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*Organometallic compounds are co
containing metal carbon bond

*In many complexes both o and
existing between the metal and ca
atoms.e.g.,carbonylcomplexes,
alkylcompounds and sandwitch complex
SO on.




Carbonyl complexes and the 18-electron rule

One might wonder why in the above complexes Ni(0) has
four C=0 groups attached to it, Fe(0) five C=0, and Cr(0)
six C=0. A very simple rule allows us to predict the
numbers of donor groups attached to metal ions in
organometallic complexes, called the eighteen electron

rule. The latter rule states that the sum of the d-electrons

possessed by the metal plus those donated by the ligands
(2 per C=0) must total eighteen:

[Ni(CO),] [Fe(CO)s] [Cr(CO)el
Ni(0) = d'° Fe(0) = d® Cr(0)= d°
4xCO= 8 5 x CO 10 6xCO=12

18 e 18e 18e




Bridging Carbonyls in Fe,(CO),

bridging Fe,(CO)g has each Fe with

carbonyls three terminal CQO'’s, three
bridging CO'’s, and an FeFe
bond. The 18 electron rule
holds for each Fe atom as:

Fe(0) = dd

3 CO’s 6

- 3 bridge CO’'s = 3

nesre Fe-Fe bond = 1

bond

[Fe,(CO)q 18e




Carbonyl complexes and the 18-electron rule

To obey the 18-electron rule, many carbonyl complexes
are anions or cations, as in:

[V(CO)e]” [Mn(CO),]* [Fe(CO)1*
V(0) = df Mn(0) = d’ Fe(0)= d8
6 CO= 12e 6 CO = 12e 4 CO = 8e
1- = +1e 1% = -1le 2- = 2e

= 18e =18 e = 18e
Formal oxidation Formal oxidation Formal oxidation
state = V(-1) state = Mn(l) state = Fe(-ll)

[NOTE: In applying the 18-electron rule, metal ions are always
considered to be zero-valent, not the formal oxidn. state]




L

Metal-Carbon bonding in carbonyl complexes

Formation of o-bond:

The overlapping of empty hybrid orbital on metal atom with the filled hybrid
orbital on carbon atom of carbon monoxide molecule through lone pair
electrons results into the formation of a M« CO o-bond.

Formation of m-bond by back donation:

This bond is formed because of overlapping of filled dm orbitals or hybrid dptr
orbitals of metal atom with antibonding pi orbitals on CO molecule.

Lone-pair
donation

Empty
netal orbital

Ligand o orbital

Ligand to metal sigma bonding.
Donation of CO lone pair to empty orbital on M.

tlectron
donation

Metal o orbital

Empty ligand =* orbital

Metal to ligand pi bonding.
Donation of electrons from filled M 4 orbital to
empty w* antibonding orbital on CO.




SYNERGIC EFFECT

In a metal carbonyl, the metal-carbon bond
both o and 1T character. The bond between the
molecule and the metal is further strengthene
synergic effect produced by the metal-ligand bo
two types of bonding that exist in metal carbo
explained below:



Bridging CO groups:

»In addition to the linear M-C-O groups, the carbon monoxide ligand is also known

to form bridges.
» This type of bonding is observed in some binuclear and polynuclear carbonyls.
» It is denoted by un—CO, where n indicates the number of metals bridged. While

n=2 is the most common value, it reaches to be 3 or 4 in certain less common

carbonyls.
»In a terminal M-C-O group, the carbon monoxide donates two electrons to an

empty metal orbital, while in u2-CO group, the M-C bond is formed by sharing of
one metal electron and one carbon electron.

M----M Bond

»In some carbonyls another bond develops between metal-metal due to weak

overlap of the two singly filled appropriate hybrid orbitals.
» Also called fractional single bond and longer than normal single bond.




CARBONYLS & IR SPECTRA

*The C-O vibration, typically denoted v, occurs at 2143 cm-1 for CO gas. The
energies of the vCO band for the metal carbonyls correlates with the strength of the
carbon-oxygen bond, and inversely correlated with the strength of the 1r-backbonding
between the metal and the carbon.

*The 1 basicity of the metal center depends on a lot of factors; in the isoelectronic series
(Ti to Fe) at the bottom of this section, the hexacarbonyls show decreasing 1r-
backbonding as one increases (makes more positive) the charge on the metal. -Basic
ligands increase Tr-electron density at the metal, and improved backbonding reduces
vCO. (As the 1* orbital on CO receives electrons from the metal, the CO bond weakens
and the v decreases.)

“

[Fe(CO).J?* 2204
[Mn(CO),J* 2143
Cr(CO), 2090
[V(CO)J 1860

[Ti({CO)g)* 1750




Carbonyl Infrared (IR) Stretching Frequencies

« The position of the carbonyl bands in the IR depends mainly on the bonding
mode of the CO (terminal, bridging) and the amount of electron density on the
metal being n-backbonded to the CO.

« The number (and intensity) of the carbonyl bands observed depends on the
number of CO ligands present and the symmetry of the metal complex. There
are also secondary effects such as Fermi resonance and overtone interactions
that can complicate carbonyl IR spectra.

0 O
Il |
O=C O=C—>M /C\ / \
M----- M M/
free CO terminal mode u, - bridging uq - bridging
veo IR(em™) 2143 2120 - 1850 1850 - 1720 1730 - 1500

(for neutral metal complexes)




Semi-Bridging Carbonyls

o Unsymmetrical bridging form. n* system accepts
~ 150 lly electron density from second metal center. Distortions
C away from a linear M-CO (180°) or a symmetrically
bridging CO (120°). Typical M-CO angle around 150°
/ \ (but with considerable variations).

M S—— M filled Fe d orbital

Cotton & Troup
JACS, 1974, 96, 1233

CO =* empty antibonding
acceptor orbital




Metal nitrosyl complex

* Metal nitrosyl complexes are complexes that contain nitric oxide, NO, bond
to a transition metal.

Bonding and structure

Most complexes containing the NO ligand can be viewed as derivatives of the nitrosyl
cation, NO*. The nitrosyl cation is isoelectronic with carbon monoxide, thus the bonding
between a nitrosyl ligand and a metal follows the same principles as the bonding in carbo
complexes. The nitrosyl cation serves as a two-electron donor to the metal and acc
electrons from the metal via back-bonding.



https://en.wikipedia.org/wiki/Complex_(chemistry)
https://en.wikipedia.org/wiki/Nitric_oxide
https://en.wikipedia.org/wiki/Transition_metal
https://en.wikipedia.org/wiki/Isoelectronic
https://en.wikipedia.org/wiki/Carbon_monoxide
https://en.wikipedia.org/wiki/Carbonyl_complex
https://en.wikipedia.org/wiki/Back-bonding

The bonding of nitrogen monoxide (NO) resembles that of CO in coordination character. When NC
coordinates to a metal center (M), it is known as a nitrosyl ligand. However, unlike CO, terminally
bound NO can adopt two different bonding modes: linear or bent shown below.

( Coordination of Nitrosyl ligand )
a— Y ..:;,O
M—N=0 '@ =-=—>» M=N=O.' M—N~ -*
Linear Bent

M

When NO adopts a linear bonding mode it donates 3 electrons to the metal center while in a bent
conformation donates 1 electron. (3 points)

Show that Fe(CO)s and Fe(CO);(NO); obey the 18 electron rule.



Linear Planar

\._Y_J'

J-electron donor
NO groups

e

Bent Pyramidal

1-electron donor
NO groups



Linear vs bent nitrosyl ligands

The M-N-O unit in nitrosyl complexes is usually linear, or no more than 15°
linear. Linear and bent NO ligands can be distinguished using infrared spectroscopy.
Linear M-N-O groups absorb in the range 1650-1900 cm™', whereas bent nitrosyls
absorb in the range 1525-1690 cm™'. The differing vibrational frequencies reflect the
differing N-O bond orders for linear (iriple bond) and bent NO (double bond).

ENEMARK FELTHAM NOTATION

The adoption of linear vs bent bonding can be analyzed with the Enemark-Feltham
notation In their framework, the factor that determines the bent vs linear NO ligands
sum of electrons of pi-symmetry. Complexes with "pi-electrons" in excess of 6 tend to
bent NO ligands. Thus, [Co(en),(NO)CI]*, with seven electrons of pi-symmetry (SIX |
t,4 orbitals and one on NO), adopts a bent NO ligand, whereas [Fe(CN);(NO)J*-,
electrons of pi-symmetry, adopts a linear nitrosyl.


https://en.wikipedia.org/wiki/Infrared_spectroscopy
https://en.wikipedia.org/wiki/Bond_order
https://en.wikipedia.org/wiki/Triple_bond
https://en.wikipedia.org/wiki/Double_bond
https://en.wikipedia.org/wiki/Ethylenediamine

Metal complexes possessing a linear coordination of NO

NO has one more electron than CO, hence it often acts as a three
electron donor. Hence in metal carbonyl complexes, the replacemen
of CO by NO is compensated by a matching decrease in the atomic nu
of the metal centre. Therefore, 3 CO can be easily replaced by 2 NO.
example, the nitroprusside anion, [Fe(CN)5NO]2- , an octahedral compl
containing a "linear NO" ligand is shown as:

[CO(CO);(NO)] == > [Co(NO),]
[FE(CO)S] """""" 9 [ FE(CO)Z(NO)Z]
[Mn(CO),(NO)] ------------ 2 [Mn(CO)(NO),]

[Cr(Co)g] --------- - [Cr(NO),]




METAL COMPLEXES POSSESSING NON LINEARCO-ORDINATION OF NO

There are metal complexes in which the M-N-O group features
coordination geometry where the M-N-O bond angles are in the rang
180°. For example, the cationic complex [Ir(CO)CL(NO)(PPh3)2] + was
have a bond angle of 124° and there are a large number of other nitro
complexes. On the other hand, in a related complex [RuCl(NO2)(PPh3)]
which the CO ligand has been replaced by a second NOmolecule, have b
and bent M-N-O as shown in the figure below.

In this complex, the basal nitrosyl is linear Ru-N-O (178°) whereas the apic
nitrosyl was found to be bent (136°). The metal-nitrogen bond lengths in th
complex are in accordance with the presented structure. The Ru-N bond |
the linear system is shorter (1.73 A) as compared to the bent system (1.
This indicates that there is substantial m-bonding in the linear system
the bent system is a o-only metal-nitrogen bond






In [Co(NO)(en)2Cl]+ (where “en” is ethylenediamine), the NO takes a bent
coordination mode. In this complex, the Co-N bond distance (1.820A) in Co-NO
bond was found to be considerably different from Co-N bonds with the

ethylenediamine ligand (1.964 A). This indicates that the NO ligand retains
significant multiple bond character because of back donation from a filled metal d
orbital to the remaining empty * orbital of the NO ligand. The first well-
characterized example of a metal complex containing the bent nitrosyl was foun
a derivative of Vaska’s complex.

[Ir(PPh3)2(CO)CI] + NO+ BF4- -> [Ir(PPh3)2(CO)NOCI]+ BF4 -



The product has a square pyramidal structure with a bent nitro
ligand

having an Ir-N-O angle of 124°. The question of whether the
nitrosyl ligand wuld adopt a linear or bent cordination mode can
answered by looking at the MO picture of the final complex.

If there are available non-bonding MOs on the electron poorer
metal, the electron pair on the nitrogen of NO can reside there and
the nitrogen functions as a sp donor system with an associated 1-
back donation form the metal to the NO. Thus, NO adopts linear
coordination mode in this situtation. On the other hand, when the
low-lying orbitals of metal are already filled (electron-rich system),
the pair of electron must occupy a basically non-bonding orbital on
the nitrogen of bonded NO, resulting in sp 2 hybridization and a
bent coordination geometry of the NO.






METALATION
ALKYL AND ARYL METALATION:

An organometallic comple
o bonds between metal atom alkyl group is alkyl metallic comple
(e.g.,) Grignard Reagent .It is having Magnesium alkyl bonds. Methyl
lithium is another complex . In this complex sharing of electrons
between metal and the carbon in a 6 _fashion.

M 2 OCR?I

(R=H,alkyl,aryl)

Alkyl ligand may be a 2-electron donor (donor pair method) or
electron donor (neutral ligand method).



Structure and Bonding

Simple alkyls are simple sigma donors, that can be considered to donate
one or two electrons to the metal center depending on which electron
counting formalism

-5* A A

) (D
FL

For simple metal alkyls. the M-R bond distance 1s typically 190 to 220
pm. This 15 approxmmately the sum of the covalent radn of carbon and
metal, rc = 77 pm and g ~120 pm. Realize that the first row transition
metals are smaller. so any M-X bond distance will usually be smaller by
10-20 pm or so.

Alkyls can bnidge two metal centers, something that 1s well known from
alummum-alkyl chemustry. For Al.-Mes, Bridegmg alkyls are also known



SYNTHESIS OF METAL-ALKYL COMPLEXES:

(1) Reaction of a transition metal h
organolithium,organomagnesium or organoalumini
reagent.

ZrCl, +4PhCH,MgCl---->Zr(CH,Ph), Ph—Phen

(2)Reaction of metal carbonyl anion with alkyl halide \V
d

Na[Mn(CO).]- + 4PhCH,MgCl ------- = CH;Mn(CO); +

Methyllithium
Methyl chloride is reacted with lithi

benzene solvent,methyl lithium result.
CH,Cl + 2Li------=> CH,Li +




CH;Li exist as a tetramer. Structure is tetrahedron. 4 H ato
corners of the tetrahedron. CH; group occupying spaces sy
four phases of the tetrahedron. The bonding involves electron de

4 centre-2-electron bond.
(e.g.,) Ti(CH;)4,W(CH,)6. The alkyl ligand acts as a monohapto liga

7) Insertion reactions:To form an alkyl. this usually involves an
olefin mnsertion. The simplest generic example 1s the msertion of
ethylene mto an M-X bond, 1.¢.

M-X + CH,CH; — M-CH,CH,-X




METAL ALKENE COMPLEX
Certain metal ion such as Cu+, Ag+,Hg2+ and Pb2+ formin
with alkene.E.g., silver -alkene complex.

Ag*.q * alkene-----—> Aglalkene]*

ZEISE’S SALT:
It is a Pt-alkene complex K[Pt(C,H,)CI;]H,0

(aq)

PREPARATION:
K,PtCl, + C,H.OH --> K[Pt(C,H,)Cl,]H,O

[PtCl,] +C,H,—->[Pt(C,H,)CL,]- +CI-







STRUCTRAL FEATURES OF ZEISE’S SA

1* The platinum ion in the salt is 4-coordinated, 3 sit
by the chloride ion and the fourth site occupied by the
molecule.

2* Its geometry is square planar.

3* m electrons in ethylene are co-ordinated to the platinu
metal. Overlap of m bonding orbital of the alkene with
vacant o-type orbital of the Pt is (5d 6s 6p2) hybrid
produces L-->M bond of ¢ type.

4* In addition to m bond originating from the overlap
pz] filled orbital of Pt atom with empty m bonding
lkene is formed.




5* Ethylene molecule is m-bonding ligand.

6* The length of the co-ordinated alkene C =C bond (1
greater than C = C bond length (1.337) in the free
molecule.

C = C bond is perpendicular to the molecular plane.
/* Planar ethylene becomes non planar on bonding to platinu

8* The metal is located above the plane of the alkene symmetri
between the two skeletal carbon atoms.
9*The two carbon atoms are equidistant from the platinum io

10* Water molecule present as solvent molecule of crystalli
11* structure is determined by X-ray,IR and raman spec




BONDING IN METAL- ALKENE COMPLEX:

1*In a metal alkene complex m electrons of the alk
bond the ligand with the metal such a bond is called dativ

2* The primary m-electron metal bonding is strength
donation from a filled metal t2g orbital to a m* orbital of the
ligand.
Back bonding changes hybridization of C from sp2 to sp3 so sub
bent back.

3* The complex formation and the bonding satisfy EAN rul

4*The length of C -C co ordinated olefin is greater than t

bond in free alkene.This is proved by decrease in the C = C stret
frequency in the complex compared to frequency in free alken

C = C stretch in zeise’s salt 1516cm-1

C = C stretch free ethylene 1623 cm-1

5* Lengthing of bond can be explained by the sy
donation and 1 acceptance of ethylene ligand.




H H
\/
Cl, . o
CIT . ..0 Cl H H
KIPICl5(C,Ha)F H,0 CH,=CHCNFe(CO),
(Zeise's salt) . C,H;Fe(CO),
free C=C 1.34A
Zeise's salt
[PtCL(CoHy)T

C-C distance = 1.37A
C-C distance in free ligand = 1.35A

Conclusion : in this complex most of bonding 1s ligand — M o-donation.

Both components strengthen M-C bonds and weaken C-C bonds. but n-
donation has greatest effect in weakening C-C bond.




METAL ACETYLENE COMPLEX:

Metal acetylene complexes are similar to the metal- ol
complexes.

Structure and Bonding

* Alkynes tend to be more electronegative and therefore tend to
more tightly to a transition metal than alkenes. In fact, alkynes wi
displace alkenes.

* The primary difference in bonding between alkenes and alkynes is
an alkyne can act as either a 2 or 4 electron donor

*  Alkynes have two sets of mutually orthogonal pi bonds. We
one of these to the transition metal in a sigma-type fashion (
alkenes, including a pi-backbond (B).




The orthogonal set can also bind in a pi-type fashion using an
metal d-orbital (C):

The back-donation to the antibonding orbital (D) is a delta-bond (
two nodes in it), and the degree of overlap is quite small as the two
meet side-to-side rather than engaging in direct overlap. Therefore,
contribution of D to the bonding of alkynes is minimal at best.

The net effect of this additional pi-donation is that alkynes are usually n
linear when coordinated to a transition metal complex. We can draw sev
resonance structures that depict the bonding of an alkyne. lis the

metallacyclopropene resonance form. Support for this versus a simpl
electron donor, 11, can be inferred from the C-C bond distance as

well the R-C-C-R angles (see below). 111 generally does not con
bonding of alkyne complexes.



emnpty metal -
d-arbital

0 O FINCLRS O

’)g (.. empLy alkena

x*-orbital

- filled metal
d-orottal




There is analogues of Zeise’s salt in which an acetylen
bound to Pt(ll) and occupies a position like that of ethyle

[Pt(C;H;C=—= CC.H;)(PPh,),]

(CgH5)3P C
o0 :13030\\ / 1.32A°

(CoHs)sP /




RESONANCE STRUCTURE




* As expected from the reduced C-C bond order, th
distances for coordinated alkynes are typically larger (1
pm) than in the uncoordinated ligand (110 to 115 pm).

*  For 4-electron donors, the R-C-C bond angles are us
the range of 130 to 146 degrees, with M-C bond distances o0
to 209 pm. The C-C triple bond of free alkynes are normal
observed around 2200 cm-1 in the infrared or Raman s




Coordination to a transition metal reduces th
bond order, leading to a lower stretching freg
the range of 1700 to 2000 cm-1. 4-electron don
reflect their reduced nature In the IR: coordinate
Internal alkynes are typically 1730 - 1820 cm-1 a
coordinated terminal alkynes are typically 167? -
cm-1.



METAL ARENE COMPLEX

Metallocenes:
They are also called as metal sandwich com
of metal sandwiched between two cyclic organic ligands.E.qg.

[ Fe(n5-(CsHs),)]

PREPARATION:

2C:H--Mg-Br + FeCl, ----- -2 (1 C;Hc),Fe +MgBr,




(2) The reaction between. FeCl, andC.H; in presence of a
such as diethyl amine.

STRUCTURE OF FERROCENE:

1* It has a sandwich structure in which the two cyclopenta
groups are nearly eclipsed with respect to each other. (
planar rings are alighed in space in the same manner parallel
each other).

2*  The hydrogen atoms are slightly tilted towards the iron ato

3* All the carbon atoms in it are equidistant from Fe, therefo
ring is assumed to have a hapticity n of 5(i.e) n>-C.H.

4+ All the C-C distances are same (1.389A) a val

'l "\I\F? ”~



5* The two rings are separated by a distance of 3.25A

6* The Fe-C distances are all equal(2.04A)

7* The energy barrier for the rotation of the rings about the meta
ring axis is  very small(4KJ/mol-1)

-,

ﬂg.re-*-la Conformrations of farrocene

)

Edipsad (Ds,) Staggered (Dgy)




BONDING IN FERROCENE:

1* The bonding in Ferrocene can be understand by
considering the molecule to be a combination of a ferr
with two C5H5- anion.

2* Each C5H5- is planar with a symmetrical pentagonal sh
3* The entire ring is bonded uniformly to the metal ato
4* The bonding in it occurs by a overlap of the sextet of m
electrons of the ring with the 3d orbitals of the metal thereby
producing a delocalized covalent bond between the meta

atom and the cyclopenta dienyl ring as a whole.

5* With reference to ferrous iron, structure of ferrocene is
pentagonal anti-prismatic




6* Pentagonal ring of Cp (C5H5), analogous to hexagonal ri
is obtained by Sp2 hybridization of carbon atoms.

/* Each pz orbital of each carbon atom having one electron is
formation of mobile (delocalized) m-bond

8* Total six electrons, which are placed in three of the five m-bo
orbitals (as electron pair); while remaining two m-bonding molec
orbitals remain vacant.

9* During combination with central Fe (ll) [d2 sp3 -hybridised], eac
coordinates giving three electron pairs. Filled orbitals (t2g |
(II) form back m-bond with vacant antibonding orbitals (m* MQOs
Thus, each Cp- links as m-donor and m-acceptor, with Fe (lI).




Wl |t]t]? {}_
3d 4s .m

6 electrons from each :E Fe F:!e
Wn[ww] [W] [ LN <Ly
d*sp® hybridization Eclipsed Staggered
10* Linear combinations of five available p orbitals (one on each carbo
give rise to three bonding and two anti-bonding molecular orbital
strongly bonding overlap (when all the wave functions on one side
have the same sign) is designated as '‘A2'.

orbitals (E1), each of which has one nodal plane. This is followed by a

11* At slightly higher energy, there is a doubly degenerate setl: m
doubly degenerate set of molecular orbitals (E2) with two noda

12* The A2 and E1 orbitals are both fully occupied in the ele
onfiguration of the Cp- anion whereas the E2 orbitals are ne
nd are unfilled.




Wi Y5
E>, Anti-bonding, 2 nodal plane
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E1. Weekly bonding. 1 nodal plane
i _ﬂ_

A, Bonding. 0 nodal plane
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7t bonded ligands

alkene complexes
M
alkyne complexes
277N allyl complexes
M

diene complexes
@ cyclopentadienyl complexes
M arene complexes

metallacycles




Transition metal allyl complexes

The allyl group, binds in one of two ways.

e In the n! - form it is a simple X-type ligand like Me and it
as an 2e-donor.

e In the n3-form it acts as a LX enyl ligand and it is an 4e-do

e |t is often useful to think in terms of the resonance form
1e donc™'

|
IH
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Frontier molecular orbitals of the metal allyl

fragment:
* W1 is occupied by 2 electrons and has appropriate
energy and orientation to overlap with a suitable metal

* Y2 is also occupied by 2 electrons (ionic model) and ha
appropriate symmetry, energy and orientation to overlap wi
a suitable metal dm orbital.

* W3 is unoccupied and has appropriate symmetry, energy an
orientation to overlap with a suitable metal dm orbital for back
donation.

* The plane of the allyl is canted at an angle 6 with respect
the coordination polyhedron around the metal ( 6 is usuall
100 ).

* The extent of orbital overlap between W 2 and th

T I - _ 2 1 & e &~ TP .. . e g1



| Allyl complexes

= Two binding modes: ' — M
and »°

= The plane of the allyl is

canted at an angle (8 =5 - A
10°) such that orbital -+ C@ 0 *>3

interaction is improved. H4

= Fluxionality: syn and anti H,!
substituents exchange —111— M *M
1.
fthrough ?n n aliyt \—/ H, - rotate away from the metal
intermediate. radical H, - rotate toward the metal

TH NMR: 3, 1 — 3 ppm (Hang), 2 — 5 ppm (Hsyn): 4 — 6 ppm (Hpeso)
13C NMR: 6; 80 -90 ppm (Cterminal)a 110 — 130 ppm (Cterminal)
Fluxional on the NMR time scale:

AN AR q/“ /ﬁ
~|| T M T T M Rant




Br Br CJ | H
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METAL BUTADIENE COMPLEX

The bonding of butadiene involves matching the metal d orbitals to t
configuration that contains the correct symmetry for bonding. The tw
MOs can behave as donors to the metal; the lowest a o donor, the H
donor. The two highest MOs can accept electron density from the metal.
IS a 11 accenptor. the hiahest enerav MO a ¢ accenbtor.

Molecular Orbitals of the Interactions of butadiene
m system of a butadiene ligand  Molecular Orbitals with metal d orbitals

- P
S

3n —

d,‘y
dyz
d,,

&<

1

RITE



rgy ol lfrpliidal =

£
#
@
¢
El
&
)
£l
&
n,
[}
5
L]
[
L)
L]
L]
Y

L] Vo
K IS

v %E;%g — Y3

combine
out-of-phase

combine
in-phase

ua
W — VY3 Lumo

- o

W —H— Y2 HOMO
«

combine
out-of-phase

e The frontier orbitals
w2 (HOMO) and w3 (LU
important in bonding to

e Depletion of electron de
o donation to the metal ant
of ¢ 3 by back donation fro
lengthens the C1-C2 bond ant
the C2-C3 bond because y 2 is
antibonding and y 3 is C2-C3 bt




i

Butadiene iron tncarbonyl

- 10 isotopomers measured,
including 3C and single and
triple D substitutions

> Increase in the butadiene C,-
C, bond length (0.08 A)

¥ Decrease in the butadiene
C,-C; bond length (-0.06 A)

05U — e — 2010 - SGK 17




Ssubstantial structure changes

»Changes to cis

terminal CH, groups are
rotated by 28° out of the
butadiene plane

3CH, plane is folded away
from the butadene C,-C, axis
by 27°

>-HYBRIDIZATION now looks
more like sp? than sp?

HE
OSU — June — 2010 - 5GK 18



Fluxionality

* Fluxional (or non-rigid) molecules are molecules that underg
such that some or all of their atoms interchange between symmet
equivalent positions.

* We also use the term, dynamic exchange process, to express a
motion that interchanges the positions of the inequivalent groups.

* Multinuclear NMR spectroscopy, one of the favorite tools of
the organometallic chemist, is one of the most common ways of observ
dynamic behavior.

Dynamic Exchange Processes

The prototypical example of such a system is the axial-equatorial interc
of the chair form of cyclohexane



https://en.wikipedia.org/wiki/Molecule
https://en.wikipedia.org/wiki/Atom
http://www.ilpi.com/organomet/organometallics.html
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Metal Hopping




Allene
complex




Flux1ona lity of Allyl Complexes

“zw/ \/
H, Hy H3 c-bonded
complex
coordinatively

unsaturated

1

™ 3 ? 3
%-\r” = >Hr“

2 ¥ H2 H2 4M 2

H, and H, environment average
process slow at low temperature




IVietal Flips

Scroll for details
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Allyl Flips
H-,;.QF G ot

Ha,




Fluxional Behaviour




* Spectroscopic features of the allyl group reflect
this fluxional behavior.

* Positions 1 and 3 are equivalent but syn and anti
are rigid.

* NMRis the only spectroscopic tool! Could be
complicated. Temperature dependence is to be

- oudica.




All 4 Hydrogens become equivalent!

40 deg. DMSO as solvent
W N\l e ¥ o
l‘ | u M~ ‘?& /‘l . e,
mrd i
| - Lo
4H doublet!

1H quintet




Room temperature spectrum in
chloroform,

2

o o ,::'*
\ e ‘ 2HX2  doublet!
"y o
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1H triplet of triplet
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ORGANOMETALLIC REACTION | W .
»‘ .

INTRODUCTION F 4

a 7y ,
IT IS APROCESS BY WHICH A METAL CENTRE IN A COORDINATIVELY UNSATURATED E
COMPLEX INCREASES ITS OXIDATION NUMBER AS WELL AS COORDINATION NUMBER.

\_ _J
D

OXIDATIVE X
ADDITION —

L.M + X—Y = L, M\

; REDUCTIVE i i €

16 e IS e

ELIMINATION ®. .4

DNOS. =+2

NCN. =42 .

& %

THE REVERSE OF THE OXIDATIVE ADDITION IS CALLED REDUCTIVE ELIMINATION.

\_ -4




Conditions for Oxidative Addition

* Metal must possess non-bonding electron pair.

* The complex must be co-ordinatively
unsaturated.

* Suitable orbitals should be available.

* The higher oxidation state of the metal should
be energetically accessible and stable.




CHARACTERISTICS OF
OXIDATIVE ADDITION

Two new anionic ligands are added.
Coordination number increases by two units.
Oxidation number increases by two units.
The oxidation state of the metal is low.

The more electron rich the metal, the more
the addition becomes easier.

The substrate behaves both as a Lewis acid
and a Lewis base.




EXAMPLE OF
OXIDATIVE ADDITION

* Reaction of Vaskas complex with molecular
hydrogen
PPh;

Cl PPh; oC

Ph3P/// \\\\:c> )




* Oxidative addition without cleavage of the
X-Y bond.




CHANGE IN CO-ORDINATION
GEOMETRY ON OXIDATIVE
ADDITION

%25 Sq.planar

-

Linear

Tetrahedral —="2— Sq.planar

Sq.planar—=2— Octahedral
TBP—*X22 5 Octahedral
28q.pyramidal —=—>2Octahedral
20ctahedral—==2—20ctahedral




VIECHANISM OF OXIDATIVE ADDITION

=  There are four mechanisms :

o  Concerted or three-centered
O SN2

o  Radical

0 lonic

1. CONCERTED MECHANISM :

. Follows when X-Y is non-polar.
. Proceeds through two steps-

a. The associative step which involves formation of a 6- complex.

b. Oxidative part of the reaction in which metal electrons are formally

transferred to the o* orbital of A-B .

P cxce i foo 1R EC R IS
\

\
L/

16e- ,M(0)

L

L
L\M/X
28 ey

L

18e-, M(ll)



2. SN2 Mechanism @ N

* Often found in addition of polar ligands like methyl, ~
allyl, benzyl halides.

* Proceed via a polar transition state.
* Accelerated in polar solvents.

\_\\
4 15 @ F - ”
L \\\ & | L \\\ o2 le fast . | ‘ L
| sSiow 4» »
\
/ 2 / \ . @
16e-, Ir(l) 16e- Ir(lll) 5

=8
B

Cl

16e-, Ir(lll)



4. IONIC MECHANISM .
*This mechanism for the oxidative addition reaction is
common to the addition of hydrogen halides L

(HX) in its dissociated H+ and X- forms.

wsz

*There are two pathways-

A. the one in which the starting metal complex adds to .. 4
H prior to the addition of the halide X .

B. the other type, in which the halide anion X- adds to
the starting metal complex first, and then the
addition of proton H+ occurs on the metal complex.



A. When cationic part attach first to the metal centre.

_+ The metal should be electron efficient .
* Ligands should have 6-donating capacity.

Pt(PR),+H +Cl 25 >[f1P1‘(PR3)3]+ - >[HP1 -(PR3)2]

Pt(0), 18e- Pt(ll), 16e- Pt(ll), 18e-
Tetrahedral Sq. Planar $q. Planar

B. When attack of anion takes place first .
*The metal centre should be electron deficient|.
*Complexes with T[-acceptor ligand having +ve
charge on it would follow this pathway .

[Ir(cod)L.] +H* + ¢ — 5[1rCl(cod) L, ] —L¥L s[HIr(chd)CIL, |

Ir(l), 16e- Ir(1), 18e- Ir(lll), 18e-
Sq. planar TBP Octahedral
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PEt;
OC—Ir—Cl
'
Et,P

Ir (I)

H <——H's added in cis positions

OC;Ir’—H <« [r (111)
EI3P (|?l

CH,

| . PEt,
OC—Ir—Cl ==—1Ir (1)
e
[:t3P Br

<«——H + 1 added in cis positions

l]l ’PE(_‘/

OC—;Ir’—I < [r (I1I)
Et,P Cll

orthometallation

| cyclometallations \
Cl position

Ph,P il?
< /(I

- 3 PPh,
Ir(1) Ir(11I)
Ph3P\ /PPh1 Ph 3P\ /PPh_,
Pt - CHy+ Pt
NG P s =,

()



tions Involving Gain or Loss of

nds
. Ligand dissociation and substitution

B. Oxidative addition
C. Reductive elimination

D. Nucleophilic displacement
REACTIONS INVOLVING MODIFICATION OF LIGANDS

A. Insertion
B. carbonyl Insertion

C. Hydride Elimination

D. Abstraction



Addition or dissociation vs oxidative
addition or reductive elimination

Change in Change in Formal
Type of Reaction Coordination Number Oxidation State of Metal
Addition Increase None
Dissociation Decrease None
Oxidative addition Increase Increase
Reductive climination Decrease Decrease

igand dissociation and substitution

Most of organometallic reactions involve the cheé
by a gain or loss of ligands retaining the oxidation sta
reactions are considered as addition or dissociation.

carbonyl dissociation may result in the rearran
molecule or replacement of CO by another ligand.



‘ CO dissociation \

Fe(CO)s + P(CHy)y, 2> Fc(C()_)4(_P(CH3,)3,)+CO

‘ Independent of the concentration of L — 7?77 \

Ni(CQ)y — Ni(CO); + CO (slow) loss of CO from 18-electron complex
IRe 16¢

Ni(CO)y + 1. — Ni(CO);I.  (fast) addition of L to 16-¢lectron intermediate
6e I8 e

Rate = k;[Ni(CO),]



Because of the two pathways the overall
te of formation of Mo(CO)5L is the sum of
te of unimolecular and bimolecular
echanism.

Most of the CO substitution reaction
proceed by a dissociative mechanism.

Associative path is for the
complex of large metals (providing site
for incoming ligands to attack) and for
the reactions involving nucleophilic
ligands.




Dissociation of phosphine

Dissociation

« The strength of M-L bonding

« The degree of crowding of ligand
around metal

TABLE 14-1
Ligand Cone Angles
Ligand Cone Angle 6 Ligand Cone Angle ©
PH; 87° P(CH3XCgHs); 136°
. PF; 104° P(CF3)y 137°
o P(OCH ) 107° P(CaH s 145°
M P(OC;3Hs)s 109° P(cyclo-CgHyy)a 170°
: P(CH )4 118° P(1-C4Hg)y 182°
E 14-1 Ligand C o4
i',g’,l:,k e PCl, 1240 P(CeFs)s 184°
PBI'3 131° P(()-CoH.;CH _\)'x 194°
CONE ANGLE P(C,Hs); 132°

The apex angle of a cone that encompasses the vanderwaals radius
~ of the outermost atoms of a ligand.
The presence of bulky ligands having large cone angle lead

to rapid ligand dissociation as a consequences of crowding around
the metal

—
.

L—‘



. Nucleophilic displacement

| Nucleophilic anionic organometallic complexes

. 1
. Lt bt
dioxane SRR RN e EREaE]

2 Na + Fe(CO)s ~——— [NasFe(CO){- 1.5 dioxane + CO 0
B
R'X 0
0, |
[Feco), > RX  [R—Fe(cO), " —"R—C—OH
X, 0
0 H\ ]
R—C—X |[cO R=C—X
R—H
0 0
18 14-5 [Fe(CONP & 0|83 T + I
0{2{ 71X| & A=, [R—C—=Fe(CO)4)- — R~C—H
[COCONI| + RX — RCo(CO); + X~
O 9 0
I | I

RCo(CO);+CO —> RCCo(CO), RCCo(CO), + ROH —> RCOR’ + HCo(CO),

Acyl complex ester




ctions Involving Modification of
ands

SERTION

Reaction involve the insertion of —
all molecules X-Y into the metal ligand bonds M-
and M-H bonds. Y

L + X—Y—» M X L

M

L + X—Y —»M X Y L

TYPES:

1,1 Insertion x
1,2 Insertion ‘

1,1 Insertion _ i
M O > M

@




*In this reaction the X group which is one
away from the metal atom ends up on atom
is one bond away from the metal atom. This
tion go via migration of X group therefore it is
ed migratory insertion.

*The result is decrease in the no of | |
tcf:)trons. on jche metal atom by 2 with no change L
e oxidation state S ~
*In 1,1-migratory insertion we can add

other species that can act as a ligand.

k

-

N\ 4
W\
N
i 0

L

[Mn(CH,)(CO)]] + PPh, --=> [Mn(CH,CO)(CO),PPh,]

arbonyl insertion

Consider migratory insertion of CO with [Mn(CH;)(CO):]

[MNn(CH,)(CO)s] +13CO----> [Mn(CH,C0)(CO),13CO]



1. Question: What kind of insertion takes place — intermolecular or intramolecular?

- Intermolecular insertion: - Intramolecular insertion:
X
.. /
M—X + Y - M—Y—X M\ = M—Y—X
Y
\_ Nucleophile Y attacks X Unsaturated ligand Y insert into M-X Y,

To answer this question 3CO should be used:

Me Me

(0]
- In the case of inter- %e?®  -Inthe case of \c’f"i
molecular insertion co,, | «C0 Intramolecular insertionco,, \“\co
13C will go to acyl /"’Mr?\ unlabeled C appears in /l
group co lﬂ CO acyl group
Me 0
It was found that e
13 i €Oy, | OO
C label exists only AR - Intramolecular
as a cabonyl ligand: m/ o insertion:
CO




2. Question: How does insertion take place?

/Migration of CH; to CO T”z Insertion of CO into Mn—CH\S

C
\\CHS |
N\ MO /
Migration Insertion
O CH;
Y
e DC!J;,'*M"‘““\CO 'D'C,'”“ o 0 DCH.,“ “\\\ca .
—_ . _ -
o™ i o™ | o™ J;
[
o 0 o
Mn(+1) Mn(+1) Mn(+1)
16e- 18e- 16e-
/ - . Energy l transition statet \
If two opposite reactions can take
place at one and the same reaction addiion climinaion
M, X-%

conditions — they usually proceed
through the same transition state

\.

(microscopic reversibility principle)

Reaction
coardinate




d) Lels Imagine tnat Lr; migration takes place

(o) CH; O
Y p
OC/1p,,, | WWNCO OC/1y,,, | WCO

7 T e T
0
ve. _o non-labled Ve _o
= co c=
1300
GDJ’; 'y, ff;ff —_— CO-‘?# 'y f# M \“\\ M e CD.F; 7 #}# \\\\\\
Mn n M
Ny b
CD/ cO CD/ co CO/ b
CcO CcO cO
Me trans
O Me
\\C*ﬁ"’ co AN C{/"O
13 13c0 3
A I e A Ol
n L Mn
v | W,
0 ‘CD Me CcO CD/ ‘CD
CO CO cOo

non-labled: 25%, labled cis: 50%, labled trans: 25%

cis:trans = 2:1



b) Let’s think that CO insertion takes place

C
(0
Me 0
4 C/ Me
COy, “ty, O — CO/”’///, \\‘\\CO CO”"////
co/ co co CcO co
CO CO
Me
(0] Me
\C'f»} Me
1 E-C 0 CO 13 cO 13 13
CD;,### o — Jﬁ#ﬂ"f; r‘_f:\ Q o 0 — = |C D’?ﬂ;; S ©0
n Mn "Mn
Ol co” | Wco . W,
co IR c,o/ co co/ co
CcO cO CO

non-labled: 25%, labled cis: 75%, labled trans: 0% all cis



as found that cis and trans isomer are
med in 2:1 ratio, so migration of CH3 takes
ce

1,2 INSERTION

1,2 insertion in which the metal and the X
lisand end up bound to adjacent (1,2) atoms
of an L-type ligand with no change in O.S of
the metal.

AEC=-2
X

X
\:;Hz ACN=-1
| 1.2 migratory insertion
M—” = M—CH, AOS=0

In general, n1 ligands tend to give 1,1 insertion
and n2 ligands give 1,2 insertion

SO2 is the only common ligand that can give both
types of insertion; as a ligand, SO2 can be n1 (S)
or n2 (S, O).




Alkene insertions reactions

For simple alkenes, such as ethylene, the
ilibrium tends to lie to the left (i.e., the alkyl
liminates) , but for alkenes with electron
thdrawing ligands (e.g., C,F, ) the alkyl is
rticularly stable, and the equilibrium lies

H

" H--CRy / "CRy
| CRy, 1,2 migratory insertion ' :| -
u—i © = ~ R, vi—dr,
CRy /3 elimination
metal hydrido metal alkyl

alkene complex agostic complex

The X group is a hydride, alkyls, or aryls and the
product is a alkyl substituted compound.




experimental evidence shows that 1,2,insertion and B
ride elimination proceed through a syn intermediate.

M—H M----H M -
| | _<
—_— - —_—
FiC—C=—C—CF, F ,C/ cé.é\c;,
¥ )
M\ H W= a—
2 _J“ — " : ._._._-é..mllv — Alm,,. L Y
y/ N B X X
B X

hydride elimination can provide a facile route for
ecomposition of alkyl containing compounds.

,2 -insertion coupled with B-hydride elimination provide a
low energy route to alkene isomerization.

M
~N
X / H 1,2-insertion /\)\/H
/\/\ § ——— e

H
M
B-elimination

—_—

RSN




Nucleophilic attack on ligand

d activation by metal that leads to a direct
rnal attack at the ligand.

y bound ligands can be modified or removed
the metal center by nucleophilic or

CHEOPRitC Hrghiens.

avored for metals that are weak m-bases and

ood c-acids (i.e., complexes with net positive
harges or m-acidic ligands).

Ligands bound to electrophilic metals will tend to
be electrophilic themselves

when the complex is cationic and/or when the other
metal bound ligands are electron withdrawing
such that the ligand getting activated gets depleted
of electron density and can undergo an external
attack by a nucleophile Nu-, like LiMe or OH-




Carbon monoxide (CO) as a ligand can undergo nucleophilic
attack when bound to a metal center of poor m-basicity, as the
carbon center of the CO ligand is electron deficient owing to the
ligand to metal o-donation not being fully compensated by the
metal to ligand m-back donation.

Thus, activated CO ligand undergoes nucleophilic attack by the
lithium reagent to give an anionic acyl ligand, which upon
alkylation generates the famous Fischer carbene complex.

HEtg NEtE

Fe(CO)s + LINEt; — = (CO):Fe=C, + Mes0” —= (COuFe=C{
OLi OMe

Electrophilic attack:
Favored for electron rich metals that act as weak c-acids, but

strong m-bases (i.e. low valent metals, or those with net

negative charges and/or electron donating ligands).
Ligands bound to m-basic metals tend to be electron rich, '

and act as nucleophiles y




n the complex is anionic with the metal center at
—-oxidation state and/or when the other metal

nd ligands are electron donating such that the
and getting activated becomes electron rich from
e m-back donation of the metal center and thus can |
dergo an external attack by an electrophile E+ like

+ and CH3I.

The attack of the electrophiles may result in the
formation of a bond between the electrophile and the




Carbonylation

Carbonylation refers to reactions that introduce carbon
monoxide into organic and inorganic substrates.so it is
used as a reactant in industrial chemistry.

rect combination of carbon monoxide and metal::

300C, 1atm
NTTE T/ olo J— > Ni(CO),

200°C,200atm
Fe +5CO ------------ - Fe(CO),

200°C,100atm
O IR (010 J— >C0,(CO),

Reductive carbonylation of transition metal
salts:



https://en.wikipedia.org/wiki/Chemical_reaction
https://en.wikipedia.org/wiki/Carbon_monoxide
https://en.wikipedia.org/wiki/Organic_compound
https://en.wikipedia.org/wiki/Inorganic_compound

eductive carbonylation by carbon monoxide:

250°C, 350atm

0sO,; + 9 CO------mmmmemeaeee- -~ Os(CO); +4CO,
High press.and temp.

Re207 +17C0---==mmmmemoeeee > Rez(co)lo

Reductive carbonylation by hydrogen:

150°C,300atm
2C0CO, +8CO +H,mmmrmmmem- >C0,(CO); +2CO+ 2H,0

Reductive carbonylation by metals:
1759C,250atm
Rul3 +5CO + 3Ag-—-------- - Ru(CO)5

2500C,200atm
2C0S + 8CO +4CU------nmm-x- > C0,(CO), +2Cu,S




DECABONYLATION

rbonylation is a type of organic reaction that involves
of CO.

Overview of Tsuji-Wilkinson Decarbonylation Reaction:

o) RhCI(PPh3);
(=1 equiv)
R1JLX R1"X
> 25 °C (usually 100 °C)
X =H, Cl, Br Solvent (high boiling)
CN, CO-R2
CH,CO,Me - (CO)RhCI(PPhy),

alkenyl)




Eliminations

Elimination reactions are just the reverse of migratory mnsertion
reactions. The vanous common elimmation reactions are as follows:

., H )
Oj“"m — = ,l.,_ H B-hydride elimination
M
@ H '
—Qﬂ“" —_— | a-hydride elimination

R H.
Y / n
carbonyl elimination
M | :
I M—co or decarbonylation

The kev pomnts to remember are:
1) No change in formal oxidation state (exception: alkylidenes)

2) You must have an empty orbital that is cisoidal to the group that you are
doing an elimination reaction on. Alternatively, a cisoidal labile ligand
that can easily dissociate to open up an empty orbital.




One of the hardest elimination reactions 1s the breaking of a C-C bond. b
For example the following migratorv insertion 1s quite common and
plays a cnitical role in polymenzation catal}rsis:

migratory inserson

L [ﬂ ﬁ/ém

M=CH, M- {:H:
-

But the reverse methyl elimination rxn 1s very difficult:

merhyl elimination
H

#F:H
H
H%"‘I [ 'E'"—"". - W] e Very
—. : —— Difficuld!

M) - r.Il—r.:HjL
rotanon of C-C \
bond o mowe CH, eH,
group away from Hﬁ:_ L “
metal mo avoid steric I:::.:.oim_h
effects H - i
M <) —H



