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Chapter 12 Coordination Chemistry IV: 
Reaction and Mechanisms

Share some characteristics with reactions of other 
molecules.

Have some additional features because the 
molecules have more complex (geometries, 
rearrangement, metal atom etc.)

Substitution
Oxidation-Reduction
Reactions of Coordinated Ligand



History and Principles

The unification of reaction theory is still  a goal of 
chemists.

The ability to predict products and choose 
appropriate reaction condition to obtain 
the desired products is still a matter of art 
as well as science.

Understand the electronic structure of the compounds 
and their interactions.



History and Principles

the pass between the reactants and products is 
always the lowest energy pathway and must be the 
same regardless of the direction of the reaction – the 
principle of microscopic reversibility.

Transition state Intermediatevs



A number of parameters can be obtained from kinetic 
experiments.

Order, rate constant – the power of the reactant 
concentration, the speed of reaction.

T – free energy, enthalpy and entropy of activation.
P – volume of activation

History and Principles



12-2 Substitution Reactions;
Inert and Labile compounds

Substitution or replacement

Compounds such 
as these that react 
rapidly are called 
labile.

Inert or robust



12-2 Substitution Reactions;
Inert and Labile compounds

labile, inert vs stable, unstable

Stable but labile

kinetic terms thermodynamic terms

Unstable but inert Inert compounds are easy to study
Labile compound → How?

General rules Relationship with LFSA



12-2 Substitution Reactions;
Mechanisms of Substitution



The kinetic raw  and other experimental evidence to 
find out the mechanism of a reaction.

Dissociation

The steady-state hypothesis: 
1. A very small concentration of a intermediate
2. The rates of the formation and reaction of the 
intermediate must be equal.

12-3 Kinetic Consequences of Reaction Pathways
; Dissociation (D)



12-3 Kinetic Consequences of Reaction Pathways
; Dissociation (D)

Solving for [ML5]

The rate raw for the formation of the product



Interchange

A rapid equilibrium between the incoming ligand and 
the 6-coordinate reactant forms an ion pair or loosely 
bonded molecular combination.

When k2 << k-1

The steady-state hypothesis

12-3 Kinetic Consequences of Reaction Pathways
; Interchange (I)



If [Y] is large enough compared with [ML5X]→
Unstable transition species may be large 
enough to significantly change the 
concentration of the ML5X, but not that of Y. 

and

12-3 Kinetic Consequences of Reaction Pathways
; Interchange (I)



12-3 Kinetic Consequences of Reaction Pathways
; Interchange (I)

At low [Y] At high [Y]

Rate = (k/k’)[M]0
First order

Rate = k[M]0[Y]0 or 
k[M]0[Y]0/[X]

Second order



12-3 Kinetic Consequences of Reaction Pathways
; Association (A)

Association

The steady-state hypothesis

Second order
As with the dissociative mechanism, there are very 
few clear examples of associative mechanism in 
which the intermediate is detectable.
Most reaction fit better between the two extremes.



12-4 Experimental evidence in Octahedral substitution
; Dissociation

Ligand field activation energy (LFAE)

From six coordination (octahedral)
To five coordination (square pyramidal or trigonal-bipyramidal)

The change in LFSE between these two.

LFAE calculated for 
trigonal-bipyramidal 
transition states are 
generally the same or 
larger than those for 
square-pyramidal.

Provide estimates of 
the energy necessary 
to form the transition 
state.



Thermodynamic favorable (∆H) vs reaction rate (EA)

Enthalpy, entropy, activation energy

12-4 Experimental evidence in Octahedral substitution
; Dissociation



Stabilization energy for water exchange

The results are similar to those of the 
thermodynamic case of enthalpy of 
hydration

12-4 Experimental evidence in Octahedral substitution
; Dissociation



Other metal ion facts that affect 
reaction rates

1. Oxidation state of the central ion
Higher oxidation states have ??? 

ligand exchange rates

2. Ionic radius
Smaller ions have ??? ligand 

exchange rates

Higher electronic attraction

12-4 Experimental evidence in Octahedral substitution
; Dissociation



The evidence for dissociative 
mechanism

1. The rate of reaction changes only slightly with changes in 
the incoming ligand. (rate constant of less than a factor of 
10)

2. Decreasing negative charge or increasing positive charge 
on the reactant compound decreases the rate of 
substitution.

3. Steric crowding on the reactant complex increases the rate
of ligand dissociation.

4. The rate of reaction correlates with the metal-ligand bond 
strength of the leaving group, in a linear free energy 
relationship (LFER).

5. Activation energies and entropies are consistent with 
dissociation. (volume of activation ∆Vact; positive or 
negative?)

12-4 Experimental evidence in Octahedral substitution
; Dissociation



12-4 Experimental evidence in Octahedral substitution
; Linear Free Energy Relationship (LFER)

Many kinetic effects can be related to 
thermodynamic effects by a LFER

The bond strength of a metal-ligand bond (a thermodynamic 
function vs the dissociation rate of that ligand (a kinetic function).
the equilibrium constant (thermodynamic) vs the rate constant:
has to be linear relationship

Ea vs ∆H°
In molecular bonding term, a stronger bond between the metal 
and the leaving group results in a larger activation energy.



Many kinetic effects can be related to 
thermodynamic effects by a LFER

The bond strength of a metal-ligand bond (a thermodynamic 
function vs the dissociation rate of that ligand (a kinetic function).
the equilibrium constant (thermodynamic) vs the rate constant:
has to be linear relationship

Ea vs ∆H°
In molecular bonding term, a stronger bond between the metal 
and the leaving group results in a larger activation energy.

12-4 Experimental evidence in Octahedral substitution
; Linear Free Energy Relationship (LFER)



Many kinetic effects can be related to 
thermodynamic effects by a LFER

The bond strength of a metal-ligand bond (a thermodynamic 
function vs the dissociation rate of that ligand (a kinetic function).
the equilibrium constant (thermodynamic) vs the rate constant:
has to be linear relationship

Ea vs ∆H°
In molecular bonding term, a stronger bond between the metal 
and the leaving group results in a larger activation energy.

12-4 Experimental evidence in Octahedral substitution
; Linear Free Energy Relationship (LFER)



For the first-order region 
(large [Y]);

The rate constant are all 
relatively close to that for 

water exchange →
dissociative mechanism

For the second-order 
region

12-4 Experimental evidence in Octahedral substitution
; Linear Free Energy Relationship (LFER)



12-4 Experimental evidence in Octahedral substitution
; Associative Mechanism

Much less common

IdIa



Much less common

IdIa

Ia
IdWhy?

12-4 Experimental evidence in Octahedral substitution
; Associative Mechanism



12-4 Experimental evidence in Octahedral substitution
; The Conjugate Base Mechanism

The ligand trans to the amido or hydroxo group is frequently 
the one lost

Additional evidence
1. Base catalyzed exchange of hydrogen from the amine groups 

takes place under the same conditions.
2. The isotope ratio (18O/16O) in the product in 18O-enriched water is 

the same as that in the water regardless of the leaving group. (no 
associative)

3. RNH2 compounds react fast than NH3. (help to form 5-coordinate)
4. A plot of InkOH versus InKOH is linear.
5. When substituted amines used (no protons), the reaction is very 

slow or nonexistent.



The reaction in (a) is 104 times faster than that in (b)

12-4 Experimental evidence in Octahedral substitution
; The Conjugate Base Mechanism



12-4 Experimental evidence in Octahedral substitution
; The Kinetic Chelate Effect

The increased energy 
needed to remove the 
first bound atom and 
the probability of a 
reversal of this first 

step
The ligand must bend 
and rotate to move the 
free amine group away 

from the metal.

The concentration of 
the intermediate is low

and the first 
dissociation can 
readily reverse

This kinetic chelate effect reduces the 
rates of aquation reactions by factors 

from 20 to 105.



12-5 Stereochemistry of Reactions

A common assumption is that reactions with dissociative 
mechanisms are more likely to result in random 
isomerization or racemization and associative 

mechanisms are more likely to result in single-product 
reactions; however, the evidence is much less clear-cut.

The higher concentration of ion pairs [Co(en)2Cl2]+·OH-



12-5 Stereochemistry of Reactions

Temperature dependence
In the substitution of ammonia for both chlorides in 

[Co(en)2Cl2]+

At low T: there is inversion of configuration
At high T: there is retention

Small fraction of trans
No complete explanation of these reactions

In some cases, a preferred orientation of the other ligands 
may dictate the product.

the α form of trien complexes is more stable than the β form



12-5 Stereochemistry of Reactions
; Substitution in trans complexes

Dissociation mechanism and 
stereochemical change; 
three different pathways

Square-pyramidal intermediate

retention

tigonal-
bypyramidal 
intermediate with 
B in the axial 
position

tigonal-
bypyramidal 
intermediate with 
B in the trigonal 
plane

Axial B requires more 
arrangement of the ligands 
and larger stretch for the 
LL ring in the equatorial 
plane

A change from trans to cis is 
two thirds for a trigonal-
bipyramidal intermediate.



12-5 Stereochemistry of Reactions
; Substitution in trans complexes



12-5 Stereochemistry of Reactions
; Substitution in trans complexes

Effect of the leaving ligand X.



three different pathways

Square-pyramidal intermediate

retention

tigonal-
bypyramidal 
intermediate with 
B in the axial 
position

tigonal-
bypyramidal 
intermediate with 
B in the trigonal 
plane

As a general rule, cis
reactants retain their cis
configuration, but trans
reactants are more likely to 
give a mixture of cis and 
trans products.

12-5 Stereochemistry of Reactions
; Substitution in cis complexes



12-5 Stereochemistry of Reactions
; Isomerization of Chelate Rings

trigonal twist tetragonal twist; perpendicular

tetragonal twist; parallel Only possible; trigonal twist

Which one?



12-6 Substitution Reactions of Square-Planar Complexes
; Kinetics and stereochemistry of square-planar substitutions



12-6 Substitution Reactions of Square-Planar Complexes
; Evidence for associative reactions

Pt(II) is a soft acid, so soft ligand react 
more readily



12-6 Substitution Reactions of Square-Planar Complexes
; Evidence for associative reactions

The order of ligands is nearly the reverse
The bond-strength effect of the metal-to-
ligand π bonding → ???



12-6 Substitution Reactions of Square-Planar Complexes
; Evidence for associative reactions

Each of the parameters s
and ηPt may change by a 
factor of 3 from fast 
reactions to slow reactions, 
allowing for an overall ratio 
of 106 in the rates.



12-7 The Trans Effect

The order of trans effect

It is possible to prepare specific 
isomers different ligands



12-7 The Trans Effect
; explanations of the trans effect

Sigma-bond effects

Two factors
Weakening of the Pt-X bond
Stabilization of the presumed 5-coordinate transition state

σ-donor properties only



12-7 The Trans Effect
; explanations of the trans effect

Pi-bond effects

Stabilization of the presumed 5-coordinate transition state

Strong π–acceptor bond →
charge is removed from Pt →
the entrance of another ligand to form a 5-coordinate species

π-acceptor properties only

Overall trans effect



12-8 Oxidation-Reduction Reactions
; inner- and outer-sphere reactions

Inner-sphere reaction; two molecules may be connected by a 
common ligand
Outer-sphere reaction; two separate molecules

The rates show very large differences; depend on the ability of 
the electrons to tunnel through the ligands
Ligands with π or p electrons or orbitals that can be used in 
bonding provide good pathways for tunneling.



12-8 Oxidation-Reduction Reactions
; inner- and outer-sphere reactions

Change on electron transfer → change in bond distance
A higher ox. # leads to ___ bond
Form high spin Co(II) 
To low spin Co(III)
eg orbitals are antibonding
Removal electrons from these orbitals →more stable compound 
and shorter bond distances, large LFSE.

Inner-sphere reaction dissociation and bridging

Electron transfer

Association and separation



12-8 Oxidation-Reduction Reactions
; inner- and outer-sphere reactions

Inert
Not allow formation of 
bridging species

Labile
But  the parallels in the rate 
constants of the two species



12-8 Oxidation-Reduction Reactions
; inner- and outer-sphere reactions

Inner-sphere mechanism



12-8 Oxidation-Reduction Reactions
; inner- and outer-sphere reactions

bridging

Inner-sphere mechanism;
Overall rate usually depends on the first two step 
(substitution and transfer of electron)



12-8 Oxidation-Reduction Reactions
; inner- and outer-sphere reactions

The rate for Co compounds with other bridging ligands is 
frequently as much as 105 larger than the rate for 
corresponding Cr compounds

Seems to depend 
more on the rate of 
electron transfer 
from Cr2+ to the 
bridging ligand

electron transfer 
from Cr2+ to metal
low-spin Ru(III)



12-8 Oxidation-Reduction Reactions
; conditions for high and low oxidation number

The overall stability of complexes with different charges on the M
; LFSE, bonding energy, redox properties, the hard and soft 
character
High oxidation #  vs Low oxidation #

MnO4
-, CrO4

2-, 
FeO4

2-, AgF2, 
RuF5, PtF6, OsF6

V(CO)6, Cr(CO)6, 
Fe(CO)5

hard ligand ammonia

soft ligand 
cyanide

I- vs Cl-

Co(III) more stable
LFSE 
high spin Co(II)
low spin Co(III)

Strong oxidizing agent



12-9 Reactions of Coordinated Ligands
; hydrolysis of esters, amides, and peptides

The properties of ligand(organic compound) will be change by 
coordinated to the metal.



12-9 Reactions of Coordinated Ligands
; template reactions

The formation of the cyclic compound by coordination to a metal ion.



12-9 Reactions of Coordinated Ligands
; template reactions

Imine or Schiff base

Geometric; formation of the complex brings the reactants into 
close proximity with the proper orientation for reaction
Electronic; complexation may change the electronic structure 
sufficiently to promote the reaction



12-9 Reactions of Coordinated Ligands
; electrophilic substitution

Electrophilic Substitution on Acetylacetone


