Lecture 2. Heter ocyclic compounds 4wdlaiall & 4dlad) cils )
= Exampleson Aromatic Heterocycles: 4gilag ¥ dudlaiall pe s jall o AL

Look back once again at the definition of aromaticity, a cyclic, conjugated molecule
containing 4n + 2 & -electrons. ‘
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1- Pyridine and pyrimidine. - | |\/\/||
o~
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are six-membered heterocycleswith nitrogen in their rings.
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- Pyridine is much like benzene in its 7w electron structure. Each of the five sp?-
hybridized carbons has a p orbital perpendicular to the plane of the ring, and
each p orbital contains one p electron. The nitrogen atom is also sp?-hybridized
and has one electron in a p orbital, bringing the total to six p electrons. The
nitrogen lone-pair electrons (red in an electrostatic potential map) arein an sp?

orbital in the plane of thering and are not part of the aromatic p system.
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- Pyrimidine, also shown in Figure below, is a benzene analog that has two
nitrogen atoms in a six-membered, unsaturated ring. Both nitrogens are sp?-
hybridized, and each contributes one electron to the aromatic p system.
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2- Pyrrole and imidazole.

arefive-membered heterocycles, yet both have six & electrons and are aromatic.
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- In pyrrole, each of the four sp? -hybridized carbons contributes one p eectron
and the sp3-hybridized nitrogen atom contributes the two from its lone pair,
which occupiesa p orbital.
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- Imidazole, also shown in Figure below, is an analog of pyrrole that has two
nitrogen atoms in a five-membered, unsaturated ring. nitrogens are sp? and
another are sp® hybridized, but oneisin a double bond and contributes only one
electron to the aromatic p system while the other is not in a double bond and
contributes two from its lone pair.
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Lone pair
in p orbital

Lone pair in
sp? orbital

Imidazole (Six 7r electrons)
Delocalized

lone pair
(p}

= Note that nitrogen atoms have different roles depending on the structure of the
molecule. The nitrogen atoms in pyridine and pyrimidine are both in double
bonds and contribute only one p electron to the aromatic sextet, just as a carbon
atom in benzene does. The nitrogen atom in pyrrole, however, isnot in a double
bond and contributes two p eectrons (its lone pair) to the aromatic sextet. In
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Imidazole, both kinds of nitrogen are present in the same molecule — a double-
bonded — pyridine-likel nitrogen that contributes one p electron and a

—pyrrole-like | nitrogen that contributes two electron.
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3- Pyrrole, Furan, Thiophene.

Furan Thiophene
Figure 1421 Pyrrole is aromatic but not basic. It does Figure 14.22 Furan and thiophens are arecmatic. In each case, the
ig h=teroatom provides a pair of electrons to the aromatic system, but 2ach

nPt have a"y unshared electfqn pairs. The electron pair on also has an unsharad electron pair in an spz orbital that is not part of the
nitrogen is part of the aromatic system. aromatic system.
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4- Pyrrole and protonated Pyrrole. (~sisud) Jamly gl

The delocalization of the lone pair of Pyrrole pushes electrons from the nitrogen
atom into the ring and we expect the ring to be electron-rich and become more
nucleophile. Thus, decreased basicity of the nitrogen atom and increased acidity
of the NH group asawhole.
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this lone pairisin a —
p orbital contributing @» H..Q H
to the 6 electrons N 2 R
in the aromatic ring I h|l H
H H
pKaH ca. —4 the aromaticity of pyrrole aromatic pymrole nonaromatic cation
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=+ Pyrroleisassumed to be an aromatic molecule. While Its protonated
form isnot aromatic. Using or bital pictures, explain why?
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5 - atomic orbitals, all in alignment (4 p-orbitals and 1 lone pair) - 6 electronsin a

planar, cyclic, fully conjugated system (Aromatic).
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- The lone pair has been used to bond to an H* cation. Since the electrons are being
shared in a s- bond with the hydrogen, they are not available to interact with the p-
orbitals and the molecule no fonger has cyclic conjugation, thus it cannot be aromatic.
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Weaker base 4ima 328 = Smaller pKafor ammonium ion.
Stronger base 442 3x8 = |_arger pKafor ammonium ion.

Name Structure pK, of ammonium ion

Pyrrolidine 11.27
Pyridine

Pyrimidine

Pyrrole

Imidazole

g ) (e dgas B JIS) AWNY) g acld JiS) g pka S
1 dsal Ui 301 S sl i (ing ) S (Al o S ing (AN Sl
(e ouSall g Agas LAl Ja3 4ila g Y1 ) 13 Ay ) ApSe ABDle agiiy dgac i) g 4iLa g Y)

Questions i
1) In each of the following, encirclethe stronger base: _S¥! g s 8 Basldl) aaa
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2) Accounting for the Aromaticity of a Heterocycle, cuilaia e S ja duila gl sawds

If the proton was removed from Pyrrole to give the structure shown below, would it

still be considered aromatic? Why or why not? Use picturesin your explanation.
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Y es aromatic, beacase Only one of the lone pairs may be in conjugation at any given

time, so there will be 6 clectrons delocalized around the cyclic molccule. As a result,

thismolccule will follow the same rules as pyrrole and will bc aromatic.
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3) Thiophene, a sulfur-containing heterocycle, undergoes typical aromatic
substitution reactions rather than addition reactions. Why is thiophene
aromatic?
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- Strategy: Recall the requirements for aromaticity—a planar, cyclic, conjugated
molecule with 4n + 2 = & electrons—and see how these requirements apply to
thiophene.
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Answer:

Thiopheneisthe sulfur analog of pyrrole. The sulfur atom is sp?-hybridized and has a

lone pair of electronsin a p orbital perpendicular to the plane of the ring. Sulfur also

has a second lone pair of electronsin thering plane.
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sp2-hybridized
"X 24
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4) Draw an orbital picture of furan to show how the moleculeis aromatic?
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Thiophene
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5) Thiamin, or vitamin B1, contains a positively charged five-membered nitrogen-
sulfur heterocycle called a thiazolium ring. Explain why the thiazolium ring is
aromatic?
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Five membered monoheterocyclic
or
Heter ocyclic analogues of cyclopentadiene with one heteroatom

e Cyclic compounds that include an element other than carbon are called
heter ocyclic compound.
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N
Cyclopentadiene  Cvclopentadiene
anion Furan  Thiophene

e Pyrrole, furan and thiophene are a five-membered heterocyclic compound, We
might expect each of these compounds to have properties of conjugated diene of
an amine, an ether or sulphide respectively.
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e On this basis pyrrole, furan and thiophene must be considered to be aromatic,

thisisproved by NMR spectrum.
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e these heterocyclic compounds in general undergo eectrophilic substitution
reaction for example, nitration ,sulphonation, halogenation ,Friedel-craft
Acylation and coupling with diazonium salts.
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e The Heat of combustion indicate resonance stabilization to the extent 22-28
kcal/mole less than the resonance energy of benzene (36kcal/mol)but much
greater than of most conjugated diene (about 3 kcal/mal).
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% Pyrroles: Synthesis Jyusll (3135 Gk

Pyrrole 1 and the simple alkyl - pyrroles are colourless liquids,

with relatively weak odours rather like that of aniline, which,

also like the anilines, darken by autoxidation. Pyrrole itself is

readily available commercially, and is manufactured by alumina - catalysed gas -
phase interaction of furan and ammonia. Pyrrole was first isolated from coal tar in
1834 and then in 1857 from the pyrolysate of bone, the chemistry of which is similar
to an early laboratory method for the preparation of pyrrole — the pyrolysis of the
ammonium salt of the sugar acid, mucic acid. The word pyrrole is derived from the
Greek for red, which refers to the bright red colour which pyrrole imparts to a
pinewood shaving moistened with concentrated hydrochloric acid. The early impetus
for the study of pyrroles came from degradative work relating to the structures of two
pigments central to life processes, the blood respiratory pigment haem, and
chlorophyll, the green photosynthetic pigment of plants ( 32.3 ). 2 Chlorophyll and
haem are synthesised in the living cell from porphobilinogen, the only aromatic
pyrroleto play arole— avitally important role — in fundamental metabolism.
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(Pyrrole is obtained commercially by treatment of furan with ammonia over an
alumina catalyst at 400 °C). ‘
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% Synthesisof Pyrroles:  Jyusml (145
1- From Acetylene with formaldehyde:  ilgzallesdl) aa cplibudd) (1a

0

Cl]zﬁ NH,

I
H—C=C-H + 2H-C-H ———> HO-H,C—C=C—CH,~OH — > ([ Y + 21,0

pressure N
ethyne ~ formaldehyde but-2-yne-1,4-diol 4

2- From heterocyclic ( furan and succinamide):
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Distillation
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pyrrolidine-2,5-dione 1H-pyrrole

(succinamide)
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3- Paal-Knorr Synthesis:

- 1,4-Dicarbonyl compounds react with ammonia or primary amines to give

pyrroles. ‘ o ‘
S ) sUae Y Al gV lial) gl L ga¥) e U2 8001 ¢4 S o Jo U
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H,C—C=0 NH, - 2H,0
+
‘ or
H,C—C=0 R'NH,

R

- Pyrrolesareformed by thereaction of ammoniaor a primary aminewitha 1,4 -
dicarbonyl compound. Successive nucleophilic additions of the amine nitrogen
to each of the two carbonyl carbon atoms and the loss of two mole equivalents of
water represent the net course of the synthesis; a reasonable sequence for thisis
shown below, using the synthesis of 2,5-dimethylpyrrole asan example.
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H,C——C=0 - 2H,0 /o \
i _-2H,0
| _ NH, HyC” N~ CH,
CH,

Mechanism:

/\ ] | H H
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RQR NHy Rm . )/_>\ - 1,0 m
1 [\0 8] 2 1 NHZO Rz Rl Rz—“' Rl R
|
H H

NH O NH O 2
|

” taut.
/ \ - H,0 / OH _—= /H\
R1/Q\ R, Ry N N7 Ry NH, 0/ R,
H

R1,R2=CH3 NOR,
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4- Knorr Synthesis:

* From a-Aminocarbonyl - Compounds and Activated K etones,
Aadial) U gl g Jad ga S gial W LS 4a (4

- 0o-Amino-ketones react with carbonyl compounds that have an a-methylene
grouping, preferably further activated, for example by ester, as in the
illustration.
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- Thiswidey used general approach to pyrroles utilizes two components. one, the
a-aminocar bonyl component, supplies the nitrogen and C-2 and C-3, and the
second component supplies the remaining two carbons and must possess a
methylene group a to a carbonyl.
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- The Knorr synthesis works well only if the methylene group of the second
component is further acidifi ed (eg. as in acetoacetic ester, i.e. it isa 1,3 -
dicarbonyl compound, or equivalent) to enable the desired condensation leading to
pyrrole to compete effectively with the self-condensation of the a-aminocar bonyl
component. The synthesis of 4-methylpyrrole-3-carboxylic acid and therefrom, 3-
methylpyrrole, illustrates the process.

Shaed¥) i) A Qe G o) (ALY G sSall Culisall Ao gada and af 13) Jatd da (S 9 (GalAS Jany
Ul J gl () (2 ) gl sal) CAASH (Sall (Adilay La gl ¢ g tSa-163 S e AT (g ¢ el
methylpyrrole-3-carboxylic -4 &3 mas .a-aminocarbonyl ¢ssal A CAS) aa dallady

Aalall ¢ methylpyrrole-3 « 4y acid

Me COH Me

H
T COEt o Z < a. KOH M ) \
aq hon reflux, 24h isti ; ".

i % nT COH T 80% No O T3% N

NH, O7 "COyMe N N
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5- Hantzsch method:

By condensation the B-Ketoester molecule with a-chloroketone in presence of
ammonia. ‘
LisaYl 3939 & a-chloroketone g B-K etoester-s g i 31k o

COO tE ) Et 00C

| NH
cC—o0 R R

| N
R |

beta-Ketoester alpha-chloroketone

Example:

COO E
(!JIIZ
¢—o
(!:112(:113

0 00
I IR NH; /
CH,;CH,C-CH,COOtE + E{OC-C-CH,-C1 ——>

|
H
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