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ORGANIC CHEMISTRY

Drganic Chemistry course is one of the efective courses for Bachelor’s Degree
rogramme in Science, The concepts dealt with in this course will be useful in
mderstanding the courses on ““Organic Reaction Mechanism’’ and *‘Biochemistry’’

The organic compounds and their reactions have been utilised by the people since
he discovery of fire. The ancient Egyptians used organic compounds such as
ndigo and alizaria to dye cloth. The fermentation of grapes to yield alcohol and
:xtraction of plants to yield medicines is known since thousands of years back.
3ut, as a science, Organic Chemistry is less than 200 years old.

Juring the 1780s scientists began to distinguish between organic compounds and
norganic compounds. The study of substances derived from non-living matter was
:alled inorganic chemistry while the study of matter obtained from living systems
vas called organic chemistry. The term organic chemistry was coined by Berzelius
n 1807. Combustion studies established that the compounds obtained from living
iystems contained carbon and therefore, it led to a new definition of organic
:hemistry as the chemistry of carbon compounds, This definition is still used
oday. At that time, it was believed, that living systems possessed a vital force
vhich was absent in non-living systems. This vital force was thought to be
esponsible for the synthesis of organic compounds. Thus, it was held that such a
iynthesis is possible only in living organisms and as a consequence, organic
;ompounds could not be synthesised in laboratory.

This barrier between organic and inorganic chemistry was penetrated in 1828 by a
Jerman analyst, Wohler who in an attempt to synthesise ammonium cyanate

0.
NH,CNO) obtained urea (NH,CNH.,), an organic compound. The Wohler's
ynthesis of an organic compound in the laboratory starting from inorganic
:onstituents is a milestone in the history of organic chemistry, as it marked the
reginning of an end of the ‘vital force’ theory.

Another important result of Wohler's synthesis was the observation that both
immonium cyanate and urea have the same moleculer formula. Berzelius used the
erm isomerism Lo denote this phenomenon of existence of two or more

:ompounds having the same elemental composition or melecular formula.

Che concept of isomerism was vitat in the development of the ideas of structural
heory which was independently proposed by Kekulé, Couper and Butlerov
yetween 1858 and 1861. They proposed that atoms of elements present in organic
;ompounds can form a fixed number of bonds, called their valence. It was
roposed that the carbon atom is always tetravalent and it can form bonds with
sther carbon atoms. The structural theory implied that a precise arrangement of .
itoms, i.e., its structure, uniquely defines a substance. The structural theory has
seen used to explain the physical architecture of many molecules.

[he properties, both physical and chemical, and reactivity 'of a molecule depend
1pon its structure. It is this idea which we will develop and study throughout this
:ourse. By understanding the reiationship between the structure and reactlons of
molecules, you will be able to make. predictions about the behaviour of new
molecules and their reactions.

This course consists of four blocks. The first block contains the fundamental
zoncepts or the nuts and bolts of orgamc chemistry. The concepts explained in this
block will be used in understanding the ideas discussed in later blocks.

Block 2 deals with the Chemistry of hydrocarbons and heterocyclics which
constitute the framework to which when various functional groups are attached, an
spormous varicty of organic compounds arises.

The functional derivatives of hydrocarbons will be discussed in Block 3 and Block
1. Block 3 includes the halogen derivatives, alcohols and phenols, ethers, sulphur
inalogs of alchols and ethers and carbonyl compounds. Block 4 deals with the




Fundamental Concepls

carboxylic and sulphonic acids and their derivatives. It also includes the study of
compounds containing nitrogen in their functional groups, such as, nitro and
amino compounds. The last unit of this block gives you an insight about the
breadth of organic chemisiry and familiarises you with the importance of vast
variety of organic compounds occurring in nature,

The study of organic chemistry is important because of our interaction with
organic compounds at every step of our daily life. Many of the clothes we ‘wear
are made of organic molecules. Examples includée cotton and sitk which are of
natural origin and synthetic materials such as polyester, nylon, etc. The.food we
eat also contain the organic substances such as carbohydraties, proteins, fats,
vitamins, etc. The furniture and paper we use also is made up of wood which
contains organic substances. In addition to these basic necessities, we all use coal,
gasoline, soaps, shampoo, medicines, vaccines, toothpaste, perfumes, dyes,
preservatives, paint, rubber and other items.

Objectives

After studying this course, you should be able to:
@ give IUPAC names of various organic compounds,
®© draw the structures and shapes of organic compounds with correct
" stereochemistry, ‘
- @ list the general methods of preparation of various organic compounds,

@ describe the propertics, both physical and chemical, for various classes of
compounds, "

@ relate the properties and reactivity of organic molecules with their structure, and
¢ cxplain the importance of various organic compounds in daily life.

Study Guide

As Organic Chemistry is the study of the-relationship between the structures of
molecules and their reactions, a set of molecular models is being provided to you
with the help of which you can make models of various molecules and have an

‘idea about their shape and the spatial arrangement of groups or atoms constituting .

them. The guidelines for using these models are given at the end of the study
guide.

In order to aid the understanding of the subject, various activities have been
included at appropriate places in the marginal space.

The learning of material is also simplified by using the second colour and different
shades at various places. With the same objective in our mind, we have also used a
lot of illustrations and marginal remarks.

Several self-assessment questions (SAQs) and Terminal Questions are included in
each unit. Each major concept is followed by an SAQ so that you attempt it and
feel confident about your learning. You can write the answers for SAQs in the
space given below them. The terminal questions are given at the end of the unit
followed by the Answers to SAQs as well as Terminal Questions.

We advisc you not to look at the answers before attempting the questions, no
matter how simple they seem.

Your pencil is an important tool in your learning. So you must draw the structures
of various compounds whenever you come across them. Although, this practice
nceds time but it strengthens the learning.

The abbreviations used in this course are given below:

Fig. X.Y - Figure number Y of Unit X

Sec. XY - Section number Y of Unit X

Egq.X¥ = - Equation number Y of Unit X
“Table X.Y - Table number Y of Unit X

If you wish to study more about any of the topics in detail, you may refer to the
hooks listed for further reading at the end of the Block.

= ry - o




Guidelines for using the Molecular Models

Vuny kinds of molecular models, such as framework, spacefilling, Ball -and Stick
ind Dreiding models are available. The models supplied to you. are-ths framework
nodeis. You can find in the set various atomic centres as shown below in the .
Fabie. However, the straws can be used to represent bonds.. These straws are

Table : Varlous Atomic Cent_rts

itomic Cci'llrc Number | - Shape . Atomic Centre Number Shape
Aonovalent . 15 & 8-Coordinatiom 1
.near bivalent 5 12-Coordinaticn 1 %) @
ingular bivalent 2 Moncvalent peg 4 - .
lanar trigonel 12 Lincar bivalent pc.g 4 1@

' ' .

Straws 30

cirahtdral 1z C:(%

rigonal bipyramid 2

wetahedral 2 aé%

mply fitted on the projections of the atomic centres. For example, when two
tomic centres are joined by a straw, it implies that there is a singls bond between
1em. A double bond, however, can be visualised by using the pegs joined by one
1ore straw, as represented below:

pegs white slraw pegs

green straw

ut, remember that two bonds in a double bond are of different nature; as one is
sigma bond and the other is a pi bond. Similarly, we can make a.model for
‘iple bond, as shown below :

white straw with pegs

green straw

¢ careful that you choose 'the atomic centre of correct geometry. We have
rovided the pieces in different colours, you can choose the colours according to
>ur requirements. For example, while making the models of cis-2-butene and
ans-2-butene, you can use the hydrogen atoms, attached to C-2 and C-3 carbon
.oms, having a different colour (i.e., red) from those of the methyl group (i.e.,

hite). Thus, you can clearly visualise the spatial relationship of substituents in ¢is-

'ci,s'-2-bulene

trans-2-buiene
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and trans-isomer<. Simtlarly, you can make models for various other molecules,
some of which-are illustrated below:

mirror plane

I
1
!
|
|
|
1
i
I
!
t
1

Enantiomers of Lactic acid

methane

“icheir conformalion: boat conformalion

|

cyclohexane




JOCK 1 FUNDAMENTAL CONCEPTS

Slock 1, we introduce the basic concepts of organic chemistry. There are five

s in this block. In Unit 1, we explain the basic structural features such as

ding and hybridisation in organic molecules. As you progress in the study, you
come across with a large number of comipounds; therefore, c!as_si'fication and
ienclature of compounds has also been discussed in this Unit, .

ts 2 and 3 deal with Stereochemistry. It gives ypu an idea about the shapes of
ecules in three-dimensions. Various activiiies using the models provided will be
ful in understanding the concepts explained in these units.

Jnit 4, the relationship between the molecular structure and physical properties
he moiccules has been discussed. The spectral properties are also included as
spectroscopy has revolutionised the identification of organic compounds.

Jnit 5, we will explain the dependence of molecular reactivity on molecular
cture. Here we will discuss various factors influencing the reactivity of the
ecules.

-require to be paticnt and careful while studying the concepts described in this
k. ‘

concepts which you will tearn in this block will be useful in understanding the
erial of subsecuent blocks.

jectives

or studying this block, you should be able to:

vrite the [UPAC name ol a given compound from its structure and vice versa,
vrite the possible isomers of a given compound,

listinguish between geometrical isomers,

1ssign the absolute configuration at the chiral centres in a molecule,

lraw the conformations of simple alkanes and cyclohexanes and comment on
heir statilities,

xplain the gradation in the physical properties of a group of related molecules
ased on their molecular structure,

ompare the reactivities of various molecules on the basis of various lactors
uch as structurai, steric and solvent cffects.







UNIT 1 BONDING, FUNCTIONAL
GROUP CLASSIFICATION AND
NOMENCLATURE

Structure

1.1 Introduction
Objectives

1.2  The Covalent Bond

1.3 Structural Formulas

1.4 Orbital Hybridisation
sp’-Hybridisation |
sp2-Hybridisation
sp-Hybridisation

1.5 Functional Group-Classification

1.6 Nomeénclature of Organic Compounds )

1,7 Summary '

1.8 -Terminal Questions

1.9 Answers

1.1 INTRODUCTION

Organic Chemistry is a highly organised discipline. It is the study of the
retationship between the structures of molecules and their reactions. We will begin
our study with the type of bonding and siructural aspects of the molecules, You
are already familiar from Unit 3, Block { of the Atoms and Molecules course that
“the compounds can be broadly divided into two classes, ionic and: covalent. lonic
compounds are composed of positively and negatively charged ions which are held
rogether by electrostatic forces. Since ions can be regarded as spheres having
symmetrical distribution of charge, no particular direction can be assigned to such
type of bonding. For example, in NaCl lattice, Na* and Cl™ ions are held together
by electrostatic forces; ne Na*.ion can be regarded as bonded to a particular Cl-
ion. In other words, there is no such entity which can be called as NaCl molecule.
In fact, the electrostaiic forces operate between a particular ion (Na™) and all its
neighbouring ions (Cl7} of opposite charge. On the other hand, in covalent
compounds, motecules are the siructural units. In contrast-to the onic compounds,
in covalént compounds, the molecules are formed by the sharing of electron pair(s)
between the constituent atoms. The bonds formed by sharing of pair(s) of electrons
are called covalent bonds. Since in organic compounds, the bonds formed by
carbon atom are covalent in nature, we will study some features of the covalent
bonding in detail. We will then explain shapes of molecules using the concept of
hybridisation. We shall also learn various types of functional groups present in
organic compounds and classify these compounds into various classes on the basis
of the functional groups. Finally, we will study, how to name the compounds
belonging to various classes.

" Objectives

After studying this unit, you should be able to :

describe genera! features of a covalent bond,

define bond length, bond angle and bond energy,

explain various types of hybridisation of carbon compounds,

identify the functional groups present in a molecule,

give IUPAC names of various compounds belonging to different classes, and
write the correct structure of a compound [rom its name.

® e 0Ce

1.2 THE COVALENT BOND

The sharing ol clectrens to form a covalent bond leads 1o an increase in electron

B
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the bond dissociation cnergy for cach step is as indicated on the right hand side.

You can see from these values that the dissociation energics are different for each

density in between the nuclei. In such an arrangement, the forces holding the
atoms together are also clectrostatic in nature; but this time the forces operate
between the electrons of one atom and the nucleus of the other. Such a systern hasg
lower energy and is more stable as comparad to the energy of isolated atoms. It is
so because cach eclectron is now attracted by two nuclei. As a result, the formation
of the bond is accompanied by the release of the energy. The same amount of
energy has to be supplied to break that particular bond. The amount of energy
required to break a particular bond (expressed in terms of kJ mol™) is called its
bond dissociation energy. You should not confuse hond dissociation energy with
another term bond energy which is an average value for a particular bond. The
difference in thesc two energies can be illustrated by taking the example of
methane, CHy. II the C--H bonds are suceessively broken as shown below, then

Bond Dissociation Erergy

CH; —— H- + -CH, 427 kJ mol™!
‘CH; ——= H- + :CH, 460 kJ mol’
‘CH, —> H. + -CH 435 kJ mol"!
-CH——> H- + .C. 339 kJ mol~!

: : | X L

C-H bond breakage. On the other hand, bond energy is a single average value
which can be obtained as, ‘

427+ 460 +435+339
Bond energy of the C-H bond = —-—_—‘-4———%3—— kJ mol~!
= l—ﬁfl— kJ mol~' = 415.25 kJ mol-}

Thus, the C-H bond energy.in methane is one-fourth of the energy required for
the following change.

CH;——> €. + 4H-

Clearly, if the molecule is. diatomic, then bond dissociation energy and bond
energy arc the same. Generally, bond dissociation ‘tnergy values are more useful,
Table 1.1 Iists the bond energies and bond dissociation energies for some bonds i
kJ mol™' (at 298 K and 1 atm. pressure).

Table 1.1 : Bond Energy and Bond Dissociation Energy Values in kJ mol™!

Bond Bond Bond Bond Bond Bond Dis- Bond  Bond Dis-
Enerpy Energy soctation sociation
Energy Encreyv

H-H 436 N-N 163 CH,-H 437 Ph-OH 431
F-F 158 N=N 409 CH,CHa-H 418 Ph-NH, 381
cl-Cl 242 N=N 945 CH,CH,CH,-H 410 Ph-F 485
Br-Br 193 O-H 463 (CH jyCH-H 3955 Ph-Cl 406
I-| 151 0-0 146 (CH 0 H 381 Ph-ir EIv)
H-F 365 0=0 497 Cly 4011, 68 Pli-| a7
H-Cl 4268 -0 134.7 CHy- ¥ 150
H-Br 364 C=0 6945 . CH,-Cl 149
H-I 2971 0=C=0 §03.1 CH,-Br 293
C-H 414 C-N 184.5 CH,-1 234
C-F 484 C=N 615.1 HO-FH 198
c-Ct 338 C=N 866.1 CHL0-11 327
C-Br 276 N-1 89,1 CH,-001 383
C-I 238 N-0) 200.8 Phe-H 431
c-C 348 N=O 606.7 PhCE,-H 356

Ph-CH, 334

Pl i RRl
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‘here are two more parameters associated with a.covalent bond which determine Bonding, Functional Group
1e shape of a molecule and are known as bond length and bond angle. Bond - Clagsification and Nomemnclalure
:ngth can be defined as the average distance between the nuclei of the atoms
thich -are covalently bound together. Bond angle can be defined as the angle
etween the atoms, forming the bonds to the same atom. Table 1.2 gives the bond
:ngths for some of the bonds. '

Table 1.2 : Bond lengths for some of the bonds

ond Bond length/pm Bond Bond lergth/pm
I-H T4 C-F 142 | pm = 1 picometer -
= -2
“H 112 c-cl 177 = 1077 m
=C 154 C-Br 191
=C 134 C-T 213
i=C 120 Cc-0 143
(g 144 C=0 120
2-C 198 N-H 103
3r-Br 228 N-N 147 - S
-1 266 N=nN . 130
>-C in CeHg 139 C=N 130
J-H 97 C=N 110
From these values of bond lengths, we can conclude that :
)} bond length decreases with the increase in multiplicity of the bond. Thus, the
" decreasing.order/for bond lengths for carban -+ carbon bonds is '
. C-C» C=C » C=_C,
ii) bond lengths increase with the increasing size of the bonded -atoms, i.e., the
increasing order of bond lengths is C-H < C-F < C-C! < C-Br <« C-L.
We will study more about bond lengths and bond angles later in Sec. 1.4, when we
discuss hybridisation. You will see in the later units in this course how important
these parameters of a bond arc in deciding the chemical reactivity of a compound. .
Before proceeding further, let us study something about how the structures for the
organic compounds are written. '
1.3 STRUCTURAL FORMULAS
Structural formula of a compound is its Lewis structure, which shows how various
atoms are.connected to each other, You are already familiar with Lewis structures
of some of the compounds from your study of Unit 3, Block 1 of Atoms and
Molecules course, Some examples are !
H i H H
| N ‘
H-C-C-—-H C=C H-C=C-H
| e \H
H [
H H .
ethane . ethylenc . acetylene
To save space and time, these structures are represented by condensed formulas
which do not show the bonds. For example, the condensed formula for cthane can
bz written as CH,CH;.
Similarl .. d 4 | for la for Remember that all the
Similarly, we can write condensed,structural formula lor representations of the farmulas
H H arc in 1wo dimensions but
actually molecules are three-
- l ! cl dimensional in nature. Aboul
H-C-C--Cl as CH-"CH? this, you will study in Units 2
[ ‘ and 3 in detail.
H H il
sinvi chloride




Fundamental Concepts and for
H-C-C-C-H  as CH;COCH,.

acctone

Repealting units such as (— CH, —) in the structural formula can be enclosed in
brackets and hence hexane

H HHHHH

[ P
H-C-C-C-C-C-C-H
O O O
HHHHHEH

L]
hexane

can be written as CH3(CH,),CHs.

; : . .ot
Condensed formulas for compounds having multiple bounds can be written as _
shown below: '

H2C=CH2 . HC=CH -

ethylene acetylene -

For simple compounds, it is easy to write the condensed formulas. But, when the

- molecules are complex, these formulas look rather awkward and can be further
abbreviated. These representations, are called line. or skeletal structures. Here, the
hydrogens are not shown and each end and bends represent the carbon atoms as
shown below for some cases:

The skeletal structures or Compound ) T Line strugture
line structures show enly CH;CH;CH,CH,CHj; NN
the carbon-carbon bonds
. pentane
H,
Oy
g
H ?C\ C /CHZ
‘H,

cyclohexane

CH;

' |
~ CH3;—~CH,~CH-CH;

@
U

2-methylbutane

=
2.

H
C
HC ScH
HC . oH
\C.//
H
benzene

Having undersiood the above representations, answer the following SAQ.
SAQ 1 T

12 write the condensed lormulas lor the following compounds;




.4 ORBITAL HYBRIDISATION

roperties and chemical reactions of most organic molecules can be easily

(plained by considering the molecules to be formed by sharing of electron pairs
stween the atoms. Another approach to formation of molecules which you

udied in Unit 5 of Block 1 in Atoms and Molecules course, is the molecular
rbital method. Organic chemists have for many years employed a bonding model
\at combines elements of molecular orbital theory with Lewis mode] of formation
f covalent bond by electron sharing. This model was proposed by Pauling in 1930
1d is based on the concept of orbital hybridisation. This model uses the
rminology of molecular orbital theory but treats the bonds between the atoms as
iough they are localised, as in the case of diatomic molecules. In other words, it
a sort of locahsed molecular orbital treatment of the bond.

ou have alreadv szudied in Unit 4, Block 1 of Atoms and Molecules course that
arious types of orbital hybridisation is possible depending upon the number and
ature of the orbitals involved. In this unit, we will restrict cur discussion to the
ybridisation involving s and; p orbitals. Let us now study each type of
ybridisation involving s and p orhitals, in detail, to understand this concept and
s use in explaining the formation of molecules.

4.1 sp>-Hybridisation

et us consider the simplest organic compound, methane, having the molecular
)rmula CH4 You can recall that carbon has the electron configuration

s? 25% 2p! ?.py ‘Since only two unpaired electrons are there, onc may expect that
should form only two bonds with two hydrogens to forms CH,. But actually it
srms four bonds with four hydrogens to give CH,. Pauling proposed that this
suld be éxplained by using orbital hybridisation. In this method, atomic orbitals
re mixed to yield the new hyl_)rid orbitals. In this case, in the first step one of the
s electrons is promoted to the 2p, orbital, electron configuration can then be
ritten as 25! 2p} 2p! 2p. Bond formation with these pure atomic orbitals would
:ad to the situation where the bond formed by ome 2s electron will be different
-om the bonds formed by three 2p electrons. But, in methare molecule, all the
sur bonds are equivalent. In order to cxplain this, the idea of orbital

Bonding, Functional Group
Clasgiftcation and Nemenclature

Hybridisation is a theoretical
concept which enables as realistic
modelling of molecular structure
as passible.

The orbitals which undergo
hyoridisation, should not be
energetically much different.

The number of hybrid orbitals
generated is always equal to the
number of atomic orbitals
combined.

sp° is pronounced as s-p-three
and not sp cube.

The hybrid orbitals are obtained
by mathematical combinations of
atomic orbitals.

<13
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Hybridisation may not:always

vield bquivalent hybrid orbitals,

You are plready familiar from -

Unit 4 of Atoms and Molecules

course that in sde hybridisation

two kinds of hybrid orbitals arc
" obtained.

ENERGY

Like pure atomic orbitals, the
hybrid orbitals also represent the
region of space where there is
some finite probability of finding
ap electron.

The tetrahedral shape is one-of
the most stahle structures. This is
reflected in case of diamond
which is the hardest known
substance. The strugture of
diamond (scc Fig: 3.8, Sce. 3.4,
Unit 3, Block |.of Atoms and
Molecules course) shows the
tetrahedral carbon atoms linked
together. :

The tetrahedral contrete
structures are used for checking
sca-crosioh as shown in the
following picture:

14

hybridisation was invoked. In this process, one 25 and three 2p orbitals.on
hybridisation vield a set of four new equivalent orbitals. These new orbitals are
called kybrid orbitals. Since they are formed by combining one 5 and three p
orbitals, they are called sp® hybrid orbitals. All the four sp? hybrid orbitals are of

»+ 4+ 3
x4
Isl—ﬂ-

mix 2vand,

threc 2p orbitals orbiuals

e

Carbon alom Carbon in methane

eqﬁal energy and each one of them has 25% s character and 75% p character.

These sp® hybrid orbitals are shown in Fig. 1.1. You can see in Fig. 1.1(a) that the

2p;

large front
lobe used
in bonding

? ode \

gPJ- hybrid orbital

{a)

In the plane |

Orp:lpcr _‘4
\ ‘\

5

@‘

-
Going awn;-‘-"\
from you —» &3

Coming ok
towards Bed
rds you
N
/ tahe plane 7
. of paper "'3.'4.&';;
* 3 :
Eracy

(©)

Fig. 1.1 : a) Hybridisation of one 25 and threc 2p othitals to yield four sp~3 hybrid orbltals, b Four
sp’ hybrid orbitals directed towards the corners of n tetrabedrone; small back lobes are oot
© shown ¢} Formation of methane molecul:.

outpnina 44 4 4]




sp? hybrid orbital has two lobes of unequal size separated from each other by a
node. This situziicn is similar to a p orbital but with the difference that here one
lobe is very small and the other is very large. In other words, in sp* hybrid
orbitals, the electron density is concentrated in one direction which leads to greater
overlap as compared to pure atomic orbitals. Hencg,' the bonds formed by such
orbitals will be stronger and more stable in comparison to those formed by using
pure atomic orbitals. The spatial orientation of these orbitals is obtained by
mathematical calculations and is shown in Fig. 1.1(b). This is in accordance with
the VSEPR theory which you studied in Unit 3, Block 1 of Atoms and Molecules
course. You c¢an see in the figure that these orbitals are directed towards the
corners . a tetrahedron and the bond angle between any two sp® hybrid orbitals is
109.5°. In methane molecule, each of the four sp’ hybrid orbitals overlaps with 1s
orbital qf,four hydrogens as shown in Fig. 1.1{c).

Note that the bonds so formed, i.e., the C—H bonds, are ¢ (sigina) bonds. If
instead of combining with hydrogens, the hybrid orbital forms a bond with the
similar hybrid orbital of another carbon atom, then a C—C bond will result
instead of thé C~H bond. The C—C bond has a bond length of 154 pm and a
bond energy of 348 kJ mol™'. You will study more about the compounds involving
sp? hybridi§ation in Unit 6 of Block 2 of this course.

1.4.2 spi-Hybridisation

In a mclecule like ethylene, where there are not enough hydrogens in the molecule '

to form six C—H bonds, another type of hybridisation has to;.be thought of.

In this type of hybridisation, as the name indicates, the 25 orbital of the carbon is
hybridised with only fwo of.the three available 2p orbiials, as shown below.

vh+— bR
25 % : 23._}_

mix 2y and

ENERGY

AL Pk

atomic carbon:
157252p2.

‘Since three orbitals are hybridised, three equivalent sp* hybrid orbitals are
obtained. We shall now expla‘n sp? hybridisation using ethylene as an example.
According to the VSEPR theory, these prbitals are orienied in space making an
angle of 120° with each other as shown in Fig. 1.2{a). Note that the three sp?
hybrid orbitals are in one plane. The third p orbital which is not utilised for
hybridisation is perpendicular to the sp? hybrid orbitals and is shown in colour in
Fig. 1.2(a).

When two such sp® hybridised carbon atoms form a bond, the C— C bond formed
is again a o bond. If the rest of the sp® hybrid orbitals on each carbon atom
overlap with s orbital of the two hydrogen atoms, then o Lhownan e 1.2(b),
the two unhybridised 2 orbitals on the two carbon atoms are parallel to each
other. These p orbitals can overlap sideways to yield a second bend, known as =
(pi) bond which is shown in Fig. 1.2(c). The C=C bond length for ethylene
molecule so obtained is 134 pm. You can compare this value with C—C singie
bond length as given before in case of ethane. You will study in detail, the
compounds having sp? hybridised carbon atoms such as alkenes and dienes in
Unit 7 of Block 2.

—————————b=three 2p- hybird —T— + +
two 2p arbials orbilals

Bonding, I-'uncliqnal Group
“dilleation ond Namenclature

Remember that hybridisation
involves mixing of orbitals of the
onc and the same atom and not
the orbitals of different atoms.

4
2p—-|—-

Js —‘&-

carbon in cthylene
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hall-filled 2y
orbital

sitals

o4 orbital

p orbital -

{a)

You are dware that: I (b}

i) o bonds arc formed by the
edge-on overlap of pure (s and p)

or hybrid orbitals. The electron ' sp* hybrid orbitals of carbon form e
density in ¢ bonds is maximum bonds with cach other and
aleng the internuclear axis. hydrogens
ii} = bonds are formed by . {
sideways overlap of p orbijtals. r ™ hontl
bonc!s have maximum electron remaining p
density above and below the orbitals on carbon
internuclear axis. #  overlapioform R
) «~H bond H"-..,‘”C'
Acti
Activity H Ll

Make a model of cthylene F

molecule and convince

vourself that it is flat in shape .

with the two carbons and’

their substituent hydrogens ’ (c)

lying in one plane., However,

the = bond is at right angles ' . i

to this plane g & Fig. 1.2 : a) sp? hybrid orbitals. b) Formation of C—C ¢ bond. ¢} Formation of a2 x bond in ethylene -

molecule.

SAQ 2
Predict the percentage of s and p character in sp? hybrid orbitais.

" 1.4.3 sp-Hybridisation
Let us now consider the third _tjpe ‘of hybridisation involving 5 and p orbitals in

cases where a triple bond is stipulated. In carbon atom when 2s and only one of
the three 2p orbitals hybridise as shown below, the hybridisation is known as sp-

v+ —  vb+ ot v+
____—bmix Zs :m.d two sp hybrid —F— —T—
one 2p orbital

arbitals

ENERGY

wA o | v

“carbon in acetylene

somic cdlbone
1324320
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iridisation. This leads to two new equivalent sp hybrid orbitals as shown in
C'~-:'cation and Nomeniluturt

. 1.3(a). These two orbitals are oriented in space at an angle of 180° according
. .

Two sp hydrid orbitale

(a) ()]

l - 7 bond

Acetylene is a linear molecule
having cylindrically symmetrical
x electron density about the
intérnuclear axis.

1. 1.3 : a) Two sp hybrid orbitals, b) Formatlon of oﬁe o (sigma) bond. ¢} Formation of two = bonds
in acetylene molecule, '

the VSEPR theory. Let us study sp-hybridisation using acetylene as an example.
hen one of the two sp hybrid orbitals on each carbon atom combines with
other, a C—C sigma bond is formed. The second sp hybrid orbital on each
rbon forms a sigma bona with 1s orbitals of two ‘hydrogens, as shown in Fig.
3(b). This leaves two p .rbitals on each carbon atom which are not used in sp
‘bridisation. These p orbitals are perpendicular to each other and also to the
zma bond. These p orbitals can overlap laterally to give rise to two = bonds.

ich a bond is called a triple bond and we get the acetylene molecuite, as shown
Fig. 1.3(c). The C=C bond in acetylene has a bond iength of 120 pm and the
—C—C angle is 180° which shows that it is linear. Compounds having triple
nd "are called alkynes and ‘will be dealt with in detail in Unit 8 of Block 2. We

.n sum up the above information as shown in Table 1.3.

Table i.3 . Bond characteristics and hybridisation of carbon in simple molecules

bmpound Hybridisaticn of Bond length Bond angle Nature of
carbon atom in pm ' carbon —carbon
bonds
tharie sp’ 154 109.5° single .
thylene spt 134 120° double
cetylene sp 120 180° " triple

‘rom the data given in the Table 1.3 we can conclude that

| in the hybrid orbitals, as the s character increases, bond length decreases.

i) as-the bond order increases, the bond length decreases.
Befose proceeding to the next section, answer the following SAQ.

CICH IR0

17
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SAG 3

Indicate the type of hybridisation for cach of the varbon atoms in the following
compounds: '

a} CH3—CEC—CH:—'CH3

1.5 FUNCTIONAL GROUP CLASSIFICATION

A systematic study of chemistry or for that matter any other branch of science, is
not possible without arranging the subject matter in a logical manner when
sufficient data has accumulated. In case of inorganic chemistry, formulation of the
periodic table stimulated not only the search for missing elements but also led to
_ the understanding of the periodic behaviour. In organic chemistry, as the number
of known organic compounds runs into millions, it is very difficult to study each
and every compound individually. Thus, by grouping similar compounds together
in a class or a family, it is easier to understand their properties, reactions etc. One
way cf such classification is based on the functional groups. A functional group
can be defined as an atom or a group of atoms in a molecule which exhibits
characteristic chemical properties. Such chemical properties exhibited by the
functional group are more or less constant for various compounds having different
) carbon chains. Indeed, many organic reactions involve transformation of the
functional group and do not affect the rest of the molecule. The advantage of such
4 classification based on functional groups is that in addition to logically
systematising the organic compounds, the properties of the compounds can be
predicted just by looking at their structures, i.e., by knowing the type of
functional group present. Table 1.4 lists a number of important functional groups.
You will study each class of compounds in detail in the forthcoming blocks of this

course, ’
Table 1.4 : Functional Groups
Class . Functional General structural Example [JPAC suffix or
' Group formula prefix
Containing C and H only -
Alkane . none R-H CH, -ane
methanc
r R )
A s N st
Alkene = C=C H,C=CH, -ene
/ N 7 N ethylene .
. R, Ry
7 |Alkyne ~CmC- R-CmC~R, . H-CwC-H -yne
acetylene
H,
} ~C
Cycloalkane _ none CH, : : H2(|: (EHZ
) ' . \CHZ)n HZC CHZ C}'C]O_— - —dne
CH, ~c~
. HZ
i 8 cy'clohexanc
(m=4)

CGCIE-05-213
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ining €, H and O

ol

-0H

OH

iyl compounds

yde

yxylie acid

dride

zining C, H

le

0
I
-C-H

and N

-N
\

—baN

gining C, H, N and O

3
pounds

de

-NO

R;

R;

Ry

Ar--OH

(primary amine)
R ,

|
R-N-H
(secondary amine)

lRl‘
R=N-R"
(tertiary amine}

N-R”
I

‘R-C-R"’

R—CaN

R-NO,

o
R-C-"H,

- CH;-NO,

’ "H .
H H
H H -
benzene
'C!-_I;—-OH - } -ol
methanpl

o -
) .pileﬁol
CH4~0-CH; alkoxy-
dimethyl ether
CH,CHO -al
acetaldehyde ‘
G
]
CH;~-C~-CH, -one
acetone
I -
CH;-C-0OH -oic acid
acetic acid .
i
CH;-C-0-CH, ~oatc

methyl acetate

0] Q
il

Il
N CH:"‘C"O"C"CH] -oic

acetic anhydride anhydride

CH;NH,
methylamine

. ?Hs
Hy;C—-NH
dimethylamine-

L -amine or Aminc

CH,

H;C-N-CH,
trimethylamine

N—=CH;
Il
HC-C -H.
N-ethylidene-
methylamine

CH;-CaN ~ nitrile

acetonitrile

" Nitro—
nitromethane

It
CH,-C-NH; ~amide

acetamide

‘Bonding, Fusctionn! Grouy
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The alkyl groups, generilly
represented by R, are derived
from sikanes by removing one
hydrogen. The simplest alkyl’
group is methyl group (CH,-)

which'is derived from the alkane,

methane (CH,). Common alkyl
groups are listed ‘in Table 1.7.
Similarly, aryl groups denoted by
Ar, are obtained from benzene
and its derivatives by removing
ohe hydrogen. The simplest aryl
- group is phenyi group (CgHy—

or @-) and is abbreviated

as Ph. In general, aryl halide ]
(Ar—X) can refer to any of the |
following:.

-ca,O.x o

OH NO,

20

C‘on_ruining C, H and other elements

Halide -X R~X CH,~Cl Halo —

methyl chloride
0 1 i

Acyl halide -C-X R-C-X CH;-C-Cl - oyl
acetyl chloride halide

Thiol ~-SH R-SH CH;-SH —thiol
methanethiol

Sulphonic acid -80,-0OH R-80,-0H CH;-50,-0H —sulphonic acid

methanesulphonic acid

_"Here, X stands for halogens (F, CI, Br and I), R stands for the alky! group and Ar stands for the aryl

group.

‘¥ *The names given in Colunmin 4 are common names.

“At this stage, you should not worry about the last column of the table. We will refer back to this
column while studying nomenclature of organic compounds in' the next section.

The compounds which. are listed in the first cacegory in 1able 1.4 are the
compounds which contain only carbon and hydrogen. These compounds are also
called hydrocarbons. The hydrocar-ons can be classified as aliphatic, alicyclic or
aromatic, In the aliphatic’ hydrocarbans, the carbon atoms are linked to each other
to form chains (straight or branched). The aliphatic hydrocarbons can be further
classified as saturated or unsaturated. The saturated hydrocarbons contain the
carbon and hydrogen atoms linked to each other by single bonds and are called

-alkares. The unsaturated hydrocarbons are of two types: the one containing

double bond as the functlonal group are named as alkenes; the other containing a
triple bond as the functionai group are known as alkynes

In the alicyclic hydrocarbons, the carbon atoms are arranged in rings to yield
cyclic structures. These compounds are also known as cycloalkanes

The aromatic: hydrocarbons include ‘benzene and those compounds whlch resemble
benzene in their propertles

in fact, the hydrocarbons prov1de a backbone to which various functional groups
may be attached to yield an enormous variety of organic compounds

Let us now study abeut the structural features of some classes of aliphatic
compounds. The compounds in which the carbon and oxygen atoms -.e linked by
a single bond can be classified as alcohols or ethers, depending upon the number

. of a&ikyl groups attached to oxygen. In alcohols, oxygen is linked to only one alkyl

group and one hydrogen; but in ethers, oxygen has two alkyl groups attached to it.
The compounds containing carbon and oxygen linked by a double bond G.e.,
>C=0), which is called carbonyl group, can be classified as aldehydes or ketones,

) dependmg on whether the number of alkyl groups attached to carbonyl catbon is

one or two, respectively. If instead. of an alkyl group, one hydroayl (-OH) group is
attached 1o the carbonyl group, a class of compounds known as carboxylic aclds

v ,“ i . -
(R—C~0H) is obtained. A number of carboxylic acid derivatives are obtained by
0
I

—NH;, —O-C-R or —OR groups.
-0

replacing the hydroxyl group by halogens,

N I
Accordingly, these compounds are called acid halides (R — C — X), amides
. 0 0 - 0] ~0

Il 1] I Il
{R—-C—NH,), anhydndes (R—C-0-C-R’) and testers (R—C—OR"). They are
also called functional derivatives of carboxylic acids, as they are obtained by the
changes in the funcnonai group.

In a similar manner, compounds having carbon-nitrogen single bond are called
amines. The amines can be of three types: primary, secondary and tertiary amizes
depending upon whether the number of alky] groups attached to nitrogen is ome,




) or three. The carbon-nitrogen double bond is characteristic of the class of
npounds knowr 2 imines while compounds having carbon-nitrogen triple bond
called nitriles. Then we have alkyl halides which have their unique importance
he transformation of functional groups which you will realise when you study
ir reactions in the following blocks. The sulphur analogs of alcohols and
boxylic acids are known as thiols and sulphonic acids, respectively. .
-allel to the classes discussed above for aliphatic compounds, we have aromiatic
npounds in which benzene forms the backbone to which various functional
ups mentioned above can be attached to yield similar classes of aromatic
npounds, like aryl halides, arylamines, phenols, aromatic carbonyl compounds,
matic acids and their derivatives, etc. As you have seen in Table 1. 4, Ris
werally used to represent an alkyl group; the corresponding aromatic compounds
obtained by replacing R by Ar which denotes an aryl group; this is shown in’
ole 1.4 in case of alcohol and phenol. In the next section, we will study about
nomenclature of these:compounds. Before that attempt the following SAQ to
:ck your understanding about the functional groups.

AQ 4 .
ncircle and name the functional groups present in'the followmg compounds

} CH,;~-CH=CH -CH,0H

} CH,COCH,CH, - O~ CH,
1l
o)
L
|
' CH,-N-CH,

|
CH,

6 NOMENCLATURE OF ORGANIC COMPOUNDS

e earliest attempts to name organic compounds were based either on their origin
on their properties. For example, citric acid was named so because of its
surrence in citrus fruits. The aromatic compounds were called so because of

:ir characteristic odour (Greek: aroma, fragrant smell). Examples are oil of
ntergreen and vanillin (a constituent of vanilla also used as a flavouring agent).
lich were called aromatic due to their characteristic fragrance. With the
vancement and growth in the knowledge of chemistry, the number of known
zanic compounds has increased rapidly. Also, with the increase in the number of
rbon atoms, the number of possible isomers for hydracarbons (without any
nctional group) becomes very large (see Table 1.5).

Table 1.5 ; P.ssikle Number of Isome:s for Hydrocarbons

Number of carbon
atoms in the

1ydrocarbon 4 5 6 7 8 9 10 12 15 20
Number of possiblc
somers 2 3 5 9 18 35 15 355 4,347 366,319

Bonging, Functional Group
Clasc!fication and Nomenclature

The terms primary, secondary
and ferriary as used for
lassification of branched alkyl -
substituents are explained under
step 8 of nomenclature for
branched chain alkanes in the
next sectior

Isomer= are the compounds that
have identical molecular formulas
put-differ in the ways in which
the atoms are bonded to each
other. For example, four carbons
in a hydrocarbon having
molecular formula C,H, can be
arranged in the two different
ways: :

Straight ‘chain
H;C—-CH,-CH,~-CH,4
common rRame : normat butane
or n-butane '
Branched chain

CH,

I
H]C - CH - CH3
commeon pame :

Thus, a-botane and isobutane
are iscmert.

isobulane

21
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Compounds that differ from
caci otker in their molecular
formuias by the unit —CH.-
&re called- members of a |
howiolugous series. Thus, the
compounds listed in Table 1.6

Lelong to 2 homologous series.

Having learnt about the variety of functional groups, you can imagine that the
nature and position of functional groups present can raige these numbers many 4
fold. Under such a situation, it is next to impossible to learn the names randomly ]
assigned to the-compounds, especially when there is no correlation of the name to
the structure of the compound. This necessitated the need to have a systematic
romenclature for which the International Committee of Chemists met at Geneva in
1892. The work was carried on by the International Union of Chemists (I.U.C.)

which gave its report in 1931, known as the I.U.C. system of nomenclature. As thcg

nomenclature is always undergoing modifications and revisions, the latest rules

which are widely accepted were recommended by the Commission on Nomenclaturéd
of Organic Chemisiry of the International Uniont of Pure and Applied Chemlslry i
{I.LU.P.A.C.). We will now study this system in detajl. K

Since the nomenclature of other classes of compounds is based on the
nomenclature of alkanes, let us start the study of nomenclature with the alkanes.
Alkanes are represented by the general formula C H.,,,, where n can be

I, 2, 3, 4... etc. The first four alkanes retain their original or nonsystematic names
The names of alkanes higher than these start with a prefix (Greek or Latin words)
which indicates the number of carbon atoms in the chain and end with suffix-ane.
The JUPAC names for various alkanes having different chain lengths are given in
Table 1.6. The unbranched alkanes have their common names as normal alkanes
or n-alkanes.

> S ey i

7 e T4 §

Table 1.6 : JUPAC Names of straight chain nlkanes having general formuls C_H,, |, »

n Formula N:irnc n Formula Name ]E
(- CH, methane 'II CH;(CH,)s CH, undecane |i
2 CH,CH, C cthane 12 CR,(CHa)oCH,4 dodecanc ,
3 CH,CH,CH;~ propanc 13 CH;(CH,)|,CH, tridecanc .
4 CH4(CH,),CH,4 butane 14 - CH;(CH,),,CH,4 tetradecanc )
K  CH,(CH,),CH, pentanc is CH,(CH,),,CH, pentadecane )
6 CH;(CH,),CH, hexane 20 CH4{CHy)3CH; *icosane i
7 CH;{CH.)CH, haptane 30 CH;3(CH,)25CH;y triacontanc E
8 CH4{CH3),CH, eclane .40 CH4(CH,},3CH, terracontane E
9 CH,(CHZ)-,-CHJ " nanane 50 - CH,3(CH;}45CH;4 peniacontane E
10 CH,{CH,);CH, decane | 100 CHy{CHa)ggCH, heciane j

*Prior to 1979 version of [UPAC rules, il was spelled as cicosane.

The branched chain alkanes are- named by using the following steps:

1. The longest continuous chain of carbon atoms is taken as the parent
hydrocarbon. For example, in the compound shown below, the marent
hydrocarbon is heptane and not the hexane.

=
) - ) [ CH]
CH, ﬁ(I:H;
7CH3

2. Identify the sebstituent alky! groups attached to the pareat chain. Some




COnmon alkyl Eroups are ligeq in T;
SUb.‘;litucm.'; i the example ¢f

Cemmon ntame .

methy]

methy]

ethy] “ethy]

H-propy|
pmpyf

a-buryy

propyl

I-me!hyk'hyl

butyl

butyl

Z-mclhylpmpyr

sec-bury|

I-melhylpmpyl

fert-bury|

1, l—dimcthylclhyl

F:co benty) 2, 2-dimethylpropyl

! 2 3 4 5 7 & 4 3
CHJ-CHI—-CHZ—_CH—-CH-—CHg or CHJ—-CH;_—CHZ—-CH-CH—CH;;
6 2
?I |i
CH,

€. second way of humbering the carbon chajn is
orrect

erfixes df, rri fetrg, Penia'ete. are used whep the Substituents OCCUr moye
an once. Since In the abgye C

di for the above compound.

€ name of the Ompound jg Writlen

by writing the location
Istituents followed b

Y the name of the parent
med a5 3,4~dimcthy1heptane. N

N more thap one type of a

lame in the alphaberica; ord
. The nirmerjeq] prefixes g7
™, feri- are RO conygg

-

€5 150, ea, cveip g;0 “onsidered for To understand i, g
1sider the famnles siven below,

Bonding, Funetiong) Group
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alkyl groups su

isobu:yl, see-buty], fert-buty! and

and neopentyl

Note that the numbering of -

carbon atom;s jg
of attachmeng o
the parent chain

from the point
f the 8group io
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CH,
. l - e
CH,y+ CH; - CH-CH- CH; - CH;— CH,— CH; . -
1 2 3 4 5 [ 7 8 :
T
CH;

_ 4-ethyl-3-methyloctane

Note that here ethyl is cited before methyl, in spite of its higher location number
Similarly, t_he compound shown below,

CH,

| :
CHiy~ - —CH-C-CH,— - -
By~ g, - GHa GH g~ G Gh= =5
CH CH;

/N

H,C CH;

can be named as &isbbropyi-s,s-dime_thy'lnonane or 4-(1-methylethyl}-5,
s.dimethylnonane. '

7. The branched chain substituents, such as 1-methylethyl shown in step 6, are

numbered starting from the carbon attached directly to. the parent chain. Table
1.7 shows the numbering for the branched substituents listed there. The longest
carbon chain is selected and the substituents are named according to the rules
listed above for compounds having unbranched substituents. Note that the
name and numbering of branched substituent is written in brackets in order to
separate it from the numbering of the main chain.

The alkyl substituents can be further classified as primary, secondary or
tertiary. An alkyl group is. called a primary alkyl group. if the carbon atom at
the point of attachment is bonded to only one ‘other carbon. For example,
R-CH;— isa primary alkyl group. Similarly, a secondary alkyl group has
two atkyl groups vonded to the carbon atom taken as the point of attachment

to the main chain. Thus, -a secondary alkyl group can be written as shown
below:

R
q
R-C- _
I\ point of attachment
. secondary alkyl group
Similarly, 4 tertiary alkyl group has three carbon atoms bonded to the carbon
atém taken as point of attachment. Thus, a tertiary alkyl:group can be -
rgprfzsemed as shown below!

R
R-C-

ll{.\point of attachment
tertiary alkyl group

When n.iore than one carbon chain of equal length are availabic, the )
numbering is done considering the following points:

() The principal chain shoqld have the greatest npumber of side chaiﬁS. For

. example, in the compound shown below, ‘
WRE SR TRP WS SF Wy 2 §
'Hy—-CH— ~_.—C-H—-H-—C

3 ? =S 2~ % CH, - CHs
CH; cﬁH’ CH, CH,

Py (A

PoC= s




the chain having numbering in red colour has four side chains while-the
chain marked with numbers in biack colour has three side chains. So the
principal chain is the one which is marked in the red colour. Hence, the
name is 3-ethyl-2,5,6-trimethyloctane.

(o) The chain having the lowest number for substituents is chosen as the-
principal chain, In the compound shown below,

1

CH;
f
: ’CH;
1 2 |3 4 5 6
C.H; - CH —~CH~CH- CHZ— CH3
A T I
CH, [CH-CH;
o
CH;

if the numbering is done as shown in black colour, the name would have

_ substituents at positions 3, 4 and 5. But, if the carbon chain numbered in
red-colour is taken as the principal chain, then the substituents get the
‘numbers .2, 3 and. 4, which is obviously the correct choice.

Till now we were studying the nomenclature of alkanes.”Let us now study how
various combounds having different functional groups are named. In case of
compounds which have a functional group, the functional group gets a precedence
over the alkyl substituents. At this stage, you refer back to Table 1.4 where
IUPAC prefixes and suffixes for various classes of compounds are given.

Alkenes: The suffix gne of the parent hydrocatbon is changed to ene and the
functional group (a double bond in this case) is given the lowest possible number.
Some examples are: :
CH: CHZ ‘ CH;CH = CH2

ethene propene
(Common\\name :.ethylene)

4 3 2 1 1 2 3 4

CH;CH,CH=CH, CH,-CH=CH- CHZ—CH3
but-1-enc . pent-2-cne

Alkyaes; In this case suffix ane of the parent hydrocarbon is changed to yre. As
expected, here also the functional group is given the lowest number.

CH,
v |
HC=CH CH,— CH—C=C—CH,
cthyne 5 4 302 1

4-methyipent-2-yne

‘When both double and triple bonds are present, then the double bond gets the
lower number. Thus, for the compound shown below,

! 2 3 4 s ‘
CH2 = CHCHzc = CH
the correct name is pent-1-ene-4-yne.

Alky! halides: The alkyl halides are the halogen derivatives of “alkanes. The
halogens present are usually F, Cl, Br and [0 “The common-names are arrived at by

writing the name of alkyl group followed-by the name of the halide. Examples are’
shown below : :

) CH3
I
CH,CH,CH,CH,CI CH; ~ CH — CH,Br
n-butyl chloride isabutyl bromide

In the EUPAC system of nomenclature preﬁx ha!o- {i.e., fluoro-, chloro-, broma-

-3 aa aliic aba Tawiant musshare

Bonding, Functionzl Group
Classificatjon_and Nomenclature
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to the carbon atom to which the halogen is attached. For example, some halogen
compounds arc named below:

Br

| 5 5 4 3 R
CH;-CH~-CH,~CH;  CHy=CH - CHy - CHy - CH - CH,
t 2 3 4 | |

CH; 1
2-bromobutane 2-clitoro-5-methylhexane
When more than one type of halogen atoms are prosest. thoi names are arranged
in alphabetical order as shown in the next example. :

I 2 k] 4 5
Cl—CH,— CH - CH, - CH — CH,Br
| J

I CH;

5-bromo-1-chloro-2-icdo-4-methytpentany

Alcohols: Alcohols are the compounds-having hydroxyl {(— OH) group atiached to
the alkyl chain. The common names of the alcohols are written by specifying the
alkyl group followed by the word alcohol, e.g.,

t
CH,
_ I
CH;0H CH;CH,0H H;C-C-OH
“methyl alcohol cthyl alcohol _ |
CH,

tert-butyl aleohol

In the IUPAC nomenclature, suffix of is used instsad of finaj e of the parent
hydrocarbon. The position of the hydroxyl group is given by assigning the Jowest
possible number to the carbon atom carrying it. Some examples are:

CH,0H CH,CH,0H
methanol ) ethanol
OH CH,
I l
CH,— CH, - CH,— OH CH; - CH — CH,— CH - CH,
3 2 H § 2 3 4 5
propan — |-—al 4-methylpentan—2-ol

- Ethers: The common names for ethers are derived by naming the two alkyl groups

in alphabetical order followed by the word ether. This is illustrated in the examples
given below:

CH,OCH, CH,0CH,CH,
dimethyl ether . ethyl methyl ether

In the IUPAC system, ethers are named as alkoxyalkanes. The larger of .ne (wo
atkyl groups is chosen as the hydracarbon chain. For example, the compound,

1 2
CH,0OCH,CH;

is named as l1-methoxyethane and not as cthoxymethane. Similarly, the compound,

1 2 3
CH,;CH,OCH,CHCH,
|
CH;

has the name 1-cthoxy-2-methylpropane.

Aldehydes: Lower members of this class are commonly named after the acids that
they form on oxiddtion. For example, HCHQ, formaldehyde is named so because
it forms formic acid (HCOOH) on oxidation.

In the [UPAC system of nomenclature, they are named as alicanais. The simplest
aldehyde is methanal. Since the aldchyde group (— &£HU) is aiways at the end of
the chain, it is always numbcred as C—1{ in the chan, but this number is not
specified in the name, i.¢. the compouna




v
)
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CH,;-- C— CH, ~ CIIO

!
CH,

is named as 3, 3-dimethylbutanal.

Ketones: The common names for ketones are written similar to ethers, i.e. the two
alkyl groups are written alphabetically followed by the word ketone. For example,
the compound,

O

H
CH,—-C—-CH,CH,
is commonly known as ethyl methyl ketone.

0

Thus, acetone, CH;CCH, is also known as dimethyl ketone, The IUPAC names
for ketones are derived by using the suffix one instead of final e of the parent
hydrocarbon. As usual, the position of the carbonyl group is indicated by the
lowest possible number. A few examples are,

; j
CH;-C-CH; CH;-CH,-CH;-C-CH;
propanene 5 4 3 21

pentan-2-onc¢

I b
CH,— CH;~ C--CH, - CH, CH,-C-CH,~C~CH,
! 2 3 4 5 ] 2 3 48

pcman-}-o.nc pentan-2, 4-dione

Cnrbé:-sylig ackds: Nowhere else in organic chemistry, the common names are so
prevalent as they are among carboxylic acids. Some examples are listed in Table
1.8 along with both their common and IUPAC names. For modnocarboxylic acids,

O
I} .
{i.e. acids having one carboxy {(—C — OH) group], the IUPAC names arc derived '

Table 1.8 : Some Carboxylic Acids

Structure © Common Name JUPAC Name
i
HCOH Formic acid methanoic acid
?! _
CH,-C-OH Acetic acid cthanoic acid
OH (IJ
I L
CH,CH COH Lactic acid 2-hydroxypropanoic acid
CH4(CH;),COOH Stesric acid octadecanoic acid
HO,C-CO;H Oxzlic acid cthanediaic acid
HO,C(CH ),CO.H Adipic acid hexanedioic acid
; 0
; 1l .
‘CH, = CHCOH Acrylic acid propenr.ic acid
i OH
| | : ,
HOOC - CH -~ CH -COOH Tartaric acid 2,3-dshydroxybutanedioic acid
I 2T
OH - L
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by replacing e ending of the alkane by oic acid. As for aldchydes, ihe carbozy]
carbon is numbered 1. However, in case of the dicarboxylic acids, the [inal ¢ of
the hydrocarbon is not dropped.

Acyl halides: Acyt halides are commonly named by placing the names of the halide

.after the name of the acyl group. The acyl group is obtained rore the carboxylic

' | - Il
acid by removal of its hydroxyl _portion., i.e. R—~C—0OH leads to R—-C— acyl
group. The acyl group is named by ‘using y/ as the ending instead of _ending icin
the carboxylic acid. Some such examples are:

A I
CH;C-ClI . CH;-CH,~-C-1

(aeeué + yl = acetyl) nropanoy! jodide
s.ccryl chloride .

IUPAC names for acyl groups usc the ending oy/ instead of ending e in the name
of the corresponding hydrocarbon. The acetyl chioride has the JUPAC name

0O .3
CHe o _
ethanoyl chloride. Another example is CHC-C! which is named as
2-methylpropanoyl chloride. 2
3CHJ

Acid amides; The common names for acid amides are derived by replacing the
suffix ic or oic of the carboxylic acid by the suffix amide ‘as shown below:

i
CH,C - NH,

- (acetic — acctamide)

The IUPAC name for an amide is derived by appendmg the suffix amide to the
parent hydrocarben with the final e dropped. Thus, acetamxd’él has the IUPAC

name ethanamide. Having done this, can you give common and TUPAC names for’

HC - NH,? These are formamide and methanémidé; respectively. -

Acid anhydrides: A symmetrical anhydride is named as anhydride of the parent

I 1 '
acid. Thus, CHy~C~0O—C—CH,, the anhydride which is obtained from ethanoic
acid (common name: acetic acid) is commonly known is acetic anhydride. The
IUPAC name for this anhydride is cthanocic anhydride.

For mixed anhydrides, both the parent carboxylic acids are cited in alphabeticél
order, followed by the word anhydride, as‘illustratcd below;
89
H-C-0-C-CH,
cthanoic methanoic anhydride
(common name : acetic formic anhydride)

Esters: As the esters contain alkyl and alkanoyl (aeyl) groups, they are named as
alkyl alkanoates. The alkyl groups is cited firsi, followed by the name of the
alkanoyl! (acyl) portion which is named by rcplacmg the ic ending of the carboxylic
acid by the suffix are.

0
H Il ' ” 2l .
CH,CO ¢y, CHyCO  cyy,cHy CHyCH,CO oy,
lhg&hanoalc elheﬁhanoar.c nmh_g]'ol)ﬂnomc

Amines: There are two systems of naming amines. One method names them as
alkylamines and the other calls them as alkanamines. The alkanamine naming
systemn was introduced by Chemical Abstracts and is easier to use as compared to
the earlier IUPAC system, of alkylamine names. The latest revision of IUPAC rules
accepts both sysiems and examples below are named in both theways.
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CH,NH, 7 . CH,CH,CH,CH —NH, - - Chussification and Nomenclature
methylamine | .
or methanamine CH;

I-methylbutylamine
or 2-pentanamine

(Note that the numbering starts at the carbon and not at the nitrogen of the amine

part).
Primary diamines are named by using the suffix diamine after the name ol the
hydrocarbort. : ' :
NH,
1 2 3. 4 |
H;N-CH,-CH,-CH,-CH,- NH, CH, - CH; - CH,—CH - CH,NH:
5 4 3 2 1

1,4-butanediamine 1.2-pentancdiamine
For the secondary and the tertiary amines, the longest alkyl group present is
considered as the parent chain. The remaining alkyl groups are named as
substituents attached to the nitrogen and a prefix N- is used with the name of the
alkyl group.

1 2
H,C-NH-CH, . CH,NH - CH,CH,
N-methylmethanamine N-methylethanamine
{common name : dimethylamine} {common name : ethylmethylamine)
CH, CH;
2 I ' [ 1 2 3
CH;CH, ~N - CH, CH;CH,CH, - N - CH,CH,CH,
N,N-dimethylethanamine N.mcthyl-‘N—propy!propanan_\inc
(common name : ethyldimethylamine) (common name : methyldipropylamine)
3 2 1

CH;CH,CH,—N-CH,
l
CH,CH,
N-ethyl-M-methylpropanamine
(common name : ethylmethylpropylamine)
When used as a substituent, the — NH, group is named as amino and is prefixed
with a number indicating the carbon atom to which it is attached.

_ CH;
2 1 |2 1
H,N - CH, - CH,0H ' CH, - NCH,COOH
2-amincethanol N,N—d:’methylaminoer‘.hanoic acid

Nitro compounds: The nitro compounds are named as nitroderivatives of the
corresponding hydrocarbons.

Examples being,

NOZ N02
_ | ] 4 |3 =2 1
CH,;NO, CH,-CH - CH, CH,—- CH,—- CH - CH - CH;
litromethane 3 2 1 !
’ 2-nitropropane NO,

2,3-dinitrop=ntans

Nitriles: Nitriles are named in the IUPAC system by using the suffix -nitrile to the
1ame of the hydrocarbon corresponding to the longest carbon chain. Note that
iere the carbon of the nitrile group is included in the numbering of carbon chain
tind is numbered as position 1. Sore examples are given below:

CH,
? 1 4 |3 2 1 43 2 |
CH,CN CH,-CH - CHCN NCCH,CH,CN
ethanenitrile | butanedinitrile
(commen name : acetoditrile) CH, 29

2, 3-aimethylbutanenitrile
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The order of priority for various
functional gréups is decided by

considering the following points :

i) Functional groups that have ar
IUPAC suffix and tcrminate a
rarbon chain, have highest
priority, e.g., carboxylic acids
and their derivatives.

il) Nex. are the groups that have
a suffix and can be located at
any position in the molecule,
¢.g., hydroxy and amino groups.
iif} Groups havi g .12 suffix and
which are namest as substituents,
arc given the lowest priority.
Example being the halogens.

a0

When narmed as a substituent, the —CN group is called # ~~~~a group. For
example, the compound

I
CH;~C - OCH,CN
is named as cyanomethyl ethanoate.

“Thiols : In naming thiols, an ending thiol is used as a suffix to tne name of the

corresponding hydrocarbon; for example,

. CH,
. 4 3] 2
CH;CH,SH CH,;-CH-CH-CH,
|
SH
clhaqcthiol 3-methyl-2-butanethiol

Sulphonic acids: The names of sulphonic acids uc> e suffix sulphonic acid with
the name of the corresponding hydrorarbo:}. :

. g
CH;-5-0H CH3-—-§H—S—OH
I E 3 2l
O 0

methanesulphonic acid 2-propancsulrhenic acid

Till now, you have studied about the nomenclature of monofunctional compounds,

i.e. the compounds which contain only one functional group. In polyfunctional
compounds where more than one functional groups are present, one group is
identified as the principal functional greup and this principal functional group is
used as a suffix in the name of the compound. The priorities for selection of
principal functional group are given below in the order of decreasing precedence.
The order is carboxylic acid, sulphonic acid, ester, acid anhydride, a’cyl‘ halide,
amide, nitrile, aldehyde, ketone, alcohol, thiol, amine, imine, alkyne, alkene,
ethers, halides, nitro.

Let us'study the examples given below which illustrate the nomenclature of
polyfunctional compounds. :

Example 1
5 4 3 2 1

" CH,=CHCH,CH,CH,OH -

Here, the functional groups present are a hydroxyl group.(—OH) and adouble

" bond. As per the order given above, the hydroxyl group is the principal functicnal

group-and hence the compound should be named as an alcohol (an not as an
alkene). Hence, its name is pent-4-ene-1-ol.

Examplc 2

i)
HOCH,CH,CH,CH
4 3 2 1

Now, in this case the carbonyl group or thore speéifically_thé aldehyde functionat
group (~CHO) is to be given priority over the hydroxyl group. Hence, this
compound is named as 4-hydroxybutanal.

Example 3

CH,
| H
CH, - CHCHCH,CCHj,
&. 5 |4 3 21
OH




he principal functional group is the keto group. Hence, as shown in the structure,
€ numbering of the carbon-chain will be done so as to give this function the
west uumber, Thus, the name of this compound will be
hydroxy-5-methyl-2-hexanone,

‘Bonding, Functional Group
Classification and Nomenélature

:t us next study the nomenclature of aromatic compounds, The aromatic
'mpounds can have any of the following types of basic skeletopes :

Compounds contsining one aromatic ring. This class includes benzene and its
derivatives, The derivatives of benzene include the compounds which can have
«. «" the functional groups discussed before attached to the benzene ring.

Comipo.nds coataining two sromatic rings. Examples being naphthalene and
biphenyl.

) 8 i _ R 23
3a
A ' ST 6. 6 %
5 4
naphthalene biphenyl

Compounds having more than two aromatic rings. Examples are,

9 _10

anthracenc

phenanthrene
Heterocyclic compounds: Aromatic compounds cuntaining heteroatoms such as

O, N or § in the aromatic ring. are called heterozyclic compounds. Some
heterocyclic compounds are shown below: :

o4 3 4 3 Co 4 3 :
N o) S
H t 1
pyr.ro]e - furan .

4 _5 4
NS 6 N3

thiophene

2 \rq' 6 T N/ 2
N )
pyridine quinoline
this stage we will study in detail the nomenclature of benzene and its derivatives
7. Although the carbon skeletons for the type of compounds shown in the
:gories (b), (c) and (d) are numbered here, their nomenclature will be dealt at
ropriate places in later units of this course. ‘

Benzene and its derivatives: A number of monosubstituted benzene derivatives

are known by their special names. These names are in common use for long

and hence are approved by IUPAC. Some examples of these compounds are

given below along with th: ~ common and IUPAC names (in brackets). "

OH i?
CH

toluene phenol benzaldehyde
{methylbenzene) {benzenol) (benzenccarbaldchyde) 31
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benzoic acid . aniline anisole
(benzenecarboxylic acid) . " {benzenamine) . (methoxybenzene)

For disubstituted benzene derivatives, the following three arrangements of the
substitvents are possible. - '

. . x
X : X |
Y .
\ TN Y .
. . Y
ortho- _ mefa- para-

“These arrangements are named using the Greek préfixes ortho-, meta- and_' para-
which. are abbreviated as o-, m- and p-. The substituents are then named in the
alphabetical order. This is illustrated in the examples below.

NO,’
cl
cl
I
ortho-dichlorobenzene p-iodonitrobenzene

or o-dichlorobenzene

Dimethyl derivatives of benzene are known as xylenes. The three xylenes are,

CH, cH, | T
CH;
“*CH,
CH,
o-xylene ’ m-xylene P-Rylenc
(1,2-dimethylbenzene) . (1,3-dimcthylbenzcne) (1,4-dimethylbenzene)

When one substituent is such that it corresponds to the monosubstituted benzene
that has a special name, then this substituent is called the principal functionality
and the compound is named as a derivative of that parent functionality. For

example,
CHy OH
Br
NO,
p-njtrotolucnc a-btomqphcnol

The polysubstituted benzenes are named by identifying the principal fu_nfztio‘ns and
then numbering is done such as to keep the principal function as number i The
7 other substituents-dre then given.the lowest possible .numbers. This is illustrated in
32 ~ the following examples. :




Deading, Functicnal Group

Classification rnd Nomenclature
CH; :
o
- I
CHy X" cH,
1,3,5-trimethylbenzene 2,4.6-1ri5romophenol

(common name ; mesitylene)

. CHs
!
2 .
O.N ‘NO, CH3CHy 4 2 F
3 s 1
4 OCH;
NO, 6
2.4,6-uini:rotolucnc {TNT) 4-elhyl-2—f]uorqanis‘o]e

ing studied the nomenclature in detaﬂ attcmpt the foIlowmg SAQs to check
“understanding about it.

5
e -the following compounds according to ITUPAC system of nomenclature.

CH,

| .
"H;— C - CH, - CH,OH

'H;CH,CHCHCH,CH,
|
OH

.......................................................................................................

'00C - CH,CHCH,CH,COOH

!
OH

........................................................................................................

IC -CH~ CH,CH,CH;4

I
Cl

('3]
-C-CHO

I
Cl (common name: chloral)
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o
. 8)_ -FC- C|!—CH3
OH
NH, T
Br A Br
h)
COCH
SAQ 6

- a) 3-ethyl- 3—pentanol

¢)  benzoic anhydride.

Given below are the names of some compounds. Write their structurcs

......... R R L R I N T T T Y e,

b) 3-methyl-2-buten-1-o!

..................................................................................................

¢)' 2-bromo-4-nitrotoluene

trtvessrranurarrnirEntantarnny SN Eee s EeR G LRSI R ar NN kst raasa RN DI RPN

d) S-hexyn-2-one

f) ethyl formate

1.7 SUMMARY | -

" these organic compounds. The formation of simple organic compounds is
.conveniently studied by grouping the similar compounds together in a class,

‘nomenclature of various classes of the organic compounds is also discussed using
.simple examples.

1.8 TERMINAL QUESTIONS

lr}, this unit you have studied about the basic features of the covalent bénd which
is'the bond occurring in all the compounds of carbon and is responsible for the
formation of organic compounds. Then you have learnt how to write structures for

explained by using the concept f hybridisation. As these organic compounds are

classification of organic compounds has been dealt with in detail. The

L. Expand the following line structures.

UGCHE-05-313




The structural formula for allene is shown below, Iliustrate the for.mation of
bonds in allene by showing the overlap of ghe orbitals using a diagram, -
H2C = C = CHZ

allene

Bonding, Funclienal Grovy
Classification and Nomeaciaguy:

Many compounds isolated from natural sources often show more than orie
functional group: Given Below are some such compounds. Identify the
functional groups present in these compounds.

Il
a) CHCH-C-OH
I
OH

lactic acid

{|
b) CH;CH-C—OH
!
NH,

_ alanine -’
q
) HOCH,CH-C-H
| .

OH

glyceraldehyde
Y _CH;\ /CHZCHCHzc}I;

7 CH .
H2 C | CH-;

! /CHZ
H,C N

N

CH,CH,

a substance produced by a beetlie to’help it float on water.
H HH H
\ /N
C=C C=C
/N /N I
CH;(CH,), CH, (CHp,C = C(CH,),COH
a metabolite of a seaweed that is poisonous to fish

>r compounds having.molecular formula, C;HCl;, write structural formulas
r all possible isomers and name them,

rite the structural formulas and IUPAC names for the following compounds:
butanoic acid

and its :

i)  acid chloride

ii) acid anhydride

1if) acid amide :

iv) methyl ester ' : _ )

ANSWERS

ssessment Questions
T frb
CH;—CHR—CH—CHZ—CH—CH—-CH;;
I
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b)) H,
. C

/N
H,C CH,
H,C-CH-CH @ H,
' CH,

An spz hybrid brbital has 33.33% s character and 66.67% p character.

sp® sp.sp

2) HiC— Cal- 5}12 (.,{H;
H
|
b) H-C=0
N2
sp
sp? sp? o
Fare e
C) H2C=C=CH—CH3
sp
sp sp sp’
7

e 7
d.) CH3 C=C- C=C- CH3
Vs / s

o sp sp

- ‘CH;:,—-CI-@:H—CH—:CH

Double bond and hydroxyl group
b) CH @ H,CH;~0)—CHy

E#ter and ether .groups
CHj3-

O

Tertiary amin

W .HgCH CHyCHy

Aldehyde and anhydride functional groups

. a) -'3,3-dimethylbutah61

b). 4-chloro-3-hexanol 'J
¢} 3-hydroxyhexanedioic acid
d) 2-chioropentanoyl chloride

.e) 2,22-trichloroethanal

.f) 4-hydroxy-3-methoxybenzaldehyde
g LI1,1 .3,3,3-hexafluoro-2,2-propancdiol
h) 4amino-3,5-dibromobenzenecarboxylic acid

. ICHcha
2) CHyCH,~C- CH,CH,
OH

¥ R




CH;
b) CH;-~ C CH - CH;OH
CHJ
= /Br
c) ,
/
NG,
)]

(1
d) : CH3CCH2CH2 —Ci= CH

) 0
(Ot
e) C-0-C

i
f) HCOCH,CH,

ninal Questions

CH, CH,
J !
)} CH;~CH-CH,;-CH,- CH,~C~CH,
-
CH,
;o T
) CH;~C=CH-CH,~CH,~C—-CH,~CH= CH,
} CH;~CH,~CH—~CH,

l |
'CH;~CH-Cl

. '\H !
H -
Ptol—tgi . Toy
iH/c;c 4
' H

{a) Planes defined by H(C-1)H and H(C-3)H are mutualiy perpendicular

[,C=C=CH,

equivalent to H"""c

He*”

‘?’C‘——,-C equivalent to

IBondlng. Ennctional Group
“natlon qud Nomnclalure

37
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(2} Allene has a linear carbon chain and two mutvally perpendicuar bonds

@

a}) -OH and - COOH groups.

b) ~NH, and —-COOH groups

c) Twe —OH groups (onc primary and one secondary) and one — CHO
group, .

-Né group.

Two double bonds, one triple bond and a ~COOH ‘grou.p.

cla «a
a) HZC[I —.(!:H_ - CI)I-Iz 1,2,3-trichloropropane
- cl Ci
b) Cl- (IIH —~CH, - é:‘Hz . 1,1,3-tr‘ichlor‘<‘jpropane
Cl .
c) Cl- CITH - (I'JH —CH, I,1,2-trichloropropane _
H Cl o 4
d} Ct —'CI,‘ - (il -;HCH3 . 1 »2,2-trichloropropane :
i
Ci
¢) CH;-CH,- é -Cl 1,1,1I-trichloropropane
&
- Formula - ) : IUPAC name
a) CH;CH;CHZCOOH butanoic acid
b} CH3CH2CH2COC1_ butano¥l chloride

) Al Il .
¢) CH:CH;CH,C-0- CCH,CH,CH;  butanoic anhydride

0
_
d) CH;CH,CH,CNH, butanamide
: I : : _
e} CH,CH,CH,C - 0OCH; methyl butanoat.




IT 2 STEREOQOCHEMISTRY - I

ure .

Introduction

Dbjectives

[somerism

Geometrical {somerisin
Characterization of Geometrical Isomers
Optical Jsomerism

Planc Polarised Light and Optical Activity
Origin of Optical Activity

Chirality

Chirality and Elements of Symmetry
Ssummary

Ferminal Questions

Answers

INTRODUCTION

1gh we are habituated to writing the structures of organic molecules in two
sions but actually they have three-dimensional structures. The term
chemistry is coined from the Greek word stereos meaning ‘‘solid’’ and it
with the chemistry in three dimensions.. In addition to the study of the

try of molecules which is referred to as steregisomerism, stereochemistry is
ned also with the effect of molecular gcometry (i.e., the three-dimensional *
ire of molecules) on chemical reactions and chemlcal equilibria. While these
s will be dealt with in dztail at appropriate places in this course and in the
ic Reaction Mechanism course, in this unit, we will confine our discussion
r 10 stereoisomerism. We will begin with the concept of isomerism in general
en study geometrical and optical issmerism in detail.

studying this Unit and Unit 3 which also deals with stereochemistry, you are
1 to take help of the models. You can make models using the students set of
i provided to you. Before using the models, go through the guidelines for

he models given in the study guide. For better understanding of the

al, 'you should yourself do the various activities given in the margin.

‘tives

itudying this unit, you should be able to:

. and define various types of isomerism,

ite geometrical isonders and designate them as ¢is- or trans- and E or Z
mers, '

:dict whether a compound will show optical activity or not just by
imining its structure,

ite the enantiomers for a given compound,

ferentiate between enantiomers and diasterecisomers,

ate chiral centres in a molecule, and

ntify the elements of symmetry present in a molecule,

ISOMERISM

enomenon of existence of.two or more EompoUndshhaving the same

far formula is known as isomerism and these compounds are-individually -
110 as isomers, Isomerism can be of various types. The different types of
sm are represented below in a flow chart.

Ifsomers have same molecular
formula but_they differ from

each-otfiér in their physical and

chemical properties.

39
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Isomerism, which is one of the
important characteristics of
organic compounds, arises
because of the number and
variety of ways in which carbon

- atnoms, which form the back-bone
of organic molecules can link
with each other. On this is
superimposed the position and
linking of various heteroatoms
like O,N,5, halogens etc., giving
Tise (o a very large number of
isomers. The number increases
with the number 4nd variety of
atoms present in a molecule, So
 study of the structure of the
miolecule is implicit and
molecular formula alone is not
enough. '

. Tie two isomeric butanes are

distinct entities having different
boiling points.

40

" atoms cr T

Isomerism
] ] ]
Structural isomerism ‘Sterecisomerism
. | |
o : l [ . : ]
Chain ) Position Functional Configurational Conformational
isomerism isorperism _ group isomerism isomerism
isomErism |
] ]
Geometrical Optical
isomerism isomerism

Let us now study each type of isoimetism in detail.

Structural Isomerism arises due to differences in the structures of the
molecules. These structural differences can be further classified into three
- types; accordingly, the three typés of structural isomerism are as given below:

L.

a) Chain Isomerism is exhibited by the compounds which differ from each
other in the way the carbon atoms form the basic skeleton. You have
-already studied such type of compounds in Unit 1, Sec. 1.6 where we
considered-that four carbon atoms can be linked to each other in two
different ways to form either a straight chain of carbon atoms or a
branched chain, as shown below :

i
C-C=C

branched chain

C-C-C-C

straight chain

These straight chain arrd branched chain carbon skeletons correspond to two .
different hydrocarbons having the molecular formula C,H ;. These are commonly
called n-butane and isobutane and are shown below.

" CF;CH,CH,CH, CH;CHCH, :
butane 2-niehylpropane
(common name : n-bulan‘e) ‘(common name : isobutane)
bp 2725 K bp 263 K

Thus, bitane and 2-methylpropane exhibit chain isomerism. Similarly, five carbon
- ==y oFthe following arrangements:

i i
C~-€~C-C-C C-C-C-C C—?—C
C
Correspondmg to, these arrangements the isomeric hydrocarbons are
shown below.
CH, CH,
. ] l
CH,;CH,CH,CH,;CH;  CH;CHCH,CH; H;C-C-CH;
: ; | S
- pcnr.anc Z-rncthylbulahé . - CH,

2.2-dimethylpropane
(common name : neopentane)

(common name : n-pcntane) {(common name : rsopentanc)

s

b Posmon Isornerlsm is different from chain-isomerisnt in the sense that herd
the isomers have the same carbon skeleton but they differ from each other
in the position of the .ubstituent groups. For example, in a.straight chain

- hydrocarbon having three carbon atoms, a substituent can be either at C-1
position or at C-2 position, I.e. if the substituent is a hydroxyl group, then|
the two positicn isomers are: :

TeRaes




OH
l
\CI'I]CHch:zCH and CH3CHCH3
32 0t I 2 3
1-propanol 2-propanol
(bp 371 K) (bp 356 K)

¢} Functional Group lsomensm is exhibited by compounds having the same
molecular formula but different functional groups. For example, the
molecular formula C;HgO corresponds to both propaneone and propanal;

I :
CH,CCH, CH;CH,CHO

propanone propanal

Here, the functional group are the kefo and the aldehyde groups,
respectively. Such isomers thus belong to different classes.

2. S!ereolsomensm is exhibited by compounds which have the same Lewis .
structure {or structural formula) but differ from each other in the spatial
_ arrangement of the atoms or grou s.in their molecules. Such isomers are called
stereoisomers. Stere01somer15m can be further class:f:ed into two types as given
below

a) Configurational Isomerism: The absolute configuration of a compound can
be defined as the aciual orientation of the groups in space. This type of
isomerism is exhibited by those stercoisomers which cannot be converted to
each other without breaking of bonds. It can be further c1a551f1ed into
geometrlcal isomerism and optical 1somer13m

i) Geometrical isomerism is caused by different arrangements of the
groups zround a rigid framework. This rigid framework can be a -
double bond or ‘a cyclic structure around which the various groups are
attached. Later, you will study that due to this rigid framework,
interconversion of such isomers is not easily possible.

ii) Optical isomerism arises duie to molecular asymmetry and as the name
indicates, this type of -isomerism is manifested by the rotation of the
plane of plane-polarised light. In this unit, you will study geometrical
and optical isomerisms in detail.

b} Conformational Isomerism arises due to different spatial arrangements of
groups in a molecule which are obtained by rotation about single bonds.
Eacht suth arrangement is called a conformation. You will study more
about conforraations in Unit 3 of this block.

At this stage ‘you check your understanding about-various kinds of isomerisrﬁ by
answering the {ollowing SA"

SAQ1

Write all possible structural isomers of C,;H,0.

2.3 GEOMETRICAE ISOMERISM

"It was pointed out in the last section that geometrical isomerism is possible when
groups are attached to-a rigid framework like a double bond. You also studied
“garlier in Unit 1, Sec. 1.4, that a double bond is constituted by a sigma and a pi
bond. Since the = bond is formed by the lateral overlap of p orbitals, rotation
about the double bond is not possible without breaking it. You can verify this by
making a model of ethene. Here you shoixld be aware .of the fact that the model of

Stercochemistry — 1

4}
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Actlivity

Make a 4nodel of cthene,
Ik H

Vo

CEC . Hold one of the

/ S

H H

“arbon atemic centres and 1y o
rotate the double bond. You will
find that it is not possible to
‘alate one carbon atom with
espect 1o the other without
arcaking one of the bonds.

Activity

lake models of ¢is- and
ans-2-butenes. Try o
terconvert' them by raking
ther of models of ¢is- or trans-
amer, To do this, try 10 rotate
e substituents at one end of the
wile' bond, keeping the
bstituents of the other end
ted. You will realise that by
ntinucusly applying the lorce
r rotation of the substituents,
u will break onc bond of Lhe
uble bond. So, €is- to traus-
{rans- 10 cis- conversion is |
1 possible py rotation about
: double bond, Theoretically,
» reason for this is {hat
1e2n we try 1o rotage the
astituents around a double
ad, the averlap of p orbitals
‘ming the = bond decreases,
e increasing rotation finally
ds 1o ne overlap bewween p
dtals, or breaking of 7 bond,
us, ¢is- and frans- isomers are
3 different compaunds whick
capable of independent
Siclice.,

-

ethene does not show the complete picture of the pi bond, as was illustrated in
Fig. 1.2,

Let us now study how geometrical isomerism arises when such a rigid framework is
present. For this, consider the case of 2-butene, We can_wrile.its structure as
shown below.

CH;CH = CHCH;,
A 2 3 4
2-butene

But actually two different compounds corresponding to this structure exist. You
can yoursell see this by writing the srructural formulas for these two compounds.

To do this start by writing the C-2 and C-3 carbon atoms of the carbon skeleton
as:

\C_C/
/3 3N

As shown in the structure of 2-butene, a methyl group and a hydrogen atom are

linked to C-2 carbon; hence, attach a CHj; group and a hydrogen to C-2 carbon s
shown below: . . .

CH_‘

| \C'—C/'
72 IN
H

Similarly, a ~CH; group and a hydrogen atom are linked to the C-3 carbon atom.
When you try to pul this second methyl group at C-3 carbon, you have two
possibilities:

CH, CH, HiC H
\C C/ \C—C/
2N or / N

H H H CH.,

cis-2-buiene frans-2-bulene

Clearly, in the first case, the (wo methyl groups are on the same side of the double
bond and in the second structure one methy! group is on one side and the other
methyl group is on the opposite side of the double bond. These two butenes are
differentiated from each other by attaching the prefixes cis- (a Latin word meaning
on this side) and frans-(a Latin word meaning across) in their names, Hence, these
two butenes are named as cis-2-butene and frans-2-butene, respectively. Thus, cis-
and frans-2-butenes exhibit geometrical isomerism and therefore, they are called

geometrical isomers. oo

In other words, we can say that cis-trans-or geometrical isomers are the isomers of
- o a b a b

: \ /N /
the type baC = Cab. Hence, in the molecules of the type /C= C\ or /C= C\' where
a b a d

the carbon at>ms forming the double bond carry identical substituents, such an
isomerism is not possible,

Let us now see what happens when aii the four substituents around the double

bond are different. For such a case, the following different arrangements of the
groups are possible,

and




The question that immediately arises is how to differentiate these two compounds ?
Can you designate them as cis- or frans-? The answer is No because the cis- trans-
nomenclature does not provide clear guidelines about how to desrgnate these
isomers.

To designate such isomers, an urrambiguous system of nomenclatur=, based on the
sequence rules developed by Cahn-Ingold and Prelog, is used. In this system each
of the two groups attached to same carbon.atom of the double bond is assigned
priority according to the sequence rules. This is done for both the carbon atoms
forming the double bond. If the groups of higher priority are an opposite sides of
the double bond, then the isonder is said to have E configuration. Otherwise, when
the groups having higher priority are on the same side of the double bond, then
the isomer is known as Z isomer. The letters F and Z are derivedl from the.
-German words enigegen meaning opposite and zusammen meaning together. Thus,
we can say that,

higher lower " higher h.igbel'
priority priccity . priority " prisity
lowu/ \11-'&'1 o Inw::r/ N lower
priority . priory priority, priority
E isomer Z iscmer

Let us mow study the sequence rules used in Cahn-Ingold-Prelog system. These
rules “ire grven below:

1. Atoms of :he hlgher atomic number have higher priority. For example, oxygen
(At. No. 8) has higher priority than carbon (At. No. 6) which in turn has
higher priority than hydrogen {At. No. 1).

2. When the priority is to be decided 'between the atoms whiich are isotopes of the
same element, then the 1sotope of higher atomic mass has higher priority.
Therefore deuterium (,H), an lsotope of hydrogen has higher priority than
hydrogen (IH.

3. When the two groups attached to the carbon atom involved in the formation
of double bond have the same atoms as points of attachment, then the_
priorities are assigried according to the first point of difference, applying the
same considerations of atomic number and atomic mass. To understand this,
consider that the two groups attached to the carbon atom involved in the
formation of double bond are ethyl and propyl groups, as shown below:

12
CH,CH;
/

=C

N
CH,CH,CH,
1 2 3

Here both these groups are attached to the chrbon atom forming the double
bond- by carbon atoms. To decide which of the two will have higher priority,
look at the substituents on C-1 carbon atoms of the ethyl and propyl groups.
You will find that in both the groups, two hydrogens are ~t*ached to the C-1
carbon atom. Let us move to the next carbon, C-2. I case of the ethyl group,
there are three hydrogens attached to C-2 carbon while the propyl group has
two hydrogens and one carbon attached to the C-2 carbon. Clearly, then this
is the first point of difference where the C-2 carbon of propyl group has the
substituents C, H, H while that of the ethyl group has the substituents H, H,
H. Hence, the propyl group has priority over the ethyl group.

4. When we come across double or triple bonds while assigning the priorities,
then these groups are visualised in such a way that the bonded atoms are
duplicated or triplicated as the case may be. For example, in the group

Stereochemistry - 1

Although the Cahn-Ingold-Prelog
sequence rules and the £-Z :
system have been sanctioned by
IUPAC, use of cis- trans-
nomenclature in the cases where
it can be used uriambiguously is
allowed 'by IUPAC.
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—HC—C t,, a carbon atom attached to another carbon atom by a double bond
is considered to be bonded to two carbop atoms. Thus, this group can be .
regarded as H? —q H,.

c €
o-C
| : |
Similarly, the —C —H group is treated as equivalent to —C—H.

0

This is a kind of expansion of the groups in such a way that each atom is shown
as linked to the other atom by a single bond. Thus, to write for the group shown
below,.
P 2
-C=rH

first expand .at C-1 carbon which has all the three bonds linked to the carbon
atom numbered as C-2. Thus, it is to. be shown as if it is linked to three carbon
atomns like this, _ 3

)

~C—H
0 S

C

‘Now repeat the same for the C-2 carbon, which is expanded to yield,

C
T
-1C—2—H
9
c C
which is the equivalent form of -C=CH group considered for assigning the
priority.

In the guidelines provided by these sequence rules, some commonly occurring

" -groups can be arranged in the decreasing order of théiij priority as follows:

N I
I-> Br-> Cl—-> HS—> F_f> CH,C-0-> HC-+-0-> CH,CH,0- >

I Il Il Il -
HO—-> H,N-> CH;0C —> HOC—> CH;C~> H-C—> HOCH,- >
(CH;3);C— >CH,=CH~ >(CH3);CH - > CH,;CH,- > CH;— > H.

et us now study some examples which illustrate how a given compound is
designated as E or Z, using the above ‘sequence rules.

Example |
higher priority higher priority
CH, CH,CH,;
AN Ve :
Cc=C
s AN
H CH,
lower priority lower priority

In this compound, groups of higher priority are on same sides of the double bond,
hence, it is the (Z)-isomer.




Example 2 : Stereochemlstry — 1

lower priority higher priority E
H Ci
N 7
C=C
' N
CH;, H
higher priority lower priority

In this case, groups of higher priority are on opposite sides of the double bond,
hence, ii is the (E)-isomer.

Similarly, the isomer shown below,

higher priority lower priority
Br H
Ve
Cc=C
v
cl CH,
lower priority : higher priority

is (E)-isomer and can be named as (E)-1-bromo-Il-chloropropene.
And, the.isomer '

highef priority ' higher priority
CHB CHon
N s
-=C
Vd AN
H CH,
lower priority lower priority

is (Z)-isomer.

.. . . . - Actlvie

Similar to the georetrical isomerism exhibited about a double bond, the Y
compounds having a cyclic rigid framework can also show geomeuical isomerism. Make models for cis- and trans-
Some cyclic compounds which exhibit geometrical isomerism are shown below. isomers of 1,2-dimethyleyclo-

propane and convince yourselfl
that all the three carbon atoms
of the cyclopropane are in one_.
plane and the methyl groupd are ™
) located perpendicular to the
H H " CH, p!an.e of the ring. Thus, in the
cis- isomer, both the methyl

groups are either above or below
CH, H, ’ CH, H the plane of the molecule but in

! the frans- isomer one methyl
, group is above the plane of the
cis-1,2-dimethylcyclopropane trans-1,2-dimethylcyclopropane molecule and other is below the
plane of the molecule.

H
H H
COOH HOOC
COOH i CooH
c:'.f_s-l,3—cyclobumncdicarboxy1ic acid trans-1,3-cyclobutanedicarboxylic acic

You will study more about the stereochemistry of simple Eyclic compoeunds such as
cyclohexanes in the next unit. However, the general aspects of the chemistry of _
cycloal -anes will be dealt with in Unit 6 of -Block 2 of this course,

reenetrical isomers vary widely in their physical properties. Physical properties of
some geometrical isomers are listed in Table 2.1 45
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Table 2.1: Physical propertics of some geometrical isemers

Compound Melting point (K} | Boiling point (K) Di-pole moement
' 109 (¢ m)

cis-2-butene 134 ‘ 277 1.10
frans-2-butenc 167 274 0
¢is-1,2-dichloroethene 193 133 6.17
trans-1,2-dichloroethene 223 321 0
cis-1,2-dibromoecthene 220 ] 383 4.5
trans-1,2-dibromoethene 267 KL 0-

. ¢is-1,2-diiodoethenc 259 345 - 2.50
frans-1,2-diiodoethence 461 465 0

In the next section, we will use these physical properties to characterise geometrical

isomers. But before that answer t
SAQ 2

he following SAQ.

p Assign the configuration as E or Z to the foliowing compounds.

i)
. CH,CH, CH, ,
N/
/ N
H CH,CH,
i) : Br CH,Br
\
C=C
/ N
Ql CH,
. I}
iii) CICH,CH, COH
\c— <’
. / -
CH;CH, H
) CH,CH, CsCH
SN
=C
ST
H CH,CH,

2.4 CHARACTERISATION OF GEOMETRICAL

ISOMERS

There are several physical and chemical methods for differentiating between the




geometrical isomers. Let us first siudy the characterisation of geometrical isomers
based on their physital propertics and then we will study how chemical properties
can be used for the characterisation of these isomers.

The'geometrical isomers or the cis - frans— isomers differ from each other in their
physical properties like melting point, boiling point, dipole moment and spectral
characteristics. Table 2.1 clearly shows that the trans- isomer has a higher melting
point than the corresponding cis~ isomer. The reason for this is that the trans-
isomer being more symmetrical, fits into the crystal lattice more easily and hence,
has a higher melting point than the cis- isomer. However, the correlation of
boiling points with configuration of the isomer is nrot as exact as is the case with
melting p 3518, because of its dependence on molecular volume. Hence, boiling
points are not of much use for such determinations.

Another physical property useful for such differentiation is dipole moment. In
geometrical isomers of the type abC = Cab, the frans- isomer has zero dipole
moment. Some such examples are listed in Table 2.1, This is so because in the
frans- isomer, the same substituents are located in the opposite directions and
hence whatever be the magnjtude of dipole momerit due to one bond in one
direction, it is cancelled by an egual moment operating in the opposite direction;
thus, the resultant dipole moment is zzro. Depending upon whether the

_ substituents are electron-withdrawing or electron-donating, the directions of the
dipole moments due ‘o individual bonds for the trans- isomer are as given below.

b b a
N or Se=c{
0l ~b a” \’b
{(When group a js an . (When group b is an
electron-withdrawing group) clectron-donating group)

However, the resuftant dipole moment, u, for both_ the cases is zero.

But in the cis-isomer, depending upon whether the groups are electron-donating or
electron-wittdrawing, the direction of individual bond moments is as shown below:

a
' \‘\\C o C/a or K . C/a
— /.; —
b b N
(When group a is an ’ (When group b is an
electron-withdrawing group) . clectron-donating group)

In both these situations, the individual dipole moments add vectorially leading to a
definite resultant dipole moment. Hence, the moletule is said to have some dipole
moment. You can check from Table 2.1 that the cis- compounds of this type
always have some definite positive value for the dipole moment.

Let .us next consider a molecule in which one substituent is ele.tron-donating and
the other is electron-withdrawing. Let X be an electron-donati.-z substituent and Y
be an electron-withdrawing substituent. The bond moments in ihe geometrical
isomers of this type are shown below:

X H X Y
N
H/C_C\Y. or H\C:({H

{rans- isomer : - cis- isomer

In case of the trans- isomer, the bond moments add vectorially and reinforce each
other leading to higher dipole moment for this isomer. The vectorial addition for
the c¢is- isomer leads to a lower value for the resultant dipole moment. This is
illustrated in the example given below.

Stereochemistry — 1

47
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An acid anhydride is formed by
the elimination (or loss) of a
water molecule from an acid. A
dicarboxylic acid can lose a
molecule of water and form an
anhydride casily only if the
carboxyl (— COOH) groups are

on the same side of the molecule.

Activity

Make models ol maleic acid {cis-
but-2-ene-1,4-dioic acid) and
fumaric acid {its trans- isomer)
and convince yourself that the
two cart-2xy] (= COOH) groups
arc close (o each ather in the cis-
isomer whercas they are far apart
in the frans- isomer.

i8

H;C H3C ;
. A 3 T A
/C = C\ C=C
H H B N
cis- 1-chloro-1-propene trans- 1-chloro-1-1propene .

po= 570 % 1009 Cm g = 656 %.100%Cm

The differentiation of geometrical isomers using spectral properties will be dealt
with in Unil 7 of Block 2.

- For a particular pair of geometrical isomers, the functional groups present ‘are the

same;. hence, it is difficult to distinguish them on the basis of their chemical
reactions. But there are some reactions which are possible with one isomer only
because of the spatial arrangement of its groups. One such reaction is the
formation of an anhydride by the maleic acid which is the cis- isomer of

H : O
H\_ . ~COOH N, 7
C - L= C\
[ - heat ” e
AN “H:0 SN
“H COOH - u <~ o
maleic anhydride
. maleic acid

(cis-isomer)

but-2-ene-1,4-dioic acid. The two carboxyl («COOH) groups are 1n close proximity
in this isomer and hence can yield an anhydride by the elimination of a molecule
of water. But, in the frans- isomer, i.e. in fumaric acid, since the two carboxyl
groups are in opposite directions, such a reaction is not possible and hence it does

H~_ C _~»COOH
H . ——> Anhydride formation is not possible

ooc/C\H

not form its own anhydride. However, when strongly heated, it forms the
anhydride of maleic acid. Thus, we can diffcrentiate between the cis-and the rrans-
isomers on the basis of chemical reactivity.

Before proceeding to the study of optical isomerism in the next section, you can
check your understanding of geometrical isomerism by answering the following
SAQ.

SAQ 3 .
d)  Write the geometrical isomers of o-hydroxycinnamic acid having the following
structure,
(\\/CH = CH - CCOH
[ |
" 0oH

b) - Which of the two isomers of o-hydroxycinnamic acid would undergo
cyclisation easily to yield the following lactone:

B
S o
coumarin

Give reason for your answei.




Hint: Note that the coumarin®is formed by the loss of water; for removal of <5 1-'""“‘"""“"’_"

water, H dnd OH groups to_be removed as water must remain spatially near to
each other. o '

........................................

5 OPTICAL ISOMERISM

pointed out earlier, optical isomerism is manifested by the rotation ofthe plane
plane-polarised light. Let us first understand what is plane-polarised light and
n see -how it is used in the determination of optical activity.

.1 Plane-polarised Light and Optical Activity

1 are already familiar with the fact that light can be regarded as an

tromagnetic radiation having oscillating electric and magnetic fields-associated

n it. The vectors describing these electric and magnetic fields gre at right angles
:ach other (see Fig. 6.4, Unit 6, Block 2 of Atoms and Molecules course).

linary light consists of light waves of different wavele_rigths. A mornochromatic
t (light havin a single wavelength having A = 589 nm, 'called sodium D line) -
ained from the sodium lamp is used in the experiments. This monochromatic

t still vibrates in many -different planes as shown in Fig. 2.1 (a).

dircction of wave prapagation — end-on view of planes ~
* of oscillation

Ordinary
light

{a)

POLARISER

TSRO RGrFs

-

Ordinary light axis of

light polarisation

'§‘ .
£

)

optically active « k/
sample
polarised rotated
light polarised light

() )
: ° ' a
%.1: a) Ordinary light. b} Plane-polarised light. <) Rotation of plane of plane:polarised light. -

Nicol prism, is pamed atter 13

a light is called unpolarised light. When a beam of monochromatic light is discaverer Nicol who pessed

:d through a polariser such as a polaroid lens or a device known as Nicol - ordinary light through a prizm

1, the light, (i.e. its electric field) vibrating in only one plane is obtained. Such  made by cementing two picces of
nt is called mlane-polarised light [see Fig. 2.1. (b)]. It was obse-ved that many crystalline calm;:mbomte;r
:ances such as quartz crystals and organic compounds like camphor -and :1;;;’?:;;: o dbm;p;:h'he- -
ric acid rotated the plane of plane-polarised light [Fig. 2.1 (c)}. Such o polarised ight.” T
lances are called optically active. The instrument used for the determination of ,

«al -activity is known as polarimefter. - . :@9
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1 kg dm™? = 1 gm.ml"?

50

-

* electric veciors
of a beam of
unpolarised
light

direction of the
clectric vector of
plane polarised light
as it aves the
polariser

Dextrortation -

plane of polarisation
rotated clockwise: -

" angle of rotation = + g

-

o

Levorotation :

plane of polarisation
rotated counterclockwise:
angle of rotation = -.a

A-schematic- diagram of a polarimeter is shown in Fig. 2.2.

Anetyser 0o .
{can be rotated) g -
e v Observer

As the arrows indicate, the
* optically active substance

in solution in the tubg is

causing the planc of the
polarised light 10 rotate.

The plane of poiarisation
of the emerging light is
not the same as that of
the entering polarised light

Poiarimeter tukc

i)

~Light source:

Fig. 2.2 1 A schematic diagram of 2 polarimeter.

For an optically active compound, the extent of rotation, «, depends upon
thickness of the sample (which is given by the length of the cell, ), its
concentration {c), solvent, temperature and wavelength of the light used. When / is
taken in decimetres and c is taken in kg dm-?, then the rotation in degrees is

‘termed as $pecific rotation and is denoted by [«]. Thus, specific rotation can be

calculated using the following exp}ession,

[# g

la] = e

(2.1}

The temperature, ¢ and the wavelength, A, of the light used are specified as
superscript and subscript, respectively. The solvent and the concentration of the
solution are given in brackets. Hence, the specific rotation of a sample is expressed
as,

[ali  (solvent, c)

Thus, [a]3* denotes the specific rotation at the temperature 293 K when the
measurement is done using the D line of sodiumn having A = 589 nm.

The direction of rotation is specified as dexireroiatory or leverotatory, When a
compound rotates the plane of polarised light in the clockwise direction, it is calied
dextrorotatory and this positive rotation is denoted by the plus (+) sign prefixed
to the name of the compound. On the other hand, the compound rotating the
plane of polarised light in the anticlockwise direction is called levorotatory and
such a rotation is taken as rotation in the negative direction. Hence, it is indicated
by prefixing a minus {-) sign to the name of the compound. Earlier the letters d
and [ were used to denote the dextrorotation and levorotation, respectively.

- Let us now study why some compounds are optically active and the others are not.

2.5.2 Origin of Opticﬂ Activity |

The origin of optical activity can be traced back to the observations of the French
physicist Biot who in 1813 discovered the exisience of two types of quartz crystals
(shown in Fig. 6.5, Unit 6, Block 2, Atoms and Molecules course). One type of
crystals rotated the planc of polarised light to tie left and the other type to the
right. After two years, he cbserved that such optical activity is not restricted to the
crystalline structure and some compounds such as camphor and tartarig acid
exhibited optica! activity even in seiution. He also realiszd that optical activity in
solution is due to some molecular property which is reiained ever in solution.
Later Pasteur studied tarraric acid and its ninetcen difierent saits and observed wuiai

UGCHE-05-41
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rtain faces and other being left-handed. These two types of crysials were

r images of each other. Pasteur proposed that since the optical activity is
ned in the solutioh phase also, it must be a property of the molecules
iselves and just as the crystals of quartz are mirror images of each other, the
«cules, of which these crystals are formed, are also mirror images of cach
r. This lead to the possibility of the existence of compounds whose molecules
nirror images of éach other: These mirror image isemers being otherwise
lical, exhibit identical physical properties; even the extent ‘of rotation of the
e of polarised light is the same for such pairs. The only difference in their
ical properties is in the direction of rotation of planc-polarised light: one
et being dextrorctatory and the other being levorotatory.

e 2.2 gives the physical properties for the inisror image isomers of 2-octanol.

Tebie 2.2 : Physical properties of isomeric Z-ocianals

4

sal property (—}-2-Octanol : (+)2-Octano!
e rotation [afF -9.9° C +9.9°
g point (K) 448 448
clive index n?% [.4254 1.4258
1
fie gravity g2 0.838 0.822

next question that you may ask is: What kind of molecules are capable of To decide whether the two g%, &
mirror 1Mage struciures are

ing as mirror image isomers? The answer is that the molecule and its mirror enantiomers. o are molecties of
e isomer should be nonsuperimposable. Such nonsuperimposable mirror image  same isomer, try to superimpess
ers are called enxantiomers. Thus, for a compound to exist as iwo enantiomers, one over the other. if they are

.uperimposability of mirror image struciures is 2 condition. - superimposable, they are the
- rnolecules of the same isomer

miost general example that helps to undersiand enantiomerism is the and.if they are
‘ nonsupcnmppsablc. they arc

wperimposability of our hands as shown in Fig. 2.3. You can see that the two enantiomers.
is are mirror images of each other but they are not superimposable on each

r. This becomes more obvious if we try to put the right hand glove on the eft

i and vice versa.

NiEd

Left hand Miurror Right hand Nonsupenmposable
- left and Aight hands

!
!
|
|
|
|
|
!
|

Fig. 2.3: ‘The nonsuperimposability and enantiomeric relaiionship of left and right hands.
. | Chirgl is pronounced as ki-rali

he Greek language the word cheir means hand and hence 2 molecule- whicty is . ] 5
. bl . : : . id be chiral and the t hiralit Handedness means existence of
superimposable on its mirror image is sai to be chiral and the term chirality nonsuptrimpasale mirror image
ns showing handedness. Thus, chirality is a necessary and sufficient condition structures.
the existence of enantiomers. On thg other hand, when a molecule is . .
. . . . - . . Only chiral molecutes can exist as -
:rimposable on its mirror image, it is said to be achiral. Let us now study some enantiomers

scts of chirality in detail. . . |
| Thé enantiomers have apposile

.3 Chirality - chirality.”
. satisfactory explanation at the molecuiar ievel for the origin of optical activity  The i‘_irsl Nobel Prize in
existence of enantiomers) was given by van't Hoff and Le Bel simultaneously Chemlf"});":_fl‘-’m was awarded
independently in 1874. van’t Hoff realised that it was necessary to think of to van't }oi-

scular stfictures in three dimensions in order to solve the problem of isomers 5!
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Actlvity

Make models of the cnamiomérsl
of lactic acid and convince
yourself that they are
nonsuperimposable on each
other. N

Remember that a carbon atom

forming a double bond cannot be

a chizo! centre bécause il cannot
have four differeént substituents.

that were 'being‘ discovered in the laboratory. He proposec that a carbon atom with

_four different substituents arranged tetrahedrally around it, would account for the
. existence of enantiomers. The tetrahedral arrangement of groups about the carbon

atom makes it possible to have left-and right-handed structures (or isomers), The
phenomenon of optical activity thus finds a satisfactory explanation in the
tetrahedral geometry of saturated carbon compounds. Le Bel suggested that a
carbon atom with four different substituents around it is the basis of optical
activity but he did not specify the tetrahedral arrangement, Thus, in the case of
lactic acid in which all the four substituents, i.e. H, CH,, OH and COOH attached
to the carbon atom, are different and are arranged tetrahedrally around it, two
isomers are possible (see Fig. 2.4). These isomers being the nonsuperimposable
rairror image isomers, arc enantiomers.

superimpose central carbon,
OH and - COOH.

these
groups
fait 1o superimpose

Fig. 1.4 : Enantiomers of lactic acid,

Hence, lactic acid'is a chiral molecule and it is said to exhibit chirality. Such
molecules which have four different substituents attached to a carbon atom are
called asymmefric, i.e. they are without symmetry. To decide whether a given
structure or a molecule has symmetry or not, we will study the elements of

" symmetry in the next section. The tetrahedral carbon atom bearing the four

different substituents is variously referred 10 as a asymmetric centre or a chiral
centre. Since it is the molecule itself which is ch:ral rather than one of its atoms, it
has been suggested it is more correct to cal] the carbon atoms of this type as
stereocentres. The ITUPAC rules for stereochernical notation use the term chiral
centre. Given below are some asymmetric compounds in which the chiral centre is
shown by an’ asterisk (*). mark.

OH ) CH;
| !
' CH,—CH - C;H, CH;CH, - CH - CH=CH,

2-butanot 3-methyl-1-pentene

COOH OH

f ‘ ‘ i
CH;-CH~NH, HOH.C - CH - CHOQ
alanine glyceraldehyde

T'Il now we were dealing with the compounds having only one chiral centre. Let us
now study what happens when there is mere than one chiral centre in a molecule. .




2 molecule, abXC* - C*abY. which has two chiral centres; the following four : Sierenchemistry — |
1ers are possible: . ‘

l Make madels of V and VI and
d verify that they are nonsuperim-
| posabic. .

. - ‘.'Cl*
< X X _ -
v |, . R :
>-b ‘b-C-a a~C-b b—-C-—a
. . R o
-—b b-C-a b-C-a a-C-b- ,

I | .
¢ Y Y Y
L I 111 v
can see that the isomers | and H are mirror image isomers. Similarly, 111 and
ire mirror image isomers. Since | and Tl are nonsuperimposable and so also are
1ers I11 and IV. Hence, I and I, and LIl and IV arc two cnantiomeric pairs.
what is the relationship between the following pairs?
d 1H,
IV,
nd I, and
ad IV,
ainly they are not mirror image isomers though they are isomeric.
eoisomers which are not enantiomers are called diasterecisomers or
tereomers. Hence, 1 and 111, and [ and IV arc diastereomers. Similarly, Il and
and 11 and IV are diastereomers. ’
7 1et us take the specific example of tartaric acid. It has two chiral centres as
vn below. The possible isomers of tartaric acid are given below as V, VI, VI
VIIIL i '

mirrar plang

I

I

|

|

- I
" ;

I

I

b

|

!

. 1

I

|

I

| .

| Activity

I

i

1

mirror plane . Activity

Make raodels for VII and VIII
and convince yourself that

{i) they are mirror images of cach
other; {ii) they are convertible to
each other by rotation of 186°;
(iii) they are identical and
represent two molecules of the
same isomer.

COOH

!
1
1
I
[
[
I
I
i
I
|
[
!
I
I
[
1
I
!
I

Vil : Vi
e, you can categorise V and VI as cnantiomers. What about V[l and VIII?
1ough they are mirror image isomers, bul when we try to superimpose thera, we 31
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find that thcy are supcnmpoqablc. Thus, they are not dlfferent but are identical,
hence, they represent tlie-two molecules of the same isomer, T ... , for tartaric acid,
we havé only three isomers. In general for a compound having 7 chlral centres the
number of possible stereoisomers is given by 27. Thus, for a molecule havmg 2
chiral centres, 4 stéreoisomers are possible. But, in some cases (as in tartaric acid),
when the chiral centres are equivalently substituted, (i.c. the substititents on the.
chiral centres are the same), fewer isom._rs than predicted by 27, exist. Of the
above 1somers (V and VIY) and (VI and VII) are diastereoisomers. Because the
dlastert:msomers are not nurror image isomers, hence, often they have. different
physical and chemical properties. Table 2.3 shows identical physical properties
(except for the sign of rotation) for the enantiomers V and VI but their
diastereomer V1I (or VII) has physical properties different from those of V or VI.

Table 2.3 : Some physical properties for the isomers of tartaric acid.

Physical Property . v VI . VII {or VII])
Melting point/(K) . 441 — 443 441 —443 419-42]
Density/(kg dm™) i.759s 1.7598 1666
@ 12 -2 0

Table 2.3 shows that the compounds having structures V and VI are optically
active but that corresponding to VII or VHI is not, although, i. . so has two chiral
centres, Why is this so? You will find an answer to this question in the next
section. But before studying that, answer the following SAQ.

SAQ 4
Write the stercoisomers for the compound HOH,CCHOHCHOHCHO and group

. them as enantiomers and diastereomers.

2.6 CHIRALITY AND ELEMENTS OF SYMMETRY

A general test of chirality which 'yéu learnt in the last szction is the
nonsuperimposability of the molecule and its mirror image. However, there is
another simple way to examine the molecules for the absence of chirality. .
Molecules which are not chiral (or are achiral), possess one or more elements of
symmetry. There are mainly three elements of symmetry, namely, plane of
symmetry, centre of symmetry and alternating axis of symmetry. Let us study these
clements of symmetry one by one.

Plane of Symmetry: A plane of symmetry is defined as an imaginary plane which
divides the molecule inte two halves which are mirror images of each other. Some
objects having the plane of symmetry are shown in Fig. 2 5.

plane ol

sympmeiry

i planes af
"" syhnely




miee of symmewy: A centre of symimiry w0 e such that any line drawn
by point o seme other point {or groupnd i one divection, when extended at
ual distance in the opposite divection, should fiad an identical point {or group).
ch a centre of symmetry is shown in lig, 2.6,

P
7 F centre of
A~ - I
e syl

centre of

\:- ‘-.:‘ ". t [ \ svmmetry
w0 o T

| 5,’1-#‘.;!—5—'/?;) ==
4 - ii_—‘il/f H/ \(

centre of
symmelry

Fig. 2.6 : Centre of s mmelrs i oo enbes {6 ethane 2wt fc) rrany-i, 2-dichloroerthene.

ds of symmedry: When a siructure possessing this axis is rotated around this

is, another identical structure results  In case the identical structures result fwice
rotatior of :he molecule by 360, the axis is cailed a two-fold axis of symmetry

d when identical structures repeat three times, il is called a three-fold axis and
on. This is iMlustrated below:

|
I€—axis of symmetry
: )

i anas af
-
| s mmeiiy

o-fold uxis ol svmmetry as Phice-fold axis of symmictry in o cetling fan, the
leat appears twice on hlades appear @ vquivalent positions thrice on a
aticn by 3607 . sinple ot

Higo:

hen such identical points aliernate around 2 plave or an axis, then the axis of
nmetry is called an alternating axis of symraetry. For example,
I-dichlorocyclobutane has two foid aliernating axis of symmetry and not the
nple axis of symmetry, because when rotated around this axis although the C1
>up appears twice, onc of them appears above the plane of the molecule and the
1er appears below the plane,

melecule having a plane of symmetry or 2 centre of symmetry or an alternating
is of symmetry is superimposable on 1ts mirror image and, hence, is not chiral.
e that absence of alternating axis of symmelry is important and not just of the
aple axis of symmetry. For exampie, a molecule having a simpte axis of

ametry can show optical activity or chirality., Take models of the enantiomers of
‘taric acid, shown in Sub-Sec 2.5.3 as structures V and VI (these models you

ve made earlier also) and convince yourself that both of them have a two-fold
aple axis of symmetry but stil] they are optically active,

L us now go back to the problem we left unanswered at the end of the last

ition. Since, the third isomer of tartaric acid, represented by structure Vil, has a -~

me of symmetry, it is optically inactive. This plane can be easily visualised by
king at the model ef structure VII. Such compounds in which one half of the
Mecule is the mirror image of the other half, are called meso compeunds. Thus,
iso-tartaric acid represented by strecture V3 {or VIII), has two chiral centres
t as it has a plane of symmetry, the optical activity caused by one chiral centre

Stercochemisiry — 1

alternabing axi
ol symmetry

=
E

1,3-dichlorocyclobutane

The word mese means middle or
inbetween.
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‘A mieso compound is opticaily
‘inactive duc to fnternal
compensation; optical activity
due to onc half of the molecule
is cancclled by that due to the
other half,
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is cancelled by the other chiral centre. This is 50 because the two halves, being the
mirror images of each other, have equal and opposite ro: -il,. .. Hence, meso .
compounds are .optically inactive. '

1 ’ I
C, G
‘__hxis of i axis of
]
)
i
I
1
1
1
]
I
1
1
:
'
I
I
|

symmetry symmetry

In other words, if one haif of the molecule causes a rotation of + X° and the
opposite half causes a rotation of -X*®, then it leads to a zero rotation for the
molecule or no optisal activity. This type of cancellation is called interna/
compensation. There is another way.in which compounds containing chiral centres
can behave as optically inactive. You will study about this in the next unit You
can ‘apply your knowledge about the elements of symmetry in answering the
following SAQ. '

SAQ S )
Which of the following are chiral?

a} a shoe
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2.7 SUMMARY

In this unit, we lcarnt that

@ Stereoisomers differ from each other in the arrangement of their atoms in
space.

© Geometrical. isomers can be named according to cis-, trans- or E, Z-

" nomenclature.

© There are two types of optical isomers: enantiomers which are mirror image
isomers and diasterecisamers which are sterccisomers other than enantiomers.

© FEnantiomers have identical physical propertics (except the direction of optical
rotation) but diastereoisomers have different physical properties. ’

@ Molecules having one chiral centre can exist as enantiomers. However,
molecules having more than one chiral centre may or may not be optically
active, €.g., meso compounds are optically inactive.

® The tetrahedral nature of carbon was postulated on the basis of the
observations of optical activity.

2.8 TERMINAL QUESTIONS

1. Write structural formulas for each of the following compounds. Be sure that
you write the correct stereochemistry.

a) (Z)-5-choloro-2-pentene

b) trans-1,2~dimethylcyclopropane
¢) meso-2,3-dibromobutane

d) cis-1,2-dichlorocyclopentane

1. Look at the following pairs of 'cqmpounds carefuily and state which type of
isomerism they exhibit. '

a) Cl F ' o Cl Cl
\ s N
C=C and C=C
e N : 7 AN
F - Cl F F
b) CH, CH,

| ) l
CH,CH,CH,CHCH,CH;  and  CH;CH,CCH,CH
o | :

CH,
<) ' | Cl
CLCHCH,CH,  and CH;CHCH,CI
d) CH, cH,
H—é—OH' mi HO-C-H
m;éfH' o m—é—H
EHC' éHO

a) Locate the chiral carbon atoms in the following compounds and mark
them with asterisk.

(93

Yo
; I
HO-C-CH-CH,-C-0OH

malic acid
57
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i)
NH,
x
CH;-CH- ? ~OH
|
O

alanine

iii)
CH3 )
: I
CH;— CH —CH,- CH - CH;
I
OH

b) Write the structures for the enantiomers of the compounds given in (a).

4, What eIerﬁ_ents of symmetry are present in the following?

a) a ball b) a cube . ¢) scissors

d) letter X e) methane f) methylchloride.

5. How many meso sterecisomers are possible for 2,3,4-pentanetriol? Write their
structures.

2.9 ANSWERS

Self Assessment Queslions

1. Structural isomers having molecular formula C;H O are as given below.

OH '

: I
() CH,CH.,CH,OH - (i) CH,CHCH, (i) CH,OCH,CH,

2. i) E A i) z V) Z
3. . e
. , . ;
H . H . H C-0OH
. rd
| oo (L
/ [} '
~7 TOH 0 OH
cis-isomer _ trans-isomer

Sirice —=OH and ~COOH groups are in close proximity in cis-isomer, it can
yield the required coumarin by loss of a water molecule.

4. - - Diastercomers
CH,0OH CH,0OH CH,0OH CH,0H
| - | I [
H-C-0OH HQ—C—H H-C-0OH HO-C-H
I i | |
HO-C-H H-C-0 H-C-0OH "HO-C-H
[ - I I
CHO CHO CHO CHO
LN / N / '
Enantiomers Enantiomers

5. (a) and tb) are chiral.

e~




Terminal Qﬁestions

H H
N e
. Cc=C
1. (a) /s -
. H;C CH,-CH;~-Cl
® ‘
H CH.
H
2. (a) geometrical (b) chain
(c) position (d) optical (diastercomers)
3. @

l Il
() HO-C~-CH-CH,-C-OH

C|)|OH 0]

NH,

|
(ii) CHj; —CH—|C—OH

0
OH CH,
| B
(i) CH;—CH - CH,—~CH~CH;

(b} O OH 0 OH

O . o)
e I I i
) HO~-C-C-CH,-C-OH HO-C-CH,—~C-C-OH
) . -sl
H .o H
NHZ NHZ
| | i
{ii) H3C—.C|I--1Ci'—OH - HO—C-—(l:-CH3
| ' I
H O ' O H
OH  CH, CH, OH

I | | I
~C-CH,~CH-CH;  CH;-CH~-CH;~C~CH,
i |

H . H

(iti) CH,

4. a) plane, centre and axis of symmetry
b) plane, centre and axis of symmetry

stereochemistry ~ 1
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c) plane of symmetry

d) plane, centre and axis.of symmetry

e) plane and axis of symmetry

f} plane and axis cf symmetry

The two meso stereoisomers of 2,3,4-pantanetriol are,

CH,
H—é—OH
H—é—OH
H—é—OH

CH,

and

CH;
H—é~OH

Homé—H
H—é—OH

|
CH,

o s v




UNIT 3 STEREOCHEMISTRY -
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Structure

3.1 Introduction
Cbjectives
3.2 Configuration and Fischer Projection Formulas
3.3 Configurational Notations
3.4 Racemic Mixtures and their Resolution
3.5 A, ,mmetric Synthesis
3.6 Walden Inversion
3.7 Conformational Isomers and their Representat:on
3.8 Conformations of Ethane
3.9 ° Conformations of Butane =~
3.10 Conformations of Cyclic Systems

Conformations of Cyclohexane
Conformations of Monosubstituted Cyclohexane Dcrwauves
Conformations of Disubstituted Cyclohexane Derivatives

3.1l Summary
3.12 Terminal Questions
3.13 Answers

3.1 INTRODUCTION

In Unit 2, you studied the geometrical and opncal 1somcr1sm The arrangement of
atoms or groups in space about a rigid framework was referred to as
‘configuration’ in Unit 2. In geometrical isomerism you learnt that the geometrical
isomers can be assigned the configuration as cis- or frans— and E- or Z-,
depending upon the spatial arrangement of groups aboul the rigid framework. You
also studied about the existence of optical isomers such as enantiomers and
diastereomers. These optical isamers have different configurations.

in this unit, you will study how to designate the configuration of optical ismners.
We will also discuss how configuration is affected in chemical reactions. Under the
aboratory conditions, chemical reactions yield an equimolar mixture of the two
:nzntiomers. Here, you will also learn how 1o separate these mixtures in order to
>btain optically pure compounds.

Then we will shift the focus of our attention to conformational isomers and study
‘he conformational isorerism of simple straight chain and cyclic hydrocarbons.

JObjectives

After studying this unit, you should be able to:

write Fischer projection formulas for simple organic compounds,

assign the configuration as either R or S to the chiral centre in a compound,

define a racemic mixture and give a method of resolution for such a mixture,

define and give examples of aaymmetnc synthesis,

describe Walden inversion,

draw sawhorse and Newman projections for a given compound,

illustrate the conformatlons for simple-straight chain hydrocarbons like ethane

and butane, and

» draw and compare the stabilities of the boat and chair forms of cyclohexane
molecule and its derivatives.

3.2 CONFIGURATION AND FISCHER
PROJECTION FORMULAS

“he term configuration was used earlier in case of geometrical isomers 1o indicate
he spatial arrangement of groups around a rigid framework. Similarly, the term

6l




Fundamental Concepls - confi sgura{:on as applied to opucal isomers indicates the spaual arrangement of
atoms or groups around.the chiral centre

You know that the actual molecules are three- dimensional in nature. So, the spatial
arrangement of groups in a molecule, i.e. its configuration, can be specified elther
by making its three-dimensional model or by writing the corresponding projection
formulas. Also, to specify the configuration of a molecule having several chiral
cnntres, the conflguratlon at each chiral centre needs to be specified.

'l:hls specification of configuration for a molecule becomes more and more difficult
7as the .number of chiral centres goes on increasing. Thus, a. need was felt for a
convention to represent the actual three-dimensional structure of molecules in two
-dimensions, (i.e. in the plane of the paper) in a simple and convenient way. The
German chemist Fischer introduced such a convention. He called his
representations as projection formulas. These representations are now known after
~ his name as Fischer projection formulas. ’

Before proceedmg to the study of Fischer projection formulas, it is necessary to
familiarise you with another representation known as perspective drawing. Such a
representation is used to represent three-dimensional structures of molecules in two
_ dimensions. Fig. 3.1(2) illustrates such a perspective drawing. In a perspective
-drawing, 'a broken wedge represents the bond which is behind the plane of the

A Fischer projection formula isa  Paper and the =<lid wedge represents the bond ‘which points towards the observer

Emil Fischer
" (Received Nobel Prize in 1902)

standard way of depicting + in front of the plane of the paper. The other two bonds which are represented by
tetrahedral carbon atoms and ordinary li.aes show the substituents which are in the plane of the paper.

their substituents in two . : . ; . '

dimensions: Let us now learn how té*write Fischer projection formula of the molecule whose

perspective drawing is shown in Fig. 3.1(a). It is better if you take the help of the
models supplied to you. Make a model of such a molecule by attaching four
different substituents to a tetrahedral carbon atom. Now look at the model in such
. way that the two substituents which point towards you are in the horizontal
“plane and the other two substituents which point away from you are in the vertical
plane, as shown in Fig. 3.1(a). You can sez in Fig. 3.1(b) that the angle between
the horizontal and- vertical planes is a nght angle. Hence, the substituents in the
horizontal plane are at right angles to-the substituents in the vertical plane. We can
represent these two sets of substituents at right angles to each other.in one plzne
‘(obviously plane of paper), by drawing two lines dt right angles to each other.
Then, the substituents are written in the position they appear to the observer, i.c.
"the substituents which are at left and right of the observer are written at left and

plane of projéction\

Fischer
projection formula
" H
CH / ' .
& - ~c —  CH— CH,
C:H( \ )
OH OH

@)

i)

plane containing
methyl and ethyl
groups

© plane containing
hydrogen. atom and
hiydroxyl group )

Fig. 3.1 : Writizg Fischer projection formula for a molecule : {2} perspecilve dmwlng'ol‘a molecule
- having one chiral carbon atom; (b) twe substituents ezch In horizontal and vertical planes at
) ‘ right angles to each other; (c) representation of molecule in plane of paper; and (d) the
62 " Fischer projection Formula.
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right, respectively, .. .he other two substituents which appear above and below
are written at above and below positions, as shown in Fig. 3.1(c). Further, we can
simplify Fig. 3.1{(c) by removing the plane of paper shown in it and write the
structure of the molecule as shown in Fig. 3.1 (d), which is nothing but the Fischer
projection formula for the compound shown in Fig. 3.1(a). Note that the chiral
sentre is not shown in Fischer projections and it is assumed to be located at the
doint of intersection of the horizontal and vertical lines. !

Similarly, the Fischer projection formula for one of the isomers of tartaric acid,
ibwn in Fig. 3.2(a), can be written as shown in Fig. 3.2(b).

COCH

HO—1—H

COOH
(b)

Fig. 3.2 : (8) An isomer of tartaric acid and (b} its Fischer projection formula.

he Fischer projections are very useful in case of molecules having many chiral
rentres linked together to form a continuous chain. You will realise in Unit 20 of
llock 4 of this course the importance of these prOJectlon formulas in writing the
tructures of carbohydrates.

et us now learn the reverse of what we have done above, i.e. write the three-
limensionat structure of a molecule from its Fischer projections. For this, we have
o reverse the process we have just described. Always remember that in a Fischer
irojection formula the vertical lines represent the bonds that point away from you
mnd the horizontal lines represent the bonds that point towards you. Let us start
vith 2 molecule having the Fischer projections as given below,

CH,

r—I—Cl

Che three- dlmensmnal structure for this molecule can be writtén by usmg the’
ollowing steps:

) Write a carbon atom at the intersection of the horizontal and vertical lines in
Fischer projections, as shown below.

CH,
|
Br—C-Cl
|
H .
i} Since the vertical lines represent the bonds away from the observer and the
horizontal lines represent the bonds towards the observer, we can write the
structure of the molecule shown in step (i} as,

CH; 4
Bru--Cj:-ﬂCl

H

Stereochemistry — 1
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While :tudjing step (i), use
models for writing the
perspective formula.

Different representations of-
{+)~2 — bromobutane.

Br-.-

VAR

C. K
CH,CH,

HC—- G
CH.CH,
H
.C
‘¢ CH,CH
B'CH, =
Br

-

c -—
CHyCH: &

"Bth-lé-uCH,
]

CH,CH,
Br

CH:CH; (:: -1 CH,

Activity

Make models of the molecules
corresponding to the two
Fischer projection formulas
shown in rule 1, You can sce
that they represent the 1wo
Fischer projections of the
same compound,

64

This.can be translated into the perspective formula by viewii., u.. molecule in such

a way. that the two substituents (say, CH; and Br) are parallel to the plane ‘of the

'_paper In such a situation, H will appear behind the plane of the paper and CI will

appear projecting in front of the plane of the paper leading to the perspectlve
drawing of.the molecule as,

CH;
| -

C..
“H
cl

‘which leads to the following three-dimensional structure of the molecule.

How.to interconvert Fischer Projections while maintaining the Configuration
Since there are many ways in which a given molecule can be oriented depending
upon which two substituents are chosen to point towards the observer; hence,
several. different Fischer projections can be avritten for the same molecule. Let us
go back to Fig. 3.1 and instead of viewing the molecule as shown in Fig. 3.1(a),
now let us view the molecule in such a way that the substituents CH; and H point
towards the observer. Thus, the substituents will now appear as shown below.

/
“N

CoHs

For this orientation of the molecule, the Fischer projection formula can be written”

as, _
OH

_ CH3-+ H
CHs

which is another Fischer projection formula for the.same molecule as shown in
Fig. 3.1(a). Because various Fischer projections are possible for a given molecule,
you should have a clear understanding of writing different correct Fischer

. projections for a given molecule without going back and forth to the three-

dimensional model. Therefore, you should be able to write different Fischer
projections for the same molecule from its given Fischer projection formula. For
this, there are some rules to be followed. These rules are as given below.

'1': Rotation of the given Fischer projection tormula by 180° in the plane of the
paper yields another Fischer projection of the same molecule, i.e.,

p - Br
Br ——CH
“180° ’ rotation by 180° is allowed CHy——F
F——CH;y " CHy—— Br
Br

F

e iy v




‘her words, rotaticn of the Fischer projection in the plane of paper by 180°
not alter the configuration.

otation of a Fischer projection formula of a compound in the plane of the
raper by 90° yievds the Fischer projection formula of its enantiomer. It mearns

hat such a rotation leads to a change in the configuration at the chlral centre.

Chis is illustrated in the following example.

F F"' .
- nr_* 5 FORBIDDEN
-\l [ 7 rotation by 50

Cl )
v - /Cr « F-\ - Br.
F+l = (C\ = /C\
1 "Br [ cl

e,
-

. . . -~
Fischer projections
of enantiomers

t is better to verify this rule with the help of the models.

\ Fischer projection formula may not be lifted out of the plane of the paper
nd turned over as shown below.

b ¢

F
Br —ql Turn over
FORBIDDEN
I

\ enantiomers /

a4

‘his turn over leads to the Fischer projection formula of the enantiomer.
“hus, this operation on the Fischer projection changes the configuration at the
hiral centre.

nterchange of two pairs of substituents leads to another Fischer projection of
1e same isomer, Hence, no change in configuration is observed by this
peration. Let us understand this by the following example. If we have a
wlecule represented by the following Fischer projection,

CHO

HO+ H
- CH,0H
aterchange of one pair of substituents {i.e., — CHO and — CH,OH) leads to
1e Fischer projection,

CHO

Jother interchange of second pair of substltuents leads to the Fischer
rojection as

CH,0H
H—‘— OH
CHO'
Yis when rotated by 180° vields
CHO

HO+ H
CH,0H

hich is nothing but the samc isomer we started with.

: pext section, you will learn about the specification of the configuration at a
chiral centre. Before that check your knowledge of Fischer projections, by
ring the following SAU

TR ~
g \

Stercocheinlstry — I}

Activity

. shown below:

Tt has the following Fischer

Make a model of a molecuie
having a chiral carbon atom -
linked to four different
substituents 1, 2, 3 and 4 ns

l--¢-_-y3
4

projections, given by (a)

SR
1 3
N 4‘/
. (a)
Rotate this Fischer projeciizi* by

90°.to vicld the foltowing 7" “or
projections, shown as (b). |

s

3 .

(®)
Make a model of the molecule
corresponding to the Fischer
projection formula shown in {b)-
as,

1
4--—(:.'3--2
3

On comparing these twe mgeeis,
you will find that they repreg=nt

the chantiomers.

635
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(l:Ho _ ::::i::.imm
‘f“
CH,0OH

glyceraldehyde

There is also a convention that
the longest carbon chain fdrms
the vertical back bone of the
Fischer projections with the most
highly c.:idised carbon (if any) at
the top; and then the substituents
“are projected horizontally.

Do not confuse 4 and / with D
and L. The lower-case 4 and /
were used in many places in
older literature to specify the
direction of rotation
(synonymously with *+' and
‘—"}. But Dand L are used to
specify the configuration at rhe
chiral centre. .

SAQ 1 _ . )
Study each of the following pairs of Fischer projections carcfully and decide
whether thiey represent the same isomer or an enantiomeric pais.

CH; OH
(@) H—-—‘—- OH C3H-,--—’—-- CH,
CH, H

COOH H
(b) H—~‘—— OH HO —}—— COOH
CH, CH,
C,H; CoH;
{c) H—+y~~ Br : Br+ H
CH, CH,
Ci 1
(d) Br —}— I cx----Jl—F
[
I Br

..........................................................................................................

3.3 CONFIGURATIONAL NOTATIONS

. : . . v,
The existence of enantiomers poses special problem of their nomenclature. As the

. enantiomers differ from each other int their'sign of rotation, prefixes & and / were

‘used earlier to designate the dextrorotatory and leverotatory isomiers, respectively.
But it was realised that the sign of rotation does not tell about the absolute
configuration of the compound. Thus, to define the structure of-a compound
completely, it was necessary to specify the configuration at each chiral centre.

One of the earliest attempts to specify the configuration is that of Fischer which
dates back to 1891. According to this system, the configuration at a particular
carbon atom is designated by selecting a main chain in the molecule in the sense of
the rules laid for nomenclature. The molecule is then oriented vertically in such a
way that the carbon atom numbered 1 in the chain is at the top. Then, the main
substituent attached to the chiral centre is looked for. For example, in
glyceraldehyde, it is an ~-OH group. If in the Fischer projections of the compound
the main substituent group is on-the right, then the molecule is said to have D
configuration and when this main substiruent is on the left, then the molecuie is
said to have L configuration.

Rosanolf (1906) s{lggesled that a particular configuration be assigned to (+)-
glyceraldehyde. The Fisclier projection corresponding to this configuration is given
below. ‘

ICHO
H i‘- OH
3CH,OH

Thus, according to this systemv of designation of configuration as D or L. the
carbon chain in {+ )-glyceraldenyde can be numbered and oriented as shown

_ above. Here, rthe substituent on the chiral ceotre is hydroxyl (-OH) group. Since it
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m the right side he-ze, (+)-glyceraldehyde -has D configuration. Similarly, the i Stereochemistry — 11
uttiomer of (+) glyceraldehyde, i.e. (-)-glyceraldehyde will have L )
1figuration. Thus, we can designate the two enantiomers as D-(+)- :
ceraldehyde and L-(-)-glyceraldehyde. Also all compounds having an The D, L system is useful in
angement of atoms similar to that at the chiral centre of (+)-glyceraldehyde at. specifying the configurations for
corresponding carbon atom are members of the D family. Similarly, we can carbohiydrates and amino acids.
te for the L family. Some examples of compounds belonging to D and L In the light of the fact that the
nilies are listed below configuration of a chirat cenire,
. . in 2 compopnnd is not charged
’ unless at ledst one bond at the
. : chiral centre is breken, chemists
D-family ’ on the basis of the experimental
evidences realised that the
COOH COOH CHO configurations of various
optically active compounds can
be. related to each other even
without knowing their absolute
' configurations. Thus, relative

* configurations of a large number
COOH H——1——0H of compounds could be
. determined.
D - (+)=-glycer- D = (- }-lactic D — (- )-tartaric
-aldehyle dacid . acid

COOH L-{+)-alanine

L-(+)-tartaric acid

{—)-giyceraldehyde L-{+)-lactic acid

e D, L system can be applied only w.aen the main chain and the main
ostituents can be unambiguously chosen; hence, in some cases, it is not possible
assign the configuration by this system. For example, the molecules of the type

C1
|
F——(IZ—H
Br

nnot be assigned configuration according to this sysitem. Also there are cases -
1en i.t is difficult to assign the configuration unambiguously to the molecules
ntaining more than one chiral centre. . )

s, a more systematic way of denoting configurations was needed. The system
at emerged is called the R, § convention and is based on the. actual three-
nensiona? formula of the compound to be named. In this system, the’
nfiguration at the chiral centre is assigned by assigning the order of precedence
the groups attached to the chiral centre according to the specific set of rules.
lese rules have been alreadylisted as Cahn-Ingold-Prelog priority rules in Unit 2.-
scording to this.system, the configuration of a given chiral centre can be assigned
ing the following steps: '
Identify the four substituents attached to the carbon atom for which the
configuration is to be assigned.

Arrange these substituents in the decreasing order of priority as

1> 2 > 3 > 4 which is determined by Cabn-ingold-Prelog rules.

View the molecule in such a way that the substituent of lowest priority is away
from the observer.
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atom of lowest
priority away
from observer
4. When the molecule is viewed in the way as suggested in step 3, the remaining
substituents 1, 2 and 3 appear as spokes of a wheel, with the carbon atom at

the centre of the wheel, as shown below.

clockwise:
therefore R

Now trace a path startingfrom the substituent of highest priority to the substituent
next in order of priority, i.e., from 1 to 2 to 3. If this path is in clockwise _
direction, as in the case of arrangement shown above, then the chiral centre is said
to have the R configuration (R from rectus, a Latin word meaning: right).

If this path from 1 to 2 to 3 has an anticlockwise direction, then the chiral centre
is said to have the § configuration (S from sinister, a Latin word meaning: left),
i.e.

anliclockwise;
therefore S

Since the assignment of R or S configuration to the molecule requires a specific
orientation of the molecule in space, you should be able to write the three-
dimensional orientation of a2 molecule from its Fischer projections ‘and vice versa.

Let us now take the cxample of D-{+)-glyceraldehyde and see how the
configuration at the chiral centre of a molecule can be assigned staiting from its

Fische;_'_ projection, The Fischer projection formula of L-(+)-glyceraldehyde can
) .

be written as l;[—%—IOH The four substituents attached to the chiral
CH,0H
3

centre have the order of priorities as shown by the numbers | > 2 > 3 > 4.
Now, the molecule is to be viewed in such a way that the substituent of lowest
priority, numbered 4, which is a hydrogen in this casc, is away from the viewer. In
other words, in the Fischer projection formula, this substituent should find a place
at the bottom end. Thus, we have to transform the above Fischer projection into
another I‘:scher projection as shown below:

OH

CHon"— CHO ' .
3 2 . ‘

H
4




* new Fischer projection corresponds to the following perspective drawing.
i .

OH
HOHC = C —a CHO
3 : 2
H
4

molecule is then projected in such a way that H is at the back.

1
OH

I
e
H ¢ TCHO
HOH-C 2
3
1, by overlooking this H, path from 1 — 2 — 3 is tracéd as illustrated below,

: this path is clockwise, hence, D-(+ )-glyceraldehyde is assigned R
iguration.

e is another way which allows the assignment of configuration without having
sualise the three-dimensional structure of the molecule. Let us study it.

mple way to assign R or S Configuration using Fischer Projections

a short cut method and requires that the Fischer projection is written in such

v that the substituent of lowest priority is at bottom. Then, this substituent is
:cted and the configuration is assigned by tracing the path from [ to 2 to 3, as
d before. 1

4 — 3 ncgleat it and trace the path
from 1 10 2 to 3. Sinee this
path is in clockwise direclion,
hence the configuration is R.

larly, in case of {+)-2-butanol, H
C —OH
7
CHs
{+}-2-butanol
srder of priority of substituents is OH > CH,CH, > CH; > H. If the
) I 2 3 4

cule is viewed in such a way that the M is at the back, then the other
tituenls appear as shown below:

/70N

1
’CHGCHz OH
&

\_} S
33CH,

trace the path from 1 to 2 to 3 which is anticiockwise in this case. Hence, the
iguration of the carbon atom marked by asterisk (*) is S.

Stereochemistry — i}

Use models 1o ungderstand the
transformations from perspective
drawing to the assignment of
configuration.

Oy
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2,3~dichlorobutane

With t}1e determination of

absalute configuration of (+)-

1artaric acid, the absolute

~+nfiguration of its enantiomer

7-)~tartaric acid was also

sstablished. The (-)- tartaric a-cid

and {+)- glyceraldehyde were

known to have the same relative
configuration. ‘Thus, the absolule

configuration of
(+)-glyceraldehyde was also

» established; and the configuration

assigned earlier to
(+ }-glyceraldehyde arbitrarily
was found Lo be correct.
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In the compounds containing more than one chiral centre, the configuration is
specified at each of these centres. For example, in case o °,3 dichlorobutane, the

Cl
' . /
priorities of substituents at the C-2 and C-3 chiral centres are Cl > — C\H e
v R
CH,

CH, > H. Focusing our attention on C-2 carbon, the path from substituents 1 (o
3 4 )

2 to 3 has anticlckwise direction; hence, it has S configuration. Similtarly, at C-3
carbon also, thé path from 1 to 2 to 3 is in anticlockwise direction. Hence, it also
has S configuration. Thus, this isomer of 2,3-dichlorobutane is named as,

(25, 35)-2,3~dichlorobutane.

[t is not difficult to decide whether a molecule ‘has R or S configuration if the
actual arrangement of the groups about the chiral centre is known, But, how to
-determine the actual arrangement of the groups? Until 1951, the absolute
configuration of any optically active compound was not known. In 1951, Bijvoet

- determined the absolute configuration of {+)-tartaric acid using-a sophisticated
modification of X-ray diffraction called anomalous dispersion. Then, the absolute
configurations of all other compounds whose configurations had been related to
{ +)-tartaric acid were also revealed.

To determine the configuration, one must have a pure sample of the compound.
But this is not usually the case and most ofien in chemical reactions one gets a
mixture of enantiomers. [n the next section, we will study in detail about these
fixtures and their separation into enantiomers. Before that answer the following
SAQ. )

SAQ 2 .

Assign the configuration as R or S to each of the following'compounds:

(a) CH;
]

.C
H-y ™ CH;CH.CH,

- Br
(b) CH,.C!
i
C.
H g« - CHCH,;
Cl .
(L') CH:CH'\
|
~C... ;
CHaCHCH: \lCHJ '
{d) Cl
q
Br C\-;"F
I




1 RACEMIC MIXTURES AND THEIR RESOLUTION

nixture containing equal amount of cach enantiomer of a compound is called a
emic mixture or a racemic modification or 2 racemate. A racemic mixture is
icated by the (+)-sign or just by the term racemic prefixed to the name ot the
npound.

: physical properties of a racemic mixture are different from those of the pure
ntiomers. For example, the melting point of the cither enantiomer. of
tydroxypropanoic acid (iactic acid) is 326 K but the racemic 2-hydroxypropanoic
1 (lactic acid) has a melting point of 291 K. Also, since a racemic mixture

itains cqual i.mounts of enantiomers, optical rotation of one enantiomer is
icelled by an equal and opposite rotation of the other enantiomer. Hence, a
emic mixture is optically inactive although its constituents are optically active.

-acemic mixture can be obtained from a pure enantiomer by a process called
emisation. It can also be obtained by simply mixing two enantiomers in equal
ounts. Racemic mixtures may also result from chemical reactions. One such

d of reactions is the nucleophilic substitution reaction. You will study abour
se reactions in detail in the Organic Reaction Mechanism course. But to give

1 an idea about how a racemic inixture results from them, one such reaction is
strated in the box.

subsritution reaction can be defined as the re..ciion in which one group is
tbstituted by another group. For example, in the reaction betow,
CH,-1 + O~ -~ CH;-OH + I

(substrate) (nucleaphule) {product) (lca\'m$ group)

ie iodide group is substituted b .the hydroxide group. When the incoming
‘oup (OH™ group in this case) « a nuelec ~aile, {means seeking a nucleus;
oviously .in zlectron rich speciesy, then th - reaction is called nucleophilic
ibstitution reaction.

he nucleoshilic substitu.ion reactions can be unimolecular or bimolecular,
:pending upon the number of molecules involved in the rate-determining step
f the reaction. When the rate-determi ing step involves a single molecule, the
:action is called a unimolecular substitition reaction and is denoted as Syl.
he S,] reactions involve a positively charged carbon atom as an intermediate
hich is called a carbocatic n. “uch a carbocation is shown below.

vacanl p orbital

4 wR:
/ ——E e/

a carbocation
'his carbocation being planar, can be attacked by the inc...ing group or
ucleophile from either - le lcading to the formation of both the enantiomers.

i the attack is er 1allw favourable from both the sides, then the cnantiomers

-

Nug

=

: | "
R‘\ I $ : \C N
iral c—¥: — - Nuc—'CQ"R: * q ue
iyl hard: Vg b R2
: / i, R3 R?
R? - —_——

cqual amounts
{racenyic misturc)

Stereochemistry — Il

Syl

AN
substitution unimolecuiar
nucleophilic
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are formed in equal amounts and the product obtained is a racemic mixture.

The stereochemistry of bimolecular substitution reactions will be discussed in

Sec. 3.6. . . ]

Once a racemic mixture is obtained, .the next step is 1o separate this mixture into
its pure components, The separation of a racemic mixture into the enantiomers is
called resolution. The first resolution was that of tartaric acid by Pasteur in 1848,
Tartaric acid was obtained as a by-product of wine making and was found almost
always as its dextrorotatory 2R,3R stereoisomer, Occasionally, an optically inactive

sample of tartaric acid was obtained. _ |

One day Pasteur was viewing the crystals of sodium ammonjum double salts of
(+)-tartaric acid .and inagtive tartaric acid. He found that the crystals of the
double salt of (+)-tartaric acid were hemihedral,-(see Fig. 3.3a). But the crystals
of the doubie salt of inactive acid were not the erystals of just one type, but a
mixture of twe types and these two types of crystals were mirror images of each
other {see Fig. 3.3(a) and (b)]. He separated the two types of crystals with & pair
of tweezers. These two types of crystals showed equal and opposite oplical
rotation. Thus, the inactive sample of tartaric acid was actually a racemic mixture.
Pasteur had thus performed the first resolution by human hands! Before this the
levorotatory form of tartaric acid was not known. 1t is now known that the double
salt of racemic tartaric acid forms two types of crystals, as shown in Fig. 3.3(a)
and (b), only at temperatures below 299 K. Had the temperature of Pasteur's
léboratory been above this temperature, he would have obtained the crystals of the-
type shown in Fig.. 3.3(c) and he would not have made this discovery. . :

dextrarotatory levorotatory optically inactive

{a) (b) (c)

£ig. 3.3 1 2) Dexirorotatory hemihedral crystals of sodium smmoniuin tartarzte. b) Levorotutory
crystals of sodium ammonium (artarate. c) Holokedrai crystels of racemic sodiumg ammonim
latarate that crystailises at 5 higher teraperature.

Resolution by ordinary physical methods like crystailisation, distillation, )
chromatography ctc. is not possible because the physical properties of the two
components, except the direction of rotation, are identical. Almost all methods of
resolution rmake use of the fact that only under the influence of another chiral
reagent, the enantiomers can be made to behave differently. Hence, the
enantiomeric mixture is treated with a chiral substance to convert it into a mixture
of diastereomers. Since the diastereomers have different physical properties, they
can be separated using physical methods. The enantiomers are then regenerated
from each dizstereomer. The general scheme for resolution involving the formation
of diastereomers is depicted in Fig. 3.4. The advantage of acid-base 7 Toperties is
also taken in obtaining the diastereomers. For exampie, if we want 10 resolve an
acid A which is present as a mixture of the enantiomers (+)-A and (~)-A as
shown in Fig. 3.4 (a); then we choose cither of the enantiome, s of base B, which
is, say, (+)-B in this case. When the base (+)-B is added to the racemic mixture
of acid A, diastereomers of the type (+)-A(+)-B and {-)-A(+)-B, as shown in
Fig. 3.4(b), are obtained. These diastereomers can then be separated using physical
methods, [see Fig. 3.4(c)].

The individual enantiomers of acid A are then regenerated from each of the above
diastereomers by treatment with a mineral acid, Fig. 3.4 (d). Similarly, we can
resolve a racemic mixture of a hase using a chiral acid. The chiral reagents which
are used for resolving a racemic mixture are calied resolving ageats. A number of




CH;0

CHsO

brucine i strychnine

quinine
(antimalarial
drug)

Chromatographic methods for resolution using chiral adsorbents have also been
developed. In such methods, one of the enantiomers gets adsorbed on the chiral

Stereochemisiry =11
E—
a racemic [mixture a resolving agent mixture of
of a chiral added as a single diastercomeric
compound ) enantiomer adducls
(2) , (b)
separate
' (©
G =@ v @ Wﬁ + E(B)
single cnantiomer original rcsolvmg single enanliomer original resolving
of compound agent of compound . agent
@
Fig. 3
¢) Dlastereomers separnted. d) Ecastiomers regeoerated from délasiereomers.
resolving agenis are available, many of them are naturally. occurring acids and OH
bases. For exampie, chiral bases such as brucine, strychnine and quinine are used | .
for resolution. On the other hand, "chiral acids such as (+)-tartaric acid, (~)-malic HOOCCH;CHCOOH
.acid and (-)-mandelic acid are used for resolution of racemic bases. Analogous malic acid
methods for tesoiution of compounds containing other functional groups have also OH
been. developed. |
CHCOOH
adelic acid
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adsorbent more strongly than the other leading to their partial separation. The
drawback with chromatographic resolution is that it is not gquantitative. -

As pointed out earlier, the resolution is effective only under a chiral influence,
Such an influence can also be exerted using enzymes. The enzymes are highl: -
selective with regard to stereochemistry of the compounds with which they interact.
Hence, they can perform the resolution by metabolising only one enantiomer and
rejecting the other. For example, the racemic ammonium tartarate when fermented
using yeast or a mold (Penicillium glaucum), showed thdt the dextrorotatory
isomer is consumed faster by the mold leaving behind the pure ievorotatofy

.isomer, A disadvantage of the resolutions of this type is that the more reactive

enantiomer is usally not available and we get only oné enantiomer at the end of
the resolution. ' - S

Pure enantiomers can also be obtained using synthetic methods, without thi=

- necessity of resolution. In the next section, you will_ study about these methods in

detail. :

3.5 ASYMMETRIC SYNTHESIS

It is a general principle that the optically inactive starting materials in a reaction
Yield optically inactive products. To obtain an optically active product from an
optically inactive starting material, it is necessary that in some way the reaction is
so influenced that only one of the two enantiomers is selectively obtained. Such a
synthesis is called asymmetric synthesis or stereoselective synthesis,

An asymmetric synthesis can be of two types: partial asyminetric synthesis and
absolute asymmetric synthesis. In partial asymmetric synthesis, an optically active
.substrate or an optically active reagent is employed. Partial asymrmetric synthesis
can also be affected by using an optically active solvent or an optically active
catalyst. On the other hand, an absolute asymmetric synthesis is the one which
does not involve intermediate use of any optically active compound but is affected

by ‘physical reagents’ such as circularly polarised light,

The first asymmetric synthesis was carried out by Marckwald in 1904 who obtained
optically active (-)-2-methylbutanoic acid starting from ethylmethylmalonic acid.
The scheme of reactions is shown below.

COOH , COOH[(-)-brucine] COOH
' ! -braciae | 1
CH, -~ C - C,H; ”J'.‘f; CH;~C-CH, + CH;—C—G,H;
! . | |
COOH COOH COOHJ(-)- brucine]
' : \ : /
ethylmethylmalonic _ diastereomeric half
acid ) brucine salts
heat {443 K heat | 443 K
-C0, -CO0,

.COOH[(-)-brucine] - H
l |-

CH;-C-C,H;, CH; - C-C,H;
| |
H COOH [(-}—brucine]
| HQl | HG
COOH H
I |
CH3—C“C2H5 'CHJ‘—C"CzHS
| |
H COOH
\ /

enantiomers of
2-methylbutanoic acid

Since the two half brucine salts are diastereomeric, tf.v yield the enantiomers of

Zumathulhnitannin anid 1n Aiffacnat nmmacemie oulele oL Fo. o
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An example of partial asymmetric synthesis using optically active substrate is given
below. Here, the attacking CN~ion can approach the carbonyl carbon from two

directions as shown, leading to the formation of enantiomeric products.
CHa :

cN??

X
i"/ cH
)]
cH, ¥ V-
I B C OH
4 € CN NI AN
g Gl 4
Vs H CN
H OH
CH; TN CcH; OH
t ! I
C—- .
He I H/C | H
CaHs OH C.:H;s CN

Fischer projeclion
R (It is formed in

T .
S . T larger amount
enantiomers as compared

: . 1a its cnanliomer)l

But, the approach of the reagent (CN ~ anion) from the side of lesser steric
hindrance (crowding} is preferred (i.e., from the downward direction) and we get
the corresponding enantiomer in larger amount,

Fischer projection

Many reactions of this type are known and in some of these reactions, the extent
of stereoselectivity approaches 100%. '

It was pointed out earlier.that circuiarly polarised light can be used to achieve

absolute asymmetric synthesis. The plane-polarised light is in fact a mixture of two

forms of light which are called, respectively, feft- and right- circularly polarised
light. The electric fields of these light forms propagate ‘through space as fleff-and
right— handed helices as shown below in Fig. 3.5, You can see in the figure that

direction of

- ( .
] / propagation \ -‘

electric held of tight wave A

+ left circularly
polarised light polarised light

] L cruntomen  mmme—d
Fig. 3.5 : The electric fields of right- and left- circularly polurised light which add veclorially to give
plaoe-polarised light.
the two helices are enantiomeric. The vector addition of these two farms leads
to plane-polarised light. Such right-circularly polarised light was used in the
addition of bromine to 2,4,6-trinitrostilbene to yield the dextrorotatory product.

right arrculary

plane-polarised
light

Stereocheristry —IT

Use models to understand this
example of partial asymmetric
synthesis.

The origin of chiral biolog: . .
molecules, is attributed o the
effect of circularly polarised light
in the early phases of evolution
of life.

NO2 . NO,
NO,QCH=CH@ ___;,.Qc A
right-circularly ’
larized light-
NO‘; polan ight NOz .

2,4 6-trinitzontilbene

dextrorotatory isomer 73
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. nucleophilic .

“In this section, you have studied about how to obtain optically active compounds
starting from optically inactive compounds. In the next section, you will study
about the transformation of one enantiomer into another enantiomer which in fact
involves the inversion of configuration. This phenomenon was first discovered by
Walden and is known as Walden Inversion. Lei us now study this phenomenon.

3.6 WALDEN INVERSION

-

Walden, in 1893, reported the following cycle of transformaions.

COOH COOH’
_ PCl,
HO+ H H-—,— Ct
. (I:H2 . Kom- (IZH2 :
COOH COOH
L~(-)-malic acid D-~(+)-chlorosuceinic acid
JASOH . . ] ] ‘ AgOH
- CCOH : ' COOH
‘ PCl;
C 1+H H+ OH
(I:Hz . KOH " cH,
o I
COOH COOH

L-{~)-chlorosuccinic acid. D-(+)-malic acid

You can see that L-(-)-malic acid was converted to its enantiomer, D-(+ )-malic
acid in a two stage process. Similarly, L-(-)-chiorosuccinic acid was converted into
its enantiomeri¢ D-(+ )-chlorosuccinic acid. Since an enantiomer is obtained, -
configuration at the chiral centre must have changed in one out of the two
reaction stages. The step in which the inversion of configuration takes place is said
to have undergone the Walden inversion. In some cases, the Walden inversion has
been reported to be 100%. Note that the reactions in which the inversion is not
complete, lead to racemisation.

' The Walden inversion is ‘a rule for bimolecular nucleophilic substitution reactions.

The term bimolecular refers to the fact that tweo species undergo bonding changes
in the transition state of the reaction. These reactions are represented in short as

.Sy2 reactions. The stereochemistry of one such reaction is shown in the box.

If in the S\2 reaction, the attack of the nucleophile is from one side and the
'leaviﬁg,.group leaves from the opposite side simultanecusly, as is shown in the
transition state in the following example, then, such reactions proceed with the
inversioni of configuration. And, if the species that undergoes inversion has the
same. substituents on it before and after the inversion, the product obtained is the
enantiomer of the starting compound, as was the case studied by Walden.

spA-hybridised carbon

leaving  —
group
; R;’-‘-
D — 8-
Nuc: ¥ \*C_x — NUC ~—mae X
Y
“‘R.\_v

transiion stale

1« 3 P e by TraH




Thus, we can conclude that S,1 type of reactions involve ragemisation whereds Sn2
type of reactions are ac;omp‘macd by inversion of configuration.

Till now you were studying about the cenfigurational isomers in which the
configuration at the chiral centre cannot be changed without breaking the bonds.
Let us next study about those stereoisomers which are interconvertible without
breaking the bonds between the atoms.

2.7 CONFORMATIONAL ISOMERS AND THEIR
L UPRESENTATEON

The various spatial arrangements obiained by rotation about the single bonds are
called conformations. Among the different conformations of a molecule, the stable
ones are known as conformers or conformational isomers, The si.aplest molecule
which shows these vonformations is ethane. Before starting the study of
conformations of various molecules, et us learn how to represent these
conformations which are again three-dimensiona) spatial arrangements of a
molecule, in two-dintensions. You have already learnt about the Fischer projections
for representing the configuration of a compound. Two types of representations,
namely, Newman projections and Sawhorse projections are used to show the
conformations. We will first study the Newman projections.

Newman Projections

For writing the Newman projections of a molecule, it is viewed atong the carbon-
cirbon bond as shown {or ethane in Fig. 3.6(a). Here, the ethane molecule is
shown in Wedge and dash drawing. in drawing the Newman projection, the carbqn

H H
. | : >
P T
H" J
H H Newman projection
(8 =dibedral angle)
() (b)

Fig. 3.6: 1) Wedge and dash drawing of ethane; solid wedges show the bonds above the plane of paper
and dash lines represent the bonds behind plane of the paper whereas the ordinary lines represent the
bonds in plane of the paper. b) Newman projections of ethane.

.

atom nearer 1o the abserver is represented oy a point and the three groups
attached to it are shown by three lines emerging from this point [Fig. 3.6(b)).

The rear carbon is shown by a circle and the three substitucnrs attached to this
carbon are shown by three lines emerging 'tom the edge of the circle. The angle, €,
between the H—-C—~C plane and the C--C—H plane of an H-C—C—H unit is
called the dihedral angie.

Eet us now understand how to write the sawhorse projections.

Sawhorse Projections

In this representation, the carbon-carbon single bond is represented by aline and is
oriented diagonally backward, i.e., the left hand carbon projects towards the
viewer and the right-hand carbon projects away from the viewer. This is illustrated
in sawhorse projections for ethane in Fig. 3.7. Analogous 1o the Newman
projections, here also the substituents pn cach carbon are shown by lines.

H

!

H i_/J ~H

H \T/ H
H

Fir. 3.7 : Sawhorse representation of ethane.

Stereochemlsiry - I1

You are advised to-use the
models in understanding these
representations.

Remember that the lour
substituents attached to the
carbon atoms in ethane are
arranged in tetrahedral ashion
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We now ¥now how to represent a molecule in Newman or sawbyrse projections.
These projection formulas are useful in studying the conformations of simple
molecules. Let us now study the conformations of ethane.

r
—

3.8 CONFORMATIONS OF ETHANE

A number of different conformations are possible for ethane molecule depending
upen the value of the dihedral .angle, #. Fig. 3.8. shows the variation of potential.
energy for various conformations-of ethane

>

Make a model of ethane
molecule in which one C-H
bond on each carbon atom has a
different colour. Rotate along the
C —C single bond and try to
make ec'ipsed and staggered
|conformations. Convince yourself
that they have the dihedral angles
as, 0™and 60°, respectively.

A

. I‘o‘
E
.= -
55 ., .1
£ g /
i a2
s a2
- o
\ L -
£
L— N
| ! | | f l 3
0 60 120 180 240 300 360
’ (=0}

dihedral angle (degrees)
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gﬁi Ho Héﬂﬂ gﬁg Hﬁiﬂ - gﬁls Hﬁi . fgﬁé&
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H

H
H

HH

—->?<—6 =0
H S

H
H H

celipred conformation
of cthanc

star zered ¢onformation
of cthabne

A ... ..mparing the stability of

arious conformations, remember

hat the conformation having Lhe

zasl polential energy is the most

table.conformation. Thus,

thane has one conformer which
the staggered conformation.

1e analysis of molecular
nformations and their relative
ergics is called confermational
alysis.
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Fig. 3.8 : Variation of potential eﬁergy with dibedral engle. Here, to make It easy to visualize the
dihedral angle, the two-hydrogens on tke two carbons are shown in lhe different colour

When the dihedral angle is 0°, then the hydrogens on the two carbon atoms are
parallel and the conformation is known as eclipsed conformation. The other
limiting possibility is when the dlhedral -angle is 60°; this is called staggered
conformation. Fig. 3.8 shows that there is an energy difference of 12.13 kJ mol™!
between the eclipsed and staggered conformations, with the staggered corformation
having the lower energy. This can be explained in terms of the maximum
separation of bonded electron pairs in the staggered conformation which leads to
.minimum repulsion between them. On the other hand, in the eclipsed
conformation, the C-H bonds are closer and hence, there is a repulsion between
the electrons forming these bonds. Thus, the staggered conformation is more stable
than the eclipsed-conformation. The energy difference of 12.13 kJ mol-! between
these two conformations is very small as compared to the-kinetic energy of=the
molecule due to molecular motions and even at low temperatures a molecuic £2n
pass from one staggered conformation to another staggered conformation
(although in between it has to pass through an eclipsed conformation) at the rate
-of about 10'! times per second! Thus, the interconversion of conformations is very
rapid; nevertheless it is not strictly *free’ in the sense that there is an energy barrier
of 12.13 kJ. mol™ to be overcome. Hence, the ethane molecule spends most of its
time'in its staggered forms, passing only transiently through its eclipsed forms.
Before you proceed to study the conformations of another alkane, namely butane,
answer the following SAQ. ' '

SAQ 3
Draw the eclipsed and staggered conformations of ethane in sawhorse
represenlation.

1ot
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3.2 CONFORMATIONS OF BUTANE -

Tlie sas. o - and Newman projections of butane are represented below.

CHs CHa
H "/."I"-_ H H\ ,H
H d
\l— H ‘ g “H
CH3 ] CH}
sawhorse projection Newman projection

simjlar to the case of ethane, various conformations of butane are possiblé due to
otation of the C-C bond forn ed by the carbon atoms numbered as 2 and 3.
“ig. 3.9 shows the potential energy variation for various conformations of butane

N
gl il 7T
21! E \\ gauche - anti gauche
o A AN L
go 2
g [|a \ / 2
ul AN e
K] I d E y .
2 - \\. /./ l"\
H-] o0 e !
= - b 8 = \ /
—J J - o . ’ \.//
! | I ! | |
0 60 120 120 240 00 360
dihedra) angle {degrees) : =0)
CH»CH H H -
3"‘_‘ 3 H /E!"is ;CH) Y CH, H Hy Hi H C 'H)
L~ g ‘c"\Ej oy “@( o, O u "
P RN N Y S P N o
q H H T ™a g H H cH H H H H H
H CH, CH, H

Fig. 39 : Potential energy disgram for the conformations of butane.
Aclivity

v§ the figure shows, when the _d.ihedral angle lis zero, the conformation is called Make a model of butane. Ro:;\‘..e
clipsed conformation. As the dihedral angle ‘increases to 60°, we get another along the C;, — C; single bond.
onformation which is called gauche or skew conformation. Further rotation of the Try to make various

»-C, bond yields another eclipsed conformation when the dihedral angle is 120° conformations shown in Fig. 3.9
Jote that in this conformation CH; and H are eclipsed whereas in the earlier and study their dihedral angles. |
clipsed conformatien two methyl groups were eclipsed. Hence, this eclipsed
onformation is at a little lower energy level than the earlier eclipsed conformation.

Butane has two conformers,
namely, anfi and gouche

Vhen the two methyl groups are maximum apart, i.e.. when the diliedral angle is .conformations. The anti
80°, then the conformation is known as amti conformation. Note that this is the conformer is more stable as
10st stable conformation of butane because it has the lowest energy value. On compared to the gauche, as

. , . shown in Fig. 3.9.
arther rotation. anoiher set of eclipsed and gauche conformations result. The 8.

itference in enerey between the anti and gauche conformations is about
64 kJ moi 'L A soom temperature, butans is a mixture of 72% anti and 28% . 79




Fundamental Concepts

Hasset and Barton received

Nobel Prize in Chemistry in 1969
for their contributions in the
field of conformational analysis. .

he bond angle in a polygon
aving n sides is given by

2[1-_4

) x 90°. For example,

cyclopropane having n=3, the

2x3-4 % 90°
3

60°

I

md angle

gauche conformations. Similar to ethane, in this case also, the, infyrconverdion of
these coriformations is rapid and if one wants to separate them, one has to make
the interconversion slow by working at very low temperatures of about 43 X.

The study of conformations or conformational analysis is helpful in explaining the
specificity of reactions; pariicularly, the reactions observed in living systems where
such- a specificity is exhibited by virtue of the particular conformations of the
compounds.

At this stage, you can check your understanding abo_ut conformations of simple
straight chain alkanes by answering the'following. SAQ.

SAQ 4 .
a) Write sawhorse projections for the two gauche conformations of butane.

3.10 CONF ORMATIONS OF CYCLIC SYSTEMS

During the nineteenth century, it was believed (erroneously, as we shall see in the
subsequent discussion) that the cycloalkanes are planar. According to the German
chemist Baeyer, the internal bond angles for cycloalkanes should be the same as
those of the corresponding regular polygons. This is shown below.

A B Q

cycloprezane cyclobulane cyclopentanc
60° 90° 108°
N
N
cyclohexane tycloheptane ‘cyclooctane

120° 128.6° 135°

In order to explain the fact that the cyclic compounds having rings containing
fewer than five or more than six carbon atoms were less abundant in nature, he
suggested that the stability of such compounds could be related to the tetrahedral
bond angle of 109.5°. The deviation from this angle could cause a strain in the
molecule leading to its decreased stability. This type of instability is called angle
strain. According to this explanation, as the deviation from the tetrahedral value
decreases, the stability should increase. Thus, the stability should increase from
cyclopropane — cyclobutane — cyclopentane. As the deviation in angle from the
tetrahedral angle of 109.5° is minimum in case of cyclopentane, Baeyer predicted it
to be most stable. Cyclohexane and higher cycloalkanes according to him would be
less stable than cyclopentane because the angles of larger polygons deviate more

»

and more from the ideal tetrahedral angle. '

The experimental valucs of heat of combustion per methylene group showed that
the energies for the first three cycloalkanes are in the following order:

v G s 4




opropane > cyclobutane > cyclopentane. This order is consistent with the Stereochemistry — 11
lictions of the Baeyer's strain theory. But in case of cyclohcxane, the heat of '
bustion is less indicating its greater stability. Further increase in the ring size

i not affect the heat of combustion much, indicating a constant value of about General equation for combustion
7 kJ mol-t per methylene group in contradiction to the prediction of Baeyer of alkanes is
in Theory that with the increase in the ring size, angle strain must increase. n+l

) . . CoHansz + ( )O?. -
ver's theory failed because of the assumption that the cycloaflcanes arc pianar. alkane oxygen
ourse, cyclopropane has to be planar because three carbons must lic in a single
¢. But other larger cyclpalkanes arc not planay and are puckered, Puckering of nCOy+ (n+ 1) H,O + heat
s relieves the angle strain. You will siudy about this in detail in case of Z‘_"b“’d“ water

10X14¢

shexane in the following discussion.

The heat released on complete
3.1 Conformaticus of Cytlohexane combustion of onc mole of a
' substance is called its heat of
su make 2 model of cyclohexane containing 6 sp? hybrid carbon atoms forming - combustion. :
gular hexagon, you will realise that in this molecule, in addition to the.angle

n, the hydrogens on the adjacent carbon atoms have the eclipsed arrangement. The heat of combustion data is
cpicted in Fig. 3 10 . usefill in determining the relative

erergies of various molecuies.

Higher the heal of combustion
per methylene group, lower wili
be the stability.

Fig. 3.10 : Strained planar conformation of cyclohexane showing eclipsed hydrogens.

15e in 1890 pointed out that two nonplanar models for cyclohexane are possible
‘h are free from angle sirain. These are called chair and boat conformations
are shown in Fig. 3.11.

H

Chair conformation

axizl C-H boad torial C-H bonds ‘oxisl end
xial C-H. ¢ cane equuiorial bonds together

¥ig. 3.11 : Chair and Doat conformation of cyclohexane.

re are two types of hydrogens in the chair form of cyclohexane. The six hydrogens
:h are above and below the plahe of the carbon ring are called axial hydrogens.
e that the axial bonds are alternately directed up and down on the adjacent

yon atoms. The second set of hydrogens is called equatorial hydrogens and are
ted approximately along the equator of the molecule. Given bzlow arc the steps
nable you to represent the axial and equatorial bonds correctly on the chair
formation of cvclohexane.

1 EEIRINTIN




Fundamental Concepls . Steps

1) Draw the chair conformation of cyclohexane;as,

2) Draw one axial bond as shown below,

TN start -here
or  start here
and then draw axie_ll_bonds aiternately up and down as represented below. ) . E

Aclivity ’ ’

Practice Arawjng cyclohexane
chairs oriented in either

R all axial bonds are paralilel to each other
dirsction, ’

. 3) Draw equatorial bi_mds keeping in mind the let_réhedral arrangement at the
carbon atoms, Draw an equatorial. bond at C-1 in such a way that it is parallel
and - to the carbon-carbon bond between C-2 and C-3 and then complete_ the other

equatorial bonds as shown below.

r

A A
X
ﬁ:#}x _ ¢Y
B B

Place squatorial bond 1 C-1 eo that & is ponllel to e bonds

Chair cyciohexane drawings bt C-2 and C3. sd bet C-5 zd C5.

resemble sawhorse projections of
staggered conformations of ‘
alkanes.

You can notice the sawhdrse representation of the staggered bonds in the above
chair conformation. This staggered nature of bonds can also be visualised in the
Newman projections of the chair conformation of cyclohexane as shown below:

: . H H
. H CH, - H.~
an der Waals repulsions ' ) '
flagpoie
AT / eTTor hydrogens H CH: H
P ety = H . H

staggered arrangement of
bonds in chair conformaticn
of cyclohexane

.owever, a similar representation of the boat form of cyclohexane shows the
:lipsed bonds.

. H
If the distance betweer two non- I—{-I ‘
bonded atoms is less than the

sum of their van der Waal's

radii, there is repulsive conformalion give it

interaction between the two- torsional strain

aloms. This is known as van der : b

Vaal’s repulsions. - Further, in the boat conformation the two hydrogens, at the bow and stern of the
boat, called tlagpole hydrogens are 183 pm apart. This distance is significantly
lesser than the sum of their van der Waal’s radii (240 pm) and it results in a
repulsion between them. These van der Waal’s repulsions increase the energy ~f the

82 boat form as compared to the chair form by about 27 kJ mol™".

eclipsed bonds in boat

LGGCNE-05-013




tion of the strain due to the flagpole interactions in the boat conformation -is
d in the twist boat (or skew boat) conformation, which is obtained by
v twisting the boat conformation as shown below:

woversion of a boat H H H H
| twist-boat cyclohexane § 7
& éjor

twist (skew} boat

3

wist boat form is mote stable than the boat conformation but is less stable
the chair conformation by about 2.51 kJ mol-!. As the chair conformation is
(05t stable form, most of the molecules of cyclohexane exist in the chair

 The available experimental data indicate that no more than one or two
:ules per thousand exist-in the skewboat conformation.

air conformation is also convertible into another chair conformation by the
iss known as ring flipping. This interconversion, as shown in Fig. 3.12, occurs
je intermediate half—chair and skew-boat conformations. The energy profile
1ch an interconversion is shown in Fig. 3.12. The ring flipping requires an

v .of 45.18 kJ mol-! and even at room temperature, this interconversion is
fast. .

7 Half-chair

Fig. 3.12 : Energy proflle assecinted with dog ﬂlpp!ng.

‘mportant consequence of the ring flipping is that the axial substituents ir: the
inat chair conformation become equatorial in the flipped chair conformation
vice versa. Note that this inversion does not involve any bond breaking or

i forming.

Stereochemisify — 13




Fundamental Concepls

You are advised to use models
while studying this-section and
the next section.

In 1960, Bush Weller was able to
separate the equatorial
conformation of
chlorocyclohexane by cooling its -
solution in an incrt solvent to
123 K.

B4

A detailed energy profile for various conformations ot cyclohexane is shown id
Fig. 3.13. Note that the boat form is a transition state for the interconversion of
skew-boat conformations.

hal-chair  $F

<7 half-chair

~ENERGY

moleccular configuration
Fig..3.13: Relative eneretes for various conformations of cvclohexane.

'3.10.2 Conformations of Monosubstituted Cyclohexané Derivatives

- Consider a monosubstituted cyclohexane, say, methylcyclohexane. In the chair

conformation of methylcyclohexane, the methyl group (- -CH,) can occupy either

axial or equatocrial position as shown below.
CH,
a
H
e CH,
H
equatorial

axial

Remember that the ring flipping interconverts these two forms with the methyl
group changmg from axial to equatorial and vice versa. Also, since these two
stereoisomers are not enantiomers, they are diastereomers. They have different
energies or different stabilities. Let us now examine what happens-when the methyl
group occupies the axial position. In this position the methy! group is relatively
close to the axial hydrogens at C-3 and C-5 carbon atoms. As the distance
between the hydrogen of the methyl group and the C-3 or C-5 hydrogen atom is
less than the sum of the van der Waal's radii for the two hydrogens; van der
Waal's repulsions destabilise the axial conformation of methyleyclohexane.

Such a situation 15 avoided in the equatorial conformation in which the methyi
group occupies equatorial position and hydrogen is axial. The axial hydrogen,

“being smaller in size as compared to methy] group, experiences smaller van dér

Waals: repulsions. Thus, equatorial conformation of a monasubstitured

H ‘Ir:,;;CH’

B CH,

van der Waals

repulsions between methyl
and axial hydrogens at .

C—3and C-+5

smaller van der Waals
repulsions between
hydrogen at C—1 and
axial hydrogens at C—-3
and C-35

<yclohexane is more stable as compared to the axial conformation. Since these two
conformations are in rapid equilibrium, the relative amounts of the two
conformations depend upon the size of the substituent. Thus, for larger
substituents, the equilibrium may even be shifted completely to the equaterial
conformation. This is illustrated below for some cases.




Stereochemistry -1
CH,

—_—— CH3
H

95%
{mote stable)

= ey

5%
(less stable)

40%, 600,
(CH(CH,);
Iy '
. e,
3% H
- 97 %

0.3 Conformations of Disubsiituted Cyclohexane Derivatives

en we talk abour disubstituted cyclohexanes, the possible patterns of

stitution are 1,2-disubstituted, 1,3-disubstituted and 1,4- disubstituted

vatives. Let us study vach of these patterns taking dimethylcyclohexane as the
Tple.

-Dimmethylcyciohexare A Aclivity

Use models to.v240ms7n 3 the
. interactions between the i
: hydrogens of the methy! groups

more clearly. ‘

one of the methyl groups occopy £ axiz position at C-1 carbon as shown

-
G CH,

H
2 CH, _ 2T H,
H H

cis~1,2-dimethylcyclohexane

ne second m-thyl group occupies an equatorial position as represented above,

1 as both the methyl groups are on the same side, this arrangement is called cfs.
e the two methyl groups are closer to each other, there is a crowding between
hydrogens of the two methyl groups. Ring flipping of the cis form changes. it

- another cquivalent cis form. But this does not lead to any change as far as the
ractions between the hydrogens of the two methyl groups are concerned.

sther possibility in which both the methyl groups occupy axial position lead to
trans arrangement of the groups. Note that this trans conformation is

H
—_—
Ay C L
H,C L
CH, R
(Both methyl groups . {Both methyl groups are
are axial; less stable equatorial; more stable
chair conformation) c¢hair conformation}

rans-1,2-dimethylcyclohexane

wvertile by ring flipping into another conformation in which both the metl‘y!
ups occupy eqguatorial positions. This.arrangement is also frans because here 85




e LTI T S PP

Activity

Convince yoursell using models
that the two methyl groups 4t |
and 2 positictis have least van
der Waals repulsions with the
ac cent hydregens when they

Ec\.w ¥ tha o 'uonai positions.

also the substituents have the up-down relationship. But these two trans
arrangements are not equivalen*.

Let us now study about the relative stability of these two trans arrangements. Notd
that the axial —CH group at C-1 faces van der Waals repulsions by axial
hydrogens at -3 and C-5 carbon atoms. Similar repulsions for the axial C-2
methyl group with hydrogens at C-4 and C-6 carbon atoms, make this djaxial
trans conformation less stable as compared to the diequatorial trans confirmation.
Note that the equatorial- positions are free from such interactions as the
substituents project outward from the body of the molecule. Remember, it is a
general rule that apy substituent is more stable in the equatorial position than in’
the axial one.

Thus, trans drequatonal conformdtion of 1,2- -dimethylcyclohexane is more stable

than the trans diaxial and ¢is forms. F

1,3-Dimethylcyclohexane

Let the C-I methyl group in this molecule occupy the axial position. Then, the
C-3 methyl group can have either axial or equatorial position.

Let us now study each of these two possibilities one by one.
iy When the C-3 methyl group is axiai,

CH; CH,
5 & i H 4 5 &
[eapn—— -
4 3 5 CH3 3 2 ] CH3
H H B

(Both methyl groups
are axial; less stable
chair conformation)

(Both metk,] groups are
equatorial; more stable
chair conformation)

(Both methy! groups are up)
cis-1,3-dime:hylcyclohexane

Then, both the methyl groups are on the same side and you can see that this
arrangeme:t is cis. Ring flipping of this cis conformation leads to another cis fori
in which both methyl groups occupy equatorial positions. (Do it yourself with the
models.)

il} When the C-3 methyl group is equatorial,

34 CH,
1
: H%CHJ

(One methyl group is axial,

(One methyl group is'axiai,
the other is cquatorial)

the other is equatorial)

{Otte methyl group is up, the other is down)
trans-1,3-dimethyleyclohexane

Then, the two methyl gioups are said to be (rans to each other. Ring flipping of
this frans form yields another equivalent frans form. You can verify it using
models.
"h. frans form has one methyl group in equatorial posit'on and the other methyl
grou: ‘n the axial position whereas the cis form in its more stable conformation
has both tt'e methyl group oriented equatorially; therefore, i this case the cis’
form with diequatorial substituents is more stable than the trans form. Let us now
apply the same considerations to 1,4-cimwa.y..ylohexane.

],4-Dimethylcyclohex§ne

Let the C-1 methyl group occupy an axial position. The C—4_methy] gfoup can be
either axial or equatorial. Let us consider both these possibilities,

Jileld

-



When the C-4 methyl group is axial, it leads to the frans arrangement of
iethyl groups. This chair conformation having the diaxial arrangement of methyl
roups by ring flipping can change into chair form having diequatorial
rrangement of methyl groups.

[P

g
(Both methy! groups are : (Both methyl group are
axial: less stable chair equatorial: more stable
conformation) ' chair conformation}

(One methyl group is up, the other is down}
trans-t,4-dimethyleyclohexane

- When the C-4 methyl group is in equatorial position, we have cis arrangement
" methyl groups. The two equivalent chair conformations shown below represent
ich an arrangement.

CH, CH,
‘ 4 :
H.__. H
i -
CHJT’JM\ T N CH,4
. H ' H .
(One methyl group is - (One methyl groups is
axial, the other is axial, the other is
equatorial) equatorial)

(Both methyl groups are up}
cis-1,4-dimethylcyclohexane

ote that these two eguivalent chair conformations have one axial and one
juatorial methyl substituents. : '

comparison of these cis and trans conformations shows that since the trans
sinformation permits both the methyl groups to occupy equaterial sites; hence, it
more stable as compared to the cis form which has one substituent each in the
gial and equatorial positions. \ -

1 other disubstituted cyclohexanes, when the two substituents are different, the
able isomer is the one in which the larger substituent occupies the equatorial
osition. !

sing your knowledgc of conformations of cyclohexane systems, answer the
Mliowing SAQ. ' : :

SAQ 5
Which of the two isomers in each of the following pairs would be more stable?

Cl

Stereochemistry — 1l
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3.11 SUMMARY

In this unit, you have learnt that

® The spatial arrangemenlt of the atoms {or graups) in a moiccule is known as
. the configuration.

@ Fischer projection formulas are used lor represcenting the configurations of the

' molecules in the two-dimensional plane of the paper.

@ A chiral compound can be assigned an absolute configuration as either R or §
using the Cahn-lngold-Prelog sequence rules.

@ Racemic mixiures can be resolved into optically active compounds via the
formation of diastercomers.

@ Optically active compounds can be synthesised from optically inactive
compounds using asymmetric synthesis.

@ Walden inversion involves the inversion of configuration.

© Rotation about carbon-carbon single bond leads to conformational isomers.

@ Newman and sawhorse projections are used 1o represent the conformations of
a molecule.

@ Staggered conformation of ethane is more stable ih'u its eclipsed
conformation.

@ Of.the three conformarions of cyclohexane, namely, chair. boat and skew-
boat, the chair conformation is the most stable one. .

@ Substituents on a cyclohexane ring are more stable when they occupy
equatorial position than when they arc in axial position.

3.12 TERMINAL QUESTIONS

1. Draw Fischer projection formulas for the follewing compounds:

CUOH
a) C2H5 b) | C) ?H
I H - NH- H - OH
C. s - St
- H H. / . L
HsC \B, ~—On H "+ CH:OH
CH; COOH

2. a) Write the stereoisomers for tartaric acid (i.c., 2,3-dihydroxvbutanedicic
avid).

b} Assign the conliguration g« # or Sto *  chiral eentres i cach of the
slereaisamers b pare {5,

¢) Which el the isomers of part () are o ically active?




The resolition of l—phenyiethylamine using {-) malic acid, yielded the less Stercachemistry ~ 1

soluble diastereomeric salt having the configuration ,
(R)-1-phenylethylammonium (S)-malate. The other diasterecomeric salt being
more soluble remained in the solution. What is the configuration of. this more

soluble salt? .
0

Substitued chiral ethanogic acid having the formula DHTC—(].“l,—OH, in which
two hydiogens of the CH, group have been substituted by deuterium, D, and

tritium, T, cam exist.as enantiomers, Write the three dimensional structures for
its R and S isomers,

3.13 ANSWERS

Self Assessment Questions

1.

2.

3.

4.

5.

(a) Same compound, Ist interchange - CH; and - OH
: IInd interchange —H and —CH,.
() Same compound, Ist interchange ~COOH and -OH
Ilnd interchange —OH and -H.

(c} enanttomers, using rule 3.
(d} enantiomers as they are interconvertible by rotation of 90°, (rule 2).

@ S (b) R (¢ R (d) S.
H . H

staprered conformation . eclipsed conformation

(a) " Two gauche forms of butane in sawhorse projections:

CH,4 CH;

H-7~H : HffJ\H
H CHs HJC\[//H

H H

(b) 60°
(c) They are ¢nantiomeric in nature.

G) a @) b (i) b (v) b

Terminal Questions

1.

2.

@) i, © COOH ©) OH
CH3+ Br H-—— NH, H——+— CH,0H
H H—— OH H—— OH
CH, COOH
@Y ooy W coou cooH
HO——H H——o0H H——OH
H—oH HO—}—H H——OH
COOH COOH COOH

RY
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3.

plE

b) (i) 28 35S (i) 2R, 3R (i) 2R, 3§
¢) (i) -and (ii} are optically active but (iii) being a smeso’compound, is
optically inactive.

(8)-1-phenylethylammonium (S)-malate.

De

|
HgC T
HOOC N4

R isomer , ~ S isomer

bl Al




UNIT 4 EFFECT OF MOLECULAR
ARCHITECTURE ON PHYSICAL
PROPERTIES

Sirrcture

4.1 Introduction
Objectives
4.2 Molecular Architecture and Physical Properties
Intermolecular Forees
Melting Point
Boiling Point
. Solubility
4.3 General Ideas about Spectroscopy
4.4 Ultraviolet Spectroscopy
Measurcment of Ultraviolet Spectrum
4.5 .Infrared Spectroscopy '
Experimental Aspects of Infrarcd Speciroseopy

4.6 Nuclear Magnetic Resonance Spectroscopy
How to Obtain an NMR Spectrum
Interpretation of Proton NMR Spectrum

4.7 Mass Spectrometry

4.8 Summary

4.9 Terminal Questions

4.10 Answers

4.1 INTRODUCTION

In the preceding units we discussed some of the important aspects of bonding and
the structures of organic molecules in detail. But have you thought about how we
establish the identity and structure of a molecule?

One answer Lo this question could be comparing its physical and chemical
properties with those of the kncwn compounds. Earlier methods of identification
involved the determination of physical properties such as melting point, boiling
point, solubility and refractive index. The chemical methods used for identification
involved, however, either the degradation of the molecule 1o simple compounds of
known structure or its synthesis from the simple compounds of known structure
In this unit, we will discuss the relationship between molecular structure and
physical properties. The study of physical properties is also important in the
purification of organic compounds:

Another possibility is that the compound under investigation may be a new
compound which has never been studied before and for which no daia for
comparison is available. For such compounds other methods of structure
determination are used. One-such method involves the use of various forms of
speetroscopy. The spectroscopic methods are based on the interaction of molecules
with the electromagnetic radiation, their behaviour in a magnetic field or on
impingement with high energy electrons. In this unit, you will study some
spectroscopic methods such as wifravioter (uv) spectroscopy, infrared (ir)
spectroscopy, nuclear magnetic resonance {(nmr) spectroscopy ang mass '
spectrometry {ms). Here, you will also learn how the information available from
these methods can be used in determining the molecular structure.

However, the most complete method of structure determination is that of X-ray
diffraction. This method provides a detailed picture of the spatial arrangement of
various atoms in the molecule. Hence, it ena’ les one to deduce bond lengths, bond
angles and other geometrical features of the molecule.

91
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Fundamental Concepts Objectives

After studying this unit, you should be able to:

® define various kinds. of intermolecular forces,

® cxplain the trends in physical properties such as melting peint, boiling point,
solubility etc, of molecules on the basis of intermolecular forces,

@ corrclate the physical properties of the molecules with the molecular structure,

@ list various spectroscopic techniques used in the determination of molecular
structure,

© predict the type of transitions possible in a molecule when it is subjected 1o
ultraviolet radiation, -

@ state whether a molecule will show absorptions in tie infrareg spectrum or not
and correlate the absorption bands in the infrared spectrum ol a molecule 1o
the funcrional groups present in it, ' '

® predict the pattern of signals in the nmr spectrum of a given compound,

® write the fragmentation pattern for simple molecules and maich it with the
peaks obtained in their mass spectra, and

@ predict the structure of a molecule' from its physical properties and spectral
data.

4.2 MOLECULAR ARCHITECTURE AND PHYSICAL
PROPERTIES |

The bonding and structural features ol a compound are manifesied in its physical
properties. Thus, physical properties of a compound such as melting peint, boiling
point, solubility, etc., often give valuable clues about its struciure. Conversely, il
the structrue of a compound is known, ils physical properties can be predicted.
The physical properties of a compbund depend upon the number and nature of
atoms constituting its structural units and also on the naiure of forces holding
these units together. You know that in case of ionic compounds, the positive and
negative ions are held together by strong electrostatic forces. Contrary to this, in

- covalent compounds, the molecules are held together by intermelecutar forces. Let
us now.study briefly what these intermolecular Torces are. Then, you will learn
how these intermolecular forces affect the physical properties of the compounds.

4.2.1 Intermolecular F.orces

. ! .
The three important intermolecular forces are: (i) dipole-dipole interactions,
(ii) London forces and (iiij hydrogen bonding. Let us now consider these
intermolecular forces one, by one. .

i) Dipole-dipole inferactions are defined as the interactions between the different
molecules of a compound ‘having permanent dipoles. Consider the example’ of
chloromethane which has a permanent dipole. The molecules of chloromethane
orient themselves in such a way that the positive end of one dipole poinis towards,
and is thus attracted by, the negative end of the other dipole. These interactions,
calied dipole-dipole interactions are depicted in Fig. 4.1.

.d- N ° A "oy
H ) B ‘CH,I . —w CH, -_Vglj
C —Cl X @- o O,
. - -:7' N

H T

. g é
L BT

6:___} LM - A+JI_ 3
| CH_:, — C}

: - - b h
CH:; — Ct ’\:H:; - C/

dipole -dipole inleractions

rhi

Fig.. 4.1 : a) A polar chloromethane molecule shawing posilive and negalive poles. b} Arrangemenl of
92 chloromethape molecules and ¢) Dipole-dipole interactions between chloromethane molecules,




The dipole-dipole interactions are weak interactions and are of the order af 4 to 12
kJ mol-! whereas the bond energy for an ordinary covalent bond ranges from 125
to 420 kJ mol-'. B

ii) London forces

The intermolecular interactions exist between nonpolar molecules also. Consider
two nonpolar molecules A and B .in which the centre of positive charge coincides
with that of the negative charge.

When the molecules A and B approach each other, there is a distortion in the
distribution of the charge resulting in a small and momentary dipole in one
molecule. This small dipole can then create another dipole in the seécond molecule
which is called induced dipole. Thus, if the momentary dipole of molecule A is as
sho-.n below; :

then, this leads to an induced dipole in molecule B as shown below:

A B

such a distribution of charge leads to mutual attraction between the molecules.
These induced dipole-induced dipole interactions are also known as London forces.
These interactions are weaker than the dipole-dipole interactions and are of the
srder of 4 kJ mol~'. These forces vary with the distance between the molecules. If
- is the distance between the two molecules, then the London forces are
sroportional to 1/r5,

ify Hydrogen bonding results when a hydrogen atom is covalently bonded to a
trongly electronegative atom such as oxygen, nitrogen or fluorine. Such a
ydrogen atom has a large affinity for the nonbonded electrons of oxygen {or -
litrogen or fluorine) atom of the other molecule, This type of intermolecular
nreraction is known as hydrogen bonding. The hydrogen bonding in case of
thanol is represented below:

5__
PN
CH H
St ' 5_ CHCH;
O
ls.
hydrogen ~. H
bonds .y
) 05_
~~
CH:CH, ~ T H
ethanol &+

‘he hydrogen bonding is a stronger interaction as compared to the dipole-dipole
neractions but it js weaker than a covalent bond. The strength of a hydrogen
ond ranges from 10 to 40 kJ mol-'. Hydrogen bonding has an important
fluence on physical properties such as melting point, boiling point and. solubility
f substances. This will be illustrated using examples in the following subsections.

‘he dipole-dipole, induced dipole-induced dipole etc. interactions are collectively
nown as van der Waals forces. Having understood the intermoiecular forces, let
s now study how the variation in molecular structure affects these intermolecular
arces which i turn s reflected in the physies! properties of the molecules.

Effect of Molecular )
Architecture on
Physical Propertles

London forces are the only
forces of attraction possible
between nonpolar molecules.

The hydrogen bonding is a
special type of dipole-dipole
interaction. :

Note that the hydrogen bonds

are indicated by the dash lines

whereas the covalent bonds are
represented by solid ‘lines.

Some authors prefer o give 1 »
name van der Waals [orces onjy
for Londen forces.
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Pure crystalline solids have sharp
melting points and they melt over
a temperature range of 1° or

less. In contrast to this, impure
srystalline solids melt over wider
ranges of temperature.

In a homologous series, the
higher the molecular weight, the
Jarger will be the molecules and |
the greater’ will be the 'area of
contact’ between the two -~ -
molecules and hence the greater
will be the London lorces.
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4.2.2 Melting Point : . . :

The melting point of a substance can be defired as the temperature at whlch it
" undergoes the transition from the solid to the liguid state.

Pure crystallme solids have sharp meltmg points. Thus, melting point is used as an
important physxcal property both for the identification of organic compounds and
for making the general assessment of the purity of these compounds. In a
crystalline solid, the constituent ions or molecules are arranged in an orderly and
rigid fashion. When such a solid is heated, the thermal energy of the molecules
increases. This finally leads to the disintegration of the crystal structure and at ‘the
melting point a disorderly and random arrangement of particles, characteristic of a
liquid, is obtained. Since the electrostatic forces holding the ions are very strong,
they can be overcome only at high temperatures. Therefore, the ionic compounds
generally have high melting points, For example, the melting point of sodium
chloride is 1074 K and that of sodium ethanoate is 595 K. But, the intermolecular

. forces are vety weak as compared to the interionic forces and hence, these can be

overcome at lower temperatures leading to lower melting points for covalent
,compounds. The melting point of methane, a covalent compound, is only 90 K

" and the melting point of methanol, another covalent compound, is 179 K.

Let us now study ihe effect of molecular weight on the melting point. The
relatlonshlp between molecular weight and meliing point for alkanes is illustrated
in Fig. 4.2.

273 |- .
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o 131
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]
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Mol. Wi. 30 S8 86 114 142 170 198 2%

No.of Carbons 0 . 4 6 8 10 12 14 16

Fig. 4.2 : Plot of melting points of siralght chain alianes against the molecaiar weight; the. number ef
carbon atoms present in alkane molecule arc also indicated.

You can sce in the figure that the melting point increases with the increase in the
molecular weight. This tan be explained due to increase in the London forces
betwéen the larger molecules of higher molecular weight. Thus, each additional
methylene (-CH;) unit contributes to the increase in meiting point.

You must have noticed in Fig. 4.2, the aiternating patterny of melting peints for the
alkanes having odd and even number of carbon atoms. [t is also cvident from the
figure that the compounds having even number of carbon atoms lie on a higher
curve as compared to the compounds having odd number of carbon atoms. This
can be explained on the basis that in solid state, the London forces among the
molecules having odd number of carbon atomns are weaker than those in the
-molecules having even number of carbon atoms. This is because the molecules of

“alkanes having odd number of carbon atoms do not fit well in the crystal lattice as

compared to those of the alkanes having even number of carbon atoms.

After studying the effect of molecular weight on melting point, let us now sce how
the isomeric compounds having the same molecular weight, show different melting
points. The melting points of straight chain and branched chain isomers of butaine
are given below.
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CH;CH,CH,CH; CH,CH - CH, Physical Propertie
butane 2-methylpropane
m.p. 134 K . mp. 11225 K

moel. wi. 58 mol. wt. 58

"he branching of the carbon chain interferes with the regular packing of the
rolecules in the crystal; hence, branched chain hydrocarbons tend to have leyvver
1elting points than their straight chain isomers.

tut, in case, the branched molecuie has a substantial symmetry, then its melting
oint is refatively high. This is clearly evident when we coinpare the melting points
f isomeric pentanes which are as given below:

CH,
I
CH,CH,CH,CH,CH, CH,CH,CHCH, CH,-C-CH,
| !
CH, CH,;
peritane 2-methylbutane 2,2-dimethylpropane )
m.p. 143 K m.p. 113 K m.p. 257 K

ne branching from pentane to 2-methylbutane lowers the melting point but

wrther Lranching in 2,2-dimethylpropane increases the melting point. This can be
iplained by the fact that the symmetrical molecules fit together more casily in the
ystal laitice and hence have higher melting points as compared to the less
'‘mmetrical molecules. Hence, higher melting point for 2,2-dimethylpropane is
Istified.

his is also reflected when we analyse the melting points of cis- and trans-

somers. The frans- isomer beirg more symmetrical, fits better in the crystal lattice
an the less symmetrical cis- isomer. Hence, the trans- isomers generally have
gher melting points, (see Table 2.1, Unit 2).

1e nature of the funcrional groups present in a molecule also affects jts physical
operties. For example, when the functional group is such that it introduces
slarity, and hence leads 1o a permanent dipole moment in the molecule; then, due
the dipoie-dipole forces of aitraction between the polar molecules, they show
gher melting points than the nonpolar molecules of comparable molecular

zights. For example, the melting point of propanone, a polar molecule having
olecular weight of 38, is 178 K. You can compare it with the melting point, of
»mers of nonpolar butane (mol. wi. = 58) you have just studied above. This -

ids 10 the conclusion that the polar propanone has higher melting point than the
mpolar tsormeric butanes.

e 2ffect of hydrogen bonding on melting point is small. But, the hydrogen )
nding has significant effect on the boiling point, aboui which you will study in
» following subsection.

2.3 Boiling Point

¢ hoiling point of a substance is the temperature at which it changes from the
uid to the gasecus siate. At tire boiling point the vapour pressure of a liguid js
aal o the external pressure. Thus, the boiling point depends on the external
:ssure and it increases with increase in the external pressure. Hznce, while
orting the boiling point of ¢ substance, external pressure must be specified.
rmaily, the boiling points a: » reported at atmospheric pressure,

nilar to the case of meliing points, the beiling points are also used as constants
identification and characterisation of liquid substances. The knowledge of
Jing points is also imporiant in the purification of liquids. Let us now study
ne of the factors a;"f‘:cair:g the boiling point,

£ oplant af asubstance depends on ity molecular struciure, In g
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in the number of carbui, atoms. In other words, we can say. th... ...z boiling point -
increases with increase in molecular weight. Generally, this increase in boiling. point
amounts to 20-30° for the addition of each carbon atom in the molecule. The

increase in boiling point with molecular weight can be again attributed to increased
London forces of attraction between larger molecules, .

Among isomeric molecules, since the unbranched isomer is linear and hence
extended in shape, it has larger surface area as compared to the branched isomers.
Therefore, the I:,ondon forces are stronger in the unbranched isomer leading to
higher boiiing point for this isomer. This is illustrated in Fig. 4.3 for the isomers
of butane.

Interactions among
c}ongated molecules
b.p. 2725 K

Interactions among spherical molecules b.p. 263 K
Fig. 4.3 : A comparison of intermolecular interactions for straight chain and branched chain isomers of
butane, ' '

The polarity of a com..oupd aiso affects its boiling point. When we compare
molecules having the same shape and size, the more polar molecule has the higher
boiling point. Examples are,

0 CH,
H,C CH; H,C CH,
Dimethyl ether propane
dipole moment 20.98 x 107%Cm ~0
boiling point” 249.4 K 231 K
molecular weight 46 44

Alcohols have unusually high boiling points as compared to the other compounds
of comparable molecular weight or size. For example, ethanol CH,CH,0H, which
has the same molecular formula as that of dimethyl ether, has the boiling point
351 K. This can be explained due to hydrogen bonding. Hydrogen bonding for
ethanol! has been illustrated earlier in sub-Scc. 4.2.1. Thus, to vaporise such a

- compound, hydrogen bonds between the molecules must be broken, This requires

energy. which is manifested as the unusually high boiling point for such
compounds. :

The hydrogen bonding as shown for cthanol is known as intermolecular hydrogen
bonding which means that the hydrogen bonds are present between the molecules.

H\Cﬂo
o
OH ----- -0 H
\\C/
2-hyd benzaldehyd - ,
ydroxybenzaldehy ol

b.p. 470 K
i 4-hyd1 »xybenzaldehyde

lp. S5 K

- i




ydrogen bonding can alse oceur within the same molecule in which case it s

lled intramolecular hydrogen bonding. Thus, 2-hydroxybenzaldchyde shows
tramolecular hydrogen bonding whereas its p-isomer, 4-hydroxybenzaldelivde can
rm ¢nly intermolecular hvdrogen bonds.

he increaszd intermolecular attraction due to intermolecuiar hydrogen bonding is
flected in the higher boiling peint For 4-hyvdroxybenzaldehyde as compared 1o
‘hydroxybenzaldehyde in which this intermolecular interaction is absent.

vdrogen bonding 1s also tmportant 10 other ways. As we shall see in the next
bsection, hydrogen bonding piays an important role in the solubility of organic
mpounds.

2.4 Solubility

hen any substance dissolves in a solvent, its constituient ions or molecules 4t
parated {rom cach other and the space between them is filled by solvent

olecutes. This ¢ known as sofvetion and the amount of substance dissolved in a
rtain ameunt of solvent is referred to as its sofubifity in that sofvent. Solubility,
us depends on the interactions between solute-solute, solute-solvent and
lvent-solvent molecules. Clearly strong solute-solvent molecular intcractions as
mpared to those of solute-solute or solvent-solvent molecules will lead to
ssolution of the solute.

milar to the processes ¢f meiting or boiling, dissolution of a substance also
quires that the interienic or intermolecular forces of atlraction berween * -~ ions
molecuies must be overcome, The strong electrostatic forces hetween the icim of
| ionic compound can be overcome by the solvents which have high dielectric
nstant. Thus, water which has a high dielectric constant of 30, dissolves ionic
mpounds readily whereas solvents like carbon tetrachioride (¢ = 2.2) or ether
=4.4) are extremely poor solvents for such compounds. Hence, icnic comnounds
ve greater solubility in polar solvents.

determining the sclubility of covalent compounds, the rule of thumb is like-
ssolves-like. Since watcer is a polar compound, it is a good solvent for polar
mpounds, but is a poor solveni for hydrocarbons which are nonpolar in nature.,
s, the hydrocarbons readily dissolve in other hydrocarbons or in nonpolar
Ilvents such as benzene, ether or tetrahvdrofuran. As most organic compounds

ve both a polar and a aenpolar part, their solubility will depend upon the

lance between the two parts. Consider the solubilities of three alcohols, ethanol,
tanol and hexano! in water, as given below:

1polar pare polar part  nenpolar part nonpelar part

N Ve
'CH, - cH, - ol

cthanot

'CH,CH,CH,CH,CH,CHJCH

hexanal

'CH,CH,CH,CHIOH
butanol

miscible with water 79 gin I dm? of
in all preportions waler

ubility : 5.9 gin | dm? of water

e can notice that as the size of the nonpolar portion of the molecule increases,
solubility :n water decreases.

¢ solubility of organic compound§ ir. water also depends, on the extent of
drogen bonding possible between the solute and the solvent (water) molecules.
r example, the greater solubility of ether in water as compared to that of
ntane (in water) can be accounted on the basis of hydrogen bonding present in

: former case. _-H
0
|
H -
CH,. . _CH CH,
| e S ens
CH._ o - CH '
;_: FERE peatane

0,36 g1 ! dm’
LRI o1 water

Effect ol Molecniar
Architecture on
Physical Properties

The diclectric constant, &, ©  :
solvent measures its abitity |
separate the jons of the -~z

The term polar has doubie usags
in organic chemistry. When »o
refer to a polar molecule, we
mean that it has a significant
dipule moment, g. But, "vien w.
talk about a polar solvent, .
understand that it hasa hijh”
dielectric constant, €. Thu., ihe
dipole moment is the proy .. of
individual moletules wherews
solvent polarity or dielectire
constan' is a property of many
mole~u.cs acting together.

Solvent ethxr refas to die A
ether. ' '

()

0
Tglrnhydrofuran. is abbreslated
as THF.

1dm3 = I litre’

L dm? = I litre
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Polymers have high molecular
weight,
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Since the olefinic, acetylenic br benzenoid character does no: +ffact the polarity
much, the solubility of unsaturated and aromatic hydrocarbons in water is similar
te that of alkanes. In compounds like ethers, esters, aldchydes, ketones, alcohols,
amides, acids and amines, solubility in water depends on the length of the alkyl
chain and the members containing less than five carbon,atoms in the molecules are
soluble in water. ‘

Increase in the intermolecular forces in a solute, as a result of increase in the
molecular weight, is also reflected in the low solubility of eompounds having high
molecular weight. For example, glucose is soluble in water but its polymer, starch
is insoluble in water. Thus, in a homologous series, the solubility of the members ‘
decreases with the increase in molecular weight. However, branching of the carbon
chain lgads to a decrease in the intermolecular forces. Hence, the branched chain
isomer is more soluble as compared to the straight chain isomer.

Apart from other factors discussed above, solubility of a compound in a given.
solvent generally increases with temperature.

Sometimes high solubility of a compound is observed due to a chemical reaction
which acts as a driving force. One such category of reactions is acid-base reactions.
For example, the higher solubility of aniline in aqueous acid is due to the
formation of anilinium ion.

+
H3O+ + CGHsNHz 1 CsHSNHJ + HZO
aniline anilinium

1on

Although determination of the physical properties such as those discussed above
helps in the identification of organic compounds, physical methods involving the
use of spectroscopy allow determination of the molecular structure much more
rapidly and nondestructively using small quantities of material. There are many
kinds of spectroscopic methods available, but we will restrict our discussion only to
ultraviolet spectroscopy, infrared spectroscopy, nuciear magnelic resonance
spectroscopy and mass spectrometry because these are used most frequently in
organic chemistry. In this unit, we will study each one of these in detail. But
before studying the next section, answer the following SAQ to check your
understanding about the relationship between the physical properiies and molecular
stricture,

SAG 1 . .
Classiiy the following statements as true or false.

i) . Lordon forces are the only forcesbperating between polar molecules.

i) Within a homologous series, increase in molecular weight ieads to decrease in
the melting point. '

ii) Highly symmetrical molecules have unusually High melting points.

v) Polar compounds generally boil at highef temperatures as compared to the
nonpolar compounds.

vi) Hydrogen bonding increases the water solubility.

UGCHE-03-713
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PLAIT I

re studying the various kinds of spectroscopic techniques in detait, let us
sh our knowledge of seme of the coneepts you studied in Units 1, 7 and 8 of
ns and Malecules course.

are already aware that spectroscopy is the study of the interaction of matler Remember that
energy, or more generally, the elecromagnetic radiation. You may reenll that {i) the frequency is inversely

mergy, frequency ‘and wavelength of elgetromagnetic radiation arc related by proportional to the
wavclength, and

‘ollowing expression: . a .
(ii} the encrgy is proportional

. . to the frequency,

F o= hy = - - L4010

e Eis the energy, » is the frequency and & is the wavelength ol

romagnetic radiation whereas A is Pianck’s constant and has the value

Ax 10" Js. Here, ¢ is the velocity of light and is equal to 2.998 < 10% ms™!

total range of electromagnetic radiation is called the electromagnetic speclrum.
‘¢ are various types of radiations within the electromagnetic. spectrum which
shown in Fig, 4.4.

iptien Wavelength Weave Number  Frequency Energy
Range cm ! . Hz kJ mol!
-~ 3% i0'm 333x107° - 10} 3.98x 1078 1 millimetre
» Irequency {_ 0.30 m 0.0333 1o? 198 10 e lmm o= 107 m
rwave {o0006m 166 $ogx 10! 0191 ' | micrometre
(600 nm) - =jgm=10%m
1frared
{ 30 pm 3133 . 1013 1.98 '_“?“°m°1'°l 0
infrared { 0.8 pm 1.25x10* 3.75% 10 149.8 =lnm=10"m
e (809 nm) 1 picometre
= = -12
{400 nm) 2.5% 10" 7.5x 10" 299.2 =1pm = 107“m
= 0.01 Angstrom Unit
viglet { 150 nm 6.66 % 10* 19.98> 10" 795 =00l A
urs ultravioler { 5 nm 2x10° 6x10' 2.39x10?
;s'and Y rays { 107 nm 10" 1% 10™ 119x 10°

Fig. 4.4 : The Electromagnetic Spectrum

» most common type of speciroscopy used for structure determination of

anic compounds is absorption spectroscopy. You are already aware from Unit
Rlock 1 of Atoms and Molecules course that absorption spectroscopy is based
the absorption of energy from certain regions of electromagnetic radiation by
lecules. Since the different regions of electromagnetic radiation have different
rgies, the absorption of energy from different regions of electromagnetic
iation leads to different forms of spectroscopy as is shown in Fig. 4.4. Such an
sorption of energy can be determined using an instrument called a
wctrophotometer and is expressed either in terms of wavelcngth or frequency or
venumber. The components of such a spectrophotometer arc shown in Fig. 4.5.
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£ \ L / Detector ST AT IR
' o Sample — / Speetrum
' Incident - == Transmied {(“rawn by recordér)
[ I )
e of WU huiim
alion

4.5 1 A schematic dizgram ol spreirophotometer. gy
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Spectrum is a Latin word
meaning appearance and it tefers
to the apprarance of
characteristic recorded lines.

-

The position of absorption in the

uv and visible spectra is
expressed in the units of 10°% m
or nanomeicr {(nm).

T — «° is read as pi to pi star.
’
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As is illustrated in the figure, a source of electromagnetic radiation is required.,
The sample is placed in the radia’*»n beam and the intensity ot radiation absorbed
by the sample is measured by the detector. Then, the wavelength (or frequency) of
the radiation is varied and the radiacdien absorbed at each wavelength is recorded
as a graph of either radiation transmitied or radiation absorbed versus the
wavelength or the frequency. This graph is called the spectrum of the sample.

When a molecule is exposed to electromagnetic radiation, it absorbs energy
corresponding to certain specific wavelengths. thereby passing from the lower
~nergy level to the higher energy lével. The particular quantity of energy absorbed
by the molecule depends on the molecular structure and hence, it indicates the
presence of a structural feature capable of absorbing that particular package of
energy.

Many different kinds of excitations are possible in a molecule depending upon the
amount of cnergy absorbed, which in turn is determined by the energy of the
incident electromagnetic radiation. For example, the absorption of ultraviolet and
visible radiation can move valence-shell electrons, particulariy from a filled

- bonding molecular orbital to a vacant antibonding molecular orbital. Sirilarly,

absorption of radiation from the infrared region can cause vibratjonal changes in
the molecular framework. However, the absorpt:on of radio waves can reorient
nuclear spins and change the magnetic properties of certain atomic nuclei. This
phenomenon forms the basis of nuclear magnetic resonance spectroscopy. The
fourth kind of spectroscopic technique, i.e., mass spectrometry is fundamentally
different from UV, IR and NMR spectroscopy in the sense that it is not an
absorption spectroscopy.

As cach of these methods yields a different kind of information about molecular
structure, let us now study what the ultraviolet spectroscopy can tell us.

4.4 ULTRAVIOLET SPECTROSCOPY

Since the absorption of energy corresponding to the ultraviolet and visible regions
of the electromagnetic spectrum results in the transitions between electronic energy
levels of the molscule, the ultraviolet and visible spectroscopy is collectively also
known as electronic spectroscopy.

The ultraviolet and visible regions range from the wavelength 200 nm to 400 nm
and 400 nm (o 800 nm, respectively. The absorption of energy in this region resulls
in the transfer of electron(s) from bonding and nonbonding orbiiais to antibonding
orbitals. Hence, the wavelength of the light absorbed will ‘depend upon the energy

. difference between the ground state and the excited state of the moiecule. This

difference will in turn indicate the energy difference between the orbitals of the
molecule. For example, in saturated hydrocarbons which contain C-C and C-H
single bonds, the possible electronic transitions are from ¢ bonding orbitals to ¢°
antibonding orbitals. Since the energy required for these transitions is high,
radiation of higher encrgy or very low wavelengths, i,e. below 200 nm are required
for these transitions to take place.’ For recording the spectrum in this range of the
electromagnetic spectrum, air has to'be removed because it also absorbs radiation
below 200 nm; therefore, this region is known as extreme or vacuum ultraviclet
spectral region. On the other hand, molecules containing pi bonds can undergo

x — w* transitions, as shown in Fig. 4.6. Electronic transitions involving
nonbonding electrons are also possible in which case the nonbonding electrons can
be excited to o* and »* higher energy states. The # — «»° transitions occur
commonly in compdunds containing double bonds involving the heteroatoms such
~r.0X7gen, sulpbur and nitrogen. For example, the compounds containing the
strucmral units such as >C=0, >C=S8 and >C=N show n-x* transitions.

As is evident from Fig. 4.6, various transitions can be arranged in the decreasing
order of their ecnergy as shown below.
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ammount of radiant energy absorbed. 17 a radiation having the mtensity Iy optical density.
the zample ang 1o radiail ving (ke sample has the intensity, /. then the
ance, L, i given b3 ratio Iy/f. Thus,
T
o 1"
tne greater 15 the absorbance and the more i5 the Npax is read as lambda-max.
iont which abiorpilon is maximum is
for
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is nropertionai io the ¢concentration, o
ion -'ﬂl_hlt:ﬂl(.c* by the path length, £, I
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Fundamental Concepts

'Note that the € has been used
earlier to denote the dielectric
constant also.

Substitution of Afrom Fig. 4.2
into E- [ 4.3 yields log (f/) =
€ o/or € = A/¢/ which is the
expression for Beer-Lambert law.
You can refer to Sec. 8.11 of
Unit 8, Block 2 of Atoms and
Molecules course where Beer-
Lanibert law was discussed in
detail.

Conjugation increcases wavelength
of absorption by decreasing the-
energy difference between the
ground ar- excited sfates.

in general, polyenes conlaining
eight or more conjugated double
bonds absorb light in' the visible
rcgion of the spectrum.

where the constant of proportionality, €, is called the molar absorptivity or molar
extinction coefficient. It is a measure of the probability of the transition. “he
molar extinction coefficient has characteristic value for each absorption of the
compound. Herice, quantitative d termination of ultraviolet spectrum requires the
specification of both Ay, and € values. Since both Ay, and € values are affected
by the solvent, the solvent used for measurement is also to be indicated while E
reporting the ultraviolet spectral data. Hence, the description of the uv spectrum of

2-methyl-1,3~butadiene will be given as Ao = 222.5 nm (€ = 10 750), in i
methanol. .

We are now in a posmon to mterpret the uv spectral data for some alkenes given

in Table 4.1.

Table 4.1. : UV Absorptions for some alkenes.

Alkene M max e/m? mol™'

CH,=CH, 175 15,000

Ny 178 A fiot known )
s 217 ' 21,00
N 22.5 10,750
AN 268 34,600

The Mo for ethene which has one double bond, was found to be 175 nm. You
can compare the .. value of 1,4-pentadiene which is equal to 178 nm with that
of 1,3-butadiene or 2-methyl-1,3-butadiene v'h::1 == Ao 217 nm and 222.5
nm, respectively. Note that all the three ;ompcunds have two double bonds whicl.
are isolated or nonconjugated in case of 1,4-pentadiene but are conjugated in
1,3-butadiene and 2-methyl-I,3-butadiene. Thus, conjugated molecules absorb at
longer wavelengths as compared to the nonconjugated ones. Further extension of
conjugation, as in 1,3,5-hexatriene leads to a An., value of 268. Hence, the longer
the conjugated system, the higher will be the X, value. And, if in a molecule, the
conjugation is large enough 1o yield a large A, value which lies in the visible
region of the spectrum, then the compound will appear coloured. For example,

B-carotene (which imparts red colour to carrots and is also a precursor of vitamin
A) has [1 conjugated double bonds and A, value of 497 nm.

B-carotene

Light of wavelength 497 nm has a blue-green colour and when this blue-green light
is absorbed by B-carotene, we perceive the complementary colour of blue-green
which is red-orange. Similarly, iycopene, a red pigment of ripe tomatoes which
also has a conjugated sysiem containing 11 double bonds shows Ay, = 505 nm
which also lies in the visible region of the electiromagnetic spectrum.
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lycopene

._n we are talking-about the coloured compounds it is worthwhile to mention
here about the auxochromes. An auxochrome can be defined as a group that can
enhan=: the colour-imparting propertics of a chromophore, although it is not
chrom sphore iteself. Examples of atixochromes include groups of the type -OR,
-iNH;, -NR,, etc. where R denotes an alkyl group.




addition to the conjugation, other factors such as the presence of substituent Effect of Molecular
oups on the double bond and spartial arrangement of the double bonds also Architecture on
fluence the Ay, valuz. You can see in Table 4.1 that the presence of methyi Fhysicai Properies
oup in 2-methyl-1,3-butadiene increases the Ay, value by 5.5 nm as compared o

that of 1,3-butadiene. Similarly, the presence of second alkyl group in

3-dimethyl-1,3-butadienc leads to an increase 9f 9 nm in A, value -as compared

that of the unsubstituted compound.

4.1 Measaremen? of UV specirum

le ultravielet-visible spectrum of a compound can be recorded using an
strument called ultraviolet-visible spectrophotometer. The componenis of a UV-
ible spectrophotometer are shown in Fig. 4.8 but here we will not go into the
tails of instrumentation. As the figure shows, the socurée of ultraviolet-visible

rowling
lenses disk
- ke nureor . i
and heim reference

TmIrers allernater cell

- st \
ﬁﬂ !H,_ %&j A

M

/, - 7 mirror
. ) \ . - detector  recorder
cuterium lamp gratiag ¥ T )
aluaviolel) or a ’ et
) nd sample
ingsten b fmzcn lamp Prismy celt
. ]
vivble Lo disperae
light
< mirrer
soujce monachromator photometer sample
cumpartment

Fid, 4.8 ; stiwernittic dispram af a typical vitraviolet-visible spectrophotlometer:

ectrophotometer containg o tungsten filament lamp which gives the radiation
wving wavelength greater than 375 nm and a deuterium discharge lamp which ,
elds the radiation of wavelengths below this value.

1e spectrum is usually recorded using a very dilute soluiton of the sample. The
mple solution is taken in celis which are made of quartz or silica. The cells of
fferent path lengths, i.e., 0.1 ¢m, 1 ¢m and 10 cm are confimercially available

it for most of organic work, celis of | ¢m path length are employed. Two cells,
12 containing the sample solution and the other containing the pure solvent, are
aced at appropriate places in the spectrophotometer. Two beams of equal
tensity of uv radiation are passed through these cells. The intensities of the
insmitted beams are then compared over the whole range of wavc;length' of the
strument which gives the absdrbance at each wavelength. On most machines, the
cetrumy s automatically plotted by a recorder as absorbance versus wavelength.

hile preparing the sample solution for recording the UV spectrum, the solvent )
ust be so chosen that it should be transparent to the wavelength range being Absolute ethanol or anhydrous

. ) . ethanol is a very pure alcohol
amined. Usually cyclchexanes, 95% ethanol and 1,4 dioxane are used as solvents. and is obtained by further drving
sclohexane can be used for disselving aromatic compounds particularly the of the 95% ethanol. ’
slynuclear aromatic compounds. But when a polar solvent is required 95%
nanol or absolute ethanol is a good choice. Many spectral grade solvents are also
m.mercially available.

hen the spectrum is recorded in differeni solvents, it may lead to a change in the

wsition or in the intensity of the absorpiion band. This is known as solvent effect.

hen the shift is towards lonper wavelength, il is known as bathochromic skift or

d shift. When the shift is towards shorter wavelength, it is called hypsochronic

ift or blue shifi. Similarly, the increase in absorption intensity is called

-perchromic sifeet aud the decrease in absorption intensity is known as

‘pochromic effect. The UV spectral daia for various classes of compounds will be

scussedd inothe respoeiiss unils of this course, 103
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Fundamental Concoplts

- lafrared means beneath the red.

Wavenumb -, is dencted as v.
‘Many scientists prefer to use the
wavenumber convention because
it is directly proportional 1o
eneray and frequency.

Wavenumber, 7, is invérsely
proportional to the wavelength,
A, and the relationship between
‘the two can be expressed as,

#o= 1/A when.)\ is expressed in

centimetres, and

104 . .
- when A is expressed in

micrometres.

The region of wavenumbers
fower than 625 ¢m~¥ is called for
infrared and that of wave-
numbers higher than 4000 cm"
called near-infrared.

104

You can now check your understanding about ultraviolet speciroscopy by
answering the following SAQ.

SAQ 2
Identify the chromophore present in the following compounds. Also predlct which
one of these will have the highest A N4V spectra?

. \

= 851
/ \C/
il
B,
il
o) -
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4.5 INFRARED SPECTROSCOPY

The infrared region of the electromagnetic spectrum lies between the visible and
the microwave region. Hence, it corresponds to the range of wavelength from
about 10~ to 10-5 m. But the portion of infrared spectral region which is most
useful for structure determination, lies between 2.5x 10-6 m and .16 x 106 m. The
IR spectral data is usually expressed either in terms of wavelength of the radiation
absorbed in micrometre units or in terms of wavenumber. Since one micrometre
(,um) is equal to 10 m, the above region of infrared schtrum range from 2.5 to
16 pm. As wave number is the number of wavelengths contained in one centimetre.
therefore, wavenumbers are expressed in units of reciprocal centimetres (cm-1).
Hence, we can calculate the wavenumbers for the region of IR radiation we are
interested in, as shown below:

For X' = 2.5 x 10* m or 2.5 x 10 cm, we get,

1

1
N 2.5xI0%%cm)

wave number, 7 = x10% cm™! = 4000 cm”

2.5
1

Similarly, A = 16 x 10 m or 16, X 107 cm yields 7" = 16 x 107 (cm)

1000-
16

cm™?

625 cm™!

Thus, we wiii pe examining the infrared region between wavenumbers 625 cm-!

"and 4000 cm-!. An advantage of using wavenumbers is that they are dircetly

proportional to the energy whereas the wavelength is inversely proportional tc
CHeTEY




£t us now sindy the offect of absoiption of IR radiation on molecular structure.

ioms within a molecule are constantly vibrating about their average positions;

ach motions are relerrad o as molesniar vibyatiens. The molecular vibrations can

e of various types. One such vibretion which produces changes in bond length is
alled a sireiching vibration. The otlier type that changes bond angles is called a
ending vibration. Fig. 4.9 shows various kinds of stretching and bending
ibrations,

E

8 5 N %/ LY
C _— o C ——— C C —> C—H
¢ N RN VAN FAN 7N /
K H ”/ g H H H H H H "
~,
\) . S —
seissoring rocking
symmetac strelcking lin—p]a'nc bernding
44 A N s N/ N/ N/
CR _— C, C — C C e C..
1"'/ i 7 4 A A T
3 H M H H oH H O H H
R S
neisiing wagging

aniisynunettic sirelehing

-

out-of-plane gending
Fig. 4.9 : The stretokiog asd bending vibrations in a moelecule.

he abserption of infrared radiation leads te changes in the brational states of
e molecule, A number of different vibraiional stztes are posi *le for a molecule.
/hen radiation having cnergy equal 1o the energy difference beiween moilecular
brational energy lavels is absorbed, the amplitude of these vibrations increases
1d the mplecule moves from the lower vitrailonal energy level 1o the higher
brational energy level.

o: all molecules ebsort the infrared radiation. Generally, the absorption of the
irared radiation, corresponding [0 a pardeuiar vibration, is observed only if the
ipole moment of the mclzcule is different in the two vibrational states. This is
xcause the variation of the dipele moment and a change in the interatomic
stance due to vibration, results in an cscillating cleciric field which can interact
ith the oscillating electric field of the incident infrared radiation. Hence, a
brational irapsition will be infrared-nctive only if it is accompanied by a change
the dipole moment. For example, in case of carbonyl functional group, the
-eiching vibration !cads 0 an increase in dipole moment, Hence, it is infrared
itive and the carbony! zroup obsorbs radiaticn in the infrared region. On the
her hand, vibraricnal iransitions thot do not result in a change of the dipole
oment are not observed in the infrared spectrum and are said to be infrared-
active. Hence, svimmeatrical molecules such as i1, O, otc., do not absorb the
frared radiation.

1e vibrational changes of a diatomic melecule can be visnalised using the
brating spring as a model, as shown in Fig. 4,{0,

i Vuﬁ)

() frequency {¥; ' “”:)

CROEEs

3. 4.10: A wibrating spring: a model for vibrational excliation of a hond in o diatomic maolegule,

1z Lwo unequal weiglis on the spring are analogous to two atoms A and B held
gether by a bond (spring), The vibrational freguency for such a system depends
son the strength of the bond and masses of the atoms involved in the bond
rmatinn. The mathemaiical expression for vibraiional frequency, as governed by
ooke’s law is’given below:

}

1 ! ( ] \\

yo= —— o) . (4.4)

~ ! ;
2w N e ing - ins)

Lffect of Molecular
Archltecture on
Physical Propertics

A nonlinear molecule having n
number of atoms has 3n-6
possible modes of vibration.

—
&* &
C=0

polar bond in carbonyl group

&+ &5

C 0 ,
increase in dipole moment on
stretching of bond in carbonyl
group

intense absorption

\C—C/
TN

neupolar carbon-carbon double
bend |

N /7
C=—=C

/ N

small or no change in’ dipole

moment on stretching the

carbon-carbon double bond

absortion absent or weak

- The higher the bond energy, the

stronger the bond, and the
greater is the foree constant. The
greater the force constant, the
larger is the vibrational
frequency.
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Fundamental Concepts

Remember that

E=hy = he/\ = hc;'

You have studied these

- relationships as Eq. 7.2 in Unit
7,-Block 2 of Atoms and
-Molecules course.

Therefore, kv = heci and

y=chor¥=1vlc

o

f06

where 'y is the vibrational frequency, & is force constant and m, and m, are the
masses of two atoms A and_ B, respectively.
. mym
The quantjty ——2__
' (my+m,)
Substituting u for mm,/(my + my in Eq. 4.4 and expressing it in terms of
wavenumber, #, we get, :

is also known as the reduced mass, p, of the system.

_i_.l k ’ ) T

(4.5
‘c 2w 7] (4.5)

where ¢ is the velocity of light.

Since force constant varies with the bond strength, Eq. 4.5 leads us to expect that
every individual bond in a molecule will show a specific absorption band in the

- infrared spectrum. Hence, different functional groups will absorb at different

frequencies corresponding to the vibrations typical of that portion of a molecule.
Thus, infrared spectral data can be used to identify various functional groups
present in the molecule. The characteristic infrared absorption data §or some
common structural units are listed in Table 4,2. However, a detailed.interpretation
for the position of infrared absorptions for various classes of compounds will be
given in the respective units dealing with them.

L

Table 4.2 : Characteristic Infrared Absorption Bands.

Bond Type Siretching, cm™! Bending, em~""
C—H alkanes 2960 - 2850(s) 1470 - 1350(s)
C-H alkencs 3080~ 3020(m) 1000— 675 (s)
C~H aromatic 3100-3000(v) 870—675(v)
C—H aldehyde - ) 2900, 2700(sm, 2 bands)
C—H alkyne 3300(s)
C = C alkyne 2260 -2100(v}
C = N nitrile 2260—2220(v}
C = C alkene 1680 - 1620(v)
£ = C aromatic 1600 - 1450(v)
C = O ketone 1725 - 1705 (s) )
C = O aldehyde 1740 - 1720(s)
C = O ¢«, f-unsaturated ketone 1685 — 1665 (s)
C = O aryl ketone 1700 - 1680 (s)
C = O ester 1750 - [735(s)
C = 0 acid 1725 - 1700(s)
C = O amide '_1690-1650(;)
6] -/i;l -alcoho_]s {not hydrogcn bonded) 3650 —-35%0(v)
10"~ H alcohols (hydrogen bonded) 3600 —3200(s, brokd) - 1620—1590(v)
O - Hacids- 3000 - 2500(s, brohd) 1620 - 1590(v)
N — H amines 3500 -3300(m)
N - H amides 3500—3350(:11)'
C — O alcohols, ethers, esters 1300+ 1000 (5}
C_~ N amines, alkyl 1220 - 1020(w)
C - N amines, aromatic 1360 — 1250.(5)
NO; nitro S 15601515 ()’
1385~ 1345(s)

5 = strong absorption
m =" medium absorption

w ="weak absorption
v = variable absorption

Having studied the basic features of infrared spectroscopy; let us now learn how
the infrared spectrum of a compound is vecorded and how it really looks like.




4.5.1 Experimental Asp¢cts of Infrared Spectroscopy .

The details of an infrared spectrophotometer used for recording an infrared
spectrum are shown in Fig. 4.11.

cell containing ' graling or prism which disperscs
solvent, of no sample or reference beam into

cell focusing component wavelengths

v
P 3_,

- reference beam

sample beam :
Yeated hlament . \

czll containing , rotating mirrer converts
sample which allows cither incoming
sample or reference radialion
beam (o pass through’ into electricat
signal
source of sample monochromator detector recorder
_radiation compartment

Fig. 4.11 : A schematic diagram of an infrared specirophotometer.

Infrared radiation can be obtained by electrically heating the rods of the Nernst
glow'er or Globar. The Nernst glower contains the-oxides of zirconium, thorium
and cerium while the Globar is a small rod of silicon carbide. Similar to the
recording of the ultraviolet spectrum, here also the radiation is. split into two equal
beams, one of which passes through the sample and the other serves as a reference
beam. The amount of radiation absorbed by the sample is recorded by the
instrument in the form of a plot showing per cent transmittance on its vertical axis
against wavenumbers plotted in cm-! on the horizontal axis. The transmittance, T,
of a sample is given by the ratio f/f, and is tite per cent of the indicent radiation
(i.c., radiation falling on the sample) that is transmitted to the detector. Clearly
when all the radiation has been absorbed by the sample, the transmittance is 0%.
On the contrary, 100% transmittance means no absorption of the radiation.
Hence, the absorptions in the infrared spectrum are registered as downward
deflections or the upside;down peaks. For example, the infrared spectrum of —-

nonane as shown in Fig. 4.12 has absorotions at 2925, 1467, 1378 and 722 cm-'.
- wavelength, microns

4 4 5 6 8 0 11 12 13141516
|007 2i6 2'IBI:I“' 3-IS 4_15 ? 5:5 [ -{ 1 19 ll i 1T .11
i rj 5 ‘I "-\ .y it
o 80 Al N YT N
g I \UL
E 60 y
s
= a0
=
g ;
2 20
G : - ' . -
3800 3400 3000 2600 2200 2000 1800 1600 1400 1200 1000 800 600

wavenumber, cm™

Fig. 4.12 : Infrared spectrum of nonane.

The region of infrared spectrum between 675 cm-! and 1250 cm™! is usually .
referred to as fingerprint region. This region shows absorptions which are quite
characteristic of a particular molecule. Thus, this region is extremely useful in
determining whether the given samples are identical or not. For example, the

" comparison of the infrared spectra for pentane and hexane (Fig. 4.13) shows that
the pattern in the fingerprint region is quite different for the two compounds.

Effect of Molecular
'/’Archlleelure an
Physical Properties

107




)8

Fundamental Conceqls
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Fig. 4.13 : (a) IR spectrum of ¢y, ., = 2960, 2930 and 2870 cm! 7,y ooy = 1460, 1380 and 730
em~! (b) IR spectrum’ of hexane. Nole the similarly of the lveation of the major bands-to
those in the AR gpectrum of pentape,
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Fig. 4.13 : (c) IR 3pectrum of a sample of pentane at higher recorder sensitivity. Note that the -
‘ fingerprint patters ls different from the pattern In the snalogous spectrum of hexane, (d) IR
speciram of a sample of hexane at higher recorder sensitlvity.

The infrared spectrum can be recorded on samples in solid, liquid, gaseous or .
solution state. For solid samples, generally, a Nujol mull or KBr disc is preparea.
In case of liquid samples, a thin film of liquid is used between two infrared- -
transparent windows made of NaCl fiats, For gases or low-boiling liquids, the
spectrum can be obtained by using gas cells. The spectrum of a sample in the
solution state is recorded by making 1-5% solution of the. compound in solvents
such as carbon tetrachloride, carbon disulphide or chloroform. These solvents have
relatively few IR absorptions. Let us now end our discussion about IR
spectroscopy. You will study the IR sEéctra of various compounds in the further
blocks of this course.

Effect” of Mclecular
Archlte_clure on
Physical Properties

Nujol is a high boiling petroleim

- oil.

KBr discs are prepared by
grinding the sample (0.1-2% by
weight) with dry KBr and
processing it into a disc in a die.

KBr and NeCl do not absorb IR
radiatipn.
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Fundamentai Concepts Before proceeding to the next section which describes another type of
spectroscopy, called ntuclear magnetic resonance spectroscopy, ~nswer the following
5AQ. '

SAQ3
Which of the following vibrations will-be infrared active and which would be
infrared inactive? '

a) C=0 stretch in (CHy),C=0 ‘

e SN b e bm e b e bt e be e d e e e e e be v ree o d b g e e B S Ee AR E NGy AR RS e aene

d) , CH;
\ - Y
C-Cl stretch in CH; —C—Cl

/
CH;

..........................................................................................................

d) CH,

..........................................................................................................

4.6 NUCLEAR MAGNETIC RESONANCE

SPECTROSCOPY
Nuclear magnetic resonance {nmr) spectroscopy is one of the most useful methods
The physical significance of for structure elucidation. It was first observed in 1946 and is based on the
nuclear spin is that the nucleus magnetic properties exhibited by <certain nuclei. Many atomic nuclei behave as if

acts like a tiny magnet and tends  they are spinning and hence are said to have nuciear spin. The circulation or
:_ﬁ::;@m"' aligned.in a magnetic  gninning of the nuclear charge generates a magnetic dipole whose magnityde is
’ given by the nuclear magnetic moment. These magnetic properties occur in nuclei
which have ] .

i) odd atomic and odd mass numbers; examples being {H, N, 3F and }iP,
ii} odd.atomic number and even mass number; for example, JH and "IN, and

iii) even atomic number and odd mass number as in '3C.

Similar to the electron spin, the nuclear spin is given by nuclear spin quantum
number, 7, which can have values 0, 1/2, 1, 3/2, 2, etc. The spin quantum
number, I, has contributions both from the protons and the neutrons present in
the nucleus. If the sum of the protons and neutrons is even then, [ has zero or
integral values, i.e., I = 0,1, 2, ..... etc. 1n case this sum is odd, then 7 has half
integral values, i.e., 1/2, 3/2, 5/2 etc. But, when the number of both the protons
and the neutrons is even, then, [ is zero. Hence, the nuclei 12C or '§O do not show
any resuitant spin or magnetic moment and are, therefore, nonrgagnetic. On the
other hand, the nuclei, /H, '$F, 1C, N and {iP have / = 1/2'and the nuclei N
and ¥H have 7=1. The number of orientations which a nucleus may assume in the
magnetic field is given by 27 + 1. Hence, for the hydrogen nucleus, the number of
possible orientations is 2x1/2 + 1 =2, These two spin states are characterised by
the values + 1/2 and -1/2 for the spin quantum number, /, in case of the hydrogen
L0 nucleus. Fig. 4.14 shows the two spin states of a proton.




ig. 4.14 * The nuclear spin-siates of a proton. Spiﬁ state A, in which the nuclear magnetic morment Is
pusnilel to the applied field Ay, is of lower energy than spin state B, in which the nuclear
maganetic moment is antiparallel to the applied field.

hese two spin states have the same energy in the absence of the magnetic field.
lowever, a difference in energy between these spin siates can be created by
ppiying the magnetic field. This js illustrated in Fig. 4.15.

AE = ( when
magnetic field =

/'>

._i\\
¥

encrgy difference between
spins of + § and -4

ENERGY, £
é
:
g/
X

Pl[}s T

0 increasing magnetic field, H
Fig. 4.15 : Effect of magnetic {ield on the energy difference of two nuclear spin states.

‘his energy difference is then detected by absorption of radiation of appropriate
nergy which corresponds to the radiofrequency regic.. of the electromagnetic
pectrum, The absorption of energy in this region causes these nuclei to invert or
flip’ their spins which involves a change from a lower energy state having +1/2
oin to higher energy state having ~1/2 $pin. When the energy of the source
1atches with the energy difference between the nuclear spin states, then the nuclei
re said to be in resonance with the electromagnetic radiation.

‘he energy difference between the two spin states, AE, can be quantitatively
xpressed as: '

aE = 2 g
2z

Vheére A is Planck?’s constant, H is the magnetic field strength at the nucleus and ¥
i the magnetogyric ratio. Magnets varying in field strengths ranging from 1.4 T to
.1 T are employed in various instruments. The corresponding frequency values
eeded to observe resonance lie between 60 MHz and 300 MHz. For hydrogen
uclei, when a magnetic field of 1.4 T is applied, a radiation of frequency of 60
1Hz is required. Similarly, for the magnetic field of 2.1 ¢, a radiation of
requency 90 MHz is required. Since, almost all organic compoun:ls contain’
ydrogens, the study of nmr spectroscopy of hydrogen nucleus is very useful to an
rganic chemist.

lefore taking such an assignment, let us now learn about the instrumentation and
xperimental aspects of nmr spectroscopy.

1.6.1 How to Obtain an NMR Specturm?

‘ig. 4.16 shows the schematic diagram of a typical nuclear magnetic resonance
pectrometer. The sampie to be studied is usually dissohud in a suitable solvent
vhich itself does not absorb in the nmr range under investigation. For .proton nmr,
1sually carbon tetrachloride or deuterated solvents such as CDCI3
deuteriochloroform), CD,COCD; (hexadeutericacetone} or CgDg
hexadeuteriobenzene) are used. This solution is taken in an nmr senple tube (a

wylindrical glass tube of 18 cm length and 5 -.m diameter) and is placed between

..(4.6)

Effect of Molecular
Architecture on
Physical Properties

De not confuse this usage of the
term resonance with the -one
which you will be studying in the
next unit,

Magnetogyric ratio is the ratio of

" .the angular moment¢m (due to

rotating nuclear-mass) and the

- magnetic moment {arising from

the rotating nuclear charge). This
ratio hasa characteristic and

. different value*for each nucleus.

The higher the applied field, the .
greqter' will be the energy .
differ¢nce between the two spin
states of the nucleus., Therefore,
the larger will be frequency of
the radiation absorbed by the
nuclej and hence larger will be
the separation between the,
absorption signals leading to a
higher resolution and more clear
spectrum.
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Fundamental-Concepts

H

.Bare prolon

H—C
N

Proton in an organic molecule

AN
-
c
/s

I

H[l-

The induced magnetic
field of 1he electrons in
the, carbon-hydrogen bond
opposes the extemal:

. magnetic’ ficld, The
resultant magnetic field
expeticnced by the proion
is slightly less than H,.

Chermically equivalent protons
are. those protons which ark in
exactly same environment.
Therefore, they react exactly in
the same manner with the
chemical reagents, There are two
sets of chemically equivalent
protons in butane which are
show below as 2 and b.

CH,CH,CH,CH,

[

a b b a

CH,
- I N
CH;~Si-CH,
Y
CH,
TMS
(Tetramethylsilane)

TMS is added to the sample
- solution as an internal standard.
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Fig. 4.16 : A schemalic remresentation of the NMR spectrometer.,

the poles of the magnet (permanent or electromagnet). The sample is surrounded

" by a radio frequency source which irridiates it. Spectrometers using permanent

magnets of fixed field sii sncth involve a .outiruous variation of frequency of the
source. When the energy, of the source matches with the energy difference between
the nuclear spin states, i.¢., when the two are said to be in resonance with each
other, then the frequency of the electromagnetic radiation which corresponds to
this energy, is absorbed. The absorption of energy is detected by a radio frequency
receiver and is shown as a peak in the amr spectrum,

Nuclear magnetic resonance spectrometers which use electromagnets operate in a
complementary manner, In these instruments, the frequency of the source is

‘maintained at a constant value and the magnetic field sirength is varied until the

energy gap between the spin states matches with that of the source,

Let us now focus our attention on the proton nmr spectrurm.
4.6.2 Interpretation of Proton NMR Speciruam

Till now, we discussed the two different spin states of a proton. But what is the

- actual situation in a molecule? In orga.ic molecules, the hydrogen atom is bonded

to another atom by a covalent bond. When an external magnetic field is applied,
the ¢lectrons forming the covalent bond produce an induced magnetic field which
opposés the applied magnetic field. Hence, the magnetic field ‘felt’ by the protonis
less than the applied magnetic field. In other words, this hydrogen nucleus is said
to be shielded by its electron cloud. The degree of shielding depends on the
amount of electron density surrounding the nucleus. Hence, the increase in electron
density around a-proton results in its shielding while'its decrease causes the
deshielding. If the spectrum is recorded by keeping the radio ¢ requency ¢onstant
and varying the magnetic field, then for a shielded proton, higher magnetic field
will be reqhired to overcome the shielding effect. The protons in different
electronic environments experience different amounts of shieiding and hence will
require different magnetic field strengths for their spin flipping. Thus, unique

nmr signals will be observed for chemically different protons in a molecule. But
chemically equivalent protons will appear at the same position in the nmr
specirum. The difference in the absorption position of a particular proton from the
absorption position of a reference.proton is cailed the ehemical shift of that
particular proton. Generally, the chemical shifts are recorded using the
tetiaimethylsilane (TMS) as the reference compeund. The signal due to the
hydrogens of the methy! groups of TMS is set as zero while recarding the nmr
spectrun.




ternatively, when the specirum 15 recorded at constant magnetic field by varying -

2 frequency, then the higher the shiclding, the lower will be effective magnetic
1d experienced by the proton and the lower will be the frequency required -to
3 the resonance condition.

£

1ce the chemical shift values vary with the radiofrequency and magnetic field

ed in the instruracit, & scale indevpendent of the frequency or field strength

plied is reguired ¢ denote the chemical shift values, One such seale is § (delta)
ile and is defined by the ratio of chemical shift.to the operating frequency of the
strument. Since the resulting number is small, it is multiplied by 109 so that it is
nvenient to handle. Henes, 6 values are expressed in terms of parts per million
am). Using & scale, chemica!l shifts are recorded Jowrifield (i.e., to the left) from
S signal which is set at.zerc delta value. This is shown below in Fig. 4.17. You
it see in this fipure that the § values increase from right io left. Most of the
otons in organic compounds appear in the range of § between 0-10 ppm.

1other scale which: is called tau {7) scale is also used to represent the NMR
aals. The 7 scale is relaied to § scale by the following expression.

r=10-5 (AT

swever, the § scals is infernationally preferred and we will also report the
ernical shift in terms of 8 valuss. . .

1c nmy specivum of ethanol is shown i Fig. 4.17, Using this spectrum as an
ample, let us now learn how the amy spactrum of & compound can be correlated
th its molecular structure,
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CH,-CH,-OH
a b ¢
ethanol

No. of peaks . ame for  Abbrevia-

inthe nmr  peak tion

signal pattern

1 singlet 5
2 doublet d

3 triplet {
4 quartet q
5 quintet quin
6 - sextet sex
7 septet  sep

The spacing between the adjacent ]

peaks of a splittihg’ patfern,
measured in Hz, is called the

coupling constant and is denoted .

byl

-Two coupled protons have the
‘same F value,
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Although the Fig, 4,17 shows that the chart paper on which *!.. _pectrum is -
recorded is calibrated both in parts per million (ppm, at the bottom) and Hertz (at
the top), but you need not worry about the calibration at the top. The chemically
nonequivalent hydrogens in a molecule have different chemicals shift values and
hence will appear at the different positions in thé nmr spectrum; therefore, the
presence of three sets of signals in the nmr spectrum of ethanol indicates the
presence of three sets of non-equivalent portions. These are shown by a, b, ¢ in
the spectrum and structural fermula of ethanol. Since the -CH,- group is linked to
an -OH group,”its hydrogen atoms are more deshielded as compared to those of
the -CHj group. Therefore, the signal for ~CH,- hydrogen atoms appear more
downfield as compared to that of the ~CHj group.

In Fig. 4.17, you must have also noticed the different, intensities and patterns of

. the signals corresponding fo the three sets of protons. The peak intensities are

given by the total area under the peak which is determined by the mathematical
integration of the peak. The nmr spectrometers are equipped with an integrating
device which displays the integrals on each peak of the spectrum. The height of
each integral is proportional to the arez - md.r tac rcak and is also proportional to

. the number of protons responsible for the peak. You can check that in the

spectrum of ethanol, the heights of integrals for the peaks for CH,~, CH,— and
—OH units -are in the ratio 3:2:1 which is the ratio of rumber of hydrogen atoms
aftached to these units. The pattern of 51gnals observed in Fig. 4.17(a) shows that
the signal for the -OH proton appears as a single sharp peak which is called a
singlet. But the signal for -CH; protons appears as a packet of three peaks which
is called a triplet. Similarly, :he signal for the -CH;- protons is called a quartet (a
set of four'peaks)_. This splitting of signals of chemically equivalent protons into
doublets, triplets or quartets occurs due to the effect of one, set of protons on the
nmr signal of its neighbouring protons. Hence, the number of lines in the splitting
pattern 'of a given set of chemically equivalent protons dépends on the number of
adjacent protons. This number can be determined using the n+ | rule which says
that if n equivalent protons are adjacent to a set of equivalent protons, the signal
for these equivalent protons will be split into n+ 1 lines. In accordance with this
rule, the signal for -CH, group of ethanol is split into three peaks (a triplet)
because it has two protons adjacent to it. What about the signal for -CH,-
protons? The —-CH,- group has three hydrogen atoms of -CH, group and one
hydrogen atom of the -OH gto tlp adjacent to it; hence, its signal is split by both
the sets of hydrogens. The thre¢ hydrogens of the -CH; group split the ~-CH,-
signal into a quartet (3 +1); each of the four peaks of this quartet are further split
due to hydrogen of the -OH group into two peaks giving rise to an eight line
pattern for the -CH,- signal. ' ‘

The splitting of the signal of —-OH proton is due to the two adjacent protons of
the -CH,- group and hence it must be a triplet. Such a spliiting is absent in the
nmr spectrum of an ordinary tommercial sample of ethanol. This is because the
ordinary commercial sample of ethanol contains a trace of moisture which results

in a chemical exchange of protons between the alcohol and water (or alcohol)
molecules as shown below:

— Q7 — = R—O0—H :OH
R (‘) + H\jH; | + 2
H H
ot ’ .. +
R—O—H == R—O—H + H—OH,
P |
:OHz

The presence cf wafer acid or base enhances the chemical exchange. Since, the
chemical exchange is. quite fast, the hydrogens of the -OH group do not spend
enough time on a given molecule for the effective splitting. to be recorded. Hence,
no splitting due'to ~OH for such samples is obtained and the spectrum is obtainer.
as shown in Fig. 4.17(a) which shows a singlet for -OH group, i.e., no splitting,
and a quartet for -CH,~ protons due to splitting only from methyl hydrogeus. But
such a splitting is observed in the nmr spectrum of pure anhydrous ethanol, a»
shown in Fig. 4.17(b). Hence, you can conclude that the nmr spectrum of a

| W




npound can give important information about its structure. You will furtber Effect of “Tolecuiar
irecizfe the importance of nmr spectroscopy when you will sludy the nmr CATULRUre on
ctra of various compounds in the later units of this coufse, : Physice! Fropertics

this stage, you have enough understanding of nmr spectroscopy to answer the
owing SAQ.

14
' the chemically equivalent protona in the following compounds by the letters
and c.

-CH-CI

|
CH,

CH,OCH,CH,0CH,

......................................... AN aAsesEEEEEEsELEL I EiEeEEtINSR SRR PR AR A R A b b AR

CH,Cid,-CH,-Br

.............................. P T e Y Y P Y]

‘MASS SPECTROMETRY

onstrast to the spectroscopic techniques discussed before, mass spectromerty

; not involve the absorption of electromagnetic radiation. But, it involves the
bardment of the molecule with high energy electrons (i.e., having energy of the
't 6700 kJ mol-! or more). This energy is greater than the bond energies of
nical bonds and is hence sufficient to knock an electron out of the molecule,

1g rise to a radical cation. For example, if methane is bombarded in this way,
ses an electron from one of the C-H bonds, as shown below.

H . .
| H H : A radical cation is named so
H-C-H or H:C:H + e — H:CTH + 2" -because it is both a radica! and 2
| H H ' cation and is denoted by +
H a radical cation ' H ‘ H
_ . o |
. radical cation which is formed fromn a molecule just by the loss of an electron  H— cv — H--C" -
so called molecular jon and is commonly denoted as M+ ion. This molecular | '
can further undergo a senes of fragmentation reactions to give other radical H
s, ca.rbocatlons and neutral molecules. This is |llus§rated below. for the above Note that & fishhook arraw is
eal cation. . . : wred to show the electron
CH4 . +CH_§ + H R rnovcmel'—t
molecular ion methylcation
mass= 16 mass=13

+

‘ +
CH, — CH; + H-
H ‘ mass = 14

cH; — CH + H-

mass= i3

CH —— C +_H'
mas.=12

e
-
Ln
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T fost ions obtained in the mass
spectrometer have a single
positive charge; hence, their
separation is essentiglly done
according {0 their mass.

Sophisticated mass spectrometers
known ds high resolution mass
spectrometers ¢an resolve ions
which are different in their mass
by only a few thousandths of a
mass unit Fnr example CO*
{(miz = 27.9940), N} (m/z =
28.0062) and C,H { m/z =
28.0312) are distinguishable using
high resolution mass
spectrometer.

A very small amount of sample,
i.c., about 10~%g is required for
recording the mass spectrum,

1%

Another possibility is the formation of a methyl radical an¢ - proton, as shown_
below:

CH, Y — .CH, + H*
mass = 16 mcthyl mass = |
radical
100 3 ! relative
3 sk mfe = 16 ) m/e  abundance
o L
2 | 3.36
5 60~ 12 2.80
3 40 - 13 8.09
2 L id 16. 10
% 20 15 85.50
u L | 16 100.00
0:|:|||||!||:|\l|‘||| 17 lll
0 10 2°

infe .
mass spectrum of methane

The radical cations so obtained arc charged particles and hence can be accelerated

by an electric field. These are then directed to an analyser surrounded by a
magnet, see Fig. 4,18. This magnet deéflects the ions from their original trajectory
into a circular path whose radius depends on their mass to charge {//z) ratio and
the strength of the magnetic field. Hence, the ions having small m/z value are
deflected more than those having larger m/z. By varying either the field strength
or the degree of acceleration, ions of a particular m/z value can be counted by the

-detector of the spectrometer. Scanning of all ##/z values gives the distribution of

positive ions as the mass spectrum. The mass spectrum of a2 compound shows the
relative amount of each ion (called the relative abundance) plotted on the vertical
axis versus their m/z values plotted on the horizontal axis. Remember that only the

-ions are detected by mass spectrometer and not the neutral molecules or radicals.

un-ionised
molecules
and
negative
ions

filament

clet;lror'l

1o vacuum pump
beam

0 pale of magnet
[ .

|
sample .-.........L-—[] 3

I i-li

un-ionised
molegules

repeller = - positively charged ions

accelerating
plate and focusing _poleof

plaics magnet

ion exit slit

S~ ion collector
S— electron-multiplier

Iatly AL, f*—recorder

- Fi. 4.18 ; Schematic diagram of a typical mass spectrometer,

The mass spectrum of a-compound can be used to determine its molecular weight
by identifying the molecular ion peak in the spectrum. Inaddition to this, aralysis
of the fragment ions yields important information regarding the structure of the
~ompound. L-: us now analyse the mass spectrum of 2,2-dimethylpropane shoz
in Fig. 4.19. You can szz a small molecular ion peak at m/z 72 in the spectrum.
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Fip, 4.1% : The mass speclrom of 2,2-dimethylpropane.

s molesuiar fon can further loss a -CH, radical to yield another fragment
Ang m/z 57, as shown veiow,

» +
CH, —} CH,
--CH /
H,C~C-CH, —=  H,C-C+
| 5
CH, CH,
mifz o= T2 miz = 57

is case, this fragment is the most abundant one and hence is called the base
k. The base peak is assigned the relative abundance of 10)0%. The abundance
‘he other ions is chown relative to this peak.

c|.13 Cle.
CI—I3—-{‘I,;r CH, — CH,~C' + "CH,

i I

CH4 CH, miz = 15

» peak having /m/z = 15 s also ohserved in the spectrum but is less intense.

- other prominent peaks observed are at #i/2 41 and 29. This molecule cannot
Cily vield fragments such as C;H," and C.H{", respectively, corresponding to
abova m/z values. Bui, fragment jons of this type can result due to complex
ernral reorganisations which we will not discuss here.

nany compounds, the mass spectrum shows the presence of small M+ 1 and

-2 peaks. These peaks arise from the presence of isotopes of -carbon, hydrogen,
gen or halogens (like chlorine). For example, presence of 13C in a compound
show an (M +1)* peak in its mass spectrum. The natural abundance of '¢C is
3% as compared ¢ that of '%C. But, the natural abundance of the heavier
opes of chlorine (3C1) is 32.5% as compared to {3C!. Heace, a compound
taining one chlorine atcrn will exhibit an M + 2 peak which is of about one-

d intensity as compared to the M* peak. However, the mass spectrum—of
sroform having three chlorine atoms. will show M+2, M+4 and M 4 6 peaks
ending upon the combination of isotopes of the chlorine present.

wsands of compounds of known structure have been examined by mass
strometry and the fragmentation patterns characteristic of various classes of
ipounds have been studied. Thus, a knowledge of these fragmentation patterns

)5 in identification of compounds.

g5 now sum up the contents oF this unil, 117
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4.8 SUMMARY

In thls unit, you learnt that

@

The physical properties of a compound such as its melting point, boiling point
and solubility depend upon the intermolecular forces present between the
molecules. The three types of intermolecular forces are:

i) dipole-dipole interactions
ii} - London forces, and

. ili) hydrogen bonding,.

The melting points increase with i increasing molecular weight and molecular
symmetry.

The boiling point of a compound depends upon the,intermolecular forces of
attraction. An increase in molecular size increases London forces and hence it

‘leads to an increase in the boiling point. On the other hand, branching reduces

the total surface area leading to decrease in the boiling point.

Intermolecular hydrogen bonding increases the boiling point and is also
responsible for the higher water solubility of a compound.

Absorption of encrgy from different regions of electromagnetic radiation leads
to different kinds of spectroscopy.

The absorption of ultraviolet radiation results in electronic excitations in the
molecule. The wavelength of absorption increases with increasing conjugation
and hence highly conjugated compounds are coloured.

Infrared spectroscopy deals with the absorption of infrared radiation
corresponding. to characteristic molecular vibrations. The infrared spectrum
provides information about various structural units and the functlonal groups
present in the molecule.

The three elements of NMR spectrum are chemical shift which provides
information about the chemical environment of the particular nucleus, the
integral which tells the relative number of the nuclei being observed; and the
splitting which gives information about the number of nuclei on the adiacent
atpms.

. The mass spectrum of a compouud is a record of the m/z values of various

fragments versus their relative abundance.

4.9 TERMINAL QUESTIONS

Match the following compounds with their melting points.
Compounds: 2,2,3,3-tetramethylbutane and octane

: 374 X and 216 K

Arrange the following molecules in the increasing order of their boiling points.
a) 2-Methylhexane

b} Heptane

¢) 2,2-Dimcthylpentane

d) 2,2,3-Trimethylbutane

Given below are the C=C stretching absorptions {or somie compounds. Which
one of these compounds has the strongest doubie bona? Why?

2) b) . &)

ot O

1781 cm! 1672 cm 1650 cm |




f. Can you differentiate between the compounds of each of the follawing pairs.

Name the spectroscopw technique you will use and give reason in support of
your answer.-

»
C =CHy CHj CH=CHy
caPine!
O - O
H4C

CH;,

5. Predict the number of signals and their splitting pattern in the nmr spectra of
the following compounds

a) CH,;—CH,-Br
b) CH;--CHI-CH;

6. Two unknown compounds (a) and (b) containing C, H énd O showed the
molecular iou peaks at m/z (a) 46 and (b) 30. Give possible structures to these
compounds.

4.10 ANSWERS

Self Assessment Questions

1. i) False ii) False iii) True
iv} False v) True vi) True
2. a) .

b) will have longest wavelength of absorption.

3. a) active b)inactive c) active d) active,

b
4. a) CH;-CH-CI
a |
CHga
CH33.-
. [
b} CH,-C-CH,-0H
a | b c
CH,
a

Effect of Molecular
Architecture on
Physh:n!_ Properiies
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¢) CH,;OCH,CH,0CH,
a b b a

d) CH3 —Cl‘ig - Ci"}z"‘Bl
a b c

Terminal Questions

1.

2,2,3,3-Tetramethylbutane, 374 ¥.
Octane, 216 K.

The boiling points are in the flollowing order.
d < (c) < (@) < (b).

L)

3. The double bond in D:CHZ moelecile is the sirongest one baczuse it has the

largest value of C=C stretching absorpiiosn. )
Yes, the two compounds in each of the pairs can be differentiated. The UV
spectroscopy can be used for such differentiation.

) CH, .
a) le_C will absorb at longer wavelength due to greater
2 substitution-at the double bond.

b) /@\ will have larger A, due to the same reason ‘ds stated
CHj CH, in part (a). ' . .
c) = will have larger M., because all the three double bonds
<j>=<:> .are in conjugation in this molecule.
a) two sigrials: 1) a iriplet for -CH, protons
iy a guarter for ~CH,"protons,

b) two signals: i) a doublet for -CF, protons.
ii} a septet for -Ciil-proions. o

|l
6. (@) having m/z = 46 can be CHyOCH; or CH,CHL,OH or HO-OH and

120

{b) having m/z = 30 can be HCHO.

s A




UNIT 5 STRUCTURE — REACTIVITY
RELATIONSHIPS '

Structure

5.1 Introduction
Objectives
5.2 What are Acids and Bases?
5.3 Strengths of Acids and Bases
5.4 Factors Affecting the Strengths of Acids and Bases
Inductive Effect
Resonance Effect
Hyperconjugation
Hydrogen Bonding .
Steric Effect -
Solvent
5.5 Tautomerism
5.6 Summary
5.7 - Terminal Questions
5.8 Answers

5.1 INTRODUCTION

In Unit 4, you studied about the relationship between molecular structure and
physical properties including spectral properties. In this unit, you will study about
the effect of molecular structure on the reactivity of the molecules. The reactivity
of one substance towards another is measured by the rate at which the.two
substances react and the amount of the products formed.

Not all molecules are equally reactive. But, what makes some organic molecules
more reactive than others? To find an answer to this question, we should have
some idea of the nature of reactions that the organic molecules undergo. A large
number of reactions that the organic molecules undergo can be readily understood
as simple analogies of acid-base reactions. Therefore, it is important for us to
know the basic features of acid-base reactions. We will begin this unit with a
discussion on various ways in which the acids and bases can be defined. We will
then familiarise you with the concept of acid-base equilibrium. Here, you will also
study that the position of the acid-base equilibrium is a measure of molecular
reactivity; further it is influenced by many factors. Although, the functional
groups present in a molecule are of key importance in determining the molecular
reactivity, it has been observed that various compounds contdining the same
functional groups differ in their reactivities. Thus, in addition to the presetce of
the functional groups, the nature and arrangement of atoms astached to the
functional groups also control the molecular reactivity. These effects which are
associated with the change in molecular structure, are called structural effects. In
this unit, you will study various structural effects such as inductive effect,
resonance effect and steric effect, and their influence on molecular reactivity.

In addition to the structural effects, we will also discuss solvent effects and
hydrogen bonding which are also importdnt factors affecting the rate and the
extent of such reactions. Finally, you will study an interesting equilibrium
involving a proton shift from one atom of a molecule to another, called
tautomerism. :

Objectives

After studying this unit, you should be able to:

© deﬁnq acids and bases,

@ classify the given compounds as acids or bases according to Bronsted — Lowry

and Lewis definitions, i ' 121
@ define p&, of an acid,
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Arr.eniur reccived Nobel Prize in
_ Chemistty in 1903.

Note that during dissociation, the
covalent bond between H— A s
broken and the electrons forming
this bond shift on A as shown by
the curved arrow.

The Bronsted acids are also
called protic acids because they
react by the transfer of a proton.

The word conjugate has its ‘origin

from rhe Latin word conjugatus
which means joined together.
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predict the relative acidities and basicities of compounds from their p&, valucs.

list various factors affecting the strengths of acids and bases,

explain the effect of structural changes on the acidic and basic behaviour of

organic.molecules,

@ predict the relative reactivity of the molecules on the basis of inductive effect,
resonance effect, steric cffect, hydrogen bonding and .hyperconjugation, etc.

® define tautomensm and give examples of various kinds of tautomerism.

3.2 WHAT ARE ACIDS AND BASES?

Ther¢ are various ways of defining acids and bases. According to Arrhenius (1884),
a Swedish chemist, an acid is a substance which ionises in agueous solution to
produce hydrogen ions (H*), also known as profons. And, a base is a substance
which ionises to produce hydroxide (OH") ions. Thus, Arrhenius thcory assumes a
simple dissociation such as,

N ] - -
H-A _— H* + A~
Arrhenius acid
and .
M-OH == M* + "OH

Arrhenius base

Thus, HCI is an acid and NaOH is a base because on diss:ciation they yield H*
and OH" ions, respectively. Thus, the strength of these acids and bases is related to
the degree of their dissociation. The mineral acids such as HCI, 'HI, HBr, H SO
and HNO, are strong acids becausé - they are almost completely dissociated m
aqueous soluuons Similarly, the strength of a base w1ll also depend upon its-,
degree of dlssomauon

.

An alternative theory of acids and bases was devised independently by Brénsted
and Lowry in 1923. According to the Brénsted-Lowry approach, an acid is a
proton donor and a base is a proton acceptor. Since under ordinary reaction
conditions a free proton cannot exist as a separate entity, when an acid in the
Bronsted-Lowry sense is considered, a base must be present to accept the proton
from the acid. Consider the following example,-

conjugate pair

O | 1 fl)
Il ’
CH,COH + H0 fE=—— CH,CO" + H,0*
N
cthanoic acid water ethanoate hydronium
(acid) (base) ion ion_
(conjugate base of (conjugate acid
| _ethanoic acid) of water)

cdnjugate pair

Here, the ethanoic acid is an acid because it donates a proton to water which is a
base ‘because it accepts the proton. Similarly, the ethanoate ion, which is formed
by the loss of a proton from ethanoic acid, functions as a base because it can
accept a proton to become ethanoic acid again, Thus, ethanocate ion is called the
conjugate base of ethanoic acid. Similarly, the hydronivm ion is the conjugate acid
of the base, water. This pair of a base and its conjugate acid or an acid and its
conjugate base is also called conjugate acid-base pair.

Let us now consider an acid-base reaction involving methylamine which acts as a
base and water which acts as an acid in this case, as shown below :




conjugate pair

CH,NH, tOH0  eee— CH,NH, + OH"
methylamine water methylammeonium : hydroxide
{basc) (acid) . ion ,ion
{conjugate acid of (conjugate base
. methylamine) . of water)

conjugale pair

Note that water can act both as an acid as well as a base. It acts as an acid by
donating a protion to yield the OH ™ ion which is its conjugate base. It can also act’
as a base by accepting a proton to yield a hydronium jon which Is its conjugate
acid.

Although, we have illustrated both the above examples using water as one of the
components, the scope of Bronsted-Lowry definition of acids and bases is not
limited to aqueous solutions, as is the case in Arrhenius definition. The Bronsted-
Lowry concept of acids and bases is more general and. applies to any type of
solvent.

Thus, according to this concept the general form of an acid-base reaction can be
writtel. as

Ay 4+ By o - B, + A,y
acid base conjugate conjugate
base of acid A, acid of base B;

where A -B, and A,-B, are conjugate acid-base pairs.

The acid-base theory was further broadened by Lewis in 1938. He proposed that
the acids are the eleciron-pair acceptors and the bases are the electron-pair donors.
Hence, according to this idea any molecule or ion which can accommodate an
electron pair is an acid. For example, a proton, H*, is a Lewis acid because it can
aceept an electron pair. '

A proton is only one of a large number of species that may act as a Lewis acid.
The electron deficient species such as AlCl,, BF,, BCl,, ZnCl,, Mg** and
carbocations are also Lewis acids. The electmn deﬁcnem atoms in these species
accept the electrons to complete their valence shell octets.

S]mllarly, any molecule or ion which has an unshared pair of electrons to donate
can act as a base. Thus, dimethy] ether acts as a Lewis base towards boron
trichloride which acts as a Lewis acid. This acid-base reaction is represented below.

CH; Cl CH, Cl
i | I l

CH; —0:—=B—CI — CH;— 0" —B—Cl
| |

Cl ) Cl
dimethyi ether boron complex of dimethyl
trichloride cther and boron
- Lewis base Lewis acid trichloride

You will agree that the bases are much the same in both the Lewis and the
Brénsted-Lowry definitions because a Bronsted-Lowry base must possess a pair of
eleciions In or * &t~ accr; { a proton.

Having identified a substance as an acid or a base according to the above criteria,
let us study how to determine the strength ¢f an acid or 4 base.

Before that check your unde:standing of the above concepts by answering the

following SAQ.
SAQ 1

Label the conjugate acid and the corjugate base la cach of the following reactions.

Structure — Reactivity
Rehtionships

Note that the curved arrow .
show. the movement of a pair of
electrons from their source fo
their destination.
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Taking ~log of Eq. 5.2 and
rearranging, we get

-log K= :
- log [H;0*] + log (Ha)

[:A7]

By definition,

—log Ka = pKa
ind - log (H;0%] =
Hence, [!-;AI
3K, = pH + log —

=T PR TR TAT

This expression relating the | &
ind pH is also known as

Henderson-Hasselbalch equation.

Thus, when [HA] = [:A],
hen pK, =

124

! ' + _
{) CH3;—~C-OH+H,S0; — CH;-C-OH,+ HSO,

+ _ _ .
«]  (CH3)3NH+CH;0 — (CH3);N: + CH,0H

CH, CHj
\ . |
..i} C CH2+ H30 t e CH3 C + H20
/ |

53 STRENGTHS OF ACIDS AND BASES

It is not possible to determine the strength of ar. acid or a base in absolute terms.
Therefore, these strengths are always expressed it relative terms. The relative .
strengths -of acids are determined by the extent to which they transfer a proton to
a standard base. The standard base which is commonly used for such comparisons,

is water. Hence, for an acid HA, the proton transfer can be represented by the
following equilibrium :

HA+H20‘ = A~ +H30+
The equillibr'ium constant, Ko, for the above cqﬁilibrium can be written as,
. :AT] [HO1
o = [:A7] [HyO"] o D)
[HA]} [H,0] -

where the quantities in brackets are the molar co.centrations (expressed as

moles dm™?) of the species at equ:llbnum

For dilute solutions, the conccntrauon of water s large and is almost constant.
Hence, the above expression for equilibrium constant ¢ -: “e rewritten in terms of
a new constant, K, called the acidity constant, as given below:

L [A"] [Hy0™") '
Keq[HO] = K, = ———————— ...(5.2)

eq [ 2 ] a [HA] .
The dissociation of an acid HA in solwl'er?ts other than water can be generalised as,

HA +solvent = H*_ solvent + :A~

Ti:e expression for acidity constant can then be written as follows:
ji7 * — solvent] [:A7] .
[HA]
The acidity constants of different acids have magnitudes ranging from 10'* to

10-%°, In order to avoid writing a wide.range of powers of 10, K, is generaﬂy
expressed in terms of pK:,, where

K - (53

pK, = -log;pK, A5

Table 5.1 shows the pX, valucs for a variety of acids along with their conjugate
bascs.




I'eble 5.1 : pKa Values

Acid Base pxea
H,S0, HSO, -9 .
HCl cr -7
H,0+ H,0 -17 '
HNO, NO; ~1.3
p NGO, NO,
ON -~ —OH OZNQO' 0.25
: NOZ N02
. H
. 1+ N '
O -0 i
H : H
. . o) ?
] -
OpN @— CoH ON @- co- 3.4
o 0
I A
HCOH 4 HCO™ o
i i 2.7
Ol Ot
(} NH, @NHZ ' 4.6
o -0
1 1 )
_ CH,;COH "CH;CO" 4.8
TN o N 5.2
- )
\ \_7 .
;N —@ oH OZN—O o- 12
a SH
\ / 5- 7.8
- .
NH, N |-|-3 9.4
(CH3);NH " (CHa)yN 9.8
@—on @ o- 10.0
CH;CH,SH CH,CH,S 10.5
CH,NH,’ CH;NH, . 10.6
CH,0H CH,0" 15.5
H,0 OH"™ 15.7
CH,CH,OH CH,CH,0" 17
fH; CH,
|
CH;~-C-GH CH,-C-0" 19
| |
- CH, CH,
CHCl, CCl 23
HC=CH HC=C" 26
NH,4 NH; 36
CH, = CH, CH,=CH" 36
CH;, CH; 49

Table 5.1 shows tha! the acids which are listed
itrong acids suc. ., 1,50y, the proten transfer 10 the.base (i.e., water) is almost

it the top are strong acids. For -

Struciure - Reactlvity .

Relatlonshlps
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The stronger the acid, the weaker
is its conjugate base and vice
versa.

Lewis acids such as boron
trifluoride and aluminium
chioride are important acid
catalysts for certain organic
reactions.

In the expressions for X, and X,
the concentration of water is
generally omittéd and hence, K,

and Kb, have units of moles
dm™?

The sclf—ionisation of water can
be represented as,

H,0 + H,O0 = H;0*+OH"
The con-cntration of the species
H;O" and OH" in pure water is
very low and is equal 1o 1077 -
moles dm™3. Therefore, the selfy
ionisation constant, K, of water
is defined as,

= [H40*] [OH"]
t0-7 x 1077 moles? dm™6
10-' moles? dm ¢
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complete and equilibrium lies towards the right. Thus, the stronger acids.have
larger K, values. Therefore, it follows from Eq. 5.4 that the stronger the acid, the
=maller the pX, value. Thus, as Table 5.1 shows, the sulphonic acids and
carboxylic acids are much more acidic as compared to phenol and alcohols.

Remember that the conjugate base of a strong acid will be a weak base and the
conjugate base of a weak acid will be a strong base. Similarly, we can generalise
for conjugate acids.

Note that Table 5.1 lists the pX, values for protic acids or Brinsted acids only. A
similar Table for the relative acidities of Lewis acids-is not feasible because in
these acids it is not possible to have a standard base as reference. But, an
approximate order of the strengths of various Lewis acids is as given below :

BF, > AIC, > FeCl; > SbCl; > 2nCl, > HgCl,
Boron . Aluminium Ferric” Antimony Zinc Mercuric
chloride chloride chloride chloride chloride

trifluoride

The Table 6f pX, values can bz used to predict the feasibility of an acid-base
reaction. In general, an acid will transfer a proton to the conjugate base of any
acid that is below it in the pK,; Table. Also, the larger the difference between the
pK, values (i.e., acidities) of the acid and the conjugate acid of the base, the more
favcurable will be the proton transfer from the acid to the base.

Many organic reactions are initiated by protonation or deprotonation of a
reactant, therefore, the pX, values are also helpful in choosing the appropriate

"acidic or basic reagents required for a particular reaction.

Similar ro acids, an equilibrium for bases in water can be written as,
A~ + HOH = HA*+OH"

The equilibrium constant for such an equilibrium can be expressed as,

[HA] [OH ™

Keg = ——_—-1- ..(5.5
i:A~] [HOH}.

where the quantities in brackets are molar concentrations of the respective species

at equilibrium. -

Since the reaction is carried out in aqueous solution, water is acting both as a
solvent as well as an acid; hence, its concentration can be taken as almost
constant. Thus, -we can write Eq. 5.5 in terms of the basicity constant, Ky, as

: (HA] [OH "] '

Koq [Hz0] = Ky = ——[’A_] ...[5.6)

The two constants X, and K, are related to each other as shown below :

KK, = [AT] [H;0%]  [HA] [?H']
(HA] A7]
= [H;0*] [OH] = K, = 107"
where X,, is the self-ionisation constant of water, Hencc,.
m’( + pKy = '

Thcrefore if we know the pK, of ac1d HA, the pK, of the base A~ can be
obtained by using the above relation.

It is customary to express the strengths of organic bases not as K, values but i 1r.
terms of the K, and pX, values because it allows 2 single continuous scale for both
acids and bases. As has been stated above the stronger the acid, the weaker will be
its conjugate base and vice versa. In other words, the stronger the acid, the lower
the pKa, but, the stronger the base, the higher is the pK,. This is also evident from
Table 5.1 that whereas the acidity of the acids decreases from top to hottom, the
basicity of the conjugate bases increases from top to bottom, You can see that
NH;, which comes almost at the bottom of this Table, '* a very strong base (see




able 5.1). A comparison of the pK, values from Table 5.1 shows the foliowing
‘der of the basicitics for some of the bases.

' CH, > NH; > RO™ > OH- > RCOO"

ote that the organic compounds which act as bases can be regarded as alkyl
rivatives of either water or ammonia; for example, alcohols (R — O — H), ethers
.—0O—-R") and amines RNH,, R;NH and R;NH, The basic character of these
mpounds can be attributed to atoms such as nitrogen and owgen which contain
e one lone pair or electrons.

aving s <sed the strengths of acids and bases, let us now study the factors
{fecting the strengrh of acids and bases. But before proceeding to the siudy of
X1 section which deals with these tactors, arswer the followmg SAQ.

)2

1widh HA, has pX, = 20 and another acid HA; has pK, = 10. (a) Which of
.0 acids is strong Lr? (b) If Na™ A, salt is added to acid HA,, does any acid-
ceaction take piaee? Lxplain,

4 FACTORS AFFECTING THE STRENGTHS OF
ACIDS AND BABES

e strenzths of acids and bases depend upon many factors, It was mentioned
fore, that apart Irom the presence of functional groups, structural variations in
slecules also influence their acidic or basic properties. We will now focus our
rention on soms effects which arise due to structural changes in the molecules. A
ange in molecuiar structure can affect the reactivity of the molecule by changing
o electron distribution of the system, in which case it is called an electronic

fect, Another possibility is that two or more groups or atoms may come close
ough in space so that the London interactions betwecn them become significant.
1e effects aristng from such interactions are called steric effects.

¢ will begin onr discussion with the study of an electropic effect, known as
luctive effect.

4.1 Inductive Effect

yu are already [amiliar with the fact that when two different -atoms form a
valent bond, the shared pair of electrons is pulled more by the more
«wtronegative asom. This unequal electron distribution results in partial separation
charge and we get a dipole in which one atom has a partial positive charge and:
other atom (the more electronegative one) has a partial negative charge. Such a
larisation of a bond can be felt by adjacent groups also. This phenofncnon of

¢ transmission of charge through a chain of atoms linked together by ¢ bonds is
lled inductive effect. '

t us now analyse how inductive effect causes a change in the acidity or basicity
a molecule. Let us take the example of ethanoic acid whose structure is shown
low,

H o X
L , L

H 2C—IC—G X-C~C-0-H
l %
1 H

ethanoic acid

substiiuad

Structure — Reactivily
Relationships

_b+ b=
-}"-C ~= X - (X is more*
electronegative

a dipale than C)

C—C>-C=Y%X
3 2 1

" Inductive effect of X,

Notg that the induetive effeet i
permanent ket
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i} When the substituent X is
electron withdrawing, iLHecreases
the electron density at H as
shown below:

H 0

A
X<C—=<C==0-<H

. ‘

H

ii) When the substituent X is
electron donating, it increascs the
electron density at H as
represented below:

H O
.

X>»C>C>»>0sH

l
H
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If we substitute one of the hydrogen.atoms on the C-2 caruvun atom. with a

substituent X, then, the nature of the substituent group may effect the electron
density of the O—H bond resulting in a change in the acidity of the molecule,
Depending upon whether the substituent X is electron-withdrawing or electron

donating, the electron density will decrease or increase, respectively. If the electron
- density between the bond formed by O and H atoms decreases, then, the loss of H

as H+ ion is facilitated resulting in the increased acidity of the molecule. On the-
other hand, an increase in the electron density at the bond between O and H

atoms will make the proton release. difficult,

thereby, decreasing the acidity,

The. electron withdrawing substituents-are said to have -I effect and the clectron-
donating substituents are said to have +1 effect. Some examples of the
substituents belonging to these two categories are listed in Table 5.2.

Table 5.2 ; Inductive*effect of various functional groups.

Electron-donating substituents Electron-withdrawing substituents
{(+1) - {-1)
o -F -coH @
. ‘ ‘,
'—CHJ -Cl -—CO:R "Nt
' il ' + .
- - - -B -C- -
: co, ‘ r S \
-1 -C=N
-OR -NO,
-0H ~80,-
-
NN [
~-SR ~C=C-
-8H -CsC-

The effect of some of these substituents on
terms of. their pK, values is shown in Table

the acidity of the substituted acids in
5.3.

Table 5.3 : pX; valucs for some substituted acids determtined in water at 298 K.

Name

Structure pK,
i
ethanoic acid CH,COH 4.76
[
H
i i
propanoic acid CH,COH 4.87
CH,
I
fluofoethanoic_acid CH,COH 2.59
F
i
chloroethanoic acid CH,COH 2.86
' I
Cl
]
bromoelhanoic acid CH,COH 2.90
Br
O .
f
« iodocthanoic acid CH,COH 317

Fiar | Vemer e




ble 5.3 shows the decreased acidity for propangic acid (larger pKﬂ' value) as Structure - Reactivity
npared to the ethanoic acid. Note that the propanoic acid has a.methyl group in ~ Relationshlps
ce of H in ethanoic acid. The methyl group is electron-donating in nature and,

refore, has a +1 effect which results in the decrease in the acidity. But the

dity increases when the clectron-withdrawing substituents such as F, Cl, Br and I

present. Note that the increase in acjdity is in accordance with the

atronegativity of these elements.

¢ inductive effect of these substinients is further enhanced with the increase in
number of these substituents, This is represented in Table 5.4.

[able 5.4 : Effect of increase in the number of chlorine suslituents on acidity of ethanoic acid. -

Acid Structure - Pk,

Eihaneic acid ~ H-C-C-0-H 4.76
Monochloroethanecic acid H-C-C-0-H 2.86

Dichloroethanoic acid Cl-C-C-0-H _ 1.30

Cl O
oo .
Trichloroethanocic acid Cl-C-C-0-H" 0.65 -
‘ |

Cl

monochloroethanoic acid, one of the three hydrogen atoms in ethanoic acid has
=n replaced by an electron withdrawing chlorine atom. Hence, the clectron pair
astituting the C —C} bond is drawn closer to the chlorine atom. This effect is
nsmitted through other atoms forming ¢ bonds to the OH bond of the

0

Il .
C—0-H group. This results in a shift of the electrons constituting the O—H

nd towards oxygen atom as shown below :
H O
|l
Cl=<C-—<C—=<0-<«H

|
H

monochloroethanoic acid

ich an electron withdrawal by chlorine atom, thus, facilitates the departure of
e proton and hence, increases the acidic character of monochloroethanoic acid as ‘ .

mpared to ethanoic acid.

the di- and trichloroethanoic acids, the presence of second and third chlorine

Cl O Ci O
b Aol
Cl =C—<=C-+0---H Cl-«C—=C=<0-<H
H i
trichloroethanoic acid 129
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atoms results in more electron withdrawal away from hyd->; - of the O ~H bond
and would, therefore, further ircrease the acidity of these compounds as compape(’
to ethanoic acid or chloroethanoic acid. Therefore, we can arrange these acids in
the increasing order of their acidities as ethanoic acid < chloroethanoic acid

< dichloroethanoic.acid < trichloroethanoic acid.

The position of electron-withdrawing substituents in a molecule also influences its
acidic character, This is shown by the pX, values of isomeric monochlorobutannic

"acids given in Table S.5.

Table 5.5 : Effect of posltion of substituent on acidity.

IName Structure pK,
. o | ‘ 9
butanoic acid . CH;CH,CH,;COH, ‘ o482
2-chlorobitanoic acid CH,CH:CHIC[IOH : 2.86
4
K _
3-chlorobutanoic acid CH,;CHCH,CCH : 4.05
' (|:1
0
4-chlorobutanoic acid CHZCH2CH2(|'.I‘OH 4.52
&

1t can be seen that although in each of these acids a chlorife atom has replaced a

hydrogen atom but they show different acidities. Note that as the distance of the -

‘electron withdrawing chlorine atom from the reaction site (i.e., the O —H of the .

COOH group) increases, the acid strength decreases. Thus, the influence of the
inductive effect on acid strength is greatest when the electron withdrawing chlorine
atom is-present on-the carbon_next to the carboxylic group and it diminishes
quickly with increase iri the distance. This effect is almost negligible after the -
fourth carbon atom in the chain.

A similar electron withdrawal occurs when a positively charged group is present in

s " : . +
a molecule. A positive centre such as (CH3); N— (trimethyl ammonium) or — NH,
(ammonium), eases the departure of proton by withdrawing electrons and hence,

"increases the acid character- of the molecule. This is illustrated in the example given

below

. _ . . . .
CH3;COOH (CH;:;N—CH,COOH . (CH3);NCH,CH,CH,CH,CC0OH
" pK, 4.76 pK, 1.83 : pkK, 4.27

Note that here also with the increase in’ thc distance between the positively charged

‘group and the carboxyl group, the inductive effect decreases.

If the presence of a positively charged group increases the acidity of a molecule,
then a.negatively charged group should decrease the acidity. Consider the
dissociatjon of propanedioic acid, as given below:

- ) Ka
COCHCH,COOH -——-'- HOOCCH,CGO~ +_H+
" propanedioic acid
" pK, = 2.83

where K, is the first dis5ociation constant.
’ UGCIE-05-95




Te, a proton'is lost from onre of the two carboxyl groups oF the molecule, The
sociation constant for this dissociation is called the first dissociation constant

1 is represented by X . Further dissociation of the anlon obtained in the above
sociation is difficult because it involves the removal of the proton from a
:atively charged species. Therefore, this step -has a pK, value equal to $.69. This
:alled pX,, because K, represents the sccond dissociation constant,

ym the above discussion, we can 3ay that the substitnents having -T effect

rease the acidity while the substituents having +1 effect decrease the acidity. On
; basis, let us now analyse the stability of carkocaticns which are reactive
rrmediates formed during the chemical reactions, You are already familiar with
shape of the carbocations which vou studied in Unit 3 under the

-eochemistry of Syl reactions, Look at the feliowing examples of carboecations:

H H CH, CH,

i | |
H-C-H CH,-C-H CH;-C-H CH,-C-CH;
+ + + +

methyl primary secondary tertiary
carbocation carbocation carbocation carbocation

: carbocations are classified by the degree of alkyl substitution at the positively
rged carbon atom as primary, secondary or tertiary carbocations, as shown
W

R
+ + I "
R—CH,. R—-CH-R ‘R~C-R
a primary a secondary a lertary
:arbocation carbocation carbocation

:ire R is the alkyl group.

:e the alkyl groups are electron donating in nature, the -+ effect increases with
increase in the number of alkyl groups. Thus, the increase in the number of

¢] groups in a carbocation helps in the dispersal of its positive charge.

refore, a tertiary carbocation is more stable than a secondary carbocation ion
ch is, in turn, more stable than a primary carbocation, Hence, we can arrange
above carbocations in the following order of their stabilities:

CH, ' CH, H H
| | | |
CH]'—C—CH3 > CH]—C"’H = CH3"'C—I‘I > H-C-H
+ } + +
tertiary secondary primary methyl
carbocation

+

¢ the substituents having +1_effect decrease the acidity, their presence should
increase the basicity. This is what is actually observed when the hydrogen

ns of ammonia are successively replaced by methyl groups to give methylamine
dimethylamine whose basicities increase with the increase in the number of.
hyl groups, as shown below by the pK, values of their conjugate acids.

H , CH;
+ |, , l
NH, CH,—-N—-H . CH,-N-H

| |

H H
pK, 9.24 pK, 10.62 pK, 10.73

now, you have been studying the inductive effect of various substituents on the
ities and basicities of malecules.. In fact, the inductive effect influences the

ron density of the H — A bond. Another factor which affects the release of
ons from the acid HA is the stability of the anion, A~, formed by the ioss of
on from the acid HA. This you will be studying in the next section.

his stage, it would be helpful to answer the follaging SAQ.

Aiways remember that= 8, is
larger thar X, for a dicarboxylic

F
acid. Therefore, for these acids
pK,! is lower than PK‘z'

Carbocations contain a posizively
charged carbon atom.

The basicity of tertiary amines
will be: discussed in sub-Sec. 5.4.5°
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Not tha: a'dduble headed arrow

{ s )is used to Tepresent
the resonance contributors. It
should be clear to you that it
does not mean that the resonance
contributors are in rapid
equilibrium but it implies that
the actual molecule has one
structure which has the
contribution from various
resonandce contributors.

132,

SAQ)
(a) Arrange the following compounds in the decreasing: order of their acid ©
strengths. Also, give reasons in support of your answer,

i) CH,COOH, NCCH,COOH, NCCH,CH,CH,COOH

i) "CHsNO,, CH,(NO,),, CH(NO,),

L et tasBESEILrIEEsssasmseRtTerRAREATE YL Arddanerrissanu I vanany CerurvErwrraEE qisssETgIs L e v raaanrars

L masassasasswasssnEs pPusaresranrenerrarnnn Nessresssnan FrEmsirsserErranven PR RN N L P T

(b) Arrange the following compounds in the decreasing order of their base
strength Support your answer with reasons.

i) amlme, N-methylaniline, N, N-dimethylaniline

sasrusase ¥eeussNusewraEFRIARRYYILY I L T T R N ) I Y T R Y

ii) NH;, NH,CH,, NH,OH

5.4.2 Resonance Effect

One of the factors which stabilises the A~ anion with respect to the acid HA, is
resonance effect. Let us first revise the basic ideas about resonance which you have
learnt earlier in Unit 4, Block 1 of Atoms and Molecules course and then we will
discuss the effect of resonance on the acidity and basicity of molecules.

Resonance

You are already familiar wnth the fact that some covalent molecules or ions cannot
be represented- satisfactorily by a single Lewis structure. Therefore, for such
species, more than one Lewis structure is possible. These Lewis structures are
called resonance structures or resonance contributors and the actual molecule or
ion is said to be a.resonance hybrid of these resonance structures. Since we will be
dealing with the resonance structures of various molecules in explaining their
reactivity, we should be able to write all the possible resonance structures of a
molecule. For this purpose, certain rules are.to be followed. These rules are as
hsted below:

1., Only nonbondmg electrons and electrons constituting the multlple bonds

change locations from one resonance contributor to another. The electrons in
single covalent bonds are not involved. This is shown in the examples below

2N P _ -
CH;,=CH--0Q! «— -CH, —CH=0:

SN

cH,LcH Y cdH, <> CH,—CH=CH

. 2. 'The nuclei of various atoms in different resonance contributors are in the sams

position. Hence, the structures which are shown below are not resonance
structures because the location of .the chlorine atom is different in them.

e
o, £CHECH—CH, <% CH = CH— CH*CH
.L_____/ |

Cl Cl




All resonance contributors must have .the same number of paired and unpaired o Stﬂ,lﬂure-uencuvuy'
electrons. This is illustrated below : .. Relationshlps
: :O:j ‘ HoHa

C:—\‘/C\ B /C\

CHa CH3 . CHs CH;
important to understand that the individual resonance structures ha'w_: no
ity and the actual compound is not a mixture of the various resonance
‘ributors, but it is a weighted average of these structures. When we use the
ds weighted average, it is implied that some resonance structures are more
ortant than the others and therefore, contribute more to the hybrid structure.
, how to know which structure is more important than the others. To evaluate
relative importance of various resonance structures, their stabilities are
ipared by considering each structure as a separate entity or species. In other
ds, we assume each resonance structure to be real. Thus, the most stable
ctures are the most important ones. Given below are some guidelines to enable
to assess the relative importance of resonance structures.

-

Identical resonarice structures are equaily important and contribute equally
rowards the actual structure of a molecule. For example, the following
resonance structures contribute equally to the actual structure of the molecule.

'\

o +
CHz — CH = CH2 G CHZ == (CH — CH2

Resonance confributors_ having greater number of bonds are more imporiant.
Thus, in the following resonance structures, the one on the left hand side is

more important. 7
PN N ; : _ . _ Single headed arrow denotes the
CH, = CH — CH+w= CH; CH, — CH == CH — CH; ) movement of an electron,

more important

Resonance contributors with little or no charge separation are more important
than those having the large separation of charge. Therefore, among the three
resonance structures shown below, the first one is the most important,

CH; CHa ~ CHs
\ ) R \+ P ‘\.,_ Lt
C==0 <«—> C— QO &> cC—0
Y ~ Y ¥ _ Y U
CH; | CH; CH;

most important )
In case of resonance contributors having separation of charge, the resonance
contributor having the negative charge on the more electronegative atom is
more important.

Hence, in the following two resonance structures, the one in which the more
electronegative oxygen atom carrics the negative charge is more important. °

ETN Th

CH:=CH = 0! <—» "CH; —CH=O:

more important '

Resonance siruciures in which the atoms of elements from the second period
of the periodic table have eight electrons around them are more important
than those in which these atoms have less than eight electrons.

Resonance structures that help in delocalisation of charge or of unpaired
elecirons are important. ’

ing understood how to assign the relative importance to various resonance
ctures, let us now consider why resonance structures are important int deciding
stability of a molecule. Since the resonance structures of a molecule are

bolic representations of the additional bonding associated with the orbital

slap, the grearer the munber of important resonance siructures, t. 2 greater is
stability of the actual molecule. This stabilisation due to resonance is measured
:rms of the resonance emergy which is the energy difference between the actual

ecule and its best resonance struciure. '




Fundamental Conceptls Table 5.6 lists various groups which donate or withdraw electrons due to
resonance. ‘Groups which donate electrons by resonance are-called +R groups. < -«
Some examples of the + R groups being the hydroxy (-OH), amino (-NH;), alkoxy
(-OR), halogens (-X} and alkylamino (~-NHR and,-NR;) groups. On the other
hand, the groups which withdraw electrons by resonance are called -R groups. The
examples of -R groups are nitro (-NOy), cyano (-C=N), carbonyl (>C ), and
sulphonic (-30,H) groups.

Table 5.6 : Resonance effecis of varigus groups.

Electron donating : Electrons withdrawing
+R groups - - R groups
-F . ~CaN
~-cl
.0
—Br “th
. —C-
I 50
-0- 2
: - NO:
-0OR ‘ ]
—OH .
i
—0-C-R
- =N«
-SR’
~SH
—-CH,
-

Let us now study how resonance affects the acidity and basicity of various
molecules. Consider the pK| values for ethanoic acid and ethunol as given below:

I ‘
CH,C~OH . CH,CH,CH

.- ethanoic acid ethano!
pK, 4.76 : pK; 17

Consider the dissociation of these compounds as shown below:

. 8]
[l fl
CH;C-OH % H)0 =—= CH;-C—-0~ + H,0*"
' " ethanoate ion

CHyCH,0H + HyO === CH,Cd,0" + H;07
ethoxide ion- .

We find that the anion of ethanmc acid can be represcnted as a resonanuce hybnd
of the following two resonance structures.

0
/ an .
CH,C «—> CHC
N o AN .
O 0.
Since these two structures are equivalent, they contribute equally to we actual
‘structure which can be represented as siiown below :-

O

5
—c4 I
CH; —C Soo

S
Thus, we'can say that in the ethanoate anion thie charge is not localised on any
one of the oxygen atoms but is distributed equally, or is delocalised, over both the
OXygen atoms. This dispersal of charge resulting from the delocalisation stabilises
this anion. But, the delocalisation of charge reduces the availability of electrons,
thercby resultmg in the decrease in the basicity of the anion. Hence; the
equilibrium lies in the forward direction resulting in the dissociation of the acid.
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ilar resonance stabilisation is not possible for the ethoxide ion because such a
silisation is possible only if the system has = electrons. Because of-the absence
-esonance stabilisation of the cthoxide anion, ethanol is less acidic as compared
:thanoic acid.

: acidity of phenols can also be explained using the resonance phenomenon

ut which you will study in Unit 12, However, you will study the effect of
ynance on the reactivity of aromatic compounds in Unit 9.

ilar 1o acidity, the basicity of compounds is also affected by the resonance. For
mple, in case benzenamine (aniline), in addition to the electron withdrawing
are (-1 effect) of the aryk group, the following resonance structuse are possible.

+

+ +
‘:NHQ NH: NH: lH:
t I
jl - ) “, 7_“_ ‘ 4
| T P ﬂ' -" B P {-;.r' ‘I.! - - l
Dy T

benzenamine (aniline)

'se resonance structures clearly show that the nonbonding electrons of the
‘ogen atom are delocalised over the aromatic ring. Thus, the electron density at
nitrogen atomn decreases which results in the lower basicity of aniline as
npared to ammonia,

u can check your knowledge of resonance by answering the following SAQ.

4

w resonance structures for'the following species (O retionalide the facts given
1 them. ’ .

+ .
H,C=0-H is the conjugate acid of methanal {formaldehyde) and has a
substantial positive charge of! tarbon,

In acetonitrile oxide, H,C-C=N-0:", the inner carbon can act as a Lewis

acid.

4.3 Hyperconjugation

yperconjugation involves the conjugation of sigma electrons with adjacent pi’
wctrons, as shown below: .

H H

[ ~ -
B R T G R

i | i S
nis is also known as ¢ - 7 conjugatign.
1is type of delocalisation leads to a situation where there is no bond between the
«drogen and the carbon atom cf the molecule. Therefore, it is also known as

>-bond resonagce. Rememuer that the proton does not leave its position and since

e nuclei or the atoms do not change their positions, therefore, the
yperconjugation becomes similar to resonance. Hyperconjugation aiso rasulls+in

e deloealisation of charge, as you will now study in case of carbocations. The

Structure ~ Reactivity
Relatlonships

Resonance structures discussed in
this section involve = elecirons
and in some cases nonbonded -
electrons. In the next sectiom
you'will study hyperconjugation-
which involves = and o electrons.

Hyperconjugation involving
hydrogens is the most common.
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Fundamenfel Concepls

Activity

Make 2 model of this
carbocation and convince
lyourself aboul the overlap as
shown here,-

The C—H bond adjacent 1o the
> C=C< or a.carbocation is
rgferred here as a-C-H

bond.

For hyperconjugation 10 oceur,
the substituent next to the
positively charged carbon must
hiave a fitled ¢ orbita) available
to overlap with. vacant p orbiial
of the carbon atom carrving the
positive charge,

stability of carbocations has been earlier explained on the basis of inductive effect
of the alkyl groups. Let us consider agam a primary carbocation, such as the one
“shown below in Fig. 5.1.

/ overlap{ hypetconjugation

Fig. 5.1

+ The hyperconjugation in a cerhocation,

It is clear from the above structure thafthe electrons forming the o-C —H bond
can overlap, or spill over, into the empty p orbital of the carbon atom carrying the
positive charge. The resulting hyperconjugation can be represented as illustrated

below: .
gow H r . H+ -
R _ LR
H—C—C = H—-C=2¢(C
| >R | ¥R i
H H

Note that hyperconjugation produces some additional bonding between the
electron-deficient carbon and the adjacent carbon atom. Hence, hyperconjugation
results in the stabilisation of carbocation by delocalising the positive charge.
QObviously, the more the number o-C~H bonds which can participate in
hyperconjugation, the more stable will be the carbocation. You can see that in case
of the primary carbocation shown above, there are three such -C—H bonds. Let

.us now examine the secondary and the tertiary carbocations.

o
H C
- |
H\C/C\C/.H H\c/c C/H
L ‘ ~
- R U B H | > H
_H H_ H H

secondary carbocation tertiary carbocation
6 x—C—H bonds 9 a—C-H bonds

The secondary carbocation has 6 o-C —H bonds which can participate in
hyperconjugation whereas the tertiary carbocation has 9 «—C — H bonds,
Certainly, ore delocalisation of charge is possible in case of a tertiary carbocation
than in a secondary carbocation which is in turn more than that possible in a
primary carbocation. Therefore, the tertiary carbocation is more stable than the
secondary carbocation which is more stable than the primary carbocation,

Hyperconjugation has also been used to explain the relative stabilities of
substituted alkenes. Consider the following order of stability of some alkenes,

CH, CH, CH, CH, H CH, H H H }1 H H
AN N S AN N, N, N,/
Cc=¢C > C=C > C=C > C=C C=C - F=C
TN 77N AN AN VAN 5
CHj) CH, CH; H CH; H CH, CH, CH, H H H
12 -~ —-H bonds 9 o-C—-H bonds trans — iy~

6 «-C - H bonds
disubstitited

fetrasi:bstituted trisubstitiied 3a-C- A bonds no w-C—H bands
' monosubstiited  na Lyperconjugation

irrvbariied,

You can see that in an alkene, the more the number 9f ¢-C - H bonds which can
participate in .1/perconjugation, the higher is its stability.

In spite of the facr that hyperconjugation can be used 10 explain many otherwise
- unconnecied phenomena, it is controversial as it involves the formation a weaker
36 i bond at the expense of a strong sigma bond.




n addition to the resonance, another factor which contributes to the stability of
he anion, A, is hydrogen bonding which you will now study.

i.4.4 .Hydrogen Bonding

fou are already familiar with the concept of hydrogen bonding from Unit 4 o1
his Block. Il you analyse the pK, values of benzenecarboxylic acid and 2-hydroxy-
senzenecar boxylic acid, as given below, then you will conclude that

Q
u i

/‘_\\ C-0OH -
]( N F/\ C-0OH
“s l\/? OH

benezenecarboxylic acid
pK, 42,

2-hydroxy benezenecarboxylic acid.
pk, 2.98

?.—_hydroxy _bcnzenecarboxylic acid is much more acidic than benzenecarboxylic
acul_. .This is because the anion formed from 2-hydroxy benzenecarboxylic acid is
stabilised by hydrogen bonding, as shown below:

O
g
] Q!q—-— Hydrogen bonding
0’H

Jo similar stabilisation is possible for the benzenecarboxylate anion; therciore,
senzenecarboxylic acid is less acidic than 2-hydroxy-benzenecarboxylic acid.

.~ €00 v

!
L

benzenecarboxylate anion

n the next section, you will study the steric effect on molecular reactivity.

y.4.5 Steric Effect

The effect arising from the spatial interactions between the groups is cailed the
teric cffect. You have already studied the effect of such interactions on the

tability of geometrical isomers, (in Unit 2 where you studied that the frans- isomer
s more stable than the eis- isomer) and conformational isomers, (in Unit 3 where
‘ou studied that the staggered conformation is more stable than the eclipsed
onformation). As the acid-base behaviour or the molecular reactivity is related to
he availability of the electrons, steric factors may also influence the molecular
eactivity, For example, they can inhibit the delocalisation of charge, as is observed
n case of V,N-dimethyl-o-toluidine. The delocalisation of the nonbonded electron
)air on nitrogen, as shown in the structure of N,N-dimethylaniline in Fig. 5.2(a),
Hy  CHs CH;  CHj CH Hj CH;\ CHs

3\ /C
N N

+
N

N, M- dimethylaniline  pka 5.0 N, N-dimethyl-o- 10luidine. pka 5.9

on g )
CH +
3\;&/® \N/
CH-:
H u H | ]
o S Ng H ~ ~H

sterically feasible not sterically feasible
1) th )

¥ig. 5.2 : 1) Delocalisation of nonbonded elecirons on nilrogen into aromste ring I °
N,N-dimethylaniline. b} Such 1 delocallsation in not possible in N, N-demethyi-v-toluidine.

+
\N/
CHj3 CH.
“—> «——>

Strueture = Reactivity
Relationships

Hydrogen bonding stabilises the
anjon by delocalising the charge.

3
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enof has its origin from ene+ol.

In keto-enol tautomers, the kefo
form is usually the more stable
form and, therefore, it
predominates at equitibrivm,

The mechanism of enciisation
involves solvent mediated proton
transfer steps rather than a direct
inramolecular jump of the
proton from carbon to ‘oxygen.

40

A pauticular example of tautomerism involving the ketones as carbonyl compoimnds
is called kefo~enol tautomerism and is represented below ; - -

o OH
tautomerism |
R-CH,CR’ =mg=—=== R CH=C-R’

kete form suedl form

The keto-¢nol tautomerism is of enormous importance as you will study later in
this course and also in the Organic Reactions Mechanism course.

Proton'tautomérism in some cases leads to the formation of a ring in one of the

 tautomers. Such a tautomerism is called as ring-chain tautomerism and is.

- illustrated below : OH
O HO |
V4 ~ .
CH; —C . C=0 _ CH; —C—0O,

~ s : i >C=0
H,C — CH, H,C — Cif,

. A
OH 0

| Y = A

CHy—CH—CH,—C—H  — CH; — CH — CH, — CHOH

Another kind of tautomerism, known as valence tautomerism involves a shift in.
interatomic distances within a molecule, without the separation of any atom from
the rest of the molecule, as an intermediate stage. This kind of tautomerism oceurs
as'a result of movement of valence electrons of the molecule. An example of
~alence tautomerism is shown below :

A .

cyclooctatetraene
The valence tautomerism may appear similar to resonance but remember that the
two are different. The difference is that the valence tautomerism involves making
and bregking of ¢ and « bonds while, in resonance only the = electrons or the
nonbonding electrons shift and the ¢ framework of the molecule is not disturbed.
Some other differences between tautomerism and resonance are as follows:

1) Tautomerism may involve a change in the hybridisation of atoms which may
result in a change in the shape of the molecule. While in resonance there is
no such change-in the hybridisation and geometry of the molecule.

ii) The tautomers have a physical reality while the resonance structures are
imaginary. .

. ?
iii; Tautomerism.involves an equilibrium between two or more tautomers. On the
other hand, the resonance implies that the actual structure of the- molecule is
- the ‘weighted average of various resonance contributors and not a mixture of
- them:

5.6 SUMMARY

In this unit, you studied that, ‘

@ Many reactions of organic compounds can be classified as acid-base reactions.
Therefore, the study of acids and bases is important for understanding the

* Qrganic reactions.

@ According to Bronsted-Lowry definition, an acid is a proton donor and a base
is a proton acceptor. : .

@ Lewis definition classifies acids as electron pair acceptors and bases as electron
péir donors. :

@ The aciditics of Brinsted acids can be expressed in terms of their pK, values.

@ A strong acid has a weak conjugate base and 4 weak acid has a strong
conjugate base and vice versa. K




Structural changes can bring about marked differences in the acidic and basic Structure — Reactivity
behaviour of a molecule which can be explained on the basis of inductive, . Relatlonships
resonance and steric effects and on the basis of hydrogen bonding. ‘

The inductive effects operate through sigma bonds and decrease rapidly with’
increase in the distance between the substituent and the reaction site. As a
consequence of.the fact that inductive effect increases with the number of
substituents present, a tertiary carbocation is more stable than a secondary
carbocation which is more stable than a primary carbocation.

Tesonance stabilisation of an anion (or the conjugate base) favours dissociation
of thz ~5d, ’

The stei:. effect operates due to the presence of the bulky groups near the
reaction site which prevent the approach of the reagent to the reaction site. The
steric requirements for Bronsted acids are usually negligible because of the _
small size of the proton but are important in case of Lewis acids.

In addition to the structural changes mentioned above, the nature of the solvent
also plays an important role in the acid-base equilibrium.

5.7 TERMINAL QUESTIONS:

1. Explain the acidic néture of 2,2,2trifluoroethanecl as compared to ethanol.
2. Exgilain the difference between pK, (4.16) and pK, (5.61) of butanedioic acid
3. Draw resd_nance structures for the following:
() chlorobenzene ~ii) acetonitrilc
iiiy pyrrole, : '
H
4. Ethylamine and aniline react with aq. HCIl. Write the equations for these
reactions. '
5. Are the following pairs of compounds tautomers or resonance forms?
. - + ‘
?CHB ”CH3
+ .
() CH;—C=N(CH;); and CH;-C-N(CH;),
(])CH3 _ i ﬁ
() CH;—C=NCH, . and CH;3;—-C~-N(CHj);
fs) O HO 0
o U T
0] ‘ OH
G = D
()] N N _
: |
H
5.8 ANSWERS

Self-issessment  Questions

1.

0
: [ : !
a) CH;,—C~OH + OH — CH;~C-0" + H;O | A
anid base conitgate conjugate : ‘ 1'41

base acid
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