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PREFACE

For quite a long time a reference book has been needed which would provide
the reader with adequate information, both theoretical and practical, on the chem-
istry and technology of explosives. The objectives of the present book are to
fill this gap in the chemica literature.

The first edition appeared in Warsaw in Polish in 1953-54. The second, in
Czech, was printed in Prague in 1958-59. The third, in German, is being printed
in Leipzig. The present fourth edition is a considerably revised and expanded ver-
sion of the earlier ones.

The chemical, physical and physico-chemical properties of explosives are dealt
with, and processes of manufacture are described whenever the substance in
guestion is of practica importance.

The basis of all practical knowledge is in the underlying theory. The scientist
working on technological problems in industry should never forget that science,
however applied, remains a natural philosophy. This is why particular attention
is paid here to the chemical and physico-chemical properties of the substances
described in the book, and the author has endeavoured to bring this information
up to date, hoping that the wide scope of this information will not obscure the
main subject, but will help, instead, to avoid narrow specialization which creates
the danger of not seeing the wood for the trees.

It is also hoped that in widening the scope of the book, it might become
useful not only to students and experts on explosives, but also to al who are
interested in the chemistry of such substances as nitro compounds, nitramines,
nitric esters, nitric salts, azides etc. that may serve as intermediates for organic
reactions.

As far as processes of manufacture of explosives are concerned, information
is obvioudly restricted, as the exact details are seldom available. However, certain
obsolete methods of manufacture are described in detail. They have been included
in order to give some idea of the way such processes have developed on the basis
of years of experience. This may be of some value, for the manufacture of explo-
sives is bound to be dangerous and any method, even an obsolete one, may suggest
how risks can be avoided or diminished and the kinds of precaution that can be

applied.
However, it has been possible to include in the book details of a number of

Mviitl
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original processes used in the German and Japanese explosives industries during
World War 1l which were reveded after the war mainly in CIOS, BIOS, FIAT
and PB publications.

Although there was an enormous increase in the use of explosives for destruc-
tive purposes in the two World Wars it is still true to say that more explosives
have been used in peace than in war. Modern civilization and modern progress
would be impossible without explosives. Particular attention has therefore been
paid to coal-mine explosives (Val. 1I1). Also a modest chapter on rocket fuels
has been included in the English edition.

It is a pleasure to express my thanks to my friends for their interest in
this work and their kind assistance. To al of them who helped me to bring my
book up to date and to avoid mistakes so easy in so large a book, | express my
warmest thanks.

My thanks are particularly due to: Professor K. K. Andreyev (Moscow), Pro-
fessor J. H. Boyer (New Orleans), Dr. R. S. Cahn (London), Professor W. Cy-
bulski (Mikoléw, Poland), Dr. L. Deffet (Brussels), Monsieur A. Diels (Brussels),
Professor Z. Eckstein (Warsaw), Professor H. Erdtman (Stockholm), Professor
A. G. Gorst (Moscow), Professor J. Hackel (Warsaw), Dr. K. Hino (Sanyo-cho,
Japan), Professor E. L. Hirst, F. R. S. (Edinburgh), Ingénieur Général Fleury (Pe-
ris), Professor R. N. Jones (Ottawa), Mr. H. Konopacki, M.Sc. (Warsaw), Mr. Kos-
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CLASSIFICATION OF EXPLOSIVES

EXPLOSIVES may be classified both from the chemica point of view and according
to their uses. From the chemical viewpoint we distinguish between chemical indivi-
dual substances and mixtures.

The former are divided into:

(1) nitro compounds

(2) nitric esters

(3) nitramines

(4) derivatives of chloric and perchloric acids

(5) azides

(6) various compounds capable of producing an explosion, for example ful-
minates, acetylides, nitrogen rich compounds such as tetrazene, peroxides
and ozonides, etc.

Individual substances are explosive if their molecules contain groups which
confer upon them explosive properties. The first attempt at a systematic approach
to the relation between the explosive properties of a molecule and its structure
was made by van't Hoff [I]. He pointed out, that in the molecules of explosive
compounds the following groups were present:

O-0O in peroxides and ozone and ozonides

O-Cl in chlorates and perchlorates

N-Cl in nitrogen chloride

N=O in nitro compounds, nitric acid esters and sdts

N=N in diazo compounds, hydrazoic acid, its sdts and esters
N=C in fulminates and cyanogen

CEC in acetylene and acetylides.

A further effort to establish a relationship between explosive properties and
structure has been made more recently by Plets [2]. He proposed a theory of “ex-
plosophores’ and “auxoploses’ in a way analogous to Witt's suggested chromo-
phores and auxochromes in the dyes, and Ehrlich’s suggested toxophores and
autotoxes in chemotherapeutics.

According to Plets the explosive properties of any substance depend upon the
presence of definite structural groupings, caled explosophores. The auxoploses
fortify or modify the explosive properties conferred by the explosophore. Plets

1



2 CHEMISTRY AND TECHNOLOGY OF EXPLOSIVES

divided all explosivesinto eight classes containing the following groups as exploso-
phores:

(1) -NO, and -ONO,, in both inorganic and organic substances

(2) -N=N- and -N=N=N- in inorganic and organic azides

(3) --NX,, for example in NCl; (X- a halogen)

(4) -N=C in fulminates

(5) -OC10, and -OC10; in inorganic and organic chlorates and perchlorates
respectively

(6) -O-O- and -O-0-0O- in inorganic and organic peroxides
and ozonides respectively

(7) -CEC- in acetylene and metal acetylides

(8) M-C metal bonded with carbon in some organometallic compounds.

Although this classification is in principle correct, the distinction between the
terms “explosophore” and “auxoplose’ is very vague and of little practical value.

A further step in the classification of explosives was made by Lothrop and
Handrick [3]. They collected and classified al the available information on the
performance of explosives and related it to four factors. oxygen balance, “ploso-
phoric” groups, “auxoplosive’ groups, heat of explosion.

A plosophore has been defined as a group of atoms which is capable of forming
an explosive compound on introduction into a hydrocarbon. According to these
authors there are two classes of plosophores differing sharply in effectiveness and
consistency in producing power. Hence it is suggested that these be called “primary”
and “secondary” plosophores.

Primary plosophores include nitrate esters, aromatic and aliphatic nitro groups
and the nitramine group.

The secondary plosophores that comprise the remainder include such groups as
azo, azide, nitroso, peroxide, ozonide, perchlorate, etc.

If more than one type of these groups is present such a molecule may be named
a hybrid according to Lothrop and Handrick.

Groups which do not themselves produce explosive properties, but may in-

fluence them in the same way that auxochromic groups vary the colour intensity
and shade of a dye, are called auxoplosives by these authors. We may quote hydro-
XY~, carboxyl, chlorine, sulphur, ether, oxygen, amine, etc. as examples of such
groups.
* Although the classification of groups existing in explosive molecules suggested
by Lothrop and Handrick may be accepted, their far-reaching postulations con-
cerning a close relation between the oxygen balance and performance of explosives
aroused strong criticism [4]. It is known that the oxygen present, for example, in
carbonyl or hydroxyl groups, has little effect on the performance of an explosive.
This is due to the high heat of formation of C-O and C-O-H bonds. On the
contrary, the low (negative) heats of formation of N--O and CEC bonds are
of great significance in relation to the performance of explosives.
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That is the reason why the performance of picric acid (trinitrophenal) is only
vary dightly higher than that of trinitrobenzene and why the performance of tri-
nitroanisole is much the same as that of trinitrotoluene.

The low value of the explosive power of oxygen atoms bonded with carbon
and hydrogen atoms in such a group as COOH had already been stressed by Stett-
bather [5], who also pointed out that an exception is provided by peroxides and
ozonides which form exothermic bonds that considerably enhance explosive per-
formance-

However, the dightly better performance of picric acid compared with trinitro-
benzeneis probably the result of the former’s greater ability to detonate. The ease
of detonation of picric and styphnic acids as compared with trinitrobenzene is
well known. D. Smolenski and Czuba [6] recently pointed out that dinitrophenol
detonates more readily than dinitrobenzene.

It is aso well known from the classic work of L. Wohler and Wenzelberg [7]
that the sensitivity to impact of aromatic nitro compounds increases with increase
in the number of substituents for a given member of the nitro groups.

Explosive mixtures can be divided into:

(1) those with at least one explosive component
(2) others where there is no explosive component.

The classification of mixtures will be dealt with in detail in Vol. Il1.

According to their uses explosives are divided into high explosives, propellants
(‘low explosives’) and primary explosives or initiators.

High explosives may be class&d according to their physical properties as powdery,
meltable, semi-meltable and plastic. Propellants may be grouped on the basis of
chemical composition into gun powder and similar mixtures, nitrocellulose (single
base) and nitroglycerine (double base) powders. With respect to their uses and some
properties they are divided into black powder, smokeless and flashless powders, and
rocket propellants.

Primary explosives and their mixtures are divided into those used for filling
ignition caps and those used in detonators.
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CHAPTER |
NITRATION AND NITRATING AGENTS

GENERAL INFORMATION

NiTraTION iS One of the earliest known organic chemical reactions. It is mentioned
in the writings of the alchemists. As early asin the first haf of the XVI1I1th century
Glauber obtained picric acid by acting on wool and horn with nitric acid. Soon
reactions between nitric acid and a variety of organic substances became one of
the achemica reactions most frequently used. They were usualy carried out by
heating a substance with nitric acid, often to boiling point. Thus picric acid was
obtained from certain organic substances such as indigo, silk, resins, etc.

In 1833 Braconnot obtained nitric esters of cellulose and starch by acting with
nitric acid on plant fibres and starch, at low temperature. In 1834 Mitscherlich
nitrated benzene to nitrobenzene. But it is only since 1842, when Zinin reduced
nitrobenzene to aniline, that rapid development of the chemistry of nitro compounds
and their application to organic industry has occurred.

At present nitration is one of the most widely applied direct substitution re-
actions. This is due to severa factors. For example nitration usualy proceeds
easily, its products can readily be separated from the spent acid, and there isawide
range of possibilitiesin the practical use of nitro compounds, both as intermediates
and end products. The presence of a nitro group in the starting product made it
possible to obtain a number of basic organic intermediates such as aniline and
benzidine. Dyes with more than one nitro group, such as picric acid were obtained.
It has been found that higher nitrated nitro compounds and nitric acid esters
have explosive properties and are of practical importance. Some nitro compounds
are used in perfumes. Medicina properties have lately been discovered in certain
nitro compounds, e.g. chloramphenicol.

Nitration is a reaction which has contributed greatly to the development of the
substitution rule [I]. Although nitration had been well known and widely used
for many years both in the laboratory and in industry, little was known about
the nature and mechanism of this reaction until recently. However, in the last two
decades much progress has been made in this field.

With the aid of the new techniques offered by modem physics and physica
chemistry and by the application of the modem e ectronic theory of chemical bonds,



NITRATION AND NITRATING AGENTS 5

certain difficult problems have been elucidated in the course of extensive research
so that now what might be defined as a modern theory of nitration can be outlined,
although it is still far from being perfect.

Nitration can be carried out either directly by introduction of the nitro
group in place of hydrogen atom or by adding it to a double bond, or else indi-
rectly, by introducing into a compound a group which can readily be substi-
tuted by the nitro group.

The following nitrating agents are most frequently used for the direct intro-
duction of the nitro group:

(1) concentrated nitric acid

(2) mixtures of concentrated nitric acid and concentrated sulphuric acid (or
oleum) in different proportions-these are usually known as nitrating mixtures

(3) akali nitrates in the presence of sulphuric acid

(4) dilute nitric acid

(5) nitrogen dioxide

(6) a solution of nitrogen dioxide in sulphuric acid

(7) nitrogen dioxide in the presence of catalysts.

For laboratory experiments and sometimes in industry more expensive nitrating
agents may be used, as for example solutions of nitric acid in inert organic solvents
(chloroform, carbon tetrachloride, ether, nitromethane, etc.), or a solution of nitric
acid in phosphoric or acetic acids or in acetic anhydride. The use of these nitrating
agents may be of some practical value and will be discussed later on in detail.

For nitrating on the laboratory scale, mixtures of nitric acid esters or acyl
nitrates, e.g. acetyl nitrate CH;CONO,, and sulphuric acid may also be used.

Severd lesser known nitrating agents, which can find practical use on a labo-
ratory scale are metal nitrates in the presence of acetic acid or acetic anhydride,
described by Menke [2], tetranitromethane and hexanitroethane in an alkaline
medium, used by Schmidt [3], and nitroguanidine in solution in sulphuric acid, used
for the nitration of aromatic amines and phenols.

Besides these direct methods of introducing nitro groups, severd indirect methods
are known that consist in the introduction of a group which can readily be substitu-
ted by a nitro group. In one of these which is widely used in the nitration of phenols,
a compound is sulphonated and subsequently, by reaction with nitric acid, the
sulpho group is replaced by the nitro group.

Other indirect nitration methods applied on an industrial scale, for nitrating
phenols, comprise; introducing a nitroso groups into the phenol and then oxi-
dizing it to the nitro group, and a method involving oxidation of a primary amino
group to the nitro group.

In experimental work indirect methods of introducing nitro groups find wide
application as, for example, the substitution of a halogen (iodine or bromine in
an akyl iodide or bromide) by the Nitro group, by means of silver nitrite (the
Victor Meyer reaction), and the new modification of this method described recently
by Kornblum et a. [4, 44], in which alkyl halides are reacted with sodium nitrite.
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In aromatic compounds, an amino group may be substituted by the nitro group
by diazotization and reacting with nitric acid in the presence of cuprous sdts (the
Sandmeyer reaction). This method is used for laboratory work only and is de-
scribed in textbooks on preparative organic chemistry.

With respect to the chemical structure of compounds resulting from nitration
processes, three types of nitration reactions are distinguished which may be re-
ferred to as:

(1) C-nitration, leading to the formation of “true’ nitro compounds, having
the nitro group attached to a carbon atom:

7c—No2

(2) O-nitration, leading to the formation of nitric acid esters, with the nitro
group attached to an oxygen atom:

N

7C—'—0N02

(3) N-nitration, leading to the formation of nitramines with the nitro group
atached to a nitrogen atom of an amine or amide group:

AN
N-—NO
/ 2
NITRIC ACID

The physical constants of chemically pure nitric acid are
specific gravity 151

specific heat 0.5 k&/kg
melting point -41.6°C

bailing point +86°C

heat of formation -41.66 kcal/mole

At the boiling point nitric acid undergoes partial decomposition which pro-
ceeds chiefly according to the equation:

2HNO; -> 2NO, + H,O0 + %0, @

At higher temperatures the degree of decomposition is greater and at 256°C it
is complete.

In conformity with the accepted notation for simplified eectronic formulae,
the structural formula of nitric acid according to Sugden is

o
N
H—O N\o
As this formula indicates in the nitro group one atom of oxygen is linked to the
nitrogen atom by a double bond, the other-by a semipolar linkage (see Chapter V
on the structure of the nitro group, p. 168). Bond distances and bond angles have
been calculated by Maxwell and Mosley [5] (Fig. 1a), using their own experiments
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on the electron diffraction of nitric acid vapour and measurements of the Raman
spectrum of anhydrous nitric acid by Chedin [6].

Nitric acid molecules are linked by hydrogen bonds. This assumption was
based originally on the results of studies of the nitric acid absorption spectrum
in the very near infra-red (ca. 14) by Badger and Bauer [7], Damon [8], Dalmon
and Freymann [9] and aso on the X-ray investigation by Luzzati [10] (Fig. 16).

1.'1-7'}‘ a7,

0 730'!.‘;'°

(@)

Fic. 1. (8) Bond distances and bond angles of the molecule of nitric acid (Maxwell
and Modey [5]); (b) Crysalline nitric acid: molecules of nitric acid associated
through hydrogen bonds (Luzzati [10]).

More recent infrared investigations have confirmed the existence of hydro-
gen bonds. According to Ingold, Cohn and Poole [40] they exist even in the va
pour phase.

The association of the molecules is presented by a chain (1) or aring (Il) formula
In both cases hydrogen bonds are present between the OH and NO, groups.

NO, NO, NO,
0 o o
\H_ H' \H a7
’O/ '.0/ /0 __,H....Ok
\ | 0=N{, N=0
NO, NO, 0-+H—0
I I

Gillespie and Millen [11] suggested another form of presentation of the associa-
tion of nitric acid molecules by means of hydrogen bonds. They assumed that
oxygen atoms linked by hydrogen bonds are tetrahedrally coordinated as in water

molecules (I11) :
NO
NO, | NO,

|
o o .0

H H
._." /
i
NO,



8 CHEMISTRY AND TECHNOLOGY OF EXPLOSIVES

They believe that this formula is better than the others in explaining the ability
of nitric acid to dissociate. Moreover it is consistent with the low basicity of
the nitro groups (which is discussed later, see p. 218).

A more detailed review of research work on the absorption spectra of nitric
acid is given later (see p. 19-27).

Nitric acid forms hydrates with water;: HNO; . H,O (m. p. -38°C) and
HNO;.3H,0 (m. p. -18.5°C). The chief evidence for these hydrates is obtained
from the thermal analysis of the system nitric acid-water (Fig. 2). Other experimental

c T 14 T 4 I T [} T T

1
3

L .

Freezing temperature, °C

&
S

-

=70 ] ! 1 | S L ) ) 1

0 10 20 30 40 50 60 770 80 90 10
Mole % HNO3

FG. 2. Thermd andysis of nitric acid-water system.

facts dso confirm the existence of addition compounds of nitric acid and water.
Thus the refractive index shows, according to Veley and Manley [12], a linear
relation over the range from 78 to 91% concentration. At 91% a sharp inflection
occurs, and above 98.5% the slope of the curve is reversed. The electrical conduc-
tivity also shows anomalies over this concentration range, passing through a min-
imum.

The considerable heat evolved on dilution of nitric acid with water proves that
the nitric acid hydrates are stable. With an excess of nitric acid the heat amounts
to 3.5 kcal per mole of water. It has been suggested that the nitric acid hydrate,
HNO3.H,0, present in concentrated nitric acid is undissociated and that the water

molecules are attached to the nitric acid molecules by hydrogen bonds. Thus there
would be the equilibrium :

NO,—O H----O/H

=== NO§ +H;0% 7
N

Nitric acid acts on organic compounds both as a nitrating and as an oxidizing
agent. The reaction depends on the compound being nitrated and on the concen-
tration of the nitric acid. In accordance with a genera rule, a concentrated nitric
acid acts mostly as a nitrating agent. When diluted its nitrating action diminishes
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accordingly and finally gives way to an oxidizing action. The more dilute the nitric
acid the more vigorous (up to a limit) is the oxidizing action. Extensive research
into the physical properties of nitric acid, especialy that which has been carried
out recently, has been aimed at finding an explanation of this double function of
nitric acid.

The limiting concentration of the nitric acid in a nitration process depends
largely on the nitrated compound itself. Some phenols, for example, can be nitra-
ted with nitric acid in concentrations of below 5%, while benzene does not nitrate
a those concentrations. Aliphatic hydrocarbons can be nitrated even with 13 %
nitric acid.

Knowing how a nitration process is likely to proceed is possible only when the
structure of the nitrating agent itself is known. Thisis why a great deal of research
work has been devoted lately to the elucidation of the structure of nitric acid when
pure and in mixtures with other mineral acids.

The most frequently used nitrating mixture is the one comprising nitric plus
sulphuric acids. The role of the sulphuric acid has been the subject of many in-
vegtigations. These are described in the following section.

The most recent review of the physicochemical properties of nitric acid is that
of Stern, Mullhaupt and Kay published in 1960 [12a].

NITRIC ACID IN ADMIXTURE WITH OTHER MINERAL ACIDS

EARLIER WORKS

Muspratt and A. W. Hofmann [13] were the first to use a mixture of nitric and
sulphuric acids for nitrating nitrobenzene to dinitrobenzene.

Initialy sulphuric acid was considered to act as a “dehydrating agent” in a
nitrating mixture with nitric acid. This view was expressed in the literature for
the first time by Spindler [14]. The first attempt to elucidate the form of nitric acid
in admixture with sulphuric acid was a hypothesis formulated by Markovnikov
[15]. It assumed that the two acids form a mixed anhydride, i.e. nitrosulphuric
aid :

OH

/

SO,

AN

ONO,

Later Sapozhnikov [16] developed a theory, based on density, eectrica con-
ductivity and partia vapour pressure measurements. He assumed a state of equi-
librium between the hydrates of the two acids in their mixtures:

HNO; . nH,O + xH,SO, <—> HNO; . (n-X)H,0O + xH,SO,. H,0O (3)
Since the affinity of water for sulphuric acid is higher than that for nitric acid,
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nitric acid gradually becomes dehydrated with increase in concentration of sul-
phuric acid. Finally, at x =n, nitric acid becomes anhydrous.

HNO, . nH,0 + nH,SO, + HNO; + nH,SO, . H,O @

At high concentrations (mixtures with a low water content) Sapozhnikov found
certain anomalies in the vapour pressure of HNO; and in its electric conductivity.
He ascribed them to the formation of nitric anhydride N,Os. Thus the equation
will be:

2HNO; + H,S0, -> N,0s + H,S0, . H,0 ©)

Later, to confirm his theory, Sapozhnikov gave some data on the O-nitration
of cdlulose with nitric acid (see Val. 1I) and on the nitration of naphthalene (p. 427).

HNOs3

25 mm
A\ HNO;3 « Ha80,

A
HNO3 HzO ‘
A\Ai;
A TAEYAS
\VVV ANV
VA AVA VAVAV.S \v-

H20 - H2804

Fic.. 3. Isobars of partia vapour pressure of nitric acid in nitric acid-
sulphuric acid-water mixtures (Sapozhnikov [16]).

70 mm

Smm

H280;4

The nitration curves for these compounds when nitrated with nitrating mixtures
are similar to the vapour pressure curves of nitric acid in mixtures, presented after
Sapozhnikov in Fig. 3.

Sapozhnikov's view was partly confirmed by Walden [17]. Halban and Eisen-
brand found [18] that the absorption spectrum of pure nitric acid in the ultra-
violet differed completdly from its spectrum when in solution in anhydrous sul-
phuric acid. The authors explained this observation by assuming the existence
of the nitric anhydride or the mixed nitric-sulphuric anhydride. This assumption
seemed to be all the more probable as in some earlier papers the idea had already
been expressed that N,Os might exist in concentrated nitric acid. Thus in 1898
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veley and Manley [12] suggested it on the basis of the existence of an electric con-
ductivity minimum at a nitric acid concentration of 96-97% HNO; and later, in
1903, the same authors found evidence in refraction coefficient measurements, then
Kuster and Minch [19] in 1905, published further evidence based on measurements
of the properties of the anhydrous nitric acid.

In his later studies Hantzsch assumed, according to the Bronsted theory of
acids and bases, that nitric acid acts as a base towards sulphuric acid. According
to Bronsted, an acid is a compound able to give off a proton while a base is a com-
pound able to take up a proton.

The acidic character of a compound At appears in the presence of another compound B,, which
itself behaves like a base:

A, > B, + H

As a free proton cannot exist it must be attached to a base B,. As a result, an acid A, is
formed:

H" + B, > A,
The two reactions sum up to give a new one:
Al + Bz <--> Az + Bl

in which the proton is transferred from an acid A, or A, to a base B, or B;.

One of the components of the system may be a solvent. This is the case, for example, with
a solution of nitric acid in sulphuric acid. The sulphuric acid, with a very small &finity for the
proton, plays the role of an acid and nitric acid behaves like a base.

Usanovich [20] and Lewis [20a] have generalized the Bronsted theory. The latter considered
adds to be compounds which are able to employ a lone pair of electrons from another mole-
cule; bases are compounds having a lone pair of electrons which may be used by another
molecule.

Hantzsch opposed the theory of N,Os existing in the nitrating mixture HNO; +
+ H,SO, Due to the importance of the Hantzsch theory in the development
of our views on the nature of the nitration process, we shall discuss it in detall.
In a number of works Hantzsch [21-23] developed a theory based on Schéfer's
experiments [24] on the absorption spectrum in ultra-violet light. Schéfer’s chief
observation was, that the spectrum of anhydrous nitric acid in a non-agqueous
solvent (hexane, sulphuric acid, etc.) is analogous with the spectra of nitric acid
esters.

On the basis of these data Hantzsch assumed that, generally speaking, acids
have two forms:

(1) true acids with a spectrum similar to that of meta sats

(2) pseudo-acids with a spectrum similar to that of esters.

According to Hantzsch, the structure of atrue nitric acid isNOsH"™ or N(O3) H".
The hydrogen atom is attached by electrostatic force only and that is why it
dissociates readily, while the structure of concentrated nitric acid is that of the
undissociated pseudo-acid NO,.OH or N(O,)OH.

Both forms are in equilibrium. The pseudo-acid form acts as a nitrating and
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esterifying agent. The addition of water shifts the equilibrium towards the for-
mation of the dissociated form of the true acid, which has no nitrating properties:

NO,OH <5  NOsH' (6)

Thus, the addition of sulphuric acid to nitric acid increases the concentration
of the pseudo-acid. The sulphuric acid, being the stronger, gives off a proton to
pseudo-nitric acid and causes the formation of the following mono- and bivalent
ions :

NO,OH + H,SO, -> NO(OH),” + HSO, )
NO,OH + 2H,S0, -> N(OH);”" + 2HSO, (8)

Hantzsch named the ion H,NO,;" nitracidium, and the ion H,NO,** hydro-
nitrucidium. In particular, the egn. (8), according to which the H;NO5*" ion is
formed, appeared to be correct in the light of Hantzsch’'s cryometric studies [21]
published in 1909. He found that the freezing point of sulphuric acid fell very con-
siderably when nitric acid was added, indicating that the value of the van't Hoff
i-factor (in the equation PV = inRT) ranges from 3.4 to 4.0. Among other cryometric
investigations, measurements by Oddo and Scandola [25], Hammett, et al. [26-29],
Robles and Moles [29] should be mentioned. On the whole they are in agreement
with Hantzsch's data.

To obtain further arguments for the confirmation of histheory in 1925 Hantzsch
[21] examined the ultra-violet absorption spectra of nitric acid. On dilution with
water a band appears which may be ascribed to the NO3 ion. The band is not
present in solutions of nitric acid in sulphuric acid, since, as the author says, the
ions H,NO5;" and HNO,”* must appear in such circumstances.

Halban [18] reported, in the paper already referred to, that the difference
between the absorption spectrum of pure nitric acid and that of its mixture with
sulphuric acid is due to the presence of N,Os in the mixture, while Walden [17]
believed instead that it was the nitronium ion, NO,", which will be discussed |ater,
that was present in the mixture.

Hantzsch tried to obtain further evidence for the existence of the above men-
tioned ions, using the electric conductivity method but without success. Finally
he tried to isolate the sulphates of the two hypothetical ions nitracidium and hydro-
nitracidium:

(H:NO3)"(HSO,)” and (H3NOg)*" (HSO,)*

Although he did not succeed in isolating these salts he postulated, for confirmation
of his theory, that the compound with the empirical formula N,05.4S0,.3H,0
isolated by Weber as early as in 1871 is a salt of pyrosulphuric acid :

(HoNOZ)™ (HS,0,)" or (HaNOg)* (S,04)*

An observation by Holmes [30] seemed to confirm Hantzsch's hypothesis; Holmes
demonstrated by therma anaysis the existence of the molecular compound
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(H,S0,)5.HNO; or N,Os. 10 SO5. 11 H,O with a melting point of +23°C. In 1949
Dade [31] demonstrated in the same way the existence of the compound 2N,Os.
11S03.9H,0 (m. p. +18.8°C) and Heertjes and Revallier [31a] the existence of
the compound HNO;.2S0,, which according to Spasokukotskii [59] is nitronium
pyrosulphate NO,".HS,0;".

At last in papers published between 1925 and 1928, Hantzsch referred to the
analogy between above-mentioned compounds and those of nitric and perchloric
acids [21-23]. He reported that he had succeeded in isolating crystalline nitracidium
and hydronitracidium perchlorates :

(H,NO3)"(C10,)" and (H3NO3)*(C10,)*

According to Hantzsch nitracidium and hydronitracidium nitrates are present
in concentrated nitric acid:

(HoNO3)"(NOg) and  (H3NOz)*+(NOg),

The Hantzsch theory was supported by Lauer and Oda [32], who examined
the nitration of anthraguinone and nitrobenzene with mixtures of nitric and sul-
phuric acid, the sulphuric acid containing from 20% water to 5% sulphur trioxide.

They found that the activation energy of the nitration reaction was 21.65 kcal/mole
when the water content of the sulphuric acid was in the range 4.4-13%, while it
was only 13.30 kcal/mole when anhydrous sulphuric acid was present. The reaction
rate was higher in the presence of these concentrations of water than in the non-
aqueous medium. Hence Lauer and Oda came to the following conclusions:

1. In a mixture with 89% sulphuric acid, nitric acid exists in two forms
-true nitric acid and pseudo-nitric acid, according to Hantzsch's theory. Only
the pseudo-acid form acts as a nitrating agent. On dilution with water the con-
centration of pseudo-acid fals.

2. In mixtures with 89-98% sulphuric acid, nitric acid exists principally
as pseudo-nitric acid with a certain quantity of sulphate of nitric acid also present.

3. When 98-100% sulphuric acid is used, the nitric sulphate content
increases.

4. In a non-agueous mixture containing free SO5 it is only the nitric sulphate
which acts as a nitrating agent.

A quite different hypothesis was suggested by Euler [33] in 1903. He assumed
that a solution of nitric acid in sulphuric acid contains the nitronium or nitryl ion,
NO,". Subsequently in 1922 he confirmed this hypothesis,

This view was supported later by Walden [17]. Considering the high electrical
conductivity of nitric acid he believed that HNO3 should be regarded as an am-
photeric electrolyte, an idea expressed by the equilibrium eguation:

HNO; <> H' + NO; <> OH + NO, (9)

On the basis of conductometric studies and taking into account the catalytic
action of nitrogen dioxide in the nitration Klemenc and Schdller [34] suggested
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that a hypothetical “E-acid” is formed in the reaction of nitric acid with nitrogen
dioxide and is the entity responsible for nitration:
2HNO; + NO, <-> H,N;O4 (10)
E-acid
According to those authors the nitration reaction occurs as follows:
2RH + H;N;0g -> 2RNO, + NO, + H,0 (12)

There was no doubt at that stage of the investigation that nitric acid reacts
with sulphuric acid. Yet the research work described had put forward a problem
without giving a clear answer. It was only in recent investigations that, due to more
accurate physico-chemical methods, especialy to the application of Raman spectrum
analysis, inferences about the interaction of the nitrating mixture components
have been confirmed.

MORE RECENT STUDIES
Cryometric investigations

Hantzsch’'s work and his conclusions have lately been revised and criticized.
In his extensive work published in 1941, Titov [35] drew attention to the fact that
none of the existing view about the action of sulphuric acid on nitric acid explained
Hantzsch's observation that the value of the van't Hoff i-factor for nitric acid
dissolved in sulphuric acid may be close to 4.

Titov quotes the following equations, based on different existing views.

HNO; + 2H,S0, + (HO;S)ONO, + H,SO,.H,0 (12)
(equation based on Markovnikov's view)
2HNO; + H,SO, + N,05 + HSO, + H;0" 13)

(equation based on Sapozhnikov’s view) and Hantzsch's egns. (7) and (8) quoted
earlier.

According to Titov, the simplest way of explaining Hantzsch’'s observations
is in the form of an equilibrium equation, in which the nitronium cation* occurs:

HNO; + 2H,S0, <-> NO," + 2HSO, + H,0" (14)

Titov believed that Hantzsch's nitracidium and hydronitracidium ions should
be considered as the hydrated nitronium ions.

H,NO;" + H* -> NO," + H;0" (15)
H.NOSZ -> NO,” + H 0" (16)

This view was confirmed experimentally when in 1950 Ingold [36] and his co-workers
isolated crystalline nitronium salts (p. 19).

* Nitronium ion is sometimes caled nitryl or (more correctly) nitroxyl ion (see p. 13).
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Using more precise methods of cryometric measurements Ingold [37] and co-
workers had already found in 1946 that the value of van't Hoff i-factor for HNO;
in sulphuric acid is 4.4. Ingold explained this by egn. (18).

It should be pointed out that a similar equation for a solution of nitrous acid
in sulphuric acid was suggested by Hantzsch as early as in 1909, and confirmed
in his further publications of 1930-37:

HONO + 2H,SO, <-> NO* 2HSO, + HsO" (17)

(with the nitrosonium cation, NO™).
The value of i can be explained by an eguation assuming the formation of the
nitronium ion, NO,":

HNO; + 2H,SO, -> NO," + 2HSO, + H,0" (18)

Similarly for solutions of N,Os or N,O, in sulphuric acid, Ingold [38-40] and
his co-workers found i = 6, which would correspond to the equations:

N,O; + 3H,S0, -> 2NO," + H;0" + 3HSO, (19)
N,O, + 3H,S0, -> NO,” + HsO" + 3HSO, (20)

These equations have been confirmed by an examination of the nitrating proper-
ties of such mixtures.

Titov [35] also expressed the opinion that nitric acid esters in sulphuric acid
yield nitronium ions, for example in the reaction with ethyl nitrate:

C,HsONO, + 2H,SO, -> NO," + C,HsOH," + 2HSO, (21)

The basic argument of Titov concerning the existence of the nitronium ion
in such solutions seems to be right, especialy in view of the cryometric investigations
of L. P. Kuhn [41], who found that for a solution of ethyl nitrate in sulphuric acid,
i = 6. This would correspond to the equation:

C,HsONO, + 3H,SO, -> NO," + 2HSO, + H30" + C;Hs0.SO;H (22)

The similarity between the ultraviolet absorption spectrum of nitric acid and
that of ethyl nitrate in sulphuric acid confirms this conception.

Gillespie and Graham [42] have carried out a cryometric examination of solutions
of nitric acid in oleum. The results obtained are in agreement with the following
equation, postulating formation of the nitronium ion:

HNO; + 2H,S,0; -> NO," + HS,0; + 2H,SO, (23)

According to Titov's paper of 1941 nitric anhydride dissociates into the nitronium
and nitrate ions:
N,Os -> NO,” + NOj (24)

Cryometric investigations carried out by Gillespie, Hughes and Ingold [42a] con-
firm this equation. The authors examined the system nN,Os + H,O, where n> 1.
According to their studies, anhydrous nitric acid, present in this system, under-
goes a self-dissociation in the following way:
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3HNO; -> NO; + NO,” + HNO3.H,0 (25)

Calculations have shown, that the NO," and NO; ions content in anhydrous
nitric acid at -40°C is 1.2 and 1.7% by weight respectively. The content of water
is 0.5% (in form of the nitric acid hydrate).

Bennett and his co-workers [43] confirmed this interpretation of the cryometric
investigations. To prove definitely the existence of the NO," ion, they attempted
to show that when electrolysed, the ion is transported towards the cathode. They
did not succeed in obtaining full evidence for this, although they found that nitric
acid moves away from the anode. It was only when the electrolysis was carried out
in the presence of oleum and barium salts, that the transport of nitric acid towards
the cathode was confirmed. Studying the cathodic polarization of nitric acid Mint
[44] observed the evolution of nitrogen dioxide at the cathode. This may be an
additional piece of evidence for the transport of an ion containing nitrogen (prob-
ably NO,") towards the cathode.

Brand [45] gave a very simple method for the analysis of nitrating mixtures
confirming the theory of the formation of the nitronium ion in solutions of
nitric acid in oleum. It is well known that free SO; present in a solution may
be titrated with water until fuming disappears. This method gives fairly accurate
results. The volume of water added for the titration of a mixture HNO; + oleum
is smaller than the quantity used for the titration of pure oleum without HNO;.
This would be evidence of the reactions:

HONO, + NO," + OH" (26)
OH + H' -> H,0 (27
The volume of water added in the titration of SO5 is smaller by this amount.
Brand has shown that in a solution of nitric acid in sulphuric acid, the formation
of water and the HSO, ion occurs, which combine with free SO5. The amount of
the SO; bound corresponds to the equation:
HNO; + 2H,S0, -> NO," + 2HSO, + H;O" (18)

However, it is not only sulphuric acid added to nitric acid that increases the
latter’ s nitrating properties, Such substances as boron fluoride (R. J. Thomas et .
[46]) or hydrogen fluoride (Simons et al. [47]) when added to nitric acid have a
similar effect.

These phenomena can be accounted for by assuming formation of the nitronium
ion according to the equations:

BF; + HNO; -> NO," + BF,OH (28)

2HF + HNO;3 -> NO," + H3;0" + 2F (29)

Conductometric studies

Further conductometric studies of nitric acid by Médard [48] and later Dalmon
[49] have shown that on adding water to the anhydrous acid, conductivity fals



NITRATION AND NITRATING AGENTS 17

to a minimum at concentrations of 96-97% HNO;, and then on further dilution
it rises again.

This is explained by the fact that anhydrous nitric acid is dissociated, but in
the presence of small quantities of water is converted into an undissociated hydrate
HNO3.H,0. It is only on further dilution that the hydrate dissociates.

In conductometric measurements of two-component system where HNO; was
one of the components, Usanovich and his co-workers [50-50c] confirmed the
view that nitric acid has an amphoteric character-it can be an acid or a base de-
pending on the other component. Thus, it acts as a base towards sulphuric acid
and as a strong acid towards water. It also acts as an acid towards CH;O0H and
CCI;COOH and combines with these compounds, but behaves as a base with
CH,CICOOH and CHCI,COOH. |

Addition of compounds such as H,SO,, H;PO,, towards which nitric acid acts
as a base, increases the nitrating properties of HNO;. On the contrary, the addition
of compounds such as water or nitrobenzene, towards which nitric acid behaves
as an acid, decreases the nitrating action of HNOs.

Hantzsch’'s argument, that with strong acids like sulphuric or phosphoric, the
ions H,NO," and H,NO,** are formed, led Usanovich to the inference that it was
just these cations that were the nitrating agents for aromatic compounds.
On the other hand, the addition of water results in the formation of NO; ions,
which therefore seem to be the nitrating agents for aliphatic hydrocarbons. Swi-
narski and Dembiriski [51] and Swinarski and Piotrowski [52] have examined
the electrical conductivity of nitric and sulphuric acid mixtures with and without
water. The results of these measurements are shown in the diagram, presenting
the relationship between conductivity and HNO; concentrations.

The principal conclusions drawn by the authors are:

1. The high conductivity of anhydrous H,SO, is probably due to dissociation

2H,S0, <-> HzS0," + HSO, (30)

2. A sharp increase in the conductivity of the mixture, on adding water in
guantities below 9% H,0, indicates the complete ionization of nitric acid. Prob-
ably the dissociation may be expressed by egn. (18) which has aready been
referred to

HNO; + 2H,SO, -> NO," + 2HSO, + H;O" (18)

3. The conductivity diminishes with further increase in concentration of HNO,.
The reason for this may be the formation of less mobile ions, for example
Hantzsch's hydrated nitronium ion:

HNO; + 2H,SO, -> HsNOs2* + 2HSO, 31)

The authors pointed out the similarity of the conductivity curves (Fig. 4) and
viscosity curves (Fig. 14) which they observed. The shapes of both curves may
be explained in the same way, namely by the formation and disappearance of
(HsNO»* and NO," ions.
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FiG. 4. Conductivity of nitrating mixtures a various temperatures
(Swinarski and Piotrowski [52]).

Swinarski and Piotrowski also examined the conductivity of pure nitric and
sulphuric acids as a function of temperature (Fig. 5). The curve for nitric acid
has a maximum at 20°C. At 40°C the conductivity falls.
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FiG. 5; Conductivity of nitric and sulphuric acid at various tempera
tures (Swinarski and Piotrowski [52]).
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Two phenomena seem to be superposed. One is the normal increase of conduc-
tivity with temperature, the other is the equilibrium (32) which is shifted to the
right at higher temperatures:

N02+.H20 + NOg- <-> 2HN03 <> N205 + Hzo (32)

On the basis of their experiments on dectrolysis of 80-100% nitric acid Swi-
narski and Bialozynski [53] came to the conclusion that the nitronium ion exists
mainly in hydrated form NO,".nH,0.

Isolation of salts in which nitric acid is a cation. Hantzsch’'s experiments on
the preparation of nitracid and hydronitracid perchlorates have also been verified.
Ingold and his co-workers [36,34,39] have indeed prepared salts of empirical for-
mula corresponding to (HsNO3)**(C10,),. They also stated that the substance
was a mixture of nitronium perchlorate (NO,)*(CIO,)" and the wel known
perchloric acid hydrate (H;0)" (CIO,)". They separated the two components by
fractional crysalization from nitromethane. But they did not succeed in the
preparation of the compound (H,NO5)*(CIO,).

To Weber's compound (p. 12) the formula of nitronium pyrosulphate is at
present assigned (NO,)*(HS,0)".

Examination of Raman and infra-red absorption spectra (which will be dis-
cussed later) confirmed the nitronium salt structure of all these compounds.

Ingold and his co-workers regarded nitric anhydride as nitronium nitrate
(NO,)"(NO,)™ (see aso egn. 24). They obtained nitronium di- and trisulphates
by treating nitric anhydride with SOs:

(NO,)," (S,07)” and (NO,)," (S:O0),”
Woolf and Emeléus [54] have prepared a number of other crystalline nitronium
sats, for example:

NO," HS,0;

(NO,"),S,0,%

(NO,"),S8;050”
NO,"BF,
NO,"SbF, etc.

Examination of the nitric acid spectrum (alone and in mixture with sulphuric acid)

Ultra-violet absorption spectrum. The first investigations into the ultra-violet
absorption spectra of nitric acid, containing certain quantities of water, were
carried out by Hartley [55]. He observed that the band at about 302 mu charac-
teristic for the nitrate ion disappears gradually with increase in concentration of
nitric acid.

Among other investigations specia attention should be paid to Schafer's in-
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vestigations [24] between 1910 and 1916 referred to above, and aso to the work
of Halban and Eisenbrand [18].

Halban and Eisenbrand investigated the absorption spectrum of nitric acid
a concentrations up to 68% (15.3 N) and noted the decrease in the intensity
of the NO; ion band with increasing concentration. They also observed a max-
imum at 265 mu in the spectrum of solutions of anhydrous acid in anhydrous
ether and attributed this to the presence of the unionized NO,-OH molecule
(Fig. 6). However, Hantzsch did not confirm this part of their work He found
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FiG. 6. Ultra-violet absorption spectra of nitric acid (Halban and
Eisenbrand [18]).

no maximum in the absorption curve of 100% nitric acid, nor in the curve of
a solution of nitric acid in anhydrous ether. He did note, however, that a band
appeared on addition of a trace of water to such an etherea solution.

Further experiments on ultra-violet absorption spectra of nitric acid in organic
solvents have been carried out by a number of authors (Dalmon and Bellin [56],
Kortiim [57]. Eventualy R. N. Jones, Thorn et d. [58] expressed the view that
nitrogen pentoxide is present in nitric acid of 95-96% and higher concentrations.

This was based on the following observations. At concentrations between 80
and 95%, an undissociated NO,OH predominates which would be responsible
for the absorption maximum near 260 mu. This molecule or ion (“260 mpu
chromogen”) is present in maximal concentration at 91 to 92%. At 95 to 96%,
changes occur in the spectrum which can be attributed to the presence of free
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N,Os in the solution. The failure of Hantzsch to find an absorption maximum
in the solution of nitric acid in ether was, according to Jones and his co-workers,
due to the presence of N,Os in his acid. Indeed, these authors reported that solutions
of N,Os in nitric acid do not show a maximum (Fig. 7).
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Fic. 7. Ultraviolet absorption spectra of solutions of N,Os in anhy-
drous nitric acid. (R. N. Jones, Thorn, Lyne and E. G. Taylor [58]).

Jones expressed the view that the identification of “260 mu chromogen” with
undissociated nitric acid molecule (Hantzsch’'s pseudo-acid) is largely a specula
tive hypothesis for which there is insufficient evidence. He suggested that the
260 mp band is produced by the NO," ion or by the undissociated N,Os molecule.
The high intensity of this absorption may obliterate the weak absorption of the
nitrate ion at 302 m.

He summarized his views in the following system of equilibria

o...Ho
= N/ N\ =
N,O5 + H,0 === 0<= N->0 === 2HONO,
AN / 33
N OH:-+-O +2H,0
NOP + NOY 2NO§ + 2H;0%

Spasokukotskii [59] explained the results of these investigations in a similar
way. He believed that the absorption maximum at 265 mp corresponds to the
nitronium ion NO,", which is formed by a process of “self-ionization”:

3HNO; <-> NO," + H,0" + 2NO; (34)
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which takes place together with the ordinary ionization:
HNO; + H,0 <> H;0" + NOj (35)

Increase in concentration involves the formation of N,Os, consequently the
concentration of NO," ions decreases the equilibrium of the reaction

NO; + NO," <> N,Os (24

being shifted to the right (compare the reaction on p. 19).

The maximum absorption band at 5% water corresponds to the shifting of
the equilibrium to the left, when more NO," is formed.

In view of the practical application of solutions of ammonium nitrate in nitric
acid in the Koffler-Bachman process for the manufacture of Cyclonite (Val. 111.)
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Fic. 8. Ultra-violet absorption spectra of nitric acid-ammonium
nitrate solutions (R. N. Jones and Thorn [584]).

the investigations of these solutions by R. N. Jones and Thorn [58a] are important.
They examined solutions containing up to 54 g of ammonium nitrate in 100 g of
solution. The results are recorded in Fig . 8. Small additions of ammonium nitrate
cause a decrease in the intensity of the absorption maximum near 262.5 my. Fur-
ther addition of ammonium nitrate then causes the intensity of absorption to in-
crease, and it falls again at a higher concentration. The considerable bathochromic
shift of the absorption maximum in a mixture containing 54% of NH,NO; is
probably caused partly by the additive effect of the nitrate ion absorption maximum
at 301.5 mu contributed by the ion NO5 of the added salt.

Raman spectrum. Extensive Raman spectrum studies have played a specia
role in the elucidation of the structure of nitric acid. They have thrown a good
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deal of light on the changes which nitric acid undergoes on dilution with water,
sulphuric acid, oleum, etc.

Chedin [6,60,61] gave the following results of the examination of the nitric
acid Raman spectrum at concentration of the acid from 6.3 to 99.8% (Table 1).

TABLE 1

THE RAMAN LINES OF NITRIC ACID AT DIFFERENT CONCENTRATIONS

99.8% 95% 89.% 64% 52.1% 30.2% 24.5% 6.3%

611 cm-1 613 cm~1 620 cm~1!| 642cm—1| 657 cm~1 - — -

674 678 681 693 702 718 cm-1) 717 cm~t —
922 923 932 957 969 990 — —
1048 1048 1052 1053 1053 1053 1053 1053 cm~t
1103 - — 1124 1128 - - -
1295 1300 1306 1308 1315 — — —
1537 1537 - - - — — —
1679 1679 1679 1686 — — — -

According to Chédin, the Raman line at 1050 cm™ can be assigned to the
NO;s ion.

Chédin and Fénéant [62] found the following bands and lines in their further
investigations of high frequency Raman spectra:

~2550 cm™
wesk linesat {~2700
~3150
and astrong lineat 3400

On adding water the intensity of the band 3400 cm™ decreases while that of
the other bands increases. It seems very likely that the bands at ~3400 cm’ bel ong
to nitric acid molecules linked by hydrogen bond (pp. 7-8), while the lines at 2550,
2700 and 3150 cm™ probably belong to nitric acid hydrate molecules.

Médard [48] and in 1935 Chédin [60] stated, that solutions of nitric acid in
sulphuric acid produced a Raman spectrum with two characteristic lines: at 1050
and 1400 cm™. As we have seen the 1050 cm™ line is present in nitric acid of
various concentrations, while the line 1400 cm™ has not been observed.

Further investigations of Chédin [60a-62] and of Susz, Briner and Favarger [63]
have shown that a solution of nitric anhydride (N,Os) in nitric acid produces both
1050 and 1400 cm™ lines. From this the assumption has been advanced that the
two lines indicate the presence of N,Os in mixtures of nitric and sulphuric acids.
Thus it seemed that Sapozhnikov’s theory (p, 10) had been confirmed. However,
further investigations have shown that this interpretation of the results is not
quite right. For Chédin stated that solutions of N,Os in carbon tetrachloride,
chloroform, nitromethane and phosphorus oxychloride produced the 707, 860,
1033, 1240 and 1335 cm™ lines (in addition to the solvent ling), while there were
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no 1050 and 1400 cm™ lines, whereas solid N,Og showed the presence of both
the 1050 and 1400 cm™ lines.

On the grounds of Walden's observations (in his cryometric studies), that nitric
anhydride exists in POCI; solution in a non-associated form, and that according
to Russ and Pokorny [64] it is associated when in solid form, Chédin has come
to a conclusion that the Raman 1050 and 1400 cm™ lines correspond to associated
N,Os, while the 707, 860, 1033, 1240, and 1335 cm™ lines correspond to the non-
associated, monomolecular form of N,Og. Consequently N,Os in nitric acid or in
nitric and sulphuric acids solution would appear to exist in an associated form.

As the presence of the nitronium ion NO," in nitric acid and in its mixtures
with sulphuric acid had again been suggested, the view has been expressed that
the 1400 cm™ line should be assigned to that ion, and the 1050 cm™ line to
the nitrate ion NO3; (Chedin drew attention at an earlier date to that). It was aso
revedled that the hydrosulphate ion (HSO,) present in sulphuric acid and in
mixtures of sulphuric and nitric acids also produces the 1050 cm™ line.

Nitric anhydride produces a spectrum composed of the two lines, since it under-
goes dissociation according to the egn. (24) given on p. 15.

According to the egn. (18) on p. 15, nitric acid aso yields the nitronium
ion with sulphuric acid.

This interpretation of the Raman spectrum was verified in 1946 by Ingold and
his co-workers [36] for mixtures of nitric acid with other concentrated acids. Thus,
for example, mixtures of nitric and perchloric or selenic acids produce a high in-
tensity 1400 cm line, but not a trace of the 1050 cm™ line. Instead of the latter,
lines corresponding to the perchlorate and selenate ions appear.

On the basis of these experiments it has been established that the 1400 and
1500 cm™ lines correspond to completely different molecules. It has also been
established decisively that the 1400 cm™ line appears on the addition of another
strong acid to nitric acid and that most likely it corresponds to the NO," ion, which
is formed in such a solution.

In 1936 Chédin [60a] also examined the Raman spectrum of the solution of
nitric acid in oleum. He observed, of course, the 1400 cm™ line, and also another
one, between 1075 and 1095 cm™. At first the two lines had been assigned to the
N,O5(SO3), complex. Yet the work of Millen and Ingold [36,37] has shown that
KHSO, also produces a line ranging from 1075 to 1095 cm™; the frequency varied
with concentration. At present the line is assigned to the hydropyrosulphate ion
HS,0O; which is probably formed according to the equation:

HSO, + H,S,0; <-> H,S0, + HS,07 (36)

Since in this system the HSO, ion is also present, giving the 1050 cm™* line,
the two frequencies 1095 and 1050 cm™ are superimposed and the resultant
frequency is 1095-1075 cm™, depending on the intensity of the 1050 cm™ frequency.

The Raman spectra of solutions N,Os + nH,O, with n>1, confirm the view
that nitric anhydride dissociates according to the equation presented on p. 19.
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The anhydrous nitric acid which is formed in this system is dissociated into the
same ions (egn. (1) p. 6).

The diagram (Fig. 9) shows the concentration of NO," ions in various nitrating
mixtures determined by measurements of the intensity of Raman lines. The limits
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Fic. 9. Concentration NO," ions in mixtures HNO;-H,S0,-H,O (Gillespie and
Millen [11]).

of the ability to nitrate nitrobenzene by various mixtures amost coincide with
the limit of detectability of NO," by the Raman spectrum analysis.

According to Chédin and Fénéant [62a] the maximum concentration of NO," (ca
45 g-ion/l.) exists in the solution of 20-40% HNO; in sulphuric acid.

Structure of the nitronium (nitryl) ion NO,"

In 1941 Titov [35] considered the structure of the nitronium ion as a number
of resonating structures :

— - @ - - @ — — @
O0=N=0 <——> ]0—N=0 <——> 0=N—0]| <—— |0—N=0/| <~——

@ _— J— — —
<~——> |0=N—0] <——> 0—N=0 @7

Titov postulated that the NO," ion may be regarded as isosteric with carbon
dioxide O=C=0, thus suggesting a linear structure for the ion.
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Indeed, according to Bennett, Brand and Williams [43] the fully symmetrical

structure of NO,"
—X—0

should be accepted on the basis of the Raman spectrum. They aso pointed out
the similarity between CO, and NO,", the only difference being that NO," ion has
one extra unit charge on the centra nucleus as compared with the CO, molecule.
Therefore it is to be expected that the frequency of fundamental vibration of NO,"
should be somewhat higher than for that of CO, (ca. 1320 cm™). These consider-
ations are consistent with the observed value 1400 cm™ for NO,". Moreover the
degree of depolarization (ca. 0.20 according to Chédin) confirms that the line
must arise from a totally symmetrical vibration.

This structure was confirmed in 1948 by Cox, Jeffrey and Truter [65] by X-ray
examination of nitronium perchlorate. The distance N-O was found to be 1.1 A
(Fig. 10). Grison, Eriks and Vries [65a] gave the figure 1.154+0.01 A.

. . 114 .

Fic. 10. Structure and bond distances in NO," cation.

Infra-red absorption spectra. For a long time the experimenta difficulty of
working with nitric acid in the infra-red region due to corrosion of the cells by
nitric acid hindered examination of the infra-red absorption spectrum of nitric
acid. Originaly therefore, only the near infra-red region was studied.

Thus Badger and Bauer [7] examined the spectrum of 100% nitric acid
vapour aone and in dioxane solution in the region near 1 u. Dalmon [8,49], Dalmon
and Freymann [9], and Freymann [66] have studied the spectra of nitric acid and
its solutions in dioxane, carbon tetrachloride and water.

By using glass and polyethylene cells with silver chloride windows Ingold and
his co-workers [40] succeeded in examining the infra-red spectra of nitric and
deuteronitric acid vapour, Fréacques [67] examined the spectra of liquid and
gaseous nitric acid, and Bethell and Sheppard [68] investigated the infra-red
spectra of fuming nitric acid.

Fréjacques failed to detect the NO," bands in the spectra and this cast some
doubt on the existence of the NO," ion in concentrated nitric acid. However, Marcus
and Fresco [69] in their extensive investigation of the infra-red spectra of nitric
acid discovered that the absorptivity of the NO," ion is very low. The NO," bands
can be observed only when a thick Ia¥a (18.4 ) of nitric acid is used. The NO,"
frequencies are: 2360 and 3745 cm™. (The Raman frequency 1400 cm™ cannot
be present in the infra-red spectrum as it is produced by fully symmetrica vibra-
tions of NO,").

The intensity of the band 2360 cm™ is enhanced by the addition of nitronium
fluoroborates, sulphuric acid, phosphorous pentoxide, or small amounts of acetic
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anhydride. It is produced by addition of sodium nitrate, potassum dihydrogen
phosphate, water or larger amounts of acetic anhydride.

Recently Hofman, Stefaniak and T. Urbanski [70] examined the spectra of
nitric acid aone and in solutions in sulphuric acid. The following are the fre-
quencies they obtained for nitric acid of 98.2-99.5% concentration:

1665 cm™ a medium band, assymmetric stretching vibrations of the NO, group
1368 cm’ a very strong band of the nitrate ion (NO5)

1297 cm™ a strong band, symmetric stretching vibrations of the NO, group
948 cm’ a weak band, bending vibrations of NO, group

774 cm”’ a wesk band, deformation by out-of-plane vibrations.

Dilute nitric acid (6%) gives bands at 3400 and 1642 cm™ which should be
assigned to the stretching and deformation vibrations, respectively of the OH
group in water. Two more bands at 1385 and 770 cm™ have the same origin as
in concentrated acid.

Vapour pressure measurements

The exceptionally low vapour pressure of HNO; in admixture with sulphuric
acid is a proof that nitric acid is present, in such a mixture, not in the free state,
but as a compound. Gelfman [69] measured the vapour pressures of mixtures of
HNO; + H,SO, + SO5; and drew some conclusions from the values obtained. He
stated that the vapour pressure minimum corresponds to the weight ratio SO5: HNO;
=2.5. The vapour pressure rises as this ratio increases-at first slowly, then more
rapidly, especially when the ratio SO5;: HNO; = 6.5. Near the minimum, the vapour
consists chiefly of HNO; and near the maximum mainly of SO;. Gelfman suggested
on the basis of Sapozhnikov's work (p. 10) and that of Chédin on the Raman
spectra of nitric and sulphuric acid mixtures, that the vapour pressure minimum
is due to the formation of a stable compound N,Os.4S05, and the less stable com-
pounds N,05.3S05 and N,05.5%2S0;.

This view has been criticized by Spasokukotskii [59] who explains Gelfman’s
observations in the light of Brand's equilibrium equations.

Spasokukotskii points out that undissociated compounds of the N,Os.nSO4
type cannot exist in solution in sulphuric acid since both nitric acid and nitric
anhydride undergo dissociation, yielding the NO," ion. At the weight ratio SO;:HNO;,
= 2.5, the molar ratio is 2 which would be consistent with the equation:

HNO; + 2S0; <-> NO," + HS,0; (38)

Besides, it would just correspond to Gelfman’'s compound N,Og.4SO;. In
the case of smaller amounts of SO; the egquation would be:

2HNO; + 3S0; <-> 2NO," + S,0,° + H,S0, (39)

which again would correspond to another compound suggested by Gelfman, viz.
N,05.3S0.
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Vandoni [72] repeated the experiments of Sapozhnikov on the vapour pressure
of HNO; over mixtures of HNO;-H,SO,-H,O using an improved technique. In
the main, he confirmed the earlier results, but he introduced some corrections to
the figures obtained by Sapozhnikov. Thus he used nitric acid free from nitrogen
oxides which were present in the acid used by Sapozhnikov. Vandoni has shown
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FiG. 11. Vapour pressure and activity H/H, of HNO; in the solution HNO;-
-H,S0,-H,0 containing 21.9% HNO; (Vandoni [72]).

that the absorption of vapours of nitric acid by potassium (the method applied
by Sapozhnikov) is not complete. Instead of HNO; vapour pressure values, Van-
doni utilized the activity of HNOg, i.e. the ratio H/H, between the vapour pres-
sure of HNO; over the surface of the solution (H) and the vapour pressure of pure
HNO; (Ho = 14.1 mm Hg at 0°C).

Vandoni’'s diagrams of the activity of HNO; and H;O, when the content of
HNO; is 21.9 and 50% (i.e. in the most common nitrating mixtures) are given
in Figs. 11 and 12 respectively.
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The triangular diagram of Sapozhnikov was modified by Vandoni, on the
basis of his own experimental data, to the diagram of HNO; activities (Fig. 13).
Thus instead of isobars of HNO; vapour pressures he constructed curves of equa
activities. The advantage of such a diagram is, among other things, that unlike
vapour pressure, activity is independent of temperature.
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Fic. 12. Vapour pressure and activity H/H, of HNO; in the solution
HNO;-H,S0O,-H,O containing 50% HNO; (Vandoni [72]).

Activity as a function was introduced by Lewis in 1908, and a full description was given by
Lewis and Randall [74] in 1923. The activity a of a substance “i” can be defined [75.76] as
a value corresponding to the mole fraction of the substance “i” in the given phase. This value
is in agreement with the thermodynamic potential of the idea mixture and gives the rea value
of this potential.

Lewis and Randdl give an example of caculating the activity of a solute from its vapour
pressure. When a solution is in equilibrium with the vapour of the solute x,, we may measure
the vapour pressure of x, over a range of concentrations, and by knowing the fugacity of the
vapour at each pressure we may obtain the activity of the solute in the solution. When we may
assume that the vapour is a perfect gas, the activity & in the solution may be taken as pro-
portional to p,, the vapour pressure of the solute. Hence. as we pass from the mole fraction N,
to an infinitely dilute solution of mole fraction N*,

as a’zc
P2 P

Now by Henry’'s law, 2 approaches a constant value, at infinite dilution which may be
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FiGg. 13. Activity H/H, of HNOj3, in solutions HNO;-H,SO,-H,O at 0°C
(Vandoni [72]).

Thermochemical measurements

On the basis of measurements of the heat generated on mixing nitric and sul-
phuric acid Gelfman [71] drew the conclusion that the two acids do not yield any

stable molecular compounds.
On the basis of similar measurements of the heat of solution of SO5 in nitric
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acid it was found that the compounds of HNO; and SO4 are more stable. According
to Gelfman the compound HNO4.2S0O; can be obtained in a crystaline form,
Moreover, Gelfman believed that the compounds HNO3.18S0O5 and 3HNO;.S0,
do in fact exist.

Density measurements

Klimova, Zaslavskii and their co-workers [77,77a] have measured the den-
sities of anhydrous nitric and sulphuric acid mixtures. They obtained characteristic
slopes in the density curve of the mixtures at molar ratios HNO4:H,SO, = 1.2
and 1. 1. Hence they inferred that in the solution containing 24 by wt.% of HNO;,
the cation HsNO,>* is present; with a decrease in H,SO, concentration this is con-
verted into the H,NO5" cation (39 by wt.% HNO5).

Moreover, interpretation of the density curves of the acids and water mixtures
led them to the conclusion that on gradually adding water, hydrolysis of Hantzsch's
ions occurs:

HsNO>" + H,O <-> H,NO;" + H,0" (40)

H,NO;* + H,0 <-> HNO; + Hz0" (41)

Since according to Hantzsch the H,NO;" ion is the principal nitrating agent,
these reactions could account for the fact that organic compounds are best ni-
trated with a nitric and sulphuric acid mixture with a water content of 10%.

Viscosity measurements

Measurements of the viscosities of nitric acid-sulphuric acid-water mixtures
have been the subject of research work by several authors. Zadavskii, Klimova
and Guskova [78] have observed a maximum, corresponding to the combination
of ions:

(HNOy)*™  (HSO,),

With increase in water content the maximum in the curve shifts towards lower
concentrations of HNO; and disappears when the dilution has attained a degree
corresponding to 1 mole of water for 1 mole of the above compound.

Recently Swinarski and Dembinski [51] and Swinarski and Piotrowski [52],
have examined the viscosities of the three component solutions HNO5-H,SO,-H,0.
The diagram in Fig. 14 shows the results of these investigations, in terms of changes
in viscosity with increase in HNO; content. The authors pointed out a similarity
between the viscosity curve they obtained and the electric conductivity curve
(see Fig. 4, p. 18).

The curve shows a distinct maximum at 20 mole % HNO;. The authors ex-
plained this by postulating the formation of a hydrated NO," ion:

HNO; + 2H,SO, + H3sNO%" + 2HSO, (31)

An increase in concentration of HNO; causes a decrease in viscosity, presumably
because of dissociation:
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HsNOz2" -> NO," + HZ;0" (16)

Kreici, Novotny and Ruzicka [79] have also recently examined the viscosities
of mixtures of nitric and sulphuric acids with water from the point of view of their
practical importance.

In 1961 Hackd, T. Urbanski, Kutkiewicz and Sterninski [80] have examined
the viscosities of these mixtures and presented the results as the curves of a tri-
angular diagram (Fig. 15). It can be seen that a maximum viscosity exists for the
solution containing 20-25 mole % of sulphuric acid, i.e. for the compound
(HNO3)3.H,S0,.

APPLICATION OF KINETIC STUDIES TO ELUCIDATE THE
STRUCTURE OF NITRATING MIXTURES

The first attempts to study nitration kinetics were made by L. Meyer and co-
workers [81,82]. It was in their publication that for the first time a statement
appeared that the nitration reaction is irreversible and that its rate decreases with
time.

Martinsen [83] observed aready in 1905 that the rate of nitration of nitrobenzene
with a mixture of nitric and sulphuric acids depends on the concentration of
sulphuric acid, viz. it increases with the concentration up to 88.7% H,SO,,
after which further increase in sulphuric acid concentration results in a de
creasing rate of nitration.

In 1924, Klemenc and Schdller [34] stated that m- xylene-2,6-disulphonic acid
is nitrated with nitric anhydride in sulphuric acid twice as rapidly as when it is
nitrated with nitric acid in sulphuric acid, the molar concentration being the same.
Thiswas illustrated in the following scheme, where the nitrating agent was denoted
by X:

N0

!

RH + X = RNO, + H,0 (42)

!

HNO;

It is clear, that the scheme corresponds to the egn. (5). It follows that the
concentration of NO," ions from N,Os is twice as high as that of NO," ions
from HNO; (see egn. 19).

J. A. Hetherington and Masson [84], basing their views on the studies of benzene
nitration kinetics, stated that the reaction of nitrobenzene nitrated with a mixture
of HNO;, H,SO, and H,O would stop before dl the nitric acid was used if
the amount of sulphuric acid in the mixture was insufficient to form the H,SO,.H,O
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hydrate with water, originaly present in the mixture and formed in the reaction.
Hence they proposed the following equilibrium equation for the nitrating mixture:

HzSO4, + H30+ + N03> <-> H30+ + HSO4> + HN03 (43)

The more the equilibrium is shifted to the right the higher the reaction rate.

According to Hetherington and Masson undissociated nitric acid is a nitrating
agent and in its interaction with nitrobenzene a complex with the CgHNO,H"
cation is formed, which subsequently reacts with HNO; to yield dinitrobenzene.

In his experiments on the nitration of naphthalenesulphonic acid Lantz [85]
found that the rate of nitration with a nitric acid and sulphuric acid mixture was
highest when the concentration of sulphuric acid used was about 90% H,SO,

From these experiments, and on the basis of the Bronsted acids and bases
theory, as well as Hantzsch' s theory, Lantz has concluded that in a nitrating mixture
the hydrated sulphuric acid H,SO,.H,O acts as a base towards anhydrous sulphuric
acid. Thus an equilibrium acid-base system is established:

HzSO4 + nstO4*Hzo <-> HSO4> + HzSO4.H30+ (44)
The HSO, ions formed participate in the reaction
2H,S0, + HNO; <-> 2HSO4- + H3NO, (31)

shifting the equilibrium of reaction (31) to the left, which results in a decrease in
concentration of HsNO,?" cations and in an increase in concentration of HNO;.
These substances-the cation and the undissociated acid-both have nitrating
properties.
In the case of higher concentrations of water, the following reaction might
take place :
HNO; + H,0 <> NO; + H;0" (35)

Then the nitrating action of nitric acid would stop.

Lantz also draws attention to the fact that the equilibrium of reactions (44)
and (31) are greatly affected by the nature of the substance, being nitrated. The
rate of the nitration reaction also depends on the structure of the nitrated substance.
The more basic groups it contains the more distinct the acidic character of the
nitrating agent and the more vigorous the nitration reaction.

Westheimer and Kharasch [86] also chose reaction kinetics as a method of
studying the actual composition of nitrating mixtures. They found, that the rate
of a nitration reaction depends chiefly on the acidity of the medium and not on
its dehydrating properties. Therefore, the reaction rate is highest when 90%
sulphuric acid is used as a solvent for nitric acid, while the reaction remains unaf-
fected when a substance of strong dehydrating properties such as phosphoric
anhydride is added to the mixture.

When 90% sulphuric acid is used as a solvent, increase in concentration
of HNO; in a nitrating mixture results in reducing the rate of nitration, since the
acidity of the mixture is reduced. In the case of more concentrated sulphuric acid
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temperatures, according to the data given by severa authors. The shapes of the
curves are the same for al measurements.

Bennett's explanation of the existence of a maximum in the nitration rate at
the sulphuric acid concentration mentioned above is as follows. Since in nitration
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Fic. 16. Variation of the rate of the nitration constant against the concentrations
of sulphuric acid in the nitrating mixture: | - Nitration of nitrobenzene at 25°C
(Westheimer and Kharasch [89]). Il - Nitration of nitrobenzene at 25°C (Martinsen
[83]); Il - Nitration of dinitromesitylene at 25°C (Westheimer and Kharasch [86]);
IV - Nitration of nitrobenzene at 0°C (Martinsen [83]); V - Nitration of anthra-
quinone at 25°C (Latter and Oda [32]); VI - Nitration of dinitrotoluene at 90°C
(Bennett [S]). He is Hammett acidity function defined by the equation

Hy= —log (L‘HB) . Reproduced from Gillespie and Millen [11].
BH*

with the nitronium ion a proton is split off from the nitrated substance (reaction 22,
p. 60) the presence of proton acceptors in the nitrating mixture should favour the ni-
tration reaction. Such arole is played for example by HSO, ions, sulphuric acid,
which is able to form the H;SO," cation with the proton, and HSO, ions, that exist
in mixtures containing oleum.

Thus, the nitration rate would depend on two factors: on attaching the nitronium
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ion and on removing, i. e. binding, the proton. An increase in water concentration
in a nitrating mixture gives rise to an increase in the HSO, ion concentration and
thus enhances the process of removing the proton from the nitrated compound.
Yet, a the same time, it reduces the nitronium ion concentration. Changes in the
nitration rate with the water content of a nitrating mixture would be the resultant
of the sum total of the two effects.

However, investigations on the nitration of deuterobenzene raised doubts about
the influence of the velocity of splitting off the proton on the nitration reaction rate.

By using deuteronitric acid Ingold, Raisin and Wilson [38] established that
no substitution of hydrogen atoms by deuterium atoms occurred (in this respect
the action of deuteronitric acid differs from that of deuterosulphuric acid, leading
to the formation of deuterated benzenes up to the fully substituted hexadeutero-
benzene).

From these results and later experiments (Ingold and co-workers [36,37, 39])
on the influence of solvents on the nitration rate Ingold came to the conclusion
that splitting off the proton in the nitration of aromatics does not effect the reaction
kinetics. This conclusion differed from that of Bennett and his co-workers [87].

Recently Melander [88] attempted to clarify the influence of the proton loss
on the nitration reaction rate by investigating this process using a number of aro-
matic compounds. benzene, toluene, bromobenzene and naphthalene, in which
one hydrogen atom had been replaced by tritium.

It iswell known that there is no generd rule applicable to the difference in the
rates of the reactions involving compounds having hydrogen or its heavier isotopes
’H (deuterium) and ®H (tritium) in their molecules. In some cases the heavier
isotopes react more slowly, in others more quickly.

Melander points out that unless hydrogen is firmly attached by a covalent bond
and can change its position (as in tautomerism), heavy isotopes react more sowly.
The influence of heavy water on the rate of neutrdization of a pseudo-acid such
as nitroethane, as observed by Wynne-Jones [89], may be cited as an example.
According to him the rate of the reaction involving deuterium loss was about
ten times lower than when the proton was lost.

Melander in his experiments on sulphonation of the monotritero aromatics,
triterobenzene and 4-triterobromobenzene, found the replacement of tritium by
the sulpho group proceeded much more slowly than the replacement of protium
(Hydrogen H).

However, on nitrating the following aromatic compounds, having one atom
of hydrogen H replaced by tritium: triterobenzene, 2-triterotoluene, 4-tritero-
toluene, 2-triterobromobenzene and a- triteronaphthalene, Melander found that the
rate of nitration of these compounds did not differ from the rate of nitration of
hydrocarbons which did not contain heavier hydrogen isotopes.

Melander nitrated naphthalene to a- dinitronaphthalene and other compounds
to dinitro derivatives. When nitrating ordinary aromatic compounds (not contain-
ing heavier hydrogen isotopes) with a nitrating mixture containing water plus a
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quantity of tritium oxide, he also investigated whether the hydrogen-tritium ex-
change was taking place and found that in these conditions the exchange either
did not occur at al or was very insignificant. These observations confirmed those
of Ingold on benzene nitration with deuteronitric acid.

According to Melander, the experimental facts show that the nitration reac-
tion is a two-stage mechanism. In the first stage the intermediate compound

iﬂoz

would be formed and it is only in the second stage that the proton was split off.

Similar tests on nitration of monodeuterobenzene were carried out by W. M.
Lauer and Noland [90]. They found that the deuterium content in the nitration
products (nitro- and dinitrobenzene) was proportiona to its content in the initial
compound, thus confirming Melander’s observations on tritium.

Bonner, Bowyer and G. Williams [91] stated that the rate of nitration of nitro-
benzene with nitric acid in 97.4 and 86.7% sulphuric acid was much the same as
the rate of nitration of pentadeuteronitrobenzene with the same mixture. Thus,
the results obtained by W. M. Lauer and Noland and by Banner and his co-workers
supported Melander’s earlier observation, that the rupture of the C-H bond
was not a determining factor for the rate of nitration of aromatic compounds.

All these investigations confirm that the nitration process is a two-stage sub-
stitution reaction, where the first slope consists in attaching the nitronium ion,
according to egns. (22) and (23), p. 60, or according to Melander (as above).

Bunton, Halevi and Llewellyn [92] studied the oxygen atom exchange between
nitric acid and water, using heavy oxygen 180 as the labelled element. They found
that the higher the exchange rate, the higher the concentration of nitric acid. At
low HNO; concentrations the reaction proceeded in the presence of nitrous acid.
At high HNO; concentrations the presence of nitrous acid was not indispensable
for the exchange.

When comparing the rate of this reaction with the rate of nitration of aromatic
compounds with nitric acid of various concentrations, Bunton and Halevi [93]
came to the conclusion that the oxygen exchange between nitric acid and water
proceeded faster than the nitration reaction. It was only for high concentrations
of HNO; and for readily nitrated compounds that the values of the rates of both
the reactions were of the same order.

Bunton and Halevi have examined the following reactions (O* denotes heavy
oxygen) :

HNO, + HNO; <-> H,NO," + NOs @

H,NO;" <-> NO," + H,0 ®)

nitration : NO,” + RH <-> RNO, + H”" (©)
oxygen exchange: NO," + H,0* <-> H,NOz** @

H,NOs*" <-> H" + HNOs* ©
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and have inferred that both nitration and oxygen exchange involve formation (b)
and destruction (c, d) of the nitronium ion. Reactions (¢) and (d) are competitive
with preference for reaction (d). The nitracidium ion is formed in reaction (d).

In 1948, Titov [35] aso studied the problem of the existence of a maximum
in the nitration rate at certain concentration of sulphuric acid. He assumed, like
Hetherington and Masson, (see p. 33), that cations might be formed in nitration
by the attachment of protons to nitro compounds, for example:

CeHsNO, + H* -> CgHsNO,H"

The C¢H;NO,H" cation undergoes a substitution reaction with much more
difficulty than the nitro compound C¢HsNO, itsdlf, since the addition of a proton
gives rise to a sharp drop of prototropic behaviour of the compound.

The rate of nitration of nitrobenzene to dinitrobenzene may be expressed,
according to Titov, by the equation:

d[CeH4(NO2),]
dt

It is only the first factor in the right side of the equation which affects the nitration
rate, since the second factor is very small because of the low rate of nitration of
the CqHsNO,H" ion.

An increase in sulphuric acid concentration results in increase in the concen-
tration of the CgHsNO,H" cation, hence in a decrease in the CsHsNO, concen-
tration which in turn brings about a decrease in the nitration rate. On the other
hand the concentration of the NO," ion increases with increase in sulphuric acid
concentration.

Titov believes, as in Bennett's interpretation, that summing up the two effects
results in a maximum in the reaction rate at a certain concentration of H,SO,.

Ingold, Hughes and Reed [39] studied the kinetics of nitration of aromatic
compounds with nitric acid only and found that it was a first order reaction. Its
rate, Vy, may be expressed by an approximate equation:

= kn [NO,'T [CeHsNO,'] k¢ [NO,"T [CeHsNO,H']

Vi = ki[ArH]
a [HNOg] = const.

Ingold and his co-workers [36,37,39] inferred from the results of their studies
that the nitration rate, Vg, in the presence of sulphuric acid might be expressed
roughly by the equation:

Vg = ky[ArH][HNO;]

In the nitration of numerous compounds, and particularly those containing
many nitro groups, e.g. nitration of dinitro- to trinitro compounds, or nitro de-
rivatives of naphthalene, which are sparingly soluble in a nitrating mixture, nitra-
tion takes place in a two-phase system: acid-organic compound, the acid phase
being a saturated solution of the organic compound. If the compound is liquid
a nitration temperature, then the organic liquid phase is a saturated solution of
acid in the nitrated substance. In this case the reaction rate depends among other
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things on the concentration of the organic compound in the acid, on the concentra-
tion of the acid in the organic compound, on the interfacial area and on the dif-
fusion rate at the phase boundary. If a nitrated compound is solid at reaction
temperature, the nitration rate depends in the first place on the concentration of
the compound in acid, on the interfacial area and on the rate of diffusion of the
acid into the solid phase. Of course, the interfacial area depends above al on the
mixing of the two phases. Moreover, attention must be paid to the statement, first
expressed by Hetherington and Masson [84], that the nitration reaction proceeds
solely in the acid phase, especialy when solid substances are nitrated.

In the light of the present state of knowledge on the problem it is more exact
to say that the nitration reaction proceeds principaly in the acid phase.

Consequently, mixing during nitration strongly affects the nitration result:
vigorous stirring increases the nitration rate. This will be dealt with on pp. 266
and 314.

The favourable effect of strong dispersion on the nitration process can aso
be observed in nitration of easily emulsifiable substances. For example, Kobe
and Doumani [94] found that commercial p- cymene can be nitrated more readily,
than pure cymene, and this can be explained by the fact that the former of the
two compounds is more readily emulsified.

The extension of the interfacia area by emulsification explains Miyagawa's
[95] observation that the nitration rate can be considerably increased by the action
of ultrasonics on a reacting system. For example, nitration of m- xylene to trinitro-
m- xylene, which generally takes 2 hr, takes only 30 min when ultrasonics are used.
There is no evidence as yet whether and how ultrasonic waves effect group orienta-
tions.

Attempts have been made by Bennett and his co-workers [43,87] to andyse
in more detail the kinetics of a two-phase reaction system. However, so far it has
proved impossible in the absence of more detailed data on the concentrations in
the two phases. Bennett only found that in the nitration of dinitrotoluene to
trinitrotoluene the H,O:H,SO, ratio in the organic phase is much higher than
that in the acid phase. The proportion of acid in the organic phase is only 5-10%
(in relation to this phase).

It has aso been found that for any nitric acid concentration, the nitration rate
is nearly proportional to the molar excess of sulphuric acid as related to the water
content of the nitrating mixture. The nitrating acid excess is a factor of specia
importance in esterification of alcohols (*O-nitration”),

O-nitration of cellulose with mixtures of acids is a widely applied type of
esterification reaction in a heterogeneous system. One of the factors influencing
the reaction rate here is the rate of diffusion of the acid into the fibre.

The process of starch O-nitration by the Hackel and Urbanski’s method
(see Val. Il, Fig. 164) shows how homogeneity of the system affects the O-nitration
grade.

Recently Pausacker and Scroggie [96] have suggested that the nitration re-
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action may be reversible. Their assumption has been based on the observation
that the heating of 2,3-dinitroacetanilide with sulphuric acid yields mainly 2,5-di
nitroaniline (46% vyield), 3,4-dinitroaniline (23% yield) and a small quantity of
2,3-dinitroaniline (5%).

However, more recent studies by these workers [97] show that the mechanism of
these reactions consists in the reverse of the Bamberger rearrangement. It is known that
the Bamberger rearrangement in aromatic nitramines consists in the nitro group wan-
dering from nitrogen to carbon. The compounds studied by the authors would
undergo reverse rearrangement, followed by the Bamberger rearrangement:

NHCOCH;
N0 /'\
[ Lo
NHCOCH;, NCOCHj L NO2x— \/J—Noz
| | /
Lo NHCOCH;

o
~No, L J—No,
N NN P\
o
N
NO,

It has been found by the same authors that heating 2,3-dinitrophenol with
sulphuric acid leads to partial isomerization to 2,5-dinitrophenal.

Other dinitro compounds, viz. those substituted in the 2,5- and 3,4-positions,
do not undergo such rearrangement. This fact is evidence that only that group
can migrate which meets with steric hindrance (i.e. the nitro group in the ortho
position to the adjacent group or groups).

No evidence of reversibility of aromatic C-nitration has so far been found.

Thus T. Urbanski and Ostrowski [98] have kept solutions of various nitro
derivatives of toluene in cont. sulphuric acid at 90-95°C for ca. 60 hr. o- Nitro-
toluene (1), m- nitrotoluene (I1), p- nitrotoluene (111), 2,4,6-trinitrotoluene (1V)
and 2,4,5-trinitrotoluene (V) were examined. No appreciable change was found
of the boiling points of (1) and (Il), and of the melting points of (I11)-(V). Only
in the case of m- nitrotoluene and 2,4,5-trinitrotoluene the solution gave a very
dlight blue colour with diphenylamine. This might have been produced by trace
splitting of the mobile m- nitro group and could not be considered as any evidence
of an equilibrium in the systems examined.

Nitric acid and sulphur dioxide

Varma and Kulkarni [99] studied the nitrating action of nitric acid saturated
with SO,. This solution acts much more vigorously than the usual nitrating mixture
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of nitric and sulphuric acids. Thus, phenol undergoes violent reaction and carboni-
zation with HNO3+SO,. According to these workers aniline, methyl- and dimethyl-
aniline aso react with the mixture with an almost explosive violence to yield carbon-
ized products. Because of the vigour of the reaction there are hardly any prospects
of the practical use of the mixture. On the contrary, it seems that in many cases
(nitration of phenols and aromatic amines) the presence of SO, in nitrating mix-
tures may be undesirable and even dangerous.

Nitric acid and fluorine compounds

It has been shown that the addition of sulphuric acid to nitric acid is not the
sole method of producing an intensification of the nitrating properties of nitric
acid. The addition of such substances as boron fluoride (R. T. Thomas et al. [46])
or hydrofluoride (Simons at al. [47]) to nitric acid produces a similar effect.

These phenomena can aso be explained by the formation of the nitronium ion,
according to egns. (28) and (29) (p. 16).

Nitric acid and perchloric acid

Nitration can aso be carried out by solutions of nitric acid with perchloric
acid [99a)].

Bonner and Frizel [99b] describe O-nitration of isoamyl alcohol with a solu-
tion composed of fuming nitric acid (or N,O,) and perchloric acid of 55-62%
HCIO,.

Nitric acid and acetic acid or anhydride

Acetic anhydride creates dehydrating conditions, therefore a mixture of nitric
acid with acetic anhydride has strong nitrating properties. Moreover in esterifi-
cation with nitric acid, the acetic acid present in the mixture or formed in the reaction
does not hydrolyse the nitric acid ester formed.

Nitric and acetic acids. According to A. Pictet and Genequand [100], acetic
acid combines with nitric acid (d = 1.52) to give a kind of mixed orthonitric
and acetic anhydride, the so-called diacetylorthonitric acid (b. p. 127.7°C):

CH,C00 OH
N/

HNO; + 2CH;COOH —> N®on® (47)

N

CH;C00 OH

The same compound is formed when acetic anhydride and nitric acid (d = 1.4)
are mixed.

However, no research work on the structure of the compound has been carried
out yet. In particular there is no evidence to decide whether diacetylorthonitric
acid is a true chemica compound or only an azeotrope.
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Only recently Miskidzhian and Trifonov and their co-workers [101] examined
the physico-chemica properties of solutions of nitric acid in acetic acid, such as
the freezing point, viscosity, density, refraction, surface tension, electrical conduc-
tivity and heat of mixing. These authors came to the conclusion that nitric and
acetic acids combine, yielding an addition compound HNO;.CH;COOH. The
existence of Pictet’s compound has not been verified.

Confirmation of these conclusions was provided in 1954 by Titov [35] who
has studied the corrosion of steel in solutions of nitric acid in acetic acid. He found
that the solution having the composition HNO5;.CH;COOH was the least corrosive.

Shatenshtein [102] drew attention to the fact that nitric acid in anhydrous
acetic acid was much less dissociated than when in water, and that this could be
explained by the protolytic properties of the solution components and by the low
dielectric constant of acetic acid.

Recently Mint and Kecki [103] examined the Raman spectra of solutions of
nitric acid in anhydrous and hydrated acetic acid. They have shown that at a con-
centration of 2 moles HNO; per litre of CH3;COOH, i.e. for the solution containing
12.6% HNO; in acetic acid, the 1304 cm™ line, probably corresponding to the
nitronium ion, NO,", can be seen. The intensity of the line increases with concen-
tration of nitric acid. Thus we can say that the acetic acid facilitates the formation
of the nitronium ion.

The objective of Usanovich’'s work, mentioned above [50] was to elucidate
the structure of mixtures of nitric acid with acetic or chloroacetic acid by means
of conductometric measurements.

When studying the kinetics of the nitration reaction of phenol with nitric acid
in the presence of acetic acid Briner and Bolle [104] found that the rate of nitration
with this solution was higher than that with nitric acid of the same concentration.

A comparative study has also been made of the Raman spectra of the systems:

HNO,-H,S0,-H,0
HNO,-HCIO,-H,0
HNO;-CH;COOH-H,0

by Mint, Kecki and Osiecki [105]. This led them to a conclusion that an increase
of the acidity of the medium not only caused the dissociation of nitric acid to
diminish, but also the Raman quantum efficiency of the 1300 cm™ line to rise. This
line corresponds to vibrations of the undissociated HNO3; molecule. This in turn
would indicate that the level of polarity of the bonds between the nitrogen and
oxygen atoms of the NO, group was decreased as a result of the influence the
medium exerts on the HONO, molecule. This would lead to an increase in the
polarity of the bond between the NO, and OH groups and hence a weakening of
this bond.

The authors express the view that the undissociated HNO; molecule is the
nitrating agent in the solution HNO; - CH;COOH-H,0. The reactivity of the mole-
cule is increased as a result of the polarized and weakened HO-NO, bond.
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In 1950 Ingold, Hughes and Reed [39], when studying the kinetics of nitration
with nitric acid in the presence of acetic acid, found the reaction to be of zero
order in the case of aromatic compounds which are readily nitrated (benzene and
its homologues), and its rate V, could be expressed by the approximate equation:

V4= Ky a [HNO;] = const.

While in case of compounds more difficult to nitrate (di- and tri-chlorobenzenes.
the reaction is of the first order and its rate V', may be expressed by the equation :

V', =k, [ArH] a [HNO;] = const.

According to the authors, the nitronium ion is the main nitrating agent in the
presence of acetic acid.

Nitric acid and acetic anhydride. In their further work in 1907 Pictet and
Khotinsky [106] found that acetic anhydride formed acetyl nitrate with N,Os:

CH3CO\
O -+ N,05 —> 2CH;COONO, (48)

/

CH,CO

Cohen and Wibaut [107] found when studying the kinetics of interaction of
nitric acid and acetic anhydride, that after mixing the two substances, free nitric
acid was present in the mixture during the first 75-100 min, then the HNO; con-
centration decreased in consequence of the reaction:

HNO; + (CH;CO),0 <-> CH;CONO; + CH;COOH (49)

The reaction did not stop at this stage but proceeded further since the nitrating
action of acetyl nitrate on acetic anhydride yielded acetic nitroanhydride and
consequently the concentration of acetyl nitrate decreased.

According to Cohen and Wibaut, it was nitric acid which was the nitrating
agent at the beginning and later acetyl nitrate took its place.

Konovalov [108] observed an important fact as long ago as 1895. He reported
that aromatic hydrocarbons with side chains were nitrated with this mixture chief-
ly in the side chain. Shorygin and Sokolova [109] confirmed this observation in 1930.

The kinetics of nitration of aromatic hydrocarbons with nitric acid in the
presence of acetic anhydride was first studied by Tronov, Kamay and Kovalenko
[110]. Their studies will be discussed later.

Menke [2] inferred from the results of his studies on nitration of aromatic
hydrocarbons with mixtures of nitric acid and acetic anhydride that the latter
acted not only as a dehydrating substance but also as a catayst.

Recently Paul [111] examined kinetics of the nitration of benzene using solutions
of nitric acid in acetic anhydride and acetic acid at 25°C. In anumber of his experi-
ments he also added sulphuric acid in a small quantity (ca. 0.01 M).

The results favour nitronium ion attack on benzene as the rate-determining step:

HNO; + H' <-> H,NO;" @
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H,NO;" + (CH3C0),0 <-> NO," + 2CH,COOH (b)
H@

NOY + CgHg == CgHs  (slow) ©
NO,

Such a mechanism accounts for the first-order dependence of the rate on re-
action the nitric acid concentration in presence of sulphuric acid.

A higher-order dependence on nitric acid concentration in the absence of added
strong acid (H,S0,) was aso observed. This, according to Paul, is a consequence
of the dual role assumed by nitric acid itself providing the proton acquired in step
(a). The nitric acid-acetic anhydride reaction is not a simple one, and requires
more study.

Nitration with mixtures of metal nitrates and acetic anhydride (or acid) was
studied by Menke, and later by Spiegel and Haymann [112] and Bacharach [113].
It has been shown that only the nitrates which readily hydrolyse, such as ferric,
nickel, cobalt, auminium nitrates, have nitrating properties.

Solutions of nitric acid in organic solvents

Nitric acid in organic solvents does not produce the 1050 and 1400 cm™ lines.
On examination of absorption spectra in the infra-red, the conclusion has been
drawn that nitric acid in chloroform or carbon tetrachloride solutions is less as-
sociated than when in a sulphuric acid solution (Dalmon [8,9,49]).

It follows from these investigations by Damon, that in an ether solution the
nitric acid molecule probably combines with the ether molecule by means of a
hydrogen bond:

(}ZHS\
NO-++-H—O0—NO,

CHs

Cdorimetric measurements by Hantzsch and Karve [22] have shown that
the heat of dilution of nitric acid with ethyl ether is higher than that with water.
Hantzsch therefore suggested that nitric acid forms a compound with ether (prob-
ably through the hydrogen bond) as above. Dioxane aso forms a similar com-
pound with nitric acid.

Measurements of the vapour pressures of solutions of nitric acid in ether carried
out by Damon and his co-workers confirmed the existence of the compound.
It was shown that the vapour pressure of ether, which at 0°C was 185 mm Hg,
decreased on addition of nitric acid and attained 1 mm Hg when equimolar pro-
portions of the two components were present in the solution.

Ingold, Hughes and Reed [39] have studied the kinetics of nitration with nitric
acid in the presence of nitromethane and found the reaction to be of zero order
in the case of readily nitrated aromatic compound, and of first order with compounds
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more difficult to nitrate as in the presence of acetic acid. Here aso it was pro-
bably the nitronium ion that was responsible for nitration.

Nitric acid salts in mixtures with other acids

In the days when anhydrous nitric acid was not easily available, nitric acid
salts (NaNO3;, KNO3) mixed with sulphuric acid were widely used for nitration.
Such mixtures acted similarly to the mixture of nitric and sulphuric acids. Later,
as synthetic nitric acid became one of the most readily available chemical products,
and the production of nitric acid salts from nitric acid had started, nitrating mixtures
with sodium or potassium nitrates were abandoned. This is the principal explana-
tion for the scarcity of investigations on the structure and action of such mixtures.
It is believed that in such mixtures the nitronium ions are present, according to the
equation :

NaNO; + 2H,S0, -> NO," + 2HSO, + Na' + H,0 (50)

Ingold and his co-workers proved in 1950 [39] that on introducing the NO5
anion into nitric acid in the presence of acetic acid or nitromethane the reaction
rate decreased, since the formation of the NO," ion was hindered by the NO; ion:

2HNO; <-> H,NO;" + NO; (fast reaction) (51)
H,NO;" <-> NO," + H,0O (slow reaction) (52)

The nitration reaction rate depends on the kind nature of the cation. Mixtures
of nitric and sulphuric acids nitrate the most slowly, and lithium nitrate acts the
most rapidly. With regard to activity cations may be ranged in the following way:

H<NH,;<K<Na<Ag<Li

This order also corresponds to the ease of conversion of bisulphates into pyro-
sulphates, which for the order presented is the highest for lithium salts (Klemenc
and Scholler [34], K. Lauer and Oda [32], Lantz [83]).

Ceorgievskii [114] found that the yield of a nitration reaction also depends
on the nature of the cation. For example, when benzene was nitrated to nitroben-
zene, the best results were obtained with copper nitrate and sulphuric acid.

Fredenhagen [121] developed a method sometimes referred to as “Freden-
hagen nitration” [122]. The nitrating agent consists of a nitrate, e.g. potassium
nitrate in anhydrous or highly concentrated hydrogen fluoride.

Metal nitrates in the presence of Friedel-Crafts catalysts

Apart from the investigations on nitration with the nitrates of some metals
in the presence of sulphuric or nitric acid Topchiyev [115] has carried out extensive
studies on nitration with metal nitrates in the presence of AICl3, FeCl;, SiCl,, and
BF;. He showed that al the nitrates had nitrating properties, and he ordered the
nitrates he studied according to their increasing nitration activity in the presence
of AlCl3:
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Ba<Pb<NH,<Na<K<Ag

With KNO; and NaNO; the yield of nitrobenzene was 70 and 73% respec-
tively, calculated on benzene.

AICl; and BF; were shown to be the most efficient catalysts, FeCl; was less
efficient and the efficiency of SiCl, was the lowest.

The best yield of this nitration reaction is obtained at room temperature and
in the presence of an excess of the aromatic hydrocarbon. An interesting feature
of this nitration is that it is not accompanied by any oxidation processes. The method
may find practical applications.

Topchiev has suggested the following hypothesis concerning the mechanism
of nitration with nitrates in the presence of AlICl; or BF;. Benzene is activated by
aluminium chloride to give an addition product, according to the equation:

CeHs + AICl, -> (CsHsAICI)H (539)

The product reacts with sodium nitrate, yielding another addition product
which decomposes to give nitro compound:

o o
Nao—N/' + (CHsAICI)H —> (C6H5A1C13)——NZ-OH —>
A AN
O ONa
> CgHsNO, + NaOH + AICl, (53b)
CONCLUSIONS

It appears that concentrated nitric acid follows a heterolytic dissociation mainly
according to the equation:

NO,OH <-> NO," + OH’

The presence of acids stronger than HNO; accelerates the heterolysis of nitric
acid into NO," and OH". It is for this reason that mixed acid is so effective:
HNO; + H,SO, <-> H,NO;" + HSO,
H,NO;" + H,S0, <-> NO," + H,0" + HSO,

In neutral organic solvents (which do not react with the acids) only a second
molecule of nitric acid can supply the necessary proton:

2HNO; <-> H,NO;" + NOy
H,NO;" <-> NO," + H,0
It should, however, be pointed out that most of the evidence presented by a num-
ber of authors, and chiefly by Ingold and his school in support of the nitronium
ion mechanism of nitration, was obtained with homogeneous solutions under con-

ditions that could not be compared directly with the conditions generaly applied
in industrial nitrations.
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The work of Bennett and his co-workers [87] (discussed in detail on the p. 312)
was an exception: a 50/50 mixture of di- and tri-nitrotoluene was nitrated by shaking
with mixed acids of various compositions for a fixed time. The reaction was then
guenched with cold water and the proportion of the dinitrotoluene which has been
converted to trinitrotoluene was determined. The conversion, and the reaction
rate, approach zero as the mole ratio water: sulphuric acid approaches unity.
This is significant, because if this ratio considerably exceeds 1.0 the NO," ion is
spectroscopically undetectable in sulphuric acid-nitric acid-water solutions. Ben-
nett showed that various acid mixtures that gave the same conversion contained
practicaly the same concentration of the NO," ion, as determined by Raman
spectra. Hetherington and Masson [84] had aready found that the reaction rate
became negligibly small at certain concentrations and that a line drawn through
the limiting boundary amost coincides with the boundary of the area of spectro-
scopic detection of NO," ions.

However, a few authors offered evidence showing that nitration can also occur
with mixtures in which concentrations of the nitronium ion are too weak to be
spectroscopically detectable (Lowen, Murray, Williams [116]; Bunton, Halevi,
for C-nitration [93], and Urbanski and Hackel [80] for O-nitration). Also Bren-
necke and Kobe [117] drew attention to the experiments of McKinley and White
[118] who found that the acids for mononitration lie outside the nitronium ion
envelope.

All this created doubt as to whether the nitronium ion mechanism can be applied
to al cases. Aswill be pointed out later, it seems that the mechanism of the nitration
reaction is more complicated and may proceed under the influence of nitrating
agents other than the NO," ion. According to Titov in his early work of 1941,
nitration with nitric acid of moderate concentration (60-80% HNO3) occurs through
the action of NO, (or N,O,) and nitric acid plays only the role of a source of NO.,.

However, Bunton and Halevi [93] have expressed the view that the nitronium
ion mechanism is ill responsible for C-nitration even in highly aqueous con-
ditions. Bunton, Halevi and Llewellyn [92] in their work described above (p. 38)
examined the mechanism of oxygen exchange between nitric acid and water in
an agueous nitric acid medium by using isotopicaly labelled water. From the
identity of the absolute rate of exchange in such a medium with the absolute rate
in the same medium used for an aromatic nitration they suggested that the nitro-
nium ion mechanism is responsible for nitration with nitric acid containing for
example 60 mole % of water. Banner and Frizel [99b] have aso suggested the ni-
tronium ion mechanism for O-nitration of alcohols by nitric acid in aqueous sol-
ution.

It should be pointed out that phenols and anilides can be nitrated with very
dilute nitric acid. The mechanism of such reactions might differ essentially from that
of the reactions of C-nitration in other aromatic compounds, as it most likely
passes through the formation of nitroso compounds which are then oxidized to the
corresponding nitro compounds. This problem is discussed later (e.g. p. 85, 116).
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Since industrial nitration occurs, in most cases, in two-phase system a number
of workers have investigated the kinetics in both phases. organic and acid. Hethe-
rington and Masson [84], McKinley and R. R. White [118], Barduhn and Kobe
[119] Al reported that nitration of aromatic hydrocarbons takes place only in the
acid phase. However, other workers (W. K. Lewis and Suen [120]) have shown,
when nitrating benzene, that the reaction rate in the organic phase is an
appreciable fraction (10-15%) of that in the acid phase.

As mentioned already (p. 40) it appears that nitration takes place mainly (but
not exclusively) in the acid phase.

Taking into consideration that the rate of reaction in the organic phase is
negligible compared with that in the acid phase, the following definition of the
rate of nitration, R, of toluene in the unit volume of acid phase can be given

_ moles of MNT produced
hr x litre of acid phase

Brennecke and Kabe [117] reported that the rate of nitration of toluene appears
to be proportional to the mole fraction of toluene in the effluent organic phase
X+ (for acids containing not more than 30 mole % sulphuric and 15 mole %
nitric acid). This suggested that the ratio R:X+ is the rate that would be obtained
if the organic phase were pure toluene. Kobe came to the conclusion that the
mechanism of nitration through the nitronium ion controls the rate of reaction
in acids containing more than 30 mole % of sulphuric acid.

The fact that most industrial nitrations take place in a two-phase system neces-
Sitated investigations into the influence of mixing on the rate of reaction.

A few authors, eg. Kobe and his co-workers [117, 119], Orlova [123] have
found that the rate of nitration greatly depends on the intensity of agitation of
a reacting mixture. This is discussed in a more detailed way in the chapter de-
voted to the practical principles of nitration, i.e. the technology of the process
and apparatus for nitration (pp. 152, 266, 288, 314).
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CHAPTER I
NITRATION THEORIES

THERE are two main theories concerning the nitration of hydrocarbons by means
of the nitrating agents described above.

The first theory assumes a two-stage reaction with an addition reaction as
the first stage and the second assumes that nitration is a double exchange re-
action. At present the second theory has more adherents, since it is based on more
recent experimental data.

NITRATION AS AN ADDITION REACTION

According to Michael [I], on nitrating aromatic hydrocarbons an intermediate
addition product is formed, which has one hydrocarbon hydrogen atom attached
to one oxygen atom of nitric acid, and a carbon atom of the aromatic ring directly
attached to the nitrogen atom of the acid. The “adol” formed gives off water in the
presence of an excess of nitric or sulphuric acid. The mechanism was depicted
by the author as follows:

OH (o)
| I

HO-— N—>O N—> (0]

O+HON—>O——>©——>/H+HZO

Likewise the mechanism of nitration of an aromatic hydrocarbon with nitro-

@

o /OH
sulphuric acid SO, was formulated by Michael as:
\ONOZ
0:S0,;0H O

H—N—O N->O

oH |
/ N @
05y (= Qom

ON—O

53]
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Here it is not water but sulphuric acid which is given off.

This view Michagl confirmed in 1935 when he emphasized [2] that in a molecule
of nitric acid the dominating factor, which facilitated the reaction, was the affinity
of oxygen for hydrogen and of nitrogen for the aryl group.

Hence the facility of the transformation:

40
HO—N;

“oH 3
/O AN / N
HO—N(  +| |[—> [
o N\ A4

However, Giershach and Kessler [3] supposed that the initial step in the nitration
reaction was the addition of two nitric acid molecules to a benzene molecule,

Experimental evidence of the possibility of the formation of products from
aromatic hydrocarbons by the addition of nitric acid was provided by Meisen-
heimer [4]. He found that with anthracene the nitric acid molecule attached itself
to the 9 and 10 carbons (of aiphatic character), yielding the product I, which in
the presence of sodium hydroxide or acetic anhydride gave off water to form meso-
nitroanthracene (I1) :

f OH
0002000
NN /\/ \\/\ @
H 7 "NO,
rrrr ' No2
1 n

It has also been found that certain aldehydes, ketones and carboxylic acids
esters form well defined products with nitric acid (Reddelien [5]). For example,
bemzaldehyde with 60% nitric acid gives a colourless, unstable oil, and cinna-
mic aldehyde forms fairly stable white crystals, melting at 60-61°C, with 65%
nitric acid. Acetophenone, benzophenone, fluorenone, phenanthrenoquinone
and camphor give similar addition products.

They are converted to nitro compounds under the influence of nitric acid or acetic
anhydride and are decomposed by water to give the initial components.

According to T. Urbanski and Hofman [5a] the ionic oxonium salt structure
can be attributed to these compounds:

@
RHC=0-H NOY  and

R

AN

Rl

c=6-H NOY
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This was based on infra-red absorption spectra which show frequencies of the
oxonium ion bond (O™-H, ca 2600 cm™) and of the nitrate ion.

Houben [6] gives the following sequence of transformations for “benzaldehyde
nitrate” :

+ Hzo -> C6H5CHO + HNO3 (a)

left in a hermetic vessel -> C¢H;COOH + HNO, (b)

+ (CHsCO),0 -> C4HsCH(OOC.CHj), + HNO, (©
CeHsCHO.HNO,

+ H2804 '> m- C6H4(N02)CHO + Hzo (d)

+ H,S0, + (CH4CO),0 -> p- CeH(NO,)CHO + H,O ©

+ ClOHB -> C6H5CHO + C|0H7.NO3 (f)

An interesting point is the influence of the compounds which react with an addi-
tion compound (reactions d and f) on the position of the nitro group introduced.

Following Thiele's view [7] that any aromatic substitution is preceded by the
formation of an addition product Holleman [8] suggested in 1910 that the reaction
of nitration, like that of chlorination, consisted in addition, followed by splitting
off, according to the following scheme for chlorination:

AN N

Pl — |_Cl s + HCI (5)

\/ NS \Cl N ~Cl

A similar scheme for the nitration process was given by Reddelien [5] who
expressed the view that nitration of aromatic hydrocarbons with mixtures of nitric
and sulphuric acids gave addition products, e.g.

H 5 :
N OH: A
A
1(\‘ HONO, u H ;:lzso_> y ‘ + H,504° H,0 (6)
N4 _ N/
- 2\ |
H “No, '
! N02
11 v

The product (I11) undergoes decomposition, the group OH being attached to
H,S0, as H,O (IV). The addition product is hydrolysed by water, and mono- or
polynitro compounds are formed.

Mainly on the basis of Holleman's hypothesis and studies on the nitration of
olefins, Widand [9,10] assumed the addition of a nitric acid molecule to the
double bond, resulting in the formation of a cyclohexadiene derivative (V), fol-
lowed by the loss of a water molecule:
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OH H N\
y/\”+| — ‘:gH_>l | + H;0

\ No, Yo, N o, ™
v

The addition of a nitric acid molecule to the double bond was first studied
by Kekulé [11], who obtained an aily, explosive product on treating ethylene with
concentrated nitric acid. Wieland [9,10] and Anschiitz [12] believed the reaction
to proceed principally according to the egns. (8) and (9).

In support of this theory Wieland [10] reported the results of his investigations,
carried out in co-operation with Sakellarios, where two products (V1) and (VII)
were obtained in the reaction of ethylene with nitric acid:

CH, OH CH,OH CH,0NO,
HNO,
| +1 = ] ®
CH, NO, CH,NO, CH,NO,
VI

Nitroethyl nitrate

CH, OH CH,O0H CH,0NO,
HNO,
| +1 — o ©
CH, ONO CH,ONO CH,0NO,
VII

Glycol dinitrate

In both reactions products were formed which resulted from addition (in the
first stage of the reaction) of a nitric acid molecule to the double bond.

Wiedland's theory was criticized. Michael and Carlson [2] called in question
Widand's view and proposed a different mechanism:

\c/ H \c—/-H

I+ | (10)
/c\ ONO, /CT\ONoz
since they found that at temperatures below 0°C concentrated nitric acid adds
to olefines, such as isobutylene, trimethylethylene, to yield the nitric esters of the
corresponding acohols. Other objections to the Wieland theory were also put
forward by Topchiyev [13]:

(1) The cyclohexadiene derivative (V), formed by addition of a nitric acid
molecule, is very unstable and it is difficult to speak about a definite direction of
the decomposition reaction of the compound V.

(2) Against the theory of the similarity of the processes of attaching HNO;
and Br, to the double bond is the fact that molecules are attached with different
rate. Bromine is attached only with great difficulty (without a catalyst). On the
contrary, nitration is very easy to carry out.
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Taking this into account, Tronov [14,15,16] and Nametkin and Zabrodina
[16a] advanced ancther idea, similar to Michael’s initia hypothesis. Thus on the
basis of Giershach and Kesser's [16b] experiments Tronov inferred that one of
the two HNO; molecules reacting with one molecule of benzene acts as a catayst.

On the basis of Boedtker’s experiments [17], who found that benzene was nitrated
by ethyl nitrate in the presence of aluminium chloride, Tronov suggested the follow-
ing mechanism for this process:

C,H;0—N-0 -+ AlCl3 CH;0-N-0--AlCl;
—> G
o o
+0
—> C,Hs—N—0--AICl; —> C,HsOH -+ C6H5—N\O + AlCl an

HO CgHs
By analogy with this, Tronov gives the following plan for the general mechanism
of nitration:
HO—N—0--HONO, + CgHg —> HO—N—O---HONO; —>

P

|
o) O CeHg

~—» HO—N—0---HONO; —> H,0 + O~N—0---HONO, ~—> (12)
HO Ce¢Hs CgHs

—> H,0 + C¢HsNO, + HNO;

According to Schaarschmidt [18] the mechanism of nitration with a mixture
of nitric and sulphuric acids consists in the formation of nitric anhydride which
becomes attached to the aromatic compound. The addition compound is unstable
and decomposes, giving a nitro compound and nitric acid. The mechanism of
nitration suggested by Schaarschmidt is.

2HNO; + H,SO, <-> N,05 + H,S0,.H,0 (13)

IN02
CeHg + N;05 —> CeHe(. —> C4HsNO, + HNO;
“*ONO,
Unstable nitration product

Hetherington and Masson [19] suggested that nitrobenzene can form complexes

with H,SO, and HNO; and that the cation, CsHsNO,H", of these complexes
reacts with HNO5 to form dinitrobenzene:

H,SO, + CgHsNO, <-> C¢HsNO,H* + HSO, (14)
HNO; + C4HsNO, <-> CgHsNO,H® + NOy (143)
CeHsNO,H™ + H,0 <-> C4HsNO, + Hy0" (15)

CeHsNO,H™ + HNO; <-> C4(NO,), + H30" (153)
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Lauer and Oda [20] assumed the existence of nitracidium sulphate (according
to Hantzsch) and suggested that the mechanism of nitration with a nitrating mixture
is as follows:

HO ()
H\\\>N£0H TOZ
N . o, N (19
| + ®NOy®ms09° —> || l P> | | +HO0+H;S0
oH N

A similar nitration mechanism was suggested by Vorozhtsov [21]. He also as-
sumed the formation of an addition product of the hydrocarbon with HNO; and
H,S0,, followed by splitting off H,SO, and H,O.

Usanovich [22] also assumed Hantzsch's cations to be the nitrating agents
in a mixture of nitric and sulphuric acids. He bdlieved that in the nitration process
the nitracidium cation was attached first accompanied by splitting off water:

N©OH),®

|+ Nom3® —> + Hy0 (17)

On dilution with water the resulting new cation, CgHsN(OH),*, gives nitrobenzene;
CeHsNO,H,2" + 2H,0 -> CeHsNO, + 2H;0" (18)
In the nitration of aliphatic hydrocarbons the NO3 ion reacts:
RCH; + NO; <> R.CH.NO,(OH) (19)
The anion formed may undergo a hydrolysis process in an acid medium:
R.CH,NO,(OH) + H;0" -> R.CH,NO, + 2H,0 (20)

In favour of the view, that postulates the formation of an addition product
during the first stage of nitration this fact should be known to all who are prac-
tically engaged in nitration of aromatic hydrocarbons. Immediately before contact-
ing the nitrating acid (HNO; or nitric and sulphuric acids mixture), benzene
and toluene give brown coloured products amid nitric acid vapours. On dissolution
in the acid these products decolourize at once. It is quite possible they arc addition
products formed by nitric acid vapours with the hydrocarbon.

The existence of similar addition products must be mentioned here. Steinkopf
and Kihnel [23] observed that benzene reacted with nitryl chloride at room tempera-
ture under pressure to yield 1-chloro-2-nitrocyclohexadiene, which on heating
released a molecule of hydrogen chloride giving nitrobenzene:

a
NO. NO,
© _amo, | @/ N O/ . (1)
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Thus, there is evidence that such addition is probable and it seemsto confirm the
basic scheme of Thiele-Holleman-Wieland, assuming that under certain conditions
subgtitution with the NO, group may be preceded by the formation of addition products.

Although this view was replaced by the conception of the nitration reaction
as double exchange reaction, it seems that the mechanism of the nitration reaction
is rather a complicated one and under various conditions may proceed differently.
The mechanism which includes addition may also exist, especialy at low temperatures,
and may not necessary proceed under the influence of the nitronium ion. It seems
that nitric acid in the form of HO-NO, can be the nitrating agent acting through
the addition mechanism.

Studies of the nitration of terpenes are of interest too, as they provide evidence
for the possibility of attaching a HNO; molecule to the double bond. Konovaov
[24] obtained nitro derivatives from menthene, camphene, pinene and bornylene
on acting with nitric acid. Bouveault [25] was able to prepare an addition product
of camphene and HNO;. He obtained an oily product with a structure that could
not be well defined. The reaction of addition of nitric acid to the double bond was
studied in detail by Sucharda [26]. He found that on acting on pinene with nitric
acid containing 33% of KNO; instead of with pure nitric acid, or by introducing
nitric acid vapours diluted with dry air, nitric acid esters were obtained in over
70% yield. When reduced with zinc dust in the presence of ammonia, the esters
were converted to the corresponding acohols.

Using both methods Sucharda obtained: borneol (1), fenchol (I1) and terpineol
(1) nitrates :

N HINO, ONO2
—_—
5

ONO2
Hi ONO2
I 1§

H. Kuczynski and L. Kuczyliski [27] extended Sucharda’s observations in their
studies on other terpene hydrocarbons. They obtained isoborneol nitrate (1V)
on reacting camphene with concentrated nitric acid (without KNO,):

CH:

/ON02
HNO .
H
1v
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From bornylene they obtained isoborneol (V) and epiborneol (VI) nitrates:

ONO2

“ONO2
Vi

H. Kuczynski and L. Kuczynski have aso studied the action of nitric acid
on b- and d- fenchene, limonene, sylvestrene and other terpene hydrocarbons.

It has also been shown that the addition of nitric acid molecules to olefins is
not the only possible reaction of olefins with HNO,. Formation of nitro-olefins,
i.e. ordinary nitration by subgtitution, is also likely. This is discussed later

(p. 81).

NITRATION AS A DOUBLE EXCHANGE REACTION

At present it is generally accepted that the nitration reaction is a double ex-
change reaction. The nitro group becomes attached to one of the carbons in an
aromatic ring, while simultaneously an atom of hydrogen initially connected with
an atom of carbon, is split off as a proton:

r/\ /H ,,/H /\ /NOz
\) + NO,—OH —> O\Nof——on —> 1 J]+H%0H° (22)

A nitration mechanism formula of this type was suggested by Ingold [28] in 1935.
In 1946, Dewar [29] gave the following mechanism for the double exchange
with the nitracidium ion taking part:

NO, NO, 23)

l
N~ /\ N /\
—]|> + O,N-OHy —> -NoP —> |—n® K/‘ + BH
N N N\ \

B is a proton acceptor (e.g. the OH or HSO, ions).

Benford and Ingold [30] pointed out in 1938 that the efficiency of bromination
with a brominating agent of the general formula X-Br depended on the affinity
of X for the electrons of the X-Br bond. It is known, for example, that Cl.Br is
a better brominating agent than Br.Br. Likewise the efficiency of a nitrating agent,
X-NO,, depends on the affinity of X for electrons.




NITRATION THEORIES 61

A dtill more powerful brominating agent is the free Br* ion, which is probably
formed in the presence of ferric bromide used as a bromination catayst:

FeBr; + Br, -> FeBr, + Br'

By analogy it is to be expected that the NO," is the most powerful nitrating agent.
Gillespie and Millen [31] arranged various nitrating agents according to in-

creasing nitration power :

C,H50.NO, ethyl nitrate
HO.NO, nitric acid
CH3;COO.NO, acetyl nitrate
NO;.NO, nitric anhydride
CI.NO, nitryl chloride
H,0.NO," nitracidium ion
NO," nitronium ion

This order seems to require some ateration. For example, nitryl chloride has been
found to be a definitely weaker nitrating agent than nitric acid and should have
been placed before it.

On the basis of the numerous physico-chemical investigations referred to above,
we assume that in the nitrating mixture HNO;-H,SO,-H,O the nitronium ion
is present, it being the essential nitrating agent. Hence Titov [32] suggested in 1941
the following nitration mechanism where nitronium ion forms intermediate com-
plex structures with aromatic compounds (in brackets):

/ /®\ No®
Q-0

T
<
I
N

AN N2 (04
\/ \< \|/ T
AN | ®
H =0 @ H N=0 .
’ H O=N=0 B N==0
O g

Ingold and his co-workers [33] and Bennett and co-workers [34-36] believed
that the reaction rate depends on the concentration of the nitronium ions, NO,".
They suggested the following summarized nitration mechanism :

R.H + NO," + B -> R.NO, + HB (25)

where B is a proton acceptor, for example HSO, or OH ions.

Or the basis of the results of his own experimenta studies, Titov [37] in 1947
accepted this view, but at the same time he pointed out that the nitration reaction
occurred in amore complex way than that suggested by Ingold. The nitrating agents
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according to Titov were all the molecules and ions in equilibrium, viz.. NO,',
NO-ONO, and NO" :
O,

2NO§’ == O=N< )N=0 == 0=N—-0-NO, == [N=0)® +NO3e (26)
O

These agents have both nitrating and nitrosating properties. Titov believed the
nitration promoting energy was that generated by the transfer of eectrons from

the aromatic compound to nitrogen atoms of a nitrating or nitrosating agent
according to the genera formula NOX:

+6
~H On
/ /
Ar—H + NOX —> f‘é"\ s or Ar’ (27)
' \\NOX \\NOX

The difference in the electron affinities, D E, approximately equal to k d, neces-
sary for the formation of the intermediate complex, depends to a great extent on
the degree of steric accessibility and coordinative unsaturation of the nitrating
and nitrosating agents.

Since according to the experimental data, the coordination number of nitro-
gen in its oxygen compounds does not exceed 3, the nitrogen atom in the nitric
acid molecule is coordinatively saturated and has only dight electrophilic reacti-
vity. This, according to Titov, makes the formation of addition products of nitric
acid with aromatic compounds difficult.

Contrary to this nitrogen compounds with the coordination number 1 or 2
(thus, NO,", NO" ions and ONONO,), may exhibit their electrophilic reactivities
and combine with the corresponding nucleophilic atoms of aromatic compounds.

To makeit clear that splitting off a proton has no bearing on the rate of nitration
a mechanism should be presented where the nitration reaction proceeds in, two
steps, as pointed out by Melander [38] (p. 37).

Dewar’'s diagram egn. (23) (see p. 60) aready gives this idea, the binding of
the proton by the acceptor B being the second step reaction. Titov [39] suggested
recently a scheme which would clearly show the step-wise mechanism:

Y .
Wil o . +;o¢ o R ‘1\02 /NOZ .
L+ Noy ] [y > NO; — > \H e + H¥ (28)
. A

~>e -

Here aromatic bonds are designated with dotted curved lines. Plain curved lines
are p- bonds, three dots signify weaker p- bonds (as in 2,3-butadiene), the dotted
arrow (->) represents shifting of p- electrons into the cation field, and the curved
arrow () the displacement of electrons. These denote the most important forms

of the conjugations.
According to Ingold nitration is the simplest form of electrophilic substitution.
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Recently Ingold and his co-workers [40] summarized the results of their
investigations [41-48] into the three forms of nitration: C-, O- and N- nitration.
The nitronium ion is formed in two stages, the first of which (a) - protonation
-is aways fast:

HNO; + HNO; <-> H,NO;" + NOj (fast) @
H,NO;" <> NO,” + H,0 (slow) (b)
A
NOS + Actt —> A (sow) ©
NO,
A
Ar + NOf —> ArNO, + HNO;  (fas)) (d)
"NO;

If O- or N- substitution takes place, the reactions (a) and (b) proceed in the same
way. In O- nitration, the subsequent reactions take place according to the fol-
lowing scheme:

o NO2
CH;0H + NOY —> CH;0 (slow) ©)
N
H
@/,NOZ .
CH,;0 4+ NO§ —> CH;ONO; + HNOj (fast) (d)
\H
Ingold gives the following examples of N-nitration reactions:
H NO;
(N02)3C6H2Hf/\ + NO§ —> (NOp;CeH,N® —H (slow) (")
CH; cH,
/NO2 NO,
(NO,);CHoN® —H + NO§F —> (N02)3C6H2N\ + HNO;  (fast) (d")
_\\CHJ CH3

In al these diagrams splitting off the proton is the last stage of the reaction.

ORIENTATION OF NITRO GROUPS

The orientation of a nitro group entering an aromatic ring depends first of
all on the substituent already present in the ring and to a lesser degree on the
composition of the nitrating acids, the nitrating conditions, etc. It is well known
that the nitro group itself directs substituents to the meta position.

The problem of the orientation of nitro groups is connected with that of ni-
tration kinetics. Nitration kinetics have aready been discussed in connection with
the composition of nitrating mixtures, especialy with regard to the presence
and the role of nitronium and other ions in the nitration process. Now nitration
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kinetics will be considered from another viewpoint-that of the influence of
various substituents in promoting or inhibiting further substitution.

A great deal of research work has been carried out with the object of studying
the orientation of nitro groups introduced into an aromatic ring. The most ex-

TABLE 2
Group present Composition of the product
on the ring % ortho- %/, meta- % para-
F 124 trace 87.6
Cl 30.1 trace 69.9
Br 37.6 trace 62.4
| 41.1 trace 58.7
CH, 58.8 4.4 36.8
CH,CI 40.9 4.2 54.9
CHC1, 23.3 38.8 429
CCl; 6.8 64.5 28.7
COOC,Hs5 28.3 68.4 3.3
COOH 185 80.2 13
NO, 6.4 93.2 0.25

tensive investigations are those by Holleman [49-55], who in the period 1895-1924
carried out humerous experiments and systematized the data obtained.
Holleman [55] gives the following data on the composition of the nitration
products obtained in the nitration of different monosubstituted benzene deriva
tives with mixtures of nitric and sulphuric acids (Table 2). As appears from the data
shown below, the substituent already present affects the orientation of the group
which is being introduced. It is evident that nitration can be influenced by the
steric factor. For exampl: tert.-butylbenzene is mainly nitrated in para (72.7%)
and to a much lesser extent in ortho (15.8%) positions (H. C. Brown and Nelson [88]).

TABLE 3
Composition of the product
Temperature, °C

% ortho- % para % meta

-30 55.6 41.7 2.7

0 56.0 40.9 31

+30 56.9 39.9 3.2

+60 57.5 38.5 4.0

The influence of the nitration temperature on the orientation of a nitro group
is in certain cases rather marked. When nitrating toluene with a mixture of nitric
and sulphuric acids at -5°C, Pictet [56] observed that more para-isomer was
obtained than at the temperature of 0°C.

Holleman and Arend [49] gave more detailed data, showing the influence of
temperature on the composition of the product obtained in the mononitration of
toluene with a mixture of nitric and sulphuric acids (Table 3).
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Similar results have been obtained in the nitration of chlorobenzene, as shown
in Table 4.

TaBLE 4

Composition of the product

T ature, °C
emperature % ortho- % para-
0 30.1 69.9
-30 26.9 73.1

As for naphthalene, Pictet [56] found that nitration at temperatures from
-50 to -60°C mostly resulted in the formation of 1,5-dinitronaphthalene with
a certain amount of the 1,3-isomer, while a a temperature higher than room tem-
perature 1,5-dinitronaphthalene is formed along with 1,8-isomer.

Bradfield and B. Jones [57] applied the Arrhenius equation, known from chemi-
cal kinetics, to the reaction of substituting various benzene derivatives by the
nitro group (or by chlorine) at different temperatures:

E
k = nAexp (—~ ﬁ"—)

where for each isomer:

k - rate constant for the substitution reaction,

E - activation energy,

A - coefficient independent of temperature,

T - absolute temperature,

R - gas constant,

n - number of equivalent substitutions possible (for example, in the con-
version of a monosubstituted into an ortho-disubstituted derivative n = 2, into a
meta-disubstituted derivative, n = 2, and into the para-disubstituted derivative
n=1).

The number of isomers formed in a substitution reaction at a given tempera-
ture may be calculated if the composition of the substitution product, obtained
a a different temperature is known. The eguations have to be worked out for
each isomer, in which Ko, Ao, B Km, Am, Kmi Kp, Ap, E, are the values, corre-
sponding to the ortho-, meta- and para- isomer respectively.

The procedure of Bradfield and B. Jones was applied later by W. W. Jones
and Russel [58] to their experiments on the nitration of toluene (their work will
be further discussed later on p. 274). The results they obtained established the
rule: alower nitration temperature causes an increase in the quantity of para- nitro-
toluene formed and reduces the amounts of ortho- and meta- isomers,

The nature and composition of the nitrating agent distinctly affects the com-
position of the nitration products.

Noelting and Forel [59] stated that an increase in HNO; concentration in the
nitrating mixture increases the amount of para- nitro compound produced. Thus,
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for example, in nitrating toluene with a mixture of nitric and sulphuric acids they
obtained a product containing 60% of p- nitrotoluene, while in nitration with
nitric acid alone the para- isomer content was 66%.

Baker and his co-workers [60,61] investigated the influence of the sulphuric
acid concentration in nitrating mixtures on the meta- nitro derivatives of the fol-
lowing compounds. benzaldehyde, benzophenone and ethyl benzoate. The con-
tent of a meta- nitro derivative increases with the increase in acidity of the solution.
For example, in nitration with a nitrating mixture contaming 80% sulphuric acid
the yield of m- nitrobenzaldehyde is 83.9%. When nitrated with a mixture containing

TABLE 5

NITRATION OF ANILINE AND ANILIDES

Nitrated compound

Composition of the product

% ortho- % meta- % para-
With nitric acid |

Aniline nitrate 4 40 56
Acetanilide 42 58
Benzanilide 40 60
Formanilide 35 - 65
Chloroacetanilide 27 - 73
Oxanilide 15 - 85

12 - 88

With a solution of 94% nitric acid in the concentrated sulphuric acid

Aniline 1 49 50
Acetanilide 8 - 92
Benzanilide 7 - 93
Formanilide 6 - 94
Chloroacetanilide 4 - 96
Oxanilide 2 - 98

2 - 98
With a solution of 80% nitric acid in anhydrous acetic acid
Aniline 36 - 64
Acetanilide 30 - 70
Benzanilide 28 - 72
Formanilide 26 - 74
Chloroacetanilide 25 - 75
Oxanilide 21 - 79

16 - 84

oleum (7.3% of free SO3), benzaldehyde gives m- nitrobenzaldehyde in 90.8%
yield. According to Baker, under the influence of sulphuric acid, the oxonium ion
is formed, eg.:

C6H5\
R/

C=0 + H,80, ==

CgH OH
6 5\ /

C =
R \OSO3H

CeHs

v

The oxonium group directs mostly to the meta position.

@ o
C=OH -+ HSO§

(29)
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Gillespie and Millen [31] believed that sulphuric acid in an intermediate addi-
tion product is linked to the carbonyl group by a hydrogen bond:

CeHs\
R’

K. Lauer [62] obtained the results (given in Table 5) by nitrating aniline and
anilides with nitric and with mixtures of nitric and sulphuric or acetic acids at
20°C, over 24 hr.

It can be seen from the results referred to and also from the earlier data of
Holleman and his co-workers [53] that aniline acylation has a decisive influence
on the orientation of the nitro group.

When nitrating p- cresol, Holleman [51] found that according to whether p- cresol
was reacted alone or as the p- cresol carbonic ester different isomers were
obtained (Table 6).

C=0----HO—SO;H

TABLE 6
Nitrated ’ Composition of the product
o compoun % 2-nitro % 3-nitro
p- Cresol trace close to 100
p- Cresyl carbonate 96.3 3.7

Holleman compared the data obtained by Pictet and Khotinsky [63] in the
nitration of toluene with acetyl nitrate with those obtained by other authors in the
nitration of toluene with a conventional nitrating mixture. The results are tabula-
ted below (Table 7).

TABLE 7
o Composition of the nitration product
Nitrating agent
% ortho- % para-
Acetyl nitrate 88 12
Nitric and sulphuric acid
mixture 55 40

Martinsen [64] in his studies on nitration kinetics determined the influence of
substituents on the rate of the reaction. He classified them according to their
influence on the reaction rate, comparing it with that of chlorine, which in some
cases (as compared with hydrogen) can lower, while in others raise the rate:

NO,>SO;H>COOH>CI<CH;<OCH;<OC,H;<OH
decreasing increasing
the reaction rate the reaction rate
It is interesting to know that the substituents which decrease the reaction rate
direct towards the meta position while those increasing it direct towards the ortho
and para positions.
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The rule was checked by Tronov and Ber [15] when nitrating aromatic compounds
with nitric acid in nitrobenzene. They found there was no simple correlation be-
tween the influence of a substituent on the reaction rate and its orienting activity.
The rule is true only for the groups with strong orienting activity (e.g. NO,, CN,
CH,CN, CgH5CO).

Ingold [65] gave the following order, representing activating properties of sub-
gtituents in the nitration of an aromatic ring:

CH3;>H>F,I>CI,Br>COOC,Hs>SO;H>NO,

The introduction of several groups intensifies the action of the substituents.
Thus Tronov and Ber have found that o-, m-, and p- xylene are nitrated 1.6-1.9,
4.5-4.9 and 5.7-10.5 times faster respectively than toluene. According to Ingold,
p- dichlorobenzene is nitrated more slowly than chlorobenzene.

Striking data for the deactivating properties of nitro groups have been provi-
ded by Westheimer and Kharasch [65a]. They are related to the known fact that
the nitration of nitrotoluene proceeds much faster than that of dinitrotoluene.

Tronov, Kamay and Kovalenko [66] have measured the rate of nitration of
aromatic hydrocarbons and their halogenides with a mixture of nitric and acetic
acids. The compounds examined were arranged according to increasing rate
of nitration the relative rate is given in brackets, taking 1 for benzene:

CgHsCl (0.15) < CgHsBr (0.25) < CgHsCH,CI (0.4) < m CH3CgH,4CI(0.5) < CgHg (1) <
< p- CHyCgH,CI(1.15) < 0- CH;H,CI(1.2) < m- xylene (7) < mesitylene (2.5)

If there are two substituents on the ring directing the NO, group into different
positions more isomers may of course, be formed. Holleman [55] analysed minutely
the problem as to which isomers were obtained in such cases. He established that
their position, or positions, depend on the effect of separate groups on the re-
action rate.

He arranged ortho- and para- orienting groups, according to their decreasing
substitution rates, as follows:

OH>NH,>I>Br>CI>CH,

and did likewise for meta-orienting groups:
COOH>SO;H>NO,

When nitrating aromatic compounds containing more than one substituent,
the position of a new entrant group may be predicted from the number of isomers
obtained by nitrating the compound with each of the substituents taken separately.
Wibaut [67] studied this problem in detail when nitrating chlorotoluenes. He found
that al possible isomers could be formed from o- chlorotoluene (formula l). The
figures in different positions give the percentage of the corresponding isomers.
By nitrating m- chlorotoluene, three isomers were obtained (I1) and by nitrating
p- chlorotoluene, two isomers (l11):
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CH3 CH3 CHj3
| | |
20.7 i-/\‘—CI 58.9 I/\{ 8.8 i/\I 58
| i
43.4+ 189 ‘ Cl / *42
NN W
17.0 32.3 !

I I cl
i
From these data Wibaut calculated the ratio of the substitution rate influenced
by the CH; and ClI groups to be:

CH;:Cl=1:1475

To obtain the ratio of nitration rates when the CH; or Cl group was present
alone in a nitrated compound, Wibaut nitrated a mixture of toluene and chloro-
benzene with only a small quantity of concentrated nitric acid. It was found that
contrary to all expectations based on earlier observations, toluene was nitrated
much faster than chlorobenzene. From this it must be concluded that the ratio
of the nitration rates influenced by the two groups present together differed com-
pletely from that when only one of the groups was present in the ring.

Taking that into account, Holleman [55] cal culated which isomers were formed
when nitrating bromotoluenes. These calculations were based on the following
experimental data of his own:

(2) the ratio of the isomeric nitrotoluenes, resulting from the nitration of tolu-
ene,

(2) the ratio of the isomeric bromonitrobenzenes, resulting from the nitration
of bromobenzene,

(3) the ratio of the substitution rates influenced by the bromine and the methyl
group present in the benzene ring simultaneously. This was calculated by Holle-
man from the ratios: Cl : Br = 1 : 0.88 (Holleman [54]) and CH; : Cl = 1: 1.475
(given by Wibaut), from which he obtained CH; : Br=1: 1.3.

Since toluene, when nitrated, yields the ortho- and meta- isomers in the quan-
tities shown in diagram IV, and bromobenzene in those shown in diagram V,
for p- bromotoluene the quantities can be calculated. They are shown in diagram VI.

CH; CH,

A N A

$\ /13.9 ‘\ /ﬁ 37.6 /l'3.9+37.6><1.3
| N

Br Br

v Y VI
The percentage is shown in diagram Via. Diagram VIb shows the vaues found
experimentally. It can be seen that they differ only dightly from the calculated ones.
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CH;, CH,
|
Ao A
\l / 47.6 \, /‘-44
ﬁr Br
Via Vib

Holleman points out that such good agreement between the calculated and
experimental values is not always the case. Moreover, instances are known of de
viations from the substitution rules. According to Holleman [55] they may be as-
cribed in many instances to insufficient accuracy in the experimental data.

Marked deviations were observed when the nitro group was introduced into
benzene derivatives with three substituents, e.g. into 2,3-dichloroacetanilide (Holle-
man and Hollander [52]).

Earlier Lobry de Bruyn [68] found that the nitration of o- and m- chloroacetani-
lides (VII) and (X) gave the products VIII, IX and XI, respectively:

Cl NO2_’“/\"'—C “ _“Cl
NHCOCH; NHCOCH; —NHCOCH; (30)
NO»
VI VI 59% IX 39%
ci
e (Y

/NHCOCH; K /—NHCOCH3 (31)
X X 56%

From this Holleman inferred that in the nitration of dichloroacetanilide (XII)
the nitro group should enter the 6- position, yet he obtained the substitution almost
exclusively in 4- position (XIII)

cl cl
l |
| N\ | N—a
_/—NHCOCH, /—NHCOCH;
NO,
XII X1

Vorozhtsov [21] referred to the nitration of m- nitroacetanilide (X1V) as an
example of inconsistency between the results obtained and predicted, viz.:
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NHCOCH3 NHCOCH3 NHCOCH_., NHCOCH;
/\— <>_No2 | | N\
+ + (32)
K NO, —NO, /N0, " No, Vs -NO,
No2
XIV XV 50% XVI 30% XVII 6%

A characteristic feature of the reaction is a complete lack of meta orientation
to the nitro group. However, this is a rather complicated case of nitration accom-
panied by Bamberger rearrangement (p. 41 and Val. I1I).

Holleman [47] also gave an example of an anomaly in the nitration of chloro-
2,3-dinitrobenzene (XVIII). Instead of the third nitro group entering into the 4-
or 6 positions as expected, which would be consistent with the orienting action of
Cl and of one of the NO, groups, he obtained compound XIX, with the third
nitro group in the 5- position:

Cl Cl

l
)\ NO, N\ N0, (33)
L/———No2 ™ No, | o,

XVIII XIX

Among more recent investigations the experiments of Hammond, Medic and
Hedges [69] deserve specid attention. They explain the influence of the medium
on orientation when nitrating 2,5-dichloro- and 2,5-dibromo-nitrobenzene. Substi-
tution into al three free positions takes place and derivatives ortho-, meta- and

TABLE 8
NITRATION OF 2,5-DICHLORONITROBENZENE
Nitration at 100°C with % ortho- % meta- % para-
Fuming sulphuric acid and sodium nitrate (6%) 14.5 53.0 325
96.2% sulphuric acid and sodium nitrate (6%6) 214 50.8 27.7
96.2% sulphuric acid and sodium nitrate (15%) 35.0 45.7 19.3
Nitric acid and 60% perchloric acid (2%) 33.1 45.1 21.1

para- to the nitro group are formed. The yield of the ortho- derivative may vary
from 11.0 to 35.0% while of the yield the meta- derivative amounts to 45.7%. The
quantities of the different isomers depend on the nitrating agent. For example, in
the nitration of 2,5-dichloronitrobenzene the results obtained have been shown
in Table 8. The modern approach to substitution rules consists in molecular
orbital calculations [89].
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A number of authors have studied substitution with the nitro group in benzene
derivatives containing ortho-para directing substituents, when nitric acid with acetic
anhydride was used. The experiments led to the conclusion that replacement of
water in the nitrating mixtures by acetic anhydride produces an increase of the
ratio of ortho- to para- isomers.

This was observed in the nitration of acetanilide (Holleman, Hertogs and van
der Linden [53]; Arnal [70Q]), propionanilide (Arnall [70]), anisol (Griffiths, Wal-
key and Watson [71]; Halverson and Melander [72]). The effect was much less
pronounced when toluene was nitrated (Hollernan, Vermeulen and de Mooy [54]).

Recently Paul [73] nitrated chloro- and bromobenzene with a solution of nitric
acid in acetic anhydride with the addition of a catalytic quantity of sulphuric acid.
The result was contrary to that observed earlier: the proportion of para- isomer
was much higher than in the instance of nitration with 90% nitric acid, e.g. acetic
anhydride containing 2 M HNO; and 0.04 M H,SO, nitrated chlorobenzene to
yield o- and p-chloronitrobenzenes in the proportion of 10:90. When 90 per cent
nitric acid was used aone Holleman and Bruyn [50] obtained the isomers in the
proportion 30:70. Bromobenzene gave the figures 25:75 and 38:62 respectively.
According to Paul, the result depends on dipole moments. (1) of substituents
attached to the ring (prior to nitration) and (2) of the solvent (such as acetic an-
hydride).

TABLE 9
RELATIVE REACTIVITY TOWARDS NITRATION

Relative reactivity
Compound
ortho meta para

CgHs.H 1 1 1
CgHs.CH4 43 3 55
CgHs.COOC,H; 0.0026 0.0079 0.0009
CeHs.Cl 0.030 0.000 0.139
CeHs.Br 0.037 0.000 0.106

Among other researches, those carried out by Ingold and his co-workers [74,75]
are of considerable importance. They have determined the relative reactivities of
the various ortho, meta and para positions in several substituted benzenes by
competitive nitration. Relative rates of nitration were determined in experiments
in which benzene and a substituted benzene derivative were nitrated together, an
insufficient quantity of nitric acid being used. The relative quantities of the products.
CgHsNO, and X.CzH,.NO, gave the relative rates of nitration of benzene and
of CgHs.X. When these results were combined with the relative quantities of o-,
m- and p- isomers formed, it was possible to arrive at figures representing the re-
lative reactivity of each of the possible substitution positions (Table 9).

The results show that the methyl group is atypical ortho-para directing group.
The relative reactivity of al three positions is greater than that of benzene. This
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is in accordance with the known electron-repelling effect of the methyl group.

The ester group lowers the reactivity of al three positions, but especialy that
of the ortho and para positions, in accordance with the known e ectron-attracting
effect of the group.

On the basis of these experiments, the conclusion could be drawn that nitration
is not only an electrophilic reaction, but that the orientation of the product is con-
trolled by the selective activation and deactivation of various substitution positions.

Ingold also examined the directing influence of a positively charged group
-N(CH,)5". In nitration this group directs exclusively into the meta position.
When, however, the positive charge is separated by (CH,), groups, the amount
of meta substituted product rapidly diminishes as n increases. Thus:

CeHsN(CH3)s 100% meta-
CeHsCH,N(CH3)s 88%
Ce¢HsCH,LN(CH3) 3 19%
CsHsCH,CH,CH,N(CH3); 5%

Similarly the meta- directing force of the nitro group is rapidly diminished when
it is separated from the ring:

CgHsNO, 93% meta-
Ce¢HsCH,NO, 67%
Ce¢HsCH,CH,NO, 13%

Ogata and Tsuchida [76] found in 1956 that the orienting activity of the nitro
group may be partly changed in the presence of mercury ions. Thus, from nitro-
benzene fairly considerable quantities of o- dinitrobenzene are obtained Blong with
m- dinitrobenzene :

NO, NO,
l
HNO NO, / (34)
HB’$ + \ ' Iqo2

26% 24%

Other instances of anomalous substitution under the influence of substituents
already present on the ring are also known.

Thus, for example, Kym and Ratner [77] found that benzimidazolone (XX)
isreadily nitrated to the 5,6-dinitro derivative (XXI). According to the experiments
of Efros and Yeltsov [78] the compound obtained may undergo further nitration
to the tetranitro derivative (XXI1) having al nitro groups placed adjacent to
one another (see also p. 552):

NH OZN\ /NH
ozN/

NH/ \NH
XX
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NO,

|
O,N NH
NN /N \c=o

—>
oN \i N (35)

NO,

XX

It should be borne in mind that since the advent of chromatography, it is
now possible to separate and identify the constituents of complex mixtures
which formerly presented some difficulty. It therefore seems desirable that some
of the existing data on the composition of nitration products, particularly those
obtained in earlier studies should be re-examined using up to date techniques.

Finally attention must be drawn to the fact that the orienting effect of the nitro
group in nucleophile and radical reactions usually differs from that in eectrophilic
reactions, and instead of meta orientation, ortho or para orientation takes place. The
corresponding observations are referred to in chapters dealing with nucleophile and
radical substitutions of nitro compounds (pp. 204, 207 and 212 respectively).

A monographic description of aromatic nitration and modern approach to
substitution rules was recently given by de la Mare and Ridd [784].

SIDE REACTIONS IN THE NITRATION PROCESS

A nitration reaction is always accompanied by side reactions which depend
on such different factors as the nature of the substance being nitrated, the com-
position of the nitrating acid and the general nitration conditions.

Thus, oxidation reactions occurring along with a nitration reaction are partic-
ularly strong, whenever the aromatic ring is liable to such a reaction (e.g. oxidation
of phenol to oxalic acid, oxidation of methyl groups in benzene homologues to
hydroxymethyl and carboxyl group, oxidation of naphthalene to phthalic acid etc.).

According to Nightale [79] the action on polyalkylbenzene of concentrated nitric
acid (d = 1.5) leads to oxidation of an akyl group to yield an alcohol and possibly
a nitrate, e.g.:

Br Br Br
{ |
CH3—/\—CH3 CH3— /¥CH3 CH3 ACH:{

CH; — | CHj, CH; "——CH OH | CH;— |—CH20N02
\I \ / 2 3 \
l

CH; CH, CH, (36)

An aromatic nucleus not yet substituted with the nitro group is also readily
oxidized to form phenols. That is the reason why certain quantities of nitrophenols
are formed when nitrating benzene to nitrobenzene, and certain nitrocresols when
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nitrating toluene. Since the phenolic group thus introduced then promotes the
introduction of the nitro groups, the number of the latter may be relatively large.
Thus, in the nitration of naphthalene to nitronaphthalene, 0.5-3.5% of 2,4-dinitro-
a- naphthol is formed (Fierz-David and Sponagel [80]). Titov [39] found dinitro-
phenol and picric acid in the products resulting from the nitration of benzene,
trinitro-m-cresol in the products of the nitration of toluene and trinitro-m-chloro-
phenol in the products of nitrating chlorobenzene.

Titov believes that phenols are formed from hydrocarbons under the influence
of the nitrosyl ion, NO" A nitroso compound forms first, which then undergoes
a rearrangement :

NHOH
O Q 4O 0 —_—> O NO,THNO,
(37)
/ /
— Q — OzN‘Kl/"‘NOz
(l)H OH

Another scheme of Titov [32,39] suggests that the mechanism of oxidation
operates through the formation of an aryl nitrate, which is the result of attaching
NO," through the oxygen atom:

Ar-H + O=N+:O -> Ar-O-N=0O + H+ (38a)
Ar-0-N=0 + H" -> Ar-OH + NO’ (38h)

A similar hypothesis was suggested by Bennett [35] in 1945.

Oxidation followed by decomposition of the molecule may result in the formation
of nitrated aliphatic compounds, as for example tetranitromethane and chloro-
picrin in the nitrations of toluene or chlorobenzene respectively.

Along with nitration processes, isomerization processes may take place which
in turn may lead to various fairly complex reactions. As a result such products
as CO,, CO, NH; are formed. Such reactions are particularly notable in the nitration
of phenols. Their mechanism has been explained by Seyevetz [81] in the following
way. A phenol undergoes nitrosation under the influence of nitrous acid present
in the nitrating acid. Nitrosophenol isomerizes to quinone oxime, which oxidizes
at the double bonds to form mesoxalic acid and its oxime:
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OH OH 0o )

| I
2\" _HNO, /\" N KSI _ HOOC/ \COOH (39)
VY TY

HOOC COOH
N

NO NOH T!IOH

The oxime decomposes giving off hydrogen cyanide:

COOH

C=NOH + 2CO, + H,0 + HCN

COOH

As iswedl known, hydrogen cyanide hydrolyses to form formic acid and ammonia,
the formic acid being readily decomposed in concentrated acid with the evolution
of CO:

HCN -> HCOOH + NH;,
inso4
H,O + CO
If the para position on the phenol nucleus is occupied, o- quinone oxime is

formed and the reaction proceeds in a similar way, but with the formation of oxalic
acid and dioxysuccinic acid oxime, which then decomposes, giving off HCN:

OH OH o )

I l | !
VAN /N /NOH o

| —> N ] s Hooc | “c=NoH
\ / + —>
| , COOH
| HOOC.
R R R “COOH ' (40)
_I..

oxidation products of akyl R

HOQOC-C—-C—-COOH-> 2CO, + CO + H,O + HCN

Similarly the nitration of dimethylaniline yields p- nitroso derivative, which
undergoes similar reactions, to form HCN.

According to Seyewetz [81] not only phenols can undergo such areaction in the
nitration process. This opinion is based on Graebe's observation [82] that nitro-
naphthalenes isomerize to nitrosonaphthols under the influence of fuming sul-
phuric acid :
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OH

l
/\/\ AVAN

K/"\/[ \/"\/' (“”
No2 No2 No2 NO
NO, . No2 OH
\/N > H/\i A (42)
\ N / N
NO, rtslo

On this ground Seyewetz assumes that all nitro compounds with a free para or
ortho position can isomerize in the following way:

NO, NO NOH
i | !
AN AN N
[ 1— |—1 | e (43)
| I
OH (0]

Indeed Pascal [83] found that in the waste acid from the nitration of naphthalene
to dinitronaphthalene, the NH; content amounted to 0.001-0.002%, based on the
naphthalene used for nitration.

During the nitration of aromatic compounds a certain amount of diazo com-
pounds as by-products can aso be formed. This for the first time was described
by Weselsky as early as in 1875 [84] in the case of nitration of phenols with nitrogen
dioxide and of nitration of aromatic hydrocarbons by Titov and Baryshnikova[85].

Titov [39] explained the reaction as the result of reaction of nitroso compounds
with NO:

N,NO; OH
\
/ /
XC5H4N=O + 2NO —> XC6H4N == 9 —> )l > ”
LN \,/
(0] N=0
\o/’ )!( X

The diazo compound (1) can next be transformed into the phenol (1) (see dso
[18a]).

In some experimental conditions aromatic hydrocarbons, particularly those
with akyl side chains can form dark coloured, reddish-brown by-products on
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nitration. They are often formed when the quantity of nitration acid is inadequate.
An excess of nitrating mixture above the theoretical quantity prevents the for-
mation of these products.

According to Battegay [86] benzene can give the dark coloured substances
in the presence of nitrogen dioxide and sulphuric acid. He postulated the existence
of a complex product of the genera formula

(CeHe)x(ONOSO5H), (H2S0,),

Orlova and Romanova [87] established that toluene yields a dark coloured
complex of the composition:

CeHsCH3.20NOSO;H.3H,S0,

The following are factors which favour the formation of the complex: high tem-
perature, and a high content of nitrogen oxide in the nitrating mixture. The complex
can be destroyed by an excess of nitric acid when the concentration of nitrating
mixture is high enough and nitrotoluenes result from this destruction. If the quan-
tity of nitric acid is too low, the complex is liable to decomposition with foaming

and formation of tarry matter, which is the product of both: nitration and oxi-
dation.
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CHAPTER 111

NITRATION AGENTS
AND METHODS MORE RARELY USED

NiTraTion With concentrated nitric acid or its mixture with sulphuric acid has already
been described and severa examples will be given in those chapters dealing
with the preparation of nitro compounds. Methods more rarely used which have
already been applied in practice or may be in future, are described in this chapter.
They are concerned both with using less common nitrating agents and with
nitrating substances which do not yield products of great practica importance
(at least at present). Such, for example, is the nitration of olefins or acetylenes.

NITRATION OF ALKENES AND ALKYNES WITH
CONCENTRATED NITRIC ACID

Some instances of the nitration of olefins havea heady been described in deal-
ing with the problem of adding a molecule of nitric acid to a double bond. Besides
adding concentrated HNO; to olefins, true nitration of olefins through electro-
philic substitution can take place to yield nitroolefins. As early asin 1839 E. Simon
[1], on cautious nitration of styrenes, obtained “nitrostyrene”, which, according to
Alekseyev [2], proved to be o- nitrostyrene. Lipp [3] in 1913 also found that the
action of nitrous acid on camphene resulted in the formation of w- nitrocam-
phene, along with addition products. In 1878 Haitinger [4] found that the nitra-
tion of isobutylene with anhydrous nitric acid led to several products, among
which was nitroisobutylene (CH3)C,=CHNO,, in 10% vyield.

In 1935, Michael and Carlson [5] reported that with fuming nitric acid tri-
methylethylene gave crystaline 3-nitro-2-methyl-2-butylene in 20% yield:

CH3\ /NOZ
/ \CH3

More recently Petrov and Bulygl na [6] investigated in detail the conditions
under which severa olefins can be nitrated. They found that good yields could
be obtained with concentrated nitric acid reacted with olefins at ca. 60°C, and
with less concentrated at a dightly higher temperature, i.e. 80-90°C. Nitration
was aso possible with 20% nitric acid, containing nitric dioxide when reacted
a 70°C. Probably, according to Titov’'s theory (p. 88, 118) nitric dioxide is the

(81]
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nitrating agent, while the role of nitric acid is to regenerate the NO, radical.
The course of the reaction between acetylene and nitric acid is much more
complicated. By passing acetylene through fuming nitric acid at ordinary tem-
perature in 1901 Baschieri [7] and in 1902 Mascarelli and Testoni [8] obtained,
besides nitroform, CH(NO,),, two other crystalline compounds: an acid C,H;0;N
and an explosive, C,H,0O;Hgs [9]. A thorough investigation of these subs-
tances was carried out by Quilico and Freri in numerous papers published
between 1929 and 1932 [10,11]. They recognized that these compounds were all
isoxazole derivatives (I1) and they established their structure and mechanism of
formation. The following is the scheme drawn up by Quilico [10] and Quilico and
Simonetta [12] in 1946. It is closely related to the classic interpretation by Wie-
land [13,14] of the formation of fulminic acid from ethanol, nitric acid and mer-
curic nitrate (VoI. [):

ino. CHNO: _ O;N-C—COOH
e, [0 o SRR o,
HNO,
CH CHO NOH
I Il l_co,
C—~COOH CH—C—COOH 0,N—CH HC 1)
CH=CH__ I —HNO, )
—> || I ! = |l
N-0 CH N NOH N-O
m \o/ \%
v

Here, isoxazole-3-carboxylic acid (1V)-the main product of the reaction-is formed
from nitrile oxide (I11) on adding acetylene to it.
The formation of nitroform is presented by Quilico as follows:

CHNO, .~ C(NOy;

| O, ~=%s CHNO,); @
CHO COOH
1
O,NCH 0 O,N-C—NO,
i — | —> CH(NOp); (3)
NOH NOH

From compound |1l the loss of CO, could lead directly to the formation of
fulminic acid (V) which in Wieland’ s scheme would take its origin from (1) through
loss of CO, and HNO..

In the presence of mercuric nitrate, a high yield of tetranitromethane is obtained
through the intermediate formation of nitroform. This reaction is dealt with on
p. 594 (manufacture of tetranitromethane).

Experimental support for this mode of formation of the isoxazole derivative
(IV) was found in 1946 by Quilico and Simonetta [12]. They obtained V from
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acetylene and the ethyl ester of 1l reacted at room temperature in nitric acid solu-
tion. 3,3-Diisoxazolylketone (1X) isformed in asimilar way from acetylene, acetone
and nitric acid, according to Quilico and Freri [10] and Quilico and Simonetta

[12]:

CH;—CO—CHj :—:g’—> CH3-CO—iJ—N02 —HNO, CH3—CO—(|3 CH=CH__
. ,
|
NOH N-O
Vi
CH;—CO O,N—C—CO———
e L T
’ ’ NOH
AN No”
VI
C—CO———— : co
— ) _H_,L u “\J
N N
N-O (4)
No” o’ =

VI \

— N CO

‘c T 1T J
| N N NoO N
No” No” 3} N

Acetyl methyl nitrolic acid (V1) is the well known product of the reaction of
HNO; on acetone. After loosing HNO, it condenses with acetylene to yield 3-acety-
lisoxazole (VII). Through the same sequence of reactions it eventually forms IX.
Dimerization of the nitrile oxide (VIII) yields diisoxazoylfuroxane (X).

All the isoxazole derivatives formed from acetylene belong to the 3-mono-
substituted series (Quilico [12a]).

On the formation of furoxane derivatives see also Wieland’ s work on the action
of N,O5; on unsaturated compounds p. 101.

NITRATION WITH DILUTE NITRIC ACID

Konovalov [15] nitrated aliphatic hydrocarbons in sealed tubes at 120-130°C,
using dilute nitric acid of concentration 6.5-19%. From normal hydrocarbons
he obtained secondary nitro compounds in yields varying from 40% (2-nitro-
hexane from hexane) to 49-50% (2-nitrooctane from octane). Aromatic hydro-
carbons with an diphatic substituted group when nitrated under the same con-
ditions gave nitro derivatives with a nitro group in the side chain. For example,
ethylbenzene, when nitrated with 12.5% nitric acid at 105-108°C, gives phenyl-
nitroethane in 44% yield. The optimum yield is obtained with 13% acid.
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Cycle-polymethylenic hydrocarbons can also be nitrated with dilute nitric
acid (e.g. Wichterle [15a]).

Grundman and Haldenwanger [70] nitrated cyclohexane with nitric acid (34%
HNO;) at 122°C under 4 atm pressure. Nitrocyclohexane and gem-dinitrocyclo-
hexane (1) resulted (m. p. 218°C).

NO, NO,

NS

I

Aromatic hydrocarbons, e.g. benzene, are not nitrated with dilute nitric acid.

On the contrary, olefins can readily be nitrated to nitroolefins by means of
12.5% nitric acid as shown by Konovalov [15].

The tertiary carbon (>CH) is nitrated most readily, the secondary one (-CH,)
with some difficulty, and the primary one (-CHj) with greater difficulty. Oxi-
dation products, as for example acids, are formed along with nitro compounds.

These classical studies were continued by Markovnikov [16] in 1898 and Nametkin
[17] in 1908. The principal conclusions of Nametkin are:

(1) Within certain limits the nitration yield does not depend on the concentra-
tion of nitric acid, but on the quantity of the acid; for example, the same yields
are obtained with 47.5% nitric acid (sp. gr. 1.3) as with 13.5% nitric acid (sp.
gr. 1.075).

(2) The nitration rate depends on temperature, pressure and the concentration
of the acid. The higher the temperature and pressure and the stronger the acid,
the higher the reaction rate.

(3) The quantity of nitric acid used for nitration affects the direction of the
reaction. A long run treating with an excess of nitric acid at a high temperature
enhances the formation of oxidation products.

Nametkin presents the nitration mechanism as follows:

O
RHCH, + O=N->0 —> RCH=N< + H,0
I v oH (5)
OH RCH;,NO,

(0]
| { “oH (6)
OH R,CHNO,

The author believes the labile forms with the -C=N bond are obtained as
intermediates and subsequently they isomerize to form nitro compounds.

Phenols can be nitrated with very dilute nitric acid. Thus, Cumming, Hopper
and Whedler [18] reported that phenol can be converted into nitrophenol by
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3% nitric acid, while 4% acid converts methyl- and ethyl-acetanilide into
the corresponding dinitro derivatives. In 1958 T. Urbanski [19] found that
8-hydroxyquinoline can be converted to the 5,7-dinitro compound by boiling with
8% nitric acid and more recently he and Kutkiewicz [20] have found that
the same result can be aobtained by prolonged boiling with nitric acid of concen-
trations as low as 0.5%. However, the reaction occurred only after a certain induction
period which ended by evolution of nitrous fumes. When NaNO, was added to
the nitric acid, the reaction started almost immediately. The nitration of 8-hydroxy-
5-nitrosoquinoline leads readily to formation of the same nitration product
without the induction period.

The introduction of the 5-nitro group can easily be explained by nitrosation
of 8-hydroxyquinoline in position 5 and subsequent oxidation of the nitroso com-
pound. No similar explanation can be given with regard to the mechanism of the
introduction of the second nitro group, in position 7, as no nitrosation of nitro-
phenols is known and the formation of *8-hydroxy-5-nitro-7-nitrosoquinoline”,
does not seem to be possible. The formation of “5,7-dimtroso-8-hydroxyquinoline”
as an intermediate is also improbable because no instance of the introduction of
two nitroso groups into a monophenal is known. Thus nitration most likely pro-
cedes through the formation of the 5-nitroso derivative only.

It has also been found that 5-nitro-8-hydroxyquinoline can be nitrated with
1% nitric acid to yield 5,7-dinitro-8-hydroxyquinoline. This excludes nitrosation
as an intermediate step for the reason given above:

ITIO
(\A\ /\/‘\
)\ / \N/ '/ NO,

nitric . NO (7)
\ NO, 7 / / 2

The introduction of the nitro group into position 7 would support the view
aready expressed (p. 48) that the NO," ion is not the only nitrating agent.

Slavinskaya [21] in 1957, found that phenol can be nitrated to o-, p- and 2,4-
dinitrophenol using nitric acid dissolved in ethyl nitrate at a concentration as low
as 0.5% HNO;. Phenetole and naphthalene can aso be nitrated with this solution
to yield mononitro products. The presence of NO, was essentiad for successful
nitration at such a low concentration of HNOs.
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ELECTROLYTIC NITRATION

Electrolytic nitration was first proposed by Triller [22] in 1897. This author
pointed out that with nitric acid of concentration 52% HNO; at 80°C a- nitro-
naphthalene free from dinitronaphthalene can be obtained at the anode. With
nitric acid of concentration 65% HNO; dinitrongphthalene is obtained. Fichter
and Pluss [23] checked the Triller's patent in 1931 by carrying out simultaneous
experiments with ordinary and electrolytic nitration. They found that the electro-
Iytic method did indeed provide higher yields of a- nitronaphthalene. But the authors
believed this was due not to a higher concentration of nitric acid (or more exactly
of NO5 ions) at the anode, but rather to a rise of temperature over this area. Con-
trary to this view, Cahane and Wilson [24] came to the conclusion that it was
the formation of a layer of high concentration around the anode that accounted
for the increase in the yield.

Kirk and Brandt [25] nitrated toluene with a mixture of nitric and sulphuric
acids both by the usual method and by the simultaneous use of the electrolytic
method and found that with the latter technique higher yields could be obtained.
Atanasiu and Belcot [26,27] treated aromatic hydrocarbons with a much dilute
nitric acid (at a concentration insufficient for nitration) and, due to the electro-
lysis, which they carried out simultaneously, they succeeded in obtaining nitration
in the anode area. In studying the reaction they observed particularly vigorous
oxidation processes.

Edwards [28] carried out experiments in 1950 comparing the nitration of toluene
under ordinary conditions with that combined with simultaneous eectrolysis and
found that higher yields of nitro compounds resulted when electrolysis was applied.

NITRATION WITH NITRIC ACID VAPOUR

The nitration of aiphatic hydrocarbons may be accomplished in the vapour
phase, a 410-430°C, using nitric acid vapour. A number of papers describing
this method of nitration were published by Hass and co-workers [29] between
1936 and 1940.

Under the influence of a high temperature during the reaction the hydrocarbon
chain is split off to give shorter ones and such compounds as nitromethane and
nitroethane are formed. For example, the authors obtained the following products
in the nitration of n-pentane at 400°C:

nitromethane 1.1%
nitroethane 7.2%
1-nitropropane  13.8%
1-nitrobutane 12.5%
1-nitropentane 20.6%

2-nitropentane  20.8%
3-nitropentane 23.0%

Higher temperature enhances the formation of nitroparaffins with shorter chains.



NITRATION AGENTS AND METHODS MORE RARELY USED 87

This is seen clearly in Table 10, which shows the results of nitration of butane at
various temperatures.

TABLE 10
COMPOSITION OF THE PRODUCTS OF THE BUTANE NITRATION AT VARIOUS TEMPERATURES

Temperature | Nitromethane | Nitroethane | 1-Nitropropane| 2-Nitropropane 1-Nitrobutaue
°C % % % % %
395 21 12.7 49 49 305
393 6.0 19.0 7.0 41.0 27.0
445 5.9 18.2 6.5 37.0 318
450 9.0 25.0 7.0 28.0 31.0

Apart from this, at higher temperatures the amount of primary nitropropane
increases as compared with the secondary derivative.

Similar experiments have been carried out by Grundmann [30]. He found
160-180°C to be the best temperature for the reaction. The products of nitration
of long-chain paraffins were mono- and polynitro compounds.

Thus n-dodecane was nitrated at 180-190°C to yield the products shown in
Table 11.

TABLE 11
NITRATION OF N-DODECANE
Mol. ratio Eroducts -
n-dodecane:HNO, Unreacted | Mononitro | Polynitro Fatty acids
n-dodecane | dodecane | dodecane
2:1 58 36 5 1
1:1 43 40 15 2
1:2 33 25 38 4
1:4 24 4 47 25

Hass and Alexander [31] and G. B. Bachman, Hass and Addison [32] described
the positive influence of oxygen on the yield in gas-phase nitration. Bachman and
his co-workers aso discovered that the addition of halogens had a positive effect
on the yield of the nitration.

Hass and Shechter [33] have formulated thirteen general rules governing the
vapour-phase nitration of paraffins (and cycloparaffins). Here they are in a sum-
marized form :

(1) Polynitro compounds can probably be formed only from paraffins of
fairly high molecular weight.

(2) Any hydrogen atom in the hydrocarbon is capable of replacement by a
nitro group, and the ease of replacement is. tertiary > secondary > primary
group. As the temperature rises, however, the ease of replacement tends to
become equd.
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(3) Any akyl group present in the paraffin can be replaced by a nitro group,
i.e. chain fission takes place. Thus, isopentane yields nine nitroparaffins. The
fission reaction increases as the temperature rises.

(4) Oxidation always accompanies nitration, resulting in the formation of
nitro compounds and a mixture of acids, aldehydes, ketones, alcohols, nitrites,
nitroso compounds, nitroolefins, polymers, carbon monoxide and carbon dioxide.
Catalysts such as copper, iron, platinum oxide, etc., accelerate oxidation rather
than nitration.

When considering the mechanism of nitration of paraffin hydrocarbons with
nitric acid Titov [34] assumed in his papers dating from 1937 to 1948 that nitrogen
oxides, NO, and NO, were the nitrating agents for aliphatic chains. The role of
nitric acid would consist in regeneration of nitrogen oxide by oxidation of the
lower nitrogen oxides formed during the reaction. Moreover, Titov assumed the
nitration reaction to be a free radical one. In the first stage, a hydrocarbon is con-
verted into a free radica under the influence of a nitrating agent:

RH + NO, -> R + HNO, (8)

Subsequently, a free radical reacts with nitrogen oxides, aso in the form of free
radicals to form a nitro compound, nitroso compound or nitrite:

R. + .N=O -> RNO
Nitroso compound

R. + .NO, -> RNO,
Nitro compound
9
R.+ .ONO -> RONO
Nitrite

Since Titov believed that the NO; radical might also be present in the vapour
phase, he gave the following overall scheme for the reaction of NO, and NO; with
a hydrocarbon RH, and for the reactions of NO, NO,, N,O,, N,O3, N,Os, HNO;
and O, with a free radical R:

o R—NO
w2 ~
w0 <o, R —~NO,
: NOpNiOt_o R_0—NO
R—H MR. Nzon N._,O,

~ =t R-0-NO;
% R —O—0-(peroxide radical)
R—OH

It can be seen that nitrites and nitrates, peroxides and alcohols are formed
along with nitroso and nitro compounds. The nitroso compounds (secondary)
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isomerize to give oximes. The nitrites give lower aldehydes, ketones and lower
radicals which form lower nitro compounds. The acohols oxidize to adehydes
and ketones, and the latter to acids, which may yield esters with alcohols. The
nitrates may give off a HNO; molecule to form ol€efins, and the latter may give
dinitro compounds, etc. The nitroso compound formed may subsequently give a
dinitro derivative (Ponzio [35]); for example:

N0
CgHsCH,NO -> C4HsCH=NOH -5"'C¢HsOH(NO,), (10)

Titov's experiments have shown that the nitration of alkyl-aromatics may lead
not only to formation of w- nitro compounds, but of w- dinitro compounds as well.

McCleary and Degering [36] present a different mechanism for the nitration
of paraffins with the nitric acid vapour, athough like Titov they also assume the
formation of free radicals:

RH + (oxidizing agent) -> R. + .H
R. + HONO, -> RNO, + .OH
RH + .OH -> R. + H,O etc. (11)

Y et another mechanism (11) with free radicals taking part has been suggested
by Boord [37]:

HONO, -> HO. + .NO,
RH + HO. -> R. + H,O
R. + -NO, -> RNO, (12)
By andogy with the chlorination mechanism, in which we assume a chain
reaction, Boord aso suggests another chain mechanism with repeating links. He

assumes that nitric acid undergoes decomposition at a high temperature to form
nitric anhydride :

2HONO, -> NO,-O-NO, + H,O
NO,-O-NO, -> .NO, + .ONO,
RH + .ONO, -> R. + HONO,

R. + NOyO-NO, -> RNO2 + .ONO2 (13)

However, Hass and Riley [38] assume that the nitration of aliphatic hydro-
carbons proceeds through the formation of addition products which subsequently
undergo a breakdown which may (in the case where a certain kind of the addition
product is formed) involve the rupture of C-C bonds:

HO-}-NO,
CH; - CHy + HNO; -=> |} ©  «-> CH;OH + CH3NO, (14)
H;C—§{~CH;
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H—0—{-NO,
CH;-CHs + HNO; -> © 3 > HO + CHNO, (15)
H—{—CH,

CH;

The nitration theory, which assumes that a free radical takes part, seems to
be more praobable than the addition theory and is in better agreement with the
experimental data. An interesting piece of evidence for the participation of free
radicals in the reaction was given by McCleary and Degering [36], who obtained
a mixture of nitroethane and ethyl nitrate when nitrating tetraethyl lead with nitric
acid in an atmosphere of CO,, at 150°C. It is probable that the reaction proceeds
as follows:

(C,Hs5)4Pb -> Pb + 4C,Hs.

C,Hs. + HONO, -> C,HsNO, + OH.
(16)
C,Hs. + OH. -> C,HsOH

C,HsOH + HONO, -> C,HsONO, + H,O

NITROGEN DIOXIDE

As is well known, nitrogen dioxide exists as the dimer N,O,, a low temperatures,
and as the monomer, NO,, a high temperatures. Its boiling point is 21°C, and
its density at 0°C d = 1.49 g/lcm”.

On the basis of the observation that the addition of nitrogen dioxide to com-
pounds with double bonds yields not only nitro compounds, but nitrous acid esters
as well (p. 99). Schaarschmidt [38a,39,40] expressed the view that nitrogen
dioxide exists in three forms which are in equilibrium. This may be represented in
modern symbols in the following way:

O—N=0 0<N=0 0<N=0

| == | = |
O-N=0 0-N=0 0<N=0
@ (b) ©
the equilibrium being shifted towards the (c) form.

More recent thermochemica studies (Giauque and Kemp [41]), and spectral
work (Millen [42]), as well as determination of the dielectric constant (Addison
and Lewis [43)]), indicate that formula (b) seems to be the most probable. Formula
(d) is possible, but less probable.

0=N<:>N=O

@
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The stereo-structure, including bond distances and bond angles of vapour phase
NO, (Fig. 17), was investigated by Maxwell and Mosley [44] in 1940 by electron

(0)azpp 122 o (9

™)

FiG. 17. Bond distances and angles of nitrogen dioxide (Maxwell
and Modey [44]).

Fig. 18. Bond distances and angles of dinitrogen tetroxide (Broadley
and Robertson [45]).

diffraction and the stereo-structure of solid N,O, (Fig. 18) was determined in 1949
by X-ray anadysis by Broadley and J. M. Robertson [45].

The ability of N,O, to react in various ways suggested that the substance can
also undergo heterogeneous dissociation in various ways. Three modes of
ionization of N,O, in dilute solutions are known. In water NO, and NO3 are
produced, in strong acids, such as sulphuric acid, NO" and NO," are formed,
and under other conditions intermediate ionization leads to formation of NO*
and NOj'. Clusius and Vecchi [46] found, when dissolving tetramethylammonium
nitrate (CH),N* >NO; labelled with N isotope in N,O,, that complete exchange
of the N isotope took place according to the equation:

N, O, <> NO" + NOj 17

N,O, in nitric acid solutions dissociated in the same way, as Goulden and
Millen [47] found, when examining Raman spectra of such solutions.

Millen and Watson [48] confirmed this observation by examining the infra-red
spectra of the same solutions. Very recently Goulden, Lee and Millen [488] examined
the electrical conductances of solutions of dinitrogen tetroxide in nitric acid and
came to the conclusion that N,O, is subjected to nearly complete ionization ac-
cording to egn. (17).

There is no evidence that the heterolytic dissociation may have the form (18)
which was accepted in earlier days.

N,O, <> NO,” + NO, (18)
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However, a homolytic dissociation into free radicals NO, is possible;
N,O, <> 2NO, (19)

This has been confirmed by experiments on the addition of N,O, to asym-
metrically substituted olefins (Shechter and Conrad [49]). The most recent
review of the chemistry of nitrogen dioxide is that of Gray a