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1-Hetero-2,4-cyclopentadienes can undergo ring opening and cycloaddition reactions

Furans can be hydrolyzed under mild conditions to 𝛾-dicarbonyl compounds. The reaction is
the reverse of the Paal-Knorr-type synthesis of furans.

Pyrrole polymerizes under these reaction conditions, whereas thiophene is stable.
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Exercise 25-14

Explain why pyrrole is protonated at C2 rather than on the nitrogen.

1-Hetero-2,4-cyclopentadienes can undergo ring opening and 
cycloaddition reactions
Furans can be hydrolyzed under mild conditions to !-dicarbonyl compounds. The reaction 
may be viewed as the reverse of the Paal-Knorr-type synthesis of furans. Pyrrole polymer-
izes under these reaction conditions, whereas thiophene is stable.

Hydrolysis of a Furan to a !-Dicarbonyl Compound
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Raney nickel desulfurization (Section 17-8) of thiophene derivatives results in sulfur-
free acyclic saturated compounds.
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Being least aromatic (Section 25-3), the " system of furan (but not of pyrrole or thiophene) 
possesses suf! cient diene character to undergo Diels-Alder cycloadditions (Section 14-8).

[

[
(CH3CH2)2O, 25$C

O

O

95%

O % NH

NH

O

O

H

H

O

O

O

O N

Indole is a benzopyrrole
Indole is the most important benzannulated (fused-ring) derivative of the 1-hetero-2,4-
cyclopentadienes. It forms part of many natural products, including the amino acid tryptophan 
(Section 26-1).

Indole is related to pyrrole in the same way that naphthalene is related to benzene. Its 
electronic makeup is indicated by the various possible resonance forms that can be formu-
lated for the molecule. Although those resonance forms that disturb the cyclic six-"-electron 
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Being least aromatic, the 𝜋 system of furan (but not of pyrrole or thiophene) possesses
sufficient diene character to undergo Diels-Alder cycloadditions.
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Raney nickel desulfurization of thiophene derivatives results in sulfur-free acyclic saturated
compounds.
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Indole is a benzopyrrole

Indole is the most important benzannulated (fused-ring) derivative of the 1-hetero-2,4-
cyclopentadienes. It forms part of many natural products, including the amino acid
tryptophan.

Indole is related to pyrrole in the same way that naphthalene is related to benzene. Its
electronic makeup is indicated by the various possible resonance forms that can be
formulated for the molecule.

Although those resonance forms that disturb the cyclic six-𝜋-electron system of the fused
benzene ring are less important, they indicate the electron-donating effect of the
heteroatom.
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system of the fused benzene ring are less important, they indicate the electron-donating 
effect of the heteroatom.
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Exercise 25-15

Predict the preferred site of electrophilic aromatic substitution in indole. Explain your choice.

Exercise 25-16

Irradiation of compound A in ethoxyethane (diethyl ether) at 21008C generates the enol form, B, 
of acetylbenzene and a new compound, C, which isomerizes to indole upon warming to room 
temperature.

N O

A B

C!
h#, "100$C

OH

The 1H NMR spectrum of compound C shows signals at ! 5 3.79 (d, 2 H) and 8.40 (t, 1 H) ppm, 
in addition to four aromatic absorptions. Indole has peaks at ! 5 6.34 (d, 1 H), 6.54 (broad d, 1 H), 
and 7.00 (broad s, 1 H) ppm. What is compound C? (Hint: This reaction proceeds by a mechanism 
similar to the mass spectral McLafferty rearrangement, Section 17-3.)

In Summary The donation of the lone electron pair on the heteroatom to the diene unit in 
pyrrole, furan, and thiophene makes the carbon atoms in these systems electron rich and there-
fore more susceptible to electrophilic aromatic substitution than the carbons in benzene. Elec-
trophilic attack is frequently favored at C2, but substitution at C3 is also observed, depending 
on conditions, substrates, and electrophiles. Some rings can be opened by hydrolysis or by 
desulfurization (for thiophenes). The diene unit in furan is reactive enough to undergo Diels-
Alder cycloadditions. Indole is a benzopyrrole containing a delocalized " system.

Indole-Based 
Neurotransmitters

Similar to the 
2-phenylethanamine 
fragment (Real Life 21-1), 
the 2-(3-indolyl)ethanamine 
(tryptamine) nucleus is 
embedded in the structure of a 
number of neurotransmitters, 
including psychedelic (such 
as LSD, Section 25-8) and 
other drugs.
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25-5  STRUCTURE AND PREPARATION OF PYRIDINE: 
AN AZABENZENE

Pyridine can be regarded as a benzene derivative—an azabenzene—in which an sp2-hybridized 
nitrogen atom replaces a CH unit. The pyridine ring is therefore aromatic, but its electronic 
structure is perturbed by the presence of the electronegative nitrogen atom. This section 
describes the structure, spectroscopy, and preparation of this simple azabenzene.

Pyridine is aromatic
Pyridine contains an sp2-hybridized nitrogen atom like that in an imine (Section 17-9). In 
contrast to pyrrole, only one electron in the p orbital completes the aromatic "-electron 
arrangement of the aromatic ring; as in the phenyl anion, the lone electron pair is located 
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25-5 STRUCTURE AND PREPARATION OF PYRIDINE: AN AZABENZENE

Pyridine can be regarded as a benzene derivative—an azabenzene—in which an sp2-
hybridized nitrogen atom replaces a CH unit. The pyridine ring is therefore aromatic, but its
electronic structure is perturbed by the presence of the electronegative nitrogen atom.

Pyridine contains an sp2-hybridized nitrogen atom like that in an imine. In contrast to pyrrole,
only one electron in the p orbital completes the aromatic 𝜋-electron arrangement of the
aromatic ring; as in the phenyl anion, the lone electron pair is located in one of the sp2
hybrid atomic orbitals in the molecular plane.

In pyridine, the nitrogen does not donate excess electron density to the remainder of the
molecule. Quite the contrary: Because nitrogen is more electronegative than carbon, it
withdraws electron density from the ring, both inductively and by resonance.
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structure is perturbed by the presence of the electronegative nitrogen atom. This section 
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in one of the sp2 hybrid atomic orbitals in the molecular plane (Figure 25-2). Therefore, in 
pyridine, the nitrogen does not donate excess electron density to the remainder of the mol-
ecule. Quite the contrary: Because nitrogen is more electronegative than carbon (Table 1-2), 
it withdraws electron density from the ring, both inductively and by resonance.

Resonance in Pyridine
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Figure 25-2 (A) Orbital picture of 
pyridine. The lone electron pair on 
nitrogen is in an sp2-hybridized or-
bital and is not part of the aromatic 
! system. (B) The electrostatic po-
tential map of pyridine reveals the 
location of the lone electron pair on 
nitrogen (red) in the molecular plane 
and the electron-withdrawing effect 
of the electronegative nitrogen on 
the aromatic ! system (green; com-
pare to the electrostatic potential 
map of pyrrole in Section 25-3).
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Exercise 25-17

Azacyclohexane (piperidine) is polarized because of the presence of the relatively electronegative 
nitrogen. The polarization in pyridine is twice as large. Explain.

Aromatic delocalization in pyridine is evident in the 1H NMR spectrum, which reveals 
the presence of a ring current. The electron-withdrawing capability of the nitrogen is man-
ifest in larger chemical shifts (more deshielding) at C2 and C4, as expected from the reso-
nance picture.

1H NMR Chemical Shifts (ppm) in Pyridine and Benzene

H

H

H 7.06

8.50

7.46

7.27

HN!

Because the lone pair on nitrogen is not tied up by conjugation (as it is in pyrrole, 
Exercise 25-14), pyridine is a weak base. (It is used as such in numerous organic transfor-
mations.) Compared with alkanamines (pKa of ammonium salts < 10; Section 21-4), the 
pyridinium ion has a low pKa, because the nitrogen is sp2 and not sp3 hybridized (see Sec-
tion 11-3 for the effect of hybridization on acidity).

Pyridine is the simplest azabenzene. Some of its higher aza analogs are shown here. 
They behave like pyridine but show the increasing effect of aza substitution—in particular, 
increasing electron de! ciency. Minute quantities of several 1,4-diazabenzene (pyrazine) 
derivatives are responsible for the characteristic odors of many vegetables. One drop of 
2-methoxy-3-(1-methylethyl)-1,4-diazabenzene (2-isopropyl-3-methoxypyrazine) in a large 
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Pyridine Is a Weak Base
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Aromatic delocalization in pyridine is evident in the 1H NMR spectrum, which reveals the
presence of a ring current. The electron-withdrawing capability of the nitrogen is manifest in
larger chemical shifts (more deshielding) at C2 and C4, as expected from the resonance
picture.
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Because the lone pair on nitrogen is not tied up by conjugation (as it is in pyrrole), pyridine
is a weak base. Compared with alkanamines (pKa of ammonium salts < 10), the pyridinium
ion has a low pKa, because the nitrogen is sp2 and not sp3 hybridized (the effect of
hybridization on acidity).
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of the electronegative nitrogen on 
the aromatic ! system (green; com-
pare to the electrostatic potential 
map of pyrrole in Section 25-3).

p Orbital

sp2 Orbital

H

H

H

H

N

H
BA

Perpendicular
to aromatic     frameπ

Exercise 25-17

Azacyclohexane (piperidine) is polarized because of the presence of the relatively electronegative 
nitrogen. The polarization in pyridine is twice as large. Explain.

Aromatic delocalization in pyridine is evident in the 1H NMR spectrum, which reveals 
the presence of a ring current. The electron-withdrawing capability of the nitrogen is man-
ifest in larger chemical shifts (more deshielding) at C2 and C4, as expected from the reso-
nance picture.

1H NMR Chemical Shifts (ppm) in Pyridine and Benzene

H

H

H 7.06

8.50

7.46

7.27

HN!

Because the lone pair on nitrogen is not tied up by conjugation (as it is in pyrrole, 
Exercise 25-14), pyridine is a weak base. (It is used as such in numerous organic transfor-
mations.) Compared with alkanamines (pKa of ammonium salts < 10; Section 21-4), the 
pyridinium ion has a low pKa, because the nitrogen is sp2 and not sp3 hybridized (see Sec-
tion 11-3 for the effect of hybridization on acidity).

Pyridine is the simplest azabenzene. Some of its higher aza analogs are shown here. 
They behave like pyridine but show the increasing effect of aza substitution—in particular, 
increasing electron de! ciency. Minute quantities of several 1,4-diazabenzene (pyrazine) 
derivatives are responsible for the characteristic odors of many vegetables. One drop of 
2-methoxy-3-(1-methylethyl)-1,4-diazabenzene (2-isopropyl-3-methoxypyrazine) in a large 

H"

"N

H
Pyridinium ion

pKa # 5.29

N

"

!

A

Pyridine Is a Weak Base

Pyridine is the simplest azabenzene. Some of its higher aza
analogs are shown here.

They behave like pyridine but show the increasing effect of aza
substitution—in particular, increasing electron deficiency.
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swimming pool would be more than adequate to give the entire pool the odor of raw 
potatoes.

N N
N

N
š

N

N

N
1,2-Diazabenzene

(Pyridazine)
1,3-Diazabenzene

(Pyrimidine)
1,4-Diazabenzene

(Pyrazine)
1,2,3-Triazabenzene

(1,2,3-Triazine)

" " " "

ð

ð

Nð

N ð

1,3,5-Triazabenzene
(1,3,5-Triazine)

Nš

N ðNð

N

2-Methoxy-3-(1-methylethyl)-
1,4-diazabenzene

(Potatoes)

1,2,4,5-Tetraazabenzene
(1,2,4,5-Tetrazine)

N

N
CH(CH3)2

OCH3

N

2-Methoxy-3-(2-methylpropyl)-
1,4-diazabenzene

(Green peppers)

CH2CH(CH3)2

OCH3N" N"

š š

N ðð

Nðð

Pyridines are made by condensation reactions
Pyridine and simple alkylpyridines are obtained from coal tar. Many of the more highly 
substituted pyridines are in turn made by both electrophilic and nucleophilic substitution of 
the simpler derivatives.

Pyridines can be made by condensation reactions of acyclic starting materials such as 
carbonyl compounds with ammonia. The most general of these methods is the Hantzsch*
pyridine synthesis. In this reaction, two molecules of a !-dicarbonyl compound, an 
aldehyde, and ammonia combine in several steps (Worked Example 25-28) to give a 
substituted dihydropyridine, which is readily oxidized by nitric acid to the aromatic sys-
tem. When the !-dicarbonyl compound is a 3-ketoester, the resulting product is a 3,5-
pyridinedicarboxylic ester. Hydrolysis followed by pyrolysis of the calcium salt of the acid 
causes decarboxylation.

Hantzsch Synthesis of 2,6-Dimethylpyridine

CO2CH2CH3CH3CH2O2C

CH3N
H

89%
Diethyl 1,4-dihydro-2,6-dimethyl-

3,5-pyridinedicarboxylate

H H

H3C

CO2CH2CH3CH3CH2O2C

CH3

CH2

ðNH3

H2C

H3C
C C

O
!3 H2O

HNO3, H2SO4A

A A

A

M M

A

A

š

"

ð
ðO

ð
ð

CH2B
Oð ð

CO2CH2CH3CH3CH2O2C

CH3N

65%
Diethyl 2,6-dimethyl-3,5-

pyridinedicarboxylate

H

H3C

1. KOH, H2O
2. CaO, "

!2 CH3CH2OH, !2 CaCO3

CH3

65%
2,6-Dimethylpyridine

H

H3C
š

N
š

The ultimate 
azaanalog of 
benzene is 
hexaazaben-

zene, an allotrope of nitrogen 
gas. It has been calculated to 
be aromatic by the ring-
current criterion (Section 
15-4), but exceedingly 
unstable: The activation 
energy for retrocyclization 
to three molecules of N2 
is estimated to be only 
!2 kcal mol21, releasing 
about 200 kcal mol21 during 
the process. The primary 
reasons are the relatively weak 
NON bonds (48 kcal mol21), 
destabilized by repulsion of 
the six lone electron pairs, and 
the strength of the NqN bond 
(225 kcal mol21).

Hexaazabenzene
(Hexazine)

N

N!

š

N

N

N ðð

Nðð

3 ðNqNð

Really

*Professor Arthur R. Hantzsch (1857–1935), University of Leipzig, Germany.

Minute quantities of several 1,4-diazabenzene (pyrazine) derivatives are responsible for
the characteristic odors of many vegetables. One drop of 2-methoxy-3-(1-methylethyl)-1,4-
diazabenzene (2-isopropyl-3-methoxypyrazine) in a large swimming pool would be more
than adequate to give the entire pool the odor of raw potatoes.
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Pyridines are made by condensation reactions

Pyridine and simple alkylpyridines are obtained from coal tar. Many of the more highly
substituted pyridines are in turn made by both electrophilic and nucleophilic substitution of
the simpler derivatives.

Pyridines can be made by condensation reactions of acyclic starting materials such as
carbonyl compounds with ammonia. The most general of these methods is the Hantzsch
pyridine synthesis.

In this reaction, two molecules of a 𝛽-dicarbonyl compound, an aldehyde, and ammonia
combine in several steps to give a substituted dihydropyridine, which is readily oxidized by
nitric acid to the aromatic system.

When the 𝛽-dicarbonyl compound is a 3-ketoester, the resulting product is a 3,5-
pyridinedicarboxylic ester. Hydrolysis followed by pyrolysis of the calcium salt of the acid
causes decarboxylation.
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Pyridines are made by condensation reactions
Pyridine and simple alkylpyridines are obtained from coal tar. Many of the more highly 
substituted pyridines are in turn made by both electrophilic and nucleophilic substitution of 
the simpler derivatives.

Pyridines can be made by condensation reactions of acyclic starting materials such as 
carbonyl compounds with ammonia. The most general of these methods is the Hantzsch*
pyridine synthesis. In this reaction, two molecules of a !-dicarbonyl compound, an 
aldehyde, and ammonia combine in several steps (Worked Example 25-28) to give a 
substituted dihydropyridine, which is readily oxidized by nitric acid to the aromatic sys-
tem. When the !-dicarbonyl compound is a 3-ketoester, the resulting product is a 3,5-
pyridinedicarboxylic ester. Hydrolysis followed by pyrolysis of the calcium salt of the acid 
causes decarboxylation.

Hantzsch Synthesis of 2,6-Dimethylpyridine

CO2CH2CH3CH3CH2O2C

CH3N
H

89%
Diethyl 1,4-dihydro-2,6-dimethyl-

3,5-pyridinedicarboxylate

H H

H3C

CO2CH2CH3CH3CH2O2C

CH3

CH2

ðNH3

H2C

H3C
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CO2CH2CH3CH3CH2O2C

CH3N
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Diethyl 2,6-dimethyl-3,5-

pyridinedicarboxylate
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H3C

1. KOH, H2O
2. CaO, "

!2 CH3CH2OH, !2 CaCO3

CH3

65%
2,6-Dimethylpyridine
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The ultimate 
azaanalog of 
benzene is 
hexaazaben-

zene, an allotrope of nitrogen 
gas. It has been calculated to 
be aromatic by the ring-
current criterion (Section 
15-4), but exceedingly 
unstable: The activation 
energy for retrocyclization 
to three molecules of N2 
is estimated to be only 
!2 kcal mol21, releasing 
about 200 kcal mol21 during 
the process. The primary 
reasons are the relatively weak 
NON bonds (48 kcal mol21), 
destabilized by repulsion of 
the six lone electron pairs, and 
the strength of the NqN bond 
(225 kcal mol21).

Hexaazabenzene
(Hexazine)

N

N!

š

N

N

N ðð

Nðð

3 ðNqNð

Really

*Professor Arthur R. Hantzsch (1857–1935), University of Leipzig, Germany.
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The first step of the Hantzsch pyridine synthesis is an example of a four-component
reaction: Four molecules combine in a specific fashion to form a single product.

Multicomponent reactions (MCR) of this type, in which water is the only by-product, are by
their very nature atom economical and hence “green”.

Even more environmentally friendly is the use of water as a solvent and, in the aromatization
step to the substituted pyridine, simply oxygen in the presence of activated carbon (a form of
highly porous carbon derived from charcoal).
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The ! rst step of the Hantzsch pyridine synthesis is an example of a four-component 
reaction: Four molecules combine in a speci! c fashion to form a single product. This is 
remarkable considering the number of possible condensation pathways that are available to 
the starting materials. The reason for its success is the reversibility of channels that do not 
lead to the observed dihydropyridine and the careful tuning of reactivity of the participating 
molecules: ammonia (or ammonium acetate); a relatively reactive aldehyde; and a !-dicarbonyl 
constituent that is used twice. (For a stepwise tour through the mechanism, see Worked 
Example 25-28). Multicomponent reactions of this type, in which water is the only by-product, 
are by their very nature atom economical and hence “green” (Real Life 3-1). Even more 
environmentally friendly is the use of water as a solvent and, in the aromatization step to 
the substituted pyridine, simply oxygen in the presence of activated carbon (a form of highly 
porous carbon derived from charcoal).

A “Super Green” Hantzsch Pyridine Synthesis

B
O

B
O

2 CH3CCH2COCH2CH3

B
O

!NH4
"OCCH3

CH3CHO
!

!
N
H

CH3

O

O

O

O

CH3H3C N

CH3

O

O

O

O

CH3H3C

H2O

80%

O2, C

93%

Exercise 25-18

What starting materials would you use in the Hantzsch synthesis of the following pyridines?

(a) CNCH3CH2O2C

CH3

NO2

NH3C

 (b) 
CNNC

CH3

C(CH3)3

NH3C

 (c) 

CH2CH3

CH3

NCH3CH2

Solved Exercise 25-19 Working with the Concepts: Practicing Mechanisms of Pyridine Syntheses

The Hantzsch synthesis of pyridines features 1,4-dihydropyridines in the ! rst step. A variant of the method uses hydroxylamine (Table 17-5), 
which can be regarded as an oxidized version of ammonia. With this reagent, pyridines are formed directly from 1,5-dicarbonyl compounds, 
in turn readily made by Michael additions of enolates to ",!-unsaturated aldehydes and ketones (Section 18-11). Formulate the mechanisms 
of the two steps in the pyridine synthesis shown.

O
O

O
O N

!

Na!"OCH2CH3,
CH3CH2OH

HONH2, HCl,
CH3CH2OH

Strategy
Looking at the ! rst step of the reaction, you should recognize a Michael addition of cyclohexanone to an unsaturated ketone. (You can 
review this reaction in Section 18-11). The transformation in the second step looks similar to the Paal-Knorr synthesis of pyrroles
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Solved Exercise 25-19

The Hantzsch synthesis of pyridines features 1,4-dihydropyridines in the first step. A variant
of the method uses hydroxylamine, which can be regarded as an oxidized version of
ammonia. With this reagent, pyridines are formed directly from 1,5-dicarbonyl compounds,
in turn readily made by Michael additions of enolates to 𝛼,𝛽-unsaturated aldehydes and
ketones. Formulate the mechanisms of the two steps in the pyridine synthesis shown.
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reaction: Four molecules combine in a speci! c fashion to form a single product. This is 
remarkable considering the number of possible condensation pathways that are available to 
the starting materials. The reason for its success is the reversibility of channels that do not 
lead to the observed dihydropyridine and the careful tuning of reactivity of the participating 
molecules: ammonia (or ammonium acetate); a relatively reactive aldehyde; and a !-dicarbonyl 
constituent that is used twice. (For a stepwise tour through the mechanism, see Worked 
Example 25-28). Multicomponent reactions of this type, in which water is the only by-product, 
are by their very nature atom economical and hence “green” (Real Life 3-1). Even more 
environmentally friendly is the use of water as a solvent and, in the aromatization step to 
the substituted pyridine, simply oxygen in the presence of activated carbon (a form of highly 
porous carbon derived from charcoal).

A “Super Green” Hantzsch Pyridine Synthesis
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Exercise 25-18

What starting materials would you use in the Hantzsch synthesis of the following pyridines?

(a) CNCH3CH2O2C

CH3

NO2

NH3C

 (b) 
CNNC

CH3

C(CH3)3

NH3C

 (c) 

CH2CH3

CH3

NCH3CH2

Solved Exercise 25-19 Working with the Concepts: Practicing Mechanisms of Pyridine Syntheses

The Hantzsch synthesis of pyridines features 1,4-dihydropyridines in the ! rst step. A variant of the method uses hydroxylamine (Table 17-5), 
which can be regarded as an oxidized version of ammonia. With this reagent, pyridines are formed directly from 1,5-dicarbonyl compounds, 
in turn readily made by Michael additions of enolates to ",!-unsaturated aldehydes and ketones (Section 18-11). Formulate the mechanisms 
of the two steps in the pyridine synthesis shown.

O
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!

Na!"OCH2CH3,
CH3CH2OH

HONH2, HCl,
CH3CH2OH

Strategy
Looking at the ! rst step of the reaction, you should recognize a Michael addition of cyclohexanone to an unsaturated ketone. (You can 
review this reaction in Section 18-11). The transformation in the second step looks similar to the Paal-Knorr synthesis of pyrroles
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(Exercise 25-9), except that the result is the construction of a six-membered (not a ! ve-membered) ring. The mechanism you are 
looking for should be based on the mechanisms for these two reactions.

Solution
• In the ! rst step, the product is formed by C–C bond construction between the carbon next to the carbonyl in cyclohexanone and the 

terminal position of the enone; in other words, cyclohexanone is alkylated at the !-position. Remember that ketones are alkylated 
through their enolates (Section 18-4) and, in this case, alkylation occurs by attack of cyclohexanone enolate on the positively polar-
ized enone "-carbon, as sketched below.

š

ð

#
#

H

O
O

!ð#O

B!

ðB!BH

O

O , 

!"

!!

!

• For the second step, recall that primary amines react with ketones reversibly to furnish imines by loss of water (Section 17-9) and that, 
in fact, hydroxylamine makes oximes (Table 17-5). These condensations proceed through the intermediacy of hemiaminals by nucleophilic 
attack of the amine nitrogen on the carbonyl carbon.

O

H2NOH

H"

!H2O

"NH2

O
!

Hemiaminal Oxime

C6H5ð
ð

ð
ð

ð
O

ð
ðO

ð
ðO

ð
ðO

C6H5 ð
ð

N

HO
A

C6H5ðð

NH

OH

HO

C6H5ð
ð

ð

G

HO

G

• Imines (like carbonyl compounds that form enols) are in equilibrium with their tautomeric forms, enamines (Section 17-9). If we write 
this form for our oxime, we arrive at an aminocarbonyl compound that is poised to undergo fast intramolecular formation of another 
hemiaminal. Dehydration produces a new cyclic enamine, which, upon inspection, is nothing but a hydrated pyridine. Finally, the driving 
force of aromaticity facilitates the rapid loss of water and generation of the pyridine product.

H"

!H2O

H"

!H2O

Intramolecular
hemiaminal

Tautomerism

A

C6H5
N

OH

A
C6H5N C6H5N

OH

OH

Oxime

O
C6H5ð

ð O
ð

ð

Enamine

NH

HO

C6H5

ð ð

ð

ð

ðð
N

ð

HO
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(Exercise 25-9), except that the result is the construction of a six-membered (not a ! ve-membered) ring. The mechanism you are 
looking for should be based on the mechanisms for these two reactions.

Solution
• In the ! rst step, the product is formed by C–C bond construction between the carbon next to the carbonyl in cyclohexanone and the 

terminal position of the enone; in other words, cyclohexanone is alkylated at the !-position. Remember that ketones are alkylated 
through their enolates (Section 18-4) and, in this case, alkylation occurs by attack of cyclohexanone enolate on the positively polar-
ized enone "-carbon, as sketched below.
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• For the second step, recall that primary amines react with ketones reversibly to furnish imines by loss of water (Section 17-9) and that, 
in fact, hydroxylamine makes oximes (Table 17-5). These condensations proceed through the intermediacy of hemiaminals by nucleophilic 
attack of the amine nitrogen on the carbonyl carbon.
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• Imines (like carbonyl compounds that form enols) are in equilibrium with their tautomeric forms, enamines (Section 17-9). If we write 
this form for our oxime, we arrive at an aminocarbonyl compound that is poised to undergo fast intramolecular formation of another 
hemiaminal. Dehydration produces a new cyclic enamine, which, upon inspection, is nothing but a hydrated pyridine. Finally, the driving 
force of aromaticity facilitates the rapid loss of water and generation of the pyridine product.
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(Exercise 25-9), except that the result is the construction of a six-membered (not a ! ve-membered) ring. The mechanism you are 
looking for should be based on the mechanisms for these two reactions.

Solution
• In the ! rst step, the product is formed by C–C bond construction between the carbon next to the carbonyl in cyclohexanone and the 

terminal position of the enone; in other words, cyclohexanone is alkylated at the !-position. Remember that ketones are alkylated 
through their enolates (Section 18-4) and, in this case, alkylation occurs by attack of cyclohexanone enolate on the positively polar-
ized enone "-carbon, as sketched below.
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• For the second step, recall that primary amines react with ketones reversibly to furnish imines by loss of water (Section 17-9) and that, 
in fact, hydroxylamine makes oximes (Table 17-5). These condensations proceed through the intermediacy of hemiaminals by nucleophilic 
attack of the amine nitrogen on the carbonyl carbon.
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• Imines (like carbonyl compounds that form enols) are in equilibrium with their tautomeric forms, enamines (Section 17-9). If we write 
this form for our oxime, we arrive at an aminocarbonyl compound that is poised to undergo fast intramolecular formation of another 
hemiaminal. Dehydration produces a new cyclic enamine, which, upon inspection, is nothing but a hydrated pyridine. Finally, the driving 
force of aromaticity facilitates the rapid loss of water and generation of the pyridine product.
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In Summary Pyridines are aromatic but electron poor. The lone pair on nitrogen makes 
the heterocycle weakly basic. Pyridines are prepared by condensation of a !-dicarbonyl 
compound with ammonia and an aldehyde.

Exercise 25-20 Try It Yourself

Sketch a plausible mechanism by which the following condensation reaction occurs. [Hints: 
Start with an aldol condensation of the aldehyde with the enamine. (Review enamine alkylation, 
Section 18-4). Then use the resulting product as a Michael acceptor of the second enamine.]

CNNC

CH3

C(CH3)3

N
H

H3C

H!

(H3C)3C H

OH

CNH3C

H2N

2 !

Exercise 25-21

1,3-Diazabenzene-2,4,6-triol prefers the triketo tautomeric form (Section 22-3) by about 29 kcal 
mol21. It is commonly known as barbituric acid (pKa 5 7.4) and constitutes the basic frame of a 
group of sedatives and sleep inducers called barbiturates, of which veronal and phenobarbital are 
two examples (margin).

OH

OHHO

N HN

N
H

O O

O

Tautomerism

Barbituric acid

N

Propose a synthesis of veronal from diethyl propanedioate (malonic ester; Section 23-2) and urea 
(Section 20-6). (Hint: In the presence of a base, such as an alkoxide, amides are in equilibrium 
with the corresponding amidates; Section 20-7.)

HN

N
H

O O

O

Veronal

HN

N
H

O O

O

Phenobarbital

25-6 REACTIONS OF PYRIDINE

The reactivity of pyridine derives from its dual nature as both an aromatic molecule and a 
cyclic imine. Both electrophilic and nucleophilic substitution processes may occur, leading 
to a variety of substituted derivatives.

Pyridine undergoes electrophilic aromatic substitution only 
under extreme conditions
Because the pyridine ring is electron poor, the system undergoes electrophilic aromatic 
substitution only with great dif! culty, several orders of magnitude more slowly than ben-
zene, and at C3 (see Section 15-8).

Electrophilic Aromatic Substitution of Pyridine

Br

86%
3-Bromopyridine

"HBr

Br–Br, H2SO4, SO3

N! N!

NO2

4.5%
3-Nitropyridine

"H2O

NaNO3, fuming H2SO4, 300#C

N! N!

Exercise 25-21

1,3-Diazabenzene-2,4,6-triol prefers the triketo tautomeric form by about 29 kcal mol-1. It is
commonly known as barbituric acid (pKa = 7.4) and constitutes the basic frame of a group of
sedatives and sleep inducers called barbiturates: veronal and phenobarbital.

Propose a synthesis of veronal from diethyl propanedioate (malonic ester) and urea.
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In Summary Pyridines are aromatic but electron poor. The lone pair on nitrogen makes 
the heterocycle weakly basic. Pyridines are prepared by condensation of a !-dicarbonyl 
compound with ammonia and an aldehyde.

Exercise 25-20 Try It Yourself

Sketch a plausible mechanism by which the following condensation reaction occurs. [Hints: 
Start with an aldol condensation of the aldehyde with the enamine. (Review enamine alkylation, 
Section 18-4). Then use the resulting product as a Michael acceptor of the second enamine.]
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two examples (margin).
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Propose a synthesis of veronal from diethyl propanedioate (malonic ester; Section 23-2) and urea 
(Section 20-6). (Hint: In the presence of a base, such as an alkoxide, amides are in equilibrium 
with the corresponding amidates; Section 20-7.)
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25-6 REACTIONS OF PYRIDINE

The reactivity of pyridine derives from its dual nature as both an aromatic molecule and a
cyclic imine. Both electrophilic and nucleophilic substitution processes may occur, leading to
a variety of substituted derivatives.

Pyridine undergoes electrophilic aromatic substitution only under extreme conditions

Because the pyridine ring is electron poor, the system undergoes electrophilic aromatic
substitution only with great difficulty, several orders of magnitude more slowly than benzene,
and at C3.
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Activating substituents allow for milder conditions or improved yields.

11412 5 - 6  R e a c t i o n s  o f  P y r i d i n e C H A P T E R  2 5

Activating substituents allow for milder conditions or improved yields.
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2,6-Dimethyl-3-nitropyridine

H3C
! H2O

KNO3, fuming H2SO4, 100"C
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2-Amino-5-bromopyridine
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Br–Br, CH3COOH, 20"C
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Pyridine undergoes relatively easy nucleophilic substitution
Because the pyridine ring is relatively electron de! cient, it undergoes nucleophilic substitution 
much more readily than does benzene (Section 22-4). Attack at C2 and C4 is preferred because 
it leads to intermediates in which the negative charge is on the nitrogen. An example of 
nucleophilic substitution of pyridine is the Chichibabin* reaction, in which the heterocycle 
is converted into 2-aminopyridine by treatment with sodium amide in liquid ammonia.

Chichibabin Reaction

H NH2

H H!

70%
2-Aminopyridine

1. NaNH2, liquid NH3

2. H!, H2O
O

N! N!

This reaction proceeds by the addition–elimination mechanism. The ! rst step is attack 
by 2:  NH2 at C2, a process that resembles 1,2-addition to an imine function. Expulsion of 
a hydride ion, H:2, from C2 is followed by deprotonation of the amine nitrogen to give H2 
and a resonance-stabilized 2-pyridineamide ion. Protonation by aqueous work-up furnishes 
the ! nal product. Note the contrast with electrophilic substitutions, which include proton 
loss, not expulsion of hydride as a leaving group.

Transformations related to the Chichibabin reaction take place when pyridines are 
treated with Grignard or organolithium reagents.

Li

!

49%
2-Phenylpyridine

Methylbenzene (toluene), 110"C, 8 h

#LiH

HN! N!

Exercise 25-22

Explain why electrophilic aromatic substitution of pyridine occurs at C3.

*Professor Alexei E. Chichibabin (1871–1945), University of Moscow, Russia.
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Pyridine undergoes relatively easy nucleophilic substitution

Because the pyridine ring is relatively electron deficient, it undergoes
nucleophilic substitution much more readily than does benzene.

Attack at C2 and C4 is preferred because it leads to intermediates in
which the negative charge is on the nitrogen.

An example of nucleophilic substitution of pyridine is the Chichibabin
reaction, in which the heterocycle is converted into 2-aminopyridine by
treatment with sodium amide in liquid ammonia.
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and a resonance-stabilized 2-pyridineamide ion. Protonation by aqueous work-up furnishes 
the ! nal product. Note the contrast with electrophilic substitutions, which include proton 
loss, not expulsion of hydride as a leaving group.

Transformations related to the Chichibabin reaction take place when pyridines are 
treated with Grignard or organolithium reagents.

Li

!

49%
2-Phenylpyridine

Methylbenzene (toluene), 110"C, 8 h

#LiH

HN! N!

Exercise 25-22

Explain why electrophilic aromatic substitution of pyridine occurs at C3.

*Professor Alexei E. Chichibabin (1871–1945), University of Moscow, Russia.

HN!

ðNH2!
#

N!
!
NH2

#N!
!

!
NH2

H

Elimination#ðH#

Addition

Mechanism of
the Chichibabin

Reaction



18

This reaction proceeds by the addition–elimination mechanism. The first step is attack by –NH2
at C2, a process that resembles 1,2-addition to an imine function. Expulsion of a hydride ion,
H–, from C2 is followed by deprotonation of the amine nitrogen to give H2 and a resonance-
stabilized 2-pyridineamide ion. Protonation by aqueous work-up furnishes the final product.

Note the contrast with electrophilic substitutions, which include proton loss, not expulsion of
hydride as a leaving group.

Transformations related to the Chichibabin reaction take place when pyridines are treated with
Grignard or organolithium reagents.
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In most nucleophilic substitutions of pyridines, halides are leaving groups, the 2- and 4-
halopyridines being particularly reactive.
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In most nucleophilic substitutions of pyridines, halides are leaving groups, the 2- and 
4-halopyridines being particularly reactive.

Cl OCH3

75%
4-Methoxypyridine

Na!"OCH3, CH3OH

"NaCl

N! N!

REAL LIFE: BIOCHEMISTRY 25-2  Lessons from Redox-Active Pyridinium Salts in Nature: 
Nicotinamide Adenine Dinucleotide, Dihydropyridines, 
and Synthesis

A complex pyridinium derivative, nicotinamide adenine 
dinucleotide (NAD1) is an important biological oxidizing 
agent. The structure consists of a pyridine ring [derived from 
3-pyridinecarboxylic (nicotinic) acid], two ribose molecules 
(Section 24-1) linked by a pyrophosphate bridge, and the 
heterocycle adenine (Section 26-9).

Most organisms derive their energy from the oxidation 
(removal of electrons) of fuel molecules, such as glucose or 
fatty acids; the ultimate oxidant (electron acceptor) is oxy-
gen, which gives water. Such biological oxidations proceed 
through a cascade of electron-transfer reactions requiring the 
intermediacy of special redox reagents. NAD1 is one such 
molecule. In the oxidation of a substrate, the pyridinium ring 
in NAD1 undergoes a two-electron reduction with simulta-
neous protonation.

NAD1 is the electron acceptor in many enzymatic oxi-
dations of alcohols to aldehydes (including the conversion of 
vitamin A into retinal, Real Life 18-2; see also Real Life 8-1). 
This reaction can be seen as a transfer of hydride from C1 
of the alcohol to C4 of the pyridinium nucleus with 
simultaneous deprotonation to give the aldehyde and the 

dihydropyridine, NADH. With other enzymes, the reverse is 
achieved, namely, the reduction of aldehydes and ketones to 
alcohols with NADH (see Problems 58 and 59 of Chapter 8, 
and Section 22-9).

The “action” part of NADH constitutes a simple dihy-
dropyridine of the type readily accessible in the ! rst step of 
the Hantzsch pyridine synthesis (Section 25-5). Therefore 
chemists have probed whether such compounds can be used 
as metal-free alternatives to hydride reagents, such as 
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25-7 QUINOLINE AND ISOQUINOLINE: THE BENZOPYRIDINES

The fusion of a benzene ring to pyridine in either of two ways, giving quinoline and
isoquinoline (1- and 2-azanaphthalene).

Both are liquids with high boiling points. Many of their derivatives are found in nature or
have been synthesized in the search for physiological activity. Like pyridine, quinoline and
isoquinoline are readily available from coal tar.

As might be expected, because pyridine is electron poor compared with benzene,
electrophilic substitutions on quinoline and isoquinoline take place at the benzene ring.

As with naphthalene, substitution at the carbons next to the ring fusion predominates.
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In Summary Pyridine undergoes slow electrophilic aromatic substitution preferentially at 
C3. Nucleophilic substitution reactions occur more readily to expel hydride or another leav-
ing group from either C2 or C4.

25-7 QUINOLINE AND ISOQUINOLINE: THE BENZOPYRIDINES

We can imagine the fusion of a benzene ring to pyridine in either of two ways, giving us 
quinoline and isoquinoline (1- and 2-azanaphthalene, according to our systematic nomen-
clature). Both are liquids with high boiling points. Many of their derivatives are found in 
nature or have been synthesized in the search for physiological activity. Like pyridine, 
quinoline and isoquinoline are readily available from coal tar.

As might be expected, because pyridine is electron poor compared with benzene, elec-
trophilic substitutions on quinoline and isoquinoline take place at the benzene ring. As with 
naphthalene, substitution at the carbons next to the ring fusion predominates.
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8-Nitroquinoline

35%
5-NitroquinolineQuinoline

H2SO4, SO3,
fuming HNO3, 15–20!C, 5 h

"H2O
#

NO2

NO2
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8-Nitroisoquinoline

72%
5-NitroisoquinolineIsoquinoline

H2SO4, HNO3, 0!C, 30 min

"H2O
#

NO2

NO2

N ðN ðN ð

In contrast to electrophiles, nucleophiles prefer reaction at the electron-poor pyridine 
nucleus. These reactions are quite analogous to those with pyridine.

Chichibabin Reaction of Quinoline and Isoquinoline

N

80%
2-Aminoquinoline

1. NaNH2, liquid NH3, 20!C, 20 days
2. H#, H2O

N NH2! !

71%
1-Aminoisoquinoline-

4-carboxylic acid

1. KNH2, liquid NH3

2. CH3COOH

COOH COOH

ðNH2

N ðN ð

N

N

Isoquinoline

Quinoline

The Peruvian ! re stick secretes 
quinoline from glands behind the 
head as a chemical defense 
against predators, such as frogs, 
cockroaches, spiders, and ants.
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In contrast to electrophiles, nucleophiles prefer reaction at the electron-poor pyridine
nucleus. These reactions are quite analogous to those with pyridine.
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quinoline and isoquinoline (1- and 2-azanaphthalene, according to our systematic nomen-
clature). Both are liquids with high boiling points. Many of their derivatives are found in 
nature or have been synthesized in the search for physiological activity. Like pyridine, 
quinoline and isoquinoline are readily available from coal tar.

As might be expected, because pyridine is electron poor compared with benzene, elec-
trophilic substitutions on quinoline and isoquinoline take place at the benzene ring. As with 
naphthalene, substitution at the carbons next to the ring fusion predominates.
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In contrast to electrophiles, nucleophiles prefer reaction at the electron-poor pyridine 
nucleus. These reactions are quite analogous to those with pyridine.

Chichibabin Reaction of Quinoline and Isoquinoline
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The Peruvian ! re stick secretes 
quinoline from glands behind the 
head as a chemical defense 
against predators, such as frogs, 
cockroaches, spiders, and ants.
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The following structures are representative of higher aza analogs of naphthalene.
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The following structures are representative of higher aza analogs of naphthalene.

!N
1,2-Diazanaphthalene

(Cinnoline)
2,3-Diazanaphthalene

(Phthalazine)

N ð N ð

Nð

N

Nš š š šNN

NN

1,4-Diazanaphthalene
(Quinoxaline)

1,3,8-Triazanaphthalene
(Pyrido[2,3-d]pyrimidine)

N

1,3,5,8-Tetraazanaphthalene
(Pteridine)

" " "

Nð

N ð

Exercise 25-25

Quinoline and isoquinoline react with organometallic reagents exactly as pyridine does (Sec-
tion 25-6). Give the products of their reaction with 2-propenylmagnesium bromide (allylmag-
nesium bromide).

Exercise 25-27 Try It Yourself

Sketch plausible retrosynthetic disconnections for the following molecules. [Hints: For part b, 
see Section 17-10; for part c, see Problem 43 of Chapter 17.]

(a) 

CH3

N

 (b) 

C6H5

C6H5

H3C

N

N

H3C

 (c) 

N

N

Solved Exercise 25-26 Working with the Concepts: Recognizing Retrosynthetic Disconnections in the 
Azanaphthalenes

As described in Section 25-5, some pyridine syntheses are based on a variety of condensation reactions, typically aldol (Section 18-5) and 
imine condensations (Section 17-9). Bearing this in mind, how would you dissect the pyridine ring of quinoline A retrosynthetically to 
two appropriate starting materials for its construction?

A

CH3

CH3

!

CH3N

Strategy
The most obvious disconnection is the imine linkage, which could arise from the corresponding amine and carbonyl component. The latter 
reveals an a,b-unsaturated ketone that might be assembled by an aldol condensation.

Solution
• First, we disconnect the imine double bond (step 1). This produces a benzenamine on one side and a carbonyl group on the other.
• Second, we apply a retroaldol step to the remaining double bond (step 2) to generate 2-acetylbenzeneamine and 2,4-pentanedione.
• Are these two materials suitable starting materials for the synthesis of A? The answer is yes: This reaction is an example of the so-called 

Friedländer synthesis of quinolines, and it proceeds with either acid or base catalysis. While one can envisage several competing conden-
sations of the starting materials, they are reversible and there is considerable driving force toward the aromatic cyclization product. More-
over, the aminoketone component contains the two functions in conjugation, thus preventing its self-condensation (write the dipolar 
ammonium enolate resonance form).

N

Step 1 Step 2

O

O

O

CH3

CH3

+
CH3

CH3

CH3 ! CH3

O

O

CH3 NH2

CH3

H2N
ð

CH3
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25-8 ALKALOIDS: NITROGEN HETEROCYCLES IN NATURE

The alkaloids are bitter-tasting, natural nitrogen-containing compounds found particularly in
plants. The name is derived from their characteristic basic properties (alkali-like), which are
induced by the lone electron pair of nitrogen.

As with acyclic amines, the (Lewis) basic nature of the alkaloids, in conjunction with their
particular three-dimensional architecture, gives rise to often potent physiological activity.
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In Summary The azanaphthalenes quinoline and isoquinoline may be regarded as benzo-
pyridines. Electrophiles attack the benzene ring, nucleophiles attack the pyridine ring.

25-8  ALKALOIDS: PHYSIOLOGICALLY POTENT NITROGEN 
HETEROCYCLES IN NATURE

The alkaloids are bitter-tasting, natural nitrogen-containing compounds found particularly 
in plants. The name is derived from their characteristic basic properties (alkali-like), which 
are induced by the lone electron pair of nitrogen.

As with acyclic amines (Chapter 21), the (Lewis) basic nature of the alkaloids, in con-
junction with their particular three-dimensional architecture, gives rise to often potent phys-
iological activity. We have already noted some examples of this behavior in the narcotics 
morphine and heroin (Section 9-11), the psychoactive lysergic acid and LSD (Section 19-13), 
and the antibiotic penicillins (Real Life 20-2).
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Medicinal chemists strive to strip down the structures of complex natural drugs to identify 
the minimal requirements for activity: the pharmacophore. For morphine this approach has 
yielded hundreds of simpler analogs with a varying pharmacological spectrum.
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Medicinal chemists strive to strip down the structures of complex natural drugs to identify
the minimal requirements for activity: the pharmacophore. For morphine this approach has
yielded hundreds of simpler analogs with a varying pharmacological spectrum.
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the minimal requirements for activity: the pharmacophore. For morphine this approach has 
yielded hundreds of simpler analogs with a varying pharmacological spectrum.
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Nicotine, present in dried tobacco leaves in 2–8% concentration, is the stimulating ingredient
in cigarettes and other tobacco products. Even more stimulating than nicotine are caffeine
and theobromine, present in coffee and tea or cocoa (chocolate), respectively.

Perhaps the most dangerous stimulant is cocaine, extracted from the leaves of the coca
shrub. Cocaine is shipped and sold in the form of the water-soluble hydrochloride salt
(“street cocaine”), which may be ingested through the nasal passages by “snorting” or orally
and intravenously.

There are severe physical and psychological side effects of the drug, such as brain seizures,
respiratory collapse, heart attack, paranoia, and depression. Moreover, it functions as a very
effective topical anesthetic in eye operations.
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Nicotine (see also Real Life 25-1), present in dried tobacco leaves in 2–8% concentration, 
is the stimulating ingredient in cigarettes and other tobacco products.
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Even more stimulating than nicotine are caffeine and theobromine, present in coffee 
and tea or cocoa (chocolate), respectively. Perhaps the most dangerous stimulant is cocaine, 
extracted from the leaves of the coca shrub, which is cultivated mainly in South America 
for the purpose of illegal drug traf! cking. Cocaine is shipped and sold in the form of the 
water-soluble hydrochloride salt (“street cocaine”), which may be ingested through the nasal 
passages by “snorting” or orally and intravenously. The actual alkaloid is known as 
“freebase” or “crack” and is inhaled by smoking. There are severe physical and psycho-
logical side effects of the drug, such as brain seizures, respiratory collapse, heart attack, 
paranoia, and depression. The compound has some good uses, nevertheless. For example, 
it functions as a very effective topical anesthetic in eye operations.

Quinine, isolated from cinchona bark (as much as 8% concentration), is the oldest 
known effective antimalarial agent. A malaria attack consists of a chill accompanied or 
followed by a fever, which terminates in a sweating stage. Such attacks may recur regularly. 
The name “malaria” is derived from the Italian malo, bad, and aria, air, referring to the old 
belief that the disease was caused by noxious ef" uent gases from marshland. The actual 
culprit is a protozoan parasite (Plasmodium species) transmitted by the bite of an infected 
female mosquito of the genus Anopheles (see Real Life 3-2). It is estimated that from 300 to 
500 million people are affected by this disease, which kills over 2 million each year, more 
than half of them children.

Strychnine is a powerful poison (the lethal dose in animals is about 5–8 mg kg21), the 
lethal ingredient of many a detective novel.
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The isoquinoline and 1,2,3,4-tetrahydroisoquinoline nuclei are abundant among the alka-
loids, and their derivatives are physiologically active, for example, as hallucinogens, central 
nervous system agents (depressants and stimulants), and hypotensives. Note that the phar-
macophoric 2-phenylethanamine unit (see Real Life 21-1) is part of these nuclei and is also 
present in most of the other alkaloids considered in this section. (Find it in morphine, 
lysergic acid, quinine—there is a quirk here—and strychnine.)

In Summary The alkaloids are natural nitrogen-containing compounds, many of which are 
physiologically active.

An Anopheles stephensi mosquito 
lunching on a human host through 
its pointed feeding tube. Engorge-
ment has proceeded to the point 
that a droplet of blood emanates 
from the abdomen.
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Quinine, isolated from cinchona bark (as much as 8% concentration), is the oldest known
effective antimalarial agent.

Strychnine is a powerful poison (the lethal dose in animals is about 5–8 mg kg-1).

The isoquinoline and 1,2,3,4-tetrahydroisoquinoline nuclei are abundant among the
alkaloids, and their derivatives are physiologically active, for example, as hallucinogens,
central nervous system agents (depressants and stimulants), and hypotensives.
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and tea or cocoa (chocolate), respectively. Perhaps the most dangerous stimulant is cocaine, 
extracted from the leaves of the coca shrub, which is cultivated mainly in South America 
for the purpose of illegal drug traf! cking. Cocaine is shipped and sold in the form of the 
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“freebase” or “crack” and is inhaled by smoking. There are severe physical and psycho-
logical side effects of the drug, such as brain seizures, respiratory collapse, heart attack, 
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it functions as a very effective topical anesthetic in eye operations.
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loids, and their derivatives are physiologically active, for example, as hallucinogens, central 
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