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The pyridine ring plays a key role in several biological processes, most
notably In

1) the oxidation/reduction coenzyme nicotine adenine dinucleotide
phosphate (NADP);
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2) The vitamin niacin (or the corresponding acid) is required for its

biosynthesis.
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3) Pyridoxine (vitamin B6) plays a key role as the coenzyme in
transaminases.
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4) Nicotine, a highly toxic alkaloid, is the major active component in
tobacco, and the most addictive drug known.
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Many synthetic pyridine derivatives are important as therapeutic

agents, for example :
0. _NHNH

1) Isoniazide is a major antituberculosis agent,
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Isoniazide

2) Sulphapyridine is one of the sulfonamide antibacterials,
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3) Prialdoxime is an antidote for poisoning by organophosphates,
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4) Amlodipine is one of several
antihypertensive 1,4-dihydropyridines.

Amlodipine



Chapter 6: Pyridines: Reactions & Synthesis

Pyridine and its simple derivatives are stable and relatively
unreactive liquids, with strong penetrating odors that are unpleasant
to some people.

1) Pyridine was first isolated, like pyrrole, from bone
pyrolysates: the name is constructed from the Greek for fire, 'pyr\
and the suffix 'idine\ which was at the time being used for all
aromatic bases - phenetidine, toluidine, etc.

2) They are much used as solvents and bases, especially pyridine
Itself, in reactions such as N- and O-tosylation and -acylation.

3) Pyridine and the monomethylpyridines (picolines) are completely
miscible with water.



Pyridine and its simple alkyl derivatives

1) were for a long time produced by isolation from coal tar, in which
they occur in quantity.

2) In recent years this source has been displaced by synthetic
processes:

A) pyridine itself, for example, can be produced on a
commercial scale in 60-70% yields by the gas-phase high-
temperature interaction of crotonaldehyde, formaldehyde, steam, air
and ammonia over a silica-alumina catalyst.

B) Processes for the manufacture of alkylpyridines involve
reaction of acetylenes and nitriles over a cobalt catalyst.



6 Pyridines: Reactions
6.1 Reactions with electrophilic reagents
6.1.1 Addition to nitrogen

In reactions which involve bond formation using the lone pair of
electrons on the ring nitrogen, such as protonation and
quaternisation, pyridines behave just like tertiary aliphatic or

aromatic amines.
When a pyridine reacts as a base or a nucleophile it forms a
pyridinium cation in which the aromatic sextet is retained and the

nitrogen acquires a formal positive charge.
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6 Pyridines: Reactions

6.1 Reactions with electrophilic reagents

6.1.1 Addition to nitrogen
6.1.1.1 Protonation of nitrogen

Pyridines form crystalline, frequently hygroscopic salts with most

protic acids.

a) Pyridine itself, with pKa 5.2 in water, IS a much weaker base
than saturated aliphatic amines which have pKa values mostly
between 9 and 11.

b) Since the gas-phase proton affinity of pyridine is actually very
similar to those of aliphatic amines, this difference may in turn
be related to the mesomerically delocalised charge in pyridinium
lons and the consequent reduced requirement for external
stabilisation via solvation. In other words, the observed solution
values reflect relatively strong solvation of aliphatic ammonium
cations. 1



6 Pyridines: Reactions

6.1 Reactions with electrophilic reagents

6.1.1 Addition to nitrogen
6.1.1.1 Protonation of nitrogen

c) Electron-releasing substituents generally increase the basic
strength; 2-methyl (pKa 5.97), 3-methyl (5.68) and 4-
methylpyridine (6.02) illustrate this.

d) The basicities of pyridines carrying groups which can interact
mesomerically as well as inductively vary in more complex
ways, for example:

1) 2-methoxypyridine (3.3) Is a weaker, but 4-methoxypyridine
(6.6) a stronger base than pyridine; the effect of Inductive
withdrawal of electrons by the electronegative oxygen is felt
more strongly when it is closer to the nitrogen, I.e. at C-2.

12



6 Pyridines: Reactions

6.1 Reactions with electrophilic reagents

6.1.1 Addition to nitrogen
6.1.1.1 Protonation of nitrogen

2) Large 2- and 6-substituents impede solvation of the protonated
form:

2,6-di-t-butylpyridine is less basic than pyridine by one pKa unit
and

2,6-di(tri-1-propylsilyl)pyridine will not dissolve even in 6N
hydrochloric acid.
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6 Pyridines: Reactions

6.1.1 Addition to nitrogen
6.1.1.2 Nitration at nitrogen

This occurs readily by reaction of pyridines with nitronium salts,
such as nitronium tetrafluoroborate. Protic nitrating agents such as
nitric acid of course lead exclusively to N-protonation.
I-Nitro-2,6-dimethylpyridinium tetrafluoroborate is one of several N-
nitropyridinium salts which can be used as non-acidic nitrating
agents with good substrate and positional selectivity.

Xy N0, BF. PhH
I E[ECI' r MECN rt
- -|-.-""
Me N
NO»
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6 Pyridines: Reactions

6.1.1 Addition to nitrogen
6.1.1.2 Nitration at nitrogen

The 2,6-disubstitution serves to sterically inhibit resonance
overlap between nitro group and ring and consequently increase
reactivity as a nitronium ion donor, however the balance between
this advantageous effect and hindering approach of the aromatic
substrate is illustrated by the lack of transfer nitration reactivity in
2,6-dihalo-analogues.
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6 Pyridines: Reactions

6.1.1 Addition to nitrogen
6.1.1.3 Amination of nitrogen

The introduction of nitrogen at a different oxidation level can be
achieved with hydroxylamine O-sulfate.

e, e, HxMOS05H e,
| HI | K2CO4, 90 °C [
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6 Pyridines: Reactions
6.1.1 Addition to nitrogen
6.1.1.4 Oxidation of nitrogen

In common with other tertiary amines, pyridines react smoothly
with percarboxylic acids to give N-oxides, which have their own
rich chemistry.

"."'-.. HE-DE """'-.,
[ ACOH, 66 °C _

pyridine N-oxide ()~
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6 Pyridines: Reactions
6.1.1 Addition to nitrogen
6.1.1.5 Sulfonation at nitrogen

Pyridine reacts with sulfur trioxide to give the commercially
available, crystalline, zwitterionic pyridinium-1-sulfonate, usually
known as the pyridine sulfur trioxide complex.
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6 Pyridines: Reactions
6.1.1 Addition to nitrogen
6.1.1.5 Sulfonation at nitrogen

This compound is hydrolysed in hot water to sulfuric acid and
pyridine,

Hz0
| ] heat | ~
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D:%:D H HSO,
o

but more usefully it can serve as a mild sulfonating agent.
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6 Pyridines: Reactions
6.1.1.5 Sulfonation at nitrogen

When pyridine is treated with thionyl chloride a synthetically useful
dichloride salt is formed, which can, for example, be transformed into
pyridine-4-sulfonic acid. The reaction is believed to involve Initial

attack by sulfur at nitrogen, followed by nucleophilic addition of a
second pyridine at C-4.

."‘-\.‘_

+ N S0sNa
H N=—

SOCH N aq. NaxS04 x
Ol - ) |- B2

4024, b + .~ 45% -
N M i} N or M - N
| soa C soci CF | H 2C

dichloride salt
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6 Pyridines: Reactions
6.1.1.6 Halogenation at nitrogen

a) Pyridines react easily with halogens and interhalogens to give
crystalline compounds, largely undissociated when dissolved in
solvents such as carbon tetrachloride.

P i R, P
O Br,, EL‘:I O 7 N N F
|- il |
Br iEr ?r‘
Br Br Br

b) Structurally they are best formulated as resonance hybrids
related to trihalide anions.
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6 Pyridines: Reactions
6.1.1.6 Halogenation at nitrogen

c) These salts must be distinguished from pyridinium tribromide,
obtained by treating pyridine hydrobromide with bromine, which
does not contain an N-halogen bond, but does include a trihalide
anion. The stable, crystalline, commercially available salt can be
used as a source of molecular bromine especially where small
accurately known quantities are required.

(J=- () = (2

H Br Bry pyridinium tribromide

1-Fluoropyridinium triflate i1s also crystalline and serves as an

electrophilic fluorinating agent. .



6 Pyridines: Reactions
6.1.1.7 Acylation at nitrogen

Carboxylic, and arylsulfonic acid halides react rapidly with pyridines
generating 1-acyl- and 1-arylsulfonylpyridinium salts in solution, and
In suitable cases some of these can even be isolated as crystalline
solids. The solutions, generally in excess pyridine, are commonly
used for the preparation of esters and sulfonates from alcohols and of
amides and sulfonamides from amines.

FhCQCI

HMEE MEGH, 3 nG ”MEE
then
| = NaBPh, @
=
~ + % -
N 95% l FhyB
4-ﬁimathylaminﬂpyﬂdine
(DMAP) Ph™ 0
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6 Pyridines: Reactions
6.1.1.7 Acylation at nitrogen

4-Dimethylaminopyridine (DMAP) is widely used (in catalytic
quantities) to activate anhydrides in a similar manner.

The salt derived from DMAP and t-butyl chloroformate is stable
even in agueous solution at room temperature.
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DMAP can be prepared in a two-step procedure from pyridine, which is
first oxidized to 4-pyridylpyridinium cation. This cation then reacts with
dimethylamine:

3 @N - > @NL@N cl + /_ N=H CI

\
NH
/

\ o
/N@N + ¢ Wt c
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6 Pyridines: Reactions
6.1.1.8 Alkylation at nitrogen

Alkyl halides and sulfates react readily with pyridines giving quaternary
pyridinium salts.

X AN
() 4 ra — [
N w

l. R Cl
IN SsOMmMme cases
AN

N |

| P
= N
N + alkene o
I collidine
H CI

As with aliphatic tertiary amines, increasing substitution around the nitrogen, or
around the halogen-bearing carbon, causes an increase in the alternative,
competing, elimination process which gives alkene and N-proto-pyridinium salt,
thus 2,4,6-trimethylpyridine (collidine) is useful as a base in
dehydrohalogenation reactions. 27



6 Pyridines: Reactions
6.1.1.9 Reaction with metal centres

The normal behaviour of pyridines in the presence of metal cations
IS complexation involving donation of the nitrogen lone pair to the
metal centre. This means that for simple pyridines, formation of z-
complexes like benzene-chromium carbonyl complexes, does not
take place.

N
CHCO)s cico ||
% N
- N
N |
-
N
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6 Pyridines: Reactions
6.1.1.9 Reaction with metal centres

However, if the nitrogen lone pair is hindered, then n6-complexes
can be formed.

CHCO)s CrCOls  nBuN"F° G’fmh

. dioxan, rai'iu:-t__ “/-. THF
| P 75% | j\ T 86% J
MeasSi N~ SiMes MesSi N SiMe,
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6 Pyridines: Reactions
6.1.2 Substitution at carbon

In most cases, electrophilic substitution of pyridines occurs very
much less readily than for the correspondingly substituted benzene.
The main reason is that the electrophilic reagent, or a proton in the
reaction medium, adds preferentially to the pyridine nitrogen,
generating a pyridinium cation.
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6 Pyridines: Reactions
6.1.2 Substitution at carbon

a)

b)

Some of the typical electrophilic substitution reactions do not
occur at all. Friedel-Crafts alkylation and acylation are examples -
but it is worth recalling that these also fail with nitrobenzene.
Milder reagents, such as Mannich reactants, diazonium ions and
nitrous acid, which in any case require activated benzenes for
success, naturally fail with pyridines.

31



6 Pyridines: Reactions
6.1.2.1 Proton exchange

H-D exchange via an electrophilic addition process, such as operates
for benzene, does not take place with pyridine. A special mechanism
allows selective exchange at the two a-positions in DCI-D,0O or even
In water at 200 °C, the key species being an ylide formed by 2/6-
decarboxylation of the 1H-pyridinium cation.

IZ‘{ /
Y
IZ‘{_/
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6 Pyridines: Reactions
6.1.2.2 Nitration

a) Pyridine itself can be converted into 3-nitropyridine only
inefficiently by direct nitration even with vigorous conditions, as
shown below,

KNO3, c. H,SO, NO,
) e2an i

- 6% -

N N
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6 Pyridines: Reactions
6.1.2.2 Nitration

b) However a couple of ring methyl groups facilitate electrophilic

substitution sufficiently to allow nitration.
c) Steric or/and inductive inhibition of N-nitration allows C-
substitution using nitronium tetrafluoroborate, an example is

nitration of 2,6-dichloropyridine.

+ . MO,
3 H'Dg EF.q. 2
| P MeCN, reflux___ ] P
Cl Cl 7% Cl Cl

M M

Me,NNO,

>

(CF;S0,),0
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6 Pyridines: Reactions
6.1.2.2 Nitration

b) 3-Nitropyridine itself, and some of its substituted derivatives,
can now be prepared efficiently by reaction with dinitrogen
pentoxide as shown below. The initially formed N-nitropyridinium
nitrate suffers addition of a nucleophile-sulfur dioxide (when this
IS used as solvent or co-solvent), or sulfite, added subsequently -
forming a 1,2-dihydropyridine.

NEDH + Da,

| N NaHSOy |
o NEGE' +,_...r DSDEH
N MeNO.
s
&% | mcuz NO3 m:rg
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6 Pyridines: Reactions
6.1.2.2 Nitration

Transfer of the nitro group to a 3- or 6-position, via a [1,5]-
sigmatropic migration, iIs then followed by elimination of the
nucleophile regenerating the aromatic system.

NO

NO
=~ S0, _ | A
—» | L-0so.H -
N H

N
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6 Pyridines: Reactions
6.1.2.2 Nitration

Both collidine and its quaternary salt are nitrated at similar rates
under the same conditions, showing that the former reacts via its
N-protonic salt.

Me - Me - Me
. HNO; NO,
| = oleun, 100°C,_ | .. ] ™ | =
- 90% + ~
Me N Me Me n Me M Me
ME' /
Me
c. HNO4
ﬁ oleum, 100 °C__ Wﬁ
+ . T0% +
Me N
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6 Pyridines: Reactions
6.1.2.3 Sulfonation

a) Pyridine Is very resistant to sulfonation using concentrated
sulfuric acid or oleum, only very low yields of the 3-sulfonic
acid being produced after prolonged reaction periods at 320 °C.
However, addition of mercuric sulfate in catalytic quantities
allows smooth sulfonation at a somewhat lower temperature. The
role of the catalyst is not established; one possibility is that C-
mercuration is the first step (cf. section 6.1.2.5)

C. HgEDq b | ’EIH
i Xy HgS0,, 220 °C | ~
B
- T -

N M
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6 Pyridines: Reactions
6.1.2.3 Sulfonation

b) The C-sulfonation of 2,6-di-t-butylpyridine Is a good guide to the
Intrinsic reactivity of a pyridine ring, for in this situation the bulky
alkyl groups effectively prevent addition of sulfur trioxide to the ring
nitrogen allowing progress to a 'normal’ electrophilic C-substitution
Intermediate, at about the same rate as for sulfonation of
nitrobenzene.

A maximum conversion of 50% is all that is achieved because for
every C-substitution a proton is produced which ‘consumes' a
molecule of starting material by N-protonation.

503
H
| = T | = mei'lq} -10 E 503
Me s Me Me - Me 70%
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6 Pyridines: Reactions
6.1.2.4 Halogenation

a) 3-Bromopyridine is produced in good yield by the action of
bromine in oleum. The process is thought to involve pyridinium-1-
sulfonate as the reactive species, since no bromination occurs in 95%
sulfuric acid.

b) 3-Chloropyridine can be produced by chlorination at 200 °C or at
100 °C in the presence of aluminium chloride.

E'rg

Cl Cl, 66% oleum Br
| = AICla, 100 °C | N 130°C | N
* .ﬁ.
- 33% v 86, .

M M N
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6 Pyridines: Reactions
6.1.2.4 Halogenation

c¢) 2-Bromo- and 2-chloropyridines can be made extremely

efficiently by reaction of pyridine with the halogen, at 0-5 °C in the
presence of palladium(Il) chloride.

| X,/ PdCl, | N
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6 Pyridines: Reactions
6.1.2.5 Acetoxymercuration

The salt formed by the interaction of pyridine with mercuric acetate
at room temperature can be rearranged to 3-acetoxymercuripyridine
by heating to only 180 °C. This process, where again there is C-
attack by a relatively weakly electrophilic reagent, like that
described for mercuric sulfate-catalysed sulfonation, may involve
attack on an equilibrium concentration of free pyridine.

180 °C HgCl
| ) Hg(OAck, it | ) thenag. NacI_ | S
o - + 50% o
N M M

Ac(r HgOAc

42



6 Pyridines: Reactions
6.2 Reactions with oxidising agents

a)

b)

The pyridine ring iIs generally resistant to oxidising agents,
vigorous conditions being required, thus pyridine itself is
oxidised by neutral aqueous potassium permanganate at about
the same rate as benzene (sealed tube, 100 °C), to give carbon

dioxide.
AN KMnO, (aq)
| - o,
= 100°C

N

In acidic solution pyridine iIs more resistant, but in alkaline
media more rapidly oxidised, than benzene.
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6 Pyridines: Reactions
6.2 Reactions with oxidising agents

c) In most situations, carbon substituents can be oxidised with
survival of the ring, thus alkylpyridines can be converted into
pyridine carboxylic acids with a variety of reagents.

Me O, (4 atm), KO+Bu CO.H
| = DMF, rt - i ~
-~ 70% -~
N N

Some selectivity can be achieved:

1) only a- and y-groups (and not -) are attacked by selenium
dioxide.

Se
l ~ pyn%ne,ﬂﬂ“ﬁ | ~
N.f

7T6% -
Me M COoH
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6 Pyridines: Reactions
6.3 Reactions with nucleophilic reagents

a) Just as electrophilic substitution Is the characteristic reaction of
benzene and electron-rich heteroaromatic compounds (pyrrole, furan
etc.), so substitution reactions with nucleophiles can be looked on as
characteristic of pyridines.
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6 Pyridines: Reactions
6.3 Reactions with nucleophilic reagents

b) It is important to realise that nucleophilic substitution of hydrogen
differs in an important way from electrophilic substitution: whereas
the last step in electrophilic substitution is loss of proton, an easy
process, the last step in nucleophilic substitution of hydrogen has to
be a hydride transfer, which Is less straightforward and generally
needs the presence of an oxidising agent as hydride acceptor.

X X
¢ loss of H R
S H to a proton I P electrophilic substitution
= _——— [ acceptor N
| o ‘\\-L -
N 777 loss of H. =
LY toandide || ] nucleophilic substitution
N H acceptor N v
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6 Pyridines: Reactions
6.3 Reactions with nucleophilic reagents

c) Nucleophilic substitution of an atom or group which is a good

anionic leaving group however is an easy and straightforward
process.
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6 Pyridines: Reactions
6.3 Reactions with nucleophilic reagents
6.3.1 Nucleophilic substitution with 'hydride’ transfer

a) Reaction with alkyl- or aryllithiums proceeds in two discrete steps:
1) addition to give a dihydropyridine N-Lithio-salt which,
2) can then be converted into the substituted aromatic pyridine by
oxidation (e.g. by air),

Phie, 100 °C (60%
| = _Phi (60%) | =
H.,f “32[5'3"*'5 w,

N Ph

disproportionation, or ellmlnatlon of lithium hydride.

n—BuLl
106 Q “B”“' e
"’ 6?’.4:r

N Z\CH n-Bu
n-Pr



6 Pyridines: Reactions
6.3 Reactions with nucleophilic reagents
6.3.1 Nucleophilic substitution with 'hydride’ transfer

b) The N-lithio-salts can be observed spectroscopically and in
some cases Isolated as solids.

c) Attack is nearly always at an a-position:

reaction with 3-substituted-pyridines usually takes place at both
available a-positions, but predominantly at C-2. This regio-
selectivity may be associated with relief of strain when the 2-
position rehybridises to sp® during addition.
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6 Pyridines: Reactions
6.3 Reactions with nucleophilic reagents
6.3.1 Nucleophilic substitution with 'hydride’ transfer

d) From the preparative viewpoint nucleophilic alkylations can be
greatly facilitated by the device of prior quaternisation of the
pyridine in such a way that the N-substituent can be subsequently
removed - these processes are dealt with in section 6.13.2.
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6 Pyridines: Reactions
6.3 Reactions with nucleophilic reagents
6.3.1.2 Amination

a) Amination of pyridines and related heterocycles, generally at a
position a to the nitrogen, i1s called the Chichibabin reaction, the
pyridine reacting with sodamide with the evolution of hydrogen.
The ‘'hydride' transfer and production of hydrogen probably
Involve interaction of aminopyridine product, acting as an acid,
with the anionic intermediate.

NaNH;
| X} PhNMey, 100 °C

‘m product before
- i work up
-~ T5%
N Na* NHz “‘}'3 +

NH Na*

—>
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6 Pyridines: Reactions

6.3 Reactions with nucleophilic reagents
6.3.1.2 Amination

b) The preference for a-substitution may be associated with an
Intramolecular delivery of the nucleophile, perhaps guided by
complexation of ring nitrogen with metal cation.

c) More vigorous conditions are required for the amination of 2- or
4-alkylpyridines since proton abstraction from the side-chain by
the amide occurs first and ring attack must therefore involve a
dianionic intermediate. Amination of 3-alkylpyridines is
regioselective for the 2-position.
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6 Pyridines: Reactions

6.3 Reactions with nucleophilic reagents
6.3.1.2 Amination

d) Vicarious nucleophilic substitution (section 2.3.3) permits the

Introduction of amino groups ortho to nitro groups by reaction with
methoxyamine as illustrated below.

NHOMe, ZnCla [
N0z tBuOK - NO2 X N0
1 DMSO, r |
~ OMe |—= -
M Y 87% Me N ! N7 MeO” N7 NHg
/ / H i

tBuOK -
H,NOMe ——> HNOMe
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6 Pyridines: Reactions

6.3 Reactions with nucleophilic reagents
6.3.1.3 Hydroxylation

a) Hydroxide ion, being a much weaker nucleophile than amide,
attacks pyridine only at very high temperatures to produce a low
yield of 2-pyridone, which can be usefully contrasted with the

much more efficient reaction of hydroxide with quinoline and
Isoquinoline and with pyridinium salts.
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6 Pyridines: Reactions

6.3 Reactions with nucleophilic reagents
6.3.2 Nucleophilic substitution with displacement of good leaving
groups

a) Halogen, and also, though with fewer examples, nitro,
alkoxysulfonyl, and methoxy substituents at a- or y-positions, but
not at B-positions, are relatively easily displaced by a wide range
of nucleophiles via an addition-elimination mechanism facilitated
by:

(1) electron withdrawal by the substituent and

(2) the good leaving ability of the substituent.

= P 1 MeoNa PhSH
O - @El _JMeOH, refiux I\/j\ ElzN 100 °C
N7 “OMe ; 95% “e3n

i N Ohe
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6 Pyridines: Reactions

6.3 Reactions with nucleophilic reagents
6.3.2 Nucleophilic substitution with displacement of good leaving
groups

b) reactivity: y-Halopyridines > a-isomers > £ -isomers

56



6 Pyridines: Reactions

6.3 Reactions with nucleophilic reagents
6.3.2 Nucleophilic substitution with displacement of good leaving
groups

c¢) Fluorides are more reactive than the other halides.

Me PhLI Me
> A0°C -
N F 82% N FPh

d) Replacement of halide by reaction with ammonia can be achieved
at considerably lower temperatures under 6-8 kbar pressure. The
Inclusion of Aliguat is an alternative means for improving the
efficiency of such nucleophilic displacements.

| o~ 3PhCH,CN, 6+-BuOK i X
o, i o
- f% Aliquat®, 85 °C - - -
N "Br 52% N7 “CH(Ph)CN




B-halopyridines are very much less reactive and needs some
catalysis , but still somewhat more reactive than halobenzenes.

Br aq. NH4 MH2
N cusos 140°c | =

~~ ~
N B8% N
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6 Pyridines: Reactions

6.3 Reactions with nucleophilic reagents

6.3.2 Nucleophilic substitution with displacement of good leaving
groups

e) In some, apparently straightforward displacements, more detailed
mechanistic study reveals the operation of alternative mechanisms.
For example the reaction of either 3- or 4-bromopyridine with
secondary amines in the presence of sodamide/sodium t-butoxide,
produces the same mixture of 3- and 4-dialkylaminopyridines; this
proceeds via an elimination process (SN(EA) - Substitution
Nucleophilic Elimination Addition) and the intermediacy of 3,4-
didehydropyridine (3,4-pyridyne).

Br NaNH,, +BuONa

l 3 pymolidine S5 h D
P THF, 40°C_ | 11— X X
N 90% N | +
R Nf 59
M .
>




6 Pyridines: Reactions
6.3 Reactions with nucleophilic reagents

6.3.2 Nucleophilic substitution with displacement of good
leaving groups

f) The fact that no 2-aminated pyridine is produced shows a greater
difficulty in generating 2,3-pyridyne, it can however be formed by
reaction of 3-bromo-2-chloropyridines with butyllithium, or via the

reaction of 3-trimethylsilyl-2-trifluoromethanesulfonyloxypyridine
with fluoride.
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It is possible to replace o-chlorine with bromine or iodine by reaction with the halotrimethylsilane; no
doubt this involves an intermediate pyridinium salt, as shown (see also 8.12.2).

Me SiBr
| = EtZM, reﬂux | =
e F - ME3SICI Nf’

M Cl

=il B3 Sl ME'J
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Carbon nucleophiles can also be used: deprotonated nitriles will displace a halogen; “*™ electron-rich
aromatic compounds will displace a-halogen orthe or para to nitro or cyano, using aluminium chloride

catalysis.”
Br MaHMDOS, TolH Br
DOt
7 ve 9% v

M Er M
(i)
fe

NO AICH, NG

B LA CHCHg),Cl, 80 °C e
P ' 47% s
NT el Me :
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6 Pyridines: Reactions
6.4 Reactions with bases
6.4.1 Metallation of C-hydrogen

a) When pyridine is heated to 165°C in MeONa-MeOD, H-D exchange occurs
at all positions via small concentrations of deprotonated species, at the
relative rates of a: B: vy, 1. 9: 12.

D
D
X MeONa / MeOD X A N )
» - > Q O (j Termodynamic
N 165°C N D N N
1 : 9 : 12

a) However, using the combination t-butyllithium/t-BuOK, efficient
formation of 2-pyridylpotassium or 4-pyridylpotassium has been achieved.

K
N i t N N oL
» BuLi/BuOK O ¥ O Kinetic
N" K N

N low temp
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Regioselective metallation at an o - position of a pyridine can be
achieved with the mixed base produced from two mole equivalents
of n - butyllithium with one of dimethylaminoethanol i.e.itisal:1
mixture of n - BuLi and Me,N(CH,),OLi (BuLi - LIDMAE)

2.2[n-BuLi, Me;N(CH,),0Li] ]
I = hexane, -78 °C - @ H [ m
= P s A
N N Bt L
£ )

p .
Me,N 0

L x_if
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3—-Halo- and 3-alkoxy pyridines react mainly at C-4, and 2- and 4-halo-
pyridines necessarily lithiate at a 3 - position.

_ e
5
O.__OMe _ tBuli 0 0.__OMe
o Et,0, -78 °C = I{CHz),Cl S
| mcuARELAR-S | —= ||
= = 90% =
N L N N N
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6 Pyridines: Reactions
6.5 Reactions of C-metallated pyridines
6.5.1 Metal- Halogen Exchange

Lithium derivatives are easily prepared and behave as typical
organometallic nucleophiles, thus for example, 3-bromopyridine
undergoes efficient exchange with n-butyllithium in ether at -78 °C.

0
B BuL T—.hm
= u then N Ph
] Et.0, -78°C_ ag. HCI _ ||
-~ ’ECW - -
N o N
Br Li BEt:
n=BulLi
X ELO, -40 °C X | FteBOMe
R EEEEEE—
B [ [
N | N7 N
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6 Pyridines: Reactions
6.5 Reactions of C-metallated pyridines
6.5.1 Lithium and magnesium derivatives

Metal/halogen exchange with 2,5-dibromopyridine leads exclusively
and efficiently to 2-bromo-5-lithiopyridine in a thermodynamically
controlled process; it has been suggested that the 2-pyridyl anion is
destabilised by electrostatic repulsion between nitrogen lone pair and
the adjacent anion; The example below illustrates the use of the
"Weinreb amide' of formic acid as a formyl transfer reagent.

s
M Br

@ N n-Buli  HCON(Me)OMe ‘
E0, ~78°C -?s °C 1t Q
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Metal - Halogen Exchange

1) ByLi
BRS 2)E B
| L —

N“NE -90°C

Kinetically controlled

1) BuLi2) D

| N
-78°C -78°C -r.t. N/

Thermodynamically controlled

Br
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6 Pyridines: Reactions
6.5 Reactions of C-metallated pyridines
6.5.1 Lithium and magnesium derivatives

N ~SnMe; MesSnCl n-Buli N Br n-BuLi (-PrO);B
~78°C — Et,0, =78 °C TolH,-78 °C =78 °C —=-15°C
| S/8°C—rt = 2 l

f ?
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6 Pyridines: Reactions

6.5 Reactions of C-metallated pyridines
6.5.1 Lithium and magnesium derivatives

The combination of metal-halogen exchange with the presence of a
directing substitutent can permit regioselective exchange;

Br x Br nBuli
H E20, 100 °C_ 4-CICgH{CH=CHCH=0 _
-
N OMe 73%

H OH

Br

e
P
N OMe CI

two 1,3-related directing groups causes lithiation between the

two groups.

Cl - Cl

2% n-BuLi
f‘i\ THF, -78 °C  DMF l\)*j‘:'"‘:‘
| = | |l
= ~ COMNHPHh

N” “CONHPh | N

¢ ou
R
— || NPh
-
N
o)
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6 Pyridines: Reactions
6.5 Reactions of C-metallated pyridines
6.5.1 Lithium and magnesium derivatives

Bromine and iodine also direct lithiations, but isomerisation (‘halogen
dance’) can be a problem. The sequence below shows how advantage
was

taken of the isomerisation to the more stable lithio derivative I.e. that
In which the formally negatively charged ring carbon is located
between two halogen-bearing carbon atoms.

| ] | H OH

Li
I LDA | Li
() w20 (] [ ] [ Mecho, [{"\:ﬁ”‘a
= N - - 79% =

N Cl Cl N“ Cl N~ Cl
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6 Pyridines: Reactions
6.5 Reactions of C-metallated pyridines
6.5.1 Lithium and magnesium derivatives

The use of halogen to direct lithiation can be combined with the
ability to subsequently displace the halogen with a nucleophile.

Cl Cl OMe
LDA CHO  NaOMe CHO
| = Et,0, -20 '=c__ HCO,Et . | S MeOH, reflux | =
o
-~ 40% - -

M N M
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6 Pyridines: Reactions
6.5 Reactions of C-metallated pyridines
6.5.1 Lithium and magnesium derivatives

Pyridyl Grignard reagents are readily prepared by exchange of
bromine or iodine using i-propyl Grignard reagents.

CHzCH=CH;

I

= -PrMgBr CH;=CHCHzBEr =
@ THF.-40°C_CuCN __ _ ||

= B85% =

M Cl M Cl
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6 Pyridines: Reactions
6.5 Reactions of C-metallated pyridines
6.5.1 Lithium and magnesium derivatives

It is notable that in 2,5-dibromopyridine, the exchange follows the
same pattern as in lithium exchange that is, selective reaction at C-5
(Thermodynamically Controlled); other dibromopyridines also give
clean mono-exchange

H OH
Br PrMgBr
= B 3 Ph
l ) THF, t_ PhCH=0_ | D
N Br 2% N Br
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Direct Reactions with Electrophiles: Additions, Substitutions

Some examples (c.f. react. with ArL1I)

HSL R
(JF 0
N |
>
~ SnR 1)0 7
P 3 N
| A DMF
NG R3SNX .
2) H'/H,0
25 1) ACN <A
+ SRy R,SiX | . (/J Ar
(/J < N 2) H*H,0 N
N
ZnX,
AN\ Br
~ ZnX |
» 2
N f
Y N 7>
§
| N
S~
»
N 75



Radical Reactions

a) Reactions with C-radicals: Minisci React.

‘ XY  t-BuCOOH, AgNOs ‘ X
-
Nx’ H,SO4 (NH4)2S,04, 70 °C p
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http://en.wikipedia.org/wiki/File:Minisci-Reaktion.png�

AgNO5 / (NH,),S,04

R-CO,H = R
\' Alkyl radical

CO,
@) t
H2804, Bu OOH, FeSO4 O
A -
H R AN
R
R=Alkyl, Aryl, -NR , Acyl radical

(aldehyd / formamid)
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=

N

-

Raney Ni
or

Na, THF

-
| H
N

Dimerisation

X2 |“"‘
VOl H

(Ni}

- 2 N a H N\:/_\:/N
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Photochemistry

hv (254 mn)
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b) Generation of / Reaction on pyridylradicals

~~X BusSnH, AIBN N
| o

N N

Intramolecuar cyclisations

4

Bl BusSnH, ABN O

- > N

N
C_ CH
3 3

. - “y - \C /_\' >< — x + 2
Azobisisobutyronitrile >< W "Csy N

CH
> N
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http://en.wikipedia.org/wiki/File:Formation_of_Radicals_from_AIBN.png�

Reactions with Reducing Agents

2 SLIBEtsH
THF, rt

//'E‘m
Haz, Pt

3
O LAcOH, it p |
-

N 6Smls, 50H,0 N

H THF, rt, 3 min
piperiding

93%

Ph(Me)SiH,
() < »

N

H

N7 -2
FI\I/I'-SL Ph
H,, Pt €
AcOH
()
H
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Li, Me3SiCI, THF
-10°C—~0°C_
34%

H SiMe

N
Slpln E_‘q

Enamine like

'OHC

TBAF THFrI (\/[\D

53%
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6 Pyridines: Reactions
6.8 Electrocyclic reactions (ground state)

a) There are no reports of thermal electrocyclic reactions involving
simple pyridines; 2-pyridones however participate as 4n components
In Diels-Alder additions, especially under high pressure.

4 /| T1% 13 days (R=H)
Me CO:Me Me 4%

7 P S
MeN MeO,CC=CCO.Me SN 0" ~p” O
Me DCIEMG_‘ PhH, reflux {R=Me) | PhMe, reflux
R 8]
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6 Pyridines: Reactions
6.8 Electrocyclic reactions (ground state)

b) N-Tosyl-2-pyridones with a 3-alkoxy or 3-arylthio substituent,
undergo cycloaddition with electron-deficient alkenes under milder
conditions, as illustrated below.

OM
X e
} CHo=CHNO,
CH;Cl,, 90 °C
NG 2Cly .

Ts 80%
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6 Pyridines: Reactions
6.8 Electrocyclic reactions (ground state)

¢) The quaternary salts of 3-hydroxypyridines are converted by mild
base into zwitterionic, organic-solvent-soluble species for which no
neutral canonical form can be drawn. These 3-oxidopyridiniums
undergo a number of dipolar cycloaddition reactions, especially
across the 2,6-positions.

’ i
[ X O " [ X O = O Y O
n —_— o e ~— _ H+ _
NS N N M
Me | Me Me Me

Me
CHy=CHCO:Me

M exo : endo
THF, reflux - Q 1:1
TH%
CO-Me
. Qo
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Pyridine N-oxides N

O<—ZC/>

N _ X
HO{OH N
| 7 \\ > > @ +OHe —> |@/ +H,O
N/ A\ \
OH 00©

(or peracid etc)




@
J L ‘—'é\Q - @D - @@
© ©

2.22D (VN ©

©
N N :
o) =-— o e @ Neg. chargei a,ypos.
Y NC N
425D O O O

More activated for electrophilic and nucleophilic attack
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Electrophilic Ar. subst

Ié H
O\)K& @

)

z | KNO3 / H 2804 - @/
S~ 24h,300°C

N
H

H NO,

fum. HNO;
| X conc. H,SO, @@ - @
D 100°C 2

N

60

\ E
—_— I@/
N
OH 0©

c.f. Electrophilic Ar. subst on pyridine
puridinium cation

N 6%
H NO, NO2
X
—_ > la) 66w
N N
Il |
o) 0©
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Rearrangements

(o)

X
A
N
00

AN A .

Ac;gO> @ ,—@ E— @H — | N hydronS|s> @
| J OAcC 7
OAc

N OAc -AcOH N OAC H O

<£)Ac
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2 Ix

Oxy-, Thio- and Aminopyridines

Structure - Tautomerism

2-Pyridone  3-Hydroxtpyridine 4-Pyridone
O

OH

% % HO_ ~ z
e | o | ) 1 I

HO N OH N N

z

@ \@l

Z

@)

I=

R\
IZ@—C&)H T

7z = =z
e HN NI - Hﬁ\%l
H,N" N
2 H H

X=0: one/ hydroxy

X

— = f‘j r‘> ? >(A|\\ X=NR: imino / amino
N
H

X=S: thione (6-membered rings) /

90
thiol (5 membered)



Reactions on Pyridones - With Electrophiles

@

E o/p-directing E
P\]fo'H l\OH ~_OH l\OH
| - (7 7 (X
N ® N N N E
\ - o
@ N-protonation as pyridine
N

\__~H
a

"

N © N0 NS0
H H

(2L O O
N” ~OH [ Ao = @A _u

N~ O N~ O
o/p-directing H @ H

O-protonation as amides
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Reactions on Pyridones - Deprotonation - O or N-substitution

Ambident anion

(L, sase, (1 . Qo

O
H

Ka-11
P R-X

Y

X X
(L, oo (L
N ~-R

N"~o Nife
R

() i () e

11 al:aqulll:m NT

Me ;SiNHSiMe
N 3 3
H R
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Substitutions usually proceed via attack on the neutral pyridone,™ but in very strong acid, where there
1s almost complete O-protonation, 4-pyridone undergoes a slower nitration, vig attack on the salt, but with
the same regioselectivity. "™

i Cl - PR f HH‘D:31 C, st{j p ""\-I:':.
I o= Hglf:li. rt | = | | 100 °C : | | B
B0% 38%

e © e * ; k

milder More difficult
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Electrophilic substitutions of 3-hydroxypyridine take
place at C-2, for example nitration, Mannich substitution
and 1odination.

-

e T5% e T0%

OH  Nal, NaOCl OH  CH,O, Me;NH OH
i = MeOH.t | = Hz0, 100 °C_ ﬁ
e

M | N M '[:—_I"-”-.-".ﬂ-_-
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Reactions on Pyridones - Replacement of Oxygen

O
Il
o | Cl | ] — | —
I|\I.} O Cl N) o} | C| H_} O/||D\C| N~ ClI
H ( Cl

-B
Triflate
CF5;S0,),0
m (Bas?é 2)2 m Pd-cat. couplings etc
> AL Trmmmmsmssmssmsssmssssed >
NSO N”~0S0,CF,



Thiopyridones

@)
o~ MBase ' 0o
R'MgX
(), fCrproee [~ o | mwx R

N 'R” R
W, N s)l\ R
H ketone

Useful synthetic
intermedites

(15 y LR
N/ S)‘I\(NHPFOt + HZN)\IrPrOt D — PrOt\“)\NJ\/NHPI'Ot
R o) o H R

Peptide
()%
N” S)I\M(r?H
(I
' heat EQj§ Q
@ II\I_I| B) n

N3 \S 0
H iLﬁ Lactone
o074
Co
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Aminopyridines

o- and y- are monobasic:

N NH,
H
N H@ H@ //
| _ —> 7/
N” “NH,
(e
N NH,
pKa72
B- is dibasic:

NH, @
X 2
()

N

QA /=

NH
2 HC)

I

NH;

pKa -1.5



— A
o ZT 56— =
. m o
/F ToA
o\ T
N
T
>l V=
@ —_—
A
o
(&)
©
o)
pd
©
Z

98



Y

PYRIDINES 4
3P

e
G

Synthesis of Pyridines N

From 1,5-dicarbonyl and ammonia (c.f. chapt. 3)

m 1,5-dicarbonyi
=z NH 7 F
@ — X=N: NH, H == - L
X X Ho Non  2H0

00
From 1,3-dicarbonyl and enamine (c.f. chapt. 3)

IENSE<I irg  Hal A
z o) - ——
rrrJ = (XJ o) i H® S | O

o NH >0\_/NH2

N

O O O
i H x
[ " — o o _ |N| ox »
TN f.\ 3 H,0 H N

X o
5 i
\_/NHS\/ Dihydropyridine Symmetri
99

Various syntheses from other heterocycles



Y
4

PYRIDINES s 5@ 3 B
|

o6 Z 2 a

N
1
Reaction with electrophiles - react. on N:
*Protonation
*Nitration N N

@
() £~ P . O
Sulfonation N Ezjj Y

«Amination _ (@) @ ©
*Halogenation F o o e Cgcé)m
Alkylation

*Acylation N N
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Reaction with electrophiles - react. on C:
Electrophilic Aromatic Substitution

«— Electron defficient / Poor nucleophiles
Difficult

—— Electrophiles may react at N

Nitration Not: |
Sulfonation } React. in 3-pos. FC alkylation
*Halogenation FC acylation

@
Q- — P — s

N
© 101



Nitration

N
@ ©
N A~ _NO, ® O R=H N BF4
z
@ KNO3/H,S0, @ - 7 NO, BF, NO:
N 24 h, 300°C N N 6% < |
H N" R \
R=Cl

= $I) (u) eo‘"'OH
S | A :8\N% @ >
N O O N2
\ ~ NO,
\_j eNo3

Pyridinium kation
activated for Nu-attack - HOSO,H
4 S
; ) 3 X H N
[1,5]-sigmatropic rearrang. | 5\ — [ % 68%
1 \1
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Sulfonation Possible intermediates

conc. H,SO,

cat. HgSO, A~ S0sH
- [ ] _

220°C N~ 70% 7 ©) -~ Hg-SO,H -~ SOzH
~ | — N o —_— | — |
N | X ~
HgSO; N hgo N

Halogenation

Br, / conc. H,SO,

) X = . 0
(l POXs (\/L PdCI2 7N _orCh/ACK  _ (\j k?;[? ggcy/;’
N
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Reaction with Nucleophiles

Ny @ S S X=H
(o, O . O e 2 |
T}( > GN)))—(\V » SN HX b) X=Good leaving grou,

a) X=H, Substitution with “hydride” transfer

Nu: NaNH, - amination - Chichibabin reaction

Nu: BuLi, PhLi etc - alkylation / arylation

Nu: NaOH - “hydroxylation” - NB! High temp } Attack in the 2-pos (not 4-pos)

b) X=LG, Displacement of good leaving group
X: Halogen (F>>CI,>Br,>l), -OSO,R, -NO,, -OR

X Nu ~X Nu
N Nu N N Nu N O/ ~
(] N () N N 3
N X N Nu N N

NaNH,, Bu'OK NaNH,, Bu'OK

. . Br
Via Pyridyne . RANH N | R UL _
» - (L )| L ——
N N N N
NR, l
N - VR2
| )+ 104

N N



Metallation and Reactions with Electrophiles

D
N  MeONa/MeOD X P N _
~ - | | | | Termodynamic
N 165°C N D N N
1 9 12

K
® BuLi/Bu'OK @ N @ Kinetic
N~ K N

N low temp
Orthodirecting subst.
| N _LDA_ \

Metal - Halogen Exchange

1) ByLi

U 22
90°C Z

N~ Br

1) BuLi
)

2 e®

T)' BurLi_

-78°C

-78°C -rt

> N
. | T

N

Br



Reductions

Ph(Me)SiH,
Na, NH5 (I cat. Cp,TiMe
@ 3 (1) (\j 2 2 |N
N N Si
H H 7" ph
L H,, Pt Me
ACOH
()
H
Photochemistry
hv (254 mn)
H
< H
= P
N N
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Alkyl- and Vinylpyridines

)
Z @ @
A N CH E AN A A
| Base 2 - | | - | ® NuH_ | N
= A > NP X w
N” "CH, N~ “CH,E N N N Nu
® °

N“ CH,
©

Quartenary Pyridinium Salts

. |
“ Add of: -hydrides
@ — (e ACT@ _dithionite

R .
-organometallics
o -stab. carbanions
“ v %ﬁN etc. etc.
(Nj(:lu and /or INI H Ph Ph
R R N,  PhMgBr Cleav. of R ﬁﬁ R: -SiMe ,But
& g @ -[J) ==
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R NH O
| 2
o o%)/ @LNHZ
o:p-o@ C()-enz \Tﬂ + Sub-H,
O

Nicotine amide: Vit. B,
Adenine: Vit. B,

L
T e Oy
7~ —_— 7~
N

Nicotine Nicotinic acid

2 + Sub + H

Hydride add. to NAD+, SubH, oxidized

Isoniazide

@\f Antituberculosis drug
Y O

HN.I\“_|2

‘ Mn2* /O

Y

N Active acyl radical

HH O (A0 formedin vivo
crme
N >
A

NADH co-enzyme
in enzyme involved in cell wall
component synth

Inactive der. of co-en
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