
Heterocycles 

Saturated heterocycles are treated as derivatives of the related carbocycles. 
prefix: aza- for nitrogen; oxa- for oxygen; thia- for sulfur; phospha- for phosphorous 

oxa-2-cyclobutanone 

(b-propiolactone) 

oxa-2-cyclopentanone 

(g-butyrolactone) 

5-methyloxa-2-cyclopentanone 

(g-valerolactone) 

aza-2-cyclohexanone 

(d-valerolactam) 



Reactions of Nonaromatic Heterocycles 

Ring strain makes 

heterocyclopropanes and 

heterocyclobutanes reactive. 

Heterocyclopentanes and heterocyclohexanes are relatively unreactive. 

Oxacyclopentane (tetrahydrofuran, THF) and 1,4-dioxacyclohexane (1,4-dioxane) are used as solvents. 

N

1. CH3I
2. Ag2O, H2O
3. heat

N

1. CH3I
2. Ag2O, H2O
3. heat N+



Unsaturated Heterocycles 
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4H-pyran 2H-pyran 

a 

b 

a 

b 

a 

b 

a 

b 

g 

a 

b 

g 

4-pyrone 2-pyrone 

indole 

(benzopyrrole) 

4-benzopyrone 4H-benzopyran benzothiophene benzofuran quinoline isoquinoline 

non-aromatic 

oxazole thiazole imidazole 

isoxazole isothiazole pyrazole 

O SCO2H CHO

Br

H3C

4-bromofuran-2-carboxylic acid 5-methylthiophene-2-carbaldehyde 

H3C

CH3

N

N

N

NH

N
H

N

H3CH3C

4-methylimidazole           5-methylimidazole 
4,5-dimethylpyrimidine 



O S N
H

O S N
H

Aromatic 5-Membered Heterocycles 

O S N
H

6 p-electron aromatic systems 

Chemical shift of protons: 

7.4 

6.4 

7.3 

7.1 

6.7 

6.2 

Dipole moments 

5.77 ×10-30 C•m 
6.34 ×10-30 C•m 

5.27 ×10-30 C•m 

2.33 ×10-30 C•m 
1.70 ×10-30 C•m 

6.04 ×10-30 C•m 



Preparations of Pyrroles, Furans, and Thiophenes 

R R

O O

R R

O O

H

OR
OH

R OR R

R R

N O

R R

N O

H

N
H

R
OH

R N
H

R R

NH3

H
H

- H2O

- H2O

Paal-Knorr synthesis: 

OR

EtO2C

NaNO2

HOAc

OR

EtO2C NOH

Zn, HOAc OR

EtO2C NH2

O R

CO2Et

N
H

EtO2C R

R CO2Et

Knorr synthesis: 

Mechanism: 
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Protonation and Deprotonation of Pyrrole 
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Pyrroles are relatively acidic.  

Pyrrole is very non-basic compared 

to ordinary amines; protonation 

occurs at C2 rather than N, and only 

with very strong acids. 

C3 protonation 

pKa = -5.9 
C2 protonation 

pKa = -3.6 

After losing a proton, the negative charge becomes 

delocalized, as in the cyclopentadienyl anion. 

Polymerization of pyrrole 

under acidic conditions. 

pKa ≈ 17.5 



Properties of Furan 

OO H

H

O

H
HH+

H+ O

H
H

H2O

O

H
H

OH O O

Furan ring-opens in acidic aqueous 

solution, whereas thiophene is stable. 

Furan is protonated most easily at C2 as well, but hydrolysis probably takes place via an 

intermediate protonated at C3. 

Furan possesses sufficient diene character 

to undergo Diels-Alder cycloadditions. 

O + O

relative nucleophilicity:  benzene << thiophene < furan << pyrrole 

inductive effect:  O (3.5) > N (3.0) > S (2.6)   resonance effect:  N > O > S 

delocalization energy: 

 thiophene (121 kJ/mol-1) > pyrrole (88 kJ/mol-1) > furan (67 kJ/mol-1) 

                 [ benzene (151 kJ/mol-1); pyridine (96 kJ/mol-1) ] 



Electrophilic Aromatic Substitution 

(Pyrrole and Thiophene) 

Due to a more stabilized cation 

intermediate, substitution at C2 

is preferred.  

Strong acids must be avoided in the reactions of pyrrole to prevent polymerization. 

Pyrrole is much more nucleophilic than benzene, so usually no acid catalyst is needed for 

electrophilic aromatic substitutions of pyrrole. 

mild nitration reagent 

E

H

E

H

E

H

octets 



Electrophilic Aromatic Substitution of Pyrrole 

Pyrrole is so nucleophilic that it can undergo substitution reactions that are usually 

only feasible for electron-rich aromatic rings (e.g., phenols and N,N-dialkyl anilines). 

N
H

N

SO3
-

N
H

-
O3S

N

HHCl

N
H

-
O3S

Ac2O

N
H

H3COC

Br2, HOAc

N
H

Br

Br Br

Br

HCON(CH3)2
POCl3

N
H

CHO

PhN2
+ Cl-

N
H

N
N

Ph

Na, or K,

or conc. NaOH N

K+

RCOCl

N

COR

RX

N

R

CO2, heat and pressure

N
H

CO2
-



N
H

+    PhCHO
N

H

HN

HHN

N
H

N

NH N

HN

H+

air

NH

NH HN

HN

Reactions of Pyrrole, Thiophene, and Furan 

S S BrS
I

Br2

AcOH

I2, HgO

Thiophene is less reactive toward electrophilic 

substitution than pyrrole but is stable to acid catalyst. 

S

Ac2O / AlCl3

S
CCH3

O

O
Br

Br2, 0 oC

O O

BF3

+  Ac2O
O

CCH3

O

DMF 

Furan may undergo electrophilic 

substitutions similarly to pyrrole and 

thiophene (strongly acidic aqueous 

conditions should be avoided). 



O Br
O EtOH

EtO

Br2

O Br
-

EtO

EtOH

OEtO OEt

Reactions of Furan and Substitution Effect 

O
O

NO2
O

O
H

NO2

H

NO2

H

AcO

AcONO2

N

AcO-

   But when furan is subjected to electrophilic attack in the presence of a nucleophile, addition 

reactions usually occur, because furan is less aromatic.  Addition product may then undergo 

elimination to give substitution product. 

CH3COCCH3  +   HNO3

O O

CH3CONO2   +   CH3COOH

O

X X

G (o,p) G (m)

majorminor major minor
X X

major

minor major

minor
G (o,p) G (m)

Substitution directing effect for 5-member aromatic heterocycles: 



Other Reactions of Thiophene, Furan and Pyrrole 

X

BuLi

X Li

1o RX
X R

R'CHO
X

OH

R'

S
CC

O

R

O

R
Raney Ni

CC

O

R

O

R

S

Raney Ni
RRR R

Reductive desulfurization: 

(carbonyl intact) 

X = NCH3, O, S 

60 - 120 oC

S
CH3H3C CNNC

- S

CH3

CN

CN

CH3

S

CN

CN

Thiophenes are less prone to undergo D-A reactions than furan.  It only reacts with highly 

activated dienophiles and itself is a poor diene.  When the reaction happens, the adducts are 

unstable and extrude sulfur. 

H2 

H2 



Benzo-Fused 5-Member Ring Aromatic Compounds 

10 p-electron aromatic systems 

Electrophilic substitutions: 

N
H

HCON(CH3)2

POCl3 N
H

HNO3

AcOH

CHO

N
H

NO2

NBSN
H

Br

N

SO3
-

H+

N
H

SO3H

Ac2O

N
H

COCH3

PhN2
+ Cl

-

N
H

N2Ph
CH2O, HNMe2
AcOH

N
H

CH2NMe2

Indole reacts very easily with 

electrophiles, and the 

preferred substitution site is 

C3 rather than C2, in contrast 

to pyrrole. 

Indole is related to pyrrole.  It possesses many possible resonance forms, however, those 

disturbing the cyclic six-p-electron of the fused benzene ring are less important. 



Preferred Electrophilic Substitution Sites 

N
H

E+

N
H

H
E

N
H

H
EE+

N
H

E

H

N
H

G(o, p)

N
H

N
H

G(o, p)

N
H

(strongly activating)G

N
H

G(m)

N
H

G(m) N
H

G

G

… 

S

AcONO2

S

NO2

O

AcONO2

O

NO2

O

H
E

O

H
E

Similar with indole, electrophilic aromatic substitution 

happens on C3 for benzothiophene, but for benzofuran 

substitution takes place on C2. 

unstable due to 

strong electro-

negativity of O 

Substitution takes 

place on the phenyl 

ring in these cases: 



Properties of Pyridine 

The 1H NMR spectrum indicates the 

presence of a ring current. The 

chemical shifts for the protons at C2 

and C4 are more deshielded as is 

expected from the resonance picture. 

N
H

N

    3.3310-30 C·m        1.755 10-30 

C·m  

Nitrogen does not donate excess electron density into the ring, but 

withdraws electron density, both inductively and by resonance. 

Nitrogen is sp2 

hybridized and its 

lone-pair electrons 

are not involved in 

p-conjugation. 

Pyridine is a base: 

pKa = 5.29 



Pyridine Synthesis 

Hantzsch pyridine synthesis: 



Pyridine Synthesis 

CH3

O

O

CH3

H

H

N

H2 C

CN

O

HH

N
H

or RONa - ROH N
H

CH3

CN

OCH3

+

N

CH3

CN

OHCH3

POCl3

N

CH3

CN

ClCH3

H2, Pd/BaSO4

N

CH3

CN

CH3

Modifications and variations of Hantzsch synthesis: 

HN

COOC2H5

COOC2H5

CH3 CH3

+

EtOOC

O

O

EtOOC

OH

O

H

H2 N

COOC2H5

CH3

N

COOC2H5

COOC2H5

CH3 CH3

O

H2N

COOC2H5

COOC2H5

CH3 CH3
O



N
H

N
H

CH3
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H

N

N
H

N

Properties of Pyridine 

N
+

CH3

I -

N
+

Br

Br
 -

N
+

SO3
-

N
+

NO2 BF4
-

N
H

+
N
+

COR

Cl
-

N

NO2
+BF4

-

RCOCl
H+

CH3I

Br2 SO3

pKa      5.3                6.0 

Basicity: 

Pyridines should show analogous properties of: 

• Tertiary amines: reactions at the nitrogen lone pair, including protonation, 

alkylation, acylation, N-oxide formation, and coordination to Lewis acids, etc… 

• Benzene: electrophilic substitution reactions 

• Conjugated imines: susceptibility to attack by nucleophiles at the a- and g-

carbon atoms 

pKa                9.7 

acylation 

nitration 

sulfonation 

bromination 

methylation 

Useful mild reagents from pyridinium salts: 



Properties of Pyridine 

N
+

SO3
-

N
H

+
H+

N
H

SO3H

Pyridine undergoes electrophilic aromatic substitution only under extreme conditions. 
 

• Pyridine is electron-poor and therefore undergoes electrophilic aromatic substitution 

with great difficulty; 

• The reaction is several orders of magnitude slower than for benzene and occurs 

only at C3; 

• Halogenation, nitration, and sulfonation proceed under rather forcing conditions, 

and Friedel-Crafts alkylation and acylation do not take place; 

• Reactivity for electrophilic substitution increases with the presence of EDG. 



Electrophilic Aromatic Substitution of Pyridine 

N
+

E+

N E

+

N E

+

N E

N
+

E+

N +

E

N

E +

N

E

N

+
E+

N

E

+
N

E

+

N

E

N G(o,p) N

G(o,p)

N

G (strongly activating)

N

G (mildly activating)

unstable 

unstable 

Directing effect of substituents: 

NH3C CH3

conc. H2SO4, KNO3

100 oC NH3C CH3

NO2

(60%) 



Nucleophilic Substitution of Pyridine 

Pyridine undergoes relatively easy nucleophilic substitution. 
 

1. Pyridine is electron deficient and therefore undergoes nucleophilic 

substitution more readily than does benzene; 

2. Attack at C2 and C4 is preferred because the negative charge of the 

reaction intermediates is placed on the nitrogen atom (C2 is still preferred 

to C4 and substitution at C4 happens when C2s are occupied). 

This reaction proceeds by the 

addition-elimination mechanism:  

attack by –NH2 at C2, followed by 

expulsion of H– from C2. 

N

NH2
-

N NH2

Na+H

H NH2

N NH2

NH2
-
 Na++

N NH
-
  Na+

H2O

N NH2

H2

N NH2

H

N NH2

H



N Cl

PhNH2

N NHPh N

Br

Br

N

Br

NH2

NH3

N N

R2NHO2N

Cl NR2 N

NO2

H2O

N

OH

N
H

O
O2N

Nucleophilic Substitution of Pyridine 

O2 or HNO3

- H
-

N

+  Li+

PhN

Li+
0 oC

N

Li+

H

Ph

Most nucleophilic substitutions of pyridines involve halides as leaving groups, 

the 2- and 4-halopyridines being particularly reactive. 

Reactions similar to the Chichibabin reaction take place between pyridine and 

Grignard or organolithium reagents: 



Oxidation and Reduction of Pyridine 

N N
H

H2, Pt Na + C2H5OH

N N
H

N

KMnO4

N

COOH

COOH

N CH3

SeO2

N CHO

N

CH3

N

COOHO2, DMF

t-BuOK

N

H2O2 - HOAc

N

O

Pyridine ring is 

electron-poor 

and is relatively 

inert to oxidation, 

but its side 

chains can be 

easily oxidized. 

N

O

N

O

N

O

RH2C Br

E+
Nu-

N

O

E

N

O

Nu

N

O CH

H

R

N

PCl3

CH2Cl2

E

N

Nu

PCl3

CH2Cl2

OH
-

N

O C

H

R
+

Pyridine N-oxide can undergo both electrophilic and nucleophilic substitutions. 

Reduction: 

fuming HNO3 

fuming H2SO4  



N

CH3

CH3 N
+  OHC

N
H

N CH3

CH3I

CH3

N

COCH3

CH3 N
+  OHC

N CH3

Ac2O

COCH3AcO

- HOAc

N

COCH3

CH2

OH

N

N

CH3

PhCHO

ZnCl2 N

CH CHC6H5

N

CH2CH3

CH3

NaNH2

N

CH2CH3

CH2

N

CH2CH3

CH2CH3

CH3I

CH2 C OH

Ph

Ph

NN CH3

+ C

O 1)  NaNH2

2)  H2O

N CH3 N

CH3

N
H

CH2 N
H

CH2

CH2 COPh

NN CH3

+ COEt

O 1)  PhLi

2)  H2O

Reactions of Pyridine a-Proton 

The methyl (or methylene) 

group attached to the a- 

and g- carbons of pyridine is 

pretty acidic and behaves 

similarly as the a-proton of 

carbonyl (imine) group.  

Aldol reactions: 

alkylation 

N-alkylated and acylated 

pyridines are even more 

reactive toward such 

reactions. 

Claisen reaction 



NH2

+   CH2=CHCH

O
ZnCl2

FeCl3 N
H

HC

NH2

2CH3CHO

N CH3

NH3
+ Cl

-

C

CH3

O CO2Et

O

H
H

+

N

CH3

CO2Et

N
H

O

N

OH

[O]

- H2O

H3CCH=CHCHO

Quinolines and Isoquinolines: Syntheses 

Not suitable for 

deactivated anilines. 

Quinolines: 

HCHO

HCl, ZnCl2

CH2Cl KCN CH2CN LiAlH4

or H2 / Ni NH2

CH3CCl

O

NH
CO

CH3

N

H3C

HO

P2O5

N

CH3

Pd - C

N

CH3

Isoquinolines: 



H+

N N
H

N
H

N
H

H+

NH NHN

Quinolines and Isoquinolines: Properties 

N

HO3S

N N

SO3H

fuming sulfonic acid 300 oC

Basicity:  quinoline < pyridine < isoquinoline 

… 

… 

RCO3H

N N
ON

RCO3H

N

O

(iso)quinoline N-oxide 

Similar with naphthalene: 



N

Br2, PhNO2

N
N

Br2, PhNO2

N

Br

Br

heat heat

Br2

N

Br

Br
-

N

Br

Br N

Br

Br

Br2
Br

N

Br

Br

Br
H

- Br2

N

Br

Br

Br

N

Br

Electrophilic Aromatic Substitution of 

Quinoline and Isoquinoline 

N

Br2, AlCl3

N

Br

80 oC

N

Br2, AlCl3

N

Br

80 oC

Electrophilic substitutions on quinoline and isoquinoline take place on the benzene ring: 

pyridine is electron-poor compared to benzene. 

Substitution at carbons next to the ring fusion is kinetically favored, as in the naphthalene 

system. 

“abnormal” substitutions: 



C2H5ONa

N Cl N OC2H5

PhCH2CN

N NCl

Cl CH

Cl
NaNH2

CH2(CO2Et)2

N N
NaH

Cl

Cl Cl

CH(CO2Et)2

NC Ph

Nucleophilic Substitutions 

N
N

Nucleophiles react preferentially at the electron-poor pyridine nucleus. 

These reactions are analogous in mechanism to those with pyridine itself. 

Preferred substitution positions 



Nucleophilic Addition Reactions 

N

N

RCOCl

N

COR

Cl
- N

COR

CN
-

CN

COPh

CN
H

NaH

N
COPh

CNR

aq. NaOH

N

R

n-BuLi

N N
Li

H

Bu-n N
H

H

Bu-n

H2O

N Bu-n

PhNO2

RX

N N

EtONa / EtOH

(CO2Et)2CH3
CH2CCO2Et

O

N

CH3

PhCHO, ZnCl2

N

HC CHPh

Reactions of a-proton 

(similar reactions as with pyridine) 

N

H2, Pt

AcOH N
H

N
H

+

H H

HH

H2 / Ni

N N
H

or I2 N

Hg(OAc)2

Reduction 



Diazines, Triazines, and Tetrazines 

Higher aza analogs of pyridine behave in a similar manner but show the 

increasing effect of aza substitution: increasing electron deficiency 

1 
2 

3 

4 

5 

6 

1 

2 

3 

4 
5 

6 
1 

2 

3 

4 

5 
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N
H

N

S

Me

Me N

N

SH

Me

Me N

N

Me

Me

Raney Ni

O

O

Me

Me

+
H2N

NH2

S

NaOEt

N
H

NH

OHMe

Me
HO S

-2H2O

R

R

O

O

NH2

NH2

R'

R'

+

N

NR'

R'

R

R

air

N

NR'

R'

R

R

R1

O
OR2 +   N2H4 N

N
R2

R1 air

N
N

R2

R1

Syntheses of diazines: 



N

N

Cl

Y
-

N

N

Cl Y

N

N

Cl Y

N

N

Y N

N

Cl

N

N

N

N

Cl

Cl

N

N

N
N

N
N

Cl Cl Cl

Electrophilic and Nucleophilic Substitutions of Diazines 

All chlorodiazines are more reactive toward 

nucleophilic substitution than chloropyridine. 

Relative reaction rate: 

90                500                    1 

 
 

 

30                 10                    16 

N

N

CH3

Cl2, CCl4
40 oC

N

N

CH3

Cl

N

N

NH2

Br2, 80 oC

N

N

NH2

Br

N

N

NH2

NH2

PhN2
+ Cl

-

N

N

NH2

NH2

N
N

• Diazine, triazine, and tetrazines are stronger bases than pyridine 
 

• With the number of nitrogen atoms increases from one to higher, electrophilic attack on the 

ring carbon atoms becomes increasingly difficult and nucleophilic attack becomes easier. 

With activating group, 

electrophilic substitution 

may proceed. 



O O

CO2CH3H3CO2C
heat CO2CH3

CO2CH3

- CO2O

O

CO2CH3

CO2CH3

+

N

N

N
MeMe2N+

N

N

Me

NMe2N

N

N

Me

NMe2

- HCN

O O

+ NPh

O

O

NPh

O

O

Ph
NO O

NPh

O

O

PhN

O

O

Diels-Alder Reactions with Heterocycles 

2-pyranone: 

O

O

H

OHO

HO2C

OH

+

H+

O

HO2C Cu, 650 oC

O O

OOHO

H

OH

+

H+

O

NBS, Et3N

O O

Syntheses of 2-pyranone: 



RCNHCH2CR'

N

SR' R

N

OR' R

N

N
H

R' R

anhydrous P2O5

P2S5, 120 oC

(NH4)2OAc

or RNH2, HOAc

R'CCH2Cl R'CCH2NH2 R'CCH2NHCRN
- 

K+

O

O

(RCO)2O

O O

+

O O OO

Syntheses of Azole Compounds 

O

N

S

N

N
H

N

O
N

S
N

N
H

N

1

2

34

5

1

2

34

5

1

2

34

5

1

2

34

5

1

2

34

5

1

2

34

5

oxazole thiazole imidazole 

isoxazole isothiazole pyrazole 

Syntheses of 1,3-diazole: 

Syntheses of isoxazole: 

O
N

C6H5C6H5

HOOC
C6H5CH C6H5CCl

NaOH
C6H5C≡N－O

Cl2
C

C

Ph

CO2H

C

N+

Ph

O
-

+
1,3-dipolar addition NOH NOH



N

N
H

N

S

N

O
<< N

N
H

≈

Properties of Azole Compounds 

NH+

N
H

NH

N
H+

H+N

N
H

H+N

N
-

N
-

N

In comparison with pyrrole, thiophene and furan, the additional nitrogen in the 

rings has important effects. 

pyridine N alike: basic (lone pair not involved 

in conjugation) and electron withdrawing 

Like a pyrrole N: nonbasic (lone pair involved 

in conjugation) and electron donating 

Basicity: 

two equivalent resonance forms 

pKa = 7.0 pKa = 14.5 
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Tautomerism of  
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Reactions of Azole Compounds 
Due to the electron-withdrawing effect of the additional N, azole compounds are less reactive 

toward electrophilic substitutions compared to corresponding 5-membered cyclic molecules 

with one heteroatom, but they can be expected to undergo these reactions under common 

conditions for aromatic compounds. 

Electrophilic substitution of imidazole: 

A complication of imidazole is the ease with which N-3 is protonated or attacked by electrophilic 

reagent; Friedel-Craft alkylation and acylation at Cs generally fails for this reason and nitration in 

sulfuric acid is difficult but viable; sulfonation only takes place with hot oleum to give C-4 

substituted product. 

  

Attack at C-5 is 

preferred to C-2. 

unstable 



Reactions of Azole Compounds 
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But tribromo substituted product can be easily obtained by reacting with bromine in the 

absence of catalyst (nearly neutral conditions); and imidazolide anion undergo coupling 

reaction with PhN2
+ (basic conditions). 

Electrophilic substitution with pyrazole takes place at C-4: 

Alkylation of imidazole: 
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Alkylation is often 

carried out in the 

presence of base and 

the anion is N-alkylated. 
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Acylation of Imidazole 
As imidazole is both a good nucleophile and good leaving group, N-acylimidazole is a good 

“acyl transfer” reagent.  The usual amide stabilization through nitrogen lone pair is much less 

effective with N-acylimidazole because the lone pair is part of the aromatic sextet. 

Being an “acyl transfer” reagent, imidazole can catalyze the hydrolysis of esters 

and other acyl derivatives. 
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Catalysis Effect of DMAP 
The rate of this rxn is 104 times faster when 4-dimethylaminopyridine (DMAP) is present. 
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Nucleophilic Substitution of Azole Compounds 
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Similar with pyridine, nucleophilic 

substitution takes place most 

readily at C-2 with imidazole, but 

the displacement is not easy, 

unless in the presence of 

additional activating group(s). 

Oxazole and thiazole undergo 

nucleophilic addition more easily. 

Other reactions of 

oxazole and thiazole: 


