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MECHANISTIC STUDIES OF THE INTERACTIONS OF HEXAMINE AND SOME 
DERIVATIVES WITH ELECTROPHILES by John Keith Scranage. 
Submitted f o r the degree of Doctor of Philosophy, 1989. 

ABSTRACT 
Mechanistic studies of the n i t r a t i o n of hexamethylene-

tet r a m i n e (1.) and some d e r i v a t i v e s are reported and are 
compared w i t h a c e t y l a t i o n r e a c t i o n s . N i t r a t i o n r e a c t i o n s , 
w i t h n i t r i c a c i d , were c a r r i e d out using mixtures of [ ^ ^ N 4 ] -
and ^N4]-compounds, and the d e s t i n a t i o n of the nitrogen 
isotopes i n the products was determined mass spectro-
m e t r i c a l l y . The r e s u l t s show t h a t i n n i t r a t i o n of (1) to 
give 3,7-dinitro-1,3,5,7-tetraazabicyclo[3.3.1]nonane (DPT) 
extensive r i n g cleavage occurs to give species containing 
amino-nitrogen fragments. However, the n i t r a t i o n of 
3,7-diacetyl-1,3,5,7-tetraazabicyclo[3.3.1]nonane (DAPT) to 
1,5 - d i a c e t y l - 3 , 7 - d i n i t r o - 1 , 3 , 5 , 7 - t e t r a a z a b i c y c l o [ 3 . 3 . 1 ] -
nonane (DADN) involves s e l e c t i v e cleavage of the methylene 
b r i d g e . 

K i n e t i c studies are reported of the pH-dependence of the 
decomposition of DPT i n aqueous media. The r e s u l t s show 
t h a t a t a l l a c i d i t i e s two stages are observed. The f i r s t 
stage, ki , involves c a t a l y s i s by protons and hydroxide ions, 
and i t i s suggested t h a t r e a c t i o n occurs v i a a low 
co n c e n t r a t i o n , ring-opened s t r u c t u r e which i s i n e q u i l i b r i u m 
w i t h DPT. I n a c i d i c s o l u t i o n an intermediate i s observed 
which i s i d e n t i f i e d as nitramide (NHoNOo). 
Methylenedinitroamine i s shown not t o be an intermediate i n 
the decomposition of DPT, since i t s r a t e of decomposition i s 
too slow. 

Mechanistic studies were also c a r r i e d out on the 
synthesis and decomposition of 3,7-dinitroso-1,3,5,7-
t e t r a a z a b i c y c l o [3.3.1]nonane (DNPT). Experiments using 
mixtures of [ ^ ^ 1 ^ 4 ] - and N4 ]-compounds showed t h a t 
r e l a t i v e l y l i t t l e i s o t o p i c mixing occurs during n i t r o s a t i o n 
of (1) t o DNPT, and hence the predominant r e a c t i o n involves 
cleavage of a methylene bridge w i t h the r i n g s t r u c t u r e 
remaining i n t a c t . Data obtained f o r the decomposition of 
DNPT i n acid s o l u t i o n s suggested t h a t the rate-determining 
step of t h i s process involves C-N bond cleavage, and were 
c o n s i s t e n t w i t h the intermediate formation of nitrosamine 
(NH2NO) . 

K i n e t i c studies were conducted on the decomposition of 
3,7-bis(arylazo)-1,3,5,7-tetraazabicyclo[3.3.1]nonanes i n 
acid s o l u t i o n t o the corresponding a n i l i n e . Evidence was 
found f o r the formation of an intermediate methyleniminium 
i o n , the UV/visible spectra of which could be observed i n 
a c e t o n i t r i l e s o l u t i o n s containing only minute q u a n t i t i e s of 
water. 

•''H NMR studies of s o l u t i o n s of hexamine i n DMSO-dg 
co n t a i n i n g e l e c t r o p h i l i c species suggested t h a t under these 
c o n d i t i o n s quaternary s a l t s of hexaniine were formed, rather 
than cleavage of the molecule t o form N-substituted s i x - and 
eight-membered r i n g species. 



The copyright of this thesis rests with the author. 

No quotation from it should be published without 

his prior written consent and information derived 

from it should be acknowledged. 

MECHANISTIC STUDIES OF 
THE INTERACTIONS OF HEXAMINE 

AND SOME DERIVATIVES 
WITH ELECTROPHILES 

by 

John Ke i t h Scranage, B.Sc. Hons. (Dunelm) 

A t h e s i s submitted f o r the degree of Doctor of Philosophy 
i n the U n i v e r s i t y of Durham, Department of Chemistry, 1989. 

- 2 NOV 1989 



CONTENTS 

CHAPTER 1 
1.1: 
1.2: 
1.3: 
1.4: 
1.5: 
1.6: 
1.6.1 

- 1.6.2 
1.6.3 
1.6.4 
1.7: 

1.8: 

I n t r o d u c t i o n 
General p r o p e r t i e s of hexamine 
N i t r a t i o n of hexamine 
A c e t y l a t i o n of hexamine 
N i t r o s a t i o n of hexamine 
Reaction of diazonium ions w i t h hexamine 
S a l t and complex formation 
S a l t s w i t h acids 
Quaternary s a l t formation 
Complex formation w i t h phenols 
Complex formation w i t h inorganic s a l t s 
Reactions w i t h halogens and inorganic 
h a l i d e s 
References 

Page 
1 
2 
5 
10 
13 
15 
18 
18 
20 
23 
23 

24 
26 

CHAPTER 2: Experimental 

2.1: M a t e r i a l s 
2.1.1: Solvents 
2.1.2: Gases 
2.1.3: Sa l t s 
2.1.4: Substrates 
2.1.5: Bu f f e r s o l u t i o n s 

2.2: Measurement techniques 

2.2.1: UV/Visible measurements 

2.2.2: Mass spectrometry 

2.2.3: NMR spectrometry 

2.2.4: pH measurements 

- i -

31 
32 
32 
33 
33 
35 
42 
42 
42 
45 
46 
46 



2.2.5 

2.3; 

2.4: 

Q u a n t i t a t i v e determination of 
formaldehyde 
Attempted preparation of DADN by 
a c e t y l a t i o n of DPT 
References 

Page 

46 

47 
50 

CHAPTER 3; 

3.1: 
3.2: 

" 3.3: 

3.4; 

3.5: 

3.6: 
3.7: 

Mechanistic studies of the formation 
of DPT and DADN using ^^N-compounds 
I n t r o d u c t i o n 
Experimental 
I n v e s t i g a t i o n of the mechanism of 
formation of DPT v i a n i t r a t i o n of 
hexgunine 
I n v e s t i g a t i o n of the mechanism of 
formation of DADN v i a n i t r a t i o n of 
DAPT 
The s e l e c t i v e cleavage of 1,3,5,7-
tetraazabicyclo[3.3.l]nonanes 
Discussion 
References 

51 
52 
53 

55 

60 

62 
64 
67 

CHAPTER 4; 

4.1: 
4.2: 
4.3: 

4.4: 

The decomposition of DPT i n a c i d i c 
and basic aqueous s o l u t i o n s 
I n t r o d u c t i o n 
UV spectra of DPT 

K i n e t i c data f o r the decomposition 

of DPT 
The r o l e of methylenedinitroamine 

68 
69 
69 

72 
76 

11 



4.4.1: The decomposition of MDNA i n aqueous 
s o l u t i o n 

4.4.2: UV spectra of MDNA 
4.4.3: Q u a n t i t a t i v e determination of 

formaldehyde l i b e r a t i o n d u r i n g the 
decomposition of MDNA 

4.4.4: Determination of a pH p r o f i l e f o r the 
decomposition of MDNA 

4.4.5: Determination of the pK„ values of MDNA 
a 

4.5: The r o l e of nitramide 
4.5.1: UV spectra of nitramide 
4.5.2: K i n e t i c a nalysis of the decomposition 

of n i t r a m i d e i n aqueous s o l u t i o n 
4.6: Discussion 
4.7: References 

Page 

79 
80 

83 

83 
91 
94 
94 

96 
101 
107 

CHAPTER 5 

5.1 
5.2 
5.3 

5.3.1 

5.4 

Studies on dinitrosopentamethylene-

tetramine 
I n t r o d u c t i o n 
Mechanistic studies using ^^N-compounds 
The decomposition of DNPT i n aqueous 
s o l u t i o n s 
Determination of formaldehyde l i b e r a t e d 
d u r i n g the decomposition of DNPT i n acid 
media 
References 

109 
110 
111 

114 

119 
121 

111 



Page 

CHAPTER 6 

6.1: 
6.2: 
6.3: 

6.4: 
6.4.1 

6.4.2; 

6.5; 
6.6; 

Studies on the decomposition of 
3,7- b i s ( a r y l a z o ) - 1 , 3 , 5 , 7 - t e t r a a z a b i c y c l o -
'S. 3.1] nonanes i n acid s o l u t i o n 122 
I n t r o d u c t i o n 123 
UV spectra of b i s ( a r y l a z o ) compounds 123 
K i n e t i c data f o r the decomposition of 
3,7-bis(p-ethoxycarbonylphenylazo)-
1,3,5,7-tetraazabicyclo[3.3.1] nonane i n 
aci d s o l u t i o n 126 
The r o l e of triazenes 150 
UV spectra of 1-(p-ethoxycarbonylphenyl)-
3-methyltriazene 153 
K i n e t i c data f o r the decomposition of 
1- (p- ethoxycarbonylphenyl)- 3-methyl-
t r i a z e n e i n acid s o l u t i o n 154 
Discussion 157 
References 160 

CHAPTER 7; 

7.1: 
7.2: 

7.3: 

7.4: 

"'"H NMR studies on the i n t e r a c t i o n of 
e l e c t r o p h i l e s w i t h hexamine 
I n t r o d u c t i o n 
I n t e r a c t i o n of hexamine w i t h n i t r o n i u m 
i o n 
I n t e r a c t i o n of hexamine w i t h nitrosonium 

i o n 

I n t e r a c t i o n of hexamine w i t h fuming 

n i t r i c a c i d 

162 
163 

164 

169 

172 

- I V -



Page 
7.5: I n t e r a c t i o n of hexamine w i t h d i n i t r o g e n 

pentoxide 175 
7.6: I n t e r a c t i o n of hexamine w i t h a c e t y l 

c h l o r i d e 178 
7.7: I n t e r a c t i o n of DAPT w i t h a c e t y l c h l o r i d e 183 
7.8: References 187 

APPENDIX I : Research c o l l o q u i a , seminars, l e c t u r e s 
and conferences 188 

(A) : Research c o l l o q u i a , seminars and l e c t u r e s 
organised by Durham U n i v e r s i t y Chemistry 
Department, 1986-1989 190 

(B) : Lectures organised by Durham U n i v e r s i t y 
Chemical Society, 1986-1989 194 

(C) : Conferences attended 197 
(D) : F i r s t year i n d u c t i o n course 197 

- V 



ACKNOWLEDGEMENTS 

I would l i k e t o thank ray supervisor, Dr. M.R. Crampton, 
f o r h i s help and encouragement during t h i s work. I would 
also l i k e t o thank other members of the department who 
helped i n any way, p a r t i c u l a r l y Mr. C. Greenhalgh f o r 
t e c h n i c a l assistance, Dr. M. Jones f o r mass spectra, 
Dr. R. Matthews f o r NMR spectra, and Dr. A. Royston f o r 
a c t i n g as computer consultant. 

Thanks are also due t o my i n d u s t r i a l supervisor. 
Dr. P. Golding of R.A.R.D.E., Valtham Abbey, f o r advice on 
s y n t h e t i c methods, and t o the the Procurement Executive, 
M i n i s t r y of Defence f o r funding the p r o j e c t . 

- V I -



PUBLICATIONS 

Some of the work i n t h i s t h e s i s has been the subject of 
the f o l l o w i n g papers: 

'̂ N̂ Studies of the Mechanisms of N i t r a t i o n of 
Hexamethylenetetramine and 3,7-Diacetyl-1,3,5,7-
t e t r a a z a b i c y c l o [ 3 . 3 . l ] n o n a n e ' , Tetrahedron, 1988, 44? 1679. 

' K i n e t i c Studies of the pH Dependence of the Decomposition 
of 3,7-Dinitro-l,3,5,7-tetraazabicyclo[3.3.1]nonane (DPT) 
and Related Compounds', J.Chem.Soc. Perkin T r a n s . I I , 
1989, 77. 

'Mechanistic Studies on the Synthesis and Decomposition of 
3,7-Dinitroso-1,3,5,7-tetraazabicyclo[3.3.1]nonane', 
J.Chem.Res. ( S ) , 1989, 72. 

V l l 



DECLARATION 

The m a t e r i a l i n t h i s t h e s i s i s the r e s u l t of research 
c a r r i e d out i n the Department of Chemistry, U n i v e r s i t y of 
Durham, between October 1986 and October 1989. I t has not 
been submitted f o r any other degree, and i s the author's own 
work, except where acknowledged by reference. 

STATEMENT OF COPYRIGHT 

The co p y r i g h t of t h i s t h e s i s r e s t s w i t h the author. No 
q u o t a t i o n from i t should be published without h i s p r i o r 
w r i t t e n consent, and inf o r m a t i o n derived from i t should be 
acknowledged. 

- V l l l 



- I X -



CHAPTER 1 

I n t r o d u c t i o n 

1 -



1.1 General p r o p e r t i e s of hexamine 
Hexamine, C6H12N4, has s t r u c t u r e , and i s r e a d i l y 

1 2 
formed by condensation of ammonia and formaldehyde ' as 
shown i n Equation ( 1 . 1 ) . 

7 
N ^ ^ ^ 

1^<I 
(1.1) hexamine 

6 CH2O 4 NH3 
1\ 

Eqn. (1.1) 

I t i s also known as hexaunethylenetetramine (a descrip­
t i v e l y more accurate t r i v i a l name), 1,3,5,7-tetraaza-

3 7 
t r i c y c l o [3.3.1.1 ' Jdecane, 1,3,5,7-tetraazaadamantane, 
methanamine, aminoform, formin, u r o t r o p i n e , and food 

3 
a d d i t i v e E239. Pure hexamine i s a c o l o u r l e s s , odourless, 
c r y s t a l l i n e s o l i d with, a sweet taste'!' although commercial 
samples i n v a r i a b l y have a m i l d ' f i s h - l i k e ' smell due t o the 
occurrence of s l i g h t decomposition. I t c r y s t a l l i s e s i n 
r e g u l a r rhombic dodecahedronsf which are st a t e d t o show 
p i e z o e l e c t r i c p r o p e r t i e s ^ Hexamine i s soluble i n water, 
somewhat soluble i n a l c o h o l s , s l i g h t l y soluble i n ether and 
aromatic hydrocarbons, and, w i t h the exception of 



chloroform, i n which i t i s f a i r l y s o l u b l e , i t i s only 
1 2 

s l i g h t l y s o luble i n c h l o r i n a t e d a l i p h a t i c s . ' 
Hexamine i s commercially employed as a s p e c i a l form of 

anhydrous formaldehyde"^ i n the manufacture of synthetic 
r e s i n s , and i n the hardening of p r o t e i n s . I t reacts as 
formaldehyde only i n the presence of c a t a l y s t s , when heated, 
or when brought i n t o contact w i t h an a c t i v e formaldehyde 
acceptor, and thus, i n many cases, i t s reactions are more 
r e a d i l y c o n t r o l l e d than those of formaldehyde itself"!^ A 
small q u a n t i t y i s used f o r medicinal purposes as a u r i n a r y 
a n t i s e p t i c . As food a d d i t i v e E239, hexamine i s used as a 
p r e s e r v a t i v e f o r marinated h e r r i n g and mackerel. 

Hexamine was the f i r s t organic compound t o be subjected 
t o X-ray c r y s t a l s t r u c t u r e a n a l y s i s , by Dickinson and 
Raymond i n 1923. Previously t h i s a n a l y t i c a l method was 
only applied t o elements and polar inorganic compounds. 
Dickinson chose to study hexamine since i t i s one of the few 
known organic compounds without s a l t c h a r a c t e r i s t i c s which 
have cubic symmetry. 

I n a d d i t i o n t o being an anunono-formaldehyde, hexamine i s 
also a t e r t i a r y amine, and as such forms s a l t s , a d d i t i o n 
compounds, and complexes. I n t h i s respect i t resembles 
p y r i d i n e , t r i e t h y l a m i n e , and other t e r t i a r y bases. Hexamine 
was found t o have a pK^ value of 4.89, which i s s i m i l a r to 

a 
o 

t h a t of p y r i d i n e at 5.25, but i s much lower than t h a t of 
t r i e t h y l a m i n e at 11.04? The s i m i l a r i t y w i t h p y r i d i n e i s 
a t t r i b u t e d t o the electron-withdrawing e f f e c t of neigh­
bouring N-atoms on any p a r t i c u l a r N-atom, i n much the same 
way as the aromatic r i n g withdraws e l e c t r o n charge from the 
N-atom of p y r i d i n e . No such e f f e c t e x i s t s f o r 



t r i e t h y l a m i n e , and so the higher b a s i c i t y i s r e f l e c t e d i n a 
higher pK„ value, a 

o 9 
Hexamine sublimes i n a vacuum at 230-270 C. This high 

temperature i s c l e a r l y associated w i t h the considerable 
symmetry and r i g i d i t y of the cage s t r u c t u r e . The 
corresponding a l l carbon s t r u c t u r e , adamantane, also has a 
high s u b l i m a t i o n p o i n t (268°C^). Various physico-chemical 
methods''"^'"^^ have been employed t o demonstrate the chemical 
and s t e r i c equivalence of the four n i t r o g e n atoms. On 
p r o t o n a t i o n of one of the n i t r o g e n atoms the molecule loses 
i t s symmetry, and various acid-catalysed fragmentation 

2 
processes may then occur. Depending on the conditions 
employed, two, three or more carbon-nitrogen sub-units can 
be formed, or the reagent can serve as a source of 
formaldehyde and aimnonia. At or d i n a r y temperatures a pure 
water s o l u t i o n of hexamine i s c o m p a r i t i v e l y s t a b l e , showing 
only very s l i g h t h y d r o l y s i s t o formaldehyde and ammonia^ and 
the degree of h y d r o l y s i s at elevated temperatures i n a 

12 
n e u t r a l aqueous s o l u t i o n remains minimal. 

Although hexamine does not normally occur i n a hydrated 
form, i t i s possible"*" t o form a hexahydrate, Cg Hi 2 N4 • 6H2 0, 
when a sat u r a t e d aqueous s o l u t i o n i s cooled to s l i g h t l y 
above 0°C. 

- 4 -



1.2 N i t r a t i o n of hexamine 
Hexajnine i s of m i l i t a r y i n t e r e s t , since n i t r a t i o n was 

found t o y i e l d the high explosive cyclotrimethylene-
13 

t r i n i t r a m i n e , also c a l l e d c y c l o n i t e , hexogen, and more 
r e c e n t l y designated as RDX (research department e x p l o s i v e ) . 
I t has s t r u c t u r e ( 1 . 2 ) . 

N / 
NO2 

(1 .2 ) RDX 

RDX i s a white c r y s t a l l i n e substance of melting point 
2 0 2 - 2 0 7 ° c l ^ and was f i r s t prepared by Henning-*"^ i n 1879 by 
the a c t i o n of n i t r i c a c i d on hexajnine d i n i t r a t e . I n 1920 

Herz c l a r i f i e d i t s chemical s t r u c t u r e as t h a t shown above. 
He a l s o recognised i t s nature as an explosive. I n 1925 

13 

Hale reported an improved method of preparation of RDX 
i n v o l v i n g gradual a d d i t i o n of hexamine t o an excess of 99.8% 

n i t r i c a c i d at about 20-30°C. Hale represented the r e a c t i o n 
by the f o l l o w i n g equation: 

C 6 H 1 2 N 4 + 4 HNO3 > RDX -t- 3 C H 2 O + NH4NO3 

Eqn. f l . 2 ) 

5 -



1 8 
although Schnurr suggested t h a t the r e a c t i o n proceeded 

thu s : 

C6H12N4 + 6 HNO3 • RDX + 6 H2O + 3 CO2 + 2 N2 

Eqn. (1.3) 

Since ammonium n i t r a t e , formaldehyde, carbon dioxide, 
18 

n i t r o g e n and water can a l l be detected i n the products, i t 
i s reasonable t o suggest t h a t the r e a c t i o n can occur v i a 
both pathways. Later i t w i l l be seen t o be s i g n i f i c a n t t h a t 
some of the methylene groups and n i t r o g e n atoms of hexamine 
are not u t i l i s e d f o r the production of RDX. Indeed, the 
n i t r a t i o n of hexamine t o RDX requires from four t o eight 
times the t h e o r e t i c a l amount of n i t r i c a c i d . 

The Hale process was f u r t h e r improved by Bachmann and 
19 

Sheehan who used a n i t r a t i n g mixture of n i t r i c a c i d , 
a c e t i c anhydride arid ammonium n i t r a t e : 
C6H12N4 + 4 HNO3 + 2 NH4NO3 + 6 AC2O • 2 RDX + 12 AcOH 

Eqn. (1.4) 

RDX was used extensively i n World War I I a f t e r much 
successful research i n t o the development of a p r a c t i c a l 
method of manufacture. This led t o a spate of p u b l i c a t i o n s 

20- 29 
i n the years f o l l o w i n g the war d e t a i l i n g the chemistry 

of the process. 
A by-product of the production of RDX, studied by Wright 20 19 and co-workers and also Bachmann and Sheehan, i s 1,3,5,7-

t e t r a n i t r o - 1 , 3 , 5 , 7 - t e t r a a z a c y c l o o c t a n e , also known as 
octogen, and more coimnonly HMX (high m e l t i n g e x p l o s i v e ) . 



This compound, w i t h s t r u c t u r e (1.3), has a m e l t i n g p o i n t of 
276-277^C?^ 

O 2 N — N N—NO2 

f l . 3 ) HMX 

HMX i s a white c r y s t a l l i n e substance which occurs i n four 
polymorphous forms, three of which are stable at room 
temperature, and one which transforms very r a p i d l y . Like 
RDX, HMX i s i n s o l u b l e i n water and non-hygroscopic, and also 
has a s i m i l a r chemical r e a c t i v i t y . They d i f f e r only i n t h a t 
HMX i s more r e s i s t a n t t o a t t a c k by sodium hydroxide 
s o l u t i o n , t h i s r e a c t i o n forming the basis of one method of 
s e p a r a t i n g HMX and RDX. The r a t i o of such a mixture, formed 
d u r i n g n i t r a t i o n of hexamine, i s dependent upon the r e a c t i o n 
c o n d i t i o n s employed. HMX i s a powerful high explosive, 
being superior t o RDX i n having a higher i g n i t i o n 

31 
temperature, and being chemically more s t a b l e . However, 
due t o the high cost of manufacture (approximately three to 
f o u r times t h a t of RDX) i t f i n d s use only i n s p e c i a l i s e d 
ordnance, such as shaped charges, where maximum explosive 

32 
performance i s needed. 

HMX can be prepared by n i t r a t i o n of 3,7-dinitro-1,3,5,7-
tetraazabicyclo[3.3.1]nonane, also known as 3 , 7 - d i n i t r o -
pentamethylenetetramine, abbreviated t o DPT ( 1 . 5 ) , which 

/ -



Wright and co-workers^^ synthesised by the r e a c t i o n of 
methylenediamine w i t h d i m e t h y l o l nitramide (1.4) : 

CH2 OH 

Oo N — N 

CH2 OH 
(1.4) d i m e t h y l o l 

n i t r a m i d e 

O2 N — N 

NH2 

+ CH2 + 

NHo 

HOCH2 

N—NO2 

HOCH2 

11 

CH9 N—NOo + 4 Ho 

(1.5) DPT 

Scheme 1.1 

DPT can also be obtained from the preparation of RDX by 
removing the RDX and n e u t r a l i s i n g the mother l i q u o r t o 
e f f e c t p r e c i p i t a t i o n of dPT^^'^^'"^"^'^^ t h i s being formed 
from the fragments not u t i l i s e d f o r the formation of RDX. 

20 
I t has been suggested t h a t d i m e t h y l o l nitramide i s the 
d i r e c t precursor t o DPT i n t h i s process, but work by the 
author, described i n Chapter 4, shows t h a t t h i s i s not 
n e c e s s a r i l y the case. 

19 24 36-38 
Mechanisms p o s t u l a t e d ' ' f o r synthesis of RDX and 

HMX from hexamine include the s e l e c t i v e cleavage of bonds 
w i t h i n the-hexamine molecule, or t o t a l cleavage of the 
molecule t o smaller fragments, followed by n i t r a t i o n and 8 



39 40 
recombination. Work done by Castorina and co-workers ' 
i n v o l v i n g "̂̂C and ̂ ^N t r a c e r studies provides evidence f o r 
the l a t t e r mechanism. The ̂ Ĉ t r a c e r experiments showed 
t h a t n i t r a t i o n t o RDX and HMX involved t o t a l non-selective 
breakdown of the hexamine molecule t o fragments containing 
chemically e q u i v a l e n t methylene groups. A d d i t i o n of 
paraformaldehyde t o the n i t r a t i o n mixture showed t h a t the 
f i n a l products contained methylene groups from a common 
source comprised of those from hexamine i t s e l f , and from 
paraformaldehyde. '̂'C exchange d i d not occur between 
unreacted hexamine and paraformaldehyde dur i n g the n i t r a t i o n 
process. Work done using ^5NH4N03 i n the n i t r a t i n g 
medium ' demonstrated the p o s s i b i l i t y of exchange between 
the amino n i t r o g e n of the s a l t w i t h hexamine duri n g 
n i t r a t i o n , and also the p o s s i b i l i t y of exchange between the 
amino n i t r o g e n of the s a l t w i t h the tr i m e t h y l e n e s u b s t i t u t e d 
n i t r o g e n s i n DPT p r i o r t o n i t r a t i o n t o HMX. The t r a c e r 
s t u d i e s also showed t h a t the formation of DPT from hexamine 
in v o l v e d extensive decomposition of the hexeimine molecule 
r a t h e r than simple, s e l e c t i v e cleavage of the methylene 
b r i d g e . The formation of DPT as an i s o l a t a b l e intermediate 
of the n i t r a t i o n of hexamine was r e - i n v e s t i g a t e d as 
described i n Chapter 3. 

9 -



1.3 A c e t v l a t i o n of hexamine 
I t has been shown^"^''^^"'^^ t o be easy t o ac e t y l a t e 

hexamine t o form the eight-membered 3,7-diacetyl-1,3,5,7-
t e t r a a z a b i c y c l o [3.3.1]nonane (diacetylpentamethylene-
t e t r a m i n e , DAPT) (1 . 6 ) . or the six-membered 1 , 3 , 5 - t r i a c e t y l -
1,3,5-triazacyclohexane ( t r i a c e t y l t r i m e t h y l e n e t r i a m i n e , 
TRAT) (Iw;) . 

(CH3C0)o0 
N 1 — • Ac—N CH2 N—Ac 

5-10°C 

(CH3 C0)2 0 
90-100°C 

(1.6) DAPT 

Ac 

AC 

(1.7) TRAT 

Ac 
Scheme 1.2 

DAPT i s the main product a t low temperature, TRAT being 
formed only a t elevated temperatures. 

47 48 
I n t e r e s t i n DAPT has been aroused r e c e n t l y ' due to 

i t s p o t e n t i a l usefulness i n a s y n t h e t i c route t o the e i g h t 
membered HMX e x c l u s i v e l y from hexamine. I t has been shown 
t h a t the a c e t y l a t i o n of hexamine to DAPT proceeds v i a 
s e l e c t i v e cleavage of a methylene bridge, w i t h r e t e n t i o n of 

42 

- 10 -



the eight-membered s t r u c t u r e , t o an e x c l u s i v e l y eight-
membered product. 

Further a c e t y l a t i o n of DAPT y i e l d s 1,3,5,7-tetraacetyl-
1,3,5,7-tetraazacyclooctane (TAT)^'^'^^ (1.8) . 

Ac—N N—Ac 

(1.8) TAT 

TAT can be converted t o HMX by heating w i t h a mixture of 
47 

n i t r i c a c i d and phosphorus pentoxide. 
N i t r a t i o n of DAPT using a mixture of n i t r i c and sulphuric 

a c i d y i e l d s 1,5-diacetyl-3,7-dinitro-1,3,5,7-tetraaza-
cyclooctane^''^^ (DADN) (1.9). though DADN can be formed i n 
a one-pot' synthesis without i s o l a t i o n of DAPT?^''^^ 

Ac—N N—Ac 

(1.9) DADN 

11 -



A p o t e n t i a l l y u s e f u l method of n i t r a t i n g DADN t o HMX has 
A T 

been developed which involves the use of a mixture of 
n i t r i c a c i d and d i n i t r o g e n pentoxide (N2O5). N2O5 i s 
thought t o be the n i t r a t i n g agent i n n i t r i c acid/phosphorus 
pentoxide mixtures, which were i n i t i a l l y used. 

47 48 
I t has also been shown ' t o be possible t o convert 

DAPT t o 1,5-diacetyl-3-nitro-7-nitroso-1,3,5,7-tetraaza-
cyclooctane (DANNO) (1.10), using a mixture of n i t r i c acid 
and N2O4 ( t h i s mixture being known as red fuming n i t r i c 
a c i d ) . 

Ac—N N—Ac 

(1.10) DANNO 

I t was thought t h a t i t might be possible t o convert DANNO 
d i r e c t l y t o HMX, but i n i t i a l attempts were unsuccessful, 
g i v i n g much lower y i e l d s than the route v i a DADN. I t has 
been shown t o be possible t o convert DANNO t o DADN i n 95% 
y i e l d . 

12 -



1.4 N i t r o s a t i o n of hexamine 
Degradative n i t r o s a t i o n of hexamine i n aqueous s o l u t i o n 

occurs by the simultaneous a d d i t i o n of hyd r o c h l o r i c acid or 
50 

a c e t i c acid and a s o l u t i o n of sodium n i t r i t e . 
The pH of the s o l u t i o n determines the nature of the 

products. At pH 1-2, t r i m e t h y l e n e t r i n i t r o s a m i n e (TMTN) 
(1.11) i s formed, whereas at pH 3-6, di n i t r o s o p e n t a -
methylenetetramine (DNPT) (1.12) i s formed. 

ON NO 
N N 

\ N / 
ON- H2 N—NO 

NO 

TMTN (1.11) DNPT (1.12) 

.53 

TMTN was f i r s t described by Mayer^"^ i n 1881, who 
suggested t h a t the s t r u c t u r e was t h a t given as (1.11) 
Duden and S c h a r f f f ^ Bachmann and Deno^*^ and Auberstein' 
gave d e t a i l e d d e s c r i p t i o n s of i t s preparation and chemical 

54 
p r o p e r t i e s . F i n a l l y , F i s c h e r o u l l e and Kovache worked out 
the mechanism of i t s production on a semi-commercial scale. 
TMTN decomposes e x p l o s i v e l y under the a c t i o n of concentrated 
s u l p h u r i c acid at room temperature. Oxidation of (1.11) 
y i e l d s RDX (1 . 2 ) . According t o Brockmann, Downing and 
Wright^'^ o x i d a t i o n w i t h a s o l u t i o n of hydrogen peroxide 
(307o) i n n i t r i c a c i d (99%) i n the r a t i o of 1 mole of TMTN to 
82 moles of n i t r i c a c i d , 3 moles of hydrogen peroxide and 
3.7 moles of water a t -40°C gives the d i n i t r o - n i t r o s a m i n e 
(1.13) as an intermediate. 

- 13 -



ON. y\ JO O2 N^ y\ , N 0 2 O2 N^ y\ 
H2O2 I V H2O2 H2U2 n2U2 I 

K^y HNoT \ N / HN03' 

NO NO NO2 

(1.13) ( 1 ^ ) RDX 

Scheme 1.3 

TMTN i s a powerful explosive w i t h a sensitiveness t o 
impact of the same order as t h a t of t r i n i t r o t o l u e n e . 

57 
DNPT was f i r s t obtained by Griess and Harrow. Formulae 

f o r both TMTN and DNPT were proposed by Cambier and 
58 52 Brochet, and Duden and Scharff. DNPT i s used as a 

g a s i f i a b l e product f o r the production of porous p l a s t i c s and 
rubber^^ (described as a 'blowing agent'). 

14 



1.5 Reaction of diazonium ions w i t h hexamine 
The 3,7-bis(arylazo)-1,3,5,7-tetraazabicyclo[3.3.1] 

nonanes (1.14) are formed by diazonium coupling w i t h 
, . 60,61 hexamine. ' 

A r — N = N — N CHo N—N=NAr 

I n recent years several new examples of t h i s novel class 
62 

of b i c y c l o h e t e r o c y c l e have been reported, a r i s i n g out of 
t h e i r p r e f e r e n t i a l formation during attempted diazonium 
coupling w i t h anmionia-formaldehyde mixtures (from which 
hexamine can be formed) to y i e l d compounds of type (1.15). 
Triazenes such as (1.15) are thought t o be p o t e n t i a l a n t i -
tumour agents, s t r u c t u r e s of type (1.16) having already been 
shown t o be s i g n i f i c a n t l y a c t i v e against mouse tumour models 
m v i v o 

62 

ArN=N—N 
^ C H , OH 

ArN=N—N. 
Me 

^ C H o OH 

( 1 ^ ) (1U6) 

A proposed mechanism of formation of b i s ( a r y l a z o ) t e t r a -

azabicyclononanes by diazoniura coupling w i t h hexamine i s 

shown i n Scheme 1.4. 
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N. N2 Ar N: ^ N 
N ^ ^ A ] 

( 1 ^ ) 

CH2 

CHo = N CH9 N — N = N A r 

.N* 

N~ 
,N 

( 1 ^ ) 

H20 
-CH20 

ArNo 
N—N=NAr • ArN=N—N CH-, N—N=NAr 

-H* 

( 1 ^ ) ( 1 ^ ) 

Scheme 1.4 

16 -



Attachment of the e l e c t r o p h i l i c diazonium ion at one of 
the f o u r equivalent n i t r o g e n atoms of hexamine (1.1) gives 
the t r i a z e n i u m ion (1.17) and i n i t i a t e s r i n g cleavage, 
t y p i c a i l of an aminal, ' t o give the iminium ion (1.18). 
H y d r o l y s i s of (1.18) and loss of formaldehyde ' leads t o 
the mono(arylazo)tetraazabicyclononane (1.19), which 
undergoes f u r t h e r diazonium coupling at the secondary amine 
p o s i t i o n t o give the product (1.14). This mechanism assumes 
s e l e c t i v e cleavage of the hexamine molecule during 
d i a z o t i s a t i o n , and, although not proven, t h i s i s consistent 
w i t h observations made by the author, t o be discussed i n 
d e t a i l i n Chapter 3. 

17 



1.6 S a l t and complex formation 
1.6.1 S a l t s w i t h acids 

When hexamine i s reacted w i t h d i l u t e organic and 
in o r g a n i c a c i d s , s a l t s are the primary product formed, and 

1 2 
may be i s o l a t e d i n many circumstances.' I n i t s 
i n t e r a c t i o n s w i t h mineral acids, hexamine g e n e r a l l y behaves 
as a monobasic compound, forming s a l t s w i t h stoichiometry 
C6Hi2N4-HX which are best i s o l a t e d by preparation i n 
non-aqueous solvents (e.g. ethanol or chloroform) or, i n 
some cases, c o l d aqueous s o l u t i o n . The monohydrochloride of 
hexamine, C6Hi2N4-HCl, can be prepared by a d d i t i o n of 
aqueous h y d r o c h l o r i c acid t o an a l c o h o l i c s o l u t i o n of 
hexamine, or by the ac t i o n of hydrogen c h l o r i d e gas on a hot 

67 
s o l u t i o n of hexamine i n absolute a l c o h o l . I t i s possible 
t o form a compound of composition C6Hi2N4-2HCl by the action 
of excess hydrogen c h l o r i d e . X-ray studies on the mono­
hy d r o c h l o r i d e have shown the s t r u c t u r e t o be t h a t of (1.20). 

( 1 ^ ) 

The molecule possess f u l l 3m synmietry, and i s isostruc-
t u r a l w i t h C6Hi2N4-HBr, the monohydrobromide s a l t of 

18 



hexamine. The monohydroiodide s a l t i s also known. With 
hydrogen f l u o r i d e , complexes containing 1-4 molecules of HF 

70 
per molecule of hexamine are formed. 

The sulphate s a l t of hexamine, (CgHi 2N4 ) 2 •H2SO4 , i s 
p r e c i p i t a t e d by the a c t i o n of sulphuric a c i d i n cold 

71- 73 
a l c o h o l i c s o l u t i o n . Other s a l t s of hexamine wit h 
i n o r g a n i c acids t h a t have been reported are the phosphates, 
CeHi 2N4 •H3PO4 and 5C6 Hi 2 N4 • 6H3 PO4 • IOH2 0, the perchlorate, 
CeHi 2N4 •HCIO4 , and the exlosive chromates, 2C6Hi 2N4 • H2CroO7 

and 2C6 Hi 2 N4 • H2 Cr4 Oi 3 . 

I t i s p o s s i b l e t o p r e c i p i t a t e a mononitrate s a l t , 
CeHi 2N4•HNO3, by the a c t i o n of c o l d , d i l u t e n i t r i c acid on 
an aqueous s o l u t i o n of hexamine at 0 C. " A d i n i t r a t e 
s a l t , CeHi 2N4•2HNO3, can be formed w i t h more concentrated 

13 19 
a c i d . ' As mentioned e a r l i e r , the f i r s t route t o RDX was 
v i a n i t r a t i o n of hexamine d i n i t r a t e . Both the mono- and 
d i n i t r a t e s a l t have been studied by NMRT"^'^^ 

The primary r e a c t i o n of hexaniine w i t h organic acids i s 
s a l t f o r m a t i o n . I n general, these s a l t s may be i s o l a t e d by 
combining base and acid i n the t h e o r e t i c a l proportions i n 
concentrated aqueous s o l u t i o n , and s u b j e c t i n g the product to 

2 
vacuum evaporation, although i t has been shown t h a t even i n 
the presence of a large excess of acid less than four 
molecules of a c i d co-ordinate w i t h hexajnine. Heating should 
be avoided when preparing the s a l t s of stronger a c i d s j since 
h y d r o l y t i c r e a c t i o n s may take place. Hexamine formate may 
be prepared by the a c t i o n of the pure acid on hexamine, or 
by employing a s l i g h t excess of aqueous (e.g. 50%) a c i d , and 
removing water and excess acid under reduced pressure. I f 
heated w i t h formic a c i d , hexamine i s reduced w i t h e v o l u t i o n - 19 -



of carbon d i o x i d e and formation of methylamines. 
I t has been mentioned e a r l i e r t h a t r e a c t i o n of hexamine 

w i t h d i l u t e n i t r o u s acid leads not t o s a l t formation, but 
cleavage of the hexamine molecule and formation of c y c l i c 
nitrosamines. 

1.6.2 Quaternary s a l t formation 
A l k y l halides react w i t h a s o l u t i o n of hexamine i n 

chloroform t o give the quaternary s a l t s of s t r u c t u r e (1.21). 
The s t a r t i n g m a t e r i a l s are so l u b l e , whereas the products are 
not and p r e c i p i t a t e out. 

X — C H o R N 

( 1 ^ ) 
Eqn. (1.5) 

For instance, methyl iodide adds t o hexamine i n an 
absolute a l c o h o l s o l u t i o n t o give l u s t r o u s , n e e d l e - l i k e 
c r y s t a l s of the product, Ce Hj o N4 • CH3 i T ^ The N-methyl-
hexamine mono- and d i n i t r a t e , and N-dimethylhexamine 

77 
d i n i t r a t e have been prepared and studied by NMR 

74 75 techniques. ' 
a-halogenated t e r t i a r y amines react w i t h hexamine t o give 

quaternary s a l t s of type (1.22). 
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X—C H 2 NR2 
dry 

C H 2 C I 2 /N2 
" ^ C H 2 NR2 

( 1 ^ ) 
Eqn. (1.6) 

I n d i l u t e aqueous aci d the quaternary s a l t s decompose to 
give the secondary amine, formaldehyde, and the ammonium 
s a l t of the a c i d . 

H V H 2 O 

^ ^ ^ H 2 NR2 
NHR2 + 4 NH4X + 7 CH2O 

Eqn. (1.7) 

(1.22) 

Quaternary s a l t s of the type (1.23), prepared by r e a c t i o n 
of hexamine w i t h haloacetates or h a l o a c e t o n i t r i l e s i n 
tetrachloromethane s o l u t i o n , and r e a c t i o n of hexamine w i t h 
h a l o a l k y l n i t r i l e s i n chloroform, have been found t o have 
b a c t e r i c i d a l and f u n g i c i d a l a c t i v i t y . 

21 



Hal-
X = COOCH3 , COOC2 H5 , 

C00CH2-C=CH, CH2-CBr=CH2, 
CH2-CH=CH2, CH2-CC1=CH2, CN 

Hal = CI, Br, I 

There i s evidence 78-80 t o suggest t h a t r e a c t i o n of 

hexamine w i t h acid c h l o r i d e s , such as a c e t y l and benzoyl 

c h l o r i d e , i n chloroform y i e l d s the N-acylhexaminium s a l t s of 

s t r u c t u r e (1.24). 

e.g. R = Me, Ph 

( 1 ^ ) 

The i \ - a c e t y l i u m s a l t and s i m i l a r s t r u c t u r e s formed by the 

i n t e r a c t i o n of hexainine w i t h other e l e c t r o p h i l i c species are 

i n v e s t i g a t e d by Ml NMR i n Chapter 7. 
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1.6.3 Complex formation w i t h phenols 
The a c t i o n of hexamine on phenols leads p r i m a r i l y t o the 

f o r m a t i o n of hydrogen-bonded complexes, a large number 
having been repo r t e d i n which 1,2 and 3 molecules of the 

81 82 
phenol are combined w i t h 1 molecule of hexamine. ' I n the 
case of phenol i t s e l f , hexamine t r i p h e n o l , CeHi 2N4-SCeHsOH, 
i s formed as a c r y s t a l l i n e p r e c i p i t a t e when concentrated 
aqueous s o l u t i o n s of hexaraine and phenol are mixed at room 
temperature. A product of composition CeHi 2N4-CeHsOH has 

83 
also been reported. Hexamine forms 1:1 complexes w i t h 
1,3-dihydroxybenzene and 1,3-dihydroxy-5-methylbenzene, and 
a 1:2 complex w i t h 1,3-dihydroxy-2,5-dimethylbenzene. 

1.6.4 Complex formation w i t h inorganic s a l t s 
Hexamine forms complexes w i t h many inorganic s a l t s , 

i n c l u d i n g those of a l k a l i metals, a l k a l i n e earths, rare 
earths and t r a n s i t i o n metals. These compounds tend t o 
conform t o the type formula MX̂  • nCg Hi o N4 , where M i s a metal 
ion of valence n, but the number of molecules of combined 
hexamine per molecule of s a l t i s ofte n lower, w i t h several 
d i f f e r e n t complexes being formed w i t h the same salt?" The 
s a l t s of l i t h i u m , sodium, potassium, copper, s i l v e r , gold, 
magnesium, calcium, s t r o n t i u m , barium, z i n c , cadmium, 
mercury, aluminium, t i t a n i u m , lanthanum, cerium, neodymium, 
y t t r i u m , erbium, thorium, t i n , antimony, bismuth, chromium, 
molybdenum, tungsten, uranium, manganese, i r o n , c o b a l t , 
n i c k e l , platinum and palladium are a l l reported t o form 
complexes w i t h hexamine. For example, when a moderately 
concentrated s o l u t i o n of hexamine i n water i s added t o 
aqueous s i l v e r n i t r a t e , the white c r y s t a l l i n e compound 
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AgNOa • CeHi 2N4 i s p r e c i p i t a t e d . 84 

1.7 R e a c t i o n s w i t h halogens and i n o r g a n i c h a l i d e s 
Hexamine i n aqueous s o l u t i o n i s decomposed by c h l o r i n e 

85 
w i t h f o r m a t i o n o f t h e e x p l o s i v e n i t r o g e n t r i c h l o r i d e . 
R e a c t i o n w i t h sodium h y p o c h l o r i t e y i e l d s c h l o r o - d e r i v a t i v e s 

o f hexamine, which are r e p o r t e d t o be u n s t a b l e and prone t o 
86 

e x p l o d e on s t o r a g e . Delepine r e p o r t s t h e f o r m a t i o n of 

N - d i c h l o r o p e n t a m e t h y l e n e t e t r a m i n e (3,7-dichloro-1,3,5,7-

t e t r a a z a b i c y c l o [ 3 . 3 . 1 ] n o n a n e ) (1.25) as t h i n l e a f l e t s on 

a d d i t i o n of a d i l u t e sodium h y p o c h l o r i t e s o l u t i o n t o a 

s o l u t i o n of hexamine. 

C I — N CH2 N—CI 

( 1 ^ ) 

T h i s compound explodes on h e a t i n g t o 78-82^C. Formation 
87 

of a d i c h l o r o h e x a m i n e has been d e s c r i b e d by L e u l i e r , and a 
88 

t e t r a c h l o r o - d e r i v a t i v e by B u r a t t i . 
When bromine r e a c t s w i t h hexamine i n c h l o r o f o r m s o l u t i o n 

a c r y s t a l l i n e o r a n g e - r e d t e t r a b r o m i d e , C6Hi2N4Br4, i s 
89 90 

formed. ' On s t a n d i n g i n a i r bromine i s l o s t t o form t h e 
y e l l o w d i b r o m i d e , C6Hi2N4Br2, which can a l s o be prepared by 

17 
t h e a c t i o n of bromine water on aqueous hexamine s o l u t i o n s . 

R e a c t i o n of hexamine w i t h i o d i n e y i e l d s t h e d i - and 

t e t r a i o d o - d e r i v a t i v e s . The d i i o d i d e , C 6 H 1 2 N 4 I 2 , i s 
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85 described as red-brown needles or a yellow-green 
c r y s t a l l i n e powder, the t e t r a i o d i d e o c c u r r i n g as dark brown 
c r y s t a l s or an orange-red powder. The production of mixed 

85 
h a l i d e s , such as C 6 H 1 2 N 4 I C I has also been reported. 

Inorganic h a l i d e s , such as phosgene, form a d d i t i o n 
compounds w i t h hexamine'l' the phosgene d e r i v a t i v e having 
composition 2C6Hj2N4•COClo. S i m i l a r l y , w i t h sulphur 
c h l o r i d e , hexaniine forms a substance of formula 
2C6H1 2N4 • S 2 C I 2 . This type of compound may also be formed 
w i t h P C I 3 , POCI3 , and SO2CI2 • 

A complex formed w i t h s i l i c o n t e t r a f l u o r i d e has been 
35 

r e p o r t e d , i n which one SiF4 u n i t i s co-ordinated t o two 

hexamine molecules. 
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2.1 M a t e r i a l s 
2.1.1 Solvents 
Water: D i s t i l l e d water was used. Where necessary i t was 
b o i l e d f o r 20 minutes t o expel dissolved carbon d i o x i d e , and 
a soda-lime guard tube was used f o r p r o t e c t i o n from the 
atmosphere. 
Acetone: General purpose reagent was used f o r washing 
apparatus. For s y n t h e t i c work a n a l y t i c a l grade was used 
w i t h o u t f u r t h e r treatment. 
A c e t o n i t r i l e : HPLC grade, used without f u r t h e r treatment. 
A c e t i c anhydride: A n a l y t i c a l reagent. Dried w i t h molecular 
sieve. 
A c e t i c a c i d : G l a c i a l , a n a l y t i c a l grade. Dried w i t h 
molecular sieve 
A c e t y l c h l o r i d e : Commercial grade, used as supplied. 
Chloroform: A n a l y t i c a l grade, used without f u r t h e r 
treatment. 
D i e t h y l ether: Conmiercial grade, used as supplied. 
Methanol: A n a l y t i c a l reagent, used without f u r t h e r 
treatment. 
Ethanol: A n a l y t i c a l reagent, used as supplied. 
Petroleum s p i r i t (40-60^C): Commercial grade, used as 
s u p p l i e d . 
Petroleum ether (30-40^C): Conmiercial grade, used as 
s u p p l i e d . 
T r i e t h y l a m i n e : Conmiercial grade, used as supplied. 
Methylamine: 40% aqueous s o l u t i o n , conmiercial grade, used 
w i t h o u t f u r t h e r treatment. 
Aaamonia: 32% aqueous s o l u t i o n , conmiercial grade, used as 

s u p p l i e d . 
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Formaldehyde: 377. aqueous s o l u t i o n , a n a l y t i c a l grade, used 
as s u p p l i e d . 
Hydrochloric acid: 37% aqueous s o l u t i o n , a n a l y t i c a l grade, 
used as supplied. 
N i t r i c acid: 95% fuming, commercial sample, used without 
f u r t h e r treatment. 
Sulphuric acid: 98%, a n a l y t i c a l reagent, used as supplied. 
P e r c h l o r i c acid: 60-62% aqueous s o l u t i o n , a n a l y t i c a l grade 
used as supplied. 
I s o p r o p y l n i t r a t e : Commercial grade, used as supplied. 
Deuterium oxide: 99.8% D-atom, commercial sample, used 
w i t h o u t f u r t h e r treatment. 
Deuterium c h l o r i d e : 99%+ Dratom 20% s o l u t i o n i n D2O, 
commercial grade, used as supplied. 
Chloroform-d: 99.8% D-atom, coumiercial grade, used as 
su p p l i e d . 
DMSO-de : 99.9% D-atom, conmiercial sample, used without 
f u r t h e r treatment. 

2.1.2 Gases 
Aimnonia: Dry, used as supplied from conmiercial c y l i n d e r . 
N itrogen d i o x i d e : Dry, used as supplied from commercial 
c y l i n d e r . 

Oxygen: Commercial c y l i n d e r , d r i e d by passing through P2O5 

before use. 

2.1.3 Sa l t s 
Sodium n i t r i t e : A n a l y t i c a l grade, used as supplied. 
Sodium hydroxide: A n a l y t i c a l grade p e l l e t s , used as 
sup p l i e d . 
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Potassium hydroxide: A n a l y t i c a l grade p e l l e t s , used as 
su p p l i e d . 
Sodium carbonate: A n a l y t i c a l grade, used as supplied. 
Sodium bicarbonate: Conmiercial grade, used as supplied. 
Sodium acetate: Anhydrous, commercial grade, used as 
sup p l i e d . 
Di-sodium t e t r a b o r a t e (borax): Commercial grade, used as 
su p p l i e d . 
C i t r i c acid: A n a l y t i c a l grade, used without f u r t h e r 
treatment. 

Tris(hydroxymethyl)aminomethaiie: Commercial grade, used as 

su p p l i e d . 
Phosphorus pentoxide: Commercial grade, used as supplied. 
Ammonium n i t r a t e : Commercial grade, used as supplied. 
Nitronium t e t r a f l u o r o b o r a t e : Commercial grade, used as 
su p p l i e d . 

Nitrosonium hydrogen sulphate: Conunercial grade, used as 

su p p l i e d . 
Barium c h l o r i d e : Conmiercial grade, used as supplied. 
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2.1.4 Substrates 
N-hexamine: Commercial sample, used as supplied, 

p-chloroaniline: Commercial grade, used as supplied, 
p-ethoxycarbonylaniline: Conmiercial grade, used as 
s u p p l i e d . 

Urethane: Commercial grade, used as supplied. 
Acetamide: Commercial sample, used without f u r t h e r 
treatment. 
Paraformaldehyde: Conmiercial sample, used as supplied. 

^^N-hexamine: Gaseous ^̂ NHa (99% i s o t o p i c abundance) 
obtained from Amersham I n t e r n a t i o n a l was reacted under 
reduced pressure w i t h a 37% aqueous formaldehyde s o l u t i o n ' 
The s o l u t i o n was evaporated t o dryness and the ^^N-hexamine 
was e x t r a c t e d i n t o chloroform. A f t e r removal of chloroform, 
the crude product was r e c r y s t a l l i s e d from acetone t o y i e l d a 
white s o l i d , m.p. 232-233°C (sub.), ( l i t . , v a r i o u s ) . The 1% 
abundance of '̂'NHa gave a product w i t h an i s o t o p i c 
composition of ca. 96% N4]-hexainine and 4% 
'^^^3] [^^Ni]-hexamine. 

DPT: DPT was prepared using a method adapted from the 
2 

Hale process. This involves g r a d u a l l y adding hexamine 
(10 g ) , w i t h mixing, t o 95% fuming n i t r i c acid (35 g) at 
0-lO^C. On d i l u t i o n of the s o l u t i o n w i t h iced water (100 
cm ) , RDX separated out, was f i l t e r e d o f f and destroyed i n 
aqueous s u l p h u r i c a c i d . The f i l t r a t e was n e u t r a l i s e d w i t h 
ammonia s o l u t i o n at Ô C. DPT p r e c i p i a t e d out as a white 
s o l i d , which was washed w i t h water and r e c r y s t a l l i s e d from 
acetone, m.p. 212°C ( l i t ? , 213°C) . The -"-H NMR spectrum^'^ 
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a t 298 K i n a c e t o n i t r i l e - d a showed a peak at 64.15 (s, CH2 
bri d g e ) and an AB q u a r t e t (J = 8 Hz) due t o methylene 
protons w i t h s h i f t s of <54.85 and <55.59 r e s p e c t i v e l y . 

DAFT: was prepared by the method of S i e l e , Warman and 
G i l b e r t . ' This involves a d d i t i o n of ace t i c anhydride 
(10 g ) , w i t h s t i r r i n g a t 10°C, t o a s l u r r y of hexamine (5 g) 

3 
i n water (2.5 cm ) . The mixture was s t i r r e d f o r 30 minutes 
and then evaporated t o dryness. The crude DAPT obtained was 
r e c r y s t a l l i s e d from acetone t o y i e l d a white c r y s t a l l i n e 
s o l i d , m.p. 192-194°C ( l i t f , 192°C). The ̂ H NMR spectrum i n 
chloroform-d showed bands at <52.08 ( s , a c e t y l ) and ^4.14 
( s , CH2 b r i d g e ) , w i t h two AB quartets (J = 13 Hz) due t o 
methylene protons w i t h s h i f t s of 64.22 and 55.72, and 64.76 
and 64.9. 

3 

DADN: was prepared by the method of Yoshida and co-workers. 
This involves adding hexaniine (1.1 g) , w i t h s t i r r i n g at 
25-30°C, t o a mixture of 957« n i t r i c acid (4 cm"̂ ) and 98% 
su l p h u r i c a c i d (12 cm ) over a period of 15 minutes. The 
r e a c t i o n mixture was s t i r r e d f o r 1 hour, a f t e r which time 

Q 

ice-water (200 cm ) was added, and the s o l u t i o n made 
a l k a l i n e by a d d i t i o n of s o l i d sodium carbonate. The 
p r e c i p i t a t e d DADN t h a t formed was f i l t e r e d o f f , washed 
thoroughly w i t h water, and d r i e d . R e c r y s t a l l i s a t i o n from 
nitromethane y i e l d e d white c r y s t a l s , m.p. 265-266^C 
( l i t ? , 265°C). The "̂H NMR spectrum"^ i n DMSO-de showed a 
band a t 62.2 ( a c e t y l ) and a band at 65.44 ( r i n g CH2). 
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g 
DNPT: DNPT was prepared by the method of Bachmann and Deno. 
I n t h i s process an ice - c o l d s o l u t i o n of sodium n i t r i t e (3 g) 
i n water (7.2 cm ) was added t o an ic e - c o l d s o l u t i o n of 3 3 hexamine (1 g) i n acet i c acid (2.8 cm )/water (64 cm ) . The 
s o l u t i o n was s t i r r e d f o r 1 hour, a f t e r which time the 
p r e c i p i t a t e d DNPT was f i l t e r e d o f f , washed w i t h d i s t i l l e d 
water, and d r i e d t o give a pale yellow powder, m.p. 207°C 
( l i t ? , 206-209°C). I n DMSO-de the product gave a ̂ H NMR 
spectrum cons i s t e n t w i t h t h a t of Stefaniak, which appears 
complex due t o DNPT e x i s t i n g as two isomeric forms where the 
n i t r o s o groups are e i t h e r syn or anti t o each other. 

MDNA: was prepared by the method of Brian and Lamberton^^ 
Acetamide (59 g) and paraformaldehyde (16.5 g) were heated 
t o g e t h e r i n an o i l - b a t h at 155^C f o r 17 hours w i t h , and f o r 
a f u r t h e r 90 minutes without, a r e f l u x condenser. The melt, 
on r e c r y s t a l l i s a t i o n from ethanol, y i e l d e d methylenebis-
N-acetamide (16.5 g ) , m.p. 196-197°C ( l i t ^ ? 196°C). 95% 
n i t r i c a c i d (30 cin"^) was added at 0-10°C over 2.5 hours t o a 
v i g o r o u s l y s t i r r e d suspension of methylenebis-N-acetamide 
(10 g) i n a c e t i c anhydride (30 cm ) . A f t e r a f u r t h e r hour 
at lO^C the s o l u t i o n was run i n t o a vi g o r o u s l y s t i r r e d ice 
(125 g ) / water (150 cm ) mixture over a period of 1 hour. 
The crude n i t r a t i o n product, methylenebis-N-
(N-nitroacetamide), was c o l l e c t e d and d r i e d . 2.5 g of t h i s 
product was added portionwise t o w e l l - s t i r r e d aqueous 
ammonia (4.2 cm"̂ ) kept at 10-20°C. A f t e r a f u r t h e r 5 
minutes, barium c h l o r i d e s o l u t i o n (3.6 g of dihydrate i n 
10.5 cm water) was run i n and the suspension was cooled, 
over a 20 minute p e r i o d , t o 4^C. The barium s a l t of MDNA 

- 37 -



was c o l l e c t e d , washed w i t h cold 507o aqueous acetone, and 
added t o h y d r o c h l o r i c acid (2.5 cm 377. i n 6.5 cm water). 
A f t e r the s o l u t i o n had been f i l t e r e d , e x t r a c t e d w i t h ether 
( 7 x 5 cm p o r t i o n s ) , d r i e d over sodium sulphate and 
concentrated t o about 5 cm , MDNA was p r e c i p i t a t e d by 
a d d i t i o n of two volumes of warm petroleum s p i r i t (b.p. 
4 0 - 6 0 ° C ) . The crude MDNA was f i l t e r e d o f f and 
r e c r y s t a l l i s e d from d i e t h y l ether t o give a white 
c r y s t a l l i n e s o l i d , m.p. 98-lOO^C ( l i t ^ ? 9 8 - 1 0 1 ° C ) . The 
NMR spectrum i n DMSO-de showed s i n g l e t s at <54.8 due t o 
methylene protons and at 613 due t o amino protonsl"'^ 

Nitramide: A sample of nitramide was prepared by the method 
12 

of M a r l i e s , La Mer and Greenspan, w i t h the exception t h a t 
i s o p r o p y l n i t r a t e was used i n place of e t h y l n i t r a t e . This 
p r e p a r a t i o n involves N - n i t r a t i o n of urethane ( e t h y l 
carbamate) w i t h i s o p r o p y l n i t r a t e and concentrated sulphuric 
a c i d , as shown i n Equation ( 2 . 1 ) , a dry-ice/methanol bath 
being used t o cool the r e a c t i o n mixture t o -10°C. 

NII2COOC2H5 + ^PrONOo ( + 112 SO4) > NO2 . NHCOOC2 H5 

urethane nitrourethane 

+ ^PrOH 

Eqn. ( 2 . 1 ) 

The n i t r o u r e t h a n e i s extracte d i n t o ether, and p a r t i a l l y 

p u r i f i e d by subsequent e x t r a c t i o n i n t o ammonia s o l u t i o n , so 

forming an aqueous s o l u t i o n of aiimionium n i t r o u r e t h a n e s a l t . 

The n i t r o u r e t h a n e i s l i b e r a t e d by a c i d i f i c a t i o n w i t h 
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s u l p h u r i c a c i d , i s e x t r a c t e d i n t o e t her, and i s p r e c i p i t a t e d 
as i t s ammonium s a l t by bubbling dry ammonia through the 
e t h e r e a l s o l u t i o n . The nit r o u r e t h a n e i s converted t o 
potassium nitrocarbamate, as shown i n Equation (2 . 2 ) , by 
a d d i t i o n of the ammonium s a l t t o cold a l c o h o l i c potassium 
hydroxide. 

NO2 .NHCOOC2H5 + 2 KOH * NO2.NKCOOK + C2H5OH 
+ H2O 

Eqn. (2.2) 

Nitramide i s l i b e r a t e d by adding the potassium n i t r o ­
carbamate t o su l p h u r i c a c i d , as shown i n Equation (2 . 3 ) , and 
e x t r a c t i o n i n t o ether followed by solvent evaporation 
y i e l d e d shiny white l e a f l e t s . 

NO2.NKCOOK + 2 H2SO4 > NO2.NH2 + CO2 + 2 KHSO4 

Eqn. (2.3) 

The product i s extremely unstable, and should be stored 
i n a de s i c c a t o r i n the r e f r i g e r a t o r . I t should be handled 
on an i n e r t s p a t u l a , such as glass or t e f l o n , as i t attacks 
base metals t o form products which catalyse i t s 

12 
decomposition. 
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D i n i t r o g e n pentoxide: This was prepared by the method of 
Reference 13, which involves o x i d a t i o n of n i t r o g e n d i o x i d e / 
d i n i t r o g e n t e t r a o x i d e by ozone. Ozone, formed by passage of 
dry oxygen through an ozoniser, was passed through a 20iimi x 
150mm glass tube packed f o r h a l f i t s length w i t h glass 
beads. Nitrogen d i o x i d e was introduced perpendicular t o the 
ozone stream, producing s u f f i c i e n t turbulence f o r mixing. 
The f l o w r a t e of the n i t r o g e n d i o x i d e was adjusted so t h a t 
the orange-brown colour of the gas mixture was discharged 
j u s t as i t entered the glass-bead area of the r e a c t i o n tube. 
The d i n i t r o g e n pentoxide c o l l e c t o r , a removable t r a p , 50mm x 
140nuii, having an e x i t tube of 15nun, was attached t o the 
r e a c t i o n tube and cooled i n a chloroform/dry ice slush bath. 
The e x i t tube from the t r a p led t o a phosphorus pentoxide 
d r y i n g tower exhausting i n t o a fume hood. Approximately 1 g 
of white c r y s t a l l i n e d i n i t r o g e n pentoxide was c o l l e c t e d and 
s t o r e d i n a f r e e z e r t o prevent decomposition. 

3 , 7 - b i s ( p - c h l o r o a n i l i n e ) - 1 , 3 , 5 , 7 - t e t r a a z a b i c y c l o [ 3 . 3 . 1 ] -
nonane and 3,7-bis(p-ethoxycarbonylaniline)-1,3,5,7-
t e t r a a z a b i c y c l o [3.3.1] nonane: These compounds were 

14 
synthesised by the procedure of Vaughan and co-workers. 
The appropriate arylamine (0.02 mol) i n 2M-hydrochloric acid 
(30 cm^, 0.022 mol) was d i a z o t i s e d a t 0*̂ C w i t h a s o l u t i o n of 
sodium n i t r i t e (1.52 g, 0.022 mol) i n water over a period of 
1 hour. The diazonium s a l t s o l u t i o n was f i l t e r e d , i f 
necessary, and a mixture of concentrated ammonia (2.43 g, 
0.04 mol) and 37% aqueous formaldehyde (16.17 g, 0.2 mol) 
was added slo w l y t o the s o l u t i o n . A f t e r s t i r r i n g f o r 15 
minutes the mixture was n e u t r a l i s e d w i t h saturated sodium 
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bicarbonate s o l u t i o n , whereupon the product p r e c i p i t a t e d 
immediately. A f t e r f i l t e r i n g , d r y i n g , and r e c r y s t a l l i s a t i o n 
from e t h a n o l , pale yellow, nee d l e - l i k e c r y s t a l s were 
obtained i n the case of the p-ethoxycarbonyl d e r i v a t i v e , 
m.p. 184-185°C ( l i t ^ - f 185-186°C), and yellow-orange 
n e e d l e - l i k e c r y s t a l s i n the case of the p-chloro d e r i v a t i v e , 
m.p. 169-170°C ( l i t - l - f 166-168°C) . A "̂H NMR spectrum"*-^ of 
the p-ethoxycarbonyl compound gave peaks at <51.36 ( t , J = 7 
Hz, ethoxy CH3) , <54.31 (q, J = 7.0 Hz, ethoxy C H 2) , <54.43 
( s , CH2 b r i d g e ) , 64,45 ( b r , r i n g C H 2 ) , 65.11 ( b r , r i n g CHo) , 

^6.01 ( b r , r i n g C H 2) and 67.44 (AB q, aromatic H). The 
p-chloro compound gave a s i m i l a r spectrum w i t h resonances at 
64.45 ( s , CH2 b r i d g e ) , 64.51 ( b r , r i n g C H 2 ) , 65.11 ( b r , r i n g 
C H 2 ) , 65.76 ( b r , r i n g CHo) and 67.08 (AB q, aromatic H). 

1-(p-ethoxycarbonylphenyl ) - 3-methyltriazene; This compound 
was prepared by the method of Reference 15. I n t h i s process 
a s o l u t i o n of the p-ethoxycarbonylaniline (1 g) i n 2M-hydro-

3 3 c h l o r i c acid (9 cm ) , d i l u t e d w i t h water (20 cm ) was 
d i a z o t i s e d a t 0*̂ C w i t h sodium n i t r i t e (0.45 g) i n water, and 
the r e s u l t i n g s o l u t i o n was s t i r r e d f o r 1 hour or u n t i l 
c l e a r . The diazonium s a l t s o l u t i o n was t r e a t e d w i t h 407o 

aqueous methylamine (2.8 cm ) whereupon a p r e c i p i t a t e of the 
t r i a z e n e appeared immediately. Washing and dr y i n g y i e l d e d a 
yellow-green powder, m.p. 84-86°C ( l i t ^ ^ 83-85°C). The •'"H 

15 
NMR spectrum showed signals at 61.33 ( t , J = 7Hz, ethoxy 

CH3), 63.33 ( b r , s, N-CH3), 64.27 (q, J = 7 Hz, ethoxy CH2), 

<57.20 ( b r , d, J = 8 Hz, aromatic H) and 67.80 (d, J = 8 Hz, 

aromatic H) . Elemental analysis gave C 58.07o, H 6.37o, 

N 20.37o, 0 15.57o ( t h e o r e t i c a l C 58.3%, H 6.07o, N 18.6%, 
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0 17.17.). 

2.1.5 B u f f e r s o l u t i o n s 
B u f f e r s o l u t i o n s were prepared by standard methods and 

the pH t e s t e d using a PTl-6 Universal D i g i t a l pH Meter 
(accurate t o ± 0.02 pH u n i t s ) . 
C i t r a t e b u f f e r , pll 3.5-6.5: 0.2M-citric acid + 0.6M-sodium 
hydroxide s o l u t i o n . 
T r i s b u f f e r , pH 7.0-7.7: 0.02M aqueous tri s ( h y d r o x y m e t h y l ) 
aminomethane + 0.02M-hydrochloric acid. 
Borax b u f f e r , pll 8.0-9.0: 0.025M aqueous borax + O.IM-
h y d r o c h l o r i c a c i d . 

2.2 Measurement techniques 
2.2.1 UV/visible measurements 

A l l UV/visible spectra were recorded using f r e s h 
s o l u t i o n s i n 1 cm quartz c e l l s on e i t h e r a Perkin-Elmer 
Lambda 3 or P h i l i p s PU8725 instrument. These same 
instruments were also used f o r k i n e t i c and e q u i l i b r i u m 
measurements (made at 25*^0) , except i n the case of f a s t 
r e a c t i o n s , i n which case the stopped-flow spectrophotometer 
was used (see l a t e r ) . 

A l l k i n e t i c measurements were made under f i r s t - o r d e r 
c o n d i t i o n s , and observed rate c o e f f i c i e n t s were determined 
by f o l l o w i n g the change i n absorbance at an appropriate 
wavelength. Measured absorbance values were entered i n t o a 
s u i t a b l e program running on an Apple l i e microcomputer, 
which c a l c u l a t e d the observed r a t e c o e f f i c i e n t based on the 
f o l l o w i n g d e r i v a t i o n . 
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For a decrease i n absorbance: 

^ i t ^ " ^obs [ A ] 

'obs 

[A] = 

t where 
it W o = 
0 

i n i t i a l 
absorbance 
absorbance 

I n 
[A] t 
;A; 

Assuming absorbance does not fade t o zero: 
|A] ̂  becomes [ A ] q - [ A ] ^ and [ A ] ^ becomes [A]^-[A] 
where FAl i s the absorbance at ' i n f i n i t e ' time 

00 

Therefore I n 
"A] . - [A" *- -"t *- -"oo 
[A] - [A] 

Wo- w 00 = constant 

Thus a p l o t of I n ( [ A ] ^ - [A]^) vs. time has a gradient of 
'•^obs' f o l l o w i n g an increase i n absorbance a p l o t of I n 
( [ A ] ^ - [ A ] ^ ) vs. time has a gradient of -k^^g. 

For measurement of r a t e c o e f f i c i e n t s of reactions too 
f a s t f o r the conventional machines a Hi-Tech S c i e n t i f i c 
SF-3L stopped-flow spectrophotometer was used. This i s 
shown schematically i n Figure 2.1. 
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The two s o l u t i o n s , A and B, which undergo r e a c t i o n are 
st o r e d i n glass r e s e r v o i r s , and from there enter i d e n t i c a l 
s y r i n g e s . A s i n g l e p i s t o n d r i v e s both syringes, so t h a t 
equal volumes of each s o l u t i o n are mixed at p o i n t M (hal v i n g 
the c o n c e n t r a t i o n of each s o l u t i o n ) , before passing i n t o a 
thermostatted 2 nmi quartz c e l l at p o i n t 0. When the plunger 
of the t h i r d syringe h i t s the stop the flow of reactants 
stops and the t r i g g e r causes monitoring of the r e a c t i o n at 0 
t o begin. This i s done by passing a beam of monochromatic 
l i g h t of the appropriate wavelength throught the c e l l . The 
r e a c t i o n w i t h i n the c e l l causes an increase or decrease i n 
the t r a n s m i t t e d l i g h t which i s fed through a p h o t o m u l t i p l i e r 
and displayed on an oscilloscope screen, from where voltage 
changes can be read o f f . Although the output of the 
p h o t o m u l t i p l i e r i s not l i n e a r , f o r a small percentage change 
the v o l t a g e can be assumed t o be p r o p o r t i o n a l t o the 
absorbance of the r e a c t i o n mixture, and t h e r e f o r e a p l o t of 

\oâ |V̂ -V̂ | vs. time gives ^^^^ from |gradient|. 

2.2.2 Mass spectrometrv 
Mass spectrometric measurements were made using a 7070E 

instrument supplied by V.G. A n a l y t i c a l L t d . Both Electron 
Impact and Chemical l o n i s a t i o n methods were employed, the 
most s u i t a b l e f o r any p a r t i c u l a r compound being determined 
e m p i r i c a l l y . 
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2.2.3 NMR spectrometry 
NMR spectra were recorded on e i t h e r a Hitachi/Perkin-

Elmer R-24B (60 MHz) or a Bruker AC250 (250 MHz) instrument. 
S h i f t measurements are quoted as '(5' values r e l a t i v e t o 
t e t r a m e t h y l s i l a n e (TMS). 

2.2.4 pH measurements 
A l l pH measurements were c a r r i e d out using a PTI-6 

U n i v e r s a l D i g i t a l pH Meter (accurate t o ± 0.02 pH u n i t s ) . 

2.2.5 Q u a n t i t a t i v e determination of formaldehyde 
17 

As described by Vogel, t o an aqueous s o l u t i o n containing 
formaldehyde i s added an excess of a saturated a l c o h o l i c 
dimedone (5,5-dimethylcyclohexane-1,3-dione) s o l u t i o n . This 
r e s u l t s i n p r e c i p i t a t i o n of the pale orange-brown 1:1 
d e r i v a t i v e , which a f t e r f i l t r a t i o n , washing w i t h water and 
r e c r y s t a l l i s a t i o n from 50% aqueous ethanol y i e l d s a q u a n t i t y 
of white c r y s t a l s (m.p'!"̂  189°C) i n molar p r o p o r t i o n t o the 
amount of formaldehyde i n the s o l u t i o n under t e s t . 
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2.3 Attempted preparation of DADN bv a c e t v l a t i o n of DPT 
Since DPT i s a by-product of the production of RDX, i t 

would o b v i o u s l y be advantageous i f i t could be converted to 
DADN, and subsequently t o HMX. I n i t i a l attempts to e f f e c t 
a c e t y l a t i o n of DPT using acetic anhydride at 120*^C, and 
a c e t y l c h l o r i d e / a c e t i c a n h y d r i d e / g l a c i a l a c e t i c acid 
mixtures a t 120*̂ C f a i l e d t o produce any DADN. However, a 
procedure was found which y i e l d e d DADN from DPT which 
i n v o l v e d s t i r r i n g 1 equivalent DPT and 2 equivalents a c e t y l 
c h l o r i d e i n an excess of acetic anhydride (solvent) at 20°C 
f o r 24hrs. Water was added to hydrolyse excess acetic 
anhydride, and the r e s u l t i n g a c i d i c s o l u t i o n was rendered 
a l k a l i n e w i t h sodium carbonate. The suspension formed was 
f i l t e r e d o f f and washed w i t h water before d r y i n g . The ̂H 
NMR spectrum showed the white s o l i d t o be a mixture of DPT 
and DADN, and so the mixture was washed very thoroughly w i t h 
acetone and d r i e d t o give reasonably pure DADN i n 50% y i e l d . 
I n c r e a s i n g the r e a c t i o n time t o 48 hours d i d not increase 
the y i e l d of DADN. Figures 2.2-2.5 show how the r e a c t i o n 
has proceeded by use of NMR an a l y s i s . 
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Figure 2.2 -"-NMR spectrum of DPT 
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F i g u r e 2.4 -̂H NMR of product a f t e r 
washing w i t h acetone 
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Figure 2.5 Ĥ NMR of DADN 
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CHAPTER 3 

Mechanistic studies of the formation 
of DPT and DADN using ^N-compounds 

51 -



3.1 I n t r o d u c t i o n 
I n Chapter 1 i t was seen how hexamine (1.1) can undergo 

r e a c t i o n s w i t h a v a r i e t y of e l e c t r o p h i l i c species t o form 
N - s u b s t i t u t e d products, which e i t h e r r e t a i n the eight-
membered t e t r a a z a r i n g s t r u c t u r e of hexamine, or are of a 
six-membered t r i a z a s t r u c t u r e . From the viewpoint of the 
m i l i t a r y , i t i s important t h a t the f a c t o r s which determine 
whether the n i t r a t i o n process i n p a r t i c u l a r produces the 
six-membered RDX ( 1 . 2 ) , or the eight-membered HMX (1.3). are 
understood. The t e t r a n i t r o - s u b s t i t u t e d high explosive, HMX, 
i s the desired product, but a t present can only be produced 
i n lower y i e l d and at higher cost than the t r i n i t r o -
s u b s t i t u t e d high explosive, RDX. The mechanisms f o r 

1-5 
conversion of hexamine t o RDX and HMX so f a r proposed 
have g e n e r a l l y suggested e i t h e r the s e l e c t i v e cleavage of 
bonds w i t h i n the hexamine molecule dur i n g n i t r a t i o n , or 
t o t a l cleavage t o smaller fragments, followed by n i t r a t i o n 
and recombination. There i s evidence ' f o r the l a t t e r 
pathway i n the Bachmann p r o c e s s ! ' " ^ w h i c h involves 
n i t r a t i o n of hexamine using a mixture of ammonium n i t r a t e , 
n i t r i c a c i d and acetic anhydride. 

8 
E a r l i e r work on the mechanism of a c e t y l a t i o n of hexamine 

t o DAPT f l .6) . using mixtures of pure '''N- and ̂  ̂  N. compounds 
as s t a r t i n g m a t e r i a l s , demonstrated the r e a c t i o n t o occur 
v i a s e l e c t i v e cleavage of the methylene bridge. I t was 
decided t o employ t h i s p a r t i c u l a r l y u s e f u l technique i n 
r e - i n v e s t i g a t i n g the mechanisms of formation of DPT (1.5) 
v i a n i t r a t i o n of hexamine, and formation of DADN (1.9) v i a 
n i t r a t i o n of DAPT. 
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3.2 Experimental 

Preparation of ̂^N-DAPT 
^^N-DAPT was prepared from ^^N-hexamine by reac t i o n w i t h 

a c e t i c anhydride i n the presence of sodium hydroxide, as 
9 14 

d e t a i l e d by S i e l e , Varman and G i l b e r t ' f o r the 
p r e p a r a t i o n of ̂''N-DAPT, and described i n Chapter 2. The 
product obtained gave a melt i n g p o i n t and "'"H NMR consistent 
w i t h t h a t of the ^^N-compound. 

A V.G. A n a l y t i c a l L t d . 7070E instrument was employed f o r 
mass spectrometric measurements. Chemical l o n i s a t i o n (CI) 
using iso-butane as a reagent gas was found t o be the best 
method of mass spectrometric a n a l y s i s f o r many of the 
compounds. This gives r i s e t o the protonated species 
(M-t-l)"*". Results obtained using t h i s technique are given i n 
terms of the parent species whose mass, M, i s one u n i t 
s maller than t h a t observed. E l e c t r o n Impact (EI) was used 
f o r other compounds. 

Table 3 .1 shows the r e s u l t s of mass s p e c t r a l analysis of 
compounds prepared w i t h n i t r o g e n i n n a t u r a l abundance 
( i ^ N 99.637o, i^N 0.37%). The peaks w i t h masses M+1 and M+2 
are due t o n a t u r a l l y o ccurring ̂ -̂C and ̂ ^N. Data are also 
given f o r ^^N-hexamine and ̂ ^N-DAPT prepared from ^ ^ N H 3 . 

Peaks from the protonated species have been corrected, where 
necessary, f o r the presence of peaks from the parent 
species, which remain due t o incomplete p r o t o n a t i o n . 
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Table 3.1 Mass spectrometric data f o r s t a r t i n g materials 

Compound 

1 4N-hexamine (CI) 
i^N-DAPT (CI) 
14N-DPT (CI) 

^^N-hexamine (CI) 
15N-DAPT (CI) 

Observed peak 
i n t e n s i t i e s 
M M+1 M4-2 
100 10.1 0.5 
100 13.0 1.5 
100 8.5 1.1 
100 6.9 
100 9.7 1.6 

Th e o r e t i c a l peak 
i n t e n s i t i e s 

M M+1 M+2 
100 8.4 0.3 
100 11.9 1.1 
100 8.1 1.1 
100 6.9 0.2 
100 10.4 0.9 

The good agreement, i n a l l cases, of the i n t e n s i t i e s of 
the M+1 and M+2 peaks w i t h those c a l c u l a t e d t h e o r e t i c a l l y 
u sing known i s o t o p i c abundances i s good evidence t h a t the 
a n a l y t i c a l technique i s sound. 
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3»3 I n v e s t i g a t i o n of the mechanism of formation of DPT v i a 
n i t r a t i o n of hexamine 

I n the method of preparation of DPT as d e t a i l e d i n 
Reference 10 (described i n Chapter 2 ) , ammonium n i t r a t e i s 
not present i n the n i t r a t i n g medium, thus e l i m i n a t i n g the 
p o s s i b i l i t y of N-atom exchange p r i o r t o n i t r a t i o n . DPT i s 
p r e c i p i t a t e d from the mother l i q u o r by n e u t r a l i s a t i o n w i t h 
ammonia s o l u t i o n . Two experiments were conducted, one using 
^̂ NHa s o l u t i o n to n e u t r a l i s e , and one using ^"^NEta. This 
was done i n order to e s t a b l i s h whether anmionia was being 
inco r p o r a t e d i n the f i n a l product, since t r i e t h y l a m i n e 
o b v i o u s l y could not be. 

Experiment ( a ) : DPT from a ^''N-hexamine/^ ̂ N-hexamine 
mixture using ^''Nlla s o l u t i o n t o n e u t r a l i s e 

DPT was prepared, using the method of Reference 10, from 
a mi x t u r e of 0.25 g (1.79 nmiol) ^ ̂ N-hexaniine and 0.25 g 
(1.74 mmol) ^N-hexamine as s t a r t i n g m a t e r i a l , ( o v e r a l l 
atomic r a t i o ^^Nr^^N = 100:96). A f t e r removal of RDX, DPT 
was p r e c i p i t a t e d from the mother l i q u o r by n e u t r a l i s a t i o n 
w i t h ^''Nlla s o l u t i o n . Mass spectroscopic data f o r the DPT 
obtained are given i n Table 3.2. 

Experiment (b) : DPT from a ' N-hexamine/^ ̂ N-hexamine 
using ^''NEta t o n e u t r a l i s e 

Experiment (a) was repeated, the procedure varying only 
i n t h a t ^^NEta was used t o e f f e c t p r e c i p i t a t i o n of DPT i n 
place of ^̂ NHa s o l u t i o n . Mass spectroscopic data f o r the 
DPT obtained are found i n Table 3.2. 
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The M+1, M+2, M+3 and M+4 peaks have been corrected f o r 
the n a t u r a l occurrence of ^̂ N and "̂'C, as w e l l as f o r the 
e f f e c t s of incomplete p r o t o n a t i o n . 

Table 3.2 R e l a t i v e i s o t o p i c composition of DPT prepared i n 
experiments (a) and (b) 

M M+1 M+2 M+3 M+4 
[ 1 " N 2 1 5 Nj ] [ 1 4 Ni 1 5 ̂ 3 ] 

Expt. 
(a) (CI) 100 183.7 102.9 12.7 0.1 
(b) (CI) 100 381.9 543.8 362.7 66.6 
random^ 100 396.0 576.0 364.0 85.0 
s e l e c t i v e 100 - 4.0 96.0 

a. t h i s i s the c a l c u l a t e d r e l a t i v e d i s t r i b u t i o n of isotopes 
f o r a random d i s t r i b u t i o n w i t h the s t a r t i n g composition used 
i n experiments ( a) and ( b ) . 
b. t h i s i s the c a l c u l a t e d r e l a t i v e d i s t r i b u t i o n of isotopes 
f o r t o t a l l y s e l e c t i v e r i n g cleavage w i t h the s t a r t i n g 
composition used i n experiments (a) and ( b ) . 

I n order t o e l i m i n a t e the p o s s i b i l i t y of exchange between 

^N-hexamine and ^^N-hexamine p r i o r t o n i t r a t i o n , a t h i r d 
experiment, ( c ) , was conducted. 
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Experiment ( c ) : Investigation of possible N-atom exchange 
between N-hexamine and ^^N-hexamine 

0.1 g (0.71 mmol) ^ h e x a m i n e and 0.1 g (0.69 mmol) 
^^N-hexamine were thoroughly mixed and added t o lOmls. 
2 M - n i t r i c acid at 20°C. The hexamine mixture dissolved and 
the r e s u l t i n g s o l u t i o n was allowed t o stand f o r 5 minutes, 
a f t e r which time the s o l u t i o n was cooled i n an ice bath t o 
e f f e c t p r e c i p i t a t i o n of the mononitrate s a l t of hexamine, of 
the s t r u c t u r e shown below. 

NH NO3 

(3.1) hexamine mononitrate 

The c r y s t a l s were f i l t e r e d o f f and q u i c k l y washed w i t h 
507o e t h a n o l , then e t h a n o l , then e t h e r , followed by thorough 
d r y i n g . 

The i n i t i a l attempt at the above pr e p a r a t i o n d i d not 
r e s u l t i n p r e c i p i t a t i o n of the mononitrate on c o o l i n g , and 
i n an attempt t o recover the hexamine or i t s s a l t , the 
s o l u t i o n was heated at 70^C on a r o t a r y evaporator. The 
mononitrate s a l t obtained from t h i s procedure gave 
i n t e r e s t i n g r e s u l t s , which are designated as being those of 
experiment ( d ) . 

Mass spectroscopic data obtained using both Chemical 
l o n i s a t i o n and E l e c t r o n Impact methods are given i n 
Table 3.3. Data are also given f o r an authentic sample of 
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^ ̂ N-hexajuine mononitrate prepared by t h i s method from 
hexamine w i t h n a t u r a l i s o t o p i c abundance. The peak observed 
i n t he mass spectrum i s t h a t of the hexaminium c a t i o n of 
mass 141 (^N-sample) , and not t h a t of the s a l t i t s e l f . 

Table 3.3 R e l a t i v e i s o t o p i c composition of hexamine 
mononitrate prepared i n experiments (c) and (d) 

Compound Observed peak T h e o r e t i c a l peak 
i n t e n s i t i e s i n t e n s i t i e s 

M M+1 M+2 M M+1 M+2 

lon;LT??atr ( C I ) ^ 100 7.5 1.0 100 8.8 1.0 
mononU^Ste" (^1) 100 7.6 - 100 8.8 1.0 

M M+1 M+2 M+3 M+4 

'^N4] [1 No ̂  5 No ] P^N4] 
Expt. 
(c) (CI) 100 9.6 17.3 17.1 104.8 

(c) ( EI) 100 5.7 2.7 9.3 99.6 

(d) (CI) 100 298.7 355.3 245.2 61.8 
t o t a l 
scrambling 100 400.0 588.0 376.0 88.0 
no 
scrambling 100 - - 4.0 96.0 

a. extensive deprotonation of the hexaminium c a t i o n 
occurred, detected by the presence of a large M-1 peak 
corresponding t o mass 140. 
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The r e s u l t s f o r the n i t r a t i o n of hexamine t o DPT i n 
Table 3.2 show c o n c l u s i v e l y t h a t extensive non-selective 
r i n g cleavage i s o c c u r r i n g , t o give fragments containing 
s i n g l e , chemically equivalent N-atoms. The r e s u l t s of 
experiment (c) demonstrate the lack of N-atom exchange 
between '̂* N-hexamine and ̂ ^N-hexamine i n an acid medium at a 
temperature s i m i l a r t o t h a t of the n i t r a t i o n process. 
However, experiment (d) shows t h a t extensive scrambling of 
N-atoms occurs a t elevated temperatures due t o exchange, or 
fragmentation and recombination of the hexamine molecules. 

Experiment (b) gave r e s u l t s i n p a r t i c u l a r l y good 
agreement w i t h those c a l c u l a t e d f o r t o t a l scrambling during 
the f o r m a t i o n of DPT, the most abundant species being those 
c o n t a i n i n g both "̂̂ N and ̂ ^N. This i s a great contrast t o 

8 
the r e s u l t s found f o r a c e t y l a t i o n , and serves t o confirm the 
work of Castorina and co-workers.'' The r e s u l t s of 
experiment (a) also show extensive scrambling to occur 
d u r i n g n i t r a t i o n , but there i s a much l a r g e r r e l a t i v e 
abundance of ̂ N - c o n t a i n i n g species than ^^N. This would 
i n d i c a t e t h a t "̂̂ NHa used f o r n e u t r a l i s a t i o n i s being 
i n c o r p o r a t e d i n t o the DPT formed by one of three mechanisms: 

i ) v i a r e a c t i o n or exchange of ' NII3 w i t h precursors 
t o DPT. 

i i ) v i a exchange of 'Nlla w i t h the formed DPT i t s e l f . 
i i i ) v i a r e a c t i o n of * N I I 3 w i t h l i b e r a t e d formaldehyde 

t o form more '̂* N-hexamine, which undergoes n i t r a t i o n t o form 
^^N-DPT e x c l u s i v e l y . 

The f i r s t of these three p o s s i b i l i t i e s i s the most l i k e l y 
on the basis of the observations made i n t h i s work. I t i s 
reasonable t o disr e g a r d the second mechanism on the basis 
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t h a t DPT immediately p r e c i p i t a t e s out on formation and thus 
cannot undergo exchange w i t h species i n s o l u t i o n , and the 
t h i r d o p t i o n may be eli m i n a t e d because of the f a c t t h a t at 
the time when '̂̂ NHa i s added the r e a c t i o n mixture i s d i l u t e d 
w i t h water and unable t o act as a n i t r a t i n g medium. 

3.4 I n v e s t i g a t i o n of the mechanism of formation of DADN v i a 
n i t r a t i o n of DAPT 

The n i t r a t i o n of DAPT to DADN was examined v i a a s i m i l a r 
procedure t o t h a t used f o r i n v e s t i g a t i o n of the n i t r a t i o n of 
hexamine t o DPT. 

DADN was prepared by the method of Yoshida and 
co-workers'^''" f o r the preparation of ̂''N-DADN, as d e t a i l e d i n 
Chapter 2, from a mixture of 0.2 g (0.94 mmol) ̂ ''N-DAPT and 
0.2 g (0.93 mmol) ^^N-DAPT ( o v e r a l l atomic r a t i o ^ ^ N - I S ^ = 

100:97). Mass spectrometric data f o r the DADN obtained are 
found i n Table 3.4. Data are also given f o r an authentic 
sample of ̂ ^iN-DADN. 
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Table 3.4 Rel a t i v e i s o t o p i c composition of DADN prepared 
from i^N-DAPT and I^N.DAPT 

Compound Observed peak T h e o r e t i c a l peak 
i n t e n s i t i e s i n t e n s i t i e s 
M M+1 M+2 M M+1 M+2 

^^N-DADN (CI) 100 12.6 1.5 100 11.6 1.8 

M M+1 M+2 M+3 M+4 

P4N4] P^Na'^Ni] [ i ^ N o i ^ N o ] P^Ni^SNa] U^^^] 
DADN from cn i 
expt. (CI) • - - 65.1 
random 100 400.0 588.0 376.0 88.0 
s e l e c t i v e 100 - - 4.0 96.0 

The r e s u l t s show c o n c l u s i v e l y t h a t n i t r a t i o n of DAPT t o 
DADN proceeds e x c l u s i v e l y v i a s e l e c t i v e cleavage of the 
methylene bridge of the DAPT molecule, t h i s being demon­
s t r a t e d by the absence of ̂ N̂/̂ -̂ N scrambling. This i s i n 
marked con t r a s t t o the n i t r a t i o n of hexamine t o DPT, but 
shows a great s i m i l a r i t y w i t h the a c e t y l a t i o n of hexamine t o 
DAPT. I n order t o ex p l a i n the r e s u l t s , i t i s necessary t o 
look a t the f a c t o r s c o n t r o l l i n g cleavage of these r i n g 
systems. 
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3.5 The s e l e c t i v e cleavage of 1•3.5.7-tetraazabicvclo-
[3.3.1] nonanes 

A study by Yoshida and co-workers"^"^ considered the 
general 1,3,5,7-tetraazabicyclo[3.3.1] nonane s t r u c t u r e 
( 3 ^ ) . 

R—N CHo N—R 

6 N; , 
0 

R—N CH.2 N—R 
+ 

N 
I 
X 

( 3 ^ ) ( 3 ^ ) 

R—N N—R 

( 3 ^ ) 

S e l e c t i v e cleavage of the methylene bridge i n formation 
of (3.4) r e q u i r e s exclusive a t t a c k at C-9. Yoshida suggests 
t h a t t h i s i s promoted by a re d u c t i o n i n the b a s i c i t y (or 
n u c l e o p h i l i c i t y ) of the 3,7-nitrogens, achieved by R- being 
e l e c t r o n - w i t h d r a w i n g , and the formation of an intermediate 
d i q u a t e r n a r y s a l t of s t r u c t u r e s i m i l a r t o (3 . 3 ) . This i s 
f o l l o w e d by h y d r o l y t i c cleavage of the methylene bridge v i a 
s p e c i f i c a t t a c k on C-9. This theory would t h e r e f o r e account 
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f o r the s e l e c t i v e cleavage of DAPT f (3 . 2 ) , R = Ac) during 
n i t r a t i o n t o DADN ( ( 3 ^ ) , R = Ac, X = N O 2 ) • However, by 
analogy one might expect s e l e c t i v e cleavage of DPT ( ( 3 . 2 ) , 
R = N O 2 ) d u r i n g n i t r a t i o n t o HMX ( ( 3 ^ ) , R = N O 2 , X = N O 2 ) , 

but t h i s has been shown t o be c l e a r l y not the case.' I f 
one a p p l i e s t h i s theory t o the hexamine s t r u c t u r e (1.1) w i t h 
regard t o conversion t o s t r u c t u r e s s i m i l a r t o ( 3 . 2 ) , since 
a l l f o u r n i t r o g e n atoms are equivalent then non-selective 
cleavage would be pr e d i c t e d . This has observed t o be t r u e 
f o r the case of n i t r a t i o n to DPT, but not f o r a c e t y l a t i o n to 
DAPT. 

Considering processes represented by the conversion of 
(3.2) t o ( 3 . 4 ) , since a c e t y l and n i t r o s u b s t i t u e n t s c l e a r l y 
reduce the n u c l e o p h i l i c i t y of the 3,7-nitrogens, the flaw i n 
the t h e o r y must a r i s e from the postulated formation of the 
i n t e r m e d i a t e diquaternary s a l t (3.3). I t seems more 
probable t h a t the molecule would undergo aminal-type 

12 13 
cleavage ' a f t e r formation of the monoquaternary s a l t 
(3.5) , t o form a monocyclic iminium ion of type (3.6). 

R—N C H o N—R R—N N—R 

( 3 ^ ) ( 3 ^ ) 
Eqn. (3.1) 

- 63 



The subsequent mechanism of the r e a c t i o n depends on 
whether (3.6) undergoes r i n g cleavage or h y d r o l y s i s of the 
carbon-nitrogen double bond of the iminium group. 

3.6 Discussion 
Results f o r the n i t r a t i o n of hexamine w i t h n i t r i c acid 

i n d i c a t e complete cleavage to species con t a i n i n g no more 
than one n i t r o g e n atom. This i s i n marked contrast t o the 

8 
a c e t y l a t i o n r e a c t i o n , where the r i n g s t r u c t u r e remains 
b a s i c a l l y i n t a c t , but i s s i m i l a r t o r e s u l t s obtained i n the 
Bachmann r e a c t i o n . ' The f i r s t step i n both n i t r a t i o n and 
a c e t y l a t i o n r e a c t i o n s i s l i k e l y to be at t a c k by an 
e l e c t r o p h i l e , E'̂  , at n i t r o g e n , t o give a c a t i o n (3.7) which 
can e x i s t i n a ring-opened form (3 . 8 ) . 

(1.1) + E* N—E 

( 3 ^ ) 

CH,= CHo N—E 

( 3 ^ ) 

Scheme 3.1 

The subsequent course of the r e a c t i o n depends on the r a t e 
of h y d r o l y s i s of the ClIo=N* group of (3.8) compared t o 
cleavage of other C-N bonds. I n the a c e t y l a t i o n r e a c t i o n , 
c a r r i e d out i n the presence of water, and i n a medium which 
i s not h i g h l y a c i d i c , h y d r o l y s i s w i l l e l i m i n a t e formaldehyde 
and y i e l d a species which i s r e a d i l y a c e t y l a t e d t o form 
DAPT. However, i n n i t r i c a c i d , h y d r o l y s i s of the C H 2 = N * 
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group, i n v o l v i n g a t t a c k by water and proton e l i m i n a t i o n , 
w i l l be more d i f f i c u l t , so t h a t f u r t h e r n i t r a t i o n of the 
molecule accompanied by C-N bond cleavage and fragmentation 
occurs p r e f e r e n t i a l l y . This i n t e r p r e t a t i o n i s also 
compatible w i t h the mechanism of d i a z o t i s a t i o n of hexamine 
i n v o l v i n g s e l e c t i v e cleavage discussed i n Chapter 1. 

The s e l e c t i v e cleavage observed i n the conversion of DAPT 
t o DADN shows t h a t n i t r a t i o n does not n e c e s s a r i l y r e s u l t i n 
extensive decomposition. Reaction i s l i k e l y t o involve the 
intermediate ( 3 . 9 ) . 

H2 C=N N—NOo 

( 3 ^ ) 

The presence of the electron-withdrawing n i t r o and a c e t y l 
groups w i l l reduce the e l e c t r o n d e n s i t y at r i n g n i t rogen 
atoms, reducing the p o s s i b i l i t y of f u r t h e r cleavage of the 
molecule. Nevertheless, there i s evidence ' t h a t under the 
more severe c o n d i t i o n s used i n the Bachmann conversion of 
DPT t o HMX extensive breakdown occurs. 

8 
A general conclusion of t h i s , and previous work, i s t h a t 

high y i e l d s of products containing eight-membered ri n g s are 
only produced from hexamine d e r i v a t i v e s by s e l e c t i v e 
cleavage, i n which the main r i n g s t r u c t u r e remains i n t a c t . 
Extensive cleavage followed by recombination of fragments 
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u s u a l l y r e s u l t s i n the p r e f e r e n t i a l formation of products 
w i t h six-membered r i n g s . A possible mechanism f o r the 
n i t r a t i o n of hexamine i s discussed i n Chapter 4. 
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CHAPTER 4 

The decomposition of DPT i n a c i d i c 
and basic aqueous s o l u t i o n s 
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4.1 I n t r o d u c t i o n 
DPT (1.5) i s one of the products of the n i t r a t i o n of 

hexamine (1.1) w i t h n i t r i c acid"^"^ and i s important since i t 
has p r e v i o u s l y ' been postulated as an intermediate i n the 
Bachmann^'^^ method of synthesis of RDX ( 1 ^ ) and HMX (1.3) 

from hexamine (1.1) . DPT i s formed by n e u t r a l i s a t i o n of the 
a c i d i c aqueous f i l t r a t e produced during RDX synthesis^ ^ and 
i t t h e r e f o r e seems appropriate t h a t the behaviour of DPT i n 
a c i d i c and basic aqueous media should be s t u d i e d , as i t may 
then be possible t o speculate on the nature of the species 
formed i n s o l u t i o n d u r i n g the n i t r a t i o n process. 

4.2 UV spectra of DPT 
A sample of DPT was prepared as described i n Chapter 2. 
DPT was p r e v i o u s l y f o u n d t o be stable as a s o l u t i o n i n 

a c e t o n i t r i l e , but decomposed i n two stages i n various 
aqueous media. The UV spectrum of DPT i n a c e t o n i t r i l e gave 
A = 241 nm, e = 9760 1 mol'''" cm" . Preli m i n a r y 
i n v e s t i g a t i o n s of the UV spectra of DPT i n hyd r o c h l o r i c acid 
and aqueous sodium hydroxide s o l u t i o n s , prepared by a d d i t i o n 
of 0.1 cm of a stock s o l u t i o n of 10 M DPT i n a c e t o n i t r i l e 

o 

t o 2 cm of the appropriate aqueous media, y i e l d e d the 
r e s u l t s given i n Table 4.1 and Table 4.2 r e s p e c t i v e l y . 
These spectra represent the pi'oduct of the f a s t i n i t i a l 
stage of the decomposition. 
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Table 4.1 UV data f o r DPT (4.8 x lO'^ M) i n hydrochloric 
aci d (57o a c e t o n i t r i l e ) at 25°C 

[HCl]\mol 1"^ A \nm max ̂  6 \1 mol" max ̂  
1.0 214 13760 
0.5 213 13990 
0.1 213 13970 
0.05 213 13790 
0.01 209 12340 
0.005 205 12800 

UV data f o r DPT (4.8 X 10'^ M) i n sodium 
hydroxide s o l u t i o n (5% a c e t o n i t r i l e ) at 2< 

[NaOH]\mol 1'^ A \nm max ̂  G \1 mol' max ̂  
1.0 229 16400 
0.5 229 15490 
0.1 230 15850 
0.05 230 15760 
0.01 232 13020 
0.005 232 12760 
0.001 236 11690 

The r e s u l t s given i n Table 4.1 show the hypsochromic 
s h i f t from 240 nm t o ca. 210 nm of the absorption maximum of 
DPT upon a c i d i f i c a t i o n , a process which has not been 

12 
observed f o r any other secondary ni t r o a n i i n e . This s h i f t 
might be associated w i t h p r o t o n a t i o n of one of the t e r t i a r y 
amino n i t r o g e n atoms of DPT, but since t h i s basic N-atora i s 
separated from the N-nitro chromophores by methylene groups 
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t h i s seems u n l i k e l y t o have such an e f f e c t . The conclusion 
i s t h e r e f o r e reached t h a t the DPT must undergo decomposition 
i n a c i d i c s o l u t i o n . The r e s u l t s i n Table 4.2 show the less 
pronounced hypsochroraic s h i f t t o ca. 230 nm i n basic media. 

1 0 

The vork of Jones and Thorn r e s u l t e d i n the f o l l o w i n g 
g u i d e l i n e s f o r use when i n t e r p r e t i n g the UV spectra of 
a l i p h a t i c nitroamines. 

i ) Secondary nitroamines 
For compounds cont a i n i n g one secondary nitroamine group 

per molecule, i n n e u t r a l s o l u t i o n approximates t o 
5500 1 mol'"^ cm" . Observation has i n d i c a t e d t h a t f o r a molecule c o n t a i n i n g n secondary nitroamine functions e 
approximates t o 5500 x n 1 mol "'"cm "̂. 

max 

i i ) Primary nitroamines 
I n n e u t r a l s o l u t i o n G f o r the primary nitroamine 

max ^ 
f u n c t i o n s i s observed as approximately 7000 1 mol'"'" cm'"'", 

i i i ) Nitroamines i n a l k a l i n e s o l u t i o n 
The absorption maximum of primary nitroamines i n a l k a l i n e 

s o l u t i o n shows a s h i f t of A t o longer wavelength and an 
max ^ ® 

increase i n G„^^,. For a molecule c o n t a i n i n g n primary 
nitroamine f u n c t i o n s , approximates t o 8500 x n 

-1 -1 
1 mol cm . Secondary nitromamines i n a l k a l i n e s o l u t i o n , 
where observable, show no change i n from t h a t observed 
i n n e u t r a l s o l u t i o n . 

The value of G , of 9760 1 mol'""" cm'"'" f o r DPT i n 
a c e t o n i t r i l e agrees q u i t e w e l l w i t h the 5500 x n formula f o r 
secondary nitroamines. The increase i n ̂ ^^^ i n a c i d i c media 
t o approximately 14000 1 mol"''" cm'"*", and i n basic media to 
approximately 16000 1 mol""'" cm'"*", agrees q u i t e w e l l w i t h the 
7000 X n and 8500 x n formulae proposed f o r primary - 71 -



nitroamines i n a c i d i c / n e u t r a l and a l k a l i n e s o l u t i o n 
r e s p e c t i v e l y . I t t h e r e f o r e appears t h a t i n a c i d i c or basic 
media the secondary nitroamine f u n c t i o n s of DPT are 
converted v i a some decomposition process t o primary 
nitroamine f u n c t i o n s . 

4.3 K i n e t i c data f o r the decomposition of DPT 
11 13 

Work by Cooney, ' p r i o r t o t h a t of the author, showed 
DPT t o decompose i n both a c i d i c and basic aqueous media i n 
two observable stages. The k i n e t i c s of the i n i t i a l 
decomposition process were studied over a wide pH range, and 
so r a t e c o e f f i c i e n t s f o r t h i s step were measured at a s i n g l e 
a c i d and base c o n c e n t r a t i o n , f o r comparison purposes only. 
Cooney studied the decomposition of the intermediate formed 
i n basic s o l u t i o n over a wide pH range, and a s i m i l a r 
a n a l y s i s of the intermediate formed i n acid s o l u t i o n w i l l be 
considered here. 

The i n i t i a l decomposition of DPT i n 0.OlM-hydrochloric 
a c i d and 0.OlM-sodium hydroxide s o l u t i o n t o form the 
intermediate species at ca. 210 nm and ca. 230 nm 
r e s p e c t i v e l y was f o l l o w e d as a decrease i n absorbance w i t h 
time at 240 nm. K i n e t i c analysis gave: - 3 -1 k , = 4.1 X 10 sec i n the aci d medium obs 

- 3 -1 and k , = 8.1 x 10 sec i n the basic medium obs 
Once the i n i t i a l product i n acid or base had been formed, 

a second, very slow decomposition was seen t o occur, 
r e s u l t i n g i n f a d i n g of the UV spectrum t o zero absorbance. 
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K i n e t i c a n a l y s i s of t h i s second decomposition i n 
0.DIM-hydrochloric acid gave 

k^^g= 5.0 X 10"^ sec""'", measured as a decrease i n 
absorbance at 210 nm, 
and i n O.OIM-sodium hydroxide s o l u t i o n gave 

k^^g= 4.7 X 10"^ sec'"'", measured as a decrease i n 
absorbance at 235 nm. 

The observed r a t e c o e f f i c i e n t s f o r the decomposition of 
the intermediate formed i n acid s o l u t i o n over a broad pH 
range are given i n Table 4.3. The intermediate was prepared 
by a l l o w i n g a f r e s h l y prepared s o l u t i o n of DPT i n 
O.OIM-hydrochloric acid t o stand f o r 15 minutes, a f t e r which 
time i t was t r a n s f e r r e d to the appropriate medium, 
compensating f o r the presence of acid i n the s o l u t i o n where 
necessary. I n some cases c a t a l y s i s by b u f f e r components was 
observed, and the values f o r the observed r a t e c o e f f i c i e n t 
have been ext r a p o l a t e d back t o zero b u f f e r concentration. 
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Table 4.3 Observed r a t e c o e f f i c i e n t s f o r the secondary 
decomposition of DPT (4.8 x 10"^ M) i n aqueous 
s o l u t i o n a t 25°C 

Medium 

O.OIM HCl 
O.OOIM HCl 
acetate 
b u f f e r 

wavelength decom-
pH p o s i t i o n measured 

at \nm 
2.0 210 
3.0 210 
5.0 220 

^obs \sec""'" 

5.0 X 10' 
4.3 10' 
extrapolates 
t o zero 

t r i s 
b u f f e r 7.0 225 extrapolates 

t o zero 

t r i s 
b u f f e r 9.0 225 extrapolates 

t o zero 

O.OOIM NaOH 11.0 
O.OIM NaOH 12.0 
O.IM NaOH 13.0 

225 
225 
225 

4.0 X 10 
5.0 X 10" 
0.53 

-3 

A p l o t of logj^O^^obs """̂  shown i n Figure 4.1 
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Figure 4.1 A p l o t of log^^k^l^g vs. pll f o r the secondary 
decomposition of DPT at 25°C 
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4.4 The r o l e of methvlenedinitroamine 
I t has been postulated t h a t methylenedinitroaunine (4.1) , 

from hereon r e f e r r e d t o as MDNA, may e x i s t as a precursor t o 
DPT i n the n i t r a t i o n of hexamine. 

NHNO2 
H2 

^NHNO 

(4.1) MDNA 

The strongest evidence f o r t h i s i s the work of Laraberton 
and co-workers^^ who found t h a t DPT could be p r e c i p i t a t e d 
from an aqueous s o l u t i o n of MDNA, p a r t l y n e u t r a l i s e d w i t h 
anunonia s o l u t i o n , by a d d i t i o n of 38% aqueous formaldehyde. 
A f t e r 24 hours a p r e c i p i t a t e of DPT was recovered. The same 
r e a c t i o n attempted i n a non-aqueous solvent of ether"^^ 
y i e l d e d a guiimiy product, assigned s t r u c t u r e ( 4 . 3 ) , and most 
probably formed by a series of condensation r e a c t i o n s , as 
o u t l i n e d i n Scheme 4.1. 

NO2 NO2 

/NHNO2 2CH2O p N - c n 2 0n } ^ - ^ \ 
H2C * HoC > H2C NH 

\NHNOO \ N — C H 2 OH "^N—C(J^ 
NO2 NO2 

( 4 ^ ) ( 4 ^ ) 

Scheme 4.1 
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The a b i l i t y of MDNA t o form the product of dimethyl-
1 ̂ 28 

o l a t i o n , (4.2). was demonstratedT ' These observations 
suggest t h a t the formation of DPT from MDNA i s dependent 
upon i t undergoing some form of decomposition i n aqueous 
s o l u t i o n , since i n DPT the N-NOo f u n c t i o n s are separated by 
CH2-N—CH2 groups. Chapman and co-workers^^ formed (4.4) 
from MDNA, dry gaseous formaldehyde and a l c o h o l i c 
methylamine. 

O2 N—N N—NO2 

This product i s i d e n t i c a l w i t h t h a t formed by V r i g h t and 
co-workers from nitramide (NH2NO2), 37% aqueous formal­
dehyde and 107o aqueous methylamine. No MDNA was regenerated 
on h y d r o l y s i s . Thus the a b i l i t y of MDNA t o act as a 
precursor of nitramide i s demonstrated. However, when 
Chapman attempted t o form f4.4) from MDNA, 40% aqueous 
formaldehyde, and methylamine the product (4.5) was obtained 
which regenerated MDNA on h y d r o l y s i s . 
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02 N 

H2 C N—Me 

O2N 

( 4 ^ ) 

This r e s u l t appears t o c o n t r a d i c t the e a r l i e r observation 
t h a t DPT was formed when anmionia was used i n place of 
methylamine. The explanation f o r t h i s seems t o l i e i n the 
f a c t t h a t Lamberton and co-workers formed DPT by a d d i t i o n of 
387o aqueous foi-maldehyde t o an aqueous s o l u t i o n of MDNA 
already p a r t i a l l y n e u t r a l i s e d w i t h ammonia, whereas Chapman 
and co-workers added methylamine t o an aqueous s o l u t i o n of 
MDNA i n 40% aqueous formaldehyde. Thus i n the former case 
MDNA decomposes before a d d i t i o n of foi-maldehyde, but i n the 
l a t t e r case i t undergoes d i m e t h y l o l a t i o n t o form (4.2) 
before a d d i t i o n of methylamine. Work has already been done 
on the decomposition of MDNA i n aqueous s o l u t i o n j ' ^ and t h i s 
i s r e - i n v e s t i g a t e d i n Section 4.4.1. 

I t has been observed t h a t a d d i t i o n of MDNA t o the 
Schiessler-Ross r e a c t i o n , which uses paraformaldehyde and 
ammonium n i t r a t e i n a c e t i c anhydride to form RDX, increases 
the y i e l d . I t i s also shown t h a t MDNA can be formed i n 
small q u a n t i t i e s i n the r e a c t i o n mixture employed, but not 
under the c o n d i t i o n s s u i t a b l e f o r RDX form a t i o n , i n d i c a t i n g 
t h a t MDNA i s not n e c e s s a r i l y an intermediate i n the normal 
n i t r a t i o n r e a c t i o n . 
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4.4.1 The decomposition of methvlenedinitroamine i n aqueous 
s o l u t i o n 

I t has been shown"'"'̂  t h a t on heating i n water MDNA 
u l t i m a t e l y y i e l d s formaldehyde, n i t r o u s oxide and water, 
th u s : 

CH2(NHN02)2 • CH2O + 2N2O + H2O Eqn. (4.1) 

Equation (4.1) shows only the o v e r a l l decomposition, and 
does not n e c e s s a r i l y provide a tr u e measure of the primary 
stage of decomposition, since intermediates between MDNA and 
the products shown are conceivable. Lamberton and 
co-workers"'"'^ found MDNA to decompose i n llM-mineral acid and 
i n 2M-sodium hydroxide s o l u t i o n , and at pH 3-8. 
Considerable s t a b i l i t y was ex h i b i t e d by MDNA at pH 1 and 
pH 10. The decomposition at pH 3-8 was found t o lead t o 
n i t r o u s oxide and formaldehyde, as shown above, the primary 
stage of t h i s decomposition appearing t o r e s u l t i n the 
l i b e r a t i o n of nitramide and conversion of the methylene 
group of MDNA t o a form oxidisable by a l k a l i n e hypoiodite. 
The decomposition was a u t o - c a t a l y t i c , and i t was suggested 
t h a t i t proceeds v i a the mono-anion (4.6) thus: 

/ ? N —N O 2 . j j . r/i> i>u2 CHo=N-N02 
H 2 C . H2C • + 

\NHN 0 2 ^ N H - N 0 2 NHNO2 

Scheme 4.2 
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The unionised species (4.1) present i n pH 1 media, and 
the d i - a n i o n (4.7) present i n pH 10 media would be s t a b l e , 
since one nitroamine group cannot f a c i l i t a t e the e j e c t i o n of 
the o t her. The di- a n i o n i s l i k e l y t o undergo tautomer-
i s a t i o n i n order t o increase the charge separation between 
the N-atoms nearest the methylene group, as shown i n 
Scheme 4.3. 

H,C' i > N=N—CH2—N=N 
/N-N^O -0^. ./O-

-N—N 
\0 

Scheme 4.3 

The decomposition was found t o be f a s t e s t at pH 5.4, t h i s 
r e s u l t being c o n s i s t e n t w i t h the c a l c u l a t e d maximum 
co n c e n t r a t i o n of the mono-anion species occurring at pH 5.8, 
based on the determined pK^ values of 5.0 and 6.6"!"̂  

4.4.2 UV spectra of methvlenedinitroamine 
A sample of MDNA was prepared by the method of Brian and 

1 8 
Lajnberton, as described i n Chapter 2. 

The UV spectrum of MDNA i n a c e t o n i t r i l e gave 
A = 218 nm, e = 12850 1 mol" c m " . I n i t i a l max max 
i n v e s t i g a t i o n s of the UV spectra of MDNA i n hy d r o c h l o r i c 
a c i d and aqueous sodium hydroxide s o l u t i o n s y i e l d e d the 
r e s u l t s given i n Table 4.4 and Table 4.5 r e s p e c t i v e l y . 
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Table 4.4 UV data f o r MDNA (2.0 X 10"^ M) i n hydrochloric 

a c i d at 25^C 

[HCl]\mol 1"^ A \nm max ̂  6 \ 1 mol cm max ̂  
0.12 225 11900 
1.15 226 10750 
2.87 225 10000 
5.73 225 10750 

11.46 225 10250 

Table 4.5 UV data f o r MDNA (2.0 X 10'^ M) i n aqueous sodium 
hydroxide s o l u t i o n at 25°C 

[NaOH]\mol 1'^ A \nm max ̂  
-1 -1 G \1 mol cm max ̂  

0.1 233 13250 
0.5 233 11850 
1.0 233 13550 

2.5 234 12500 

5.0 226 27500 

The r e s u l t s show MDNA to be stabl e i n a range of acid 
s o l u t i o n s and basic s o l u t i o n s , although some change i n the 
spectrum i s seen i n 5M-sodium hydroxide s o l u t i o n . I n i t i a l 
i n v e s t i g a t i o n s of the s t a b i l i t y of MDNA i n aqueous so l u t i o n s 
c overing a wide pH range gave the r e s u l t s shown i n 
Table 4.6. 
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Table 4.6 UV data f o r MDNA (2.0 x 10"^ M) i n aqueous 
s o l u t i o n s covering pH 0-14 at 25°C 

Medium 

IM HCl 
1 0 " % HCl 
acetate 
b u f f e r 

pH 

0 
2 
3.7 

Fresh s o l u t i o n 
'̂ max ^max 
\nm \1 mol" "̂ cm" 
225 11400 
226 10000 
227 13000 

A f t e r 48 hours 
'̂ max 
\nm 
228 
229 
229 

"max 
\1 mol" "̂cm""'" 

11750 
12100 
12000 

acetate 
b u f f e r 5.2 231 11250 

phospate 
b u f f e r 6.0 233 13500 

t r i s 
b u f f e r 7.4 231 15000 228 2650 

borax 
b u f f e r 8.0 233 16500 232 14350 

borax 
b u f f e r 9.7 233 16400 233 15800 

10" NaOH 12 233 
IM NaOH 14 233 

16150 
15150 

233 16350 

The r e s u l t s agree w i t h those of Lamberton and co­
workers"!"^ the most extensive decomposition o c c u r r i n g i n the 
region pH 5-7, and i n IM-sodium hydroxide s o l u t i o n . 
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4.4.3 Q u a n t i t a t i v e determination of formaldehvde l i b e r a t i o n 
d u r i n g the decomposition of methvlenedinitroamine 

I n order t o a s c e r t a i n t h a t MDNA, upon decomposition, 
produces formaldehyde i n a 1:1 molar r a t i o , i n accordance 
w i t h the s t o i c h i o m e t r y of Equation ( 4 . 1 ) , 0.25 g (1.84 mmol) 
MDNA was put i n 10 cm of pH 6.0 c i t r a t e b u f f e r , and was 
l e f t a t 20°C f o r 24 hours. The pH of the s o l u t i o n a f t e r 
t h i s time was measured as 4.3, and bubbles of gas were seen 
t o have formed i n the s o l u t i o n . A d d i t i o n of an excess of 
sat u r a t e d a l c o h o l i c dimedone s o l u t i o n , as o u t l i n e d by 
V o g e l j ^ and described i n Chapter 2, p r e c i p i t a t e d 0.51 g 
(1.75 imnol) of the pale orange-brown d e r i v a t i v e . Within 
experimental e r r o r t h i s i s i n a 1:1 molar r a t i o w i t h the 
MDNA added, thus confirming t h a t the methylene group of MDNA 
i s w h o l l y converted t o formaldehyde during decomposition. 
The other product of t h i s primary stage of decomposition i s 
t h e r e f o r e a p o t e n t i a l 2 equivalents of nitramide, which i s 

20- 27 
known t o undergo decomposition t o form n i t r o u s oxide 

and water only. 

4.4.4 Determination of a pH p r o f i l e f o r the decomposition 

of methylenedinitroamine 
P r e l i m i n a r y k i n e t i c analysis of the decomposition of MDNA 

i n v a r i o u s aqueous b u f f e r s revealed t h a t there i s no 
c a t a l y s i s by components of the b u f f e r , as can be seen from 
the specimen r e s u l t s given i n Table 4.7. The observed r a t e 
c o e f f i c i e n t s f o r the decomposition i n a range of b u f f e r s are 
given i n Table 4.8. 
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Table 4.7 Specimen r e s u l t s t o show the absence of c a t a l y s i s 
by b u f f e r components on the decomposition of MDNA 

Bu f f e r Concentration pH ^obs^^®^ ^ 
c i t r a t e 0.06 M 6.1 3.9 x lO"^ 
c i t r a t e 0.6 M 6.1 4.2 x 10"^ 

t r i s / t r i s H C l 0.01 M 7.0 1.5 x 10'^ 
t r i s / t r i s H C l 0.02 M 7.0 1.3 x 10"^ 

t r i s / t r i s H C l 0.01 M 7.33 7.0 x lO'^ 
t r i s / t r i s H C l 0.02 M 7.33 7.9 x 10'^ 

t r i s / t r i s H C l 0.01 M 7.66 3.7 x 10'^ 
t r i s / t r i s H C l 0.02 M 7.66 5.2 x 10'^ 
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Table 4.8 Observed r a t e c o e f f i c i e n t s f o r the decomposition 
of MDNA (4.0 X 10'^ M) i n aqueous b u f f e r s o l u t i o n 
at 25°C 

-1 
-5 
-5 
-5 
-5 
-5 
-5 
-5 
-6 
-6 
-6 
-7 
-7 
-7 
-7 
-7 
-7 
-6 
- 5 

Bu f f e r medium pH ^obs\ sec 
0.6M c i t r a t e 3.5 2.5 X 10 
0.6M c i t r a t e 4.5 3.2 X 10 
0.6M c i t r a t e 5.0 5.0 X 10 
0.6M c i t r a t e 5.5 6.2 X 10 
0.6M c i t r a t e 6.0 4.4 X 10 
0.6M c i t r a t e 6.5 3.6 X 10 
0.02M t r i s 7.0 1.3 X 10 
0.02M t r i s 7.3 7.9 X 10 
0.02M t r i s 7.7 5.2 X 10 
0.025M borax 8.0 2.0 X 10 
0.025M borax 8.3 7.2 X 10 
0.025M borax 8.7 2.9 X 10 
0.025M borax 9.0 < 2 X 10 
O.OOOIM NaOH 10.0 3.1 X 10 
O.OOIM NaOH 11.0 4.5 X 10 

O.OIM NaOH 12.0 3.8 X 10 
O.IM NaOH 13.0 1.2 X 10 
IM NaOH 14.0 3.7 X 10 
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On the basis of the r e s u l t s , i t would seem t h a t the 
maximum concentration of the monoanion (4.6) occurs at 
approximately pH 5.5, which i s i n agreement w i t h the 
p r e v i o u s l y reported'^'* f i g u r e of 5.4, both being s l i g h t l y 
lower than the c a l c u l a t e d value of 5.8, based on the 
quoted''"'^ pK„ values. The pK^ values f o r MDNA were a a 
ca l c u l a t e d independently, as described i n Section 4.4.5, as 
4.77 and 6.39, g i v i n g a maximum concentration of the 
mono-anion (4.6) at pH 5.58. 

Figure 4.2 shows the pll p r o f i l e f o r the decomposition of 
MDNA based on the r e s u l t s i n Table 4.8, superimposed on the 
t h e o r e t i c a l p r o f i l e c a l c u l a t e d using Equation ( 4 . 2 ) , derived 
i n Scheme 4.4, s u b s t i t u t i n g k = 8 x 10 sec'"*, the appropriate 
value of [ H * ] , and the new pK values of 4.77 and 6.39. 
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K a, 1 K a,2 
O 2 N . H N C H 2 N H . N O 2 > O2N.HNCH2N.NO2 • O2N.NCH2N.NO2 

+ H* + 2H* 

NH2 NH" 

K - [NH'] [ r ] 
^ a , l " [NHo] 

a,2 j-^y-j 

[NJstoich = WO . [N][-] . [N=] 

K. 
K a , l [ H ^ 

Assuming r a t e = k[NlI"] 

Where ^obs " ^ [N 
NH"] 
s t o i c h 

k 

^'a.l 
K a. 2 
[ i r ] 

Eqn. (4.2) 

Scheme 4.4 
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Figure 4.2 pH dependence of ^^^^ f o r decomposition of MDNA 
i n aqueous s o l u t i o n at 25^C. The experimental 
p o i n t s are shown as ( 0 ) , and the s o l i d l i n e i s 
c a l c u l a t e d from Equation (4.2) w i t h 
k = 8 X 10"'^ sew"^, pK^ . = 4.77, pK^ ^ = 6.39 
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The pH p r o f i l e i s i n agreement w i t h the r e s u l t s of 
Lamberton and co-workers?"'* The experimental pH of maximum 
decomposition of 5.5 i s i n good agreement w i t h the 
c a l c u l a t e d value of 5.58. The p r o f i l e i s p l o t t e d as 
log^^k^l^g vs. pH i n Figure 4.3, and i s not the same as the 

11 13 
pr e v i o u s l y ' determined p r o f i l e f o r the decomposition of 
the intermediate formed by the primary decomposition of DPT 
i n base, the maximum r a t e of decomposition i n t h i s case 
o c c u r r i n g at pH 9.5. Neither does the p r o f i l e show any 
s i m i l a r i t y w i t h t h a t measured f o r the decomposition of the 
intermediate species formed by the primary decomposition of 
DPT i n acid s o l u t i o n (Figure 4.1). Also, the c a t a l y s i s by 
b u f f e r components seen by the author f o r the measurements i n 

11 13 
aci d media, and by Cooney " i n basic media, were not 
observed f o r the decomposition of MDNA. Thus MDNA i s not 
the primary decomposition product of DPT i n e i t h e r acid or 
basic s o l u t i o n . 
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Figure 4.3 A p l o t of log^^k^^^ vs. pll f o r the decomposition 
of MDNA at 25 
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4.4.5 Determination of the pK.̂  values of methylene-
a 

d i n i t r o a j t i i n e 
3 

0.05M-sodium hydroxide s o l u t i o n was added t o 50 cm 
3 

f r e s h l y prepared 0.005M aqueous MDNA s o l u t i o n i n 0.5 cm 
p o r t i o n s . The pH of the s o l u t i o n was measured a f t e r each 
a d d i t i o n . A t o t a l of 12 cm of sodium hydroxide s o l u t i o n 

3 
was added, t h i s being i n excess of the 10 cm required f o r 
complete i o n i s a t i o n of the MDNA. D e t a i l s of the v a r i a t i o n 
of pH w i t h base added are shown i n Table 4.9. 
Table 4.9 V a r i a t i o n of pll on a d d i t i o n of 0.05M-sodium 

3 
hydroxide s o l u t i o n t o 50 cm 0.005M aqueous 
methylenedinitroamine at 20*̂ C 

0.05M NaOH added 
\cm^ 

Run 1 
pH 

Run 2 
pH 

Run 3 
pH 

0.0 3.52 3.55 3.57 
0.5 3.85 3.94 3.93 
1.0 4.15 4.19 4.21 
1.5 4.37 4.40 4.41 
2.0 4.56 4.58 4.60 
2.5 4.73 4.74 4.76 
3.0 4.90 4.89 4.91 
3.5 5.06 5.06 5.07 
4.0 5.23 5.23 5.23 
4.5 5.40 5.40 5.42 
5.0 5.59 5.58 5.60 
5.5 5.78 5.76 5.78 
6.0 5.95 5.93 5.94 
6.5 6.13 6.10 6.11 
7.0 6.25 6.25 6.26 
7.5 6.43 6.40 6.41 
8.0 6.59 6.57 6.58 
8.5 6.78 6.74 6.74 
9.0 6.97 6.95 6.96 
9.5 7.24 7.27 7 .,28 

10.0 7.86 8.02 7.94 
10.5 10.09 10.27 10.25 
11.0 10.68 10.75 10.76 
11.5 10.93 10.98 10.97 
12.0 11.08 11.12 11.13 

- 91 -



^ N H N 0 2 ^ ^N - N 0 2 2 ^N-NOz 
H 2 C . ' ' H2C . ' • H2C 

^NHNOs ^ N H N 0 2 \N - N O 2 

( 4 ^ ) ( 4 ^ ) ( 4 ^ ) 

Scheme 4.5 

I t was found t h a t the i o n i s a t i o n processes, shown i n 
Scheme 4.5, overlap, since there i s no sharp end-point f o r 
the a d d i t i o n of the f i r s t equivalent of base. This i s due 
t o t i t r a t i o n of the second i o n i s i n g group beginning before 
the f i r s t i s complete as a consequence of ApK being small. 
This can be seen on the t i t r a t i o n curve shown i n Figure 4.4. 
The pK values were separated using the c a l c u l a t i o n method a 

29 
of Noyes as d e t a i l e d i n Reference 30. This gave the 
r e s u l t s shown i n Table 4.10. 

Table 4.10 The pK^ values of methylenedinitroamine at 20°C 
a 

Run no. P̂ '̂ 'a.l P^a,2 
1 4.75 6.40 
2 4.77 6.37 
3 4.78 6.38 

Mean = 4.77 ± 0.02 Mean = 6.39 ± 0.02 

On the basis of these r e s u l t s , the ma^iimum concentration 
of the mono-anion (4.6) occurs at pH 5.58. 
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Figure 4.4 A p l o t of pH vs. molar r a t i o base:acid f o r 
aqueous MDNA t i t r a t e d aqainst aqueous sodium 
hydroxide 
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4.5 The r o l e of n i t r a j i i i d e 
O -1 

Wright and co-workers found t h a t i f a s o l u t i o n of 
n i t r a m i d e (NH2NO2) i n water was t r e a t e d w i t h formaldehyde 
and n e u t r a l i s e d w i t h aiiuuonia, a p r e c i p i t a t e of DPT appeared 
over a f i v e minute period. I n l i g h t of t h i s , and the f a c t 
t h a t MDNA has been observed to act as a precursor of 
n i t r a n i i d e i n the formation of DPT and r e l a t e d s t r u c t u r e s , i t 
was decided t o i n v e s t i g a t e t h i s compound f u r t h e r w i t h 
respect t o i t s UV spectra and decomposition i n aqueous 
s o l u t i o n . 

A sample of nitramide was prepared by the method of 
32 

M a r l i e s , La Mer and Greenspan, as described i n Chapter 2. 

4.5.1 UV spectra of nitraiuide 
An i n v e s t i g a t i o n of the UV spectra of nitramide (kept as 

a stock s o l u t i o n of 10 M nitramide i n 0.OlM-hydrochloric 
a c i d at Ô C, i n which i t was stab l e f o r several hours) i n 
v a r i o u s aqueous media yie l d e d the r e s u l t s shown i n 
Table 4.11. 
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Table 4.11 UV data f o r nitramide (4.8 x 10'"^ M) i n aqueous 
s o l u t i o n a t 25^C 

2.0 210 
3.0 210 
5.0 220 

Medium 
O.OIM HCl 
O.OOIM HCl 
acetate 
b u f f e r 

A \nm max ̂  e \1 mol'"*" cm'"'" max ̂  
7550 
7630 
6860 

t r i s 
b u f f e r 7.0 225 7480 

t r i s 
b u f f e r 9.0 225 6860 

O.OOIM NaOH 11.0 
O.OIM NaOH 12.0 
O.IM NaOH 13.0 

225 
225 
225 

7280 
7480 
7690 

Note t h a t A „ undergoes a hvpsochromic s h i f t i n acid max ° -
s o l u t i o n from i t s value i n n e u t r a l s o l u t i o n , t o a value very 
close t o t h a t observed f o r the primary decomposition product 
of DPT i n a c i d i c s o l u t i o n . The values of G„„^ are close t o 
the value of 7000 1 mol"'^ c m ' p r e d i c t e d e a r l i e r f o r primary 
nitroamine groups, and at approximately 7500 1 mol cm 
are roughly h a l f those of an a c i d i c s o l u t i o n of DPT of the 
same c o n c e n t r a t i o n , presenting the p o s s i b i l i t y t h a t i n acid 
s o l u t i o n two equivalents of nitramide are formed from one 
eq u i v a l e n t of DPT. 

95 -



4.5.2 K i n e t i c analysis of the decomposition of nitramide i n 
aqueous s o l u t i o n 

I t has been sta t e d e a r l i e r t h a t nitramide decomposes t o 
n i t r o u s oxide and water i n aqueous s o l u t i o n . The observed 
r a t e c o e f f i c i e n t s f o r t h i s process over a range of pH are 
given i n Table 4.12. I n some cases c a t a l y s i s by b u f f e r 
components was observed and k̂ |̂ g has been extrapolated back 
t o zero b u f f e r concentration. 

Table 4.12 Observed r a t e c o e f f i c i e n t s f o r the decomposition 
of nitramide (4.8 x 10"'^ M) i n aqueous s o l u t i o n 
at 25^C 

Medium 

0.0IM HCl 
O.OOIM HCl 
acetate 
b u f f e r 

wavelength decom-
pH p o s i t i o n measux"ed 

at \nm 
2.0 210 
3.0 210 
5.0 220 

^obs 
6.0 X 10 

\sec' 
-5 
-5 4.6 X 10 

extrapolates 
t o zero 

t r i s 
b u f f e r 7.0 225 extrapolates 

t o zero 

t r i s 
b u f f e r 9.0 225 extrapolates 

t o zero 

O.OOIM NaOH 11.0 
O.OIM NaOH 12.0 
O.IM NaOH 13.0 

225 
225 
225 

4.0 10" 
5.0 X 10" 

0.55 

A p l o t of log^o^^obs ' shown i n Figure 4.5. 
shows no s i m i l a r i t y w i t h the comparable p l o t f o r the 
decomposition of MDNA (Figure 4.3). 

This 
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Figure 4.5 A p l o t of log^^Qk^^^g vs. pH f o r the decomposition 
of nitramide at 25^C 
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The increase i n the r a t e of decomposition w i t h increasing 
base conc e n t r a t i o n i s p a r t i c u l a r l y i n t e r e s t i n g . The 
g e n e r a l l y accepted mechanism f o r nitramide decomposition 
in v o l v e s i s o m e r i s a t i o n of s t r u c t u r e (4.8) t o i t s acz-nitro 
form ( 4 . 9 ) , followed by e l i m i n a t i o n of H* and HO' from t h i s 
species by att a c k of base on the N-H proton, as shown i n 
Equations (4.3) and ( 4 . 4 ) . 

H n OH 
N W . N = N 

( 4 ^ ) ( 4 ^ ) 

Eqn. (4.3) 

r*0H >/ 
N = N > BH* + NNO + HO- Eqn. (4.4) 

H 0-

This mechanism reciuires the ra t e of r e a c t i o n t o be 
independent of [HO'] i n s o l u t i o n where ni t r a m i d e , f o r which 

20 pK^ =6.55, i s e s s e n t i a l l y completely ioni s e d . The a 
observation t h a t k , increases i n d i r e c t p r o p o r t i o n w i t h 

0 o s 
20 

[HO"] i s i n agreement w i t h the work of Kresge and Tang. 
They also found t h a t i n s t r o n g l y basic b u f f e r s the system 
shows simple general base c a t a l y s i s , and not the s p e c i f i c 
hydrogen ion-general base c a t a l j ' s i s p r e d i c t e d by Equations 
(4.3) and ( 4 . 4 ) . These r e s u l t s suggest two p a r a l l e l 
decomposition pathways as o u t l i n e d i n Scheme 4.6. 
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Namely: ( i ) the t r a d i t i o n a l general base catalysed r e a c t i o n 
of a c 2 - n i t r a m i d e , and ( i i ) the general base catalysed 
decomposition of the nitramide anion. 

NH2 NO2 

H* + NHNO, 
NHNOo H 

( i ) Base Base 
• N.,0 + HoO i 

( i i ) 

Scheme 4.6 

I t was not i c e d t h a t the decomposition of nitrajmide i n 
O.OIM-hydrochloric aci d gave k^^^ = 6.0 x 1 0 " ^ sec'"'", which 

22 - 5 -1 i s i n agreement w i t h an e a r l i e r value of 5.0 x 10 sec , 
and i s very s i m i l a r t o the ra t e of the secondary decompos­
i t i o n of DPT i n O.OIM-hydrochloric a c i d , g i v i n g 

5 1 
•'̂ obs = •5-0 1 0 ' sec' . Indeed, i f the r e s u l t s (UV spectra 
and r a t e c o e f f i c i e n t s ) f o r the decomposition of the 
intermediate formed from the primary decomposition of DPT i n 
aci d s o l u t i o n are compared w i t h those f o r nitramide over the 
same pH range, as shown i n Table 4.13. i t i s seen t h a t they 
c o r r e l a t e remarkably w e l l . This provides good evidence t h a t 
the intermediate formed i n acid s o l u t i o n i s nitramide 
i t s e l f . 
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Table 4.13 Comparison of the UV spectra and ra t e 
c o e f f i c i e n t s f o r decomposition of nitramide 
and of intermediate i n acid s o l u t i o n at 25°C 

Medium 
A \nm max ̂  

Nitramide Intermediate a 

^bs\^^^'^ 

HCl (0.01 M) 210 6 .0 X 10" 5 210 5 .0 X 10' 5 

HCl (0.001 M) 210 4 .6 X 10' 5 210 4 .3 X 10' 5 

ac e t a t e ^ (pH 5) 220 1 .8 X 10" 3 220 1 .5 X 10' 3 

t r i s ^ (pH 7) 225 9 .0 X 10" 3 225 8 .6 X 10" 3 

t r i s ^ (pH 9) 225 1 .4 X 10" 2 225 1 .2 X 10' 2 

NaOH (0.001 M) 225 4 .0 X 10" 3 225 4 .0 X 10' 3 

NaOH (0.01 M) 225 5 .0 X 10' 2 225 5 .0 X 10" 2 

NaOH (0.1 M) 225 0 .55 225 0 .53 

a. Prepared from r e a c t i o n of DPT w i t h O.OIM-HCl. 
b. Strong b u f f e r c a t a l y s i s i s observed, values quoted f o r 
n i t r a m i d e and f o r intermediate r e f e r t o s o l u t i o n s w i t h 
p r e c i s e l y the same b u f f e r composition. I f ex t r a p o l a t e d back 
t o zero b u f f e r concentration the ̂ •alues of k^, ̂  are found t o 

obs 
be zero. 
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4.6 Discussion 
Wright and co-workers proposed t h a t DPT was produced i n 

the Hale r e a c t i o n d i l u t i o n l i q u o r s from dimethylolnitramide 
(4.10) (the formaldehyde-addition product of n i t r a m i d e ) . 

OoN-

CHo OH 

au OH 

(4.10) d i me t hy 1 o 1 n i t r am i d e 

They s t a t e t h a t the precursor of DPT cannot be nitramide 
i t s e l f , based on a b e l i e f t h a t nitramide i s 'notoriously' 
unstable i n a c i d i c s o l u t i o n , but as the r e s u l t s i n Section 
4.5.2 show, the decomposition of nitramide i n acid s o l u t i o n 
i s very slow, having a h a l f - l i f e of ca. 3 hours. I n 
a d d i t i o n t o producing DPT i t s e l f from n i t r a m i d e , 
formaldehyde and aimnonia, as st a t e d e a r l i e r , they also 
produced DPT from n i t r a m i d e , formaldehyde and methylene-
diamine, a compound of s t r u c t u r e (4.11) from nitr a m i d e , 
formaldehyde and ethylenediamine, and the compound (4.4 ) , 
seen e a r l i e r , from n i t r a m i d e . formaldehyde and aqueous 
methylamine. 

Oo N — N N—NOo 
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They gave evidence f o r the possible existence of 
di m e t h y l o I n i t r a m i d e i n an aqueous s o l u t i o n of paraform­
aldehyde and nit r a m i d e . 

Laniberton and co-workers suggest t h a t compounds of the 
type (4.12) behave predominantly as mixtures of nitramide 
((4.13) , R = H) and formaldehyde, through the mechanism 
shown i n Equation ( 4 . 6 ) , but have greater s t a b i l i t y i n 
mi n e r a l acids. 

NOoNRGIaOlI . NlIRNOo + Clio 0 Eqn. (4.5) 

( 4 ^ ) ( 4 ^ 3 ) 

^OH . P-
CH, . CKo . NRNO2 Eqn. (4.6) 

6^̂  \NR—NO.2 " NNR—NO2 + ClIzO 

They propose t h a t compounds of type (4.12) are not 
precursors of type (4.16). but t h a t the r e a c t i o n probably 
proceeds v i a decomposition of (4.12) as shown i n Equation 
( 4 . 5 ) , condensation of l i b e r a t e d formaldehyde w i t h an amine 
(4.14) . Equation (4 . 7 ) . to form (4.15). and union thereof 
w i t h n i t r a m i d e , Equation (4 . 8 ) . 

CH2O + NIIR2 ^ NR2C][2 0 n Eqn. (4.7) 

(4.14) (4.15) 

N R 2 C H 2 O H + NHRNO2 • N02NRCn2NR2 + HoO Eqn. (4.8) 

( 4 ^ ) 
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Myers and Wright^'* however, favour d i r e c t condensation of 
(4.12) and (4.14) t o form (4.16). Lamberton proposes the 
decomposition of (4.16) i n water t o y i e l d formaldehyde and 
s a l t s of the nitramide anion w i t h the amino-cation. I n 
a l k a l i (4.16) i s suggested t o y i e l d n i t r a j i i i d e anion and an 
e q u i l i b r i u m mixture of amine, formaldehyde and 
hydroxyraethylamine, and i n acid t o be s t a b i l i s e d , p ossibly 

by formation of NO, NRCII, NlIRo or NHRjCHoOlI . 

This i n f o r m a t i o n , coupled w i t h the r e s u l t s obtained, 
r a i s e s the p o s s i b i l i t y t h a t DPT i s formed, upon 
n e u t r a l i s a t i o n of the d i l u t e d n i t r a t i o n mixture, from 
condensation of free nitramide and formaldehyde t o form 
d i m e t h y l o l n i t r a m i d e , and then the subsequent condensation of 
2 equivalents of d i m e t h y l o l n i t r a m i d e w i t h 1 equivalent of 
methj^lenediaiiiine formed from formaldehyde and ammonia, or 
condensation of 2 equivalents of dime t h y l o l n i t r a m i d e w i t h 2 
equi v a l e n t s of aimiionia t o form the 8-membered unbridged 
s t r u c t u r e (4.17), which then condenses w i t h 1 equivalent of 
formaldehyde t o form DPT. This i s suumiarised i n Scheme 4.7. 

103 



CH2 OH 

NHs NO2 2 CH2O O2 N N 

O 2 N — N 

CII2 OH 

Clio Oil HOCHo 

0, N N N NOo 

N—NOo 

( 4 ^ ) 

CHo Oil lIOClIo 

Cll2(NH2)>v — CH2O + 2NH3 

Clio 0 
-N-

O2N—N CH2 N—NO2 

-N-

Scheme 4.7 

The f a c t t h a t DPT could s t i l l be p r e c i p i t a t e d when 
t r i e t h y l a m i n e was used t o n e u t r a l i s e the d i l u t e d n i t r a t i o n 
m ixture (see Chapter 3. Section 3.3) suggests t h a t ammonia, 
or a formaldehyde condensation product t h e r e o f , must be 
formed from the i n i t i a l degradation of the hexamine, and the 
molecule does not undergo t o t a l N - n i t r a t i o n . The mechanism 
of the i n i t i a l degradation i s not yet known. 

Cooney"''"'" suggested t h a t i n i t i a l cleavage of C-N bonds i n 
DPT could lead t o a primary product which e x i s t s as (4.18) 
i n a l k a l i n e media, (4.20) i n a c i d i c media, and (4.19) at 
intermediate p l l . 
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R 

O 2 N — N — C H 2 — N — C H o — N — N O 2 (4.18) 

R u 
O2 N — N — C H 2 — N — C I I 2 — N — N O 2 (4.19) 

H 
R u 

O2 N — U N — C H 2 — N — C l i o — N i l — N O 2 (4.20) 
II 

The subsequent decomposition of t h i s intermediate might 
lead t o n i t r a m i d e . However, since nitramide i s unstable i n 
a l k a l i n e media i t would not be detected. I t seems probable 
t h a t i f (4.18) e x i s t s i n a l k a l i n e s o l u t i o n , i t decomposes 
r a p i d l y on t r a n s f e r t o a c i d i c s o l u t i o n s t o give nitramide. 
Thus, a d d i t i o n of d i l u t e h y d r o c h l o r i c a c i d t o a s o l u t i o n of 
DPT i n d i l u t e sodium hydroxide gives the same UV spectrum 
normally seen f o r DPT i n a c i d i c media. The r e s u l t s given i n 
t h i s s e c t i o n suggest t h a t (4.20) i s not the species 
u l t i m a t e l y formed from DPT i n a c i d , although i t may e x i s t as 
an intei^mediate. The possible mode of breakdown of DPT i n 
a c i d and base i s suimnarised i n Scheme 4.8, where (B) i s a 
low c o n c e n t r a t i o n ring-opened s t r u c t u r e , conceivably s i m i l a r 
t o (4.18), (4.19) or (4.20). (depending upon the pH), which 
i s i n e q u i l i b r i u m w i t h DPT. Intermediate (A) has been shown 
i n t h i s chapter t o be n i t r a m i d e . 
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k^ acid kr, 
DPT i - , (B) - j ^ ^ (A), NH2NO2 products 

^2 
base 

f a s t 
NH2NO2 • products (NoO + H2O) 

Scheme 4.8 

The nature of the rate-determining step of the second 
stage of the r e a c t i o n changes w i t h pH. I n basic s o l u t i o n , 
decomposition of (B) t o give n i t r a m i d e , which has been shown 
t o decompose r a p i d l y at high pH (see Table 4.12), w i l l be 
rat e - d e t e r m i n i n g . I n acid s o l u t i o n , nitramide decomposition 

11 13 
becomes rate-determining. The work of Cooney ' has shown 
t h a t the change from one mechanism t o the other probably 
occurs a t ca. pH 8-9. 
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CHAPTER 5 

Studies on d i n i t r o s o -
penta.iiiethvlenetetramine 
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5.1 I n t r o d u c t i o n 
I t was seen i n Chapter 1 how n i t r o s a t i o n of hexamine 

n.1) i n aqueous s o l u t i o n , by a d d i t i o n of hyd r o c h l o r i c or 
a c e t i c a c i d and a s o l u t i o n of sodium n i t r i t e ^ y i e l d s the 
eight-membered b i c y c l i c d i n i t r o s o species, DNPT (1.12), or 
the six-membered t r i n i t r o s o species, TMTN (1.11), depending 
upon the pH. There i s p a r t i c u l a r i n t e r e s t i n the eight-
membered d i n i t r o s o compound as a possible intermediate i n 
HMX syn t h e s i s . I t i s l i k e l y t h a t DNPT could undergo f u r t h e r 
n i t r o s a t i o n / n i t r a t i o n and o x i d a t i o n t o give a method of 
product i o n of IIMX economically competitive w i t h the Bachmann 
process. I t i s c l e a r t h a t formation of DNPT from hexamine 
can occur by e i t h e r s e l e c t i v e cleavage of the hexamine 
molecule d u r i n g n i t r o s a t i o n , w i t h the basic r i n g s t r u c t u r e 
remaining i n t a c t , or v i a cleavage t o simple fragments, 
f o l l o w e d by n i t r o s a t i o n and recombination, the nature of the 
products presumably being determined by which p a r t i c u l a r 
mechanistic route i s followed. I t was t h e r e f o r e decided t o 
study the mechanisms of formation and decomposition of DNPT. 
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5.2 Mechanistic studies using ^^N-compounds 
E a r l i e r work on the mechanisms of a c e t y l a t i o n of hexamine 

t o DAPT (1.6)? n i t r a t i o n of hexamine t o DPT, and n i t r a t i o n 
of DAPT t o DADN (1_^) (Chapter 3 and Reference 3) , using 
mixtures of ̂''N- and ̂  ̂  N-compounds as s t a r t i n g m a t erials 
gave valuable i n s i g h t s i n t o the mechanisms of these 
r e a c t i o n s , and thus i t was decided t o use a s i m i l a r 
technique t o study the n i t r o s a t i o n of hexamine t o DNPT. 

^^N-hexamine was prepared, as described i n Chapter 2, 
from ^^NH3 (99% i s o t o p i c abundance). The experiment 
i n v o l v i n g n i t r o s a t i o n of a mixture of ̂''N- and ^^N-hexamine 
was conducted by f o l l o w i n g the method of Bachmann and Deno"̂  
described i n Chapter 2. f o r the preparation of ̂'*N-DNPT. 
0.25 g (1.79 nmiol) ^ ̂  hexamine and 0.25 g (1.74 nmiol) 
^^N-hexamine ( o v e r a l l atomic r a t i o '̂̂ Nĉ N̂ = 100:96) was 
used t o give the mixed '̂'N/̂ -̂ N product. 

The best method of mass spectrometric analysis was found 
t o be El e c t r o n Impact. A sample of DNPT prepared from 
hexamine w i t h n i t r o g e n i n n a t u r a l abundance showed only a 
small parent peak (186), but a fragment of mass 170, 
corresponding t o loss of a s i n g l e oxygen atom, was 
prominent, and gave M+1 and M+2 peaks whose i n t e n s i t i e s were 
close t o those p r e d i c t e d t h e o r e t i c a l l y , as shown i n 
Table 5.1. 
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Table 5.1 Mass spectrometric data f o r ̂ N̂-DNPT 
Peak i n t e n s i t i P R 

M M+1 M+2 
100 10.4 2.0 
100 8.0 1.1 

t h e o r e t i c a l (M = 186) 
observed (M = 170) 

The data i n Table 5.2 f o r DNPT prepared from the mixture 
of '̂̂ N- and ̂ ^N-hexamine correspond t o masses 170-174, and 
have been c o r r e c t e d f o r M+1 and M+2 peaks due t o n a t u r a l l y 
o c c u r r i n g ^ C and ^^N. 

Table 5.2 Re l a t i v e i s o t o p i c composition of DNPT prepared 
by n i t r o s a t i o n of a mixture of ̂^N- and 
^ ̂  N-hexamine 

M M+1 M+2 M+3 M+4 
P4N4] P^Ngis^j [ 1 4 N 2 I 5 N 2 ] P^Ni^SNa] ['^^AI 

lelHl 100 40 14 43 69 
s e l e c t i v e ^ 100 0 0 4 93 
random^ 100 390 564 352 81 

a. c a l c u l a t e d d i s t r i b u t i o n f o r s e l e c t i v e cleavage of 
methylene bridge. 
b. c a l c u l a t e d f o r random i s o t o p i c d i s t r i b u t i o n . 
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I t can be seen t h a t the most abundant species are those 
c o n t a i n i n g the i s o t o p i c a l l y pure P^N4] and [^'*N4] 
compositions. Thus the predominant mechanism of n i t r o s a t i o n 
i n v o l v e s cleavage of a methylene bridge of the hexamine 
molecule, w i t h the r i n g s t r u c t u r e remaining i n t a c t . The 
small q u a n t i t i e s of DNPT containing a 3:1 i s o t o p i c r a t i o 
i n d i c a t e s the presence of a minor pathway i n v o l v i n g cleavage 

2 
to a species c o n t a i n i n g three r i n g n i t r o g e n s . 

Comparing the present case of n i t r o s a t i o n of hexamine 
2 

w i t h t h a t of a c e t y l a t i o n , i t appears t h a t when re a c t i o n i s 
c a r r i e d out under m i l d conditions and i n media which are not 
h i g h l y a c i d i c , then l i t t l e r i n g cleavage i s observed, and 
the major products contain the eight-membered r i n g 
s t r u c t u r e . I n c o n t r a s t , under more severe conditions and at 
higher a c i d i t y , as i n the n i t r a t i o n process (Chapter 3 and 
Reference 3 ) , extensive cleavage occurs followed by 
recombination of fragments which p r e f e r e n t i a l l y form 
six-membered r i n g s . The observation of Bachmann and Deno"̂  
t h a t the a c i d i t y of the n i t r o s a t i n g medium determines 
whether the major product i s the eight-membered DNPT (1.12) 
or the six-membered TMTN (1.11) i s s i g n i f i c a n t , since t h i s 
i s compatible w i t h a general mechanism, Scheme 3.1, proposed 
e a r l i e r , f o r r e a c t i o n of hexamine w i t h e l e c t r o p h i l e s , i n 
which the course of re a c t i o n depends on the r a t e of 
h y d r o l y s i s of the H 2 C=N* group compared t o cleavage of 
other C—N bonds. 

During a c e t y l a t i o n and n i t r o s a t i o n r e a c t i o n s c a r r i e d out 
i n the presence of water, and i n m i l d l y a c i d i c c o n d i t i o n s , 
h y d r o l y s i s w i l l e l i m i n a t e formaldehyde t o give a species 
which r e a d i l y reacts f u r t h e r w i t h e l e c t r o p h i l e s y i e l d i n g 
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eight-membered products. However, at the higher a c i d i t y and 
low water concentrations employed i n the n i t r a t i o n process, 
the h y d r o l y s i s of the H2C=N* group, i n v o l v i n g a t t a c k by 
water and proton e l i m i n a t i o n f ' ^ w i l l be more d i f f i c u l t , so 
t h a t cleavage of other C—N bonds becomes p r e f e r e n t i a l . 

5.3 The decomposition of DNPT i n aqueous s o l u t i o n s 
The decomposition of DNPT i n aqueous s o l u t i o n s was 

examined by monitoring the fade i n UV absorbance at 225 nm 
(A^^^ , = 228 nm, e = 10,100 1 mol'""" cm""'"). DNPT was found to 
be s t a b l e i n n e u t r a l or a l k a l i n e media f o r prolonged periods 
of t i m e , but i n acid s o l u t i o n s an accurately f i r s t - o r d e r 
process was observed, r e s u l t i n g i n complete f a d i n g of the UV 
absorbance. The v a r i a t i o n of the observed r a t e c o e f f i c i e n t , 
^obs '̂̂ '̂ •̂  a c i d i t y was measured i n aciueous hydrogen c h l o r i d e 
( i . e . HCl i n HoO) and aqueous deuterivnn c h l o r i d e ( i . e . DCl 
i n D o O ) , and gave the r e s u l t s shown i n Tables 5.3 and 5.4 
r e s p e c t i v e l y . 

I t i s known t h a t i n d i l u t e s o l u t i o n s the a c i d i t y 
f u n c t i o n f o r the DCl/DoO system i s i d e n t i c a l t o t h a t f o r 
HCI / H 2 O . At acid concentrations less than 0.2 M there i s a 
curved dependence of log(k^l^g) on 11̂  (see Figure 5.1) which 
i s c o n s i s t e n t w i t h r a t e determining decomposition of the 
protonated s u b s t r a t e , as shown i n Equation (5 . 1 ) . 
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Table 5.3 Observed r a t e c o e f f i c i e n t s f o r the decomposition 
of DNPT (4 X 10"^ M) i n HCI /H2O measured at 25°C 

[HCl]\mol 1'"^ ^ b s \ ^ ' ^ 
0.001 6.0 X 10'^ 
0.002 1.2 X 10'^ 
0.003 2.0 X 10'"^ 
0.004 2.2 X 10""^ 
0.005 2.9 X 10'^ 
0.006 3.2 X 10'^ 
0.007 3.6 X 10'"^ 
0.008 4.4 X 10' 

0.01 5.1 X 10'"^ 
0.02 0.011 
0.03 0.011 
0.04 0.016 
0.05 0.018 
0.06 0.022 

0.08 0.026 
0.10 0.022 

0.20 0.036 
0.50 0.083 
1.00 0.22 
1.50 0.69 
2.00 1.27 
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Table 5.4 Observed r a t e c o e f f i c i e n t s f o r the decomposition 
of DNPT (4 X 10"^ M) i n DCI /D2O measured at 25°C 

[DCl]\mol 1"-^ ^obs\^'^ 
0.001 2.0 X 10'^ 
0.002 3.5 X 10'"^ 
0.003 6.2 X 10""^ 
0.004 7.9 X 10'^ 
0.005 8.7 X 10'^ 
0.006 8.9 X 10' 
0.007 0.010 
0.01 0.012 
0.02 0.020 
0.03 0.023 
0.04 0.023 
0.05 0.036 
0.06 0.041 
0.08 0.047 
0.10 0.056 
0.20 0.087 
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Figure 5.1 A c i d i t y dependence of k̂ ^̂ ^ f o r decomposition of 
DNPT at 25^C i n aqueous hydrochloric acid (x) 
and i n deuterium c h l o r i d e i n deuterium oxide 
( o ) : 
l i n e A ( ) i s c a l c u l a t e d from Equation 
(5.2) w i t h k = 0.05 sec"""", K = 11.4 1 mol'"*"; 
l i n e B ( ) i s ca l c u l a t e d from Equation 
(5.2) w i t h k = 0.05 sec'"'", K = 40 1 mol""'" 

CO o 

0 

Hr 
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DNPT + H* . ̂  • DNPTir — p r o d u c t s Eqn. (5.1) 

[DNPT] + [DNFTir] + [products] = constant 
;DNPT]r ] = K [DNPT] [ i r ] 

t h e r e f o r e [DNPT] + K[DNPT][ir] + [products] = constant 

;DNPT] 1 + K [ H * ] + [products] = constant 

d [DNPT] 
dt 1 + K [ r ; d [products] _ ̂  

^ dt - ̂  

r a t e = k + -| _ d [products] 
J ~ dt 

d [products] ^ ^p^-p^j [-jj. J 

t h e r e f o r e 1 + K [ ] r ] + kK[DNPT] [IV] = 0 

and -dIMm = k„,JDNPT] obs 

-k^^g[DNPT] 1 + K [ r ] + kK[DNPT][H*] = 0 

k obs 
k-K [11̂  ] 

1 + K [ i r ; 

expressing i n terms of an a c i d i t y f u n c t i o n : 

kKh 
k obs 1 + Kh Eqn. (5.2) 

Scheme 5.1 

l i s 



Figure 5.1 shows t h a t at acid concentrations less than 
0,2 M there i s a good f i t w i t h the t h e o r e t i c a l equation 
(5.2) f o r HCI/H2O when k = 0.05 s"""-, K = 11.4 1 mol""'^, and 
f o r DCI/D2O when k = 0.05 s'-"-; K = 40 1 mol"-"-. The 
i d e n t i c a l values f o r k obtained i n water and deuterium oxide 
are c o n s i s t e n t w i t h t h i s step i n v o l v i n g C—N bond cleavage. 
However, the hydronation constant, K, i s 3.5 times greater 
i n deuterium oxide than i n water, t h i s higher b a s i c i t y being 
i n agreement w i t h the l i t e r a t u r e values f o r other nitrogen 
bases. 

A f e a t u r e t h a t i s observed here w i t h the d i n i t r o s o 
d e r i v a t i v e , but i s not observed w i t h the corresponding 

8 9 d i a c e t y l or d i n i t r o d e r i v a t i v e , i s t h a t at higher 

a c i d i t i e s values of k̂ ĵ-̂ g ai^P higher than p r e d i c t e d by 
Equation ( 5 . 2 ) . This i s i n t e r p r e t a b l e i n terms of p a r t i a l 
d i - h y d r o n a t i o n of DNPT i n acid media more concentrated than 
0.2 M. 

5.3.1 Determination of formaldehvde l i b e r a t e d during the 
decomposition of DNPT i n acid media 

I t was thought t h a t DNPT would produce formaldehyde when 
i t undergoes decomposition i n acid media, and t h i s was 
confirmed when n e u t r a l i s a t i o n of a r e a c t i o n i n 
IM-hydrochloric acid p r e c i p i t a t e d 2.8 ec^uivalents of 
formaldehyde-dimedone adduct'^^ (see Chapter 2 ) . I n a 
c o n t r o l experiment, n e u t r a l i s a t i o n of 5 equivalents of 
formaldehyde and 2 equivalents of aimnonia i n s i m i l a r a c i d i c 
medium y i e l d e d 3.6 eciuivalents of dimedone-adduct. Thus i t 
i s shown t h a t some condensation of formaldehyde and aiimionia 
occurs i n n e u t r a l s o l u t i o n . 
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During the decomposition of DPT, nit r a m i d e , NH2NO2, has 
been shown^ t o be an intermediate i n acid s o l u t i o n . No 
intermediates were observed dur i n g the decomposition of 
DNPT, but, however, i t i s known''""'" t h a t nitrosainine, NHoNO, 

12 

decomposes very r a p i d l y i n acid media to give nitrogen and 
water. Nitrosamine cannot, t h e r e f o r e , be rul e d out as an 
intermediate species during the decomposition of DNPT. 
Combined w i t h the formaldehyde determination our r e s u l t s are 
co n s i s t e n t w i t h Scheme 5 . 2 . the ra t e determining step being 
C—N bond cleavage i n the hydronated substrate. 

DNPT . DNPTir • 2NII0NO + 5CHoO + 2NH. 

2N , + 211., 0 

Scheme 5 .2 
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CHAPTER 6 

Studies on the decomposition of 
3.7-bis(arylazo)-1.3. 5.7-tetraaza-

bicyclo[3.3.1]nonanes i n acid s o l u t i o n 
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6.1 I n t r o d u c t i o n 
The formation of 3,7-bis(arylazo)-1,3,5,7-tetraaza-

bicyclo[3.3.1]nonanes (1.14) by diazonium coupling w i t h 
hexamine (1.1) was described i n Chapter 1. Although the 
compounds themselves are of no d i r e c t m i l i t a r y use, i t was 
decided t h a t i t might be u s e f u l t o compare t h e i r behaviour 
i n various media w i t h t h a t of DPT ( 1 ^ ) , DNPT (1.12) , and 
DAPT ( 1 . 6 ) , since a l l are based on the same b i c y c l i c r i n g 
s t r u c t u r e w i t h electron-withdrawing groups on the 
3,7-nitrogens. 

6.2 UV spectra of bis(arvla.zo) compounds 
3,7- bis(p-chlorophenylazo)-1,3,5,7-tetraazabicyclo-

[3.3.1]nonane (6.1) and 3,7-bis(p-ethoxycarbonylphenylazo)-
1,3,5,7-tetraazabicyclo[3.3.1]nonane (6.2) were synthesised 
by the method of Reference 3, described i n Chapter 2. 

0>—N=N—N 

-N-

CHo 

N — 

-N=N^O 

(6.1) X = CI 
(6.2) X = COaEt 

The p-chloro d e r i v a t i v e (6.1) was found t o be stable as a 
- 3 

10 M stock s o l u t i o n i n a c e t o n i t r i l e , as was the p-ethoxy-
carbonyl d e r i v a t i v e ( 6 . 2 ) . Data f o r the UV absorbance 
maxima of these compounds and the corresponding a n i l i n e s 
from which they were formed are given i n Table 6.1. 
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Table 6.1 UV data f o r b i s ( a r y l a z o ) compounds and 
corresponding a n i l i n e s i n a c e t o n i t r i l e at 25°C 

Compound 

( 6 ^ ) 

A\nm 
224 
285 
310 

e \ l mol'"'" cm "'" 
15,700 
30,600 

shoulder 

p - c h l o r o a n i l i n e 247 
301 

13,100 
1,800 

( 6 ^ ) 228 
305 
340 

13,700 
35,300 

shoulder 

p-ethoxycarbonyl-
a n i l i n e 

220 

285 

10,200 

22,250 

Compounds (6.1) and (6.2) were seen t o p r e c i p i t a t e out of 
s o l u t i o n when the a c e t o n i t r i l e stock was added t o 100% 
aqueous media, and thus a l l r e a c t i o n s had t o be c a r r i e d out 
i n a medium c o n t a i n i n g a high percentage of a c e t o n i t r i l e . 
On a d d i t i o n of small q u a n t i t i e s of water or aqueous sodium 
hydroxide t o a c e t o n i t r i l e s o l u t i o n s of (6.1) and (6.2) the 
r e s u l t i n g UV spectrum was stab l e over a period of several 
hours, and was comparable w i t h t h a t of the compounds i n 
a c e t o n i t r i l e only. However, a d d i t i o n of small q u a n t i t i e s of 
s u l p h u r i c a c i d , both aqueous and i n a c e t o n i t r i l e only, 
r e s u l t e d i n a s h i f t of the absorbance at ca. 300 nm to 
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ca. 290 nm i n the case of (6.2 ) , and a fading of the 
absorbance f o r both compounds. An increase i n the 
absorbance at ca. 225 nm was seen f o r (6.1) and (6.2), to 
u l t i m a t e l y give a spectrum very s i m i l a r to t h a t of the 
parent a n i l i n e i n the same medium i n each case. 

I n i t i a l attempts t o measure the ra t e of decomposition of 
(6.1) and (6.2) i n sulphuric a c i d / a c e t o n i t r i l e s o l u t i o n s 
were complicated by the occurrence of an 'ageing' e f f e c t , i n 
which the acid s o l u t i o n s appeared t o change concentration 
over the period of a day. This was ind i c a t e d by marked 
in c o n s i s t e n c i e s i n the observed r a t e c o e f f i c i e n t s calculated 
f o r r e a c t i o n i n the same medium measured at d i f f e r i n g times. 

A 

This e f f e c t has been observed by other workers, and i t has 
also been shown t h a t sulphuric acid i s incompletely 
d i s s o c i a t e d i n a c e t o n i t r i l e f Because of these f a c t o r s , i t 
was decided t o use p e r c h l o r i c a c i d / a c e t o n i t r i l e s o l u t i o n s 
f o r f u r t h e r work, since p e r c h l o r i c acid i s completely 

4 5 

d i s s o c i a t e d i n a c e t o n i t r i l e . ' ' No ageing e f f e c t was 
observed f o r these s o l u t i o n s . 

The UV spectra of (6.1) and (6.2) i n p e r c h l o r i c 
a c i d / a c e t o n i t r i l e were i n agreement w i t h those measured i n 
s u l p h u r i c a c i d / a c e t o n i t r i l e , showing the compounds to 
decompose i n the acid s o l u t i o n s t o u l t i m a t e l y give a 
spectrum s i m i l a r t o t h a t of the corresponding a n i l i n e i n the 
same medium. 
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6.3 K i n e t i c data f o r the decomposition of 3.7-bisTp-ethoxy-
carbonvlphenvlazo)-1.3.5.7-tetraazabicvclo[3.3.1]nonane i n 
a c i d s o l u t i o n 

UV spectra of the decomposition of ( 6 ^ ) i n p e r c h l o r i c 
acid/'pure' a c e t o n i t r i l e s o l u t i o n s , containing 0.05% water 
showed the process to occur i n two d i s t i n c t stages. 
Figure 6.1 shows the rapid decrease i n absorbance at 290 nm, 
t o form a species at ca. 270 nm, v i a no observable 
i n t e r m e d i a t e s . Figure 6.2 i l l u s t r a t e s how t h i s species 
undergoes a much slower decomposition, wi t h a decrease i n 
absorbance at 270 nm, and a corresponding increase at ca. 
220 nm. 

I t was found t h a t a d d i t i o n of water t o the r e a c t i o n 
medium at a concentration of 1-5% r e s u l t e d i n the absorbance 
a t 290 nm f a d i n g i n a si n g l e process, as can be seen i n 
Figure 6.3. 
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Figure 6.1 Successive UV spectra, taken at 15 second 
i n t e r v a l s , t o i l l u s t r a t e the i n i t i a l 
decomposition of (6_^) (4 x 10"^ M) i n O.OOIM-
p e r c h l o r i c a c i d / a c e t o n i t r i l e s o l u t i o n s 
c o n t a i n i n g 0.05% water at 25°C 

Abs 

0.2 

0.0 

200 250 300 350 400 

A (nm) 
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Figure 6.2 Successive UV spectra, taken at 2 minute 
i n t e r v a l s , t o i l l u s t r a t e the i n i t i a l 
decomposition of ( 6 ^ ) (4 x 10"^ M) i n O.OOIM-
p e r c h l o r i c a c i d / a c e t o n i t r i l e s o l u t i o n s 
c o n t a i n i n g 0.05% water at 25°C 

Abs 

A (nm) 

0.0 
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Figure 6.3 Successive UV spectra, taken at 30 second 
i n t e r v a l s , t o i l l u s t r a t e the s i n g l e step 
decomposition o f ( 6 ^ ) (4 X 10'^ M) i n O.OOIM-
p e r c h l o r i c a c i d / a c e t o n i t r i l e s o l u t i o n s 
c o n t a i n i n g 1% water at 25°C 

Abs 

A (nm) 

400 
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Table 6.2 shows the a c i d i t y dependence of the observed, 
separable, f i r s t order rate c o e f f i c i e n t s f o r the two step 
decomposition of (6.2) i n p e r c h l o r i c a c i d / a c e t o n i t r i l e 
s o l u t i o n s c o n t a i n i n g 0.05% water, measured as fading UV 
absorbances at 300 nm and 270 nm. Tables 6.3-6.7 show the 
observed f i r s t order r a t e c o e f f i c i e n t s f o r the s i n g l e step 
decomposition of (6.2) i n p e r c h l o r i c a c i d / a c e t o n i t r i l e 
s o l u t i o n s c o n t a i n i n g 1-5% water, measured as a fading UV 
absorbance at 300 nm. 

Table 6.2 Observed ra t e c o e f f i c i e n t s f o r the decomposition 
of ( 6 ^ ) (4 x 10"^ M) i n p e r c h l o r i c a c i d / 
a c e t o n i t r i l e s o l u t i o n s c o n t a i n i n g 0.05% water at 
25^C 

[HC104]\mol 1'^ ^obs,l\^®^'^ ^bs,2\^^^ 
-1 

'measured at" 'measured at" 
300 nm 270 nm 

0.001 0.038 1.0 X 10'*^ 

0.002 0.057 1.2 X 10'^ 

0.003 0.080 1.1 X 10'^ 

0.004 0.11 1.1 X 10'^ 

0.005 0.11 9.5 X 10-4 

0.006 0.10 1.1 X 10'^ 

0.007 0.12 1.3 X 10"^ 

0.008 0.10 1.3 X lO'"^ 

0.009 0.10 1.3 X 10"^ 

I t can be seen from these r e s u l t s t h a t k^^g 2 
independent of acid concentration. 

i s 
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Table 6.3 Observed r a t e c o e f f i c i e n t s f o r the decomposition 
of (6.2) (4 X 10"^ M) i n p e r c h l o r i c a c i d / 
a c e t o n i t r i l e s o l u t i o n s c o n t a i n i n g 1% water 
at 25°C 

-1 [HC104]\mol 1'^ ^ b s \ ^ ^ ^ 
0.001 0.013 
0.002 0.016 
0.003 0.016 
0.004 0.019 
0.005 0.018 
0.006 0.019 
0.007 0.019 
0.008 0.022 

0.009 0.022 
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Table 6.4 Observed r a t e c o e f f i c i e n t s f o r the decomposition 
of ( 6 ^ ) (4 X 10"^ M) i n p e r c h l o r i c a c i d / 
a c e t o n i t r i l e s o l u t i o n s containing 2% water 
at 25°C 

;HC104]\mol 1'^ k^^gXsec'^ 

0.001 0.013 
0.002 0.018 
0.003 0.020 
0.004 0.023 
0.005 0.024 
0.006 0.026 
0.007 0.024 
0.008 0.027 
0.009 0.029 
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Table 6.5 Observed r a t e c o e f f i c i e n t s f o r the decomposition 
of ( 6 ^ ) (4 X 10"^ M) i n p e r c h l o r i c a c i d / 
a c e t o n i t r i l e s o l u t i o n s c o n t a i n i n g 3% water 
at 25°C 

[HC104]\mol 1'^ k„K^\sec' obs ̂  
0.001 6.7 X 10 
0.002 0.011 
0.003 0.013 
0.004 0.018 
0.005 0.017 
0.006 0.018 
0.007 0.020 
0.008 0.021 

-3 
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Table 6.6 Observed ra t e c o e f f i c i e n t s f o r the decomposition 
of ( 6 ^ ) (4 X 10'^ M) i n p e r c h l o r i c a c i d / 
a c e t o n i t r i l e s o l u t i o n s containing 4% water 
at 25°C 

[}IC104]\mol k^j^g\sec-^ 
0.001 3.2 X 10 
0.002 6.8 X 10"^ 
0.003 9.8 X 10"^ 
0.004 0.013 
0.005 0.013 
0.006 0.015 
0.007 0.017 
0.008 0.018 
0.009 0.020 
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Table 6.7 Observed r a t e c o e f f i c i e n t s f o r the decomposition 
of ( 6 ^ ) (4 X 10'^ M) i n p e r c h l o r i c a c i d / 
a c e t o n i t r i l e s o l u t i o n s c o n t a i n i n g 5% water 
at 25^C 

[IIC104]\mol 1"^ k^^g\sec"^ 
0.001 2.4 X 10 
0.002 4.8 X 10'^ 
0.003 6.4 X 10'"^ 
0.004 8.3 X 10"^ 
0.005 8.8 X 10'"^ 
0.006 0.011 
0.007 0.012 
0.008 0.013 
0.009 0.013 
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Table 6.8 shows the e f f e c t of v a r y i n g the water 
c o n c e n t r a t i o n at a f i x e d acid concentration on the observed 
r a t e c o e f f i c i e n t s . Notice t h a t two d i s t i n c t processes are 
observable i n the decomposition of (6.2) up to a water 
c o n c e n t r a t i o n of 0.3 7o. 

Table 6.8 Observed r a t e c o e f f i c i e n t s f o r the decomposition 
of ( 6 ^ ) (4 X 10"^ M) i n 0.005M-perchloric a c i d / 
a c e t o n i t r i l e s o l u t i o n s of v a r y i n g water 
concentration at 25^C 

I H20 ^^l,obs\^^^"^ k2,obs\^^^"^ 
0.05 0.11 1.2 X 10'"^ 
0.1 0.021 2.1 X 10' 
0.2 0.017 3.6 X 10'*^ 
0.3 0.017 5.4 X 10'^ 
1 0.018 -

2 0.022 -

3 0.016 -

4 0.010 -

5 7.4 X 10' _ 

- 136 



By making a comparison w i t h the decomposition processes 
p r e v i o u s l y observed f o r other 3,7-substituted b i c y c l o -
nonanes, such as DPT (1.5) and DNPT (1_J^) , i t i s possible 
t o i n t e r p r e t these r e s u l t s i n terms of Scheme 6.1, where 
and k2 are the respective r a t e c o e f f i c i e n t s f o r the f a s t and 
slow decomposition processes observed i n p e r c h l o r i c acid/ 
a c e t o n i t r i l e s o l u t i o n s containing less than 1% water. The 
f i n a l decomposition product i s shown as the a n i l i n e , since 
t h i s i s suggested from comparison of UV spectra, as 
described e a r l i e r . 

ArN 
k 2 
H9O 

ArNH-i 

Scheme 6.1 

I n any acid medium P i s l i k e l y t o undergo a r a p i d 
e q u i l i b r i u m p r o t o n a t i o n on one of the the r i n g amino 
n i t r o g e n atoms f o l l o w e d by r i n g cleavage, t o form a 
protonated ring-opened intermediate, RH*. I t i s proposed 
t h a t a t low water concentration k^ i s l a r g e r than k2, the 
second stage of decomposition being water dependent, and 
thus two processes are observed, w i t h an i n i t i a l f a s t 
ring-opening r e s u l t i n g i n formation of an observable 
i n t e r m e d i a t e , which undergoes a subsequent slow 
decomposition t o the a n i l i n e . When water i s present at a 
con c e n t r a t i o n above 1% the second process becomes f a s t e r 
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than the f i r s t , i . e . > , and thus the intermediate and 
associated second decomposition process are not observed. 

I f one t r e a t s the two decomposition processes as separate 
r e a c t i o n s , as i s reasonable when there i s a large d i f f e r e n c e 
i n r a t e s , i t i s possible t o derive the equations given 
below. 

For the f i r s t process: 

k,K„, [ i r ] 

(see Scheme 5.1 f o r d e r i v a t i o n ) 

For the second process 

l^obs,2 = '̂ 2 E l " - (6-2) 

Tables 6.9-6.14 compare the observed r a t e c o e f f i c i e n t s 
f o r the i n i t i a l decomposition of (6.2) i n acid s o l u t i o n s of 
v a r y i n g water concentration w i t h those c a l c u l a t e d from 
Equation (6.1) using the values of k^ and Kjj+ given w i t h 
each t a b l e . 
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Table 6.9 Comparison of observed and c a l c u l a t e d r a t e 
c o e f f i c i e n t s f o r the i n i t i a l decomposition of 
(6.2) (4 X 10'^ M) i n p e r c h l o r i c a c i d / 
a c e t o n i t r i l e s o l u t i o n s c o n t a i n i n g 0.05% water 

[HC104]\mol 1-1 ^ b s , l \ ^ ^ ^ ' ' k^bs,calc\«^^'' 
0.001 0.038 0.041 
0.002 0.057 0.060 
0.003 0.080 0.071 
0.004 0.11 0.078 
0.005 0.11 0.083 
0.006 0.10 0.086 
0.007 0.12 0.089 
0.008 0.10 0.091 
0.009 0.10 0.093 

a. c a l c u l a t e d from Equation (6.1) using values of 
k^ = 0.11 sec'-^, Kjj+ = 600 1 mol'-*-

I t can be seen from Table 6.9 t h a t the values of ̂ -̂̂ ^ ̂  
have reached a l i m i t i n g value r a t h e r more q u i c k l y than i s 
p r e d i c t e d by c a l c u l a t i o n . This phenomenon remains 
unexplained. 
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Table 6.10 Comparison of observed and cal c u l a t e d r a t e 
c o e f f i c i e n t s f o r the i n i t i a l decomposition of 
(6.2) (4 X 10'^ M) i n p e r c h l o r i c a c i d / 
a c e t o n i t r i l e s o l u t i o n s containing 1% water 

[HC104]\mol 1-1 l S b s , l \ - ^ - " ' k:bs,calc\^^^'' 
0.001 0.013 0.011 
0.002 0.016 0.018 
0.003 0.016 0.022 
0.004 0.019 0.025 
0.005 0.018 0.027 
0.006 0.019 0.028 
0.007 0.019 0.029 
0.008 0.022 0.030 
0.009 0.022 0.031 

a. c a l c u l a t e d from Equation (6.1) using values of 
k^ = 0,040 sec'-*-, Kjj^ = 400 1 mol'"'̂  

Once again, as can be seen from the t a b l e , the values of 
•'̂ obs 1 reached a l i m i t i n g value f a s t e r than i s 
p r e d i c t e d by c a l c u l a t i o n . However, t h i s might be explained 
by the f a c t t h a t at the higher acid concentrations the ra t e 
of the f i r s t decomposition process i s approaching the 
p r e d i c t e d r a t e of the second (shown l a t e r ) , and under these 
circumstances Equation (6.1) i s not a p p l i c a b l e . 
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Table 6.11 Comparison of observed and ca l c u l a t e d r a t e 
c o e f f i c i e n t s f o r the i n i t i a l decomposition of 
(6.2) (4 X 10"^ M) i n p e r c h l o r i c a c i d / 
a c e t o n i t r i l e s o l u t i o n s c o n t a i n i n g 2% water 

[HC104]\mol 1-1 ^ b s , l \ ^ ^ ^ ' ' <bs,calc\«^^'' 
0.001 0.013 0.010 
0.002 0.018 0.015 
0.003 0.020 0.019 
0.004 0.023 0.022 
0.005 0.024 0.024 
0.006 0.026 0.026 
0.007 0.024 0.027 
0.008 0.027 0.028 
0.009 0.029 0.029 

a. c a l c u l a t e d from Equation (6.1) using values of 
k^ = 0.040 sec" , Kĵ + = 300 1 mol" 
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Table 6.12 Comparison of observed and c a l c u l a t e d rate 
c o e f f i c i e n t s f o r the i n i t i a l decomposition of 
(6.2) (4 X IQ-'^ M) i n p e r c h l o r i c a c i d / 
a c e t o n i t r i l e s o l u t i o n s c o n t a i n i n g 3% water 

-1 [HC104]\mol 1-1 ^ b s , l V ^ e c - l ^obs,calc\®®^ 
0.001 6.7 X 10'^ 6.6 X IQ-^ 
0.002 0.011 0.011 
0.003 0.013 0.014 

0.004 0.018 0.016 
0.005 0.017 0.018 

0.006 0.018 0.020 
0.007 0.020 0.021 

0.008 0.021 0.022 

c a l c u l a t e d from Equation (6.1) using values of 
k^ = 0.033 sec 1 , Kjj+ = 250 1 mol-1 
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Table 6.13 Comparison of observed and ca l c u l a t e d r a t e 
c o e f f i c i e n t s f o r the i n i t i a l decomposition of 
(6.2) (4 X 10'^ M) i n p e r c h l o r i c a c i d / 
a c e t o n i t r i l e s o l u t i o n s c o n t a i n i n g 4% water 

UlXmol 1"1 ^ b s , l \ ^ ^ ^ ' ^ ^obs,calc^^^^ 
0.001 3.2 X 10'^ 3.6 X 10'^ 
0.002 6.8 X IQ-'^ 6.7 X 10'^ 
0.003 9.8 X 10'^ 9.2 X 10"^ 
0.004 0.013 0.011 
0.005 0.013 0.013 
0.006 0.015 0.015 
0.007 0.017 0.016 
0.008 0.018 0.018 
0.009 0.020 0.019 

a. c a l c u l a t e d from Equation (6.1) using values of 
k^ = 0.040 sec"-"-, Kjj+ = 100 1 mol'-"-
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Table 6.14 Comparison of observed and ca l c u l a t e d r a t e 
c o e f f i c i e n t s f o r the i n i t i a l decomposition of 
(6.2) (4 X 10-'^ M) i n p e r c h l o r i c a c i d / 
a c e t o n i t r i l e s o l u t i o n s c o n t a i n i n g 5% water 

[HC104]\mol 1-1 
0.001 

^ b s , l \ s ^ ^ " ' ^ 
2.4 X IQ-^ 

^obs,calc\^®^ 
2.7 X IQ-^ 

0.002 4.8 X 10- 4.9 X 10-"^ 
0.003 6.4 X IQ-"^ 6.7 X 10-^ 
0.004 8.3 X 10'^ 8.3 X 10'^ 
0.005 8.8 X 10-"^ 9.6 X 10-*^ 
0.006 0.011 0.011 
0.007 0.012 0.012 
0.008 0.013 0.013 
0.009 0.013 0.013 

a. c a l c u l a t e d from Eciuation (6.1) using values of 
k^ = 0.027 sec-1, Kj^. = 110 1 mol-1 
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The values of k^ and Kjj+ obtained are summarised i n 
Table 6.15. Also shown are the values of k2 (^^2 - ^obs 2^ 
measured a t 0.05-0.3% water, and the c a l c u l a t e d values f o r 
l-57« water, based on the l i n e a r dependence on acid 
c o n c e n t r a t i o n apparent from the measured values. 

Table 6.15 Values of k^, kg and Kjj+ f o r the decomposition 
of (6.2) i n p e r c h l o r i c a c i d / a c e t o n i t r i l e 
s o l u t i o n s containing v a r y i n g concentrations of 
water at 25°C 

7o H2O k^\sec Kj|+\1 mol kgXsec" 
0.05 0.11 600 1.2 X 10'^ 

0.1 - - 2.1 X lO'*^ 
0.2 - - 3.6 X 10'^ 
0.3 - - 5.4 X 10'^ 
1 0.040 400 0.02 ' 
2 0.040 300 0.04 

3 0.033 250 0.06 - a 

4 0.040 100 0.08 
5 0.027 110 0.10 

c a l c u l a t e d from measured values at lower water 

c o n c e n t r a t i o n 
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That the c a l c u l a t e d value of k^ i n s o l u t i o n s containing 
only 0.057« water i s roughly one hundred times l a r g e r than 
the measured value of ( i . e . the second step determines 
the o v e r a l l r a t e of decomposition) i s consistent w i t h the 
observation of two consecutive decomposition processes i n 
such media, as o u t l i n e d i n Scheme 6.1. However, at higher 
water concentrations the c a l c u l a t e d values of k2 become 
higher than k^ ( i . e . the f i r s t step i s determines the 
o v e r a l l r a t e of decomposition), and thus the second stage of 
decomposition should not be observed, as i s the case. At 
water concentrations of 1% and 2% the c a l c u l a t e d values of 
k2 are s i m i l a r t o those of k^, although the decomposition of 
(6.2) i n these media apparently occurs by a s i n g l e 
observable process. I t i s possible t h a t under these 
p a r t i c u l a r c o n d i t i o n s k^ and the t r u e value of k2 are 
v i r t u a l l y i d e n t i c a l , so t h a t t l i e two f i r s t order processes 
appear as one, but i t i s more l i k e l y t h a t inaccuracies i n 
the c a l c u l a t i o n s have obscured the more probable explanation 
t h a t k2 i s , i n f a c t , l a r g e r than k^. 

The c a l c u l a t e d values of k^ are s i m i l a r i n the s o l u t i o n s 
of higher water c o n c e n t r a t i o n , which i s consistent w i t h the 
f i r s t decomposition step being independent of water 
co n c e n t r a t i o n . 

The decrease i n the c a l c u l a t e d values of Kjj+ as one moves 
t o higher water concentrations i s i n d i c a t i v e of the greater 
p r o t o n - s o l v a t i n g power t h a t i s expected of such media, thus 
reducing the concentration a v a i l a b l e f o r p r o t o n a t i o n of 
( 6 . 2 ) . Such an e f f e c t was demonstrated i n i t s simplest form 
by an experiment i n which water was added t o a s o l u t i o n of 
p-ethoxycarbonylaniline i n 0.005M-perchloric a c i d / 
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a c e t o n i t r i l e s o l u t i o n c o n t a i n i n g l i t t l e water. This 
r e s u l t e d i n an increase i n the absorbance at ca. 285 nm t o a 
value nearer t h a t measured i n a c e t o n i t r i l e only, as shown i n 
Figure 6.4, and i s a t t r i b u t a b l e t o decreasing protonation of 
the a n i l i n e as the water concentration increases. This 
e f f e c t was mimicked by the species formed i n s o l u t i o n v i a 
decomposition of (6.2). 

Table 6.16 i l l u s t r a t e s how the pK^ of the a n i l i n e 
ci 

decreases w i t h i n c r e a s i n g water concentration, these values 
being c a l c u l a t e d using Equation (6.3) and data derived from 
the spectra shown i n Figure 6.4. 

Oo Et 02Et 

gives pKc = - log a 10 
[NH, . Ce 114 • COo Et] [ i r ] 

[*NH3 .C6H4 .COsEt] 
Eqn. (6.3) 

Scheme 6.2 
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Table 6.16 pK values f o r p-ethoxycarbonylaniline i n 
a c e t o n i t r i l e c o ntaining varying concentrations 
of water at 25*'C 

H20 [NHo .C6H4 
\mol 

.CO,Et] 
1-1 

[*NH3 .C6H4 
\mol 

.CO2 Et] 
1-1 

P^a 

1 9.00 X 10-^ 7.91 X 10'^ 4.24 

2 6.30 X 10-^ 7.37 X 10-^ 3.37 
3 1.44 X 10"'^ 6.56 X 10-^ 2.96 
4 2.52 X 10'^ 5.48 X 10-5 2.64 
5 3.19 X 10'^ 4.81 X 10-^ 2.48 
6 3.91 X 10-^ 4.09 X 10'^ 2.32 

7 4.18 X 10-^ 3.82 X 10'^ 2.26 

8 4.72 X 10-^ 3.28 X 10-^ 2.14 
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Figure 6.4 UV spectra f o r p-ethoxycarbonylaniline 
(8 X 10-'^ M) i n 0.005M-perchloric a c i d / 
a c e t o n i t r i l e s o l u t i o n s c o n t a i n i n g varying 
concentrations of water at 25^C 

Abs 

400 

A (nm) 
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6.4 The r o l e of triazenes 
The r e s u l t s f o r decomposition of (6.2) i n media r i c h i n 

a c e t o n i t r i l e i n d i c a t e the presence of an intermediate, R i n 
Scheme 6.1. A s i m i l a r intermediate i s l i k e l y t o e x i s t 
d u r i n g decomposition of (6.1). A major d i f f e r e n c e between 
the studies of the decomposition of (6.2) and of the r e l a t e d 
compounds DPT and DNPT i s the solvent, the decomposition of 
the l a t t e r two compounds being studied i n aqueous media. 
The r e s u l t s f o r the decomposition of (6.2) show t h a t i n 
media c o n t a i n i n g more than l 7 c water the intermediate R i s no 
longer observable. I t was shown i n Chapter 4 how the 
observed intermediate i n the decomposition of the 
3 , 7 - d i n i t r o d e r i v a t i v e , DPT (1.5), i n acid s o l u t i o n was 
nitr a m i d e ( N H o N O o ) or i t s protonated c a t i o n , and i t was 
pos t u l a t e d i n Chapter 5 t h a t the probable, though 
unobserved, intermediate i n the decomposition of the 
3, 7 - d i n i t r o s o d e r i v a t i v e , DNPT (1.12), i n acid s o l u t i o n was 
nitrosamine (NII2NO) or i t s protonated c a t i o n . Thus, by 
analogy one might expect the intermediate i n the 
decomposition of 3,7-bis(arylazo) s t r u c t u r e s such as (6.1) 
and (6.2) i n acid s o l u t i o n t o be a t r i a z e n e of s t r u c t u r e 
(6.3) and (6.4) r e s p e c t i v e l y , or i t s protonated c a t i o n . 

A r — N = N — N H o ( 6 ^ ) Ar = P-CI.C6H4 
(6.4) Ar = p - E t 0 2 C.C6H4 

This was also suggested by Vaughan and co-workers, based 
on t h e i r f i n d i n g t h a t b i s - t r i a z e n e s ( 6 . 5 ) . close s t r u c t u r a l 
analogues of the bis(arylazo)tetraazabicyclononanes, undergo 
acid-catalysed h y d r o l y s i s t o the corresponding a n i l i n e v i a 
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the intermediate 1-aryl-3-methyltriazene (6.6) 

Me Me Me 

A r — N = N — N j{j N—N=N—Ar 

( 6 ^ ) 

Ar—N=N—NHMe ( 6 ^ ) 1-aryl-3-methyltriazene 

Formation of the a n i l i n e when 1-aryltriazenes undergo 
6 10 

h y d r o l y s i s has also been demonstrated by other workers, 
and i t i s of p a r t i c u l a r relevance here, since t h i s was 
i d e n t i f i e d as the f i n a l product i n the decomposition of 
(6.1) and ( 6 . 2 ) , and was also i d e n t i f i e d as such by Vaughan 
and co-workers i n t h e i r studies of the decomposition of 
(6.2) i n mixed-solvent b u f f e r systems. I t i s i n t e r e s t i n g t o 
note t h a t formation of the a n i l i n e requires (6.6) t o undergo 
t a u t o m e r i s a t i o n " p r i o r t o decomposition v i a e l i m i n a t i o n 
of n i t r o g e n , otherwise phenol and methylamine would be 
produced, as i l l u s t r a t e d i n Scheme 6.3. 
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Ar.N=N—NHMe Ar.NH—N=NMe 

1 I H* 
Ar. N=N—NH^ Me 

ArNs + MeNHo 

Ar. NH2 —N=N-—Me . 

H2 0: 

ArNlIo + N2 + MeOH 

H2O 

ArOH + No 
Scheme 6 . 3 

I n order t o assess p r o p e r l y the p o s s i b i l i t y t h a t the 
t r i a z e n e ( 6 . 4 ) was the intermediate observed during the 
decomposition of ( 6 . 2 ) i n p e r c h l o r i c a c i d / a c e t o n i t r i l e 
s o l u t i o n s c o n t a i n i n g only 0 . 0 5 7 o water i t would be necessary 
t o measure i t s UV spectra and rates of decomposition i n the 
appro p r i a t e media. However, i s o l a t i o n of ( 6 . 4 ) has so f a r 
proved impossible, and studies were t h e r f o r e conducted on 
i t s c l o s e s t analogue, the 3-methyl d e r i v a t i v e ( 6 . 6 ) . 
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6 . 4 . 1 U V spectra of 1-fp-ethoxvcarbonvlphenvl)-3-
methvltriazene 

A sample of ( 6 . 6 ) was prepared by the method of 
Reference 1 1 , as described i n Chapter 2. 

The t r i a z e n e was found t o be stable as a 1 0 M stock 
s o l u t i o n i n a c e t o n i t r i l e , the U V spectrum showing 
absorbances at A = 3 0 5 nm, e = 1 5 , 9 0 0 1 mol'"*" cm""*" and 
A = 224 nm, e = 8 , 5 0 0 1 mol""'" cm'^. I n d i l u t e p e r c h l o r i c 
a c i d / a c e t o n i t r i l e s o l u t i o n s containing 0 . 0 5 % water the 
absorbance at 3 0 5 nm was seen t o fade r a p i d l y , w i t h a weaker 
absorbance appearing at ca. 2 6 5 nm. The f i n a l spectrum 
resembled t h a t of the corresponding a n i l i n e i n the same 
medium. Indeed, i n p e r c h l o r i c acid s o l u t i o n s containing up 
t o 107o water a r a p i d decomposition was observed t o 
u l t i m a t e l y form the a n i l i n e . A d d i t i o n of aqueous sodium 
hydroxide s o l u t i o n or water t o a c e t o n i t r i l e s o l u t i o n s of 
( 6 . 6 ) d i d not a l t e r the U V spectrum. 

The e f f e c t discussed e a r l i e r , whereby a d d i t i o n of water 
t o a s o l u t i o n of the a n i l i n e or the product formed from 
decomposition of ( 6 . 2 ) i n p e r c h l o r i c a c i d / a c e t o n i t r i l e 
s o l u t i o n s r e s u l t e d i n a s h i f t i n the prot o n a t i o n 
e q u i l i b r i u m , was also seen f o r the species formed v i a 
decomposition of ( 6 . 6 ) . 
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6.4.2 K i n e t i c data f o r the decomposition of l-(p-ethoxv-
carbonylphenvl)-3-methvltriazene i n acid s o l u t i o n s 

K i n e t i c measurements of the decomposition of (6.6) i n 
p e r c h l o r i c a c i d / a c e t o n i t r i l e s o l u t i o n s c o n t a i n i n g varying 
concentrations of water, made by f o l l o w i n g the fade i n UV 
absorbance at 300 nm, showed t h i s t o occur v i a a single 
f i r s t order process. This was found t o be h i g h l y dependent 
on water c o n c e n t r a t i o n , as i l l u s t r a t e d i n Table 6.17, and 
independent of ac i d concentration, as can be seen from Table 
6.18. Table 6.19 shows r e s u l t s obtained f o r a s i t u a t i o n 
where water concentration increased as acid concentration 
increased, the change i n observed r a t e c o e f f i c i e n t s being 
wholly a t t r i b u t a b l e t o the former. 

Table 6.17 Observed r a t e c o e f f i c i e n t s f o r the decomposition 
of ( 6 ^ ) (5 X 10"^ M) i n 0.OOIM-perchloric acid/ 
a c e t o n i t r i l e s o l u t i o n s c o n t a i n i n g varying 
concentrations of water at 25°C 

7o H o O k , \sec'-^ 
obs ̂  

0.05 0.055 
0.1 0.11 
0.2 0.32 
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Table 6 . 1 8 Observed r a t e c o e f f i c i e n t s f o r the decomposition 
of ( 6 ^ ) ( 5 X 1 0 " ^ M) i n p e r c h l o r i c a c i d / 
a c e t o n i t r i l e s o l u t i o n s c o n t a i n i n g ca. 0.57c water 
at 2 5 ° C 

[ H C 1 0 4 ] \ m o l 1 ' ^ 7o H o O 

0 . 0 0 6 0 . 5 5 0 . 5 1 

0 . 0 1 3 0 . 5 4 0 . 4 5 

0 . 0 2 5 0 . 5 2 0 . 3 2 

0 . 0 5 0 0 . 4 9 0 . 2 1 

9 Observed r a t e c o e f f i c i e n t s f o r the 
decomposition of ( 6 . 6 ) ( 8 X 1 0 ' ^ M) i n 
p e r c h l o r i c a c i d / a c e t o n i t r i l e s o l u t i o n s 

[ H C 1 0 4 ] \ m o l 1 " ^ % lUQ ^bs^^^^'"^ 
0 . 0 0 1 0 . 0 5 5 0 . 0 5 5 

0 . 0 0 2 0 . 0 5 9 0 . 0 6 4 

0 . 0 0 3 0 . 0 6 4 0 . 0 7 3 

0 . 0 0 4 0 . 0 6 8 0 . 0 8 0 

0 . 0 0 5 0 . 0 7 3 0 . 0 8 1 

0 . 0 0 6 0 . 0 7 7 0 . 0 8 5 

0 . 0 0 7 0 . 0 8 2 0 . 0 8 9 

0 . 0 0 8 0 . 0 8 6 0 . 1 0 

0 . 0 0 9 0 . 0 9 1 0 . 1 1 

The observed r a t e c o e f f i c i e n t s f o r t h i s decomposition 
process are about one hundred times l a r g e r than those 
measured f o r the secondary decomposition of ( 6 . 2 ) i n the 
same media, shown i n Table 6 . 2 . Whilst these r e s u l t s do not 
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represent the r a t e s of decomposition of the proposed 
in t e r m e d i a t e ( 6 . 4 ) , i t i s expected t h a t s u b s t i t u t i o n of a 
hydrogen atom f o r a methyl group would lead t o an increase 
i n r a t e , and thus i t i s apparent t h a t the intermediate 
observed i n the decomposition of (6.2) i s not the triazene 
( 6 ^ ) . 
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6.i5 Discussion 
Vaughan and co-workers proposed the mechanism shown i n 

Scheme 6.4 f o r the decomposition of compounds such as (6.2) 
i n a c i d s o l u t i o n s . 

H 
I 

A r N 2 —N CHo N—N^Ai -+ ArN.,—N 

-N-
: ) H, N—N 2 A r 

-N-
(6.2) (Ar = p-Et02C.C6H4 ) 

H 
N-

ArN. 
H 1 

I I 
-N CH2 N—No 

H 
CH2 N 

HoO 
• Ar i ArNo—N 

-N-
CH, 0 

* CH2 N—N2 Ar 

-N-

( 6 ^ ) 

H 
H 
N-

A r N 2 — C H o N—No Ar 

C^H 

A r — N = N — N v 
\ h , 

( 6 ^ ) 

HoO 

-No -CHoO 
ArNHs i ArN=N—NHo < ArN=N—NH—CH2 OH 

( 6 ^ ) ( 6 ^ ) 

Scheme 6.4 
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The observations made by the author of the decomposition 
of (6.2) are i n agreement w i t h t h i s scheme, which i s of 
p a r t i c u l a r i n t e r e s t w i t h regard t o the proposed 
methyleniminium ion intermediates (6.7) and (6.8). These 
species undergo subsequent h y d r o l y s i s i n the presence of 

17 18 
water, l i b e r a t i n g formaldehyde and the amine. ' This 
process would normally occur r a p i d l y , but i t i s possible 
t h a t under the c o n d i t i o n s when the water concentration i n 
the a c i d s o l u t i o n was only 0 . 0 5 7 o t h i s process was slow and 
r a t e - l i m i t i n g , thus enabling d i r e c t observation of the 
decomposition of the iminium intermediate. This i s borne 
out by the f a c t t h a t at higher water concentrations the 
intermediate was not observed, i t presumably having 
undergone r a p i d h y d r o l y s i s upon formation. I t i s d i f f i c u l t 
t o a s c e r t a i n whether the intermediate observed i s (6.7) or 
(6.8) , but since the h y d r o l y s i s of both would occur under 
the same c o n d i t i o n s , and the subsequent decomposition of the 
observed species r e s u l t e d i n d i r e c t formation of the 
a n i l i n e , i t i s reasonable to suggest t h a t t h i s was (6.8) and 
not ( 6 . 7 ) . I t i s also possible f o r (6.8) t o undergo 
s t a b i l i s i n g t a u t o m e r i s a t i o n because of the presence of the 
hydrogen atom attached t o the iminium n i t r o g e n , thus 
i n c r e a s i n g the p r o b a b i l i t y of t h i s species being observed 
r a t h e r than the u n s t a b i l i s e d s t r u c t u r e , (6/7). There i s 
other evidence f o r the existence of such an intermediate i n 
the a c i d catalysed h y d r o l y s i s of t r i a z e n e s , and i t has 
proved possible t o observe methyleniminium ions by "''H NMR at 

19 
room temperature. 
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The hydroxymethyltriazene ( 6 ^ ) postulated as a precursor 
t o the dihydrogen-substituted t r i a z e n e (6.4) has eluded 
s y n t h e s i s , but the N-methyl d e r i v a t i v e of (6.9) has been 
synthesised, and was found t o decompose w i t h e l i m i n a t i o n of 
formaldehyde and n i t r o g e n , t o give the a n i l i n e and methanol, 
probably v i a the methyltriazene (6.6). 
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CHAPTER 7 

"̂H NMR studies on the i n t e r a c t i o n of 
e l e c t r o p h i l e s w i t h hexamine 
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7.1 I n t r o d u c t i o n 
The r e a c t i o n s of hexamine t o form i t s ace t y l a t e d , 

n i t r a t e d , n i t r o s a t e d and d i a z o t i s e d d e r i v a t i v e s i s 
p o s t u l a t e d t o occur v i a i n t e r a c t i o n w i t h e l e c t r o p h i l i c 
species formed i n s o l u t i o n during synthesis. For instance, 
n i t r a t i o n i s thought t o involve attack of N02^, formed i n the 
n i t r a t i n g medium, on the amino nitrogen atoms of the 
hexamine molecule-. Analogously, n i t r o s a t i o n w i l l occur v i a 
a t t a c k of NO*, d i a z o t i s a t i o n v i a attack of ArN2, and 
a c e t y l a t i o n v i a a t t a c k of C H 3 C —0. "'"H NMR studies of the 
r e a c t i o n mixtures themselves have been conducted f o r the 
a c e t y l a t i o n of hexamine and subsequently formed acetylated 

1-4 5 d e r i v a t i v e s , and NMR data have been reported f o r several 
compounds which have been characterised as products or 
intermediates i n the formation of HMX (1.3) from n i t r a t i o n 
of hexamine. 

I t was decided t h a t a "'"H NMR study of the i n t e r a c t i o n 
between hexamine and the e l e c t r o p h i l i c species alone, N02̂  
from a n i t r o n i u m s a l t f o r example, might give an i n s i g h t 
i n t o how the hexamine molecule undergoes i n i t i a l r i n g 
cleavage. However, i t was gen e r a l l y found t h a t ring-opened 
species such as (7.1) or (7.2) were not observed, but rather 
quaternary s a l t s of the type (7.3) (see Chapter 1 ) . 

E—N 

-N-

CH2 N= c n 2 E—N CHo N—CH2X 

( Z ^ ) 

163 



E = N02, NO, Ac etc 
X- = C I " , BF; etc. 

7.2 I n t e r a c t i o n of hexamine w i t h n i t r o n i u m ion 
When a conmiercial sample of n i t r o n i u m t e t r a f l u o r o b o r a t e 

(N02"BF4) was dissolved i n dimethyl sulphoxide-de a r e a c t i o n 
was seen t o occur, i n v o l v i n g effervescence and the formation 
of a c l e a r deep red-brown s o l u t i o n . A d d i t i o n of hexamine to 
t h i s s o l u t i o n r e s u l t e d i n f u r t h e r effervescence and a fading 
of the c o l o r a t i o n t o the o r i g i n a l c o lourless appearance of 
the DMSO-de. This phenomenon i s explained i n terms of 
for m a t i o n of the 0-nitro-sulphoxonium ion ( 7 . 4 ) , which then 
undergoes r e a c t i o n w i t h hexamine, l o s i n g NOo" t o reform 
d i m e t h y l sulphoxide. 

0 BF4" 

CD^ ^CDa 

(7.4) E = NOo 

(7.5) E = NO 

Formation of other n i t r o - s u b s t i t u t e d cations of s u i t a b l e 
molecules, which also act as n i t r a t i n g agents has been 
re p o r t e d . A H NMR spectrum of n i t r o n i u m t e t r a f l u o r o b o r a t e 
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i n DMSO-de showed only a s i n g l e t at 614.65 t y p i c a l of agidic 
protons. 

The "''H NMR spectrum of a 1:1 s o l u t i o n of hexamine and 
n i t r o n i u m t e t r a f l u o r o b o r a t e i n DMSO-de at 25^C i s shown i n 
Figure 7.1. This can be explained by the formation of a 
species of s t r u c t u r e (7.6). 

(7.6) = NO2 
(U) = CH3 
(7.8) = NO 
(7.9) = Ac 

The protons H^ are eciuivalent and give a s i n g l e t 
resonance at 64.92. Protons H and H, are not equivalent, 

a D 

g i v i n g r i s e t o an AB qu a r t e t , w i t h a doublet from protons H 
centred at 64.56, and a doublet from protons H^ centred at 
64.41. The coupling constant between H and H, i s 12.5 Hz. 

a D 

These r e s u l t s compare w e l l w i t h those of Farminer and Webb, 
who studied the quaternary s a l t of s t r u c t u r e (7.7) . The "'"H 
NMR data f o r (7.6) i s compared w i t h t h a t f o r (7.7) i n 
Table 7.1. 

a 
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Figure 7.1 H NMR spectrum of 1:1 s o l u t i o n of hexamine and 
n i t r o n i u m t e t r a f l u o r o b o r a t e i n DMSO-de 

i 

— I 1 1 1 1 1 1 r-
11 10 9 8 7 6 5 4 

5 (ppm) 
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Table 7.1 Comparison of H NMR data f o r ( 7 ^ ) (formed from 
n i t r o n i u m t e t r a f l u o r o b o r a t e ) and (7.7) 

Compound 

( Z ^ ) 

N—CH2 — N 
4.41 (d) 
4.56 (d) 

(J = 12.5 Hz) 

S (ppm) 
N^-CII.,—N 
4.92 (s) 

others 
11.05 (br) (Nr) 
5.00 (s) fprotonated' 

4.82 (s) 

4.22 (s) 

protonated' 
unreacted 
hexamine 
decompn. 

product of 
hexamine 

(7.7) 4.44 (d) 
4.64 (d) 

(J = 12 Hz) 

5.08 (s) 2.5 (s) (N^-CHa) 

The other peaks i n the spectrum have been assigned on the 
basis t h a t n i t r o n i u r a t e t r a f l u o r o b o r a t e renders the s o l u t i o n 
a c i d i c by r e a c t i o n w i t h water i n the atmosphere and i n the 
DMSO-de , so forming n i t r i c a c i d . This accounts f o r the 
absence of a s i n g l e t water peak at ̂ 3.33, as normally seen 

8 9 
i n DMSO-de alone,' although a s i g n a l a r i s i n g from 
protonated water i s not observed, p o s s i b l y due t o only a low 
conc e n t r a t i o n being present. A s i n g l e t i s seen at 64.82 due 
to mono-protonated unreacted hexamine, which i s consistent 
w i t h a l i t e r a t u r e value' f o r t h i s species i n the same 
s o l v e n t , the e f f e c t of pro t o n a t i o n being t o move the s i g n a l 
d o w n f i e l d of the value of 64.55 measured f o r hexamine i n 
DMSO-de only. This resonance occurs as a s i n g l e t due t o 
r a p i d i n t r a m o l e c u l a r proton exchange. The sharp s i n g l e t at 
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<55.00 i s assigned t o the mono-protonated form of (7.6) , the 
other resonances of t h i s species occurring at e x a c t l y the 
same s h i f t as those of unprotonated (7.6). This i s 
c o n s i s t e n t w i t h the data obtained by Farminer and Vebb^ f o r 
the mono-protonated and unprotonated forms of (7.7). 
F u r t h e r evidence f o r t h i s i s the observation t h a t the 
i n t e g r a l over the AB quartet i s of exactly the same 
magnitude as the combined i n t e g r a l s over the peaks at 54.92 
and 65.00. I t i s reasonable t o suggest t h a t both 
mono-protonated and unprotonated forms of (7.6) could e x i s t 
under c o n d i t i o n s where [NOt] » [H*] , and t h a t r a p i d 
i n t e r m o l e c u l a r proton exchange does not occur between these 
species i n t h i s medium, since the NH* resonance at <5ll.05 
( a r i s i n g from N-protonated (7.6) and hexamine) i s seen to be 
broad due t o the exchange process being slow. 

The s i n g l e t at 64.22 has proved d i f f i c u l t t o assign, the 
most reasonable conclusion reached so f a r being t h a t t h i s i s 
due t o a decomposition product of hexamine. The i d e n t i t y of 
t h i s species remains unknown, but the concentration seems to 
be dependent upon the same f a c t o r s as determine the 
c o n c e n t r a t i o n of ( 7 . 6 ) . since the size of the peak at 64.22 
i s observed t o remain at the same r a t i o to those from (7.6) 
as the c o n c e n t r a t i o n of (7.6) increases. 
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7.3 I n t e r a c t i o n of hexamine w i t h nitrosonium ion 
D i s s o l v i n g a conmiercial sample of nitrosonium hydrogen 

sulphate (N0"''HS04) i n DMSO-de r e s u l t e d i n effervescence and 
the formation of a c l e a r , b r i g h t green s o l u t i o n . This was 
i n t e r p r e t e d as formation of the 0-nitroso-sulphoxoniura ion 
(7.5) , i n an analogous manner t o the formation of (7.4). 
A d d i t i o n of hexamine, t o give a 1:1 s o l u t i o n , caused the 
green c o l o r a t i o n t o fade completely, presumbaly due to loss 
of the n i t r o s o group from (7.5) t o the hexmnine molecule. 
The "''H NMR spectrum of the s o l u t i o n i s shown i n Figure 7.2, 
and i s assigned t o the s t r u c t u r e (7.8). The chemical s h i f t s 
are given i n Table 7.2. 

Table 7.2 "̂H NMR data f o r (7.8) 

N—CHo—N 
4.47 (d) 
4.61 (d) 

(J = 12.5 Hz) 

6 (ppm) 
N—CH, —N 
5.02 (s) 

others 
8.1 (br) ( NH*) 
4.85 (s) 

4.29 (s) 

'protonated 
unreacted 
hexamine 
decompn. 

product of 
hexamine 

Notice t h a t no resonances are observed f o r a 
mono-protonated form of (7.8). even though the s i g n a l from 
unreacted hexamine i s s h i f t e d downfield suggesting t h a t the 
medium i s a c i d i c , as i s also i n d i c a t e d by the broad NH* 
resonance at ^8.1. This might r e f l e c t the greater proton 
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a f f i n i t y of the hexamine molecule i n a s o l u t i o n where [H*] 
i s low, or a l t e r n a t i v e l y t h a t p r o t o n a t i o n has occurred, but 
has no not i c e a b l e e f f e c t on the s h i f t s of the H protons, as 
w e l l as those of and Ĥ . The s i n g l e t at 64.29, 
p r e v i o u s l y assigned t o a decomposition product of hexamine, 
i s s t i l l present, i n d i c a t i n g t h a t the formation of t h i s 
species i s not dependent on the nature of the e l e c t r o p h i l e 
i n s o l u t i o n , but more probably on the a c i d i c nature of the 
medium. 
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Figure 7.2 ''"H NMR spectrum of a 1:1 s o l u t i o n of hexamine 
and nitrosonium hydrogen sulphate i n DMSO-de 

8 

6 (ppm) 

171 



7.4 I n t e r a c t i o n of hexamine w i t h fuming n i t r i c acid 
A d d i t i o n of several drops of fuming n i t r i c acid to a 

s o l u t i o n of hexamine i n DMSO-de r e s u l t e d i n formation of a 
c l e a r , c o l o u r l e s s s o l u t i o n , the "''H NMR spectrum of which 
(Figure 7.3) i s consistent w i t h formation of the species 
(7.6) . This i s presumably due t o attack of NO2" present i n 
the n i t r i c a c i d on the hexamine molecule. The peaks are 
much weaker than those f o r the same species formed from 
n i t r o n i u m tetx~afluoroborate r e f l e c t i n g the l i m i t e d 
c o n c e n t r a t i o n of NO? av a i l a b l e from the acid. The chemical 
s h i f t s are shown i n Table 7.3. 

Table 7.3 -""H NMR data f o r the species (7J6) formed w i t h 
fuming n i t r i c acid 

6 (ppm) 
N—CHo — N N—CH, — N others 
4.40 (d) 4.94 (S) 8.71 (s) (H3O*) 
4.54 (d) 8.0 (br) (NH*) 

(J = 11 Hz) 
7.2 ( t ) (NH*, J=50Hz) 
4.87 (s) 

4.21 (s) 

'protonated 
unreacted 
hexamine 
decompn. 

product of 
hexamine 

The spectrum i s too weak t o observe any formation of 
mono-protonated (7.6) which might be expected i n an 
obvi o u s l y a c i d i c medium such as t h i s . The s h i f t of the 
hexamine resonance i n d i c a t e s p r o t o n a t i o n t o have occurred, 
and a s i n g l e t c h a r a c t e r i s t i c of protonated water molecules 
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i s seen at 58.71. Signals from two d i f f e r e n t NH* functions 
are seen. One occurs as a broad peak at <58.0, and the other 
as a 1:1;1 t r i p l e t (Jj^rj^ = 50 Hz) at 61.2 due t o the nitrogen 
atom s p l i t t i n g the hydrogen s i g n a l . Observation of such a 
t r i p l e t shows proton exchange to be non-existent at t h i s 
s i t e . 
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Figure 7.3 ''"H NMR spectrum of a s o l u t i o n of hexamine i n 
DMSO-de conta i n i n g fuming n i t r i c acid 
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7.5 I n t e r a c t i o n of hexamine w i t h d i n i t r o g e n pentoxide 
A sample of d i n i t r o g e n pentoxide (N2O5) was prepared, as 

described i n Chapter 2. I t can be a source of nitr o n i u m 
i o n , undergoing h e t e r o l y t i c d i s s o c i a t i o n as shown i n 
Equation (7.1)P 

N2O5 • NOt + NO3 Eqn. (7.1) 

I t can be used i n appropriate solvents t o n i t r a t e various 
s u b s t r a t e s , and i s c u r r e n t l y being i n v e s t i g a t e d as a 
p o t e n t i a l n i t r a t i n g agent i n the p r e p a r a t i o n of RDX and 
HMX̂ ^ 

When a sample of d i n i t r o g e n pentoxide was dissolved i n 
DMSO-de effervescence was seen t o occur, r e s u l t i n g i n 
for m a t i o n of a clear red-brown s o l u t i o n , presumably due t o 
for m a t i o n of the species (7.4) proposed e a r l i e r . A d d i t i o n 
of excess hexamine caused the s o l u t i o n t o r e t u r n t o i t s 
o r i g i n a l c o lourless s t a t e a f t e r f u r t h e r effervescence. The 
•'"H NMR spectrum of t h i s s o l u t i o n , c o n s i s t e n t w i t h formation 
of ( 7 . 6 ) , i s shown i n Figure 7.4, the chemical s h i f t s being 
shown i n Table 7.4. 
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Table 7.4 -"-H NMR data f o r the species (7\6) formed w i t h 
d i n i t r o g e n pentoxide 

N—CHo—N 

4.46 (d) 

4.61 (d) 
(J = 12.5 IIz) 

6 (ppm) 
N—CH, —N 
5.00 (s) 

others 
4.76 (s) 

4.26 (s) 

'protonated 
unreacted 
hexamine 
decompn. 

product of 
hexamine 

Again formation of a mono-protonated form of (7.6) i s not 
observed i n a medium which i s i n d i c a t e d t o be a c i d i c by the 
s h i f t of the hexamine resonance. The s i g n a l at <54.26 i s 
s t i l l present and of an i n t e n s i t y i n the same pro p o r t i o n t o 
t h a t of the s i g n a l s from (7.6) as seen i n e a r l i e r spectra. 
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Figure 7.4 "'"H NMR spectrum of a s o l u t i o n of excess hexamine 
and d i n i t r o g e n pentoxide i n DMSO-de 

6 

6 (ppm) 
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7.6 I n t e r a c t i o n of hexamine w i t h a c e t v l c h l o r i d e 
A d d i t i o n of a c e t y l c h l o r i d e t o a s o l u t i o n of hexamine 

(1:1) i n dry chloroform r e s u l t e d i n the inmiediate 
p r e c i p i t a t i o n of a white c r y s t a l l i n e s o l i d , which when 
f i l t e r e d o f f was found t o be unstable i n a i r . I t was 
pr e v i o u s l y postulated"'" t h a t t h i s compound had s t r u c t u r e 
(7.9) , the anion of the s a l t being CI' , and the "'"H NMR 
spectrum i n DMSO-de (Figure 7.5) appears t o confirm t h i s , 
showing s i m i l a r c h a r a c t e r i s t i c s t o the species (7.6 ) - ( 7 . 8 ) . 
Such formation can only occur i f a c e t y l c h l o r i d e undergoes 
the d i s s o c i a t i o n shown i n Equation (7.2). 

CH3COCI . C H 3 C —0 + CI" Eqn. (7.2) 

The chemical s h i f t s measured are shown i n Table 7.5. 

Table 7.5 ''"H NMR data f o r the species (7.9) , formed as the 
s a l t , from 1:1 hexamine/acetyl c h l o r i d e i n 
chloroform, measured i n DMSO-dg 

6 (ppm) 
N—CH2—N N—CH,,—N others 
4.44 (d) 5.01 (d) 8.30 (s) 
4.59 (d) 7.2 ( t ) (NH*, J=50Hz) 

(J = 12.5 Hz) 
4.82 (s) 

3.42 (s) 

'protonated" 
hexamine 
•H2O i n 
solvent 

2.00 (s) f a c e t y l of 
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Figure 7.5 H NMR spectrum of species ( 7 . 9 ) , formed as the 
s a l t , from 1:1 hexamine/acetyl c h l o r i d e i n 
chloroform, measured i n DMSO-de 
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No evidence of mono-protonated ( 7 ^ ) i s seen. The 
presence of a protonated hexamine peak i s probably due to 
some fo r m a t i o n of the acetate s a l t of hexamine by rea c t i o n 
of (7.9) w i t h water i n the a i r and i n the solvent t o form 
a c e t i c a c i d . An i n d i c a t i o n t h a t t h i s has only occurred to a 
l i m i t e d e x tent i s t h a t the water peak at <53.42 i s at a s h i f t 
close t o t h a t expected f o r unprotonated H2O i n DMSO-de. The 
sharp s i n g l e t a t 68.30 i s assigned t o an unknown 
decomposition product of (7 . 9 ) , p o s s i b l y an aldehyde. 
Various other small peaks seen i n the spectrum cannot be 
assigned, but are probably due t o decomposition products. 

A d d i t i o n of excess a c e t y l c h l o r i d e t o a s o l u t i o n of 
hexamine i n DMSO-de (1:1) r e s u l t e d i n formation of a cle a r , 
c o l o u r l e s s s o l u t i o n which gave the Ĥ NMR spectrum shown i n 
Figure 7.6. The chemical s h i f t s are given i n Table 7.6, and 
i n d i c a t e formation of the species (7.9). 
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Table 7.6 NMR data f o r (7.9) formed i n DMSO-de s o l u t i o n 
from hexamine and excess a c e t y l c h l o r i d e 

6 (ppm) 
N—CH2—N N—CH2—N others 
4.41 (d) 5.04 (s) 5.31 (s) 

4.54 (d) 5.17 (s) 
(J = 12.5 Hz) 

4.21 (s) 

2.19 (s) 
1.97 (s) 
1.84 (s) 

protonated L (1:9) ? . 
'protonated" L (7^9) ? . 
decompn. 

product of 
hexamine 

a c e t y l of 

The s i n g l e t peaks seen at 55.31 and 55.17 may a r i s e from 
the H protons of protonated forms of (7.9 ) , and indeed 
minor peaks can be seen i n the region of the AB quar t e t 
which also i n d i c a t e t h i s . The a c i d i c medium required f o r 
t h i s might a r i s e from h y d r o l y s i s of a c e t y l c h l o r i d e by water 
present i n the solvent t o form a c e t i c acid. Also, i t i s 
noteworthy t h a t the i n t e g r a l over the AB quartet region 
matches e x a c t l y i n magnitude the i n t e g r a l over the three 
s i g n a l s at 55.04, 55.17 and 55.31, also p r o v i d i n g evidence 
t h a t t h i s has occurred. Also, there appears to be more than 
one peak a t t r i b u t a b l e t o a c e t y l groups. The small s i n g l e t s 
at 52.19 and 51.97 may be due t o the a c e t y l groups of 
protonated f ox'ms of (7.9) , although one may be due t o acetic 
a c i d . Notice t h a t the resonance from protonated excess 
hexamine i s absent, i n d i c a t i n g i t t o have a l l undergone 
r e a c t i o n . 
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F i g u r e 7.6 '''H NMR spectrum of species (7.9) formed in 

DMSO-do s o l u t i o n from liexamine and excess a c e t y l 

c h l o r i d e 

J-

S (ppra) 

-r-
2 
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7.7 I n t e r a c t i o n of DAPT with a c e t y l c h l o r i d e 
I t was thought t h a t a comparison of the i n t e r a c t i o n of a 

b i c y c l i c hexamine d e r i v a t i v e , such as DPT (1.5) or DAPT 
( 1 . 6 ) , with the same e l e c t r o p h i l e s used with hexamine might 
be u s e f u l , as t h i s might y i e l d f u r t h e r information as to the 
mechanism of formation of the unbridged eight-membered r i n g 
s p e c i e s , such as KMX ( 1 ^ ) , TAT and DADN (1.9) . 

However, NMR s p e c t r a obtained were g e n e r a l l y very complex 

and u n i n t e r p r e t a b l e , perhaps i n d i c a t i v e of extensive 

decomposition having taken p l a c e . The one exception to t h i s 

was the spectrum obtained when excess a c e t y l c h l o r i d e was 

added to a s o l u t i o n of DAPT i n chloroform-de, g i v i n g a c l e a r 

c o l o r l e s s s o l u t i o n . This i s shown i n Figure 7.7, with 

s h i f t s l i s t e d as s i n g l e t resonances in Table 7.7. 

Table 7.7 •*•]{ NMR data for a CDCI3 s o l u t i o n of DAPT and 

excess a c e t y l c h l o r i d e 

S (ppm) 

s p e c i e s formed 

5.45 

5.13 

5.06 

4.59 

4 55 

2.37 

2.18 

2.16 

(s 

(s 

( s . 

( s . 

( s . 

(s • 

( s . 

( s . 

211) 

211) 

211) 

211) 

211) 

311) 

311) 

311) 

others 

2.66 ( s ) excess 
AcCl 
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F i g u r e 7.7 •'•II NMR spectrum of a CDCI3 s o l u t i o n of DAPT and 

excess a c e t y l c h l o r i d e 

Li 

5 2 

6 (ppm) 
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Although the spectrum appears quite simple, i t i s not 

e a s i l y i n t e r p r e t e d . At f i r s t i t might appear t h a t there i s 

a doublet centred at 65.09 and another centred a t 64.57. 

However, t h i s cannot be the case, s i n c e no apparent coupling 

e x i s t s between any of the s i g n a l s . The most l i k e l y species 

formed by r e a c t i o n of DAPT and a c e t y l c h l o r i d e are (7.10) 

and r 7 . l l ) . 

A c — N N—Ac 

cr 

Ac—N N—Ac 

(TJi)) 

The spectrum i s not t h a t of (7.10), s i n c e for t h i s 

s t r u c t u r e a s i g n a l from the methyleniminium protons would be 
12 

expected at 68-9. At f i r s t s i g h t i t might a l s o seem 

unreasonable to suggest that Figure 7.7 i s the spectrum of 

s p e c i e s (7.10), s i n c e one might expect there to be e i t h e r 

two s i g n a l s from r i n g methylene protons i f molecular f l e x i n g 

o c c u r s , or two AB q u a r t e t s i f the r i n g i s more r i g i d , the 

former being most l i k e l y by comparison with other s i m i l a r 

s t r u c t u r e s . However, i t i s p o s s i b l e , even i f protons on any 

one methylene group are equivalent due to molecular f l e x i n g , 

t h a t hindered r o t a t i o n of the N-acetyl groups and/or s t e r i c 

hindrance about the CI-atom leads to there being f i v e 

d i f f e r e n t proton environments i f one in c l u d e s the non-ring 

methylene group, and hence the f i v e s i n g l e t s seen at ^4.55, 
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<54.59 , 65.06 , 65.13 and 65.45. I t i s reasonable to suggest 

t h a t the 'lone' s i n g l e t at 65.45 i s due to the methylene 

group adja c e n t to the CI-atom, w h i l s t the two p a i r s of 

s i n g l e t s f u r t h e r u p f i e l d a r i s e from very s i m i l a r , but 

non-equivalent, methylene protons e i t h e r on the same side of 

the r i n g as the CI-atom, or opposite i t . Such a scenario 

would a l s o e x p l a i n the presence of three d i f f e r e n t a c e t y l 

peaks at 62.16, 62.18 and 62.37. The s i n g l e t at 62.66 i s 

a t t r i b u t a b l e to excess a c e t y l c h l o r i d e , s i n c e when excess 

DAPT i s present t h i s peak does not appear i n the spectrum. 
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The Board of Studies i n Chemistry r e q u i r e s that each 

postgraduate r e s e a r c h t h e s i s contains an appendix l i s t i n g : 

(A) a l l r e s e a r c h c o l l o q u i a , seminars and l e c t u r e s arranged 

by the Department of Chemistry during the period of the 

author's r e s i d e n c e as a postgraduate student; 

(B) l e c t u r e s organised by Durham U n i v e r s i t y Chemical 

S o c i e t y ; 

(C) a l l r e s e a r c h conferences attended and papers presented 

by the author during the period when r e s e a r c h for the t h e s i s 

was c a r r i e d out; 

(D) d e t a i l s of the postgraduate induction course. 
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(A) Research c o l l o q u i a . seminars and l e c t u r e s organised bv 

Durham U n i v e r s i t v Chemistrv Department. 1986-1989 

(those attended are marked *) 

29.10.86 Prof. E.H. Wong ( U n i v e r s i t y of New Hampshire, 
U.S.A.), 'Coordination Chemistry of P-O-P 
Ligands'. (*) 

5.11.86 Prof. D. Dopp ( U n i v e r s i t y of Duisburg), 
'Cyclo-additions and Cy c l o - r e v e r s i o n s I n v o l v i n g 
Captodative Alkenes'. (*) 

26.11.86 Dr. N.D.S. Canning ( U n i v e r s i t y of Durham), 
'Surface Adsorption Studies of Relevance to 
Heterogeneous Ammonia Sy n t h e s i s ' . (*) 

3.12.86 Dr. J . M i l l e r (Dupont C e n t r a l Research), 
'Molecular Ferromagnets: Chemistry and P h y s i c a l 
P r o p e r t i e s ' . (*) 

8.12.86 Prof. T. Dorfmuller ( U n i v e r s i t y of B i e l e f e l d ) , 
' R o t a t i o n a l Dynamics i n Li q u i d s and Polymers'. 

28.1.87 Dr. V. Clegg ( U n i v e r s i t y of Newcastle-upon-Tyne), 
'Carboxylate Complexes of Zinc: Charting a 
S t r u c t u r a l Jungle'. 

4.2.87 Prof. A. Thomson ( U n i v e r s i t y of Ea s t A n g l i a ) , 
'Metalloproteins and Magnetooptics'. 

11.2.87 Dr. T. Shepherd ( U n i v e r s i t y of Durham), 'Pteridine 
N a t u r a l Products: Synthesis and Use i n 
Chemotherapy'. (*) 

17.2.87 Prof. E.H. Vong ( U n i v e r s i t y of New Hampshire, 
U.S.A.), 'Synmietrical Shapes from Molecules to Art 
and Nature'. 

4.3.87 Dr. R. Newman ( U n i v e r s i t y of Oxford), 'Change and 
Decay: A Carbon-13 CP/MAS NMR Study of 
Humification and C o a l i f i c a t i o n Processes'. 

11.3.87 Dr. R.D. Cannon ( U n i v e r s i t y of East A n g l i a ) , 
' E l e c t r o n T r a n s f e r i n Polynuclear Complexes'. 

17.3.87 Prof R.F. Hudson ( U n i v e r s i t y of Kent), 'Aspects of 
Organophosphorus Chemistry'. 

18.3.87 Prof. R.F. Hudson ( U n i v e r s i t y of Kent), 'Homolytic 
Rearrangements of Free R a d i c a l S t a b i l i t y ' . 

6.5.87 Dr. R. Bar t s c h ( U n i v e r s i t y of Suss e x ) , 'Low 
Co-ordinated Phosphorus Compounds'. (*) 
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7.5.87 Dr. M. Harmer ( I . C . I . Chemicals k Polymer Group), 
'The Role of Organometallics i n Advanced 
M a t e r i a l s ' . 

11.5.87 Prof. S. Pasynkiewicz ( T e c h n i c a l U n i v e r s i t y , 
Warsaw), 'Thermal Decomposition of Methyl Copper 
and i t s Reactions with T r i a l k y l a l u m i n i u m ' . 

27.5.87 Dr. R.M. Blackburn ( U n i v e r s i t y of S h e f f i e l d ) , 
'Phosphonates as Analogues of B i o l o g i c a l Phosphate 
E s t e r s ' . 

24.6.87 Prof. S.M. Roberts ( U n i v e r s i t y of E x e t e r ) , 
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19.11.87 Dr. J . Davidson (Herriot-Watt U n i v e r s i t y ) , 'Metal 
Promoted Oligemerisation Reactions of Alkynes'. 
(*) 

10.12.87 Dr.C.J. Ludman ( U n i v e r s i t y of Durham), 
' E x p l o s i v e s ' . (*) 
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16.3.88 Mr. L. Bossons (Durham Chemistry Teachers' 
C e n t r e ) , 'GSCE P r a c t i c a l Assessment'. 

7.4.88 Prof. M.P. Hartshorn ( U n i v e r s i t y of Canterbury, 
New Zealand), 'Aspects of I p s o - N i t r a t i o n ' . (*) 

13.4.88 Mrs. E. Roberts (SATRO O f f i c e r f o r Sunderland), 
T a l k - Durham Chemistry Teachers' Centre, 'Links 
Between Industry and Schools'. 

18.4.88 Prof. C.A. Nieto de Castro ( U n i v e r s i t y of Lisbon 
and I m p e r i a l C o l l e g e ) , 'Transport P r o p e r t i e s of 
Non-polar F l u i d s ' . (*) 

19.4.88 Graduate Chemists (Northeast P o l y t e c h n i c s and 
U n i v e r s i t i e s ) , R.S.C. Graduate Symposium. (*) 
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'Environmental Chemistry of Aluminium'. 
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27.4.88 Dr. R. Richardson ( U n i v e r s i t y of B r i s t o l ) , 'X-Ray 
D i f f r a c t i o n from Spread Monolayers". 

28.4.88 Prof. A. Pines ( U n i v e r s i t y of C a l i f o r n i a , 
B e r k e l e y , U.S.A.), 'Some Magnetic Moments'. 
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11.5.88 Dr. W.A. McDonald ( I . C . I . W ilton), 'Liquid C r y s t a l 
Polymers'. (*) 

11.5.88 Dr. J . Sodeau ( U n i v e r s i t y of E a s t A n g l i a ) , Durham 
Chemistry Teachers' Centre Lecture, 'Spray Cans, 
Smog and S o c i e t y ' . 

8.6.88 Prof. J.-P. Majoral ( U n i v e r s i t e Paul S a b a t i e r ) , 
' S t a b i l i s a t i o n by Complexation of Short-Lived 
Phosphorus S p e c i e s ' . 

29.6.88 Prof. G.A. Olah ( U n i v e r s i t y of Southern 
C a l i f o r n i a ) , 'New Aspects of Hydrocarbon 
Chemistry'. (*) 

18.10.88 Dr. J . Dingwall (Ciba Geigy), 
'Phosphorus-containing Amino Acids: B i o l o g i c a l l y 
A c t i v e Natural and Unnatural Products'. 

18.10.88 Mr. F. B o l l e n (Durham Chemistry Teachers' C e n t r e ) , 
'The Use of SATIS i n the classroom'. 

18.10.88 Dr. C.J. Ludman (Durham U n i v e r s i t y ) , 'The 
E n e r g e t i c s of E x p l o s i v e s ' ( * ) . 

9.11.88 Dr. G. Singh (Teesside P o l y t e c h n i c ) , 'Towards 
T h i r d Generation Anti-Leukaemics'. 

16.11.88 Dr. K.A. McLauchlan ( U n i v e r s i t y of Oxford), 'The 
E f f e c t of Magnetic F i e l d s on Chemical Reactions'. 

2.12.88 Dr. G. Hardgrove ( S t . Olaf College, U.S.A.), 
'Polymers i n the P h y s i c a l Chemistry Laboratory'. 

9.12.88 Dr. C. Jaeger ( F r i e d r i c h - S c h i l l e r U n i v e r s i t y GDR), 
'NMR i n v e s t i g a t i o n s of F a s t Ion Conductors of the 
NASICON Type'. 

14.12.88 Dr. C. Mortimer (Durham U n i v e r s i t y Teachers' 
C e n t r e ) , 'The Hindenberg D i s a s t e r - An Excuse for 
Some Experiments' 

25.1.89 Dr. L. Harwood ( U n i v e r s i t y of Oxford), 'Synthetic 
Approaches to Phorbols V i a I n t r a m o l e c u l a r Furan 
D i e l s - A l d e r Reactions: Chemistry Under Pressure 

1.2.89 Mr. T. Cressey and Mr. D. Waters (Durham Chemistry 
Teachers' C e n t r e ) , 'GCSE Chemistry 1988: A 
Coroner's Report'. 

13.2.89 Prof. R.R. Schrock fM.I.T.), 'Recent Advances i n 
L i v i n g Metathesis' ( * ) . 

15.2.89 Dr. A.R. B u t l e r ( S t . Andrews U n i v e r s i t y ) , 'Cancer 
i n Linxiam: The Chemical Dimension'. 

22.2.89 Dr. G. MacDougall (Edinburgh U n i v e r s i t y ) , 
' V i b r a t i o n a l Spectroscopy of Model C a t a l y t i c 
Systems'. 
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1.3.89 Dr. R.J. E r r i n g t o n ( U n i v e r s i t y of Newcastle-upon-
Tyne), 'Polymetalate Assembly i n Organic 
S o l v e n t s ' . 

9.3.89 Dr. I . Marko ( S h e f f i e l d U n i v e r s i t y ) , ' C a t a l y t i c 
Asymmetric Osmylation of O l e f i n s ' . 

14.3.89 Mr. P. R e v e l l (Durham Chemistry Teachers' C e n t r e ) , 
'Implementing Broad and Balanced Science 11-16'. 

15.3.89 Dr. R. Aveyard ( U n i v e r s i t y of H u l l ) , 'Surfactants 
at your Surface'. 

20.4.89 Dr. M. Casey ( U n i v e r s i t y of S a l f o r d ) , 'Sulphoxides 
i n S t e r e o s e l e c t i v e S y n t h e s i s ' . 

27.4.89 Dr. D. C r i c h ( U n i v e r s i t y College London), 'Some 
Novel Uses of Free R a d i c a l s i n Organic Synthe s i s ' 
( * ) . 

3.5.89 Mr. A. Ashman (Durham Chemistry Teachers' Cent r e ) , 
'The Chemical Aspects of the National Curriculum'. 

3.5.89 Dr. P.C.B. Page ( U n i v e r s i t y of L i v e r p o o l ) , 
'Stereocontrol of Organic Reactions Using 
1,3-dithiane-1-oxides'. 

10.5.89 Prof. P.B. Wells ( H u l l U n i v e r s i t y ) , ' C a t a l y s t 
C h a r a c t e r i s a t i o n and A c t i v i t y ' . 

11.5.89 Dr. J . Frey (Southampton U n i v e r s i t y , 'Spectroscopy 
of the Reaction Path: P h o t o d i s s o c i a t i o n Raman 
Sp e c t r a of NOCl'. 

16.5.89 Dr. R. S t i b r (Czechoslovak Academy of S c i e n c e s ) , 
'Recent Developments i n the Chemistry of 
I n t e r m e d i a t e - S i t e d Carboranes'. 

17.5.89 Dr. C.J. Moody ( I m p e r i a l C o l l e g e ) , 'Reactive 
Intermediates i n H e t e r o c y c l i c S y n t h e s i s ' ( * ) . 

23.5.89 Prof. P. Paetzold (Aachen), 'Iminoboranes XB==NR: 
Inorganic Acetylenes ?'. 

14.6.89 Dr. M.E. Jones (Durham Chemistry Teachers' 
C e n t r e ) , 'GCSE and A - l e v e l Chemistry 1989'. 

15.6.89 Prof. J . Pola (Czechslovak Academy of S c i e n c e s ) , 
'Carbon Dioxide Laser Induced Chemical Reactions -
New Pathways i n Gas-Phase Chemistry'. 

28.6.89 Dr. M.E. Jones (Durham Chemistry Teachers' 
C e n t r e ) , 'GCSE and A - l e v e l Chemistry 1989'. 

11.7.89 Dr. D. N i c h o l l s (Durham Chemistry Teachers' 
C e n t r e ) , 'Liquid A i r Demonstration'. 
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(B) L e c t u r e s organised bv Durham U n i v e r s i t v Chemical 

S o c i e t y 1986-1989 

(those attended are marked *) 

16.10.86 Prof. N.N. Greenwood ( U n i v e r s i t y of Leeds), 
'Glorious Gaffes in Chemistry'. (*) 

23.10.86 Prof. H.W. Kroto ( U n i v e r s i t y of S u s s e x ) , 
'Chemistry i n S t a r s , between S t a r s and i n the 
Laboratory'. 

30.10.86 Prof. D. Betteridge (B.P. R e s e a r c h ) , 'Can 
Molecules Talk I n t e l l i g e n t l y ' . 

6.11.86 Dr. R.M. Scrowston ( U n i v e r s i t y of H u l l K 'From 
Myth and Magic to Modern Medicine'. (*) 

13.11.86 Prof. S i r G. A l l e n ( U n i l e v e r Research), 
'Biotechnology and the Future of the Chemical 
I n d u s t r y ' . 

20.11.86 Dr. A. Milne and Mr. S. C h r i s t i e ( I n t e r n a t i o n a l 
P a i n t s ) , 'Chemical S e r e n d i p i t y - A Real L i f e Case 
Study'. 

27.11.86 Prof. R.L. Williams (Metropolitan P o l i c e Forensic 
S c i e n c e ) , 'Science and Crime'. (*) 

22.1.87 Prof. R.H. O t t e w i l l ( U n i v e r s i t y of B r i s t o l ) , 
' C o l l o i d Science: A Challenging Subject'. 

5.2.87 Dr. P. Hubberstey ( U n i v e r s i t y of Nottingham), 
'Demonstration Lecture on Various Aspects of 
A l k a l i Metal Chemistry'. (*) 

12.2.87 Dr. D. Brown ( I . C . I . B i l l i n g h a m ) , ' I n d u s t r i a l 
Polymers from B a c t e r i a ' . 

19.2.87 Dr. M. Jarman ( I n s t i t u t e of Cancer Research), 'The 
Design of Anti-Cancer Drugs'. (*) 

5.3.87 Prof. S.V. Ley ( I m p e r i a l C o l l e g e ) , 'Fact and 
Fantasy i n Organic S y n t h e s i s ' . 

9.3.87 Prof. E.G. Bordwell (Northeastern U n i v e r s i t y , 
U.S.A.), 'Carbon Anions, R a d i c a l s , R a d i c a l Anions 
and R a d i c a l Cations'. (*) 

12.3.87 Dr. E.M. Goodger ( C r a n f i e l d I n s t i t u t e of 
Technology), ' A l t e r n a t i v e F u e l s f o r Transport'. 
(*) 

15.10.87 Dr. M.J. Winter ( U n i v e r s i t y of S h e f f i e l d ) , 
'Pyrotechnics (Demonstration L e c t u r e ) ' . (*) 

22.10.87 Prof. G.W. Gray ( U n i v e r s i t y of H u l l ) , 'Liquid 
C r y s t a l s and t h e i r A p p l i c a t i o n s ' . (*) 
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29.10.87 Mrs. S. van Rose ( G e o l o g i c a l Museum), 'Chemistry 
of Volcanoes'. (*) 

5.11.87 Dr. A.R. B u t l e r ( U n i v e r s i t y of S t . Andrews), 
'Chinese Alchemy'. (*) 

12.11.87 Prof. D. Seebach (E.T.H. Z u r i c h ) , 'From Synthetic 
Methods to Mechanistic I n s i g h t ' . (*) 

19.11.87 Prof. P.G. Sanmies (Smith, K l i n e and FrenchJ , 
'Chemical Aspects of Drug Development'. (*) 

26.11.87 Dr. D.H. Williams ( U n i v e r s i t y of Cambridge), 
'Molecular Recognition'. (*) 

3.12.87 Dr. J . Howard ( I . C . I . W i l t o n ) , 'Liquid C r y s t a l 
Polymers'. (*) 

21.1.88 Dr. F. Palmer f U n i v e r s i t y of Nottingham), 
'Luminescence (Demonstration L e c t u r e ) ' . (*) 

28.1.88 Dr. A. Cairns-Smith ( U n i v e r s i t y of Glasgow), 'Clay 
Minerals and the O r i g i n of L i f e ' . 

11.2.88 Prof. J . J . Turner ( U n i v e r s i t y of Nottingham^, 
'Catching Organometallic Intermediates'. (*) 

18.2.88 Dr. K. Borer ( U n i v e r s i t y of Durham I n d u s t r i a l 
Research L a b o r a t o r i e s ) , 'The Brighton Bomb - A 
F o r e n s i c Science View'. (*) 

25.2.88 Prof. A. U n d e r h i l l , ( U n i v e r s i t y of Bangor), 
'Molecular E l e c t r o n i c s ' . (*) 

3.3.88 Prof. W.A.G. Grahaiii ( U n i v e r s i t y of A l b e r t a , 
Canada), 'Rhodium and I r i d i u m Complexes in the 
A c t i v a t i o n of Carbon-Hydrogen Bonds'. 

6.10.88 Prof. R. Schmutzler ( U n i v e r s i t y of Braunschweig), 
'Fluorophosphines R e v i s i t e d - New Contributions to 
an Old Theme'. 

13.10.88 Dr. D.R. Marshall (Univprs-it.y n-F BaT.crn-r) 'Tho 
Best Bang bmce the Big One'. (*) 

21.10.88 Prof. P. von Rague S c h l e y e r ( U n i v e r s i t y of 
E r l a n g e n ) , 'The F r u i t f u l I n t e r p l a y Between 
C a l c u l a t i o n a l and Experimental Chemistry'. 

27.10.88 Prof. W.C. Rees ( I m p e r i a l C o l l e g e ) , 'Some Very 
H e t e r o c y c l i c Compounds'. (*) 

10.11.88 Prof. J . I . G . Cadogan (B.P. Research), 'From Pure 
Science to P r o f i t ' . (*) 

24.11.88 Dr. R.W. Walker and Dr. R.R. Baldwin ( U n i v e r s i t y 
of H u l l ) , 'Combustion - Some Burning Problems'. 
(*) 
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1.12.88 Dr. R. Snaith ( U n i v e r s i t y of Cambridge), 'Egyptian 
Mummies - What, Where, Why and How ?' (*) 

26.1.89 Prof. K.R. Jennings ( U n i v e r s i t y of Warwick), 
'Chemistry of the Masses'. 

2.2.89 Prof. L.D. H a l l (Addenbrookes' H o s p i t a l ) , 'NMR -
A Window to the Human Body'. (*) 

9.2.89 Prof. J . Baldwin ( U n i v e r s i t y of Oxford), 'Recent 
Advances i n the Bioorganic Chemistry of P e n i c i l l i n 
B i o s y n t h e s i s ' . (*) 

16.2.89 Prof. J.B. A y l e t t (Queen Mary C o l l e g e ) , 
' S i l i c o n - b a s e d Chips: The Chemists Contribution'. 
(*) 

23.2.89 Dr. B.F.G. Johnson ( U n i v e r s i t y of Cambridge), 'The 
Binary Carbonyls'. 
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(C) Conferences attended 

European Symposium on Organic R e a c t i v i t y I I , U n i v e r s i t y 

of Padova, I t a l y , 27th August - 1st September 1989. 

Paper presented: 'Reactions of hexamethylenetetramine and 

i t s d e r i v a t i v e s with e l e c t r o p h i l e s ' . 

(D) F i r s t year induction course. October 1986 

T h i s course c o n s i s t s of a s e r i e s of one hour l e c t u r e s on 

the s e r v i c e s a v a i l a b l e in the department. 

1. Departmental oi^ganisation. 

2. Safety matters. 

3. E l e c t r i c a l appliances and i n f r a - r e d spectroscopy. 

4. Chromatography and m i c r o a n a l y s i s . 

5. Atomic absorptiometry and inorganic a n a l y s i s . 

6. L i b r a r y f a c i l i t i e s . 

7. Mass spectroscopy. 

8. Nuclear magnetic resonance spectroscopy. 

9. Glassblowing technique. 
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