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REACTION MECHANISM STRUCTURE AND REACTIVITY
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3.0 Objective
Objective of this unit is to study the reaction, generation, structure, stability and

reactivity of reaction intermediates.
3.1 Introduction

A mechanism of organic reaction may be described as the detailed description of the
sequence of steps in going from the reactants to the products, or the detailed path undertaken
by the reactants in order to get converted into product.
3.2 Types of Reactions

Any classification of organic reactions must emphasize the changes that occur in the
carbon bondings of the substance at the site of the reaction. Thus a large variety of organic
reactions may be placed in the following major categories :

1. Substitution reactions.
2. Addition reactions.
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3. Elimination reactions.
4. Molecular rearrangements.
5. Molecular reactions.

3.2.1 Substitution Reactions :
The replacement of an atom or group by any other atom or group is known as substitution

or replacement reaction. In such reactions an attacking species of one type (nucleophile,
electrophile or free radical) replaces another group of the same type.

(i) Nu +  R – X Nu - R + X– –
Attracking species Substrate Product Nucleofuge

(Nucleophile)
Nucleophilic substitution

(ii) + NO  2
+ +

+
H

+ H 
NO2 

NO2

Electrofuse
(iii) CH4 + .lC    3H.C  + HCl

      Methyl
       free radical

3H.C  + Cl2   CH3 – Cl + .lC
methyl
free radical

(Free radical substitution)
3.2.2 Addition Reactions

A reaction in which two molecules combine to give a single molecule of product is
known as addition reaction. Addition reactions involve an increase in the number of groups
attached to the substrate, and therefore a decrease in the degree of unsaturation of the substrate
is an addition reaction. Most commonly, an addition involves the gain of two atoms or groups
(one electrophile and one nucleophile, or both free radicals) at each end of the bond or ends
of a system. As with susbtitution reaction, here also the attacking species may be a nucleophile,
electrophile or free radical.

(Electrophilic Substitution) Product Electrofuge



40

REACTION MECHANISM STRUCTURE AND REACTIVITY

–

+
(Nucleophilic addition)

CH  3
H

H

H H
+  B

BHFast
H

H

C

C

C

C

CH3

CH3

SlowNO2 NO2

NO2

NO2
NO2

NO2

CH C–

+ + –E
E Slow Y

Y E

Fast
(Eletrophilic addition)

C CCC CC+

A
A B B

B A
C CCC CC+

3.2.3 Elimination Reactions :
The reactions involving removal of atoms or groups from a molecule without their

replacement by other atoms or groups are known as elimination reactions.

+ –+ Br
CH3 CH3

CH3

CH3

B : + H — CH  — C2 Br BH + CH2 C

3.2.4 Molecular Rearrangements
Reactions involving migration of an atom or group from one atom to another (i.e. change

in the bonding sequence within a molecule) are known as molecular rearrangements or
rearrangements reactions.
3.2.5 Molecular Reactions (Pericyclic Reactions)

Intra-or intermolecular processes involving concerted reorganisation of electrons within
a closed loop of interacting orbitals are called molecular or pericyclic reactions. The most
important example of such type of reactions is the well known Diels-Alder reaction.
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+ 

3.3 Hammond Postulate
The transition state is not a normal covalent molecule as some bonds are partially

broken whereas others are only partially  formed. According to Hammond postulate, in any
individual step in a reaction, the geometry and structure of the transition state resemble either
the reactants or the products or the intermediate depending on which of these is closer in free
energy to the transition state. This implies that in an endothermic step in TS resembles the
products and that in exothermic step the transition step resembles the reactants.

Fig Energy profile of the two step reaction described by equation.
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For example, in the reaction shown in above figure the first step is endothermic and
therefore the TS resembles the intermediate step I to a greater extent than the starting reactants.
The second step is exothermic and the TS for this step resembles the intermediate state more
than the final products.

Thus, the T.S. may be described as reactant like, product like or intermediate like
depending upon the proximity of the former with any one of the latter. Hammond postulate is
often useful to explain the observed rate and course of reactions, e.g., it is well known that
branching at the  carbon enhances the rate of SNI reactions. Generally, it is related to the
stability of carbocations, but the rate enhancement does not depend upon the stability of
carbocations. Rather it depends upon the ease with which the TS leading to carbocation is
reached i.e., upon G  . As the TS is not amneable, we use Hammond postulate assuming that
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in this reaction, the T.S. is carbocation like and any factor will lower the energy of the
carbocation will lower the energy of T.S. Hence, such the TS is reached more readily lowering
the value of  G  .

R RC C -------- XX
Carbocation like TS

R R
R R

–+

3.4 Curtin-Hammett Principle
Suppose A and B are conformational isomers and both are in rapid equilibrium.

BA
In chemical reaction (chemical reaction may be elimination, addition or

substitution) A gives product C and B gives product D. Products C and D may be different
susbtance, or they may be conformers of the same substance.

C B DAKc KDKB

KA

KC KDH O2 2 H O2 2

–
–

+ +

N NK
CH3

CH3

(A) (B)

N N
CH3 O

CH3

(C) (D)

O

Curtin and Hammett have given principle for such reactions. According to the curtin
and Hammett principle the relative amounts of products formed from two pertinent
conformers are completely independent of the relative populations of the conformers and
depend only on the difference in the free energy of the transition states, provided the rate
of reaction is slower than the rate of conformational interconversion.

The energy diagram for the situation where C and D are different is shown in figure.
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In most cases, the energy of activation for a chemical reaction will be greater than
that for a conformational equilibrium. If this is the case,  aG   and  bG  >> G°. The
conformers of the reactant are in equilibrium and are interconverted at a rate much faster
than that at which the competing reactions occur (i.e. KAKB >> KCKD)

For the derivation of the curtin-Hammett principle KAKB >>> KCKD. In this case
equilibrium is maintained that is

]A[
]B[K 

rate of formation of product C
]A[Kdt

dC
C

rate of formation of product D
]B[Kdt

dD
D

If the reaction can be taken as first order or pseudo first order then product ratio =

dC
dD  = KD [B]/KC [A]

       = 


 A
B

K
K

C
D

       = K.K
K

C
D .................. (1)

Equation (1) can be expressed in term of free energy and activation free energy
parameters displayed in above figure.

K = ]A[
]B[  = e–  G°/RTT

KC = RT/Gae 

KD = RT/Gbe 

Product K.KC
KD
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= RT/e/RT/GRT/G aGB
O ee 

= RT/GGG ba
O

e 



  

But from figure –   GGGG bao  where G  is the difference in activation
energies for the formation of the two products.
If follows that

Product ratio = RT/Ge 

The product ratio is therefore determined not by 0G  but by the relative energy of the
two transition states A* and B*.

The curtin-Hammett principle can be demonstrated more satisfactorily as follows
The curtin-Hammett principle implies that in a chemical reaction that yields

one product from one conformer and a different product from another conformer (and
provided these two conformers are rapidly interconvertible relative to the rate of product
formation, whereas the products do not interconvert), the product composition is not
solely dependent on the relative proportions of the conformers in the substrate, it is
controlled by the difference in standard Gibbs free energies of the representative
transition states.

3.5 Carboanion
All the anions in which the negative charge is carried by a carbon are called carboanions.
For example :

CH3Methyl Carboanion
CH CH3 2Ethyl Carboanion

CH CH-CH3 3Isopropyl Carboanion
(CH ) C3 3t-Butyl Carboanion

3.5.1 Structure of Carboanion
A carboanion possesses an unshared pair of electrons and three pairs of bonding
electrons around the central carbon atom which is sp3 hydridised. The shape of this
anion is pyramidal, similar to that of ammonia and amine molecules. Out of four sp3
hybrid ortbials, three form   bonds and the fourth is a non bonding orbital containing
two paired electron.

CH2 CH2N NO O
O

– –
–

–

–+ +
R RR

CSp3

. .

O
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+H
C N

H
sp2

Nitromethane carboanion
Fig. Electron delocalisation results in the formation of a double bond which requires
that all the atoms involved in it should be coplanar.
The geometry of a carboanion stabilised by conjugation with substituents is, however,
quite different. The carboanions which are greatly stabilised by resonance are in sp2
hybrid state and planar in so far as the delocalised electronic system is concerned.
Thus, the nitromethane anion has all of its atom in a plane, with sp2 hybridisation at
both carbon and nitrogen.

3.5.2 Formation of Carboanions :
The carboanions are obtained by heterolysis of a covalent bond in which both the bonding
electrons are taken by the carbon. Usually departing constituent is a proton.

The heterolytic cleavage of alkanes are very difficult process. As there is a very
little difference between electronegativities of carbon and hydrogen, the polarity of
C–H bond is very small. In other words, hydrogen atom bonded to sp3 carbon atoms
shows negligible acidity. Carboanions are formed only from those compounds which
contain a functional group, capable of weakening a nearby C – H bond.
Thus hydrogen on the carbon atom alpha to nitro, cyano, carboxylic, carbonyl and triple
bond have acidic character (weak C – H bond) and can be removed as protons having
resonance stabilised anions. For example, nitromethane is sufficiently acidic to react
with aqueous alkali because the anion formed has a high degree of stability.

CH3 CH2N N+ +

+

– –

–
+O O

O

O O

O

OH –H O2

CH2 N

–

–

The stability of this caboanion is largely a result of the electronegativity of the oxygen
atoms of the nitro group. There is stabilising-I inductive effect as well as powerful
resonance effect, both of which withdraw negative charge from the carbon into the
nitro group.
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Electronegative atoms or groups, depending on their ability to withdraw
electrons will lead to more or less stable carboanions. The groups are listed in order
of decreasing electron withdrawing ability.

– NO2 > –SO3R > – CN > C = 0 > – COOR > – ph > |
|

|
| CC  > – X > – H

A single nitro group attached to carbon causes nitromethane to be sufficiently
acidic. A group in the range from-SO3R to – COOR is not electronegative enough to
yield a compound with measurable acidity. But two such groups attached to the same
carbon atom will remarkably enhance the acidity of a C – H bond. For example, ethyl
acetate  does not react with sodium ethoxide to such an extent as malonic ester and
ethyl acetoacetate react.

CH3 C
O

OC H2 5 + C H O2 5
– C H OH2 5

–
OC H2 5

OCH2 C
O

OC H2 5 CH2
– C

CH2
COOC H2 5

COOC H2 5

C H O2 5+  
CH COOC H2 5

COOC H2 5

C H OH2 5 +

Carbanion

On the other hand, if strong base is used, reaction will occur with those compounds
also which have only one electron with drawing group.

For examples :- –
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Carbanions are also formed when a nucleophile adds to a carbon-carbon double bond

3.5.3 Stability of Carbanions
Electron withdrawing atoms or groups stabilise a carbanion by dispersing (delocalising)
its negative charge. The following is the order of stability of simple alkyl carbanions:
methyl > primary > secondary > tertiary
This stability order can be attributed to +I effect of the alkyl groups. The electron

donating alkyl groups increase the electron density on the carbonanionic carbon, hence its
negative charge is intensified and the carbanion is destabilised. This delocalisation increases
as the number of alkyl groups attached to the carbanionic carbon increases. This explains the
above order of stability of carbanions. Many carbanions are far more stable than the simple
kind of carbanions mentioned above. Their increased stability is due to certain structural
features. Such types of carbanions are generally stabilised by electron-withdrawing substitutents
and resonance or only by resonance.

(i) Resonance : Stability of allylic, benzylic and aromatic carbanions can be explained
by resonance.

In these cases a multiple (double or triple) bond is located alpha to carbanionic carbon,
the ion is stabilised by resonance in which the unshaired pair overlaps with the  electrons of
the double bonds. This factor is responsible for the stablitisation of allylic and benzylic type
of carbanions.

Aromatic carbanions are the carbanions in which the negative charge is carried by an
aromatic ring carbon. These are the most stable carbanions because of their aromaticity and
complete delocalisation of negative charge, for example :
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(ii) Resonance and -I Effect : When the carbanionic carbon is conjugated with a carbon-
oxygen or carbon nitrogen multiple bond the stability of carbanion is greater than that of
benzyl and allylic type carbanions. In these cases there is a sizable inductive effect as well as
a powerful resonance effect, both of which withdraw negative charge from cabon into more
electronegative atoms. These electronegative atoms are better capable of bearing a negative
charge than carbon.

(iii) The stabillity of caranions increases with increasing s character of the carbanionic
carbon. Thus the order of stability is :

3.5.4 Reactions of Carbanions
The most common reaction of carbanions is combination with a positive species

(electrophile) usually a proton.

carbanions frequently add to the carbonyl double bond (e.g. aldol condensation)

Usually, carbanions do not undergo rearrangements. However, some rearrangements
involving allylic carbanions are known.
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3.6 Carbocations
All the cations in which positive charge is carried by a carbon are called carbocations

or carbonium ions. These are reactive intermediates in a large number of organic reactions.
The reason for their reactivity is that the carbon has only six electrons in the valency shell and
has a great tendency to complete its octet.
3.6.1 Structure of Carbocations

The carbon atom of carbocation is sp2 hybridised in which the p orbital is devoid of any
electron. The three bonding orbitals from three   bonds, the remaining p orbital is vacant.
This vacant p orbital makes the carbon atom electron deficient and gives it a positive charge.
The carbocation thus has a planar (flat) structure having all the three   bonds in one plane
with the bond angles of 120° between them.

3.6.2 Stability of Carbocations :
The cycloheptatrienyl cation is an exceptionally stable carbocation which can be isolated

and studied. At the other extreme is the methyl carbocation, which is so unstable that it has
never even been detected as an intermediate in any ordinary chemical reaction. In between
these two extremes there exist a whole spectrum of carbocations, some can be isolated, some
are detectable but not isolable and others can be generated only under extreme conditions.

Some carbocations are listed below in order of their decreasing relative stability (in solution)
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The relative stabilities of the first five cations are easily understood on the basis of
resonance. when the positively charged carbon atom is in conjugation with  bond, the stability
is greater because of increased delocalisation due to resonance and because positive charge
is spread over the whole molecule instead of being concentrated on one atom.

The cycloheptatrienyl (tropylium) cation has seven equivalent resonance forms. This
carbocation is aromatic in character. In aromatic carbocation there is complete delocalisation
of positive charge. Due to this reason aromatic carbocations are more stable than non-aromatic
carbocations. The positively charged carbon is part of an aromatic ring.

Thus high degree of stability found experimentally is exactly what is expected for this
molecule.

Ten resonance forms can be written for triphenyl carbocation in which positive charge
is on the central carbon atom.

Thus this cation is also stabilised due to resonance.

Diphenylmethyl carbocation is less stable than the triphenylmethyl carbocation because
it has fewer number of resonating forms than triphenyl-methyl carbocation.

Triphenylmethyl and Diphenylmethyl carbocations have been isolated commercially.
These carbocations are further stabilised if they have electron donating substituents (O.P.-
directing group, +I effect) in ortho or para-position.

Thus :
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The next number of our series is benzyl carbocation. This has also the same type of
resonance from which stabilised the triphenylmethyl carbocation. But in this case number of
resonating structures are less than triphenyl methyl and diphenylmethyl carbocations. That is
why it is less stable than these two.

Although triphenylmethyl, diphenylmethyl and benzyl carbocations are stabilised by
resonance but they are not aromatic in character. Positive charge in these carbocations are
present on alkyl carbon or on a carbon which is not part of an aromatic ring. Due to this
reason they are less stable than aromatic carbocations.

The allyl carbocations has only two resonating forms, but both resonance forms are
equivalent. Because of this, this ion has a stability similar to benzyl cation.

2222 CHCHHCHCCHCH  

The order of stability of alkyl carbocations is as flollows :
Tertiary > secondary > Primary
The stability order of these carbocations can be explained by hyperconjugation and by

field effect (Inductive effect)
A ccording to hyperconjugati on, the   electrons of an  C – H bond can be delocalised

into the unfilled P-orbital of the positive carbon atom, thus spreading the charge over all such
bonds. Several hyperconjugative resonance forms can be written, each having the same number
of covalent bonds as the first structure.
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Since the stability of a resonating structure depends on the number of equivalent
resonance structures, the tertiary is more s table than secondary and secondary is more stable
than primary carbocations (Table 3.1)

Table 3.1 Stabilisation energies of carbocations
Cabocation Stabilisation Energy (Kcal/mol)

3|3 CH
CH

CCH
3

 
84


3CH

CHCH |3 66

23 HCCH  36

3HC 0
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The filed effect explanation is that the electron donating effect of alkyl group (+I effect)
increases the electron density at the charge bearing carbon, reducing the net charge on the
positive carbon. Thus there is partial neutralisation of positive charge on carbon. As a general
rule greater the nuetralisation of charge, greater is its stability of the charged species.

(Maximum Neutralisation of positive charge due to +I effect)
3.6.3 Formation of Carbocations

Carbocations can be generated in a variety of ways. Some of the reactions forming
carbocations are given below :
(i) Direct ionisation
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(ii) Protonation of alkenes and carbonyl compounds.

(iii) Protonation of alcohols followed by dehydration

(iv) Deamination of amines with nitronus acid.

3.6.4 Reactions of Carbocations
Although a carbocation undergoes a variety of reactions, the common goal of all these

reactions is to provide a pair of electrons to complete the octet of the positively charged
carbon. A carbocation may react in any one of the following ways.
(a) Combination with a nuclophile

(b) Elimination of a proton
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(c) Rearrangement to form a more stable carbocation.

3.7 Carbene
Carbene are neutral, divalent, highly reactive carbon intermediates containing two single

bonds and two non-bonding electrons around the carbon )YCX(   .
The simplest carbene is methylene )HC( 2

 . Other carbenes are simply named as
substituted derivatives of methylene. For example :
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3.7.1 Structure of Carbenes
The carbene carbon is usually considered to be sp2 hybridised. There are two bonding

electrons (both in sp2 orbitals) and two non-bonding electrons associated with the carbene
carbon. Since the non-bonding electrons can have their spins paired or parallel, there is
possibility of two electronic arrangements or spin states. The singlet spin carbene has the
spin of its non-bonding electrons paired (spin multiplicity M = 1).

This non-bonding electron pair is in an sp2 orbital leaving a vacant p-orbital.

In the the triplet carbene the two non-bonding electrons have parallel spins (spin
multiplicity M = 3) and both the sp2 and p-orbitals contain one electron each.

Hence, triplet carbenes with their unpaired electrons exhibit properties of diradicals,
and can be detected by ESR (electron spin resonance) spectroscopy.

Some carbenes have linear structure. In such cases, the carbene carbon will be in sp
hybrid state. Two p-orbitals remain unhybridised, and the two non-bonded electrons go into
each with spin parallel according to Hund’s rule because these p-orbitals would be degenerate.

This carbene will be sp triplet.
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ESR spectroscopic studies have been shown that triplet carbenes have bond angles of
130-150°, for example : 2HC , HCPh  , RHC , (C6H5)2 

C , etc.
On the other hand, singlet carbenes can not be observed by ESR spectroscopy. However,

their bond angles have been found to be 100-110°.
Examples are : 2XC , HXC , 2)OMe(C , etc.
Many carbenes, like 2HC  exist as singlet as well as triplet. However, all carbenes have

potential to exist in either the singlet or triplet state.
Some carbenes are linear but most have bent strucutre with bond angles between 100°

and 150° suggesting on sp2 hybridisation of the carbene carbon.
3.7.2 Stability of Carbenes

Generally, a triplet carbene (e.g., 2HC ) is 7.7-10 Kcal/mole more stable than the singlet
carbene ( 2HC ). The triplet carbene has a lower energy because with two electrons in different
orbitals there is less electron-electron repulsion than that when both are in the same orbital.
However, the nature of susbtitutents has an important effect on the stability of carbenes. For
example, as the susbstituents on the carbene carbon become better pi electron donors, the
stability of the singlet state increases and the singlet state carbene becomes more stable than
the triplet state carbene. Thus, halocarbenes are more stable in the singlet state than in the
triplet state. This is because a p-orbital of the halogen (x) with a lone pair of electrons can
overlap laterally with the vacant p-orbital of the singlet carbene, thereby stabilising the singlet
state. This stabilisation is not possible in the triplet state whose p-orbitals are not vacant. The
resonating structures are :

Amongst dihalocarbenes, the most stable is the singlet difluorocarbene. This can be
explained as follows : Since fluorine and carbon are in the same period, their p-orbitals are of
about the same size permitting more efficient overlapping. Furthermore, of the C-X bonds,
the C-F bond length is the shortest which again provides for more extensive overlap of the
respective p-orbitals. On this basis, it can be concluded that the singlet 2FC  is more stable
than 2ClC  which is more stable than BrC .
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3.7.3 Formation of Carbenes
Carbenes are usually generated from precursors by the loss of small, stable molecules.

(i) From diazo compounds.
Diazo compounds easily decompose thermally and photochemically to give carbenes.

The most common diazo compound is diazomethane.

(ii) From ketenes

(iii) From gem-dihalides and trihalides– Gem-dihalides and gem-trihalides having at
least one  hydrogen give carbene by  elimination in the presence of a strong base.

The order of ease of elimination is :
I > Br > Cl > F. Thus, CHF2Cl gives exclusively difluorocarbene

CHF2Cl Strong base
e.g, t BuOK

 H  + Cl + 2FC
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 – elimination always gives singlet carbenes.

(iv) From ylides
Carbene may be obtained from phosphorus, sulphur or nitrogen ylide on heating or

photochemically.

(v) From small ring compounds.

3.7.4 Reactions of Carbenes
Carbenes are election deficient intermediates because the carbene carbon has only six

electrons in its valency shell. Therefore, in general, carbenes are highly electrophilic in their
reactions. –I group present on carbene carbon increases electron deficiency and hence increase
the electrophilic character of the carbene.

Carbenes undergo two principal reactions, e.g., cycloaddition with alkenes and insertion
into a -bond

O
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Cycloaddition to Alkenes
Addition of carbenes to alkenes gives cyclopropane derivatives. A concerted mechanism

is possible for singlet carbenes, and they add stereospecifically to alkenes. As a result, the
stereochemistry present in the alkene is retained in the cyclopropane.

With triplet carbenes, an intermediate diradical is involved. Ring closure to
cyclopropane requires spin inversion. The rate of spin inversion is slower than the rotation
about the C – C single bond. Thus, a mixture of the two possible stereoisomers is obtained
from c is as well as trans alkenes, and the reaction is not stereospecific.
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(A)

Thus,

Reaction involving free carbenes are very exothermic because in these reactions there
is loss of one pi bond and gain of two - bonds.

Addition of carbenes to alkenes is a very good method for the identification of singlet
and triplet carbenes. For example, when cis-2-butene is heated with CH2N2, cis-1, 2-
dimethylcyclopropane is formed. This shows that the thermal decomposition of CH2N2 gives
singlet carbene.

Similarly it has been proved that the photolytic decomposition of CH2N2 in the absence
of an inert gas also gives singlet carbene.
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The photodecomposition of diazomethane in the presence of a large amount of an inert
gas (e.g., N2) first produces singlet carbene which then collides with an N2 molecule and
loses energy to give the lower energy triplet carbene. This is proved by the formation of a
mixture of the two possible stereoisomers.

Insertion into -bonds
Carbenes undergo inter and intramolecular insertion into C – H bonds, for example :
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If there is possibility of three, four and five membered rings, then the five membered
ring is preferably formed.

Carbenes also instert into other -bonds.
e.g., N – H, O – H etc.

3.7.5 Rearrangements of Carbenes
Alkyl carbenes can undergo rearrangements with migration of hydrogen or alkyl group.

These rearrangements are so rapid that insertion reactions and addition to double bonds, which
are very common to : CH2, are seldom occur with alkyl or dialkylcarbenes.

In this rearrangement migratory power of the groups in decreasing order is : H >> aryl
> alkyl.
3.8 Solved Examples
Q.1 Complete the following reactions.

(a)

(b)
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(c)

Solution :

(a)

(b)

(c)

Q.2. Complete the given reaction.
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Solution :

3.9 Model Questions
1. Give the mechanism of two reactions involving carbanions.
2. What are carbanions ? How they are generated ? Discuss their characteristics.
3. What are carbocations ? How they are formed? Discuss their characteristics.
4. Explain the stability of cyclopropyl methyl carbocations.
5. What are carbenes? How they are generated? Give the structure of singlet and triplet

methylene.
6. Explain why triplet methylene is more stable than singlet.
7. Explain why singlet dichlorocarbene is more stable than triplet carbene.
8. Write brief notes on.

(i) Hammond’s postulate.
(ii) Curtin-Hammett Principle.
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