
Chemistry 476

Organometallics

Organometallics
• General Name for Metal Compounds 

with C-Donor Ligands
– N, P (As), O, S (Te), Si included also
– Very low (negative) formal charge on metal
– Multiple covalent bonds common with σ

donation and πback donation
– Soft Lewis acids and bases
– “Ligands” not necessarily stable as a free 

species

Organometallics
• First Organometallic Compound (1827) 

Zeise’s Salt: K[PtCl3(C2H4)]
• By mid-1900’s Homoleptic Metal 

Carbonyls well-known: Ni(CO)4

• Field revitalized in 1950’s by Synthesis 
of Ferrocene: (C5H5)2Fe

• Modern focus on Heavier Transition 
Metals (Ru, Rh, Pd, Ir)



Nomenclature Notes
• Hapticity of Ligand denoted with “η” 

(hapto)
–Monohapto: η1 (pronounced “eta-1”)
– Dihapto: η2, etc.

• Denticity and Hapticity
• Bridging Ligands given Designation “µ”

– Terminal ligands given no special name

Fe O FeFe
O

terminal oxo µ-oxo

Nomenclature Notes
• For Most Terminal Ligands (η1) Hapto

Designation not Used
– Exception used when ligand has several 

hapticities
• Bridging Ligands are usually η2

– Only denote µ (η2 is understood)
– Exception

µ-η3-oxo

FeFe
O

Fe

Electronic Bookkeeping

• For Transition Metals in Compounds 
(n+1)s Orbital higher in Energy than nd

• Define approximate dn and Formal 
Charge for Metals in Compounds 
– Remove ligands in their normal closed-

shell configuration
– Charge on metal (and dn) is whatever is 

necessary to balance charge



Formal Charges
• Consider Iron Pentacarbonyl: Fe(CO)5

Fe

# of
Electrons Charge

5 x CO

Fe(CO)5 0

0

0

5 x 2

8

18
– In Fe(CO)5, the approximate d electron 

count for Fe is 8, with a formal charge of 0

C O ••••

δ+ δ-

Eighteen Electron Rule
• Consider Fe2(CO)9

Fe Fe
CO

CO

CO

C
O

OC

OC CO

O
C

O
C

2 Fe 2 x 8 0
9 CO 2 x 9 0

Fe - Fe 1 x 2 ---
Total

Electrons Charge

36 0

η3 CO is known!

Eighteen Electron Rule

• Stable, Diamagnetic, Mononuclear 
Transition Metal Compounds almost 
always contain 18 or fewer Valence 
Electrons
– Corollary clusters containing n metal 

centers will have 18n or fewer valence 
electrons

– Each metal-metal bond counts as two 
electrons



Why does EAN Rule Work?
Oh symmetry

σ donors

nd

(n+1) s

(n+1) p

t2g + eg

a1g

t1u

L SALCs
a1g + eg + t1u

1a1g (σ)

1eg (σ)
1t1u (σ)

1t2g (nb)

2eg (σ*)

2a1g (σ*)

2t1u (σ*)
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er

gy

Eighteen Electron Rule
• Similar Arguments may be made for 

Other Symmetries
– With π-backbonding change HOMO to π-

bonding, not non-bonding
• 19- and 20-Electron Species are very 

Unstable (σ* Orbitals occupied)
– 19-Electron species often occur as reactive 

intermediates
– Stable 20-electron species are very rare

Eighteen Electron Rule
• Compounds with less than 18e- can

exist in Oh
– Electrons come from HOMO

• 17-Electron Species are often Reactive
– Some are stable 
– Many dimerize, rearrange or do radical 

abstractions
• 16-Electron Species are stable in 

Square Planar



Eighteen Electron Rule 
Caveats

• Contains no Structural Information
– Example: µ-CO count same as do terminal
– Structure must come from X-ray or 

spectroscopic data (IR, NMR, etc.)
• Fails for “traditional” Coordination 

Compounds
– For organometallics 10 Dq large (very 

covalent), rarely paramagnetic
– Interesting cases with mixed ligands

Organometallic Ligands
• Simplest Case σ-Donors

– Donation of ligand electron pair to metal
• Any Electron Density on Ligand can be 

donated
– Acyl, µ-η2-CO
– π-Donors (C6H6, Cp)
– Agostic interactions

• Backbonding and π-Acceptors
• See Handout for List

πDonors
Number of
Electrons Ligand Structure

2 η2-C2H4 H2C CH2

4 η3-C3H5
-

(allyl) H2C CH2

CH
-

4 η4-C4H8
(butadiene)

4 η4-C5H6
(cyclopentadiene)

Charge

0

-1

0

0



πDonors
Number of
Electrons Ligand StructureCharge

6 η5-C5H5
-

(cyclopentadienyl)-1 -

6 η6-C6H6
(benzene)0

6 η5-C5H6
-

(pentadienyl)-1 -

4 η4-C4H4
(cyclobutadiene)0

πDonors
Number of
Electrons LigandCharge Structure

6 η6-C7H8
(cycloheptatriene)0

6 η6-C8H8
(cot)0

4 η4-C8H8
(cyclooctatetraene)0

8 η7-C7H7
--1 -

Eighteen Electron Rule
• Can also be stated as

n + 2 CN = 18 or CNmax =

– Where n is dn and CN is maximum 
coordination number

• Coordinatively Unsaturated
– Compounds where CNactual < CNmax

– Required for associative mechanisms

18 - n
2



Structure
• Follow VSEPR Predictions based on 

Number of Ligands
– Exception: d8 with four ligands is square 

planar
• Ligand Denticity

– σ-Donors: monodentate
– Pure π-donors: two e- donated, 

monodentate; four e- donated, bidentate; 
six e- donated, tridentate (usually)

Structure

Fe

Fe
CO

CO

+

CNactual of Fe = 6
18-electrons
Coordinatively saturated

CNactual of Fe = 6
18-electrons
Coordinatively saturated

RhCl(PPh3)3

CNactual of Rh = 4
16-electrons
Coordinatively unsaturated

Electronic Stucture
• CO s-Donor/π-Acceptor

– Donation of electrons from metal d orbital 
to π* orbital of CO (π-backbonding)

C O••M

• Backbonding usually accompanied by
– Increase in C-O bond length, decrease in νCO

– Change in chemistry 



Spectroscopic Identification
• IR Transitions of CO

– Terminal CO 1850 - 2100 cm-1

– µ-η2 CO 1700 - 1860 cm-1

– µ-η3 CO <1750 cm-1

– Free CO 2143 cm-1

• Observed Frequencies also depend on
– Backbonding
– Electron density on metal

Spectroscopic Identification
• Decrease in νCO for µ-η2 CO due to 

Contribution of the Resonance

Net decrease in CO bond strength, νCO decreases.

M M
C

O
••

M M
C

O ••••

Spectroscopic Identification

• 13C NMR
– Chemical shifts 177 - 275 ppm vs. SiMe4

– Chemical shift is very sensitive to 
electronic factors (backbonding)

• Other Techniques
– EPR useless with diamagnetic compounds
– UV-Vis dominated by charge transfer



Synthesis of Carbonyls
• Direct Reaction

– Only Fe(CO)5 and Ni(CO)4 can be 
conveniently prepared this way

• Reductive Carbonylation
– In presence of a metal halide

CrCl3 + Al + 6 CO Cr(CO)6 + AlCl3
AlCl3
C6H6

– In presence of only CO
Re2O7 + 17 CO Re2(CO)10 + 7 CO2

Synthesis of Carbonyls

• Formation of Carbonylates
– Based-Induced Redox
13 Mn2(CO)10 + 40 OH-

24 [Mn(CO)5]- + 2 Mn2+ + 10 CO3
2- + 20 H2O

– Metal Carbonyl + Reducing Agent

Fe(CO)5 + 2 Na Na2[Fe(CO)4] + CO
NH3 (l)

Synthesis of Carbonyls
• Thermolysis of Lower Nuclearity

Compounds
3 Os(CO)5 Os2(CO)12 + 3 CO∆

• Photochemical Cleavage of Metal-
Carbon Bond

2 Fe(CO)5 Fe2(CO)9 + 2 COhν

• Both are useful for Preparation of other 
Compounds from Carbonyls



Substitution Reactions
of Carbonyls

• Direct Replacement
– Heat or photochemical activation
– Weak πacceptors only 2 - 3 CO replaced
– Good πacceptors give complete 

substitution

Cr(CO)6 + PR3
Decalin

~100 °C
Cr(CO)5(PR3) + CO

Decalin =

Substitution Reactions
of Carbonyls

Rh2(CO)4Cl2 + xs PPh3

2 trans-Rh(PPh3)2(CO) Cl

Re(CO)5Cl + 2 KCN
K[Re(CO)4(CN)2] + CO + KCl

MeOH

• Carbonyls + Anion

• Bridged Carbonyls + Lewis Base

Other Routes to 
Substituted Carbonyls

• Oxidative Addition
– Concomitant oxidation of the metal and 

addition of new ligand(s)
Fe(CO)5 + Br2 Fe(CO)4Br2 + CO

1 Fe 6 +2
4 CO 2 x 4 0
2 Br 2 x 2 2 x -1

Total

Electrons Charge

18 0

Formally:
Fe0 → Fe2+

D3h → Oh (+2 L)



Other Routes to 
Substituted Carbonyls

• Protonation of Carbonylates
– Oxidative addition

RhCl3·3 H2O Rh2(CO)4Cl2
CO/EtOH
100 °C

• Reductive Carbonylation
– Metal halide + CO

[Mn(CO)5]- + H+ HMn(CO)5

• CO Insertion into an Alkyl Ligand

CH3Mn(CO)5 + CO CH3C Mn(CO)5

O

Other Routes to 
Substituted Carbonyls

• Nucleophilic Attack on CO

[Mn(CO)6]+ + CH3Li CH3C Mn(CO)5

O

• Carbonylates + Alkyl (Acyl) Halide
[Re(CO)5]- + MeI Re(CH3)(CO)5 + I-

[Mn(CO)5]- + CH3CCl

O

CH3CMn(CO)5 + Cl-

O

Hydrides
• Can be Terminal or Bridging
• Often are acidic, despite Formal Charge
• Characterize by 1H NMR

– d0, d10 usually in normal range
– All others are upfield of TMS (negative δ)

• Sometimes Hydrogen hard to find in 
Crystal Structure
– Example: HRh(PPh3)4



Synthesis of Hydrides
• H2 + Coordinatively Unsaturated 

Complexes
– H - H σ bond donated to metal
– Some πback donation (metal d to H2 σ*)
– Example: W(CO)3(Pi-Pr3)2H2

• Extremes of Bonding

Mn+
H

H
η2-H2 complex

M(n+2)+
H

H
di-η1-hydride complex

Synthesis of Hydrides

• Oxidative Addition of an Acid
Na3V(CO)5

EtOH
NH3

Na2[HV(CO)5]

• Metal Chloride + Main Group Hydride
WCl6 + NaBH4 + NaCp Cp2WH2

• Decarbonylation of Formates
[HCO2Cr(CO)5]- [HCr(CO)5]- + CO2∆

Amines
• Relatively rare in Organometallics
• Mostly Aromatics and Imines

– Stabilize low oxidation states on metal
• Examples

N N
N

N

2,2’-bipyridine
(bipy)

1,10-phenanthroline
(phen)



Other N Donors

• Imides
– Formal M = N or M ≡ N bond exists
– M≡N-R angle linear, but M=N-R bent
– Other bonding modes

• Nitrides
– Formal M ≡ N triple bond
– Usually terminal

Phosphines
• Common Ancillary Ligand

– Especially monodentate phosphines
• Analogs of Aromatics and Imines Rare

– Synthetic problems
• In General PR3 are better π-Acceptors 

than PAr3, but Steric Bulk of 
Phosphines plays a Role
– Quantitate steric bulk to compare reactions 

of different compounds

Tolman Cone Angle
• Define Angle of a Cone centered 228 pm 

from P and Tangent to van der Waal’s
Radii of R Groups

M
P

RR

R

θ

PMe3

PPh3

PCy3

Phosphine θ (deg)
118
145
170

Steric effects are minimal for 
angles less than ~140 - 160°.



Polydentate Phosphines
• Increased Stability from Chelate Effect 

– Synthetic difficulties
• Examples

– 1,2-bis(dimethylphosphino)ethane, dmpe
– 1,2-bis(diphenylphosphino)ethane, diphos

Howard, C. G.; Girolami, G. S.; Wilkinson, G.; Thornton-Prett, M. and 
Hursthouse, M. B. J. Chem. Soc., Chem.. Commun. 1983, 1163.

Mn(dmpe)Cl4
Cl

Mn

Cl

P P
ClCl

Other Phosphorous Ligands

• Phosphido
– M – PR2
– Often µ

• Phosphinidenes
– Formal P = M Bond
– µ-η2 can be planar or tetrahedral (no 

double bond)
– µ-η3 and µ-η4 also known

Other Group 15 Donors

• Many As, Sb Analogs of Phosphines
known

• Heterocycles can be either σ-Donor of 
π-Donor

E
R MLn

P

MLn

E

MLn

E = P, As E = P, As, Sb



Nitrosyl Complexes
• NO is a Non-Innocent or Amphoteric 

Ligand, which can bind in two Modes
– NO+ linear M - N - O angle, 2 electrons 

donated
– NO- bent M - N - O angle (120 - 140°), 2 

electrons donated
• There is another Way to count Electrons 

and Charge for NO
– Stick to one

Nitrosyl Complexes
• Structure of NO depends on Relative 

Energy of NO LUMO and Metal d Orbital
– If NO LUMO is lower in energy than metal d 

orbital, electron transfer to NO
– Results in rehybridization of NO orbitals

M N O M N

O
NO+: NO behaves as 
π-acceptor

NO-: Electron formally 
transferred

Nitrosyl Complexes
• Linear/Bent Geometries determined by 

X-ray Crystallography, or Raman 
Spectroscopy

• IR Spectroscopy not useful 
– Linear and bent NO spectral regions 

overlap
• 15N NMR shows Deshielding of Bent NO 

by 350 - 700 ppm



Nitrosyl Complexes
• Examples

Mn(CO)(NO)3 [Ir(PPh3)2(CO)(NO)Cl]+

1 Mn 10 -3
1 CO 1 x 2 0
3 NO 3 x 2 3 x +1

Total

Electrons Charge

18 0

1 Ir 6 +3
1 CO
1 Cl

2 PPh3

1 x 2 0
1 x 2 1 x -1
2 x 2 0

Linear NO Bent NO

Total 16 +1
1 NO 1 x 2 1 x -1

Electrons Charge

A coordinately unsaturated complex.

Aryl, Alkenyl and Alkynyl
Compounds

• Main-Group Alkyls and Aryls
– Grignards (RMgCl)
– Alkyl/aryl lithiums (t-BuLi)
– Alkyl aluminums (AlEt3)

• Metal-Carbon Bonds very weak
– Thermodynamically unstable with respect 

to metal-hydroxide (oxide) and CO2

Main-Group Alkyls and Aryls 
Synthesis 

• Direct Synthesis

• Transmetallation
– Metathesis reaction driven by lattice 

energy of metal salt
– More electropositive metals replace less 

electropositive metals

Mg + RX RMgX
R-F << R-Cl < R-Br < R-I

Ar < R < allyl ~ benzyl

2 RMgX + HgX2 R2Hg + MgX2 (s)



Main-Group Alkyls and Aryls 
Synthesis

• Metallation
– Reaction of metal alkyl with acidic 

hydrocarbon

• Metal-Halogen Exchange
– Favors more stable carbanion

CH3Li + Ph3CH Ph3CLi + CH4

n-BuLi + PhBr PhLi + n-BuBr

• Rearrangements and Coupling 
Reactions are also Possible

Structure of Main-Group 
Alkyl Compounds

• Electron-Deficiency of Metal Leads to 
– Solvent coordination in solution (and solid)
– Oligomerization in solid

Al(CH3)3 Al Al

CH3

CH3H3C

H3C

CH3

CH3

BeMe2, MgMe2, (Me2AlCl)2 have similar structures. 
In general if another atom (X-, RO-, RS-) can bridge, 
it will do so instead of alkyl group.

Transition Metal Alkyls/Aryls
• Synthesis Similar to Main Group

– Metathesis from alkyl/aryl lithium reagents 
and Grignards

• Metal-Carbon Bonds 200 - 300 kJ/mole 
weaker than “Normal” Ligands
– But still fairly strong bonds

• Instability is Kinetic not Thermodynamic
– Can be stabilized by blocking decomposition 

routes

CrCl3(thf)3 + 3 MeMgBr Cr(Me)3(thf)3 + 3 MgClBr (s)



β-Hydride Elimination
• Main Decomposition Route for Metal 

Alkyls (also Phosphines and Amines)
– Metal must be coordinatively unsaturated
– Not possible for ligand with no beta H

• Generalized Reaction

M

H
C

C
R

RH

H

M

H

+
C

C
R

RH

H

M CαH

R

CβHRH

β-Hydride Elimination
• Reverse Mechanism (Hydride Insertion 

to Alkenes) also Possible
• Agostic Interactions

– Donation of σ bonding electrons in a C - H 
bond to metal

– Seen in coordinatively unsaturated 16-
electron complexes

M
C

H Fairly rare phenomenon.  Crystal structure 
alone is not sufficient, spectroscopic 
evidence (1H NMR) also needed.

Carbenes and Alkylidenes
• Electrophilic (Fisher-type) 

– Singlet ground state as free carbene
– Contain substituent capable of π interaction 

with metal
– Have zero charge, donate 2 electrons

• Nucleophilic (Alkylidene, Schrock carbene)
– Triplet ground state as free carbene
– No substituent capable of π interaction
– Have -2 charge, donate 4 electrons



Electrophilic Carbenes
• Synthesis:

– Treatment of carbonyl with alkyl lithium or 
Grignard, followed by alkylating agent (e. g. 
trialkyloxonium salts (R3O+), EtOSO2F) 

– Nucleophilic attack on CO to give acyl, 
alkylation of oxygen

W(CO)6
1. RLi

2. Me3OBF4
(CO)5W C

R

OCH3

Electrophilic Carbenes
• Carbon attached to Metal undergoes 

Nucleophilic Attack
– Synthetic route to new carbenes

NHR2 (CO)5W C

Ph

NR2

(CO)5W C

Ph

OCH3

-CH3OH

• Protons on Alkyl Subsituents are Acidic

MeOD
(CO)5Cr C

CD3

OCH3

(CO)5Cr C

CH3

OCH3

Nucleophilic Carbenes
• Usually with Early, Higher Valent 

Transition Metals
– Hindered rotation about M-C bond

Ta(CH2CMe3)3Cl2 + 2 Me3CCH2Li

CMe4 + 2 LiCl + (Me3CCH2)3Ta C

CMe3

H

(Me3CCH2)3Ta C

CMe3

H

+ RC=OR’

RR’C=CHCMe3 + [(Me3CCH2)3Ta(O)]x



Carbene-Related Ligands
• Bridging Carbenes

– Donate 4 electrons, -2 charge

[Fe2(CO)8]2- + CH2I2 (OC)4Fe Fe(CO)4

CH2

• Vinylidenes

W C C
H

Ph

CO

CO
CO

P
P

P P P P

Ph

Ph Ph

Ph
=

Carbynes/Alklidynes

• Formal Triple Bond between Metal and 
Ligand
– Charge -3, 6 electrons donated

• Characteristics
– 13C NMR 200 - 350 ppm downfield from 

TMS
– M≡C Stretch 1250 - 1400 cm-1

Carbynes/Alklidynes
• Methods of Synthesis

– Direct introduction of carbyne ligand 
(acetylene + Mo/W triple bonded dimers)

– Transformation of existing ligand (carbene)

M C
X

R
+ E X-E- + M C R

X-

trans X-M C R

+

X = OMe, OH, Cl; E = BX3, DCC, Ag+; M =Cr, Mo, W; R = Me, Ph



Carbynes/Alklidynes
• Methods of Synthesis

– Modification of an existing carbyne by 
electrophilic or nucleophilic attack

trans-Br(CO)4Cr≡CPh + PMe3 trans-Br(CO)4Cr=C(PMe3)Ph

Cl(PMe3)4W≡CH + CF3SO3H [Cl(PMe3)4W=CH2]+ CF3SO3
-

– Dimerization to metallocyclobutadienes

LnM≡C-R LnM≡MLn RC≡CR+
LnM C-R

R-C MLn

πDonors
• First Organometallic Compound 

prepared by Zeise in 1827
– Zeise’s salt: K[PtCl3(C2H4)]
– Structure: C2H4 coordinated to Pt, 

perpendicular to plane

Pt
Cl Cl

Cl
CH2

CH2

πDonors
• Chatt-Dewar-Duncanson Model

– Bonding πorbital of alkene donated to form 
σ bond with metal

– Backbonding into alkene π*

Pt

C

C

HH

HH

Pt

C

C

HH

HH



πDonors
• In C-D-D Model Orientation of Alkene 

depends on Presence of Empty d orbital 
for Backbonding

• Two Extremes for Alkene Bonding

M
CR2

CR2

η2-alkene

M
CR2

CR2

Metallocyclopropane
Differentiated by C - C bond lengths, bond angles about 
C, etc.  Both extremes exist, although other contributes 
to resonance hybrid.

πDonors
• Alkynes are also πDonors

– Donate 2 electrons, no charge
• As with Alkenes, Two Bonding Extremes

– Resonance must be considered

η2-alkyne Metallocyclopropene

M
CR

CR
M

CR

CR

• CpMLx (x = 1 - 3) Half-Sandwich

Classes of Mononuclear 
Cp Compounds

• Cp2M Metallocenes (Sandwich 
Compounds)

• Cp2MLx (x = 1 - 3) Bent Metallocenes

M L
L

L

M
L

L
L



Synthesis of Compounds 
with πDonors

• Directly from Metal/Metal Salt

-Fe2+ + 2

Bis(η5-cyclopentadienyl)iron(II)
(ferrocene)

Fe

• Cyclic Condensation of Alkynes

Synthesis of Compounds 
with πDonors

• Fischer-Hafner Synthesis of Arenes
– Most transition metals except Ti0

– Usually gives bis(arene) product
3 MCl3 + 2 Al + AlCl3 + 6 arene 3[(arene)2M]+[AlCl4]-

• Ligand Displacement
– Leaving ligand must be easily displaced, or 

helped
– Heat or light for CO
– Addition of AlCl3 as halide scavenger

Kinetics and Mechanism

• Mechanism of Simple Substitutions in 
Carbonyl Compounds is believed to be 
Dissociative
– Associative mechanism usually give 20-

electron species
– Some substitutions do occur by an 

associative mechanism


