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The 18 electron rule & catalysisThe 18 electron rule & catalysis

•• 18 e complexes are unwanted in catalysis18 e complexes are unwanted in catalysis
•• They are either catalyst precursors, resting states in a catalytThey are either catalyst precursors, resting states in a catalytic ic 

cycle or just a bad proposalcycle or just a bad proposal
•• <<18 e complexes should be closer examined (except for early <<18 e complexes should be closer examined (except for early 

transition metals).transition metals).

–– ChattChatt, 1971 (Mo, 6e), 1971 (Mo, 6e)

Mo
L

L
L

P(CH3)2

P

CH3

CH3

L
L
L

Mo
versus

presumed 14-e complex
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covalent Mcovalent M--C C σσ--bonding bonding 

Types of MTypes of M--C Bonds in the Periodic TableC Bonds in the Periodic Table

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 33



Early transition metalsEarly transition metals
Groups 3Groups 3--44

•• Strongly Strongly electrophilicelectrophilic and and oxophilicoxophilic
•• Little Little redoxredox chemistry (exception: Ti)chemistry (exception: Ti)
•• Virtually always < 18Virtually always < 18e e complexescomplexes
•• Polar and very reactive MPolar and very reactive M--C bondsC bonds
•• Little Little dd--electrons:electrons:

–– preference for "hard" spreference for "hard" s--donorsdonors
–– weak coordination to pweak coordination to p--acceptorsacceptors

III/18III/18



•• Typical catalysis:Typical catalysis: polymerization:polymerization:

Epoxidation:Epoxidation:

Me
M M

Me

Me
M etc

Early transition metalsEarly transition metals
Groups 3Groups 3--44
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•• Many oxidation states are Many oxidation states are 
accessibleaccessible

•• Mostly 18Mostly 18e e complexescomplexes
•• Ligands are strongly boundLigands are strongly bound
•• Strong, rather unreactive MStrong, rather unreactive M--C C 

bondsbonds
•• Preference for sPreference for s--donor/pdonor/p--acceptor acceptor 

combinations  (CO!)combinations  (CO!)

Middle transition metalsMiddle transition metals
Groups 5Groups 5--77
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•• Typical catalysis: alkene and alkyne metathesisTypical catalysis: alkene and alkyne metathesis

CH3CH CH2 CH2 CH2 CH3CH CHCH32
catalyst

n
n

catalyst

Middle transition metalsMiddle transition metals
Groups 5Groups 5--77
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•• Multiple oxidation statesMultiple oxidation states
•• Mostly 18Mostly 18ee of 16of 16e e complexescomplexes

–– 1616ee typically square planar coordinationtypically square planar coordination
•• Easy ligand association/dissociationEasy ligand association/dissociation
•• Weak, not too reactive MWeak, not too reactive M--C bondsC bonds
•• Even weaker, and reactive MEven weaker, and reactive M--O/MO/M--N bondsN bonds
•• Preference for sPreference for s--donor/(weak) pdonor/(weak) p--acceptor acceptor 

bonding (Phosphines)bonding (Phosphines)

Late transition metalsLate transition metals
Groups 8,9,10Groups 8,9,10
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•• Typical catalysis: hydroformylation (Typical catalysis: hydroformylation (--
silylation, silylation, --amination, amination, --cyanation), cyanation), 
hydrogenation, etc.hydrogenation, etc.

H
M M
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M CO
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Late transition metalsLate transition metals
Groups 8,9,10Groups 8,9,10
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Periodic trendsPeriodic trends

11stst row:row:
•• often unpaired electrons (paramagnetic)often unpaired electrons (paramagnetic)
•• Several spin states accessible (HS/LS)Several spin states accessible (HS/LS)
•• Highest oxidation state less stableHighest oxidation state less stable

22ndnd/3/3rdrd row:row:
•• "closed shell""closed shell"
•• Higher oxidation states relatively stableHigher oxidation states relatively stable
•• 22ndnd row often more reactive than 3row often more reactive than 3rdrd
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……Very bold generalizations Very bold generalizations 
for your researchfor your research

•• Working with 1Working with 1st st row elements:row elements:
–– difficult, you probably candifficult, you probably can’’t use NMRt use NMR

•• Working with 2Working with 2nd nd row elementsrow elements
–– YouYou’’ll find exiting catalystsll find exiting catalysts……
–– ……they will be to active to be studied in detailthey will be to active to be studied in detail
–– Nice for industry, less for academiaNice for industry, less for academia

•• Working with 3Working with 3rd rd row elementsrow elements
–– youyou’’ll make beautiful complexes and can study their reactivity ll make beautiful complexes and can study their reactivity 

in detailin detail
–– Nice for academia, less for industryNice for academia, less for industry
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Synthesis of Metal Alkyls / AcylsSynthesis of Metal Alkyls / Acyls

•• Insertions Insertions 

M
CH2

CH3CH2

CH2

M

H

alkyl generation

acyl formation

C

M

OR

M
CO

R
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•• Insertions Insertions 

N

N

N

Co

Ar

H N

N

N

Co

Ar

CH2CH3
C2H4

Ea = 61.9 kJ/mol, ΔH* = 59.4 kJ/mol, 
ΔS* = -88.3 J/mol.K en ΔF* = 86.2 kJ/mol

CO

C
CO CO

CO CO
CO

Mn

OCH3

Mn
COCO

COCO
CH3

CO

Synthesis of Metal Alkyls / AcylsSynthesis of Metal Alkyls / Acyls
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•• Oxidative AdditionOxidative Addition

MeI
O

Rh
O PPh3

PPh3

Me

IO
Rh

O PPh3

PPh3

Oxidative Addition

Reductive Elimination

M
X

Y

X

Y

M
+

formal oxidation state
increases by 2+

Synthesis of Metal AlkylsSynthesis of Metal Alkyls
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Three important mechanisms for oxidative addition:Three important mechanisms for oxidative addition:
•• nonnon--polar additionpolar addition

React_mech_55

Oxidative AdditionOxidative Addition
•• Usually both, coordination number and oxidation state increase bUsually both, coordination number and oxidation state increase by two!y two!

Ir
PR3

XR3P
OC H2

Ir
PR3

XR3P
OC

H
H H

Ir

X

PR3

HR3P
OC IIIIIIII

•• nucleophilic attack on a carbon atom by the lone pairs of the menucleophilic attack on a carbon atom by the lone pairs of the metaltal

(R3P)4Pd     + Cl
Ph

D
H

PdCl
PR3

PR3

Ph

D
H +  2 PR3

CH3X > CH3CH2X > CHR2X > CyX  X = halogen

00 IIII

•• radical addition in a stepwise reactionradical addition in a stepwise reaction

IIIIIIII R
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PMe3

ClMe3P
OC
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R3P
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Reductive EliminationReductive Elimination

Reductive elimination is the reverse mechanism of oxidative addiReductive elimination is the reverse mechanism of oxidative additiontion

•• Usually both, coordination number and oxidation state decrease bUsually both, coordination number and oxidation state decrease by two!y two!

IIIIIIII Rh
Cl
PPh3OC

Ph3P
Rh

CH3

OC
Ph3P

PPh3

O R

Cl

+   RCOCH3
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Decomposition pathways for Metal AlkylsDecomposition pathways for Metal Alkyls

•• Most common: Most common: ββ--H eliminationH elimination

•• Other:Other:
–– homolysishomolysis
–– α/γ/δα/γ/δ--eliminationseliminations

–– reductive elimination (often with hydride or other reductive elimination (often with hydride or other 
alkyl)alkyl)

–– Ligand Metallation (e.g. cyclometallation)Ligand Metallation (e.g. cyclometallation)

M
H

M
H

M
H

M CH2
CH2 CH3

M CH3
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How to prevent How to prevent ββ--H elimination ?H elimination ?

•• ““DonDon’’t have t have ββ--HH””

•• ““DonDon’’t have a vacant coordination site t have a vacant coordination site ciscis to the alkylto the alkyl

OH2

Co

O
N N

OH

N N
O

H
Et

M M

neopentyl xylyl

M

benzyl
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Toxicity of Carbon Monoxide (CO)Toxicity of Carbon Monoxide (CO)

Hemoglobin: The OHemoglobin: The O22--carriercarrier HemeHeme--unitunit

IV/7IV/7



CO binds ca. 250 times better than OCO binds ca. 250 times better than O22!!

Toxicity of Carbon Monoxide (CO)Toxicity of Carbon Monoxide (CO)
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MOMO’’s of Carbon Monoxides of Carbon Monoxide

•• HOMO has HOMO has σσ symmetrysymmetry and point away from C in the COand point away from C in the CO--axisaxis
=>=> forms forms σσ--donordonor bonds with the metalbonds with the metal

•• LUMOLUMO’’s are s are ππ* orbitals which play a crucial role in overlap with t* orbitals which play a crucial role in overlap with t2g2g metal metal 
orbitalsorbitals
=>=> CO acts as CO acts as strong strong ππ--acceptoracceptor
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MOMO’’s of Carbon Monoxides of Carbon Monoxide
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σσ--donordonor ππ--acceptoracceptor

occupiedoccupied

emptyempty
occupiedoccupied emptyempty

Stretching Stretching 
frequencyfrequency
νν (CO)(CO)

increasesincreases decreasesdecreases

M CO(σ) (σ) M CO(π) (π)

IR Spectroscopy on MIR Spectroscopy on M--CO compoundsCO compounds
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Types of CO Binding ModesTypes of CO Binding Modes

σσ--donordonor

CC

OO

MM MM

ππ--acceptoracceptor

CC

OO

MM MMM M

C
O
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StructureStructure
•• The simple metal carbonyl compounds show a symmetrical structureThe simple metal carbonyl compounds show a symmetrical structure with the with the 

CO ligands in the most distant positionsCO ligands in the most distant positions

Cr
C

C
C
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C
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O
O

O

DD3h3h

Ni

C

C C
C

O

O

O
O

TTdd

•• 1313C NMR and IR spectroscopy provide structural informationC NMR and IR spectroscopy provide structural information

•• Non symmetrical compounds bearing N CO ligands will show N Non symmetrical compounds bearing N CO ligands will show N ννCOCO
(see slide Organomet_25)(see slide Organomet_25)

symmetricsymmetric antianti--symmetricsymmetric
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StructureStructure
•• If the positions of the CO ligands are more symmetrical arrangedIf the positions of the CO ligands are more symmetrical arranged than the than the 

point group of the whole compound suggests, fewer point group of the whole compound suggests, fewer ννCOCO will be observed! will be observed! 
((see slide Organomet_25see slide Organomet_25))

nearly conearly co--linear bridging CO ligandslinear bridging CO ligands



Cr(CO)6
Cr(CO)3(CH3CN)3

Cr
C

C
C

O
O

O

Reactions of MReactions of M--CO CO 

1) Ligand substitution1) Ligand substitution

CHCH33CNCN CC77HH88

refluxreflux

Introduction of the labile ligand CHIntroduction of the labile ligand CH33CNCN
Substitution by other ligands possibleSubstitution by other ligands possible
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Reactions of MReactions of M--CO CO 

2) Photochemical ligand substitution2) Photochemical ligand substitution

Cr(CO)6 Cr(CO)5

LCr(CO)5

Mn

CC
C

O
OO

Mn

C
C PMe3

O
O

++ hhνν
--COCO

+ L+ L

hhνν

+ PMe+ PMe33
-- COCO
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Photochemical ligand substitutionPhotochemical ligand substitution

Reactions of MReactions of M--CO CO 
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3) Migratory insertion3) Migratory insertion

M CH3

C
O

Ln M

C
O CH3

LnM C
O

CH3

Ln

Reversible reaction: deReversible reaction: de--insertion: same mechanisminsertion: same mechanism
(principle of Microscopic Reversibility)(principle of Microscopic Reversibility)

Me migratesMe migratesCO migratesCO migrates

Reactions of MReactions of M--CO CO 
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+

Migratory insertionMigratory insertion

If CO movesIf CO moves

25% no label25% no label 75% 75% 

If Me movesIf Me moves

25% no label25% no label 50% 50% ciscis 25% 25% transtrans

Reactions of MReactions of M--CO CO 
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4) Reaction of M4) Reaction of M--CO with strong bases CO with strong bases 

Fe(CO)Fe(CO)55 +  3  NaOH (aq)               Na+  3  NaOH (aq)               Na++[HFe(CO)[HFe(CO)44]]-- +  Na+  Na22COCO33
+ H+ H22OO

(CO)4Fe C
O

OH
Fe

C

C

O

O H

H

O

C

O

C

HieberHieber’’s Base Reactions Base Reaction

OHOH-- HH++

+ 2 OH+ 2 OH--

-- HCOHCO33
--

Reactions of MReactions of M--CO CO 
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Synthesis of Fischer CarbenesSynthesis of Fischer Carbenes

Mostly from CO complexes through:Mostly from CO complexes through:
1) Nucleophilic attack at CO1) Nucleophilic attack at CO
2) Electrophilic attack at O2) Electrophilic attack at O

Also spontaneous isomerization of vinyl, alkene or Also spontaneous isomerization of vinyl, alkene or 
acetylene complexes (Ru)acetylene complexes (Ru)

MeI

MeLiW(CO)6

(CO)5W
OMe

Me

(CO)5W
O  Li

Me

V/32V/32



SchuitSchuit Institute of Catalysis Institute of Catalysis
D. Vogt Anorganische Chemie, 6BA40TUTU//ee

Fischer carbenesFischer carbenes

•• singlet ground state singlet ground state 
((HeteroatomsHeteroatoms))

•• Late(r) transition metals Late(r) transition metals 
with lower oxidation stateswith lower oxidation states
(donation of electrons)(donation of electrons)
–– carbene is considered neutralcarbene is considered neutral

π
σ

M C

π

σM

M
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Metal Alkylidene BondsMetal Alkylidene Bonds
•• ηη11-- bound 2ebound 2e-- ligands CHligands CH22, CHR, CR, CHR, CR2 2 

•• metal metal -- C double bondC double bond

Organomet_35

Fischer Carbenes

•• Middle to late transition metal carbenesMiddle to late transition metal carbenes
•• vacant carbon pvacant carbon pzz orbital higher in energyorbital higher in energy

than dthan d--ππ orbitalsorbitals
=>=> Fischer carbene C is electrophilicFischer carbene C is electrophilic

σσ--bondbond ππ--bondbond
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Schrock Carbenes (Alkylidenes)Schrock Carbenes (Alkylidenes)

•• ””Conventional" M=C bond:Conventional" M=C bond:
–– both both σσ en en ππ are covalent,are covalent,

expected polarization Mexpected polarization Md+d+--CCdd--

•• Triplet ground stateTriplet ground state
•• Early transition metals with Early transition metals with 

high oxidation stateshigh oxidation states
–– Carbene is formally CCarbene is formally C22--

•• Carbene C is nucleophilicCarbene C is nucleophilic

M σ

πM

Ta

NMe2

NMe2

Cl

Cl
C

H

t-Bu

H2O C
H

t-BuH

H
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Synthesis of Schrock alkylidensSynthesis of Schrock alkylidens

Decomposition of metal Decomposition of metal 
alkyls (alkyls (αα--eliminatie)eliminatie)

Examples:Examples: Ta
5

Np3Ta

Cp2Ta
Me

Cp2Ta
Me

Cp2Ta
CH2

H

M
CH2

CH

H

R

R

M
CH2

CH2

R

R

M CHR
RCH3
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Metal Alkylidene BondsMetal Alkylidene Bonds
•• electrophilic Fischer carbenes react with a nucleophileselectrophilic Fischer carbenes react with a nucleophiles

(CO)5Cr C
OMe

Ph
+    :NHR2 (CO)5Cr C

NR2

Ph
(CO)5Cr C

OMe

Ph

NHR2 +    MeOH

Schrock Carbenes

•• Early transition metal carbenesEarly transition metal carbenes
•• filled carbon pfilled carbon pzz orbital lower inorbital lower in

energy than denergy than d--ππ orbitalsorbitals
=>=> Schrock carbene C is nucleophilicSchrock carbene C is nucleophilic

•• Schrock carbenes are catalysts for the alkene metathesis reactioSchrock carbenes are catalysts for the alkene metathesis reactionn

Ta
ClCl

C
C

H
+ Ta

ClCl
C
CH

CH2

CMe3

H2

Ta
ClCl

CH2 +
H

Wrong picture!Wrong picture!
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Catalytic Alkene MetathesisCatalytic Alkene Metathesis

Driving forces:Driving forces:
•• Liberation of volatile reactantsLiberation of volatile reactants

•• Reduction of Ring strainReduction of Ring strain
+

M C

C C
+

M

C C

C M

C

C

C
+

Olefin metathesis is key in the production of linear olefins at Olefin metathesis is key in the production of linear olefins at 
the Geismar, La., facilities of Shell Chemicals.the Geismar, La., facilities of Shell Chemicals.
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Application example of ROMPApplication example of ROMP

•

A 1.5A 1.5--inchinch--thick polydicyclopentadiene resin prepared with ruthenium thick polydicyclopentadiene resin prepared with ruthenium 
technology is impenetrableto 9technology is impenetrableto 9--mm bullets.mm bullets.
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Alkene metathesis & Fine ChemicalsAlkene metathesis & Fine Chemicals

•

V/36V/36
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Development of Metathesis CatalystsDevelopment of Metathesis Catalysts

Mo
R'O

R'O NAr

CMe2Ph

R' = (CF3)2CMe

Ar = 

PCy3

Ru

PCy3

Ph

Cl
Cl

Schrock catalyst.Schrock catalyst.
Very active but sensitive forVery active but sensitive for
functional groupsfunctional groups

Grubbs catalyst.Grubbs catalyst.
Stable, tolerates functionalStable, tolerates functional
groups but PCygroups but PCy33 has to has to 
dissociate prior to reaction.dissociate prior to reaction.
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Schrock and Grubbs CatalystsSchrock and Grubbs Catalysts

•

V/38V/38
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Bonding SituationBonding Situation
DewarDewar--ChattChatt--Duncanson ModelDuncanson Model

M
C

C
M

C

C

σσ--bondbond

emptyempty
dd--orbitalorbital

filled filled 
ethylene ethylene 
ππ--orbitalorbital

ππ--backbondbackbond

filled filled 
dd--orbitalorbital

empty empty 
ethylene ethylene 
ππ* orbital* orbital

Transition Metal Transition Metal -- Alkene ComplexesAlkene Complexes
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Metal Alkene BondsMetal Alkene Bonds
DewarDewar--ChattChatt--Duncanson ModelDuncanson Model

•• Donation of eDonation of e-- density from a filled density from a filled ππ--MOMO
of the alkene into a vacant metal of the alkene into a vacant metal σσ--orbital.orbital.

•• Acceptance of eAcceptance of e-- density from a filled density from a filled 
metal dmetal dππ orbital into the vacant orbital into the vacant ππ**--MO MO 
of the alkene.of the alkene.

Organomet_45
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Metal Alkene BondsMetal Alkene Bonds
Bonding ModesBonding Modes

Organomet_46

•• Depending on the electron density in both, the metal and the alkDepending on the electron density in both, the metal and the alkene, the ene, the 
actual situation will lie between two extremesactual situation will lie between two extremes

-- very every e-- rich metal fragmentsrich metal fragments
-- strongly estrongly e-- withdrawing withdrawing 

substituents on the alkenesubstituents on the alkene

-- normal situation for most alkenesnormal situation for most alkenes
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Metal Alkene BondsMetal Alkene Bonds
Bonding ModesBonding Modes

Organomet_47

M
L

L

coordination no.: 3coordination no.: 3
16 valence e16 valence e--

LL22M(alkene)M(alkene)

M
L

L
L

coordination no.: 4coordination no.: 4
16 valence e16 valence e--

LL33M(alkene)M(alkene)

L

M

L

L
L

coordination no.: 5coordination no.: 5
18 valence e18 valence e--

LL44M(alkene)M(alkene)

•• ExamplesExamples
(PPh(PPh33))22Ni(CNi(C22HH44)) K[PtCl K[PtCl 33(C(C22HH44)])] (PPh(PPh33))22IrBr(CO)TCNEIrBr(CO)TCNE
Pt(CPt(C22HH44))33 TCNE = tetracyanoetheneTCNE = tetracyanoethene

•• The conformation with respect to the metalThe conformation with respect to the metal--alkene bond depends on the alkene bond depends on the 
metal fragmentmetal fragment
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Metal Allyl BondsMetal Allyl Bonds
Bonding ModesBonding Modes

Organomet_48

Fe

OC
OC

H
H

H
H

H

ηη11-- coordinationcoordination

Pd Cl
Cl

Pd

ηη33-- coordinationcoordination

Ni
L

X

ηη11-- ηη22-- coordinationcoordination

M

H

H

H3

H
H

H2

H1

H3

H2

H1

M
H1

H2

H3

H1

H2

M
antianti

synsyn

antianti

synsyn

•• SynSyn and and antianti protons can be distinguished in protons can be distinguished in 11HH--NMR spectrumNMR spectrum
•• Dynamic behaviour (isomerization) on the NMR timeDynamic behaviour (isomerization) on the NMR time--scale often leads to scale often leads to 

averaged signalsaveraged signals

•• Allyl metal complexes are important intermediates and metalAllyl metal complexes are important intermediates and metal--precursors precursors 
in catalytic reactionsin catalytic reactions
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Pd Cl
Cl

Pd
DMSO

Pd
DMSOCl

DMSO
2

Dynamic NMR BehaviorDynamic NMR Behavior

Organomet_49
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11H NMR spectrum of [(allyl)PdCl]H NMR spectrum of [(allyl)PdCl]22
(d(d66--DMSO, 140DMSO, 140°°C, 200 MHz)C, 200 MHz)

HH1,21,2
•• A4X pattern

HH33

5.8                5.4                  5.0                4.6  5.8                5.4                  5.0                4.6  4.2                 3.8                 3.4       4.2                 3.8                 3.4       3.0  ppm3.0  ppm

11H NMR spectrum of [(allyl)PdCl]H NMR spectrum of [(allyl)PdCl]22
(CDCl(CDCl33, 25, 25°°C, 200 MHz)C, 200 MHz)

HH11HH22

HH33

H1

H2

H3

H1

H2

M

•• typical A2M2X pattern of
η3- bound allyl ligand



SchuitSchuit Institute of Catalysis Institute of Catalysis
D. Vogt Anorganische Chemie, 6BA40TUTU//ee
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Metal Metal AllylAllyl BondsBonds
SynthesisSynthesis

Organomet_51

Fe

OC CO
CO

HCl
Fe Cl

OC CO
CO

•• protonationprotonation of 1,3of 1,3--diene complexesdiene complexes

MgBr2 +  NiCl2 Ni +  2 MgBrCl

•• reaction of metal halides with an reaction of metal halides with an allylallyl--GrignardGrignard reagentreagent

X +  Pd(PPh3)4 PdX(PPh3)2

X = OAc, OCOR
O

•• allylicallylic substitution reactionssubstitution reactions

HCo(CO)4    +
- CO

+
Co(CO)3Co(CO)3

•• reaction of a metalreaction of a metal--hydride with a 1,3hydride with a 1,3--dienediene
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