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Preface

The field of energetic materials has long been considered primarily for its practical
aspects and it is only recently that the modern fundamental science phenomena
began to emerge. This has been particularly true in academic science, where fun-
damental acceptance and progress in the field has only recently developed. Ener-
getic materials, however, have been of great practical importance from the time of
the discovery of gunpowder to modern day explosives and rocket fuels. These
materials have had a profound, if not always positive, effect on history, However
the significance of their peaceful uses, ranging from the use of explosives in mining
and road building to applications such as missile propulsion systems, should not be
overshadowed by their potential destructive power, The ultimate use of the knowl-
edge gleaned by this research is not a question for debate here.

Research on energetic materials extends from bulk synthesis, to engineering
and materials science, to the microscopic study of molecular dynamics and struc-
ture (i.e., the molecular level understanding of these systems). In order to under-
stand the combustion of energetic materials, the detailed chemistry of the
decomposition processes must be understood. The nature of the individual reaction
steps, the dynamics of the dissociation, and the energy released during combustion
reactions must be recognized. Thus, the study of energetic materials spans many
disciplines, Chemistry, as the science that can lead to such materials, is at the focal
point. Indeed, an ever-extending array of new energetic compounds is continually
being synthesized. Historically, nitro derivatives played a special role as the most
commonly used compounds. Energetic nitro compounds range from C-nitro deriv-
atives such as trinitrotoluene (TNT), to O-nitro compounds such as trinitrogly-
cerol, to N-nitro compounds such as HMX and RDX. Nitrogen oxides continue o
be significant oxidants.

Any study of energetic materials must clearly start with the characterization of
structure. R. D. Gilardi and J. Karle discuss in the first chapter the structural in-
vestigation of energetic materials by the use of single crystal x-ray crystallography.
In conjunction with their colleagues at the Naval Research Laboratory, they have
over the years advanced these studies in a remarkable way and in the process
obtained a unique collation of the structural data of more than 500 energetic com~
pounds of great significance. Their chapter centers on the structural study of the
most recent significant classes of compounds. In addition to faciﬁmtix{g an under~
standing of the relationship of structure to function (such as den:v,ity). this stmctt‘n'al
work also plays a valuable role in the development of new and improved materials
by facilitating synthesis of promising new types of substances, as we_ll as charac-
terizing those already synthesized. It is even possible now, on occasion, to make

ix
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previously to the study of the initial steps in RDX decomposition. Molecular beam
studics provide a useful complement to bulk phase decomposition studies. The
characterization of the initial steps in the decomposition allows a better under-
standing of the results of bulk phase studies with regard to secondary reactions and
the role of the condensed state. Molecular beam studies also contribute signifi-
cantly 1o the theoretical understanding of combustion processes.

P M. Rentzepis and B. Van Wonterghem discuss in Chapter 3 the kinetics and
mechanism of dissociation of molecules by means of ultrafast absorption and emis-
sion spectroscopy. The spectra of the intermediate states and species are obtained
in real time and the formation and decay of these species measured. The develop-
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ing of the e_voluuon of the structure of intermediates during the course of chemical
reactions, 1s also presented. Application of these new pioneering methods to the
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synthesils of some exciting new and potentially useful polycyclic caged amines.
After discussing general approaches to the synthesis of caged nitramine explo-
sives, he presents the chemistry which Jed to the synthesis of three significant new
classes of caged polycyclic amines, the polyazaadamantanes, polyazawurtzitanes.
and polyazaisowurtzitanes.

R. Khattar and colleagues in Chapter 6 discuss the synthetic and structural
chemistry of the metallacarboranes of the lanthanide and alkaline—earth metals.
These potentially high-energy fuel additives represent a significant addition to the
broad class of metallacarboranes. Their fascinating structural aspects are also of
much interest.

G. A. Olah in Chapter 7 reviews some of the most useful methods in preparing
nitro compounds (i.e., electrophilic nitrations with superacid systems, nitronium
salts, and related Friedel-Crafts type complexes). Polynitro compounds were tra-
ditionally and still are the most widely used explosives [e.g., nitroglycerol. trini-
trotoluene (TNT), and N-nitramines (RDX and HMX)]. Methods of preparing
nitro compounds thus remain a key part of the synthesis of energetic materials.

The study of energetic materials is emerging from a field primarily directed
toward practical interests to an advanced area of fundamental research, where
state-of-the-art methods and theory are used side by side with modern synthetic
methods. That two of the contributors to this volume are Nobel laureates and five
are members of the National Academy of Sciences speaks well for the maturing
nature of the field and the related degree of scientific sophistication. Obviously a
volume of this size cannot give a comprehensive review of the entire field of the
chemistry of energetic materials. It offers, however, a good perspective of the
present day research in both the structural-physicochemical as well as preparative
aspects of the field. The contributions herein should give all practitioners of the
field, whether in academia, industry, or governmental laboratories, a good over-
view of some of the frontlines of the field. It is also hoped that the book will
stimulate young scientists and engineers to take interest in the field of energetic
materials. It is after all the future generation of practitioners who will take over
and build on the present effort to advance the chemistry of energetic materials to
new levels of understanding and improved applications.

The U.S. Navy has traditionally, through its own research at the renowned Naval
Research Laboratory and its sponsorship of outside research administered by the
Office of Naval Research, contributed greatly to the development of the field of
energetic materials. One of its most devoted and knowledgeable science adminis-
trators, Dr. Richard Miller, was to a great extent responsible for fostering this
process and this volume is dedicated to him.

George A. Olah
David R. Squire
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The Structural Investigation of Energetic Materials
Richard D. Gilardi and Jerome Karle

[. Introduction

Structure determination in the context of this chapter means the deter-
mination of the atomic arrangements in materials in the crystalline state.
There are a number of aspects to structural analyses. They may be used to
identify substances since they can be performed without previous knowl-
edge of chemical composition. It is possible to determine from structural
analyses the connectedness, conformation, configuration (or absolute con-
figuration under special experimental circumstances), packing, solvent in-
teractions, and average thermal motion associated with the substances of
interest. With careful experimentation in properly chosen cases, electron
density distributions can aiso be evaluated.

Applications of this type of information in a variety of scientific disci-
plines are evident. Some examples of areas of science that can be benefited
are synthetic organic chemistry, natural products chemistry, pharmaceuti-
cal chemistry, the study of rearrangement reactions, reaction mechanisms,
ion transport through biological membranes, and biomolecular engineer-
ing. In addition to facilitating an understanding of the relationship of
structure to function, structural information plays a valuable role in the
development of new and improved materials. It is in this latter context
that the work described in this article was mainly carried out. The predom-
inant purpose was to facilitate the synthesis of improved or new types
of substances, characterize those already synthesized, and on occasion,
make some suggestions concerning the feasibility of certain contemplated
syntheses, .

One consequence of the extensive research activity in structural analy-
sis has been the development of a computerized X-ray crystal structure

Chemisiry of Energetic Moarerials
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doe Structural Database [1], containing
database, kv ::e;hgz%?llgl;?:ag:ic chemical structures ('aS of January
R frgmscarched’ by computer t0 provide inforrflatxon for use in
:?\?C}ilsl;fc;?e r:lation of structure to activity and the df:SIgn f)f s:_lbsta?c;s
ith desired properties (¢.g., the design of drugs). The 1nves§1ga ion of the
:?rt:ctures of a large number of energetic materials has provided uﬂgrma-
tion for an extensive database for sugh substf'm'ces 2). It ha.s sert\:e as a
useful source of information for making PredlCIIOHS concerning the possi-
ble success in the synthesis of new materials.

{I. Pressure and Impulse

Density plays an important role in the behavior of energetic materials. The
pressure in explosions and the impulse produced by the same compound
when used as a propellant are related. The shockwave pressure behind the
detonation front is proportional to the density squared 3] times the specific
impulse [4]. The specific impulse itself depends on the volume of gas
produced and the heat of combustion per gram of propellant which leads to
a further complex dependence on density [5]. Thus, the overall depen-

dency of the detonation pressure on the density is greater than quadratic.
Two examples of dense ener

getic materials are the widely used g-HMX
and RDX [6,7], shown in Fig. 1.
In addition to density, strain also offers the o i ig
- ity, straj pportunity for higher
:}x:ergy_lr(§lgg§<f:. Any gain, however, from moleciilar strain would be lost if
¢ packing of the molecules was not dense. An example af a i
: he molecules wa - An example of a synthetic goal
;Mm@ng ‘molecule that packs densely and contains a large
number of energetic groups
e BVTIC BTOUY

Fig. 1. Structura) diagrams of B-HMX {densit

= 1.50 i
two well-studied dense energetic compounds {videly u b o s RDX (onsity = 181 g/cc)
salid rocket fuels.

sed as explasives and as components of

NO,
\
H,C NO
H3C \C —_— N/ \\N/
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Hexanitrohexa-aza-adamantane Octanitrocubane

N NO
3
\NA ~
-
N
/

Predicted Density = 2.0-2.2 g/ce Predicted Density = 2.0-2.1 g/ce

NO,

O,N 0O,N NO,

Fig. 2. Two major high-enerpy targets for synthetic chemists.

It is possible to conceive of molecules that contain a large number of
substituted groups and make predictions regarding their density in the
crystalline state [8]. To achieve better results, it is necessary to consider a
number of packing models for various crystallographic space groups [9}.
Two substances that have among the highest predicted densities are the
submarﬁ?ﬁﬁane shown in Fig. 2. The cubane nucleus
has, in addition, its i inherent strain energy. 1,3,5.7-Tetranitrocubane has

been synthesized [10] and has a density of 1.814 g/cc in the chstallme

state. To date, three nitro-substituted cubanes have been synthesized, the
di-,” tri-, and tetra-nitrocubanes, which have densities proportional 1o
the number of nitro substifuents, namely, 1 1,66, 1.74 and 1.81 g/cc, respec-

trie_ly_il 1]

[ll. Energetic Materials Database

A virtue of developing a database of energetic materials is its use in the
prediction of target structures that have potentially desirable features. The
large number of crystal structure analyses of energetic materials that have
been performed in recent years has provided much useful information.
Examples are structural parameters associated with the NO, group. two
NO, groups on the same carbon atom, and cage compounds having a
variety of substituents. Illustrations of some types of compounds that make
up the current database consisting of about 300 compounds are shown in
Fig. 3. An application of the database is the calculation of the structure of
the hypothetical molecule, octanitrocubane. The predicted distances and
angles are consistent with those in the database and the nitro groups are in
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Fig. 4. An energy-minimized model of the hypothetical molecule, octanitrocubane.

from a common center. HNZADA has six N—NO, dipoles pointing
outward, but also has four CH dipoles pointing inward, interposed be-
tween the nitro groups, which is electrostatically favorable. Quantum
mechanical calculations on the similar nitramines, HMX and RDX [16.17].
indicate that the CH dipoles will be much stronger (and thus more stabiliz-
ing) than ordinary aliphatic CH, due to the electron-withdrawing nature of
the many nitramine groups.

A substituted triazaadamantane, 2,4,10-trinitro-2,4,10-triazaadaman-
tane, was made a few years ago by Nielsen [18]}. Its synthesis showed
that a methine (CH) surrounded by nitramines in an adamantane cage
is chemically stable, a matter that had previously been the subject of
debate. There are four such groupings in HNZADA. Otherwise, the local
connections are much the same as in HMX and RDX. Molecular me-
chanics model-building shows that the nitramines are no more crowded
than in HMX and RDX, so there is reason to expect that this target
molecule will not be especially sensitive or readily subject to chemical
deterioration.

An extension of the hypothetical HNZADA is the nonanitraza-target
cage compound shown in Fig. 5. This hypothetical compound has the same
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uthors (R.G.).
Fig. 5. A model of a nonanitraza-1arget compound propased by one of the a {
The rings which mal

ke w |h€ nonaaza cage a ]‘esemb e the S.m er ¢OM ()]lntls RI)X End
HMX'

atomic ratios and groupings as HNZADA. On the z-.xssum.ptton szh;::
HNZADA and this nonanitraza-compound can be synthesm.ed, it wou one
of interest 1o compare their physical and chemical properties. This 15 o
example of a large variety of paths that may be followed in tl}e develop

ment of energetic compounds that have improved characteristics.

V. Bending Angles in Nitramines

Nitramines are potentially high density materials and are among the types
of substances that have been targeted for synthesis. It has been found
from the database that amino groups in nitramines are rather flexible, The
distribution of the out-of-plane bending angles for the amino group (the

angle between the N-N vector and the C-N-C plane) is illustrated in
Fig. 6. The histogram for the amino bend ran

ges from 0 to 60°; though

dominated by small [0-20°] angles of bending, one example has been

seen at 59°. Nitro groups, by comparison, are much less flexible, as may

also be seen in Fig. 6. The relevant angle for nitro groups is that between
the N-N vector and the O-N-O plane.

An example of a large amino bend (44.6°

' ofa ) is shown by monoketo RDX
(IS} illustrated in Fig. 7. The carbonyl group has the effect of Aattening the
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Histagram of Xy: Amino Bend
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Amino Bend

299 Histagram of X3 Wave Bewd '
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Fig. 6. Frequency distributions for two out-of-plane deformations of the nitramino group.

Fig. 7. The structure of 1,3,5,trinitro-2-oxo-1,3,5-triazacyclohexane. The presence of a car-
bonyl group flattens the chair-shaped ring and the two nitramines adjacent to it. The third
nitramine displays one of the largest out-of-plane bends yet observed in a nitramine; the N-N

bond is bent 44.6° from the adjacent CNC plane.
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L y d
Fig. 8. The structure of 1-nitro-3-nitratoazetidine. The nitramine is part :)f a four-membere
mgg :;nd the N-N bond is bent out of the adjacent CNC plane by 39.6°.

chair-shaped ring and the two nitramine groups near it. Weak forcgs car;
produce relatively large changes in the amino bend since the energies ar

not much different for the in-plane and out-of-plane configurations. For
example, an ab inifio study of dimethylnitramine indicated that only
400 cal/mol were required to bend the nitro group 40° out of the C—N-p
plane {20]. The amino bend in 1-nitro-3-nitratoazetidine [21], illustrat.ed II:
Fig. 8, i5 39.6°. In a nitroaziridine compound (22], the amino bend is 59

from the plane of the 3-membered ring (see Fig. 9)

A gquantum chemical calculation [23) (using the program MNDO) on
trinitroazetidine (see Fig. 10) also indicated that a sizeable out-of-plane
amino bend (30°) was the minimum €nergy conformation. This observation
stimulated another MNDQ calculation [24] on a simple model compound,
. dimethylnitramine shown in Fig, 11, Although the MNDO minimum en-

Srgy conformation for thig molecule is planar, it was found that the amino
bend could be bept £20° from this Plane with almost ng energy increase

(t_&E s 0..1 keal/mol), This predicteqd low-energy range agrees well with the
distribution of crystallographic values,

Itisof Interest to note here that 3 Correlation exists between the C-N-C
?ng_le and the out-of-plane am;
m_dxcation of a trenq ¢,
with increasing values

. - s ]
values are Widely distributeq as shown ip Fig. 13. although individua
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Cl4t

Fig. 9. The only reported example of a nitramine incorporated into a three-membered
aziridine ring (only a portion of the full molecule is shown here); the amino bend is 59,
which is the highest yet reported.

Fig. 10. The molecular structure of 1,3,3-trinitroazetidine as observed in the crystal.
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Fig. 11. The dimethylnitramine molecule.

Fig. 12. A scattergram display of the amino C-N~C bond angle and the amino bend (in
degrees, see Fig. 6 for definition) of the nitramino group, as observed in more than 60 X-ray
structural determinations. The curved line represents the best fit to the data by a second-
degree polynomial function,

ao 4
AMINOB o 50 60 70
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a8 y = 1.37 - 6.466E-4x + 4.6215E-5x2
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Fig. 13. A scattergram display of the N-N distance (in A) and the amino bend {°) of the
nitramino group.

V. Nitroolefins

There have been a number of investigations involving the study of ni-
troolefins as useful intermediates in the synthesis of energetic materials. A
characteristic of many of them is a large twist about the double bond.
Interest in the structural characteristics that accompany the rotation moti-
vates a discussion of details. As would be expected, the rotation out of the
normal planar conformation is associated with spatial crowding. Figure 14
illustrates some of the largest out-of-plane rotations that have been mea-
sured and, in one case, calculated for crowded ethylenes [25].

In 1,1-dinitro-2,2-di{dimethylamino)ethylene [26] (Fig. 15) there is a
torsion of the N1-C1-N2 plane about the C1-C2 double bond of 51.4°
relative to the N3—C2-N4 plane. The C1-C2 distance is 1.434(3)A, which
is considerably longer than a typical isolated double bond length (~1.33 A)
[27].
']l‘he ease with which internal rotation can take place is generally much
greater for single than double bonds. Does the crowding stretch the dou-
blebonded C-C distance making it closer to the single-bonded distance
and thus facilitate the out-of-plane twist? The C-C distance will be ex-
amined in the twisted molecules to determine whether 2 cofrelation exists
between the torsion angle and the C-C distance. B

A quite useful precursor in the synthesis of twisted diaminodinitro
olefins is 1,1-diiodo-2,2-dinitroethylene [26] whose structure is shown in
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Severely Twisted Olefins

X_X
%n: 16° 0

Tetra-t-butyl ethylene
Unknown! Torsion calc'd to be 45°

Tri-t-butyl ethylene

SiMe, SiMe

SiMe, SiMe;

Tetra-trimethylsilyl ethylene
Torsion = 29.5°

Torsion = 43°
cl c ‘3IM°3
Ci Cl . :
SlMc3 \_/ SIME2
Cl 2 ; Cl SiMe /\ SiMe
3 2
g |
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Fig.
1g. 14, Some examples of abserved and calculated twists in olefins.

Fig. 16. The reaction
ig. that i
dL(dlmethylamino)ethyleneais leads to the synthesis of 1,1-dinitro-2,2-

3 CH —
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Torsion about the C1-C2
double bond is 514 deg.

1.1-Dinitro-2,2-dildimethylamino) Ethylene

Fig. 15. The molecular structure of 1,1-dinitro-2,2-di(dimethylamino)ethylene. The C}-C2
bond is formally a double bond but is lengthened from the normal value (~1.33 A) to a value
of 1.434(3) A. [A digit in parentheses following a reported value is the estimated standard
deviation (esd) in the final digit(s) of the reported parameter and represents the error to be
expected in repeated determinations of that parameter due to random measurement efrors in

the X-ray intensities.]

Fig. 16. The structure of 1,1-diiodo-2,2-dinitroethylene. The N2 nitro group is rotated ca. 85°
from the best plane of the rest of the atoms (which are essentially coplanar).
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Fig. 17. The molecular structure of 1,1-dinitro-2,2-di(phenylamino)ethylene. The Cl-C2
tond is lengthened to a value of 1.451(8) A.

Fig. 18. The molecutar structure of 1,1-dinitro-2,2-di(n-propyl)ethylene. The Cl-C2 bond is

lengthened 10 a value of 1‘.464(13) A. Oune propyl chain [C10-C11a-C12a) is disordered in the
crystal, and only the major conformation is shown here.
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Note that the diiodo compound in Fig. 16 is not symmetric. The plane of
one NO, group is essentially perpendicular to that of the other.

An illustration of the molecule, 1,1-dinitro-2,2-diphenylaminoethylene
[26] is seen in Fig. 17. It is apparent that this molecule could be synthe-
sized from 1,1-diiodo-2,2-dinitroethylene and aniline. The dinitro plane is
twisted 71° from the N-C-N plane at the amino end of the double bond.
The phenyl groups are twisted 40 and 60° from the N-C-N plane.

A structural determination of 1,1-dinitro-2,2-dipropylaminoethylene
[26] reveals a considerable twist of 87.1° about the C—C double bond (see
Fig. 18). In this case, the C-C distance has increased by almost 0.12 A over
the normal value.

An extension of the C-N (nitro) bond length by approximately 0.08 A
is associated with a large out-of-plane twist in ¢-butylammonium trinitro-
methanide [28]. Figure 19 depicts the negatively charged trinitro-
methanide moiety. In this anion, the carbon atom and two of the nitro
groups are essentially coplanar; the third nitro group is perpendicular to
the plane of the other atoms. In the last two examples, the changes in the
bond lengths are considerable.

As a final example, the steps in the synthesis [26] of a highly energetic
compound which proceeds via a twisted olefin are indicated. The synthesis
is once again initiated by the use of 1,1-diicdo-2,2-dinitroethylene and

Fig. 19. The structure of the anion in the #-butylammonium trinitromethanide salt. Two c.af the
nitro distances are equal (1.367(2)A) and are much shorter than the third, C-N2, which is
1.450(4)A. The third nitro group is twisted exactly 90° from the plane of the first two,
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amine as shown below.

I NO,
>=< + C(CH,NH,), ——
H NO,

N N

NO

01N> :NIN: ( 2 (©Msc— DCN\>_C(NOZ)3
o' N “no, o “NO,

- ity of
The actual structure of the product is depicted in Fig. 20. It has a density o
1.81 g/cc.

VI. Cubane and Substituents

. is of
Cubane [29,30] js an appealing substance on which to base a synt‘hesgd‘;_
energetic tompounds, Jt contains ap inherent strain energy and, in a
tion, offers 5 humber of regions in which ener

getic groups may be attached.

We review here SOme investigations (ha have revealed characteristic
Structural features of the cubapeg,
In an initja} study [
Unsubstituted
Cubane wag c
hevertheless P
bane from, th
Tegular and 5

31] that was €Xpected to reveal the structure of
ubylcubane ip the ¢ i

Tystailine state, it was found that cubyl-
ocrystallized with

-t—butylcuby]cubane (Fig. 21). It was
Ossible o Obtain goog insight into the structure of cubylcu-
€ invest;

Bation of the mixed crystaj. The cubes are virtually
¢ staggered wigp resp r (Fig. 22). The average

€Ct 1o each othe
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Fig. 21. The packing of molecules in the cocrystal of cubylcubane and 2-(t-butyl)-
cubylcubane. The central molecule is cubylcubane; all of the surrounding molecules are
2-{¢-butyl)-cubylcubanes. The three emphasized molecules comprise the contents of one unit
cell (the centroids of only these three lie inside the cell}.

Fig. 22. The molecular structure of cubylcubane, showing the distance measured for the short
linkage bond by X-ray analysis of its cocrystal with 2-+-butylcubylcubane. A later investiga-
tion of pure cubylcubane crystals gave a result for this bond of 1.475(4)A. The reason for
this discrepancy is not entirely clear, but the standard deviations estimated for the bond lengths
do not rule out its being a normal fluctuation caused by random experimental errors.
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Fig. 23. The molecular stnicture of a phenyltercubyl compound. Still higher polymers of
cubane exist but are exceedingly difficult to crystallize.

length of the cube edges adjacent to the linkage is 1.568(9)13; and 1.553(8)
A for all the others. The linkage distance, 1.458(8) A, is much smaller than
that for a normal single C—C bond (~1.54 A). A shortened linkage bond
has now been observed in four structural investigations of cubylcubane or
its derivatives [32] and also in a study [33] of a compound containing three
cubes linked together (Fig. 23).

Other strained cage and ring systems appear to have reduced bond
lengths. For example, the average cage bond length in tetra-t-butyl-
tetrahedrane [34] is 1.485 A and the adjacent bonds have a length of 1.502
A (Fig. 24). The average ring bond length in bicyclopropyl [35] is 1.503 A
af:d the linkage pond length is 1.487 A, Three-membered ring systems
display a shortening of C-C single bond lengths both within the rings and

Fig. 24. Bond lengths in other strained hydrocarbons.

Tetra-t-Butyltetrahedrane Bicyclopropy!

1502
1.487

Average ¢g
98 bond length 1,45
*A Average ring bond length 1.503 A
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ADAMANTYLADAMANTANE - 1578(2)A (sp3-5p%)

BITOLYL - (ave. of 2detns) (sp?-sp2)

Fig. 25. Linkage bond lengths in hydrocarbons containing less straim.

exo to the rings. Molecular orbital calculations are consistent with these
observations [36].

Linkage bond lengths in systems that do not have angular strain may be
compared. In adamantyladamantane [37] there is no shrinkage. Rather,
the bond stretches somewhat with a length of 1.578(2) A (Fig. 25). In
bitolyl [38] there are also no angular strains, although there is a twist about
what may be considered a single bond linking the two aromatic rings
(Fig. 25) of ~38°. There is a definitive reduction of the linkage bond length
from the normal single-bond range. The source of the shrinkage is most
probably the influence of the aromatic rings rather than the out-of-plane
twist.

Syntheses have been made of energetically substituted cubanes. For
example, 1,3,5,7-tetranitrocubane [10] (shown in Fig. 26) has been synthe-
sized. As noted previously, its density is 1.814 g/cc. Another is the fluoro-
dinitroethyl ester of tetracarboxycubane [36] (Fig. 27). The deasity is
1.762 g/cc. An energetic ammonium perchlorate substitution of cubane
has been made in the form of 1,4-bis-cubanediammonium perchiorate
hydrate [40] (Fig. 28). The dashed lines in Fig. 28 represent some of the
many hydrogen bonds that occur in the crystal whose density is 1.755 g/ce.
An estimate of the dry density extrapolated from this work is 1.83 g/cc. It
was obtained by subtracting the volume and mass of water from the unit
cell contents. The volume of H,O was taken to be the same as that in liquid

water.



Fig. 26. The molecular structure of 1,3,5,7-tetranitrocubane; because of the packing in the

crystal the nitro groups are not equivalent. The surroundings differ for each one, leading to
slight (mainly torsional) differences in geometry.

Fig. 27. The structure of the tetrakis(2-fluoro-2,2-dinitroethyl)ester of the 1,2,4.F
tetracarboxylic acid of cubane,




1.4-Bis-Cubanediammonium Perchlorate Hydrate

Fig. 28. The molecular structure of 1,4-bis-cubanediammonium perchlorate monohydrate.

Fig. 29. A comparison of some of the shortest and longest cubane cage distances, both of
which occur at disubstituted cube edges.

Shortened 1,2-substituted Cubane Bonds

s ch, ®2) )\
\/
R, b

L606(6)A Leo7A

R{ O (RH

Elongated 1,2-substituted Cubane Bonds

21
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2 d heterocyclic rings ([41y,
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Cubane has be‘:;l iu ;zint of interest in these compounds is the Shr{nk.
Fig. 29, upper pane. -C_C bond shared by the cubyl moiety and the ting
age of the commfo:)lm 1.522-1.534 A. On the other hand, bulky substiy,.
Its value rang;s nl;. cagf; has led to observed lengthenings [31,42] of upto
tion onA the \:uzg')i lower panel), These results imply that cubane has a sig:
I:EOZnt ﬂ(:;igt;ilit); and thus can accommodate a larger variety of substity.
c .
:li]ons than may have been previously expected.

VIl. Conclusions

In this article, a number of ways in which structure de:termination can serve
the synthetic chemist have been illustrated. Questions concerning iden-
tification, conformation, configuration, bonding, and bond distances and
angles have been answered with a high degree of accuracy. The‘ area‘of
study of energetic materials often presents unusual circumstances in which
the use of structural analysis is virtually indispensible for characterizing tl?e
geometric nature of the substance of interest. Many of the examples in
this chapter are illustrative of the difficulty in predicting structural features
(e.g- the twisted olefins and the cyclic nitramines).

Modeling programs should be used with great caution and are safest
when the questions aske

increase for distortions is ]

having a sharp, deep potential well about g well-defined equilibrium,
accurate predictions for jt

: 1ts value can be made with an incomplete knowl
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< .
planeal::ﬂfssi :f esh:fgow-w.vvccll [Potentials are thoge governing the out-of-
it 1 1; Ptides and Nitramines, apq Potentials describing the local
onds which do pot fit well into formal single, double or

ch as the twisted olef; ie

aromatic Categorieg m
» Su i
unSaturated pon 0s discussed earlier and most
8en heterocycles (pyrroles, triazoles, etc.). In these cases,
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it has been shown that subtle influences such as dipote forces from remote
substituents, solvent-association forces, and crystal-packing forces may
produce large structural variations. Users of modeling programs should be
aware of these considerations because if one is interested in predicting the
features of unusual, currently unknown, molecuies which lie at the fron-
tiers of the art of chemical synthesis, there may be serious pitfalls.

Much greater information may be forthcoming from diffraction analysis
when it is possible to apply it readily to the determination of accurate elec-
tron density distributions in complex materials. How soon that time will
come is another unknown that is difficult to predict.
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Studies of Initial Dissociation Processes in
1,3,3-Trinitroazetidine by Photofragmentation
Translational Spectroscopy

Deon S. Anex, John C. Allman, and Yuan T. Lee

l. Introduction and Overview

Interest in the chemistry of certain NO,-containing molecules stems from
the use of these compounds as energetic materials. One class of these
materials is the cyclic nitroalkyl nitramines, an example of which is 1,3,3-
trinitroazetidine (TNAZ). These compounds are related to the energetic
cyclic nitramines (HMX [1] and RDX [2], for example) through the replace-
ment of one or two nitramine groups, NNO,, with geminal-dinitroalkyl
groups, C(NO,),. For example the nitroalkyl nitramine analog of the
eight-membered ring HMX and the six-membered ring RDX are HNDZ [3)
and DNNC [4], respectively. The four-membered ring.in this series of
cyclic nitroalkyl nitramines is TNAZ (Fig. 1), which contains one nitramine
and one geminal-dinitroalkyl group. In these comPounc_is, the inclusion
of a geminal-dinitroalkyl group in the place of a nitramine group serves
to increase their oxygen content. o
Research in the field of energetic materials spans many qhscnphnes. The
spectrum of areas of interest extends from bulk, macroscopic fields such as
engineering and material science to molecular dynamics, where the focus is
on events of a truly microscopic scale. It is toward the molecular level of
understanding that this article is focused. In o.rder to fully un(?ers!and the
combustion of energetic materials, the details of thc? chemns:txy f)f the
decomposition must certainly be understood. Issues of interest in this area
include elucidation of the initial reaction steps, the dynamics of the dis-
sociation, and the energy released during the reaction. Specifically, with
respect to the current study, the effect of ring size and the substitution of

Copyright © 1991 by Acsdemic Press, Ine.
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1. TNAZ (1,3 L.trinitroazetidine), a cyclic nitroalkyl nitramine.
Fig. 1. i

N

N——CHy
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NOp

the geminal-dinitroalkyl groups for the nitramine groups are important
issues to investigate.

A. Previous Work

This literature on the chemistry of the combustion of energetic materials
is extensive, yet until recently the information available on the thermal

decomposition of TNAZ,

210 a final temperature of
whose concentration de-

d . cosure-versus-time profiles for
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B. Photofragmentation Translational Spectroscopy

More recently, emphasis has been placed on understanding the initial
decomposition steps in several NO,-containing molecules using motecular
beam mejthod.s {8,9]. These techniques have the advantage of addressing
the 1dent1§catlon of the reaction pathways and the determination of energy
released into translation for isolated gas phase molecules. Although a
significant portion of the combustion of energetic materials is related to
condensed phase reactions, the understanding of the chemistry of the iso-
lated species is certainly pertinent. First, the understanding of the initiation
of reactions in these materials can be increased by understanding the
primary decomposition steps. Second, there are both gas phase- and con-
densed phase components to the combustion of these materials. Third,
theoretical understanding of the dynamics of the decomposition begins
with the modeling of isolated molecules, The results of the theoretical
efforts and the molecular beam studies may be directly compared.

The method discussed here is photofragmentation transiational spec-
troscopy. In this method, the molecule of interest is expanded from a
nozzle into a vacuum, and then the expansion is collimated to form a
molecular beam. The molecular beam is then crossed with the output of a
pulsed CO; laser which excites the molecule of interest above the dissocia-
tion threshold, relying on infrared multiphcton excitation to induce de-
composition. In order to dissociate, a molecule must absorb approximately
20 infrared photons.

The products of the decomposition then recoil from the molecular
beam, and those traveling in the correct direction enter the detector,
which is placed off the axis of the molecular beam at a particular angle. In
the detector, they are ionized, separated according to mass-to-charge ra}io
by a quadrupole mass spectrometer, and registered using ion counting
techniques. A record of ion counts versus time from the la§er excitation,
known as the time-of-flight spectrum, reflects the time it takes for a
particular neutral fragment of the reaction to reach the iqnizer from the
interaction region. This flight time is related to the velocity of the frag-
ment, which in turn is related to the translational encrgy released in the
reaction. ]

The techniques used in these experiments have s_everal fe;amre§ impor-
tant for the study of the decomposition of energetic materials. Flrst the
excitation step using the CO, laser infrared multiphoton _a_bsorptxon pro-
vides a way of heating the molecule under isolated.condmons. After an
initial coherent multiphoton absorption step, the mfr.ared photons are
sequentially absorbed, proceeding through the high density of states region
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«nown as the quasicontinuum as the molecule is excited higher and highg;
nown

i vibrational manifold. At these high levels, the vibrational motigy
in the - olated to a particular part of the molecule, but are sprey
afe 0O long_er :SOFurthe rmore, successive absorption and stimulated emjs.
over _lt:i :::;i;.thﬁ high power laser is also similar to collisional excitation
:‘1): :ir;excitations in the thermal exci_tation in the bul.k phase. As a resul,
the vibrational excitation is very similar to that obtained by conventiony|
heating, and the results may be directly related to decomposition studies
conducted in bulk phases. _ -

Second, the molecules dissociate under collision-free conditions. This
precludes the possibility of secondary bimolecular reactions. Additionally,
the fragments travel undisturbed to the detector so their velocities reflect
the energy released into translation during the reaction.

Third, the fragments are detecied using mass spectroscopic technigues
which allow the identification of the chemical makeup of the reaction
products. This identification is aided by the fact that the products from
different reaction channels tend to have different velocity distributions and
shapes in the time-of-flight spectrum, which allows the determination
of the identity of all the daughter ions corresponding to a particular pa-
reat. The mass spectrometer is also a universal detector, not requiring any
%2;;:2?Wledge of the composition, spectroscopy, or internal energy of 2
lat;g::l“s‘;z;l::z:gon ?:]Zh: datafo;tained from photofragmentation trans-
Newton diagram (Igi)é’ 2) Iln":x-o fight spectrum, is aided by considering?
the laboratory rcfere.nce. fram: expg‘rlment, tk}e measured velocities aré
mass) frame. It is the velocity i':; tilate e than in the molecular (cen'ter-(!f'

center-of-mass frame (from which the

bea . : Y is the vectorial sum of the initial molecular
vel;f“‘;el,ﬁ;‘; {which defines the velocity of the center of mass) and the
. recoiling fragments ip the center-of-mass frame. The New-

(the spread in velocities, am senting the average molecular beam velocity
y). Extending from the 1 ounting 1o roughly 20% is omitted for simplic-
the velocity of 5 fragme ® of.t.hls Yector is a second one that represents
be noted that a secong vm recoiling in the center-of-mass frame., It should
direction ang corresporfc: (O exists (not shown) that points in th.e opposite
velocity of th, S 10 the partner fr i i

€ second frag agment in the reaction. The

ment |
tis related to the velocity of the first through
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Fig. 2. Newton (velocity vector) diagram for the decomposition of TNAZ. The vector labeled
Vocam T€presents the molecular beam velocity. The smaller circle represents the primary NO,
loss channel with the illustrated center of mass velocity corresponding to the maximum energy
released into translation, 7.2 keal/mol, in the high fluence experiment. The larger circle
represents the secondary loss of NO,. Again, the velocity shown is for the maximum energy
released into translation in the high fluence experiment, 55.2 kcal/mol. The dashed lines
indicate the molecular beam-to-detector angles and are apprapriately labeled. The numbers
are the masses of the recoiling fragments, with the underscore indicating the detected one.

the conservation of linear momentum in the center-of-mass frame. The
pair of products related by conservation of momentum is often referred to
as being “momentum matched.”

The masses used in calculating the velocity of the indicated fragment in
Fig. 2 were 146 and 46 amu, which correspond to the pair of fragments
produced in the primary dissociation of TNAZ. The velocity shown 1:s for
the heavier fragment and was calculated for the maximunT translational
energy released in the reaction. This information was obtained from the
analysis of time-of-flight data collected, which will be disgussgd later.

The velocity vector in the laboratory frame is shown in Fig. 2 as the
resultant vector obtained from summing the molecuiar beam vejont?r vec-
tor and the velocity vector in the center-of-mass frame: The direction of
the laboratory frame vector in this example is at 10° relative to the ?lolecu-
lar beam angle. This is the molecular beam-to-detector angle that is det?r-
mined by the placement of the detector relative to the molecular beam axis.
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Infrared multiphoton infrared excitauon produces molecules that dis-
nfr

sociate in all directions in the center-of-mass frame. Therefore, the vector

; . v of recoil in the center-of-mass frame is
in Fig. 2 reprefsen;mgilthi f"il:cct‘;);s originating at the tip of the molecular
actually one of a famr'y d pointing in all directions. The resultant vectors
peam velocity vector and po . fall

. h th the beam velocity vector all fall on the

from the summation of these wi ; .

. . Fig. 2. The point where this circle intersects the
smaller circle shown in Fig. 2. P
line pointing toward the 10° molecular beam-to-detector angle represents
the laboratory velocities at which this center-of-mass velocity 1s ((i)‘bserved
at this angle. Notice that one such laboratory vectpr has been .lscussed
already, the one moving faster than the beam velocity. A second mters_ec-
tion of the circle with the 10° line occurs at a slower laboratory velocity,
showing that the center-of-mass velocity being considered appears at two
laboratory velocities. o ‘

The complete Newton diagram for the reaction 18 more complicated.
First, there are a range of center-of-mass recoil velocities, not simply the
one considered here. In the complete picture there are many circles
centered on the tip of the molecular-beam-velocity vector, each one
corresponding to a different velocity of recoil. The contribution of each
velocity to the observed time-of-flight spectrum is reflected (in units of
energy. rather than velocity) in the center-of-mass translational distribu-
tion discussed below. Second, there may be secondary products result-
ing from the subsequent decomposition of the primary fragments. A part
of the Newt_on dla_gram illustrating secondary dissociation is shown in
Fig. 2 but will be discussed later.

The power of photofragmentation translational
onstrated in the elucidation of the initial
following infrared multiphoton excitation

that two competing prima iminati
_ Ty steps were elimination of NO, and the triple
concerted reaction yielding three methyle 2 CNNOy) frh

. ne nitramine {H,CNNO,) frag-
?::::sioAjter the primary NO, .]oss channel, the remaining2 fragmez;l)t con-
ose ot s :::r:gp;])soe In competing secondary steps-—loss of HONGQO, and

_ 2- The methylene nitramine produced in the concerted

spectroscopy was dem-
steps in RDX decomposition
(9. In this study it was shown

Later studies investigated
photofragmentation translati

in the following section b PY. The details are ted
. first ect presen
in some detail, This 1 g)l describin

g the experimental techni d

- que use
Tesults that include the lowed by a presentation of the experimental
of high- and jore A me-of-flight spectra collected under conditions
uence. Then the forward convolution method of
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analyzing the data is explained, followed by the analysis of the TNAZ

time-of-flight spectra. Finally, the results are interpreted and discussed
with respect to other studies.

ll. The Thermal Decomposition of TNAZ

A. Apparatus

A detailed description of the molecular beam apparatus used, the rotating
source machine, is available elsewhere {10]. For the present discussion a
general outline of the salient features will be given, referring to the
schematic diagram in Fig. 3. The important parts of the rotating source
machine are labeled with numbers in this diagram.

The molecular beam is formed by supersonic expansion from a heated
oven source (I}, shown in Fig. 3. The expansion is then collimated by a
skimmer to form the molecular beam (solid line) as it passes from the
source chamber (2) into the source differential region (3). From there the
molecular beam passes through a second skimmer into the main chamber
(4). The laser light travels in a direction perpendicular to the plane of the
drawing in Fig. 3 and crosses the molecular beam at (5). This point is also
on the axis of the detector, which is denoted by the dashed line. The oven
source and separately pumped source and source-differential chambers are
rotatable as a unit about the axis down which the laser beam travels. This
rotation allows the molecular beam to detector angle (6) to be varied.

Fig. 3. Schematic drawing of the molecular beam apparatus. The labeled parts are: (1) heatftd
oven source, (2) source vacuum chamber, (3) source differential vacuum chamber, (4) main
vacuum chamber, {5) crossing point of the laser beam with the molecula‘r beam, (6) electron
bombardment ionizer, (7) quadrupole mass spectrometer and (8) Daly ion detector.
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he interaction region (5), those fragments recoiling toward the
From the 1

ioni mass spectrometer. In the flight
detector t.ravel [? t: ielgi[cl)lﬁro (g)e?f)g:zeer, the rgactiog products separite
from the mzer; Cill'(z/elocities. After ionization, the particles pass thrqugh a
accordmg]toglais spectrometer (7) where they are filtered according to
quz(si.r::zghfarge ratio before their arrival time is registered by a Daly type
crir:ector (8) and a multichannel scaler.

B. Methods

The molecular-beam source had been used previously in the study of
the unimolecular decomposition of RDX {9]. It consists of a heated reser-
voir for subliming the solid sample material followed by a chamber near
the molecular beam nozzle in which gas is further heated before
expansion. The reservoir temperature and nozzle temperature may be
varied independently. The carrier gas enters the heated reservoir where
the sample material is entrained, then passes through to the nozzle to form
the molecular beam. Helium at 34 torr was used as the carrier gas. Solid
TNAZ (Fluorochem; Azusa, CA) is recrystallized from CH,Cl, and main-
tained at 95°C in the source reservoir during the experiment while the
nozzle is held at 105°C. The opening of the nozzle is modified to allow
foymation of the molecular beam by expansion through a 0.5-mm diameter
orifice. The expansion is collimated by a skimmer located 2.5 cm down-

immers defines the iver-

gence of 1° (alf angle), molecular beam to a diver
L n th.e main chamber the molecular be
-umonics TEA-820 pulsed CO; laser. Data are collected under two excita-

, e}cll aa:dtLow ﬁuer.xce. For the high fluence experiments the
From the Cmss'.n g of the molecular beam with a 23-cm

; € ¢Xamination of .

tape, the laser SPOt size at the crossing j the burn marks in cellophane

am is crossed with the output of a
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/.&fter excitation from the laser light, molecules may decompose and
their fragments recoil from the molecular beam. Those fragments traveling
down the detector axis fly 36.7 cm and then are jonized by electron bom-
bardment (after passing through several stages of differential pumping in
the detector champer), are mass selected in a quadrupole mass spectrom-
eter, and their arrival time at the detector is registered using ion-counting
techniques. The time-of-flight spectrum is generated by measuring ion
counts versus time from the laser excitation using a multichanne] scaler.
The accumulated signal is then transferred to a computer for storage and
analysis.

The molecular beam apparatus is constructed such that the molecular
beam source and source differential region may be rotated about the line
upon which the laser approaches the molecular beam crossing. This is done
so that the molecular beam-to-detector axis angle may be varied.

To measure the velocity distribution of the TNAZ in the beam before
dissociation, the source is rotated to send the molecular beam into the
detector and the beam is chopped with a single shot time-of-flight wheel.
The pulses of gas allowed through the slit in the chopper wheel travel
22.6 cm to the ionizer in the detector. The time-of-flight spectrum is then
measured in the usual way (as described above) and the velocity distribu-
tion obtained is used in the analysis of the time-of-flight data from the
laser-induced decomposition. The molecular beam time-of-flight measure-
ments are made at several mass-to-charge ratios (daughter ions of TNAZ)
at the beginning and at the end of each day of data collection in order to
confirm that the beam conditions remain stable for that day. These beam
time-of-flight measurements are also useful for collecting the mass spec-
trum of TNAZ, determining the ion flight time through the detector, and
for insuring that no decomposition of the compound in the molecular
beam source occurs.

C. Experimental Results

From measuring the time-of-flight spectrum of a chopped molecular beam
sent directly into the detector, it is found that the _molecular bezimﬁhas-an
average velocity of 1.1 x10° cm/sec with a velocxt‘y spread of 23¢% (full
width). This information is used later in the analysis of the data.

From the TNAZ mass spectrum obtained from the molecular beam
time-of-flight measurements, it is found that the compound ¢asily Irag-
ments upon ionization. In fact the signal at the parent mass-to-charge a;anc;
(m/e= 192) was only 1% of that obtair_lqd at the most abundar:t pel o
NO; (m/e=46). That the decomposition of the parent molecule was
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. in the molecular beam source was
occurring during ionization rt;t:f;;:l;?ﬂ;r beam time-of-flight spectrum of
demonstrated by cOmpAarmg hat of NO,. If the compound were decom-
the parent mass of TNAZ to (2 y uld expect the formation of
osing in the molecular peam source, one wo P mat;
. g’rh' NO, would then be accelerated to a higher velocity in the
P;I.uoz.rsonilz exp;nsion than would the undecomposed TNAZ (due t_o a
Z;&’:mce in the velocity slip of the two species) and would result in a
difference in time-of-flight spectra measured frf)m s1gna} af m/.e = 192
when compared to that from m/e = 46. No such difference 15 seen, indicat-
ing that the TNAZ emerges from the moiecula?r b.earp source intact,

The propensity of TNAZ to fragment upon 1op}zat10n would also make
one expect that the products of its decomposition would also tc?nd to
fragment when ionized. This expectation is borne out by the experiments
discussed here, where care was taken to distinguish the products of the de-
composition from the daughter ions formed by dissociation during the
ionization of the reaction products. The first strategy is to reduce the
taser fluence until only the first decompasition channel is observed. As
will be shown below, at high-laser fluence the products of the reaction con-
tinue to absorb photons and undergo further decomposition. Second,
representative daughter ions of the reaction products are measured to
identify the parent. Third, by applying the constraint of conservation of
linear momentum of the two recoiling fragments, the matching of pairs of
products to a common reaction channel can be confirmed during analysis.

1. Low-Laser Fluence Excitation. By reducing the laser fluence to

2 : .
1.4)/em/pulse a single reaction channel is observed. Representative

time-of-flight spectra under low fl iti
' uence conditions are in Figs. 4
and 5. The highest mass-to- ox Ememens,

ili charge ratio (m/e) observed for fr
agments re-
ﬁ?;l;l;g lfl;(()m(lﬂ:he molecular beam axis due to laser induce dissiciation is
The time-of-ﬂie rﬂarem ton of TNAZ has a mass-to-charge ratio of 192).
from the molecgulaﬁae:::: I:xfgf ‘hl']s species measured at a detector angle 7°
. 1 1 - ; X
be discussed below, this s 15 snown in Fig. 4 as scattered points. As will

pectrum is inte isi
due o th > interpreted as arising fro NO
¢ laser induced decomposition followed by losg orf ;n sleocsgn(g NO;

;::et_in the data is a fit assuming this scheme.
Spectra were also collected wi:ﬁﬂt l:::a:gnds’ a number of time-of-flight
Mass-to- X ] ass spect

99,7254?2??5% 047,48, 40 me-of-Bight data collected  at wnfx)/ti’n;r
as the m/e = ’100’ tir’m-’:?.g-g ﬁ8:36,27,26, and 17 all had the same shape
daughter ions from g, on Spectrum and are interpreted as being

m/e=146 (NO}) a new feature is seeq e observed at m/e = 100. At

in the time~of—ﬂight data. The
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Fig. 4. Time-of-flight spectrum detected at m/e = 100 and 7° after low-laser fluence excita-
tion. The scattered points are the experimental data, and the solid line is a fit to the data in
which the heavier preduct of Reaction 1 {primary NO, loss) fragments during ionization to
yield an ion at m/e = 100. The translational energy distribution used in the it is shown in
Fig. 12. As in all the time-of-flight spectra shown, the average level of the background has
been subtracted.

Fig. 5. Time-of-flight spectrum detected at m/e =46 (NO3) and 7° after low-laser fluence
excitation, The scattered points are the experimental data, and the solid ling is a fit using
Reaction 1 (primary NO; loss) and the transtational energy distribution shown in Fig. 12. The
dashed line is the component of the fit due to the heavier product of the reaction, and the
dotted line is the component of the fit due to the NO; reaction product.
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m/e=46 <
7 degrees

— L v
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in Fi as scattered points. The m/e =44
mje =46 data are Shown ;Eofvls'i: Fig. 4 appears in Fig. 5 peaking near
daughter ion of‘t!:e fean.xreal N on at faster times. These data are
375 psec. Addltxpr_lal sign e NO, that is the partner of the fragment
interpreted as arising from the ™ i1 Fie. 4. The dashed line i
Lo e to the m/e= 100 signal shown in Fig. & n
B ihe fit to the data obtained from the m/e = 100 fit. The dotted
E:;ge is ::Sanlculated from this fit using conservation of linear nlllomentum be-
wween the recoiling fragments. The solid l}ne repn‘ssents the sum of the
two components, yielding the total fit. Time-of-flight data collectf:d at
m/fe=30 (NO*) have the same shape as the m/e = 46 data and are inter-
preted as arising from daughter ions of the two fragments of the single
observed channel. No additional channels are seen 1n the m/e=30
data. Time-of-flight data collected at m /e =192 show no signal, indicating
that there is no interference in the data from TNAZ clusters.

Additional data can be collected using the low-laser fluence at other
angles. No additional signal is seen under these conditions. At 10° no signal
is observed at m/e = 146 or m/e = 145, The highest mass-to-charge ratio
with signal due to laser induced decomposition is the single channel de-
tected at m/e =100 with similarly shaped at m/e =99,52,40, and 17.
Again, a faster signal is detected at m/e = 46 and 30. (The m/e = 30 was
also collected at 20°, and data from these wider angles was used in the
analysis to refine the fits but are not shown here.)

2. High-Laser Fiuence Excitation. At the higher laser fluence
(|10.4 J/em?/pulse) the products of the primary reaction apparently con-
tinue to absord photons and decompose. As in the low-fluence results, the
highest mass-to-charge ratio showing laser induced signal is m/e =,100'
The data collected at this mass-to-charge ratio at 7° are shown as the

scattered points in Fig. 6. Alth i i
et toims in F ough the signal level is lower than that

er fluence, the shape of this f i i
; L ’ eature in the time-of-
g;;gsk:nzpf?g:lu:: elss similar tcl) the one shown in Fig. 4 and is interpreted as
ame sin 1 .
experiment (i.c., los g'¢ primary channel observed in the low-fluence

8§ of NO,,) As before, the solid line ;
from the analysis which will be discussed’lat:rs’ohdl e s fit o the dai

Signal at other mass-to-charge ratios was

evidence of other reaction channels, Proceedin

collected in a search for
ratios, all observed time-of-ﬂigh

g to lower mass-to-charge

t spectra resemble the m/fe =100 data until
mle=
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Fig. 6. Time-of-flight spectrum detected at m/e = 100 and 7° after high-laser Auence excita-
tion. The scattered poiats are the experimental data, and the solid line is a fit to the data in
which the heavier product of Reaction 1 (primary NO, loss) fragments during ionization to
yield an ion at m/e = 100. The translational energy distribution used in the fit is shown in
Fig. 13.

Fig. 7. Time-of-flight spectrum detected at /e =54 and 10° after high-laser fluence excita-
tion, The scattered points are the experimental data and the solid line is a fit to them. The
component of the fit indicated by the dashed line is the heavier product of Reaction 1
(primary NO, loss) which fragments upon ionization to yield an ion at m/e = 54. The dotted
line is the fit for the m/e = 54 ion of the heavier product of Reaction 2 (secondary NO; loss)
using the translational energy distribution shown in Fig. 14.
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Fig. 8. Time-of-flight spectrum detecied at m/e = 40 and 10° after high-laser fluence excita-
tion. The scattered points are the experimental data and the solid line is a fit to them. The
component of the fit indicated by the shorter dashed line is the heavier product of Reaction |
(primary NO, loss} which fragments upon ionization 10 yield an ion at m/e = 40. The longer
dashed line represents the m/e = 40 jon of the heavier product of Reaction 2 (secondary NO,
less). The dot-dashed line represents the C;H, formed in Reaction 3,

secondary loss of NO, as the product of the
absorb photons and decomposes,
uct then foses a thirg NO, during j

primary NOQ, loss continues to
In this interpretation, the reaction prod-
onization to produce m/e = 54. The data

In continuing to Jow
resemble the mie =54
m/e=40. The mje=
points in Fig. 8. A thi
near 200 ysec. This

t_:r mass-to-charge ratios, the time—of-ﬂight spectra
signal (skipping temporarily NOJ at m/e = 46) until
40 data col.lected at 10° are shown as the scattered
rd channet s clearly seep Peaking a quite short time
_Signal is attributeq '0 a tertiary channel in which
'non I\lI)rcl,\?UCt decomposes to give C;H, (detected at
8 N-NO,. The ft o the primary ang secondary

and long-dashed lines, respectively. The
Ong-dashed line whjcp, arises from analysis

the signal. Again, the solid
tered points in 9. This s ol eom /e = 46

- . + 7 This signg) contains m
use this Mass-to-charge ratio representsa

3t 10° is shown as the scat-
1Y contributing components
Dot only the NO, lost in the
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Fig. 9. Time-of-flight spectrum detected at m/e = 46 (NOJ) and 10° after high-laser fluence
excitation. The scattered points are the experimental data and the solid line is a fit. The
shorter dashed line and the dotted line are the products of Reaction 1. The longer dashed line
and the dash-dot-dct line are the products of Reaction 2. The product of Reaction 3
corresponding to the ejected N-NOQ, is indicated by the dash-dot line.

primary and secondary steps, but also a significant daughter ion of the
heavier counterpart also produced in these reaction channels. All compo-
nents of the fit fall inside the envelope of the m/e = 46 data. The time-of-
flight spectrum for m/e = 30 at 10° shown in Fig. 10.

COUNTS
(Thousands)

100

300
TIME (MCROSECONDS)

Fig. 10. Time-of-flight spectrum detected at m/e = 30 and 10" after lugh-lase; R:K':;::“;;:
tion. The scattered points are the experimental data and the solid line 15 a At to .

components of the fit are the same as in Fig. &.
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Fig. 11. Time-of-flight spectrum detected at mfe=29 and 1h0° af;_edr Il}ighjla:eflitﬂ::)e:1}::‘:, l:xt;l;a;
. T i i d the solid line is .

tion. The scattered points are the experimental data an‘ _

c;r[r,tponenls of the fit are the heavier preduct of Reaction 1 (shorter dashed line) and the

heavier product of Reaction 2 (longer dashed line). Note the unexplained signal near
175 psec.

The sole observation of signal inconsistent with the other channels is
found in the m/e =29 datq (Fig. 11). In this time-of-flight spectrum, a
small amount of additiona] signal amounting to severa] hundred ion counts

appears in a broad feature, This signal was not assigned to a particular
channel, but speculation as 1o its origin is discussed later.

. Analysis ang Discussion

A. The Forward Convolution Method

in the time-of.flight spectra are in
quantities of interest for molecular
mass (molecular) frame. The analy-

NETRY released in the center-of.mass
‘ sured time-of—ﬂight Spectra. In order to do
ed time-of-flight data are

analyzed using the forwar‘i
o Procedure, the center-of. lationa
energy dlstnbution, the p of-mass trans

om the gross features of the
flight Spectrum, Thig tria]

. translationg] energy distribu-
_ ate the tlme-of-ﬂight Spectrum that it would
his calcylay i

lation, averaging js performed over the mea-

sis is done to obtain the translationga] e

reference frame from the mea
this, the measyr
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sqred initial molecular beam velocity distribution, molecular beam angular
shvf:rgence, angular acceptance of the detector, and the finjte length of the
ionizer. The calculated time-of-flight spectrum is shifted to account for the
transit time .of the ions from the ionizer to the ion counter and is then
cgmp?re(i. with the .observed spectrum. The trial translational energy dis-
tribution is tk_len adjusted to refine the fit to the data and the procedure is
repeated until thf.t calculated time-of-flight spectrum matches the data.

For the ana!ysm Qi the secondary reaction channels, the forward con-
volutio‘n technique is also used, but with additional averaging over the
velocities of the fragmenting products of the primary reaction channel 1 1].
Here, the decomposing species are no longer traveling in a well-colfimated
molecular beam with a narrow velocity distribution. On the contrary. these
species have recoiled from the molecular beam in all directions with
velocity distributions defined by the primary decomposition.

The problem is illustrated in the Newton diagram in Fig. 2. The long
arrow extending from the tip of the vector for the primary channel center-
of-mass velocity (discussed earlier) represents the velocity of a fragment
produced in a secondary dissociation step. Specifically, it corresponds to
the heavier fragment in the primary step losing a second NO, group. The
velocity vector is for the heavier of the secondary fragments (with a
molecular weight of 100 amu) recoiling with the maximum translational
energy released, which was obtained from the analysis of the TNAZ data.
The measured laboratory velocity is the vectorial sum of the molecular
beam velocity, the primary velocity, and the secondary velocity. This
resultant vector is shown by the long arrow extending from the base of the
molecular beam velocity vector to the tip of the secondary velocity vector.

As is true for the primary dissociation step, the secondary fragments
recoil in all directions, so there is not a single secondary vector, but a
tamily of them. The tips of the resultant vectors obtained from summing
each of these secondary velocities with the molecular beam velocity and
with the primary velocity all fall on the large circle in Eig. 2. As s true for
the primary steps, the laboratory velocities correspond}ng to these center-
of-mass velocities may be obtained from the intersection of these circles
with the lines indicating the molecular beam-to-detector angles.

The full Newton diagram is much more complicated than what is shown
in Fig. 2. First, there is a set of secondary velocity vectors originating at the
tip of every primary velocity vector. The circle corresponding to only one
such set is shown. Second, although the detected laboratory velocity must
be in the plane containing the molecular beam and detector axes (the plane
of Fig. 2), the primary and secondary vectors may be out of l‘hl‘S. p?{ifm‘. Fog
example, the primary step may be such that the fragment velocity 1s ?ﬂuf 0
the plane, but the secondary velocity may be such that the resultant
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velocity is again in the plane. As a result, the full Newton
(laboratory) Y heres, rather than the circles shown in Fig, 2,
diagram is composed of sp . e-;)f-ﬂight spectrum for the secondary chap.
To obta.in th.e calcula]teo_l (:::l eneray distribution, an average must be
net from its trial rans ati e tioe and angles of recoil from the beam o
performed over al} primary ter functions considered in the pri.
well as the same instrumental parame
ma{l): Zt:a}\)l&zing data from an experiment on a molecule that decomposes
via several reaction channels (including primary and sef:ondar).r steps), the
strategy is to begin with the highest mass-to-charge ratio that is observed,
Often this is due to a single reaction channel and the translation energy
distribution may be uniquely defined by these data. In proceeding to
lower mass-to-charge ratios, additional reaction channels are observed as
well as daughter ions of the previously analyzed channel. The signal from
these channels may overlap, but since the translational distribution for one
of the channels has already been obtained, its contribution to the signal
may be established and the translational energy distribution for the second
channel may be determined. This division of the signal into its components
is further aided by the fact that different channels often appear at different
velocities due to different amounts of energy released and to different
masses of the fragments. As one proceeds to lower mass-to-charge ratios,
the time-of-flight spectra become more complicated as more reaction chan-
nels appear. By continuing the strategy of using information from the data
?;"“i‘(‘)‘:: a:hhighef massf—tg-charge ratios to identify the signal from daugh-
channel; anzls)?zet(lim:s ‘ﬂlﬁhtkSPEC“a o mterprett'ac‘l ang the new
ments arising from a Si?l <i eck, the center of mass velocities of two frag-
conservation of linear mg{seftﬂcml;\flhanﬂel e b'e relatec‘i through the
of the second fragment of a um. As a result, the time-of-flight spectrum
Pair may be calculated from the analysis of the

first. Thi
st Thl; may be psed to confirm that the correct reaction channel is being
used in the analysis and to rule out other possib

parent when all daughter jo

features in the time-of- \

the shapes of their
: flight spe s
action product. g0t spectrum indicate they ar€

from a common e

B. Low-Laser Fiuence
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feature appears in the time-of-flight spectrum. The highest mass-to-charge
ratio at which this feature appears is m/e = 100 (Fig, 4). The parent mass of
TNAZ is at m/e = 192, so the m/e = 100 signal has arisen from loss of two
NO, groups. That one NO; is lost in a laser-induced decomposition step
and the other is lost during ionization can be proven by considering the
momentum-matched reaction products. To do this, the m/e = 100 data are
analyzed assuming they came from primary loss of NO,. The derived
center-of-mass translational energy distribution is shown in Fig. 12. This
distribution is then used to predict the m/e = 46 time-of-flight spectrum
which arises from the NOJ coming from ionization of NO; formed in the
reaction and appearing as a daughter ion of the heavier fragment. As is
seen in Fig. 5, all of the signal is accounted for by the single proposed
channel

TNAZ —— 146+ NO, (1)

where the heavier fragment in the reaction is identified by its molecular
weight in amu. If there were additional NO, loss channels, there would
be additional signal at m/e = 46 arising from the NO; produced as well as
from fragmentation of the heavier partner. Therefore, TNAZ decomposes
by a single reaction pathway (Reaction 1) after low-fluence excitation.
This is contrast to the high-fluence excitation, which results in sequential
NO, loss.

The shape of the translational energy distribution reveals information
on the dynamics of the dissociation. The translational energy distribution
shown in Fig. 12 for Reaction 1 peaks at zero kinetic energy and extends to

Fig. 12, The translation energy distribution for primary NO; loss (Reaction 1) after low-
fluence laser excitation. The distribution extends to 5.7 kcal/mol.

Low Fluence
1 Primary NOoLoss
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verage energy of 0.85 kcal/moj .

5.7 kcal_/moi and C?“eSPEHSZ Ot::[ jﬂb: notid that the heavier fragme:t

leased into Fr?ns}ano?-l 3 keal/mol released into translation to reach 7

requires a minimum of 1. ional energy distribution be| '

sult, the shape of the translational energy elow

f; lfcarle/moj is simply an extrapolation of the rest of tlhebcurve. The NO;

fragment provides information down to 0.4 kcal/mol, but some of th
signal is overlapped by signal due to the qthe.r fragment. '

The low translational energy released mdncat'es that thg reaction pro.
ceeds via simple bond rupture. In this interpretanor‘l, there is no additiona|
exit barrier to the breaking of the bond and the available energy above the
tireshotd for dissociation is statistically distributed among the vibrationa)
degrees of freedom in the excited molecule. The coordinate corresponding
to the dissociation path reflects this statistical distribution of energy. It is
exceedingly unlikely that alt of the available energy will appear in transla-
tion, thus the distribution peaks at low energy and then monotonically
decreases to zero. As there is no barrier to the reaction, the fragments are
not accelerated as they recoil from each other so the statistical distribution
of energy in the dissociation coordinate is preserved in the derived trans-
lational energy distribution.

The derived translational energy distribution can be compared to other
related molecules studied by photofragmentation translational spectros-
copy. In the infrared multiphoton decomposition of RDX [9] a primary
NO,; loss channel is observed. The derived translation energy distribution
ery similar to the one derived for TNAZ,

¢ . naing to about 9 keal/mol. Similar NO, loss
channels in the decomposition of nitroalkanes [8] also have translational

energy distributio i . .
10 keal/mop O™ Peaking at zero and extending to approximately

C. High-Laser Fluence

isst i;nass;to-chﬁ@e ratio exhibiting laser induced
infrared multiphoton g assigned 1o logs of NO, (Reaction 1) due to

2> loss during ionization.
this channel is shown in
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Fig. 13. The translation energy distribution for primary NO, loss (Reaction 1) after high-
fluence laser excitation. The distribution extends to 7.2 kcal/mol.

Fig. 4 to Fig. 6). This is due to the depletion of the heavier primary product
due to further infrared multiphoton dissociation. As a result, the fit to
the primary fragment is refined using another daughter ion which has a
better signal-to-noise ratio, m/e = 54, shown in Fig. 7.

The first evidence of secondary dissociation appears in the time-of-flight
spectrum of m/e = 54. This ion corresponds to a loss of a total of three
NO, groups from TNAZ. Since the ion giving the m/e = 100 differs from
the m/e = 54 jon by one NO, group, it is reasonable to expect that the
faster m/e = 54 signal is due to secondary decomposition of the heavier
fragment (produced by Reaction 1) via loss of NO,

146 — 100+ NO, (2)

where the fragments are again denoted by their molecular weight. The
heavier fragment of this reaction then loses another NO, group upon
ionization.
The translational energy distribution derived from the secondary NO»
loss channel is shown in Fig. 14. It extends to 55.2 kcal/mol a.nd releases an
average of 11.7 kcal/mol into translation. The shape of this curve is de-
fined by the data collected at molecular beam-to-detector angles f’f 7. 10,
and 20°. The importance of fitting the 20° data can c,be apprgcnated by
considering the Newton diagram in Fig. 2. At 7 and 10° both pnmalry_ ~agﬁ
secondary channels are observed, but at 20° the secondary channe -13_
that is seen since the primary channel does not release enoough energy u:;:)
translation for the fragments to recoil to 20°. The 20° data allow
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Fig. 14. The translation energy distribution for secondary NO, loss (Reaction 2) after high-
fluence laser excitation. The distribution extends to 55.2 keal/mol.

elucidation of the low energy part of the translational energy distribution
which is obscured by the primary channel at smaller angles. In contrast to

the primary reaction steps, the secondary translational energy distribution

can be measured all the way down to zero translational energy, since the

y released enough energy to carry some of its
molecular beam. It is the fit of the 20° data that

The shape of the istributi
d
loss and the energy released . gy ‘stribution for the sccondary NO;
NO, loss. This would i
and would account fo

TEY IS released in the second NO, loss

2 keal/mol ang g, Ri)i?? TNAZ, the maximum translational

. tis near 30 keg) f
slat s cal/mol, T €0
ational energy dxstnbutlons differs, howe{yer’ at g;sgszrgy.
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For RDX the distribution peaks at zero, but for TNAZ the peak is near
5 kcal/mol. The RDX data may have been obscured in the low energy part
of the secondary NO, loss due to the many other channels participating in
the decomposition of this molecule. One may speculate that the secondary
foss of NO, in RDX also proceeds over a small barrier, which would
explain the noticeably higher translational energy released in the second
NO, loss step compared to the first,

All time-of-flight spectra are consistent with the sequential loss of two
NQO, groups as one proceeds to lower mass-to-charge ratio until m/e = 40,
At this mass-to-charge ratio a new feature is seen in the time-of-flight
spectrum. This feature is the fastest in any of the TNAZ time-of-flight
measurements. A corresponding peak does not appear at m/e = 41, but it
does appear at m/e =39, 38, 37, and 36. This feature must therefore be
due to CsH,. Note that this fragment can be found in the hydrocarbon
portion of the ring in TNAZ. That the m/e = 40 data are due to the parent
mass of this reaction product can be demonstrated by inspecting other
time-of-flight spectra. The m/e = 46 data (Fig. 9) show no signal as fast as
the m/e = 40 data, showing that the fragment does not have a NO, group
attached. As was already seen at m/e = 54, there is no fast signal due to
C3H,N which could have been the parent mass of the m/e = 40 signal. By
elimination, the m/e =40 signal is indeed from the parent ion of the
reaction fragment. Also noting from the other time-of-flight data that the
fast m/e = 40 data are the fastest signal measured indicates that the C;H,
must have recoiled from something heavier than itself (as a consequence of
the conservation of linear momentum). This suggests that the reaction
channel is

100 —— C3H4+ N0 (3

The 100 amu fragment in this scheme is generated by the sequential loss of
NQ, as discussed above.

The reaction channel that produces the C3H, is a tertiary process. the
analysis of the detailed translational energy distributions is beyond the
scope of the software used in the forward convolution treatment qf
the data. In addition, the information derivable from such an analysis 15
limited since the velocity of the tertiary products n:.mst'be averaged over
the secondary product velocity and angular distributions (which have
already been averaged over those of the primary). Although the exact
shape of the translational energy distribution cannot be derived for Re-
action 3, the maximum energy released and the qualitative shape may be
obtained.
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L aximum energy released in the tertj

First, for thel :;UV:;‘&; ;i? ‘:h]: fastest signal due to sequential decop,
chapfnel it shoul ean le arises. When the velocity vectors corresponding
positions at a given &18 - | energy released in each step are in the sam,
{o the maximum transjational en gy etect ) e
direction and the resultant vector lies along'th.e etector angle, thep the
maximum velocity signal is obtamed._lf one is lntgrested in the maximun
energy release for the final step {as }? the case .dxscus;?ed here) one may
simply combine the first steps into a pseudg-pnmary step and consider
the final step as a secondary step. If the ma).umum energy for the pseudo-
primary step is taken to be the sum of the primary and sef:ondary steps and
the masses of the two recoiling NO, fragments are combined and scaled to
give the same maximum velocity observed in the primary and secondary
decomposition, then the fastest edge of the data may be fit with a “secon-
dary” process corresponding to Reaction 3. This is what was done to fit the
fasterst signal in the m/e = 40 data shown in Fig. 8. The maximum energy
released in this step is 29 kcal/mol according to this analysis.

Also, a rough idea of the shape of the translational energy distribution
may be obtained from the fit. If a monotonically decreasing function is
used, there is too much slower signal. A distribution peaked away from
zero fits much better. This implies that there is a strong repulsion between
the recoiling fragments that accelerates them apart.

The NOJ signal appearing at m/e = 46 is quite useful since it must be

consistent with the proposed reaction mechanism. Since TNAZ contains

three NO, groups, almost every possible reaction channel will giverisetoa

siifnal at n.i/e = 46 for one or both fragments. An exception is the tertiary
ct:hannel, since N,0, may not necessarily produce a signal at m/e = 46. Ifall
e m/e = 46 signal is accounted for by predicting the time-of-fight spe¢-

trum wsing information deriv. i
. ed from signal co §-10-
charge ratios, one can be ¢ ; ows channale have

\ ¢ onfident that no spurious channels have been
lnl::?:::gd lz)ragdlttll]onﬁ any ol?v1qus parts of the observed signal not
cluded. Tho e gndf ts will mdxce_ne that another channel must be in-
each compoers €st 1s not as stringent as the first, since the weight of

ponent in the fit may compensate for a missing channel.

Figure 9 shows the dat
by including an o ;g ala collected for m/e = 46 at 10°. The fit is obtained

from the NOJ day ht ﬂa! calculated for the momentum-matched NO, and
¢an be seen, the cglcuelra:::; from the primary and secondary channels. As
o tomponents are consistent with the observed
Figure 10 shows the mfe=
€ Same reasons cited for th
tency of the Preposed mech

3 + . . . ..
e[:n(}qe(i ) signal. This signal is important for

46 data, that is to che. is-
_ , ck the consts
amsm, The m/fe =30 is especially important



2. Initial Dissociation Processes in 1,3,3,-Trinitroazetidine b}

because any HONO elimination will appear as fast signal at this mass-
to-charge ratio [8,9]. Also, evidence of nitro-nitrite rearrangement
[5,8] followed by NO elimination would appear here. Again, the pro-
posed mechanism is consistent with the observed data when t};c analysis
of the other signals is used to predict this one.

D. Comparison with Other Studies

So far the discussion has focused on channels that have been observed and
have been shown to be important in the initial decomposition of TNAZ.
Equally important is the demonstration of what channels are not important
and do not play a role in the initial unimolecular steps. Evidence of
concerted dissociation of the TNAZ ring analogous to the triple concerted
reaction in RDX would appear as the parent ion of methylene nitramine at
mje =74, as well as at its fragments at m/e = 47,44, 27, or 30. No evidence
of additional fragments were found at any of these masses or at any of the
likely daughter ions. There was no evidence for the molecular elimination
of HONO. This was searched for by looking for a fast component in the
m/e =30 (NO") and m/e =17 (OH") time-of-flight spectra. Inspection of
the m/e =162 and m/e = 116 data, which represent the heavier fragment
of the reaction channel eliminating NO and this fragment after losing NO,
in the ionization step, respectively, show no evidence of this process. In
addition, no additional channels appear at the N,O or CO, masses.

The conclusion drawn that the first two steps in the decomposition of
TNAZ involve NO, loss agrees with the observation by Brill and co-
workers [5] that gaseous NO, was the most abundant species in the initial
phases of the thermal decomposition of bulk TNAZ. That the NO; concen-
tration decreases from its initially observed level in the bulk study is
evidence that this species is already undergoing significant secondary reac-
tions at the time of its initial appearance; yet the surmisal that the NO,
is a primary product is correct. Additionally, the observation that_no
methylene nitramine formation occurs agrees with the same conclusion
drawn from the bulk study where the N;O/H,CO pair was not present.
However, the absence of NO as an initial product in the molecu_lar beam
experiment, shows that the NO observed in the bulk decompf)siuon study
is not due to gas phase unimolecular nitro-nitrite isomerization followed
by NO loss. . .

With respect to the RDX decomposition o!):?ew?d in the previous
molecular beam study [9], the TNAZ decomposition is much simp fer. In
the TNAZ study, no concerted ring decomposition was observed analo-
£OUS to what was observed in the triple-concerted reaction of RDX. The
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NO, fragments but cannot determine the order of their removal directly
As aresult, the reaction scheme is presented with all the possible branches,
The branch leading to the production of C;H, occurs as drawn, but othe;
branches may compete,

By examining the intermediates in the reaction scheme, one may specu-
late on the origin of the unexplained signal in the m/e=29 (HCO™)
time-of-flight spectrum. For example, the intermediates produced in the
ring opening step may reform a cyclic structure. One possibility is the
attack of an O atom on the NO, group attacking the double bond. This
would produce a six-membered ring. It is possible that such a structure
could be the fragment, producing a species that contains the HCO species
needed to form the m/e = 29 fragment.

IV. Summary

After infrared multiphoton excitation of TNAZ in a molecular beam, the
molecule decays by a series of reaction steps. As is shown by the lower-
laser fluence results, the sole primary reaction channel is the loss of NO,.
Under higher fluence reaction conditions, the remaining fragment dissoci-
ates by losing a second NO, fragment. After the loss of two NO, groups,
the remaining fragment decomposes into C;H, and N,O,. This tertiary
step suggests that in some of the molecules the initial NO, groups lost
are from the geminal-dinitroatkyl group. There is no evidence of HONO
elimination, nitro—nitrite rearrangement followed by NO loss, or a con-
certed-ring scission as seen in RDX. The reaction scheme consistent with
this experiment is summarized in Fig. 15.

Molecular beam studies provide a useful compliment to by]k pha§e
decomposition studies. The knowledge of which steps are the initial ones in
the decomposition will allow the results of bulk phase studies to be ana-
lyzed with an eye toward understanding the secondary bimolecular reac-
tions and the role of condensed phase chemistry. The molecular beam
studies are also useful in conjunction with theoretical efforts. The dyna-
mics of TNAZ decomposition should be theoretically tractable and when
available they will be easily tested against molecular beam results.
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Studies of Molecular Dissociation by Means of
Ultrafast Absorption and Emission Spectroscopy
and Picosecond X-Ray Diffraction

P. M. Rentzepis and B. Van Wonterghem

I. Introduction

Molecular dissociation is a large field that encompasses gas phase reactions
such as the dissociation of large hydrocarbons, combustion of fuels, liquid
phase organic and inorganic reactions, surface catalyzed reactions; practi-
cally every molecule dissociates under the appropriate conditions. In addi-
tion, another important process involves the rapid dissociation of energetic
materials such as propellants and explosives.

Even though a vast amount of research has been devoted to the under-
standing of mechanisms of dissociation, with few exceptions (e.g., small
molecules in the gas phase,) the dissociation mechanism of molecules and
the structure of intermediate states and species, especially of large ererget-
ic molecules in the condensed phase, remains unknown.

Here, experimental results are presented that suggest that the decpm—
position of haloaromatics in the condensed phase, proceeds v.ia the tn%)let
manifold. We also present data that help to identify the intermediate
states, their kinetics, and the radicals formed as a result of the ph0}0dls-
sociation process. Additionally, a new method, picose_cond x-ray diffrac-
tion (PXR) is described. This method is capable of time-resolved x-ray
diffraction in the picosecond scale and has the potential of generating a set
of diffraction histograms which depict, in real time, the evolut‘lﬁm of tl;e
structure of excited states and intermediates during decomposition or in
the course of a chemical or biological reaction. Processes such as dissocia-
tion, isomerization, melting, and nucleation are but a few examples that

Copyright © 1991 hy.Anw Pross, Ik
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n be investigated by means of PXR \jvi'th picosecond and S“bPiCOSec.
Zf,d time resolution and structural definition equal to normal, cw, Xy

diffraction.

IIl. Photodissociation of Haloaromatics

In a most interesting research paper, Bersohn [1] observed by means of the
angular distribution of fragments, that the 19do:1.aphthalene dissociatiop
rate was about 10 times slower than the dissociation of methyl jodige
(0.5 ps vs. 0.07 ps, respectively). Similar experiments with a homologoy;
series of bromine substituted aryl compounds exhibited smaller anisotropy
values and corresponding longer excited state lifetimes. The comparable
rates of the iodo compounds were two orders of magnitude larger than the
analogous bromo compounds. This suggested that intersystem Crossing
plays a dominant role in the dissociation mechanisms of these compounds.
By means of ultrafast Spectroscopy, we have been able to observe the

Fig. 1. Experimental system {or absorption and emission ultrafast spectroscopy.
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intermediate states and measure the lifetimes of all the steps involved
during the course of this photodissociation process [2].

The data presented are in the form of time-resolved absorption and
emission spectra obtained by the use of the experimental system shown in
Fig. 1. This optical system is based upon a cw-mode-locked Nd/YAG and
dye laser. The pulse duration can be tuned from 100 to 0.1 ps by means of
etelons and compression techniques,

The materials used are spectra grade and further purified by recrystal-
lization or passing through a column of activated alumina to eliminate
impurities to the level necessary to avoid solvent or spurious fluorescence.
The picosecond data are recorded either via a streak camera, emission, or
by means of imaging devices for absorption. The data are analyzed and
plotted by a microvax computer [3]. Typical time-resolved emission data
are shown in Fig. 2 for bromoaryls which have been excited by a 266-nm,

Fig. 2. Time-resolved emission of bromonaphthalenes in hexane at room temperature result-
ing from excitation by a 266-nm, 10-ps pulse. The emission is within the range of 310-550 nm.
Plots of emission intensity vs. time (ps) for: {a) 1-bromonaphthalene, (b) 1-bromo-2-
methylnaphthalene, (¢) 1-bromo-4-methylnapthaiene, and (d) 2-bromonaphthalene.
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rescence lifetimes of the loweg

For chloronaphthalenes, the ﬂl‘:?halene and 2-chloronapthalep,
10-ps pulse. Forch d state of 1-chloronap _ The ool
electronically exi:te 24 and 3.3 0, respectively. The ol
in hexane at 20°C a;futi;ms of 1-bromonaphthalene, l'bmf“"f;_z‘m‘;thyl-
emission of hexanz ;romo_4.methylnaphthalene are shown in }gst; ae,
"aphthfdene’ and ‘these curves, the fluorescence hfetlm“li:ho2 bmmo,
A 'F":l]::ulated to be approxima_tely 75 1;) psl.3 t ;ic; arSolI:o_
naphthalene és Cresceﬂce lifetime (Fig. 2d) is measured to ;]a rice ngf
naphthalene fluo analogs (i.e., 150 % 10ps). Note that the fl etune f04
5 et 1-bm;xml))naphthalene is 450 ps, which is shorter by a z;;: l:)r]o
e oron hthalene. Similar experiments to the chioronap thalenes
e la.l(;l:)k;re‘:'[flgfmed with bromoanthracenes. These results are discusseq
were
and listed in Table I.

A. Haloanthracenes

Hexane solutions of 9-bromoanthracene and Q'i}}?-dfiibromz:?lzléra;;r;e
i i uores -
re excited with a single 355-nm, 1-ps pu]se: e ‘
‘l::omoamhracene displayed a biphasic decay which was rgsolved by u:lnrii
biexponential computer fittings. The short- and long-lifetime compon

Table I. Room Temperature (~ 20°C) Fluorescence Lifetimes
of Halonaphthalenes and Haloanthracenes in Hexane

Sample Alm) — 7(ps)  m (ns)

4, 4-dibromobiphenyl 265 30
4-bromobipheny} 265 35
1-bromonaphthalene 265 75
l-bmmo-d-methylnaphthalene 265 80
1-bromo-z-methylnaphthalene 265 72
2-bromonaphthalene 265 150
1-(chloromelhyl)naphthalene 265 490
2-(bromumcthyl)naphthalcne 265 n.d.®
l-chlomnaphthalene 265 2400
2-chlomnaphthalenc

(zone refined > 99%) 265 3300
2-chloronaphthaﬂene 265 3500
9-bromoanthracepe 355 100
9, 10—dibromoamhracene 355 1300
2-iodoanthracene 265 14
9-iodoanlhracene 265 35
2-iodoamhracene 355 17
9-iodoamhracene 355 55

*nd., not detected,
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Fig. 3. Emission decay kinetics of 9-bromoanthracene dissolved in hexanes. The sample was ex-
cited with a 355 nm pulse. 310 < I < 550 nm, temperature, 20°C. (a) 1-bromonaphthalene, (b) 1+
bromo-2-methylnaphthalene, (c} 2-bromonaphthalene in hexane.

were determined to be 100 ps and ~3 ns, respectively. The amplitude of
the short-lifetime component is about five times larger than that of the long
component. A single exponential decay with a time constant of 1.3 ns was
found to fit the decay of 9, 10-dibromoanthracene. The data recorded by
the streak camera and the computer fit for 9-bromoanthracene are shown
in Fig. 3.

2.Jodoanthracene and 9-iodoanthracene in hexane were also excited
with a single 355-nm pulse. The emission kinetic data recorded by the
picosecond fluorimeter are shown in Fig. 4a and b. When 2-iodoan-
thracene is excited with a 266-nm pulse, the fluorescence decays ex-
ponentially with a lifetime of 14 + 3 ps. However, when the §ample is
excited with a 355-nm pulse, the fluorescence decay becomes biexponen-
tial, with a short-lifetime component of 17 + 4 ps and a long component of
3.4 ns. These results are shown in Fig. 4. The long-life component 15
essentially the same as the lifetime of anthracene m'the. same solvent.
hexane. The amplitude ratio of the short- to the long-lifetime compongm
was calculated to be 15: 1. The 9-iodoanthracene fluorescence decay life-
time was also biphasic. The short component of the 9-lodoamhracen_€ was
40 % 10 ps when excited with a 265-nm pulse and 60 = 10 ps after 33;;@
;Xcitation. A summary of the fluorescence kinetic data is presented

able I.
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lifetime component is 3.4:+0.4 s for both compounds, and is the same as that o

B. Transient Absorption Spectra of Halonaphthalenes

Transient absorption Spectra of bromong
100, and 500 Ps after excitation with a sip

l-bromonaphtha}ene in he
and 500

Phthalenes were measured at 25;
gle picosecond pulse. The data fo

€ ground state singlet-singlet So—51 _ab‘

AL + In fact, the 100-ps (Fig. 5b) spectrum 1s 8

Superposition ¢f the 25. ap4 500-ps (Fig. 5¢) Spectra. The 500-ps

(Fig. 3c) Spectrum displays 5 425-nm Peak and Practically no intensity at

long Wavelengths. We belieye that Fig, 5¢ displays the spectrum of the
nSe—T absorptiog,
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Fig. 5. Transient absorption spectra of 1-bromonaphthalene in hexane at room temperature
excited with a 266-nm, 1-ps pulse, recorded at (a) 25 ps after excitation, (b) 100 ps excitation,
(c) 500 ps after excitation.

C. Temperature Dependence of Fluorescence Decay

Gaseous 1- and 2-bromonaphthalene at 80°C, 1-mm Hg vapor pressure,
was contained in an evacuated 5-mm cell attached to a glass side arm w}.lich
housed the solid bromonaphthalene. The gaseous samples were excited
with a 266-nm, 1-ps pulse and monitored at 330 nm to elufunzflte the
excitation light and nonrelaxed fluorescence. The fluorescence lifetimes of
both compounds in the gas phase at this temperature were found to be
shorter than in hexane solutions at about the same temperatures.

The gas-phase fluorescence lifetime could not be measured with the
same time resolution as that of liquid solutions because the gas-phase
sample contained a much smaller number of molecules in the optical path
of the beam than the liquid samples. Streak camera records of the gas-
Phase fiuorescence decay lifetimes are shown in Fig. 6.
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D. Discussion

n the ring plays a very t role

: ! ry importan
€ case of 1o YStem crossing, Thig s shown clearly in Table I for
) monaphthalene (7r=75 ps) and 2-bromonaphthalent
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cation of t.he process investigated not possible by either method alone, The
prompt risetime of the fluorescence provides evidence that relaxation
within the excited singlet-state manifold is completed within the resolution
of the'streak camera..The fluorescence decay lifetime determines the
relaxation rate of the single state, however, it does not provide evidence
for the state to which the energy is dissipated. This information is given by
the transient absorption spectra. In fact, the decay lifetime of the fluo-
rescence, coupled with the rate of the disappearance of the S, —§,
transient absorption and risetime of the T, «— 7, spectrum provides
unequivocal proof for the pathway leading to the dissociation process.

The transient absorption spectra monitored at selected intervals of time
after excitation with a picosecond displays the excited state population and
changes as a function of time. This provides an accurate means for identify-
ing the state to which the molecule relaxed from the initially prepared
-excited state. In the case of haloaryl compounds in solution, we believe
that within 5 ps, the excited molecule relaxes to the lowest vironic level of
the lowest excited singlet S, (v=0) because no hot fluorescence was
observed after S ps, (i.e., at the resolution of our streak camera). The
haloaryl compounds are known to phosphorese in low-temperature glasses
with high quantum efficiency (~0.3 for bromo-and iodonaphthalene at
77 K). In the gas phase, however the work of Bersohn ez al. [8] has shown
that predissociation is the primary channel for the energy dissipation and
molecular relaxation. The key question to be answered in this study was
the relaxation rate from S, (v = O) and whether in nonviscous solutions
(h=0.5 cp) at room temperature, predissociation is the predominant
mechanism for the energy dissipation of these aryl compounds. The com-
bination of the time-resolved emission and the transient absorption spectra
provided the means necessary for elucidating these processes and allow the
proposal of a mechanism for the dissociation with a large degree of cer-
tainty.

1. Halonaphthalenes. The emission decay time constant of l-brogm-
naphthalene was measured as 7510 ps (see Table I). From the transient
absorption spectra at 25-, 100-, and 500-ps after excxtation,. as shovn} in
Fig. 5(a—c), it is evident that a new state develops as the ?ngmal excited
state decays. We attribute the spectrum observed immediately after the

Population of $,, to 5, & S, transition. This is based on two mutually sup-

porting experimental observations: first, the emiss_ion decay lifeume is,
after excitation when the absorp-

by a factor of 3, larger than the time
tion spectrum was recorded, (i.e., 75ps V- 25 ps). Second, the tran-

sient absorption spectrum of bromo- is very similar to the transient
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which must be the §; £ g o
absorption spectra of cm?,r(;nss l;lt::;n:;nission decay lifetime of zfoop;:
trum since I'Ch.loronap?;:l Zf 1-bromonaphthalene, recorded 500 ps afte;

'g‘he'absorptlg: Zl:-ijci]:g to several lifetimes longer tlzan the decay [igs,
e_xcntau;n, C:::encpe is assigned to etheir T,, /E T; transitions, or possibly,
the s thioi radical.’ Experiments in the gas phase by Bersohn ez g/, (1,7
e n'?ipdt f ong evidence for the predissociation of bromoaryls on time
pmivl ) u::l: lognger than the 1-ps, rotational correlation time of these
:rcxngf:uIl:s. Qur solution, transient absorptiqn spectra, at 500 ps after
excitation, Fig. 5(c), show a band wit!q a maximum at ~425 nm, in gogd
agreement with the reported triplet—triplet spectra. These bear no similar.
ity to the radical at low temperatures. We cannot, howeverl, cgmpletely
exclude the possibility of a radical especially in the gas phase, In view of the
strong gas-phase evidence presented by Bersohn ef al. [7]. Neither can we

assume that the gas phase and solution energy dissipation mechanisms and
rates are the same.

2. Haloanthracenes. The iodoanthracenes excited by either 265 or 355 nm
were found to fluoresce with a lifeti

been recorded

TPtion at 25 ps 5 i
Probably correspond to g S, & S, transitilzn

triplettr; o the 100-ps spectrum to 2
mglﬁt :::,l:lﬂ %ﬂtszb:t"?“’ and the 500-ps spectrum 10 tpe del;lction of the
; . ssi .

Itensities of the trqy, et are not definitive because of the low

S sient spect . .
€mission lifetime measuren?em;u m, however, they are consistent with the
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extremely fast and, therefore, dominates intersystem crossing (1SC) from
upper vibronic levels. In the gas phase, this is valid for 1-bromo-
naphthalene and 2-bromonaphthalene, where the fluorescence lifetime
in the gas phase at 80°C is less than 25 Ps compared to 70 ps at 60°C, and
130 ps at 70°C for 1-bromo and 2-bromonaphthalene, respectively,’ The
possibility of the hot fluorescence being caused by S, &£ S, fluorescence
was eliminated by the use of optical cutoff filters which removed the
wavelength range of emission from the second excited electronic state. The
vapor pressure of 1- and 2-bromonaphthalenes at 80°C is ~1 mm. There-
fore, we can safely assume a collision-free condition during the lifetime of
fluorescence.

The mechanism proposed, based on the emission and absorption data
presented in Fig. 2-6 and Table 1, suggests that the excited singlet state
population decays predominantly via intersystem crossing to the triplet
state with the rates decreasing from iodo to bromo to chloro substituents.
The triplet state does not disappear within the first 500 ps after excitation
for the bromo and chloro substituents; the predissociation of icdo-
anthracene also proceeds via the triplet, however, at a much higher rate.
Halo substitution of the methyl group of the aromatics is found to increase
the rates of intersystem crossing and predissociation.

3. Naphthyl Radicals. The proposed mechanism for the photodissociation of
haloaryls via the triplet state was unequivocally proven by the observation
of the emission spectrum of the naphthyl radical [10]. The detection of the
naphthyl radical was achieved by the use of a two-color laser experiment.
A sample of 1-(chloromethyl}naphthalene in solution was irradiated with a
266-nm, 1-ps pulse followed by another picosecond pulse at 355 nm. We
should note that the 355-nm wavelength laser light is not absorbed by the
parent molecule (Fig. 7,b). However, the 355-nm light was absorbed by a
new species formed as a consequence of irradiation and subsequent dis-
sociation of the chioromethylnaphthalene with the 266-nm, 1-ps pulse. The
dissociation species was formed at the same rate as the disappearance of
the triplet state of the parent species upon absor;'ptionl of_ 355-nm light. Th;
emission spectrum is reproduced in Fig. 7,a. This emission spectrum exhi-
bits the typical aromatic bands in the region of 550-700 nm. All 1-X-
methylnaphthyls (X = Cl, Br, or I,) showed the same emission spectrum
after 266 and 355-nm laser irradiation. The 1-X-met_hylnap!1thyl Speﬂ:“;l

emission of dissociation product was found to be different than t;e 2 -

methylnaphthyl emission spectrum (Fig. 8). However, all the 1- e“;‘:a
sion spectra (Fig. 9), and all three 2-X-methylnaphthyl ermsfsrlgn nge;m

(Fig. 10) were identical regardless of whether they originated from ¢ me
bromo, or iodo methylnaphthalenes [11]. This is expected assumng
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Fig. 7. Emission spectra of the l-naphthyl radical generated by photolysis of I-
(chloromethyl)uaphthalene {a) excited by a 266-nm pulse followed by a 355-nm pulse
320 ps later; (b) using only the 266-nm pulse; (c) using only the 355-nm beam.

Fig. 8. The same as Fig. 7 except that 2-(bromomethyl)naphthalene was used. See Fig. 7 forb,
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Fig. 9. The same as Fig. 7 except that 1-(bromomethyl)naphthalene was used. See Fig. 7 for
a, b, c; x, Br (see text).

Fig. 10. The same experiment as Fig. 7 except that 2-(chloromethyl)naphthalene was used
and the delay between the 266-nm photolysis pulse and the 355-nm radical pulse was 500 ps.
Spectra for all 2-X-(x, Cl, Br, or I) species were identical.
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Position of supstipyteq halogens, the kinetics and the rates of radi

formz.ition Strongly dependeq on the halogen Species, with the rates _dei
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This figure shows that the

Pt, suggesting that fast intersystem cros-

ds to radical formation_ The lifetime of the
be ~40 ns.
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lil. Picosecond X-Ray Diffraction

A. Introduction

Although picoseconfi clectronic, Raman, and vibrational spectroscopy
have been afivanced in tpe past twenty-five years to a superb spectroscopic
tool, the ultm:iate experiment wou.ld be the direct recording, in real time,
of the evolution in structure during the course of a chemical reaction.
Probably the besf, if not the only, means to achieve this goal is by time-
resolved x-ray diffraction. We have designed and built a laboratory size
picosecond x-ray, PXR system that is capable of generating picosecond
x-ray pulses [11]. We have also designed and built the necessary real time,
picosecond detection equipment that allows us to achieve this goal and
record time-resolved x-ray diffraction of ultrafast intermediates.

Developments in lasers and x-ray optics [12] have enabled the design
and construction of x-ray lasers [13] and the generation of short-duration
x-ray pulses [14]. In addition to the large systems available at the National
Laboratories and other centers; two meaus for tabletop picosecond x-ray
pulse generating devices are becoming available: (1) soft x-ray emission
from excited plasmas generated by focusing high-intensity short duration
laser pulses onto a solid target and (2) the utilization of electron bunches
generated by means of picosecond laser pulses to induce hard x-rays by
striking metal anodes. A brief description of source, diagnostics, and
means for obtaining time-resolved, picosecond, x-ray (PXR) diffraction of
transient structures follows.

X-rays are usually generated using thermionic electron sources. Even
when driven by ultrashort laser pulses [15] the emitted electrons have long
pulse widths { > 10 ns) and are therefore not suitable for picosecond pulse
x-ray generation. We have successfully utilized photoemission as a means
of generating ultrashort electron bunches and subsequently picosecond
duration x-ray pulses. Photoemission is known to have an extremely short
response time in most materials, consequently the electron curreat practi-
cally follows the laser pulse intensity envelope under the appropnaté
conditions. "

Even though the quantum efficiency for photoelectron e]ecponda':the
visible and ultraviolet region of the spectrum [16] from semicon h“ 0;:
cathodes such as Cs,Sb is 3 to 4 orders of magnitude higher than ; atu?e
metals, we find that the damage threshold for Cs;Sb s too low otrition
generation of high intensity electron bunches at relatively hldglh “]e:‘:\-high
fates and acceleration potentials. When one also c0n§lders d;‘ l:h" 10
vacuum requirements (10~1%) and the dep]etlon‘ﬂf cesium un tthe e of
Torr vacuum, the disadvantages become sufficient to warrant
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hotocathode materials. Several of the rpetallic surfaces that we have
other p Oh s Ta and Ti, are relatively resistant to atmospheric gases,
used, ;)urce Smey can be used at relatively low vacuum _conditions. These
;tfzrlfphot’ocathodes also have a much longer useful lifetlme‘and are easier
to prepare. Using a tantalum film as the photocathode material and 266.ny,
picosecond pulses from a pulsed-mode locked Nd:YAG laser, we generate
electron bunches with a charge of 3 nC per pulsg. Thfase electron pulses are
accelerated and focused onto a copper anode, inducing X-ray pulses with 5
brightness of 6.2 x 10° cm~sr ! at the Ka wavelength (1.54 A). The pulse
widths are measured using an x-ray streak camera and are ~ 50 ps,

B. The PXR Experimental System

The photocathode consists of a cylindrical, polished 15-mm diameter,
nickel substrate. It is mounted on a high-voltage feedthrough, which is
maintained at a pressure below 2 X 10~° Torr. A schematic representation
of the chamber that houses the electron and x-ray source is presented in
Fig. 12. The photocathode substrate fits into Pierce focusing electrode with
an additional field-shaping electrode added to increase the extraction field

Fig. 12. Schematic diagram of the x-ray diode. Photoelectrons generated by 266-nm, 10-ps

p:lscs on & lamalum photocathode are accelerated and strike the anode emitting x-ray
photons.

Laser pulse
\7 266 nm, 10 ps

+HV

Quartz Copper anode

window

Beryllium

window
+10 ky

Extraction
electrode

Focus
electrode

Vacuum chamber T Cathode disc
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near the photocathodensurface. This electrode is very important since most
of the pulse—brogdemng effects‘ oceur near the photocathode surf

Because of the high wprk function of tantalum ( fo=4.16eVv), 266-?;:
10-ps pulses with a maximum energy of 2 mJ per pulse and a repetition rate
of 1 kHz are used. .

A maximum quantum efficiency for this cathode of 4 x 105 i observed
At higher incident laser energies, plasma formation occurs resulting in very-
long current and x-ray }).ulse;s. A 3 nC-per-¢electron pulse was the masximum
charge measured for this diode configuration at an accelerating voltage of
50kV.

The electrons emitted by the photocathode are subsequently acceler-
ated to 50 kV and focused on to a toroid-shaped anode. The anode is made
of oxygen-free, high conductivity copper and is maintained at a high
positive potential. The electron pulses interact with the copper anode
forcing the emission of Cu—Ka x-ray photon pulses, which exit the vacuum
chamber through a thin beryllium-foil window. A bend germanium crystal
monochromator disperses and focuses the x-rays onto the sample. The
duration of the x-ray pulses is measured by a Kentech x-ray streak camera
fitted with a low density Csl photocathode. The pulse width of the x-rays at
30kV anode—cathode potential difference is about 50 ps. This value is an
upper limit for the width of the x-ray pulses because the transit time-spread
of the streak camera has to be taken into consideration. A gold photo-
cathode (100 A Au on 1000 A perylene) is used to record the 266-nm
excitation laser pulses. The intensity of the x-rays is 6.2 x 10° photons
em~?sr™! (per pulse), and is measured by means of a silicon diode array
x-ray detector which has a known quantum efficiency of 0.79 for 8kV
photons. )

The experimental system built for PXR time-resolved diffraction
tXperiments is shown in Fig. 13. To increase the average x-ray power
emitted, a high repetition rate laser source is necessary o d“r"e the
Photocathode, This system consists of a high power Nd:YLF CW-mode
locked laser and regenerative amplifier, based upon two Coherent Amﬁ
F‘!iYLF laser heads, and is operated at a repetition rate of u% ticr)“i o
palr% 13). By means of a beam splitter, the pulses are sepaj;zi‘g’1 - ocused
on t;- One part is converted to the 4th. harmonic (266 nm)l; “ncheS hich in
tar € photocathode generating the picosecond electron bu e hotons

17 are accelerated and focused on the anode producing X-ray PI°
't a time wj _ravs are subsequently focuse
onto 5 € width of less than 70 ps. The x-rays nochromator.

Position sensitive x-ray detector by means of a Ge mo

‘ i i imated
lte_matwely, Laue diffraction patterns can be obtained using & colhm o
the laser beam (Fig. L

disper |
’ h bt of e S3p.am peam and s d for excitation of the

OWs the path of the 532-nm beam and is use
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Fig. 13. Schematic representation of the

picosecond x-ray (PXR) system showing ex-
perimental setup for time-resolved x-

ray diffraction.

sample. It should be noted that although we discuss only the use of 532-nm
excitation wavelength, other w

avelengths are easily generated by means of
well-know conversion techniques, stimulateq Raman, or tunable dye lasers
pumped by the picosecond laser.

_The two pulsed beams (laser excitation and PXR probe) are synchro-
nized to arrive at the sample either at the same time or at a preselected
delay by translating either of the two delay stages by increasing of
decreasing the optica Path length and consequently the transit time of
elthgr beam. This represents an essential advantage of this technique ovef
preyxctus time-resolveq X-ray diffraction experiments using synchrotron
;i?:;?t?n sources, where the Jack of sufficient synchronization between the
factoismftclulatshe; bulse and the *"Tay probing source is one of the limitis

is exper; CXperimental time Tesolution. d
time-resolvg.d :}f:;a(liigsm-m has cnabled us to perform picosec‘;‘:i'

Ments consistg of a Ge (lﬁt)uln St pomeuts, Onfz of the ear'heSt fe; [;(e
X-Tay Photons, similar toa se?ﬁfll pent for cryetay oy Leflection o
X8y dificactioy SPectrg oo sitive double-crystal monochr_om?tor' tion
exhibits the pq Tecorded before excitation. This diffrac

mal dj :
lﬁramo“ Pattern characteristic of this surface.
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266-nm lager pulse

Cu Ka x-ray pulse

Intensity (arb. units)
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Time (psec)

266-nm laser pulse: Au photocathode
Cu Ka 1.54 A pulse: low density Csl photocathode

Fig. 14. Streak camera traces of the laser and x-ray pulses.

subsequent experiments, a laser pulse impinges upon the Ge ( 111) erystal
Causing lattice distortion. A picosecond x-ray pulse is synchronized to
arrive at the sample at the same time as the laser light pulse strikes the
Surface. The spectrum recorded by the Ge (111) diffracted x-ray pulses
reflects the changes in the structure caused by the laser interaction th the
“Iystal surface as a function of time. The time resolution of thf: eXPCH_me'ff
i essentially equal to the time width of the x-ray pulses utilized whlcilr;i
a[_’Pl'Oximate:ly 50 ps as measured by the x-ray streak camera. The te{n;pu_ .
Width of the Jaser and X-ray pulses are shown in Fig. 14. By deconve unc;e
of the bulses, it is possible to achieve better time resolution. .lt m_us! -
loted, however, that this is an upper limit because the transit me spre :
w‘thil} the streak camera and photocathode must be taken :mg d:f\:‘:cﬂm
18 somewhat brief description of the PXR system h‘“: m -fcm The
exe ge‘neral aspects of this unique experimental ultrqfast :w:ra) ?zsem.:‘d N
: Serlmental procedure for time-resolved x-ray d‘ﬁff"f“’; f: ears ago in
¢ upon the pump-probe scheme first introduced severat )

i ) iments is used t©

S,ff’se‘""’"d Spectroscopy [17]. The laser in these §Xp?nmf':l‘lice for the

san?te XT3y pulses and also functions as an excitation 5‘.\"5 " anique
Ple. To detect the very weak signals of diffracted X-rays.
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FIREROPTIC TAPER ELECTROSTATIC  LENS (F 0.9) VIDEO
COUPLING (5:1) INTENSIFIER PROCESSOR
GPIB BUS —M
J

TEMPERATURE VACUUM
CONTROLLER CHAMBER
0.3 mm BERYLLIUM
WINDOW

~resolved x-ray experiments. .
era. The lower is a direct detectid
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detector that employs a liquid nitrogen cooled 2K « 7
This detector praqtlcally el:mmate{s all dark noise, th
to detect the equivalent ’of one diffracted x-ray phe
This detector is shown in -F1g. 15.
geveral other types of .tlme-resolved PXR experiments are ongoin

including melting, crystallization, and dissociation of simple mol;cuig;
species that will allow calibration of the PXR system and provide a data
pase necessary for subsequent large molecule diffraction experiments
Other applications including time-resolved molecular holography plasmé
diagnostics, and x-ray diffraction of metastable species are also %easib!e,

B
K CCD array is yyed

Us making it posshle
non per second [18}.
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Computer-Aided Design of Monopropellants

Peter Politzer, Jane S. Murray, M. Edward Grice,
and Per Sjoberg

l. Introduction

The specific impulse is widely used as a means of characterizing and
evaluating propellants and is viewed as a key measure of propellant per-
formance [1]. An energetic molecule develops thrust (or recoil force) due
to the discharge of gaseous products when it undergoes combustion. The
specific impulse, Ig, is the integral of the thrust, per unit weight of mate-
rial, over the time of combustion.

Propellants are explosive materials with low rates of combustion that
will ideally burn at uniform rates after ignition without requiring interac-
tion with the atmosphere [1,2]. They frequently involve several compo-
nents, including an energetic oxidizer, a plasticizer to facilitate processing,
and a polymeric binder. The specific impulse of such propellants is neces-
sarily that of the composite mixture, Our focus here is on chemical and
Structural factors affecting the specific impulse of the oxidizer, which will
be designated as a monopropellant. .

. To provide some theoretical basis for this discussion, we begin with a
Simplified treatment of specific impulse based on kinetic theory, fQHOWEd
by a brief review of our methods used for computing Js. Specific impulse
esults for a large variety of compounds are presented, and chall'actens;.m
:112;_1}3\’6 been identified as favoring a high specific imP?lsef:zfoisjsﬁ‘_;g
in 1. Some pefspective on the importance of certain how, compta-
. “mputing J¢ is also given. Finally, we shall demonstrate 03 e
l:;al Specilﬁc impulse analyses provide a starting point for the succe

81 of high-performance propellants.

: Press, .
by Ackiemc
Chemy, Copynght 1991 o
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it. Theoretical Background
ao is often expressed in terms of the g
ecific impulse, Is, is © SOl
E;ngature in the combustion cha_mber_ T., and the number of moje i
gaseous products produced per unit weight of propellant N by the
plified relationship given as Eq. (1) {1].
Is ~ TY/2N'/2 0
This proportionality can be rationalized in the following manner based
kinetic theory. .
Iy is directly related to the thrust that is developed by a propellant when
it undergoes combustion; thrust is the recoil force that is produced by the
formation and discharge of the gaseous products.

thrust gas discharge

.
x<@t x=0 x>0

By Newton's second law

thrust = recoil force = 3 d-‘i (mvy) @
" )

where m is the total mass of the molecules of type i that are formed in the
COmbUSIIOI:l, and v, is their velocity component in the x direction.
From kinetic theory, the kinetic energy of one mole of a gas having
molecular weight M and at an absolute temperature 7 is
2
kinetic energy = MTV = % RT @
Considerin

g only the contributi
velocity co tion to th

. . : the
; e kinetic energy coming from
mponent in the x direction ’

Mv,zc i
2 ~§RT
or
1/
“*“(Baz : @
K all of the
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Combining Eqgs. (2) and (5)

d RT, d [m? 12
t=2> —|m_[—=£)=% & [mR]T,
thrus 21 dt (ml M; ) Z; dr (T) ‘6)

I is defined as the intfegral of the thrust per unit weight of propeliant
over the time of combustion ¢,

fe 1Y2rre
IszJ thrustdt=(RTc) s d[m? ,/zd‘
=0 ¥ W o7 dt | M, 0

where w is the weight of the propellant, After integrating

RTC)I/Z m‘g 172
i

w M, (8)

The derivation of Eq. (8) involved a number of approximations and
assumptions (e.g., ideal behavior, uniform temperature). Its value, there-
fore, is in roughly indicating how the specific impulse depends upon the
combustion temperature and the quantities of product gases. It will accor-
dingly be written simply as a proportionality

T2
e o
1
in which N; = (m;)/M; is the number of moles of gas i formed during the
combustion.
Equation (9) can be converted to the simplified form of Eq. (1) by
Means of two rather drastic approximations:

S mANM?=3 mi? S N (10)
i 7

7
1/2 12 E 1/2 a1
.1/2 = + Ni "-"’-( N,)
Srit=(sm) 33
Since Z;m;=w, and defining N as the total number of moles of 835‘3@:
Emd“‘:ts per unit weight of propellant, N=(ZN)/w. then introducing
% (10) and (11) into Eq. (9) yields Eq. (1).
Is ~ TL2N1/2 (1)
<
s. (10) and (11) are &

he results obtained with
3¢ It may be that for-

ai:;l hile the approximations represented by Eq

S Y not generally valid, we have found that t

tu‘fma'tél) and (9) usually differ by no more than
Cancellations of errors are occurring.
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Siobey

Qur specific-impulse calculations hz?ve invglved thﬁe use of the e
tionship given in Eq. (1). In the following section we discuss Methods I
determining the amounts of gaseous products m; ar}d the combugy,
temperature, T; these are quantities needed‘ to apply this f0rmgla_ Itis oy
aim to provide some perspective on the importance of various factopg
involved in obtaining I5 values.

ll. Application of Specific Impulse Formula

In order to apply Eq. (1), it is necessary to establish the identities apg

amounts of the various gaseous products and to determine the combustiop
temperature.

A. Gaseous Products

Depending upon the composition of the propellant, the major components
of the gaseous products may include CO, CO,, N;, H,0, or HF, with
lesser quantities of other molecules and radicals such as H,, NO, H, 0,

N;O. The proportions and consequently amounts of these
ible products depend upon the stoichiometry of the combus-

Plus the effects of whatever other equilibria and/or dissocia-
occurring such as the water-gas reaction

various poss
tion process
tions may be

3t the heat of combustion of the pre"

entirely ¢ ) .
Perature, g4 that Y10 heat the Product gases to the combustion tem

and —AHCOmb = Cp, gases (T, — To) (13)
Te= Ty Ao, (14)

P, gases



- Aided Design of Monopropellants
4, Computer Al "

BHeoms 15 the enthalpy of combustion, C;.,,., Tepresents the total heat
capacity of the gaseous products, and T, and T, are the initiaf and the
combustion temperatures. In Eqs. (13) and (14) it js assumed that AH
is constant Over the tenllperature range between T, and T., and thatu;;;z
ressure in the combustion chamber remains constant due to 3 steady-state
Gtuation; the rates of formation and discharge of product 4356 are s,
to be equal. The Naval WEapt?ﬂS Center program uses a less idealized
approach to obtain the combustion temperature; for example, the temper-
ature dependence of gaseous heat capacities is taken into account.
AHomb can be calculated from a knowledge of the molar heats of
formation of the propellant and the gaseous products [Eq. (15)]. The latter
are known [1, 3], while the former can be determined in a number of ways;
for example, a reasonable estimate can often be obtained from

products

AHomp = E Nz‘Aﬁf,i —Nprop AH!‘,prop (15)
i

standard bond enthalpies plus any strain contributions. In our work, we
compute gas phase heats of formation with the semi-empirical AM1 proce-
dure [4], and correct these for crystal effects according to a procedure
outlined by Ritchie [5]. Equations (14) and (15) show that a high combus-
tion temperature (and hence specific impulse) is favored by a large positive
propellant heat of formation.

IV. Calculated Specific Impulse Values

W_e have calculated the specific impulses of a large number of molecules
Using Eq. (1) in the manner described in the previous section. To facihtate
®mparisons, our values are given relative to that of HMX (I; 1.3.3.7-
etranitro-1,3,5,7-tetraazacyclooctane). The results of some of these cal-
¢ulations are given in Tables I-III. Table Ilists compounds with calcalated

ON A
<

N
ON  'NO,

1

speciﬁc i
molecm
Tespect;
Struetyy,

ptain
mpulses at least 12% better than HMX; TablfS.n a“‘:;;m »
€s that are 1-10% better, and the same of “mfde variety of
vely. The molecules in these tables encompass @ Wi .

R . r unsmnned.
al types, including both neutral and ionic, strained and



Peter Politzer, Jane S. Murray, M. Edward Grice, ang p,, Sio
e,

82
Table 1. Molecules with Estimated Specific Impulse at Least 12% Better thap
Molecule Relative Molecule Rl
I h v
— 5
NE,
1 HMVX 1.00 9 e
O,N NH,
0 No,
1 )k 1.25 10 N NO, o
- &
F H ‘
HO'N’H Yo,
N
3 N)k 122 1 N/!_ﬁmo2 s
_.N - N
RN N N
NH,
‘ 5"@ N
LN 1.20 12 OzN “I>—no,
W N 114
0, L.
5 N/C"N\ N=N_ NF,
1.18 13 =
W _&---;N 02N7( JL 2 1.14
02N N=N
N
¢ -l O,N_ N-N_ NO,
o S FN" 'N- NF,
7 N N
M‘ 117 N
ON NO, 15 o,N_.(_bt}_Noz L1
0N, No,
117 16 )
\ Nx 1.13
A =N
OZN"éi(
NO,

(table continues )
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Table 1 ( Continued)

/m,_,—lj Relative M\\

I olecule Relatve

A
1.13 19 :
v >==< n
FN N, EN NH
g No, J"

NO
NF. 2
PN N 02:>—N
. : £1-NO.
18 I><N> 1.12 2 m 112
{
NO, O,N)—
Table IT. Molecules with Estimated Specific Impulse 1-10% Better Than HMX
Molecule Relative Molecule Relative
IS 15
O:N NH,
1 HMX 1.00 24 109
N—N
F
b
+) {]
. NTN 1.10 2 N o), 18
O,N NO:
YH 0 NO,
ON
2 ON 108
1.10 26
NF,
NF,
(HONHy o®) ¢ 18
ol o
X C(NF2)3 1.09 27 .uN\/N‘NO‘

\—//%,N_’/
(bl comunes?
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Table II (Continued)
Relative MOleculgx
Molecule IS Re}auu
IS
— 5
X e “emvo
% |)‘ 3 1.07 35 - 2 .
NVN 2 2
o No,
29 W(ﬂ (-)C(NFQ)J 1.06 36 02N Noz 1.03
0,
i H  NH,
» 106 oV 5
Wy havoy, ,N H
QH
NH
; O’N‘N 0 o -
' 1.05 38 -
NF, EN 0
o
OH
O,N
o _No, N N0
» o
1.05 39 WNF -
0, N \.
ON NO,
ey
k] N K No2 o H o
ON—5F="No, Y w : : 10
0,
O,N H B NQ,
OzN Noz
M ’ NF,
\N/\N ON NO,
Les 4 @
F ‘B
NO,

(table condin®!
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Table 11 (Comr'nued)
//:;1:—_ Relative
Mole I, Molecule Retatrve
"‘
€ 1.02 4 (o) (-
g Nﬁ\N NvOy), HNC omo,, 101
NF,
NO;
N NP2 e
o <N 1.01 45 o N 10
F, ] PQTNO,
ﬁozN ? H
Table TIL. Molecules with Estimated Specific Impulse Same as HMX or Worse,
Molecule Relative Molecule Relative
IS "5
O’N‘N E
! HMX 1.00 49 (T o 0.98
NN
ON H
0, \N/\N,Nol NH2 2
N
6 . 0.99 s o j o pNe 0T
)
NO, 0 NFR,
NO,
) ® 6 0.9
0.98 51 BN ey,
A N02 | A
I02 NL')2 F
4 0.9%
v
<NI I >=0 0.98 52 f O:h
NO2 NO2

{aadie contirugs)
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* Table 111 (Continued)
Molecule )
Relative Rems
Molecule p :
F lfoz l;l
]
o=<NININ)=o 0.9 56 o
NN TN
DN
H nNo,

0.93 57 0.8

wﬁi}m’ o8
NF,

cyclic and caged compounds. They are substituted primarily with NO,,
NF,, and NH, groups.
From an examination of the s

pecific impulse formula [Eq. (1)] it can be
inferred that a high I value

is promoted by

1. the formation of light gaseous combustion
number of moles is produced per unit we

2. a high positive heat of formation
greater release of ener
temperature T,,

products, since then a greater
ight of propellant, and

(per unit weight), since this leads toa
EY upon combustion and a higher combustion

BT
Thus, from the standpoint

of specific impulse, it is preferable that a pair of
available oxygens be used to form CO + H,0 rather than CO,, since the
former corresponds to two moles of gas from 46 g of prcvellant and the
latter to just one mole from 44 grams. [This conclusion is not altered by
the effects of the Water—gas equilibrinm, Eq. (12), because the latter does
not change the total number of moles of gases.] The heat of formation 5
frequently taken 1o be ; energy content” of a propellant

_ Indicative of the ¢
and in some Circumstances it ig qQuite appropriate to do so. However ther

are some limitations upon this interprets

g 1

are assumed to BOWN,, ap,




Table I'V. Stoichiometric Oxidation Reactions and Some Properties of Cubane Derivatives

Molecular

weight, " Relative Relative
Molecule Reaction M M AH#* A
HMX
OZN\ /\N,No1
1 < N> — 4CO + 4N, + 4H,0 296 041 1.00 1.00
oN VY °No,
Cubanes and Azacubanes
55 ‘"Or)a — 8CO, + 4N, 464 026 374 0.97
ON  NO,
OsN
3z —> 8CO +2N, 284 035 4.14 1.05
NG,
O,N
20 o
"mo, —— 4C0, + 4N, 288 .028 12.28 112
O;N’L_ NO,
on O
1 H" —— 4N, + H,0 + 3CO + CO 258 .035 10.98 1.18
1— LNO; ?

(tbde continues)



Table I'V (Continued )

Molecular
weight, n Relative Relative
Molecule Reaction M M AHA? I
Others
NO;
46 (A —— 13N, + 3H,0 + 3CO 222 032 2.84 1.00
P \Noz
NO,
36 o,n%;uo, —— 4CO, + 2N, 232 026 6.92 1.03
0,
H‘N JNH,
37 o —N‘H — 2H,0 + 2N, 92 .043 2.08 1.03
NF;
28
i jN —— 3N, +2HF + ;{10 228 044 1.41 1.07
Oer S \Noz + CO + Hz
NH,
N, — 3N, +3CO + H,0 186 038
A . 12.07
o ,Q»(NDZ 0 1.20
o)
2
N&i\ — N;+CO+HF 76 .039 12.04 1.25
F H
“These valuex gre given relatve 16 FIMX (1), [Ty
TP calenbated Bents ot (oo tinen Gnaeecl See bbb il v detbea wssliaa eon S3a
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form HzO (if hydrogens are available) and otherwise CO and CO; in tha
order. We use such reactions to calcutate the quantity n/M in which 7 i« the
aomber of moles of gaseous products and M is the molecular weight of the
monopropellant. n/M provides a rough (and quickly determined) estimate
of the number of moles of gaseous products available per unit weight of
propetlant. Also included in Table IV are relative heats of formation
obtained from calculated values in units of calories/gram. It is seen in
Table IV that neither the n/M nor the relative AH; values follow the same
trend as does the relative Ig.

The cubane derivatives in Table IV, §2,32,20 and 11 provide an interest-
ing illustration of how a combination of factors determines f5. Octanitro-
cubane 52 has a somewhat smaller AH; and a significantly smailer n/M

ON__no, ON NO,

O t o Wy
AV 2 s Z4-NO;
oo ™ i
Yo, ozN)— H,N)— NO,

. s
52 @%‘A 20 11

value than does the tetranito analogue 32; thus both of these factors are in
favor of the fatter baving the higher specific impulse, as is calculated to be
the case (see Table IV). Structure 20 has a higher AH, than does 11, but the
n/M values of this pair vary in the reverse order, as do their relative /s

values.
Several key points are brought out by the results for these cubane

derivatives, First, complete nitration of all available sites is not necessarily
10 be sought; the presence of some hydrogens is generally very bgneﬁmal. N
These can take up a portion of the oxygens to form water (which is one of S‘
the lighter potential gaseous products) and thus more of the carbon will be
oxidized only to CO rather than CQ,. The desirability of usin_g oxygens 1o
form H,0 and CO, as opposed to CO;, has already b‘een pointed out. A
Judicions combination of NO, groups with NH; subs}ntuents or unsubﬁr
tuted (hydrogen-bearing) carbons can significantly improve the specnfjc
impulse, as can be seen for example by comparing 55 and 32 or 20and 1tin
Table IV, or 4 and 16 in Table 1. (In dealing with strained sys_tefns.
hOWever, it must be kept in mind that the simultanequs presence o.t .I\O_;

and NH, on adjacent tertiary carbons can sometimes introduce significant
instability. We have analyzed this problem in det{in} elsewherg [6-9}).
Another important observation is that the introduc.t:on of aza nitrogens
increases /g [compare 32 and 20].) This can be attributed to the greater

heats of formation of the aza analogues.
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-amino-2-nitrohydrazine 37 are gy,

i e 36 and 1l-amino-2-nitro .

Tetral‘utl_’ﬂt‘«itra}t’;(:rﬁ:ve identical relative fg values of 1,03, Tfible Iy

turallyt}(:;is:t[?c: faorrmer has a fairly low n/M value but a reasonably high heat
shows

NO,
H
ON NO, ON  H
N
N 37

i ir /g values are the same.
ion; the reverse is true for 37, Yet, their I

'(;'fhif.? g:::tri‘;;le, emphasizes again how the interplay between two key factors
to determine the specific impulse. o _ _
helﬁs iso ineteresting to compare RDX (46; 1,3,5-tF1n1tr0—1,3,5-tr1azacy
clohexane) and 1-diﬂuoroamino-3,5-dinitro-1,3,S-tnazacycloh_exane (28)
(Table IV). The latter has a calculated specific impulse apgrommate.ly 7]‘1%
better than RDX. This is evidently largely due to the increase in the

O5N. NO
ozN‘N ANJNOI L
L HI:)
11102 NF,
46 28
number of moles of gaseo

us products per unit weight of propellant that can
be achieved by replacing an NO,

specific impulse, the presence o
group) is indeed desirable. Thi

by an NF,. Thus, from the standpoint of
f fluorine (e.g., in the form of the NF,

s will be discussed further in the next
section,
Molecules 2 and 4 have high specific impulse values, calculated to be
25 and 20% better tha,

n HMX, respectively. Both of these compounds haVef
relatively high heats of formation and produce fairly large amounts 0

NH,

F *H O,NA(

NO,

2 4

ght, as estimated by stoichiometry (Tablz
Point out quite clearly that to greatly imPffJ",s
fic impujse (e.g., asin the cases of 2 and 4) -ltld
cular features that lead to each of these destré

gaseous products
- Our calculateqd results
over HMX in terms of specj

Recessary to combine mgle
consequences,

PeT unit wej
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v Perspectlves

n calculating the specific impulses reported in Tables ||
ihe Naval Weapons Center program [3] to predict the types and quantit

d from each particu] e
of gaseous prqducts forme. particular monopropellant. Hog,.
ever, it 18 possible to use simpler approaches to estimate these quantities,
We have explored the use of one such technique, which assumes that the
products are limited to CO, CO,, H0, N,, H, and HF [10], Except for
fuorine-containing systems, the relative I values calculated in this manner
[via Eg. (1)] follow in general the same pattern as those obtained using the
more rigorous Naval Weapons Center method for determining the profiles
of the gaseous products. This is a useful finding, which Supports our use of
the stoichiometric n/M tatio as a rough measure of the number of moles of
gaseous products per unit weight propellant.

The relative specific impulse is also not highly sensitive to the method
used for obtaining the heat of formation. For example, the trends in I
observed in Tables I-III are in general well reproduced using heats of
formation computed with the AM1 procedure alone without the correction
for crystal effects.

As mentioned earlier, the heat of formation of a molecule is often
viewed as a measure of its energy content. It is important to recognize,
however, that AHy is actually a change in enthalpy, and thus depends upon
the initial (i.e., reference) systems as well as the molecule of interest. Thqs
a ﬂuorine-containing compound may have a rather low AH; beca.use it is
elative to very weakly bonded F,, and yet may release considerable
energy upon decomposition if this produces the strongly bonded HF. In
such a case, it can be misleading to take AH; as an indicator qf ava_:labie
*hergy. For example, Table IV shows that AH; of RDX (46) is twice as
§reat as that of 1-difluoroamino-3,5-dinitro-1,3,5-triazacyclohexane (28 )j

ile the latter does have a better n/M ratio, by a factor 9f 1.4, it may
E:Vegtheless seem surprising that 28 has the higher specific impulse. This

! be understood, however, in terms of the F,/HF effect. .
ens is accompa-

Va we have used

nieg‘;r earlier observation that the presence of aza mt{og o ing that

. Y 2 larger heat of formation can similarly be explained VS B s &
almrgfe.renc? state for these is the very stable‘ N, mole?cul_l\i;r C;Ee ® et
“greatelr ultimate decomposition product, the increase in co; O aat with
Tecent o em’-.rgy content. This conclusion may seem to be i:n o abiliziog
effecy Vork in which we have shown that aza mtrogeqs ;‘[“* o hich
We att:l;f’n many molecules, both strained and unstrmp‘e Mém ontra
dictionlcme to delocalization of their lone pai_rs_[13]. Thgi ;gfem ferenee
Stateg an be resolved, however, by recognizing that S ization, &5

e involved in the two situations. The observed aza st



92 ) . ses, is relative to certain “standarg»
detected by isodesm‘dcl\rf?g’g:nzrsl?]ays found in H3C-NH, and H;C-CH,_
C-N, C-C, C—I;Ifa[;mation are relative to N (g), Hz_('g)-, C.(s), etc. Thus
whereas heats 0 (ihe attractive feature that their stabllilzmg-mﬂuence may
aza nitrogens };?"; the standpoint of synthesis, t.ESpemal-ly in the case of
bte li)r?:; 2;151111:, but yet should not impair (may indeed improve) detona.
:i(r)?'l or propellant performance.

Peter Politzer, Jane 5. Murray, M. Edward Grice, and Per s,;,,f,&!g

Vi, Summary

In designing molecules to have hilglh stpe_c:f;;: ;I:Iﬁe\i{:lelyvgl:iz lz)llr::dt ;h;; :g
i 1 ion as monopropellants, i '

:;:irslftyc?\sz!?;r;tcriteria: (a) (g)mbustion should lead to light gasgous prq;
ducts, so as to maximize the number of moles of gases produced per ‘ltl‘me
weight of propellant; and (b) the compound s!lould ha\{e a large pomb 1v-
heat of formation (on a weight basis), since th1§ re§ults in a high ‘con}ﬁusd
tion temperature. We have presented a rationalization based on simpli ed
kinetic theory arguments to justify the importance of these two fac'tors, an
we have further demonstrated it through a comparative analysis of our
calculated relative Ig values for a large number of molecules. To achieve
significant improvement over HMX in specific impulse, it seems necessary
to combine molecular features that will lead to both of the consequences
(a) and (b). The presence of strain and aza nitrogens favors a high heat ?f
formation, while the inclusion of some tydrogens and fluorines, results I
light gases (H,O and HF) being formed as combustion products.
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Polycyclic Amine Chemistry
Arnold T. Nielsen

. Introduction

The need exists for new high-energy, high-density materials with densities
greater than 2.0 g/cm® and with detonation velocities (D) approaching
10 mm/ usec. Such powerful explosives would have detonation pressures
(Pey) greater than 400 Kilobars (kbar). Known explosives 1,3.5,7-
tetranitro-1,3,5,7-tetraazacyclooctane (HMX,1) and hexanitrobenzene
(HNB, 2) have densities near 2.0 g/cm>, detonation pressures near 400
kbar, and detonation velocities around 9.1 to 9.5 mm/usec. To achieve
greater detonation velocities and pressures explosives of higher density are
required.

o
NN N NO:
NNOs ON NO2
NO,
1 2
d  1.90g/cm’ 2.0
D 9.1 mm/ pusec 94
Poy 390 Kbar 406
cal;l:gztggnsi,ties and detonation velocities of unknown ;?los:i;::;ir:
With reasonable accuracy (+2 to 5% dependind be cal-

e ; . may
cUlat:dlqs)' If the molecule is known, its energy paramfljf:) The equa-
tiopg More accurately from its heat of formation (Ref_s‘ ’ ! the explosive
Showp below demonstrate the importance of the density © :

e
ch”"l'rrm . Coovnght & 199 by A e e
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itself relative to its energy. They show that the detonatiop Pressure o
IEC shockwave front is proportional to the square of the density, Ty,
;:iight increase in density can significantly increase the energy of 4
explosive.

D=A¢'%(1+Bp) P=Kpfé  ¢=NM/Ql2

D = detonation velocity (Km/s)

P = detonation pressure (Kbar)

po = initial density of explosive (g/cm®)

N=moles of gaseous detonation products/g

M = average molecular weight of detonation product gases
Q = chemical energy of the detonation reaction (cal/g)

A, B, K = constants

Certain structural parameters
tion to high symmetry,
and/or tertiary carbons
density should generally

are known to maximize density. In addi-
these include an optimum number of quaternary
» tertiary nitrogens, and condensed rings. Thus,
increase as one proceeds in the structural altera-
tion from acyclic —, monocyclic —s bicyclic ~—s polycyclic — con-

densed polycyclic (caged). The most dense molecular arrangement is found
In pelycyclic caged molecules, Examples of some caged molecules are
shown in Table I

The densities of the monocyclic compound, with the corresponding

caged molecyle composed on the same rip -sized units, are compared. Itcan
be seen that the caged densities are higher than those of the monocycles.
For example, the density of cubage (1.28 g/cm?®) (Refs. 6,7) is nearlt
double that of Cyclobutane (0.70). Dodecahedrane is one of the most dense
¢aged hydrocarbong known (1.45) (Refs. 8,9); again, its density is nearly
double that of the monocycle cyclopentane (0.74).’Adama“tane’ wher
f:mpareq to the monocycle ¢yclohexane, does not show as much of
la:r:as(; In density; however, “the number of hydrogens removed is v
£¢. On the other hand, if ope removes all of the hydrogens leading ;‘;;h:
very Signiﬁcfint increase i ): c:ser:)‘{fsirtl:(tienl?lriﬁsr? (l);dn(gtedslfha[ it
® hydrogens to achieve a large denﬂz
ns from the monocyclic cyclohexan® it
benzene (d=0.88) does not alter the deﬂSlZ
very high density a condensed polycycic €%
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. Table 1. Densities of Caged Hydrocarbons

Densit
Monocycle (g;i::r::))' Caged Density
(g/em®)
070 . 1.28
O - -
O 0.78 @ l‘m

Il. Approaches to Synthesis of Caged
Nitramine Explosives

Two of the most important military explosives are RDX (1,3,5-trinitro-
L3,5-hexahydrotriazine (3) and HMX (1) (Refs. 10-17).

/\NNOz

OzNN

N
NOz
3 (RDX)
d=1.81g/cm’
D = 8.85 mm/usec
Py = 338 kbar
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nds are monocyclic nitramines of the general f,
ESS:N;O([)T)); l(ln =3 for RDX, n= 4 for HMX). If the nitraming gmﬁ;}lr:a
were placed in certain polyqfchc caged structures of the general formy
(CHNNO,), , high density, high energy m'fitenals should result,

The synthesis of caged nitrarpme' explosives may- proceed by. WO mep,
odologies. In one, a caged amine 13 prepared having the desired parep
structure with the required number of endocys:llc amino groups. This
polyamine is then converted into the corresponding nitramine by an ulg.
mate nitration process. In a second method, a Teactant nitramine (acycic
or prepolycyclic) is cyclized to yield the caged nitramine. A combination of
these methods would also be applicable.

Both RDX and HMX are prepared by the first method. Reactant hexa-
methylenetetramine (hexamine, 4) may be directly nitrated with nitric acid
to produce a mixture of RDX and HMX (principally RDX) (Refs. 10,12).
Another nitration procedure that employs nitric acid, ammonium
nitrate, and acetic anhydride is used to prepare HMX (Refs. 11,17).

NOp
o,NN/\NNOZ N N
k ) HNOy (( \ HNQ3 OgNN \
e — —_—
NeleerN  (CHeco)0 NHO;
NG, N y
NHNQ3 NO2
3 4 1
RDX Hexamine HMX

Close examination o
hexahydrotriazine
within the cage,

£ the hexamine structure reveals that the parent 1,3,5-
and 1,3,5,7-tetraazacyclooctane ring structures exist
leading to e 11{3]c;nds are broken selectively in the nitration process

o DX or HMX. In caged nitramine products, the stU¢

tures di Lo
can be isallow endocyelic nitrogen at g bridgehead; the nitramino group
attached 10 only two other atoms ’

The
feactionsef:;mitﬁp{)mac.h_m cyclic nitramines may be illustrated in the
1,3-dinitro- 3-df;:“edmmam‘“e (5) with formaldehyde to produ®
limitations whep - ¢ OPEtane (6) (Refs. 18-20). This approach M

" @plied 1o more complex cyclic nitramines (Ref. 20)-

ONNHOHCH NG, CHa0 —-__...HNO" r/—\
O,N NNO,
2! \/
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Thus,

»

sually the firsy
ng the required

the preferred approach to caged nitramipes is u
method, which departs from a caged POly?{minc containj
qumber of amino groups in the dem.red p_osnionS.

The problem of p.olyaza caged nitramine synthesjs may be reduced to
rwo subproblems. F_lrst, the polyaza caged ring system mugt be synthe-
sized. Second, a suitable methodology must be applied that uhil:nate]y
introduces Nitro groups on all of the endocyclic nitrogens of the cage to
yield the caged nitramune. The. problem presents several difficulties. The
most serious one is the synthesis of the required polyamine cage: none of
the desired polyaza structures were known for proposed target explosives
at the time this research was initiated. A second problem is the vulnerabil-
ity of aminal and orthoamidg nitrogen structures within the cages to ring-
opening reactions when subjected to nitration reaction conditions. The
acidic and oxidizing medium of a nitration mixture could easily destroy
such structures. New nitration procedures may be required.

Target polycyclic nitramine explosives have been selected having the
desired structural features leading to high density and energy. In the
present discussion synthetic methodology that might lead to three target
molecules is discussed. These are hexanitrohexaazaadamantane (7), -wurt-
zitane (8) and -isowurtzitane (9). Calculated values (Refs. 1-5) shown
reveal that these substances have explosive properties potentially superior
to those of HMX (1). The name isowurtzitane is ascribed to the cage
system 9 due to its close relationship to wurtzitane. The isomeric hydrocar-
bons wurtzitane and isowurtzitane have the same adjacent groupings of
atoms (six methylene bridges, six methines at bridgeheads, and three
CHCH groups bonded through methylenes).

NO,
O=NN N2 NNOp i
02“'“7\':402 N ON N\ NNO:

OQN.._l_N «
/j\Noz ; OzNN )_.__(
0 /u
NN N S - "
NO, 0NN N NS
NO»
7 . .
. 21
D( aled) 21 g/cm3 L
. 94
, Cd) 95 mm/'u.Sec 9.4
) 420
{(caleq) 434 kbar -
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ii. Polyazaadamantanes

s are known than those of
More examples cgf ii?:;i: I1111::1];?ndeiscussion. Although the hexa
O cage azep aZaadamantane examples have been reporte
'(7) o unknowg,ee and four endocyclic nitrogens. It should be Teemphg.
Ay t\;/o, :h; I;rpose of synthesizing caged nitraming explosives, o]
o tMtesoll;avin;J nitrogen at a bridge (rather than a bridgehead) are ge.
;ﬁziic;:?egcursors. The synthesis of heteroadamantanes has be
(Rgfz.chl(;ﬁ)l;e possible monoazaadamantanes are known. Three inge.

pendent investigators prepared 1-azaadamantane (10) (1954, 1956)
(Refs. 23-25).

any of the
472 Systep
d contajp.

€n revieweq

N
CHBr  NH,
BrCH, 2
CH, Br
10
Alternate syntheses were reported later (Refs. 26,27). Synthetic routes
leading to

fe by x-ray crystatlography.
» 2-azaadamantane (11), was first Prepared by Stetter
in 1964 (Refs, 34,35); it is the first example of an azaadamantane 1o bde
Prepared that containg a nitrogen at g bridge. Severa] ring-substitute
derivatives of 2-azaadamapn

tane have beep obtained by various synthetic
routes (Refs. 36-42).
NHy NH  1.S0c) NH
He 2. M)
11

aadamantanes are known (1,3- and 2,6;
first reporteq by two indewﬂd""r
"5 another synghegis was described lat€
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- polycyelic
5 NH or
CHZ (o] N
NH — \
~—N
12

(Ref. 45). Many derivatives of 1,3-diazaadamantane
been reported (Refs. 46-60).

2,6-Diazaadamantane (13) was first reported by Stetter and Heck |
in 1972 (Refs. 61,62). Two other syntheses were reported in 19;3

(Refs. 63,64).

Br
NR
/ ’ RNBI’Z [H] ”
E—
2 Steps
" AN Br HN

13

have subsequently

R = 4-CH3 Cg H4502

Only three of eleven possible triazaadamantanes are known (1.3.5-,
249- and 2,4,10-isomers). Stetter was first to prepare one of these,
T-methyl-1,3,5-triazaadamantane (14a) in 1951 (Ref. 65). The parent un-
substituted compound 14b was obtained by Meurling in 1975 (Ref. 66).

R
CH20
RC(CH2NHz)3 —
N -../N
LN-S
14a {R-CHa)
14b (R=H

.l;hese SYntheses depend on the reaction of a trismethylaminomethane wrgf
um g 06 Reaction of formaldehyde with nitromethane and amm

F;Em “eetate in refluxing methanol leads to 7.nitro-1,3,5-triazaadamantanc
) (Refs. 67-76).

NO2

CHsOH
cH3N02 + CHZO + NH‘OAG__HS_—--’ \

N
—
Reflux £.N—/

15
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. ne derivative has been prepared. By reacti

One 2‘?’9'“'.?}?3? dlalltfrl;lstzcetonyletham’. in ethanol solvent, Quast ang
of hydrazine foed a 65% vyield of 1,3,5,7-tetramethyl-2,4,9-triamjn0.
Bergettlzazzl;?;?n antane (16) (Refs. 77,78). Reaction .Of _the triketone
\Zv’::l’l ainmonia gave a dioxaaminoazaadamantane- derivative. Attempy
to prepare an N,N',N’-unsubstituted- 2,4,9-triazaadamantane were
unsuccessful.

CHg
Cz Hs OH CH H
CHC(CHCOCHzly +  NoHy ———— - 3 3 Ha
N
NN N NNH,
He NHa
16

Several 2,4,10-triazaadamantane derivatives have been prepared; they
are caged orthoamide structures. The first of these reported were the
tris-N-propiony! and N-benzenesulfonyl derivates 17a,b prepared by
Stetter (1970) (Ref, 79). These were obtained by heating the cis- or
frans-1,3,5-trisamidocyclohexanes with ethyl orthoformate at 265*27Q°(;-
Stetter also obtained the tris-N-methyl and N-benzyl derivatives in a simi-
lar manner at 30¢; yield (Ref. 80). We found that the N-benzyl derivative
17c could be obtained in higher yield (75%) by refluxing the tris-N-benzyl-

aminocyclohexane with dimethylformamide dimethyl acetal (Ref. 81); the
structure of 17¢ was confirmed by X-ray crystallography.

NR
265-270°%c RN 4\

—_— NR

NHR

+  HCOCHg),
NHR

17a (R = CzH5CO)
17b (R = CgH5S02)

' Hydrogenoiysis of
Um on charcog) Cata
2,4,10~triazaadamant'

methyl tip gave the

the benzyl groups in 17 wih hydrogen and pall-
lyst (in €thanol solvent) led to the parent orthoamide
N 4. Reaction of 17g wirh dimethylaminotri
NN 'msmmethylaminotin derivative 18. Reactiof
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NHCH2CeHs -
(CHI0}CHN(CHy), CeHsCHzTﬂ\NCW'
7 |
N
Reflux CoHgCHp—T
G H5CH2N NHCH,CeHs
s
17¢
7 I — M
17d

of 18 with nitronium tetrafluoroborate in acetonitrile solvent produced
24,10-trinitro-2,4,10-triazaadamantane 19, the first example of a caged
nitramine. It is also the first example of a trinitro orthoamide (Ref. 81).
Reaction of 17d in strongly alkaline medium (added aqueous sodium
hydroxide) with nitric oxide in air also gave 19 (low yield),

NSn(CH
(CHa)2NSN(CHg)s (CHs ’33"’,‘4\ nCHala

17d > (CHghST T N

ic solid. stable ms!h dry

i - 3 o e a a‘p
C.ltisa strong base. In solution DO it th;btl;sr "
singlet at §7.6, which is unchangec_i on stam l(;;e[he i
Podyce ¢ molecyle ig very sensitive to acids. z*’\cndnﬁcanc:in(he A

S Immediate disappearance of the 87.6 singlet an

The . _ _
c:lﬁrage (;I;tgooamlde 17d is a crystalline hygroscop
ﬂraqeri B
h(’u[s Stic
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Amo’d T‘ N‘jd”"
NHy* NH,
7 7l
H* NN4 OH" o ,{
17d —— —_——
20 21

of a new singlet of equal intensity at 8.3, assi

cation~CH proton in 2¢. On again making the solution basjc by addition of

Potassium carbonate (pH9) the Spectrum remains virtually unchanged ang
is Presumably that of the free amidine base 21.

The only known adamantane containing more than three endacyclic
i i hylenetetramine (hexamine, 1,3,5,7-tetraazs.

gned to the amidinjuy

(Refs. 84,85). 1 oyed as a reactant in the synthesis of RDX
(3) and HMX ).

In Summary, most
depend on cond

€rmediates i displ,

acement or addition reactions.
V. Polyazawurtzitanes
» 9~aZa- and 3,5,12-triaza

ne (22, also called iceane)
Hodakowski in 1974 (Ref. 86a); its
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graphy is 1.04 g/ch’ o thet

determined by x-ray crystalio

s
d?‘;ﬂaymantaﬂe (Table 1) (Ref. 860).
0 monoazawurtzitane is known. 3-Azawurtzitane (26, Scheme 1)

f. 87). Several synthetic

Only one -
was reported py Klaus and Ganter in 1980 (Re
ibed. The oxime 23 on reduction with lithiom

routes 10 26 were descrl

oA
~ =1 MM .
OH : 2 *
! Hg(OAC)2
LIAIH,
— —_—
{CH3)2SO
e
s 24 (endo) 25
NH
A
1. Hg(OAC H,0
24 g( )2 I 2
2. NaBHy/ NaOH
"
26
OH ci
L A"
95 MO SOCl2 LiAlH,
._————'—_" e e R
CHsOH (CH0
' A
27 28
NCH3
s
KMnO4
2

~
29

Scheme 1
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. ride gave the desired endo amino derivative 24 ip 66%
:};,::;l::lhgfzd “g,ith mercu.ric acetate in dimeth_yl sulfoxid'e pro
5-acetoxy-3-azawurtzitane 25 in f19% YIGI(EL By reaction of 24 with mercyy,
acetate in aqueous medium, the' mtermed:ate ac.etate 25 was ret_iuced in sipy
by sodium borohydride in basic medium to yield 3—azawurt21.tane 26 ¢;.
rectly. The acetate 25 could be hydrolyzed to 3-aza-§-wprt21tanol (27),
which with thionyl chloride produced the 5-chloro derivative 28, Lithiup,
aluminum hydride reduction of 28 also produced 26. The N-methyl derjy,.
tive of 26 was also prepared (29), which could be oxidized to 26 with
potassium permanganate. N

If certain endo substituents are present in the S-position, mixtures of
3-azawurtzitanes (such as 31 and 3(4 — 5)abeo—3-azawurtzitanes, such
as 32) are sometimes obtained (Scheme 2). For example, mercuric acetate
in dimethy! sulfoxide treatment of N-methyl olefin 30 produced a mixture
of 5-acetoxy-3-methyl-3-azawurtzitane (31, 62% yield) and 4-acetoxy-3-
methyl-3(4 — 5)abeo— 3-azawurtzitane (32, 17% yield). These reac
tions are believed to proceed through an intermediate aziridinium ion 33.

The other known azawurtzitane ring system, 3,5,12-triazawurtzitane
was first reported from our laboratory in 1987 (Ref. 88). Severl
3,5,IZ-trisubstituted-S,S,12-triazawurtzitanes (3,5,12-tetraazatetracyclo-
(5-3.1.124.0**|dodecanes, 40a—e) have been obtained by condensation of
1,3,5-lrifonnylcyclohexane (38) with selected amines.

yielg
dugceq

= ,ﬁc NCHa NCHy
“NHCHa /(

Hg(OAc), A
R
(CH3),80 *
N ~
% 31 32 (abeo)
OAc
/<._.——NCH3
N
<}

Scheme 2
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COzH n-CaH+CH, HCI §
HOZC 2 % C3H702C© COLoptn
COzH %oc, o
. 35

n-Cak
25 Ha, Pt 3 p,m?_co&m
0zCaHrn
3
Litk,  HOCH CHOH (cocy, O CHO
% —
(CHa)2S0
H,0H CHO
37 38

Scheme 3

The trialdehyde 38 was obtained in four steps in 60-65% overall yield
from trimesic acid (34, Scheme 3). Esterification of 34 with I-propanol in
excess, by refluxing with hydrogen chloride catalyst, leads to triester 35 in
quantitative yield. Hydrogenation of 35 in acetic acid solvent (Pt catalyst)
Yields pure cis,cis-cyclohexane-1,3,5-tricarboxylate ester 36, also in quan-
litative yield, Reduction of ester 36 with lithium aluminum hydride in
tetrahydrofuran solvent produces cz’s,cis-l,3,5-tris(hydroxyn'lethyl)cycl&
h; Xane (cis,cis-37) in 90-95% vyields. Swern oxidation of triol 37 led' t«;
c:,cu-1,3,5_tr iformylcyclohexane 38 in 70% yield. The stereochemistry 2‘
ea’has Wwell as that of precursors 36 and 37, was established as cis.cls 1

¢l Case by high resolution 'H NMR.

; feaction 's,cis-1,3,5-tri clohexane
AMineg of cis,cis-1,3,5-triformylcy

(38) with pnmag
b 1{1 ether solvent at 25°C leads to triimines (39). and in sotg:\ iz:zellsine
"a’z "trasup stituted-3,5,12-triazawurtzitanes 40 (Scheme 4). -
enza‘[”urFZ'ta“es 40a—e were obtained with methylamine. bi o amine
in iyha“?me, 4-methoxybenzylamine and 4-(dimethylamm9) eriz‘ﬁ con of
& Cgi Yields (Table IT). The reaction is analogous to the tln;;n& e
trisUb(s: aldimineg (CH,=NR or RCH==NH) leading 1 3 e
\ ututed~1,3,5-hexahydrotriazines (Refs. 89-92)- S“’}‘ o , The
“PPorted by the NMR and mass spectra and infrarcd spe
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=N
AN=CHm=ny H=NR
RNHo

CH=NR

3%, R = CHs 40 a-h
39, R = CzHs
38¢c, R = CgH5CH2
39d, R = 4-CH30CgH4CHa
3%, R = 4-(CHa)aNCgH4CH2
391, R = (CHz)oCH
399. R = (CHa)3C
%h, AR =H

Scheme 4

i itution; 1>
wurtzitane stability decreases in the order of N-substitution: benzy
4-methoxybenzyl >4-

(dimethylamino)benzyl = methyl > ethyl. With tﬁ:t‘:
Propylamine and fert-butylamine, no evidence of the wurtzitane struc§39
is seen in the infrared or 'H NMR spectra (a 10-Hz doub!et near o .s
i nd the products isolated are crystalline triimine

: i jum
8 with a large excess of methylamine over potass

. . 3
hydroxide gave triimine 39a. The structure of the benzy! derivative 40c wa
established by X-ray Crystallography.

. . . . obe
In solution in vanous solvents, all of the Wurtzitanes are obserVTd tines
in equilibrium with the corresponding triimines. With the benzylam

Table 11, Synthesis of

3.5.12-Trisubstituted-3,5,12utriazawu:tzitancs
Compoung R Yield, %*  Mp, °C?
40a CH, 99 64-65°
40h CH, 88 50-60°
40c CeHsCH, 83 92-974
404 +CH,0C,H,cH, n 91-1004
40e 4

‘(CH:»)zNCquCHz 100 115-129¢

~The wide mekting painy Tange is autrib
heating,

uted 10 triimine formation on
“Melting g

int of . izati d
decomposie, ‘rude prodyey; attempted recrystallization cause
‘ ing poing afyey rec
ry)

Ystallization from pentane or hexane (ca. 50%
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favored WUTtzitane
Mmately 80, 80 and

5. PO S
¢in CDCls, the equilibrium concentration of the

S (reach?d in abc')ut four hours at 25°C) js approxi
oy respectively. Vihtl} the methyl and'ethy] wurtzitane derivatives 404 b
saversion to the triimine fom.ls 39a,b is much more rapid and com le,; )
With the ethyl compound 40b in CDCly, the half-life is approximatei' o
minutes; within one hour, conversion to the triimine 39 i virtually com-
lete; in pyridine-d(, the conversion to the triimine is slower, but practically
complete within 18 bours. The Tet.hyl derivative 40a behaves Jike 40b, also
completely cONVeTting to its triimine .393 in CDCly within 18 hours, Re.-
moval of the CDCl3 gpl\{ent from solut_lons of 40a,b after 18 hours produces
an oily mixture of trnm:nc and wurtzitane (approximately 1:1) as seen in
the rapidly determined "H NMR spectra. The solvent effect on the equilib-
rium between 39 and 40 was examined for the 4-dimethylamino derivative
40e in three sotvents. The equilibrium concentration of 40e was found to be
approximately 85% in CDyCl,, 70% in CDCl;, and 55% in CD;CN.
The reaction of ammonia with cis,cis-1,3,5-triformylcyclohexane 38
under various conditions leads to a polymeric substance, believed to be a
polymer of the triimine 39h (R = H). At very high pH (>12), the rate of
polymerization is slower and some of the parent 3,5,12-triazawurtzitane
4h is believed to be present [higher pH also favors stabilization of the
related 1,3,5-hexahydrotriazine (Ref. 85)]. Evidence for the formation of
40h in solution is seen in the 'H NMR spectrum of the reaction mixture
obtzined from trial 38 and ND,OD in D,0. A singlet at 85.0is assigned to
the 2,4,6-hydrogens since the 1,7,9-hydrogens presumably were exchanged
by deuterium to produce 40h-1,3,5,7,9,12-d,. In solutions containing
NH,OH as well as ND,OD, this signal is seen as a doublet at 84.7
(/=10 Hz) in 40h due to coupling between the 2,4,6- and 1,7,9-hydrogens.
f;;‘er}ipts to trap 40h as its 3,5,12-triacetyl derivative (40, R=COCH;) t;g
Omcuon \yxth acetic anhydride or ketene in st‘rf')ng.ly basic SOlutLOfl metf\:lgh
ungef?;hal success because of the low equilibrium concentration @
React'e reacuor} conditions. _
’Shydral:n of trial 38 with phenylhydrazine or hydra
e nog o 011_16 derivatives. These products p-oiymenzet wl
~C yeized to 3,5,12-triamino-3,5,12-triazawurtzitane
6H5NH or NH,). o aminesin
reﬂu):l_’-nre:acuon of 1,3,5-triformylcyclohexane (38) with Pf_}'}“‘:fgqmnbﬁ m
mixturegiema?ohc acetic acid takes a different course. o rhinolamine
imermedi:t thl? reaction includes Signiﬁcapt ar_nounti 0\\ a1 (Scheme 3.
Fig, et °S, Including partially cyclized tricyclics such 8% 7 s gimethyl-2-
%03 5t ylan}me, the final product is a c:rystallme.amldﬁ'T (;e"sam e tvpe of
agon o 2atricyclo[5.3.1.0°%)decane (423, 41% yield)- T8 S0 e
%fan ge; ,c cUrred between trial 38 and excess benzy leading to the
¢10n exchange resin catalyst in refluxing toluene. i

azine leads to its
th great €as< gnd
derivatives (40.
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RN NR AN NA
RNH; oH ~HeO © Mno,
8 —> H — ~—— 40a
e 2t
+
H <> %
413, R=CHjz 4220
41b, R=CgHsCH,
Scheme 5

dibenzyl derivative 42b in 36% yield. The more vigorouz stl;itt:l}-l:teall)éz;zd
i iti i tions, compare 3
ction conditions employed in these reac > ! -
;-:; tc; the triazawurtzitanes 40, may favor a hydride transfer in 41, possibly

. i the
T80 reactions leading to destr}lctlondocfleﬁn
cage. Their syntheses include the carbonyl-amine conde.nsatlon azdaman'
addition reactions of the type employed in the preparation of aza

tanes,

V. Polyazaisowurtzitanes

. iaza,
Three po!yazaisowurtzitane ring systems are known. These include diaz
tetraaza, ang hexaaz

. ined b
4 examples; all, directly or indlrectly, are obtained by
oxal with am;

. itane
mines. Unlike adamantane and wurtzitane,
rbon isowurtzitane 43 is unknown,

condensations of gly
the parent hydroca
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HO
H:0 H
2 H,NCHO + 2 (CHO)z ————t I ’ :
pH=8-9 . .

1. (CHO)z , HpS04 o) 0
“u — \ /
2. HNO3 0y_..L0°
ONN \\NNoz

45

5. Polycy©

Scheme 6

dec‘:,:gDimtro{,. 10—diaza-2.,6, 8,12-tetraoxatetracyclo[s. 5.0.0%%.0%11])do-
been (4,10-dinitro-4,10-diaza-2,6,8,12-tetraoxaisowurtzitane. 45)_ has
volve prepared by Boyer and co-workers (Ref, 93). The synthesis in-
with Sltwo laboratory steps, starting with the condensation of formamide
14. d‘gf yoxal at pH 8-9 (sodium bicarbonate buffer) to yield trans,irans-
I’{efl ormyl-2,3,5,6-tetrahydroxypiperazine (44, 60% yield, Sc!'xeme 6)
45 Sa 94,95). C‘{mversion of 44 to 45 occurs by addition of_; mixture Qf
aCidn glyoxal trimer to sulfuric acid at 0°C, followed by addn.lon of nitric
ank 10 produce 45 in 92% yield. The mechanism of formation of 45 is
NOHSWn, but may involve a diformyl isowurtzitane intf;rmedlatf: (45.
alo 2= CH_O)- However, when the reaction was conducted in sulfuric acid
lishne’ no intermediates could be isolated. The struc'ture of 45 was estab-
2 Oed by x-ray crystallography. At 100 K its density was found to be
ﬂ;i: g/cm? (1.99 at 25°C by flotation), a value unusually high for a dinitra-
e.

The second known azaisowurtzitane, the tetraazaisowurtzitane L_"6,-eth-
ylene'sv12-ethylene-4,10-dioxa-2,6,8,12—tetraazatetracyclo[5.5.0‘0"".03"']
dodecane (2, 6-ethylene-8,12-ethylene-4, 10-dioxa-2,6,8, 12-tetr.aazaiso-
Wurtzitane, 46) was reported by Edwards and Weiss in 1968 (Ref. 9). It
Was obtained in 20% yield by condensation of glyoxal with ethylene-
diamine in dilute aqueous solution buffered to pH 9 with Na-HPO;,.
Its structure was established by x-ray crystallography (Ref. 97}. )

In aqueous ‘ethanol solution glyoxal also reacts readily with ethylenedi-

Id other products,

amine and N,N’-disubstituted ehtylenediamines to yie - pr s
2.2 .biimidazohi-

including cis- and trans-1,4,5,8-tetraazadecalins (47).
dines (48) and 9,10-dioxa-1,4,5,8-tetraazaperhydroanthracenes (49). among



112 Amold T,y

H,0, pH 9 N\ /
3 (CHOJ2 + 2 HoNCHiCHoNHp ——— — Y- LN
NazHPO, /
o \

0
46

others (Refs. 98-106). The products obtained depend on the amine subsy;.
tuent and the reaction conditions, When R is benzyl, the principal products
can be trans- 47,48 or 49. When R is phenyl one obtains only 48. When R js
hydrogen or methyl the product is principally 47. Substituted dioxatetra-
azaperhydroanthracenes have been isolated in 5-11% yields when R =

enzyl; the stereochemistry has been established as
cis-transoid-cis- in each case by NMR Spectroscopy (Ref. 106). The x-ray
crystal structure of 49 (R = isopropyl) has been established. The cis and
frans- forms of 47 may be equilibrated in hot deuteriochloroform solvent.

R R -] R R
O o Y
N N N N [NIOINJ
R R R R A R
47 48 49

trans-l,4,5,8-Tetraazadecalin (47,
transtl ,4,5,8—letranitroso-1,4,5 ,B-tetra

Tanitroso compoy

R=H) was nitrosated to produce
azadecalin (47, R = NO). Stepwise

: nd with 100% nitric acid produced
trans-l,4,5,8,-letramtro-1,4,5,8—tetraazadecalin (50) in 47% overall yield

NO. N
ENZINQj
N N
N°2 NO»
50
to Tl?}e ;h;rd{mow“ PDl)’afzaisowurtzitane was first PTrepared in our Jabora-
TY by a facile condensation of glyoxal with benzylamine to ew
polyazapolycyclic ring Produce an

S)’Stem, 2,4,6,8,10,12-hexabenzy]_2’4 6 8 10 12-
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hexaazatetracyclo[S.S 0.0°2.0>"dodecane  ( hexabenzylhexaazamsowan-
jtane, 51a). (Ref. 107) The reaction is also successful with phenyl-
qbstituted benzylamines leading to derivatives 51h~g. The caged product
s unusual in that all of the endocyclic nitrogens are at -bn’dges with none at

5, Palycy

bridgeheads as in hexamine 4.
7
8 8
ArCHzN NCHQN
/

HCOzH, pH 8.5
6 ArCH:NHz + 3 (CHO)Z__.z__f_... ArCHzN }5" ([ NCHAr
1 5

CH3CN 10/& £\4

AICHN™" 11 3 T NCHAr

51a, Ar = CgHs

51b, Ar = 4-CH3CgHy
51¢, Ar = 4-{i - C3H7)CsHy
51d, Ar = 4-CHaOCgHy
51e, Ar = 3,4-(CH30)2CeH:

511, Ar = 2-CiCgHy
51@, Ar = 4-CICgHy

aza'g;‘iv?l::‘\" tcondensa_ltiop reactions of amines with glyoxal to yield hexa-
certain th ane der}vatlves 51 appear to be limited to benzylamine and
ﬂﬂilineslfl enl)il-substxtqted penzyl;?mines. Primary aliphatic amines and
ith cert?a ly fOI‘II'l dicarbinolamines 52 or diimines 53 (Refs. 108-112).
obtain §2 n al’ylé}mlm’es, such. as 2-chloroaniline or aniline itself, one may
densation or 1,1',2,2 —t_etrak1§(arylamino)ethanes (Ref. 109). The con-
in the 1 of benzy}amme with glyoxal was apparently not described
tions ofl erature prior to our report (Ref. 107). However, .condensa-
ave b a-methylbenzylamine and a,a-dimethylbenzylamine with glyoxal
een reported to produce diimines (53, R = C¢H;CHCH; and

C
GHSC(CHa)z, respectively) (Refs. 111,112).
- HZO
2 ANH, + (CHO) ——» RNHCHOHCHOHNHR
52

RN=CHCH=NR
53 (R = alkyloraryl)

pared in a very facile man-
uantities of benzylamine

Hexabenzylhexaazaisowurtzitane (51a} is pre
t 25°C. An acid

ner by condensation of nearly stoichiometric g
ueous acetonitrile solvent a

With 409% aqueous glyoxal in aq
catalyst (formic acid, 0.1 molar % of the amine) is required. The solution
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Table III. Synthesis of Hexabenzylhcxaazaisowurtzitanes

Yield, gt
Compounds Phenyl substituent Mp, °C* Procedure A Procedyye B
Sla H 154-155 80 64
S1ib 4-CH, 172-174 68 49
Sic 4-i-C;H, 144-145 24 52
51d 4-CH,O 148-150 60 35
Ste 3.4-(CH,0), 160-161 50 11
51 2-Cl 208-211 68 15
Sig 4-Cl 212-214 46 15

“Melting point of analytical samples recrystallized from acetonitrile,

* A modified procedure B was employed {except for Sla) in which all of the reactants are
mixed at once and methanol is used as the solvent.

d and acetonitrile-d;, 40c is in
- On the other hand hexabenzyl-

2

vidence of equilibration nor of

exabenzyl compound
hydrobromide salts in

T€atment with sodium
Pletely decomposeg by heating in acetic
Y treatment with 109 acetic acid jp methylene
25°C. The decomposition Products are yniden-

ochloride ang
¢ & may b

hy_droxude. Howaver, Sla is c);me ctely desompe:
acid aft 50°C for an hour or
chloride for Several hoyrg at
tified oilg.
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The structure of the 4-(methoxybenzyl)hexfwfnzaimwumitane derrvative
std was established by x-ray crystallography. (1 hp crystals obtained for the
henzyl derivative Sla were twinned and less suitable for' crystailographic
analysis.) The benzyl methylene groups at N-4 and N-10 in crystalline $1d
are exocyclic to the six-membered rings. In the five-membered rings, two
of the methylene groups are exocyclic (at N-6 and N-12) and two are
endocyclic (at N-2 and N-8). In 5la—g in solution only two types of benzyl
methylenes are seen, corresponding to those attached to the five- and six-
membered rings (NMR data).

All of the isolated isowurtzitanes 51a~g show similar 'H and >C NMR
spectra (acetone-dg solvent). Characteristic of the proton spectra are two
singlets for the two types of ring cage methine protons (six total) observed
in4:2 ratio near 84.0 and 3.5, respectively. Also seen in a 2:1 ratio are the
signals for the 12 adjacent benzyl methylene protons that appear near 84.0.
The C-NMR spectra reveal two signals for the carbons of the isowurt-

zitane ring in a 2:1 ratio near 77.5 and 81 ppm.
The mechanism of formation of hexabenzylhexaazaisowurtzitane (51a)

is bglieved to involve a trimerization of diimine 55 (Scheme 7). The d1
carbinolamine precursor 54 is prepared by reaction of benzylamine with

2 CgHsCHNH, + (CHO)y—= CgH5CHoNHCHOHCHOHNHCHCeHs

54
H* 55t
54 —— = (CgHsCHoN=CHCH=NCHzCgHs + 2 H20
55
HO’ + 5-
255 - CsHsCHgﬂlCHCH=NCH2C5H5 — csHscH2N~——-{>HCH=NCHzCsH5
CeHsCH2N *+N-CHzGCeHs
CgH5CHoN=CHCH=NCH,CgH35
-+
56 57
CgHsCH2 ?H205H5
|
N N N
55 H*  CsHsCH2NH +T _oH st
" + NHCH2CsHs
1
CeHsCH2 CHzCeHs
58

Scheme 7
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glyoxal in 50% agueous ethanol or tetrahydrofuran, containing form

acid catalyst at 0°C; the reaction ‘is con?plete within a few minutes The
diol is isolated as a white, crystalline sohd, mp ftS—?S"C, containing myg,
water of solvation (40-30% by weight). The diimine N,N'-dibenzyl.; 5.
ethanediimine 55 is obtained by simply dehydrating the hydrated gy,
under reduced pressure (0.1 mm, 25°C) for about an hour. Sufficiey
formic acid remains in the solvate to assure rapid and complete dehydr.
tion of the diol to the diimine. The diol 54 and diimine 55 may readily b
distinguished by differences in their YH-NMR spectra. The diimine reveals
a characteristic vinyl CH signal near 88.08 in CDCl3. The benzyl meth-
ylene signals appear at 84.63 and 4.78 for 54 and 55, respectively. The
samples of 54 isolated are rather pure, except for the presence of water and
some tetrahydrofuran or ethanol solvent. The diimine samples also contain
water, in addition to some oligomers of 55 (‘H-NMR assay).

Diol 54 and diimine 55 are very reactive, unstable substances. At
ambient temperature they rapidly change to brown gums within a few day§;
a low yield (3-5%) of 51a may be isolated from the gums. However, it
solution in acetonitrile solvent containing a small amount of formic acid,
both 54 and 55 rapidly produce 51a (50-60% yield). The diol reacts more
slowly than the diimine, indicating dehyration of the diol 55 to be sl(_)wcj.r
than trimerization of 55 to form 5la. Of the total 5la formed withn
17 hours, 92% of it is formed within the first 30 minutes from diimine 35,
but only 75% from diol 54 during this same time period, under the same
reaction conditions. The principal side reaction appears to be potymerization
of 5. Most diimines 53 isolated from other amines and glyoxal are stable
materials; they do not polymerize readily nor do they self-react 0 P&
duce isowurtzitanes. Dibenzy] diimines appear to be unusual in their very
reactive behavior 1o produce 51.

_ The diimine trimerization to yield 51a is one of addition of 2 1,2-dip(’1e_m
itself (Scheme 7). The acyclic dimer of a diimine is a dipole, such as 56 wh

can cycli;e and protonate most readily to form a five-membered rin8
monocyclic dimer (cation 57). Reaction o

Lo f 87 with dimer 55 and prott:mation
should lead to the bicyclic trimer 58. Intramolecular cyclization of 58 leadsto
31a after loss of two protons,

Monoimines derive'd from most aldehydes and ammonia undergo ?
related, extremely rapid trimerization to produce 2,4 6-trisubstituted 1,3:5
llleu‘(ahyld;octlnannes. These reactions also proceed by additions of an
imine 1,2-dipole to itself (Refs. 89.90). Th : . > de-
hydesto form N, N’ N" ). The reaction of amines with al

-trisubstituted-1,3 S-hexahyd 1azi
. _ W, rotri obeen
observed; amines include anilines and ben y azineshasals

: s include zylamine, H, ith most
amines the reaction is limited to reactions with formaldzﬁegzr(’gel;: 113~
116). Only methylamine and allylamine ha Y '

ve been observed to product
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| 2,3’4’5ﬁ-hexasubstituted- 1,3,5-hexahydmtriazi'ncs, and only whes reags-
in’g ith acetaldehyde (Refs. 134—] 18). Other amines react with aldefrydes
o produce imine; RCH==NR' that do not cyclize to hexahydrotriazines.
smine 55 is such an imine.

Duln the reactions of anilines with aromatic aldehydes to form Schiff bases.
the rate-limiting step at neutral or slightly alkaline pH is dehydration of
the carbinolamine intermediate AINHCHOHAT' (Ref. 119). The rate of
schiff base formation is slower for electronegatively substituted anilines
(Ref. 120). It has been observed in the condensation of benzylamines with
glyoxal to form phenylsubstituted hexabenzlyhexzaazaisowurtzitanes §1
that the rate is much slower with benzylamines bearing electronegative
substituents (2-Cl, 4-Cl, 4-CH,0, 3,4-(CH;0),) than those with electron-
releasing substituents (H, CHj, i-C;H,). Nitro-substituted anilines react
with glyoxal to form dicarbinolamines (52, R = 4-NO,C.H,. 3-NO,CH,)
of very great stability which do not readily dehydrate to diimines 53.

To determine the effect of deuterium substitution on formation of 51a.
apother method was employed to generate glyoxal. 2,3,-Dihydroxy-1.4-
dioxane 59, a hemiacetal derivative of glyoxal, is a very useful precursor
that does not require the 40% aqueous solution (Ref. 121). A mixture of 59
and benzylamine-N,N-d, in CD;CN/D,0 with formic acid-d, as catalyst
Produced 51a containing no deuterium. The yield of 51a was only 30%

after 22 hours, compared to 61% when the reaction was conducted in the
Same manner and the same concentrations with benzylamine/CH;CN/

1,0 and formic acid catalyst (18-hour reaction time). The reaction is

o OH
E 2 CgHsCHoND2
o y  CDaCN/DO/DCOLD
59
-2 D0
CeHsCHNDCHODCHODNDCHCgHg——— 55 ——>51a-0p
D+

60

Toughly twice as slow in the deuterated medium, suggesting a proton trans-
e from the deuterated dicarbinolamine 60 in the rate-limiting step. The
Protonation of the intermediate anions from the 1,2-dipole self-reacuion
(86, Scheme 7, for example) would be expected to oceur at or near the
€ncounter rate. Thus, the observed deuterium isotope f:ffect in the for-
Mation of S1a suggests a rate-limiting step of dicarbmglamme‘dehfv-

55 was self-condensed in

dration. In related experiments, the diimine B o
CH;CN/H,0/HCO,H and in CD;CN/D,O/DCO,D to yield Sia in 55%
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yield in both experiments (17-hour reaction time in eac

results also indicate that trimer.ization .of 55 to 51a is not rate limitp,
The absence of deuterium in 51a isolated Afrom deuterated Teactany
and solvents discounts mechamsrps lthat require exchange of b_enz o,
methylene protons. Certain monaimines derived -fr.om b_enzﬂamme o
substituted benzylamines undergo 1,3-dipolar ad_dltlon with d}P‘_)lafOphlles
such as styrene or methyl maleate to form substituted Pyrrolidines (Ref,
122,123). These cyclizations require remoya] of benz'yl a-methylene pro-
; I addition mechanisms of this type may be gjs.

at the Structurally
related imine benzylidenebenzylamine, CGHSCH2N=CHC6H5, does not

exchange any of its protons in CD;CN /D,0/DCO,D.

The question arises regarding the apparent uniqueness of benzylamllnes
in the condensation with glyoxal, which leads to hexabenzylhexaazaiso-

h Case),

O inhibit imine 1,2-dipole self-reactions (Refs.
89,90,111,112).

The Scope of the reaction of amines
hexaazaisowurtzitanes Sla appears ¢

with glyoxal leading to hexabenzyl-
certain phenyl-substituted b

0 be limited to benzylamine and

Plstoconvertcertain diiminesother than 55into il

itions, including conditions suitable for forﬂH'l
- Dlimines examined included 53; R = +-C; 9&
i-C3H7, C(,I'{sCH(CH;), and (CH3)3CCH2, the diimiﬂes were re(.:ove;:
i of diimineg (53, R= +-CyHo, -CsHrs
enzyldiimine 5§ lead only 1o 51, andrecovered 53. AISIO:
mixtures of amines (t“C4H9NH2 or i-C;H,NH,, Separately) with benzy as
mine and glyoxat lead oniy 1 Sla. Heteroarylmethylamines and allylaminé
might be €Xpected 1o Produce hexaazaisowurtzitanes. However, efforts tlo
€xtend the isowurtzitane Synthesis to amines of thig type were UDSUCCCSSfu&
Amines examineq included furfurylamine, 4-pyridylmethylamine, 1- an
2-naphthylmethylamine, 2~

aminoimethylthiophene, allylamine, cinnamyla-
mine, aswe|] g5 2-pheny1ethylamine and glyci
of these react i i

nemethyland ethy] esters: most
1ons lead not to 1S0wurtzitanes or diimines, pyt to complex,
mostly polymeric honerystalline Mixtures. Sy
dioxane 59 for 4g¢;

- Substitution of2, 3. gjpydroxy-1,4-
4queous glyoxa) in se
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The reaction of benzylamine with 2,3-dihydroxy-1 d-dioxane (98) ;
etonitrile so]venF was examined in the presence of one molar equwalen)t :;
glvernitrate; no acid catalyst was added. The reaction took a differentcon ‘
Justead of forming 51, 54, or 55, the dioxane ring remained uno C—dU"C-
2 9,10-diaza-1,4,5,8-tetraoxaperhydroanthracene derivative {;’elnc .
obtained (42% yield). This reaction was also observed ':‘ )h "
pyridylmethylamine, in the absence of either silver nitrate or acid cat ;t .
yield 61b (67% yield). The structures 61a,b are in agreement wi?hyts.‘:’ I'O
spectral data. An x-ray crystal structure determination established t;"
structure of 61a. Both 61 and the related 49 exhibit als-fr&mo:’d’-cis n’n;

R
EOI NI oj
o N o
R

613, R = CgHsCHp
61b, R = 4-CsHyNCH;

stereochemistry.

cov]:rl:d ;lhnrg : sIt’oly aZa:sowurtzl:tanes descri.bed represent recently dis-

Prepared by ly oen‘fls' A-l I have nitr ogens at bndges, not bridgeheads. All are

buffered Solftiyo xal-amine condensations. Tpe mitial'step ismore efficient in

more stab ns near pH 9. The polyazaisowurtzitanes are significantly
© toward acids than the known polyazawurtzitanes.

vi, Summary

Ca : .
Strfss_lrg;t;:mmes are high-density materials, owing to the presence of
acyclic ang atures Ch:?ractenstxc of all caged mok.eques not found in tbelr
are thoge _monocyclic analogues. The known highest energy explosives
dratip of with th_e highest density (near 2.0 g/cm’). Caged nitramines with
Sfeater th Nitramine to carbon of one or Iess'sl.lould have. densities near or
With eng an 2:0. Known methods of synthesizing .polycyhc (gaged) amines
Cages I ocyclic nitrogens in adamantane, waurlzitane, e_md isowurtzitane
materiala ve been reviewed in this chapter. Most synthetic routes to these
aldeh, ds involve condensation of ammonia, amines. or amides with an

¢ ey eor ketone or a derivative thereof (acetal, orthoester. amr‘n'als‘ etc.).
halo r less frequently employed methods include olefin additions and

gen—amine displacement reactions.

. The desired caged nitramines have nitrogens at bridges to which the

Nitro group is attached; bridgehead nitrogens are absent. Synthesis of



20 Arnolg T Nicg

t nitration 2
n ‘Cy Clization of
Nitramipe, ¢

, Or trimethyltin-substituted

REFERENCES

L A.T. Nielsen. Naval Weapons Center Technical Paper No. _NWC TP 154?2;
February, 1973 Calculation of Densities of Fuels and Exp'!oswes frorg l_foa
Volume Additive Incremenss; Nava) Weapons Center, China Lake,wa ; .0 .

2D A, Cichra, J. R, Holden, and C. R. Dickinson. Nava] Surface Weap
Center Technica Report No, Nswc

TR-79-273, February 1980; Estimﬂfifz
of Normal Densities of Explosives from Empirical Atomic Volumes, Nay
Surface Weapons Center, Sitver Spring, Md.

<@ L.R. Rothstein ang R. Petersen,
(b) L. R. Rothstein. Propellants ang Explos. 6, 91 (1981).
M. J. Kamiet and

Vs W

) Explos., rotech. 8, 19 (1983).
aton and T.pW. C:l);, I J. Am. Chem, soc. 86, 3157 (1964).
. - 96, 3889 (1964). 7 Am
quette, R, J. Tey D. w, Balogh and G, Kentgen. J.
Chem. Soc. 105, 544¢ (1983).

oo ~J &
T
w7
I
g.

&

1
]

10. G. ¢, Hale. 7. 4

O Am. Chem, Soc. 47, 2754 (1925). 1949).
1. W, E Bachmang apqg 1. C. Sheehan. s Am. Chem. Soc. 71, 1842 (
12. w. g, Chute, . C. Bownin

ioht.
& A. F. McKay, G. 5. Meyers and G. F Wrigh
;7. Res. 278, 218 (1940,

13w Chute, A F

-
‘- McKay, R . Meen, G. S. Meyers and G. F Wrigh
Can . Res. 278, 555 (1949).

14 A H. vrgom and C. A. Winkje,. Can. J. Res. 288, 701 (1950). S
15 T. €. Castoring, F. S. Holahan, R_J. Graybush, 1. V. R. Kaufman and S.
i J. Am. Chep,. Soc. 82, 1617 (1960},
16. 1. T. Edwarq, Chem. Ed. 64, 509 (1987),
17. M. R, Crampiop, M. Jones, j. K. Cranage and p, Golding, Tetrahedron 4
1679 (19g).
18. Goociman J.

- Am. Chep, Soc. 75, 3019 (1953),
19. 1. AL Bell ang . Dunstay,. J. Chem. Soc. C 870 (1966,



5P

2

B

3
A
il
26

2.
3.

29.
30.

31

3z
3.
34
3.
36.
37,

3.
39.
40.
41.
4.
4.
4.
45,
46.
47,
48,
49,
30,

1.
52,
53,

54,

plycyclic Amine Chemistry
g L. Willer and R. L. Atkins. J. Org. Chem. 49, $147 (1934

% N. V. Averina and N. S. Zefirov. Uspekhi Khimii 48, 1077 {1976},

T. Sasaki. Adv. Hetero. Chem. 30, 79 (1982),
: R. Lukes and V. Galik. Collect. Czech. Chem. Commun. 19, 712 (1954).
.M. S. Newman and H. S, Lowrie. J. Am. Chem. Soc. 76, 4598 (1954;.
. R, Fusco and G. Bianchetti. Gazz. Chim. ftal. 86, 5) (1956).
. V. Galik, Z. Kafka, M. Safar and S. Landa. Collect. Czech. Chem. Comm.

39, 895 (1974).
W. N. Speckamp, J. Dijkink and H. O. Huisman. /. C. 5. Chem. Commun.

197 (1970).
G. D. Georgievskaya, M. D. Boldyrev and L. I. Bagal. Zh. Org. Khim. 7,

1618 (1971).
T. Severin, D, Bitz and H. Krimer. Chem. Ber. 104, 950 {1971).
V. A. Sokolova, M. D. Boldyrev, B. V. Gidaspovand T. N. Timofeeva. Zh.

Org. Khim. 8, 1243 (1972).
V. A. Sokolova, M. D. Boldyrev and B. V. Gidaspov. Zh. Org. Khum. 12,

1525 (1976).

B. Delpech and Q. Khuong-Huu. J. Org. Chem. 43, 4898 (1978).

G. H. Wahl, Jr. and §. E. Zemyan. Tetrghedron Lett. 4545 (1982).

H. Stetter, P. Tacke and J. Giirtner. Chem. Ber. 97, 3480 (1964).

H. Stetter and K. Heckel. Chem. Ber. 106, 339 (1973).

A.R. Gagneux and R. Meier. Tetrahedron Lett. 1365 (1969).

ﬁg J. Schultz, W. H. Staas and L. A. Spurlock. J. Org. Chem. 38, 3091
73).

W. H. Staas and L. A. Spurlock. J. Org. Chem. 39, 3822 (1974).

1. Bosch and J. Bonjoch. Heterocycles 14, 505 (1980).

J. G. Henkel, W. C. Faith and J. T. Hane. J. Org. Chem. 46, 3483 (1981)

1. G. Henkel and W. C. Faith. J. Org. Chem. 46, 4953 (1981).

J. T. Hane and J. G. Henkel. Tetrahedron Lett. 31, 2949 (1990).

F. Galinovsky and H. Langer. Monatsh. Chem. 86, 449 (1955).

H. Stetter and H. Henning. Chem. Ber. 88, 789 (1955).
V. Galik and S. Landa. Collect Czech. Chem. Commun. 38, 1101 (19334)5'3)
J. Kuthan and J. Palecek. Collect. Czech. Chem. Commun. 28, 2260 .

W. G. Grot. J. Org. Chem. 30, 515 (1965).
S. Welner and D. Ginsburg. Israel J. Chemn. 4, 39 (1966).
J. Kuthan, J. Palecek and L. Musil. Z. Chem. 8, 229 (1968).

J. Kuthan, J. Palecek and L. Musil. Collect. Czech. Chem. Commun. 38, 3491
%I.Q;ZZQM, S. Eguchi, T. Kiriyama and Y. Sakito. J. Org. Chem. 38, 1643
5\19 ?)F.{utznetsov, P. F. Yakushev and B. V. Unkovskii. Zh. Org. Khim. 19,
? 4;(1(11122:1),.1 Palecek and L. Musil. Collect. Czech. Chem. Commun. 3%, 750

(1974). ) 5):
P. chleiber and K. Nador. Acta Chim. Acad. Sci. Hung. 84, 193 (1975)

Chem. Abstr. (1975) 82, 124595k.



12

5.

56.
57.

38.
59.

60.

61.
62.
63.
64.
65.
66.
67.

68.
69.
70.

7.

R. E
73.
4.
7s.
76.

7. A.Q
78.

79,

80, H
81,

82. A
83.
84. H

85,

Arnolq T Nf?l:en

Z. Kafka, V. Galik and M. Safar. Collect. Czech. Chem. Commyy, %, 1,
1975).

g—l. Quast and B. Miiller. Chem. Ber. 113, 2959 (1980).

L. M. Jackman, T. §. Dunne, B. Miiller and H. Quast. Chem. Ber. 115, 20
(1982),

H. Quast, B. Miiller, E.-M. Peters,
Chem. Ber. 115, 3631 (1982),

A. I. Kuznetsov, E. B. Basargin, M. H.

Unkovskii. Zh. Org. Khim. 21, 2607 (1985). )

O. T. Burdelev, A. I. Kuznetsov and B. V. Unkovskii, U. §. 5. R. Patey

376, 359, 1973; from Otkrytiya, Izobret., Prom,. Obraztsy, Tovarnye Znayi 50,

72; Chem. Abstr. 79, 53353¢ (1973).

H. Stetter and X_ Heckel.

K. Peters and H. G. von Schnering‘

Ba, P. F. Yakushev ang By

H. Stetter and W, Bdckmann. Chem. Ber. 84, 834 (1951).
L. Meurling, Chemicq Scripta. 7, 23 (1975).
D. A. Durha

m, F. A, Hart and D. Shaw. J, Inorg. Nucl. Chem. 29, 509
(1967).
N. w. Gabel, U, s, Patent 3,301,854 (1967); Chem. Abstr. 67, 21936h (1967).
E. B. Hodge. J, Org. Chem. 37,7320 (1972).
V. Galik, M. Safar, 7, Kafka and §, Landa. Collect. Czech. Chem. Commun.
40, 442 (197s).
M. Safar, V. Galik, 7. Kafka and S. Landa. Collect. Czech, Chem. Commun.
40, 2179 (1975).

- 1975; Chem. Abstr. 84, 5019g (1976).

«Juast and C, p, Bern
H, Quast, C,

Chem. Ber. 1
H. Stetter, D

eth. Chem, B
-P. Berneth, E. ‘M. Peters
19, 3842 (1986).

- Theisen ang
1. Bremen, Chem. Ber, 106, 2523 (1973) .
A. T. Nielsen, §_ 1., Christi - W. Moore. Synthesis and Chemical
Behawor‘of 2,4,10—Triazaadamanmne; Paper presented at Pacific Conference
on ghemlstry and _Spectroscopy, San Francisco, CA, Sept. 28, 1988.

p .F lw:lr‘(:v. l:lebtgs Ann. Chem, + Pharmacie 111, 242 (1859),

éha.p N 19“‘ Formaldehyde“, Third Edition, Reinhold, New York, 1964

er. 116, 1345 (1983). ,
» K. Petersand H. G. von Schnering.

(l;)ﬂ;') Richmond, G.s. Myers and G. F Wright. J. A Chem. Soc. 70, 3659
A.T. Nielsen, p

- W. Mo . D. . L. ; -
a4, 1678 (1975). ore, M. D. Ogan and R L. Atkins, J. Org. Chem



s, Polyeyclic
(a C. A Cupas and L. Hodakowski, J. Am. Chem. Soc. 96, 4664 (1774

86.
86. (
87.
88.
89.
90.
91.
9.
93,

94.
9.

9.

97.
98.

99,
100,
101.

102,
103,

104,
105,

106.
107.

108.
109,
L0
111,
112,
113,

114,

115

Amine Chemistry

b D. P. G. Hamon and G. F. Taylor. Aust. J. Chem. 29, 1721 {1976,
R. 0. Klaus and C. Ganter. Helv. Chim. Acta 63, 2559 (19%0).
A. T. Nielsen, 8. L. Christian, D. W. Moore, R. D Gilardr and C.

George. J. Org. Chem. 52, 1656 (1987).

F

A. T. Nielsen, R. L. Atkins, D. W, Moore, R. Scott, D. Mallory and ] M.

LaBerge. J. Org. Chem. 38, 3288 (1973).

1349 (1974).

A. T. Nielsen, R. L. Atkins, J. DiPol and D. W. Moore. J. Org. Chem. 3,

E. M. Smolin and 1. Rapoport in The Chemistry of Heterocyclic Compounds;

A. Weisberger, Ed., Interscience, New York, 1959; Vol 13, Chapter 9.

A. R. Katritzky, R. C. Patel and F. G. Riddell. Angew. Chem. Int. Ed Engl

20, 521 (1981).

V. T. Ramakrishnan, M. Vedachalam and J. H. Boyer. Herterocycles 31, 479

(1990).
S. L. Vail, C. M. Moran and R. H. Barker. J. Org. Chem. 30, 1195 (1965).

A. C. Currie, A. H. Dinwoodie, G. Fort and J. M. C. Thompson. J. Chem.
Soc. (C) 491 (1967).

J. M. Edwards, U. Weiss, R. D. Gilardi and I. L. Karle. Chem. Commun.
1649 (1968),

R.D. Gilardi. Acta Crystallogr. B28, 742 (1972).
H. C. Chitwood and R. W. McNamee, U. S. Patent 2,345,237 1944; Chem.

Abstr. 38, 4274 (1944).
H. -W. Wanzlick and W. Léchel. Chem. Ber. 86, 1463 (1953).

H. Baganz, L. Domaschke and G. Kirchner. Chem, Ber. 94, 2676 (1961).
L. J. Ferguson, A. R. Katritzky and R. Patel. J. Chemn. Soc. Perkin 11 1564
(1976).

B. Fuchs and A. Ellencweig. Recl. Trav, Chim. Pays-Bas 98, 326 (1979).
B. Fuchs, S. Weinman, U. Shmueli, A. R. Katritzky and R. C. Patel. Ter-

rahedron Les. 22, 3541 (1981). 65 (1983)
R. L. Witler. Propellants. Explos., Pyrotech 8, : 5
R. L. Willer, D. W. Moore and D. J. Vanderah. J. Org. Chem. 50, 2365
(1985).

R. L. Willer, D. W. Moore, C. K. Lowe-Ma and D. 1. Vanderah. J. Org.
Chem. 50, 2368 (1985). lardi
A.T. Nielsen, R. A. Nissan, D. J. Vanderah, C. L. COon,;;é %gc;;m.
C. F. George and J. Flippen-Anderson. J. Org. Chem. 55, 170) ( '

J. M. Kliegman and R. K. Barnes. Tetrahedron 26, 2555 (191976)

J. M. Kliegman and R. K. Bamnes. J. Org. Cl"(;imézsfi;;f)O( )

H. tom Dieck and I. W. Renk. Chem. Ber. 104, g ‘
M. D. Hurwitz, U. S. Patent 2,582, 128 1952. Chem. Abstr. 46, S146f (1952)

i ietri 4 (1984).
H. tom Dieck and J. Dietrich. Chem. Ber. 117, 69 o .
A. G. Giumanini, G. Verardo, E. Zangrando and L. Lasstani. J. Pruke

Chem. 329, 1087 (1987). o o
B. Mauzé, ’J Pornet, M. -L. Martin and L. Miginiac. €. R. Acad. Sei. Parss
Ser. C, 270, 562 (1970).

1. Graymore. J. Chem. Soc. 1353 (1932).



124

116.
117.
118.
118.
120.
121.
122,

123.

Arﬂﬂld T Nld&m
A. G. Giumanini, G. Verardo, L. Randaccio, N. Brescian;-

Pahor
Traldi. J. Prakt. Chem. 327, 739 (1985). and p,
G. B. Carter, M. C. Mclvor and R. G. J. Miller. J. Chem, Sac. . 29
(1968).

Y. S. Dolskaya, G. Y. Kondrateva, N. L. Golovina, A. S. Shashkoy ang
V. L. Kadentsev. Izv. Akad. Nauk SSSR. Ser. Khim. 1812 (1975).

E. H. Cordes and W. P. Jencks. J. Am. Chem. Soc. 84, 832 (1962).

E. F. Pratt and M. J. Kamlet. J. Org. Chem. 26, 4029 (1961).

M C. Venuti. Synthesis 61, (1982).

A. T.Kazaryan, 8. O. Misaryan and G. T. Martirosyan. Arm. Khim. Zh, n,
913 (1978); Chem. Abstr. 90, 186707x (1979).

R. Grigg and J. Kemp. Tetrahedron Let. 21, 2461 (1980).



6

Metallacarboranes of the Lanthanide and
Alkaline—Earth Metals: Potential High Energy Fuel
Additives

Rajesh Khattar, Mark J. Manning, and
M. Frederick Hawthorne

The organometailic chemistry of lanthanide and alkaline-earth metals has
altracted particular attention in recent years. The elegant work of Evans
and co-workers has demonstrated that the chemistry of the Ianthaqides
with the ¢yclopentadienyl ligand is rich and novel [1-10]. The alkaline~
carth metals also form similar type of complexes with cyclopentadienyl
ligand with beautiful structural arrangements [11]. The isolobal analogy
between the cyclopentadienide ligand and dicarbollide ligands [IZ} led us
10 explore the chemistry of the latter with the lanthanides. In this chapter,
We describe the synthesis and characterization of the first n’-bound metal-
lacarborane incorporating the lanthanide metals. We have extended t}3e
Chemistry of the lanthanide and the alkaline—earth metals to other anionic
farborane ligands such as [nido-7,9-C;BoH;oF*~ and isolated correspond-

ng closo-metallacarborane species with unusual structun_a! arrangements.

@se and related metallacarboranes are attractive candidates for use as

high energy fuel additives.

l. Lanthanide Element Metallacarboranes

The interaction of Na,[nido-7,8-C;ByHy,] with Lal, (Ln=Sm or Tb) m
HF results in the precipitation of an amorphcus solid whose forgnu,;itxon
has been established as Ln(C:BsHu )(THF)4 [Ln =Sm (1) or Y (;] ]' on
the basis of spectroscopic, magnetic, and complex_lomemc analyses
13 14]. Both these new complexes are extremely air- and moisture-
sen’sitiv.e and do not melt or sublime up to 200°C but can be stored under an
Copyright © 1991 by Academs Press, Ine

125 All rights of reproduction in am form eeservesd.
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inert atmosphere for extended periods of tim.e. Alternatively, the comple,
2 can be prepared more cleanly and conveniently by theﬁdlrect OXidag,
of Yb metal with either [PPN]+[closo-3,1,2-TlQBgHu] or [TI}*[cfpqr
3,1,2,-TIC,BgH,;]™ in THF at room temperature. The reactiop scheme fo,
the synthesis of these divalent lanthanacarborane co

mplexes js Biven iy
Eqs. 1-3. The complex with the formuiation Ln(C;B,oH,,)(L), {Where
Lx? ~ Sm or Yh: L =THF or MeCN; x =3 or 4) can also be Synthesizeq

the interaction of Lnl, with Nay[nido-7,9-C;B,H,,] in a particular copy,

dinating solvent at room temperature [13). A full TE€port concerning they,
structural characterization will be published elsewhere.

THF
LHIZ + Naz[nido-7,8-C2BgH1 1] h—
claso-l,1,1,1-(THF)4-1,2,3—LnC2B9Hn +2Nal ()

- THF
Yb + 2[PPN]+ [€1050-3,1 ,2-T1C2B9H] 1] e

dm.l,1,1,1-(TH1=)4-1,2,3-ch2139Hu +2TI° + [PPN)[nido-7,8-CoBgH,;] (2)

Yo+ [T (closo-3,1, 2-TIC,ByH, |~ ¥,

closo-1,1,1,1-(THF)-1,2,3-YbC;BsHy, +21F ()
These divalent
soluble in TH

(15]. The complex 2 s stable in the
g solvents. The fact that 1 i
soluble, whereas 2 undergoes ligand displacement reactions with the samé
coordinating solvens IS consist

ent with the higher reactivity O.f Sm(Il
versus Yb(I1) [16]. The ionic radius of Seven-coordinate Sm(I1) is 0.14
larger than the corresponding radjys

This probe
m of 2 ip CDiCN which gh

0s and free THF ligands. Ipte

D:CN Suggests that 2 copy
The 'B-N

carboranyl CH proto
spectrum of 2 i C
dicarbollide cage,

OWs resonances due 10
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of resonances similar to_that found ip fhc spectrum of the known monoes-
jon [nido-7,8-Q»B9H1_2] . The chemical shifts differ shghtly from those of
ihe monoanion; a brief exposure of a NMR sample of 2 to air/moistece
yields the known monoanion [nlda-?,S-CngHl 2] (as shown by ''B-
NMR). The solid-state IR spectra (Nujol mull) of I and 2 exhibit a umque
split pattern in the reg.ion of their B—H‘stretch. In addition to this. the
spectra display absorptions due to coordinated THF (1025 and 876 cm
for 1; 1024 and 877 cm™' for 2). In order to establish the molecular
geometry of these complexes, an x-ray diffraction study was carried out
[13,14]. Suitable single-crystals of the DMF derivative of 2 were grown
from DMF/Et,O solution at room temperature over a period of | week
and the structure was established by x-ray crystallography.

The structure of Yb(C,BoH,;)(DMF), (3) is shown in Fig. 1. The ytter-
bium ion symmetrically caps the open pentagonal face of the dicarbollide
ligand to generate an icosahedron and the remainder of the coordination
sphere about the ytterbous ion is completed by four DMF molecules (only
oxygen atoms of the DMF ligands are shown in Fig. 1 for clarity). The four
oxygen atoms lie approximately in the same plane with an average O-Yb-
O angle close to 90°. The plane defined by the four oxygen atoms is nearly
parallel to the plane containing the upper belt (these atoms are capped by
the lanthanide) of the dicarbollide cage; the dihedral angle is 7°.

Fig. 1. The molecular structure of 3 showing the atom labeling scheme. Only the oxygcz
atoms of the coordinated DMF ligands are shown, Due to disorder problems. the carbon an
boron atoms in the upper belt of the carborane fragment could not be distinguished.

o(3)

0(2): 2 f ;0“) Qow
Y6

B(®)
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The ytterbium-boron (upper belt) distances range from 2.73 EARTS 27
(4) A with an average value of 2.74 A and compare very well with lyy,
anide to ligand distances reported for other structurally characterizeq
divalent organolanthanide complexes. The average Yb-O (DMF) poy
distance in 3 is 2.37 A which is slightly shorter than the Yb-O (T
distance (2.41 A) found in the complex (CsMes); Yb(THF) [18]. Due to 4
crystallographic disorder problem, it was not possible to distinguish be.
tween carbon and boron on the upper belt of the dicarboilide cage. The
disorder was greatly pronounced for the methyl carbons of the coordinated
DMF; attempts to collect data at low temperature were unsuccessful,
The molecular structure of 3 raises a number of questions concerning
the nature of the interaction of ytterbium atoms and the dicarbollide
ligand. In order to obtain additional information concerning the nature of
the bonding interaction of the ytterbium atom and the dicarbollide ligand,
an IR study was carried out. The solid-state IR spectra of these closo-
lanthanacarboranes 1 and 2 display two sharp B-H stretching bands (split
pattern) separated by about 100 cm™!. This particular kind of split pat
tern had not been observed before in the IR spectra of other metalla-
carborane complexes. In order to elucidate the origin of IR band ‘splitting’,
selectively deuterated lanthanacarboranes, closo-l,1,1,1-(THF)4'1»7-’3'
LaC,BoHD, [Ln = Sm {4) or Yb (5)] were prepared [19]. In these deuter
ated complexes, the two nonadjacent borons [B(4) and B(6)] on the upper
belt of the dicarbollide ligand are bound to deuterium [20] and should
shqw a characteristic low frequency B-D) stretch in the IR spectrum. The
Sact)h;-'stla;;gil}n _sfeﬁri;?_ of b?;h 4 and 5 indeed exhibit an ab_sorptic;r}
comitant decrease i t]:S e:tttn u'ted to a B-D stretch and there 18 afcfhe
terminal B-H abso tioe "llr‘!hensny O e o frequency branth
absorption) is 1.32 ;gr bn' ¢ ratio of vpy/ vy (using the tow frequency
. oth 4 and 5. A ratio of 1.33 can be calculated fof

+ = ed analogue of the metallaborané
[é:_u%; Zl\?ng?]l (21]. When the ratio i calcufate using the high frequency
consistencrp omé)n a value of 1.38 is obtained for both 4 and 5. Given thé
the obsen?e d d;?};/ YBp using the low frequency absorption along with
Seome reasonabler tase In intensity of this stretch due to deuteration, I
upper belt terminalohass‘gn the BTH absorption near 2450 cm ™! to the
plexes available for cyo [:log;gs. W}th' no other lanthanacarborane cO™”
origin of this unique sp parison, it is rather difficult to elucidate the

> lit pattern in the IR s i -
na _ pectra. One possible expld
ca:ﬂlis:]:r?ﬁ f“:r the configuration of the terminal hydrogens of the di-

1gand; these hydrogens are bent “up” out of (he C,B; plane

b O H s .
Y about 28°, and in a similar fashion the terminal hydrogens on the
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lower belt are bent “down’’ out of the Bs plane by the same an h
is reasonable to assume that the three hydrogens on the u helt .
virtue of being close to the capping metal, have a different Bfmz ',b!
force constant than that for the lower belt and apical borons. On ;:?::
of these IR c_orrelation studies, it is reasonable to conclu&c th tt

ionic interactions exist between the cationic lanthanide ccntera “;ron!
anionic dlc.arbollide ligand; however, with the data in hand it is i an .!hc
to asc_ertam the relative degree of covalent bonding Pfesem'm%?“?:
servation of a split pattern due to the B-H stretching region of the IRc

trum may prove to be a diagnostic test for the presence of ionic bonsg—,;

in metallacarborane complexes.

Il. Preparation and Characterizatio is-Di '
n of Bis-Dicarboll
Complexes of Sm and Yb o

t'l(")hea a(_}ci;tllson (;f one molar equivalent of [PPN]*[closo-3,1,2-TIC;BoH,,]~

g b?:(:jlfuonb of Ln(C,BgH,,)(THF)s [Ln = Sm (1) or Yb (2)]

Ln(CBoE, 'i‘(;fllr oll_xde) lafthamde complex with the composition

Fon(CaBoky ), (THE);|“[PPN]” [Ln =Sm () or Yb (7)] in vp t0 0%
ng to the reaction given in Eq. 4 [13, 14].

L
2(C;BgH,,)(THF), + [PPN]*[closo-3,1,2-TIC;BgHy )™ —
[La(CyBoHyy)2(THF);] [PPN)™ + T (4)

Ln=Sm (6) or Yb (7)

Oxildnatti}(l)ls reactiop, the diva]ent.lanthanide_has been oxidized to the —3
Mmetal Trlll state Wlfh the concomitant reduction of thallous ion to thalllum
"egati.v e metal in the +3 oxidation sta_te aCCO{nmodates the high formgl
SPECtraledCharge developed by the two dicarbollide ligands. The magnetic
meta] ; ata of .these complexes also shows these complexes to possess the
1.6 Bl\;n the trivalent state. The Sm complex 6 has magnetic moment
ate v while the Yb complex 7 has magnetic moment 4.5 BM; both values
com 1311 within the reported range observed for other trivalent Sm apd Yb
s Plexes 22, 23]. Both these complexcs are extremely air- and moisture-
ensitive but can be stored for indefinite periods of time under an nert

both these complexss

atmosphere of nitrogen/argon. The THF ligands in
nation solvent ligands such as MeCN.

can be displaced by other coordi
The solid-state IR spectra (Nujol mull} of 6 and 7 exhibit absorption due
to coordinated THF ligands along with a broad, but strong absorption cen-
tered at 2520 cm™* due to a terminal B—H unit. However, the spectra do
the divalent mono

not display the unique B—H split pattern observed with
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Fig. 2. The molecular structure of [3,3.

(THF)Z-commo-B,3’-Sm(3,1,2-SmCzBsaH11)2]7[PPN]+
(6) showing the atom labeling scheme

cage lanthanides, The 'H-NMR Spectrum of 6 in CD,Cl, displays two
broad resonances at 274 and 1.34

Ppm due to methylene protons of
coordinated THF. The additj i

§ appearance of two signals at

the paramagnetic nature of 7,
to interpret the 'H-NMR spectrum as the signals are
d are spread OVver an 80 ppm range (+30 to — 50 ppm).
The structure of these new species Was established by an x-ray diffrac-
tion study [13, 14]. Suitable single crystals of the [N(PPh,),]* salt of 6 were
+ The molecuylar structure of 6 is shown in Fig. 2.
On geometry aboyt Samarium cap pe best described as 2

he two 5. ound dicarbollide ligands and the
two coordinated THF molecules Occupying the coordination sphere about
Str}a*. The average ring cemroid—Sm—O(THF) angle is 108.2°. There is n0
evidence “slipping™ [24] of the dicarbollide ligand relative to the
of the dicarbollide li

T other. A similar structural
been Previously obseryeq i
Sandwich complexes [24].

The plane defined b

Y Sm and the two Oxyge
the pl

n$ is nearly Normal (89.2°) to
ane defined by Sm ang the two ring entroids and jg very s(imilar to
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the analogous dihedral angle (92.9°) in the complex (c,Me,},smn}{r)z
23], The angle formed by the tv'vo oxygens and the f,m 14 nearly den-
lical for these two organosamarium complexes: 79.5" for 4 and 82.6°
for (CsMes),Sm(THF), [25]. The ring centroid-Sm-ring centroid angle
is 131.9 (5)° and is smaller than 137° reported for the complex
(CsMes),Sm(THF); . This is not all that surprising because of the larger
ionic radius of Sm** (eight-coordinate, 1.27 A) versus Sm’* (eight-
coordinate, 1.079 A) [17]. The ring centroid-Sm-ring centroid angle found
in the cationic trivalent samarium complex [(CsMes),Sm(THF).| [BPh,]~
is 134.7° (26], intermediate between the values reported for the complex
[25] (CsMes)>Sm(THF), and 4. A comparison of the ring centroid-Sm-~
ring centroid angles of these three nearly isostructural complexes provides
a good comparison of the bonding abilities of the [rido-7,8-C,BsH -
and [CsMes] ™ ligands and suggest that these two ligands have very similar
steric requirements.

The Sm-to-upper belt (these atoms of the dicarbollide ligand are capped
by samarium) distances fall in the range 2.693 (10)-2.785 (9) A with an
average value of 2.735 A. This compares rather well to the Sm-C(CsMes)
distances reported in other eight-coordinate trivalent Sm complexes
[26,27] (2.72 and 2.73 A for (CsMes),Sm(I)(THF), 2.71 (4) A for
[(CsMes)sz(THF)2]+), A close agreement of the metal to ligand dis-
tances in these trivalent samarium complexes suggests that the nature o_f
the bonding between a lanthanide and [rido-7,8-C;BsH,,* is predomi-
Mantly ionic in nature. This is further supported by an appl'icanon pf

aymond’s structural paradigm [28] to the metal-dicarbollide dlst_ances in
4, Using the samarium-to-upper belt average distance of 2.735 A, the
effective jonic radius for the dicarbollide ligand is calculated to be 1:656 A

ionic radius for the eight-coordinate Sm*” is 1.079A). This value is very
Similar to that already determined for the dicarbollide ligand in th; m{:"
Plex 3 (1.66 A) and is very similar to the average value de:ermmedhor th:
cyclopentadienyl ligand (1.64 = 0.04 A) [28] and thereby suggests te j:)mj-
©Onding in these organolanthanides is similar in nature, that 1s pr

Nantly ionjc.

. Alkaline—Earth Element Metallacarboranes
e initiated an investigation .of the chemistry o'f cziarboraneg
With alkaline—earth metals with a view to lnc?rporate an all\alme;eg;ta
metal into a carborane cage. To date, th_er‘e is no previous rep;l) )
discrete metallacarborane complex containing an alkalfne~earf meta
in its structural framework. These molecules would be interesting from

Recently, we hav
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several points of view. The incorporation of an alkaline—earth into 3 ¢y
borane framework is novel and it would be interesting to see what ty .
of structures these species adopt in the solid state. Secondly, the lowe
. . 24 + 2+ : T
charge/size ratios of Ca®* ,Sr**, and Ba suggest that their complexeswoyg
be very ionic in nature. Herein, we describe the preparation and structyrg]
characterization of calcium and strontium carborane complexes.

Stirring a THF solution of Cal, and Nay{nido-7,9-C,B,H 5] at roon
temperature results in the precipitation of a colorless solid. The colosleg
solid can be washed several times with THF in order to remove any
unreacted Na,|nido-7,9-C,BoH;»] and Nal which had been formed during
the course of the reaction. Recrystallization of the colorless solid from
MeCN/Et,O at room temperature over a period of 3—4 days gives colorless
needle-like crystals; the x-ray study showed it to have the formulation
Ca(C;BoH;2)(MeCN), (8) [29]. Due io the delicate nature of this com-
plex, it was necessary to mount the crystal in a glass capillary in a dry box
and the capillary was then sealed and the data were collected at room
temperature.

The structure of 8 is illustrated in Fig. 3. The calcium atom asymmetri-
cally caps the open hexagonal face of the [nido-7,9-C,B;oH,J>~ ligand.

Fig. 3. The molecutar structure of closa-1,1,1,1-{MeCN),-1,2,4-CaC,B oH,> (8). All hy-
drogen atoms have been omitted for clarity.
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The remainder of the co_or‘dinz.ltion sp_hcrc abqut the calcrum atom
completed by four acetonitrile ligands. The c.alcrum-carboranc distances
range from 2.65 to 2.94 A whert?as Ca-N distances range from 2.43 wo
251 A. The Ca(1)-C(2} distance is 2.70 A and compares rather weli with
that of 2.68 A [average Ca-C(7’) distance| reported for the complex
[c5H3—1,3-(SiMe3)2]2Ca(THF) [30] and 2.67 A [average Ca-(v') distance]
reported for the complex [(CsMes)Ca( u-1)(THF),], [31).

The interatomic distance B(3)...B(8) in 8 is 2.037 (9) A and is shorter
than that found in the complex [32] 1,1-(PPh,),-1-H-1,2,4-RhC,B H,;
(2.166 A) but is more comparable to that found in the complex [33]
1{7-CsHs)-1,2,4-CoC,BoH;7 (2.082 A). The B(9)...C(2) distance is 2.789
(7) A and is longer than that found in the complex [32] 1.1-(PPh;),-1-H-
12,4-RhC,B oHy; (2.720 A). The C(2)...B(12) distance is 2.814 (8) A and
is nearly the same (2.841 A) as found in the complex [32] 1,1-(PPhy),-1-
H-1,2,4-RhC,B,¢H;,. The B(3)...B(10) distance is 2.935 (8)A. nearly
identical with the distance 2.938 A found in the complex [32] 1.1-(PPhs);-
1-H-1,2,4-RhC,BgH;,. The four boron atoms in the upper belt { these
atoms of the carborane fragment are capped by calcium) of 8 are essen-
tially coplanar (within 0.03 A) with C(2) lying above (0.277 A) and C(4)
lying below (0.277 A) this plane. The five boron atoms of the lower
belt are coplanar (within 0.07 A). The planes defined by the upper and the
lower belt are nearly paraliel (3.4° between their normals). .

To our knowledge, the complex 8 is the first structurally charactenzgd
example of an alkaline—earth metallacarborane. We have extended this
approach to other alkaline—earth metals and obtained a novel species with

the formulation Sr(C,B;oH;,)(THF); (9) which displays a beautiful
9 can be obtained by the

pf’lymeric structural arrangement. The complex _
direct interaction of Srl, and Naz[nido-7,9-C2BwH12] in THF at room
temperature [34]. The complex 9 is insoluble in THF or Et,O but is se')lubh?
in other coordinating solvents such as MeCN or DMF. Recrystallization of
Complex 9 from MeCN/Et,O produces colorless needlelike crystals: x-ray
studies show it to have the formulation Sr(C;BioH2)(MeCN) (10) [H]-
Complex 10 reverts to 9 in the presence of THF. These c:omPle-’ff:1 f“’;
extremely air- and moisture-sensitive but can be stored for long perods O
time in an inert atmosphere of nitrogen/argon. -
The molecular structure of 10 was established crystallographlca V. ufre
able single crystals were grown from MeCN/Et;O at room tc?jlp}c:adata
Over a period of 3—4 days, mounted in a sealed glass ({apxllar_\ af' dt ; -
were collected at room temperature. The crystal is -compo_se t)lr "
Crystallographically independent but structurglly similar splra!l: « jl :\
Three units of one of the spiral polymeric chains are .shown in | ag. - A
more detailed view of the metal-to-carborane interactions can'be sr.eeu b
Fig. 5. Each carborane fragment serves as a ligand to two strontium atoms,
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Fig. 4. Three units of one of the spiral polymeric chains of [close-1,1,1-(MeCN)y 1,24
SrCyBioH o], {10).

Fig. 5. Closer view of the metal-to-carborane interactions in the polymeric compiex [closo-

1]v1»?'(MCCN):J.2,4-51(‘43;01'1,2],. (10). All terminal hydrogen atoms have been omitted for
clarity.

()N
O BH
&c
& cH
@ CH,
SN
© Sr
C(1MaA) ® H




anide and Alkaline~Earth Metallacarboranes 18

6 Lanth
wonded o On€ through an open hexagonal face and to the nther via upper

4 lower belt M-H-E (where E = B or C) interactions. The coordination
::ometry about each strontium is completed 'by thre; acetonitrile ligands.
%his arrangement of metal and carborane ligands is repeated to give a
polymeric structure. To our knowledge, this is the first structurally char-
acterized example of a polymeric metallacarborane.

The St-N distances range from 2.63 to 2.77 A whereas the strontium-
carborane (7°) distances range from 2.87 to 3.17 A. The Sr-C {carborane)
distance (2.997 and 3.176 A) is much longer than that found in the com-
plex [30] [CsH;-1,3-(SiMe; ), ],St(THF) (2.81 A). In order to accommodate
strontium into the carborane cage, the entire upper belt of the carborane
ligand in complex 1¢ is perturbed and is similar to that observed 1n the
complex [32] closo-1,1-(PPh;),-1-H-1,2,4-RhC,B,,H,, . However. in com-
plex 10, the C(2) and C(4) lie on the same side in the upper belt of
the carborane fragment. This is in contrast to other metallacarboranes
(29,32,33, 35] containing the C,B;, fragment where one carbon atom les
above and another lies below the plane defined by four borons in the upper
belt. Furthermore, the B(3) and B(6) atoms in the complex 10 lie above the
plane defined by C(2), C(4), B(5), and B(7) (max. deviation of defining
atoms from the plane is 0.05 A) in the upper belt. Thus the upper belt
adopts a boatlike shape. The carbon atoms C(2) and C(4) interact asym-
metrically with the adjacent borons in the upper belt [C(2)-B(3), C(2)-
B(7), C(4)-B(3), and C(4)-B(5) distances are 1.716 (14), 1.791 (14). 1.695
(14), and 1.609 (14) A, respectively] similar to the interaction reported for
the complex [35] closo-1,1-(PPhy)y-1-H-3-OMe-1,2,4-IrC;BioHy; [C(2)-
B(3), C(2)~B(7), C(4)-B(3), and C(4)-B(5) distances are 1.50: (3). 1.62
(3), 1.69 (3), and 1.74 (3) A, respectively]. In contrast, in the complex (29
closo-l,l,l,l-(McCN)4-1,2,4-CaC2BwHu, one carbon atom mterac_fs
Nearly symmetrically with the adjacent borons [C(2)-B(3) and C(2)-B(7)
distances are 1.519 (8) and 1.510 (7) A] whereas the other interacts
8ymmetrically with the adjacent borons [C(4)-B(3) and C(4)-B(5) dis-
tances are 1.645 (8) and 1.697 (7) A, respectively].

It is interesting to note that one of the C-H vertices of each car b‘;ff:g:
fagment interacts with the strontium. Sinceh;ﬁethi—g_l\;f‘fsfgzeg one

Carborane fragment are certainly more basic t S
Wwould anticipﬁte that a second )l/\/I—H—B interaction would be pretgnjﬂ_l
Over the observed M-H-C interaction. Consequently, the M-H-C In
teraction is not yet understood. ) .
The SO]id-stat)e’ IR spectra (Nujol muil) of 8 and 10 d.xsplay_a UQ}Q_“‘-’ 5§L‘“
Pattern in the terminal B—~H stretching region indicative of tonic mte}r1 -
tions between an alkaline—earth metal and the carborane cage. ‘F “ft :;1
more, the complex 10 exhibits a band at 2390 cm ! in its IR spectr
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which can be assigned to a M—-H-B stzetgﬁe:nccl C
that reported for the stru;turall;;l z;w;;azc;&) red o
(the Ag-H-B stretc.:h.mg reque Y 15 2280 em

It is rather S“rli;;(sl:og et,?isltlso :; :1 polymer in the solf’d state, evep though
bt e cotrll:;ized under similar reaction conditions. The complex 3
oy o S)IC; CN ligand at higher temperature to produce a polymerie
may llose “j‘ith fhe formulation Ca(C;B16Hy2)(MeCN);. The obseryeg self.
;(s)srzrl:ﬂify of the metal with the carborane unit in the complex 10 may be

due to the larger size of strontium compared _to calcium. It is believed that
the complex 10 exists as a monomer in solution.

H“Wlhom,
Ompares rathe, well tg
mplex [36] Ag(CB“Hu)

plex 8 exists ag 5 monome,
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Methqu fo‘r Preparing Energetic Nitrocompounds:
Nitration with Superacid Systems, Nitronium Salts
and Related Complexes )

George A. Olah

l. Introduction

Varied nitrocompounds ranging from such C-nitrocompounds as TNT 1o
N-nitrocompounds such as RDX and HMX to O-nitrocompounds such as
trinitroglycerol play a most significant role in energetic compounds. Their
preparation is thus of substantial importance. This chapter reviews the
most frequently used electrophilic nitration chemistry with particular
emphasis on the use of superacidic systems, nitronium salts. and related
complexes on which my research group for 30 years has continued to carry
out intensive research.

Nitration is the reaction of an organic compound with a nitrating agent
(generally nitric acid or its derivatives) to introduce a nitro group onto a
carbon atom (C-nitration) or to produce nitrates (O-nitration) of nitra-

mines (N-nitration) (1].
N
—C—H+HNO; — —C—NO; +H,0
e

\
—C—OH+HNO; — —CONOQ; + H,0O

~N
“NH + HNO; —» N—NO: H0

e Pross,
Chem, Copyngh © 199 by Aw
3 : foem sesorend.
istry of Energeric Materials 139 All nghts of reprosiucoon @ Jay
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The nitro group most frequently substitutes a hydrogen atom, howeye,
other atoms or groups can also be subst‘imted (t?.g_. » halogen atoms). Niyq
compounds can also be formed by addition of nitric acid or nitrogen oxjge
to unsaturated compounds (olefins, acetylenes).

Nitration reactions can be divided into ionic, radical ion, and free radicq)
reactions. Within ionic nitrations one can differentiate the more predom;.
nant electrophilic nitrations (proceeding through the nitronium ion, NOZ,
or some of its polarized **NO; X carriers) and nucleophilic nitrations
(displacement reactions of suitable leaving groups by the nitrite ion,
NO5). The most widely used nitrations involve the interactions of the
electrophilic nitrating agent (i.e., nitronium ion, NO3) with aromatics,
The possible role of electron-transfer in nitration is of increasing signi-
ficance. It is becoming evident that in addition to conventional two elec-
tron transfer nitration, single electron transfer reactions can also take
place. At the same time there are clear limitations to the systems where
single electron transfer may be operative. Electrophilic nitrations retain
their significance in the plurality of aromatic nitrations. The relationship of
ionic and electron transfer nitrations is one of the more fascinating recently
emerging aspect of the study of the mechanism of nitration.

il. Protic-Acid—Catalyzed Nitration

Electrophilic nitrations are carried out by acid-catalyzed reactions of nitric

acid and its derivatives, Nitrating agents are of the general formula
N.Oz—_-x which serve as sources of the nitronium ion, NQ; , the effective
nitrating agent. Ingoid called the NO,—X compounds as carriers Of the
nitronium ion [2]. From the ease of X-elimination he gave a relative ¢
quellce o.f mtrafmg activity of different nitrating agents as nitronium ion,
NO3 > mtra;xdxum ion NO,—"OH, > nitryl chloride, NO,—Cl > dinitro-
gen pentoxide NO,—NO, > acetyl nitrate NO,—O(CO)CH; > nitric
acid, NO;—OH > methyl nitrate NOz——-OCP"I;,.
mThT‘;sche of _‘“t“}tmg.ﬂgeﬂﬁ, however, by now is much wider (Table 1)
- Lhe discussion in this chapter wilt primarily emphasize reagents and

methods developed by the Olah in i !
deve! roup in its st itrati .
The nitronium jon, NOjJ, as egstabﬁ N Toncrde stadies o 194002

¢ 4 ) shed by Ingold's studies in 1940 {2]
e(;::;\:cl)“%i?'n eafly Suggestion by Euler [4), is the reactive nitrating agent in
changel:l tl:fs lzll"targlt]oln& Forty years of subsequent studies have not
nitrasing age;ns. € 1 summarizes the most frequently used electrophilic

Recognizin

g the limited nitrati ili itri i
hydrogen flacrids yetom. ing ability of the nitric acid-anhydrous

Olah and Kuhn in 1956 introduced nitric



Table I. Electrophilic Nitrating Agents

NO37 Carrier Acid Catalyst NO7 Carrier Acid Catalyst
HNO, H,50, (mixed acid) (CH,),C(CN)ONO,
H,80,:50, (CH,)3SiONO,
H,PO, RC(O)ONO,
PPA (polyphosphoric acid) NO,F BF,
HCIO, NO,F BF,, PF;, AsFs, SbFs
HF NO,CI HF, AlCl,
HF-BE, TiCl,
?:;3 S N0 BF;
2S0;H N0, H,SO,
g;gsé)g‘ AICl,, FeCl,
3
FSO,H BFI;
solid acids SbFs, AsF;, IFs
AgNO,. N {Nafion-H®, polystyrenesulfonic acid)
3, NaNO,, FeCl,, BE
KNO,, NH,NO,, > BFs, AlCl;, CF,CO0H N,Os BF,
Ti{NO,), NOJBF, , NOJPF;
RONO, - and other salts
EtONO, Ait?‘ ’SBZ: b N-Nitropyridinium salts
CH,ONO, BF. 3, 30Cl,, SbCl,, FeCl, N-Niiropyrazole

9-Nitroanthracene
Col CHL)NOS

HF—TaF,, Nation-H
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acid—anhydrous hydrogen fluoride-boron trifluoride g

effective and safe nitrating agent [5]. Nitric acid j

an EXlreme,
according to

onizes with HF\BF
3

HNO, + HF + 2BF; —> NOFBF; +BF,-H,0

Nitronium tetrafluoroborate can be isolated as

such as the nitrating agent or the system can be u;
aromatics.

a stable salt ang used g
sed for in sity Nitration of

ArH+ HNO; + HF + BF; — ArNO, + H;0*BF;

Boron trifluoride can be readil
from sulfuric acid {or oleum
with recycling of the acid.

Instead of BF;, other Lewis acid fluorides such as PFs, TaF;, NbF;,
SbF; can also be used effectively in related nitrations,

Trifluoromethanesulfonic acid (triflic acid) is one of the strongest known
Bronsted acids. H, fo

r CF3SO;H is —14.5, comparable to fluorosulfuric
acid. Additionally, while ftuorosulfuric acid, like sulfuric acid, is also a
powerful sulfonating and oxidizing agent, trifluoromethanesulfonic acid
does not react with aromatics {6]. It is therefore a most convenient strong
acid for nitration with nitric acid, which is completely ionized by it.
. Du.nng an investigation on the effect of acids on the regioselectivity of
nitration of toluene, Coon, Blucher and Hiil found that two equivalents of
lnﬂuoromethanesulfonic acid react with 1009 nitric acid to yield a white

crystalline s§>lid, w‘hich is 2 mixture of nitronium trifluoromethanesulfonate
and hydronjum tnﬂuoromethanesulfonate 7.

y regenerated from its hydrate by distilling it
) and thus the reaction can be made catalytic

2CF380:H + HNO, —, NOJ CF3805 + H,0*

CC{heC?;xéTreg;‘atrlc acd and trifluoromethanesulfonic acid in CH,Ch
for bénze;e 2t’oluen »> and pentane solution is an excellent nitrating agent
trifuoride (Table [1) e v PioFobenzene, nitrobenzene, and benzo-
Mono- of dinitrati )- The reactions were carried out from —110 to SO.C-
temperanre Mratlon‘ of .loluene can be controlled by specific react}‘m
being Compl;ete ?1:1 (:::tr ation of toluene is extremely rapid, the reaction
30 min at g°C, © minute at ~110°C. The dinitration is complete it

CF;805

! tien of toluene wag studied by varying
‘0N temperature, Ay =60°, —90°, and —110°C in halomethane
ning only 0.53, .36, and

luene, Tespecti /para isomer ratio is also

ow at ~110°C (Table ), wvely. The ortho
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Table 1. Nitration of Aromatics with Nitric

Acid-Trifluoromethancsulfonic Acid

Isomer
Substrate Product Dntribution, %
Benzene nitrobenzene 98
dinitrobenzene 2
Toluene 2-nitrotoluene 50-62
3-nitrotoluene 0.2-6.5
4-nitrotoluene 37-44
Nitrobenzene 1,2-dinitrobenzene 10
1,3-dinitrobenzene 87
1,4-dinitrobenzene 2
Chlorobenzene 2-nitrochlorobenzene 30
3-nitrochlorobenzene 0.1
4-nitrobenzene 70
Benzotrifluoride 2-nitrobenzotrifluoride 14
3-nitrobenzotrifluoride 85
0.1

4-nitrobenzotrifiuoride

Table III. Mononitration of Toluene with HNG,/CF,80,H
in Halomethane Solvents

Isomer ratios, %

Yield, % o- m- p-

Solvent Time, Min  Temp, °C

CFCl, 180 —110 >99 505 0.2 493
CH,Cl, 180 -90 >99 61.3 04 383
CHCl, 60 -60 >99 621 05 374
CFCl, 1 —60 >99 6.5 05 376
CFCl, 1 -110 >99 508 02 490

Low meta substitution allows favorable regiocontrol in the subsequent

Preparation of dinitrotoluenes. In general, th.e r'u'tric acid—tnﬂyor&
hows less sreta substitution than other nitrat-

mperatures (Table IV). The major factor,

however effecting low mera nitration is the use of extremely low tempera-
tures. S(;lubility of the formed nitromium salt at low t.emperature::d in
halomethane solutions is limited and unusual ortho/para ratios may be also

ture of the reaction mixtures.

4 cons e of the heterogeneous na ! es.

Olaflql;e:lc recently found CF;$0;H—B(038CF3)5 (tn-ﬂatobonc acid)
by o ew superacid for nitrating aromatics w

Methanesulfonic acid system s
Ing systems at comparable te

ith HNO,

a ; jent n b RS A
(;aipl:: I\g/l;lyN?g—igﬁum tetratriflatoborate NOF B(CF;80;), is the reactive
Ditrating agent [8]-



Table IV. Preparation of Dinitrotoluene in Nitrating Mixtures Containing CF,SO.H

Composition of Nitrating Mixture, wt % % Isomer Distribution Total Meta
CFSOH  H;S0,  HNO; M0  Temp,°C  Yield, % 26  23-25 24 34 %
£9.0 0 11.0 0 -5 =98 15.7 0.5 82.8 1.0 i.5
45.5 45.5 6.0 3.0 -20 >98 10.2 0.3 88.7 0.9 1.0
45.5 45.5 6.0 3.0 =20 >99 14.9 0.6 83.4 1.1 1.7
2.7 68.3 6.0 3.0 =20 99.5 12.1 0.4 86.4 1.2 1.6
0 90.6 6.3 3.1 -25 99 11.8 0.5 86.5 13 1.8
80 0 10 10 20 99.2 16.8 1.0 81.0 1.3 2.2
65 0 5 30 0 100 0-/m-{p-MNT = 58.86/1.96/39.18

o/p=15
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Table V. Nitration of Aromatics with Nitric-Tetratrifatoborie Add
(HNO, + H*B(O,5CFy), )

% Isomer Distnbution of
Nitro-Product
Aromatic Rxn. Temp., °C 0- m- p-

Benzene -30
Toluene -30 55 1 43

52 I 47
Fluorobenzene -30 1 — 99
Chlorobenzene =30 33 <(0.1 67
Anisole -30 58 <01 42
Napiithalene a-97 83

Usual mixed-acid nitrations give water as the byproduct in forming the
nitronium ion. The effectiveness of mixed acid is continuously decreased
during the progress of the nitration reaction due to dilution of the acid by
the water formed.

Coon et al. used nitric acid—fluorosulfuric acid in the nitration of toluene
and compared its effectiveness with that of trifluoromethanesulfonic acid
(Table VI) [7]. They found that both acids were effective, but triffuoro-
methanesulfonic acid is more suitable as it does not cause oxidation or

sulfonation. -
Olah et al. found that a mixture of nitric and fiuorosulfuric ac1d3(¢2r
e to 1,3,5-

HNO, + HF + FSO,H) allows even the trinitration of benzene to 1,3
trinitrobenzene at higher temperatures [9]. Water formed in‘ the ionization
of nitric acid to the nitronium ion reacts with fluorosulfuric acid (to s_ul-
furic acid and hydrogen fluoride) and thus the nitrating system main-
taing high acidity. Nitric—flucrosulfuric acid i§ also a very suitable strong
Ritrating system for other deactivated aromatics. \ntalam. or niobium

Adding Lewis acid fluorides, such as antimony, tal m, m
pentafiuoride to fuorosulfuric acid greatly enhances its acidity. FSO;H

ids [6]. Nitric—
SbF 1 id) i of the strongest known supefacxd's [ ]
magsic(:::?g I(Ci{‘;\cll(‘)?—-llf‘s‘g:H-—SbFs) is an extremely effective nitrating agent

for polynitration of aromatics (8]
Nitration of Toluene with HNO,/CF:SO;H

arison of the >
Table V. om0, /FSO,H in CHCl; solution at —60°C
% Isomer Distribution

Acid Time, Min Yield, MNT %
60 100 o/mjp = 62/0.5/37
gésg’ﬂ 120 89 ofmip] = 63/0.7/36
3
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Nitration with nitric acid in the presence c?f strong protic acids suc 2
H,S80., FSO;H, and CF3SQ3H or Lewis ?Clds such as boron triflvaride
requires subsequent separation qf spent acid (due to water formed jn the
reaction) and neutralization of acid left in the produ_ct. Qne 18 generally lefy
with a large amount of dilute acid for disposal, which is neutralized in the
case of sulfuric-acid—catalyzed nitrations to a mixture of ammonium nitrate
and ammonium sulfate. By using a solid acid catalyst most of these environ-
mental problems can be eliminated. The solid acid catalyst is simply
separated and recycled for subsequent use.

Kameo et al. reported [50] the use of polystyrenesuifonic acid as a
catalyst in the nitration of aromatics with HNO;. Nitration of toluene with
90% HNO, over dried sulfonated polystyrene resin (Rohm and Haas
amberlite IR-120) was also reported by Wright et al. at 65-70°C to give an
ortho-para isomer ratio of only 0.68, much lower than usual ortho-para
ratios in acid-catalyzed nitrations [11]. It is considered that the nitronium
jon is strongly ion paired to the resinsulfonic acid. The ion-pair salt thus

formed is much bulkier than the “free” nitronium ion or such nitronium
salts as NO; BF; .

HNO; + 2(®—80:H — NOF (B—S0; + Hz0" (B—S0;

This method, however, is of limited use because the catalyst undergoes
degradation during the reaction. Polystyrene has benzylic hydrogens that
can be abstracted easily by highly reactive species (nitrogen oxides, NO7,
NO™) present in the reaction medium. The polymer therefore readily
undergoes oxidative degradation. In addition, it is likely that the polymer
also can undergo nitration, sulfonation, and subsequent degradation undet
the reaction conditions.

Whﬂl} aromatics are nitrated with mixed acid, the reaction rate slows
down with time, because the byproduct water dilutes the acid, thus reduc:
INg s reactivity. In preparative nitrations, therefore, a large excess of acid
15 required with the excess being wasted because of dilution. The dispos'f11

of spent acid also represents a significant environmental problem.
In view of these considerati

sulfon o ‘ ons and the limitations of polystyrene
., ome aclds, we studied superacidic Nafion-H® perfluorosulfonic-
acid-resin—catal

f -atalyzed nitration of aromatics with nitric acid under condjtions
Ol azeotropic removal of water I

(azeotropic nitration) [12]. The azeotropi
Temov i . . ) o
nitri?: Ziiaf‘\vater' m‘Naﬁon—H®-cataKyzed nitration allows utilization Qf
tions of nitrzt'i Slgglﬁ;a?tly greater extent than do conventional condi-
101, Both fuming an itri : ive
(Table Vi), £ and concentrated nitric acid are effectiv'

The nitrations a i
Te carried out by heating the reacti i ux
and azeotropically Y & fon mixture to refl

distilling off the water—aromatic mixture until no nitric
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7. Methods
Table VII. Azeotropic Nitration of Aromatics with Nutsic

Acid over Nafion-H Catalyst

Substrate Yield, % Isomer Distribution, %
Benzene 77
Toluene 80 2-nitro {56)
3-nitro (4)
4-nitro (40)
o-Xylene 47 3-nitro (45)
4-nitrc (55)
m-Xylene 68 2-nitro (15)
4-nitro (85)
p-Xylene 60
Mesitylene 79
Chlorobenzene 87 2-nitro (38)
3-nitro (1)
4-nitro {61)

af:id is left in the reaction mixture. Part of the nitric acid, however, also
dllstills over in the form of a binary or ternary azetrope, as do some
mtrogen oxides formed under the reaction conditions. ‘
Crivello has shown [13] that alkali metal nitrates can be used with tri-
flucroacetic anhydride and to a lesser extent with trichloro- and dichloro-
acetic anhydride. The reaction rate was shown to be significantly ﬂﬁe_C‘Cd
by the extent of solubility of the inorganic nitrate in the reaction mcdl}l!!:l.
Since ammonium nitrate is reasonably soluble in organic solvents it 15
Particularly successful (vide infra). Many metal nitrates have been also
shown to be effective nitrating agents in the presence of trifluoroacetic
anhydride, Benzene gives nitrobenzenc in 90% yield in most cases. The
solvents.

litration rate is highly solvent dependent, being higher in polar
€ reaction is quite general and successful for nitration of aromat

A) is a particularly

ics more

Teactive than nitrobenzene. . _
Ammonium nitrate in trifluoroacetic anhydride (TFA

g0od nitrating agent of aromatics [13].
€0),0 —> ArNO; + CFsCOzNH, + CF5CO:H

ArH + NH,NO; + (CF;
e resemblance to acetyl nitrate nitration and

Th i ars a clos _ i !
© reaction be ation of trifluoroacetyl nitrate which subse-

most probably involves form

Quently can form nitronium ion.
CF;C(O)ONO; + CF,C(O)ONH,

(CFgCO)zO + NH4NO3
CE5C(0)ONO, —> NOJ + CF;C00~
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ad tg decop,
ortho-nitrated
the product distripy,.
€I, in contrast 10 the
d with acetyl Ditrate,
satile Nitrating agent,
of aromatics can be
nitric acid), Acig ca-
yl nitrates or strongly

Attempts to isolate trifluoroacetyl nitra-te by' distillgtion le
position, Acetyl nitrate is know.n to give high ratios of
products [14]. Similar trends in orientation are seen in
tions obtained in TFAA-NH,NO; nitrations. Howev.
rather limited range of substrates that can be nitrate
trifluoroacetyl nitrate is a much more efficient and ver.

Both protic- or Lewis-acid—catalyzed nitration
carried out with alky! nitrates (i.e., alkyl esters of
talysts are assumed to form nitronium ion from alk

polarized complexes.
RONO; + H,80, — NOFHSO; + ROH
RONO, + AlCl; — NOJ AlICI;OR™

Alkyl nitrates must be pre
the presence of even traces
should not be stored over p

pared and stored with care, as particularly in
of acids they can become explosive [15]. They

inding agent. Transfer nitrations with N-nitropyridinium
free preparation [16].

ROH + PyNOS BF; —s RONO, + PyH*BF]

Alkyl nitrates do not nitrate aromatic compounds in the absence of
catalysts [17). However, hj

[ gh yields of nitrated products can be obtained

if aromatic compounds and alkyl nitrates react in the presence of sulfuric

acid {18-27], Poly(phosphoric acid) (23], or Lewis acid halides [24-26].
Alkyl nitrates

most frequently used are methyl and ethyl nitrate (bp. 65°
and 86-87°C, respectively). ’ ’

er similar conditions at (°C in 85% yield [28].
et cloped strong solid acjd catalysts such as Nafion-H® are
cUve in catalyzing n yl nitrates [29). Benzene and alkyl-

N . Itrations with ajk
Denzenes are nitrated in excellent yield with #-butyl nitrate at around 86°C
H acid catalyst. The reaction is generally

In the presence of solid Nafion—
Purposes at lower temperatures and does not Pmceed
. The T¢action is very selective. Dinjtro compounds are
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Table VIIL. Nitration of Aromatics with n-Butyl Nitrate over
Nafion-H Catalyst
Aromatic Yicld, % Isomer Distrbution (%)

Benzene 77

Toluene 96 2-nitro (50)
3-nitro (3)
4-nitro (47)

o-Xylene 98 3-nitro (47)
4-nitro (53)

m-Xylene 98 2-nitro (12)
4-pitro (88)

p-Xylene 95 2-nitro {100)

Mesitylene 90 2-nitro (100)

1,2,4-Trimethybenzene 94 3-nitro (8)
S-nitro {(92)

1,2,3,4-Tetramethylbenzene 93

anisole 86 2-nitro (32)

4-nitro (68)

Chlorobenzene 15

philic solution nitrations, thus increasing the selectivity of nitration at the
less hindered ( para) position (Table VIII). . o

. When secondary or tertiary alkyl nitrates are used in the nitration reac-
tion, competing alkylations complicate the system. Consequently methyl or

ethyl nitrate are the preferred alkyl nitrates for nitration. _
AlC,, SnCl,, SbCls and FeCl; catalyze the nitration of benzene with

ethyl nitrate [30]. o
Alkyl nitrates, particularly methyl nitrate, are very effective nitrating
agents in the presence of boron trifluoride catalyst [31].

ArH + NO,OCH; —2» ArNO; + CH;0H - BF;

The reaction is useful as a selective and mild nitrz.ztion method, fo!; exams{e

aHOWing mononitration of durene and qtl?er lyghly a]kylatgd enéer;O:

Which with mixed acid usually undergo dmltranon.fMethyl n:;;;:lt;; Zgncs
i i initrati tetrame

trifluoride Iso be used to achieve dinitration o hylbe

by using 2- ‘;:j gM excess of methyl nitrate, respecnv_ely. Relative yields of

Mono- and dinitro product compositions are shown in Table IX.

but boron
i - tvpe catalysts can also be used.
Other Friedel Craftt suitable. In the nitration of pentamethyl-

trifluoride is found to be the most suitabi i ?
benz: iy llf:frc:inum trichloride and titanium (V) chloride cause _form::juon
of signr:g;;:nt amounts of chlorinated derivatives (e.g.. sulfuric acid leads 1o

nitrodemethylation products).



Table IX. Boron-Trifluoride—Catalyzed Nitration of Tetramethylbenzenes with Excess
Methy! Nitrate in Nitromethane Solution

Composition
Total Yield (%) Dinitro Mononitro
Tetramethylbenzene H,;C—ONO;: Arene of Nitro Products Product (%) Product (%)
HxC CH,
2:1 93 64.4 35.6
H,C CH, 3:1 90 750 25.0
H1C CH;
e 21 . 5 01
: 94 99.9 0.1
CH,
H;C
H,C 2:1 95
3 CH, 90.1 9.9
> 922 100 '
0

CH;
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ohydrin nitrate (ACN) is found to have enhanced roa ity
ompared t0 methyl nitrate in the preparation of various ring-sunst: o]
henylnitromgthapes [32]. It was first used by Thompson and N’ara;g
133.353] in nitrating aromatics. The boron triﬂuoridenetheratc-catalyzed
siration of alkylb.enzenes and anisole [35] gave good yields(Table X)
Acetonecyanohydrm nitrate is more reactive than ordinafy alkyl m’rratcs-

of the — . ; '
wecause of the greater ease of O—N bond cleavage in the intermediate O-

or N-coordinated (protonated) ACN,

+ Hethods fo
Acetonecyan

8._
CN:BF,
AtH + CH,—C—0 N
= 'pr—Noz — AINO, + (CH,),COH:BF;
CH, (I:N

Use of .
sher pro ;cgtonecyanohydrm nitrate has certain practical advantages over
ad i Storedures.that use alkyl nitrates, It is more stable than CH;ONO;

easily for longer periods of time. BF;-etherate is easier 10

handle .
s mettl;ﬁlj the BE3 gas used in other methods. Under similar conditions,
mixtare, of Cprowdes cleaner products and higher yields than does a
eth H,ONO, and BF;-etherate; only small amounts of BFs-
Ser;(tje are required. )
0 . 3.
tion ‘JithSUperamdlc catalysts can also be advantageously applied in nitra-
acetonecyanohydrin nitrate {29].
d aromatics with alkyl

Th
e Nafion—H-catalyzed nitration of deactivate

Ritrate ; . :
s, such as butyl nitrate, gives only very low yields [29]. Even nitration
of chloronitrobenzenes

of chl
(Tableog‘();)eﬂzene, for example, gives only 15%
ACN of ). Due to its greater reactivity, nitration of alkylbenzenes with
(Tab]egl)zes the corresponding nitro compounds in good to moderate yield
With 15!71)- :I"he nitration of chlorobenzene gives 49% yield (as contrasted
% with butyl nitrate). The yields increase only modestly with time
Table X. Nitration of Aromatics by Acetonecyanohydrin
Nitrate/BF, Etherate
2 Tsomer Distribution

N Compound Yield % 2-Nitro 3-Nitro 4-Nitro
Toluene 71.6 59.8 4.5 357
o-Xylene 75.2 0. 60.3 39.7
m-Xylene 78.0 15.3 0 84.7
p-Xylene 90.0 — — —_
Mesitytene 74.1 — —_ —
Anisole 73.1 72.4 0 276
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Table XI. Nitration with ACN aver Nafion-H® Catalyst

Substrate Yield, % Isomer Distributiop (%)
— 7%
85
Benzene
79 2-nitro (47)
I
Toluene 3-nitro (3)
4-nitro (50)
-Xylene 60 3-nitro (44)
- 4-nitro (56)
m-Xylene 61 2-nitro (11)
4-nitro (89)
p-Xylene 61
Meitylene 36
12,3 4-Tetramethylbenzene 69
Chlorobenzene 49

2-nitro (28)
3-nitro (2)
4-nitro (70)

(the isomer ratios remain constant). This may be due to the thermal

decomposition of ACN at the needed reaction temperatures necessary for
effective catalysis by Nafion-H®,

The ortho/para ratio of nitrotoluenes obtained is lower (0.94) with ACN

than with butyl nitrate (1.06), reflecting the somewhat larger bulk of the
former reagent.

Trimethylsilyt Ritrate, (CH3)3SiON02, is another interesting but Hittle-
Studied nitrating agent [33]. I is Prepared from chlorotrimethylsilane and
silver nitrate ang nitrat

ates aromatics effectively with BF; as catalyst

2 AH + 2(CHy)55i0ND, 25, ArNO; + (CH;),8i0Si(CHy); + B3 H;0
Trimethy]silyi nlitrate however, even on standing readily decomposes
according to

it Lewis-Acid—CataIyzed Nitration

Crafts acylation principle [36] can be applied 0
&cl;o_manc Mitrations involving nitryl halides, dinitrogen pentoxide, and
l;nlt;":)gf:n tetroxide (the halides and anhydrides of njtric acid). These
snould be considered g Friedel-—Crafts type reactions, gg obviously a very
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jose analogy exists wifh the corresponding Fricdel-Crafts ketone < - -
gses involving acyl halides and anhydrides [37). In 4 generalized sense
pitric acid nitrations catalyzed by protic acids ( H,80,, HiPO,, HF. etc '
or by Lewis acid metal halides (BF;, AICl;, etc.) could be also éomi;kreé
a5 reactions of Friedel-Crafts type, as an increasing number of Fﬁricdel—
Crafts ketone synthesis is now known using aliphatic carboxylic acids

(acefic, propionic, etc.) as acylating agents.

Friedel-Crafts type nitration using nitryl chloride had been initially
reported by Price and Sears [38] who found AICL, to be the most suitabie
catalyst. Deactivated aromatics, however, were nitrated only with difficulty
a'nd Fhe method was, therefore, considered to be of limited value. Inves-
tigations of Olah and Kuhn [39] have shown that aromatic compounds
mclu_dmg deactivated ones such as halobenzenes and benzotrifluoride. car;
be nitrated with ease using nitryl halides and a suitable Friedel-Crafts

catalyst.
ArH+NO;X — A/NO,+HX (X=F, Cl, Br)

Conl\'flzl:ii riltitryl chloride as the nitfatfng agent, v‘vhfch in the fabomfory is
[40], Ticy 13; I;I epared by the reaction pf nitric acid with chlorosulfuric acid
and ,AlBrd ound to beE the most smtab_le catalyst. Fe(?l3, ZrCl,. AICI
With BC13 aé)e also effective but Fhe reactions are more dxtﬁcult to handle.
and co fi , Olah and Kuhn .obt'funed a smaller amount of nitrated product
nitry] Iillsll e‘zrable. nng CthrIHathnE SbF; is also an active cat.alyst‘ for the
cata) chloride mtra-t:on of aromatics; BF; was fouz_:d to be inactive as a
tio yst. Th.e following yields were obtained upon nitration of the aroma-
S using TiCl, as catalyst: benzene, 88%; toluene, 81.5%; ethylbenzene,
o ﬁUOrObenzene, 91%: chlorobenzene, 41.5%; and benzotrifluonde.
2. There js always a certain amount of ring-chlorinated by-product
formed in the nitrations. Reactions carried out either by using an excess
of aromatics as solvent (TiCl, is miscible with many aromatics) or in car-
bon tetrachloride solution, always contain chlorinated by-products. The
a{noum of chlorinated by-products can be decreased by using solvents with
higher dielectric constants. Tetramethylene sulfone (sulfolane) was found
0 be a sujtable solvent for the TiCl, and also for most of the ottyer
Lewis-acid—catalyzed nitrations. It has excellent s_olvent gropem'c?s for
dromatics and the catalysts as well as for nitryl halides. I.t is superior to
Other solvents that can be used, such as nitrorpcthal_le. As it is completely
miscible with water, the work-up of the reaction mixtures after the reac-

tions are complete
In Lewis-acid—h ALaLy.
reactions nitronium salt nitration
NO,Cl + AICI; === NOJ AICl]

d is very easy. )
alide-catalyzed nitrations with nitryl chloride, are these
s according to the ionization
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or are they effected by the O-coordinated donor: acceptar complex (1o

possibly 1:2 complexes)?

&~ 8-
WO MG .0 — A,
Cl—N AICl; «— C—N
A o

In order to study this problem, Olah and Lin carried competitive
studies of nitration of benzene and toluene with nitryl chloride, catalyzeq
by Lewis acid halides. When carbon tetrachioride or excess aromatics were
used as solvent, the data summarized in Table XII were obtained. The data
show that the ortho/para ratios are smaller than in nitrations with nitro-
nium salts. The observed changes point to the fact that the nitrating agents
are the corresponding donor: acceptor complexes and not the nitronium
ion itself. The lower ortho/para ratios than those obtained in case of NO;7,
particularly point to bulkier nitrating agents.

However, when carrying out the reactions in a common polar, ionizigg
solvent, such as nitromethane, such factors are diminished as shown in
Table XII.

Nitryl fluoride is a more powerful nitrating agent than nitryl chloride,
but is more difficult to handle. Hetherington and Robinson [42] reported
nitration of aromatics with nitryl fluoride in the absence of catalysts. They
suggested that in solution, nitryl fluoride dissociates into NO5 and F~ and
the intermediate nitronium ion thus formed is the active reagent in the

nitrations. Less reactive aromatics such as nitrobenzene were not nitrated
and considerable tar formation occurred during the reactions. We found

Table XII. Lewis-Acid-Catalyzed Friedel-Crafts Nitration of Toluene with
Nitryl Chloride at 25°C

% Isomer Distribution

Lewis Acid Halide

Solvent artha meta para o/p
A_lCl3 excess toluene 53.3 1.2 45.5 1.17
;‘C‘a 531 1.6 454  L17
Sl::&l 57.1 1.4 411 140
vE s 56.4 1.4 424 1.34
Alz':l . 57.6 1.6 40.8 1.41
Tic 14] nitromethane 61.3 17 3590 1.75
PE 61.1 37 35.2 1.74
M& 61.6 3.5 34.9 1.76
ey ca, 42.4 1.7 569 076

iCl,

44.9 1.3 537 0.84
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hat by using & Lew_is acid type ﬂuoridcﬁcata}rlyst such as BF, PF. Asf.
or SbFs, simple Frledel—CTafts type mtrguom can he carried nut wih
nitryl fluoride [39]. Hor!lolyt:c.c]eavage of nitryl fluoride, which causes moss
of the side reactions, is considerably suppressed ender these conditions
in favor of heterolysis, yielding the nitronium ion. The reactions are car-
ried out preferably at low temperatures. Benzotriffuoride js mitrated to
menitrobenzotrifluoride at — 50° with 90% yield using boron trifluoride as
catalyst. Halobenzenes, including di- and polyhalobenzenes, are nitrated
with ease and with vields of over 80%.

The nitrations are carried out using either (1) an excess of the aromatic
as diluent and introducing nitryl fluoride and the Lewis-acid-fluoride-
catalyst simultaneously at low temperature into the weli-stirred reaction
mixture or (2) a suitable solvent such as tetramethylene sulfone which can
be used advantageously if the fluoride catalyst does not interact with
it (SbFs, a strong fluorinating agent, attacks the solvent and cannot be
used).

Nitryl bromide when compared with the chloride and fluoride, is quite
unstable. Nitration experiments were carried out with solutions obtained
by the halogen exchange of nitryl chloride with KBr (not separated from
unchanged nitryl chloride and decomposition products) in sulfur dioxide
solution at —20°, using TiBr, as catalyst, Yields of nitrations are lower t_han
those obtained with nitryl chioride, due to the formation of more ring-
brominated products [39]. This can be attributed partly to free bromine
eing present from the decomposition of nitryl bromide and to the easier
hololysis of nitryl bromide itself. )

It was Schaarschmidt [43] who first investigated thg catalytic effect of
[Cl; and FeCl, on the nitration of aromatics with dinitrogen tetr oxide.

204, the mixed anhydride of nitric and m’trou§ acx’g‘. < with
Pinck [44] used sulfuric acid to catalyze the nitration of aromatics

N.O,. He observed that only half of the dinitrogen Ferroxidcjefw?s us_zd
Up in the nitrations, the remainder being present as mtros_y}su uqtc a:?n 2
Titoy [45] dissolved N,Q, in sulfuric acid and used this solution as nitrating
cryoscopic [47] investigations of solutions

f that the effective nitrating agent in the

agent.
) and also explained the formation of

Raman spectroscopic [46] and

of N,Q, in sulfuric acid gave proo

solutions is the nitronium ion (NO;

.
an equimolar amount of nitrosy! sulfuric acid (NOTHSOy ).

+ + -
Nzod +3 H2S04 = NO; +NO™ + H3O + 3HSO.1

used the stable N>Og*BF, complex, prepared as a cry-

48 - . - 0
Staﬁ.azhgﬁnﬁ[om] the components in aromatic niirations.
11
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The major difficulty in Friedel-Crafts type nitrations with N,0 Was thyg

the N,0O,-catalyst complexes were insoluble in the reaction medis This
resulted not only in slow reactions and low yields, but in many cases ajg, in
undesirable side reactions.

Schaarschmidt reported [43] that when AlBr; was tried instead of Al
as catalyst, in an unexpected way only ring bromination took place and
nitro product was formed. The use of a fluoride catalyst, such as BF; in the
work of Bachman [48], eliminated halogenation as side reaction but still
dealt with a heterogenous reaction medium.

In the course of Olah’s investigation, it was found that homogeneous
Friedel-Crafts type nitrations with N,O, and Lewis acid catalysts such as
TiCl,, BF;, BQl;, PFs, and AsFs can be carried out in tetramethylene
sulfone solutions [8,37). It is not necessary to isolate the catalyst-N,0,
complex. Instead, a solution of N,O, and the catalyst is prepared and tins
solution is added to a tetramethylene sulfone solution of the aromatic to be
nitrated.

Nitrobenzene was obtained from the nitration of benzene with yields of
32-67% and fluoronitrobenzenes from fluorobenzene with 28-76% yields;
the relative order of activity of the catalysts used was AsFs > PFs> BF;>
TiCl, > BCl;. With the chloride catalysts, a considerable amount of chlo-
robenzene was also formed in the reaction, as was the case with AlCk;.

B*omide Lewis acids such as AlBry, BBr, and TiBr,, in agreement with
previous observations of Schaarschmidt [43] with AlBr;, gave a high
amount of ring bromination but simultaneously about 10% of nitroaro-
matics were formed.

b Subsl'qumm investigations have proven that aluminum, titanium, and
oron halides tend to react with N;0, in the following way:

IN;04 + TiCly — 2NO,Cl+ 2NOCI + TiO,
IN,O4 + AlbBrg — AlLO3 + 3NO,Br +2NOBr
3N204 + 2BBry — B,0, + 3NO,Br + 3NOBr

h:n?;?;:ﬂ?“—mg unstable, decomposes to N,O, + Br, and the bromine
manner bu:: ?Teselllce of the catalyst brominates the aromatic. In a similaf
’ 0 a lesser e inati . ‘e
catalysts, xtent, chlorination takes place with chlorid
The us id-aci .

sents subs:aﬁt':?h: acid catalysts in aromatic nitration frequently repre
benzenes in ﬂlle fl' vantages over liquid-acid catalyst systems. When alkyl-
Nafion—H® a Oq(“:q“‘f! ph_ase were nitrated with N,OQ, in the presence of
are rather ineffects nitration was slow [29]. In general, solid-acid catalysts
nitroarens mdecnve at such low temperatures. The isomer ratios of
Products (Table XI1I), however, show that the products were
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Table XIH, Nitration of Aromatics with
Dinitrogen Tetroxide over Nafion-H®
Catalyst at 0°C in CCiy Solution

% lsomer Distribution

Substrate
Toluene Z-nitro (49)
3-nitro (6)
4-nitro (45)
o-Xylene 3-nitro (41)
4-nitro (59)
m-Xylene 2-nitro (16)

4-nitro (84)

obtained via a typical electrophilic aromatic substitution [8]. This sharply
contrasted with the nearly statistical isomer distribution observed in the
free-radical nitration of toluene with N,O,, which is shown in Table XIV.,
together with typical data of electrophilic nitration with NO; BF, [49].

Nitrations using nitrogen pentoxide, the anhydride of nitric actd. are well
known [50]. Most of the work was carried out in solution in the absence of
catalyst. Solid nitrogen pentoxide at low temperature is known to be
mtronium nitrate, NO3NOj . A study of the kinetics and mechanism of
Nitrogen pentoxide nitrations gave evidence, however, to the fact that
other carriers of the nitronium ion may also play a role. Decomposition of

U4 and oxygen should also be considered if the N,Os used is not entirely
pure,

Klemenz and Scholler [51] have shown that solutions of Nzos‘in st{lft_lrlc
acid are very effective nitrating agents having nitrating properties similar

10 those of solutions of nitric acid in sulfuric. acid. o
Millen [52] found the ionization of N;Os in sulfuric acid to be

N,Os + 3H,804 = 2NOJ +3HSO4 + H;07

Free Radical Nitration of Toluene

Table XIV.
% Nitrotoluenes
Ortho Meta Para
0, UV Irradiation
o AOs 37.2 381 247
:f) EF. 65.4 2.8 31.8
2 4
Tetranitromethane thermal reaction ( >300°(I,”;
C(N02)4 -BF3
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Bachman [53] reported the use of the stable insoluble 1\1205.}31;3 oo

plexin aromatic nitrations; the acti.ve nitrating agent was NO;BHON{)‘
We have found in our investigations that N>Os can be used as 4 vez[y
effective nitrating agent in Friedel-Crafts type nitrations in the presenge of
Lewis acid catalysts such as BF;, TiCly, SnCl,, and PF; in tetramethylepe
sulfone solution. It is not necessary to isolate the intermediate N,0,-
Lewis acid complexes as the sotutions of N,Os and the catalyst can be wel|
controfled in homogeneous solutions. In general, the solution of N,Q; and
the Lewis-acid—catalyst (in equimolar quantities) is run into the stirred-
and-cooled solution of the aromatic in tetramethylene sulfone. After the
addition is completed, the mixture is allowed to come to room temperature
and is then stirred for another 15 min. Alkylbenzenes (benzene, toluene,
xylene, ethylbenzene, propylbenzene, butylbenzene, mesitylene) were ni-
trated with vields of 87-95%. As the reactions are carried out in
homogeneous media, the amount of dinitro products is negligible if an
excess of alkylbenzene is used. Halobenzenes (fluoro-, chloro-, brome-
dihalobenzenes, benzotrifluoride) were nitrated with yields of 79-89%.
When the N,Ojs nitration is carried out in liquid anhydrous HF as
solvent (which does not appear to react with N,Os at a temperature below
0°C) using a catalyst such as BF;, SbFs, PFs, AsFs, SiF,, NbFs, WFe,
etc., a quantitative formation of the corresponding nitronium salts takes
p!acc. As HF also acts as a good ionizing solvent, an extremely active
nitration medium is obtained. Nitrobenzene and benzotrifluoride are ni-

trated with yields of over 90% at temperatures between — 20 and 0°C.
Onef of the difficulties of using anhydrous HF as solvent (aside from
Some inconveniences arising from its being handled in laboratories not
‘;?::55335 f?:g?u;){'iqe work) is the fact that it is a rather poor solvent fgf
reactions mus:1 ble“c:es od generany less thap .2%) and, therefore, 07
arried out by vigorous stirring of the heterogeneot®

;:?acmrll mixtures. The use of pyridinium polyhydrogen fluoride, a conve’
tent HF-like solvent, overcomes much of these difficulties.

V. Nitration with Nitronium Salts

Hydrocarbons are effici i nh dra
b fiicient} nitrated b i i Fous
N itions as § v Y Y nitronium salts under anhy

Ingold et al. and subsequently developed by Olab
et al. [34] as a general preparative nitration mgthod ! P

RH + NO3 MX;, — RNO,+ HX + MX, -

d;ﬁ:;z:;:t frst reported [55] the reaction of HNO, with HCIO,. He

and bt enpfoduct formed was a mixture of nitracidium perchloraté

oxol glsgimtramdmm Perchlorate. It was left to Goddard, Hughes, an
» 10 show that Hantzsch’s preparation gave a mixture of nitro-
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pium perchlorate and hydron?um perchlorate, from which the nMitronmem
salt could be isolated only with difficulty. They themselves developed a
reparation of pure nitronium perchlorate and 3 number of nitroniems

culfates were also reported
N205 + HCIO4 —_— NO{C]O: - HNO;

HNO; +280; — NOJHS,0;
N2Os+280; ~— (NOJ),$,02"
N,O5 + HSO;F — NOZ*SO_;F_ + HNO,
These and related salts were characterized by Raman spectroscopy and
other physical measurements.

/l& simple and efficient preparation of nitronium tetrafluoroborate was
achieved by Olah et al. by letting a 2-mol excess of boron trifluoride react
with an equimolar mixture of nitric acid and anhydrous HF [54].

HNO; + HF + 2 BF; — NOJBF; + H,0"BF;

Water formed as byproduct in the reaction is bound by boron trifluoride
@ a stable hydrate from which BF; can be regenerated by distilling with
sulfuric acid or oleum, Other nitronium salts (PF; , AsFg ) can also be pre-
Pared in a similar fashion. The reactions, however, require iarger amounts
of PF5 and AsFs because of their hydrolytic instability. The method thus
¢an be used to prepare NO;BE;, NOF PF;, NO; AsF;, NO;SbF; . and
(N0;)2SiF§—. As nitric acid, if not carefully purified, always contains
Ditrous acid (nitrogen oxides) the nitronium salts obtained generally con-
'ain nitrosonium ion (NO*) salts (vide infra).

. Kuhn has found that nitric acid can be replaced by alkyl nitrates (free of
nitrites) in the preparation of nitronium salts [57].
R—O0-—-NO, + HF + 2BF; — NO;BF; + R—O—HBF;

SbF; and AsF. react explosively with alkyl nitrates. Therefore, the re-
action 5is Iimitesd io the prfparatio:; of NO3 Blf; , NO;;‘ PF , and (NQ: )

iFZ~, This method provides extremely pure nitronium salts free of nitro-

oo i itronium triffuero-

Coon et al. [58] have reported the preparation of nitronium 1ore-
Mmethane sulfonate based on the analogy of th'e related preparation of t
Perchlorate or fluoroborate. Hydrom’uyn tr}ﬂuoromethanesulfonate IS,
hO\Jvever, difficuit to separate from the nitronium salt

HNQ; + 2CF380;H — NOJF CF3803 + H;07CF3805
i i i omethanesulfonate can also be readily p_repa_rc'd by

rea]:ilit;gng;’;;g?::irth either triﬂuorom.ethaflesulfonic anhydnﬁii ()\ .frg}:;
polskii, [59a] or triﬂuorometha_ngsu]fqmc acid (Eﬁenbe{g:‘r, [39b]). The
former gives pure salt free of nitric acid or hydronium triflate.
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(CF380,);0 + N;0s — 2NO3 CF;50;5

CF3803H +N;05 — NOZCF3803 + HNo,

Nitronium salts are colorless, crystalline, hygroscopic compounds,
nium perchlorate, sulfate, and hexafluoroiodate are unstable. The spo
ous decomposition (explosive nature) of the perchlorate was expe

by Ingold [60]. It is in all probability due to the equilibrium
covalent unstable nitrate

Nitro.
ntane.
rienced
with the

NOJ ClO; == O,NOCIO,

Consequently, its use is not generally recommended and extreme caution is
cailed for. In contrast, complex fluoride salts such as the tetr-a ;
and hexafluorophosphate are very stable. Only on heating to higher

temperatures (> 180-200°C) do they decompose into NO,F and the cor-
responding Lewis acid fluoride.

Specific conductivity of nitronium tetrafluoroborate varies linearly with

concentration. Cryoscopic measu

that the nitronium salt js present as io
due to i

fluoroborate

T pairs and the conductance must be
on triplets and not separated jons [54].

The nitronium salts haye been well characterized by infrared and
Raman Spectroscopy, SN NMR, and by X-ray crystallography. All spectros-

copic and crystallographic evidence indicates that the nitronium jon has a
linear structure. Thes

€ studies are wel] reviewed and no further discussion
18 necessary {1].

Mmpu idd can be readily achieved in case of
NO{ PFq by Tecrystallizat; i itromethane [61]. In the case of
NO; BF; , because of jrs limited solubility, sycp purification is difficult. To
obtain pure NO; BF free of NO'BF; starting from nitric acid, it is
necessary to purify j f, id by treatment with urea and im-
m ion [62]. Alternatively, alkyl ni-
salts free of N(l))S [[)5"73]%%(j in pure form can be converted into nitronium

) Sulfolane (tetrame
Mium salts. NOJ BE-
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be used as solvents for nitrations particularly with rema solobie
NO; PF§ (~25%). On the other hand, nitrorfium tctf;?i:g(rimbzrat has
little solubility in nitromethane (<(1.5%). All solvents should be :hm'
oughly dried and purified. Although sulfolane has a relatively high melts '
point for a solvent (+28.9°), its large molar freezing point de cs&i:-‘
(66.2°) allows nitrations to be carried out in a wide uernperaturfT ran

Methanesu.ifoni'c acid, trifluomethanesulfonic acid, fluorosulfuric acid ai;
gven sulfuric gcn_d have also been used as solvents especiaily for deacti-v'ated
substrates, It is important to choose a solvent which by itself does not react

with the nitronium salt and preferably provides homogeneous solutions.

7 JHﬂhOds

A. Arenes
Nitronium tetrafluoroborate is the most frequently used nitronium salt

for nitrating aromatics
ArH + NOy BF; — AINO, + HF + BF;

T .
he obtained byproducts HF and BF; can be readily recycled on an indus-

tr""g scale and thus the nitration made catalytic.
SUm:]Z‘;IitZSesf'preparative nitration arenes, haloarenes, and nitroarenes are
ucts of th in Table§ X\(-XV.II. S{nce HF and BF; are the.only byprod-
anhyd € reaction, nitration with nitronium salts can be carried out under
tainin OfUS Co_ndltlons. This is z}d.vantageous in nitration of aromatics con-
acid g .unctlona] groups sensitive to hydrolysis. Thus aromatic r_umles.
id halides, and esters can be nitrated in high yield without ditheulty
(Tables XVIII-XIX).
l_ieghtrati_on of aromatics with nitronium tetrafluoroborate is usually car-
out in sulfolane or with the more soluble nitronium hexafluorophos-
Phate? in nitromethane solution. Reactions can be carried out in case of
Teactive aromatics from —20° to room temperature and short reaction imes
(5-10 min). Deactivated aromatics need higher temperatures and longer
reaction times. They are preferentially carried out in strongly acidic solu-
tions (CF,S8O,H, FSO;H, HF, H;804). The nitro products are generally
formed in very high yield. Mononitrations, with limited (<3%) dinitration.
are achieved using an excess of the aromatic substrate. This is different
from mixed acid nitrations, where the high solubility of mononitro com-
pounds in the acid layer frequently results in the formation of increased

amounts of dinitro byproducts.
The most serious limitation of the use of nitroniu:

its low solubility in many solvents. As mentioned, the most

solvent is sulfolane, in which the tetrafluoroborate is soluble to abou

m tetrafluoroborate is
convenient
t 7%,



Table XV. Nitration of Arenes with NG BF;

———

% Yield of
Substrate Product Mounonitro Product
Benzene Nitrobenzene 93
Toluene Nitrotoluenes 95
o-Xylene Nitroxylenes 91
m-Xylene Nitroxylenes 50
p-Xylene Nitro-p-xylene 93
Mesitylene Nitromesitylene )
Ethylbenzene Nitroethylbenzenes 93
n-Propylbenzene Nitro-n-propylbenzenes 91
Isopropylbenzene Nitro-isopropylbenzenes 93
n-Buiylbenzene Nitro-n-butylbenzenes 90
s-Butylbenzene Nitro-s-butylbenzenes 92
+-Butylbenzene Nitro-i-butylbenzenes 88
Biphenyl Nitrobiphenyls 94
Naphthalene Nitronaphthalenes 79
Phenanthrene Nitrophenanthrene 89
Anthracene 9-Nitroanthracene 85
Fluorene 2-Nitrofluorene 79
Chrysene 6é-Nitrachrysene 73
Benzolalpyrene 6-Nitrobenzo|a]pyrene 7%
Anthanthrene Nitroanthanthrenes 81
Pyrene 1-Nitropyrene 85
Triphenylene Nitrotriphenylenes 77
Perylene 3-Nitroperylepe 85

Table XV1. Nitration of Haloarenes and Haloalkylarenes with NOZ By

% Yield of
Substrate Product Mononitre Product
Fluorobenzene o,p -Fluoronitrobenzenes 90
Chlorobenzene o,p-Chioronitrobenzenes 92
Bromobenzene o, p-Bromonitrobenzenes 87
Iodcbcn;enc ‘ o, p-lodonitrobenzenes %0
Benzotrifluoride m-Nitrabenzonitrifluoride 20
p-F\}xombcnzo\riﬂuoride 3-Nitro-4-Ruorcbenzotrifluoride 85
0~Dl<.:hlorobcnzene Nitro-g-dichlarobenzenes 70
m-pxchlatobenzene Nitro-m-dichlorobenzenes 74
p-Dn.chlorobenzcnc Nitco-p-dichlorobenzene 80
a-DD\guombemene Nitro-o-difiluorobenzenes 82
m-D _lﬂuorobcnzt:nc Nitro-m-difluorobenzenes 79
p-Difluorcbenzene Nitro-p-difiluorobenzenes 85
;:l;lluoronaphthalcnc Nitro-a-flucronaphthalenes 75
ar n:;r:::x:rli\;halcm Nitro-g-fluoronaphthalenes 79
o chlorie be Nitrobenzyl chlarides 52
B—Chlometh!;\bcetr‘;l:; :\\‘ito-B—ﬂuomclhyibenltnes 69
i Bromecthytbenns itro-B-chloroethylbenzenes 82

Nitro-g-bromoethylbenzenes
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le XVII. Nitration of Nitroarenes and Nitrohaloarcnes with NO; BF,

Tabl
R
% Yield of
Substrate Product Nitro Prodect
Nitrobenzene m-Dinitrobenzene Y]
a-Nitronaphthalene Dinitronaphthalenes 85
p-Fluoron!trobenzenc 2,4-Dinitrofluorobenzene 78
o-Fluoronitrobenzene 2,4-Dinitrofluorobenzene a4
2,4-Dinitrofluorcbenzene Pieryl fluoride 40
p-throchlorobenzene 2,4-Dinitrochlorabenzene 75
o-Nitrochlorobenzene 2.4-Dinitrochlorobenzene 77
80

2.4-Dinitrochlorobenzene

Picryl chloride

Table XVIII. Nitration of Arylcarboxylic Acid Esters and Halides with

NO;BF;

Substrate

Product

% Yield of

Mononitro Product

Methyl benzoate

Ethyl benzoate

Propyi benzoate

Ethyl m-nitrobenzoate
Benzoyl fluoride

Methyl m-nitrobenzoate
Methyl m-nitrobenzoate
Propy! m-nitrobenzoate
Ethyl 3,5-dinitrobenzoate
m-Nitrobenzoyl fluoride
m-Nitrobenzoy! chloride

FEBRE

Benzoyl chloride

Table XIX. Nitrati

on of Aryl and Aralkyl Nitriles with NO; BF

Substrate

Product

% Yield of
Nitro Product

Benzonitrile
o-Toluonitrile
m-Toluonitrile
p-Toluonitrile
Nitro-o-toluonitrile
Nitro-m-toluonitrile
Nitro-p-toluonitrile
p-Fluorobenzonitrile
p-Chlorobenzonitrile
1-Naphthenitrile

3.Nitrobenzonitrile
Z-Methyl-S-nitrobenzonitrﬂc
Nitrotoluonitriles
4-Methyl-3-nitrotoluom’tﬁle
3 ,5-Diru'tro-o-toluonitrilc
Dinitro-m-toluonitri[es
3,5—Dinitro-o-toluonitrile
4-Fluoro-3-nitrobenzonjtrile
4-Chloro-3-nitrobcnzonitrﬂe
Nitronaphthonitrile
Nitrobenzyl cyanides

Benzyl cyanide
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In nitromethane, its solubility is only ~0.2%. Therefore, there i

nificant need for more soluble and stable nitronium salts, A sig

Nitronium hexafluorophosphate (NO3 PFz ) in contrast to NOSBF; yy
found to be much more soluble in many solvents. Its solubility in niy,,
methane for example is >30%. Consequently is a very convenient ity
ing agent for aromatics (as well as aliphatics). It can be prepared similarly
to tetrafiuoroborate by using HF and PFs. Lack of ready availability of PF;
may be, however, a limitation.

Nitration of aromatics with nitronium trifluoromethanesulfonate (con-
taining hydronium trifluoromethanesulfonate) formed in the HNO,-
CF,SO;H system have been studied by Coon er al. [SB]. Selective
mono- and dinitration of toluene in 98% yield can be carried out under
heterogeneous conditions by varying the reaction temperature. Low reac-
tion temperature (-60 to -110°C) results in the formation of orfho- and
para-nitrotoluenes, with meta-nitrotoluene limited to 0.2-0.5%. The very
limited meta-nitration is probably primarily due to the low reaction
temperatures. The heterogeneous nature of these nitrations precludes
comparison of data with homogeneous nitrations involving NO; BF;.

Nitric acid-triflic anhydride (trifluoromethanesutfonic anhydride) is
found by Olah et al. to be a very effective nitrating agent [8]. The system

can be used in sulfolane or nitromethane solution. HNO; ~(CF380:),0
acts as nitronium triflate according to

HNO, + (CF380,),0 ~— CF;SO,H + NO; CF3503

The reactivity of nitronium salts is further enhanced in strong acid such
as ﬁuorosplfuric acid. Such solutions can be used to even trinitrate bew
zene to ylek} 1.3,5-trinitrobenzene, a reaction which was reported pPr<
viously only in low yield [64-66]). 1,3,5-Trinitrobenzene is usually obtained
only indirectly [67], but can be prepared in good yield by nitration ©
:lizf-%?mobe.“ zene with nitronium  tetrafluoroborate in flucrosulfuric
a: 15!3%- toopt;:;:nll 0l(')t’.(;iction conditions require a reaction time of ~3 hr
The das inyTabl o pure 1,3,5-trinitrobenzene in 50% yield _[41,69]‘
shorter reaction tini XX show that higher yields can be obtained &
tating purification Es, with mixtures of di- and trinitro products necess”
trinitrobenzene ot )1’ HPLC. ‘Long‘er reaction times give pufe 133’5'
Nitconium sales aa sohresult in oxt@ative losses and hence lower yield:
nitration of aromaticrz the most effective electrophilic nitrating agents for
widely applied in {ho G{I:povfmds under very mild conditions. They are also
nitration of hateren d{n ration of heterocyclic aromatic compounds. The
the case of pyri d'mey[lé.c IC;%POUﬂd§ by nitronium salts was first studied 1"
followed by ring Open'u; ,70). N-nitration giving N-nitropyridinium ion 15
8, if excess pyridine is present, yielding glutaconi¢
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Table XX, Nitration of m-Dinitrobenzene to 1.3,5-Trinitrobenzene with
Nitronium Tetrafluoroborate (NO; BF, ) in Fluorosulfuric acid (F56) H;
Solution at 150°C

Yield of
Reaction Recovery of Nitro 1,3.5-Trinitrobenzene in 1.3.5-Tnmtro-
Time Compounds (%) Total Nitro Products (%) benzene (%)
0 100 0 i)
0.5 95.2 38.0 36.2
1.0 90.3 60.4 545
1.7 82.5 80.0 66.2
22 77.7 85.0 66.0
3.0 64.8 95.0 61.6
34 56.7 9.2 55.7
3.6 52.3 99.4 520
38 49.3 100 493
4.0 44.8 100 4“8
42 39.4 100 394
aldehyde

+ _—
CsHsN + NO§ BF; —— CsHsN—NO, BF;
- HO
CHsN—NO, BE] %%, [CH;N—CH=CH—CH=CH—CH=NNO;] BF; ——
{CsHsN—CH=—CH—CH=CH—CHO] BF;

iti idi itronium salt gives stable N-
n of pyridine to excess i : : /
reverse additio P —C migration of the nitro-group is, how-

nitropyridinium salts {16]. No N : s, h
ever pgbserved even 0[n heating. On the other hand]. alkylnitropyridinium
7 itrati ts [16,71,72,73].
salts are good transfer nitration agents |2 o
The p;geferential N-nitration of Pﬁ);ndlmc: woil'c;vseeee:;quit1?1?1:::;‘?3;;:
i ‘lie C-npitration is difficult to achi st 3
dlrectt:l eleﬂmphlhacm(i: vif]hen the nonbonded nitrogen electroq pair 1§ OCCU-
01:0:' ed Syst"m:;e case in pyridine- -oxides whif:h are readily_ nitrated lm
ﬂ:: 4sucr'1tiaosnlSPyridinium salts have deactivated rings and are nitrated only
posi . sd
i i i osition. o ‘
W“h_dlﬂi_czlllty o tr]l?giiepwith mixed nitric—sulfuric acid gives a l_m.v :\'lel(! of
th I\:I’,ltr?tm;r%fdﬂt indicating that the nitration is that of the pyridinium ion
€ 3-nitro ; A
ion in the acid medium. . N
formed by pm‘wn:tt:r);allly crowded 2,6-di- and 2,4,6—trl-te;rt-bu}ylpyn@me
. Wh:e a re=acmt1§traﬂuoroboralte, nitration occured ezfclusaw'.:‘ly' in the ring.
\v:;;h m;rgnc;;l?;r:-butylpyddine was reacted with NO; BF; in dry CH;Cl,
en 2,6-di-
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or CH,Cl,/sulfolane, apart from unreacted starting Material, 289, 2,6,

tert-butyl-4-nitropyridine and 6% 2,6-di-tert-butyl-3,4-dinitr0pyridine was
formed [74]. N .

Similarly, 2,4.6-tri-tert-butylpyridine yvhen reacted with NO;BF; in
CH,Cl, gave 36% 2,4,6-tri-tert-butyl-3-nitropyridine as the only produyc.

Olah and Kuhn reported that thiophene forms nitrothiophene i 919
yield on nitration with NO; BF; [17], while the nitration of furan resyts in
a 14% vyield of nitrofuran. 3—Nitro-6-pheny1—2-pyridone has been obtained
in 40% yield by the nitration of 6-phenyl—2-pyridone with NO; BE; [73].

B. Alkanes

Mixture of nitric and sulfuric
of aromatic hydrocarbons, is
since primary nitroalkanes ar

ondary and tertiary nitro
alkene-forming elimination
tion, etc.). It is, however

acid (mixed acid) used extensively in nitration
generally unsuitable for nitration of alkanes,
e rapidly hydrolyzed by hot sulfuric acid and
alkanes form tars (in all probability via rapid
and subsequent polycondensation, polymeriza-

€ Nitro group) and nitrolytic cleavage (of
-C bonds), respectively]. group) Y
A solution of 3 stable nitroniym salt (ge 11 hate
t ophosp
NO; P, but also th hor (genera y the hexafluorop
NOJBF;) ;

Summarized ip
At 25° o1
methane. Sup

Table XX1.
Y 0.1% of Nitromet

. hane was obtained in the nitration of
Stantially (at least te

nfold) increased yields were obtained in
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Table XXI. Nitration and Nitrolysis of Alkanes and
Cycloatkanes with NO3 PF, in CH,ClL-Sulfolane Solution at

25°C
Hydrocarbon Nitroalkane Products and Their Mol Ratios
Methane CH,NO,
Ethane CH3N02>CH3CH2NOZ, 2.9:1
Propane CH3N02>CH3CH2N02>2-N02C,H7>

1'N02C3H7 ,2.8:1: 0.5: 0.1
Isobutane tert-NQ,CyHo> CH,NO, | 3:1
CH3N02>CH3CH2N02>2-N02C4H9~

n-Butane
1-NQ,CHy, 5:4:1.5:1
Neopentane CH;NO,>tert-C ,H,NO,, 3.3:1
Cyclohexane Nitrocyclohexane
Adamantane 1-Nitrpadamantane>2-nitroadamantane,
17.5:1

HF and HSO,F (or other superacid) solutions (see subsequent discussion).
Higher alkanes and isoalkanes gave yields of 5-10% and adamantane was
nitrated in 309 yield. Data indicate that nitration (nitrolysis) of alkanes
with nitronium salts proceeds in accordance with the generalized concept
of electrophilic reactions of single bonds [77] involving two-electron, three-
center bond carbocationic intermediates (transition states) as illustrared

With case of the nitration of methane.

,‘H -H"
CH4+NO;PF¢; _ [CH:,""““NO ] ?s'-) CH3N02
2

In cases of higher hydrocarbons, nitrol)ysis of the C—C bond also takes
Place in competitive reactions (Scheme 1).

The nitronium ion nitration (and nitrolysxﬁs) of alkanes an.d cyc;%z;k(ziu;es
follows the same pathway as protolytic reactions and Slk)gaf;menz gord,-n'at;;

v -
the reactions roceed via two-electron three-center o :
i i the

Carbocationic l'?ransition states formfzd by the‘mtromum ion ?rn:;::ngg e
two-electron covalent o bonds, forcing tl}em {nto e_afecrroﬁlszi I s hag.no
should be remembered that the linear nitronium on 0= h—  has no
Vacant orbital on nitrogen (similar to the ammonium ion) and therefore pe

i ilic nitrating agent. In coatrast to
olarizable electrophilic ni ras
oot only a5 3P donor alkanes are weak electron donors and particu-

;;r?; ggjrn:::ym(?fffs-i ;Jronds (as those in me'thax?e) seem not bfrmg fht::: 3;31:
larizati The “reactive’ nitronium ion in nitration of methz u
et L o hat bent (i.e., at least partially rehybndlzed.fr'om sp tosp }
\Tlttllslt :e;gg]eov;ing empty p-orbital on nitrogen. The dnving force for



JH
CHzCHz "‘<

PFg NO:
Hy;CCH;3+ N
3 3+ NOFPFg —< HyC .

H T e
CH;3CH,CH, < ., CH;CH,CH,;NO,
'NO,

+
J M, CH,CH,NO,

-<

~CH3 "
-_ CH3N02 + CH3F + PFS

.H .
CH,CH,CH; + NOS PFg {(CH3)2CH---< J —H, (CH,),CHNO,
"NO,

.

CH3CH2.. .-CH5]* _+ CH3CH,NO, + CH5F + PF;
NO,

> CH3NO, + CH;CH,F + PF;s

4H * I
(CH;);C--< A, (CH;);CNO,
CH3 ‘N 2

| 0 g
CHy—C-—H JPH \ 1
(l,H3 HNO; + [(CH;)3C*] — secondary product

-+

.CH,
[(CHg)ZCH"‘(\‘ NO ] —_— CH3N02 + (CH;),CHF + PF;
2

CHs CHS +
Hsc—(\:—CHa‘i' NO3PFg —= H3C—(|:"-<’CH3 — CH3NO; + (CH;)3CF + PFs
CH, CH, NOz2| ™~ (CH;3)sCNOQ; + CH;F + PFs

Scheme 1. NO3I Nirtration of Alkanes
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.

forming the bent nitronium ion must b thi

honded electron pairs to coordinate witi tt}l:ec 2?:2:? :fci:Jhe Oxygc" e
nitration systems. Protosolvation should result in atgieast zxﬁm n ;he
and development of an empty bonding orbital on nitrogen }}f f [; o
tion would be achieved (for which there is yet no gire& \permenta
evidence} the protonated nitronium dication NO,H?* penmena

) on

O=N

0

:;VOUI‘?] be fully bent “_ilth an empty at'o'mic orbital on nitrogen and could be

(')1[]51 'ered_as tpe ultimate electrophilic nitrating agent. The protosclvated

z;ti:tf;:)unrg(l}?n indeed may be th-e.reacti\{e species formed in superacidic

Whorae ! ence the higher reactivity of mtrqm'um salts in these solutions).

for o eaction at the C—H bond results in substitutior of nitro group

o ydrogen, reaction at C—.—C bond causes nitrolysis as shown in the
actions of ethane, propane isobutane, and neopentane.

C—C bonds are generally more reactive than secondary or primary
_C—H bonds, leading to preferential nitrolysis of n-alkanes. The nitrenium
lon, which is linear by itself, does not seem {0 exercise excessive steric
hindrance in the transition state, where it is substantially bent (as indicated
also from its behavior in electrophilic aromatic substitutions). Side prod-

ucts of the nitrolysis are methyl, ethyl, and isopropyl fluoride (formed by
with the cleaved alkylcarbenium ions) or secondary

the reaction of PFs
6
ble of undergoing reac-

a,[kYIation products, which by themselves are capa
tion with the nitronium salt.

Tertiary C—H bonds show the highest reactivity. However, protolytic
cleavage of tertiary and secondary nitroalkanes is 2 major side reaction.
and can lead to the formation of a variety of byproducts. Protolytic denitra-
tion was demonstrated by reacting 2-nitro-2-methylpropane with FSO:H-
SbF;, HF-SbFs, and HF-PFs at —80°C. The protolytic clevage reaction

d (or subsequently, nitrosonium ion).

vields r-butyl cation and nitrous aci
No nitronjum is formed, as shown by the quenching of the reaction mix-

tures with benzene and toluene forming no nitroaromatics. At the same

time #-butylation products were observed.
M. [(CH5)sCNOH]* —— (CH3)C* + HNO;

(CH;3);CNOz =

The steric requirements for reaction with tertiary C—H bonds in
d, because of the initial linear nature of the nitronium

alkanes are limite



Georg, A Ol
170 enc Chloride‘
YIeld Iﬂ pure
Were obtaineg
€ommetricg) <op-
n. The reactiq,
on invo]ving the

is ni ith nitronium salts ip methy]
fon. Adamai[;ttil;:slstgltf:)itxzdlﬁlitroadamantane in 10-30%
Sl'ﬂf()]anteh::]e or nitroethane solution, yields of 70-80¢
Bocome f the rigid structure of the adamar}tyl c.age,. g
BeC?use ?l w only front side attack by the .r{ltronlum io
s}tlrax:ft;r: [ﬁ'oceeds via an Sg2-like electrophilic substituti
:r-ee{ectron pair of the involved C—H bonds.

NO
" H.. .NO,J* 2
I ~H+
—_—
=
+NOJPF; ) u . NO,
‘.\~ ~ -
\T,H H+
'NO,

Probing the mechanism of the reaction, a kinetic hYd’rog:i:: ml;zzggz
effect study of the rate of nitration of 1,3,5,7-telfradf:3uteiiloa en isotope
compared with that of light adamantane showgd a kinetic hy r(.>gal esition
effect (ku/kp) = 1.3). This would indicate a hxghly unsymmetric
state {or high lying intermediate) of carbocatjonic nature.

H\‘ - N02 + N02

=<

—H'
Ky

Compared 1o tertiary C-—H bonds,
primary and secondary C—p bonds have
nitration (nitrolysis of C—C bonds) of y-3
tion.

. be
As discussed Previously, increased yields of nitromethane can

obtained by Carrying out the pjtrqt:
HSOsF. As no pro

C—C bonds are less reacuveé
even lower reactivity. Cleavz%:_
Ikanes is the predominant re

salt nitration ip methylene chloride—sylfolane sollll-
tion, this produyct m tylene, which in turn is
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formed either by the direct react_ion between isobutane and HE/PFs or
more probably from the protolytic cleavage of 2-nitro-2-methylpropane.

CH; no; » (CH3)3CNO, U (CH3)3C" + HNO,

CH3—(IZ——H lwﬂ.
H” -
CHs (CH3);C* + H; 5 (CHy)yC=CH,
-

O,NCH,CH(CHj), «—— O,NCH,C*(CHy),

Nitration of dinitrobenzene to trinitrobenzene and other deactivated
aromatics with nitronium salts is greatly facilitated by carrying out the

reactions in superacids (FSO;H, CF;S0;H, etc.).
The unexpectedly high reactivity of the nitronium ion in FSO;H or

CF380;H solution is attributed to its protosolvation.

+
0=N=0 %%, §_N=Q----HOSO,F —>
2+

0=N=0—H] «— [0=N—OH]
‘ 0

Fully protonated nitronium dication was found to be unstable by
Simonetta’s quantum mechanical calculations [79a). Howe‘vgr, recent ab
initio calculations with 6.31G** basis set indicated a mintmum [79b].
Evidence for protosolvation of nitronium ion by fluorosulfuric acid comes

i i f fAluorosul-
also fi i studies. The O—H stretching frequency of fiuo
id in AoF, is shifted from 3300 to 3265 cm™' upon addition of
the O—H band broadens. The N=0

furic acid in AsFs
does not shift or broaden

10% w/w NO3 PF; . Simultaneoxislly,
stretching vibration at 2380 cm™", however,

significantly under these conditions. o N
Nitroniu{n salts as discussed react extreme;y ﬁadlly Ew-t;e ?n?;r;orj;re :

i with alkenes and alkynes {(vi . 3
also shomEOunds B el rds n-donors, such as alcohols, ethers.

also show high reactivity towarc: . Ifides. sulf-
amines amidegs imides, carbodiimides, oximes, hydrazones, su
] »

oxides, halides, and phosphines. However, their reactivity towards o-
3 »

er.
fonors s undersmndabl):iml(l)?htlllc;wnitronium jon towards o-donors also
Another reaction mode

P i [ carboca-
i OF acts as an oxidant, resulting in the formation of C.drb )
e.)usts V.vhere 1\{dczabstraction. Rate constants and eﬁ‘icxencner:s (_k;l/ktwgéann
ct::? Phs g hy]:!r;e hydride transfer reactions from alkanes to NOI have bee
e gas pha

measured [80].
sured [ NO +RH —— R*+HONO
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The efficiency of hydride transfer to NO; is Very low,

phase studies indicate disproportionately high-efﬁciency for abstractigy of
a tertiary hydrogen. The efficiency of hydride abstraction by NO* is
relatively higher. ‘ '

It hasybeen demonstrated in solution phase studies that carb
might be formed directly from alkanes via .fom_lal hydride
instead of via nitration followed by protodenitration.

HOWeVe;, gas

enium jopg
abstraction,

RH+NOf — R*+HNO,
RH+NO; — R—NO,+H* — R*+HNo,

If the reaction is carried out in acetonitrile then the carbocation is con-
verted into the corresponding amide by the Ritter reaction. 2-Methybutane
reacts with nitronium tetrafluoroborate in acetonitrile solution to provide
the corresponding amide in moderate yield,

1
NH—C—CH;,
H NO; + o~ H NOf H,0 ﬁ_(
2 2 2
>L\ ~HNO, >_< >:\ CHyCN NO,

Similarly, bicyclo[2.2.2]oc
yield (75%) on reaction with

When the nitration of ad
acetonitrile y

tane yields a mixture of acetamides in high
NOJ BF; in acetonitrile. .
amantane with NOJBF; is carried out 1n
Pon aqueous workup N-(1-adamantyl)acetamide is obtﬂlﬂ.ed

imilarly, norbornane yields N-(exo-2-norbonyl)acetamide

/ € gives in 73% yield the corresponding
amides,
a) NO;BE; NHAc
b) i NHACc
: NHAc
65% 29, 13%

The reaction clearly proceeds via initial formation of b
bocation, which undergoes subs

the ratio of isomers formed isap
erization of the carbocation o
octy-z-p-bromobenzenesulpho
mechanism [81,82).

icyclooctyl car-
€quent rearrangement. It is striking that
proximately the same as in the similar isom-
btained in the solvoysis of bicyclo[2.2.2]-
nate, which is in Support of the carbocationic

. Tom thege studies, it ig clear that the reaction medium plays a sig-
Aificant role ip the nature of prodycts formed in the reactions of alkanes
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with nitronium ion. In nitromethane, methylene chioride-suifolane. of
fuorosulfuric acid, the pentacoordinate transition state leads vy depro-
fonation to nitration. In the more strongly nucleophilic acetonitrile, the
solvent reacts with the incipient carbocation,

H +
R--< —_ R*KIEC—Cﬂj

\F
EC—CH3
This dichotomy is quite evident in the reaction of cyclooctane with
nitronium trifluoroacetate. The products obtained were cyclooctyl triflu-
oroacetate, cyclooctyl nitrate and nitrocyclooctane. Conversion of adaman-
tane to 1-fluorcadamantane in 95% yield on reaction with nitronium
tetrafluoroborate in pyridine polyhydrogen fluoride indicates that for-
mation of adamantyl cation by formal hydride abstraction is a significant

alternative to the nitration-protodenitration pathway.
+

~HNO,
F
* HF
H.. NO; NG
NOF Yo,
C. Alkenes

The reaction of nitronium salts with olefins depend on the n?m}rt; ?Ettrl:
alke d th ction conditions. When excess alkenes react wil
S Salts the nice d can initiate polymerization [83].

nium salts, the nitrocarbenium fon forme

+ —
CH;CH=—CH, + NOF BF; — CHsCHCHNO;BF; —
CHs

CHz—CH—}——CH=CHC2H5 + HBF,
n

n{CzHsCH==CHz) Csz(l:H”'[

CH,NO,
m ion can also be stabilized as a result of an imra-
ement to a nitrocarboxonium ion. The latter reacts with

ding ketone [84].

The nitrocarbeniu

molecular rearrang
water to form the correspon
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NO,
PN
(CH3),C—C(CHy); +NOF —— (CH3),CZ—C(CHy), —,

+ON02

I 10 I
(CH3);C—C—CH; —5 (C'HabC—-C--—CHa+HNO2

Olah and Nojima have shown [85] that when
react with equimolar nitronium tetrafluorobor
fluoride—pyridine, nitrofluorination takes place.

alkenes are allowed 1,
ate in 70% hydrogey,

RCH=CH, + NO; BF; -PYfdinism (HF)F", RCIJH——CHZ-—Noz

F
The nitrofluorinated adducts ¢

an be obtained in good yield (Table XXII),
B-Nitrofluoroalkanes are use

ful intermediates in the synthesis of g
fluoroalkylamines and give nitroalkanes via dehydrofluorination with
bases.

Chloro- and bromoalkenes give less stabilized nitrocarbenium jons and
thus do not require HF for the formation of B-nitrofluoroalkanes. With

these alkefnes, BF; seems to function as an efficient source of F~.
Extensive studies of the NOS

the Soviet literature an

1p2
R'R’C=CHR® + No# BF; = R'R?*C*CHRNO,BF;

‘[CH3CN
RIRZ(ISCHR:*NOZ &2 RIRZCCHRNO,
NHCOCH, *N=cCcCH,

a) Ri =CHy, R*=R?~ 1, yield 509
b) Rl = R3 =CH;, R? = H, yield 23%
¢ Rl=pg =CH;, R?=H, yield 13%

: : ds on

the ature of ¢ e ol ns and nitronium salts depell
h efin and ion conditions. For ex mple, cye

S with NO{BF > rexa X

£ 3 a4 to form a nitrocarbocation, which leads to
o 3-mtrocyclohexene in 40% vyield [88,69].

NO
@ +NOJBF; fl"’focs_% O/ 2 Q,NOz
- -
+
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Table XXII. Nitrofluorination of Alkenes with Nitronium Tetrafluoroborate 1g Pyridiniom
Polyhydrogen Fluoride

’—-—_7

Reaction
Temperature  Reaction
Alkene °C) Time (hr) Product Yield (%)

Ethene 20 1 I-fluoro-2-nitroethane &
Fropene 20 1 2-fluoro-1-nitropropane ]
2-Butene 20 0.5 2-fluoro-3-nitrobutane &0
|-Hexene 0 1 2-fluoro-1-nitrohexane o
Chloroethene 20 2 1-chloro-i-fluoro-2-nitroethane 4
|}-Dichloroethene 20 2 I,1-dichloro-I-flucro-2-mtroethane 45
Cyclohexene 0 1 1-fluoro-2-nitrocyclohexane o

20 0.3 80

The nitration of 1-substituted cyclohexenes is accompanied by the forma-
tion of 2-luoro-1-nitro-2-R-cyclohexanes [90,91).

R R F
NO,

+NO;BF; —

a) R =CH;, yield 30%; b) R =Cl, yield 60%.

Alkenes with a reduced electron densit{, fo_r exz_imple 3.methyl-2,
5-dihydrothiophen 1,1-dioxide, react with NO; BF, to give

CH3 CH3 N02 CH3 _ N02
- NOZBF; ? S
2 S -10°C 802
o A

S0,

i i -2,5-di hiophen 1,1-dioxide, in which
Th 3 4-dimethyl-2,5-dihydrot :
‘heed(r)?iﬁzoblt)r?; is blocked by the methyl groups, apparently proceeds via
an electrophilic substitution mechanism [92].

CH; CH3

CH3 CH3 _
z—zg NOZBE]
SO, NO;

502
the reaction of nitronium salts with olefins proceeds_ ¥ia
~ pitrocarbocation and the decisive factor that_detertmnes
.- on is the stabilization of nitrocarbocation and ;he
to the final product. One of the methods applied

As mentioned

the formation of #
the success of the feac_l
ease of its conversion 1
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involves nitration in acetic anhydride. It has been suggested thy the

complex NO;BFy -Ac,O reacts and' that 2-acetoxy-1-nitroalkape is
obtained in 36-60% yield after hydrolysis of the reaction mixture (93], The
reaction involves mainly cis-addition:

RIR?C—=CHR® + NO7 BF; —27% AcOCR'R’CHR’NO,

2) R'=CH, R?=R’=H; b) R' =R’ = CHs(cis, trans), R*= K;
¢) R'=R*=CH,, R*=H.

4-Acetoxy-4-methyl-2-pentanone is isolated together with the nitro-
acetate in the nitration of isobutene, which indicates the formation of an
acylium cation in the reaction.

The nitration of cycloalkenes is as a rule accompanied by the formation
of the - and &nitroacetates in 18-29% yields [94].

NO,
1} NOFBF7 + Acy0
2} H0
OAc
OAc OAc
@ 1) NOIBF; + Ac;0 NO,
T >
2) Ko +

NO,

The high degree of stabilization of the nitrocarbocation in the nitration
of norbornene in acetic anhydride ensures a high (86%) yield of
-acetoxy-7-nitrobicyclo[2.2.1]heptane.
o Thg interaction of nitrofﬁum salts with the heteropolar C=N double
ond in nitroalkane salts is of great interest. Olsen er al, showed that

i;m-dnmtro compounds are formed in the nitration of 2-nitropropane and
rocyclohexane salts with NOJ BF; in acetonitrile [95).

In2 e + -
R'R°C=NO,M + NO; BE; — R'R2C(NO,), + MBF4
8) M=Li, b) M=Na, ¢) M=K

D. Alkynes

Britelli and Boswel

reacts with 2-acet [96] have shown that nitronium tetrafluoroborate
) _ Oxy-2-ethynyladamantane in an unusual reaction to yiel
a furoxan in 89% yield.
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/CH3 o
0—C C/O \
Ad—C  C—ad

\\0 NO; BF,; > E
( " 2 4
\ J
\O/

Schmitt ez al. [97,98] obtained in high yield nitroacetylenes by the
nitrodesilylation of trimethylsilylacetylenes.

4

+
~
o

I . 07 BF; B
(CH3)3Si—C=C—S8i(CHs); —Joi o> (CHs)sSi—C=C—NO,

1,2-bis(trialkylsilyl) substituted unsymmetrical acetylenes showed high
regioselectivity in the nitro-desilylation reaction. The regioselectivity was
determined by the ease of attack of F~ at the less-hindered silyl substi-

tuent, Table XXIII summarizes the data.
Nesmeyanov et al. [99] and Jiger ef al. [100] described the synthesis of

nitroacetylenes by nitrodestannylation of alkynylstannanes.
R38nC=C—R’ + NO; BF; —» Q,N—C=C—R' + (CH;);SnBF;
Petrov er al. reported the nitrodestannylation of trimethylstannyl-
acetylenes with N,O,, albeit in low yield.
R—C=C—Sn(CHj); + N;O, — R—C=C—NO;
R=Ph, +-Bu, Me;5i
Nitrodestannylation with N,Os also yields the corresponding nitro-

acetylenes in acceptable yield.

E. O-Nitration

Studying the acid-catalyzed nitration of é
general scheme of aromatic electrophilic

Oxygen (and nitrogen) centers [101].

Icohols Ingold extended his
_nitration to the nitration at

itroacetylenes via Nitro-Detrimethylsilylation with Nitronium
itr

Table YOI NTetraﬂuoroboratc and Hexaftuorophosphate
al Product Yield (%)
Starting Materia

CH,3};5iC=CNO; 0
(CH,),SICa=CSICHL | iy, ECH;;LCH(CH,)ZSiECNO; 34
(CH,),SiC=CSi(CHz}a— (CH,):$iIC=CNO, . - ;’

—C— iC=CNO,

: —C(CH. (CH;);—C—(CH,),S5iC= -
(CH,),SiC=CSi(CHa)2 C(CH3)s (CH).SIC=CNO: "
[CH(CH,),]sSiC=CNO; 57

(CHa)gsiC.ECSi[CH(CH:;th
(CH,),SiC=CSIE 77 2~
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HNO; + HNO3 = HpNO3 +NO3 (fast)

H,NO7 —5 NO; +H,0 (slow)

NO3F + XH — XH-NOj (slow)

XH-NOJ +NO; — XNO;+HNO; (fast)
X=RO™,R;N7, etc.

While studying the O-nitration of alcohols, glycols, and glycerin with
excess nitric acid in nitromethane solution, Ingold et al. [102] found the
reactions to be of zeroth order and identical in absolute rate with one
another. For the nitration of methyl alcohol, low concentration of sulfuric
acid increased, whereas nitrate ion decreased the rates. When sufficient
water was added, the kinetics changed to first order. Clearly the formation
of the nitronium ion is rate limiting in nitration in the absence of significant
amounts of water. O~ (and also studied N™) nitrations thus show close
similarity to electrophilic aromatic C-nitrations with nitronium ion.

Indeed a significant improvement in the preparation of alkyl nitrates

was achieved by Olah et al. [103] who applied stable nitronium salts, such
as NO7 BF; in their preparation.

ROH + NO7BF; —— RONOQ, + HF + BF,

The reaction gives high (frequently nearly quantitative) yields of primary
and secondary alkyl nitrates (Table XXIV).
In the conversion of alcohols to alkyl nitrates with nitronium salts, the

reaction proceeds via the formation of an N-nitrooxonium ion followed by
proton loss,

Table XXIV. Preparation of Alkyl Nitrates
from Alcohols and NOJ BE;

R % Yield (Isolated)
CH, 87
CH, 92
n-CyH, 87
n-C;H, 94
n-C;H,, 86
CGH,F 88
CH,CI 85
CH,Br T2

CF.CH, 72
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) [y, J
NO,

R—‘O'-“H‘FNO; — R—0O—H i R__0_~w02

Nitronium salts also react with the ox ,
: : . . ygen of the eth
pitroxonium ion for.med in the reaction is readily CO"Ven:; ;;nl;{ige, Thc
into the corresponding aldehyde or ketone [104], igh yield

J
NO,

-HNO;

-CH. +
RCHO <<% RCH=OCH; BRy

R=C6H5CH2 s p-CH3C6H4CH2 , p-NOgC6H4CH2

NO,
R:CHOCH; + NOF — R,CHOCH; —2% R,c=0*CH; 22 R,C=0

In the presence of other nucleophiles, the nature of the product changes

Slgmﬁcantly. Thus, methyl ethers of adamantan-1-ol, r-butanol, and exo-
norboran-2-o] react with nitronium tetrafluoroborate in acetonitrile solu-

tion to yield the products of a formal Ritter reaction.
NO,

R—0—cH; + NOj — R—Q—CH; —5
0

I
R—N=C—CH; % R—NH—C—CH;

Ethers of secondary alcohols, in general, show poor regioselectivity in
the second step, thus yielding mixtures of amides as well as pr_oducts of
oxidation via HNO, cleavage (vide infra). In an analogous reaction treat-
Ment of 1.methoxyadamantane with a 1:1 mixture of acetyl nitrate and

HBF, resulted in its conversion to I-acetoxyadamantane in high vield.
vinyloxysilanes with NO; BF; was also studied.

Desilylative nitration of h o )
Enol silyl ethers undergo facile nitrodesilylation to yield the correspond-
ing a~ nitroketones in moderate yield [105}.
‘(CH. . G
OSi(CH3)3s  yorps; )k/Nol 45%
HC CH, CHyCN, 25°C HsC
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OSi(CH;); 0
NO,
= —_ 37%
ch CH3 H3C CH3
CH,4 — CH; 38%
0Si(CHs), o
NO,

The reaction probably proceeds via O-ni

tration, a mechanism similar to
the reaction with alkoxysilanes followed

by isomerization of the vinyl

nitrate,
OSiMeg ON02 O
<I: NO; (I: — g
tNO; — N AN
cHy “cH, cuy cw, CHY CH,NO,

F. N-Nitration

The first report of the nitration of amines by nitronium salts was by Olah
and Kuhn [106].

Primary and seco

ndary amines are nitrated by NOFBF; in sulfolane or
8O, solution to yiel

d nitramines,

2R;NH + NO; BF; — R;N—NO, + R,NH - HBF,
The nitration of amines with nitronjum tetrafluoroborate to nitramines
was studied subsequently by Olsen, Fisch, and Hamel [107]. _
Satisfactory yields of nitramines were obtained by reacting two equiva-
lents of secondary aliphatic amines with NO; BF{ in methylene chloride
solution (Table XXV),

Table XXV, N

itration of Amines and Their
Derivatives wit
—_——

h Nitronium Tetrafluoroborate

Yield of N-Nitro

Compoung Derivative (%)

Di-n-butylam'me

54
Morphaline 72
ﬁ,,ﬂ-bis(cyanoclhyl)amine 62
Picramige

85
—_—
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Reaction of a primary al-iphatic amine, n-butylamine. } 1, gave
only 220% yield of n-butyl nitramine. In contrast, picramide gave N-2 4 4

tetrapitroaniline in 85% yield.
Extensive studies of N-nitration were carried out by Soviet investigators

and the topic reviewed [86].

It was shown [108] that the nitration of aromatic amines proceeds
diferently depending on their basicity. Amines of moderate to low basic-
ity, such as bis(2-cyanoethyl)amine (pK, =5.25), bis(2,2,2-trinitroethyl)-
amine (pK, =0.05) are nitrated by NO;BF; to the corresponding
N-nitramines in acetonitrile or ethyl acetate in yields of 87-98%. The

nitration of highly basic dialkylamines (pX, = 8.70-11.15) is accompanied
by the partial reduction of NOJ BF; to nitrosonium tetrafluoroborate and
the formation of nitrosamines, The content of nitrosamine in the reaction
mixture increases with increase of the reaction temperature. Nitronium
hexafluorosilicate proved to be a milder nitrating agent; its application
makes it possible to reduce greatly the formation of nitroso- derivatives.

The nitration of aliphatic-aromatic amines also proceeds smoothly and
the low acidity of the medium makes it possible virtually to avoid the
N-nitro — C-nitro rearrangements [108].

Aromatic methylene-bis-amines, which are unstable in an acid medium,
were nitrated for the first time with nitronium salts and N,N'-diarylmethyl-

enedinitramines were obtained in a high yield {109].

(s
NH N
@/ CH, +2NOFA™ — CH, + 2HA
R R R 2

- - ,3-(NO:
A =BF; SiF™; R=2NO;, 3-NO;, 4 NO,, 2,6- and 3 ( .2 |
ts and nitrogen pentoxide with ammoma

i itronium sal n pe AMMON!:
whe reaction of nits ] and nitramine 1S formed at liquid ni-

have been investigated [110-113

trogen temperature: o
INH, +NOJA™ — NH,NO, + NH7 A

A =SO3F7, Clog, BF;, NOy
dent on the nature of the anion; on

ine is depen on; 4
o g e vield in-

. 5 a
The formation of b" hlorosulfate to tetrafluoroborate, th

Passing from nitronium ¢
Creas?es fr‘om 8 tﬁ::;f:.ved to be particularly useful in the sypthesxs of

Nltr.oplum_sﬂs w[]:ich previously had been difficult to obtain. It was
g’l ,N-dlfll’;‘}'?ﬁgf the interaction of primary aitramines (o7 their salts) with
own
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Table XXVI N-Nitration of Amides with Nitronium Tetraﬁuoroborate

L ——
- Yield of N-Nitro Yield of N-Nitrg
Compound Derivative, % Compound Compound, g;
—‘——d————- 13 ethyl n-butylcarbamate 9
ig;?:::)a;!amide 55 n-bu.ty‘laclgtamlde 40
2,2.2-Trichloroacetamide gg succialmide 43
Benzamide

——

nitronium tetrafluoroborate, (pyrosulphate, fluorosulfate, fluorosilicate,
as well as other nitronium salts) leads to the formation of the N N.
dinitramines. .

RN(NO)X +NO; A~ — RN(NOy),

X =H, NH,, K, Li; A=BFj, $,02”, FSO3, SiFZ~, ClOg, SbF;, SnFY

Best results are obtained in nitration by nitramine salts in chloroatkanes
or acetonitrile. However, the use of more basic solvents, such as ethers
and esters, ensures equally high yields in the nitration of both free nitra-
mines and their salts [115]. _

Amides(acylamines) and urethanes as shown by Olsen [107] gave with
one equivalent of NO3 BF; in acetonitrile at —30°C the corresponding
N-nitro derivatives (Table XXVI).

RCONH; + NO;BF; — RCON(NO,)H + HBF,

The nitramides of benzoic and chloroacetic acids were obtained in

satisfactory yields by the method, but the yield of nitroacetamide was only
12%. This can be explained by the fact that the aliphatic nitramides ar¢
readily hydrol

yzed even in the presence of potassium acetate. ;

.The use of more basic solvents such as ethyl acetate, 1,4-dioxanc. 0 g

trimethyl phosphate made it possible to obtain various other nitramldesg’

;’;gi‘g'; structure in 40-90% vyield [116]. Succinimide is nitrated %
2 By in ethyl acetate i i ,

Yl acetate in 43% yield [107]. ot with

It is interesting to note that N-methylsuccinimide does not rea¢

L A e
nltro“llfm.salts and N-methylphthalimide undergoes nitration 17 t
aromatic ring exclusively.

€ most conv

i . ists Of
a ement synthesis o ic acid nitro-imides const
the reaction of N M f suifonic acid nit

OFBF; with imide salts [117].

X X

M +NOBE; —  SN—NO;
Y

CH,C4H,80,; Y = CO,R
= CH3SO2; Cqu,SOz

a) x=p_
b) X=y
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As discussed, one of the known methods i . :
mines involves the reaction of dialkylamides wi(r)}i Z{;:BZSCJL o‘r; g;;[]kliln;tra-
the substitutio.n of the acyl group by the nitro group (nitroly:SiS) Hov?e:etrﬁ
when nitric acid or its mixtures with acetic anhydride are used. the yield of
nitramines is as a rule low and only the use of the HNO}(F;CCO) O
mixture mgk_es it possible to raise the yield to 909 [118]. For prepar atjzve
purposes, It Is more convenient to nitrate the dialkylamides by nitronium
salts [119]. The reaction takes place at 20°C in acetonitrile solution. The
dialkylnitramines are formed in yields up to 90% and the acyl group is
converted into acylium tetrafluoroborate.

RoNC(O)R’ + NO7BF, — R,N—NO, +R'CO*BF;

Alkyl-N,N-dinitramines were formed in high yields from N-alkyl-
nitramides [120].

RN(NO,)C(O)R’ + NOFBF; — RN(NO,), + R'CO"BE;
R= CH3 , C4H9 5 R = CH3 N C3H7, CC];

The reaction of NOFBF; with N-alkylamides has been investigated
[107,111] under different conditions, but nevertheless the results permit
the conclusion that at a low temperature (~30°C), N-butylacetamide and
ethyl n-butylcarbamate in acetonitrile are nitrated to the N-nitro_deriva-
tives [107] while at higher temperatures, (up to +10°C) nitrolysis takes
place with formation of the corresponding carboxylic acid agd alcc?hol as
well as N,O [121]. The question as to which C—N bond is N-nitrated
and cleaved in the reactions of N-alkylamides with NO; BF; requires
additional study. ) .

Aliphatic isocyanates react with NO;7 BF; in ethyl acetate or acetonit-
rile with formation (after hydrolysis) of alkylnitramides [122].

RNCO + NOJBF; —> RNHNO, + CO; + HBF,

The study of the nitration of a series of ‘N,N-diacylmethyIamig.eS:iz‘tgg
that the acyl group is substituted by the nitro group and, depen 1111:'1- \\-
conditions and the component ratio, methylnitroacetamide or methyl-v..
dinitramine is formed [123).

CHyN(NO),COCH;

CH;N(CQCH3); + NO3 BFy
CH 3N(N02)2

. , itro group-
The methanesulfonyl group can also be suwmel;grb)i‘niget?:itsmk;nd gf
The tosyl or an alkoxycarbonyl group do not

reaction.
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184 BF; with substituted methylene
ion of NO; BF4 %

The mode of reacttl:(;‘; of the substituents [123,124]. Alkan ; ,
depends on the na thoxycarbonyl derivatives updergo llntrolys}s at the
arenesulfonyl’_ or me tion of substituted nitroé}mme.s' Thls.reac'non Path.
C—N bond w&ﬂ; fotrh rgaformation of the carbonium-immonium jop stabij.

is favored by th
Eﬁ by the amino nitrogen.

NRR’ + NOFBF; — R'NR—NO; + R'NR*CH,BF;
R'RNCH;
R = Alky, R’ = Alkyl, 80,CgHs, CO,CH,

diamjpe
esulfony)

i limidazolidine undergoes nitration by nitronium salts t
B ace . - + .
N Ac’:::tl\;:);\f'-ngro- or N,N’'-dinitro derivatives.
-a -

/ ~
0,N—N""N—COCH; + O,N—N""“N-No,
\/

itrati esis of N
Nitronium salts are convenient nitrating a'gcnts fgr Igllei ;y:ct:tonitrile .
nitrimines. 4-Amino-1,2,4-triazole reacts with NOJ BF;
form 4-nitrimino-1,2,4-triazole in 65% yield [125].

—N N—NH
2}) +NOFBF; — (ﬁ)
|

| _
NH, N

|
NO,

i midazole
' .azobenzimidazo
1-Aminobenzimidazole is nitrated analogously and 1,1'-azob

: .th NO7BF; i
1s formed as a side product. 3-Amino-1,2,4-triazole reacts with NO:
acetonitrile to form N-

jtroamino-
nitrotriazole, which rearranges to the I
triazole, o
NHNO:
(NyNHz +NOJBF; (NYNHZ (NY
—_ —_—
N~NH 1\\1_N N—NH
\NOZ

Both nitronium

. . rhoxyl
) . odicar b
and nitrosonium salts readily react with az

ate anions ip accordance with

NOZ + 700CN=NCOO- —, N,0, +2C0,+ N2
NO™ + ~00CN=NCOO~ — 2NO + 2C0, + Nz
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the reactivity of the
p!_c, reacts with ethyl azodicar-
nitrosonium tetrafluoroborate,

The reaction of alkyl azodicarboxylates depends on
electrophilic species. NO3BF; | for exam
boxylate, while the weaker electrophile,
does not react.

The reaction of NO3 BF7 with lithium azide in acetonitrile results in the
formation of covalent nitronium azide, which is converted Into nitrous
oxide above —10°C [126].

NO; BF; +LiN; ~— LiBF; + NO,N; —» 2N,0

G. S-Nitration

Sulfides react with nitronium hexafluorophosphate at —78°C to form §-
nitro sulfonium ions, which isomerize to S-nitrito sulfonium ion on warm-
ing to ~20°C and subsequently give the corresponding sulfoxides {127a].

R R_ _R R_ R
- s
R—S—R + NO} ——> R\s+ = 57 — N _xopE;

l | I
NO, ONO 0

This reaction demonstrates the ambident reactivity of the nitronium jon,
in analogy with the ambident reactivity of NO, zmd3 NO; . '{];e nitro-
sulfonium ion intermediate can be observed by 'H-, *C-, and "N-NMR

spectroscopy. »
In a similar fashion, sulfoxides were oxidized to sulfones [127b).

ONO, ? ?
R-—E—R+No{ ——» R—§*—R —> R—S$"—R — R-—ﬁ—~R+NO’
ONO 0

S-nitro or S-nitrito sulfonium ions are simi'lar iqtennediates n tbhe :::ds;
tive cleavage of ethylenethioacetals with nitronium tetraftuorobor

sodium nitrate~trifinoroacetic acid {127c].

R S 1} NO3 or NaNO,/CF;COH R\
} NOy or NaNOy/LFLUA C=0
R><S 2 H:0 R/

. Attempted Nitration at Phosphorous |

Reaction of nitronium salts with phosphines yields phosphine oxides

in quantitative yield.
R3P + NOJ

[127¢]

-no~ —_— O
—— [Ryp*—O—N=0} — RiP
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Examination of the intermediates by °C-, *'P-, and N-NMmR

itri . Spectro.
scopy showed the presence of only the P-nitrito phosphonium jop andrr?o
P-nitro phosphonium ion R,P*"—NO, was observed even at very Ioy

temperature.

V. Transfer Nitration

According to Ingold, the reactivity of a nitrat.ing agent NO,—X js highly
dependent upon the electron affinity of X. It is therefore possible to alter
the reactivity of the nitronium ion by using different agents of varying
electron affinity. If a prepared nitro (or nitrito) onium ion is used as the
nitrating agent, transfer of the nitro group to the substrate occurs. These
reactions are called transfer nitrations utilizing nitro and nitro onium salts
generally derived from suitable O—, S—, or N— containing heteroorganic
compounds.

The term transfer nitration is thus defined as a nitration carried out by
reacting the incipient nitronium ion bound to a suitable career (delivery
system}), in order to modify the reactivity and reaction conditions of nitra-
tions, The term is, however, arbitrary. There is frequently only a fine
dividing line between solvated nitronium ions and nitro-onium ions,
although in other cases the transfer nitrating agents are stable and well
defined.

The regioselectivity of nitration of toluene with nitronium salts has
been successfully altered by their prior complexation with crown ethets.
Comple.xation of NOSBF; by 18-C-6 crown ether substantially altered the
selectivity in nitration of toluene and benzene as reported by Elsenbaumer
and Wasserman [128]. Similar effect was observed with polyethylene 0%
ides. Savoie et al. reported isolation of the 18-C-6-NO; BF; complex and
::: f}lllara;temation (129]. Masci carried out the yet most detailed study
nitratieos [igtoff crown ethers on the selectivity of electrophilic aromat¢
yieﬁz‘xnﬁzﬁ;:;zgﬁs gglzg; BF, and 21-crown-7 or 15?—%0‘:';;16;}:232
Using these Systems in nitratj ns In nitromethane and dic ob {rate an
positional selectivit; rating benzene and toluene, both subs 00
the crown eth 1€s were altered and were dependent upon the natv o
ion obviously ‘;z):r?x‘: gcrown ether‘—Nog BF;) ratio. The linear mtrol‘l‘;s -
host complex with the (l"omplex. W1tl'1 the‘ crown ether. Ho.weven 1:1%1
allow the aromatjc acce: g ﬂltl‘omum' ion inside the cavity wouhe crown
ether complexes the nitrs‘:-‘The_refore, it is more probable thi’ ta ratio in
Ritration of tolyeps e lr)num ion on the outside. The ortho/par he (I

~ € varied from 1.5 to 0.3 on changing

CrOWD-6)— :
n-6)-(NO; BF.) ratio from 1 to 6. The isomer distributio® of the
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nitration of toluene with NO; BF; in CH,CL, with 18-C-6 was 3% ortho
4% meta and, 43% para (ortho/parq ratic 1.2) and with 21-C.7. 192,
ortho, 3% meta, 718% para (ortho/ para ratio 0.25) showin e bont?

. i e s g the much better
complexing ability of the latter giving very high preference for parg nitr
tion. As crown-ether complexation affects the nitronjum ca\tiorllp the higal-;
preference for para-nitration reflects not only a bulkier reagent E:ut also a
much more selective nitration with a weaker electrophile.

Olah et al. in 1965 reported the preparation of N-nitropyridinium te-
trafluoroborate from pyridine and nitronium tetrafluoroborate [71]. The
salt showed only limited reactivity in carrying out transfer C-nitration of
aromatic hydrocarbons, probably because of the insolubility of N-
nitropyridinium tetrafluoroborate in the reaction medium. Transfer nitra-
tion of n-donor heteroorganic substrates (alcohols, etc.) was, however.’
readily accomplished. Cupas and Pearson subsequently extended the
scope of transfer C-nitration by preparation and use of a variety of N-
nitropyridinium and quinolinium salts [72]. Comprehensive studies by
Olah er al. [73] allowed the design of reagents of varying reactivity
by appropriate choice of the heterocyclic base and also the counter ions
(PFg vs. BF). Nitration with these reagents occurs under basically neutral
conditions because the proton eliminated in the aromatic nitration reaction
is bound by the heterocyclic base.

S Xy _
AtH+ || .| PFG(BF;) — ANO, + | PLACn
N

R R

NO, H
The N-nitropyridinium and N-nitroquinolinium salt§ are stable (but mois-
ture sensitive) crystalline reagents, well charactenzgd by spfea(;tlroscog;f
methods (NMR, IR, Raman). They are prepared in essentltd ily ?: o
titative yield by the slow addition of the _correspoqdlpg pyri mzmane
equivalent amount of the nitronium salt in acetonftr.lle, mttxr'lomomﬂm;
or sulfolane solution. It is important to add the pyridme' to the s ution
of the nitronium ion, because excess pyr?dine present .dunnrg. c{it}ei \if: uon

can lead to opening of the pyridinium ring. The N-mtrop)éli;““m

can be used as isolated compounds or they can be generattemth ber-xzene
N-Nitropyridinium hexafluorophosphate does got rzcag e
and toluene at room temperature, whereas N-nitro-2-pic e ase of
flucroborate reacts well under similar reaction co.nditlonsé T e
nitration is due to the methyl group causing steric hmderantii O bonded
with concomitant weakening of the I\_I——N bf_:md. It seem?eteh mpode the
interaction with one a-methyl group is sufficient to cor‘nft e e urther
resonance jinteraction, since N—nitro—Z,6'luud|.m§{ndsiance e omanee

change the selectivity of the reagent. The steric unde

-7+
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can also be achieved by utilizing the peri interaction in N'nitroq“iﬂolinium

sa‘fls-ilere is generally no significant 'chlar‘lge F)f positional Selectivity in
nitration of aromatics with N-pitropyridinium ion. In the case of toluene
the isomer distribution is 62-64% ortho-; 2—4% meta-; 33-36% Pﬂra:
nitrotoluene. ) o
N-Nitrito-4-nitropyridinium salts are isomeric with the previously gjs.
cussed N-nitropyridinium ions. Similarly, dimethykitritosulfonium sai
are isomeric with N-nitrosulfonium ions, formed from nitronium salts ang
dimethyl sulfide. The nitro-onium salts are prepared from nitrosonium
hexafluorophosphate with 4-nitropyridine-N-oxide and dimethyl sulfoxide,

respectively [131].

N02 N02
= =
| |+NO* ——=
N# NZ
| I
0" O\N¢O
0 Ny,
/|s+\ +NOT —= (é)+ 0
H;C” “CH, H,c~ CH;

The nitr.ito-onium salts act as nitrating agents for aromatics that do not
undergo nitrosation, Their nitrating ability is, however, considerably less
compared to that of the corresponding nitro-onium salts (e.g., toluene is
m?tl:ﬁr(;;]]{fat; 60°C whereas the nitro-onium salts nitrate at SZS"E)-
As 2 conse uomum §alts Isomerize to S-nitritosulfonium salts at —ZO.C-
with nitroni?"-:nci dialkylsulfides are readily oxidized to their sulfoxide
salts, only the n;a ts. When triarylphosphines are reacted with qltromul;"
NMR). They Sub‘:;ophosi)hopmm ions are observed spectroscopically (%%
hitrosonium fon T }?uently give Fhe corresponding phosphine oxides al;-
quence of the a'mb'gse Observ.at'mns can also be rationalized as a C""sﬂ
nitrogen, but op Went reactivity of the nitronium ion reacting 1ot ¢

’ OXygen, and thus acting as an oxydizing agent.

+

N
R—X TOZ ’ o Yo Q
—-R+N02+ _ R_ — | _nNo* ___X—‘R
X—R| — [R—X—R == R
X=85, Se
]ArH lArH

ArNO, AINO and/or AINO,
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1»
RiP + NOJS =— [ _ 3
? : RsP"—NO, £, R3P+—0——N=0]
ArH —NO*
A‘TNOZ R3P0

The nitration of olefins, particularly ¢ ini ;
substituents, by nitronjum galts is Co;}'p;’;g;:tegog;a;ilzZgr:;ifitgon-donatmg
“f’t always lead to the expected result, In many instances ni?rsas o dqe%
nitronium tetrafluoroborate takes place with higher yields in the Krm o
"f a—p¥colme [91,132]. In this case the nitrating agent is apparem]s neg:: It]r(xx
nitronium salt but 2-methyl-N-nitropyridinium tetrafiuoroborate thich s
formed rapidly when NOJS BF; is mixed with a-picoline [73b), ’ ®

CHy

R —(\"/N'HBFI
+ . BF, ——
N/ 50,
NO,
NO, F
QO™
NO, NO,
)

(40%) (25% (13%)

The nitrohexamethylbenzenium ion, prepared from hexamethylben-
zene and nitronium salts, was studied by low-temperature NMR spectro-

scopy [133] showing intramolecular nitre group migration.

CHj. CH;
H3C CH3 Hjc CH3
- NO, — ek.
H3C CH3 H3C CH3

H3C NOz CH3
Olah et al. found that the ion is capable of transfer nitrating benzene

and mesitylene [134]. The transfer nitrating ability of the nitrohexamethyl-

benzenium ion js interesting as addition of hexamethylbenzene as a com-
plexing agent to nitronium sait nitrations of aromatics can affect regio-
selectivity. .

Transfer O-nitration of alcohols with N—mtropyndt-n{um tetratiuorobo-
rate was achieved by Olah et al. under acid-free conditions [71}.

_ -
& /ﬁ—NOZBF; +ROH —- RONO;+{  NHBF;
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The method was further improved using N-nitrocollidinjum tet
fluoroborate as transfer nitrating agent for alcohols (polyols) 73], Ta-
Alcohols undergo transfer nitration with A-nitrocollidinjum et
fluoroborate under essentially neutral conditions. Yields were founq tur]?‘
close to quantitative. Separation of alkyl nitrates by distillation or ¢ e
tallization gave good-to-excellent preparative yields (Table XXVvIJ), -

Table XXVII. Nitrate Esters from Alcohols with
N-Nitrecollidinium Tetrafluoroborate

Nitrate Ester Yield (%)
C;H;—0—NO;, 100
@—CH;—O—NO; 78
"'CGHD_ O—NO 2 51
H;C—CH,OCH(CH,)—0—NOQ, 38

o NO: 82

48
63
41
ON—~O—
01 O (Cl'lz)z—-o-—NOz 100
N—O—,
(; O (CHz)A—O—-NO2 100
N—Q—
T CH)—CH(ONO,) 100
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CH, o, "
AN
R—OH + | B — R—0-%0,- | o
H,C 1,\!+ CH, i NZA, 4
3 ij° CH,
NO, H

No oxidan:on of alcohols is observed under the reaction conditions The
N-nitrocollidinium salt ig generally less reactive than nitronium teqrs.

The nitrate esters are formed with retention of configuration in contrast
to the reaction of silver nitrate with alkyl halides. Furthermore, the reac-
tion of benzyl alcoho] shows that O-nitration of alkylaryl alcohols in
transfer nitration is preferred to aromatic C-nitration,

1,2-Diols give dinitrates under the reaction conditions. No pinacolone
reéarrangement was observed. Glycerol gives trinitroglycerin in quantita-
tive yield. :

V. Demetailative Nitration

When toluene is nitrated with conventional electrophilic nitrating agents,
the product distribution usually shows 60—65%' ortl_m-3-_4% meta, and
27-30% para-nitrotoluene. Only in nitrosative nitrations, in crown etper
complexed or transfer nitrations, as well as in hetqrog_eneous s.o[n'l‘-aqd—
catalyzed nitrations is there a significant changf: in isomer dlstannon
reflecting increased steric hindrance to ortho substitution and late arenium-
fon-like transition states of highest energy. ) _ .
One of the most successtul approaches for altermg the reglosele_cmjt)
of aromatic nitration involves nitration via metallano{t [135]. 'I'hxssas
discovered as a catalytic nitration which at the same time z?lso prov ej
unusual isomer distribution. The most importaqt merallanvevn:m;o
reactions involve metallation with mercury, palladu.xm. and thalhum !3.
The first report of catalytic nitration via mercuration was a pattc:l: ls;’;::y
to Wolffenstein and Boeters [136] at the l?e_gmmng of thf{ Ce;:nl:: 'aad e
reported a procedure for the synthesis qf dnmtrop!zen(il_;n 'E:ric e
OXynitration of benzene with mercuric nitrate and 50-55 rea; o [137.1 .
Mmechanism of oxynitration was delineated by Wes}h(:_rgerﬂ y -“w] .
Davis et al. [138], Tsutsumi ef al. [139], and Yos ‘-f jﬁcal.::th o
covered that the ortho—para ratio of nitrotoluenes can be sign \
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via mercurative nitration generally increasing para-substitution, The
ortho—para ratio could be changed from 2:1 to 1:2 via mercuration pjys.
tion. Stock et al. later confirmed and extended these experimental findings
{141]. The reaction can be catalyzed by mercuric oxide, mercuric acetate,
and mercuric nitrate, and to a lesser extent by mercuric sulfate. The effect
of reaction conditions on isomer distribution was examined. The orho-
para tatio decreases as the reaction progresses. It was established that
nitroluenes are formed via initial nitrosodemercuration followed by oxida-
tion of nitrosotoluenes,

Because of the advantages of using solid superacidic catalysts in elec-
trophilic aromatic nitration and in acid-catalyzed reactions in general, Olah
et al. have examined the mercury (II)-promoted azeotropic nitration of
aromatics using Nafion—H® solid superacidic catalyst [142]. Azeotropic re-
moval of water accelerates the rate of reaction by mitigating the dilution of
nitric acid in a static reaction system. The yield of nitroaromatics varies
from 48-77% (Table XXVIII).

As the water formed is removed axeotropically, the mercury impreg-
nated Nafion-H® catalyst can be recovered by filtration without any loss of
activity and can be recycled. Comparison of data with nitration in the
absence of mercury catalyst shows that formation of less hindered isomeric
nitroarenes are favored. It is interesting to note that attempted azeotropic
nitration of ethylbenzene with nitric acid/Nafion-H® yielded only
acetophenone via side-chain oxidation, whereas in the presence of mercury
salt under similar reaction conditions, nitroethylbenzenes were obtained in
good yield with only 13% of product of side chain oxidation.

_ Desilylutive nitration of arylsilanes proceeds through ipso nitroarenium
ton intermediates. In the reactions the major products are, however,

Table XXVIHL. Hg?* -Promoted Nitration of Aromatics over

Nafion-H® Catalyst
Substrate Yield (%) Isomet (Distribution, %)
Benzene 71
Tolw .
Ethy?l;l:nzcue 67 2-nitro (33), 3-nitro (7), 4-nitro {60)
66 2-nitro (38), 3-nitro (5), 4-nitro (44),
ter-Butyib acetophenone (13)
mxy]‘;?’c enzene 72 2-nitro (1), 3-nitro (17), 4-nitro (72)
m-Xylene 56 3-nitro (33}, 4-nitro (67)
Chlorabenzene 48 2-nitro (11), 4-nitro (89)
Bromobenzene 59 2-nitro (37), 3-nitro (2), 4-nitro (61)
Nephthalene 76 2-nitro (44}, 4-nitra (56)
77 1-nitro (97), 2-nitro (3)
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nitrated arylsilanes formed by intact nitrat;
Itration at the orth
0, meta, and para

positions.
RsSi._ NO, NO,
oz, .
-— + R351X
+

SiR3

SiR, SiR,
Gro— (3o
o,.m,p-

‘ Nlt}'odesilyiation is usually faster than nitrodeprotonation because the
nitrosilylbenzenium ion is stabilized by the silyl substituent. Deans and
Ea‘born showed that 1,4-bis(trimethylsilyl) benzene undergoes nitrodesily-
langn on nitration with acetyl nitrate [143]. Acetyl nitrate is the reagent of
choice, because nitration with a nitric acid/sulfuric acid system will lead

primarily to protodesilylation.

SI(CH3)3 Si (CHB)J
+ HNO; + (CH3C0),0 —>

NO,

however, favored in the nitration of 4-

Si(CH3)3

Nitrodeprotonation s,
tolyltriethylsilane.
CH, CH;
NO,
(CHiCO)0,
Cu(NOy)z

Si(CH,CH3)3 Si(CH,CH3)s

This is perhaps due t0 the bulkier nature of the triethylsilyl substituent,
resulting in steric hinderance to ipso attack [144].

Benkeser [145], Speier [146], and Eaborn [147] have shown that intact

predominates and protodesilylation plays a signi-

ring nitration generally pre te
ficant role under the reaction conditions.
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i

481 found that reaction of nitronium tetrafluorobyg.
rat?t\glf‘;ingr?rgnghyllsilane gives pnly 'limiFed (10%) nitrodesilylation
besides intact (predominantly para) ring mt_ratnoxlm. . -

Acid-sensitive systems represent a partlcular‘y u§e f;.ipp d]catwn for
desilylative nitration with nitroniu_m salts. Mopomtratlon of imi azoles apd
triazoles is difficult because acx.d f('ered in the rehacnqns even fwnt.h
NO;BF; tends to catalyze den\tratx?n. However, the x?xtrat;on of ti-
methylsilyl derivatives with NO3BF; overcomes this dlﬂfif:u’ty. It has
been shown for 2-isopropyl-1-trimethyl-silylimidazole thgt it is possible
to obtain its nitro compounds which could not b.e obFalned PreV{ousl}/
(e.g., 2-isopropyl-1,4-dinitroimidazole) [149]. Desilylative N-nitration is
involved in the reaction.

QN N
N T \
@;»\CH(CH3)2+N0{BF; — T)\CH(Cﬂs)z
I

Si(CH,), NO;

+

3
N)\ CH{(CHa), + (CH,),SiF + BF;
H

Similar nitration of N-trimethylsily}-1,2,4-triazoles makes it possible to

obtain N-nitrotriazoles, which can be converted to the C-nitro derivatives
in high yield [150].

R R R
N—( N—( N—(
(T,N +NOBF; — KTN — o /QE,N

Si(CH;); NO,

R=H,CH;,Cl, or Br

Nitrodesitylation with nitronjum tetrafluoroborate is also a mild and

efﬁcm-nt way to prepare aliphatic nitrocompounds from readily availz}ble

alkylsilanes. Olah and Rochin have studied [151] the scope of the reaction.
Tetramethylsilane react

. $ readily with NO7 BF, in sulfolane solution to
give nitromethane in 80 yield.

(CH3)(8i + NOJBE; —— CH,NO, + (CH,)3SiF + BF;

At higher temperature and excess NOJBF;, two equivalents of nit-
romethane can be obtained,
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' ’ »s
(CH3)4SiF + NOFBF; — CH;NO, + (CHy),SiF, + BF
3

Nitrodesilylation probably proce i
eds via th ;
electron three-center bonded siliconium ion ¢ pentacoordinate two-

CH3 CH3 *
HyC—Si—CH; + NOYBF; — H3C—Slli ¢ NO2| g o
L 4

CH3 éHﬁi CH3

CH,

H cF N Noe
3 I---<‘\ CH3 —_— CH3N 02 + CH;)gSlF
CH;

rI;.’.ittfrlylslilianes react simila}rly but higher alkylsilanes gave only low yields of
oalkanes accompanied by products of elimination and subsequeat

polymerization.
Allylsilanes react readily with nitronium salts to yield nitroalkenes.

CHy==CH—CH,—Si(CHs); ~22% CH,—CH—CH,—NO;
(80%)

CHy=C(CH;)—CH,—Si(CHy)s —22% CHy=C(CH;)—CH,—NO;
(65%)

CH,CH—CH—CH,—Si(CHs); ~2" CHy—CH(NO)—CH=CH,
(75%)

The reactions follow the addition—elimination course.

R;Si RySin ANz AN
\r\ No? \,/\/ - K\/
—_—
R R R!

1 1

d, benzylsilanes do not undergo nmitrodesilylation. but

On the other han

instead ring nitration takes place. ‘ _ _ _
as discussed, undergo nitrodesilylation with

Although alkylsilanes. nw
NOZBF; organostannancs in preference undergo one-electron oxidation
with nitronium salts.

RSn(CHy)s + NO7BFs — [RSn(CH;)3 -NOz-BF;] —
R++-NO; + (CH3)3SI’IBF4
cts with nitronium salts in dichloromethane. to
ethane, methane, and ethane. The products

methylstannane rea
diacy of free radicals [152].

methane, chloro
he interme

Tetra
form chloro
are jndicative of b
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Corey et al. have reported {153] facile nitrodestannylation of allyt.
trimethylstannane with tetranitromethane in DMSO.

DMSO
A~ Sn(CHa)s + CNO2y = o~ _~NO;

56%
N-Methoxycarbonyl and N-methanesulfonyl-N'-trimethylsilyt carbod;-
mides undergo nitrodesilylation, resulting in the formation of A.
nitrocyanamides.
R—N=C=N—S§iMe; s R—N—NO,
C=N

It is not clear whether the N-nitrocyanamides are formed via isomeriza-
tion of the N-nitro derivative or not,

NOj

R-—N=C==N—SiMe; —> R—N=C=N—NO, — R—N—NO,

(=N

However, direct formation of the N-nitrocyanamide seems highly likely.
Nitramines can be obtained by nitrodesilylation of silylamines which can
provide a route for the synthesis of certain nitramines heretofore unobtain-
able by conventional nitration methods. 2-Isopropyl-1,4-dinitroimidazole
was synthesized by nitration of the corresponding silylated derivative {154].

B
q)\ CH(CHj), + NO; —>

Si(CH3)s

0N

N N
/ OaN
?‘Ii!)\ CH(CHy), + \QL CH(CH3)2
H

NO,
Similarly, N-nitrotriazole was synthesized.

R
N N
(NEN +NO; —» (—‘g

-~

R

|
Si(CH3), 11102
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tr

The nitrosilylative N-nitration of a seri ,
also studied by Olah et al. [155]. series of amine and diamines was

CHy ~ CH CH;,
CH3—S5i—N __NojmRi

C / AN ~—(CH;)sSiF N_Noz

H3 CH3 —BF, CHJ/

CH3 \ / CHZCH3 CH 3CH2 \
CH;—Si—N
Q N—Si—CH; — N

\ J 3 N‘_‘NOZ

CH, ./

CH, CH
\. / 3 A+
CH;—S$i—N  N—S§i—CH; 2%, 0,N—N N—NO,
S

/s N/
CH; \CH3

SiMe NO
/ 3 R Vs 2 /H
CH;—N LN CH;—N + CHiN
Ne: \
SiMe, NOZ NO;
decomposition

ed with nitronium tetrafluoroborate gives

Phenol silyl ether when react
d silyl ethers).

nitrophenols (as well as nitrate

OSi(CHa)3 OH
N =
© _NOBFI @ + (CHy)sSiF
xNo2

ves initial O-nitration, with phenyl ni-

The desilylative nit - ' ! .
trate readily rearranging (catalyzed by the acid formed in the 1ntact nng
nitration) to nitrophenols. In case of pentaﬂuorophenyl O-tnimethylsiyl
ether, no rearrangement can occur but there is indication of bimolecular

condensationt.

ration invol
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OSi(CHs)s ONO;,

NO;BE{
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Nitramines (cominued}
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protic-acid-catalyzed nitration, 140-152
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dinitrotoluene, preparation of, 143-144
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Nitronium ion (NO,™)
acetonitrile, reaction with, 160161
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cycloalkanes, nitration of, 167
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hydride transfer, 172
linear, 167, 169, 171
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nitryl fluoride dissociation, 154
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bond reactivity, 167, 169
carbacation formation, 171, 173
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hydride transfer, 171-172
kinetics, 170
nitronium ion, 168, 169, 171
orbital considerations, 167, 169
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reaction pathway, 167-170
steric requirements, 169170
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Ritter reaction, 174, 179
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Nafion-H® catalyst, 192
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general nitration method, 158159
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preparation of, 159
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azodicarboxylates, 184-185
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nitramine formation, 180—181
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N N-dinitramine formation, 181-182
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QO-nitration
alcohols, 178, 179
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nitrodesilylation, 197
pitronium ion, 178
nitrophenols, 197
N-nitrooxonium ion, 178-179
reaction order, 178
vinyloxysilanes, 179180
P-nitration, 185-186
S-niteation, 185
solvents for, 160161
trapsfer pitration
alcohols, 189-190
crown ether complexation, 186
definition of, 186
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preparation of, |57
M-nitroquinofinium salts, 187
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ortho/para ratio, 186~ |87
regioselectivity, 186
S-nitrosuifonium salts, 158
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adamantane nitration, {72-173
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alkane nitration, 166
alkene npitration, 173-176
alkyne nitration, 176177
amine nitration, 180185
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butyl pyridine. reaction with, 165- 166
characterization, 160
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cyclohexene reaction, 174175
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nitrofluorination. 175
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preparation of. 159, 160
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14-15
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Photofragmentation translational spectrascopy

{continued)
important features, 2930
molccular beam methods, 29-3C
molecular beam velocity, 30-32
Newton diagram, 30-32
thermal decomposition, 32-33
time-of-flight spectrum, 2930, 33
Picosecond x-ray diffraction ( PXR)
anode, 71
background, 6970
detectors used, 74
diagnostics, 72-75
diode, schematic diagram of, 70
electron bunches, utilization of, 69
electron emission, 71
experimental system, 70-72
experiments, 72-73
generation of, 69
Laue diffraction patterns, 71, 72
metallic surfaces. 70, 71
photocathode, 70, 71
pulsed beams, synchronization of, 72, 73
puise width, 71
quantum ¢fficiency, 69, 71
soft x-ray emission, 69
source, 69, 70-72
streak camerz traces, 73
system design, 6970
time-resolved, 69, 72
Polyazaadamantanes
t-azaadamantane
ring substituted derivatives, 100
syathesis, 100
2-azaadamantane, 00
1.3-diazaadamantane, 100-10]
2,6-diazaadamantane, 101
hexamethylenele(mmine. 164
triazaadamantanes
caged orthoamide structures, 102-103
synthesis, 101102
Polyazaisowurizitages
amine reaction with g)
benzylamines. | ‘s_g“ly;)xal. 116, 117-118
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hexaazaisowurtzitanes
acid stability, 114
condensation reactions, 113
dmmmsilion Products, 114

-dioxa-
tane, 111112

Indey
deuterium substitution, 117-11g
diimine trimerization, 115~ 16
hexabenzy! derivative, 113
hexabenzyl, mechanism of formation,

115-116
4-(methoxybenzyl) derivative, 115
monoimine trimerization, 116-117
phenyl substitation, 117
NMR spectra, 115
synthesis, 111115, 118-119
Polyazawurtzitanes
3-azawurtzitane, 104-106
endo substituents, 106
iceane, 104-105
3,5,12-triazawurtzitanes
condensation of 1,3,5-
triformylcyctohexane, 106110
synthesis of, 106—110
1,3,5-triformylcyclohexane, reactions of,
108-110
triimines, equilibrium with, 108-109
Polycyclic amine chemiistry
background, 95-97
caged nitramines synthesis
1,3-dinitro- 1,3-diazacyclopentane, 98
hexanitrohexaazaadamantane, 99
hexanitrohexaazaisowurizitanes, 99
hexanitrohexaazawurtzitane, 99
HMX, 97-99
methods, 98-99
nitration process, 98
prablems, 99
RDX, 97-99
density
caged hydrocarbons, 97
importance of, $5-96
maximization parameters, 96
monccyclic vs. caged compounds, 96
detonation, chemical energy of (Q), 96
detonation pressure (P,,), 95-97, 99
detonation velocitiy (D), 95-97, 99
polyazaadamantanes, 100-104
examples of, 100-102
nitrogen bridge. 100
ring substituted derivatives, 100, 102
synthesis, 100-103
polyazaisowurizitanes, 110-119
known ring systems, 110. 114
synthesis, 111-113, 115-119
polyazawurtzitanes, 104-109
examples of, 104-106
parent, synthesis of, 104-103
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stability, 108-109
triimines, equilibrium with, 108-109
Propeliants. See Monopropellants

Samarium. See Lanthanide:; Metallacarboranes
S-nitro compounds. See Nitronium salts,
S-nitration
Specific tmpulse (L}
background, 77
formuia
application of, 80-81
combustion temperature (T ), 30-81
enthalpy of combustion (AH_,,.,}, 80-81
kinetic energy, 78-79
methods for computing, 78-79
relation to thrust, 78
theory, 78-80
values
affect of aza nitrogens, 89, 91
caleulation of, 81-86
cubane derivatives, properties of, 87-88
decomposition reactions, 87-88
factors determining, 89, 90
heat of formation (H,), 87-89
n/M, 87-88
relative to HMX, §1-86
Strontium. See Alkafine-earth;
Metallacarboranes

1,3,5,7-tetranitro-1,3,5, 7-tetraazacyclooctane
(HMX), 5. 27
detonation pressure (P,.,). 95
detonation velocity (D), 95
as energetic material, 2
heat of farmation, 87
oxidation reaction, 87
specific impulse value, 81-86
synthesis of, 97-99
Translational energy analysis
C,H,. production of, 49
energy released, derivation of, 50
reaction mechanism, 50-51
1,3,5-triformylcyclohexane
amines, condensation with, 106, 108
ammonia, reaction with, 108-109
ester formation, 107
formation of, 107
formation of triimines, 167—108
hydrazing, reaction with. 108-109

phenylhydrazine, reaction with, 108-109
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primary amines, reaction withy, 109-1 0

L3, 3-Trinitroazetigine {TNAZ)

background_ 27-28
cyclic nitroatkyl nitramines. 27
decomposition
products of, 2932, 33-42
study of, 2930
techniques used in, 29-%
efiergetic cyclic nitramines, relation to, 27
forward convolution method
center-of-mass velocity, 43
high-laser fluence, 46—49
low-laser fluence, 4446
primary dissociation. 4344
primary vector channels, 43-44, 47, 48
secondary dissociation, 4749
secondary reaction channels, 43-44_ 47
translational energy distribution. 37, 39,
4448
fragment identification, 30-3}
molecular dissociation. 30-31
NO, loss, 28
photofragmentation translational spectroscopy
data, interpretation of, 30-33
molecutar beam methods. 29
Newton diagram, 30-32. 43
research, areas of, 28
thermal decomposition of
bulk studies comparison. 3133
data analysis, 35-42
high-laser fluence excitation, 3842
ionizatien, 36, 3940
Jaser light excitation, 35-40
Jlow-laser fluence excitation, 36-38
mass spectra, 35-42, 46-49
mass-to-charge ratio (ave, 362, 445,
47, 49-51
methods, 34-35
molecutar beam, 33-34. 51, 53
reaction summary, 32
studies, 28, 32-33
time-of-flight spectra, 30, 35, 37. 39,
40-42
unimportant channels. 51
velocity distribution, 35
translational energy analysis, 49-51

1.3,5-trinitro- 1,3, 5-triazacy clohexanet RDX)

5,27
decomposition, 32. 3. 46. 51
as enesgetic material. 2
NO. loss channel, 48, 32
specific impulse. %
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l.3.5-lrinitm-l,3,5-triazacyciohcxane(RDX)
{continued)
synthesis of. 97-99
wanslational energy distribution, 46
triple concerted reaction, 51

Ultrafast spectroscopy
emission decay kinetics, 59, 60, 62. 63.
66—63
experimental system, 56-57
fluorescence lifetime, 58, 59, 61, 63
gas-phase fluorescence decay, 61

index

haloanthracenes, 5859

halonaphthalenes
1-bromenaphthalene, 60-61
singlet-singlet absorption, 60
singlet-singlet transition, 60
transient absorption spectra of, 6061, 63

materials used, 57

spin-orbit coupling. 62

time-resolved spectra, 57, 59-60, 62

triplet state, 62, 64, 65

Ytterbium. See Lanthanide; Metallacarboranes
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