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Module 6 Carbonyl Compounds
Lecture 13 Carbonyl Compounds |
6.1 Introduction

Carbonyl compounds are compounds that contain the carbonyl group, which include

aldehydes, ketones, carboxylic acid and its derivatives.
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Halides

They have dipolar moment as oxygen is more electronegative than carbon. This implies
that the carbonyl carbon is slightly positively charged and the carbonyl oxygen is slightly
negatively charged. This makes the former susceptible to nucleophilic attack while the

latter should be susceptible to attack by electrophiles.
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In simple nucleophilic addition reaction, where the rate limiting step is the attack by
nucleophile (Nu’), the rate of the reaction will reduce with electron donating R groups
and enhance with electron withdrawing R groups. This is on account of the fact that the
positive charge on carbonyl carbon is neutralized progressively on going to the transition

state for nucleophilic addition.

-
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Thus it is further expected that the factors which may cause the delocalization of the
positive charge on the carbonyl carbon will render the nucleophilic addition slow. Such
factors include conjugation with aromatic rings, double bonds and groups containing

unshared pair of electrons. As the addition reaction proceeds, the trigonal carbon is
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converted to saturated carbon, any increase in steric bulk in the R groups is expected to
hinder the rate of the reaction. Thus, carbonyl compounds containing sterically bulky

groups tend to react slowly and more reversibly.

6.2 Aldehydes and Ketones

Trivially, aldehydes are usually named after the acids they form on oxidation. The —ic in
the name of the acid is then replaced by aldehyde to get the name of the aldehyde.

0 oxidation j)\
HJ\H H™ ~OH
formaldehyde formic acid

On the other hand, ketones are named by using the names of the groups attached with the

carbonyl group and then adding ketone after the name of groups.

0]
o
HaC~ “CH, H,
dlmethy| ketone ethy| iSOpfOpy' ketone

In the IUPAC system, aldehydes and ketones are named according to the following

procedure:

e The name of the parent hydrocarbon (alkane or alkene or alkyne) is determined
while counting the carbonyl carbon as a methyl group for aldehydes and as a
methylene group for ketones. The substituents are named as it is done for the
hydrocarbon while considering the position of aldehyde as 1-position. For both
aldehydes and ketones, the naming is done as in alkanes but keeping in mind the
priority sequence and rule of lowest locants.

e The name of the alkane is modified to alkanal for an aldehyde. In case of ketones,
the name is modified to alkanone. The position of the carbonyl group is denoted

as numerical prefix to —one.
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o) @] @] CH; O
5-hydroxypentana| Pentan-1 5-dial 3-methy|butana|
CH; O O
H,C
4-methy|pent‘3'en'2'0ne 1-phenylbutan-2-one 4-methy|CyC|Ohexan0ne

e In cases where both the aldehyde and keto functionalities are present in the same
molecule, the aldehyde gets preference and the molecule is suffixed with an —al.

The position of the keto group is denoted by a numerical prefix and is denoted by

CH
H3

2-methy|-4-oxopentana|

used of the word oxo.

6.2.1 Common Methods for Preparation Aldehydes and Ketones
6.2.1.1 Oxidation of Alcohols

Ketones may be prepared by the oxidation of secondary alcohols in the presence of acid
dichromate (Scheme 1). The reaction probably proceeds via the rate limiting formation of

a chromate ester followed by decomposition of the ester to give the products.

4 4’Nazcr207 j)\/\/\/CH
HSC)\/\/\/CHs aqH,S0, . HsC 3

o rae H<OH R (OH R HO__OH
F270H + \\CF/ I|m|t|ng o- C[ R occf—OH o+ e
HO OH R)’ H/%T s R/E ¢!
H,O
Scheme 1
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In case of primary alcohol, this process may lead to oxidation of the alcohol to carboxylic
acid. This problem is overcome by attenuating the oxidizing power of chromic acid based
reagents to generate a milder oxidizing agent. The two most popular oxidizing agents for
oxidizing primary alcohols to aldehydes are pyridinium chlorochromate (PCC) and
pyridiniumdichromate (PDC) . These reagents are prepared by the treatment of chromic

acid with pyridine (Scheme 2).

pENpR
| Z O o’dr\o
\

N

(o (5 ~0 pyr|d|n|um Chlorochromate

CH,Cl,
Scheme 2
The ketones may also be generated from the secondary alcohols using aluminium t-
butoxide in the presence of acetone (Scheme 3). The secondary alcohol is refluxed with

the reagent in an excess of acetone. This reagent is particularly helpful in oxidation of

unsaturated alcohol as only the alcoholic OH is oxidized.

OH

AOBU;  + O)\C"b - . O-Al(0'Bu),
H3

Scheme 3
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6.2.1.2 Reduction of Acid Chloride

Aldehydes can be prepared by the reduction of acid chloride with hydrogen in xylene
using a palladium catalyst suspended on barium sulphate (Rosenmund reduction)
(Scheme 4). This process demonstrates the control of chemoselectivity by poisoning of
the catalyst. The role of barium sulphate is to prevent the reaction from proceeding

further to alcohol.
0 o)

Scheme 4

6.2.1.3 Oxidative Cleavage of Alkenes

Both aldehydes and ketones may be formed by ozonolysis of suitable alkenes (Scheme

5). The ozonolysis of alkenes of the type RCH=CHR" leads to the formation of aldehydes

while the tetrasubstituted alkenes will give ketones as product.

@)
HsC H 04, 20 °© .
C,H H
H CH, HC H 2Ms
O
C3H7 CH3 0. 7 > +
n
== 5 CsH;  CoHs H,C CHj
C,Hy; CHj
O O
CH, CH, 0,3, Zn N

Scheme 5
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6.2.1.4 Hydration of Alkynes
The hydration of alkynes by the mercuration-demercuration procedure can be utilized to
prepare acetaldehyde and ketones (Scheme 6). The hydration of acetylene gives

acetaldehyde while the hydration of any other alkyne leads to formation of ketones.

O

HgSO4/stO4 )J\
H,0 H5C H

HgSO4/H2804 CH
Hsc/\/\/\ > Hac/\/\/\g/ s

Scheme 6
6.2.1.5 Acylation of Arenes
Friedel Craft acylation may be used to prepare alkyl aryl ketones or diaryl ketones
(Scheme 7). In this process, an arene is usually treated with an acid halide or acid
anhydride in the presence of a Lewis acid catalyst. This reaction is an example of

aromatic electrophilic substitution.

0
0 AlCI CH
0. 8 . Oy
HaC H,c” ~cr H2O HaC
0
0
Cl AICI,
H,0

Scheme 7
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6.2.2 Reactions of Aldehydes and Ketones

The nucleophilic addition to the carbonyl group is the most important reaction of
aldehydes and ketones. Several nucleophiles such as water, alcohols, cyanide etc attack
the carbonyl carbon. But, it should be noted that all adducts of this addition reaction are

not stable and many reaction are readily reversible. The reaction can be catalyzed by the

presence of both acids and bases. The mechanisms are given below.

6_
R1 Nu
H-A R1 + 1
2>=O ONU e 25'\ H_R Nu
R R (H) AS_ R% OH
o-
RL ; B—H H,0 R!
4 Rl 5 R2 OH
R R2°>NO

Since in both cases, the amount of negative charge increases in transition state, so it is

expected that electron withdrawing substituents in the carbonyl compound will enhance

the rate of reaction.
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6.2.2.1 Hydration

The addition of water to aldehydes and ketones seems insignificant as the reaction is
usually reversible with the equilibrium lying largely to the left. However, in some cases
the hydrate may be stabilized due to various reasons. Thus, powerful electron
withdrawing effect on the carbonyl carbon may facilitate hydration thereby moving the
equilibrium to the right. Thus, trichloroethanal, diphenylpropantrione and ninhydrin
readily form their corresponding hydrates (Scheme 9). Further stabilization is also

provided by the hydrogen bonding interactions.

H
0 H.O" cl--~ o
cl = cl
H |
el TH
O O o _0 O.
3 ]
h Ph
o) o.__
H,0" LS
o = o)
\H

Scheme 9

6.2.2.2 Acetal Formation

The reactions of aldehydes with one equiv of alcohols yield hemiacetals. The reaction
follows the same pattern as with hydration and stable hemiacetals can be isolated by

using aldehydes possessing electron withdrawing groups.

O] H.o OC,Hs

Brfl\ C,HsOH Bff(
H —— H
Br'a, Br'g,
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Hemiacetals may react with one more equiv of alcohol to form acetals. The reaction
requires specific acid catalysis indicating that the loss of water as the slow rate

determining step.

1 x ) R? R3OH R! oR2 H* R! OR2
Rl OH H3O+ R OH2 HZO >+_OR2 OR H
1

P + 3
, = OR2 ~Tate y oRy —— )<OR
OR s R | R
|Imltlng H

This reaction is not very feasible with ketones however, ketones do react with 1,2-diols to
form cyclic acetals (Scheme 10). The fact that the reaction can be made to go with 1,2-
diols but not with simple alcohols (ROH) is due to the entropy factor for the former being
more favourable than that for the latter, which involves a decrease in the number of
molecules on going from starting material to product. The acetals are not susceptible to

hydrolysis by a base and thus are used as a protecting group.

O Ho oH d %
H3C % PTSA HSCX/\

d % NaNH, d b CHd {7}
chX/\\ 3 H3C></\\_ H,C

N
d b HCIH,0 9
HaC

T Ny
o Nen

CH,

N
S CH,4

3

Scheme 10
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6.2.2.2 Cyanohydrin Synthesis

The addition of cyanide leads to the formation of cyanohydrins, a class of molecules with
interesting synthetic application. The formation of cyanohydrin is also a reversible
reaction and the equilibrium can be shifted to the right by using an acid or base as
catalyst. In this case the rate limiting step is the attack of the nucleophile. This reaction
proceeds quantitatively for aldehydes and simple ketones but not so for aryl alkyl ketones
and diaryl ketones (Scheme 11).

j\ + Hon _PHO10 HO><CN
HaC” “CHg HyC” CH,
Ccl o ClHO CN
©5J\H + NacN 2S04 ©f<H
Cl Cl
Scheme 11

As told above the cyanohydrin moiety is of synthetic importance and it can be easily
transformed into other important functionalities. Thus, the OH group can undergo several
functional group transformations such as oxidation and dehydration. Similarly, the cyano

group can be reduced to amines or oxidized to carboxylic acids.

HO CN Hy0* NC

HSCXCHs H3é

methacrylonitrile

NC OH , H,NH,C OH
CHy  LiAlH,

HsC — e CHj
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6.2.2.3 Reduction

The attack of hydride ion on the carbonyl group, i.e., the reduction of aldehydes and
ketones may be seen as nucleophilic addition but the actual pathway is quite complicated.
Lithium aluminium hydride is a very powerful reducing agent and easily reduces both
aldehydes and ketones to their corresponding alcohols. The reaction involves irreversible
hydride transfer to the carbonyl compound to form an aluminium complex (1) which then
further reacts with another three molecules of ketone to form the complex (2) which on

treatment with aprotic solvent gives the product.

_ o)
HAH _ A
j\j ° H OAH; pIlg H)f A Rion H oH
- =
X, —= |rRR —
R”OR ROR . R”OR

A much weaker reducing agent is sodium borohydride which may be used in protic
solvents. It is less reactive than lithium aluminium hydride thereby allowing more
selective reductions. The pathway for reduction is however similar to that of lithium

aluminium hydride (Scheme 12).

R R R o
oj.s‘sH3 HO';H??:O HOEH/?:O HOE/F): W olB
RJ\R — g — RXRT — RXRL_ — RXRL
2 R1OH
by OH

RXR

Scheme 12
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There are variety of reducing agents can be derived from these hydride ion donors.
Several reducing agents are known tailor made to suit the purpose of selective reduction

of one group while keeping the other unaffected.

In the above mentioned reduction protocols, the transfer of hydride ion is irreversible but
a reversible hydride transfer to a carbonyl compound is also possible. This reaction
known as Meerwein-Pondorf-Verley reduction is similar to the previously mentioned

Oppenauer oxidation protocol for preparation of ketones.
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Module 6 Carbonyl Compounds
Lecture 14 Aldehydes and Ketones |

6.2.2.3 Reduction

The reduction of aldehydes and ketones may be carried out by electrons generated from
more electropositive elements under certain conditions (Scheme 1). Such electrons may
act as a nucleophile and add to the carbonyl group to yield a radical anion often as ion
pair with the metal cation. The blue colour generated by the aromatic ketones on reaction

with sodium in the absence of air is an example of formation of such a radical.
o)

IO O

Scheme 1

The radical so formed can couple with a similar radical to form a 1,2-diol (pinacol)

(Scheme 2). The reaction is however usually carried out using amalgamated magnesium.

H,C
0 3 H3C " OH
H;O
L Mg(Hg) H3c>-_ O\Mg H5C OMg : HsC CHj
H3C CH3 e’ H3C~ . d H3C o’ H3C OH
Scheme 2

Another example of this phenomenon is the famed Clemensen reduction (Scheme 3). In

this reaction, a ketone (usually) is treated with amalgated zinc and hydrochloric acid.

O
ZN(Hg)
CH — CH
©)J\/\ 3 oG ©/\/\ 3

Scheme 3
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Several pathways have been proposed for this reaction. However, the understanding of
the mechanism of this reaction is still unclear. A probable mechanism is depicted in

Scheme 4.

7zn HO Z _ cr B H* H
Jo oz R a7 ){R n R*R_>R)\ T o/

Scheme 4

Another application of this protocol is methylation of primary amines. The alkylation of
amine often leads to polyalkylated amines. In case of methylation, the methylation can be
stopped after one methyl group is added to the amine by treating it with formaldehyde to

form an enamine followed by reduction (Scheme 5).

_— LiAIH, ~,.-CHj
HiC~ NH, + HCHO HC~ N~ HeC”™ N

Scheme 5

6.2.2.4 Condensation

The aldehydes and ketones undergo another class of reactions which may be called
addition elimination reaction or condensation reactions. In these reactions, they react with
a reagent to form an adduct, which may then under suitable conditions undergo
elimination of a water molecule to form the product. The most common reactions
involve an attack by nucleophiles like hydroxylamine, phenyl hydrazine and its
derivatives and semicarbazide and its derivatives. The general pathway for this reaction

may be given as:

R R><I$IHY R><N HY R>§I¥Y R>:

_ +
R o~ R o R " R /6;42 H'H,0 R
/. H H

H,N—Y
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The strong nucleophiles such as hydroxylamine do not require assistance by any catalyst,

however, weaker nucleophiles such as semicarbazone and its derivatives require general

acid catalysis to activate the keto group. Thus, it may be expected that in basic and

neutral solutions, the elimination of water is the rate limiting slow step which in an acidic

solution, the attack of the nucleophile is the rate limiting step. The table below gives the

names of the products of some common ammonia derivatives and ketones.

Ammonia derivative Carbonyl derivative
Hydroxylamine Oxime

Hydrazine Hydrazone
Semicarbazide Semicarabazone

The most famous application of this category is the formation of 24-

dinitrophenylhydrazone derivatives of ketones which are used to determine the presence

of keto functionality (Scheme 6).

NHNH, ON
2
H3C, NO>  pjiH,s0, HyC
=0+ =NNH NO,
HyC CoHsOH HaC
NO, orange coloured precipitate
2,4-ditrophenylhydrazine a 2,4-ditrophenylhydrazone

Scheme 6
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Similarly, Girard’s reagent T and Girard’s reagent P are used in purification of carbonyl
compounds (Scheme 7).

H
H N N
HaC % N. SN “NH,
e @ /\c[)r

CH; O
Girard Reagent T Girard Reagent P
o N-OH
/\/\)J\ C2HsOH /\/\)l\
H,;C H + NH,OHHCI HsC H
NaOCOCH;

0] )—HN\

0 N
@)
H3C\/\/\/\/\)J\ + )J\ ~-NH, H C\/\/\/\/\)J\
H HoN H 3 H
Scheme 7

The Clemensen reduction discussed previously cannot be used acid sensitive carbonyl

compounds. A method known as Wolff Kishner reduction may be employed in such

circumstances (Scheme 8). The protocol involves the synthesis of the corresponding
hydrazone from the ketone followed by reduction.

o) NNH,
C2H5OH CZHSONa
+ NH2NH2 —_— 180 oC
Scheme 8

The reaction is believed to proceed in the following manner (Scheme 9).

- N H
o N NH2 (NH y NH N NN
N,H, C,HsONa CHOH o CoHsONa ¢
— — R R
R R R R R R R R H H
C,HsOH
H
H o cHoH N
R —
R R
Scheme 9
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Another type of reactions is the reaction of aldehydes and ketones with substituted
amines (Scheme 10). Primary amines react with carbonyl compounds to give an imine
(also called Schiff base). As shown above, the initial addition of the amine generates a
carbinol amine which then undergoes p-elimination to give the imine as product. The
reaction requires acid catalysis for the elimination step. However, the pH of the solution
has to be maintained properly since a very low pH will result in protonation of the

nucleophile amine.

HZ.O Hzo
R ) R NHR! R NHR! Hz0" R\*ERl R
O + RLNH, — . + -
f 2 R><OK\H N R><0H R?@ F/E NR?
OH inolami
Carbinolamine Schiff base
- CH,
(o) 3
(:/r + HSC)\/NHZ _— O// \)\CH??
CH
I
H + HN-CHy — » H

Scheme 10
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Secondary amines may also participate in this reaction (Scheme 11). They add to
aldehydes and ketones to form a carbinol amine which on dehydration leads to formation
of an enamine. The pathway of the reaction is similar to the pathway shown above for the
reaction of ketones with primary amines. The formation of enamine is of some synthetic

importance as it is commonly used as an intermediate in many synthetic protocols.
O H
N CeHe
+
; ; Q T heat @@

HOmH
Q%)—H . Eglcﬁij =®7@ + HO

O:o + CNH

Q enamine
CH
CH, 3

0
T el e K
0
H +  HN-CHy ——— > ©)\

Scheme 11
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One of the uses is in the selective alkylation as shown below. In this case, only the least
hindered enamine is formed. This is because the enamine formation is
thermodynamically controlled and, hence, the less substituted enamine is formed slowly.

Thus, the alkylation takes place on that side only (Scheme 12).

Ph
CHy el =Y CHy ©

{ \ H;0
+ 3 Ph
H3C)\/U\CH3 H ch)\& H,O Hsc)\)J\/\g/

Thermodynamically
controlle product

()

CH3 N
HyC™ N CH,
not formed
0 N °
CH,4 O H;O" HsC + BT CHGCN, reflux HsC =
* NN H,0, 80 °C
H

Scheme 12

The hydrazone derivatives of ketones undergo a rearrangement to form N-substituted
amides in the presence of acidic reagents like H,SO,4, PCls, BF3 etc. This is known as

Beckmann rearrangement (Scheme 13).

o NHoH N ppa 0o

R)J\ R R)l\Rl RlJ\NHR

Scheme 13

The reaction is believed to proceed in the following manner. It is the group trans to

hydroxyl group that always migrates under these conditions (Scheme 14).

Joint initiative of IITs and 1I1Sc — Funded by MHRD Page 19 of 46



NPTEL — Biotechnology — Cell Biology

_H+

R! Rl OH R! f)Hz i R: R!
F):o M F?:[\f i, Fﬁ H0 }:NR H2_O> 6/‘ENR
H2

Scheme 14

R: R!
CP:NR — ’\?:o
H RH

6.2.2.5 1.2-Addition Reaction

The reaction of carbonyl compounds with organometallic reagents is of unique
importance in organic chemistry. These organometallic reagents are nucleophilic in
nature and, thus, can attack on the carbonyl carbon. Though almost all classes of carbonyl
compound react with aldehydes and ketones with varying results, in this section, only the

reactions of aldehydes and ketones are discussed here.

Both aldehydes and ketones react with Grignard reagents to form an alcohol.
Formaldehyde forms a primary alcohol as a result of this reaction while the rest of the
aldehydes all form secondary alcohols. Similarly, the ketones form tertiary alcohols
(Scheme 15).

O
MaBr ether
Ha,C™ > 9 + H)J\H - H,C” " OH
H;0
MgB " ether CH
gBr 4 3
HaC™ " H3C)J\H H,O" Hsc/\/\/\g
H
ether CHj
CH;MgCl  +
Mol [0 o o
Scheme 15

The actual composition of the Grignard reagents and the pathway of the reaction is a
debatable issue, but it is clear that the Grignard reagents usually form associated
structures among themselves (Scheme 16). This has been found to depend on the nature
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of the groups in the Grignard reagent as well as the solvent. It is believed that the reaction
proceeds through a cyclic transition state involving the Grignard reagent, the carbonyl

compound and the solvent molecules.

X

__MgX
R X 1M9 1
Rl R R

1

R + RMgX Hs0 R
g 3 R

— | - - R MgX — 7‘\

Scheme 16

However, when there are hydrogen atoms on the B-carbon of the Grignard reagent, then

they tend to reduce the carbonyl compound, they themselves being oxidized to alkenes.

B R R

R
R H
H’)\x R/g N R1 R
riH RL | RlH H;0 J\ +
o, —— | | e T <
Rl

R Y07 9 X RLO7

Similarly, sterically hindered ketones ha;/ing hydrogen atoms on their a-carbons tend to

be converted to enols, the Grignard reagent is reduced to form an alkane.
R H R H R H R

R2 RN ~p2 +
R \ R R H,O 1
ji |\|/| — | R : I - ‘ ¥ . R R*+ R2.H
Rl \O’/ gx Rl k\b,’MgX Rl ng

O/

Another class of widely used organometallic reagents which act as a nucleophile are the
organolithium reagents. The organolithium reagents are usually harder bases than the

Grignard reagents and therefore show a greater reactivity.
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OH

©)‘\ ether |

N(CHs)z (502N OH

ether O O

However, due to their higher reactivity, they are not prone to the side reactions occurring

due to steric crowding as in Grignard reagents.
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Module 6 Carbonyl Compounds
Lecture 15 Aldehydes and Ketones |1

6.2.2.6 1,4-Addition Reaction

The organocopper reagents are much softer nucleophiles and when they are used as a
nucleophile for an a,B-unsaturated carbonyl compound, it results in not a 1,2 addition but
rather 1,4-addition (Scheme 1). This is explained by the thermodynamic control of the
reaction. A hard nucleophile like organolithium reagents instead react under Kinetic

control.

hard electrophilic centre

o_~ _ HO_ Ph

O R — O

hard nucleophilic centre Kinetically controlled product
(0] O
ij +  (CH3CH,CH,),CuLli — = é\ﬁ

\ CHj

soft electrophilic centre Thermodynamically controlled product
- o-
O8 [e)
8+% -~ '\\\
3+ ™

soft electrophile

Scheme 1
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6.2.2.7 Aldol Reactions

This reaction also involves the attack of a nucleophile, but the nucleophile is a carbanion
generated from an aldehyde or ketone. This evidently requires a base to abstract a proton
from the carbonyl compound to generate the carbanion. The carbanion so generated may
now attack another molecule of aldehyde or ketone to generate a -hydroxy carbonyl
compound which may be dehydrated under suitable conditions to generate an a,f3-
unsaturated carbonyl compound (Scheme 2). The reaction is almost complete for
aldehydes but in case of even simple ketones, the reaction almost completely lies to the
left. The reason for such an observation lies in the reversibility of the formation of the
carbanion. In such cases, where the attack of the carbanion the carbonyl compound is
slower than the reprotonation of the carbonyl compound, the product will be formed only
in small amounts. The reaction can be made to proceed quantitatively, if one of the

products is removed continuously thereby pulling the reaction to the right.

0
HO™ ™y, o H)K/R CHO CHO
H,0
H ~__H R)\ﬁR —— R R
R)ﬁof “H,0 R/\[Of o -OH OH
I o
R/\)\H
CHO on CHO
excess .
E1cB

OH
Scheme 2

The B-hydroxy compound so formed may undergo elimination in the presence of excess
of base to generate an a,fB-unsaturated carbonyl compound. The reaction is evidently
dependent on both the concentration of the base and the B-hydroxy carbonyl compound

and is found to proceed by E1cB pathway.
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It is to be noted that this reaction is essentially a reaction involving the enolate ions.

Since enol formation from an aldehyde or ketone is feasible even in acid solution, so this

reaction can be carried out using an acid as a catalyst. The reaction now follows a

completely different pathway and almost always leads to the formation of the dehydrated

product. Here, the carbonyl compound forms an equilibrium concentration of enol which

then attacks the protonated form of the carbonyl compound to give the “aldol” which may

undergo elimination by El1 pathway to give the a,p-unsaturated carbonyl compound

(Scheme 3).

O

H3C)J\CH3

mesityl oxide

H;0*

O
H3CTJ\CH3
(oH OH "6 om
SYQ S 3 on
HC H;C~ ~CH, H3c)\/bcH3 |
Hy
-H*

(W
OH

0 rOH, o OH, H0* o)
E1l _—
H,C H(3:H3 3 H, 3 3 H; 3
Ilaldolll

Scheme 3
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A further complication may arise on subjecting unsymmetrical ketones to aldol reaction.
Now, there are two potential enols/enolates that could be formed and hence a mixture of
products will be obtained. These rules out any synthetic utility for such reaction.
However, in certain ketones, one side may be blocked by group so that it can enolize in
one specific direction. Some examples of such ketones are t-butyl ketones, acetophenone

and its derivatives and lactones (Scheme 4).

0 o)) D o
HsC ’ OH HsC H,C 3 H,C CH,
CH, CH, =——= CH
H.C Hy ° H;C H3 3

O CH,

mCMCHs
HsC CH,
Hs Hs

An aldol reaction may also be carried out between an aldehyde and a ketone or between

Scheme 4

two different aldehydes and ketones. Such a reaction is called a cross aldol reaction. Now
in cases where both the coupling partners possess a-H are not of any synthetic value as
four different products may be produced. However, where one of the coupling partners is
only capable of enolizing and is more electrophilic than the other partner, the aldol
reaction may be fruitful in giving only one preferential product. Thus, the Claisen-
Schmidt condensation of aromatic aldehydes with aliphatic aldehydes or methyl ketones

using a base may be considered as of this type (Scheme 5).

@)
H + OH" A CHj

Scheme 5
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Similarly the importance of high electrophilicity of the non enolizing partner can be

understood from the following example.

O o O
@CH3 H)K@\ NaOH R =
+ H,O/ C,HsOH
NO, NO,

The reaction proceeds via the usual base catalyzed pathway. In the first step, the

enolizable partner undergoes enolization in the presence of the base.

O o o

Enolization not possible
: NO

2
Next, the enolate attacks the electrophile benzaldehyde to form an aldol which then

dehydrates by E1cB pathway.

HC\ OC,Hs

o — oo e,

C,oH50°

OH O O OH
S ElcB
NO, NO,
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The enolate (1) formed in this step could attack another molecule of unenolized ketone
but did not since ketones are less reactive than aldehydes. Thus, the enolate chooses to

attack the better electrophile (4-nitrobenzaldehyde).

H,C
- D

Lithium enolates derived from carbonyl compounds in THF at low temperature by using

o

Q)

lithium diisopropylamide (LDA) as base. The reaction is kinetically controlled and
therefore converted fast enough to prevent the enolate to react with a molecule of

unenolized carbonyl compound.

Ao —— w0

lithium enolate

Now, if a second carbonyl compound is added, then it also complexes with the lithium
cation allowing the aldol reaction to take place from a six membered transition state.

Li i
O/L R1CHO /Oé}?l\ O/LI\O H3O+ 0 OH
= | -
R/& R R1 R)\)\Rl RMRl
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The reaction works well even if the electrophilic partner is an enolizable aldehyde. Thus,
the lithium enolate of propiophenone can react with propan-1-al to form 3-hydroxy-2-
methyl-1-phenylpentan-1-one selectively even when propan-1-al is an enolizable
aldehydes (Scheme 6). But it must be noted that the reaction is actually carried out in two
steps. In the first step, lithium enolate of propiophenone is formed, then, the electrophilic

partner is added.

Li )CL/ OQU o
o CH \
3
CHs H kk/ H
Ph)K/ W Ph)\/CHS Ph)T C 3
propiophenone Hj
Li
O OH H,0" -0

3—hydroxy—2-methy|-1-pheny|pentan-l—one
Scheme 6

Similarly, silylenol ethers generated from ketones may also be used as the nucleophilic
partner in aldol reactions. The silylenol ether can be prepared from its parent carbonyl
compound by forming a small equilibrium concentration of enolate ion with weak base
such as a tertiary amine and trapping the enolate with the very efficient oxygen
electrophile (CH3)sSiCl. The silylenol ether is stable enough to be isolated but is usually
used immediately without storing. Lewis acid catalyst is needed to get the aldol reaction

to work, and a Ti(IV) compound such as TiCl, is the most popular (Scheme 7).

Si(CH3)3

@]

)J\ (CZH5)3N

R~ “CHj (CH3)3S|CI R/K
O/Si(CH3)3

O/SI(CH3)3 o

O
TiCl
R/& + Ph H —>4 RMPh —_— RMPh

Scheme 7
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In this reaction, the aldehyde presumably coordinates with the Lewis acid TiCl, which
then undergoes a nucleophilic attack by the silylenol ether to form the aldol product
(Scheme 8). The reaction pathway probably involves a six membered cyclic transition

state as shown below.

CI- QET Cl

. Cl,Ti (CHz)sS <
(HaC)SI<5® %8 (H3C)3Si_+ _TiCly S\/ iClg O OH
| - [Ne) O (@] (@) )J\)\
| —_— —_—

Scheme 8

6.2.2.8 Benzoin Condensation

A reaction similar in nature with the aldol reaction but occurs in the presence of a very
concentration of base and with substrates lacking an o-H like benzaldehyde,
formaldehyde etc. This reaction involves a hydride transfer from one molecule of
aldehyde to other leading to an overall disproportionation where one molecule of
aldehyde is oxidized to carboxylic acid where as the other is reduced to an alcohol

(Scheme 9).

/ﬁ\) O) (0] (0] o O OH
+ +

Ph"\H th H =—— Ph)J\OH ph/& -— Ph)J\O' Ph/tH

Scheme 9

)

HO
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Aromatic aldehydes in the presence of catalytic amount of cyanide as a nucleophile may
undergo benzoin condensation where cyanide first attacks a molecule of aldehyde to
form an intermediate. Next, an intramolecular hydride transfer takes place followed a
carbanionic attack on another aldehyde molecule. The intermediate so formed undergoes

elimination of cyanide to form a-hydroxyketone (Scheme 10).
OH O

O CN o ArCHO
Ar)J\H Ar/%NH - Ar)\ F; AV/E\I)\N

e} OH O) OH
Ar MAI’ Ar %\I)\Ar
Scheme 10

Cyanide is considered ideal for catalysing this reaction due to (1) its ability to act as a
nucleophile, (2) its ability to act as a leaving group and (c) its ability through electron

withdrawal to increase the acidity of the C-H bond and to stabilize the carbanion.

When benzaldehyde is used as reactant in the above reaction the product is called benzoin
and hence the reaction has been named benzoin condensation. These a-hydroxyketones
may be easily oxidized to the 1,2-diketones which under the action of hydroxylic base

undergo rearrangement to form benzilic acid (Scheme 11).

Ph (o OH Ph Ph 9 pn © op OH

. ﬁ . OH —— o
Mh o) H Ph}\g/ Ph>l\g/
HO"

Scheme 11
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6.2.2.9 Wittig Reaction

The Wittig reaction is one of the most important reactions of the carbonyl group and is an
important synthetic route to alkenes. It involves the addition of a phosphonium ylide to a
carbonyl group of an aldehyde or a ketone. The ylide is actually a carbanion having an
adjacent heteroatom. Such species are generated by the reaction of an alkyl halide and
triaryl phosphine to yield a salt followed by abstraction of a proton from it by a very
strong base (Scheme 12).

Ph,p  + RRICHX — = PhsP_CHRR! X" _Pht  [phB-GRR! <, Ph,P=CRR!

Wittig reagent or ylide
Scheme 12

The Wittig reagent or ylide then reacts with the carbonyl compound to probably form a
oxaphosphatene intermediate which undergo elimination to generate the alkene (Scheme
13).

PPh; 20" PPh O-PPh,
RZJJ\RZ )\Rl —>Rﬂ g 3 —»RZ%R e ——— >—$ Ph3P:O
R2
oxaphOSphatene
Scheme 13

This reaction is particularly valuable to insert methylene groups in exocyclic positions
and for the preparation of ,y- unsaturated carboxylic acids and their derivatives (Scheme
14).

OrPPh,

O
e e (7 e

oxaphOSphatene

HyC  COOC,Hs

o) COOCHs O4PPh,
i * Phng—‘_/_ ——H,C —>r2:/ +  PhP,=0
HeC~ “Ph COOC,H; P

P
oxaphOSphatene
Scheme 14

It should be noticed that normally stabilized ylides give the E-alkene while non-stabilized

alkenes give the Z-alkene.
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6.2.2.10 Baeyer Villiger Oxidation

When ketones are treated with peracids, they rearrange to form esters, the reaction is
known as Baeyer Villiger oxidation. Carboxylates are not such good leaving groups, but
the oxygen—oxygen single bond is very weak and monovalent oxygen cannot bear to
carry a positive charge so that, once the peracid has added, loss of carboxylate is

concerted with a rearrangement driven, by formation of a carbonyl group (Scheme 15).

o)
ri J o-OH o

R)J\OR

O
R)J\R

Scheme 15

The tendency of migration in this case of a group depends more on less the order in
which the groups are able to stabilize a positive charge. Thus, tertiary alkyl is best in

migrating followed by secondary alkyl, phenyl and methyl (Scheme 16).

O O

ij m-CPBA O

Ph~ S0 Ph" SO
m-CPBA
/ S 7
Y 0

Scheme 16
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Module 6 Carbonyl Compounds
Lecture 16 Carboxylic Acid and its Derivatives

The carboxylic acid and its derivatives are important classes of compounds in organic
chemistry.
e The carboxylic acids are named by first finding out the name of parent alkane
while counting the carboxyl carbon too. Then, the suffix oic acid is added to it.
Some examples are given below.

HC O 0 o
H36>_<)H HsC/\/\)J\OH %H
2-methylpropanoic acid hexanoic acid cycloheptanecarboxylic acid

e The acid chlorides are named after the carboxylic acid from which they are

derived. The —ic acid in the IUPAC name is replaced by -yl halide. Some

examples are given below.

O
o @ ©)J\CI
H3C/\/\)J\C| Nj\d
hexanoyl chloride but-3-enoyl chloride benzoyl chloride

e In an acid anhydride, when both the acyl groups are same, the word acid in the
carboxylic acid is replaced by anhydride but, if the two acyl groups are different,

the names of carboxylic acids are written in alphabetical order.

o o
HBCJ\OJ\CH3 Hs

acetic anhydride benzoic 2-methylpentanoic anhydride
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e In esters the alkyl group and the acyl group are specified independently. The
name of the alkyl group is first written followed by the name of the acyl group.

The name is suffixed by with an oate.

O
0] @) H;C
Tgs I oy fomon
HsC” 07 > Ph™ N0 Ha

2-bromoethyl acetate phenyl benzoate ethyl 2-methylpentanoate

e When naming amides, the -oic in the name of the acid is replaced with —amide. In
case of substitution on the nitrogen atom, they are prefixed before the name as N-.
The substituents are always written in an alphabetical order. Some examples are

provided below.

(@) P
HaC N-"CH, H, A

H,C NH, CH, H
3-phenylbutanamide N-ethyl-N,3-dimethylbutanamide  3-Methyl-N-phenylbutanamide

6.3 Reactions

The reactivity of the carboxylic acid derivatives towards nucleophilic attack follows the

order:

acyl chloride > anhydride > ester > amide

This order of reactivity of carboxylic acid derivatives towards nucleophilic acyl

substitution can be explained on the basis of the electron donating properties of the

substituent attached to the acyl group. The greater the electron donating power of this

group, the slower is the rate.
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6.4 Carboxylic Acid Synthesis
6.4.1 Oxidation of Alcohols

Carboxylic acids are normally prepared from primary alcohols by oxidation using

oxidizing agents such as KMnO, and chromic acid (Scheme 1).

OH O._OH
CrO,, H,S0,
:32 g:s s > H,C CH,
3 2
37 CH, CH; HCeh, CHYT
Scheme 1

6.4.2 Hydrolysis of Nitriles

Another method of preparation of carboxylic acids involves the hydrolysis of nitriles by

an acid or a base (Scheme 2).

Cl NacN CN H,O* OH

Scheme 2

6.4.2 Grignard Reaction

The action of dry ice on Grignard reagent leads to the formation of carboxylic acids
(Scheme 3).

Cl
CH Mg, ether
H3C)\/ 3 9 HyC )\/CH3

co,
HzO0+
Mg, ether ‘
s

OOH

Scheme 3
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6.5 Acid Chloride Synthesis

The acyl chlorides may be generated from carboxylic acids by heating them with
phosphorus trichloride or phosphorus pentachloride.

© PCl O
5
R)J\OH R)J\Cl

6.6 Ester Synthesis

The carboxylic acids can be converted to corresponding esters by treating them with an
alcohol in the presence of an acid or a base as a catalyst (Scheme 4). The reaction may be
reversible and suitable precautions are to be employed to obtain satisfactory yields.

@] @]
H,O*
PN 3
ethyl benzoate
Scheme 4
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6.7 Amide Synthesis
The carboxylic acid chlorides or acyl chlorides can be converted into amides by treating
with ammonia. Treatment with an aliphatic or aromatic amine results in formation of

corresponding N-substituted amide (Scheme 5).

H
Ph/j N \©/C2H5
A

NH,

2H5

OH | NH
Ph/\g/ PCls Ph/\g/c NH; Ph/\g/ 2

CHj
NH
ch)\/ 2

CH;

H
Ph/\g/N\)\CH3

Scheme 5
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6.8 Reactions
6.8.1 Reduction

The reduction of carboxylic acids and its derivatives is an important reaction and can be
carried out with variety of reagents. However, the reagents need to be varied according
the class of compounds to be reduced. The pathway followed by the reaction remains
more or less the same as discussed under reduction of aldehydes and ketones with
hydride transfer reagents. As an example, esters can be reduced to alcohols using lithium

aluminium hydride as a reducing agent according to the pathway shown in Scheme 6.

q 0] R
[e) . (@] ) - OH
)g LiAlH, /ﬁ/ﬁ _>R8kH AR | o—oqar oL
R~ “OR! R )<OR L RNH
H 4 H
H
H;

Scheme 6

Similarly the reduction of amides is believed to proceed via an imine intermediate
(Scheme 7).

1 LiAIH 1 1 R1
R)J\N’R el S R R — > R \<,\T/R - o R N-

2 H

Scheme 7
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In order to achieve selective reduction or to generate a reducing agent which can induce
stereoselectivity to a reduction reaction, the two major hydride sources aluminium
hydride and borohydride are suitably modified and their counter cations are also changed.
In an example of such type, lithium tri-sec-butylborohydride (L-selectride) reduces 4-t-
butyl cyclohexanone to the corresponding cis-alcohol while reduction by lithium

aluminium hydride gives predominantly trans-alcohol (Scheme 8).

OH
o CH
3
HaC H20 HaC b=
H3c/\ml| j/\CHs Lit
C

cis-4-tert-butylcyclohexanol

H 3 CH3
S 25 o
3 .
|-3|3C H20 H,C Lis-BuzBH
trans-4-tert-butylcyclohexanol
Scheme 8
The selectivity of the reducing agents is given below.
Reducing agent Imine Aldehyde Ketone Ester Amide Carboxylic
acid
NaCNBH; Reduced Slowly Slowly Not Not Not
reduced reduced reduced reduced reduced
NaBH,4 - Reduced Reduced Slowly Not Not
reduced reduced reduced
LiBH,4 - Reduced Reduced Not Not Not
reduced reduced reduced
LiAIH, - Reduced Reduced | Reduced | Reduced Slowly
reduced
BH; - Slowly Slowly Slowly Reduced Reduced
reduced reduced reduced

Joint initiative of IITs and IISc — Funded by MHRD

Page 40 of 46




NPTEL — Biotechnology — Cell Biology

6.8.2 Halogenation

The carboxylic acids can be halogenated in a-position by treating with red phosphorus
and halogens (Scheme 9). This is usually called Hell-Vollhard-Zelinsky reaction, which

is an important process from the perspective of synthetic chemistry.

(@] d (@]
Red P
Br
ch)J\OH Br, \)J\OH
CH; O . CH; O
Red P
HsC OH Br, HaC B OH
o (@]
O)J\OH Clz, cat PC|3 CI OH
(@]
Br
L% red P, By LAY, Wy . OH
o HO™ ~O HO™ YO
HO
Scheme 9
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The reaction is believed to proceed by an acyl halide intermediate (Scheme 10). The role

of phosphorus is to ultimately convert a little of the acid to acid chloride which then

undergoes halogenation at a-position.

P + B, _—_ » PBr
o)
P_pr o H
Br’o> o} opr 07 Br \Fﬁ\) enolization
. R R P R _— A Br
R H - NBr T > SBr T Br
\)J\é‘o\r Br-) O B O I Br Bt
Br-J
H,O:
0 % _
R R 5 hydrolySIS
OH oo
r r
Scheme 10

The a-haloacids so generated may be used as intermediates for the preparation of a-

amino acids, a-hydroxy acids and a,B-unsaturated acids (Scheme 11).
Br NH,

R)\g/OH excess NHj R)\g/OH
Br : OH . OH
aq OH H50
- OH
o S Y

Br

alc OH- ) H;O"
R\H\g/OH Ic OH R._~_0O s R__~_ _OH
y \/\g/ \/\g/

Scheme 11
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6.8.3 Arndt Eistert Synthesis

In order to go up by one carbon in the linear chain of a carboxylic acid, a protocol called
Arndt Eistert synthesis may be employed (Scheme 12). In this protocol the homologation
of a carboxylic acid is achieved by first converting the acid to acyl chloride which is then
treated with diazomethane. The diazoketene so formed is treated with moist silver oxide
to form a ketene which can be easily hydrolyzed to obtain the next higher carboxylic

acid.

(@] (@]
_ = " C 5 N= _  ~ 2 OH
R)J\OH R)J\C| R)J\/ —» R—C—0 R/\g

Scheme 12

6.8.4 Hoffman Rearrangement
An important reaction for the amides is the so called Hoffman reaction (Scheme 13). In
this reaction, an amide is converted to an amine containing one less carbon. The reaction

is carried out by treating the amide with an alkaline solution of sodium hypobromite.

(@) ; O (@)
A i L G Y R—N=C-0
R NH, - " R H’ -~ RN T~ R_N_E:OH T I
H,O
(@]
OH r. L
RNH, + HCOy < H OH
Scheme 13

The isocyanate formed in this reaction is the key intermediate and can be found in other
related rearrangement reactions of carboxylic acid and its derivatives. This isocyanate
intermediate undergoes addition of water to form a hydroxamic acid which decomposes
under the reaction conditions to give an amine. This reaction involves a concerted step of
the removal of the bromide along with the migration of the R group which migrates with

retention of configuration.
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6.8.5 Lossen, Curtius and Schimdt Rearrangements

The Lossen rearrangement involves treatment of O-acyl derivatives of hydroxamic acids
with base causing the departure of R'CO, as leaving group (Scheme 14). The other
related reactions, Curtius and Schmidt reactions involve acid hydrazides and carboxylic

acids as the starting point. In both cases, nitrogen is the leaving group from the

o) \
NaNo2
R)J\H’NHZ He R%N(
0 0 G /
R%IEI

HN
RJ\OH %

intermediate azide

o

R)J\H’O R%N

R-N=C=0

Scheme 14

6.8.6 Knoevenagel Reaction

In Knoevenagel reaction, the carbanion generated from an ester may attack an aldehyde
or a ketone to undergo a condensation reaction to form a a,fB-unsaturated acid or ester
(Scheme 15). Usually a secondary amine like piperidine used as base. Knoevenagel
reactions may be extended to other compounds containing an active methylene groups

such as nitroalkanes. Some examples are given below.

(@]
0 o O C,Hs),NH
+ (+2"s)2 Ph- Xy “CH
—_— 3
Ph)J\H ch:)K)koczH5 0°C
07 >0C,Hs
o) ridine o
py’
Ph)]\H )J\)J\ piperidine Ph/\)J\OH
o CeH,,NH
Ph)J\H + H;C—-NO, _suT2 Ph/\/NO2

Scheme 15
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When the active methylene group is sandwiched between carboxylic acid groups, it often

undergoes decarboxylation as shown in Scheme 16.

\ O
6 O lN/ © 0 0" \|O Ph)J\H oo
I S _ _— - = |
HOJ\/U\OH HO)LQ/MO o N0 o) o)

OH O
o -CO
<92 g o)
Ph" XX~ “0OH "H0 Kﬁ
Ph-7<0
i

Scheme 16

6.8.7 Stobbe Condensation

It involves the condensation dialkyl succinate with carbonyl compounds (Scheme 17).

The reaction is usually carried out using bases such as sodium ethoxide and sodium

hydride.
oc
OC,Hs  NaOC,Hs S Cz
OC,Hs C,HsOH
R 50 fo OC,Hs
R
fb O R 09 C2 5O R C2 o R
A\ >0oc,Hs
OC,H HsO
2Ms C,H;0" X0

C2H5
OC,Hs

Scheme 17

Joint initiative of IITs and 1I1Sc — Funded by MHRD Page 45 of 46



NPTEL — Biotechnology — Cell Biology

6.8.8 Claisen Condensation

When the carbanion generated from an ester reacts with another molecule of ester, the
reaction is known as Claisen ester condensation (Scheme 18) The reaction is usually
carried out using sodium ethoxide as a base in ethanol. This reaction is reversible in
nature and can be induced irreversible by using extremely strong base like
triphenylmethanide. Furthermore. crossed Claisen condensations between two esters are

useful only when one of the esters does not possess an a-H.

O (o) N
X OO | Mgy ———
H,C OC,H - H
(ZH 2'5 OC2 5 %\OCZHS
C,H;0
Oy O (@] (@]
OoC,H, O M
’%\‘)J\OCZH—‘ H,C < OC,Hs H,;C OC,H;5
3 2''5

Scheme 18

An intramolecular version of this reaction known as Dieckmann cyclization is also

possible where medium sized rings are formed in this reaction.

C,Hs0 o

OC,H NaOC,H
O
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