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Exposure of NF4+AsF¢~ and NF4tSbF¢~0.8SbFs to 60Co v rays at 77°K gave two paramagnetic centers, one of which
is shown by ESR spectroscopy to contain one nitrogen atom and three equivalent fluorine atoms. Based on its magnetic
properties it is identified as pyramidal NF3+, a novel radical cation. The other center exhibits strong interaction of the

electron with two fluorine atoms, weaker interaction with the antimony or arsenic central atom, and small interaction with
several other fluorine atoms. It is tentatively assigned to the electron-loss species AsFs, SbFs, or SbaF11 with the unpaired
electron largely confined to two fluorine ligands. Irradiation of NF4*BF4~ did not result in well-defined magnetic centers.

An improved synthesis of NF4+BFs- is reported.

Introduction

Although carbon readily forms tetrahedral molecules with
electronegative ligands, such as the halogens, the synthesis of
the isoelectronic nitrogen compounds has been achieved only
recently.,! Attempts to prepare NF4* salts had been dis-
couraged by theoretical computations23 showing that these
salts should be thermodynamically unstable and by the non-
existence of the parent compound NFs. Once the principle
was recognized! that NF47 salts can be prepared from NF3,
F2, and a strong Lewis acid in the presence of a suitable
activation energy source, a number of synthetic methods
became available. These involve the use of different activation
energy sources such as glow discharge,*3 elevated temperature
and pressure,®7 v irradiation,® and uv photolysis.®

On exposure to high-energy radiation, CF4 undergoes the
dissociative electron-capture process

CF, +e¢ = CF, + F~ 1)

to give CF3 radicals which have been detected both in the
liquid!0 and solid!0-12 phase. The fact that no evidence for
the existence of the CF4~ radical anion was observed is not
surprising in view of the validity of the octet rule for first-row
elements of the periodic system. A study of the corresponding
NF4+ system appeared interesting, particularly in view of the
recent suggestion® that NF3* and the radicals derived from
the Lewis acid—fluorine interaction, such as AsFs, are the key
intermediates in the formation mechanism of NF4* salts. By
analogy with CF4, one might expect that NF3* might be
prepared by « irradiation of NF4* salts according to

NF,* + e = NF," + F~ 2)

In this paper we report ESR spectroscopic evidence for the
existence of the novel radicals NF3+ and MFs, in addition to
an improved synthesis of NF4TBF4~ by metathesis in HF
solution.

Experimental Section

Syntheses of NF4+ Salts. A sample of NF4+SbFs~0.8SbFs was
prepared as previously described? by heating a 1:1.2:1 molar mixture

* To whom correspondence should be addressed at Rocketdyne.

of NF3, F2, and SbFs in a Monel cylinder to 120° for 2 days under
an autogenous pressure of 200 atm. The resulting white solid, having
the composition NF4+SbFs~1.9SbFs, was converted to NFs*
SbF¢~-0.8SbFs by heating under a dynamic vacuum to 200° for 3
days. The compound was analyzed as previously described.!3 The
only detectable impurities were small amounts of Ni (0.066 wt %)
and Cu (0.03%) in the form of their salts. The synthesis of NF4tAsFs~
has previously been described.13 Again, the only detectable impurities
were Ni (0.98%) and Cu (0.27%).

For the synthesis of NF4+BF4~ by metathesis, commercial HF was
dried by shaking it overnight in a 1-1. Monel cylinder with fluorine
(10 1./0.7 kg of HF) after which oxygen and residual fluorine (ca.
210 psi) were removed under vacuum at —78°. The metathesis
apparatus, fabricated entirely from Teflon and Kel-F, consisted of
four identical 1-1. vessels connected in series through valves and filters
with a fitting carrying a vacuum line connection, a 60-psi pressure
relief valve, and a compound pressure-vacuum gauge (Kel-F-coated
diaphragm) between the last two vessels. In addition, each vessel was
stirred with a Teflon-coated magnetic stirring bar and equipped with
a valve which by-passed the filter for introduction or removal of
gaseous or liquid materials. All manipulations of reagents and
products were conducted either in an inert-atmosphere glove box or
by standard high-vacuum techniques.

A 251.5-g (1.94-mol) quantity of silver fluoride (Cationic, Inc.),
which contained 2.1% HF-insoluble impurities, was loaded into the
first vessel and 284 g of HF was added. Into the second vessel were
placed 400.5 g (0.822 mol) of NF4SbFs-0.8SbFs and 148 g of HF.
The AgHF2 solution in the first vessel was pressurized to 30 psi with
nitrogen and passed through a filter into the stirred NF4* salt~HF
solution under autogenous pressure in the second vessel. The resulting
NFsHF> solution was separated from the AgSbFs precipitate by
filtration into the evacuated third reaction vessel. After brief pumping
to remove the nitrogen pressurizing gas, BF3 (68 g, 1.0 mol) was added
to the third vessel until the total pressure above the liquid remained
constant at 19-20 psi. The NF4BF4 solution was separated from the
precipitated AgBF4 by filtration into the evacuated fourth vessel. After
removal of excess BF3 and solvent HF the residual solid product (101.9
g) was isolated. The composition of the solid (in mole percent) was
NF4BF4 (89), NF4 SboF11 (7.9), and AgBFs (3.1). )

v Irradiation and ESR Spectra. The NF47 salts were transferred
in the dry nitrogen atmosphere of a glove box into passivated 4-mm
0.d. quartz tubes which were flame-sealed in vacuo. For the solution
study, a 0.24 M solution of NF4tSbF¢~0.8SbFs in anhydrous HF
was heat-sealed in a Teflon FEP tube.
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Figure 1. First-derivative X-band ESR spectrum for NF, *Sb-
F,"-0.8SbF, after exposure to °Co v rays at 77°K, showing
features assigned to species A and B. The intense central com-
ponent stems in part from paramagnetic centers generated in the
quartz tube.

The sample tubes were cooled to 77°K prior to exposure to 60Co
v rays in a Vickrad cell at a nominal dose rate of about 4 Mrads hr-l.
It was necessary 1o expose samples to high doses (about 10 Mrads)
before good ESR signals were obtained.

The ESR spectra were obtained with a Varian E3 spectrometer
at 77°K. Samples were annealed by gradual warming to above 77°K
and recooling whenever significant changes were observed in the
continuously monitored esr signals. Signals were independent of
sample tube orientation indicating the absence of sample graining
effects.

Results and Discussion

Symthesis. For the preparation of NF4tSbF¢—~xSbFs and
NF4tAsFe¢~ the previously reported’ elevated pressure—
temperature method was chosen. For that of NF4BF4-, a
metathetical process similar to that of Tolberg, et al.14 was
selected which was significantly improved by substituting AgF
for the originally used 14CsF. The reaction sequence is best
described by eq 3-5. Since AgTHF2~ was used in excess for

HF
AgF + HF == Ag*HF," (3)
. . _HF
Ag HF,” + NF,*SbF,” == AgSbF, | + NF,*HF, " )
HF
NF,*HF,” + BF,— NF,*BF,” + HF )

the precipitation of the fluoroantimonate, the rather insoluble
AgBF4 precipitated from the NF4tHF2- solution upon BF3
addition. This required an additional filtration step. The level
of impurities (NF4Sb2F11 and AgBF4) in the final crude
product is determined by the solubility products of AgSbFs
and AgBF4 in HF.

Since the NF4+SbFs~xSbFs starting material can readily
be prepared on a large scale,” this metathetical process is well
suited for the synthesis of larger amounts of NF4*BF4-, TIts
main drawback is the relatively low product purity. Using CsF
the purity is quite low, but with AgF we have been able to
obtain purities as high as 89 mol % of NF4*BF4~. The main
impurities could significantly be decreased by subsequent
recrystallization!4 of the crude NF4tBF4~ from suitable
solvents. Whereas the y-irradiation8 and uv-photolysis®
processes yield purer produets, they are at present much less
amenable to scale up.

Electron Spin Resonance Spectra. The best defined spectra
were obtained from NF4+SbF60.8SbFs and typical spectra,
obtained before and after annealing, are given in Figures 1
and 2, respectively. The NFs+tAsFs salt gave very similar
results, but NF4TBF4~ proved to be remarkably resistant to
60Co ~ rays. Two radical species, A and B, can be detected
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Figure 2. Sample of Figure 1 but after annealing at about 140°K
and recooling to 77° K, showing features assigned to radical A.

in the initial spectra (Figure 1), but radical B decayed rapidly
on annealing to about 150°K, leaving a well-defined spectrum
of A (Figure 2).

Radical A, Well-defined wing (parallel) triplets charac-
teristic of hyperfine coupling to 14N [J(14N) = 1] establish
the presence of one strongly coupled 4N nucleus. If the outer
sets of triplets are described as the M(19F) = 3/ “parallel”
features for NFst [I(1°F) = 1/2] for the three equivalent
fluorine atoms, then the &1/ lines are predicted to fall close
to the more intense set of six lines in the central region of the
spectrum. However, the apparent A(14N) coupling on these
inner features has decreased by about 15 G relative to the outer
lines, and hence we suggest that these inner lines contain
dominant contributions arising from “anisotropic” features.

Interpretation of ESR spectra for pyramidal radicals of this
type is complicated by the fact that the principal values for
the three 1°F hyperfine tensors lie along three different axes,
two of which always differ from those for the 14N hyperfine
coupling. Also, there should be a relatively large second-order
splitting (8) of the M1('9F) = #1/2 lines which can be ap-
proximately estimated!’ from 6y = 3/24 1 (1°F)/H L and 61
=3/4(AL + Aj)/H|. From the initial approximate data, we
find 6| ~ 3 Gand 61 =~ 23 G. Thus the former will be barely
defined in our spectra, but the latter result is clearly significant.
This problem has been discussed in depth by Coope, et al.,!!:16
especially for the isoelectronic radical, CF3, and we have
followed their procedure in arriving at the parameters listed
in Table I. The results for CF310,12 are included for com-
parison. )

The results for 19F of NF3* are in good agreement with
those!2 of CF3 but indicate a small increase in spin density
on fluorine on going from CF3 to NF3*. Since these are not
principal values, we make no attempt to estimate the actual
spin density on fluorine from these data. However, the data
for 14N can be taken as principal values and hence we can
deduce approximate spin densities in the 2s and 2p atomic
orbitals that nitrogen contributes to the total MO of the
unpaired electron. This we do by dividing the A4 and 28 values
by the values for 4° (550 G) and 2B® (33 G) estimated from
recent accurate atomic wave functions.!? (4 and 2B are the
experimental isotropic and traceless parts of the hyperfine
tensor components, and 4° and 2B° are the corresponding
computed values for unit population of the 2s and 2p AQ’s.)
The results (Table II) indicate that the total spin density on
nitrogen is about 69%, and the 2p:2s ratio is about 2.8. Only
the isotropic 13C datum is known!0 for 13CF3, and this gives
about 24% spin density in the 2s AO on carbon. The latter
value might be somewhat high, since the anisotropic com-
ponents of 19F in NF3+ and CF3 are quite similar (133 and
123 G, respectively) implying that the spin densities on F and
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Table I. ESR Data for Radical in y-Irradiated NF,* Salts, Together with Those for CF,

Hyperfine tensor components, Gab

1N, 13C, *2!18b 19 FC £ values
Radical li 1 Iso 1 1 Iso il 1 Av
NF,* i 115 90 98.3 300 100 167 2.003 2.009 2.007
CF,¢ 264 80 141.3
CF3 272 143
SbF, ~30 or ~60 (see text) 6307¢ 42023 490 ~2.00
+~30

2G=10"T. PErrors~+3G. °Data relate to the Cyy axes and therefore are not principal values. ¢ Reference 12. © Reference 10.
For two equivalent fluorine atoms. & Approximate since number of subcomponents unknown. k weak coupling to other fluoride ligands.
{ The NF,* signals derived from either NF,SbF, or NF,AsF, had experimentally undistinguishable parameters.

Table IL. Estimated Spin Densities (%) for NF,*
and CF, on Central Atom

ag? ap? Total 2p:2s
NF,* 18 50.5 68.5 2.8
CF, 24

hence also on the central atoms should be similar in both
species. An alternate although less plausible, explanatlon might
be that the atomic orbitals of the central atom in CF3 have
more s character (i.e., a stronger contribution from sp2 hy-
br1dlzat10n) than those in NF3+. This would imply that CF3
is less pyramidal than NF3+,

The 1mphcat1ons from the ESR data that in NFs+ the spin
density on F is somewhat higher than in CF; and that the
atomic orbitals of the central atom in CF3 have more s
character than those in NF3* are in accord with arguments
based on consideration of the resonance structures I-III.

7+

/X\ /X\ /X' -
ELE OELF R OEC
" :13: ' F [N :F: -

I I i

In NFs* the formal positive charge and the higher oxidation
state of the central atom should increase the effective elec-
tronegativity of the NF2* group when compared to that of CF2.
Therefore, for NF3* the relative contribution from structure
IT should be higher than for CF3 hereby increasing the spin
density on F in NF3+. Since with an increasing electroneg-
ativity difference between X and F the XF bond becomes more
ionic, the contribution from the sp2- hybridized model III to
the bonding should be more significant in CFs than in NF3+,
In addition, model III for NF3+ would require an unfavorable
double positive charge on the NF2 part of the molecule.

The failure to observe any evidence for the NF4 radical is
not surprising in view of the above-mentioned strict validity
of the octet rule for first-row elements. This is in marked
contrast with second-row elements, such as phosphorus for
which the corresponding PF4 has been observed.18.19 We have
also studied the irradiation products from HF solutions of
NF4*+SbFs—0.8 SbF's since it is often found that dissociative
reactions, such as the hypothetical process

NF, - NF,* + F~ ' (6)

are solvent dependent. Unfortunately, solutions in HF, the
only suitable solvent, gave, after irradiation, only very broad
uninformative features.

Radical B. The other species (B), lost during mild annealing,
is tentatively identified as SbF¢ (or AsFs) or SbaF11 for the
following reasons. (1) NF3* is undoubtedly formed by electron
capture, and the most reasonable initial electron loss center
is SbFs. (2) The results indicate the presence of two (or, less
reasonably, one) strongly coupled 19F nuclei with very weak
coupling to magnetic isotopes of antimony or arsenic and
possible further 19F nuclei. Electron loss from SbFs- is from

one of the nonbonding orbitals on fluorine, and a suitable
distortion could well tend to isolate the unpaired electron on
just two of the ligands. This model provides a reasonable
explanation for the observed data. (3) The broad similarity
between the results for the arsenic and antimony salts requires
a low spin density on the central atom, in accord with the
model. (4) Lack of NF3+ radicals in the BF4- salt accord with
the apparent inability to form BF4 radicals from such salts.!8

Based on the above arguments, we favor the spectral analysis
indicated in Figure 1 rather than the alternative of treating
the B features as a doublet, on the basis of the relatively small
anisotropy. For a distorted radical with the unpaired electron
delocalized between two adjacent fluoride ligands, the apparent
anisotropy deduced from the powder spectrum must be greatly
reduced compared with the real anisotropy or that to be
expected from spin confined to just one ligand.

The superhyperfine coupling present on the M (19F) = =+
lines must then arise from coupling to 121Sb (I = 5/2; 57.25%
abundance) and to a lesser extent from 123Sb (I =7/2; 42.75%
abundance). This will not explain all the resolved features in
Figure 1 and hence extra 19F coupling or interaction with the
second antimony atom of Sb2F11 must also be present.

It is interesting to compare these results with those for a
species formed in irradiated sodium hexafluoroantimonate,
originally thought to be SbFs- or SbFe?- 20 but later assigned
to an impurity species, OSbF4 or OSbFs-.2! This center had
only very weak coupling to 19F (about 5 G) and a near-isotropic
coupling to !21Sb in the 60-70-G region. Our present results
indicate a coupling to 121Sb of 30 or 60 G. A reduction of
the coupling in SbFs or SbaF11, when compared to that for
OSbFs-, can be rationalized by electronegativity argu-
ments.21,22

Although we have been unable to obtain well-resolved ESR
spectra for radical B, we conclude that this center is probably
SbFs or Sb2F11, with the unpaired electron largely confined
to two adjacent fluoride ligands. Other possible assignments
that had occurred to us have been rejected for various reasons.
For example, the assignment to F2-, weakly interacting with
neighboring ions, can be ruled out since the observed hyperfine
coupling is too small.

Summary

v Irradiation of NF4* salts at 77°K produces the novel
pyramidal cation NF3* in addition to a second less stable
species which is tentatively assigned to the corresponding anion
electron-loss species, SbFe, SboF11, and AsFs, respectively. The
experimental observation of these species lends further cred-
ibility to the reaction mechanism previously suggested? for the
formation and thermal decomposition of NF4+ salts. In this
mechanism, the AsFs radical was postulated to be the crucial
intermediate capable of supplying the energy (ionization
potential of NF3 minus the energy released by the formation
of the ion pair) required for the oxidation of NF3 according
to

AsF, + NF, - NF, *AsF, " )
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and Partially Fluorinated Imido Esters and Imido Thio Esters !
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The imidoyl chlorine of CF3CCI=NCF(CF3)2 is susceptible to base-catalyzed nucleophilic attack by alcohols (ROH; R
= (CF3)3C, (CF3)2CH, CF3CH3) and thiols (R'SH; R' = CF3, CH3, C2Hs) to produce the corresponding imido esters,
CF3(RO)C=NCF(CF3)2, and imido thio esters, CF3(R'S)C=NCF(CF3)2. Two other imido thio esters, CF3(R'S)-
C=NCH(CF3)2 (R' = CH3, C2H5s), result in the reaction of the imidoyl chloride with the hydrogenated thiols via a complex
mechanism. These two imido thio esters exist as a mixture of syn and anti isomers at 30°. Syn and anti conformers of
CF3(CF3S)C=NCF(CF3)2 and CF3(C2HsS)C=NCF(CF3); were resolved at low temperature using 19F nmr spectra.
Each of the imido esters exists in the anti configuration with no evidence of stereoisomerization about the C=N bond on

the infrared or nmr time scale.

A halo group attached to the carbon atom of >C=N-
characterizes a class of reactive compounds known as imidoyl
halides. Electronic assistance from a heteroatom attached to
the carbon atom bonded to the halo group greatly increases
the reactivity of the halide as evidenced by the high reactivity
of acid halides where the halo group is attached directly to
the carbonyl carbon. In a like manner, the C=N double bond
increases the reactivity of an imidoyl halide (I) comparable
to that of an acid halide (II).

Imidoy! halides have been known since 1876 and since that
time have proved to be excellent precursors to a wide variety
of hydrogenated nitrogen compounds.?-5> The chloro sub-
stituent in hydrogenated imidoyl chlorides is readily displaced
by nucleophilic reagents; however, similar reactions of the
fluorinated analogs are rare®$ or obscured in the literature.
We have found that CF3CCl==NCF(CF3)2 is very susceptible
to nucleophilic attack by ORf, SR, and SRf~. Generally,
the imido esters and imido thio esters are formed via a
straightforward nucleophilic attack at the reactive site by the
nucleophile; however, in the case of SR~ a more complex
mechanism is operative.

Compounds containing the C==N function may exist as
geometrical isomers (syn and anti); however, rotation or in-

version about the C=N bond® may cause rapid stereoiso-
merization which renders equivalent the two isomers on the
infrared or nmr time scale. By comparison, hydrogenated
imines seem to have a much greater configurational stability
than similar fluorinated compounds such that the latter often
exhibit a temperature-dependent nmr spectrum.!0-15  Ste-
reoisomerism of imines and the possibility of syn and anti
isomers is an intriguing subject and both nmr and infrared
spectroscopies are useful for the assignment of structure. We
have observed via 'H and '°F nmr spectral studies that a
mixture of the syn and anti isomers of CF3(RS)C=NCH-
(CF3)2 (R = CHs, C2Hs) exists at 30°, and through a
consideration of peak areas the syn:anti ratios have been
determined. None of the other imido thio esters stereo-
isomerizes at a rate which is slow enough to permit observation
of the individual isomers at ambient temperature in the nmr.
However, at 25° while CF3(CF3S)C=NCF(CF3)2 is just
above its nmr coalescence temperature, the individual con-
formers are observed in the infrared spectra. Low-temperature
nmr spectral studies of CF3(CF3S)C=NCF(CF3)2 and
CF3(C2oHsS)C=NCF(CF3)2 showed that the syn and anti
conformers could be resolved at low temperature with the major
species existing in the anti configuration. A low-temperature
nmr spectral study of CF3[(CF3)2CHO]C=NCF(CF3)2
indicated no conformational changes down to —115°. The
absence of syn and anti mixtures at low temperature and the
nature of the 19F and 'H nmr coupling patterns suggest that
each of the imido esters exist in the anti configuration at
ambient temperature with no evidence of stereoisomerization



