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Book recommendations

- J. F. Hartwig, Organotransition Metal Chemistry: From Bonding to 

Catalysis, University Science Books, 2010

- R. H. Crabtree, The Organometallic Chemistry of the Transition Metals, 

6th Ed., J. Wiley & Sons, 2014

Organometallic chemistry

Industrial catalysis

- D. Steinborn, Fundamentals of Organometallic Catalysis, Wiley-VCH, 

2012

- A. Behr, P. Neubert, Applied Homogeneous Catalysis, Wiley-VCH, 2012

Homogeneous catalysis

- H.-J. Arpe, Industrial Organic Chemistry, 4th Ed., Wiley-VCH, 2003
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Frankfurt
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CV

• 2007: PhD in Bochum (with R.A. Fischer)

• 2008: Postdoc in Toulouse (AvH, with B. Chaudret)

• Since 2009: Researcher@TUM
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• Inorganic and Metal-Organic Chemistry

• Homogeneous Catalysis
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My research interests

ILs as micellar catalysts CO2 upgrading Selective hydrogenations

J. Colloid Interface Sci. 2016, 478, 72

Catal. Commun. 2017, 100, 85

ChemCatChem 2015, 7, 94

Chem. Eur. J. 2014, 20, 11870

Catal. Sci. Technol. 2014, 4, 1534

Catal. Sci. Technol. 2014, 4, 1638

ChemSusChem 2014, 7, 1357

ChemSusChem 2016, 9, 1773

Chem. Commun. 2015, 51, 3399

Catal. Sci. Technol. 2014, 4, 3845

ChemSusChem 2014, 7, 429

Chem. Eur. J. 2013, 19, 5972
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What are your expectations?
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The Shell Higher Olefin Process

Synthesis of middle, internal olefins from a mixture of long and short
terminal olefins

 Sequence of three processes (ca. 12 million tons per year):

1) Olefin oligomerization (homogeneous Ni-cat.) 

2) Olefin isomerization (Na/K or MgO)

3) Olefin metathesis (Co/Mo oder Re)
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The Shell Higher Olefin Process

Flow diagram of the process
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The driving force
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Designing the catalyst

Why square-planar?

Why hemilabile?

Why nickel?

How & why does this catalysis work?
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The ligand
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What is a ‘hemilabile‘ ligand?

…and why is it important for catalysis?
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The solvent
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Homogeneous vs. heterogeneous catalysts

Pro’s & con’s

Aspect Homogeneous Heterogeneous

Structure/stoichiometry Defined Not defined

Active centers 100 % Small fraction

Diffusion No problems Partly high

Reaction conditions < 150 °C >> 150 °C

Chemoselectivity High Can vary

Stereoselectivity High Low

Catalyst separation Difficult Easy
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Is homogeneous catalysis (industrially) relevant?

Angew. Chem. Int. Ed. 2012, 51, 8148.
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Molecular catalysts in industry
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Why homogeneous catalysis ?
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Enantioselective hydrogenation

Synthesis of L-Dopa (agent against Parkinson disease)

Knowles, 1968 (Nobel Prize 2001)

Back side
Front side


(R,R)-DIPAMP
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Nobel Prizes for catalysis research

1909

W. Ostwald F. Haber

1918 1931

C. Bosch F. Bergius K. Ziegler G. Natta

1963

W. S. Knowles R. Noyori K. B. Sharpless

2001

Y. Chauvin R. H. Grubbs R. R. Schrock

2005

G. Ertl

2007

R. F. Heck E. Negishi A. Suzuki

2010

F. H. Arnold

2018
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Let‘s get to the basics...
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Principles of molecular catalysis

Basics of coordination chemistry

Which ligand will most easily (= quickly) dissociate?
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Principles of molecular catalysis

Basics of coordination chemistry

Which ligand will most easily (= quickly) dissociate?

Obviously, the dissociation of a ligand depends on:

 the bond strength (thermodynamics)

 the steric demand

 the charge ( Coulomb force)

 the effect of the trans ligand
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Design of molecular catalysts

Parameters for catalyst design

 Electronic situation at the metal

Metal is electron poor/rich; late TM (d8-d10) activate bonds

Ligands; σ-/π-donors increase the electron density at the metal

 Steric demand of ligands – regio- and stereoselectivity 

Ligand size

Chirality of the ligand

 Anionic ligands (coordinating vs. non-coordinating)

 Solvents ( placeholders for vacant coordination sites)

 Free coordination site at the metal is required



24

Basics of coordination chemistry

Metal-ligand interaction

Nature of the coordinative bond  interaction between metal d-orbitals and
σ-, π- or π*-orbitals of a ligand

Ligand donates electrons to the metal
σ-symmetry of orbitals
(for π-donors also π-symmetry)
 σ-donor bond

Metal donates electrons to the ligand
π*-symmetry of orbitals
(for agostic bonds also σ*-symmetry)
 π-back bond

The reactivity of metal complexes depends on subtle effects:

- Each TM exhibits different reactivity, also dependent on the oxidation state
- The ligands vary in binding strangth and reactivity



25

The metals
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The metals

Bond activation

H–H activation

C–H

C–O

Reductions

etc…. 
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The metals

C–C bond formation

Hydroformylation

Cross coupling

Olefin metathesis

Olefin polymerization

etc…. 
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The metals

Oxidation catalysis

Epoxidations

Wacker-aldehyde

etc…. 
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The metals

Principles of organotransition metal catalysis: the concept

AB, p. 52.



30

The metals

Principles of organotransition metal catalysis: elementary steps

AB, p. 58.
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Example: Catalytic hydrogenation of olefins

Mechanism by J. Halpern (simplified)

JFH, p. 585 ff.
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Oxidative addition

Principle

Preconditions:

- Electron-rich d8- and d10 metals

- Sterically unsaturated complexes

- Electronically unsaturated 16 VE complexes  free coordination site is required

Two different mechanisms:

- Cleavage of apolar bonds (H–H, C–H, C–C, Si–H, …)

- Cleavage of polar bonds (alkyl/aryl halides) 
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Oxidative addition

Homolytic bond activation – the example of dihydrogen

Concerted oxidative addition Heterolytic dissociation

Backbonding

Mechanistic considerations – cis-products!
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Oxidative addition

Homolytic bond activation – the example of dihydrogen

Mechanistic considerations – cis-products!

Examples:
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Oxidative addition

Homolytic bond activation – the example of dihydrogen

Isolated product of the oxdative addition of H2 to Rh(I)

[(iPr3P)2(H)2(Cl)Rh]

Angles

P1-Rh-P2: 175.6°
H1-Rh-H2: 66.2°

Torsion angle

Cl1-H1-H2-Rh: 1.0°
Cl1

P1

P2

H1
H2

Rh

R. L. Harlow, D. L. Thorn et al., Inorg. Chem. 1992, 31, 993.
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Oxidative addition

‘Frozen‘ oxidative addition – η2-dihydrogen ligand

Subtle changes influence the product formation

B. Chaudret et al., JACS 2005, 127, 17592.

Neutron diffraction single crystal structure

Distances [pm]:

H11–H22: 82.5
H21–H22: 83.5
H1–H2    : 213.2

Angles [°]:

H11-Ru-H12: 27.4
H21-Ru-H22: 27.5
H1-Ru-H2    : 81.9

 Intact H–H bonds
Also detected via 1H-NMR and IR

H11

H12
H21

H22

H1

H2

P1

P2

Ru
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Oxidative addition

Heterolytic bond activation of polar bonds

Alkyl- and aryl halides: SN2 vs. radical vs. concerted (depend on the substrate and on the metal)
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Oxidative addition

SN2–type bond activation of polar bonds

Most prominent for alkyl- and aryl halides

SN2 mechanism with a nucleophilic metal center:

Proof: scavenging of the intermediate
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Oxidative addition

Concerted bond activation of medium polar bonds with Pd(0)

Example: C–C cross coupling reactions with Pd(0) complexes

R-E Name reaction

R-BR2 Suzuki coupling

R-ZnX Negishi coupling

R-MgX Kumuda coupling

R-SnR3 Stille coupling

Olefins Heck coupling
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Ligand insertion

Principle

Intramolecular insertion (‚migratory insertion‘)  nucleophilic attack

X = nucleophile (H, alkyl, acyl, etc....)
Y = electrophile (CO, olefins, alkynes, (Fischer) carbenes, etc....)

 The oxidation state of the metal does not change

 X and Y must be in cis-position

 A free coordination site is created
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Ligand insertion

Principle

Intramolecular insertion (‘migratory insertion‘)  nucleophilic attack

X = nucleophile (H, alkyl, acyl, etc....)
Y = electrophile (CO, olefins, alkynes, (Fischer) carbenes, etc....)

Example:
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Reductive elimination

Principle

Conditions: - ligands X and Y must stand cis to each other

Conditions:- the product X–Y must be stable (e.g. by the VE count and oxidation state)

Conditions - the metal complex product must be stable

Kinetics: - X and Y are trans to each other  rearrangement slowers RE

Kinetics: - addition of σ-donor ligands accelerates RE

Kinetics: - Large ligands accelerate RE

Kinetics: - 3- and 5-coordinated complexes undergo RE faster than 4-

and 6-coordinated complexes
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Reductive elimination

Principle

Examples:
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β-Hydride elimination

Alkyl ligands with β-hydrogen atoms are unstable

C–H bond activation by transition metals (especially late TM)

 Experimental proof: deuteration experiments ( NMR)
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The ligands
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The ligands

More than meets the eye

 Spectator
Stabilize the complex as such

 Place holder
Help forming a free coordination site

 Reactant
React with the substrate to the product

 Charge control
Push/pull of electron density to the metal

 Steric control
Shielding and/or chiral control
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The ligands

Classifications

Location of e-pair for the σ-bond?

Are there π-interactions?

 free e-pair (phosphines, amines, CO, alkyl, etc…)
 π-bond (olefins, alkynes, allyl, arenes, Cp and derivatives)

 σ-bond (e.g. H2 in dihydrogen complexes)

 π-donor (e.g. oxo, halide, amido, imido ligands, etc…) 
 no (or weak) π-interactions
 π-acceptor (e.g. CO, olefins, alkynes, etc…)

 charge: neutral (CO, phosphines, …) or anionic (halides, alkyl, hydroxide, …) 

 No. of donating electrons

 bond properties: nucleophile or electrophile? (strong e-donor or e-acceptor?)

 coordination over carbon or heteroatoms
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Phosphines

By far most used ligands in organometallic chemistry

Ligand ν (CO) [cm-1]

PMe3 2064.1

P(OMe)3 2079.5

PEt3 2061.7

PPh3 2068.9

P(OPh)3 2085.3

PiPr3 2059.2

PCy3 2056.4

PtBu3 2056.1

P(o-Tol)3 2066.6

P(Mes)3 n.a.

 Studied by Chadwick Tolman

C. A. Tolman, Chem. Rev. 1977, 77, 313–348.

Shift of the CO 

vibration depends

on L

~

• Electronic properties vary

with the substituent R

• Strong σ-donors

π-acceptors
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Phosphines

By far most used ligands in organometallic chemistry

Ligand Cone angle [°]

PMe3 118

P(OMe)3 107

PEt3 132

PPh3 145

P(OPh)3 128

PiPr3 160

PCy3 170

PtBu3 182

P(o-Tol)3 194

P(Mes)3 212

• Strong σ-donors

π-acceptors

• Steric properties vary

with the substituent R



50

Dialkylbiarylphosphines

Design influences reactivity and stability of the catalyst

Angew. Chem. Int. Ed. 2008, 47, 6338; Acc. Chem. Res. 2008, 41, 1461; Chem. Sci. 2011, 2, 27.

S. L. Buchwald



51

Diphosphines

Chelating ligands – cis coordination 72

84

86

92

112

113-123

P – P ligand Bite angle [°]
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Diphosphines: Chirality
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The ligand influence

Again: the catalytic hydrogenation of olefins

Relative activity:

ν (CO)
[cm-1]

2066.1 2068.9 2085.3 2056.4

Cone

angle
~ 145 145 128 170

Activity

~
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The ligand influence

Example: Grubbs carbenes in olefin metathesis

Mechanism of olefin metathesis with Ru-catalysts

Free coordination site is important
Binding of the substrate is important  trans-influence

1st generation 2nd generation

<
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The ligand influence

Stereoselectivity with chiral diphosphines

R. Noyori et al., JACS 1995, 117, 2675; Angew. Chem. Int. Ed. 2002, 41, 2008.

(S)-BINAP (R)-BINAP
Ryoji Noyori



56R. Noyori et al., JACS 1995, 117, 2675; Angew. Chem. 2002, 114, 2108.





The ligand influence

Stereoselectivity with chiral diphosphines
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Enantioselective hydrogenation

Synthesis of antibiotics

Enantiopure β-lactame 
antibiotics
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Back to the SHOP...
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The driving force
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Background

Trimerization of 1,3-butadiene at Ni(0) complexes

Karl Ziegler
(MPI Mülheim)

Günther Wilke
(MPI Mülheim)
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Remember: Pd-catalyzed C–C cross coupling

R. F. Heck
(Delaware, USA)

E. Negishi
(Purdue, USA)

A. Suzuki
(Sapporo, Japan)

Nobel Prize in Chemistry in 2010

‘for palladium-catalyzed cross couplings in organic synthesis’

Discovered in the 1970ies!
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Designing the catalyst

Why square-planar?

Why hemilabile?

Why nickel?

How & why does this catalysis work?
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The ligand
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The mechanism of the oligomerization

Sequences of:

• coordination

• ligand migration

• β-H elimination


