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PREFACE.

Two tautomeric forms may be written fdr the
mono-aza~heterocyclic hydroky—compound, 2-hydroxy-
pyridine. Such tautomerism is possible for all
compounds containing the group R-CO-NHR', the amides,
ureas and heterocyclic hydroxy-compounds (amides),
and it is now well establishedl™® that all of these
substances exist in the neutral state as the "keto"
forms (Nos. 1, 5 and 9, in the diagrams on pages wi,iv ),
A similar tautomerism.is possible for their cétions,
the two forms of which are derived by proton addition
to the nitrogen (N-protonation) or oxygen (O-protonation)
atoms, The question of which of these forms predominates

ig still the subject of debate. In the anions formed

by these substances, the mobile hydrogen atom has been

removed, and the corresponding structures are canonical
forms of resonance hybrids.

In this thesis, the ultra-violet spectra,
vibration spectra and ionization constants of some
substituted 2-hydroxypyridines are studied, and it is
shown that all the substances exist as pyridones in
the neutral form. Particular attention is given to

the cations; the vibration spectrs clearly indicate




ii
that certain of these have the O-protonated structures,
and the spectra of the other cations are consistent
with their having such structures also.

The infra-red spectra of certain of the 2-hydroxy-
pyridine anions suggest that they are most closely
represented by the canonical form in which the negative
charge resides on the oxygen atom (l3a, page v), and
the data for the dther anions examined are interpreted

in similar terms.,
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TAUTOMERIC EQUILIBRIA AND RESONANCE FORMS.
A. Amides.
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TAUTOMERIC EQUILIBRIA AND RESONANCE FORMS.
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CHAPTER 1.

INTRODUCTION.

A. Tautomeric Equilibria.

The word "tautomerism" was suggested in 1885
by Laary, who discussed the propérties of isatin, ethyl
aeetoacetaté, p—nitrosophenoi,and 4—phehylazo—1—
naphthol. He showed that these substances behaved‘as
though they contained two isomers, which differed oﬁly ‘
in the position of a single hydrogen atom, and proposed
that this "mobile" hydrogen atom occupied a mean position
between the two possible sites. The dual character of
the substances was thought to arise as the hydrogen
atom oscillated to one side or the other of this meén.'
position., This view was effectively disproved, however,

when certain tautomeric suhstances were 1solated in two

dlfferent solid forms, and it was shown that the

tautomers had individual existences. The individuality

of the tautomers has been demonstrated even for substances
such as l—phenylézo-Z—naphtholg, in which the mobile
hydrogen atom lies in a hydrogen bond linking the two
possible sites.

Some exemples of tautomeric equilibria are:

(1) Three-carbon system R-C-C=C-R! R-C=C-C+R!
. H )

H
(2) Azomethine system R-C-C=N-R'  R-C=C-N-R'
H . H

(3) Keto-enol system R-g-c=o R~0=c~g

S B




(4) Amido-imidol system  R-N-C=0  R=N=C-0
H H

(2), (3) and (4) (and others) may be regarded as being

derived from the three-carbon system by the substituion

of hetero-atoms for carbon atoms, and vinylogueslo are

possible,

The interconversion of tautomers in the three-
carbon system is considered to proceed through the anion
| | R—Ca&:G—R'

as intermediatell. The interconversion of keto—enol

tautomers is catalysed by acids and (very strongly) by

basesl2

(14 and 15) may be postulated,

s 80 that both anionic and cationic intermediates

+ -
R—~CC=0  B—0:0=0
14 15

In aza-hydroxy tautomeric systems, such as

possible sites for the proton are capable of partaking
in rapid acid-base equilibria, so that both anionic and
cationic intermediates may be important under different
conditions of acidity or alkalinity. A diagram showing
the various equilibria possible for a lactam-lactinm
system4(2-hydroxypyridine) is given on page 75 .

The effect of substituents on the equilibrium ratio
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of tautomers has been investigated for several systems,
Figures obtained for the ratios
K = [161/ [11] in the o,y ~diphenylpropene equilibriuml3,

Co,Et Co,Et

‘ .
R@CH: c‘:—.cHL -@ I—‘-\-—R@'CH{‘ C= CH-@
.16 | 17 |

K, = [18] / [19] in the azomethine equilibrium*,

RO ponmn-en () =r cnon-oi{ )
|8 |

and K3 = [20] / [21] in the l-—phenylazo-z-ﬁnaphthol}
equilibrivm®?,

oH - | (@]
\ AN
@Nﬂl | @*N“‘—N |
R R
| 20 2

. —

can be correlated qualitatively with the Hammett o
constant for the substituent R, the relative stabilities
of the forms 17, 19, and 21 being increased by electron-
attracting substituents a,nd decreased by electron-

donating substituents,

In some cases the equilibrium ratio of tautomers
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is markedly affected by the solvent used. For instance,
2—- 2nd 4~ hydroxyacridine eiist predominantly as enols
in non-polar solvents, and as lactams in polar solventsls,
and a similar solvent-dependent equilibrium has been
reported for 2-hydroxyphenazine17. - In the case of the
hydroxyacridines, Albert and Shor¢16>suggest that the
more polari® lactam form is stabilized relative to the
lactinm form in a polar solvent. In the phenylazonaphihoil
systeml5 already referred to (20< 21), the proportion of
the phenylhydrazone tautomer 21 increases as the polarity
of the solvent is increased, and a similar phenomenon
is observed in the equilibrium of the isomeric 4-phenylazo-
l-ngphthol system;g. The importance of hydrogen
bonding has been pointed out in connection with the
phenylazonaphthol equilibria;g;‘ where hydrogen bonding
which can form the strongest bonds will be stabilized
relative to the other. The ultra-violet spectra of
certain nitrosophenols (quinone oximes) suggest that
a solvent-dependent equilibrium exists in these, alsozo.
The reversible interconversion of tautomers
generally proceeds only in the liquid phase, and may
be very slow in the absence of catalysts. However,
Gairns—SmichI‘has prepared compounds in which the
interconversion of tautomers in the solid state would

be facilitated, and has interpreted their thermochromism

in terms of temperature-dependent tautomeric equilibria

7



(or temperature-dependent disordering of protons in

hydrogen bonds) in the solid state. Hadzi2? suggested
from infra-red spectral data that certain phenylazonaph-
thols exist as mixtures of tantomeré in the solid state,
but pointed out that no good precedent has been reported

to support such an interpretation.

A wide variety of methods has been used in
determining the structures or equilibrium ratios of
tautomers. When the interconversion of tautomers
proceeds only slowly, chemical methods have proved
successfu123. Other techniques that have been used
include measurements of refractive index24, optical
rotationzs, ultra-violet spectra?s’ Ga; ionizaxion

6b, infra-red spectra27’ 19, and X-ray
2-4, 28 S _ . . S

constants

- erystallography

Not all of these methods are feasible for the
investigation of tautomerism in ionic species. Some
of the methods which lend themselves readily to this
particular problem will be discussed briefly in the

next section,

B. Some Methods for Structursl Determination.

Diffraction Methods., X-ray or neutron

diffraction procedures usually furnish the complete

answer to a structural problem, provided the compound



can be obtained in the form of single crystals of
suitable size. The regular, periodic structure of
the crystal is used as a diffraction grating, and
the intensities of the large number of beams which
comprise the diffraction pattern are determined.
A variety of mathematical procedures are available
with which to attempt the evaluation of the unknown
phases, and from these a trial structure is deduced.
The diffraction pattern which would be given by such
a strucfure is calculated, and the intensities compared
with those observed. The positions of the atoms in
the trial structure are adjusted through a series of
successive approximations until satisfactory agreement
is obtained between the two sets of intensities,
Diffraction methods of structural determination
- suffer from two main disadvantages: = (1) the nec:esssa;ra,"r'*i
calculations are tedious and very time-consuming, although
modern digital computers have done much to minimise this:
(2) in X-ray studies, the positions of the lightest
atoms are determined with the least accuracy, so that in
general, the positions of hydrogen atoms are not found.
Neutron diffraction methods do not suffer from this
latter defect, but facilities for such work are
restricted.

Although X-ray methods seem unlikely to determine




S AE:hV‘:hO/A.

the position of the added hydrogen atom in an amide
cation, in certain cases an unambiguous result could be
obtained., In the O-protonated form of N,N-disubstituted
amide cations, the arrangement of bonds about the
nitrogen atom is trigonal, while in the N-protonated
form this arrangement is tetrahedral, and since the
carbon atoms could be located with certainty, the
structure would be established beyond doubt. In other
cases, it is ' .possible that hydrogen bonds, which can
often be identified with certainty, could show the
position of the added hydrogen atom,

Spectroscopic Methods, When a molecule absorbs:

a quantum of light energy, its energy is increased by

an agmount:

(AE isvthe energy increment, h is Planck's constant,
and v is the frequency, X\ the wavelength, and ¢ the
velocity of the rediation.) The increased energy

may appear ag an increase in the rotational, vibrational,
or electronic energy of the molecule. The spacings
between the rotational and vibraﬁional energy levels are
relatively small, and the transitions between them are
excited by infra-red radiation, in the far- and near-

infra-red regions respectively. The energy difference

between the electronic levels is larger, and transitions




between these are excited by ultra-viodlet or visible
light.

In Raman spectroscopy it is not an absorption
spectrum which is measured, but the spectrum scattered
by a sample irradiated by a strong source 6f mono-
chromgtic light. When a beam of light of frequency c
strikes a sample, most of the incident radiation is
scattered without change of frequency, but part of the

incident radiation is scattered with frequen01es

c+ Z&ci, Ae,

; being vibration (or rotation) frequencies

of the molecules comprising the sample,

For both infra-red and ultra—#iolet spectra, the
transition probability is proportional to the square of
the "dipole moment of transition", or "transition moment"Z?,
and when this quantity is zero, the transition is des-
cribed as "forbidden". For infra-red 5pectra, it can
ve showmn3® that absorviion Will not occus.
transition will be forbidden), unless there is a change
in the dipole moment of the molecule during the
vibration concerned, For Raman spectra, the corres-
ponding requirement is that the poiarizability of the
molecule change during the vibrationSO

In the case of molecules having a centre of
symmetry, (and in the absence of extra-molecular
perturbing forces), these requirements prohibit a band

from sppearing in both the Raman and infra-red spectra3l




If the centro~-symmetrical character of the molecule is
destroyed (e.g. by substitution), such prohibitions
no longer apply, but often the new bands in each spectrum

will appear only weakly.

Ultra-violet spectra are usually obtained using

dilute solutions of the sample in a suitable solvent,

but spectra can also be determined using so11d3? or
gaseous samples. For solutions, a convenient concentra-
tion in most cases is about 10_4M, so that a spectrun
can be obtained using less than 1 ng of sample., Infra-

red spectra can be obtained for solids, liquids or

vapours,  Solids may be examined as mulls, as solid -

films deposited on a plate surfacé, or in pressed
alkali halide diécs, and liquids are examined as films
of 0.01 to 0,1 mm thickness.  Solutions in suitable =
golvents are also readily examined, a typical concentra-
tion being about 0.2M33. The amount of sample required
for an infra-red spectrum varies from 1 to 30 mg,
depending on the technique used,

The conditions necessary for obtaining a Raman
spectrum are much more restrictive, Although Raman
spectra have been obtained for solids and gases, most

instruments are designed for liquid samples only, and
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in 211 but the most elaborate apparatus, sample
volumes of 5 ml or more are needed. If solutions
are used, satisfactory spectra can be obtained only
if the concentration is at least 10%, and preferably
much more. Samples must be free of sﬁspended

impurities and must be non-fluorescent,

Ultra-violet Spectra. The absorption of ultra-violet

or visible light by an organic molecule almost always
involves the excitation of the valency electrons, and
fof the present work only the excitation or electrons

in multiple bonds ( ™ electrons), and unshared electron
pairs ( p electrons), need be considered. The isolated
C=C bond in ethylene exhibits a strong absorption at

1620 X 343, due to the excitation of an electron from

& bonding T orbital to an anti-bonding T orbital (T—>T"
transition). Isolated unshared electron pairs can give
rigse to absorptions near 2000 2 also; trimethylamine,
for instance, absorbs at 2273 X, due to the excitation
of an electron from the "lone pair" orbital to an anti-
bonding ¢ orbital, (n—> o * transition)34P. I
the atom bearing the unshared electron pairs is also
multiply bound, a further type of transition is possible.
The carbonyl group, for instance, exhibits absorptions

‘due to both the transitions already described, and a
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o
further band near 2800 A, due to an T transition,

(E.g. acetone-?.)

When two or more such absorbing groups are
conjugated (separated by single ¢’ bonds), marked
effects on the absorption spectrum are observed, . In
general, the effect of increasing cénjugation is to
increase the wavelengths of the absorption maxima, and
for compounds containing such conjugated groupings,
the ultra-violet spectrum can bé a powerful tool for
the elucidation of the structure. One such conjugated
group which is of some importance in later discussion
is the benzene chromophore,

- In the ultra-violet spectra of aromatic compounds -
three main bands are recognised the a, p, and B bands.
In benzene, the B band is found at 1840 A and is of high
2020 4, while the o band at 2550 A is of low intensity3"7.

Substituents in the benzene fing shift these bands
to longer wavelengths (bathochromic shift); their
positions for some monosubstituted benzenes are given
in Table I. The effect of disubstitution depends on
the nature and relative positions of the two éubstituents,
and it is convenient to classify the groups as m- or o,p-
directing, according to their orienting influence in

chemical substitution. The bathochromic displacements

of the bands (from their positions in benzene itself)
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: : o)
Table I _Ultra-violet Absorption Maxima>. (A).

Amax
Benzene 2540; 2035
Toluene - 2610; 2065
Phenol - 27003 2105
Anisole 2690; 2170
Chlorobenzene 26353 2095
Bromobenzene - 26103 2100
Nitrobenzene 33003 2685
Aniline 2800; 2300

v 0
Table II  Ultra-violet Absorption Maxima, (A).

Substituent Position,

L 2 3
Pyridine39b - 2560
Picoline3?® 2630 | 2625 | 2530
Me‘hhoxypyridine41 2690 2760; 2160 2350*; 2220
Chloropyridine>°% 2640 2675
Bromopyridine39d 2655 2680
Nitropyridine>2® 2690 2420 | 2820
Aminopyridine®  2870; 2290 |2880; 2310 |26507; 2410

* Shoulder.
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are considerable if the substitﬁents are of opppsite
types, especially for p—disubstituted compounds, but
if the substituents are of the same type, the‘displace-
ments are much less38. For example, the p band in
nitrobenzene (2685 K) is shifted to a slightly shorter
wavelength (2660 3) by a p-nitro substituent, but in
the p-nitrophenolate ion this band lies at 4020 237.
The spectra of the N—hetéroarumaﬁic systens

(containing only 6-membered rings) show three regions

of absorption which may be related to the a, p, and B
bands of the "parent" aromatic hydrocarhons39. A
reasonable approximagtion 1is to regard the heierocyclic
molecule as absorbing at the same wavelengths as the
corresponding hydrocarbon4o;

Table II shows the ultra-violet absorption maxinma

that the spectra of the 2~ and 3- substituted pyridines
are similar to those of corresponding benzene derivatives,
the long-wavelength bands for the pyridines having _
appreciably greater intensities than for the benzenes.
Marked differences in wavelengfhs and intensities are
observed when the substituent is in the 4 position, but

. has shown that the spectra of the amino-, methoxy-,

Mason
hydroxy-, methylthio-, and mercapto- pyridines (including

the 4-substituted isomers) can be satisfactorily explained

on the basis of an L.C.A.0. carbanion model.
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Structural interpretations of ultra~violet spectra

42

have a largely empirical basis’™™, and an example is the

determination of the preferred tautomer of 2-hydroxy-

pyridinesa.

The reference compounds in this case are
the compounds 22, and 23, in which the mobile hydrogen
atom has been replaced by the immobile methyl group, thus

"fixing" the bond arrangement of each tautomer.

() L L= (L
Yo N “ocu, © . OH

City
22 23 o 24 %
That the methyl group alone has little effect on the

Y

ultra-violet spectrum is evident from the comparison

of the absorption mexima of phenol and anisole (Table I).
Table IIIshows the ultra-violet absorption maxima for

- 2=hydroxypyridine, and the'twovreference>campbunds, -
N-methyl-2-pyridone and 2-methoxypyridine, and it is
clear that the pyridone tautomer predominates, as

the spectra of 24 and 22 are almost identical, and

very different from that of 23.

TABLE IIL
ULTRA-VIOLET SEECTRA.%®
0
Compound o Wavelength (A) Log
2-Hydroxypyridine, 24 2970, 2260 3.77, 3.86
N-Methyl-2-pyridone, 22 2930, 2240 3.75, 3.78

2-Methoxypyridine, 23 2690 3.51
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Vibration Spectra.
A very useful concept in the application of

vibration spectra to the elucidation of structures
is that of "group frequencies", Certain groups of
atoms (e.g. C-H, N-H, C=0, etc.) give rise %o
characteristic absorption bands in the same spectral
region in all cdmpoﬁnds, and the presence or abéence
of suoh}hands can often be donclusive evidence of
the presence or absence‘of the groups in the substance
being investigated. The exact position of the bands
can also give an indication of the enviromment of
the group.

The concept of localised group frequencies
vibratibns is, of course, an over-simplification.

The vibration frequency'of a group is determined

primarily by the elasticity of the bond involved,

and the masses of the vibrating atoms, but it is
modified by both intra- and inter- molecular forces,
and by mechanicalvcoupling with other vibrating groups.
Examples of these effects will arise in later seétions.
In the present work, the behaviour of bands due to
the stretching vibrations of carbonyl groups, and the
vibrations of aromatic rings are of special interest;

these will therefore be discussed briefly here.
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The Carbonyl Group. This group gives rise to a
very strong absorption band in the infra-red spectrum
and a weaker band in the Raman spectrum. Some typical
carbonyl frequencies are listed in Table IV,

The frequency in aldehydes and ketones is that of
a carbonyl group in the abseﬁee of strong inductive or
mesomeric effects. The frequency is raised when a
substituent having an electron-withdrawing inductive
effect is attached to the carbon atom, and this increase
has been explained as follows*3. In the absence of
external electrical effects, the electrons in the
carbonyl T bond are distributed so that the greatest
‘density of electrons is near the oxygen atom, due to the
greater attraction for electrons of the‘oxygen atom than

the carbon atom. This corresponds to a significant

R=0=0 <> R;é—a
1

1.

b

of the molecule, | The replacement of R by an electron—
withdrawing substituent reduces the contribution of this
resonance form, so that the bond order, and hence the
vibration frequency, rise, The order in which the
substituents R raise the C=0 stretching frequency is
Cl1> OH > OR. The inductive effects of the OH and OR



Table IV Carbonyl Stretching Frequencies(l), (cm

Acetaldehyde
Propionaldehyde
Methyl ethyl ketone
Diethyl ketone

Acetyl chloride
Chloroacetyl chloride
Acetic acid
Chloroacetic acid
Methyl acetate

Ethyl acetate
Methyl phenyl ketone
Benzaldehyde
Acfaldehyde
Methyl benzoate
Methyl acrylate
Phenyl acetate
Diethylformamide
Diethylacetamide
N-Ethylacetamide®3°
N-Methylaoetamide43d

(L) Except where indicated, values are taken from

Ref. 43bo

vab.
1752

1757
1742
1738
1822
1820
1785
1794

1774

1765
1707
1725
1723

1754

1715

1720

E&.
1729
1735
1721
1718
1808

1747

1687
1705
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groups outweigh the resonance effects, such as
R‘—?:O <—> R':ﬁ-o—
OR OR
which, by reducing the bond order in the C=0 bond,
would lower its vibration frequency. In emides, the
inductive effect of the nitrogen atom would also raise
the C=0 frequency, but this effeot is overshadowed by

the resonance

R-0=0 <—> R:q—o‘
NH2 , »H2
which, as described above, acts to reduce the frequency.
A description of the charactefistic amide bands in
terms of localised bond vibrations does not adeguately
explain the effects of N—-substitution or of deuteration

on the spectrat?’ 42, and it is very likely that the

Calculations by Yamaguchi and Mizushima46

indicate
that the C=0 stretching and NH2 scissoring vibrations
in urea are coupled to some extent and similar coupling

4T suggested .

is likely in primary amides. Frazer and Price
that the "Amide I" band near 1650 cm T is to be regarded as

an asymmetric N-C-0 stretching vibration rather than a simple
carbonyl stretching vibration. Mizushima et a148 have intex

preted the spectra of several amides and their N-deuterated
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derivatives in these terms, but suggest that the
vibration responsible for the Amide I band is largely
confined to the C=0 bond,

Conjugation with other double bonds reduces the
carbonyl stretching frequency; the participatidn of
the T electrons of the C=0 bond in a delocalised
molecular orbitsl reduces its bond order (and raises
the bond order in the adjacent single boﬁd), and hence
the vibration frequency is reduced. |

The substitution of a halogen atom adjacent (oX)
t0 the carbonyl group produces a significant increase

in its vibration frequency, of the order of 20 em L.

Jones and Sandorfy52

give ressons for ascribing this
effeét to a field effect operating across space,

rather than an inductive effect operating along bonds.

- Association in the liquid state or in solution reduces

the carbonyl stretching frequencies of aldehydes,

ketones and esters by 20-30 cm™t

conpared with the
vapour state (Table IV)., For carboxylic acids the
reduction is much greater, and this is attributed to

the strong hydrogen bonding in the carboxylic acld

dimer4'9’ 50. R C/O‘H"'O\\c R
Moo y-o”

For amides also, the carbonyl stretching frequency is

much lower in the liquid or solid state than in the

Vepour state; since this applies to primary, secondary
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and tertiary amides, hydrogen bonding cannot be the
only effect involved, and strong dipolar asssociation

effects must play some partsl.

Aromatic Compounds., The vibration spectra of

benzene, the various deutero-benzenes, and substituted
benzenes have been very closely studied, (See Herzberg53,
and references cited therein, also Mair and Hornig54?2

The vibrational assignments for benzene are shown in

Pable V, and the normal modes of vibration in Diagram I.
(In this diegram the degenerate modes of vibration are
depicted separately). In the following brief discussion
some features of the spectra of benzene deriﬁatives

"which can provide useful structural information will be
considered.,

and substituted benzenes give rise to characteristic,
strong infra-red bands in the region 650-900 amfl,
the frequencies of which are determined more by the
positions of substitution then the nature of the
substituents’?? 7©, The strong Raman bands in this
region do not usually occur at the same frequencies as
the strong infra-red bands, but tentative correlations
for them have been suggestéd by Jones and Sandorfy57.

Sabstituted benzenes exhibit two characteristic

infra-red bands in the 1300-1600 cm™t region. The




Table V

Vibrational Assignments, (cm_l).

No.<a) Benzene

U~ W N

6b
Ta
To
8a
8b
9a
9b
10a
10b

(a)

(4)

992
3062
1340

703

995

606

606
3047
3047
1596
1596
1178
1178

543

849

849

g,}gr:i.dl:iz1e5"’h

992
3054
1218

T49

942

605

652

(A)
3036
1583 .

1572
1218
(A)

No.
11
12
13

21

Benzene Pyridine
675 700
1010 1030
3071 3056
1310 1375
1150 1148
405 374
405 405
975 981

975 (a)
1038 1068
1038 1085
'1478 1482
1478 1439
3063 3036
3063 3083

Numbering of vibrations according to Diagram I,
and Ref. 54c.

These three vibrations have been arbitrarily
chosen as the three vibrations lost in passing

from the twelve-atomic molecule, benzene, to

the eleven—atomic molecule, pyridine.




DIAGRAM I

Vibrations of the benzene molecule (schematic).

(Té.ken from Ref. 54c¢.)
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- positions of the Substituents rather than their nsture

23,

first of these, at about 1585 cmfl, corresponds to the

strong Raman band at 1585 em ™1

in benzene itself, and

the lower symmetry of the substituted benzenes enables

it to appear in the infra-red spectrum. The second

band, at about 1485 om T, is an infra-red active
fundamental in benzene, and is retained in the substituted
benzenes. A third band, at about 1610 em™, is observed

58 has

in a number of benzene derivatives, and Bellamy
included it in his list of characteristic frequencies.
In benzene itself, combination bands are observed at
about this'frequency in both the infrg-red and Raman
spectra.

In the 16502000 cm +

region, benzene derivatives
show a pattern of weaker overtone and combination bands

whose appearande is determined by the number and relative

The most prominent feature of the Raman spectrum of
benzene is the very strong band at 992 cmfl, due to the
symmetricrring-breathing vibration, V7. ‘In mono- and
m-di- substituted benzenes the strongest Raman band below
2000 cm™t is normally found near this frequency, but for
many o- and p~ disubstituted benzenes no band in this

region is reporwedGl.

There is a close resemblance between the vibration

59, .60
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frequencies of benzene and pyridine, The introduction
of the hetero-atom lowers the symmetry of the benzene
molecule, so that the selection rules become less
restrictive; +the degeneracy of 10 of the vibrations is
removed, and all the fundamental modes of vibration have
been observed. The assignment of vibrations for
pyridine is given in Table V., ‘

Katritzky®? has exemined the infra-red spectra of
a number of mono-substituted pyridines, and indicated
some general correlations bétween the frequencies and
intensities of the characteristic bands and the nature
of the substituents. In the present work, the spectra of
poly-substituted pyridines are of greater intereét,
but little data is available for substituents other
than alkyl groups. Shindo and Ikekawa63 have shown

l‘region in the spectrafof‘ S

that bends in the 650-900 em
alkylpyridines are characteristic of the positions of
substitution, bands for each type of substitution.
falling within quite small frequency ranges. (See also
Cook and Ohurch64, and Podall®®.)  These ranges must be
extended considerably, however, if data for other
substituents are to be includedss. Nearly all
substituted pyridines exhibit a pattern of four bands
between 1600 and 1350 em ', the intensities of which

are rather variable, even for the alkylpyridiness3-66.
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The frequencies, especially those of the two bands

1

near 1600 cm — show less variation.

Nuclear Magnetic Resonance Spectra67.

In nuclear magnetic resonance spectroscopy,

the degenerate energy levels which arise from the
orientations in space of the nuclear mégnetio moments
are split in£6 sﬁﬁ—lévels of diffefing‘eﬁergy by an
applied magnetic fieldy Transitions between these
levels are excited by electromagnetic radiation in
the radio-frequency region (wavelengths of the order
of 1 metre), and the resulting absorption pattern
forms the n.m,r. spectrum,

The greatest application of these effects has
been in the study of proton magnetic resonance (pem.r.)
spectra, i.e., the spectra given by the hydrogen atoms
of a moleoule. The p.m.r. spectrum is useful because
the electronic environment of the hydrogen atom affords
to it a measure of diamagnetic shieldiﬁg, so that
hydrogen atoms with different environment give signals
in different parts of the spectrum. This constitutes
the "chemical shift". A further effect is spin-spin
coupl%ng, which is illustrated in the p.m.r. spectrum
of ethano1®®, (See diagram II). Under low resolution,

three peaks are observed, of intensity 1, 2 and 3,




DIAGRAM I

N.m.r. spectra of ethanol. (Taken from Ref. 67.)

trum of liquid ethyl alcohol

under low resolution showing

distinet signals for methyl,

methylene, and hydroxyl pro-
| tons.

|
1
E
1
!
|
s Fic. 1-3. Proton resonance spec-
{

v e e g

{0)

()

‘ Ju

Fis. 5-7. Th(‘,”pr'ntun resonance speetrum of ethyl aleohol.  (a) Pure dry alcéhol.
th) Alcohol to which a small amount of hydrochlorie acid has been added.  (Arnold.??)
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corresponding to the protons of the OH, CH, and CH

2

groups respectively., Under higher resolution, thg
peaks are seen to be split, as shown in the second
spectrum, the methyl protons giving rise to a

triplet, and the CH2 protons giving rise to a quartet.
This is because (in the latter case) the magnetic field
experienced by the CH2 protons is modified according
to the orientations of the magnetic moments of the
protons in the adjacent CH3 group, and since there
are four possible combinations of these orientations,
the signal appears as a quartet, The splitting of
the signal due to the protons of the methyl group is
split in a similar way, due to the three possible

combinations of the orientations of the magnetic

moments of the CH2 protons,

When the sample of ethanol is pure and dry, further

splitting can be observed, (see third spectrum) and this

is due to the effect of the OH proton in fﬁrther splitting
the CH2 absorption pattern. The signél for the OH

proton is also split into a triplet, indicating normal
spin-spin interaction with the CH, group. Impurities,
especially acids, prevent these interactions from being
observed, and this is explained through an exchange effeot.
The impurities increase the rate of exchange of the

hydroxyl proton, and the mean life-time of a proton on
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this group becomes less than the time required for

a nuclear transition, so that only an "averaged" signal
is seen, and the spin-spin interactions are no longer
observed.

- In recent years, considerable use has been made
of n.m.r. (and especially p.m.r.) spectra in structural
determinations, and several important p.m.r. investiga-
tions of the structure of amide cations will be discussed

in Section C of this chapter.

Ionization Constants.

The egquilibrium constant for the ionization

of an acid or base is defined as :

+
K, = [HI" [A]

the concentration of the anion (or neutral base); and
[HA] is the concentration of the acid (or protonated
base). K, (usually expressed as its negative logarithm,
pKa) is therefore a measure of the free energy of the
reaction (in aqueous solution):

HA + HO=A + H

2 3
A change in the structure of A will normally

o+

affeect the free energies of HA and A to different
extents, and hence affect the pK, value. Thus, a

substituent which stallizes the ion relative to the
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neutral acid or base will favour ionization, and if
it has the reverse effect, ionization will be inhibited.
Estimation of substituent effects in this way is
difficult, however, and the simpler but less satisfactory
electrostatic approach is almost invariagbly used, - If - - ‘;
the substituent lowers the electron density in the |
vicinity of the A~H bond, in an acid, removal of the
proton ie facilitated, and ionization is favoured.
For a base, lowering the electron density at the
proton-accepting site by an electron-withdrawing
substituent inhibits ionization.

An exanmple of the use of ionization constants
in structural determination is the determination
of the dominant tautomer of 2-hydroxypyridine
in agueous solutions. The PKa value for 2-hydroxy-
- pyridine (0475), is similar to that for N-methyl-2- ~ |
pyridone (0.32), and very different from that for
2-methozypyridine (3.28). That the methyl group
alone cannot have a very large effect on the PKa
value is evident from the comparison of the pKa
values of o-, m—, and p-methoxyaniline (4.49, 4.20,
and 5.29 respectively) with those of o-, m—-, and
p-hydroxyaniline (4.72, 4.17 and 5,50 respectively)§9
Hence 2-hydroxypyridine exists predominently as the

pyridone in aqueous solution.
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Conclusion.

Of the techniques described for the elucidation
of structures, only diffraction (and possibly p.m.r.)

methods do not require comparisons with reference

-compounds.,  Most other methods are comparative. . .The .

applications of ultra-violet spectrs and ionization
constants already described relied on comparisons with
suitable reference compounds, and the use of group

frequencies in infra-red spectroscopy is similarly,

essentially a comparative method. In p.m.r. spectroscopy,

deductions based on the magnitudes of chemical shifts
are also comparative, but diagnoses based on the number

and relative intensities of the observed signals, or on

spin-spin interactions are not.

» g. - Higtorical.,

1. Amide and Urea Cations. 2-Hydroxypyridine is a

cyclic amide, and an investigation of its ions must take
adécount of the related work on the ions of gmides and
ureas. In the neutral form, all these tautomeric
substances exist in the "keto" forms (1, 5 and 2 in

)36, Although the

the diagrams on pages ill v
question of the structures of the cations has been

much studied in recent years, it is still a matter for
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debate, and in this section, some published
investigations into the structures of the amide
and urea cations will be discussed, In a recent

1

review, Katritzky and Jones™ concluded that the

- preferred structures (in all three cases) were =~ |
the O-protonated cations (3, 7 and 11), that

all the evidence was compatible with this view,
and that some of the evidence suggested it very

strongly.

Nuclear Magnetic Resonance Studies (Amides). i
Ketritzky and Jones1 consider that p.m.r. spectra

provide the strongest evidence for the O—protonated

-eation structure.; The resonance signals due to - - - - ;
the N-H protons are seldom observéd;'eithéf because |
of rapld exchange of these protons, or because of -

the effect of the quadrupole moment of the N4

nucleus, and only in one instance has an O-H proton

signal been observed. Because of this, most

workers have studied mono- and di-N-methylated

amides.

N-Methylaoetamide7o. In neutral solution, the

signal due to the N-methyl protons in N-methylace-
tamide is a doublet, arising from spin-spin interaction

with the single proton attached to the nitrogen atom.
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(See Diagram III). The doublet collapsed to a
single peak below pH 1, due to rapid exchange of
this single proton, and kinetic studies indicate

that the exchange occurs mainly through the reaction

CH3 .CO., NﬁCH3 + AH30 = CH3 CO NHZCH3 + H20°

In conc. H2304 the doublet re—appears, and since the
splitting has been shown to be field—independeht71,
it must arise from spin-spin interaotionvbetween the
N-methyl protons and a single proton attached to the
nitrogen étom. For the N—protonatéd cation, a triplet
methyl resonance should be observed (cf. the splitting
by the CH, group in ethanol, page R6 ), and the doublet
- -constitutes strong ev1dence for the predomlnance of SR
the O-protonated species. The cation CH3.GO NH20H3,
whlch is the intermediate in the exchange reaction,
must therefore bé.a.ﬁinor componenf‘of.thé éysfem at
equilibrium,

An alternative explanation of the doublet N-methyl
resonance in acid solution is that the exchange of two
protons attached to the nitrogen atom is of such a ratg
that only one, and not both, of them exchange in the
time required for a nuclear transition. This seems
unlikely, as in all cases where the collapse of

multiplet structures has been studied, the multiplet

has collapsed as a whole, without the intermediate
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DIAGRAM ITI

N.m.r. spectra of N-methylacetamide

(Taken from Ref. 70,)

peH
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formation of a triplet from a quartet, or a doublet
from a triplet. (E.g. the studies on methylammonium
ions'2). |

Dimethylformamide73. The p.m.r, spectrum of dimethyl--

- formamide is showh in diagram IV, ~ Two peaks of equal -
showing that the two methyl groups are non—-equivalent,

If rotation about the C-N bond were free, these two

signals would merge, and the faot that‘they do not
indicates that there is an energy barrier to such

rotation. Such an energy barrier is to be expected

for a C-N bond possessing partial double-bond

character (25a<=25b).

LCH + CH CH. + CH
H.C-N 3 <> H.g:n( 3 H.C-N 3 e H.C= 773
258, - 25b 0 0 264, - 26b

The doublet N-methyl resonance is also observed in
strong acid solution, the energy barrier to rotation
being greater in this case than for the neutral
molecule. This is to be expected for the cation 26,
in which the contribution of the canonical form ggg is
likely to be greater than the contribution of the
corresponding form (25b) in the resonance of the
neutral molecule, In the cation H.CO~§H(CH3)2,
however, the loss of the partial double bond




DIAGRAM IV

N.m.r. spectra of dimethylformamide (N-methyl pfoton

resonances only). (Taken from Ref. 73.)

‘A) k 10-4cps :(Hoo.s cps

6.7Cps :
B) icps 1.5Cps

e

‘Fig. 1.—N.m.r. spectra of N-methyl protons in DMF, 60,
Mc., 29°: A, DMF pure; B, 0.4 A DMF in 1009, H,SO,. ‘
The magnetic field increases from left to right. i
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character in the C-N bond would be expected to
leave the rotation less restricted than in the
neutral molecule.

§£ =Caprolactanm. The p.m.r. spectrum of

—

----- -caprolactam'hydrochloride in chloroform solution - - - - - - -

 has been described by Ottenheym and co-workers f.

It proves unambiguously that the cation formed by
this substance is protonated at the oxygen atom,
since separate resonances are observed for protons
attached to the'nitrogen and oxygen atoms. (For
further references to the caprolactam cation, see

pages L7, L.9).

other two amide cations discussed are most readily
interpreted in terms of O-protonated structures,
the spectrum of the N-methylacetamide cation in
particular being difficult to account for in terms
of an N-protonated structure. Other p.m.r.
investigations of amide cations have led to

similar»conclusions75.
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X-ray Diffraction Studies, (Ureas).

The only X-ray diffraction analyses which
bear on the problem of the structures of amide
cations are studies of salts and metal complexes

-~ of urea and thiourea.

number of compounds structurally related to the
O-protonated urea cation. The metal complexes
(which all form through oxygen—- or sulphur-to-metal
bonds) probebly reproduce only approximately the
effect which an oxygen—»or sulphur-to-hydrogen bond
would have on the rest of the molecule, and the S-S
single bond in formamidine disulphide dibromide

(27) is pfobably a nearer approach to a bond with

-~
-
~

~

d . ‘
hydrogen NH,. * NH,
z o
N : |
| - '
S\\
S
27 I
PN,
NH; 4+ NH:_
Although the accuracy with which these bond lengths
were determined was limited, it does appear that the
lengths in the urea or thiourea moieties are not
greatly different from those in the neutral

molecules (also quoted in the Table).



Table VI

0
Bond Liengths, (A).

Compound
(Methylurea)z.CdCl

2

(Urea)z. caci

Methylurea nitrate

Urea

(Thiourea)2.0d012

(Thiourea)z.Ni(SCN)2

Compound 27

Thiourea

Urea phosphate .=

38

c-0(C-8) Ref.

1.27 1.36 1,39 76

1.23 1.34  1.38 17

’’’’’’’ 128 132 134 T8

1.28 1.29 1,30 79

1.26 1.335 1.335 2a

1.64 1,32 1.32 80

1.77 1.31 1.31 81

1.78 1.33 1,33 82

1.71 1.33 1.335 83
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The (more accurately determined) bond lengths
in the urea moieties of the two salts, urea phosphate
and methylurea nitrate are again similar to those in
the neutral ures molecule, and the following discussion

""" strongly that they also form through bonding to the

oxygen atom, ‘

In urea phosphate the system of hydrogen bonding
is extensive and complex; mnine close inter-molecular
approaches are found for seven possible hydrogen

bonds, so that the positions of the hydrogen atoms

cannot be deduced on this basis alone. However,

there are only three very close 0...0 approaches,

two between oxygen atoms of the H2P0—4.anions, L
which undoubtedly correspond to the two hydrogen }
bonds formed by the unionized phosphate hydrogens,
and one between urea and phosphate oxygens. If
this approach is indeed a hydrogen bond, it indicates
that the cation has formed by protonation at the
oxygen atom,

The crystal structure of methylurea nitrate
is more conclusive. The symmetry of the lattice
requires that the molecule (including the nitrate
group) lie in a plane of symmetry, and the distance
between planes is 3.18 Z. Although there is some
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DIAGRAM V

Inter-molecular environment, N-methylurea nitrate.

Hydrogen bonds  — —_—

Other close :
inter-molecular - - = = = — = = « -
approaches
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fairly close packing of nitrate ions above and below
the urea oxygen, there are no out—-of-plane approaches
short enough to be attributed to hydrogen bonds, and
there are no in-plane approaches between methylurea

- moieties, - It remains, therefore;‘to<allocaté the - - - - - |

hydrogen atoms to the close in-plane anion-to-cation
approaches, (see Diagram NI), and it is most unlikely
that the tetrahedral nitrogen atom in an N-protonated
cation could form three in-plane hydrogen bohds. The
hydrogen atoms must therefore be im positions
corresponding to the O-protonated oafion structure,

one on the urea oxygen, (presumably in the direction

of the very close comtact, 2.59 A), one on the
Vmethylafed nitrogen étbﬁ,-énaitﬁé 6ﬁ.fherieﬁéihing ......
nitrogen atom, (presumably in the two directions not

in the line of the C-N bond).  The final electron
density contour gives some evidence for the presence

of hydrogen atoms in these positions.

This structure can only be interpreted in terms

of an 0-protonatéd cation structure, and constitutes
_proof that for methylurea, and very probably for most

ureas, proton addition occurs at the oxygen, and not

the nitrogen atom,

It is desirable in the spectroscopic studies to

“Rmow
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what types of hydrogen bonds are to be expected in
amide cations. In particular, it would be useful to
know whether the carbonyl oxygen atom in an
N-protonated amide or urea is likely to be involved
""" hydrogen bonds are likely. Structures containing |
such bonds are rare. . A fairly complete survey of
the literature has revealed only two such structures,
the hydrated hydrochlorides of adenine and guan1ne84'85
In the amino-acid hydrochlorides, where the cations
contain both NHg and C=0 groups; only anion-to-cation

86

hydrogen bonds are formed More complex cetions

inter-catlon hydrogen ‘bonds

87, but these compounds
are not comparable with those discussed in the

presen-t WOI‘k. ««««« S S |

Summary: The results of Xéray diffraction studies
show that for methylurea and hence probably for most
ureas, the preferred site for proton addition is the
oxygen atom, and that the bond lengths in the cation
thus formed are very similar to those in the neutral
molecule. Further, it is shown that in ionic
structures of this type, only cation-toéanion

hydrogen bonds are to be expected.
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Vibration Spectroscopic Studies.
Although in the search for structural

evidence the whole vibration spectrum must be

considered, the most important single feature in
" the spectra of amide cations is undoubtedly the ~ -~~~ - - -
presence or absence of a band which may be assigned
to the carbonyl stretching vibration. It was shown
in Section B (page /8 ) that the frequency of this
vibration in amides is lower than the "normal" value
due to the contribution of the dipolar form 1b (page iilL )
to the resonance of the molecule, and that the frequency

is also considerably reduced by hydrogen bonding. In
O-protonated cations, the C-0 link would be expected to

lose much of its double~bond character, and this band
should no Jonger be observed. In N-protonated
‘cations, however, the frequency of this band should -
be raised very considerably. The loss of the normal
amide resonance, and the strongly electron-withdrawing
effect of the positively-charged nitrogen atom should,
in the absence of intra-molecular forces, raise the
frequency to 1800 cm.—1 or more. (This is the value
for acid chlorides, and the NH; group must have a
stronger electron-withdrawing effect than the chlorine
atom) . Since hydrogen bonding to the carbonyl oxygen
atom is unlikely (page [JZJ, the only effect tending

to lower the frequency would be the normal polar
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association forces in the solid state

(2) Ureas. As shown in the previous section,
methylures nitrate is known to contain the O-protonated

cation, and the spectra of urea salts will therefore be

88

spectra of both methylurea and urea =~ nitrates. The

spectra are very similar, and in particular, all the

bands taken to be structurally significant by other

88-90

authors are to be found in both spectra. There

- can be no doubt that the same cationic species is
present in both salts, i.e. that urea nitrate, and -
hence probably urea salts in general, are formed by

‘proton addition at the oxygen atom, - e

The most important feature, whlch is not easily

predicted, is the strong band at 1700+10 cm 1. | Thisv

88,90 to the carbonyl

has been assigned by some workers
stretching vibration of an N-protonated catioh, but it
must now be re-assigned. A confirmation that it is
not due to a carbonyl vibration is provided by the
work of Stewart and Muenstergl They showed that

the corresponding band in N,N'-dicyclohexylurea
hydrochloride is unaffected bj the substitution of

018 for 016, whereas a true carbonyl band is shifted

1

to lower frequencies by at least 10 cm~ by such substitution
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DIAGRAM VI

Infra-red Spectra (schematic).

89

Lower curve: urea nitrate””., .

Upper curve: N-methylurea nitrate.
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The acetamidinium cation92 (gg) has a strong

+ +
NHZ\\E A, 2 /s
' ;
CH3 H
_________ 28 ;2_2___

92

N-C~N asymmetric stretching vibration’®, possibly

coupled with an NH2 deformation vibration93. The

O-protonated urea cation (29) could well absorb near

-1

1700 em —, therefore.

Bands in the region of 2500 cm -1 in the spectra
88, 90

of urea salts have been assigned to the N-~H
: +
stretching vibrations of an NH3group in an N-protonated .
L e e e e e e e e e e e e e e e e e e e e e e e e e e e 89 ,,,,,,,,,,,, 77 -

cation, ‘However, Kutzelnigg and Meoke assigned them = .
to the O-~H stretching frequency of a hydroxyl group

involved in very strong hydrogen bonding, and -

predicted an 0,.,.,0 distance of 2.55 A 1n urea nitrate.

This is very close to the value of 2.59 A observed in

the structure of methylurea nitrate83.

(b) Amides. No crystal structure studies are

avaeilable for gmide salts. However, in one case,
benzamide, actual model compounds are available for

94. These are

both the possible cation structures
shown in Table VI  The frequency of the carbonyl
band in compound 30 (see Table) confirms the rough

predictions given earlier, and it is clear that the
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Table VII, High-frequency Skeletal Bands,

(1)

YC:O
-1 parent
Compound (em ~) molecule  Ref.
e
—C=N ‘Y - A~ - 1783 - - - - -
Ph-C-N(C,H.) 4 ST, 27 S L
= RERC A 1771 94
SeCle 17114
¥(CH,) |
3] Ph-C=N(C,H.). _
= ] %77 a0y 1640 ;
OCH
3
Benzamidium
perchlorate 1654 1636 "
N-Ethylbenzamidium
perchlorate v 1677 1633 "
2 1T = 1800 1733 . 98
iz L4k c ra
N 0
H
O
Acetamide 1718 1684 90
N-Ethylacetamide 1718 1686 95
Propionamide 1706 1660 96
Di-N-methylacetamide 1660 1645(1) 97
-Caprolactam 1645 1660 T4

Value for di-N-ethylacetamide, from Ref. 43D




included in Table Vil: Similarly, the carbonyl band for
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benzamide salts resemble compound 31, the model for an
O-protonated cation, rather than 30.
In the spectra of unconjugated amide cations,

strong bands are found at higher frequencies than

the unconjugated compound 32 (which is generally agreed
to be N-protonatedl?98) is higher than that for the
benzamide derivative 30.

In the case of propionamide hydrochloride, it has

been shown96 that the 1706 om~1

018

band is unaffected by

the isotopic substitution of for , confirming

that this band, and hence the corresponding bands in

the other compounds listed, are not due to carbonyl

stretching vibrations, The assignment of these bands

+
Leonard's finding,g9 that the C=N group absorbs in the

range 1685-1700 em™ L,

In their review, Katritzky and Jonesl stated that

the chief evidence in support of N-protonation of

anides comes from vibration spectra, an essential
feature of this evidence being the assignment of
certain bands to carbonyl stretching vibrations. It
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will be seen from the foregoing discussion, however,

that reasohable assignments of these bands are possible

for O-protonated cations, and that there is some

evidence to indicate that the assignment of the bands

to ca:bonyl stretching vibrations is incorrect, - - - - ~—~ 1

Other Investigations,

Huisgen and Brade have shown that N-substituents
affect the Ionization constants of amides less than
those of similarly N-substituted amines, suggesting

that the site of proton addition iﬁ amides is further

away from the N-substituent than in aminesloo. -‘The

dependence of the ionization constant on ring size for

preted in terms of O-protonation in the lactams, also.

-y

-~ ~

(Ch, ), &

’

-~ - “

30 - 31

7

The pK, values for the imines are lowest when n is
approximstely 12, and this is thought to indicate
crowding at the nitrbgen atom, inhibiting the addition | g
of a further proton. No such minimum is observed in
the pK_ values of the lactams, suggesting'®’ that the

proton in this case adds to the exocyclic oxygen atom,

and not the (ring) nitrogen atom, The validity of
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this comparison between a ring composed entirely of
tetrahedral atoms and a ring containing a trigonsal
carbon atom has not been proved, however, and the
conclusion cannot be considered to be firmly based.

Klages &nd'Zangeﬁloz~prepared-the salts 32 and 33,

hydrolysis of amides

+ + |
Ph-G-N(CH, ), OH,~C=N(CH, ), ( AniOf,)
OCH Sbo1
3 6
32 33

Phe application of the Hammett equétion to the
ionization constants of some substituted benzamides
led Stewart et 31104 to deduce that the benzamide
cation had the N-protonated structure, Katritzky and

1

Jones™ have given an alternative explanation of their

results.

Conclusion.

The evidence discussed in this section can all

be interpreted in terms of O-protonated urea and
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amide cation structures, that provided by p.m.r.
spectroscopic and X-ray crystallographic investigations
being particularly strong. The principal evidence

which has been adVanced in support of N-protonated

- structures comes from vibration -spectra, but the - - - - - - - -

suggest that such interpretations are incorrect.

2. Pyridones and their Ions.,

The pyridone structure of the tautomeriec
substance 2-hydroxypyridine was recognised as likely,

chemical techniques enabled it to be reliably confirmed.
As,early.as,l885,‘Haitinger.ahd Liebent0? suggested
thet certain properties of 4-hydroxypyridine resembled
those of N-methyl-2-pyridone rather than of 4-methoxy-
pyridine, In 1907, Baker and Baly'C® examined the
ultra-violet spectra of 2-, 3-, and 4-hydroxypyridine
in neutral, acid and alkaline solution, and showed that
while the 3-isomer appeared to be attrue pyridine, and
also resembled a phenol, the other two isomers had very N
different spectroscopic properties. Further, 2-hydroxy-
pyridine and N-methyl-2-pyridone hed very similar ‘
spectra, and they deduced that both 2- and 4-hydroxypyridine}

existed as pyridones. Other quantitative studies were
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107

published in 1930 by von Auwers s Who showed that the

results of refractivity measurements made on a number of
2-hydroxypyridines resembled those obtained for the N-
rather than the O-methyl derivatives.

- Since then the 2- and 4-pyridone structures have - - - - -

' been confirmed many times, using ultra-violet18s 68 gng
5

infra-redt®ds 9v8pectra, ionization constants”, and (for

2-hydroxypyridine) X-ray crystallographic investigationé.

Dipole moment studies by Leis and Curranllo

5

, and Albert
and Phillips” show that the dipolar canonical forms

such as

von Auwerle7; ' '

Several substituted 2-hydroxypyridines have been
examined, The infra-red spectra of the 5-bromo, 5-iodo,
3, 5-dibromo, and 4, 6 dimethyl derivatives of 2-hydroxy-
pyridine have been published, together with the spectra
of two reference compounds, 2-ethoxypyridine and 5-bromo- -

112 ppe guthors concluded that all

2-methoxypyridine
the substituted 2—hydroxypyridines examined, like 2-
hydroxypyridine itself, are pyridones. Den Hertog and

Buurman113 have shown from the ultra~-violet spectra of
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2, 4=dihydroxypyridine and all its N- and O-methyl
derivatives that this compound exists as 4-hydroxy-2-

114

pyridone. Den Hertog has also published the

spectra of all the possible dihydroxy—Aand diethoxypyridines
""" but since the ionizatidn‘constants of these compounds were
""" not determined, some of the spectra could be those of
ionic species. (In the present work it is shown that
his spectrum for 2, 6-dihydroxypyridine is in faet the
spectrum of the mono-anion of this substance).
In two instances, the isolation of both tautomers

of substituted 2-hydroxypyridines has been claimed, the

hydroxypyridinells, and 2-hydroxy-5-arsenilic acidlls.

- The evidence for the former is much more oomplete, but

Ritchietl!

y, Who re—examined the question, wgs unable to
obtain the second isomer, or to observe the establish-
ment of an equilibrium mixture under the conditions
which the earlier workers had described. He examined
the ultra-violet spectra of the compound, and of two

methylation productions which he considered to be the

thet the
¥7/ j: S0 L -J[izlwacn | |
CHg O 3 :

34 35
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hydroxy-tautomer, corresponding to 35, preponderates in
solution. This is at present the only instance of a
2-hydroxypyridine derivative for which the genuine
hydroxypyridine structure, as distinct from the pyriﬂone,

-structure, has been proposed, that has remained unchallenged.

The salts of 2-hydroxypyridine have attracted little

attention in the past, and indeed, almost all the studies

of them have been made in the past decade. Baker and
Balylo6 recorded the ultra-violet spectra of the anions
end cations of 2-, 3-, and 4-hydroxypyridine, but =a
reliable re-examination of these results was not
published until 1955, when Bliznyukov and Reznikov
examined the ultra-violet spectra of the cations of 2-

and 4-hydroxypyridine, 2-ethoxypyridine, 4-methoxypyridine,
108b

and N-methyl-2—- and 4-pyridone «  They deduced that =

the cations of the hydroxypyridines had O-protonated
structures such as 36 (R=R'=H), and that the anions of
the hydroxypyridines, which they also examined, resembled

the canonical forms such as 1l3a (see diagrams on page LV )

rather than 13b. These spectra were also eXamined by

41

Mason '™,

The relevant spectral data are listed in Table VII1I
The cations of 2-hydroxy-~ and 2-methoxypyridine and N-
methyl-2-pyridone have practically identical spectra,

and this suggests that they all have the structure 36,
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(R,R' = CHy or H). However, in the absence of

spectroscopic data =

proof. Since in this latter cation, there has been
a loss of conjugation compared with the neutral
hydroxypyridine, (2-pyridone), the absorption bands
could be at shorter wavelengths than in the neutral

- ‘molecule, and could coincide with those of the O- = -
protonated (or O-methylated) cation. KXatritzky and

.,Jonesl have suggested that the’compound }Q is a suitable
model for the ion 37, since the effeot of the §H2 group

- should be smallllabf ‘The absorption maxima for this
compound are at higher wavelengths than those of neutral
2-hydroxypyridine, and thus suggest that the cation
structure 37 is incorrect. The spectra of some similar

molecules are listed in Table VIII
109sa

Sensi and Gallo

spectra of the 2- and 4-hydroxypyridine cations resembled
those of the neutral 2- and 4-pyridone, rather than those

of the neutral 2- and 4-methoxypyridines. In particular,
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they considered that strong bands near 1650 cm-l in
the spectra of the hydroxypyridine cations were carbonyl
bands, and deduced that the cations had N-protonated

structures. Sp_inner,l,l,a, examined the infra-red and

of the hydroxypyridines, and he, too, concluded that
2= and 4-hydroxypyridine formed salts by proton
addition to the nitrogen atom. He further deduced
(from the Raman spectra) that the anion of 2-hydroxy-
pyridine resembled the canonical form 13b rather than
the form 13a. (See diagrams, page iv ). Scheinker
‘and Pomerantsevil®® examined the infra-red spectra of
a number of metallic salts of 2-hydroxypyridine, and
reached the opposite conclusion regarding the nature
of the anion.

No p.m.r. speotra.of.2—hydroxypyridine'cations
have been reported yet, but the p.m.r. spectra of 4-
hydroxypyridine hydrochloride and a number of reference

121. of

compounds were examined by Katritzky and Jones
the two protbn signals expected for protons not attached

to carbon atoms (two N-H, or one N~H and one 0-H), only

one was observed, and this was considered to be due to
an O-H proton, as it was present in the spectra of the
4-hydroxypyridine and N-methyl-2-pyridone cations, but

absent from the spectrum of the 4-methoxypyridine cation,

Thus, the p.m.r. spectra indicate an O-protonated

structure for the 4-hydroxypyridine cation.
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CHAPTER II.

DISCUSSION OF EXPERIMENTAL RESULTS.

The object of this study of substituted 2-hydroxy-

pyridlnes and their ions was to obtaln 1nformat10n about -

markedly influenced by the substituents. Thus, 2-
hydroxypyridine exists predominantly as the lactam or

pyridone form 39, (see page 57 ),

<
! S0 Q\OH

&*’O:z

but the introduction of substituents offered the
possibility of obtaining a preponderance of the genuine
hydroxypyridine form 40. For example, electron—-

| w1thdraw1ng substituents, by reducing the electron

density at the ring nitrogen atom, could possibly
render the tautomer in which the mobile hydrogen atom
bonds to the exocyclic oxygen atom more stable, while
hydroxy or nitro groups in the 3 position could
stabilize this tautomer through internal hydrogen

bonding. Similarly, the tautomeric equilibrium
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for the cation,

L, = L
+
N"X0 ﬂ‘OH

Hy,

Furthermore, the presence of a substituent could
possibly permit an unambiguous structure determina-
tion, even where the results for the unsubstituted
cation leave room for ambiguity.

The properties examined in this work, i.e,
ultra-violet spectra, ioniiation constants and
and, as far as this is practicable, independently

of one another.

A, Ultra-violet spectra.

The ultra-violet spectra of the substituted
2-hydroxypyridines studied are listed in Table IX,
together with those.of some similerly substituted
2-methoxypyridines. Five 2~methoxypyridineé have
spectra and those of their 2-hydroxypyridine counter-
parts prove that the latter are not genuine hydroxy
compounds, The similarities among the speotra of

the methyl—-substituted 2-hydroxypyridine (2260+10;
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2950:50 X) are sufficient to establish that all have

similar structures, and by the same reasoning, all of

the halogen derivatives have similar structures.,

Furthermore, the similarities between the published |
speéffa.ofvthé N;ethyi-2§pyfid§ﬁés“iiéfe&;éf;ﬁhé,eﬁd4,47<,Tfé
- of Table IX, and those of the similarly substituted - - - - - - !
2-hydroxypyridines prove that the latter, and hence %
all of the methyl and halogen derivatives of 2—hydroxyé
pyridine, aie pyridones, The predominance of pyridone
forms for the two dihydroxypyridines examined may be
deduced from the differences between their spectra and
~ those -of -the corresponding -diethoxypyridines=2%, and - - - - -
(for 2,3-dinydroxypyridine) the spectrum of 2-methoxy- |
3=hydroxypyridine .

The ultra—viblet spectra do not establish the
structures of thydroxy—3—nitropyriding_and 2=hydroxy-. ..}ri
5-nitropyridine, the 2-methoxypyridine counterparts of
which were not prepared. (See, however, infra-red
evidence, page 9% ).

It is of interest to comparé the spectra of the

methoxypyridines (acting as reference compounds for the

substituted phenols, and a table of such comparisons

is given on page 64 . It will be seen that the



Toble X  Ultrae-Violet Spectra

2-liethoxy~ Amax (4) £ Phenol A ax(4) £ Ref,
pyriaine
5-CH, 2795; 2165 3,670; 7,000 4-CH,§ 2802; 2,100 125
5-C1 2835; 2225  3,510; 10,000 4-C1 2800; 2220 1,600; 8,900 126
5-Br 2840; 2220  3,480; 10,120 4-Br 2845; 1,650; 125
3-C1 2775; 2195 4,940; 6,550 2-C1 2745; 2100  2,1003 126
 3-Br 2795;. 2195 5,170 5,960 o-Br 2789 ' 2,800; 125
3-0H 2800; 2210 5,730; 5,800 2-OH 2755; 2140° 2,300; 6,300 38

3,5-C1, 29203 2285 4,850; 8,850 2,4-C1,  2850; 2,000 127
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introduction of the hetero-afom shifts the absorption I?Q
maxima to longer wavelengths, the shift of the long-

wavelength band being fairly small, The bathochromic e
shifts given by substituents in 2-methoxypyridine are

generally similar to those for substituents in 2-hydroxy- ;§q
pyridine. For 2-hydroxypyridines the position of the ﬁiﬂ
long-wavelength band is affected much more by substituents ii
than that of the shortTWavelength band, 2,3-dihydroxy- f
pyridine being exceptiénal in this regard. §3¢

The Svectras of the cations. (Table XI) The cations

of the 2-methoxypyridines absorb at slightly longer
wavelengths than the néutral molecules, The spectra ffﬁ
of the cations of substituted 2-hydroxy- and 2-methoxy-
pyridines are very similar, and such similarities are #2
essential if (as in the present work) the hydroxypyridine o
(pyridone) cations are considered to fdrm by proton ) | yi;
addition to theaxygen atom, However, they pfovide‘no
further evidence for the correctness of such cation
structures. If the N- and O-protonated cations are
thought to have identical spectra, their substituted
derivatives could well have similar spectra also, since %?
substituents have almost the same effects on the specira fﬂ
of the neutral methoxy- and hydroxy-pyridines. :
For 2-hydroxypyridines, the "ionization shifts", {3
i.e. the changes in the positions of the bands on

protonation, are altered only by small amounts through

the effect of substituents other than nitro groups,
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The shifts of the long-wavelength bands are less
affected than those of the short-wavelength bands,
The change in the position of the long-wavelength
band of 2-hydroxy-3-nitropyridine, however, is

direction from that for all of the other compoﬁnds.

The Spectra of the anions. (Table XII) The only
spectra with which the Speétra'of substituted 2-hydroxy-
pyridine anions may be compared are those of similarly

substituted phenols. If the anions are most closely

to those of the corresponding phenolate ions, in the

same way as the spectra of the neutral 2-methoxypyridines
were related to those of the phenols. (See page 6/ ).
Table XIITI lists the absorption maxima for substituted

2=-hydroxypyridine anions and the corresponding phenolate -

ions. The positions of the long-wavelength bands differ
by slightly more than was the case in comparisons between
the neutral methoxypyridines and phenols, while for the

short-wavelength bands, the phenolate ions absorb at

longer wavelengths than do the hydroxypyridine anions.,
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2-Hydroxy- knmx(A)
pyridine

5=Cl 30503 2380
3-C1 30155 2310
-3,5-012 31503 2400
3-§O,  3920; 26007
5—N02 3650; 29603

Table XIII

Ultrg~Violet Spectra — Anions.

6,090;
5,5503

2165 6,610;

2175 14,7003

<

12,400

8,510
9,750

Phenol
4-C1 29803
2-C1 2940;

3,400; 17,000

7,050

2--No2 41603

4-N0, 4020;

JEEQE;__

(o]
(4)

2440
2365
2440

2820; 2275

2260

2,6003
3)780;
3,400;

4,800;

19,200;

11,700

8,300
9,500

4,300; 14,500

6,500

126
126

127

38

37




(Cf. the comparison between these bands for the
neutral phenols and methoxypyridines, page ).

It will be shown (page /35) that the vibration
kspeotrum of the anion of 3,5-dichloro-2-hydroxypyridine
corresponds to a structuré best represented by the

canonical form 43. % %
e ci ' ‘ o .
16N & £ 61
N“~o0™ N7~ o0 N~~0o
43 Lha ~— 44b

The general similarity of the comparisons between the
hydroxypyridine anions and the phenolate ions,
including the comparison for the abovementioned ion,
combined with the knowledge of the essential nature
of this ion, is consistent with the view that the
canonical form 44 plays only a minor part in the
resonance of the 2-hydroxypyridine anions.

The spectra of the anions of 2-hydroxy-3- and 5-
nitropyridine also bear some resemblance to those of
the o— and p-phenolate ions, and are consistent with
the predominance of the canonical form 44 in the
resonance of the ions,

The changes in the spectra of the dihydroxypyridines

as a result of the first acidic ionization differ from
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those showh by the other substituted hydroxypyridines.

Thus, whereas 2-hydroxypyridines normally exhibit a

small hypsochromic ionization shift in the longAWave—

length band, and a small bathochromic ionization shift

in the short~wave1ength band the dlhydroxypyrldines

-exhibit marked bathochromic ionization -shifts in both - - - - - - '
bands, The mono-anions of the dihydroxypyridines can

have structures 45, 46 or 47,

and the unusual ionization shifts suggest that the ions

do not exist in the form 46, as this is derived from
the neutral moleculesbby the normal acid dissociation of
2-hydroxypyridines, For Z,G—dihydroxypyridine,
gtructures 45 and 46 are identical, while for the
anion of 2,3-dihydroxypyridine, structure 45 is
excluded by the difference between its spectrum and
that of the anion of 3-hydroxy-2-methoxypyridine.
Thus, the ultra-violet spectra indicate that the mono-
anions of the dihydroxypyridines exist in the form 47, =

derived from the neﬁtral molecules by removal of the

hydroxyl proton.
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B. Ionization Constants.

The complete diagram for the tautomeric and
ionization equilibria of 2-hydroxypyridine is shown
on page 75 , bogether with the equations defining
the various equilibrium constants. The measured
~ ionization constants are ki and k_, representing =
the equilibria between the total neutral species
(AH +BH), and the total ionized species, (AHZ + BH;)'
or (A + B”). Some of the relationships that

exist between the various equilibrium constants are

shown below the diagram.

- m e i e ae s am oz e ez e e e o e e e e e ez o e e e o= im e = Wmm T T e . e am m — 1

provides an estimate of kz (see page 29), and, if,
as is commonly assumeds"sb, K$<3fl, this estimate
enables approximate values to be calculated for kz,
G K end Ky.  The value of Ky which is obtained
in this way is approximately 230, i.e, the equilibrium
proportion of the true hydroxy-tautomer would be 0,43%.
If K% is greater than one, (predominance of the
N-protonated cation), K, must be gréater than 230
(from equation 4, page 75).

'SincefKT is large,'kngk:kNMé, the ionization -
constant of the N-methyl derivative, (from equation 6),
end hence further increases in Kn cammot significantly

affeoct the equilibrium ionization constant ke.
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[am](e*] . [BEIET]  ,  [BHIH]
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Ionization constant of the N-methyl derivative




-3
N

Table XIV,

Ionization Constants of Substituted 2-hydroxypyridines.

Substituent(s) DK _(acidic) pK,_(basic)

— 11.70+0.03 0,77+0,02
3-CH, 12.59+0,03 0.20+0.02
4~CH, 12.23+0,04 1.14%0,02
5-CH, 12.01+0,03 1.13+0,02
6-CH, 12,45+0,03 1.12+0,03
3-C1 10.40+0.02 -2,03+0.15
3-Br 10.42+0,01 -2.1540.15
5-C1 9.87+0,02 -0,07+0,02
5-Br 10,03+0.03 -0,06+0,02
5-1 19.9340,02 0.00+0.02
3,5-C1, 8.52+0.02 -2.5440,15
3,5-Br, 8.43+0,03 -2.45%0.,13
3-N0, 8.5240.03 ~4.0040.15
5-NO,, 7.97+0.03 -2.45+0,15
3-0H 9.0040,01 —
6-0H £.5240.01 1,0040,03
2-methoxy- ) ‘

3-hydroxy- g 8,65+0,01 2.10+0,01
pyridine

All basgic @Ka values were obtained spectrophotometrically,
as were the acidic pKa values for the methyl derivatives.

The remainder were determined by potentiometric titration.

(1) See page /63.
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Decreases in Kﬁ would be base-strengthening. It

K% is large, further increases in its value would not
significantly affect k',  end if Kj is small, decreases
in its value would not affect k) significantly (from
equation 7). Changes in K% tending to reverse the
equilibrium between AHz’éﬁd_BH;“(i.é;‘inéféaééé‘ih AAAAAAAAA
KE if it is small, or decreases if it is large) would

involve changes in k% and kg (equation 3), and could

appear as base-weakening or base-strengthening effeots

(equation 7).

Acid Dissocigtions. 2-Hydroxypyridine is a weak acigd,

that for phenoll28. Electron-donating (methyl) and

electron-withdrawing (halogen, hitro) substituents have
the expected acid-weakening and acid-strengthening |
effects respectively. . (See pagel9).

In Diagram VII is shown the plot of pKa for the
acid dissociations against 0, the Hammett substituent
constant. Since the reaction site is the nitrogen
atom, position 1, positions 3 and 5 are considered to
‘e meta, and the 4 position para. The ’constenmts are
derived from studies of substitution effects in aromatic

systems, so that a close correlation between pK and

for the non-aromatic pyridone system would not be
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DIAGRAM VII

2.9 (acidic) plotted against Hammett o~ .
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expected; nevertheless, the points lie quite close to
a stfaight line, and if the 3-substituted compounds
(see below) are omitted from the plot, this straight-
line relationship is improved The value of/7
reaction constant, obta1ned from thls plot is 5. O whlch -
- is of the same order as valuesAonO for reactions - - - - - - - - - ’
involving nuclear hydrogen atoms in aromatic systemslzg.
Since the 2—hyd£oxyPyridine molecule is not
symmetrical, substituents in the two meta positions,
3 and 5, could have gquantitatively different effects on
the ionization constant, and this is found to be so.
- - - - However; the 3-substituted compounds are-all dless- - - - - - - - -
acidic than their 5-substituted counterparts, and
since this applies to both electronédonating and

electron-withdrawing substituents, it cannot be

ascrlbed to induetlve or mesomerlc effects., A possible
explanation of these differences is that substituents
in the 3 position offer steric inhibition to solvation.

The dihydroxypyridines (acid dissociations). Three

structures are possible for the mono-anion of 2,3-di-

hydroxypyridine, and two for the mono-anion of Z,E—di—
hydroxypyridine, (Seé page 73). The pKé value for
2,3-dihydroxypyridine, (9.00), is similar to those for
3—hydroxypyridine6b (8.72), and 2,5—dihydroxypyridine12o

'(8.51). This is what one would expect if the anion has
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structure 47 (page 73 ), because Albertt20

hes shown that
the ionization constants of substituent groups in

5-substituted 2-hydroxypyridines are similar to the

constants for the ionization of these groups in pyridine
‘itself. (E.g. nicotinic acid, pK_ = 3.82; 6-hydroxy-
120)

“nicotinic acid, PK_ = 3.757°"),
The pK, value for 2,6-dihydroxypyridine (4.52) is

7 pK units lower than the pKa value for 2—hydroxypyridine

itself, The introduction of a hydroxy group adjacent

to the NH group is most unlikely to have so great an

effect on the ionization of the NH proton, and it may be 3

value 4.52 is 4 pK units less than Mason‘s6b

estimate

of the ionization constent for the enolic form of
2-hydroxypyridine, i.e. than the estimated pKa value fbr
& hydroxyl group in position 2.  Stabliization of the

anion by the resonance between two equivalent

canonical forms

O < L
o= NG ©

H H

could explain this difference. (Alternatively, if K;

~ thus

(page 75 ) is taken to be 104, the estimate of pk,

obtained is approximately 4.5).

2,3=-dihydroxypyridine exists as its mono-anion even

in 16N alkali, and no estimate of its second ionization



JABasic ionization. . The compounds. examined.are all quite. - - - - .

"Experimental", page [63).

= e a——
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constant could be made. 2,6-dihydroxypyridine appears
from ultra-violet spectra to exist as the mono-anion in
1N alkali, and largely as the di-anion in 16N alkalij
its second PKa probably lies between 14.5 and 14.8

(stoichiometric value),

weak bases, the pKa'values ranging from 1,15 to -4.0.
No general correlation was found between the basic
pKa values and the Hammett O constants, The 5 position

could be regarded as mebta or para, depending on whether

proton addition is considered to oc¢cur at the oxygen or’

obtained for each of these alternatives.
A gatisfactory determination of the basic ionization

constant for 2,3-dihydroxypyridine was not achieved (see

at the oxygen atom, the resonance between two equivalent

canonical forms

would be expected to stabilize the ion, with a consequent

increase in basic strength. This is not observed, the
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DIAGRAM VIII

pK, (basic) for substituted 2-Hydroxypyridines .. _
plotted against Hammett O ,
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DIAGRAM IX

129 (basic) for substituted 2-hydroxypyridines
- plotted against Hammett ¢, o o
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pKa value of 1,00 being only slightly higher than that
for the unsubstituted 2-hydroxypyridine.

In this series of ionization constants, the 1
3-substituted compounds are very sharply distinguished
 from their 5-substituted counterparts, the former being
the weaker bgses.. . This unusual. effect is most clearly - - . - -
illustrated in the case of methyl substitution; a methyl i
group in the 5 position has the expected base~strengthening
effect, while in the 3 position it has an anomalous base-
weakening effect. Similarly, a chlorine atom in the 3

position is more base-weakening (apparently more electron-—

of such substitution on the acidic ionizations, page 79 ).

The anomaly cannot be ascribed to any unusual combination

of electrical effects, since it is observed for substituents

have unusually low basicities, the anomaly cennot be due
to a change in K; (see page 7h ). It was shown on

page 77 that a change in the preferred structure of the
cation could be accompanied by a reduction in basicity,
but the reversal of the tautomeric equilibrium between the
two forms of the cation by such diverse substituents is : %

difficult to justify. (See also the vibration spectra of



- would be an important part of this solvation. - Such -~ o

Vls a possibility. 7 Solvent-to solute hydrogen bonds
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3- and 5~-chloro-2-hydroxypyridine cations).
Some kind of steric interaction may therefore be
involved; direct steric interference with the ionization

process seens unllkely, but sterlc 1nhib1t10n of 301Vation

bonds would be expected to be stronger for ions than
for neutral species, so that inhibition of them would
tend to inhibit ionization, as is observed for both
the basic and gcidic ionizations. Direct steriec
interference with hydrogen bonding for the cations

J
\
\
l
\
1

is-possible- (but not-necessarily inevitable) only if-—~—~- -~~~

they have the O-protonated structure, since the

ability of the carbonyl oxygen atom of an N-protonated

cation to participate in hydrogen bonding would be slight.

C. Vibration spectra.

The main object in the discussion of vibration
spectra is to discover those features of‘the spectra
which distinguish the non-aromatic 2-pyridones from
the aromatic 2—methoxypyridines (Which are ﬁakéh as |
reference compounds for the inaccessible hydroxy

tautomers), and to examine the spectra of their cations

for evidence of distinguishing features which might
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indicate a similar structural difference. (see
diagrams on page (v ). Finally, the spectra of the
sodium salts will be discussed in the light of any
structural criteria thus obtained.
 An indication of the extent to which methoxy-
. pyridines.and their cations. reproduce the v1brat10nal -------
features of hydroxypyridines and their cations is
provided by the comparisons between the spectra of
3=hydroxy- and 3-methoxy-pyridine and their cations.
These comparisons, however, are strictly applicable
only to hydroxy- and methoxy- groups in positions not
. conjugated with the ring nitrogen stom, and slightly.- - - - - - -
different relationships could exist between 2- and 4-
methoxy- and (genuine) hydroxy-pyridines. To this
end, the hitherto unknown vibration spedtfa of the

determined, and, for the sake of completeness, the
corresponding data for 4-methoxypyridine. The infra-
red spectra of the neutral methoxypyridines have been
published previously62’ 109&, but the Raman spectra
reported here are new,

Strictly, in the study of vibration spectra, Raman

spectra should be obtained for all species examined, but

e number of factors prevented this ideal from being
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reglized, or even approached, in the present work. As
a result, some of the band assignments are less certain

than they otherwise might have been. Large amounts of

sample were required in order to obtain Raman speotra

using the equipment evallable, and it was therefore

representative selection of the compounds only. Of the
eubetifuted 2-hydroxypyridines examined, only three were
sufficiently soluble to enable Reman spectra to be
obtained, and one of these compounds, the 5-methyl

derivative, exhibited a strong fluorescence which

,:obseuredfallsbutfonerof~the*Ramanfbende;-ffSOiubiiity-ff*-’; ‘‘‘‘‘ '

was less restrictive for the ionic species, but
fluorescence or photo-decomposition prevented satis—

factory spectra from being obtained in some cases.

‘The Methoxypyridines. - (Appendix, pages (90, 19/.)

The vibration spectra of the methoxypyridines are

62

typical of substituted pyridines =, and comparison

with the spectra and vibrational assignments for

S4a 54D and toluene131

benzene , Pyridine suggests a
number of assignments which are listed in Table XV,
These will be dlscussed malnly w1th.reference to
2-methoxypyridine. (See Diagram I, page P2, which

shows the modes of vibration for benzene.)
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Table XV  Vibrational Assignments(l), (cmfl)

Methoxypyridines. ’
Vibration - 2-Methoxy—~  3-Methoxy-  4-Methoxy-
No. pyridine pyridine pyridine
"8a 1575 7 1888 1597
o8& 1606 1578 . .. 1574 . .. -
19a 1484 1482 1507 |
190 | 1422 1427 1423
3 1314 7 1333 7
92, : 1144 1193 1215 ? ..
9b 1150 7
,,,,,,,,,, 5 ... 10%9 iy 1089 .
12 1046 1018 1051
1 088 1052 990
10b 7 812 799 802
C-0-C asym. str. 1292 1284 1289
0-0-G sym. str. 1022 1029

(1) Numbering of vibrations as in Ref., b4c.
See also Diagrem I on page R%.
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Skeletal Stretching vibrations., Vibrations 8a, 8b, 19a,

and 19b in the region between 1400 and 1600 cm-l can be
assigned with some certainty, since they correspond fairly
well w1th 81m11ar1y assigned ban&sshow1ng simllar freque—

ncies and Raman and 1nfra—red intensities in the spectra

on a similar basis, while the symmetrioal "ring—

breathing" mode, vibratlon 1, is clearly correctly J
placed at 988 cm -1,

C-H Bending modes, The prominent Reman band et 1308 em L

in the spectrum of 2-methoxypyridine is attributed to "V,,

- -~ which ‘has been assigned to bands at 1210 and 1313 cm  in

R

541 131

the spectra of pyridine and toluene respectively.

Similar considerations have led to the assignments of
vibrations 9a, and with less certainty, 9b. The strong

bend near 800 cm -1 (Raman and infra-red) is found also-
63b

in the spectra of the picolines
131

and toluene, and in
terms of Green's assignments for the latter, the
choice appears to be between modes 12 and 10b., The
former assignment is rather far removed from the corres-
ponding a331gnment in the spectrum of pyrldine, and 10b
has been chosen here. Another possibllity, V1bration 5,

while somewhat further removed in frequency, could also be

proposed,



Mthlopyrldines

derivatives, ahd‘137335'em—l'in the spectra of the two

90

Bands due to C-0-C symmetric and asymmetric
stretching vibrations are probably located near 1000
and 1290 cm_l respectively, bands in these positions
having no counterparts in the spectra of the methyl-

132 (See, however, the comparison

The methyl group can be expected to absorb near 1460 and
1375 cm 1, and for comparisons with the hydroxypyridines,
bands in these two positions must be treated with caution,

In the spectra of substituted 2—methoxypyridines,
(see Table XVI), the bands 8a and 8b (1576, 1606 cm 1y
move- to higher-frequencies inm the S=methyl compound, and™ ~ =~ ~
to lower frequencies in the other compounds examined,
the lowest values being 1550, 1571 cm™t in the spectrum

of 2-hydroxy-3,5-dibromopyridine, 8a, which is fairly

the 1nfra—red spectra of the substituted compounds,

appearing only as g shoulder in the spectrum of the
dibromo derivative, The frequency of the band 19a
appears to change qﬁite markedly on substitution, the

band being at 1406+l cm  in the 3-chloro and 3-bromo

5-subgtituted cempounds. The Raman spectra of the

3=chloro and 3-bromo derivatives also suggest this
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large frequency shift., The two prominent Reman
bands nesr 1300 cm T in the spectrum of 2-methoxy-—

pyridine, which have been assigned to'VS (1308 cm-l)

and the C-0-C asymmetric stretching mode (1286 cm-l),
* appear at lower frequencies in the spectra of the two
_ 3-halogeno.derivatives, l301:l~qul and~124ﬁigicmfl;j S -€
The aésignment of infra-red bands in the other sub-— |
stituted 2-methoxypyridines are made accordingly, o %
giving a range of 1314-1300 cm + for V4, and |

1292-1245 cm™* for the C-0-C vibration.

There are three strong infra-red bands near

compounds, while only one band appears in the spectra
of the 5-substituted derivatives. Cook and Church®*

have suggested that in 2,5-disubstituted pyridines, as

in 3-substitujed_pyridines,5Ji occurs between 1021 and

1034 em™’, so that the single band in the S-substituted

2-methoxypyridines may be due to a coincidence between

V&J Yy, and the asymmetric C-0+C mode.

In the region between 650 and 1000 cm =,

3-substituted compounds absorb near 750 and 780 cm—l,

while 5-substituted compounds sbsorb near 750 and 820 om T,
Similar correlations for 2,3- and 2,5-disubstituted

pyridines have been noted by Podall65 and Shindo and

Ikekawa63a. All the halogen—-substituted compounds
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absorb between 650 and TO0 cmfl.

In the comparison between the spectra of
3—hydroxy—lo9°
p01nts may be noted (See Table XVII )

and 3-methoxypyridine, the following

a/ Bands due to vibrations 8a, 8b and l9a are little

groupsSe.
v/ ‘V’gb either appears only weakly in the spectrum
of the hydroxy compound (at 1440 om *) or shifts

-1

markedly to 1377 cm ~, the latter band having no

counterpart in the spectrum of the methoxy compound
otherwises -~~~ - ---~-- oo oo T oo T T T T T T
¢/ The 1313 cm — band in the spectrum of73—hydroxye
pyridine has no counterpart in the spectrum of the

methoxy compound.,

d/ ‘Bands between 1240 and 1300 cm -1 appear in the -

infra-red spectra of both compounds, rendering the
assignment of the C-0-C asymmetric stretching vibration
less certain, but the hydroxy compound shows fewer

Raman bands in this region than does the methoxypyridine,

| e/ For the methoxy compound, strong bands are found

“at 798 cm

-1 in bofh'the‘Reman end ihffaéred spectra.

For the hydroxy compound, only the infra-red spectrunm

shows a strong band near this frequency, and it is the
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Table XVII Vibration Spectra, 3-Hydroxy-
and 3-Methoxy-Pyridine '

3-Methoxy- ‘ 3-Hydroxy-
pyridine Exrldlne
: Raman
1588 )% 1588)5 1581)
)y o Yy s o s ygh o o T Ramam 00 0 0 ]
1578)s 1579)2 1569) 570w
1482 s : 1484 s |
1427 s 1426 1 1440 ww
| 1377 s
1313 ms
oo wdewe  wBee W)
1269 m 1271 3 1279)
1234 s 12331 1240 s
1193 m 1191 2 1218 *
1179 * 1179 2 1180 ms 1180 ?
13w 1127mw
1111 m 11111 1105 ms 1107 ?
1052 m 1051 10 1050 m 1045 m
1018 s - 1014 7 1020 m-
915 m
897 vw . 895 ms = . |
giggms | 846 mw
830 mw
799 s 798 9 B 3 798 vw

706 s 705 ms 703 ?



95

band at 846 cm L which is strong in both the Raman
and infra-red spectra. The infra-red band near

895 om~ L

"is much stronger in the spectrum of the
hydroxy oompound than in that of the methoxy compound

f/ A source of dlfference between the spectra of

for the hydroxy-compound and non—existent for the
methoxy compound.

2=-Hydroxypyridines. 2-Hydroxypyridine exists in the

pyridoné form, and Table XVIII gives a comparison
between its vibration spectrum and that of 2~meth6xy—

- - -pyridine; {the-reference -compound for the-inaccessible - - - - -
hydroxy tautomer)., (See also Diggram X,) The most
striking differences hetweeﬁ thesé spectra are the

-1

1645 cm — band in the infra-red spectrum of 2-hydroxy-

pyrldine, which can he a331gned torthe carbonyl |
stretching vibration, and which has no counterpart

in the spectrum of the methoxypyridine, and the strong

band at 985 cm ™t in the Raman spectrum of the methoxy
compound, assigned to the symmetrical ring-breathing

mode, which has no counterpart in the spectrum of the

hydroxy compound, Further, the 1484 cm — band in the
spectrum of the methoxypyridine appears only weakly in
the spectrum of the hydroxypyridine, while the 1314 cmfl‘

band of the former spectrum does not appear at all in the
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Tgble XVIII Vibration Spectra, 2-Methoxy-

St 2-liydrony—
| 3095)
Rk e
1681 m  Raman
O Raman- - - - - - - 1645 -vs- - 1640 vw - - - -
1606 s 1600 1 1608 s 1599 w. |
1576 s 1570 5 1576 vs
1539 w 1542 m
1484 vs 1485 w
1447 m 1443 2 1456 m 1463 m
1422 s 1417 * ijgg;s N
_______________________ .. 1364w._1371.m - - .
1314 m 1308 6
1292 s 1286 3
1256 w 1256 * 1244 s 1260 s
1156 s
1144 m 1140 1 1132 w
1099w - 1095 2 . 1098 m - -
1045 m 1041 3
1022 m 1019 1 1008 m 1010 ?
989 m 985 10 981 s
925 m »
862 w 845 w 850 ms
812 m 807 5 812 ms
781 s 7811 . .. 780 vs. T8 w
737§m ' 729 m 742 w

725 w

and 2-Hydroxy-pyridine.
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latter spectrum. (Bands at 1292 and 1045 cm +

in the
spectrum of 2-methoxypyridine must be excluded from the
comparison, since they have been assigned to vibrations
of the C-0-C group.)  In the low frequency region,
differences between the two spectra are paralleled to
some extent by similar differences between the spectra
of 3-hydroxy- and 3-methoxy-pyridine.

All of the sﬁbstituted 2=-hydroxypyridines examined
exhibit strong bands‘of frequency greater than 1640 cm"l
which can only be due to carbonyl stretching vibrations,
end which prove that all exist as pyridones, Of
considerable interest is the effect of the substituents
on the carbonyl stretching frequency, and this is
tabulated in Table XIX.

Increases in the carbonyl stretching frequency are

expected when electron-withdrawing substituents are

present. (See page /6,) TFor this reason, it was

thought that the spectra of 2-hydroxypyridines containing

such substituents, and particularly the spectra of their

cations, should be informative. In fact, most sub-

?

S

stituents raise the frequency, a nitro group in the - - -

3 position having the greatest effect. No marked rise
in the frequency is observed when a halogen atom is

substituted in the 3 position, the 3-methyl and 3-chloro
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Table XIX.

Carbonyl stretching frequencies.‘

2-Hydroxypyridine
3—CH3, 4—CH3, 5-CH

3-C1, 3-Br, 3-OH
5-C1
5=-Br
5-1
5-NO,,
3—N02
3,5-C1,
3,5-Br,
3,5-1,
6-0H

6—GH3

3’

»‘V&zo(cm-l)‘

1645
1652-1657

1658)
1641)

1641
1639
1674
1694
1697
1692
1634
1640
1672

99
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derivatives absorbing at 1652 and 1653 em™ T

respectively. (Cf page [€.) However, for the

3,5-dichloro and 3,5-dibromo derivatives, the carbonyl

band falls at 1694 + 3 em™t

» Which is a much greater

than would be predicted from the effects of 3- and 5-
halogeno substituents separately.

Kabachnik, Ioffe and Sheinker't2

, Who examined
the infra-red spectrum of the 3,5-dibromo compound,
suggested that the steric effect of the bromine atom
in the 3 position inhibits hydrogen bonding to the
carbonyl 6xygen atom, thereby raising the carbonyl
stretching frequgncy. The principal bands in the
X-H stretching region are at higher frequencies for
this compound (and the dichloro compound) than for
most of the other substituted 2-hydroxypyridines
examined in the present work, in accordance with this
view, However, the carbonyl and X-H stretching
frequencies in the spectra of the 3-chloro, 3-bromo,
and 3,5-diiodo derivatives of 2-hydroxypyridine are

lower than would be expected if such an explanation

and 5 are the major causes of the high frequencies,

These inductive effects could, by lowering the electron




density at the carbonyl oxygen atom, raise the carbonyl
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stretching frequency (see page ﬂg), and at the same time,

weaken the electron donor properties of the oxygen atom,

Another unusually high carbonyl stretching
frequency is seen in the spectrum of the 6-methyl

derivative, in which the band falls at 1673 cm *
S

?
15 em™* higher than for any other single substituent
except the nitro group. (The same rise in frequency
is not seen, however, in the spectrum of 2-hydroxy-4,6-
dimethylpyridinet’?, in which the band is found at

1650 cm™t,) ‘

A 1owéring of the frequency is observed in the
5-bromo, 5-iodo and 6-hydroxy derivatives, and a
further lowering in the 3,5-diiodo derivati#e. The
carbonyl stretching frequency for this compound,

1634 cm—l, is the lowest in the series of compoﬁnds
examined, contrasting sharply with the frequehcies for

the dichloro and.dibromo derivatives,

The spectra of the substituted 2-hydroxypyridines

for the former compounds, Table XX, which lists the

main bands in the infra-red spectra of thé 5=bromo- and

3=-chloro derivatives of 2-hydroxy- and 2-methoxy-pyridine,

shows that the differences between these pairs of spectra
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Table XX Main infra—red bands

5-Bromo-— - 5=Chloro-
2-Methoxy- 2-Hydroxy-— 2~-Methoxy~ 2-Hydroxy-
pxriaine pxriaine pzriaine pzriaine ,
2980 3005) - 2980 ,
29503111 2925 )vs 29503111 | 2760 vs
. . _2810§ . v .
2740
1656 w 1641 vs 1654 w 1657 vs
1604 vs 1612 s
1586 s : 1586 vs
1548 = 1538 s 1546 m
1481 vs 1475 w l47l‘vs 1472 m
1466 * 1458 s 1444 s 1435 *
1430 w 1424 n 1407 vs
1317).
1368 s 130238 1325 m
1340 m 1258 s 1246 m
1284 vs 1128 s S 1123 m
1247 m 1226 m 1073 vs 1066 *
1156 w 1143 m 1046 vs 1046 m
1122 m 1012 s
1090 m 1079 m g82 m
1022 s 963 w 944 m
1002 w 991 m 891 w | __876 m
-~ 9%5m 7858 Mbm
915)w 908 )m 751 s 756 m
890)* 897 )w
698 s 671 m
826 m 844;m
833
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are greater than those between the spectra of the

unsubstituted compounds (Table XVIII), In particular,

-1

strong bands near 1605 cm — and 1575 em T appear in the

speotra of both 2-hydroxy— and Z—methoxy—pyridlne, but

in the 5pectra of their substituted derivatives, no
such parallels can be drawn,

Methoxypyridine cations., The vibration spectra of the

methoxypyridine cations, discussed here mainly with
reference to the 2-methoxypyridine cation, show a
general similarity with the spectra of the neutral
molecules, although significant differences are to be
seen in a few bands, The greatest changes in frequency
are those of\/a and V. 1.9a? "both of which increase by

-1

approximately 50 cm — in the case of 2-methoxypyridine.

‘v@b apparently increases only slightly in frequency.

Of significance for later comparisons is the change in

1

the relative intensity of the Raman band at 985 cm -,

Wi, which is almost twice as intense as any other band
in the Raman spectrum below 2000 cmfl for the neutral
molecule, but which is not the strongest band in the
Raman spectrum of the cation. Its intensity is

approximgtely equal to that of'Y3;'(1326 em™T),

i L v o o S v 3¢ B s,

of these bands being due to C-H motions., Suggested
assignments for some of the bands in the spectra of the

methoxypyridine cations are listed in Table XXI,
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‘Tgble XXI  Vibrational Assignments(l), (om-l)
Methoxypyridine Hydrochlorides.

?

S el v Srridinel St
8a S.1631 1620 - - - 1635 - -
8b 1613 1612 1600

19a 1540 1552 1524

19b 1462 (4CHy bend?) 1461 (+CHy bend?) 1512 2
3 1321 1323 1322
9a 1175 1191 1192

15 ¢ 1102 1109 1099

12 1037 1012 1044
1 981 1050 991

10b ? 810 796 803

(1) Numbering of vibrations as in Ref. 54C,
See also Diagram I.
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In the solid (or, for Raman spectra, solvated)
cations, strong hydrogen bonding is to be expected, and
the low frequencies of the N-H stretching vibrations in

the hydrochlorides show that this expectation is

.réalized; If the methoxypyridine cations are to be

used as reference compouhds for the O-protonated

pyridone catibns, it is desirable to obtain spectra

under conditions which minimize this difference

(nhydrogen bonding) between methoxy and hydroxy groups.

No such conditioné can be applied to the Raman spectra

of the ions in solution, but for the infra-red spectra

of the so0lid salts, substitution of the simple chloride
ion by complex anions such as triohloroﬁercurate,.
hexachloroantimonate, etc., will achieve this resultor92,
Therefore, the spectra of the methoxypyridinium tri-
chloromerourates'or octachlorotrimercurates were
obtained, and are given'in the Appendix,

The N-H stretching frequency, at 2510 em™ in the
spectrum of 2-methoxypyridine hydrochloride, undergoes a
very 1afge'shift to higher frequencies when the strengths
of the hydrogen bonds are reduced, appearing at'3090 cmfl

in theHSPectrﬁm of the trichloromercurate, and at

Another marked shift is that of the band at 939 om +
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which appears at 884 cm L in the spectrum of the

-1

trichloromercurate, and at 868 cm — in that of the

hexachloroantimonate. This band can therefore

reasonably be a331gned to the N-H out—of—plane

bendlng mode. The remgining bands are less affected

by the substitution of complex anions for the chloride
ion, fréquency shifts of less than 15 cmfl being
observed.

For the substituted 2-methoxypyridine cations,
only infra-red spectra have been obtained; those
compounds which were prepared in quantities sufficient
for Raman spectroscopy proved to be too fluorescent
in the ionized form to allow Raman bands to be observed.
Table XXII shows the positions in some of the strong
bands between 980 and 1650 cm™ . Bands assigned to
the C-0-C asymmetric stretching vibration fall between
1254 and 1296 cm *. The band at 1037 cm T in the
spectrum of 2-methoxypyridine cation,\/lZ, does not
appear in the spectra of the 5-chloro or 5-bromo
derivatives, while a band which could be due to
vibration 1 or the C-0-C symmetric stretching

vibration appears between 981 and 1004 cm l.

Finally, it is necessary to cons1der to what
extent the methoxypyridine cations reproduce the
vibrational characteristics of the hydroxypyridine

cations, The spectra of 3-hydroxy- and 3-methoxy-
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pyridine hydrochlorides are compared in Table XXIII,
There is a fairly close correspondence between the

frequencies (and, to a lesser extent, the intensities)

1

are observed, The band at 1492 cm ~ in the spectrum

of the hydroxy compound has no counterparts in the
spectrum of the methoxy compound nearer than the two
bands at 1441, 1461 em™t, one of which may be due to a

vibration of the methyl group. There is a difference

of 40 cm™l between corresponding bands near 1375 cmfl,

while the band at 1240 cm 1 in the spectrum of the
hydroxy compound has no counterpart in the spectrum ‘
of the methoxy compound., 3-Methoxypyridine hydro-~
chloride exhibits four prominent infra-red bands
between 980 and 1050 cmfl, while the hydroxy compound

exhibits only three weak bands, However, the intense

1

Raman band near 1050 cm —, ascribed to vibration 1,

is seen in both spectra, The strong Raman and infra-

1

red band at 800 cm — in the spectrum of the methoxy

1

compound appears at 839 cm — in the spectrum of the

hydroxy compound; a similar difference between the

(page 93). The corresponding bands near 850 em™t

differ in frequency by 35 ocm T,

Since some of these differences may be due to the
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Toble XXIII  Vibration Spectra, 3-Methoxy- and
3—-Hydroxy— Pyridine Caticns, -

Hydrochlorides - Mercurichlorides
3-Methoxy—~ 3-Hydrox _ll8a 3-Methoxy- 3-Hydroxy-
pzrialne pxriaine pyridine pyridine

..... 3008)s - - o L
2650 vs 2807gms 3090 s 3250 s
Raman Raman 7
16203m 1636 * l622%m
1612 1628 4 1627 1625 4 1612 m 1612)*
1552 ve 1561 1 1554 § 1553 3 1548 s - 1550 vs
1492 m )
%j%gm 1461 1 1473 m 1483 w
1382 2 1398 ms ' 1380 m
1356 vs 1349 m
1332.2 ‘
1323 m 1324 * 1315 m 13053@;;;
1279 vs 1282 3 1268 ms 1296 s 1302 m
1240 m 1240 1b 1243 m 1253 s
1191 m 1182 2 1176 w 1174 2 1224 s
1109 m 11161 1109 w 1107 2 1115 m 1106 m
1050 m 1051 10 1042 w 1042 10 1048 m 1038 w
1023 m
1012 s 1006 6 1014 w 1014 4 1014 )w 1013%*
998 5 998 * 988 ww 1002 )m 983 )vw
874 m 860)
P W e
’ 839 m 838 9 840% 835 m
ggggs 800 7 = 805 ms 780 s 779 s

673 s 677 m 666 s 664 s
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differences in hydrogen bonding ine#itable in the use
of a methoxy group as a model for a hydroxy group,
and in fact, when the étrength of the hydrogen bohds
trichloromercurate (or octachlorotrimercurate) ion,
the agreement between the infra-red spectra is much
closer, as can be seen in the second part of Table XXIII.
The band at 1380 em™* in the spectrum of the hydroxy

compoﬁnd has no counterpart nearer than 1349 cm-l,

while that at 1224 om =+

ig absent from the spectrum
of the methoxy compound, At frequencies less than
1050 cm™, intensities rather than frequencies are
different.

It appears from this comparison, (at present the
only one available) that the methoxypyridine cations
should be satisfactory models for the hydroxypyridine
cations; most, but not all of the bands should be at
similar frequencies in the vibration spectra of both

compounds,

Hydroxypyridine cations. It is now'possible to discuss

the most important single problem which this thesis
concerns, the structures of the cations of 2-hydroxy-
pyridine and its substituted derivatives. The study
of the substituted compounds has provided several

useful reference compounds, the spectra of which add
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valuable support to the interpretations given here of
the spectrum of the 2-hydroxypyridine cation.
The following features of the spectrum of the

hydrochloride of 2-hydroxypyridine have been considered

aromatic) structure 48, and not the O-protonated

(aromatic) structure 49.

l41 -
] L9

1/ The strong band near 1640 cmfl, attributable to a
carbonyl stretching vibrationlo9a’ 118&.
2/ The absence of certain infras-red bands characteristic

of the (neutral) methoxypyridinesloga

, or of pyridine and '
118a |

3-hydroxypyridine hydrochlorides
3/ The absence of a strong Raman band near 1000 cmfl,
such as is known to occur in the spectra of simple
aromatic compounds, pyridines, and pyridine and 3-hydroxy-
pyridine hydrochloridesllSa.

It was pointed out in connection with the vibration
spectra of the cations of amides and ureas, that the
frequency of the carbonyl band should rise considerably
when an N-protonated cation is formed, and that for these
compounds, although strong bands were observed in the

spectra of the cations, at higher frequencies than the
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carbonyl bands of the neutral molecules, they weré at
much lower frequencies than those of available models
for the N-protonated cations, and close to the wvalues
which have been observed for Cz§ stretching vibrations.
In'the‘spéctrum of the hydrochloride of 2-hydroxy-
pyridine, the band which has been consideredlog’ 1182
to be a carbonyl band is actually at ?ractically the
same frequency as in the neutral molecule, and the
frequency is considerably lower than those of the
known carbonyl bands in the 2- and'4—hydroxypyfimidine
cationsllBa. (The additional electron-withdrawing
effect of»the second ring nitrogen atom could be
responsible for this difference, but the change in
the carbonyl stretching frequency on cation formation
in these compounds is still quite marked,)

If the band at 1641 cm L in the spectrum of
the hydrochloride of 2-hydroxypyridine hydrochlorides
is a carbonyl band, it could be argued that the low
frequency is due to strong hydrogen bonding to the
carbonyl oxygen atom, but the new data now obtained
show that such is not the case, The frequency of

the 1641 om T

band actually falls significantly when
the stronglyvhydrogen bonding chloride ion is replaced

by weakly hydrogen bonding complex anions. (See Table XXV,)
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Comparison of the speotra of 2-hydroxy- and 2-
methoxy-pyridine hydrochlorides (Table XXIV and
Diagram XI) shows that the infra-red spectra are related
in much the same way as were the spectra of the 3-sub-
stituted isomers. (Table XXIII.) The greatest
point of difference, for which no counterpart exists
in the comparison'of the spectra of the 3-substituted
compounds, is in the region above 1600 cm"l; the
methoxy compound exhibits two close peaks, at 1613

1

and 1631 cm —, while the hydroxy compound exhibits a

poorly resolved pair bf bands of greater relative
intensity, of frequency 1632 and 1640 cm ~. (See
Diagram XI.) The latter compound could, on this
basis alone, and despite the foregoing discussion,

be considered to contain a carbonyl group, i.e. to
have the N-protonated structure, However, the lack
of confirming evidence in the form of marked
differences in the remainder of the infra-red spectrs
suggest that this is not the case. The differences
between the infra-red spectra of methoxy- and hydroxy-
pyridine cations are actually less marked for the
2—-substituted than for the 3-substituted compounds in
the vicinity of 1475, 1375, and 1240 em™t, but
generally correspond elsewhere,

Greater differences are seen between the Raman

spectra of 2-hydroxy- and 2-methoxy-pyridine than
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Vibration Spectra Hydrochlorides of

2-Methoxy-
pyridine

2510 s
1631 s
1613 vs
1540 s
1462 m
1426 w

1384 m

1321 s
1297 vs

1249)vw
1235)m

1175 m

1102 m

1049)*
1037 )m

1012 m
993 vs

939 m
810 n

T74 vs
723 m

2-Methoxy— and 2-Hydroxy-pyridine

Raman

1630 2

1545 4
1461 2

1326 8
1295 4

1240 1

1186§l
1167)1

1105 1
1046 6

986 9

809 10

2-Hydroxy-—
pxriaine

2620 vs

1641)
1632)7S

1543 s
1483 w
1420 w
1406 w
1395 w
1369 m
1335 vs

1244§m
1224 )w

1165 n
1098 m

1003 m

963 w

906 m

850 m

T17 vs

T24 vw

Raman

1643 2

1505 2

1363 2

1267 3

1095 1
1037 1
1005 4

984 2

852 10
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DIAGRAM XII

INFRA-RED SPECTRA
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between those of the 3—-substituted isomers. The

1

strong band at 1326 cm — in the spectrum of the

methoxy compound has no counterpart in the spectrum

of the hydroxy compound while the strongest Raman

1

band near 1000 cm — in the spectrum of the latter

compound is of lower relative intensity than its
counterpart in the spectrum of thg methoxy-compound.
The bénd at 1005'cm-l.in the spectrum of the 2-hydroxy-
pyridine cation is still, however, the second strongest

band in the Raman spectrum (0-1700 cm_l),

band at 986 om t

as is the
in the spectrum of the methoxybyridine
cation, and the lowered relative intehsity of the
former is not necessarily conclusive evidence that
the two ions have fundamentally different structures.
The spectra of the trichloromercurates of the
2-hydroxy- and 2-methoxy-pyridine, as was the case in
comparing the 3-substituted isomers, agree more closely
than the spectra of the hydroéhlorides. (Table XXV.)
With the exception of those regions for which the
J-substituted compounds exhibit spectral differences,
the agreement between spectra is so close as to justify
attempts to interpret them in terms of similar ioniec
structures. The spectra of the hexachloroantimongtes

are also closely similar,

Thus, the comparison between the spectra of the ..

2-hydroxy— and 2-methoxy-pyridine cations suggests thatg

oy




120

Table XXV  Infra—Red Spectra of Complex Salts of
2—-Hydroxy— and 2-Methoxy-pyridine.

Trichloromercurates Hexachloroanbimonates
3090 3090 3290 3300
1630)* 1628 vs 1640 m
1617)s 1591 w 1620 s 1627 s
1543 m 1536 s 1542 m 1538 m
1522 * 1512 * 1512 * 1514 *
%igggm 1481 w P P
1437 w 1410 w
1376 m 1363 w P P
1326 m 1311 s 1330 m 1329 s
1296 s | 1285 m
1230 m 1220 n 1233 w 1227 ww
1166 m . 1160 m 1169 m 1166 m
1120 w 1115 w 1110 w
1100 m 1090 m 1096 w 1090 w
1041 m 1050 w 1042 m
1024 s ‘ 1025 m

989 m 1000 m 989 m 1007 w

884 m ' 873 m 868 m 873 m

853 w 850 ? 850 vw

806 w 808 m

771 s 768 vs 766 s 768 vs

716 w 714 m 714 m 714 m
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they arise from essentially similar ionic structures.
However, some differences, which could be indications
of an N-protonated structure for the hydroxypyridine
(pyridone) cation, remain. of these, the most
important is seeh in the vicinity of the carbonyl
stretching frequency of the neutral hydroxypyridine;
The question of whether the single strong band shown
by the hydroxypyridine cation can reasonably be
related to the two medium to strong bands in the
spectrum of the methoxypyridine cation will be
considered in relation tolthe substituted derivatives,

The Substituted 2-hvdroxypyridine cations. It was

shown in discussing the spectra of the neutral 2-hydroxy-

pyridine, the}oarbonyl band is subject to considerable
changes in frequency as substituents are introduced
into the parent molecule, the highest value being
that in the 3,5-dichloro derivative, 1697 em™ .  Even
if ﬁo increase in the carbonyl stretching frequency
occurred when this compound formed an N-protonated
cation, the band would still'be sufficiently removed
from the upper limit of aromatic skeletal vibrations
to make the assignment of the band, and hence of the
cation structure, unambiguous,

The spectra of the hexachloroantimonates of
3,5=Dibromo—-2-hydroxy- and 2-methoxy-pyridine, and

of the corresponding 3,5-dichloro derivatives, are

listed in TableXXVI, while the spectra of the
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Toble XXVI  Infra-Red Spectra, Hexachloroantimonates(l)

3,5-Dibromo-

3,5-Dichloro-

erarsrraliie s el Sy G
1616 * 1621 s 1620 w 1623 m
1601 m 1610 * 1601 s
1513 s 1520 s 1521 s 1534 s
1503 * 1502 * | 1510 *
1428 w 1418 w 1428 w 1425 *
1309 s 1299 s 1319 s 1308 s
1256 m 1281 m 1254 s 1282 m
1212 m 1216 m 1212 m 1223 w
1174 w %%Zigmb 1179 w
1109 w 1111 * 1137 m 1150 *.
1061 w 1072 w %égggmb
1009 w 1016 vw 1021 w
987 s | 987 s
943 w 932 w 263 {m
911 w 880 w 922 * 897 m
852 s gig%s 867 m
T94 * 800 m
726 m _ | 722 s 3gigm
686 m 696 w 661)
694)™

(1) See text for compositions of salts.
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dibromo compounds are given in Disgram XITI. The

spectra of the two hydroxy compounds immediately
establish that the cations do not have the N-protonated
structures, as there are no strong bands between 1630
and 2000 emr, (In fact, these compounds were prepared
in the expectation that their structures could be
established beyond doubt.)

The only salts which could be prepared from the
two compounds, 3,5-dichloro- and 3,5—dibromo—2-methqu-
pyridine were mixed hexachloroantimonate-hydrochlorides,
of composition (BH+)2.8b01g.Cl_, and the spectra show
that the cations in these éalts form strong (presumably
E—H...Ci_) hydrogen bonds., The spectra which must be .
compared are therefore those of hydroxypyridinium ions
forming weak hydrogen bonds and methoxypyridinium ions
forming strong hydrogen bonds,

Differences between the spectra between 800 and
1300 em™ are those expected from the comparison of the
spectra of 3-methoxy-and 3-hydroxy-pyridine cations,
and the oﬁly other significant difference is observed

near 1620 cm L. The methoxy compounds exhibit a strong

to medium intensity band at 1601 cm T

or shoulder near 1620 cm—l. The genuine hydroxy

with a weaker band

compouhds, however, exhibit strong bands at 1622+ em™,

The spectra of the hexachloroantimonates of 3-chloro-
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2=-hydroxy—- and 2-methoxy-pyridine are compared in

Table XXVI], eetEnEsaasatl®E. The carbonyl band in

the spectrum of neutral 3-chloro-2-hydroxypyridine

1

occurs at 1652 om —, but the spectrum of the cation

shows no strong band of frequency greater than 1621 cm-l.
The methoxypyridine cation exhibits two bands near this

1, the latter being the

frequency, at 1623 and 1595 cm~
more intense. A very similar relationship between
the bands in this region in the spectra of the di-
halogeno derivatives of 2-hydroxy- snd 2-methoxy-
pyridinium ions has been noted (page IR4), so that no
structural difference can be deduced from it, With
the exception of certain bands near 1250, 1000 and

780 om™t

» the spectra are similar, and the exceptions
are those which might be expected from the previous
comparisons of methoxypyridinium and (genuine) hydroxy-
pyridinium ions. It may therefore be deduced that
the cation of 3-chloro-2-hydroxypyridine, like the
cations of the 3,5-dichloro— and 3,5-dibromo-2-hydroxy-
pyridine, forms through proton addition to the oxygen
atom,

The spectra of the hydrochlorides of 5-chloro-
2-methoxy—- and 2-hydroxypyridine are compared in Table
XXVIII and Diagram XIV, The case for assigning the

high-frequency skeletal‘band inrthe‘spect:gmrofrthe
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Hexacnloroantimonates

3-Chloro-
2-Methoxy-
pxri ine
2510 m
1623 m
1595 s
1521 s

1359 s
1325 s

1260 m
1214 w
1183 w

1136 m
1074 vw
1050 m
1020 w
989 s
923)
905)w
888)

797 s

T34 m
686 s

2-szroxx-
Exridine

3260 w
1621 s

1538 m

1319 s
1290 w |
1266 vw
1239 w
1193 w
1156 w
1141 w
1076 w
1048 m
1018 w

944 vw
880 ww
783 *
761 s
733 *

(1) See page [k /6l for composition of salts.
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hydroxy compound to a carbonyl stretching vibration

i is stronger thaﬁ for the cation of 2—hydrox§pyridine
itself, as the band appears at 1653 cm—l (in potassium
bromide) or 1640 cm T (in paraffin mull), with a second

peak at 1612 emt (mull), while the methoxy analogue

shows a strong band at 1606 em™t

1630 cm T, . Thus, there is some justification for
assigning the 1640-1650 om +

, and a weaker band at

band to a carbonyl

stretching vibration., However, in the spectra of

the hexachloroantimonates, these differences are
considerably reduced, peaks appearing at 1640 and
1621 cm"1 in the spectruﬁ of the hydroxy compound,

and at 1637 and 1608 om ™t

in the épeetrum of the
methoxy compound. (See Diagram XIV.) In all other
respects, the spectra of the methoxy~ and hydroxy-—
pyridine hexachloroantimonates are very similar
indeed, the only major point of difference, the
strong band at 1006 em™L in the spectrum of the
methoxy compound, being reasonably attributable to a
C-0-C symmetric stretching vibration. (Cf, the
similar differences between methoxy- and hydroxy-—
pyridinium ions, Tables XXIII, XXVI, and XXVII,)

It is extremeiy unlikely that two fundamentally

different ionic species could exhibit such very




Teble XXVIII  Infra-red Spectra.

Hydrochlorides Hexachloroantimonates.
5-Chloro- 5-Chloro-
2-Methoxy- 2-Hydroxy- 2-Methoxy- 2-Hydroxy-
pyridine pyridine pyridine pyridine

(KBr) (Mu1l) (KBr) |
3200 s ’
2510 vs 2670 s 3060 m 3190 m
1630 m 1640 s 1653 s 1637 m 1640 s
1626 m
1606 vs 1612 m  Jen0 1608 s 1621 s
1535 vs 1533 s 1538 s 1538 ¢
1478 w P 1460 w 1512 vw 1513 *
1432 w 1421 m 1432 w
P 1365 w
' : - 1343 w
1335 vs 1320 ¥# 1325 s 1334 m 1324 ww
1292 1305)* 1304
128438 1264 m 1286)s 1292;s
1233 m 1231 m 1224 w 1238 w
1182 w 1171 w
1152 w _
1141 w 1135 m oo . 1l44 m 1134 m
1052 w 1024 vw 1017 w
1004 s 1006 w 1006 s
992 w
960 w 860 m
gggg m . 867 m '
827 s 839 m
793 m -85 m
15 w 715 n

667 m ” ¢650 = 673 m
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DIAGRAM XIV

INFRA-RED SPECTRA
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close spectral similarities, and it must be concluded
that 5-chloro=-2-hydroxypyridine also forms a cation
through proton addition to the oxygen atom.

For all of the hydroxypyridine cations so far
discussed, the strongest band (or strongest of two)

near 1600 cm 1

in the infra-red spectrum lies between
20 and 40 em™ L to higher frequencies than the strongest
band in this region in the spectrum of the methoxy—
pyridine analogue, Phis feature therefore cannot be
taken as evidence of a fundamental difference in
structure in comparing the spectra of 2-methoxy- and
2-hydroxy-pyridine éations, and may well be a no;mal,
though hitherto unexpected, point of difference ih such
spectral comparisons, |

The spectra of the hexachloroantimqnates of 5-bromo-
2-methoxy- and 2-hydroxypyridine differ rather more than
those of the 5-chloro compounds. (Table XXIX.) The
only point of difference which is notlaccountahﬂe for
in terms of known differences between methoxy- and
(genuine) hydroxy-pyridine cation spectra is that
near 1427 cm T. (The spectra of the hydrochlorides,
but not the complex salts of 3-hydroxy— and 3-methoxy-—
pyridine differ in this region.) It may be deduced,
though with rather less certainty, that ths cation of

5-bromo-2-hydroxypyridine also has the O-protonated . . . . . . . :
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Table XXIX Infra-Red Speoctra.

Hexachloroantimonates Hydrochlorides
5-Bromo- ' 5-Methgl~
S s i i i
%12.218%’” %3383@ K 2400 sb gggg%vs -
1632 m 1638 s 1639 mw 1650 s
j 1606 s 1618 mb - 1611 s 1631 s
% 1535 s 1537 s 1552 s 1556 s .
1427 m 1513 * 1510 vw
1339 s P 1481 m
1317 * 1321w 1434 w - 1433 m
1284 s P 1389 m
1265 w %%gggg 1329 vs
1234 w 1247 w 1290 s 1271 w
1182 w | 1250 w 1252 w
1141 m 1136 m 1235 w 1221 w
1102 w 1094 w 1190 m
1022 w ' 1157 ms 1143 s
1003 m 1058 w 1047 vw
883 wvw 870 vw 1023 vw
876 s : 1000 s 992 w
| 834 m 927 m
788 m 785 m 861 * 864 m
713 vw T3 w 849 m 841 s
I 763 m
735)
| 725) © 721 m
|
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structure. Similarly, from the spectra of the
hydrochloridés of 24methoxy— and 2-hydroxy-5-methyl-
pyridine, it may be deduced that the hydroxypyridine
has the O-protonated structure., (Table XXIX.)
 In discussing the spectra of the catiohs of
other substituted 2-hydroxypyridines, the possibility
must be considered that some of them, unlike the
cations discussed above, have the N-protonated
gtructure. If so, they might’he expected to
exhibit carbonyl bands at higher frequencies than
the bands in the spectra of the genuine hydroxy-—
pyridine cations. No such bands are observed,
however. Table XXX lists the bands between 1500

and 1660 em t

in the spectra of the substituted
2-hydroxypyridine cations, and shows that the band
of highest frequency falls within the narrow range
1618~1653 cm ~, the highest frequency observed being
that in the spectrum of the 5-chloro derivative, which,
as showh above, is most unlikely to have the N-protonated
structure.

The general similarity of the spectra of the
hydrochlorides of 5-chloro—-, bromo-, and iodo-2-hydroxy-
pyridine (Appendix, pages 16!, 182 ), provides good

reason for assigning the same cationic structures to
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Table XXX  Infra-Red Bands, 1500-1660

Ccm

2—Hydroxypyridine Cations.

STy
3~Methyl
4-NMethyl
5-Methyl
6-Methyl
5-Chloro (KBr)
(Mu1l)
5-Bromo

5-Iodo (KBr)

(Mull)
3-Chloroc
3,5-Dichloro
3,5-Dibromo

6-Hydroxy

1636 vs

1638 vs

164lgw
1627)s

1621 s
1623 m

Freguency (em ©).
1641 vs 1632 vs 1543
1651 vs 1613 s - 1546

1525

1650 s 1631 s 1556
1626;m 1920

1653 vs 1600)m 1534
1640 s 1612 m 1533
1645 vs 1599 s 1537
1522

161841610 vs 1524
‘ 1538

1534

1621 s 1610 * 1520
1641 vs 1617 * 1549

133

Anion
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all of them. For many bands, the frequencies
decrease in the order chloro, bromo, iodo substituents.
(A similar trend is seen in the spectra of the neutral
moleculeg, and, for chloro and bromo compounds only,
in the spectra of the methoxypyridine cations.,) =~
The speétré.of the four methyl-substituted 2-
hydroxypyridine cations are iisted together in #$he
Appendix, and while, as might be expected for compounds
bearing similar substituents in different positions,
they differ to some extent, they are at least compatible
with the view that all have similar cation structures,
However, in the absence of data for all the methoxy
analogues, this conclusion is not fifmly based,

Sodium Salts. No reference compounds are possible in

any attempt to determine the nature of an ion which may
resemble one or other of its contributing canonical
forms more or less ciosely. However, the structural
criteria which have emerged from the study of the
hydroxy- and methoxy—pyridine cations can be usefully
applied to the speotra of the anions, In particular,
the criterion of uniformity of major spectral features
among the various substituted compounds is of some
value.

The spectra of the 3,5-dichloro, 3,5-dibromo, and

nature of the anions in these three cases, for the
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highest frequency (below 2000 em™T) at which strong

absorption occurs is below 1605 em t

, and this is far
too low to represent a carbonyl band in compoﬁnds whose
carbonyl bands in the neutral form lie between 1670 and
1700 cm—l. Thus, the predominance of the canonical

form 50 in the resonance of these three anions is well

established,

Table XXXI 1ists the main bands in the infra-red
spectra of the 2—hydroiypyridine anions examined, The
relationship between the spectra suggésts that the
structures are probably reasonably uniform throughout
the series. The Raman spectra (not included in the
Table) provide further evidence for this conclusion,
Such a relationship is consistent with (although it
does not prove) the view that the canonical form 50
plays the major part in the resonance of all of the ions.

The main evidence which has been consideredll8b to
indicate a predominance of the form 51 is the absence
of & strong band near 1000 e~} in the Raman spectrum,
However, the discussion of the spectra of the 2-hydroxy-

pyridine cations has shown that this criterion is
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structure, and its validity in the case of the anions

is therefore suspect.

The deductions which have been made from the
physico-chemical data are not necessarily the only
deductions possible, but for the most part, they
represent the simplest interpretations of the data,
and are consistent throughout the various sections.

A1l of the 2-hydroxypyridines examined,llike
2-hydroxypyridine itself, exist as pyridones in the
neutral form, as shown by ultra-violet and vibration
spectra. The substituents range from strongly
electron-withdrawing (nitro) to strongly electron-
donating (hydroxyl anion).

The infra-red spectra establish that the cations
of certain 2-hydroxypyridines have the O-protonated
structures, and for other 2-hydroxypyridine cations,
comparisons between their spectra and those of their
- 2-methoxypyridine analogues suggests very strongly
that they also have the O-protonated structures, The
spectra of these cations set the pattern to be

expected for the spectra of true hydroxypyridinium ions,
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and none of the spectra of the hydroxypyridine
cations examined depart sufficiently from this
pattern to justify the assignment of an N-protonated
structure. In particular, the band near 1640 et

in the infra-red spectrum of the parent 2-hydroxypyridine

stretching vibration of the N—protonated.form, and
which represents the most important evidence in favour
of such a form, is adequately accounted for.

Such a cation structure could possiblj account
for the unusual effects of substituents in the 3 posifion
on the basic ionization constants of fhe 2-hydroxy-—
pyridines, since steric inhibition of hydrogen bonding
between the ion and the solvent is possible (although
not necessarily inevitable), for this structure,

The infra-red spectra of the anions of the
substituted 2-hydroxypyridines are shown to be con-
sistent with a single ionic type, represented most
‘closely by the canonical form in which the negative
chérge resides on the oxygen atom., The ultra-violet
spectra of these ions are also consistent with such an

interpretation,.
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CHAPTER III.

EXPERIMENTAL

Microanalyses were carried out by Dr, J.E. Fildes

and her staff in the Department of Medical Chemistry,

All melting points were recorded in soda-glass

capillaries, and are uncorrected,

A, Preparation of substituted 2-hydroxypyridines.'

2-Hydroxy—3=, 4-, 5- and 6-methylpyridines.

These compounds were prepared by diazédétisation of

the commercially availablé 2-amino-3, 4-, 5~ and 6-

methylpyridines, using the method described by Seidels3
for the preparation of the 4-methyl isomer. The
melting points were as follows :

2-Hydroxy- :

pyridine meDe Lit, m.p. Ref.
3-methyl 138-139° 140° 133
4-methyl 129-130° 130° 133
5-methyl 180,5-181,5°% 182-183° |34
6-methyl 156-158° 159° (35

5~Chloro—-2-Hydroxypyridine.

This was prepared by chlorination of 2-amino-
6
pyridine“z to give 2-amino-5-chloropyridine, followed by

chlorination of 2-hydroxypyridine, Chlorine was passed
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through a solution of 2-hydroxypyridine (5 g, 0.052 mol)
in chloroform (20 ml). The white precipitate formed -
was dissolved in water, and the solution was neutralized
with sodium carbonate, and evaporated to small volune,
The mixture of 5-chloro- and 3 5—dichloro—2—hydroxypyrid1ne

which separated out of the solution was extracted with

ethanol, and the so0lid obtained after evaporation of the
ethanol wes recrystallized from benzene, giving 5-chloro- ';
2-hydroxypyridine (4.7 g, 70% yield), m.p. 162-1630. |
(Lit. m.p. 163° ®7))  This method is based on one that

is briefly described in a patent by Dohrn‘sg. “

b-Bromo-2-hydroxypyridine.

This compound was prepared by bromination of
2-gminopyridine in 20% sulphuric acidlz4, followed by
diazotisation124of the 2-amino-5-bromopyridine so
obtained; it had m.p. 176.5-178°. (Lit. m.p.
162—166°’a4, 172-176° RZ} 177-178° '31)

2-Hydroxy-5-iodopyridine.

2-Amino-5-iodopyridine, prepared according to
()
Caldwell, Tyson and Lauerih , was diazotised to give
el
2-hydroxy-5-iodopyridine (overall yield 18%). It -
o o ! o %

3-Chloro—-2-hydroxypyridine,

This compound was prepared by the hydrolysis of

3-chloro-2-methoxypyridine (see page 48) in concentrated
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i43
, and had m.p, 169-170°.  (Iit.

hydrochloric acid
. 43
m.p. 169-170° )

3-Bromo-2-hyvdroxypyridine,

This compound was prepared by the hydrolysis of

3-bromo-2-methoxypyridine (see page /k9), according to

the method used by Schickh, Binz and Schulz’ksfor}ther

3-chloro compound (above), and had m,p. 181-182.5°,

3,5=Dichloro~2-hydroxypyridine.

Chlorine was passed through a solutioﬁ of
2-hydroxypyridine (5 g, 0,053 mol) in water (40 ml)
until 7.2 g (0.101 mol) had been absorbed, The white
precipitate obtained was recrystallized from water,
giving 3,5-dichloro-2-hydroxypyridine (4,1 g, 48% yield),
m,p. 177-177.5°. . (Lit. m.p. 178—1790’35.)

This compound was also obtained as a by-product |
in the preparation of 5-chloro-2-hydroxypyridine (page ),j
and by diazotisation'37of 2-amino-3,5-dichloropyridine |
(obtained as a by-product in the preparation of 2-amino-
5-chloropyridine, page /k0.)
3,5=Dibromo—-2-hydroxypyridine.

This compound was prepared by bromination of
2-hydroxypyridine in water, as described by Koenigs and
Geigyébg, and by diazotisationquof 2~-amino=-3,5~
~dibromopyridine (a by-product in the preparation of
2-amino-5-bromopyridine, page /! ). It had m.p.

145
206-207°,  (Lit. m.p. 206-207° .)
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3,5=Diiodo-2-hydroxypyridine,

This compound was prepared by the iodination of
2-hydr0xypyridinelzo, and had m.p. 265° dec. (The |
melting and decomposition temperature is dependent on
the rate at which that temperature is reached, and values
in the literature range from 257 to 270° 40.)

2,3=-Dihydroxypyridine.

This compound was prepared by the hydrolysis of
3-hydroxy—-2-methoxypyridine (see page /50) in concentrated
hydrochloric acid, according to Schickh, Binz and Sch.ulel3 J
and had m.p. 245-247°, (Lit. m.p. 248° “3 ) |

| 2,3-Dihydroxypyridine was also prepared by the
hydrolysis of 3-hydroxy-2-iodopyridine (sse page 150),
as follows, 3-Hydroxy-2-iodopyridine (2 g) was heated
on a steam-bath with a 2-fold excess of 10N-sodium
hydroxide for 1 hour. The solution was acidified, and
the precipitate which formed was recrystallized from
water, giving 2,3—dihydroxyp&ridine (0.85 g, 85% yield),
m.p. 245-247°,
2,6=-Dihydroxypyridine.,

Dicyanoglutaconic acid diethyl ester, prepared
14
from ethyl cyanoacetate and ohloroform/ ’
2CH,,CN-CO,C H. + CHCl3 + 3NaOH ——>

2 27275
C,H.O C-CzCH—CH—CO C,H. + 3NaCl + 3H20

27572 2°2°5
CN CN

was converted to 3,5-dicarbethoxy-2,6-dihydroxypyridine T
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. W7
as described by Ruhemann and Browning/ . The latter
o L7 )

/A% '
Removal of the carbethoxy groups  gave 2,6-dihydroxy-—
o /L8 2)

compound had m.p. 199-201°.  (Lit. m.p. 202

pyridine, m.p. 186-188°, (Iit. m.p. 183

2-Hydroxy-5-nitropyridine.

2-Amino-5-nitropyridine, prepared by nitration of - -
%)
2-aminopyridine according to Caldwell, Tyson and Lauer/ ’
L0 .
was diazotised/ to give the 2-hydroxy compound, m.p,.

150
179,5-181°, Lit. m.p. 186°‘4q, 192° 7 ,)

2-Hydroxy-3-nitropyridine.

This compound was prepared from 2-amino-3-nitro-
pyridine (removed as an impurity from the commercially
available 2-amino=5-nitrooyridine, or obtained as a
by-product in its preparation) by the same method as
for the 5-nitro isomer, and had m.p, 222-223°,  (Lit.
4 . )

Preparation of salts of 2-hydroxypyridines.

m.pe. 22

Hydroxypyridines bearing the substituents listed
below were converted to their hydrochlorides by
recrystallization from concentrated hydrochloric acid.
The salts were dried at 70-:00°/0105 mm,

Substituents: 3=, 4=, 5- and C-methyl, 5-chloro,
5-bromo, 5-iodo, and t-hydroxy.

Hydrochlorides could not be prepared for the

3-chloro-, 3-bromo-, and 3—hydroxy-2—hydroxypyr1dines,
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recrystallization from concentrated hydrochloric acid
giving the neutral species in each case.

Perchlorates of several of these compounds were obtained
by cautious recrystallization from T2% perchloric acid,

and drying the moist crystals so obtained at 40-50° /

unsatisfactory for infra-red spectroscopic examination
(see page (65) and analysis showed that the perchlorate
of 3,5-dichloro-2-hydroxypyridine had the composition

BH"'.ClO4 + HC10,. (See page 67).
Hexachloroantimonates were prepared by dissolving
the bases in concentrated hydrochloric gocid and adding
equivalent amounts of 1M-hexachloroantimonic acid in
concentrated hydrochloric adéigd. (This reagant was
prepared by dissolving antimony pentachloride (2.99 g)
in concentrated hydrochloric acid (10 ml).) The salts
were recrystallized from concentrated hydrochloric acid,
large volumes usually being required. (e.g. 0.9 g of
2-hydroxypyridinium hexachloroantimonate was recrystal-
lized from 150 ml of concentrated hydrochloric acid).

They were dried over concentrated stilphuric acid ih an

atmosphere of hydrogen chloride.

The sodium salts were prepared by dissolving the
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(with addition of water if necessary), and the salts
which crystallized out on cooling were recrystallized
from iso-propyl alcohol (methyl and mono-halogeno
derivatives)., The two dihydroxypyridines oxidise very
readily in alkaline solution, even when a reducing agent
sodium salts were not achieved. Attempts to recrystal-
lise the salts from water failed, as considerable
 decomposition occurred within a few minutes at 60-80°,
A white solid, rapidly turning bluish-black even under
vacuum, was obtained by quickly adding a large volume
of acetone to an alkaline solution of 2,6-dihydroxy-
pyridine, and, although the analysis of this salt is
not satisfactory, and some di-sodium salt may have been

4present, the infra-red spectrum is given in the Appendix.

B. Preparation of methoxypyridines and substituted

2-methoxypyridines.,

2-Methoxypyridine.

This compound was prepared from 2-chloropyridine
acoording o Crave ' , and distilled at 138-140° /
. 57
728 mm., (Lit. b.p. 142.4°/ 760 mm 5!.) (Yield 60%).

3-Methoxypyridine.

This compound was prepared by the action of
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152 o)
by Prins , and distilled at 178-180°/ 721 mm,
(Yield 20%).

4-Methoxypyridine.

This compound was prepared by the action of
godium methoxide on 4-chloropyridine. Since
Haitinger and’Lieben’osé who'previouslj used the
method, ga#e few experimentai défaiis;‘thé proeeduf
followed will be described in full,

4-Chloropyridine (Fluka, 98%, 104 g, 0.91 mol)
was added to a stirred solution of sodium methoxide in

methanol (25.5 g, 1.11 mol of sodium in 190 ml of

methanol). Over a period of 20 minutes the temperature

of the mixture rose gradually to 650, and then rose
sharply. Ice~cooling was applied until the vigorous
reaction had subsided, after which refluxing was con-

tinued for a further 5 hours. The sodium chloride

formed (in quentitative yield) was removed by filtering

the hot mixture into an ice-cooled Buchner flask. The

excess alkali was then neutralized with methanolic
hydrogen chloride, and the sodium chloride formed was
removed as before, after which the solution was dis-
tilled through a 10 inch column until the temperature
of the vapour rose sharply to 140°, Distillation

under reduced pressure geve 4-methoxypyridine (51.3 g,
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52% yield), b.p. 106-108°/ 50 mm., m.p. 3.7-4.3°.

A solid residue (32 g) in the distallation flask
proved to be crude N-methyl-4-pyridone. The Plantini-
chloride (prepared by dissolving a portion of the solid

in methanol, adding an approximately equivalent amount

the solid thus formed from ethanol-water) had m.p., 186.5-

187.5°, alone and mixed with an authentic sample of N-

methyl-4-pyridone chloroplatinate. (Lit. m.p. 18 ).

3-Chloro—-2-methoxypyridine.

3-Amino-2-chloropyridine, prepared from 3-amino-
pyridine according to Schickh, Binz and Schulz MB,
(10 g, 0,078 mol), was dissolved in 8,5N-hydrochloric
acid (140 ml). Sodium nitrate (7.4 g, 0.107 mol) was
added slowly, the temperature being kept below 0°. The
resulting diazonium salt solution was added slowly to a
hot solution of cuprous chloride (10 g) in concentrated
hydrochloric acid (50 ml). The solution was then
refluxed for 1 hour. The acid was neutralized with
S5N-sodium hydroxide, and the mixfture was subjected to
steam distillation. The product solidified in the
receiver, and was filtered off. 2,3-Dichloropyridine
(8.6 g, 75% yield) had m.p. 68-70°.  (Lit. m.p.
66-67° 1),
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2,3-Dichloropyridine (25 g, 0.17 mol) in
methanol (40 ml) was added to a sodium methoxide
solution prepared from sodium (12g, 0,52 mol) and
anhydrous methanol (100 ml). The temperature rose
until the mixture was refluxing. After the reaction
had modérated, the mixture was refluxed for s further
5 hours., The excess sodium methoxide wés neutralized
with methanolic hydrogen chloride, the sodium chloride
filtered off, and the solution distilled to remove most
of the methanol. Water was then added, and the
resulting mixture was extracted with ether. The
dried ether extract gave on distillation 3-chloro-2-
methoxypyridine (12 g, 50% yield) b.p. 107-109°/ 52 mm,
Analysis: Found: C, 50.37; H, 4.10; N, 9.57;
C1, 25.18%. C H.CLNO requires C, 50.2; H, 4.21;
N, 9.,77; €1, 24.75%. (For analyses of the hydro-
chloride and the hexachloroantimonate-hydrochloride
double salt, see pages 57,161 ),

The compound is slowly hydrolysed to 3-chloro=
2-hydroxypyridine by dilute hydrochloric acid at room
temperature,

3-Bromo—~2-methoxypyridine,

3-Bromo—-2-chloropyridine was prepared in the s#me
manner as 2,3-dichloropyridine (page [#8), by the action

of cuprous bromide on 2-chloropyridine-3-diazonium

bromide, the yield being 85%. M.p. 51-53°. (Lit. m.p.
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55-5601{5). It was converted to 3-bromo—2—methoxy-r
pyridine by the method used for the 3-chloro compound
(page (49) in 63% yield, The compound distilled at
98,.5-100°%/ 26 mm.

Analysis:  Found: C, 38.58; H, 3.10; N, 7.39;
Br, 44.01%. C H.BrNO requires C, 38.35; H, 3.22;

N, 7.45; Br, 42.5%.

The compound is slowly hydrolysed to 3-bromo-
2-hydroxypyridine by dilute hydrochloric acid at room
temperature. It darkens fairly quickly on exposure
to air, but may be kept for short periods in stoppered
containers, and for longer periods in sealed ampoules.

3-Hydroxy—-2-methoxypyridine.

3=-Hydroxy—-2-iodopyridine was prepared from
3=hydroxypyridine and converted to 3-hydroxy-2-methoxy-
pyridine according to Schickh, Binz and Schulzﬁaa, the
latter compound having m.p. 67.5-680. (Lit. m.p.
67-68°“2).

5-Bromo-2-methoxypyridine.

| Kabachnik, Ioffe and Scheinker'nzhave published
the infra-red spectrum of this compound, but did not
state how it was obtained. Attempts to prepare it by
reacting S5-bromo-2-chloropyridine with sodium methoxide
having been unsuccessful in the present work, direct

bromination of 2-methoxypyridine was used. (Cf. the
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Bromine (1.68 g, 0.0105 mol) in glacial acetic
acid (2 ml) was added dropwise to a refluxing solution
of 2-methoxypyridine (1,09 g, 0,010 mol) and sodium
acetate (0.82 g, 0,010 mol) in glacial acetic acid

(3 ml)., When the addition was complete, the reaction

mixture was allowed to stand for 1 hour, after which - - =
water (10 ml) was added, and the solution was made
alkaline with 5N-sodium hydroxide, and extracted with
ether, The dried ether extract was saturated with

dry hydrogen chloride, and the resulting precipitate
was recrystallized from methanolic hydrogen chloride-
ether, giving 5-bromo-2-methoxypyridine hydrochloride
(1.1 g, 49% yield), m.p. 125-126° eff.

Anglysis:  Found: C, 31,943 H, 2.98; Br, 35.35;

¢i, 16.18; N, 5.98%. C6H7Br01NO requires C, 32.05;
H, 3.14; Br, 35,60; Cl, 15.80; N, 6.28%. (For

the analysis of the hexachloroantimonate see page [61),
Entry of the halogen atdm into the 5 position in
this reaction is proved by the hydrolysis of the
product to 5-bromo-2-hydroxypyridine. 5-Bromo-2~
methoxypyridine hydrochloride (5 mg) was refluxed with
60% hydrobromic acid (1 ml) for 4 hours, and the solu-
tion was evaporated to dryness. The resulting solid
was treated with a few drops of 3N-ammonia solution,

from a small volume of water, giving 5-bromo-2-hydroxy-

pyridine, The latter was identified by its m,.p.
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(175-177°, alone and mixed with an authentic sPecimen),
and by paper chrometography (ascending, on Whatman No,
4 paper, with 3% aqueous ammonium chloride solution,
and with n-butanol-5N-acetic acid, (7:3).).

A sample of the neutral 5-bromo-2-methoxypyridine

the hydrochloride (400 mg) in water, treating with an
excess of 1N-sodium hydroxide, and extracting with
ether, The dried ether extract was distilled, giving
a few drops of liquid boiling at approximately 180°.
The spectrum of this liquid is essentially the same

as that published by Sheinker et al. & .

5=-Chloro-2-methoxypyridine.,

A solution of 2-methoxypyridine (2.18 g,‘0.02
mol) and sodium acetate (1.64 g, 0.02 mol) in glacial
acetic acid (6 ml) was heated to 100°, and chlorine
was passed through until the required weight (1.42 g,
0.02 mol) had been absorbed. Water was added to the

solution, which was then made alkaline with 5N-sodiun

hydroxide and extracted with ether., The dried ether
extract was distilled, and the fraction distilling
between 167 and 180° was again taken up into ether.
The ethereal solution was saturated with hydrogen

chloride, and the resulting precipitate was recrystal- |



lized from methanolic hydrogen chloride, giving
5-chloro-2-methoxypyridine hydrochioride (150 mg),
m.p. 121° eff.

Analysis: Found: C, 40.,14; H, 403; Cl, 41.52%.
CgH,CL,NO requires C, 40.05; H, 3.92; Cl, 39.4%.

ROH + PCl
RC1 + NaOCH

5 = RC1 + HC1 + POCL

3 = ROCH3

An intimate mixture of 2-hydroxy-S5-methylpyridine

+ NaCl

(43 g, 0.39 mol) and phosphorus pentachloride (100 g,
0,48 mol) was heated by occasional immersion in a bath
at 2000. After the first vigorous reaction had sub-
sided, the mixture was refluxed for 3 hours. The
phosphorus oxychloride formed during the reaction was
removed by distillation under reduced pressure, and
the residue was poured on to ice., The resulting
mixture was made alkaline with sodium carbonate, and
extracted with ether, Distillation of the ether
extract gave 2-chloro-5-methylpyridine (10 g, 20%
yield), and much tarry residue,

2-Chloro-5-methylpyridine (10 g, 0.079 mol) was
added to a solution of sodium methoxide in methanol
(2.35 g, 0,105 mol of sodium in 18 ml of methanol)
and the mixture was refluxed for 10 hours, The

excess alkalli was neutralized with methanolic hydrogen
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chloride, and the sodium chloride filtered off. The
methanol was distilled off at atmospheric pressure,

and the residue distilled between 173 and 190°/ 26 mm.,
(8 g). Thin film chroﬁatography showed that the

product contained much starting material, and attempts

. at separation were unsuccessful, - 4 -g of the liquid - - -

was therefore reacted for a further 12 hours with
sodium methoxide (3 g of sodium in 18 ml of methanol),
After neutralization, filtration, and distillation as
before, 2-methoxy-5-methylpyridine (1.1 g, 23% yield)
was obtained, b.p. 163-165°/ 722 mm., A thin-film
chromatogram showed only one spot (not due to the
starting material),. 0.4 g of this liquid was
dissolved in anhydrous ether and dry hydrogen
chloride was passed through the solution to preci-
pitate the hydrochloride, which was then recrystal-
lized from methanol-ether,
Anelysis: Found: G, 52.79; H, 6.29; Cl, 21.60;
N, 8.80%. 07H1001NO requires C, 52.75; H, 6.31;
C1, 22.25; N, 8.78%. o
The hydrochloride is extremely hygroscopic.
1,5-Dibramoa2—methogxgzridine. |
This was prepared by the same route as 2-methoxy-

5-methylpyridine (page (53 ). An intimate mixture of
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3,5-dibromo-2-hydroxypyridine (14 g, 0.055 mol) and
phosphorus pentachloride (12.7 g, 0.061 mol) was
heated in a reflux apparatus to approximately 1509,
and after the initial reaction had subsided,

refluxing was continued for 4 hours, The phosphorus

pressure, the residue was poured on to ice, and the
solid which formed was recrystallized from alcohol,
giving 2-chloro-3,5-dibromopyridine (12 g, 85% yield),
m.p. 42-43°,  (Lit. m.p. 43° %),
2-Chloro-3,5-dibromopyridine (1 g, 0.0037 mol)
in anhydrous methanol (4 ml) was added to a solution
of sodium methoxide in methanol (0.3, 0,013 mol) of
sodium in 3 ml of methanol). The reaction mixture
was refluxed for 30 minutes, after which the excess
sodium methoxide was neutralized with methanolic
hydrogen chloride, Water was added, and thé white
precipitate obtained was recrystallized from equeous
ethanol, giving 3,5-dibromo-2-methoxypyridine (0.75 g,
75% yield), m.p. 48.5-49°,
Analysis: Found: C, 26,84; H, 1.84; Br, 59.27;
N, 5.21%. CgHyBr,NO requires C, 26.60; H, 1.89;
Br, 59.8; N, 5,24%.
The compoundvis rapidly hydrolysed to 3,5-dibromo-
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2-hydroxypyridine by the action of dilute hydro-
chloric acid at room temperature.

3,5=Dichloro-2-methoxypyridine.

This was prepared by the same route as the 3,5-

dibromo compound (above), in an overall yield of 50%.

158
49—50°.§ M.p. of 3,5-dichloro-2-methoxypyridine,
38,5-40°, An analysis of the hexachloroantimonate-
hydrochloride double salt is given'on page .

157 s1aimed to have

Jones, Jenkins and Christian
prepared 3,5-dichloro-2-methoxypyridine by the
action of diaszomethane on 3,5-dichloro-2-hydroxypyridine,
but the m.p. of their product, 137-140°, is almost the
same as that of 3,5-dichloro-N-methyl-2-pyridone
(141° *?) ana aifferent from that of the compound

prepared here by an unambiguous method.

Preparation of salts of methoxypyridines.

Hydrochlorides. All of the methoxypyridine hydro-

chlorides were prepared by dissolving the neutral bases
in anhydrous ether and passing in dry hydrogen chloride
t0 precipitate the salts,

Hexachloroantimonates. Hydrochlorides could not be

obtained for the two compounds, 3,5-dibromo- and
3,5—dichloro¥2-methoxypyridine, and salts of these

were prepared by adding to solutions of them in
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methanolic hydrogen chloride, a solution of hexa-
chloroantimonic acid in methanolic hydrogen chloride.
(This reagant was prepared by adding 1 g of antimony
pentachloride to 10 ml of approximately 8N-methanolic
hydrogen chloride)., Analysis showed that the solids
obtained in this way were mixed saglts having the
composition (BH+)2.Sb01g.Cl—. (See page /62).

Pyridine itself forms a salt having this compositioniéo.
ﬁexachloroantimonames of 5-chloro-~ and 5-bromo-
2-methoxypyridine were prepared by the method used for
preparing the hexachloroantimonates of the hydroxy-
pyridines (page I45).

Trichloromercurates. (Including hydroxypyridine salts).

In the first attempts to prepare the trichloromercurates
of 2-, 3- and 4-hydroxy- and methoxy-pyridines,
equimolar quantities of base, mercuric chloride and
concentrated hydrochloric acid were dissolved in hot
water, and the solids which crystallized out on cooling
were recrystallized from water. The salts of 3- and 4-
methoxypyridine and 4-hydroxypyridine obtained in this
way had the composition (BH*)Z.Hg301§, and could be
recrystallized from concentrated hydrochloric acid
without change of composition. Salts of 3-hydroxy- and
2-methoxy-pyridine had the composition BH*.ch:Lg, while
the solid obtained from 2-hydroxypyridine had the
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composition B.HgClZ. A salt of 2-hydroxypyridine
having the composition BH+.HgCl§ was prepared by
dissolving equimolar amounts of base and merevuric
chloride in concentrated hydrochloric acid, and

recrystallizing the solid which separated out on

(See table of analyses on page (60 )
The complex salts of the methoxypyridines were dried
at room temperature, in an atmosphere of hydrogen

chloride.
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Table of Salts Analysed.

Hydrochlorides.

2-Hydroxypyridinium hydrochloride. Found: C, 45,67;

H, 4.62; N, 10,52; Cl, 27.02%. CgHGC1NO requires
C, 45.65; H, 4.60; N, 10.65; Cl1, 26.95%.

2-Hvdroxy—4-methy_pyr1dlnium hydrochloride. Found:

‘¢, 49.27; H, 5.63; N, 9.63; Cl, 24.87%. C H801NO

requires C, 49,5; H, 5.55; N, 9.63; Cl, 24.1%.
5=Chloro-2-hydroxypyridinium hydrochloride.‘ Found:
C, 36.44; H, 3.10; N, 8.36; Cl, 42.52%, CgHC,NO
requires C, 36.2; H, 3.35; N, 8.44; Cl1, 42.7%

2-Hydroxy-5-iodopyridinium hydrochloride. Found:

¢, 22.75; H, 1.86; N, 5.32; 01, 13.28; I, 48.77%.
C5HyCLINO requires C, 23.35; H, 1.96; N, 5.44; C1,13.8;
I, 49.4%.

A-Methoxypyridinium hydrochloride. Found: C, 49.99;
H, 5.38; N, 9.55; Cl, 23.73%. CgHgC1NO requires

C, 49.5; H, 5.55; N, 9.63; Cl, 24.4%
3-Chloro-2-methoxypyridinium hydrochloride. Found:

¢, 40,3; H, 3.79; W, 7.61; Cl, 39.83%. CgH,C1,NO
requires C, 40.4; H, 3.92; N, 7.78; Cl, 39.4%.

3-Hydroxy—-2-methoxypyridinium hydrochloride. Found:

G, 44,48; H, 4.86; N, 8,60; Cl, 21.72%. CgHgC1NO,

requires C, 44.6; H, 6,00; N, 8.67; Cl, 21.95%.
Other analyses of hydrochlorides have already

been given on pages [51, 153 154k .




160

Complex salts containing mercury.

3-Methoxypyridinium octachlorotrimercurate. Found:

¢, 13.01; H, 1.37; N, 2,53; Cl, 25.85; Hg, 54.88%.
C12H16C18Hg3N202 requires C, 13.15; H, 1.47; N, 2.56;
Cl, 24.9; Hg, 54.9%.

¢, 13.05; H, 1.40; N, 2.56; Cl, 25.08%.
012H16C18Hg3N202‘* see above,

4-Hydroxypyridinium octachlorotrimercurate. Found:

¢, 10.79; H, 1.07; N, 2.,31; Cl, 26;10; Hg, 56.48%.
C) ot oC1gHE, N, 0, requires C, 11.25; H, 1.13; N, 2,62;
Cl, 25.6; Hg, 56.5%.

2-Methoxypyridinium trichloromercurate. Found:

C, 16.69; H, 1.94; N, 3.26; Cl, 24.55; Hg,.48.92%-
C6H8013HgNO requires C, 17.25; H, 1.93; N, 3,363

Cl, 25.5; Hg, 47.9%.

3—Hydrokypyridinium trichloromercurate. Found:

C, 14.42; H, 1.33; N, 3.35; Cl, 24.67%. C5H6Cl3HgNO
requires C, 14.9; H, 1.50; N, 3.47; C1, 26.4%.

2-Hydroxypyridinium trichloromercurate. Found:

C, 14.66; H, 1.52; N, 3.45; Cl, 26.54%. 05H6013HgN0 -

see above,

Complex salts containing antimony.

2—-Hydroxypyridinium hexachloroantimonate. Found:

¢, 13.95; H, 1.65; N, 3.16; C1, 49.3%. CgH.C1,NOSb
requires C, 13.95; H, 1.41; N, 3.25; Cl, 49.45%.
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5=-Bromo~2-hydroxypyridinium hexachloroantimonate.

Found: C, 11,723 H, 1.07; N, 2.71; 3Br, 15.77;
Cl, 42.69%, 05H5Br016NOSb requires C, 11,80;

H, 0.,99; N, 2.75; Br, 15.72; €1, 41.8%.
5-~Choro-2-hydroxypyridinium hexachloroantimonate.

Found: C, 12.67; H, 1,04; N, 2,89%, C

i H, 1.04; N, 2.89%. - CgHgCLNOSD

requires C, 12,9; H, 1.08; N; 3;01%.7

3,5-Dibromo—2-hydroxypyridinium hexachloroantimonate;

Found: C, 10.12; H, 1.04; N, 2.38% C;H,Br,C1NOSD
requires C, 10,22; H, 0.168; N, 2,38%.

3,5-Dichloro-2-hydroxypyridinium hexachloroantimonate.

Found: €, 11,90: H, 1.08: Cl, 55.48%. CgH,C1gNOSD
requires C, 12.01; H, 0.80; C1l, 56.6%. |
2-Methoxypyridinium hexachloroantimonate. Found:

C, 16.28; H, 1.89; N, 3.07; C1, 47.76%., CgHgO1 NOSb
requires C, 16,205 H, 1.82; N, 3.15; C1, 47.9%.

5=Bromo-2-methoxypyridiniun hexschloroantimonate.
Found: C, 13.86; H, 1.51; N, 2.72; Br, 15.29;
Cl, 40.35%. CgH BrCl NOBb requires C, 13.79;

H, 1.35; N, 2.68; Br, 15.28; Cl, 40.6%.

3=Chloro-2-methoxypyridiniumhexachloroantimonate:

hydrochloride double salt. Found: C, 21.50;
H, 2.12; C1, 47.23%. 012H14019N2028b requires
c, 21.85; H, 2.14; C1, 48.5%.
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3,5-Dichloro—2-methoxypyridinium hexachloroantimonate:

hydrochloride double salt. Found: C, 19,53; H, 1,64;

N, 3,76; Cl, 49.87% Cy oH; 5C1118,0,5b requires

¢, 19.80; H, 1.66; N, 3.86; Cl, 53,6%.

Perchlorate:

3,5-Dichloro—2-hydroxypyridinium perchlorate:

perchloric acid double salte. Found: C, 19.23;
H, 1.86; N, 4.47; Cl, 39.78%. 05H5014N09-requires
C, 19,075 H, 1.43; N, 4.44; C1, 39,4%,

Sodium Saglts.

Sodium salt of 2-hydroxy-5—-iodopyridine, Found:

C, 24.68; H, 1.33; I, 51.6; N, 5.69%. C H,INONe,

requires C, 24.7; H, 1.24; N, 5.76; I, 52.2%,

Sodium salt of 3,5-dibromo—-2-hydroxypyridine. Found:

¢, 21.,23; H, 0.81; Br, 57.46; N, 5.07%.
CBHZBrZNONa requires C, 21.85; H, 0,73; Br, 58.1;
N, 5.10%,

Sodium salt of 2-hydroxy-5-nitropyridine. - Found:

C, 37.20; H, 1.99; N, 16.73%. CgHN,0.Na requires
¢, 37.05; H, 1.86; N, 17.30%.

Mono-sodium salt of 2,6-dihydroxypyridine. Found:

C, 42.43; H, 2.98; N, 9.48%. CgH,NO,Na requires
C, 4‘5.1; H, 3002; N, 10053%0




Physico—-Chemical lMeasurements.

Ionizetion constants, Where possible, these were

determined by potentiometric titration, as described
by Albert and Phillips d . If the pKa value was
greater than 11 or less than 3, however, the spectro-
photometric methodﬂs was employed.

Ionization constants could not be determined for
3~bromo-, 3-chloro-, 3,5-dibromo- and 3,5-dichloro-
2-methoxypyridines, as these compounds hydrolyse
readily in dilute aqueous acid, nor for 3,5-diiodo-2-
hydroxypyridine, which is not sufficiently soluble
in water. A pKa value could not be obtained for the
basic ionization of 2,3-dihydroxypyridine. The
spectrum of this compound changed gradually as the pH
of the solvent was changed from 1.5 to -2, and attempts
to determine pKa values in the usual way gave results
varying from 0,7 to -1.2. The spectrum changed most
rapidly with changing pH of the solvent near pH 0.7,
and this may be an approximation to the pKa value for
the ionization., However, it was not possible to
obtain a hydrochloride of 2,3-dihydroxypyridine
(Schickh, Binz and Schulzlésbbtained the substance in
the neutral form by evaporation of a solution in
concentrated hydrochloric acid), and this is

chaeracteristic of compounds having much lower pKa
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values, (e.g. 3-chloro-2-hydroxypyridine, with pKa

value of =2.03).

Ultra-violet spectra. These were recorded using a

Perkin-Elmer "Spectracord" 40004, and the extinction
coefficients at the wavelengths of maximum absorption
were checked using a manually operated single~beam
instrument, either a Hilger "Uvispek" H,700.305 or an
Optica Cf.2.

Compounds were dissolved in buffer solutions
of pH at least 2 units different from a pKa value
of the substance, to ensure that the spectrum
recorded was that of at least a 99% pure species.,
This was not possible, however, for 2,6-dihydroxy-
pyridine in the neutral form (2% of cationic and 2% of
anionic species present), or for the di-anion of 2,6-
dihycroxypyridine (possibly as much as % of the mono-
anionic species present).

The ultra-violet spectra of 3,5-dibromo- and
3,5-dichloro-2-methoxypyridine were recorded in
methanol (purified according to Leighton, Crary and

Schipp el

), as these compounds

were insufficiently soluble in water. fhe compounds
are rapidly hydrolysed by aqueous acids, and épectra
have not been obtained for their cations. For 3-bromo-
and 3-chloro—-2-methoxypyridine, spectra in methanolic

hydrogen chloride have been obtained.
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3,5-Diiodo-2-hydroxypyridine has a very low
solubility in water and the usual organic solvents.
A qualitative spectrum for the neutral species was
obtained with a saturated solution in water (using
5 cm cells), but the solute concentration, ahd hence
maximum absbfpiioﬁrare not known, |

Infra-red spectra. These were determined using a

Perkin-Elmer model 21 double-beam recording spectrometer,
fitted with a sodium chloride prism,

As far as possible, spectra were obtained using
potassium bromide pellets as the sample-containing
medium, the usual concentration being 1 mg of substance
in 200 mg of potassium bromide. (Satisfactory spectra
of the complex salts containing mercury, however, should
be obtained only if the concentration was 2 to 3 times
this value), DLiquids were examined as thin films
between sodium chloride plates.

When potassium bromide or sodium chloride pellets
of the perchlorates of weak bases were examined, only
the infra-red spectra of the free bases were observed,
and even the spectra from silver chloride pellets or
paraffin mulls were unsatisfactory.

Hexachloroantimonates were examined as paraffin
mulls, Mulls were also used for the hydrochlorides

of 5-chloro- snd 5-ifdo-2-hydroxypyridine, and of
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2-methoxy-5-methylpyridine, which proved to be

very difficult to grind witﬁ potassium bromide.
Many of the salts examined were hygroscopic,

and samples of such compounds for infra-red analysis

were ground in a dry box.

Raman spectra. These were obtained using a Hilger

E612 glass spectrograph fitted with a Hilger E616
scanning attachment and a recorder.  Whenever
possible, spectra were recorded at a scanning speed

such that the range O to 1700 em™ L

was covered in
approximately 2 hours, but for some compounds, which
became coloured too rapidly under the strong irrad-
iatidﬁ, this range had to be covered in approximately
8 minutes, with a resultant loss in accuracy.

The instrument is suitable for examining liquids
samples only, and the amount of liquid required is
approximately 5.7 ml, Solutions for Raman spectro-
scopy were treated with charcoal to remove coloured
or fluorescent impurities, filtered through a
sintered glass filter, subjected to a moderate
vacuum to remove small air bubbles, and, in many
cases, centrifuged before examination. Many of
the compounds became coloured in the course of a
2-hour recording of the spectrum, and had to be

purified again before duplicate spectra could

be obtained,
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-Solutions fdr Raman spectroscopy were saturated with
respect to the organic moiety at 20°, All compounds, other
than pure liquids, for which Raman spectra were obtained,
were examined in aqueous solution. 3-Chloro- and 3—bfomo-
2-methoxypyridine hydrolyse too rapidly in aqueous acids
for Raman spectra to be obtained, and were found to be
1nsufflcient1y soluble in methanolic hydrogen chloride for
spectra to be obtained in this solvent. In dlmethyl I

sulphoxide, their hydrochlorides exhibited a strong

fluorescence which masked the Raman bands.,
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APPENDIX.

Vibration Spectra.

Introduction. In this appendix are given the infra-

red and Raman spectra of the salts examined, It has
been necessary to divide many of the spectra into two
parts :

A. The region 4000 - lOOOVme;. The region 4000 -
2000 cm ™+ proved to be of little value for structural
elucidations, and the frequencies of the principal
absorption maximé only are recorded. For the region
2000 - 1000 cm ™+ the absorption spectra are given in
full, :

B. The region 1000 - 650 cm™*. The data for this
region are given in full also.

Infra~red intensities are given as "weak",
"medium", "strong", etc., and Raman intensities are
given on a scale of 1 to 10, 10 being the intensity
assigned to the strongest band observed in each
spectrum,

The following abbreviations have been used :

W Weak , Ve Very
m, Medium b. Broad
S. Strong P, Bands due to

paraffin mulling
agent.




Index to Appendix.

2-Hydroxypyridines

3+Methyl
4-Methyl
5-Methyl
6~-Methyl
5-Chloro
5-Bromo
5-Iodo
3;Chloro
3~-Bromo
3-Hydroxy
3,5=Dichloro
3,5*Dibromo
3,5=-Diiodo
3-Nitro
5~Nitro

2-Hydroxypyridine hydrochlorides

3-Methyl
4-Methyl
S5=lMethyl
6-Methyl
5=Chloro
5=Bromo

5-Iodo
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Page
173,174
o
"

n
176,177
n
"
174,175

' "

n

177,178

181,182

n




2—-Hydroxypyridine hexachloroantimonates

5-Chloro 184
5~Bromo . "
3-Chloro 183

3,5-Dichloro "
3,5-Dibromo "

2=-Hydroxypyridines, sodium salts

4-Methyl
5-Methyl
5-Chloro

185,186

"

186,187

5-Bromo "
5-Iodo n
~ 3,5-Dichloro 187,188
~ 3,5-Dibromo "
3,5—Diiodo "
6-Hydroxy 189

Methoxypyridines

2-Methoxypyridine 190,191
3-Methoxypyridine "
4-Methoxypyridine "

Methoxypyridine hydrochlorides

2-Methoxypyridine 201,202
3-Methoxypyridine : "

4-Methoxypyridine "

170




Methoxypyridine mercurichlorides

2-Methoxypyridine

3-Methoxypyridine

A-Methoxypyridine

2-Methoxypyridines

3-Chloro
3-Bromo

5-Methyl

5-Bromo

202,203
tt

L]

192,193

1"

194,195

"
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3-Hydroxy "
3,5-Dibromo | "

o-Methoxypyridine hydrochlorides

5-Methyl
5-Chloro
5-~-Bromo

3=Chloro

195,196

"
L]

197,198

3~-Bromo "

3-Hydroxy

2-Methoxypyridine hexachloroantimonates

3-Chloro 198,199
3,5=-Dichloro "
3,5-Dibromo "
5-Chloro 200

5-Bromo



Hydroxypyridine mercurichlorides

2-Hydroxypyridine
3-Hydroxypyridine
. 4-Hydroxypyridine

172




2—Hydrbxypyridines,

3-Methyl-

2780

1975)vw
1940)vw
1903ng

1845 w

1751)vw
1652 v8
1610 vs
1571 m

1482 s

1423
1375
1351
1255
1230 s

1197 ww
1165 w

B

E B B

1105 w
1059 m
1041 vw

986 m

1570 3

1466 1
1446 0

1350 9
1260 10

1205 %
1174 1
1114 2
1060 1

991 2 ?

4-Methyl-
2930

2810

2750

1963 vw
1926 vw

1656 vS Raman

1615 ve 1605 1

1560 w
1536 m
1510 vw

1533 ©

1485 m 1483 2

1454 s

1442 w

1377 m 1381 2
1335 m 1340 5

1248 m 1260 10

1220 vw

1169 s
1110 w
1039 m
1021 m

988 w

987 1

5-Methyl- 64Methzlr'
3020
2950
2830 2770
1912 ww
1800 vw 1856
1698 w 1777 w
1657 vs 1672 vs
1613 vs 1610 s
1548 vs 1551 m
1490 m 1469 m
1462 vs 1434 m
1426 s 1407 w
1377 m 1371 m
1357 m
1269 w 1250 w
1236 m
1206 m 1212 m
1146 m 1168 m
1080 w
1045 w 1045 w
1015 m 1031 w
979 m 998 m




2-Hydroxypyridines.

3-Methyl-

940 m
914 w
885 s

T75 vs

135w

Only one Reman band, at 860 cm™

Raman

891 1

744 2

542 0

4-Methyl -

971 m
941 n
923 m

847 m

T77 s

759 m
731 m

2-hydroxy-5-methylpyridine.

3-Chloro-

944 m
920 w

876 m
774 n
756 m
671 m

3~-Bromo-

946 w

929)g
921)¥

868 m
772 m
754 w
650 m

5-Methyl-

Raman 965 m
935 1

908 w

897 m

846 m

- 804 w

763 5 757 Vo
T37 vw

574 3
1

Q—deroxx—

914 w

899 m
842 m
778 m
749 s
690 m

174.

6-Methyl-

935 *
g22 m
870 w

810 w

799 n

733 m

, Was observed for




2 —Hydroxypyridines.

3~Chloro- 3-Bromo-
2780 s 2810 s
1920 vw
1860 vw
1822 vw 1825 w
1657 vs 1653 vs
1612 s 1612 s
1546 m 1542 w
1512 vw
1472 m 1464 m
1435 * 1433 ww
1325 m 1324 m
1306 ww 1300 w
1246 m 1244 m
1194 w 1186 vw
1170 w 1160 vw
1123 m 1114 vw
1046 m 1032 n
982 m 981 w
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3-Hydroxy-
3130 s

1857
1835

3

3

1656 vs
1608 vs
1571 m
1545
1452
1440
1404
1366 s
1335 *
1285 s
1183 s

s B =

1170 *
1097 w
1042 m




ZgjﬂydroxyPYridines.

5-Chloro-

3010)
2530},
2830;
2760

1892 wvw
1844 vw
1805 wvw
1735 vw
1658)
Vs
1641
1605 vs

1543 s

1478 w
1460 s
1426 m
1341 m

1233 m
1104 m

1053 vw
1033 vw
990 n

5-Bromo -

3005
2525
28105
2740

1886
1834
1791

334

1641 vs

1604 vs
1536 s
1509
1475
1458
1424
1340
1325
1226
1143

n = g

B B 8 B B

1079 m

991 m
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5—-lodo-
3000)
29254 .o
2815
2760

1889
1831
1782
1679

1639 vs

4434

1603 s
1533 s
1510
1471
1456
1422 m
1339 m
1324 w
1233 m
1146 m
1130 w
1065 w

g H

w0

988 m




2-Hydroxypyridines.

3,5-Dichloro- 3,5-Dibromo-
1048 m 1026 w
916 m 919 m
. 896 w
897 m 880 w
844 s 841 s
?Izggm 747 w
699 s
5-Chloro~ 5-Bromo-
971 w 965 m
909 m 908;m
897 )w
842)m 844)s
838;w 833)m
830)w : o

668 s

3,5=Diiodo~-

1025 m
960 w

864 s
T48 w

670 m

5=Iodo~

964 m

905;w
891 )m
847 )w

836§w
825)w




3,5=Dichloro-

o-Hydroxypyridines.

3,5 Dibromo-

3080
3050

1947 vw
1871 wvw

1813

1697
1658
1632

1589 ww

1534
1506

1440
1384
1365
1304
1293
1235
1179
1163
1119

w

5]

w

m

F 8§ == 49 B

4]

w

3130
3080
3050

1817 w
1805 wvw

1692 s
1653 w
1626 m
1583 vs

- 1527

1511
1500

1440
1374 w

E§§B

1301 m
1285 w
1231 s
1174 m
1151 w

1100 m
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3,5-Diiodo-

2830
2720
2680

1922
1888
1829
1802
1691

4444

1634 s

1583 m
1559 vw
1525 s
1500 w

1459 m

1365 m
1308 s

1249 nm

1145 vw

1088 w



2-Hydroxypyridines.

3-Nitro-

3090 vs

1694 s
1658 s
1590 s
1550 vs
1508 m
1467 *
1439 *
1348 s
1296 s
1221 vs
1164 w
1139 m

1064
1045
978
896 m
876 m
826 w
796 w
762 s
T1T w

= B B.

5-Nitro-

3000 s
2800 vs

1975 w
1674 s
1630 s

1566 m

1505 s

1432 m
1355 vs

1251 s
1166 vww

1145 m

1131)
1120)

984 n

915 )m
885)w

835 s

760 m
716 m

179




2-Hydroxypyridine Hydrochlorides.

3-Methyl-
3120 vs
1846 w
1740 vw Raman
1651 vs 1633 2
1613 s 1619 2
1546 m 1565 1
1480 m 1475 1
1403 s
1379 * 1385 3
1349 w 1340 4
1273 vw
1254 m 1250 3
1230 m
1170w 1178 1
1125 2
1105w 1097 O
1059 m 1069 2
1045 *
1002 1

A-Methyl-

2760 vs
2515 m
2435 m

1928 w
1874 w
1818 w

1636 s

1525
15103S

1473 w
1446 w
1405 m
1367 s
1343 w
1312 s

1241 m

1225 w

11863w
1175 )m

1122 w

1033 w

1004 w

Ramen

1644 3

1347 2

1004 6

5-Methyl~

2750)
2660) 7S

1854 m
1785 w

1650)
3s
1631)
1556 s
1510 w
1481 m
1433 m

1389 m
1329 vs

1271 w
1252 w

1221 w

1143 s

1047)
1023)"W

6-Methyl-~

2880)
2710)V8

2530
247033

1736 ww
1638 vs -

1550 m
1499 m
1467 n
1440 m
1395 m
1372 w
1345 *
l3é3 8

1258 w

1230)
1216)"

1174 s

1049
10403m

1006 m
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2-Hydroxypyridine Hydrochlorides.

3—Metgzl—R 4-Methyl - 5-Methyl- 6-Methyl-
' aman : : v
986 m 994 1 992 w
975 * 966 w  Raman
940 m 941 w 948 1 927 m
912 wvw 906 w
885 m 885 1 890 wvw : 894 m
, 864 m
8510 - 83m - 841 s - 864 W
824 w
804 s 800 = 798 s
776 s 753 10 766w 767 9 763 m 754 m
| 751 m 736 m
696 1 T15 w . 721 m 720 w
603 1 563 4
539 1 520 3
5-Chloro- 5-Bromow 5=Iodo-
960 m 945 w
908 w 895 w
867 )n Raman Raman 864)w
856gw 855 10 855 10 853?»{
844 )m 840 * 837)m
825 m 828)w
776 vw ' 783 m
669 m | 720 vw
676 1
640 1
495 O
466 1
391 2

322 1
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R~Hydroxypyridine Cations. (]43drochhﬂﬂues>

5-Chloro- 2—-Bromo 5-Iodo-
2700)
2?’30 s 3110 s 26’6031s
1903 m 1884 w
1816 m 1796 w
1725 m  Baman 1674 ww 1715
1640 8 1640 2 1645 vs : 1618 vs
1612 n 1599 s 1610 vs
1533 8 15411 1537 m 1524 s
1460 w 1457 w 'i441 w
1421 m 1420 * 1420 ww
1402 s
1365 w 1385 2
1325m 13292 3% Ramas 1335 s
1264 m 1267 4 1269 4 1256 w
1231 m 1223 w 1205 vw
1135 m 1138 w 1139 n
1122 w1123 2 1127 * 1115 ww
1104 vw
1052 w 1076 w 1097 3 1075 vw
1006 w 1007 w

992 w 985 w 988 2
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2 —-Hydroxypyridine Hexachloroantimonates.

3-Chloro- 3,5-Di§hloro— 3,5-Di£romo~
3260 w 3240 w
3060 w | 3140 w
3070 w
1621 s 1623 m %gié;i
1538 m 1534 s 1520 s
1520 * 150 x 1502 *
1425 * 1418 w
1319 s 1308 s 1299 s
1290 w 1282 m 1281 m
1266 vw |
1239 w 1223 w 1216 m
1193 w |
1156 w 1150 W : iizigm
1141 w 1100) 1111%
1073 B 1061 w
1048 m
1018 w 1021 w
944 vw 932 vw
880 ww 897 m 880 w
867 m
817 vw 800 m
783 * 777 *
761 s
i

696 m
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o_Hydroxypyridine Hexachlorosntimonates.

5-Chloro-

3350 w

3190 n
1640 s
1621 s

1538 s
1513 *
1343 w
1324 ww
1363)e
1238 w
1220 *
1171 w
1134 m

1123 *

1017 w

839 n
785 m
715 ww
673 m

5—-Bromo- -

3280)
3200)™

1638 s
1618‘mb
1600 *

1537 s

1510 *

1339 s

1321 w

1265
1247;vw

1136 m
1094 w

870 vw
834 m
785 n
T3 w




2-Hydroxypyridines, Sodium Salts.,

4-Methyl -

3080 wvs

2440 vw

1656)w
1615)vs
1532 n

1483)vs
1445;VS
1433§S
1371 w

1321 s

1289 m
1227 m

1177 s
1106 vw

1016 w
985 m

Raman

1540 6

1379 2

1323 6

1213 10

1176 2

985 6

'1036§w

5-Methyl -~

3180)vs
3000)

2410 m
2360 m

1662ng
1635)s

»154235

l5l3gvs
1490)vs
1451 w
1416 s

1345 wvw
1329 ww
1316 vw
1289 m

1211 w

1137 m

1016)s

Raman

1615 3
1532 2

1386 5
1330 5

1280 5
1234 10

984 2

185




2-Hydroxypyridine, Sodium Salts.

5-Chloro-

904 w
890)w
878)w  Raman

862w 862 5

- 834)s
826) w

746 w
682 s

4-Methyl-

Raman
945 w 944 4
890 vw
866 m
835 w
791 s
771 w 771 10
155 ww

528 2

5-Bromo-

891%w
880)w
859 w

826 s
T44 w

186

5-Iodo-
956 w
Raman
890 w 890 3
Raman
858 3 857 w 856 5
_____ 607 o
T44 w
5-Methyl-
Raman
889;m
878 )m
865 )n 864 10
827 s
771 m 770 2
T45 w



2 -Hydroxypyridines, Sodium Salts.

5-Chloro-

3150)
3070

1927
1803
1785
1718
1700

1659
1611
1600
1531
1482

1402

1325
1311
1278
1219
1170
1126
1110

998

vs

vs

5‘83525

m

= = 43444

1386 3
1328 2

1282 2
1217 10

1985 2

5-Bromo—

3160 vs

1789 wvw
1718 vw

1651 vw
1608 s

1525 w

1490)
vse

1470

1403

1392 vw

1330 w

1281 m
1221 w

1134 m
1089 m
994 m

Raman
1282 2
1213 10

1090 2
983 2

5=Todo=
3160 vs

1850 vw
1796 w
1720 wvw

1646 w
1603 s
1561 ww
1523 m
1498 vs
1470 vs
1401 s
1391 n
1333 w

1286 m-
1220 w

1139 n
1075 w
989 n

187

Raman

1213 10

1081 2
984 3




R -Hydroxypyridines, Sodium Salts.

3,5=-Dichloro-
3250

1792 vw
1777 vw
1720 vw
1643 m
1588 s
1543
1515
1488 vs
1465
1414
1400
1314

g

g

1395

1248 m 1246

1178 m 1183
1118 m
1102 w
1051 s
2635
865 w
770 s
755 s
660 m

894

2 3 é -}
%”,

~ 3,5-Dibromo-

3130

1641 w
1576 s

1525 ww

1503 vw
1481 vs

1388 w

1318)
1309)"

1254;w
1240 )vw

1168 w
1109 w
1085 w
1026 m

8943vw
885 )m

766 m

T06 m

188

3,5-Diiodo~-
3160

1461 vs

1376 m
1324 w

1250 m

1165 w

1012 m
898 m

874 vw
766 m

676 m
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2,6=-Dihydroxypyridine, Sodium Salt.

3380 m
3150 s
2610 s
1980 m
1723 w
1632 s

1608 w

1532 vs

1449)
1431)V®

1334 m

1302
128538

1181 m
1105 m
1048 w
1000 m
886 s
768 m
740 w
723 vs




Methoxypyridines.
2-Methoxy- 3-Methoxy-
Pyridine Pyridine
3045 *

3000) 3015)m

220" 3235w

2550 vw 2500 w

a0 S

1910 ww

1606 s %%%%21 fepen

1589 w 1588 * 1588 5

1575 8 1750 5 1578 m 1579 2

| 1548 *

1484 vs 1482 s

1447 m 1443 2 1465 * 1460 1

1422 s 1417 * 1427 s 1426 1

1314 m 1308 6

1292 s 1286 3 1284) 1282 4

1257 w 1256 * 1269%s 1271 3
1234 s 12331

1180 vw 11771 1193 m 1191 2
1179 * 1179 2

1144 m 11401 1130 w

1119 w 1111 w 1111 1

1099 ww '

1084 vw 1095 2 1105 *

4~-Methoxy-
Pyridine

3040)
2970)
2840 w

2100 w

1926 w

1579 vs
1574 m
1548 *
1507 s
1465 m
1445 m

1423 m

1358 vw
1333 ww

1289 vs

1244 w
1183 *

1151 vw
1089 w

1590
1569

1501
1460
1441
1419

1332
1284

1240
1180

1149

-1073

1051

2
0

© ©o O O

-

o O



Methoxypyridines.
Earte) eTares Eracicry
Raman Raman
1046 m 1041 3 1052 m 1051 10
1022 m 1019 1 1018 s 1014 7 1029 n
988 m 985 10 990 m
956 wvw
93C 1 923 w
862 w 897 ww
828 vw 826 1 818)
812m 810 6 | 802%s
78 s 7811 799 s 7989
736 m
725 vw 706 s 707 w
622 1 620 2
602 1 570 1
525 O 515 1
456 2 442 2
231 1 256 1

209 1

191

Raman

987 10

987

930
885

801

661
552
537
442
389
261

10

O O +H O O ™




2-Methoxypyridines.

3-Chloro—-

2980)
2950)%

1896 w

- 1745)

1720)%
1654 w

.1586%vs,

1563 )w

1471 vs
1444 s
1407 vs

1317

s
1302
1258 s

1250 *

1199 wvw
1180 w

1128 s
1073 vs
1046 vs
1012 s

Reman
1586 2
1563
1507
1467
1443
1407
1334
1315 *
1303 7

©O v H H =

*

1246 5
1232 *

1179 1

1126 2
1074 2
1046 10
1015 1

192

3-Bromo-

2950 m
1898 w
1717 w
1640 vw Raman (F)
1583)vs - 15851
1560)*
1508 9

1470vs 1468 1
1444 s
1405)vs 1403 0
1374 )vw
1300 s 1301 7
1256 s

| 1246 6
1180 w 1182 1
1144 m
1120 m 1121 3
1070 s 1070 3
1035 vs 1035 5
1010 s 1011 1



3-Chl oro-

963
931
891
828
785
751
698

W

2-Methoxypyridines.

987 1
966 0
945 0O

828 2

789 0
754 1
700 B

643 0
604 1
501 4

444 1
413 4

289 2

3—-Bromo-

962 w

889 m
823 w
785 s
T51 s
696 vw
675 m

Raman

977 1

757 1

677 5

512 2

493 5
440 1

324 10
278 4

826 4




2—Methoxypyridines.

5-Methyl—
2940

1935 ww
1875 vw
1848 ww

1650 *
1614 m
1574 m
1562 *

1494 vs
1461 w
1445 *
1378 m

1304 ww
1284 vs
1255 m
1220 w

1167 *

1127 m

5-Bromg—
2980)

)m
2950)

2100
2040;vs

1913 ww

1817 vw

1656 w

1586 s
1564 w
1548 *
1481 vs
1466 *
1430 w
1368 s

1302 w
1284 vs
1247 m
1218 *

1176 vw
1156 w

1122 m

3—deroxz—
2690

2630)

2570

1815 ww
1665 vw
1604 m
1575 m
1559 *

1501 s
1451 s
1419
1376
1336
1310

= d 3

-

1287 s
1255 s
1230 w
1195 *
1177 vs

1102 s

3,5-Dibromo-
2910 w

1571l m

1484 w
1472 vs
1442 vw
1410 s
1373 s

1305 s
1291 w
1245 m

1238 w

1175 w

1110 w
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2-Methoxypyridines.

5-Methyl- 5-Bromo- -3-Hydroxy~- 3, 5=Di birtpero-
1074 w 1090 m 1090 w
1065;W '
1055 1056 s
1028 s 1022 s 1014 s 1012 w
990 vw 1002 w : 1000 w
911 wA 915 w 938 wvw
890 * 80 * - 80m - 896 m
848 * 839 m
823 n 826 m
785;*
1775 vw T76)n
757;m
T40 m T40)* 751 m 742 m
694 m

2-Methoxypyridine Hydrochlorides.

5-Methyl- 5-Chloro-— 5~Bromo?
1133 * 1102 ww.
1058 w
1007;m
1000 s 1004 s 1003
g7l * 960 w 953 w
B72)., -
861 * 866 865 m
837) 835)
849 m | 826)" 826)™
735) 719 vw T19 vw

725)°



2 ~Methoxypyridine Hydrochlorides.

5-Methyl-
2400 s

1639 n
1611 s

1552 s

1528),
1513)

1434 w
1355 m
1320 m
1290 s
1250 w
1235 w
1190 m
1157 m
1058 w
1000 s

973 *
861 *

849 m

735) g
725)

5-Chloro-
2510 s

1972 w
1942 m

1830)
1816)%

1743 vw

1606 vs
1535 vs

1514 *

1460)
1447)VV

1432 s
1335 vs

1292)
1284)

1233 m

1198 w

1152)w
1141 )m

1033 *
1004 s

980 w

872)
866)%

837)
828 )™

719 vw




2-Methoxypyridine Hydrochlorides.

3-Chloxro-

2550 vs

1975

1880
1801
1701

1650

1626
1599
1530
1481
1461
1435
1409
1359
1328

s 38 =

*

1263 m

1215
1182
1128
1079
1059

991

3-Bromo-

2580

1950

vs

1918 m

1778

1648
1623
1591
1515
1486

1441
1424
1356
1332
1254
1221
1190
1124
1060
1043

996

vs

vs

w

s
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3-Hydroxy-
3080 n

2930 m
2870 m

1683 *
1620 m
1572 vs
1540 *
1489 w

1454 m
1409 n
1374 n
1304 m
1286)vs
1265)*
1205)m
1186gm
1179)*

1112 m

1053 m
1004 s




o-Methoxypyridine Hydrochlorides.

3-Chloro-

903 m

801 vs
779 m
691 s

3—-Bromo-
960 m

892 m

818 wvw

783 vs
726 m -

665 s

a-Methoxypyridine Hexachloroantimonates.

3-Chloro-
989 s
972 *

)
905 )w
888)

820 vw
197) s
T75) *
734 n

692) *
686)s

3,5=Dichloro-

987 s

963)
946)™

g22 *

866)
848)%

722 s

661)
654 )™

3,5-Dibromo—-

198

987 s
943 w

911 w

852 s

794 *

726 m

686 m




1399

2 -Methoxypyridine Hexachloroantimonstes.

3-Chloro—-

2510

1960
1870
1811

1623
1595

1521
1444
1427

1359
1325

1260

1214
1183
1136
1074
1050
1020

vw
w
w

3,5-Dichloro-

2560
2360

1913 ww
1875 wvw

1715 w

1521 s

1428 w
1411 *
1359 w?
1319 s
1292 *
1254 s

1212 m
1179 w
1137 m
1072 w

1016 vw

3,5=-Dibromo-

2520

1536 *
1513 s

1428 w

1353 w?
1309 s

1256 s
1221)*
1212)m
1174 w
1109 w

1009 w




200

2 -Methoxypyridine Hexachloroantimonates.

5-Chloro- S—Bromd-
3060 3410
1637 m 1632 m
1608 s 1606 s
1538 s 1535 s
RUEE as12%
1492 *
1432 w 1427 m
g awe
1286 s 1284 s
1224 w iggﬂﬁ
1182 w 1182 w
1144 m 1141l n
1134 w . 1102 w
1024 vw 1022 w
1006 s 1003 m
883 wvw
876 s
861 *
827 s |
793 m 788 m

715 w T13 vw
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Methoxypyridine Hydrochlorides.

2-Methoxy—- 3-Methoxy— 4-Methoxy—
pyridine : pyridine pyridine
3040 m - 3055 m 3070 m
3100 m
2510 vs 2660 vs 2635 vs
2000 m 2040 m 2028 w
1926 m ’ 1939 w 1931 m
1867 m 1896 w
1784 w 1836 w 1833 w
1720 w 1729 w 1752 m
.. Raman. ... . Raman . o . Raman
1631 s 1630 2 16203 1628 4 1635 vs 1640 8
m
1613 vs 1612 1600 m
1561 1
1540 8 1545 0 1552 vs 1542 0
1520 * 1508 2 1529 ww 1536 1
1512 vs

1462 m 1461 2 l461§ 1464 1 1459 w 1466 2
ms
1426 * 1444 1433 m 1442 2

1384 m 1398 m 1403 3
1356 vs 1362 2 1362 vw
1321 s 1326 8 1323 m 1324 * 1322 vs 1318 3
1297 vs 1295 4 1279 vs 1282 3 1304 s
1249)vw
1235)m 1240 2 1246 * 1259 w 1265 3
1186 1 1191 vw 1185 2 1192 m 1200 3
1175 m
1167 1 1167 vw
1148 vw 1147 1
1102 m 1105 1 1109 m 1116 1 1099 w 1102 1
1079 vww 1082 1
1049 w 1046 6 1050 m 1051 10 1044 w 1049 s
1037 m 1023 m

1012 m 1012 s 1006 6 1012 s 1014 4



Methoxypyridine Hydrochlorides.

2-Methoxy-—
pzriaine

Raman

993)vw

981)s 986 9

939 m

810 m 809 10

799 w

T74 vs

23 m

6 621 3
560 2
465 5
242 1

3-Methoxy-
-Exriaine

Raman
998 s 998 *
_874 m 897 1

807;vs 800 7
796 s

673 s

620
563
445
407
253

(ol S VIR L

A-NMethoxy-
pxrlaine

202

" Raman
991 m 994 10
974 *
935 0
856 w ,
826 vs 828 5
803 w 803 9
642 4
522 1
449 4
259 1

Methoxypyridine Mercurichlorides.

2-Methoxy-
pzriaine
806 w

T71 s
716 w

3-Methoxy-
pxriﬁine
T90 *

780 s

666 s

4-Methoxy—
Exriﬁine
802 *
T70 *
753 m

120 w



Methoxypyridine Mercurichlorides.

2-Methoxy—

pyridine

3250 w
3090 vs
1630 *
1617 s
1543 m

1522 *

1468
1460;m

1437 w
1376 m
1326 m

1296 s
1275 *

1230
1182
1166

B xB

1120 w
1100 m

1041 m
1024 s
989 m
966 *
884 m
833 w

3-Methoxy-—

pyridine

3250
3090

1612

1296
1243
1181

1115
1067
1048
1014
1002

950

- 860

840

m

8

m
Vs

* .

m

203

4-Methoxy-
pxriaine
3250 s

3170
31003m

1634 s
1594 m
1515 vs

1462 vw
1435 m
1385 w
1355 vw

1317
13003s

1245;*
1200 )m

1096 n

1015 s
994 m

817 w



Hydroxypyridine Mercurichlorides.

2-Hydroxy

pyridine

3090 s
1628 vs
1591 w

1536
1512

*

148 w
1390 *
1363
1360
1238
1220
1160
1090

1050

|

§ BE B B B=x*u

1000 mw

873 m

809 ?
768 vs
714 m

3—szroxz—
pyridine

3250 vs
1622 m
1612 *

1550 vs
1483 w
*

1462

1380 m
1324 w
1302 m
1253 s
1224
1175
1106
1060
1038
1013

983

950

5]

=

§ g *:sg =

856 *
835

=

%k -

799
719 s

664 s

204

4-Hydroxy-—
gzridine

3200 vs
1632 s
1606 m

1538 w
1511 vs

1369 m

1316 m
1268 *
1249 m
1223 w
1188 m

1084 m

1004 mw

875 w
846 m
813 w

;’SS 3‘“
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