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Nitrolysis of a Highly Deactivated Amide by Protonitronium.
Synthesis and Structure of HNFX?!
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Efficient N-nitrolysis of highly deactivated 3,3,7,7-tetrakis(difluoramino)octahydro-1,5-bis(4-ni-
trobenzenesulfonyl)-1,5-diazocine (1) has been achieved by the use of protonitronium reagent formed
in the system nitric acid—trifluoromethanesulfonic acid, producing 3,3,7,7-tetrakis(difluoramino)-
octahydro-1,5-dinitro-1,5-diazocine (HNFX, 2) in 65% yield in a nonoptimized reaction. The crystal
structure of the first morphology of HNFX contains cavities in the form of channels through its

unit cell; the observed density is 1.807 g-cm~3.

Introduction and Background

In a previous report,® we described a novel strategy to
produce a j3,-bis(difluoramino)-substituted nitrogen het-
erocycle, 3,3,7,7-tetrakis(difluoramino)octahydro-1,5-bis-
(4-nitrobenzenesulfonyl)-1,5-diazocine (1), by the use of
4-nitrobenzenesulfonyl as a judiciously chosen N-protect-
ing group. A 3,3,7,7-tetrakis(difluoramino)octahydro-1,5-
diazocine was desired as a potential precursor to
3,3,7,7-tetrakis(difluoramino)octahydro-1,5-dinitro-1,5-di-
azocine (HNFX, 2), the first example of a new class of
compounds predicted to be potentially superior explosives
or solid propellant oxidizers: gem-bis(difluoramino)-
substituted heterocyclic nitramines.* vic-Bis(difluoramino)-
substituted primary nitramines® and N-alkyl-N-(diflu-
oraminomethyl)nitramines® have been reported in prior
literature. However, the synthesis of gem-bis(difluorami-
no)alkanes has required strongly acidic conditions,” such
as anhydrous sulfuric acid, difluorosulfamic acid, or
fluorosulfonic acid, with which most nitramines are
incompatible. In the first synthesis of HNFX, for example,
the use of 5-(difluoramino)-3,7-dinitro-9-oxa-3,7-diazabi-
cyclo[3.3.1]nonan-1-ol (3) in a typical difluoramination
reaction (difluoramine—difluorosulfamic acid—sulfuric
acid) produced HNFX in only ~1% yield.® Therefore, the
N-nitro component is preferably incorporated after di-
fluoramination to produce gem-bis(difluoramino)alkyl
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components. A dilemma encountered in the preparation
of a g,p-bis(difluoramino)-substituted heterocycle, such
as a 3,3,7,7-tetrakis(difluoramino)octahydro-1,5-diazo-
cine, is that the nitrogen in most aminoacetone deriva-
tives would be more basic than the ketone carbonyl (and
oxygen in hemiaminal intermediates), thereby deactivat-
ing difluoramination via difluoramino-carbocations, un-
less the nitrogen is protected with a sufficiently elec-
tronegative protecting group to favorably affect this
basicity. This was our strategy in the difluoramination
producing 1.3

The next dilemma encountered in this approach,
however, was the known reluctance of more electro-
negatively substituted amides and of sterically hindered
amides to undergo direct nitrolysis.>1° (The nitrogens in
diazocine 1 are in a pseudoneopentyl environment.)
Reported examples of such unsuccessful nitrolyses in-
clude the following. N,N-Di-n-butyltrichloroacetamide
failed to be nitrolyzed by nitric acid—trifluoroacetic
anhydride, whereas N,N-di-n-butylacetamide gave an
82% yield of N,N-di-n-butylnitramine;® with nitronium
tetrafluoroborate in acetonitrile, N,N-diethyltrichloro-
acetamide failed to react until 40 °C, but N,N-diethyl-
acetamide could quantitatively yield N,N-diethylnitra-
mine at 20 °C;'* and tris{[N-(2-cyanoethyl)nitramino]-
methyl}amine failed to be nitrolyzed by nitric acid—
trifluoroacetic anhydride, whereas tris[(N-methyl-
nitramino)methyl]lamine underwentnitrolysis (21%yield).?
Related to nitrobenzenesulfonamide derivatives, the tosyl
group of N-methyl-N-(4-methylbenzenesulfonyl)carbam-
ate methyl ester underwent C-nitration by nitronium
tetrafluoroborate, and only N-methyl-N-(4-methyl-3-ni-
trobenzenesulfonyl)carbamate methyl ester was recov-
ered, under conditions in which N-methyl-N-(methane-
sulfonyl)carbamate methyl ester underwent N-nitrolysis
of the methanesulfonyl group to yield N-methyl-N-
nitrocarbamate methyl ester.!3
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Results and Discussion

Consistent with the difficulties encountered in nitroly-
ses of the deactivated systems described above, we found
that nosylamide derivative 1 proved inert toward the
relatively powerful nitrating system nitric acid—trifluo-
roacetic anhydride. Following the failure of 3 to serve as
an efficient precursor to 2 via difluoramination,® we made
one more attempt to use nitro as a direct N-protecting
group by preparing tetrahydro-1,5-dinitro-1,5-diazocine-
3,7(2H,6H)-dione (4), rather than transannularly bridged
hemiacetal 3, from a 1,5-ditosyldiazocine by N-nitrolysis
with nitric acid—trifluoroacetic anhydride in dichlo-
romethane (Scheme 1). Unfortunately, difluoramination
of 4 under various anhydrous conditions (difluorosulfamic
acid—sulfuric acid) still produced HNFX (2) in only ~1%
yield, comparable to results with 3.

It therefore became more desirable to convert nosyl-
amide 1 to nitramine 2 after difluoramination. Even
harsher nitrolysis conditions were employed to prepare
HNFX directly from nosylamide 1. Mixed (nitric—
sulfuric) acid required an elevated temperature of ~70
°C to effect nitrolysis at any appreciable rate. Even so,
this nitrolysis required 6 weeks to consume starting
material 1 and mononitrodiazocine intermediates, and
the resulting isolated yield of HNFX (2) was only 16%.
There is crystallographic evidence (vide infra) that these
conditions caused competitive C-nitration of the nosyl
protecting groups (Scheme 2); resultant 2,4-dinitroben-
zenesulfonyl substituents would be even more difficult
to remove from the nitrogen by electrophilic substitution.
The low recovered yield might be attributable to competi-
tive amide hydrolysis under the harsh conditions. A run
held at 50 °C for 54 h, although not carried to complete
nitrolysis, produced a 22% crude yield of 2, suggesting
that the slow complete nitrolysis at 70 °C was also due
to poor solubility of reactants in mixed acid, requiring
gradual dissolution of starting material via nitrolysis in
order to achieve complete reaction.

We made an attempt to achieve nucleophilic denosy-
lation of 1 under conditions reported by Fukuyama et
al. for other N-alkylnosylamides.'* Thiophenol in the
presence of base (K,CO3) in HMPA solvent effected
drastic changes in reactant 1, according to °F NMR
analysis. After only 5 min reaction time, absorptions
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arising from species related to gem-bis(difluoramino)-
diazocines were already minor; their multiple number
suggested that the removal of the two protecting groups
in 1 is not concerted but stepwise. In addition to the
residual gem-bis(difluoramino)diazocine species, which
were clearly diminishing, there was evidence of an
inorganic fluorine species formed concomitantly (perhaps
difluoramine on the basis of its 1°F NMR chemical shift).
Another aliquot analyzed after 80 min reaction showed
no trace of residual gem-bis(difluoramino)diazocine spe-
cies. An apparent byproduct of the degradation is 4-ni-
trobenzenesulfonyl fluoride (NsF), as indicated by °F
NMR chemical shift and addition of authentic NsF to an
NMR sample. In 90:10 DMF—HMPA, changes occurred
more gradually; starting material 1 disappeared over the
course of ~1 h, and the spectral evidence indicated
relatively simple behavior until gem-bis(difluoramino)
species eventually disappeared after ~2.5 h. We surmise
that the expected j,3-bis(difluoramino)-substituted un-
protected free amine, 3,3,7,7-tetrakis(difluoramino)oc-
tahydro-1,5-diazocine, has poor stability. An attempt to
quench partially denosylated amide 1 (from sulfolane
solvent as well as from DMF—HMPA) directly into acetyl
nitrate after a few minutes of reaction produced no
evidence of isolable nitramine (HNFX, 2). The proposed
instability of unprotected p,5-bis(difluoramino)alkyl-
amines is also consistent with an observation by Fokin
et al. that attempted (nucleophilic) hydrazinolysis of
N-[2,2-bis(difluoramino)propyl]phthalimide to a free amine
resulted in complete degradation of the gem-bis(diflu-
oramino)alkyl component.t®

We therefore reconsidered alternative reagents for the
direct N-nitrolysis of amide 1. The system of nitric acid—
trifluoromethanesulfonic (triflic) acid was first recognized
decades ago by Coon et al. as an unusually powerful
nitrating system for aromatic substrates.’® Only more
recently did Olah et al. propose that such systems involve
the protonitronium ion (NO,H?") as the reactive nitrating
species formed in “superacidic” solvents such as triflic
acid.” More evidence supporting this proposal has since
been obtained by the Prakash—Olah collaboration,*® and
protonitronium has been used for various other C-
nitrations of deactivated aromatic systems.'®

We tested this reagent on recalcitrant amide 1 and
found protonitronium (from nitric acid—triflic acid) to be
a suitable, efficient reagent for N-nitrolysis.?’ Because
of its highly deactivated nature, nosylamide 1 still
required more forcing conditions than reported C-nitra-
tions, which typically proceed to completion within
minutes at ambient or subambient temperature. The
reaction was quite slow at room temperature; only minor
(<10%) reaction had occurred within 23 h. At 55 °C,
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however, the reaction rate became appreciable though
still not fast. Monitoring the reaction by °F NMR showed
complete consumption of starting material only after
about 40 h (Scheme 3). In the first feasibility test, the
isolated, purified yield of HNFX was 65%. Reaction
conditions have not been developed to optimization.?* An
interesting aspect of this nitrolysis reaction was that the
4-nitrobenzenesulfonyl substituents themselves appeared
not to become significantly nitrated during the course of
nitrolysis. At 29 h reaction time when most of the nosyl
substituent had been removed, the aromatic species in
situ clearly was 4-nitrobenzenesulfonyl and not 2,4-
dinitrobenzenesulfonyl according to 'H NMR analysis.
The presence of 2,4-dinitrobenzenesulfonyl as a byprod-
uct in the mixed-acid nitrolysis but not in the triflic acid
nitrolysis might be reasonably explained by the greater
extent of protonation of the amide nitrogens in the latter
system, which would further deactivate electrophilic
C-nitration at the ortho position. Triflic acid clearly is a
better solvent for 1 than is mixed acid. The low content

(21) The reaction time of 40 h required in the feasibility test was a
kinetic limitation only of the concentrations used and is not inherent
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in superacids’@ would suppress the formation of hydronium triflate
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of unprotonated amide nitrogen susceptible to electro-
philic attack may also account for the lower kinetic
reactivity of the N-nitrolysis compared to that of previous
C-nitrations.

An attempt was made to improve the kinetics of the
nitrolysis by increasing the content of protonitronium ion
in the mixture. This ion is usually present only to a small
extent in an equilibrium with nitronium (even in strong
acids such as fluorosulfonic and triflic). However, Prakash
et al. have shown that this equilibrium is affected by the
presence of a strong Lewis acid, such as antimony
pentafluoride;® this should be due to the complexation
of the superacid's anion by SbFs. SbF5(OSO,F)~ 22 and
SbFs(0S0O,CF3)~ 2% have been previously identified; the
acidity of HSO3F—SbFs has been quantified.?* In our case,
H*[SbFs(OSO,CF3)]~, even stronger than the original
triflic acid, would drive the equilibrium further toward
protonitronium (Scheme 4), producing an even more
powerful nitrating mixture. The HNO3;—HOTf—-SbFs
system brought the reaction to a ~1:1 mixture of mono-
nitro-mononosyldiazocine (5) and HNFX (2) within less
than 1 h at room temperature. However, competitive
C-nitration then ensued. The subsequent displacement
of the 2,4-dinitrobenzenesulfonyl protecting group was
sufficiently slower such that the complete nitrolysis to
HNFX was comparable in reaction time to that found in
the simpler HNO3;—HOTTf system, which we therefore
retained as the preferred system for this transformation
in the presence of competitively nitratable components
such as phenyl (including nosyl).

Structure of HNFX (2).%> X-ray crystallographic
analysis of HNFX recrystallized from a variety of solvent
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Figure 1. A view down the c axis showing the packing of HNFX (2) in this trigonal crystal form. Empty channels occur along
the 3-fold axes at (0,0,z), a corner of the cell, and at (*3,%/3,z) and (%/3,%3,z) within the cell. Dashed lines indicate short contacts
between nitro oxygen atoms and methylene carbon or hydrogen atoms in neighboring molecules; molecules linked by these contacts
form 3-fold helices about crystallographic 3-fold screw axes (at, e.g., Y/3,%3,2).

systems shows an interesting, unpredicted feature (Fig-
ure 1): channels, with a 3-fold axis of symmetry sur-
rounded by HNFX molecules, passing through each unit
cell. Analysis has sometimes shown the presence of
disordered mass due to recrystallization solvent(s). Though
solvent-free crystals can be readily prepared by driving
out solvent (e.g., by heating under vacuum), all crystals
analyzed so far have retained these channels. The crystal
density of the form produced so far is 1.807 g.cm™3 (21
°C), if a vacuum (i.e., zero mass) is assumed in the
channels.

Note, however, that cyclic nitramines, especially those
incorporating eight-membered rings, are well known to
exhibit polymorphism;2¢ octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine (HMX) has four known polymorphs of
different densities. The phenomenon of solvent inclusion
observed in HNFX crystals is also qualitatively similar
to that found in the first polymorph of hexanitro-
hexaazaisowurtzitane (a-CL-20),>” which is the lowest-
density form.
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Interestingly, mono-N-nitrodiazocine byproducts of the
nitrolysis reaction by mixed acid (Scheme 2) do not
include solvent, proving that such inclusion is not inher-
ent in 3,3,7,7-tetrakis(difluoramino)octahydro-1,5-diazo-
cines. A crystal of an impurity retrieved from a sample
of HNFX proved to be a cocrystallized mixture of 3,3,7,7-
tetrakis(difluoramino)octahydro-1-nitro-5-(4-nitroben-
zenesulfonyl)-1,5-diazocine (5) and a C-nitrated byprod-
uct, 3,3,7,7-tetrakis(difluoramino)octahydro-1-nitro-5-
(2,4-dinitrobenzenesulfonyl)-1,5-diazocine (6). On the
basis of four molecules with a formula weight of 593.328
occupying a unit cell of volume 2114.8 A3 (Figure 2), 6
has a density of 1.863 g-cm~3, higher than that of the
symmetrical bisnitramine (2).

Conclusion

We have demonstrated that protonitronium ion is an
attractive and efficient N-nitrolyzing reagent in addition
to its previously reported applicability for C-nitrations.
Protonitronium is conveniently and most inexpensively
formed from nitronium sources, including nitric acid, in
“superacids” like triflic acid and fluorosulfonic acid.t”
With this powerful reagent, even highly deactivated
amides, e.g., nosylamide 1, involving perhaps the most
electronegative protecting group to date that has been
successfully directly nitrolyzed, can be directly nitrolyzed
to the corresponding nitramine in high yield. Proto-
nitronium should also be suitable for N-nitrolysis of other
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Figure 2. A view down the a axis of the crystal structure of
6. Compound 5 occurs as a random co-occupant, making its
presence known by weaker electron density at the ortho-nitro
position, indicating its occupation in only ca. 50% of the sites.
The unit cell has four molecules of 5 + 6 and no included
solvent or channels as in 2.

electronegative amides in addition to the arenesulfona-
mides used here.

A straightforward four-step synthesis of HNFX (2) from
commercial starting materials is now available. The first
measured crystal morphology of 2 shows “solvent chan-
nels” which prevent attainment of its theoretical density
of 1.999 g-cm=34

Experimental Section

General Experimental Procedures. All chemicals were
reagent grade or better, unless specified by source; otherwise,
Aldrich Chemical Co. was a typical source. WARNING: Some
organic difluoramine derivatives and some nitramines are
sensitive, detonable materials! The first crystal form of HNFX
(2) reported here is a relatively sensitive high explosive! Such
materials should be handled only by appropriately qualified
personnel. Adequate shielding should be used to contain a
possible detonation.

HRMS data were obtained at the University of New Mexico
(Albuquerque) via thermal desorption with a Nicolet FTMS-
2000 spectrometer.

Tetrahydro-1,5-dinitro-1,5-diazocine-3,7(2H,6H)-di-
one (4). Trifluoroacetic anhydride (91.3 g, 0.434 mol) and
“absolute” nitric acid (Spectrum “100%” nitric acid, 24.1 g, 0.38
mol) were carefully mixed in a jacketed addition funnel at —10
°C. (CAUTION: Although nitric acid—trifluoroacetic anhy-
dride has been a fairly commonly used nitrating reagent,
several incidents of unexpected detonation have occurred in

Chapman et al.

several laboratories.?82 These may, however, have been due
to acetyl nitrate byproduct from nitrolyses of N-acetyl
compounds.?®®) The nitrating reagent was added dropwise to
a slurry of 3,7-bis(4-methylbenzenesulfonyl)-9-oxa-3,7-diaza-
bicyclo[3.3.1]nonane-1,5-diol® (10.0 g, 21.3 mmol) in 50 mL of
dichloromethane cooled to —10 °C in a 250-mL round-bottom
flask with an overpressure of N,. After 2 h of stirring at —10
to 0 °C, the sealed reaction mixture was stored in a refrigerator
at 0 °C. After 8 days, solid product, 4 (3.65 g), was filtered off
and washed (CH2Cl). The mother liquor was returned to the
refrigerator for 1 day, producing another 0.36 g of precipitate,
4, which was filtered off. (In some runs, product 4 contained
byproduct 4-methyl-3-nitrobenzenesulfonic acid or 4-methyl-
3,5-dinitrobenzenesulfonic acid, which was washed out with
cold aqueous NaHCOs;.) Total yield of 4: 4.01 g (81%). Mp:
214-215 °C dec. *H NMR (200 MHz, DMSO-dg): 6 4.77 (bs);
IH NMR (300 MHz, DMSO-ds): 6 4.78, 4.80 (apparent d); *H
NMR (400 MHz, DMSO-ds): ¢ 4.76, 4.78 (apparent d). *C
NMR (75 MHz, DMSO-dg): 6 60.2, 200.9. IR (KBr): vco 1760,
VNO,(sym) 1520, VYNO,(as) 1280 cm~1. HRMS C_Zalcd (C6H8N4OG):
232.04440. Found: 232.09357 + 0.07525 (M = s of five).

The *H NMR spectrum of 4 is interesting in showing an
apparent doublet for the CH; protons, resolvable at 300 MHz
and at 400 MHz but not at 200 MHz. Generic N-nitroazocines,
e.g., HMX, usually exhibit singlets for methylene protons
despite nonplanarity of the ring system (even though C;N—N
segments tend to be planar due to partial sp? character of the
N—NO; bond) because of rapid ring inversion of the system.?°
The doublet seen in the spectrum of 4 is presumably part of
an AB quartet, from nonequivalent geminal protons, made
apparent by hindered inversion of this ring. At lower field and
lower Av, the spectrum approaches AA' rather than AB.

3,3,7,7-Tetrakis(difluoramino)octahydro-1,5-dinitro-
1,5-diazocine (2) by Mixed-Acid Nitrolysis. Fuming sul-
furic acid containing 2% SOz (“2% oleum”) was made by mixing
concentrated H,SO,4 and 30% fuming sulfuric acid. Mixed acid
was made from 67 wt % absolute nitric acid (Spectrum “100%")
and 33 wt % of 2% oleum; to 100 mL of this was added 13 (1.7
g, 25 mmol), and the mixture was warmed and held at 70 °C
with stirring. Aliquots were monitored neat by **F NMR until
1 and intermediates had converted to HNFX (2); complete
consumption of starting material and intermediates required
6 weeks at 70 °C. The reaction mixture was then quenched
into ice water, neutralized with NaHCOg3, and extracted with
dichloromethane.

The crude product solution from this reaction was purified
in two batches. Each sample in dichloromethane was passed
through silica gel. One batch was recrystallized from 1:1 CH,-
Cl,—hexanes, some of which provided the sample in which
impurity 6 was found (vide supra). The remainder of this batch
and the second batch of crude product were recrystallized from
chloroform, yielding colorless needles pure by NMR and
identified crystallographically. Total yield of 2, 161.7 mg (16%);
mp 216—218 °C dec.

A variation in the procedure involved quenching the super-
natant mixed-acid solution after 54 h at 50 °C (i.e., prior to
completion of nitrolysis), followed by neutralization and ex-
traction, which produced a 22% crude yield of 2 of >90% purity
by F NMR.

In the course of early preparations and isolations of 2, such
as from low-yield nitrolyses of 4, it was learned that certain
solvents, such as acetone, tended to include in isolated crystals
of 2. Included volatile solvents could be driven out by heating
under vacuum overnight at 40—60 °C. Recrystallization from
certain other solvents, such as chloroform and dichloro-
methane—hexane, produces solvent-free crystals which still
contain channels, as confirmed crystallographically.

3,3,7,7-Tetrakis(difluoramino)octahydro-1,5-dinitro-
1,5-diazocine (2) by Protonitronium Nitrolysis. To 13

(28) (a) Bedford, C. D. Chem. Eng. News 1980, 58(35), 33. (b) Gilbert,
E. E. Chem. Eng. News 1980, 58(40), 5.

(29) (a) Farminer, A. R.; Webb, G. A. Tetrahedron 1975, 31, 1521.
(b) Bulusu, S.; Axenrod, T.; Autera, J. R. Org. Magn. Reson. 1981, 16,
52.



Synthesis and Structure of HNFX

(101.6 mg) dissolved in triflic acid (20.07 g) cooled to 0 °C in a
25-mL round-bottom flask was slowly added absolute nitric
acid (Spectrum “100%”, 2.0 mL) via an addition funnel
pressurized with an Nz-purge oil bubbler; the acid was washed
from the funnel with another 4.0 mL of triflic acid. To the
semisolid HNO;—HOTf mixture was added another 6.42 g
triflic acid (total triflic acid, 33.43 g). After 23 h at room
temperature, the flask, initially fitted with an oil bubbler, was
warmed to 55 °C in an oven and then stoppered. (Small
aliquots were periodically withdrawn for analysis.) After 40 h
at 55 °C,?! the reaction mixture was carefully pipetted into
ice water; the solution was basified (saturated aqueous Na,-
COs3) to pH 10 and extracted with CH,Cl; (4 x 50 mL). The
residue was recrystallized: CHCI; gave a first crop, filtered
with a small glass frit; addition of an equal volume of CCl, to
the mother liquor followed by distillation of CHCI; gave a
second crop; evaporation of mother liquor and recrystallization
from 1:1 CCl,—hexanes gave a third crop and undissolved
(washed) residue on the flask; total yield of purified 2, 38.9
mg (65%). Recrystallized samples were effectively pure (298%)
according to 'H and *F NMR spectra, matching those of
crystallographically analyzed 2 prepared by other nitrolyses
(vide supra). 'H NMR (200 MHz, acetone-ds): 6 5.03 (s). 13C
NMR (50 MHz, acetone-ds): ¢ 54.2 (quintet, 2Jcr = 6.3 Hz),
99.4 (quintet, 2Jcr = 5.6 Hz). 1°F NMR (188 MHz, acetone-ds):
0 28.90. *F NMR (CD3;OD—acetone-ds): 6 29.19. F NMR
(HOTf—HNOg3): 0 29.57.

X-ray Diffraction Analyses. The data collection for HNFX
(2) was carried out on an automated Bruker P4 diffractometer
equipped with an incident-beam monochromator. Data collec-
tion for the mononitrodiazocine cocrystal (5 plus 6) was on a
Bruker 1K SMART/CCD system using a 5 KW Rigaku rotating
anode source. The area detector was collected and reduced with
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the Bruker SMART and SAINT computer programs. Space
group assignments were based on systematic absences present
in the diffraction patterns and were confirmed by structure
solution and refinement. All structures were initially deter-
mined by direct methods, aided by the program XS, and refined
with the full-matrix least-squares program XL, contained in
the SHELXTL collection of computer programs. All crystal
data are provided in the Supporting Information.?
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