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Hydroformylation of olefins

First industrial catalytic process in homogeneous phase

Developed by Otto Roelen (Ruhrchemie, Oberhausen) in 1938 

Annual production of 10 million tons à largest catalytic process in hom. phase
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Hydroformylation of olefins

Applications

Dioctyl phtalate
Plastics softener

Hydroformylation of propene to n-butanal à precursor for plastics softeners
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Hydroformylation of olefins

Applications

Subsequent aldol condensation and hydrogenation to C10 alcohols

Hydroformylation of higher olefins (C4–C12) à precursors for fatty alcohols
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Hydroformylation of olefins

Applications

1,4-Butanediol

Hydroformylation of allyl alcohol à precursors for polymers
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Hydroformylation of olefins

1st generation catalyst

18 VE 16 VEPrecatalyst

Original catalyst: Cobalt carbonyl complex
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Hydroformylation of olefins

Mechanism
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Hydroformylation of olefins

Mechanism
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Hydroformylation of olefins

Mechanism
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Hydroformylation of olefins

Activity & selectivity

Selectivity is determined by the ratio n/iso (n is desired in most cases)

For 1st generation Co catalysts:
> 150 °C, > 200 bar 



Chair of Inorganic and Metal-Organic Chemistry
Department of Chemistry
Technical University of Munich

12

Hydroformylation of olefins

Activity & selectivity

Carbonyl-containing catalysts Phosphine-containing catalysts

Problem of product mixtures à Development of 2nd and 3rd generation of catalysts

Reactivity:
Rh >> Co

vs.

1st 2nd 3rd
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Hydroformylation of olefins

Activity & selectivity

Tailor-made phosphine ligands allow control over product selectivity

Union Carbide:
Ligand for the hydroformylation of C4-mixtures to
n-pentanal in 94 % yield

ü

X
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Hydroformylation of olefins

Olefin isomerization – alkyl mechanism
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Hydroformylation of olefins

Olefin isomerization – allyl mechanism
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Hydroformylation of olefins

Enantioselective hydroformylation

Yield: 88 %
ee: 92 %

Ibuprofen

L =

(R,S)-BINAPHOS

K. Nozaki et al., J. Am. Chem. Soc. 1993, 115, 7033.
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Hydroformylation of olefins

Ruhrchemie/Rhône-Poulenc process (1984) – 4th generation catalysts

Water soluble catalysts: two-phase reaction, better product separation

Also: heterogenization of phosphine ligands to solid surfaces

Separation à catalyst is in the solid phase, product is liquid or gaseous

However: (i) high excess of phosphine necessary

(ii) aryl prosphines decompose over time
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Hydroformylation of olefins

Ruhrchemie/Rhône-Poulenc process (1984) – 4th generation catalysts
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Summary

Carbonylations

ðCatalyst development and catalyst generations
à Co and Rh carbonyls and –phosphines, then H2O-soluble cat.‘s

ðMultiphase catalysis by ligand design
à Water-soluble phosphines, phosphites

ðRh catalysts are much more active than Co catalysts
à Dependence on substrates
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Olefin polymerization

Main application of metal catalysts in industry

75 m tons polymers from olefins p.a.; 60 % with ‚Ziegler-Natta‘ catalysts

(à ‚only‘ 10 m tons hydroformylation products p.a.)

Different catalyst systems:

- Group (IV) catalysts: Ti, Zr (metallocenes) + MAO

- Late transition metals

- Metathesis catalysts for ROMP
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The AlphaButol process

Dimerization of ethene to 1-butene. Catalyst: Ti-complex.

Main reaction:

Consecutive reaction:

Not observed:

Dalton Trans. 2012, 41, 6625.
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The Union Carbide process

Trimerization of ethene to 1-hexene. Catalyst: Cr complexes.

Chem. Commun. 2003, 334; JACS 2003, 125, 5272.
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Olefin polymerization – historic development

Before 1955

- ICI-Process (ICI = Imperial Chemical Industries); high temperatures, radical (with
O2; 3000 bar, 300°C)

- Phillips process (heterogeneous, Cr@SiO2, 10 bar)

1953

Karl Ziegler and Giulio Natta
à low temperature/pressure process for the production of PE and PP

(Niederdruckverfahren)
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Ziegler-Natta olefin polymerization

Nobel Prize in Chemistry 1963

Karl Ziegler
(MPI Mülheim)

Giulio Natta
(Milan)

‚for their discoveries in the field of the
chemistry and technology of high polymers‘
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Olefin polymerization – most relevant products

Polyethylene

- Low density (LDPE, 0.91-0.94 g/cm3 (foils, bags)

- High density (HDPE, 0.94-0.97 g/cm3) (bottles, tubes …)

- Linear LDPE (foils, plastic bags, etc…)

- High molecular weight (HMWPE, < 1000 kg/mol)

- Ultra high MWPE (6000 kg/mol, fibres, implants …)

Heterogeneous
Ziegler-Natta cat.

Molecular catalysts

ICI, radical polym.
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Olefin polymerization – most relevant products

Polyethylene

Heterogeneous
Ziegler-Natta cat.

Molecular catalysts

Polypropylene

- Broader application than PE à harder material

- Plastic parts in car interior, packaging

ICI, radical polym.
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Karl Ziegler – The nickel effect

Discovery by serendipity – an unprecedented reaction took place

à A coworker washed the autoclave (made from Ni-alloys) with HCl…

In fact, Ziegler searched for a route to synthesize aliphatic fatty alcohols

High-density polyethene (HDPE) strictly linear; ρ = 0.94-0.97 g/cm3

J. J. Eisch, Organometallics 2012, 31, 4817.
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The Cossee-Arlman mechanism
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The Cossee-Arlman mechanism

Chain termination
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Metallocene catalysts

Efficient homogeneous high performance catalysts

[Cp2TiCl2]
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Metallocene catalysts

Development

1957: G. Natta used Cp2TiCl2 / Et2AlCl as catalyst for ethylene polymerization
à Low activity, no use in industry

However, traces of water drastically enhanced the catalytic activity

1980: W. Kaminsky uses another methylation agent – methylalumoxane (MAO)
à Real breakthrough! Activity: 500 kg PE per mmol Zr per hour

Werner Kaminsky

Drawback: atactic PP with high degree of branching
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Metallocene catalysts

Co-catalyst: Methylalumoxane (MAO)

Molecular mass between 1000 and 1500 g/mol
Excess of MAO is required

Irregular structure – oligomers (cyclic, acyclic)

Synthesis by partial hydrolysis of AlR3
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Metallocene catalysts

Function of MAO

1) Alkylation of the metallocene

2) Formation of the active species
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Metallocene catalysts

Mechanism analogous to the Ziegler-Natta catalyst



43

Metallocene catalysts

Are cationic group 4 metallocenes isolable?

2.251 Å 2.556 Å

[Cp2MeZr]+[MeBArF3]-

E. Y.-X. Chen, T. J. Marks, Chem. Rev. 2000, 100, 1391.

Creation of a free coordination site is not necessary
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Metallocene catalysts

Are cationic group 4 metallocenes isolable?

E. Y.-X. Chen, T. J. Marks, Chem. Rev. 2000, 100, 1391.

Creation of a free coordination site is not necessary

[(SiMe2Cp2)MeZr(THF)]+[BArF4]-
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Metallocene catalysts

Polymerization of propylene – Stereoselectivity issues

Cp2MCl2 / MAO is a very efficient catalyst system for ethene polymerization

For propene a random distribution of polymer chain structures is obtained

A regular ordering of the methyl groups is desired
(effect on melting point, hardness, etc…)
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Stereoselective ansa-metallocene catalysts

This compound produces 12 kg of highly isotactic PP per g Zr in 1 h (60 ºC, 1 bar)

H. H. Brintzinger et al., Angew. Chem. Int. Ed. 1995, 33–34, 1143.
W. A. Herrmann et al., Angew. Chem. Int. Ed. 1989, 28, 1511.

H.-H. Brinzinger
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Stereoselective ansa-metallocene catalysts

Development of chiral catalysts via ligand modification

Rotation of the indenyl (Cp) ring 
possible; no steric control

Rotation not possible;
Geometric chirality
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Stereoselective ansa-metallocene catalysts

Influence of the catalyst symmetry

Gives isotactic PP Gives syndiotactic PP
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Stereoselective ansa-metallocene catalysts

R

CH3
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Stereoselective ansa-metallocene catalysts
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Stereoselective ansa-metallocene catalysts

Substituents on the Cp ring allow an increase of the catalyst activity

Catalyst Activity (kg PE/molZr.h) MW(PE) (kg/mol)

Cp2ZrCl2 60 900 62

En(IndH4)2ZrCl2 22 200 1000

Si(Ind)2ZrCl2 36 900 260

Si(IndMe2)2ZrCl2 111 900 250

Control over the physical properties of the obtained polymers
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Ansa metallocenes

Constrained Geometry Catalysts (CGC)

Comparison with ‚classic‘ metallocenes

α
αβ β
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Ansa metallocenes – new generations

Constrained Geometry Catalysts (CGC)

Control over the physical properties of the obtained polymers

Dow and Exxon:
ethene/1-octene co-polymers

à ‘ultra low density PE‘ (ULDPE)

Advantage: less oxophilic

Problem: β-H elimination hindered by rather weak σ-donors

Tobin J. Marks
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CGR catalysts

Heterobimetallic catalysts for specialty polymers
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CGR catalysts

Heterobimetallic catalysts for specialty polymers

ð Highly selective production of n-butyl branched polyethylene (LLDPE)

ð Ethylene is the only feedstock!

T. J. Marks et al., JACS 2013, 135, 8830.
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CGR catalysts

T. J. Marks et al., JACS 2013, 135, 8830.
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Polymerization with late transition metals

Brookhart complexes

Suitable for co-polymerization of ethene with polar co-monomers

M = Fe, Co, Ni, Pd

Ar =

Maurice Brookhart

M. Brookhart et al., Chem. Rev. 2000, 100, 1169.

X = halides, methyl, solvent (ether, nitriles,…)
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Polymerization with late transition metals

Single crystal X-ray structures
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Polymerization with late transition metals

Single crystal X-ray structures
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Polymerization with late transition metals

The ligand influences the axial coordination site

With an excess of substrate, β-H atoms of the polymer chain cannot come close to the
coordination sphere, i.e. the axial sites of the metal.

M. Brookhart et al., Chem. Rev. 2000, 100, 1169.

X
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Summary

The polymerization of olefins

ðZiegler-Natta catalysts are immobilized Ti(IV) salts
à Activation with triethylaluminum

ðFree coordination sites are very important
à Weakly coordinating anions

ðLate transition metals are also active (Fe, Ni, Pd)
à Higher tolerance to moisture/functional groups, but easier β-H elim.

ðStereoselectivity possible by ligand design
à Ligand geometry is important

ðGroup IV metallocenes (Ti, Zr) very active in solution
à Activation by methylalumoxane


