Thes equatton indicates the equihibnum compasition. For anstance, if the difTerence in
enorgy hetween reactants and products as so great that at equilibrium all we have are the
prodocts, the reaction therefore s ieversible. Thus AG © tells us about the position of
egrldbnum 11 AG © for a reachon 1« negative, the products will be favored at equilibrium,

2.4 Fyothormx and condothermic reactions

In exethermmee reacnon the products are more stable than reactants, and in endothermic
reacton., the pronducts are Joss stable than the reactants. For the exothermic reaction the
&fferenes v emthalmy (AN between products and reactants is negative, and the
equilitnum comstant A\N) o pencrally greater than | (Fig.1.4). Whercas, for an
crdothermue reachon the enthalpy difference (AH') is positive and K is less than |
Fig 1 .5)
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125 Temperzture and equilibrium constants

The eguibbrium constaut vanies with the temperature. How the equilibrium constant
vanes with temperatuwre Jepends on whether the reaction is exothermic or endothermic. If
the reaction 1s exothermic then at higher temperatures the cquilibrium constant will be
smaller. For an endothermuc reaction, the equilibrium constant increases with the increase
m temperature, which in tum means that more products must be formed at higher
temperziures.

Piot of 1nK zgainst 1/T would give a straight line with slope ~AH “/RT. Since, T is
always positive (in Kelvin), thus whether the slope is positive or negative depends on the
sign of AlY”

1.3 Nucleophilic sabstitution at saturated carbon atom
The replacement of one group by another is called substitution reaction. There are three

mamn types of these reactions; radical, clectrophilic and nucleophilic substitution. In this
scction we will deal with nucleophilic substitution at saturated carbon atom.
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Chernical Kanenes and Peaction Pathways 1

Attack of a nucleophile at a saturated carbon atom bearing a substituent, known as
leaving group, results in substitution reaction. The group that is displaced (lcaving group)
currics its bonding clectrons. The new bond is formed between nucleophile and the
carbon using the electrons supphied by the nucleophilic reagent.

TR G
R—X + N ————= R—Nu + ¥
\ 7
This is exemplificd by the displacement of halogen atom with a hydroxide ion in the

conversion ol alkyl halide into an alcohol. Alkyl halides undergo substitution reactions
with a varicty of different nucleophilic reagents and are extremely important
synthetically, as can be scen by the wide variety of compounds which can be preparced by
its applications. The halogen is lost as a halide ion.

OH

R—OH Alcohols
—-——OR R—OR’ Ethers
CN
R—CN Nitriles
—X =g
R—X s R—5SH Mercaptans
a3 R=—=5R Sulfides
NH
' R—NH, Amines
R'COC
. Z R—OCOR' Esters

The compound on which substitution takes place is called the substrate and the group
that becomes displaced from carbon, taking the clectron pair with it, is called leaving
group. The leaving group often lcaves as an anion but may also be a ncutral molecule,
The substrate consists of two parts, alkyl group and leaving group. For example, reaction
of methy! bromide with sodium hydroxide affords methanol and sodium bromide. In this
reaction methyl bromide is substrate, bromide is lecaving group and hydroxide ion is the

nucleophile.
Leaving group

-
© ©
CHJ— + OH CH,— OH 4 Br

Subslrate Nucleophile Product

Nucleophilic substitution reactions have been studied extensively from a mechanistic
viewpoint. Many factors influence the course of nuclcophilic substitution reactions,
including the nature of the nucleophile, its strength and concentration, the solvent,
the nature of substrate, and the nature of leaving group. Substitution reactions at saturated
carbon can be mechanistically categorized as unimolecular (Sy1) or bimolecular (Sy2).
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A S\ meachen procecds w two steps. The first step (slow step) is the rate determining
2o and mvahves the rommmathon of the reactant to form a carbocation intermediate. The
rralong of U-X0 dond = RN takes place in a heterolyvtic fashion, in which both the
DO ClecTons go 10 B feaving group. In the second step (fast step). the intermediate

e
arhocInoT o amackad By the nuclcophile to give the final product.

7
2 ow

)
15

Sip } Formatioe of carbocation

Siow =) ©
|—X ~ R + X
Carbocation
intermedate
Sacr 2 Captme of the carbocztion by the nucleophile
& e Faet
= - Ny — R——Nu
The 8.7 rescoon shows first-order kinetics as rate of the reaction depends only on the
comcomTenon of the substrare (RX) and does not depend on the concentration of the
nucioophiie mrectms with 1L The rate expression is therefore:

Rae = KRX]
wheme | 1 the rate constant and quantity in square brackets represents concentration.

k= scv ozl reacnons, nucieophile is a solvent molecule such as water, ammonia or alcohol
sact subeiaciem reachons are called  solvolysis. For example, hydrolysis of tert-butyl

londe 1 wen-bunyl alcohol follows S 1 process. In the first step, tert-butyl chloride
1omzes to 2 teni-bunyi carbocation. which is captured in a second step by the nucleophilic

solvent water 1o give the protonated alcohol first and then alcohol itself.
CH, CH,

f:-__——{:—o o CH,——Cli@ + ((5:)1
b &,
sy conde t-Butyl carbocation
CH, CH,
f_‘,-‘_‘——c:@ + HO — CH,——-cI:—OH .
CH, CH,

1-Butyl alcohol
An energy dizgram (Fig. 1.6) for Sxl reaction involves two transition states. The

transition stzte for the slow step (the ionization step) is higher in encrgy than the
transition stzte for the fzst step (second step, the capture of the ion by a nucleophile).
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Chermical Kinetics and Peaction Pathways 13

A Transition state Transon state
for iomzation capture by nucleophile
T
[ =

-

@

h
-

R—C

Reaction progress

Fig. 1.6 : An energy diagram for the $,,1 r=action Motice that the transition state for the slow stepin
the reaction, the 1onization is higher in energy than the transition state for the capture of the 1on by a
nucleophile

Stereochemistry of the Sx1 reaction

lonization of optically pure alkyl halide molecule lcads to the planar, achiral
(symmetrical) carbocation with an empty p-orbital perpendicular to the plane. Addition of
nucleophile can take place at both sides of the carbocation with equal case owing to the
symmetry of carbocation, resulting in a racemic mixture (equal amounts of R and S
products). But in actual practice, depending on the nature of substrate, solvent and
leaving group, there may be a preferred side for its attack by nucleophile, in which case
the product will contain unequal amounts of the two enantiomers, yielding partially
optically active product.

G
b E:BH:J
HO = C—H
a b H
gﬁHn C,‘!'iu/H G 2 CH,
= % X Inversion (predominates
He—C—X — (l: (p )
CHJ a4 \ CeHis
H=—C—=0H
CH,
Retention

S,,1 reaction leads to racemization plus inversion

It is believed that carbocation and leaving group exist for a while as an intimate ion pair
and the attack of nucleophile during this time takes place only on the back side of
carbocation, but not on the front side, giving rise to inversion. Then these ions diffuse
apart as solvenlt intervenes, and become free ions. Now attack of nucleophile on free
symmetrical carbocation occurs from the back side or from the front side with equal
probability.
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