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e-spectra_2

•• Absorptions arise from transitions between electronic energy levAbsorptions arise from transitions between electronic energy levels els 

•• transitions between metaltransitions between metal--centered centered orbitalsorbitals with dwith d--charactercharacter
((dd--dd transitionstransitions))

•• transitions between metaltransitions between metal-- and and ligandligand--centered MOcentered MO’’s which s which 
transfer charge from metaltransfer charge from metal--toto--ligandligand or or ligandligand--toto--metalmetal

(Charge(Charge--Transfer transitions, CT)Transfer transitions, CT)

•• MLCT = metalMLCT = metal--toto--ligandligand charge transfercharge transfer

•• LMCT = LMCT = ligandligand--toto--metal charge transfermetal charge transfer

Electronic Spectra of dElectronic Spectra of d--Metal Metal 
ComplexesComplexes



dd--Metal ComplexesMetal Complexes
LigandLigand Field SplittingField Splitting

dd11 [Ti(OH[Ti(OH22))66
]3+]3+

eegg ←← tt2g2g

•• The The ligandligand field splitting field splitting ΔΔOctOct is is 
strongly dependent on the nature strongly dependent on the nature 
of the of the ligandligand

•• For electron configurations other than For electron configurations other than 
dd11, this transition energy gives not, this transition energy gives not only only 
the difference in orbital energy, but is the difference in orbital energy, but is 
also dep. on electron repulsions.also dep. on electron repulsions.

Empirical findings!Empirical findings!



d-metal_20

dd--Metal ComplexesMetal Complexes
Tetragonal Tetragonal LigandLigand Field & Tetragonal DistortionField & Tetragonal Distortion

•• typical for high spin dtypical for high spin d44 and dand d99

CuCuIIII is a typical exampleis a typical example

a1g

b1g

b2g

eg

M
X

X X
X

X

X

•• JahnJahn--Teller EffectTeller Effect: If the ground state of a nonlinear complex is orbital : If the ground state of a nonlinear complex is orbital 
degenerate, the complex will distort in order to lower energy bydegenerate, the complex will distort in order to lower energy by removing the removing the 
degeneracydegeneracy

•• OrbitalsOrbitals with a z component are stabilized, others destabilizedwith a z component are stabilized, others destabilized



dd--Metal ComplexesMetal Complexes
Some Common Some Common LigandLigand FieldsFields

•• Splitting diagrams referred to a common Splitting diagrams referred to a common barycenterbarycenter

•• Splitting with respect to Splitting with respect to ΔO

squaresquare
planarplanar

trigonaltrigonal
bibi--pyramidalpyramidal

squaresquare
pyramidalpyramidal

octahedraloctahedral pentagonalpentagonal
bibi--pyramidalpyramidal

squaresquare
antianti--prismaticprismatic

d-metal_5



dd--Metal ComplexesMetal Complexes
SpectrochemicalSpectrochemical SeriesSeries

•• The The ligandligand field splitting field splitting ΔΔOO is strongly dependent on the nature of the is strongly dependent on the nature of the 
ligandligand..

Independent from the central metal, Independent from the central metal, ligandsligands can be sorted by increasing can be sorted by increasing ΔΔOO..

II-- <Br<Br-- <S<S22-- <SCN<SCN-- <<ClCl-- <NO<NO33
-- <N<N33

-- <F<F-- <OH<OH-- <C<C22OO44
22-- <H<H22O <NCSO <NCS--

<CH<CH33CN <CN <pypy <NH<NH33 <en <<en <bipybipy <<phenphen <NO<NO22
-- <PPh<PPh33 <CN<CN-- <CO <CO 

•• ΔΔOO is the larger, the more is the larger, the more ππ--electrons the electrons the ligandligand hashas

•• ΔΔOO is small in the presence of many loneis small in the presence of many lone--pairs (Halpairs (Hal--))

CuCu2+2+(aq)(aq)
(light blue)

hypochromic

shift
[Cu(NH[Cu(NH33))44(H(H22O)O)22]]2+2+

(deep blue)



dd--Metal ComplexesMetal Complexes
SpectrochemicalSpectrochemical SeriesSeries

•• ΔΔOO increases  slightly within a row of transition metalsincreases  slightly within a row of transition metals

e.g. for Me.g. for M2+2+ (3d series), (3d series), ΔΔOO ≈≈ 7800 7800 -- 12000 cm12000 cm--11

(Mn(Mn2+2+) ) (Cr(Cr2+2+))

•• ΔΔOO increases down a group 3d increases down a group 3d -- 4d 4d -- 5d each by ca. 30%5d each by ca. 30%

[Fe(CN)[Fe(CN)66]]44-- yellowyellow

[Ru(CN)[Ru(CN)66]]44-- pale colorpale color

[Os(CN)[Os(CN)66]]44-- colorless, (UV)colorless, (UV)

ΔΔOO

•• ΔΔOO increases with increasing oxidation numberincreases with increasing oxidation number

e.g. 3d seriese.g. 3d series MM2+2+ ΔΔOO ≈≈ 10 000 cm10 000 cm--11 [Fe(CN)[Fe(CN)66]]44-- yellowyellow

MM3+3+ ΔΔOO ≈≈ 20 000 cm20 000 cm--11 [Co(CN)[Co(CN)66]]33-- colorless, (UV)colorless, (UV)



dd--Metal ComplexesMetal Complexes
MO TheoryMO Theory

ψψMOMO = a = a ψψMM + b + b ψψLL

•• The greatest contribution to MOThe greatest contribution to MO’’s ofs of
lowest energy comes from atomic lowest energy comes from atomic 
orbitalsorbitals of lowest energy.of lowest energy.

•• LigandLigand σσ--orbitalsorbitals derived from atomic derived from atomic 
orbitalsorbitals with energies well below the with energies well below the 
metalmetal--dd orbitalsorbitals..

Bonding Bonding σσ--MOMO’’s of the complex are s of the complex are 
mainly of mainly of ligandligand--orbital characterorbital character

tt2g2g--orbitals are confined to metal and orbitals are confined to metal and 
eegg are also largely of metal characterare also largely of metal character



dd--Metal ComplexesMetal Complexes
LigandLigand Field TheoryField Theory

•• The 12 eThe 12 e-- of the of the ligandligand lonelone--pairs fill pairs fill 
the 6 bonding MOthe 6 bonding MO’’s.s.

•• The n eThe n e-- of a of a ddnn complex fill the complex fill the 
nonbonding nonbonding tt2g 2g and antiand anti--bondingbonding eegg
orbitalsorbitals..

ΔΔOO is the HOMOis the HOMO--LUMO separation!LUMO separation!

•• In the example a dIn the example a d33 complex is showncomplex is shown



dd--Metal ComplexesMetal Complexes
ππ--Bonding, Donor & Acceptor Bonding, Donor & Acceptor LigandsLigands

metal ligands metal ligands

ππ--donor donor ligandsligands decrease decrease ΔO

ππ--acceptor acceptor ligandsligands increase increase ΔO

d-metal_10



•• ππ--donor donor ligandsligands decrease decrease ΔO andand
•• ππ--acceptor acceptor ligandsligands increase increase ΔO

dd--Metal ComplexesMetal Complexes
ππ--Bonding, Donor & Acceptor Bonding, Donor & Acceptor LigandsLigands

•• The The spectrochemicalspectrochemical series is largely a consequence of the effects ofseries is largely a consequence of the effects of
ππ--bonding, when this is feasiblebonding, when this is feasible

increasing increasing ΔO

II-- <  Br<  Br-- <  <  ClCl-- <  F<  F-- <  H<  H22O  <  NHO  <  NH33 <  PR<  PR33 <  CO <  CO ≅≅ PFPF33

ππ--donor  <  weak donor  <  weak ππ--donor  <  no donor  <  no ππ--effects  <  effects  <  ππ--acceptoracceptor

d-metal_11



e-spectra_12 
(5e)

Spectroscopic TermsSpectroscopic Terms
•• Notification of the total quantum numbersNotification of the total quantum numbers

L   = 0 1 2 3 4 . . . . .

S P D F G . . . . .
alphabetical, omitting J

S = 0 ½ 1 3/2 2 . . . . .

2S + 1 = 1 2 3 4 5 . . . . .

••
The terms of atoms are specified by symbols in which L is indicaThe terms of atoms are specified by symbols in which L is indicated by ted by 

one of the letters S, P, D, ... , and 2S+1 (multiplicity) is givone of the letters S, P, D, ... , and 2S+1 (multiplicity) is given as left en as left 
superscript.superscript.

e.g.e.g. L = 1,L = 1, S = 1S = 1 == 3PP



The Energies of the TermsThe Energies of the Terms

•• To just identify the ground term of an atom or ion:To just identify the ground term of an atom or ion:

Identify the microstate that has the highest value of MIdentify the microstate that has the highest value of MSS..

Identify the highest permitted value of MIdentify the highest permitted value of MLL for that multiplicity.for that multiplicity.

Example:Example:
What is the ground term for the configuration 3dWhat is the ground term for the configuration 3d55 of Mnof Mn2+2+ ??

S = 5 x 1/2 = 5/2S = 5 x 1/2 = 5/2 =>  maximum multiplicity is 2x5/2 +1 = 6=>  maximum multiplicity is 2x5/2 +1 = 6

all eall e-- have the same mhave the same mss => they have to have different m=> they have to have different mll

mmll = +2, +1, 0, = +2, +1, 0, --1, 1, --2  => 2  => MMLL = 0 => L = 0= 0 => L = 0

The ground term is The ground term is 66SS

e-spectra_13



Electronic Spectra of dElectronic Spectra of d--Metal ComplexesMetal Complexes
The Spectroscopic TermsThe Spectroscopic Terms

The terms of an octahedral metal complex are labeled by the symmThe terms of an octahedral metal complex are labeled by the symmetry etry 
species of the overall orbital state; a superscript prefix showsspecies of the overall orbital state; a superscript prefix shows the multiplicity the multiplicity 
of the term.of the term.

Atomic term Number of
states

Terms in Oh symmetry

S 1 A1g
P 3 T1g
D 5 T2g + Eg
F 7 T1g + T2g + A2g
G 9 A1g + Eg + T1g + T2g

The free atom terms split in the The free atom terms split in the ligandligand field of an octahedral complex and are field of an octahedral complex and are 
then labeled by their symmetry species as given in the table.then labeled by their symmetry species as given in the table.

ee--spectra_14spectra_14



Electronic Spectra of dElectronic Spectra of d--Metal ComplexesMetal Complexes

ConventionConvention

The following notation is used for electronic transitions causedThe following notation is used for electronic transitions caused by by 
absorption or emission of energyabsorption or emission of energy

•• Emission:Emission: (high E level) (high E level) →→ (low E level)(low E level)
•• Absorption:Absorption: (high E level) (high E level) ←← (low E level)(low E level)

e.g.: absorptive transitions from e to a te.g.: absorptive transitions from e to a t22 level in a tetrahedral level in a tetrahedral 
complex:complex:

tt22 ←← ee

•• dd11, d, d44, d, d66, and d, and d99 complexes show one absorptioncomplexes show one absorption

•• dd22, d, d33, d, d77, and d, and d88 complexes show three absorptioncomplexes show three absorption

•• dd55 complexes show a series of very weak, relatively sharp absorpticomplexes show a series of very weak, relatively sharp absorptionsons

e-spectra_15



Selection RulesSelection Rules

•• Spin selection ruleSpin selection rule: : ΔΔS = 0S = 0

•• Transitions may occur from singlet to singlet, or triplet to triTransitions may occur from singlet to singlet, or triplet to triplet states plet states 
and so on, but a change in spin multiplicity is forbidden.and so on, but a change in spin multiplicity is forbidden.

•• The coupling of spin and orbital angular momentum can relax the The coupling of spin and orbital angular momentum can relax the spin selection spin selection 
rule. Spinrule. Spin--orbit coupling is stronger for heavy atoms:orbit coupling is stronger for heavy atoms:
heavy atom effectheavy atom effect

Intensities of spinIntensities of spin--forbidden transitions are greater for 4d or 5d metal forbidden transitions are greater for 4d or 5d metal 
complexes than for comparable 3d complexes.complexes than for comparable 3d complexes.

e-spectra_16



Term splitting in crystal fieldsTerm splitting in crystal fields
OrgelOrgel DiagramDiagram

e-spectra_17

dd11, d, d6 6 octahedral octahedral 
dd44, d, d99 tetrahedraltetrahedral

D

Eg or E

Tg2 or T2

Tg2 or T2

Eg or E

dd11, d, d6 6 tetrahedraltetrahedral
dd44, d, d99 octahedraloctahedral

dd6 6 5D: L = 2, S = 4/24/2

dd9 9 positive hole concept positive hole concept 



Selection RulesSelection Rules
ExampleExample

•• High spin dHigh spin d5 5 transition forbidden and high spin dtransition forbidden and high spin d77 transition allowedtransition allowed

e-spectra_18

6S: L = 0, S = 5/25/2

4S: L = 0, S = 3/23/2

4F: L = 3, S = 3/23/2

4D: L = 2, S = 3/23/2

ΔS = 11 ΔS = 00

•• Spin allowedSpin allowed



How to find How to find ΔΔoctoct in in ddnn configurations?configurations?

e-spectra_19



RacahRacah ParametersParameters
•• Due to electron repulsion, the terms of a configuration have difDue to electron repulsion, the terms of a configuration have different ferent 

energies.energies.

•• The repulsion energies can be described by three combinations ofThe repulsion energies can be described by three combinations of
integrals, that can be described by three integrals, that can be described by three empirical parametersempirical parameters AA, , BB, , 
and and CC, the , the RacahRacah parametersparameters..
A, B, and C can be determined from gasA, B, and C can be determined from gas--phase atomic spectra.phase atomic spectra.

The The RacahRacah parameters summarize the effect of parameters summarize the effect of ee----ee-- repulsion on the repulsion on the 
energies of the terms that arise from a single configuration. Thenergies of the terms that arise from a single configuration. The e 
parameters are the quantitative expression of the ideas underlyiparameters are the quantitative expression of the ideas underlying ng 
HundHund’’ss rules and account for deviations from them.rules and account for deviations from them.

•• For a dFor a d22 configuration:configuration:

E(E(11S) = A + 14 B + 7 CS) = A + 14 B + 7 C
E(E(11G) = A + 4 B + 2 CG) = A + 4 B + 2 C
E(E(11D) = A D) = A -- 3 B + 2 C3 B + 2 C
E(E(33P) = A + 7 BP) = A + 7 B
E(E(33F) = A F) = A -- 8 B 8 B ΔΔE(P E(P -- F) =  (A + 7 B) F) =  (A + 7 B) –– (A (A -- 8 B) = 15 B 8 B) = 15 B 

C C ≈≈ 4 B4 B

ee--spectra_20spectra_20



Electronic Spectra of dElectronic Spectra of d--Metal ComplexesMetal Complexes
Weak and Strong Field LimitsWeak and Strong Field Limits

•• Two extreme cases are taken into account in order to consider Two extreme cases are taken into account in order to consider ee----ee--

repulsions, which are difficult to quantify.repulsions, which are difficult to quantify.
•• Weak field limitWeak field limit ee----ee-- repulsionsrepulsions are are importantimportant and relative E can be and relative E can be 

expressed as combinations of expressed as combinations of BB and and CC..
•• Strong field limit Strong field limit ee----ee-- repulsionrepulsion can be ignored and E solely expressed can be ignored and E solely expressed 

in terms of in terms of ΔΔOO..

•• Intermediate cases are considered by Intermediate cases are considered by 
drawing a correlation diagram between the drawing a correlation diagram between the 
two.two.

•• Only term for a dOnly term for a d11 configuration in a free configuration in a free 
atom is atom is 22DD
ee-- configuration in an octahedral complex eitherconfiguration in an octahedral complex either
tt2g2g =>  =>  22TT2g2g term, orterm, or

eegg =>  =>  22E termE term

11

11

Because there is no Because there is no ee----ee-- repulsionrepulsion, the separation is , the separation is ΔΔOO..

dd11

free ionfree ion strongstrong--fieldfield

e-spectra_21



Electronic Spectra of dElectronic Spectra of d--Metal ComplexesMetal Complexes
Weak and Strong Field LimitsWeak and Strong Field Limits

dd22

ΔΔ/B = 0/B = 0 ΔΔ/B = /B = ∝∝

•• For dFor d22 configuration the triplet terms are configuration the triplet terms are 33F and F and 33P with the relative P with the relative 
energies E(energies E(33F)=0 and E(F)=0 and E(33P)=15B.P)=15B.

•• A dA d22 ion has the configurations:ion has the configurations:

LFSE = (LFSE = (--0.4x + 0.6y) 0.4x + 0.6y) ΔΔOO

E(tE(t2g, 2g, TT1g1g) = 2 () = 2 (--2/52/5ΔΔOO) = ) = --0.80.8ΔΔOO

E(tE(t2g2geeg, g, TT2g2g) = () = (--2/5+3/52/5+3/5ΔΔOO) = +0.2) = +0.2ΔΔOO

E(eE(egg, , AA2g2g) = 2 (3/5) = 2 (3/5ΔΔOO) = +1.2) = +1.2ΔΔOO

2          1     1         22          1     1         2tt2g2g < t< t2g2geeg g < < eegg

22

1     11     1

22

•• The relative E are:The relative E are:

E(tE(t2g, 2g, TT1g1g) = 0 , E(t) = 0 , E(t2g2geeg, g, TT2g2g) = +) = +ΔΔOO , , E(eE(egg, , AA2g2g) = +2) = +2ΔΔOO
22 1     11     1 22

For a given metal ion, the energies of the individual terms respFor a given metal ion, the energies of the individual terms respond differently to ond differently to 
ligandsligands of increasing field strength and the correlation between free aof increasing field strength and the correlation between free atom terms and tom terms and 
terms of a complex can be displayed in an terms of a complex can be displayed in an OrgelOrgel diagram.diagram.

e-spectra_22



dd22

When there is a change in the identity of the When there is a change in the identity of the 
ground term with the ground term with the ligandligand field, the lines can field, the lines can 
have an abrupt change in slope.have an abrupt change in slope.

Tanabe Sugano diagrams are correlation diagrams that depict the Tanabe Sugano diagrams are correlation diagrams that depict the 
energies of electronic states of complexes as a function of the energies of electronic states of complexes as a function of the strength strength 

•• Term energies expressed as E/B and plotted Term energies expressed as E/B and plotted 
against against ΔΔOO/B. /B. 

•• Because C Because C ≈≈ 4 B, terms that depend both on B 4 B, terms that depend both on B 
and C can be plotted in the same diagram. and C can be plotted in the same diagram. 

•• Zero energy in a Tanabe Sugano diagram is Zero energy in a Tanabe Sugano diagram is 
always that of the lowest term. always that of the lowest term. 

of the of the ligandligand field.field.

Electronic Spectra of dElectronic Spectra of d--Metal ComplexesMetal Complexes
TanabeTanabe--Sugano DiagramsSugano Diagrams

e-spectra_23



dd33

SelfSelf--test 13.4test 13.4

Use the TanabeUse the Tanabe--Sugano diagram for dSugano diagram for d33 configuration configuration 
to determine the first two spinto determine the first two spin--allowed quartet bands allowed quartet bands 
for [Cr(Hfor [Cr(H22O)O)66]]3+3+

ΔO = 17 600 cm-1 ;  B = 700 cm-1

ΔO
B

Electronic Spectra of dElectronic Spectra of d--Metal ComplexesMetal Complexes
Example 13.4Example 13.4

e-spectra_24

=  25.1==

1. transition:1. transition: 4T2g ← 4A2g

2. transition:2. transition: 4T1g ← 4A2g

E/B = 24 == 16 800 cm-1

E/B = 35 == 24 500 24 500 cm-1



dd33

SelfSelf--test 13.4test 13.4

Use the TanabeUse the Tanabe--Sugano diagram for dSugano diagram for d33 configuration configuration 
to determine the first two spinto determine the first two spin--allowed quartet bands allowed quartet bands 
for [Cr(Hfor [Cr(H22O)O)66]]3+3+

ΔO = 17 600 cm-1 ;  B = 700 cm-1

ΔO
B

Electronic Spectra of dElectronic Spectra of d--Metal ComplexesMetal Complexes
Example 13.4Example 13.4

e-spectra_25

=  25.1==

1. transition:1. transition: 4T2g ← 4A2g

2. transition:2. transition: 4T1g ← 4A2g

E/B = 24 == 16 800 cm-1

E/B = 35 == 24 500 24 500 cm-1



Application of TanabeApplication of Tanabe--Sugano DiagramsSugano Diagrams

•• Given is the UVGiven is the UV--visvis spectrum of [V(Hspectrum of [V(H22O)O)66]]3+3+

5.000      10.000     15.000     20.000     25.000     30.000   35.000
cm-1

2.000        1.000        667         500          400          333         286
nm

V3+ (d2)

Adsorption bands atAdsorption bands at
17.800 cm-1 and 25.700 cm-1. Use the corresponding Tanabe-Sugano 
diagram to estimate the values of ΔΔoo and BB..



Application of TanabeApplication of Tanabe--Sugano DiagramsSugano Diagrams

νν11: : 33TT22 ←← 33TT1 1 (lowest energy)(lowest energy)

•• spin allowed transitionsspin allowed transitions

νν11

νν22

νν33

νν22: : 33TT1 1 ←← 33TT11

νν33: : 33AA22 ←← 33TT11

dd22 with C = 4.42 Bwith C = 4.42 B



Catalytic Cycle and Elementary StepsCatalytic Cycle and Elementary Steps

++ HHYY
-- LL

++ LL

LLnn--22MM
HH

YY

RR
LLnn--22MM

YY

RR
HH

-- LL

LLnn--11MM
HH

YY

MMLLnn MMLLnn--11

RR
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

Catgen_sw1Catgen_sw1



TolmanTolman’’s Cone Angles Cone Angle

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

Activation of Octahedral ComplexesActivation of Octahedral Complexes
Steric Effects

React_mech_37

•• Steric crowding favors dissociative activation because in this wSteric crowding favors dissociative activation because in this way the ay the 
formation of the activated complex can relief strain.formation of the activated complex can relief strain.

°2.28 A Θ1/2
Θ= ΣΘi /2

3

i=1
2/3

metal atommetal atom

P

R3

R1 R2

Chadwick A. TolmanChadwick A. Tolman



Relations Between Substitution MechanismsRelations Between Substitution Mechanisms
determine dependence of rate on 

entering (Y) and leaving (X) groups, 
evaluate ΔV#

rate depends on Y

ΔV# < 0

rate depends on X, 
but not on Y

ΔV# ≥ 0

associative (a) dissociative (d)intimate mechanism

determine rate law, look 
for intermediates, study 

stereochemistry

intermediate with 
increased C.N.

no intermediate intermediate with 
decreased C.N.

associative (A) dissociative (D)interchange (I)

stoichiometric mechanism

React_mech_13



React_mech_20

The The transtrans EffectEffect
•• A strong A strong σσ--donor or donor or ππ--acceptor ligand greatly accelerates the acceptor ligand greatly accelerates the 

substitution of a ligand in substitution of a ligand in transtrans positionposition

Substitutions on sqpl complexes proceed almost invariably via anSubstitutions on sqpl complexes proceed almost invariably via an
associative rateassociative rate--limiting stage.limiting stage.

σσ--donor donor : : OHOH-- < NH< NH33 < Cl< Cl-- < Br< Br-- < CN< CN--, CO, CH, CO, CH33
-- < I< I-- < SCN< SCN-- < PR< PR33 < H< H--

ππ--acceptoracceptor : : BrBr-- < I< I-- < NCS< NCS-- < NO< NO22
-- < CN< CN-- < CO, C< CO, C22HH44

transtrans--effecteffect

L k1/s-1 k2/(Lmol-1s-1)
CH3

- 1.7 10-4 6.7 10-2

C6H5
- 3.3 10-5 1.6 10-2

Cl- 1.0 10-6 4.0 10-4

H- 1.8 10-2 4.2
PEt3 1.7 10-2 3.8

Effect of the trans ligand in substitutions of Effect of the trans ligand in substitutions of transtrans--[PtClL(PEt[PtClL(PEt33))22]]



Solvent: Solvent: EtEt22O, THFO, THF

RX + Mg  RMgX

1901: Victor Grignard1901: Victor Grignard

I/35I/35

•• Electronegativity and ionElectronegativity and ion--charactercharacter

polarization of the metalpolarization of the metal--C bondC bond M M —— CC
δδ++ δδ--

MainMain--Group Organometallic CompoundsGroup Organometallic Compounds



Practical aspectsPractical aspects

•• Dry solvent is needed and an inert atmosphereDry solvent is needed and an inert atmosphere

•• RX should be added slowly, otherwise Wurtz coupling RX should be added slowly, otherwise Wurtz coupling 
occursoccurs

RMgX  R-O-O-MgX

 RH + Mg(OH)X

 R-C-O-MgX

O

H2O

O2

CO2

RX

 RMgX

 R-R + MgX2

I/36I/36



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_organo gr_organo 
3434



Organomet_05

e- available hapticity Ligand Metal-ligand structure
1 η1 H M-H
1 η1 Cl, Br, I M-X
1 η1 OH M-OH
1 η1 CN M-C≡N
1 η1 CH3, alkyl M-CH3, M-R
2 η1 CO, PR3 M-C≡O, M-PR3

2 η1 NH3, H2O M-NH3, M-OH2

2 η1 alkylidene M=CR2

2 η2 alkene M

2 η1 =O, =S M=O, M=S
3 η1 NO(linear) M-N≡O

3 η3 C3H5, allyl M

3 η1 alkylidyne M≡C-R

4 η4 1,3-diene, C4H6

M

5 η5 cyclopentadienyl,
C5H5 M

6 η6 arene, C6H6

M

Counting ElectronsCounting Electrons

•• Metal atoms and ligands are Metal atoms and ligands are 
treated as neutraltreated as neutral

•• Count all valence eCount all valence e-- of the of the 
mmetal & all etal & all ee-- donated by the donated by the 
ligandsligands

•• Correct for charges of the Correct for charges of the 
complexcomplex



Counting electrons (special Counting electrons (special 
ligands)ligands)

http://www.ilpi.com/organomet/electroncount.html#neutralhttp://www.ilpi.com/organomet/electroncount.html#neutral III/12



Metal Allyl BondsMetal Allyl Bonds
Bonding ModesBonding Modes

Organomet_37

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



Cyclopentadienyl Metal ComplexesCyclopentadienyl Metal Complexes
MetallocenesMetallocenes

•• Important Ligand in Organometallic ChemistryImportant Ligand in Organometallic Chemistry

•• Frequently used Ligand in Organometallic Chemistry: 1990: ~80% oFrequently used Ligand in Organometallic Chemistry: 1990: ~80% of  f  
Organometallic compounds contain the Cp LigandOrganometallic compounds contain the Cp Ligand

H

H

H H

H H

H

H

HH

•• ElectronElectron--Buffer Ligand: Buffer Ligand: ηη11; ; ηη33; ; ηη5 5 coordination commoncoordination common

M M
M
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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 Carbonyl Complexess of Carbonyl Complexes
Bond CharacteristicsBond Characteristics

σσ--donordonor ππ--acceptoracceptor

occupiedoccupied

emptyempty
occupiedoccupied emptyempty
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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 νCO will be observed! 
(see slide Organomet_25)

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



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



Catalytic Cycle and Elementary StepsCatalytic Cycle and Elementary Steps

++ HHYY
-- LL

++ LL

LLnn--22MM
HH

YY

RR
LLnn--22MM

YY

RR
HH

-- LL

LLnn--11MM
HH

YY

MMLLnn MMLLnn--11

RR
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_09Catalysis_09
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HydroformylationHydroformylation
•• In  most cases CO or ligand In  most cases CO or ligand 

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



Monsanto Acetic Acid ProcessMonsanto Acetic Acid Process
Carbonylation of MethanolCarbonylation of 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



Good Luck !!!!!!!!!!!!!!!!!!!!!!!Good Luck !!!!!!!!!!!!!!!!!!!!!!!

http://www.hybridcatalysis.com/teachingcorner.htmhttp://www.hybridcatalysis.com/teachingcorner.htm
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