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Chapter

The Chemistry of Benzo
and Carbocyclic Derivatives of
Pyridine
Adebimpe D. Adesina

Abstract

The chemistry of pyridine and its derivatives is of considerable importance in the
synthesis of intermediates leading to biologically active compounds and novel mate-
rials. Generally, derivatives of pyridine are stable and relatively unreactive but can be
attacked by electrophiles at ring nitrogen and certain carbon atoms. Pyridines undergo
radical substitution reactions preferentially at the 2-position. Simple pyridines and
their benzo derivatives are weak bases that form salts with strong acids. Various Lewis
acids form complexes with pyridine and its benzo derivatives. The quaternization of
pyridine and its benzo derivatives using alkyl and acyl halides have been used as
versatile synthetic intermediates to biologically active compounds as final products.
Precursors to cyanine dyes have been prepared by means of the 1,4-addition of
pyridines and quinolines to acrylamide. N-oxides, obtained by the oxidation of pyri-
dine and its benzo analogues, are versatile intermediates in organic synthesis.

Keywords: benzo derivatives, pyridine, quinoline, isoquinoline, synthetic
intermediates, electrophilic substitution, nucleophilic substitution

1. Introduction

Pyridine was first isolated in a pure state from bone oil by Anderson [1] who had
earlier obtained picoline from coal tar. He established the molecular formula of pyri-
dine and showed it to be a tertiary base, capable of forming quaternary salts. A
Kekule-type structure was proposed for pyridine 1 by Korner (Figure 1) [2]. The
proposed structure was confirmed by the reduction of pyridine to piperidine, by the
reverse oxidation and by the synthesis of piperidine.

In addition to being attacked by electrophiles, strong nucleophiles can also react, at
the α- or γ- ring carbon atoms of the pyridine ring [3, 4].

Quinoline 2 and isoquinoline 3 are the two possible structures in which a benzene
ring is annelated to a pyridine ring. The effect that the benzene ring has on the
reactivity of the pyridine ring, and vice versa should be considered. Electrophilic
substitution favors the benzenoid ring, rather than the pyridine ring with preferred
substitution at the 5- (Figure 2) and 8- positions.

The electron-deficiency of the carbons in pyridines, particularly the α- and γ-
carbons, and the ability of the heteroatom to accommodate negative charge in the
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intermediate thus produced, makes nucleophilic addition and, especially nucleophilic
displacement of halide (and other good leaving groups), a very important feature of
pyridine chemistry (Figure 3) [5]. Quinoline and isoquinoline are reactive to nucleo-
philes in the pyridine ring, especially at the positions α and γ to the nitrogen and,
further, are more reactive in this sense than pyridines.

2. Synthesis

The synthesis of a pyridine ring can be achieved in many ways. Some of these will
be described and exemplified.

Figure 1.
Structure of pyridine and its benzo-fused analogues.

Figure 2.
Electrophilic substitution of isoquinoline.

Figure 3.
Selectivity of nucleophilic attack on halopyridines.
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2.1 Condensation reactions

One of the methods for constructing the pyridine nucleus is by way of condensa-
tion reactions. This is done by the combination of an amino group with two carbonyl
groups followed by the loss of two or more equivalents of water. A final oxidation step
was often necessary to obtain the aromatic ring system. Most condensations leading to
a pyridine derivative 17 proceed through an intermediate which can be related to a
1,5-dicarbonyl compound 16 (Figure 4).

The Chichibabin pyridine synthesis is an example of the condensation method for
synthesizing pyridine rings. The reaction involves the condensation of aldehydes,
ketones, α, β-unsaturated carbonyl compounds, or any combination of these, with
ammonia.

Frank and Seven [6] have reported the modified synthesis of pyridine by heating
the carbonyl compounds or derivatives with aqueous ammonia and catalytic amounts
of ammonium acetate to produce good yields of single products. But-2-enal was
reacted with ammonia to form 5-ethyl2-methylpyridine (Figure 5). However, the use
of a steel autoclave at high temperatures and pressures was a drawback in this process.

An improved Chichibabin synthesis was also investigated by Weiss [7] and a
mechanism was proposed for the formation of the pyridine ring. The mechanism of
the reaction of benzaldehyde 20with acetophenone 21 involved an aldol condensation
to form 22, followed by a Michael-type reaction to give a 1,5-dicarbonyl 23, which
then condenses with ammonia to form a dihydropyridine 24, which, in turn, is
dehydrogenated to a pyridine 25 (Figure 6).

2.2 Cycloaddition reactions

Some 6π cycloadditions have been used to form pyridines. The first to be reported
was the addition of a dienophile 28 to an oxazole 27 [8, 9]. When acrylonitrile was
used, hydrogen cyanide was lost to aromatise and the oxazole oxygen retained to give
3-hydroxypyridines, while with the use of acrylic acid, the oxygen was lost as water
(Figure 7).

Figure 4.
Typical pyridine ring synthesis.

Figure 5.
An example of the Chichibabin synthesis.
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The interaction of propargylamine 32 with a cyclic ketone 31, produced an
enamine 33, followed by a ring closure which when effected with a gold catalyst, gave
a carbocyclic pyridine derivative 34 (Figure 8) [10].

2.3 Cyclization reactions

Pyridines can be formed by the cyclization of nitriles at either carbon or nitrogen.
Cyclizations at nitrogen were more common and incorporated the nitrogen into the
pyridine ring.

Methyl-substituted pyridine derivatives have been synthesized from the cycliza-
tion of cyclic precursors 36 which were prepared from the treatment of β-ketoesters

Figure 6.
An improved Chichibabin synthesis of pyridine.

Figure 7.
Synthesis of pyridines via cycloadditions.
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35 with acrylonitrile (Figure 9) [11]. The dehydrogenation of the piperidine ring in
the final step also resulted in the loss of the ester group.

The fusion of pyridines to other ring systems has been investigated via thermal
electrocyclization [12]. The pyridines were formed from the oxidation of
dihydropyridines which were generated from the electrocyclization of aza-1,3,5-tri-
enes. However, the use of an oxime or hydrazine derivative, followed by the elimina-
tion of water or an amine in situ gave the pyridine directly (Figure 10).

3. Reaction with electrophilic reagents

3.1 Addition to nitrogen

3.1.1 Protonation and salt formation

Pyridines behave like tertiary aliphatic or aromatic amines in reactions that
involves bond formation using the lone pair of electrons on the ring nitrogen. Simple
pyridines and their benzo derivatives are weak bases that form crystalline, frequently
hygroscopic, salts with most protic acids [3, 4].

Chromium salts of pyridine have become important reagents in organic synthesis
because of their mild oxidizing capability. Pyridinium chlorochromate (Corey’s

Figure 8.
Synthesis of a carbocyclic pyridine derivative.

Figure 9.
Synthesis of pyridine from nitrile cyclization.

Figure 10.
Azatriene cyclizations to form pyridines.

5

The Chemistry of Benzo and Carbocyclic Derivatives of Pyridine
DOI: http://dx.doi.org/10.5772/intechopen.108127



reagent), pyridinium dichromate, and (Py)2CrO3 (Collins’ reagent) are the most
widely used.

3.1.2 Alkylation

Alkyl halides and sulfates react readily with pyridine and its benzo derivatives at
room temperature, giving quartenary N-substituted pyridinium salts, which have
been used as versatile synthetic intermediates to biologically active compounds or as
final products [13–15]. Quaternization of pyridine with alkyl halides or related com-
pounds is an example of Menschutkin reaction (Figure 11).

A review on quartenary salts of pyridines and related compounds describing their
synthesis, physicochemical properties, possible applications, and their biological
activities has been published [16].

3.1.3 Acylation

Acylation of pyridines can be achieved at temperatures as low as �78°C. Acid
halides react readily with pyridines to generate N-acylpyridinium salts in solution,
and in some cases, as crystalline, non-hygroscopic solids (Figure 12) [17].
N-Acylpyridinium salts have been found to be more reactive than their N-alkyl
counterparts and are susceptible to attack by nucleophiles.

3.1.4 Halogenation

Pyridines and their benzo derivatives react with halogens to give N-
halogenopyridinium salts. The complexes of pyridine with chlorine have been well
studied [18]. Pyridine iodo compounds can be prepared by treating TiI3[AsF6] with
pyridines, from which the pyridinium salt [C5H5NI]+[AsF6]

� has been isolated and
characterized [19]. Several syntheses of N-fluoropyridinium salts have been reported.

Figure 11.
Alkylation of pyridine.

Figure 12.
Acylation at nitrogen of 4-dimethylaminopyridine (DMAP).
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These compounds have received growing interest because of their use as fluorinating
agents [20].

N´, N´-Difluoro-2,20-bipyridinium bis(tetrafluoroborate) 47, prepared in one pot
by introducing BF3 gas into 2,20-bipyridine 46 at 0°C followed by fluorine gas diluted
with nitrogen, has been shown to be a highly reactive electrophilic fluorinating agent
(Figure 13) [21].

3.1.5 N-oxidation

N-Oxides, obtained from the oxidation of pyridine and its benzo analogues, are
versatile intermediates in organic synthesis [22–24]. Reagents used for the N-oxide
formation include peracids, [3] H2O2/AcOH, dioxiranes, [25] organic hydrotrioxides,
[26] Caro’s acid, oxaziridines [27] and oxygen with ruthenium trichloride as
catalyst [28].

Similarly, there are many ways to deoxygenate pyridine N-oxides: samarium
iodide, chromous chloride, stannous chloride with low-valent titanium, ammonium
formate with palladium and catalytic hydrogenation at room temperature can be used
[29–33]. The most frequently used methods have involved oxygen transfer to trivalent
phosphorus [34] or divalent sulfur [35] (Figure 14).

3.2 Electrophilic attack at carbon

In most cases, electrophilic substitution of pyridines occurs very much less readily
than for the correspondingly substituted benzene. This is because the electrophilic
reagent, or a proton in the reaction medium, adds first to the pyridine nitrogen,
generating a pyridinium cation, which is naturally very resistant to attack by an
electrophile.

The electron-withdrawing effect of nitrogen in pyridine is profound at the 2- and
4-positions and diminished at the 3-position. When electrophilic attack does occur, it
is generally at the 3-position.

Figure 13.
Fluorination of pyridine compounds at nitrogen.

Figure 14.
Oxidation of pyridine at nitrogen.
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3.2.1 Nitration

The electron-deficient nature of pyridine makes its direct nitration difficult even
under rigorous conditions, whereas pyridine N-oxide, pyridines and pyridinamines
can be nitrated more easily [36].

Initial reaction of pyridines with dinitrogen pentoxide in sulfur dioxide
proceeds by addition at 2-position forming a 1,2-dihydropyridine intermediate.
Transfer of the nitro group to a β-position, via a [1,5]-sigmatropic migration, is then
followed by elimination of the nucleophile, regenerating the aromatic system to give
3-nitropyridines 49 (Figure 15) [37].

3.2.2 Halogenation

The halogenation of pyridines can be achieved using a variety of reagents which
are not always mild and compatible with other functionalities in the molecule. Due to
the electron-deficiency of the pyridine ring, electrophilic halogenations are mostly
difficult.

The reaction of bromine with pyridine in oleum has produced 3-bromopyridine 51
in good yield [38]. The reactive species in the process involves pyridinium-1-sulfo-
nate. Similarly, 3-chloropyridine 50 has been produced by chlorination at 200°C, or at
100°C in the presence of aluminum chloride, although in low yield (Figure 16) [39].

3.2.3 Sulfonation

The reaction of pyridine with concentrated sulfuric acid only gave low yields of 3-
sulfonic acid after prolonged reaction time at 320°C. However, a higher yield was
achieved with the addition of mercuric sulfate in catalytic quantities at a somewhat
lower temperature (Figure 17) [40].

The sulfonation of quinoline has been achieved under conditions of 30% oleum at
90°C, occurring at the 8-position to give 53 in good yield, whereas isoquinoline gave
the 5-acid. At higher temperatures, under thermodynamic control, other isomers are
produced, for example quinoline-8-sulfonic acid is isomerised to the 6-acid 54
(Figure 18) [41, 42].

3.2.4 Oxidation

Pyridines require vigorous conditions to be oxidized as they are generally resistant
to oxidizing agents. Pyridines have been converted into 2-pyridones 55 using copper
sulfate (Figure 19) [43]. A similar conversion using zinc sulfate heptahydrate or

Figure 15.
Nitration of pyridine and substituted pyridine.
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tricadmium sulfate octahydrate and oxygen has also been reported, although with low
yield [44].

When quinoline was oxidized under ozonolysis conditions, it gave pyridine-2,3-
biscarboxaldehyde. The oxidation of quinoline or isoquinoline with permanganate can
occur in either the benzene or pyridine ring, depending on the conditions. Electron-
withdrawing or donating groups can direct the oxidation to either the benzene or
pyridine ring. The oxidation of 5-aminoisoquinoline occurred in the benzene ring;
however, 5-nitroquinoline gave the product of pyridine ring oxidation [4].

4. Reaction with nucleophilic reagents

Nucleophilic substitution reactions are characteristic of pyridines just as electro-
philic substitution reactions are characteristic of benzene and electron-rich

Figure 16.
Chlorination and bromination of pyridine.

Figure 17.
Sulfonation of pyridine.

Figure 18.
Sulfonation of quinoline.

Figure 19.
Oxidation of pyridine.
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heteroaromatic compounds such as pyrrole and furan. The nucleophilic substitution of
hydrogen usually involves a hydride transfer in the last step [5].

4.1 Nucleophilic attack at carbon

Although many nucleophiles react with halogenated pyridines effecting the dis-
placement of halogen, only strong nucleophiles react with simple pyridine. However,
pyridine N-oxide and certain pyridines readily undergo nucleophilic substitution [4].

Nitro group has been introduced into the position 1 of isoquinoline using a mixture
of potassium nitrite, dimethylsulfoxide and acetic anhydride [45]. The mechanism is
shown in the quaternisation reaction of a complex of dimethylsulfoxide and the
anhydride at nitrogen followed by the key step, the nucleophilic addition of nitrite to
the heterocycle (Figure 20).

4.1.1 Alkylation and arylation

Reaction with alkyl- or aryl-lithiums proceeds in two discrete steps: addition to
give a dihydro-pyridine N-lithio-salt which can then be converted into the substituted
aromatic pyridine by oxidation, disproportionation or elimination of lithium hydride
(Figure 21) [46]. The N-lithio salts can be observed spectroscopically and, in some
cases, isolated as solids [47].

4.1.2 Amination

Amination of pyridines and related heterocycles, generally at a position α to the
nitrogen, is called the Chichibabin reaction, [48–50] the pyridine reacting with
sodamide in toluene, xylene or dimethylaniline with the evolution of hydrogen. The
‘hydride’ transfer and production of hydrogen probably involve interaction of amino-
pyridine product, acting as an acid, with the anionic intermediate. Vicarious

Figure 20.
An example of nucleophilic attack at carbon of isoquinoline.

Figure 21.
Arylation of pyridine.
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nucleophilic substitution permits the introduction of amino groups para (or ortho if
para blocked) to nitro groups by reaction with 1-amino-1,2,4-triazole 61 (Figure 22).

The amination of quinoline with potassium amide in liquid ammonia can,
depending on conditions, give 2- or 4-aminoquinoline. The quinoline-2-aduct
rearranges to the more stable 4-aminated adduct at higher temperatures (Figure 23)
[51]. Isoquinoline, however, reacts with potassium amide in liquid ammonia at room
temperature to give 1-aminoisoquinoline [52, 53].

4.1.3 Silylation

The reaction of pyridine with trimethylsiliconide anion has afforded 4-trimethyl-
silylpyridine efficiently. This process probably proceeds via a 1,4-dihydro-adduct
(which can be trapped as its N-CO2Et derivative by addition of ethyl chloroformate),
to give the fully aromatic product via hydride shift to silicon (Figure 24) [54, 55].

Figure 22.
Amination of pyridine.

Figure 23.
Amination of quinoline.

Figure 24.
Silylation of pyridine.
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4.1.4 Hydroxylation

Hydroxide ion attacks pyridine only at very high temperatures to produce 2-
pyridone in low yield. This can be usefully contrasted with the much more efficient
reaction of hydroxide with quinoline and isoquinoline and with pyridinium salts [56].

Quinoline and isoquinoline can be directly hydroxylated with potassium hydroxide
at high temperature with the evolution of hydrogen to give 2-Quinolone and 1-
isoquinolone as the isolated products (Figure 25).

4.2 Nucleophilic substitution with displacement of good leaving groups

Halogen, and some other good leaving groups such as nitro, alkoxysulfonyloxy and
methoxy at α- or γ- positions of the pyridine ring are easily displaced by nucleophiles
via an addition-elimination mechanism. The nucleophilic substitution of halopyridine
and haloquinoline are shown in the Figures 26 and 27 respectively.

5. Metallation and reactions of C-Metallated pyridines, quinolines
and isoquinolines

5.1 Direct ring C-H metalation

The heating of pyridine in MeONa-MeOD at 165°C causes an H-D exchange at all
positions via small concentrations of deprotonated species. An example of the use of

Figure 25.
Hydroxylation of quinoline.

Figure 26.
Nucleophilic substitution of pyridine.

Figure 27.
Nucleophilic substitution of quinoline.
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lithiated pyridines, is their nucleophilic addition to azines 82, to produce bihetaryls 83
on oxidation during work-up (Figure 28) [57].

2-Lithiation of 1-substituted 4-quinolones and 3-lithiation of 2-quinolone provides
derivatives with the usual nucleophilic propensity (Figure 29) [5].

5.2 Metal-halogen exchange

Lithio-pyridines behave as typical organometallic nucleophiles, as in the reaction
of 3-bromopyridine with n-butyllithium in ether at �78°C (Figure 30) [5].

Nucleophilic addition is a competing reaction in the preparation of lithio-
quinolines and isoquinolines via metal-halogen exchange, however the use of low
temperatures allow metal-halogen exchange at both pyridine [58] and benzene ring
positions [59] in quinolines, and the isoquinoline-1-[60] and 4-positions, [61] subse-
quent reaction with electrophiles generating C-substituted products (Figure 31).

6. Photochemical reactions

The ultraviolet irradiation of pyridines can produce highly strained species that can
lead to isomerised pyridines or can be trapped. When N-methyl-2-pyridone 92 was

Figure 28.
Lithiation of pyridines.

Figure 29.
Lithiation of quinolone.

Figure 30.
Metal-halogen exchange of pyridine.
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irradiated in aqueous solution, a mixture of regio- and stereoisomeric 4π plus 4π
photo-dimers 93 were produced (Figure 32).

The photolysis of pyridine N-oxides in alkaline solution induced ring opening to
cyano-dienolates (Figure 33) [62].

2-Quinolones undergo 2 + 2 photo dimerization involving the C-3-C-4 double
bond [63].

7. Conclusion

The synthesis and reactions of pyridine and its benzo derivatives have been exten-
sively discussed. The Chichibabin synthesis is a notable example of the condensation
method of preparing pyridines. Electrophilic substitution reactions occur less readily
than the nucleophilic reactions. These reactions have been used for the preparation of
versatile intermediates and precursors for biologically active compounds.

Figure 31.
Metal-halogen exchange of quinoline.

Figure 32.
Ultraviolet irradiation of pyridone.

Figure 33.
Photolysis of pyridine-N-oxide.
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