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In Summary Amines can be made from ammonia or other amines by simple alkylation, but 
this method gives mixtures and poor yields. Primary amines are better made in stepwise fashion, 
employing nitrile and azide groups, or protected systems, such as 1,2-benzenedicarboxylic 
imide (phthalimide) in the Gabriel synthesis.

Exercise 21-9

The cleavage of an N-alkyl-1,2-benzenedicarboximide (N-alkyl phthalimide) is frequently carried 
out with base or with hydrazine, H2NNH2. The respective products of these two treatments are the 
1,2-benzenedicarboxylate A or the hydrazide B. Write mechanisms for these two transformations. 
(Hint: Review Section 20-6.)
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Exercise 21-10

Show how you would apply the Gabriel method to the synthesis of each of the following amines: 
(a) 1-hexanamine; (b) 3-methylpentanamine; (c) cyclohexanamine; (d) H2NCH2CO2H, the amino 
acid glycine. (Caution: In the synthesis of glycine, you need to watch out for the carboxylic acid 
function. Can you see why?) For each of these four syntheses, would the azide displacement–
reduction method be equally good, better, or worse?

21-6 SYNTHESIS OF AMINES BY REDUCTIVE AMINATION

A more general method of amine synthesis, called reductive amination of aldehydes and 
ketones, allows the construction of primary, secondary, and tertiary amines. In this process, 
the carbonyl compound is exposed to an amine containing at least one N–H bond (NH3, 
primary, secondary amines) and a reducing agent to furnish a new alkylated amine directly 
(a primary, secondary, or tertiary amine, respectively). The new C–N bond is formed to the 
carbonyl carbon of the aldehyde or ketone.
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The sequence begins by the initial condensation of the amine with the carbonyl com-
ponent (Section 17-9) to produce the corresponding imine (for NH3 and primary amines) 
or iminium ion (secondary amines). Similar to the carbon–oxygen double bond in aldehydes 
and ketones, the carbon–nitrogen double bond in these intermediates is then reduced by 
simultaneous catalytic hydrogenation or by added special hydride reagents.

21-6 SYNTHESIS OF AMINES BY REDUCTIVE AMINATION

Reductive amination of aldehydes and ketones, allows the construction of primary,
secondary, and tertiary amines.

In this process, the carbonyl compound is exposed to an amine containing at least one N–H
bond (NH3, primary, secondary amines) and a reducing agent to furnish a new alkylated
amine directly (a primary, secondary, or tertiary amine, respectively).

The new C–N bond is formed to the carbonyl carbon of the aldehyde or ketone.
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The sequence begins by the initial condensation of the amine with the carbonyl
component to produce the corresponding imine (for NH3 and primary amines) or iminium
ion (secondary amines).

Similar to the carbon–oxygen double bond in aldehydes and ketones, the carbon–
nitrogen double bond in these intermediates is then reduced by simultaneous catalytic
hydrogenation or by added special hydride reagents.
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Reductive Amination of a Ketone with a Primary Amine
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This reaction succeeds because of the selectivity of the reducing agents: either 
hydrogen gas in the presence of a catalyst (Section 12-2) or sodium cyanoborohydride, 
Na12BH3CN. Both react faster with the imine double bond than with the carbonyl group 
under the conditions employed. With Na12BH3CN, the conditions are relatively acidic 
(pH 5 2–3), activating the imine double bond by protonation on nitrogen and thus 
facilitating hydride attack at carbon. As shown in the margin, the relative stability of 
the modi! ed borohydride reagent at such low pH (at which NaBH4 hydrolyzes; Section 
8-6) is due to the presence of the electron-withdrawing cyano group, which renders the 
hydrogens less basic (hydridic). In a typical procedure, the carbonyl component and the 
amine are allowed to equilibrate with the imine and water in the presence of the reduc-
ing agent. In this way, ammonia furnishes primary amines, and primary amines result 
in secondary amines.

Amine Synthesis by Reductive Amination
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Similarly, reductive aminations with secondary amines give tertiary amines.
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ANIMATED MECHANISM: 
Reductive amination



4

9512 1 - 6  S y n t h e s i s  o f  A m i n e s  b y  R e d u c t i v e  A m i n a t i o n C H A P T E R  2 1

Reductive Amination of a Ketone with a Primary Amine

C

R

R!

O H2NR"
Condensation

Reduction

# H2O#P
G

D

R

R!

G

D

R

R!

G

D

D
C

R"

D
R"

NP

C R! NHR"C

R

H

NP O O
A

A

This reaction succeeds because of the selectivity of the reducing agents: either 
hydrogen gas in the presence of a catalyst (Section 12-2) or sodium cyanoborohydride, 
Na12BH3CN. Both react faster with the imine double bond than with the carbonyl group 
under the conditions employed. With Na12BH3CN, the conditions are relatively acidic 
(pH 5 2–3), activating the imine double bond by protonation on nitrogen and thus 
facilitating hydride attack at carbon. As shown in the margin, the relative stability of 
the modi! ed borohydride reagent at such low pH (at which NaBH4 hydrolyzes; Section 
8-6) is due to the presence of the electron-withdrawing cyano group, which renders the 
hydrogens less basic (hydridic). In a typical procedure, the carbonyl component and the 
amine are allowed to equilibrate with the imine and water in the presence of the reduc-
ing agent. In this way, ammonia furnishes primary amines, and primary amines result 
in secondary amines.
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This reaction succeeds because of the selectivity of the reducing agents: either 
hydrogen gas in the presence of a catalyst (Section 12-2) or sodium cyanoborohydride, 
Na12BH3CN. Both react faster with the imine double bond than with the carbonyl group 
under the conditions employed. With Na12BH3CN, the conditions are relatively acidic 
(pH 5 2–3), activating the imine double bond by protonation on nitrogen and thus 
facilitating hydride attack at carbon. As shown in the margin, the relative stability of 
the modi! ed borohydride reagent at such low pH (at which NaBH4 hydrolyzes; Section 
8-6) is due to the presence of the electron-withdrawing cyano group, which renders the 
hydrogens less basic (hydridic). In a typical procedure, the carbonyl component and the 
amine are allowed to equilibrate with the imine and water in the presence of the reduc-
ing agent. In this way, ammonia furnishes primary amines, and primary amines result 
in secondary amines.
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Similarly, reductive aminations with secondary amines give tertiary amines.
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ANIMATED MECHANISM: 
Reductive amination
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Thioacetals are desulfurized to the corresponding hydrocarbon by treatment with Raney 
nickel (Section 12-2). Thioacetal generation followed by desulfurization is used to convert 
a carbonyl into a methylene group under neutral conditions.
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Exercise 17-11 Try It Yourself

Show how the starting material for Exercise 17-10 may be converted into the alcohol in the 
margin.

Exercise 17-12

Suggest a possible synthesis of cyclodecane from .

(Caution: Simple hydrogenation will not do. Hint: See Section 12-12.)
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In Summary Acetals and thioacetals are useful protecting groups for aldehydes and ketones. 
Acetals are formed under acidic conditions and are stable toward bases and nucleophiles. They 
are hydrolyzed by aqueous acid. Thioacetals are usually prepared using Lewis acid catalysts 
and are stable to both aqueous base and acid. Mercuric salts are required for thioacetal 
hydrolysis. Thioacetals may also be desulfurized to hydrocarbons with Raney nickel.

17-9  NUCLEOPHILIC ADDITION OF AMMONIA AND ITS 
DERIVATIVES

Ammonia and the amines may be regarded as nitrogen analogs of water and alcohols. Do 
they add to aldehydes and ketones? In fact, they do, giving products corresponding to those 
just studied. We shall see one important difference, however. The products of addition of 
amines and their derivatives lose water, furnishing either of two new derivatives of the 
original carbonyl compounds: imines and enamines.

Ammonia and primary amines form imines
Upon exposure to an amine, aldehydes and ketones initially form hemiaminals, the nitrogen 
analogs of hemiacetals. In a subsequent, slower step, hemiaminals of primary amines lose 
water to form a carbon–nitrogen double bond. This function is called an imine (an older 
name is Schiff* base) and is the nitrogen analog of a carbonyl group.

*Professor Hugo Schiff (1834–1915), University of Florence, Italy.

Imine Formation from Amines and Aldehydes or Ketones
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This reaction succeeds because of the selectivity of the reducing agents: either hydrogen
gas in the presence of a catalyst or sodium cyanoborohydride, Na+ –BH3CN.

Both react faster with the imine double bond than with the carbonyl group under the
conditions employed. With Na+ –BH3CN, the conditions are relatively acidic (pH = 2–3),
activating the imine double bond by protonation on nitrogen and thus facilitating hydride
attack at carbon.

The relative stability of the modified borohydride reagent at such low pH (at which NaBH4
hydrolyzes) is due to the presence of the electron-withdrawing cyano group, which renders
the hydrogens less basic (hydridic).
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This reaction succeeds because of the selectivity of the reducing agents: either 
hydrogen gas in the presence of a catalyst (Section 12-2) or sodium cyanoborohydride, 
Na12BH3CN. Both react faster with the imine double bond than with the carbonyl group 
under the conditions employed. With Na12BH3CN, the conditions are relatively acidic 
(pH 5 2–3), activating the imine double bond by protonation on nitrogen and thus 
facilitating hydride attack at carbon. As shown in the margin, the relative stability of 
the modi! ed borohydride reagent at such low pH (at which NaBH4 hydrolyzes; Section 
8-6) is due to the presence of the electron-withdrawing cyano group, which renders the 
hydrogens less basic (hydridic). In a typical procedure, the carbonyl component and the 
amine are allowed to equilibrate with the imine and water in the presence of the reduc-
ing agent. In this way, ammonia furnishes primary amines, and primary amines result 
in secondary amines.
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Similarly, reductive aminations with secondary amines give tertiary amines.
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ANIMATED MECHANISM: 
Reductive amination

In a typical procedure, the carbonyl component and the amine are
allowed to equilibrate with the imine and water in the presence of the
reducing agent. In this way, ammonia furnishes primary amines, and
primary amines result in secondary amines.
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Similarly, reductive aminations with secondary amines give tertiary amines.

Secondary amines cannot form imines with aldehydes and ketones, but are in equilibrium
with the corresponding N,N-dialkyliminium ions, which are reduced by addition of H– from
cyanoborohydride.
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This reaction succeeds because of the selectivity of the reducing agents: either 
hydrogen gas in the presence of a catalyst (Section 12-2) or sodium cyanoborohydride, 
Na12BH3CN. Both react faster with the imine double bond than with the carbonyl group 
under the conditions employed. With Na12BH3CN, the conditions are relatively acidic 
(pH 5 2–3), activating the imine double bond by protonation on nitrogen and thus 
facilitating hydride attack at carbon. As shown in the margin, the relative stability of 
the modi! ed borohydride reagent at such low pH (at which NaBH4 hydrolyzes; Section 
8-6) is due to the presence of the electron-withdrawing cyano group, which renders the 
hydrogens less basic (hydridic). In a typical procedure, the carbonyl component and the 
amine are allowed to equilibrate with the imine and water in the presence of the reduc-
ing agent. In this way, ammonia furnishes primary amines, and primary amines result 
in secondary amines.
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Secondary amines cannot form imines with aldehydes and ketones, but are in equilibrium 
with the corresponding N,N-dialkyliminium ions (Section 17-9), which are reduced by addi-
tion of H2 from cyanoborohydride.
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Exercise 21-11

Formulate a mechanism for the reductive amination with the secondary amine shown in the pre-
ceding example.

Solved Exercise 21-12 Working with the Concepts: Applying Reductive 
Amination

Explain the following transformation by a mechanism.
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Strategy
As usual, you need to take an inventory of the functionalities present in the starting material, the 
reagent, and the product (an amine). The result is that we are dealing with an intramolecular variant 
of reductive amination. This realization should be the starting point for retrosynthetic analysis.

Solution
• First, write down the generic process retrosynthetically:
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Solved Exercise 21-12 Explain the following transformation by a mechanism.
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21-7 SYNTHESIS OF AMINES FROM CARBOXYLIC AMIDES

Carboxylic amides can be versatile precursors of amines by reduction of the carbonyl unit.
Since amides are in turn readily available by reaction of acyl halides with amines, the
sequence acylation–reduction constitutes a controlled mono-alkylation of amines.

Primary amides can also be turned into amines by oxidation with bromine or chlorine in the
presence of sodium hydroxide (Hofmann rearrangement). Recall that in this transformation
the carbonyl group is extruded as carbon dioxide, so the resulting amine bears one carbon
less than the starting material.
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In Summary Reductive amination furnishes alkanamines by reductive condensation of 
amines with aldehydes and ketones.

NH

H3C

Exercise 21-13 Try It Yourself

Treatment of aldehyde A with the modi! ed sodium cyanoborohydride reagent shown gave the 
natural product bu" avine, a bioactive constituent of the bulbs of the Boophane ! ava plant from 
southern Africa. Its mass spectral molecular ion occurs at m!z 5 283. Suggest a structure.

H3CO

H3CO

O

H

CH3

H
N

A

Buflavine
35%

NaBH(OCCH3)3

O
B

Exercise 21-14

Show three reactions from any starting materials that would make the C–N bond in N-methyl-
hexanamine (margin) according to the indicated retrosynthetic disconnection ( ).

The Boophane plant.

21-7 SYNTHESIS OF AMINES FROM CARBOXYLIC AMIDES

Carboxylic amides can be versatile precursors of amines by reduction of the carbonyl unit 
(Section 20-6). Since amides are in turn readily available by reaction of acyl halides with 
amines (Section 20-2), the sequence acylation–reduction constitutes a controlled mono-
alkylation of amines.

!
!RCCl

O

H2NR"

Utility of Amides in Amine Synthesis

B Base

#HCl
RCNHR"

O
B LiAlH4, (CH3CH2)2O !

RCH2NHR"
!

Primary amides can also be turned into amines by oxidation with bromine or chlorine 
in the presence of sodium hydroxide—in other words, by the Hofmann rearrangement (Sec-
tion 20-7). Recall that in this transformation the carbonyl group is extruded as carbon 
dioxide, so the resulting amine bears one carbon less than the starting material.

Amines by Hofmann Rearrangement

RCNH2

O
B Br2, NaOH, H2O

RNH2 O C O!

B B

In Summary Amides can be reduced to amines by treatment with lithium aluminum 
hydride. The Hofmann rearrangement converts amides into amines with loss of the 
carbonyl group.
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carbonyl group.
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21-8 REACTIONS OF QUATERNARY AMMONIUM SALTS: HOFMANN ELIMINATION

Much like the protonation of alcohols, which turns the –OH into the better leaving group
+OH2, protonation of amines might render the resulting ammonium salts subject to
nucleophilic attack.

In practice, amines are not sufficiently good leaving groups (they are more basic than water)
to partake in substitution reactions. In the Hofmann elimination, tetraalkylammonium salt
is converted to an alkene by a strong base.
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21-8  REACTIONS OF QUATERNARY AMMONIUM SALTS: 
HOFMANN ELIMINATION

Much like the protonation of alcohols, which turns the –OH into the better leaving group 
–1OH2 (Section 9-2), protonation of amines might render the resulting ammonium salts 
subject to nucleophilic attack. In practice, however, amines are not suf! ciently good leaving 
groups (they are more basic than water) to partake in substitution reactions. Nevertheless, 
they can function as such in the Hofmann* elimination, in which a tetraalkylammonium 
salt is converted to an alkene by a strong base.

Section 21-5 described how complete alkylation of amines leads to the corresponding 
quaternary alkylammonium salts. These species are unstable in the presence of strong base, 
because of a bimolecular elimination reaction that furnishes alkenes (Section 7-7). The base 
attacks the hydrogen in the !-position with respect to the nitrogen, and a trialkylamine 
departs as a neutral leaving group.

*This is the Hofmann of the Hofmann rule for E2 reactions (Section 11-6) and the Hofmann rearrangement 
(Section 20-7).

Bimolecular Elimination of Quaternary Ammonium Ions

CC

!
NR3

H

G

G C

Alkene

C

š"OHð"

! HOH ! NR3ðO

In the procedure of Hofmann elimination, the amine is ! rst completely methylated 
with excess iodomethane (exhaustive methylation) and then treated with wet silver 
oxide (a source of HO2) to produce the ammonium hydroxide. Heating degrades this 
salt to the alkene. When more than one regioisomer is possible, Hofmann elimination, 
in contrast to most E2 processes, tends to give less substituted alkenes as the major 
products. Recall that this result adheres to Hofmann’s rule (Section 11-6) and appears 
to be caused by the bulk of the ammonium group, which directs the base to the less 
hindered protons in the molecule.

Hofmann Elimination of 1-Butanamine

CH3CH2CH2CH2NH2
1-Butanamine

Excess CH3I, K2CO3, H2O CH3CH2CH2CH2N(CH3)3 I"
!

1-Butyltrimethylammonium
iodide

Ag2O, H2O

"AgI

CC
H

H

H
CH3CH2

H G

GC
@&

G
(

N(CH3)3
!

š"HOð"

1-Butyltrimethylammonium
hydroxide

#
CH3CH2CH

1-Butene

PCH2 ! HOH ! N(CH3)3

The quaternary alkylammonium salts are unstable in the presence of strong base, because
of a bimolecular elimination reaction that furnishes alkenes. The base attacks the hydrogen
in the 𝝱-position with respect to the nitrogen, and a trialkylamine departs as a neutral
leaving group.
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In the procedure of Hofmann elimination, the amine is first completely methylated with
excess iodomethane (exhaustive methylation) and then treated with wet silver oxide (a
source of HO–) to produce the ammonium hydroxide. Heating degrades this salt to the
alkene.

When more than one regioisomer is possible, Hofmann elimination, in contrast to most E2
processes, tends to give less substituted alkenes as the major products (the less hindered
protons in the molecule).
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The Hofmann elimination of amines has been used to elucidate the structure of nitrogen-
containing natural products, such as alkaloids.

Each sequence of exhaustive methylation and Hofmann elimination cleaves one C–N
bond.

Repeated cycles allow the heteroatom to be precisely located, particularly if it is part of a
ring. In this case, the first carbon–nitrogen bond cleavage opens the ring.
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The Hofmann elimination of amines has been used to elucidate the structure of nitrogen-
containing natural products, such as alkaloids (Section 25-8). Each sequence of exhaustive 
methylation and Hofmann elimination cleaves one C–N bond. Repeated cycles allow the 
heteroatom to be precisely located, particularly if it is part of a ring. In this case, the ! rst 
carbon–nitrogen bond cleavage opens the ring.

N-Methylazacycloheptane

N

H H
N(CH3)3

N(CH3)2

!

CH3

A

1. CH3I
2. Ag2O, H2O
3. "

1. CH3I
2. Ag2O, H2O
3. " H

N,N-Dimethyl-5-hexenamine 1,5-Hexadiene

Exercise 21-15

Give the structures of the possible alkene products of the Hofmann elimination of 
(a) N-ethylpropanamine (ethylpropylamine) and (b) 2-butanamine. (Caution: In the Hofmann elim-
ination of 2-butanamine, you need to consider several products. Hint: Review Section 11-6).

Exercise 21-16

Why is exhaustive methylation and not, say, ethylation used in Hofmann eliminations for structure 
elucidation? (Hint: Look for other possible elimination pathways.)

3-Ethenyl-1,4-pentadiene

Exercise 21-17

An unknown amine of the molecular formula C7H13N has a 13C NMR spectrum containing 
only three lines of ! 5 21.0, 26.8, and 47.8 ppm. Three cycles of Hofmann elimination are 
required to form 3-ethenyl-1,4-pentadiene (trivinylmethane; margin) and its double-bond 
isomers (as side products arising from base-catalyzed isomerization). Propose a structure for 
the unknown.

In Summary Quaternary methyl ammonium salts, synthesized by amine methylation, 
undergo bimolecular elimination in the presence of base to give alkenes.

21-9  MANNICH REACTION: ALKYLATION OF ENOLS BY 
IMINIUM IONS

In the aldol reaction, an enolate ion attacks the carbonyl group of an aldehyde or ketone 
(Section 18-5) to furnish a "-hydroxycarbonyl product. A process that is quite analogous 
is the Mannich* reaction. Here, however, it is an enol that functions as the nucleophile 
and an iminium ion, derived by condensation of a second carbonyl component with an 
amine, as the substrate. The outcome is a "-aminocarbonyl product.

To differentiate the reactivity of the three components of the Mannich reaction, it is 
usually carried out with (1) a ketone or aldehyde; (2) a relatively more reactive aldehyde 
(often formaldehyde, CH2PO, see Section 17-6); and (3) the amine, all in an alcohol solvent 
containing HCl. These conditions give the hydrochloride salt of the product. The free amine, 
called a Mannich base, can be obtained upon treatment with base.

*Professor Carl U. F. Mannich (1877–1947), University of Berlin.
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21-9 MANNICH REACTION: ALKYLATION OF ENOLS BY IMINIUM IONS

In the aldol reaction, an enolate ion attacks the carbonyl group of an aldehyde or ketone
to furnish a 𝝱-hydroxycarbonyl product. A process that is quite analogous is the Mannich
reaction.

Here, it is an enol that functions as the nucleophile and an iminium ion, derived by
condensation of a second carbonyl component with an amine, as the substrate. The
outcome is a 𝝱-aminocarbonyl product.

To differentiate the reactivity of the three components of the Mannich reaction, it is usually
carried out with (1) a ketone or aldehyde; (2) a relatively more reactive aldehyde (often
formaldehyde, CH2=O); and (3) the amine, all in an alcohol solvent containing HCl.

These conditions give the hydrochloride salt of the product. The free amine, called a
Mannich base, can be obtained upon treatment with base.
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The mechanism of this process starts with iminium ion formation between the aldehyde
(e.g., formaldehyde) and the amine, and enolization of the ketone.

As soon as the enol is formed, it undergoes nucleophilic attack on the electrophilic iminium
carbon, and the resulting species converts to the Mannich salt by proton transfer from the
carbonyl oxygen to the amino group.
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CH2N(CH3)2  Cl!

(CH3)2NH
HCl, CH3CH2OH, "

Mannich Reaction

#

#

#

O O

H

85%
Salt of Mannich baseAmineMore reactive

aldehyde
Ketone

AmineMore reactive
aldehyde

Aldehyde
70%

2-Methyl-2-(N-methyl-
aminomethyl)propanal

Mannich base

#

CH2 OP

1. HCl, CH3CH2OH, "
2. HO!, H2O

A

CH3
A

A2-Methylpropanal

CH3

OCH3CHCH
A

P # CH3NH2 CH3C

CH2NHCH3

OCH2P OCHPO

The mechanism of this process starts with iminium ion formation between the aldehyde 
(e.g., formaldehyde) and the amine, on the one hand, and enolization of the ketone, on the 
other. The electrostatic potential maps in the margin illustrate the electron de! ciency of 
the iminium ion (blue) and the contrasting relative electron abundance (red and yellow) of 
the enol. One can also recognize that the electron density is greater at the !-carbon (yellow) 
next to the hydroxy-bearing carbon (green). As soon as the enol is formed, it undergoes 
nucleophilic attack on the electrophilic iminium carbon, and the resulting species converts 
to the Mannich salt by proton transfer from the carbonyl oxygen to the amino group.

Mechanism of the Mannich Reaction

Step 1. Iminium ion formation

PCH2 (CH3)2NH2 Cl!O # PCH2 N(CH3)2 Cl! H2O#
##

Step 2. Enolization

O

H#

HOðð ðš

Step 3. Carbon–carbon bond formation

CH2N(CH3)2

HO

CH2 N(CH3)2

Cl!

Cl!

#

š

šðš O#
H

P

H

Step 4. Proton transfer

Salt of Mannich base

CH2N(CH3)2

Cl!

š

šO#

CH2N(CH3)2 Cl!

H

#
Oðð

A

HH

ReactionRReaction

Animation

ANIMATED MECHANISM: 
The Mannich reaction

Again, we depict only the 
mechanism that leads to 
product. You can formulate 
multiple alternative reactions 
steps (protonations; enol, 
hemiacetal, and heminaminal 
formations; aldol additions), 
all of which are reversible 
dead ends, making the 
Mannich reaction possible.

Mechanism

Iminium ion

Enol
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Mechanism of the Mannich Reaction
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The mechanism of this process starts with iminium ion formation between the aldehyde 
(e.g., formaldehyde) and the amine, on the one hand, and enolization of the ketone, on the 
other. The electrostatic potential maps in the margin illustrate the electron de! ciency of 
the iminium ion (blue) and the contrasting relative electron abundance (red and yellow) of 
the enol. One can also recognize that the electron density is greater at the !-carbon (yellow) 
next to the hydroxy-bearing carbon (green). As soon as the enol is formed, it undergoes 
nucleophilic attack on the electrophilic iminium carbon, and the resulting species converts 
to the Mannich salt by proton transfer from the carbonyl oxygen to the amino group.
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The following example shows the Mannich reaction in natural product synthesis. In this
instance, one ring is formed by condensation of the amino group with one of the two
carbonyl functions.

Mannich reaction of the resulting iminium salt with the enol form of the other carbonyl
function follows.

The product has the framework of retronecine, an alkaloid that is present in many shrubs
and is hepatotoxic (causes liver damage) to grazing livestock.
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The following example shows the Mannich reaction in natural product synthesis. In this 
instance, one ring is formed by condensation of the amino group with one of the two car-
bonyl functions. Mannich reaction of the resulting iminium salt with the enol form of the 
other carbonyl function follows. The product has the framework of retronecine (see margin), 
an alkaloid that is present in many shrubs and is hepatotoxic (causes liver damage) to graz-
ing livestock.
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Solved Exercise 21-18 Working with the Concepts: Practicing the 
Mannich Reaction

Write the product of the Mannich reaction of ammonia, formaldehyde, and cyclopentanone.

What we need to do is to determine the product of a reaction. Such problems are often relatively 
straightforward. In the Mannich reaction, however, we have three organic components, a 
complication that requires more care in crafting a solution.

How to begin? To predict the outcome of a Mannich process, it is necessary to follow its mech-
anism. Several steps are involved, and formulating them in the correct order is essential.

Information needed? The Mannich reaction features the two carbonyl compounds and either 
ammonia or an amine (see the text section). In particular, we have to identify the more reac-
tive of the carbonyl components, because the process starts by its initial condensation with 
the amine. The resulting iminium species is then attacked by the enol isomer of the less 
reactive carbonyl partner.

Proceed. We follow the above steps of the mechanism. Thus:

• The more reactive carbonyl species is formaldehyde.

• Formaldehyde and ammonia condense to "CPN

H

H

H

H

f

i

i

f
.

• The enol tautomer of cyclopentanone is 

OHšð

.

• Reaction of the two species occurs by attack of the electron-rich enol on the positively polar-
ized iminium ion, and deprotonation on basic work-up ! nishes the job.

ð ðOHšð Oš

šN H

H

!

!

CPN

H
H

O

šN H

H
H

H

H

f

i

i

f

Exercise 21-19 Try It Yourself

Write the products of each of the following Mannich reactions: (a) 1-hexanamine 1 formaldehyde 1 
2-methylpropanal; (b) N-methylmethanamine 1 formaldehyde 1 acetone; (c) cyclohexanamine 1 
formaldehyde 1 cyclohexanone.
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tive of the carbonyl components, because the process starts by its initial condensation with 
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Exercise 21-19 Try It Yourself

Write the products of each of the following Mannich reactions: (a) 1-hexanamine 1 formaldehyde 1 
2-methylpropanal; (b) N-methylmethanamine 1 formaldehyde 1 acetone; (c) cyclohexanamine 1 
formaldehyde 1 cyclohexanone.
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21-10 NITROSATION OF AMINES

Amines react with nitrous acid, through nucleophilic attack on the nitrosyl cation, NO+.
The product depends very much on whether the reactant is an alkanamine or a
benzenamine (aniline) and on whether it is primary, secondary, or tertiary.

To generate NO+, the unstable nitrous acid prepares by the treatment of sodium nitrite with
aqueous HCl.
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In Summary Condensation of aldehydes (e.g., formaldehyde) with amines furnishes imin-
ium ions, which are electrophilic and may be attacked by the enols of ketones (or other 
aldehydes) in the Mannich reaction. The products are !-aminocarbonyl compounds.

Exercise 21-20

!-Dialkylamino alcohols and their esters are useful local anesthetics. Suggest a synthesis of 
the anesthetic Tutocaine hydrochloride, beginning with 2-butanone and using any other organic 
compounds. (Hint: Identify the embedded four-carbon unit of 2-butanone in the product and 
apply retrosynthetic disconnections from it.)

Tutocaine hydrochloride
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21-10 NITROSATION OF AMINES

Amines react with nitrous acid, through nucleophilic attack on the nitrosyl cation, NO1. 
The product depends very much on whether the reactant is an alkanamine or a benzenamine 
(aniline) and on whether it is primary, secondary, or tertiary. This section deals with 
alkanamines; aromatic amines will be considered in the next chapter.

To generate NO1, we must ! rst prepare the unstable nitrous acid by the treatment of 
sodium nitrite with aqueous HCl. In such an acid solution, an equilibrium is established 
with the nitrosyl cation. (Compare this sequence with the preparation of the nitronium 
cation from nitric acid; Section 15-10.)
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The nitrosyl cation is electrophilic and is attacked by amines to form an N-nitrosammonium salt.
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N-Nitrosammonium
salt

The course of the reaction now depends on whether the amine nitrogen bears zero, one, or 
two hydrogens. Tertiary N-nitrosammonium salts are stable only at low temperatures and 
decompose upon heating to give a mixture of compounds. Secondary N-nitrosammonium salts 
are simply deprotonated to furnish the relatively stable N-nitrosamines as the major products.
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The nitrosyl cation is electrophilic and is attacked
by amines to form an N-nitrosammonium salt.
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The course of the reaction now depends on whether the amine nitrogen bears zero, one, or
two hydrogens. Tertiary N-nitrosammonium salts are stable only at low temperatures and
decompose upon heating to give a mixture of compounds.

Secondary N-nitrosammonium salts are simply deprotonated to furnish the relatively stable
N-nitrosamines as the major products.
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Similar treatment of primary amines initially gives the analogous monoalkyl-N-nitrosamines.
However, these products are unstable because of the remaining proton on the nitrogen.

By a series of hydrogen shifts, they first rearrange to the corresponding diazohydroxides.
Then protonation, followed by loss of water, gives highly reactive diazonium ions, R–N2+.
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Mechanism of Decomposition of Primary N-Nitrosamines
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Similar treatment of primary amines initially gives the analogous monoalkyl-N-nitrosamines. 
However, these products are unstable because of the remaining proton on the nitrogen. By 
a series of hydrogen shifts, they ! rst rearrange to the corresponding diazohydroxides. Then 
protonation, followed by loss of water, gives highly reactive diazonium ions, R–N2

1. When R 
is a secondary or a tertiary alkyl group, these ions lose molecular nitrogen, N2, and form 
the corresponding carbocations, which may rearrange, deprotonate, or undergo nucleophilic 
trapping (Section 9-3) to yield the observed mixtures of compounds.

Mechanism of Decomposition of Primary N-Nitrosamines

Step 1. Rearrangement to a diazohydroxide
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Step 2. Loss of water to give a diazonium ion
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Diazonium cation
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Step 3. Nitrogen loss to give a carbocation
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Pure R enantiomer  

Pure S enantiomer  
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NaNO2,
HCl,
H2O

OCH2CH3

CH3O CH2CH2 

Reminder

In the adjacent scheme, free 
H1 does not exist in solution, 
but is attached to any available 
electron pair, mostly the 
oxygen of the solvent water.

Exercise 21-21

The mechanism just shown pertains to the decomposition of diazonium ions in which the alkyl 
groups R are secondary or tertiary. The result depicted in the margin was reported in 1991 and 
addresses the pathway chosen in the case of R ! primary alkyl. Is the mechanism the same?

The nitrosyl cation also attacks the nitrogen of N-methylamides. The products, N-
methyl-N-nitrosamides, are precursors to useful synthetic intermediates.

Nitrosation of an N-Methylamide

O
B

RCNHCH3

O
B

RCNCH3
NO"

!H" A
NO

N-Methylamide N-Methyl-N-nitrosamide

Solved Exercise 21-22 Working with the Concepts: Applying Basic Principles: A New Reaction of NO!

The ketone shown below undergoes nitrosation to the corresponding oxime (for oximes, see Section 17-9). Explain by a mechanism.

H

OO

N
OH

NaNO2, HCl

When R is a secondary or a tertiary alkyl group, these ions lose molecular nitrogen, N2,
and form the corresponding carbocations, which may rearrange, deprotonate, or undergo
nucleophilic trapping to yield the observed mixtures of compounds.
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The nitrosyl cation also attacks the nitrogen of N-methylamides. The products, N-methyl-
N-nitrosamides, are precursors to useful synthetic intermediates.

N-Methyl-N-nitrosamides are converted into diazomethane, CH2N2, upon treatment with
aqueous base.
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Base treatment of N-methyl-N-nitrosamides gives diazomethane
N-Methyl-N-nitrosamides are converted into diazomethane, CH2N2, upon treatment with 
aqueous base.

N-Methyl-N-nitrosourea Diazomethane

NCH2 NH3 K2CO3  

Making Diazomethane

P N !
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"P ðšKOH, H2O, (CH3CH2)2O, 0°C
" H2O "
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AA AC

O
B

P

NH2

H3C

Diazomethane is used in the synthesis of methyl esters from carboxylic acids. However, 
it is exceedingly toxic and highly explosive in the gaseous state (b.p. 2248C) and in 
concentrated solutions. It is therefore usually generated in dilute ether solution and imme-
diately allowed to react with the acid. This method is very mild and permits esteri! cation 
of molecules possessing acid- and base-sensitive functional groups, as shown in the follow-
ing example.

O
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NH2

OH

O

O
H
N

H
N

O
O

75%

NH2

OCH3
CH2N2, (CH3CH2)2O, CH3OH

When it is irradiated or exposed to catalytic amounts of copper, diazomethane evolves 
nitrogen to generate the reactive carbene methylene, H2C: Methylene reacts with alkenes 
by addition to form cyclopropanes stereospeci! cally (Section 12-9).

Exercise 21-24

Formulate a mechanism for the methyl esteri! cation by diazomethane. (Hint: Review the reso-
nance structures for CH2N2 in Section 1-5.)

In Summary Nitrous acid attacks amines, thereby causing N-nitrosation. Secondary amines 
give N-nitrosamines, which are notorious for their carcinogenicity. N-Nitrosamines derived 
from primary amines decompose through SN1 or SN2 processes to a variety of products. 
N-Nitrosation of N-methylamides results in the corresponding N-nitrosamides, which liber-
ate diazomethane upon treatment with hydroxide. Diazomethane is a reactive substance used 
in the methylesteri! cation of carboxylic acids and as a source of methylene for the cyclo-
propanation of alkenes.

THE BIG PICTURE
We have seen the role of the amine function as a base or nucleophile at various points 
of  the text. As early as in Sections 1-3 and 1-8, we learned about its valence electron 
count and hybridization, using NH3 as an example. In Section 2-2, we saw its first use 
as a base or nucleophile, and a resulting practical application in the resolution of ammo-
nium tartrates was featured in Section 5-8. Amine nucleophilicity was an essential part of 
Chapters 6 and 7, elaborated in its synthetic aspects in Sections 17-9, 18-4, 18-9, 19-10, 
20-6, and 20-7.

The present chapter summarizes, reinforces, and extends this material. In particular, 
it points out the similarities and differences between the amines and the alcohols. Thus, 
nitrogen is located immediately to the left of oxygen in the periodic table. It therefore 
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Exercise 21-21

The mechanism just shown pertains to the decomposition of diazonium ions in which the
alkyl groups R are secondary or tertiary. The result depicted in the margin was reported
in 1991 and addresses the pathway chosen in the case of R = primary alkyl. Is the
mechanism the same?
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Diazomethane is used in the synthesis of methyl esters from carboxylic acids. However, it
is exceedingly toxic and highly explosive in the gaseous state (b.p. –24 oC) and in
concentrated solutions.

It is therefore usually generated in dilute ether solution and immediately allowed to react
with the acid.

This method is very mild and permits esterification of molecules possessing acid- and
base-sensitive functional groups, as shown in the following example.

When it is irradiated or exposed to catalytic amounts of copper, diazomethane evolves
nitrogen to generate the reactive carbene methylene, H2C: Methylene reacts with
alkenes by addition to form cyclopropanes stereospecifically.
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