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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 /V-nitro compounds such as HMX and RDX. Nitrogen oxides continue to
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 facilitating an under-
standing of the relationship of structure to function (such as density), this structure*
work also plays a valuable role in the development of new and improved materials
by facilitating synthesis of promising new types of substances, as weU as charac-
terizing those already synthesized. It is even possible now, on occasion, to make
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irion translaiional spectroscope, the compound studied is expanded from a nozzle
,mo a vacuum and the expansion is collimated to form a molecular beam. The
molecular beam is then crossed * ith the output of a pulsed CO2 laser, which excites
the molecule of interest above the dissociation threshold; this infrared multiphoton
excitation induces dissociation of the molecule. This method has also been applied
previously to the study of the initial steps in RDX decomposition. Molecular beam
studies 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 to the theoretical understanding of combustion processes.

P M Remzepis 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-
ment of picosecond x-ray spectroscopy f PXR), a new field that enables the record-
ing of the evolution of the structure of intermediates durin2 the course of chemical
reactions,«. also presented. Application of these new pioneering methods to the
study of energetic systems will widen our understanding and knowledge of the
fundamentals of molecular dissociation processes.
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synthesis of some exciting new and potentially useful polycyclic caged amine*.
After discussing general approaches to the synthesis of caged mtramine explo-
sives, he presents the chemistry which led 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, nitromum
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 W-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 b> 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

I. 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 also 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

Chemistry of Energetic Materials
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Structural Database [1], containing
t S ^ ^ S S f ^ chetnical structures (as of January8

?9 n can be searched by computer to provide mformation for use in
tudies of the relation of structure to activity and the design of substances

structures of a large number of energetic materials has provided informa-
tion for an extensive database for such substances [2]. It has served as a
useful source of information for making predictions concerning the possi-
ble success in the synthesis of new materials.

II. 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 energetic materials are the widely used /3-HMX
and RDX [6,7], shown in Fig. 1.

In addition to density, strain also offers the opportunity for higher

^ - p a c k n ^ ^

i s ^ ^ p F a m e d .moleculejhargil^
number of energetic groups. -^_gnu__contains a large

Fig. 1. Structural diagrams oS 0-HMX (density = i D n o / n ^
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solid rocket fuels. y u s e a a s explosives and as components of
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Hexanitrohexa-aza-adamantane Octanitrocubane

O,N

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

Fig. 2. Two major high-energy 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
substituted adarrTMTalie~ang~cur5ane sHwrTjn Fig. 2. Xhe_ĵ iharie_rjuicleus
has, in addition, its inherent strm^ejiei^iy^^^^rT^
been_synthe_sized [10] and has a density of 1.814 g/cc in the crystalline
state. To date, three nitro-substituted cubanes have been synthesized, the
di-, "tri-, and tetra-nitrocubanes1 which have dejisjtips proportional xo

substrtu^nji^najrnely, 1.66,1.74 and 1,81 g/cc^respec-

III. 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 NO2 group, two
NO2 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 oi
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—NO2 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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0

HMX,

atomic ratios and groupings as HNZADA. On the assumption that
HNZADA and this nonanitraza-compound can be synthesized, it would o
of interest to compare their physical and chemical properties. This is one
example of a large variety of paths that may be followed in the develop-
ment of energetic compounds that have improved characteristics.

IV. 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 ranges from 0 to 60°- though
dominated by small [0-20°] angles of bending, one example has been
seen at 59 . N.tro groups, by comparison, are much less flexible, as may
also be seen m Fig. 6 The re evant 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°) is shown by monoketo RDX
[19] illustrated in Fig. 7. The carbonyl group has the effect of flattening the
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Fig. 6. Frequency distributions for two out-of-plane deformations of the nitramino group.

Fig. 7. The structure of l,3,5,trinitro-2-oxo-l,3,5-triazacyclohexane. The presence of a car-
bony! 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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'013c!

Fig. 8. The structure of l-nitro-3-nitratoazetidine. The nitramine is part of a four-membered
ring, and the N-N bond is bent out of the adjacent CNC plane by 39.6°.

not T 7

ir-shaped ring and the two nitramine groups near it. Weak forces can
the amino bend since the energies are

configurations. For
indicated that only

. . . . . - - o — r 40° out of the C-N-C
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C(4)
0(3)

0(41 n

C(9)
C(8)

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 arnino bend is 59°,
which is the highest yet reported.

Fig. 10. The molecular structure of 1,3,3-trinitroazetidine as observed in the ctystal.

07b
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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.

121.312 + .376X - ,02x2

30 40
AMINOB
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y = 1.37 - 6.466E-4X + 4.6215E-5X2

1.48

It

15 20 25
AMINOB

45 50

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 l,l-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]

The 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 dttwce
and thus facilitate the out-of-plane twist? The C-C distance will be ex-
amined in the twisted molecules to determine whether a correlation exists
between the torsion angle and the C-C distance.

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

Torsion = 16°

Tri-t-butyl ethylene Tetra-t-butyl ethylene

Unknown! Torsion calc'd to be 45°

Fig-W. Some examples of observed

SiMe

SiMe

Tetra-trimethylsilyl ethylene
Torsion = 29.5°

SiMc,

SiMe

Torsion = 49.5°

and calculated twists in olefins.

p l e a d s to the synthesis of l,l-dini,ro-2,2-

NO2

H
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Torsion about the C1-C2
double bond is 51.4

Otib)

0<2b!

1>Dlnitro-2,2-di(dimethylamino) Ethylene

Fig. 15. The molecular structure of l,l-dinitro-2,2-di(dimethylamino)ethylene. The C1-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 errors in
the X-ray intensities.]

Fig. 16. The structure of l,l-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).

0(2b)

1(2)

orw
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0

Fig, 17. The molecular structure of l,l-dinitro-2,2-di(phenylamino)ethylene. The C1-C2
bond is lengthened to a value of 1.451(8) A.

Fig. 18. The molecular structure of U-dinitro-2,2-di(n-propyl)ethylene. The C1-C2 bond is
lengthened to a value of 1.464(13) A. One propyi chain [C10-Clla-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 NO2 group is essentially perpendicular to that of the other.

An illustration of the molecule, l,l-dinitro-2,2-diphenylaminoetbylene
[26] is seen in Fig. 17. It is apparent that this molecule could be synthe-
sized from l,l-diiodo-2,2-dinitroethylene and aniline. The dinitro plane h
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 l,l-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 f-butylarnmom'um 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 l,l-diiodo-2,2-dinitroethylene and

Fig. 19. The structure of the anion in the f-butylammonium trinitromethanide salt. Two of 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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Fig. 20. The structure observed for a bicyclic octanitro compound formed by condensation of
diiododinitroethylene with a polyamine and followed by further nitration.

amine as shown below.
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Fig. 21. The packing of molecules in the cocrystal of cubylcubane and 2-(/-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-J-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 structure 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)A 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-f-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
and the linkage bond 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 hydrocarb.

Tetra-t-Butyltetrahedrane

ons.

Bicyclopropyl

1.485 A
Average ring bond length 1.503 A
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ADAMANTYLADAMANTANE - 1.578<2)A (sp3-sp3)

BITOLYL - (ave. of 2defns) (sp2-sp2)

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

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 density is
1.762 g/cc. An energetic ammonium perchlorate substitution of cubane
has been made in the form of 1,4-bis-cubanediammonium perchlorate
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/cc.
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 H2O 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.

Rg. 27. The structure of the tetrakis(2-fluoro-2,2-dinitroethyl)ester of the 1,2,4,7-
tetracarboxylic acid of cubane.

20
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1,4-Bis-Cubanediommonium Perchlorote 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.

1̂ 534(3)A > = = O

NO2

Shortened 1,2-substituted Cubane Bonds

CH3CH3

\7X—CH,

1.606(6)A

(R2)

1.607 A

Elongated 1,2-substituted Cubane Bonds
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Cubane has been fused to five-membered heterocydic rings ([4l].
Fi2 29 upper panel). A point of interest in these compounds is the shrink!
age of'the common C-C bond shared by the cubyl moiety and the ring
Its value ranges from 1.522-1.534 A. On the other hand, bulky substitu-
tion on the cubane cage has led to observed lengthenings [31,42] of up t0

1.607 A (Fig. 29, lower panel). These results imply that cubane has a sig-
nificant flexibility and thus can accommodate a larger variety of substitu-
tions than may have been previously expected.

VII, Conclusions

In this article, a number of ways in which structure determination 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 the
geometric nature «f t n e substance of interest. Many of the examples in

"ve of the difficulty in predicting structural features
and the cyclic nitramines).
hould be used with great caution and are safest
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it has been shown that subtle influences such as dipoie forces from remote
substituents, solvent-association forces, and crystal-packing force* 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, molecules 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. AUman, and Yuan T. Lee

I. Introduction and Overview

Interest in the chemistry of certain NO2-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, NNO2, with gemmoZ-dinitroalkyl
groups, C(NO2)Z. 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 gemmaZ-dinitroalkyl group. In these compounds, the inclusion
of a gemmal-dinitroalkyl group in the place of a nitramine group serves
to increase their oxygen content.

Research in the field of energetic materials spans many disciplines. 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 order to fully understand the
combustion of energetic materials, the details of the chemistry of 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
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Fig 1 TNAZ (1,3,3-trinitroazetidine), a cyclic nitroalkyi nitramine.
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the ge/nina/-dinitroalkyl groups for the nitramine groups are important
issues to investigate.
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2. Initial Dissociation Processes in 1,3,3,'Trinitraazetidlne ft

B. Photofragmentation Translational Spectroscopy

More recently, emphasis has been placed on understanding the initial
decomposition steps in several NO2-containing molecules using molecular
beam methods [8,9]. These techniques have the advantage of addressing
the identification 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 translational 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 CO2 laser which excites the molecule of interest above the dissocia-
tion threshold, relying on infrared multiphoton 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 ratio
by a quadrupole mass spectrometer, and registered using ion counting
techniques. A record of ion counts versus time from the laser excitation,
known as the time-of-flight spectrum, reflects the time it takes for a
particular neutral fragment of the reaction to reach the ionizer from the
interaction region. This flight time is related to the velocity of the frag-
ment, which in turn is related to the translational energy released in the
reaction.

The techniques used in these experiments have several features impor-
tant for the study of the decomposition of energetic materials. First, the
excitation step using the CO2 laser infrared multiphoton absorption pro-
vides a way of heating the molecule under isolated conditions. After an
initial coherent multiphoton absorption step, the infrared photons are
sequentially absorbed, proceeding through the high density of states region
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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 detected using mass spectroscopic techniques
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-
rent. The mass spectrometer is also a universal detector, not requiring any
prior knowledge of the composition, spectroscopy, or internal energy of a
fragment.

The interpretation of the data obtained from photofragmentation trans-
lational spectroscopy, the time-of-flight spectrum, is aided by considering a
Newton diagram (Fig. 2). In the experiment, the measured velocities are in
the laboratory reference frame, rather than in the molecular (center-of-
mass frame It is the velocity in the center-of-mass frame (from which the
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100 + 46

Fig. 2. Newton (velocity vector) diagram for the decomposition of TNA2. The vector labeled
Vbeam represents the molecular beam velocity. The smaller circle represents the primary NO2

loss channel with the illustrated center of mass velocity corresponding to the maximum energy
released into translation, 7.2 kcal/mol, in the high fluence experiment. The larger circle
represents the secondary loss of NO2 . 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 appropriately 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 is for
the heavier fragment and was calculated for the maximum translational
energy released in the reaction. This information was obtained from the
analysis of time-of-flight data collected, which will be discussed later.

The velocity vector in the laboratory frame is shown in Fig. 2 as the
resultant vector obtained from summing the molecular beam velocity 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 molecu-
lar beam angle. This is the molecular beam-to-detector angle that is deter-
mined by the placement of the detector relative to the molecular beam axis.
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 L • wprf excitation produces molecules that dis-
mfrared mult.photon '» f ^ ^ ^ L m e . Therefore, the vector

sociate in all d.rect>ons in the center o m t e r . o f . m a s s f r a m e .

ta Fig. 2 " V ^ F r ^ i S S g at the tip of the molecular
actually one of a **%fr£™ ^ d i r e c t i o n s . The resultant vectors
beam velocity vector and,pa.m m n an ^ ^ ^ ^ fte

i f c ^ ! ! T ^ % c i r c l e rsects the
e S n ng toward the 10° molecular beam-to-detector angle represents

h" laboratory velocities at which this center-of-mass velocity » observed
at this angle. Notice that one such laboratory vector has been discussed
already the one moving faster than the beam velocity. A second intersec-
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.

The complete Newton diagram for the reaction is 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 Newton diagram illustrating secondary dissociation is shown in
Fig. 2 but will be discussed later.

The power of photofragmentation translational spectroscopy was dem-
onstrated in the elucidation of the initial steps in RDX decomposition
following mfrared multiphoton excitation [9]. In this study it was shown

™ c L C ° Z ' ' n e P r i T a r y S t e p S W " e e l i m i n a t i °n of NO2 and the triple
ments AfterThrn y l e l d l n 8 ' h r e e ™W™ nitramine (H CNNO2) frag-
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primary step then d e l m e t h y l e n e m t r a m i ^ produced in the concerted
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Photofragmentation translational TZT d e c o m P° s i «on of TNAZ using

! » f e « » ^ ^ ^ S S ? ! f - T h e details are presented

•n some detail. This is followed hv 8 * e e x P e r i ™ntal technique used
««ta• tlw include the time of fliIt

 p r e s e n t a t i o n of the experimental
°f h.gh- and l o w . l a s e r n u Z e ^ t ? T a C0"eCted «nd« conditions

T h 6 n t h e 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.

II. 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 (7), shown in Fig. 3. The expansion is then collimated by a
skimmer to form the molecular beam (solid tine) 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 (0) to be varied.

Fig. 3. Schematic drawing of the molecular beam apparatus. The labeled parts are: (/) heated
oven source, (2) source vacuum chamber, (3) source differential vacuum chamber, (4) main
vacuum chamber, (5) crossing point of the laser beam with the molecular beam, (6) electron
bombardment ionizer, (7) quadrupole mass spectrometer and (8) Daly ion detector.
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From the interaction region (5), those fragments recoiling toward the
deTtor travel to the ionizer (6) of the mass spectrometer In the flight
from the interaction region to the ionizer, the reaction products separate
according to their velocities. After ionization, the particles pass through a
quadrupole mass spectrometer (7) where they are filtered according to
mass-to-charge ratio before their arrival time is registered by a Daly type
detector (8) and a multichannel sealer.

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 CH2C12 and main-
tained at 95°C in the source reservoir during the experiment while the
nozzle ,s he dat 105°C. The opening of the nozzle is modified to allow

or five Th CUlar b £ a m b y 6 X p a n s i o n t h r o u S h a 0-5-mm diameter
stream £L t h ^ T ^ ° ! l i m a t e d bV a skimmer located 2.5 cm down-
~ T O A Z I T In0!18 Sk immer iS h e a t e d t 0 P ' e v e * ^e condensa-
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gence of r (half angle) ****** t h e m ° l e c u l a r bea<« to a diver-

Lumonics TEY-82™ puls^dCO ̂ ^ r f " 1 'S C r ° S S e d W i t h t h e o u t P u t o f a
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[aser light is focused at tne voT, ^ h i g h fluence experiments the
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After excitation from the laser light, molecules may decompose ami
their fragments recoil from the molecular beam. Those fragments traveling
down the detector axis fly 36.7 cm and then are ionized by electron bom-
bardment (after passing through several stages of differential pumping in
the detector chamber), are mass selected in a quadrupoie 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 multichannel sealer.
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 beam has an
average velocity of 1.1 xlO5 cm/sec with a velocity spread of 230- (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 easily trag-
ments upon ionization. In fact the signal at the parent mass-to-charge ratio
(m/e= 192) was only 1% of that obtained at the most abundant peak, of
NO2

+ (m/e = 46) That the decomposition of the parent molecule was
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36 - i n rather than in the molecular beam source was
occurring during ionization m o l e c u i a r beam time-of-flight spectrum of
demonstrated by c 0 ^ ^ g * o f N Q 2 . If the compound were deconv

, . r :„ A . ^inHtv slio of the two species) ana wouia
at

w"henSpared to that from m/e = 46. No such difference a seen, indicat-
ing that the TNAZ emerges from the molecular beam source intact.

The propensity of TNAZ to fragment upon ionization would also make
one expect that the products of its decomposition would also tend 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
laser fluence until only the first decomposition 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
1.4 J/cm /pulse a single reaction channel is observed. Representative
time-of-Bight spectra under low fluence conditions are shown in Figs. 4

t ^ l f e S t r»?***W ti ( / ) b
n in g

r ? W r a t i ° (m/e) observed for fragments re-
b e a m " * d u e t 0 l a s e r i n d u c e dissociation is

K t o f o flfI
arenV°n ? TOAZ h3S a ™ss-to-charge ratio of 192).

from h e
e l t 8 l P

h
eCtrUm f° r th'S sPec ies ~ r e d « a detector angle T

X™ r ""1S S h ° W n in F i & 4 il
P ~ r e d « a detector angle T

ow * r " " 1 S S h ° W n in Fi&-4 a s sca«e«=d Points. As will
t T K1Me^™ ii f NO

bXuss below * r Points. As
due t o r t S d u t d T e r K1Me^™ as arising from loss of NO2upon ionizaZ, t % £ ' S T * * ™ ^ by l0SS °f a S6C0nd N ° 2

In a search for o,he reaction * ata, 'S 3 * aSSUming this scheme,
spectra were also collected w w ^ 3 " 1 1 8 ' * " U m b e r ° f time-of-flight
mass-to-charge ratios T i Z „!« 1?™ sPect'ometer tuned to other
99.72,54,53,52,50,47M 40™3*t^tl d a t a c o l l e«ed at m/e-
as the « / , . m ttae^f-gf S ? 6 ' " ^ 17 a11 had the same shape
daughter ions from the same chan

P
ne

rUmKand 3 r e i n t ^ r e t e d as being
"/«-« (NO?) a new Talre " t 3 S ^ " ^ at « / " " » . At

6 'S s e e n ln «he time-of-flight data. The



2. Initial Dissociation Processes in 1,3,3,-THnitroazetidine

600

200 300 400
TWE (MICROSECONDS)

500 600

Fig. 4. Time-of-flight spectrum detected at m/e = 100 and 7° after low-laser fiuence excita-
tion. The scattered points are the experimental data, and the solid line is a fit to the data in
which the heavier product of Reaction 1 (primary NO2 loss) fragments during ionization to
yield an ion at m/e= 100. The translational energy distribution used in the fit 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 (NO^) and 7° after low-laser fluence
excitation. The scattered points are the experimental data, and the solid line is a fit using
Reaction 1 (primary NO2 loss) and the translational 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 NO2 reaction product.

200 300 400 500
TIME (MICROSECONDS)

600
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38 . un in F i e 5 as scat tered po in t s . T h e m / e = 45
m A , 4 6 data are shown n . ^ ̂ ^ j n p j g 5 p e a k i f l g ^
daughter ion of the teaiure ^ ^ ^ t i m e g T h e s e d a t a ^
375Msec Additional signaj ib r t n e r o f ^ fr
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giving rise'0fi;
h
to'.heedat!i obfained from the m/e = 100 fit. The dotted

r « 2 ^ X S totaVfit. Titne-Aght data collected at
We = 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 in 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 Fluence Excitation. At the higher laser fluence
(10.4 J/cm2/pulse) the products of the primary reaction apparently con-
tinue to absorb 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
2 1 P.°!ntS in,Fig- 6- Alth0ugh the s ign a l level « lower than that

f r e t T flUenCe' the S h aP e of this f e a t u ' e « the time-of-
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«/e = 54 is reached. The new a^601™ r e s e m b ( e the m/e = 100 data until
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Fig. 6. Time-of-flight spectrum detected at m/e = 100 and 7° after high-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 product of Reaction 1 (primary NO3 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 m/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 NO2 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 NO2 loss)
using the translational energy distribution shown in Fig. 14.
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Fig. 8. Time-of-flight spectrum detected 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 1
(primary NO2 loss) which fragments upon ionization to yield an ion at m/e = 40. The longer
dashed line represents the m/e = 40 ion of the heavier product of Reaction 2 (secondary NO2

loss). The dot-dashed line represents the C3H4 formed in Reaction 3.
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Fig. 9. Time-of-fiight spectrum detected at m/e = 46 (NO2 ) 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-dot line are the products of Reaction 2. The product of Reaction 3
corresponding to the ejected N - N 0 2 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.
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Fjg- 10. Time-of-flight spectrum detected at m/e = 30 and 10°
tion. The scattered points are the experimental data and the so».d line is a ht » them. The
components of the fit are the same as in Fig. 9.
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Fig, 11. Time-of-flight spectrum detected at m/e = 29 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
components of the fit are the heavier product of Reaction 1 (shorter dashed line) and the
heavier product of Reaction 2 (longer dashed line). Note the unexplained signal near
175 fi&ec.
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sured initial molecular beam velocity distribution, molecular beam angular
divergence, angular acceptance of the detector, and the finite 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
compared with the observed spectrum. The trial translational energy dis-
tribution is then adjusted to refine the fit to the data and the procedure is
repeated until the calculated time-of-flight spectrum matches the data.

For the analysis of the secondary reaction channels, the forward con-
volution technique is also used, but with additional averaging over the
velocities of the fragmenting products of the primary reaction channel [11].
Here, the decomposing species are no longer traveling in a well-collimated
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 NO2 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
family 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 Fig. 2. As is true for
the primary steps, the laboratory velocities corresponding 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 this plane. For
example, the primary step may be such that the fragment velocity is out ot
the plane, but the secondary velocity may be such that the resultant
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^ vMncitv is again in the plane. As a result, the full Newton(laboratory) velocity i> s t h a n ^ drdes g h o w n m p . g ^

obtain the caicm distribution, an average must be

a s l e same instrumental parameter functions consxdered m the on-

via

Z analyzing data from an experiment on a molecule that decomposes
via several reaction channels (including primary and secondary 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
obtained at higher mass-to-charge ratios to identify the signal from daugh-
ter ions, these time-of-flight spectra may be interpreted and the new
channels analyzed. As a check, the center of mass velocities of two frag-
ments arising from a single reaction channel must be related through the
conservation of linear momentum. As a result, the time-of-flight spectrum
o the second fragment of a pair may be calculated from the analysis of the

u d I hemliC US ,l° C°n f i r m l h a t t h e COrrec t r e a c t i 0 * ^ n n e l is being
i S l ! ? " ? l° ?1C °Ut ° t h e r Po l i t i e s . Finally, all daughter

m a k C U p ° f t h e P a r e * ' ^;ing identifica-
a11 d a u g h t e r i o n s h d

B. Low-Laser Fluence

extensive fragmentation of TNA7
ron .mpact i o n i t i ^

nsive fragmentation of TNA7 anH >
electron .mpact ionization necess i t^ r e a C t l O n P r o d u c t s u P o n

tures m the time-of-flight data to n,Hfi ^ '" t h e assignrnent of fca-
Pnmary decomposition step 1?T T*10" C h a n n e l s" T ° identify the

P ' laSer fluence ^ reduced until a single
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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
NO2 groups. That one NO2 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 NO2 . 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 NO2 coming from ionization of NO2 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 + NO2 (1)

where the heavier fragment in the reaction is identified by its molecular
weight in amu. If there were additional NO2 loss channels, there would
be additional signal at m/e = 46 arising from the NO2 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
NO2 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 NO2 loss (Reaction 1) after low-
fluence laser excitation. The distribution extends to 5.7 kcal/mol.
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46 , , / i ,nd corresponds to an average energy of 0.85 kcal/mol re,5.7kcal/molandcorreSpon ^ ^ h e a v i e r

,eased into ™ ^ « « - J ^ X o l released into translation to reach 7°
'of he translational energy distribution below

?3 X i - ^ extrapolate of the rest of the curve.
raiment Prides information down to 0.4 kcal/mol, but some of this

signal is overlapped by signal due to the other fragment
The low translational energy released indicates that the reaction pro-

ceeds via simple bond rupture. In this interpretation, there is no additional
exit barrier to the breaking of the bond and the available energy above the
threshold for dissociation is statistically distributed among the vibrational
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 all 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
NO2 loss channel is observed. The derived translation energy distribution
for this channel in RDX is very similar to the one derived for TNAZ,
peaking at zero and extending to about 9 kcal/mol. Similar NO2 loss
channels in the decomposition of nitroalkanes [8] also have translational

S T b U t i ° n k nd extendin8 t 0 approximately

C. High-Laser Fluence
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Fig. 13. The translation energy distribution for primary NO2 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
NO2 groups from TNAZ. Since the ion giving the m/e = 100 differs from
the m/e = 54 ion by one NO2 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 NO2

(2)146 100 + NO2

where the fragments are again denoted by their molecular weight. The
heavier fragment of this reaction then loses another NO2 group upon
ionization. _

The translational energy distribution derived from the secondary NU :

loss channel is shown in Fig. 14. It extends to 55.2 kcal/mol and releases an
average of 11.7 kcal/mol into translation. The shape of this curve , s de-
fined by the data collected at molecular beam-to-detector angles ot 7 10.
and 20°. The importance of fitting the 20° data can be appreciated by
considering the Newton diagram in Fig. 2. At 7 and 10- both P™naryand
secondary channels are observed, but at 20° the secondary channel , aU
that is seen since the primary channel does not release enough energy into
translation for the fragments to recoil to 20°. The 20° data allow the
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fig. 14. The translation energy distribution for secondary N O 2 loss (Reac t ion 2) after hiah-
fluence laser excitation. The distribution extends to 55.2 kca l /mo l .
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nearFor RDX the distribution peaks at zero, but for TNAZ the peak is
5 kcal/mol. The RDX data may have been obscured in the low energy p7r't
of the secondary NO2 loss due to the many other channels participating in
the decomposition of this molecule. One may speculate that the secondary
loss of NO2 in RDX also proceeds over a small barrier, which would
explain the noticeably higher translationai energy released in the second
NO2 loss step compared to the first.

All time-of-flight spectra are consistent with the sequential loss of two
NO2 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 C3H4 . 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 NO2 group
attached. As was already seen at m/e = 54, there is no fast signal due to
C3H4N 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 C3H4

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 + N2O2 (3)

The 100 amu fragment in this scheme is generated by the sequential loss of
NO2 as discussed above.

The reaction channel that produces the C3H4 is a tertiary process, the
analysis of the detailed translationai energy distributions is beyond the
scope of the software used in the forward convolution treatment of
the data. In addition, the information derivable from such an analysis is
limited since the velocity of the tertiary products must 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 translationai energy distribution cannot be derived for Re-
action 3, the maximum energy released and the qualitative shape may be
obtained.
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50 . derivation of the maximum energy re leased in the tertiary
- the fastest signal due to sequent ia l decom-d ho

arises. When the velocity vectors corresponding
S ^ ^ energy released in each step are in the same

£ T S the resultant vector lies along the detector angle, then the
S u m velocity signal is obtained. If one is interested in the maximum
Tnerev release for the final step (as is the case discussed here) one may
simply combine the first steps into a "pseudo-primary" step and consider
the final step as a secondary step. If the maximum energy for the pseudo-
primary step is taken to be the sum of the primary and secondary steps and
the masses of the two recoiling NO2 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 NO2 groups, almost every possible reaction channel will give rise to a
signal at m/e = 46 for one or both fragments. An exception is the tertiary
channel, since N2O2 may not necessarily produce a signal at m/e = 46. If all
the m/e - 46 signal is accounted for by predicting the time-of-flight spec-
trum using information derived from signal collected at other mass-to-
S r t T°S' °Le Ca" b e COnfident t h a t n o s P u r i o u s ^annels have been
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because any HONO elimination will appear as fast signal at this mas*.
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 the 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
m/e = 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 NO2

in the ionization step, respectively, show no evidence of this process. In
addition, no additional channels appear at the N2O or CO2 masses.

The conclusion drawn that the first two steps in the decomposition of
TNAZ involve NO2 loss agrees with the observation by Brill and co-
workers [5] that gaseous NO2 was the most abundant species in the initial
phases of the thermal decomposition of bulk TNAZ. That the NO2 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 N2O/H2CO pair was not present-
However, the absence of NO as an initial product in the molecular beam
experiment, shows that the NO observed in the bulk decomposition study
is not due to gas phase unimolecular nitro-nitrite isomerization followed
by NO loss.

With respect to the RDX decomposition observed m the previous
molecular beam study [9], the TNAZ decomposition is much simpler, in
the TNAZ study, no concerted ring decomposition was observed analo-
gous to what was observed in the triple-concerted reaction of RDX. me
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NO2 fragments but cannot determine the order of their removal directly
As a result, the reaction scheme is presented with all the possible branches
The branch leading to the production of C ^ occurs as drawn, but other
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 NO2 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 NO2.
Under higher fluence reaction conditions, the remaining fragment dissoci-
ates by losing a second NO2 fragment. After the loss of two NO2 groups,
the remaining fragment decomposes into C3H4 and N2O2. This tertiary
step suggests that in some of the molecules the initial NO2 groups lost
are from the gemmaZ-dinitroalkyl 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 bulk phase
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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3
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 energet-
ic molecules in the condensed phase, remains unknown.

Here, experimental results are presented that suggest that the decom-
position of haloaromatics in the condensed phase, proceeds via the triplet
manifold. We also present data that help to identify the intermediate
states, their kinetics, and the radicals formed as a result of the photodis-
sociation process. Additionally, a new method, picosecond x-ray diftrac-
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 evolunonof the
structure of excited states and intermediates during t"*"*?™?™?
the course of a chemical or biological reaction. Processes such as torn*
i , isomerization, melting, and nucleation are but a few examples that
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can be investigated by means of PXR with picosecond and subpiCOse

ond time resolution and structural definition equal to normal, cw, *-/
diffraction.

II. Photodissociation of Haloaromatics

In a most interesting research paper, Bersohn [1] observed by means of th
angular distribution of fragments, that the iodonaphthalene dissociation
rate was about 10 times slower than the dissociation of methyl iodide
(0.5 ps vs. 0.07 ps, respectively). Similar experiments with a homologous
series of bromine substituted aryl compounds exhibited smaller anisotronv
values and corresponding longer excited state lifetimes. The comparable
rates of the lodo compounds were two orders of magnitude larger than the
analogous bromo compounds. This suggested that intersystem crossing

K l a n ' T 1 ! : W e m ^ d i S S ° d a t i O n m e c h " of these compounds8
By means of ultrafast spectroscopy, we have been able to observe the

Fig. 1. Experimental system for 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-iocked 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-bromonaphthaiene, (b) l-bromo-2-
methylnaphthalene, (c) l-bromo-4-methylnapthalene, and (d) 2-bromonaphthalene.
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10-ps pulse. For chloronaphthalenes, the fluorescence lifetimes of the loWest

electronically excited state of l-chloronaphthalene and 2-chloronapthalene
in hexane at 20°C are 2.4 and 3.3 ns, respectively. The time-resolved
emission of hexane solutions of 1-bromonaphthalene, l-bromo-2-methyi.
naphthalene, and l-bromo-4-methylnaphthalene are shown in Figs, 2a-c,
respectively. From these curves, the fluorescence lifetime of bromo-
naphthalene is calculated to be approximately 75 ± 10 ps. The 2-brotno-
naphthalene fluorescence lifetime (Fig. 2d) is measured to be twice as long
as the 1-bromo analogs (i.e., 150±10ps). Note that the lifetime of
l-(chloromethyl)naphthalene is 450 ps, which is shorter by a factor of 4
than l-chloronaphthalene. Similar experiments to the chloronaphthalenes
were also performed with bromoanthracenes. These results are discussed
and listed in Table I.

A. Haloanthracenes

Hexane solutions of 9-bromoanthracene and 9,10-dibromoanthracene
were excited with a single 355-nm, 1-ps pulse. The fluorescence of 9-
bromoanthracene displayed a biphasic decay which was resolved by using
biexponential computer fittings. The short- and long-lifetime components

Table I Room Temperature ( - 20°C) Fluorescence Lifetimes
QfHalonaphthalenes and Haloanthracenes in Hexane

Sample A (mn) n (ps) rf (ns)

4, 4-dibromobiphenyl
4-bromobtphenyl
1 -bromonaph thalene
l-bromo-4-methylnaphthaIene
l-bromo-2-methylnaphthalene
2-bromonaphthalene
l-(chloromethyl)naph!halene
2-(bromomethyl)naphthalene
l-chloronaphthalene
2-chloronaphthalenc

(zone refined > 99%)
2-chloronaphthalene
9-bromoanthracene
9, 10-dibromoanthracene
2-iodoanthracene
9-iodoanihracenc
2-iodoanthracene
9-iodoanthracene

265
265
265
265
265
265
265
265
265

265
265
355
355
265
265
355
355

30
35
75
80
72
150
490

n.d.a

2400

3300
3500
100

1300
14
35
17
55
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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 < /„ < 550 nm, temperature, 20°C. (a) 1-bromonaphthakne, (b) I-
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-Iodoanthracene 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±3ps. However, when thê sampler «
excited with a 355-nm pulse, the fluorescence decay becomes biexponen-
tial, with a short-lifetime component of 17 ± 4 ps and a long componen of
3.4 ns. These results are shown in Fig. 4. The long-hfe component is
essentially the same as the lifetime of anthracene in te same soNem
hexane. fhe amplitude ratio of the short- to the ^ ^ 1 ^
was calculated to be 15:1. The 9-iodoanthracene>*™™«* decay
time was also Diphasic. The short component ^ J ^ ^
40 ± 10 ps when excited with a 265-nm pulse an1 60 ± 0 £ £ ^ J ?
excitation. A summary of the fluorescence kinetic data is presence*
Table I.
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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 which
housed the solid bromonaphthalene. The gaseous samples were excited
with a 266-nm, 1-ps pulse and monitored at 330 nm to eliminate 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 opUcal path
°f the beam than the liquid samples. Streak camera records of the gas-
Phase fluorescence decay lifetimes are shown in Fig. 6.
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% 6 . Kinetics of gas-phase fluorescence of (a) 1-bromo and (b) 2-bromonaphthalene at

D. Discussion
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cation of the process investigated not possible by either method alone The
prompt nsetime 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 Sn* 5,
transient absorption and risetime of the Tn « Tx spectrum "picmdes
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 Si (v = O) because no hot fluorescence was
observed after 5 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 et ai [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 Si (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 1-bromo-
naphthalene was measured as 75±10 ps (see Table I). From the transient
absorption spectra at 25-, 100-, and 500-ps after excitation, as shown m
Kg. 5(a-c), it is evident that a new state develops as the original excited
state decays. We attribute the spectrum observed immediately after the
population of 5,, to Sx JE Sn transition. This is based on two mutually sup-
porting experimental observations: first, the emission decay Ufeiime is,
by a factor of 3, larger than the time after excitation when the absoip-
«on spectrum was recorded, (i.e., 75 ps vs. 25 ps). Second, Act tw-
sient absorption spectrum of bromo- is very similar to the transient
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absorption spectra of chloronaphthalene, which must be the 52 JE Sn Spec

trum since l-chloronaphthalene has an emission decay lifetime of 2400 ps

The absorption spectrum of l-bromonaphthalene, recorded 500 ps afte
excitation, corresponding to several lifetimes longer than the decay life,
time of fluorescence, is assigned to etheir Tn JE Tx transitions, or possibly to
the naphthyl radical. Experiments in the gas phase by Bersohn et al. [1/7 gi
provided strong evidence for the predissociation of bromoaryls on time
scales much longer than the 1-ps, rotational correlation time of these
molecules. Our solution, transient absorption spectra, at 500 ps after
excitation, Fig. 5(c), show a band with a maximum at -425 nm, in good
agreement with the reported triplet-triplet spectra. These bear no similar-
ity to the radical at low temperatures. We cannot, however, completely
exclude the possibility of a radical especially in the gas phase, in view of the
strong gas-phase evidence presented by Bersohn et al [7]. Neither can we
assume that the gas phase and solution energy dissipation mechanisms and
rates are the same.
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extremely fast and, therefore, dominates intersystem crossing (ISC) from
upper vibromc 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 S2 JE 50 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 I, 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 iodo-
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 l-(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,o). However, the 355-nm light was absorbed by a
new species formed as a consequence of irradiation and subsequent dis-
sociation of the chloromethylnaphthalene 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 absorption of 355-nm light. The
emission spectrum is reproduced in Fig. 7,a. This emission spectrum exhi-
bits the typical aromatic bands in the region of 550-700 nm. Ail 1-X-
methylnaphthyls (X = Cl, Br, or I,) showed the same emission spectrum
after 266 and 355-nm laser irradiation. The 1-X-methylnaphthyl *pec™n
emission of dissociation product was found to be different than the *~A-
methylnaphthyl emission spectrum (Fig. 8). However, all the 1-X emis-
sion spectra (Fig. 9) and all three 2-X-methylnaphthyl emission spectra
(Fig. 10) were identical regardless of whether they originated ^ * * > ™ ;
bromo, or iodo methylnaphthalenes [11]. This is expected
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Fig. 7. Emission spectra of the 1-naphthyl radical generated by photolysis of 1-
(chloromethyl)naphthalene (a) excited by a 266-nro 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-(bromoraethyl)naphthalene was used. See Fig. 7 for b,
c; x, Br {see text).
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Fig, 9. The same as Fig. 7 except that l-(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.

500 600 700
WAVELENGTH (nm)



P. M. Rentzepis and B. Van w

TIME

r a d i c a l * ^served at
i PS ^ 266 « * • * » (b) S o t T fadlCaI emission i n d" c^ ^ a 355-nm
observed ̂  after 2 6 6 - n m S 0 ° n

P S *" "«**
266 « * • * » (b) S o t T fadlCaI emission i n d" c^ ^ a 355-nm
after 2 6 6 S ° P S *" "«**"' and W 2-naphthylmethyl

spectra are due to

LT h h t h e s PSUbstituted
Ongly ^
' o d o >b

, as

0
W

f
aS found to be I 4 0

n s

2 - m e %lnaph thy l radicals.
a l s w e r e t h e ™™ *» « c h

and the rates of radical
" S p e c i e s ' w i t h * e rates de-

S netics °f r a r
S u r e shows that the

t h a t f a s t i n t e r s y s t e m cros-
- T h e Mfctime of the

the

and e-nission
foll0^d by emission

oV7n prOvided a successful

° ro
a"es

e
s

Vents ^ d intermediates



3 Molecular Dissociation Studies

III. Picosecond X-Ray Diffraction

A. Introduction

Although picosecond electronic, Raman, and vibrational spectroscopy
have been advanced m the past twenty-five years to a superb spectroscopk
tool, the ultimate experiment would be the direct recording, in real time,
of the evolution in structure during the course of a chemical reaction!
Probably the best, 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 means 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 current practi-
cally follows the laser pulse intensity envelope under the appropriate
conditions.

Even though the quantum efficiency for photoelectron ejection at toe
visible and ultraviolet region of the spectrum [16] from semiconductor
cathodes such as Cs3Sb is 3 to 4 orders of magnitude higher than that or
^ t a l s , we find that the damage threshold for Cs3Sb is too low for the
generation of high intensity electron bunches at relatively high " P " * "
rates and acceleration potentials. When one also considers the <*"*3»
vacuum requirements (1(T10) and the depletion of cesium under thew
W vacuum, the disadvantages become sufficient to warrant the use ot
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other photocathode materials. Several of the metallic surfaces that we have
u ed such as Ta and Ti, are relatively resistant to atmospheric gaSes.
b e f o r e they can be used at relatively low vacuum conditions. These
metal phoiocathodes also have a much longer useful lifetime and are easier
to Prepare Using a tantalum film as the photocathode material and 266-nm
picosecond pulses from a pulsed-mode locked Nd:YAG laser, we generate
electron bunches with a charge of 3 nC per pulse. These electron pulses are
accelerated and focused onto a copper anode, inducing x-ray pulses with a
brightness of 6.2 x 106 em '^ r " 1 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 10~9 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
pulses on a tantalum photocathode arc accelerated and strike the anode emitting x-ray
photons. b

Quartz
window

+10 kv
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near the photocathode surface. This electrode is very i m p o r t a m
l b r o a d e m n g effects o

near th p y i m p o r t a m

of the pulse-broademng effects occur near the photocathode
Because of the high work function of tantalum (/0 = 4 16eV> 266
l0-ps pulses with a maximum energy of 2 mj p e r p u l s e a n d a ' ^ £
of 1 kHz are used.

A maximum quantum efficiency for this cathode of 4 x 10 -5 j s observed
At higher incident laser energies, plasma formation occurs resulting in very
long current and x-ray pulses. A 3 nC-per-electron pulse was the maximum
charge measured for this diode configuration at an accelerating voltage of
50 kV.

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
50 kV 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 106 photons
cm^sr"1 (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
experiments is shown in Fig. 13. To increase the average x-ray power
emitted, a high repetition rate laser source is necessary to drive the
Photocathode. This system consists of a high power Nd:YLF CW-mode
«*ked laser and regenerative amplifier, based upon two Coherent Amares
*d:YLF laser heads, and is operated at a repetition rate of up to 3 k m
<Fl8- 13). By means of a beam splitter, the pulses are separated into two
Pa«s. One part is converted to the 4th harmonic (266 nm), which is focused

e Photocathode generating the picosecond electron bunches. uhiOun
a ^ accelerated and focused on the anode producing x-ray photons
a * n e width of less than 70 ps. The x-rays are b n t ^ t o c ^ e
a Portion sensitive x-ray detector by means of a Ge m

e r^tively, Laue diffraction patterns can be obtained using a cog

path of the 532-nm beam and is used tor
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Fig. 14. Streak camera traces of the laser and x-ray pulses.

subsequent experiments, a laser pulse impinges upon the Ge (111) crystal
fusing 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 with the
CI7stal surface as a function of time. The time resolution of the experiment
1S essentially equal to the time width of the x-ray pulses utilized which is
approximately 50 ps as measured by the x-ray streak camera. The temporal
* l d t h o f the laser and x-ray pulses are shown in Fig. 14. By deconvolunon

h e Pulses, it is possible to achieve better time resolution. It must be
Jed, however, that this is an upper limit because the transit time spread
!Jjn the streak camera and photocathode must be taken into account

the s o m e w h a t brief description of the PXR system has made * « * «
^general aspects of this unique experimental ultrafast x-ray system.
Penmental procedure for time-resolved x-ray diffraction presented ,

Pico 1 U P ° n t h e Pump-probe scheme first introduced several years ago m
cr l C C O n d spectroscopy [17]- The laser in these experiments « u*J to

Cate *-5ay p u l s e s a £ ^ J f u n c t i o n s as an excitation source toj*
To detect the very weak signals of diffracted x-ravs. a
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detector that employs a liquid nitrogen cooled 2K x 2K CCD array k u«H
This detector practically eliminates all dark noise, thus making i t I 7 h £
t 0 detect the equivalent of one diffracted x-ray photon per L n T 8i
This detector is shown in Fig. 15. r IU W

Several other types of time-resolved PXR experiments are online
including melting, crystallization, and dissociation of simple molecular
species that will allow calibration of the PXR system and provide a data
base necessary for subsequent large molecule diffraction experiments
Other applications including time-resolved molecular holography, plasma
diagnostics, and x-ray diffraction of metastable species are also feasible.
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Computer-Aided Design of Monopropellants
Peter Politzer, Jane S. Murray, M. Edward Grice

and Per Sjoberg

I. 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, / s , 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, followed
by a brief review of our methods used for computing / s . Specific impulse
^sults for a large variety of compounds are presented, and characteristics
7 / h a v e been identified as favoring a high specific impulse are discussed in
in

etai1- s ° m e perspective on the importance of certain factors invohed
"computing / s is also given. Finally, we shall demonstrate how computa-

T s p e c i f i c impulse a n a l y s e s p r o v i d e a starting point for **s

o f m'gh-performance propellants.

* » » j w f e Materials All rights of «pw*w
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II. Theoretical Background

The specific impulse, / s , is often expressed in terms of the absolute

temperature in the combustion chamber Tc, and the number of moleSo[

gaseous products produced per unit weight of propellant TV by the sim-
plified relationship given as Eq. (1) [1].

(1,

This proportionality can be rationalized in the following manner based on

kinetic theory.
/ s 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.

thnist gas discharge

x<0 x = 0 x>0

By Newton's second law

: recoil force = '
tdt

thrust = recoil force = Y — (m;vr) (2)
i dt '

where m, is the total mass of the molecules of type / that are formed in the
combustion, and vXt 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 T is

i - • Mv 3
Kinetic energy = = _ #7"

the contribution to the kinetic energy coming from the
n t m the x direction

2 "lRT

or

Ifi
: combustion reaction are assumed to
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Combining Eqs. (2) and (5)

thrust = X —

/s is denned as the integral of the thrust per unit weight of proDeliant
over the time of combustion/c,

 v *~

inrusi [i\lc) [ /f »«* 1/2

, " V d ' = ~~^"J f=0 2 S [jjf * (7)
where w is the weight of the propellant, After integrating

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

Tl/2

2 K/2"J/21 (9)
w

in which Nt = (m^/Mi 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:

1/2

( )

Since 2,. m , = w a n d d e f i n i n g N a s t h e total number of moles of gaseous
Pr°ducts per u n i t w e i g h t o f prOpellant, N=(SN,)/w, then introducing
tc)s- (10) and (11) into Eq. (9) yields Eq. (1).

the approximations represented by Eqs. (10) and U " ^ ^ i
n°t generally valid, we have found that the results oD ^

(1) and (9) usually differ by no more than 3#. It may be
e cancellations of errors are occurring.
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Our specific-impulse calculations have involved the use of th *
tionship given in Eq. (1). In the following section we discuss method^'
determining the amounts of gaseous products mt and the comb ^
temperature, T; these are quantities needed to apply this formula It̂

StlOn

aim to provide some perspective on the importance of various f*^
involved in obtaining /s values. Ors

III. Application of Specific Impulse Formula

! L ° ± ^ ^ ^ P l L E q : ?>' k is nec&SSaTy t0 establish the identities and
the i

A. Gaseous Products

various possible products 7 ^ T ""* u
C O n s equ e n t ly amounts of these

'ion process plus the e f f e c . T n f ^ P 0 " the s t o i c h i °met ry of the combus-
t s may be occurring S ^ S S S T f f i * ^ d i i

We use a ro C O ^ H 2 + CO2 (12)

which p rXf^n t t rmed ' InH 1 1 6 ^ W e a P o n s Center P] » Predict

based upon quantitative l ^ T ' ? uh a t W™*™; these predictions areus'"g data such as S t S S S S " e t f ^

B-Combustion TemPe r a ,u r e

S t h r t r r o x i m a t i o n °f the combustion
so 1 ? y t 0 h e « the D ' H hfat Of « m b u s t i o n of the pro-
so that we p r o d u c t gases to the combustion tan-

(13)

• gases
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ArW is thf e n t h a l p y °f C 7 ^ u s t i o n ' £.,,.,„ represent, the tola. J
capacity of the gaseous products, and Tn and Tc are the initial « d £
combustion temperatures. In Eqs. (13) and (14) h is assumed S S "*
is constant over the temperature range between Tfi and 7C, and ihat'X
pressure in the combustion chamber remains constant due to a steady-state
situation; the rates of formation and discharge of product gases are'taken
to be equal. The Naval Weapons 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

A//Comb 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
N H k H i o p (15)

standard bond enthalpies plus any strain contributions. In our work, we
compute gas phase heats of formation with the semi-empirical AMI 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

We have calculated the specific impulses of a large number of molecules
using Eq. (1) in the manner described in the previous section. To facilitate
comparisons, our values are given relative to that of HMX (1; 1.3.0./-
tetnwritro-l,3,5,7-tetraazacyclooctane). The results of some of these cal-
<*lations are given in Tables I-III. Table I lists compounds with calculated

Sfic impulses a, toast 12% better than HMX; Tab.es II ^
UleS t h a t ^ e 1-10% better, and the same or ">*«.
«>ve.y. The molecules in these tab.es encompass a " J

aural types, including both neutral and ionic, stnuned and
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Table I. Molecules with Estimated Specific Impulse at Least 12% Better than HMY

Molecule Relative

h
Molecule

Relative

HMX

0

A
N—N

HO H

A
NH,

N 0 2

OjN

7

1.00 9

1.25 10

1.22 11

1.20 12

1.18 13

1.18 1 4

1.17

1.17

IS

16

r
O2N

NO2

<4>
Y

NH2

N=N N

<-r)
N

NO2

NO,

1.16

1.15

1.15

1.14

1.14

1.14

1.14

1.13

(table continues)
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Table I (Continued)

Molecule

ft NO2

NF2

N

NO2

1.12 20 M ^ S - N O ,
1.12

Table II. Molecules with Estimated Specific Impulse 1-10% Better Than HMX

Molecule Relative

Is

Molecule Relative

HMX

n
O2N

4

- ,
NF,

1.00 24

1.10 25

1.10 26

1.09 27

O,N NH,

X
N—N

j
NOj

1.09

1.09
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Table II (Continued)

Molecule Relative

Is

Molecule

30

31

32

33

NF,

A «

NF,

1.07

106

1.06

1.05

1.04

35

36

37

38

1-05 39

40

(•) (-)

NO,

O2N- -NO,

NO,

N-N
/NH2

OH

NH

NF,

F,N
NH

OH

NO2

N N.
NO,

0,N AX1 NO.

X-L
° 2 N H H N

NF2

O,N. I NO.

NO,

1.02

1.02

1.02

{table con
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42 A ***«*«»

Table II (Continued)

1.02

1.01 45
J.01

Table III. Molecules with Estimated Specific Impulse Same as HMX or Worse.

Molecule Relative

h
Molecule Relative

HMX

NO,

V
NO,

1.00

0.99 50

0/ H

NH, 0

-NOj

0.98

0-97

NO2

NO,

NO,

0.98 51 C

NF2

0.96
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Table III (Continued)

Molecule Relative Molecule

M

F
I

H

OjN'

NO2

ft
NO2

ft
H H

H

'Vo
F

NO2

0.96

0.93

56

57 0.82

55 OjN-C i ->-NO

NF2 0

0.88

cyclic and caged compounds. They are substituted primarily with NO2,
NF2, and NH2 groups.

From an examination of the specific impulse formula [Eq. (1)1 it can be
inferred that a high /s value is promoted by

1. the formation of light gaseous combustion products, since then a greater
a hTph'L ,m !S U P r ° d u c e d p e r u n i t w e i 8 h t o f Propellant, and

EreaterP° ? ° f f ° r m a t i ° n ^er u n i t w "ght ) , since this leads to a
temperature^ " " ^ U P ° n C o m b u s t i o n a n d ^ higher combustion

l0 t e t a n d P ° i f

2 a

S b l e o x t e n s h H °f S
t
Pedfic imPulse ' i l is P^f-ab.e that a pair of

former o r S J t o f l° 'T C ° + H^° r a the r ^" CO2, since the
•a«er to ju" o'ne tole f Z T i " °f g9S fr°m 46 8 of ^ ^ and ^
the effects of ° h e water I f ^ [ T h i s ™*™°n is not altered by
not change the total n i ^ e q " l h b r m m ' Eq- (12), because the latter does
frequently taken to be inc iw m ° / e S ° f g a s e s l T h e h e a t o f formation is
^ d in some circumstances it T " e " e r g y c o n t e n t " o f a P«>Pellantl

are some limitations uoon ,u •qU e aPProPnate to do so. However there
In Table IV a r e g i v e n id e ' rm!f r p r e t a t i o n ' a s wil1 be pointed out later.

for HMX and ten other mCerH S t ° l c h i o m «ric decomposition reactions
are assumed to g0 1 0 N , ™T« Ukm f r o m T a b ' « I-III. All nitrogens

2> Dd fluonnes l ° HF, while oxygens preferentially



Table IV. Stoichiometric Oxidation Reactions and Some Properties of Cubane Derivatives

Molecule Reaction

Molecular
weight,

M
_̂ _ Relative Relative

I"

HMX

N N
1 < >

N N
OX v s

Cubanes and Azacubanes

55 l̂ p
©3N NOj

2 0

NO2

8CO2 + 4N2

4CO2

296 .041 1.00

464 .026 3.74

2 8 4 -0 3 5

288 ,028 12.28

1-00

0.97

I-12

1 1 + H,O + 3CO + CO2 258 .035 10.98 1 15



Table IV (Continued)

Molecular
weight. _̂ _ Relative Relative

Molecule Reaction M M &Hf
at> f%"

Others

NO,

46 r> • 3N2+ 3H2O + 3CO 222 .032 2.84 1.00

36 o,N—m—NO2 • 4CO2+2N2 232 .026 6.92 1.03

NO,

3 7 ^ A — " 2 H * O + 2 N
2 92 .043 2.08 1.03

2 8 2 2 8 .044 j
1 0 7

NH,

2 *86 .038 12.07 120
NO2

O

A
" w 'D .UJy 12 04 J 25

"F H

"These vaVue* arc given tctittwc lo IliwiX (1)-
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form #2® (if hydrogens are available) and otherwise CO and CO7 m thm
order. We use such reactions to calculate the quantity n/M in which n n the
number of moles of gaseous products and M is the molecular weight of (he
monopropellant. n/M provides a rough (and quickly determined) estimate
of the number of moles of gaseous products available per unit weight of
propellant. Also included in Table IV are relative heats of formation
obtained from calculated values in units of calories/gram. H is seen in
Table IV that neither the n/M nor the relative &Hf values follow the %amc
trend as does the relative I s .

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

52 \^$2 yVQ 20 11

value than does the tetranito analogue 32; thus both of these factors are in
favor of the latter having the higher specific impulse, as is calculated to be
the case (see Table IV). Structure 20 has a higher A///than does 11, but the
nIM 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
J° be sought; the presence of some hydrogens is generally very beneficial. -^
These can take up a portion of the oxygens to form water (which is one of gj
the lighter potential gaseous products) and thus more of the carbon will be .
oxidized only to CO rather than CO2. The desirability of using oxygens to
form H2O and CO, as opposed to CO2, has already been pointed out. A
judicious combination of NO2 groups with NH2 substituents or unsubsti-
tuted (hydrogen-bearing) carbons can significantly improve the specific
impulse, as can be seen for example by comparing 55 and 32 or 20 and 11 in
Table IV, or 4 and 16 in Table I. (In dealing with strained systems,
however, it must be kept in mind that the simultaneous presence oi NOs
and NH2 on adjacent tertiary carbons can sometimes introduce significant
instability. We have analyzed this problem in detail elsewhere [6—9).
Another important observation is that the introduction of aza nitrogens
increases / s [compare 32 and 20].) This can be attributed to the greater
heats of formation of the aza analogues.
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Tetranitrotetrahedrane 36 and l-amino-2-nitrohydrazine 37 are strUc

turally dissimilar but have identical relative 7S values of 1.03. Table IV
shows that the former has a fairly low n/M value but a reasonably high heat

37

of formation; the reverse is true for 37, Yet, their / s values are the same.
This example emphasizes again how the interplay between two key factors
helps to determine the specific impulse.

It is interesting to compare RDX (46; l,3,5-trinitro-l,3,5-triazacy-
clohexane) and l-difluoroamino-3,5-dinitro-l,3,5-triazacyclohexane (28)
(Table IV). The latter has a calculated specific impulse approximately 1%
better than RDX. This is evidently largely due to the increase in the

V 7 IN' ~NV V
N°2 NF2

4 6 28

be'athTevLT'68 °\ ̂ MUS P r ° d u C t S P e r unit w e i g h t ° f propellant that can
spec fi m o u l L

r e ^ C m g a " N ° ^ ^ a n N F 2 - Thus, from the standpoint of
S i £ & H6 P T , e n C e ° f flU0rine ( e g ' in * e form of the NF2
group) ls l n d e e d d e S M b l e T h . s w m b £ d . s c u s s e d f u r t h e r ^ t h e M x t

25anOd2C0U%be2ttenh!nhHMv8h S p e d f i C i m p u l s e v a l u e s - calculated to be
relatively high heats n f f ' r e s P e c t l v e l y- Both of these compounds have

y nigh heats of format.on and produce fairly large amounts of

NO22 N°2
gaseous products ne> • 4

IV). Our calculated resulting' ** e s t i m a t e d by stoichiometry (Table
°ver HMX in terms of sneciL T q u i t e c l e a r l y t h « to greatly improve
^cessary to combinem'o efu ' 7 ( e g ' ' a s i n t h e « * * of 2 and 4) it i;
consequences. m o l «ular features t h a t , e a d ( o e a c h d e s j r e d
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v perspectives

In calculating the specific impulses reported in Tables M V , we have used
e Naval Weapons Center program [3] to predict the types and q u a n S

of gaseous products formed from each particular monopropellant HoT
ever, it is 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, C O 2 , H2O, N2 , H2 and HF [10], Except for
fluorine-containing systems, the relative / s values calculated in this manner
[via Eq. (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 ratio 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 /s

observed in Tables I—III are in general well reproduced using heats of
formation computed with the AMI 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 A//f is actually a change in enthalpy, and thus depends upon
the initial (i.e., reference) systems as well as the molecule of interest. Thus
a fluorine-containing compound may have a rather low AHf because it is
relative to very weakly bonded F 2 , 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 A#f as an indicator of available
e"ergy. For example, Table IV shows that A/ff of RDX (46) is twice as
g*« as that of l-difluoroamino-3,5-dinitro-l,3,5-triazacyctohexane (28).
™ e the latter does have a better n/M ratio, by a factor of 1.4, it ma>
nevertheless seem surprising that 28 has the higher specific impulse. Itas

* b e understood, however, in terms of the F2/HF effect.
Our earlier observation that the presence of aza nitrogens is accompa-

Thf bJ a l a r S e r heat of formation can similarly be explained by noting fa*
io?K e r e n C e s t a t e f o r these is the very stable N2 molecute. Since to *

*heIr u l t i m a t e decomposition product, the i n c r e a s e > * & * £ f
• f i * e n e r8V content. This conclusion may seem to be i

W ° r k i n w h i h h h t h t aza nitro
V content. This conclusion may

c , n which we have shown that aza nitrogens have a ta
UP°n *any molecules both strained and unstrained i n , - Jw e a t t r
U P° n * a n y molecu le s , bo th strained and unstrained i

dici ?,!0 d e l 0 c " n of their lone P^P\^gi c i a?,! " n of thei PP\^gS^^
states ̂  6 r e s o l v e ^ > h o w e v e r , by recognizing that ^ J * ^ , as

a r e involved in t he two si tuat ions. The observed aza siabmw
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A ,.MPH bv isodesmic reaction analyses, is relative to certain "standard"detected by jsodesm, ^ ^ ^ ^ fa ^ ^ ^ ^ ^

whereas'he'ats of formation are relative to N2 (g), H , (g), C(s), etc. Thus
Ta nitrogens have the attractive feature that their stabilizing influence may
be beneficial from the standpoint of synthesis, especially in the case of
strained systems, but yet should not impair (may indeed improve) detona-
tion or propellant performance.

VI. Summary

In designing molecules to have high specific impulse values and thus to
merit consideration as monopropellants, it is generally desirable to try to
satisfy two key criteria: (a) combustion should lead to light gaseous pro-
ducts, so as to maximize the number of moles of gases produced per unit
weight of propellant; and (b) the compound should have a large positive
heat of formation (on a weight basis), since this results in a high combus-
tion temperature. We have presented a rationalization based on simplified
kinetic theory arguments to justify the importance of these two factors, and
we have further demonstrated it through a comparative analysis of our
calculated relative / s 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 of
formation, while the inclusion of some hydrogens and fluorines, results in
light gases (H2O and HF) being formed as combustion products.
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Polycyclic Amine Chemistry

Arnold T. Nielsen

I. Introduction

The need exists for new high-energy, high-density materials with densities
greater than 2 .0g/cm 3 and with detonation velocities (D) approaching
lOmm/jLisec. Such powerful explosives would have detonation pressures
(Pa) greater than 400 kilobars (kbar). Known explosives 1,3,5/7-
tetranitro-l,3,5,7-tetraazacyclooctane (HMX, 1) and hexanitrobenzene
(HNB,2) have densities near 2.0g/cm3 , detonation pressures near 400
kbar, and detonation velocities around 9.1 to 9.5mm/^tsec. To achieve
greater detonation velocities and pressures explosives of higher density are
required.

O2NN

NNO2
[N02

pcj

1-90 g/cm3

9.1 mm/jusec

390 Kbar

2

2.0

9.4

406

- densities and detonation velocities of unknown explosives may
l a <* with reasonable accuracy (±2 to 5% depending on stfucuw

cuiated
 5)" I f t h e molecule is known, its energy parameters ma>

_? m o r e accurately from its heat of formation (Refs- O l .
ft0Wn below demonstrate the importance of the density «»*
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itself relative to its energy. They show that the detonation pressn
the Shockwave front is proportional to the square of the density That

a slight increase in density can significantly increase the energy f
explosive. a"

D = A4>1/2(1 + Bpo) P «

D ~ detonation velocity (Km/s)

P = detonation pressure (Kbar)

A) = initial density of explosive (g/cm3)

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

niotih1™11™1 p a r a m e t e r s a r e known to maximize density. In addi-
d/ r 2 X 7 ' t h e s e i n c l u d e a" °Ptimum number of Quaternary
S 2 f f I 2 Z £ t l B y nitr°genS' and co"de"sed i - ^us!

f ^l ' ^ ° n e p r ° C e e d s in the structural altera
tion from a ycUc-^l ' r ^ ° n e p r ° C e e d s in t h e s t ructura l altera"

in Polycycl^caged S c u l t P " f m ° ' e C U l a r a r r a n g e m e n t isfound

shown i T b l l e e u l e s - Examples of some caged molecules are
in Polycycl̂ caged S c u l t P " f m ° ' e C U l a r a r r a n g e m e n t isfound

shown in Table I. l e e u l e s - Examples of some caged molecules are

The densities of thp
caged molecule comno>ie<1I!!!I!hCyCliC c o m P o u n d . with the corresponding
b<= seen that the caged de I ^ ^ n n S - s i z e d "nits, are compared. It can
For example, the den.i! c aK h i g h e r t h a n t h o s e of the monocycles.
double,ha, of c y c l o b u t a n e y ( 0 7 m r , ( 1 - 2 8 g / C m 3 ) ( R e f S ' 6J) iS " ^
caged hydrocarbons k n n L /, , c w e c a h e d r a n e i s °ne of the most dense

"ouble ,ha, of , h e £%V L 4 5 ) R e f s ' 8 ' 9 ) ; again, its density is nearly
compared to the monocvcl. C ,y c '°Pe n t ane (0.74). Adamantane, when
'""ease in d e n s i t how

y
e

C^ r
Cy

f
C 'ohe"ane, does not show as much of an

arge On the other hand if on, n U m b e r o f hydrogens removed is not
v ° 7 e t e l y

K
C ° n d e n s e d adamama

r
n

em
H

0VeS a " ° f t h e hydrogens leading to the
11 '6nLfiCam i n ««se T d e l " denVed mate r i a l diamond (d = 3.51), a
rncrlSUffi

D
Cient t0 «n,Ply r t n

% : S ° b S e r v e d - II -»««» be noted that it£2e,heem°Ving * i S S S S r t0 aCWeVe 3 ̂ ^ ^ .
, ly To I ^ ' 6 ben^ne ( S 88̂  H

is required h l e v e very hieh H • } ° e s n o t a I t e r t h e d »
H ired. ry high density a condensed polycyclic cage
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Table I. Densities of Caged Hydrocarbon

Monocycle Density
(g/cm3)

O

0.70

0.74

0.78

Caged Dcniity
(g/cm*)

1.4S

1.07

"• Approaches to Synthesis of Caged
Nitramine Explosives

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

O2NN NNO2

3 (RDX)

d= 1.81 g/cm3

D = 8.85 mm/jisec

CJ = 338 kbar



98

were

Arnold T, xu

are monocyclic nitramines of the general fonn .

w K » 3 for RDX'rt=4 for HMX)-If the nitramino « « 3 J
were Placed in certain polycyclic caged structures of the general formula
(CnmO2)n, high density, high energy materials should result.

The synthesis of caged nitramine explosives may proceed by two meth-
odologies. In one, a caged amine is prepared having the desired parent
structure with the required number of endocychc amino groups. This
polyamine is then converted into the corresponding nitramine by an ulti-
mate nitration process. In a second method, a reactant nitramine (acyclic
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),

NN02
HNOa HNO3 O2NN

U-J

4
Hexamine

{CH3CO)2O

NH4NO3

wtht
leadin, to

°f t h e h e x a mine structure reveals that the parent 1,3,5-
e

n
a n d ^W-tetramacydooctane ring structures exist

o n v " * b r ° k e n sele«ively in the nitration process
X ° r H M X In C^d nitramine P r o d u c t s> the StrW"

group

13-dinitro-
'citations

Cyclic n i t r a m i n e s ™ay be illustrated in the
! m t r a m i n e & with formaldehyde to produce

m o r e complex cyclic nitramines (Ref. »)•

CH2O

H2SO,
NNO2
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, the preferred approach to caged nitramines is u , u a ! | v

S h o d , which departs from a caged polyamine containing the
umber of ammo groups in the desired positions.

11 -me problem of polyaza caged nitramine synthesis may be reduced to
Wo subproblems. First, the polyaza caged ring system must be svnthc
sized. Second, a suitable methodology must be applied that ultimately
introduces nitro groups on all of the endocyclic nitrogens of the cage to
yield the caged nitramine. 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 orthoamide 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).

O2NN
O2NN

OjNN

pealled)

O2NN

2.1 g/cm3

9.5 mm//tsec

434 kbar

K°2 . N N 0 2

2.1

9.4

420

NNO2
O2NN

9

2.1

9.4

420
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III. Polyazaadamantanes

More examples of azaadamantanes are known than those of anv
other caged azapolycyclics under discussion. Although the hexaaza
(7) is unknown, azaadarnantane examples have been reported c

S y S t m

ing one, two, three, and four endocyclic nitrogens. It should be reem'h*
sized that for the purpose of synthesizing caged nitramine explosives o 1
those cages having nitrogen at a bridge (rather than a bridgehead) are d
^ P ^ T f S ' T h e Synth£SiS ° f he te roada™ntanes has been reviewed

Both of the possible monoazaadamantanes are known Three

r k S r 8 3 1 0 ' 5 PreParCd XaZaadamant W (1954,1956)

I^NcHaBr

CH2Br

NH3

10

>. 26,27). Synthetic routes
-azaadarnantane have been

energetic material 3,5,7-
pound in our laboraTorTand confi?'" T h 3 V e a l s ° P r e P a r e d this latter com-
. The other isom e r 1 ^ ^ ^

•" 1964 (Refs. 34 35) i ^ s fh fi
 ( U ) ' W 3 S fifSt P r e P a r e d ^ S t e t t e r

Prepared that contains a n h ! C X a m p l e o f a n azaadarnantane to be
tH^J* 2^aadamantan?h".!V!^idge-. SeveraI ring-substituted

various synthetic

ins an ! !
derivatives of 2-azaadamantaneghn V ^ ^ S e v e r a
routes (Refs. 3 6 _ 4 2 )

 m a n t a n e have been obtained by

1SOCI2

2- [H]

Two of the fi

(Refs. 43,44)
(1,3- and 2,6-

^ ^ e d by two independent
^"thesis was described later
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CH2O

12

(Ref .45). Many derivatives of 1,3-diazaadamantane have sub^uentlv
been reported (Refs. 46-60). *• ****

2,6-Diazaadamantane (13) was first reported by Stetter and Heckel
in 1972 (Refs. 61,62). Two other syntheses were reported in 1973
(Refs. 63,64).

13
R = 4-CH3 C6 H4SO2

Only three of eleven possible triazaadamantanes are known (1,3,5-,
2,4,9- and 2,4,10-isomers). Stetter was first to prepare one of these,
7-methyl-l,3,5-triazaadamantane (14a) in 1951 (Ref. 65). The parent un-
substituted compound 14b was obtained by Meurling in 1975 (Ref. 66).

R
CH2O

RC(CH2NH2)3

14a (
14b (R-H)

J ^ e syntheses depend on the reaction of a trismethylaminomethane with
^a ldehyde . Reaction of formaldehyde with nitromethane and ammo-
^ acetate in r e f l u x i n g m e t h a n o l l e a d s t 0 7-nitio-l,3>triazaadainan«ne

efs. 67-76)

CH3OH
CH3NO2 + CH2O + NH4OAC

Reflux

ts
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2,4,9-tria2aadamantane derivative has been prepared. By reacti
zine with 1,1,1-trisacetonylethane in ethanol solvent, QU a s t °j!

b t i d 65% yield of l 3 5 J t e t r a m e t h y l 2 4 9

One 2
of hydrazine , , , QU a s t j

Bemeth obtained a 65% yield of l,3,5J-tetramethyl-2,4,9-triamino
2,4,9-triazaadamantane (16) (Refs. 77,78). Reaction of the triketone
with ammonia gave a dioxaarninoazaadamantane derivative. Attempt
to prepare an N,N',N"-unsubstituted- 2,4,9-triazaadamantane were
unsuccessful.

CH3C(CH2COCH3)3

16

Several 2,4,10-triazaadamantane derivatives have been prepared; they
are caged orthoamide structures. The first of these reported were the
Z J X T D

an
f
d,^benz^esulfonyl derivates 17a^ prepared by

^ 1 ( R f 7 9 • T«ese were obtained by heating the cis- or
t^ o h t a m l d ^ d ° h e X a n e S W i t h cthy> orthoformate at 265-27TC.

« a r ^ "« ^ - y l d e r i V a t i V 6 S ^ a Sim1'
17ccould be ohtainln I ,' ) - W e f o u n d t h a t t h e A^-benzyl derivative
^ ^ T ^ S ^ ^ ^ -fluxing the triN-benzyl-
structure of l7c was c l f i Z ^ ^ ' ^ d ime thy l ace ta I (Ref" 81); th£

n n r m e d by x-ray crystallography.

NHR

• HC,OC2H5,3
 2 6 S - 2 7 ° ° C

NHR

17a (R = C2H5CO)
17b (R = CeH5SO2)

Hydrogenolysis of th h
d-um on charcoal ca«alys^n

en
e^'ng '?UP,S ' " 1 7 c w i t h M n i g e n and pall*

m e f i r a a d a m a m a n e "«. R"°' t
S o l v e i«) >ed to the parent orthoamide

m ^ U m g a v e , h e W , W ^ ^ d
t r i s ^ c t ' o n of 1 7 d with dime.hylaminotri-

nstr,methylamino t in d i i 1 8 Raction

) >ed to the parent orthoam
of 1 7 d with dime.hylaminotri-

e thylam i n o t i n d e r i v a t i v e 1 8 . Reaction
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NHCH2C6H5
(CH3O)2CHN(CH3)2

C6H5CH;

17c

H2.Pd

17d

of 18 with nitronium tetrafluoroborate in acetonitrile solvent produced
2,4,10-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).

(CH 3 ) 3 SnN ' / NSn{CH3)3
(CH3)2f€n<CH3)3 \ J

1 7 d »-

18

NO2BF4 O2NN / z
1 8 - NNO2 . 17d^ NNO2

19

The
17d is a crystalline hygroscopic solid, stable on

,• I II JS a Str°"g b3Se- In S O l U t i ° n jn ° 2 ° ^ T
StlC s i n 8 ^ t at 87.6 which is unchanged on s.andmg o

m ° l e c u l e ^ very sensitive to acids. Acidification of the ^
""mediate disappearance of the 57.6 singlet and the appearance
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17d OH"

20

of a new singlet of equal i

cationCH 0.O
potassium carbonate (PH9)

° " b a S k ^ a d d i t i°» of

ring «ro7ensrL
adamantane, 4). I, i s readfly
ammonia and was first desc r ibedT
•ration and properties have been
of formation from f ' "

Refs. 84,85). Hex(3) and HMX (1).

In summary, most of the t
depend on condensation of a f "
POU"d or equivalent (aldehyde
methylene compound, such a s ' n t
^ployed bromo intermedia^ in

S '"

( h f f l « . 1,3,5,7-tetma.
R « Y r e a C t l M ° f fo™aldehyde and

r. ? ? 1859 (Ref' 82)' Its W
r e V l e w e d &<*• 83). The mechanism

m ° n i a has been studied
a reactant in the synthesis of RDX

S y D t h e t i c r o u t e s t o azaadamantanes
a m m ° n i a with a ̂ bo^ com-

^ a C e t a l ) ° r oth" active
T h e ^ t h e s e s of 10 and 13
nt or addition reactions.

Only two

in 1974 (Ref. 86a); its

22



crystallography is 1.04 g/cm>, « m t o «o « «

S ^ o w n . 3-AZawurtz,,ane « , ScNemeJ,
aus and Ganter in 1980 (Ref. 87). Severa M
described. The oxime 23 on reduct.on w,ih

24
2. NaBHilNaOH

26

25

OH

26

Scheme 1
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aluminum hydride gave the desired endo amino derivative 24 in 66% v-
Treatment of 24 with mercuric acetate in dimethyl sulfoxide i
5-acetoxy-3-azawurtzitane 25 in 49% yield. By reaction of 24 with mer
acetate in aqueous medium, the intermediate acetate 25 was reduced i
by sodium borohydride in basic medium to yield 3-azawurtzitane 26^
rectly. The acetate 25 could be hydrolyzed to 3-aza-5-wurtzitanol (27,*
which with thionyl chloride produced the 5-chloro derivative 28. Lith'
aluminum hydride reduction of 28 also produced 26. The TV-methyl der'
tive of 26 was also prepared (29), which could be oxidized to 26 with
potassium permanganate.

If certain endo substituents are present in the 5-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 d.methyl sulfoxide treatment of //-methyl olefin 30 produced a mixture
of 5-acetoxy-3-methyI-3-azawurtzitane (31, 62% yield) and 4-acetoxy-3-
metnyl-3(4 —-> 5)fl*ro-3-azawurtzitane (32, 17% yield). These reac-
tions are believed to proceed through an intermediate aziridinium ion 33

Tne other known azawurtzitane ring system, 3,5,12-triazawurtzitane
was first reported from our laboratory in 1987 (Ref. 88). Several
K ^ M ^ ^ - ^ t r i ^ w u r t z i t a n e s (3,5,12-tctraazatetracydo-

3 5 t iforrnv f fn6S' 4 O a" e ) h a v e b c c n o b t a i n e d ^ condensation of
1,3,5-tnformylcyclohexane (38) with selected amines.

X -NC*

32 (abeo)

"OAc
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35

35

CO2C3HT

36

LiAIH4 HOCH-."—f ^p—CH2OH ^C0Cl)z O H O — f \ ~ " C H O

*(CH3)2SO

CHO

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 l-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 m,cw-cyclohexane-l,3,5-tricarboxylate ester 36, also in quan-
titative yield. Reduction of ester 36 with lithium aluminum hydride in
[etrahydrofuran solvent produces cis,cw-l,3,5-tris(hydroxymcthyl)cyclo-
hexane (ds,ds-37) in 90-95% yields. Swern oxidation of tnol 37 led to
^•1,3,5-triformylcyclohexane 38 in 70% yield. The stereochemistry ot
*. « well as that of precursors 36 and 37, was established as cissis

ach case by high resolution 2H NMR. ^ . .
he reaction of a>,m-l,3,5-triformylcyclohexane (38) with^

^ m ether solvent at 2 5 X leads to triimines (39), and ,n s «
tnsubstituted-3,5a2-triazawurtzitanes 40 (Scheme 4)

r r t 2 i t n e s 4 0 a - ^ r e obtained with methylamme
' 4-methoxybenzylamine and 4-(dimethyl«nu«

aci c >»W. (Table II)5. The reaction is analogous to the n n ^ ^
trisub tit m i n e s ( C H 2 = N R or R C H = N H ) leading to hX>
^ U t e d - l > 3 , 5 - h e x a h y d r o t r i a z i n e s (Refe. » - « ) . ^ The

P o r t e d by the NMR and mass spectra and infrared * * « *
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38

RN=CI
RNH2

H=NR

CH=NR

3
RI\L c S 12

5 M M

39a, R = CH3
39b, R = C2H5
39C, R = C6H5CH2
39d, R = 4-CH3OC6H4CH2
396, R = 4-(CH3)2NC6H4CH2
39 f, R = (CH3)2CH
39g, R = <CH3)3C
39h, R = H

Scheme 4

40a-h

b n z

prop Umne and
is seen Zthinfin *
in CDC1 ' ; ° r

° f N-substitution.- benzyl >
> methyl > ethyl. With iso-

o f t h e w u r t z i t a " « «™cture
S P e c t r a ( a 10-Hz doublet near fl.9

hydroxide gave triiminp ^Q. -TU f m e t h y 1 an"ne over potassium
established bv x-rav r ™ n s t r u c t u r e °f the benzyl derivative 40c was

In snl i • • S l a l l o8 r apny.

'n equilibrium witlTrt^ !!!VCntS ' a l 1 ° f t h e Wurtzitanes are observed to be
h t h C COrresPonding triimines. With the benzylamines

'• product.

oi

Yield, %a

99
88
83
71

100

Mp, °Cb

64-65c

50- 60*
92-97^
91-100''

115-129''

" * * e is a.tributcd.o.ni.nine formation on

PrOdUCI; 8 t t e m P ^ rccrystallization caused
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3, the equilibrium concentration of the
j S * about four hours at 25-Q is J

S respectively. With the methyl and ethy, wurtzhane deriv
nversion to the trumine forms 39a,b »s much more rapid and

S the ethyl compound 40b in CDC13, the half-life is % ^ 3 % n
minutes; within one hour, conversion to the triimine 39b is virtually com-
plete; in pyridine-</6 the conversion to the triimine is slower, but practically
complete within 18 hours. The methyl derivative 40a behaves like 40b also
completely converting to its triimine 39a in CDC13 within 18 hours' Re-
moval of the CDCI3 solvent from solutions of 40a,b after 18 hours produces
an oily mixture of triimine 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 solvents. The equilibrium concentration of 40e was found to be
approximately 85% in CD2C12, 70% in CDC13, and 55% in CD3CN.

The reaction of ammonia with cw,cw-l,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
40h 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
obtained from trial 38 and ND4OD in D2O. A singlet at 55.0 is assigned to
the 2,4,6-hydrogens since the 1,7,9-hydrogens presumably were exchanged
by deuterium to produce 4Oh-l,3,5t7,9,12'd6. In solutions containing
NH40H as well as ND 4 OD, this signal is seen as a doublet at 54.7
( J= 10 Hz) in 40h due to coupling between the 2,4,6- and 1,7,9-hydrogens.
Attempts to trap 40h as its 3,5,12-triacetyl derivative (40, R=COCH3) by
reaction with acetic anhydride or ketene in strongly basic solution met: wtfa
0% partial success because of the low equilibrium concentration of 49b

*T t h e reaction conditions.
f i of trial 38 with phenylhydrazine or hydrazine leads to its

e derivatives. These products polymerize with great ease and
c y c h 2 e d t Q 3,5,12-triammo-3,5,12-triazawurtzitane derivatives (40,

HNH or NH->)
° f 1.3,5-triformylcyc.ohexane (38) withl acetic acid takes a different C°U I

C T 1 includin8 Partia«y ̂ ^ tricy
^ 5 ̂ y l a m i n e ' ^ e final product is a crystallme « f
Of«» aL U r r e d b e t w « n trial 38 and excess benzylamine m the P

aCldlc 'on e x c h a r e s i n c a t a l t i n refluxing toluene. k*W
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RNH2

38 -hfeO

41a, R = CH3

41b, R = C6HsCH2

40a

Scheme 5

dibenzyl derivative 42b in 36% vî M T K .
reaction conditions l I T V l g ° r ° U S acid-

Oxidation occurTat the brid! h T ^ 3 t 2 5 ° C i n c h l o r o f o r m solve"''
Both of t h e " n o w n t a S t h e a d , m e t h i n e ' ultimately leading to 42a.

heads. These subsTanTeS " p S ^ T n i t r ° g e n S at hdd^> notbrid^
adamantanes containing hriHT7 somewhat less stable than aza-
azawurtzitanes readilv unH.T n i t r o g e n s - U n d e r certain conditions the
=age. Their syntheses include fh/630,!10115 ' e a d i n g t o destruction of the
addition reactions of the tvn* 1 cTarbony1-aniine condensation and olefin
tanes. t h e ^ ^Ployed in the preparation of azaadaman-

Three polyazaisowurtzitane ri«
etraaza, and hexaaza e ^ p t e * ^ « known. These include diaza,

S^ parmrH0' 8ly°Xal S i ^ S °rjndirec%' « obtained by
parent hydrocarbon i s o w u r S ^ C a d a m a n t ane and wurtzitane,

iiznane 43 iS unknown.

43



5P0lycyclicAmine Chemistry

CHO
u

H2O
2 H2NCHO + 2 (CHO)2

pH - 6-9
HCT

CHO

1. (CHO)2,H2SO4

44

2. HN03 V""V°

O2N N " " * " " ^ NNO2

45

Scheme 6

4,10-Dinitro-4,10-diaza-2,6,8,12-tetraoxatetracyclo[5.5.0.05-9.03HJdo-
decane (4)10-dinitro-4,10-dia2a-2,6,8,12-tetraoxaisowurtzitane. 45) has
been prepared by Boyer and co-workers (Ref. 93). The synthesis in-
volves two laboratory steps, starting with the condensation of formamide
with glyoxal at pH 8-9 (sodium bicarbonate buffer) to yield trans, trans-
M-diformyl-2,3,5,6-tetrahydroxypiperazine (44, 60% yield, Scheme 6)
(Refs. 94,95). Conversion of 44 to 45 occurs by addition of a mixture of
44 and glyoxal trirner to sulfuric acid at 0°C, followed by addition of nitric
acid to produce 45 in 92% yield. The mechanism of formation of 45 is
unknown, but may involve a diformyl isowurtzitane intermediate (45.
N °2 * CHO). However, when the reaction was conducted in sulfunc acid
aI°ne, no intermediates could be isolated. The structure of 45 was estab-
lished by x-ray crystallography. At 100 K its density was found to be
2-°3 g/cm3 (1.99 at 25°C by flotation), a value unusually high for a dimtra-
mine

ne.
The second known azaisowurtzitane, the tetraazaisowurtzitane 2,6 -eth-

yJene-8,12-ethylene-4,10-dioxa-2,6,8,12-tetraazatetracyclo[5.5.0.U -U j
dodecane (2,6-ethylene-8,12-ethylene-4,10-dioxa-2,6,8 * 2 ; f f
wurtzitane, 46) was reported by Edwards and Weiss in 196S (Ket.
w*s obtained in 20% yield by condensation of glyoxal with'*»
famine in dilute aqueous solution buffered to pH 9 with i s a J a
**s structure was established by x-ray crystallography (Ref. 97).

In aqueous ethanol solution glyoxal also reacts readily with etn>Jenem-
amine and N,A^'-disubstituted ehtylenediamines to yield other products,
including cis- and ^^-1,4,5,8-tetraazadecalins (47). 2,2-bnmidazoa-
dines(48)and9,10-dioxa-l,4,5,8-tetraazaperhydroanthracenest49), among
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3 {CHO)2 + 2 H2NCH2CH2NH2 * ' P

Na2HPO4

"0

46

others (Refs. 98-106). The products obtained depend on the
t u e n t Q n H *Uo "*—*: '*•*
canb

may be equU.brated in hot deuteriochloroform solvent

CXI)XI
R

47

1 .4 i ,^e t ray i^o- i?s f i l 4 7 > R = = H ) W a s nitr<>sated to produce
reaction of the tetranitrosi» m t fdccalin <47' R = NO)- Stepwise
^-1,4,5,8,-tetranitro-! 4 5 s 7 . r U n d 7 i t h 1 0 0 % n i t r i^ ^ id produced
from glyoxal and e t h y l c n ^ ^ ^ f 2 a d c c ^ n (50) in 47% overall yield
x-ray crystallography (d = x 8 ? " e ; lt* c%^ structure was established by

i.oHg/cm ) (Ref. 104),
NO2 N o

CO
50

,4,6,8 10 12-hevTk p r o d u c e a n e W

•^nexabenzyl-2,4,6,8,10,12-
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hexaazatetracycio[5.5.0.05'9.03'll]dodecane fhexabenzylhexaazanowari'
zitane, 51a). (Ref. 107) The reaction is also successful with phenyl-

tuted benzylamines leading to derivatives 5Ib-g. The caged product
l i that all of the endocyclic nitrogens are at bridges with f

zitane
substisubstituted b e n y g g e caged product
is unusual in that all of the endocyclic nitrogens are at bridges, with none af
bridgeheads as in hexamine 4.

ArCH2N
HCOZH, pH 9.5 A ̂ , , \ ^ ^ l

6ArCH2NH2 + 3(CHO)2 »~ ArCH2N \ / NCH2Ar

ArCH2 N -**Ti 3 ^ * NCHjAr

51a, Ar - CsH5

51b, AT - 4-CH
5 1 c , A r =• 4-{i- G J ^
51d, Ar - 4-CH3OC6H4
51©, Ar - 3,4-(CH3O}2C6H;

511, Ar - 2-CC6H4
51fl, Ar = 4-CIC6H4

The new condensation reactions of amines with glyoxal to yield hexa-
azaisowurtzitane derivatives 51 appear to be limited to benzylamine and
certain phenyl-substituted benzylamines. Primary aliphatic amines and
anilines usually form dicarbinolamines 52 or diimines 53 (Refs. 108-112).
With certain arylamines, such as 2-chIoroaniline or aniline itself, one may
obtain 52 or l,l',2,2'-tetrakis(arylamino)ethancs (Ref. 109). The con-
densation of benzylamine with glyoxal was apparently not described
m the literature prior to our report (Ref. 107). However, condensa-
tions of a-methylbenzylamine and a,a-dimethylbenzylamine with glyoxal
have been reported to produce diimines (53, R = C6H5CHCH3 and
C6H5C(CH3)2, respectively) (Refs. 111,112).

- 2 HP
2 RNH2 + (CHOfe ^ RNHCHOHCHOHNHR ^

52

RN^CHCH^NR

53 ( R s alkyl° rary ()

Hexabenzylhexaazaisowurtzitane (51a) is prepared in a very facile main
ner by condensation of nearly stoichiometric quantities of benz.vlanune
with 40% aqueous glyoxal in aqueous acetonitriJe solvent at 2> C An aciu
catalyst (formic acid, 0.1 molar % of the amine) is required. The solution
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Table III. Synthesis of Hexabenzylhexaazaiso
Arnold T,

Compounds

51a
51b
51c
51d
51e
51f

H
4-CH3

4-i-C3H7

4-CH3O
3,4-(CH3O)2

2-C1
4-C1

154-155
172-174
144-145
148-150
160-161
208-211
212-214

80
68
24
60
50
68
46

64
49
52
35
11
15
15

25 Kal
reaction is rapid arS n e a t Co
separates from the reacL°
substituted derivatiles of 5 '
cedure A in Table Iin ST.
4-methoxy, 3,4-dimethoxy, 2
of Phenyl-substituted d i

* t h e p H is °P t i m u m

a & W h o u r s - Crysta11™iXtUre {75~8°% ^^ Six P ^ 1 "p r e p a r e d bV t h ' s same procedure (pro-

T ^ "^ 4-methy1 4- is0Pr0Py14methoxy, 3,4-dimethoxy, 2 S o r T e n H ^ M " ^ 4 - m e t h y 1 ' 4-is0Pr0Py1'
of Phenyl-substituted derivative^,h a " l 4 ; c h l o r ° l° Produce good yields
also be employed as a solvenHn ,1 S ( Me 3 ) ' Aq«eous methanol may
51a-g are usually lower The viHrt. I TeaCti°n ( P r o c e d u r e B), but yields of
^ unoptimized modification in I t Iprocedure B listed in Table 3 are for
«ther than adding thTZZi? 1 " ' I * 6 r e a c t a n t s a r e "rixed at once
"ethanolthaninaLtonifX r ' °Wly- T h e r e a c t i o n » ™«ch slower in
«o reach completion. ' r e q U l n n « several days instead of a few hours

ine hexaazaisowurtzitane r\r,owa r d a c i d s t h a n . s t ane r s t £ m ^ ^ ^

aole nng opening in t h e S S r f ^ 40c, which undergoes very
eauiUh S ° 1 V e m s s u c h *^ chToe

rl
aCld c a t a 'y«s, e v e n w « k ones. Also,

C f o r a n ^ ',! c o m P'«ely decomposed I
chlorideforseveralh " V t r e a t m e m w i t h 10% t
tified o U s .

 V 6 r a l ho«rs at 25"C. The d e c o " J
i n a e e t l C

i n

are uniden-
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The structure of the 4-(methoxybenzyI)hexaazmsowurtzrtane dcrrvafjve
51d was established by x-ray crystallography. (The crystals obtained (or fJftc

l derivative 51a were twinned and less suitable for crystaitographk
51d was estab y y y y
benzyl derivative 51a were twinned and less suitable for crystaitographk
analysis.) The benzyl methylene groups at N-4 and N-10 in crystaJhne 514
are exocyclic to the six-membered rings. In the five-membered rings, two
of the methylene groups are exocyclic (at N-6 and N-I2) and two arc
endocyciic (at N-2 and N-8). In 51a-g in solution only two types of benzyl
methylenes are seen, corresponding to those attached to the five- and wx-
membered rings (NMR data).

All of the isolated isowurtzitanes 51a-g show similar [H and I3C NMR
spectra (acetone-^ solvent). Characteristic of the proton spectra are two
singlets for the two types of ring cage methine protons (six totai) observed
in4:2 ratio near 54.0 and 3.5, respectively. Also seen in a 2:1 ratio are the
signals for the 12 adjacent benzyl methylene protons that appear near 54.0.
The 13C-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 believed to involve a trimerization of diimine 55 (Scheme 1). The di-
carbinolamine precursor 54 is prepared by reaction of benzylamine with

2 C6H5CH2NHa + (CHO);

54

2 2 H2O

55
H* 5* 5

2 55 — ^ CeH5CH2NCHCH=NCH2C6H5 — * ~ C6H5CH2N—-CHC^

C6H5CH2NI
!CH2C6HS

56

CSH5CH2

+ 57 ^ I > C I
1 / \ J-NHCHjCsHs
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glyoxal in 50% aqueous ethanol or tetrahydrofuran, containing fOrmic

acid catalyst at 0°C; the reaction is complete within a few minutes. The
diol is isolated as a white, crystalline solid, mp 48-58°C, containing much
water of soivation (40-50% by weight). The diimine A^'-dibenzyM^.
ethanediimine 55 is obtained by simply dehydrating the hydrated diol
under reduced pressure (0.1 mm, 25°C) for about an hour. Sufficient
formic acid remains in the solvate to assure rapid and complete dehydra-
tion of the diol to the diimine. The diol 54 and diimine 55 may readily be
distinguished by differences in their *H-NMR spectra. The diimine reveals
a characteristic vinyl CH signal near 58.08 in CDC13. The benzyl menY
ylene signals appear at 64.63 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 (JH-NMR assay).

Diol 54 and diimine 55 are very reactive, unstable substances, At
ambient temperature they rapidly change to brown gums within a few days;
a low yield (3-5%) of 51a may be isolated from the gums. However, in
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 slower
than trimerization of 55 to form 51a. Of the total 51a formed within
17 hours, 92% of it is formed within the first 30 minutes from diimine 55,
but only 75% from diol 54 during this same time period, under the same
reaction conditions. The principal side reaction appears to be polymerization
of 55. Most diimines 53 isolated from other amines and glyoxal are stable
materials; they do not polymerize readily nor do they self-react to pro-
duce isowurtzitanes. Dibenzyl diimines appear to be unusual in their very
reactive behavior to produce 51.

The diimine trimerization to yield 51a is one of addition of a 1,2-dipole to
itself (Scheme 7). The acyclic dimer of a diimine is a dipole, such as 56 which
can cyclize and protonate most readily to form a five-membered ring
monocychc dimer (cation 57). Reaction of 57 with dimer 55 and protonation
shouldleadtothebicyclictrimerSS. Intramolecular cyclizationofSSleadsto
51a alter loss of two protons.

, ,w°H O i l T e S feriV^ fr°m m ° S t aldehydes and ammonia undergo a
related extremely rap>d trimerization to produce 2,4,6-trisubstituted 1,3,5-
hexahydrotriazmes. These reactions also proce^ bv add ons of an
unine l,2-d,pole to itself (Reft. 89,90). The reaction of amine with alde-p bv add on

,90). The reaction of amine with
observed; amines include anilines and benzylamine. However with most
amines the reaction is limited to reactions with formaldehyde (Refs 113-
116). Only methylarmne and allvlamine have been obserC to produce
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l 2 3 4 5,6-hexasubstituted- 1,3,5-hexahydrotriazines, and only w
with acetaldehyde (Refs. 114-118). Other amines react with a t f

Jfproduce imines R C H = N R ' that do not cyclize to hexahydrotnazincv
Diimine 55 is such an imine.

In the reactions of anilines with aromatic aldehydes to form Schiff hw*.
the rate-limiting step at neutral or slightly alkaline pH is dehydration of
the carbinolamine intermediate ArNHCHOHAr' (Rd. 119). The rate of
Schiff base formation is slower for electronegatively substituted anilines
(Ref. 120). It has been observed in the condensation of benzylarmnes with
glyoxal to form phenylsubstituted hexabenzlyhexzaazaisowurtzitanes 51
that the rate is much slower with benzylamines bearing electronegative
substituents (2-C1, 4-C1, 4-CH3O, 3,4-(CH3O)2) than those with electron-
releasing substituents (H, CH3, /-C3H7). Nitro-substituted anilines react
with glyoxal to form dicarbinolamines (52, R = ^NC^QH^ 3^0,0^)
of very great stability which do not readily dehydrate to diimines 53.

To determine the effect of deuterium substitution on formation of 51a.
another 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-A^A^ in CD3CN/D2O with formic acid-^ 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 benzyIamine/CH3CN/

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

or
U v

OH
2 C6H5CH2ND2

59

-ZD20
C6H5CH2NDCHODCHODNDCH2C6H5 • - 55

D*
SO

r°ughly twice as slow in the deuterated medium, suggesting a protor.trans-
fer from the deuterated dicarbinolamine 60 in the ra'e;.lim,ltl"!.fll

P
act o n

Protonation of the intermediate anions from the l^hpoieseU^a^
(56, Scheme 7, for example) would be expected to occur
^counter rate. Thus, the observed deuterium f ^ f
mation of 51a suggests a rate-limiting step of
Nation. In related experiments, the diimine 55 was
CH3CN/H2O/HCO2H and in CD3CN/D2O/DCO2D to
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yield in both experiments (17-hour reaction time in each case)
results also indicate that trimerization of 55 to 51a is not rate lirniti

The absence of deuterium in 51a isolated from deuteratec
and solvents discounts mechanisms that require exchange of wwuy.
methylene protons. Certain monoimines derived from benzylamine or
substituted benzylamines undergo 1,3-dipolar addition with Hinnin—...
such as styrene or methyl maleate to form substituted pyr:
122,123). These cyclizations require removal of benzyl a-
tons. Thus, 1,3-dipolar addition mechanisms of this type may be
counted as a route to Sla. It has also been observed that th* **—
related imine benzylidenebenzylamine, C6H5CH2N—<
exchange any of its protons in CD3CN/D2O/DCO2D.

The auesHrm orJcac - »*
: uniqueness of benzvlamines

group is exertfnT ts ZTJ^T '" u ^ ™ ? SUg8eSts that the b ^
on ionic intennediates MnctM , S t a b l l i z i n g a n d a c t i v a t i n g ^ ^
effective for ^ 1 ^ ^ ^ a n d N ' ^ groups are much less
butyl, are too stericTlk hind ! , g r 0 U p S t h a t a r e e f f e c t i v e ' s u c h a s Krt"
"-Substituted benzvlamin« • " i ! r J ° r p e r h a P s n ° t sufficiently activating.
steric effects, k n o w n T i Tu " " t h a t f a i l t o trimerize owing to
89,90,111,112). m h l b l t l m m e 1.2-dipoIe self-reactions (Refe.

The srnnu n**L.

hexaazaisoJurtzitaVeTil? a°n
 ami"eS With glyoxal l e a d i n g to hexabenzyl-

certainphenyl-substitutedhen,PrrS ' ° b e l i m i t e d t 0 benzylamine and
mmes. The published data I n d i a ^ T ' " 6 X C l u d e S substituted benzyla-
toformdiiminessa. Attemot, tn m ° S t mon°amines react with glyoxal
under various reactionZP

dt°'°nVer, tCer ta indi™i"esotherthan55into51
•on of S l a, were unsuccessful ' 'n C l U d W g C O n d i t i o ^ Stable for forma-
•CsH,, C6H5CH(CH3) and f r ^ " ^ e X a m i n e d i n d u d e d S 3 ; R = t-Cfr.

X a t e l y ) w « h d i b ^ T O f dlImines ( » R CH

and allylamines
, efforts to

unsuccessful.

'l-and

^ " o t t 0 i r ? y a n d " h y l e s t e r s ; m o s t

i n s e v e r a l
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The reaction of benzylamine with 2,3-dihydroxy-i.4-dioxane (99) m
acetonitrile solvent was examined in the presence of one molar equivalent of
silvernitrate; no acid catalyst was added. The reaction took a different course
Instead of forming 51, 54, or 55, the dioxane ring remained unopened and
a 9ti0-diaza-l,4,5,8-tetraoxaperhydroanthracene derivative (61a) was
obtained (42% yield). This reaction was also observed with 4-
pyridylmethylamine, in the absence of either silver nitrate or acid catalyst, to
yield 61b (67% yield). The structures 61a,b are in agreement with their
spectral data. An x-ray crystal structure determination established the
structure of 61a. Both 61 and the related 49 exhibit cis-transoid-cis ring
stereochemistry.

R

61a, R «= C f iH5CH2

61b, R = 4-C5H4NCH2

ne three polyazaisowurtzitanes described represent recently dis-
covered ring systems. All have nitrogens at bridges, not bridgeheads. All are
prepared by glyoxal-amine condensations. The initial step is more efficient in

e r e d solutions near pH 9. The polyazaisowurtzitanes are significantly
m°re stable toward acids than the known polyazawurtzitanes.

v'- Summary

a g e d nitramines are high-density materials, owing to the presence of
ructural features characteristic of all caged molecules not found in their

acyclic and monocyclic analogues. The known highest energy explosives
a r e t h°se with the highest density (near 2.0 g/cm3). Caged nitramines with
a ra*io of nitramine to carbon of one or less should have densities near or
greater than 2.0. Known methods of synthesizing polycylic (caged) amines
Wlth endocyclic nitrogens in adamantane, wurtzitane, and isowurtzitane
cages have been reviewed in this chapter. Most synthetic routes to these
^ter ials involve condensation of ammonia, amines, or amides with an
a'dehyde or ketone or a derivative thereof (ace tal, orthoester, animaJs, etc.).
P*her less frequently employed methods include olefin additions and
halogen-amine displacement reactions.

The desired caged nitramines have nitrogens at bridges to which the
litro group is attached; bridgehead nitrogens are absent. Synthesis of
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caged nitramines most frequently involves the more Pffl • * ^"
preformed polycyclic amine or amine derivative, tZhST' " * " * * « .
an acychc n.tramme precursor. However, the s^mhesk^ Cycfeati»no
uwolve dlrect dtration of a polycyclic polyamine" w" h nit /o""^1"6 5 <
heads as m the formation of HMX from hexamL T " 8 at H e
example the precursor cage is destroyed Preferred ' ^ ?, th0U8h in £
t.on of polycydic amines, nitrosamines, amfdes or t i l f mClude •**
amines. Most known methods of nitramirfe synth^ K y'tln-substit«ed
to th h i ZTZZ^J f ^ ^

wn meth
to the synthesis of caged n^rZTZZ^J f
precursor does not occur under the £££%£%?«» °f
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Metallacarboranes of the Lanthanide and

Alkaline-Earth Metals: Potential High Energy Fuel
Additives

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

The organometallic chemistry of lanthanide and alkaiine-earth metals has
attracted particular attention in recent years. The elegant work of Evans
and co-workers has demonstrated that the chemistry of the lanthanides
with the cyclopentadienyl ligand is rich and novel [1-10]. The alkaJine-
earth 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 [12] led us
t 0 explore the chemistry of the latter with the lanthanides. In this chapter,
w e describe the synthesis and characterization of the first rf-bound metaJ-
lacarborane incorporating the lanthanide metals. We have extended the
chemistry of the lanthanide and the alkaline-earth metals to other anionic
carborane ligands such as [nido-7P-CfiwHu?' and isolated correspond-
mg cfoso-metallacarborane species with unusual structural arrangements.
These and related metallacarboranes are attractive candidates for use as
hlgh energy fuel additives.

'• Lanthanide Element Metallacarboranes

The interaction of Na2[««rfo-7,8-C2B9H11] with JLnI2 (Ln = Sm or Yb) in
T HF results in the precipitation of an amorphous solid whose formulation
has been established as Ln(C2B9Hn)(THF)4 [Ln = Sm (1) or Yb (2)J on
the basis of spectroscopic, magnetic, and complexiometnc analyses
[13,14] Both these new complexes are extremely air- and moisture-
sensitive and do not melt or sublime up to 200°C but can be stored under an

Copyright © 1 " ! *>y A«a«fet»K Press, toe
« . „- xjalmriak 125 All rights oi reproduction in «n> ftwm m*er>ct].
Chemistry of Energcnc Ataunea •»
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inert atmosphere for extended periods of time. Alternative! "****
2 can be prepared more cleanly and conveniently bv the *' c°mfc
of Yb metal with either [PPN]+[c/<wO-3,l,2-Tlc;BoH f_aire« oxidati0n
3,l,2,-nc2B9H11]- in THF at room tempWature ffiacf

 [ T 'H**
the synthesis of these divalent lanthanacarborane comDlex« ? 'for

Eqs. 1-3. The complex with the formulation Ln(&B H V r ^ '
Ln = Sm or Yb; L = THF or MeCN; x = 3 or 4) can a so'be 2 * **
the interaction of Lnl2 with Na2[nW0-7 9-CB H i t , ymhes ized ^
dinating solvent at room temperlture [13] A fu^repo, Par t lCU 'ar C°M-
structural characterization will be published elsewhere.

oHn +2NaI (1)

Yb + 2[PPN]+[clO5O.3,i,2-TlC2B9Hn]- ^

+ 2 T ] O ^ o - l , S - C 2 B 9 H n ] (2)

2 9 n ]

^o-U )U-(THF)4-l ) 2 )3-YbC2B9H1 1

+ 2T10 (3)

solublTin 1THeFntbut8are°
1^ithK,nide c o m P l e x " 1 and 2 are only sparingly

CHCN DMF ] ^ c o o r d i n a t i n g l t such as
solublTin T H F b u t a r e ^ i K , P x " 1 and 2 are only sparingly
CH3CN or DMF allowino the THT] ^ c o o r d i n a t ing solvents such as
The complex 1 slowly decomno • r e P l a c e d by the solvent ligand.
known monoanion [nido-7 8C R H ^ o r d i n a t i n g solvents to afford the
Sm + species which contain „„ K 12i a n d a s Vet a n uncharacterized
coordinating solvents. The fac, ,h °!T [15]" T h e c o m P l e x 2 is stable in the
soluble, whereas 2 undergoes lio. A'? r e a C t i v e w i t h s o l v e n t s i n w h i c h il is

coordinating solvents is consent d l SP l a c e m e n t reactions with the same
versus Yb(II) [16] Th £ ? S T t he high i ^ f S ( H )

ng solvents is consent P m e n t reactions with the same
versus Yb(II) [16]. The i o £ ? S , T t h e h i g h e r r e a c t i v ^y of Sm(H)
larger than the correspondingS™ fof ^ " ^ " " B n a t e Sm(II) is 0.14 A
*vaten, Sm complex^ areTess coordi' ? ( I I ) M- a " d as a result of it the
reactwe than ,heir ytterbiu^ a™^^a!>vely saturated and usually more
L p 8 ^ h l b l t S a b r o a d r e s o n a n c e a . « 1 ^ e , H " N M R spectrum of 2 in

n o Particular inform!? S l n c e t h e spectrum was

^ ^ T ^ b e drawn from this

displays a
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f resonances similar to that found in the spectrum of the known
ion lnido-7,S-C2B9Hnr. The chemical shifts differ slightly from
the monoanion; a brief exposure of a NMR sample of 2 to inr/momme
yields the known monoanion [nido-lfi-Cfi^H^] (as shown by ilB-
NMR). The solid-state IR spectra (Nujol mull) of 1 and 2 exhibit a unique
split pattern in the region of their B-H stretch. In addition to this, the
spectra display absorptions due to coordinated THF (1025 and #76 cm ;

for 1; 1024 and 877 cm"1 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/Et2O solution at room temperature over a period of 1 week
and the structure was established by x-ray crystallography.

The structure of Yb(C2B9Hn)(DMF)4 (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-
0 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 Ianthanide) of the dicarbollide cage; the dihedral angle is 7°.

Fl8- 1. The molecular structure of 3 showing the atom labeling scheme. Only the oxygen
atoms of the coordinated DMF ligands are shown. Due to disorder problems, the carbon and
b°ron atoms in the upper belt of the carborane fragment could not be distinguished.

0(3)

0(2)

B(6) ( ' r -B (9 )

B(8)
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The ytterbium-boron (upper belt) distances range from 2.73 (4) 10277
(4) A with an average value of 2.74 A and compare very well with lanth-
anide to ligand distances reported for other structurally characterized
divalent organolanthanide complexes. The average Y b - 0 (DMF) bond
distance in 3 is 2.37 A which is slightly shorter than the Yb-O (THF)
distance (2.41 A) found in the complex (C5Me5)2Yb(THF) [18]. Due to a
crystallographic disorder problem, it was not possible to distinguish be-
tween carbon and boron on the upper belt of the dicarbollide 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"1. 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, c/as<?-l,144-(THF)4-l,2,3-
LnQ>B9H9D2 [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
show a characteristic low frequency B-D stretch in the IR spectrum. The
solid-state IR spectrum of both 4 and 5 indeed exhibit an absorption
at ca. 1839 cm"1 which is attributed to a B-D stretch and there is a con-
comitant decrease in the intensity of the low frequency branch of the
terminal B-H absorption. The ratio of vBH/pBU (using the low frequency
absorption) is 1.32 for both 4 and 5. A ratio of 1.33 can be calculated for
the monoanion precursor K+[nido-7S-C2B9H9D3]'; the same ratio has
? r V f«n oP°i2ted f ° r t h e Perde^terated analogue of the metallaborane
[CuJ 2IBIOH1O] [21]. When the ratio is calculated using the high frequency
B-H absorption a value of 1.38 is obtained for both 4 and 5. Given the
consistency of p B H /^ B D u s i n g t h e l o w fr absorption along with
the observed decrease in intensity of this stretch due to deuteration, it
u t ^ r h ! n n l ? ^ n t h e B ~ H ^ P t i o n near 2450 cm' 1 to the
okxes a v l i ^ h y d r o S e n s " W i * no other lanthanacarborane com-
olTnnf th ComPa r i son> ^ is rather difficult to elucidate the
origin of this unique split pattern in the IR spectra. One possible expla-
nation stems from the configuration of the terminal hydrogensat the: di-

T V ? " hydr°8 bm "" T V^ T V ? h y d r ° 8 e n S ^ bCm UP °Ut ofTe QBVplaneabout 28 , and in a similar fashion the terminal hydrogens on the
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lower belt are bent "down" out of the B, plane by the *ame amomt k
is reasonable to assume that the three hydrogens on the upper hell, by
virtue of being close to the capping metal, have a different B-H %trctckm$
force constant than that for the lower belt and apical borons. On the bam
of these IR correlation studies, it is reasonable to conclude that strong
ionic interactions exist between the cationic lanthanide center and the
anionic dicarbollide ligand; however, with the data in hand it is impossible
to ascertain the relative degree of covalent bonding present The ob-
servation of a split pattern due to the B-H stretching region of the /R spec-
trum may prove to be a diagnostic test for the presence of ionic bonding
in metallacarborane complexes.

II. Preparation and Characterization of Bis-Dicarboilide
Complexes of Sm and Yb

The addition of one molar equivalent of [PPN]+[c/<w>-3,l,2-TlC2B9Hlf J '
to a THF solution of Ln(C2B9Hn)(THF)4 [Ln = Sm (1) or Yb (2)]
affords a bis(dicarbollide) lanthanide complex with the composition
[Ln(C2B9H1i)2(THF)2]-[PPN]+ [Ln = Sm (6) or Yb (7)] in up to 50%
yield according to the reaction given in Eq. 4 [13,14].

Ln(C2B9Hu)(THF)4 + [PPN]+[c/o5o-3,l,2-TlC2B9HIi]" *

[Ln(C2B9Hu)2(THF)2J-[PPN]* + TIO (4)

Ln = Sm (6) or Yb (7)

In this reaction, the divalent lanthanide has been oxidized to the -3
oxidation state with the concomitant reduction of thailous ion to thallium
metal. The metal in the +3 oxidation state accommodates the high formal
negative charge developed by the two dicarbollide ligands. The magnetic
spectral data of these complexes also shows these complexes to possess the
metal in the trivalent state. The Sm complex 6 has magnetic moment
1-6 BM while the Yb complex 7 has magnetic moment 4.5 BM; both values
are well within the reported range observed for other trivalent Sm and 11>
complexes [22,231. Both these complexes are extremely air- and moisrure-
sensitive but can be stored for indefinite periods of time under an men
atmosphere of nitrogen/argon. The THF ligands in both these <™nph«es
can be displaced by other coordination solvent ligands such as Met iv

The solid-state IR spectra (Nujol mull) of 6 and 7 exhibit ab«»P™« * *
to coordinated THF ligands along with a broad, but strong ^ r p n o n cen
tered at 2520 cm"1 due to a terminal B-H unit. However, the * £ " d a
not display the unique B-H split pattern observed with the divalent mono
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B(]0)' lC Hawtho

B(10)

Fig. 2. The molecular structure of [3,3-(THF)2->
(6) showing the atom labeling scheme. cOmmO-3,3'-Sm(3,l,2-SmC2B9Hn)2][PPN]+

cage lanthanides. The ' H - N M R , .
broad resonances a t 2 74 and 1 U° ™ ° f 6 i n CD*Cli Splays two
coordinated THF The additio i P P m d u e t 0 methy1ene protons of
resonances to disappear with tZ 3 ? l g h t e x c e s s o f CD3CN causes these
3-59 and 1.76 1 ^ ^ * ^ ^ ^ ^ «PPeaiancc of two signals at
it was not possible to internet tiT " l u ! / 0 t h e Paramagnetic nature of 7,
weak and broad and a r e ^ 4 S ™ ^ C ^ « ** signals are

The structure of these new snertL P P m r a n § e ( + 3 0 t 0 " 5 0 PPm)"
tion study [13,14]. SuitableZl Z \ T estab»^hed by an x-ray dfffrac-
grown from THF/EtO T ^ S ^ °f t h e tN(PPhJJ+ salt of 6 were

^ "J""*111* ° f 6 i s s h ^ n in Fig 2

" [24] of

° f 6 i s s h ^ n in Fig. 2.
^ b e b « t described as a

ligands and the
e coordination sphere about

? n g I e i§ 1 0 8 ' 2 ° There is n0

v ery similar to
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the analogous dihedral angle (92.9°) in the complex f Q M e ^ S m f
r25j. The angle formed by the two oxygens and the Sm is nearly i d t *
tical for these two organosamarium complexes; 79.5'' for 4 and Ifltf
for (C5Me5)2Sm(THF)2 [25]. The ring centroid-Sm-ring cemroid angfc
is 131.9 (5)° and is smaller than 137° reported for the complex
(C5Me5)2Sm(THF)2. This is not all that surprising becau.se of the larger
ionic radius of Sm2 + (eight-coordinate, 1.27 A) versus Sm3* height-
coordinate, 1.079 A) [17]. The ring centroid-Sm-ring centroid angle found
in the cationic trivalent samarium complex [(C5Me5)2SmfTHF^j*fBPh4J
is 134.7° [26], intermediate between the values reported for the complex
[25] (C5Me5)2Sm(THF)2 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 abiJities of the [nido-1^-QB^]2'
and [C5Me5] Hgands 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(C5Me5)
distances reported in other eight-coordinate trivalent Sm complexes
26,27] (2.72 and 2.73 A for (C5Me5)2Sm(I)(THF), 2.71 (4) A for

[(C5Me5)2Sm(THF)2]+). A close agreement of the metal to ligand dis-
ances in these trivalent samarium complexes suggests that the nature of

t h e b°nding between a lanthanide and [«/do-7,8-C2B9H11]2" is predomi-
nantly ionic in nature. This is further supported by an application of
Raymond's structural paradigm [28] to the metal-dicarbollide distances in

Using the samarium-to-upper belt average distance of 2.735 A, the
effective ionic radius for the dicarbollide Jigand is calculated to be 1.656 A
Oonic radius for the eight-coordinate Sm3+ is 1.079A). This value is very
Slmilar to that already determined for the dicarbollide ligand in the com-
PJe* 3 (1.66 A) and is very similar to the average value determined for the
cvclopentadienyl ligand (1.64 ± 0.04 A) [28] and thereby suggests that the
b°nding in these organolanthanides is similar in nature, that is predomi-
nantly ionic.

"'• Alkaline-Earth Element Metallacarboranes

Recently we have initiated an investigation of the chemistry of carboranes
with alkaline-earth metals with a view to incorporate an alkaline-earth
metal into a carborane cage. To date, there is no previous report of a
discrete metallacarborane complex containing an alkaline-earth metal
in its structural framework. These molecules would be interesting from
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several points of view. The incorporation of an alkaline-earth into a

borane framework is novel and it would be interesting to see what tyT
of structures these species adopt in the solid state. Secondly, the IOJT

charge/size ratios of Ca^Sr 2 * , and Ba2+suggestthattheircomplexeswould
be very ionic in nature. Herein, we describe the preparation and structural
characterization of calcium and strontium carborane complexes.

Stirring a THF solution of Cal2 and Na2[n^o-7,9-C2B10H12] at room
temperature results in the precipitation of a colorless solid. The colorless
solid can be washed several times with THF in order to remove any
unreacted ^[moW^-C^BioHn] and Nal which had been formed during
the course of the reaction. Recrystallization of the colorless solid from
MeCN/Et2O 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(C2B10HI2)(MeCN)4 (8) [29], Due to 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'C2B10Hl2]

2' ligand.

Fig. 3. The molecular structure of ctoso-ltlt},l.(MtCN)4-l>2^CaC2Bl0n12 (8). All hy-
drogen atoms have been omitted for clarity.

B(08)
B(13)
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remainder of the coordination sphere about the calcium atom *
mpleted by four acetonitrile ligands. The calcium-carborane distance*

range from 2.65 to 2.94 A whereas Ca-N distances range from 2,43 to
2 51 A. The Ca(l)-C(2) distance is 2.70 A and compares rather well with
that of 2.68 A [average Ca-C(7j5) distance] reported for the complex
fC5Hrl,3-(SiMe3)2]2Ca(THF) [30] and 2.67 A [average Ca-(rf') distance]
reported for the complex [(C5Me5)Ca(M-I)(THF)2]2 [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] l,l-(PPh3)2-i-H-l,2f4-RhC2Bif>ff,2
(2.166 A) but is more comparable to that found in the complex [33]
H T T C S H S H ^ - C O Q I B J O H ! ; , (2.082 A). The B(9)...C(2) distance is 2.789
(7) A and is longer than that found in the complex [32] l.l-(PPh3)2-l-H-
l,2,4-RhC2B10H12 (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] lTl-(PPh3)2-l-
H-l,2,4-RhC2B10HI2. The B(3)...B(10) distance is 2.935 (8)A, nearly
identical with the distance 2.938 A found in the complex [32] lA-(PPh3h-
l-H-l^^-RhCjB^H^. 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 parallel (3.4° between their normals).

To our knowledge, the complex 8 is the first structurally characterized
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(C2Bt0HI2)(THF)3 (9) which displays a beautiftil
Polymeric structural arrangement. The complex 9 can be obtained by tne
direct interaction of Srl2 and Na2[«i«V>-7,9-C2Blt>H12] m THF at room
temperature [34]. The complex 9 is insoluble in THF or Et2O but is soluble
^ other coordinating solvents such as MeCN or DMF. Recrystailization ot
implex 9 from MeCN/Et2O produces colorless n e e d ^ k ^ s t a ; ' ; *£?
studies show it to have the formulation Sr(C2B10HI2)(MeCN)3

Complex 10 reverts to 9 in the presence of THF. Thes * v*
extremely air- and moisture-sensitive but can be stored for long
time in an inert atmosphere of nitrogen/argon.

The molecular structure of 10 was established crystallog
able single crystals were grown from MeCN/E|2O at room £ £ £
over a period of 3-4 days, mounted in a sealed glass capl a vand the data
were collected at room temperature. The crystal is c o n n e d aMj>
crystallographically independent but structurally s ^ f ^ T k
Three units of one of the spiral polymeric chains are shown in_ Fi^ * A
more detailed view of the metal-to-carborane interactions can be ^eo in
Fig 5 Each carborane fragment serves as a ligand to two strontium atomv
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Fig. 4. Three units of one of the spiral polymeric chains of [closo-l,l,l-(MeCNJ3-l,2,4-
uL, (10).

Fig. 5. Closer view of the metai-to-carborane interactions in the polymeric complex [closo-
t,l,l-(MeCN)3-l,2,4-SrC2B,(,H12]n (10). AH terminal hydrogen atoms have been omitted for
clarity.

C(3MA)

Sr(1)

C(2MA)

PC(2A)
N(2A)

H(12B)

C(1MA)

Q> B
O BH
© C
© CH
© CH3

® N
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• H
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A d to one through an open hexagonal face and to the ofher via upper
Slower belt M-H-E (where E = B or C) interactions. The coordinate*Slower belt M (
Tometry about each strontium is completed by three acetomtrile g
This arrangement of metal and carborane ligands is repeated to pvt a
polymeric structure. To our knowledge, this is the first structurally char-
acterized example of a polymeric metallacarborane.

The Sr-N distances range from 2.63 to 2.77 A whereas the strontium-
carborane (rf) distances range from 2.87 to 3.17 A, The Sr-C fcarborane)
distance (2.997 and 3.176 A) is much longer than that found in the com-
plex [30] [QH3-l,3-(SiMe3)2]2Sr(THF) (2.81 A). In order to accommodate
strontium into the carborane cage, the entire upper belt of the carborane
ligand in complex 10 is perturbed and is similar to that observed in the
complex [32] c/ow-l,l-(PPh3)2-l-H-l,2,4-RhC2BIoH12. 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 C2B10 fragment where one carbon atom lies
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), 1.693
(W), and 1.609 (14) A, respectively] similar to the interaction reported for
Je complex [35] c/o^-l,l-(PPh3)rl-H-3-OMe-l,2,4-IrC2B10Hn |C(2)-
?(3)> C(2)-B(7), C(4)-B(3), and C(4)-B(5) distances are l.M); (3), 1.W
P)-1-69 (3), and 1.74 (3) A, respectively]. In contrast, in the complex [J*\
c/o*>-Uaa-(MeCN)4-l,2,4-CaC2B]OHI2, one carbon atom^interacts
nearly symmetrically with the adjacent borons [C(2)-B(3) and C{2)-B(>)
Stances are 1.519 (8) and 1.510 (7) A] whereas the other interacts
asymmetrically with the adjacent borons [C(4)-B(3) and C(4)-B<3) dis-
tances are 1.645 (8) and 1.697 (7) A, respectively]. r f l rhorane

It is interesting to note that one of the C-H vert.ces of each carborane
^gment interacts with the strontium. Since the B-H vertices of the
carborane fragment are certainly more basic than the C-H veru .
*ould anticipate that a second M-H-B interaction would be preterre
°ver the observed M-H-C interaction. Consequently, the M n «-
fraction is not yet understood. ,„ , . , . , V lit

The solid-state IR spectra (Nujol mull) of 8 and 10 display ^
Pattern in the terminal B-H stretching region md.canve o f ^
tions between an alkaline-earth metal and the carborane cage.
more the complex 10 exhibits a band at 2390 cm in its IR
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which can be assigned to a M - H - B stretch and compares r «, ******
that reported for the structurally characterized complex [361 A r r We!1 to

(the Ag-H-B stretching frequency is 2380 crrT1). 8*CBnHl2)
It is rather surprising to note that the complex 8 exists as

whereas the complex 10 exists as a polymer in the solid state LTT^
both were synthesized under similar reaction conditions The rJ ?Ugh

may lose a MeCN ligand at higher temperature to produce ^ ^ 8

complex with the formulation Ca(C2B lf tH],)('MeCN^ T h . l
assembly of the metal with the c S o r a n e ^ > fhe ^
due to the larger size of strontium compared to c a l c i u m T ?
the complex 10 exists as a monomer in solution
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Methods for Preparing Energetic Nitrocompounds-
Nitration with Superacid Systems, Nitronium Salts'

and Related Complexes
George A. Olah

I. Introduction

Varied nitrocompounds ranging from such C-nitrocompounds as TNT to
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
niost frequently used electrophilic nitration chemistry with particular
emphasis on the use of superacidic systems, nitronium saits. and related
complexes on which my research group for 30 years has continued to cam-
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) or nitra-
mines (N-nitration) [1].

—C—H + HNO3 » — C—NO2 + H2O

- C O N O 2

NNH + HNO3 —> N-NO2 + H2O

H O Ail r
of Energttic Materials 1 J V A '
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The nitro group most frequently substitutes a hydrogen atom, however
other atoms or groups can also be substituted (e.g., halogen atoms). Nitro
compounds can also be formed by addition of nitnc acid or nitrogen oxides
to unsaturated compounds (olefins, acetylenes).

Nitration reactions can be divided into ionic, radical ion, andfree radical
reactions. Within ionic nitrations one can differentiate the more predomi-
nant electrophilic nitrations (proceeding through the nitronium ion, NO2

+
t

or some of its polarized *+NOf ~—X carriers) and nucleophilic nitrations
(displacement reactions of suitable leaving groups by the nitrite ion,
NOJ)- The most widely used nitrations involve the interactions of the
electrophilic nitrating agent (i.e., nitronium ion, NO^) 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.

II. Protic-Acicl-Catalyzed Nitration

Electrophilic nitrations are carried out by acid-catalyzed reactions of nitric
acid and its derivatives. Nitrating agents are of the general formula
NO2—X which serve as sources of the nitronium ion, NO2

+, the effective
nitrating agent. Ingold called the NO2~X compounds as carriers of the
nitronium ion [2]. From the ease of X-elimination he gave a relative se-
quence of nitrating activity of different nitrating agents as nitronium ion,
NOJ > nitracidium ion NO2—+OH2 > nitryl chloride, NO2—Cl > dinitro-
gen pentoxide NO2—NO3 > acetyl nitrate, NO2—O(CO)CH3 > nitric
acid, NO2—OH > methyl nitrate NO2—OCH3.

m
T ! | ! SC°Pe o f ni t ra t 'ng agents, however, by now is much wider (Table I)

1 u f ° i s c u s s i o n ln this chapter will primarily emphasize reagents and
methods developed by the Olah group in its study of nitration chemistry.

The nitronium ion, NOJ, as established by Ingold's studies in 1940 [2]
following an early suggestion by Euler [4], is the reactive nitrating agent in
electrophihc nitrations. Forty years of subsequent studies have not
cnanged this. Table I summarizes the most frequently used electrophilic
nitrating agents.

T $ t ^ l l m i t e d n i t r a t i n g a b i l i t* o f t h e n i t r i c acid-anhydrous
fluor.de system, Olah and Kuhn in 1956 introduced nitric



Table I. Electrophilic Nitrating Agents

N03
+ Carrier Acid Catalyst NO2

+ Carrier

(CH3)2C(CN)ONO2

(CH3)3SiONO2

RC(O)ONO 2

NO2F
NO2F
NO2C1

N 2 O 3

N2O4

Acid Catalyst

BF3

BF 3 ,PF 5 ,AsF 5 ,SbF s

HF, A1C13

TiCl4

BF3

H2SO4
AI f t TTcr̂ l
>\IL.I 3 , rev_l3

BF3
SbF5, AsF5 , IF5

HNO,

T>(NO3)4

RONO2

ElONO2

CH,ONO2

H2SO4 (mixed acid)
H2SO4:SO3

H3PO4

PPA (polyphosphoric acid)
HC104

HF
HF-BF3

BF3

CH3SO3H
CF3SO3H
R F S O 3 H

FSO3H
solid acids

(Nafion-H®, polystyrenesulfonic acid)

FeCl3, BF3 , A1C13, CF3COOH

H2SO4,BF3

AlCl3,SnCi4,SbCl3,FcCU

N2O2O 5

and other salts

W-Nitropyridinium salts
N-Nitropyrazole

9-Nitroanthracene

BF3

HF—
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acid-anhydrous hydrogen fluoride-boron trifluoride as a
effective and safe nitrating agent [5]. Nitric acid ionizes with
according to n

—> NO2
+BF4" + BF3.H2O

Nitronium tetrafluoroborate can be isolated as a stable salt

I ^ 6 nkti t ^
F3 > ArNO2 +

Boron trifiuoride can be readily regenerated from its

S J ^ K 0 and thus the reaction

acid AdditinLi t0* * ^ « -14.5, comparable to fluorosulfuric
powerful ulfonlf' *, fluorosulf"ri= acid, like sulfuric acid, is also a
So« no r e a c°w h ! a n d ° X 1 ^ i n g a « e n t ' trifluoromethanesulfonic acid
acid for n i S w r T 1 1 " [6]- II " therefore a most i t tS

^ I " "C aC'd hkh i
So« no r e a c w h ! ^ g « ' trifluoromethanesulfonic acid
acid for n i S w r T 1 1 " [6]- II " t h e r e f o r e a m o s t convenien t stro"S

Dur ng an nve^ I f" " C aC'd> W h k h i s c™P^y ionized by it.
nitrationlno "uene l o o " 2 *? e f e c t ° f a c i d s ° " the regiosdectivity of
trifluoromethanesul W 1 * a " d H U 1 f o u n d t h a t two equivalents of
crystaUine solid which 11 ?** ^ 1 0 0 % n i t r i c a c i d t 0 y i e ld a white

andhydroniummfluoromeTCeTuli'm"11^110'0"16*3"65'11^3'6

2CF3SO3H + HNO3 > N n + r c c ^
3 N ° 2 CF3SO3

T h e

CC14
 e C ™ ' c F a i

r i C
a n d n r d tr if luorom«hanesulfonic acid in CH2C12,

for benzene, toluene m-xvlen^ K, S ° l u t i ° n i s a n e^e»ent nitrating agent
tnfluoride (Table in' The rI" I- o b e n z e n e ' nitrobenzene, and benzo-
Mono- or dinitratfon of toZ

 WW ° a r r i e d o u t f r o m ~^° t 0 3 0°C

t ZT T" be »
Mono- or dinitratfon of toZ

 WW ° a r r i e d o u t f r o m ~^° t 0 30°C-
temperature. Mononitratior\ZT, T" b e c o n t r o»ed by specific reaction
being complete in one minute a l T n ^ S e x t r e m«'y rapid, the reaction
30 mm a, o«C. m m u t e a t - » < « ; . The dinitratfon is complete in

^ ? ° ^ 2 ^ ^ - w ^ tolUHene was studied "y va^ing

»lveMsm o n o n i t r o t o l ' 60, -90 , and - i io°c in halomethane
"•23% meta-nitrotoluene , . obtained containing only 0 53 0 36 and
' - a« -litre ( T a K r " " 1 ' ^ - T h e °rth°/para -oxnefrktiofs'also
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Table II. Nitration of Aromatics with Nitric
Acid-Trifluoromelhancsulfonjc Acid

Substrate

Benzene

Toluene

Nitrobenzene

Chlorobenzene

Benzotrifluoride

Product

nitrobenzene
dinitrobenzene
2-nitrotoluene
3-nitrotoluene
4-nitrotoIuene
1,2-dinitrobenzene
1,3-dinitrobenzene
1,4-dinitrobenzene
2-nitrochlorobenzene
3-nitrochlorobenzene
4-nitrobenzene
2-nitrobenzotrifluoride
3-nitrobenzotrifluoride
4-nitrobenzotri fluoride

isomcr
Distribution. %

98
2

50-62
0.2-0.5
37-44
10
tn
2

30
0.1
70
14
85
0.1

Table III. Mononitration of Toluene with HNO3/CF3SO3H
in Halomethane Solvents

Isomer ratios, %

Solvent

CFCI3

CH2C12

CH2C12

CFC!3

CFCI3

Time, Min

180
180
60
1
1

Temp, °C

-no
-90
-60
-60

-no

Yield, %

>99
>99
>99
>99
>99

0-

50.5
613
62.1
61.9
50.8

m-

0.2
0.4
0.5
0.5
0.2

P-

49.3
383
37.4
37.6
49.0

Low meta substitution allows favorable regiocontrol in the subsequenr
Preparation of dinitrotoluenes. In general, the nitric acid-tnfiuoro-
methanesulfonic acid system shows less meta substitution than other mtrat-
J*g systems at comparable temperatures (Table IV). The major factor,
however effecting low meta nitration is the use of extremely low tempera-
l"res. Solubility of the formed nitronium salt at low temperature in
halomethane solutions is limited and unusual ortho/para ratios maj be also
a consequence of the heterogeneous nature of the reaction mmures.

O ^ h T r r e c e n t l y found CF3SO3H-B(O3SCF3h (tnflatoboncrajejd)
as a hiehlv efficient new superacid for nitrating aromat.es with HNO,
(Table V) Nitronium tetratriilatoborate NO2

+B(CF3SO3)i is the reacuve
nitrating agent [8].



Table IV. Preparation of Dinitrotoluene in Nitrating Mixtures Containing CF3SO3H

Composition of Nitrating Mixture,

CF3SO3H

89.0
45.5
45.5
22.7
0

80

65

H2SO4

0

45.5
45.5
68.3
90.6
0

0

HNO3

11.0
6.0
6.0
6.0
6.3

10

5

wt %

H2O

0
3.0
3.0
3.0
3.1

10

30

Temp, °C

- 5
- 2 0
- 2 0
- 2 0
- 2 5

20

0

Yield, %

>98
>98
>99

99.5
99
99.2

100

2,6

15.7
10.2
14.9
12.1
11.8
16.8

% Isomer Distribution

2,3-2,5

0.5
0.3
0.6
0.4
0.5
1.0

2,4

82.8
88.7
83.4
86.4
86.5
81.0

o-/m-/p-MNT = 58
o/p = ]

3,4

1.0
0.9
1.1
1.2
1.3
1.3

.86/1.96/39.
.5

Total Meta

%

1.5
1 0
1 7

1 S
2 2

18
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Table V. Nitration of Aromatics with Nitric-TetratrTffatoborir>Wrf

% Isomer Distribution of
Nitro-Product

Aromatic Rxn. Ternp., °C

Benzene
Toluene

Fluorobenzene
Chlorobenzene
Anisole
Naphthalene

-30
-30

-30
-30
-30

55
52
1

33
58

a-97 £-3

43
41
99
67
42

m

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 add
(Table VI) [7]. They found that both acids were effective, but trifluoro-
methanesulfonic acid is more suitable as it does not cause oxidation or
sulfonation.

Olah et al. found that a mixture of nitric and fluorosulfuric acid (or
HNO3 + HF + FSO3H) allows even the trinitration of benzene to 1,3,5-
^nitrobenzene at higher temperatures [9]. Water formed in the ionization
of nitric acid to the nitronium ion reacts with fluorosulfuric acid (to suJ-
foric acid and hydrogen fluoride) and thus the nitrating system mam-
tains high acidity. Nitric-fluorosulfuric acid is also a very suitable strong
nitrating system for other deactivated aromatics. n inh ,nm

Adding Lewis acid fluorides, such as antimony, tantalum or mobmm
pentafluoride to fluorosulfuric acid greatly enhances it*, acidity FSOJl
S acid) is one of the strongest known superacids [6 . N.tnc

^ l ffeCtlVC m t r a t i n g ^
f°r polynitration of aromatics [8].

Table VI
Table VI.

of the Nitration of Toluene with fiNO3/CF3SO,H
in CH2C12 solution at -60°C

% Isomer Distribution

CF3SO3H
FSO3H

o/m/p = 62/0.5/J7
o/m/p/ = 63/0.7/36
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Nitration with nitric acid in the presence of strong protic acids such as

H2SO4, FSO3H, and CF3SO3H or Lewis acids such as boron trifluoride
requires subsequent separation of spent acid (due to water formed in the
reaction) and neutralization of acid left in the product. One is generally left
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 polystyrenesulfonic acid as a
catalyst in the nitration of aromatics with HN0 3 . Nitration of toluene with
90% HNO3 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
ion 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 NO2*BF4"\

HNO3 + 2®—SO3H > NO2 ®—SOJ + H3O+ ®—SO3"

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, NO2,
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 under
the reaction conditions.

When aromatics are nitrated with mixed acid, the reaction rate slows
down with time, because the byproduct water dilutes the acid, thus reduc-
ing its reactivity. In preparative nitrations, therefore, a large excess of acid
is required with the excess being wasted because of dilution. The disposal
of spent acid also represents a significant environmental problem.

In view of these considerations and the limitations of polystyrene-
sulfonic acids, we studied superacidic Nafion-H® periluorosulfonic-
acid-resin-catalyzed nitration of aromatics with nitric acid under conditions
ot azeotropic removal of water (azeotropic nitration) [12]. The azeotropic
removal of water in Nafion-H®-catalyzed nitration allows utilization of
nitric acid to a significantly greater extent than do conventional condi-

n i ° i«!rVatIOn' B ° t h f u m i nS a n d concentrated nitric acid are effectivele VII).)
The nitrations are carried out by heating the reaction mixture to reflux

and azeotropically distilling off the water-aromatic mixture until no nitric
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Table VII. Azeotropic Nitration of Aromatic* with Nitric
Acid over Nafion-H Catalyst

Substrate

Benzene
Toluene

o-Xylene

m-Xylene

p-Xylene
Mesitylene
Chlorobenzene

Yield, %

77
80

47

68

60
79
87

Isomer Distribution, %

2-nitro (56)
3-nitro (4)
4-nitro (40)
3-nitro (45)
4-nitro (55)
2-nitro 05)
4-nitro (85)

2-nitro (38)
3-nitro (1)
4-nitro (61)

acid is left in the reaction mixture. Part of the nitric acid, however, also
distills over in the form of a binary or ternary azetrope, as do some
nitrogen oxides formed under the reaction conditions.

Crivello has shown [13] that alkali metal nitrates can be used with tn-
fluoroacetic anhydride and to a lesser extent with trichloro- and dichloro-
acetic anhydride. The reaction rate was shown to be significantly affected
bv the extent of solubility of the inorganic nitrate in the reaction medium.
Si"ce ammonium nitrate is reasonably soluble in organic solvents it is
Particularly successful (vide infra). Many metal nitrates have been also
shown to be effective nitrating agents in the presence of tnfluoroacetic
anhydride. Benzene gives nitrobenzene in 90% yield in most cases. The
Oration rate is highly solvent dependent, being higher m polar solvents.
The reaction is quite general and successful for nitration of aromatics more

good nitrating agent of aromatics [13].

ArNO2 + CF3CO.NH.

resemblance to acetyl nitrate nitration and

quently can form nitromum ion.

CF3C(O)ONO2

CF3C(O)ONO2 + CF3C(O)ONH4

—* NO2
++ CF3COO*
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Attempts to isolate trifluoroacetyl nitrate by distillation lead to decOm.
position. Acetyl nitrate is known to give high ratios of ortho-nitrated
products [14]. Similar trends in orientation are seen in the product distribu-
tions obtained in TFAA-NH4NO3 nitrations. However, in contrast to the
rather limited range of substrates that can be nitrated with acetyl nitrate,
trifluoroacetyl nitrate is a much more efficient and versatile nitrating agent!

Both protic- or Lewis-acid-catalyzed nitration of aromatics can be
carried out with alkyl nitrates (i.e., alkyl esters of nitric acid). Acid ca-
talysts are assumed to form nitronium ion from alkyl nitrates or strongly
polarized complexes.

RONO2 + H2SO4 —> NO^HSOJ + ROH

RONO2 + A1C13 * NO2
+A1C13OR~

Alkyl nitrates must be prepared and stored with care, as particularly in
the presence of even traces of acids they can become explosive [15]. They
should not be stored over prolonged periods of times. This is particularly
the case for nitrates of polyols. The simplest and effective means of their
preparation involves reaction of alcohols with nitronium salts in the pre-
sence of an acid-binding agent. Transfer nitrations with JV-nitropyridimum
salts are particularly suited for their acid-free preparation [16].

ROH-fPyNO^BFJ > RONO2 + PyH+BFJ

Alkyl nitrates do not nitrate aromatic compounds in the absence of
catalysts [17]. However, high yields of nitrated products can be obtained
if aromatic compounds and alkyl nitrates react in the presence of sulfunc
acid [18-22], 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).

The sulfuric acid-catalyzed nitration of benzene with ethyl nitrate at
78-80°C gives nitrobenzene in only 12% yield [27]. p-Fluoroacetanilide is,
however, nitrated under similar conditions at 0°C in 85% yield [28].

Recently developed strong solid acid catalysts such as Nafion-H® are
active in catalyzing nitrations with alkyl nitrates [29]. Benzene and alkyl-
benzenes are nitrated in excellent yield with n-butyl nitrate at around 80°C
in the presence of solid Nafion-H acid catalyst. The reaction is generally
slow for preparative purposes at lower temperatures and does not proceed
at room temperature. The reaction is very selective. Dinitro compounds are
not formed in any significant amounts. The steric bulk of the solid-acid-
complexed nitrating agent seems to play a significant role in determining
the isomer distribution of products. Generally, a decreased amount of the
more hindered isomer (ortho) is formed compared with conventional electro-
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Table VIII. Nitration of Aromatic* with n-Buty\ Nitrate over
Nafion-H Catalyst

m

Aromatic

Benzene
Toluene

o-Xylene

m-Xylene

p-Xylene
Mesitylene
1,2,4-Trimethybenzene

1,2,3,4-Tetramethylbenzene
anisole

Chlorobenzene

Yield, %

77
96

98

98

95
90
94

93
86

15

Isomer Distribution (%)

2-nitro (50)
3-nitro (3)
4-nitro (47)
3-nitro (47)
4-nitro (53)
2-nitro (12)
4-nitro (88)
2-nitro (100)
2-nitro (100)
3-nitro (8)
5-nitro (92)

2-nitro (32)
4-nitro (68)

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

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.

A1C13, SnCI4, SbCl5 and FeCl3 catalyze the nitration of benzene with
ethyl nitrate [30].

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

ArH + NO2OCH3 - ^ ArNO2 + CH3OH • BF3

The reaction is useful as a selective and mild nitration
allowing mononitration of durene and other
which with mixed acid usually underg<

2 can also be used to achieve
I- and 3M excess of methyl nitrate,

trifl :H • "f nd fo be the most suitable. In the nitration of pentamethyl-
tr.fluor.de ,s foun' « ^ £ £ a n d t i t a n i u m ( I V ) chloride cause fonnanon
ofsSL"oTn.rotLrinatedderivativeS(e.g..su.furicacid1eadsro

nitrodemethylation products).



Table IX. Boron-Trifluoride-Catalyzed Nitration of Tetramethylbenzenes with Excess
Methyl Nitrate in Nitromethane Solution

Composition

H,C CH,

Total Yield (%) Dinitro Mononitro
Tetramethylbenzene H3C—ONO2:Arene of Nitro Products Product (%) Product (%)

2:1
3:1

2:1
3:1

2:1
3:1

93
90

94
94

95
92

64.4
75.0

89.9
99.9

90.1
100

35.6
25.0

10.1
0.1

9.9
0
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tonecyanohydrin nitrate (ACN) is found to have enhance' r-M. V,-;TV

*C6 d to methyl nitrate in the preparation of various nng-surnr/ ;:.;-•!
TStromethanes [32]. It was first used by Thompson and Naranf
m 34a] in nitrating aromatics. The boron trifluoride-etherate-cataJyzed
nitration of alkylbenzenes and anisole [35J gave good yields rTableX).
Acetonecyanohydrin nitrate is more reactive than ordinary aJkyl nitrates
because of the greater ease of O—N bond cleavage in the intermediate O
orN-coordinated (protonated) ACN.

5 -
CN:BF3C0 »

ArH + CH3—C—O—NO

CH3

(CH3)2COH:BF3

CN

Use of acetonecyanohydrin nitrate has certain practical advantages over
other procedures that use alkyl nitrates. It is more stable than CH3ONO2

and is stored easily for longer periods of time. BF3-etherate is easier to
handle than the BF3 gas used in other methods. Under similar conditions,
this method provides cleaner products and higher yields than does a
mixture of CH 3 ONO 2 and BF3-etherate; only small amounts of BF3

etherate are required. ,. , . . . .
. Solid superacidic catalysts can also be advantageously applied in nitra-

l'on with acetonecyanohydrin nitrate [29].
The Nafion-H-catalyzed nitration of deactivated aromatics

Crates, such as butyl nitrate, gives only very low yields [29]. Eve,
of chlorobenzene, for example, gives only 15% of chJoro
(Table XI). Due to its greater reactivity, nitration
ACN gives the corresponding nitro compounds in g<
(Table XI). The nitration of chlorobenzene gives 49% J---* ,
*ith 15% with butyl nitrate). The yields increase only modestly

Table X. Nitration of Aromatics by Acetonecyanohydrin
Nitrate/BF3 Etherate

a kyi

Toluene
o-Xylene
m-Xylene
p-Xylene
Mesitylene
Anisole
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Table XI. Nitration with ACN over Nafion-H® Catal

Substrate

Ge,'orSeA,

Benzene
Toluene

o-Xylene

m-Xylenc

P-Xylenc
Meitylene
1,2,3,4-Tetramethylbenzene
ChlorobeDzene

60

62

6 1

36
69
49

2-nitro (47)
3-nitro (3)
4-nitro (50)
3-nitro (44)
4-nitro (56)
2-nitro (11)
4-nitro (89)

2-nitro (28)
3-nitro (2)
4-nitro (70)

Oiah

S ^ ^ ™S »* b e ** to the them,.
effective catalysis by Nafion H® r e a C t l ° n t 6 m p e r a t u r e s n e c e s s a r y for

t h a ^ C t f c S H n
n^° tOl

fl
UeneS ° b t a i n e d is lower (0-54) with ACN

former reagent. h reflecting the somewhat larger bulk of the

Trimethylsilyl nitrate fCH 1 ^n^^ •
studied nitrating agent 1331 Tt" 1S a n o t h e r interesting but little-
silver nitrate and nitratL i ' 1S P r e P a r e d f r°m chlorotrimethylsilane and'—;: r a ; : : r v e i y with BF3 as cataiyst

Trime,hy,si,yl n i t r a t e h ^ + ^^SKCH3h + BF3.H2O
according to ' n o w e v e r , even on standing readily decomposes

2(CH3)3SiONO2 — , 2 N n

n i t r o e e n f) .A
 2 N ° 2 + ^ 2 O2 + [(CH^SiLO

l t r ° ^ e n d '°*'de formed can also affect nitration in the
q

system.

"'•Lewis.Acid-Cata.yzed Nitration

The general Friedel-P f
aromatic n i t r a t i o n s ^ acylation principle [36] can be applied to

shou riT t e t r ° X i d e ('he halides InH . e ^ d i n i t r ° 8 e n Pentoxide, and
*ould be consider as Fnedet ik l fnhydndeS °f n i t r l c «**)• ™ese

Crafts type reactions, a s obviously a very
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close analogy exists with the corresponding Fricdcl-CrafH Icetone %•**•*
eSes involving acyl halides and anhydrides [37]. In a generalized *em«
nitric acid nitrations catalyzed by protic acids (H2SO4( HJQ4 tlf c f c \
or by Lewis acid metal halides (BF 3 , A1C1,, e t c ) could be also considered
as reactions of Friedel-Crafts type, as an increasing number of Friedel-
Crafts ketone synthesis is now known using aliphatic carboxylk acid*
(acetic, propionic, e t c ) as acylating agents.

Friedel-Crafts type nitration using nitryl chloride had been initially
reported by Price and Sears [38] who found A1Q3 to be the most suitable
catalyst. Deactivated aromatics, however, were nitrated only with difficulty
and the method was, therefore, considered to be of limited value. Inves-
tigations of Olah and Kuhn [39] have shown that aromatic compounds,
including deactivated ones such as halobenzenes and benzotrifluonde. can
be nitrated with ease using nitryl halides and a suitable Friedel-Crafts
catalyst.

ArH + NO2X » ArNO2 + HX (X = F, O, Br)

Using nitryl chloride as the nitrating agent, which in the laboratory is
f? n v e n i e n t Iy prepared by the reaction of nitric acid with chlorosulfuric acid
HO], TiCl4 is found to be the most suitable catalyst. FeCl3, ZrC]4. A1C13

J?. AlBr3 are also effective but the reactions are more difficult to handle,
rtn BC13, Olah and Kuhn obtained a smaller amount of nitrated product

a n d considerable ring chlorination; SbF5 is also an active catalyst for the
mtryl chloride nitration of aromatics; BF3 was found to be inactive as a
catalyst. The following yields were obtained upon nitration of the aroma-
hes using TiCl4 as catalyst: benzene, 88%; toluene, 81,5%; ethylbenzene.
^9%; fluorobenzene, 9 1 % ; chlorobenzene, 41.5%; and benzotrifluonde.
^2%. There is always a certain amount of ring-chlorinated by-product
formed in the nitrations. Reactions carried out either by using an excess
° f aromatics as solvent (TiCl4 is miscible with many aromatics) or in car^
b°n tetrachloride solution, always contain chlorinated by-products. The
amount of chlorinated by-products can be decreased by using solvents with
higher dielectric constants. Tetramethylene sulfone (sulfolanc) was found
t 0 be a suitable solvent for the TiCl4 and also for most of the other
LeWis-acid-catalyzed nitrations. It has excellent solvent properties tor
aromaticS and the catalysts as well as for nitryl halides. It is supenor to
other solvents that can be used, such as nitromethane. As it is completely

with water the work-up of the reaction mixtures after the reac-

tions are completed is very easy.
In Lewis acid-halide-catalyzed nitrations with nitryl chloride, are these

reactions nitronium salt nitrations according to the ionization
NO2C1 + A1C13



or are they effected by the Ocoordinated donor: acceptor complex (l: \ Of

possibly 1:2 complexes)?

7 fi + / O — » ATCI3O —
Cl-N AICI3 < C l -N

In order to study this problem, Olah and Lin carried competitive
studies of nitration of benzene and toluene with nitryl chloride, catalyzed
by Lewis acid halides. When carbon tetrachloride 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 NO2\
particularly point to bulkier nitrating agents.

However, when carrying out the reactions in a common polar, ionizing
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 NO2

+ 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. Uwis-Acid-Catalyzed Friedel-Crafts Nitration of Toluene with
Nitryi Chloride at 25°C

Lewis Acid Halide

A1CI,
TiCl4
BF,
SbCl,

TiCL,
PF«
AlClj
TiCl4

Solvent

excess toluene

nitromethane

CO,

ortho

53.3
53.1
57.1
56.4
57.6
61.3
61.1
61.6
42.4
44.9

o Isomer

meta

1.2
1.6
1.4
1.4
1.6
3,7
3.7
3.5
1.7
1.3

Distribution

para

45.5
45.4
41.1
42.4
40.8
35.0
35.2
34.9
56.9
53.7

o/p

1.17
1.17
1,40
1.34
1.41
1.75
1.74
1.76
0.76
0.S4
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that by using a Lewis acid type fluoride catalyst such as Bf,, PF< A

0rSbF5, simple Friedel-Crafts type nitrations can be earned out „..„
nitryl fluoride [39]. Homolytic cleavage of nitryl fluoride, which ca inomo*

of the side reactions, is considerably suppressed under these condition*
in favor of heterolysis, yielding the nitronium ion. The reactions are car-
ried out preferably at low temperatures. Benzotrifluoride is nitrated to
m-nitrobenzotrifluoride at - 50° with 90% yield using boron tnfluoride »
catalyst. Halobenzenes, including di- and polyhalobenzenes, are nitrated
with ease and with yields 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 well-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 (SbF5, 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 TiBr4 as catalyst. Yields of nitrations are lower than
those obtained with nitryl chloride, due to the formation of more ring-
brominated products [39]. This can be attributed partly to free bromine
being present from the decomposition of nitryl bromide and to the easier
koiolysis of nitryl bromide itself.

It was Schaarschmidt [43] who first investigated the catalytic effect of
and FeCl3 on the nitration of aromatics with dinitrogen tetroxide.

» the mixed anhydride of nitric and nitrous acid.
Pinck [44] used sulfuric acid to catalyze the nitration of aromatics with

N2O4. He observed that only half of the dinitrogen tetroxide was used
UP in the nitrations the remainder being present as nitrosylsulfunc acid.
Titov [45] dissolved N2O4 in sulfuric acid and used this solution as nitrating

Raman spectroscopic [46] and cryoscopic [47] investigations of solutions
<* N2O4 in sulfuric acid gave proof that the effective nitrating agent .nrhe
solutions is the nitronium ion (NO2+) and also explained the formation of
an equimolar amount of nitrosyl sulfuric acid (NO HSO4 ).

N2O4 + 3H2SO4 * = * NO?+ NO+ + H3O++JHSO4

Bachman [48] used the stable N2O4-BF3 complex, prepared as a cry-
stalline salt from the components in aromatic nitrations.
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The major difficulty in Friedel-Crafts type nitrations with N2O4was that
the N2O4-cataIyst complexes were insoluble in the reaction media. This
resulted not only in slow reactions and low yields, but in many cases also in
undesirable side reactions.

Schaarschmidt reported [43] that when AlBr3 was tried instead of A1C13

as catalyst, in an unexpected way only ring bromination took place and no
nitro product was formed. The use of a fluoride catalyst, such as BF3 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 N2O4 and Lewis acid catalysts such as
TiCl4, BF3, BC13, PF5, and AsF5 can be carried out in tetramethylene
sulfone solutions [8,37]. It is not necessary to isolate the catalyst-N2O4

complex. Instead, a solution of N2O4 and the catalyst is prepared and this
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 AsF5 > PF5 > BF3 >
TiCl4 > BC13. With the chloride catalysts, a considerable amount of chlo-
robenzene was also formed in the reaction, as was the case with A1C13.

Bromide Lewis acids such as AlBr3, BBr3 and TiBr4, in agreement with
previous observations of Schaarschmidt [43] with AlBr3, gave a high
amount of ring bromination but simultaneously about 10% of nitroaro-
matics were formed.

Subsequent investigations have proven that aluminum, titanium, and
boron hahdes tend to react with N2O4 in the following way:

» 2NO2C1 + 2NOC1 + TiO2

* A12O3+ 3NO2Br+2NOBr

3N2O4 + 2BBr3 > B2O3 + 3NO2Br + 3NOBr

NOjBr being unstable, decomposes to N 2 O 4 + Br 2 and the bromine

tormed in the presence of the catalyst brominates the aromatic. In a similar

cataUte t 0 a 1 C S S e r C X t e n t l c h l o r i n a t i o n t a k e s P l a c e w i t h chloride

°f.s,ol"*-acid catalysts in aromatic nitration frequently repre-
I a d v a n t a g e S over liquid-acid catalyst systems. When alkyl-

J p q U l d p h a s e w e r e n i * a * d with N 2 O 4 in the presence of
a r ; ; f l . C, nitration was slow [29]. In general, solid-acid catalysts
are rather ineffective at such low temperatures. The isomer ratios of
mtroarene products (Table XIII) , however, show that the products were
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Table XIII. Nitration of Aromatics with
Dinitrogcn Tetroxide over Nafion-ff*

Catalyst at 0°C in CCI4 Solution

iff

Substrate

Toluene

o-Xylene

m-Xylene

% Isomer Distribution

2-nitro (49)
3-nilro (6)
4-nitro (45)
3-nitro (41)
4-nitro (59)
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 2 O 4 , which is shown in Table XIV,
together with typical data of electrophilic nitration with NO2* BF4" [49J.

Nitrations using nitrogen pentoxide, the anhydride of nitric acid, 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
nitronium nitrate, NO 2 N O J . 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
N

2O4 and oxygen should also be considered if the N2O5 used is not entirely
pure.

Klemenz and Scholler [51] have shown that solutions of N2O5 in suJfunc
acid are very effective nitrating agents having nitrating properties similar
t0 those of solutions of nitric acid in sulfuric acid.

* "" i [52] found the ionization of N2O5 in sulfunc acid to be

N2O5 + 3H2SO4 = 2NO2
+ + 3HSO4"

Table XIV. Free Radical Nitration of Toluene

% Nitrotoluenes

Ortho Mela Para

V,Oj UV Irradiation
37.2 38.1
65.4 2.8N 2 O 4

NO 2 BF 4

Tetranitromethane thermal reaction (>300aC)
C(NO2)4 42 39 19

24.7
31.8
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Bachman [53] reported the use of the stable insoluble N2O5.BF3 COm

plex in aromatic nitrations; the active nitrating agent was N02
+BF3ON02

We have found in our investigations that N2O5 can be used as a very
effective nitrating agent in Friedel-Crafts type nitrations in the presence of
Lewis acid catalysts such as BF3, TiCl4, SnCl4, and PF5 in tetramethylene
sulfone solution. It is not necessary to isolate the intermediate N2O5-
Lewis acid complexes as the solutions of N2O5 and the catalyst can be well
controlled in homogeneous solutions. In general, the solution of N2O5 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 yields 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-, bromo-
dihalobenzenes, benzotrifluoride) were nitrated with yields of 79-89%.

When the N2O5 nitration is carried out in liquid anhydrous HF as
solvent (which does not appear to react with N2O5 at a temperature below
0°C) using a catalyst such as BF3, SbF5, PF5, AsF5, SiF4, NbF5, WF6,
etc., a quantitative formation of the corresponding nitronium salts takes
place. 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

One of the difficulties of using anhydrous HF as solvent (aside from
some inconveniences arising from its being handled in laboratories not
equipped for fluorine work) is the fact that it is a rather poor solvent for
aromatics (solubilities are generally less than 2%) and, therefore, the
reactions must be carried out by vigorous stirring of the heterogeneous
reaction mixtures. The use of pyridinium polyhydrogen fluoride, a conve-
nient HF-hke solvent, overcomes much of these difficulties.

IV. Nitration with Nitronium Salts

Hydrocarbons are efficiently nitrated by nitronium salts under anhydrous
conditions as shown by Ingold et al. and subsequently developed by Olah
««l- [54] as a general preparative nitration method

?K I r e p ° r t e d l55l t h e r e a c t i o n o f H N ° 3 with HCIO4. He
that the product formed was a mixture of nitracidium perchlorate

r ^ r i l r a C ; d i u m P e r<*lorate . It was left to Godda rd , Hughes , and
136], to show that Hantzsch's preparat ion gave a mixture of nitre--
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njum perchlorate and hydronium perchlorate, from which the mtromm*
salt could be isolated only with difficulty. They themselves developed a
preparation of pure nitronium perchlorate and a number of nitrotmm
sulfates were also reported

N2O5 + HCIO4 > NO2
+C1O4- + HNO,

HNO3 + 2SO3 > NO2
+HS2Of

N2O5 + 2SO3 — * (NO2
+)2S2O?"

N2O5 + HSO3F » NO2
+SO,F"

These and related salts were characterized by Raman spectroscopv and
other physical measurements.

A simple and efficient preparation of nitronium tetrafluoroborate was
achieved by Olah et al by letting a 2-moI excess of boron trifluoride react
with an equimolar mixture of nitric acid and anhydrous HF [54].

H2O-BF3

Water formed as byproduct in the reaction is bound by boron trifluoride
as a stable hydrate from which BF3 can be regenerated by distilling with
sulfuric acid or oleum. Other nitronium salts (PF6~, AsF6~) can also be pre-
P red m a similar fashion. The reactions, however, require larger amounts
ot PF5 and AsF5 because of their hydrolytic instability. The method thus
can be used to prepare NO2

+BF4~, NO2
+PF6", NO2

+AsF6", NOfSbF*-. and
\ ^2) 2SiF| . As nitric acid, if not carefully purified, always contains

r o u s a cid (nitrogen oxides) the nitronium salts obtained generally con-
ta>n nitrosonium ion (NO+) salts (vide infra).

Kuhn has found that nitric acid can be replaced by alkyl nitrates (free of
"itrites) in the preparation of nitronium salts [57].

R—O—NO2 + HF + 2BF3 > NO2BF4 + R—O—HBF3O N O 2 + HF + 2BF3 O24 3

SbF5 and AsF5 react explosively with alkyl nitrates. Therefore, the re-
ac tion is limited to the preparation of NO2

+BF4", ^O^PF^, and (NO:')2
S i F6~ • This method provides extremely pure nitronium salts free of nitro-
sonium ion.

Coon et al [58] have reported the preparation of nitronium trifluoro-
methane sulfonate based on the analogy of the related preparation of the
Perchlorate or fluoroborate. Hydronium trifluoromethanesulfonate is.
however, difficult to separate from the nitronium salt

' HNO3 + 2CF3SO3H * NO2
+CF3SO3- + H3O

Nitronium trifluoromethanesulfonate can also be readily prepared by
reaction of N2O5 with either trifluoromethanesulfonic anhydride (Yagu-
polskii [59a] or trifluoromethanesuJfonic acid (Eflfenberger, [5%]). The
former'gives pure salt free of nitric acid or hydronium triflate.
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(CF3SO2)2O + N2O5 —> 2NO2
+CF3SO3- "*

CF3SO3H + N2O5 > NO2
+CF3SO3-+HNO3

Nitronium salts are colorless, crystalline, hygroscopic compound, w
mum perchlorate, sulfate, and hexafluoroiodate are unstable The *
ous decomposition (explosive nature) of the perchlorate was ? ^
by Ingold [60] it is in all probability due to the
covalent unstable nitrate

NO2
+C1O4- ; = ± O2NOC1O3

" " T ' ^ r e ™ e < ^ d and extreme caution is
' c o m P l e x fluorWe salts such as the tetrafluorobora

Z Y 7 r ie-oniy °n *»** ™> Sd
n d r ™ i t y ° f n i t r ° n i U m t e t r a f l"°~borate varies linearly with
niumTa t °

P1C m e a S u r e m e n t s « ^ulfolane solution indicate

L ; r r o p ; V N M R b ? n
n

d h
w e 1 1 characterized by infrared and

and crvstallopr'anhi ^ ' y X " r a y c ry s ta»ography. All spectros-
s t r u Z T S ^ H£V 6nCe indiCateS t h a t t h e nitronium ion has a

is necessary [1]. a r e w e I 1 reviewed and no further discussion

available or can'™ rea
aHn,WUh C O m p l e x fluoride anions are commercially

Olah et al. from nitri!Jacid S ^ A ^ t h e l a b o ^ ^ by the procedure of
acid, the commerical salt BPn n " l t n C a d d a l w a y s c°ntains some nitrous
•on impurities. This accorriinf? i " e e d s t 0 b e Pu"fied from nitrosonium
NO? PFt- by recrystamzal"8 R l d d M b e r e a d i l y s i e v e d in case of
N O 2 B F ; , b e c a J o ™ ' ° " ; « n g nitromethane [61]. In the case of
obtain pure NO2

+BFJ fc!,*^' s u c h Purification is difficult. To
necessary , 0 p u r i f y it f r o " n ° r

N O BF4" starting from nitric acid, it is
">ed,ately convert i, intoThe 1 ?US aC 'd b y t r e a t m e n t w i t h u r e a a n d i m '
™es that can be preparedTn n f T ™ i 0 " [62^ Alternatively, alkyl ni-

salts r e e of NO+ [57]
P '" p u r e fo™ can be converted into nitronium

aulfolane (tetramethvi
mum sa l t s. N O 2 + B ^««= sulfone) i s a relatively good solvent for ni.ro-

f ' 3 l e fOT " i t rat i°n^ with ni r o n
 % S O ' r b m t y [63J- Acetonitrile is also

S i l S S S
ie can also
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used as solvents for nitrations particularly with remarkably
N0+PF6 (~25<%))- O n t h e o t h e r n a n d ' nitronium tctrafluoroborare km
little solubility in nitromethane (<0.5%). All solvents should be thor-
oughly dried and purified. Although sulfolane has a relatively high melting
point for a solvent ( + 28.9°), its large molar freezing point deprewioa
(66.2°) allows nitrations to be carried out in a wide temperature range.
Methanesulfonic acid, trifluomethanesulfonic acid, fluorosulfuric and, and
even sulfuric acid have also been used as solvents especially for deactivated
substrates. It is important to choose a solvent which by itself does not react
with the nitronium salt and preferably provides homogeneous solutions.

A. Arenes

Nitronium tetrafluoroborate is the most frequently used nitronium salt
for nitrating aromatics

ArH + NOjBF4 > ArNO2 + HF + BF3

The obtained byproducts HF and BF3 can be readily recycled on an indus-
trial scale and thus the nitration made catalytic.

Results of preparative nitration arenes, haloarenes, and mtroarenes are
summarized in Tables XV-XVII. Since HF and BF3 are the only byprod-
ucts of the reaction, nitration with nitronium salts can be earned out under
anhydrous conditions. This is advantageous in nitration of aromatics con-
taining functional groups sensitive to hydrolysis. Thus aromatic mm es
acid halides, and esters can be nitrated in high yield without difficulty

aNitTa?o^of~aXroS with nitronium tetrafluoroborate
ried out in sulfolane or with the more soluble nitr um
Phate in nitromethane solution. Reactions can be
reactive aromatics from -20° to room temperature a
(5-10 min). Deactivated aromatics need higher
reaction times. They are preferentially carried out
tions (CF3SO3H, FSO3H, HF, H2SO4). The ™ « .
formed in ver^high yield. Mononitrations, n**™
are achieved using an excess of the aromat,c
from mixed acid nitrations, where the W ^
pounds in the acid layer frequently results in the
amounts of dinitro byproducts. f i i ( m n j u m tetrafluoroborate is

The most serious limitation of the use of w W M f f l ^ convenient
i l t s As m e — ^ ^ ° £

The most serious limitation of the ^ convenient
its low solubility in many solvents. As m e — ^ ^ e ° £ a b O u t 7 < * .
solvent is sulfolane, in which the tetrafluoroborate is soluDie



Table XV. Nitration of Arenes with

Substrate Product
% Yield of

Mononitro Product

Benzene
Toluene
o-Xylene
m-Xylene
p-Xylene
Mesitylene
Ethylbenzene
n-Propylbenzene
Isopropylbenzene
w-Butylbenzene
j-Butylbenzene
/-Butylbenzene
Biphenyl
Naphthalene
Phenanthrene
Anthracene
Fluorene
Chrysene
Benzo[a)pyrene
Anthanthrene
Pyrene
Triphenylcne
Perylene

Nitrobenzene
Nitrotoluenes
Nitroxylenes
Nitroxylenes
Nitro-/>-xylene
Nitromesitylene
Nitroethylbenzenes
Nitro-n-propylbenzenes
Nitro-isopropylbenzenes
Nitro-n-butylbenzenes
Nitro-s-butylbenzenes
Nitro-/-butylbenzenes
Nitrobiphenyls
Nitre-naphthalenes
Nitrophenanthrene
9-Nitroanthracene
2-Nitrofluorene
6-Nitrochrysene
6-Nitrobenzo[a]pyrene
Nitroanthanthrenes
1-Nitropyrene
Nitrotriphenylenes
3-Nitroperylene

93
95
91
90
93
89
93
91
93
90
92
88
94
79
89
85
79
73
79
81
85
77
85

Table XVI. Nitration of Haloarenes and Haloalkylarenes with NO^BF.) _

% Yield of
Substrate Product Mononitro Product

Fluorobenzenc
Chlorobenzene
Bromobenzcne
Iodobenzene
Benzotrifluoride
p-Fluorobenzotrifluoride
o-Dichiorobcnzene
m-Dichlorobenzene
p-Dichlorobenzene
o-Difluorobenzene
m-Difluorobenzene
p-DifluoTobenzene
a-Fluoronaphthalene
0-Ruoronaphthalcne
Benzyl chloride
/3-Fluoroethylbenze ne
0-Chloroethylbenzcne
/3-Bromoethylbervzene

o,p -Fluoronitrobenzenes
o,p-Ch!oronitrobenzenes
o,p-Bromonitrobenzenes
o.p-Iodonitrobenzenes
m-Nitrobenzonitrifluoride
3-Nitro-4-fluorobenzotri fluoride
Nitro-o-dichlorobenzenes
Nitro-m-dichlorobenzenes
Nitro-p-dichlorobenzene
Nitro-o-difluorobenzenes
Nitro-m-difluorobenzenes
Nitro-p-difluorobenzenes
Nitro-a-fluoronaphthalenes
Nitro-^-fluoronaphthalenes
Nitrobcnzyl chlorides
Nitro-^-fluorocthylbenzenes
Nitro-/S-chioroethylbenzenes
Nitro-0-bromoethylbenzenes

90
92
87
90
20
85
70
74
80
82
79
85
75
79
52
69
82
78
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T hi XVII. Nitration of Nitroarenes and Nitrohaloarene* wrtb SOjffft

m

Substrate Product

Nitrobenzene
a-Nitronaphthalene
p-Fluoronitrobenzene
o-Fluoronitrobenzene
2,4-Dinitrofluorobenzene
p-Nitrochlorobenzene
o-Nitrochlorobenzene
2,4-Dinitrochlorobenzene

m-Dinitrobenzenc
Dinitronaphthalenes
2,4-Dinitrofluorobenzcnc
2,4-Dinitrofiuorobenzcnc
Pieryl fluoride
2,4-Dinitrochlorobenzene
2,4-Dinitrochlorobenzene
Pieryl chloride

n/f Yield oi
Sttro Product

SI
83
78
84
40
75
77
80

Table XVIII. Nitration of Arylcarboxyiic Acid Esters and HaJides wth
NO2'BF4~

% Yield of
Mononitro Produa

Substrate Product

Methyl benzoate
Ethyl benzoate
Propyl benzoate
Ethyl m-nitrobenzoate
Benzoyl fluoride
Benzoyl chloride

Methyl m-nitrobenzoate
Methyl m-nitrobenzoate
Propy! m-nitrobenzoate
Ethyl 3,5-dinitrobenzoate
m-Nitrobenzoyl fluoride
m-Nitrobenzoyl chloride

79
82
60
69
70

Table XIX. Nitration of Aryl and Aralkyl Nitriles with NOrBF,

Benzonttrile
o-Toluonitrile
m-Toluonitrile
p-Toluonitrile
Nitro-o-toluonitrile
Nitro-m-toluonitrile
Nitro-/?-toluonitrile
p-Fluorobenzonitrile
p-Chlorobenzonitrile
1-Naphthonitrile
Benzyl cyanide

3-Nitrobenzonitrile
2-MethyI-5-ni trobenzoni trile
Nitrotoluonitriles
4-Methyl-3-nitrotoluonitrile
3,5-Dinitro-o-toluonitrile
Dtnitro-m-toluonitriles
3,5-Dinitro-o-toluonitrile
4-Fluoro-3-nitrobenzonitrile
4-Chloro-3-ni trobenzoni trile
Nitronaphthonitrile
Nitrobenzyl cyanides

85
90
85
92
93
84
89
90
92
91
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In nitromethane, its solubility is only - 0 . 2 % . Therefore, there j s as ig

nificant need for more soluble and stable nitronium salts. *
Nitronium hexafluorophosphate (NO2

+PF6 ) in contrast to NO2
+BF4' was

found to be much more soluble in many solvents. Its solubility in nitro-
methane for example is >30%. Consequently is a very convenient nitrat-
ing agent for aromatics (as well as aliphatics). It can be prepared similarly
to tetrafiuoroborate by using HF and PF5. Lack of ready availability of PF5

may be, however, a limitation.
Nitration of aromatics with nitronium trifluoromethanesulfonate (con-

taining hydronium trifluoromethanesulfonate) formed in the HN03-
CF3SO3H system have been studied by Coon et al. [58]. 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 ortho- and
para-nitrotoluenes, with mefa-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 NO2 BF4.

Nitric acid-triflic anhydride (trifluoromethanesulfonic 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. HNO3 -(CF3SO2)2°
acts as nitronium triflate according to

m

(CF3SO2)2O

The reactivity of nitronium salts is further enhanced in strong acid such
as fluorosulfuric acid. Such solutions can be used to even trinitrate ben-
zene to yield 1,3,5-trinitrobenzene, a reaction which was reported pre-
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 of
me/a-dimtrobenzene with nitronium tetrafluoroborate in fluorosulfuric

, c£?l' ° P t i m u m ^action conditions require a reaction time of ~3 hr
at 150 C, to yield 100% pure 1,3,5-trinitrobenzene in 50% yield [41,69]-
ine data in Table XX show that higher yields can be obtained at
shorter reaction times, with mixtures of di- and trinitro products necessi-

r i S T a t lu" b y H P L C L o n 8 e r r e a c t i o » ^ m " give pure 1,3,5-
tnmt obenzene but also result in oxidative losses and hence lower yield-

Nitromum salts are the most effective electrophilic nitrating agents for
TZ V O f

1
a r ? m a t l c impound! under very mild conditions. They are also

wide y applied m the nitration of heterocyclic aromatic compounds. The
thl «« °/ he^ rocy r

c l i c impounds by nitronium salts was first studied in
tn h PV e [16 '19 '7°J- N-nitration giving Mnitropyridinium ion is

a by nng opening, if excess pyridine is present, yielding glutactmic
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Table XX. Nitration of m-Dinitrobenzene to 1,3
Nitronium Tetrafluoroborate (NO2*BF4) in FJuormuIfur.c acid 'FSO H)

Solution at 15(r"C

fcW

Reaction
Time

Recovery of Nitro
Compounds (%)

1,3.5-Trinitrobenzencin
Total Nitro Products (%)

Yteldof
1,3,5-Tnmiro-
benzene {%)

0
0.5
1.0
1.7
2.2
3.0
3.4
3.6
3.8
4.0
4.2

100
95.2
90.3
82.5
77.7
64.8
56.7
52.3
49.3
44.8
39.4

0
38.0
60.4
80.0
85.0
95.0
98.2
99.4

100
100
100

f)

36.2
54.5
66.2
66.0
61.6
55.7
5Z0
49.3
44.8
39.4

aldehyde

C5H5N + NO^ BF^" > C5H5N—NO2 BF4"

C5H5N-NO2 B F 4 " - ^ [C5H5N-CH=CH-CH=CH-CH=NN02 j BF4" - ^

[C5H5N—CH==CH—CH=CH—CHO] BFJ

Reverse addition of pyridine to excess nitronium salt gives stable N-
nitropyridinium salts [16]. No N-C migration of the nitro-group is, how-
ever, observed even on heating. On the other hand, alkylnitropyndinium
salts are good transfer nitration agents [16,71,72,73].

The preferential N-nitration of pyridine would seem to indicate that
direct electrophilic C-nitration is difficult to achieve expect in stencally
crowded systems and when the noobonded nitrogen electron pair is occu-
pied such as is the case in pyridine^-oxides which are readily_ nitratedUn
the 4 position Pyridinium salts have deactivated rings and are nitrated onh

1 S S S - nitWc-sulfuric acid gives a low yeld of
the 3 nitro product indicating that the nitration is that of the pvnd.mum .on
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or CH2CI2/sulfolane, apart from unreacted starting material im
rm-butyl-4-nitropyridine and 6% 2,6-di-rm-butvl-3 4-Hinitr ' 2l6'dj-
formed [74]. ' ulnUroPyndine Was

Similarly, 2,4,6-tri-tert-butylpyridine when reacted with Nn+nr
CH2C12 gave 36% 2,4,6-tri-fm-butyI-3-nitropyridine as the J , 4 in

Olah and Kuhn reported that thiophene forms n i t r o t h i o S e W ;
yield on nitration with NO2

+BF4" [17], while the nitration o furan r ' n%

' UZy[eliOinitr°fUran- ^ t ^pheny l^pvr idoneh i^^ 1 1 !in 40% yield by the nitration of 6-

B. Alkanes

tion, etc ) It is h ™ a n d f Sequent polycondensation, polymeriza-
the a S/eVctivtof ^ ' T ^ ' t 0 P ° i m °Ut t ha t il is "^necessarily
of saturated hvarolrh P "S * ' * m i x e d a c i d t h a t ™^ the nitratio
any n i ^ S Z ^ T " ^ ' bm that fast seco"darV reactions of

Place. This difficulty can be ( a
f
S ,W e l l a S oxidative side reactions) can take

nitronium salts as nitrating a t l m f '" P 3 r t ' o v e r c o m e by u s i"g preformed

studied reMtlo^f^ec't'ronhT^r " i t r a t i o n i s o n e °f the most thoroughly
nized. It was only after thI H° a , p h a t l c nitration remained long unrecog-
fective nitrating aeents <hJi e l°Pment of stable nitronium salts as ef-
°f alkanes and cydoalUne, » * ? electroPhiliC nitration and nitrolysis
^bS , i ,u , i o n (of hydrogen forfh * e V e d [ ? 6 ] ' t T h e t e r r a s a r e d e f i n e d aS

C-C bonds), respectively]. " ' ^ gTOUp) a n d "itrolytic cleavage (of

N O J P F " but ato^hfhleexn
afl

r
u
0
o
nr!!Im S a" (8 e n e r a"y the hexafluorophosphate

NO?BF4-) in methylene c h r H
m ' m O n a t e N O> S b F* ortetrafluoroborate

allowed , 0 r e a c t Jth t n e
CX" d e- t e t«methylene sulfone solution was

taken to avoid moisture and o t h ' . ( c y d o a l k a n e ) . with usual precautions
a' room tempe r a ,ure (25OC °thei^""purities. Reactions were carried out

" * « • ^ reac,ions a'Ld/nr t O , a V ° i d ° r m i n i m i z e the possibility
m oalkanes par,icularly

S
re

a
a
n

d
d/° Protolytic c , e a v a g e reactions (tertiarym m lnitially js ac > «ad,ly unde proto|ytjc J

U I T a " f d in Tab.e XXj ' m t r a t l O n fo™s «*4). Datf obtained areA t ^5 only 0 1%

S ^ 8 8 °btajned » 'he nitration of
tenfold) mcreased yields were obtained in
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Table XXI. Nitration and Nitrolysh of Alkan« and
Cycioaikanes with NO^PF, in CH2C12-Su|folanc Solute at

25°C

Hydrocarbon Nitroalkane Produc^ndTheir Mof R a I ]«

Methane CH3NO2

Ethane CH3NO2>CH-,CH2NO2 2 9-1
Propane CH3NO2>CH3CH2NO2>2-NO2C,H7>

1-NO2C3H7, 2.8:1:0.5:0.1
Isobutane 'e"-NO2C4H9>CH3NO2 31
"-Butane CH3NO2>CH3CH2NO2>2-NO2C4H9~

1-NO2C4H9, 5:4:1.5:1
Neopentane CH3NO2>*r/-C4H9NO2, 3.3:1
Cyclohexane Nitrocyclohexane
Adamantane l-Nitroadamantane>2-nitroadamantane

17.5:1

HF and HSO3F (or other superacid) solutions (see subsequent discussion),
nigner alkanes and isoalkanes gave yields of 5-10% and adamantane was
nitrated in 30% yield. Data indicate that nitration (nitrolysis) of aJkanes
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 illustrated
with case of the nitration of methane.

CH4 + NO^PF6- ? =

In cases of higher hydrocarbons, nitroiysis of the C—C bond also takes
place in competitive reactions (Scheme 1).

The nitronium ion nitration (and nitrolysis) of alkanes and cycloakanes
follows the same pathway as protolytic reactions and alkylations [78] (i.e.,
the reactions proceed via two-electron three-center bond five-coordinate
carbocationic transition states formed by the nitronium ion attacking the
two-electron covalent a bonds, forcing them into electron-pair sharing. It
should be remembered that the linear nitronium ion O=N+=O has no
vacant orbital on nitrogen (similar to the ammonium ion) and therefore per
se can act only as a polarizable electrophilic nitrating agent. In contrast to
•tf-donor aromatics, <r-donor alkanes are weak electron donors and particu-
larly primary C—H bonds (as those in methane) seem not bring about such
Polarization The "reactive" nitronium ion in nitration of methane thus
must be somewhat bent (i.e., at least partially rehybridized from sp to sp2)
with a developing empty p-orbital on nitrogen. The driving force for



CH3CH2CH3

f3 ,
CH3—C—H -

CH3

CH3

H3C—C—CH3

CH3

|CH2CH2—<'
-H*

lNO2

CH3CH2NO2

v

NO2

CH3NO2 + CH3F + PF5

r -H i + H*
CH3CH2CH2—< > CH 3 CH 2 CH 2 NO 2

(CH3)2CH--\'

rCH3CH2 ^Y ,-

[ NO2

(CH3)2CHNO2

CH 3 CH 2 NO 2 + CH 3 F + PF 5

(CH3)3C-<
L V

—H+

(CH3)3CNO2

\
"I

HNO2 + [(CH3)3C+] > secondary product

/CH,
(CH3)2CH--<

CH3

H3C—C--<'*

CH,

,CH3 CH3NO2 + (CH3)3CF + PF5

(CH3)3CNO2 + CH3F + PF5

Scheme 1. NOJ Nitration of Alkancs
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forming the bent nitronium ion must be the ability of the oxygen non-
bonded electron pairs to coordinate with the strong arid present m the
nitration systems. Protosolvation should result in at least partial bending
and development of an empty bonding orbital on nitrogen. If full protona-
tion would be achieved (for which there is yet no direct experimental
evidence) the protonated nitronium dication NO2H2*

would be fully bent with an empty atomic orbital on nitrogen and could be
considered as the ultimate electrophilic nitrating agent. The protosolvated
nitronium ion indeed may be the reactive species formed in superaridic
nitrations (hence the higher reactivity of nitronium salts in these solutions).
Whereas reaction at the C—H bond results in substitution of nitro group
for hydrogen, reaction at C—C bond causes nitrolysis as shown in the
reactions 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 w-alkanes. The nitronium
ion, which is linear by itself, does not seem to 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
the reaction of PF6" with the cleaved alkylcarbenium ions) or secondary
alkylation products, which by themselves are capable of undergoing reac-
tion with the nitronium salt. , .

Tertiary C - H bonds show the highest reactivity. However, prototype
cleavage of tertiary and secondary nitroaJkanes is a major side reaction,
and can lead to theLmat ion of a variety of byproducts. P r o t o l y t i c R a -
tion was demonstrated by reacting 2-nitro-2-methylpropane with FSO3H
S b F ^ H F ^ F s a n d HF-PF5 at -80*C. The protolytic clevage reaction
views' Tbutvl carion and nitrous acid (or subsequently, mtrosomum .on).
No n t on ium' f orrned, as shown by the quenching of the reaction nux-
NO nitronium is rorrnt; f o r m i n g n o nitroaromatics. At the same

tures with benzene and toluene ^ " ' " f i 1

time t-butylation products were observed.

(CH3)3CNO2 £* [(CH3)3CNO2Hr — (CH3)3C^ HNO,
( 3 ) 3

The steric requirements for reaction with tertiary C-H bonds in
alkanes are limited, because of the initial linear nature of the mtromum
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OtQhion. Adamantane is nitrated with nitronium salts in methyl
sulfolane mixtures, to form 1-nitroadamantane in 10-30% e n ? , c h l o

nitromethane or nitroethane solution, yields of 70-80% V I n p u r e

B f th riid f 1
on, yields of 70-80

Because of the rigid structure of the adamantyl cage eeomV
straints allow only front side attack by the nitronium'ion T
therefore proceeds via an SE2-like electrophilic substitution i
o-electron pair of the involved C—H bonds

C ° n '
the

NO2
+PF6"

-H+

-H+

compared i i t h S
effect (kjk )11

' a k i n e t i c Mn>gen i«tope
L f T*™ °f W t̂etradeuterioadamantane
! h t a d a m a n t ane showed a kinetic hydrogen isotope

^ s * ^ ^ S 2 trasition

H v NO,

Compared to tertiary C—H ^ ^ ^
Primary and secondary C - H h °. ' C ~ C b o n d s a r e l e s s reactive;
nitration (nitrolysis of C — r l U , e e v e n l o w e r reactivity. Cleavage
t l 0°- Cb°"ds)ofn-alkanes is the predominant reac-

As discussed previous, •
obtained by carrying o u t , h e ' " r ! S e d y i d d s o f "'tromethane can be
HSO?F. As no pro,o1ytic r * L n " r a 1On o f ra«hane in anhydrous HF or
reacnon conditions, n o protolv ° h n " r O m e t h a n e occ«rs in HF under the
'he nitration of isobutanein Hf!C^.yProducts ar« formed. However, during
onslstS of l-™ro.2.Z^SL^?T- 90% °Uh* "itroa.kane obtained

formedI m n i t r o m u m ^ W ; Smce only traces of this isomer are
««««. th . product must be fo °n

e 'n
f
m e t hy l e" e ^loride-sulfolane solu-

formed from isobutylene, which in turn is
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formed either by the direct reaction between isobutane and HF/Pf, or
more probably from the protolytic cleavage of 2-nitro-2-rncth>lprr>paiie.

(CH3)3CNO2 - ^

(CH3)3C++H2 - ^ (CH3)3C=CH2

I NO?

O2NCH2CH(CH3)2 *^1 O2NCH2C*(CH3>2

Nitration of dinitrobenzene to trinitrobenzene and other deactivated
aromatics with nitronium salts is greatly facilitated by carrying out the
reactions in superacids (FSO3H, CF3SO3H, etc.).

The unexpectedly high reactivity of the nitronium ion in FSO3H or
CF3SO3H solution is attributed to its protosolvation.

0=N=O - ^ ^ » O=N=O- HOSO2F >

[O=N=6—H] <—* [O=N—OHJ

Fully protonated nitronium dication was found to be unstable by
Simonetta's quantum mechanical calculations [79aJ. However, recent ab
initio calculations with 6.31G** basis set indicated a minimum [79b].
Evidence for protosolvation of nitronium ion by fluorosuifuric acid comes
also from infrared studies. The O—H stretching frequency of fluorosul-
furic acid in AsF3 is shifted from 3300 to 3265 cm"1 upon addition of
10% w/w NO2

+PF6". Simultaneously, the O - H band broadens. The N=O
stretching vibration at 2380 cm-1, however, does not shift or broaden
significantly under these conditions.

Nitronium salts as discussed react extremely
matic compounds as well as with alkenes and a
a.so showP

high ^ S S r Sammes, amides, im.dê s c rbodum.des^ox rn ^ y ^
oxides, halides, and phospnmes. nuw^

d b l u d . ^
xides, halides, an p p

donors is u n d e r s t a n d a b l y - m u d . ^ ^ . ^ j o n , o w a r d s o^oaon ^
Another reaction moat• m formation of carboca-

exists where, NO? ^ ^ n ° Ra e ' o 'L . s ' and efficiencies (*,/*«—.)

measured [80J.
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The efficiency of hydride transfer to NO^ is very low H
phase studies indicate disproportionately high efficiency for a h ° W e v e r '
a tertiary hydrogen. The efficiency of hydride abstraction b ^ S
relatively higher. * 1NU

It has been demonstrated in solution phase studies that carbe • •
might be formed directly from alkanes via formal hydride ^ T !
instead of via nitration followed by protodenitration.

HNO

O2 + 2

If the reaction is carried out in acetonitrile then the carbocation is

the corresponding amide in moderate yield.

of acetamides in high

When ^ • n i ' t ^ T o n ' T I d r ^ 8 ^ " ace ton i t r i 'e-
acetonitrile upon aqueou w n T ^ T f With N O ? B F *" is c a r r i e d ou t in

When the nitration afZl. 4 acetonitrile.
acetonitrile upon aqueou ^ " T ? W i t h N O ? B F * " i s c a r r i e d o u t in

in 88% yield Similarlv „ K P ^"^-a^mantyOacetamide is obtained
Jn 77% yield. BicvclofST"r[b°™ane y i e l d s JV-(oro-^orbonyl)acetamide
amides. l^"i]octane gives in 73% yield the corresponding

A.NHAC
NHAc + / J O

location, w h S i ^ S j ^ * ^ i n i t i a l f°nr.ation of bicyclooctyl car-
the ratio of isomers formed is ann^"6" ' r ea r rangement. It is striking that
•nation of the carbocafen ^ " l 3 ^ t h e s a m e a s i n ^ similar isom-
octy-2-pbromobenzenesurphonate V ' K - " 1 6 S° 'V°y s i s o f bicyclo[2.2.2]-medianam [81,82], P h ° n a t e ' w h l ch is in support of the carbocationic

From these studies it i, i
nfir». ~ i - . .. c s ' " >s clear that ,h«. ..„_.;__
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with nitronium ion. In nitromethane, methylene chloride-suffolane or
fluorosulfunc acid, the pentacoordinate transition state leads via ttwl
tonation to nitration. In the more strongly nucleophilic acetomtnlc the
solvent reacts with the incipient carbocation.

M

N=C—CH.

R — N = C - CH,

This dichotomy is quite evident in the reaction of cyclooctane with
nitronium trifluoroacetate. The products obtained were cyclooctyi triflu-
oroacetate, cyclooctyi nitrate and nitrocyclooctane. Conversion of adaman-
tane to 1-fluoroadamantane 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.

-H*

C. Alkenes

The reaction of nitronium salts with olefins depend on the nature of the
and the reaction conditions. When excess alkenes react w,th nitro-

formed can initiate polymerization [S3].
salts, the nitrocarbemum ion

C2H5CH=CH2 + NO2
+BF4"

c^HsCH— CH2—CH— — CH=CHC2H5

CH2NO2

can also be stabilized as a result of an intra-
S e e r ? e r r - n to a nHroca^onp ion. T* .a«er reaas w,th
water to form the correspondmg ketone [84].
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(CH3)2(^C(CH3)2

x N 0 2

? (CH3)2C C(CH3)2

+ONO2
0

Olah and Nojima have shown [85] that when alkenes are allowed , '
react with equimolar nitronium tetrafluoroborate in 70% hZ
fluoride-pyridine, nitrofluorination takes place. y gen

BF4-
 B * " " ^ , RCH-CH 2 -NO 2

F

The nitrofluorinated adducts can be obtained in good yield

E££££rr- US6fUl i n M a * s - the synlhetTi
bases y e M d 81Ve n i t r o a l k a n « via dehydrofluorination wilh

these
E

the Soviet li

the nitrocarbenTum

solvent to form ni

? n i t r o " r ^ - « i«s and
f o r m a t i o n of /3-nitrofluoroalkanes. With

^ ffi — of F-.
n i t r a t l o n of alkenes were reported in
r ev i ew h a s a p p e a r e d t8 6]-

SaltS is ca r r i ed o u t j" acetonitrile'

| CH3CN

NHCOCH3

c R U ^ r ^ . R ^ H , yield 23%

The mode ' ' y 1 3 %

the nature of the o te f in^^h* 1 1 ° l e f i n S a n d n i t r°nium salts depends on
ohex e n e r e a c t s w . t h and the reaction conditions. For example, cyc-
the formation of 3.nitroCTCloh^° • ? n i t r o c a r b ocat i o n , which leads to

rocyclohexene in 40% yield [88,69].
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Table XXII. Nitrofluorination of Alkcncs with Ni.ron.um T e . r a f W b o r a t * » —
Polyhydrogen Fluoride J

- —

Alkene

Eihene
Propene
2-Buiene
1-Hexene
Chloroethene
1,1-Dichloroethene
Cyclohexene

Reaction
Temperature

(°C)

20
20
20
0
20
20
0
20

Reaction
Time fhr)

1
1
0.5
1
2
2
1
0.3

Product

l-fluoro-2-nitroethane
2-fluoro-l-mtropropane
2-fluoro-3-rmrobutane
2-fluoro-l-nitrohexane
l-chIoro-l-filuoro-2-nitrocthane
1,1 -dichioro-I-fluoro-2-m troethane
l-fluoro-2-n i trocyclohexane

«

m
65
40
45
70
80

The nitration of 1-substituted cyclohexenes is accompanied by the forma-
tion of 2-fluoro-l-nitro-2-/?-cycIohexanes [90,91].

+ NO2
+BF4~

a) R = CH3, yield 30%; b) R = Cl, yield 60%.

Alkenes with a reduced electron density, for example 3-methyl-2,
5-dihydrothiophen 1,1-dioxide, react with NO2

+BF4~ to give

Q
The reaction of 3,4-dimethyl-2,5-dihydrothiophen 1,1-dioxide. in which
the double bond is blocked by the methyl groups, apparently proceeds via
an electrophilic substitution mechanism [92].

CH3

O
so2

SO2 NO2

A d the reaction of nitronium salts with olefins proceeds via
As mentione , b o c a t i o n a n d the decisive factor that determines

he formation of a mtr ^ s t a b i l i z a t i o n of ni trocar bocation and the
S into the final product. One of .he methods applied
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involves nitration in acetic anhydride. It has been suggested that the
complex NO2

+BF4"-Ac2O reacts and that 2-acetoxy-l-nitroalkane js

obtained in 36-60% yield after hydrolysis of the reaction mixture [93]. The
reaction involves mainly cts-addition:

AcOCR1R2CHR3NO2
2

a) R1 = CH3 R
2 = R3 - H; b) R1 = R2 = CH3(cw, trans), R2 = H;

c) RJ = R2 = CH3)R
3 = 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 /3- and 5-nitroacetates in 18-29% yields [94].

NO2
+BF«~ + Ac zO

2) H2O

OAc

OAc

The high degree of stabilization of the nitrocarbocation in the nitration
of norbornene in acetic anhydride ensures a high (86%) yield of
2-acetoxy-7-nitrobicyclo[2.2.1]heptane.

The interaction of nitronium salts with the heteropolar C = N double
bond in nitroalkane salts is of great interest. Olsen et al showed that
gem-dimtro compounds are formed in the nitration of 2-nitropropane and
mtrocyclohexane salts with NO2

+BF4" in acetonitrile [95].

R ' R 2 C ( N O 2 ) 2 + MBF4

a) M « Li, b) M * Na, c) M = K

D. Alkynes

a " d
>

B o s w e U [%] have shown that nitronium tetrafluoroborate
^ ^ ^ ^ ^ ^ " « ~ . reaction to yield



7, Methods for Preparing Energetic Nitrocompoundi

m

P—c.
\\

NOj'BF,
:—Ad

Schmitt et al. [97,98] obtained in high yield nitroacetylenes by the
nitrodesilylation of trimethylsilylacetylenes.

(CH 3 ) 3 Si-C^C-Si(CH 3 ) 3 (CH 3 ) 3 Si- teC-NO 2

l,2-bis(trialkylsilyl) substituted unsymmetrical acetylenes showed high
regioselectivity in the nitro-desilylation reaction. The regioseiectivity 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 Jager et al. [100] described the synthesis of
nitroacetylenes by nitrodestannylation of alkynylstannanes.

R3SnG^C—R' + NO2
+BF^~ > O2N—G=C—R' + (CH3)3SnBF4

Petrov et al. reported the nitrodestannylation of trimethylstannyl-
acetylenes with N 2 O 4 , albeit in low yield.

R—C=iC—Sn(CH3)3 + N2O4 > R-C=C-NO2

R=Ph, t-Bu, Me3Si

Nitrodestannylation with N2O5 also yields the corresponding nitro-
acetylenes in acceptable yield.

E. O-Nitration

Studying the acid-catalyzed nitration of alcohols Ingold extended his
general scheme of aromatic electrophilic C-nitration to the nitration at
oxygen (and nitrogen) centers [101].

es via Nitro-Detrimethylsilylation with Nitroniu*
a n d HexafluorophosphateTable XXIII.

Starting Material
Product

(CH3)3SiC=CNO2

Yield



178

HNO3 + HNO3 J=* H2NO3+ + NO3- (fast)

H2NO3
+ - ^ NO2

+ + H2O (slow)

NO2
+ + XH » XH-NOJ (slow)

XH • NO2
+ + NO3" > XNO2 + HNO3 (fast)

X = RO~,R2N~,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 NO2 BF4 in their preparation.

ROH + NOJBFJ > RONO2 + HF + BF3

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 A^-nitrooxonium ion followed by
proton loss.

Table XXIV. Preparation of Alkyl Nitrates
f Alcohols and NO2

+BF4""

R

CH3

n-CsH,
"•C4H,
n-C9H,7

C2H.Q
C2H4Br
CF3CH2

% Yield (Isolated)

87
92
87
94
86
88
85
72
72
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NO 2

-H*
R—O—H —^ R—O—\O7

Nitronium salts also react with the oxygen of the ether Imkaee The
mtroxomum ion formed in the reaction is readily converted in hifh w
into the corresponding aldehyde or ketone [104],

NO2

I-HNO,

RCHO

R = C 6 H 5 C H 2 , />-CH3C6H4CH2, p-NO2C6H4CH

In the presence of other nucleophiles, the nature of the product changes
significantly. Thus, methyl ethers of adamantan-l-ol, /-butanol, and exo-
norboran-2-ol react with nitronium tetrafluoroborate in acetonitiile solu-
tion to yield the products of a formal Ritter reaction.

NO2

R - O - C H 3 + NO2
+ > R - O - C H 3 - 2 ^ .

O

R—N=C—CH3 -&> R—NH-C-CH3

Ethers of secondary alcohols, in general, show poor regioselectivity in
the second step, thus yielding mixtures of amides as well as products of
oxidation via HNO2 cleavage (vide infra). In an analogous reaction treat-
ment of 1-methoxyadamantane with a 1:1 mixture of acetyl nitrate and
HBF4 resulted in its conversion to 1-acetoxyadamantane in high yield.

Desilylative nitration of vinyloxysilanes with NO2
+BF4 was also studied.

Enol silyl ethers undergo facile nitrodesilylation to yield the correspond-
ing a- nitroketones in moderate yield [105].

OSi(CH3)3 ^ ^



OSi(CH3)3 o

f A 37%
( C H 2 > ;

38%

The reaction probably proceeds via O-nitration, a mechanism similar to
the reaction with alkoxysilanes followed by isomerization of the vinyl
nitratenitrate.

OSiMe3 ONO2 o

CH 3 CH2NO2

F. N-Nitration

of t h e n i t r a t i o n o f a m i n e s bynitronium s a I t s w a s b y O l a h

BF, in sulfdane or

t e t r a f l u o r ^ora t e to nitramineswas stldllTsXeLTntW X T n ^ ^
Satisfactory yields of ni^l ' F l S ° h ' a n d H a m e l t ]

lents of secondarv alinh t- " ^ WCre o b t a i n e d by reacting two equiva-
solution (Table XXV) a m i " e S W k h NO2+BF4- in methylene chloride

• Nitration of Amines and Their
fl^HLN^onium TctraBuoroborate

Compound

D'-«-butylamine

Yield of W-Nitro
Derivative (%)
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Reaction of a primary aliphatic amine, *-butylamine. b o w e r , OH
only a 20% yield of «-butyl nitramine. In contrast, picramide gave N4 4 >
tetranitroaniline in 85% yield.

Extensive studies of N-nitration were carried out by Soviet investigator*
and the topic reviewed [86].

It was shown [108] that the nitration of aromatic amines proceeds
differently depending on their basicity. Amines of moderate to low basic-
ity, such as bis(2-cyanoethyl)amine (ptfa = 5.25), bis(2,2,2-trinitroethyO-
amine (ptfa = 0.05) are nitrated by NO2

+BF4" to the corresponding
N-nitramines in acetonitrile or ethyl acetate in yields of 87-98%. The
nitration of highly basic dialkylamines (pKa = 8.70-11.15) is accompanied
by the partial reduction of NO2

+BF4" 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-ou-amines, which are unstable in an acid medium,
were nitrated for the first time with nitronium salts and A^yV'-diarylmethyl-
enedinitramines were obtained in a high yield [109].

NO2

A = BF4" SiFf-; R = 2-NO2, 3-NO2, 4-NO2, 2,6- and 3,5-(NO2)2

The reaction of nitronium salts and nitrogen pentoxid..with ammonia

have been investigated [110-113] and mtramme is formed at liquid m

trogen temperature:

, C1OJ, BF4 , NO3
A S 3 ,

, trarn;ne is dependent on the nature of the anion; on
The formation of « 1 ~ ™ P

t e t o tetrafluoroborate, the yield in-
passing from nitronium cWorosundie
creases from 8 to.43% • ^ ^ rticularly u s e f u i i n the synthesis of

Nitronium salts pro .Qusl h a d b e e n d i f f i c u i t t 0 obtain. It was
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Table XXVI. N-Nitration of Amides with Nitronium Tetrafluoroborate

Compound
Yield of N-Nitro Yield of N-Nir
Derivative, % Compound C o y ^ ™

. 13 ethyl n-butylcarbamate 01
^ C h — n i . d e * .butylacetamide «,
2.2,2-Trichloroacetamide 62 succin.rn.de 43

Benzamide ~

nitronium tetrafluoroborate, (pyrosulphate, fluorosulfate, fluorosilicate,
as well as other nitronium salts) leads to the formation of the N,N-
dinitramines.

RN(NO2)X + NO2
+A" * RN(NO2)2

X = H,NH4 ,K,Li;A-BF4 ,S2O^ , FSO3 , SiF£ , C1O4 , SbF6"\ SnFf

Best results are obtained in nitration by nitramine salts in chloroalkanes
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 NOJBF^ in acetonitrile at -30°C the corresponding
N-nitro derivatives (Table XXVI).

RCONH2 + NO2
+BF4 » RCON(NO2)H + HBF4

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 are
readily hydrolyzed even in the presence of potassium acetate.

lhe use of more basic solvents such as ethyl acetate, 1,4-dioxane, or
tnmethyl phosphate made it possible to obtain various other nitramides ot
™ U t r u c t U r e in 40-90% yield [116]. Succinimide is nitrated by

> . *> in ethy* acetate in 43% yield [107].
nitroniu1"1"6!511118 *° n O t e t h a t ^-methylsuccinimide does not react with

m salts and W-methylphthalimide undergoes nitration in

zBF4 with imide salts [117].
X \ X

• ^N—NO2

Y
X = D.CH.r.ucn •Y = COR
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As discussed, one of the known methods of svnth«k
mines involves the reaction of dialkylarnides with ffadd
the substitution of the acyl g r o u p b y t h e n i t r o ^ »
when nitnc aad or its mixtures with acetic anhydriSe!™• S
mtrammes is as a rule low and only the use of the HNOWF
mixture makes it possible to raise the yield to 90% [1181 For p r e p a r e
P 7 M foi ' V H m ° r e C ° n V e f n t t0 nitrate the dialkylamides by niiromum
salts [119]. The reaction takes place at 20°C in acetonitrile solution The
dialkylmtramines are formed in yields up to 90% and the acyl group is
converted into acylium tetrafluoroborate.

NO2
+BF4- > R2N-NO2 + R 'aTBFJ

Alkyl-A^-dinitramines were formed in high yields from W-alkyi-
nitramides [120].

RN(NO2)C(O)R' + NO2
+BF4" > RN(NO2)2 + R'CCrBF;

R = CH3, C4H9, R' = CH3, C3H7, CCI3

The reaction of NOJBF4" with Malkylamides has been investigated
[107,111] under different conditions, but nevertheless the results permit
the conclusion that at a low temperature (-30°C), ./V-butylacetamide and
ethyl /j-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 and alcohol as
well as N2O [121]. The question as to which C—N bond is N-nitrated
and cleaved in the reactions of MalkyJamides with NO2

+BF7 requires
additional study.

Aliphatic isocyanates react with NO2
+BF4" in ethyl acetate or acetonit-

rile with formation (after hydrolysis) of alkylnitramides [122].

+ NO2
+BF4"

The study of the nitration of a series of MA'-diacylmethylamines showed
that the acyl group is substituted by the nitro group and, depending on me
conditions and the component ratio, methylnitroacetamide or metnyl-A-v
dinitramine is formed [123].

> CH3N(NO)2COCH3

reaction.
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The mode of reaction of NO2
+BF4- with substituted methylenediami

d c S T i the nature of the substituents [123 124]. Alkanesu
arenesulfonyl, or methoxycarbonyl derivatives undergo nitrolysis at
C - N bond with formation of substituted mtroamines. This reaction path-
way is favored by the formation of the carbomum-immonium ion stabil.
ized by the amino nitrogen.

R'RNCH2NRR' + NO2
+BF4- > R 'NR-NO 2 + R'NR+CH2BF4

R = Alkyl, R' = Alkyl, SO2C6H5, CO2CH3

/V,N-Diacetylimidazolidine undergoes nitration by nitronium salts to
N-acetyl-N'-nitro- or W,iV'-dinitro derivatives.

O2N—N^N—COCH3 + O2N—N /XN-N02

VJ VJ
Nitronium salts are convenient nitrating agents for the synthesis of N-
nitrimines. 4-Amino-l,2,4-triazole reacts with NO^BF^ in acetonitrile to
form 4-nitrimino-l,2,4-triazole in 65% yield [125].

N-N N-NH

NH2 N"

NO2

1-Aminobenzimidazole is nitrated analogously and l,l'-azobenzimidazole
is tormed as a side product. 3-Amino-l,2,4-triazole reacts with NO2

+BF4 m
S n l e t 0 f A / " n i t r o t r i a z o l e ' which rearranges to the nitroam.no-

NH2 + NO?BF4- *

N - N N-NH

salts readily react with azodicarbox

OOCN=NCOCT
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The reaction of alkyl azodicarboxylates depends on
electrophilic species. NO2

+BF4-, for example, reacts

t h e w e a k e r ^ : :

NO2
TBF4~ + LiN3 *• LiBF4 + NO2N3 —» 2N2O

G. S-Nitration

Sulfldes react with nitronium hexafluorophosphate at -78°C to form S-
nitro sulfonium ions, which isomerize to S-nitrito sulfonium ion on warm-
ing to ~20°C and subsequently give the corresponding sulfoxides [127a].

NO2 ONO O

This reaction demonstrates the ambident reactivity of the nitronium ion,
in analogy with the ambident reactivity of NO2 and NO2~~. The nitro-
sulfonium ion intermediate can be observed by !H-, l3C-, and 15N-NMR
spectroscopy.

In a similar fashion, sulfoxides were oxidized to sulfones [127b].

O ONO2 O 0

R-I_ R + NO2
+ — * R-S+-R — R-S+-R — R-S-R-NO'

ONO O

S-nitro or S-nitrito sulfonium ions are similar intermediates in the oxida-
tive cleavage of ethylenethioacetals with nitronium tetrafluoroborate or
sodium nitrate-trifluoroacetic acid [127c].

^ V / ] I) NO;' orNaNO /̂CFjCQiH^ ^ V ^ O

R / \ J 2) H,0 p/

H. Attempted Nitration at Phosphorous

Reaction of nitronium salts with phosphines yields phosphine oxides [127c]

in quantitative yield.
» [R3P

+—O—N=O] —:—* R?p * °
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Examination of the intermediates by »C- 3 l P- and ^N-N M R spectrQ,
scopy showed the presence of only the P-nitnto phosphomum ion and no
P-nitro phosphonium ion R 3 P + - N O 2 was observed even at very io°

t r etemperature

V. Transfer Nitration

According to Ingold, the reactivity of a nitrating agent NO2—X is 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 ethers.
Complexation of NOJBFJ 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 ox-
ides Savoie et al. reported isolation of the I8-C-6-NOJBF4 complex and
us characterization [129]. Masci carried out the yet most detailed study
nitration [1301°* " ^ 6 t h e r S ° n t h e s e l e c t i v i t y o f electrophilic aromanc

viefdTrtT'" a m ° U n t S o f N°2+BF4- and 21-crown-7 or 18-crown-6 ethers
Us n 7 , h « r g e n e ° U S S ° l u t i o n s i n nitromethane and dichloromethB*
P O X a u t r f ^ l n n i t r a t i n8 b e n z e r * and toluene, both substrate and
theTowi et

CtlVmf,Were a l t e r e d a"d were dependent upon the nature of
'on S S ° t e ( C r ° W n e t h e r-N°2

+BF4") ratio. The linear nitron J
hostcompiSlT v,3 ? m p l e X w i t h t h e c r o w n e t h e r - However, a guest
allow the amm ' ' " ^ n k r o n i u m i o " i^ide the cavity would WjJ
«her o m S lCeaCCeSS- ^ ^ ^ '* * ^nore probable that the c««
nitration of t 0 l u * ! m t r ° " i u m i o n ° " the outside. The or,ho/para <*«*
«own-6)-(NO+Rc-NCan v a r i e d from 1-5 to 0.3 on changing tne v> ^ O 2 B F 4 ) r a t l 0 f r o m 1 t Q 6 T h g . s o m e r d i s t r i b u t i o n of
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nitration of toluene with NO2
+BF7 in CH,O with 10 n c

4% meta and, 43% para (ortho/parlrratS?7tl 8 f 6

ortho, 3% meta, 78%para(ortho^a r2 t
complexing ability of the latter S ^
tion. As crown-ether completion ^ t l t h f J ^ ^
preference for p«ra-nitratIOn reflects not only a bulkier rea nt b
much more selective nitration with a weaker electrophile

Olah et al. in 1965 reported the preparation of tf-mtropvridiniiiin te-
trafluoroborate from pyridine and nitronium tetrafluoroborate [711 Tne
salt showed only limited reactivity in carrying out transfer C-nitration of
aromatic hydrocarbons, probably because of the insolubility of A'-
nitropyndinium 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 ;V-
nitropyridinium and quinolinium salts [72]. Comprehensive studies by
Olah et al. [73] allowed the design of reagents of varying reactivity
by appropriate choice of the heterocyclic base and also the counter ions
(PF<T vs. BFJ) . Nitration with these reagents occurs under basically neutral
conditions because the proton eliminated in the aromatic nitration reaction
is bound by the heterocyclic base.

ArH + L, I PF6-(BF4") » ArNO2 + | / + J PF6 (BF4 ;

R | iv |
NO2 H

The TV-nitropyridinium and //-nitroquinolinium saJts are stable (but mois-
ture sensitive) crystalline reagents, well characterized by spectroscopic
methods (NMR, IR, Raman). They are prepared in essentially quan-
titative yield by the slow addition of the corresponding pyndine to an
equivalent amount of the nitronium salt in acetonitrile, mtromethane.
or sulfolane solution. It is important to add the pyridine to the solution
of the nitronium ion, because excess pyridine present during the reaction
can lead to opening of the pyridinium ring. The TV-nitropyridimum salts
can be used as isolated compounds or they can be generated msttu.

MNitropyridmium hexafluorophosphate does not react with benzene
and toluene at room temperature, whereas N'n*™:2;Plcol™™^of
fluoroborate reacts well under similar reaction conditions. Th» ease or
nitration is due to the methyl group causing stenc hmderance o resonance
with concomitant weakening of the N - N bond It seems h p o n d e d
interaction with one a-methyl group is sufficient to complete } ir
resonance interaction, since ^nitro-2,6-Iutidmmm salt did *
change the selectivity of the reagent. The stenc hmderance to
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can also be achieved by utilizing the peri interaction in ^-nitroquinoliniUrn

^ There is generally no significant change of positional selectivity in

nitration of aromatics with N-nitropyridimum ion. In the case of toluene
the isomer distribution is 62-64% ortho-\ 2 - 4 % meta-; 33-36% paral

nitrotoluene. . t

N-Nitrito-4-nitropyridinium salts are lsomenc with the previously dis-
cussed N-nitropyridinium ions. Similarly, dimethylnitritosulfonium salts
are isomeric with N-nitrosulfonium ions, formed from nitronium salts and
dimethyl sulfide. The nitro-onium salts are prepared from nitrosonium
hexafluorophosphate with 4-nitropyridine-AT-oxide and dimethyl sulfoxide,
respectively [131].

NO2

The nitrito-onium salts act as nitrating agents for aromatics that do not
idereo nitrosatinn Th^ir n i t n t m n nR;i:+., :„ u™™,~- «,-*„*; H ̂ m hi v less
ine mtnto-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
nitrated only at £60°C whereas the nitro-onium salts nitrate at ^25°C).

S-Nitrosulfonium salts isomerize to 5-nitritosulfonium salts at -20°C
As a consequence dialkylsulfides are readily oxidized to their sulfoxide
with nitronium salts. When triarylphosphines are reacted with nitronium
2 m T mtrit°Phosphonium ions are observed spectroscopically (by
2 V subsec!uent>y give the corresponding phosphine oxides and

r i f 7 n - ? e S e o b s e r v^ions can also be rationalized as a conse-
n i t ro l h t ' a m b l d C n t r e a c t i v i t v o f t h e nitronium ion reacting not onogen, but on oxygen, a n d t h u s a c t i n g a s a n 0 d i z i n g a g e n t .

N O , "

^—X—R

ArH

ArNO,

O' "O

R—X—R

ArH

ArNO and/or ArNO2

- N O *

0u
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^ P + — N O 2 - ^ R ; j F

ArH

tm

_Ncr
2 R3PO

The nitration of olefins nartiVuiariw *u~~
substituents, by nitroniu^ S S
not always lead to the expected r e s u l t .
nitromum tetrafluoroborate takes place with
of .picoHne [9U32]. In this case fhe ^ S S ^ S ^ ^ L
mtronmm salt but 2-methyl-/V-nitrOpyridinium tetrafluoroborate w h l is
formed rapidly when NO2

+BF4- is mixed with a-picoline [73b],

,CHj

r L X

SO,

NO2

a^cr-aNO2

(40%) (25%)

NO2

(13%)

The nitrohexamethylbenzenium ion, prepared from hexamethylben-
zene and nitromum salts, was studied by low-temperature NMR spectro-
scopy [133] showing intramolecular nitro group migration.

H,C H,C

H,C

etc.

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 is interesting as addition of hexamethylbenzene as a com-
Plexing agent to nitromum salt nitrations of aromatics can affect regio-

selectivity. . a .
Transfer O-nitration of alcohols with 7V-nitropyrid.nium tetrafluorobo-

rate was achieved by Olah et al. under acid-free conditions (71J.

/ ROH RONO2 + i NHBF4"
\ 11 J
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The method was further improved using AZ-nitrocollidinium tetra-

fluoroborate as transfer nitrating agent for alcohols feolyols) [73].
Alcohols undergo transfer nitration with N-mtrocollidinium tetra

fluoroborate under essentially neutral conditions. Yields were found to be
close to quantitative. Separation of alkyl nitrates by distillation or crys-
tallization gave good-to-excellent preparative yields (Table XXVII).

Table XXVII. Nitrate Esters from Alcohols with
W-Nitrocollidinhim Tetrafluoroborate

Nitrate Ester

Q>H5-O—NO2

/ V - CH2—0—NO2

n-C6H9—0—NO2

H3C—CH2OCH(CH3)—O—NO,

Yield (%)

100

78

51

38

N02

-NO,

82

63

41
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R—OH +
R-o-xo,

H,C

No oxidation of alcohols is observed under the reaction conditions. The
TV-nitrocollidinium salt is generally less reactive than nitronium tetra-
fluoroborate itself, but gives better control of conditions and superior
yields as shown, for example, in the preparation of 1-adamantyl nitrate.
Adamantanol gives less than 2% yield of nitrate ester upon treatment with
nitronium tetrafluoroborate while the N-nitro salt forms the ester in %2%
yield.

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 benzy] alcohol shows that O-nitration of alkyiaryl alcohols in
transfer nitration is preferred to aromatic C-nitration.

1,2-Diols give dinitrates under the reaction conditions. No pinacoione
rearrangement was observed. Glycerol gives trinitroglycerin in quantita-
tive yield.

VI. Demetallative Nitration

When toluene is nitrated with conventional electrophilic nitrating agents,
the product distribution usually shows 60-65% ortho-3-4% meta, and
27-30% /?flrfl-nitrotoluene. Only in nitrosative nitrations, in crown ether
complexed or transfer nitrations, as well as in heterogeneous solid-arid-
catalyzed nitrations is there a significant change in isomer distribution
reflecting increased steric hindrance to ortho substitution and late arenium-
ion-like transition states of highest energy.

One of the most successful approaches for altering the regioselectiviry
of aromatic nitration involves nitration via metallation [135]. This was
discovered as a catalytic nitration which at the same time also provides
unusual isomer distribution. The most important metallative nitration
reactions involve metallation with mercury, palladium, and thallium salts.

The first report of catalytic nitration via mercuration was a patent issued
to Wolffenstein and Boeters [136] at the beginning of the century. They
reported a procedure for the synthesis of dinitrophenol and picric acid via
oxynitration of benzene with mercuric nitrate and 50-55^ nitric acid. The
mechanism of oxynitration was delineated by Westheimer et al. [W].

Davis et al. [138], Tsutsumi et al. [139], and Yoshida et al, [I40J dis-
covered that the ortho-para ratio of nitrotoluenes can be significant!) altered



192 Geor8e A. Olah

via mercurative nitration generally increasing />ara-substitution. The
ortho-para ratio could be changed from 2:1 to 1:2 via mercuration nitra-
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 ortho-
para ratio 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 (Il)-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.

Desilylative nitration of arylsilanes proceeds through ipso nitroarenium
ion intermediates. In the reactions the major products are, however,

Table XXVIII. Hg2+ -Promoted Nitration of Aromatics over
. Nafion-H® Catalyst

Substrate yield (%) i s o m e r (Distr ibution, %)

Benzene 7]

£ ?"n!tro (33>" 3-nitro <7>' 4"nitro <6 0 )

6 6 2-nitro (38), 3-nitro (5) , 4-nilro (44),

y e n e i-> , acetophenone (13)
o-Xylene I 2 - ° i t r o (U>< 3-" i t r o <17)' 4"n i t r o <72>
m-Xylene 5 3-nitro (33), 4-nitro (67)
Chlorobenzene S ^ m t r ° H ' 4"m t r o ( 8 9 )

Bromobenzene * 1'^° " ' 3-"! t ro ?>• 4-nitro (61)
Naphthalene £ 2-m ro 44 , 4-n.tro 56)
- J 7 1 - i u t r o (97), 2-nitro (3)
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nitrated arylsilanes formed by intact nitration at the ortho
positions. meta,

SiR

o, m, p-

Nitrodesilylation is usually faster than nitrodeprotonation because the
nitrosilylbenzenium ion is stabilized by the silyl substituent. Deans and
Eaborn showed that l,4-bis(trimethylsilyl) benzene undergoes nitrodesily-
lation on nitration with acetyl nitrate [143]. Acetyl nitrate is the reagent of
choice, because nitration with a nitric acid/sulfuric acid system wilJ lead
primarily to protodesilylation.

Si(CH3)3 Si(CH3)3

(CH3CO)2O

Si(CH3)3
NOz

Nitrodeprotonation is, however, favored in the nitration of 4-

tolyltriethylsilane.

Cu(NO3)j

Si(CH2CH3)3

NO,

Si(CH2CH3)3

This is perhaps due to the bulkier nature of the triethylsilyl substituent.

rineXarion generally predominates and protodesilylation plays a signi-
ficant role under the reaction conditions.
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Olah and Narang [148] found that reaction of nitronium tetrafluorobo-
rate with phenyitrimethylsilane gives only limited (10%) nitrodesilylation
besides intact (predominantly para) ring nitration.

Acid-sensitive systems represent a particularly useful application for
desilylative nitration with nitronium salts. Mononitration of imidazoles and
triazoles is difficult because acid formed in the reactions even with
NOJBF4 tends to catalyze denitration. However, the nitration of tri-
methylsilyl derivatives with NO2BFJ overcomes this difficulty. It has
been shown for 2-isopropyl-l-trimethyl-silylimidazole that it is possible
to obtain its nitro compounds which could not be obtained previously
(e.g., 2-isopropyl-l,4-dinitroimidazole) [149]. Desilylative N-nitration is
involved in the reaction.

O2N

Si(CH3)3 NO2

~ CH(CH3)2 + (CH3)3SiF + BF3
H

Similar nitration of N-trimethylsilyl-l,2,4-triazoles makes it possible to
obtain iV-nitrotriazoles, which can be converted to the C-nitro derivatives
in high yield [150].

Si(CH3)3 io2
 H

R-H,CH3>Cl,orBr

Nitrodesilylation with nitronium tetrafluoroborate is also a mild and
re aliphatic nitrocornpounds from readily available
Rochin have studied [151] the scope of the reaction.
"*" "~~'1:i with NO7BF7 in sulfolane solution to

, CH3NO2 + (CH3)3SiF-fBF3

excess N O ? B F - two ^ * ™ ° f nit-
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Nitrodesilylation probably proceeds via the pentacoordinatc two-
electron three-center bonded siliconium i

H3C—Si—CH3

CH3

ion.

CH3

H3C—Si--
,NO,

CH*

BF;
-BF,

CH3

l
CH3NO2+ (CH3)3SiF

F T" J

H3C—Si--<

CH3

Ethylsilanes react similarly but higher alkylsilanes gave only low yields of
nitroalkanes accompanied by products of elimination and subsequent
polymerization.

Allylsilanes react readily with nitronium salts to yield nitroaikenes.

CH2=CH—CH2—Si(CH3)3 ^ ^ CH2=CH-CH2-NO2

(80%)

CH2=C(CH3)-CH2-Si(CH3)3 - ^ ^ CH2=C(CH3)-CH2-NO2

(65%)

CH3CH=CH-CH2-Si(CH3)3 ^ ^ CH3-CH(NO2)-CH=CH2

(75%)

The reactions follow the addition-elimination course.

R3S1
NOj*

R3Si NO2 NO2

R1 R

On the other hand, benzylsilanes do not undergo nitrodesilylation. but

instead ring nitration takes P^ce- nitrodesilvlation with

with nitronium salts.

thvKtannane reacts with nitronium salts in dichloromethane. to
Tetramethylstann o e ( h a n e m e t h a n e i a n d ethane. The products

form chloromethan . Qf free r a d i c a , s [ l 5 2 ] .
are indicative ui
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Corey et al. have reported [153] facile nitrodestannylation of ally[.
trimethylstannane with tetranitromethane in DMSO.

AMvIethoxycarbonyl and A^methanesulfonyl-A^-trimethylsilyl carbodi-
mides undergo nitrodesilylation, resulting in the formation of N~
nitrocyanamides.

R—N=C=N—SiMe3 - ^ R—N—NO2
I

G==N

It is not clear whether the N-nitrocyanamides are formed via isomeriza-
tion of the N-nitro derivative or not.

R—N=C=N—SiMe3 - ^ R—N=O=N—NO2 > R—N—NO2

However, direct formation of the iV-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-l,4-dinitroimidazole
was synthesized by nitration of the corresponding silylated derivative [154],

/

H(CH3)2 + NO?

Si(CH3)3

O2N

W
I H

NO 2

Similarly, 7V-nitrotriazoIe was synthesized.

Si(CH3)3 NO2
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The nitrosilylative TV-nitration of a series of amme and diamiim mm
also studied by Olah et al. [155].

CH3. ,CH3

CH3—Si—N

OH./ VCH3

CH3 . ,

CH3—Si—N

CH3

NO2*8F4"

O N—Si—CH3

N—NO2

CHj

CH3CH2

CH3CH:

\
N—NO2

N N—NO2

,CH,CH3 ^̂  ^ ^ " 3

CH3—Si—N N—Si—CH3

/
SiMe3

SiMe3

*» O2N—N N—NO2

n3
,NO,

/
CH3—N

NO,

,H

CH3N

NO,

decomposition

Phenol silyl ether when reacted with nitronium tetrafluoroborate gives

nitrophenols (as well as nitrated silyl ethers).

OSi(CH3)3
OH

+ (CH3)3SiF

. • nitration involves initial O-nitration. with phenyl m-The desilylative mtrat^on ^ fonned ^ ^ ,n t a c I n n g

trate readily rearrang^*g (cat*y^ o / p e n t a f l u o r o p h e n y l O-trimethykUvl
nitration) to ™trOPnJ™ ' o c c u r but there is indication of bimolecular
ether, no rearrangement ca
condensation.
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OSi(CH3)3
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detection of, 65
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preparation of, 129-131
THE displacement of, 129

c/o so-species, 125-126,128,129, 132, 134
V-bound, 125. 133
lanthanide, 125-129

decomposition, 126
dicarbollidecage, 126-127
divalent complexes, synthesis of, 126
IR spectra, 127, 128
NMR spectra, 126-127
oxygen atoms, plane of, 127
samarium complexes, 125-126
samarium vs. ytterbium reactivity, 126
solvent solubility, 126
Yb and dicarbollide, interaction of, 126
Yb(C3,Hn)(DMF)4, 127-129
ytterbium complexes, 126-129

[flWo-7,9-C3B,oHul. 125-127, 132-133
Molecular beam apparatus, 33-35
Molecular dissociation. See also Haloaromatics,

photodissociation of; Picosecond x-ray
diffraction

background, 55-56
bromoanthracenes, 58-59
bromonaphthalenes, 57,58
chloronaphthalenes, 58
fluorescence decay, temperature dependence

of, 61
haloanthracenes, 58-59, 64-65
haloaromatics, 56-68
halonaphthalenes, 56, 60-61 , 63-64
halonaphthalenes, transient absorption spectra

of. 60
iodoanthracenes, 59-60

im
iodonaphthalenc. 56
todo- vs. bromo-naphthalenet. 56
kinetics. 59. 60, 62 68
mechanism. 62
methyl iodide. 56
napthyl radical, 65-63
picosecond x-ray diffraction. 69-75
radicals formed, 55. 65-68
ring substituent, position of, 58.62

Monopropellants. computer-aided design of
background

characterization, 77
components. 77
evaluation, 77
specific impulse, 77

criteria, 92
perspectives, 91-92
specific impulse formula

application of. 80-81
combustion temperature (Tj . 80-81
enthalpy of combustion. 80-81

examination of, 86
gaseous products, 80

specific impulse values <U
aza nitrogens, 89.91

calculation of, 81 -86
comparison of. 90
cubane derivatives, 87-88
factors determining, 89
oxidation reactions, 87-88
relative to HMX, 81-86

theory
basis. 77
kinetics, 78-79
specific impulse, methods for computing.

78

Naphthyl radical, emission spectrum. 65-6"

[ B W O - 7 . 8 - C ! B ^ 1 1 1

samarium complex, bonding w«h. 131
samarium, interaction with. 125-126
ytterbium, interaction with, 125-126

[nido-1,9-C3iaHJ
calcium iodide, in teract* w.th. 13- -U*
samarium, interaction w,th. ' - - ' ; *
strontium iodide, i n t e r a c t * * * * !
ytterbium, interaction wUh. 1 3

Nitramines
bending angles in. 6-10

dimethylnitramine.S. 10
I-nitro-3-nitraioa2ciidine. S
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Nitramines (continued)
di , 8-9

6-7
Nitration

definition of, 139
Lewis-acid catalyzed

aromatics with dinitrogen tetroxide,

155-156
benzenes, yields, 156
Friedel-Crafts, 152-154,156,158
nitrogen pentoxide, 157-158
nitryl bromide, 155
nitryl chloride, 153-154
niiryl fluoride. 154-155
nitryl halides. comparison, 155
ortho/para ratios, 154

proiic-acid-catalyzed
acetonecyanohydrin nitrate (ACN),

151-152
alkali metal nitrates. 147-148
alkyl nitrates. 148-149
aromatic, ortho vs. para, 148-149,152
boron trifluoride, 149-150
electrophilic, 140-141
Lewis acid fluorides, addition of, 145
Nafion-H* perfluorosulfonic acid,

146-147,148-149,151
nitric acid-fluorosulfuric acid, 145
nitric acid-hydrogen fluoride-boron

trifluoride, 142
nitronium ion (NO,*), 140
polystyrenesulfonic acid, 146
scope of, 140-141
triflatoboric acid, 143, 145
trifluoromethanesulfonic acid (triflic acid),

142-144
trimethylsilyl nitrate, 152

reaction types, 140
Nitration, nitronium salts. See Nitronium salts
Nitrocompounds, preparation of

background, 139-140
Uwis-acid-caialyzed nitration, 152-158

aromatics, 153, 156-158

Friedel-Crafts acylaUon, 152-153 154
156

nitryl halides, 153-156
nitronium salts, nitration with

alkanes, 166-173
alkenes, 173-176
alkynes, 176-177
wenes, 162

Index

aryl and aralkyl nitriies, 163

arylcarboxylic acid esters and halides, 163
demetallative nitration, 191-197

haioarenes and haloalkylarenes, 162
hydrocarbons, 158-166
nitroarenes and nitrohaloarenes, 163
N-nitration, 180-185
O-nitration, 177-180, 197-198
phosphorus nitration, attempted, 185-186
S-nitration, 185
transfer nitration, 186-191

protic-acid-catalyzed nitration, 140-152
aromatics, 142-143, 145, 149
aromatics, azeotropic nitration of, 146—147
dinitrotoluene, preparation of, 143-144
nitrating agents, 140-146
tetramethylbenzenes, 149-150
toluene, mononitration of, 142-143

Nitronium ion (NO,*)
acetonitrile, reaction with, 160-161
alkanes, nitration of, 167-169
asanoxidant, 171-172
cycloalkanes, nitration of, 167
electrophilic nitrating agent, 140-141
ethers, nitration of, 179
hydride transfer, 172
linear, 167, 169,171
nitrodesilylation, 196
nitryl fluoride dissociation, 154
NjC in sulfuric acid, solutions of, 155
trifluoroacetyl nitrate dissociation, 147

Nitronium salts
alkanes, nitration of

adamantane reaction, 170, 172
bond reactivity, 167, 169
carbocation formation, 171, 173
electrophilic aliphatic nitration, 166
hydride transfer, 171-172
kinetics, 170
nitronium ion, 168, 169, 171
orbital considerations, 167, 169
protosolvation, 169, 171
reaction pathway, 167-170
steric requirements, 169-170
superacid reactions, 171

alkenes, nitration of
cycloalkenes, 175-176
nitrocarbenium ion, 173, 174
nitrocarbocation, 175
nttrofluorination, 174, 175
Ritter reaction, 174, 179

alkynes, nitration of, 176-177
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characterization of, 160
demetallative nitration

mercuration, 191-192
Nafion-H® catalyst, 192
nitrodeprotonation, 193
mtrodesilylation, 192-193, 194-196
nitrodestannylation, 195-196
N-nitrocyanamides, 196
ortho/para ratio, 191-192
regioselectivity alteration, 191

hydrocarbons

general nitration method, 158-159
nitronium tetrafluoroborate, 159-161
nitroniumtrifluoromethane-sulfonate,

preparation of, 159-160, 164
nitronium hexafluorophosphate, 164
nitronium tetrafluoroborate

aromatic nitration, 161-164,165
conductivity of, 160
preparation of, 159
reaction of, 161

N-nitration
amides (acylamines), 182,183
aromatic methylene-bis-amines, 181
azodicarboxylates, 184-185
dependence of amine basicity, 181
isocyanates, 183
lithium azide, 185
methylene diamines, 184
yV-alkylamides, 183
nitramine formation, 180-181
nitro-imides, 182

W.JV-dinitramine formation, 181-182
JV-nitrimines, 184
urethanes, 182

O-nitration
alcohols, 178, 179
aldehyde, ketone conversion, 179
nitrodesilylation, 197
nitronium ion, 178
nitrophenols, 197
N-nitrooxoniumion, 178-179
reaction order, 178
vinyloxysilanes, 179-180

P-nitration, 185-186
S-nitration, 185
solvents for, 160-161
transfer nitration

alcohols. 189-190
crown ether complexation, 186
definition of, 186
W-nitrocollidinium tetrafluoroborate, 190

s. 187-1**
W-nitropyhdinium tetrafluoroboraie.

preparation of, J 87

N-nitroquinolinium salts, 187
olefins, 189

ortho/para ratio. Ifft-lft7
regioselcctivitji, 186

5-nitrosulfonium salts, 188
Nitronium tetrafluoroborate (NO- BF, j

adamantane nitration, 172-173
alcohol nitration. 178
alkane nitration. 366
alkene nitration, 173-176
alkyne nitration, 176-177
amine nitration, 180-185
aromatic nitration. 161-163, 165
butyl pyridine. reaction with. 165-166
characterization, 160
complexation with crown ethers. 186-187
cyclohexene reaction. 174-175
isolation of, 142
nitroacetylene formation, 177
nitrodesilylation, 194-195
nitron" uorination, 175
nitrophenol formation, 197-198
preparation of. 159. 160
silyledier nitration, 179-180
solubility, 161-162
specific conductivity of, 160

Nitroolefins

l,]-diiodo-2.2-dinitroethylene, 12-13. 15
l,l-dinitio-2.2-di(dimethylamino)ethylene,

11,13
1,1 -dinitro-2,2-di(n-propyl)eihyleiie, 14-15
l,l-dinitro-2,2-di(phenyIamino)euiyleiie.

14-15
synthesis of, 12-15
twists in. 14

N-nitro compounds. See Nrtronium salts.

N-nitration

O-nitro compounds. See Nitronium saks.

O-nitration

Photodissociation. See
Haloanjmatics. photodUweatwn of

Photofragmemation translacwoal spectw«op>
dissociation, 30, 31
excilation, 29-30
tragment detection. 30
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Photofragmentationtranslationalspectroscopy

(continued)

important features, 29-30

molecular beam methods, 29-30

molecular beam velocity, 30-32

Newton diagram, 30-32

thermal decomposition, 32-33

lime-of-fiight spectrum, 29-30, 33

Picosecond x-ray diffraction (PXR)

anode. 71
background, 69-70

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

pulse width. 71

quantum efficiency, 69, 71

soft x-ray emission, 69

source, 69,70-72

streak camera traces, 73

system design, 69-70

time-resolved, 69,72

Polyazaadamantanes

I-azaadamantane

ring substituted derivatives, 100
synthesis, 100

2-azaadamantane, 100

1,3-diazaadamantane, 100-101

2,6-diazaadamantane, 101

hexamethylenetetramine, 104
triazaadamantanes

caged orthoamide structures, 102-103
synthesis, 101-102

Polyazaisowurtzitanes
amine reaction with glyoxai, 1 1 6 l l 7 _ 1 1 8

benzylamines, 118-119
4,]0-dinitro-4,l0-diaza-2.6,8,12-

teiraoxaisowurtzitane I n

h

Index

acid stability, 114

condensation reactions, 113
decomposition products. 114

deuterium substitution, 117-118
diiminetrimerization, I15-H6
hexabenzyl derivative, 113
hexabenzyl, mechanism of formation

115-116

4-(methoxybenzyl) derivative, 115
monoiminetrimerization, 116-117
phenyl substitution, 117

NMR spectra, 115
synthesis, 111-115. 118-119

Polyazawurtzitanes
3-azawurtzitane, 104-106

e/idosubstituents, 106
iceane, 104-105
3,5,12-triazawurtzitanes

condensation of 1,3,5-
triformylcyclohexane, 106-110

synthesis of, 106-110
1,3,5-triformylcycIohexane, reactions of,

108-110
triimines, equilibrium with, 108-109

Polycyclic amine chemistry
background, 95-97
caged nitramines synthesis

1,3-dinitro-1,3-diazacyclopentane, 98
hexanitrohexaazaadamantane, 99
hexanitrohexaazaisowurtzitanes, 99
hexanitrohexaazawurtzitane, 99
HMX, 97-99
methods, 98-99
nitration process, 98
problems, 99
RDX, 97-99

density
caged hydrocarbons, 97
importance of, 95-96
maximization parameters, 96
monocyclic vs. caged compounds, 96

detonation, chemical energy of (Q). 96
detonation pressure (Pt,), 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

polyazaisowurtzitanes, 110-119
known ring systems, 110, 114
synthesis, 111-113, 115-119

polyazawurtzitanes, 104-109
examples of, 104-106
parent, synthesis of, 104-105
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stability, 108-109

triimines, equilibrium with, 108-109
Propellants. See Monopropellant*,

Samarium. See Lanthanide; Metallacarboranes
S-nitro compounds. See Nitronium salts,

S-nitration
Specific impulse (L)

background, 77
formula

application of, 80-81
combustion temperature (Tj, 80-81
enthalpy of combustion (AHtoml,), 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
calculation 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, 81-86

Strontium. See Alkaline-earth;
Metallacarboranes

l,3,5,7-tetranitro-l,3.5,7-tetraazacyclooctane
(HMX), 5. 27

detonation pressure (PCJ). 95
detonation velocity (D). 95
as energetic material, 2
heat of formation, 87
oxidation reaction, 87
specific impulse value, 81 -86
synthesis of, 97-99

Translational energy analysis
CjH,,, 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, 107-108
hydrazine, reaction with, 108-109
phenylhydrazine, reaction with. 108-109

21.

primary amine*. reaction with. 109-110

13,3-Trinitroa/etidine <TNAZ;
background. 27-28
cyclic nitroalky) nitraminev 27
decomposition

products of, 29. 32, 33-42
study of, 29-30
techniques used in. 29-30

energetic cyclic nitramines. relation to. 27
forward convolution method

center-of-mass velocity, 43
high-laser fluence, 46-49
low-laser fluence. 44-46
primary dissociation. 43-44
primary vector channels, 43-44,47. 48
secondary dissociation. 47-t9
secondary reaction channels. 43-44,47
translational energy distribution. 37, 39.

44-48

fragment identification, 30-3!
molecular dissociation. 30-31
NO Joss. 28

photofragmentation translations! spectroscopy
data, interpretation of. 30-33
molecular beam methods. 29
Newton diagram, 30-32, 43

research, areas of, 28
thermal decomposition of

bulk studies comparison. 51-53
data analysis, 35-42
high-laser fluence excitation, 38-42
ionization. 36. 39-40
laser light excitation, 35-40
low-laser fluence excitation, 36-38
mass spectra, 35-42.46-49
mass-to-charge ratio (m/e), 36-42. 44—*5,

47,49-51
methods, 34-35
molecular beam. 33-34. 51. 53
reaction summary. 52
studies. 28, 32-33
time-of-flight spectra. 30, 35, 3?. 39.

40-42
unimportant channels. 51
velocity distribution, 35

translational energy analysis. 49-51

5.27
decomposition. 32.34.4t>. >l
as energetic material. 2
NO. loss channel, 48. 52
specific impulse. 90
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1.3.5-uinitro-l,3,5-triazacycIohexane(RDX)

(continued)
synthesis of. 97-99
translation^ energy distribution, 46
triple concerted reaction, 51

Ultrafast spectroscopy
emission decay kinetics, 59,60,62,63,

66-68
experimental system, 56-57
fluorescence lifetime, 58,59.61, 63
gas-phase fluorescence decay, 61

Index

haloanthracenes, 58-59
halonaphthalenes

1-bromonaphthalene, 60-61
singlet-singlet absorption, 60
singlet-singlet transition, 60
transient absorption spectra of, 60-61, 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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