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Inorganic Chemistry 

Reactions of Octahedral Complexes 

Lability and Inertness 

Stability of a reactant depends upon the    of the reaction: the more negative it is, the less stable is 

the reactant. The lability of the reactant depends upon the energy peak of the transition state: the 

lower it is, the faster the reaction proceeds, and so the more labile is the reactant said to be. 

 

Metal complexes in solution have two concentric coordination spheres: inner and outer. The rate 

constant k measures the rate of exchange between these spheres. 
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The rate of exchange differs dramatically between different metal species: 

 

Some contributing factors to these trends include: 

 Larger ions have less charge to surface area, and hence less tightly hold onto their waters. 

Mostly relevant for groups 1 and 2 (e.g. compare Li to Cs) 

 Increased coordination number generally leads to higher rate constant 

 Crystal field effects (including Jahn-Teller distortions) are important for transition metals 

Mechanisms of Ligand Substitution 

There are two idealised limiting case mechanisms for ligand substitution: 

 

There is also an compromise, interchange mechanism, which most reactions in practise follow: 

 

Note the color-coded difference between intermediates and transition states. 
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Reactions with A, D and I mechanisms may all have either an associative (a) or dissociative (d) rate 

determining step. The RDS will be associate if the rate depends strongly on nature of the entering 

group Y, while it will be dissociative if the rate is largely independent of nature of Y. 

 

Most octahedral complexes follow an interchange dissociative    ligand substitution mechanism. 

Eigen-Wilkins Mechanism 

For most ligand substitutions, evidence supports Id mechanism, however it has also been discovered 

that [Y] can be important when the concentration is low. That is, reaction rate depends on [Y] when 

the value of [Y] is low, but not otherwise. The Eigen-Wilkins mechanism was developed to explain 

this puzzling result. 

This mechanism involves the formation of a pre-equilibrium encounter complex - essentially, the 

ligand associates in the secondary coordination sphere. This is then followed by loss of the leaving 

group in the rate-determining step. 
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Other Rate Effects 

 Charge on Metal: higher charge (higher oxidation state) means greater attractive force for 

the ligands, and hence slower reactions (less labile) 

 Leaving Group: Bidentate ligands are substituted more slowly than monodentate ligands 

(chelate effect). Also, stronger M-L bonds (to the right) have slower reaction rates 

 

 Spectator Ligands: Strong donor ligands increase reaction rate by stabilising transition state 
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 Steric Effects: Steric crowding favours dissociative activation because formation of the 

transition state can relieve strain. Thus associative reactions more common with larger 4d 

and 5d metals 

 Crystal Field Effects: Whether associative or dissociative reactions occur will determine the 

geometry of the transition state: square pyramidal (5-coord) or pentagonal bipyramidal (7-

coord). These differentially stabilise according to crystal field effects, so reducing in the CFSE 

strength increases activation energy, lowering the reaction rate (left is slower) 
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Stereochemistry 

Dissociative reactions can proceed through either a square pyramidal (top) or a trigonal bipyramidal 

(bottom) transition state. Which geometry prevails will determine possible isomerisation behaviour. 

Long-lived 5-coord intermediates can also undergo a Berry pseudo-rotation leading to isomerisation. 

  

Racemisation can occur through partial dissociation followed by rearrangement: 

 

Or by twisting processes which do not involving breaking any bonds: 
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Electron Transfer Processes 

Inner Sphere Mechanism 

This reaction occurs whenever suitable ligands are present to act as bridging ligands. 

 

Any of the three steps can be rate-limiting, and the bridging ligand can enter or depart with either 

the oxidising or reducing agent. The bridging ligand must contain a basic, accessible lone pair of 

electrons. Since water lacks either of these, it is a poor bridging ligand. 
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Organic bridges can be particularly effective, especially if they are conjugated. Longer molecules, 

however, result in slower reactions. 

 

Taube Experiment 

 

Creutz-Taube Ion 

This ion is a ruthenium complex which is useful for studying inner sphere mechanism reactions. 

 

When the complex is oxidised to 5+, it enters what is called a mixed-valence state. However, 

spectroscopically each Ru is identical. 
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Mixed valence compounds contain an element which is present in more than one oxidation state. 

They come in three types: 

1. Class I, where the valences are "trapped," or localized on a single site. There are distinct sites 

with different specific valences in the complex that cannot easily interconvert 

2. Class II, which are intermediate in character. There is some localization of distinct valences, 

but there is a low activation energy for their interconversion 

3. Class III, wherein mixed valence is not distinguishable by spectroscopic methods as the 

valence is completely delocalized; the Creutz-Taube Ion is an example 

Outer Sphere Mechanism 

Occurs when both reactants are inert to substitution or no available bridging ligands, and thus the 

electron must tunnel between the metal centres. 

 

The reaction can be understood by considering self-exchange reactions: 

 

To understand why these rate constants differ, and more generally to predict rate constants for 

these sorts of reactions, we need to consider the Frank-Condon approximation. 

Electronic transitions are essentially instantaneous compared with the time scale of nuclear motions, 

therefore if the molecule is to move to a new vibrational level during the electronic transition, this 

new vibrational level must be instantaneously compatible with the nuclear positions and momenta 

of the vibrational level of the molecule in the originating electronic state. In other words, the 
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wavefunctions of the two states must overlap as much as possible, in order for the probability of the 

transfer to be as high as possible. This means that for electron transfer to occur, vibrationally excited 

states of equal bond lengths must be formed (otherwise overlap is poor).  

  

As such, the more the bond lengths must change, the greater will be the activation energy, and 

hence the slower will be the rate of electron transfer. 

 

The degree of wavefunction overlap depends upon the    of the reaction. Usually the more 

negative is   , the lower is the energy barrier to achieving maximum orbital overlap (see below), 

and hence the more rapid will the reaction be. However, if    becomes negative enough, the 

overlap can start to become worse, thereby raising the activation energy and so slowing the 

reaction. 
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Marcus-Hush Theory 

Marcus-Hush theory is a quantitative theory for explaining the rate of outer sphere electron transfer 

reactions.  
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This leads to a predicted reaction rate of            , which can then be compared with 

experiment to test for this outer sphere mechanism. 

 

Mechanisms Compared 

Mechanisms for the reduction of azidopentaamminecobalt(III) by V(2+). 

Inner-sphere: 
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Organometallic Reactions 

Molecular Orbital Diagrams 

The sigma interactions are basically the same for all ML complexes; the behaviour of the pi orbitals is 

what varies. 

 

Note that the 18 electron rule is applicable to octahedral orgamometallic complexes. 

Activation of Ligands 

Molecules are activated upon bonding to M, as their internal bonding is weakened so they become 

more reactive. For example, if we consider the case of H2 binding 'side on' to  a metal (see below), 

we find that both pi and sigma bonding interactions cause a reduction in H-H bonding strength, 

either by moving bonding electrons away from the H-H gap (sigma), or by moving anti-bonding 

electrons into the gap (pi). 
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The same basic idea applies to other ligands like CO and CN-, namely that internal bonding is 

weakened by bonding to the metal. 

Another example of this effect occurs with ethene binding to Pt, where the C atoms are out of plane 

with the H atoms, and the C=C bond is also longer. 
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The molecular orbital result is very similar as for H2: 

 

Reactions of Activated Ligands 

1. Substitution 

 
 

2. Oxidative addition 
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3. Reductive elimination 

 
 

4. Alkyl migration 
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5. Hydrogen migration (essentially a variation of alkyl migration) 

 
 

6. Beta-hydrogen elimination 
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7. Sigma-bond metathesis 

 
 

8. Alpha-hydrogen abstraction 
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Carbenes 

A compound with a metal-carbon double bond. There are three main types of relevance: 

 Fischer carbenes: the carbene is bonded to a metal that bears an electron-withdrawing 

group (usually a carbonyl) 

 
 Schrock carbenes: the carbene is bonded to a metal that bears an electron-donating group, 

these are highly reactive 

 

 N-heterocyclic carbenes: more stable than the above, stabilised by pi donation from N 

 

Catalytic Cycles 

Properties of Metal Catalysts 

 Catalysts increase the rate of a reaction, but are not consumed 

 Homogeneous catalysts: catalysts in same phase as reactants (generally in solution) 

 Heterogeneous catalysts: catalyst in different phase (often solid catalyst and gaseous 

reactants & products) 

 Catalyst provides alternative (possibly more complicated) reaction pathway with smaller G‡ 

 Catalysts must be coordinatively unsaturated (less than six ligands) 

 Catalysts must also be electronically unsaturated (less than 18 electrons) 

Key Steps in Catalytic Cycles 

1. Assemble products systematically from reactants  

2. Determine whether the catalyst is electron unsaturated (< 18e)? If not, 1st step must be 

dissociation of a neutral ligand, or attack on ligand by external reagent 

3. Determine whether the catalyst already has some reactants bound as ligands? If so, bind 

other reactants in turn 

4. Whenever catalyst is electronically saturated, next step is either dissociation of a neutral 

ligand or migratory insertion (as part of assembly of product) 
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Wilkinson's Hydrogenation of Alkenes 

This reaction involves adding H2 across a double bond: 

 

Reaction catalysed by: 

 

 

Notes on electron counting: 

 All electrons in the period are counted, not just the d-block electrons 

 Halids, lone hydrides, and R-groups (including phenyl and methyl groups) with an odd 

number of hydrogens are classes as negatively charged ligands 

 Use conjonger information to determine which group an unknown metal is in 
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Hydroformylation 

Converts an alkene to an aldehyde by addition of hydrogen and carbon monoxide: 

 

Proceeds by activation by the catalyst: 

 

Key reaction steps are diagrammed below: 
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Alternatively a newer, Rh catalyst can also be used, as shown in the diagram below: 

 

Biphasic Catalysis 

This technique addresses two problems of industrial catalysis: 

 Elimination of by-products 

 Separation of catalyst from products 

This is possible by conducting the reaction in two distinct phases, usually one of: 

 Organic and aqueous phases 

 'Fluorous' solvents such as      , which are immiscible with normal solvents at room temp 

but miscible at higher temperatures. The reaction is designed so that the reactants and 

products are soluble in the normal solvent, and the catalyst is soluble in the fluorous solvent 
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Heck Reaction 

In this reaction involves the addition of a halide to an alkene, as per the reaction formula: 

 

The catalyst is palladium, as shown below: 

 

Asymmetric Catalysis 

On occasion it is important to produce chiral, enantiomerically pure (or enriched) products. This is 

usually accomplished by use of chiral ligands. 

A prochiral carbocation is easy to recognize because the cationic carbon has three different groups 

attached to it. The fourth group added, would result in four different groups attached to that 

carbon, making it a chiral center. In order to recognize a prochiral alkene, you can picture what the 

alkene would look like after the reaction has taken place: will there be four different groups? 

The degree of chiral purity is measured by the enantiomeric excess: 



25 
 

 

 

Asymmetric Hydrogenation 

BINAP is a ligand useful with Ru catalysts in chiral hydrogenation reactions. The structure of this 

ligand is shown below: 
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Types of hydrogenation reactions include: 

 Alkenes -> alkanes 

 Ketones -> alcohols 

 Beta-keto esters -> beta-hydroxy esters 

The catalytic mechanism for the latter of these reactions is shown below: 

 

Sharpless Asymmetric Epoxidation 

Epoxidation is a reaction with forms an epoxide ring. 
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The origin of the stereoselectivity lies essentially in steric hindrance: 

 

Heterogeneous Catalysis 

Most industrial processes are of this type, involving reactions of gases on solid surfaces. Reactants 

are adsorbed onto the catalyst surface weakening internal bonds, and the reaction occurs on the 

surface, then the products are desorbed. 

Alkene Polymerisation 

A Ziegler–Natta catalyst, named after Karl Ziegler and Giulio Natta, is a catalyst used in the synthesis 

of polymers of 1-alkenes. 

 

The heterogeneous version of this reaction uses the following catalysts: 
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The most plausible proposed mechanism is known as the Cossee-Arlman Mechanism: 

 

Polymerisation with Metallocenes 

This is another mechanism for performing polymerisation of alkenes. It begins with the formation of 

a vacant ligand site in the catalyst: 

 

Each step of the reaction then proceeds as follows: 

 

Chain termination occurs with either a beta-hydrogen transfer or a beta-hydride elimination. 

Alkene Metathesis 

Double C=C bonds are usually unreactive, however certain transition metals catalyse reactions which 

involve the apparent interchange of CR2 fragments and produce a 'swapping over' called metathesis. 
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There are a fairly wide range of such reactions, including: 

 

Mechanism for ring-closing metathesis: 

 

Ring opening only occurs if it will relieve ring strain, while ring closure only occurs if the resulting ring 

will not be too highly strained. The proposed Chauvin mechanism is given below: 
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Comparison of Metathesis Catalysts 

There have been a number of distinct 'generations' of catalysts used for metathesis reactions: 

 Early catalysts were poorly defined mixed systems of late metal salts. Highly reactive but a 

low tolerance for functional groups 

 

 Shrock catalysts are schrock carbenes which are coordinatively and electronically 

unsaturated, with electron withdrawing alkoxides to promote reactivity and bulky ligands to 

prevent bimolecular decomposition 
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 1st Generation Grubbs Catalyst is similar but much easier to synthesise 

 
 

 2nd Generation Grubbs Catalyst are an improvement which enhances activity by sigma 

donation from the N heterocylic carbene 

 

Comparing the strengths and weaknesses of the Schrock and Grubbs catalysts. 

 
 

These catalysts can also be used for synthesising catenanes.  
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Inorganic Biological Chemistry 

Key Standard Potentials 

                  

                     

                      

Iron on Primitive Earth 

Before the evolution of photosynthesis, life on the early Earth existed in a reducing atmosphere with 

no free   , and most metals existing in free form. When temperatures lowered, the oceans formed, 

and    became the strongest oxidant available. Examining the electrochemical series we can 

determine what oxidation state the metals would have existed in. 

                         

                               

Run the second equation in reverse, as its    is more negative: 

              

                     

                                  

                          

                            

Note that this same calculation can also be performed on individual couples (just ignore the 

electrons). The positive sign indicating that the reaction does indeed run left to right as presented. 

We can now calculate the equilibrium constant using the nernst equation: 

     
  

  
    

   
  

  
    

     
        

 
     

       

        
      

    
       
       

If     (at equilibrium) then: 

    
   

       

   
      
       

     

This value indicates that the reaction occurs and so          was available in primitive oceans. 

Using these sorts of calculations we can conclude: 

 Iron was available in the form          

 Zn was available in the form          

 Cu was unavailable but present as a native metal 
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The Earth with Oxygen 

Using the same calculations as before, this time with the        couple, we find: 

 Iron was now available in the form          

 Zn was still available in the form          (which is not redox reactive so no change) 

 Cu was now available as          

However there is another limitation, as the solubility of a metal ion depends on the pH of the 

solution. In particular, ferric iron may be redox stable, but will it be available in solution? To 

determine this we use the solubility product: 

    
           

            
             

The     value is a constant, so as pH varies       will also vary. For ferric iron at pH=2 we have: 

                     

                           

                          

Thus iron is available (soluble) under acidic conditions. But natural fresh waters aren't acidic; they 

have a pH of 5-6, only slightly acidic due to CO2 in the atmosphere. At the surface of a freshwater 

lake with a pH of 5.5 we find that the concentration of      is quite low (it precipitates out as rust), 

meaning that iron availability is low for surface dwelling organisms like humans. 

If we consider instead the anaerobic deep waters of a freshwater lake (pH=5.5), where          is 

the predominant species (as demonstrated above), we have: 

                                          

              

                     

           
         

         
 

                       

Thus we see that Fe2+ is highly available in natural freshwater anerobic conditions, which it turns 

out is the only way iron is able to enter the food chain - i.e. in deep waters via the metabolism of 

anerobic bacteria. 

Availability Comparison Table 

                     
Freshwater surface 
(pH=5.5) 

Not stable Insoluable Available Available 

Freshwater depths 
anoxic (pH=5.5) 

Available Not stable Available Available 

Ocean surface 
(pH=8.2) 

Not stable Insoluable Available Available 

Ocean depths anoxic 
(pH=8.2) 

Available Not stable Available Available 
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A special case is mercury, which is only available because of the oxidation of sulphur as an energy 

source by anaerobic bacteria in the reaction: 

                         

Siderophore Ligands 

Because iron is generally unavailable in natural oxygenated waters, aerobic organisms have evolved 

polydentate ligands to scavenge for iron called siderophores. 

Enterobactin is one such molecule. It has a coordination number of six (each OH group), and adopts 

trigonal prismatic geometry as a result of steric demands. Very high K value owing to entropy effects 

(all bonds must break at once to dissociate). 

 
Enterobactin can even extract iron from rust: 

                                  

                                     

                             
                 

 

Another similar ligand found in different bacteria is desferrichrome. 
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Transferrin 

Transferrin is a iron-binding glycoprotein that controls the level of free iron in the blood. The 

molecule is comprised of two subunits, each of which carries a single iron atom. 

 

Iron is supplied to transferrin by the soluable complex                    
 , which involves the 

bidentate ligand hydrogren phosphate. 

 

Transferrin binds iron in the six coordinate complex                         , and includes one 

carbonato ligand and four amino acid sidechain ligands. 
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The primary role of this protein is to transport iron to the liver, spleen, and bone marrow for use in 

making red blood cells, and for storage. In the liver iron is stored in the storage protein ferritin. 

 

 

The Heme Group 

Porphyrins are a group of heterocyclic macrocycle organic compounds, composed of four modified 

pyrrole subunits interconnected at their α carbon atoms via methine bridges. Heme is a cofactor 

consisting of an Fe2+ ion contained in the centre of a porphyrin ring. The porphyrin ligand is found 

both in free and complexed forms. 
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The amino acid sidechains and bulky propionate groups (right) leave only a small pocket through 

which small molecules alone are able to pass (mostly oxygen and water).  

The heme group is held within the myoblogin protein, with a His sidechain coordinated to one face 

of the iron, and an    molecule to the other side. This oxygen binding is reversible, and depends 

upon factors discussed subsequently. 
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Hemoglobin 

Hemoglobin is the actual protein found in the blood plasma. It is comprised of four separate protein 

chains, each of which is a slightly modified myoglobin, so the whole protein complex carries four 

oxygen molecules in total. 

 

The pocket in the protein structure ensures that only small molecules can fit in the active site, and 

other small molecules like CO, CN- and NO act as poisons. However, the site does have a special 

mechanism to prevent binding by CO. The shape of the pocket is designed so as to not allow 

formation of the  required Fe-CO bond angle of 180 degrees. 

  

 

The Spin State Switch 

When a dioxygen molecule coordinates with the iron atom in hemoglobin, this induces a process 

called spin state crossover, whereby the iron shifts from being in a high spin state (left) to a low spin 

state (right). This removes electrons from the upper two    orbitals, thus reducing the size of the 

iron atom. This in turn allows the iron to fit more tightly in the gap of the porphorin ring. 
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The sub-units respond by changing shape (through exertion of steric pressure on the protein 

backbone), thus increasing the binding affinity for further    molecules. In this manner the 

association or dissociation of a single    molecule facilitates the association or dissociation of the 

other three. 

Five Types of Iron Proteins 

 

Carbonic Anhydrase 

Carbonic anhydrase is an enzyme that catalyzes the rapid interconversion of carbon dioxide and 

water to bicarbonate and protons (or vice versa), a reversible reaction which needs a catalyst to 

occur on any appreciable timescale. A zinc atom is at the active site of the catalyst. 

 

The coordination site consists of three His chains and one water bound to the Zn in the complex 
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The enzyme catalyses the same reaction in both directions, involving coordination with CO2 and a 

water atom, as shown in the mechanism below: 

 

Copper Toxicity 

The          couple has evolved to catalyse one-electron redox reactions in enzymes. However the 

ionic forms are very toxic when free in cells, and so are always strongly bound to transport proteins. 

The reason for this toxicity are the following reactions: 
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Both superoxide ions and hydroxyl radicals are very reactive, indiscriminately oxidising biomolecules. 

Disruption of copper metabolism may actually be a contributing factor for Alzheimer's disease. 

 

Photosystem II 

Photosystem II is the first protein complex in the light-dependent reactions of photosynthesis. It is 

located in the thylakoid membrane of plants, algae, and cyanobacteria. The primary photoactive site 

of the photosystem II complex is the P680 dimer, which consists of a special pair of chlorophyl a 

molecules. 

Chlorophyll is ionised by solar radiation, the freed electrons moving down through the 'molecular 

wire' embedded in the membrane, called the electron transfer chain. These electrons are ultimately 

used to reduce CO2. 

 

These electrons are ultimately returned by water, which chlorophyll a is able to oxidise. 
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This oxidation of water is performed by a separate catalyst called the water oxidation catalyst (OEC). 

The Oxygen-Evolving Centre 

 

This complex consists of a         cluster with associated aqua ligands and protein sidechains. 
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The cluster oxidises water by one electron at a time, and forms a dioxygen molecule from two 

waters. It does this in cycles of four flashes of light (as determined experimentally): 

 

The complex does not produce lone electrons, but hydrogen radicals: 

 

A possible catalytic cycle is shown below: 
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Electron Transfer 

Electron transfrom from OEC to chlorophyll is mediated by an amino acid sidechain connecting the 

two: tyrosine Z.  

 


