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Fluoro-nitrogen Cations

WILEY-VCH

Ashwani Vij2, William W. Wilson?, Ralf Haiges?, Kyle C. Edwards®, David A. Dixon®, Karl O.

Christe?*

In Memory of Prof. M. Frederick Hawthorne

Abstract: The crystal structures of [NHsF]*[CFsSOs]", [NH2F,]*[SbFs]", and
[N2Fs]*[ShsFi]” have been determined, representing the first structural
characterizations of these simple fluoro-nitrogen cations. The influences of
the hybridization of the central nitrogen atom and of the number of fluorine
substituents on the N-F bond lengths are evaluated for the series NoF*,
N2F3*, NF,O™, NH3F*, NH,F,*, and NF,". It is shown that the N-F bond
length decreases from 1.40 A to 1.26 A with increasing fluorine substitution
and increasing s-character of the nitrogen atom, and that unusual N-F bond
lengths reported in the previous literature are caused by disorder problems

Introduction

Fluoro-nitrogen cations are of significant interest in applications, such
as powerful oxidizers,™ ingredients in High Energy Density Materials
(HEDM),@ NFs/F, gas generators for chemical lasers,®l rocket
propellants,™ electrophilic ~ fluorinating agents for aromatic
compounds, and excellent reagents for the syntheses of hypofluoritest!
or FN(NO2)..le1

Figure 1 summarizes the principal fluoro-nitrogen cations containing
either sp (N2F*), sp? (NF2=NF* and NF>=0"), or sp® (FNHs*, FaNH,",
and FsN*) hybridized nitrogen atoms.
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Figure 1. Structures of the fluoro-nitrogen cations.

All these cations are known to form stable salts under ambient
conditions,*2 except for NFsH* (shown in purple in Fig. 1). The
instability of NFsH* is due to the small dipole moment of NFs of 0.24 D
and the fact that in NFs F-protonation is energetically favored over N-
protonation.!*®l This explains why in the electrochemical synthesis of
NFs from NHg4* the fluorination stops at the NFs stage and does not
proceed further to NF4*.
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Results and Discussion

In this paper, we report the first crystal structures of the NHsF*, NHzF2",
and NaFs* cations. The greatest challenge with the crystal structures of
fluoro-nitrogen cations is disorder. Thus, it took us 41 years and numerous
publications to solve the disorder problems in NF4*.[*41 Similar disorder
problems were originally encountered with the structures of N2F*, NF20*,
NHzF*, and N2Fs*. The disorder problems in N2F* and NHzF* were solved
by obtaining the structures of their ordered [N2F]*[ShzF1]T¥ and
[NH3F]*[CF3SOs] (see below) salts, respectively. The disorder in NF2O*
was overcome by refinement with partial occupancies.®d The most
severely disordered structure encountered was that of N2Fz*ShaF11. In this
structure (see Figures S8 and S9), the cation underwent a positional
superposition of 8 planar N2Fs* cations resulting in an apparently
starshaped planar cation, while the bridging F atom of ShzFi1~ was also
disordered.

Attempts to obtain an ordered structure for N2Fs* by using [B12F12]* as
a counterion by low-temperature metathesis in SOz solution resulted in
explosions when the product was pumped to dryness (Figure S6). The
theoretically predicted structure of N2F3* %51 was successfully duplicated
(see below) for [N2F3]*[ShsFis]" which exhibited an ordered anion and a
better defined positionally and rotationally disordered cation. The goals of
the present study were the structural characterization of the NHsF*, NHzF2*,
and NzFs* cations and the features governing these structures. Details of
the crystallographic data collection and refinement parameters for
[NHsF]*[CFsSOs]", [NH2F2] [SbFg] ", and [N2Fs] [ShsFie]~ are given in the
Supporting Information.

The NHsF* cation was prepared by the fluorination of carbamates
ROC(O)NH; (R = C,Hs, (CH3),CH) and their cleavage by acids (Eg. 1 and
2).1% In this manner, the CH3SOs", ClO4, HSO4,11%1 CF3S037,[1%! SOsCI,

ROC(O)NH, + F, — ROC(O)NHF + HF ()
ROC(O)NHF + CF3SO3H — NH3F'CF3;SO5 + alkene + CO, 2)

SOsF 1% HF2enHF", SbFe, AsFe, and BF4 1% salts have been prepared
and characterized by spectroscopic methods.[*%

For the synthesis of [NHsF]*[CFsSOs], isopropyl N-fluorocarbamate
was used as a precursor. We also explored the use of ethyl carbamate as
the starting material because of its lower cost but found that ethyl N-
fluorocarbamate was more difficult to separate from the unfluorinated
starting material resulting in impure products and frequently in oily
products.

The difluoroammonium cation was prepared as its MFe" (M = As, Sb)
salts by protonation of either NHF2*Y! or FN3[*®! (Eq. 3 and 4).
NHF2 + HF + MFs — NH2F2"MFe ®3)

FNs + 2HF + MFs — NHoF'MFs + N; 4

Its synthesis was more challenging in view of the high shock-sensitivity of
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both NHFI*1 and FN3*¢l, and only one single experimental study on Hirshfeld 2D H---F fingerprint plot (Figure S11). The largest part of the
NH2zF2* had ever been published.'] As for NHsF*, the NHF* salts had Hirshfeld surface (~62%) exhibits F---F contacts.

been characterized exclusively by spectroscopy.

Single crystals of [NHzF2]*[SbFe]” were obtained by the reaction of
FNs with HF/SbFs. This reaction involves the addition of one molecule
of HF across the N=N triple bond of FNs, followed by protonation and
Nz elimination.

The NzFs* salts of Sb2F11~ and SbsFie~ were prepared from NzFs and
stoichiometric amounts of SbFs in anhydrous HF solution.

Details of the crystallographic data collection and refinement
parameters  for  [NHsF][CFsSOs],  [NH2F2]*[SbFe],  and
[N2Fs]*[ShsFis] are given in the Supporting Information. All figures
show thermal ellipsoids at the 50% probability level. Full
crystallographic ~ data  have  been  deposited  with  the
CambridgeCrystallographic Data Center.[*]

The [NHsF]*[CFsSOs] salt obtained via reactions (1) and (2) [R =
(CH3)2CH] shows an ordered crystal structure. The unit cell consists of
two well-separated ion-pairs (Figure 2) with identical N-F bond lengths
of 1.367(4) A. This contrasts with the structure of the impure products
obtained from ethyl N-fluorocarbamate as a precursor which exhibited
two different N-F bond lengths. The structure exhibits very weak
interionic H---F interactions, which comprise ~5% of the Hirshfeld
surfaces as seen from the 2D H---F fingerprint plot (Figure S10). Most
of the surface exhibits very strong H---O interactions (~58%) or F---F
contacts (~34%) (Figure 3).

F2

Figure 2. ORTEP plot of ordered [NHsF]*[CFsSOs]". Selected distance(A):
rN1-F7 = N2-F8, 1.367(4).
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Figure 3. Hydrogen and fluorine interactions/contacts coverage (%) on the
Hirshfeld surfaces of the fluoro-nitrogen cations

The crystal structure of [NH2F2]*[ShbFe]” shows also well-separated
cations and anions (Figure 4). The compound exhibits strong inter-ionic
H---F bridges of 1.64 A with ~38% surface coverage as shown by the

F3

Sb

F1
F4

N1

H1

Figure 4. ORTEP plot of [NH,F2]*[SbFs]". Selected distances (A) and angles
(°): IN1-F1, 1.342(5), F1-N1-F1°, 106.7(5).

The crystal structure of [N2Fs][ShsFis]” again shows well-separated
cations and anions (Figure 5). It was refined in the monoclinic space group
P2y/n with a = 7.280(5), b = 13.213(9), ¢ = 7.479(5) A, a = 90, BB =
90.237(9), y = 90° as a rotational twin with atwinlaw1000-10001
(inversion of b-axis) and constraints applied to the N-N and N-F bonds to
give a stable refinement. This is the best structure that we have been able
to obtain in more than three decades, but it still leaves a disorder with two
positions in the final refinement. For [N2F3][Sh2F11], the disorder was even
more severe, resulting in a star shaped N2Fs* cation.

N2
Foo N1 11
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Figure 5. ORTEP plot of [N2F;] " [SbsFie] .

Since the cell metric of [N2Fs]*[ShsFis] " is very close to a tetragonal
cell witha=c~74Aandb~13.2 A and all angles close to 90°, we
considered the possibility of pseudo-merohedral twinning with a four-
component twin. Integration of the reflection data as a triclinic cell and
refinement with the twin law 0 01 0 -1 0 1 0 0 4 (inversion of b and
exchange of a and c) converged in a structure that was still disordered
with an unsatisfactory high Ri-factor of 8% and BASF values of 0.00039
0.25000 0.00034). The assumption of an eight-component twin with the
twinlaw 001 0-10 10 0 -4 did not result in any improvement of the
resulting structure.

We have also investigated the possibility of non-merohedral
twinning by harvesting about 1500 reflections with an I/sigma cutoff of 3
out of 600 frames from the dataset. Using the software Cell_now, all but
10 reflections could be indexed in the first domain. A second domain,
rotated by 90° about 1.000 0.191 -0.247 containing only 6 unique
reflections was found. Although in our refinement the [N2Fs]* cation is
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positionally and rotationally disordered (see insert in Fig. 6), its structure
can be solved, and the experimental bond lengths and angles with some
restraints agree well with those predicted at the CCSD(T)-F12b/aug-cc-
PVQZ level of theory (Figure 6), thus lending strong support to the
observed geometry.
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Figure 6. Observed (crystal structure) and calculated bond lengths and
angles of the [N2F;]* cation.

As shown in Figure 3, the Hirshfeld surface of the N2Fs* ion shows
that, not surprisingly, 95% of the surface is covered by F-F contacts with
the ShaFis™ anion (Figure 3). Furthermore, the Hirshfeld calculations
(surface area, volume and asphericity) for the sp® hybridized NF4* cation
show that it has a perfectly spherical surface (Table S20). A plot of mol %
fluorine content in the fluoroammonium cations versus surface values
shows a second-order polynomial curve (R=1), which allows estimation
of these values for the hypothetical NHFs*cation by extrapolating them
for its fluorine content of 79.17%.

The observed structures and spectroscopic properties of the fluoro-
nitrogen cations are in excellent agreement with those predicted by our
high-level electronic structure calculations. For these calculations,
MOLPRORP®21 was used to optimize the geometries at the coupled
cluster CCSD(T)-F12b[?>281 level using the F12b equivalents?%9 of the
aug-cc-pVTZ and aug-cc-pVQZ basis sets.4%2  This gives geometries
close to the complete basis set limit.?”:33 The difference in the triple-¢-
F12 and quadruple-F12 results is only 0.001 A, showing that the
structures are converged in terms of the basis set. The geometries,
optimized at the CCSD(T)-F12b, aug-cc-pvqz level, are summarized in
Table 1.

For N2Fs*, the calculated N-N bond distance is 0.005 A shorter than
the experimental value. The N-F distance to the N with one fluorine is in
essentially exact agreement with experiment. The N-F distances of the
nitrogen with the two fluorine atoms are 0.01 and 0.013 A shorter than
experiment. The FNF bond angle of the NF2 group shows the largest
deviation (4.4°) from experiment. The FNN bond angles show deviations
from experiment by up to 3°. The current results are consistent with prior
calculations at the CCSD(T)/aug-cc-PVTZ level.[?"]

The geometries of the other molecules in Figure 1 were also
optimized at this level. The geometry of N2F* is in excellent agreement
with the experimental values of r(N-N) = 1.1034(5) and r(N-F) =
1.2461(10) A° observed by Botschwina et al. for the free gaseous ion
using millimeter-wave spectroscopy.*¥ The excellent agreement between
the calculated and experimental values for a gas phase ion suggests that
our calculated values for N2Fs* should also be of high quality for the free
ion. The corresponding crystal structure valuesl’d for NoF* from the

WILEY-VCH

N2F*ShzF11” salt are 1.089(9) A and 1.257(8) A, consistent with the
differences between the calculated and experimental values for N2Fs*.
The N-F bond distances in NF20* and NF;* are like the N-F bond
distances in N2Fs*. The N-F bond distance in Csy NF3H* is slightly
elongated from that in NF4*. Further substitution of H from F on NF4*
leads to elongation of the N-F bond distance with the longest value of
1.360 A predicted for NHsF*. This lengthening of the N-F bond in these
cations follows the trends found for the C-F bonds from CF4 to CH3F.[*!
The calculated values for the N-F bond lengths are in excellent agreement
with experiment for NF4* and NHsF* and that in NF4* is about 0.015 A
shorter than that in NHzF2*.

The availability of reliable experimental and calculated bond length
data offered the opportunity to study the influence of N-hybridization and
fluorine substitution on the N-F bond lengths. As can be seen from Table
2, the amount of s-character in the N of the N-F bond and the number of
fluorine substituents are determining factors. Increased s-character and/or
concomitant decrease in Pauli repulsive orbital interactions®® result in
better overlap of the orbitals and increased bond strength (near the
minimum).

Increased fluorine substitution decreases the polarity and ionic
character of the N-F bonds making them more covalent and stronger. Thus,
sp hybridised [N2F]* with r(N-F) = 1.257 A has the shortest known N-F
bond. For the sp® hybridised cations, [NF4]* with r(N-F) = 1.308 A has the
shortest N-F bond. In sp? hybridised [N2Fs]*, the unique N-F bond is
slightly longer than those of the NF2 group, because the nitrogen with the
unique fluorine has an electron density feeding free valence electron pair,
thus decreasing its effective electronegativity. Although the short N-F
bond in N2F* might be explained by valence bond theory assuming a minor

contribution from N-F z-bonding,*” this interpretation is not very
plausible because the corresponding resonance structure results in a
positive charge on fluorine and repulsive neighbouring positive charges on
N (Eg. 5).
IF—N==N: <—» F——N——N ()
® ® ® 0o

The Natural Population (NPA) and Natural Bond Orbital Analyses
(NBO) were carried out for the fluoro-nitrogen cations of this study. The
results for the NPA based on the NBOs[*83 using NBO7444 are given
in Table S22. For N2F*, the positive charge is mostly localized on the two
N atoms with only a small positive charge on the F. For N2F3*, the positive
charge is localized on the N atoms and the F atoms are neutral to slightly
negative. In NF4*, the positive charge is again on the N with small negative
charges on the F atoms. In NFs, the F atoms have more negative charge.

The NBO analysis is given in Table S23 for the orbitals involved in
bonds and the lone pairs on the N in NHs, NFs, N2F*, and N2Fs*. The
orbitals for the most part have 2.00 electrons in the orbitals. For N2F*, the
NBO analysis clearly shows a triple bond between the two N atoms with
a o bond and two 7 bonds. The N-N bonds are polarized towards the
central N atom. The N-N o bond has s'p?®character on the terminal atom,
but the central atom has substantially more s character with s'p®’
hybridization. The N-F bond is polarized towards the F with slp'4
hybridization on the N and the F being mostly of p character. The lone
pair on N1 has a large amount of s character. For N2Fs*, the N-N bond is
a double bond with one o bond and one 7 bond and is polarized toward
N1 with 2 F atoms. N1 has s'p*® hybridization and N2 has s'p3!
hybridization for the N-N o bond. The two N-F bonds on N1 have s'p?®
hybridization on the N, whereas the N2-F bond has substantially more 2p
character on the N. The F atoms in the N-F bonds are almost pure p in
character with only a small amount of 2s contributing. The lone pair on
N1 has a large amount of s character consistent with more p character on

This article is protected by copyright. All rights reserved
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the N in the N2-F bond. Note that the NF bonds in NFs have mostly 2p
character on both the N and the F and that the lone pair on N has s'p®®.
hybridization. For NF4*, the N has sp® hybridization as expected.

The above results require a comment concerning the formal oxidation
state of their nitrogen atoms. In ammonia, NHs, and in the general NR4s*
(R = H, alkyl, or aryl) cations, the nitrogen atom possesses a partial
negative charge. Therefore, its formal oxidation state is correctly assumed
to be -Ill. However, in the fluoro-nitrogen cations of this study, except
for NHsF*, the nitrogen atoms carry partial positive charges, as in the
nitronium, NOy*, cation, which has a formal oxidation state of +V.
Therefore, from a didactic point of view, it would seem more appropriate
to consider them as nitronium cations. Thus, NFs* would be the
tetrafluoro nitronium cation and not the tetrafluoro ammonium cation.

Conclusion

The first structural characterizations of the simple fluoro-nitrogen
cations [NHsF]*, [NH2F2]*[, and [N2Fs]* are reported. In the series N2F*,
N2Fs*, NF20*, NHsF*, NH2F2*, and NF4*, the hybridization of the central
nitrogen atom and the number of fluorine substituents are the key factors
influencing the N-F bond lengths. The N-F bond length decreases from
1.40 A to 1.26 A with increasing fluorine substitution and increasing s-
character of the nitrogen atom. High-level quantum chemical calculations
were used to support these conclusions. It is shown that the unusual N-F
bond lengths reported in the previous publications are caused by disorder
problems. FN3 and NHF2 are very shock sensitive. They should be
handled only with caution.*2
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Table 1: Optimized geometry parameters at the CCSD(T)-F12b/aug-cc-pvgz level with bond distances in A and bond angles in

WILEY-VCH

Ag G99TTZ0Z 31Ue/Z00T 0T/I0p/W0d A3 | IMARe.q 1 [puUO//:SANY WO PaPeO|UMOQ ‘8 ‘ZZ0C ‘ELLETZST

degrees.
Molecule | r (N-F) r(N-N) | r(N-O) | r(N-H) | Z(H-N-H) | Z(H-N-F) | Z(F-N-F) Z(N-N-F) Z(0-N-F)
NoF* 1.246 1.105
113.6 108.7
NaFs* 1.311 (N2-F11) | 1.244 (F9-N1-F10) | (N1-N2-F11)
(_%
z
127.2 Q
1.294 (N1-F10) (N2-N1-F10) g
‘S::
119.2 g
1.287 (N1-F9) (N2-N1-F9) 2
)
NF,0* 1.301 1.132 108.8 125.6 :
NFTa | 1.305 e
NHF; | 1.315 1.042 1102 108.7 d
NH,F,* 1.333 1.034 115.1 108.1 109.0 U')%
NFHs* | 1.360 1027 | 1113 107.6 -5
F10  F11 (o
\ / 5
N1-N2 Eﬁ
/ £
F9 2
Table 2: Dependence of N-F bond length on formal N-hybridization and fluorine substitution Sg
FORMAL N-HYBRIDIZATION  CATION RN-F (&) §
Exp Calc® F
sp [N=N-F]* 1.257(8) 1.246
sp2 [O=NF,]* 1.284P 1.301
[FN=NF,]* 1.302(7)° (aver) 1.290
[FN=NF,]* 1.312(8) 1.311
sp? [NFJ* 1.3076(13)¢  1.305
[HNF]Y 1.347(5)¢ 1.333
[H:NF]*  1.367(4)° 1.360

a) ref. 7g; b) ref. 9d; c) this work; d) ref. 12j.
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The first structural characterizations of these simple fluoro-nitrogen
cations have been accomplished. It is shown that the hybridization of
the central nitrogen atom and of the number of fluorine substituents
are the determining factors governing the N-F bond lengths which
decrease from from 1.40 A to 1.26 A with increasing fluorine
substitution and increasing s-character of the nitrogen atom
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