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Heterocyclic Chemistry

Heterocycles, as the name suggests, are cyclic compounds containing one or more
heteroatoms such as N, O, S, P, Si, B, and Se. They may be further divided into
aromatic heterocycles and saturated heterocycles. Heterocycles can be named by the
size of their rings. Therefore, they may be classified as three-, four-, five-, six-, and
seven-membered heterocycles, and so on. The most frequently encountered three-
membered heterocycles are oxirane, thiirane, aziridine, and azirine.
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Four-membered heterocycles include oxetane, 2H-oxete, thietane, 2H-thiete,
azetidine, and azetine. In drug discovery, oxetanes and azetidines are increasingly
incorporated into drugs to modulate biological and physical properties and expand
intellectual property space.
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oxetane 2H-oxete thietane 2H-thieta azetidine azete

Five- and six-membered heterocycles are of utmost importance to both life and drug
discovery. The most common five-membered heterocycles with one heteroatom are
pyrrole, furan, and thiophene.
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Popular five-membered heterocycles with two heteroatoms include pyrazole,
Imidazole, oxazole, isoxazole, thiazole, and isothiazole.
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pyrazole imidazole oxazole isoxazole thiazole isothiazole

All these aromatic heterocycles have corresponding saturated heterocycles. Among
those, pyrrolidines, tetrahydrofurans, and oxazolidines are more frequently
encountered in drug discovery.
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Some of the important benzene-fused five-membered heterocycles are indole,
benzofuran, benzothiophene, benzimidazole, benzoxazole, and benzothiazole. The
numbering of these heterocycles is shown below:
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Chief among the six-membered heterocycles, pyridine and its benzene-fused
derivative quinoline are most ubiquitous. Pyrazine and its benzene-fused analogue,
quinoxaline, also play an important role in heterocyclic chemistry.
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Their corresponding saturated derivatives, often encountered in drug discovery, are
piperidine and piperazine.
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Aromaticity of Heterocycles

CH -+ N

benzene pyridine

According to Huckel's rule of aromaticity, a cyclic ring molecule is aromatic when
the number of its w-electrons equals 4n + 2, where n is zero or any positive integer.
The most common aromatic compound is benzene, which has 4 + 2 = 6 &t electrons.
Pyridine, an electron-deficient aromatic heterocycle, also has 6 n-electrons.
Compared with benzene, pyridine has an additional lone pair of electrons on the
nitrogen atom after it contributes a pair of electrons to the 6 n-electrons that give it
aromaticity. These lone pair electrons are responsible for much of pyridine's unique
physical and chemical properties. In contrast, furan, an electron-excessive aromatic
heterocycle with 6 w-electrons, differs from both benzene and pyridine. The oxygen
atom has two lone pairs of electrons, one of which contributes to the 6 n-electrons
to achieve aromaticity. The second pair of electrons is located in an sp? hybrid orbital
in the plane of the furan ring. Thiophene is similar to furan in its aromaticity,
although thiophene is more "aromatic™ because the S atom is larger than the O atom.
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The relative aromaticity of common heterocycles 1s shown below:
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furan pyrrole imidazole thiophene pyrazole
12 K} 43 45 61
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Pyrrole, also an aromatic heterocycle with 6 w-electrons, is probably the most unique
of all among the aromatic heterocycles. Different from furan and thiophene, the
nitrogen atom on the pyrrole ring has only one lone pair of electrons, which
contributes to the 6 m-electrons to achieve aromaticity. As a consequence, although
pyrrole is also an electron-excessive aromatic heterocycle like furan and thiophene,
it has many characteristics of its own. For instance, it is probably the most reactive
as a nucleophile among all aromatic heterocycles. In addition, pyrrole's conjugation
effect outweighs the nitrogen's inductive effect in the contributing dipole moment,
with the partial positive charge resting at the nitrogen atom.

Reactivity of the Pyrrole Ring

Protonation

The pyrrole nitrogen atom (pKa = -3.80)1 is only weakly basic; pyrrole loses its
aromaticity when protonated because the lone pair electrons are involved in the
aromatic sextet. When treated with a strong acid such as sulfuric acid, the
protonation does not occur at the nitrogen atom, but most of the protonation takes
place at C2 (80%), and 20% of the protonation takes place at C3 (20%).
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Pyrrole, Furan and Thiophene

Pyrrole Furan Thiophene

Introductions

The main reason for the study of pyrrole came from the work on the structure of
hemoglobin, the blood respiratory pigment, and the chlorophyll, the green

photosynthetic pigment of plants.

Thiophen is found in plants in association with polyacetylenes with which they

are biogenetically closely linked.
Furan occurs widely in secondary plant metabolites, especially in terpenoids.

Unsubstituted pyrrole, furan, and thiophene are usually obtained from petroleum.



* Pyrrole, thiophene and furan are colorless liquids of boiling points 131°C, 84°C and

32°Crespectively.

Pyrrole ['hiophene Furan
bp 131°C bp 849( bp 32%

* Pyrrole has a relatively high boiling point as compared to furan and thiophene,

this is due to the presence of intermolecular hydrogen bonding in pyrrole.
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Structure and Aromaticity

* Pyrrole, furan and thiophene are aromatic because:
1) They fulfill the criteria for aromaticity, the extent of delocalization of the
nonbonding electron pair is decisive for the aromaticity.
2) The order of aromatic character of these three heterocycles compared to benzene is
as follows:
Benzene > Thiophene > pyrrole > Furan
This order is consistent with the resonance Energies and order of the electronegativity

values ( oxygen : 3.44 , nitrogen : 3.04 and thiophene : 2.56 ).
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3) They t'end to react by electrophilic substitution due appearance of —ve charge on carbon

atoms due to delocalization as shown in the following resonance structures.
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* In comparison to benzene the order of reactivity in electrophilic substitution is as

follows: Pyrrole > Furan > Thiophene > Benzene

* Eelectrophilic substitution on furan requires very mild, non acidic conditions (acids
may induce polymerization or ring opening), however, for thiophene the acidity is
less critical since it is stable to aqueous minral acids but not to 100 % strong acids or
Lewis acids such as AICI,.

* Regioselectivity: The 2 & 5 (a) positions are more reactive than 3 & 4 ( ) Positions,
as in pyrrole the intermediate results from electrophilic attack at C2 can be
stabillized by three resonance structure while the intermaediate results from the

attack C3 is only satbilized by two resonance structures.

Evidence of aromatic character in pyrrole

1) All ring bonds are intermediates between single and double bonds.

2) It tends to react by electrophilic substitution.

3) It shows lower basicity and higher acidity as a secondary amine compared to
pyrrolidine, due to the nitrogen lone pair's involvement in the aromatic sextet.
This reversal in dipole moment causes protonation at carbon atoms rather than
nitrogen.

Basicity of

. Dipole monent of
pyrrole and its saturated analog P

pyrrole and its saturated analog
N N . ..
H H N N

H H

Pyrrole Pyrrolidin

aroamtic 2’amine  Aliphatic 2 amine Pyrrole Pyrrolidine
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Synthesis of Pyrrole, Furan and Thiophene

[) From 1,4-dicarbonyl compounds (Paal-Knorr Synthesis)
Pyrrol: 1,4-Dicarbonyl compounds can be dehydrated, with ammonia (NH,) or amines,
to form pyrrole.

R* H H R3 R R3
R5~Z_‘$7R2 + R'NH, ———» M
% -2H,0 R STR?
R!
NH;
Me Me CeHes. reflux Me—<_\/M9 . Me\/—><Me ﬂ

Furan: 1,4-Dicarbonyl compounds can be dehydrated, with acids, to form furans.
H H R* R3
T
d
Ra‘Z—J;—RZ —__a:_;o_’Rs / \ R2|
0 0
P,0;
T el
Y ¢ H,SO, o

Thiophene: 1.4 - Dicarbonyl compound with a source of sulfide, traditionally phosphorus
sulfides, to form thiophenes.

"
R® R? -2H,0 R"‘Aéﬁ\R2
Me Me
HQH Pisy 280°C At
0 0O H H
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2) Knorr synthesis of Pyrrole

o - Amino - ketones react with carbonyl compounds that have an o - methylene
grouping, preferably further activated, for example by ester.

Me CO,Et

Me\ﬁ /j/icozg . 0n Z \<

CO,Me

* A way of avoiding the difficulty of handling o - aminocarbonyl compounds is to
prepare them in the presence of the second component, with which they are to react.
Zinc — acetic acid or sodium dithionite ( Na,S,0, ) can be used to reduce oximino

oronns to amino

1xNaNO; T éEcozE‘ T iCOzEt
AcOH AoOH reﬂux

2 CH E

xMeCOCH,CO,Et 87%

NOH

3) The Hantzsch Synthesis of Pyrrole
a -Halo-carbonyl compounds react with 1,3 - dicarbonyl compounds in the presence of

ammonia to give pyrrole. o )
cl ci
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4) The Feist-Benary Synthesis of Furan
a - Halo - carbonyl compounds react with l,3-dicarbonyl compounds in the presence of

a base (not ammonia) to give furans. )
R* R
B Gy
Hal RS R? -H 0 RS R?

e H H K 9 ]
-
) "H/-I“\OE‘ ..‘/) OEt o ‘)_i OEt OEt
ag. NaOH, it | ~ \ ]\
——— r~ - 4 ——
(o) Me Cl o Me 80 0 Me - H;O \o Me
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Reactions

1) Alkylation and acylation of Pyrrole and N-metallated Pyrrole

* Due to participation of N lone pair in aromaticity, pyrrole has exceptionally strong
acidic properties for a secondary amine for instance it can react with strong bases or
Grignard reagent or potassium metal in inert solvents, and with sodium amide in
liquid ammonia, to give salt like metallated compounds.

* These derivatives can be used to alkylate or acylate pyrrole, the position of
substitution may be the nitrogen, the a- or the f-carbon depending on type of

metallic cation and the polarity of solvent used as shown below:

/
N—COR N-Acylation
—

TRCOCI
N-Alkylation
(/ 5 _KOH __ Z 5 ! \
N MSO N
H I
R
(/ \5 RMgX,EhOZ 5 ( S { S O\
_>
Et,0, heat
H
ng R

N-Alkylation C-Alkylation

R E— R H,S, weak base R///—\\\R

20-80°C
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2) Cycloadition reactions (Diels Alder Reaction)

Cycloaddition reaction is one in which two reactants add together with formation

of 2 new C-C bonds at the same time to give a cyclic product e.g. Diels-Alder

reaction.

Diels-Alder reaction involves addition of a compound containing a double or a
triple bond (2 « e it is Called dienophile) across the 1,4-position of a conjugated

system (4x e, 1,3-diene), with the formation of a six membered ring.

2t
G1— O

The heterocyclic compounds can react as a 1,3-diene in Diels-Alder reaction with
reactive dienophiles (e.g. maleic anhydride, or benzyne) or with less reactive

dienophiles (e.g. acrylonitrile) in presence of catalyst.

. O e~

Maleic anhydride Benzyne Acrylonitrile

The diene can be activated by E.D.g while the dienophile by E.W.g.
Thus N-alkyl pyrrole and N-amino pyrrole are more reactive than pyrrole itself in
Diels-Alder reaction but less reactive than furan (the least aromatic 5- membered

heterocycle thus the most reactive in addition) .

The order of reactivity in Diels-Alder reaction is as follows which is the reverse

of aromaticity order:

Furan > N-alkyl pyrrole > Pyrrole > Thiophene.
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Pyrrole generally do not undergo easily Diels-Alder reaction but the typical reaction is a-substitutive

addition.

0.

N

ﬂ X o HO_ /O\LY

N

0
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Furan

S 110°C
I \ + E0,c—==—CO,Et 5% CO,Et

(e}

A
Thiophene [ \ o+ A OBGPa 100°C_ dﬁ

3) Electrophilic Substitution reactions

* Electrophilic substitution normally occurs at a carbon atoms.

* Also it occurs preferentially at C-2 (the position next to the heteroatom) rather
than at C-3 (if position 2- is occupied it occurs at position 3).

* This is due to attack at C-2 gives more stable intermediate (it is stabilized by three
resonance structure) than the intermediate resulted from C-3 attack (it is stabilized
by two resonance structure).

Three resonance structures, more stable

7 — o il
L / \ —_— g N\ g [/ e // \
Attack at C-2 @E} % @Q(n (:)Q; O\E
Ef); ?E N js "Le :
Attackatc-3 [ ¥ — // -— ® =i U
X X X X

Two resonance structures, less stable
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1) Nitration

AcONO,
ACOH, 10°C O\

B
Iz
—

(AOzO HNO;)
NO
¢. HNO;, Ac,0
[/ \§ AcOH, 0°C [/ \) [/ \5
70% s ~NO; s':’t s

@ c Hnosé::o.-s'c @ .
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2) Sulfonation

90 %

@ S Q\‘S()H

S

AN
!/ \5 CI(CH,),ClI, rt !/ \5
¥ I V2 W’ HO.S— —~S0:H

0 N 0
S0,
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3) Halogenation
Br Br | |

Brﬂm Brzzlol\:(e:OH @ I,/ aq. KI |I§\|

N N
80 %
SO,Cly, EtzO\ 0°C

¥
80

—

*®

NBS(NCS), HCIO,
(/ \5_ l;, 33 HNO3 80°C  // \5 hexane, it 0\
~ | 70% s 84(88)% Br(C/)

@ Bry, %I:,F n Q .

4) Friedel-Crafts Acylation (C-acylation )

@ (MeCO),0 @\‘(MH
H 200 °C H .

O

MeCOCI, SnCl,
(/ \> PhH.0°C [/ \5 _Me
80% I

S

Me

[§ £E5F <—§
.

o}
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5) Vilsmeier acylation

Formylation of pyrrole and furan by reacting it with dimethylformamide/phosphoryl chloride.

H

NMe, N R 83% N
Cl H < H CI™ NMe; i

Me Me

DMF, POCly
4 \g 0-100°C, 24 KCO% = J \; _H

(o) (0]

Second Electrophilic Substitution

A) Monosubstituted with Electro Withdrawing group

X EWG EWG

Less reactive X=NHorS

( incoming E*directed to position 4 or 5 )

[ S . 13
L X
Less reactive ( incoming E' directed to position 5 )
H;COC
AC,0
O e T
H H
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B) Monosubstituted with Electro Donating group
X EDG E X EDG

More reactive ) . . .
( incoming E* directed to position 5 )

More reactive ) ) ) .
( incoming E" directed to position 2 or 5)

C) N-substituted pyrrole with electron withdrawing group

(incoming E* directed to position 3)

O—-—CS

'W(l F\.". G
COPh
PhSO,CI
( ‘5 I\  pncoci / \g
P}fndlnc N N
| |
SO,Ph S0,Ph
NBS
Br
)
SO,Ph
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4) Reduction Reaction

H, / Ni
> 150 °C

N

H
/ \ HszaneyNih .l' E

O

_—

—
=z
—

Hy/Raney Ni _  CH,CH,CH,CH; . NiS

S
w
_— Q

5) Oxidation Reaction
Cr,05/ AcOH
0

N (@]
H
CrOs, H,S0, 4{
60 °C 0= N~ O
H

—
Z
——

R
g
-P_‘.-"'
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Pyrazole and Imidazole

|

Pyrazole Imidazole

Introduction

replace one CH group
with a pyridine-like

f/ \\ nitrogen atom /f (\\‘.
pyrazole o~ L/ imidazole

N - pyrrole nitrogen -—----- -

4 /N'_H 1x p-orbital N-lone pair (pyrrole-like) —~ ?4 \ O_~
: : N A 1x sp®-orbital N-lone pair (pyridine-like) > }\ /N\ "
sp? lone pair| \7’/} ‘ C (- -
BASIC = b sp? lone pair
pyrazole BASIC imidazole

Only one nitrogen atom can contribute two electrons to the aromatic sextet. It is the
nitrogen with the hydrogen (red) and it is described as pyrrole-like nitrogen. While

the second nitrogen which has no hydrogen (blue) is described as pyridine-like.
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Resonance Structure of Imidazole

* The lone pair on pyrrole-like nitrogen is delocalized round the ring while that
on the pyridine-like nitrogen is localized in sp? orbital on nitrogen. Thus
these compounds have properties intermediate between those of pyrrole and

pyridine.

D — D= —1

Physical properties of imidazole and pyrazole

Solubility

* Imidazole and pyrazole are water soluble solids and insoluble in aprotic solvent.

* They have very much higher boiling points than pyridine: 256 and 187 °C
respectively, this difference is due to imidazole has an extensive hydrogen bonding
than pyrazole thus imidazole molecules can exist as oligomers, consequently more
energy is required to break these bonds to bring the molecules from one phase to
another.

* On the other hand pyrazole molecules can form dimers only thus lesser energy is

required to break these molecules.

Imidazole molecules as a polymer )
Pyrazole molecules as a dimer

N/ —H"‘“j @NPH

N\ N'—.-
)
H N
\=—/

N-subsituted imidazole and pyrazole have lower boiling and melting points than the

unsubstituted compounds due to inability to form H-bonds.
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Basicity
* Imidazole is a stronger base than pyrazole or pyridine and of course pyrrole.
Thus imidazole and pyrazole are more stabilized than pyrrole in acidic

medium.

Basicity order: Imidazole > Pyridine > Pyrazole > Pyrrole

This can be explained as follows:
i) Pyrrole is not basic because the lone pair on the only nitrogen is needed to
complete the aromatic m system and protonation if occurs at all occurs at

carbon rather than on nitrogen and the resulting cation is not aromatic.

[N o B80T Ga-wa L
\: @S_" E — N\

aromatic pyrrole nonaromatic cation

the aromatic nng

pymole

i1) Imidazole has two nitrogen atoms and on protonation the positive charge can
be delocalized over them but although in pyridine its Lp. is available for
protonation as it is not involved in maintaining aromaticity, it has only has

one nitrogen on which to stabilize the positive charge thus it is less basic than

imidazole.
N NH N N
N N 5 N
H N |
Imidazole Imidazolium Pyridine H
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ii1) Pyrazole is much weaker base than imidazole and pyridine although it also have
two nitrogen atoms as in case of imidazole. This difference is due to the fact that the

positive charge in pyarzolium ion is less stabilized than in the imidazolium ion and

£y ™y O
N N

pyridinium ion.

G
N
Imidazole Pyridine Pyrazole
pKa=6.9 pKa=5.2 pKa=25
H
*Né N
{ W Lo, [ &\
N SON%” el
N H N
Inductive effect Inductive effect No inductive effect

Basicity
* Generally E.D.G groups on the ring increase the basicity while E.W.G. decrease it.
* N-methyl imidazole is more basic than imidazole itself.

*  However, N-methylpyrazole is less basic than pyrazole which can be attributed to steric

hindrance effect which cause difficulty in accessing the lone pair of electron by the

proton.
Basicity [E > [3 DN < @N
N N N
Ac]d]ty (!-:Hg ) CI:HS "

* Imidazoles unsubstituted in the 1-position are weak acids. Its acidity is greater
than that of pyrrole and equals that of pyrazole.

* Thus imidazole and pyrazole are amphoteric substances.

Acidity QN) > Q
H
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Svynthesis of pyrazole and imidazole

Pyrazole

* From 1,3 - Dicarbonyl Compounds and Hydrazines.

R‘ R3 R‘ R3
H
R® + 0 / i,
R -218 RN
éi li'
Me Me
NzHg
O ag NaOH, rt ! "
Me o 75% -
Imidazole

* From a-Hydroxy ketone and Foramide.

R__O
R._ _OH 2H,0 R _NHGHO
- | + 2HCONH, _ MY _ |

R'™ “OH R OH Foramide R NHCHO
«-Hydroxy ketone
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Reactions

Diazoles are less reactive than 5-membered heterocycles with one heteroatom
(pyrrole and its analogs) in electrophilic aromatic substitution due to the inductive
electron-withdrawing effect of the second heteroatom.

However, they are more reactive than pyridine due to delocalization of the lone
pair of electrons on the N-atom make the C- atoms bear negative charges while in

pyridine the N- atom exerts inductive electron withdrawing effect only.

The orientation in pyrazole, is at the 4-position due to the deactivation effect of the

pyridine-like nitrogen. E* E
CN [
& N — . N
N N
Pyrazole 4-substituted

The orientation in imidazole, is at 4 or 5-position.
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Electrophilic Substitution Reactions

| ) Nitration
;N

¢ HNO4 c. HNO;, Ac;0 — c. HS04
[ 1%oleumrt ( ) [\, _AcOH.n L o, —97C I Y
e N IND, ———— N
N N’ 70% N’ 80% N
H H H
2) Sulfonation
H"ﬁrf";
[ N\ 1Hs0, 160°C I\
Y £H:S0, '8
N) T N) ! \N H,S04 / SO /

3) Halogenation

—78%

N Brp AcOH aq. Na,S04 NBS, AcQH
NaOAc, rt hea( / \ mw._1s0°C_ Z/ N
) ) ) u' 89% uf
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Pyridines — Structure

L40A N
| |r9A | 22D 1.17D
A34A N N
N

N

* Isoelectronic with and analogous to benzene

« Stable, not easily oxidised at C, undergoes substitution rather than addition
« —| Effect (inductive electron withdrawal)

+ —-M Effect

@ &+
X \ T ™
(B—(S—=0)—=L) ..
N N N N N
© © © &

* Weakly basic — pK, ~5.2 in H,O (lone pair is not in aromatic sextet)
« Pyridinium salts are also aromatic — ring carbons are more &+ than in parent pyridine

O—Q—0—-

I—Z
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Pyridines — Synthesis

The Hantzsch synthesis (“5+1")

Me aldol condensation Me (’o (o] Me Michael addition Mo Me
and dehydration

JIE& L — Jﬁ%

oxidation H

* The reaction is useful for the synthesis of symmetrical pyridines
* The 1,5-diketone intermediate can be isolated in certain circumstances
* A separate oxidation reaction is required to aromatise the dihydropyridine

From Enamines or Enamine Equivalents - the Gﬂareschi synthesis (“3+3”)
CO,Et CO,Et

K,co_., K,co,
EtO,C N

* The ﬁ-cyano amlde can exist in the ‘enol’ form 3%
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Pyridines — Electrophilic Reactions

-~ AN + Y Z N+
2-position |
/ > + X e \N X e \N A
N H . H .

H
least stable
N + Y X X
| JER'S 3-position GH - (jLH — = H

N Z N\~ . A+

Y H Y H Y H

\_ 4-position fﬁ* | l +fj

= + A

least stable

Pyridine  important solvent & base (~ 3 amine)
Reactions:

1) EAS (much less reactive than benzene ~ nitro)
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H2804, 803, HgSO4
220°, 24 hours

-
-

NO,
0}
@ KNOg, H;S04, 370° O/ -
N
H

Y

Bro, 300° (j/ Br Br\(j/ Br
(- O

N N

Friedel-Crafts .
no reaction

\

N Substitution

PHO=G

B 4 NDg Me
@/@ @
N CI

N

D)\R © IUa
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Nitration of Pyridine

NO,
| X c-H,S0,, c-HrE;, X
- 300 T, 24 h P
N N
6%

Friedel-Crafts reactions are not usually possible on free pyridines

Me Me Me
NO,
N c-HNO;, oleum | N N
—_— —_—
- 100 T @z -
Me N Me Me’ T Me Me’ N Me
H 90%
Me Me Me
\\ NOz
Mel | = c-HNO;, oleum | X
——— ——
@,f 100 T @,/
Me N Me Me ri.l Me Me T Me
© ©
I~ Me ™ Me 70%
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Sulfonation of Pvridine

O,H
| \\ H2504, 50%’ \
= (low yield) =
N N
Hg504, H2504, 7 0%
220 °C ’
[
OZ
N
oS
HgS0,
Halogenation of Pyridine
cl Br
| N Cly, AICI,, | N Bry, oleum | N
= 100 T P 130 C =
N N N
33% 86%
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Pyridines — Reduction

Full or Partial Reduction of Pyridines

R R R

/ H,, Pt, ( 7 Na-NHy, ( /
(NJ AcOH, it J EtOH I NJ
- -

« Pyridines generally resist oxidation at ring carbon atoms and will often undergo
side-chain oxidation in preference to oxidation of the ring

* Full or partial reduction of the ring is usually easier than in the case of benzene
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Pyridine undergoes nucleophilic aromatic substitution at

C-2 and C-4
. A et SN oy SR
2-position QY QY QY
.o N A
/ N7 N} N
most stable
w— Y Y Y
| N ;. 3-positi F e 2
Y position | H H H
N/ = Y. = N e
Y. .H Y H Y H
4-p05iti°n @.._ m _..ﬁ
= .o =
N N N
most stable

@ NaNH, @

N N~ ~NH,

@ phenyl lithium  H,0 Q

N N
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@ NHa, 200° @ @H

0y e @ @

activated to nucl. arom. subts.

Br
0 directs alpha & gamma
©/ NHa, 200° R

NH,
A NaNH
NH; N \2 /
27%

.
7\
V2 A
U
\

44%
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Pyridines — Synthesis of a Natural Product

Synthesis of Pyridoxine (Vitamin B) Using the Guareschi Synthesis

EtO CN EtO EtO
L CN O,N CN
0 HoN o) X ¢c-HNO3, Ac,0, 0 T X
piperidine, - -
Me @] Me ” o}

EtOH, heat Me ” (@)

90% 32%

PCls, POCl;, 150 C

Y
HO EtO EtO
OH NH, ™S
HO H,N O,N CN
Ny 1. NaNO,, HCI, 90 5 _Hj, Pd/Pt, AcOH | ™
2. 48% HBr (neat) h
» - -
Me N 3. AgCl, H,0, heat Mg N Me N (o]
40% 40%
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5 4 5 4
6 \ 3 6 \ 3
7 = 2 7 N
2
N7 =
8 8 1
Quinoline Isoquinoline
Benzo[b]pyridine Benzo[c]pyridine

1-azanaphthaline 2-azanaphthaline
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Quinolines — Synthesis

Structure m (:(?
N/ AN

* pK, values (4.9 and 5.4) are similar to that of pyridine

» Possess aspects of pyridine and naphthalene reactivity e.g. form N-oxides and
ammonium salts

Combes Synthesis (“3+3")

MeO o o MeO Me MeO Me
M g 0
Me Me |
—— e ——
-H,0
NH, N Me u Me
MeO MeO MeO
c sto‘
Me
MeO Me MeO me OH MeO y
\{
- -
-H,0
N 2
N Me N Me ‘& Me
MeO MeO MeO

39



Quinolines — Synthesis
Conrad-Limpach-Knorr Synthesis (“3+3”")

Q= G — O

* Very similar to the Combes synthesis by a B-keto ester is used instead of a 3-diketone
* Altering the reaction conditions can completely alter the regiochemical outcome

250C, -HO
40T, 10 -Hzo
NH, H

50% H

Quinolines — Synthesis
Skraup Synthesis (“3+3")

H
H " H
®
Qe O C%
o — |
130 T, H,S0, P
NH, N N
H H
L OH
<0181
)

N
ss% H

« Acrolein can be generated in situ by treatment of glycerol with conc. sulfuric acid

* A mild oxidant is required to form the fully aromatic system from the dihydroquinoline
1. 0 Me

Me \/U\ Me
N Me e
P
ZnCl; or FeCl, P
NH, EtOH, reflux N 50

2.[0] 65%
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Quinolines — Synthesis
Friedlander Synthesis (“4+2")

Ph ) Ph it Ph
Mo\)]\ ; Me Me
0 Me ‘\ | -H,0 Ry
—_— = ———
c-H,S0,, AcOH -~ 52
NH, heat N Me N
Ph o Ph Ph
Me\/u\ ()
o Me ‘\ —H,0 >y
—_— —_——
KOH aq., EtOH
0T N N
NH, 1%
SH YH

\

* The starting acyl aniline can be difficult to prepare
+ Acidic and basic conditions deliver regioisomeric products in good yields
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Isoquinolines — Synthesis

Pomeranz-Fritsch Synthesis (“3+3")

EtO OEt
j/ OEt
H,N Bt 1 etoH =
—_— —_—l.
H

Bischler-Napieralski Synthesis (“5+17)

MeCOCI P,0yq, heat Pd-C, 190 C =
— —_— - -
Me 9:i%l‘tle

+ Cyclisation can be accomplished using POCI, or PCl,
+ Oxidation of the dihydroisoquinoline can be performed using a mild oxidant

Isoquinolines — Synthesis

Pictet Spengler Synthesis (“5+17)

MeO MeO MeO_Y
HCHO 20% aq. 20% HCI aq.
Wi z Ah
H
MeO MeO Me%‘)
N 0]
— -~
/N NH NH
80% H

* An electron-donating substituent on the carboaromatic ring is required

* A tetrahydroisoquinoline is produced and subsequent oxidation is required to give the
fully aromatic isoquinoline
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Electrophilic Reactions

Regiochemistry 'L i ¢ *

3
)

T—
—
—
—

!

» Under strongly acidic conditions, reaction occurs via the ammonium salt
+ Attack occurs at the benzo- rather than hetero-ring
« Reactions are faster than those of pyridine but slower than those of naphthalene

Nitration 02
fumlng HNO,, X N
N cH 304 0<T N N
8%
NO

72%

* In the case of quinoline, equal amounts of the 5- and 8-isomer are produced
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Quinolines/Ilsoquinolines —
Electrophilic Reactions

Sulfonation

@ij 30% oleum,,_ Qij e \@ij

O;H 54% thermodynamic product

» Halogenation is also possible but product distribution is highly dependent on conditions
* It is possible to introduce halogens into the hetero-ring under the correct conditions
» Friedel-Crafts alkylation/acylation is not usually possible

Quinolines/Ilsoquinolines —
Nucleophilic Reactions

GOQQ

« Attack occurs at hetero- rather than benzo-ring
» They are enerally more reactive than pyridines to nucleophilic attack

Regiochemistry

Carbon Nucleophiles

) 2-MeOCH,L —4 | N
P> Et0, rt . OMe
N N
H
[O]
Y
4@
-
N
O
MeO
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H E
& ) TR
Ccs5 | . _— | . ]
EAS N N
= B
\ H =
| Ccs | P

L N
N

NAS

specially stable
S
0
" nu H Nu H
- / N/ = ‘ B
8

specially stable
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H,S0,, HNO;

X
— Bl'g. A1C13
Z ——>
N
H,S0,. SO;
90°C
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N
b NO, (1)
N A
+
7 Z
N N
SO:H Br
X
+
Z
N
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Quinolines/Ilsoquinolines —
Nucleophilic Substitution

Displacement of Halogen
N NaOEt, EtOH
—_—
> reflux
N Cl
T OMe 1
Cl OMe
e NaOMe, MeOH = c N
| e — B —
N DMSO 100 € N o N
k i 87%

= OEt 4

(s (L
—_

N & N/ OEt
o
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Quinolines/lsoquinolines —
The Reissert Reaction

|

= = PhCOCI =
. Z cé)'

* The proton adjacent to the cyano group is extremely acidic
* The reaction works best with highly reactive alkyl halides

48
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CN
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Reduction of guinoline

AN . N X
)= -C10)-C0)
~ ~
N N N
H H
Pt, H':
mSn.HCI
N
H

Oxidations
COOH COOH
= alk. KNmO4 | =
/ - v
N COOH N
COOH

COOH
= alk. KMnO, N
B ———
/N ~
N
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Diazines:

Pyridazine, Pyrimidine and Pyrazine

pyridazine pyrimidine pyrazine

50



1- Two heteroatoms withdraw electron density from the ring carbons even more than one in pyridine
2- unsubstituted diazines are even more resistant to electrophilic substitution than is pyridine

3- diazines more easily attacked by nucleophiles than pyridine

4- each of the diazines is appreciably less basic than pyridine,

electrophilic additions take place at one nitrogen only, because the presence of the positive charge in the
products renders the second nitrogen extremely unreactive towards a second electrophilic addition

easy electrophilic addition at nitrogen
produces pyrimidinium salts

| =N f N
nucleophilic H R | )

substitution

of hydrogen NH

o to nitrogen ) EI pyrimidine N-oxide

requires = RCOzH

oxidation of N

dihydro-adduct
electrophlhc substitutions do not occur

) (unless activating amino or oxygen

substituents are present — then easy)

Typical reactions of a diazine illustrated with pyrimidine

All positions on each of the diazines, with the sole exception of the 5 - position of a
pyrimidine, are o and/or 7y to an imine ring nitrogen and, in considering nucleophilic
addition/substitution, the monohalo - diazines are more reactive than either 2 - or 4 - halo -

pyridines

Delocalisation of negative charge for nucleophilic substitution of a 2-halo-pyrimidine

Preparation method

pyrazine produce from 1,2 - diamine and a 1,2 - dicarbonyl compound
generate unsymmetrica , or using 2 - aminocarbonyl compounds also
generates symmetrically substituted

H
RS, O H2zN R3 RS N R?
N
+ —_— \

] =
RE™ 0O HuN ; RZ (O] R8T N7 TR2
RS NH, RO O 5 |

\[ * l —2ROH T J\

OR HaoN R? H R?
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hydrazine and this in combination with 1,4 - dicarbonyl compounds readily produces
dihydro - pyridazines

H R*
RS R3
H 0]
6
R O .

1.4-dicarbonyl HaN”
compounds

R4
RS R
0 s
R
H . NH, N
RG 0 ;\ — 2H20 | /J\
1,3-dicarbonvl HN R? RO N R¢

component amidine pyrimidines
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pyridazines B

OEt  NpHg Br, o] o)
/E\r( EtOH. reflux /(Y ACOH. 60 °C_ --/\f
[o) 100% 90% ~ _NH - HBr J\ NH
Me o] Me N - Me \N -
1, 4-keto-ester pyridazinone

0 NzHy, HCI OH POCI; Hy, PdIC N
Ha0, heat _ J/\/ _heat aq NH;, MeOH _
5% /\ 87% 9°/ N N

Malelc anhydride

W

D\ Brhzﬂ }g?-lAc Meo_ [\ _OMe 0.1M H,S04 z CH,0OH athle., N CH,0H
CH,0Ac ———» S __heat _heat _

o H® O 'CHy0Ac ~. O 49% 2N
py[TOlE H "0 N

1.4-diketones

Cycloaddition of a 1,2,4,5-Tetrazine with an Alkyne with elimination of nitrogen

R" R-i
% R RS J\ R3 RS N R3
N AN
7 T - T — X
R8T N RS™ N Nz e SN
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. - .
Pyrimidines
1,3-Dicarbonyl Compound and an N-C-N Fragment

The N-C-N component — amidine, guanidine, or a urea, thiourea

R4 R4
R 5
Hfo NHz R f\N
+ #
—2H,0
RE" 0 HN)\ R2 RS N’A R2

OMe
NaOMe POCl, H,, Pd/C
o " MeoH |\ CHCl, 40°C_EtOH, NaOAe, [
" NJLH 7% J 73% 85% 4
2

OH _—H0 o o OFEt o
# T ymalic acid MeONa
0 NHz ¢ H,50,, 90 °C NH o NH  MeOH, reflux NH
D ———
Jf* B P o wensee
H S0 HNT O NTTo INI HN™ ~Me HoNT N7 T Me
OH o]
NHMe . HMDS, TMSCI
o, ,& Ac;0, 80 °C NMe reflux | NMe
i MeHN” S0 i <o 6% NG
N NHMe o Me

54



o) Ph

H ’J%o EtO,C
Eto)i NH, PSSA, Hzo 80°C j NH
/& 89%

Me O HyN (e}

B
Pyrazines
Self-Condensation of a 2-Amino-Ketone

5

R (0] RS 5 3
HQN H R s N R

(O] —

* “2H,0 -
" rs NH2 07 R? £ R6“ N OR?

Bn (o} Bn (0] HoN Bn N Bn N
\( CH,N, Hy, Pd z heat X
B + e Y |
Cl —2H20 A 63% P,

NH; O Bn NT TBn N

2-diazo-, -oximino- or -azido-ketones

Bn

2-Amino-carbonyl

T i £ Y T

O H,N

1,2-Dicarbonyl C ompounds and 1,2-Diamines
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O HoN

Me copper chromite Me N
+ Et20 0°C 300 °C e |
T 60% 0% N
Et

O H,N Et” °N

H
0 H2N NaOH NEHSO;; Me ) (0]
__80°C Wl
— a5% o

(0] HZN CONH;, N CONH;

O HN cHOl  Ph  _N__CN
I I EtOH, reflux _ :l I[
0, =~
O HN T oS e
|.2-d1ammo alkene

H,O  Me ag. NaOH Me CO.H
heat A76°C
I T69% j 9% I I
O H:N

L . . 2-amino pyrazme-B-acids
3.6-diaminouracil hydro]ysed with
cleavage of the
pyrimidinone ring
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REACTIONS

Alkylation
+ Et;0" BF Mel
F CI(CI>3-|2)20|.4reﬂux FN MeD?—Lr[ fN
» 86% / 5%~ L.
£t 2BFy N ‘.11;_- |
Me N OMe NOMe
| Mel |
I ]'— | ;{N -_ t ;’N
. Me” N Me” SN
Substitution at Carbon

Clp

N
L=k G,
P 6?"/
N” Me
Bra Br
(‘\‘N PhNO,, 130 °C | N
I;J/) 85% /)

N
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Reactions with Oxidising Agents
aq. KMnO, HO.C
_90°C
) 5 X
HO,C

Pseudomonas

Me N\ putida, pH 7 Me
T, =20
N7 Me Too%

XN Agrobacterium sp. DSM6136 “NH
I aq. DMF_ rt
/) 78% A

Me N Me N0

O
©) Me %\ (0] 0
(0]
Me
e e Mex)l\ )/lL
/tﬂe CHClp, it~ NMe HO NMe

Ny 8% n\N’&o 12 gl
Me Me Me

Nucleophilic Substitution with Displacement of Good Leaving Groups

. X X
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H

N_ _Cl N_ _CI
| R \/u\ LiIHMDS, TolH, rt | = O NHz MeOH, 170 °C
Z T R Ph 62% . g/
N Cl B Ph

N
Et

H,0,60°C OHC™ "N” “CI
Li 3%

N Cl THF, =70 °C N
CX B e, L
N/ & SYS Mel, CaCO; ) =

THF, =70 °C
then
N Mel, CaCO4 o
j \j\ H,0, 60 °C N\ _CHO
Ay = L
N

Cl N Cl cl

MesN XN Et;N CN~
PhH rt I J\ CH20|2, rt
A o~ Lhs T

N~ “NMe;Cl
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Et

~N

PN

N CN



ﬁ N Bon e (SN Nals ﬁN
<EtOH, reflux DMF, 95 °C
| /) . 36% Q 59% | /)

N™ "NHe-CgHyy N~ ~SO,;Me N™ "Ng

N NaNOy, c. HoSO4 N\
[ =egee | l N
= 5% = /i\ﬁ

N
N7 " NH, N
NH, NH,
4CI-CeHN,  Ar N
m\ H0,0°C—rt  “N” ﬁi
~ 69% 2
N7 NH, N~ NH,

2 N3N02 9
NM aq. AcOH ON. NayS,04 HoN HC(OEt);3
o 30 °C 29 NH; __heat _
,& )% )% —

ammo-dlox -pyrimidines e e ouvwres
YPY 5.6-diamino-pyrimidines
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‘N

H

purines



