg, and Harry B. Gray

PNAS 2015 Oct 27; 112(43): 13123–13127. 

Professor Kara Bren, U. Rochester:

Chemistry Department lecture:  Wednesday, April 11, 2019
Room 2104



The magical porphyrin ligand

Heme FeII

Met-hemoglobin FeIIIProtonated porphyrin ligand



Overview of Transition Metal Complexes

1.The coordinate covalent or dative bond applies in L:M

2. Lewis bases are called LIGANDS—all serve as ‐donors
some are ‐donors as well, and some are ‐acceptors

3.  Specific coordination number and geometries
depend on metal and number of d‐electrons

4.  HSAB theory useful

a) Hard bases stabilize high oxidation states

b) Soft bases stabilize low oxidation states



A TEP (Thermal Ellipsoid Plot) of

a single molecule of 
tungsten hexacarbonyl, W(CO)6

Thermal ellipsoids indicate extent of 
thermal motion.  The tighter, rounder the atom, the 
better the structure.  This one looks great.

An octahedron has 48 symmetry operations:  
E, 8 C3, 6C4, 6C2, I, 6S4, 8S6, 3σh, 6 σd

Low valent metal complexes
As well.  But use different 
Ligands.

18-electron “Rule”
Achieving closed shell of 
closest inert gas



W(CO)6 +    PMe3 W(CO)5PMe3

Ball and Stick structure of W(CO)5(PMe3)

NOTE: 

 PMe3 is placed along the unique (z) axis

 Symmetry operations/elements are lost as compared to W(CO)6.  What are they?  



Oxidation States in 3d Transition Metals



Oxidation states and electronic configuration give a clue as to 
which ligands will form the more stable complexes and also to
the coordination number (the number of ligands around the metal)
of the metal within the complex.



Here, z = charge on the complex unit.

octahedral
Square
pyramidal

Trigonal bi-
pyramidal

Tetrahedral

[MLnXm]z



What geometries are prominent?

Octahedral

Trigonal Bipyramidal

Square planar

Tetrahedral

Trigonal planar

Linear



Classification of Ligands, I: type of donor 
orbitals involved:  σ; σ + π; σ + π*; π+ π* 



Ligands, Classification I, continued



Classification of Ligands: II  
The L, X, Z approach

Malcolm Green :  The CBC Method for Covalent Bond Classification used 
extensively in organometallic chemistry.

L ligands are derived from charge-neutral precursors:  NH3, amines, 
N-heterocycles such as pyridine, PR3, CO, alkenes etc.

X ligands are derived from anionic precursors:  halides, hydroxide, alkoxide
alkyls—species that are one-electron neutral ligands, but two electron
donors as anionic ligands.  EDTA4- is classified as an L2X4 ligand, 
features four anions and two neutral donor sites. C5H5 is classified an 
L2X ligand.

Z ligands are RARE.  They accept two electrons from the metal center.  
They donate none. The “ligand” is a Lewis Acid that accepts electrons
rather than the Lewis Bases of the X and L ligands that donate electrons. 



H2 IrIII

Electron count:  16 e 18e

Ir(I) d8 = 8 e                      Ir(III) d6 = 6 e

L ligands:  2 x (2) + 2  = 6 3 L ligands:  3 x 2 = 6
X- ligand:  2 3 X- ligands:  3 x 2 = 6

_

Oxidative addition of H2 to chloro carbonyl bis triphenylphosphine Iridium(I) yields
Chloro-dihydrido-carbonyl bis-triphenylphosphine Iridium(III).  Note the neutral pre-
Cursor, H2, becomes two X- ligands once added to Ir.

An ML3X complex An ML3X3 complex

An organometallic complex:  The compound must contain an M-C bond



Classification of Ligands: III
A description of properties  

 Strong Field/Weak Field Ligands
 Chelating Ligands and Denticity

 Polydentate:  bi-, tri-, tetra, penta-
 Hexadentate, etc. 

 Bridging Ligands
 4-electron bridge; 3 center, 4 electrons
 2-electron bridge; 3-center, 2 electrons

 Ambidentate Ligands
 Bulky Ligands
 Chiral Ligands
 Hemi-labile Ligands
 Non-innocent Ligands
 Spectator Ligands   



Chelating	Ligands/Polydentate	Ligands‐‐examples

4,4’-bipyridine

4,4’-bipyridine



The Salen ligand and its preparation from salicylaldehyde and ethylene diamine:

An L2X2 tetradentate 
ligand



Chelating	Ligands/Polydentate	Ligands

Ethylenediaminetetraacetate:		
An	L2X4,	hexadentate	ligand,	an	exceptional	
chelating	agent	with	many	uses.	In	medicine,	
for	lead	and	mercury	poisoning;	also	for	
thalassaemia	(iron	overload).

Ethylenediamine:		
An	L2 bidentate	ligand



So, how do we mix these ligands and metals 
with their various oxidation states to get 
stable molecules?

1. Hard/Soft Acid Base Approach to stability

2. Knowledge of preferred coordination
numbers and geometries





Linus Pauling



Naming Coordination Complexes



Inorganic Chemistry Chapter 1: Table 7.1

© 2009 W.H. Freeman



Inorganic Chemistry Chapter 1: Table 7.1a

© 2009 W.H. Freeman



Inorganic Chemistry Chapter 1: Table 7.2

© 2009 W.H. Freeman



Naming transition metal complexes:
1) Cations first, anions second.
2) Within the coordination complex: 

anion ligands first, neutral ligands second, metals last
give oxidation state of metal in parentheses
if anionic complex, add “ate” to metal name
if cationic complex, the metal, followed by ox. state, then the ligands 

and then counter anions.  No need to give number of counter anions







Structural isomers:  diastereomers



Inorganic Chemistry Chapter 1: Figure 7.7

© 2009 W.H. Freeman





Isomers because of the Ligand:

Linkage isomers or Ambi‐dentate ligands

Isomers because of the Ligand:

Chirality within the ligand



So, How do we measure stability?

Formation Constant:

G0 = -RTlnKeq

G0 = H0 - TS



K  = 10+xx









The Chelate Effect



The Chelate Effect



Now, How about those colors and the magnetism?

Where are the electrons?  Show me the electrons!!

Color:  Electronic transitions due to energy levels whose
gaps are in the visible range of the electromagnetic
spectrum. 

Magnetism:  partially filled orbitals, unpaired electrons.
high spin:  maximum no. of d electrons
unpaired
low spin:  electrons paired up in d orbitals.    WHY??

Bonding models:  Valence bond (coordinate covalent bond needs empty
orbitals on metal)
Molecular Orbital Theory  (all orbitals defined)
Crystal Field Theory  (originally from ionic crystals; 
influence of ligand lone pair repulsion on d-orbitals)





To explain magnetism and colors, need electronic 
configuration of the Transition Metal Complex 

prime example

NH3



prime example

F-



prime example

CO





Chem Wiki UC Davis
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d-orbital splitting diagrams for various geometries

dxy dyz dxz

dz
2 dx

2 - y
2

Tetrahedral




