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GerealiseerdeGerealiseerde LeerdoelenLeerdoelen
••de chemische binding van essentide chemische binding van essentiëële delen of van le delen of van ligandenliganden in overgangsmetaal in overgangsmetaal 
complexen en complexen en organometaalverbindingenorganometaalverbindingen beschrijven met behulp van kwalitatieve beschrijven met behulp van kwalitatieve 
MOMO--diagrammendiagrammen

••elektronenovergangen in elektronenovergangen in overgangsmetaalcomplexenovergangsmetaalcomplexen correleren met de correleren met de 
eigenschappen van deze verbindingeneigenschappen van deze verbindingen

••de voornaamste reactiemechanismen in de voornaamste reactiemechanismen in dd--blokblok complexen weergevencomplexen weergeven

•• voor voor dd--blokblok organometaalverbindingenorganometaalverbindingen de basiseigenschappen en typerende de basiseigenschappen en typerende 
chemische bindingen beschrijvenchemische bindingen beschrijven

••kennis van chemische binding, reactie mechanismen en kennis van chemische binding, reactie mechanismen en organometaalchemieorganometaalchemie

••eigenschappen van elementen en verbindingen daarvan aan de hand eigenschappen van elementen en verbindingen daarvan aan de hand van de positie van de positie 
in het periodiek system uiteenzettenin het periodiek system uiteenzetten

••per per dd--blokblok metaal de meest optredende oxidatie toestanden noemen en typiscmetaal de meest optredende oxidatie toestanden noemen en typische he 
verbindingen met hun reactiviteitverbindingen met hun reactiviteit
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NogNog tete lerenleren……

••Kennis toepassen op gecompliceerde (homogeen) katalytische systeKennis toepassen op gecompliceerde (homogeen) katalytische systemen men 

Wetenschappelijke houding, het denken in overkoepelende termen, Wetenschappelijke houding, het denken in overkoepelende termen, loslaten loslaten 
van het `hokjes denken', herkennen van de onderliggende principevan het `hokjes denken', herkennen van de onderliggende principes s 
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••dd--MetaalMetaal complexen, moleculaire vormen en complexen, moleculaire vormen en isomerieisomerie, kristalveld, kristalveld-- en en MolecularMolecular
OrbitalOrbital Theorie (hoofdstuk 1.6Theorie (hoofdstuk 1.6--1.8; 2.81.8; 2.8--9; 20, 21)9; 20, 21)

••Elektronen overgangen, magnetische eigenschappen en spectra in vElektronen overgangen, magnetische eigenschappen en spectra in verbindingen erbindingen 
van overgangsmetalen (hoofdstuk 21) van overgangsmetalen (hoofdstuk 21) 

••Reactiemechanismen en kinetische aspecten (hoofdstuk 26) Reactiemechanismen en kinetische aspecten (hoofdstuk 26) 
••OrganometaalOrganometaal verbindingen van de verbindingen van de ss--enen pp--blokblok elementen (hoofdstuk 19 / elementen (hoofdstuk 19 / 

college college slidesslides) ) 
••OrganometaalOrganometaal verbindingen en hun voornaamste reacties (hoofdstuk 24 / verbindingen en hun voornaamste reacties (hoofdstuk 24 / 

college college slidesslides))
••Homogene Katalyse, basis kennis (hoofdstuk 27.1Homogene Katalyse, basis kennis (hoofdstuk 27.1--27.6) 27.6) 

ZELFSTUDIEZELFSTUDIE
••De eerste reeks overgangsmetalen (hoofdstuk 22) De eerste reeks overgangsmetalen (hoofdstuk 22) 

••De tweede en derde reeks overgangsmetalen (hoofdstuk 23) De tweede en derde reeks overgangsmetalen (hoofdstuk 23) 

http://www.hybridcatalysis.com/teachingcorner.htm
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Kinetics of Kinetics of HydroformylationHydroformylation ReactionsReactions
Automated AutoclavesAutomated Autoclaves

Hydroform_7Hydroform_7

dripping
funnel
drippingdripping
funnelfunnel

dropping
funnel
droppingdropping
funnelfunnel
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High Pressure IRHigh Pressure IR--AutoclaveAutoclave
with Dedicated FTwith Dedicated FT--IR SpectrometerIR Spectrometer

HPHP--IR autoclaveIR autoclave
VV = = 55 ml55 ml ; ; V(sideV(side loop) = 0.6 ml ; loop) = 0.6 ml ; ppmaxmax = 85 bar= 85 bar
TTmaxmax = 150= 150°°C ; sC ; stirringtirring: : 0 0 –– 3000 rpm (800 rpm3000 rpm (800 rpm))
lliquidiquid velocityvelocity: : 44--12 ml s12 ml s--11 (max stirring)  (max stirring)  
IR windowsIR windows: : ZnSZnS øø 10 mm10 mm ; d = 0.4mm; d = 0.4mm

Fourier Transform IR (FTIR)Fourier Transform IR (FTIR)
Shimadzu FTShimadzu FT--IR 8300IR 8300 ; ; 7800 cm7800 cm--11 to 350 cmto 350 cm--11

RResolutionesolution:: 1, 2, 4, 8 and 16 cm1, 2, 4, 8 and 16 cm--11

Scanning speedScanning speed: : at 4 cmat 4 cm--1 from 2.0 s to 0.3 s1 from 2.0 s to 0.3 s
BeamBeam: : HeHe--NeNe laserlaser ; Michelson interferometer; Michelson interferometer
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CC OO // HH 22

[[PP tt // SS nn ]]
OO HH CC

Production of Production of nonanalnonanalPreformationPreformation of catalyst precursorof catalyst precursor

R. v. R. v. DurenDuren, 2002., 2002.

Example for the use of highExample for the use of high--pressure in situ IRpressure in situ IR in Pt/in Pt/SnSn
catalyzed catalyzed hydroformylationhydroformylation

Mechanistic InvestigationsMechanistic Investigations

PPtt
LL
LL CCll

CCll

SSnnCCll22 HH22
PPtt

LL
LL CCll

SSnnCCll33
PPtt

LL
LL HH

SSnnCCll33
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AMTEC Automated 16AMTEC Automated 16--Reactor SystemReactor System

15 ml reactors (stainless steel 316L)15 ml reactors (stainless steel 316L)
pp(max(max)) = 150 bar= 150 bar
T(maxT(max) = 250) = 250°°CC
controlled stirrer speed 0controlled stirrer speed 0--2000 rpm2000 rpm
individual heating & pressure for each reactorindividual heating & pressure for each reactor
liquid sampling, gas uptake measurement liquid sampling, gas uptake measurement 
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Catalyst CharacteristicsCatalyst Characteristics

Total turnover numberTotal turnover number and catalyst and catalyst lifelife--timetime

The total turnover number is the amount of product (mol) that caThe total turnover number is the amount of product (mol) that can be formed n be formed 
by a certain amount of catalyst (mol) during itby a certain amount of catalyst (mol) during it’’s life time.s life time.

Turnover frequencyTurnover frequency

SelectivitySelectivity

The Selectivity of a catalyst is a measure for itThe Selectivity of a catalyst is a measure for it’’s efficiency with which it s efficiency with which it 
distinguishes between different possible reaction pathways.distinguishes between different possible reaction pathways.

for a reaction for a reaction A  +  B                  C  ;
[cat]

νν = = 
d[C]
dt

the turnover frequency the turnover frequency NN is defined asis defined as N = 
ν

[cat]

S = 
yield desired product

total conversion
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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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Process Catalyst Capacity / 1000 t/a

Hydroformylation HRh(CO)n(PR3)m 3690

HCo(CO)n(PR3)m 2445

Hydrocyanation (DuPont) Ni[P(OR3)]4 ∼1000

Ethene-Oligomerization (SHOP) Ni(P^O)-chelate complex 870

Acetic acid (Eastman Kodak) HRhI2(CO)2  / HI / CH3I 1200

Acetic acid anhydride (Tennessee-Eastman) HRhI2(CO)2  / HI / CH3I 227

Metolachlor (Novartis) [Ir(ferrocenyldiphosphine]I / H2SO4 10

Citronellal (Takasago) [Rh(binap)(cod)]BF4 1,5

Indenoxide (Merck) chiral Mn(salen)-complex 600 kg scale

Glycidol (ARCO, SIPSY) Ti(OiPr)4 / diethyl tartrate several tons

Homogeneous catalytic processes in industry
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NanoparticlesNanoparticles for immobilizationfor immobilization
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Molecular weight enlarged Molecular weight enlarged ligandsligands
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XantphosXantphos--DerivativeDerivative

DPEphosDPEphos--DerivativeDerivative

TriphenylphosphineTriphenylphosphine--
DerivativeDerivative

InsulinInsulin 3 3 nmnm cytochromecytochrome 4 4 nmnm
C. Muller, TU/eC. Muller, TU/e

http://www.starpharma.com/image004.asp
http://www.starpharma.com/image004.asp
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Catalytic Cycle and Elementary StepsCatalytic Cycle and Elementary Steps

++ HHYY
- L

+ L

Ln-2M
HH

YY

R
Ln-2M

YY

R
HH

-- LL

Ln-1M
HH

YY

MMLLnn MMLLnn--11

R YY
HH

dissociationdissociation

ν = 18, 16ν = 18, 16 ν = 16, 14ν = 16, 14

ν = 18, 16ν = 18, 16

ν = 16, 14ν = 16, 14

ν = 16, 14ν = 16, 14

dissociationdissociation

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)

Catalysis_09
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Homogeneous CatalysisHomogeneous Catalysis
Elementary StepsElementary Steps

Migratory insertionMigratory insertion

M

H
CH2

CH2
M

CH2CH3

alkenealkene complexcomplex metal alkyl complexmetal alkyl complex

ββ--EliminationElimination

M
CH2CH3

M
CH2

C
H H

H

M

H
CH2

CH2

ββ--Hydrogen is abstracted via a cyclic 4Hydrogen is abstracted via a cyclic 4--membered transition statemembered transition state
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Homogeneous HydrogenationHomogeneous Hydrogenation
•• WilkinsonWilkinson’’s catalyst 1965  s catalyst 1965  RhCl(PPhRhCl(PPh33))33

1st homogeneous hydrogenation catalyst1st homogeneous hydrogenation catalyst

Synthesis of the catalystSynthesis of the catalyst

RhCl3 * 3 H2O  +  exc. PPh3

EtOH

80°C
RhCl(PPh3)3  +  2 HCl  +  Ph3P=O

dd6644

IIIIII II

Reversible coordination of Reversible coordination of etheneethene

RhCl(PPh3)3  +
20°C

trans-RhCl(C2H4)(PPh3)2  +  PPh3

R coordinates less by a factor of 2000coordinates less by a factor of 2000

Irreversible coordination of COIrreversible coordination of CO

RhCl(PPh3)3  +  CO
20°C

trans-RhCl(CO)(PPh3)2  +  PPh3

e.g. e.g. decarbonylationdecarbonylation of of aldehydesaldehydes can lead to the deactivation of the catalystcan lead to the deactivation of the catalyst
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Homogeneous HydrogenationHomogeneous Hydrogenation

alkene
coordination

oxidative additionreductive
elimination

L

R

L

H2

Rh
L

LCl

L

Rh
L

Cl
L

H

H

L

Rh
L

Cl
L

H

H

Rh
L

Cl
L

H

H

R

ligand
dissociation

Rh
Cl

L
H

L
R

H

R

H H

Rh
Cl

L
H

L

R
HL

ligand
association

migratory
insertion

•• HH22 activation is the rate limiting stepactivation is the rate limiting step
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•• The least substituted C=C bond is hydrogenated fastestThe least substituted C=C bond is hydrogenated fastest

Homogeneous HydrogenationHomogeneous Hydrogenation

R» » > »

•• For simple alkenes manly For simple alkenes manly stericsteric factors determine the reactivityfactors determine the reactivity

terminal >  internal
cis >  trans

hydrogenation is hydrogenation is stereospecificstereospecific ciscis

low tendency towards low tendency towards isomerizationisomerization

tolerated functional groups:tolerated functional groups: COOH, COOR, CN, NO2, 
O

strongly coordinating strongly coordinating substratessubstrates inhibit:inhibit: NH2 COOH;
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Asymmetric SynthesisAsymmetric Synthesis
•• classical synthesisclassical synthesis

reagentreagent

+ +

product 1:1product 1:1substratesubstrate

chiralchiral auxiliaryauxiliary

reagentreagent

+

substratesubstrate product, left handed onlyproduct, left handed only

•• stereoselectivestereoselective synthesissynthesis

Asymm-sw7



SchuitSchuit Institute of Catalysis Institute of Catalysis

D. Vogt Anorganische Chemie, 6H290TUTU//ee

Conversion of a Substrate Using aConversion of a Substrate Using a
ChiralChiral CatalystCatalyst

A chiralchiral catalystcatalyst favors one face of the substrate

OneOne product enantiomerenantiomer is formed predominantlypredominantly

H H

((SiSi))

CH3

((SS))

chiral
catalyst

chiral ligand

H
+

((RR))

Asymm-sw13
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Asymmetric SynthesisAsymmetric Synthesis
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Asymmetric HydrogenationAsymmetric Hydrogenation
COOR

NHAc
MeO

OAc

H2

[Rh(dipamp)]+ NH2

COOH

HO
OH

P P

OMe

MeO

DIPAMP

+

+

Rh
P

P *Ar

N
COOMe

OH3C

H

Rh
P

P* Ar

N
MeOOC

O CH3

H +

Rh
S

SP

P*
+

Ar
NHCOMe

COOMe
+

kR kS

majormajor
diastereomerdiastereomer

minorminor
diastereomerdiastereomer

kS » kR

LL--DOPADOPA

•• MonsantoMonsanto’’s Ls L--DOPA processDOPA process
LL--DOPA is an agent against ParkinsonDOPA is an agent against Parkinson’’s diseases disease

((SS))--product formed predominantlyproduct formed predominantly
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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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Catalyst Co(CO)4H Co(PBu3)(CO)3H Rh(CO)4H Rh(TPP)3(CO)H Rh(TPPTS)3(CO)H

T 110-180°C 160-200°C 100-140°C 85-115°C 50-130°C

p 200-350 bar 30-100 bar 200-300 bar 15-20 bar 10-100 bar

Products aldehydes alcohols aldehydes aldehydes aldehydes

l/b (propene) 80:20 88:12 50:50 92:8 95:5

Byproducts medium high low low low

Poisoning low medium high     - high

Feed stocks C2-C20 Higher alkenes spec. alkenes,
ethene

lower alkenes lower alkenes

Processes Ruhrchemie
BASF
Kuhlmann

Shell     - LPO Ruhrchemie/Rhône
Poulenc

Separation
cat./product

several distillation under
increased
pressure

    - distillation phase separation

Catalyst
recycling

several in residue     - cat. remains in
reactor

in aqueous phase

Industrial Industrial HydroformylationHydroformylation Overview Overview 
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HydroformylationHydroformylation

2 Rh

H

CO

CO
L

L
+  H2

C

C
RhL

L

LRh
C

C L

O O

OO

At high At high RhRh concentration and low pressure there is an equilibrium between concentration and low pressure there is an equilibrium between 
catalytically inactive catalytically inactive dimericdimeric species and the active hydride.species and the active hydride.

Formation of the catalyst complexFormation of the catalyst complex

Co2(CO)8

H2
2 HCo(CO)4•• Cobalt systems:Cobalt systems:

(acac)Rh(CO)2
CO/H2 ; L

- Hacac

H
Rh
CO

COL
L•• Rhodium systems:Rhodium systems:
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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:

ligand
dissociation

R

H
Rh
CO

COL
L

Rh
H

COL

L

H
Rh
CO

L
L

R
Rh

H

COL

HL
R

O

Rh
CO

COL
L

R
Rh
COL

L
RO

Rh
COL

L R

CO

H2

O R

CO

alkene
coordination

migratory
insertion

ligand
association

migratory
insertion

oxidative addition

reductive
elimination

ν = 18ν = 18

ν = 16ν = 16

ν = 18ν = 18

ν = 16ν = 16ν = 16ν = 16

ν = 18ν = 18
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+  CO / H2
CHO

CO / H2

substrate

productreactor

make up purge
(tars)

Ruhrchemie/Rhône Poulenc,
Rhodium + Phosphine
two Phase Process

HRh(CO)(L)3

in aqueous layer

decanter

L =

P

SO3Na 3

•• limited by alkene solubility in water

HydroformylationHydroformylation ProcessesProcesses
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+  CO / H2
CHORuhrchemie/Rhône Poulenc,

two Phase Process

L =

P

SO3Na 3

hydrophilic ligand: TPPTS

solubility: > 1 kg / l H2O

•• process intensification

=> reactor & decanter in one unitCO / H2

propene

organic layer
product

gas recycle & off gas

HydroformylationHydroformylation ProcessesProcesses
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LaticesLatices as Phaseas Phase--Transfer AgentsTransfer Agents
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Latex Enhanced Aqueous Phase CatalysisLatex Enhanced Aqueous Phase Catalysis
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Novel reaction engineeringNovel reaction engineering

Membrane Loop reactorMembrane Loop reactor
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Monsanto Acetic Acid ProcessMonsanto Acetic Acid Process
CarbonylationCarbonylation of Methanolof Methanol

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

Catalysis_19

•• New BP process uses [IrI2(CO)2]- with Ru2(CO)6I2(μ-I)2 as cocatalyst

•• Currently ~ 3.5 Mt/a produced worldwide, 60% of all acetyl compounds based on this 
process.

-

-

-

-

oxidative
addition

reductive
elimination

Rh
CO

COI

I

Rh
CO

I
I

CO

CH3

I

CO
association

migratory
insertion

Rh
C

I
I

CO
I

CH3

O

Rh
CO

I
I

I

C

CO

CH3

O
CO

H3C C
I

O
CH3COOH

HI H2O

CH3OH CH3I

ν = 16ν = 16 ν = 16ν = 16

ν = 18ν = 18

ν = 18ν = 18rate limitingrate limiting
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