MODULE -7

Chemistry of Organic
Compounds
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A N 29

Notes ALDEHYDES, KETONESAND
CARBOXYLICACIDS

I n the last lesson, you studied about organic compounds containing functional groups
having carbon-oxygen single bond. There are other classes of organic compoundsin which
the functional group contains the carbon- oxygen double bond. The examples of these
classes of compounds being carbonyl compounds such as aldehydes and ketones as well
as carboxylic acids and their derivatives. These organic compounds are very important
both in the industry and in the synthesis of other organic compounds. Therefore, their
study forms an important part of the organic chemistry. Let us study the chemistry of
these classes of compounds in detail.

@ Objectives

After reading thislesson, you should be ableto

e give IUPAC names of adehydes and ketones;
® describe the general methods of preparation of aldehydes and ketones;

e discussthetrendsin physical properties of the aldehydes and ketones in the light of
the polar nature of the carbony! group;

e explainimportant reactions exhibited by al dehydes and ketones;

e distinguish between aldehydes and ketones on the basis of certain reactions and tests
based on them;

e give lUPAC names of carboxylic acids,

e explaingeneral methods of preparation of carboxylic acids;

e discussthephysical propertiesand their trendsfor simple monocarboxylic acids;
e describeimportant reactionsexhibited by carboxylic acids,

e explain the preparation and some interconversion reactions of carboxylic acid
derivatives, and

e highlight theimportance of aldehydes, ketones and carboxylic acids.
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29.1 Aldehydes and K etones Chemistry of Organic
Compounds

You have some familiarity with these classes of compoundsfrom previous lessons. These
0]

compounds are also referred to as carbonyl compounds and have —C— functionality
present in them. These compounds exist widely in nature and are responsible for the
flavour and aromaof many foods. They are a so important industrially both asreagentsin
synthesis and as solvents.

Notes

Aldehydes have at | east one hydrogen atom bonded to the carbonyl group, the other group
may be either a hydrogen or an alkyl (or aryl) group. In ketones, the carbonyl group is
bonded to two akyl or aryl groups. The two groups bonded to a ketone may be similar or
different resulting in asymmetrical or an unsymmatrical ketone, respectively.

NOX .0: .0
| | |
/TN /N 7N
R H R R
Carbonyl group an aldehyde a ketone

You must befamiliar with vanilin and camphor. Their structures are given below. You can
see that they contain an aldehyde and a keto functional group, respectively.

i
C—H CH, _CH,
HO
OCHj; CH 0
oye 3
Vanilin Camphor

(used for vanila flavour)

29.1.1 Nomenclature of Aldehydes and K etones

In the IUPAC system of nomenclature, aliphatic aldehydes are named as alkanals. The
final -ein the name of the corresponding alkane is substituted by -al.

Some common examples of aldehydes and their names are given below :

1 0 0 I
H—C—H CH;C—H CH;CH, —C—H @C —H

Methanal Ethanal Propanal Benzenecarbaldehyde
(Formaldehyde) (Acetaldehyde) (Propionaldehyde) (Benzaldehyde)

Note that when the -CHO group is attached to a ring, then the compound is called a
carbaldehyde.
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Remember that the carbony! carbon of the aldehydesis present at the end of the chain and
isassigned 1 position. Therefore, it isnot necessory to specify its position in the name of
the aldehyde. The examplesgiven below illustrate this point.

E|3r
CH;CHCHO CICH,CH,CH,CHO
372 1 4 "3 72 71
2-Bromopropanal 4-Chlorobutanal

Ketones are named as alkanones in the IUPAC namenclature. Their names are obtained
by replacing final -ein the name of alkane by -one. The carbon chainisnumbered in such
away that the carbonyl group gets the lowest number. Some examples of ketones are
mentioned below :

o
0 0 l
| l
CH4CCH CH4CH,CCH
Propanone 4 3 21
(Acetone) Butan-2-one Cyclohexanone
(Ethyl methyl ketone)
7 7
CH4;CH,CCH,CH CH,CCH,CH =CH
CH3CH G CHRCH, 3CCH, 2

Pentan-3-one Pent-4-en-2-one

(Diethyl ketone)

i 1
b OXO

1-Phenylethanone

(Acetophenone) (Benzophenone)

29.1.2 Preparation of Aldehydes and Ketones

You have already studied most of the methods used in the synthesis of aldehydes and
ketones in the previous lesson. Let us now refresh them.

1. Oxidation of Primary and Secondary Alcohols

From the last lesson, you know that primary alcohols can be oxidised to aldehydes and
secondary alcohols can be oxidised to ketones.

2. Ozonolysis of Alkenes

This reaction has been discussed in lesson 26. The products obtained are aldehydes or
ketones depending upon the structure of the starting alkene.
3. Hydration of Alkynes

Hydration of alkynes can give an aldehyde or a ketone. Markovnikov’s hydration yields
ketones whereas anti-Markovnikov’s hydration gives aldehydes.
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RC=cH — =1 [HO>C=C<E} ——— RCCHj P
Alkyne H,0 R Ketone
(O
2
RC=CH ——» c=c< )
Alkyne B B 2 Notes

H,0,, HO

R H
RCH,CH ¢—— |“Seo—c~
CE(”: [H/C C\OH}
0

Aldehyde
You can go through the details of these reactions as discussed in |esson 26.
4. Friedal-Crafts Acylation

Aromatic ketones can be prepared by Friedel-Crafts acylation (alkanoylation) reaction.
One exampleof thisreaction isgiven below:

O
1.CH,COOCOCH,, AlCl,,C I
CH40 : 2905 CH3O@C—CH3
2.HCI,H,0

Similar acylation reaction using ethanoy! chloride was also discussed in lesson 26 under
the electrophilic substitution reactions of aromatic hydrocarbons.

29.1.3 Sructure and Physical Properties

In both aldehydes and ketones, the carbonyl carbon and oxygen atoms are sp? hybridised.
Therefore, the groups attached to the carbon atom and oxygen are present in aplane. This
isshowninFig. 29.1.

pi bond formed by

/ p-orbitals

Lonc pairs of clectrons

Fig. 29.1 : The structure of the carbonyl functional group

You can seein the figure that a =-bond is formed by the overlap of p-orbitals of carbon
and oxygen atoms. The p-orbitals are present in a plane perpendicular to the plane of the
molecule. Note the presence of two lone pairs of electrons on oxygen atom.

You aso know that oxygen is more electronegative than carbon. Hence, it attracts the
electrons of the carbon-oxygen double bond ( > C=0bond) resultinginitsappriciable
polarisation.
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The oxygen atom, thus, acquires apartial negative charge (d~) whereasthe carbon atom

gets a partial positive charge (d*) . This polar nature of the carbonyl group makes the

oxygen atom nucleophilic and basic while the carbon atom becomes electrophilic. The
Notes physical properties and chemical reactions of aldehydes and ketones are a direct
consequence of thispolarisation.

The dipole-dipole attraction between the molecules of aldehydes and ketones resultsin
their higher boiling points as compared to the hydrocarbons of similar molecular weight.
The physical properties of some aldehydes and ketones are given in Table 29.1.

Table29.1 Physical propertiesof somerepresentativealdehydesand ketones

Compound m.p. b.p. Water Solubility
K) (K) (%)
Methanal 181 2 %
Ethanal 150 294 0
Propanal 192 32 20
Butanal 166 348 71
Benzaldehyde 27 452 03
Propan-2-one 178 329 0
Butan-2-one 187 353 256
Pentan-2-one 195 375 55
Pentan-3-one 232 374 48
Acetophenone 29 475 15
Benzophenone 321 578 -

You can see from Table 29.1 that these compounds have appriciable water solubility. This
isbecause of the hydrogen bonding possible between the oxygen atom of the aldehyde (or
the ketone) with hydrogen atom of water molecule, as shown in Fig 29.2.

5
&6 5+ O &+

O 7 A

I N

C Hydrogen bonding

R R
Fig. 29.2 : Hydrogen bonding between carbonyl compound and water molecule
29.1.4 Reactions of Aldehydes and Ketones

If you examine the structure of a molecule of the carbonyl compound, you will find that
there are three centres of reactivity in it as shown below :
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o—Carbon—>C—C —
/N8
H R A Susceptible to attack
J by nucleophiles

Acidic hydrogen

Sincethe oxygen atomisnucleophilicin nature, it is attacked by the el ectrophiles, whereas Notes
the carbonyl carbon is electrophilic in nature and henceis attacked by nucleophiles. The

third site of reactivity is hydrogen atom present at the o- carbon atom. It is acidic in

nature and givestypical reactionswhich you will study in this section.

It is aso important to know here that aldehydes are more reactive than ketones. Thisis
because of the following two reasons :

(i) Aldehydes have only one akyl group whereas ketones have two. Since the alkyl
groupsareel ectron donating in nature, the carbonyl carbon in ketoneswhich isbonded
totwo alkyl groups, isless positive (el ectrophilic) ascompared to the a dehydic carbonyl
carbon. Hence, it isless susceptible to attack by nucleophiles.

(i) Thetwo akyl groups in ketones also make the carbonyl carbon more crowded as
compared to carbonyl carbon in aldehydes. This factor also makes the aldehydic
carbonyl carbon more accessible for attack by the nucleophiles as compared to
carbonyl carbon of the ketone.

With this background in mind, let us now study the reactions of a dehydes and ketones.
A. Nucleophilic Addition Reactions

Thegeneral reaction of addition of nucleophiles on the carbonyl group can berepresented
asfollows:

Nu
RS & & & \
i >C=0 + H—Nu —— R—(‘?—OH
H

Some specific reactions of this category are discussed below :
1. Formation of Cyanohydrins

Carbonyl compounds react with hydrogen cyanide to yield cyanohydrins.
0 CN

H3;C—C—CH; + H—CN — CH;—C—OH
Propanone (|:‘H3
Cyanohydrin
Note that one more carbon atom s present in the cyanohydrin as compared to the starting
carbonyl compound.

Cyanohydrins are useful in the synthesis of carboxylic acids about you will study in the
next section.
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2. Formation of Hemiacetals

Aldehydes and ketones react with alcohols to give hemiacetals. Hemi in Greek means
half. Hemiacetals have an —OH and an —OR group attached to the same carbon atom in
their molecules.

When an excess of the alcohol isused, asecond molecule of the alcohol reactsto give an
acetal.

o OH OCHj
I HCl (9) | CHZOH |
CH3CH + CHzOH ——— CHyCH ———— CH3—(‘:—OH
Ethanal  Methanol OCH, OCH,
aHemiacetal an Acetal
OH OCHg
I HCI (9) | CHZOH |
CH3CCHy + CHzOH === CH3CH CH3 == CMs—C CHs
|
Propanone Methanal OCH, OCH3
aHemiacetal an Acetal

Note that an acetal has two —OR groups attached to the same carbon atom.

Acetals are stable in basic solutions and are ‘therefore’ used as protecting groups for
aldehydes and ketones. Acetals can be converted back to the carbonyl compounds by
treating them with dilute acids because of the reversible nature of the above reaction.

3. Formation of Alcohols

Grignard reagents (RMgX) react with aldehydes and ketones to give alcohols as shown
below :

i i
CHoCHoMgBI + H—C—H ————> H—C—OH
Ethyl Methanal
magnesium bromide CH,CH3

aPrimary alcohol

i I
CH3;CH,MgBr + CH;C—H — > CH3 —C—OH
Ethyl magnesium Ethanal
bromide CHACH3
a Secondary alcohol
1 e
CHzCH,MgBr + CH3C—CH; ——— > CH3 —C—OH
Ethyl magnesium Propanone (|:H CH
bromide 2= 3

aTertiary alcohal

You have already studied these reactions under the preparation of alcoholsin lesson 28.
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1. Reaction with Ammonia and its Derivatives P

Aldehydes and ketones react with ammoniaand primary aminesto giveimineswhich are
compounds having carbon-nitrogen double bond.

O e NH Notes
+ NH3 :
Ammonia

Imine
SNV N /N
R—NH, + O=C R—N=C{ or JC=N-R
Primary Imine
amine (a Schiff base)

It appears that during the above reaction a molecule of water is lost from the primary
amine and the carbonyl compound. The reactions with other derivatives of anmoniaare

given below:
@—CHzo + HNOH —> CH=N—OH + H,0
Hydroxylamine
an Oxime
I I
@c:o + HyNNH, ——> @—CZNNH2
Hydrazine
aHydrazone
OromonQy— (O-l)
Phenylhydrazine a Phenylhydrazone
NO, NO;

CH,CH,CH=0 + H,NNH @NOZ ——> CH.CH,CH=NNH @Noz

2, 4-Dinitrophenzylhydrazine 2, 4-Dinitrophenylhydrazone

The compoundsformed above arerelatively insoluble solids and have characteristic melting
points. These compounds can be prepared for the unknown aldehyde or ketone and their
melting points can be determined. These melting points are matched with the derivatives
of already known aldehydesand ketones|isted in standard tablesand the carbonyl compound
isthusidentified.

C. De-oxygenation Reactions

De-oxygenation reactionsarereactionsinvolving removal of oxygen. Aldehydes and ketones
can be reduced to the corresponding alkanes by the following two reactions:

1. Wolff-Kishner Reduction

When an aldehyde or aketoneis heated in abasic solution of hydrazinein ahigh-boiling
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1. NH,NH, OH/A
CCH CH,CH,

Ethylbenzene

2. Clemmensen Reduction

It iscarried out in acidic medium using amalgamated zinc and hydrochloric acid.

Zn(Hg)
CH3 (CHZ)S CHO _—> CH3 (CHZ )5_ CH3
Heptanal HCL Hy Heptane

D. Oxidation of Aldehydes

Unlike ketones, aldehydes can be easily oxidised to carboxylic acids using a variety of
oxidising agents. These reagents can be chromic acid, chromium trioxide, permanaganate
or silver oxide. You have aready read about oxidation with some of these reagents. Slver
ions selectively oxidise —CHO group. This forms the basis of Tollen’s test. It involves
the addition of amixture of aqueous silver nitrate and agueous ammoniawhich isknown
as Tollen’s reagent to the carbonyl compound. Tollen’s reagent contains [Ag(NH,),]*
complexion. If an aldehydeis present, it gets oxidised to the carboxylic acid whereas the
Ag" ionsare reduced to form silver metal which gets deposited on the walls of the test
tube and this givesamirror like shining appearance.

O
£ 3)> _
| [Ag(NH,),]" I
R—C—H T R—C—0 + Ag 4/
Aldehyde 2 mirror

Aldehydes are also oxidised by Fehling solution, which contain Cu®* (cupric) ions

complexed with tartarateions asthe oxidant. Thesecu?* ions are reduced by thealdehydes
in alkaline medium to give abrick red precipitate of cuprous oxide.

H NaOH
R—C—H + Cu* ————> Cu,0|, + RCOOH

H,O
Aldehyde blue 2 brick red ppt.

E. Reactions at a - carbon

The o - hydrogen in aldehydes and ketonesis quite acidic and can be easily abstrated by
a strong base.

»7
|
\C—?QH(I% « — f\ /\ % C C/
keto for‘m\ o~Hydrogen enolate i lOn
The resulting anion can stabilise by resonance as shown above. It iscalled an enolateion.

On protonation, it gives an enol.
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AN _
c—=c{ + H,0 =——> Sc=c{ +OH Compounas
/ N\ / AN
enolate enol
Thus, keto form and enol form are in equilibrium. This is also known as keto-enol
tautomerism.
Other reactions feasible due to the presence of - hydrogen are as follows: Notes

1. Halogenation

Ketones having an o- hydrogen atom react readily with halogensand o.- haloketones are
obtained as the product. The reaction is promoted both by acids and bases.

79 : f 0
—C—C—+ X, — (C—-C—
| or OH |
o-halo product
(X, =Cl,,Bryorly)
0] 0]
Il Br,, CH,COOH |
H—CH,CCH3 > BrCH,CCH; + HBr
H,0, 343K
Propanone Bromopr opanone

In presence of the base, multiple hal ogenation occursto give the trihal o product.

O H O X

[ 3X, + NaOH L

C—C—H + ————» —C-Cx 3NaX + 3H,0
|
H X

trihaloketone

The trihalo group is agood leaving group and the trihal o ketone reacts with OH™ which
finally gives a carboxylate ion and a haloform.

X

7 il 1
@ccx + HO™ %@c—o‘ + HoCoX
X X

Carboxylateion Haloform
trihaloketone

Thisreaction is called the haloform reaction after the name of the product.
If iodineisused asthe hal ogen, then we get iodoform( CHI ;) asthe product. Theiodoform
isabright yellow solid having acharacterstic melting point. Thisreaction, thus, formsthe

basis of the iodoform test. Thus, methyl ketones give a positive iodoform test. You had
studied theiodoform formation in lesson 27 al so.

2. Aldol Condensation

Aldehydeshaving o - hydrogen atom on reaction with dil. NaOH givealdols. Thereaction
isillustrated below by using ethanal asthe example.

i ™
NaOH
CH3— H HO —— —C—
3 (‘: + 3CC O HZO, 78K CH3 C‘: CH2CHO
H H
Ethanal  Ethanal 3-Hydroxybutanal
(an Aldoal)
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to give an a, B— unsaturated aldehyde which is a condensation product.

OH
| H CHO
CH3—C— CH,CHO —2——  Sce=c{ + H,0
I\{ H;C H
Notes Aldol trans -But-2-enal

This complete sequence of reactionsis called aldol condensation.

Aldol condensationisa so possiblewith ketones. Can you now think of alittle more complex
situation? What will be the products of aldol condensation when two diffrent aldehydes
having o - hydrogen atoms are used as reactants. In this case, the reaction is called a
crossed-aldol condensation. Thisisleft asan exercise for you. Thereisahint of course.
Suppose, the two aldehyde molecules are represented by A and B; then condensation can
occur between two molecules of the same aldehyde or diffrent a dehydes. Thus, the products
obtai ned would be thefollowing types:

A-A, B-B, A-B and B-A.

With this background in mind, you can now proceed to write the aldol addition products of
ethanal and propanal .

F o _
h@". Intext Questions 29.1

1. Classify the following as aldehydes or ketones and give their IUPAC names:
(i) CH5CHO (ii) CH3COCH,CH4

COCH,

(iii) (iv) OHCCH,CH

4. Writethegeneral structurefor thefollowing :
() acyanohydrin (i) an acetal (iii) ahemiacetal
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29.2 Carboxylic Acids

You already know that carboxylic acids contain a car boxyl (—COOH) funtional group.
They are most widely distributed in nature and are also industrially important chemicals.
Acetic acid intheform of vinegar isproduced in large quantities. It isalso avery important
building block in complex biological molecules. You must have also heard about fatty
acids which are long chain aliphatic acids derived from the hydrolysis of fats and oils.
Stearic acid isafatty acid containing along chain of eighteen carbon atoms.

29.2.1 Nomenclature

Several carboxylic acids have been known sincelong and their common names are based
on their sources. However, in the IUPAC nomenclature, carboxylic acids are named by
choosing the longest carbon chain containing the —.cOOH group. Thefinal -einthe name
of the alkane is replaced by -oic acid. While numbering the carbon chain, the —~COOH
carbon is always given number 1 as shown below :

0

[
...C-C-C-C-C-OH
5 4 3 2 1

The other groups and substituents are numbered and named according to the usual rules
of homenclature which you have already studied.

Some common carboxylic acids and their names are given below :

(0]
o] I
I | C—OH
H—C—OH CH;—C—OH
M ethanoicacid Ethanoicacid Phenvimethanoic acid
(Formicacid) (Aceticacid) Y ¢ At

(Benzoic acid)

Carboxylic acids containing two carboxyl groupsare called dicar boxylic acids. They are
named by adding dioic acid as a suffix to the name of the corresponding hydrocarbon.
Both the carboxyl carbon atoms are numbered as a part of the main chain. Note that in
thiscase, final- e of the alkane isnot dropped.

(0]0)
Il Nl 43 2 1
HOCCOH HOC CH,COH HOO CCH,CH,COOH
Eth eld'z cacid Propanedioicacid Butane-1,4-dioicacid
anedioicac icaci Succinicacid
(Oxalicacid) (Malonicacid) ( )
COOH COOH COOH
COOH
COOH
o-Phthalic acid m-Phthalic acid COOH
Phthalic acid i i
( ) (Isophthalic acid) p-Phthalic acid
(Terephthalic acid)

Chemistry of Organic
Compounds

Notes
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Thefollowing methods are generally used for the synthesis of carboxylic acids. You have
already studied some of these methodsin the earlier lessons.

1. Oxidation of Alkenes
Alkeneson oxidation with hot alkaline KMnO, yield carboxylic acids.

RCH=CHR' % RCOOH + R'COOH
M3

2. Oxidation of Alcohols and Aldehydes

You have read in the last |esson and the previous section of thislesson that acohols and
aldehydes can be oxidized to carboxylic acids using avariety of oxidising agent. You can
refer back to the details of these reactions.

3. Oxidation of Alkylbenzenes
Primary and secondary alkyl groups attached to the benzene ring can be oxidised, using
alkaline KMnO, , to the carboxy! group.

CH, COOH

1. KMnO4, “OH, A

7z
4
2.H,0

Methylbenzene Benzoic acid

Acidified sodium dichromate can al so be used for this oxidation.

g
CH,—CH COOH
Na2Cr207, H2504
A
Cl Cl

p-Chlorobenzoic acid

4. Carbonation of Grignard Reagents

Grignard reagents (RMgX) react with carbon dioxide to give magnesium carboxylates
which on acidification yield carboxylic acids.

I
RMgX+CO, ——>R—CO Mg*X —"—»RCOOH

CHgCH,Cl —2—>  CHyCH,MgCl %)CH3CHZCOOH

2

Chloroethane Grignardreagent ~ Propanoicacid
(an alkyl halide)
MgBr COOH
1. CO,
2.H,0"
Phenyl magnesium bromide Benzoic acid
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Note that there is an increase of one carbon atom in the carboxylic acid as compared to | Chemistry of Organic
the starting alkyl halide. Compounds

5. Hydrolysis of Nitriles and Cyanohydrins

Alkyl halides can be converted to nitrileswhich on hydrolysisyield carboxylic acidshaving
one more carbon atom than the starting alkyl halide.

+ Notes
x5 7 RCH,COOH + NH,

R—CH,X + CN~ ———> RCH,CN ¢,
Alkyl halide Nitrile \ o'

+ RCH,COO ——> RH,COOH

X + NH,

NaCN Hz0"

Br—CH,CH,—Br ——— NC—CH,CH,—CN —=— HOOCCH,CH,COOH
1,2-Dibromoethane Butanedinitrile Butanedioicacid

Cyanohydrinsobtained from aldehydes a so yield 2-hydroxycarboxylic acidson hydrolysis.

OH OH

| - |
CH4CH,—C—CN—H9, CH,CH,—C—COOH

I |
H H

2-Hydroxybutanenitrile 2-Hydroxybutanoicacid

29.2.3 Structure and Physical Properties

Similar to the aldehydes and ketones, the carboxyl carbon atomis sp? hybridised. Thus,
the three atoms attached to this carbon which lie in the same plane with an approximate
bond angle of 120° between them, see Fig. 29.3.
O
“‘1200 & 120;
v (|: 120° o
Fig. 29.3 : Srructure of the carboxyl group

Carboxylic acids form hydrogen bonds because of the presence of polar carbonyl and
hydroxy! groups. Most carboxylic acidsexist in dimeric forminwhich two carboxylic acid
mol ecules are held together by two hydrogen bonds. Thisis shown below :

7 d%H-0

Hydrogen bond V4 N

R—C C—R
/
o

Dimer of a carboxylic acid

Intermol ecular hydrogen bonding isin fact responsible for high melting and boiling points
of carboxylic acids. The melting and boiling points of some carboxylic acidsarelistedin
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Compounds inwater. Thisisalso dueto the presence of hydrogen bonding between the carboxylic acid
mol ecule and solvent water molecul es.

Table29.2: SomePhysical Propertiesof CarboxylicAcids

Carboxylic Acid m.p. b.p. Water solubility
(K) (K) gmL™of H,O at 298K pK,
Notes HCOOH B 3735 » 375
CH3;COOH 2896 1 ) 476
CH4CH,COOH 2 414 0 487
CH3CH,CH,COOH %7 437 © 482
CH3CH,CH,CH,COOH 239 460 497 481
CICH,COOH BB M2 very soluble 286
ClI,CHCOOH 2338 465 very soluble 148
CI;CCOOH 3203 41 very soluble 070
CgHsCOOH 295 523 (02C73 419
p-CH3CgH,COOH 450 548 003 436
p-CICgH,COOH 515 0.009 398
p—NO,CgH,4COOH 515 003 341

Do not worry about the pK, valueslisted in thelast column of the table. We will refer to
them when we discuss the acidic nature of carboxylic acidsin the following section.

29.2.4 Acidity of Carboxylic Acids

Carboxylic acids are acidic in nature. They dissociate in water according to following
equilibriumto give aproton and the carboxylateion.

i 1
R-C-O-H+H,0 <=~ R-C-0 +H,0"
Carboxylicacid Carboxylateion

The pK, values of some carboxylic acids are given in the last column of Table 29.2.
Remember that the lower pK indicates greater acidity. If you compare these pK, vaue
with those of alcohols, you will note that the carboxylic acids are much more acidic than
acohols. Thiscan be explained on the basis of the anion formed as aresult of ionisation.
The carboxylateion obtained by the dissociation of carboxylic acids can be represented as
aresonance hybrid of the following two structures:

o7

_ 9
R—CT <> R—C

Resonance structur esof Car boxylatelon
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These structures show that the negative charge is delocalised over two oxygen atoms. | Chemistry of Organic
Thus, the carboxylateion gets stabilised. The greater stability of carboxylateionfacilitates | Compounds
the release of proton from the -COOH group.

If you comparethissituation with the alkoxideion (RO") obtained by the dissociation of an
alcohol molecule, you will seethat no such resonance stabilisation ispossibleinthealkoxide
ion.

Let us now analyse the acid strength of different acids and correlate them with their Notes
structure. If we examine the first five acids listed in table 29.2, we find that their pK_

values keep on increasing which meansthat aswe go down, their acid strength decreases.

Since the alkyl groups are electron releasing in nature, they make the release of H*

difficult and hence decrease the acidity. Thus, ethanoic acid isless acidic than methanoic

acid. Therefore, we can say that the electron-donating substitutents decrease the

acidity of carboxylic acids.

Let us next see what will be the effect of electron withdrawing substituents such as
hal ogens and nitro-group on the acidity. The comparison of pK_ values of ethanoic acid
(4-76) and chloroethanoic acid (2-86) suggests that chloroethanoic acid isastronger acid
than ethanoic acid. The chloro substituent has | effect and pulls the electrons towards
itself which facilitates the release of H* ions.

You can also see below that as the number of hal ogen groups increases in the carboxylic
acid, itsacidity increases. Thisis because they make the release of H* ion more and more

easy.
i i T T
H—?—COOH < CI—|C—COOH < CI—(|:—COOH < CI—(|3—COOH
H H H cl
Ethanoic acid Chloroethanoic acid Dichloroethanoic acid Trichloroethanoic acid
PK.4.76 2.86 1.48 0.70

Since the inductive effect decreases with increase in the distance of the group in the
carbon chain, 2-chlorobutanoic acid (pK, 2-86) ismore acidic than 3-chlorobutanoic acid
(pK, 4.05) whichisin turn more acidic than 4-chlorobutanoic acid (pK, 4.50).

Cl Cl Cl

| | |
CH,CH,CHCOOH > CH4CHCH,COOH > CH,CH,CH,COOH
2-Chlorobutanocic acid  3-Chlorobutanoic acid 4-Chlorobutanoic acid

(or decreasesin the reverse order)

29.2.5 Reactions of Carboxylic Acids

Let us now study the reactions given by carboxylic acids.

1. Formation of Salts

Carboxylic acids are completely deprotonated by strong bases such as metal hydroxides
togive salts.
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O

O

| |
CH3C— O-H+NaOH —— CH3C— O Nat + HZO
Ethanoicacid Sodium ethanoate

It will be interesting to know that soaps are sodium salts of long chain carboxylic acids
which are called fatty acids.

i i
CH,(CH,),,— C—0OH + NaOH —— CH,(CH,) .- C- O~ Na' + H,O
Searicacid Sodium stear ate (soap)

Caboxylic acids are al so deprotonated by the weak bases such as sodium bicarbonate. In
thisreaction, they form sodium salt of the acid, carbon dioxide and water.

I I
R—C—O—H+NaHCO; —— R—C—O Na'+H,0+CO, 1

Thisreactionisalso used asatest for carboxylic acidsin thelaboratory. Theliberation of
CO, intheform of bubbles on treatment with NaHCO5 indicates a carboxyl functional
group in the compound.

Thistest isnot given by phenolssincethey are weaker acidsthan the carboxylic acids. Hence,
the two categories of compounds can be distinguished on the basis of the above test.

2. Reduction of Carboxylic Acids

Carboxylic acids arereduced to primary a coholsby lithiumauminium hydride (LiAIH,) .

CH,COOH ) CH,CH,OH
[:j/ 1. LiAH, [:j/
_ s
2.H,0"

Phenylethanoic acid 2-Phenylethanol

3. Hell-Volhard-Zelinski Reaction

Similar to adehydes and ketones, carboxylic acids undergo halogenation at a -carbon
atomusing Br,(or Cl,) inthe presence of phosphorus or phosphorustrihalide.

Br

CH,CH,CH,COOH s CH,CH,CHCOOH

Butanoic acid 2 - Bromobutanoic acid
a -Haloacids so obtained are useful intermediates in the synthesis of other organic
compounds.

4. Synthesis of Acid Derivatives

Thisisone of thevery important reactions of carboxylic acids. The nucleophilic addition
to the carboxy! carbon of the carboxylic acids is followed by elimination of the leaving
group leading to a substitution product. If you remember the reactions of aldehydes
and ketones, the addition of nucleophileisfollowed by addition of the proton to give an
addition product.
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In case of carboxylic acids, since the substitution takes place at the acyl carbon atom as || Chemistry of Organic
shown below. It is aso known as nucleophilic acyl substitution. Compounds

i I
R—C—X+:Nu" —=—= R—C—Nu+ X"~
Here, X = OH in case of the carboxylic acids and Nu~ can be a halide ion,
Notes

O
l
“O—C—R, TO—R’ Or “NH, group leading, respectively to carboxyl acid halides,

anhydrides, esters or amides as the substitution products which are known as
derivatives of carboxylic acids because they are derived from carboxylic acids.

R—C— R— C— O0—C—R
Carboxyllc acid Carboxylic acid anhydride
halide
R—C— OH
/ Carboxylic ac1c\
R—C— O —R'’ R— C NH,
Ester Amide

(i) Formation of Acid Chlorides

Carboxylic acids react with SOCI,,PCl; or PClg to give carboxylic acid chlorides aso
known as acyl chlorides, as shown below :

1 1
R—C—OH+S0Cl, » R—C—Cl+S0O, T+ HCI T

Carboxylic Thionyl  anacid

acid chloride chloride
0 1
R-C-OH + PC|3 ——>3RCCI + H3PO3
Phosphorus
trichloride

I I
R—C—OH + PCls —— R—C—CI + POCl; + HCI
Phosphorus
pentachloride

(if) Formation of Acid Anhydrides

|
2RCOOH % RC—O—C—R
aCarboxylic aC|d an Acid Anhydride
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Il l
2 CH4CO0H —22%% 5 CHz - C-O-C-CHjy

2 Ethanoic anhydride

Sincethe carboxylic acid anhydrides areformally derived from carboxylic acids by loss of
water, their names are derived from the corresponding acids by using the word anhydride
in place of the acid. Asthe anhydride formed inthe above reactionisderived from ethanoic
acid, itiscalled ethanoic anhydride.

This method is used for the preparation of symmetrical anhydrides.

Carboxylic acid also react with acyl chloridesin the presence of pyridineto give carboxylic
acid anhydrides.

| I | |
CH3CH,CH, COH + CI CCH,CH,CH5 W CH3CH,CH, C— O~ C— CH,CH,CH3
Butanoic acid Butanoyl chloride Butanoic anhydride

We can prepare unsymmetrical anhydrides by this method.
Cylicanhydridesare obtained by the dehydration of dicarboxylic acidsat higher temperature.

I
COOH C
- -
2(|j 573K Hzcl \
0.0
H,C oo : HZC\ﬁ/
Butanedioic acid O

(Succinic acid) Butanedioic anhydride
(Succinic anhydride)

(iii) Formation of Esters

Carboxylic acids react with alcoholsto form esters.

T i
R—C—OH + R'OH=——R—C—OR"+H,0
Carboxylic  Alcohol Ester

acid

Notethat the acid catalysed esterification isan equilibrium reaction. Theequilibrium can
be shifted to the right side towards products it we are able to remove water or the ester
fromthereaction mixture. Alsoif we use excess of onereagent, then the equilibrium shifts
towardsthe right side to give the ester. Normally, we take excess of acohol and useit as
asolvent to carry out esterification.

O @)

| Il
CHy C—OH + CHgOH —=2242~ CH3COCH,
)

Ethanoicacid Methanol M ethyl ethanoate
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Esters are named as alkyl alkanoates. The alkyl part comes from the alcohol while the § Chemistry of Organic
alkanoate portion is derived fromthe carboxylic acid. Therefore, theaboveesteriscalled | Compounds
methyl ethanoate because it is obtained from methyl alcohol and ethanoic acid.

Esters can a so be prepared by the reaction of acid chlorides or acids anhydrides with
alcohols. Thus, we can see that these acid derivatives can be converted to one-another.

T i
Notes
C-Cl COCH,CH,
+ CH,CH,0H —2 %> + HCl
Benzoyl chloride Ethanal Ethyl benzoate
CH,OH
(0] 0] 0}
” ” Pyridine ”
CH,C—O—C—CH; + —>CH;—C—-0—CH, + CH,COOH
. Ethanoic acid
Ethanoic Benzvl alcohol Benzyl ethanoate
anhydride enzyl aicoho

(iv) Formation of Amides

Carboxylic acids react with ammoniaor aminesto give amides. Thereaction involvesthe
formation of an ammonium carboxylate salt as an intermediate which on heating gives

amide.
O @) O
I -+ I
R-C-OH + :NH3—RC-ONH; ——> R-C-NH, + H,O
Carboxylic Ammonium an Amide
acid carboxylate
i I
R—C—OH + R'NH, —— R—C—NHR'+H50
Carboxylic Primary Amide
acid amine (Substituted)

Amides can also be obtained by the reaction of ammoniaor amineswith carboxylic acid
halides, anhydrides and esters.

O O
I O I
CH3;CCl + CH3NH, ————  CH3C—NH—CHj4
Ethanoyl N - Methylethanamide
chloride
0] 0O
[ [
C\ H,0 CNH,
O + 2NH; ——>
/ A
|(|7 COOH
0)
Phthalic anhydride Pnhthalamic acid
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i i
CICH,— C—OC,Hg +NH3 —2228K_, CICH,— C—NH, + C,H5OH
Ethyl chlor oethanoate Chloroethanamide Ethanol
Thus, we can make one carboxylic acid derivative from another. Generally, the less
reactive acid (acyl) derivatives can be prepared from the more reactive ones.

The order of reactivity of various carboxylic acid derivatives isasfollows:
Acid chloride > Acid anhydride > Ester > Amide
Thus, acid chlorides are the most reactive ones whereas the amides are the | east reactive.

Since the least reactive derivative can be prepared from the more reactive ones, we can
summarise which derivative can be prepared from which other one in the following way:

( Anhydride )

(Acid chloride) j (Ester ) (Acid chloride)

I RN

N

Of course, these derivatives can be synthesised from the carboxylic acids as well.

| i
k@'{‘_ Intext Questions 29.2

1. Matchthefollowing compoundsgivenin column| and their classesgivenin columnll:

Column | Column 11
(i) CH3COOH @ Carboxylicacid halide
(i) CH3CONH,, (b) Carboxylicacid
(iii) CH3COOCH4 (©) Carboxylic acid anhydride
(iv) CH,COCI (d) Carboxylic acid amide
(v) CH3COOCOCH,Cl (e Ester

2. Arrangethefollowing acidsintheincreasing order of their solubility inwater :




3.

sand CarboxylicAcids B Y 'e » /=4

CH3COOH, CH3(CH5)3COOH  p-ClCgH4COOH
Which one of the following will be most acidic and why ?
Butanoic acid, 2-Chlorobutanoic acid, 3-Chl orobutanoic acid, 4-Chl orobutanoic acid

Givethe products of thefollowing reactions:

. (i) NaCN
(I) BrCH,CH3, (i) H,0"
CH,
(i) () KMnO, OH, A -

(i) H,O"

(iii) CH,COOH + PCly——>

[/

[——

F"‘:}’o“
¥ What You Have L eant

re,

._{'lr‘»

In thislesson, you have learnt that

Aldehydes and ketones constitute the carbonyl compounds. Aldehydes are known as
alkanals whereas ketones are called alkanones.

Aldehydesand ketones can be prepared by oxidation of alcohols, 0zonolysis of alkenes,
hydration of alkynes and Friedel-Craft’s acylation.

Carbonyl groupis polar in nature and carbonyl-carbon is susceptible to nucleophilic
attack. Thus, aldehydes and ketones undergo nucleophilic addition reactionswith many
reagents. They also exhibit condensation reactions.

Since the a -hydrogen is acidic in nature, aldehydes and ketones show specefic
reactionsat a -carbon atom such as hal ogenation and a dol condensation.

Carboxylic acids are an important class of compounds.

The methods of preparation of carboxylic acids being oxidation of alkenes, aldehydes
and ketones and akylbenzene, hydrolysis of nitriles and carbonation of Grignard
reagents.

The molecules of carboxylic acids show hydrogen bonding and can exist as dimers.
Carboxylic acids are acidic in nature. Their acidity is affected by various factors
including the nature of substituents attached to the carbon chain bearing the carboxylic
group.

Chemistry of Organic
Compounds

Notes

239




MODULE -7

Chemistry of Organic || e Carboxylic acidsform saltswith strong bases such asmetal hydroxides. They undergo
Compounds hal ogenation at a -carbon atom and can be reduced to primary acoholsusing LiAIH,.

e Carboxylicacidsgivesrisetoanumber of carboxylic acid derivatives such ascarboxylic
acid halides, anhydrides, esters and amides by nucleophilic acyl substitution reactions.
They can be prepared from one another as shown below :

|Carb0xy]ic Acid |H| Acid chloride H Anhydride |

g

l'? Terminal Exercise

1. Writethestructural formulae and |lUPAC names of the compounds containing acarbonyl
functional group and having the molecular formula C3HgO.

How canyou prepare primary, secondary or tertiary a coholsusing aldehydes or ketones?
What is Tollen’s Test ?

Explain keto-enol tautomerism.

Wheét is haloform reaction ?

How will you test acarboxylic acid in the laboratory ?

Which reagent can reduce a carboxylic acid to aprimary alcohol ?

© N oo a0 bk~ W DN

What are carboxylic acid anhydrides ? Give their method of preparation from carboxylic
acids.

9. Which carboxylic acid derivativeis most reactive ?

(a) Acid amide (b) Ester (c) Acid halide (d) Acid anhydride

N
@ Answersto Intext Questions

29.1

1. (i) adehyde, Ethanal
(ii) ketone, Butan-2-one
(iii) ketone, 1-Phenylethanone
(iv) aldehyde, Propanal

2. Usinghydrationwith Hg?*, H*.
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Because they have one alkyl group whereas a ketone has two akyl group. Hence,
the carbonyl carbon in aldehydesis more positive.

Also, thetwo akyl groupslead to more crowding in ketones.

OH ?RH Rl ’
U)R—é—CN (il) R—C—R" (i) R—C—R"
E, OR’ OH

By Wolff- Kishner reduction or Clemmensen reduction.

The product formed by the condensation of two a dehyde molecules havinga-hydrogen
atom. Aldol contains both an aldehyde and an alcohol functional group.

29.2

(i). (b) (i). (d) (). () (v).(@ (v)e
p — CIC,H,COOH < CH,(CH,),COOH < CH,COOH

2-Chlorobutanoic acid, because of maximum —I effect of —Cl at 2 — position.
COOH

(i) HOOCCH,CH3, (i) ,

(iii) 3CH3COCI + H3PO,

Because of resonance stabilization of carboxylate anion. The alkoxide ion cannot
stabilize by resonance.
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