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Amines and Heterocycles

Alnines are organic derivatives of ammonia in the same way that alcohols and
ethers are organic derivatives of \l"l ater. Like ammonia, amines contain a nitro­
gen atom with a lone pair of electrons, making anlines both basic and nucleo­
philic. We'll soon see, in fact, that most of the chemistry of amines depends on
the presence of this lone pair of electrons.

Amines occur widely in all living organisms. Trimethylamine, for instance,
occurs in animal tissues and is partially responsible for the distinctive odor of
fish, nicotine is found in tobacco, and cocaine is a stimulant found in the South
American coca bush. In addition, amino acids are the building blocks from vvhich
all proteins are made, and cyclic amine bases are constituents of nucleic acids.

Trimethylamine

O
H>()

. I I
,.... CH

N 3

Nicotine Cocaine

24.1
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WHY THIS CHAPTER?

By the end of this chapter, we will have seen all the C0l111110n functional groups. Of
those groups, amines and carbonyl compounds are the most abundant and have
the ricllest chemistry. In addition to the proteins and nucleic acids already men­
tioned, the majority of pharmaceutical agents contain amine functional groups,
and many of the common coenzymes necessary for biological catalysis are amines.

Naming Amines

Amines can be either alkyl-substituted (alkylamines) or aryl-substituted
(aryI3l11ines). Although much of the chemistry ofthe two classes is similar, there j
are also substantial differences. Amines are classified as primary (RNH z), ~
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24.1 Naming Amines 917

secondary (RzNH), or tertiary (R3N), depending on the number of organic
substituents attached to nitrogen. Thus, methylamine (CH 3NJ-Iz) is a primary
amine, dimethylamine [(CH 3}zNJ-IJ is a secondary amine, and trimethylamine
I(CH3hNJ is a tertiary amine. Note that this usage of the terms primory, secolld­
(flY, and tertiary is different from our previous usage. \'Vhen we speak of a terti­
ary alcohol or alkyl halide, we refer to the degree of substitution at the alkyl
carbon atolll, but" when we speak of a tertiary amine, we refer to the degree of
substitution at the nitrogen atom.

CH3
I

H3C-C-OH
I
CH3

tert-Butyl alcohol
ta tertiary alcohol)

CH3
I

H3C-N
I
CH3

Trimethylamine
ta tertiary amine)

tert-Butylamine
ta primary amine)

Compounds containing a nitrogen atolll with four attached groups also
exist, but the nitrogen atom Illust carry a formal positive charge. Such com­
pounds are called quaternary ammoniulll salts.

R
1+

R-N-R x-
I

R

A quaternary ammonium salt

Primary amines are named in the IUPAC system in several ways. For simple
amines, the suffix ·l1miJ1e is added to the name of the alkyl substituent. You
might also recall frOln Chapter 15 that phenylamine, C6HsNHz, has the com­
mon name alii/iI/e.

CH3 a NHZ a NH2I
H3C-C-NH2

I
CH3

tert-Butylamine Cyclohexylamine Aniline

Alternatively, tile suffix -amine can be used in place of the final ~e in the name
of the parent compound.

4,4·Dimethylcyc!ohexanamine , ,4-Butanediamine
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Amines \·vith more than one functional group are named by considering the
-NH z as an amino substituent on the parent molecule.

NH,
I

CH3CH2CHC02H
4 3 2 1

2-Aminobutanoic acid 2.4-Diaminobenzoic acid 4-Amino-2-butanone

Symmetrical secondary and tertiary amines are named by adding the prefix
di- or tri- to the alkyl group.

H
I

aND
Diphenylamine Triethylamine

Unsymlnetrically substituted secondary and tertiary amines are named as
,v-substituted primary amines. The largest alkyl group is chosen as the parent
name, and the other alkyl groups are ,v-substituents on the parent (N because
they're attached to nitrogen).

N,N-Dimethylpropylamine N-Ethyl-N-methylcyclohexylamine

Heterocyclic 3mines----compounds in which the nitrogen atom occurs as part
of a ring-are also com mOll, and each different heterocyclic ring system has its m..'n
parent name. The heterocycUc nitrogen atom is always numbered as position L

4 5 4

0'
,

6(X)3 4 N'0, 5(')'/- 2 7 :::::-.... ....-::: 2
N N , N N,
1 I 8 1 I

H H

Pyridine Pyrrole Quinoline Imidazole

4 3 4 4

50)2 5C
N3 0, 0:6 1

),6 0.. N
7 I 1 N N , N,

1 I IH H H

Indole Pyrimidine Pyrrolidine Piperidine
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Problem 24.1 Name the following compounds:

(al CH3NHCH,CH3 Ibl

Q
lei CH,CH3

I

a

N

'CH3

aND

IldlO lei H III CH3
I I

N
,Ny

H,NCH,CH,CHNH,
I
CH,

Problem 24.2 Draw structures corresponding to the following IUPAC names:
(a) Triisopropylamine (b) Triallylailline
(c) N-Methylaniline (d) N-Ethyl-N-Illethylcyclopentylamine
(e) N-isopropylcyclohexylailline (f) N-Ethylpyrrole

Problem 24.3 Draw structures for the follm'Ving heterocyclic amines:
(a) S-Methoxyindole (b) 1,3-Dilllethylpyrrole
(c) 4-(N,N-Dimethylamino)pyridine (d) S-Aillinopyrimidine

24.2 Properties of Amines

The bonding in alkylamines is similar to the bonding in ammonia. The nitro­
gen atom is sp3-hybridized, with the three substituents occupying three corners
of a tetrahedron and the lone pair of electrons occupying the fourth corner. As
you might expect, the C-N-C bond angles are close to the 109° tetrahedral
value. For trimethylamine, the C-N-C bond angle is 108°, and the C-N bond
length is 147 pm.

Trimethvlamine

One consequence of tetrahedral geometry is that an amine with three differ­
ent substituents on nitrogen is chiral, as we saw in Section 9.12. Unlike chiral
carbon compounds, however) chiral amines can't usually be resolved because
the two enantiomeric forms rapidly interconvert by a pyramidal inversiol1, much
as an alkyl halide inverts in an SN2 reactioll. Pyramidal inversion occurs by a
momentary rehybridization of the nitrogen atom to planar, sp2 geometry, fol­
lowed by rehybridization of the planar intermediate to tetrahedral, sp3 geometry
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(Figure 24.1). The barrier to inversion is about 25 kJ/mal (6 kcal/moll, an amount
only hvice as large as the barrier to rotation about a C-C single bond.

Figure 24.1 Pyramidal inver·
sian rapidly interconverts the
two mirror-image (enantiorneric)
forms of an amine.

x
y....::::,

N

/
z

••

x

l/
N

\ z

sp3-hybridized
(tetrahedrall

srJl·hybridized
(planarl

sp3-hybridized
(tetrahedral)

Alkylamines have a variety of applications in the chemical industry as start­
ing materials for the preparation of insecticides and pharmaceuticals. Labetalol,
for instance, a so-called l3-blocker used for the treatment of high blood pressure,
is prepared by SN2 reaction of an epoxide with a primary amine. The substance
marketed for drug lise is a mixture of all four possible stereo isomers, but the bio­
logical activity derives primarily from the (R,R) isomer.

J~O~
H,N : I

HO

o OH HyJ)""""II I
/c N /

H,N~ CH
oHO

Labetalol

Li ke alcohols, amines with fe\'ver than five carbon atoms are generally water­
soluble. Also like alcohols) primary and secondary amines form Ilydrogen bonds
and are highly associated. As a result, 3mines have higher boiling points than
alkanes of similar molecular weight. Diethylamine (MVv' = 73 amu) boils at
56.3 °C, for instance, while pentane (MW ~ 72 amu) boils at 36.1 0c.
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One other characteristic of amines is their odor. Low-molecular~weigl1t

amines such as trimethylamine have a distinctive fishlike aroma, 'rvhile
c1iamines such as l/S-pentanecliamine, cOlllmonly called cadaverine, have the
appalling odors yOll might expect from their common names.

Basicity of Amines

The chemistry of amines is dominated by the [one pair of electrons on nitrogen,
which makes amines both basic and nucleophilic. They react with acids to form
acid-base salts, and they react \ovith electrophiles in many of the polar reactions
seen in past chapters. :\ote in the following electrostatic potential map of
trimethylamine ho,".... the negative (red) region corresponds to the Jone-pair
of electrons on nitrogen.

<~(\
N: + H-A

/
An amine An acid

la Lewis basel

......::,+
N-H +

/
:A

A salt

Amines are much stronger bases than alcohols and ethers) their oxygen­
containing analogs. V\rhen an amine is dissolved in 'water, an equilibrium is
established in which water acts as an acid and transfers a proton to the amine.
Just as the acid strength of a carboxylic acid can be measured by defining an
acidity constant" Ka (Section 2.8), the base strength of an amine can be measured
by defining an analogous basicity COl/stant Kb. The larger tile value of K]) and Ole
smaller the value of pKb, the more favorable the proton-transfer equilibrium
and the stronger the base.

For the reaction

RNH z + H20 , ' RNH,+ + 01-1-

[RNH,+I [OWJ

[I\N1-I 2 1

pKb = -log Kb

In practice} t<b values are not often lIsed. Instead, the 1110St convenient way
to measure the basicity of an amine (RNH2) is to look at the I/cidity of the corre­
sponding ammonium ion (R!'\H 3+).

For the reaction

RNH 3+ + H20 , . I\t'H2 + H30-

[I\Nl-lzl II-I.,O+J

II\NI-I,+1
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so

Ti,LIS

and

[
[RNH2] [H30+]][ [RNH3+] IOWl]

[RNH3+J [RNH 2 1

These equatiDns say that the Kb Df an amine l11ultiplied by the Ka Df the cor­
responding ammonium ion is equal to K~\" the ion-product constant for \'vater
(1.00 X 10- 14). Thus, if we knm·\' Ka for an ammonium iOll, \,\Ie also knOt-v Kb for
the corresponding amine base because Kb = Kv.•,/Ka. The more acidic the ammo­
niulll iOIl! the less tightly the proton is held and the weaker the corresponding
base. That is, a weaker base has an ammonium ion with a smaller pKai and a
stronger base has an anl1llonium ion with a larger pKa.

Weaker base

Stronger base

Slnaller pKa for ammoniulll ion

Larger pKa for ammonium ion

Table 24.1 lists pKa values of some ammonium ions and indicates that there is
a substantial range of alnine basicities. Most simple alkylamines are similar in their
base strength} with pK,,'s for their anlITIoniulTI ions in the narrovlf range 10 to Ii.
Arylmllilles, however, are considerably less basic than alkylamines, as are the
heterocyclic amines pyridine and pyrrole.

In contrast with amines, amides (RCONHz) are non basic. Amides don't
undergo substantial protonation by aqueous acids, and they are poor nucleo­
philes. The main reason for this difference in basicity between amines and
amides is that an amide is stabilized by delDcalizatiDn Df the nitrogen IDne-pair
electrons through orbital overlap ,-vith the carbonyl group. In resonance terms}
amides are more stable and less reactive than amines because they are hybrids
of two resonance forms. This amide resonance stabilization is lost \\'hen the
nitrogen atom is protonated, so protonation is disfavored. Electrostatic paten·
tial maps shDw clearly the decreased electron density Dn the amide nitrogen.

Electron-rich

I
I

Methylamine
(an amine)

I

Acetamide
Ian amide)
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Table 24.1 Basicity of Some Common Amines

Name Structure pKa of ammonium ion

Ammonia NH3 9.26

Primary alkylamine

Methylamine CH3NH2 10.64

Ethylamine CH3CH2NHz 10.75

Secondary alkylamine

Dielhylamine (CH3CH2J2NH 10.98

Pyrrolidine CNH 11.27

Tertiary alkylamine

Triethylamine (CH3CH2)3N 10.76

Arylamine

Aniline < )-NH2 4.63

Heterocyclic amine

Pyridine
eN

5.25

N~
Pyrimidine L\ 1.3

Pyrrole CNH OA

N~
Imidazole lvNH 6.95

It's often possible to take advantage of their basicity to purify alnlnes. For
example, if a III ixture of a basic amine and a neutral compound such as a ketone
or alcohol is dissolved in an organic solvent and aqueous acid is added, the basic
amine dissolves in the water layer as its protonated salt, while the neutral corn~

pound remains in the organic solvent layer. Separation of the water layer and
neutralization of the ammonium ion by addition of NaOH then provides the
pure amine (Figure 24.2).

In addition to their behavior as bases, primary and secondary amines can
also act as very weak acids because an N-H proton can be removed by a suffi­
ciently strong base. We've seen, for example/ how diisopropyIamine (pKiJ = 40)
reacts with butyllithiulll to yield lithiulll diisopropylamide (LDA; Section 22.5).
Dialkylamine anions like LDA are extremely powerful bases that are often used



924 CHAPTER 24 Amines and Heterocycles

Figure 24.2 Separation and
purification of an amine compo­
nent from a mixture.

Amine + Neutral compound

Dissolve in ether;
add Hel, H20

Ether layer
, (neutral compound) I

+Aqueous layer
(R-NH3 CI-; amine salt) J

rEther layer
(amine)

Aqueous layer

~aCII~

in laboratory organic chemistry for the generation of enolate ions from carbonyl
compounds (Section 22.7).

Butyllithium

Diisopropylamine

THF
solvent

Lithium diisopropylamide
(LOA)

Problem 24.4 \"lhich compound in each of the following pairs is more basic"?
(a) CI-I3GlzNHz or CI-I 3CI-I2CONI-Iz (b) NaOH or CH31\Hz
(c) CI-I3NJ-ICI-I3 or pyridine

Problem 24.5 The benzyial11moniul11 ion (C6I-1 SCJ-Il NH,+) has pKa ~ 9.33. and the propyl­
ammonium ion has pKa = 10.7]. VVhich is the stronger base, benzylamine or
propylamine? vVhat are the pKb's of benzylamine and propylamine?

24.4 Basicity of Substituted Arylamines

As noted previouslYI arylamines are generally less basic than alkylamines.
Anilinium ion has pKa = 4.63, for instance, whereas methylammoniul11 ion has
pKa = 10.64. Arylamines are less basic than aikylamines because the nitrogen
lone-pair electrons afe delocalized by interaction with the aromatic ring To elec­
tron system and are less available for bonding to H+. In resonance terms, aryl­
amines afe stabilized relative to alkylamines because of their five resonance
forms.
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Much of the resonance stabilization is lost on protonatioll! however, so the
energy difference between protonated and nonprotonated forms is higher for
arylamines than it is for alkylamines. As a result, arylamines are less basic. J:ig­
Lire 24.3 illustrates the difference.

Alkylamine, RNH2

__________________1 _

Figure 24.3 Arylamines have a
larger positive j(?' for proton­
ation and are therefore less basic
than alkylamines, primarily
because of resonance stabiliza­
tion of the ground state. Electro­
static potential maps show that
lone-pair electron density is delo­
calized in the amine but the
charge is localized in the corre­
sponding ammonium ion.

>
'"~
c
w

Alkylammonium ion, RNH2+

Arylammonium ion, ArNHz+

Arylamine, ArNH2

-----"-----r----
Resonance
stabilization

Aniline
ldelocalized electrons)

Anilinium ion
{localized charge)

Substituted arylamines can be either more basic or less basic than aniline,
depending on the substituent. Electron-donating substituents, such as -CH3,
-NHz, and -OCH3, which increase the reactivity of an aromatic ring toward
electrophilic substitution (Section 16.4), also increase the basicity of the corre­
sponding arylamine. Electron-withdrawing substituents, such as ~Cl, -NOzl
and -CN, which decrease ring reactivity to,"vard electropllilic substitution l also
decrease arylamine basicity. Table 24.2 considers only p-substituted anilines, but
similar trends are observed for ortilo and meta derivatives.

Problem 24.6 YVithout looking at Table 2..1.2, rank the following compounds in order of ascending
basicity.
(a) p-Nitroanilinc! p-aminobenzaldehyde, p-bl'Ollloanilinc
(b) p~Chloroanili ne. p-aminoacetopllenone. p-methylaniline
(c) p·(Tri fluoromethyl)aniline, p-mcthylaniline! p-(fluofOmethyl)ani line

24.5 Biological Amines and the Henderson-Hasselbalch
Equation

We sa v\" in Section 20.3 that the extent of dissociation of a carboxylic acid J-1A in
an aqueous solution buffered to a given pH can be calculated with the Hendcrson­
Hasselbalch equation. Furthermore, we concluded that at the physiological
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Table 24.2 Base~trength of Some p-Substitllted_Anilines

Y-o-NH, + H2O y-o-NH3 + -OH

Substituent. Y pK,

Stronger -NH2 6.15
base

-OCH3 5.34 Activating groups

-CH3 5.08

-H 4.63

-CI 3.98

-Br 3.86

Deactivating groups

-CN 1.74

Weaker
-NO,base 1.00

pH of 7.3 inside living cells} carboxylic acids are almost entirely dissociated into
their carboxylate anions, RCO, -.

[A-]
Henderson-Hasselbalch equation: pH = pKa + Jog [HAl

What about amine bases? In what form do they exist at the physiological
pH inside cells-as the amine (A- ~ RNH z), or as the ammonium ion (HA ~

RNH 3+)7 Let's take a 0.0010 M solution of methylamine at pH ~ 7.3, for exam­
ple. According to Table 24.1, the pKa of methylammonium ion is 10.64, so from
the Henderson-Hasselbalch equation, we have

[RNH,I
log [RNH)+J ~ pH - pKa ~ 7.3 - 10.64 ~ -3.34

[RNl-lzl

[
+J ~ antilog(-3.34) ~ 4.6 x 10-·

Rc'lH)
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In addition, we kI10\.v that

Solving the two simultaneous equations gives [RNH 3+] = 0.0010 M and
[RNHzJ = 5 x 10-7 M. In other words, at a physiological pH of 7.3, essentially
100% of the methylamine in a 0.0010 M solution exists in its protonated form
as methylammoniulll ion. The same is true of other amine bases, so we write cel­
lular amines in their protonated fonn and amino acids in their ammonium car­
boxylate form to reflect their structures at physiological pH.

The amino group is
protonated at pH = 7.3.

The carboxylic acid group
is dissociated at pH = 7.3.

H,C, l /
+ C

H3N/ ........ C02-

Alanine
(an amino acid)

Problem 24.7

24.6

Thomson Click Organic
Interactive to use a web-based
palette to predict products from
a variety of reactions that yield
amines.

Calculate the percentages of neutral and protonated forms present in a solution of
0.0010 M pyrimidine at pH = 7.3. The pKa of pyrimidinium ion is 1.3.

Synthesis of Amines

Reduction of Nitriles. Amides. and Nitro Compounds
We've already seen in Sections 20.7 and 21.7 how amines can be prepared by
reduction of nitriles and amides with LiAIH 4_The two-step sequence of SN2 dis­
placement with Cl\- followed by reduction thus converts an alkyl halide into a
primary alkylamine having one more carbon atom. Amide reduction converts
carboxylic acids and their derivatives into amines 'with the same number of
carbon atoms.

RCH,X

Alkyl
halide

NaCN 1. LiAIH~. ether

2. H20

1° amine

o
II
C

R/ .......... OH

Carboxylic
acid

1. LiAIH 4, ether

2. H20

1" amine

Arylamines are usually prepared by nitration of an aromatic starting mate­
rial, fonowed by reduction of the nitro group (Section 16.2). The reduction step
can be carried out in many different ways, depending on the circumstances. Cat­
alytic hydrogenation over platinum works well but is often incompatible with
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the presence elsewhere in the molecule of other reducible groups, such as
C~C bonds or carbonyl groups. Iron, zinc, tin, and tin(ll) chloride (SnClz) are
also effective when used in acidic aqueous solutioll. Tin(ll) chloride is partiClI­
lady mild and is often used when other reducible functional groups are present.

p-tert-Butylnitrobenzene

OHC~NO,

V
m-Nitrobenzaldehyde

Pt catalyst,
ethanol

1. Snel2_H30+

2. NaOH

p-tert-Butylaniline (100%)

OHC~NH,

o
m-Aminobenzaldehyde

190%1

Problem 24.8 Propose structures for either a nitrile or an amide that might be a precursor of each
of the following amin€s:
(a) CI-l3CH, Cl-l,NH, (b) (C1-l 3CH,CH zlzNH
(cj Benzylamlne, C61-1 sCH, Nl-l z (d) N-Ethylaniline

SN2 Reactions of Alkyl Halides
Ammonia and other amines are good Ilucleophiles in SN2 reactions. As a result,
the simplest method of alkylamine synthesis is by SN2 alkylation of ammonia
or an alkylamine 'with an alkyl halide. If ammonia is used, a primary amine
results; if a primary amine is used l a secondary amine results; and so all. Even
tertiary Jmines react rapidly with alkyl halides to yield quaternary ammonium
salts, R4N+ X-.

·~0 SN2 + NaOH
Ammonia NH3 + R-X ~ RNH3 X- RNH2 Primary

·~0 SN' + NaOH
Primary RNH2 + R-X ~ R,NH2 X- R,NH Secondary

.~(\
~ + NaOH

Secondary R2NH + R-X R3NH X- R3N Tertiary

·~0 SN' +
Tertiary R3N + R-X ~ R4N X- Quaternary

ammonium

Unfortunately! tl1ese reactions don't stop cleanly after a single alkylation has
occurred. Because ammonia and primary amines have similar reactivity! the ini~

tially formed fllonoalkylated substance often undergoes further reaction to yield
a mixture of products. Even secondary and tertiary amines undergo further alkyl­
ation! although to a lesser extent. foor example, treatment of l-bromooctane with
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a twofold excess of ammonia leads to a Illixture containing only 4S9{, of octyl­
amine. A nearly equal amount of dioctylamine is produced by double al kylation,
along with smaller amounts of trioctylamine and tctraoctylammoniul11 bromide.

1-Bromooctane Octylamine (45%) Dioctylamine (43%)

+
+ ICH3ICH2)6CH2bN: + ICH3(CH2)6CH2I,N Br

Trace Trace

A better method for preparing primary amines is to use the azide synthesis,
in which azide ion, N3 -, is used for SN2 reaction with a primary or secondary
alkyl halide to give an alkyl aZide, RN3. Because alkyl azldes are not nucleophilic,
overalkylation can't occur. Subsequent reduction of the alkyl aZide, either by
catalytic hydrogenation over a palladium catalyst or by reaction \·vith LiAIH 4 !

then leads to the desired primary amine. Although the method works well, 101"­
molecular-\\;eight alkyl azides are explosive and must be handled carefully.

l-Bromo-2­
phenylethane

NaN]

Ethanol

2-Phenylethyl azide

1. LiAIH4, ether

2. H20

2·Phenylethylamine
(89%)

Siegmund Gabriel

Siegmund Gabriel (1851-19241
was born in Berlin, Germany, and
received his Ph.D. in 1874 at the
University of Berlin, working with
August von Hofmann. After
further work with Robert Bunsen,
he became professor 01 chem­
istry at the University of Berlin.

Another alternative for preparing a primary amine from an alkyl halide is
the Gabriel amine synthesis, which uses a pJitlralimide alkylation. An iInide
(-CONHCO-) is simllar to a 13-keto ester in that the acidic N-H hydrogen is
flanked by hvo carbonyl groups. Thus, imides are deprotonated by such bases as
KOH, and the resultant anions are readily alkylated in a reaction similar to the
acetoacetic ester synthesis (Section 22.7). Basic hydrolysis of the N-alkylated
imide then yields a primary amine product, The imide hydrolysis step is analo­
gous to the hydrolysis of an amide (Section 21.7).

Phthalimide

KOH

Ethanol

Gel
C02-

+ R-NH2
'0- CO

2
-
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Problem 24.9 Write the mechanism of the last step in the Gabriel amine synthesis, the base­
promoted hydrolysis of a phthaJimide to yield an amine plus phthalate ion.

Problem 24.10 ShO'\' t\'VQ methods for the synthesis of dopamine, a neurotransmitter involved in
regulation of the central nervous system. Use any 311-."yl halide needed.

Dopamine

Reductive Amination of Aldehydes and Ketones
Amines can be synthesized in a single step by treatment of an aldehyde or
ketone with an1monia or an amine in the presence of a reducing agent, a process
called reductive amination. For example, amphetamine} a central nervous sys­
tem stimulant, is prepared commercially by reductive amination of phenyl­
2-propanone with ammonia, using hydrogen gas over a nickel catalyst as the
reduci ng agent.

~CH3

0 0

Phenyl-2-propa none

NHJ

HiNi
(or NaBH4)

rTYCH3o H' 'NH,

Amphetamine

+ H,O

Reductive amination takes place by the pathway shown in Figure 24.4.
An imine intermediate is first formed by a nucleophilic addition reaction
(Section 19.8), and the C~N bonel of the imine is then reduced.

Ammonia, primary amines, and secondary amines can all be used in the
reductive amination reaction, yielding primary! secondary! and tertiaryamines,
respectively.

°II
C

R/ ......... R'

NHyH2!cat.

H NH,
\ /
C

R/ ......... R'

jR'NH, "'" ,~"NH
H2lcat. ~!cal.

H NHR"
\/
C

R/ ......... R'

H NR"
\ / '
C

R/ 'R'

Primary amine Secondary amine Tertiary amine
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Active Figure 24.4
MECHANISM: Mechanism of
reductive ami nation of a ketone
to yield an amine. Details of the
imine-forming step were shown
in Figure 19.8 on page 711. Sign
in at www.thomsonedu.com to
see a simulation based on this
figure and to take a short quiz.

o Ammonia adds to the ketone
carbonyl group in a nucleophilic
addition reaction to yield an
intermediate carbinolamine.

f} The carbinolamine loses water to
give an imine.

€) The imine is reduced by NaBH4 or
H2/Ni to yield the amine product.

·~I/fany different reducing agents are effective, but the most common choice
in the laboratory is sodium cyanoborohydride, NaBH3CN. Sodium cyanoboro­
hydride is similar in reactivity to sodiulll borohydride (NaBH4 ) but is more sta­
ble in weak acid solution.

+

H

+

Cyclohexanone N,N-Dimethylcyclo­
hexylamine (85%)

Reductive ami nations also occur in various biological pathvvays. fn the bio­
synthesis of the amino acid proline, for instance, glutamate S-semialdehyde
undergoes internal imine formation to give I-pyrrolinium S-carboxylate, which
is then reduced by nucleophilic addition of hydride ion to the C~N bond.
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Reduced nicotinamide adenine dinucleotide, NADH, acts as the biological
reducing agent.

+
H NH3

o \/
~c~co-

I '
H

Glutamate
5-semialdehyde

H

FN
:~_CO,-

H

'·Pyrrolinium
5-carboxylate

NADH NAO+

" /

Proline

WORKED EXAMPLE 24.1 Using a Reductive Amination Reaction

How might you prepare N-methyl-Z-phenylethylamine using a reductive amination
reaction?

UNHCH3
N-Methyl-2-phenylethylamine

Strategy Look at the target molecule, and identify the groups attached to nitrogen. One of the
groups must be derived from the aldehyde or ketone component, and the other mLlst

be derived from the amine component. In the case of N-methyl-2-phenylethyl­
amine, there are two combinations that can lead to the product: phenylacetaldehycle
pI us methylamine or formaldehyde plus 2-phenylethylam ine. In general, it's usually
better to choose the combination with the simpler amine component-methyl­
amine in this case-and to LIse an excess of that amine as reactant.

Solution

+

~NHCH3

o
~NH,o

+

CH,O

Problem 24.11 How might the following amines be prepared Llsing reductive amination reactions?
Show all precursors If more than one is possible.

(a) CH3
I

CH3CH,NHCHCH3

Ibl ~NHCH,CH3

o
(cll"'\

V-NHCH3
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Problem 24.12 ]-Iov',' could you prepare the following aminE' using a reductive aminatiOIl reaction?

Hofmann and Curtius Rearrangements
Carboxylic acid derivatives can be converted into primary alnines ,,"vith loss of
one carbon atom by both the Hofinann rearrangement and the CUI"tiuS
rearrangement. Although the Hofmann rearrangement involves a primary
amide and the Curtius rearrangement involves an acyl azide, both proceed
through similar mechanisms.

Hofmann rearrangement occurs ...",hen a primary amide, RCONl-I z, is treated
with Brz and base (Figure 24.5). The overall mechanism is lengthy, but most of the
individual steps have been encountered before. Thus, the bromination of an
amide in steps 1 and 2 is analogous to the base~prol11otedbromination of a ketone
enolate ion (Section 22.6), and the rearrangement of the bromoamide anion in
step 4 is analogous to a carbocation rearrangement (Section 6. I1). Nucleophilic
addition of water to the isocyanate carbonyl group in step 5 is a typical carbonyl­
group process (Section 19.4), as is the final decarboxylation step (Section 22.7).

Despite its mechanistic complexity, the Hofmann rearrangement often
gives high yields of both arylamjnes and alkylamines. For example, the
appetite-suppressant drug phentermine is prepared commercially by Hofmann
rearrangement of a primary amide. Commonly known by the name Fell-Plteu,
the combination of phentermine with anotller appetite-suppressant, fenflur­
anline, is suspected of causing heart danlage.

Augu.t Wilhelm
von Hofmann

August Wilhelm von Hofmann
(1818-1892) was born in Giessen,
Germany, the son of the architect
who designed the chemistry
building at the university there.
Aher receiving his doctorate
working with Justus von Liebig at
the University of Giessen, he
served as the first director of the
new Royal College of Chemistry
in london from 1845 to 1864 and
then moved to the University of
Berlin as professor (1865-18921.
Among his many contributions to
chemistry, he was one of the
founders of the German dye
industry, was the discoverer of
formaldehyde. and was a
cofounder of the German Chemi­
cal Society.

Theodor Curtiu.

Hofmann
rearrangement

Curtius
rearrangement

°II NaOH, Br2
C R~NH, + CO,

R/ ........ NH2 H,O

An amide

°II +~N ~ R-NH, + CO, + N,R/C ........ N-;YN Heat

An acyl azide

Theodor Curtfus (1857-1928) was
born in Ouisberg, Germany, and
received his doctorate at the Uni­
versity of Leipzig working with
Herman Kolbe. He was professor
at the universities of Kiel, Bonn,
and Heidelberg (1898-1926). 2,2-Dimethyl-3-phenyl­

propanamide

NaOH, CI 2

H,O

Phetermine

co,
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Amide

o Base abstracts an acidic N-H proton,
yielding an amide anion.

f} The anion reacts with bronine in an
O'·substitution reaction to give an
N-bromoamide.

Bromoamide

€) Abstraction of the remaining N-H proton
by base gives a resonance-stabilized
bromoamide anion ...

() ... which rearranges when the R group
attached to the carbonyl carbon migrates
to nitrogen at the same time the bromide
ion leaves.

o
II

........ C, .......... H
R N
q~- ..

H :QH

ol!

€)11

oj

+ H20

o The isocyanate formed on rearrangement
adds water in a nucleophilic addition step
to yield a carbamic acid.

o The carbamic acid spontaneously loses
CO2 to give an amine.

Carbamic acid

+ O=C=O

+ HO-

Figure 24.5 MECHANISM: Mechanism of the Hofmann rearrangement of an amide to an
amine. Each step is analogous to a reaction studied previously.
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The Curtius rearrangement} like the Hofmann rearrangement, involve
migration of an -R group from the C=O carbon atom to the neighboring nitro
gen vdth simultaneous loss of a leaving group. The reaction takes place on heat
ing an acyl azide that is itself prepared by nucleophiiic acyl substitution of aJ
aciel chloride.

+ N,

0 0 0
II NaN 3 II +,*,N II

~C ./.c-f'-;/~ ~ C R-NH, + CO,
R/ 'CI R '-..-'N V II

N,
R

Acid Acyl Isocyanate Amine
chloride azide

Like the Hofmann rearrangement, the Curtius rearrangement is often used
commercially. For example, the antidepressant drug tranylcypromine is made
by Curtius rearrangement of 2-phenylcyclopropanecarbonyl chloride.

trans-2-Phen Vi eyelo·
propanecarbonyl chloride

1. NaN3
2. Heat

3. H20 (t--- ---NH,

_ H

~ /;

Tranylcypromine

WORKED EXAMPLE 24.2 Using the Hofmann and Curtius Reactions

Ho"",- would you prepare o-methylbenzylall1ine from a carboxylic acid, using both
Hofmann and Curtius rearrangements?

Strategy Both Hofmann and Curtius rearrangements cOllvert a carboxylic acid derivative­
either an amide (Hofmann) or an acid chloride (Curtius)-into a primary amine
,vith loss of one carbon, RCOY ~ RNHz. Both reactions begin ........ ith the same car­
boxylic acid, ,.vhich can be identified by replacing the -NHz group of the amine
product by a -C01J-l group. In the present instance, o-methylphenylacetic acid is
needed.

Solution H H
\ I

(Xc'c/OH

I II
~ CH3

0

o-Methylphenyl­
acetic acid

2. H20, heat

o-Methylbenzylamine
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Problem 24.13 How would yOLi prepare the follO\·ving amines, using both Hofmann and Curtiu5
rearrangements on a carboxylic acid derivative?

lal Ibl

24.7

Thomson W Click Organic
Interactive to use a web-based
palette to predict products from
a variety of reactions involving
amines.

Reactions of Amines

Alkylation and Acylation
\'Ve've already studied the t"vo most general reactions of all1ines~alkylationand
acylation. As we sa,,\' earlier in this chapter, primary, secondary, anel tertiary
amines can be alkylated by reaction \-vith a primary alkyl halide. Alk.'ylations of
primary and secondary amines are difficult to control and often give mixtures
of products, but tertiary amines afe cleanly alkylated to give quaternary ammo­
nium salts. Primary and secondary (but not tertiary) amines can also be acyJated
by nucleophilic acyl substitution reaction with an acid chloride or an acid anhy­
dride to yield an amide (Sections 21.4 and 21.5). Note that overacylation of the
nitrogen does not occur because the amide product is much less nucleophilic
and less reactive than the starting amine.

+

+

+

WNH,

Pyridine

solvent

Pyridine

solvent

Pyridine

solvent

o
II

/C, ........ H + HCI
R N

I
H

o
II

........C, ........ R + He\
R N

I
H

o
II

........ C, ........ R· + HC!
R N

I
R'

Hofmann Elimination
Like alcohols! amines can be converted into alkenes by an elimination reaction.
Because an amide iOIl! NH z-, is such a poor leaving group, hO\ycver, it must
first be converted into a better leaving group. In the HofInalln eUlllination
reaction, an amine is methylated by reaction with excess iodomethane to pro­
duce a quaternary ammonium salt, which then undergoes elimination to give
an alkene on heating with a base, typically silver oxide, AgzO. For example,
I-methylpentylamine is converted into] -hexene in 60% yield.

1-Methylpentylamine (1-Methylpentyl )trimethyl­
ammonium iodide

+ NICH 3)3

CH3CH,CH,CH,CH=CH,

1-Hexene (601','0 )
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Silver oxide acts by exchanging hydroxide ion for iodide ion in the quate1
nary salt, thus providing the base necessary to cause elimination. The actu;;
elimination step i.~ an E2 reaction (Section 11.8) in which hydroxide io]
removes a proton at the same time that the positively charged nitrogen atoll
leaves.

Quaternary
ammonium salt

E2

reaction

\ /
c=c + H20 + NICH313

/ \

Alkene

An interesting feature of the Hofmann elimination is that it gives products
different from those of lllost other E2 reactions. vVhereas the lJIore highly sub­
stituted alkene product generally predominates in the £2 reaction of an alkyl
halide (Zaitsev's rule; Section 11.7), the less highly substituted alkene predomi­
nates in the Hofmann elimination of a quaternary ammonium salt. The reason
for this selectivity is probably steric. Because of the large size of the trialkylamine
leaving group, the base must abstract a hydrogen from the most stericaUy acces­
sible, least hindered positlon.

H3C CH3 -OH
\ I

H N+CH3
\ I

CH3CH2'C/C'C/H

I \ 1\ /
H H H H/r""Less hindered;

'--<----" ./ more accessible

More hindered;
less accessible

11-Methylbutyl )trimethylam monium
hydroxide

1-Pentene
(94%)

2-Pentene
(6%)

The Hofmann elimination reaction is not often used today in the laboratory,
but analogoLis biological eliminations occur frequentl}', although usually with
protonated ammonium ions rather than quaternary ammonium salts. In the bio­
synthesis of nucleic acids, for lnstance, a substance called adenylosuccinate
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undergoes an elimination of a positively charged nitrogen to give fumarate plus
adenosine monophosphate.

Adenylosuccinate

H
I

......... c" ....... C02­
-O,C "T

H

Fumarate

+

Adenosine
monophosphate

WORKED EXAMPLE 24.3 Predicting the Product of a Hofmann Elimination

\.vhat product \-vould you expect from Hofman 11 elimination of the follo\"l'ing amine?

Strategy The Hofmann eUmination is an £2 reaction that converts an amine into an alkene
and occurs with non~Zajtsevregiochemistry to form the least highly substituted dou­
ble bond. To predict the product, look at the reactant and identify the positions from
\'vhich elimination might occur (the positions hvo carbons removed from nitrogen).
Then carry out an elimination using the Illost accessible hydrogen. In the present
instance, there are three possible positions from which elimination might occur­
one primarYI one secondary, and one tertiary. The primary position is the most
accessible and leads to the least highly substituted alkene l ethylene.

Solution

+ H,C=CH,

Problem 24.14 \Nhat products would yOll expect from Hofmann eli.mi.nation of the following
amines? If more than one product is formed, indicate '·vhich is major.
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Problem 24.15 \Vhat product \'\'ould you expect from Hofmann elimination of a heterocyclic amine
such as piperidine'! "Vrite all the steps.

Piperidine

24.8
Thomson Click Organic
Interactive to use a web-based
palette to predict products from
a variety of reactions involving
arylamines.

Reactions of Arylamines

Electrophilic Aromatic Substitution
An amino group is strongly activating and ortho- and para-directing in electro­
phi lie aromatic substitution reactions (Section 16.4). This high reactivity can be
a drawback at times because it's often difficult to prevent polysubstitution. For
instance, reaction of aniline with Brz takes place rapidly and yields the 2,4/6-tri­
brominated product. The amino group is so strongly activating that it's not' pos~
sible to stop at the monobromo stage.

Aniline 2,4,6·Tribromoaniline
1100%)

Another drawback to the use of amino-substituted benzenes in electro~

philic aromatic substitution reactions is that Friedel-Crafts reactions are not
successful (Section 16.3). The amino group forms an acid-base complex with
the AICI3 catalyst, which prevents further reaction frolll occurring. Both
drawbacks can be overcome, however, by carrying out electrophilic aromatic
substitution reactions on the corresponding (Imide rather than on the free
amine.

As \:\ie sa'.\' in Section 21.5, treatment of an amine with acetic anhydride
yields the corresponding acetyl amide, or acetamide. Although still activating
and ortho-, para-directing, amido substituents (- NJ-ICOR) are less strongly
activating and less basic than amino groups because their nitrogen lone-pair
electrons are delocalized by the neighboring carbonyl group. As a result,
bromination of an N-arylamide occurs cleanly to give a monobromo product!
and hydrolysis with aqueous base then gives the free amine. For example,
p-toluidine (4-methylaniline) can be acetylated, brominated, and hydrolyzed
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to yield 2-brol11o-4-rnetllylaniline. None of the 2,6-dibrominated product is
obtained.

0 0
II II

H C H C

¢ ¢',",
<Y~:' <y"(CH 3CO}20 :1 ~ NaOH

""I ""I
+ CH3CO,-

Pyridine H,O

CH3 CH 3 CH3 CH3

p-Toluidine 2-Bromo-4-methyl-
aniline (79%1

Friedel-Crafts alkylations and acylations of N-arylamides also proceed
normally. For example, benzoylation of acetanilide (N-acetylaniline) under
Friedel-Crafts conditions gives 4-aminobenzophenone in 80% yield after
hydrolysis.

Aniline

(CH 3CO)20

Pyridine

NaOH

H,O

4-Aminobenzophenone
180%1

Modulating the reactivity of an ami no-substi tuted benzene by forming an
amide is a useful trick that aJlows many kinds of electrophilic aromatic sub­
stitutions to be carried out that \vould otherwise be impossible. A good exam­
ple is the preparation of the sulfa drugs. Sulfa drugs, such as sulfanilamide,
were among the first pharmaceutical agents too be used clinically against bac­
terial infection. Although they have largely been replaced by safer and more
powerful antibiotics, sulfa drugs are credited with saving the lives of thou­
sands of wounded during World War II, and they are still prescribed for infec­
tions ot the urinary tract. They are prepared by chlorosulfonation of
acetanilide, followed by reaction of p-(N-acetylamino)benzenesulfonyl chlo­
ride with ammonia or some other amine to give a sulfonamide. Hydrolysis of
the amide then yields the sulfa drug. Note that this amide hydrolysis can be
carried out in the presence of the sulfonamide group because sulfonamides
hydrolyze very slo\·vly.
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jNaoH
H,O

Sulfanilamide
(a sulfa drug)

Problem 24.16 Propose a syn thesis of the drug sulfath iazole frol11 benzene and any necessa ry ami ne.

Sulfathiazole

Problem 24.17 Propose syntheses of the follmving compounds from benzene:
(a) N,N-Dimethylaniline (b) p-Chloroaniline
(c) I1J~Chloroaniline (d) 2,4-Dimethylaniline

Diazonium Salts: The Sandmeyer Reaction
Primary arylamines react with nitrous acid, HNOz, to yield stable arenediazonium

+
salts, Ar-" =N X-, a process called a diazotization reaction. Alkylami nes also
react with nitrous acid, but the alkanedjazonium products of these reactions are
so reactive they can't be isolated. Instead, they lose nitrogen instantly to yield
carbocations. The analogolls loss of 1'2 from an arenedlazonium ion to yield an
aryl cation is disfavored by the instability of the cation.

2 H20

ArenediazoniuIll salts are extremely lIseful because the diazonio group (N2)
can be replaced by a nucleophile in a substitution reaction.

+
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Traugott Sandmeyer (1854-19221
was born in Wettingen, Switzer­
land, and received his Ph.D. at
the University of Heidelberg. He
spent his professional career
doing pharmaceutical research
at the Geigy Company in Basel.
Switzerland.

Many different nucleophiles-halide, hydride, cyanide, and hydroxide
among others-react with Jrenediazonium salts) yielding mJny different kjnds
of substituted benzenes. The overall sequence of (1) nitration, (2) reduction,
(3) diazotization, and (4) nucleophilic substitution is perhaps the single most
versatile method of aromatic substitution.

Aryl chlorides and bromides are prepaL"ed by reaction of an arenediazoniulTI
salt with the corresponding copper(I) halide, CuX, a process called the Sandmeyer
reaction. Aryl iodjdes can be prepared by direct reaction witl1 Nal vvithollt using a
copper(J) salt. Yieids generaily fall between 60 and 80%.

HB,

CuBr O
sr

/1
H3C '"

p-Methylaniline

Na!
~

p-Bromotoluene (73%)

~I

V
Aniline Iodobenzene (67%)

Similar treatment of an arenediazonlulll salt \"ith elleN yields the nitrile!
ArCN I ,,,,-l1icl1 can then be further converted into other functional groups such
as carboxyl. For example, Sandmeyer reaction of o-methylbenzenediazoniulll
bisulfate with CuCN yields o-methylbenzonitrile, which can be hydrolyzed to
give o-methylbenzoic acid. This product can't be prepared from a-xylene by the
usuai side-chain oxidation route because both methyl groups would be oxidized.

~
CuCN

LCH3

V
o-Methylaniline o-Methylbenzene­

diazonium bisulfate
o-Methylbenzonitrile o-Methylbenzoic

acid

The diazonio group can also be replaced by -OH to yield a phenol and by
-H to yield an arene, A phenol is prepared by reaction of the arenediazonium
salt with copper(l) oxide in an aqueous solution of copper(ll) nitrate, a reaction
that is especially useful because few other general methods exist for introducing
an -OH group onto an aromatic ring.

p-MethyJaniline
(p-Toluidine)

OH

¢
CH 3

p-Cresol
/93%J
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Reduction of a diazonium salt to give an arene occurs on treatment witl
hypophosphorous acid, H3POZ. This reaction is used primarily when there i
a need for temporarily introducing an amino substituent onto a ring to tak~

advantage of its directing effect. Suppose, for instance, that you needed tt
make 3,S-dibromotoluene. The product can't be made by direct brominatiol
of toluene because reaction would occur at positions 2 and 4, Starting witl"
p-methylaniline (p-toluidine), however, dibromination occurs ortho to th<
strongly directing amino substituent, and diazotization foJlowed by treat
ment with H3P02 yields the desired product.

+

¢
NH, N'O'N HS04-

~ "'V"' ~ "'*"' H3P02
BryBr

H2SO4

CH3 CH3 CH3 CH3

p-Methylaniline 3,5-Dibromotoluene

Br

9 ~ ~FeBr3 "" Br
CH3 CH3

Toluene 2,4-Dibromotoluene

MechanisticallYI these diazonio replacement reactions occur through radi­
cal rather than polar pathways, In the presence of a copper(l) compound, for
instance, it's thought that the arenediazonium ion is first converted to an aryl
radical plus copper([]), followed by subsequent reaction to give product plus
regenerated copper(l) catalyst.a N,+HS04- [0· ax+ CuX ~ + CUIHSO,IX] ""I

+ CuHS04

+ N,

Diazonium Aryl
compound radical

WORKED EXAMPLE 24.4 Using Diazonium Replacement Reactions

How \'vould yOll prepare l1I-hydroxyacetophenone from benzene, using a diazonium
replacement reaction in your scheme?

m-Hydroxyacetophenone
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Strategy As always, organic syntheses are planned by working backward from the final prod­
uct} one step at a time. first, identify the functional groups in the product and l'ecClIl
hm-\' those groups can be synthesized. lII~j-[ydroxyacetophellonehas all -OH group
and a -COCH:l group in a meta relationship on a benzene ring. A hydroxyl group is
generally introduced onto an aromatic ring by a four-step sequence of nitratioll,
reduction, diazotization, and c1iazonio replacement. An acetyl group is introduced
by a Friedel-Crafts acylation reaction.

Next, ask yourself ''''hat an immediate precursor of the target might be. Since em
acetyl group is a meta director 'vvhile a hydroxyl group is all ortho and para director,
acetophenone might be a precursor of m~hydroxyacetophenolle.Benzenc, in turn!
is a precursor of acetophenone.

Solution

o
Benzene

o
IIa C

"-CH3

Acetophenone

1. HN03, H2S04
2. SnCI2' H30+

3. HN02, H2S04
4. CU20, Cu(N03}2, H20

m-Hydroxyacetophenone

Problem 24.18 I-IOV\1 would yOll prepare the follQ\....,ing compounds from benzene, using a diazoniulll
replacement reaction in your scheme?
(a) p-Bromobenzoic acid (b) m-Bromobenzoic acid
(e) I/l-Bromoehlorobenzene (d) p-Methylbenzoic acid
(e) 1,2,4-Tribromobenzene

Diazonium Coupling Reactions
Arenediazonilll1l salts undergo a coupling reaction with activated aromatic rings
such as phenols and arylamines to yield brightly colored azo compounds}
Ar-N=N-Ar'.

+ rrY

V
An azo compound

where Y = -OH or -NR2

Diazonillrn coupling reactions are typical electrophilic aromatic substitu­
tlons in which the positively charged c1iazonium ion is the clectrophile that
reacts with the electron-rich ring of a phenol or arylamine. Reaction usually
occurs at the para position} although ortho reaction can take place if the para
position is blocked.
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Benzenediazonium
bisulfate

Phenol

p·Hydroxyazobenzene
lorange crystals, mp 152 "C)

Azo-coupled products are widely used as dyes for textiles because their
extended conjugated 1j electron system causes them to absorb in the visible region
of the electromagnetic spectrum (Section 14.9). p-(Dimethylamino)azobenzene,
for instance, is a bright yellow compound that \vas at one time used as a coloring
agent in margarine.

Benzenediazonium
bisulfate

N,N-Dimethylaniline p-tDimethylaminolazobenzene
(yellow crystals, mp 127 "Cl

Problem 24.19 Propose a synthesis of p·(dimet"hylamino)azobenzene from benzene as your only
organic starting material.

24.9 Heterocycles

A heterocycle is a cyclic compound that contains atoms of two or more
elements in its ring) usually carbon along with nitrogen, oxygen, or sulfur.
Heterocyclic amines are particularly C0111mon, and many have important
biological properties. Pyridoxal phosphate, a coenzyme; sildenafil (Viagra),
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a well-kno\'vn pharmaceutical; and heme, the oxygen carrier in blood, are
examples.

~"' '" CH3H, N

~"~ I> H3C '" '" ~ '"/ N ~ N N-

¢C"::: 0-- I CH,CH,CH3 "- "
~

FelTI)
/;/ "-

w~;NI ~ OH

N N
0=5 \
rf'Nl ~ ~ //

~N'CH3
H3C CH3

CH3 HO,C CO,H

Pyridoxal phosphate Sildenafil Heme
la coenzyme) IViagral

?vlost heterocycles have the same chemistry as their open-chain counter­
parts. Lactones and acyclic esters behave similarly, lactams and acyclic amictes
behave similarly, and cyclic and acyclic ethers behave similarly. In certain cases,
however, particularly when the ring is unsaturated, heterocycles have unique
and interesting properties.

Pyrrole and Imidazole
Pyrrole} the simplest five-membered unsaturated heterocyclic amine, is
obtained commercially by treatment of furan with ammonia over an alumina
catalyst at 400 °e. FUfan, the oxygen·containing analog of pyrrolel is obtained
by acid-catalyzed dehydration of the five-carbon sugars found in oat hulls and
corncobs.

30,
o
1

Furan Pyrrole

Although pyrrole appears to be both an amine and a conjugated diene,
its chemical properties are not consistent with either of these structural fea·
tures. Un like most other am ines, pyrrole is not basic-the pKa of the pyrrolin­
ium ion is 0.4; unlike most other conjugated dienes, pyrrole undergoes
electrophilic substitution reactions rather than additions. The reason for
both these properties, as noted preViously in Section 15.5, is that pyrrole has
six 'iT electrons and is aromatic. Each of the four carbons contributes one



24.9 Heterocycles 94:

'TT electron, and tile sp2-hybridized nitrogen contributes two more from it~

lone pair.

O-H
Pyrrole

H

H

Six 'TT' electrons

N-H

~
sp2-hybridized

Because the nitrogen lone pair is a part of the aromatic sextet, protonation
on nitrogen would destroy the aromaticity of the ring. The nitrogen atom in
pyrrole is therefore less electron-rich, less basic, and less nucleophilic than the
nitrogen in an aliphatic amine. By the same token l the carbon atoms of pyrrole
are ll10re electron-rich and more nucleophilic than typical double-bond carbons.
The pyrrole ring is therefore reactive to\\7ard electrophiles in the same way that
enamines are (Section 23.11). Eiectrostatic potentiai maps show how the pyrrole
nitrogen is electron-poor (less red) compared with the nitrogen in its saturated
counterpart pyrroliclille, while the pyrrole carbon atoms are electron-rich (more
recl) compared witll the carbons in 1,3·cyclopentadiene.

Pyrrole Pyrrolidine 1,3·Cyclopentadiene

The chemistry of pyrrole is similar to that of activated benzene rings. In gen­
eral, however, the heterocycles are more reactive to'ward electrophiles than
benzene rings are, and low temperatures are often necessary to control the
reactions. Halogenation, nitration, sulfonatiol1, ancl Friedel-Crafts acylation
can all be accomplished. For example:

0 ~

O--sr
+ HBro"C

N N
I I
H H

Pyrrole 2·Bromopyrrole
192%)
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Electrophilic substitutions normally occur at e2, the position next to
the nitrogen, because reaction at this position leads to a morc stable inter­
mediate cation having three resonance forms, whereas reaction at C3 gives a less
stable cation with only two resonance forms (Figure 24.6).

~N02 +ex
N02

+

O-N02/' ~N02
GN H N H N H

0 +1 I I I
H H H H

N
2-NitropyrroleI

H N02 N02 N02

~ d H U H d
N N N
I +1 I
H H H

3-Nitropyrrole
(NOT formed)

Figure 24.6 Electrophilic nitration of pyrrole. The intermediate produced by reaction at C2
is more stable than that produced by reaction at C3.

Other common five-membered heterocyclic amines include imidazole and
thiazole. Imidazole, a constituent of the amino acid 11istidine, has tv\'o nitro­
gens, only one of v·,rhich is basic. Thiazole, the Jive-membered ring system on
which the structure of thiamin (vitamin B1) is based, also contains a basic nitro­
gen that is alkylated in thiamin to form a quaternary ammonium ion.

pK, = 6.95",

··N~

2(./5
,N

I
H

Imidazole

Thiazole

Histidine

Thiamin
(vitamin Bl 1

Problem 24.20 Dra\", an orbital picture of thiazole. Assume that both the nitrogen and sulfur atoms
afe sp2~hybridized, and show the orbitals that the lone pairs occupy.

Problem 24.21 What is the percent protonation of the imidazole nitrogen atom in histidine at a
physiological pH of 7.3? (See Section 24.5.)
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Pyridine and Pyrimidine
Pyridine is the nitrogen-containing heterocyclic analog of benzene. Like bell
zene l pyridine is a flat, aromatic molecule, \.vith bond angles of 120" and C-(
bond lengths of 139 pm, intermediate between typical single and double bond,
The five carbon atoms and the sp2-hybridized nitrogen atom each contribut
one 7T electron to the aromatic sextet, and the lone-pair electrons occupy 31

sp2 orbital in the plane 01 the ring (Section 15.5).
As shown in Table 24.1, pyridine (pK" ~ 5.25) is a stronger base than pyrrol,

but a \veaker base than alkylamines. The diminished basicity of pyridine com
pared with an alkylamine is due to the fact that the lone-pair electrons on th,
pyridine nitrogen are in an sp2 orbital, \.....'hile those on an alkylamine nitroger
are in an sp3 orbital. Because 5 orbitals have their maximum electron density a
the nucleus but porbitals have a node at the nucleus, electrons in an orbHal witt
more 5character are held 1110re closely to the positively charged nucleus and an
less available for boncllllg. As a result, the sp2-hybriclizecl nitrogen atom (33°/<
5 character) in pyridine is less basic than the sp3-hybridized nitrogen in an
alkylamine (25% 5 character).

Pyridine

••

IOrbi!al Sp3 orbital

'" ••
,N.

He \"CH
, H,C '

Unlike benzene, pyridine undergoes electrophitic aromatic substitution
reactions with great c1ifficuHy, Halogenation can be carried out uncler drastic
conditions, but nitration occurs in very 10\,\; yield, and Friedel-Crafts reactions
are not successful. Reactions usually give the 3-substituted product.

4

0 1'
"- 2

N

Pyridine

a sr
;/1
"­

N

3·Bromopyridine
{30%1

The low reactivity of pyridine toward electrophilic aromatic substitution is
caused by a combination of factors. One is that acid~base complexation
between the basic ring nitrogen atom and the incoming electrophile places a
positive charge on the ring l thereby deactivating it. Equally important is that
the electron density of the ring is decreased by the electron·withdra\Ning induc­
tive effect of the electronegative nitrogen atom. Thus, pyridine has a substantial
c1ipole moment (fJ. = 2.26 D), with the ring carbons acting as the positive end of
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the dipole. Reaction of an electrophile with the positively polarized carbon
atoms is therefore difficult.

Ot
N

1'= 2.26 D

In addition to pyridi ne, the six-membered diamine pyrimidine is also found
commonly in biological molecules, particularly as a constituent of nucleic acids.
\OVith a pKa of 1.3, pyrimidine is substantially less basic than pyridine because of
the inductive effect of the second nitrogen.

Pyrimidine
pK, ~ 1.3

Problem 24.22 E1ectrophilic aromatic substitution reactions of pyridine normally occur at C3. Drenv
the carbocation intermediates resulting from reaction of an electrophile at el, e2,
and C3, and explain the observed result.

Polycyclic Heterocycles
As we saw in Section 15.7, quinoline, isoquinoiine. indole, and purine are com­
mon polycyclic heterocycles. The first three contain both a benzene ring and a
heterocyclic aromatic ring} while purine contains hvo heterocyclic rings joined
together. All four ring systems occur commonly in nature, and many compounds
with these rings have pronounced physiological activity. The quinoline alkaloid
quinine, for instance, is widely lIsed as an antimalarial drug, tryptophan is a COIll­

man amino acid, and the purine adenine is a constituent of nucleic acids.5 4 5 4 560 6

60)3 6(03 8(1):
7 ~ I hN,7 :::::::..... ....-:: 2 6 ~ N, ,

N gN 4 N8 1 8 1 7 \ I 3
H H

Quinoline Isoquinoline Indole Purine

H CO,-

+
NH,

,
NH3 <J6H H

CH30

I N
H

Quinine Tryptophan Adenine
(antimalarial) (amino acid) (DNA constituentl
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The chemistry of these poiycyclic heterocycles is just what you might
expect from a knowledge of the simpler heterocycles pyridine and pynale
Quinoline and isoquinoline both have basic, pyridine~like nitrogen atoms, ane
both undergo electrophilic substitutions, although less easily than benzene
Reaction occurs on the benzene ring rather than on the pyridine ring, and (:
mixture of substitution products is obtained.

B,

CO B'2 Co 9? HB,~ + +

"" '"
H2SO4 "" '" "" '"N N N

Quinoline
B,

5-Bromoquinoline 8-Bromoquinoline

A 51 : 49 ratio

00 HN03 a, Q)"" I ",N H2S04,O°C + + H,O
"" -""N "" -""N

Isoquinoline
NO,

5·Nitroisoquinoline S-Nitroisoquinotine

A90, 10 ratio

Indole has a nonbasic, pyrrole-like nitrogen and undergoes eJectrophilic
substitution more easily than benzene. Substitution occurs at C3 of the electron·
rich pyrrole ring, rather than on the benzene ring.

~
~/

\
H

Indole

B',
Dioxane, 0 °C

3-Bromoindole

+ HBr

Puri.ne has three basic, pyridine-like nitrogens l;\'ith lone-pair electrons in
sp2 orbitals in the plane of the ring. The remaining purine nitrogen is nonbasic and
pyrrole-Like, with its lone-pair electrons as part of the aromatic 7i electron system.

Purine
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Problem 24.23 \tVhich nitrogen atom in the hallucinogenic indole alkaloid N,N-dimethyltryptamine
is more basic? Explain.

N,N·Dimethyltryptamine

Problem 24.24 Indole reacts ,-vith electrophi les at C3 rather than at C2. Oren·\' resonance forms of the
intermediate cations resulting from reaction at C2 and C3, and explain the observed
results.

24.10 Spectroscopy of Amines

Infrared Spectroscopy
Primary and secondary amines can be identified by a characteristic N-H
stretching absorption in the 3300 to 3500 cm- 1 range of the JR spectrul1l. Alco­
hols also absorb in this range (Section 17.1]), but amine absorption bands are
generally sharper and less intense than hydroxyl bands. Primary amines show
a pair of bands at about 3350 and 3450 em- l , and secondary amines sho'" a
single band at 3350 cm-1 . Tertiary am!nes have no absorption in this region
because they have no N-H bonds. An IR spectrum of cyclohexylamine is
shown in Figure 24.7.

3500 3000
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•u 60c
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Figure 24.7 IR spectrum of cyclohexylamine.

1000

[n addition to looking for a characteristic N-H absorption. there is also a
simple trick for telling whether a compound is an amine. Addition of a small
amount of Hel produces a broad and strong ammonium band in the 2200 to
3000 cm- l range if the sample contains an amino group. figure 24.8 gives an
example.
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500

v "\J

25003000 2000 1500 1000

Wavenumber (cm-'j

Figure 24.8 IR spectrum of trimethylammoniurn chloride.
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Nuclear Magnetic Resonance Spectroscopy
Amines are difficult to identify solely by Iii NNIR spectroscopy because N-Ii
hydrogens tend to appear as broad signals without clear-cut coupling to neigh­
boring C-H hydrogens. As with O-H absorptions (Section 17.11), amine N-Ii
absorptions can appear over a wide range and are best identified by adding a
small amount of D20 to the sample tube. Exchange of N-D for N-H occurs,
and the N-H signal disappears from the NMR spectrum.

\
N-H

/

\
N-D

/
+ HDG

Hydrogens on the carbon next to nitrogen are deshieldecl because of the
electron-withdrawing effect of the nitrogen, and they therefore absorb at lower
field than alkane hydrogens. N-Methyl groups are particularly distinctive
because they absorb as a sharp three-proton singlet at 2.2 to 2.6 B. This N-methyl
resonance at 2.42 B is easily seen in the 1H NMR spectrum of N-methylcyclo­
hexylamine (Figure 24.9).

o ppm
,
123

---
78

,
654

Chemical shift (!S)

Figure 24.9 Proton NMR spectrum of N-methylcyclohexylamine.

,
910

Carbons next to amine nitrogens are slightly deshielded in the 13C NMR
spectrum and absorb about 20 ppm down field from where they would absorb in
an alkane of similar structure. In N-methylcyciohexylalTIine, for example, the
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ring carbon to ""hich nitrogen is attached absorbs at a position 24 ppm lower
than that of any other ring carbon.

H 33.4
I .

()<
33'3 N"

25.2 "'--- CH3

26.5 58.7

Problem 24.25 Compound A, C6 H120' has an IR absorption at 1715 cm- I and gi\'es compound B,
C6HIsN, when treated with ammonia and KaBH3C:"J. The iR and III MR spectra of
B are shown. 'What are the structures of A and B?
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Mass Spectrometry
The nitrogen rule of mass spectrometry says that a compound with an odd num­
ber of nitrogen atoms has an odd-numbered molecular weight. Thus, the pres­
ence of nitrogen in a molecule is detected simply by observing its mass
spectrum. An odd-numbered molecular ion usually means that the unkno\'''11
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compound has one or three nitrogen atoms, and an even-numbered molecular
ion usually mealls that a compound has either zero or two nitrogen atoms. The
logic behind the rule derives from the fact that nitrogen is trivalent, thus requir­
ing an odd number of hydrogen atoms. For example, morphine has the formula
C17H 19N03 and a molecular weight of 285 amu.

Alkylanlines undergo a characteristic a cleavage in the mass spectrometer,
similar to the cleavage observed for alcohols (Section 17.11). A C-C bond
nearest the nitrogen atol11 is broken, yielding an alkyl radical and a resonance­
stabilized, nitrogen-containing cation.

Alpha
cleavage

RCH 2' +

As an example, the mass spectrum of N-ethylpropylamine shown in
Figure 24,10 has peaks at Ill/Z ~ 58 and III/Z = 72, corresponding to the two
possible modes of a cleavage.

100

~ 80 -
~
u
c
ro 60-0
C
0

.D
40ro

~

>
.~ 20 -..

II I, IIII:
0

10 20 40

_m/zo= 58

,
60 80 100

m!z_
120 140

[ H2C=~-CH2CH2CH3r
m/z = 72r

Alpha cleavage

[ CH3CH2-~=CH2r
m/z= 58

Figure 24.10 Mass spectrum of N-ethylpropylamine. The two possible modes of cr cleav­
age lead to the observed fragment ions at m/z = 58 and m/z = 72.

lCH3+CH2-~-CH2+CH2CH3r'
m/z= 87
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Focus On . .. \
Green Chemistry II: Ionic Liquids

Liquids made of ions? Usually when we think of ionic compounds, we think
of high-melting solids: sodium chloride, magnesiulTI sulfate, lithium carbon­
ate} and so forth. But yes, there also ionic C0I11pounds that are liquid at room
temperature, and they are gaining importance as reaction solvents, partiClI­
larly for use in green chemistry processes (see the Chapter 11 Fows 01/).

Ionic liquids have been known for nearly a century; the first to be discovered
\vas ethylammonium nitrate, CH 3CHzNJ-I3 + -:'\03-, with a melting point of
12 °C. More generally, however, the ionic liquids in use today are salts in which
the cation is ullsYll1metrical and in which one or both of the ions are bulky so
that the charges are dispersed over a large volUlne. Both factors minimize the crys­
tal lattice energy and disfavor formation of the solid. Typical cations are quater­
nary ammonium ions from heterocyclic amines} either 1}3-dialkylimidazoliulTI
ions, N-alkylpyridiniuITI ions, or ring-substituted N-alkylpyriclinium iOlls.

-CH3, -CH,CH3' -CH'CH'CH'CH3,]
-CH,CH,CH,CH,CH,CH,CH,CH3

1,3-Dialkylimidazolium ions

-CH,CH3, -CH'CH'CH'CH3,]
-CH,CH,CH,CH,CH,CH3

N-Alkylpvridinium ions

Anions are just as varied as the cations} and more than 250 different ionic
liquids with different anion/cation combinations are commercially available.
Hexafluorophosphate, tetrafluoroborate, alkyl sulfates, t"rifluoromethane­
sulfonates (trit1ates), and halides are some anion possibilities.

[

F j- r F ]-F. I .F I
--p" 8

F"'- ~ 'F F? 'F

Hexafluoro­
phosphate

Tetrafluoro­
borate

Methyl
sulfate

Trifluoromethane- Halide
sulfonate

(continued)



Yes, these liquids really do
consist of ionic rather than
molecular substances.
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Ionic liquids have several important features that make them attrac­
tive for use as solvents, particularly in green chemistry:

I They dissolve both polar and no.npolar organic compounds, giving high
solute concentrations and thereby minimizing the amount of solvent
needed.

I They can be optimized for specific reactions by varying cation and
anion structures.

I They are nonflammable.

I They are thermally stable.

I They have negligible vapor pressures and do not evaporate.

I They are generally recoverable and can be reused many times.

As an example of their use in organic chemistry, the analgesic
drug Pravadoline has been synthesized in t"vo steps using I-butyl­
3-methylimidazolium hexafluorophosphate, abbreviated Ibmimj IPF6],

! as the solvent for both steps. The first step is a base-induced SN2 reaction
of 2-methylindole with a primary alkyl halide, and the second is a
Friedel-Crafts acylation. Both steps take place in 95% yield, and the
ionic solvent is recovered simply by washing the reaction mixture, first
with toluene and then ,'vith water. \Ne'll be hearing a lot more about

ionic solvents in coming years.

+

rN~CI

O~

KOH

'"'Q
c=o

!
(I

o

Pravadoline
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SUMMARY AND KEY WORDS

alkylamine, 916

amine, 916

arenediazonium salt,
•

IAr-N=N X-l. 941

arylamine,916

aza compound
(Ar-N~N-Ar'l. 944

Curtius rearrangement, 933

diazotization reaction, 941

Gabriel amine synthesis, 929

heterocycle, 945

Hofmann elimination reaction,
936

Hofmann rearrangement, 933

imide (-CONHCO-l. 929

primary amine (RNH,I, 916

quaternary ammonium salt, 917

reductive amination, 930

Sandmeyer reaction, 942

secondary amine IR,NHI, 917

tertiary amine IR3Nl. 917

Aluines are organic derivatives of ammonia. They are named in the lUPAC sys­
tem either by adding the suffix -allline to the name of the alkyl substituent or
by considering the amino group as a substituent on a more complex parent
molecule .

The chemistry of arnines is dominated by the lone-pair electrons on nitro­
gen, which makes amines both basic and nucleophilic. The base strength of
arylamines is generally lower than that of alkylamines because the nitrogen
lone-pair electrons are delocalized by interaction with the aromatic 71 system.
Electron-withdrawing substituents on the aromatic ring further weaken
the basicity of a substituted aniline, while electron-donating substituents
increase basicity. Alkylamines are sufficiently basic that they exist almost
entirely in their protonated form at the physioiogical pH of 7.3 inside cells.

Heterocyclic amines are compounds that contain one or more nitrogen
atoms as part of a ring. Saturated heterocyclic amines usually have the same
chemistry as their open-chain analogs) but unsaturated heterocycles such as
pyrrole, imidazole, pyridine, and pyrimidine are aromatic. All four are unusu­
ally stable, and all undergo aromatic substitution on reaction with electro­
philes. Pyrrole is non basic because its nitrogen lone-pair electrons are
part of the aromatic", system. Fused-ring heterocycles such as quinoline,
isoquinoline} indole, and purine are also comn1only found in biological
molecules.

Arylamines are prepared by nitration of an aromatic ring followed by
reduction. Alkylalnines are prepared by SN2 reaction of ammonia or an amine
with an aikyl halide. This method often gives poor yields, however, and an
alternative such as the Gabriel anline synthesis is preferred. Amines can also
be prepared by a number of reeluctive methods, including LiAIH4 reeluction of
amides, nitrites, and azides. Also important is the reductive amination reac­
tion in which a ketone or an aldehyde is treated with an amine in the pres­
ence of a reducing agent such as NaBH 3CN. In addition, alllines result from
the Hoftllann and Cllrtills rearrangements of carboxylic acid derivatives.
Both methods involve migration of the - R group bonded to the carbonyl
carbon and yield a product that has one less carbon atom than the starting
material.

Many of the reactions of amines are familiar from past chapters. Thus,
amines react with alkyl halides in SN2 reactions and with aciel chlorides
in nucleophilic acyl substitution reactions. Amines also undergo £2 elimina­
tion to yield alkenes if they are first quaternized by treatment with
iodomethane and then heated with sitver oxide, a process called the
Hofinann elimination.

Arylamines are converted by diazotization \·vith nitrous acid into
arenediazonill111 salts, ArNz+ X-. The diazonio group can then be replaced
by many other substituents in the Sandmeyer reaction to give a wide variety
of substituted aromatic compounds. Aryl chlorides, bromides, iodides, and
nitrites can be prepared from arenecliazoniul11 salts, as can ,Henes and phe­
nols. In addition to their reactiVity toward substitution reactions} diazonium
salts undergo coupling with phenols and arylamines to give brightly colored
azo dyes.
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SUMMARY OF REACTIONS

1. Synthesis of amines (Section 24.6)
(a) Reduction of nitriles

RCHzX
NaCN

RCH2C"'N
1.liAtH4, ether

2. H20

(b) Reduction of amides

1. liAIH4. ether

2. H20

(c) Reduction of nitrobenzenes

rYYN02

V or Fe, H30+
or SnCI2. H30+

rYYNH2

V
(d) SN2 Alkyiation of alkyl halides

+ NaOH
Ammonia NH3 + R-X ~ RNH3 X- RNH2 Primary

+ NaOH
Primary RNHz + R-X ~ RzNHz X- A2 NH Secondary

+ NaOH
Secondary RzNH + R-X R3NH X- ~ R3N Tertiary

+
Tertiary R3N + R-X ~ R4N X-

Quaternary
ammonium

(e) Gabriei amine synthesis

1. KOH

2. R X

NaOH

~
R-NH2

(f) Reduction of azides

RCH2-X
+ ­

RCH2-N=N=N
1. liAIH4, ether

2. H20
R-NH2

(g) Reductive ami nation of aldehydes/ketones
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(h) Hofmann rearrangement of amides

(i) Curti us rearrangement of acyl azides

° -II +.rN
C N

R/ 'N-7
~
Heat

R-NH, + co, +

2. Reactions of amines
(a) Alkylation with alkyl halides; see reaction led)
(b) Hofmann elimination (Section 24.7)

H\ I.·
.C-C·", \NR,

\ /
c=c

/ \

(c) Diazotization (Section 24.8)

~NH,

0+ HNO, + H,S04

3. Reactions of arenediazoniuffi salts (Section 24.8)
(a) Nucleophilic substitutions

Hel
cuel

HBe
CuBr

KCN
eueN

CU20, H20
Cul N03l2

~CI

o
~Bro ~Io

~CNo ~OH

o r?YH

o
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(b) Diazonillm cOlipUng

+-:;:8N OOHNr (Y0H (YN"'N ~ I(Y HS04- + ~I -
~I

+-0 N 'ONR
2Nr (YNR

2

. I ""
(Y HS04- + ~I - (YN"'N »

~I

Ors,,";, KNOWLEDGE TOOLS

Thomson Sign in at www.thomsonedu.com to assess your knowledge of this
chapter's topics by taking a pre-test. The pre-test will link you to interactive organic
chemistry resources based on your score in each concept area.

Online homework for this chapter may be assigned in Organic OWL.

• indicates problems assignable in Organic OWL.

VISUALIZING CHEMISTRY

(Problems 24.1-24.25 appear within the chapteL)

24.26 • Name the following amincs, and identify each as primary, secondary, or
tertiary: .

Ibl

• Assignable in OWL
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24.27 • The following compound contains three nitrogen atoms. Rank them in
order of increasing basicity.

24.28 Name the follm·ving amine, including R,S stereochemistry, anel dra",.' tile prod­
uct of its reaction with excess iodomethane follm·vee! by heating with AgzO
(Hofmann elimination). Is the stereochemistry of the alkene product Z or E?
Explain.

24.29 'vVhich nitrogen atom in the following compound is more basic? Explain .

• Assignable in OWL
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ADDITIONAL PROBLEMS

24.30 Classify each of the amine nitrogen atoms in the following substances as
primary, secondary, or tertiary:

laiC
N-H

Ibl

~ N
\
H

NHCH3

Lysergic acid diethylamide

24.31 • Dra\'\' structures corresponding to the fol]ov,,'ing IUPAC names:
(a) N,N-Dlmethylaniline (b) (Cyclohexyllllethyl)allline
(e) N-Methylcyclohexylallline (d) (2-Methylcyclohexyl)allline
(e) 3-(N,N-Dimethylamino)propanoic acid

24.32 • Name the following compounds:

la) n NH
'

~I
Sr Sr

(tiC>-
NHCH,CH3

(c) I-INOz, H ZS04
(f) CI-I3CH1CI, AICI3

24.33 • Give the structures of the major organic products you vwuld expect from
reaction of fJI-toluidine (111-methylaniline) "\lith the following reagen ts:
(a) Brz (I equivalent) (b) CI-I31 (excess)
(e) CI-I3COCI in pyridine (d) The product of (c), then I-IS03CI

24.34 • Show the products from reaction of p-bromoaniline v'lith the following
reagents:
(a) CI-I31 (excess) (b) HCI
(d) CI-I3COCI (e) CI-I 3MgBr
(g) Product of (c) with CuCI, HCI
(h) Product of (d) with CH3CH 2CI, AICI3

24.35 • How would you prepare the follo\'ving substances from I-butanol?
(a) Butylamine (b) Dibutylallline (e) Propylallline
(d) Pentylamine (e) N,N-Dimethylbutylamine (f) Propene

24.36 • How would you prepare the follo\oving substances from pentanoic acid?
(a) Pentanamide (b) Butylamine (c) Pentylamine
(d) 2-Brornopentanoic acid (e) Hexanenitrile (f) Hexylaminc

• Assignable in OWL
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24.37 • How would you prepare aniline from the follm,\,jng starting materials?
(a) Benzene (b) Benzamicle (e) Toluene

24.38. How would yOll convert aniline into each of the products listed in Prob­
lem 24.377

24.39 l-Im·v would you prepare benzylamine, C6HsCHz:--JHz, from benzene? ),tlore
than one step is needed.

24.40 • How might yOlI prepare pentylamine from the following starting materials?
(a) Pentanamide (b) Pentanenitrile (c) l-Butene
(d) Hexanamicle (e) I-Butanol (f) 5-Deeene
(g) Pentanoic acid

24.41 • VVhat are the major products yOll vVDulci expect from Hofmann elimination
of the following amines'?

lal UNHCH3 lei CH3
I

CH3CHCHCH,CH,CH3
I
NH,

24.42 • Predict the procluct(s) of the following reactions. If more than one product
is formed, tell which is major.

lalO:)

I
H

Ibl~COCI

o AI

AI

Heat
87

81

CI

Heat
CI

0

'<'C< KOH C6HsCH2Br KOHI N-H A7 87 H;""O CI

""
0

Idl BrCH,CH,CH,CH,Br
NaOH

?+ 1 equiv CH3NH2 H2O

24.43 Fill in the missing reagents a-e in the following scheme:

a

d
~

NH,
I

~CHCH3

o

• Assignable in OWL
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24.44 Although pyrrole is a much \veaker base than most other amines, it is a much
stronger acid (pK<J = 15 for the pyrrole versus 35 for diethylamine). The N-H
proton is readily abstracted by base to yield the pyrrole anion, C4H4N-.
Explain.

24.45 Histamine, '''''hose release in the body triggers nasal secretions and constricted
airvvays, has three nitrogen aLams. List them in order of increasing basicity.
and explain your ordering.

Histamine

24.46 Oxazole is a five-membered aromatic heterocycle. VI/auld you expect oxazole
to be more basic or less hasic than pyrrole'! Explain.

~O
N :::::J

Oxazole

24.47 Protonation of an amide using strong acid occurs on oxygen rather than on
nitrogen. Suggest a reason for this behavior, taking resonance into account.

24.48 Substituted pyrroles are often prepared by treatment of a 1.4-diketone with
ammonia. Propose a mechanism.

+

24.49 3,5-Dimethylisoxazole is prepared by reaction of 2.4-pentanedione with
hydroxylamine. Propose a mechanism.

3,5·Dimethylisoxazole

24.50 Account for the fact that p-nitroaniline (pKa = 1.0) is less basic than
m-nitroaniline (pK<J = 2.5) by a factor of 30. Drav\! resonance structures to
support your argument. (The pKa values refer to the corresponding ammo­
nium ions.)

• Assignable in OWL
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24.51 Fill in the missing reagents a-d in the following synthesis of racemic meth­
amphetamine from benzene.

o a- ~V 0
d

(R,S)-Methamphetamine

24.52 Hm.... might a reductive amination be lIsed to syntllesize ephedrine, an amino
alcohol that is \\'ictely used for the treatment of bronchial asthma?

Ephedrine

24.53 One problem with reductive amination as a method of amine synthesis is that
by-products are sometimes obtained. For example, reductive ami nation of
benzaldehyde v\lith metllylamine leads to a mixture of N-methylbenzylamine
and N-methyldibenzylamine. How clo yOll suppose the tertiary amine by­
product is formed? Propose a mechanism.

24.54 Chlorophyll, heme! vitamin B12. and a host of other substances are bio"
synthesized from porphobilinogen (PBG), vvhich is itself formed from can"
densation of two molecules of S~aminolevlllinate_The hvo S"alllino!evulinates
are bound to lysine (Lys) amino acids in the enzyme, one in the enamine form
and one in the imine form, and their condensation is thought to occur by the
follm'ving steps. Using curved arrO\vs, show the mechanism of each step.

Enzyme-bound
5"aminolevulinate

co,-

H,N

NH,

co,-

NH,

co,-

co,-
co,-

co,-
co,-

co,-
co,-

-
NH,

H

H
NH,

I \
N
I
H

Porphobilinogen
(PSG)
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24.55 Choline, a component of the phospholipids in cell membranes, can be pre­
pared by SN2 reaction of trimethylamine with ethylene oxide. Show the struc­
ture of choline, and propose a mechanism for the reaction.

Choline

24.56 Cyclopcntamine is an amphetamine-like central nervous system stimulant.
Propose a synthesis of cyclopentamine from materials of five carbons or less.

Cyclopentamine

24.57 Tetracaine is a substance used medicinally as a spinal anesthetic during
lumbar punctures (spinal taps).

Tetracaine

(a) Hm,\; ""'ould you prepare tetracaine from the corresponding aniline deriv­
ative, ArI\Hz?

(b) How would you prepare tetracaine from p-nitrobenzoic acid?
(c) How \vould you prepare tetracaine from benzene?

24.58 Atropine. C17H23N03 , is a poisonous alkaloid isolated from the leaves
and roots of Atropa belladonna, the deadly nightshade. In small doses,
atropine acts as a muscle relaxant; 0.5 ng (nanogram, 10-9 g) is sufficient
to cause pupil dilation. On basic hydrolysis, atropine yields tropiC acid.
C6HsCH(CH20H)C02H. and tropine, CSHISNO. Tropine is an optically inac­
tive alcohol that yields tropidene on dehydration with H2S04- Propose a
structure for atropine.

Tropidene

24.59 Tropidene (Problem 24.58) can be converted by a series of steps into tropili­
dene (1,3,S-cycloheptatriene). How would you accomplish this conversion?

24.60 Propose a structure for the product with fonnula C9H17N that results when
2-(2-cyanoethyllcyclohexanone is reduced catalytically.

• Assignable in OWL
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24.61 Coniine, CsH 17N, is the toxic principle of the poison hemlock drunk
by Socrates. \Vhen subjected to Hofmann elimination, coniine yields
S-fN,N-dimethylaminol-l-octene. If coniine is a secondary amine, \vhat is its
structure?

24.62 How would you synthesize coniine (Problem 24.61) from acrylonitrile
(HzC=CHCN) and ethyl 3-oxohexanoate (CH:-\CH2CH2COCH2COzEt)?
(I-lint: See Problem 24.60.)

24.63 Tyramine is an alkaloid found. among other places! in mistletoe and ripe
cheese. How woule! you synthesize tyramine from benzene? From toluene?

Tyramine

24.64 How would you prepare the following compounds from toluene? A diazonio
replacement reaction is needed in some instances.

lal (b) Ie) a

IU~'OCH3

24.65 Reaction of anthranilic acid (o-aminobenzoic acid) v'lith HNOz and H2S04
yields a diazoniulll salt that can be treated with base to yield a neutral
diazon ium carboxylate.
(a) vVhat is the slructure of the neutral diazonium carboxylate?
(b) Heating the diazonium carboxylate results in the formation of CO2, N2.

and an intermediate that reacts "'\lith 1.3-cyclopentadiene to yield the
follmving product:

\Vhat is the structure of the intermediate, and v'lhat kind of reaction does it
undergo \-vith cyclopentadiene?

24.66 Cyclooctatetraene was first synthesized in 1911 by a route that involved the
followi ng transformation:

o
How might you use the Hofmann elimination to accomplish this reaction?
How \-vould you finish the synthesis by converting cyclooctatriene into cyclo­
octatetraene?

• Assignable in OWL
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24.67 \·Vhen an a-hydroxy amide is treated ,"\lith Brz in aqueous ~aOH under Hof­
mann rearrangement conditions. loss of CO2 occurs and a chain-shortened
aldehyde is formed. Propose a mechanism.

(fH
24.68 The following transformation involves a conjugate nucleophilic addition

reaction (Section 19.13) follov,,'ed by an intramolecular nucleophilic acyl sub­
stitution reaction (Section 21.2). Show the mechanism.

24.69 Propose a mechanism for the following reaction:

()
~OH

I ~
~ H

24.70 One step in the biosynthesis of morphine is the reaction of dopamine with
p-hydroxyphenylacetaldehyde to give (S)-norcoclaurine. Assuming that the
reaction is acid-catalyzed, propose a mechanism.

+

CHO

~HoN

HO

HO

HO

Dopamine p-Hydroxyphenyl­
acetaldehyde
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24.71 The antitumor antibiotic mitomycin C functions by forming cross·Jinks in
DNA chains.

o~ ....... NH2
C
I
0

0

(~9CH3H,N H,N
__ H -CH3OH
-

H3C NH H3C

0 "'H

o

o

0
~
C-NH,

I
0

H,N-DNA"

~ _H H2N- ONA /
--

N NH
" -H

Mitomycin C Enamine

H

N-~NA~

N-DNA
:' H

o

The first step is 105s of methoxide and formation of an iminium ion inter­
mediate that is deprotonated to give an enamine. Shmv the mechanism.
The second step is reaction of tIle enamine with DNA to open the three­
membered, nitrogen-containing (aziridine) ring. Shm.... the mechanism.
The third step is loss of carbamate (NHzCOz-) and formation of an unsrlt­
urated iminium ion, followed by a conjugate addition of another parl of
the DNA chain. Show the mechanism.

24.72 Phenacetin, a substance formerly used in over-the-counter headache remedies,
has the formula C loH 13N02' Phenacetin is neutral and does not dissolve in
either acid or base. \,yhen warmed with aqueous NaOH, phenacetin yields an
amine, CgH11 NO, whose IH NMR spectrum is shown. VVhen heated '\'ith HI,
the amine is cleaved to an amillophenol, C6H7NO. What is the struclure of
phenacetin, and what are the structures of the amine and the aminophenol?

0

H,N

~

H3C

0

(a)

(b)

(e)

Ir--

~

f- ~

TMS

A
I I I I

10 9 B 7 6 5 4
Chemical shift (8)

3 2 D ppm
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24.73 Propose structures for amines ,"vith the following 1H NMR spectra:
(a) C,HgNO

.~.
- 1m,

-- "", , ,
10 9 8 7 6 5 4

Chemical shift (6)
3 2 o ppm

llir
I~

~

Ii
.~

0
~

.§
™SI

A, ,
10 9 8 7 6 5 4 3 2 1 0 ppm

Chemical shift (0)

24.74 Propose structures for compounds that shm,,; the following IH l\MR spectra.
(a) CgH 131':

i~

TMS

-r{
, , , , ,

10 9 8 7 654
Chemical shift (8)

3 2 o ppm
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r-

TMS

-----1
, , , ,

10 9 8 7 6 5 4
Chemical shift (8)

3 2 o ppm

24.75 a-Amino acids can be prepared by lhe Strecker s'ylltlles;s, a two-step process in
which an aldehyde is treated with ammonium cyanide followed by hydroly­
sis of the amino nilrile intermediate with aqueous acid. Propose a mechanism
for the reaction.

H30+

Heat

An a-amino acid

24.76 One of the reactions used in determining the sequence of Ilucleotides in a
strand of DNA is reaction with hydrazine. Propose a mechanism for the fol­
100\'ing reaction, which occurs by an initial conjugate addition followed by
internal amide formation .
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