
M.Sc. Final Year

Chemistry, Paper I

Political Science, Paper - I

ORGANO-TRANSITIONAL
METAL CHEMISTRY

MADHYA PRADESH BHOJ (OPEN) UNIVERSITY – BHOPAL



COURSE WRITERS

Dr. K.S. Tiwari, Former H.O.D. of Chemistry, Christ Church College, Kanpur

N.K. Vishnoi, Retired Professor, N.I.I.T. University, Neemrana, Rajasthan

Units (1.0-1.1, 1.2, 1.2.2, 1.3-1.7, 2.3-2.8, 3.0-3.2.5, 3.4-3.8, 4.3.3)

Dr. Brajendra Singh Chauhan, Professor and Dean, Greater Noida Institute of Technology (G.N.I.T.), Greater Noida (U.P.)

Units (1.2.1, 1.2.3, 2.0-2.2, 3.2.6, 4.0-4.1, 4.2, 4.3, 4.3.1, 4.3.2, 4.3.4, 4.3.5, 4.4-4.8, 5)

Vikas® is the registered trademark of Vikas® Publishing House Pvt. Ltd.

VIKAS® PUBLISHING HOUSE PVT. LTD.
E-28, Sector-8, Noida - 201301 (UP)
Phone: 0120-4078900 � Fax: 0120-4078999
Regd. Office: A-27, 2nd Floor, Mohan Co-operative Industrial Estate, New Delhi 1100 44
� Website: www.vikaspublishing.com � Email: helpline@vikaspublishing.com

All rights reserved. No part of this publication which is material protected by this copyright notice
may be reproduced or transmitted or utilized or stored in any form or by any means now known or
hereinafter invented, electronic, digital or mechanical, including photocopying, scanning, recording
or by any information storage or retrieval system, without prior  written permission from the Registrar,
Madhya Pradesh Bhoj (Open) University, Bhopal.

Information contained in this book has been published by VIKAS®   Publishing House Pvt. Ltd. and has
been obtained by its Authors from sources believed to be reliable and are correct to the best of their
knowledge. However, the Madhya Pradesh Bhoj (Open) University, Bhopal, Publisher and its Authors
shall in no event be liable for any errors, omissions or damages arising out of use of this information
and specifically disclaim any implied warranties or merchantability or fitness for any particular use.

Copyright © Reserved, Madhya Pradesh Bhoj (Open) University, Bhopal

Published by Registrar, MP Bhoj (Open) University, Bhopal in 2020

3. Dr. S.D. Dwivedi

Professor

Govt. Dr. Shyama Prasad Mukharjee Science and
Commerce College, Bhopal (M.P.)

Reviewer Committee
1. Dr. Sarita Shrivastav

Professor

Institute for Excellence in Higher Education,
Bhopal (M.P.)

2. Dr. Neetupriya Lachoria

Assistant Professor

Govt. Dr. Shyama Prasad Mukharjee Science and
Commerce College, Bhopal (M.P.)

Advisory  Committee
1. Dr. Jayant Sonwalkar

Hon’ble Vice Chancellor

Madhya Pradesh Bhoj (Open) University,
Bhopal (M.P.)

2. Dr. L.S. Solanki

Registrar

Madhya Pradesh Bhoj (Open) University,
Bhopal (M.P.)

3. Dr. Shailendra Singh

Assistant Professor

Madhya Pradesh Bhoj (Open) University,
Bhopal (M.P.)

4. Dr. Sarita Shrivastav

Professor

Institute for Excellence in Higher Education,
Bhopal (M.P.)

5. Dr. Neetupriya Lachoria

Assistant Professor

Govt. Dr. Shyama Prasad Mukharjee Science
and Commerce College, Bhopal (M.P.)

6. Dr. S.D. Dwivedi

Professor

Govt. Dr. Shyama Prasad Mukharjee Science
and Commerce College, Bhopal (M.P.)



SYLLABI-BOOK MAPPING TABLE
Organo-Transitional Metal Chemistry

Unit   I
Alkyls and Aryls of Transition Metals: Types, routes of synthesis, stability

and decomposition pathways, organocopper in organic synthesis.

Unit   II
Compounds of Transition Metal-Carbon Multiple Bonds: Alkylidenes,

alkylidynes, low valent carbenes and carbynes - synthesis, nature of bond,

structural characteristics, nucleophilic and electrophilic reactions on the

ligands, role in organic synthesis.

Unit   III
Transition Metal -Complexes: Transition metal �-complexes with

unsaturated organic molecules, alkenes, alkynes, allyl, diene, dienyl, arene

and trienyl complexes, preparations, properties, nature of bonding and struc-

tural features. Important reactions relating to nucleophilic and

electrophilic attach on ligands and to organic synthesis.

Unit   IV
Transition Metal Compounds with Bonds to Hydrogen: Transition metal

compounds with bonds to hydrogen.

Homogeneous Catalysis: Stoichiometric reactions for catalysis, homoge-

neous catalytic hydrogenation, Zeigler-Natta polymerization of olefins, cata-

lytic reactions involving carbon monoxide such as hydrocarbonylation of

olefins (oxo reaction), oxopalladation reaction, activation of C-H bond.

Unit   V
Fluxional Organometallic Compounds: Fluxionality and dynamic equilibria

Syllabi Mapping in Book

Unit-1: Alkyls and Aryls of

Transition Metals

(Pages 3-20)

Unit-2: Compounds of Transition

Metal-Carbon Multiple Bonds

(Pages 21-32)

Unit-3: Transition of Metal

�-Complexes

(Pages 33-132)

Unit-4: Transition Metal

Compounds with Bonds to

Hydrogen

(Pages 133-143)

Unit-5: Fluxional Organometallic

Compounds

(Pages 145-157)





INTRODUCTION 1

UNIT 1 ALKYLS AND ARYLS OF TRANSITION METALS 3 – 20
1.0 Introduction

1.1 Objectives

1.2 Alkyls and Aryls

1.2.1 Types of Transitions

1.2.2 Routes of Synthesis

1.2.3 Stability and Decomposition Pathway

1.2.4 Organocopper in Organic Synthesis

1.3 Answers to ‘Check Your Progress’

1.4 Summary

1.5 Key Terms

1.6 Self Assessment Questions and Exercises

1.7 Further Reading

UNIT 2 COMPOUNDS OF TRANSITION METAL-CARBON 21 – 32
MULTIPLE BONDS

2.0 Introduction

2.1 Objectives

2.2 Transition Metal-Carbon Multiple Bond
2.2.1 Alkylidenes and Alkylidynes

2.2.2 Low Valent Carbenes and Carbynes: Synthesis, Nature of Bond and Structural Characteristics

2.3 Electrophilic and Nucleophilic Reactions on Ligands and their Role in Organic Synthesis
2.3.1 Electrophilic Reactions

2.3.2 Nucleophilic Reaction

2.4 Answers to ‘Check Your Progress’

2.5 Summary

2.6 Key Terms

2.7 Self-Assessment Questions and Exercises

2.8 Further Reading

UNIT 3 TRANSITION OF METAL  COMPLEXES 33 – 132
3.0 Introduction

3.1 Objectives

3.2 Transition Metal �-Complexes with unsaturated organic molecules: Preparations, Properties,

Nature of Bonding and Structural Features
3.2.1 Alkenes

3.2.2 Alkynes

3.2.3 Dienes

3.2.4 Arenes

3.2.5 Allyls

3.2.6 Dienyl and Trienyl Complexes

3.3 Important Reactions Related to Nucleophilic and Electrophilic Attach on Ligands and to

Organic Synthesis
3.3.1 Electrophilic Reaction

3.3.2 Nucleophilic Substitution Reactions

3.4 Answers to ‘Check Your Progress’

3.5 Summary

3.6 Key Terms

CONTENTS



3.7 Self-Assessment Questions and Exercises

3.8 Further Reading

UNIT 4 TRANSITION METAL COMPOUNDS WITH BONDS TO 133 – 143
HYDROGEN

4.0 Introduction

4.1 Objectives

4.2 Hydrogen Bonding in Transition Metal Complexes

4.3 Homogenous Catalysis
4.3.1 Stoichiometric Reactions for Catalysis

4.3.2 Homogenous Catalytic Hydrogenation

4.3.3 Zeigler-Natta Polymerization of Olefins

4.3.4 Catalytic Reactions Involving Carbon Monoxide: Hydrocarbonylation of Olefins (Oxo Reaction) and

Oxopalladation Reactions

4.3.5 Activation of C-H Bond

4.4 Answers to ‘Check Your Progress’

4.5 Summary

4.6 Key Terms

4.7 Self-Assessment Questions and Exercises

4.8 Further Reading

UNIT 5 FLUXIONAL ORGANOMETALLIC COMPOUNDS 145–157
5.0 Introduction

5.1 Objectives

5.2 Fluxionality

5.3 Fluxionality and Dynamic Equilibria in Various Compounds
5.3.1 The 18-electron Rule and the Organometallic Compounds

5.3.2 Metal-Allyl Complexes

5.3.3  – Allylpalladium Chloride Dimer

5.3.4 Metal-Acetylene Complexes

5.4  Notation in the Nomenclature of Metal-olefin Complexes-�2-olefin

5.5 Dienyl and Trienyl Complexes
5.5.1 Ferrocene

5.5.2 Bis (cyclopentadienyl) Beryllium

5.5.3 Metallocenes

5.5.4 Half-Sandwich Compounds

5.6 Answers to ‘Check Your Progress’

5.7 Summary

5.8 Key Terms

5.9 Self-Assessment Questions and Exercises

5.10 Further Reading



Introduction

NOTES

Self - Learning
Material 1

INTRODUCTION

Organometallic compounds are chemical compounds that contain at least one

bond between a metallic element and an organic molecule's carbon atom. Even

metalloid elements like silicon, tin, and boron can produce organometallic

compounds that are employed in industrial chemical reactions. The quantity of

carbon atoms actually bound to the metal and to each other is the main criterion

for classifying the compounds. Transition metal organometallic chemistry can be

classified based on the type of organic ligands attached to the central metal atom (s).

The book, Organo-Transitional Metal Compounds, comprises five units.

It discusses various concepts including alkyls, aryls, acetylides, and fluorocarbon

complexes, along with olefin, allene, allyl, dienyl and trineyl complexes. It explains

the electrophilic and nucleophilic reactions on the ligands and their role in organic

synthesis.

This book has been written in the Self-Instructional Mode (SIM) wherein

each unit begins with an Introduction to the topic followed by an outline of the

Objectives. The detailed content is then presented in a simple and an organized

manner, interspersed with Check Your Progress questions to test the understanding

of the students. A Summary along with a list of Key Terms and a set of Self-

Assessment Questions and Exercises is also provided at the end of each unit for

effective recapitulation.
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UNIT 1 ALKYLS AND ARYLS OF
TRANSITION METALS

Structure
1.0 Introduction

1.1 Objectives

1.2 Alkyls and Aryls
1.2.1 Types of Transitions

1.2.2 Routes of Synthesis

1.2.3 Stability and Decomposition Pathway

1.2.4 Organocopper in Organic Synthesis

1.3 Answers to ‘Check Your Progress’

1.4 Summary

1.5 Key Terms

1.6 Self Assessment Questions and Exercises

1.7 Further Reading

1.0 INTRODUCTION

According to the IUPAC definition, ‘an element whose atom has a partially filled

d sub-shell, or which can give rise to cations with an incomplete d sub-shell.’ The

metals include metals exist in the f-block lanthanide and actinide series and are

also known as inner transition metals. In alkyl and aryl derivatives of transition

metal complexes, metal atom and alkyl or aryl radical share one electron each to

give -electron-2-center Mnormal 2-C ��bonded organometallics. Alkyl or aryl

radicals are monohapto (�1) ligands one electron donor(s). Organo-transition

metal alkyls and aryls are classified on several bases. This unit will discuss types of

alkyls and aryls. In addition, it will explain different routes to synthesis them. Also,

it will describe the stability and decomposition pathway and role of organocopper

in organic synthesis.

1.1 OBJECTIVES

After going through this unit, you will be able to:

� Explain types of alkyls and aryls of transition metals

� Discuss the different routes of synthesis of alkyls and aryls of transition

metals

� Analyse the stability and decomposition pathways

� Describe the use of organocopper in organic synthesis

1.2 ALKYLS AND ARYLS

Organometallic compounds may be defined as substances having carbon to metal

bonds. A large number of metals ��for example, lithium, magnesium, aluminium,
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lead, tin, zinc, cadmium, mercury, etc., form fairly stable organic compounds. The

organic residue is usually an alkyl, alkenyl, alkynyl or aryl group. A few

organometallic compounds of different metals are given in Table 1.1:

Table 1.1�����	����������������	
�

Group I Group II Group III Group IV
Alkali Metals Alkaline Earth Metals

3
Methyl-lithium

CH Li 2 5
Ethylmagnesiumbromide

C H MgBr 3 3
Trimethylaluminium

(CH ) Al 2 5 4
Tetraethyl lead

(C H ) Pb

     

3
Propynylmagnesium halide

CH C CMgX��

2 5 2
Ethoxymethylmagnesium chloride

C H OCH .MgCl

Transition Metals

2 5 2 3 2 6 5 2 5 2
Dimethylcadmium Phenylmercury DiethylmercuryDiethylzinc

chloride

(C H ) Zn (CH ) Cd C H HgCl (C H ) Hg

Metalloids like boron, silicon, germanium and arsenic too form organic

compounds which are also regarded as organometallic compounds. Metal-alkyls

are metal compounds with alkyl radicals, and on the other hand, metal compounds

attached with aryl radicals are termed as metal-aryls.

Organometallic compounds may be substantially ionic as alkylsodium and

potassium compounds or essentially covalent as  alkylmercury compounds. In

general, the more electropositive is the metal, the more ionic is the carbon to metal

bond. Compounds like sodium acetate and calcium formate, where the metal is

linked to oxygen are largely ionic because of the greater difference in the

electronegativity of oxygen and the metal. Such compounds are, therefore, not

considered as true organometallic compounds.

The reactivity of organometallic compounds increases with the increase in

ionic character of carbon to metal bond. Of special interest are the compounds of

intermediate ionic character because of their reactivity and the selective nature of

their reactions. By and large, organometallic compounds are obtained directly or

indirectly form alkyl halides. They are put to use varying over a wide range. Thus

tin, lead, aluminium, boron compounds are of technical importance as fungicide,

antiknock compounds, catalysts, whereas compounds of arsenic, antimony,

bismuth, mercury, silver are used as war gases, medicinals and pesticides. However,

the most important organometallic compounds are those of magnesium, zinc and

lithium, which are extensively used in the synthesis of a large number of organic

compounds.
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1.2.1 Types of Transitions
Organic molecules exhibit ��������n ��������������and n �����electronic

transitions, where �� ���n and �� are �–bonding, �–bonding, non-bonding, ��
antibonding and �� antibonding electrons, respectively. On the other hand,

transition metal complexes exhibit following four types of transitions.

(i) d-d transitions : These transition occur between �
2g

 and �
g
 orbitals of the

central metal atom ion of the complexes. These are also known as ligand

field spectra. The bands are observed in UV, visible and near IR regions,

i.e., from 333 to 1000 nm, E
max

 being in the range 1 to 50. The peaks are of

low intensity, the spliting of
�orbitals are shown in the Figure 1.1.

Fig. 1.1��������	����
�����������	�������������
�

(ii) Metal to Ligand Charge Transfer Transitions : These transitions occur

when electrons of central metal atom ion present in non-bonding or

antibonding orbitals shifts to antibonding orbitals of the ligands. Thus it

measures the tendency of the metal ion to reduce the ligand. Generally,

these bands occur in the UV region for the metal ions in low oxidation

states. These bands have much more intensity ( �
max
�  1000–10000) as

compared to 
�
��transitions ( �
max
�1–50).

(iii) Ligand to Metal Charge Transfer Transitions : These transitions occur

when the electrons transition takes place from a molecular orbital located

primarily on the ligand to a non-bonding or antibonding molecular orbital

situated on the metal atom. These transitions show the tendency of the ligands

to reduce the metal ion. These transitions also occur in UV region. The

position of these bands [occur in (ii) and (iii) transitions] depends on the

nature of metal and the ligand.

(iv) Inter-Ligand Transitions : These transitions occur when an electron

transition takes place from one ligand orbitals to another ligand orbitals.

These bands occur in UV region and corresponds to ������� and x���x�
transitions, thus, can be readily separated from M-L charge transfer bands.

These bands depend upon the M-L bond strength as well as by coordination.

1.2.2 Routes of Synthesis
In 1899, Barbier used a mixture of alkyl halide and magnesium in ether to prepare

a large number of organic compounds. Later in 1900, Grignard, a student of Barbier,



��������	
��������
���	�����	�������

NOTES

���� �� ����	�	�
6 ��������

prepared alkylmagnesium halide solution and studied its reactions with a variety of

compounds. Alkylmagnesium halides are therefore commonly known as ����	��

�����	���after the name of the discoverer. Their general formula is R—Mg—X

where R is a univalent hydrocarbon radical��or example, —CH
3
; —C

2
H

5
; —

CH
2
—CH==CH

2
; —C

6
H

5
; C

6
H

5
CH

2
— and —X is a halogen. The reaction

can be applied to primary, secondary and tertiary alkyl halides. Allylic Grignard

reagent can be prepared in the usual manner or in Telra Hydro Furan. However,

alkynyl Grignard reagent are prepared by abstraction of a proton from alkyne by

alkylmagnesium halide 2 5 2 6(RC CH + C H MgX RC C.MgX + C H ).�� ��		�

Alkylmagnesium fluoride can be prepared by refluxing alkyl fluorides with

magnesium in presence of suitable catalyst. Grignard reagent from 
-halo ethers

can be formed only when Telra Hydro Furan or dimethoxymethane is used as

solvent at low temperature.

2 2(MeO) CH or THF
2 5 2 2 5 2–35°

C H OCH Cl + Mg C H OCH MgCl								�

There is some difficulty in preparing aryl and viny lmagnesium halides because

of the low reactivity of aryl or vinyl halides. However, this difficulty was overcome

by Normant (1953–1957) using Tetra Hydro Furan (THF) in place of ether during

preparation of the reagent. The grignard reagent cannot be prepared from alkyl

halides containing groups with which it is known to react. Thus only very few

groups , for example, R, OR, X may be present in alkyl halide from which Grignard

reagent is to be prepared. They cannot be prepared from alkyl halides having

groups like — COOH, —OH,—NH
2
,  —NO

2
,—

SO
3
H and the like.

Preparation

The Grignard reagent is prepared by the action of magnesium metal on alkyl halide

in the presences of alcohol free and dry ether.

Ether

Akyl halide Magnesium Grignard reagent

R.X + Mg R.Mg.X			�

Ether
2 5 2 5

Ethylmagnesiumbromide

C H Br + Mg C H MgBr			�

Diethylether is the most common solvent though other ethers like butyl ether,

dimethyl- ether of glycol (diglyme) or Tetra Hydro Furan (THF) may also be

used. The order of reactivity of various alkyl halides with magnesium is iodides >

bromides > chlorides for a given alkyl group, but the yields are in the reverse

order. As the number of carbon atoms increases the formation of Grignard reagents

becomes more and more difficult and for a given halogen the order or reactivity of

alkyl groups is CH
3
 > C

2
H

5
 > C

3
H

7
, etc. It is important that all the reactants must

be absolutely dry and pure because the presence of moisture and impurities retards

the reaction and results in the formation of other undesirable products.
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Let us study the purification of the various reactants

� Magnesium: Magnesium turnings or ribbon is rubbed with sand paper

and treated with dilute acid to remove the surface film of magnesium oxide.

It is then washed with ether and dried immediately before use.

� Ether: Diethylether is washed with water to remove any alcohol and then

dried over anhydrous calcium chloride for 2–3 days to remove traces of

alcohol and moisture. It is then distilled over sodium or phosphorus

pentoxide to remove final traces of alcohol and water.

� Alkyl Halide: Alkyl halide is dried over anhydrous calcium chloride and

then distilled over phosphorus pentoxide.

Dry and clean magnesium turnings are suspended in dry and pure ether, in a

round bottom flask, fitted with a water condenser carrying a calcium chloride

guard tube at the top. Weight of ether taken is about 10 times that of magnesium.

Alkyl halide (1 gm mole for every 1 gm atom of Mg.) dissolved in ether is slowly

poured through the condenser after removing the guard tube. The flask is then

warmed and few crystals of iodine or few drops of ethylene bromide are added to

catalyze the reaction. Once the reaction starts, it often becomes brisk and it is

sometimes necessary to cool the flask to control the reaction. After the addition of

alkyl halide is complete, the flask is heated on water bath till all magnesium dissolves.

This solution is used as such for most of the reactions and Grignard reagent is

never isolated in solid state for synthetic purposes. The reaction occurs by a free

radical mechanism. Alkyl halide is absorbed on the magnesium surface which then

transfers an electron to halogen and insertion of magnesium between alkyl groups

and halogen gives alkylmagnesium halides.

Structure of Grignard reagents, function of ether and nature of
grignard reactions. The structure of Grignard reagent is not understood with

certainty. Grignard suggested that the alkylmagnesium halide contains ether of

crystallization and can be represented as:

The electronic configuration of magnesium is 1�2, 2�2, 2�6, 3�2. By promoting

one of the 3� electron to 3��orbital and then by the hybridization of these 3� and

3� orbitals, magnesium atom in organomagnesium compounds exists in ��
hybridized state. Overlapping of these orbitals with those of carbon and halogen

forms sigma bonds. There are  two empty remaining 3� orbitals  of magnesium

due to which it behaves as a Lewis acid and coordinates with two ether molecules.

Jolibois in 1912 observed that magnesium is present both in the form of anions

and cations and suggested the formula R
2
Mg

2
X

2 
for Grignard reagent.

+
2 2 2 2R Mg X R.Mg + R.MgX�������

Ubbelohde in 1955 suggested that Grignard reagent exists in dimeric form

solvated in ether, and following equilibria exists in solution.
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2 2 2 2R Mg.MgX R .Mg + MgX 2RMgX��� ������ ���

Various physical measurements, NMR studies, etc., favour this dimeric

formula for the reagent. However, in solution  it exits as a complex of various

structures including solvated complexes, such as:

In this text, formula RMgX has been used to represent alkylmagnesium

halides. It is thus evident that due to the polarity of alkylmagnesium bond, most of

the reactions of Grignard reagent involve an unsymmetrical or heterolytic cleavage

of carbon-magnesium bond to form a carbanion and cationic magnesium. Thus:

+

R—Mg—X R: + MgX������

This carbanion possesses an unshared pair of electrons and acts as a

nucleophile. Hence, most of the reactions of Grignard reagents are nucleophilic

reactions.

Characteristics and uses of Grignard reagents
Grignard reagents are colourless, hygroscopic solids. They are fairly stable in air

but are never obtained in solid state for chemical reactions in synthesis.

Grignard reagents are highly reactive and enter into reaction with wide variety

of substrates yielding many types of organic compounds. Despite their high reactivity

they are highly selective also. Thus they add to a carbon-oxygen double bond but

do not react with carbon-carbon double bond. Usually the addition of Grignard

reagents gives an intermediate addition complex which is hydrolysed by acids or

ammonium chloride to give useful products. Alkylmagnesium bromides and iodides,

in general react more readily than the corresponding chlorides. Some of the

important reactions of Grignard reagents are given below.

(A) Nucleophilic Substitution Reactions

The carbon metal bond is highly polar. Although, the organic group is not a complete

anion yet it has a considerable anionic character. Thus carbanion with an unshared

pair of electrons acts as a nucleophile. Grignard reagent thus shows nucleophilic

addition and nucleophilic substitution reaction.

We shall first take up nucleophilic substitution reaction in which general

pattern of mechanism of nucleophilic substitution is as :

1. Reaction with Active Hydrogen Compounds: Formation of hydrocarbons

compounds, such as alcohols, water, ammonia, amines, etc., in which hydrogen is

attached to highly electronegative atom and can be easily dissociated as a proton,
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are known as compounds containing active hydrogen. Grignard reagent reacts

with such compound, to form hydrocarbons.

 (i) 

     

(ii) In case of ammonia and primary amines only one hydrogen atom of a primary

amine reacts at room temperature.

However, at higher temperature the magnesium derivative of primary amine

reacts with another molecule of Grignard reagent.

Amines reacting with vinylmagnesium bromide form unsaturated hydrocarbon.

(iii) Both hydrogen atom in acetylene are acidic and therefore when acetylene is

passed in ether solution of Grignard reagent both are replaced.

2 5 2 6HC CH + C H MgI HC C.MgI + C H�� ��		�

2 5 2 6
Ethynyl bis (Magnesium iodide)

HC CMgI + C H MgI IMgC C.MgI + C H�� 		� ��

Jones �����., in 1956 found that second step can be avoided if THF saturated

with acetylene is allowed to react with Grignard reagent.

(iv) The enolic form of compounds like nitroethane and acetoacetic ester contain

active hydrogen hence reacts with Grignard reagent. The rate of alkane evolved

depends upon the rate of conversion to enolic form.

3 3 4 3

OMgIOH
|

CH .CH== N O + CH MgI CH + (CH CH== N O

� 		� �

3 3 3 4

IOH OMg

CH .C CH.COOEt + CH MgI CH — C ==CH.COOEt  +  CH==


		�

When methylmagnesium halide is used, for every active gm atom of hydrogen
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one mole of methane gas is evolved quantitatively. This reaction is, therefore, used

for estimating the groups containing active hydrogens, such as OH, NH
2
 and SH

in organic compounds and the method is known as ��������	���� method.

2. Reaction with Alkyl Halides. (Formation of Alkanes):�Alkyl halides react

with Grignard reagents to form alkanes.

2 5 2 5 2 5 2 5 2
Ethyl bromide -Butane

C H MgBr + Br.C H C H .C H + MgBr
	

���

3.  Reaction with Alkenyl Halides (Formation of Alkenes): Alkenyl halides

react with Grignard reagent by double decomposition to form alkenes.

2 5 2 2 3 2 2 2 2
Allylbromide Pentene-1

C H MgBr + Br.CH .CH==CH CH .CH .CH .CH==CH + MgBr���

4. Reaction with Alkynyl Halides (Formation of Alkynes)��Alkynyl halides

react with Grignard reagent to form alkynes.

3 2 3 2 2
Butyne-1

CH MgBr Br.CH .C CH CH .CH C CH + MgBr�� ��� ���

Alternatively alkynyl, magnesium halide may be reacted with an alkyl halide

to yield alkynes.

3 3 4 3CH .C CH + CH MgI CH + CH .C C.MgI�� �����

3 3 3 3 2
Propynylmagnesiumiodide Butyne-2

CH .C C.MgI CH I CH .C C.CH MgI�� ��� ��� �

5. Reaction with Monohaloethers (Formation of Higher Ethers):�Halogen

of monochloroethers reacts with Grignard reagents by double decomposition to

give higher ethers.

6. Reaction with Inorganic Halides (Formation of Organometallic
compounds):�Reaction of Grignard reagents with inorganic halides yields different

organometallic compounds.

7. Reaction with Chloroformic Esters (Formation of Esters):�When Grignard

reagent is reacted with equimolar amount of chloroformic ester, higher esters are

formed.
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If the Grignard reagent is in excess the ester formed will react with Grignard

reagent (nucleophilic addition) to produce ketone and tertiary alcohol.

8. Reaction with Cyanogen Chloride (Formation of cyanides):�Reactive

chlorine of cyanogen chloride reacts with the Grignard reagent to yield alkyl

cyanides.

If Grignard reagent is present in excess, it will react with cyanide (Nucleophilic

Addition) to form ketones and tertiary alcohols.

9. Reaction with Chloramine (Formation of Primary Amines)��Replacement

of reactive chlorine by the carbanion derived from Grignard reagent gives primary

amines.

(B) Nucleophilic Addition Reactions

The Grignard reagent reacts with compounds having carbon-oxygen, carbon-

sulphur and carbon-nitrogen multiple bonds to give addition products which on

hydrolysis give a wide variety of compounds. All such reactions are nucleophilic

addition of carbanion (nucleophile) R, obtained from the heterolysis of Grignard

reagent, resulting in the formation of  new carbon-carbon bonds.

The general mechanism of nucleophilic addition is as follows:

1. Addition to Aldehydes and Ketones

Some of the addition reactions are discussed here.

(i) Addition to Formaldehyde (Formation of Primary Alcohols):�Grignard

reagent adds on to the carbonyl group of formaldehyde to yield an adduct which

on hydrolysis with dilute hydrochloric acid forms primary alcohol. The primary

alcohol derives its alkyl group from the Grignard reagent.
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(ii) Addition to Acetaldehyde (Formation of Secondary Alcohol): Addition to

aldehydes, other than formaldehyde, gives secondary alcohol in which the alkyl

groups come, one each from aldehyde and Grignard reagent.

(iii) Addition of Ketones (Formation of Tertiary Alcohols): Ketones when

reacted with Grignard reagent in a similar manner form tertiary alcohols.

2. Addition to Carbon Dioxide (Formation of Carboxylic Acid). Grignard

reagent adds on to carbon dioxide (preferably as solid ice) in equimolar amounts

and the product formed yields carboxylic acid on hydrolysis.

3. Addition to Esters

Some of the addition to esters are discussed here.

(i) Addition to Formic Ester (Formation of Aldehydes): Reaction of Grignard

reagent with equimolar amount of formic ester, first gives aldehyde which then

react with further quantity of Grignard reagent to yield secondary-alcohol.
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(ii) Addition to Esters other than Formic Ester (Formation of Ketones):
Equimolar amounts of ester and Grignard reagent react to form a ketone.

4. Reaction with Acid Halides (Formation of Ketones):�The reaction of acid

halides (one mole) with Grignard reagent (one mole) yields ketones. As the ketones

also react with Grignard reagent it is essential that reaction be carried out under

carefully controlled conditions.

If, however, acetyl chloride reacts with two moles of the Grignard reagent

the product is a tertiary alcohol. Ketone formed reacts with Grignard reagent to

produce tertiary alcohol.

5. Addition of Cyanides (Formation of Ketones):�Equimolar amounts of alkyl

cyanides react with Grignard reagent to form ketones. If Grignard reagent is in

excess tertiary alcohols are obtained as final product of the reaction.
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6. Addition to Ethylene Oxide (or Similar Ring Compounds). (Formation
of Primary Alcohols): Small ring compounds such as ethylene oxide undergo

cleavage at carbon-oxygen bond when treated with Grignard reagent to form

primary alcohol with higher number of carbon atoms.

7. Addition to Carbon Disulphide (Formation of Dithioic Acids):
Carbon disulphide reacts with the Grignard reagent to form dithiopropionic acid.

8. Addition to Sulphur Dioxide (Formation of Sulphinic Acids):
Sulphur dioxide reacts with the Grignard reagent to form ethane-sulphinc acid.

9. Addition to Carbon-Carbon Double Bonds. Grignard reagents do not react

with simple alkenes because a carbon-carbon double bond is less susceptible to

nucleophilic attack of R  derived from R.Mg.X. However, in the presence of

titanium tetrachloride, alkenes having a terminal double bond react with Grignard

reagent to give an olefin exchange reaction.

4TiCl
2 2 5 2 2 2 2

Alkene New Grignard EtheneEthylmagnesium
reagentbromide

R.CH == CH + C H MgBr R.CH .CH MgBr + CH == CH����

(C) Miscellaneous Reactions
1. Reaction with Oxygen (Formation of Hydroperoxides or Alcohols):
Grignard reagent reacts with oxygen at –80°C to give the halomagnesium salt of

hydroperoxide which further reacts with excess of Grignard reagent at the room

temperature to give halomagnesium salt of alcohol which on hydrolysis forms alcohol.
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+
2–80°C H O/H

2 5 2 2 5 2 5
Bromomagnesium Ethyl

ethyl hydroperoxide hydroperoxide

C H MgBr + O C H .O.O.MgBr C H .O.OH +����� �����

2 5 2 5 2 5C H .O.O.MgBr + C H MgBr 2C H .O.MgBr���

+
2H O/H����� 2 52C H OH +

2. Reaction with Sulphur (Formation of Thio Alcohols): Reaction of Grignard

reagents with sulphur yields thio alcohols.

+
2H O/H

2 5 8 2 5 2 5
Bromomagnesium Ethyl
ethyl mercaptan mercaptan

8C H MgBr + S 8C H S.MgBr 8C H SH +��� �����

3. Reaction with Halogens (Formation of Alkyl Halides): Action of halogens,

particularly iodine, on the Grignard reagent give corresponding alkyl halide

(Iodides).

2 5 2 2 5
Ethyl iodide

C H MgBr + I C H I +���

It has been observed that if more than one reactive group is present in the

compound reacting with Grignard reagent, following order of preference is shown:

Group with active hydrogen > carbonyl group of aldehydes > carbonyl

group of ketones > halogen of acid halides > carbonyl group of ester > halogen of

an alkyl halide, etc.

Therefore, it is essential that all reactions with Grignard reagent must be

carried out under carefully controlled conditions and using proper amounts of the

reactants so as to avoid side reactions and formation of undesirable products.

Limitations of the Grignard Reagent

Some of the common limitations of the Grignard reagent are as follows:

1. The high reactivity of the reagent with practically every type of compounds,

requires that the reaction mixture must be protected from moisture, air and

carbon dioxide. This increases difficulty in handling Grignard reagents.

2. If the Grignard reagent is reacted with a polyfunctional compound mixture

of a large number of undesirable products is always present in the final

product. Similarly, if the end product has a functional group which can react

with Grignard reagent, reaction has to be carried out with controlled amount

of reactants but even then side reactions prevail.

However, despite these drawbacks, Grignard reagents are the most

important tools used in organic synthesis.

1.2.3 Stability and Decomposition Pathway
There are two types of stability viz. the thermodynamic stability and the kinetic

stability for a molecule. If the term "stability" is used without any modification, then

it refers to the thermodynamic stability. When we are interested in stability from
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the thermodynamic point of view, then we must deal with metal-to-ligand bond

energies, stability constants and the thermodynamic variables derivable from them.

From a thermodynamic point of view, it is more appropriate to speak of complexes

as being stable or unstable. If we are interested in stability from the kinetic point of

view, then we must deal with the rates and mechanisms of reactions and also with

the energies involved in the formation of the activated complex. In the kinetic point

of view, it will be more proper to speak of complexes as bt\x\ginert or labile rather

than stable or unstable. Very often these two groups of terms are used incorrectly.

Stable complexes may be inert or labile and unstable complexes may be labile or

inert. For example, CN~ ion forms a very stable complex with Ni2+:

Ni2+ prefers CN– rather than H
2
O as a ligand. Thus [Ni(CN)

4
]2–

isthermodynamically more stable than [Ni(H
2
O)

6
]2+. However, when 14C-labelled

CN– (14CN–) is added to the solution, it is almost instantaneously incorporated

into the complex:

This means that the complex, [Ni(CN)
4
]2– is kinetically labile. Thus the stability

of this complex does not ensure inertness. [Co(NH
3
)

6
]3+ is thermodynamically

unstable in acid solutions. But it can be kept in acid solution for several days at

room temperature without noticeable decomposition. This means that this complex

is kinetically inert. Thus instability of a complex does not ensure lability.

[Fe(H
2
O)

6
] 3+ and [Cr(H

2
O)

6
]3+ have roughly the same bond energy. This

means that these two complexes are of equal stability from the thermodynamic

point of view. But [Fe(H
2
O)

6
]3+ is labile and exchanges its ligands with other ligands

rapidly, whereas[Cr(H
2
O)

6
 ]3+ is inert and hence exchanges its ligands very slowly.

Many such examples may be given. Thus, these two types of stability are related

to two different phenomena.

Fig. 1.2���������������	������������
������������	����	
���������
�������	������������	
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The thermodynamic stability of a complex depends on the difference in

energy between the reactants and the products, namely the reaction energy Greater

this reaction energy, greater will be the thermodynamic stability. But the kinetic

stability of a complex depends on the difference in energy between the reactants

and the activated complex, namely the activation energy. Greater this activation

energy lesser will be the reaction rate, implying that the complex is inert.

Many transition metal alkyl derivatives are especially unstable with respect

to thermal decomposition. The reason for this is not that metal-carbon � bonds

are thermodynamically weak, but that one or more pathways for their decomposition

are readily available. One such pathway is the so-called �-elimination which

involves the elimination of olefin and the formation of the metal hydride.

�-elimination is illustrated below:

� -hydrogen elimination is generally an intramolecular �-hydrogen abstraction

by the metal. The best studied example is, [Pt(PPh
3
)

2
(n – C

4
H

9
)

2
]. The probable

mechanism is,

This type of fragmentation process is facilitated by the following three conditions:

1. The metal should be capable of increasing its coordination number by one

unit. That is, it should be capable of forming a coordinatively unsaturated

complex.

2. A substituent attached to the ft atom should be readily transferred to

the metal centre and

3. The � atom should be able to form multiple bond with the a-carbon atom.

Factors retarding the -elimination process
Some of the common factors that inhibit the �-elimination process are as follows:

1. Metal alkyls having less bulky ligands will be coordinatively saturated. Hence

they are expected to be more stable and do not undergo this fragmentation.
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2. Fragmentation process may also be prevented by designing the alkyl in

such a way that the transfer of a fragment group to the metal is no longer

feasible. Since the transfer of groups other than hydrogen from the � carbon

atom to the metal is very unlikely, alkyl groups having no �-hydrogens will

retard this fragmentation process.

3. Multiple bonding between the a and ��skeletal atoms may be prevented by

the presence of a � -atom having no tendency to �-bond. For example,

� -silicon atoms hardly ever participate in multiple bonds and when they

have substituents methyl groups, no � -elimination occurs.

Example, Cr[CH
2
 -Si(CH

3
)

3
]

4
 does not decompose by this fragmentation.

�-Hydrogen abstraction in which an a-hydrogen of an alkyl ligand is

abstracted to give an alkylidene or carbene complex, is much less recognised.

A substantial amount of information indicates that this is also a significant

decomposition mode for organometallic compounds.

1.2.4 Organocopper in Organic Synthesis
Organoalkyl lithium compounds when treated with cuprous halide from

lithium organocuprates.

2 2Cu Cl
2RLi R CuLi�����

Lithium organocuprate reacts with acid chlorides to yield ketones.

The acid chloride undergoes nucleophilic substitution, the nucleophilic being

the basic alkyl group of organocuprate.

Check Your Progress

1. List the four types of transition.

2. Which compounds were used to prepare a large number of organic

compounds by Barbier?

3. How is the common Grignard reagent prepared?

4. What happens when alkynyl halides react with the Grignard reagent?

5. How is lithium organocuprates obtained?

1.3 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. The four types of transitions are d-d transitions, metal to ligand charge

transfer transitions, ligand to metal charge transfer transitions and inter-

ligand transitions.

2. In 1899, Barbier used a mixture of alkyl halide and magnesium in ether to

prepare a large number of organic compounds.
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3. Common Grignard reagent is prepared by the action of magnesium metal

on alkyl halide in the presences of alcohol free and dry ether.

4. Alkynyl halides react with the Grignard reagent to form alkynes.

5. Organoalkyl lithium compounds when treated with cuprous halide from

lithium organocuprates.

1.4 SUMMARY

� Organometallic compounds may be defined as substances having carbon

to metal bonds.

� The reactivity of organometallic compounds increases with the increase in

ionic character of carbon to metal bond.

� In 1899 Barbier used a mixture of alkyl halide and magnesium in ether to

prepare a large number of organic compounds.

� Alkylmagnesium halides are therefore commonly known as Grignard reagents

after the name of the discoverer. Their general formula is R-Mg-X where R

is a univalent hydrocarbon radical, for example, -CH3; -C2H5; - CH2-

CH==CH2; -C6H5; C6H5CH2- and -X is a halogen.

� Grignard reagents are colourless, hygroscopic solids. They are fairly stable

in air but are never obtained in solid state for chemical reactions in synthesis.

� Diethylether is the most common solvent though other ethers like butyl ether,

dimethyl- ether of glycol (diglyme) or TetraHydroFuran (THF) may also be

used.

� Grignard suggested that the alkylmagnesium halide contains ether of

crystallization.

� The carbon metal bond is highly polar. Although the organic group is not a

complete anion yet it has a considerable anionic character.

� Grignard reagent reacts with compounds having carbon-oxygen, carbon-

sulphur and carbon-nitrogen multiple bonds to give addition products which

on hydrolysis give a wide variety of compounds.

� Alkylmagnesium bromides and iodides, in general react more readily than

the corresponding chlorides.

� Organoalkyl lithium compounds when treated with cuprous halide from

lithium organocuprates.

1.5 KEY TERMS

� Transition Metals:  These metals possess unique and useful properties.

In the periodic table, they comprise d-block transition elements. 

� Organometallic Compound: These compounds contain at least one bond

between a metallic element and a carbon atom which belongs to an organic

group.

� Alkyl:  This term shows that one hydrogen atom is missing from an alkane.

� Aryl: This term refers to any functional group from an aromatic ring, usually

an aromatic hydrocarbon.
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� Grignard Reagent: It is a chemical compound that has the general formula,

R–Mg–X. Here, where X is a halogen and R is an organic group, usually an

alkyl or aryl.

� Nucleophilic Substitution Reaction: It is a reaction in which a functional

group within another electron-deficient molecule (known as the electrophile)

is replaced by an electron-rich chemical species (known as a nucleophile).

� Nucleophilic Addition Reaction: It is an addition reaction in which a

reaction takes place between a chemical compound with an electrophilic

double or triple bond with a nucleophile, in order to break the bond.

1.6 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short-Answer Questions
1. Write the organometallic compounds of different metals.

2. Why are compounds like sodium acetate, not considered as true

organometallic compounds?

3. How is ether purified?

4. What happens when the Grignard reagent reacts with aldehydes and

ketones?

5. List any two limitations of the Grignard Reagent.

Long-Answer Questions

1. Discuss the different types of transitions.

2. Analyse the structure and preparation of the Grignard Reagent in detail.

3. Describe the characteristics and uses of Grignard Reagents.

4. Explain all the nucleophilic substitution reactions of Grignard Reagents.
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UNIT 2 COMPOUNDS OF TRANSITION
METAL-CARBON MULTIPLE
BONDS
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2.2 TRANSITION METAL-CARBON MULTIPLE
BOND
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Fig. 2.1 Alkylindene Cycloalkane
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Fig. 2.2 Non-planar Allene

2.2.2 Low Valent Carbenes and Carbynes: Synthesis,
Nature of Bond and Structural Characteristics
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Fig. 2.3 Methylene, the Simplest Carbene

Structures and Bondings
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Fig. 2.4 Singlet and Triplet Carbenes
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Fig. 2.5 Carbene Addition to Alkenes

Cyclopropanation
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Fig. 2.6 Carbene Cyclopropanation

C—H Insertion
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Fig. 2.7 Carbene Insertion

Fig. 2.8 Carbene Intramolecular Reaction

Fig. 2.9 Carbene Intermolecular Reaction
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Fig. 2.10 Alkylidene Carbene

Generation of Carbenes
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Fig. 2.11 Walff Rearrangement
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2.3 ELECTROPHILIC AND NUCLEOPHILIC
REACTIONS ON LIGANDS AND THEIR
ROLE IN ORGANIC SYNTHESIS
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2.3.1 Electrophilic Reaction
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2.4 ANSWERS TO ‘CHECK YOUR PROGRESS’
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2.5 SUMMARY

� .����	���������������������
�����
���	��	�������	����������
�	�����������

������������	����������������������������������������������������

��������
�������������������������
	�����	��������������������������

;" !�

.�������	�����	����
�������������������	�������
��������������	��������	


�������	��; �

� ������������������������������
��������������������::���������	��

����������������������	
������������

� .�
�������	�������
����
����	�	�������������
�����������	����������
�

�����������������������������
�����
������

�  ������������
�������	�����������	�����������	�������������
����	
���	��

�������������

� <����	���������
����������	�����
��������������������������	���=��
��>

���#44��?>��%�������������	������
���������������	�������������	�����	�����

�����������������#����������������%������	������	�������)
	�������������
	���

� &	������
����������������������	
	�����	��
��������	
����
�	��������	����

���
�����	���������
�����	����

�  ��������
������
����	�	��������
�����	�	
�����
�����	�	
�������	��	�	
�

� .������������������������������������������
�
�������������
�	����	�

&	����&	�����������

� .����	�����
�����������������	���	�����������������������	������
�
���������

�	��	������������������������	�����
����������������
�������)��������

��	������	�����	�2��������

� ��������	
�
��	������������
�����	�	
����	�	������
�	���	��������	�	��

���
�	����������	����
��	
���
����������A������	����������������

����B�����������������

� ��������	
�
��	����������
�����	�	
����	�	������
�	���	��������	�	������
�	��

��������
��	
���
��������	���������
��������	
	����������
�����	�	


������������	������������B����������
����	������
������	
�����
�����������

����
�����	�����	����	���������
�������������������������
����	���������

�����	���������A��������

� �������	�	������
�	���������������
�	�����������������������	����������



Compounds of Transition
Metal-Carbon Multiple

Bonds

NOTES

Self - Learning
Material 31

2.6 KEY TERMS
� Alkylidene: ���	�����	���������	����	
����	
����������������	������

��������������������������
������������������������

� Alkylidyne: ������������������������� 3���� ;�����	������
�������������
�������	����������
���	��	�������A��������������d�p�B�������
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�������������������������
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�������� 	����	
����������������	�����	�

��	����	�����������	����	�����������	����������

� Sigma ( ) Bond: ������������������������������������������	��
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� Pi ( ) Bond: ���	��������������	���������������	��������������������
��	�������	����	����������C�
������������������
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� Electrophilic Reaction: ���	��������	�	������
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�������������
��	���������	����
��	
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����	����������������	���	�����������
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� Nucleophilic Addition Reaction: ���	�������
�	���	����	
�����	�������
	��������������������
�����	�������������
��������	
	�������
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2.7 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short-Answer Questions
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Long-Answer Questions
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UNIT 3 TRANSITION METAL -
COMPLEXES

Structure
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3.2 TRANSITION METAL -COMPLEXES
WITH UNSATURATED ORGANIC
MOLECULES: PREPARATIONS,
PROPERTIES, NATURE OF BONDING AND
STRUCTURAL FEATURES
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Fig. 3.1 Formation of a Double Bond in Ethylene Molecule.

Nomenclature
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Table 3.1 Nomenclature of Alkenes

  Alkane                Corresponding     Formula
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Table 3.2 Nomenclature of Alkenes

    Formula    IUPAC name Radical derived IUPAC name
of the radical
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Isomerism
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4. Geometrical isomerism.
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3. Dehalogenation of vic-Dihalides: vic5A���	���
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4. Electrolysis of Salts of Dicarboxylic Acids. H����
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At anode:

At cathode

�� � � � ��
���� � �� ����� � ����� �����e
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5. Partial Hydrogenation of Alkynes:	��	������	���	�	��
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6. Decomposition of Quaternary Ammonium Salts:	, �������	�����
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�	"�
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�	-�
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General Physical Characteristics
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Table 3.3 Physical Properties of Reprsentative Alkenes

Sl.      Name          Formula B.P. M.P. Sp. Gr.
No. °C °C at 20°C

A� 6��� )�
�
** )�

�
3	A8� 3ABC :		

�� &���� + �)� �)�**)� 3	5D 3AD4 8�4A5

+� A<E �� + � �)� �)� �)�**)� 3	B�4 3AD4 8�4C4

5� cis<�<E �� cis- + +)� �)�**)��)� 5 3A+C 8�B�A

4� trans<�<E �� trans-
+ +)� �)�**)��)� A 3A8B 8�B85

B� A<&��� + � � �)� �)� �)� �)�**)� +8 3AB4 8�B5A

7� cis<�<&��� cis- + � +)� �)� �)�**)��)� +D 3A4A 8�B4B

D� trans<�<&��� trans< + � +)� �)� �)�**)��)� +B 3A58 8�B5D

C� +<F����<A<� �� + � �.)� / )��)�**)� �4 3A+D 8�B5D

A8� �<F����<�<� �� + � +.)� / )**)��)� +C 3A58 8�BB8

AA� A<��� + � + �)� .)� / �)�**)� B+�4 3A58 8�B75

A�� A<���� + � 5 �)� .)� / �)�**)� C4 3A�8 8�BC7

A+� A<���� + � 4 �)� .)� / �)�**)� A�� 3A8� 8�7A4

A5� A<���� + � B �)� .)� / �)�**)� A48 3C4 8�7+�

A4� A<@�� + � 7 �)� .)� / �)�**)� A7A 3D7 8�75+
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Spectroscopic Properties
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General Chemical Characteristics

��	�����	��	
�	!����	���	����
�	
�	��������	��	��	
���	����
� �	��	�������
��
�	�
!�	����
�
��	��	�����	
�	� 	��	��	�����	��	�� ��	����	
�	��	���� ��
'�����
�!	��	E�����	����
�	�����	���	��
��
��	����	��	������	������	��!�
.A8C�49/	��	��	������	����	�� ���	
�	�	����
�	��	��	���� ��	��	!����	
�	��
��
��
��	��	!����	"
��	�	��	����# ��	����
��	��	�	���� �	���
�!	�	�� ��
����	���	
�	����
�����	.
�	����	��	����	��!�	
�	�����
�����	�� ��	��	>��/
�
�����
��	��	������	��!�	"�
��	�� ��	�	���	����
�	���	������	� ��	�
���� �	���	�	������	��	����	��	����
�	��	����
�!	��	�� ��	����	�
��
�!
��� ����	����� ���

��	��� �	���	��� �� �	��		��	�� ��	����	
�	����	��	���� ���	���
���
������	���	������	��	����
��	���
�	���	
�	���	�	������	����	������
��	��
�	� ����	�� ���	
�	��	�����
�!	��	��	������	�����	��	� ������	��� ��	��

���	 �
��	�� �	�	���� �	���
�!	�	������<������	�� ��	����	���	�
����
���	��	�	� ������	�
��	
�	�������	���	�� �	��!���	��
�!	�������$	i.e�
�������
�
�	��!���	��	����	�
���	��	����	"
��	������	��	����	
��������
����
��	��	�����	"
��$	������$	�	�������
�
�	����
���

��	�	�������	��	�	�� ��	����	��	# 
�	���
�	���	�
!���	����
�	��� �
��	�����
>��
�
��	��� !��	��� �	��	��	������
�!	��!��	.electromeric shifts/�

��	���� �	��	��	����	���	�	����
���	��	�	���	 �	��	�"�	 �
��:
.
/	'	�� ��	����	���	.

/	'����	!�� �.�/�	���	"
��	�� �	���"	��	����
���	��
�����



Transition Metal �<
Complexes

NOTES

Self - Learning
48 Material

(A) Addition Reactions

'����	 ���!�	���
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��	��	�� ��	����	"
��	�	���!	� ���	��	��!���	��	����
��� ����	����� ����	���	���
�
��	����
���	��	�������
�
�	���
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1. Addition of Hydrogen or Hydrogenation: ��	�����	"��	����	"
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2.	Addition of Halogens: '����	����	"
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3. Addition of Halogen Acids. '����	����	"
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+ � + +
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Regiochemistry
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(B) Oxidation Reactions
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(C) Isomerisation Reactions

0�������������������
������
�����������		�����
����
�	����	��2�
����������	

��	������
�	��
	�		�����	��������������������	� ��� 	����������������	
��
	�����

���
�������	��
������ 	���
	����'���	�������������	����	����������	��������
�


	�		����� ���������������������

" 4 &�� *3! +
& " " " & " &"??/&??@�

1(1��
��� "(1��
���

�� ��� ��� ������ �� �� ����������������

" 4 &�� *3! +
& " " & " &"??/&??@�
&(;�
���(1( �
��� "(;�
���("( �
���

*�� + ��������� *�� + � ���������������



Transition Metal � -
Complexes

NOTES

Self - Learning
Material 59

" 4 &�� *3! +
& & & " "

"()�
��� "(;�
���(1(�	���

�� ��������� *�� + ���� ��������

(D) Substitution Reactions
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2. Acetylene Derivative System: #�������������������
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Isomerism

8�������	��� 
� ������������$�����	����� ����������
���������
�	�&������$����
�	
������� �����������
����

1. Chain Isomerism: 2�����������������
�������������� ������	
����&��������

��	����=�
��$	� ����:�>����
� 
�����������"����
���	��"�����	
����	��������
�1

�

� � � �
+)4�������!��
	�������	��" �)7�����)+)�����

!%
	��������	��"

��

�� ��� ��� �� �� �� ���� ��
�

����

2. Position Isomerism: %������� ��������������$����������
����������������	
����
��
����
���"������	����"
����������	���������� ����������������
� ����������

�$	� ���

� � � �
+)%����� �)%�����

�� ��� �� �� �� �� ������ ��

� � � � � �
+)4������ �)4������

�� ��� ��� � �� �� ��� �� ������ ��

3. Functional Isomerism: #�&�����	
�������
���"������������(�����5�-�
� 
������
������	�����	������

��������� ������������������������ �� ����� �� ���

�� ��� ��� �� ��� �+)%����� �� �� �� �� �� �� ��+��)%��	�����

#��������������
��	
��&��"�����"���
��	�&�������������$�����������
��	�
�����
������	�����������	
��������������������	
����������
� �������

%�������$���������"�������
�����
��1�+)%������	����)%�������4��������$����
�����
��������
�����
��1�+)4���������)4�������	����)7�����)+)������

Occurrence of Alkynes
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3.�Electrolysis of Salts of Unsaturated Dicarboxylic Acids: 8$����������
C���<�������
���������������������	������	��
	�������	
�$�����	����� 
������
	�&������4��	���������	
	�����������
��������������������
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General Physical Characteristics
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Table 3.4 Physical Constants of Alkynes

Sl. No. Name Formula B.P., M.P�� Sp.Gr. Heat of
°C °C at combustion

20°C �H �kcal�

 � !������	� "# "#�� $�%� $�% & � '�(
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*� +����	� �"# �" "#�� $*��* $� '� & �(�� 
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General Chemical Characteristics
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1. Addition of Hydrogen: !���	�������	������������
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3. Addition of Halogen acids: ���� �������	� ��� ����
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8. Addition of Hydrogen Cyanide and Ammonia:$	��������	�����������
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(B) Oxidation Reactions
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4. Oxidation with Selenium Dioxide: ��
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(D) Isomerization Reactions
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Detection of Carbon to Carbon Triple Bond
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Propyne or Allyene or Methyl Acetylene, CH3.C CH
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1.�By the Action of Alcoholic Potash on 1,2-Dibromopropane: (�	����	��#
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Physical Properties
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Fig. 3.2.  Structure of Propyne.
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General Methods of Preparation
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Fig. 3.3 Butadiene MO Representation
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Table 3.5 Main fractions of Coal Tar

Sl.   Main fraction Temperature Sp. gr. % Proportion   Chief constituents
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Benzene Nucleus and Side Chain
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Hydrocarbons

Aryl and Arylalkyl Halides

Nitro Compounds
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Amino Compounds

Hydroxy Compounds

Aldehydes and Ketones

Acids
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�a��(�������������	�	���������������������b��2�������	��	������������
:���������������������������������

(a) Resonance Structure of Benzene.

+���	���������������������	���������D+�������������	�"�����"���	���	�
�����������	����	����	�������������"	����������������	��	�����������8���������
�������������	�������*��"���������	�������	���������	����	����	���������
�	�������������������	����������������	������E�#�����	����	������������������
�����	����������"���������	���	��	�����������������������	����	����	�������	
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��������������������������	���������	������������

#����
����	���������������	����	����������"	����������������������	��
������������	���3

#�����	����	������������������		�����������1�*���&����	����	����	����	���
����������(���	��<�"�	&����	����	����"�"�
�	�1�*�����	����	����	�������������
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������"���������������	���������	��������������#�������������������	
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��	���������	��������������������4;9B������������#����8�
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G�����������������	������������������������	��#�������������'�����"��	�
��������������������	��5��������	������������	������"������	�����������������
��������������	����	����#������������"��������	������������	���������������
�����	����������������������	������1�*������	����	����#�����	����������	��
���"��������	������������	�����������������	����	�����*��"�����%	��������
���	��&��������������	������������������������������
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��������������	
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����	�������
������������������	����������������������������������#�������
�����	�������������	������	�������������������6�,�*���C������"��������
�����������
������	������������������������������������	�����"������67�6�*���
��6�,�H�4�0�67�6���"�������	����	��������������	
���
�������.;�6�*���C�����
#������������������������	����������������������������	����

$���	������������	
����������������������������������������������4,
*���C�������������������������
�����"�������������������������������������������
������������	����������������������	����������������	����������#��������������
����������	���������������������������������������������������������������
����	��������������	�������	����	�������������	�������������������������	�"��
����������*������������������������	�������������������	���������

(b) Molecular Orbital Structure of Benzene
2���	�����	����������������������	����	������������������2�!������	���I������
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Fig. 3.4 MO Structure of Benzene
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3��������	�	����� ������	����������������������������������������������	��+

����	���������������� ���������������������������,��������������� ����������.���
���	��������	�������&���
������������
������������	���	�������������������	� 

����	�	���,���������	�����������.���������������	�������������� �������	���	��

�������������	�	��������	�����	������������������	�	����� ��������	�������	������

������������������������������������	�	�������	���	��������	���

������������������	���	������/� � �������������������	���������������
���	� ���������	����������	������	����	����	�������������������4

Benzene

5������������	����	�����������	������6������	��!7�8�������	����������	�

���	������������������	����	���	� � ����-��!799��	�������	�������	���	����

	��	��	� ������	����	��	����	�����������	��Benzin��:��������:	��	 ���  ����
���������5����������	���-��!7;8�&�����������	���	���������������+���	���	����	��

�������	����������������������:�� ��$����	�	�������������������������������

������������	��<�2�'����������	� ��������������

General Methods of Preparation

:���������������� �������������������������	������5�������	�����	��

1. Replacement of the Group Already Present in the Nucleus by Hydrogen

�����������������������������	� � ������	������������������������4

,	.�Replacement of —COOH group: �����������������	����	����������	�	�����
	���������	��������	���

,		.�Replacement of Phenolic —OH group: 5������������������	����������	� 

������������������
����������	�������

,			.�Replacement of —SO3H group: 5������������������	��������	�	� ��������
�������	����	��	���	��������������	����	����!8"#%=�""#%��������������	� 

������	��	���������������������
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,iv.�Replacement of —N2Cl Group: 5�������	����	������������������
�	����������+������	�����	��������	���������������������	� 	
�����������

Other Methods

2��������������������������������������4

,	.�Hydroforming (Catalytic Reforming): ���������� 	�� ����� ��

����� ����	��+�����	���	������	�����	���	��������	�������������	��������	�

����������������	��� ���������������������������������� �����	� ������	�

������������%������������	�������	�����	������������������	���

,		.�Treatment of Phenyl Magnesium Chloride with Dilute HCl:�-�� 	
�����������

,			. Hydrodealkylation:��������������������������������	������� �������
���������	�������������������(��	������������	�����������

,	
. Laboratory Method: 5���������������������������������������� ������
�����������	�������	����&���
��+�	������������
��	��������������	�����

������������������	� ����	�����������	������������,�"� .���������	���,9"� .�	�

��	��	����	�����������������������:	��	 �����������������	
����5�������	��	��

�
�����	���	���	���
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,v.� From Coal Gas: %���� ��������	������ ���������������������������
��������	��
����������������� ���	������������� ��������+�	����	����	 �(��	�	� 

����������	��	�����������������������5������������������������	����
��	�������	�+

�������	����������������
������������(	��	����	���������	�������������������

��������	�����)�������������	�����	��	����	��+�������������������,�����7"�;#.�	�

����	���

,
	. From Light Oil: 5�������	������	���������	 ����	�+���	��������	���/"=/8
��������������������������������������+�!�=!8������������������������+�7=!"

����������������������!=9����������������	������������������������		����	����
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��	� ������������ ��������� ������,��������	��%�����*����	��.������	���	� 


������+������������������������������	���4

(i) 90 per cent Benzol (80–110°C): -�������	���@"=7"�����������������������
!;=�;����������������������-��	��������A"�������������������������!""����������

�����	��+������	��	���+��	���A"�������	��	�����������!""#%�

(ii) 50 per cent Benzol (110–140°C):�-�������	���;/����������������������	��
���������������������������	��	����������������A"�����������������

(iii) Solvent naphtha or benzene (140–170°C):�-������	���������	�����������+
���	������+��������,	����������������.������-��	��������������
����������	���+

���	��+������������
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		. From Petroleum: 5�������	��������������������������	���	������������
����	�������������������1������������������������������������������
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,
			. Synthesis: -��!7@"��������������������	������5����������������	� 
��������������� ����(���������
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Physical properties

� 5�������	������������������	����	$�	��	������������	��	��������-����	�����
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Spectroscopic Properties

� -���������������	������	������!A7��C�, � � D� .���������8��C�,�������	

���.�
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Chemical Properties
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(A) Electrophilic Substitution Reactions
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Step 1
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2. Ozonide Formation:������������	�
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3. Addition of Halogen: ����������	
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(C) Miscellaneous Reactions
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��������
��	��������	���&

!	�(&"��������������������������������������#���
��

� � � � ��� � )*+ )��+ �� +� ��� �
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3. Birch Reduction:�.����������
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Electron Releasing Groups Present in Benzene Nucleus and Birch
reduction:

Electron Withdrawing Group Present in Benzene Nucleus and Birch
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3.2.5 Allyls
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Fig. 3.6  Allyl Chloride
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Fig. 3.7 Allye Carbocation

3.2.6 Dienyl and Trienyl Complexes
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Check Your Progress
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3.3 IMPORTANT REACTIONS RELATED TO
NUCLEOPHILIC AND ELECTROPHILIC
ATTACH ON LIGANDS AND TO ORGANIC
SYNTHESIS

3.3.1 Electrophilic Reaction
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2. Mechanism of Haloform Reaction
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Nucleophilic Aromatic Substitution
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$�& Aromatic SN1 mechanism is observed in diazonium salts
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$��& Benzyne mechanism is observed in reaction of chlorobenzene with
NaNH2.
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$���& SNAR mechanism is observed when an electron withdrawing group
like –NO2 activates the ring towards nucleophilic attack.
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��Hydrolysis of Alkyl Halide (primary and secondary)
SN2 mechanism
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Hydrolysis of t-Butyl Bromide
SN2 mechanism
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� Alkylation with alkyl halides (Williamson synthesis of ethers)
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� Cleavage of ethers (Ziesel’s method for determining alkoxy groups)
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SN1 mechanism
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SN2 mechanism

Check Your Progress
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3.4 ANSWERS TO ‘CHECK YOUR PROGRESS’

�� "��"#$%��� ����&��
�������	����	�������%
'�����

�� (���� �������	����������
'������	���&������������	����&��������
 ����
��	����	�
���	��
���)�	���������
 ���*��
���	�������)!

�
��������������������

�
���	���
��

�� ���������
��
'����� �	�� �	������ ���� �*����� ��� �
����
��� ��������
� �	�*�����
' �����	����	����� ������
�������������� ����
��������
����
������

+� ,
���	���
������������	�������������
' ��������
��������'�� ������
���	���
�
������������ � ��������
'������������ �����
���������������������� ��-
��������������	���������	����.�������

3� %

������������	��	����	����	���
�	����������
������

/� (���� �����	��������	�����������������	�����
�������	�
����

0� ������
��������������	���'����� ��&��	���������*
������� ��
������
�
�	���������	���'����� ��&��������������&��*
������&���'�
���&�����

1� )��2��������	������ �	�������������	��������������
 �������������
�����
 ��

�'�����'�
&�
�����������&�������������3��������	����		�������������	����
� �
���*����

�� ,
���	���
���������������������
���������	����������	������

 �����	������
�	��������

������������ ��	����������
����
�����
���	��������������
��	����

��� ��������� 
���	��� 
����������4�!
�
�!5&��!

�
�5��!

�
&�����6�	����

 ������
���������	�����������
'�
�&���
���	��4�!7
�
6������	�����(���	�������

���'�� �������
���	��	��������



Transition of Metal 
Complexes

NOTES

Self - Learning
Material 129

��� $	��������������������	��������	�������
��������	����
��	�����	�������&
 ��
������	��������	����������������	��������

��� (���������������������
���
���������������������������������� �������	�
'�� ��������	�����������

��� �!
�
�!

�
5!&�!�55!�������

�
�55!��	��������
�������������	����	���

!������ ��������
��������	��������	�������	���
��������	�%
�
�

�����������4�	������ �� ��6

3.5 SUMMARY

� %
'����������� ��� �	�����������
���������������		����������
'����
4����	������ �	���	����6��(��������	��������������
��������	�����	�
	�	��������� ���������	�
���	��
���

�
!
��
������	���
���'�� ������
������

� %
'�������� ������&��������&�	��������������������	���
������	����

� 8� �	��
'������	����������������
�	������
��� ��	��'���������	�
�������
�����	��
'������	��	��	���� ��	��'���������	�
�����	�� �������������	�
(	�������
������	�	��	�	����	����������
 ���

� (����
���	�����������
'��������
��������	����������������-��
���	�����"�
#9�����	���� �������-��
���	�����	���*������� �
������������ ���
�����
�����������:�4�	����;������<6�

� (����
'������	���������	�
���	 �	���������������	��������������	����������	���
�
'������(���������	�������� �����
'�������������������	��������������
�
��������������
���
��

� (�����
���
���������
'������ �����������	�������������������� �������=
4�6�������
�����������4��6��
' 
��	��4�6�

� >�	'����'��?��	�
��������������������������������������� ����	���
��
��������
����������	���������	��������	�������������������������	����������������
��������
������� ����������	�	����� �	����

� "������	������	��������
������&�������������	�����������	������ �	���2��&
�

�������*��������4� ����	�����������	�����������������������6�
���������

����

� %
'���������	����*��������	���������	����
 � ������ ������	��� ����	�������
�������������	����	����������������������������	������*���2�������������
���������������������	���������

� ������
'������	����������������	����������������
 ����	��
���&���� �����	��
�����	�������������	�������	����
'�����

� (��� �
' 
��	��� ��� �
'���������	��� ������������� 	������������ �����	
����	���	���

� "����������������������
'������
���
�������*���������
�������������
�2���
 �����
����������������������������
�������

� %
' ���������������	�� �	�����������
�����������		����������
'��������
�	��	�	��������� ���������	�
���	��
���

�
!
��;�

�



Transition of Metal 
Complexes

NOTES

Self - Learning
130 Material

� ,�� ��&�����	� �����������*�������� �� ����������	�����5���	��
' ���
�*��������	������ �����������	���&�����&������&����������������������

�����	����

� %
' �����	����� 
����������������	��������	����������	�������������������
����	������	�������� ��!� ���	&���� ��	��	�������� ������������������

���������������������	�����������	�

� %
' ���� ���� ��� 	��	��� � � ��� �	���
���������� ��� ����
��
'����&
����
����������������	���
����&��
���	�
 ���������
������������	���������	��* 
��
�����&�� �	�
 ��������
' �����&��
' 
������������� 
������������	��* 
�����
������� 
�����������

� %
' ��������	������������	���������
�'���
'�������������� ����
���
�����
����	��������	������������������������@������������������		�������� ���������

� %����������������&��
����
&������
����
�&�� �	������ �����&��������&�����&
��'���
����� ����
����
����������������������

� (�	����
��
' ��������������	�������� ���=�!
�
��������������������

��� ��	�������	����������� 
�������������	������������������

� %
' ���������	��	����
'����������
'���������������� ��*����������������	����	
��������� �	��������������������	�
���������������������	�
������ 
����
����	������
' �������	����� 
�����

� )�� �����	����
��	
������������	
�����������(���	��������
����	����	������
�	������
�	������������	�
�	�������������
' ����

� ����������������� ���	�
�����������������
���
���	��'�� ������
'��� ���
�	������� 
�����

� �����	������������	�������������������������*�������	�����
����������	���
���������������	�����	�����������������	����

� �����	������������	�������������������������*��
� �	�����
��������'�� �
����������������	�����	������������������	����

� A�������	����
�������	�������������
������������������ ����	������	���
����
�����������������
���
���(�������	�
���	��
����������� �	���	�������
�
�
!�

�;��
 �������������������������
' ����

� A�������	�����������������	���������
�����&�����
 �������� ��������
����
����
���������	��

����&�������� �������
���������
������������������� ���
���B�����������
��������

� ���
�������	�
�����	��� �����	����������	���
����	��������	������
���������

� )��2���� �����	������
������ �>�����
���	��� �����1�3��	�����
����������
���� 
����	��������	�������

���������������(�����*���	����������������
���2����	��������������� �������'�� ��������2�������
����

� "�����2�����

�������*�� �	������������	���C����
���&�����������	�
�������
����� �������������� ���������
����������	��	����
 � ��	���
������������
�
�����������������	�����&�����&����	�����������
 �����������
�	����2����

� (����	����	����������
�� ����������	������������������	�������	���������'��
�

 
���
������������
����
�����������������	�������������
 �� �%

�
������������



Transition of Metal 
Complexes

NOTES

Self - Learning
Material 131

� %������������	�������������������� ��
���	���
���	���������	��'�� ����
�
���	���
��� ������������� 	����������( �� � ��� ��� ����� 	��������� �	�
�
���	���
������������������������	������	��
���������	����������������
������	������	��	���������	����������

� %������������	���������� ����
����
���	���������	��'�� ��������
����
��
�������������4%�6�	�������������
����
�������	�

 �	��������������������	�
��������������
���	����
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3.7 SELF-ASSESSMENT QUESTIONS AND
EXERCISES
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4.0 INTRODUCTION

The elements in groups 4–11 are commonly referred to as transition metals due to

their characteristic chemistry, which includes a wide range of complex ions in various

oxidation states, colourful complexes, and catalytic characteristics as the element

or as ions (or both). The fact that transition metals have two or more oxidation

states, usually differing by one, is one of their distinguishing characteristics. The

catalytic activity of transition metals and their compounds is known to be both

homogeneous and heterogeneous. They have ability to adopt multiple oxidation

states and form complexes is credited with this action. This unit will discuss transition

metal compounds with bonds to hydrogen. It will also explain the concept of

homogenous catalysis. In addition, it will describe various catalytic reactions

involving carbon monoxide.

4.1 OBJECTIVES

After going through this unit, you will be able to:

� Explain transition metal compounds with bonds to hydrogen

� Discuss homogenous catalysis

� Describe catalytic reactions involving carbon monoxide
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4.2 HYDROGEN BONDING IN TRANSITION
METAL COMPLEXES

Transition metal hydrides are chemical compounds containing a transition metal

bonded to hydrogen. Most transition metals form hydride complexes and some

are significant in various catalytic and synthetic reactions. Chemically, carbon-

hydrogen bonds, particularly those with saturated carbon centres, are thought to

be chemically inert. The C-H group is not well-liked in general. As a possible

ligand, it can play a structural or functional role. In ground states or reaction

intermediates, there is an energetically significant portion. Many transition metals

produce binary hydrides with hydrogen. They are called binary because there are

only two elements in the molecule, and hydride because the hydrogenic ligand is

thought to have hydridic (H-like) quality. Because of their polymeric properties,

these chemicals are insoluble in all solvents. They frequently have electrical

conductivity similar to metal.

4.3 HOMOGENOUS CATALYSIS

A catalyst is a substance which alters the speed of a chemical reaction without

undergoing any chemical change and can be recovered at the end of the reaction.

The phenomenon of acceleration or retardation of the speed of a chemical reaction

by the addition of small amounts of foreign substances to the reactants is referred

to as catalysis. Consider, for example, the decomposition of potassium chlorate.

This reaction takes place very rapidly and at a low temperature if a pinch of

manganese dioxide is added.

������ ��	������ 
����
�
���

Manganese dioxide does not undergo any chemical change at the end of the

reaction and can be recovered and used over again. Thus, manganese dioxide

acts as a catalyst. There are numerous examples of catalyzed reactions. Some

common examples are:

� Oxidation of sulphur dioxide to sulphur trioxide in the presence of platinum

as a catalyst

����
�
��
������ ����

� Combination of hydrogen and oxygen in the presence of platinum

��
�
��
������ 
���

� In the manufacture of ammonia by Haber’s process, iron acts as a catalyst

��
�
��
������ 
���

� Hydrogenation of unsaturated hydrocarbons in the presence of nickel

����
�
�
�
������ �
��
����
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There are generally two types of catalysis which are as follows:

(i) Homogeneous Catalysis: In this type, the catalyst is present in the

same phase as the reactants. There can be gaseous or liquid phase.

Examples of Homogeneous Catalysis in Gas Phase
Catalyzed homogeneous gas reactions are very rare. A common example of this is

the oxidation of sulphur dioxide to sulphur trioxide in the presence of nitric oxide in

the lead-chamber process of sulphuric acid.

����������
����������

Nitric oxide can also catalyze the combination of carbon monoxide and

oxygen and the decomposition of nitrous oxide to nitrogen and oxygen.

��������
NO���� �����

����
NO���� ���������

Another example is the decomposition of methyl-ethyl, diethyl and disopropyl

ethers in the presence of iodine vapours which acts as a catalyst.

Iodine vapours also act as a catalyst in the decomposition of acetaldehyde.

�	��	� �
 ������������ ��	������
It is found to be of second order and the rate is given by

��
�� ������	��	���
�

To account for this, it is said that the reaction takes place in two steps:

1. CH
3
CHO + I

2
 ® CH

3
 I + HI + CO

2. CH
3
 I + HI ® CH

4
 + I

2

The first reaction being slower determines the rate of the reaction.

Examples of Homogeneous Catalysis in Liquid Phase
There are many examples of homogeneously catalyzed reactions in solution. The

most common are catalyzed by hydrogen or hydroxyl ions and are generally

included under the heading of acid-base catalysis. Hydrogen ions are found to

catalyze reactions such as the inversion of sucrose and hydrolysis of esters. For

such reactions, the rate is proportional to the concentration of hydrogen ions and

the concentration of the substrate, i.e., reacting molecule or ion.

���	��������	��
�	���� ���	���������	����

  Sucrose    Glucose       Fructose

�	������	�����	��
�	���� ��	����	�����	��	

  Ethyle Acetate

Similarly, hydroxyl ions are found to have catalytic effect for reactions, such



Transition Metal
Compounds with
Bonds to Hydrogen

NOTES

Self - Learning
136 Material

as the mutarotation of glucose and the conversion of acetone into diactone alcohol.

These days, it has been observed that for many reactions which are catalyzed

by hydrogen ions, any other substance which is an acid in the Bronsted sense

(proton donor) can act as a catalyst for the reaction. This is called general acid

catalysis. Similarly general base catalysis refers to reactions which are catalyzed

by all bases (proton acceptor).

There are some reactions, e.g., the mutarotation of glucose and the enolization

of acetone which are catalyzed by both acids and base and are known as general

acid-base catalysis. For such reactions, the general expression for the measured

specific rate constant (K) for the overall reaction may be written as:

� ������� ��	� ��	� 
��� 
����  � �� �
where K

0
 is the rate constant for the non-catalyzed reaction, such as occurs in

neutral solution and Kacid and Kbase are the catalytic coefficients of each species of

acid and base (in accordance with the Lowry’s concept of acid and base) of

concentrations Cacid and Cbase respectively. The value of Kacid can be measured

from solutions which are strongly acidic (Cbase 
is extremely small) and that of Kbase

from solutions which are strongly basic (Cacid is small). By knowing Kacid and

Kbase, one can easily compare the catalytic effects of various acids and bases).

In considering the mechanism of acid or base catalyzed reactions, addition

or removal of a proton by a catalyst must be taken into consideration.

This can be illustrated by the following examples:

Mutarotation of glucose
�	 � 	��� � 	�	� �������������	��
�-glucose (Intermediate compound)

	�	� � 	�� � 	����	���
�-glucose
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Here the first step involves addition of proton, supplied by acid, H
3
O+ to a

glucose molecule and leads to the formation of an intermediate compound which

is unstable. This decomposes to give b-glucose and proton discarded is taken by

a water molecule.

Hydrolysis of methyl acetate

CH  – 3

OCH3

C

O
+H

+

Fast
CH  – 3

OCH3

C
+

OH
:OH2

Slow
CH  – 3

OCH3

C – 

OH
Fast

OH2

CH  – 3

OCH3

C – OH

OH
–CH OH3

Fast
CH  – 3 C – OH

OH
–H

+

CH  – 3 C – 

O

OH
+

+

+

It is clear that for such reactions water acts both as an acid and a base as it

supplies as well as accepts a proton.

(ii) Heterogeneous Catalysis: Catalysis in which the phase of the catalysts

differs from that of the reactants or products is known as heterogeneous catalysis.

Solid phase catalysts and gas phase reactants are commonly used in heterogeneous

catalysis. At the catalyst surface, a cycle of molecule adsorption, reaction, and

desorption takes place. The rate (kinetics) of a process is influenced by

thermodynamics, mass transfer, and heat transmission.

4.3.1 Stoichiometric Reactions for Catalysis
The addition or molecular compounds are formed when stoichiometric amounts

of two or more stable compounds  join together (solutions containing two or more

salts in stoichiometric proportions are evaporated or simply mixed), e.g.,
KCl + MgCl2 + 6H2O �� KCl � MgCl2 � 6H2O

                                        Carnalite

K2SO4 + Al2 (SO4)3 + 24 H2O ���K2SO4 � Al2 (SO4)3. 24 H2O

                                                           Potassium alum

Fe(CN)2 + 4KCN �� Fe(CN)2 � 4KCN

                               Potassium ferrocyanide

CuSO4 + 4NH3 + 2H2O ����    CuSO4 ��4NH3 ��2H2O

                                           Tetramino copper (II) sulphate monohydrate

On the basis of behaviour in aqueous medium, the addition compounds are grouped

into two categories.

Double Salt

Double salts are those molecular compounds which exist only in crystal lattices

and lose their identity when dissolved in aqueous medium. For example, Mohr’s

salt when dissolved in aqueous medium dissociate to form Fe2+, NH
4

+ and SO
4

2–

ion and give the positive test of these ions. Thus, the double salts do not retain their

identity in solutions.

FeSO4 � (NH4)2 SO4 �6H2O 2H O����  Fe2+ (aq) + 2NH4
+ (aq) + 2SO4

2– (aq) + 6H2O
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Complex or Coordination Compounds

Coordination compounds are the molecular or addition compounds which retain

their identities in aqueous media or any other solvent and their properties are

completely different from those of the constitutes. For example, potassium

ferrocyanide is a coordination compound. When this is dissolved it does not form

Fe2+ and CN– ions, does not give usual tests of Fe2+ and CN– ions, instead a new

complex ion called ferrocyanide ion is formed. This complex ion does not ionise

into constituent ions.

K4[Fe(CN)6] ������  4K+ + [Fe(CN)6]
4–

The formation of coordination compounds is one of the remarkable

characteristics of transition metals. These compounds are widely present in the

minerals, plants and animals and play many important functions. For example,

haemoglobin, which is a coordination compound of iron. Chlorophyll is a

coordination compound of magnesium.

Compounds containing complex ions are called complex compounds and

since the complex ions are formed through coordinate bonds, these are called

coordinate ions and the corresponding composed as coordinate compound. A

complex ion is an electrically charged (cationic or an ionic) or a neutral speices

formed through the combination of simple cations with more than one neutral

molecule or negative ion. For example, Argentocyanide ion [Ag(CN)
2
]+ is positive

charged, nickelocyanide [Ni(CN)
4
]2– is negatively charged and iron carbonyl

Fe(CO)
5
. is neutral. The argentocyanide ion is formed by the union of two cyanide

ions (anions) with silver ions; nickelocyanide ion is formed by the union of four

cyanide ions (anion) with nickel ions and iron carbonyl is formed by the union of

five carbonly (neutral) with one iron ion.  The anions or neutral molecules attached

to the central metal atom are called ligands. The central metal cation is generally a

transition metal with positive oxidation state and sometimes in zero oxidation state

as in metal carbonyls.

4.3.2 Homogenous Catalytic Hydrogenation
It involves the formation of edible fats from vegetable and animal oils. Raw oils

obtained from sources, such as the soyabean have the structure ‘+’ indicates strong

chemisorption; ‘±’ weak chemisorption ‘–’ no chemisorption.

Table 4.1 Chemisorption Abilities

O2 C2H2 C2H4 CO H2 CO2 N2

Ti, Cr, Mo, Fe + + + + + + +

Ni, Co + + + + + + –

Pd, Pt + + + + + – –

Mn, Cu + + + + ± – –

Al, Au + + + + – – –

Li, Na, K + + – – – – –

Mg, Ag, Zn, Pb + – – – – – –
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CH
2
(O

2
CR

1
). CH(O

2
CR

2
)

2
 C(O

2
CR

3
)

3
, where R

1
, R

2
, and R

3
 are long

chain hydrocarbons with several double bonds. One disadvantage of the presence

of many double bonds is that they make the oils susceptible to atmospheric

oxidation, which turns the oil rancid. The geometrical configuration of chains

containing rigid double bonds is responsible for the liquid nature of the oil, and in

many applications (such as on sandwiches) a solid fat is at least much better, and

often necessary. Controlled, partial hydrogenation of an oil with a catalyst carefully

selected so that hydrogenation is incomplete and so that the chains do not isomerize,

is used on a wide scale to produce edible fats. The process, and the industry, is

not made any easier by the seasonal variation of the number of double bonds in

the oils.

4.3.3 Zeigler-Natta Polymerization of Olefins
Until around 1952 vinyl polymers were obtained by free radical polymerization.

This generally required high temperature and pressure and led to random

polymerization. To overcome these problems, Ziegler-Natta (1952–1955)

introduced novel organometallic initiators (also known as Ziegler-Natta catalysts)

for vinyl polymerization. These consist of an organometallic compound (generally

an aluminium trialkyl) and a metallic halide containing a metal which is reducible to

a lower valence state (generally TiCl
4
 or VOCl

3
).

Polymerization reaction using Ziegler-Natta catalysts occurs at room

temperature, without high pressure, on a solid surface having characteristic of

anionic polymerization and forms a stereoselective polymer which is linear and

mechanically stronger. It is believed that during addition polymerization, alkyl

aluminium acts as a Lewis acid while titanium chloride acts as a Lewis base to

form a coordinated complex. The transition metal compound is reduced by trialkyl

aluminium to a lower valency state which coordinates with the 	 bond of the

monomer. The process may be repeated infinitely to produce a highly stereospecific

polymer or may be terminated as and when desired.

 and so on.

Alternatively a bimetallic initiator may be obtained by interaction between

trialkyl aluminium and titanium chloride which acts as a Lewis base for the above

reaction.
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The Ziegler-Natta polymerization is applicable to polymerization of a-olefins

and the product is sterically controlled polymer. Thus it was possible to prepare

all  cis-polyisoprene using these initiators. Also where as metallic initiator Al(C
2
H

5
)

3

+ VCl
3
 gives trans-1,4-polybutadiene the metallic initiator Al(C

2
H

5
)

2
Cl.H

2
O +

CoX
2
 gives cis-1,4-polybutadiene. The polystyrene prepared by using Ziegler-

Natta initiators is crystalline and has the same configuration on all the asymmetric

carbon atoms. For this reason it is also referred to as directed polymerization.

4.3.4 Catalytic Reactions Involving Carbon Monoxide:
Hydrocarbonylation of Olefins (Oxo Reaction)
and Oxopalladation Reactions

The oxo reaction is an industrially important method for producing aldehydes. It

involves the treatment of an alkene with carbon monoxide and hydrogen in the

presence of cobalt carbonyl catalyst. High temperatures and pressures are used.

The net reaction appears to be an anti-Markovnikov addition of

formaldehyde to the alkene. Ketones cannot be prepared by this method.

There is another method used to prepare both aldehydes and ketones which

is known as ‘wacker process’. It is an oxopalladation reaction as an alkene is

oxidised in the presence of palladium (II) chloride as  a catalyst. This process

involves the treatment of an alkene with an acidified aqueous solution of palladium

chloride and cupric chloride. For example,

The cupric chloride promotes the second reaction, enhancing the

reconversion of the palladium back into palladium chloride.

Acetone is prepared similarly from propene.
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4.3.5 Activation of C-H Bond
Stable carbon-hydrogen bonds in organic molecules are cleaved by a series of

mechanistic processes known as C-H bond activation. The goal is to allow these

molecules to be functionalized, leading to the production of more complicated

intermediate or product chemicals with C-0, C-C and C-N bonds. The capacity

to break the C-H bond allows for the transformation of low-cost feedstock

molecules into commercially useful compounds. Selectivity and specificity in the

synthesis of more complex compounds are important in pharmaceutical and fine

chemical applications, and directed C-H activation allows for this.�C-H bonds are

activated through a variety of methods, including oxidative addition, -bond

metathesis, electrophilic substitution, and so on. C-H activation, by definition, occurs

through catalytic processes. When transition metals, such as Pt, Rh, Ir, and others

are utilised in catalytic oxidative addition processes, C-H activation occurs. An

intermediate organometallic species is formed when a proton linked to a carbon

atom on the substrate hydrocarbon molecule coordinates with the transition metal.

The functionalized carbon bond can be formed by reacting this intermediate with

additional species. C-H cleavage and functionalization can be done in a

stoichiometric manner, such as with Friedel-Craft chemistry and electrophilic

aromatic substitution. Transition metal-mediated C-H activation/borylation of

substrate molecules is particularly useful for forming C-B bonds. Organoboron

compounds are significant in the creation of C-C bonds because they are used in

cross-coupling processes.

When it comes to C-H functionalization in general, Friedel-Crafts processes,

as well as various alkylation and arylation reactions, result in C-H bond

functionalization. In the production of C-M bonds, metalation processes frequently

require C-H activation. Numerous cross-coupling reactions functionalize C-H

bonds, and the activation/metalation of the C-H to generate a C-B bond is exploited

in the creation of the necessary organoboron reactants in Suzuki-Miyaura coupling.

C-Li bond formation in lithiation processes is another major C-H activation/

metalation event.

Check Your Progress

1. Why are transition metals called binary hydrides?

2. Mention the types of catalysis.

3. What do you understand by general acid-base catalysis?

4. What happens to double salts when they are dissolved in aqueous medium?

5. Why was Ziegler-Natta catalyst introduced?

4.4 ANSWERS TO ‘CHECK YOUR PROGRESS’

1. Many transition metals produce binary hydrides with hydrogen. They are

called binary because there are only two elements in the molecule.
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2. There are generally two types of catalysis: (i) Homogeneous catalysis, and

(ii) Heterogeneous catalysis.

3. There are some reactions, e.g., the mutarotation of glucose and the enolization

of acetone which are catalyzed by both acids and base and are known as

general acid-base catalysis.

4. Double salts are those molecular compounds which exist only in crystal

lattices and lose their identity when dissolved in aqueous medium.

5. Until around 1952 vinyl polymers were obtained by free radical

polymerization. This generally required high temperature and pressure and

lead to random polymerization. To overcome these problems Ziegler-Natta

(1952–1955) introduced novel organometallic initiators (also known as

Ziegler-Natta catalysts) for vinyl polymerization.

4.5 SUMMARY

� A catalyst is a substance which alters the speed of a chemical reaction

without undergoing any chemical change and can be recovered at the end

of the reaction.

� In homogeneous catalysis, the catalyst is present in the same phase as the

reactants. There can be gaseous or liquid phase.

� Catalysis in which the phase of the catalysts differs from that of the reactants

or products is known as heterogeneous catalysis.

� The addition or molecular compounds are formed when stoichiometric

amounts of two or more stable compounds join together.

� Coordination compounds are the molecular or addition compounds which

retain their identities in aqueous media or any other solvent and their

properties are completely different from those of the constitutes.

� A complex ion is an electrically charged (cationic or an ionic) or a neutral

speices formed through the combination of simple cations with more than

one neutral molecule or negative ion.

� One disadvantage of the presence of many double bonds is that they make

the oils susceptible to atmospheric oxidation, which turns the oil rancid.

� Polymerization reaction using Ziegler-Natta catalysts occurs at room

temperature, without high pressure, on a solid surface having characteristic

of anionic polymerization and forms a stereoselective polymer which is linear

and mechanically stronger.

� The Ziegler-Natta polymerization is applicable to polymerization of a-olefins

and the product is sterically controlled polymer.

� The oxo process is an industrially important method for producing aldehydes.

� Wacker process involves the treatment of an alkene with an acidified aqueous

solution of palladium chloride and cupric chloride.
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4.6 KEY TERMS

� Homogenous Catalysis: It refers to reactions in which the catalyst is in

the same phase as the reactants, usually in solution.

� Heterogeneous Catalysis: It refers to reactions in which the phase of

catalysts differs from that of the reactants or products.

� Hydrogenation: It refers to a chemical reaction that takes place between

molecular hydrogen (H
2
) and another compound or element to reduce or

saturate organic compounds.

� Zeigler-Natta Catalyst: It is a catalyst used in the synthesis of polymers

of 1-alkenes.

� Oxo Reactions: These reactions, also known as hydroformylation, are

involved in an industrial process to produce aldehydes from alkenes. 

4.7 SELF-ASSESSMENT QUESTIONS AND
EXERCISES

Short-Answer Questions
1. Give a few examples of catalysed reaction.

2. Differentiate between homogenous catalysis and heterogeneous catalysis.

3. How is argentocyanide ion formed?

Long-Answer Questions
1. Discuss homogeneous catalysis in gas phase and in liquid phase with the

help of examples.

2. Describe how ionisation of complex compounds takes place in detail.

3. Give a detailed account on Zeigler-Natta polymerization of olefins.

4. Explain how aldehydes and ketones are prepared by the Wacker process.
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Table 5.1 Some organic Ligands which form Organometallics
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Fig. 5.7 Structure of Solid Bis(cyclopentadienyl) Beryllium
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Table 5.2 Some Bis- -(cyclopentadienyl) Metal Complexes
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