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Abstract: Two ammonia—(dinitramido)boranes were synthe-
sized by the reaction of dinitroamine with ammonia—borane.
These compounds are the first reported examples of (dinitr-
amido)boranes. Ammonia—mono (dinitramido)borane is a per-
fectly oxygen-balanced high-energy-density material (HEDM)
composed of an ammonia—BH, fuel group and a strongly
oxidizing dinitramido ligand. Although it is thermally not
stable enough for practical applications, its predicted specific
impulse as a solid rocket propellant would be 333s. Its
predicted performance as an explosive matches that of
pentaerythtritol tetranitrate (PETN) and significantly exceeds
that of trinitrotoluene (TNT). Its structure was established by
X-ray crystallography and vibrational and multinuclear NMR
spectroscopy. Additionally, the over-oxidized ammonia-
bis(dinitramido)borane was detected by NMR spectroscopy.

The dinitroamide anion (DN7), discovered in 1971 by
Luk’yanov et al.l'! and independently in the 1980s by Bottaro
et al. ! is a powerful highly energetic oxidizing anion and its
ammonium salt (ADN) is an important ionic high-energy-
density material (HEDM). Although the existence of several
covalent dinitramido compounds of elements of Groups 14—
17 has been established,”! no compounds with Group 13
elements have so far been structurally characterized. The
ongoing work on boron-derived green energetic materials™ in
the Christe-Haiges group® prompted the exploration of the
synthesis of dinitramido-substituted boron compounds. Our
previous work on (trinitromethyl)trihydroborate suggested
that even compounds containing presumably incompatible
reducing and oxidizing groups could be surprisingly stable.
Moreover, it has been shown that BHj-derived (dinitr-
amido)borate complexes are more stable than the corre-
sponding compounds derived from boron trihalides.””! It was
therefore interesting to explore whether a neutral (dinitra-
mido)borane could exist at room temperature, either in
solution or even as a solid. Dinitramido derivatives of
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ammonia-borane, in particular, were of interest because
ammonia—mono(dinitramido)borane is a perfectly oxygen-
balanced propellant [Eq. (1)]. Herein the reaction chemistry
of dinitroamine, HN(NO,), (HDN), with ammonia-borane is
reported.

2H,N - BH,N(NO,), — 5H,0 + 4N, + B,O, (1)

N and ""B NMR spectra show that, in glyme or acetoni-
trile solution, the reaction of one equivalent of dinitroamine
(HDN) with ammonia-borane yields a mixture of products
(Scheme 1). The most dominant signals, a ''B NMR signal at

ON"NO, e, 02N'N~N02 H3N\BH’N\NOQ
NHBH, ———> ,!l —Y ’!‘
-H, ONT NO, 7] o’ "o,
1 2

+ additional species + additional species

Scheme 1. Reaction of ammonia—borane with dinitroamine in glyme or
acetonitrile at room temperature.

0=—9ppm (triplet) and a sharp “N NMR signal at 6=
—34 ppm, were assigned to NH;-BH,DN (1). This assignment
was further confirmed by a broad quartet at  =2.77 ppm with
'J('H-"B)=111Hz and a broad triplet at 4.69 ppm with
'J(*H-"N) = 50 Hz in the "H NMR spectrum, consistent with
a deshielded BH, group and a deshielded boron-coordinated
ammonia ligand, respectively. Variable amounts of ammoni-
um dinitramide were also formed, depending on the reaction
conditions (see the Supporting Information).

When three to four equivalents of HDN were reacted with
ammonia-borane for several days at room temperature, the
formation of additional species could be detected by NMR
spectroscopy (Scheme 1). Two new species were seen in the
'BNMR spectra as doublets at 6=—0.7 and 1.6 ppm,
respectively, indicating that a second hydrido ligand at the
boron atom had been replaced. The only “N NMR signal
which had a sufficiently high intensity comparable to that of
the new "B NMR resonances at 6 = —0.7 ppm was found at
—32.7 ppm, suggesting the presence of a BH(DN), group.
Furthermore, a new set of resonances was found at higher
field in the 'H NMR spectrum at 3.8 ppm (qt, 'J(‘H-"B) =
143 Hz) and 5.3 ppm (t, 'J("H-"N) =45 Hz). These resonan-
ces are all consistent with NH;BH(DN), (2). The boron
species displaying a ''B NMR signal at 1.6 ppm could not be
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correlated to a new “N NMR signal and is therefore most
likely not associated with a nitro-containing fragment.

After several days of reaction between ammonia—borane
and an excess of dinitroamine, 1 and 2 disappeared and a new
signal appeared in the "B NMR spectrum at ¢ =20.6 ppm.
The presence of this signal, characteristic of a tricoordinate
boron, and of a 'H NMR signal at circa § =6 ppm strongly
indicates the formation of boric acid, suggesting that the
expected B(DN); or NH;-B(DN); species are unstable and
decompose quickly after being formed.

The isolation of NH;BH,DN (1) was studied under
various conditions. When HDN and ammonia-borane were
reacted in stoichiometric amounts in glyme between —60°C
and ambient temperature, 1 was formed in circa 60 mol %
yield, with ammonium dinitramide and several unidentified
species accounting for the rest of the mixture. Evaporating the
solvent under vacuum between 0 and 20 °C and extracting the
products with dichloromethane afforded a solution containing
only 1 (circa 80 mol%) and unidentified species with two
overlapping "B NMR signals at approximately ¢ = —4 ppm
and a '“N NMR signal at —29.6 ppm. When the solution was
evaporated, colorless crystals formed on the walls of the
vessel, which were identified as 1 by single-crystal X-ray
diffraction. The isolated solid residue was not completely
soluble in CD;CN, indicating that some decomposition may
have occurred during the isolation process. Because the major
unidentified side products could not be removed by recrys-
tallization and the purity of 1 significantly decreased during
isolation attempts, we did not seek to obtain it in higher
purity.

Since a significant excess of HDN was required to form
NH;-BH(DN), (2) at a reasonable rate, and because concen-
trating solutions containing excess dinitroamine can lead to
explosions,®! the isolation of 2 was not pursued any further.

The dinitramido ligand could be attached to boron either
through its amidic N atom or an oxygen atom. Using solvent-
corrected coupled-cluster calculations (CBS-QB3+SMD-
MO06-2X/cc-pVTZ), it was found that the B—N isomer is
favored by circa 1.6 kcalmol ' over the lowest energy B—O
isomer (Figure 1). This was experimentally confirmed by the
fact that only one major sharp -NO, YN NMR signal was
found for 1 and for 2, respectively, indicating the presence of
only the B—N isomers.

The predicted NMR chemical shifts for 1 are in excellent
agreement with the major species detected for all three nuclei
(Table 1). The vibrational spectra of the isolated compounds,

AGY= 0.1 [+1.6]
AHO= 0.3 [+1.0]

_—

Figure 1. Relative energies of the most stable B=N and B—O isomers
of 1in the gas phase and in acetonitrile solution (within brackets)
obtained using solvent-corrected coupled-cluster calculations (CBS-
QB3 -+ SMD-M06-2X/cc-pVTZ).
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Table 1: Predicted 'H, "'B, and "*N NMR chemical shifts for the B—N and

B—O isomers of 1.

Species Predicted Experimental
o [ppm] o [ppm]
NH,-BH,-DN 4.6 4.69
NH,-BH,-DN 3.0 2.77
NH,-BH,-O-N(O)N-NO, 45 -
NH,-BH,-O-N(O)N-NO, 2.9 -
NH,-BH,-DN —8.2 -9.3
NH,-BH,-O-N(O)N-NO, —2.1 -
NH,-BH,-N(NO,), —33.7 —343
NH,-BH,-N(NO,), ~88.4 —91 (Et,0)
NH;-BH,-N(NO,), ~3583 —361
NH,-BH,-O-N(O)N-NO, ~23.1 -
NH,-BH,-0-N(O)N-NO, ~28.0 -
NH;-BH,-O-N(O)N-NO, —38.9 -
NH;-BH,-O-N(O)N-NO, ~356.0 -

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] The predicted "H and "B NMR chemical shifts were referenced to the
experimentally measured values for BH;NH;. N NMR chemical shifts
were referenced to MeNO, and the predicted values were empirically
corrected using a fit described previously.?!

known to contain significant amounts of ammonium dinitr-
amide, also agree well with the predicted data (Supporting
Information). The good agreement between predicted and
observed vibrational and NMR data establishes that the
major compound detected by NMR is identical to the one
found by X-ray diffraction (Figure 2).

Crystals of 1 were obtained from a solution in dichloro-
methane. Compound 1 crystallizes in the monoclinic space
group P2,/n with eight molecules per unit cell (Z=8, Z'=2;
Figure 2). To our knowledge, this is the first example of
a structurally characterized Group 13 dinitramido compound

Figure 2. ORTEP!"! plot of one of the two molecules of the asymmetric
unit of 1. Thermal ellipsoids are set at 40% probability. Hydrogen
atoms are depicted as spheres of arbitrary radius. N—H hydrogen
atom positions were idealized. B—H hydrogen atoms were determined
from the electron density map and the B—H distances were then
restrained to 1.12 A. Selected bond distances [A]: N1T-N2 1.3926(15),
N1-N3 1.4046(15), O1-N2 1.2157(15), 02-N2 1.2214(16), O3—N3
1.2160(15), O4—N3 1.2197(15), N1-B1 1.5798(19), B1—N4 1.5895(18).
Selected bond angles [°]: O1-N2-02 125.20(12), O3-N3-0O4 126.04(12),
04-N3-N1 113.26(11), 03-N3-N1 120.61(11), O1-N2-N1 115.57(11),
0O2-N2-N1 119.16(11), N2-N1-N3 115.64(11), N2-N1-B1 125.69(11),
N3-N1-B1118.47(11), N1-B1-N4 107.23(11), H1-B1-H2 115.7(13), H1-
B1-N4 107.8(9), H1-B1-N1 107.7(9), H2-B1-N4 110.7(9), H2-B1-N1
107.4(9), O1-N2-N1-B1 —9.4(2), O4-N3-N1-B1 —33.4(2).
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and a rare example of an N-bonded covalent dinitramido
compound.”! The asymmetric unit contains two B—N-bound
conformers of 1 differing mainly by the O-N-N-B dihedral
angles. As seen for the dinitramide anion,® the nitro groups
are tilted (the two O-N-N angles for each nitro group in
Figure 2 differ by 3 and 7°, respectively). This geometry is also
evident in trinitromethyl-containing compounds, in which the
two O-N-C angles differ for each nitro group.®® The angle
between the two O-N-O planes are 42 and 41° for the two
symmetry-independent molecules, respectively. Both B—N
distances (1.5798(19) and 1.5895(18) A in Figure 2) within
each molecule of the asymmetric unit are statistically equal. It
is worth noting that the central nitrogen atom of the
dinitramido group in 1 is in a planar environment (the sum
of the angles around the central nitrogen is 360°, within
experimental error).

The vibrational spectra recorded for a sample of 1 con-
taining significant amounts of ammonium dinitramide and
circa 20 mol % of unidentified impurities show a relatively
good match with the predicted ones (see the Supporting
Information). The main features of the vibrational spectra are
the two strongest bands at approximately 520 and 2460 cm ™!,
which correspond to the antisymmetric and symmetric B—H,
stretching modes, respectively. They are in the same range as
detected for NH;-BH; (2200-2500 cm™)'1 and at similar
frequencies as those found for the [BH,(azolate),]” ions
(2450-2550 cm™").[* Otherwise, the spectra are dominated by
the NH; bands at circa 3500 cm ' and the dinitramido modes
in the 700-1600 cm ' range.

Compound 1 is only marginally stable under ambient
conditions. It underwent extensive decomposition upon
isolation in the solid state, with an insoluble boron-containing
colorless material and ammonium dinitramide as the major
decomposition products. As solid 1 was not obtained in pure
form, its friction and impact sensitivities could not be
determined. Volatile materials collected from the evaporation
of solutions of 1 contained only small amounts of N,O, as
detected by IR spectroscopy, implying a very slow and
negligible decomposition of the dinitramido moiety. The
compound is also air sensitive. From dichloromethane
solutions of 1 in air, a tacky white solid started to precipitate
and bubbles immediately originated from its surface. In one
instance, the resulting decomposition products crystallized
during their formation and were shown by single-crystal X-
ray diffraction to be ammonium dinitramide. In another
instance, a concentrated glyme solution containing HDN and
1, when exposed to light, decomposed significantly whereas
a similar sample kept in the dark did not, suggesting that
1 and/or HDN are photosensitive.

Besides being of academic value, ammonia-mono-
(dinitramido)borane might be of interest as a HEDM. We
have used the most recent enthalpy of formation (AH,")-
NIST data (NIST=National Institute of Standards and
Technology) for the compounds in Equations (2) and (3),
combined with reliable calculated CBS-QB3 reaction enthal-
pies, and estimated a value of AH,"= —12.0 +2 kcalmol ' for
1 in the gas phase. The AH values (in kcalmol™') of the
individual components that were used for our calculations are
given in parentheses.

www.angewandte.org
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NH; - BH,N(NO,), (1) —
N,O (+19.6) + B(OH); (—237.2) + trans-N,H, (+50.9) (2)
(AH," cgs-on3 = —155.9 kcalmol ™', AH;" = —10.8 kcalmol ')

NH; - BH,N(NO;), (1) —
N,O (+19.6) +2NO (+21.6) + H,O (—57.8) + BH; (+25.5) (3)
(AH, cps-ops = +43.6 kcalmol ™!, AH," = —13.1 kcalmol ')

The sublimation enthalpy AH,, of solid 1 was calculated
using the value for gaseous 1 and separate periodic DFT
calculations on the unit cell determined experimentally from
the X-ray data. We obtain a AH,, of 26.7 kcalmol™', and
arrive at an estimate for the heat of formation of 1 in the solid
state of AH,'=AH—AH,;,=(—12.0)—(26.7)=—-38.7+
5 kcalmol .

The specific impulse in vacuum, I, (vac.), of solid 1 as
a rocket propellant was calculated as 333s using the
thermochemical code RPA v.1.2.8.0. The combustion process
can be approximated by Equation (4).

NH, - BH,N(NO,), (1) — 2N, + HBO, + 2H,0 (4)

Whether the preferred combustion product is HBO, or
B,0O3iq) + H,O depends on the temperature of the products
used in the computational code. The preferred product in the
RPA code is HBO,, whereas the Cheetah code predicts
predominantly liquid B,O; as the combustion product, with
the differences in relative energies being small. The predicted
performance of 1 would be on par with those of the N,0O,/
monomethylhydrazine bipropellant (342s)"! and the
recently discovered liquid monopropellant nitryl cyanide
(NCNO,, I,,=3435),"l and would be significantly higher
than that of the commonly used monopropellant hydrazine
(I, = ca 233).1"! Although the limited thermal stability of
1 will prevent its use in a practical system, it is nevertheless of
great interest to see how much room exists to improve on the
performance of the presently used propellants, where a per-
formance increase of about 10s can double the payload of
a rocket. Using the AH-NIST value for HBO, (—134.0 kcal
mol '), the combustion enthalpy [Eq.(4)] of solid 1 is
estimated to equal —210.9 kcalmol™'. This corresponds to
an energy density (combustion enthalpy per gram) of
1.55 kealg™".

As an explosive, solid 1 is predicted to have a detonation
pressure (Py,) of 29.9 GPa and a detonation velocity (V) of
8.5 kms'. Based on these values, 1 would have a performance
comparable to pentaerythtritol tetranitrate (PETN; Py, =
30.5 GPa, V4, =8.5kms™") and significantly greater than
that of trinitrotoluene (TNT; Py,=20.0GPa, V.=
7.1 kms™).

In conclusion, 1 is the first example of a structurally
characterized Group 13 dinitramido compound. An analysis
of the major NMR signals combined with quantum chemical
calculations establishes that the obtained crystal structure is
indeed that of the major compound formed in our reactions.
Quantum chemical calculations confirm that in solution the
detected B—N-connected isomer is thermodynamically
favored over the B—O-connected isomer, whereas in the gas
phase the two are predicted to be nearly degenerate in energy.

Angew. Chem. Int. Ed. 2015, 54, 1173011734
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Evidence strongly suggesting the formation of the disubsti-
tuted NH;-BH(DN), was also obtained by NMR spectrosco-
py. These compounds are very rare examples of powerful
redox pairs, in this case hydrido and dinitramido ligands, in
single small molecules.****! Although NH;-BH,DN only has
a limited stability under ambient conditions, its major
decomposition pathway involves the elimination of ammoni-
um dinitramide, indicating that the instability does not arise
from intra- or intermolecular redox reactions. More likely, the
compound might be undergoing oligomerization reactions
similar to those known for ammonia—borane. Considering the
high energy content of 1, even its marginal stability is
remarkable. The results from this study show that, contrary
to previous reports on the instability of dinitramido com-
pounds with Lewis acids,®™ a careful choice of substrates can
allow the isolation of dinitramido-substituted boranes.

Experimental Section

Caution! The materials used and synthesized in this study are highly
energetic. They should be handled in quantities not exceeding the
millimolar scale. Manipulations should be carried out behind blast
shields and with adequate personal safety gear (face shield, heavy
leather jacket and gloves, ear protection).

Synthesis of ammonia—mono(dinitramido)borane, NH;-BH,N-
(NO,), (1): In a typical synthesis, glyme (5-10 mL) was condensed
onto NH3yBH; (17 mg; 0.55 mmol). The mixture was frozen at
—196°C and a solution of known HDN concentration in glyme
(1.25 g of solution, 0.53 mmol HDN; see the Supporting Information)
was cannulated onto the frozen mixture. After evacuation of the
vessel, the mixture was thawed and gas evolution was observed. The
gases non-condensable at —196°C were measured on a calibrated
glass vacuum line and showed that the reaction had reached
completion (circa 0.5 mmol of H, measured). An aliquot of the
reaction mixture was cannulated into a J. Young NMR tube, and its
NMR analysis established that 1 was the major species in solution,
with only circa 20 mol % of NO,-containing side products detected.
The reaction mixture was then concentrated under vacuum until only
a drop of viscous liquid remained. Dichloromethane was condensed
onto the resulting liquid, yielding an oily deposit at the bottom of the
reactor. The supernatant dichloromethane phase was filtered into
a Teflon-FEP reactor and the extraction was repeated with an
additional 5 mL of dichloromethane. The solid residue in the reaction
vessel contained mostly ammonium dinitramide and some acetoni-
trile-insoluble solid (upon hydrolysis, the insoluble product displayed
a "B NMR signal at circa d =15 ppm and therefore was not boric
acid). The dichloromethane extract was concentrated under vacuum
to about one half of the initial volume. Some white material started
precipitating, and the suspension was cooled to —80°C and left
standing overnight. The supernatant was transferred into a J. Young
NMR tube and contained relatively clean 1 along with the unidenti-
fied impurities. On one occasion, colorless prismatic crystals suitable
for single-crystal X-ray diffraction were obtained from the evapo-
ration of such a dichloromethane extract. The white precipitate
obtained from the concentration of the dichloromethane extract was
dried under vacuum and contained 1 as the major species and the
same impurities as observed in the supernatant, but was also severely
contaminated with ammonium dinitramide.

1: '"H NMR (500.000 MHz, 20°C, CD;CN): 6 =2.77 (bqt, 'J(‘"H-
"B)=111Hz), 4.69ppm (bt, 'J('H-"N)=50Hz); "BNMR
(160.419 MHz, 20°C, CD;CN): 6=-93ppm (t, J('"'B-'H)=
113 Hz); "N NMR (36.118 MHz, 20°C, CD;CN): 6 = —34.3 (s, 7y, =
6 Hz, NO,), —360.9 ppm (bm, NH;-B). "B NMR (160.419 MHz,
20°C, CH,Cl,, unlocked): 6 =—9.6 ppm (t); N NMR (36.118 MHz,
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20°C, CH,Cl,, unlocked): 6 = —36.8 (s, NO,), —358.7 ppm (bm, NH;-
B); "BNMR (160.419 MHz, 20°C, diethyl ether, unlocked): 6 =
—8.9 ppm (t); N NMR (36.118 MHz, 20°C, diethyl ether, unlocked):
0=-34.1 (s, NO,), —91 (broad, B-N-NO,), —361.1 ppm (bs, NH;-B).

Observation of ammonia-bis(dinitramido)borane, NH;-BH[N-
(NO,),], (2): A HDN solution generated insitu in CD;CN
(0.27 mmol) was added to ammonia-borane (2.1 mg; 0.068 mmol).
After the resulting vigorous effervescence subsided, the solution was
analyzed by NMR spectroscopy and monitored over circa one week.
The solution initially contained 1 along with side products but, after
approximately two days, contained significant amounts of some new
species, including 2.

2: "HNMR (500.000 MHz, 20°C, CD;CN): 6 =3.78 (bqt, 'J('H-
"B)=143 Hz), BH,), 5.33 ppm (bt 'J("H-"N)=45Hz); "B NMR
(160.419 MHz, 20°C, CD;CN): 6=-0.7ppm (d, J("B-'H)=
149 Hz); "N NMR (36.118 MHz, 20°C, CD;CN): 0 = —32.7 ppm (s,
7., =9 Hz, NO,).

Crystal structure determination: The single-crystal X-ray diffrac-
tion data were collected on a Bruker SMART APEX DUO
diffractometer using CuKoa radiation. The structure was solved by
intrinsic phasing and refined using ShelX2014.' CCDC 1049933
contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre.

Computational details: The CBS-QB3!"! composite method was
employed to screen the relative energies of the different isomers in
the gas phase using Gaussian09, rev A02.) CBS-QB3 is based on
CCSD(T) energies extrapolated to the basis set limit using MP2 and
MP4 calculations together with empirical corrections, and is expected
to be highly accurate for thermochemistry. Its mean absolute
deviation in the G2 test set is reported to be 0.87 kcalmol'.l'”]
Relative free energies in CH;CN solution were estimated by
correcting the CBS-QB3 energies using density functional theory
(M06-2X!"/cc-pVTZ) geometries and thermal corrections, which
were evaluated in both the gas phase and in solution, the latter using
SMD-PCM.!" The effect of structural relaxation upon solvation is
hence included in these energies. Nuclear magnetic shielding tensors
were calculated in acetonitrile at the GIAO-PCM-B3LYP/6-311 ++
(3df,3pd) level. Extended DFT calculations were performed using
VASP, version 5.3.5.""! The geometry was optimized using the PBE?”!
GGA functional, in combination with the DFT-D3(BJ) dispersion
correction.?!! The D3(BJ) correction was required to attain a good
agreement with the experimental structure (the molecular volume is
130.3 A® and 131.8 A® from experiment and theory, respectively).
Calculations of gaseous 1 were done using a 15 Al periodic unit cell.
Standard projected augmented wave (PAW) potentials!™? were
used together with a plane-wave kinetic energy cutoff of 800 eV.
Brillouin zone sampling was performed on a Monkhorst-Pack mesh,
which spanned 4 x 2 x 2 k-points. Energies and forces were converged
to <1meV per atom. AH,; was approximated as AH,=~
E gas-phase— E1501i0)- The Tocket propellant performance was predicted
using the thermochemical code RPA v.1.2.8.0, assuming a combustion
chamber pressure of 7 MPa, expansion to vacuum, and a nozzle
expansion ratio of 70. Detonation parameters for 1, PETN and TNT
were calculated using the Cheetah v7.0 thermochemical code.”! See
the Supporting Information for further details.
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