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I. INTRODUCTION

The number of studies dealing with the search for
physiologically active compounds based on biogenic
antioxidants has greatly increased in recent years.
Academician N. M. Emanuel''s concept of the possibility
of suppressing by non-toxing inhibitors undesirable free-
radical reactions occurring in the organism in patho-
logical states, in particular during malignant growth,
radiation sickness, stress phenomena, and ageing, has
served as a basis for the medico-biological application of
these c0mp0unds1'3. Emanuel’ suggested that phenol and
polyphenol derivatives are suitable as inhibitors for this
purpose. Numerous studies on the biological activity of
these compounds showed that they exhibit pronounced
antitumour properties and confer protection from radia-
tion*"®, This stimulated further development of synthetic
studies in this field. The structural difference between
a number of the most effective phenolic antioxidants and
the fragments of biochemical systems involved in cell
metabolism, as a result of which the former are hydro-
phobic and possess a number of other undesirable proper-
ties, constituted an obstacle to their application in biology.
In the attempts to overcome these obstacles, several ways
were proposed for the synthesis of new phenolic compounds
transformed as a result of the mono- and di-ortho-screen-
ing of the hydroxy-group. Substituted p -hydroxyphenyl-
anilines, their decarboxylation products (tyramines and
epinines) related to the alkaloid mescaline, p -hydroxy-
benzylamines structurally related to the precursor of the
alkaloid capsaicin, and a number of arylaminobutlyric
acids and pyrrolidinones have been synthesised’"™°,
However, the amino-group, which ensures hydrophilic
properties is as a rule also responsible for an increase
in toxicity.

In order to find effective biogenic inhibitors, we under-
took a study of heterocyclic hydroxy-derivatives. We
chose for investigation 3-hydroxypyridine derivatives,
the inhibiting properties of which might be due to the
presence of the phenolic hydroxyl next to the conjugated
cyclic bond system, and their structural similarity to

compounds of the vitamin Be group (pyridoxine, pyridox-
amine, and pyridoxal) ensured that the preparations syn-
thesised were biogenic. Furthermore, the presence of
the ring nitrogen atom together with the hydroxy-group
made it possible to obtain water -soluble compounds as a
result of salt formation. The synthesis of a large
number of non-toxic and water -soluble inhibitors with
biological activity was based on electrophilic reactions of
3-hydroxypyridine and its derivatives.

Attention is therefore concentrated in the present
review on the characteristics of the structure and reac-
tivity in electrophilic substitution of 3-hydroxypyridine and
its derivatives.

1I. ELECTRONIC STRUCTURE OF 3-HYDROXYPYRIDINE
AND ITS DERIVATIVES

One of the characteristics of the 3-hydroxypyridine
molecule, in contrast to aromatic phenols, is its ability to
exist in four forms as a function of the pH of the medium:
neutral (N), dipolar (D), cationic (C), and anionic (A),
which is clearly reflected in the physicochemical proper-
ties and chemical behaviour of 3-hydroxypyridines in
electrophilic substitution:
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The presence of the dipolar form in a neutral medium was
established by ultraviolet spectroscopy'"’'?, potentiometric
titration'*>™** as well as infrared spectroscopy and ‘H
NMR. '*™*® It has been shown that in D.O solution there is
54% of form (D) and 46% of form (N), while in pure dioxan
form (D) is virtually absent,

The introduction of an alkyl, benzyl, or phenyl group
into the 3-hydroxypyridine molecule does not decrease the
possibility of the formation of all four forms. On the
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contrary, the formation of the N -oxide of 3-hydroxy-
pyridine has a significant influence on the acid-base equi-
librium. The absence of form (D) of 3-hydroxypyridine
N -oxide and a number of its derivatives in a neutral
aqueous solution has been demonstrated by ultraviolet
spectroscopy’®™®*°, The limits of the existence of forms
(A), (D), (N), and (C) of 3-hydroxypyridine and its deriva-
tives were studied by 'H NMR '**'"* _py investigating the
dependence of the chemical shifts of the 3-hydroxypyridine
ring protons on the pH of the mediumf. The presence of
three horizontal sections corresponding to the acid,
neutral, and alkaline media (see Figure) has been noted
and it has been shown that the ring nitrogen is fully
protonated at pH < 4 and the ionisation of the OH group
terminates at pH > 10.
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Variation of the proton chemical shift (in p.p.m.) with the
pH of the medium for different 3-hydroxypyridine deriva-
tives: a) 3-hydroxy-2-methylpyridine; b) 3-hydroxy -
2-methylpyridinium methiodide; c¢) 3-methoxy-2-methyl-
pyridine.

T The results obtained for 3-hydroxy-2-methylpyridine
are quoted as an example. The findings obtained for a
large number of related compounds are similar.
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The curves for aminomethyl derivatives of 3-hydroxy-
pyridine in an acid medium have two horizontal sections
due to the possibility of the protonation of two centres:
the ring nitrogen and the nitrogen in the side chain.

The electronic structure of 3-hydroxypyridine has been
the subject of a detailed study using quantum-chemical
calculations and 'H NMR data. Calculations of the
electronic structure parameters of 3-hydroxypyridine
[the energy of m-electron delocalisation Eg, the energies
of the highest occupied and lowest vacant molecular
orbitals (HOMO and LVMO), and the energy differences
AE between them, the electronic charges, and bond
lengths] were performed using the simple and extended
molecular orbital methods®*™* as well as the Pariser—
Parr-Pople method®®. The calculated values of Eq and
EY of forms (N), (A), (D), and (C) differ comparatively
little from one another (Table 1), As was to be expected,
the values of Eg for the forms containing exocyclic anionic
oxygen are somewhat higher than for the hydroxy-forms.

Table 1. The energy characteristics of the electronic
structure of 3-hydroxypyridine.
Form Eq £ £xomo £Lymo AE
Neutral 11,975 1.917 0.564 0.894 1.458
Dipolar 10.960 2.199 0.459 0.785 1.244
Anionic 10.438 2.169 0.487 0.894 1.381
Cationic 12.482 1.988 0.630 0.786 1.416

The interaction of exocyclic oxygen with the pyridine
ring is indicated by the C-O bond order, which is 0.295-
0.394, and the m-electronic charge (+0.082—+0.146). The
conjugation of the oxygen in the anionic form is much more
marked than that of the hydroxyl oxygen: the PyC—O~ bond
order is 25% greater than the PC—OH bond order and the
m-electronic charge on the anionic oxygen is almost twice
as high as on the phenolic oxygen. The conclusion that
the exocyclic oxygen interacts with the aromatic ring
agrees with X-ray diffraction data, according to which the
C -0 bond length in phenol derivatives (1.37A) is smaller
by approximately 0.1 A than in saturated compounds
(1.47A).%" The calculated bond orders in the pyridine
ring are high and similar, which may be attributed to the
high degree of aromaticity of the ring and equalisation of
its bonds. The interatomic distances in the four forms of
3-hydroxypyridine agree well with the available experi-
mental lengths of the C—C bonds in benzene (1.397A), the
C-N bonds in pyridine (1.34A), and the C-O bonds in
phenols (1.37A) as well as the bond lengths in the ring of
nicotinic acid as a model compound®®: »cn = 1.34A and
rcc = 1.39A.

The 7m-electron density distribution in the 3-hydroxy-
pyridine ring is non-uniform largely because of the pres-
ence of the ring nitrogen atom and the exocyclic oxygen
atom. In consequence of the high electronegativity of the
nitrogen atom (3.0) compared with that of carbon (2.5), a
considerable negative m-electronic charge (-0.192) is
concentrated on the nitrogen atom of the phenolic and
anionic forms. As was to be expected, protonation of
the nitrogen atom leads to a marked increase of the nega-
tive m-electronic charge on the nitrogen atom (-0.394) and
its corresponding decrease on the carbon atoms.
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Quantum -chemical calculations by the Pariser—Parr-
Pople method were also used for a quantitative interpreta-
tion of the electronic absorption spectra of 3-hydroxy-
pyridine®®*°,  All the observed absorption bands were
assigned to m—m*transitions. A satisfactory correlation
has been observed between the calculated and experimental
absorption bands for both neutral and anionic forms.

The influence of the substituent on the electronic struc-
ture of the 3-hydroxypyridine ring was studied by 'H NMR
and quantum-chemical calculations of the electronic struc-
ture of alkyl and aminomethyl derivatives of 3-hydroxy-
pyridine®®, The distribution of electron density in the
3-hydroxypyridine ring was found to have the following
characteristics.

1. In an inert medium the electron density at the car-
bonatoms increases inthe sequence C¢g < C(g) < Cig) < Cyg-

2. Inanaqueous medium the sequence remains the same.

3. In an alkaline medium the electron density increases
in the sequence C ), < C < C(2) < C(4y, while in an acid
medium the sequence becomes C)y < Cey < C2y < Cysy.

4. On passing from inert and aqueous media to an acid
medium, the electron density at the carbon atoms dimin-
ishes, the decrease becoming more pronounced in the
sequence C(s) <C(2) < C(s) < C(4).

5. On passing from an inert to an alkaline medium, the
electron density increases. The most marked increase
is observed for C) and then for C), C4), and Cs,.

Comparison of the experimental data for an inert
medium with the charges calculated by the LCAO-MO
method showed that the best agreement is achieved with the
results of calculations for molecules in an uncharged form,
where the charge increases in the sequence C < C )<
Cuy <C(). The calculation for the dipolar form led to
another sequence: Cu) < C) < Cs) < Cz), which agrees
well with the sequence of the chemical shifts calculated
for the dipolar form in an aqueous medium. This shows
that in solutions in inert solvents (dimethy! sulphoxide
and dioxan) the 3-hydroxypyridine molecules exist mainly
in the uncharged form. However, in concentrated solu-
tions, association complexes of the type

Nr—H ... ~0~/
7

may make a major contribution in view of the existence

of powerful intermolecular hydrogen bonds,

Direct comparison of the chemical shifts and the
calculated charges for the entire series of test compounds
revealed a very approximate agreement. The reason for
the observed discrepancy is, apart from the approximate
nature of the Hiickel method, the influence on screening
by factors such as dipole moments and the anisotropy of
the diamagnetic susceptibility of the C-N, C-0, C-CHjs,
and other bonds. However, in calculations on the
electronic structure of 3-hydroxypyridine by the extended
Hiickel method® a satisfactory agreement was obtained
between the chemical shifts and the calculated charges in
the above series of compounds. Since the mode of elec-
trophilic substitution reactions of heterocyclic compounds
is determined by the state of the electron cloud in the
molecule, as for aromatic compounds, the application of
the molecular orbital theory made it possible to predict
the substitution sites in the pyridine series and its deriva-
tives. The reactivity indices for 3-hydroxypyridine were
calculated both for the isolated molecule (7-electron
densities, boundary electron densities, free valence index)
and the reacting molecule (localisation energy) approx-
imations®. Analysis of the calculated reactivity indices
of 3-hydroxypyridine in the four forms (A), (D), (N), and

—
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(C) showed that the best agreement with experiment is
observed for the localisation energies Le. According to
the values of Le, electrophilic attack on the 3-hydroxy-
pyridine molecule in acid and alkaline media should occur
in the sequence Cz) > C) > Cay. Comparison of the
values of Le for forms (A) and (C) indicates a greater
reactivity of the former.

III. ELECTROPHILIC REACTIONS OF 3-HYDROXY-
PYRIDINE DERIVATIVES

1. Acid- and Base-catalysed Deuterium Exchange

The electrophilic deuteration reaction of nitrogen-
containing heterocycles has been widely used to elucidate
the mechanism of electrophilic substitution in these com-
pounds and also to obtain a quantitative estimate of the
influence of the ring nitrogen and of a wide variety of
functional substituents on the reactivity of the hetero-
aromatic ring® "%,

Acid-catalysed deuterium exchange involving 3-hydroxy -
pyridine and its alkyl derivatives made it possible to
determine the sequence and rates of substitution of vari-
ous positions in the 3-hydroxypyridine ring®. It was
found that the 2-position is the most reactive while the
4-position is the least reactive. The introduction of the
N -oxide group greatly increases the reactivity of the
2-position. For example, it has been shown®® that
3-hydroxypyridine N-oxide is deuterated in the 2-position
in the uncharged form, whereas both 3-hydroxy- and
3-methoxy-pyridines are not involved in the exchange
under analogous conditions. On the other hand,
3,5-dimethoxypyridine N -oxide enters into the exchange
reaction and both the 2- and 6-positions in the neutral or
protonated form are involved, depending on the acidity of
the medium. The ratio of the rates of deuterium exchange
involving the uncharged and protonated forms is 1000,
which constitutes an excellent demonstration of the power-
ful deactivation of the pyridine ring on protonation of the
ring nitrogen.

On passing from acid-catalysed to base~catalysed
deuterium exchange involving 3-hydroxypyridine, there is
an appreciable increase of the rate of exchange of the
protons of the 3-hydroxypyridine ring, probably owing to
the involvement of the latter in this type of substitution
in the most reactive anionic form®”*°, In contrast to
acid-catalysed deuterium exchange, where the exchange
of the 3-hydroxypyridine ring protons was not observed,
in the base-catalysed process the H¢z), H), and H,
protons may be exchanged, depending on the conditions
(Table 2). The introduction of the CH; group in the
2-position and particularly in the 6-position increases
the reactivity of the 3-hydroxypyridine ring®.

Comparison of the rate constants for the exchange of
the ring protons of 3-hydroxypyridine and its N -oxide
(Table 2) shows that the introduction of the N -oxide group
also accelerates proton exchange in the sequence H) >
He) > Heq). A similar behaviour was likewise observed
when deuterium-exchange data were compared for
3-hydroxy-2-methylpyridine and its N-oxide?®. Com-
parison of the results for base-catalysed deuterium
exchange involving 3-hydroxypyridine and its derivatives
established that the rate of exchange of the H., proton
is higher by an order of magnitude than the rate of
exchange of the He, proton and higher by approximately
two orders of magnitude than the rate of exchange of the
H, proton.
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2. Nitration

The hydroxy-group facilitates substitution in the
pyridine ring. In contrast to pyridine, the nitration of
hydroxypyridine proceeds smoothly and in high yields.
Nitration of 3-hydroxypyridine proceeds exclusively in
the 2-position. 3-Hydroxypyridine reacts in the pro-
tonated form*!. The first study of the nitration of
3-hydr0xy§)yridine was carried out by Plazek and
Rodgwald*] who obtained 3-hydroxy-2-nitropyridine and
demonstrated its structure by a series of chemical trans-
formations. In a later investigation the 6-nitro-isomer
was obtained in a negligible yield (1%) together with the

2-isomer (74%):*®
A Vaci 7\
- O (X
N NN \NO,

Table 2. The rate constants for the base-catalysed
deuterium exchange involving 3-hydroxypyridine, its
2-methyl, 2-phenyl, 2-benzyl, and 5-benzyl derivatives,
and their N -oxides at 160°C in 0.5N NaOD solution®.

Compound k2, min-} kg, min-1 k4, min-1
@"" 1.1-10-2 1.2.10-3 5.1.10-*
’ N

H
\C\]) 2.3.10-1 2.5.10°3 9.0-10~4
14
(e
OH
@ — 3 7.10-8 —
N7 NCH,
OH
@ - 6.0.10~3 1.6-10-2
N"\cH,
¥
o]
Ol
% - — 7.8-1074
N’
P
o]
OH
@cn,@ - 1.640~ 1.5.10~3
N’
OH
@a,@ - 4.6.1073 1.0-10-8
¥
(o]
- .10-3 .0-10-*
@—m@m 7.4.107 1.5.40 6.0-10
N

Such selective substitution in the 2-position of the
3-hydroxypyridine ring is probably caused by the significant
influence of the six-membered chelate complex of the
hydroxy-group and the nitronium ion, formed in the trans-
ition state, on the site of substitution*,

3-Hydroxypyridine N-oxide is nitrated similarly in the
2-position, which indicates a more powerful directing
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effect of the 3-hydroxy group than the para-directing effect
of the N -oxide group*®:

NO,

/]\ /OMe PaN /OR /\/OH
(Y e (V2 ()
NN NN NN/ N\NO,
; ; ;

On the other hand 3-alkoxypyridine N -oxides are
nitrated exclusively in the 4-position*”*’, which shows that
the para-directing influence of the N-oxide group predomi-
nates.

In contrast to the base N-oxide, 3-methoxy- and
3-ethoxypyridines®® give rise to the 2-nitro- and 2,6-di-
nitro derivatives depending on the experimental conditions.
3,5-Diethoxypyridine N -oxide is also nitrated in the 2- and
6-positions instead of the expected 4-position®”%,

Very interesting results were obtained in the nitration
of 2-alkyl- and 2-chloro-3-hydroxypyridines*®®®, It was
found that in this case the 4-position as well as the 6-posi-
tion 13 nltrated the formation of the 4-isomer predomi-
nating®*:

48,49

N /O\
NG
1
OH
y ) 0N
| — + I
\N ~= H— -~
R I oN N R
NO,

The authors suggested that the preferential nitration in the
ortho-position relative to the hydroxyl in these compounds
is due to the formation of a six-membered chelate complex
in the transition state. This hypothesis is confirmed by
the finding that, when the nitration is carried out at a
higher temperature, which weakens the intramolecular
hydrogen bond, the 6-position is preferentially substituted.
On the other hand, nitrationof 3-methoxy-2-methylpyridine,
which cannot form a hydrogen bond with the attacking
nitronium ion, proceeds exclusively in the 6-position.

The occurrence of 6-substitution only in the nitration
of 3-hydroxy-2-nitropyridine can also be a consequence
of the impossibility of the formation of a chelate when the
nitronium ion attacks the 4-position because of the strong
intramolecular hydrogen bond between the nitro- and
hydroxy-groups already present in the compound. The
influence of chelate formation on the direction of substitu-
tion has been confirmed also in the nitration of the
N -oxides of 3-hydroxy-2-methyl- and 3-methoxy-2-meth-
yl-pyridines®®", The nitration of 3-hydroxy-2-methyl-
pyridine N -oxide is directed exclusively to the 4-position,
while 3-methoxy-2-methylpyridine is nitrated in the
6-position.

It is mterestmg to note that the nitration of 3-methoxy-
6- methylpyrldlne proceeds in the 2-position, in con-
trast to 3-methoxypyridine, while 3-hydroxy-2-methoxy-
pyridine is nitrated exclusively in the 4-position. As
expected, the nitration of 3-hydroxy-6-methyl- and
3- hydroxy -4-methyl-pyridines is directed to the 2-posi-
tions®’
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The presence of the nitro-group in the 3-hydroxy-
pyridine ring does not preclude its further nitration. Thus
nitration of 3-hydroxy-6-methyl-2-nitro- and 3-hydroxy-
2-methyl- 6-n1tr0-pyr1d1nes yielded the corresponding
dinitro-derivatives®”. Nitration of 3-hydroxy-2-nitro-
pyridine results in the formation of 3-hydroxy-2,4,6-tri-
nitropyridine together with the 2,6-dinitro-derivative®.
When the 2- and 6-positions of the 3-hydroxypyridine ring
were occupied by alkyl groups, the 4-position was
substituted smoothly®”®®, Thus the results presented
indicate the possibility of the successive selective nitra-
tion of the 2-, 6-, and 4-positions of the 3-hydroxypyridine
ring.

To elucidate the mechanism of the electrophilic sub-
stitution of the 3-hydroxypyridine ring, the kinetics of the
nitration of 3-hydroxypyridine were studied®. Compari-
son of the variation of the rate of nitration with pH for
3-hydroxy- and 3-methoxy-pyridines with the results found
previously for the 2,4,6-collidinium cation revealed their
considerable similarity, which suggested the involvement
of the 3-hydroxypyridine ring in nitration in the protonated
form. The partial rate factors in the nitration of the
3-methoxypyridinium cation are 4 x 107" for the 2-posi-
tion and 1 x 107** for the 6-position,

3. Halogenation

The halogenation of 3-hydroxypyridine has been studied
in detail in many investigations. It has been shown that
substitution proceeds primarily in the 2-position.
Brommatmn with an equivalent amount of bromine in
pyrxdlne , iodination with iodine in sodium carbonate
solution®®, and chlorination with hydrochloric acid in the
presence of hydrogen peroxide® all lead to the formation
of 2-halogeno-derivatives. The 4- and 6-halogeno-
derivatives of 3- hydroxypyrldme has been obtained only by
an indirect procedure®,

The iodination of 3- hydroxypyridine with an excess of
jiodine proceeds with format1on of 2,6-diiodo- and
2,4,6-triiodo- derivatives®! Under these conditions,

3 hydroxy -5~ methylpyrldme gives rise to the 2,6-diiodo-
derivative®. Similarly the bromination of 3-hydroxy-
pyridine with twice the molar amount of bromine in
pyridine yields the 2,6-dibromo-derivative and the reaction
with an excess of bromine water results in the formation
of 2,4,6-tribromo-3-hydroxypyridine®. The bromination
of 5-bromo-3-hydroxypyridine with an excess of bromine
water yielded 2,4,5,6-tetrabromo-3-hydroxypyridine®

The bromination of 3-hydroxypyridine N -oxide, like
that of the non-oxidised base, leads to the 2-bromo-
derivative, which can be brominated further to give the
2,6-dibromo- and 2,4,6-tribromo-3-hydroxypyridine
N-oxides®™. In contrast to this, the iodination of
3-hydroxypyridine N-oxide in a weakly alkaline solution
leads to the formation of 3-hydroxy-4,6-~diiodopyridine
N -oxide as the only product®. The bromination of
3,5~diethoxypyridine in an acid medium results in the
formation of 2,6-dibromo-3,5-diethoxypyridine, while in
pyridine solution the main product isolated was 2-bromo-
3,5-diethoxypyridine®, 2,3,4-Trihydroxypyridine gives
rise to a monohalogeno-derivative of unknown structure®’

The introduction of the electronegative nitro-group does
not affect the halogenation process; the bromination of
3,5-diethoxy-2- n1tropyr1d1ne yields 6-bromo-3,5-diethoxy-
2 nitropyridine®, The iodination of 3- hydroxyplcohmc
acid with iodine in an alkaline medium proceeds with
simultaneous decarboxylation and the formation of
3-hydroxy-2,6-diiodopyridine®®
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4. Sulphonation

The sulphonation of 3-hydroxypyridine requires the use
of extremely severe conditions and proceeds with forma-
tion (in a low yield) of 3-hydroxypyridine-2-sulphonic
acid®*™, Similarly 3- ~hydroxypyridine N-oxide is
sulphonated in the 2- -position™. Comparison of the con-
ditions for the sulphonation of pyridine and 3-hydroxy-
pyridine indicates a lower reactivity of the latter in this
reaction.

It has been suggested™ that the sulphonation of pyridine
and its derivatives proceeds via the initial formation of a
complex of sulphur trioxide with the heterocycle, which
rearranges to the corresponding sulphonic acid at a high
temperature in the presence of catalysts. The rate-
determining state of the reaction is the rearrangement of
the complex, the ease of which is determined by the
stability of the heterocycle—sulphur trioxide complex
formed. The higher stability of the complex of 3-hydroxy-
pyridine with sulphur trioxide compared with that formed
by pyridine itself is probably the cause of its lower reac-
tivity in sulphonation.

5. Azo-Coupling

The azo-coupling of 3-hydroxypyridine proceeds prefer-
entially in the para-position relative to the hydroxy-group.
Thus the main product formed in the interaction with
benzenediazonium chloride is 3-hydroxy-6-(phenylazo)-
pyridine (81%) together with a small amount (3%) of the
2-isomer "

On the other hand, the reaction of 3-hydroxypyridine
with p -nitrobenzenediazonium chloride in a weakly acid
solution led initially to the isolation of only the 2-azo-
derivative®®. Later studies demonstrated the formation
of equal amounts of 2-azo- and 6-azo-derivatives™.

On the other hand, when the above reaction was carried
out under weakly alkaline conditions, the preferential
formation of the para-isomer was observed; the yield of
the ortho-isomer was 13% under these conditions:

//\/OH OH /\/OH

SN

N Pu—N=N""M" NN/ \N=N—ph .

The azo-coupling of 3-hydroxypyridine N -oxide in a
weakly alkaline solution, like that of 3-hydroxypyridine
itself, involves the 6-position™. The azocoupling of
3~hydroxy-4-methyl-5-phenylpyridine with benzene-
diazonium chloride gives rise to a mixture of equal
amounts of the o-azo- and p -azo-derivatives™. The azo-
coupling of 3-hydroxy-2-methyl- and 3-hydroxy-6-methyl-
pyridines and their N-oxides proceeds with formatlon of
only the 6-azo- and 2-azo-derivatives respectively”,

The absence of 4-substitution proved to be general in the
azo-coupling of both the 2- and 6-methyl derivatives and
of the 2,6-dimethyl derwatwes of 3-hydroxypyridine with
benzene-diazonium chloride™. However, the introduction
of the N -oxide group perm1tted a smooth azo-coupling in
the 4-position of 3-hydroxy-2,6-dimethylpyridine N -oxide™,

The azo-coupling of 2,3-dihydroxypyridine, 3-hydroxy-
2-methoxypyridine, and 3 -hydroxy-1-methyl-2-pyridone
involves the 6-position™, This shows that the main
directing group in all the compounds is the 3~-hydroxy-
group. The decisive directing influence of the 3-hydroxy-
group was established also in the azo-coupling of
2,5-dihydroxypyridine, which involves the 6-position.
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6. Aminomethylation

3-Hydroxypyridine in the anionic form enters into a
number of reactions with weak electrophilic agents, which
are characteristic of phenolic compounds. Among these
one must include the aminomethylation, hydroxymethyla-
tion, and carboxylation reactions. The aminomethylation
of 3-hydroxypyridine and its derivatives has been studled
both with the aim of synthesming pyridoxine (vitamin Be),”
its analogues™, and antagonists’® and with the aim of
studying the comparative reactivities of the 2-, 4-, and
6-positions in the 3-hydroxypyridine ring.

The pronounced electron-accepting influence of the ring
nitrogen, which greatly reduces the electron density in the
aromatic ring, particularly in the 2-, 4-, and 6-positions,
leads to a reduced reactivity of 3-hydroxypyridine in the
Mannich condensation compared with phenols. Thus, in
contrast to phenol, which readily gives rise to a trisub-
stituted Mannich base, -hydroxypgyrldine is aminomethyl-
ated only in the 2- and 6-positions™. Furthermore, the
combination in a single molecule of the hydroxy-group
adjoining the conjugated ring system with the ring nitrogen
atom alters the sequence of substitution from ortho-ortho-
para, as in phenols, to ortho-para-ortho in 3-hydroxy-

pyridine:
OH OH
z | CH,0+ HNR, 7z !
—_—
N X
CH,NR, RoNH,C” "N NCH,NR,

Ay \
\fe S
zo NG ® X\’\"“
> v
”
N
N
%’,?‘ \)‘\;Q“I N R R
‘L\(’wl C‘90 ‘\4’4
CH, NR */,4,
% OH
<4
———
CH30 +HNR, X
RyNH,C R,NH,C” N Dalk

The success of the aminomethylation depends markedly
on the pH of the medium®. Whereas phenols are readily
aminomethylated in both acid and weakly alkaline media,
the maximum yield of Mannich bases formed from
3-hydroxypyridines is achieved in weakly alkaline media.
The different reactivities of the 2-, 6-, and 4-positions
of the 3-hydroxypyridine ring in the Mannich condensation
make it possible to synthesise the individual compounds.

Both 2-dialkylaminomethyl- and 2,6-bis(dialkylamino-~
methyl) -3 ~hydroxy tpyndine can be readily obtained from
3-hydroxypyridine®. The mode of reaction can be con-
trolled by an appropnate choice of reactant ratio. How-
ever, in all stages there is an initial attack on the 2-posi-
tion and then on the 6-position. Under analogous
conditlons 2-alkyl-3-hydroxy-** and 3-hydroxy-6-methyl-
pyridines®® are aminomethylated with formation of the
corresponding 6- and 2-dialkylaminomethyl derivatives.

4-Aminomethylation is possible only for 3-hydroxy-
pyridines containing an alkyl or alkoxy-group in the
2-position and in many instances requires the use of more
severe conditions. 2, 6-Dialky1—4-dialkylaminomethyl-
3-hydroxypyridine®®, 2-alkyl-3 -hydroxypyridine®®, and
4 6-bis(dlalkylaminomethy1) -3-hydroxy- 2—methoxy—
pyrldme were synthesised in this way. The attempt to
obtain 4-substituted compounds by the aminomethylation

Russian Chemical Reviews, 44 (10), 1975

of 6-alkyl-2-dialkylaminomethyl- and 2,6-bis(dialkyl-
aminomethyl)-3-hydroxypyridines was unsuccessful,

This led to the conclusion that the presence in the
ortho-position with respect to the hydroxyl of a substituent
forming a strong intramolecular bond with the OH group
sharply reduces the reactivity of the 4-position in the
Mannich condensation, It has been noted that the reduc-
tion of the acid properties of the OH group also affects the
success of substitution at the Cyq atom™

Furthermore, the course of ammomethylation is
significantly influenced also by the structure of the
secondary amine. Thus aminomethylation of 2,6-dialkyl-
3-hydroxypyridines was unsuccessful when secondary
amines such as diethylamine, diisopropylamine, and
diallylamine were used, probably owing to the steric
hindrance to the substitution of the 4-position®,

The aminomethylation of 3-hydroxypyridine N -oxide
and its 6-methoxy-2-methyl- and 2,6-dimethyl derivatives
is characterised by the same sequence of the substitution
of various positions of the 3-hydroxypyridine ring®,
Comparison of the conditions for the aminomethylation of
the oxidised and non-oxidised bases indicates a somewhat
greater reactivity of 3-hydroxypyridine N -oxides®,

Interesting results were obtained in a study of the
aminomethylation of nitroderivatives of 3-hydroxypyridine.
The presence of the nitro-group in the 2-position of the
3-hydroxypyridine ring does not prevent the 6-amino-
methylation of 3-hydroxy-2-nitropyridine®”. However,
the aminomethylation of the 4-nitro- and 2-nitro-deriva-
tives of 3-hydroxy-6-methylpyridine is not directed to the
ring but to the side chain®, 2-(s-dialkylaminoethyl)-
3-hydroxy-4-nitropyridines, the further aminomethylation
of which leads to the formation of Mannich bis-bases via
the methyl group, were synthesised in this way:

NO, NO,
OH H
O 2[CH20 +HNR,] CH20+HNR2 O
/\CH(CHQNRQJI CH,CHyNR, ,

Similarly the aminomethylation of 3-hydroxy-6-methyl-
2-nitropyridine y1e1ded 6-(B~dialkylaminoethyl)~3 -hydroxy -
2-nitropyr1d1nes The aminomethylation of 2,3-dihy-
droxypyridine®® and 3-hydroxy-2- methoxypyndme”5 leads
to the initial formation of the Mannich 6-monobases and
subsequently of the 4,6-bisbases, which indicates a definite
role of the 3-hydroxy group in directing the substituent®:

CH,NR,
aYas (\/OH AYas
SN/NOR RINH,CSN/NOR  RNH,CY kN/ NoR .

R=CHy; H

Comparison of the conditions for the aminomethylation
of 2-alkyl-3-hydroxypyridines with those for 2-alkoxy-
and 2-alkoxy-3-hydroxy-pyridines shows that the replace-
ment of the alkyl group by alkoxy- and hydroxy-groups
increases somewhat the reactivity of the 3-hydroxy-
pyridine ring®®. The aminomethylation of 3-hydroxy-
1-methyl- 2-pyr1done proceeds, like that of 2,3-dihydroxy-
pyridine, under mild conditions in a quantitative yield and
involves the 6-position®, However, the attempts at
4,6-disubstitution of 3-hydroxy-1-methyl-2-pyridone were
unsuccessful, which is caused, as for 3-hydroxy-2-nitro-
pyridine and 2-dialkylaminomethyl-3-hydroxypyridine,
by the presence of a strong intramolecular hydrogen bond
between the 3-hydroxy-group and the ortho-substituent.
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As in 2,3-dihydroxypyridine, the main directing group
for electrophilic substitution in 2,5-dihydroxypyridine is
the 3-hydroxy-group, which directs aminomethylation to
the 6-position®™,

7. Hydroxymethylation

The ease of controlling the hydroxymethylation of
3-hydroxypyridine, in contrast to the rapid polymerisation
of phenols under similar conditions, provide a clear
example of the deactivating influence of the ring nitrogen
on the chemical reactivity of the aromatic ring.
3-Hydroxypyridine can be effectively hydroxymethylated by
treatment with an alkaline solution of formaldehyde®.

This yields a mixture of mono- and di-substituted prod—
ucts®™ %, the formation of which cannot be avoided even
when equivalent ratios of the reactants are employed®.
The substitution of the 2-position was demonstrated by
oxidising the product to 3-hydroxypicolinic acid® and that
of the 6-position by converting the di(hydroxymethyl) com-
pound into 3-hydroxy-2,6-dimethylpyridine®*:

/\\1/0]'1 |/\“ OH [/\ /OH
- +
"\N/; \N/ CH,0H  HOH,c” SN/ ‘\CH2OH
/\ ot |/ \H/OH
[\\N/Il CooH H,C/ SN7 NCH,

The hydroxymethylation of 3-hydroxy-2-methyl- and
3-hydroxy -6 -methyl-pyridines® * proceeds equally
successfully with formation of the corresponding 6- and
2-isomers. 4-Substitution was not observed in either
case (and also for 3-hydroxy-2,6-dimethylpyridine).
The corresponding 4-hydroxymethyl derivatives of
3-hydroxy-2-methyl- and 3-hydroxy-2,6-dimethyl-pyri-
dines were obtained indirectly from the 4-aminomethyl
derivatives® %, The hydroxymethylation of the
3~hydroxypyr1d1ne ring can be achieved successfully also
in the presence of the electron-accepting carboxy-group
in the 2-position. 5- Hydroxypmohmc acid forms the
2-hydroxymethyl derivative®

8. Carboxylation

Like phenol, 3-hydroxypyridine in the anionic form
undergoes the Kolbe reaction with carbon dioxide under
pressure, However, in contrast to phenol, the carboxyla-
tion of 3-hydroxypyridine is directed mainly to the
para-position and not the ortho-position with respect to
the hydroxy-group. Thus, when 3-hydroxypyridine was
heated with potassium carbonate in proportions of 1:1.5,
a quantitative yield of 5-hydroxypicolinic acid was
obtained®”. In the carboxylation of the sodium or potas-
sium salt of 3-hydroxypyridine the formation of low yields
of 3- and 5-hydroxypicolinic acids was noted, the sodium
salt being substituted preferentially in the ortho-position
and the potassmm salt in the para-position relative to the
hydroxy-group®, 3- Hydroxy 2-methy1 -pyridine is
carboxylated in the 6-position®®, while 3-hydroxy-5-meth-
ylpyridine forms an acid of unknown structure’®,
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9. Other Reactions of 3-Hydroxypyridine

Other electrophilic reactions of 3-hydroxypyridine
include mercuration with mercury acetate in the 2-posi-
tion'®. Vigorous attempts have been made to involve
3-hydroxypyridine in the Friedel-Krafts acylation and
alkylation reactions but without success. This is probably
because of the great sensitivity of these reactions to the
deactivating influence of the nitrogen in the pyridine ring
owing to complex formation and the corresponding change
in the aromaticity of the ring. 3-Hydroxypyridine is not
involved in the nitrosation reaction, which is also sensitive
to thg deactivating effect of electron-accepting substitu-
ents’™ .

However, 2,5-dihydroxypyridine is readily nitrosated
with formation of the 6-nitroso-derivative. The same
position was also mtrosated in 2,5-dihydroxy-4-methyl-
3-pheny lpyridine™,

1V. BIOLOGICAL PROPERTIES

3-Hydroxypyridine has been the subject of vigorous
research with the aim of synthesising on its basis various
biologically active compounds. Experimental studies
have shown that 3-hydroxypyridine derivatives exhibit a
wide spectrum of biological and pharmacological activity

For example, the ethers of base-substituted 3~ hydroxy-
pyridines exhibit physostlgmme -like, anticurare, and
anticholinesterase activities'® The synthesis of a large
number of 3-hydroxypyridine derlvatlves with bactericidal
and anti-inflammatory activities has been reported %,
3-Hydroxypyridine derwatlves can be used as depressants
of the central nervous system Acylated 2~-amino-
3-hydroxypyridines have been suggested as anti-inflam-
matory compounds and for the treatment of cardiovascular
diseases'®. 2- and 6-Formyl-3-hydroxypyridine thio-
semicarboazones exhibit a marked antileukaemic activity
in both experimental and clinical tests'®’. Phosphate
esters of 3-hydroxy-6-methylpyridine exhibit an insecti-
cidal activity'®®, while 3-hydroxy-2-nitropyridinium salts
exhibit herbicidal activity'®®. Esters of 3-hydroxypyri-
dines and of their nitro-derivatives have been used suc-
cessfully in the synthesis of Pephdes and polypeptides
having regular structures"

Relatively non-toxic and water soluble radical process
inhibitors with a wide spectrum of biological activity can
be obtained from 3-hydroxypyridine®. The possibility of
using inhibitors derived from 3-hydroxypyridine as agents
conferring protection against radiation, discovered by
Emanuel' and coworkers is of greatest interest'** '3,
2,6-Dialkyl- and 2,4,6-trialkyl-3-hydroxypyridines exhibit
the most effective anti-radiation activity. A study of the
antiradiation properties of 3-hydroxypyridine derivatives
and of inhibitors of other classes established a relation
between the anti-radical activity of the inhibitor and its
antiradiation activity"'*''®,  3-Hydroxypyridine derivatives
can protect DNA molecules from radiation- mduced depoly—
merisation® and also exhibit antileukaemic activity''®,
Apart from their use as prophylactic agents, alkyl- sub-
stituted 3-hydroxypyridines possess therapeutic activity
against the effects of radiation and promote a more rapid
recovery of the blood-forming system''®. It has been
noted that 2,6-dialkyl- and 2,4,6-trialkyl-3-hydroxy-
pyridines possess cytogenic activity.

The mechanism of the biological action of 3-hydroxy-
pyridine derivatives has been the subject of a detailed
microbiological study on yeast cells as the biological test
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object''”, It was established that 3-hydroxypyridine
inhibitors suppress the multiplication of yeast cells, which
are incapable of synthesising inositol and pantothenic acid,
by blocking these vitamins when the latter are introduced
from outside. It has been suggested''” that alkyl-sub-
stituted 3-hydroxypyridines function as specific inhibitors
of cell division, acting primarily by arresting the division
of the nuclei. It has been shown that individual alkyl-
3-hydroxypyridines exhibit vitamin Be-like activity''”.

--000---

Thus systematic study of the structure of 3-hydroxy-
pyridines and of their reactivity in electrophilic substitu-
tion using quantum-chemical calculations, spectroscopic
methods, and the kinetics of the acid- and base-catalysed
deuterium exchange made it possible to investigate the
molecular sites involved in electrophilic reactions, to
develop methods for the introduction of various substitu-
ents in different specific positions in the 3-hydroxypyridine
ring, and to achieve on this basis the synthesis of a large
number of relatively non-toxic and water -soluble inhibitors
of radical chain processes with a wide spectrum of bio-
logical activity.
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