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1 .  INTRODUCTION 

Organic Chemistry is a highly organised discipline. It is the study of the 
relationship between the structures of molecules and their reactions. We will begin 
our study with the type of bonding and structural aspects of the molecules. You 
are already familiar from Unit 3, Block 1 of the Atoms and Molqcules course that 
the compounds can be broadly divided into two classes, ionic and', covalent. Ionic 
compounds are composed of positively and negatively charged ion; which are held 
together 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 C1- ions are held together 
by electrostatic forces; no Na+ ion can be regarded as bonded to a particular C1- 
ion. In other words, there is no such entity which can be called as NaCl molecule. 
In fact, the electrostatic forces operate between a particular ion (Na') and all its 
neighbouring ions (Cl-) of opposite charge. On the other hand, in covalent 
compounds, mdecules are the structural units. In contrast-to the ionic compounds, 
in covalent compounds, the molecules are formed by the sharing of  electron pair(s) 
between the constituent atoms. The bonds formed by' sharing af pair@) of electrons 
are called covalent bonds. Since in organic compounds, the bonds forrhed 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 
&longing to  various classes. 

.Objectives 

After studying this unit, you should be able to : 
describe general features of a covalent b ~ n d ,  
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 belonghg to different classes, and 
write the correct structure of a compound from its name. 

1.2 THE COVALENT BOND 

The sharing of eltctrcrls to form a covalent bond leads to an increase in electron 



dndslncnta~ Concepts density in between the nuclei. In such an arrangement, the forces holding the 
atoms together are also electrostatic in nature; but this time the forces operate 
between the electrons of one atom and the nucleus of the other. Such a system has 
lower energy and is more stable as compared to the energy of isolated atoms. It is 
so because each electron is now attracted by two nuclei. As a result, the formation 
of the bond is accompanied by the releascof the energy. The same amount of 
energy has to be supplied to break that particular bohd. The amdunt of energy 
required to break a particular bond (expressed in terrhs of kJ mol? is called its 
bond dissociation energy. You should not confuse bond dissociation energy with 
another term bond energy which is an average value for a particular bond. The 
difference in these two energies can beillustrated by taking the exampb of 
methane, CH4. If the C-Hbonds are successively broken as shown balm, then 
the bond dissociation energy for each step is as indicated on the right hand side. 

Bond Dissociation Energy 

You can see from these values that the dissociation energies are different for each 
C-H bond breakage. On the other hand, bond energy is a single average value 
which &I be obtained as, 

427+460+435+339 
kJ mol-l Bond energy of the C-H bond = 

4 

- 1661 - -  kJ mol-I = 415.25 kJ mol-I 
4 

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

CH4 .c. + 4 H .  

Clearly, if the molecule is diatomic, then bond dissociation energy and bond 
energy are the same. Generally, bond dissociation energy values are more useful. 
Table'l . I  lists the bond energies and bond dissociation energies for some bonds in 
kJ mol-I (at 298 K and 1 atm. pressure). - 

Bond Bond Bond Bond Bond Bond Dis- Bond Bond Dis- 
Energy Energy sociation sociation 

Energy Energy 

H-H 436 N-N 163 CH3-H 427 Ph-OH 431 

F-F 158 N = N  409 CH3CH2-H 418 Ph-NH2 381 

CI-Ct' 242 N I N  945 CH3CH2CH2-H 410 Ph-F 485 

Br-Br 193 0 - H  463 (CH3),CH-H 395.5 Ph-CI 406 

1-1 151 0-0 146 (CH,),C-H 381 Ph-Br 301 

H-F 165 O = O  497 CH3-CH3 3 68 Ph-I 272 

H-CI 426.8 C - 0  3347 CH3-F 45 1 

H-Br 364 C = O  694.5 CH3-CI 349 
; .  

H-I 297.1 O = C = O  803.3 CH3-Br 293 

C-H 414 C-N 284.5 N3-I 234 

C-F 484 C = N  615.1 HO-k 498 

C-CI, 338 C = N  866.1 CH30-H 427 

C-Br 276 N-H 389.1 CH3-OH 383 

C- l 238 N - 0  200.8 Ph-H 43 1 

C-C 348 N = O  606.7 PhCH2-H 356 

C - C  612 S-H 347.3 Ph-CH3 389 

C s C  813 S-S 225.9 PhO-H 356 

S = O  497.9 



There are two more parameters associated with a covalent bond which determine Bonding, Functional Group 

the shape of a molecule and are known as bond length and bond angle. Bond Classification and Nornenela~~~re 

length can be defined as the average distance between the nuclei of the atoms 
which are covalently bound together. Bond angle can be defined as the angle 
between the atoms, forming the bonds to the same atom. Table 1.2 gives the bond 
lengths for some of the bonds. 

Table 1.2 : Bond lengths for some of the bonds 

From these values of bond lengths, we can conclude that : 

Bond 

H-H 

C-H 

C-C 

C = C  

C e C  

F-F 

CI-CI 

Br-Br 

1-1 

C-C in C6H6 

0 -H  

i) bond length decreases with the increase in multiplicity of the bond. Thus, the 
decreasing .order for bond lengths for carbon -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-Cl < C-Br < C-I. 

Bond length/pm 

74 

112 

154 

134 

120 

1 44 

198 

228 

266 

139 

97 

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 are 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 : 

Bond 

CIF 

C-CI 

C-Br 

C-I 

C - 0  

C = O  

N-H 

N-N 

N = N  

C = N  

C a N  

I I \ / 
H - C  - C  -H /C=C H - C = C - H  

I I \ 
H H 

H H 

Bond length/pm 

142 

177 

191 

213 

143 

120 

103 

147 

130 

130 

110 

ethane ethylene 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 ethane can 
be written as CH3CH3. 

Similarly, we can write condensed structural formula for 

1 pm = 1 picometer 
= 10-'2m 

Remember that all the 
representations of the formulas 
are in two dimensions but 
actually molecules are three- 
dimensiohal in nature. About 
this, you will study in Units 2 
and 3 in detail. I I 

H H 
ethyl chloride 
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H O H  

The skeletal structures or 
line structures show only 
the carbon-carbon bonds. 

I  II I  
H - C - C - C - H  as CH3COCH3. 

I  I  

acetone 

Repeating units such as (-  CH2-) in the structural formula can be enclosed in 
brackets and hence hexane ' 

H H H H H H  
I I I I I I  

H - C - C - C - C - C - C - H  
I I I I I I  

H H H H H H  

hexane 

can be written as CH3(CH2),CH3. 

Condensed formulas for compounds having multiple bounds can be written as 
shown below: 

H2C = CH2 HC s 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: 

Compound 

CH3CH2CH2CH2CH3 

pentane 

cyclohexane 

1,ine structure - 

benzene 

Having understood the above representations, answer the following SAQ. 

SAQ 1 

Write the condcrisrd i'orrnulas for thc following compounds: 



Bonding, Functional Group 
Classification and Nomenclature 

H - C - H  H-C-H 

I I 
H-C-C-C-C-C-C-C-H 

I l l 1  I I 
H H H H  

H-C-H 
I 
H 

1.4 ORBITAL HYBRIDISATION 

Properties and chemical reactions of most organic molecules can be easily 
explained by considering the molecules to be formed by sharing of electron pairs 
between the atoms. Another approach to formation of molecules which you 
studied in Unit 5 of Block 1 in Atoms and Molecules course, is the molecular 
orbital method. Organic chemists have for many years employed a bonding model 
that combines elements of molecular orbital theory with Lewis model of formation 
of covalent bond by electron sharing. This model was proposed by Pauling in 1930 
and is based on the concept of orbital hybridisation. This model uses the 
terminology of molecular orbital theory but treats the bonds between the atoms as 
though they are localised, as in the case of diatomic molecules. In other words, it 
is a sort of locahsed molecular orbital'treatment of the bond. 

You have alreedv snidied in Unit 4, Block 1 of Atoms and Molecules course that 
various types of orbital hybridisation is possible depending upon the number and 
nature of the orbitals involved. Ih this unit, we will restrict our discussion to the 
hybridisation involving s and p orbitals. Let us now study each type of 
hybridisation involving s and p orbitals, in detail, to understand this concept and 
its use in explaining the formation of molecules. 

Let us consider the simplest organic compound, methane, having the molecular 
formula CH4. You can recall that carbon has the electron configuration 
ls2 2s2 2p: 2p,!. Since only two unpaired electrons are there, one ;nay expect that 
it should form only two bonds with two hydrogens to forms CH2. But actually it 
forms four bonds with four hydrogens to give CH4. Pauling proposed that this 
could be explained by using orbital hybridisation. In this method, atomic orbitals 
are miied to yield the new hybrid orbitals. In this case, in the first step one of the 
2s electrons is promoted to the 2pz orbital, electron configuration can then be 
written as 2s' 2p: 2p,! 2p:. Bond formation with these pure atomic orbitals would 
lead to the situation where the bond formed by one 2s electron will be different 
from the bonds formed by three 2p electrons. But, in methane molecule, all the 
four bonds are equivalent. In order to explain this, the idea of orbital 

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

The orbitah which undergo 
hybridisation, should not be 
energetically much different. 

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

sp3 is pronounced as s-p-three 
and not s p  cube. 

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

13 



Fundamental Concepts hybridisation was invoked. In this process, one 2s and three 2p orbitals on 
hybridisation yield a set of four new equivalent orbitals. These new orbitals are 

Hybridisation may not-always called hybrid orbitals. Since they are formed by combining one s and three p 
yield equiva'en' hybrid orbitals, they are called sp! hybrid orbitals. All the four sp3 hybrid orbitals are of 
You are already familiar from 
Unit 4 of Atoms and Molecules 
course that in so3d hvbridisation . . 
two kinds of hybrid orbitals are 
obtained. 2 p t  f - 

2 s %  

Is -% 
Carbon atom 

J mix lrand . . four (v') hybrid f * f three 2p orbitals orbitals 

Carbon in methane 

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

I Like pure atomic orbitals, the These sp3 hybrid orbitals are shown in Fig. 1 .l. You can see in Fig. 1 .l(a) that 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 stable structures. This is - 
reflected in case of diamond 
which is the hardest known 
substance. The s t ru~ture  of z 
diamond (see Fig. 3.8, Sec. 3.4, 
Unit 3.  Block 1 of Atoms and 
Molecules course) shows the 
tetrahedral carbon atoms linked 

'The tetrahedral concrete 
structures are used for checking 
sea-erosion as shown in the 
following picture: 

c) Formation of methane molecule. 



I 

sp3 hybrid orbital has two lobes of unequal size separated from each other by a Bonding. Functional Cretcp 
node. This situation is similar to a p orbital but with the difference that here one ( br\\ification and Nnwlre(g(we 
lobe is very small and the other is very large. In other words, in sp3 hybrid 
orbitals, the electron density is concentrated in one direction which leads to greater Remember that hybrid,sation 
overlap as compayd to pure atomic orbitals. Hence, the bonds formed by such ~nvolves &ing of orb~tals of the 
orbitals will be stronger and more stable in comparison to those formed'by using one and the same atom and not 
pure atomic orbitals. The spatial orientation of these orbitals is obtained by the orb~tals o f  d~fferent atoms. 

mathematical calculations and is shown in Fig. l.l(b). This is in accordance with 
the VSEPR theory which you studied in Unit 3, Block 1 of Atoms and Molecules 
course. You can see in the figure that these orbitals are directed towards the 
corners of a tetrahedron and the bond angle between any two sp3 hybrid orbitals is 
109.5". In methane~molecule, each of the four sp3 hybrid orbitals overlaps with Is 
orbital of four hydrogens as shown in Fig. l.l(c). 

Note that the bonds so formed, i.e., the C - H  bonds, are a (sigma) 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 the 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 
sp3 hybridisation in Unit 6 of Block 2 of this course. 

1.4.2 sp2-Hybridisation 
In a molecule 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 2s orbital of the carbon is 
hybridised with only two of the three available 2p orbitals, as shown below. 

2p-Ft - 
mlx 2s and 5 - three tp' hybnd 

[ N O  2p orb~tals o,.t,,t,ls 

-H 2+ 

Z 
W - 

2 p + + +  I 
alomlc carbon 

1 5 +  

ls22,'2p2 

Since three orbitals are hybridised, three equivalent sp2 hybrid orbitals are 
obtained. We shall now exp1a:n sp2 hybridisation using ethylene as an example. 
According to the VSEPR theory, these orbitals are oriemed in space making an 
angle of 120" with each other as shown in Fig. 1.2(a). Note thdt the three sp2 
hybrid orbitals are in one plane. The third p orbital which is not utilised for 
hybridisation is perpendicular to the spZ hybrid orbitals and is shown in red colour in 
Fig. 1.2(a). 

When two such sp2 hybridised carbon atoms form a bond, the C - C  bond formed 
is again a a bond. I f  the rest of the sp2 hybrid orbitals on each carbon atom 
overlap with 1s orbital of the two hydrogen atoms, then as shown in Fig. 1.2(b), 
the two unhybridised p orbitals on the two carbon atoms are parallel to each 
other. These p orbitals can overlap sideways to yield a second bond, known as a 
(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 single 
bond length as given before in case of ethane. You will study in detail, the 
compounds having sp2 hybridised carbon atoms such as alkenes 3nd dienes in 

carbon in e~hylene 
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sp2 orbitals 

You are aware that: 
i) a bonds are formed by the 
edge-on overlap of pure (s and p)  
or hybrid orbitals. The electron 
density in a bonds is maximum 
along the internuclear axis. 
ii) T bonds are formed by 
sideways overlap of p orbitals. r 
bonds have maximum electron 
density above and below t h e  
internuclear axis. 

Activity 

Wake a model of ethylene 
molecule and convince 
yourself that it is flat in shape 
with the two carbons and 
their substituent hydrogens 
lying in one plane. However, 
the r bond is a t  right angles 
to this plane. 

I sp2 hybrid orbitals of carbon form o 
bonds witheach other and 
hydrogens 

overlap lo form rr 
bond H ... 

C-C o bond 

Fig. 1.2 : a) s p 2  hybrid orbitals. b) Formation of C-C a bond. c) Formation of a r bond in ethylene 
molecule. 

.SAQ 2 
Predict the percentage of s and p characjer in sp2 hybrid orbitals. 

Let us now consider the third type o f  hybridisation involving s 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- 

i mix 2s and b two, hyhrid .+ 
one 2p orbital orh,la15 

carbon in acctylcnc 



hybridisation. This leads to two new equivalent sp hybrid orbitals as shown in Bonding, Functional Group 

Fig. 1.3(a). These two orbitals are oriented in space at an angle of 180" according Classificaflon and 

Two sp hydrid orbitals 
(a)  

s bond 
/ 

s bond 

(c) 

Fig. 1.3 : a) Two sp bybrid orbitals. b) Formation of one a (sigma) bond. c) Formation of two z bonds 
in acetylene molwule. 

to the VSEPR theory. Let us study sp-hybridisation using acetylene as an example. 
When one of the two sp hybrid orbitals on each carbon atom combines with 
another, a C - C  sigma bond is formed. The second sp hybrid orbital on each 
carbon forms a sigma bond with Is orbitals of two hydrogens, as shown in Fig. 
1.3(b). This leaves two p orbitals on each carbon atom which are not used in sp 
hybridisation. These p orbitals are perpendicular to each other and also to the 
sigma bond. These p orbitals can overlap laterally to give rise to  two 7~ bonds. 
Such a bond is called a triple bond and we get the acetylene moleculte, as shown 
in Fig. 1.3(c). The C=C bond in acetylene has a bond length of 120 pm and the 
H - C - C angle is 180@which shows that it is linear. Compounds having triple 
bond are called alkynes and will be dealt with in detail in Unit 8 of Block 2. We 
can sum up the above information as shown in Table 1.3. 

Table 1.3 : Bond characteristics and hybridisation of  carbon in simple molecules 

Compound 

Ethane 

Ethylene 

Acetylene 

Hybridisation of 
carbon atom 

Bond length Bond angle Nature of 
in pm carbon - carbon 

bonds 

154 109.5" single 

134 double 

From the data given in the Table 1.3 we can conclude that 

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

ii) as the bond order increases, the bond length decreases. 
Befo;e proceeding to the next section, answer. the following SAQ. 

Acetylene Is a linear molecule 
having cylindrically symmetrical 
r electron density aboilt the 
internuclear axis. 



Fundamental Concepts SAQ 3 

Indicate the type of hybridisation for each of the carbon atoms in the following 
compounds: 

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 of 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 
a classification based on functional groups is that in addition to logically 
systematising the organic compounds, the properties of thc 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. I 

You will study each class of compounds in detail in the forthcoming blocks of this i 

course. 

Table 1.4 : Functional Groups 

Class Functional General structural Example IUPAC suffix or 
Group formula prefix 

Containing C ond H only 

Alkane none R - H  CH4 -ane 
methane 

R 
\ / \ / 

R2 
Alkene /C = c /C = C H2C =CHI -ene 

\ \ ethylene 
Rl R3 

Alkyne - C = C -  R-CmC-R,  H - C m C - H  
acetylene 

-Yne I 

cyclohexace 
(n = 4) 



Aromatic 
Compounds 

I Bondiy, Functbnni Group 
Uassifkstion nnd IYORli)ndnturc 

benzene 

Containing C, H and 0 

Alcohol -OH R-OH CH, -OH -01 
methanol 

Ketone - 

0 0 
II II 

R - C - R '  CH, - C - CH, -one 
acetone 

I methyl acetate I 
0 0 0 0 

I 
0 0 

II I1 I I II II II 
I 

Anhydride - C - 0 - C -  R - C - 0 - C - R '  CH3-C-0-C-CH3-oic ~ 
1 acetic anhydride anhydri~fc 1 i 

Nitrile -C=N 

Containing C, H, Nand 0 

Nitro - NO, 
compou~~ds 

. . 

(primary amine) 

R' 
I 

R' 
I I 

R - N- R" H3C - N- CH3 
(tertiary amine) trimethylamine '"' J 

N-R" N - CH2 

methylamine 

R--C-N CH,-C=N - nitrile 
acetonitrile 

R - NO2 CH, - NO2 Nitro - 
niLrorr?ethane 

C-N'  R-C-NH, CH3-C - NH: - arnide 
\ aceramide 



Fundamehtai Concepts (Containing C, H and other elements 

I Halide -X R-X CHI - CI Halo - 
methyl chloride 

0 0 0 
I1 I1 II 

-C-X , R - C - X  CH3 - C - CI - 0y1 
acetyl chloride halide I 

I 

IThiol 
- SH R - SH CH3 - SH - thiol 

methanethiol 1 
I Sulphonic acid - SO2 - OH R-SO2-OH CHI-SO2-OH - sulphonic acid 

methanesulphonic acid I 
'Here, X stands for halogens (F, C1, Br and I), R stands for the alkyl group and Ar stands for the aryl 
group. 

' f i e  names given in Column 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 category in Table 1.4 are the 
compounds which contain only carbon and hydrogen. These compounds are also 
called hydrocarbons. The hydrocarbons can be classified as aliphatic, alicyclic or 
aromatic. In the aliphatic hydrocarbons, the carbon atoms are linked to eadh 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 
alkanes. The unsaturated hydrocarbons are of two types: the one containing 
double bond as the functional group are named as alkenes; the other containing a 
triple bond as the functional 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 cornpounds which resemble 
benzene in their properties. 

The alkyl groups, generally ydrocarbons provide a backbone to which various functional groups 
represented by R, are derived to yield an enormous variety of organic compounds. 
from alkanes by removing one 
hydrogen. The simplest alkyl 
group is methyl group (CHI - ) 
which is derived from the alkane, 
methane (CH,). Common alkyl 
groups are listed in Table 1.7. 
Similarly, sryl groups denoted by 
Ar, are obtained from benzene 
and its derivatives by removing 
one hydrogen. The simplest aryl 
group is phenyl group (C6HJ - 

or \ ) and is abbreviated 0 
as Ph. In general, aryl halide 
(Ar - X) can refer to any of the 
following:. 

Let us now tudy about the structural features of some classes of aliphatic 
compounds. The compounds in which the carbon and oxygen atoms are linked by 
a single bon can be classified as alcohols or ethers, depending upon the number 

\ 

I 
of alkyl 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 (i.e., 
,C= 0 ) ,  which is called carbonyl group, can be classified as aldehydes or ketones, 

depending on whether the number of alkyl groups attached to carbonyl carbon is 
one or two, respectively. If instead of an alkyl group, one hydroxyl (-OH) group is 
attached to the carbonyl group, a class of compounds known as carboxylic acids 

0 
I 1  

(R - C -OH) is obtained. A number of carboxylic acid derivatives are obtained by 
0 
I I 

replacing the hydroxyl group by halogens. - NH2, - 0 - C - R or -OR groups. 
0 
I I 

Accordingly. these compounds are called acid hdidcs (R - C - X), d d c s  
0 0 0 0 

I I I I I I I I 
(R - C - NH2). anhydrides (R - C - 0 - C - R') and lesters (R - C -OR1). They are 
also called functional derivatives of carboxylic acids, as they are obtained by the 
changes in the functional group. 

In a similar manner, compounds having carbon-nitrogen single bond are called 
amines. The amines can '.e of three types: primary, secondary and tertlafy a d n e s  
depending upon whether the number of alkyl groups attached to nitrogen is one, 



two or three. The carbon-nitrogen double bond is characteristic of the class of Bonding, Functional Group 

compounds known as imines while compounds having carbon-nitrogen triple bond C'aSSifica"On and Nomenc'a'ure 

are called nitriles. Then we have alkyl halides which have their unique importance 
in the transformation of functional groups which you'will realise when you study The terms primorg, secondary 
their reactions in the following blocks. The sulphur analogs of alcohols and and terttary as used for 
carboxylic acids are known as thiols and sulphonic acids, respectively. classification of branched alkyl 

Parallel to the classes discussed above for aliphatic compounds, we have aroniatic 
~ ~ ~ ~ ~ ~ o ~ f n : ; ~ ~ ~ ~ ~ ~ n d e r  

compounds in which benzene forms the backbone to which various functional branched chain alkanes in the 
groups mentioned abo.ve can be attached to  yield similar classes of aromatic next section 
compainds, like aryl halides, arylamines, phenols,, aromatic carbonyl compounds, 
aromatic acids and their derivatives, etc. As you have seen in Table 1.4, R is 
generany used to represent an alkyl group; the corresponding aromatic compounds 
are obtained by replacing R by Ar which denotes an aryl group; this is shown in 
Table 1.4 in case of alcohol and phenol. In the next section, we will study about 
the nomenclature of these compounds. Before that attempt the following SAQ to 
check your understanding about the functional groups. 

SAQ 4 
Encircle and name the functional groups present in 'the following compounds: 

a) CH3 - CH = CH - CH20H 
.......................................................................................................... 

b) CH3COCH2CH2 - 0 - CH3 
I I 
0 

.......................................................................................................... 
CH3 
I 

c) (=3CH2-N-CH3 

.......................................................................................................... 
0 0 
I I I1  

d) QHCCH2CH - C - 0 - C - CH2CH3 
I 

CH3 
......................................................................................................*... 

1.6 NOMENCLATURE OF ORGANIC COMPOUNDS 
Isomers are the compounds that 
have identical molecular formulas 
but differ in the ways in which 
the atoms are bonded to each 

The earliest attempts to name organic compounds were based either on their origin other. For example, four carbons 

or on their properties. For example, citric acid was named so because of its In a hydrocarbon having 
molecular formula C4H10 can be occucrence in citrus fruits. The aromatic compounds were called so because of arranged in the two different 

their characteristic odour (Greek: aroma, fragrant smell). Examples are oil of ways: 
wintergreen and vanillin (a constituent of vanilla also used as a flabouring agent) 

Straight 
which were called aromatic due to their characteristic fragrance. With the HyC - CH2 - CH2 - CH, 
advancement and growth in the knowledge of chemistry, the number of known common name : normal butane 
organic compounds has increased rapidly. Also, with the increase in the number of or n-butane 

carbon atoms, the number of possible isomers for hydrocarbons (without any Branched cham 

functional group) becomes very large (see Table 1.5). CHY 
I 

H3C - CH - CH, 
Table 1.5 : Possible Number of Isomers for Hydrocarbons common name : isobutane 

Number of  carbon Ibus. n-butme md isc&hne 
are iramn. 

atoms in the 
hydrocarbon 4 5 6 7 8 9 1 0 1 2 1 5 2 0  

Number of possible 
isomers 2 3 5 9 18 35 75 355 4,:17 366,319 



Fundamental Concepts Having learnt about the variety of functional groups, you can imagine that the 
nature and position of functional groups present can raise these numbers many 
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 
nomenclature 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 the 
nomenclature is always undergoing modifications and revisions, the latest rules 
which are widely accepted were recommended by the Commission on Nomenclature 
of Organic Chemistry of the International Uniod of Pure and Applied Chemistry 
(I.U.P.A.C.). We will now study this system in detail. 

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 CnH2n+2 where n can be 
1, 2, 3, J... 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 IUPAC names for various alkanes having different chain lengths are given in 
Table 1.6. The unbranched alkanes have their common names as normal alkanes 

Compounds that differ from 
each other in their molecular 
formulas by the unit - CH, - 
are called members of a 
homolagorr serks. Thus. the 
compounds listed in Table 1.6 
belong to a homologous series. 

Tohle 1.6 : IUPAC Names of straight chain alkanes having general formula CnHZn+ 

n Formula 

1 CH, 

Name 

methane 

ethane 

propane 

butane 

pentane 

hexane 

heptane 

octane 

nonane 

decane 

n Formula Name 

undecane 

dodecane 

tridecane 

tetradecane 

pentadecane 
I. icosane 

triacontane 

tetracontane 

pentacontane 

hectane 

'Prior to 1979 version of IUPAC rules. it was spelled as eicosane. 



common alkyl groups are listed in Table 1.7. You can locate that both the 
substituents in the example cited above are methyl groups. 

Alkyl group 

CH3CH2 - 

CH,CH2CH2 - 

Table 1.7 : Common Alkyl groups 

-- 

Common name IUPAC name 

methyl methyl 

ethyl ethyl 

n-propyl 

n-butyl I butyl I .  

Bonding, Functional Group 
Classification and Nomenclature 

The IUPAC system of 
nomenclature has retained some 
of the older names for branched 
alkyl groups such as isopropyl, 
isobutyl, see-butyl, rert-butyl and 
and neopentyl. 

Note that the numbering of 
carbon atoms is from the point 
of attachment of the group to 
the parent chain. 

H b u t y l  2-methylpropyl 

sec-but> l I-methylpropyl 

tert-butyl 1,  I-dimethylethyl 

P _ n c q y y  1 
2, 2-dimethylpropyl 

i 

-- 

3. The parent carbon chain is then numbered in such a way that the substituents 
get the lowest possible numbers. The carbon atoms in the above compound 
can be numbered as, 

1 2 3 4 5 7 6 5 4 3 
CH3-CH2-CHI-CH-CH-CH3 or CH3-CH2-CH2-CH-CH-CH3 

I ,I I ,I 
CH3 CH2 CH3 CH2 

7 I I I 
CH3 CH3 

Can you guess which of the two numbering systems is correct? The first 
possibility locates the methyl groups at carbons 4 and 5 and the second way at 
carbons 3 and 4. Certainly, the second way of numbering the carbon chain is 
corfect. 

4. Perfixes di, tri, tetra, penta etc., are used when the substituents occur more 
than once. Since in the above compound the methyl substitlient is occurring 
twlce, the name is prefixed with di for the above compound. 

5 .  The name of the compound is written by writing the location and name of the 
substituents followed by the name of the parent alkane. Thus, the above 
compound can be named as 3,4-dimethylheptane. Note that a comma is used 
to separate the two numbers and the numbers are separated from names of 
groups by a hyphen. Also note that there is no blank space between the name 
of the last substituent and the parent alkane. 

6. When more than one type of alkyl groups are present, then they are cited in 
the name in the alphabetical order regardless of their location in the principal 
chain. The numerical prefixes di, tri, tetra, etc. and hyphenated prefixes such 
as sec-, tert- are not considered in determining the alphabetical order but 
prefixes iso, neo, cyclo are considered for alphabetising. To und~rstand it, let 
us consider the examples given below: 2 3 



Fundnmenlnl Concepls 

Note that here ethyl is cited before methyl, in spite of its higher location number. 
Similarly, the con~pound shown below, 

H3C CH3 
can be named as 4isopropfi-5.5-dimdhylnonane or C(1-methylethyl)-5, 
5-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 substituenfs. 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. 

8. 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 carb6n. For example, 
R - CH, - is a primary alkyl group. Similarly, a secondary alkyl group has 
two alkyl groups bonded 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 
I 

R -C-  
A\ point of attachment 

secondary alkyl group 

Similarly, a tertiary alkyl group has three carbon atoms bonded to the carbon 
atom taken as point of attachment. Thus, a tertiary alkyl group can be 
represented as shown below: 

R 
I 

R-C-  
1 \point of attachment 
R 

tertiary alkyl group 

9. When more than one carbon chains of equal length are available, the 
numbering is done considering the following points: 

(a) The principal chain should have the greatest number of side chains. For 
example, in the compound shown below, 

, 
1 3 4 5 6 1  8 
1CH3-b-CH-CH2-CH- H-CH~-C& 

1 6 5  C f ; z  1 
CH3 CHI CH3 CH3 

17 
CH3 

8 



I the chain having numbering in red colour has four side chains while the ~eadhg, Fu.eti6.aI ~lou, 

chain marked with numbers in black colour hiis three'side chains. So the cIasri(k.tioll MA NoameWm 

principal chain is the one which is marked in the red colour. Hence, the 
name is 3-ethyl-2,5,6-trimethyloctane. 

(b) The chain having the lowest number for substituents is chosen as the 
principal chaiu. In the compound shown below, 

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 cornbounds 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. 

Akenes: The suffur ane of the parent hydrocarbon is changed to ene and the 
functional group (a double bond in this case) is given the lowest possible number. 
Some examples are: 

CH2 = CH2 CH3CH = CHI 
ethene propene 

1 
(~ornrnon$arne : ethylene) 

Alkynes: In this case suffix ane of the parent hydrocarbon is changed to yne. As 
expected, here also the functional group is given the lowest number. 

CH3 
I 

HC E CH 
I 

C H 3 - C H - C s C - C H 3  
ethyne 5 4 3 ' 2  1 

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

1 the correct name is pent-1-ene-4-yne. 

Alkyl halides: The alkyl halides are the w e n  derivatives-of alkanes. The - 

( halogens present are usually F, CI. Br and T.-The commolntunes are arrived at by 
writing the name of alkyl group followed-by the name of the halide. Examples are 
shown below : 

CH3 
I 

CH3CH2CH2CH2Cl CH3 - CH - CH2Br 
n-butyl chloride isobutyl bromide 

In the IUPAC system of nomenclature, prefm halo- (i.e., fluoro-, chloro-, bromo- 
or iodo-) is used and the carbon chain is so numbered to give the lowest number 



Fundamental Concepts to the carbon atom to which the halogen is attached. For example, some halogen 
compounds are named below: 

When more than one type of halogen atoms are present, their names are arranged 
in alphabetical order as shown in the next example, 

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

CH3 
I 

CH30H CH3CH20H H3C-C-OH 
methyl alcohol ethyl alcohol I 

CH3 
tert-butyl alcohol 

In the IUFAC nomenclature, suffur 01 is used instead of final e of the parent 
hydrocarbon. The position of the hydroxyl group is given-by assigning the lowest 
possible number to the carbon atom carrying it. Some examples are: 

CH30H 
methanol 

CH3CH20H 
ethanol 

propan- 1-0 I 4-methylpentan-2-01 

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: 

CH30CH3 CH30CH2CH3 
dimethyl ether ethyl methyl ether 

Ih the IUPAC system, ethers are named as alkoxyalkanes. The larger of the two 
alkyl groups is chosen as the hydrocarbon chain. For example, the compound, 

is named as I-methoxyethane and not as ethoxymethane. Similarly, the compound, 

has the name 1-ethoxy-2methylpropane. 
Aldehydes: Lower membe~s of this class are commonly named after the acids that 
they form on oxidation. For example, HCHO, formaldehyde is named so because 
it forms formic acid (HCOOH) on oxidation. 
In  the IUPAC system of n o m e d f u r e ,  they are ed as alkanals. Th: simplest 
aldehyde is methanal. Since the aldehyde group (-  0) is always at the end of 

specified in the name, i.e. the compound 
"F $he chain, it is always numbered as C -  l in the cha n, but this number is not 

26 



CH3 
4 3 )  2 I 

CH3 - C - CH2- CHO 
I 
CH3 

is named as 3, 3-dimethylb~anal. 

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, 

is commonly known as ethyl methyl ketone. 

0 
I I 

Thus, acetone, CH3CCH3 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, 

I I I I 
CH3 - C - CH3 CH3-CH2-CH2-C-CH3 

propanone 5 4 3 2 1 

Carboxylic acids: 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 monocarboxylic acids. 

[i.e. acids having one carboxy (- c -OH) group], the IUPAC names are derived 

Table 1.8 : Some Carboxylic Acids 

CH3(CH316COOH 

H02C - C02H 

H02C(CH2)4C02H 

0 
I1 

CH2 = CHCOH 

OH 

HOOC - CH - CH -COOH 

Common Name 1 IUPAC Name I 

Formic acid 

Acetic acid 

Lactic acid 

Stearic acid 

Oxalic acid 

Adipic acid 

Acrylic acid 

Tartaric acid 

methanoic acid 

ethanoic acid 

2-hydroxypropanoic acid ' 

octadecanoic acid 

ethanedioic acid 

hexanedioic acid 

propenoic acid 

2,3-dihydroxybutanedioic acid 

Bonding, Functional Group 
Classification and Nomenclature 



k'undamcnlnl Concepls by replacing e ending of the alkane by oic acid. As for aldehydes, the carboxyl 
carbon is numbered 1 .  However, in case of the dicarboxylic acids, the final e of 
the hydrocarbon is not dropped. 

Acyl halides: Acyl halides are commonly named by placing the names of the halide 
after the name of the acyl group. The acyl group is obtained from the carboxylic 

0 
I I 

0 
I I 

acid by removal of its hydroxyl portion, i.e. R - C - OH leads to  R - C - acyl 
group. The acyl group is named by using yl i s  the ending instead of ending ic in 
the carboxylic acid. Some such examples are: 

0 0 
I I 

CHtC - C1 
I I 

CH3-CH2-C- I  
(.a$$'+ yl -, .cclyl) 

.atyl chloride 
propanoyl iodide 

IUPAC names for acyl groups use the ending oyl instead of ending e in the name 
of the corresponding hydrocarbon. The aceQl chloride has the IUPAC name 

0 

ethanovl chloride. Another exam~le  is 
CH3\ I1 

CHC - C1 which is named as 
2-methylpropanoyl chloride. / 2  I 

.CH3 
J 

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: 

C H ~ C  - NH2 
(acetic - acetamide) 

The IUPAC name for an amide is derived by appending the suffix amide to the 
parent hydrocarbon with the final e dropped. Thus, acetamide has the IUPAC 
name ethanamide. Having done this, can you give common and 1UPAC names for 

I I 
HC - NH,? These are forrnarnide and methanamide, respectively. 

Acid anhydrides: A symmetrical anhydride is named as anhydride of the parent 
0 
I I R . 

acid. Thus, CH3 - C - 0 - C - CH3, 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 ethanoic anhydride. 

For mixed anhydrides, both the parent carboxylic acids are cited in alphabetical 
order, followed by the word anhydride, as illustrated below: 

ethanoic methanoic anhydride 
(common name : acetic formic anhydride) 

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

methyl ethanoate ethyl ethanoate methyl propanoate 

Amines: There are two systems of naming amines. One method names them as 
alkylamines and the other calls them as alkanamines. The alkanamine naming 
system was introduced by Chemical Abstracts and is easier to use as compared to  

28 the earlier IUPAC system of aikylamine names. The latest revision of IUPAC rules 
accepts both systems and examples below are named in both the ways. 



CH3NH2 
methylamine 

or methanamine 

(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 of the 

I 
1 hydrocarbon. NH2 

1 2 3 4 I 
H2N - CH2 - CH2 - CH2- CH2 - NH2 CH3 - CH2 - CH2 - CH - CH2NH2 

5 4 3 2 1 
1.4-butanediamine 1.2-pentanediamine 

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. 

I 2  

H ~ C  - NH - CH3 
N-makylmethanamine 

(common name : dimethylamine) 

CH3 
.2 1 I 
CH3CH2 - N - CH3 

N,N-dimethylethanamine 
(common name : ethyldimethylamine) 

CH3NH - CH2CH3 
N-methylethanamine 

(commcm name : ethylmethylamine) 

' 3 3 3  

I 1 2 3  
CH3CH2CH2 - N - CH2CH$H3 

N-metl~yl-N-p.opylpmpanamine 
(common name : methyldipropylamine) 

3 2 1  

CH3CH2CH2- N - CH3 
I 

CH2CH3 
N-ethyl-N-methylpropanamine 

(common name : ethylmethylpropylamine) 

When used as a substituent, the - NH2 group is named as amino and is prefixed 
with a number indicating the carbon atom to which it is attached. 

CH3 
2 I 1 2  

H2N - CH2 - CH20H CH3 - NCH2COOH 
2-aminoethanol N,N-dime~hylaminoethanoic acid 

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

Examples being, 

NO2 ' NO2 
I 5 4 ( 3 2  1 

CH3N02 CH3 - CH - CH3 CH3-CH2-CH-CH-CH3 
nitromethane 3 2 1 I 

2-nitropropane NO2 
2.3-dinitropentane 

Nitriles: Nitriles are named in the IUPAC system by usirig the suffix -nitrile to the 
name of the hydrocarbon corresponding to the longest carbon chain. Note that 
here the carbon of the nitrile group is included in the numbering of carbon chain 
and is numbered as position 1 .  Some examples are given below: 

CH3 
2 I l 3  2 1  4 3  2 1 

CH3CN CH3 - CH - CHCN NCCH2CHzCN 
ethanenitrile 1 butanedinitrile 

(common name : acetonitrile) CH3 
2.3-dimethyltiutanenit~ile 

Bonding, Functional Group 
c laknrot ion  and Nomenclalure 



Fundamental Concepts 

The order of priority for various 
functional groups is decided by 
considering the following points : 
i) Functional groups that have ar 
IUPAC 'suffix and terminate a 
parbon chain, have highest 
priority. e.g.. carboxylic acids 
and their derivatives. 
ii) Next are the groups that have 
a suffix and can be located at 
any position in the molecule, 
e.g., hydroxy and amino groups. 
iii) Groups having no suffix and 
which are named as substituents. 
are given the lowest priority. 
Example being the halogens. 

When named as a substituent, the -CN group is called a cyano group. For 
example, the compound 

is named as cyanomethyl ethanoate. 
Thiols : In naming thiols, an ending thiol is used as a suffix to the name of the 
corresponding hydrocarbon; for example, 

SH' 
ethanethiol 3-methyl-2-butanethiol 

Sulphonic acids: The names of sulphonic acids use the suffix sulphonic acid with 
the name of the corresponding hydrocarbon. 

1 

0 CH3 0 
I I 

CH3-S-OH 
I I1 

CH3-FH-S-OH 
I I 3 2 I I  
0 0 

methanesulphonic acid 2-propanesulphonic acid 

Till now, you have studied about the nomenclature of monofunctiond compounds, 
i.e. the compounds which contain only one functional group. In pol~functional 
compounds where more than one functional groups are present, one group is 
identified as the principal functional group 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, acyl'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 I 

5 4 3  2 1 

CH2 = CHCH2CH2CH20H 

Here, the functional groups present are a hydroxyl group (-OH) and a double 
bond. As per the order given above, the hydroxyl group is the principal functional 
group and hence the compound should be named as an alcohol (an not as an 
alkene). Hence, its name is pent-Cene-1-01, 

Example 2 

Now, in this case the carbonyl group or more specifically the aldehyde functional 
group (-CHO) is to be given priority over the hydroxyl group. Hence, this 
compound is named as 4-hydroxyhtanal. 

Example 3 



The principal functional group is the keto group. Hence, as shown in the structure, Bonding, Functional Croup 
the numbering of the carbdm chain will be done so as to give this function the Classification and Nomenclature 

lowest number. Thus, the name of this compound will be 
4-hydroxy-5-methyl-2-hexanone. 

Let us next study the nomenclature of aromatic compounds. The aromatic 
compounds can have any of the following types of basic skeletones : 

a) Compounds containing one aromatic ring. This class includes benzene and its 
derivatives. The derivatives of benzene include the compounds which can have 
any of the functional groups discussed before attached to the benzene ring. 

b) Compounds containing two aromatic rings. Examples being naphthalene and 

5 4 

naphthalene blphenyl 

c) Compounds having more than two aromatic rings. Examples are, 

9 10 

anthracene phenanthrene 

d) Heterocyclic compounds: Aromatic compounds containing heteroatoms such as 
0, N or S in the aromatic ring are called heterocyclic compounds. Some 
heterocyclic cowpoupds are shown below: 

I 

furan thiophene 

At this stage we will study in detail the nomenclature of benzene and its derivatives 
only. Although the carbon skeletons for the type of compounds shown in the 
categories (b), (c) and (d) are numbered here, their nomenclature will be dealt at 
appropriate places in later units of this course. 

5)  Benzene and its derivatiwstA 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. Sohe  examples of these compounds are 
given below along with their common and IUPAC names (in brackets). 

toluene phenol benzaldehydt 
(methylbenzene) (bentenol) 

3 1 
(hen/ .seer@ baldehyde) 



benzoic acid aniline anisole 
(benzenwboxylic acid) (benzenamine) (mdhoxybenzene) 

For disubstituted benzene derivatives, the following three arrangements of the 
substituents are possible. 

ortho- meta- = 
para- 

These arrangements are named using the Greek prefixes 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. 

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

o-xylene m-xylene pxylene 
(1,2-dimethylbenzene) (1.3-dimethylbenzene) (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, 

o-bromophenol 

The polysubstituted benzenes are named by identifying the principal funpions and 
then numbering is done such as $0 keep the principal function as number>. The 
other substituentdre then given the lowest possible numbers. This is illustrated in 
the following examples. 



1.3.5-trimethylbenzene' 
(common name : mesitylene) 

2,4.6-trinitrotoluene (TNT) 4-ethyl-2-fluor~anisolc 

Having studied the nomenclature in detail, attempt the following SAQs to check 
your understanding about it. 

SAQ 5 
Name the following compounds according to IUPAC system of nomenclature. 

CH3 
l 

a) CH3 - C - CH2 - CH20H 
I 

CH3 
......................................................................................................... 

C1 
I 

b) CH3CH2CHCHCH2CH3 
I 

OH 

......................................................................................................... 
C) HOOC - C ~ ~ C H C H ~ C H ~ C O O H  

I 
OH 

C1 
I 

e) CI-C-CHO 
I 

CI (common name: chloral) 

o H 0 - Q - c H o  - 

CH~O' (common name: vanillin) 



OH 

g) F,c-A-CH, 
I 
OH 

COOH 
. . . .  ......................................................................................................... ; 

Given below are the names of some compounds. Write their structures. 
a) 3-ethyl-3-pentanol 

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

b) 3-methyl-2-buten-1-01 

c) 2-bromo-4-nitrotoluene 
........................................................................................................... 

d) 5-hexyn-2-one 

e) benzoic anhydride 

In this unit you have studied about .the basic features of the covalent bond which 
is the bond occurring in all the compounds of carbon and is responsible for the 
formation of organic compounds. Theti you have learnt how to write structures for 
these org,anic compounds. The formation of simple organic compounds is 

simple examples. 





Fundamenlnl Concepts 

CH, 

2. An sp2 hybrid orbital lgis 33.33Vo s character w d  66.67% p character. 

4. a) CH~-C@H-CH@ 
Double bond and hvdroxvl erouD 

Ester and ether groups 

Tertiary amine 

C H ~  
Aldehyde and anhydride functional groups. 

3,3-dimethylbutanol 
4-chloro-3-hexanol 
3-hydroxyhexanedioic acid 
2-chloropentanoyl chloride 
2,2,2-trichloroethanal 
4-hydroxy-3-methoxybenzaldehyde 
1,1,1,3,3,3-hexafluoro-2,2-propanediol 
4-amino-3,5-dibromobenzenecarboxylic acid 



Bonding, 
Ilassificatlon 

Terminal Questions 

CH3 CH3 

(a) Planes defined by'H(C- I )H and H(C-3)H are lnutually perpendicular 

(b) Tl~e  p orbita! of C- I and one of those of C-2 can overlap to form a i~ bond 

, Functional Group 
a n d  N o n n m c I ~ C r ~  

(c) The p orbital of C-3 and oneof those of C-2 can overlap to form a second n bond perpendicular 
to the one in (b) 



Fundamental Concepts 

(d) ~ l l e n e  ha; a linear chain and two mutually perpendicularz bonds 

3. a) -OH and - COOH groups 
b) - NH2 and - COOH groups 
c) Two -OH groups (on= primary and one secondary) and one - CHO 

group. 

d) -N$ group. 

e) Two double bonds, one triple bond and a -COOH group. 

c1 

5 .  Formula IUPAC name 
a) CH3CH2CH2COOH butanoic acid 

b) CH3CH2CH2COCl butanoyl chloride 

0 0 
I I I I 

c) CH3CH2CH2C - 0 - CCH2CH2CH3 butanoic anhydride 

butanarnide 

0 
I I 

e) CH3CH2CH2C - OCH3 methyl butanoate 
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2.1 INTRODUCTION 

Although we are habituated to writing the-structures of organic molecules in two 
dimensions but actudly they have three-dimensional structures. The term 
Stereochemistry is coined from the Greek word stereos meaning "solid" and it 
deals with the chemistry in three dimensions. In addition to the study of the 
geometry of molecules which is reft?rred to as stereoisomerism, stereochemistry is 
concerned also with the effect of molecular geometry (i.e., the three-dimensional 
structure of molecules) on chemical reactions and chemical equilibria. While these 
aspects will be dealt with in detail at appropriate places in this course and in the 
Organic Reaction Mechanism course, in this unit, we will confine our discussion 
mainly to stereoisomerism. We will begin with the concept of isomerism in general 
and then study geometrical and optical isomerism in detail. 

While studying this Unit and Unit 3 which also deals with stereochemistry, you are 
advised to take help of the models. You can make models using the students set of 
models provided tb you. Before using the models, go through the guidelines for 
using the models given in the study guide. For better understanding of the 
material, you should yourself do the various activities given in the margin. 

Objectives 
After studying this unit, you should be able to: 

list and define various types of isomerism, 
write geometrical isomers and designate them as cis- or trans- and E or Z 
isomers, 
predict whether a compound will show optical activity or not just by 
examining its structure, 
write the enantiomers for a given compound, 
differentiate between enantiomers and diastereoisomers, 
locate chiral centres in a molecule, and 
identify the elements of symmetry present in a molecule. 

I 

2.2 ISOMERISM 
Isomers have same s l~ lecukr 
formula but they-differ frem 

The phenomenon of existence of-two or more compounds having'lhe same cad-otR& in their physical and 
molecular formu!a is known as isomerism and these compaunds a r e ~ i d u r t H y  chemical properties. 
referred to as isomers. Isomerism can be of various types. The different types of 
isomerism are represented below in a flow chart. 



Isomerism 

I 
Structural isomerism 

1 
Stereoisomerism 

Chain Position Functional Configuratiopal Conformational 
isomerism isomerism group isomerism isomerism 

Geometrical Optical 
isomerism isomerism 

Let us now study each type of isomerism in detail. 

Isomerism, which is one of the 1. Structural Isomerism arises duz to differences in the structures of the 
important characteristics of molecules. These structural differences can be further classified into three 
organic compounds, arises 
because of the number and 

types; accordingly, the three types of structural isomerism are as given below: 

variety of ways in which carbon a) Cham isomerism is exhibited by the compounds which differ from each 
atoms, which form the back-bone 
of organic molecules, can link 

other in the way the carbon atoms form the basic skeleton. You have 

with each other. On this is already studied such type of compounds in Unit 1, Sec. 1.6 where we 
superimposed the position and considered that four carbon atoms can be linked to each other in two 
linking of various heteroatoms different wavs to form either a straight chain of carbon atoms or a - 
like O,N,S, halogens etc., giving branched chain, as shown below : 
rise to a very large number of n . - 

isomers. The number increases 
L 
I 

with the number and variety of I 
c-c-c-c C - C - C  . . . 

atoms present in a molecule. So  straight chain branched chain 
a study of the structure of the 
molecule is implicit and These straight'chain and branched chain carbon skeletons correspond to two 
molecular formula alone is not 
enough. different hydrocarbons having the molecular formula C4HI0. These are commonly 

called n-butane and isobutane and are shown below. 
The two isomeric butanes are 
distinct entities having different CH3 
boiling points. 1 .  

CH3CH2CH2CH3 CH3CHCH3 
butane 2-niethylpropane 

(common name : n-butane) (common name : isobutane) 
bp 272.5 K bp 263 K 

, Thus, butane and Zmethylpropane exhibit chain isomerism. Similarly, five carbon 
atoms can have any of'the following arrangements: 

C C 
I I 

C-G-C-C-C C - C - C - C  C - C - C  
I 
C 

Corresponding to these arrangements, the isomeric hydrocarbons are 
shown below. 

CH3 CH3 
I I 

CH3CH2CH2CH2CH3 CH3CHCH2CH3 H3C - C - CH3 
I 

pentane 2-methylbutane CH3 
(common name : n-pentane) (common name : isopentane) 2,2-dimethylpropane 

(common name : neopentane) 

b) Position Isomerism is different from chain isomerism in the sense that here 
the isomers have the same carbon skeleton but they differ from each other 
in the position of the substituent 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 position isomers are: 



OH Ste-eoc!.:~aislry - I 
I 

CH ,CH ,CH ,OH and CH3CHCH3 
3 2 1  1 2 3  

1-propanol 2-propanol 
(bp 371 K) @P 356 K) 

c) Functional Group Isomerism is exhibited by compounds having the same 
molecular formula but different functional groups. For example, the 
molecular formula C3H60 corresponds to both propanone and propanal; 

0 
II 

CH3CCH3 CH3CH2CH0 
propanone propanal 

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

2. Stereoisomerism is exhibited by compounds which have the same Lewis 
structure (or structural formula) but differ from eaqh other in the spatial 
arrangement of the atoms or groups in their molecules. Such isomers are called 
stereoisomers. Stereoisomerism can be further classified into two types as given 
below: 

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

i) Geometrical isomerism is caused by different arrangements of the 
groups around 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 due 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. 
Each such arrangement is called a conformation. You will study more 
about conformations in Unit 3 of this block. 

At this stage you check your understanding about various kinds of isomerism by 
answering the following SAQ. 

SAQ 1 
Write all possible structural isomers of C,H,O. 

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

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

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

2.3 GEOMETRICAL ISOMERISM 

[t 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 
earlier in Unit 1, Sec. 1.4,'that a double bond is constituted by a sigma and a pi 
bond. Since the a 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 rn~del  of  ethene. Here you should be aware of the fact that the model of 
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Activity 

Make a model of ethene. 
H H 1 ,  / 

C = C . Hold one of the 
/ \ 

H H 
carbon atomic ceqtres and try to 
rotate the double bond: You will 
find that it is not possible to 
rotate one carbon atom with 
respect to the other without 
breaking one of the bonds. 

As shown in the structure of 2-butene, a methyl group and a hydrogen atom are 
linked to C-2 carbon; hence, attach a CH, group and a hydrogen to C-2 carbon as 
shown below: 

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 Zbutene. We can write.its structure as 
shown below. 

But actually two different compounds corresponding to this structure exist. You 
can yourself scc this by writing the structural formulas for these two compounds. 
To do this start by writing the C-2 and C-3 carbon atoms of  the carbon skeleton 
as: 

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

H3C H 
\ / 

trm-2-butenes. Try to 
H CH3 

CIS-2-butene trans-2-butene 

double bond, keeping the 
substituents of the other end methyl group is on the opposite side of the double bond. These two butenes are 

continuously applying the force 

not possible by rotation about 
the double bond. Theoretically, In other words, we can say that cis-trans-or geometrical isomers are the isomers of 
the reason for this is that 
when we try to rotate the a b a  b 
substituents around a double \ / \  

the type baC =Cab. Hence, in the molecules of the type C = C or C = C ' where 
bond, the overlap of p orbitals / \ /  \ 
forming the n bond decreases. a b a  d 
The increasing rotation finally 
leads to no overlap bdween the carbon atoms forming the double bond carry identical substituents, such an 
orbitals, or breaking of n bond. isomerism is not possible. 
Thus, cis- and trans- isomers are 
two differeiltcompounds which Let us now see what happens when all the four substituents around the double 

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

a x a Y 
\ / \ / 

C=C\ and C = c \  
/ / 

b Y b x 



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

To designate such isomers, an unambiguous system of nomenclature, based on the 
sequence rules developed by Cahn-Ingold and Prelog, is used. In this system each 
of the two groups attached to same carbonsatom 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 isonier 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 E and Z are derived from the 
German words entgegen meaning opposite and zusammen meaning together. Thus, 
we can say that, 

higher lo- w= ww 
priority priaity P&Y /priaity 

\c =c \c =c\ 
l o w /  \hiehcr , lo-/ l o w  
priority p d d y  W Y ,  P ~ Y  

E isamer Z isomer 

Let us now study the sequence rules used in Cahn-Ingold-Prelog system. These 
rules are given below: 

1. Atoms of the higher atomic number have higher priority. For example, oxygen 
(At. No. 8) has higher priority than carbon (At. No. 6) vhich in turn has 
higher priority than hydrogen (At. No. 1). 

2. When the priority is to be decided between the atoms which are isotopes of the 
same element, then the isotope of higher atomic mass has higher priority. 
Therefore, deuterium (:H), an isotope of hydrogen has higher priority than -, 
hydrogen ( 1 ~ ) .  

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 assigned 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: 

Here both these groups are attached to the carbon 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 attached to the C-1 
carbon atom. Let us move to the next carbon, C-2. In 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 ' 

Althoush the Cahn-lngold-Prelog 
sequence rules apd tire E-Z 
system have been sanctioned by 
IUPAC, use of  cis- trans- 
nomenclature in the cases where 
it can be used unambiguously is 
allowed by 1UPAC. 



Fundamental Concepts -HC =C Hz, a carbon atom attached to another carbon atom by a double bond 
is considered to be bonded to two carbon atoms. Thus, thjs group can be 
regarded as HC - Hz. 

I ?  

0-c 
I 

Similarly, the - C - H group is treated as equivalent to - C - H. 
I 

This is a kind of expansion of the groups in such a way that each atom is shown 
as linked to the other atok\by a single bond. Thus, to write for the group shown 
below,. 

1 2  

-CmcH 

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 
atorps like this, 

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

c c  
which is the equivalent form of -C=CH group considered for assigning the 
priority. 

In the guidelines provided by these sequence rules, som~cornmonly *curring 
groups can be arranged in the decreasing order of their pridrity as follows: 

0 0 
I I I I 

I -  > Br- > C1- > HS- > F- > CH3C-0- > H C L ~ -  > CH3CHz0- > 

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

Example 1 

higba priority higher priority 

lower priority lowkr priority 

In this compound, groups of higher priority are on same sides of the double bond, 
hence, it is the (2)-isomer. 



Example 2 : 

lower priority , higher priority 

Make models for cis- and trans- 
isomers of 1.2-dimethylcyclo- 
propane and convince yourself 
that all the three carbon atoms 
of the cyclopropane are in one 
plane and the methyl groups are 
located perpendicular to the 
plane of the ring. Thus, in the 
cis- isomer, both the methyl 
groups are either above or below 
the plane of the molecule but in 
the rmns- isomer one methyl 
group is above the plane of the 
molecule and other is below tlie 
plane of the molecule. 



ii) 

iii) 

Fundamental Concepts Tmble 2.1: Physical properties of some geometrical isomers 

Compound Melting point (K) Boiling point (K) Dipole moment 

(C m) 

cis-2-butene 134 277 1.10 

trans-2-butene 167 274 0 

cis-1,2-dichloroethene 193 333 6.17 

trans-1 ,2-dichloroethene 223 321 0 

cis-1 ,2-dibromoethene 220 383 4.5 

trans-l,2-dibromoethene 267 381 0 

cis-1,2-diiodoerhene 259 345 2.50 

trans- 1 ,2-diiodoerhene 46 1 465 0 

In the next section, we will use these physical properties to characterise geometrical 
isomers. But before that answer the following SAQ. 

SAQ 2 

/C = C 
\ 

H CH2CH3 

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

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

Rr CHzBr , 
\ / 
/C = C 

\ 
C1 CH3 

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

....................................................................................... ! ................ 

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

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

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

.......................................................................... d............................ 

2.4 CHARACTERISATION OF GEOMETRICAL 
ISOMERS 



Stereochemistry - I 
based on their physical properties and then we will study how chemical properties 
can be used for the characterisation of these isomers. 

The geometrical isomers or the cis - trans- 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 not as exact as is the case with. 
melting points, 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 trans- isomer has zero dipole 
moment. Some such examples are listed in Table 2.1. This is so because in the 
trans- isomer, the same substituents are located in the opposite diiections and 
hence whatever be the magnitude of dipole moment due to one bond in one 
direction, it is cancelled by an equal moment operating in the opposite direction; 
thus, the resultant dipole moment is zero. Depending upon whether the 
substituents are electron-withdrawing or electron-donating, the directions of the 
dipole moments due to individual bonds for the trans- isomer are as given below. 

b b 
'C=C or 

/ a  

a-P \b a/ \b 

(When group a 1s an (When group b is an 
electron-withdrawing group) electron-donating group) 

However, the resultant dipole moment, p, for both the cases is zero. 

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

a 
\I da or \ 7 

\h b/c=C ' b //c=C% 
(When group a 1s an (When group b 1s an 
electron-withdrawing group) electron-donating group) 

In both these situations, the individual dipole moments add vectorially leading to a 
definite rqsultant 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 electron-donating and 
the other is electron-withdrawing. Let X be an electron-donating tubstituent and Y 
be an electron-withdrawing substituent. The bond moments in the geometrical 
isomers of this type are shown below: 

trans- Isomer CIS- Isomer 

In case of the trans- isomer, the bond moments add vector.ially and reinforce each 
other leading to higher dipole moment for this isomer. The vectorial addition for 
the cis- isomer leads to a lower value for the resultant dipole moment. This is 
illustrated in the example given below. 
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cis-, 1 -chloro- I-propene rmns- l -chloro- I -pro~rne 

p = 5.70 x lo-30 C m = 6.56 x C m 

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

For a particular pair of geometrical isomers, tne funct~onal 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 

An acid anhydride is formed by 
the elimination (or loss) of a 

I I 
n 

\ 
heat - I 0 

n n' 

water molecule from an  acid. A H / ~  \COOH 
-H,O 

dicarboxylic acid can lose a 
molecule of water and form an 
anhydride easily only if the maleic acid 
carboxyl ( - O H )  groups are (cis-isomer) 
on the same side of the molecule. 

maleic anhydride 

Make models of maleic acid (cis- 
but-Z-ene-1,4-dioic acid) and 
fumaric acid (its trans- isomer), 
and convince yourself that the 
two carboxy) (-COOH) groups 
are close to each other in the cis- 
isomer whereas they are far apart 

but-2-ene-1,Cdioic acid. The two carboxyl (-COOH) groups are In close proximity 
Activity 

in this isomer and hence can yield an anhydride by the elimination of a molecule 
of water. But, in the trans- 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 \  /COOH 

I! Anhydride formation is not possible 

HOOC /'\H 

not form its own anhydride. However, when strongly heated, it forms the 
anhydride of maleic acid. Thus, we can differentiate between the cis-and the trans- 
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 
a) Write the geometrical isomers of o-hydroxycinnamic acid havihg the following 

structure. sol= CH - COO, 

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

Give reason for your answer. 



Hint: Note that the coumarin is formed by the loss of water; for removak of 
water, H and OH groups to be removed as water must remain spatially near to 
each other. 

2.5 OPTICAL ISOMERISM 

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

2.5.1 Plane-polarised Light and Optical Activity 

You are already fmiliar with the fact that light can be regarded as an 
electromagnetic radiation having oscillating electric and magnetic fields associated 
with it. rhe vectors describing these electric and magnetic fields are at right angles 
to each other (see Fig. 6.4, Unit 6, Block 2 of Atoms and Molecules course). 
Ordinary Iight consists of light waves of different wavelengths. A monochromatic 
light (light having a single wavelength having h = 589 nm, called sodium D line) 
obtained from the sodium lamp is used in the experiments. This monochromatic 
light still vibrates in many different planes as shown in Fig. 2.1 (a). 

direction of wave propagation -+ end-on view of planes 
of oscillation. 

Ordinary 
light 

(a) 

POLARISER 

ordin& light I I polarised I axis of 

I light polarisation 
I 

ANALYSER 

polarised rotated 
light polarised light 1 

(c) 
I 

Fig. 2.1 : u)Ordinary light. h) Plane-polarised light. c) Rotation of plane of plane-polarlised light. 

Nicol prism, is pame 
Such a light is called unpolarised light. When a beam of monochromatic light is discoverer Nicol whc ,-...- 
passed through a polariser such as a polaroid lens or a device known as Nicol ordinary light through a prism 

substances such as quartz crystals and organic compounds like camphor and specific angles to ob .-,. 
tartaric acid rotated the plane of plane-polarised light [Fig. 2.1 (c)]. Such polarised light. 
substances are called optically active. The instrument used for the determination of 
ovtical activity is known as polarimeter. 4 9 



~undamental~oncepls  . 

1 kg dm-' = 1 gm m r 3  For an optically active compound, the extent of rotation, a ,  depends upon 
thickness of the sample (which is given by the length of the cell, I), its 
concentration (c), solvent, temperature and wavelength of the light used. When 1 is 
taken in decimetres and c' is taken in kg dm", then the rotation in degrees is 
termed as Specific rotation and is denoted by [a]. Thus, specific rotation can be 
calculated using 'the following expression, 

electric vectors a 
of a beam of [a] = - ...( 2.1) 
unpolarised 1 X C  

The temperature, t and the wavelength, A ,  of the-light used are specifkd as 
superscript and s~bscript, respectively. The solvent and the concentration of the 
solution are given in brackets. Hence, the specific rotation of a sample is expressed 

[al i  (solvent, c) 
direction of the 
electric vector of Thus, [a];93 denotes the specific rotation at the temperature 293 K when the 
plane polarised light . measurement is done using the D line of sodium having A = 589 nm. 

The direction of rotation is specified as dextrorotatory or levorotatory. When a 
compound rotates the plane of polarised light in the clockwise direction, it is called 
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 
suih a rotation is taken i s  rotation in the negative,direction. Hence, it is indicated 
by prefixing a minus (-) sign to the name of the compound. Earlierthe letters d 
and 1 were used to denote the dextrorotation and levorotation, respectively. 

plane of polarisation 
rotated clockwise: 

Let us now s t d y  why some compounds are optically active and the dthers are not. 

2.5.2 Origin of Optical Activity 

The origin of optical activity can be traced back to the observations of the French 
physicist Biot who in 1813 discovered the existence of two types of quartz crystals 
(shown in Fig. 6.5, Unit 6, Block 2, Atoms add Molecules course). One type of 
crystals rotated the plane of polarised light to the left and the other type to the 

plane of polarisation right. After two years, he observed that such optical activity is not restricted to the 
rotated.wunterclockwise:. crystalline structure and some compounds such as camphor and tartaric acid 
angle of rotation = - CY exhibited optical activity even in solution. He also realised that optical activity in 

solution is due t~ some molecular property which is retained even in solution. 
Later Pasteur studied tartaric acid and its nineteen different salts and observed that 



two types of crystals of tartaric acid existed; one being right-handed with respect 
to certain faces and other being left-handed. These two types of crystals were 
mirror images of each other. Pasteur proposed that since the optical activity is 
retained in the solution phase also, it must be a property of the molecules 
themselves and just as the crystals of quartz are mirror images of each other, the 
molecules, of which these crystals are formed, are also mirror images of each- 
other. This lead to the possibility of the existence of compounds whose molecules 
are mirror images of each other. These mirror image isomers being otherwise 
identical, exhibit identical physical properties; even the extent of rotation of the 
plane of polarised light is the same for  such pairs. The only difference in their 
physical properties is in the direction of rotation of plane-polarised light: one 
isomer being dextrorotatory and the other being levorotatory. 

I Table 2.2 gives the physical properties for the mirror image isomers of 2-octanol. 

I Table 2.2 : Physical properties of isomeric 2-octanols 

l~lrysical property I 

Stereorhemistry - l 

Specific rotation [a@" -9.9" 

Boiling point (K) I 448 

efractive index n298 1.4254 

pecific gravity dB3 I 0.838 0.822 j 
The next question that you may ask is: What kind of molecules are capable of 
exlsting as mirror image isomers? The answer is that the molecule and its mirror 
image isomer should be nonsuperimposable. Such nonsuperimposable mirror image 
isomers are called enantiomers. Thus, for a compound to exist as two enantiomers, 
nonsuperimposability of mirror image structures is a condition. 

The most general example that helps to understand enantiomerism is the 
I nonsuperimposability of our hands as shown in Fig. 2.3. You can see that the two 

hands are mirror images of each other but they are not superimposable on each 
I 

other. This becomes more obvious if we try to put the right hand glove on the deft 
hand and vice versa. 

Left hand Mlrror Right hand Nonsupenmposable 
left and right hands 

Fig. 2.3 : The nonsuperirnposabillty and enaatiomeric relationship of left and right hands. 

In the Greek language the word chelr means hand and hence a molecule which is 
nonsupekimposable on its mirror image is said to be chiral and the term chirality 
means showing handedness. Thus, chirality is a necessary and sufficient condition 
for the existence of enantiomers. On the other hand, when a molecule is 
superimposable on its mirror image, it is said to be acbiral. Let us now study some 
aspects of chirality in detail. 

2.5.3 Chirality 
The satisfactory explanation at the molecular level for the origin of optical activity 
(or existence of enantiomers) was given by van't Hoff and Le Be1 simultaneously 
and independently in 1874. van't Hoff realised that it was necessary to think of 
molecular structure:; in three dimensions in order to solve the problem of isomers 

To decide whether the two given 
mirror image structures sire 
enagtiomers or are molecules of 
same isomer, try to superimpose 
one over the other. If they are 
superimposable, they are the 
molecules of the same isomer 
and if they are 
nonsuperimposable, they are 
enantiomers. 

Chinl is pronounced as k i -dl .  

,Handedness means existence of 
nonsuperimposahle mirror image 
structures. 

Only chiral molecules can exist as 
enantiomers. 

The enantiomers have opposite 
chirality. 

The first Nobel Prize in 
Chemistry in 1901 was awarded 
to van't Hoff. 

5 1 



Fundamental Cnnccpt* 

Activlty 

of lactic acid and convince 
yourself that they are 
nonsuperimposable on each 
other. 

Remember that a carbon atom 
forming a double bond cannot be 
a chiral centre because it cannot 
have four different substituents. 

:hat were being discovered in the laborator;. He proposed 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 Be1 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 
r~irror  image isomers, are enantiomers. 

mirror plane 

superimpose central carbon, 
OH and - COOH. 

groups } ::To superimpose 

Fig. 2.4 : 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 asymmetric, 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 to  as a asymmetric centre or a chiral 
centre. Since it is the molecule itself which is chiral rather than one of its atoms, it 
has been suggested it is more correct to call the carbon atoms of this type as 
stereocentres. The IUPAC rules for stereochemical notation use the term chiral 
centre. Given below are some asymmetric compounds in which the chiral centre is 
showc. by an asterisk (*) mark. 

COOH 
I 

CH3 - CH - NH2 * 

OH 
I 

I 
HOH2C - CH - CHO * 

alanine glyceraldehyde 

Till now we were dealing with the compounds having only one chiral centre. Let us 
now study what happens when there is more than one chiral centre in a molecule. 



For a molecule, abXCb - CbabY which has two chiral centres; the following four Stereochemistry - 1 

isomers are possible: 

You can see that the isomers I and I1 are mirror image isomers. Similarly, 111 and 
IV are mirror image isomers. Since I and I1 are nonsuperimposable and so also are 
isomers 111 and IV:Hence, 1 and 11, and I11 and IV are two e3antiomeric pairs. 
But what is the relationship between the following pairs? 

I and 111, 
I and IV, 
11 and 111, and 
11 and IV. 

Certainly they, are not mirror image isomers though they are isomeric. 
Stereoisomers which are not enantiomers are called diastereoisomers or 
diastereomers. Hence, 1 and 111, and I and IV are diastereomers. Similarly, I1 and 
111, and I1 and IV are diastereomers. 

Now let us take the specific example of tartaric acid. It has two chiral centres as 
shown below. The possible isomers of tartaric acid are given below as V, VI, VII 
and VIII. 

mirror plane 

I 

I 
Activity 

I verify that they are nonsuperim- 

v 
mirror plane 

I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 

VII VlII 

Here, you can categorise V and VI as enantiomers. What about VII and VIII? 
Although they are mirror image isomers, but when we try to superimpose them, we 

and convince yourself that 
(i) they are mirror images of each 
other; (ii) they are convertible to 
each other by rotation of 180'; 
(iii) they are identical and 
represent two molecules of the 



Fundamental Concepts find that they are superimposable. Thus, they are not different but are identical; 
hence, they represent the two molecules of the same isomer. Thus, for tartaric acid 
we have only three isomers. In general for a compound having n chiral centres the 
number of possible stereoisomers is given by 2". Thus, for a molecule having 2 
chiral centres, 4 stereoisomers are possible. But, in some cases (as in tartaric acid), 
when the chiral centres are equivalently substituted, (i.e. the substituents on the 
chiral centres are the same), fewer isomers than predicted by 2", exist. Of the 
above isomers, (V and VII) and (VI and VII) are diastereoisomers. Because the 
diastereoisomers are not mirror 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 enanriomers V and VI but their 
diastereome~ VII (or V11) has physical properties different from those of V or VI. 

Table 2.3 i Some physical properties for Ihe isomers of tartaric acid. 

V VII (or V111) 

Melting point/(K) 441 - 443 441 - 443 419 - 421 

Table 2.3 shows that the compounds having structures V and VI are optically 
active but that corresponding to VII or VIII is not, although, it also 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 stereoisomers for the compound HOH,CCHOHCHOHCHO and group 
them as enantiomers and diastereomers. 

2.6 CHIRALITY AND ELEMENTS OF SYMMETRY 

A gencral test of chirality which you learnt in the last section 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 
elements of symmetry one by one. 

Plane of Symmetry: A plane of symmetry is defined as an imaginary plane which 
divides the molecule into two halves which are mirror images of each other. Some 
objects having the plane of symmetry are shown in Fig. 2.5. 

I u Fig. 2.5 : Plane of symmetry in some conlmon objects. 



Centre of symmetry: A centre of symmetry is a point such that any line drawn 
from this point to some other point (or group) in one direction, when extended at 
equal distance in the opposite direction, should find an identical point (or group). 
Such a centre of symmetry is shown in Fig. 2.6. 

Stereochemistry - I 

symmetry 
- 

Fig. 2.6 : Centre of symmetry in (a) a cube; (b) ethane and (c) trans-1, 2-dichlomethenc. 

Axis of symmetry: When a structure possessing this axis is rotated around this 
axis, another identical structure results In case the identical structures result twice 
on rotation of the molecule by 360°, the axis is called a two-fold axis of symmetry 
and when identical structures repeat three times, it is called a three-fold axis and 
so on. This is illustrated below: 

I 
!'+axis of symmetry 

I 
I 

Two-fold axis of symmetry as 
the leaf appears twice on 
rotation by 360" 

Three-fold axis of symmetry in a ceiling fan; the 
blades appear at equivalent positions thrice on a 
single rotation. 

I When such identical points alternate around a plane or an axis, then the axis of 
symmetry is called an alternhting axis of symmetry. For example, 
1,3-dichlorocyclobutane has two fold alternating axis of symmetry and not the 
simple axis of symmetry, because when rotated around this axis although the C1 
group appears twice, one of them appears above the plane of the molecule and the 
other appears below the plane. 

A molecule having a plane of symmetry or a centre of symmetry or an alternating 
axis of symmetry is superimposable on its mirror image and, hence, is not chiral. 
-Note that absence of alternating axis of symmetry is important and not just of the 
simple axis of symmetry. For example, a molecule having a simple axis of 
symmetry can show optical activity or chirality. Take models of the enantiomers of 
tartaric acid, shown in Sub-Sec 2.5.3 as structures V and VI (these models you 
have made earlier also) and convince yourself that both of them have a two-fold 
simple axis of symmetry but still they are optically active (see Figure at next Page). 

Let us now go back to  the problem we left unanswered at the end of the last 
section. Since, the third isomer of tartaric acid, represented by structure VII, has a 
plane .of symmetry, it is optically inactive. This plane can be easily visualised by 
looking at the model of structure VII. Such compounds in which one half of the 
molecule is the mirror image of the other half, are called meso compcxnds. Thus, 

I meso-tartaric acid represented by structure VII (or VIII), has two chiral centres 
I 

but as it has a plane of symmetry, the optical activity caused by one chiral centre 
I 

alternating axis 

The word meso means middle or 
inbetween. 



Fundamental Concepts is cancelled by the other chiral centre. This is so because the two halves, being the 
mirror images of each other, have equal and opposite rotation. Hence, meso 
compounds are optically inactive. 

axis of 
j +symmetry 

++axis of 
: symmetry 

All 

G a  

In other words, if one half of the molecule causes a rotation of + Xo and the 
A meso compound is opticaily opposite half causes a rotation of -XO. then it leads to  a zero rotation for the - - 
inactive due to internal molecule or no optical activity. This type of cancellation is called internal 
compensation; optical activity 
due to one half of the molecule compensation. There is another way in which compounds containing chiral centres 
is cancelled bv that due to [he can behave as optically inactive. You will study about this in the next unit You 
other half. can apply your knowledge about the elements of symmetry in answering the 

following SAQ. 

SAQ 5 
Which of the following are chiral? 

a) a shoe 

b) a book 

c) methane molecule 
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2.7 SUMMARY 

In this unit, we learnt 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 diastereoisomers which are stereoisomers other than enantiomers. 
Enantiomers have identical physical properties (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 chirhl centre may or may not be optically 
active, e.g., meso compounds are optically inactive. 
The tetrahedral nature of carbon was postulated on the basis of the 
observations of optical activity. 

I 
2.8 TERMINAL QUESTIONS 

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

a) (Z)-5-choloro-2-pentene 
b) trans- l,2-dimethylcyclopropane 
c) meso-2.3-dibromobutane 
d) cis- 1,2-dichlorocyclopentane 

2. Look at the following pairs of compounds carefully and state which type of 
isomerism they exhibit. I 

C12CHCH2CH3 and CH3CHCH2C1 

d) CH3 . CH3 
I I 

H - C - O H  and H O - C - H  
I I 

Br-C-H Br -C-H 
I I 
CHO CHO 

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

malic acid 





Terminal Questions 

2. a) geometrical b) chain 
c) position d) optical (diastereomers) 

3. a) 
0 OH 0 
I1 I I I 

(i) H O - C - C H - C H ~ - C - O ~  
* ~ 

(ii) CH, - CH - c - OH 
* I1 

0 

0 OH 0 0 OH 0 
li I n I I I II 

(i) HO-C-C-CHI-C-OH HO-C-CH2-a?-C-OH 
I 

(ii) H3C-*c-C-OH HO-C-$-cH, 
I I I  1.1 I 

H 0 0 H 

4. a) plane, centre and axis of symmetry 

b) plane, centre and axis of symmetry 



c) plane of symmetry 

d) plane, centre and axis of symmetry 
e) plane and axis of symmetry 
f) plane and axis of symmetry 

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

I 
H-C-OH 

I 
H-C-OH 

I 
H - C - O H  

I 
CH3 

CH3 
I 

H-C-OH 
I 

and H O - C - H  
I 

H-C-OH 
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Structure 

Introduction 
Objectives 

Configuration and Fischer Projection Formulas 
Configurational Notations 
Racemic Mixtures and their Resolution 
Asymmetric Synthesis 
Walden inversion 
Conformational Isomers and their Representation 
Conformations of Ethane 
Conformations of Butane 
Conformations of Cyclic Systems 
Conformationf of Cyclohexane 
Conformations of Monosubstituted Cyclohexane Derivatives 
Conformations of Disubstituted Cyclohexane Derivatives 

Summary 
Terminal Questions 
Answers 

3.1 INTRODUCTION 

In Unit 2, you studied the geometrical and optical isomerism. The arrangement of 
atoms or groups in space about a rigid frainework was referred to as 
'configuratiba' in Unit 2. In geometrical isomerism you learnt that the geometrical 
isomers can be assigned the configuration as cis- or trans- and E- or 2-, 
depending upon the spatial arrangement of groups about the rigid framework. You 
also studied about the existence of optical isomers such as enantiomers and 
diastereomers. These optical isomers have different configurations, 

In this unit, you will study how to designate the configuration of optical isomers. 
We will also discuss how configuration is affected in chemical reactions. Under the 
laboratory conditions, chemical reactions yield an equimolar mixture of the two 
enatfttiomers. Here, you will also learn how to separate these mixtures in order to 
obtain optically pure compounds. 

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

Objectives , 

After studying this unit, you should be able to: 
write Fischer pqojection 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 asymmetric synthesis, 
describe Walden inversion, 
draw sawhorse and Newman projections for a given compound, 
illustrate the conformations 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 . 

The term configuration was used earlier in case of geometrical isomers to indicate 
the spatial arrangement of groups around a rigid framework. Similarly, the term 



Fundamental Concepts configuration as applied to optical isomers indicates the spatial arrangemenr 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 either 
by making its three-dimensional model or by writing the corresponding projection 
formulas. Also, to specify the configuration of a molecule having several chiral 
centres, the configuration at each chiral centre needs to be specified. 

This specification of configuration for a molecule becomes more and more difficult 
as 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 proceeding 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 

Emil Fischer 
(Received Nobel Prize in 1902) 

dimensions. Fig. 3.l(a) illustrates such a perspective drawing. In a perspective 
drawing, a broken wedge represents the bond which is behind the plane of the 

A Flscher projection formula 1s a -paper and the solid wedge represents the bond which points towards the observer 
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 lines show the substituents which are in the plane of the paper. 
their substituents in two 
d~menslons. Let us !low learn how to write Fischer projection formula of the molecule whose 

perspective drawing is shown in Fig. 3.l(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 
a 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.l(a). You can see in Fig. 3.l(b) that the angle between 
the horizontal and vertical planes is a right 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 plane 
(obviously plane of paper), by drawing two lines at right angles to each other. 
Then, the substituents are written in the position they appear to the observer, i.e. 
the substituents which are at left and right of the observer are written at left and 

plane of projection 

c /" 
OH 

plane containing 
plane"contarn1ng 

methyl and ethyl tyydrogcn atom and 
groups hydroxyl gioUp 

Fig. 3.1 : Writing Fischer projection formula lor a moltcute : (a) perepecUve drawing of it molecnle 
having one chirat arbon atom; (b) two substituents each in horlzoalal and vertical planes at 
right angles to each other; (c) represcatation of moiecule in plane of paper; and (d) the 

A2 Flacher projection fbrmuh. 

Fischer 
projection formula 



right, respectively, and the other two substituents which appear above and below Stereochemistry - II 
are written at above and below positions, as shown in Fig. 3.l(c). Further, we can 
simplify Fig. 3.l(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 Fiscber 
projection formula for the compound shown in Fig. 3.l(a). Note that the chiral 
centre is not shown in Fischer projections and it is assumed to be located at the 
point of intersection of the horizontal and vertical lines. 

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

COOH 

The Fischer projections are very useful in case of molecules having many chiral 
centres linked together to form a continuous chain. You will realise in Unit 20 of 
Block 4 of this course the importance of these projection formulas in writing the 
structures of carbohydrates. 

Let us now learn the reverse of what we have done above, i.e. write the three- 
dimensional structure of a molecule from its Fischer projections. For this, we have 
to reverse the process we have just described. Always remember that in a Fischer 
projection formula the vedcal lines represent the bonds that point away from you 
and the horizontal lines represent the bonds that point towards you. Let us start 
with a molecule having the Fischer projections as given below, 

CH3 
~r + CI 

H 

The three-dimensional structure for this molecule can be written by using the 
following steps: 

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

CH3 
I 

Br-C-C1 
I 
H 

ii) Since the vertical lines represent the bonds away from the o b s e ~ e r  and the 
horizontal lines represent the bonds towards the observer, we can write the 
structure of the molecule shown in step (i) as, 

CH3 

H 



Fundamental Coneepts This can be translated into the perspective formula by viewing the molecule in such 
a way that the two substituents (say, CH3 and Br) are parallel to the plane of the 

While studying step (ii), use paper. In such a situation, H will appear behind the plane of the paper and C1 will 
models for wntlng the appear projecting in front of the plane of the paper leading to the perspective 

- ~ r s p t i v e  fonnula. drawing of. the molecule as, 

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

Different representations of How to interconvert Fischer Projections while maintaining the Configuration 
( + ) - 2 - bromobutane. 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 written for the same molecule. Let us 

Br 
/' 

go back to Fig. 3.1 and instead of viewing the molecule as shown in Fig. 3.l(a), 
H-C 

~ C H ,  
now let us view the molecule in such a way that the substituents CH3 and H point 

CHZCH~ towards the observer. Thus, the substituents will now appear as shown below. 

Br \ For this orientation of the molecule, the Fischer projection formula can be written 
C-H as, 

.' ... 
J I .~,., OH 

I 

I ~ H ~ C H ,  which is another Fischer projection formula for the.same molecule as shown in 
I Br Fig. 3.l(a). Because various Fischer projections are possible for a given molecule, 
I 

you should have a clear understanding of writing different correct Fischer 
projections for a given molecule without going back and forth to the three- 

I H dimensional model. Therefore, you should be able to write different Fisoher 
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. 

Actlvity 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., , 

corresponding to the two 
Fischer projection formulas 
shown in rule 1. You can see 
that they represent the two 
Fischer projections of the 



In other words, rotation of the Fischer projection in the plane of paper by 180'. !Stereocbeinistry - I1 

does not alter the configuration. 

2. Rotation of a Fischer projection formula of a compound in the plane of the 
paper by 90" yields the Fischer projection formula of its enantiomer. It means 
that such a rotation leads to a change in the configuration at the chiral centre. 
This is illustrated in the following example. 

F *  F, Br 
C - - c '* 

rotation by 90°+ 
Br I' ' ~ r  1' ~ C I  

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

3. A Fischer projection formula may not be lifted out of the plane of the paper 
and turned over as showh below. 

Turn over Br--+ CI ----j 
FORBIDDEN 

c l +  Br 

This turn over leads to the Fischer projection formula of the enantiomer. 
Thus, this operation on the Fischer projection changes the configuration at the 
chiral centre. 

4. Interchange of two pairs of substituents leads to another Fischer projection of 
the same isomer. Hence, no change in configuration is observed by this 
operation. Let us understand this by the following example. If we have a 
molecule represented by the following Fischer projection, 

CHO 

CH20H 
Interchange of one pair of substituents (i.e., - CHO and -CH20H) leads to 
the Fischer projection, 

CHzOH 
I 

CHO 
Another interchange of second pair of substituents leads to the Fischer 
projection as 

H - 7 :  

CHO 
This when rotated by 180" yields 

which is nothing but the same isomer we started with. 

In the next section, you will learn about the specification of the configuration at a 
given chiral centre. Before that check your knowledge of Fischer projections, by 
answering the following SAQ. 

Activity 

having a chiral carbon atam 
Knked to four different 
substituents 1,  2, 3 and 4 as 
shown below: 

It has the following Fischer 
projections, given by (a). I 

1 Rotate this Fischer projection by 

I W0.to yield the foIlowing Fischer 
projections, shown q (b). 

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

On comparing these two models, 
YOU will find that they represent 
the enantiomers. 
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C!H~OH 
glyceraldehyde 

There is also a convention that 
the longest carbon chain forms 
the vertical back bone of the 
Fischer projections with the most 
highly oxidised carbon (if any) at 
the iop; and then the substituents 
are projected horizontally. 

Do not confuse d and I with D 
hnd L. The lower-case d and I 
were used in many places in 
older literature to specify the 
direction o f  rotation 
(synonymously with ' + ' and 
'- '). But D and L are used to 
specify the configuration at the 
chiral centre. 

Study each of the following pairs of Fischer projections carefully and decide 
whether they represent the same isomer or an enantiomeric pair. 

OH 

(a) 

.................................................................................................... i...., 

3.3 CONFIGURATIONAL NOTATIONS 
- - 

The existence of enantiomers poses special problem of their nomenclature. As the 
enantiomers differ from each other in their sign of rotation, prefixes d and I were 
used earlier to designate the dextrorotatory and levorotatory isomers, 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 thls 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 substituent is on the left, then the molecule is 
said to have L configuration. 

Rosanoff (1906) suggested that a particular configuration be assigned to (+)- 
glyceraldehyde. The Fischer projection corresponding to this configuration is given 
below. 

Thus, according to this system of designation of configuration as D or L. the 
carbon chain in (+)-glyceraldehyde can be numbered and oriented as shown . 
above. Here, the substituent on the chiral centre is hydroxyl (-OH) group. Since it 



i s  on the right side, hence, (+)-glyceraldehyde has D configuration. Similarly, the' Stereochemlstry - 11 
enantiomer of (+)-glyceraldehyde, i.e. (-)-glyceraldehyde will have L 
configuration. Thus, we can designate the two enantiomers as D-(+)- 
glyceraldehyde and L-(-)-glyceralkiehyde. Also a71 compounds having an The D, L system is useful in 

arrangement of atoms similar to that at the chiral centre of (+)-glyceraldehyde at Specifying the for 
carbohydrates and amin the corresponding carbon atom are members of the D family. Similarly, we can 

state for the L family. Some examples of compounds belonging to D and L In the light of the fact tL-' "- 
families are listed helow: 

CHO Trx T n  
evidences realised that the 

CH20H CH3 HO&H configurations. Thus, &lr(lvc 

COOH 

D - (+ )-glycer- D - ( - )-lactic D - ( - )-tartaric 
-aldehyle acid acid 

CHO cnnu cnnu c o o -  

L-( -)-glyceraldehyde L-(+ )-lactic arid 
COOH 

d L-(+ )-tartaric acid 

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

C1 
I 

F -C-H 

cannot be assigned configuration according to. this system. Also there are cases 
when it is difficult to assign. the configuration unambiguously to the molecules 
contai;ing more than one chiral centre. 

Thus, a more systematic way of denoting configurations was needed. The system 
that emerged is called the R, S convention and is based on the actual three- 
dimensional formula of the compound to be named. In this system, the 
configuration at the chiral centre is assigned by assigning the order of yrr-edence 
to the grdups attached to the chiral centre according to the specific set of rules. 
These rules have been already listed as Cahn-Ingold-Prelog priority rules in Unit 2.. 
According to this.system, the configuration of a given chiral centre can be assigned 
using the following steps: 

1. Identify the four substituents attached to the carbon atom for which the 
configuration is to be assigned. 

2. Arrange these substittlents in the decreasing order of priority as 
1 '> 2 s 3 > 4 which is determined by Cahn-Ingold-Prelog rules. 

3. 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 starting from 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 S configuration (S from sinister, a Latin word meaning: left), 

anticlockwise; 
therefore S 

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

Let us now take the example of D-(+)-glyceraldehyde and see how the 
coofiguration at the chiral centre of a molecule can be assigned starting from its 
Fischer projection. The Fischer projection formula of D-( + )-glyceraldehyde can 

2 
CHO 

be written as H I OH The four substituents attached to the chiral 
4 1 

centre have the order of priorities as shown by the numbers 1 > 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 case, is away from the viewer. In 
ather 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 Fischer ~roiection as shown below: 



T h l ~  new Fischer projection corresponds to the following perspective drawing. Slereochemiclr) - I t  
1 

H0H.C C 4 CHO 
3 2 

H 
4 

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

I 
OH 
I Use models to understand the 

transformations from perspective 

H (C '-c*O drawing to the assignment of 

HOHlC 2 configuratron. 
3 

Then, by overlooking this H, path from 1 - 2 -- 3 is traced as illustrNed below. 

Since this path is clockwise, hence, D-(+)-glyceraldehyde is assigned R 
confrguratjon. 

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

A simple way to assign R or S Configuration using Fischer Projections 

It is a short cut method and requires that the Fischer projection is written in such 
a way that the substituent of lowest priority is at bottom. Then, this substituent is 
neglected and the configoration is assigned by tracing the path from 1 to  2 t o  3,  as 

-stated before. 

I 
4 -----, neglect it and tmce the palh 

from 1 to 2 to 3. Since this 
path is in clockwise direction, 
hence the configuration is R. 

Similarly, in case of ( + )-2-butanol, H 

the order of priority of substituents is OH > CH3CH, > CH3 > H. If the 
I 2 3 4 

molecule is viewed in such a way that the H is at the back, then the other 
substituents appear as shown below: 

Now trace the path from 1 to 2 to  3 which is anticisckwise in this case. Hence, the 
configuration of the Carbon atom marked by asterisk (*) is S. 



With the determination of 
absolute configuration of (+)- 
tartaric acid, the absolute - 
configuration of its enantiomer 
(-)-tartaric acid was also 
established. The (-)- tartaric acid 
and ( + )- glyceraldehyde were 
known to have the same relative 
configuration. ,Thus, the absolute 
configuration of 
( + )-glyceraldehyde was also 
established; and the configuration 
assigned earlier to 
(+)-glyceraldehyde arbitrarily 
was found to be correct. 

In the compounds containing more than one chiral centre, the configuration is 
specified at each of these centres. For example, in case of 2,3-dichlorobutane. the 

priorities of substituents at the C-2 and 61-3 chiral centres are C1 > -&H > 
I 2 \ 

CH3 

CH3 > H. Focusing our attention on C-2 carbon, the path from substituents 1 to 
3 4 

2 to 3 has anticlockwise direction; hence, it has S configuration. Similarly, at C-3 
carbon also, tbe 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, 
(2S, 35')-2,3-dichlorobutane. 

It 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 soehisticated 
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 ofLen in chemical reactions one gets a 
mixture of enantiomers. In the next section, we will study in detail about these 
mixtures 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: 



Stereochemistry - I 1  
3.4 RACEMIC MIXTURES AND THEIR RESOLUTION 

A mixture containing equal amount of each enantiomer of a compound is called a 
racemic mixture or a racemic modification or a racemate. A racernic mixture is 
indicated by the (+)-sign or just by the term racemic prefixed to the name or the 

The pfiysical properties of a racemic mixture are different from those of the pure 
enantiomers. For example, the melting point of the either enantiomer of 
t-hydroxypropanoic acid (lactic acid) is 326 K but the racemic 2-hydroxypropanoic 
acid (lactic acid) has a melting point of 291 K. Also, since a racemic mixture 
contains equal amounts of enantiomers, optical rotation of one enmtiomer is 
cancelled by an equal and opposite rotation of the other enantiomer. Hence, a 
racemic mixture is optically inactive although its constituents are optically active. 

A racemic mixture can be obtained from a pure enantiomer by a process called 
racemisation. It can also be obtained by simply mixing two enantiomers in equal 
amounts. Racemic mixtures may also result from chemical reactions. One such 
kind of reactions is the nucleophilic substitution reaction. You will study about 
t h e 3  reactions in detail in the Organic Reaction Mechanism course. But to give 
you an idea about how a racemic mixture results from them, one such reaction is 
illustrated in the box. 

A sublitution reaction can be defined as the reaction in which one group is 
substituted by another group. For example, in the reaction below, 

CH,-I + OH- - CH,-OH + I -  
(substrate) (nucleophile) (product) Oeawng group) 

the iodide group is substituted by the hydroxide group. When the incoming 
group (OH- group in this case) is a nucleophile, (means seeking a nucleus; 
obviously an electron rich species), then the reaction is called nucleophilic 
substitution reaction. 

The nucieophilic substitution reactions can be unimolecular or bimolecular, 
depending upon the number of molecules involved in the rate-determining step 
of the reaction. When the rate-determining step involves a single molecule, the 
reaction is called a u~imolecular substitution reaction and is denoted as S,1. 
The S,1 reactions involve a positively charged carbon atom as an intermediate 
which is called a carbocation. Such a carbocation is shown below. 

% ' 
substituuon / t 'unimolecular 

nucleophil~c 

This carbocation being planar, tacked by the incoming group or 
nucleophile kom either side leading to the formation of both the enantiomers. 
If the attack is equally favourable from both the sides, then the enantiomers 

equal amounts 
(racems rn~xlure) 

7 
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I are formed in equal amounts and the product obtained is a racemic mixture. 

The ster~ochemisttv of bimolecutar substitution reactions will he di~cus.;ed in I 
Once a racemic mixture is obtained, the next step is to 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 ammonium double salts of 
(+)-tartaric acid .and inactive tartaric acid. H e  found that the crystals of the 
double salt of (+)-tartaric acid were hemihedral, (see Fig. 3.3a). But the crystals 
of the double salt of inactive acid were not the crystals of just one type, but a 
mixture of two 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 a pair 

Pasteur had thus performed the.first resolution by human hands! Before this the 
levorotatory form of tartaric acid was not known. It is now known that the double 
salt of race~nic 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 
laboratory 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. 

Fig. 3.3 : a) Uextrorolatory hemihedrul crystals of sodium ammonium tartarate. b) Levorotatory 
crystals of sodium ammonium tartarate. c) Hoiohedral crystals of mcemic sodlum ammonium 
tatamte that crystallises at a higher temperature. 

Resolution by ordinary physical methods like crystallisation, distillation, 
chromatography etc. is not possible because the physical properties of the two 

*components, except the direction of rotation, are identical. Almost al methods of 
resolution make use of the fact that only under the influence of anot er chiral 
reagent, the enantiomers can be made to behave differently. Hence, t e 
enantiomeric mixture is treated with a chiral substance to  convert it i to  a mixture 
of diastereomers. Since the diastereomers have different physical prop \ rties, they 
can be separated using physical methods. The enantiomers are then regenerated 
from each diastereomer. The gcneral scheme for resolution involving the formation 
of diastereomers is depicted in Fig. 3.4. The advantage of acid-base properties is 
also taken in obtaining the d;astereomers. For example, if we want to resolve a n  
acid A which is present as a mixture of the enantiomers (+)-A and (-)-A as 
shown in Fig. 3.4 (a); then we choose either of the enantiomers 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 fr.om each of the above 
diastereomers by treatment with a mineral acid, Fig. 3.4 (d). Similarl:, we can 
resolve a racemic mixture of a base using a chiral acid. The chiral reagents which 

2 are used for resolving a racemic mixture are called resolving agents. A number of 



a racemic rnixlure a resolving agent 
of a chiral added as a single 
compound enantiomer 

mixture of 
diastereomeric 
a d d u c ~  

single enanfiomer original resolving single enantiomer original resolving 
of compound agent of compound agent 

Fig. 3 
C) Diprtoreomers separated. d) Enmtiomcn regenerated from dlmtereomsn. 

resolving agents are available, many of them are naturally occurring acids and OH 
bases. For example, chiral bases such as biucine, strychnine and quinine are used I 
for resolution. On the other hand, chiral acids such as (+)-tartaric acid, (-)-malic HOOCCH2CHCOOH 
acid and (-)-mandelic acid are used for resolution of racemic bases. Analogous malic acid 

methods for resolution of compounds containing other functional groups have also 
been developed. @:cwH 

mudelic r i d  
P 

I 
I H H 

brucine strychnine 

quinine 
(antimalarial 

drug) 

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



Fundamental Concept, ad5orbent more strongly than the other leading to their partial separation. The 
drawback with chromatographic resolution is that it is not quantitative. 

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 highly 
selective with regard to stereochemistry of the co4pounds 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 that the dextrorotatory 
isomer is consumed faster by the mold leaving behind the pure levorotatory 
isomer. A disadvantage of the resolutions of this type is that the more reactive 
enantiomer is usally not available and we get only one enantiomer at the end of 
the resolution. 

Pufe enantiomers can also be obtained using synthetic methods, without the 
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 opticaliy 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 asymmetric synthesis and 
absolute asymmetric synthesis. In partial asymmetric synthesis, an optically active 
substrate or an optically active reagent is employed. Partial asymmetric 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 varc/wald in 1904 who obtained 
optically active (-)-2-methylbutanoic acid starting from ethylmethylmalonic acid. 
The scheme of reactions is shown below. 

COOH COOH[(-) - brucine] COOH 

I (-)-brucine - 1 I 
CH3 - C - C2H5 > CH3 -C -C2H5 + CH3-C -C2H5 

I I I 
COOH COOH COOHE(-) - brucine] 

1 / 
ethylmethylmalonic diastereomeric half 

acid brucine salts 

heat 443 K I heat 443 K 

- co, - co, 
COOH [(-) - brucine] ' H 

I 
I I 

CH3 - C - C2H5 CH3 - C - C2H5 
I I 

H COOH [(-) - brucine] 

I "  1 Ha 
COOH H 

I I 
H COOH 

\ / 
enantiomers of 

2-methylbutanoic acid 

Since the two half brucine salts are diastereomeric, they yield the enantio,ners of 
2-methylbutanoic acid in different amounts, wifh the 4 levo isomer predominating. 



An example of partial asymmetric synthesis using optically active substrate is given Stereochemistry - 11 

below. Here, the attacking CN-ion can approach the carbonyl carbon from two 
directions as shown, leading to the formation of enantiomeric products. 

* 

Use models to understand this 
example of partial asymmetric 
synthesis. 

H... =,, , CN 
Q ~ 2 ~ 5 '  

H /  'OH 

Fischer projection Fischer projection 

L, ,(It is formed In 
,/ larger amount 

enantiomers as compared 
t o  its enantiomer) 

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. 

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

Lt was pointed out earlier that c i rc~~ar ly  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, left- and right- circularly polarised 
light. The electric fields of these light forms propagate through space as left-and 

r right- handed helices as shown below in Fig. 3.5. You can see in the figure that 
direction of A 

right circularly + left circularly - 
polarsed Itght polarised lighl 

- plane-polarised 
light 

The origin of chiral biological 
molecules is attributed to the 

enantlorners 2 effect of circularly polarised light 
in the early phases of evolution 

Fig. 3.5 : The electric fields of right- and left- circularly polarised light which add vectorially to give of 
plane-polarised light. 

the two helices are enantiomeric. The vector addition of these two forms leads 
I 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. 
r 

NO2 - - righf-circularly 
polarised light 

NOz 

dextrorot~tory i~omer 7 5 2.4.6-trinimtilbeae 



Fundamental Concepts In this section, you have studied about how to obtain opticaIly attive 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 Wald~n Inversion. Let us now study this phenomenon. 

--- 

3.6 WALDEN INVERSION 

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

COOH 
PCls 
__t - 

K O H  

COOH COOH 
L-(-)-malic acid D-( + )-chlorosuccinic acid 

( * g o H  

COOH 

1 &OH 

COOH 
PCl, - - H+, OH 
K O H  

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-(-)-chlorosuccinic acid was converted into 
its enantiomeric 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. Iri 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 ruIe for bimolecular nucleophilic substitution reactions. 
The term bimolecular refers to  the fact that two species undergo bonding changes 
in the transition state of the reaction. These reactions are represented in short as 
S,2 reactions. The stereochemistry af 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 
leaving group leaves from the opposite side simultaneously, as is shown in the 
tbansition state in the following example, then, such reactions proceed with the 
inversion of configuration. And, if the species that undergoes inversion has the 
same substituents on it before and after the inversion, the product obtained is t k  
enantiomer of the starting compound, as was the case studied by Walden. 

s@-hybridised carbon 

7 6  I lransltion slate 1 



Thus, we can conclude that SN1 type of reactions involve racemisation whereas SN2 
type of reactions are accompanied by inversion of configuration. 

Till now you were studying about the configurational 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. 

3.7 CONFORMATIONAL ISOMERS AND THEIR 
REPRESENTATION 

The various spatial arrangements obtained 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 simplest molecule 
which shows these conformations is ethane. Before starting the study of 
conformations of various molecules, let us learn how to represent these 
conformations which are again three-dimensional spatial arrangements o f  a 
molecule, in two-dimensions. 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 along the carbon- 
carbon bond as shown for ethane in Fig. 3.6(a). Here, the ethane molecule is 
shown in Wedge and dash drawing. In drawing the Newman projection, the carbon 

U H Nrwmnn r m i e ~ i n n  1 

atom nearer to the observer is represented by 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 substituents attached to this YOU are advised to use the 

carbon are shown by three lines emerging from the edge of the circle. The .angle, 8, in  unde' . 
representations. 

between the H - C - C plane and the C - C - H plane of an H - C - C - H unit is 
called the dihedral angle. 

I 
I 

Let us now understand how to write the sawhorse projections. 

Sawhorse Projections I 
In this representation, the carbon-carbon single bond is represented by a line 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 to the Newman 
projections, here also the substituents ?n each carbon are shown by lines. 

H 
I Remember that 

H 
Fig. 3.7 : Sawhorse representation 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 eclipsed and staggered 
conformations. Convince yourself 
that they have the dihedral angles 
as 0' and 60e, respectively. - 



3.9 CONFORMATIONS OF BUTANE 

The sawhorse and Newman projections of butane are represented below. 

(343 CH3 

sawhorse projection Newman projection 

Similar to the case of ethane, various conformations of butane are possible due to 
rotation of the C-C bond forrncd by the carbon atoms numbered as 2 and 3. 
Fig. 3.9 shows the potential energy variation for irarious conformations of butane. 

I I I 

0 60 I20 I BO 240 300 360 

dihedral mgle (degrees) !=o). i 

along the C2 - C, single bond. 
Try to make various 
conformations shown in Fig. 3.9 

Fig. 3.9 : Potential energy diagram for the conformatluns of butane. 
Actlvity 

AS the f~gure shows, when the dihedral angle 1s zero, the conformation 1s called 
eclipsed conformation. As the dihedral angle increases to 60°, we get another 
conformation which ~s called gauche or skew conformation. Further rotation of the 
C,-C, bond yields another eclipsed conformation when the dihedral arigle is 120". 
~ b t e  that in this conformation CH3 and H are eclipsed whereas in the earlier 
eclipsed conformation two methyl groups were eclipsed. Hence, this eclipsed Butane has two conformers, 
conformation is at a little lower enerav level than the earlier eclipsed conf~rmation. namelv anti and pauche 

When the two methyl groups are maximum apart, i.e.. when the dihedral angle is conformations. The anti 

18O0, then the c~nformation is known as anti conformation. Note that this is the conformer is more stable as 

most stable conformation of butane because it has the lowest energy value. On compared to the 
shown in Fig. 3.9. 

I 
further rotation. another set of eclipsed and gauche conformations result. The 
difference in energy between the anti and gauche conformations is about 
7 64 kT mol-'. At room tem~erature. butane is a mixture of 72% anti and 28% 7 9 

I 



Fundamental Concepts gauche conformations. Similar to ethane, in this case also, the interconverdon of 
these conformations 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 K. 

Hassel and Barton received The study of conformations or conformational analysis is helpful in explaining the 
Nobel Prize in Chemistry in 1969 specificity of reactions; particularly, the reactions observed in living systems where 
for their contributions in the such a specificity is exhibited by virtue of the particular conformations of the 
field of conformational analysis. compounds, 

At this stage, you can check your understanding about conform?tinns of simple 
straight chain alkanes by answering the'following SAQ. 

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

b) What is the value of dihedral angle i n  these conformations? 

c) What relationship do  these two gauche conformations have with each other? 

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

..............+......................................................................,. i.................. 

I 3.10 CONFORMATIONS 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 corres~ondina regular ~olvnons.  This is shown below. 

The bond angle in a polygon 
having n sides is given by A (v) x we.  or example, cyc!~~rc;)ane cyclobutane cyclopentane 

60' 90" 1 M0 
in cyclopropane having n =  3, the - 
bond angle = (F) x W o  n 0 

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 

I 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. ~ c c o r d i n g  to  this explanation, as the deviation from the tetrahedral value 

I 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 values of heat of combustion per methylene group showed that 
the energies for the first three cvcloalkanes are in the fnllowine order. 



cycloprcrpane > cyclobutane > cyclopentane. This order is consistent with the Steworhemistry - n 
predictions of the Baeyer's strain theory. But in case of cyolohexane, the heal of 
combustion is less indicating its greater stability. Further increase in the ring size 
does not affect the heat of combustion much, indicating a constant value of about General equation for combustion 

652.7 kJ mol-1 per methylene group in contradiction to the prediction of Baeyer of alkanes is 

Sttain Theory that with the increase in the ring size, angle strain must increase. 3 n + l  - 
c n ~ 2 n +  2 + (-T) 02 

\ - 1  

Baeyer's theory failed because of the assumption that the cycloalkanes are planar. alkane oxygen 
Of course, cycloyropane has to be planar because three carbons must lie in a single 
plane. But other larger cycl~alkanes are not planar and are puckered. Puckering of n c 0 2  + (n + I) H20  + heat 
rings relieves the angle strain. You will study about this in detail in case of carbon water 

cyclohexane in the following discussion. dioxide 

3.10.1 Conformations of Cytlohexane 
The heat released on comp 
combustion of one mole ol 
substance is called its heat 

If you make a model of cyclohexane containing 6 sp3 hybrid carbon atoms forming combustion. 
a regular hexagon, you will realise that ih this molecule, in addition to the angle 
strain, the hydrogens on the adjacent carbon atoms haie the eclipsed arrangement The heat Of data is 

as depicted In pig. 3.10. 

n 

"'*nu. I.. U C L C L I  .... I I I I ~  L l l C  I 

'energies of various rnolecu 

u 
Fig. 3.N : Strained planar conformation of cyclohexnne showing eclipsed hydrogens. 

Sachse in 1890 pointed out that two nonplanar models for cyclohexane are possible 
which are frke from a n ~ l e  .!rain. These are called chair and boat conformations 
and are shown in  Fig. 3.11. 

Chair conformation Boat conformation 

a' C-H . W r  e q ~ a r i d  C-H bonds 
cqautorial rxi* baadr md together 

Fig. 3.11 : Chair and Boat conformation of cyclohexane. 

There are two types of hydrogens in the chair form of cyclohexane. The six hydrogens 
which are above and below the plane of the carbon ring are called axial hydrogens. 
Note that the axial bonds are alternately directed up and down on the adjacent 
carbon atoms. The second set of  hydrogens is called equatorial hydrogens and are 
located approximately along the equator of the molecule. Given below are the steps 
to enable you to represent the axial and equatorial bonds correctly on the chair 
cnnfnrqation of cvclohexane. 



Fundamental Conceflts Steps 

1) Draw the chair conformation of cyclohexane.aa, 

a 
21 Draw one axial bond as shown below, 

- -  - - - - - -  ~ -.--.--.--..----. ~ - - ~  -~~ - ~ -~ 

equatorial bonds as shown below. 

Phce equatorial bond at C-l so that it is parallel to thr bonds Chair cyclohexanc drawings between C-2 and C-3; and between C-5 and C-6. 

van der Wads 

I--DD--- ' 

bonds in ch 

Fundamental Conceflts Steps 

1) Draw the chair conformation of cyclohexane.aa, 

a 
21 Draw one axial bond as shown below, 

or start here 

and then draw axial bonds alternately up and down as represented below. 

chairs oriented in either aU axial bond8 are paralkl to  each other 

3) Draw equatorial bonds keeping in mind the tetrahedral arrangement at the 
carbon atoms. Draw an equatorial bond at C-1 in such a way that it is parallel 
to the carbon-carbon bond between C-2 and C-3 and then complete the other 
equatorial bonds as shown below. 

Phce equatorial bond at C-l so that ~t IS parallel to thr bonds Chalr cyclohexanc drawings between C-2 and C-3; and between C-5 and C-6 

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

staggered arrangement of 
bonds in chair conformation 

of cyclohexane 

However, a similar representation of the boat form of cyclohexane shows the 

If the distance between two non- 
bonded atoms IS less than the 
sum of thelf van der Waal's eclipsed bonds in baat 
rad~i, there is repulsive conformation give it 
interaction between the two- toruonal sunin 
atoms. This is known as van der 
Waal's repulsions. Further, in the boat conformalion the two hydrogens, at the bow and stern of the 

boat, called flagpole 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 of the 
boat form as compared to the chair form by about 27 kJ mol-'. 



A portion of the strain due to the flagpole interactions in the boat conformation is Stereochernibtry - I I  
relieved in the twist boat (or skew boat) conformation, which is obtained by 
slightly twisting the boat conformation as shown below: 

The conversion of a boat 
into a twist-boat cydobwane 

boat 

I 

twist (skew) boat 

I1 

The twist boat form is more stable than the boat conformation but is less stable 
than the chair conformation by about 2.51 kJ mol-1. As the chgr conformation is 
the most stable form, most of the molecules of cyclohexane exist in the chair 
form. The available experimental dab indicate that no more than one or two 
molecules per thousand exist in the skewboat conformation. 

A chair conformation is also convertible into another chair conformation by the 
process known as ring flipping. This interconversion, as shown in Fig. 3.12, occurs 
via the intermediate half-chair and skew-boat conformations. The energy profile 
for such an interconversion is shown in Fig. 3.12. The ring flipping requires an 
energy of 45.18 kJ mol-1 and even at room temperature, this interconversion is 
very fast. 

Halfchair Halfchair 

Chair Chair 

Fig.  3.12 : Energy profile d a t e d  with ring filpplng. 

An important consequence of the ring flipping is that the axial substituents in the 
originat chair conformation become equatorial in the flipped chair conformation 
and vice versa. Note that this inversion does not involve any bond breaking or 
bond forming. 



Fundamental Concepts A detailed energy profile for various conformations of cyclohexane is shown in 
Fig. 3.13. Note that the boat form is a transition state for the interconversion of 
skew-boat conformations. 

Fig. 3.13 : Rclative energies for various conformations of cyclohexane. 

I 3.10.2 Conformations of Monosubstituted Cyclohexane Derivatives 
Consider a monosubstituted cyclohexane, say, methylcyclohexane. In the chair 
conformation of methylcyclohexane, the methyl group (-CH,) can occupy either 
axial or equatorial position as shown below. 

CH? e' QCH3 H 

axial equatorial 

You are advised to use models Remember that the ring flipping interconverts these t,wo forms with the methyl 
while studying this section and group changing from axial to equatorial and vice "ersa. Also, since these two 
the next section. 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 methyl 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 repulsio& destabilise the axial conformation of methylcyclohexane. 

Such a situation IS avoided in the equatorial conformation in which the methyl' 
group occupies equatorial position and hydrogen is axial. The axial hydrogen, 
being smaller in size as compared to methyl group, experiences smaller van der 
Waals; repulsions. Thus, equatorial conformation of a monosubstituted 

van der Waals smaller van der Waals 
repulsions between methyl repulsions between 

and axial hydrogens at 
C-3 and C-5 

hydrogen at C - 1 and 
axial hydrogens at C - 3  
xnd C-5 

In 1960, Bush Weller was able to 
separate the equatorial cyclohexane is more stable as compared to the axial conformation. Since these two 
conformation of conformations are in rapid equilibrium, the relative' amounts of the two 
chlorocyclohexane by cooling its conformations depend upon the size of the substituent. Thus, for larger 

in an solvent substituents, the equilibrium may even be shifted completely to the equatorial 
123 K. conformation. This is illustrated below for some cases. 
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5 % 
(less stable) 

95 % 
(more stable) 

40% H 
60% 

3% 
97% 

3.10.3 Conformations of Disubstituted Cyclohexane Derivatives 
When we talk about disubstituted cyclohexanes, the possible patterns of 
substitution are 1 ,Zdisubstituted, 1,3-disubstituted and 1,4-disubstituted 
derivatives. Let us study each of these patterns taking dimethylcyclohexane as the 
example. 

1,2-Dimethylcyclohexane 

Let one of the methyl groups occupy an axial position at C-1 carbon as shown 
here, interactions between the 

CH3 
CH3 

4 2 ,  H = a y H ,  

H~ 
cis-1.2-dimethylcyclohexane 

If the second methyl group occupies an equatorial position as represented above, 
then as both the methyl groups are on the same side, this arrangement is called cis. 
Since the two methyl groups are closer to each other, there is a crowding between 
the hydrogens of the two methyl groups. Ring flipping of the cis form changes it 
into another equivalent cis form. But this does not lead to any change as far as the 
interactions between the hydrogens of the two methyl groups are concerned. 

Another possibility in which both the methyl groups occupy axial position lead to 
the trans arrangement of the groups. Note that this trans conformation is 

(Both methyl groups (Both methyl groups are 
are axial; less stable equatorial; more stable . 
chair conformation) chair conformation) 

trans-1.2-dimethylcyclohexane 

convertible by ring flipping into another conformation in which both the methyl 
groups occupy equatorial positions. This arrangement is also trans because here 



that the two methyl groups at 1 
and 2 positions have least van 
der Waals repulsions with the 
adjacent hydrogens when they 

Fundan~ental Conceyl\ also the substituents have the up-dawn relationship. But these two trans 
arrangements are not equivalent. 

Let us now study about the relative stability of these two trans arrangements. Note 
that the axial -CH, group at C-1 faces van der Waals repulsions by axial 
hydrogens at C-3 and C-5 carbon atoms. Similar repulsions for the axial C-2 

Activity methyl group with hydrogens at C-4 and C-6 carbon atoms, make this diaxial 
trans conformation less stable as compared to the diequatorial trans conformation. 
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 any substituent is more stable in the equatorial position than In 
the axial one. 

Thus, trans diequatorial conformation of 1,2-dimethylcyclohexane is more stable 
than the trans diaxial and cis forms. 

1,3-Dimethylcyclohexane 

Let the C-1 nlethyl 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. 

i) When the C-3 methyl group is axial, 

(Both methyl groups (Both methyl groups are 
are axial; less stable equatorial; more stable 
chair conformation) chair conformation) 

(Both methyl groups are up) 
cir-l,3-dimethylcyclohcxane 

Then, both the methyl groups are on the same side and you can see that this 
arrangement is cis. Ring flipping of this cis conformation leads to another cis form 
in which both methyl groups occupy equatorial positions. (Do it yourself with the 
models.) 

ii) When the C-3 methyl group is equatorial, 

(One methyl group is axial, (One methyl group is axial, 
the other is quatorial) the other is equatorial) 

(One methyl group is up, the other is down) 

tram-1,3-dimethylcyclohexane 

Then, the two methyl groups are said to be trans to'qach other. Ring flipping of 
this trans form yields another equivalent trans form. you can verify it using 
models. 

The trans form has one methyl group in equatorial position and the other methyl 
group in the axial position whereas the cis form in its more stable conformation 
has both the methyl group oriented equatorially; therefore, in this case the cis' 
form with diequatorial substituents is more stable {han the trans form. Let us now 
apply the same considerations to 1.4-dimethylcyclohexane. 

1,4-Dimethylcyclohexane 

Let the C-l methyl group occupy an axial position. The C-4 methyl group can be 
either axial or equatorial. Let us consider both these possibilities. 



i) When the C-4 methyl group is axial, it leads to  the trans arrangement of Stereuchemislr~ - 11 

methyl groups. This chair conformation having the diaxial arrangement of methyl 
groups by ring flipping can change into chair form having diequatorial 
arrangement of methyl groups. 

(Both methyl groups are (Both inethyl group are 
axial: less stable chair equatorial: mote stable 
conformation) chair conformntion) 

(One methyl group is up, the other is down) 
trans-1.4-dimethylcyclohexane 

ii) When the C-4 methyl group is in equatorial position, we have cis arrangement 
of methyl groups. The two equivalent chair conformations shown below represent 
such an arrangement. 

(One methyl group is 
axial. the other is 
equatorial) 

(One methyl groups is 
axial, the other is 
equatorial) 

(Both methyl groups are up) 

Note that these two equivalent chair conformations have one axial and one 
equatorial methyl substituents. 
A comparison of these cis and trans conformations shows that since the trans 
conformation permits both the methyl groups to occupy equatorial sites; hence, it 
is more stable as compared to the cis form which has one substituent each in the 
axial and equatorial positions. 

In other disubstituted cyclohexanes, when the two substituents are different, the 
stable isomer is the one in which the larger substituent occupies the equatorial 
position. 

Using your knowledge of conformations of cyclohexane systems, answer the 
following SAQ. 

SAQ 5 
Which of the two isomers in each of the following pairs would be more stable? 
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iii) H*H cl&cl 

C1 H 
(a)  (b) 

- - - - - - -  - -  ----- ----  - - - - -  - -  

iv) H e c H 3  c~3<&9,( 
CH3 , CHI 

CH3 
CH3 

CH3 (a) (b) 

----- ------------  ,--- - - - -  
* 
7 

3.11 SUMMARY 

In this unit, you have learnt that 

The spatial arrangement of the atoms (or groups) in a molecule is known as 
the configuration. 
Fischer projection formulas are used for representing 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 S 
using the Cahn-Ingold-Prelog sequence rules. 
Racemic mixtures can be resolved into optically active compounds via the 
formation of diastereomers. 
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 to represent the conformations of 
a molecule. 
Staggered conformation of ethane is more stable that its eclipsed 
conformation. 
Of the three conformations 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 *hey are in axial position. 

3.12 TERMINAL QUESTIONS 

1. Draw Fischer projection formulas for the following compounds: 

2. a) Write the stereoisomers for tartaric acid (i.e., 2,3-dihydroxybutanedioic 

b) Assign the configuration as R or S to chiral centres in each of the 
stereoisomers in part (a). 

c) Which of the isomers of part (a) are o ically active? 



3. The resolution of 1-phenylethylamine using (-) malic acid, yielded the less 
soluble diastereomeric salt having the configuration 
(R)-1-phenylethylammonium (S)-malate. The other diastereomeric salt being 
more soluble remained in the solution. What is the configuration of, this more 
soluble salt? 

0 
I I 

4. Substitued chiral ethanoic acid having the formula DHTC - C - OH, in which 
two hydrogens of the CH, group have been substituted by deuterium, D, and 
tritium, T, caneexist as enantiomers. Write the three dimensional structures for 
its R and S isomers. 

3.13 ANSWERS 

Self Assessment Questions 

1. (a) Same compound, 1st interchange - CH3 and - OH 
IInd interchange - H and - C3H7. 

(b) Same compound, 1st interchange - COOH and -OH 
IInd interchange -OH and - H. 

(c) enantiomers, using rule 3. 
(d) enantiomers as they are interconvertible by rotation of 90e, (rule 2). 

2. (a) S (b) R (c) R (d) S. 

3. H H 
I 

staggered conformation eclipsed conformation 

4. (a) Two gauche forms of butane in sawhorse projections: 

. 
CH3 CH3 

(b) 60" 
(c) They are .enantimeric in nature. 

5. (i) a (ii) ti (iii) b (iv) b 

Terminal Questions 

1. (a) C2H5 
(b) COOH (c) 

CH3 ~r Ht z2 
H H OH 

CH3 COOH 

2. (a) i) (ii) 
COOH 

(iii) 
COOH COOH 
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\ 

b) (i) - 2 s .  3 s  (ii) 2R, 3R (iii) 2R, 3 s  

c) (i) and (ii) are optically active but (iii) being a meso componnd, is 
optically inactive. 

- 
COOH HOOC " .4y 

R isomer S isomer 
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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 to 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 to 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 data for 
comparison is available. For such compounds other methods of structure 
aetermination are used. One such method involves the use of various forms of 
spectroscopy. The spectroscopic methods are based on the interaction of molecultS 
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 ultraviolet (uv) spectroscopy, infrared ( i r )  
spectroscopy, nuclear magnetic resonance (nmr) spectroscopy ana mass 
spectrometry ( m s ) .  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 enables one to deducc bond lengths, bond 
angles and other geome:rical features of the molecule. 



Fundamrnlal Conce~ls Objectives 
After studying this unit, you should be able to: 
a define various kinds of intermolecular forces, 
a explain the trends in physical properties such as melting point, boiling point, 

solubility etc. of molecules on the basis of intermolecular forces, 
a correlate the physical properties of the molecules with the molecular structure, 

list variowspectroscopic techniques used in the determination of molecular 
structure, 

a predict the type of transitions possible in a molecule when it is subjected to 
ultraviolet radiation, 

a state whether a molecule will show absorptions in the infrared spectrum or not 
and correlate the absorption bands in the infrared spectrum of a molecule to 
the functional groups present in it, 
predict the pattern of signals in the nmr spectrum of a given compound, 

a write the fiagmentation.pattern for simple molecules and match it with the 
peaks obtahed in  their mass spectra; and 

a 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 of a compound are manifested in its physical 
properties. Thus, physical properties of a compound such as melting point, boiling 
point, solubility, etc., often give valuable clues about its structure. Conversely, if 
the structure of a compound is known, its physical properties can be predicated. 
The physical properties of a compound depend upoh the number and nature of 
atoms constituting its structural units and also on the nature 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 intermolecular forces. Let 
us now study briefly what these intermolecular .forces,are. Then, yo; will learn 
how these intermolecular forces affect the physical properties of the compounds. 

4.2.1 Intermolecular Forces 

The three important intermolecular forces are: (i) dipole-dipole interactions, 
< 

(ii) London forces and (iii) hydrogen bonding. Let us now consider these 
intermolecular forces one by one. 

i) Dipole-dipole interactions 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 points towards, 
and is thus attracted by, the negative end of the other dipole. These interactions, 
called dipole-dipole interactions are depicted in Fig. 4.1. 

b+ "-------": b- bt 
b) 

CkI3 - Cl k3 - C 7 - - i H 3  -Cr ' 

c) 
dipole -dipole interactions . - 

Fig. 4.1 : a) A polar chloromethane molecule showing positive and negative poles. b) Arrangement of 
92 chloromethane molecules and c )  Dipole-dipole intemc!iuns between chloromethane molecules. 



The dipole-dipole interactions are weak interactions and are of the order of 4 to 12 
kJ mol-I whereas the bond energy for an ordinary covalent bond ranges from 125 

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 I 

When the molecule\ A and B approach each other, there is a d~stortion in the 
riictrih~~tinn nf the  ch;lrcte recllltine in a small and momentarv dinole in one 
molecule. This small dipole can then create another dipole in thc wcond molecule 
which is called induced dipole. Thus, if the momentary dipole ol molecule A is as 

then, this leads to an induced dipole in molecule R as shown below: 

Such a distribution of charge leads to mutual attraction betweell the molecules. London forces are the only 
These induced dipole-induced dipole interactions are also known as London forces. forces ,f attraction possible 

I 
These interactions are weaker than the dipole-dipole interactions and are of the between nonpolar molecuies. 

order of 4 kJ mol-l. These forces vary with the distance between the molecules. If 
r is the distance between the two molecules, then the London forces are 
proportional t o  1/P. 

iii) Hydrogen bonding results when a hydrogen atom is covalently bonded to  a 
strongly electronegative atom such as oxygen, nitrogen or  fluorine. Such a 
hydrogen atom has a large affinity for the nonbonded electrons of oxygen (or 
nitrogen or  fluorine) atom of the other molecule. This type of intermolecular 
interaction is known as hydrogen bonding. The hydrogen bonding in case of 

3 ethanol is represented below: 
6- 

The hydrogen honding is a 
special type of d~pole-dipole 

I& z interaction. 
hydrogen 1 H 
bonds \, Note that the hydrogen bonds 

\ 
are indicated by the dash lines 

6 - whereas the covalent bonds are 

/ O\ represented by solid lines. 
CH3CH2 H I 

The hydrogen bonding is a stronger interaction as compared to the dipole-dipole 
interactions but it is weaker than a covalent bond. The strength of a hydrogen 
bond ranges from 10 to  40 kJ mol-l. Hydrogen bonding has an important 
influence on physical properties such as melting point, boiling point and solubility 
of substances. This will be illustrated using examples in the following subsections. 

Some authors prefer co'give [he 
The dipole-dipole, induced dipole-induced dipole etc. interactions are collectively name van dcr W a a l  forces OII IY 

known as van der Waals forces. Having understood the intermolecular forces, let for [.ondon forces. 

us now study how the variation in molecular structure affects these intermolecular 
forces which in turn is reflected in the physical properties of the molecules. 



Fundamental Concepts 

Pure crystalline solids have sharp 
melting points and they melt over 
a temperature range of 1"  or 
less. In contrast to this, impure 
crystalline solids melt over wider 
ranges of temperature. 

In a homologous series, the 
higher the molecular weight, the 
larger 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 forces. 

4.2.2 Melting Point 
The melting point of a substance can be defined as the temperature at which it 
undergoes the transition from the solid to the liquid state. 

Pure crystalline solids have sharp melting points. Thus, melting point is used as an 
important physical 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. FO; example, the melting point of sodium 
chl~szride is 1074 K and that of sodium ethanoate is 595 K. But, the intermolecular 
forces are very 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 the effect of molecular weight on the melting point. The 
relationship between molecular weight and melting point for alkanes is illustrated 
in Fig. 4.2. 

Mol. Wt. 30 58 86 114 142 170 198 226 

No. of Carbons 0 L 4 6 8 10 12 14 16 

Flg. 4.2 : Plot of melting polnts of straight chain alkaow a@mt the molecular weight; the number of 
carbon atoms present in alkane molecule are also indicated. 

You can see in the figure that the melting point increases with the increase in the 
molecular weight. This can be explained due to increase in the London forces 
between the larger molecules of higher molecular weight. Thus, each additional 
methylene (-CH2) unit contributes to the increase in melting point. 

You must have noticed in Fig. 4.2, the alternating pattern of melting points for the 
alkanes having odd and even number of carbon atoms. It is also evident from the 
figure that the compounds having even number of carbon atoms lie on a highei 
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 atoms 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 see how 
the isomeric compounds having the same  molecular^ weight, show different melting 
poinis. Thr melting points of straight chain and branched chain isomers of butane 
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butane 
m.p. 134 K 
mol. wt. 58 mol. wt. 58 

The branching of the carbon chain interferes with the regular packing of the 
molecules in the crystal; hence, branched chain hydrocarbons tend to have lower 
melting points than their straight chain isomers. + 

I But, in case, the branched molecule has a substantial symmetry, then its melting 
point is relatively high. This is clearly evident when we compare the melting points 
of isomeric pentanes which are as given below: 

CH3 

CH3CH2CH2CH2CH3. C H ~ C H ~ & C H ~  
I 

CH3 - C - CH3 
I I 

CH3 CH3 
pentane 2-methylbutane 2.2-dimethylpropane 

m.p. 143 K m.p. 113 K m.p. 257 K 

The branching from pentane to z-methylbutane lowe~s the melting point but 
I 

further branching'in 2,2-dimethylpropane increases the melting point. This can be 
explained by the fact that the symmetrical molecules fit together more easily in the 
crystal lattice and hence have higher melting points as compared to the less 
symmetrical molecules. Hence, higher melting point for 2,2-dimethylpropane is 
justified. 

This is also reflected when we analyse the melting points of cis- and trans- 
isomers. The trans- isomer being more symmetrical, fits better in the crystal lattice 
than the less symmetrical cis- isomer. Hence, the trans- isomers generally have 
higher melting points, (see Table 2.1, Unit 2). 

The nature of the functional groups present in a molecule also affects its physical 
properties. For example, when the functional group is such that it introduces 
polarity, and hence leads to a permanent dipole moment in the molecule; then, due 
to the dipole-dipole forces of attraction between the polar molecules, they show 
higher melting points than the nonpolar molecules of comparable molecular 
weights. For example, the melting point of propanone, a polar molecule having 

1 molecular weight of 58, is 178K. You can compare it with the melting points of 
isomers of nonpolar butane (mol. wt. = 58) you have just studied above. This 
leads to the conclusion that the polar propanone has higher melting point than the 
nonpolar isomeric butanes. 

The effect of hydrogen bonding on melting point is small. But, the hydrogen 
bonding has significant effect on the boiling point, about which you will study in 
the following subsection. 

4.2.3 Boiling Point 

The boiling point of a substance is the, temperature at which it changes from the 
liquid to the gaseous state. 'At the boiling point the vapour pressure of a liquid is 
equal t6 the external pressure. Thus, the boiling point depends on the external 
pressure and it increases with increase in the external pressure. Hence, while 
reporting the boiling point of a substance, external pressure must be specified. 
Normally, the boiling points are reported at atmospheric pressure. 

Similar to the case of melting points, the bpiling points are also used as constants 
for identification and characterisation of liquid substances. The knowledge of 
boiling points is also important in the purification of liquids. Let us now study 
some of the factors affecting the boiling point. 

The boiling point of a substance depends on its molecular structure. In a 
homologous series, the boiling points of the compounds increase with the increase 9 

- 



F~lndamental Concepts in the number of carbon atoms. In other words, we can say that the 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 London forces are stronger in the unbranched isomer kading to  
higher boiling point for this isomer. This is illustrated in Fig. 4.3 for the isomers 
of butane. 

elongated molecules 
b.p. 272.5 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 compound also 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, 

Dimethyl ether propane 

dipole moment 20.98 x 10-'OCrn - 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 CH3CH20H, 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-Sec. 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 ethano1,is known as intermolecular hydrogen 
bonding which means that the hydrogen bonds are present between the molecules. 



Hydrogen bonding can also occur within the same molecule in which case it is Effect of Molecular 

called intramolecular hydrogen bonding. Thus, 2-hydroxybenzaldehyde shows Architecture on 

intramolecular hydrogen bonding whereas its p-isomer, 4-hydroxybenzaldeh'yde can Physlcal Properties 

form only intermolecular hydrogen bonds. 

The increased intermolecular attraction due to intermolecular hydrogen bonding is 
reflected in the higher boiling point for 4-hydroxybenzaldehyde as compared to 
2-hydroxybenzaldehyde in which this intermolecular interaction is absent. 

Hydrogen bonding is also important m other ways. As we shall see in the next 
subsection, hydrogen bonding plays an important role in the solubility of organic 
compounds. 

4.2.4 Solubility 
When any substance dissolves in a solvent, its constituent ions or molecules get 
separated from each other and the space between them is filled Py solvent 
molecules. This is known as solvation and the amount of substance dissolved in a 
certain amount of solvent is referred to as its solubility in that solvent. Solubility, 
thus depends on the interactions between solute-solute, solute-solvent and 
solvent-solvent molecules. Clearly strong solute-solvent molecular interactions as 
compared to those of solute-solute or solvent-solvent molecules will lead to 
dissolution of the solute. 

Similar to the processes of melting or boiling, dissolution of a substance also The dielectr~c constant, E ,  of  a 

requires that the interionic or intermolecular forces of attraction between the ions SOIVent measures its ability 
separate the ions of the solute. 

or molecules must be overcome. The strong electrostatic forces between the ions of 
an ionic compound can be overcome by the solvents which have high dielectric The term polar has double usage 

constant. Thus, water which has a high dielectric constant of 80, dissolves ionic in organlc chemistry. When we 
refer to a polar molecule, we 

compounds readily whereas solvents like c ~ r b o n  tetrachloride ( E  = 2.2) or ether mean that it has a significant .. 
(c =4.4) are extremely poor solvents for such compounds. Hence, ionic compounds dlpole moment, p. B U ~ ,  when we 
have greater solubility in polar solvents. talk about a polar solvent, we 

understand that it has a high 

In determining the solubility of covalent compounds, the rule of thumb is like- dielectric constant, e.  Thus, the 

dissolves-like. Since water is a polar compound, it is a good solvent for polar d~pole moment is the property of 
individual moletules whereas 

compounds, but is a poor solvent for hydrocarbons which are nonpolar in nature., soIv,nt polarity or dielectirc 
Thus, the hydrocarbons readily dissolve in other hydrocarbons or in nonpolar constant is a property of many 
solvents such as benzene, ether or tetrahydrofuran. As most organic compounds molecules acting togethet. 
have both a polar and a nonpolar part, their solubility will depend upon the 
balance between the two parts. Consider the solubilities of three alcohols, ethanol, 
butanol and hexanol in water, as given below: ether. 

nonpolar part polar part nonpolar part nonpolar part 
\ / 1 1 ' =PC$ - b2 i ~ ~ ~ ~ 2 ~ ~ 2 ~ ~ ~ ~ ~  & C ~ H ~ C ~ C ~ C ~ O H  

as THF. 
Tetrahydrofuran, is abbreviated 

ethanol butanol hexanol 
Solubility . m~sc~ble  with water 7.9 g in 1 dm3 of 5.9 g in I dm3 of  water 

in all proportions water I dm3 = 1 l~tre 

You can notice that as the size of the nonpolar portion of the molecule increases, 
its solubility in water decreases. 

The solubility of organic compounds in water also depends on the extent of 
hydrogen bonding possible between the solute and the solvent (water) molecules. 
For example, the greater solubility of ether in water as compared to that of 
pentane (in water) can be accounted on the basis of hydrogen bonding present in 
[he former case. H 

0'- 

pentane 
solub~l~ty : 75 g ~n 1 dm3 0 36 g in 1 dm' 

of water of water 



k undarnental Concepts Since the olefinic, acetylenic or benzenoid character does not affect the polarity. 
much, the,solubility of unsaturated and aromatic hydrocarbons in water is similar 
to that of alkanes. In compounds like ethers, esters, aldehydes, ketones, alcohols, 
amides, acids and amines, solubility in water depends on the length of the alkyl 
chain an/l the memtiers containing less than five carbon atoms in the molecules are 
soluble ib water. 

~ncreasein the intermolecular forces in a solute, as a result of increase in the 
moleculdr weight, is also reflected in the low solubility of compounds having high 
molecular weight. For example, glucose is soluble in water but its polymer, starch 

Polymers have high molecular 
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 leads 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.chemica1 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. 

+ 
H 3 0 +  + C&15NH2 e C6H5NH3 + HzO 

aniline anilinium 
ion 

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 resarict our discussion only to 
ultraviolet spectroscopy, infrared spectroscopy, nuclear magnetic 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 properties and molecular 
structure. 

SAQ 1 
Classify the following statements as true or false. 

i) London forces are the only forces operating between polar molecules. 

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

ii) Within a homologous series, increase in molecular weight leads to decrease in 
the melting point. 

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

iii) Highly symmetrical molecules have unusually high melting points. 

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

iv) The shape of a moIecule does not affect its boiling point. 

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

v) Polar compounds generally boil at higher temperatures as compared to the 
nonpolar compounds. 

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

vi) Hydrogen bonding increases the water solubility. 

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



Description Wavelength Wave Number Frequency Energy 
Range an -I . Hz kJ mol-' 

3 x 10' m 3 . 3 3 ~  10" 10' 3.98 x lo-' 
Radio frequency i 0.- m 0.0333 1 o9 3.98 x lo4 

Microwave 0.0006 m 16.6 4.98 x 10" 0.191 

(600 fim) 
Far infrared { 30 pm 333 10" 3.98 

Near infrared { 0.8 am 1.25 x lo4 3.75 x lo!' 149.8 

Visible 
n 2 . 5 ~ 1 0 '  7.5 x 10" 299.2 

Ultraviolet { 150 nm 6 . 6 6 ~  lo4 19.98 x 10" 795 

Vacuum ultraviolet { 5 nm 2 x lo6 6 x  1016 2 . 3 9 ~  lo4 

X rays and y rays { lo4 nm 10" 3 x 10" 1.19X lo9 

--- 

4.3 GENERAL IDEAS ABOUT SPECTROSCOPY 
Effect of Molecular 

Archilecture on 
Physical Properties 

Before studying the various kinds of spectroscopic techniques in detail, let us 
refresh our knowledge of  some of  the concepts you studied in Units 1, 7 and 8 of 
Atoms and Molecules course. 

You are already aware that spectroscopy is the study of the interaction of matter Remember that 

ana energy, or more generally, the electromagnetic radiation. You may recall that (i) the frequency IS inversely 

the energy, frequency 'and wavelength of electromagnetic radiation are related by proportional to the 

the following expression: wavelength, and (ii) the energy is proportional 

he to the frequency. E = h v = -  . ..(4.1) 
A 

where E is the energy, v is the frequency and A is the wavelength of 
electromagnetic radiation whereas h is Planck's constant and has the value 
6.626~ J S. Here, c is the velocity of light and is equal to 2 . 9 9 8 ~  loK m s-I. 

The total range of electromagnetic radiation is called the electromagnetic spectrum. 
There are various types of radiations within the electromagnetic.spectrum which 
are shown in Fig. 4.4. 

1 millimetre 
= I mm = m 

1 micrometre 
= 1 pm = m 

1 nanometre 
= 1 nm = m 

1 picometre 
= 1 pm = 10-l2 m 
= 0.01 Angstrom Unit 
= 0.01 A 

I. 

Fig. 4.4 : The Electomagnetic Spectrum. 

The most common type of spectroscopy used for structure determination of 
organic compounds is absorption spectroscopy. You are already aware from Unit 
7, Block 1 of Atoms and Molecules course that absorption spectroscopy is based 
on the absorption of energy from certain regions of electromagnetic radiation by 
molecules. Since the different regions of electromagnetic radiation have different 
energies, the absorption of energy from different regions of electromagnetic 
radiation leads to differeht forms of spectroscopy as is shown in Fig. 4.4. Such an 
absorption of energy can be determined using an instrument called a- 
spectrophatometer and is expressed either in terms of wavelength or frequency or 
wavenumber. The components of such a spectrophotometer are shown in Fig. 4.5. 

~eference beam Peaks 

Source of 
radiation 

Fig. 4.5 : A schemat~c diagram of spectrophotometer. 



I~~tndamenlal  Concepts As is illustrated in the figure, a source of electromagnetic radiation is required. 
The sample is placed in the radiation beam and the intensity of radiation absorbed 

Spectrum is a Latin word by the sample is measured by the detector. Then, the.wavelength (or frequency) of 

meaning and it refers the radiation is varied and the radia~ion absorbed at each wavelength is recorded 
to the appearance of as a graph of either radiation transmitted or radiation absorbed versus the 
characteristic ~ecorded lines. 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 
energy level to the higher energy level. 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 energy 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, particularly'from a filled 
bonding molecular orbital to  a vacant antibonding molecular orbital. Similarly, 
absorption of radiation from the infrared region can cause vibrational changes in 
the molecular framework. However, the absorption 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 each 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 molecule, 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 

The position of absorption in the and 400 nm to 800 nm, respectively. The absorption of energy in 'this region results 
uv and visible spectra is in the transfer of electron(s) from bonding and nonbonding orbitals to antibonding 
expressed in the units of m orbitals. Hence, the wavelength of the light absorbed will depend upon the energy 
or nanometer (nm). difference between the ground state and the excited state of the molecule. 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 a bonding orbitals to a* 
antibonding orbitals. Since the energy required for these transitions is high, 
radiation of higher energy or very low wavelengths, i.e. below 200 nm are required 
for these transitions to  take p1ace:For recording b e  spectrum in this range of the 
electromagnetic spectrum, air has t o  be removed because it also absorbs radiation 
below 200 nm; therefore, this region is known as extreme or  vacuum ultraviolet 
spectral region. On the other hand, molecules containing pi bonds cau undergo 

n - n* is read as p, to pi star. a - a* 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 r* higher energy states. The n - a* transitions occur 
commonly in compounds containing double bonds involving the heteroatoms such 
as oqgen ,  sulphur and nitrogen. For example, the compounds containing the 
structural units such as > C  = 0, >C = S and >C = N show n-a*  transitions. 

As is evident from Fig. 4.6, various transitions can be arranged in the decreasing 
order of their energy as shown below. 



7 - n  f* (antibonding) 

Energy 

x* (antibonding) 

n (nonbonding) 

I r  K (bonding) 

--'_I- f (bonding) 

Fig. 4.6 : Energy changes associated witb various possible electronic transitions in a moiecuie. 

The structrual units associated with these transitions are called chromophores. 
Some of the important chromophores include the unconjugated chromophores of 
the type, C ='c, C = C, C = 0 ,  C = N and the conjugated ones such as 
C = C - C = C ,  C = C - C = O  and benzene. 

Here you may ask, is there any difference between the UV spectra of conjugated 
and unconjugated molecules and if there is a difference, what is the effect of 
cdnjugation on the wavelength of radiation absorbed? Before studying these 
aspects, it is necessary that you know how a UV spectrum looks like and what 
information about molecular structure is available from it. To understand this, 
look at the UV spectrum of 2-methyl-1,3-butadiene as shown in Fig. 4.7. You can 
see in the figure that the horizontal axis-shows the wavelength, h, of the ultraviolet 

Effect of Molecular 
Architecture on 

Physical Properties 

Originnlly, the term cltromophore 
was used'to denote the system 
responsibile for imparting colour 
to n coml)pund. In Greek, 
chromophorous Incans colour 
carrier. 

Multiple bonds which are 
separated from each other by a 
single bond are said to be 
conjugated. Compounds 
containing conjugated bonds 
have unique structures and 
chemical properties about which 
you will study in Units 7 and 9 
of Block 2 of this course. 

200 2i0 240 260 280 300 320 340 h,nm; 

Fig: 4.7 : Ultraviolet spectrum of 2-metbyi-1,3-bstadiene id methanol. 

radiation and the vertical axis shows absorbance, A. The absorbance is a measure Absorbuuee is also knowh as 

of the amount of radiant energy absorbed. If a radiation having the intensity I. optical density. 

enters the sample and the radiation leaving the sample has the intensity, I, then the 
absorbance, A ,  is given by the log of the ratio I o / l .  Thus, 

A = log (l) 
Hence, the larger Lhe ratio [,,/I, the greater is the absorbance and the more is the 
radiant energy absorbed. The wavelength at which the absorption is maximum is 
referred to as A,,,, of the s a m p k  As shown in Fig. 4.7, for 
2-methyl-l,3-butadiene, A,,,, is 222.5 nm. 

As the absorbance at a given v.~avelength depends on the number of molecules 
present in the path of the radiation, it is proportional to the concentration, c 
(expressed in moles dm-3) of the solution multiplied by the path length, I, i.e., 

& is read as lambda-ma. 



Fundamental Concepts where the constant of proportionality, E, is called the molar absorptivity or molar 
extinction coefficient. It is a measure of the probability of the transition. The 
molar extinction coefficient has.characteristic value for each absorption of the 

that the E has been used compound. Hence, quantitative determination of ultraviolet spectrum requires the 
ear"er the die'ectric Specification of both A,,, and E values. Since both A,,, and E values are affected 
constant also. 

by the solvent, the solvent used for measurement is also to be indicated while 
Subst~tut~oa O F  A iiorn E~ 4 2 reporting the ultraviolet spectral data. Hence, the description of the uv spectrum of 
into ~q 4 7 y1clds log ( I , / [ )  = 2-methyl-1,3-butadiene will be give; as A,, = 222.5 nm (6 = 10,750), in 
E L I  or E = A/( 1 w h ~ h  I S  the methanol. 
expression for Beo -k~i i lbert  law 
You can refer to SCL 8 I I of 
U I I I ~  8, Block 2 of Atoms and 

We are now in a position to interpret the uv spectral data for some alkenes given 

Molcculcs course where Beer in Table 4.1. 
Lalnbert law was d~scussed In 

Table 4.1. : UV Absorptions for some alkenes. 

Alkene a, e/m2 mol-I 
-- 

CH; = CH2 175 1 ~ , 0 0 0  

m 178 not known - 217 21,000 

222.5 10,750 

268 34,600 

The A,,, for ethene which has one double bond, was found to be 175 nm. YOU 
can compare the A,,,, value of 1,4-pentadiene which is equal to 178 nm with that 

Con~ugat~on Increases wavelength of 1,3-butadiene or  2-methyl-1.3-butadiene which have A,.,,- 217 nm and 222.5 
of absorption by decreasing the nm, respectively. Note that all the three compounds have two double bonds which 
energy between the are isolated cr  nonconjugated in case of 1,4-pentadiene but are conjugated in 
ground and excited slates. 1,3-butadiene and 2-methyl-1,3-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 A,, value of 268. Hence, the longer 
the conjugated system, the higher will be the A,, value. And, if in a molecule, the 
conjugation is large enough to yield a large A,,, value which lies in the visible 
region of the spectrum, then the compound will appear coloured. For example, 
&carotene (which imparts red colour to carrots and is also a precursor of vitamin 
A) has 11 conjugated double bonds and A,, value of 497 nm. 

In general, polyenes contalnlng 
e~ght or more conjugated double 
bonds absorb l~ght In the v ~ s ~ b l e  
region of the spectrum 

P-carotene 

Light of wavelength 497 nm has a blue-green colour and when this blue-green light 
is absorbed by &carotene, we perceive the complementary colour of blue-green 
which is red-orange. Similarly, lycopene, a red pigment of ripe tomatoes which 
also has a conjugated system containing 11 double bonds shows A,,, = 505 nm 
which also lies in the visible region of the electromagnetic spectrum. 

lycopene 

When we are talking about the coloured compounds it is worthwhile to 
here about the auxocbromes. An auxochrome Can be defined as a group that can 
enhance the colo~-imparting properties of a chromophore, although it is a 
chromophore iteself. Examples of adxochromes include groups of the type -OR, 
- N H ~ .  -NR2, etc. where R denotes an alkyl group. 



In addition to the conjugation, other factors such as the presence of substituent Effect of Molecular 

groups on the double bondand spatial arrangement of the double bonds also Architecture un 
Physical Properties influence the A,,, value. You can see in Table 4.1 that the presence of methyl 

group in 2-methyl-1,3-butadiene increases the A,, value by 5.5 nm as compared 
to that of 1,3-butadiene. Similarly, the presence of second alkyl group in 
2,3-dimethyl-1,3-butadiene leads to an increase of 9 nm in A,,, value as compared 
to that of the unsubstituted compound. 

4.4.1 Measurement of UV spectrum 
Thehltraviolet-visible spectrum of a compound can be recorded using an 
instrument called ultraviolet-visible spectrophotometer. The components of a UV- 
visible spectrophotometer are shown in Fig. 4.8 but here we will not go into the 
details of instrumentation. As the figure shows, the source of ultraviolet-visible 

source monochromator photometer sample 
compartment 

Fig. 4.8 : Schematic diagram of a typial ultraviolet-visible spectrophotometer. 

spectrophotometer contains a tungsten filament lamp which gives the radigtion 
having wavelength greater than 375 nm and a deuterium discharge lamp which 
yields the radiation of wavelengths below this value. 

The spectrum is usually recorded using a very dilute solution of the sample. The 
sample solution is taken in cells which are made of quartz or silica. The cells of 
different path lengths, i-e., 0.1 cm, 1 cm and 10 cm are commercially available 
but for most of organic work, cells of 1 cm path length are employed. Two cells, 
one containing the sample solution and the other containing the pure solvent, are 
placed at appropriate places in the spectrophotometer. Two beams of equal 
intensity of uv radiation are passed through these cells. The intensities of the 
tranimitted beams are then compared over the whole range of wavelength of the 
instrument which gives the absorbance at each wavelength. On most machines, the 
spectrum is autornatically plotted by a recorder as absorbance versus wavelength. 

While preparing the sample solution for recording the UV spectrum, the solvent 
must be so chosen that it should be transparent to the wavelength range being Absolute ethanol or anhydrous 

ethanol j s  a very pure alcohol 
examined. Usually cyclohexane, 95% ethanol and 1.4 dioxane are used as solvents. ,,d i, obtained by further drying 
Cyclohexane can be used for dissolving aromatic compounds particularly the of the 95% ethanol. 
polynuclear aromatic compounds. But when a pda r  solvent is required 95% 

commercially available. 

When the spectrum is recorded in different solvents, it may lead to a change in the 
position or in the intensity of the absorption band. This is known as solvent effect. 
When the shift is towards longer wavelength, it is known as bathochromic shift or 
red shift. When the shift is towards shorter wavelength, it is called hypsochromic 
shift or blue shift. Similarly, the increase in absorption intensity is called 
hyperchromic effect and the decrease in absorption intensity is known as 
hypochromic effect. The UV,\s\pectral data for various classes of compounds will be 
discussed in the respective unit9 of this course. 



Yundamental Concepts You can now check your understanding about ultraviolet spectroscopy by 
answering the following SAQ. 

SAQ 2 
Identify the chromophore present in the following compounds. Also predict which 
one of these will have the highest A,,, in uv,spectra? 

a) HO /\ H~ = C\ /H C/OH 

II 
0 

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

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

H\ / H  

H F" C\ 
c) 

/H OH 
H/C ' '\ c/ 

II 
0 

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

4.5 INFRARED SPECTROSCOPY 

beneath the red. The infrared region of the electromagnetic spectrum lies between the visible and 
the microwave region. Hence, it corresponds to the range of wavelength from 

Wavenumber 1s denoted as . about 10"' to m. But the portion of infrared spectral region which is most 
useful for structure determination, lies between 2.5 x lo4 m and 16 x m. The 

Many scientists prefer to use the 
wavenumber convention because IR spectral data is usually expressed either in terms of wavelength of the radiation 
it is directly proportional to absorbed in micrometre units or in terms of wavenumber. Since one micrometre 
energy and frequency. @m) is equal to 104 m, the above region of infrared spectrum ranges from 2.5 to 

16 Fm. As wave number is the number of wavelengths contained in one centimetre. 
Wavenumber. A is inversely therefore, wavenumbers are expressed in units of reciprocal centimetres (cm-I). 
propo*ional the Hence, we can calculate the wavenumbers for the region of IR radiation we are A, and the relationship between 
the two can be expressed as. interested in, as shown below: 

P =  l/AwhenAisexpressdin P 0 r h  = 2.5 X 10-6mOr2.5 X 1O4Cm,Weget, 
centimetres, and 

- wave number, f i  = - - = - x 104 cm-l = 4000 cm-I 
A 2 . 5 ~  104(cm) 2.5 

Similarly, A = 16 x lo4 m or 16 x lo4 cm yields 3'= rnicrornetres. 16 x (an) 

The region of wavenumbers 
lower than 625 crn-I is called far = -  
Infrared and that of wave- 
numbers higher than 4000 crn-' is 
celled near infrared. = 625 cm-'. 

Thus, we will be examining the infrared region between wavenumbers 625 cm-I 
and 4000 cm-I. An advantage of using wavenumbers is that they are directly 
proportional to the energy whereas the wavelength is inverseIy proportional to 
energy I 



Let us now study the effect of absorption of IR radiation on molecular structure. 

Atoms within a molecule are constantly vibrating about their average positions; 
such motions are referred to as molecular vibrations. The molecular vibrations can 
be of various types. One such vibration which produces changes in bond length is 
called a stretching vibration. The other type that changes bond angles is called a 
bending vibration. Fig. 4.9 shows various kinds of stretching and bending 
vibrations, 

1; 1 / 1 / 1: 1: 1 / 
C C 

/ \ 
C + C - H  

/ \ / \ 
H  H / 

LJ" H  H  
4 H, 

scissoring rocking 

symmetric strrtching in-plane bending 

antisymmetric stretching out-of-plane bending 

Fig. 4.9 : The stretching and bending vlbrstions in a molecule. 

The absorption.of infrared radiation leads to changes in the vibrations? states of 
the molecule. A number of different vibrational states are possible for a molecule. 
When radiation having energy equal to the energy difference between molecular 
vibrational energy levels is absorbed, the amplitude of these vibrations increases 
and the molecule moves from the lower vibrational energy level to the higher 
vibrational energy level. 

Not all molecules absorb the infrared radiation. Generally, the absorption of the 
infrared radiation, corresponding to a particular vibration, is observed only if the 
dipole moment of the molecule is different in the two vibrational states. This is 
because the yariation of the dipole moment and a change in the interatomic 
distance due to vibration, results in an oscillating electric field which can interact 
with the oscillating electric field of the incident infrared radiation. Hence, a 
vibrational transition will be infrared-active only if it is accompanied by a change 
in the dipole moment. For example, in case of carbonyl functional group, the 
stretching vibration leads to an increase in dipole moment. Hence, it is infrared 
active and the carbonyl group absorbs radiation in the infrared region. On the 
other hand, vibrational transitions that do not result in a change of the dipole 
moment are not observed in the infrared spectrum and are said to be infrared- 
inactive. Hence, symmetrical molecules such as Hz, O2 etc., do not absorb the 
infrared radiation. 

The vibrational changes of a diatomic molecule can be visualised usfng the 
vibrating spring as a model, as shown in Fig. 4.10. 

*,* 
(ml) frequency ( v )  (m l )  

Fig. 4.10 : A vibrating spring : a model for vibrational excitation of a bond in a diatomic molecule. 

The two unequal weights on the spring are analogous to two atoms A and B held 
together by a bond (spring). The vibrational frequency for such a system depends 
upon the strength of the bbnd and masses of the atoms involved in the bond 
formation. T k  hathematical expression for vibrational frequency; as governed by 
Hooke's lap is'given below: 
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A nonlinear molecule having n 
number of atoms has 3n-6 
possible modes of vibration. 

i L F  
c=o 
polar bond in carbonyl group, : 

s. 
C-0 
increase in dipole moment on 
stretching of bond in carbonyl 
group 

intense ,absorption 

nonpolar carbon-carbon double 
bond 

small or no change in dipole 
momeht 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 force constant. The 
greater the force constant, the 
larger is the vibrational 
frequency. 
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Remember that 
E = hv = hc/X = hcp 

You have studied these 
relationships as Eq. 7.2 in Unit 
7, Block 2 of Atoms and  
Molecules course. 

Therefore, hv = hcl and 

" s CP or0 = vlc 

where v is the vibrational frequency, k is force constant and m, and rn2 are the 
masses of two atoms A and B, respectively. 

The quantity -m'm2 is also known as the reduced mass, p, of the system. 
("'1 +m2) 

Substituting p for m l m 2 / ( w + r n d  in Eq. 4.4 and expressing it in terms of 
wavenumber, 8, we get, 

where c 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 for 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. 

Table 4.2 : Characterislie lnfrnred Absorption Bands. 

Bond Type Stretching, crn-' Bending, cm-' 

C - H alkanes 2960 - 2850(s) 1470- 1350(~)  

C - H alkenes 3080 - 3020 ( m) 1000-675(s) 

C - H aromatic 3100-3000(v) 870-675(v) 

I C - H aldehyde 2900, 2700(m, 2 bands) 

I C - H alkyne 3300(s) 

I C E C alkyne 2260-2100(v) 

I C I N nitrile 2260-2220(v) 

C = C alkene 

C = C aromatic 

C = 0 ketone 

C = 0 ddehyde 

.C = 0 a, 0-unsaturated ketone 

C = 0 aryl ketone 

C = 0 ester 

C = 0 acid 

IC  = 0 amide 1690- 1650(s) 

0 - H alcohols (not hydrogen bonded) 3650-3590(v) 

0 - H alcohols (hydrogen bonded) 3600 - 3200 (s, brobd) 1620- 159O(lJ) 

0 - H acids 3000 - 2500 (s, broad) 1620 - 1510(~) 

N - H amines 3500-3300(m) 

N - H arnides 3500-3350(m) 

C - 0 alcohols, ethers, esters 1300- 1000(s) 

C - N amines, alkyl , 1220- 1020(w) 

C - N amines, aromatic 1360- 1250(s) 

NO2 nitro 1560- 1515(s) 

1385 - 1345 (s) 

s = strong absorption w = weak absorption 
m = medium absorption v = variable absorption 

Having studied the basic features of infrared spectroscopy, let us now learn how 
the infrared spectrum of a compound is recorded and how it really looks like: 



4.5.1 Experimental Aspects of Infrared Spectroscopy 
r 

The details of an infrared spectrophotometer used for recording an infrared 
spectrum are shown in Fig. 4.11. 

cell containing grating or prism which disperses 
solvent, or no sample or reference beam into 
cell , mirrors , component wavelengths 

\ 
cell containing ,rotating mirror converts 
sample which allows either incoming 

sample or reference radiation 
beam to pass through into electrical 

signal 

source of sample monochromator detector recorder 
radiation compartment 

Fig. 4.11 : A schematic diagram of an infrared spectrophorometer. 

Infrared radiation can be obtained by electrically heating the rods af the Nernst 
glower or ~ h b a r .  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 radiatien is-split into two equal 
bearps, 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-I on the horizontal axis. The transmittance, T, 
of a sample is given by the ratio I/Io and is t h ~  per cent of the indicent radiation 
(i.e., 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 upsideidown peaks. For example, the infrared spectrum of 
nonane as shown in Fig. 4.12 has absor~tions at 2925, 146?, 1378 and 722 cm-I. 

wavelength, microns 

Fig. 4.12 : Infrared spectrum of nonane. 

The region of infrared spectrum between 675 cm-' and 4250 cm-I is usually 
referred to as fingerprint region. This region shows abcorptions 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 paitern in the fingerprint region is quite different for 'the two compounds. 

Effect of Molecular 
Architecture on 

Physical Properties 



4000 3500 3000. 2500 2000 1500 6004n 
Wave number 

Wave number 
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Fig. 4.13 : (a) IR spectrum of BC-,, s,m,cb = 2960. 2930 and 2870 cm-I BC-,, = 1460. 1380 and 730 
cm-I (b) IR spectrum of hexane. Note the similarly of the location of the major band8 te 
those in the 4R spectrum of pentane. 
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- 
Fig. 4.13 : (c) IR spectrum of a sample of pentnne 1 higher recorder sensitivity. Note that the 

fingerprint pattern is different from the pattern In the nodogous spectrum of hexnne. (d) IR 
~spectrom of a sample of hexnne nt higher mordeP8ensitivity. 

Nujol is a high boiling petroleum 
The infrared spectrum can be recorded on samples in solid, liquid, gaseous or oil. 
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- KBr discs are prepi 

grinding the samplc 
transparent windows made of NaCl flats. For gases or low-boiling liquids, the weight) with dry K,, ,,,, 
spectrum can be obtained by using gas cells. The spectrum of a sample in the processing it into a disc in a die. 
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 KBr and NaC1 do not absorb IR 

relatively few IR absorptions. Let us now end our discussion about IR radiation. 

spectroscopy. You will study the IR spectra of various compounds in the further 



Fundamental Concepts Before proceeding to the next section which describes another type of 
spectroscopy, called nuclear magnetic resonance spectroscopy, answer the followinp 
SAQ. 

SAQ 3 
Which of the following vibrations will b.e infrared active and whicfi would be 
infrared inactive? 

a) C = 0 stretch in (CH3)2C = 0 

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

b) C = C  stretch inC2H5-C=C-C2H5 

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

d) CH3 
\ 

C - C1 stretch in CH3 - C - C1 
/ 

CH3 

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

d) CH3 
\ 

C = C stretch in C = CHI 
/ 

CH3 

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

I 

4.6 NUCLEAR MAGNETIC RESONANCE 
SPECTROSCOPY 

I 

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 ceTtain nuclei. Many atomic nuclei behave as if 
acts li-tiny >nagnet and tends they are spinning and hence aresaid to have nuclear spin. The circulation or 
to Wried in a magnetic spinning of the nuclear charge generates a magnetic1 dipole whose magnitude 3s 

given by the nuclear magnetic moment. These magnetic properties occur in nuclei 
which have 

i) odd atomic and odd m h s  numbers; examples being !H, ':N,';F and ::P, 

ii) odd atomic number and even mass number; for example, !H and 'fN, and 

iii) even atomic number and odd mass number as in lac. 

Similar to the electron spin, the nuclear spin is given by nuclear spin quantum 
number, I, which can have values 0, 1/2, 1, 3/2, 2, etc. The spin quantum 
number, I, has contributions both from tKe protons and the neutrons present in 
the nucleus. If the sum of the protons and neutrons is even then, I haS zero or 
integral values, i.e., I = 0, 1, 2, ..... etc. In case this sum is odd; then I 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,. I is zero. Hence, the nuclei 'ZC or 'a60 do not .show 
any resultant spin or magnetic moment and are, therefore, non agnetic. On the =Y other hand, the nuclei, :H, ';F, ':c, ':N and ::P haw I' = 1/2 and the nuclei 'SN 
and f~ have f = I. The number of orietqtations which a nucleus may assume in the 
magnetic field is given by 21 + 1. Hence, for the hydrogen nucleus, the number of 
possible orientations is 2 x 1/2 + 1 =2. These two spin states are characterised by 
the values + 1/2 and -1/2 for the spin quantum numbey, I, in case of the hydrogen 



Fig. 4.14 : The nuclear spin states of a proton. Spin state A, in which the nuclear magnetic moment is 
parallel to the applied field Ho, is of lower energy than spin state B, in which the nuclear 
maganetic moment is antiparallel to the applied field. 

Tqese two spin states have the same energy in the absence of the magnetic field. 
However, a difference in energy between these spin states can be created by 
applying the magnetic field. This is illustrated in Fig. 4.15. 

AE energy difference between 

0 increasing magnetic field, H 
Fig. 4.15 i Effect of magnetic field on the energy difference of two nuclear spin states. 

This energy difference is then detected by absorption of radiation of appropriate 
energy which corresponds to the radiofrequency region of the electromagnetic 
spectrum. The absorption of energy in this region causes these nuclei to invert or 
'flip' their spins which involves a chang from a lower energy state having + 1/2 
spin to higher F g y  state having -1/2 ! pin. When the energy of the source 
matches with'the energy dfference between the nuclear spin states, then the nuclei 
are said to be in resonanccl with the electromagnetic radiation. 

The energy difference between the two spin states, AE, can be quantitatively 
expressed as: 

Whsre h is Plan&sconstant, If is the magnetic field strength at the nucleus and 7 
is the magnetogyric ratio. Magnets varying in field strengths ranging from 1.4 T to 
7.1 7 are employed in various instruments. The corresponding frequency values 
needed to observe resonance lie between 60 MHz and 300 MHz. For hydrogen 
nuclei, when a magnetic field of 1.4 T is applied, a radiation of frequency of 60 
MHz h required. Similarly, for the magnetic field of 2.1 T ,  a radiation of 
fkquency 90 MHz is required. Since, almost all organic compounds contain 
hydrogens, ,the study of nmnr spectroscopy of hydrogen nucleus is very useful to an 
organic chemist. 

Before taking such an assiwment, let us now learn about the instrumentation and 
experimental aspects of nmr spectroscopy. 

44.1 How to Obtain -an NMR Specturm? 
Fig. 4.16 shows the schematic diagram of a typical nuclear magnetic resonance 
spectrometer. The sample to be studied is usually dissolved in a suitable solvent 
which itself does not absorb in the nmr range under investigation. For proton nmr, 
usually carbon tetrachloride or deuterated solvents such as CDC13 
(deuteriochloroform), ,CD3COCD3 (hexadeuterioacetone) or C6D6 
(hexadeukrbbenzene) are used. This solution is taken in an qmr sample tube (a 
cylindrical glass tube of 18 cm length and 5 mm diameter) and is placed between 
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Do 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 momentum (due to 
rotating nuclear mass) and the 
magnetic moment (arising from 
the rotating nuclear charge). This 
ratio ha$a characteristic and 
d.fferent value for each nucleus. 

The higher the applied field, the . 
greater will be the energy 
difference between the two spin 
states of the nucleus. Therefore, 
the larger will be frequency of 
the radjation absorbed by the 
nuclei and hence larger will be 
the separation between the 
absorption signals leading to a 
higher resolution and more clear 
spectrum. 



Fundamental Concepts 

kr 
Barn proton 

Proton in an organic molecule 

Tbe induced magnetic 
field of the electrons in 
the carbon-hydrogen bond 
opposes the external 
magnetic field. Tbe 
resultant magnetic field 
expenenad by the proton 
is slightly less. than H,. 

Chemically 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 

I show below as a and b. 

TMS is added to the sample 
aolution as an internal standard. 

- 
spinning sample tube 

magnetic 
pole 

transmitter 
mils 

radiofrequency transmitter 
receiver 

Fig. 4.16 : A schemaUc repnseatatiod of the NMR spectrometer: 

the poles of the magnet (permanent or electromagnet). The sample is surrounded 
by a radiofrequency source which irridiates it. Spectrometers using permanent 
magnets of fixed field strength involve a continuous variation of frequency of the 
source. Whent the energy of the source matches with the energy difference between 
the nuclear spin states, i.e., 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 ratiofrequency 
receiver and is shown as a peak in the nmr spectrum. 
Nuclear magnetic resonance spectrometers which use electromagnets operate in a 
compleme~tary manner. In these instruments, the frequency of the source is 
maintained at a constant value and the magnetic field strength 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 spectrum. 

4.6.2 Interpretation of Proton NMR Spectrum 
Till now, we discussed the two different spin states of a proton. But what is the. 
actual situation in a molecule? In organic molecules, the hydrogen atom is bonded 
to another atom by a covalent bond. When an external magnetic field is applied, 
the electrons forming the covalent bond produce an induced magnetic field which 
opposes the applied magnetic field. Hence, the magnetic field 'felt' by the proton is 
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 radiofrequency constant 
and varying the magnetic field, then for a shielded proton, higher magnetic field 
will be required to overcome the shielding etiect. The protons in different 
electronic environments experience different amounts of shielding 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 equiv lent protons will appear at the same position in the nmr 
spectrum. The di "t ference in the absorption position of a particular proton from the 
absorption position of a reference proton is called the chemical shift of that 
particular proton. Generally, the chemical shifts are recorded using the 
tetramethylsilam (TMS) as the reference compound. The signal due to the 
hydrogens of the methyl groups of TMS is set as zero while recording the nmr 
spectrum. 
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CH, - CH2 - OH 
a b c  

ethanol 

No. of peaks Name for Abbrevia- 
in the nmr peak tion 

signal pattern 

1 singlet s 

2 doublet . d 

3 triplet I 

4 quartet 4 

5 quintet p i n  
6 sextet sex 

7 septet =p 

Although the Fig. 4.17 shows that the chart paper on which the spectrum 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 the nmr spectrum; therefore, the 
presence of three sets of signals in the nrnr spectrum of ethanol indicates the 
presence of three sets of non-equivalent protons. These are shown by a, b, c in 
the spectrum and structural formula of ethanol. Since the -CH2- group is linked to 
an -OH group, its hydrogen atoms are more deshielded as compared to those of 
the -CH3 group. Therefore, the signal for -CH2- hydrogen atoms appear more 
downfield as compared to that of the -CH3 group. 
In Fig. 4.17, you must have also noticed the different. intensities and patterns of 
the signals corresponding to 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 area under the peak 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 CH3-, CH2- and 
-OH units are in the ratio 3:2:1 which is the ratio of number of hydrogen atoms 
attached to these units. The pattern of signals 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 -CH3 protons appears as a packet of three peaks which 
is called a triplet. Similarly, the signal for the -CH2- 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 11:ii~a in the splitting 
pattern of a given set of chemically equivalent protons depends on the number of 
adjacent protons. This number can be determined using the n +  1 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 -CH3 group of ethanol is split into three peaks (a triplet) 
because it has two protons adjacent to it. What about the signal for -CHI- 
protons? The -CH,- group has three hydrogen atoms of -CH3 group and one 
hydrogen atom df the -OH group adjacent to it; hence, its signal is split by both 
the sets of hydrogens. ,The three hydrogens of the -CH3 group split the -CH2- 
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 -CH2- signal. 

The splitting of the signal of -OH proton is due to the two adjacent protons of 
the -CHI- group and hence it must be a triplet. Such a splitting is absent in the 
nmr spectrum of an ordinary kommercial 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: 

The spacing between the adjacent 
pehks of a splittihg'pktfern, , 

measured in Hz, is called the 
coupling constant and is denoted 
by J. 

Two coupled protons have the 
same J value. 

:OH, 
The presence of water, acid or base enhances the chemical exqhange. 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 obtained 
as shown in Fig. 4.17(a) which shows a singlet for -OH group, i.e., no splitting, 
and a quartet for -CH2- protons due to splitting only from methyl hydrogens. But 
such a splitting is observed in the nmr spectrum of pure anhydrous ethanol, as 
shown in Fig. 4.17(b). Hence, you can conclude that thr nmr spectrum of a 



compound can give important information about its structure. You will further ~ f f & t  of Molecular 
appreciate the importance of nmr spectroscopy when you will study the nmr Architecture on 

spectra of various compounds in the later units of this course. Physical Properties 

At this stage, you have enough understanding of nmr spectroscopy to answer the 
following SAQ. 

SAQ 4 
Label the chemically equivalent protons in the following compounds by the letters 
a, b and c. 

order 6700 kJ mol-I or more). This energy isgreater than the bond energies of 
chemical bonds and is hence sufficient to knock an electron out of the molecule, 
giving rise to a radical cation. For example, if methane is bombarded in this way, 
it loses an electron from one of the C-H bonds, as shown below. 

H-C-H or H :C: H + e- - H : ~ f  H + 2e- 
I 

. . . . 
H H 

H a radical cation 

because it is both a radical and a 
cation and is denoted by + 

I I 
This radical cation which is formed from a molecule just by the loss of an electron H - C ? ~ H  -+ H - C+ + .H 

I is also called molecular ion and is commonly denoted as M +  ion. This molecular 
H  

I 
ion can further undergo a series of fragmentation reactions to give other radical H 

cations, carbocations and neutral. molecules. This is illustrated below for the above Note that a fishhook arrow is 
radical cation. + used to show the electron 

CH; - +CH,4 + H -  movement. 

molecular ion methylcation 



I ~~~~t l : t~nrntaI  Concepts Another possibility is the formation of a methyl radical and a proton, as shown 
below: 

C H ~ ~  - -CH3 + H +  
mass = 16 methyl mass = 1 

radical 

Inn, 

m / .  
mass spectrum of methane 

The radical cations so obtained are 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 deflects the ions from their original trajectory 
into a circular path whose radius depends on their mass to charge (m/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 m/z values gives thc distribution of 
positive ions as the mass spectrum. The mass spectrum of a 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 mulecules or radicals. 

1 un-ionised 
molecules 
and 

'lament \ negative 

Most ions obtained in the mass 
spectrometer have a single 
positive charge; hence, their 
separation is essentially done 
according to their mass. 

Sophisticated mass spectiometers 
known as high resolution mass 
spectrometers can resolve ions 
which are different in their mass 
by only a few thousandths of a 
mass unit. For example CO + 

(m / r  = 27.9940). N: (m/z  = 
28.W2) and C,H; m/z  = 
28.0312) are distinguishable using 
high resolution mass 
spectrometer. 

A very small amount of sample, 
i.e., about 1odg is required for 
recording the mass spectrum. 

pole of 

. samples ........... 

accelerating 
plate and focusing pole of 

plates magnet 

magnet 

positively ions 

& ion exit slit 

ion collector 

Y' electron multiplier 

J..h...U.- recarder 

Fig. 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. In addition to this, analysis 
of the fragment ions yields important information regarding the structure of the 
compound. Let us now analyse the mass spectrum of 2.2-dimethylpropane shown 

116 in Fig. 4.19. You can see a small molecular ion ~ e a k  at m/z 72 in the snectrum. 
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m h  
Fig. 4.19 : The mass spectrum of 2.2-dimethylpropane. 

This molecular ion can further loss a .CH3 radical to yield ,another fragment 
having m / z  57, as shown below. 

In this case, this fragment is the most abundant one and hence is called ,the base 
peak. The base peak is assigned, the relative abundance of 1000/0. The abundance 
of the other ions is shown relative to this peak. 

The peak having m / z  = 15 is also observed in the spectrum but is less intense. 
The other prominent peaks observed are at m / z  41 and 29. This molecule cannot 
directly yield fragments such as C3H: and C2H:, respectively, corresponding to 
the above mlz  values. But, fragment ions of this type can result due to complex 
structural reorganisations which we will not discuss here. 

In many compounds, the mass spectrum shows the presence of small M + 1 and 
M + 2  peaks. These peaks arise from the presence of isotopes of carbon, hydrogen, 
oxygen or halogens (like chlorine). For example, presence of 'ZC in a compound 
will show an (M + 1)+ peak in its mass spectrum. The natural abundance of ':c is 
1.08% as compared to that of I$. But, the natural abundance of the heavier 
isotopes of chlorine (::cI) is 32.5% as compared to :+cI. Hence, a compound 
containing one chlorine atom will exhibit an M + 2 peak which is of about one- 
third intensity as compared to the M +  peak. However, the mass spectrum of 
chloroform having three chlorine atoms, will show M +  2, M +  4 and M + 6 peaks 
depending upon the combination of isotopes of the chlorine present. 

Thousands bf compounds of known structure have been examined by mass 
spectrometry and the fragmentation patterns characteristic of various classes of 
compounds have been studied. Thus, a knowledge of these fragmentation patterns 
helps in identification of compounds. 

Let us now sum up the contents of this unit. 
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SUMMARY 

In this unit, you learnt that 

The physical properties of a compound such as its melting point, boiling point 
and solubility depend upon the intermolecular forces piesent between the 
molecules. The three types of intermolecular forces are: 

i) dipole-dipole interactions 
ii) London forces, and 
iii) hydrogen bonding. 

The melting points increase with increasing molecular weight and molecular 
symmetry. 
The boiling point of a compound depends upon the.intermolecular forces of 
attraction. An increase in molecular size increqses 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 energy 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 carxipounds 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 functional 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 adjacent 
atoms. 
The mass spectrum of a compound is a record of the m/z values of various 
fragments versus their relative abundance. 

4.9 TERMINAL QUESTIONS 

1. Match the following compounds with their melting points. 
Compounds: 2,2,3,3-tetramethylbutane and octane 

m.p. : 374 K and 216 K 

2. Arrange the following molecules in the increasing order of their boiling points 

a) 2-Methylhexane 

b) Heptane 

c) 2,ZDimethylpentane 

3. Given below are the C = C stretching absorptions for some compounds. Which 
one of these compounds has the strongest double bond? Why? 



4. Can you differentiate between the compounds of each of the following pairs. 
Name the spectroscopic technique you will me and give reason in support of 
your answer. 

Effect of Moleculdr 
Architecture on 

Physical Properties 

5. Predict the nwber  of signals and their splitting pattern in the nmr spectra of 
the following compounds: 

a) CH3 - CH2 - Br 

b) CH3 - CHI - CH3 

6. Two unknown compounds (a) and (b) containing C, H and 0 showed the 
molecular ion peaks at m / z  (a) 46 and (b) 30. Give possible structures to these 
compounds. 

4.10 ANSWERS 

Self Assessment Questions I 
1. i) False ii) False iii) True 

iv) False v) True vi) True ' r  I 



d) CH3 - CH2 - CH2 - Br 
a b c  

Terminat Questions 

1. 2,2,3,3-Tetramethylbutane, 374 K. 
Octane, 216 K. 

.. 
2. The bbiling points are in the following order. 

(dl < (c) < (a) < (b). . 

3. The double bond in CH2 molecule is the strongest one because it has the 

largest value of C = C stretching absorption. 

4. Yes, the two compounds in each of the pairs can be differentiated. The UV 
spectroscopy can be used for such differentiation. - .  

a) will absorb at longer wavelength due to greater 
substitution at the double bond. 

.I 
will have larger A,, due to the same reason as stated 

will have larger A,, because all the three double bonds 
are in conjugation in this molecule. 

5. a) two signals: i) a triplet for -CH3 protons 
ii) a quartet for -CH2-protons. 

b) two signals: i) a doublet for -CH3 protons. 
ii) a septet for -CHI-protons. 0 

I I 
6. (a) having m / z  = 46 can be CH30CH3 or CH3CH20H or HC-OH and 

@) having mlz  = 30 can be HCHO. 
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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 meas.ird 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 containing the same 
functional groups differ in their reactivities. Thus, in addition to the presence of 
the functional groups, the nature ancP arrangement of atoms attached to the 
functional groups also control the molecular reactivity. These effects which are 
associated wi€h 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 important factors affecting the rate and the 
extent of sdch reactions. Finally, you will study an interesting equilibrium 
involving a proton shift from one atom of a molecule to another, caned 
tautomerism. 

Objectives 
After studying this unit, you should be able to: 

a define acids and bases, 
a classify the given compounds as acids or bases according to Bronsted -Lowry 

and Lewis definitions, 
a define pK, of an acid, 



Fundamental Concepts predict the relative acidities and basicities of compounds from their pKa values, 
list various factors affecting the stiengths 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 effect, hydrogen bonding and,hyperconjugation, etc. 
define tautomerism and give examples of various kinds of tautomerism. 

5.2 WHAT ARE ACIDS AND BASES ? 

There are various ways of defining acids and bases. According to Arrhenius (1884), 
a Swedish chemist, an acid is a substance which ionises in aqueous solution to 
p ,educe hydrogen ions (HC), also known as protons. And, a base is a substance 

Arrhenius received Nobel Prize in which ionises to produce hydroxide (OH-) ions. Thus, Atrhenius theory assumes a 
Chemistry in 1903. simple dissociation such as, 

Note that during dissociation, the 
covalent bond between H - A is 
broken and the electrons forming H - A  p A H + + A -  
this bond shift on A as shown by 
the curved arrow. Arrhenius acid 

and 
M-OH + M + + - O H  

Arrhenius base 

Thus, HCI is an acid and NaOH is a base because on dissociation they yield H +  
and OH-ions, respectively. Thus, the strength of these acids an$ bases is related to 
the degree of their dissociation. The mineral acids such as HCI, HI, HBr, H,SO, 
and HNO, are strong acids because they are almost completely dissociated in 
aqueous solutions. Similarly, the strength of a base will also depend upon its 
degree of dissociation. 

An alternative theory of acids and bases was devised independently by Brbnsted 
and Lowry in 1923. According to the Brbnsted-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 
Brbnsted-Lowry sense is considered, a base must be present to accept the proton 
from the acid. Consider the following example, 

conjugate pair . 
o r 1 o 

I I  I I  
CH3COH + H20 CH3CO- + H 3 0  + 

ethanoic acid water 
(acid) (base) 

ethanoate hydronium 
ion ion 

(conjugate base of (conjugate acid 
ethanoic acid) of water) 

The BrOnsted acids are also 
called protic acids because they 
react by the transfer of  a proton. 

conjugate 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 

The word conjugate has its origin accept a proton to become ethanoic acid again. Thus, ethanoate ion is called the 
from the Latin word eonju~atus conjugate base of ethanoic acid. Similarly, the hydronium ion is the conjugate acid 
which means joined logether. 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, 2s si~own below : 



Structure - Reactivity 
Relationships 

conjugate pair 

CH3NH2 + Hi0 - L =  . c~ ,NH,+  + 
methylamine water methylammonium hydroxide 

(base) (acid) ion ion 
(conjugate acid of (conjugate base 

methylamine) 
I I 

of water) 

conjugate pair 

Note that water can act both as an acid as well as a base. It acts as an acid by 

donating a proton to yield the 0 ion which is its conjugate base. It can also act 
as a base by accepting a proton g-yield a hydronium ion 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 
so13 ent . 
Thus, according to this concept the general form of ari acid-base reaction can be 
written as, 

A, + B2 7 l3 1 + A2 
acid base conjugate conjugate 

base of acid Al acid of base B2 

where A,-B, and A,-B2 are conjugate acid-base pairs. 

The acid-base theory was further broadened by Lewis in 1938. He proposed that 
the acids are the electron-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 
accept an electron pair. 

A proton is only one of a large number of specie's that may act as a Lewis acid. 
The electron deficient species such as AlCl,, BF,, BCl,, ZnCl,, M ~ ~ +  and 
carbocations are also Lewis acids. The electron deficient atoms in these species 
accept the electrons to complete their valence shell octets. 

.Similarly, any molecule or ion which has an unshared pair of electrons to donate 
can act as a base. Thus, dimethyl ether acts as a Lewis base towards b6ron 
trichloride which acts as a Lewis acid. This acid-base reaction is represented below: 

dimethyl ether boron complex of dimethyl 
trichloride ether and boron 

Lewis base Lewis acid trichloride 

You will agree that the bases are much the same in both the Lewis and the 
Br6nsted-Lowry definitions because a BrOnsted-Lowry base must possess a pair of 
electrons in order to accept 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 of an acid or a base. 

Before that check your understanding of the above concepts by answering the 
following SAQ. 

k 

SAQ 1 
Labc! the conjugate acid and the conjugate base in each of the following reactions. 

Note that the curved arrow 
shows the movement of a pair of 
electrons from their source to 
their destination. 



Taking -log o f  Eq. 5.2 and 
rearranging, we get 

-log Ka = 
[HA1 

- log [H,O+] + log - 
[:A-] 

By definition, 

- log Ka = pKa 

and - log [H,O + ]  = pH 

Hence, 
[HA1 

pKa = pH + log -- 
[:A-] 

This expression relating the pKa 
and pH is also known as 
Henderson-Hasselbalch equation 

Thus, when [HA] = !:A-] 
then pKa = pH. 

0 0 
I I I I 

(a) CH3-C-OH+ -OH -- C H 3 - C - 0 - + H 2 0  

0 0 
I I I1 + 

(b) CH3 - C - OH + H2S04 -- CH3 - C - OH2 + H S ~ ,  

(c) ( C H ~ ) ~ N H  + C H ~ O -  (CH3)3N: + CH30H 

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

5.3 STRENGTHS OF ACIDS AND BASES 

It is not possible to determine the strength of an acid or a base in absolute terms. 
Therefore, these strengths are always expressed in 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 : 

The equilibrium constant, Keq, for the above equilibrium can be written as, 

where the quantities in brackets are the molar concentrations (expressed as 
moles dm-3) of the species at equilibrium. 

For dilute solutions, the concentration of water is large and is almost constant. 
Hence, the above expression for equilibrium constant can be rewritten in terms of 
a new constant, K,, called the acidity constant, as given below: 

The dissociation of an acid HA in solvents other than water can be generalised as, 

HA + solvent + H +- solvent + :A- 

The expression for acidity constant can then be written as follows: 

[H + - solvent'] [:A-1 
K ,  = 

IHAI - - 

The acidity constants of different acids have magnitudes ranging from lOI4 to 
In order to avoid writing a widerange of powers of 10,Ka is generally 

expressed in terms of pKa, where 

Table 5.1 shows the pK, values for a variety of acids along with their conjugate 
bases. 



Acid Base P K ~  

H2S04 HSO; - 9 
HCI CI- - 7 

H30  + H2O - 1.7, 

HN03 NO; - 1.3 

0 so3. o s O i  - 0.6 

+iH 
OzN \ / 02Nq- i -  0.25 

NO2 NO2 

eta \ / H 0.8 

0 0 

0,N --(=J-- :OH 02N 0 LO- 3.4 

0 0 

. II I 
HCOH HCO- 0 

2.7 0 :OH (=J-LO- 4.2 

0 iH3 ON.. 4.6 

D 

0 0 
I i 

CH3COH CH3CO- 4.8 

0 - H  0 5.2 

02, 0 OH 02,-Q- 0 -  7.2 

0 s ~  0.- 7.8 

NH: NH3 9.4 

( c H ~ ) ~ N H +  (CH3)3N 9.8 

00. 0 0 -  10.0 

CH3CH2SH CH3CH2S- 10.5 

CH~NH: CH3NH2 10.6 
CH30H CH,O- 15.5 

HzO OH- 15 7 

CH3CHzOH CH3CH20- 17 

CH3 
I 

CH3 

CH3-C-OH 
I 

CHI-C-0-  19 
I I 
CH, CH3 

CHCI3 Cc13 25 
HC = CH HC 9 C- 26 

NH3 NH; 36 
CH2 = CH2 CH2 = CH- 36 

CH4 CH; 49 

Table 5.1 : pKa Values Structure - Heaclivily 
Helalionships 

I 

I 

Table 5.1 shows that the acids which are listed at the top are strong acids. For 
strong acids such as H2S04, .the proton transfer 10 the base (i.e., water) is almost 
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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 
chloride are important acid 
catalysts for certain organic 
reactions. 

In the expressions for K, and Kb. 
the concentration of water is 
generally omitted and hence, K, 
and K,, have units of moles 
dm-3 

The self-ionisation of water ;an 
be represented as, 

The concentration of the species 
H 3 0 +  and OH- in pure water is 
very low and is equal to 
moles dm-3. Therefore, the self- 
ionisation constant, K,, of water 
is defined as, 

K,  = [ H 3 0 + ]  [OH-] 
= x moles2 dm'6 
= moles2 dm-6 

complete and equilibrium lies towards the right. Thus, the stronger acids have 
larger K, values. Therefore, it follows from Eq. 5.4.rhat the stronger the acid, the 
smaller the pK, 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 pKa values for protic acids or BrOnsted acids only. A 
similar Table for the relative acidities of Lewis acid9 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 : 

BF3 > AlC13 > FeCI, > SbCl, > ZnC12 > HgCl, 
Boron Aluminium Ferric Antimony Zinc Mercuric 

trifluoride chloride chloride chloride chloride chloride 

The Table of pKa values can be 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 pKa Table. Also, the larger the difference between the 
pKa values (i.e., acidities) of the acid and the conjugate acid of the base, the more 
favourable 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 pKa values are also helpful in choosing the appropriate 
acidic or basic reagents required for a particular reaction. 

Similar to acids, an equilibrium for bases in water can be written as, 

:A-  + HOH -- HA + O H -  

The equilibrium constant for such an equilibrium can be expressed as, 

Keq = 
[HA1 [OH -1 
[:Ap] [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, Kb, as 

The two constants Ka and Kb are related to each other as shown below : 

[:Ap] [H,O + ]  [HA] [OH -1 Ka.Kb = 
[HA1 [:A -1 

= [H30+]  [OH-] = K, = 10-l4 

where K, is the self-ionisation constant of water. Hence, 

pKa + pKb = 14 

Therefore, if we know the pKa of acid HA, the pKb of the base :A- can be 
obtained by using the above relation. 

It is customary to express the strengths of organic bases not as Kb values but in 
terms of the Ka and pK, values because it allows a 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 pKa. This is also evident from 
Table 5.1 that whereas the acidity of the acids decreases from top to bottom, the 
basicity of the conjugate bases increases from top to bottom. You can see that 



Table 5.1). A comparison of the pKa values from Table 5.1 shows'the following 
order of the basicities for some of the bases. 

-CH3 > NHS > RO- > OH- > RCOO- 

Note that the organic compounds which act as bases can be regarded as alkyl 
derivatives of either water or ammonia; for example, alcohols (R - 0 - H), ethers 
(R - 0 - R')  and amines RNH,, R2NH and R3NH. The basic character of these 
compounds can be attributed to atoms such as nitrogen and oxygen which contain 
at least one lone pair of electrons. 

Having discussed the strengths of acids and bases, let us now study the factors 
affecting the strength of acids and bases. But before proceeding to the study of 
next section which deals with these factors, answer the following SAQ. 

SAQ 2 

(a) Which of~these two ac.ids is stronger? 

(b) If Na' A ,  salt is added to acid HA,, does any acid base reaction take place? Explain. 
............................................................................................................... 
............................................................................................................... 
............................................................................................................... 
............................................................................................................... 
............................................................................................................... 

5.4 FACTORS AFFECTING THE STRENGTHS OF 
ACIDS AND BASES 

The strengths of acids and bases depend upon many factors. It was mentioned 
before, that apart from the presence of functional groups, structural variations in 
molecules alscz influence their acidic or basic properties. We will liow focus our 
attention on some effects which arise due to structural changes in the molecules. A 
change in molecular structure can affect the reactivity of the molecule by changing 
the electron distribution of the system, in which case it is called an electronic 
effect. Another possibility is that two or more groups or atoms may come close 
enough in space so that the London interactions between them become significant. 
T h .  effects arising from such interactions are called steric effects. 

We will begin oar discussion with the study of an electronic effect, known as bt 0- 

inductive effect. h ,. C - x (X is more 
electronegative 

a d ~ p ~ ~ l c  than C) 5.4.1 Inductive Effect 

You are already familiar with the fact that when two different atoms form a 
covalent bond, the shared pair of electrons is pulled more by the more c- c- c- X 
electronegative atom. This unequalelectron distribution results in partial separation 3 2 1  

of charge and we get a dipole in which one atom has a partial positive charge and inductive effect of X 

another atom (the more electronegative one) has a partial negative charge. Such a 
Illi l l  I h C  I , l ~ l , , C I I , C  lb 

polarisation of a bond can be felt by adjacent groups also. This phenomenon of pCrn lancn l  CIICLI  

the transmission of charge through a chain of atoms linked together by a bonds is 
called inductive effect. 

Let us now analyse how inductive effect causes a change in the acidity or basicity 
of a molecule. Let us take the example of ethanoic acid whose structure is shown 
below. 

H 0 H 0 
I I1 

H-2C-,C-O-H 
I I I  

X - C - C - 0 - H  

I I 
H H 

ethanoic acid substituted 
QK, 4 7 6  ethanoic acid 



kundarnenlal Concept* If we substitute one of the hydrogen atoms on the C-2 carbon atom with a 
substituent X, then, the nature of the substituent group may effect the electron 

I) When the substltuent X 1s 
density of the 0 - H bond resulting in a change in the acidity of the molecule. 

electron wlthdrawlng, decreases Depending upon whether the substituent X is electron-withdrawing or electron 
the electron density at H as donating, the electron density will decrease or increase, respectively. If the electron 
shown below: density between the bond formed by 0 and H atoms decreases, then, the loss of H 

I1 0 
as H +  ion is facilitated resulting in the increased acidity of the molecule. On the 
other hand, an increase in rhe electron density at the bond between 0 and H 
atoms will make the proton release difficult, thereby, decreasing the acidity. 

The electron withdrawing substituents are said to have -1 effect and the electron- 
donating substituents are said to have +I effect. Some examples of the 

ii) When the substituent X is substituents belonging to these two categories are listed in Table 5.2. 
electron donating, it increases the 
electron density at H as Table 5.2 : Inductive effed of various functional groups. 
represented below: 

H 0 

The effect of some of these substituents on the acidity of the substituted acids in 
terms of their pKa valu'es is shown in Table 5.3. 

Table 5.3 : pK, valucs for some substltuted acids detemiacd la water at 298 K. 

Electron-donating substituents Electron-withdrawing substituents 
( +  1) (-1)  

- 0- - F - COzH 

- CH, - C1 - COzR + / -N- 
\ 

0 
I1 

- CO, - - Br - C -  

- I  - C a N  

-OR - NO, 

- OH -SO2- 

- N <  1 .  I 

- SR -c=c- 

- SH -C=C-  

Name Structure pKa 

0 
I I  

ethanoic acid CH,COH 4.76 
I 
H 

0 
I I  

propanolc acid CH,COH 4.87 
I 
CH3 

0 
I1 

fluoroethanoic acid CHzCOH 2.59 
I 
F 

0 
I I  

chloroethanoic acid CH2COH 2.86 
I 
C1 

0 
I I  

bromoethanoic acid . CH,COH 2.90 
I 
Br 

0 

iodocthanoic acid 
/I 

CHZCOH 3.17 
I 
I 



Table 5.3 shows the decreased acidity for propanoic acid (larger pKa value) as Structure - Reaclivily 

compared to the ethanoic acid. Note that the propanoic acid has a methyl group in Relationships 

place of H in ethanoic acid. The methyl group is electron-donating in nature and, 
therefore, has a + I  effect which results in the decrease in the acidity. But the 
acidity increases when the electron-withdrawing substituents such as F, ~ 1 ,  Br and I 
are present. Note that the increase in acidity is in accordapce with the 
electronegativity of these elements. 

The inductive effect of these substituents is further enhanced with the increase in 
the number of these substituents. This is represented in Table 5.4. 

Table 5.4 : Effect of increase in the number of chlorine sustituents on acidity of ethanoic acid. 

Acid Structure P& 

H 0 
I I1 

Ethanoic acid H - C - C - 0 - H  4.76 
I 

H 

CI 0 
I I I  

Monochloroethanoic acid H - C - C - 0 - H  2.86 
I 

H 

CI 0 
I II 

Dichloroethanoic acid CI -C-C-0-H 1.30 
I 

H 

CI 0 
I II 

Trichloroethanoic acid Cl -C-C-0-H 0.65 
I 

CL 

In monochloroethanoic acid, one of the three hydrogen atoms in ethanoic acid has 
been replaced by an erectron withdrawing chlorine atom. Hence, the electron pair 
constituting the C - C1 bond is drawn closer to the chlorine atom. This effect-is 
transmitted through other atoms forming a bonds to the OH bond of the 

' 0 
I I 

- C - 0 - H group. This results in a shift of the electrons constitutina the 0 - H 
bond towards oxygen atom as shown below : 

monochlorwthanoic acid 

Such an electron withdrawal by chlorine atom, thus, facilitates the departure of 
the proton and hence, increases the acidic character of monochloroethanoic acid as 
compared to ethanoic acid. 

In the di- and trichloroethanoic acids, the presence of second and third chlorine 

C1 0 C1 0 

dichloroethanoic acid trichloroethanoic acid 



kundamental Concepts atoms results in more electron withdrawal away from hydrogen of the 0- H bond 
and would, therefore, further increase the acidity of these compounds as compared 
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 pK, values of isomeric monochlorobutanoic 
acids given in   able 5.5. 

Table 5.5 : Effeqt of position of substituent on acidity. 

1, Structure ' I P K ~  I 

butanoic acid 

2-chlorobutanoic acid 

3-chlorobutanoic acid 

4-chlorobutanoic acid 

It can be seen that although in each of these acids a chlorine 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 0 - 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 ispresent on the carbon next to  the carboxylic group and it diminishes 
quickly with increase in 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 
+ + 

a molecule. A positive centre such as (CH3)3 N - (trimethyl ammonium) or - NH3 
(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 : 

Note that here also with the increase in the 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 
dissociation of propanedioic acid, .as given below: 

Ka, 
COOHCHzCOOH HOOCCH2C00- + H +  
propanedioic acid 

pKa, = 2.83 

where K,, is the first dissociation constant. 



Here, a proton is lost from one of the two carboxyl groups of the molecule. The 
dissociation constant for this dissociation is called the first dissociation constant 
and is represented by KaI. Further dissociation of the anion obtained in the above 
dissociation is difficult because it involves the removal of the proton from a 
negatively charged species. Therefore, this step has a pK, value equal to 5.69. This 
is called pKa2 because Ka2 represents the second dissociation constant. 

From the above discussion, we can say that the substituents having -I effect 
increase the acidity while the substituents having + I  effect decrease the acidity. On 
this basis, let us now analyse the stability of carbocations which are reactive 
intermediates formed during the chemical reactions. You are already familiar with 
the shape of the carbocations which you studied in Unit 3 under the 
stereochemistry pf SN1 reactions. Look at the following examples of carbocations: 

H H CH3 CH3 
I I I I 

H - C - H  CH3-C-H CH3-C-H CH3-C-CH3 
+ + + + 

methyl primary secondary tertiary 
carbocation carbocation carbocation carbocation 

The carbocations are classified by the degree of alkyl substitution at the positively 
charged carbon atom as primary, secondary or tertiary carbocations, as shown 
below : R 

+ + I + 
R - CH2 R-CH-R, 'R-C-R 

a primary a secondary a tertiary 
carbocation carbocation carbocation 

where R is the alkyl group. 

Since the alkyl groups are electron donating in nature, the + I  effect increases with 
the increase in the number of alkyl groups. Thus, the increase in the number of 
alkyl groups in a carbocation helps in the dispersal of its positive charge. 
Therefore, a tertiary carbocation is more stable than a secondary carbocation ion 
which is, in turn, more stable than a primary carbocation. Hence, we can arrange 

Structure - Reactivity 
Relationships 

Always remember that KaI is 
larger than Ka for a dicarboxylic 

2 
acid. Therefore, for these acids 
pK, is lower than pK, . 

Carbocations contain a positively 
charged carbon atom. 

the above carbocations in the following order of their stabilities: 

CH3 CH3 H H 

CH3-C-CH3 > CH3-C-H > CH3-C-11 > H - C - H  
+ + + + 

tertiary secondary primary methyl 
carbocation 

Si~ice the substituents having + I-effect decrease the acidity, their presence should 
also increase the basicity. This is what is actually observed when the hydrogen 
atoms of ammonia are successively replaced by methyl groups to give methylamine 
and dimethylamine whose basicities increase with the increase in the number of 
methyl groups, as shown below by the pKa values of their conjugate acids. 

H CH3 
+ 1 + I + 
NH4 CH3-N-H CH3-N-H The basicity of tertiary amines 

1 1 will be discussed in sub-Sec. 5.4.5 
H H 

pKa 9.24 pK, 10.62 pK, 10.73 

Till now, you have been studying the inductive effect of various substituents on the 
acidities and basicities of molecules. In fact, the inductive effect influences the 
electron density of the H - A  bond. Another factor which affects the release of 
protons from the acid HA is the stability of the anion, A-, formed by the loss of 
proton from the acid HA. This you will be studying in the next section. 

At this stage, it would be helpful to answer the fdbwing SAQ. 



bundamental Concepts SAQ 3 

(a) Arrange the following compounds in the decreasing order of thek4cid 
strengths. Also, give reasons in support of your answer. 

ii) CH3N02, CH2(N02)2, CH(N02)3 

.I iii) CH3COOH, HOOCCOOH, -0OCCOOH 

(b) Arrange the following compounds in the decreasing order of their base 
strength. Support your answer with reasons. 

I i) aniline, N-methylaniline, N, N-dimethylaniline 

.................................................................................................... 
ii) NH3, NH2CHj, NH20H 

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

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

I 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 alieady familiar with 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 
listed below: 

Not that a double headed arrow 1. Only nonbonding electrons and electrons constituting the multiple bonds 
( - ) is used to represent change locations from one resonance contributor to another. The electrons in 
the resonance contributors. It 
should be clear to you that it single covalent bonds are not involved. This is shown in the examples below : 
does not mean that the resonance n c. - - 
contributors are in rapid C H 2 = C H - 0 :  H C H 2 - C H = 0 :  
equilibrium but it implies that 
the actual molecule has one l"-h+ + 
structure which has the CH2 = CH - CH2 CH2 - CH = CH2 
contribution from various 
resonance contributors. 2. The nuclei of various atoms in different resonance contributors are in the same 

position. Hence, the structures which are shown beldw are not resonance 
structures because the location of the chlorine atom is different in them. 

n 
CH2-CH=CH-CH3 CH2=CH--CH-CHI 
' V  I 



3. All resonance contributors must have the same number of paired and unpaired 
electrons. This is illustrated below : 

:OZm :&- 

It is important to understand that the individual resonance structures have no 
reality and the actual compound is not a mixture of the various resonance 
contributors, but it is a weighted average of these structures. When we use the 
words weigbted average, it is implied that some resonance structures are more 
important than the others and therefore, contribute more to the hybrid structure. 
But, how to know which structure is more important than the others. To evaluate 
the relative importance of various resonance structures, their stabilities are 
compared by considering each structure as a separate entity or species. In other 
words,, we assume each resonance structure to be real. Thus, the most stable 
structures are the most important ones. Given below are some guidelines to enable 
you to assess the relative importance of resonance structures. 

1. Identical resonance structures are equally important and contribute equally 
towards the actual structure of a molecule. For example, the following 
resonance structures contribute equally to the actual structure of the molecule. 

+ n + 
CH2 - CH = CH2 CH2 = CH - CH2 

2. Resonance contributors.having greater number of bonds are more important. 
Thus, in the following resonance structures, the one on the lefi hand side is 
more important. -- L/7- CH2 = CH - CH = CH2 t--, &-I2 -- CH = CH - kkI2 

more important 

3. 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. 

CH3 CH3 CH3 

Structure - Reactivity 
Relationships 

most important 

4. 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 che following two resonance structures, the one in which the more ' 
electronegative oxygen atom carries the negative aharge is mote important. ' 

more important 

5. Resonance structures in which the atoms of elements from the second period 
of the periodic table have eight electrons arowld them are more important 

' 
than those in which these atoms have less than eight electrons. . 

6. Resonance structures that help in delocalhation of charge or of unpaired 
electrons are important. 

Having understood how to assign the relative importance to vanous resonance 
structures, let us now consider why resonance structures are important in deciding 
the stability of a molecule. Since the resonance structures of a molecule are 
symbolic representations of the additional bonding associated with the orbital 
overlap, the greater the number of important resonance structures, the greater is 
the stability of the actual molecule. This stabilisation due to resonance is measured 

- 2 LI-  - - - - -u-~wP.LI IA~~ k f h ~ ~ f l ~ r - & f f e r e n r ~  hetrareen ih~_artllal 

Single headed arrow denotes the 
movement of an electron. 

Similar resonance stabilisation is not possible for the ethoxide ion because suc'h a Structure - Heactivit) 

I 
stabilisatibn is possible only if the system has T electrons. Because of the absence Relationships 

of resonance stabilisation of the ethoxide anion, ethanol is less acidic as compared 
lo ethanoic acid. Resonance structures discussed in 

.LZ^ .- . I  .. ..---- 



Fundamental Concepts Table 5.6 lists various groups which donate or withdraw electrons due to 
resonance. Groups which donate electrons by resonance are called + R groups. 
S ~ m e  examples of the + R groups being the hydroxy (-OH), amino (-NH2), alkoxy 
(-OR), halogens (-X) and alkylamino (-NHR and.-NR2) groups. On the other 
hand, the groups which withdraw electrons by resonance are called -R groups. The 
examples of -R groups are nitro (-NOz), cyano (-C EN), carbonyl (> C = 0). and 
sulphonic (-S03H) groups. 

Table 5.6 : Resonance effects of various groups. 

Let us now study how resonance affects the acidity and basicity of various 
molecules. Consider the pK, .values for ethanoic acid and ethanol as given below: 

Electron donating 
+ R groups 

- F 

u 
CH3C - OH 
ethanoic acid 

pK, 4.76 

- 
Electrons withdrawing 

- R groups 

- C = N  

CH3CH20H 
ethanol 
PK, 17 

Consider the dissociation of these compounds as shown below: 

ethanoate ion 

CH3CH20H + H20 ..p.;a CH3CH20- + H30+ 
ethoxide ion 

We find that the anion of ethanoic acid can be represented as a resonance hybrid 

Since these two structures ard'equivalent, they contiibute equally to the actual 
structure which can be represented as shown below :. 

ij: ) 

Thus, we can say that in the ethanoate anion the charge is not localised on any 
one of the oxygen atoms but is distributed e q d y ,  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, 
thereby resulting in the decrease in the basicity of the anion. Hence, the 
equilibrium lies in the forward direction resulting in the dissociation of the acid. 

of the alkyl groups. Let us consider again a primary carbwation, such as the one 
~ctivity shown below in Fjg. 5.1. 

[ ~ a k e  a model of this 1 .. overlap( hyperconjugation ) I 



Similar resonance stabilisation is not possible for the ethoxide ion because su6h a 
stabilisation is possible only if the system has a electrons. Because of the absence 
of resonance stabilisation of the ethoxide anion, ethanol is less acidic as compared 
to ethanoic acid. 

The acidity of phenols can also be explained using the resonance phenomenon 
about which you will study in Unit 12. However, you will study the effect of 
resonance on the reactivity of aromatic compounds in Unit 9. 

Similar to acidity, the basicity of compounds is also affected by the resonance. For 
example, in case benzenamine (aniline), in -addition ,to the electron withdrawing 
nature (-1 effect) of the aryl group, the following resonance structure are possible. 

benzenamine (aniline) 

These resonance structures clearly show that the nonbonding electrons of the 
nitrogen atom are delocalised over the aromatic ring. Thus, the electron density at 
the nitrogen atom decreases which results in the lower basicity of aniline as 
compared to ammonia. 

You can check your knowledge of resonance by answering the following SAQ. 

SAQ 4 
Draw redonance structures for the following species to rationalise the facts given 
with them. 

+ 
a) H2C = 0- H is the conjugate acid of methanal (formaldehyde) and has a 

substantial positive charge on carbon. 

+ .. 
b) In acetonitrile oxide, H3C - C = N-0 :  -, the inner carbon can act as a Lewis 

acid. 

We will now study a special case of resonance which is known as hyperconjugation. 

5.4.3 Hyperconjugation 
Hyperconjugation involves the conjugation of sigma dectrons with adjacent pi 
electrons, as shown below: + 
H H 

i I I I 
I 

This is also known as a - a conjugation. 
This type of delocalisation leads to a situation where there is no bond between the 
hydrogen and the carbon atom of the molecule. Therefore, it is also known as 
no-bond resonawe. Remember that the proton does not leave its position and since 
the nuclei or the atoms do not change their positions, therefore, the 
hyperconjugation becomes similar to resonance. Hyperconjugation also results-in 
the delocalisation of charge, as you will now study in case of carbocations. The 

Structure - Reactivity 
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Resonance structures discussed in 
this section involve r electrons 
and in some cases nonbonded 
electrons. In the next sectiorr, 
you will study hypercanjugation 
which involves r and o electrons. 

Hyperconjugation involving 
hydrogens is the most common. 



t undamental Concepts stability of carbocations has been earlier explained on the basis of inductive effect' 
of the alkyl groups. Let us consider again a primary carbgcation, such as the one 

Activity shown below in Fjg. 5.1. 

carbocation and convince 
yourself about the overlap as 

Fig. 5.1 : The hyperconjugation in a carbocation. 

The C - H bond adjacent to the 
> C = C < or a carbocation is 

referred here as a-C-H 
bond. 

For hyperconjugation to occur, 
the substituent next to the 
positively charged carbon must 
have a filled o orbital available 
to overlap with. vacant p orbital 
of the carbon atom carrying the 
positive charge. 

It is clear from the above structure that the electrons forming the a-C- H bond 
car 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: 

H  H +  

1-& +& 
R 

8 
R 

H C - C  c i  H - C = C  

I 'R 
H  

I 'R 
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 delocalising4he positive charge. 
Obviously, the more the number a-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 a-C - H bonds. Let 
us now examine the secondary and the tertiary carbocations. 

H  

secondary carbocation 
6 a - C - H  bonds 

tertiary carbocation 
9 a - C - H  bonds 

The secondary carbocation has 6 a-C - H bolids which can participate in 
hyperconjugation whereas the tertiary carbocation has 9 a-C - H bonds. 
Certainly, more delocalisation pf 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. 

Hypercanjugation has also been used to explain the relative stabilities of 
substituted alkenes. Consider the following order of stability of some alkenes. 

CH3 fH3 CH3 
CH3 H \ 

' c = c  > '&'! > c = c  
7 7 

> f=C, ' \ H  ' 'CH, CHI CH, C H ~  'H H H 

12 a-C - H bonds 9 a-C - H bonds I M ~  - cis - 

tetrasubstituted trisubstituted 6 a-C - H bonds 
disubstituted 

3 a-C - H bonds no a-C - H bonds 
monosubstituted no hyperconjugarion 

ruubrrir~red 

You can see that in an alkene, the more the number of a-C - H bonds which can 
participate in hyperconjugation, the higher is its stability. 

In spite of the fact that hyperconjugation can be used to explain many otherwise 
unconnected phenomena, it is controversial as it involves the formation a weaker 
pi bond at the expense of a strong sigma bond. 



In addition to the resonance, another factor which contributes to the stability of 
the anion, A -  , is hydrogen bonding which-you will now study. 

5.4.4 Hydrogen Bonding 

You are already familiar with the concept of hydrogen bonding from Unit 4 or 
this Block. If you analyse the pKa values of benzenecarboxylic acid and 2-hydroxy- 
benzenecarboxylic acid, as given below, then you will conclude that 

0 0 

benezenecarboxylic acid 
pKa 4.2 

U O H  
2-hydroxy benezenecarboxylic acid 

2-hydroxy benzenecarboxylic acid is much more acidic than benzenecarboxylic 
acid. This is because the anion formed from 2-hydroxy benzenecarboxylic acid is 
stabilised by hydrogen bonding, as shown below: Hydrogen bonding, s~abilises the 

0 anion by delocalising the charge. 

II 

No similar stabilisation is possible for the benzenecarboxylate anion; therefore, 
benzenecarboxylic acid is less acidic than 2-hydroxy benzenecarboxylic acid. 

In the next section, you will study the steric effect on molecular reactivity. 

5.4.5 Steric Effect 

The effect arising frc;n the spatial interactions between the groups is called the 
steric effect. You have already studied the effect of such interactions on the 
stability of geometrical isomers, (in Unit 2 where you studied that the trans- isomer 
is more stable than the cis- isomer) and conformational isomers, (in Unit 3 where 
you studied that the staggered conformation is more stable than the eclipsed 
conformation). As the acid-base behaviour or the molecular reactivity is related to 
the availability of the electrons, steric factors may also influence the molecular 
reactivity. For example, they can inhibit the delocalisation of charge, as is observed 
in case of N,N-dimethyl-o-toluidine. The delocalisation of the nonbonded electron 
pair on nitrogen, aS shown in the structure of N,N-dimethylaniline in Fig. 5.2(a), 



t undnmcnlsl Concept\ requires that thep-orbital of nitrogen and those of the aromatic ring should be 
coplanar. Such coplanarity is inhibited in the Gase N,N-dimethyl-o-toluidine due 
to the presence of the orlho methyl group, as shown in Fig. 5.2(b). Therefore, in 
this molecule the electron pair is not delocalised but is available for bonding with 
the proton which makcs this molecule more basic than N,N-dimethylaniline. This 
type of steric effect is known as steric-inhibition of resonance. 

~~~~~b~~ that the sleric hindrcmce The most common steric effect is, however, the sleric hindrance where the presence 
affects the molecular reactivity not of the bulky groups makes the approach of the reagent to the reaction site 
by increasing or decreasing the difficult. Such steric hindrance can account for the lower basicitv of tertiarv 
electron availabi1ify but due amines as compared to secondary arnines. The three. alkyl groups attached to the 
spatial congestion. Therefore, it is 
different from electronic effects. nittogen atom of the tertiary amine give rise to steric hindrance and interfere with 

the solvation (see. next subsection) of its conjugate acid. Thus, as shown in Fig. 

Activity 
5.3, the trimethylammonium cation, i.e. the conjugate acid of trimet,hylamine, is 
sterically the most hindered. 

Make models of primary, 
secondary and tertiary 
amines and compare the 
steric hindrance observed 
in these molecules. 

CH3 CH3 
I + 1 

CH3-N: +H20 + CH,-N-H -OH 
I I 

CH3 CH3 

trimethylamine trimethylammonium 
cation 
pK, 9.8 

methylammonium ion 
hydrogen bondlng w~th 
three water molecules 

rrimethylamrnon~um Ion 
hydrogen bonding w~th 
only one u ater molecule 

Fig. 5.3 : A comparison of the solvation of trimethyiammonium and methylammonium ions. 

It is thus least stabilised by solvation, leading to the lower basicity of trimethylamine in 
water as compared to dimethylamine and methylamine. However, in the gas phase or 
nonaqueous media, the electron-donating inductive effect ofa  methyl group makes 
trimethylamine the most basic among methylamines. Let us now study what is solvation 
and the role of solvent on the reactivity of the molecules. 

The presence of a solvent in acid-base reactions leads to the solvation of the 
ionised species which are the conjugate zcid and the conjugate base when We are 
dealing with BrOnsted acids and bases. Solvation refers to the interaction of tht 
dissolved species and solvent molecules wherein several solvent molecules surround 
the dissolved species by forming a solvent sben or solvent cage around it, as shown 
below: 

The greater the solvation, the greater is the delocalisation of the charge on the 
species. Thus, increased solvation increases the dissociation of an acid or a base by 
increasing the stability of the ions. 
These interactions are particularly important when water 1s used as a solvent where 



the hydrogen bonding plays an important role in solvating the anions. The high Struc(ore - Heacli\it, 
dielectric constant of water also helps in the dissociation of the acids. Thus, the Helalionship\ 

'ionisation and the acidity of a substance increases with the increase in the dielectric 
constant.of the solvent. This is illustrated in Table 5.7. 

Tabk 5.7 : Effecl of solvent on pK, of ethnnoic add at 298 K. it 
Solvent PK, 

Benzene almost unionised 

82% Dioxane - 18% Water 10 14 

70% Dioxane - 30% Water 8.32 

45% Dioxane - 55% Water 6.31 

20% Dioxane - 80% waler 5.29 

Water 4.76 

Thus, as the percentage of water in the solvent system increases, the pK, value of 
the acid decreases. 

Water is a peculiar solvent as it can behave both as an acid sts well as a base. But 
its use has a limitation in the sense that some organic compounds are not soluble 
in it. 

Having discussed the various aspects of acids and bases, let us now focus our 
attention on an internal acid-base process called tautomerism. 

5.5 TAUTOMERISM 

The term tautomerism designates a rapid and reversible interconversion of isomers 
which are related to each other with the actual movement of electrons as well as of 
one or more atoms. Such i~omers are called tautomers. Thus, tautomerism is a 
chemical reaction and is to be differentiated from resonance in which the nuclei do 
not move. It is, therefore, represented by the equilibrium sign ( + ) between the 
tautomers. Tautomers which differ from each other only in the location of a 
hydrogen atom and a double bond are called proton tautomers. Table 5.8 shows 
some examples of proton tautomers. 

Table 5.8 : Some exlrmples of Proton tautomers. 

Keto-enol tautomerlsm 
occurs wlth all carbonyl- 
containing functional 
groups (esters, amides, etc.) 

Carbonyl 
Enol 

- NH 

-i;J I e -c=c- 
11 I 

-C -CH-  I 
In contrast to resonance 

lmine Enamine' structures, tautolners are real 
compounds and are capablc of 

:OH 
I 

~ndependent existence 
:o: 

I 1  4 . N = C -  

:N- CH - I 
I Nitroso Oxime' 

.o; + HP 
,N - CH - - 'N=c- (* =more stable tautomer) 

:o.. I 
a t r o *  

'+ I p:- - 
oci:~itro 

I 
: N s C - T H -  - - 

Nitrile* 



Fundamental Concept\ A palticular example of tautomerism involving the ketones as carbonyl compounds 
is called keto-en01 tautomerism and is represented below : 

en01 has its origin from ene+ of. 

In .keto-en01 touromers, the keto 
form is usually the more stable 
form and, therefore, it 
predominates a t  equilibrium. 

The mechanism of enolisatron 
involves solvent mediated proton 
transfer steps rather than a direct 
intramolecular jump of the 
proton from carbon t o  oxygen. 

0 OH 
1 1  tautomerism I - R - CH2CR1 - R-CH=C-R'  

keto form en01 form 

The keto-enol tautomerism is of enormous importance as you will study later in 
this course and also in the Organic Reactions Mechanism course. 

Proton'tautomerism 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 

0 HO, 
,4' I 

OH 0 

I II r -O -  

CH3 - CH - CH2 -- C -- H -3 

1 
- C& -- CH - CH2 - 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 occurs 
as' a result of movement of valence electrons of the molecule An example of 
q lence  tautomerism is shown below : 

cyclooctatetraene 
The valence tautomerlsm may appear similar to resonance but remember that the 
two are different. The difference is that the valence tautomerism involves making 
and bre&ing of a and T bonds while, in resonance only the T electrons or the 
nonbonding electrons shift and the a framework of the molecule is not disturbed. 
Some other differences between tautomerism and resonance are as follows: 

I) Tautomerism may involve a change in the hybridisation of atoms which may 
result in a changi 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 resamnte 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, 

e Many reactions of organic compounds can be classified as acid-base reactions. 
Therefore, the study of acids 2nd bases is important for understanding the 
organic reactions. 

e 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 
pair donors. 

The acidities of BrOnsted acids can be expressed in terms of their pK, values. 
A strong acid has a weak conjugate base and a weak acid has a strong 
conjugate base and vice versa. 



Structural changes can bring about marked differences in the acidic and basic 
behaviour of a molecule which can be explained on the basis of inductive, 
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. 

Resonance stabilisation of an anion (or the conjugate base) favours dissociation 
of the acid. 

a The steric 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 nature of 2,2,2-trifluoroethanol as compared to ethanol. 

2. Explain the difference between pK,, (4.16) and pKa2 (5.61) of butanedioic acid. 

3. Draw resonance structures for the following: 

(i) chlorobenzene ii) acetonitrile 
. ;. 

iii) pyrrole, 

H 
4. Ethylamine and aniline react with aq. HCl. Write the equations for these 

reactions. 

5. Are the following pairs of compounds tautomers or resonance forms? 

OCH3' 
+ 
OCH3 

I + i I 
(a) CH3 - C = N(CH3)2 and CH3 - C - N(CH3)z 

OCH3 0 
I I1 

(b) CH3 - C = NCH3 and CH3 - C - N(CH3)* 

and 

5.8 ANSWERS 

Self-assessment Questions 

acid base conjugate conjugate 
base acid 

Structure - Keacuv~~y 
Relationships 



F~rndamrnlal Concepts 

base acid conjugate conjugate 
acid base 

acid base conjugate conjugate 
base acid 

base acid conjugate conjugate 
acid base 

2. a) Acid HA2 having the lower pK, value is stronger than acid HA, having 
higher pK, value. 

b) Since HA2 is stronger acid, therefore, A; is the weaker base as compared 
to A;. Thus, in an acidibase reaction between Na 'A; and HA2 which is 
shown below; 

the stronger base Ai  will abstract the proton from the acid HA2 and the 
equilibrium will lie towards the right to yield HA, and Na 'A;. 

4 3. a) The decreasing order of acidities is, 
i) NCCH2COOH > NCCH2CH2CH2COOH > CH3COOH. Since the 

- CN group has - I  effect which increases the acidity of 
NCCH2COOH and NCCH2CH2CH2COOH as compared to ethanoic 
acid. But the - I effect of the - CN group decreases with the distance, 
therefore, NCCH,CH2CH2COOH is less acidic than NCCH2C,00H. 

ii) The compounds have the following order of the acidities: 

CH(N02)3 > CH2(N02)2 > CH3N02 

As the - NO2 group is strongly electron withdrawing, the acidity 
increases with the increase in the number of thesegubstituents. 

iii) HOOCCOOH > CH3COOH > -00CCOOH 

The COOH group is - I  type. Hence, it increases the acidity in case of 
HOOCCOOH as compared to CH3COOH. But, in case of 
-OOCCOOH, the removal of a proton is difficult because it is a 
negatively charged species. Hence, it is less acidic as compared to 
CH3COOH. 

b) i) The basicities decrease in the following order: 

N,N-dimethylaniline > N-methylaniline > aniline 

As the methyl group is electron donating, it increases the basicity in 
case of N-methylaniline as compared to aniline. The basicity further 
increases in N,N-dimethylaniline due to the increase in 'ne number of 
methyl groups. 

ii) The decreasing order of basicities is as shown below: 

Since the methyl group has + I effect, it increases the basicity of 
CH3NH2 as compared to NH3. But, the substitution of an -OH 
group in NH3 decreases its basicity because it has - I  effect. 



Structure - Reactivity 
Relationships 

. .  - + - . . 
( ' )  H3C - C - N - 0 :  . . H3C - C  = N -0: . . 

Terminal Questions 

F + C - t C - t O + H  H - C - C - 0 - H  
I' 1 I I 
F H H H 

2.2.2-trifluoroethanol ethanol 

The three strong electron withdrawing fluorine atoms (- I groups) increase the 
acidity of 2,2,2-trifluoroethanol as compared to ethanol. 

2. CH2- COOH Baoe 
/ O  

C H ~  - c - The first ionisation is fast because this 

I 7 
K.O anion is resonance stabilised. 

CH2 - COOB !!Hz - COOH 

CHz-cOd  CH~COO- The anion formed in the first step slqws - I down further ionisation because it is 
&2 - SLOW C H ~ W -  difficult to remove a proton from a 

negatively charged species. 

+ c1: + ci: + i l :  

chlorobenzene I 

acetonitrile . I 

C&15NH2 + HCl * C&ISNH3 C1- 
aniline 

5. Only (a) shows resonance structures; (b), (c) and (d) are tautomers. 
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