Tetrahedron, 1958, Vol. 2, pp. 300-303. Pergamon Press Ltd., London

SOME REMARKS ON THE THEORY OF NITRATION

T. UrBAXsKI and J. HACKEL
Department of Organic Technology, Institute of Technology, Warsaw, Poland

(Received 15 July 1957)

Abstract—Experiments on formation of nitric esters of starch (*“O-nitration” of starch) led to the
conclusion, that nitration occurs not necessarily by means of NO,* ions, but NO,~ ions and/or
undissociated nitric acid are nitrating agents.

Nitrating mixtures rich in nitric acid may yield products of higher nitrogen content owing to the
fact that the reaction occurs in one phase system.

THE excellent review by Gillespie and Millen! which was partly based on the extensive
work of Ingold and his school published later* gave a first summary of the present
state of our knowledge on the nature of nitration agents and particularly on the role
of nitronium ion in aromatic nitration

So far not very much attention had been paid to the role of nitronium ion in the
nitration of hydroxyl compounds, i.e. in the formation of O-nitro compounds. The
only note is by Israelashvili® and in it he suggested that the formation of the nitrates
is due to an attack of the nitronium ion on a lone electron pair of the hydroxyl
oxygen followed by elimination of a proton from the transient intermediate product:

H(:: it NG o e [H(I: - S:NOJr —— HC:Z—ON02 + HY
However, according to Miles* it is not necessary to assume that NO,* ion plays any
part in the esterification of cellulose and there are two very strong reasons to believe
that in the greater part of the cellulose “nitration field” it cannot have any effect.

According to Miles one of the proofs is the fact that nitration can take place in
the vapour of nitric acid at very low pressure when no liquid can be present and the
formation of NO,* or any other ion is most improbable.

Another one is the possible nitration of cellulose by means of dilute nitration
mixtures which do not contain spectroscopically detectable NO,*.?

Again according to Miles the modern work elaborates and confirms an old idea
of Sapozhnikov® that the nitrating action of mixtures of nitric acid, sulphuric acid
and water upon cellulose is related to the partial vapour-pressure of HNO, in the
mixtures.

This theory was based on the similarity of the curves of constant nitrogen content
of nitrocellulose and of constant vapour-pressure of HNO,.

Sapozhnikov’s work on the nitration of cellulose and on vapour-pressure was
later repeated and confirmed by a number of authors.”>8%
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O-NITRATION OF STARCH*

The authors of the present paper carried out a number of experiments on O-
nitration of starch and partly published their results between 1932 and 1939.1

The action of over 100 nitration mixtures of nitric acid, sulphuric acid and water
was examined. The compositions varied within the ranges:

15-100 per cent HNOjy
0-75 per cent H,SO,
0-75 per cent H,O

and the weight to weight ratio of starch to nitration mixture was 50. The temperature
during the reaction was 10-12°C and the time 1 hr.

H, O

Hp SOy

Fig. 1

The degree of O-nitration produced in our experiments is represented on the
triangular diagram (Fig. 1), where the composition of the mixtures is expressed in
molar percentages. The curves are formed by joining points corresponding to the
composition of nitration mixtures yielding products of the same degree of nitration
(constant nitrogen lines).

Thus, all nitrating agents with compositions lying on the curves 4,4, and A,' 4,
give starch nitrates (which we shall call “nitrostarch™) containing 12:75 per cent N.
All mixtures lying between curve 4,4, and the baseline and between curve A’,A4;
and the baseline give products with more than 12-75 per cent N.

The curves B;By,B; and C,C,C, correspond to nitration to 11-11 per cent and
9-15 per cent respectively. Mixtures with compositions between the curves A, 4,—A,' 4,
and B, B,B, give starch nitrates of nitrogen content between 12-75 and 11-11 per cent.
Mixtures with compositions between B, B,B; and C,C,Cj yield products with between
1111 and 9-15 per cent N.

DISCUSSION

The curves 4,4,, BB, and C,C, are remarkably similar in shape to those given
by Sapozhnikov® and others?:® for the nitration of cellulose.
~ * The authors suggest using the term “O-nitration” to denote the formation of nitric esters, by analogy
with “N-nitration” and “C-nitration” to form nitramines and nitro-compounds respectively.

10 J, Hackel and T. Urbanski  Roczn. Chem. 12,276 (1932); Z. ges. Schiess—u. Sprengstoffw. 28,306 (1933);
VI¢ Congrés Intern. des Industries Agricoles p. 766. Budapest (1939).
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As with cellulose the region of mixtures which can O-nitrate starch evidently
extends beyond that containing detectable concentrations of NO," ions which is
bounded by the curve N, N, according to Chédin® and Gillespie and Millen.

Thus nitronium ion cannot be considered as the only nitrating agent yielding
O-nitro derivatives of starch—a statement analogous to that on cellulose nitration
made by Miles.* It must be admitted therefore that nitric acid itself, probably in
the undissociated form NO,OH, and possibly also the nitrate ion NO,~ are both
O-nitrating agents for starch. Nevertheless it is mixtures rich in NO,* ion which
give nitrostarch of the highest degree of nitration and nitronium ions should still
be considered as a most efficient nitrating agent.

In addition the rule of Sapozhnikov® on the importance of the vapour-pressure
of HNOj, seems to be confirmed by the general trend of the curves 4,4,, B, B, and C,C,.

However, the curve A, 4, and the branches B,B; and C,C, show a definite
deviation from the rule as established for the nitration of cellulose. The curves
mentioned above lie between the H,O-HNO; axis and the line H,O—Z which
represents mixtures with the HNOy/H,SO, ratio running from about 90/10 to 100/0.

It is evident that these mixtures have a relatively stronger nitrating action upon
starch than upon cellulose.

An important property of all these nitrating mixtures is their ability to dissolve
starch partly or totally. The higher the HNO,/H,SO, ratio in this region, the more
completely soluble is the starch. This would account for the trend of the curves
Ay Ay, ByB; and C,C,. The nitrogen content of the products also increases with
increasing HNO4/H,SO, ratio.

The nitration of starch proceeds in this region in a system which is either com-
pletely single phase or partly so in contrast with cellulose, which swells only in
mixtures rich in nitric acid and low in sulphuric acid. Swelling of cellulose hinders
the uniformity of the process and makes the nitration even more difficult. Once more
the importance of the effect of the factor of diffusion of nitrating mixture into the
cellulose fibres upon the rate and degree of nitration can be pointed out. According
to Sakuradal!? the kinetics of nitration of cellulose can be characterised by means
of an equation:

= Joiizl®

where: x is the weight of the product,
z is the time required for the reaction,
k and m are constants depending on the rate of diffusion of the acid into the
fibres.
It is true that cellulose can also be dissolved in mixtures very rich in nitric acid
but this requires a longer time and leads to marked degradation of the cellulose.
On the contrary starch is quickly dissolved in nitric acid or in the nitrating mixtures
rich in nitric acid and can be isolated by pouring the solution into water.

SUMMARY
O-Nitration of starch was examined by means of nitrating mixtures composed
of nitric acid, sulphuric acid and water and curves relating constant nitrogen content
in the product to mixture composition were plotted on a triangular diagram.
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The following conclusions can be drawn from the experiments:

(1) Starch, like cellulose, can be nitrated by relatively dilute nitrating mixtures
which do not contain nitronium ions. This indicates that undissociated nitric acid
(NO,OH) and/or nitrate ion (NO,") are also O-nitrating agents.

(2) The constant nitrogen curves all have two branches. The main branches
follow remarkably well the trend of the Sapozhnikov curves established for the
nitration of cellulose and for the partial vapour-pressure of HNOj.

The shorter branches correspond to mixtures rich in nitric acid. Their nitrating
action upon starch does not follow the rule of Sapozhnikov. This deviation is
probably due to the ability of these mixtures to readily dissolve starch.

(3) The higher the HNO,/H,SO, ratio in the nitrating mixtures in the region from
90/10 to 100/0, the greater is the solvent power for starch and at any given HNOy/H,O
ratio the higher is the nitrogen content of the product.

(4) Comparison of the action of mixtures rich in nitric acid upon cellulose and
starch leads once more to the establishment of the importance in nitration of the
factor of diffusion of the acids into the cellulose fibres.
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