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RECENT APPROACHES TO THE SYNTIiESIS OF HIGH 

EXPLOSIVE AND ENERGETIC MATERIALS: A REVIEW 

Robert J. Spear and William S. Wilson 
Materials Research Laboratories, PO. Box 50,  

Ascot V a l e ,  Victoria 3032, Austral ia  

ABSTRACT 

The synthesis  of energet ic  materials over the past 10-15 

years has been reviewed. The areas  i n  which most a c t i v i t y  has 

occurred embrace s i x  d i f f e ren t  classes of compounds: 

polyni t roal iphat ics ,  dinitrofluoromethyl compounds, difluoramines, 

azido compounds, polynitroaromatics and heterocycl ic  compounds. 

Each c lass  is t rea ted  within a s ingle  sec t ion  covering the 

synthesis of the basic  "building-block" materials, the strategies 

f o r  transforming these i n t o  the f i n a l  products and the scope and 

l imitat ions of the react ions carr ied out. M o s t  of the l i t e r a t u r e  

covered deals  w i t h  new compounds but new or improved syntheses of 

compounds already known t o  possess useful  propert ies  a r e  a l s o  

described. f i n a l l y ,  developments i n  the predict ion of explosive 

propert ies  from molecular structure/composition a re  d e a l t  with 

more br ie f ly .  
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(c )  1984 Dowden, Brodman 8 Devine, Inc. 

0737-0652/84/0201-2-$15.00 

61 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
1
0
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



INTRODUCTION 

M i l i t a r y  high explosives  a r e  convent ional ly  ca t eqor i sed  as 

primary, secondary and t e r t i a r y  explosives  on t h e  basis of t h e i r  

s e n s i t i v i t i e s  and uses.  Primary explosives  are the  most s e n s i t i v e  

t o  mechanical and e l e c t r i c a l  i n i t i a t i o n  and are used i n  small 

q u a n t i t i e s  i n  the  i n i t i a t o r y  segment of explosive t r a i n s ,  ie, i n  

de tona to r s  and fuzes.  Typical  examples a r e  lead az ide ,  lead 

s typhnate and tetrazen'e.  Secondary explosives  are less s e n s i t i v e  

LEAD AZlDE LEAD STYPHNATE T E T R A 2  E N  E 

( b u t  gene ra l ly  more powerful) and are used as the  main explosive 

f i l l i n g  i n  bombs, s h e l l s  and o t h e r  munitions, as w e l l  as i n  

commercial a p p l i c a t i o n s .  Common examples are n i t r o g l y c e r i n e  (NG) 

( i n  formulat ions such as dynamite),  2 ,4 ,6 - t r in i t ro to luene  (TNT) 

and cyclotrimethylenetrinitramine (RDX) . T e r t i a r y  explosives  

are even less s e n s i t i v e  y e t  s t i l l  energy-rich materials; they are 

n o t  gene ra l ly  regarded as explosives ,  b u t  can de tona te  under 
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c e r t a i n  conditions.  The usual  example is the  f e r t i l i z e r  ammonium 

n i t r a t e  (AN)  which forms the bas i s  of most explosives  used i n  t h e  

mining and construct ion indus t r ies .  

Since t h e  F i r s t  World War explosive f i l l i n g  f o r  shells and 

bombs have been based on TNT, eked out  a t  t h a t  t i m e  by t h e  

inc lus ion  of AN t o  give the  amatols. The major development of the 

Second World War was the  incorporat ion of RDX i n t o  TNT to  give t h e  

more powerful cyc lo to ls ,  of which Composition B (RDX/TNT/Beeswax 

60/40/1) is t h e  most common- The vas t  major i ty  of explosive 

f i l l i n g s  f o r  m i l i t a r y  use by a l l  count r ies  are st i l l  of t h i s  type, 

sometimes with aluminium added t o  enhance blast  and underwater 

e f f e c t s .  The s e n s i t i v i t i e s  and performances of these compositions 

a r e  w e l l  documented and w e l l  understood. It should not  be 

infer red ,  however, t h a t  cyc lo to ls  are the i d e a l  f i l l i n g s .  Such 

explosive compositions are weak, b r i t t l e  materials subjec t  t o  

cracking, and are prone to exudation and dimensional i n s t a b i l i t y  

i n  response t o  thermal cycling. Furthermore, the explosive 

performance and i n s e n s i t i v i t y  of Composition B are only adequate 

f o r  use i n  s h e l l s  f o r  the  cur ren t  generation of guns, and appear 

t o  be a t  b e s t  marginal f o r  use i n  the newer high performance/high 

v e l o c i t y  l a r g e  c a l i b e r  guns i n  which t h e  larger set-back forces  on 

f i r i n g  increase  the p r o b a b i l i t y  of premature detonations.  

Al te rna t ives  to  RDX/TNT compositions include pressed or extruded 

explosives ,  which c o n s i s t  of explosives such as RDX with a 

b inder /desens i t i se r ,  and polymer bonded explosives  (PBX's)  which 

63 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
1
0
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



c o n s i s t  of explosive materials suspended i n  a matrix of binder 

which is cured i n  s i t u .  While these compositions overcome some OP 

t h e  d e f i c i e n c i e s  of melt-cast RDX/TNT,  they have p r a c t i c a l  

l i m i t a t i o n s  of t h e i r  own, p a r t i c u l a r l y  i n  t h e  areas of cost and 

ease of processing. Even i f  s a t i s f a c t o r y  a l t e r n a t i v e s  t o  the 

melt-cast R D X / T N T  technology w e r e  a v a i l a b l e ,  a l i k e l y  estimate f o r  

t h e  time to  in t roduct ion  i n t o  service s t o r e s  would be 20 years. 

As a r e s u l t  efforts are cons tan t ly  being made t o  improve the  

performance, s e n s i t i v i t y  and material proper t ies  of e x i s t i n q  

RDX/TNT formulations.  

I n  p a r a l l e l  with t h i s  developmental approach d i r e c t e d  towards 

modification of t h e  p r o p e r t i e s  of e x i s t i n g  formulat ions,  

considerable  a t t e n t i o n  has  been devoted t o  t h e  synthes is  of new 

energe t ic  compounds w i t h  t h e  p o t e n t i a l  t o  overcome t h e  

shortcomings of t h e  t r a d i t i o n a l l y  used materials. Earlier workers 

l a r g e l y  used ad hoc approaches i n  s e l e c t i o n  and synthes is  of new 

candidate  materials based on t h e i r  knowledge of e x i s t i n g  

compositions. The s y n t h e s i s  of new explosive materials i n  t h i s  

way generated an  i n c r e a s i n g  d a t a  base which u l t i m a t e l y  enabled 

enunciat ion and proof of s t ruc ture /proper ty  r e l a t i o n s h i p s .  

Explo i ta t ion  of these  r e l a t i o n s h i p s  coupled with computer codes t o  

p r e d i c t  explosive p r o p e r t i e s  (such as detonat ion velocities) from 

molecular s t r u c t u r e  has led to  t h e  development of new explosives ,  

p rope l lan ts  and e n e r g e t i c  binders .  
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In t h i s  report, the  synthes is  of enerqe t ic  materials over the 

las t  10-15 years has been reviewed. In p a r t i c u l a r ,  our a i m  has  

been t o  e l u c i d a t e  recent  t rends and to  assess  what classes of 

compounds have provided the most promising candidate explosives.  

The major concern of t h i s  review is with secondary explosives  

because they are the  most common explosives,  i n  terms of sheer 

bulk,  used i n  m i l i t a r y  appl icat ions.  

GENERAL DISCUSSION OF APPROACHES TO SYNTHESIS OF 

NGW ENERGETIC MATERIALS 

It has long been recognised t h a t  the  presence of c e r t a i n  

atomic l inkages such as N=O, N=N and 0-C1 conferred p o t e n t i a l  

explosiveness and, by analogy with t h e  chemical theory of colour ,  

such func t iona l  groupings were dubbed explosophores. Taylor, i n  

the  f i r s t  modern review of explosive materials , i d e n t i f i e d  f o u r  

classes of explosive compounds : 

1 

(i 1 

(ii) 

(iii) 

( i v )  

compounds containing nitrogenQxygen bonds, which included 

n i t r a t e s  and n i t r i c  esters, n i t r o a l i p h a t i c s  and ni t roaromatics  

peroxides and ozonides 

ch1,oroderivatives including chloroamines and oxychloroacids 

and t h e i r  salts 

se l f - l inked  ni t rogen compounds including hydrazines,  

nitramines and azo, diazo and azido compounds 
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A f u r t h e r  class may be added from the  r e s u l t s  of more recent  

research: 

( v )  f luoroder iva t ives  inc luding  difluoramines and f l u o r o n i t r o  

compounds. 

The best general  sources  of information on t h e  explosive 

proper t ies  and chemistry of specific compounds contained i n  these 

f i v e  classes of materials can be found i n  t h e  three volume set  by 

Urbanski' and the "Ehcyclopedia of Explosives and Related Items" 

from Picat inny Arsenal (now ARRADCOM) '. 
The p r i n c i p a l  o b j e c t i v e  of research i n t o  new e n e r g e t i c  

materials is t h e  s y n t h e s i s  of new compounds with increased 

explosive performance ( ie increased a v a i l a b l e  energy),  reduced 

s e n s i t i v i t y  to  s t i m u l i  such as impact and shock, and/or enhanced 

chemical and thermal s t a b i l i t y .  

compound is a thermodynamic property and should pr imar i ly  depend 

on t h e  number and type of explosophores present .  If t h i s  w e r e  t h e  

only c r i t e r i o n  €or selection, p r i n c i p a l  a t t e n t i o n  would be centred 

on bui ld ing  more explosophores i n t o  e x i s t i n g  molecular 

frameworks. However, s e n s i t i v i t y  and s t a b i l i t y  are k i n e t i c  

p r o p e r t i e s  i n  t h a t  they depend l a r g e l y  on t h e  weakest bond i n  t h e  

molecule; t h i s  bond need n o t  ( b u t  usua l ly  does)  form p a r t  of t h e  

explosophore (9 )  b u t  may w e l l  be inf luenced e l e c t r o n i c a l l y  or 

s t e r i c a l l y  by i t s  ( t h e i r )  presence. Thus t h e  f a c t o r s  which 

increase  the explosive performance of ten  also increase  s e n s i t i v i t y  

and decrease s t a b i l i t y  so t h a t  a compromise must o f t e n  be reached. 

The explosive performance of a 
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In the period between about 1950 and 1965 the  p r i n c i p a l  

research goal  was  increased explosive performance. 

number of t r in i t romethyl  [R-C (NOZ) 3 l  and r e l a t e d  compounds , which 

were considered a t  that time t o  be the most promising class of new 

A very l a r g e  

high explosive molecules , w e r e  synthesised during t h i s  period. 

However, though c e r t a i n l y  energe t ic ,  m o s t  of these materials 

tended to  be f a r  too s e n s i t i v e  f o r  p r a c t i c a l  appl icat ion.  

Attention has subsequently been d i rec ted  towards materials such as 

dini t rof luoromethyl  der iva t ives  [R-CP(N02)21 which have somewhat 

lower explosive performance but  much decreased s e n s i t i v i t y  

compared with the corresponding t r in i t romethyl  compounds. 

Considerable effort was also devoted to the synthes is  of hexa- 

nitrobenzene. This compound proved to  have both high dens i ty  and 

high veloci ty  of detonat ion,  bu t  rather poor chemical s t a b i l i t y .  

Another area of considerable  i n t e r e s t  has been explosives of 

enhanced thermal s t a b i l i t y .  Rates of thermal decomposition may be 

as much as 50-100 times faster i n  t h e  m e l t  or so lu t ion  than in t h e  

s o l i d  state a t  comparable temperatures I due to  enhanced molecular 

mobility. One approach to  t h e  synthes is  of thermally stable 

explosives has  therefore  been to  prepare compounds of ever- 

increasing molecular weight (and therefore increas ing  melting 

p o i n t ) ;  it general  these compounds have been polyni t ro  polycycl ic  

aromatics. Another approach has been t o  consider i n t r i n s i c a l l y  

more stable he terocycl ic  r i n g  systems s u b s t i t u t e d  w i t h  n i t r o  

and/or p i c r y l  (2 ,4 ,6- t r ini t rophenyl)  groups, while a t h i r d  avenue 
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has been the synthesis  of compounds s t a b i l i s e d  by the presence of 

resonance s t ruc tures  o r  by i n t e r -  and intramolecular hydroqen 

bonding i n  the c r y s t a l  l a t t i c e .  Since i n i t i a t i o n  by mechanical 

s t imuli  such a s  impact and f r i c t i o n  is a thermal process, these 

thermally s t ab le  explosives a l s o  tend to be r e l a t ive ly  insensi t ive.  

This review is set out i n  two sect ions.  The pr inc ipa l  

sect ion is a discussion of the synthesis  of new energet ic  

materials,  and new or  improved syntheses of materials already 

known t o  have useful  propert ies .  This sect ion is subdidivided 

in to  s i x  pa r t s ,  represent ing the s i x  c lasses  of materials i n  which 

the  most intense a c t i v i t y  has occurred or which have provided the  

most promising candidate mater ia ls :  po lyni t roa l ipha t ics ,  

d in i t rof  luoromethyl compounds, difluoramines, azido compounds, 

polynitroaromatics, and heteroaromatic and heterocycl ic  

compounds. No spec i f i c  p a r t  has been a l loca ted  t o  nitramines o r  

n i t r a t e  esters: although such mater ia ls  have been s tudied 

extensively throughout this century,  most mater ia ls  which have 

been synthesised recent ly  incorporate  other  explosophores and 

examples of these can be found throughout the s i x  pr inc ipa l  

par t s .  The second and shor t e r  sec t ion  is a discussion of research 

on the predict ion of explosive proper t ies  from molecular 

s tructure/compos i tion. 

I n  general  no attempt has been made t o  ind ica te  explosive 

propert ies  of spec i f i c  compounds but  we have t r i e d  t o  give a 
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general  f e e l  f o r  t h e  proper t ies  of s p e c i f i c  c l a s s e s  of 

5 materials. Earlier review articles i n  19714 and 1974 have been 

u s e f u l  bu t  they have been of q u i t e  l imited scope. A comprehensive 

review of the reac t ions  involved i n  explosive synthes is6  has also 

been useful.  Biannual repor t s  i n  "Reports on the Proqress of 

Applied Chemistryn7 usua l ly  provide an adequate coveraqe of r e c e n t  

l i t e r a t u r e ,  p a r t i c u l a r l y  patents.  Some p a r t i a l  dupl ica t ion  of 

these earlier review articles has been unavoidable f o r  t h e  a i m  of 

giv ing  an overall impression of t h e  process of development over 

the e n t i r e  f i e l d .  

CLASSES OF ENERGETIC MATERIALS 

Polyni t roa l ipha t ics  

The general  approach of increas ing  the energy content  of 

e x i s t i n g  s t r u c t u r a l  u n i t s  has led t o  the synthes is  of a very larqe 

number of p o l y n i t r o a l i p h a t i c  compounds. A number of these 

materials d isp lay  promise as explosives ,  p rope l lan ts  or e n e r q e t i c  

b inders  although the s e n s i t i v i t y  is i n  general  too great f o r  

p r a c t i c a l  use. The m o s t  in tense  period of act ivi ty  on this c l a s s  

of compounds bccurred before  1965 and has l a r g e l y  been covered by 

a symposium p r o c e e d i n g  i n  1963' and a subsequent review 

article . The synthes is  of t r i n i t r o m e t h y l  compounds w a s  reviewed 

i n  1970". 

9 

Although a c t i v i t y  on this class of energe t ic  materials 
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has diminished i n  favour of more promising materials, t h e r e  has 

still been a s u b s t a n t i a l  number of new compounds reported over the 

last  decade and examples shown b e l o w  w e r e  chosen mainly from t h i s  

data. N o t  a l l  reac t ion  types are described: a complete l i s t i n g  

can be obtained from references  . 8-1 0 

The synthes is  of p o l y n i t r o a l i p h a t i c  compounds can be achieved 

by t w o  basic strategies. In one approach, s m a l l  h igh ly  n i t r a t e d  

molecules are added to  s u i t a b l e  s u b s t r a t e s  to  c o n s t r u c t  l a r g e r  

molecules containing a number of n i t r o  groups. A n  a l t e r n a t i v e  

method involves  the  s tepwise n i t r a t i o n  of a bui l t -up ske le ton  

i n i t i a l l y  containing some n i t r o  groups t o  u l t i m a t e l y  y i e l d  a 

highly n i t r a t e d  system. The first approach has been by far  t h e  

most widely used and requi res ,  as t h e  basic bui ld ing  blocks, 

te t rani t romethane (TNH)~ 1, t r ini t romethane (or ni t roform,  N F ) ~  2 

and 2 ,2 ,2- t r in i t roe thanol  (TNE) 1 3 .  

success ive ly  from TNH as shown i n  scheme 1. TNE can also be 

synthesised d i r e c t l y  from TNM without i s o l a t i o n  of NF 

NF and TNE are synthes ised  

1 4  . 

TNM[ll] NF [ $21 TNE[13] 

TNH has l imi ted  s y n t h e t i c  uses.  Condensation with hydrazines 

t o  form din i t romthylhydrazones  (scheme 2)  and r e a c t i o n  with 

te t rahydrofuran and related s u b s t r a t e s  by a r a d i c a l  process  t o  

give a - t r in i t romethyl  d e r i v a t i v e s  (scheme 3)  l 6  are t w o  r e c e n t  

examples. H o w e v e r  both these  reac t ions  can be achieved with NF. 
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NF is  s u f f i c i e n t l y  nucleophi l ic  to  add d i r e c t l y  to  a wide 

ranye of s u b s t r a t e s  and s u f f i c i e n t l y  acidic t h a t  an ac id  c a t a l y s t  

is  not  normally required.  Examples of such addi t ions  a r e  the 

Michael reac t ions  t o  unsaturated aldehydes (scheme 4)17 and e s t e r s  

(scheme 5)18. Addition t o  the  unsaturated a c y l a l s  shown i n  scheme 

6 required BF3 as a catalyst17.  

f a i l e d  because the ketene reacted with a c e t o n e , p r i o r  t o  NF 

addi t ion  (scheme 7 )  l9. 

The attempted addi t ion  t o  ketene 

R \  
R-CW-CH-CM(OAc), + NF ,BF,/.th.r, /CH- CHI-CH(OAc), 

(m)f 
R-H.CW, 

The nucleophi l ic i ty  and a c i d i t y  of NF are i d e a l  f o r  t h e  

Mannich reac t ion  which has been used extensively8"'. A recent  

example can be seen as t h e  first s t e p  i n  the  preparat ion of t h e  

nitramine t r i s ( n i t r i c  ester) shown i n  scheme 8 . A r e l a t e d  20 
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reac t ion  is the condensation of NF w i t h  aldehydes i n  the presence 

of t h i o l s  t o  give t r i n i t r o m e t h y l  s u l f i d e s  (scheme 912'. 

Reactions of salts of N!? w i t h  e l e c t r o p h i l i c  reagents  have 

been s tudied  ex tens ive ly  22-25. 

carbon or oxygen, the la t ter  course giving unstable  n i t r o n a t e  

esters (scheme 10). The preference f o r  a t t a c k  a t  carbon or oxygen 

is dependent both upon t h e  p a r t i c u l a r  m e t a l  s a l t  and the 

e l e c t r o p h i l i c  reagent.  

salts24 l a r g e l y  g ive  n i t r o n a t e  esters while potassium, sodium and 

l i th ium salts favour r e a c t i o n  a t  carbon22. 

reac t ion  w i t h  s u l f e n y l  ha l ides25  usua l ly  occurs a t  carbon while  

acylat ion" occurs  on oxygen. 

Reaction can occur either a t  

For example, silver 2 2 p 2 3  and magnesium 

AlkylationS2 and 

nittonat. *stw 
(unstable) 

me main area of experimental  i n t e r e s t  has  been compounds 

prepared from TNE. 

chlor ides27828 i n  the presence of Lewis  acid c a t a l y s t  (schemes 11, 

TNE r e a d i l y  condenses W i t h  ha l ides26  and acid 
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12). Reaction with bis (acid chlorides) proceeds similarly t o  give 

27 , 28 diesters 

TNE condenses readily w i t h  phosgene2’ or carbonyl f luoride3’ 

i n  the presence of pyridine t o  give bis(2r2r2-trinitroethyl)carbonate 

(scheme 13). However i f  sodium fluoride is employed as the base, 

reaction w i t h  carbonyl fluoride affords the fluoroformate which 

can be further reacted with SP4 t o  the trifluoromethyl ether 

(scheme 14) . 30 

!CNE also condenses with adnes ,  an example of which can be 

aeen i n  the f i r s t  s tep of the bis(nitramine1 preparation detailed 

in  scheme 1S3l. 
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Treatment of t r in i t romethyl  compounds with potassium iodide 

followed by ac id i f i ca t ion  produces the corresponding dinitromethyl 

der ivat ives  (scheme 16)32. An i n t e re s t ing  var ia t ion can be seen 

in scheme 17, where bis(2,2,2-trinitroethyl)formal reacted with 

KCN t o  give b i s (  l-cyano-2,2-dinitroethyl)forml which could be 

fur ther  hydrolysed t o  the diamide or reacted with formaldehyde t o  

give the hydroxypropyl der iva t ive  (scheme 17) . 33 

Terminal dinitromethyl der iva t ives  can a l so  be prepared from 

2,Z-dinitroethanol (DNE).  An improved synthesis of the key 

intermediate, the potassium (or sodium) salt  of dinitromethane, 

has recent ly  been reported (scheme 18)34. This s a l t  is readi ly  

converted to  an extremely usefu l  compound, 2,2-dinitropropan-l, 3- 

d i 0 1 ~ ~ , ~ ~  and thence t o  ONE3', or d i r e c t l y  t o  DNE34 (scheme 18). 

DNE undergoes an analogous series of react ions t o  TNE . 9 
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Another reagent  which has recent ly  been reported is 

t e t r a n i t r ~ e t h e n e ~ ~ ,  presumed t o  be generated i n  s i t u  when 

hexanitroethanel i s  reacted with dienes. The reac t ion  with 

cyclopentadiene is shown i n  scheme 19. me reagent also reacts 

with anthracenes 36. 

Ihe a l t e r n a t i v e  approach of bu i ld ing  up p o l y n i t r o a l i p h a t i c s  

has  not o f t e n  been used due t o  the lack of a general  procedure f o r  

conversion of dini t romethyl  groups to  t r in i t romethyl  groups. A 

b r i e f  summary of earlier methods such as the Ter Meer reac t ion  and 

n i t r a t i o n  with TNM can be found i n  earlier  reference^^"^. 
reagent  which has shown promise is n i t roxyl f luor ide  (N02F) which 

r e a d i l y  n i t r a t e s  s u b s t i t u t e d  dini t romethyl  sa l ts  to  t r i n i t r o m e t h y l  

compounds (scheme 2 0 )  37t38. 

n i t r a d n e s  y i e l d s  t h e  corresponding n i t r a t e s  by rearrangement 

(scheme 21)37’39. %is same r e s u l t  can be achieved d i r e c t l y  from 

the  adnes using two mole equivalents  of N02F . Bis(ni t ramines)  

react correspondingly to  give t h e  bis ( n i t r a t e  esters ) 

One 

In cont ras t ,  reac t ion  of N O ~ F  w i t h  

39 

37,39 

M*XE(No$, + NOIF cN (NO3,CX * 
M‘ - Nn: ,K’ X- d k y l  ,NOa .F. Br 

R- NMNOz 

(20) 
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N-Nitration of nitramines can be e f f e c t e d  with N02F by usinq 

40 nitramine sa l t s  of bulky t e t r a a l k y l  ammonium c a t i o n s  (scheme 2 2 )  

b u t  t h e  products,  N,N-dinitramines. are more r e a d i l y  synthesised 

by r e a c t i o k o f  ni t ramines with nitronium t e t r a f  luorohorate  (scheme 

22) 4'. Methyldinitramine, synthesised accordinqly,  has been shown 

to  be an  e f f i c i e n t  reagent  f o r  conversion of primary a l i p h a t i c  

n i t r o  compounds t o  t h e  corresponding gem-dinitro d e r i v a t i v e s ,  

i s o l a t e d  as the potassium sal ts  (scheme 23)42. 

coupl ing r e a c t i o n  shown i n  scheme 24 is also i n i t i a t e d  by 

methyldinitramine . 

The i n t e r e s t i n g  

42 

Pluorotr ini t romethane has  also been used t o  n i t r a t e  potassium 

2,4,C-tr ini t robenzyl ide to  t h e  =-n i t ro  d e r i v a t i v e  (scheme 2 ~ ) ~ ~ .  
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Dinitrofluorornethyl Compounds 

K a m l e t 4 4  proposed i n  1959 t h a t  t h e  (unacceptably) high 

s e n s i t i v i t y  of t r in i t romethyl  compounds resu l ted  from r e s t r i c t i o n  

of r o t a t i o n  about the indiv idua l  C-NOZ l inkages.  

most l i k e l y  t o  be broken i n  the rate-determining step to  

i n i t i a t i o n .  Kamlet's proposal was based on the knowledge t h a t  

concentrat ion of energy within a p a r t i c u l a r  molecular fragment 

leads  t o  a d i s t r i b u t i o n  of energy between bonded atom vibra t ions  

and ro ta t ions .  Thus when r o t a t i o n a l  modes are r e s t r i c t e d ,  more 

energy goes i n t o  t h e  p o t e n t i a l l y  bond breaking v i b r a t i o n a l  modes 

and processes beginning with bond breaking are more l ike ly .  

K a m l e t  p red ic ted  that the replacement of one n i t r o  group by the 

much smaller f l u o r i n e  atom would s u b s t a n t i a l l y  decrease the C-NO2 

r o t a t i o n a l  b a r r i e r ,  hence ease of bond breaking and consequently 

s e n s i t i v i t y  would be s u b s t a n t i a l l y  decreased. Furthermore, s i n c e  

t h e  f l u o r i n e  atom bestows q u i t e  a high energy conten t  on molecules 

i n  which it forms a p a r t ,  a -CF(NO2I2 compound should be only 

s l i g h t l y  less energe t ic  than its -C(N02)3 analogue. K a m l e t ' s  

p r e d i c t i o n  has  been v e r i f i e d  from data for t h e  many hundreds of 

dini t rof luoromethyl  compounds which have been synthesised over the 

last 10-15 years. K a m l e t  and Adolph4' have recent ly  reviewed the 

performance c h a r a c t e r i s t i c s  of this class of energe t ic  materials. 

This is the bond 

Two basic s t r a t e g i e s  have been used for the synthes is  of 

dini t rof luoromethyl  compounds. One approach has been t h e  
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preparat ion of t h e  corresponding t r i n i  tromethyl or d i n i  tromethyl 

compounds, conversion t o  the dini t romethyl  anion (see scheme 16)  

and subsequent f l u o r i n a t i o n .  The usua l  f l u o r i n a t i o n  reagent  is a 

d i l u t e  stream of f l u o r i n e  i n  nitrogen. A very large number of 

dini t rof luoromethyl  compounds have been prepared using t h i s  

procedure, which has been named t h e  Grakauskas Reaction . A 

s e l e c t i o n  of examples can be seen i n  schemes 26 and 27. 

46 

[(NO&CCH*],X.ZK’ [(NO:), CFCM,], X 

X=-OCH,O-[46,51] - NMCONM -[be] 

Perchloryl  f l u o r i d e  (FC103) has also been used as a 

f l u o r i n a t i o n  reagent ,  b u t  much less extens ive ly  because of its 

lower r e a c t i v i t y  and the  hazardous c h l o r a t e  byproducts which 

h inder  product i s o l a t i o n .  Some examples of syntheses  us ing  t h i s  

reagent  are shown i n  scheme 28. 

be used t o  advantage f o r  f l u o r i n a t i o n  of s u b s t r a t e s  conta in ing  

func t iona l  groups which would react with f luor ine .  ?he lack of 

r e a c t i o n  w i t h  double bonds is of p a r t i c u l a r  i n t e r e s t  and has been 

explo i ted  i n  t h e  epoxide s y n t h e s i s  shown i n  scheme 2gS4. 

The lower r e a c t i v i t y  of FC103 can 
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The a l t e r n a t i v e  synthe t ic  approach is  to  bui ld  up la rger  

energe t ic  compounds by the addi t ion  of small molecules containing 

t h e  dini t rof luoromethyl  group. The most widely used reaqent of 

t h i s  category is 2,2-dinitro-2-f luoroethanol (DNFE) which can be 

synthesised from a var ie ty  of precursors.  The usua l  procedure is 

to r e a c t  2,2-dinitropropan-l,3-aioi 14,35  (see scheme 18) with 

aqueous sodium hydroxide then f l u o r i n a t e  t h e  r e s u l t i n g  a i o n  

(scheme 30)~' .  An a l t e r n a t i v e  synthesis  is f l u o r i n a t i o n  of N F  

or its sodium salt4' t o  f luorotrinitromethane and condensation 

with formaldehyde i n  t h e  presence of a l k a l i n e  hydrogen peroxide 

(scheme 31 )46. 

by r e a c t i o n  of TNM w i t h  potassium f l u o r i d e  (scheme 31)", such 

displacement reac t ions  appear to  be of limited s y n t h e t i c  u t i l i t y .  

46 

Although f luorotr ini t romethane can be synthesised 

DNFE w i l l  react w i t h  an extremely wide range of subs t ra tes .  

It r e a d i l y  undergoes nucleophi l ic  displacement and condensation 

reac t ions ;  examples include reac t ion  w i t h  a l k y l  ch lor ides  i n  t he  

presence of FeC13 c a t a l y s t  (scheme 32Is6 and r e a c t i o n  with p i c r y l  

ch lor ide  (scheme 33) . 57 
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Subs t ra tes  which w i l l  undergo condensation r e a c t i o n s  with 

DNFE include aldehydes, which give formals as products (scheme 

341, ac id  ch lor ides  i n  the  presence of AlC13 to  give esters 

(schemes 35 and 36) and isocyanates  where t h e  products can be 

f u r t h e r  n i t r a t e d  t o  more energe t ic  d e r i v a t i v e s  (scheme 37) . 
DNFE does not  r e a d i l y  e s t e r i f y  d i r e c t l y  with carboxyl ic  

a c i d s ?  but  t h i s  problem can be overcome by i n i t i a l l y  r e a c t i n g  with 

ch lorosul fonic  a c i d  t o  give 2,2-dinitro-2-fluoroethanesulfate 

(scheme 38)61. his intermediate  r e a d i l y  reacts with carboxyl ic  

a c i d s ,  and their  salts, esters, anhydrides and ac id  ch lor ides  to  

g ive  esters . 

59 

62 

R \  ,OCH,CF(NOJ, 

d CFaSoyn H' \OCH,CF(NO,), 
C=O + 2DNFE n'so' Or b C 

R \  

R \  C=O + DNFE 
El' 'OCW,C F(No,)* 

AlCI.+ R - c ~ o  

X(Cf), + 2DNFE 

x - (ox.lyl)[ssl. 

R * Cti, ,SOyPh. 3,s- di NOIPh, 2,4,O-tri N0,Ph C571 

(34) 

(35) 
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ferric aceior(ylac*tai. 
R - N = C = O  + ONFE R-NW-CO,CH,CF(NO,), 

CICY,CH,Cl rattux 

CH:-N-CO,CH,CF(N~, 
R = CW,. Ph 

I 
Not 

(37) 

DNF'E readily condenses with phosgene i n  the mole r a t i o  2:l t o  

give the explosive bis  ( 2,2-dinitro-2-f luoroethyl)carbonateb3 which 

can subsequently be converted t o  t h e  b i s f l u ~ r o ~ ~  and 

b i s  (dif  luoramino) 64 derivatives (scheme 39). 

carefully controlled conditions equimolar quantit ies react t o  give 

2,2-dinitro-2-f luorochloroformate65 which is an intermediate for 

the preparation of a further ser ies  of energetic materials 

[scheme 4OIbs8 66. 

However under 

0 
I1 

CI. C=O + ONFE ( ~ , C F C W ~ O C C l  
CI' I I  

Thiophosgene also condenses with DNFE t o  give the 

67 thioncarbonate which is a useful explosive (scheme 41)  . 
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The condensat ion between DNFE and formaldehyde is  another  

r e a c t i o n  of great p o t e n t i a l .  I n  conc. H2S04, t h e  r e a c t i o n  product  

i s  t h e  s u b s t i t u t e d  formal  (scheme 34, R=H), b u t  a t  -1OOC under 

cond i t ions  of chloromethylat ion using gaseous HCl, t h e  

chloromethyl e t h e r  r e s u l t s  (scheme 42I5l. 

i n t e rmed ia t e  reacts with a wide range of nuc leoph i l e s  i n c l u d i n g  

a l coho l s  (scheme 43)51'68 and metal salts (scheme 44) 

This  very u s e f u l  

69 . 

2(N0&FCH1OCH,CI + (HOCH,), 4 [(WO&FCH(,OCH,OC\], b81 

(N@FCH~CH,CI + M'X' - (W,),CFCH,OCH,X 

M*X-= NaN,,AgONO1,KSCN,NaOAc 

(44 )  

One of t h e  most active areas of r e sea rch  h a s  been t h e  

r e a c t i o n  of DNFE wi th  amines to  give 2,2-dini t ro-2-f luoro-  

ethanamine d e r i v a t i v e s  which can o f t e n  be f u r t h e r  f u n c t i o n a l i s e d  

t o  more e n e r g e t i c  materials. Examples of the p r e p a r a t i o n  of such 

compounds, i n c l u d i n g  f u r t h e r  n i t r a t i o n  to  n i t r a d n e s ,  can be seen  

i n  scheme 4559'70'71. 

HNO, NO1 
R-NHI + DNFE -% (NQCFCH,NHR -ii'& (NO&FCH,N: 

R (45)  
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Reaction of DNFE with aqueous ammonia a f fords  e i t h e r  2,2- 

dinitro-2-f luoroethanamine, a r a t h e r  unstable,  hazardous mater ia l ,  

or t h e  more stable b i s  (2,2-dinitro-2-fluoroethan)amine, dependinq 

upon the  reac t ion  condi t ions (scheme 4615’. T r i s  (2,2-dinitro-2- 

f1uoroethan)amine is prepared by f l u o r i n a t i o n  of t h e  dipotassium 

72 sa l t  shown i n  scheme 47 . The N-nitro-bis(amine1 can also be 

prepared by t h i s  procedure (scheme 47, R=N02) 72 , 

R-- N[Cl4,e(N~,], .ZK*- R’-N[CHtCF(N4JI 

R =  CH,CH(N~,.NOI R’= CWFF(N~,,NO, 

Both mono- and bis(2,2+initro-2-fluoroethanfamhe are 

r e l a t i v e l y  unreact ive but  can be induced to  form amides under 

forc ing  conditions.  An example of acyla t ion  of the mono(amine) 

can be seen i n  scheme 48; t h e  amide product can be f u r t h e r  

n i t r a t e d  a s  shown . Amides of t h e  bis(amine) are prepared by 

reac t ion  with t h e  appropr ia te  ac id  i n  t r i f l u o r o a c e t i c  anhydride . 
73 

74 

Acetylation is used i n  t h e  f i r s t  s t e p  of t h e  preparat ion of 

2,2-dinitro-l-f  luoroethylni t ramine (scheme 49) 75, which cannot be 

prepared by d i r e c t  n i t r a t i o n  of t h e  amine. This n i t r a n i n e  
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undergoes formylation r e a d i l y  and the product can be f u r t h e r  

transformed t o  t h e  n i t r a t e  ester (scheme 49)  . In c o n t r a s t ,  t h e  

bis(amine1 r e a d i l y  n i t r a t e s  directly’12 a s  w e l l  as n i t r o s a t i n g  t o  

t h e  i n t e r e s t i n g  N-nitroso explosive76 which can subsequently be 

oxidized t o  t h e  ni t ramine (scheme 5 0 ) .  

75 

,Not 
(NO,),CFCH,NHCOCH, (NOJ,CFCH,N. 

(49)  
7i$ COCH, 

2,2-Dinitro-2-fluoroethanamine condenses with phosgene t o  

g ive  e i t h e r  che urea,  a promising explosive,  or t h e  carbamoyl 

ch lor ide  as products (scheme 51)77. 

reac ted  t o  carbamates or t h e  isocyanate,  from which can be 

prepared o ther  e n e r g e t i c  mater ia l s  (scheme 5 1 )  

The la t ter  can be f u r t h e r  

77 

DNFE undergoes a d d i t i o n  t o  epoxides i n  t h e  presence of 

formaldehyde. A good example can be seen as t h e  f i r s t  s t e p  of t h e  

sequence depicted i n  scheme 52 . N o t e  t h e  l a s t  s t e p  of t h e  

sequence where t h e  oxime i n i t i a l l y  reacts with € N O j  t o  give t h e  

n i t ro-n i t roso  compound which is subsequently oxidized t o  t h e  f i n a l  

product with H202 . 

78 

70 
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Other energet ic  compounds of po ten t i a l  use which have been 

prepared from DNFE include sil icates",  the  phosphate8' and the 

pentaf luorothioacetate" (scheme 53). 

ethanthiol ,  which is  prepared from DNFE via the t r i f l a t e  (scheme 

54),  has shown promise a s  a propellant addi t ive  . 

2,2-Dinitro-2-f luoro- 

82 

Another building block which has been used with some success 

f o r  constructing la rger  molecules containing d in i t rof  luoromethyl 

groups is dinitrofluoromethane WJFM). DNFM can be most e a s i l y  

synthesised by f luor ina t ion  of potassium dinitromethanide (see 

schemes 18 and 28)34 o r  a l t e rna t ive ly  from fluorotrinitromethane 

(scheme 55)46 o r  DNFE . 57 

DNFM readi ly  adds t o  aldehydes ( the Henry react ion)  t o  form 

s t ab le  adducts (scheme 56)83, i n  marked cont ras t  t o  NF where TNE 

(from formaldehyde, scheme 1 )  is the only s t a b l e  addi t ion 
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compound. This 

of the FF(NO~)* 
the C(N02)) i o n  

is bel ieved t o  r e s u l t  from the  very poor s t a b i l i t y  

i o n  formed i n  t h e  reverse  reac t ion ,  while  

is m c h  inore stablee3. Addition t o  a,B - 
unsaturated aldehydes and ketones (scheme 57Ie4 and esters (scheme 

58)18 occurs  p r e f e r e n t i a l l y  a t  t h e  B-carbon. 

0 OH 
II H P  I 

R-C-H + ONFM pH, bu,,o,D R-CHCF(N4 

R=CH,. Ph 

0 
EtOH II 

0 
I ,CHI 

R-C-CH=C, + DNFM - R-CCH,CHR’CF(NOJ, 
R‘ 

RmH,Me;R’=H ; R=H;R’-M. 

(58) c=cn, + DNFM (RO,C),CHCH,CF(NQJ, 
ROS, 

R0,C’ 

R=Y*,Et 

DNFM w i l l  also undergo a Mannich condensation w i t h  a d n e s  i n  

t h e  presence of formaldehyde, depicted as t h e  f i r s t  s t e p  i n  scheme 

59. This product can subsequently be n i t r a t e d  t o  t h e  ni t ramine-  

n i t r a t e  estere5. 

prepared by r e a c t i o n  of DNFM with t h e  correponding 

bis (alkoxyethan lamines (scheme 60 1 86. 

Bis(2, l -dini t ro-2-f  1uoroe than)a lkyladnes  can be 
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A compound which has recent ly  been reported is 3-fluoro-3- 

nitrooxetane,  synthesised i n  t h e  sequence shown i n  scheme 61 . 87 

This compound r e a d i l y  polymerises and undergoes r inq  opening 

reac t ions  and might f i n d  use i n  t h e  f u t u r e  as a s y n t h e t i c  

intermediate.  

D i f  luoramines 

Although synthes is  of an alkyldifluoramine was f i r s t  reported 

as e a r l y  as 1936, this class of compounds remained l i t t l e  more 

than an  experimental  c u r i o s i t y  u n t i l  st imulus f o r  f u r t h e r  research 

came from t h e  expansion of the  aerospace industry i n  t h e  1950's. 

More energe t ic  ox id izers  and fue l s  were required and difluoramines 

were considered to  be attractive because they w e r e  a source of 

f l u o r i n e  ye t  p o t e n t i a l l y  circumvented many of the  problems 

inherent  i n  handling elemental  f luor ine .  A considerable  number of 

these  materials were subsequently synthesised and although many 

were found t o  be s e n s i t i v e  and/or unstable,  a new area of 

chemistry had been opened up. A n  extensive review on ni t rogen 

f l u o r i d e  der iva t ives  w a s  published i n  1 96788 covering mainly 

inorganic  chemistry with some organic  chemistry of these species. 

A number of methods can be used to  prepare fluoramines. A l l  

involve extremely hazardous reagents  and unexpected explosions are 
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not  uncommon. The d i r e c t  method, ie., f l u o r i n a t i o n  of amines, w a s  

not  successfu l  u n t i l  Sharts*' employed a buffered two phase system 

which enabled t h e  product to be e x t r a c t e d  before  decomposition v i a  

secondary reac t ions  could occur (scheme 62). 

The f l u o r i n a t i o n  of aromatic amines is much more s t r a i q h t -  

f o m a r d  f o r  both monocyclic (scheme 63)" and b i c y c l i c  (scheme 

64)" d e r i v a t i v e s  using e i t h e r  HF or a c e t o n i t r i l e  as so lvents  (see 

a l s o  scheme 120). A severe l i m i t a t i o n  is t h a t  r i n g  f l u o r i n a t i o n  

occurs i f  t h e  p o s i t i o n  o r t h o  t o  the amino qroup is unsubs t i tu ted  

(scheme 65)". 

1 ,3 ,5- t r ini t robenzene (DATB) or 1,3,5-triamin0-2,4,6-trinitro- 

benzene (TATB) react b u t  g ive  mainly f l u o r i n a t e d  decomposition 

products and very l i t t l e  of t h e  d e s i r e d  d i f  luoraminesgO~ 

Very highly  s u b s t i t u t e d  systems such as 2,4-diamino- 
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A number of types of organic nitrogenous compounds have been 

92 f luor ina ted  and a comprehensive reivew w a s  published i n  1971 . 
Amides (scheme 66Ig3, ureas  (scheme 6 7 )  94*95 and carbamates 

(scheme 68Ig6 are r e a d i l y  f luorinated.  

t h e  N,N-difluorocarbamate is unstable  i n  H20 where it r e a d i l y  

decompoaes to  difluoramine and o ther  products,  but  can e a s i l y  be 

isolated from a c e t o n i t r i l e .  These reac t ions  are usua l ly  

charac te r i sed  by l o w  to  moderate y i e l d s  of the des i red  products 

accompanied by lower molecular weight decomposition products 

r e s u l t i n g  from bond ruptures.  The f l u o r i n a t i o n  of terminal amides 

(scheme 69Ig3 is an example of such a react ion.  

comprehensive list of reac t ions  can be found in references 

In  the  la t ter  reac t ion ,  

A much more 

88,92 
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A r e l a t e d  s y n t h e s i s  which has been reported is t h e  f l u o r i n a t i o n  

of the  potassium sal ts  a€ nitramines,  shown i n  scheme 70g7. 

0 
II 

R r n & l . s ~ ~ o ~ . . ~ . C - N ~ , c H F O , n .  1 " ~  
N-N 

Amidine sal ts  are r e a d i l y  f l u o r i n a t e d  t o  t h e  t r i f  luoro- 

amidines (scheme 71) which are very usefu l  intermediates  €or 

t h e  prepara t ion  of e n e r g e t i c  materials. The m e m b e r  of this series 

which has been most extens ive ly  s tud ied  is pentafluoroguanidine 

(PF'G) which is synthes ised  by f l u o r i n a t i o n  of guanidinium f l u o r i d e  

100 (scheme 72) . 

PFG is an extremely explosive,  hazardous material which 

r e a d i l y  undergoes a d d i t i o n  reac t ions  with a w i d e  range of 

nucleophiles.  The most important are a lcohols  where the i n i t i a l  

a d d i t i o n  product can subsequently be f l u o r i n a t e d  to g ive  

tris (dif  luoramino) d e r i v a t i v e s  (scheme 73) lo'-' 04. 

a d d i t i o n  is t h a t  of i socyanic  acid where t h e  in te rmedia te  product 

undergoes a number of r e a c t i o n s  such as f u r t h e r  a d d i t i o n  of 

a lcohols  or f l u o r i n a t i o n  i n  the presence of NaF t o  g ive  

t e t r a k i s  (dif  1uoramino)methane (scheme 74) . 

~n i n t e r e s t i n g  
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The vast  majority of difluoramines have been prepared e i t h e r  

N2Fq is from tetrafluorohydrazine (N2F4) or difluoramine (HHp2). 

normally prepared by react ion of the commercially ava i lab le  

nitrogen t r i f  luoride with a f luor ine  acceptor such as  copper 

(scheme 75)'06. 

terminal amide f o l l w e d  by i n  s i t u  oxidation (scheme 76Ig3, or 

92 analogously by oxidation of N,N-dif luorocarbamates with C r 0 3  

N2F4 is  now ava i lab le  commercially i n  the US (Air Products). 

N2F4 can a l s o  be prepared by f luor ina t ion  of a 

. 

(751 

N2F4 is i n  facile equilibrium with the difluoramine r ad ica l  

(kF,)" and most of the  reported react ions of N2F4 probably 

involve the  radical.  

addi t ion t o  alkenes a t  moderate temperatures and pressures t o  qive 

v i c ina l  b i s (d i f  luoramines). 

mixtures are not uncommon. 

The most important react ion of N2F4 i s  

Note t h a t  explosions of alkenep2F4 

Despite the hazards, a la rge  numbsr of 
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compounds have been synthesised by a d d i t i o n  t o  a c y c l i c  (scheme 

and cyclic1o781o8811 alkenes.  a,B-Unsaturated 77)  107-1 11 

107,109,110 aldehydes, ketones,  a c i d s  and a c i d  ch lor ides  (scheme 78) 

and esters (scheme 79) l 1  

carbonyl group untouched. Poly(dif1uoramino) compounds can be 

prepared s i m i l a r l y  (scheme 8 0 )  4. 

add across t h e  double bond leaving the  

CH,mCHR F,NC\-CHRNC, 

n*c 0 FH, 

-m-c.- ' FINCH,-C-NF~ 
I I H  

I cox 
M&-C-C-X 

x= H,cl~a7~cH,m,l loMMcl~l  

P II 'p, H 0 

(79)  
W,-C-(CH&-O-C-CH-CHCM, CH,-~-~~-O-C-CH-CHCM, I 

I 
Wq n-13 rn "6 

NFa 
cn,-o-cn,cn=cn, CH,-O-CH,CM-CW,NF~ 

I YFI 

I O ' - ~ z ~ O p s i  

I 
CW -0-CHCHnCH, N,F,/CCI,. CH -O-CH,CM-CH,NFI 

CH,-O-CHICH=C\ I CH,-O- CH,!;-CH,NF: 

(80)  

N2F4 w i l l  also add to alkynes b u t  u s u a l l y  t h e  product r e s u l t s  

from thermal rearrangment of t h e  i n i t i a l l y  formed addi t ion  product 

(scheme 81) 11 5-1 16 

NF NF, NF NFI 
N,F, , lVC 1 . 1  I 1  

R-CIC-R €12 R-c=C-R + R - L R  

R=CF&njor R=Ph,CO,Et.CN 
podurt)[ll$ (only product) 

Cinrcl 

D i f  luoramino groups are moderately unreactive" and 

f u n c t i o n a l i s a t i o n  by a d d i t i o n a l  explosophores can o f t e n  be 
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achieved. Examples include the  n i t r a t i v e  r i n q  openinq of t h e  

product obtained by addi t ion  t o  the  unsaturated d i e t h e r  (scheme 

82)’18, hydrolysis  and n i t r a t i o n  of the  ester addi t ion  product 

(scheme 83)’” and 1,a-addition to  butadiene followed by a d d i t i o n  

of N205 (scheme 84)120. 

Difluoramine 1K??F2) is t h e  o ther  reagent  f r o m  which a l a r q e  

number of difluoramines have been prepared. 

N2F4 by reac t ion  with thiophenol (scheme 85)12’ or a l t e r n a t i v e l y  

by aqueous hydrolysis  of d i f  luorocarbamates (cf.  scheme 68) us ing  

25% H2S04 a t  7Oocg6. 

unexpected detonat ions have been recorded i n  both t h e  l i q u i d  and 

HNF2 is prepared from 

HNF2 is p a r t i c u l a r l y  hazardous and 

s o l i d  phases a t  temperatures as l o w  as -196OC, p a r t i c u l a r l y  during 

phase changes. Although less hazardous reagents  which generate  

H’NF2 i n  situ are a v a i l a b l e ,  eg., difluorosulphamic a c i d  (see 

scheme 93)681 they do not  appear to  have been widely used. 

F,NNF1 + ZPhSH % ZHNF, + PhSSPh 
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Reactions of HNF2 are normally conducted i n  t h e  presence of a 

s t rongly  dehydrating but  weakly oxid iz ing  ac id  such as conc. H2S04 

or oleum. Any s u b s t r a t e  capable of forming a carbocat ion i n  t h i s  

s t ronqly  a c i d i c  media w i l l  r e a c t  with HNF2. 

on such a l k y l a t i o n  r e a c t i o n s  of HNF2 was published i n  1971 

An extensive review 

122 . 
The most widely s t u d i e d  s u b s t r a t e s  have been carbonyl compounds 

which give geminal b i s  ( d i f  luoramines 1 under these  conditions.  A 

considerable number of a c y c l i c  (scheme 86) 123-5 (see a l s o  scheme 

39) and cycl ic’  23 a l i p h a t i c  and aromatic  carbonyl compounds 

(schemes 87, 88) 126,127 have been used a s  s u b s t r a t e s .  

0 
II 

CHS-C-R 

Benzylic h a l i d e s  and a lcohols  122’124 and s u b s t i t u t e d  

alkenesl  22,1 241 ’ 28 also r e a d i l y  form d i f  luoramines. 

a,B- Unsaturated carbonyl  compounds react both a t  t h e  double bond 

and carbonyl group to  g ive  tris (dif luoramine)  d e r i v a t i v e s  (scheme 

89)12’. Since the  in te rmedia tes  i n  these  reac t ions  are 

carbocat ions,  addi t ions  of HNF2 t o  carbonyl compounds containing 
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other  oxygen funct ional  groupinqs of ten r e s u l t  i n  cycl ised 

products ra ther  than simple addition (scheme 90) . 123 

R=ti.cn. 

1 , l  - B i s  (dif  luoramino)alkanes, formed by addi t ion of HNFZ t o  

a l i p h a t i c  aldehydes, w i l l  el iminate HF i n  the presence of pyridine 

to form t r i f l uo roadd ines  (scheme 91; cf. scheme 71) 98 . I n  

general  geminal b i s (d i f  luoramino) groups a r e  r e l a t ive ly  

unreactivel l 7  and addi t ional  explosophores can subsequently be 

introduced. Three such examples a re  shown i n  schemes 92-94; 

reaction with NH3 then HN03 t o  qive the  amine n i t r a t e  sa l t  

(scheme 92)130, react ion with a i d e  t o  the  bis(azido1 compound 

(scheme 93)68 and hydrolysis of the %nitro s a l t  t o  t he  ketone 

(scheme 94)13'. kn example of an explosive containing both nitramino 

and d i f  luoramino explosophores, synthesised by addi t ion of the  

difluoramino groups i n  the  l a s t  s tep,  can be seen i n  scheme 95132. 
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HNFZ W i l l  react with some s u b s t r a t e s  i n  t h e  absence of an  

a c i d  c a t a l y s t ,  such a s  shown i n  scheme 96133 where one methow of 

each acetal is replaced. This could have p o t e n t i a l  f o r  s u b s t r a t e s  

which would not  be s t a b l e  under t h e  

normally used. 

s t r o n g l y  a c i d i c  condi t ions 

X=CH, ,-CHzCH- ,-C EC- 

Azido Compounds 

The azido group has a very high h e a t  of formation, 85 kcal /  

u n i t ,  and consequently bestows a hiqh energy conten t  on molecules 

i n  which it forms a par t .  Many compounds containing t h i s  

explosophore have been prepared, t h e  best known being t h e  lead and 

silver salts which have found ex tens ive  use i n  i n i t i a t i n g  

compositions. Organic az ides  have been found to  be of l i t t l e  

p r a c t i c a l  use because, with t h e  except ion of 1,3,5-triazido-2,4,6- 

t r in i t robenzene ,  they possess  i n s u f f i c i e n t  s t a b i l i t y  or are too 

96 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
1
0
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



sens i t ive .  A comprehensive account of the  chemistry of t h e  azido 

group has been published . 134 

I n  general ,  unsaturated az ides  are very s e n s i t i v e  and mch of 

t h e  published mater ia l  i n  the las t  decade has been concerned with 

s a t u r a t e d  azides ,  usual ly  with a d d i t i o n a l  explosophores present.  

Saturated azides  are r e a d i l y  prepared via displacement of a good 

leaving  group by azide ion i n  a s t rongly  so lva t ing  so lvent  such as 

DMF. A series of mono and diazido a l i p h a t i c s  have been prepared 

us ing  t h i s  approach (schemes 97, 98)’  35. These s t r u c t u r a l l y  

r e l a t e d  materials d isp lay  a 135 wide range of s e n s i t i v i t i e s  . 

There has been considerable i n t e r e s t  i n  t h e  synthes is  of 

az ido  containing monomers for preparat ion of polymers as p o t e n t i a l  

high energy binders.  Two such materials are t h e  oxetane 

(scheme 99)136 and t h e  g lyc idyl  e t h e r  produced by t h e  long 

s y n t h e t i c  sequence shown i n  scheme 100’ 36. Both materials are 

r e a d i l y  polymerised. 
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me az ide  displacement has  considerable  s y n t h e t i c  u t i l i t y  a s  

r eac t ion  does no t  u sua l ly  occur with o t h e r  explosophores which may 

be present.  Examples of such syntheses  can be seen b e l o w  where 

nitramine (scheme 101 ) '  37 and f luoroni t romethyl  qroups (schemes 

102-1 04) 87 '137  can be incorporated with az ido  groups i n t o  the  same 

molecule by nuc leoph i l i c  displacement using sodium az ide  i n  the  

l as t  s t e p  of t h e  s y n t h e t i c  sequences. A r e l a t e d  s y n t h e s i s  with 

difluoramino groups can be seen i n  scheme 93. 

A number of e n e r g e t i c  materials have been prepared from 1,3- 

diazido-2-propanol, r e a d i l y  syn thes i sed  by r e a c t i o n  of 

epichlorohydrin with sodium a z i d e  (scheme 105) 138. 

intermediate  can be n i t r a t e d  t o  t h e  n i t r i c  ester68 or reacted with 

a c i d  c h l o r i d e s  68r1 39 and a l i p h a t i c  c h l o r i d e s  68t1 37; a l l  these 

reac t ions  are shown i n  scheme 105. 

mis u s e f u l  
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FC(NOJ C G c y c i  
~ I , , l & C  I x=-I.NO, 

3-Azidopropanamine has been used a s  an intermediate  €or t h e  

preparat ion of the  novel 3-aza-6-azido-l , 1 , l  I 3-tetranitrohexane 

(scheme 106) . 138 

E l e c t r o l y s i s  of 1 1 d i n i t r o a l k a n e s  with 5% aqueous NaN3 a t  

pH8 has been reported to y i e l d  t h e  corresponding 1 -azido-1 I 1 - 
dini t roalkanes (scheme 1071 140 

rI R-CHW + d w  umlu*,* ’ 
R=CH,.CH&HI 

R-C-NO, , 
NO, 

Very few new aromatic azides have been prepared. A series of 

pyr idyl  azides  were prepared by reac t ion  of t h e  corresponding 

pyr idyl  ch lor ide  with sodium azide (scheme 108) and were reported 

t o  have u s e f u l  explosive proper t ies ’  41. The r e a c t i o n  of c h l o r a n i l  

with sodium azide w a s  re-examined and improved by t h e  use of a two 

phase system with a phase t r a n s f e r  c a t a l y s t .  E i t h e r  the  

te t raaz ido-  or 2,5-diazido-316-dichloro-l14-benzoquinone can be 

obtained depending on reagent  ratios (scheme 109)’ 42. Tetraazido- 

1,4-benzoquinone i s  descr ibed as an extremely dangerous explosive.  
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Po l y n i  t roaromatics  

The main d i r e c t i o n  of research i n  t h e  f i e l d  of polyni t ro-  

aromatic compounds has been towards t h e  s y n t h e s i s  of less 

s e n s i t i v e ,  more thermally stable materials. A number of 

s t r a t e g i e s  have been employed t o  achieve t h i s  goal, p a r t i c u l a r l y  

t h e  synthes is  of polycycl ic  aromatic ske le tons  where t h e  increased 

molecular weight leads  to  enhanced thermal s t a b i l i t y ,  and aromatic 

compounds containing ad jacent  NO2 and NH2 groupings which g r e a t l y  

diminishes the s e n s i t i v i t y .  Whereas t h i s  approach mainly involves  

t h e  design and synthes is  of new e n e r g e t i c  materials, t h e r e  has 

been an equal ly  concerted e f f o r t  d i r e c t e d  t o  improvements i n  t h e  

synthes is  of materials already s t u d i e d  or used. Both these 

approaches w i l l  be discussed. Heat r e s i s t a n t  explosives  have 

recent ly  been reviewed . 143 

However, t h e  most e x c i t i n g  development i n  t h i s  genera l  f i e l d  

has been the discovery t ha t  polyni t roarylamines can be oxidized t o  

polyni t roaromatics  using peroxydisulphuric  acid’ 44. 

previously unreported compounds such as hexanitrobenzene (HNB), 

A number of 
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pentanitrobenzene and 1,2,3,4-tetranitrobenzene have accordinqly 

been prepared (scheme 110)144, a s  w e l l  as  other polycyclic 

der ivat ives  (see schemes 114 and 127). The object ive of t h i s  

research was t o  prepare HNB because it was predicted t o  have a 

very high densi ty  and detonation velocity.  

t o  be extremely powerful and of only moderate sens i t i v i ty ,  its 

hydrolyt ic  s t a b i l i t y  was poor: exposure t o  moisture afforded 

t r ini t rophloroglucinol '  44. 

Although HNB was found 

Nn. NO. 

Polynitrobenzenes can a l s o  be prepared by oxidation of 

nitrobenzofurazan l-oxides (nitrobenzofuroxans) with the  re la ted  

reagent monoperoxysulphuric acid (scheme 11 1 1 . 145 

w w 

The general s t ra tegy  of increasing the molecular weight t o  

increase thermal s t a b i l i t y  while maintaining energy content has 

largely involved synthesis  of molecules containing p i c ry l  (2,4,6- 

t r in i t rophenyl  = P i )  groups. The simplest  hea t  r e s i s t a n t  

explosives which f a l l  i n t o  t h i s  category have the general  formula 

Pi-X-Pi and a subs tan t ia l  number of such der ivat ives  have been 

prepared. One of the most important t a rge t  molecules has been 

2,2',4,4',6,6'-hexanitrostilbene (€INS) which was  f i r s t  synthesised 
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i n  1964 by r e a c t i o n  of 2,4,6-trinitrobenzylchloride with a lcohol ic  

KOH (scheme 112)146. 

from TNT by oxida t ive  coupling using sodium hypochlor i te147 o r  

m e t a l  c a t a l y s t s  such as copper s u l f a t e / p y f i d i n e l  48 or sodium 

naphthenate' 49 (scheme 11 3). 

intermediacy of hexani t tobibenzyl  (HNBB) which can e a s i l y  be 

i s o l a t e d  by short-stopping t h e  reac t ions '  47-1 50. 

151 HNBB t o  HNS by quinones has also been s t u d i e d  . 

HNS has subsequently been prepared d i r e c t l y  

These r e a c t i o n s  proceed via t h e  

The oxida t ion  of 

The f u r t h e r  n i t r a t e d  2,2',3,4,4',6,6'-heptanitrost%lbene h a s  

been synthesised by peroxydisu l fur ic  a c i d  oxida t ion  of 3-aminoHNS 

(scheme 114) . 144 

A related material which has  been synthes ised  and found to  

have promising explosive p r o p e r t i e s  is 2,2',4,4',6,6'-hexanitro- 

azobenzene (HNAB). HNAB is r e a d i l y  prepared by r e a c t i o n  of p i c r y l  

ch lor ide  with hydrazine followed by oxida t ion  of the in te rmedia te  

bis (p ic ry l lhydraz ine  (scheme 1 1 5)  52. 2,2'  ,4,4' ,  6,6' - 
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Hexanitrobenzophenone (scheme 1 16) '  53 ,  b i s  ( p i c r y l  )carbonate 

(scheme 11 7) '  54 and b i s  (picry1)amine (scheme 11 811 55 have 

s i m i l a r l y  been synthesised and found to  have useful  explosive 

proper t ies .  

NO. 

A number of higher melting ( m p  > 4OO0C) terphenyl d e r i v a t i v e s  

have been synthesised using mixed Ullman react ions.  

2,2",4,4 '  ,4",6,6 '  ,6"-Octanitro-'  56 and 2 , 2 ' ,  2",4,4' ,4" ,6 ,6 ' ,  6"- 

nonanitrom-terphenyl '  57 have been synthesised a s  shown i n  scheme 

119. 3,3"-Diamin0-2,2",4,4',4~,6,6',6"-octanitro-m-terphenyl has 

s i m i l a r l y  been synthesised'  58 and subsequently reacted with 

f l u o r i n e  to  give the 3,3"-bis (d i f  luoramino) der ivat iveg1 and 

oxidized using peroxydisulfur ic  ac id  t o  2,2" ,3 ,3" ,4 ,4 ' ,4" ,6 ,6 ' r6"-  

decanitro-m-terphenyl' 44 (scheme 120). 
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OIN .q NO, 

An even higher  molecular weight member of t h i s  series, 

2,2 '  ,2", 2 W ,  4,4 ' ,  4", 4'1:, 6,6', 6", 6"' 4odecanitroquaterpheny1, has 

been prepared by coupling of 3-chloro-2,2',  4,4 ' ,6,6 '-hexanitro- 

biphenyl using copper (scheme 121 )'". Another h e a t  r e s i s t a n t  

explosive,  azobis(2,2 '  ,4,4',6,6'-hexanitrobiphenyl) has also been 

prepared from t h i s  s t a r t i n g  material by r e a c t i o n  with hydrazine 

followed by oxida t ion  with n i t r i c  a c i d  (scheme 121 ) . 160 

A series of thermally s t a b l e  macrocylic compounds have been 

synthesised by reac t ion  of dichlorodini t robenzenes with diphenols 

and subsequent n i t r a t i o n  of t h e  products (scheme 122) . 161 
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An extremely i n t e r e s t i n q  heat r e s i s t a n t  explosive discovered 

i n  t h e  e a r l y  1960's w a s  2,4,8,10-tetranitrodiben20-1,3ar4,6a- 

te t raazapentalene (TACOT), synthesised from 1,2-diaminobenzene by 

t h e  sequence shown i n  scheme 123 62'1 63. TACOT has been developed 

commercially as a component of a number of h e a t  r e s i s t a n t  

explosive compositions . 

The requirement for high explosives e x h i b i t i n g  very low 

s e n s i t i v i t y  to i n i t i a t i o n  has  prompted examination of compounds 

containing ad jacent  NO2 and NH2 groups. 

has  been found to  confer  a s u b s t a n t i a l  decrease i n  s e n s i t i v i t y  

This atomic arrangement 

r e l a t i v e  t o  t h e  corresponding material where t h e  NHZ group is  

replaced by an H atom. The t w o  most important members of t h i s  

series are 1,3-diamino-2,4,6-trinitrobenzene (DATB) and 1,3,5- 

triamin0-2~4,B-trinitrobenzene (TATB). Both DATB and TATB w e r e  

prepared last century by n i t r a t i o n  of intermediates  such as t h e  

ha l ides ,  followed by displacement w i t h  ammonia (scheme 124). 

Large scale preparat ion of TATB st i l l  uses this basic sequence'" 
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but  DATB can be prepared much more r e a d i l y  from s typhnic  a c i d  via 

the pyridinium sa l t  (scheme 1 2 5 ) ' ~ ' .  

TNT v i a  s e l e c t i v e  reduct ion,  exhaustive n i t r a t i o n  then d isp lace-  

ment by ammonia has r e c e n t l y  been reported (scheme 126) . 

The prepara t ion  of TATB from 

166 

NH* NH* 

Higher molecular weight analogues have also been examined. 

One material which has been found to  be p a r t i c u l a r l y  promising is 

3,3'-diamino-2,2' I 4,4'  , 6,6'-hexanitrobiphenyl (DIPAM 1. DIPAM has  

been synthesised by a number of s y n t h e t i c  routes  a l l  involving 

n i t l a t i o n  and Ullman couplinq a t  some s taqe .  A t y p i c a l  sequence 

is  shown i n  scheme 127167. DIPAM has been f u r t h e r  oxidized with 

peroxydisulphuric a c i d  t o  2,2',3,3',4,4',6,6'-octanitrobiphenyl 

(scheme 127)144. 
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An area of recent  i n t e r e s t  is  the  synthes is  of f l u o r i n a t e d  

analogues of energe t ic  mater ia ls .  These materials normallv have 

h igher  c r y s t a l  dens i ty  (e.9, l I3 ,S- t r ini t robenzene (TNB), 

~ " 1 . 6 9  g/cm ; 1,3,S-trifluoro-2,4,6-trinitrobenzene (TFTNB), 

~ 3 2 . 0 0  g/cm ) hence higher detonat ion v e l o c i t i e s  and explosive 

power .  

f luoromethyl-2,4,6-trinitrobenzene' 69 are shown i n  scheme 128. 

3 

3 

The synthes is  of TFTNB1 68 and 3, S - d i f  luoro-1 - d i n i t r o -  

A r e l a t e d  area has been t h e  synthes is  of t r i f luoromethyl  

(cp3) d e r i v a t i v e s  which ate of ten  more powerful but less h e a t  

s e n s i t i v e  than t h e  corresponding non-fluorinated der iva t ives .  

number of energe t ic  materials have been synthesised from 3-chlOrO- 

A 

2 , 4 , 6 - t r i n i t r o t r i f  luoromethylbenzene, which is r e a d i l y  available 

via n i t r a t i o n  of 3-trif luoromethylphenol followed by formation of 

t h e  pyridinium sal t  and subsequent reac t ion  with P 0 C l 3  (scheme 

129)' 70. mis intermediate  has subsequently been dechlor inated , 170 

reac ted  with methylamine' 71, 3-trif  l ~ o r o m e t h y l a n i l i n e ~  72 and 

followed by n i t r a t i o n  to give a range of e n e r g e t i c  

materials containing t r i f luoromethyl  groups (scheme 130). The 

same authors  reacted p i c r y l  f l u o r i d e  with 2,2,2-trif  luoroethylamine 

and n i t r a t e d  the, product t o  give the nitramine (scheme 131 )171. 
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Heterocyclic Compounds 

The synthesis of energet ic  heterocycl ic  compounds over the  

l a s t  10-15 years can be divided i n t o  three  broad areas. One 

object ive has been the  synthesis  of new heteroaromatic compounds 

subs t i tu ted  by n i t r o  groups, p i c ry l  groups o r  po lyni t ro  

sidechains. 

preparation of m e t a l  salts of heterocycl ic  s y s t e m  such a s  

te t razoles  and t h e i r  assessment a s  primary ( i n i t i a t i n g )  

explosives: a f u l l  discussion of this work is outside the scope 

of t h i s  review. A t h i rd  area has been the inves t iga t ion  of 

improved syntheses of compounds which a re  cur ren t ly  used i n  

explosive or propel lant  formulations or which have shown promise 

for such use. 

Another major area of interest  has been the  
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The synthesis  of ni t ro-subst i tuted heteroaromatics can be 

achieved by two s t ra teg ies .  The d i r e c t  method, ie. n i t r a t ion  of 

t he  heteroaromatic ring, is of only l imited use. One system where 

it has been successful ly  employed is the  n i t r a t ion  of 2-bromo-S- 

ni t rofuran t o  2-brono-3,S4initrofuran, from which new energet ic  

materials can subsequently be prepared by react ion w i t h  azide or 

Ullman coupling (scheme 132) 174. 

t ha t  of 1 -methyl-3,4-dinitropyrazole . 
Another re la ted  preparation is 

175 

2,4,5-Trinitroimidazole can be synthesised by successive 

n i t r a t i o n  of 2-nittoimidazole (scheme 133)'  76; d i r e c t  n i t r a t i o n  of 

imidazole g i w s  4,54ini t roimidazole  which cannot be fu r the r  

nitrated176. A better synthesis is i n i t i a l  iodinat ion of 

imidazole t o  a mixture of 2,4,5-triiodo- and 1,2,4,5- 

t e t r a iodo iddazo le  followed by n i t ro lys i s  (scheme 133) 
176,177 

The ammonium salt,  prepared by react ion with ammonia (scheme 1331, 

is s ign i f i can t ly  mre stable than the  f r e e  ac id  and is reported t o  

possess in t e re s t ing  explosive propert ies  . 177 
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An i n t e r e s t i n g  reac t ion  is t h e  n i t r a t i o n  of imidazole-5- 

aldoxime with N2O4 t o  give 2,4-dinitro-5-(trinitromethyl)imidazole 

as t h e  major product accompanied by some 4-nitro-5- 

( t r i n i t r o m e t h y l  Iimidazole (scheme 134) 78. Thiophene-2-aldoxime 

reacts i n  an analogous manner (scheme 135) . 179 

Tr iazoles  cannot be n i t r a t e d  under a c i d i c  condi t ions  s i n c e  

t h e  r i n g  is protonated. Nitronium salts w i l l  n i t r a t e  t r i a z o l e s  

via the  intermediate  N-ni t rotr iazoles  which rearrange thermally t o  

t h e  C-nitro isomer (scheme 1 36)180. 

y i e l d  when t h e  t r i a z o l e  is i n i t i a l l y  t r i m e t h y l s i  ly la ted .  When 

R=N02, 3 , 5 - d i n i t r o t r i a z o l e  is only obtained i n  very poor y i e l d  

(scheme 136) . 

The r e a c t i o n  gives  a h igher  

180 

X=H.SiM., 

A reac t ion  of wider a p p l i c a t i o n  t o  n i t r o h e t e r o c y c l i c  

synthes is  is  t h e  d i a z o t i z a t i o n  of a d n o h e t e r o c y c l i c s  i n  t h e  

presence of a la rge  excess of sodium n i t r i t e ,  an example of which 

can be seen as t h e  f i r s t  s t e p  i n  t h e  r e a c t i o n  sequence i n  scheme 

133. Adnoheterocycl ics  are r e a d i l y  obtained by c y c l i s a t i o n  or 
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condensation react ions.  One extremely u s e f u l  mater ia l  which can 

be prepared i n  t h i s  manner is  3;5-dinitro-l,2,4-triazole ( c f .  

scheme 136) from commercially ava i lab le  3, S-diamino-1 , 2,4- 

t r i a z o l e  (scheme 137)18'. 

ammonia to  give the  ammonium sa l t  (scheme 137) which is  an 

3,5-Dinitro-lI2,4-triazole reacts with 

i n t e r e s t i n g  explosive i n  t h a t  it forms a e u t e c t i c  with ammonium 

n i t r a t e '  , o r  can be methylated t o  3, S-dinitro-1 -methyl-1 , 2,4- 

t r i a z o l e  (scheme 138) 82. 

a l t e r n a t i v e l y  be synthesised by d i a z o t i z a t i o n  of t h e  3,s- 

diaminela2, reacts with phenylhydrazine and then n i t r i c  a c i d  t o  

give t h e  coupled azoxy der iva t ive  (scheme 138)lE3. 

This latter compoundl which can 

It also 

undergoes an unusual reac t ion  with a c e t y l  hydrazine t o  qive 5- 

azido-1 -methyl-3-nitro-l , 2 ,4- t r iazine (scheme 138) . 183 

ACNHNH, 7 d i i l r n  p 

There has  been considerable i n t e r e s t  i n  der iva t ives  of 

5-ni t rotetrazole .  The free ac id  is explosively unstable  and t h e  

m o s t  important intermediate  f o r  synthes is  is sodium 5-nitro- 

t e t r a z o l e  dihydrate  (NaNT. 2H20) I prepared v ia  t h e  complex copper 
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s a l t  from d i a z o t i s a t i o n  of 5-aminotetrazole i n  t h e  presence of 

excess n i t r i t e  (scheme 139)’84. NaNT.2H-p can be used f o r  t h e  

prepara t ion  of mercuric bis ( 5 - n i t r o t e t r a z o l e  1 ,  a de tona t ing  

primary explosive,  bu t  a b e t t e r  rou te  t o  t h i s  m a t e r i a l  i s  via t h e  

in te rmedia te  b i s  (ethylenediamine 1 copper bis ( 5 - n i t r o t e t r a z o l e  ) 

which is much easier to  Reaction of NaNT.2HF with 

methyl iod ide  gives  2-methyl-5-nitrotetrazole contaminated by a 

small amount of t h e  1-methyl isomer (scheme 139)185 while  

dehydration followed by r e a c t i o n  with p i c r y l  c h l o r i d e  gives  2-picryl- 

5 -n i t ro te t razole’  86. 

2-Methyl-5-nitrotetrazole can a l t e r n a t i v e l y  be prepared by 

d i a z o t i s a t i o n  of t h e  corresponding amine (scheme 140) 

~ 1 1  possess  i n t e r e s t i n g  explosive proper t ies .  

185. 

The intermediate  diazo compounds can also be reac ted  with 

az ide  ion  t o  give az ido  compounds. For example, 3-amino-&nitro- 

pyrazole g ives  3 ,4-dini t ropyrazole  i n  t h e  presence of excess 

n i t r i t e  i o n  or 3-azido-4-nitropyrazole i f  azide is  added (scheme 

141)187. In  an analogous manner t h e  diazonium salts of C-amino- 
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1,2 ,4- t r iazo les  give azides  (scheme 142)' 88 while reac t ion  with 

t r ini t romethane gives the unusual 1,2,4-triazoyl-3-azotrinitro- 

methane (scheme 143) 189. 

Reductive d i a z o t i s a t i o n  has a l s o  f requent ly  been used. An 

example can be seen i n  t h e  t r i a z o l e  d i n i t r a t e  preparat ion (scheme 

144), where t h e  N-aminotriazofe formed by c y c l i s a t i o n  i n  t h e  

Mannich reac t ion  is converted to  t h e  triazole 190 

Heterocycles w i t h  p o l y n i t r o  s idechains  can also be 

synthesised by c y c l i s a t i o n  react ions.  For example, reac t ion  of 

sodium d i n i t r o e t h a n i t r i l e  with sodium azide gave S-dinitromethyl- 

tetrazole i n  low y ie ld ,  i s o l a t e d  a5 the ammonium sa l t  (scheme 

14s) '  ". Synthesis  of the related 5-trinitromethyltetrazole and 

S-d in i t rof  luoromethyl te t razole  from t r i m e t h y l s i l y l  az ide  with t h e  

corresponding n i t r i l e  (scheme 1 46)lg2 has r e c e n t l y  been reported.  

Both compounds were i s o l a t e d  as their ammonium sal ts  . 192 
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\ 
H NH: 

CFCIFFCI, ' p ( m ) *  3 @c" (146) 
0. CCl,.n(*. 

-CN + M+N, 

k F , N O ,  < n NH; 

Another c y c l i s a t i o n  route  which has been explored is t h e  

r e a c t i o n  of diazomethane with t r i n i t r o e t h y l  esters of unsaturated 

carboxyl ic  ac ids  t o  give t h e  corresponding pyrazol ine carboxyl ic  

esters (scneme 147) '  93. The r e l a t e d  reac t ion  of a l i p h a t i c  d iazo  

compounds with 1 ,2-dini t roethanes also y i e l d s  pyrazol ines  but  on ly  

as t h e  minor products;  t h e  major products are 4-ni t roisoxazol ine 

N-oxides (scheme 148) . 194 

Y D' 

O,NCH=C(NQ)Ph + 

Mio. m'nQ 

The prepara t ion  of s - t r i a z i n e s ,  which have been very 

ex tens ive ly  s tudied, ,  involve d i f f e r e n t  types of c y c l i s a t i o n  

reac t ions .  In  t h e  s imples t  case,  an amine is condensed with 

formaldehyde t o  give a hexahydro-1 , 3 , 5 - t r i s u b s t i t u t e d - l ,  3,s-  

t r i a z i n e  (scheme 149)'95. A modif icat ion is condensation i n  t h e  

presence of a polynitromethane sal t ,  which gives  1,3-diazacyclo- 

hexanes or 1 ,5-diaza-3-oxacyclooctanes, depending upon t h e  

r e a c t i o n  condi t ions (scheme 150) 96. The t r i m e r i s a t i o n  of 
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n i t r i l e s  under pressure has a l s o  been appl ied t o  enerqe t ic  

materia 1s: 

gave 2,4,6-tris(dinitrofluoromethyl)-l,3,5-triazine b u t  it could 

not  be i s o l a t e d  due t o  displacement by the solvent  (scheme 151 ) lg7. 

t r imer isa t ion  of d i n i  t r o f  luoroethani tri le i n i t i a l l y  

E'urazanoxides (furoxans) are a class of enerqe t ic  materials 

A number of procedures which have yielded promising explosives. 

can be used to  cons t ruc t  t h e  he te rocycl ic  ring. Reaction of 

diazoketones with d in i t rogen  t e t r o x i d e  qives 3,4-d isubs t i tu ted  

furazanoxides (scheme 152)' 

with nascent n i t r o u s  anhydride t o  give 3-methyl-4-nitrofurazan 

?-oxide (scheme 

ac id  t o  give t h e  i n t e r e s t i n g  explosive 3,4-dicyanofurazan 2-oxide 

(scheme 154)200. 

compounds have been inves t iga ted  

while 2-methylpropenoic a c i d  reacts 

53)lg9 and cyanoacetlc a c i d  r e a c t s  w i t h  n i t r i c  

The explosive proper t ies  of these la t ter  t w o  

199,200 
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HNO NckdcN 
%- NnC-CH,CO,H 4 

Benzotrifurazanoxide (benzotrifuroxan, BTF) has been knwn 

f o r  over 50 years but  was of ten found t o  be unduly sens i t ive .  

This high s e n s i t i v i t y  has been shown to be due t o  the  presence o f  

small amounts of the  intermediate 1,3,5-triazido-2,4,6- 

t r ini t robenzene (scheme 155)201, which can be removed by 

r ec rys t a l l i s a t ion  from benzene which gives the  benzene complex of 

BTF. BTF regenerates upon evacuation a t  80°C . 201 

Another important energet ic  material whose preparat ion has 

been extensively reinvest igated is 1,3,5,7-tetranitro-l,3,5,7- 

tetraazacylooctane (HMX). HMX is the most powerful of t h e  

cur ren t ly  used mi l i t a ry  explosives and is a l s o  widely used as a 

propel lant  ingredient.  No new synthe t ic  routes  have been 

uncovered but  y ie lds  have been markedly improved by superior  

reagents202. 

d iace ta te  have been examined and are shown below as scheme 156 

a l l  give very good y ie lds  of high pu r i ty  products. The route via 

1, 5-diacetyl-3,7-dinitro-l, 3,5,7-tetraazacyclooctane was selected 

a s  the most promising and was developed on a p i l o t  p l an t  

Three routes  from hexamine via the b i cyc l i c  

202j 
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scale202. Very recent ly  the preparat ion of I ,  3 ,5 ,7- te t raacetyl-  

1,3,5,7-tetraazacyclooctane d i r e c t l y  from hexamine i n  h i +  y i e l d  

has been reported203. 

TWO explosives  derived from g l y c o l u r i l  have been ex tens ive ly  

Glycolur i l  is r e a d i l y  synthesised by condensation of studied204. 

2 moles of urea with glyoxal  and can be n i t r a t e d  t o  a mixture of 

t h e  d i n i t r o  isomers w i t h  98% HN03 (scheme 157I2O4. 

g l y c o l u r i l  is subsequently prepared by n i t r a t i o n  of the mixed 

Tet ran i t ro-  

d i n i t r o  isomers with fuming n i t r i c  ac id  containing 2 0 4 5 %  

N205204. 

d e n s i t i e s  and detonat ion v e l o c i t i e s  but  poor hydro ly t ic  s t a b i l i t y .  

Both d i n i t r o -  and t e t r a n i t r o g l y c o l u r i l  have high 

An i n t e r e s t i n g  intermediate  which has been subjected t o  
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l imited s tudy is N-nitropyridinium t e t r a f  luoroborate.  This 

material r e a d i l y  adds salts of polyni t roalkanes t o  form 1,4- 

dihydropyridines and, i n  t h e  case of t r ini t romethane salts ,  

f u r t h e r  e l imina t ion  occurs t o  t h e  4-(dinitromethylene) d e r i m t i v e  

(scheme 1S8)205. 

The theme so f a r  i n  t h i s  s e c t i o n  has been the  synthes is  of 

r e l a t i v e l y  low molecular weight highly energe t ic  compounds. 

a l t e r n a t i v e  aim has been t o  synthes ise  new energe t ic  materials of 

high thermal s t a b i l i t y .  Again t h e  basic s t r a t e q y  has been t o  

An 

aynthesise  higher  molecular weight, higher melting materials, 

usua l ly  by a t t a c h i n g  p i c r y l  groups d i r e c t l y  t o  t h e  h e t e r o c y c l i c  

r i n g  or a s idechain.  

C-Picrylheterocycles have been mainly prepared by the Ullman 

react ion.  Pyrimidinyl (schemes 159, 160) and 1 ,3 ,5- t r iaz inyl  

(scheme 160) d e r i v a t i v e s  have been synthesised by r e a c t i o n  

between p i c r y l  bromide and t h e  corresponding h a l i d e s  

Tripicryl-1,3,5-triazine shows e x c e l l e n t  promise as a h e a t  

206 . 

r e s i s t a n t  explosive.  Dip icry l  furans ,  thiophenes and t h i a z o l e s  

have been prepared s i m i l a r l y ,  bu t  here  more energe t ic  materials 

can subsequently be made by n i t r a t i o n  of t h e  h e t e r o c y c l i c  r i n g  

(schemes 161, 162) . 206 
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90% nno..bo'C 

An a l t e r n a t i v e  s y n t h e t i c  s t r a t e g y  can be seen for 2,5- 

bis(picry1)-1 2, I-oxadiazole,  prepared by reac t ion  of p i c r o y l  

ch lor ide  with hydrazine followed by c y c l i s a t i o n  (scheme 163) 206 

The r e l a t e d  2,5-bis (3'-amino-2' 4 ' ,  6 ' - t r ini t rophenyl)- l ,  3,4- 

oxadiazole and -1,3,4-thiadiazole are synthesised by y e t  another 

r o u t e  whereby the heterocycl ic  r i n g  is constructed f i r s t ,  the  

n i t r o  groups are then introduced, and the  amino groups are 

i n s e r t e d  i n  t h e  las t  s t e p  (scheme 164) . 206 
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Quite a number of heterocycles  s u b s t i t u t e d  by picrylamino 

groups have been synthesised by reac t ion  of p i c r y l  ch lor ide  or 

f l u o r i d e  w i t h  t h e  corresponding amine. Examples are t h e  compounds 

based on t h e  1 ,2 ,4- t r iazo le  system whose syntheses  are depicted i n  

schemes 165-1 67207. 

165) w i l l  no t  undergo f u r t h e r  reac t ion  with p i c r y l  f l u o r i d e  

3,S-Bis (picrylamino)-1 I 2 , l - t r i a z o l e  (scheme 

207 

60, 

Y e t  another  h e t e r o c y c l i c  system from which a number of u s e f u l  

eneget ic  materials have been prepared is benzotr iazole .  

with p i c r y l  f l u o r i d e  followed by n i t r a t i o n  g ives  5,7-dinitro-1- 

picrylbenzotriazole (BTX, scheme 168) '08 which is a h e a t  r e s i s t a n t  

Reaction 

i n i t i a t i n g  explosive.  The 4,B-dinitx-o isomer can be synthes ised  

by a d i f f e r e n t  r o u t e  whereby t h e  t r i a z o l e  r i n g  is not  formed u n t i l  

t h e  last step (scheme 169)208. 

bis(picrylamino)-3,5-dinitropyridine (PYX) is synthesised 

The h e a t  r e s i s t a n t  explosive 2,6- 
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similarly by picrylation of 2,6-diaminopyridine 

209 nitration (scheme 170) . 

M k ico, k 

followed by 

BTX 

i0, il (1 69) 

2,4,6-Tris(picrylamino)-1,3,5-triazineI which also has 

promising explosive properties, has been synthesised by reaction 

of cyanuric chloride with aniline followed by nitration (scheme 

171 I2lo. Further nitration to the tris(nitramin0) derivative can 

be achieved but this product is unstable. 

Picrylhydrazino compounds are yet another variation 

very useful theme. Reaction of 2-chloro-3,S-dinitropyridine with 

an equimolar quantity of hydrazine followed by reaction with 

picryl chloride gave 2-picry1hydrazino-3,5-dinitropyridineI while 

mole ratios of 2: 1 gave 1 , 2-bis ( 3 ' ,  5 '  -dinitro-2'-pyridyl)hydrazine 

(scheme 1721211. 

derivatives using 70% HN03 (scheme 17212' '. 
hydrazin0)-3,54initropyridine and the corresponding bis(azo1 

Both hydrazines can be oxidized to their a20 

2,6-Bis(picryl- 
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derivat ive can be synthesised by a s imi l a r  process (scheme 

173 12' ' . Both mater ia ls  exh ib i t  promising explosive propert ies .  

THE PREDICTION OF EXPLOSIVE PROPERTIES FROM 

MOLECULAR STRUCTURE/COMPOSITION 

The search €or new high explosive and energet ic  mater ia ls  

relies heavily on the  a b i l i t y  of s c i e n t i s t s  working i n  t h f s  f i e l d  

t o  pred ic t  which compounds might o f f e r  s ign i f i can t  advantages over 

current ly  used explosives. This "predict ive capabi l i ty"  would be 

vast ly  improved i f  it were possible  t o  accurately compute 

detonation proper t ies  from a given molecular formula, or to  

quant i ta t ive ly  estimate such proper t ies  from s t r u c t u r a l l y  re la ted  

materials whose proper t ies  have already been determined. New and 

possibly complicated, expensive syntheses could then be r e s t r i c t e d  

to  compounds predicted to  have des i rab le  explosive propert ies .  
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A t  present there is a large and increasing l i t e r a tu re  base of 

calculations of b a l l i s t i c  properties and detonation performance. 

The ea r l i e r  l i t e r a tu re  was reviewed i n  1959212 while a general 

f ee l  €or more recent developments can be obtained from the a r t i c l e  

by Finger e t  a1213. An up to  date summary of t h i s  output would 

require a review i n  i t s e l f .  We have therefore confined t h i s  

section t o  two areas: a discussion of structure/reactivity 

relationships for  explosive materials, and the calculation of 

c rys t a l  density and detonation velocity from structural  formulae. 

That structure/reactivity relationships ex i s t  for  explosive 

properties i n  the same manner that  they exist (say) €or solution 

reactions of organic molecules has been shown beyond doubt. 

K a m l e t ,  i n  a ser ies  of three papers 45' 21 4*  215, has investigated 

the relationship between structure and sensi t ivi ty  fo r  a wide 

range of high explosives. As a measure of sensi t ivi ty ,  Kamlet 

chose c r i t i c a l  impact heights, H50%, the height ( i n  c m )  a t  which a 

2.5 kg mass impacting the confined sample has a 502 probability of 

causing an explosion. The s t ructural  parameter chosen fo r  

comparison was oxidant balance, OBIo0, defined as "the number of 

equivalents of oxidant per hundred gram of explosive above the 

amount required t o  burn a l l  hydrogen to water and a l l  carbon t o  

carbon m ~ n o x i d e ~ ' ~ " .  For a C-H-N-O-(F) explosive, 
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(2n + nF- n - 2n - 2nCO0) 
100 - -  - 

OB1 00 Mw 0 H C 

where no, %, %, nc are t h e  number of the  respec t ive  atoms i n  t h e  

molecule, -0 is the number of carboxyl groups (which are 

considered "dead weight") and MW is t h e  molecular weight of t h e  

compound. 

A p l o t  of log H50% a g a i n s t  OBIOO for a l l  t h e  explosives  for 

which da ta  w a s  available revealed, no t  unexpectedly, a broad band 

of i n c r e a s i n g  log HgOI wi th  decreasing OBlO0. However ,  wi th in  

classes of explosives  e x c e l l e n t  c o r r e l a t i o n s  (high c o r r e l a t i o n  

c o e f f i c i e n t s  1 of t h e  genera l  type 

l o g  = a - b.OB,OO 

were observed. The classes of explosive s tudied  by K a m l e t  and 

correlations obtained were:- 

21 4. P o l y n i t r o a l i p h a t i c  compounds . 
(i) with a t  least one - C ( N O 2 I 3  group, 28 compounds, 

a = 1.753, b = 0.233 

with a t  least one >N-NO2 group, 45 compounds, 

a = 1.372, b = 0.168 

(ii) 

21 5. Polyni t roaromatic  compounds . 
(i) with a t  least one a C-H atom, 1 1  compoands, 

a = 1.33, b = 0 .26  

( i i)  with no a C-H l inkage,  24 compounds, 

a = 1.73, b = 0.32 
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Fluorodini tromethyl corn pound^^^: 

18 compounds, a = 2.15, b = 0,303 

Kamlet concluded from t h i s  data  t h a t  the existence of 

s t ruc ture-sens i t iv i ty  re la t ionships  w a s  confirmed and t h a t  

“mechanisms“ of i n i t i a t i o n  exist i n  the same manner as ,  f o r  

example. react ion mechanisms i n  solut ion.  Specif ical ly ,  K a m l e t  

proposed t h a t  there  is a “ t r igger  linkage“ which is the weak bond 

i n  par t icu lar  c lasses  of explosive which breaks p re fe ren t i a l ly  i n  

the  i n i t i a t i o n  process. As a general isat ion,  i f  an explosive 

compound contains more than one t r i gge r  linkage, its s e n s i t i v i t y  

i s  best approximated by predict ions for the  mast sens i t ive  

grouping. For example, polyni t roal iphat ics  containing a >N-NOZ 

group are more sensitive than those containing + ( N 0 2 ) 3  QrouPsr 

and i f  both explosophores are present  s e n s i t i v i t y  is typ ica l  of a 

nitramine. Kamle t  a l s o  iden t i f i ed  steric fac tors  which lead 

to an increase i n  sens i t i v i ty .  

A complementary approach has been adopted by Delpuech and 

Cherville 216-218 i n  t h a t  they have attempted to  introduce a more 

theo re t i ca l  basis f o r  s t ructure-explosive property 

relat ionships .  Delpuech and Chervi l le  invest igated the  

re la t ionships  between the  molecular e lec t ronic  s t ruc tu re  

{calculated by molecular o r b i t a l  programmes) and the  shock 

s e n s i t i v i t y  of secondary explosives. ‘Ehe famil ies  of explosives 

which were studied were nitroaroavlticsat6, n i t ramhes”  ‘, n i t r i c  

ea te rs”  ’, tetrazo1es2l8 and picry1tr iazoles2l  8. me calcu la t ions  
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were s p e c i f i c a l l y  d i r e c t e d  a t  t h e  e l e c t r o n i c  s t r u c t u r e  of the  

molecules i n  the  ground s t a t e  and the  manner of d i s t r i b u t i n g  

absorbed energy within t h e  molecular framework. In  t h i s  way they 

derived a molecular theory of the  mechanism of shock i n i t i a t i o n  

which f u l l y  complements K a m l e t ' s  ideas .  It w a s  found t h a t  i n  each 

class of explosive there  w a s  a pr iv i leged  bond (cf. K a m l e t ' s  

t r i g g e r  l inkage)  which governs s e n s i t i v i t y  to  shock. For example, 

energy absorbed by a nitramine tends to  concentrate  energy wi th in  

t h e  >N-N02 bond, leading t o  a high s e n s i t i v i t y ,  whereas i n  less 

s e n s i t i v e  systems such as ni t roaromatics  t h e r e  is a more even 

d i s t r i b u t i o n  of energy. 

The explosive p r o p e r t i e s  considered by both K a m l e t  and 

Delpuech and Cherville were s e n s i t i v i t i e s  t o  impact and shock 

i n i t i a t i o n ,  and t h i s  da ta  can be used t o  p r e d i c t  t h e  s e n s i t i v i t y  

of new explosives  pro jec ted  f o r  synthesis .  However, i f  new 

explosives  with increased power output  are required,  t h e  

detonat ion property of most i n t e r e s t  is  t h e  Chapman - Jouguet 

pressure,  PcJ, given by 

2 PcJ - - P o  (V of D)  /(K + 1 )  

where p is t h e  dens i ty  of t h e  explosive,  V of D is the detonat ion 

v e l o c i t y  and K is t h e  a d i a b a t i c  expansion c o e f f i c i e n t  of t h e  

chemical reac t ion  product gases. 

func t ions  of densi ty .  Therefore i f  more powerful explosives  are 

0 

Both V of D and K are l i n e a r  
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t o  be developed, energet ic  molecules with very high dens i t ies  must 

be ident i f ied.  

The ca lcu la t ion  of the density of organic compounds d i r ec t ly  

from s t r u c t u r a l  formulae is an area of considerable recent  

ac t iv i ty .  

used the method of Kitaigorodsky2” to calculate  molecular volume 

The l e a s t  empirical  approach is t h a t  of Cady219 who 

( V )  d i r ec t ly  from the  volume of each atom defined by an 

empirically determined van der Waal’s radius. V w a s  then r e l a t ed  

t o  density ( p )  by 

Mw 
P = -  v O k  

where Mw is the  molecular weight and k is the packing coe f f i c i en t ,  

ie. the r a t i o  of molecular t o  c r y s t a l  volume. Cady determined k 

empirically by regression analysis  of data  from 183 compounds t o  

have the form 

k zz 0.7686 - 0 . 1 2 8 0 ~  

where = i s  the  atom f rac t ion  of hydrogen a tom d i r ec t ly  bonded t o  

carbon atoms. This method gives calculated dens i t ies  r e l i ab le  t o  

within 2-4s of measured values. 

The remaining purely empirical methods 221-224 a r e  concerned 

with estimating the  total  molar volume (Vtotal) of a compound by 

regression ana lys i s  of published s t r u c t u r a l  data,  density being 

calculated from the equation 

P = m’Vtotal 
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The methods d i f f e r  only i n  t h e  means by which Vtotal is 

determined. 

ind iv idua l  group molar volumes. 

TarverZ21 estimated Vtotal from summation of 

Imndrzi and Perini222 determined 

what are b a s i c a l l y  atom molar volumes and included r i n g  

cont r ibu t ions  while  Cichra e t  a1223 independently der ived a 

similar method b u t  r e s t r i c t e d  t h e i r  basis set to explosives  and 

explosives-related compounds. The most recent  publ ica t ion ,  by 

St ine224,  again uses  t h e  approach of c a l c u l a t i n q  atom molar 

volumes followed by summation b u t  uses a very much l a r g e r  "basis 

set" of 2051 "error-free" compounds. 

A l l  these  empirical approaches 221-224 are extremely easy to 

21 9 use,  which is a considerable  advantage over Cady's method . 
However, Tarver 's  group values  were determined from q u i t e  a small 

d a t a  set and Cady has  s ta ted2 ' '  t h a t  Tarver's method220 "did n o t  

work w e l l  i n  h i s  hands." Cady found t h e  atom molar volume 

methods 2 2 2 t 2 2 3  t o  be " r e l i a b l e "  and gave s i m i l a r  c a l c u l a t e d  

d e n s i t i e s  t o  h i s  technique, with Cichra e t  a l ' s  method223 being 

t h e  better of t h e  t w o  f o r  c a l c u l a t i n g  d e n s i t i e s  of explosive 

materials. Presumably S t i n e  's method224 represents  t h e  c u r r e n t  

s ta te -of - the-ar t ,  being based on a very l a rge  data base and q iv ing  

predic ted  d e n s i t i e s  with an expected e r r o r  of less than 3%. 

Further  improvement should fol low s i n c e  t h e  da ta  base is  

cons tan t ly  being upgraded, and consequently more r e l i a b l e  

empir ica l  atom molar volumes can be derived. S i m i l a r l y  a l a r g e r  

d a t a  base would permit  f u r t h e r  refinement of the phys ica l  model 
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which forms the  basis of Cady's method. More t h e o r e t i c a l l y  based 

methods of dens i ty  p red ic t ion  could follow i n  the near fu tu re .  

DItonation v e l o c i t y  (V of D)  i s  a l s o  an extremely u s e f u l  

parameter to know f o r  a high explosive molecule whose s y n t h e s i s  is 

being considered. I n  a r ecen t  a r t i c l e ,  Rothstein and Petersen 

have descr ibed an empir ical  method f o r  p red ic t inq  hiqh explosive V 

of D ' s  from composition and s t r u c t u r e  f o r  C-H-N-O type explosives.  

This work has very r ecen t ly  been extended by Rothstein226 t o  

include f l u o r i n e  con ta in ing  explosives.  In  t h i s  method, V of D i s  

empi r i ca l ly  r e l a t e d  t o  a f a c t o r  F which is expressed as 

225 

where no, nN, nF and nH a r e  the number of the re spec t ive  atom i n  

t h e  molecule, nHF is t h e  number of hydrogen f l u o r i d e  molecules 

t h a t  can poss ib ly  form from a v a i l a b l e  hydrogen, nB/F is the number 

of oxygen atoms i n  excess of those a v a i l a b l e  t o  form C02 and H 2 0  

and/or the number of f l u o r i n e  atoms i n  excess of those a v a i l a b l e  

t o  form HF, nC is.the number of oxygen atoms i n  X..O l inkages,  nD 

is  the number of oxygen atoms i n  C-O-R l inkages where R=H, -NH4, 

-C etc, and nE is t h e  number of n i t r a t o  groups e i t h e r  i n  n i t r a t e  

esters or n i t r a t e  salts. A=l f o r  an aromatic compound or 0 

otherwise,  and G=0.4 for a l i q u i d  explosive and 0 f o r  a s o l i d .  

The term *=0 i f  nHF > nH or nO=O. F w a s  r e l a t e d  t o  V of D by 

l i n e a r  r eg res s ion  a n a l y s i s  and found t o  be:- 

F - 0.26 
0 .55  V of D (mm/ps) = 
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For the 80 explosives which were evaluated, 95% had calculated V 

of D within 5% and 99% within 7% of experimentally reported 

values. The absolute error was k 2.4%. The detonation pressure 

(PcJ) was also related empirically by 

PcJ = 91.3 (V of D) - 456 (kbar) 

but the number of data points ( 1  1 ) was quite low. 

The chief advantage of t h i s  method is tha t  it is simple t o  

use, is derived solely from molecular formulae and structures and 

requires no prior knowledge of any measured, estimated or 

calculated physical, chemical or thermochemical properties other 

than t o  know or t o  predict  whether an explosive is a liquid or 

solid. The compositional terms i n  F are obviously s implis t ical ly  

related t o  thermochemical properties such as heat of formation, 

and the s t ructural  elements A, C ,  D, E and G are  related t o  

physical properties such as density, but none of these properties 

are expl ic i t ly  calculated. 

Mention should be made of Kamlet and c o - ~ o r k e r s ~ ~ ~  who 

derived a method for  calculation of V of D and PcJ for C-H-N-O 

explosives provided tha t  elemental composition, heat of formation 

and density were known or could be estimated. Aizenshtadt228 a l so  

developed an empirical s e t  of simple formulae fo r  calculating V of 

D : again chemical formulae, enthalpy of formation and density 

wst be known or estimated. Kamlet has recently extended th i s  

ea r l i e r  work227 t o  an improved method fo r  calculating detonation 

pressures, which he has called the "rule for gamma"229. A colament 
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on Kamlet's methods p lus  e a r l i e r  reports can be found i n  a very 

recent  paper by Andersen . 230 

Research i n t o  t h e  pred ic t ion  of explosiye proper t ies  is s t i l l  

i n  a developing s t a g e  and considerable advances can be expected 

over t h e  next few years. However, it cannot be s t r e s s e d  too  

s t rongly  t h a t  considerat ion of a s i n g l e  predicted property can 

serve  only a s  a guide l ine  f o r  assess ing  new candidate molecules 

f o r  synthesis .  Physical ,  explosive and chemical proper t ies  should 

a l l  be considered s i n c e  a material which performs w e l l  i n  one 

respec t  may be i n f e r i o r  i n  another. 

Consider f o r  example t h e  synthes is  of new explosive analogues 

i n  which H atoms are replaced by F atoms, a s u b j e c t  discussed 

b r i e f l y  i n  a preceding sect ion.  Replacement of H by F has t h e  

d e s i r a b l e  e f f e c t  of increas ing  dens i ty  but  simultaneously 

decreases  melting poin t ,  which may o r  may not  be desirable .  

Examples are given below. Tota l  energy usua l ly  increases  s l i g h t l y  

b u t  s e n s i t i v i t y  changes are extremely variable. For example DFF 

is very much less s e n s i t i v e  than FEFO (see b e l o w )  and t h i s  

d e s e n s i t i z i n g  e f f e c t  extends t o  a smaller degree f o r  o ther  

formals,  e t h e r s  and n i t ra tes231.  

change and though l13,5- t r ini t robenzene i s  more s e n s i t i v e  than 

p i c r y l  f l u o r i d e  replacement of f u r t h e r  H atoms by F r e s u l t s  i n  

s e n s i t i z a t i o n  (see below )231. 

However, nitramines show no 

There is consequently considerable  
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c u r r e n t  i n t e r e s t  i n  ze ro  hydroqen compounds bu t  our  understanding 

of why such p r o p e r t i e s  vary is  a t  p re sen t  f a r  from complete. 

169 200 
122. 130' U?* 82' 

P 
s d t i v i t y  103cm 1M 48 M k291 
np 

Replacement of H by t h e  explosophore NF2 has a similar e f f e c t  

t o  replacement by F i n  t h a t  d e n s i t i e s  i n c r e a s e  ( b u t  t o  a smaller 

degree)  and melt ing p o i n t s  decrease.  Examples are given b e l o w .  

However, these changes are accompanied by s u b s t a n t i a l  decreases  i n  

thermal s t a b i l i t y  and an even more dramatic i nc rease  i n  

s e n s i t i v i t y  t o  impact: s e n s i t i v i e s  approaching those of primary 

explosives  a r e  observed. 
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In  summaryr s e l e c t i o n  of candidate  energe t ic  materials 

projected for synthes is  to  s a t i s f y  performance cri teria is s t i l l  

something of an "art" but  is  becoming with every year more of a 

"science". Developments over the next  few years  promise t o  lead 

to  new materials with i n t e r e s t i n g  and u s e f u l  proper t ies ,  as w e l l  

as improved methods f o r  pred ic t ion  of these  proper t ies  p r i o r  t o  

p r a c t i c a l  r e a l i s a t i o n .  

GLOSSARY OF ABBREVIATIONS OF COMPOUNDS 

AN Ammonium n i t r a t e  

BTF Benzotrifurazan N-oxide (benzotr i furoxan)  

BTX 5,7-Dinitro-l-picrylbenzotriazole 

DATB I 3-Didno-2?  4,C-trinitrobenzene 

DFF B i s  ( 2 2-dinitro-2-f luoroe thyl  )d i f  luorof ormal 
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DIPAM 

DNE 

DNFE 

DNFW 

FEFD 

HMX 

HNAB 

HNBB 

HNS 

NP 

NG 

PFG 

Pi 

pic1 

PYX 

RDX 

TACOT 

TATB 

TETNB 

TNB 

TNE 

TNM 

TNT 

3,3'-Diamino-2,2',4,4',6,6'-hewnitrobiphenyl 

2,2-Dinitroethanol 

2,2-Dinitro-2-fluoroethanol 

Di nitroi  luoromethane 

Bis(2,2-dinitro-2-fluoroethyl)formal 

Octahydro-1,3,5,7-tetranitro-l,3,~,7-tetraazacyclooctane 

2,2',4,4',6,6'-Hexanitroazobenzene 

2,2 , 4,4' , 6,6' -Hexani trobibenzyl 
2,2 ' , 4,4' ,6,6' -Hexani tros tilbene 

Trinitromthane (nitroform) 

Ni troqlycerine 

Pentafluoroguanidine 

2,4,6-Trinitrophenyl (or picryl) group 

Picryl chloride 

2,6-Bis (picrylaaino)-3,5-dinitropyridine 

Hexahydro-l,3,5-t~initro-1,3,5-triazacyclohexane 

2,4,8,1O-Tetranitrodibenzo-l , 3a, 4,6a-tetraazapentalene 

1,3,S-TtiamLno-2,4,6-trinittobenzene 

1,3,5-Trifluoro-2,4,6-trinitrobenzene 

1,3,5-Trinitrobenzene 

2,2,2-Trinitroethanol 

Tetranitromethane 

2,4,6-Trinitrotoluene 
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