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• There are number of nucleophilic additions to C=O known in

which the added nucleophile still carries an acidic proton, a

subsequent elimination of water leads overall to product (B), a net

replacement of the oxygen atom (Figure 1). Therefore, the

nucleophilic atom must contain two attached hydrogen atoms.

Amines react with Carbonyl Compounds

Addition/Elimination Reactions 

• Certain compounds related to ammonia add to the carbonyl group to

form derivatives that are important chiefly for the characterisation

and identification of aldehydes and ketones. The products contain a

carbon-nitrogen double bond resulting from elimination of a

molecule of water from the initial addition products.



Amines React with Carbonyl Compounds

• The nucleophiles are the derivatives of NH3, particularly those like

NH2OH, NH2NHPh, NH2NHCONH2, etc. These reagents have been

used to convert liquid carbonyl compounds into solid derivatives for

their characterisation. Some of these reagents and their products are

shown in Figure 2.
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• The reaction between pyruvate anion (A; Figure 3) and

hydroxylamine (NH2OH) at pH 7 is followed by monitoring the

IR spectrum of the reaction mixture (Figure 4). It is found that the

absorption characteristic of C=O (ῡmax: 1710 cm-1) in the starting

material (A) disappears completely before any absorption

characteristic of C=N (ῡmax: 1400 cm-1) in the product oxime (B)

appears at all.

• An intermediate (I), a carbinolamine, is, thus, formed in this

reaction. Such a species (I) has been detected in the reaction of

MeCHO with NH2OH.

Reaction of Pyruvic Acid with Hydroxylamine



Reaction of Pyruvic Acid with Hydroxylamine

• The hydroxylamine first adds to the starting material (A; Figure 5)

to form an unstable intermediate (I), such as a hemiacetal. The

nitrogen atom is more nucleophilic, and not the oxygen atom, of

hydroxylamine that adds to the carbonyl group.

• Like hemiacetals, these intermediates are unstable and can

decompose by loss of water. The product is known as an oxime (B)

and it is this compound, with its C=N double bond, that is

responsible for the IR absorption at 1400 cm-1.
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Reaction of Pyruvic Acid with Hydroxylamine

• The product oxime (B) is formed via an intermediate (I) because

the 1400 cm-1 absorption hardly appears until after the 1710 cm-1

absorption has almost completely gone. The curve in Figure 6

shows the formation and the decay of the intermediate (I).
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Reaction of Pyruvic Acid with Hydroxylamine

• Increasing the acidity of the reaction mixture is found to decrease

the rate at which C=O absorption disappears. This is due to the fact

NH2OH is being progressively converted into +NH3OH, which is

not nucleophilic. On the contrary, it increases very markedly the

rate at which the C=N absorption appears because increasing acid

catalysis increases the rate of dehydration of the intermediate (I) to

the product oxime (B).



Addition of Derivatives of Ammonia 
• Like ammonia, the derivatives of ammonia, such as hydroxylamine

(NH2OH), phenylhydrazine (NH2NHPh), and semicarbazide

(NH2NHCONH2) are also basic, and therefore react with acids e.g.,

with HCl to form salts; hydroxylamine hydrochloride (HONH3
+C1-)

phenylhydrazine hydrochloride (C6H5NHNH3
+C1-) and

semicarbazide hydrochloride (NH2CONHNH3
+ C1-), respectively.

• These salts are less easily oxidized by air than the free bases, and it

is in this form that the reagents are best preserved and handled.

When needed, the basic reagents are liberated from their salts in the

presence of the carbonyl compound by addition of a base, usually

sodium acetate.



Addition of Derivatives of Ammonia 
• It is often necessary to adjust the reaction medium to just the

right acidity. Addition involves nucleophilic attack by the basic

nitrogen compound on carbonyl carbon. Protonation of carbonyl

oxygen makes carbonyl carbon more susceptible to nucleophilic

attack. Therefore, addition will be favoured by high acidity.

• On the contrary, the ammonia derivative, H2N-G (G = OH, NHPh,

NHCONH2, etc), can also undergo protonation to form the ion,

H3N
+G, which lacks unshared electrons and is no longer

nucleophilic. Consequently, addition is favoured by low acidity.

• The conditions under which addition proceeds most rapidly are thus

the result of a compromise: the solution must be acidic enough for

an appreciable fraction of the carbonyl compound to be protonated,

but not so acidic that the concentration of the free nitrogen

compound is too low.



Addition of Derivatives of Ammonia

• The exact conditions used depend upon the basicity of the reagent,

and upon the reactivity of the carbonyl compound. Strong

nucleophiles such as NH2OH do not require catalysis of their initial

addition to C=O, but weaker ones such as NH2NHPh and

NH2NHCONH2 often require acid catalysis to activate the C=O

group (it is in fact general acid catalysis).



Rate Determining Step in Addition of    

Derivatives of Ammonia 

• Often, either the initial addition step or the dehydration step can be

made rate-determining at will, depending on the pH of the solution.

At neutral and alkaline pHs it is generally the initial nucleophilic

attack leading to the formation of intermediate (I) is fast, and

therefore the dehydration, e.g., intermediate (I) to product (B)

(Figure 7), that is slow and rate-determining.

• On the contrary, as the acidity increases, i.e., at more acid pHs

(through protonation of the OH group), the overall rate of reaction

increases, since the dehydration step becomes faster while the initial

addition of the nucleophile, e.g., carbonyl compound (A) to

intermediate (I), that is slow and rate-determining.

This Lecture is prepared by Dr. K. K. Mandal, SPCMC, Kolkata



Rate Determining Step in Addition of    

Derivatives of Ammonia 

• This is because as the acidity increases, the addition step becomes

more progressively slower because the nucleophile, here NH2-G, is

decreasing in concentration due to its conversion into its conjugate

acid, +NH3-G as a result of protonation. The latter species (a cation)

no longer has a lone pair of electrons on the nitrogen atom and so is

not a nucleophile. Hence, at a sufficiently high acidity, the addition

step is slowed down to such an extent that this now becomes the

rate determining step in the reaction.

• For the formation of an oxime from acetone (Me2CO), the optimum

pH is found to be ≈ 4.5. An aqueous solution of sodium acetate in

presence of dilute hydrochloric acid forms a buffer mixture with pH

nearly 4.76. So, this is the optimum pH of such reactions.

This Lecture is prepared by Dr. K. K. Mandal, SPCMC, Kolkata



Addition of    Derivatives of Ammonia
• With aldehydes (and with unsymmetrical

ketones, RCOR') there is, of course, the

possibility of forming alternative syn and

anti geometrical isomers (Figure 8).

• It is found that the syn isomer usually predominates, with RCOR'

this is the isomer in which G is nearest to the smaller of the groups,

R or R'.

• Ammonia itself yields imines, R2C=NH, with carbonyl compounds

but these derivatives are unstable react with each other to form

polymers of varying size. The classical ‘aldehyde ammonias’ are

found to be hydrated cyclic trimers (B; Figure 9), but from

aldehydes (e.g., chloral) carrying powerfully electron-withdrawing

substituents, it is possible to isolate the simple ammonia adduct (D).
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Addition of Derivatives of Ammonia



Addition of Derivatives of Ammonia 

• With primary amines of the type RNH2, the products are also

imines, R2C=NHR. These, too, are usually unstable unless one of

the substituents on the carbonyl carbon atom is aromatic, e.g.,

ArCH=NR. The stable products are then known as Schiff bases.

• The reaction of a carbonyl compound with secondary amines of the

type R2NH (symmetrical or unsymmetrical), the initial adduct

cannot lose water in the normal way; some such species have been

isolated but they are not particularly stable. If, however, the adduct

has any α-H atoms then a different dehydration can be made to take

place yielding an enamine (E→F; Figure 10).

• Cyclohexanone (it contains α-hydrogen atoms) on reacting with a

secondary amine, R2NH, gives the initial adduct (E') which loses a

molecule of water to give an enamine (F).



Addition of Derivatives of Ammonia 



Imines are the Nitrogen Analogues                                      

of Carbonyl Compounds 

• In fact, the oxime formed from a ketone and hydroxylamine is just a

special example of an imine. Imines are formed when any primary

amine reacts with an aldehyde or a ketone under appropriate

conditions: for example, aniline and benzaldehyde.

• First, the amine attacks the aldehyde and the intermediate is formed.

Dehydration gives the imine. Formation of imine (Figure 11)

requires an acid catalyst. Without an acid catalyst, the reaction is

very slow, though in some cases it may still take place (oximes, for

example, will form without acid catalysis, but form much faster

with it).



Formation of Imine

• Acid catalyst is not needed for the addition step in the mechanism

(indeed, protonation of the amine means that this step is very slow

in strong acid), but is needed for the elimination of water later on in

the reaction (step involving dehydration).



Chemistry of Imine Formation

• Either side of pH 5-6 (Figure 12) the reaction goes more slowly.

This is a sign of a change in rate-determining step. Where there is a

choice between two rate-determining steps, the slower of the two

determines the overall rate of the reaction.

• Imine formation is in fact fastest at about pH 4–6: at lower pH, too

much amine is protonated and the rate of the first step is slow;

above this pH the proton concentration is too low to allow

protonation of the OH leaving group in the dehydration step. Imine

formation is like a biological reaction: it is fastest near neutrality.



Imines Show Geometrical Isomerism

• Imines are usually unstable and are easily hydrolysed.

Like acetals, imines are unstable with respect to their parent

carbonyl compound and amine, and must be formed by a method

that allows removal of water from the reaction mixture.

• As the imine (C; Figure 13) is made from an unsymmetrical

ketone, acetophenone, this imine can exist as a mixture of E and Z

isomers, just like an alkene. When it is formed by this method, the

ratio obtained is 8:1 for E:Z.
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Stability of the Imines

• The imines are usually unstable and interconvert quite rapidly at

room temperature. In general, they are only stable enough to isolate

if either the C or N of the imine double bond bears an aromatic

substituent. The geometrical isomers of oximes, on the contrary, are

stable and can even be separated.

• Imines are readily hydrolysed back to carbonyl compound and

amine by aqueous acid (Mechanism is shown in Figure 14).

Imines can also be hydrolysed under neutral condition. In fact,

except for the particularly stable special cases, most can be

hydrolysed by water without acid or base catalysis.



Hydrolysis of Imines under Acidic Medium

• Some imines are stable

Imines in which the nitrogen atom carries an electronegative group

are usually stable: examples include oximes, hydrazones, and

semicarbazones.
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Stable Imines

• These compounds are more stable than imines because the

electronegative substituent can participate in delocalization of the

imine double bond.

• Delocalization decreases the δ+ charge

on the carbon atom of the imine double

bond and raises the energy of the

LUMO, making it less susceptible to

nucleophilic attack.



Answer the Following Questions

• Problem 1: Semicarbazide (1 mole) is added to a mixture of

cyclohexanone (1 mole) and benzaldehyde (1 mole). If the product

is isolated immediately, it consists almost entirely of the

scmicarbazone of cyclohexanone; if the product is isolated after

several hours, it consists almost entirely of the semicarbazone of

benzaldehyde. How do you account for these observations?

• Problem 2: Which nitrogen atom of semicarbazide

(NH2NHCONH2) reacts with a carbonyl compound under suitable

condition? Give reason.

• Problem 3: Explain which of the following reagent/s is/are suitable

for semicarbazone formation:

(i) NaOH alone; (ii) HCl alone; (iii) a mixture of NaOH and HCl

(iv) NaOAc alone; (v) a mixture of NaOAc and HCl



Enamines

• Amines react with carbonyl compounds by nucleophilic addition.

If the amine is primary, the initial addition product undergoes

dehydration to form a compound containing a carbon-nitrogen

double bond, an imine.

• Elimination occurs with this orientation even if the carbonyl

compound contains an α-hydrogen, that is, the preferred product is

the imine rather than the enamine (ene for the carbon-carbon

double bond, amine for the amino group, i.e., this name usually

refers to a α,β-unsaturated amines). If some enamine should be

formed initially, it rapidly tautomerises into the more stable imino

form.

• The reaction of carbonyl compounds (with α-hydrogen atom) with

amines (primary) is shown in Figure 15.
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Enamine-Imine Tautomerisation

• However, in this case, enamine-imine tautomerism is possible and

the equilibrium lies virtually completely on the imine side, and

consequently, the enamine cannot be isolated.



Formation of Enamine

• Now, a secondary amine, too, can react with a carbonyl compound

(A), and to yield the same kind of initial adduct (I). But here there

is no hydrogen left on nitrogen; if dehydration is to occur, it must be

in the other direction, to form a carbon-carbon double bond. A

stable enamine (B) is the product.

• Enamines may be represented as

resonance hybrids of two canonical

structures, I and II (Figure 17).

Hence, it might be anticipated that the

β-carbon atom is a nucleophilic centre.



Chemistry of Enamines

• In 1954 Gilbert Stork (of Columbia University) showed how

enamines could be used in the alkylation and acylation of aldehydes

and ketones, and in the years since then enamines have been

intensively studied and used as intermediates in organic synthesis in

a wide variety of ways.

• Enamines derived from aldehydes are less stable than those from

ketones, and both types derived from acyclic secondary amines are

far less stable than those from cyclic secondary amines, the most

common of which are pyrrolidine, piperidine, and morpholine, e.g.,

cyclohexanone and pyrrolidine form N-cyclohexenopyrrolidine.



Chemistry of Enamines

• The usefulness of enamines stems from the fact that they contain

nucleophilic carbon (Structure II; Figure 17). The electrons

responsible for this nucleophilicity are the (formally) unshared pair

on nitrogen; but they are available for nucleophilic attack by carbon

of the enamine.

• The product of alkylation is an

iminium ion, which is readily

hydrolysed to regenerate the

carbonyl group. The overall

process, is shown in Figure 19.



Application of Enamines

1. Alkylation of a Carbonyl Compound
• Enamines are alkylated at the β-carbon atom by reactive alkyl

halides. Best yields are obtained with reactive halides like benzyl

and allyl halides, -halo esters, and -halo ketones.



2. Acylation of a Carbonyl Compound 
• Enamines are acylated at the β-carbon atom by reactive acyl

halides. By hydrolysing the acylated product (A; Figure 21) of

cyclopentanone, it is possible to extend the chain of a

monocarboxylic acids by five carbon atoms. If the corresponding

cyclohexenoenamine is used, the chain can be extended to six

carbon atoms.

In this reaction,

triethylamine

(NEt3) is used

with acyl halides

because acylated

enamines are too

weakly basic to

absorb the HX

produced in the

reaction.



3. Michael type Condensation
• Enamines behave as addenda to α,β-unsaturated ketones, esters,

cyanides, etc., in Michael condensation.

This Lecture is prepared by Dr. K. K. Mandal, SPCMC, Kolkata



4. Introduction of Cyano Group
• An Enamine on treatment with cyanogen chloride in the presence of

triethylamine followed by acidic hydrolysis introduces a cyano

group on the α-carbon atom.

5. Reduction of Enamines
• Enamines are reduced catalytically or by sodium borohydride (but

not by lithium aluminium hydride, LAH) to saturated t-amines.


