
Coordination Chemistry 
Transition Metal Complexes 

Direct Application of Lewis AB and 
Hard/Soft AB “Theories” 



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. 



Overview of Transition Metal Complexes 
 
1.The coordinate covalent or dative bond applies 

 
2.Lewis bases are called LIGANDS—all serve as σ-donors 
 some are π-donors as well, and some are π-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 
 



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.  Metals may exhibit paramagnetism 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  
 



Classification of Ligands  
(ALL are Lewis Bases) 



Ligands, continued 



Oxidation States Available to Essential Bulk and Trace Metals 

Metal Available Oxidation States 
Na 1       
K 1       

Mg  2      
Ca  2      
V  2 (3) (4) (5)   
Cr  2 (3) (4) (5) (6)  
Mn  2 3 4 (5) (6) (7) 
Fe  2 3 4 (5)   
Co 1 2 3     
Ni 1 2 3     
Cu 1 2      
Zn  2      
Mo  2      

 
The parentheses indicate oxidation levels not normally found in biological molecules. 

 

1 



Common Coordination Geometries 

M M M 

square planar (sp)                                   tetragonal (tet)            tetrahedral (Td) 

M M 

octahedral (Oh)                  square pyramid (sp)             trigonal bipyramidal (tbp)  

M 



Preferred Coordination Numbers and Geometries for 
Selected Metal Ions  

Cation C.N. Geometry Biological Ligands 
Na+ 6 Octahedral O, ether, hydroxyl, carboxylate 
K+ 6-8 Flexible O, ether, hydroxyl, carboxylate 
Mg2+ 6 Octahedral O, hydroxyl, phosphate 
Ca2+ 6-8 Flexible O, carboxylate, carbonyl, (phosphate) 
Mn2+ (d5) 6 Octahedral O, carboxylate, phosphate     N, imidizole 
Mn3+ (d4) 6 Tetragonal O, carboxylate, phosphate, hydoxide 
Fe2+ (d6) 4 Tetrahedral S, thiolate 
 6 Octahedral O, carboxylate, alkoxide, oxide, phenolate 

N, imidazole, porphyrin 
Fe3+ (d5) 4 Tetrahedral S, thiolate 
 6 Octahedral O, carboxylate, alkoxide, oxide, phenolate 

N, imidazole, porphyrin 
Co2+ (d7) 4 Tetrahedral S, thiolate     N, imidazole 
 6 Octahedral O, carboxylate     N, imidazole 
Ni2+ (d8) 4 Square planar S, thiolate     N, imidazole,  polypyrrole (F-430) 
 6 Octahedral uncommon 
Cu1+ (d10) 4 Tetrahedral S, thiolate, thioether     N, imidazole 
Cu2+ (d9) 4 Tetrahedral S, thiolate, thioether     N, imidazole 
Cu2+ (d9) 4 Square planar O, carboxylate     N, imidazole 
 6 Tetragonal O, carboxylate     N, imidazole 
Zn2+ (d10) 4 Tetrahedral O, carboxylate, carbonyl     S, thiolate     N, 

imidazole 
 5 Square pyramidal O, carboxylate, carbonyl     N, imidazole  
 





Oxidation State Assignment of Metal 



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 
 



Hard/Soft Classification of Lewis Acids and Bases 

 Acids Bases 
Hard H+, Li+, Na+, K+, Mg2+, Ca2+, Mn2+ 

Al3+, Ln3+,  
Cr3+, Co3+, Fe3+, VO2+, MoO3+,  
SO3, CO2 

H2O, ROH, NH3, RNH2 
RCO2

-, Cl-, F- 
PO4

3-, HPO4
2-, H2PO4

-, SO4
2- 

 
Intermediate Fe2+, Co2+, Ni2+, Cu2+, Zn2+  

Pb2+, Sn2+, SO2, NO+, Ru2+ 
Imidazole, pyridine 

 
Soft Cu+, Ag+, Au+, Tl+, Hg+ 

Cd2+, Pd2+, Pt2+, Hg2+ 
RSH, R2S 
CN-, I- 
S2O3

2- 
 

Higher charge/smaller ionic radii:  harder 
Lower charge/larger ionic radii:  softer 



Linus Pauling’s Electroneutrality Principle 







Linkage isomers or Ambi-dentate ligands 



Structural isomers:  diastereomers 



Inorganic Chemistry Chapter 1: Figure 7.4 

© 2009 W.H. Freeman 





So, How do we measure stability? 
 
Formation Constant: 

 
 ∆G0 = -RTlnKeq 
 

 ∆G0 = ∆H0 - T∆S  
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