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heterogeneous homogeneous biocatalysis

Conditions generally harsh mild mild

Activity changing high i.g. very high

Selectivity changing high i.g. very high

Catalyst life-time high changing i.g. low

Catalyst recycling solved expensive expensive

Sensitivity agains poisons high low high

Diffusion problems possible none only whole cells

Mechanistic understanding low medium to good medium

Comparison of Catalytic PrinciplesComparison of Catalytic Principles

Advantages and disadvantages of heterogeneous, homogeneous, and Advantages and disadvantages of heterogeneous, homogeneous, and bio catalysisbio catalysis
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Catalytic Cycle and Elementary StepsCatalytic Cycle and Elementary Steps
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associationassociation
ν = 18, 16ν = 18, 16

oxidative additionoxidative addition

reductive eliminationreductive elimination

insertioninsertion
associationassociation

ν = 18, 16ν = 18, 16

Most elementary steps have been discussed in chapter 24 (reactioMost elementary steps have been discussed in chapter 24 (reaction n 
mechanisms)mechanisms)
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covalent Mcovalent M--C C σσ--bonding bonding 

dd--metals, Mmetals, M--C C σσ--bonding and bonding and ππ--bondingbonding

electron deficiency compoundselectron deficiency compounds
metalloidsmetalloids
nonnon--metalsmetals

ionic compoundsionic compounds

mainmain--gr_organogr_organo 44
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Homogeneous HydrogenationHomogeneous Hydrogenation
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•• HH22 activation is the rate limiting stepactivation is the rate limiting step
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HydroformylationHydroformylation

•• The The hhydroformylationydroformylation reaction was found by O. reaction was found by O. RoelenRoelen in 1938 during his in 1938 during his 
work on Fischerwork on Fischer--TropschTropsch synthesissynthesis

R R

CHO

R
CHO+

CO/H2

[catalyst]

Very important reaction for the production of  softeners for plaVery important reaction for the production of  softeners for plastics and stics and 
detergent alcohols.detergent alcohols.

Bulky Bulky substituentssubstituents increase the linearity of the product.increase the linearity of the product.

Acceptor Acceptor ligandsligands increase the rate of the reaction by accelerating increase the rate of the reaction by accelerating ligandligand and and 
CO dissociation and olefin coordination.CO dissociation and olefin coordination.
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HydroformylationHydroformylation
•• In  most cases CO or In  most cases CO or ligandligand

dissociation is the rate limiting dissociation is the rate limiting 
step, together with olefin step, together with olefin 
coordination.coordination.

r = 
A[alkene][Rh]

B + [L]

Type I rate law:Type I rate law:
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Monsanto Acetic Acid ProcessMonsanto Acetic Acid Process
CarbonylationCarbonylation of Methanolof Methanol

[RhI2(CO)2]-
CH3OH  +  CO CH3COOH

Catalysis_19Catalysis_19

•• New BP process uses New BP process uses [IrI[IrI22(CO)(CO)22]]-- with Ruwith Ru22(CO)(CO)66II22((μμ--I)I)22 as as cocatalystcocatalyst

•• Currently ~Currently ~ 3.5 Mt/a produced worldwide, 60% of all acetyl compounds based 3.5 Mt/a produced worldwide, 60% of all acetyl compounds based on this on this 
process.process.
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TennesseeTennessee--Eastman, Acetic AnhydrideEastman, Acetic Anhydride
CarbonylationCarbonylation of Methyl Acetateof Methyl Acetate

Catalysis_20
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•• Process conditions are highly corrosive! => Expensive Hastelloy must be used.

•• Catalyst is stabilized by addition of small amounts of H2.
[Rh(CO)2I2]-  + 2 HI [Rh(CO)2I4]-  + H2

[Rh(CO)2I4]- RhI3 (sol)  +  2 CO + I-

[RhI2(CO)2]-

H3CC(O)OCH3  +  CO CH3C(O)O(O)CCH3
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Direct Oxidation of Direct Oxidation of EtheneEthene
WackerWacker ProcessProcess

[Pd(0)/ Cu(II)]
C2H4  +  1/2 O2 CH3CHO

Pd(0) + 2 [CuCl4]2- [PdCl4]2- + 2 [CuCl2]-

2 [CuCl2]-  + 1/2 O2 + 2 HCl 2 CuCl2  + 2 Cl- +  H2O

•• The whole process only becomes catalytic by the reThe whole process only becomes catalytic by the re--oxidation of Pdoxidation of Pd(0)(0) with with CuCu(II(II))..

C2H4 + PdCl2 + H2O H3CCHO + Pd(0) + 2 HCl

•• An important feature is that the oxygen atom in the product acetAn important feature is that the oxygen atom in the product acetaldehyde stems aldehyde stems 
from water by from water by nucleophilicnucleophilic attack of the coordinated olefin.attack of the coordinated olefin.

•• Behalf of Behalf of etheneethene, all other olefins give the corresponding , all other olefins give the corresponding ketoneketone in the in the WackerWacker
oxidationoxidation..

•• Substitution of water is possible (e.g. by CHSubstitution of water is possible (e.g. by CH33COOH), giving rise to other COOH), giving rise to other 
productsproducts..
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Direct Oxidation of Direct Oxidation of EtheneEthene
WackerWacker ProcessProcess
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EtheneEthene OligomerizationOligomerization
Shell Higher Olefin Process (SHOP)Shell Higher Olefin Process (SHOP)
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p1, p2, p3, ... propargation steps
e1, e2, e3,  ... elimination steps

νν= 16= 16
Ni(IINi(II))

β β HH--el.el.
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Product DistributionProduct Distribution

Catalysis_24

•• The chain length of the α-olefins is determined by the geometric factor K of 
molar growth
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Shell Higher Olefin Process (SHOP)Shell Higher Olefin Process (SHOP)

products

reactors

phase
separation

Catalyst

C2H4
flash

distillation

Catalyst purge

•• 98% linear α-olefins are obtained as important intermediates for low density 
polyolefins and detergents.

•• The catalyst complex is soluble in butanediol-1,3

•• Shell’s higher olefin process was the first example using a two-phase catalyst 
separation.
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AlkeneAlkene PolymerizationPolymerization

•• The metal The metal catalyzedcatalyzed coordination polymerization of coordination polymerization of elkeneselkenes was developed by was developed by 
Ziegler and Ziegler and NattaNatta

TiCl4 + AlEt2Cl TiCl3 * 0.15 AlCl3 * 0.2 AlEtCl2

Early catalysts derived from TiClEarly catalysts derived from TiCl44 and an and an alkylatingalkylating agent, e.g. AlEtagent, e.g. AlEt33

brown brown ββ--TiClTiCl33

Washing, followed by warming converts it to the active polymericWashing, followed by warming converts it to the active polymeric
purple purple δδ--TiClTiCl33

Ti
Cl

ClCl
Ti

Cl

Cl
Ti

Cl AlEt3 Cl

Cl
Ti

Cl

Final activation by Final activation by alkylationalkylation gives the active catalystgives the active catalyst

Catalysis_26
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AlkeneAlkene PolymerizationPolymerization
•• CosseeCossee -- ArlmanArlman MechanismMechanism
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Configuration of PolymersConfiguration of Polymers

TacticityTacticity

isotacticisotactic

syndiotacticsyndiotactic

atacticatactic

ciscis-- and and transtrans--tacticitytacticity

Polymers_01
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Conformation of PolymersConformation of Polymers
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•• SpacialSpacial arrangement of the polymer chainarrangement of the polymer chain

e.g. for e.g. for isotacticisotactic polypropylenepolypropylene

3/13/1--helix, 3 monomer units in 1 turnhelix, 3 monomer units in 1 turn

Polymers_01
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Selective Polymerization of Selective Polymerization of PropenePropene

W. Kaminsky, M. Arndt in Appl. Homog. Catal. with Organomet. Comp. (Eds.: B. Cornils, W. A. 
Herrmann) Vol. 1, VCH 1996, pp. 220-236.
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AlkeneAlkene PolymerizationPolymerization
FlipingFliping Mechanism for Mechanism for MetallocenesMetallocenes
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MethylaluminoxaneMethylaluminoxane (MAO)(MAO)

•• catalyst activationcatalyst activation
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Polyethylene with Designer CatalystsPolyethylene with Designer Catalysts

highly branched polymerhighly branched polymer
=> rubber=> rubber

polymer with short chain branchespolymer with short chain branches
=> soft, films=> soft, films

highly linear polymerhighly linear polymer
=> hard, fibers=> hard, fibers
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