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The introduction of substituents into the pyridine ring presents an 
interesting problem to the synthetic chemist, as this aromatic hetero-
cycle exhibits but limited readiness to undergo the substitutions so fruit
fully effected in the benzene series. While satisfactory methods for pre
paring 2- and 3-substituted pyridines were discovered relatively early, 
substitution in the 4-position caused great difficulty for a long time. Apart 
from a short survey of the more common substitution reactions under
gone by the pyridine ring, this review deals primarily with methods 
leading to the preparation of 4-substituted pyridine derivatives. Beside 
the use of pyridinium salts, these particularly include the reactions of 
pyridine-N-oxides, which have hitherto scarcely been discussed.* 

Behavior of Pyridine during Substitution Reactions 
The pyridine nucleus, like that of benzene, consists of a six-mem-

bered ring and possesses three 7r-electron pairs ( I ) . 

Pyridine, however, exhibits different reaction characteristics than 
benzene, due to the fact that the symmetry of the electron distribution 
of the ring is disturbed by the presence of the nitrogen atom (1). 

In contrast to benzene, therefore, the ozonization of pyridine proceeds 
with the addition of only two molecules of ozone; hydrolysis of the non-

* Summarizing reviews dealing with the chemistry of pyridine are to be found in: 
H. Maier-Bode and J. Altpeter, "Das Pyridin und seine Derivate in Wissenschaft 
und Technik." W. Knapp, Halle, 1934; O. v. Schickh, Angew. Chem. 51, 779 (1938); 
F. W. Bergstrom, Chem. Revs. 35, 77 (1944); H. S. Mosher, in "Heterocyclic Com
pounds" (R. C. Elderfield, ed.), Vol. 1, p. 397. Wiley, New York and Chapman & 
Hall, London, 1950; A. E. Tschitschibabin, in "Traite de Chimie Organique" 
(V. Grignard, G. Dupont, and R. Locquin, eds.), Vol. 20, p. 33. Masson, Paris, 1953; 
J. P. Wibaut, Progr. in Org. Chem. 2 , 156 (1953); N. Campbell, in "Chemistry of 
Carbon Compounds" (E. H. Rodd and R. Robinson, eds.), Vol. IV, Pt. A, Sect. VII, 
p. 488. Elsevier, Amsterdam, 1957. 
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isolable diozonide produces two molecules of glyoxal and one of forma
mide (II) (2). 

3.HtO ^° 
• 2 HC—CH + HC + 2 H , O t 
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Due to its higher nuclear charge, the nitrogen atom possesses an in
creased electron affinity compared to carbon; in the pyridine molecule 
this results in a higher electron density around the heteroatom. A series 
of resonance structures involving formal charge separation (III-V) can 
thus be written, and their contribution to the ground state is detected in 
the course taken by the substitution reactions undergone by pyridine. 

The tertiary nitrogen atom is comparable to a benzene ring carbon 
atom linked to a substituent which induces a powerful positive charge, 
e.g., the grouping = C — N 0 2 present in nitrobenzene (1). 

Examination of the nuclear magnetic resonance spectra of pyridine 
and its homologs has recently confirmed the resemblance between these 
heterocycles and nitrobenzene (3). 

Substitution of pyridine could accordingly be expected to proceed in 
a manner similar to the introduction of a second substituent into nitro
benzene. Thus, in the case of the electrophilic substitution of the pyridine 
ring, a general lowering of reaction velocity becomes evident, accom
panied by a marked deactivation of the 2-, 4-, and 6-positions (see 
formulae I I I -V) . An electrophilic attacking substituent therefore enters 
the pyridine ring at positions 3 or 5 (VI) . 

e e 

N N 
VI 

Positions 2, 4, and 6, on the other hand, are vulnerable to nucleophilic 
attack ( I I I -V) , and in the event of free radical substitution, all five 
carbon atoms of the pyridine nucleus are equally susceptible. Since the 
introduction of substituents into pyridine is associated with a marked 
temperature effect (4), differentiation between the various reaction types 
is made possible; this is particularly well illustrated by the halogena-
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tion of pyridine. The following summary of a few important methods for 
substituting pyridine lays no claim regarding the rigorous validity of the 
classification according to the various mechanisms. 

In accordance with theoretical considerations, the electrophilic sub
stitution of pyridine can in general only be accomplished under drastic 
conditions. The substituent then enters either position 3 or 5, or both 
simultaneously. 

The nitration of pyridine at 300°, effected by adding a solution of the 
base in concentrated sulfuric acid to a molten mixture of the nitrates of 
sodium and potassium, yields but 4.5% of 3-nitropyridine, and 0.5% of 
2-nitropyridine; if the reaction is carried out at higher temperatures, the 
proportions are altered in favor of 2-nitropyridine, and as much as 2.5% 
of the latter can be obtained (5,6). 

The sulfonation of pyridine affords satisfactory yields. The method 
described by McElvain and Goese (7,8), in which pyridine is heated for 
24 hr at 220-230° with 20% oleum and a little mercuric sulfate (9) 
catalyst, yields 71% of pyridine-3-sulfonic acid (VII) . 

The sulfonation of 2,6-di-ter£-butylpyridine using S0 3 in liquid S0 2, 
gives a sulfonic acid in which the —S0 3H group is probably situated at 
position 4; pyridine and 2,6-lutidine merely form S 0 3 addition com
pounds under these conditions (10) (see Appendix). 

Pyridine forms an adduct with mercuric acetate (11-14); if the ad
duct is heated to 155° and water added, pyridyl-3-mercuric acetate is 
obtained in 50% yield (13). 

The chlorination and bromination of pyridine have been investigated 
with extreme thoroughness by J. P. Wibaut and H. J. den Hertog (15-

The reactions are carried out in the gaseous phase between 200° and 
500°, and in some cases a catalyst is added, e.g. the bromide of iron or 
copper. Whereas chiefly 3- and 3,5-halopyridines are obtained below 
300° without catalyst, the 2-, 4-, and 6-positions are also attacked in the 
presence of a catalyst or at temperatures around 500°; this is probably 
attributable to a free radical mechanism (19). All 19 possible bromo-
pyridines shown in reaction scheme VIII (20), have been prepared by 
means of gas-phase bromination (16). 

Electrophilic Substitution 

v i i 

18). 
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Friedel-Crafts acylation, which has proved to be of such great sig
nificance in benzene chemistry, has not so far succeeded in the case of 
pyridine. 

Nucleophilic substitution of the pyridine ring, which produces 2-, 4-, 
and 6-substituted derivatives (see formulae I I I -V) , proceeds under far 
milder conditions. The best known and most important reaction of this 
type is the Tschitschibabin synthesis of 2-aminopyridine from pyridine 
and sodamide in toluene at 100-125° (21) or in xylene at 140-150° (22, 
23). Small quantities of 4-aminopyridine and 2,6-diaminopyridine as 
well as 4,4'-dipyridyl and 2,2'-dipyridylamine are found among the by
products (21,22). Since the 2-amino group in pyridine is easily replaced 
by other substituents, e.g. hydroxyl (24-26), fluorine (25-28), chlorine 
(24-26), bromine (25,29,30), and iodine (25,26,29,31), this method is 
an extremely valuable aid in the preparation of pyridine derivatives 
(32). 

2-Hydroxypyridine is formed when pyridine fumes are passed over 
potassium hydroxide powder at 300-320° (33). 

Substituents may also be introduced into the 2- or 4-position of the 
pyridine ring by the use of Grignard reagents. 4-Benzylpyridine is ob
tained by shaking pyridine with benzylmagnesium chloride; dioxane may 
be used as the solvent (34-36). Bergstrom and McAllister (37) have 
reported the production of 2-alkyl- and 2-arylpyridines by the action of 
alkyl- or arylmagnesium halides, respectively, at 150°; N. Goetz-Luthy 
was, however, subsequently unable to obtain 2-ethylpyridine by this 
method (38,39). 4-Allylpyridine is produced in low yield by the reaction 
between pyridine and allylmagnesium bromide (40). 

The action of lithium alkyl or aryl on pyridine, described by Ziegler 
and Zeiser (41), is rather better suited to the introduction of alkyl or 
aryl substituents. The addition compound formed in the cold is decom
posed on heating into LiH and 2-alkyl- or 2-arylpyridine ( IX) (4%)-

The synthesis of alkylpyridines named after Ladenburg (43) is based 
on the migration of an alkyl group; this is accomplished by heating an 
N-alkylpyridinium salt, and leads mainly to 2- and 4-substitution. This 
reaction is nowadays only used for the preparation of benzylpyridines. 
When benzyl chloride or iodide is heated with pyridine to 250-270°, 2-

Nucleoph i l i c Substitut ion 

Li 
I X 4 0 - 4 9 % 
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and 4-benzylpyridine are obtained ( 4 4 ) ; the yields can be improved by 
the use of a catalyst such as copper or CuCl (45). Dibenzylpyridines 
(45,46) and 3-benzylpyridine (47) are among the by-products. Separa
tion of the isomers is usually achieved via the picrates, in conjunction 
with fractional distillation (48). 

The so-called Emmert reaction (49,50) is an example of an anionic 
attack upon the pyridine ring; it has proved to be a valuable method for 
preparing 2-hydroxymethylpyridines [see also (51,52)] and has recently 
been thoroughly investigated by Bachman and his collaborators (53). 
The method involves a heterogeneous bimolecular reduction in which 2-
or 4-substituted pyridinecarbinols result from the action of magnesium 
or aluminum on pyridine and an aldehyde or ketone. The metal is acti
vated by the addition of HgCl2 and a few drops of mercury (54). 

Whereas the aluminum method results in a mixture of 2- and 4-sub
stituted products with the 2-isomer predominant (e.g., X ) (53), the re
duction with magnesium yields 2-hydroxymethylpyridines exclusively 
(53). 

H 
I 

H O - C - C 6 H 5 

/ \ ( 1 ) Al , HgCI , , H g f \ H J \ 

[ + C . H . C H O ' — ^ > I I + f | 

W (2) Hydrolysis \/~y~C 6 H* \ f 
O H 

X 32 % 4 % 

Dialkyl, diaryl, alkylaryl, and cycloalkyl ketones may be used as the 
carbonyl component; aldehydes usually react less readily (53). Besides 
pyridine, the reaction can also be carried out with 3-picoline (49,53, 
55) and 4-picoline (53-55); 2-substituted products are obtained. 2-Pico-
line is substituted in the 6-position but reacts poorly (49,51,54,55) and 
2,6-lutidine is not substituted at all (49,53). 

Bachman and Schisla (56,57) recently extended this reaction when 
they succeeded in acylating pyridine and 4-picoline directly. These bases 
react with carboxylic acid derivatives in the presence of aluminum—in 
some cases also magnesium, beryllium, or sodium—activated by mercuric 
chloride and a little mercury, to form pyridyl ketones. Here too, the 
2-isomer is the major product, with only a small quantity of the 4-substi-

o 

<J-C«Hft 

X I 24 % 6 % 
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tuted compound (e.g., X I ) {57). Esters, N,N-dialkyl amides, and nitriles 
have been used as the acid component. The yields are generally not very 
high. 

Free Rad ica l Substitut ion 

Varying amounts of 2-, 3-, and 4-substituted products may be ob
tained together when pyridine is subjected to free radical attack. The 
first reaction of this type was carried out by Mohlau and Berger (58) 
who were able to isolate 18% of 2-phenyl- and 3% of 4-phenylpyridine 
(as the picrates) from the decomposition of benzenediazonium chloride 
in pyridine. 3-Phenylpyridine was subsequently also identified among 
the reaction products; the exact proportions of the isomers were found to 
be 54% of 2-phenyl- and 23% each of 3- and 4-phenylpyridine (59). A 
number of other radical-forming substances was included in the investi
gation, and mixtures of isomers were obtained in every case (60). When 
diacyl peroxides are used, pyridine-N-oxide is probably formed (61). 

Good yields of 4- and, especially, 2-alkylpyridines were obtained by 
St. Goldschmidt and M. Minsinger (62) in the decomposition of diacyl 
peroxides in pyridine (XI I ) . 

R 

6 
N 

Even the action on butylpyridine of methyl radicals—formed from 
lead tetraacetate or red lead in glacial acetic acid at 100-110°—gives 
substitution of the 5-position to but a small extent (XIII) (63). 

ca. 20 % 

2 %YYC 4 H' 
2 0 % ̂  jl 6 0 % 

N 
X I I I 

The above survey of a few important and interesting methods of sub
stituting pyridine shows that the adaptation of the usual reactions to the 
production of 4-substituted pyridines is somewhat limited. Although 
these products are sometimes formed, the methods discussed here are of 
little preparative value; the yields are mostly poor and the separation of 
isomers obtained is often very difficult. 

It should be noted that a number of total syntheses are known which 
lead to substituted pyridines, including 4-substituted compounds. Dis-

N 
P y r i d i n e 

2 R C O O • — 

ft — < : 
0 

X I I N 
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cussion of these methods, however, whose difficulty resides mostly in the 
procuring of starting materials, lies beyond the scope of this work. 

In the following section reactions involving organometallic pyridine 
compounds are described. In order to give a complete picture of this 
class of compounds, reactions of 4-halopyridines are also discussed, even 
though the preparation of these substances is presented in a later section. 

Syntheses Involving the Use of Organometal l ic 
Pyridine Compounds 

P y r i d y l m a g n e s i u m H a l i d e s 

Halopyridines do not react directly with magnesium to form organo-
magnesium compounds (64). It is only by using the "methode de Ten-
trainement," i.e. by the simultaneous addition of ethyl bromide, that it 
is possible to obtain a compound from 2-bromopyridine and magnesium; 
this reacts as a Grignard reagent with aldehydes and ketones to form 
2-hydroxymethylpyridines (65,66). The structure of the organometallic 
compound is not known; it is probably a complex which then undergoes 
normal Grignard reactions (67). The same reaction can be effected with 
3-halopyridine (68,69), 4-halopyridine (70), and 2,6-dihalopyridine 
(66); besides the bromo derivatives, chloro- (70) and iodopyridines 
(71) also react. Apart from aldehydes and ketones (65,66,68-70), esters 
(70,71), acid anhydrides (69), amides (70), nitriles (71), and C 0 2 (69) 
may also be used as reactants. The action of orthoformic ester on pyri-
dine-magnesium compounds results in the formation of pyridinealde-
hydes (69,70,72) (XIV) . 

S \ X Mg 

>' C 2H 8B r 

/ \ M g X H C ( O C 2H s) 8 A C H ( O C l H 5) 8 

%7 
N 

C H O 

X I V X = Ha logen 

The commercial-scale preparation of pyridinealdehydes is, however, 
more readily accomplished by the vapor-phase oxidation of methyl-
pyridines (73). A convenient laboratory method for synthesizing such 
aldehydes consists in oxidizing hydroxymethylpyridines with selenium 
dioxide (74,75) or lead tetraacetate (75a). 

The allyl group was similarly introduced into the pyridine ring by 
allowing 3-pvridylmagnesium compounds to react with allyl bromide 
(76). 
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Lithiumpyridines 

The reaction between bromopyridines and butyllithium affords 2-
(77), 3- (77,78), and 4-lithiumpyridines (70). These compounds react in 
a similar manner to the pyridylmagnesium complexes with ketones (70, 
77), esters (70,77), nitriles (70,77), and carbon dioxide (78) to give the 
corresponding pyridine derivatives. Nicotinic acid (XV) (79), isonico-
tinic acid (80), and 4-butylpyridine-2-carboxylic acid (81) containing 
C1 4-labelled carboxyl groups were prepared by this route. 

/ Y B R n - c t H . u , / Y U ( d c ' ^ - B O ^ >YC"°°H 

V - 3 5 " V » > « " H N O , y 

X V 

Lithiumpyridines react with fluoroalkenes to give fluorinated al-
kylenepyridines with elimination of lithium fluoride (82). On heating 
lithium, sodium, or potassium with pyridine, alkali metal compounds of 
pyridine are formed (83). Thus, sodium may be dissolved in pyridine 
in the cold, and it is only on heating that the calculated amount of hy
drogen is evolved; 36% of 2- and 54% of 4-pyridylsodium are obtained 
(84). The addition of bromine to the pyridylsodium solutions thus ob
tained yields the isomeric dipyridyls (84). 

Reactivity of Substituents in the Pyridine Ring 
The influence of the heteroatom in the pyridine nucleus manifests 

itself, as mentioned at the outset, by inducing a positive charge at posi
tions 2, 4, and 6 (see structures I I I -V) ; the 3- and 5-positions are not 
thus affected. Since this influence also extends to the substituents at the 
particular positions, the 2-, 4-, and 6-substituted derivatives of pyridine 
differ markedly from the 3- or 5-substituted products. The differences in 
activity brought about by this effect are particularly well illustrated by 
the three isomeric monomethylpyridines. 

Whereas 2- and 4-methylpyridine exhibit distinct proton activity of 
the methyl group, the latter is scarcely activated in 3-methylpyridine. 
Like 2- or 4-hydroxypyridine (85) and 2- or 4-aminopyridine (86), 2-
and 4-picoline can therefore react in the pyridone form, e.g. XVIb, c 

a b e d 

X V I 
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(87)} or as an extreme form involving a carbanion structure, e.g. XVId 

Thus 2- and 4-methylpyridine can be condensed with benzaldehyde 
to give 2- and 4-styrylpyridine, respectively (89,90), while 3-methyl-
pyridine remains unaffected under the same conditions (90). The reac
tivity of the active methyl groups in positions 2 and 4 can be enhanced 
by quaternizing the nitrogen atom (90); 3-methylpyridine, however, 
cannot be condensed, even in the form of the quaternary compound (90). 
The Se02 oxidation of the picolines gives similar results. This oxidation, 
which can only be carried out on activated methyl or methylene groups 
(91), gives 2- or 4-pyridinecarboxylic acid from the corresponding pico
line; 3-methylpyridine remains unattacked under the same conditions 
(92, 98). A more detailed investigation into the condensation (90) and 
Se0 2 oxidation of the picolines has revealed that the 4-methyl group is 
more strongly activated with respect to the oxidation than the 2-methyl 
group (88). 

A certain mobility of the hydrogen atoms of the 3-methyl group is de
tectable, however. As recent experiments by Brown and Murphy (94) 
have shown, the side chain of 3-methylpyridine is readily alkylated by 
reaction with alkyl halides and sodamide in liquid ammonia (see e.g. 

This reaction, originated by Tschitschibabin (95) and later improved 
by Bergstrom and his co-workers (96), was first carried out on 2- and 
4-picoline only. Examination of the reactivity of dimethylpyridines (97) 
towards this alkylation, however, showed here too, the gradation in the 
reactivity (see, e.g., refs. 88, 90) of methyl groups previously noted, 
namely 4-CH3 > 2-CH3 > 3-CH3. 

Methods of Preparation of 4-Substituted Pyridine Derivatives 

Substitution of the 4-position of the pyridine ring can be effected via 
N-substituted pyridines such as pyridinium salts and pyridine-N-oxides. 
Two fundamentally different types of pyridinium salts are found, each 
of which requires different treatment. The first kind possesses only one 
pyridine ring, with the nitrogen atom quaternized; under certain condi
tions a y-pyridone structure can be formed. The 4-position thus activated 

(88). 

X V I I ) . 

X V I I 
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meets the requirement for substitution reactions with suitable entering 
groups. It is not always necessary to start from the actual pyridinium 
salt; this can just as well be produced during the reaction itself. 

The second type of pyridinium salt contains two pyridine nuclei 
joined at one 4-position. In this instance the reactions resulting in the 
formation of pyridine derivatives proceed via the loss or fission of the 
quaternary ring. 

Finally, in the case of pyridine-N-oxides, the presence of oxygen on 
the nitrogen atom sometimes brings about a condition which renders the 
molecule vulnerable to electrophilic attack at the 4-position. 

In the first type of pyridinium salts, a C—C bond can be formed at 
position 4; N-pyridyl-4-pyridinium salts and pyridine-N-oxides allow 
the introduction of functional groups, e.g. hydroxyl, amino, mercapto, 
and halogens, as well as the nitro group in the case of the N-oxide. 

React ions Us ing Pyridinium Sa l ts 

A number of alkyl- arylalkyl-, and acylpyridinium salts can be con
verted into dihydropyridine derivatives with a C—C bond in the 4-posi
tion; this conversion may be effected by either dimerization or reaction 
with suitable reactants. This procedure is not devoid of a certain prepara
tive significance when it can be extended to include aromatic pyridines. 

The reaction discovered by Koenigs and Ruppelt (98), between 
pyridine, benzoyl chloride, and dialkylanilines in the presence of "Natur-
kupfer C" results in 4-(p-dialkylaminophenyl) pyridines ( X X ) with the 
spontaneous elimination of the benzoyl fragment. The pyridinium salt 
appears here as a reactive intermediate (XVII I ) ; it decomposes, follow
ing the substitution of the 4-position, into the pyridine derivative X X 
and benzaldehyde. The reaction course reproduced below is accepted as 
representative of this reaction, though McEwen and his collaborators 
(99) were unable in a subsequent investigation to isolate the hypothetical 
dihydropyridine intermediate X I X . 

The synthesis of 4-alkylpyridines from pyridine and acid anhydrides 
in the presence of zinc dust, which also proceeds via an intermediate 
acylpyridinium salt, is both more important and more versatile. This 
method has its source in a reaction described by Dimroth and co
workers (100) between pyridine, acetic anhydride, and zinc dust, in 
which N-substitution ( X X I ) is followed by dimerization through the 
respective 4-positions of two pyridine nuclei to give a tetrahydropyridyl 
compound (XXI I I ) . Heating with acetic anhydride converts this into a 
dehydro compound (XXIV) which can be oxidized (e.g. by atmospheric 
oxygen) to 4,4'-dipyridyl ( X X V ) (100). 
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e 

X V I I I 

X V I I I + 6 
C 6 H 6 - C O - N ; 

R 2 

X X + C « H 6C H O 

•N' 
\ 

R 

X I X 

R w R, = e .g . CH, | 

4-Ethylpyridine (XXVI) has been obtained by the addition of acetic 
acid and zinc dust to the reaction mixture and heating [101-103). 

Small portions of zinc dust are added to a stirred mixture of pyridine 
and acetic anhydride maintained at 25° to 30°. The mixture is treated 
with glacial acetic acid and more zinc dust added; a short period of re-
fluxing is followed by a further addition of zinc. Pyridine and 4-ethyl-
pyridine can be steam-distilled after basification with 40% potassium 
hydroxide solution. Isolation from the distillate and purification by frac
tional distillation afford 4-ethylpyridine in 33-38% yield (103). 

The use of the appropriate acids and anhydrides gives other 4-alkyl-
pyridines (104), e.g. 4-propyl-, 4-butyl-, and 4-amylpyridine; 3-methyl-
4-alkylpyridines can be prepared from 3-methylpyridine (105). The 
method fails, however, in the case of several 2-substituted pyridine de
rivatives (106,107). In recent times replacement of zinc dust by iron 
powder has been recommended; this is said to attenuate the violence of 
the reaction (108). 

The course of the reaction, elucidated by Wibaut and Arens (102), is 
reproduced in the scheme of Bachman and Schisla (57), who assume 
that the two pyridine nuclei become linked via a radical intermediate 

Substitution in the 4-position exclusively is also encountered in the 
action of benzaldehyde and tert-butyl peroxide on pyridine, yielding 4- (a-
benzoxybenzyl)pyridine (109); an intermediate analogous to compound 
X X I I is thought to take part in the reaction. 

( X X I I ) . 
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ĵ jj + ( C H 3C O ) 20 ^ ± C H 3 - C O - N ( ^ C H 3 - C O O E 
-f M 

X X I 

z y -
X X I I 

C H 3 - C 0 - N x _ ^ X + C H 3 - C O O E M ® 

X X I I X X I I I 

Heat with 
( C H 3C O ) 20 

C H 3 - C O - N ^ X + N ^ j> C H 3- C 0 - N ^ ^ > = < ( ~ ) N - C 0 - C H 3 
C O - C H 3 X X IV 

| M + CH3COOH J Oxidation 

N \ = / ~ C H 2" C H» 

X X V I M = Zn or Fe X X V 

A method of synthesizing isonicotinic ester from pyridine, chloroformic 
ester, and zinc dust follows from the preparation of 4-alkylpyridines 
(110). When heated in vacuo, the N-substituted 4,4/-tetrahydrodipyridyl 
compound, XXVII , initially formed undergoes a rearrangement with loss 
of a pyridine ring to give compound X X V I I I ; this is converted into 
pyridine-4-carboxylic ester ( X X I X ) by warming with sulfur. 

U c i - c o o c , ^ H 5 C 2 O O C - N W ^ X = /N - C O O C 2 H 5 

X X V I I 

1 9 0 - 2 3 0 ° / = \ / H 

X X V I I -r=r —•* H 6 C 2 0 0 C - N X 

1 0 ' m m H g W XC 0 0 C 2 H 6 N X X V I I I 

S J—V 
X X V I I I > N > - C O O C 2H 5 

1 7 0 - 1 8 0 ° N = / 
X X I X 

The first example of a reaction between a pyridinium salt and the 
activated methyl group of a ketone was the action of acetophenone on 
benzoylpyridinium chloride, discovered by Claisen and Haase (111). 
The course of the reaction was only elucidated in 1951 by Doering and 
McEwen (112), according to whom l-benzoyl-4-phenacyl-l,4-dihydro-
pyridine ( X X X ) , and traces of the corresponding 2-phenacyl compound 

2 C H 8- C O - N v X ~> C H 3 - C O - N . _ > ^ - 7 \ _ / N - C O - C H 3 \ = / \ — / H — / 
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are produced; propiophenone {112), cyclohexanone (112), and acenaph-
thenone (112, 113), react in a similar manner. These condensation prod
ucts are split into their components by acids (112). 

Catalytic hydrogenation of X X X on the other hand, results in the 
piperidine derivative X X X I , while oxidation by means of oxygen causes 
the loss of the N-benzoyl moiety to give 4-phenacylpyridine ( X X X I I ) 
(112). 

tv 
N © 
I 

OC 
I 

C 6H 5 

N 
I 
CO 
I 

C 6H 5 

OH 
I 

+ H 2C = C - C 6H 5 

H N /C H 2 - C O - C , H 5 

N 
I 
C O - C 6H 5 

X X X 

H,/Pt 0 2 

H x ^CHj-CO-CeHs C H , - C O - C 6H 5 

W 
i 

C O - C 6H 5 

X X X I X X X I I 

F. Krohnke and co-workers have recently reported an interesting 
synthesis of 4-acylpyridines (114,115). They obtained 4-ketonylidene-
1,4-dihydropyridines ( X X X V ) by the action of oxidizing agents on 
pyridinium bases in the presence of methyl and methylene ketones. The 
pyridinium salt and ketone in alkaline solution first react to give ad-
ducts of the pyridinium cation and the ketone anion, both stabilized by 
resonance (XXXII I and X X X I V ) . A C—C bond is formed between the 
now positively charged 4-position of the pyridine ring and the reactive 
methylene group by the action of a dehydrogenating agent, usually 
p-nitrosodimethylaniline. The dehydro compound X X X V thus obtained 
yields a true pyridinium salt ( X X X V I ) with acid. Benzyl derivatives 
are generally used as the quaternizing component, as they can be re
moved by hydrobromic acid/glacial acetic acid at 180°, rendering 
4-phenacylpyridines, e.g. X X X V I I , readily accessible (113). The method 
is of some consequence due to the fact that it is also applicable to a 
variety of pyridine derivatives (112,113). 

According to Krohnke (114), Wizinger and Mehta (116) also suc
ceeded in linking the 4-position of the pyridine ring to the reactive 
methylene group by allowing pyridine methiodide and phenylmethyl-
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pyrazolone or 1,3-diketohydrindene to react in alkaline solution; atmos
pheric oxygen acted as the dehydrogenating agent. The experiments 
using N-substituted nicotinamide derivatives also deserve mention; these 
investigations by Krohnke showed that the 4-position of N-alkylnico-
tinamide is also strongly activated, and the 2- and 6-positions are not 
preferentially attacked {114,115). 
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Syntheses U s i n g N - P y r i d y l - 4 - p y r i d i n i u m Sa l ts 

2-, 3-, and 4-Pyridylpyridinium salts are known; in these compounds 
the quaternary nitrogen atom of one pyridine nucleus is linked to the 
carbon atom in position 2, 3, or 4 of a second pyridine molecule. The 
halogens—especially chlorine—are the usual anions, though perchlorates 
are also known {117,118). Whereas the 2-pyridylpyridinium salts are 
monoacidic only, the 3- and 4-pyridylpyridinium salts generally contain 
a second molecule of acid, associated with the nitrogen of the tertiary 
ring {117). 

The preparation of the 2- and 3-isomers can be effected by the oxida
tion of pyridine using aqueous potassium persulfate solution {117); in 
the case of N-pyridyl-4-pyridinium iodide, pyridine hydrochloride and 
iodine or iodine monochloride can also be used {119). 

Only the preparation of the N-pyridyl-4-pyridinium salts is of in
terest, however, as the substitution of pyridine in positions 2 and 3 can 
be accomplished by simpler methods. 
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The best method for synthesizing N-pyridyl-4-pyridinium chloride 
hydrochloride has proved to be the action of thionyl chloride on pyridine, 
described by Koenigs and Greiner {120). 

In this method, an excess of thionyl chloride is added to stirred, dry 
pyridine maintained at constant temperature. After being allowed to 
stand at room temperature for 3 days, the excess of thionyl chloride can 
be distilled under vacuum and the residue worked up with ethanol or 
methanol. Detailed instructions for the preparation of this important 
starting material will be found in the experimental section. 

The mechanism of this reaction has not yet been fully elucidated. 
In support of Koenigs and Greiner {120), as well as Krohnke {121), 
scheme X X X V I I I can be proposed, according to which an acylpyridinium 
salt formed initially reacts with a second pyridine molecule to give a 
quaternary compound. 

The dehydrogenation would thus be effected by the thionyl chloride; 
the oxidative action of this compound has been observed in other in
stances, and is attributed to the presence of ferric chloride {122). The 
thionyl chloride distilled from the reaction mixture always contains a 
large quantity of water-insoluble decomposition products, especially ele
mentary sulfur. 

SC12 {120d) can be used instead of thionyl chloride, or alternatively, 
sulfur dioxide can be passed into a mixture of pyridine, phosphorus 
pentachloride, and benzene {120d). The reaction between pyridine and 
thionyl bromide yields N-pyridyl-4-pyridinium bromide hydrobromide 
{120d). Satisfactory yields of N-pyridyl-4-pyridinium salts are also ob
tained by the reaction between chlorine or bromine and pyridine in stoi
chiometric proportions {123). Catalysts such as aluminum, iron, or sul-

X X X V I I I 
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fur may be added to accelerate the reaction (123). N-Pyridyl-4-pyridin-
ium bromide hydrobromide is also formed by the action of pyridine 
perbromide on pyridine (123). 

Like pyridine, 3-methylpyridine (124,118) also forms a 4-pyridyl-
pyridinium salt. 2-Methylpyridine and 2-methyl-5-ethylpyridine, on the 
other hand, do not undergo this reaction (118). 

The chlorides and bromides of N-pyridylpyridinium compounds are 
solid substances, readily soluble in water but dissolving with difficulty in 
typical organic solvents. When impure, they are strongly hygroscopic. 
Complete purification of the salts is wasteful; it is almost impossible to 
prepare a perfect, analytically pure sample (125). Thorough purification 
is not, however, normally essential for subsequent reactions. 

N-Pyridyl-4-pyridinium salts can undergo both elimination and fis
sion of the quaternary pyridine ring. Removal of the ring is effected by 
the action of nucleophilic reagents, which enter the tertiary pyridine ring 
at position 4. More strongly basic reagents, on the other hand, open the 
pyridine nucleus; glutaconic dialdehyde or its derivatives are produced 
together with 4-aminopyridine. 

Both types of reaction are also known to occur in the case of 2,4-di-
nitrophenylpyridinium chloride ( X X X I X ) which was thoroughly ex
amined by T. Zincke and his co-workers. In this compound, the 
presence of o- and p-nitro groups induces a powerful positive charge at 
the junction between the phenyl ring and the nitrogen atom (127). This 
position is thus rendered susceptible to nucleophilic substitution with 
the concomitant removal of the pyridine nucleus. 

Because of the electron withdrawal in the direction of the benzene 
nucleus, the quaternary pyridine ring is further weakened, resulting 
finally—especially in the presence of a base—in the rupture of a C—N 
bond. Formation of a pseudo-base has not been proved, but seems none 
the less possible. In the well-known "Zincke fission" of 2,4-dinitrophenyl-
pyridinium chloride (128), best effected by methylaniline, the anil of 
glutaconic dialdehyde is formed together with dinitroaniline ( X L ) . Such 
derivatives of glutaconic dialdehyde have lately found application in an 
elegant synthesis of azulenes (129). 

An effect similar to that of the two nitro groups in the dinitrophenyl 
moiety is produced by the tertiary nitrogen atom in 4-pyridylpyridinium 
chloride (XLI) . 

X X X I X 



70 K . T H O M A S A N D D . J E R C H E L 

C H C H C H C H 

C H C H O C!:H ( H H O H 

' ^ + C H C H 
I N O , H , 0 \J | II 

' V Y 0 A» C H C H O H 
N O , 

, C H = C H - C H V 

Cfi VC H 

C EH , - l ! L - C H , H , C - N - C , H 5 

® C I © 

X L 

Here also, an induced positive charge must be assumed at the point 
of junction; reactions similar to those displayed by the Zincke pyridinium 
salt can therefore be anticipated. 

X L I [ N ^ y - N ^ ^ > ] E c i e 

Whereas the pyridinium salts containing but one pyridine ring, 
described above (pp. 63-67), react in the free 4-position of this ring, the 
reactive center of the pyridylpyridinium salts lies in the junction of the 
two rings. The fact that the latter offer no chance of entry in the 4-posi
tion to nucleophilic reagents is mostly due here, as in the case of 2,4-di-
nitrophenylpyridium chloride (126,128) to the immediate fission to 
glutaconic dialdehyde, caused by the alkalinity of the medium (120). 

If, on the other hand, an N-acylpyridinium salt is attacked by a 
nucleophilic reagent, reaction occurs at the acyl group, i.e., at the point 
of junction with the pyridine ring; the reaction frequently proceeds very 
vigorously, since the bond with the pyridine nitrogen is considerably 
more reactive in these salts than in the pyridylpyridinium salts or in the 
Zincke pyridinium salt (ISO). The only reactions considered here are 
those of acylpyridinium salts—or acyl halides in pyridine—with alcohols, 
phenols, and amines to give the corresponding acid derivatives, with 
water to give acid anhydrides and acids (1S1), and with hydrogen sulfide 
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to give diacyl sulfides and thioacids (131). Even amides can be con
verted into triacylamines by the use of acylpyridinium salts (132). 

The more important syntheses using N-pyridylpyridinium salts pro
ceed via the loss of the quaternary ring, which regenerates pyridine 
hydrochloride. This method, therefore, allows the substitution of but half 
of the pyridine and recovery of the other half. This disadvantage is 
amply compensated for, however, by the low outlay and satisfactory 
yields usually associated with the reaction. 

4-HYDROXYPYRIDINE AND PYRIDYL-4-ETHERS 

4-Hydroxypyridine was first obtained by the decarboxylation of 
chelidamic acid (4-hydroxypyridine-2,6-dicarboxylic acid) (133-135). 
This acid is obtained by the condensation of diethyl oxalate and acetone 
in the presence of sodium ethoxide, and warming the chelidonic acid 
produced with ammonia [see e.g. refs. (125,136,137)}. In the diazotiza-
tion of 4-aminopyridine in sulfuric acid solution, the 4-hydroxy compound 
is formed at temperatures as low as — 1 5 ° (138). 

The process, discovered by Koenigs and Greiner (120), of splitting 
N-pyridyl-4-pyridinium chloride hydrochloride with water at elevated 
temperatures (XLII) is superior to these methods (125). 

In the reaction of Koenigs and Greiner, the pyridinium salt is dis
solved in a small quantity of water and heated at 150° (120) for 8 hr. 
There have, since their work, been many variations on these conditions; 
the method described by Bowden and Green affords good yields (139). 

Water is distilled from an aqueous solution of N-pyridyl-4-pyridinium 
chloride hydrochloride until the internal temperature reaches 1 3 0 ° ; the 
mixture is then heated under reflux for 2 4 hr. Water and sodium car
bonate are added, the mixture evaporated to dryness under vacuum, and 
the 4-hydroxypyridine formed extracted with absolute alcohol. Treat
ment with animal charcoal and concentration give a pale yellow product, 
m.p. (after drying over P 2 0 5 ) 1 2 0 - 1 3 0 ° ; the yield amounts to approxi
mately 5 0 % (139). Following further purification, the m.p. of the 
anhydrous material rises to 1 4 7 - 1 5 1 ° (125). 

4-Hydroxypyridine forms a monohydrate, m.p. 6 6 - 6 7 ° (120), and is 
readily soluble in water. Attempts at alkylating the hydroxyl group soon 
revealed that the compound was not a true phenol of pyridine. By treat
ing 4-hydroxypyridine with methyl iodide and alkali or moist silver 
oxide, Lieben and Haitinger (H0) were thus merely able to convert it 
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into N-methyl-4-pyridone; the same product was obtained by heating 
N-methylchelidamic acid (XLIII) . 

O H O 

K Alkal i } . . 180° J+CH>I
 « A , 1 0 , H , 0 ' | | + ~ 

N N HOOC N COOH 
X L I I I C H 3 C H 3 

Similarly, reaction with monochloroacetic acid yields N-carboxy-
methyl-4-pyridone, substitution occurring exclusively at the nitrogen 
atom of the pyridine nucleus (141, H2). The action of diazomethane on 
4-hydroxypyridine results in the simultaneous formation of the corre
sponding N-methyl and O-methyl substitution products (XLIV) (143). 

O H O C H , 

\ C H 8N 2^ / 
+ 

C H 3 
X L I V 

Arndt and Kalischek (144), on the other hand, obtained O-acyl 
derivatives exclusively by allowing 4-hydroxypyridine to react with 
acyl chlorides. It was only by investigation into their physical properties, 
especially the UV and IR spectra, that the structure of the 4- and 2-hy-
droxy derivatives of pyridine was elucidated: An example of true tautom-
erism was found to exist, with the so-called pyridone form (XLVB) 
strongly preferred; see, e.g., refs. (85, 145, 146). 

OH O 

I I I 

u - 0 
N N H 
a 

X L V 

The introduction of the hydroxyl group into the pyridine nucleus 
increases the reactivity of positions 3 and 5 to an extraordinary degree. 
Nitration of 4-hydroxypyridine with nitric acid (d = 1.52) and oleum 
(70% S0 3) gives a 50-60% yield of 3-nitro-4-hydroxypyridine if the 
mixture is allowed to simmer gently for 2 hr; heating for 5 hr brings 
about the introduction of a second nitro group in the 5-position (147,14$) • 
The nitration can even be effected at water-bath temperature, but re
quires in that case a longer reaction time (149). If 3-nitro-4-hydroxy-
pyridine is heated with bromine in aqueous solution, 3-nitro-4-hydroxy-
5-bromopyridine is readily formed (147). 
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The sodium or potassium salt of 4-hydroxypyridine can be carboxyl-
ated with carbon dioxide under pressure at elevated temperatures; in the 
case of the potassium salt, a small quantity of a dicarboxylic acid is also 
found (XLVI and XLVII) (150). 

O N a O H 
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N 3 3 . 9 % X L V I I N 3 . 8 % 

On account of the pyridone structure, pyridyl-4-ethers are not readily 
accessible via the alkylation of 4-hydroxypridine. They can be ob
tained by allowing 4-chloropyridine to react with alkoxides (151,152) 
or phenoxides (152). The preparation of the ethers can, however, also 
be carried out directly from N-pyridyl-4-pyridinium salts by heating 
with alcohols (118,120,153,154) or phenols (118,120,154)) sufficient 
ethoxide or phenoxide is then usually added to an excess of the hydroxyl 
compound to neutralize half of the N-pyridylpyridinium chloride hydro
chloride (XLVIII) . 

HCl"N^^>-$C_/ -f R O N a R° H > N ^ ) ^ O R 

CI© 
X L V I I I 

Few examples of the reaction with alcohols are known; phenols react 
rather more readily and do not necessitate the addition of phenoxides 
(118,120), especially if N-pyridyl-4-pyridinium monochloride is used 
(118). A series of N-pyridyl-4-phenyl ethers with substituents in the 
pyridine ring has been prepared by this method (118,120,154). 

4-HALOPYRIDINES 

4-Chloropyridine was prepared as long ago as 1885 by heating an
hydrous 4-hydroxypyridine with excess phosphorus trichloride at 150° 
(151). This method was retained until very recently, though yields were 
improved by using PC15 (155) or a mixture of PC15 and POCl3 (156). 
4-Bromopyridine is similarly formed by heating the hydroxy compound 
with phosphorus pentabromide at 110° (157). 4-Chloropyridine is also 
obtained by the diazotization of 4-aminopyridine; the nitroamine initi
ally formed affords a high yield of the 4-chloro product by treatment 
with hydrochloric acid (158). The action of concentrated hydrobromic 
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acid and sodium nitrite on the 4-amino compound results in the forma
tion of 4-bromopyridine {157). 

Small quantities of 4-chloropyridine were detected by Koenigs and 
Greiner (120) in the thermal decomposition of N-pyridyl-4-pyridinium 
chloride hydrochloride. A patent specification by Haack (159) deals with 
the preparation of 4-chloro- and 4-bromopyridine by passing gaseous 
HC1 or HBr into fused N-pyridyl-4-pyridinium salts at 220° to 250°. 
The yields reported are good, but could not subsequently be reproduced 
in the case of the chloro compound (160). 

4-Chloro- and 4-bromopyridine are obtained directly from N-pyridyl-
4-pyridinium chloride hydrochloride by fusing for some time with 
phosphorus pentachloride or pentabromide (118,161)) the pyridinium 
salt need not be particularly pure in this case. 

A1C13 can be used instead of PC1 5 in the preparation of 4-chloro
pyridine (118). The reaction mixture is cooled, ice water is added, fol
lowed by basification with caustic soda solution, and the mixture of 
pyridine and the 4-halopyridine separated by steam distillation. Frac
tional distillation through a Vigreux column yields 70% of 4-chloro
pyridine, b.p. 63-64°/50 mm (61) ( X L I X ) . 

X L I X CI ca. 7hrs 70 O/Q 

This method is equally applicable to the preparation of 3-methyl-4-
chloropyridine, by heating the corresponding N-pyridylpyridinium salt 
with PCI5 at approximately 180° (118). 

4-Chloro- and 4-bromopyridine are colorless liquids with a pyridine-
like odor, and can be distilled without decomposition under vacuum or at 
normal pressure. Both distillation and storage, however, require special 
precautions. Haitinger and Lieben (151) had early observed the forma
tion of a solid decomposition product in 4-chloropyridine; the investiga
tions of Wibaut and Broekman (156) showed this to be an N-pyridyl-4-
pyridinium salt, thought to result from the combination of two or more 
molecules of the halopyridine, e.g., L. 

x© 
L 

It has recently been established that the reaction occurs (161) only 
in the presence of traces of a strong acid or a quaternary pyridinium salt, 
e.g. N-methyl-4-chloropyridinium iodide. If acid formation is prevented 
by the addition of alkali, these halopyridines may be handled without 
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fear of decomposition. It is essential, therefore, that the walls of all 
apparatus used in the distillation or storage of 4-chloro- or 4-bromo
pyridine be covered with a thin layer of alkali by first rinsing with 
methanolic sodium or potassium hydroxide and drying (161). 4-Iodopyri-
dine is obtained by heating 4-chloropyridine with hydriodic acid in a 
tube at 145° (151), or by treatment of 4-aminopyridine with sodium 
nitrite and potassium iodide in sulfuric acid solution (162). The com
pound melts at 100° with decomposition (162), and conversion into an 
N-pyridyl-4-pyridinium salt requires prolonged boiling with water (163). 
4-Fluoropyridine, on the other hand, appears to be very unstable (163); 
until recently it had not proved possible to obtain it either from 4-amino
pyridine by a diazo reaction (164), or by the replacement of the chlorine 
atom in 4-chloropyridine using potassium fluoride, with dimethylformam
ide as the solvent (165). Wibaut and Holmes-Kamminga (165a) have 
now succeeded in preparing 4-fluoropyridine from 4-aminopyridine by 
treatment with sodium nitrite in concentrated hydrofluoric acid. 

The halogen atom in 4-chloro- and 4-bromopyridine exhibits a certain 
reactivity, which enables these compounds to undergo a variety of 
reactions. The chlorine atom can thus be replaced by the amino group 
by heating with ammonia and zinc chloride at 220-230° for 4-5 hr (166); 
this method also renders possible the introduction of substituted amino 
groups into the 4-position of the pyridine ring (161,167,168). The forma
tion of N-pyridyl-4-ethers from 4-chloropyridine and alkoxides or 
phenoxides has been referred to above. The kinetics of this reaction have 
been investigated by Chapman and Russel-Hill (169). The correspond
ing thioethers are obtained by replacing hydroxyl by mercapto com
pounds (170); N-pyridyl-4-sulfones are formed by allowing 4-halopyri-
dine to react with the sodium salt of a sulfuric acid (171). 

In contrast, 4-chloropyridine is not sufficiently reactive to be attacked 
by sodiomalonic ester (172), which will, however, react with 4-chloro-
pyridine-2,6-dicarboxylic ester in toluene (172). Subsequent saponifica
tion and decarboxylation yield 4-methylpyridine; the use of substituted 
malonic esters renders other 4-alkylpyridines accessible (172). The latter 
are also formed by the reaction between alkylated barbituric acids and 
4-bromo- or 4-chloropyridine, followed by the decomposition of the 
N-pyridyl-4-barbituric acid derivative with alkali (173). The action of 
aliphatic Grignard reagents on 4-chloropyridine results initially in the 
formation of a complex, which is decomposed on heating to give 4-alkyl
pyridines (161) (e.g., LI ) . 

LI 
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Compounds of the benzyl cyanide type react with 4-chloropyridine 
in the presence of sodamide as hydrogen halide acceptors to give substi
tuted 4-cyanomethylpyridines (LII) {174). 

The halogen atom in 4-chloropyridine can be replaced by a sulfonic 
acid group by boiling for 2 4 hr in aqueous sodium sulfite solution; the 
sodium salt of pyridine-4-sulfonic acid is obtained in 9 0 % yield (175). 
Dry distillation of this salt with potassium cyanide gives a good yield 
of 4-cyanopyridine (175). 

The halopyridines strongly resist the introduction of further substit
uents into the pyridine nucleus; nitration of 4-chloropyridine cannot be 
effected (176). 

The use of 4-chloro- and 4-bromopyridine in the preparation of 
organometallic pyridine compounds has been discussed earlier. 

4-AMINOPYRIDINE AND SUBSTITUTED PYRIDYL-4-AMINES 

The first preparation of 4-aminopyridine, still used to a certain extent 
today, is based on the Hofmann degradation of pyridine-4-carboxylic 
acid amide (138,177). The introduction of the amino group into the 
4-position of the pyridine ring can also be carried out by the reaction 
of 4-chloropyridine (166) or 4-bromopyridine (157) with ammonia. 
4-Aminopyridine may be obtained in satisfactory yield from N-pyridyl-
4-pyridinium chloride hydrochloride directly by heating the pyridinium 
salt for 8 hr at 150° with concentrated ammonium hydroxide solution. 
These directions by Koenigs and Greiner (120) were subsequently fol
lowed by J. P. Wibaut and his collaborators (178) who, in contrast to 
other workers (179), fully confirmed the usefulness of the method. An 
interesting modification is described by Albert (180). 

According to this variation, a strong stream of ammonia is passed 
into a mixture of N-pyridyl-4-pyridinium chloride hydrochloride and 
phenol heated to 180 -190° . After 3 hr the reaction mixture is worked 
up with the removal of the phenol by steam distillation, and the chloro
form extraction of the concentrated basified residue. 4-Aminopyridine is 
thus obtained in 8 0 % yield, and recrystallization from benzene gives a 
product of m.p. 158° . 

Levine and Leake (181) have reported an unusual synthesis of 
4-aminopyridine. If 3-bromopyridine is allowed to react with sodioaceto-
phenone in the presence of sodamide and the product worked up with 
aqueous ammonium chloride solution, 4-amino- and 4-phenacylpyridine 

CN 

LI 



I N T R O D U C T I O N OF S U B S T I T U E N T S I N T O P Y R I D I N E R I N G 77 

are obtained. The authors assume that a dehydropyridine—"pyridyne"— 
is formed as intermediate, which then reacts at position 4 (LIII). 

4-Aminopyridine is capable, like 4-hydroxypyridine, of forming tau
tomeric structures, though in this case the amino form is believed to 
predominate [see, e.g. refs. (86,145)]. The action of methyl iodide on 
4-aminopyridine nevertheless results in the formation of 1-methylpyri-
done-4-imide hydriodide (182) or l-methyl-4-pyridoneimide (183,184)) 
in other words, substitution does not take place at the primary amino 
group, but at the pyridine nitrogen. The 4-amino compound can, however, 
be converted into pyridyl-4-carboxylic acid amides with acid derivatives 
(120,138)) similarly, e.g. 4-(p-aminophenylsulfonamido) pyridine, also 
known as 4-sulfapyridine, can be obtained from 4-aminopyridine and 
sulfanilic acid chloride (185,186). 

The diazotization of 4-aminopyridine, best effected by the slow addi
tion of a mixture of nitric acid (d = 1.4) and nitrosylsulfuric acid, gives 
4-nitraminopyridine and a solution of a diazonium salt which can be 
coupled with phenols and aromatic amines (187). 4-Nitraminopyridine 
also results from the action of nitric acid on a solution of the amine in 
sulfuric acid (187); the nitramino compound readily rearranges to 3-
nitro-4-aminopyridine (158). Further nitration to 3,5-dinitro-4-amino-
pyridine is also possible (158). 4-Nitropyridine is obtained in 80% yield 
by the oxidation of 4-aminopyridine using fuming sulfuric acid and 30% 
oleum (188). The 4-nitro group is so reactive that it can be replaced by 
alkoxide or phenoxide groups, giving pyridyl-4-ethers (189). Reaction 
with ammonia yields 4-aminopyridine; with 50% caustic alkali 4-hy
droxypyridine is obtained (189); the latter is also formed by allowing 
4-nitropyridone to stand for prolonged periods with N- (4-pyridyl)pyri-
done-4(J00). 

Since the alkylation of the primary amino group in 4-aminopyridine 
is rather difficult—it can be accomplished by passing the aminopyridine 

H 

C H , - C O - C 6 H 5 

L I I I 
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with methanol over catalysts at elevated temperatures (191)—special 
methods are used to synthesize substituted 4-aminopyridines. 4-Alkyl-
aminopyridines are obtained by allowing 4-chloropyridine to react with 
substituted amines (167,168); if 4-chloropyridine-2,6-dicarboxylic acid 
is used instead, the reaction must be followed by decarboxylation (182). 
4-Dimethylaminopyridine is formed by passing dimethylamine into a 
phenolic melt of 4-pyridylpyridinium chloride hydrochloride (118). If 
the latter is heated with a primary aromatic amine hydrochloride (which 
may also contain substituents in the phenyl ring), excellent yields of 
4-phenylaminopyridines, e.g. LIV, are obtained (192). 

1 8 0 - 1 9 0 ° 
N 

1.5 hrs H
 X = =X 

CI© H 

L I V 1 0 0 % 

The replacement of the pyridinium salt by 4-pyridyl phenyl ether 
extends the application possibilities of this method. Both aromatic and 
aliphatic primary and secondary amines can then be made to react; 
pyridine and morpholine can also be used (192,192a) (see e.g. LV) . 
Furthermore, 4-pyridyl 4-nitrophenyl ether and 4-pyridyl phenyl thio-
ether can also be subjected to this aminolytic fission (192) (LVI). 

N f 3 - 0 - < f ~ ~ ^ > + n-C4Ht-NH,-HCl 1 8 0° > N ^ V - N H - C . H , 

— \ = = / 2 hrs \ = / 

LV 7 0 % 

N0 >~S"\3 + ^ ^ - N H . - H C I N Q - N H - Q ) 

LVI 70 % 
4-MERCAPTOPYRIDINE AND PYRIDYL-4-THIOETHERS 

If equal parts by weight of 4-chloropyridine and potassium hydrosul-
fide are heated at 140° in aqueous alcoholic solution for 6 hr, a good yield 
of 4-mereaptopyridine is formed (155). This compound is also obtained 
by warming an intimate mixture of 4-hydroxypyridine and phosphorus 
pentasulfide to 6 0 - 7 0 ° (193). 

Pyridine-4-thiol is readily obtained directly from N-pyridyl-4-pyri-
dinium chloride hydrochloride (118) (LVII). 

The pyridinium salt is suspended in a little pyridine, heated on a 
water bath to 8 0 ° to 9 0 ° and a strong stream of hydrogen sulfide passed 
in for 3 0 to 60 min. The yields lie between 5 0 and 65%, depending on the 
quality of the pyridinium salt used. Pure 4-mercaptopyridine has a 
m.p. of 186° (118). 

^ , r > , k t ^ ~ V V H-S/Pyridine — 
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The reaction can be carried out in a similar manner using N-(3-
methyl-4-pyridyl) -3-methylpyridinium chloride hydrochloride to give 
3-methyl-4-mercaptopyridine, m.p. 159-160°, in 25% yield (118). 

5-Nitropyridyl-2-pyridinium chloride can also be converted into the 
mercapto compound with hydrogen sulfide in the presence of pyridine; 
the 2-mercapto-5-nitropyridine formed in 80% yield is also formed by 
passing hydrogen sulfide into a mixture of 5-nitro-2-chloropyridine and 
pyridine (194). 

Unlike 4-hydroxypyridine, 4-mercaptopyridine reacts with alkyl 
halides to give good yields of pyridyl-4-thioethers. In accordance with 
this fact, the UV spectrum of pyridine-4-thiol exhibits a band at 2350A, 
ascribable to the SH form (195). 4-Pyridyl methyl sulfide hydriodide 
is obtained in quantitative yield from the mercaptan and methyl iodide 
in alcoholic solution; addition of alkali liberates the free base (193). 
Long-chain pyridyl-4-thioethers can also be obtained by this route (118). 

A particularly facile preparation of 4-substituted aliphatic thioethers 
of pyridine consists in the initial treatment with hydrogen sulfide of a 
mixture of N-pyridyl-4-pyridinium chloride hydrochloride and alkyl 
halide in pyridine at ca. 80°, followed by heating in a tube for several 
hours at 110-150°. Depending on the solubility of its salt, the thioether 
can be either separated directly after the addition of water, or extracted 
with ether following basification (118) (LVIII). 

1. HaS/Pyridine 

h o - h o - b o + c » h » c i S0°(T >N^S:C,,H" 
\ = / © V = / 2. 140°/12 hrs 55 % 

C l e 

LVIII 

Treatment of 4-mercaptopyridine with monochloroacetic acid and 
sodium bicarbonate in aqueous solution yields (pyridyl-4-mercapto) acetic 
acid (193), also formed from 4-chloropyridine and 2-mercaptoacetic 
acid (196). Application of the pyridine/H2S method to monochloroacetic 
ester and N-pyridyl-4-pyridinium chloride hydrochloride gives the cor
responding thioether directly (118). 4-Pyridyl phenyl thioether can be 
prepared from thiophenol by the action of both 4-chloropyridine (170) 
and N-pyridyl-4-pyridinium chloride hydrochloride (118). 

4,4'-Dipyridyl disulfide is obtained by the oxidation of the thiol with 
iodine-potassium iodide solution in dilute sodium hydroxide (155), hy
drogen peroxide and zinc oxide, or bromine in glacial acetic acid (193). 
The action of chlorine on 4-mercaptopyridine in dilute acetic acid pro
duces 4-chloropyridine and 4,4'-dipyridyl sulfide (193); pyridyl-4-methyl 
sulfone is obtained by the oxidation of the corresponding thioether with 
3% potassium permanganate solution (193). Sulfones also can be ob-
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tained directly from pyridyl-4-pyridinium chloride hydrochloride and 
sulfinic acid, the reaction being carried out in alcohol (see, e.g. LIX) 
(197). 

C lG L I X 

Pyridine-4-sulfonic acid may be obtained by the oxidation of 4-mer
captopyridine with perhydrol in 2N sodium hydroxide solution (193) or 
nitric acid (d — 1.2) (155). Its preparation from 4-chloropyridine and 
aqueous sodium sulfite solution was mentioned earlier (175). Pyridine-
4-sulfonic acid chloride is formed as a nonisolable compound by the 
action of chlorine on 4-mercaptopyridine in the presence of 30% hy
drogen peroxide; reaction with amines gives the corresponding amides; 
the use of hydrazine hydrate in acetone results in the formation of 
pyridine-4-sulfonic acid hydrazide (198,199). 

Unlike the equivalent reaction using hydrogen sulfide, the action of 
hydrogen selenide on N-pyridyl-4-pyridinium chloride hydrochloride in 
pyridine at room temperature produces a mixture of 4,4'-dipyridyl 
selenide and 4,4'-dipyridyl diselenide (118). 

The Use of Pyridine-N-oxides in the Preparation 
of Substituted Pyridines 

The method of preparing pyridine derivatives—especially those con
taining substituents in the 4-position—via the amine oxides is a rela
tively recent discovery. Studies in this field have been pursued in Japan 
particularly, where Ochiai and his co-workers have for the past 15 years 
carried out extensive investigations into the mechanism of the reactions 
undergone by the pyridine-N-oxides (200). Because of the war, it is only 
since 1950 that the publications of the Japanese school have made their 
way into the literature accessible to us. Unaware of this work, H. J. 
den Hertog, in Holland, and his collaborators (201), obtained similar 
results. A survey of the more important reactions of these amine oxides 
follows, special attention being accorded to preparative processes. 

Theoretical C o n s i d e r a t i o n s C o n c e r n i n g the M e c h a n i s m of 
the React ions of P y r i d i n e - N - o x i d e 

The presence of an oxygen atom linked to the pyridine nitrogen gives 
rise to a system possessing increased reasonance possibilities, and capa
ble of undergoing a variety of reactions. The dipole moment of pyridine-
N-oxide is significantly lower than that calculated from the moment of 
the amine oxide group and the moment of pyridine. This observation was 
explained by Linton (202) with the hypothesis that in its resonance 
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E 

L X 

Ochiai (200) concluded from the existence of these canonical states 
that pyridine-N-oxide must be susceptible to substitution by electrophilic 
reagents and that these would enter in positions 2 and 4. As the electron 
distribution in pyridine-N-oxide calculated by Jaffe (203) showed, addi
tional structures must be formulated in which the 2-, 4-, and 6-positions 
become positively charged (LXI) . 

© 

N I II 
N 
I 
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OE 
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OE 
1 
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L X I 

The results of the investigations by Mosher and Welsh (204) have 
indicated that not all the reactions of pyridine-N-oxide can be explained 
by the above formulations, but rather by the participation of canonical 
structures of the type known in the case of pyridine itself (LXII ) . 

L X I 

Preparat ion a n d Properties of A m i n e O x i d e s in the Pyridine Series 

Amine oxides may be obtained from tertiary amines by the action 
of oxygen-releasing oxidizing agents. While it is possible to oxidize 
aliphatic amines under mild conditions, e.g. with 3% hydrogen peroxide, 
the formation of N-oxides from aromatic-heterocyclic amines like pyri
dine requires the use of more powerful agents. Pyridine-N-oxide was 
prepared as long ago as 1926 by Meisenheimer (205), by the action of 
perbenzoic acid on pyridine; the amine was purified via the picrate. 
Other organic peracids, like monoperphthalic acid (160) and peracetic 
acid (206) are suitable oxidizing agents. Pyridine-N-oxide is formed from 
glutaconic dialdehyde and hydroxylamine by ring closure (207). 

The conversion of pyridines into amine oxides by means of hydrogen 
peroxide can only be accomplished if a carboxylic acid is added as 

system pyridine-N-oxide can assume a number of extreme canonical 
structures which cannot be assumed by pyridine itself ( L X ) . 
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solvent. Picolinic acid N-oxide (208), isonicotinic acid N-oxide (209), 
and later nicotinic acid N-oxide (210) were thus obtained from the cor
responding pyridinecarboxylic acid by using 30% hydrogen peroxide in 
glacial acetic acid. Ochiai (200) was the first, however, to recognize the 
general applicability of the acetic acid/perhydrol method to the prepara
tion of N-oxides in the pyridine series (LXIII) . 

Other organic carboxylic acids can be used instead of glacial acetic, 
but anhydrous acetic acid has proved to be the most favorable solvent 

In order to prepare pyridine-N-oxide, pyridine dissolved in glacial 
acetic acid is heated for several hours at 70-80° with an excess of 30% 
H 2 0 2 ; the solution is concentrated under vacuum and the basified residue 
extracted with chloroform. Purification is effected by distillation under 
reduced pressure. 

The amine oxides of the pyridine homologs as well as of many other 
pyridine derivatives can be obtained, often in very good yields, according 
to these directions (200); the method does, however, fail in the case of, 
for example, 2-chloro-5-nitropyridine (194), and a number of other 
nitrogen-containing heterocycles (211). 

Physical constants of some N-oxides in the pyridine series are given 
in Table 1. 

Many N-oxides in the pyridine series are known today, and of these, 
particularly the N-oxides of pyridine itself and of its simple homologs 
possess great significance from the preparative point of view. The semi-
polar N - » O bond confers a salt-like character upon these compounds; 
they are consequently readily soluble in water but dissolve with dif
ficulty in organic solvents such as benzene and ether. The pyridine-N-
oxides are, like quaternary pyridinium salts, frequently very hygroscopic. 
Their melting and boiling points are relatively high, and are always 
higher than the respective tertiary base. The amine oxides also react as 
bases and are capable of salt formation; picrates and picrolonates (221) 
can be used for identification. 4-Methylpyridine-N-oxide strongly differs 
in its physical properties from the N-oxides of pyridine and 2- and 3-
methylpyridine. Its melting point is considerably higher and it can be 
recrystallized beautifully from acetone to give white, scarcely hygroscopic 
needles (194)the other oxides mentioned readily dissolve in this solvent. 

This behavior allows the separation of mixtures of pyridine bases; 

L X I I I 
4, 
O 96 % 

(200). 
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T A B L E 1 
Pyridine N-Oxides 

Amine oxide B.p. ( 0C / m m ) 
or m.p. (°C) 

M.p. of the 
picrate (°C) 

Pyridine 138-140°/15 (200) 179. 5° (205) 

2-Methylpyridine 123-124 7 15 (212) 125-126.5°(2i2) 

3-Methylpyridine 146-149715 (212) 138-139°(2i2) 

4- Methy lpy r idine 185-186° (212) 158.7-159.7° 

2,4-Dimethylpyridine 148 713 (212) 140 (214) 

2,6-Dimethylpyridine 115-119718 (212) 127. 5-129° (213) 

2-Methyl-5-ethylpyridine 9370.2 (215) -
2,4,6-Trimethylpyridine 135-139714 (216) 166-167° (214) 

2-Benzylpyridine 99-100° (216a) -
3-Benzylpyridine 66° (216a) -
4-Benzylpyridine 104-105° (216a) 

2-Hydroxy pyridine 145-147° (217) -
3-Hydroxy pyridine 189-191° (217) -
4-Hydroxypyridine 243-244° (217) -
2-Aminopyridine 163-164° (218) -
4-Aminopyridine Hygroscopic crystals (200) 199-200° (200) 

2-Chloropyridine 67-68.5° (218) -
4-Chloropyridine 169.5° (200) -
2-Hydroxymethylpyridine 143-143.5° (212) -
3-Hydroxymethylpyridine 88-89° (216a) -
4-Hydroxymethylpyridine 121-122° (216a) -
2,6-Dihydroxymethylpyridine 136° (216a) -
Pyridine-2-aldehyde (hydrate) 78-80° (88) -
Pyridine-4-aldehyde 147° (216a) -
Pyridine-2,6-dialdehyde 187-188° (88) -
5-Methylpyridine-2-aldehyde 164.5-165.5° (88) 
Pyridine-2-aldehyde-4-

carboxylic acid 
222-223° (88) 

Pyridine-2-carboxylie acid 161° (208,213) 

Pyridine-2-carboxylic acid 
methyl ester 

135-13770.6 (219) -

Pyridine-3-carboxylic acid 249° (210) -
Pyridine-3-carboxylic acid 

methyl ester 
97° (210) -

Pyridine-4-carboxylic acid 266° (209) -
Pyridine-4-carboxylic acid 118-119° (220) -

methyl ester 

these can be converted into mixtures of N-oxides and resolved into their 
components by distillation {213,219,222) or recrystallization (219). It 
is possible in this manner to separate the so-called /3-picoline fraction 
without difficulty into 2,6-dimethylpyridine-N-oxide and 3-methylpyri-
dine-N-oxide by fractional distillation. Crystallization of the residue 
from acetone yields pure 4-methylpyridine-N-oxide; reduction of the 
amine oxides gives the tertiary pyridine bases in a pure state (219). 
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React ions of N - O x i d e s in the Pyridine Series 

REDUCTION OF PYRIDINE-N-OXIDES 

The amine oxides of the pyridine series are reduced with difficulty. 
Whereas the aliphatic and aliphatic-aromatic N-oxides are reduced to 
the corresponding tertiary amines by even mild reducing agents, the 
removal of the oxygen atom from the amine oxide group in the aromatic-
heterocyclic series usually necessitates the use of powerful reagents. Good 
results were obtained in the catalytic hydrogenation with Raney nickel 
of N-oxides of pyridine and substituted pyridines in glacial acetic acid/ 
acetic anhydride; the reaction proceeds at a rapid rate and the pyridine 
ring is unattacked (219). The use of platinum or palladium catalysts 
generally also requires the reaction to be carried out in acid solution 
(200), although some compounds, such as 3- and 4-methylpyridine-N-
oxide are readily hydrogenated by Pt0 2 in methanol (223). Nascent 
hydrogen—produced for example from iron in acetic acid solution—also 
reduces amine oxides to the original tertiary pyridine [see, e.g. refs. (205, 
219,224-227)]. This method allows the reduction of 2,6-dimethylpyri-
dine-N-oxide, which is scarcely affected by catalytic hydrogenation (219). 

From a number of pyridine-N-oxides, the removal of the oxygen 
atom can be effected in liquid ammonia by both sodium (228) and sul
fur (229). Benzenesulfenyl chloride and S2C12 are both suitable sulfur 
compounds for use in the reduction, and their action on pyridine-N-oxide 
gives pyridine in 80-85% yield (230). The loss of oxygen by heating does 
not occur below 140-210° in the case of pyridine-N-oxide and is assisted 
by the presence of zinc dust or copper powder; pyridine is formed 
together with another, unknown base (231). The same reaction can be 
carried out by warming the amine oxide in sulfuric acid with selenium 
dioxide (232). 

While most of the above-mentioned methods cannot be applied when 
reducible substituents are present in the pyridine nucleus, a number of 
processes do exist which allow the selective reduction of the amine oxide 
group. 4-Nitropyridine can thus be prepared in 70-80% yield from 4-ni-
tropyridine-N-oxide by the use of phosphorus trichloride in chloroform 
(LXIV) (200, 233-235); the chloride can also be replaced by the cor
responding bromide (236,237). 

79 % 

L X I V 
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Amine oxides react with alkyl halides to form O-alkyl compounds 
(238), which are split by alkali to give a tertiary amine and an aldehyde; 
this reaction, which is also undergone by pyridine-N-oxides (200,239), 
can therefore be used to eliminate the N-oxide oxygen atom. Thus, pyri
dine-N-oxide and benzyl bromide initially form a quaternary compound, 
which is decomposed by sodium hydroxide solution to give pyridine and 
benzaldehyde (LXV) (240). 

O * Q - o ~ — ('* 
N J N© Br N 

i C H' B R < U H , - C . H , ™ O 

L X V 

p-Toluenesulfonic acid methyl ester can similarly be used for the 
removal of the oxygen atom from the amine oxides of the pyridine series 

Substitution React ions A c c o m p a n i e d by the Regenera t ion of 
the Tertiary Pyridines 

A number of reactions are known, in which substitution of the pyri
dine nucleus is accompanied by the simultaneous reduction of the pyri
dine-N-oxide. Thus if pyridine-N-oxide is heated with sulfuryl chloride, 
2- and 4-chloropyridine and a little pentachloropyridine are all obtained 
(160); the method, however, does not possess great significance due to 
the fact that separation of the isomers is fairly laborious. In a similar 
manner, phosphorus pentachloride yields 4-chloropyridine exclusively 
(241); phosphorus oxyhalides also reduce and halogenate simultaneously 
(242-245). 

The action of phenylmagnesium bromide on pyridine-N-oxide results 
in the formation of 2-phenylpyridine with evolution of heat (246,247); 
better yields are attained by the use of benzoyloxypyridinium chloride, 
obtained by allowing pyridine-N-oxide to react with benzoyl chloride 
(LXVI) (248). 

0 
y \ C 6H 5M g B r , / \ + ,/V<C6H8)8 

'ÎJe 130"°
 >

 L 'I 
N© N N - c 9H , 
0 - C O - C „ H 5 0 - C O - C , H 5 

L X V I 

The reaction between acetic anhydride and the N-oxides of pyridine 
and its homologs has found widespread application. If pyridine-N-oxide 
is heated with acetic anhydride at 140-150°, 2-hydroxypyridine is formed 
in almost quantitative yield (200, 249); 2-hydroxy-3-methylpyridine is 
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analogously obtained from 3-methylpyridine-N-oxide (212). The introduc
tion of a hydroxyl group into the side chain, on the other hand, is effected 
by treating 2- and 4-methylpyridine-N-oxide with acetic anhydride; the 
corresponding acetoxymethylpyridines are formed initially, and can be 
saponified by acids or alkalis to 2- and 4-hydroxymethylpyridine, respec
tively (212,2^9-253). If the acetoxymethylpyridine is again oxidized to 
the amine oxide and heated with the acid anhydride, the diacetate of 
pyridine-2-aldehyde is obtained (LXVII) (212). 

Carbinols of pyridine-N-oxide derivatives can also be prepared if the 
latter contain more than one methyl group (212,254-257). In this in
stance, the 2-position reacts in preference to the 4-position (256). If 
position 2 or 4 carries a longer side chain, the acetoxy group invariably 
enters the corresponding ring methylene group (212,251,258-260). After 
their conversion into the amine oxides, 2- and 4-benzyl derivatives of 
pyridine can be hydroxylated in the methylene group by heating with 
acetic anhydride (255,261). 2,6-Dimethyl-4-benzylpyridine-N-oxide first 
forms the 4-hydroxymethylpyridine; repetition of the reaction gives the 
4-benzoyl derivative and substitution in a 2-methyl group only occurs 
after repeated treatment (261) (LXVIII) . 

The mechanism of the N-oxide/acetic anhydride method has not yet 
been fully elucidated, though several theories have been postulated [see, 

o 

LXVIII 
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e.g. refs. (252,262) ]. The substitution does not always proceed uniformly, 
for even in the case of the 2- and 4-methyl derivatives, compounds 
hydroxylated in the pyridine ring are formed along with the carbinols 
(212,252-254, 256). 

According to an American patent (263) 2-hydroxypyridine-N-oxide 
is obtained by heating a mixture of pyridine, glacial acetic acid, perhy-
drol, and paraformaldehyde at 75-95°; analogous compounds are formed 
from 3-methyl and 3,5-dimethylpyridine. 

On heating pyridine-N-oxide with p-toluenesulfonyl chloride, 3-(p-
toluenesulfonyl) pyridine is formed and saponification of the latter yields 
3-hydroxypyridine (LXIX) (241,264). By-products are formed in this 
reaction, in which two pyridine rings are joined to one another (265-267). 
While 3-methyl pyridine-N-oxide allows the introduction of a hydroxyl 
group in the 5-position by this treatment (268), the action of tosyl 
chloride on 2-methylpyridine-N-oxide results in the formation of 2-chlo-
romethylpyridine (269). 

A + H,c-Q-so8c.->(Y W +(Y 
N N N 

O L X I X 

ELECTROPHILIC SUBSTITUTION OF PYRIDINE-N-OXIDES 

Nitration 

The nitration of pyridine N-oxide was first carried out by Ochiai 
(200). By the action of concentrated nitric acid and concentrated sulfuric 
acid at 130° he obtained 4-nitropyridine-N-oxide in 72% yield ( L X X ) . 
A very small quantity of 2-nitropyridine is also formed, which probably 
results from the corresponding N-oxide by loss of oxygen during the 
course of the reaction. Elevation of temperature causes a rise in the 
yield of 2-nitropyridine, and the reaction products then include 4-nitro-
pyridine (200). 

H , S 0 4 (d = 1.84) I 
H N O , (d - 1.48) > \ 

128-130° /3 .5 hrs 

i & 7 2 % 
L X X 

A shortened method has been reported by H. J. den Hertog and W. 
P. Combe (225). In this process pyridine is oxidized with glacial acetic 
acid and perhydrol, the mixture evaporated under vacuum and the 
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residue heated—without isolation of the N-oxide—with fuming nitric 
acid and sulfuric acid at 90° for 14 hr. The reaction mixture is then 
poured on to ice, neutralized, and extracted with ether, yielding over 90% 
of 4-nitropyridine-N-oxide. 

The nitro group can also be introduced into position 4 in many deriva
tives of pyridine-N-oxide [see, e.g. refs. (200,221, 224-227,237, 270-273) ] . 
If this position is already occupied, nitration does not occur (194,273). 
The nitro group can, however, be introduced at other positions under the 
influence of substituents already present (226,227,274-277). 

If benzoyl nitrate is allowed to stand with pyridine-N-oxide in 
chloroform for 4 days at room temperature, a very low yield of 3-nitro-
pyridine-N-oxide is obtained (278). 

Sulfonation—Electrophilic substitution 

Surprisingly, the sulfonation of pyridine-N-oxide proceeds quite dif
ferently from the normal nitration. If the amine oxide is treated at 150° 
with 20% oleum in the presence of mercuric sulfate, the unchanged 
starting material is obtained in 60% yield, and no sulfonic acid is formed 
(204). It is only by using the conditions required for the sulfonation of 
pyridine itself, namely heating with 20% oleum and mercuric sulfate for 
22 hr at 230°, that a sulfonic acid is formed; it is, however, found to be 
pyridine-3-sulfonic acid N-oxide (LXXI) (204). 

yv , S O , H 
O l e u m ( 2 0 % ) , H g S 0 4 a 230°/22 hrs 

N N 
* 4> 
O L X X I O 51 % 

Conversely, reaction with mercuric acetate gives the 4-substituted 
pyridine-mercury compound, which was isolated as 4-(chloromercuri)-
pyridine-N-oxide following the addition of saturated salt solution 
(LXXII) (279). Treatment of LXXII with bromine yields 4-bromopyri-
dine-N-oxide (279). According to van Ammers and den Hertog (280), 
on the other hand, substitution occurs in the 2- or 2- and 6-positions, 
not position 4. 

H g ( O C O C H 3) 2 

* 0 
N 

C H 3C O O H 

130°/2 hrs 

L X X I I 

H g O C O C H 3 

0 
N 

HgC! Br 
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Other electrophilic reactions, e.g. bromination, chlorosulfonation, and 
Friedel-Crafts reactions have as little effect on pyridine-N-oxide as they 
have on pyridine itself (204). 
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REACTIONS USING 4-NITROPYRIDINE-N-OXIDES 

The nitro group in the 4-position of pyridine-N-oxide is distinguished 
by an extraordinary reactivity, with the result that numerous 4-substi
tuted pyridine derivatives can be prepared using this nitro compound. 
4-Nitropyridine-N-oxide itself is a stable substance; recrystallization 
from acetone or water yields yellow crystals, m.p. 159° (200). Mere 
warming with aqueous alkali or with hydrohalic acids causes a re
placement of the nitro group. If 4-nitropyridine-N-oxide is warmed with 
dilute sodium hydroxide solution, a vigorous reaction ensues but no uni
form product is formed. 4,4 /-Azopyridine-N-oxide (281) and 4,4'-azopyri-
dine were isolated from the reaction mixture (225). Besides these, 4-hy
droxypyridine is probably also formed (225); it becomes the main product 
on the addition of hydrogen peroxide to the sodium hydroxide solution 
(282). If 4-nitropyridine-N-oxide is heated with ammonia, 4,4'-azopyri-
dinedi-N-oxide and a small quantity of 4-aminopyridine-N-oxide are 
produced (283). Prolonged warming with hydrobromic or hydrochloric 
acid yields mainly 4-bromopyridine-N-oxide (LXXIII) (284) [see also 
ref. (225)] and 4-chloropyridine-N-oxide, respectively (225). 

A particularly good method for synthesizing 4-chloro- or 4-bromo
pyridine-N-oxide is based on the reaction between the nitro derivative 
and acetyl chloride or bromide; an excess of the acid halide is used and 
the reaction is carried out at 5 0 ° (LXXIV) (200,285). 

The action of phosphorus oxychloride on 4-nitropyridine-N-oxide 
gives 4-chloropyridine-N-oxide as the major product if a temperature of 
7 0 ° is maintained; at 100° , 2,4-dichloropyridine is formed (200,285). 

The preparation of 4-hydroxypyridine-N-oxide is accomplished by 
warming 4-nitropyridine-N-oxide with acetic anhydride and dimethyl-
aniline on a water bath (LXXV) (200); [see also ref. (237)]. 

Pyridyl-4-ether-N-oxides and the corresponding thioether-N-oxides 
are obtained with equal ease by allowing the nitro compound to react 

N 

O 92 % O L X X I V 
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( C H 3C O ) 20 
C , H 5N ( C H 3) 2 

1 0 0 % 0 
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O H 

O L X X V O 77 % 

with alkoxides or phenoxides and thiophenoxides, respectively {200, 225, 
283,286). A 70% yield of 4-ethoxypyridine-N-oxide is obtained by this 
route (LXXVI) (225). The reagents mentioned also cause ready ether 
formation with 4-chloropyridine-N-oxide (200,286). 

Catalytic hydrogenation of 4-benzyloxypyridine-N-oxide with pal
ladium-charcoal in methanol gives 4-hydroxypyridine-N-oxide with 
elimination of toluene (200). As in pyridine itself, the phenoxy and thio-
phenoxy groups in the 4-position of pyridine-N-oxide exhibit a high re
activity and can be replaced by heating with primary or secondary 
amines, thus allowing the introduction of the amino group in this posi
tion (LXXVII) (200,286). The same reaction also occurs with 4-chloro
pyridine-N-oxide (LXXVII) (200,286), though not without the danger 
of removing the N-oxide function (221). 

On prolonged standing with thiourea, 4-chloropyridine-N-oxide af
fords an 80% yield of pyridyl-4-isothiouronium chloride N-oxide and 
hydrolysis of the latter with cold sodium hydroxide solution results in 
the formation of 4-mercaptopyridine-N-oxide (287) [see also ref. (200)]. 
The salt obtained by allowing this mercaptan to react with mercuric 
acetate possesses high bacteriostatic activity (194)- If the isothiouronium 
salt is evaporated down with ammonia on a water bath, 4,4'-dipyridyl 
sulfide N-oxide is obtained (287); this compound is also formed in small 
quantities by the action of hydrogen sulfide on 4-nitropyridine-N-oxide 

L X X V I I 
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in the presence of pyridine (194). These reactions are illustrated in reac
tion scheme LXXVIII (200). 

N N - » Q N N N H N H 

N a N 0 2 H , S 
N a O H N H 4 O H 
( 5 0 %) (15°) 

L X X V I I 

The reduction of 4-nitropyridine-N-oxide with phosphorus trichloride 
has been referred to above; in this reaction the nitro group remains un
affected. If this process is combined with the action of acetyl chloride, 
4-chloropyridine is obtained (175). Most of the reduction methods de
scribed above (pp. 84-85) can be applied directly to 4-substituted pyridine-
N-oxides obtained from 4-nitropyridine-N-oxide. Under the action of re
ducing agents, the behavior of 4-nitropyridine-N-oxide resembles that of 
nitrobenzene inasmuch as azo, azoxy, and hydrazo compounds are 
formed in addition to 4-aminopyridine-N-oxide; 4-aminopyridine is only 
produced in acid solution (LXXVIII) (200,288). 

4-Aminopyridine-N-oxide, unlike 4-aminopyridine, is readily diazo-
tized (200). The diazonium salt can be coupled, yielding azo dyes (200). 
Furthermore, the diazo group can be replaced by a halogen, a nitrile, 
and a thiocyano group (200). 

The reactions depicted in this section also apply to many substituted 
pyridine-N-oxides. Since they offer nothing of a particularly novel char
acter, however, these methods are not discussed. 
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Appendix 

Tertiary Pyridines a n d Pyridinium Sa l ts 

The sulfonation of 2,6-di-£er£-butylpyridine using S0 3 in liquid S0 2 

does not yield the corresponding 4-pyridinesulfonic acid as previously 
thought (10), but 2,6-di-£er£-butyl-3-pyridinesulfonic acid; this was re
cently proved with the aid of nuclear magnetic resonance spectra (289). 

2-Chloropyridine is obtained in 65-80% yield in the chlorination of 
pyridine with chlorine and sulfur dioxide at 340-370° (290). No halogen 
exchange is undergone by either 2-chloropyridine, 2-chloropyridine-N-
oxide, 2-chloropyridine hydrochloride, or 2-bromopyridine when heated 
with potassium fluoride in dimethylformamide; 2-chloro-3-nitro- and 
2-chloro-5-nitropyridine, on the other hand, give the corresponding 
fluoro compounds by this treatment (291). 

Foldi (292) has recently described an interesting reaction between 
4-alkylpyridines and benzene- or p-toluenesulfonyl chloride. Loss of a 
proton results in the linking of the arylsulfonyl group to the C atom 
attached to position 4 of the alkylpyridine. 

The investigation by Wibaut and Broekman (293) into the polymeri
zation of 4-chloropyridine revealed that substances possessing the prop
erties of pyridyl-4-chloropyridinium chlorides are formed; rapid hy
drolysis affords 4-hydroxypyridine and N-(4'-pyridyl)-4-pyridone. 

Jerchel and Jakob (294) have recently reported an interesting rear
rangement undergone by pyridyl aminophenyl ethers. If the dihydrochlo-
rides of the 4-pyridyl aminophenyl ethers containing the NH 2 group in 
position 2, 3, or 4 of the benzene nucleus, are warmed, good yields of the 
corresponding pyridyl-4-hydroxyphenylamines are obtained. 

76 % 
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2-Pyridyl aminophenyl ethers also undergo this reaction (294). 
Further investigation into the action of nitric acid on 4-mercapto

pyridine has shown that the main product is the dinitrate of di-4-pyridyl 
disulfide (295,296), not 4-pyridinesulfonic acid (155). The desired sul
fonic acid is obtained from 4-pyridinethioI, nitric acid, and chlorine, or 
nitric acid, hydrochloric acid, and chlorine (295). 

S H 

f \ H N O , (HCI) a n d C l 2 

k J ( 1 ) 0 ° , 2 h r s (2) 7 0 - 8 0 ° 

Further preparations of 4-pyridinesulfonic acid are based on the 
oxidation of 4-pyridinethiol with hydrogen peroxide in glacial acetic acid 
(296), the oxidation of the barium salt with H 2 0 2 (297), the treatment 
of 4-chloropyridine with sodium sulfite (275,295,297) or the action of 
sodium bisulfite on 4-hydroxypyridine (297). According to Evans and 
Brown (297), the best method of preparing 4-pyridinesulfonic acid con
sists in the decomposition of 4-pyridylpyridinium chloride hydrochloride 
with sodium sulfite or bisulfite (298). 

HCI •N/><3 N a , S 0 3 ( N a H S 0 8 ) ) N̂ 3 _ S o 8 H 
n—/ e\ — 1 4 0 - 1 6 0 ° , 6 - 1 0 h r s X— 

CI© 

4-Pyridinesulfonyl chloride is obtained from 4-mercaptopyridine and 
chlorine in concentrated hydrochloric acid at 0° (299). It is not isolated, 
but allowed to react directly with various bases. 

P y r i d i n e - N - o x i d e s 

Evans and associates (800) have recently proposed the use of a mix
ture of trifluoroacetic acid and H 2 0 2 (30%) in the preparation of pyri
dine-N-oxides from bases that are not readily oxidized; they succeeded 
in obtaining 2,6-dibromopyridine-N-oxide in 70% yield by means of this 
method. 

The catalytic reduction of pyridine-N-oxides with Raney nickel and 
hydrogen does not take place in the presence of glacial acetic acid/acetic 
anhydride exclusively (219), but also in methanol; even then the addi
tion of glacial acetic acid is advisable (801). According to the investiga
tions of Howard and Olszewski (802), the N-oxide oxygen can be elimi
nated with triphenylphosphine at elevated temperatures. In contrast to 
the above, aromatic amine oxides in boiling glacial acetic acid were 
found to be stable to triethyl- or triphenylphosphine (808). Removal of 
the oxygen from pyridine-N-oxides is also brought about by sulfur and 
its compounds at temperatures of 115-150° (804). 

S O , H 
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The action of acetic anhydride on pyridine-N-oxides has been re
peatedly investigated recently. 2-Styrylpyridine-N-oxide and 2-propenyl-
pyridine-N-oxide are hydroxylated by acetic anhydride both at the 
ethylenic linkage and in the pyridine nucleus (305). 

3-Chloro-, 3-bromo-, and 3-fluoropyridine-N-oxide react with acetic 
anhydride to give the corresponding 2-acetoxy-3-halopyridines (306). 
The acetic anhydride method was also invoked in the synthesis of 3- and 
6-alkylpicolinic acid, 5-methylpicolinic acid (307) and pyridinealdehyde-
N-oxides (308,309). 

Papers by both Furukawa (310) and Traynelis and Martello (311) 
deal with the question of the mechanism of this reaction. 

The replacement of acetic anhydride by trifluoroacetic anhydride is 
recommended, as the latter reacts even at 40° and is more readily 
saponified (312). The reaction between 2-picoline-N-oxide and ketene in 
the presence of catalytic quantities of H 2S0 4 results in the formation of 
2-acetoxypicoline, which is obtained from the same N-oxide by the action 
of acetic anhydride (313). 

A recently discovered reaction between pyridine-N-oxides and potas
sium cyanide is not without interest. The action of alkyl halides or di
methyl sulfate on pyridine-N-oxide yields quaternary compounds which 
can be converted by potassium cyanide into 2- and 4-cyanopyridine at 
room temperature (314,315). 

Picoline- and lutidine-N-oxides also undergo this reaction (314,315). 
In a detailed study of the sulfonation of pyridine-N-oxide, M. van 

SO,H 

N 

4 0 - 4 5 % 0 . 5 - 1 . 0 % 2 - 2 . 5 % 
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Ammers and H. J. den Hertog (316) detected small quantities of isomers 
in addition to the main product, 3-pyridinesulfonic acid N-oxide; 45% 
of the pyridine-N-oxide subjected to the reaction remained unchanged. 

Experimental 
N- (2,6-Dichlorobenzyl) -4-phenacyl-l ,4-dihydropyridine (114, 115). 

N-(2,6-Dichlorobenzyl) pyridinium bromide (114) (6.38 gm) in meth
anol (25 ml) is treated with acetophenone (5 ml) and p-nitrosodimethyl-
aniline (1.8 gm) in a closed round-bottomed flask fitted with in- and 
outlet tubes. Nitrogen is passed into the solution—which is maintained 
at 20°—until the air in the flask is expelled, and sodium hydroxide solu
tion (2iV, 20 ml) added. A red coloration develops after a few minutes 
and the solution becomes slightly warm. After cooling, crystallization is 
induced by scratching and completed by the addition of water (25 ml). 
After 3 hr the crystals are filtered and washed with water and a little 
alcohol, yielding the crude product (5.4 gm, 76%). 

4-Phenacylpyridine (114,115). The compound described above (3.56 
gm) is heated with hydrobromic acid (66%, 3 ml) in a tube for 1 hr at 
180°. After cooling, the 4-phenacylpyridine hydrobromide formed may 
be freed from 2,6-dichlorobenzyl bromide by filtering and washing with 
ether followed by acetone. The aqueous fraction of the filtrate is evap
orated under reduced pressure on a wrater bath; crystallization, initiated 
by scratching in the presence of a little methanol, is completed by the 
addition of ether. The total yield of hydrobromide amounts to 2.6 gm 
(93%). 4-Phenacylpyridine, liberated from the salt by alkali, is re-
crystallized from petroleum ether or acetone and has a m.p. of 115° 
(115). 

N-Pyridyl-4-pyridinium chloride hydrochloride (120,161). Dry pyri
dine (300 ml) is vigorously stirred with thionyl chloride (technical 
grade, 900 gm) in a 1 liter three-necked flask fitted with a dropping fun
nel, stirrer, and reflux condenser protected by a calcium chloride tube. 
An internal temperature of 20° is easily maintained by external cooling 
with flowing water and a controlled dropping rate. After the addition of 
SOCl2 is completed the mixture is allowed to stand for 3 days at room 
temperature. The excess of thionyl chloride is removed by vacuum dis
tillation, the temperature of the water bath being gradually raised to 
100°; this temperature is maintained for 2 hr following the complete 
removal of thionyl chloride. The solid residue left in the flask is con
verted into a homogeneous crystalline mass by boiling with absolute 
methanol (200 ml), cooled to 0°, and filtered. The crude product, 
washed with a little alcohol and dried at 110°, has a m.p. of 145-148° 
and the yield is 260 gm (60%). Further purification is effected by dis-
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solving the crude product in a little hot 2N hydrochloric acid, filtering, 
and treating the filtrate repeatedly with animal charcoal. Evaporation 
under vacuum and addition of alcohol cause the separation of off-white 
crystals; after cooling these are filtered, washed with alcohol, and dried. 
Recrystallization from methanol affords colorless needles, m.p. 151°. 

4-Pyridyl 4-nitrophenyl ether (118). A mixture of N-pyridyl-4-py-
ridinium chloride hydrochloride (10 gm) and p-nitrophenol (6.6 gm) is 
heated at 160-165° in an oil bath, forming a clear melt within a few 
minutes. On cooling, this is treated with 10% sodium carbonate solu
tion, filtered, and the filtration residue washed with sodium hydroxide 
solution and water. Recrystallization from aqueous alcohol gives needles 
(4.5 gm, 47%), m.p. 128°. 

4-Chloropyridine (118,161). N-Pyridyl-4-pyridinium chloride hydro
chloride (200 gm, crude product) is thoroughly ground to a powder, in
timately mixed with phosphorus pentachloride (180 gm) and heated to 
160° in an oil bath, in a 500-ml flask equipped with an air condenser. 
As the internal temperature rises to 165-170°, a dark, mobile melt is 
formed. The reaction mixture is maintained at a bath temperature of 
180° for a further 6 hr. Ice water is carefully added through the con
denser, accompanied by efficient cooling, until a clear solution is ob
tained; the solution is transferred to a larger flask and basified with 
sodium hydroxide solution, the operation being carried out with vigorous 
stirring and careful cooling. 4-Chloropyridine and pyridine come over to
gether when the mixture is steam-distilled, and are separated by the ad
dition of potassium carbonate. The aqueous phase is extracted with 
ether; the ethereal extracts are used to dissolve the previously separated 
bases. After drying with KOH, the product is distilled in the apparatus 
shown in Fig. 1. The apparatus must first be thoroughly rinsed with 
alcoholic potassium hydroxide and dried. After removal of the solvent at 
normal pressure, pyridine comes over first at 57-59°/100 mm, followed 
by 4-chloropyridine at 63-64°/50 mm. The yield of 4-chloropyridine 
amounts to 72 gm (73%). 

4-Phenylaminopyridine (192). N-Pyridyl-4-pyridinium chloride hy
drochloride (2.3 gm) and aniline hydrochloride (2.6 gm) are heated at 
180° for 90 min, dissolved in water on cooling and warmed with animal 
charcoal. A large excess of sodium hydroxide is added and the mixture 
brought to the boil; crystals separated on cooling which are filtered and 
recrystallized from methanol/water to give 4-phenylaminopyridine, m.p. 
172°, in quantitative yield. 

4-n-Butylaminopyridine (192). 4-Pyridyl phenyl ether (120) (2.6 
gm) and n-butylamine hydrochloride (4.9 gm) are heated at 180° for 2 
hr, and at 200° for the last 5 min. The mixture is freed from unreacted 
starting material by dissolving the cooled melt in water, rendering the 
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solution alkaline with sodium hydroxide solution and steam-distilling. 
On cooling, the amine produced crystallizes out from the oily residue. 
The crude product obtained by filtration is dried and recrystallized from 
petroleum ether (b.p. 40-70°) yielding colorless needles of 4-n-butyl-
aminopyridine (1.6 gm, 70%), m.p. 65°. 

Fig . 1. Apparatus for the d i s t i l l a t ion 
of 4 - c h l o r o p y r i d i n e 

4-Pyridyl n-cetyl thioether (118). Hydrogen sulfide is passed for 2 
hr into a suspension of N-pyridyl-4-pyridinium chloride hydrochloride 
(15 gm) in pyridine (15 ml) maintained at approximately 70°, forming 
a clear solution. n-Cetyl chloride (20 gm) is added, the mixture heated 
in a tube for 12 hr at 145° and the product dissolved in warm water (150 
ml). After the addition of HCI (2Ar, 20 ml) and cooling, the scarcely 
soluble hydrochloride of the thioether can be largely freed from water 
and pyridine by filtration. The moist product is suspended in water, 
treated with sodium hydroxide solution (2N) and vigorously stirred at 
50° for 15 min. A semisolid, reddish mass forms on cooling which can be 
brought into solution with hot methanol/ethanol; treatment with animal 
charcoal yields white flakes (11 gm, 52%), m.p. 52°. 
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Pyridine-N-oxide {200). A mixture of pyridine (40 gm), glacial acetic 
acid (100 ml), and hydrogen peroxide (50 ml) is heated at 70-80° for 
8 hr; after 3 hr, more perhydrol (35 ml) is added. The solution is then 
evaporated under vacuum to half its volume, diluted with water (100 
ml), and evaporated under vacuum as far as possible. Small portions of 
anhydrous sodium carbonate are added until a solid crystalline mass is 
obtained, when the amine oxide can be extracted by shaking with chloro
form (ca. 300 ml). After standing for several hours at room temperature 
the undissolved salt is filtered off, the filtrate dried with Na 2S0 4 and the 
solvent evaporated. Pyridine-N-oxide (40-45 gm, 85-95%) distils at 
138-140°/15 mm. 

Purification of 4-methylpyridine via 4~methylpyridine-N-oxide 
{219). (a) 4-Methylpyridine (23 gm), glacial acetic acid (120 ml), and 
perhydrol (40 ml) are treated as described above. The residue left after 
removal of the chloroform can in this case be recrystallized from a large 
quantity of acetone, yielding white needles of 4-methylpyridine-N-oxide 
(21.6 gm. 80%), m.p. 186-186.5°. 

(b) The amine oxide (20 gm) is dissolved in glacial acetic acid (60 
ml) and acetic anhydride (10 ml) ; Raney nickel (1 gm) is added and 
the mixture hydrogenated with vigorous stirring at room temperature. 
When the uptake of hydrogen has stopped the major portion of the 
catalyst is removed by filtration; the filtrate, to which cone. HCI (20 
ml) has been added, is evaporated at 80° at the water pump to a sirupy 
consistency. Addition of dilute sodium hydroxide solution causes precipi
tation of nickel hydroxide. The free base is steam-distilled, separated 
with NaOH, and dried for several days with solid NaOH. The last traces 
of the base may be extracted from the aqueous layer with ether. Dis
tillation of the combined portions of the base yields pure 4-methyl
pyridine (39.2 gm, 84%), b.p. 144-145°/760 mm. 

4-Nitropyridine-N-oxide (200). Pyridine-N-oxide (10 gm) is dissolved 
in a mixture of nitric acid (12 gm, d = 1.48) and cone, sulfuric acid 
(30 ml) and warmed at 128-130° for 3 to 4 hr in an oil bath. On cooling, 
the reaction mixture is poured on to ice and neutralized by the addition 
of small portions of solid sodium carbonate. As a crystalline precipitate 
separates out, the mixture is filtered and the solid washed with ice water. 
The filtrate is basifled with cooling and shaken with chloroform, yielding 
a further crop of the nitro compound which is isolated by evaporation of 
the solvent. Recrystallization of the combined products from acetone or 
water gives yellow crystals of 4-nitropyridine-N-oxide (10.6 gm, 72%), 
m.p. 159°. 

4-Chloropyridine-N-oxide (200). 4-Nitropyridine-N-oxide (8 gm) is 
added portion wise to acetyl chloride (40 ml) placed in a flask equipped 
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with a reflux condenser. After gentle initial warming, a vigorous reac
tion ensues. The mixture is heated at 50° for half an hour, during which 
time a crystalline mass is formed. This is carefully dissolved in water, 
basified with sodium hydroxide solution and extracted with chloroform. 
The solution of the base is dried with sodium carbonate and the solvent 
evaporated; recrystallization of the residue from acetone yields white 
needles of 4-chloropyridine-N-oxide (4.0 gm, 55%) m.p. 169.5° with 
decomposition. Higher yields are reported in smaller-scale reactions 
(200). 
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