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13-1 Historical Background
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13-1 Historical Background

Other examples of organometallic compounds
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13-1 Historical Background

Organometallic Compound

Organometallic chemistry is the study of chemical compounds
containing

Organometallic chemistry combines aspects of inorganic
chemistry and organic chemistry.

Organometallic compounds find practical use in stoichiometric
and catalytically active compounds.

Electron counting is key in understanding organometallic
chemistry. The 18-electron rule is helpful in predicting the
stabilities of organometallic compounds. Organometallic
compounds which have 18 electrons (filled s, p, and d orbitals)
are relatively stable. This suggests the compound is isolable, but
it can result in the compound being inert.




13-1 Historical Background

In attempt to synthesize fulvalene ':>E<j

Fulvalene

Produced an orange solid (ferrocene)
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Discovery of ferrocene began the era of modern organometallic
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13-2 Organic Ligands and Nomenclature

Write hydrocarbon ligands before the metal.

n
superscript

Bridging ligand - u

Subscript indicating the number of metal atoms bridged.

Ligand Name Ligand Name
co Carbonyl -
/ @ Benzene
——C\ Carbene (alkylidene) Sy
e ) PP 1,5-cyclooctadiene (1,5-COD) (1,3-cyclooctadiene
=C Carbyne (alkylidyne) © complexes are also known)
v Cyclopropenyl (cyclo-CH,) H,C=CH, Ethylene
HC=CH Acetylene
T n-Allyl (C;Hs)
Cyclobutadiene (eyclo-C, H c
O 4 cyelo-Catly) —CR,  Alkyl
, | e
O Cyclopentadienyl (cycle-CH:)(Cp) —C\ Acyl
~ R

FIGURE 13-7 Common Organic Ligands,




13-2 Organic Ligands and Nomenclature

Number of
Bonding Positions Formula Name

| 1'-CsHs monohaptocyclopentadienyl M —CI
3 113":5]'[5 trihaptocyclopentadienyl M 4@

5 nﬁ-CﬁH 5 pentahaptocyclopentadienyl M
Number of Atoms Bridged Formula
None (terminal) CO
2 p2-CO

3 pa-CO




13-3 The 18-Electron Rule
; counting electrons

In main group chemistry, the octet rule

(1°-CsHs)Fe(CO),Cl

Donor Pair method

Fe(II) 6 electrons
7-Cslls™ 6 electrons
2 (CO) 4 electrons
Cl™ 2 electrons

Total = 18 electrons

Neutral Ligand method

Fe atom 8 electrons
'r]ﬁ-Cl;HE 3 electrons
2 (CO) 4 electrons
Cl 1 elcctron

Total = 18 electrons



13-3 The 18-Electron Rule
; counting electrons

M-M single bond counts as one electron per metal

TABLE 13-1
Electron Counting Schemes for Common Ligands
Ligand Method A Method B

H 2(H) 1
Cl, Br, I 2(X") 1
OIL, OR 2(0OH,0R") 1
CN 2(CN") 1
CH;. CR; 2(CHy ,CRy ) |
NO (bent M—N—0) 2(NO) 1
NO (linear M—N—0) 2 (NO™) 3
CO, PR; 2 2
NH3, H,0 2 2
=CRR' (carbene) 2 2
H,C==CH; (ethylene) 2 2
CNR 2 2
=0, =§ O %D 2
n°-C3Hs (m-allyl) ™ 2 (CsHs™) 3
==CR (carbyne) 3 3
=N 6 (N*") 3
Ethylenediammne (en) 4 (2 per nitrogen) 4
Bipyridine (bipy) 4 (2 per nitrogen) 4
Butadiene 4 4
1°-CsHjs (cyclopentadienyl) 6 (CsHs ) 5
1°-C4Hg (benzene) 6 6
n’-C7H; (cycloheptatrienyl) 6 (C7H7 ™) 7




13-3 The 18-Electron Rule
; why 18 electrons‘? ’

Have to consider
types of ligand

Strong o—donor
ability of CO

Strong jt—acceptor
ability of CO

Good for 18-
electron rule
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why 18 electrons?

3-3 The 18-Electron Rule

[Zn(en),]?* ; ?? Electron species
good o-donor

bad jt-acceptor

e, orbitals are not sufficiently
antibonding

TiFg% ; ?? Electron species
o-donor

Jt-donor

What happen?
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Ligand field theory;
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13-3 The 18-Electron Rule
; square-planar complexes

O
PPh Ph,P
C\ /C Cl\ /N Cl\ Pl 3P /C
Ni Pt Rh Ir
N SN it | C]/ \PPh
16 electron complexes N SN o PhsP PPhy 3
- 2

might be stable &9 28 wzkel 38

Square-planar
complexes have
important catalytic
behavior
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13-4 Ligands in Organometallic Chemistry
; carbonyl (CO) complexes
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13-4 Ligands in Organometallic Chemistry
; carbonyl (CO) complexes
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13-4 Ligands in Organometallic Chemistry
; carbonyl (CO) complexes

Experimental evidence

Free CO vs M-CO
Infrared spectroscopy and X-ray crystallography

Free CO has a C-O stretch at 2143 cm?
Cr(CO), has a C-O stretch at 2000 cm™

C-O distance 112.8 pm
Metal complexes 115 pm




13-4 Ligands in Organometallic Chemistry
; carbonyl (CO) complexes

In general, the more negative the charge on the
organometallic species, the greater the tendency of
the metal to donate electrons to the 1t* orbitals of CO
and the lower the energy of the C-O stretching

vibrations.
Complex v(CO), em™!
[Ti(CO)s]>~ 1748
[V(CO)e) 1859
Cr(CO), 2000
[Mn(CO)g]" 2100
[Fe(CO))*" 2204
5+ d— B+ B
C=0 M"" «—— C=0

The consequence is that the electrons in the positively charged complex are more
equally shared hy the carbon and the oxygen, giving rise to a stronger bond and a higher

energy C—O stretch,



13-4 Ligands in Organometallic Chemistry
; bridging modes of CO

TABLE 13-2
Bridging Modes of CO
Approximate Range
for v (CO) in Neutral
Tvpe of CO Complexes (cm™')
Free CO 2143
Terminal M—CO 1850-2120
Symmetric® p,—CO 17001860
8 - a Donor T Acceptor
M7 M
0 0 0
Symmetric® p;—CO ”CE}F /C\\F f‘ =
e_—_—-rFe ARG -1
O ANCT N L Vg = 2082, 2019¢m
C. o \8/ o
M7 A M 0
M Veo = 1829¢m™!

Note: * Asymmetrically bridging po- and p3-CO are also
known.



13-4 Ligands in Organometallic Chemistry
; bridging modes of CO

Terminal and bridging carbonyl ligands can be
considered 2-electron donors.
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13-4 Ligands in Organometallic Chemistry
; bridging modes of CO

[(m°-CsHs5)Mo(CO);], — [(m°-CsHs)Mo(CO),], + 2 CO
1960, 1915 cm ! 1889, 1859 cm ™!




13-4 Ligands in Organometallic Chemistry

; binary carbonyl complexes
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13-4 Ligands in Organometallic Chemistry
; binary carbonyl complexes

Synthesis of binary carbonyl complexes

1. Direct reaction of a transition metal and CO

Ni + 4 CO — Ni(CO),

2. Reductive carbonylations

CrCl; + 6 CO + Al — Cr(CO)¢ + AICI;
Rﬁj{}';- + 17 C0O — Rﬂj{ct.}]”] | 7 CO,

3. Thermal or photochemical reaction

2 Fe(CO)s = Feo(CO)y + CO

Exchange reaction

A
3 Fe(CO)s — Fey(CO), + 3CO A

Re(CO)<Br + en ——> fac-Re(CO)s(en)Br + 2 CO



13-4 Ligands in Organometallic Chemistry
; oxygen-bonded cabonyls
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13-4 Ligands in Organometallic Chemistry
; ligands similar to CO

CS, CSe
Similar to CO in their bonding modes
In terminal or bridging

CS usually functions as a stronger o donor and 1t acceptor
than CO

isoelectronic; CN-and N,

CN- is a stronger 0 donor and a somewhat 1t weaker
acceptor than CO

CN- bonds readily tp metals having higher oxidation states

N, is a weaker donor and acceptor than CO
Nitrogen fixation




13-4 Ligands in Organometallic Chemistry
; ligands similar to CO; NO complexes

o @H, <

]‘i»h
Cl ., FPh; Cr
N 11‘ ) _/ N DCEf \NS
L e c 0"~ | 0
() 3 O ()
Linear Bent Bridging NS complex
Linear Bent
0 0.
Il s
M M
M—N-—0 angle 165°—180° 119°—140°
v (N-0) in neutral molecules 1610—1830cm™"  1520—1720 cm™!
Electron donor count 2 {as NO") 2 (as NO)

3 (as neutral NO) I {as neutral NO)



13-4 Ligands in Organometallic Chemistry
; hydride and dihydrogen complexes

Hydride complexes

Organic synthesis,
catalytic reaction

Co,(CO)g + Hy —> 2 HCo(CO),
trans-Ir(CO)CI(PEt3); + Hy —— Ir(CO)CI(H),(PEt3),

Co,(CO)g + 2 Na —> 2 Na'[Co(CO)4]”
[Co(CO)4]” + HY —— HCo(CO),



13-4 Ligands in Organometallic Chemistry
; hydride and dihydrogen complexes

Dihydrogen complexes

Organic synthesis,
catalytic reaction

d donation T acceptance

Distance of H-H
the metal is electron rich and donate

strongly to the t* of H, — 7?77
with CO and NO — 777




13-4 Ligands in Organometallic Chemistry
; ligands having extended 1t systems

7t bonding within the ligands themselves-
linear systems

H 2C=C HE p orbitals interacting Relative energy

I*

H,(C==CH==CH, p erbitals interacting Relutive energy

EH':




13-4 Ligands in Organometallic Chemistry
; ligands having extended 1t systems

H,(C=CH—CH=CH, p orbitals interacting Relarive energy
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13-4 Ligands in Organometallic Chemistry
; ligands having extended 1t systems

7t bonding within the ligands themselves-
cyclic systems

c'_t'c'FrJ-CiHj p orbitals interacting Relative energy
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13-4 Ligands in Organometallic Chemistry
; ligands having extended 1t systems

7t bonding within the ligands themselves-
cyclic systems

p Orbitals interacting Relative energy p QOrbitals interacting Relarive energy

cyclo-CgHg
(Benzene)

evelo-C .‘E-H 5
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