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ABSTRACT: A heterocyclic compound or ring structureis a cyclic compound that has atoms of at least two
different elementsas members of its ring(s).[!! Heterocyclic organic chemistry is the branch of organic
chemistry dealing with the synthesis, properties, and applications of organic heterocycles.?!

Examples of heterocyclic compounds include all of thenucleic acids, the majority of drugs,
most biomass (cellulose and related materials), and many natural and synthetic dyes. More than half of known
compounds are heterocycles.1 59% of US FDA-approved drugs contain nitrogen heterocycles.!
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I. INTRODUCTION

The study of organic heterocyclic chemistry focuses especially on organic unsaturated derivatives, and the
preponderance of work and applications involves unstrained organic 5- and 6-membered rings. Included
are pyridine, thiophene, pyrrole, and furan. Another large class of organic heterocycles refers to those fused to benzene
rings. For example, the fused benzene derivatives of pyridine, thiophene, pyrrole, and furan
are quinoline, benzothiophene, indole, and benzofuran, respectively. The fusion of two benzene rings gives rise to a
third large family of organic compounds. Analogs of the previously mentioned heterocycles for this third family of
compounds are acridine, dibenzothiophene, carbazole, and dibenzofuran, respectively.

Heterocyclic organic compounds can be usefully classified based on their electronic structure. The saturated organic
heterocycles behave like the acyclic derivatives. Thus, piperidine and tetrahydrofuran are
conventional amines and ethers, with modified steric profiles. Therefore, the study of organic heterocyclic chemistry
focuses on organic unsaturated rings.[1,2,3]

Inorganic rings
Some heterocycles contain no carbon. Examples are borazine (BsNs ring), hexachlorophosphazenes (PsNs rings),
and tetrasulfur tetranitride SsN4. In comparison with organic heterocycles, which have numerous commercial

applications, inorganic ring systems are mainly of theoretical interest. IUPAC recommends the Hantzsch-Widman
nomenclature for naming heterocyclic compounds.

Notes on lists

e "Heteroatoms" are atoms in the ring other than carbon atoms.

o Names in italics are retained by IUPAC and do not follow the Hantzsch-Widman nomenclature
e Some of the names refer to classes of compounds rather than individual compounds.

e Also no attempt is made to list isomers.

3-membered rings

Although subject to ring strain, 3-membered a heterocyclic rings are well characterized.®
Three-membered rings with one heteroatom
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Heteroatom Saturated Unsaturated
Boron Borirane Borirene
Nitrogen Aziridine Azirine
Oxygen Oxirane (ethylene oxide, epoxides) | Oxirene
Phosphorus | Phosphirane Phosphirene
Sulfur Thiirane (episulfides) Thiirene

Three-membered rings with two heteroatoms

Heteroatoms Saturated Unsaturated
2x Nitrogen Diaziridine Diazirine
Nitrogen + oxygen = Oxaziridine Oxazirine
2x Oxygen Dioxirane

(highly unstable)

4-membered rings
Four-membered rings with one heteroatom

Heteroatom @ Saturated @ Unsaturated

Nitrogen Azetidine Azete

Oxygen Oxetane Oxete
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Phosphorus | Phosphetane | Phosphete

Sulfur Thietane Thiete
Four-membered rings with two heteroatoms

Heteroatoms = Saturated = Unsaturated

2% Nitrogen | Diazetidine | Diazete

2% Oxygen | Dioxetane @ Dioxete

2x Sulfur Dithietane | Dithiete

5-membered rings

Five-membered rings with one heteroatom

Heteroatom Saturated Unsaturated
Antimony | Stibolane Stibole
Arsenic | Arsolane Arsole
Bismuth | Bismolane Bismole
Boron Borolane Borole

Nitrogen | Pyrrolidine ("Azolidine" is not used) = Pyrrole ("Azole" is not used)

Oxygen  Tetrahydrofuran Furan
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Phosphorus | Phospholane Phosphole
Selenium | Selenolane Selenophene
Silicon Silacyclopentane Silole
Sulfur Tetrahydrothiophene Thiophene
Tellurium Tellurophene
Tin Stannolane Stannole

Five-membered rings with two heteroatoms

The 5-membered ring compounds containing two heteroatoms, at least one of which is nitrogen, are collectively called
the azoles. Thiazoles and isothiazoles contain a sulfur and a nitrogen atom in the ring. Dithiolanes have two sulfur
atoms.

Heteroatoms Saturated Unsaturated (and partially unsaturated)
2% nitrogen Imidazolidine Imidazole (Imidazoline)
Pyrazolidine Pyrazole (Pyrazoline)

Oxygen + sulfur | 1,3-Oxathiolane = Oxathiole (Oxathioline)
1,2-Oxathiolane | Isoxathiole

Nitrogen + Oxygen | Oxazolidine Oxazole (Oxazoline)
Isoxazolidine Isoxazole
Nitrogen + sulfur | Thiazolidine Thiazole (Thiazoline)

Isothiazolidine | Isothiazole

2% oxygen Dioxolane
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2% sulfur Dithiolane Dithiole
Five-membered rings with at least three heteroatoms

A large group of 5-membered ring compounds with three or more heteroatoms also exists. One example is the class
of dithiazoles, which contain two sulfur atoms and one nitrogen atom.

Heteroatoms = Saturated | Unsaturated

NNN Triazoles

NN O (F)li?dzg;ole

NNS Thiadiazole

NOO Dioxazole

NSS Dithiazole
NNNN Tetrazole
NNNNO Oxatetrazole
NNNNS Thiatetrazole
NNNNN Pentazole

6-membered rings
Six-membered rings with one heteroatom
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Heteroatom Saturated Unsaturated lons
Antimony Stibinin("

Arsenic Arsinane Arsinine

Bismuth Bismin(®!

Boron Borinane Borinine Boratabenzene anion
Germanium | Germinane Germine

Nitrogen Poenleline Pyl Pyridinium cation

(Azinane is not used) | (Azine is not used)

Pyran

(2H-Oxine is not used) Pyrylium cation

Oxygen Oxane

Phosphorus | Phosphinane Phosphinine

Selenium Selenane Selenopyrant Selenopyrylium cation
Silicon Silinane Siline

Sulfur Thiane UgEpeT Thiopyrylium cation

(2H-Thiine is not used)

Tellurium | Tellurane Telluropyran Telluropyrylium cation

Tin Stanninane Stannine
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Six-membered rings with two heteroatoms

Heteroatom Saturated Unsaturated
Nitrogen / nitrogen = Diazinane Diazine
Oxygen / nitrogen | Morpholine Oxazine

Sulfur / nitrogen Thiomorpholine | Thiazine

Oxygen / Sulfur Oxathiane Oxathiin

Oxygen / oxygen Dioxane Dioxine

Sulfur / sulfur Dithiane Dithiin

Boron / nitrogen 1,2-Dihydro-1,2-azaborine

Six-membered rings with three heteroatoms

Heteroatom = Saturated = Unsaturated

Nitrogen Triazinane | Triazine

Oxygen Trioxane

Sulfur Trithiane
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Six-membered rings with four heteroatoms

Heteroatom = Saturated | Unsaturated

Nitrogen Tetrazine

Carborazine is a six-membered ring with two nitrogen heteroatoms and two boron heteroatom.
Six-membered rings with five heteroatoms

Heteroatom @ Saturated | Unsaturated

Nitrogen Pentazine

Six-membered rings with six heteroatoms
The hypothetical chemical compound with six nitrogen heteroatoms would be hexazine.

Borazine is a six-membered ring with three nitrogen heteroatoms and three boron heteroatoms.
7-membered rings

In a 7-membered ring, the heteroatom must be able to provide an empty n-orbital (e.g. boron) for "normal™ aromatic
stabilization to be available; otherwise, homoaromaticity may be possible. Compounds with one heteroatom
include:[4,5,6]

Heteroatom @ Saturated | Unsaturated

Boron Borepin

Nitrogen Azepane | Azepine

Oxygen Oxepane | Oxepine

Sulfur Thiepane | Thiepine

Those with two heteroatoms include:
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Heteroatom Saturated | Unsaturated

Nitrogen Diazepane | Diazepine

Nitrogen/sulfur Thiazepine
8-membered rings

Heteroatom @ Saturated | Unsaturated

Nitrogen Azocane | Azocine

Oxygen Oxocane = Oxocine

Sulfur Thiocane | Thiocine

Borazocine is an eight-membered ring with four nitrogen heteroatoms and four boron heteroatoms.

9-membered rings

Heteroatom @ Saturated | Unsaturated

Nitrogen Azonane | Azonine

Oxygen Oxonane | Oxonine

Sulfur Thionane | Thionine
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Images of rings with one heteroatom

Saturated Unsaturated
Heteroatom Nitrogen Oxygen Sulfur Nitrogen Oxygen Sulfur
Aziridine Oxirane Thiirane Azirine Oxirene Thiirene

3-atom ring

H

O S N O S
N A A AN A A
Azetidine Oxetane Thietane Azete Oxete Thiete

4-atom ring _I _I | || —O0 _S
Lo Lg LY 2 |

Pyrrolidine Oxolane Thiolane Pyrrole Furan Thiophene
5-atom ring { E f E 4 B z } i/ \E
N : :
H O S H O S
6-atom ring = Piperidine Oxane Thiane Pyridine Pyran Thiopyran
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Heterocyclic rings systems that are formally derived by fusion with other rings, either carbocyclic or heterocyclic, have
a variety of common and systematic names. For example, with the benzo-fused unsaturated nitrogen heterocycles,
pyrrole provides indole or isoindole depending on the orientation. The pyridine analog is quinoline or isoquinoline. For
azepine, benzazepine is the preferred name. Likewise, the compounds with two benzene rings fused to the central
heterocycle are carbazole, acridine, and dibenzoazepine. Thienothiophene are the fusion of two thiophene

Fused/condensed rings
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rings. Phosphaphenalenes are a tricyclic phosphorus-containing heterocyclic  system derived from the
carbocycle phenalene.

History of heterocyclic chemistry

The history of heterocyclic chemistry began in the 1800s, in step with the development of organic chemistry. Some
noteworthy developments:[°!

1818: Brugnatelli makes alloxan from uric acid

1832: Dobereiner produces furfural (a furan) by treating starch with sulfuric acid

1834: Runge obtains pyrrole (“fiery oil") by dry distillation of bones

1906: Friedlander synthesizes indigo dye, allowing synthetic chemistry to displace a large agricultural industry

1936: Treibs isolates chlorophyll derivatives from crude oil, explaining the biological origin of petroleum.

1951: Chargaff's rules are described, highlighting the role of heterocyclic compounds (purines and pyrimidines) in the
genetic code.

Uses

Heterocyclic compounds are pervasive in many areas of life sciences and technology.? Many drugs are heterocyclic
compounds.

Il. DISCUSSION

Compounds classified as heterocyclic probably constitute the largest and most varied family of organic compounds.
After all, every carbocyclic compound, regardless of structure and functionality, may in principle be converted into a
collection of heterocyclic analogs by replacing one or more of the ring carbon atoms with a different element. Even if
we restrict our consideration to oxygen, nitrogen and sulfur (the most common heterocyclic elements), the permutations
and combinations of such a replacement are numerous.[7,8,9]

Nomenclature

Devising a systematic nomenclature system for heterocyclic compounds presented a formidable challenge, which has
not been uniformly concluded. Many heterocycles, especially amines, were identified early on, and received trivial
names which are still preferred. Some monocyclic compounds of this kind are shown in the following chart, with the
common (trivial) name in bold and a systematic name based on the Hantzsch-Widman system given beneath it in blue.
The rules for using this system will be given later. For most students, learning these common names will provide an
adequate nomenclature background.

W?DDQQ@@Q

O [
H
ethylene oxide ethylenimine trimethylene oxide furan tetrahydrofuran thiophene pyrrole pyrrolidine
oHirane aziridine oxetane oxole oxolane thiole 14-azole azolidine
8]
M= o 1™z
~ () Sy O Sy
| | 1 z Xr )2 L) 2 |
o M M é 1 A M o
0 M H H 0 H M
pyran pyridine piperidine imidazole thiazole dioxane morpholine pyrimidine
2H-pyran perhydropyridine  1,3-diazole  1,3-thiazole 1,4-diokane tetrahydro-1,4-ozazine  1,2-diazine
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An easy to remember, but limited, nomenclature system makes use of an elemental prefix for the heteroatom followed
by the appropriate carbocyclic name. A short list of some common prefixes is given in the following table, priority
order increasing from right to left. Examples of this nomenclature are: ethylene oxide = oxacyclopropane, furan =
oxacyclopenta-2,4-diene, pyridine = azabenzene, and morpholine = 1-oxa-4-azacyclohexane.

Element oxygen sulfur selenium nitrogen phosphorous silicon boron
Valence I I I 1] 1] v I

Prefix Oxa  Thia  Selena Aza Phospha Sila  Bora

The Hantzsch-Widman system provides a more systematic method of naming heterocyclic compounds that is not
dependent on prior carbocyclic names. It makes use of the same hetero atom prefix defined above (dropping the final
"a"), followed by a suffix designating ring size and saturation. As outlined in the following table, each suffix consists of
a ring size root (blue) and an ending intended to designate the degree of unsaturation in the ring. In this respect, it is
important to recognize that the saturated suffix applies only to completely saturated ring systems, and the unsaturated
suffix applies to rings incorporating the maximum number of non-cumulated double bonds. Systems having a lesser
degree of unsaturation require an appropriate prefix, such as "dihydro"or "tetrahydro™.

Ring Size 3 4 5 6 7 8 9 10

Suffix
Unsaturated irene ete ole ine epine ocine onine ecine
Saturated irane etane olane inane epane ocane onane ecane

Despite the general systematic structure of the Hantzsch-Widman system, several exceptions and modifications have
been incorporated to accommodate conflicts with prior usage. Some examples are:

. The terminal "e" in the suffix is optional though recommended.
« Saturated 3, 4 & 5-membered nitrogen heterocycles should use respectively the traditional "iridine", "etidine" &
"olidine" suffix.
* Unsaturated nitrogen 3-membered heterocycles may use the traditional "irine"  suffix.
* Consistent use of "etine" and "oline" as a suffix for 4 & 5-membered unsaturated heterocycles is prevented by
their former use for similar sized nitrogen heterocycles.

* Established use of oxine, azine and silane for other compounds or functions prohibits their use for pyran, pyridine
and silacyclohexane respectively.

Examples of these nomenclature rules are written in blue, both in the previous diagram and that shown below. Note that
when a maximally unsaturated ring includes a saturated atom, its location may be designated by a "#H " prefix to avoid
ambiguity, as in pyran and pyrrole above and several examples below. When numbering a ring with more than one
heteroatom, the highest priority atom is #1 and continues in the direction that gives the next priority atom the lowest
number.
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All the previous examples have been monocyclic compounds. Polycyclic compounds incorporating one or more
heterocyclic rings are well known. A few of these are shown in the following diagram. As before, common names are
in black and systematic names in blue. The two quinolines illustrate another nuance of heterocyclic nomenclature.
Thus, the location of a fused ring may be indicated by a lowercase letter which designates the edge of the heterocyclic
ring involved in the fusion, as shown by the pyridine ring in the green shaded box.

A o= ) OO

"-":|,:,|E isoindole indolizine quinoline isnquinoline
2,3-benzopyrrole l-azanaphthalene 2-azanaphthalene
benzalblpyridine benzao[clpyridine
g 0
N
M H H Q O
purine carbazole dibenzofuran 2H-chromene xanthene

dibenzopyrrole

Heterocyclic rings are found in many naturally occurring compounds. Most notably, they compose the core structures
of mono and polysaccharides, and the four DNA bases that establish the genetic code. By clicking on the above
diagram some other examples of heterocyclic natural products will be displayed.

Preparation and Reactions
Three-Membered Rings

Oxiranes (epoxides) are the most commonly encountered three-membered heterocycles. Epoxides are easily
prepared by reaction of alkenes with peracids, usually with good stereospecificity. Because of the high angle strain of
the three-membered ring, epoxides are more reactive that unstrained ethers. Addition reactions proceeding by
electrophilic or nucleophilic opening of the ring constitute the most general reaction class. Example 1 in the following
diagram shows one such transformation, which is interesting due to subsequent conversion of the addition intermediate
into the corresponding thiirane. The initial ring opening is stereoelectronically directed in a trans-diaxial fashion, the
intermediate relaxing to the diequatorial conformer before cyclizing to a 1,3-oxathiolane intermediate.
Other examples show similar addition reactions to thiiranes and aziridines. The acid-catalyzed additions in examples 2
and 3, illustrate the influence of substituents on the regioselectivity of addition. Example 2 reflects the Sn2 character of
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nucleophile (chloride anion) attack on the protonated aziridine (the less substituted carbon is the site of addition). The
phenyl substituent in example 3 serves to stabilize the developing carbocation to such a degree that Sn1 selectivity is
realized. The reduction of thiiranes to alkenes by reaction with phosphite esters (example 6) is highly stereospecific,
and is believed to take place by an initial bonding of phosphorous to sulfur.

1.
SCN _
N DCN \:{5
C N "-"."5 ".".rS g

(lrS
2 + e Bl H 4|
2 HCl hiHs CI N 2 Hl cl »
/A - )\/cl — = gt
MNH= Cl
HzC CgHs CgHs
HCI baSE
5l
= z_" "‘_x OEt]Ig |
.l_' t L|.‘E'.|D4 /9 heat
HzC "YCH3 ther tis —= 7 Trgn
trans —w= £ Etr:l 12PS racemic

By clicking on the above diagram, four additional example of three-membered heterocycle reactivity or intermediacy
will be displayed. Examples 7 and 8 are thermal reactions in which both the heteroatom and the strained ring are
important factors. The a-lactone intermediate shown in the solvolysis of optically active 2-bromopropanoic acid
(example 9) accounts both for the 1st-order kinetics of this reaction and the retention of configuration in the product.
Note that two inversions of configuration at C-2 result in overall retention. Many examples of intramolecular
interactions, such as example 10, have been documented.
An interesting regioselectivity in the intramolecular ring-opening reactions of disubstituted epoxides having a pendant
v-hydroxy substituent has been noted. As illustrated below, acid and base-catalyzed reactions normally proceed by 5-
exo-substitution (reaction 1), yielding a tetrahydrofuran product. However, if the oxirane has an unsaturated substituent
(vinyl or phenyl), the acid-catalyzed opening occurs at the allylic (or benzylic) carbon (reaction 2) in a 6-endo fashion.
The n-electron system of the substituent assists development of positive charge at the adjacent oxirane carbon, directing
nucleophilic attack to that site.[10,11]

1. 2, a+
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Four-Membered Rings
Preparation

Several methods of preparing four-membered heterocyclic compounds are shown in the following diagram. The simple
procedure of treating a 3-halo alcohol, thiol or amine with base is generally effective, but the yields are often mediocre.
Dimerization and elimination are common side reactions, and other functions may compete in the reaction. In the case
of example 1, cyclization to an oxirane competes with thietane formation, but the greater nucleophilicity of sulfur
dominates, especially if a weak base is used. In example 2 both aziridine and azetidine formation are possible, but only
the former is observed. This is a good example of the kinetic advantage of three-membered ring formation. Example 4
demonstrates that this approach to azetidine formation works well in the absence of competition. Indeed, the
exceptional yield of this product is attributed to the gem-dimethyl substitution, the Thorpe-Ingold effect, which is
believed to favor coiled chain conformations. The relatively rigid configuration of the substrate in example 3, favors
oxetane formation and prevents an oxirane cyclization from occurring. Finally, the Paterno-Buchi photocyclizations in
examples 5 and 6 are particularly suited to oxetane formation.

1. 2,
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CoHsO 072
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Reactions

Reactions of four-membered heterocycles also show the influence of ring strain. Some examples are given in the
following diagram. Acid-catalysis is a common feature of many ring-opening reactions, as shown by examples 1, 2 &
3a. In the thietane reaction (2), the sulfur undergoes electrophilic chlorination to form a chlorosulfonium intermediate
followed by a ring-opening chloride ion substitution. Strong nucleophiles will also open the strained ether, as shown by
reaction 3b. Cleavage reactions of B-lactones may take place either by acid-catalyzed acyl exchange, as in 4a, or by
alkyl-O rupture by nucleophiles, as in 4b. Example 5 is an interesting case of intramolecular rearrangement to an ortho-
ester. Finally, the B-lactam cleavage of penicillin G (reaction 6) testifies to the enhanced acylating reactivity of this
fused ring system. Most amides are extremely unreactive acylation reagents, thanks to stabilization by p-n resonance.
Such electron pair delocalization is diminished in the penicillins, leaving the nitrogen with a pyramidal configuration
and the carbonyl function more reactive toward nucleophiles.[8,9,10]
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Five-Membered Rings
Preparation

Commercial preparation of furan proceeds by way of the aldehyde, furfural, which in turn is generated from pentose
containing raw materials like corncobs, as shown in the uppermost equation below. Similar preparations of pyrrole and
thiophene are depicted in the second row equations. Equation 1 in the third row illustrates a general preparation of
substituted furans, pyrroles and thiophenes from 1,4-dicarbonyl compounds, known as the Paal-Knorr synthesis. Many
other procedures leading to substituted heterocycles of this kind have been devised. Two of these are shown in
reactions 2 and 3. Furan is reduced to tetrahydrofuran by palladium-catalyzed hydrogenation. This cyclic ether is not
only a valuable solvent, but it is readily converted to 1,4-dihalobutanes or 4-haloalkylsulfonates, which may be used to
prepare pyrrolidine and thiolane.

Dipolar cycloaddition reactions often lead to more complex five-membered heterocycles.
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Indole is probably the most important fused ring heterocycle in this class. By clicking on the above diagram three
examples of indole synthesis will be displayed. The first proceeds by an electrophilic substitution of a nitrogen-
activated benzene ring. The second presumably takes place by formation of a dianionic species in which the ArCHz(-)
unit bonds to the deactivated carbonyl group. Finally, the Fischer indole synthesis is a remarkable sequence of
tautomerism, sigmatropic rearrangement, nucleophilic addition, and elimination reactions occurring subsequent to
phenylhydrazone formation. This interesting transformation involves the oxidation of two carbon atoms and the
reduction of one carbon and both nitrogen atoms.

Reactions

The chemical reactivity of the saturated members of this class of heterocycles: tetrahydrofuran, thiolane and
pyrrolidine, resemble that of acyclic ethers, sulfides, and 2°-amines, and will not be described here. 1,3-Dioxolanes and
dithiolanes are cyclic acetals and thioacetals. These units are commonly used as protective groups for aldehydes and
ketones, and may be hydrolyzed by the action of aqueous acid.
It is the "aromatic" unsaturated compounds, furan, thiophene and pyrrole that require our attention. In each case the
heteroatom has at least one pair of non-bonding electrons that may combine with the four n-electrons of the double
bonds to produce an annulene having an aromatic sextet of electrons. This is illustrated by the resonance description at
the top of the following diagram. The heteroatom Y becomes sp?-hybridized and acquires a positive charge as its
electron pair is delocalized around the ring. An easily observed consequence of this delocalization is a change in dipole
moment compared with the analogous saturated heterocycles, which all have strong dipoles with the heteroatom at the
negative end. As expected, the aromatic heterocycles have much smaller dipole moments, or in the case of pyrrole a
large dipole in the opposite direction. An important characteristic of aromaticity is enhanced thermodynamic stability,
and this is usually demonstrated by relative heats of hydrogenation or heats of combustion measurements. By this
standard, the three aromatic heterocycles under examination are stabilized, but to a lesser degree than benzene.[9]
Additional evidence for the aromatic character of pyrrole is found in its exceptionally weak basicity (pKa ca. 0) and
strong acidity (pKa = 15) for a 2°-amine. The corresponding values for the saturated amine pyrrolidine are: basicity 11.2
and acidity 32.
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Another characteristic of aromatic systems, of particular importance to chemists, is their pattern of reactivity with
electrophilic reagents. Whereas simple cycloalkenes generally give addition reactions, aromatic compounds tend to
react by substitution. As noted for benzene and its derivatives, these substitutions take place by an initial electrophile
addition, followed by a proton loss from the "onium" intermediate to regenerate the aromatic ring. The aromatic five-
membered heterocycles all undergo electrophilic substitution, with a general reactivity order: pyrrole >> furan >
thiophene > benzene. Some examples are given in the following diagram. The reaction conditions show clearly the
greater reactivity of furan compared with thiophene. All these aromatic heterocycles react vigorously with chlorine and
bromine, often forming polyhalogenated products together with polymers. The exceptional reactivity of pyrrole is
evidenced by its reaction with iodine (bottom left equation), and formation of 2-acetylpyrrole by simply warming it
with acetic anhydride (no catalyst).

HNOg =1} HNOg Conc)
ff 3 CHZCO=H, 0° (aci.0, 00 HNDZ
ECHgCD:IzD O\ CHSCDCI @\
i j B COCHs i j’ TEncle COCHs

5
Py+S0 a’ "'. T _ H2804
l!llI a 3 )'Ilr ‘Ill'. 250 @\
B S03H g TS03H
! CHO
4 1 MesMNCHO 3
/Z_&\ M cho {"( S rroras @ + {f \\3 R Ratioz:3
s “POCh no 2 CHO N2 CH3 100 : <1
R R R CzHs 121
(CHz)zCH 19:1
(CHz)zC 1:14

There is a clear preference for substitution at the 2-position (a) of the ring, especially for furan and thiophene.
Reactions of pyrrole require careful evaluation, since N-protonation destroys its aromatic character. Indeed, N-
substitution of this 2°-amine is often carried out prior to subsequent reactions. For example, pyrrole reacts with acetic
anhydride or acetyl chloride and triethyl amine to give N-acetylpyrrole. Consequently, the regioselectivity of pyrrole
substitution is variable, as noted by the bottom right equation.
An explanation for the general a-selectivity of these substitution reactions is apparent from the mechanism outlined
below. The intermediate formed by electrophile attack at C-2 is stabilized by charge delocalization to a greater degree
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than the intermediate from C-3 attack. From the Hammond postulate we may then infer that the activation energy for
substitution at the former position is less than the latter substitution.
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Functional substituents influence the substitution reactions of these heterocycles in much the same fashion as they do
for benzene. Indeed, once one understands the ortho-para and meta-directing character of these substituents, their
directing influence on heterocyclic ring substitution is not difficult to predict. The following diagram shows seven such
reactions. Reactions 1 & 2 are 3-substituted thiophenes, the first by an electron donating substituent and the second by
an electron withdrawing group. The third reaction has two substituents of different types in the 2 and 5-positions.
Finally, examples 4 through 7 illustrate reactions of 1,2- and 1,3-oxazole, thiazole and diazole. Note that the basicity of
the sp?-hybridized nitrogen in the diazoles is over a million times greater than that of the apparent sp3-hybridized
nitrogen, the electron pair of which is part of the aromatic electron sextet.
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Other possible reactions are suggested by the structural features of these heterocycles. For example, furan could be
considered an enol ether and pyrrole an enamine. Such functions are known to undergo acid-catalyzed hydrolysis to
carbonyl compounds and alcohols or amines. Since these compounds are also heteroatom substituted dienes, we might
anticipate Diels-Alder cycloaddition reactions with appropriate dienophiles. These possibilities will be illustrated
above by clicking on the diagram. As noted in the upper example, furans may indeed be hydrolyzed to 1,4-dicarbonyl
compounds, but pyrroles and thiophenes behave differently. The second two examples, shown in the middle,
demonstrate typical reactions of furan and pyrrole with the strong dienophile maleic anhydride. The former participates
in a cycloaddition reaction; however, the pyrrole simply undergoes electrophilic substitution at C-2. Thiophene does
not easily react with this dienophile.
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The bottom line of the new diagram illustrates the remarkable influence that additional nitrogen units have on the
hydrolysis of a series of N-acetylazoles in water at 25 °C and pH=7. The pyrrole compound on the left is essentially
unreactive, as expected for an amide, but additional nitrogens markedly increase the rate of hydrolysis. This effect has
been put to practical use in applications of the acylation reagent 1,1'-carbonyldiimidazole (Staab's reagent).

Another facet of heterocyclic chemistry was disclosed in the course of investigations concerning the action of thiamine
(following diagram). As its pyrophosphate derivative, thiamine is a coenzyme for several biochemical reactions,
notably decarboxylations of pyruvic acid to acetaldehyde and acetoin. Early workers speculated that an "active
aldehyde™ or acyl carbanion species was an intermediate in these reactions. Many proposals were made, some involving
the aminopyrimidine moiety, and others, ring-opened hydrolysis derivatives of the thiazole ring, but none were
satisfactory. This puzzle was solved when R. Breslow (Columbia) found that the C-2 hydrogen of thiazolium salts was
unexpectedly acidic (pKa ca. 13), forming a relatively stable ylide conjugate base. As shown, this rationalizes the facile
decarboxylation of thiazolium-2-carboxylic acids and deuterium exchange at C-2 in neutral heavy water.
Appropriate thiazolium salts catalyze the conversion of aldehydes to acyloins in much the same way that cyanide ion
catalyzes the formation of benzoin from benzaldehyde, the benzoin condensation. By clicking on the diagram, a new
display will show mechanisms for these two reactions. Note that in both cases an acyl anion equivalent is formed and
then adds to a carbonyl function in the expected manner. The benzoin condensation is limited to aromatic aldehydes,
but the use of thiazolium catalysts has proven broadly effective for aliphatic and aromatic aldehydes. This approach to
acyloins employs milder conditions than the reduction of esters to enediol intermediates by the action of metallic
sodium .
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The most important condensed ring system related to these heterocycles is indole. Some electrophilic substitution
reactions of indole are shown in the following diagram. Whether the indole nitrogen is substituted or not, the favored
site of attack is C-3 of the heterocyclic ring. Bonding of the electrophile at that position permits stabilization of the
onium-intermediate by the nitrogen without disruption of the benzene aromaticity.
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The chemical reactivity of the saturated members of this class of heterocycles: tetrahydropyran, thiane and piperidine,
resemble that of acyclic ethers, sulfides, and 2°-amines, and will not be described here. 1,3-Dioxanes and dithianes
are cyclic acetals and thioacetals. These units are commonly used as protective groups for aldehydes and ketones, as
well as synthetic intermediates, and may be hydrolyzed by the action of aqueous acid. The reactivity of partially
unsaturated compounds depends on the relationship of the double bond and the heteroatom (e.g. 3,4-dihydro-2H-pyran
is an enol ether).

Fully unsaturated six-membered nitrogen heterocycles, such as pyridine, pyrazine, pyrimidine and pyridazine, have
stable aromatic rings. Oxygen and sulfur analogs are necessarily positively charged, as in the case of 2,4,6-
triphenylpyrylium tetrafluoroborate.

OO ¢
e [ J | ,,) | ._{,_- 2,4, 6-triphenylpyrylium
M M I

tetrafluoroborate

pyridine pyrazine pyrimidine pyridazine
@E-F4

From heat of combustion measurements, the aromatic stabilization energy of pyridine is 21 kcal/mole. The resonance
description drawn at the top of the following diagram includes charge separated structures not normally considered for
benzene. The greater electronegativity of nitrogen (relative to carbon) suggests that such canonical forms may
contribute to a significant degree. Indeed, the larger dipole moment of pyridine compared with piperidine supports this
view. Pyridine and its derivatives are weak bases, reflecting the sp? hybridization of the nitrogen. From the polar
canonical forms shown here, it should be apparent that electron donating substituents will increase the basicity of a
pyridine, and that substituents on the 2 and 4-positions will influence this basicity more than an equivalent 3-
substituent. The pK, values given in the table illustrate a few of these substituent effects. Methyl substituted derivatives
have the common names picoline (methyl pyridines), lutidine (dimethyl pyridines) and collidine (trimethyl pyridines).
The influence of 2-substituents is complex, consisting of steric hindrance and electrostatic components. 4-
Dimethylaminopyridine is a useful catalyst for acylation reactions carried out in pyridine as a solvent. At first glance,
the sp® hybridized nitrogen might appear to be the stronger base, but it should be remembered that N,N-dimethylaniline
has a pK, slightly lower than that of pyridine itself. Consequently, the sp? ring nitrogen is the site at which protonation
occurs.
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The diazines pyrazine, pyrimidine and pyridazine are all weaker bases than pyridine due to the inductive effect of the
second nitrogen. However, the order of base strength is unexpected. A consideration of the polar contributors helps to
explain the difference between pyrazine and pyrimidine, but the basicity of pyridazine seems anomalous. It has been
suggested that electron pair repulsion involving the vicinal nitrogens destabilizes the neutral base relative to its
conjugate acid.

I1l. RESULTS

Electrophilic Substitution of Pyridine Pyridine is a modest base (pK.=5.2). Since the basic unshared electron pair is not
part of the aromatic sextet, as in pyrrole, pyridinium species produced by N-substitution retain the aromaticity of
pyridine. As shown below, N-alkylation and N-acylation products may be prepared as stable crystalline solids in the
absence of water or other reactive nucleophiles. The N-acyl salts may serve as acyl transfer agents for the preparation
of esters and amides. Because of the stability of the pyridinium cation, it has been used as a moderating component in
complexes with a number of reactive inorganic compounds. Several examples of these stable and easily handled
reagents are shown at the bottom of the diagram. The poly(hydrogen fluoride) salt is a convenient source of HF for
addition to alkenes and conversion of alcohols to alkyl fluorides, pyridinium chlorochromate (PCC) and its related
dichromate analog are versatile oxidation agents and the tribromide salt is a convenient source of bromine. Similarly,
the reactive compounds sulfur trioxide and diborane are conveniently and safely handled as pyridine complexes.
Amine oxide derivatives of 3°-amines and pyridine are readily prepared by oxidation with peracids or peroxides, as
shown by the upper right equation. Reduction back to the amine can usually be achieved by treatment with zinc (or
other reactive metals) in dilute acid.
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From the previous resonance description of pyridine, we expect this aromatic amine to undergo electrophilic
substitution reactions far less easily than does benzene. Furthermore, as depicted above by clicking on the diagram, the
electrophilic reagents and catalysts employed in these reactions coordinate with the nitrogen electron pair, exacerbating
the positive charge at positions 2,4 & 6 of the pyridine ring. Three examples of the extreme conditions required for
electrophilic substitution are shown on the left. Substituents that block electrophile coordination with nitrogen or
reduce the basicity of the nitrogen facilitate substitution, as demonstrated by the examples in the blue-shaded box at the
lower right, but substitution at C-3 remains dominant. Activating substituents at other locations also influence the ease
and regioselectivity of substitution. By clicking on the diagram a second time, three examples will shown on the left.
The amine substituent in the upper case directs the substitution to C-2, but the weaker electron donating methyl
substituent in the middle example cannot overcome the tendency for 3-substitution. Hydroxyl substituents at C-2 and
C-4 tautomerize to pyridones, as shown for the 2-isomer at the bottom left.
Pyridine N-oxide undergoes some electrophilic substitutions at C-4 and others at C-3. The coordinate covalent N-O
bond may exert a push-pull influence, as illustrated by the two examples on the right. Although the positively charged
nitrogen alone would have a strong deactivating influence, the negatively charged oxygen can introduce electron
density at C-2, C-4 & C-6 by n-bonding to the ring nitrogen. This is a controlling factor in the relatively facile nitration
at C-4. However, if the oxygen is bonded to an electrophile such as SOs, the resulting pyridinium ion will react
sluggishly and preferentially at C-3.

The fused ring heterocycles quinoline and isoquinoline provide additional evidence for the stability of the pyridine ring.
Vigorous permanganate oxidation of quinoline results in predominant attack on the benzene ring; isoquinoline yields
products from cleavage of both rings. Note that naphthalene is oxidized to phthalic acid in a similar manner. By
contrast, the heterocyclic ring in both compounds undergoes preferential catalytic hydrogenation to yield
tetrahydroproducts. Electrophilic nitration, halogenation and sulfonation generally take place at C-5 and C-8 of the
benzene ring, in agreement with the preceding description of similar pyridine reactions and the Kinetically favored
substitution of naphthalene at C-1 (a) rather than C-2 (B).
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Other Reactions of Pyridine

Thanks to the nitrogen in the ring, pyridine compounds undergo nucleophilic substitution reactions more easily than
equivalent benzene derivatives. In the following diagram, reaction 1 illustrates displacement of a 2-chloro substituent
by ethoxide anion. The addition-elimination mechanism shown for this reaction is helped by nitrogen's ability to
support a negative charge. A similar intermediate may be written for substitution of a 4-halopyridine, but substitution at
the 3-position is prohibited by the the failure to create an intermediate of this kind. The two Chichibabin aminations in
reactions 2 and 3 are remarkable in that the leaving anion is hydride (or an equivalent). Hydrogen is often evolved in
the course of these reactions. In accord with this mechanism, quinoline is aminated at both C-2 and C-4.
Addition of strong nucleophiles to N-oxide derivatives of pyridine proceed more rapidly than to pyridine itself, as
demonstrated by reactions 4 and 5. The dihydro-pyridine intermediate easily loses water or its equivalent by
elimination of the —~OM substituent on nitrogen.[10]

Reactions with Nucleophiles and Bases
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By clicking on the above diagram, five additional examples of base or nucleophile reactions with substituted pyridine
will be displayed. Because the pyridine ring (and to a greater degree the N-oxide ring) can support a negative charge,
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alkyl substituents in the 2- and 4-locations are activated in the same fashion as by a carbonyl group. Reactions 6 and 7
show alkylation and condensation reactions resulting from this activation. Reaction 8 is an example of N-alkylpyridone
formation by hydroxide addition to an N-alkyl pyridinium cation, followed by mild oxidation. Birch reduction converts
pyridines to dihydropyridines that are bis-enamines and may be hydrolyzed to 1,5-dicarbonyl compounds. Pyridinium
salts undergo a one electron transfer to generate remarkably stable free radicals. The example shown in reaction 9 is a
stable (in the absence of oxygen), distillable green liquid. Although 3-halopyridines do not undergo addition-
elimination substitution reactions as do their 2- and 4-isomers, the strong base sodium amide effects amination by way
of a pyridyne intermediate. This is illustrated by reaction 10. It is interesting that 3-pyridyne is formed in preference to
2-pyridyne. The latter is formed if C-4 is occupied by an alkyl substituent. The pyridyne intermediate is similar
to benzyne.

Some Polycyclic Heterocycles

Heterocyclic structures are found in many natural products. Examples of some nitrogen compounds, known as alkaloids
because of their basic properties, were given in the amine chapter. Some other examples are displayed in the following
diagram. Camptothecin is a quinoline alkaloid which inhibits the DNA enzyme topoisomerase |. Reserpine is an indole
alkaloid, which has been used for the control of high blood pressure and the treatment of psychotic behavior. Ajmaline
and strychnine are also indole alkaloids, the former being an antiarrhythmic agent and latter an extremely toxic
pesticide. The neurotoxins saxitoxin and tetrodotoxin both have marine origins and are characterized by guanidiniun
moieties. Aflatoxin By isa non nltrogenous carcinogenic compound produced by the Asperglllus fungus.

ibogarmine strychnine

OCHz

OCOAr ar - OCH3

H=CO

B “on OCHz
reserpine CO2CHz 3

OH

L OH ) )
saxitoxin tetrodotoxin aflatoxin By

Porphyrin is an important cyclic tertrapyrrole that is the core structure of heme and chlorophyll. These structures will
be drawn above by clicking on the diagram.

Derivatives of the simple fused ring heterocycle purine constitute an especially important and abundant family of
natural products. The amino compounds adenine and guanine are two of the complementary bases that are essential
components of DNA. Structures for these compounds are shown in the following diagram. Xanthine and uric acid are
products of the metabolic oxidation of purines. Uric acid is normally excreted in the urine; an excess serum
accumulation of uric acid may lead to an arthritic condition known as gout.
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IV. CONCLUSION

Examples of common methylated purines will be drawn above by clicking on the diagram. Caffeine, the best known of
these, is a bitter, crystalline alkaloid. It is found in varying quantities, along with additional alkaloids such as the
cardiac stimulants theophylline and theobromine in the beans, leaves, and fruit of certain plants. Drinks containing
caffeine, such as coffee, tea and some soft drinks are arguably the world's most widely consumed beverages. Caffeine
is a central nervous system stimulant, serving to ward off drowsiness and restore alertness. Paraxantheine is the chief
metabolite of caffeine in the body.

Sulfur heterocycles are found in nature, but to a lesser degree than their nitrogen and oxygen analogs. Two members of

the B-vitamin complex, biotin and thiamine, incorporate such heterocyclic moieties. These are shown together with
other heterocyclic B-vitamins in the following diagram.
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Terthienyl is an interesting thiophene trimer found in the roots of marigolds, where it provides nemicidal activity.
Studies have shown that UV irradiation of terthienyl produces a general phototoxicity for many organisms. Polymers
incorporating thiophene units and fused systems such as dithienothiophene have interesting electromagnetic properties,
and show promise as organic metal-like conductors and photovoltaic materials. The charge transfer complex formed by
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tetrathiofulvalene and tetracyanoquinodimethane has one of the highest electrical conductivities reported for an organic
solid.[11]
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