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Ph. D. CHEMISTRY

JOHN T. EDWARD

"Phe Preparation of R D X by the McGill Process"

The synthesis of RDX, a powerful high explosive, was
accomplished in 1940 at McGill by reaction of a mixture of paraformaldehyde,
ammonium nitrate, and acetic anhydride.

A study was made of the conditions affecting the yield of
RDX from the reaction, and a new method of conducting it found which
ensbled the reaction to be controlled when run in large batches, and which
increased the yield to 50%4. No means of purification was found yielding
a product melting above 200° (British Specifications) without involving
a large losa of material.

From a study of the consumption of reaetants and thermal
phenomena of the reaction, a mechanism is advanced for the McGill process.

This mechanism predicts the formation of many as yet unisolated by-producta.



I. HISTORICAL INTRODUCTION

R.D.X. or cyclonite is one of the most powerful high
explosives known today. It was first prepared in 1899 by Henning
(1) by the nitration of hexamethylenetetramine - dinitrate (I) with
fuming nitric acid (d = 1.52). It was later investigated by von Herz
(2), who appears to have been the first to assign to it the structure
generally accepted today, nemely, that of cyclotrimethylenetrinitramine (II).

CH CH

2 2
HNO3 —N_CHp CHp —N—HNOg NOs— 1‘\1 1\|T—N0 5
\N/ / HNO,, CHy CHg
EN \ / + 3CHg0 + NHz
CHp CHo |N
N
I Ix

Since then the materisl has been manufactured on a large
scale in Italy anrnd Great Britain for military purposes. Very little of
the research done on it has been published: notable exceptions are the
article of Hale (3) and the monograph of Linstead (4). In the latter
is contained much of the material presented in this thesis.

Until 1939 no other method of preparing R.D.X. had been found.
In that year Robert W. Schiessler, working under Dr. J. H. Ross of McGill
University (5), discovered a means of preparing this compound which has
come to be known as the MeGill Process, and which ushered in a new era of
R.D.X. research. It consisted of heating together paraformaldehyde and

ammonium nitrate in the presence of acetic aphydride, a few drops of



sulphuric acid being used as a catalyst.

CH,
3 CHg0 +3 NHyNOz+6 (CH3zCO)g0 —>NOg—N N—NOp
| + 12 CHyCOOH
CHg CHg
|
NOg

The mixture on being heated to about 90° C.suddenly gives evidence of
a vigorous reaction; the temperature rises and the so~called "kick-off"
occurs, with frothing and the evolution of brown fumes. When it is
over, the solids have gone into solution.

Schiessler's usual procedure was to maintain the mixture
for a further fifteen minutes at 90° to 100° and then to pour it into
a large excess of water. A white or cream-coloured solid precipitated
out. The aqueous suspension was neutralized with sodium earbonate,
heated for several hours on the steam-cone, and then cooled and filtered.
The product thus obtained was impure R.D.X.

Purification was generallyaccomplished by dissolving the
crude material in acetone, filtering from it a dark impurity melting
above 300°, end then adding water to the hot solution until it showed
first signs of cloudiness. On cooling,erystals of R.D.X. were de-
posited. These were still impure, melting at about 195° (British Ordnance
Specifications call for a melting point above 200°).

The yield of material by this method was low. In more than

forty runs Ross and Schiessler attempted to improve it by altering



conditions, but it never rose above 40% (based here and always on
the amount of formaldehyde used). They found that an excess of
ammonium nitrate and acetic anhydride and a temperature of 65° gave
the best results., Several catalysts {iron oxide, ferric nitrate,
aluminium nitrate, and iodine) were tried but proved ineffective.

The yields often varied in erratic and unpredictable fashionm,
however, and frequently could not be repeated. The desirability of a
changed mode of operation was clearly indicated.

The mechanism advanced for the reaction by Schiessler, which
actually led to its discovery, postulated the dehydration of the
ammonium nitrate by acetic anydride to form nitramides

NH4N03-+(CH300)20 ——Q—aNﬂzNoz + 2 CHzCOOH
This compound then condensed with formasldehyde to form the methylol-
nitramine:

CHo0 + NHgNOg ———> CHoOH——NHNOg
which then by dehydration and trimerization, or by cyclodehydration,
c¢ould form R.D.X.

On the basis of such a mechanism, one might expect that the
reaction could proceed when dehydrating agents other than acetic
anhydride are used. Ross and Schiessler $ried anhydrous glycerol, glacial
acetic acid, and toluene under reflux, but none proved effective.

Since it has often been assumed (6) that the thermsl decompo-
sition of ammonium nitrate to nitrous oxide and water occurs by the
Tormation first of nitramide:

NH,NO; ——> NHgNOp + Hg0

NHgNO, ——> Ng0 + Hg0



it seemed possible that R.D.X. might be formed simply by fusing
paraformaldehyde and ammonium nibrate together. However, the melt
so formed, even on the addition of a dehydrating agent such as
phosphoric acid, gave nothing but water-soluble products.

Another attempt to verify this mechanism consisted of the
"dearrangement” of nitrourea (7) by sulpburic acid in formalin solution.
Such a dearrangement should give nitramide:

NHoCONHNOp —> NHoNOg  + HOCN
but no R.D.X. was obtained.

Such was the status of the problem when the author began
research in it in January, 1941. It is obvious that the reaction
involves the condensation of formaldehyde with an emide or an emmonium
compound, and the formation of a nitramine (the order in which these
changes take place is discussed later). Consequently, a brief survey
of some of the reactions of formaldehyde with amides and amines follows,
together with such of the methods of preparation of nitramines as appear
relevant. In both of these fields the work done so far has been ex-
ceedingly scanty, and mueh of it is old. The MeG1ill Process is unigue,
in that the condensation takes place in acetic anhydride,and may well
yield in time a host of new compounds. This use of acetic anhydride
is at the same time its most serious fault commercially, and so in the
following research the possibility of replacing it was constantly kept

in mind.



ITI THEORETICAL DISCUSSION

Ae. Condensation Reactions of Formaldehyde with Amides

The first mechanism advanced for the Mc¢Gill Process postulated
the condengation of formaldehyde with nitramide, the amide of nitric acid,

It is now known that such a method fails to give R.D.X. (8,9),
It is not impossible, however, thet a condensaticn of this type occurs
during the reaction. Unfortunstely, the products of the condensstion of
formaldehyde with nitramide or with substituted nitramides are not known,
although Wright has inferred from various reactions that the first two
compounds form the hypothetlcal monomer of R.D.X,, methylenenitramine
(III) (9).

CHg0 + NHgNOg ———> CHg = N = NOg+Ho0

III

During the past forty years, a vast amount of work has been
done on the condensation of formaldehyde with other amides, because of
the importance of the products in the preparstion of synthetic resins.
Most of the work is of no theoretical interest in the present problem,
and so the survey of these reactions shall be brief. Three types of
amides will be consldered: those of sulphonic, carboxylie, and carbamic
acids.

1. Condensation with Sulphonamides.

Sulphonic acids (IV) are strong, like nitric acid (VI), and
80 their amides (V) might be expected to be similar to nitremide (VII)

and substituted nitramides (although the presence of a double bond



between the nitrogen and oxygen in the latter, giving rise to the

0 0 0 0

| [ ! !
R—lS—OH R-S-NHp O=N-OH 0=N-NHj

0 0

v v VI VII

possibility of tautomerism and of resonance, may be of some importance).
They are, in fact, the only amides which condense with formaldehyde to
give a cyclotrimethylenetriamine derivative.

The reaction of benzenesulphoramide with formaldehyde was
first studied by Magnus-Levy (10). He found that on repeated evaporation
of a solution of benzenesulphonamide, formaldehyde, and hydrochloric acid,
followed by extraction of any unchanged sulphonamide with alkali, two
compounds were obtained which were separable by fractional cerystallization.
They were shown by analysis and by molecular weight determinations to be a
dimer and a trimer of methylenesulphonamide and were assigned the formulse

(VIII), (IX), by analogy with other polymers containing the methylene group,

502CeH5 |3020 6Hs
bll N—CHp
CHp &2 cHa N-50oCgHg
N/ \N—CHg/
S02CeH5 S0oCgHs5
VIII X

such as trioxymethylene.

Since that time the most thorough investigation of the



condensation of arylsulphonamides with formaldehyde has been made

by Hug (11). He found that the following compounds could be obtained,

using p-toluenesulphonamide:

1. N-methylol-p~toluenesulphonamide (X) by condensations
CH;;C H, SO NHCH,0H

X

in neutral or slightly alkaline solution. Compounds of this type are

quite unstable. Boiling water, acid or alkali cause complete hydrolysis.

Attempts at benzoylation and alkylation caused the splitting of the

molecule, accompanied by the formation of the dimer (XI); attempts at

CHy

CH3CgHgSON /NSO 2CeH4CH3
CH

X1

acylation with acetyl or benzoyl chloride led to the formetion of

di(p=-toluenesulphonyl)methylenediamine (XII). No condensation with

CHp
\NHSO 2CeH4CHz

XIT



amines or phenols was possible.
2. Di(p-toluenesulphonyl)methylenediamine (XII) could
also be formed by boiling the methylol compound in anhydrous solvents.
It is more stable than the methylolsulphonamide, but is still esasily
hydrolyzed. On heating it in acid or alcoholic solution it forms
3 Di(p-toluenésulphonyl)dimethylenediamine (X1), the dimer,and
4. Tri(p-toluenesulphonyl)trimethylenetriamine (XIII), the

trimer,

S0gCgH4CH3

N'— CHo
C{ >N~SOZC 6H4CH3
\N—Cﬂg

S02CeH4CHz

XII1I

These latter two compounds may also be formed directly
by condensation of p-toluenesulphonamide with an excess of formaldehyde
in the presence of hydrochloric acid. They are insoluble in alkali
and sre fairly stable.

2. Condensation with Carbonamides.

Pulvermacher (12) found that the condensation of formaldehyde
with benzamide and acetamide in the presence of acid gave methylenedi-

benzemide (XIV) end methylenediacetamide (XV) respeotiveiy.



/NHCOCe,H5 NHCOCH3
CHp CHp
\NHCOCe,Hs ‘ \NHCOCHs

XIv Xv

In 1905 a patent granted to Kalle and Co. (13) described

the formation of methylolamides (XVI) by heating amides and paraformaldehyde
CHz0 + RCONHy — RCONHCH,0H

vl
together at 120-150°. No condensing agent was needed, Heating for a
longer time at a higher temperature gave the methylenediamides in good yields,
These and other condensations were studied exhaustively by
Binhorn and coworkers (14), who advanced the following mechanism for the

formation of methylenediamides:

+ 2CH20 CHgOH - CHg0
CeH5CONHg ———> CgHsCON —— CgH5CONHCH,0H
CH20H - Ho0
XVII XVIII
|
CgHsCONH — CHo0 CgHsCONH
CH, /Cﬂg
CeH5CONH CgH5CON

N

CHgOH

XIv XX



While it seems unnecessary to postulate these intermediates for
condensetion in acidic media, all of these compounds can be isolated
by varying the conditions of the condensation.

li,N=dimethylol benzamide (XVII) was formed by slight
warming (to body temperature) for one hour of benzamide in formalin
solution with a small amount of dilute sulphuric acid. A completely
clear solution was gradually obtained. Sodium acetate was then added
to hinder the continuance of any condensation process. On dilution
with water an oil was obtained, which after washing with water was
taken up in ether and dried over sodium sulphate. Ths o0il was then
obtained by evaporation of the ether: analysis showed it to be the
dimethylol derivative. It could not be further purified because of the
ease with which it lost formaldehyde to give N-methylolbenzamide.

For most amides, the dimethylol derivative could not be
isolated. Only with the amide of camphoric acid was a crystalline
derivative obtained. The presence of two methylol groups in this
compound was verified by forming a dibenzoate from it.

Most of Einhorn's work was done on the N-methylolamides.
These compounds could be prepared by the condensation of amides with
formaldehyde in aqueous solution, in the presence of a small amount of
potassium carbonate. This proved to be a perfectly general reaction.

These compounds are very unstable. On dry heating, or on
evaporation of an agueous solution, the methylolamide breaks down into
its components.

That, however, they are condensation compounds rather than
loose addition products Einhorn adduced from the following evidence:

l. They give a positive Tollens test not immediately

like formaldehyde, but only after a certain length of time, corresponding
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to the stability of the methylolamide.

2. Derivatives can be prepared, proving the existence
of a carbon-nitrogen link. Thus on oxidation with dilute chromic acid
N-methylolbenzamide gives N-formylbenzamide (XX):

Oxidation
CgH5CONHCH20H 7 CgHsCONHCHO

XX
Derivatives of methylenediamine can be formed by reaction
with secondary amines, such as piperidine (forming N-piperdylmethyl-

benzamide (XXI)), and with amides. And with aromatic compounds tolyl or

CHo-CHy
C gH5CONHCHN \Cﬂz
N
CH2-CHZ
XX1

xylyl derivatives are formed, as in the synthesis of 2,5-dihydroxy-N-

benzoylbenzylamine (XXII).

OH CH

+ HOCHpNHCOCgHS CHgNHCOC gHs
———————— .

OH

XX11



However, the instability of these compounds is such that
many other derivatives cannot be mede. Thus they will not form salts
with acids. They form methylenediamides on being heated with acetic
anhydride or benzoyl chloride. If acylation is attempted by the Schotten-
Baumann procedure in alkaline solution, they form methylolmethylene com-
pounds (such as XIX), except in a few cases, such as the ddémethylol
derivatives of camphoric acid amide already mentioﬁed,or N-methylollactamide

(XXIII).

CH3CHOHCONHCH,,0H CH7CHCONHCH20COCgH5

0COCgH5
XXIIT

The Nemethylolimides, &s exemplified by N-methylolphthalimide
(XxX1V), discovered by Sachs (15), are much more stable. This compound
forms salts, can be acylated with boiling acetie anhydride, and forms

an ether (XXV) on treatment with phosphorus oxychloride.

AN ANA

2 C% /N—CHQOH - \6<4 /N CHz—O'CHz—N\ /Cﬁl:l4
Cco co Cco

XXIV XXV

Strangely enough, Einhorn could not form a methylol derivative
of a N-alkylated amide. Although he did not attempt to explain this fact,

it may be accounted for on the assumption that amides have an aci-structure



(XXVII) rather than the one usually assigned them (XXVI) (16).

0 OH

/ c c/
sﬂs\

CeHsC

NHCoHg NCgHg

XXVI XXVII

N-methylolmethylenedibenzamide (XIX) can be prepared from

N-methylolbenzamide by warming it to 30° in formalin solution with a

small amount of sulphuric acid. It loses formaldehyde on heating, dry

or in solution, to give methylenedibenzamide (XIV).

3. Condensation with Carbamic Esters and Carbamides.

By the action of urethane (2 moles) on formaldehyde (1 mole)

in aqueous solution, in the presence of hydrochloric acid and with

vigorous cooling, Conrad and Hock (17) obtained methylenediurethane (XXVIII).
With a molar ratio of 1 : 1, with more acid and at a temperature of 70-80°,

they obtained anhydroformaldehydeurethane as a dimer (XXIX).

NHCOQCoHs N—COOCgHg
CH,, CHy /cnz
\mcooc235 \N—cooc,gﬁs
XXVIII XXIX

Einhorn and coworkers (1l4) found that in basic solution
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N-methylolurethane (XXX) could be formed, which condensed further as shown:

CHoOH

Alkali
CH20H N—CO0CgHs

CHg
NHCOOCgHg LH——COOCgH5
Acid
NHCOOCgHg
o,

NHCOOCgHg

The condensation of urea or carbamide with formaldehyde
follows the same essential course as previous condensations, but must be
more carefully controlled hecause of the ease of polymer formation.

Methylol= or dimethylolcarbamide may be made simply by exe
posing in an evacuated desiccator for a few days a neutralized solution
of urea containing one or two equivalents of formaldehyde (18). Alkeline
condensation gives more complex products (14). If the ratio of formalde-
hyde to urea is 0,75 : 1, then acid condensation gives methylenecarbamide
(XXXI); if it is 1.5 : 1, a methylol derivative (XXXII) is formed (18).

NHCONH NHCONH

< Dm &
S’ Naey”

CHpOH

XXXI XTI
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Substituted carbamides, unlike substituted cerbonamides
can form methylol derivatives (e.g. XXXIII), except when trisubstituted.
Einhorn advanced as an explanation the possibility that the trialkyl

urea existed in the "pseudo form" (XXXIV) (14).

NHCHs NCgHs

CO C-0OH

\N (CHz) CH20H \N (CoHs) o
XXXTII XXIV

B. Condensation Reactions of Formaldehyde with Ammonia
and Amines

1. Condensation with Aliphatic and Aromatic Amines

Another possible mechanism in the MeGill Process is the
condensation of formaldehyde, not with an amide, but with ammonia or
an amine.

Qur knowledge of this condensation is surprisingly small.
It is, however, fairly generally accepted that the condensation proceeds

first by addition of the amine to the carbonyl group (19) :
RCHO +R'NHg ————  RCHOH- NHR?!

XXV
The & -hydroxy amine (XXXV) so formed can then react in

different ways to give imines, cyclic compounds, ete.



These A-hydroxy amines can be isolated when formaldehyde is
allowed to react with aliphatic amines in the presence of alkali (20).

The methylolamines derived from methyl- , ethyl- , propyl- , isobutyl- ,

OH

RNHp + CHQ0 ————>  RNHCHpOH

isoamyl-~ , and benzyl- emines and from piperidine are colourless liquids.
They may react with another molecule of amine to give bis(alkylamino)methanes
(XVI) @

RNEHCH20H + R'NH; — > RNHCHoNHR!

VI
When distilled over potassium hydroxide, the methylolalkylamines

lose water to form the corresponding alkylmethyleneimines, usually as

- / \

3 RNH-CHp0OH — Rr
C

Hz\/

R

cyelic trimers (XXXVII)

XXVII
These products are also formed by the condensation of

formaldehyde with aromatic amines under carefully controlled conditions,
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although the intermediate compounds have not been isolated (21). The
molecular weight of the fapour of anhydroformaldehyde aniline, on the

other hand, is reported to correspond to that of the monomer. (This
behaviour is analogous to that of formaldoxime, which normally exlists in the
trimeric form, but cen be isclated as an unstable monomer (22) ).

2. Condensation with Ammonia and Ammonium Salts.

The condensation of formaldehyde with ammonie is rather
more complex. When the two compounds are mixed in aqueous solution,
they react to form hexamethylenetetramine (abbreviated to hexamine in
this thesis) (23).

6CH20 + 4NHx — > (CHp)eNg -+ 6Hp0

XXXVIII

The empirical formula (XXXVIII) for this compound was
settled by analysis and by molecular weight determinatiocns (241. Many
different structures were proposed for it, however, the generally

accepted one today being that of Duden and Scharff (XXXIX) (25).

P
l

N
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These authors considered the precursor of hexamine to be
cyclotrimethylenetriemine (XL) by analogy with the formation of cyelo-
trimethyltrimethylenetriamine on reacting formaldehyde with methylamine
(25,26), and because on adding benzoyl chloride to a solution of equi-
molecular amounts of formsldehyde and ammonia they obtained the tribenzoyl

derivative (XLI)

CH,, CHp
NH/ \NH CgHsCOC1 CHsCON NCOCgH5
(|.7H2 (IJHz T CHg E'Hz
\\\\\$ua///// \\\\\\*N”/////

COCgHs

XL LI

Cyclotrimethylenetriamine could not be isclated from solution,
however. Because of the active hydrogen remaining on the nitrogen, further

reaction with formaldehyde and then ammonia is possible, leading to hexamine,

The Tirst reaction of formaldehyde with ammonias is probably
the formation of methylolamine (27), which reacts by further condensation
with ammonia or formeldehyde until hexamine is formed. If formaldehyde
and ammonia are allowed to condense in the presence of sodium bisulphite,
then the bisulphite esters of mono- , di- , and trimethylolamine can be
prepared (28).,

Bhen ammonium salts are dissolved in formalin solution, the
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solution beecomes acid: on heating, carbon dioxide, formic acid, and
mono~, di-, and trimethylamine sal¥s are formed (29). The salts of
amines can be methylated in the same fashion.Wermer (30) advanced the
following mechanism for the reaction:
l. CHg0+ NH3 ,HC1l—— CH20HNHZ.HC1l —> CH2=NH.HC1 +H20
2, CHg=NH.HC) + Hp0+CHg0 —>CHNHg . HO1+HCOOH
3. CH0+CHpNHg.HCL ——>CHo=NCHz.HC1+ Hg0
4, CH2=NCH3.HC1l+Hg0+CHg0 —> CH3NHCH3.HC1 + HCOOH
N(CHz)g. HCL
5. CHg0 +(CHz)oNH.HCL — CHg + Hg0
N(CHz)g.HC1

XLII

Bis(dimethylamino)methane dihydrochloride (XLII) so formed
is saturated, end so shows no tendeney to be raduced. At high temperature
it decomposes:

N(CHz)g.HC1
6. CHz — — > (CHgeNCHz.HC1l —+ (CHz)aN.HC1

N(CHgz)2.HC1
+ (CH2-NCH3)3 . 3HCL
XILIIX
This mechanism explains why the formation of monoe~ and
dimethylamine is accompanied by the formation of formic acid; and why

the formation of tri- from dimethylamine hydrochloride and formaldehyde
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is sccompanied by the production, not of formic aecid, but of eyelo-
trimethyltrimethylenetriamine (XLIII). It is also obvious from equations
(2) and (4) that water is needed for the oxidation-reduction to proceed.
Werner found that this was s0: when an attempt was made to react formal-
dehyde with methylamine hydrochloride in aleoholic solution, the amine
salt was recovered unchanged and ethylal was formed:

CHo0 + CgHg0H -—> CHp(OCgHs) g + Hg0

3. The Structure of Hexamethylenetetramine and
its Derivatives

Duden and Scharff (25) inferred from the facts that hexamine
(1) was a strong, tertiary base, and (2) on degradation in many different
reactions gave formaldehyde, emmonia, sometimes methylamine, but never
ethylamine, that it must be made up of nitrogen atoms and methylene groups
alternately linked. Its structure they then deduced from the fact that
it could be broken down by various reagents to form bicyclic compounds
of two fused six-membered rings, or further to monocyeclic compounds of
six-membered rings. The parent compound they consequently considered
best represented by a structure with three fused six-membered rings.
This structure gives formal representation to the fact that all nitrogen
and carbon atoms are equivalent, and possesses a high degree of symmetry.

Later X-ray investigations (31) have tended to confirm

Duden and Scharff's structure; but recently Wright (32) has offered

chemical evidence against it.
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In considering the derivatives formed from hexamine, one
must bear in mind the fact that this.compound is hydrolyzed in acid
solution to formaldehyde and ammonia. It is possible that its
derivatives are formed, not by partial breskdown of ithe molecule which
g8till leaves some of the rings intact, as Duden and Scharff believed,
but by a complete hydrolysis, followed by a synthesis of the derivative
from formaldehyde, ammonia, and the specific reagent used (33).

In the following discussion we shall proceed on the
assumption that the derivatives are formed by a partial rather than a
complete breakdown of the hexamine molecule, although this question still
lacks decisive chemicel evidence for settlement one way or the other.

Hexamine is attacked by a variety of reagemt s of the
general type HOX, where X may be H, NO, Cl, or NOs. The breakdown may
take place through two stages to give:

1. Pentamethylenetetramine derivatives (bicyclic compounds)

(xXLIV)

N i

CH, CH, CHg CH,
AN N,
CH, CHg CH, CH, +CHgO + Hg0
CHs CHg
N N///

LIV
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2. Cyclotrimethylenetriamine (XLV) or cyclotetramethylene-

tetramine (XLVI) derivatives(monoecyclic compounds).

CHg— CH, CHo— CH0H
{ i { ZHOX ‘ l
XI‘\I CHy NX I ){CN CHy + NX
CHp—N-—CHp CHg —NX CHo0H
XLIV v
2HOX
_—
X
CHo—N—CHp
’ I + CH20 + H0
X? NX
CHo—N — l'ﬂ
X 2
XLV1

The formation through a bieyelic intermediate of the mono~-
cyclic derivatives was postulated by Duden and Scharff (25) but has been
shown to take place in only a few cases. The factors governing the mode
of breakdown to give the trimer (XILV) or the tetramer (XLVI) are not
known.

The first reagent to give cyclic degradation products was
nitrous acid. When only a small amount of sodium nitrite was added to an
acid solution of hexamine, dinitrosopentamethylenetetramine was formed
(34); an excess of the reagent led to the formation of cyclotrinitroso-

trimethylenetriamine (35).
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Hexamine may be degradedlby various reagents in aqueous
solution. Strong acids lead to a complete hydrolysis to formaldehyde
and ammonia, and no intermediate products have been isolated (25). In
the presence of diazo selts, diazo-pentamethylenetetramine derivatives
may be formed; the reagent 1ls apparently not vigorous enough %o give
monocyclic derivatives (25).

With benzoyl chloride in alkaline solution, on the other
hand, the reaction proceeds considerably further, to give c¢yclotribenzoyl-

trimethylenetriamine (XLVII), tribenzoyldimethylenetriamine (XLVIII),

COCgHg COCgH5 COCgHs
PN /IL 5
CH, CH, CH, \:az clzﬁg
CgH5CO —Xw N—COCeHs CgH5CONH NHCOCgHs  NHCOCgH5
CHj
XILVI1 XLVIII XLIX

and methylenedibenzamide (XLIX).

The action of sulphonyl chloride on hexamine in alkaline
solution results in the formation of disulphonylpentamethylenetetramine
(36) and eyclotrisulphonyltrimethylenetriamine derivatives (37). Hug
explained the non-formation of a dimethylenetriamine derivative such as
(XILVIII) by the fact that the hydrogen atoms on the nitrogen of such a
compound (L) would be very active and so would condense with the

formaldehyde present in the solution from the degradation of the hexamine
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to form a cyclic compound (LI).

ISOgR TOgR
CHp——NH ' CHp— N
CH RSO2I\/ CH
CHy—NH CH2—1|‘I
SOgR SOoR
L LI

The action of sulphonyl chlorides provides fairly oconvincing
evidence for the mechanism postulating the formation of derivatives of
hexamine by a partial breakdown of the molecule, rather than a complete
decamposition to formaldehyde and ammonia followed by resynthesis. For
in the latter case one should expect the formation of a dimer as well as
a trimer of the methylenesulphonamide (¢.f. page 6); actually, only
the trimer is found.

The behaviour of hypochlorous acid is similar to that of
nitrous acid. Treatment of hexamine with sodium hypochlorite solution
glives dichloropentamethylenetetramine; in acetic acid solution cyelotri-
chlorotrimethylenetriamine instead is formed. The latter compound can
also be formed by dissolving dichloropentamethylenetetramine in acetic
acid (38).

The formation of nitro-derivatives differe from previous
reactions in that it can take place only in relatively anhydrous media.

Thus R.D,X. can be formed only by nitrolysis of hexamine in nitric acid



containing less than 20% water (39). Dinitropentamethylenetetramine
(LII) (40) has recently been prepared in several ways, notably by the

action of acetic anhydride on hexamine dinitrate.

CHy—N—— CHy
\/\I .HNO
CHp

Acg0 NOz—N CHp N—DNOg  +CHg0

N T
CHp ‘ CHy

The nitration of dinitropentamethylenetetramine can yield

CHg ——N— CHy ~+ 24c0H

LI1

R.D.X. (41), but more often H.M.X. (LIII) (42), according to the con-
ditions employed. The latter is the only eight-membered ring yet

derived from hexsmine.

NOg
CHg— r’ —CHg CHo——N—-CHp
‘ 2HNO ‘ |

NO, —N CHg ]N—Noz — NOjg —’N N-—NOg + CHp0

CH,— N——CHp CHg —N ——CHp + Ho0

NO

2
LIII

Several attempts have been made to interrelate these

derivatives of hexamine, most of which have failed because of the
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instability of the compounds to the reagents used. Nitrolysis of
eyelotribenzoyl- and eyclotri-p-toluenesulphonyltrimethylenetriamine

in congentrﬁted nitric acid has so far failed to yield R.D.X. (43).
Attempts to convert the trichloro- derivative to R.D.X. have been
unsuccessful (44). The action of a mixture of hydrogen peroxide and
nitric acid on dinitrosopentamethylenetetramine gave, not dinitro-
pentamethylenétetramine, but R.D.X. (45). Only the oxidation of cyclo-
trinitrosotrimethylenetriamine has yielded the desired nitro-analogue.
Dinitromononitrosotrimethylenetriamine (LIV) is formed, which cen be

further oxidized to RiD.X. (46).

NO-N \N-NO NOZ—N/ \N—N02
l I mos | | ——» ReDoXo
CE2\ / S CHZ\ / -
| |
NO NO

LIv
From the foregoing summary it is seen that the formation.of
all the degradation products of hexamine so far discovered may be explained
by a partial breakdown of the hexamine molecule as pictured by Duden and
Scharff. This furnishes strong evidence that their structure is correct.
The only other ccmpletely polyeyelic structure, that of van't Hoff and
later of Delepine (LV) (47), would give rise to the formation of four=-

membered rings. On the other hand, the objectiorn to the structure of
N CHp /N

Clﬁ/ >CH2 CHg \
Nl

LV

CHg
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Duden and Scharff voiced by Delepine, that it predicted the formation
of eight-membered rings, has become with the discovery of H.M.X. one
of its most powerful supporis.

C. The Formation of Nitramines.

The pitration of mono- and dimethylaniline was found
by van Romburgh (48) to lead to a compound (LVI) in which one nitro

group was attached to the nitrogen atom of the amine,
Cﬂs\ /H CHz /‘02
N ‘\\\N

4 HN05 NOg NOB

NOp

V1
The significance of this discovery was grasped imme-
diately by Franchimont (49), who named this new type of compound a
nitramine. The perent compound, nitramide, might be expected by the
loss of water from smmonium nitrate on heating. If formed, however,
it decomposes for only nitrous oxide is obtained.
NHgNOz —— NHoNOs + Hg0
NHpNOp ——— NpO + Hg0
There is some evidence, however, that ammonium nitrate forms nitramide
in solution in concentrated sulphuric acid (50).

The thermal decomposition of dialkylamine nitrates
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(LVII) gives dialkylnitrosamines (LVIII), not dialkylnitramines (51).

Cﬂs\ 170° e
/Nﬁg Noz >N—NO+ Hg0 + O.

CH, CH
LVII LVII

Since dimethylnitramine is stable above 200°, the formation of a
nitrosamine cannot be due to the decomposition of a nitramine first
produced.

Franchimont first succeeded in preparing a nitramine
by the action of concentrated colourless nitric acid {g = 1.52) on

N,N'- dimethyloxamide (LIX) (49). The N,Nt- dinitro- N,N'= dimethyl-

2
CONHCHs  grpyoq oty TR oo,
+ 2CHzNHNO
CONHCH, coNez COONHy 2
N0,
LIX IX IXI

oxamide (LX) om hydrolysis furnished methylnitramine (LXI); by varying
the alkyl substituent on the oxamide, different alkylnitramines could
be prepared in a similar way (52).

With simpler emides, (ILXII,IXIII) Franchimont by this
procedure did not obtain nitramide or alkylnitramines, but nitrous

oxide. Presumably they were formed as intermediates (49).
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CH3CONHz + HONOZ — CHzCOOH + NHNOs
11 l

CH3CONHCHz + HONOg CHzCOCH + CHzNHNOp

IXIII
CHz0H + Ng0
With N,N=- dimethylacetamide (IXIV), however, dimethylnitramine
(I1XV) was formed. Van Romburgh found that N,N'- dimethylbenzeﬁesulphona-

mide on treatmemt with nitric acid also gave dimethylnitramine (53).

CHzCON + HONOy, —— CH3COOH + N-NOg

IXIV 1XV

Thiele and Lachmann (54) later showed that in many cases
Franchimont failed %o obtair nitro- derivatives of the simpler amides
because of the excess of nitric acid he employed. When only the
theoretical amount of nitric acid was used, nitrourea and nitrourethane
were easily formesd. Thiele and Lachmann hydrolyzed the latter and
succeeded in finally isolating nitramide (55).

Bamberger (56) found that by the action of acetic anhydride on
several amine nitrates nitramines could be formed. By this method he
prepared dimethylnitramine, Ne nitropiperidine, and the N- nitro
derivatives of aniline and of several substituted anilines. Recently,
Wright (57) has in this way prepared nitramines from aliphatic primary

amine nitrates: the yield, however, is very low.
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III NOTE ON REAGENTS USED.

In the early period of research on the McGill Process
there was insufficient appreciation of the great effect of the type
of reagent employed on the yield of R.D.X.

In some cases, this effect has been related to the physical
state, reactivity or purity of the reagent; but in many cases there is
as yet no explanation for it.

The source of the paraformaldehyde (abbreviated to paraform
in this thesis) used in the work described in Chapter IV, Section A,
is not known. For the greater part of the research, Eastman Kodak (EK)
paraform m.p. (in a sealed tube) 131° - 168°, was used. The work in
Chapter IX and in a few other isolated cases was done with Roessler and
Hasslacher (R & H) paraform, m.p. (in a sealed tube) 129° - 131°. 1In
all such cases the type of paraform will be designated; otherwise as
paraform will be understood the Eastman Kodsk product.

Throughout this thesis the yields of R.D.X. are calculated
fran the weight of paraform used. Actually, analysis showed the formalde-
hyde content of Eastman Kodak paraform to be 96,6%. On the basis of the
eamount of formaldehyde used, the yields would consequently be slightly
higher. Similarly, molar guantities of formaldehyde have been calculated
from the welght of paraform, except in Chapter VIII where a quantitative
study is made of the reaction.

Two types of acetic anhydride were used, designated as QO and

N. Type O had been in the stores for several years, and was coloured brown
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with impurities. Type N was water-white. Both were the technical
product of the Shawinigan Chemical Co. Direct titration* indicated

a 3% acetic acid content in Type 0. However, determinations of the
strength of acetic anhydride are subject to large errors, and this
figure is in some doubt. Throughout the thesis molar guantities of
acetic anhydride are calculated on the basis of a pure anhydride, and
s0 are slightly high.

When the type of acetlic anhydride is not specified, it
is understood to be Type O.

The ammonium nitrate used was the commercial grade supplied
by Consolidated Mining and Smelting Co. It was a fine powder, and con-
tained small amounts of metallic salts (see page 77). A few runs in
Chapter IV,Section A, were made with Merck Reagent crystalline ammonium
nitrate,

All temperatures are recorded in degrees centigrade. Those
between 150° and 250° are corrected; those below 150° are uncorrected,

but are not in error by more than 1°.

* By R. W. Schiessler.
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IV  The Preparation of R.D.X.
by the MceGill Process

A. The Total Addition Method

The name "total addition method" is given to the method
originally employed by Ross and Schiessler for the preparation of
R.D.Xe In it, all the paraformaldehyde and asmmonium nitrate were
added to the acetic anhydride before reaction. The mixture was then
heated with stirring in a three-necked flask, fitted with a thermometer,
reflux condenser, and mercury-sealed stirrer. At about 80° - 90° the
kick-off occurred, and the solids went into solution. The mixture was
heated a further fifteen minutes to complete the reaction.

1. Preliminary Investigation of Reaction Conditions.

The following runs are in the nature of a preliminary investi-
gation, in an attempt to duplicate the yield of 40% reported by Schiessler.
This attempt was unsuccessful.

All runs were made using 3.0 gms. (0.l mole) of paraform
(mepe 168 - 173°),16.0 gms. (0.2 mole) of emmonium nitrate, and 29 cc.
(0.3 mole) of acetic anhydride (Type O), except in Run 4 where the
theoretical amount (8.0 gms.; 0.1 mole) of ammonium nitrate was used.

Two types of ammonium nitrate were used: céarse érystalline
material (Merck reagent), and finely pulverized'material (Consolidated
Mining and Smelting Co.).

Three methods of isolating the R.D.X. were followed:

A The reaction mixture was diluted with approximately six times
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its volume of water, thereby precipltating the R.D.X.; after neutral-~
izing with sodium carbonate the suspension was heated for two hours on
the steam cone. The material so obtained was light tan in colour, and
contemingted with a dark, high-melting impurity insoluble in acetone.
The method was abandoned when it was found that if the R.D.X. were
filtered from the neutralized reaction mixture, the filtrate on being
heated on the steam cone precipitated a yellow-brown gum.

B. The ReD.X. was filtered from the diluted reaction mixture.
It was then washed with boiling water. The melting point was raised a
few degrees by this treatment. The wash-waters on cooling precipitated
a solid with a melting point c¢lose to that of the paraform used. It
burned, however, like R.D.X., and undoubtedly contained some of this
compound because of the appreciable solubility (0.15%) of R.D.X. in
boiling water (58). About 25% of the crude R.D.X. was lost by this
treatment.

AB. The diluted reaction mixture was neutralized and heated,
as in methed A; and the R.D.X. after filtration was washed with hot
water, as in method B.

The results in Table I indicate that higher yields of
R.D.X. are obtained from the powdered than from the crystalline
amronium nitrate, and with a lower temperature of reaction. These

rung were made following the usual procedure as outlined above.



Using Crystalline NH4NO3

Table I

Effect of Temperature upon Yield of R.D.Xe

Using Powdered NH4NO3

Purifi- Purifi-

Run Temp. cation Wt, Yield M.P. Re=- Run Temp. ecation Wt. Yield M,P. Re-
No. oG Method gms. % _ o¢ marks No.  ©¢C Method gms. % oC marks
1 90-100 A 1.5 20 (1) 7 90 . B 24 32  192-%96

2 87;- 95 AB l.2 16 188«192

3 83~ 87 A 1.7 23 177-180 (2)

4 80 AB 0,9 12 171-174 (3) 8 75 AB 1.7 23 187-191

5 65« 70 AB 2.0 27 187-190 (4) 9 65 B 2.8 37 190-192 (4)
6 55 AB 0.7 9 178 (4)

Remarks (1) 2 drops of 74% HpSO4 used

(2)
(3)

(4)

1 drop of 74% HoS0, used

Half the usual amount of NH4NOz used. R.D.X. was
darker in colour than usual.

No kick-off at this temperature.
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It is evident that the trace of sulphuric acid (Runs 1
and 3) employed by Ross and Schiessler as a catalyst for the de-
polymerization of paraform is unnecessary, and that use of only
the theoretical amount of ammonium nitrate (Rum 4) greatly reduces
the yleld.

It was found that when the reaction was run on this scale,
stirring caused a definite increase in yield. This is shown by the
yields of Runs 1 - 3 in Table 2. In these runs the mixture of the
reactants was heated without stirring in a flask fitted with an air
condenser until effervescence was noted. The heating was then
stopped: the reaction proceeded with inereasing vigour until violent
frothing occurred. When it had subsided the product was poured into
water and worked up as before. |

However, the necessity for stirring appears to be deperdent
on the size of the run: if the quantities are small enough, the
turbulence caused by the kick-off is sufficient to keep the reactants
well mixed. This is shown in runs 4-6 in Table 2. These runs were
made using 0.75 gms. (0.025 mole) of paraform, 4.0 gms. (0.050 mole)
of ammonium nitrate, and 6.25 cc. (0.066 mole) of acetic anhydride.
This reaction mixture was heated until effervescence was noted, and
ninety seconds later was poured into 100 cc. of water. The crude
R.D.X. was filtered off, dried, and weighed without any attempt at

purification,



Table 2.

Effect of Stirring on Yield of R.D.X.

Purifi-
Run Size of Type of Conditions Temp. cation Wt. Yield M.Pe
No. Run NH4HO3 OC Method gms. % °c
1 large crystalline No stirring - B 1.3 18 191-194
2 large powder No stirring - B 2.0 27 190-193
3 large powder No stirring - B 1.7 23 188«193
4 small powder No stirring 79 - 0,71 38 182-186
5 small powder Stirring 84 - 0.72 39 190-193
6 small powder Stirring 76 - 0.76 41 191-194

2. Bffect of Proportions of Reactants.

Fraom Table 1 it is evident that using only the theoretical amount
of ammonium nitrate rather than an excess results in a lowered yield and
a more impure product. ‘

Consequently, a series of runs was made to determine the optimum
proportions of reagents for the Total Addition Method. A fixed amount of
paraform (0.75 gms.; 0.025 mole) and varying amounts of ammonium nitrate
and acetic anhydride were used. The reactants were placed in a riask
fitted with an air-condenser by a ground-glass joint, and heated on the
steam cone with shaking. The agitation was continued for 90 seconds after
the kick-off had ocourred,and then the mixture was poured into 100 ce. of
vater, The suspension formed wes stirred, allowed to stand for 5 minutes,
and then filtered into a tared Gooch crucible. The precipitate was washed
with 100 cc. of water,and dried for 24 hours at 85°.

In érder that the results might be significant, the procedure was
standardized as much as possible. It is evident, however, from Runs 17 and

18 that the reaction does not give exactly reproducible yields.



Run Ammonium Nitrate Acetic Anhydride Acg0/CH20 R.D.X.
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Table 3.

Effect of Proportions of Reactants on Yields.

Noo &use moles CC. moles mole ratio gms.
1 2.00 0.025 5.00 0.053 2.12
2 2.00 0.025 5.50 0,058 2.33
3 2.00 0.025 6.00 0,063 2.54
4 2.00 0.025 6.50 0.069 2.85
S 2.00 0.025 7.00 0.074 2.97
6 2.00 0.025 7.50 0.079 3.18
7 2.00 0,025 8.00 0,085 339
8 2.00 0.025 8,50 0,090 3.60
9 3.00 0.037 5.00 0,053 2.12

10 3.00 0,037 5,50 0,058 2433

11 3.00 0,037 6.00 0.063 2.54

12 3.00 0.037 6.50 0.069 2.84

13 3.00 0,037 7.00 0.074 2,97

14 3.00 0.037 7.50 0,079 3.18

15 3.00 0.037 8.00 0.085 3.39

16 3.00 0.037 8.50 0.090 3.60

17 4.00 0.050 5.00 0,053 2.12

18 4.00 0.050 5.00 0,053 2.12

19 4.00 0.050 5.50 0,058 2.33

20 4.00 0.050 6.00 0,063 2.54

21 4,00 0.050 6,50 0,069 2.84

22 4.00 0.050 7.00 0.074 2.97

23 4.00 0.050 7.50 0.079 3.18

24 4.00 0.050 8.00 0.090 3.39

25 8.00 0.100 5.00 0.053 2.12

26 8.00 0.100 6.50 0.069 2.84

27 8.00 0.100 8.00 0,090 3439

28 8.00 0.100 9.50 0.101 4.02

29 8.00 0.100 13,00 0.138 5.52

0.40
0.52
0.50
0,53
0.48
0.44
0.46
0.47

0.32
0.47
0.66
0.66
0655
0.54
0.47
0.48

0.38
0.33
0.37

0.63
0.69

0,62
0.55
0.56

0.25
0.76
0.62
0,55
0.38

% Yield  M.P.
in OC
22 172177
28  165-174
27  170-174
29  169-172
26 156170
24 151168
25  153-168
26  161-169
17 190-195
256  191-196
36  185-190
36  186-189
30  186-189
29  185-189
25  174-184
26  185-192
20  188-191
18 187-190
20  189-192
34  188-191
37  184-187
33  189-194
30  188-190
30  190-193
13.5 191-194
41  190-193
34  188-192
30  191-195
20 192194

These results are shown graphicelly in Fig. 1.

An

examination of this graph shows that for 1.0 mole of paraform, the

optimum amount of acetic anhydride is approximately 2.6 moles, the

curves showing quite definite maxima in this region.
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The optimum amount of ammonium nitrate, on the other hand,
is indefinite. If the theoretical amount is used, the yield is low
and the product is yellow and very impure. With increasing amounts of
ammonium nitrate the yield increases at first sharply and then more
slowly, and the product becomes purer, as shown by the higher melting
points.

In further work, 4.00 gus. of ammonium nitrate and 6.25 cec.
of acetic anhydride were used for 0,75 gms. of paraform. This gives a

mole ratio of paraform: ammonium nitrate: acetic anhydride of 1 : 2 : 2.6.

3. LEffect of Temperature and Time of Reaction.

The data in Teble I indicate that temperatures below that
causing a kick-off result in larger yields of R,D.X. Accordingly, an
investigation of the effect of the time and temperature of the reaction
upon the yield was made in a series of runs using 0.75 gms. of paraform,
4,0 gms. of ammonium nitrate, and 6.25 ¢c. of acetic anhydride. The
mixture was stirred in a 100 c¢. round-bottom flask which was heated in a
water-bath maintained at the desired temperature. After a measured time,
the contents of the flask were poured in 100 ce. of water, and the crude
R.D.X. was isolated as described in the previous section.

Because of the exhaustion of the paraform used up to this
time (Type I), the later runs were made with a fresh stock (Type II).
Using the new paraform the ylelds obtained with the 0ld paraform could

not be duplicated.
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Table 4.

Effect of Temperature and Time of Reaction on
Yield of R.D.X.

Type I Paraform Type 1I Peraform
Run Temp., Time Wt. Yield M.,P. Run Temp. Time Wt. Yield M.P.
No. °C mins. gns. % OC No. ° mins. gms. _ % °c

70 5 0,01 0.5 160~

70 10 0.66 37 190-193 14 70 10 0.07 4 176-178
70 10 0.72 39 191-194¢ 15 70 10 0.09 5 176-179
70 10 0.79 43 187-188

70 10 0.75 40 178-180

70 15 0.73 39 187-190

70 25 0,77 42 186-190

SO R AW

8 635 § trace o 160-
9 65 10 0.74 40 188~192
10 65 15 0.78 42 187-189
16 65 25 0,06 3 174-
11 60 5 trace - 160~
12 &0 15 0,33 18 185-189
13 60 30 0.74 40 185-187 ,
17 60 60 0,20 11 175-178

Actuslly, the solid obtained from Runs 14-17, using Type II
paraform was probably unchanged paraform (m.p. 175-181°) as shown by
itz failure to deflagrate when heated on a spatula.

The results in Table 4 are subject to same uncertainty. The time
recorded is the period of heating tﬁe reaction flask by the water-bath,
and does not take into aceount the time needed for the reactants to warm
up fram room temperature; and the temperature is that of the‘vater-bath,
and does not take into account the increase in temperaturs of the reaction
mixture due to the exothermic nature of the reaction. The results have
canparative value, and show that:

1., an induction period exists for the reaction;

2. the rate of the reaction is greatly dependent on temperature;
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3. the reactlon is complete in about ten minutes at
70°; and

4., the type of paraform used has an enormous effect on
the yield of R.D.X..

The time of contact of paraform and ammonium nitrate befcre
use in the action alsc has an effect on the yield of R.D.X. When
0.75 gms. of paraform and 4.0 gps. of ammonium nitrate were mixed and
allowed to stand at room temperature overnight in a stoppered flask,
it wasvfound that on addition of acetic anhydride heating occurred.-
spontaneously. In two rums 1.90 ce. of acetic acid was added. The
mixture was heated for 10 mins. at 700, and then poured into 200 cec.
of water and the R.D.X. isolated as in Subsection 2.

Table &

Effect of Time of Standing of Ammonium
Nitrate-Paraform Mixture upon Yield of R.D.X.

Time of Standing Addition of WH.of R.D.X. Yield

hours Acetic Acid gms. %
cc.

0 _ 0 0465 35

0 1.9 0.65 35

12 0 0,57 3l

12 1.9 0.54 29

This decreased yield caused by prolonged contact of the
paraform with the ammonium nitrate has been noted by many other
workers, and is so far without explanation.

4, Effect of Type of Paraform

The work in the preceding section has shown the great effect

of the type of paraform used on the yield of R.D.X.. An attempt was
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consequently mede to relate this effect to the composition and
degree of polymerization of the paraform.

Paraform (59) is composed of a mixture of polyoxymethylene
glycols, containing from aix to fifty formeldehyde molecules. The
commercial product usually contains 5% water as the end hydroxyl groups,
and melts at 120-130°. It dissolves slowly in water. UTDifferent samples
of paraform vary counsiderably in their properties, depending on the
average length of the polymers masking it up. For in generel the solubility
and reactivity decrease, and the melting polint increases, with increasing
size of the polyoxymethylene glycol chain.

Methylation of the end hydroxyl groups in a polyoxymethylene
glycol, to form a compound such as y- polyoxymethylene, has an enormous
effect on decreasing the reactivity of the polymer and increasing its
stability.

Four types of paraform (Types I , II, III, and IV) were
examined for their physical properties and their yield of R.D.X. Except
for Type IV, their melting points all indicated a higher degree of poly-
merization than usually found in commercial paraforms. This may have been
due to the slow continued polymerization on "ageing" of Types I, II, and
III, (60).

The lower degree of polymerization of Type IV was also indicated
by its limited solubility in water; the other types were relatively
insoluble. These solubilities were determined by shaking 25 gms. of the

sample of paraform with 100 ce. of water for two hours. The undissolved
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paraform was then filtered off, dried in a desiccator over calcium
chloride for over fourteen hours, and weighed.

The filtrates on evaporation gave a strong odour of formal-
dehyde, but only from that of Type IV was an appreciable residue
(mep. 120-125°) left.

The yield of R.D.X. was found by reacting 0.75 gms. of
paraform with 4.0 gmns. of ammonium nitrate and 6.25 cc. of acetic anhydride.
Two methods were used:

A. The reaction mixture was heated until a kick-off occurred;
B. The reaction mixture was heated to 70° for 10 minutes.

In either case, the reaction mixture was poured into 100 ec,

of water, and worked up as in ruma in Subsection 2.
Table 6

Effeot of Type of Paraform on Yield of R.D.X.

Phys Props of Paraform Method A Method B
Types Solubility in M.P. Kick-off Wt. Yield M.P. Wt. Yield MoPe
gus/100 gms Ho0 in OC Temg. in gms. % %¢ gus. % o¢
C
1 ? 168=-173 84 0.72 39 190-193 0,66 37 190193

76 0.76 41 191-194 0,79 43 187-188

0.75 40 178-180

II trace 175-181 > 90 0.38 20 188-191 0.07(1) 4 176-178
0.44 24 0.09(1) 5 176~179

111 trace 165-172 87 0.70 38 184-188
IV 12 135-145 87 0.58 31 192-196 0.72 39 191-194

(1) Probably unchanged paraform




It is apparent that the yield of R.D.X. is not greatly
affected by the polymer type within certain limits, the typicel
"paraformaldehyde” of Type IV giving substantially the same results
as the d- polyoxymethylenes (59) of Types I and III. Type II might
be a Y- or §- polyoxymethylene, accounting for its lack of re-
activity except at high temperatures, when the whole molecule is
disrupted and the formaldehyde made available for reaction.

5. Effect of Size of Run

The runs so far described have been small, the largest using
only 3.0 gms. (0.10 mole) of paraform. Yt was found that when 12.0 gms.
{0.40 mole) of paraform, 64.0 gms. (0.80 mole) of ammonium nitrate,
and 100 ce. (1.06 mole) of acetic anhydride were used, then if the
temperature of the heating bath were kept below 65° a violent kick-off
ensued after four to eight minutes. Excessive frothing resulted in some
losses of material. It is evident that in a larger run the heat generated
in the kick-off is larger and less readily dissipated, and so the reaction
is disproportionately more violent.

Table 7

Yield of R.D.X. from Larger Runs

First Crop of R.D.X. Second Crop of R.D.X. R.D.Xe.

Run Temp. Time Wt. Yield M.P. Wt. Yield M.P. Total Yield
No. ©C mins. gns. _ % oC gus. % o¢ ﬁ

1l 70 4 8.0 27 190-192 0.35 1l.2 182-187 28

2 65 7 8.2 28 188~190 0,37 1.2 181-182 29

3 63 8 7.3 25 186-191 0.06 0.2 210 25
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B. The Continuous Addition Method*

It soon became obvious that the Total Addition Method was
unsuitable for any but small runs because of the vigorously exothermic
nature of the McGill Process. It was found that by the Continuous
Addifion Method the reaction could be controclled well erough to run
large batches without a kick-off. The yield of R.D.X. was higher,
approximating 50% under ortimum conditions.

In the Continuous Addition Method, a mixture of the paraform
and ammonium nitrate wes added continuously to the hot stirred acetic
anhydride during the reaction. By this means it was possible to avoid the
presence of a large excess of unreacted material at any time, and so lessen
the rate of evolution of heat. The temperature of the reaction mixture
was observed by means of a thermometer dipping into the stirred acetic
anhydride.

It was found that for a short time after addition of the solid
reactants to the acetic anhydride had commenced, nc heat was evolved (the
first "No-Heating Period" or N.H.P. (1) ). A vigorous reaction then set
in, and heat was evolved until after the addition was complete (the
Heating Period or H.P.).

The temperature of the reaction was first controlled by
heating the reaction flask with a water-bath, and adding the solid reactants
at such a rate as to maintain the temperature at the desired level. This

necessitated a slow addition.

* Much of the work in developing this method was done in collaboration
with Mr. A. Gillies, whose help is gratefully acknowledged.
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Later it was found that the yield of R.D.X. was not decreased
by a shorter time of reaction, and so the heating-bath was dispensed with.
The reaction flask was heated with a Bunsen flame during the N.H.P.(1l);
as soon as the H.P. had commenced, the flask was cooled frequently with
a beaker of cold water. The control of the reaction by this method
required considerable skill and experience. For a run at 70°, it was
found that if the temperature rose above 75° it frequently became un-
controllable. In some instances, (e.ge Run 1 , Table 24 , page 67 ),
while the temperature and other conditions had beer regulated in the usual
way, the yield dropped off without apparent reason.

The R.D.¥. was usually isolated in two crops. The first cfop
was obtained by diluting the reaction mixture to give an acetic acid
concentration of 40-60%, and cooling to room temperature. The filtrate
from this crop, on further dilution to an acetic acid concentration of
20-30%, precipitated a second crop of more impure R.D.X. At this con-
ceniration the precipitation of R.D.X. is substantially complete {61).
All crops obtained after dilution and boiling, following the Shawinigan
Method of Purification (page 66 ), are designated by the letter "s"
following the weight of the crop.

Occasionally the reaction mixture was at once diluted to 20-30%
acetic acid, ard the crude R.D.X. filtered off in one crop.

l. Effect of Proportions of Reactanta.

The three runs in Table 8 were made at 70°. In this and in
succeeding tables, "Addition"™ refers to the time required to add the
mixture of paraform and ammonium nitrate to the acetic anhydride; "Heating"
to the length of time after addition for which the reaction mixture was

heated.



Table 8

Effect of Proportions of Reactants on Yield of R.D.X.

Apounts of Reactants )
Run Para- NH NOz Acg0 (CH0)y:MH¢NO3:Acg0 Addi- Heat- First Crop

form tion ing Wt. Yield MéP.

No. gms. gus. ©co. mole ratio mins. mins. gms. _ % C
1l 6.0 16.0 96 l1:1: 5.1 24 20 5.4 36 190-193
2 6.0 32.0 100 l:2: 5.2 86 - 4.5 30 195-1.98
3 12.0 64.0 100 1:2: 2.6 17 8 14.5 49 190-192

In this method, as in the older one, the optimum mole ratio

of paraform: acetic anhydride appears to be 1 : 2.6 (Run 3). However, an

excess of ammonjum nitrate decreases rather than increases the yield

(compare Runs 1 and 2). This result has been confirmed by Johnson (62),

who found the optimum ratio of parsform : ammonium nitrate : acetic anhy-

dride to be 1 : 1.25 : 2.6. For the greater part of the investigations

on this method the o0ld ratio of 1 : 2 : 2.6 was used.

2. Effect of Temperature of Reaction

In all the rune in Teble 9 the ratio of paraform : ammonium
nitrate : acetic anhydride was 1 : 2 : 2.6.
Tebls 9

Effect of Temperature on Yields of R.D.X.

Para-
form _Addition Heating First Crop Second ®rop Total
Run Wt. Temp. Time Temp. Time Wt. Yield M.,P. Wt. Yield M.P. Yield
No. gms. °C mins. °C mins. gus. % °c  gms. % °% %
1 12,0 65-80 30 - - 14.5 49 189-194 2.0 6.6 165- 56
2 30.0 87 60 - - 36.3 49 189-194 1.0 1.3 202-205 50
3 12.0 70 17 70 8 14.5 49 190-192 = - - 49
4 24.0 70-74 60 - - 25.5 43 192-194 2.1 3.5 150-160 46
S 30.0 80-85 20 80 15 30.8 42 193-198 = - - 42

6 12,0 90 30 - - 10,0 34 193-197 1l.1 3.7 187-192



It is apparent that, in the temperature range 65-90°, the
highest yields of R.D.X. are obtained at the lower temperature. Below
65°, however, the rate of the reaction drops off rapidly (Table 4), and
80 continuous addition within a reasonable length of time is in effect
little different from total addition at the beginning of the experimeat.
Hence in Run 2 (Table 10), a small amount of the solid was added to the
anhydride at 70°, and stirred for 6 mins. By this time the induction
period (page 40) is over at this temperature. The temperature was then
lowered to 50°, and the solids added in 5 equal portions at intervals of
15 minutes. Only after 60 minutes did the evolution of heat become
noticeable.

It has been noticed that when the formaldehyde is contained in a
reactive paraform, a reaction temperature of 65° gives the optimum yield
of R.D.X., but when it is held in a more inért polymer a higher temperature
is necessary to make it available for reaction (page 43). To see whether
the paraform not used in the formation of R.D.X. had reacted to form a heat-
labile compound, the reaction mixture in Run 3 was heated to 115° s the
failure to obtain an increased yield indicates that this formaldehyde
has formed a stable by-product.

The runs in Table 10 were made using 12.5 gms. (0.42 mole)
of paraform, 40 gms. (0,50 mole) of ammonium nitrate, and 100 cec.

(1.06 mole) of acetic anhydride, the mole ratio thus being 1 : 1.2 : 2.6.



Table 10

Effect of Temperature upon Yield of R.D.X.

Addition Heating First Crop Second Crop Total
Run Ac20 Temp. Time Temp, Time Wt. Yield M.P. Wt. Yield M.P. Yield

No. Type °C  mins. °C mins. gms. _ 4% °c  gms. _% oc %
1 N 70 11 70 20 13.1S 84,3 191-195 1.0 3.4 180-186 47.7

2 0 51-53 75(1) 53 120 13.5S 45.6 191-196 0.8 2.7 170-173 48.3

3 N 70 10 (70 (15 12,6 42.5 191-195 0.2 0.7 - 43.2
(115 (20(2)

(1) Addition in 5 equal portions at imtervals of 15 mins.

(2) During this time 20 ¢e. of 97.5% HNOz and 10 ce. of Acg0 wers added
in small portions

It ies shown in the following subsection that Type 0 anhydride
gave yields of R.D.X. about 5% higher than those obtained with Type N.
Hence it appears that neither a temperature of reaction lower than 65°
(Run 2) nor a temperature in the heating period higher than 70° (Run 3)

regults in an increased yield of R.D.X.

S Effect of Type of Acetic Anhydride

The results in Table II below, and in Table 24 on page 67,
show that a consistently higher yield of R.D.X. was obtained with Type 0
acetic anhydride than with Type N. Run 1 was made with 12,0 gms. and Run
2 with 3.0 gms. of paraform. In both cases the mole ratio was 1 : 2 : 2.6.
Table I1I

Effect of Type of Acetic Anhydride on Yield of R.D.X.

Addition Heati
Run Acg0 Temp. Time Temp. Time wt. Yield M.P.
No. Type _°C mins. _°C  mins. gms. % °¢
1 0 70 17 70 8 14.5 49 190-192

2 N 65-70 15 70 5 3.08 41,6 182-187
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The difference in yields (see Table 24) was usually smaller
than this. There i8 as yet no satisfactory explanation for this effect.

4. Effect of Type of Formaldehyde

The investigations so far described on the effect of reaction
conditions on the yield of R.D.X. were done with Eastman Kodak paraform.
Roessler and Hasslacher paraform, which has become standard for R.D.X.
research in North America, gave a very slightly lower yield. The two rums
in Table 12 were made with 12,5 gms. (0.42 mole) of paraform, 40 gnms.
(0.50 mole) of ammonium nitrate, and 100 ce. (1.06 mole) of acetic anhy-
dride (Type N), the mole ratio thus being 1 : 1.2 : 2.6.

Table 12

Effect of Type of Paraform on Yield of R.D.X.

Para- _Addition _Heating @ First Crop Second Crop Total
Run form Temp. Time Temp. Time Wt. Yield M.P. Wt. Yield M.P. yield
No. Type _°C mins. °C mins. gns. _ % °C gms. % ¢ %

1 K 70 11 70 20 13.1S 42.5 191-195 1.0 3.3 180«186 45.8

2 BRa&H 70 10 70 20 13.4 43.5 189-194 - - - 43.5

Dupont paraform was found to give a slightly higher yield of R.D.X. than
E.K. paraform (Table 24, page 67).

The use of gaseous formaldehyde in the McGill Process was
investigated. This had been tried by Roass and Schiessler (65) and later,
with improved control, by Wright (65). The following work was done later,
and confirms Wright's results.

To measure the amount of formaldehyde introduced into the
reaction, two methods were tried:

l. An attempt was made to prepare anhydrous liquid formsldehyde,

using an apparatus modified after that of Spence and Wild (66) and of
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Walker (67). It was hoped tc use for each run a fixed volume of liguid
formaldehyde, whose weight could be determined by analytical methods.
However, it was not found possible to obtain more than a small amount of
liquid formaldehyde before the apgparatus beceme clogged with solid polymer.
This may have been due %o a failure to use alkall-preciritated parafcrm.
The practical difficulties of this method caused it to be dropped.

2. A weighed amount of paraform was volatilized in a current
of nitrogen, using the apparatus described by Wright (6S). The weight of
the formaldehyde was then regarded as that of the parafcrm (the 4-5% water
content was ignoeed in this as in previous cases in the caleulation of
the yield).

It was noticed, however, that on volatilization of the
paraform a small carbonaceous residue was always left behind. This must
have come from the decomposition of some & -polyoxyuethylene making ur a
pert of the paraform. 1In this polymer some of the carbon atoms are linked
directly together, rather than through oxygen atoms, and so complete depoly-
merization to formaldehyde is impossible {68).

Aan attempt was made to find the amount of formaldehyde
liberated by the sublimation of 3,000 gms. of paraform (2.895 gms. of
HCEO by analysis*) in a stream of nitrogen. This was done by passing the
mixed gases through a solution of sodium sulphite, and thern titrating
the liberated alkali with standard acid, thymolphthalein being used as an
indicator * (69). It was found that the amount of fornaldehyde acccunted

for was always less than that calculated. That this ddscrepancy did not

* The author is indebted to Mr. D. Robinson for these formaldehyde
determinations.
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arise entirely from a non-volatile fraction such as S~polyoxymethylene
in the paraform was shown by the variabllity of the loss. As other
possible sources of loss, the following were eliminated:

1. Oxidation by traces of oxygen in the nitrogen (Rums 5
and 6, Table 13);

2. leakage from the apparatus : in Runs 5 and 6 all connections
were pointed with collodion;

3. failure of the sodium sulphite solution to absorb completely
the gaseous formaldehyde : in Run 4 the gases were passed through a second
solution of sodium suiphite, which on analysis showed no formaldehyde present,

4, too rapid volatilization of the paraform (Run 2) ;

5. toc rapid a nitrogen stream (Run 4 )

6., heating of the sodium sulphite solution (Run 3).

Table 13

Recovery of Formaldehyde after Volatilization
of 3.00 gms. of Paraform in a Stream of Nitrogen.

Amount of Formaldehyde Rate Time of
Run Caled. Anal. loss 1loss Ng flow Volatili- Remarks
No. gms. grs. gns. %  ¢c/mins. zation
minse.
1 2.895 2.504 0.391 13.5 150 -
2 2.895 2.443 0.452 15.6 150 20
3 2.895 2,370 0.525 18.1 150 10 Soln. of NapSOz stirred
and cooled by ice bath.
5 2.895 2,320 0,570 19,7 150 ] Ng passed through alka-
line pyrogallol
6 2.895 2,927 04368 12.3 150 15 No passed through alka=-

line pyrogallol

Hence in the runs made using gaseous formaldehyde,the

yield was based or the weight of paraform volatilized. The yield was



about the same as with the use of so0lid paraform. All runs were made

at 70°., In all the runs the mixture of formaldehyde and nitrogen was
passed into a stirred suspension of ammonium nitrate in acetic anhydride,
except in Run 2, in which the ammonium nitrate was fed into the acetic
anhydride simultaneocusly with the gaseous formaldehyde. This method
offers no advantages, as seen by the yield.

In all runs, the NHP (1) appeared to be practically eliminated,
and heat was evolved from the beginning of addition of the gaseous formal-
dehyde. A slight excess of ammonium nitrate over the theoretical is
necessary to give a yleld of 50%.

Table 14

Yield of R.D.X.using Gaseous Formaldehyde

Para- Time First Crop Second Crop . Total
form (CH20)xSNH4NO3:Acg0 Addi- Heat- Wt. Yield M.P. Wt. Yield M.P. Yield
Run Wt, isn ing

No. gms. mole ratio mins. mins. gms. % % ens. % 9% %

1l 6.0 1: 1 : 2.6 10 10 6.38 45.1 188190 =~ - - 43.]
2 12.0 1: 1 : 2.6 10 20 12.238 413 1901 B 1.0 3.4 170173 44.'
3 12.0(1) 1 :1.25 : 2.6 15 20 13.88 46.7 190194 1.2 4.1 169~ 504§

4 12.0 1: 2 : 2,6 22 10 13.038 43.9 195200 2.1 7.1 174~ 51 «(

(1) N2 bubbled through alksline pyrogallol used as formaldehyde diluent.

Cs The Reversed Addition Method

It has been shown that continuous addition of a mixture of

paraform and ammonium nitrate to acetic anhydride leads to a 50% yield



bf R.D.X. Wright showed that additior of paraform to a stirred
mixture of the ammonium nitrate in acetic anhydride gave the same
result (70). On the other hand, continuous addition of ammonium
nitrate to a stirred suspension of paraform in acetic anhydride leads
to a lowered yield. This mode of operation is known as the Reversed
Addition Method.

The Reversed Addition Method is of no practical value ; but
it was investigated in order to gain information on the side reactions
in the McGill Process which cause a decreased yield of R.D.X. The study
did 1little to elucidate this problem. The results show that an excess
of paraform over ammonium nitrate, sﬁch as exists for the greater part
of the reaction time with this method , leads to am increased consumption
of paraform in side reactions and a lowered yield of R.D.X.: this 1is
believed +to hold in the Continuous Addition Method alsc (71). That,
however, thé side-reaction does not consist of a simple reaction between
paraform and acetic anhydride, as was believed at ore time in this and
other laboratoriés (72) was shown by the fact that when these two compounds
were heated for 60 mins. alohe, or with a smell smount of ammonium nitrate,
no further deérease in yield of R.D.X. was observed, using Type ﬁ anhydride :
a slight decrease occurred with Type O anhydride, however. It is now
believed that the excess of paraform favours a side reaction ir which
paraform, ammonium nitrate, and acetic anhydride are all involved: for
increased time of addition of ammonium nitrate (i.e. increased proportion
of reaction time for which the paraform is present in excess) leads to a
lowered yield of R.D.X.

In runs using the Reversed Addition Method, the following

procedure was followed, except as otherwise noted: A stirred suspension
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of 12,5 gms. {0.42 mole) of paraform in 100 ce. {1.06 mole) of acetic
anhydride was heated to 70°. Immediately (Run Type 4) or after 60 minutes
time (Run Type B), 4C.0 gms. (0.50 mole) of armonium nitrate was added over
a period of 10 minutes at as uniform a rate as possible. After three or
four minutes from the start of addition, the reaction became suddsnly
exothermie ; cooling by an ice-water bath at frequent intervals was
necessary to keep the temperature at 70C and prevent a kick-off. After
addition was complete, the mixture was stirrsd for a further 20 minutes
at 70°. The crude R.D.X. was isclated iu one or two crops in the same
fashion as in the Continuous Addition Method (page 46 ). These Ccrops were
combined for purification from 70% nitric acid, which was used in the
ratio of 7 gms. (5 c¢.) of acid for 1 gm. of solid. On heating up such
a mixture, the solids went in%to solution; then a "fume-off" occurred in
which the oxidation of the impurities took place with the evolution of
copious brown fumes. The nitric acid solution was heated a furtherten
minutes. On cooling, the first crop of R.D.X. was obtained, dilution of
the filtrate gave a second more impure crop.

1. Effect of Type of Paraform.

Changes in the types of reagent used had a much greater
effect on the yield of R.D.X. in this method than in the Continvous
Addition Method. Thus R. & H. paraform gave a more exothermiec reaction
than E.K. paraform, and a reduced yield of R.D.X.: this yield, however,

appeared more independent of the temperature.



Run Paraform Acg0 Addition Wt.

No. Type
1 E .K.
2 E.K.
3 R.& H.
4 R. & H.

Effect of Type of Paraform on Yield of R.D.X.

Table 15

Crude R.D.X.

Second Crop

First Crop
Yield M.P.
% °c

Ipe femp. . 2.
N 70(95)(1) 4.8
N 7 8.3
N 70(90)(1) -8

N 70

15.6 193-200
27.0 190-198

4.25 13.5 183-190

wt.

Yield M.P.
% °c
17.9 183-190
4.9 184-194

Purified R.D.X.

Wt. Yield M.P.
£ms. _o¢_
4.2 13.5 192-199
7.4 24 191-196
3.8 12.5 201204
4.4 14.3 196-200

(1) Reaction momentarily escaped control, heated to temperature in parentheses.

2.

In all succeeding runs, E.K. paraform was used.

Effect of Acetic Anhydride.

In Runs 1 and 3 of Table 16, the ammonium nitrate was added to the suspension of
paraform in acetic anhydride as soon as it had been heated to 70° (Run Type A); in Runs 2,4 and
5, the suspension was heated with stirring for 60 mins. before addition of the ammonium nitrate

(Run Type B).
Table 16
Effect of Type of Acetic Anhydride on Yield of R.D.X.
Crude R.D.X. Purified R.D.X.
First Crop Second Crop ___First Crop Second Crop

Run AcgQ Wt. Yield M.P, Wt. Yield M.P. Wt. Yield M,P. Wt. Yield M.P.
No. Type Type gms. _% _°C gus. % ° gus. % gns. _% %

1 A 0 12.6 41,0 165~170 - - - 9.1 29.6 191-193 - - -
2 B 0 10.2 32.8 1680-183 - - - 8.3 27.0 191-193 - - -
3 A N 8.3 27.0 190-198 - - - 7.4 24.0 191-196 - - -
4 B N 8.9 28.9 189-195 - - - 8.2 26.6 191-196 - - -

5 B N 9,7(8) 31.5 186-190 0.8 2.6 182~190 8.4 27.3 193-197 0.4 1.3 192-196




From the results of Table 16 it is apparent that while the yield of R.D.X. is de-
creased by a Type B Run when Type 0 anhydride is used, it is increased by a Type B Run when Type
N anhydride is used. Like the other effects produced by the two types of anhydrides, this is
without satisfactory explanation at the moment. It is evident that, for Type N anhydride at
least, no side reaction between the paraform asnd acetic anhydride was taking place during the
contact for 1 hour at 60°.

3. Effect of Rate of Addition of Ammonium Nitrate.

In Runs 3 and 6 of Table 17, 0,5 gm. of the 40.0 gms. of ammonium nitrate was added to
the stirred suspension of paraform in acetic anhydride before heating it for one hour to 70°: this
is indjicated in the column "Wt. NH¢NO3 Added"™ of the Table. This procedure caused a decreased yield
of R.D.X. when Type O anhydride was used.

Table 17
Effect of Rate of Addition of NH4NO3 on Yield of R.D.X. '
Crude R.D.Xe Purified R.D.X. S
First Crop Seccnd Crop !
Wt NH4NOg Addition wt. Yield M.P. Wt. Yield M.P. Wt. Yield M.P.
Run Added Acg0 Time Temp.
No. Type __ gns. ITypemins. °¢ gmns. _% % gus. % %c  gus. % °c
1 A - 0 1 7 12,6 41.0 165-170 - - - 9.1 29,6 191-193
2 B - 0 10 70 10.2 32,8 180-183 - - - 8.3 27.0 191-193
3 B 0.5 0 10 7 9.4 30.6 178-181 - - - 7.1 23.0 191-196
4 A - N 1 7 8.3 27.0 190-198 - - - 7.4 24.0 191-196
5(1) a - 0O 20 65 7.6(8) 25.7 186-187 0.5 1.7 - - - -
6(1) B 0.5 0O 20 65 5.8(S) 19.6 188-190 1.0 3.4 - - - -
7 A - N 60 70 0.3(2) 0.8 187-197 3.0 9.7 189-193 - - -

(1) 12.0 gms. paraform used instead of the usual 12.5 gms.

(2) Obtained by filtering solids from cooled reaction mixture without dilution, then washing these
solids with water to remove water-soluble materials.

From this Table it is evident that increasing the time of addition of ammonium nitrate, as
in Run 7, greatly reduces the yield of R.D.X.



4. ©Effect of Small Amounts of Ammonjum Nitrate on Paraform-Acetic Anhydride Mixture.

In Table 17 it was seen that the addition of small amounts of emmonium nitrate

to the paraformeacetic anhydride mixture before heating it with stirring for one hour at
70° (Type B Run) caused an apparent increase in the side reaction, i.e. a decrease in the
yield of R.D.X. With Type N anhydride, or the other hand, the effect is the opposite with
small emounts of ammonium nitrate. With larger amounts of ammonium nitrate a decrease in
yileld of R.D.X. is indeed noted: but in these cases interpretetion of the results becomes
difficult. For the decreased yield can be attributed to slower rate of addition of NHyNOsz,
the material being added in two portions at an interval of 60 minutes.

Table 18
Effect on Yield of R.D.X. of Addition of Varying

Amounts of NHgNOz to Acetic Anhydride-Paraform
Suspension (Type N Ae20)

]
[
Crude R.D.X. ' Purified R.D.X. ©
Run Wt.NH4NOs Addition First Crop Second Crop First Crop Second Crop !
Added Temp, wt. Yield M.P. Wt. Yield M.P. Wt. Yield M.P. Wt. Yield M.P.
No. gus. °C  gms. % °%  gms. % ¢ gns. % °% gus. _% ¢
1 - 70 8.9 28.9 189=-195 - - - 8.2 26.6 191=196 - - -
2 - 70 9,7(S) 31.5 186-190 0.8 2,6 182-190 8.4 27.3 193=197 0.4 1.3 192-196
S 1.0 70%2; &.8(S) 15.6 194-198 l.2 3.9 180=~ 4,6 14,9 193-195 0,4 1.3 192-198
4 1.0 70(3
5 1.0 70 10.5(8) 34.2 187-193 0e6 2,0 179-184 9,3 3062 195=199 0,5 le6 205-225
6 4.0 70 7.1(S) 23.0 193197 0,7 2.3 181-185 6.1 19.8 193=195 03 1.0 192-198
7 (1) 70 8.5(S) 27.6 187-193 0.8 2.6 183-188 7,6 24,7 195=199 0.4 1le3 191-195

(1) 12 gms. acetic acid added: this is the amount formed if 4.0 gms. of NH,NO; 1is dehydrated completely
to give R.D.X. and similar by-products.

(2) Reaction became uncontrollable during addition,and temperature rose momentarily to 110°.

(8) Kick-off occurred at the end of the 20 min. heating period following sddition.




The kick-off occurring in Run 4 is noteworthy. The
by-products whose formation is favoured by the Reversed Addition
Method must be highly unstable: it has already been shown (page
48), that if the reaction mixture after Continuous Addition of

the reagents is heated up to 110°, no kick-off occurs.
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V. The Isolation and Purification of R.D.X.

British Ordnance Specifications call for a meliting point of
R.D.X. above 2000. Material of this purity is produced by the nitration
of hexamine: and for some time much effort was expended in attempting to
purify the product of the McGill Procees to meet this specification. It
was found that one of the impurities lowering the melting of R.D.X. was
very similar in physical properties and chemical stability, and so could
not be separated sharply from the R.D.X. . This‘is now believed tc be
H.M.X. discovered later by Wright (73). This appears always to be formed
with R.D.X. in the icGill Process (74).

Crude R.D.X. can be isclated from the reaction mixture of the
McGill Process by:

1. Cooling the mixture to room temperature, and filtering off the
solids: when these are wabBhed with water to remove water - soluble material,
crude R.D.X. is left behind. Some R.D.X. remains in solution in the filtered
reaction mixture, amd must be precipitated by diluting it with water.

2. Dilution of the reaction mixture with water. In a 50% AcOH - 50%
water mixture, R.D.X. is soluble to the extent of 0.08%; in a 25% AcOH - 75%
water mixture, to the extentof 0.03%(61). At the latter concentration,
precipitation of R.D.X. is substantially complete.

3. Dilution of the reaction mixture with organic solvents in which
R.D.X. is insoluble. These were found to offer no advantages over water (74A}.

The crude product so obtained usually melts at 180-190°. It
purified by what are classified as physical and as chemical methods of

purification.



A. Physical Methods of Purlfication.

Physical methods of purification are defined here as methods depending on differences
in physical properties of the compound and its contaminsnis. For c¢rude R.D.X. three such methods
are applicable: crystallization, extraction, and sublimation (75).

l. Crystallization.

Purification of R.D.X. by erystallization is mede difficult by the relative insolubility
of this compound in most organie solvents (58). Preliminary tests showed several organic solvents in
which it is soluble to be unsuitable. In these and succeeding crystallizations, the atandard method
as described by Fieser (76) was followed. The following melting points were observed on crystall-
izing a crude R.D.X., m.p. 186-188°, from the specific solvent: ethanol, m.p. 192-195°; ethyl
acetate, m.p. 201-8303°; 50-50 benzene-acetone mixture, m.p. 195-198°, No R.D.X. was recovered on
cooling a pyridine solution.

Roes and Schiessler's method of crystallizing R.D.X. from a hot acetone solution to which
water had been added to give ineipient cloudiness gave a crop melting below 2000. When the propor-
tion of water is kept below 20%, however, a fair recovery of material melting above 200° is obtained.

Table 19

Crystallization of R.D.X.from Acetone-Water Mixtures

Crude R.D.X. Solvent , First Crop Second Crop (1)
wt. M.P. Acetone Water Vol. Solubility Wt. Recovery MéP' Wt. Recovery M.Pe
gus. °c % % __ ce. cc/gm.  gus. % c_ gums. % oc
1,0 189-193 100 0 6.7 6.7 0.26 26 200-202 0.26 26 196-198
1.0 189-193 80 20 8.3 8.3 0.52 52 200-~202 0.24 24 190-191
0.5 189-193 60 40 11.6 23.2 0.16 32 189192
0.5 189-193 40 20 34.9 69.8 0.19 38 193-196
0.25 189-193 20 80 81L.7 327, 0.11 44 189-191

(1) Obtained by addition of water to hot filtrate from first crop to ineipient cloudiness, cooling.



The effectiveness of the 80,20 acetone-water mixture
and of other solvents for crystallization is compared in Table 20.
In Expts. 1-7, the standard procedure for erystallization was followed:
in Exfts. 8 and 9 the R.D.X. was dissolved in the minimum quantity
of boiling solvent and the solution was then allowed to cool. The
recovery of R.D.X. is considerably greater than when the hot solution
is filtered (Expts. 5 and 7). A small part of this difference is
due to the non-removal in Expts. 8 and 9 of some insoluble material:
the greater part is due to the loss of R.D.X. by incrustation on
the filter paper in Expts. 6 and 7, These losses are comparatively
great in smaell-scale laboratory orystallizations, but would de
negligible on an industrial scale.

Table 20

Recovery of R.D.X.on Crystallization for
Various Solvents

Crude R.D.X.

Solvent

Crystallized R.D.X.

Expt. Wt M.P. Vol. Solubility=2 Wt. Recdvery M.P.
No., gums. o¢ Name 6G. cc/gm. gus. % oC
1l 2.8 190-192 80-20 acetohe- 24,3 8,7 1.44 B5l.5 200-202
water
2 30 191-195 " non " 265 8.8 16.0 53.3 202-203
3 3.0 190-192 ethyl acetate 90 30 1,37 46.5 201=202
4 30 190-192 " " 780 26 13.1 43,7 202-203
5 30 191-195 acetic aecid 575 19 21.4 713 198=201
6 5,0 191-195 2-mitro-propsmne 25 5.0 2,69 53,8 198«201
7 5.0 184-187 " " " 16 32 3.02 6044 194-196
8 5,0 184-187 " " " - - 4.16 83.2 »
9 4,0 198-200 *© " " - - 364 91.0 200=201
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From Expt. 9 it is apparent that the 90% recovery from
2-nitropropane claimed by Johnson is possible only from fairly pure
R.D.X., and with no losses in filtration.

2. Extraction.

From Table 20 it appears that R.D.X. melting above 200° is
obtained by crystallization from ethyl acetate. This material was found
to have a very low sensitivity (Taeble 22). However, the recovery is poor.

Extraction of crude R.D.X. with a small volume of ethyl acetate,
insufficient to dissolve it completely, gives a larger recovery of R.D.X.,
still meeting specifications for melting point (Expt.l, Table 21). However,
repeated extraction using the filtrate from a previous experiment, as in
Expbs. 2-3, and 4-8, was unsuccessful.

Table 21

Extraction of R.D.X. with Ethyl Acetate

Crude R.D.X. Crystallized R.D.X.
Expt. Wt M.P. Extracting Liguid Wt. Recovery M.P.
No. gus. °¢ gms. % o¢
1 2.00 190-192 20 cc.ethyl acetate 1.45 72 200-202
2 2.00 188-1%0 40 cc.éthyl acetate 0.96 48 199-202
3 2.00 188-190 Filtrate from Expt.2 1.71 86 199-202
4 2.00 190-192 40 cc.ethyl acetate 0.61 31 199-202
5 2.00 190-192 TFiltrate from Expt.4 1.19 59 198-201
8 2,00 190-192 " " nm 5 1.53 76 197-201
7 2.00 190-192 " roon 6 1.31 65 197-201
8 2.00 190-192 " .o 9 1.96 98 185-188

The data on the explosive properties of samples of R.D.X.

sent from this laboratory to Mr. Fletcher, at the Bureau of Mines,Ottawa,



are tabulated below.
Table 22

Explosive Properties of Crude and of Crystallized R.D.X.

R.D.X, , Trauzl Block
description M.P. Sensitivity Expansion

OC cms.‘ T.NOT.=1 CC. TNN-T0=1

Crude 189194 58 2.76 453 1.77
Crude 189-194 116 1.3 447 1.75
Crude boiled in water for 24 195-198 74 2416 - -
hours
Crystallized from Ethyl acetate 200-202 154 1.05 - -
" " i " 202-203 170 0.94 472 l.84

Amorphous (Ro D o"( . ,mop - 200"‘201 )
pptd. from cold acetone with

water) 200-202 118 1.36 - -
Crystallized fram 80-20 acetone-

water 202-203 60 2.7 443 1.73
Crystallized from acetic acid 198-201 62 246 446 1l.74
STANDARD: T.N.T. 160 1.0 256 1.0

B, Chemical Methods of Purification.

By chemical method of purification 1s here understood any
method which depends on chemical action (hydrolysis, decomposition,etc.)
for removing impurities from a material by converting them into soluble
or volatile products while leaving the material itself unchanged. It has
been seen that the physical methods employed in purifying R.D.X. were not
signally successful: a large recovery of R.D.X. on crystallization from a
given solvent was accompanied by a low melting point, and vice versa. A

chemical method of purification, if successful, would obviate these
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difficulties. It was suggested by the stability of R.D.X. to a great
variety of reagents, recorded in Table 23, Expt. 1 is a control, and
shows that with no chemical action a recovery of about 95% may be anti-
cipated. Of the reagents below, only sulphuric acid attacks R.D.X. to
any appreciable extent; it appears to attack the impurities more quickly.

In all experiments except Expt. 12 of Table 23 the R.D.X. after
being exposed to the aetion of reagent, was recovered by dilution and fil-
tration. In Expt. 11 it was found that this dilution of sulphuric acid,
even with vigorous external cooling, caused the temperature to rise to
50°, so in Expt. 12 it was diluted by the addition of chopped ice.

Table 23

Stability of R.D.X.to Chemical Reagents

Original R.D.X. Exposure to Reagent Recovered R.D.X.
Expt. Wt. M.P. Solvent Reagent Vol. Temp. Time Wt. Recovery M.P.
No. gus. o¢ used Formula (ec) ©C mims. gms. % oC
1 0.80 200-202 - Ac20 5 20 0 0.76 95 200~202
2 0,80 200=202 = Acg0 5 70 30 0.74 92 201=-202
3 0.50 203 - Acg0 5 120 15 0.47 94 -
4 0.50 203 - Ac20(1) 5 84 25 0.45 90 -
5 0.80 200-202 = AcOH 5 70 30 0.76 95 200-202
6 0,50 203 - AcOH 5 120 15 0.49 98 -
7 2,0 200-201 AcOH HCI gas - 20 120 1,92 96 202-203
8 2,0 200-201 acetone HCl gas - 20 120 1,92 96 203-204
9 0.20 188 - HN03(85%) 3 20 - 0.17 85 196«
10 0.10 188 - HNOz(100%) 045 20 - 0.09 90 195«
11 0.10 188 - HpS04(96%) 3 =10 15 0.05 50 201~
12 0.10 188 - HpS04(96%) 3 =10 30 0.04 40 201-
13 0.10 188 - HzPOg4 3 20 30 0.09 90 193«

(1) 2 gms. NHgNOz added, mixture stirred during 25 mins. at 849,

It was found, however, that while the melting point of the erude
R.D.X. could be raised by chemical methods, it was not possible except in

a few cases to obtain material melting above 200°. Evidently some of the



- 66 -

irpurities are as stable &s R.D,T. tc the attack of vesricus reagents.
This is tc be expected, in the light of the later discovery of H.M.X.:

this material is actually more stable than R.T.Y., and the only known

m

chemical method of purificaticn of a nixtwe of the two compounds involves

the destructicn of R.D.X. by boiling in concentrated ammonia soluticn (77).

l. The Shawinigan Method of Purification.

The Shawinigan Method of purification received its name
from its discovery at the laboratory of the Shawinigan Chermicals Ltd. It
was accomplished by adding 2C volumes of water to £2 volumes of the re-
action mixture, and beiling vigorously. The =clilds went almoust corpletely
into solution: a small amount of solid remaineq undissclved and gave a
slight cloudiness to the sclution. On cooling, R.D.X. melting above 200°
crystallized out. The reccvery of pure R.D,Y. from the crude product was
about 20%.

It had been found empirically that if the reaction liquors
were further diluted, the solids failed to go completely into solution on
boiling. Assumirg a conplete conversion of active anhydride %o acetic acld
during the reaction or in subsequent hydrclysis, this gave a calculated 69%
acetic acid - 31% water sclution. When the molar ratio of reactants was
1:2: 2.6, and the amount of solids (ammonium nitrate and by-products) was
taken into acccunt, the concentration of the acetic acid was calculated as
55%. Direct titration showed the councentration to be 53%.

Because of its seeming promise, the Shawinigan Method was
thoroughly investigated. On a laboratory scele it failed tc give R.D.X.

nelting above 2000. It has, however, been repeated successfully on a

pilot-glant scale at Shawinigan and at Tcolwich (78). The reasor for this



difference caused by the size of the run is not kmown.

The runs in Table 24 were all made by the Continuous Addition Method, using a molar ratio

of paraform: ammonium nitrate: acetic anhydride of 1 : 2 : 2.6.
16.0 gms. of ammonium nitrate, and 25.0 ecc. of acetic anhydride were used; in all other rumns, 12.0

gms. of paraform, 64.0 gms. of ammonium nitrate, and 100 ce. of acetic anhydride.

variation in the procedure is recorded in the able.

The results substantiate previous findings on the optimum conditions of reaction, with the

exception of the ilpexplicable falling-off of yield in Run 1.

Table 24

In Run 1, 3.0 gms. of paraform,

The Shawinigan Method of Purification of R.D.X.

Any significant

Type of Addition _Heating Boiling First Crop Second Crop
Run Reagents Temp. Time Tempe. Time Time wt. Yield M.P. wt. Yield M.P.
Ro. Paraform Acg0 °¢  mins. °C  mins. mins. gas. % °c gus. % °%c
1 E.K. 0 65-70 15 - - 20 1.75 24 180- - - -
2 E.K. N 65 12 65 8 20 12.2 4l.4 183-187 0.80 2.7 185-188
3 E.K. O 67 10 67 10 20 13.7 46.4 185-192 0,55 1.8 187-192
4 E.K. 0 70 15 67 10 30 13.8 46.5 188193 1l.71 5.8 186-188
5 Dupont N 70 10 67 10 30 12.0 40,5 187-189 1.88 6.3 183-187
6 E.X. 0 70 15 67 10 5(1) 14.0 47.5 185-190 1.49 5.0 179-182
7 E.X. 0 65 30 67 90 S 197-199
20 195-197
65 196-197
215 13.5 45.6 198-199 0.66 2.2 188-189
8 Dupont N 75 60 §75 45; 120 11.2 37.7 198-200 1.10 37 170-175
85 15
9 E.X. 0 65 a5 65-80 95 5 13.5(2) 45.5 190-192 1.23 4.1 175-180
(1) Reaction mixture diluted and boiled immediately after reaction over.

(2)

Crystallized by rapid cooling of mixture after boiling.

It is evident from comparison of Runs 2 and 5 that Dupont paraform gives a slightly
higher yield of R.D.X. than E.X. paraform.



small increase in melting point, but left it far below 2000.

Expt.

No.

2. Other Methods of Purification.

Digestion of erude R.D.X. with various reagents often gave a

Table 25

Effect of Various Reagents on the Melting Point of Crude R.D.X.

Crude R.D.X.

Wt. M.P.
mms. %0

0.2 189191

4.18 188-190
2.00 190-192

2.00 190-192

1.00 190-192

1.00 190-192

Digestion by Reagent

Treated R.D.Xe

Reagent Vol. Temp. Time Wt. Recovery N.P.
CCo (o] mins. ﬂo % C
water 50 100 1200 0.17 85  189-191
water 100 100 1200 3.90 93.4 195198
10% eq.HE;80, 20 25 120 1.94 97  194~195
10% aq.H,S0, 20 (100 2) 1a95 97  194-195
( 25 120)
20% aq.H,S80, 20 (100 45) 0.95 85 190w
( 25 1200)
iN NaOH age 40 25 1200 0.87 87 194=

It is spparent that digestion decomposes gome of the impurities

contaminating R.D.X.

Its failure to remove them completely may be explained

by the protection from attack of impurities within particles of R.D.X. Hence,

in the experiments of Table 26 the R.D.X. was completely dissolved and

subjected to oxidizing and hydrolytie agents.
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Table 26

Effect of Reagents on Melting Points of Crude R.D.X.in Solution

Crude R.D.X. Solvent Action of Reagent First Crop
Expt. Wt. M.P. Vol. Vol. Temp.Time Wt. Recovery M.P.
No.  gms. _°C cc. ce. °C mins. gms. % o¢c
1l 1.00 190-192 ENOgz 10 -~ ©ca80 « 0,56(1) 56 199~20¢

2 1,00 190-192 acetone -~ HpS0,(16%)(2) 20 285 20 0,77 77 200-20:

3 2.00 190-192 acetone 45 Hp504(16%)(2) 70 (70 15 ) 1.77 88 195-19"

(25 1200)
4 1,00 190~192 AcOH 20 NagCra209 - 120 5 0,93(3) 93 196~
5 2.00 190-192 acetone 40 HCl gas - 25 120 1.85(4) 92 190~19i

(1) Obtained on cooling without dilution
(2) Caused precipitation of R.D.X. when added
|3) Obtained on dilution to 50% AcOH

(4) Obtained orn dilution to 10% acetone

Precipitation from acetone with a 16% sulphuric acid
solution (Expt.2: actually, a combination of physical and chemical
methods of purification) gives the highest recovery of R.D.X. melting

above 200° from the crude product of any method yet found,



- 70 -

VI The Effect of Added Compounds
on the McGill Procsess

It was noted early by Ross and Schiessler (79) that the
presence of acetic acid lowers the yield of R.D.X. from the McGill
Process. Hence it seemed possible that the comparatively low yield
from this process might be due to a progressive inhibition of the re-
ectlion by the acetic acid formed from acetiec anhydride during its course.
This hypothesils was tested in this and in other laboratories
in several ways:
1. Bases were added to neutralize the acetic acid;
2. More powerful anhydrides were added to reform acetic anhydride
from acetic acid;
3. lMetals were added to remove the acetic acid by reduction (80); and
4. The acetic acid (B.P.pgp=118°) was removed from the acetic anhy-
dride (B.P.750=14O°) by conducting the reaction under reduced pressure (8l).
A1]l methods proved ineffective in raising the yield of R.D.X.:
the first two are considered in this chapter. The hypothesis iteelf was
proved in error by a more quantitative study of the effect of acetic acid
uron the yield of R.D.%. In large amounts the inhibitory effect observed
by Ross and Schiessler was confirmed: in small amounts, however, it had no
effect. The inhibitory effect of large amounts of acetic acid is not
specific: dilution of the acetié anhydride with inert solvents to the same
extent causes approxinately the same decrease in yield of R.D.X.
The effect of salts on the yield of R.D.X. is variable: it has
been explained by Johnson on the basis of their acidic or basic character

in acetic anhydride (82). This explains the increased yield obtained with
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such compounds asboron trifluoride and zinc nitrate (which are electron
acceptors, or acidiec (83)). Their action is more complex than this,however.
Aluminium chloride and other acids decrease the yield of R.:.X. (84). This

is probably due to the presence of chloride ion., In large amounts, sodium
chloride causes a violent kick-off, sodium fluoride & great amount of gassing,
and in both cases no R.D.X. is obtained. Bromides and iodides have been

found to have a similar inhibitory effect (85).

A The Effect of Bases.

The offect of the addition to the MeGill Process of pyridine,
triethylamine, and urea is shown in Table 27. It should be noticed that
bases which neutralize acetic acid by the formation of water ere inapplicable,
for they can react with acetic aphydride:

MOH + ACOH ——— MOAc + Hg0

Aco0 + Hp0 —— 24cOH

MCH + Acg0 ——— MNOAc + AcOH

The use of the common inorganic bases (hydroxides, oxides,
carbonates, ete.) is thus excluded.

In Runs 1 and 2, 3.0 gms. (0.10 mole) of paraform, 16.0
gms. (0.20 mole) of ammonium nitrate, and 29 cc. (0.30 mole) of acetic
anhydride were used; in Runs 3, 4 and 5, 0,75 gms. (0.025 mole) of
paraform, 4.0 gms. (0.050 mole) of ammonium nitrate, and 6.25 cc. {0.066

mole) of acetic anhydride.



Table 27

Effect of Bases on Yield of R.D.X.

Time of
Base Addn.of Product
Run Amount Addition Temp. Time Bese Wt. Yield MoPe
No. Name Moles Method(l) °C  mins. mins. gms. _ % o¢
1 pyridine 0.8 TAM 105 20 6 4(2) - -
2 pyridine 0.8 TAM 90-95 15 3-4 0.29 - (181-18%5)
(165-175)
3 triethylamine 0.2 TAM 70 10 10 0.07 4 177-179
4 triethylamine 0.13 TAM 70 15 0 trace - -
S wurea 0,037 CAM 65 20 5 0.79(3) 245

(1) TAM = Total Addition Method

CAM = Continuous Addition Method
{2) No R.D.X. on cryatallization from acetone-water
{3) Did not deflagrate when heated

It 18 evident that R.D.X. is formed only in an scid
medium in the McGill Process.

Be The Effect of Anhydrides

Phosphorus pentoxide and thionyl chloriée are both stronger
anhydrides than acetic anhydride, and so can reform it from acetic acid.

Five gms. of phosphorus pentoxide waz added to 3.0 gms. of
paraform, 16.0 gms. of ammonium nitrate, end 29 cc. of acetic anhydride,
and the reaction was conducted following the Total Addition Method (page 32).
A kick-off occurred at 75°. The product, isolated and purified by method
AB (page 33), weighed 2.0 gms. (27% yield), m.p. 194-197. It was dirty-
brown in colour. There had thus been no increase in yleld.

In the run testing the effect of thionyl chloride, 3.0 gms.

(0.10 mole) of paraform, 16.0 gms. (0.20 mole) of ammonjium nitrate and



5.0 cc. (C.05 mole) (instead of the uszual 25 ce.) of acetic anhydride

were used. One-fifth of the solids was added to the acetic anhydride with

stirring at 659: the rest of the solids was added simultaneously with 16.0

cc. {0.22 mole) of thionyl chloride over = periocd of 15 mins. Cr dilution

with water only 0.28 gms. (3.8% yield), m.p. 189-193, of solid was obtained.
The failure of thionyl chloride as a dehydrating agent in the

eGil]l Process is without doubt related to the inhibiting effect of chlorides.

C. The nffect of Acetic Acid

The effect of acetic acid on the yiald of D.D0.¥. was investiguted
bty adding varying amcunts to 0.75 zms. (C.025 rmele) of pareform, 4.0 gns.

of acetic anhy-
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dride. The stirred reaction mixture wa: then heated to 700 for ten minutes.
The yroduct was worked up in the same fashion a2z rune of a similar size in
 Chap.y¥ Secticn 4 (page 35).

Table =28

Effect of Acetic Acid on Yield of R.D.Xe.
{by the Total Addition lethod).

Run  iLcetic icid Acetic Acid fcermed Acetic aicid at ReDo X
added in Reaction End of Reaction B Yield
No. gms. meles mcles moles £ns. %
1l 0 0 0.132 C.132 0.65 35
2 2 0.033 0.132 0.165 0.65 35
5 4 0,066 0.132 0.198 _ G.83 34
b 4 0.066 0.122 0.198 0.63 34
S 8 0.133 0.122 0,285 0.58 31
g 16 0.266 0.132 ' 0.398 0.25 13.5
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The amount of acetic acid formed in the reaction is calcu-

lated on the assumption of a complete conversion of acetic anhydride.

The results are plotted in Fig.2 (Page 74 ).

D.

The Effect of Diluents

The runs recorded in Table 29 were made with 3.0 gms.(0.10)mole)

of paraform, 16.0 gmus. (0.20 mole) of ammonium nitrste, 25 cc. (0.2¢ mole)

of acetic anhydride, and 50 cc. of diluent.
because of the volatility of the diluert.

was diluted with 400 cc. of water and shaken well: the

benzene formed a second liquid phase, but since R.D.X.

in these solvents (98) it could be filtered off in the

affect of Diluents on Yield of R.D.X. from

2

Teable

9

In all runs

Run 3 was dore under reflux

the reaction mixture

carbon tetrachlcride and

is practically insoluble

usual fashion.

1eGill Process

Run Addition Heating
Reaction Temp. Time Temp, Time W%, Yield M.P.
No. Diluent Method(l) ©°C  mins. °C mins. gms. % °c
1 Ethyl Acetate CAM 63(2) - -~ - 0.80 11 187-192
2  Benzene CAM 65-70 5 65 25 1.59 21  (too sticky)
3 Acetone TAR - - 62-70 60 - - -
4 Carbon TAM - - 65=70 60 1,61 22 (too sticky)
tetrachloride

(2)

CAM = Continuous Addition Method:

TAM = Total Addition Method

After 4 mins. a violent kick-off caused temperature to rise to 90°

Trom Fig. 2 (Page 74 ) it can be estimated that acetic

anhydride diluted with twice its vclume of acetic acid gives an 18% yield

of R.D.X,, comparable to the yields of 21% and 22% obtained with benzene

and carbon btetrachloride as diluents.

Ethyl acetate ard acetone are mcre
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reactive compounds, and it is possible that in decreasing the yield as
drastically es they do they are not functioning solely as inert diluents.

Ee« The Effect of Salts

The effect of zine nitrate hexahydrate on the MceGill Process
is shown in Table 3C. The increased yields confirm the work of Johnson (82).
In all runs, the Continuous Addition Method was used: 12.0 gus. (0.4 mole)
of paraforr and 64.0 gms. (0.8 mole) of ammonium nitrate were added to 1CC cc.
(1.06 mole) of acetic anhydride containing 1.0 gn. of the zinc salt. In the
first two runs ftemperature contrel was poor, and the reaction mixzture nc-
mentarily heated up to 80° (Rua 1) and 90° (Run 2).

Table 30

Bffect of Zinc Witrate Hexahydrate on Yields of R.D.X.

Run 4sddition Heating First Crop Second Crop
NoO. Temp. Time  Temp., Time  VWt. Yield }.P. Wt, Yield oD
°c ming og mins gms. __ % Y gus. % °¢
1 62-65 25 - - 16.3 55 179-182

2 62-53 22 70-60 10 17.3 ©58.4 184-187

3 67 17 67 10 14.3()49.1 190-193 3.1 10.5 150-~160

(1) Obtained on filtering undiluted reaction mixture, and then washing
it with water. Dilution of the filtrate gave the second crop.

The possibility that part of the increased yield obtained
with zinc nitrate might be due Yo contamination with zinc salts was dis-
proved by

l. Burning 5 gms. of the R.D.X. of Run 2 under an iron crucible:
no trace of white zinc oxide was noted; and

2. Decomposing 5 gms. of R.D.X. of Run 2 in 50 ce¢. of conc.
sulphuric acid. The solution, oa being neutralized with sodium carbonate

and buffered with ammonium sulphate and acetate, failed to precipitate
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white zine sulphide when saturated with hydrogen sulphide. Instead 0.02
gms. of a black precipitate was obtained. The metals contaminating R.D.X.
which give rise to this precipitate probably come from the ammonium nitrate
used. This salt leaves a small inorganic residue when decomposed by heating
on a spatula.

The effect of sodium fluoride and chleoride was observed on
runs made with 12,0 gms. (0.40 mole) of R. & H. paraform, 40.0 gms. (0.50 mole)
of ammonium nitrate, and 100 ce. (1.06) mole of acetic anhydride. In each
case 0.40 mole of the sodium halide ( 17 gms. of NaF; 23 gms. of NaCl) was
used., The paralorm and ammonium nitrate were added in 15 mins. to the
acetic anhydride aund salt at 70°: the mixture was then stirred a further
30 mins. at this temperature. With sodium fluoride, vigorous frothing
but little heating took place;, with sodium chloride, on the other hand,
heating was so pronounced that a kick-off could not be avoided. In neither

case was any R.D.X. obtained,
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VII Attempted Modifications of
the MicGill Process

As Attempts to Substitute for the Acetic Anhydride

The attempts of Ross and Schiessler to form R.D.X. from
paraform and ammonium nitrate in the presence of dehydrating agents other than
acetic anhydride have already been mentioned (page 3). All the dehydrating
agents which they employed were weaker than acetic anhydride.

In this section are described further attempts to substitute
for the acetic anhydride. Phosphorus pentoxide, maleic anhydride,acetyl
chloride, acetyl bromide, and thionyl chloride were tried, but all proved
unsuccessful.

The failure of other dehydrating agents to replace acetic anhy-
dride caused doubt in some quarters as to its function as a dehydrating
agent (87), and it was thought that possibly it was acting as an acetylating
agent in the McGill Process. There is no evidence in support of this latter
hypothesis. 'It seems possible that the specific action of acetic anhydride
is due to its physicel properties. The decreased yield on diluting it with
inert solvents, and the failure of other anhydrides would then have a common
cause. This view is strengthened by the receut discovery that R.D.X. can
be prepared using propionic anhydride (88).

1. Phosphorus Pentoxide.

In all runs made with this reagent, 9.4 gms. (0.06 mole) of it
was used with 3.0 gms. (0.10 mole) of paraform and 8.0 gms. (0.10) mole of
ammonium nitrate.

On attempting to make a melt of the three solids by gentle

heating, an explosive reaction %00k place which yielded only a small amount
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of black solid.

Accordingly, in the following three runs the phosphorus
pentoxide was added to a stirred suspension of paraform and ammonium
nitrate in an inert diluent. The mixture was heated for ten minutes,
and then poured into a large excess of water and stirred to dissolve the
phosphorus pentoxide.

| Table 31

Attempt to Form R.D.X. Using Phosphorus Pentoxide

Run Temp. M.P.of Sclid Recovered
No. Diluent ©oC oG Remarks
1l chloroform 10 125~130 So0lid Burned like
" Paraform
2 ethyl acetate 60~-70 125-130 n " "
3 toluene 90 -

The failure to obtain R.D.X. may be explained by the physical
properties of phosphorus pentoxide. It 1s insoluble in organic solvents,
and so tended to form a gummy masse.

2. Maleic Anhydride.

Two gns. (0,025 mole) of emmonium nitrate, C.75 gns. (0.025
mole) of paraform, and 5 gus. (0.05 mole) of maleic anhydride (m.p.50-52°)
were melted together and stirred for 50 mins. at 65°. No water-insoluble
material was obtained on pouring the mixtuwe into water. The same result
was obtained in similar run to which 0.4 gms. of ammonium acetete was added.

3. Acetyl Chloride

A mixture of 0.75 gms. (0.025 mole) of paraform, 4.0 gus. (0,050
mole) of ammonium nitrate, and 4.7 cc. {0.066 mole) of acetyl chloride wes

stirred for 20 mins. at 40°. The mixture on dilution with water yielded
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0.62 gms. of solid, m.p. 1409, This was shown to be paraform by its
failure to deflagrate and its insolubility in acetone.

Cn running the reaction for 2 hours, 0.01 gms. of parafornm
but no R.D.X. was obtained on dilution with water,

4, Acetyl Bromide.

Tc C.75 gms. of paraform and 4.C gms. of ammoniun nitrate,
Oe4 cc.‘(0.066 mole) of acetyl bromide was &dded dropwise with stirring.
A vigorous reaction ensued, but no solid was obtaired on dilution with water.

5. Thionyl Chloride,

Three runs were made using 0.75 gus. of paraform, 4.0 gmns. of
arrmonium nitrate, and 3.53 ce. (0,050 mole) of thicnyl chlorida. In the
first run thionyl chloride was added to the stirred solids; in the sscond

run to a stirred suspension of the solids in 10 ce. cf benzene at 70°

we

and in the third ruw: %o a stirred suspension of the szo0lids i

3
w
o
Q
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acetic acid at 65°. On dilution ouly the second run yielded any solid. This
rrovad to be paraform.

s

B. Abtempts to Substitute for Paraform.

Ross and Schiessler attempted to form,z,é;s—trimethyl-
1,3,5=trinitro-sym-hexahydrotriazine by substituting paracetaldehyde for
paraform in the 1ieGill Procszs. They did not obbtain any watsr-insolubls
zompound (893 .

Since then numerous attempts have been made to substitute other

aldehydes for paraform in the MeGill Process, but always without success [90].
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unigue among the aldehydes
On these grounds, it migsht be expected that trichloracetalidelyde,

which like formaldehyde forms stable polymers, would react ir siciiar

Tashicn with ammonium nitrate in acetic anhydride, 3¢ far, howevrer, there

is no evidence that it forms & ecyclotrimethylenetrinitranine derivative (92).

1. mcetaldeﬂide.

Guseous ucetealdehyde ( 0.4 moles), generated by warming 17.0 znc.

b

of paraldehyde with a drop of sulphuric acid, wes passed into a stirred
suspencion of 32 grms. (0.4 mele) cf awronium nitrate in 100 cc. (1.086 nole)
of acetic anhydride, heated to 707. Tz 20 mine. additicn was complete. o

201314 waz cbhlained orn pouring the reaction mixbure intc a large excess of water.

02

2. Benzaldehyde.

4 mixti e of 10.6 gas. (0.1 mcle) of bau.aldehyde, 8.0 gris.
(Cel mole) of armonium nitrate, and 25 cc. (0.26 mole) of acetic arhydride
was stirred for 10 mins. at 7CY. ot first there was no evidence of any
reaction: ther a viclent kick-cff occurred,

Then the nixbture weas péured into watér, a yellow oil but no
3011d separated.

3. Glyoxylic Acid.

glycryliic acid reacted like formaldehyde with arronium
nitrate in zcetic anhydride, 2,4,6-tricarbexy-l,3,9irinito-sym~hexahydro-

riazine would be formed (LXVI):
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NOs
l
N

H00C ——CH CH—COCH

[
NOg— N N NO2

CH
|
CCCH
VI

Such 2 compound might be expected to decarboxylate with
great ease 40 give R.D.Xo
That R.D.X. 1s not formed was shown in the first run. Eight

gries (Oul mole) of ammonium nitrate, 7.4 gms. {0.1 mcle) of glyoxylic

to 75C. In a short time a violent kick-cff occurred, and a clear yellow
solution formed. Aifter the mixture had been heated for ten minutes it was
poured into water. No solid separated out.

The tricarbexy- derivative, if formed, would be expected to
be soluble in water. Hence in & second run, made in identical fashion
with the first, the reaction mixture was not diluted with water. Seversal
creps of solid were obtained by ccoling and by evaporation of the acetic
acid or ankydride under reduced pressure, but all appeared to be ammonium
nitrate, fror the m.p. (167-1680) and the manner of decomposing when heated

on a spatula.
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C. Attempts to Substitute for Lmmonium Nitrate.

Studies of the MeGill Process in which ammonium nitrate is
replaced by another ccmpound have sco far proved most promising.

Mixtures of sodium nitrate with ammonium chloride and ammonium
acebate failed to react with paraform in acetic anhydride to give R.D.X..
This is probably due to the inhibitory effect of chlorides (page 77 ) and
acetatez ( 82 ),

Methylenediamine dinitrate (LXVII),on the other hand, gave R.D.X.,

rather than the expected H.M.X. (IXVIII):

NOg - No,
/NH2N05 + CHoO + NOgNHs | /N—Cﬁg—l!I
CHo CHo CHo \\\\CHg
\NH3N<33 + CHg0 + NOzNHz N——CHp N/.
gOg &02
LXVI1 IXVII
IXVIII

However, the mechanism of this reactior is in some dcubt because of the
instability of methylenediamine dinitrate. It was found to break down in
acetic anhydride in the atsence of paraform to give R.D.X. and ammonium
nitrate. This reaction occurred at temperatures as low as 40°.

1. Ammorium Chloride and Sodium Nitrate.

A mixture of 0.75 gms, (0,025 mole) of paraform, 4.2 guc.
(0.050 mcle) of finely pulverized sodium nitrate, 2.6 gms. (0.05C mole)
of ammonium chloride, and 6.25 cec. (0.066 mcle) of acetic anhydride was
stirred for 15 mins. at 70°. After heating for 5 mins. = vigorous kick-off

occurred,



The reaction mix%ture on dilution with water precipitated
no R.D.X.

2. Ammonium Acetate and Sodium Nitrate.

A mixture of 0.75 gms. (0.025 mole)‘of paraform, 2.1 gms.
(0.025 mole) of finely pulverized sodium nitrate, 1.9 gns. (0.025 mole)
of ammonium acetate, and 6.25 cc. (0.066 mole) of acetic anhydride was
heated to 70° for 30 mins. with stirring. 4 slight kick-off occurred.
When the reaction mixture was poured into water, 0,04 gms. of paraform
was recovered.

3. Methylenediamine Dinitrate*.

The preparation of methylenediamine dinitrate is reported cnly
once in the literaturs in an article by Knudsen (93). He prepared salts
of methylenediamine by hydrolysis of methylene diformamide with aquecus
solutions of hydrochloric, sulphuric and nitric acids:

NHCHO - _NHy

2Hg0
cH — ciig +  2HCOCH

\ NHCHO N NHg

lzmc

/1\11{3 X

CHg

NHz X

Knudsen's descriptior. of methylenediamine diritrate is meagre.
It was formed by treatment of methylene diformamide with strong nitric
2eid at 12°, It crystallized in prisms.: On beirg Bheated on a spatula

these melted, then deflagrated. Thre composition of the compound was

The work on methylenediamine dinitrate was conceived and executed in
eollaboration with Hiss Joan Romeyn. Her assent to itz inclusion in this
thesis is gratefully acknowledged.
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checked by analysis for nitrogen.
The dihydrochloride hydrolyzed in water to give formaldehyde (93).
Methylenediformemide was prevoered by heating together paraform
(1 mole) and formamide {2 moles) in a round-bottom flask fitted with an air-
condenser, following Knuﬁsen's method. A vigorous reaction similar to the
kick=off in the MeGill Process, first occurred. When it had subsgided the mix~
ture was heated to maintain gentle ebullition for 4} hours. An odour of
formaldehyde was noticeable in the kick-off; later, ths odour of anmines
became very strong.

Cn cooling the mixture in snow and salt, the first crop of
methylenediformamide came down. It was filtered off, sucked as dry as possible,
washed with a little ethanol and ether, and air-dried.

The excess of liguid in the filtrate was distilled off to the
appearance of a reddish-brown colour. On cooling, a second crop of somewhat
more impure methylenediformamide was obtained.

¥nudsen claimed a yield of 38% of a crude product (m.p.l142-143°),
which after washing needed no further purification. OQur yields wers lower
than his, and our product less pure {(Table 32, pagese ).

Because of the resemblance of this rezctionz iu certain feetures
to the MeGill Process, it was studied in an attempt to improve the yield
(Table 32). Actually, Knudeen's original method (Run 1) gave the highest
yield.

An excess of paraform (Runs 2 and 3) decreased the yield of
methylenediformamide and gave fise to a brown gum, possibly a polymer formed
from N-methylolformamide. Stirring with continuous addition to avoid a

kick-off (Run 4) and with a kiek-off (Run 5) offered no adventages. The
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from.pyridine gave mathylenediformamida melting at 142-143°,

Methylenediamine dinitrate wes prepared by dissolving methy-
lenediformamide in 70% nitric acid with stirring or swirling. Only the
theoretical amount of nitric acld was required, an excess actually lowering
the yield (Run 4, Table 33). The optimum temperature of the reaction
appeared to be somewhat above 25°, not 12° as Knudsen claimed (Run 3). After
a varying length of time long needles of methylenediamine dinitrate cry-
stallized from the solution. This solid was filtered off and air dried. Di-
lution of the filtrate with ethanol precipitated a second, less pure crop.

To obtain reasonably pure methylenediamine dinitrate, it was
necessary to use pure methylenediformamide (Runs 5 and 6).
Table 33

The Preparation of Methylenedliamine Dinitrate

NHCHO First Crop Second Crop
Run gus. moles M,P. 70% HNO; Temp. Time Wt. Yield M.P. Wt. Yield M.P.
No, °C_ cc. moles OC  hrs..gms. % oc gms._ % oc
1l 5.00,05 132«135 8 0,13 20 24 4.2 50 92-94 = - -
17.0 0,17 137-139 27 0O.44 15 - 13.0 44.5 88w90 4.0 14 -

7.0 0.07 132-135 11 0.18 25-30 24 8.0 74 91-92 = - -
14.8 0.15 126~ 37 0.60 8¢10 =~ 7.7 31 93 5.9 24 90~93

12.6 0,13 142-143 20 0.34 3- 5 48 11.7 50.5 95-97 1.3 6 -

o v o W W

2l. 0.21 142-143 33 0.52 25-30 3 15.8 45 96-97 3.7 10.5 92-93

The first orop of Run 2 was analyzed for carbon by the
dichromate method as deseribed in R.D.X. specifications (94).

Cale'd. for CHy(NHzNOg)g: C, 6.97. Found, 7.13, 7.03
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instability. liethylensedianire salts are decomposed by water (23, and
g0 1ts instability iIn hydroxylic solvents such as ethancl wes noh unez-
pected. The deconposition in acetic anhydride was more surprising.
Tven o staraing in the dry state the salt deccrmiosed. Thuz the first
eroy (mep. 95-97°) of Rur 5.{Table 33),after standing for six weeks in
a cork-stoppered bettle melted between 115° and 128°.

Because cf its irstability, no method of rurifying the 2ompouid
Bas found. Tt dicscolved in ethanol, acetic acid, 700 nitric acid, dicrans,
‘facetone, ethyl carborate, und pyridine, dbut could ke reccvereil.
TL had little or no solubilidty in acetone, ether, ligroin, and chlorclorm.
Hewever, the first crop of Ran € !Tuble 33) appeared tc be reasonably
oure from the sharpness of the =wolting point,

Txcept in acetic anhydride, methylenediawine dinitrate failed
to yield R.s.7.. The procedures tried were: heating the compound in
water and in acetic acid; heating it with parafoerm in acetic acid, and
in acetic acid containing some anhydride; reacting it with sodium nitrite
iz acetic aclid and in acebtic arhydride; and fusing it with ezd witheut

Then a mizture of methylenedismine dinitrete and acetic anhydride

was heatel to 70° with stirring, (Runs 1-3, Table 34) there weas at first
no sight of reamction. After a time a slight effervescence was noticed, and
ccolirg was needed to maintaln a temperature of 70°.

Vhen the mixture was poured into water a gummy precipitate

formed. Thies dissolved oz boiling, and on coeling a white solld



precipitated. It was showw to be R.D.0. by
1. Anslysis for carton by the dichromate method (94).
{ReDeX. of Run 1).
For CgHgNgOg:  Carbon caled. 16.2%
found 16.47
2. Crystallization (R.L.X.of Run 1) from 70% nitric acid.
A s01id was obtained, mep. 195-199, which deflagrated like R.D.¥. when
hezated on a spatula. |
“hen the reaction mixture was not diluted with water, but was
cecled and filtered,ia mixture of ammonium nitrate and R.D.X. was obtained
(Run 2), which partially melted at 1639, and became finally clear at 1900°.
The presence of R.D.X. was shown by washing orne part of the precipitate
with water tc remove the soluble sclids. The irnscluble residue melted at
198-202°.
By washing ancther part of the residue with c¢old acetore,
in which ammonium nitrate is only slightly soluble,the R.D.X. was extracted.
t was precipitated from the acetone solution with water, and filtered.
mepeca 200°. The residue melted at 166°; mixed m.p. with ammonium nitrate
165°. Tt was evidently ammonium nitrate (m.p. 169.6°).
The decomposition of methylenediamine dinitrate to R.C.X.
and ammonium nitrate took place even at 409, althcugh at this temperature
| & rather long induction periocd is indicatea {Runs 4 and 5, Table 34).
Methylenediamine dinitrate reacted with paraform in acetie
anhydride to give R.D.X. (Table 35). The puns in which Shis reaction was

carried out were conducted by the Cortinucue Addition Method !page 45 ),



Table 34

Reaction of lethylenediamine Dinitrate in Acetie Anhydride

Reactants Products
Run CHo (NH=NO73) o Acs0 Addition Heating ReD.Xo NH4NO3 CHo {ITH=N0z) o
No. M.P. Temp. Time Temp. Time Wt. VYield(l) n.P. Wi. Yield{(l) u.P. ™Wt. Reccvery ‘LD
gms. moles oC cc. moles ©9C  mins. ©C mins. gms. % °C gms. % oC gms. % °¢
1 1.8 0.010 88-~90 5] 0.05 - - 70 20 0.23 15 187-192
i 3.7 0.020  88-90 8e7 0.09 70 10 70 15 0.3 21 198-202 1.5 77 166
$ 8 0.C46 96-97 17.4 0C.18 70 15 70 15 1.7 25 194-199 2.7 73 -
" 2.5 0.014 93 8 C.06 40 60 - - —_— - - - 1.9 78 R
5 2.5 0,014 90-93 ) 0.06 40 20 40 180 0.3 21 198-201 1.2 70 156-168

(1) These yields are calculated on the basis of the eduation:

CHz(NHzN0z) g — (CHp=N-NO2)3 + 3 NH4NOg

Teble 35 !
S
Reaction of Methylenediamine Dinitrate with Paraform in Acetic Anhydride '
Run CHso (NH=NOz)o  Paraform (R&H) Ac0 Addition Heating R.D.X.
No. MeFe Temp. Time Temp. Time Wt. Yield(l) M.Po
gms. moles °¢ ms. moles ce. moles °c mins. o¢ ming gns.e % oC
1l 1.7 0,010 92-94 0.3 0,010 75 0,08 70 40 70 20 0.4 27 179-
2 8.6 0.050 85-90 1.5 0.050 14.1 0.15 20 30 90 10 246 35 190-199
3 1.8(2)0.010 88-30 0.3 0,010 5 0.05 70 g 70 10 1.0 62 187-191
4 4.3 0.025 88-9C 0.75 0.025 10.1 0.1l 70 25 70 20 1.8 50 1982-200
5 2.5 0.014 88-950 0.44 0.014 5.9 0.06 70 10 70 13 1.1 52 189-197
6 2.5 C.014 88-90 0.44 0.014 6 0.06 4C 20 40 180 1.1 32 192-200
7 8. 0.046 96-97 1l.4 0.047 17.4 0.18 70 20 70 8 37 54 190-197

{1) Calculated on the basis of the equation:

3CHp (NHzNOz) g + 3CH0 2(CHp=N-102}3

(2) This figure is cnly approximate
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with the exception of Runs 3 and 5. In these the methylenediamine
dinitrate and acctic anhydride were heated to 70° for 20 mins.
tefore addition of the paraform. Thice mcdificediorn does not increase
the yield appreciably. After reaction, the mirxture was poured ints
a large excess of water and boiled.

The identity cof the precduct obtained in Run 1 was
established by crystallizing it from 2 ce. of 81% nitric acid. A
so0lid melting at 190C was cobtained. The mixed m.p. with R.D..
(rie5.200%) was 193°.

In Run £ the pressnce of HL.X. was demoastrated., The

crude product on cryctallization from 704 nitric acid gave two crops:

1.8 gris. (249 yield), m.p. 193-198°, and 0.3 gms. (4% yield), m.p.

4

94=235%, This latter melting coint corresponds to a 657 H.l.X.~35%

(=]

tg

oele mivture (95). The scuo... crop was boiled under reflux with
30 ce. of conc. anmonia solution for 3 hours: Q.11 gms. (1.5% yield)
of a s01id m.p. 270-272° (uncorr.) was obtained. The mixed m.p. with

an authentic sample of H.M.%. was 270-272° (uncorr.).
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VIII. Side-Reactions in the
McGill Process

Ao The Fate of the Ammonium Nitrate.

No attempts have been made to discover the fate of the
emmonium nitrate used in the MeGill Process since some early work
of Ross and Schieasler (96). This work was done on reactions in
which a kick-off had ocecurred, and so part of the smmonium nitrate
was lost as nitrogen or nitrous oxide.
Later, a careful study of the gases evolved during the
reaction was made‘by A. Gillies (97). The reaction was carried out
by the Total Addition Method, but since the tempersture was 60° no
kickeoff occurred. Only a small amount of gas was evolved, at a
constant rate independent of the rate of formation of R.D.X. Analysis
showed the gas to be made up of 95% nitrous oxide and a trace of
carbon dioxide. The amount of the former gas evolved in one hour
corresponded to a decomposition of only 2% of the ammonium nitrate
present,
It is evident that if a kick-off is avoided the proportion
of the reactants forming gaseous products is negligible.
The ammonium nitrate not consumed in the formation of R.D.X.
can be accounted for in three possible ways:
1. it can react with acetic anhydride;
2. it can react with paraformj or
3. it can remain unreacted, part of it dissolving in the
reaction liquor.
It was shown that the first of these possibilities could be

excluded. When ammonium nitrate was heated in acetic anhydride for 15
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mins. at 70° with stirring, no change was noted, and the melting
point of the recovered ammonium nitrate was unaltered.
The other possibilities will now be congidered.

1. The Solubility of Ammonium Nitrate in the Reaction Liguor*

Davidson and Greer (98) found the solubility of ammonium
nitrate in acetic acid at 27° to be 0.3916 mole percent, or 0.535 gas.
per 100 gms. of acetlic acid.

The solubility of ammonium nitrate in acetic anhydride is
not reportedin the literature. It was found, using glacial acetic acid
and Type N acetic anhydride that its solubility in 100 gms. of solvent
at room temperature was as follows:

in acetic acid, 1.79 gms.;
in 50«50 acetic acid-acetic anhydride, 0,66 gms.;
in acetic anhydride, 0.1l gms.

These values are all too high, because of the presence of
water in the acetic acid and of acetic acid in the anhydride. They are
of comparetive value, however, and show that the solubility is far less
in acetic anhydride than in acetic acid.

Since the composition of the reaction liquor is not known,
the solubility of the emmonium nitrate in it cannot be determined
acourately. The most recent work indicates an anhydride content of
about 15% (99). The solubility in such solvent could not be greatly
different from that in acetic acid, 0.5 gms./100 gms. of solvent. Since
the reaction of 12.0 gms. of paraform and 64.0 gms. of ammonium nitrate
In this Thesis, the liquid obtained after filtering off the solids

from a cooled, undiluted reaction mixture is referred to as the "reaction
liquor"®. '



in 100 c¢. of acetic anhydride ylelds about 145ce. of reaction liquor, the amount of dis-
solved ammonium nitrate at room temperature is about 0.7 gm. This is rounded off to 1.0
gm. in subsequent calculations.

2. The Recovery of Ammonium Nitrate in the MeGill Process.

The runs in which the recovery of unreacted ammonium nitrate was studied were
carried out at 70°, the first three Runs by the Continuous Addition Method and the fourth by
the Reversed Addition Method. All relevant details of the Runs are furnished in Table 36.

At the end of the reaction, the mixture was not diluted with water. Instead, it
was cooled, and allowed to stand. The solid precipitating out wes filtered off inm glass wool
(Runs 1 and 2) or hardened filtered paper (Runs 3 and 4). It was then dried in the oven at 90°
end weighed as "Total Solids™.

By washing the Total Solids with water, the soluble material was dissolved. The
R.D.X. was then filtered off, dried and weighed (First Crop). The differemce in weight between
the Total Solids and the R.D.X. gave the weight of Water-Soluble Solids.

Dilution with water of the filtrate from the Totel Solids gave the Second Crop

of R.D.X.
Table 36
Reaction Conditions of Ammonium Nitrate Recovery Runs
Addi- Heat-~ Water-
Amounts of Reactants tion _ing Total First Crop R.D.X. Sol. Second Crop R.D.X.
Run (CH20)x NH4NO3 Ac0 Time Time Solids Wt. Yield MoPe So0lids Wt. Yield M.P.
No. _ gms. _gms., _cc. mins, mins. gms. gums. % O¢ gus. gms. % O¢
1(1) 12,0 64.0 100 17 10 45.2 14,3 49.1 190-193 30.9 3.1 10.5 150-160
2 12,0 64.0 100 15 10 41.3 12.4 42 187-188 28,9 2.8 9.5 160-165
3 124.4 400. 1000 50 20 244 159 51.6 181-183 84. 12.9 4.2 187-196
4(2) 12.5 40.0 100 60 20 1.4.9 0.25 0.8 187-197 14.6 3.0 9.7 189-193

(1) 1 gm. of zinc nitrate hexahydrate used as a catalyst
(2) R. & H. paraform, Type N acetic anhydride used



By evaporation of the filitrate containing the Water-
Soluble Solids, and then cooling, crops of crystals were obtained.
In Run 4 this procedure was waried by evaporating to dryness, taking
up the residue in boiling ethanol, and obteining one crop on cooling.
Further crops were thrown down by the addition of ether to the filtrate.
The recovery of ammonium nitrate from these solutions is shown in
Table 37.

Table 37

Recovery of Ammonium Nitrate from Water-Soluble
Solids of MeGill Process

Water-Sol. Crop 1 Crop 2 Crop 3 Crop 4 Total Recovery
Run Solids Wt M.P. Wt, M.P, Wt., M.P., Wt. M.P. Wt.

Bo. gms. gus. ° gms. 9 gms. °  gms. _°  gms. %

2 28.9 18.7 165 6.2 140 24,9 86
3 84 33.6 167-169 6.8 167-169 29,6 165-167 7.1 - 77.1 92
4 14.6 7.4 168-~169 2.3 166~169 2.6 168-169 0,8 166~169 13.1 90

From the recovery of ammonium nitrate, it appears thﬁt most
of the Water-Soluble Solid was composed of this compound. There is the
possibility that some of it was composed of soluble compounds like
methylenediamine dinitrate, which can be formed during the reaction:

Acy0 ////,NﬂaNos

CHz0 + 2NHMNO3 <« —— CHp
Ho0 \
NHzNO3
The hydrolysis of this compound would proceed readily on evaporating
the aqueous solution, and the loss tn weight caused by the elimination

of the formaldehyde would amount only to 7%. Actually, the difference
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between the welght of Water-Soluble Solid and of the ammonium nitrate
was always greater than this, although due in part to the usual losses
in manipulation. Furthermore, the odour of formaldehyde was noted on
evaporating the aqueous solution.

However, until quantitdtive analysis has shown the presence
of appreciable amounts of formaldehyde in the aqueous extract, this
view is unproven; and so the Water-Soluble Solid will be regarded as
amronium nitrate.

3. The Reaction of Ammonium Nitrate with Paraform to
Give By-Products.

Since no by-products of the McGill Process have yet been
isolated, their nature at the moment necessarily remains speculative.
However, it is possible to gain an estimation of their over-all compo-
aition by drawing up a balance-sheet for the fate of the reactants in
the McGill Process.

It is first necessary to discuss the fate of the formaldehyde
not consumed to form R.D.X. Work in this laboratory (100) has shown +that
only a negligible amount of formaldehyde (0.1-0.2% of the total amount used)
is present in the e¢rude R.D.X., whence it may be removed by steam-distillation.
(This may actually come from the hydrolysis of compounds containing formal-
dehyde during steam-distillation). Hence the formaldehyde not forming R.D.X.
is in the reaction liquor at the end of the reaction. There it may exiat
as free formaldehyde or as formaldehyde in by-products. Because of the
reactivity of formaldehyde and because of the absence of any notlceable
odour of it in the fresh reastion-liquor, it is assumed to have reacted to
form by-products. After the reaction liquor has been allowed to stand for

some time, the odour of formaldehyde become s noticeable.(10l)



Table 38

Balanoce Sheet for the Fate of the Paraform and
Ammonium Nitrate in the MeGlll Process

Run 1 Bun 2 Run 3 Run 4
gus. moles gms. moles gms., moles gms. moles

Starting Materials:
CH50 11.5 0.38 1l.5 0.38 120 4.0 12.0 0.40

NH4N03 6400 0.80 64.0 0080 l 400 500 4000 0050

End Products:

CHg0 in R.D.X. 7.1 0,24 6.2 0.21 70 2.3 1.3 0.04
CHp0 in sol. 4.4 0.15 5.3 0.18 50 1.7 10.7 0.36
By~Products
Total 11.5 0,39 1l.5 0,39 120 4.0 12,0 0.40
03 in water~ 30.9 0,39 28,9 0.36 84 1.0 14.6 0.18
soluble solids
NH4NOx in R.D.X. 18.9 0.,24 1l6.4 0.20 186 2.3 3.6 0,04
NH4NO3 in soln-in 1l 0,01 1 0.01 10 0.l 1l 0.01
Reaction Liquor
NH4NOz in sol. 13.2 0.186 17.7 0422 120 1.5 20,8 0.26
By-Products

64.0 0.80 64.0 0.79 400 4.9 40,0 0.49

Mole Ratio CHp0/NH4NOs 0.9 0.8 1.1 l.4
in By-Products

The determination of the fate of the reactants in Run 1
will be given as an example of the methods of calculation.
The equation
3CHp0 + 3NHgNO3 —> (CHp=NNOg )3+ 6Hg0

calls for the formation of 222 gms. of R.D.X. from 90 gms. of paraform
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and 240 gms. of NH4yNO3z . Henece the total yield of 17.4 gms. of R.D.X.
(See Table %6 ) in Run 1 must have been formed from

90

g8 X 174 = 7.1 gms. of CHp0, and

240
232

X 1l7.4 = 18,9 gms. of NH4N03'

It is essumed thet the erude R.D.X. (i.e. the impurities)
has about the same eomposition as pure R.D.X.. This is supported by
analyses of crude R.D.X. done at Shawinigem (102).

Since 11.5 gms. of formaldehyde (12.0 gms. of paraform, having
a 96% CHo0 content) was added during the reaction, 11.5 = 7.1 = 4.4 gms.
must have goms into by~-products soluble in the reaetion liquor.

The consumption of ammonium nitrete is calculated in similar
fashion, the assumptions being mede (a) that all the Water-Soluble Solid
is ammonium nitrate, and (b) that the solubility of the ammonium nitrate
in the reaction liquor is lvgm. per 150 ce. of liquor.

Obviously, the number of assumptions makes the results only
approximate. waever,vthese indicate unmistakeably that the molar propor-
tions of the reagents in the by-products depend on the conditions of the
reaction: when a large excess of ammonium nitrate is used, the bywproducts

contain a higher ple percentage of ammonium nitrate. This is summarized

in Table 39.



Table 39

Relationship between Composition of By-Products and
Proportions of Reagents in McGill Process

Reactants =Products
Run (CHg20)x @ NH4NOz: Acg0 Addition ICHQOSI: NH NO

No. mole ratio mode (1) mole ratio
1l 1: 2: 2.6 CaM 0.9
2 1: 2: 2,6 CAM 0.8
3 l1:1.2: 2.6 CAM 1.1
4 1: 1l.2: 2.6 BAM l.4

(1) CAM = Continuous Addition Method

E

Reversed Addition Method

In Run 4, although the mole ratio of formaldehyde to
ammonium nitrate is the ssme as in Run 3, the mode of addition
ensures that for the greater part of the reaction time the formal-
dehyde is present in excess. All the results, then, show a definite
trend. The possible significance of this is discussed later.

(Chapter XI}.

The consumption of ammonium nitrate in the formation of
by-products is also of interest because of the light it may shed on
the fate of the third reactant, acetic anhydride,

If each mole of smmonium nitrate which has gone into by-
products has lost two moles of water to form soluble nitremines, then
in Run 1 0.24 mole (forming R.D.X.) and 0.16 mole (forming by-products)
bave reacted to give 2 x (0.24 + 0,16) = 0,80 mole of water. This would

combine with 0,80 mole of acetic anhydride to form acetic acid. The



- 100 -

latest work in this laboratory indicates that Type N acetiec anhydride
contains 15% acetic acid. Assuming this value for Type 0, this would
mean that the amount of acetic anhydride in 100 ce. was 0,90 mole, not
1.06 mole. At the end of the reaction, 0,90 -~ 0,80 = 0,10 mole of
acetic anhydride would be left unhydrated: the acetic anhydride content
of the liquor would be omnly abouy 10%. This is close to the most recent
values obtained in this laboratory (99).

B. The Fate of the Paraform.

The fate of the paraform in the MeGill Process was first
studied by Johnson (103). By distillation of the diluted reaction
liquor, he obtained a distillate containing acetic acid and about 12%
of the original formaldehyde; and a viseous residue. This residue on
treatment with ammonie gave hexamine and a small amount of impure R.D.X.
The formaldehyde accounted for in the distillate, in the hexamine, and
in the total yield of R.D.X. amounted to 85% of the amount originally used.
This experiment does not show whether the formeldehyde in the reaction
liquor is free or in the form of some easily hydrolyzable eompound.

Ross, Boyer, and coworkers {104) later found that this
formaldehyde in the reaction liquor could be removed by steem-distillation.
It was snalyzed in the distillate by a method modified after that of
Walker (105). The formaldehyde in the distillate and that consumed in
forming R.D.X. together amounted to 93% of the formaldehyde used. Here
agalin the experiment does not show whether the formaldehyde is free or
combined. .

Wright (106) on distillation of the reaction liquor obtained
some as yet unidentified products. These gave formaldehyde on hydrolysis,

and contained nitrogen.
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At the present moment there is no evidence as to the state
of the formaldehyde in the reaction ligquor. For the reasons given on
page 96 , it is believed to be in chemical combination in by-products;
but decisive evidence will be lacking until the compounds in whieh it is
present have been isolated and characterized.
The possible reactions by which formaldehyde can form by-
produects rather than R.D.X. are:
1. Reaction with acetic anhydride; or
2. Reaction with ammonium nitrate; or

3« Reaction with ammonium nitrate and ascetic anhydride,

1. Reaction of Formaldehyde with Acetic Anhydride.

It has already been shown (107; pages 54,57, this thesis)
that experimental evidence does not indicate a side-reaction between
paraform and acetic anhydride to glve polyoxymethylene diacetates. This
is to be expected, because of the drastic conditions needed to obtain
these compounds (108).

This view was confirmed by investigating the action of acetie
anhydride on paraform at 70°. A mixture of 31l.l1 gus. of paraform and
250 ce. of asetic anhydride (Type N) was stirred for one hour at 70°,
The mixture was then cooled to 40°, filtered through a hardened filter
paper, and the solid was sucked as dry as possible. It was washed twice
with 10 ml. portions of ligroin, but still smelled strongly of anhydride
and weighed 31.5 gms. After standing in a vacuum desiccator for 12 hours

over Pg0z and paraffin it weighed 29.2 gms. The odour of formaldehyde
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in the desiccator was strong. The properties of the solid were almost
identical with those of the untreated paraform, as shown in Table 40.
Table 40

Comparison of Properties of Paraform (EK) Before and
After Treatment with Acetic Anhydride (Type N) for

One Hour
Properties Treated Paraform Untreated Paraform
1. M.P. (in a sealed tube) 131168 131-168
2. Acidity* (ecc. of 0.1N NaOH 0.4 cG. 0.2 co.

per 5.0 gms.of solid)

3. Yield of R.D.X.

First Crop 13.1 gms.(42.5%) 13,5 gms.(44.0%)
MoPo 191_195 MoPo 190-195

Second Crop 1.0 gms.(3.3%) 0.01 gms,
M.P.180-186 M.P.172«177

The R.D.X. in both cases was prepared by the Continuous
Addition Method: 12.5 gms. of the paraform and 40.0 gma. of ammonium
nitrate were added over a period of 10 mins. to 100 cc. of acetiec
enhydride (Type N) at 70°, with stirring. After addition was complete
the mixture was stirred a further 20 mins. at 70°, then diluted and
boiled according to the Shawinigan Method of Purification.

2. Formaldehyde Balance in Runs Made by the Reversed
Addition Method.

By exclusion of the possibility of reaction with acetic
anhydride, it is epparent that formsldehyde reacts with ammonium nitrate
or with ammonium nitrate and acetic anhydride to form the by-products

soluble in the reaction liquor.

* End-point (using phenolphthalein) was very uncertein.
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It has been mentiored that steam distillation of the re-
action liquor sweeps off most of the formaldehyde which has not been
consumed in forming R.D.X. This technique was applied to the re-
action liquor of runs made by the Reversed Addition Method, in order
to seé if the larger amounts of by~products formed in this reaction
were also readily hydrolyzable.

A preliminary investigation of the efficiency of steam-
distillation as a means of removing formaldehyde from solution was
made, by steam distilling 1,000 gm. of E.K.paraform (0.965 gm. of
formaldehyde) in 100 ce. of water for one and for four hours. The
formaldehyde in the distillate and in the residual liquid was deter-
mined by the volumetric method of Romijn (109), as modified by Signer
(110). It was found that after steem-distillation for one hour 69.3%
of the formaldehyde was in the distillate; after distillation for four
hours, 97.1% was in the distillate. It is evident that a prolonged
distillation is necessary to effect complete removal of the formaldehyde.

The diluted reaction mixtures of three runs made by the
Reversed Addition Method were steam distilled for six hours,and the dis-
tillate was analysed by the Romi jn-Signer method for formaldehyde. The

details of the reaction conditions during the runs have been given pre-

viously.
Table 41
Formaldehyde Balance in Runs Made by the
Reversed Addition Method
Reactant Pioduct
Run Conditions of Para- CHzo R.D.X. CHo0 in CHg0 in Total CHp0
No. Reaction form R.D.X. 1liguor accounted for

wt. wt. Wt.
1 Run 1,Teble ls,pgge 12,5 12.0 4.8 1.95 8.83 10.8 90.0
"3, " 16, 56 12.5 12,0 8.3 3.4 7.92 1l.3 94.3
3 " 4, » 16, 56 12.5 12.0 8.9 3.6 6.84 10.4 86.8
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From these results it follows that all except about 10% of
the formaldehyde forms either R.D.X. or hydrolyzable by-products. It
consequently appears that the same by-products are formed in runs msade
by the Reversed Addition Method as in those by the Continuous Addition
Method: the inereased amount of them formed being due to the excess of
peraform during the greater part of the reaction.

3. Attempts to Titrate Directly the Formaldehyde in the
' Reaction Liquor.

Pfevious work in this laboratory had shown that ammonium
nitrate interferes with the determination of formaldehyde by the method
of Walker (105). It was for that reason that steam-distillation was
resorted to. This treatment removes the formaldehyde and some of the
acetic acid from the diluted resetion liquor, but leaves the smmonium
nitrate behind.

As has been mentioned, treatment as drastic as steam-distillation
would hydrolyze meny compounds, and so this method does not show if any
free formaldehyde is present in the reaction liquors. An attempt was made
to discover this by titrating directly the diluted reaction liquor,using
the Romijn-Signer method. The value so obtained should correspond to the
formaldehyde free or in the form of very easily hydrolyzable compounds
in the reaction liguor.

The values, however, were too high. I% was found that although
acetic acid does not interfere in this titration, ammonium nitrate does.

This 1is shown in Table 42.
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Effect of Ammonium Nitrate on Formaldehyde
Determinations by the Romijn Method.
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Table 42

Effect of Ammonium Nitrate on the Analysis for
Formaldehyde by the Romijn-Signer Method.

Amount NH4NOzadded CHoO enalysils
to 25 ml.of formalin soln. gms. %

£u8. — —_—

- 0.0239 100

0.15 0.,0320 134

0.2 0.0336 141

0.5 040500 209

These results are represented graphically in Fig. 3.
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IX. Thermal Phenomera
of the McGill Prooess

Ao The Relation Between Evolution of Heat and Formation of R.D.X.

When & mixture of ammonium nitrate and paraform is added
to hot stirred acetic anhydride, as in the Continuous Addition Methed,
it is noted that the evolution of heat ccommences a certain time after
the beginning of additicn and continues for some time after addition
is complete. This period of the reaction is known as the Heating
Period of H.P.

The time between the beginning of addition and the start
of the H.P. is known as the First No~Heating Period, or N.H.P.(l);
the period after the H,P, is known as the Second No-Heating Period or
N.H.P.(2).

The H.P. as so determined does not correspond to the true
period of evolution of heat during the reaction, but is somewhat smaller.
Owing to the crudeness of the method employed (see page 46), it is
impossible to know when the evolution of heat beging. The time when
external cooling rather than heating is required to maintain the tem-
perature of the reaction mizture at the desired level is regarded as
the start of the H.P. The reaction is most exothermic in the early
part of the H.P+j it then becomes progressively less exothermic so that
the change from H.P. to N.H.P.|2) is by no means sharp.

The heat of reaction in the MeGill Process has been determined
in this laboratory (11ll); and an exhaustive study of the rate of the
reaction and the factors affecting it, especially at low temperatures,
has been made by A. Gillies (112). The work to be described is a study

of the relationship between the two phenomena.
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1. Effect of Types of Reactents upon Thermal Phenomena.

It was found that in runs made at 70° with E.K.paraform
and Type O acetic anhydride, the N.H.P.(l) was 6 mins.; with E.X.
paraform and Type N anhydride, 9 mins.; and with R. & H. pareform and
Type N anhydride, 33-4 mins.

Throughout the work in this chapter, R. & H. paraform and Type
N acetic anhydride were used.

2, Thermal Phenomena end Rate of Reaction at 70°.

The rete of the reaction at 70° was investigeted in a series
of runs using 12.5 gms. (0.42 mole) of paraform, 40.0 gms. (0.50 mole)
of ammonium nitrate, and 100 ¢se. (1.06 mole) of acetic anhydride. These
were carried out by the Continuous Addition Method. To ensure as uniform
as possible & rate of addition of the mixture of paraform and ammonium
nitrate, it was divided into ten equal portions. Each portion was added
over a period of one minute.

In all runs it was found that the N.H.P.(l) was 3%-4 mins.;
the N.H.P.(1l) + H.P. was 12 mins.

At a given time the reaction was stopped by the addition of
a mixture of ice and water sufficient to give a 50% acetic acid concen-
tration, When the run had proceeded for more than 6 mins., this caused
a smooth hydrolysis of the acetic anhydride. The mixture was then
bolled, following the Shawinigan Method of purification.

When the reaction had not been allowed to proceed for 6 mins.,
addition of the ice and water caused the separation of a lower layer of

acetic anhydride, and a sharp drop in temperature. After standing some
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time this mixture suddenly heated up violently, and unless it was
energetically cooled msterial was lost by frothing.

This sudden heating up undoubtedly came from the hydrolysis
of acetic anhydride. The hydrolysis of acetiec anhydride at room temper-
ature is slow, but is tremendously accelerated by the presence of acetic
acid. Thus in rough tests it was found that while the time of hydrolysis
of 25 ce¢. of acetic anhydride in 200 ce. of water at room temperature
was 60 seconds, the time of hydrolysis of 20 ec. of anhydride and 5 ce.
of acid was 45 seconds, and the hydrolysis of 25 ce. of aphydride and
286 ce. of acid was practically instantaneocus.

It is apparent that until the sixth minute very little acetic
acid has been formed. This may well be related to the induction period
existing until about that time, in view of the marked effect of small
amounts of acetic acid upon the solubility of ammonium nitrate in acetie
anhydride (page 93 ).

The results of these runs at 70° are recorded in Table 43
and shown graphically in Fig. 4. From them one may conclude that

l. The existence of an induction period at 70° (See page
40) is confirmed;

2. This induction period is made up of the N.H.P.(l) and
the early part of the H.P.; i.e. the start of the H.P. does not coincide
with the beginning of the formation of R.D.X.; and

3, The McGill Process is complete in 15 mins. at 70°.
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Table 43

Rate of Formetion of R.D.X. at 70°

Time (CHo0) 4 First Crop Second Crop Total Total
Run Addi- Total added Wt. M.P. Yield VYield Wt. M.P. Yield Yield 7Yield Yield
tion (1) (2) (1) (2) (1) (2)
No. mins. mins. gms. gus. S¢ &ns. Y % % %
1 3 3 375 - - - - - - - - - -
2 4 4 5.00 - - - - - - - - - -
3 5 5 6.25 - - - - 0.5 189-194 368 1.6 3.2 1.6
4 6 6 7.50 0.3 194-200 1.6 0.9 1.5 183-188 8.1 4.9 9.7 5.8
5 7 7 8.75 2.0 194.198 9.3 6.5 0.8 187-194 3.7 2.6 13.0 9.1
6 8 8 10.00 4,7 192-199 19.0 15.3 1.4 180-188 5.7 4.5 24.7 19.8
7 10 10 12.50 9.2 188-195 29.8 - 1.7 180188 5.5 - 35.3 -
8 10 12 12.50 12.5 189-195 40,5 - 0.4 180-185 1.3 - 4.8 - !
9 10 15 12.50 13.5 190-195 43.8 - 0.3 169-174 1.0 - 44.8 - -
10 10 20 12.50 13.4 189-194 43,5 - - - - - 43,5 - t:
1

Yield (1) is based on the amount of formaldehyde which was added before the reaction was stopped.

Yield (2) is based on the amount of formaldehyde added in 10 mins,

3. Thermal Phenomena and Rate of Reaction at 50°.

The necessity for the use of the Continuous Addition Method at 70° makes the
interpretation of the results difficult. Hence a series of runs was made to 50° using the
same quantities of reactants but conducted by the Total Addition Method. The anhydride was first
heated to 55-58°, so that on addition of the cold solids a temperature of about 50° was immediately
established. The product was worked up by the Shawinigan Method of purification. The results
are recorded in Table 44, and shown graphically in Fig. 5.
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Table 44

Rate of Formation of R.D.X. at 50°

Time H.P. First Crop

Run Total N.H.P.(l) H.P. N.H.P.(1) Wt. Yield M.P.
No., mins. mins. mins. mins. gns % ¢

1 5 - - - - - -

2 10 - - - - - -

3 20 14 - - - - -

4 25 16 - - - - -

5 30 43(1) - - - - -

6 35 16 - - 1.5 4.9 190195

7 40 14 24 38 4.0 13 189-196

8 50 10(1) 27 37 8.0 26 187-191

9 60 9 26 35 8.2 27 188191
10 70 10(1) 30 40 9,7 31 188-193
11 105 43 304 35 9.3 30 188193

_Second Crop Total

Wt. Yield M.P. Yield

gus. _ % o

trace - - -
1.3 4.2 187192 4.2
1.7 5.5 187-192 10.4
1.2 3.9 183-188 17
1.0 3.3 181=-185 29
2.0 6.5 181-186 33
0.7 2.3 179-184 34
0.9 2.9 178183 33

(1)

In these runs the mixture of emmonium nitrate and paraform had been

allowed to stand for some time before using.

(about 15 mins.) and the induetion period (27 mins.) is very noticeable.

At this temperature the distinetion between the N.H.P.

A feature worthy of note is the manner in which the N.H.P.(l)

varied, without appreciably affecting the yleld, as evidenced by the

smoothness of the curve.

end of the H.P.

The time from the start of the reaction to the

is much more constant.
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The decrease in the N.H.P.(l) appeared to be proportional
to the length of time the ammonlum nitrate and paraform were allowed
to remain in contact before being added to the acetic anhydride, although
no quantitative study was made of this phenomenon. It may be related
to the decreased yield resﬁlting when the mixture is allowed to stand
for 24 hours before use: it was noted in that case that the H,P. commenced
immediately on addition of acetic anhydride to the mixtures (page 41).

4, Thermal Phenomena at 60°.

A ryn was made at 60° by the Total Addition Method using the
same quantities of reactants as before. The N.H.P.(l) lasted for 7 mins.
During the first 8 mins. of the H.P. frequent cooling with a water-bath
was needed; for the next 3} mins. air-cooling was sufficient; and for
the last 11} mins. external heating was necessary (the N.H.P.(2)).

The reaction was then stopped (30 mins. after the beginning)
by addition of ice and water.

First Crop 9.5 gms. (31% yield), m.pe. 191-196o
Second Crop 1.0 " (3.2% " ), " 1g83-188°.

The effect of temperature upon the N.H.P.(l) is thus very

great: it is about 3} mins. at 70°, 7 mins. at 60°, and 14 mins. at 50°.

B. The Kick-Off.

Unless the reaction flask 1is cooled frequently during the H.P.
the temperature rises rapidly wntil a "kick-off" occours with violent
frothing of the reaction mixture.

It was believed at first that the frothing was due to the

oxidation of formaldehyde to carbon dioxide. This would account for the
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lower ylelds of R.D,X. which result whenever a kick~off ocours. It

was noted by Ross (113), however, that the amount of gas evolved was
relatively small; furthermore, that the gas was evolved after the

most vigorous frothing had occurred. The frothing was explained by

the rapid boiling of acetic acid (B.P.pgg=118°) which is altogether
reasonable in view of the fact that the kick-off occurs at temperatures
between 110 and 120°,

1. Source of Heat causing the Kick-Off.

The source of the heat producing the kick-off is obacure.
The condensation of formaldehyde with ammonia to give hexamine and
with formeamide to give methylenediformamide is vigorously exothermic,
in the latter case leading to an energetic frothing analogous to the
kick-off (page 85). However, on heating formaldehyde and ammonium
nitrate together in acetic acid to 90°, there is no noticeable heat
evolved.

A mixture of ammonium nitrate and acetic anhydride
when heated to 100° reacts in mildly exothermic fashion:

NH4NOz + 2Acg0 ——— Ng0 + 4AcOH
The reaction is far less energetic than the "kick-off", however, and at
70° there is no detectible reaction at all (page 93 ).

A more likely source of heat is the dehydration of
secondary amine nitrates formed by condensation of formaldehyde with
ammonium nitrate during the reaction:

CH,0H CH 0H
| Acg0
2CHZ0 + NH4NOz — 1|~1H2+ Nogy — — N NOp

CHéOH CHZOH
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The exothermic¢ nature of this reaction was noted by Bamberger (56),
who found that once the reaction between piperidine nitrate and
acetic anhydride had been initiated by heating, it was necessary to
cool occasionally to prevent the reaction from becoming too violent.
There is no report of the temperature at which the reaetion becomes
vigorous.

2. The Gases Evolved during the Kick-0ff.

A mixture of 0.5 gm. (0.016 mole) of paraform, 2.7 gms.
(0,033 mole) of ammonium nitrate, and 7 c¢c. (0.066 mole) of acetic
anhydride was placed in a test-tube fitted with a thermometer and a
delivery tube. The delivery tube led to a gradusted cylinder filled
with chloroform standing in a trough of this liquid.

The mixture was heated to 70°. A reaction became evident,
and the temperature rose to 110-120°. Vigorous frothing ocourred. The
reaction yielded 70 cc. of gas. When some 40% NaOH solution was floated
to the top of the chloroform in the cylinder, no diminution in volume
ocourred. This proved the absence of appreciable amounts of carbon
dioxide,

The gas in the eylinder extinguished a burning splint.
Nitrous oxide, prepared by the thermal decomposition of ammonium
nitrate and collected in the same way, caused = buraing splint to
flare up. Hence the gas must have contained little if asny nitrous oxide,
and must have been mostly nitrogen.

A possible source of the nitrogen is the reduction of
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ammonium nitrate by formaldehyde (114):
NH4NOz + CHg0 —— NHgNOp + HCOOH
NHpNO, + 2Acg0 —— Np + 4AcOH
It appears likely that such a reaction oceurs on fusing ammonium
nitrate and paraform together, for about 29% of the formaldehyde
appears as formic acid on distillation of the melt (115).

The amount of gas collected , however, corresponds to a
consumption of only about 0.09 gm. of paraform and 0.23 gm. of ammonium
nibrate, i.e. to less than 10% of the reactants. This confirms Ross's
observation that the evolution of ges is only a minor feature of the
kick-off, which is primarily a thermal effect. When other aldehydes,
however, showlng less tendency to c¢ondense with ammonium nitrate are
substituted for paraform in the McGill Process, this oxidation may
become predominant. ‘his would explain the kick-offs obtained (page 8l1).
This point could easily be settled by a reinvestigation of these reactions

with special attention to the evolution of gas.
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X. The Condensation of Formaldehyde
with Ammonium Acetate and Acetamide.

The research to be described in this chapter is the
earliest work of the author on the McGill Process. The repeated
faillure of attempts to verify the "nitramide" hypothesis for the
formation of R.D.X. (pages 3, 5) had lead to a belief that the
acetic anhydride was acting as an acetylating rather than as a de-
hydrating agent (c.f.116). It consequently seemed possible that
intermediates might be formed by the condensation of formaldehyde
with eammonium acetate or acetemide, which on nitrolysis would yield
R.D.X.

It has already been shown that such compounds are not
formed by the interaction of ammonium nitrate and acetic anhydride
at 70° (page 92 ). In view of the fact that their formation would
involve the displacement of nitric acid by acetic acid in ammonium
nitrate, or the acetylation of the ammonium ion (117), this result
is not surprising.

A. Condensation with Ammonium Acetate.

An attempt was made toc condense formaldehyde with ammonium
acetate in acetic anhydride. A mixture of 0.75 gms. (0.025 mole) of
paraform, 1.92 gms. (0.025 mole) of ammonium acetate, and 6.25 cc.

(0.066 mole) of acetic anhydride was heated to 90° for 10 mins. with
stirring. The solids dissolved to form a clear yellow solution. However,
no product came out of solution on dilution with water or with ether

even after the latter mixture had stood in the refrigerator for 48 hours.
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Condensation accordingly was accomplished by fusing the
solids together. Forty-five gms. (1.5 mole) of paraform and 115 gms.
(1.5 mole) of ammonium acetate were heated together for 40 mins. at
120-130° (compare preparation of N-methylolacetamide, page 9). A
clear syrupy liquid formed, which set to a mush on cooling ia the
refrigerator. The mush redissolved on warming to 40°. Fifty cc. of
absolute ethanol was added, and the solution was again cooled. Crystals
were formed (m.p.63-66°) which were filtered off. By evaporating
ethanol and acetic acid from the filtrate at room temperature under
reduced pressure, several crops of white solid were obtained. These
all melted either about 250° (with decomposition), or below 66°. The
total yield was 40% of the weight of reagents used.

The low-melting solid appeared to have a melting point of
65-66°: usually the melting points of the crops obtained were lower
because of impurities. It was very hygroscopic. It was soluble in
water, ethanol, acetic acid, acetone, and pyridine; insoluble in
ligroin, e¢hloroform, and toluene. It could not be purified, however,
because of its instability. On erystallization from absolute ethanol,
several crops were obtained,some low-melting and some high-melting:
ropeated crystallization led to a complete conversion to the high
melting compound. This change was irreversible: the high melting
compound on repeated recrystallization was recovered unchanged.

The high-melting so0lid was identified as hexamine (reported
m.p.230-270°) by formation of a derivative with mercuric chloride (118),
m.p.250°. The derivative from an authentic sample of hexamine melted

at 226°, and the mixed m.p. was 230°.
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On crystallization of the low-melting comppund from ethanol,
acetic acid was given off and could be detected by its odour. Similarly,
on heating the dry compound on a spatula, it melted, gave off an odour
of acetic acid, and then solidified to give a high-melting compound,
presumably hexamine in this case also. From its physical properties and
its instability, it seems likely that the low-melting solid was methylol-
amine acetate (LXIX), The formation of hexamine on fusing ammonium
acetate and paraform would then be represented thus:

CH0 + NH,0A6 ————— CH20H—NHz0A®
LXIX

6CH0H — NH30A¢ ———» (CHp) Ny + 2NH40AC + 4AcOH + 6Hg0

To verify this formula for the low-melting compound an attempt
was made to form a derivative*. It was treated with benzoyl chloride
in pyridine. It did not dissolve completely: but it appeared to react
and change over into another compound. This compound, a white solid, was
shown to be ammonium c¢hloride by

l. Its physical properties: it was very soluble in
water, and had a melting-point esbove 300°.
| 2., Its analysis for chlorine by the standard gravi-
metric procedure using silver nitrate.
Caled. for NH,Cl : Cl, 66.4. Found : 65.1.

A control run with an authentic sample of NH4Cl gave a chloride analysis of

* This derivative was prepared by R.W.Schiessler and Dr.J.H.Ross.
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66.2%: the product formed by the action of benzoyl chloride is evidently
slightly impure.

The failure to form a benzoate is not surprising in view
of the lack of success of Einhorn and coworkers in forming such deriva-
tives of the methylolamides (page 12).

l. Pormation of R.D.,X. from the Condensation Product.

Because of the impossibility of obtaining the low-melting
compound pure, the following work was done on the crude product furnished
by;tﬁe fusion of equimolecular amounts of paraform and ammonium acetate.

Treatment of this product with 85% nitric acid and at 0°C
gave a sticky s0lid which could not be characterized. It was dried by
standing in a desiccator over Pg0s, or by heating to 110° in a Fischer
pistol under reduced pressure (25-40 mm,}. Even when this latter treatment
was prolonged to 20 hours, no water-insoluble material (R.D.X.) was
formed. Instead, the solid so obtained was still pasty. It melted at
132-137o [decomposition). It was soluble in water, but insoluble or
nearly so in acetone, ether, benzene, chloroform, glacisl acetle acid,
ligroin, and ethanol. When treated with concentrated NaOH solution,
it gave an odour of amnonia. On addition of acetone to an aqueous solution
of it, a white solid m.p.176-182°, was obtained. It thus appears likely
that the s0lid was a mixture of compounds.

The "nitrated" solid, on treatment with acetic anhydride
at various temperatures, followed by dilution with water, sometimes
gave R.D.X. in small amounts (in yields of 1=-5%), but more often did not.

The reason for this erratic behaviour is not known, but indicates that
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some importent variable was being consistently overlooked in the

preparation of the condensation or of the nitration product. The

treatment of the nitrated solid with other dehydrating agents
(phosphoric acid, glycerol) failed to give R.D.Xe.

| Because of the failure to isolate definite intermediates

in this process, the mechanism of the formation of R.D.X. is not

known. A few of the possible modes of formation are given:

HNOS Aczo
CH20H ~NHz0Ae —_— CHyOH-NH;NO 3 — CHpOH-NHNOg
fusion
olc
NoZ
NHg Np*
7 tusion \\\\ HNO, //// AN
CHgO-fNH4OAc —_—> CH2 ?Hz E— ?Hg CHz Acp0 R.D.X.
AcO™ NH} NHS' OAG NOz NHo NHS NO.
2 / 3 ] / 2 We
CHz \CHB ACzO
fusion

\\\\N ///,NHg-OAc 0, ///,NH@NOS
CHp

—S  CH

AN AN

NH3—0Ac NH5N03

B. Condensation with Acetamide

An attempt was made to prepare N~methylolacetamide (m.p.50-58°)
by the condensation of paraform and acetamide (13; see page 9). Thirty
gns. (1 mole) of paraform and 59 gms. (1 mole) of acetamide were fused
together at 120-130° for 40 mins. On cooling, & clear liquid with a
slight amount of insoluble material was obtained. Chloroform was
added, but failed to precipitate any solid. The mixture was filtsered,

and the excess of chloroform evaporated off. On cooling, a solid was
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obtained, m.p.90~l75°. Chloroform was evaporated from the filtrate

again. A large amount of solid, m.p. 189-194° was obtained. The m,p.of methy-
lenediacetamide is 196°. It seems likely that the prolonged heating

with chloroform caused a conversation of the Nemethylolacetamide to
methylenediacetamide.

When anothsr attempt was made to prepare N-methylolacetamide,
under the same conditions as above but not diluting with chloroform, a
thick syrupy liquid was obtalned. Crystallization could not be unducod,
even after soraping the sides of the container for 30 mins.,while cooling
to =10°C. In the light of later knowledge, it appears likely that this
was a solution of N.methylolacetamide, the crystallization of which can
often be accomplished only with great difficulty.

N-methylolacetamide was prepared by the method of Einborn and
coworkers (14; see page 10). Crystallization of the compound from methenol
solution required several days' standing in the refrigerator. The crops
obtained melted at or slightly below 50~-52°, The yields in two rumns were
8% and 33%.

This compound was shown to be unstable on standing in the dry
state. After one week in the refrigerator, the m.p. was 50-52?, indicating
that no appreciable decomposition had ocourred; after six months at room
temperature, however, it had decomposed to give a syrup and crystals of
two different materials, melting at 51-54° (impure N-methylolacetamide)
and 65-81° (impure acetamide).

The investigation of this compound as a possible intermediate
in the formation of R.D.X. was not carried further by the author. It was
found (119) that on being heated with ammonium nitrate in acetic anhydride,
and on treatment with QE;izizd in chloroform,acetic anhydride, and water,

it failed to yield R.D.X.
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XI. Discussion of Possible
Mechanisms of the McGill Process

In view of the fact that no products except R.D.X.
and H.M.X. have been isolated fram the reaction mixture of the
McGill Process, any discussion of its mechanism must necessarily
remain speculative. Hypotheses of the mechanism, if they are to
be of any value, must not only asccount for the experimental facts,
but must predict more facts capable of verification. The mechan-
isms so far advanced for this reaction (120) fail to meet one or
the other of these requiréments. Since they have been adequately
discussed elsewhere, they will mot be considered here,

The mechanism proposed in this chapter postulates the
formation of R.D.X. and H.M.X. by a polycondensation of formaldehyde
and ammonium nitrate, rather than by a polymerizati on of methylene-
nitremine. Such a mechanism has been envisaged by other workers (120},
but the steps through which the reasction passes have not been con-
sidered in detail, and the possible by-products have not been predicted.

According to this mechanism, the first step in the reaction

of
is the condensation, formaldehyde and ammonium nitrate to give methye

I\
lolemine nitrate (IXX) (page 18). This compound then condenaes
further with formaldehyde and with ammonium nitrate to build up

shains of carbon and nitrogen atoms alternately linked:
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CHgO -+ NH4NOz —- CHoOH — NH3NO3

XX
NH,NOg
CH50 \
CH0H CH0H NHzNOgz
I Aczo I |
N-NO; -« NHgNOg CHg
I | |
CHo0H CH,OH NHzNO3
LXXI CHo0
l NH,NOg 1 2
NHzNO5 CHoOH
| Acy0 |
?Hz _ NHgNO3
N |
1I\T-N02 CH,
|
CHo0H NHoNO
LXXII

It is assumed that when the ammonium nitrate has by
condensation with formaldehyde begome a secondary amine nitrate
(e.g .IXXI,IXXII) it is dehydrated by the acetic anhydride to form
a nitrsmine group. This view is supported by the ease of dehydration
of secondary as comparsed with primary amine nitrates (page 29).

The growth of these chains can be halted in three ways:

1. Cyclization by reaction of the ends of the chains with

each other.
When the terminal groups on the chain are different
(e.g IXXIII), cyclization leads to the formation of eyclopolymethy-

lenepolynitramines (IXXIV):
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NO, NOp
CHp— N — CHgOH CH, ——11* —CH;
NOg —N NHNOg NOp—N N—No,
cﬂz—n-——cé | CHy— N— CH,
NO, 1302
LXXTT LIV (HM.X. )

So far, only the six- and eight-membered rings of
this series of compounds have been identified among the reaction
products of the MeGill Process, If they are fommed by a polycondenw
sation as outlined above, one might expect the formation of a four-
membered ring also, by analogy with the condensations of formaldehyde
with sulphonamides (page 6) and urethane (page 13).

The larger rings with ten and more members, have no
analogues among the condensation products of formaldehyde with amides
or amines. They can be formed with the Fischer-Hiraschfelder atomic
models, and so are sterically possible. However, the probability
of ring closure decreases repidly with the increasirg length of a
molecule (121), and so if formed they would be present in very small
amount.

The discovery of cyclopolymethylenepolynitramines with
other than six or eight members would be of fundamental importance
in demonstrating the validity of this proposed mechanism. If they
were shown to be present in the crude product from the MecGill Process,

and to be absent in the crude product obtained by the nitrolysis of
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" hezamine, the mechanism postulating the formation of R.D.X. and
H.M.X. by & partial rather than total degradation of the hexamine
molecule during nitrolysis would be strengthened (see pages 21,26).

Ring closure might alsc be accomplished by reaction
between the ends of the chain when it is terminated by similar
groups. 'When the chain ends in amine nitrate groups (IXXV), such

a reaction would also lead to the formation of eyclopolymethylene-

polynitremines.
NOo N02
A I
) N —— CHgNHzNO,  — NH,NOg N =—CH,
Py N\
N — CHgNHGNO Ny — o,
| |
NO,, NOz
L Aczo
LXXV
R.D.X.

The possibility of such a resction is supported by the
behaviour of the simplest member of the series of chains terminated by
amine nitrate groups, methylenediamine dinitrate. It has been shown
that this compound in acetic anhydride breaks down to ammonium
nitrate and R.D.X. (page 88). It seams probable, however, that
longer chains would not exhibit this instability. Ethylenediamine
dinitrate appears, unlike methylenediamine dinitrate, to be a
perfectly stable compound (122).

The third type of chain whiech might undergo ring closure

is that terminated by methylol groups (ILXXVI).
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02 1o
N —— CH,0H N —— CH
2 2
—Hg0 ’//’ ‘\\\
CHy CHK P 0
N rlr ——CH,0H 1;1 —CHg
N02 NOz
LXXVI LXXVII

Such a reaction would give rise to rings in which some
methylens groups are separated by oxygen and others by nitrogen.
Compounds of this type are already kmown: cyclonite oxide (LXXVII)
(123) is a by-product in the nitrolysis of hexamine; and the con-
densation of ethylamine (IXXVIII) with formaldehyde at ice-bath

temperature yields a "mixed" ring containing two oxygen members

(LxxIX) (124)
yd CHz\
0
CoHg—NHy 4 3CH0 —# | | -+ Hp
CHg CHp
N
LXXVIII |
Cols
ILXXIX

These "mixed" rings (e.g.LXXVII) might also be formed by
the condensation of diamine dinitrates (LXXX) with incompletely

depolymerized peraform fragments (LXXXI)

12
/NH5N05 HOCHB\ /N———cnz\
CHg + 0 ——s CHg 0
NHzNO3 HOCH;” \N —— CHj
LXXXI NOg
LXXX

TYYUTT
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These compounds, by analogy with cyeclonite oxide
and trioxane, would be soluble in water and resistent to hydro-
lysis. Their formation would be favoured by a high concentration
of methylol-terminated chains, and a high concentration of
paraform fragmens: i.e. by an excess of paraform. It has
already been shown (pages 38, 54, 99) that the formation of water-
soluble by-products is favoured by an excess of formaldehyde; and
furthermore, that under these conditions the by-products, like
the ™mixed" rings, are made up of more formaldehyde than of ammonium
nitrate molecules (page 99). On the other hand, the greater part
of the by-products is made up of hydroleable compounds (page 100).
This faet merits reinvestigation; but, for the moment it may be
assumed that the "mixed" rings make up only the 10% of the by-

products which cannot be hydrolyzed to give formaldehyde.

2. Acetylation of the ends of the chains.

For reasons already given (117;page 92 ),acetylation
of terminel amine nitrate groups is considered unlikely. The acetyl-
ation of terminal methylol groups (e.g.in IXXVII) on the other hand,
is considered more probable (page 12i. It is known to be very slow
for O-methylol groups (125) but the rate has never been investigated

for N-methylol groups.

?HzOH ?HgQAc
N—NO N-NO

| 2 Ac20 ! 2

?-—Noz ?-ch

CHo0H GHZQAQ

IXXVII IXXVIII



The formation of these compounds would, like that of the

"mixed" rings, be favoured by an excess df paraform; and, like them,
would explain the higher molar proportion of formaldehyde than of
ammonium nitrate in the by-products when this condition obtains.

Unlike the mixed rings, however, they would also satisfy
the requirement that the by-products must be hydrolyzable, so that
almost all the acetic acid (126; page 66) and most of the formaldehyde
can be accounted for on analysis of the boiled, diluted reaction liquor.

Acetylation may also stablilize various "mixed" compounds
(e.g.1XXIX), and compounds with a terminal amine nitrate group (Lxxx),

Such compounds would be of the same general properties as ILXXVII.

?Hgalc ?HgQAc
N—NOg N—NOg
o o

; gh0g
,

X0,

CHo0Ac

LXXIX XXX

3+ Exhaustion of the Reactants.

_ An excess of formaldehyde in the reaction mixture favours
the formation of chains terminated by methylol groups; an excess of

aemmonium nitrate favours the formation of chains terminated by amine

nitrete groups.
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The chains terminated with methylol groups can form
by~-products by acetylation or by loss of water to form an ether
linkage, as deécribed above. The chalns terminated by amine
nitrate groups may possibly decompose, but more probably remain
unchanged in the reaction liquor (page127 ). They are not, like
the derivatives of methylolberminated chains, by-produchs, but
unused intermediates. The reaction has ceased because there is
no formaldehyde left to react with them.

The formation of such compounds would explain why a
large excess of ammonium nitrate in the Continuous Addition Method
causes a decreased yield of R.D.X. (page 47). In the Total Addition
Method it has no such deleterious effect (page 37), probably because
at high enough temperatures they are unstable, as the first member
of the series, methylenediamine dinitrate, is at a lower temperature.
The fact that an excess 0f ammonium nitrate gives "by-products"

(or unused intermediates) containing more of this compound than of
formaldehyde (page 99) would be explained by their formation.

This mechanism is in agreement with most of the facts
known about the McGill Process. The results of the analytical
work so far done on this process (Chapter VIII) are explicable in
terms of the side-reactions postulated. The lengthy induetion
period, during part of which reaction is taking place as shown by
the evolution of heat, indicates a mechanism involving many inter-
mediaste steps. And the indispensable nature of the acetic anhydride

(pages 78,88, 121) is shown to be related to its function in
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converting the amine nitrate to a nitramine group.

At the same time, cognizance must be taken of some
of the weaknesses of the mechanism. It does not take into account
the possibility of dehydration of methylolamine (IXXXI) to methylene-

imine (IXXXII) groups.

+ Ac 20 +
— NHp — CHgOH —NH = CHp
LXXXY IXXXIT

It does not explain why the formation of H.M.X. is favoured by the
Reversed Addition Method. ( 127 ) It does not explain the
effects of catalysis and dilution (Chapter V1), and of many more
experimental facts.

The mechanism has, however, the virtue of predicting
the formation of certain types of as-yet unidentified by-products.
Its verification will depend on their isolation. The other method
of proof, that of attempting to form the intermediates by condensation
of formaldehyde with ammonium niltrate in acetic acid, has sgo far
proved unsuccessful (128). In view of the ease of decomposition of
such compounds if formed (pages 10, 88) this result is readily

understandable.
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Summary

The effect of reaction conditions upon the yield of R.D.X.
from the McGill Process has been studied with special attention to
such variables as proportions of reactants, temperature and time of
reaction, and mode of addition of reactants. An improved meéthod of
conducting the reaction, designated the Continuous Addition Medhod,
is presented. This method enables the reactiom to be controlled when
run on a large scale, and under optimum conditions gives a yield of
about 50%.

Methods of purification of this product have been invest-
igated. It has been shown that there is no method of obtaining a
produet meeting the British Specifications for melting point without
a large loss of the crude material.

The effect on the yield of R.D.X. caused by the addition
of various compounds to the reaction mixture has been investigated.

An attempt has been made to elucidate the mechanism of

the reaction by finding analogous reactions and by investigating

the kinetics and the by-products of the reaction. On the basis of

the chief characteristics of the reaction, & mechanism is proposed.

This predicts the formation of several byeproduects as yet not

isolated.

The author is aware of the unfinished chamecter in meny

places of the work done. It cennot be judged by normal academic
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standards, however. Especially in the earlier period of devel-
opnent of the MeGill Process, the work was oriented along industrial

lines, and many avenues of researeh which appeared more of theoretical

than of practical importance were not followed up.
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