
Homogeneous Catalysis



A catalyst is a substance that changes the rate of a chemical reaction without itself 
appearing into the products.

1895 Ostwald

A catalyst is a substance which increases the rate at which a chemical reaction 
approaches equilibrium without becoming itself permanently involved

Today We can define the catalyst as 

The "catalyst" may be added to the reactants in a different form, the catalyst
precursor, which has to be brought into an active form ("activated"). During the
catalytic cycle the catalyst may be present in several intermediate forms when
we look more closely at the molecular level. An active catalyst will pass a
number of times through this cycle of states; in this sense the catalyst remains
unaltered. The number of times that a catalyst goes through this cycle is the
turnover number.

The turnover number (TON) is the total number of substrate
molecules that a catalyst converts into product molecules. The turnover
frequency (TOF) is the turnover number in a certain period of time.



Homogeneous Catalysis

• Organometallic catalysts consist of a central
metal surrounded by organic (and inorganic)
ligands.

• Both the metal and the large variety of ligands
determine the properties of the catalyst.

• The success of organometallic catalysts lies in the
relative ease of catalyst modification by changing
the ligand environment. Crucial properties to be
influenced are the rate of the reaction and the
selectivity to certain products.



Selectivity

chemoselectivity, when two chemically different functionalities are present
such as an alkene and an aldehyde  which both can be hydrogenated, the 
chemoselectivity tells us whether the aldehyde or the alkene is being hydrogenated; 
or when more than one reaction can take place for the same substrate e.g. 
hydrogenation or hydroformylation;
regioselectivity, as in the example shown for the hydroformylation reaction,
the formyl group can be attached to either the primary, terminal carbon atom or
the secondary, internal carbon atom, which leads respectively to the linear and
the branched product;



Selectivity

diastereoselectivity, the substrate contains a stereogenic centre and this 
together with the catalyst can direct the addition of dihydrogen in the 
example  to give two diastereomers, the selectivity for either one is called 
the diastereoselectivity;
enantioselectivity, the substrate is achiral in this instance, but the 
enantiopure or enantio-enriched catalyst may give rise to the formation of 
one specific product enantiomer.



High selectivity is a means
1) to reduce waste,
2) to reduce the work-up equipment of a plant, and
3) to ensure a more effective use of the feedstocks.
Rate enhancements of many orders of magnitude can be obtained in

catalysis, often by very subtle changes. Rates represent a cost
factor, higher rates allowing higher space-time yields (kg of product
per time and reactor volume) and hence smaller reaction vessels.

Higher rates and higher overall catalyst yields (i.e. mass of product per
unit mass of catalyst) reduce the incremental contribution of
catalyst costs per unit mass of product generated: In the case of
metallocene catalysts for olefin polymerisation for example the
higher catalyst cost contribution of these catalysts (around $0.04
per kg of polyolefin) has significantly reduced their impact and
ability to displace Ziegler-Natta catalysts (where the catalyst cost
contribution is only $0.006-0.011 per kg of polymer).





Effective atomic number rule (EAN)



EAN Rule





ELEMENTARY STEPS
Organometallic Chemistry







Oxidative Addition

In oxidative addition, a metal M inserts into a covalent bond of a compound XY.
The XY bond is broken and two new bonds form:MX andMY. The metal .loses. Two
valence electrons and gains two new ligands, X and Y. Oxidative addition is a key
step in many catalytic cycles. Often, it is the slow (i.e., rate-determining) step,
because a covalent bond (usually in the substrate) is broken. This creates a
metastable species that easily reacts further in the cycle.



Oxidative Addition
Oxidative addition reactions can lead to both trans and cis
products, depending on the compound added. The oxidative
addition of alkyl halides, for example, leads most often to trans
products, regardless of the reaction pathway. Dihydrogen, on the
other hand, forms cis addition products with metal complexes.
Note that the product can sometimes isomerize, making it
difficult to distinguish between the pathways. The electron
density at the metal center is a key parameter in oxidative
addition reactions: s-donor ligands, such as alkylphosphines or
alkyl halides [increase the electron density at the metal center,
and thus promote oxidative addition. Conversely, ligands that
reduce the electron density at the metal center (e.g., phosphites,
CO, or CN) will slow the oxidative addition reaction.



Oxidative addition



Oxidative addtion



Reductive Elimination
1. Reductive elimination is the opposite of oxidative addition:
2. Starting from a metal M bonded to X and Y, a new XY bond 

forms and the MX And MY bonds break. 
3. The free XY species leaves the complex, and the metal loses 

two ligands and .gains. two valence electrons. 
4. Reductive elimination is observed mostly for transition 

elements, and especially for noble metals such as Pd, Pt, Rh, 
and Ir in their higher oxidation states (II, III, and IV). 

5. In many catalytic cycles, the reactant enters the cycle in an 
oxidative addition step, and part of it leaves the intermediate 
in a reductive elimination step. Figure 3.8 shows a generic 
reductive elimination reaction, and an example of reductive 
elimination of HCN from a nickel complex.





Reductive Elimination



Insertion 



Insertion and Migration
• An insertion or migration step involves the introduction of one 

unsaturated ligand into another metal–ligand bond on the same 
complex. 

• Insertion and reductive elimination are common bond-forming 
steps, just as oxidative addition is a common bond-breaking step. 
The term .insertion. is somewhat problematic, because recent 
research has shown that in many cases it is the .end group. which 
migrates to the .inserting group.. The correct term therefore is 
migratory insertion, but many texts still use simply .insertion.. 

• There is a difference between migration and insertion products 
where chelating complexes are concerned: Insertion changes the 
positional geometry, migration does not. For example, for the 
square-planar Pd complex shown in Figure 3.10, CO insertion into 
the Pd–Me bond results in a cis configuration with the ligating P 
atom. Conversely, migration of the Me group will retain the original 
trans configuration.



Insertion and Migration



Insertion and Migration



Insertion and migration



De-insertion and b-Elimination
• De-insertion is simply an insertion in reverse. In the special 

case where the deinserting group is an alkene, the reaction 
is known as a b-hydride elimination (or simply b
elimination).

• A hydride is abstracted fromthe b-carbon, giving an alkene
and a new MH or MR bond (Figure 3.12). Often the reaction 
proceeds via an agostic intermediate. 

• The metal gains a new ligand (the hydride), and the 
electron count of the complex increases by two. Insertion 
creates a vacant site on the complex, while b-elimination 
requires one, and it must be cis to the eliminating group.

• Insertion and de-insertion reactions are always in 
equilibrium.



De-insertion and b-Elimination



General observations



General observations
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Asymmetric hydrogenation



Asymmetric hydrogenation



Asymmetric hydrogenation



Halpern Science 1982, 217, 401

Rh
P

P

PF6

MeO

OMe

H2

Rh
P

P

MeO

OMeAr

HN
MeO2C

H3C
O

Rh
P

P

OMe

MeO
Ar

NH
CO2Me

CH3O

MAJOR diastereomer
formed in solution

(NMR & X-ray)

Minor diastereomer
reacts more rapidly

with H2!!!!
Rh

P
R2

R2
P

H

H

O
NH

CH3

Ar

AcO

MeO

CO2Me

NHAc

Rh
P
R2

R2
P

H
O

NH

CH3

ArH

CO2Me

H

oxidative
addition

RDS

H2cis olefin
insertion

reductive
elimination

AcO

MeO

CO2Me

NHAc

Rh
L P

P

MeO

OMeL

L = solvent





Takasago Process for (-) menthol









Carbonylation process





Water effect in carbonylation
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Acetic Acid Catalyst Studies
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Eastman Chemical Acetic 
Anhydride Process
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Hydroformylation (Oxo) Catalysis
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alkene isomerization alkene hydrogenation

R

side reactions

*

*  Largest homogeneous catalytic process
* > 15 billion pounds of aldehydes (alcohols) per year
* Commercial catalysts are complexes of Co or Rh

* Selectivity to linear (normal) or branched (iso) 
products is important

Otto Roelen (1897-1993)





Thermodynamics
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Cobalt catalyzed hydroformylation reaction 
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2-ethyl-1-hexanol Product
• Rh/PPh3 catalyzed hydroformylation is responsible for just

over 50% of all oxo alcohols produced. Propylene is the
largest single alkene hydroformylated to produce
butylaldehyde, which can be hydrogenated to produce
butanol, or dimerized by an aldol condensation and then
hydrogenated to form 2-ethyl-1-hexanol (2EH), the largest
single product produced by hydroformylation (over 5 billion
lbs a year). 2-ethyl-1-hexanol is usually reacted with phthalic
anhydride to produce dialkyl phthalic esters that are used as
plasticizers to keep polyvinyl chloride plastics soft and flexible.



Aqueous-Phase Rh Hydroformylation
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Hydrocyanation (addition of H-CN)

Ni[P(O-o-tolyl)3]3 cat.

Lewis Acid (e.g. AlCl3, ZnCl2) NiL(CN)

LA

3-organo nickel intermediate
identified by NMR

Ni(0) catalyst

NC
NC

CN

+  HCN
C

N

HCN  +

isomerization

Hydrocyanation is used industrially to prepare adiponitrile
from butadiene.  
Adiponitrile is the key intermediate in synthesizing Nylon-
6,6.


