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Abstract This article reviews recent developments in synthesis and characterizations of or-
ganic difluoramine (NF,) derivatives since the 1980s. Specific classes of chemical compounds
are covered: cyclic difluoramino-nitramines, especially gem-bis(difluoramino)-substituted
analogs of conventional nitramines; products from the relatively new transformation of elec-
trophilic difluoramination; other classes of difluoramines such as polymers, plasticizers,
and compounds not otherwise categorized. Also covered are aspects of other recently de-
veloped synthetic methodology to prepare compounds in this general class, as well as purely
theoretical treatments of the chemistry and properties of this class.

Keywords Difluoramine - Difluoroamine - Difluoramination - HNFX - Nitramines

Abbreviations
BNMO 3,3-Bis(nitratomethyl)oxetane
HMX  Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine
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HNEX  3,3,7,7-Tetrakis(difluoramino)octahydro-1,5-dinitro-1,5-diazocine
NMMO 3-Methyl-3-(nitratomethyl)oxetane

PETN  Pentaerythrityl tetranitrate

RDX Hexahydro-1,3,5-trinitro-1,3,5-triazine

RNFX  5,5-Bis(difluoramino)hexahydro-1,3-dinitropyrimidine

TNEX 3,3-Bis(difluoramino)octahydro-1,5,7,7-tetranitro-1,5-diazocine

1
Introduction

This review will emphasize recent developments in synthesis and charac-
terizations of organic difluoramine (NF,) derivatives!. Organic monofluor-
amines have been recently reviewed [1-3], as many of them tend to be suit-
able as electrophilic fluorinating reagents. Early [4-7] and recent [8] reviews
of inorganic N-F derivatives have appeared.

Interest in organic difluoramines has been predominantly due to their
potential as energetic materials in rocket propellant and explosives formula-
tions. This potential derives from the intrinsically high energy of the difluor-
amino (NF;) group relative to other substituents of oxidizing capability in
energetic ingredients, such as nitro (NO3). While this difference in energy
content is not conspicuously apparent in thermodynamic properties such as
the heats (enthalpies) of formation, which tend to be more negative than
those of analogous nitro derivatives [9], the energetics of processes of interest
(e.g., combustion) manifest this difference distinctly, as will be seen in discus-
sions of these properties for certain compounds of interest. Thus, quantitative
measures of realistic chemical processes (such as specific impulse of rocket
propellant combustion) offer a more valid comparison of the energetics of
difluoramino derivatives.

An attractive feature of fluorinated oxidizers is that their combination
with metal fuel ingredients (e.g., aluminum or boron) offers a propellant
performance advantage of producing more moles of more-volatile, lower-
molecular-weight combustion products, such as BOF (O=B-F) rather than
simple oxides (B,03) produced by solely oxygenated oxidizers [10, 11]. Di-
fluoramino derivatives should also offer a kinetically more available form
of fluorine (to achieve higher combustion or explosion efficiency) than the
“stabler” fluoroalkyl (C-F) derivatives that have been employed in energetic
formulations.

The difluoramino (NF;) substituent is also more dense than NO,,
contributing favorably to explosive performance and to the propellant
property densityx (specific impulse). According to Ammon’s linear vol-

! This review will use the colloquial American English term “difluoramino” rather than the (admit-
tedly more systematic) equivalent “difluoroamino”, which is more commonly used in non-English
publications and English translations of non-English (especially Russian) publications.
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ume additivity method [12], NF, has a substituent density of 2.303 gcm™
(52.0035 amu/37.504 A3) vs. an NO; density of 2.166gcm‘3 (46.005 amu/
35.265 A3).

2
Historical Development

Although an organic difluoramine derivative (CF;NF, by-product formed by
direct fluorination of silver cyanide) had been reported as early as 1936 [13],
the impetus for the major development of this class of compound was the
recognition by the US Advanced Research Projects Agency and Department
of Defense that various N-F compounds, especially organic difluoramines, of-
fered the prospect of being superior propellant oxidizers, for reasons alluded
to above. Thus, Project Principia was carried out over the period 1958-1965
to explore the possibilities offered by these materials [14]. While research
projects funded by this program ended in 1964-1965, open-literature pub-
lications of their results appeared for several years afterward. Hundreds of
organic difluoramines (even hundreds with the gem-bis(difluoramino) link-
age, C(NF;),) were prepared under the aegis of Project Principia and of
foreign efforts along the same lines. Several good reviews [15-25] over sub-
sequent years have described the early organic difluoramine chemistry of
this era.

Project Principia failed to produce a difluoramine-based oxidizer candi-
date sufficiently superior to replace nitro derivatives that were the techno-
logical standards. Almost all difluoramine derivatives at that time had inad-
equate stability, insensitivity, or physical properties to serve as such replace-
ments. Organic difluoramine research languished for a couple of decades
afterward, though results were published throughout the 1970s and 1980s by
a few researchers, especially Fokin and coworkers at the Nesmeyanov Insti-
tute of Heteroorganic Compounds (Moscow).

3
A New Hope

A resurgence in interest in organic difluoramines occurred in the USA in
the late 1980s, based on support by the Office of Naval Research [26], with
additional support soon received from the Ballistic Missile Defense Organi-
zation (manager of the Strategic Defense Initiative program). Efforts were
made to pursue a specific new class of compounds proposed by Baum
and Archibald of Fluorochem [27]: cyclic difluoramino-nitramines that were
analogs of conventional nitramines (e.g., HMX and RDX) but with gem-
bis(difluoramino) groupings replacing some of the nitramine groups. Also
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in the late 1980s, Zheng et al. (Xi’an Modern Chemistry Institute, China) al-
luded, in a conference proceeding, to preparing at least one member of this
class [28]: “For example, the difluoramination of cyclic derivatives of 1,3-
diaminoacetone (the substituents on the nitrogen atoms were —-NO,... etc.)
is easier to be carried out than that of the chain derivatives.” However, no
specific example was described, and subsequent journal reports [29, 30] of
other chemistry from this conference proceeding made no mention of cyclic
derivatives.

This section will review a variety of experimental results arising from this
renaissance period in difluoramine chemistry.

3.1
Cyclic Difluoramino-nitramines

Although nitramines containing (difluoramino)alkyl substituents had been
prepared as early as 1963 and published by 1972 [31,32], they were vic-
bis(difluoramino)-substituted primary nitramines and N-alkyl-N-(difluor-
aminomethyl)nitramines with insufficient stability and difluoramine content
to constitute attractive candidates for formulations. In contrast, the newly
proposed gem-bis(difluoramino)-substituted cyclic nitramines would have
high difluoramine content and should exhibit high densities compared to the
analogous conventional nitramines. The favorable effect of cyclic (or even
cage) structures in imparting desirable higher density and better oxygen
balance was better appreciated by this time. It would also be expected that
difluoramine derivatives with a nitramine component would exhibit better
physical properties (e.g., melting point) than the earlier simple (difluor-
amino)alkanes. However, cyclic nitramines with f,3-bis(difluoramino) sub-
stituents relative to nitramine components posed a likely synthetic challenge:
conventional methodology for preparation of gem-bis(difluoramino)alkanes
required strongly acidic conditions (such as anhydrous sulfuric acid, fum-
ing sulfuric acid, difluorosulfamic acid, or fluorosulfonic acid) with which
most nitramines are incompatible. Alternatively, conventional nitrolyzably
protected heterocyclic nitrogens tended not to survive such difluoramina-
tion conditions either. So, finding methodology to efficiently prepare this new
class of organic difluoramine would be a daunting task.

3.11
HNFX

On the basis of estimations (personal communications from Baroody E of the
Naval Ordnance Station, Indian Head, MD; Ammon HL of the University of
Maryland, College Park; and Adolph HG, Koppes WM, and Lawrence GW of
the Naval Surface Warfare Center, Silver Spring, MD, cited in [33]) of physi-
cal and performance properties of several gem-bis(difluoramino)-substituted
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analogs of known cyclic nitramines, 3,3,7,7-tetrakis(difluoramino)octahydro-
1,5-dinitro-1,5-diazocine (HNFX, 1) was seriously pursued early on as the
most attractive candidate member of this class. (The acronym HNFX [26]
signifies the HMX analog of the class of NF;-modified cyclic nitramine explo-
sives.)

Synthesis

In the first synthesis of HNFX, the use of a nitramine reactant, 5-(difluor-
amino)-3,7-dinitro-9-oxa-3,7-diazabicyclo[3.3.1]nonan-1-o0l (2), in a typi-
cal difluoramination reaction (difluoramine-difluorosulfamic acid-sulfuric
acid) produced HNFX in only ~ 1% yield [34] (Scheme 1).

NF, FoN NF,
HNF,
ON-N O N-NO, ———» O,N-N N- NO,
F,NSO,H
OH H,SO, F,N NF,
-230C
2 1

Scheme 1 The first preparation of HNFX (1)

Therefore, the N-nitro component was preferably incorporated after di-
fluoramination to produce gem-bis(difluoramino)alkyl components. A di-
lemma encountered in the preparation of a §,8-bis(difluoramino)-substituted
heterocycle, such as a 3,3,7,7-tetrakis(difluoramino)octahydro-1,5-diazocine,
is that the nitrogen in most aminoacetone derivatives would be more ba-
sic than the ketone carbonyl (and oxygen in hemiaminal intermediates).
This would deactivate difluoramination via difluoramino-carbocations unless
the nitrogen is protected with a sufficiently electronegative protecting group
to favorably affect this basicity. The dilemma was resolved by employment
of a strong-acid-stable N-protecting group, 4-nitrobenzenesulfonyl, allowing
acceptably efficient difluoramination of the ketone reactant tetrahydro-1,5-
bis(4-nitrobenzenesulfonyl)-1,5-diazocine-3,7(2H,6H)-dione (3) while keep-
ing the N-nosyl group intact [35] (Scheme 2). Also, trichlorofluoromethane
(CFECl3) was utilized as an inert cosolvent for difluoramine in order to alle-
viate the known hazards of condensed-phase neat HNF,. The next dilemma
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Scheme 2 An improved preparation of HNFX (1): p-nosyl N-protection during difluoram-
ination plus nitrolysis with protonitronium ion

encountered in this approach, however, was the known reluctance of more-
electronegatively substituted amides and of sterically hindered amides to
undergo direct nitrolysis. The N-nosyl protecting group could be directly
nitrolyzed by use of the protonitronium (NO,H?*) reagent formed from a ni-
tronium source in the presence of a superacid, such as the system nitric
acid-trifluoromethanesulfonic acid [36].

Although this transformation worked well enough in small reactions,
it proved inefficient upon scale-up. A superior, scalable one-pot process
(Scheme 3) from diazocinedione to HNFX was developed more recently [37].
Here, efficient protolytic N-denosylation is effected by trifluoromethanesul-
fonic acid added to the crude 3,3,7,7-tetrakis(difluoramino)octahydro-1,5-
bis(4-nitrobenzenesulfonyl)-1,5-diazocine intermediate (4), still contained in
the acid system used for difluoramination after expulsion of volatiles such
as excess difluoramine and trichlorofluoromethane. The denosylated inter-
mediate, a 3,3,7,7-tetrakis(difluoramino)octahydro-1,5-diazocinium salt (5),
is straightforwardly nitrated to HNFX by added nitric acid.

FN NF, Fi’gng FoN NF, FoN NF,
CF,SO,H HNO,4
Ns~ N N-Ns — > 3 HNO ®NH, — 3 O,N-N N- NO,
H,S0,
FN NF, F,N NF, CF3S05H FN NF,
4 5 1

Scheme 3 Scalable preparation of HNFX (1): protolytic N-denosylation plus simple nitra-
tion

Chapman et al. [36] had suggested that solvents with less ozone-depleting
potential than CFCl3 could be used, and a preliminary demonstration of
difluoramination with dichloromethane solvent was described. Adolph and
Stern more recently chose n-pentane as an example of an alternative cosolvent
(with CFCl3) for this purpose [38].
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Structure

X-ray crystallographic analysis of HNFX recrystallized from a variety of
solvent systems showed an interesting, unpredicted feature (Fig. 1): chan-
nels, with a threefold axis of symmetry surrounded by HNFX molecules,
passing through each unit cell [36]. Analysis sometimes showed the pres-
ence of disordered mass due to recrystallization solvent(s), though solvent-
free crystals can be prepared by driving out solvent (e.g., by heating under
vacuum).

Fig.1 Crystal packing of HNFX in the trigonal crystal form; empty channels occur along
threefold axes

The Manifest Density of HNFX
The crystal density of the initial form is 1.807 gcm™ (21 °C), assuming
a vacuum (i.e., zero mass) in the channels. This contrasts significantly with
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a density of 2.027 gcm™ recently predicted by Ammon [39] from its pos-
sible crystal packings. However, cyclic nitramines, especially those incorpo-
rating eight-membered rings, are well known to exhibit polymorphism [40,
41]: HMX has four known polymorphs of different densities. The phe-
nomenon of solvent inclusion observed in HNFX crystals is also qualitatively
similar to that found in the first polymorph of hexanitrohexaazaisowurtz-
itane (a-CL-20) [42], which is the lowest-density form. With the promise
of preparing a higher-density polymorph of HNFX, which would dramat-
ically improve its attractiveness as a munitions ingredient, several tech-
nical approaches have been undertaken to effect such a phase transition.
Peiris monitored HNFX for phase transitions during compression in a di-
amond anvil cell at pressures up to 5GPa but observed none [43]. Nicol
and coworkers subjected HNFX to pressures up to 30 GPa in a diamond
anvil cell and studied it by synchrotron radiation X-ray diffraction and Ra-
man and infrared spectroscopy at ambient temperature, also without ob-
serving evidence of a polymorphic transition [44]. More recently, a com-
bined experimental and modeling study of the vibrational spectra of solid
HNEFX was reported [45]. Kalyon and coworkers have performed a system-
atic study of recrystallizations of HNFX with several different solvent sys-
tems [46], similarly without evidence of a new polymorph, though they
independently computationally corroborate the feasible existence of a higher-
density form [47]. While these failures to achieve formation of a new poly-
morph of HNFX might indicate that its manifest density is that observed
in the crystals prepared to date, they may instead reflect the recognized
poor understanding, in general, of how to predict and prepare new stable
polymorphs [48].

Hazard Properties

Sensitivity measurements on HNFX (the “polymorph” tentatively called a-
HNEFX) show it to be comparable to CL-20 and PETN on impact but more
sensitive by friction and electrostatic discharge [49]. Impact sensitivity (Ex-
plosives Research Laboratory impact tester, modified Type 12 tooling, 2.5-
kg weight): HNFX hso = 8 cm; CL-20 ~ 8 cm; PETN = 10-13 cm; RDX =
16-17 cm. Friction sensitivity (Allegany Ballistics Laboratory test, per MIL-
STD-1751, threshold initiation value): HNFX fired at 72 Ibf; PETN low-fires
ranged 159-3161bf. Electrostatic sensitivity: HNFX fired at 0.05]; PETN
showed 10/10 no-fires at 0.25J. DSC (2 °C min~! per ASTM E537) onset/peak:
221/231 °C.

However, it is also well known that sensitivities of the polymorphs of an-
other eight-membered-ring nitramine, HMX, correlate inversely with dens-
ity [50-52]: the lowest-density  form exhibits the highest sensitivity. If this
correlation transfers to HNFX, a higher-density “B-HNFX” would exhibit
lower sensitivity than “o-HNFX”.
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3.1.2
4,4-Bis(difluoramino)-1-nitropiperidine

Although HNFX was expected to be the most attractive target difluoramino-
nitramine in terms of performance, other examples of the class were de-
sired in order to characterize the behavior of the mixed functionalities
present in the compounds. For this reason, a synthetically more straight-
forward example was prepared [53]: 4,4-bis(difluoramino)-1-nitropiperidine
(6). As an N-protected y-aminoketone, the starting material, 1-acetyl-4-
piperidinone, would have fewer complications in undergoing difluorami-
nation than B-aminoketones used for more-energy-dense heterocycles. The
acetyl N-protecting group would also undergo nitrolysis more readily than
N-nosyl-protected precursors, such as for HNFX.

F,N NF,

N
|

NO,
6

Mass spectral fragmentation pathways of several cyclic nitro and difluor-
amino compounds, including HNFX and 4,4-bis(difluoramino)-1-nitropiper-
idine, were studied by Smith and coworkers [53], and their thermal decom-
position behavior was reported by Oxley et al. [54]. Kuo and Young studied
the burning behavior of formulated propellants (including boronized and alu-
minized compositions) containing 4,4-bis(difluoramino)-1-nitropiperidine
in comparison to simple nitro derivatives 1,4-dinitropiperazine and 1,4,4-
trinitropiperidine [55]. They determined that a non-metallized propellant
based on 4,4-bis(difluoramino)-1-nitropiperidine offered an enhancement
of specific impulse by 7.5% over that of a formulation based on 1,4-
dinitropiperazine. The difluoramine-containing propellants had burning
rates significantly higher than those of the nitramines. However, they ex-
hibited a drastic and uncontrollable increase in burning rate at an initial
temperature of 50 °C. This was believed to be caused by melting of the 4,4-
bis(difluoramino)-1-nitropiperidine at 40 ~ 50 °C in the formulations (even
though the pure ingredient melts at 71-72 °C), producing a burn rate as high

as 508 cms~!.

3.13
RNFX

Another attractive example of the class of difluoramino-nitramines was pur-
sued by Chapman and Nguyen [56]: RNFX, 5,5-bis(difluoramino)hexahydro-
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1,3-dinitropyrimidine (7). (RNFX is an RDX analog in the series of NF,-
modified cyclic nitramine explosives.) A key step of the synthesis (Scheme 4)
was mechanistically similar to that of HNFX: tetrahydro-1,3-bis(4-nitro-
benzenesulfonyl)pyrimidin-5(4H)-one (8) served as an N-nosyl-protected
reactant for difluoramination of the carbonyl group. However, subsequent
conversion to a heterocyclic nitramine product differed significantly from
the route used to prepare HNFX. Rather than nitrolytic or protolytic deno-
sylation of the hexahydropyrimidine intermediate with protonitronium ion
or superacid, the hexahydropyrimidine ring was intentionally cleaved at the
methylene bridge by treatment with ~ 98% nitric acid. The resulting ini-
tial product, 2,2-bis(difluoramino)-N-(nitratomethyl)-N’-nitro-N,N’-bis(4-
nitrobenzenesulfonyl)-1,3-propanediamine (9), underwent further nitrolysis
to 2,2-bis(difluoramino)-N,N’-dinitro-N,N’-bis(4-nitrobenzenesulfonyl)-1,3-
propanediamine (10), which was adventitiously N-denosylated by water
contained in the nitric acid, forming 2,2-bis(difluoramino)-N,N’-dinitro-1,3-
propanediamine (11). This did not accumulate but combined spontaneously
with the formaldehyde equivalent generated in the nitrolysis, methylene dini-
trate, which recyclized the primary nitramine termini to form RNFX.

F,N NF, FoN NF,
H\ i
—» —»
F,NSO,H , Ns=N  N-Ns
Ns Ns H,SO, Ns Ns NO, CH,ONO,
© o o | o
— CH,(ONO,),
F,N NF, F,N NF, FaN NF,
CH,(ONO,), H,0
Ns-N  N-N
NN HNO, O,N"N  N-NO, HNO, 'MW WTNS
O,N NO, 2 H H ° NO, NO,
7 1 10

Scheme 4 The first preparation of RNFX (7)

Nucleophilic N-desulfonation of N-nitrosulfonamides is a well docu-
mented transformation [57-60], and N-denosylation of the 2,2-bis(difluor-
amino)-N,N’-dinitro-N,N’-bis(4-nitrobenzenesulfonyl)-1,3-propanediamine
intermediate (10) was relatively facile, employing only the minor wa-
ter content of the nitric acid medium. Beyond definitive identification of
its preparation, properties of RNFX have not been experimentally well
elucidated.
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3.14
TNFX

Another early conceptual target member of this class was one in which one
each of two nitramine groups of HMX was replaced by a gem-bis(difluor-
amino) grouping and a gem-dinitro grouping. This would provide a prod-
uct of better oxygen balance than HNFX but still some NF, content. The
introduction of asymmetric components into a 1,5-diazocine substrate suit-
able for the incorporation of three different energetic functionalities was
a formidable challenge, which was undertaken by Axenrod et al. [61]; the suc-
cessful synthetic sequence is shown below (Scheme 5). The ultimate nitrolysis
step proved inordinately difficult because of steric and electronic deactivating
effects of C(NF;), and C(NO;),. Thus, the reaction required not only a su-
peracid (trifluoromethanesulfonic acid) as a medium for nitric acid in order
to generate protonitronium reagent, but also the addition of a strong Lewis
acid, antimony pentafluoride, in order to increase the superacid strength to
generate a higher concentration of NO,H?*. Upon its successful preparation,
the new product (12) was named TNFX (a tetranitro derivative in the series of
NF,-modified cyclic nitramine explosives).

Ns. _Ns Ns. Ns NS\NH HN/NS
NHo NH NH HN NH HN”
2 W2 4 b c % d _ Ns—N N-Ns
o0-Ns, 80% 0-Ns, 90% 0-Ns,89% Q7 "O o0-Ns, 86% w

OH p-Ns,95% OH p-Ns,91% O  p-Ns,90% \__/ p-Ns,76% [0 6]

€, Ns—N N-Ns ', Ns—N N-Ns 9, N Ns—N N—Ns
0-Ns, 98% 0-Ns, 97% 0-Ns, 46% w o0-Ns, 87%
p-Ns,95% O O p-Ns, 91% 0" O p-Ns, 33% p-Ns 92%
O,N_ NO, OMOQ OoN_ NO,
—N N— Ns i Ns—N N-Ns | OoN-N N—NO,

\H/ 0-Ns, 65% \5% (;7_st

p-Ns, 90% FoN NFy FoN NFp

12

Scheme5 The first preparation of TNFX (12). Reagents and conditions: a o- or p-
nitrobenzenesulfonyl chloride, THF-H,0, K;COs3, r.t; b CrOs, H,;SO4, acetone, r.t.;
¢ ethylene glycol, p-TsOH, toluene; d CH,=C(CH;Br);, K,CO3, acetone, reflux; e(i) Os,
CH,Cl,, - 78 °C, e(ii) Me,S; f NH,OH-HCI, NaOAc, EtOH, reflux; ¢ HNO3, NH4NO3, urea;
h conc. HzSO4, r.t; i HNFZ—FzNSO3H—H2$O4—CFCl3, -15 oC;j HNO3—CF3SO3H—SbF5
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Yoon and coworkers have explored alternative preparations (Scheme 6) of
the asymmetric precursors to TNFX [62].

NsCI CrOs HO OH
NH, NH, K,CO, NsNH NHNs H,SO, NsNH NHNs v/ NsNH NHNs
—_— _— _—
aq. THF aq. acetone HOTs o O
OH OH 0 toluene /

OH

S

/{OR Cro, /O: Br Br
H,SO,
Ns~N N-Ns ««——— Ns-N N-Ns
aq. acetone (i) NaOMe/MeOH
O le) (i) EtOH
(% _/ Q /

Scheme 6 An alternative preparation of precursors to TNFX or HNFX

TNEX proved structurally interesting in forming two crystallographically
distinct polymorphs [63] upon crystallization from its first preparation (as
HNFX was hoped to do): a low-density trigonal form of p = 1.712 gcm™ and
a high-density orthorhombic form of p = 1.904 gcm™. Thus, the low-density
trigonal form of HNFX (p = 1.807 gcm™) has an experimentally observed
density enhancement of 0.095 g cm™ imparted by replacement of C(NO,); in
TNFX with C(NF;); in HNFX. A similar enhancement in a previously unob-
served orthorhombic form of HNFX would provide an experimental density
of p=1.999 gcm™, coincidentally identical to the (still attractive) value ini-
tially estimated for HNFX by Ammon [26].

Beyond synthetic and structural elucidation, properties of TNFX have not
been experimentally well characterized.

3.15
Properties and Applications

Solid-state heats of formation of some cyclic difluoramino-nitramines
have been computationally estimated by Politzer and Lane [9]: HNFX,
- 67 kcal mol™!; TNEX, - 39 kcal mol™'; RNFX, - 21 kcal mol™!. Application of
these values to rocket engine specific impulse (Isp) calculations (performed
with a code such as the Air Force Specific Impulse Program [64]) allows rank-
ing of the cyclic difluoramino-nitramines (as monopropellants) relative to
state-of-the-art nitramines: B-HMX < ¢-CL-20 < TNFX < RNFX < HNFX. The
Isp of CL-20 has been reported by Hong et al. as 272.6 s [65, 66]. An early esti-
mate of the I, of RNFX was reported by Politzer et al. as being 108% of that
of HMX, which is 265.1 s [67].
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As reports of preparations of this new class of energetic material started
appearing, their potential in ordnance applications started receiving notice
overseas. Feng reviewed recent examples of renewed interest in organic di-
fluoramine derivatives in Western research [68, 69], including early reports on
the pursuit of HNFX. Tan reported the new preparation of HNFX [36] to the
Xi’an Modern Chemistry Research Institute [70]; and Li et al. cited Tan’s re-
port in an outlook on the prospects of this and other classes of ingredients in
advanced solid propellants [71,72]. This new class of ingredient has received
interest in Korea as well [73].

3.2
Electrophilic Difluoramination and Its Products

In the 1990s, researchers throughout the Russian Academy of Sciences re-
ported syntheses and characterizations of a variety of compounds derived
from a new transformation, electrophilic difluoramination, particularly of
some compounds derived from difluoramination of various nitroalkyl reac-
tants. Examples of such new products were first described by Pepekin and
coworkers in terms of thermodynamic properties [74, 75] and physical prop-
erties [76, 77], which will be mentioned below.

3.2.1
Syntheses

Synthetic routes involving the new transformation started appearing in 1996.
Shevelev and coworkers [78] prepared a variety of N-(difluoramino)azoles
(Scheme 7) by reactions of electronegatively substituted azole anions with
N,N-difluorohydroxylamine-O-sulfonyl fluoride (“O-fluorosulfonyl-N,N-di-
fluorohydroxylamine”), F;NOSO;F, preferably in water-ethylene glycol-
dichloroethane mixtures with a phase transfer catalyst such as polyethylene
glycol (PEG-400). If the pK, of an azole was < 5, there was no interference
by formation of N-fluorosulfonylazoles. They later offered computational
predictions of molecular and crystal parameters and of detonation and com-
bustion parameters of five examples of this class of compound [79].

Fokin et al. used N,N-difluorohydroxylamine-O-sulfonyl fluoride for elec-
trophilic difluoramination of anions of a,a-dinitroalkyl derivatives, such as

. F,NOSO,F .
@Ne > @N— NF,

aq. HOCH,CH,OH
CICH,CHCI
PEG-400
-200C

Scheme 7 Electrophilic difluoramination of azole (pyrazole, imidazole, triazole) anion [78]
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1,1-dinitroethane and dinitroacetonitrile. Sodium dinitroacetonitrile under-
went difluoramination in 70.8% yield, but the other compounds formed in
18.8-29.3% yields at the time of this report [80, 81]. However, yields of dini-
troacetate esters were later improved to 50-52%, and other a-mononitro
derivatives were prepared in 67-91% yields [82, 83] (Scheme 8).

R R
NO,  F,NOSO,F NO, NO,  Me;Et
R-C® ————> R-C-NF, COOMe Me
COOR’ COOR'’ COOEt Et
CN Me: Et

v

Scheme 8 Electrophilic difluoramination of nitroalkyl anion [82, 83]

The chemistry of (difluoramino)dinitroacetonitrile was further explored
as well [84, 85]: it underwent common transformations such as hydrolysis to
(difluoramino)dinitroacetamide; reaction with HCl in anhydrous methanol to
form the O-methyl imidate hydrochloride; trimerization to 2,4,6-tris[(difluor-
amino)dinitromethyl]-1,3,5-triazine; and reaction with azides (NaNs, HN3)
to make 5-[(difluoramino)dinitromethyl]tetrazoles.

Electrophilic difluoramination of certain (especially tertiary) alkoxide salts
and N-hydroxyimide salts with F;NOSO,F produced new difluoraminoxy
derivatives [86, 87].

Khisamutdinov et al. showed that the difluoramino group in various (di-
fluoramino)dinitromethane derivatives could be displaced by azide anion to
make azidodinitromethyl derivatives [88, 89]. In contrast, a nitro group in (di-
fluoramino)trinitromethane was displaced by nucleophiles such as fluoride
and nitrite [90, 91]. The nitrite by-product keeps yields low by competitive re-
action with the starting material, resulting in (difluoramino)dinitromethane
anion side product. With bromide nucleophile, the course of reaction was un-
expectedly complex, as the initial bromo(difluoramino)dinitromethane un-

FoNC(NO,),F F- Br L FoNC(NO,),Br J
F,NC(NO,)g i Br
FoNC(NO,), NO, FoaNC(NG,); + Bry
+ NyOy N
Br Br- —F
FN=CZ r

FN=C(NOy),

Scheme 9 Nucleophilic displacement reactions in (difluoramino)trinitromethane
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derwent further reactions (bromide additions and fluoride elimination) to
produce bromo(N-fluoro)nitromethanimine (Scheme 9).

3.2.2
Thermochemical and Other Properties

Pepekin’s first report [74,75] of products in this class gave experimen-
tal values of thermodynamic properties such as heats of formation. Also
prior to the synthetic methodology descriptions [80, 81], Litvinov et al. 76,
77] reported various physical properties (melting point and/or boiling
point, density) of several members of this class, including a particularly
dense and energetic one: bis[2-(difluoramino)-2,2-dinitroethyl]nitramine,
[NF,C(NO;),CH,],N-NO, (13). This compound had an attractive dens-
ity of 2.045gcm™, a melting point of 103 °C, and thermal stability bet-
ter than bis(2,2,2-trinitroethyl)nitramine. However, the authors made an
assessment of these members of this new class: “Nevertheless, it should
be noted that the considered compounds exhibit a rather high sensitiv-
ity to the action of external factors, and thus have no practical appli-
cation” [76,77]. Indeed, Shchetinin [92,93] later reported that bis[2-(di-
fluoramino)-2,2-dinitroethyl]nitramine (13) had a sensitivity comparable to
the primary explosive lead azide: the critical pressure of explosion excita-

tion measured by the disintegrating shell method was pcDrS =0.421+0.02 for
[NF,C(NO;),CH;],N-NO, (13) compared to pcDrS = 0.38 +-0.03 for lead azide;
pb% =0.9340.03 for PETN; and p_° = 1.1540.03 for RDX.

Nazin and coworkers measured thermal decomposition of a-(difluor-
amino)polynitroalkanes and concluded that (difluoramino)dinitroalkanes
differ little in their stability from their nitro analogs, trinitroalkanes [94, 95].
Bis[2-(difluoramino)-2,2-dinitroethyl]nitramine (13) was not one of the ex-
amples in this study, however.

Pepekin [96] measured and reported experimental detonation parameters
and the metal acceleration ability of bis[2-(difluoramino)-2,2-dinitroethyl]-
nitramine (13), as well as compositions of it with HMX and with aluminum,
and compared them to these parameters for HMX as well as formulations of
bis(2,2,2-trinitroethyl)nitramine. The highest metal acceleration ability was
offered by a 60 : 40 composition of 13 with HMX, which performed at 110.8%
of HMX. Pure 13 also exhibited a higher detonation velocity than HMX. Lit-
erature involving this class of compound has mostly subsided in recent years,
though there is another report by Pepekin and Gubin [97,98] that 13 ex-
hibits propellant performance that is 105.2% of that of HMX, measured by the
“M-40 technique” (acceleration of steel plates 40 mm in diameter and 4 mm
thick accelerated from the end of a cylindrical 40 x 40 mm charge placed in
a thick-walled steel shell). Hexanitrobenzene is reported as having a perform-
ance 106% of that of HMX.
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3.3
Other Organic Difluoramines

The compounds mentioned in this subsection are examples of specific classes
not otherwise reviewed above, and specifically examples that have a struc-
tural feature not commonly encountered in the conventional chemistry of
difluoramines or compounds that show prospective new applicability.

3.3.1
Polymers

Although its difluoramination chemistry is straightforward, a relatively re-
cent preparation of an NF,-substituted polymer (a binder ingredient can-
didate) was reported by Jiang et al. (Hubei Redstar Chemical Institute,
China) [99]. 4,4-Bis(difluoramino)pentyl glycidyl ether polymer was pre-
pared by reaction of 4,4-bis(difluoramino)pentanol with epichlorohydrin
followed by homopolymerization of the resulting oxirane ether monomer
(Scheme 10) or copolymerization with THEF.

0O

NaOH
FoN NF, FoN NF.
+ —_— 2 2
Cl 500C
HOCH,CH,OCH,CH,0H
BF4-THF

HO [CH,CH- O], ~ CH,CH,0CH,CH,OH
CH,O(CHy)5~C~ CHg
FoN NF,

Scheme 10  Preparations of a gem-bis(difluoramino)-substituted monomer and poly-
mer [99]

Archibald, Manser, and coworkers developed a series of analogs of
nitratoalkyl polymers (e.g., poly-NMMO and poly-BNMO). 3-(Difluor-
aminomethyl)-3-methyloxetane (14) and 3,3-bis(difluoraminomethyl)oxetane
(15) [100] monomers were prepared by direct fluorination of correspond-
ing carbamate ester derivatives [101,102]. The monomers were polymer-
ized (Scheme 11) to form homopolymers and copolymers with load-bearing
polyether backbones as well as energetic NF, groups.

Solomun et al. [103] have demonstrated that it is feasible to produce large
concentrations of NF, constituency embedded in a polyamide matrix by brief
exposure to elemental fluorine (1 mbar of 1-10% F, in N;) of bulk and thin-
film samples of polycaprolactam (PA6) and polylauryllactam (PA12). The
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E'(OCON% NHCOOEt ~ 10% FoNo F2N>< NF,
%
o) CHLCN o) 15
-209C
HO(CH,),OH
BF;-OFt,
X\ NF, CH,Cly
0
CHNFy
14 HO$CH,C—CH,0],H
CH,NF,

Scheme 11 Preparations of a difluoramino-substituted oxetane monomer and polymer

resulting fluorinated films were characterized by reflection-absorption FTIR,
X-ray photoelectron, and NMR spectroscopies. The process utilizes the same
transformation that small-molecule amides undergo in producing (difluor-
amino)alkanes by direct fluorination [104].

3.3.2
Plasticizers

Archibald and Manser prepared NF,-substituted analogs of pentaerythrityl
esters (such as PETN). Specifically, 3-(difluoraminomethyl)-3-methyloxetane
(14) and 3,3-bis(difluoraminomethyl)oxetane (15) [101] were subjected to
ring-opening nitration by nitric acid (Scheme 12), giving corresponding 1,3-
propanediyl dinitrate esters in quantitative yield [105,106]. As neopentyl
difluoramines, the products had superior stability compared to many other
mono(difluoramino)alkyl-substituted compounds. 2,2-Bis(difluoraminome-
thyl)-1,3-propanediyl dinitrate (16) showed a melting point of 58 °C and DSC
onset/peak of 177/188 °C.

—_—>
O

CH,Cly O,NO ONO,

R=H, NF, 16 (R =NF,)

Scheme 12 Preparations of difluoramino-substituted nitrate plasticizers
Rice and Russell (US Naval Research Laboratory) conducted a high-

pressure study of the thermal interaction between elemental boron and Aero-
jet’s 2,2-bis(difluoraminomethyl)-1,3-propanediyl dinitrate (16), as well as
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with PETN [107]. The mixture compressed in a cubic zirconia anvil cell was
heated by absorption of a single laser pulse (Nd:YAG frequency-doubled
laser at 532 nm), followed by recooling of the sample. Products observed at
1.7 GPa and 50 K included O=B-F, identified by infrared absorptions.
3,3-Bis(difluoramino)-1,5-dinitratopentane (17), as a potentially useful
plasticizer, was prepared by Adolph and Trivedi [108] by conventional di-
fluoramination of 1,5-bis(trifluoroacetoxy)-3-pentanone followed by transes-
terification with methanol, and then nitration with mixed acid (Scheme 13).

HNF, FaN NFy
.CF, ~ X~ _.CF
CR3CO og —® CFRLCO oc '3

(@) O oleum 0 o)

(i) CHyOH, 65°C
(i) HNOy/H,SO,,

F,N NF,
O,NO ONO,

17

Scheme 13 Preparation of a gem-bis(difluoramino)-substituted nitrate plasticizer [108]

3.33
Miscellaneous Organic Derivatives

Synthesis
Fokin et al. directly fluorinated several aminofurazans (Scheme 14) to pre-
pare 3-(difluoramino)furazans [109, 110]. Similarly, certain N-alkyl-5-amino-
tetrazoles were amenable to direct fluorination to 5-(difluoramino)tetrazole
derivatives [111,112]. NF,-containing 1,2,4-oxadiazoles were prepared by
Shreeve and coworkers by reactions of sodium 5-[(difluoraminomethyl)di-
fluoromethyl]tetrazolate with oxalyl chloride [113].

1,1,2,2-Tetrakis[ N-(difluoraminomethyl)nitramino]ethane (18) was first
reported by Zheng et al. in a 1985 conference [114], and its chemistry
(Scheme 15) was described further in later publications [28-30].

An interesting example of a unique product of difluoramination of
a heterocyclic imide carbonyl group appeared in the context of a report
by Gilardi and coworkers of structural features among a group of gem-
bis(difluoramino)-substituted organics [115]: 1-{3-[5,5-bis(difluoramino)-
2-oxopyrrolidinyl]-2-oxopropyl} pyrrolidine-2,5-dione (19). Imide carbonyls
are usually not subject to difluoramination under typical reaction conditions.
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RO NH2  30% FyN R\) (NF?
° 2
TN . o
N_ N N, N
\O CH3CN O
500

R =CH,, CHyO, COOH

- o,
O, 30% Foltle N
N —>» N 2
N N
R

NaF R
CH,CN
- (o]
R= 1-Me, 10°C
2-Me,

2-(5-aminotetrazolyl)ethyl

Scheme 14 Direct fluorination of various aminoazoles to (difluoramino)azoles

? O
J (i) OH" 7
OZN' N N- N02 (") H NOZHN NHN02 CH20 OZN- N N- N02
— —> — —_— —
ON-N__N-NO, NO,HN NHNO, H;SO,  O,N-N  N-NO,
Y s L,/

NF,CH, CHoNF, / HNF

oleum
O,N-N  N-NO,
O,N-N  N-NO,
NF,CH, CH,NF,
18

Scheme 15 Preparation of 1,1,2,2-tetrakis[N-(difluoraminomethyl)nitramino]ethane (18)

O 0
/o
N\/IK/N
0 FoN NF,
19

Other examples of typical reaction products, N-[gem-bis(difluoramino)-
alkyl]imides, from ketone-substituted imides are provided in the same paper
as well as in an earlier work by Fokin et al. [116, 117].
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Many examples of addition of tetrafluorohydrazine (N,F4) to unsatur-
ated organics had been discovered in the course of early work on difluo-
ramines [20,21]. A new example (Scheme 16) of this general transformation
was the addition of N;F4 to 1,3-dehydroadamantane to prepare 1,3-bis(di-
fluoramino)adamantane [118].

N2F4
pentane
-78 °C

Scheme 16 Addition of tetrafluorohydrazine to 1,3-dehydroadamantane [118]

Though more accurately an organic silazane than a simple “organic di-
fluoramine”, the first stable trialkyl(difluoramino)silane was prepared by
Shreeve, Williams, and coworkers by two stepwise fluorinations (Scheme 17)
of tris(tert-butyl)silazane by Selectfluor (20) fluorinating agent [119].

CHali
BulySiNH, ———>  BulsSINHL

/ . CH,CI i 20
J (BF ),

Bul;SiNHF

20 ¢ 20
Bul,SiNF,

Scheme 17 Preparation of tris(tert-butyl)(difluoramino)silane using Selectfluor (20)

Thermochemistry

Thermochemical characterizations of several organic difluoramines prepared
during the Project Principia era were reported throughout the 1960s and
1970s and will not be reviewed here. Studies of the specific class of products
of electrophilic difluoramination were reviewed above (Sect. 3.2.2).

More recently, two significant papers by Fokin, Grebennikov, Manelis, and
Nazin [120-123] reported kinetic studies of thermal decomposition of a good
number of organic difluoramine derivatives. The structures were chosen in
order to ascertain inductive and steric effects on thermal decomposition, as
well as effects of conjugation within the reactant and the presence of an a-
hydrogen (relative to NF,). The authors report that internal alkyl-substituted
difluoramines (i.e., those lacking a-hydrogen) are more stable than analogous
nitro compounds, owing to higher activation energies and somewhat smaller
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preexponential factors. The presence of a-hydrogen (e.g., in benzyldifluo-
ramine) fundamentally changes the decomposition rate, and decomposition
probably occurs by cleavage of HE. Otherwise, the decomposition rate does
not depend on electronic effects of substituents but is decreased by steric
shielding of the NF, group. (These results were also recently reviewed by
Manelis et al. [124].) One of the specific systems studied, 2,2-bis(difluor-
amino)propane, was recently reinvestigated by Lin and coworkers [125]. In
agreement with Fokin et al. [120, 121], it was concluded that the primary
fragmentation process in this system, similarly to other internal gem-bis(di-
fluoramino)alkanes, is homolytic cleavage of a C-NF; bond.

Pepekin’s study of the thermodynamic properties of difluoramino and
nitro compounds [74,75] included many organic difluoramines besides
the products of electrophilic difluoramination cited above. Properties re-
ported include heats of combustion, formation, and atomization, Clausius-
Clapeyron equation parameters, and the enthalpies and entropies of evap-
oration and sublimation. This collection of properties allowed estimation
of group additivity parameters for general calculations of thermodynamic
properties of organic difluoramines, which were compared to those of corre-
sponding nitro groups.

Organic difluoramines were among the many classes of high-energy com-
pounds analyzed by Nazin et al. in assessing the influence of molecular struc-
ture on their thermal stability [126,127]. The sites of primary breakdown
were discussed, as was the mutual influence of different functional groups.

Several difluoramines (along with nitro compounds) were also among the
collection of energetic materials in a study by Matveev, Nazin, and cowor-
kers [128, 129] of polyfunctional compounds with several of the same type of
reactive substituent, to determine the stepwise character of successive ther-
mal degradation steps. It was found that the degradation of most of the
studied classes occurred stepwise via long-lived intermediate products.

4
New Synthetic Methodology

The technique of electrophilic difluoramination [80, 81], reviewed above, has
produced the greatest variety of new products in the class of organic diflu-
oramines. Otherwise, most recent results have employed the conventional
methodology that was devised in the era of Project Principia, as reviewed
elsewhere [16-25]. Process improvements in conventional difluoramination
of ketones by HNF, [35,37] have made the transformation more scalable,
particularly by employing an inert cosolvent to alleviate hazards of difluor-
amine, but employ the same fundamental chemical reactions as in the 1960s.
However, the recognition of a requisite nitrogen-protection strategy made the
transformation applicable to heterocycles with proximate nitrogens.
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The feasibility of isolating relatively stable salts of difluorosulfamic acid
and their utility in performing difluoraminations of model ketones was
demonstrated by Chapman et al. [130, 131], offering the prospect of allevi-
ating many of the problems inherent in the use of hazardous difluoramine
(HNF;) in conventional difluoraminations. Sodium difluorosulfamate was
prepared by direct fluorination of aqueous sodium sulfamate; it could be
isolated by separation from sodium fluoride by-product and water after
neutralization; and it could be safely stored cold. Difluoramination of 1,3-
dibromoacetone by sodium difluorosulfamate in sulfuric acid (1% SOs) pro-
duced 1,3-dibromo-2,2-bis(difluoramino)propane in 38% crude yield, com-
parable to conventional difluoramination. Later, Christe and coworkers [132]
better characterized sodium difluorosulfamate (Raman and IR spectra) and
other difluorosulfamate salts (X-ray crystallography).

A direct fluorination of nucleophilic primary (as well as secondary) amines
with Selectfluor fluorinating agent (20), rather than elemental fluorine, has
been reported by Singh and Shreeve [133], making small-scale preparations
of (non-geminal) organic difluoramines more convenient.

The utility of trityldifluoramine (Ph3CNF;), a known source of difluo-
ramine via acidic hydrolysis [134], for effecting in-situ difluoramination of
ketones [22, 23,135, 136] has been recently rediscovered [137]. The latter sys-
tem invokes the mechanism of difluoramine alkylation by carbenium ions
generated in strong acids, as traditionally employed in conventional difluo-
raminations of ketones with added difluoramine [138, 139].

A fundamentally new preparation of internal and terminal gem-bis(difluor-
amino)alkanes was demonstrated by Chapman et al. [140] via the direct fluo-
rination of the corresponding gem-bisacetamides, with 1,1-bisacetamidocyclo-
hexane and 1,1-bisacetamidopropane used as examples, leading to 1,1-
bis(difluoramino)cyclohexane and 1,1-bis(difluoramino)propane, respec-
tively (Scheme 18). 1,1-Bis(difluoramino)cyclohexane behaved less than ide-
ally as a model system: its yield by conventional difluoramination is atypically

<:>< NHAc  5-10% Fy/N, <:>< NF, 5-10% F4/Ny <:>< NF,
—_— —_—
NHAc NHAc NF,

CHLCN CH4CN
-400C -400C
5% Fo/N, NFy 5% Fo/N,
CHaCH,CH(NHAC)y — 3 CHCH;CH —————3» CHyCH,CH(NF,),
CH4CN NHAc ~ CHsCN
-40 °C -40°C

Scheme 18 Preparations of gem-bis(difluoramino)alkanes via direct fluorination of gem-
bisacetamides [140]
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low (31%) for ketone difluoramination, and its yield by the new transform-
ation maximized at about 10%. 1,1-Bis(difluoramino)propane’s yield (~ 40%)
was more typical of conventional difluoraminations.

5
Theoretical Treatments

An early report on computational estimation of the thermodynamic prop-
erties of (difluoramino)alkanes, outside of the context of the American and
Russian research programs, was by Inel (Bogazigi University, Turkey), who
estimated heats of formation, entropies, and bond dissociation energies of
several simple difluoramines [141, 142], derived from published experimental
data on perfluorinated amines and thermochemical relationships.

Heats of formation of known and hypothetical difluoramino (and nitro)
compounds were estimated by Leroy, Bourasseau, and coworkers [143], ini-
tially by a semiempirical computational procedure (of Pople et al.). Calcula-
tion was based on the concept of isodesmic reactions, which conserves, as
far as possible, the number and nature of chemical bonds. A reaction energy
change, calculated at the SCF level, approximates the experimental heat of
reaction by incorporating experimental heats of formation of reference com-
pounds. The new compounds had been studied at ab initio level using a 6-31G
basis set for geometry optimization and total energy determination. These
authors also developed group additivity parameters for calculating heats of
formation of new energetic compounds (nitro and difluoramino) by Benson’s
method [144].

The most significant contributions to computational studies of organic di-
fluoramines, which have also directed synthetic research efforts, have been
by Politzer and coworkers. (Difluoramino)aromatics were among the first
systems studied by calculations of average local ionization energies [145]
and electrostatic potentials [146] for predicting chemical reactivity and sub-
stituent effects. Politzer et al. also developed the application of density func-
tional theory (DFT) and electrostatic potentials to estimation of thermo-
dynamic properties (especially dissociation energies and solid-state heats of
formation) of many new hypothetical NF,-containing structures [147-150],
including predictions of thermochemical processes undergone by difluor-
amine derivatives [151]. This approach led to early estimations [9,26] of
important thermodynamic properties of the difluoramino-nitramines that
were being synthetically pursued. Politzer’s computational methodology has
been presented in recent overviews [152, 153].

Thermochemical properties of difluoramino-substituted cage hydrocar-
bons, specifically, poly(difluoramino)cubanes [154] and poly(difluoramino)-
adamantanes [155], have been estimated by Ju et al. in order to compare
results from a variety of computational methods: density functional the-
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ory, Hartree-Fock, and MP2 methods (6-31G* and 6-311G™* basis sets), as
well as semiempirical MO methods MNDO, AM1, and PM3 for the former
chemical system. The semiempirical methods did not produce accurate and
reliable results for heats of formation. Interactions between difluoramino
substituents were determined. Ju and coworkers also calculated (using DFT
and semiempirical methods) heats of formation of a variety of difluoramino
pentaerythrityl derivatives [156], including some that had been considered
by Archibald and Manser [106] as prospective plasticizers, for example,
a tetrakis(difluoramino) analog of PETN, C(CH;NF, )y, as a theoretical struc-
ture of interest.
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