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/Abstract: The halogenotrinitromethanes FC(NO,); (1),
BrC(NO,); (2), and IC(NO,); (3) were synthesized and fully
characterized. The molecular structures of 1-3 were deter-
mined in the crystalline state by X-ray diffraction, and gas-
phase structures of 1 and 2 were determined by electron
diffraction. The Hal-C bond lengths in F— Cl—, and Br—
C(NO,); in the crystalline state are similar to those in the gas
phase. The obtained experimental data are interpreted in
terms of Natural Bond Orbitals (NBO), Atoms in Molecules
(AIM), and Interacting Quantum Atoms (IQA) theories. All

halogenotrinitromethanes show various intra- and intermo-
lecular non-bonded interactions. Intramolecular N--O and
Hal---O (Hal=F (1), Br (2), | (3)) interactions, both competitors
in terms of the orientation of the nitro groups by rotation
about the C—N bonds, lead to a propeller-type twisting of
these groups favoring the mentioned interactions. The
origin of the unusually short Hal-C bonds is discussed in
detail. The results of this study are compared to the molecu-
lar structure of CIC(NO,); and the respective interactions
therein.
/

Introduction

Mutual influences of atoms and functional groups in molecules
are to a great extent responsible for the chemical and structur-
al properties. Detailed analysis of these influences and the un-
derstanding of intra- and intermolecular interactions are of
fundamental interest for chemical science. Especially small
compounds containing the trinitromethyl moiety, with its
strong electron-withdrawing property, may show special and
unusual characteristics. A detailed understanding of the nature
of bonding within and between these molecules is therefore
highly desirable. Although the trinitromethyl moiety consists
of C, N, and O atoms, its properties are comparable to those of
a Group VIl element. Early studies of a-halogen derivatives of
trinitromethane have demonstrated the pseudohalogenic
nature of the trinitromethyl moiety." Further experimental evi-
dence supporting this behavior as a pseudohalogen are the
discoveries of the corresponding strong acid HC(NO,);,”? vari-
ous metal salts like KIC(NO,);] and AgIC(NO,);],**! pseudointer-
halogen compounds such as NCC(NO,);® and N,C(NO,);, as
well as its dimer hexanitroethane.”™ Furthermore, the existence
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of the halogenotrinitromethanes HalC(NO,); (Hal=F, Cl, Br, 1)
confirm this assumption.

Although various syntheses of HalC(NO,); (Hal=F (1), Cl, Br
(2), 1 3)) by different methods are known,” analytical data
available in the literature are often fragmentary despite consid-
erable efforts of various researchers. In this context, studies of
the NMR spectra” and vibrational analyses”*® have been pre-
viously reported. Furthermore, quantum chemical calculations
have been performed to predict the molecular structures of
the halogenotrinitromethanes.”

Reliable data of experimental structural investigations of 1-3
are rather limited in literature. When it comes to understand
the interplay of various types of intra- and intermolecular inter-
actions on the molecular structures, it is generally highly desir-
able to compare structural data of free molecules in the gas
phase, without distortions from intermolecular forces, with
those of molecules embedded in a crystal, the very existence
of which depends on the existence of intermolecular forces. So
far gas-phase structure determinations exist for CIC(NO,),"”
and BrC(NO,);,"®9 but the latter are based on a data set of
limited quality and is therefore reinvestigated in this work. Ex-
perimental structure data for both, gas and solid, are com-
pletely unknown for FC(NO,),. Furthermore, a determination of
the crystal structure of IC(NO,); has been previously reported,
but using a poor data set of X-ray diffraction data, due to de-
composition of upon exposure to Moy, X-ray radiation."” This
prevented the coordinates of the light atoms carbon, nitrogen,
and oxygen from being properly determined and the resulting
structures show a considerable scatter for bond lengths and
made a reinvestigation of the crystal structure desirable.

The molecular structure of CIC(NO,); has previously been in-
vestigated in our laboratory, using X-ray diffraction and quan-
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tum chemical calculations of the molecular electrostatic poten-
tial."? Following these studies, we describe here convenient
syntheses and full characterization of the halogenotrinitrome-
thanes FC(NO,); (1), BrC(NO,); (2), and IC(NO,); (3) as well as
their molecular structures in the gas phase and in the crystal-
line state. This completes our detailed investigations of a-halo-
gen derivatives of trinitromethane.

Results and Discussion

The general and established procedure for the preparation of
the halogenotrinitromethanes HalC(NO,); (Hal=F (1), Br (2), |
(3)) implies direct halogenation of trinitromethane or its anion
(Scheme 1).

cl
NO. & . NO.
o—NO, + N H0/25°C F+N6
D
€ oy [( j BFY ~KBF, 2
NO, ng (BFs)2 NO,
NCY
F 1
NO, H,0 /25 °C NO,
H—NO, +  Br — = » B—{NO,
NO, — HBr NO,
2
NO, CCl,170°C NO,
® ©)—NO, + ICl . I—éNOz
NO, -Kci NO,

3

Scheme 1. Synthesis of the halogenotrinitromethanes FC(NO,); (1), BrC(NO,),
(2), and IC(NO,); (3).

Fluorination of trinitromethanide in aqueous solution ena-
bles separation of the pure product by evaporation and fur-
nishes 1 as a colorless stable liquid, immiscible with water. The
use of Selectfluor (1-chloro-methyl-4-fluoro-1,4-diazoniabicyclo-
[2.2.2]octane bis(tetrafluoroborate)) as a fluorinating agent sig-
nificantly simplifies the experimental effort compared with the
experimental setup required for elemental fluorine. In case of
2, the immiscibility with water facilitates the separation of the
product. The use of elemental bromine in the synthesis of 2
cannot be applied to that of 3 by an analogous reaction of tri-
nitromethane or its salt with elemental iodine. Therefore,
iodine monochloride, due to its high polarity as a source of 17,
is needed for a successful reaction. At ambient temperature,
compound 3 is the only solid halogenotrinitromethane deriva-
tive, and in analogy to 1 and 2 is not miscible with water. It
decomposes slowly at ambient temperature and/or when ex-
posed to daylight, forming elemental iodine.

For comparison of analytic data, an authentic sample of
chlorotrinitromethane was also synthesized, according to a pro-
cedure in the literature.””

NMR Spectroscopy

All compounds were thoroughly characterized by multinuclear
NMR spectroscopy (Table 1). The *C NMR spectra of 1-3 and
the authentic sample of CIC(NO,); show the resonances for the
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Table 1. Multinuclear NMR resonances (*C, "N, '°F) of HalC(NO,); 1-3
and CIC(NO,); in CDCl; (6 [ppml], J [Hz]).

1 FC(NO,),® CIC(NO,),® 2 BrC(NO,); 3 IC(NO,);
3C 113.7 126.3 121.9 106.7

Yeaan=12.1 Yean=9.3 e 1an=8.1 e =64

e r=3334
N —40.7 —35.7 —34.8 —30.8

2 =142
[al "F: 0=-873 (sept, % .=10.2Hz). [b]Authentic sample of
CIC(NO,),.

sole carbon atom between 6 =126.3-106.7 ppm. In general, an
increasing number of electron-withdrawing groups in the vi-
cinity of a carbon atom lead to a downfield shift. Therefore,
the carbon resonance of CIC(NO,); at d=126.3 ppm and that
of 2 at =121.9 ppm is found downfield relative to the
carbon resonance of 3 at 6 =106.7 ppm (Table 1). The fluorine
compound 1 has a special position among this series of halo-
genotrinitromethanes. The *CNMR resonance of 1 at 0=
113.7 ppm is surprisingly much more highfield shifted than ex-
pected for the electronegative fluorine substituent. All reso-
nances of the carbon atoms of 1-3 and CIC(NO,); are split into
septets due to coupling with the N nuclei, whereas for
1 a doublet of septets is observed due to additional coupling
with fluorine. The coupling constants 'Je . are 12.1 (1), 9.3
(CIC(NO,);), 8.1 (2), and 6.4 Hz (3), a constant decrease along
the series of decreasing electronegativity, respectively, with in-
creasing molecular weight of the halogen atom (Table 1). The
'Jor coupling constant for 1 at 333.4 Hz is similar to the previ-
ously reported value.” The "N NMR spectroscopic resonances
are found in the typical range of d=—30 to —40 ppm for trini-
tromethyl derivatives.'” In case of 1 the coupling constants %J;.
1an and s are determined with values of 10.2 and 14.2 Hz.

Vibrational spectroscopy

IR and Raman spectra of 1, 2, CIC(NO,), in the liquid state and
of 3 in the solid state were measured. Vibrational analyses of
1-3 and an authentic sample of CIC(NO,); show the character-
istic asymmetric NO, stretching vibration at 1622-1583 cm™
(Table 2), which is in agreement with previously reported
values  and other  nitro group-containing com-
pounds.Ba13abde4 The symmetric NO, stretching vibration is
found for these compounds in the typical range of 1298-
1272 cm™'. The CN stretching vibrations of 1-3 and CIC(NO,),
occur at 857-837 cm™’, whereas the frequency decreases with
heavier halogens (Table 2). The general low-frequency absorp-
tions of these vibrations are surprising but explainable with
the low C—N bond order in the trinitromethyl moiety,"*' in
agreement with the corresponding elongated C—N bonds ob-
served in the crystal structures (see below). The Hal—C stretch-
ing vibrations for 1-3 and CIC(NO,); were observed at higher
frequencies than commonly found, indicating shorter Hal—C
bonds (Table 2)."*? The C—F stretching vibration of 1 is difficult
to locate and is very likely overlapped with the symmetric
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Table 2. IR and Raman bands of 1-3 and CIC(NO,), characteristic vibrations and their assignments (vibrational bands in [cm™]).
1 FC(NO,), CIC(NO,),® 2 BrC(NO,), 3 IC(NO,);
Raman IR Raman IR Raman IR Raman IR
v,NO, 1622 (16) 1606 (vs) 1620 (18) 1602 (vs) 1615 (14) 1595 (vs) 1616 (5)/1597 (35) 1597 (s)/1583 (vs)
v,NO, 1298 (28) 1288 (s) 1279 (12) 1272 (s) 1294 (8) 1277 (s) 1298 (7)/1287 (5) 1290 (s)/1278 (s)
vCN 857 (100) 856 (m) 845 (100) 843 (s) 840 (88) 838 (s) 839 (97) 837 (s)
vHalC® 1298 (28) 1288 () 1027 (5) 1024 (s) 981 (3) 979 (m) 947 (5) 944 (m)

[a] Authentic sample of CIC(NO,),. [b] Hal=F (1), Cl, Br (2), | (3). [c] Overlap of vFC with v\NO, (1).

stretching vibration ¥,NO, in the region around 1290 cm™". The
corresponding vibrations of 2, 3 and CIC(NO,); are in agree-
ment with previous investigations,® however, there also exists
very disputable assignments at much lower frequencies.®*™
Evidence on bond shortening is described in more detail
below in the gas and crystal structure section.

Gas-phase structure

Gas electron diffraction (GED) was used to determine the struc-
ture of the free molecules of FC(NO,); (1) and BrC(NO,); (2).
The structure including atom labeling is shown in Figure 1. The

Hal (F, Br)

02

Figure 1. Molecular structure of FC(NO,); (1) and analogously BrC(NO,); (2)
in the gas phase.

refined experimental equilibrium structure parameter values
along with the quantum chemically calculated ones are listed
in Table 3. Thermally averaged values for the bond lengths of
1 are: ry(F-C)=1.308(11), ry(N—C) =1.532(4), ry(N1-01) =ry(N1—
02)=1.216(1) A; those of 2 are: ry(Br—C)=1.878(6), ry(N-C)=
1.548(3), ry(N1-01)=1.215(1), ry(N1-02)=1.218(1) A The
radial distribution curves (Figure 2 and Figure 3), which can be
interpreted as spectra of interatomic distances, show that the
C—Br bond contribution in 2 is in a separate peak whereas that
of the C—F bond in 1 is under the same feature as that of the
N—O bonds and therefore correlated. Thus the experimentally
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Table 3. Experimental and calculated structural parameters (r., X.) of
FC(NO,); (1) and BrC(NO,); (2). Levels of theory: 1: MP2/cc-pVTZ, 2: MP2/
SDB-cc-pVTZ (distances [A], angles [°]).

1 FC(NO,); 2 BrC(NO,),

GED®! MP2 GED® MP2
r(Hal—C1)®! 1.300(11)’ 1.304 1.869(6)’ 1.866
r(C1-N1) 1.517(4) 1517 1.529(3) 1.533
r(N1-01) 1.21001) 1.220 1.209(1)3 1.217
r(N1-02) 1.211(1) 1.221 1.214(1) 1.221
a(Hal-C1-N1)®! 110.2(6)* 1105 112.5(3)* 112.2
a(C1-N1-01) 114.1(3)° 114.2 115.7(2)° 115.4
a(C1-N1-02) 116.3(3)° 116.4 115.9(2)° 115.7
a(01-N1-02) 129.5(6) 129.4 128.3(4) 128.8
a(N-C1-N) 108.7(6) 108.5 106.3(3) 106.6
@ (Hal-C1-N1-01)"! —37.9(22)° —39.9 —383(13) ¢ —44.2
@ (Hal-C1-N1-02)™ 143.9(31)9 141.2 139.6(24) 137.8
0(01,C1-N1-02)¢ —1.6(20)"¥! -1.0 1.9(18)4 -1.9
0(02,C1-N1-01) 1.5(20)" 1.0 —1.9(18)4 1.9
Ry (%] 6.28 - 5.29 -

[a] Superscript numbers indicate independent groups of parameters in
the least-squares (LSQ) analyses. In groups with more than one parameter
the differences between parameter values were fixed at theoretical
values to avoid strong correlations. In those cases the threefold standard
deviations given in parentheses correspond to groups and not to param-
eters independently. [b] Hal=F (1), Br (2). [c] Out-of-plane angle (A,B-C-D)
calculated as the angle between the A—C bond and the B-C-D plane.
[d] Dependent parameter.

determined C—F bond length is considerably less precise than
that of C—Br. In addition, the difference curves (Figure 2 and 3)
show relative high overall quality of the refined structures.

A discussion of structural parameters will be given in direct
comparison with the data obtained from the crystalline state
by X-ray diffraction below.

Crystal structure analysis

Single crystals suitable for X-ray diffraction measurements
were obtained by crystallization of the neat melt (1, 2) or from
solution in n-hexane (3). Crystals of 1 and 2 were grown in situ
in a capillary directly on the X-ray diffractometer. This was ach-
ieved by first establishing a solid-liquid equilibrium close to
the melting point, then melting all solid but a tiny crystal seed
(by using a thin copper wire as external heat source) followed
by very slowly lowering the temperature until the whole capil-
lary was filled with a single crystalline specimen. In contrast to
the literature," crystals of 3 did not show decomposition
upon exposure to Moy, radiation and a good data set could
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the Experimental Section (Table 8). All halogenotrinitrome-
thanes 1-3 crystallize in the monoclinic crystal system, in the
space group Cc (1), P2,/c (2, 3), respectively, each with four for-
mula units per unit cell. The molecular structures of 1-3 are
shown in Figures 4-6.

P(r)

Comparative discussion of molecular structures

In discussion of geometrical parameters below the traditional
representations of their experimental errors in parentheses are
used: 1o for values from XRD and 3¢ for the values from GED.
The quantum chemically optimized structures at the levels

77N ANVAR

DLz 00ZZ00000000 Q0 o
200 g[uuzZzuZzgZzzZzoYZo o

A

1 1 1 1 1

0 1 2 3 4 5

r/A

Figure 2. Experimental (0) and model (—) radial distribution functions of
FC(NO,); (1). The difference curve is shown below. Vertical bars indicate in-
teratomic distances in the model.

P(r)

Figure 4. Molecular structure of 1 in the crystal. Selected distances and
angles are listed in Table 5.

~Z

r/A
Figure 3. Experimental (0) and model (—) radial distribution functions of

BrC(NO,); (2). The difference curve is shown below. Vertical bars indicate in-
teratomic distances in the model.

be recorded. A full list of the crystallographic refinement pa- Figure 5. Molecular structure of 2 in the crystal. Selected distances and
rameters and structure data for compounds 1-3 is shown in  angles are listed in Table 5.
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Figure 6. Molecular structure of 3. Selected distances and angles are listed
in Table 5.

MP2/cc-pVTZ for F— Cl— and MP2/SDB-cc-pVTZ for Br— and |-
C(NO,); agree well with experimentally determined values.
Therefore, the wavefunctions obtained with these approxima-
tions were further used in Natural Bond Orbital (NBO)'® and
Atoms in Molecules (AIM)'” calculations and a discussion of
the various molecular features is in the Supporting Informa-
tion. Additionally, Interacting Quantum Atoms (IQA)"® calcula-
tions were performed by using RHF/cc-pVTZ (for 1 and
CIC(NO,);) and RHF/6-311G(d) (2, 3) wavefunctions, which were
computed for the MP2 geometries obtained with the same
basis sets. The IQA theory allows a separation of the molecular
energy into terms corresponding to atoms (in the form of the
QTAIM atomic basins) and their pairs [Eq. (1)].

Enol = ZA Ew + ZA ZB Ens) (1)

In Equation (1), E, is the total molecular energy, E, is the
energy of atom A and Ejg, is the interaction energy of atoms
A and B. The summation is carried out over all atoms and their
pairs. Thus, there is a possibility to identify stabilizing and de-
stabilizing pairwise atom-atom interactions. The most impor-
tant results of IQA calculations for the F— Cl—, Br— and |-
C(NO,); molecules are summarized in Table 4 and used in the
discussion below.

Relative to the conformation of the gas-phase structures, for
which propeller-like C; symmetry was assumed in the refine-
ment of the electron diffraction data and confirmed by the
good fit of these models to the experimental data, the crystal
structures display the lower C, symmetry. However, the trinitro-
methyl moieties of 1-3 reveal an approximate threefold axis of
symmetry along the Hal-C bond.

The C—N bonds of 1-3 in the solid are between 1.501(7) and
1.548(7) A (Table 5), similar to the equilibrium values obtained
from the gas phase at 1.517(4) A for 1 and 1.529(3) A for 2. All
these values are remarkably larger than those for typical C—N
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Table 4. Results of NBO, AIM, and IQA analyses of HalC(NO,); molecules
(charges, volumes, and energies in atomic units).

1 FC(NO,); CIC(NO,), 2 BrC(NO,); 3 IC(NO,);
Gro(Hal) -0.29 0.15 0.27 0.42
Grso(C) 0.73 0.29 0.20 0.10
Anso(N) 0.59 0.60 0.59 0.59
Grso(O)® -0.37 -0.37 —0.37 —0.38
gam(Hal) -0.72 0.01 0.17 0.35
Gam(©) 1.70 0.97 0.85 0.74
qam(N) 0.52 0.54 0.54 0.54
Gaum(O)® —043 —0.44 —0.44 —0.45
V(Hal)™ 1789 3962 4613 5205
V(o 23 32 35 40
Egtal, 1 —0.985 —0.251 —0.204 —0.198
Egtal, on) 0.054 —0.011 —0.032 —0.052
Eqal 02 0.045 —0.003 —0.018 —0.031
Egtal, 1) —0.088 —0.008 0.015 0.033
Eci —0.059 —0.134 —0.177 —0.197
Eon 0.033 0.037 0.026 0.024
Eo, 07 0.027 0.029 0.027 0.028
En 0\ —0.049 —0.054 —0.049 —0.049
[a] Average value. [b] Atomic basin volumes. [c] For the non-bonded pair
with shortest interatomic distance.

bonds (~1.47 A)."" Elongated C—N bonds in trinitromethyl
moieties are not unusual and have been reported earlier.'>"'>2%
In terms of NBO theory this can be explained by orbital inter-
actions of two types. First is the Ip(Hal)—o0*(C—N) interaction,
in which in the NBO notation Ip is one of the lone pairs of
electron on a halogen atom and ¢* corresponds to an anti-
bonding orbital of a C—N bond. The NBO second order pertur-
bation theory analysis shows that the F£? energies of such in-
teractions can be as large as 19.7, 17.5, 13.6 and 9.9 kcalmol™'
for F-, Cl-, Br- and |- derivatives, respectively. The second type
of orbital interactions relevant to the elongation of the C—N
bonds is Ip(0)—0o0*(C—N) within independent C—NO, units. The
corresponding E? values are even somewhat larger than for
those described above of the first type, the largest ones are
26.9, 26.5, 25.5 and 24.9 kcalmol™' along the same series of
molecules. Both types of interactions lead to significantly in-
creased occupations (0.22 e in average for all compounds) of
anti-bonding o*(C—N) orbitals and, as a consequence, to
a weakening and elongation of the corresponding C—N bonds.

There is a trend for the N-C-N angles to be slightly smaller
for the HalC(NO,); molecules with larger and less electronega-
tive Hal from both the crystal and gas-phase data and the
average solid state values nicely match with the gas-phase
data (Table 5). As expected, the spatially more demanding bro-
mine and iodine atoms in 2 and 3 lead to wider Hal-C-N and
subsequently to narrower N-C-N angles. Due to the small fluo-
rine atom, the conformation of 1 shows the most tetrahedron-
like surrounding of the central carbon atom. An argument in
the same direction can be derived from the view of the simple
VSEPR model. The higher the electronegativity of Hal, the
more polarized is the Hal-C bond towards Hal and conse-
quently this bond requires less space at the carbon atom and
allows the nitro groups to move further apart.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 5. Comparison of selected bond lengths and angles of HalC(NO,); (Hal=F (1), Cl, Br (2), I (3)) in the crystal and gas-phase structures (distances [A1,
angles [°]). Due to the higher symmetry in the gas phase, parameter values corresponding to groups of parameters in the crystal structures are provided
(estimated standard deviations (esd) quoted are 10 for XRD and 3¢ for GED).

1 FC(NO,); 1 CIC(NO,); 2 BrC(NO,); 3 IC(NO,);

XRD GED™ XRD!'? GED!"d XRD GED™ XRD

C1—Hal® 1.297(3) 1.300(11) 1.694(2) 1.712(12) 1.853(5) 1.869(6) 2.097(4)
C1-N1 1.524(3) 1.543(2) 1.548(7) 1.533(5)
C1-N2 1.530(3) } 1.517(4) 1.544(2) } 1.513(9) 1.547(7) 1.529(3) 1.540(6)
C1-N3 1.520(3) 1.538(2) 1.501(7) 1.531(6)
N1-01 1.204(3) 1.214(2) 1.214(7) 1.211(5)
N2—-03 1.205(3) } 1.210(1) 1.205(2) } 1.213(3) 1.183(8) 1.209(1) 1.206(5)
N3—-05 1.209(3) 1.209(2) 1.198(7) 1.204(5)
N1-02 1.218(3) 1.211(2) 1.219(7) 1.212(5)
N2—-04 1.209(3) } 1.211(1) 1.216(2) } 1.213(3) 1.208(8) 1.214(1) 1.208(5)
N3—-06 1.217(3) 1.215(2) 1.229(7) 1.207(5)
Hal-C1-N1 110.8(2) 112.3(2) 112.8(3) 112.4(3)
Hal-C1-N2 110.2(2) } 110.2(6) 112.7(2) } 112.1(15) 111.5(3) 112.5(3) 112.2(3)
Hal-C1-N3 110.3(2) 112.5(2) 113.4(3) 113.8(3)
N1-C1-N2 108.1(2) 106.0(2) 105.2(4) 106.3(3)
N2-C1-N3 109.3(2) } 108.7(6) 106.0(2) } 106.7(16)"" 106.3(5) 106.3(3) 105.8(3)
N3-C1-N1 108.3(2 106.8(2) 107.0(4) 105.8(3)
Hal-C1-N-O 36.3(3) 37.9(22) 42.2(2)¢ 49.3(1) 42.2(7) 38.3(13) 44.8(4)°
[a] For comparison: Average Hal-C,,* bond lengths: F—C: 1.43 A, CI-C: 1.85 A, Br—C: 1.97 A, 1-C: 2.16 A"* [b] r, values. [c] Presumably r, values are given
in ref. [10c]. [d] The value of the parameter and error propagation were calculated from the data given in ref. [10c]. [e] Averaged value of Hal-C1-N-O1/3/5.

Expectedly, all C—NO, groups of 1-3 are essentially planar in
the solid and gas phases. The nitro groups are arranged in
a propeller-like twisted array (Figure 1 and Figure 7). In this
context, the Hal-C-N-O dihedral angles are indicative for the ro-
tation of the nitro groups out of the Hal C N plane. These dihe-
dral angles are in the range of 27.8-48.8° in the crystal (for 1-
3; CIC(NO,);:" 37.0-46.6°) and in a narrow range of 37.9-
38.3° in the gas-phase structures (for 1 and 2; CIC(NO,);:I"™
49.3°), which are all quite common values and comparable to
various other trinitromethyl compounds."®">?” The calculated
NBO and AIM charges of nitrogen and oxygen atoms for the
series F— Cl—, Br—, and I-C(NO,); are collected in Table 4. Both
types of charges show high constancy along this series of com-
pounds. In terms of the primitive model of charged atoms, the
partial charge distributions of nitrogen (6%) and oxygen atoms
(67) in the nitro groups optimize propeller-like twisting intra-
molecular non-bonded N--O attractions while minimizing the

Figure 7. Intramolecular Hal--O (Hal=F (1), Br (2), |

ty. Selected distances [Al: FC(NO,); (1): F1-+01 2.609(3), F1--03 2.563(3),

(3)) and N---O interactions of 1 (left), 2
displayed by dashed lines. Thermal ellipsoids are drawn at the 25 (1), 8 (2), and 12% (3) probability level for clari-

F1.-05 2.616(3), N1

corresponding O--O repulsions. This interpretation is support-
ed by results of the IQA calculations since the Ey o and Eg,q,
values are negative and positive, respectively, in all discussed
compounds. These N--O attractive interactions of two adjacent
nitro groups in the trinitromethyl moieties are found for 1-3 in
the range between 2.50 and 2.64 A (Table 6), which are signifi-
cantly lower than the sum of the van der Waals radii of nitro-
gen and oxygen (3.07 A).2" Very similar distances have been
measured also by GED in the gas phase. Very strong attractive
N---O interactions would be expected to lead to a pyramidaliza-
tion of nitrogen atoms, but this is neither observed in the gas
nor in the solid state. It can thus be concluded that the effect
of N--O interactions is of minor influence on the molecular
structures. The structure motif of twisted nitro groups with at-
tractive N--O interactions is also found in the crystal structures
of the comparable compounds HC(NO,);**? and CIC(NO,);."®
Similar to CIC(NO,),""” the oxygen atoms in 1-3 involved in
these intramolecular N-O con-
tacts are those most distant to
the halogen atom (Figure 7).

The other oxygen atoms in 1-
3 display short distances to the
corresponding halogen atoms in
the range of 2.56 to 2.62 A (crys-
tal) and 2.58 A (gas phase) for 1,
299 to 3.01A (crystal) and
298 A (gas phase) for 2, and
3.16 to 3.20A (crystal) for 3.
These values are substantially
lower than the sum of the van
der Waals radii for these atom

(center) and 3 (right),

04 2.637(3), N2---06

2.615(3), N3---02 2.604(3); BrC(NO,); (2): Br1---O1 3.007(5), Br1---O3 2.984(7), Br1---O5 3.002(8), N1---06 2.518(9),

N2--02 2.539(9), N3-:04 2.504(11); IC(NO,); (3): I
N2:-06 2.542(6), N3--02 2.556(5).

«01 3.158(4),
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pairs (rg, 0=2.99, rg.,0=3.37,
and r;,5=3.50A)"" but this

05 3.204(4), N1---04 2.554(6),
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- - - ) - F-, Cl-, Br-, and I- derivatives, re-
Table 6. Distances [A] and angles [°] of some intra- and intermolecular interactions of 1-3 and CIC(NO,),. )
spectively. These results show
1 FC(NO,), 1 CIC(NO,),""? 2 BrC(NO,), 31C(NO,), the systematically smaller values
XRD GED XRD XRD GED XRD of charges of all halogen atoms
N0 ra™ 2.637(3) 2.571(2) 2.518(9) 2.554(6) in  HalC(CH;); compared with
2604(3) 2:554Q2) 2:504(11) 2:556(5) sistent with the conclusions on
Hal--O,™  2.609(3) 2.939(2) 3.007(5) 3.158(4) electronegativity made before.
2.563(3) 2.576(6) 2.897(2) 2.984(7) 2.980(4) 3.194(5) The AIM basin volumes of hal-
2.616(3) 2.903(2) 3.002(8) 3.204(4) .
ogen atoms in HalC(CH); are
Hal-+Oje™ 2.782(3) - 2.950(2) 3.035(5) - 2.930(3) 1624 3486 4294 and
C-HalO,  141.0(2) - 172.8(1) 165.3(2) - 172.8(2) ' t ’
: 4937 Bohr®, and in HalC(NO,),
[a] The shortest Hal-Ojyaine; CONtacts are given. For comparison: Sum of the van der Waals radii: ry. o= the corresponding basin vol-
3.07 A, =299 A, =327A, rg.0=337A, =3.50 A2 .
fr+o faro fervo) fivo umes are systematically larger

does not necessarily indicate attractive interactions between
the oxygen and halogen atoms. Due to the particularly high
electron-withdrawing properties of the trinitromethyl moiety,
the C—Hal bonds are shorter than usual, and consequently,
sterically overcrowded structures are observed.

The electron-withdrawing strength can be estimated using
the Taft parameter (0*), which reflects polar (inductive, field,
and resonance) effects.?? The trinitromethyl moiety has a very
large value of that polar substituent constant of o*=4.54,1%"
compared with the smaller ones for fluorine (3.19), chlorine
(2.94), bromine (2.80), and iodine (2.22).2* Consequently, con-
ventional (electrostatic) properties of the halogen atoms are
expected to change under the action of the trinitromethyl
moiety, even the strongly electronegative fluorine atom.

Electronegativity can also be attributed to composition of o-
bonding orbitals. NBO calculations of BrC(NO,); have shown
that o(Br—C) can be described as being composed of
0.68(sp®)g, 4 0.73(sp*®)c. The polarization coefficients 0.73 >
0.68 can serve as indicators of electronegativity and show that
in 2 bromine is less electronegative than the carbon atom due
to the nitro-substituent effect. For comparison we have per-
formed similar calculations for the BrC(CHs); molecule. In this
case the inverted picture was obtained: The composition of
the o(Br—C) orbital was 0.73(sp®")s, +0.68(sp>’)., indicating
a normal situation in which bromine is more negative than the
carbon atom. The same relationship has been found for o(Hal—
C) orbital composition in the I-, but not for the Cl-, and espe-
cially for the F- derivatives. Nevertheless, the trend of decreas-
ing halogen electronegativity with respect to that of the
carbon atom upon transition from Hal-C(CH,); to Hal-C(NO,),
was observed for all types of halogen atoms. Another observa-
tion is the much higher s contribution in the carbon hybrid to
the Br—C bond in BrC(NO,); (sp*®) than in BrC(CH,); (sp®),
again explaining the shorter bond in the first. It may thus be
concluded that electronegativity plays an important role in
shortening of the Hal—-C bonds in the HalC(NO,); molecules.

QTAIM calculations support this view by comparing the
charges and basin volumes of halogen atoms in HalC(NO,),
and HalC(CH;); molecules. The values for HalC(NO,); are given
in Table 4. The AIM charges of the halogen atoms in HalC(CH,),
molecules are —0.69, —0.31, —0.20, and —0.07 e in the series of
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(Table 4). This indicates that in
HalC(NO,); the halogen atoms

are more diffuse. Also interesting is to compare basin volumes
of the central carbon atoms in both series of compounds.
Table 4 shows these quantities for the HalC(NO,); molecules.
The corresponding values for HalC(CH,); molecules are 36, 44,
44, and 47 Bohr®. Thus, the carbon atoms are more compact in
all HalC(NO,); derivatives, in agreement with the concept of
electronegativity and explaining the shortening of the Hal-C
bonds in these molecules. Therefore, these bonds in 1-3, F—C
1.297(3) A (crystal), 1.300(11) A (gas phase); Br—C 1.853(5) A
(crystal), 1.869(6) A (gas phase); I-C 2.097(4) A (crystal), respec-
tively, are remarkably shorter than average Hal-C,’ bond
lengths (F—C: 1.43 A, Br—C: 1.97 A, I-C: 2.16 A)."*@

Gas-phase equilibrium structures determined by GED allow
a direct comparison with theoretically calculated structures. In-
terestingly, the previously predicted length of the C—F bond in
FC(NO,); (1.305 A on the B3LYP/6-311+G(d,p) level)®™ agrees
well with the value measured in this work at 1.300(11) A. How-
ever, the same combination of DFT functional and basis set
gives overestimated lengths for the C—Br bond (1.894 A)*®
versus the experimental value of 1.869(6) A. The corresponding
thermally averaged r, value found in this work (1.876(6) A) is
also slightly smaller, in fact, almost equal to the r, values from
previous GED measurements (1.885(9) and 1.894(9) A)."%<

Concerning the Hal-+O contacts in HalC(NO,); according to
the simplest model, the calculated AIM charges, predict repul-
sion for the pair F-O and attraction for the pairs Br-O, and
[-+O. The Cl-+O contact is on the border between repulsion
and attraction due to the almost neutral charge of the chlorine
atom (0.01 e). Indeed, the Ey, o energies (Table 4) from the
more advanced IQA theory show that the F--O contacts desta-
bilize the molecule, the Cl--O contacts play only a minor role,
whereas the Br--+O and I--:O should stabilize the respective mol-
ecules. The opposite trend is observed for the Hal-N contacts,
in which F-N stabilizes the molecule, whereas Br-+N and [-:N
are destabilizing. The Cl-N contacts show only very weak in-
teractions as in the case of the Cl--:O contacts. Thus, the short-
ening of the all Hal-C bonds in each of HalC(NO,); cannot be
explained by a single model based on the analysis of intramo-
lecular contacts of atoms.

Previously performed calculations showed the surfaces of
the halogen atoms in F— Cl— and Br—C(NO,); to be entirely
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positive, with the most positive site on the extension of the
C—Hal bond."” The presence and magnitude of a positive halo-
gen potential depends upon both the halogen and electron-
withdrawing strength of the remainder of the molecule.”” In
this work we have calculated the total electrostatic potential
(ESP) for the |- derivative and, for consistency, for all other dis-
cussed molecules (Figure 8). Since the computed ESP values in

Figure 8. Total electrostatic potentials of the F— Cl—, Br—, and I-C(NO,); molecules mapped on the isosurfaces of
electron density (0.001 eBohr3). Contour plots are total electrostatic potentials in the planes of three atoms Hal,
C1, and O1. Blue color displays positive values, red color displays negative values.

the previous work"? were for points of only one isosurface of
electron density (0.001 eBohr~3) and to extend our knowledge
about this property of the molecules, we have also calculated
contour plots of ESP for the planes at which Hal, C, and O
atoms reside. Figure 8 clearly shows that the ESPs on the lines
(and regions) between halogen and oxygen atoms are entirely
positive and cannot serve as indicators of attractive interac-
tions between Hal and O atoms. In fact, the total ESP is posi-
tive in areas between all pairs of bonded and non-bonded
atoms. However, the bonded atoms, as well as some pairs of
non-bonded atoms, demonstrate stabilizing interactions as we
already know from the IQA calculations (Table 4). Thus, total
ESPs are hardly useful in the discussion of intramolecular prop-
erties of these small molecules, but could rather be helpful in
the discussion of intermolecular interactions.
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Intermolecular interactions in the crystals

Besides intramolecular interactions, various intermolecular in-
teractions determine the arrangement of the molecules within
their crystals. Intermolecular N-+O contacts with values only
slightly lower than the sum of the van der Waals radii for these
atoms (3.07 A)®" suggest weak, but attractive interactions. The
shortest intermolecular  N--O
contact is found for 1 (2.92 A),
and even weaker ones for 2
(3.06 A) and 3 (3.05 A). More im-
portant are the intermolecular
Hal---O contacts in 1-3 (Table 6).
The unit cell views display these
intermolecular interactions for
1-3 (Figure 9). Calculations of
the electrostatic potential of var-
ious molecular environments
showed that covalently bonded
halogen atoms may have a local-
ized region of significantly posi-
tive electrostatic potential on its
outer side, along the extension
of that bond,*2® and this was
confirmed in this work as dis-
cussed above (Figure 8). It devel-
ops when an orbital on the cor-
responding atom is involved in
forming a covalent bond and re-
sults in an electron deficiency
opposite to that bond. This elec-
tron deficiency outer lobe of
that orbital and therefore the ex-
istence of a positive region is re-
ferred to as a o-hole 2524

The positive character of this
region increases along the series
from the lighter to the heavier,
more polarizable and less elec-
tronegative halogens, and when
the remainder of the molecule
becomes more electron-with-
drawing. Therefore, the o-hole is least positive for the fluorine
compound 1 and most positive for the iodine compound 3.
The o-hole bonding R—X:B (B=Lewis base), in this context
also commonly called halogen bonding, is the resulting non-
covalent interaction that may occur with a negative site.”>?”
The interaction is highly directional, along the extension of the
covalent bond, giving rise to the o-hole.

The strongest halogen bonding of all halogenotrinitrome-
thanes shows the iodine compound 3 due to the most positive
o-hole and the C—Hal--O angle of 172.8(1)° close to the ideal
value of 180°. This leads even to significantly shorter intermo-
lecular than intramolecular Hal--O contacts (Table 6 and
Figure 9). The influence of this interaction on the general
bonding situation decreases along the series from the iodine
compound (3) to the fluorine compound (1). Therefore,
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Figure 9. Intermolecular Hal--O (Hal=F (1), Br (2), | (3)) interactions of 1 (left), 2 (center) and 3 (right), displayed
by dashed lines. Thermal ellipsoids are drawn at the 25 (1), 8 (2), and 12% (3) probability level for clarity. Selected
intermolecular distances [A]: FC(NO,); (1): F--O 2.782(3); BrC(NO,); (2): Br--0 3.035(5); IC(NO,); (3): I--0 2.930(3).

1 shows an unfavorable C—Hal--O angle of 141.0(2) ° and much
longer intermolecular than intramolecular Hal---O contacts
(Table 6 and Figure 9). Computational investigations predicted
that halogen bonding is also likely to affect the Hal-C bond
length, whereas both longer and shorter ones are possible, de-
pending on the properties of the donor and acceptor.”® Calcu-
lated values for CIC(NO,); revealed no relevant contribution of
the halogen bonding to the CI-C bond length.'?

Conclusion

The molecular structures of the halogenotrinitromethanes
HalC(NO,); (Hal=F (1), Br (2), and I (3)), have been determined
in the crystalline state by X-ray diffraction, as well as for the
free molecules in the gas phase by electron diffraction. The
gas-phase structures are qualitatively in agreement with struc-
tures in the crystal phase. All halogenotrinitromethanes 1-3, as
well as the previously described CIC(NO,)s, illustrate various in-
tramolecular non-bonded interactions in the free molecules
and intermolecular interactions in the crystal structures. The in-
tramolecular N--O, O--O, and Hal--O interactions, both com-
petitors for the degree of rotation of the nitro groups about
the C—N bonds, lead to propeller-type conformations favoring
these interactions. The Hal--O interactions are repulsive in the
view of electrostatic potentials between the atoms, while stabi-
lizing in all cases but Hal=F (1) in the equilibrium geometries
according to Interacting Quantum Atoms (IQA) calculations.
The high electronegativity of the halogenotrinitromethyl
moiety leads to unusually short Hal-C (Hal=F (1), Br (2), | (3))
bonds. This can be rationalized by different models: 1) A high
s contribution to the carbon hybrid involved in the Hal-C
bonds and 2) a high contribution of Ip(Hal)—o*(C—N) interac-
tions in terms of the NBO view, as well as 3)a small atomic
basin of the carbon atom in the QTAIM view. Intermolecular at-
tractive Hal--O interactions in the halogenotrinitromethanes
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can be explained in terms of the
halogen bonding concept based
on a positive o-hole on the far
side with respect to the Hal-C
bond.

Experimental Section
General procedures

The solvents carbon tetrachloride
and n-hexane were dried by stan-
dard methods and freshly distilled
prior to use. Bromine (Fluka),
iodine monochloride and Select-
fluor fluorinating reagent (both
Sigma-Aldrich) were used as re-
ceived. An aqueous solution of tri-
nitromethane (30%, stabilized with
urea; Aerospace Propulsion Prod-
ucts B.V.) was extracted and puri-
fied by precipitation of its potassi-
um salt and subsequent acidifica-
tion. Potassium trinitromethanide
was synthesized by reaction of trinitromethanide with potassium
hydroxide in water at ambient temperature. Raman spectra were
recorded with a Bruker MultiRAM FT-Raman instrument fitted with
a liquid nitrogen cooled germanium detector and a Nd:YAG laser
(A=1064 nm, 300 mW). Infrared (IR) spectra were measured with
a PerkinElmer Spectrum BX-FTIR spectrometer equipped with
a Smiths DuraSampl/R Il ATR device. All spectra were recorded at
ambient temperature; the samples were neat liquids or solids.
NMR spectra were recorded at 25°C with a JEOL Eclipse 400 ECX
instrument, and chemical shifts were determined with respect to
external Me,Si ('H, 400.2 MHz; C, 100.6 MHz), MeNO, ("N,
40.6 MHz), and CCI;F ("°F, 376.5 MHz). Mass spectrometric data
were obtained with a JEOL MStation JMS 700 spectrometer (El+).
All fragments are referred to the isotope with the highest natural
abundance. Elemental analyses (C/N) were performed with an Ele-
mentar vario EL analyzer.

Quantum chemical calculations

Geometry optimizations using MP2 approximation® with cc-pVTZ
and SDB-cc-pVTZ have been carried out by using Firefly QC pack-
age,*® which is partially based on the GAMESS (US) source code.?"
Calculations of vibrational frequencies and numeric cubic force
fields were done on the same level of theory with the Gaussian 03
program package.®? The 6-311G(d) basis set™ for the iodine atom
has been taken from the EMSL Basis Set Library.®¥ The QTAIM and
IQA calculations were performed using the AIMAIl program.®®

Gas-phase electron-diffraction experiment

The electron diffraction patterns were recorded on the heavily im-
proved Balzers Eldigraph KD-G2 gas-phase electron diffractome-
ter® at the University of Bielefeld. The experimental details
(Table 7) are presented elsewhere.®® The electron diffraction pat-
terns were measured on the Fuji BAS-IP MP 2025 imaging plates,
which were scanned using a calibrated Fuji BAS-1800Il scanner.
The intensity curves (Figure ST and S2 of the Supporting Informa-
tion) were obtained by applying the method described earlier.>”
Sector function and electron wavelengths were refined® using
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Table 7. Details of the gas-phase electron diffraction experiment for 1 and 2. methods (SHELXS97%" or
Parameter 1 FCINO,), 2 BrC(NO,), SIR2004"“%) and refined by full-
matrix least-squares  on F
Ghozzie-detector (MM 2500 500.0 250.0 5000 (SHELXL).*" All atoms were refined
Uscsteraion KV €0 €0 6 60 anisotropically. ORTEP plots are
Jrastetectrons [WA] 0.95 0.57 1.54 0.51 . Pt
Aecton® [A] 0.048901 0.048466 0.048647 0.04g511 | shown with thermal ellipsoids at
Toomue [K] 296 204 353 353 the 50 (1, 3) or 30% (2) probability
Prampie™ [mbar] 2%10°° 5%10°° 2%10°° 3%10°° level, except for Figures 7 and 9.
Presidunlgas [mbar] 5%1077 6x1077 5%x1077 7x1077 CCDC-917831 (1), CCDC-917832
texposure [S] 10 8 4,56 57,9 (2), and CCDC-917833 (3) contain
srange [A7] 8.6-34.0 2.2-174 8.6-32.0 2.2-17.0 the supplementary crystallographic
inflection points'® 5 3 6 5 data for this paper. These data can
[a] Determined from C¢H, diffraction patterns measured in the same experiment. [b] During the measurement. be obtained free of charge from
[c] Between measurements. [d] Number of inflection points on the background lines (see Figure S1 and S2 in The Cambridge Crystallographic
the Supporting Information). Data Centre via www.ccdc.cam.

benzene diffraction patterns, recorded along with the substances
under investigation.

Gas-phase electron-diffraction structural analysis: The structural
analysis was performed with the UNEX program.? All refinements
were done using two intensity curves simultaneously (see Fig-
ure S1 and S2 of Supporting Information), one from short and an-
other from long camera distance, which were obtained by averag-
ing independent intensity curves measured in the experiment. For
the definition of independent geometrical parameters and their
groups in least-squares refinements see Table 3. An additional dihe-
dral angle ¢(04-C2-N3-0O5) was used as an independent parameter
to define the position of the atom O5 (Figure S5 in the Supporting
Information). The structures of

FC(NO,); (1) and BrC(NO,); (2) were

ac.uk/data_request/cif. See Table 8
for the crystal and structure refine-
ment data.

Syntheses

CAUTION! All high nitrogen and oxygen containing compounds
are potentially explosive energetic materials, although no hazards
were observed during the preparation and handling of these com-
pounds. Nevertheless, this necessitates additional meticulous
safety precautions (earthed equipment, Kevlar gloves, Kevlar
sleeves, face shield, leather coat, and ear plugs). In addition, espe-
cially fluorotrinitromethane shows significant degrees of toxicity.
Particular care should be exercised in handling of this material and
derivatives.

assumed to be of C; symmetry.
The differences between values of Table 8. Crystal and structure refinement data for FC(NO,); (1), BrC(NO,); (2), and IC(NO,); (3).
parameters in one group were
kept fixed at the values taken from 1 FC(NOa), 2 BrCiNO,), 3 ICINO),
MP2/cc-pVTZ and  MP2/SDB-cc- chemical formula CFN;04 CBrN;O4 CIN;04
pVTZ calculations. Mean square Fu [gmol™] 169.03 229.93 276.93
amplitudes were refined in groups crysta: jimensions [mm] O.3|O>I<O.3(l))i<0.k23 0.3|0>|<0.3Cll)i<0.k21 0.3|7 X0|i19 x0.03
. crysta escription colorless bloci colorless bloci pale-yellow
(see.TabIes S1 arPd S2 in thfz Sup- y blocky
porting Information). For this pur- crystal system monoclinic monoclinic monoclinic
pose the scale factors (one per | space group (No. Cc (9) P2,/c (14) P2,/c (14)
group) were used as independent | g [A] 5.4980(3) 9.9590(15) 9.6928(4)
parameters. Thus, the ratios be- b Al 19.1919(11) 6.5930(8) 6.6961(2)
tween different amplitudes in one cl[Al 5.4068(3) 10.5270(11) 10.6304(3)
group were fixed on the theoreti- | A[] 104.505(3) 102.812(10) 93.782(3)
cal values, calculated from quad- VA 552.33(5) 673.99(15) 688.45(4)
ratic and cubic force fields by |? 5 4 4 4
using the SHRINK program.”® The 5‘?‘:;?,?? ] (2)'(2)23 2'(2)22 i'zz
final determined structural param- | 7 1 1'00(2) 2'70(2) 1'73(2)
eters are given in Table 3. Correla- F(000) 336 440 512
tion coefficients are provided in | g range [] 3.97-30.00 3.67-24.99 4.50-26.00
the Supporting Information. index ranges —7<h<7 —-11<h<m —-10<h <M
—26<k<26 0<k<7 —8<k<8
—-7<I1<7 0<I<12 —-13<I<12
X-ray Crystallography reflns measured 6048 11022 3317
reflns independent 807 1167 1325
For compound 1 and 2 a Nonius reflns unique 794 941 1103
Kappa CCD and for compound 3, R1, wR2 (20 data) 0.0350, 0.0902 0.0448, 0.1017 0.0306, 0.0769
an Oxford Xcalibur3 diffractometer | R1. wR2 (all data) 0.0355, 0.0908 0.0583, 0.1088 0.0363, 0.0788
: _ data/restraints/ parameters 807/100/2 1167/100/0 1325/100/0
Wllth ZC?D acrje:: detelclto:_were e.m GOF on P 1.095 1.073 0.970
&gye - diztciona (‘1 cg 7?()%%)”;'?}2 residual Pymme [eA~] ~031/043 ~0.56/0.66 ~0.92/1.13
Kat =0. .
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Synthesis of fluorotrinitromethane (1): Potassium trinitrometha-
nide (5.67 g, 30.0 mmol) was slowly added at 0°C into a colorless
solution of Selectfluor (11.7 g, 33.0 mmol) in water (150 mL). After
stirring for 12 h at ambient temperature, the reaction mixture
turned colorless. Evaporation of the product out of the reaction
mixture into a cooling trap yielded 4.27 g (84 %) of 1 as a colorless
oil. M.p. —45°C; "C{"H} NMR (CDCl;): 6=113.7 ppm (doublet of
septets, 'Jo r=333.4, 'Jo.n=12.1Hz, C(NO,))); "NNMR (CDCL):
O0=—40.7 (doublet, 2Jy_=14.2 Hz, NO,) ppm; ’F NMR (CDCl,): 6 =
—87.3 ppm (septet, i ,,n=10.2 Hz); Raman: 7=1622 (16, v,,NO,),
1358 (30), 1298 (28, v,NO,), 1011 (8), 857 (100, vCN), 800 (6), 641
(2), 523 (9), 407 (22), 365 (66), 326 (12), 223 (8), 184 cm™' (19); IR:
7=1606 (vs, v,,NO,), 1357 (w), 1288 (s, v;,NO,), 1012 (m), 856 (m,
vCN), 794 cm™" (vs); MS (El+): m/z (%)=169 (1) [M*], 46 (100)
[NO,*1; elemental analysis calcd (%) for CFN;O¢ (169.03): C 7.11, N
24.86; found: C 7.27, N 24.95.

Synthesis of bromotrinitromethane (2): Bromine (13.9g,
87.0 mmol) was added into an aqueous solution of trinitromethane
(43.8 g in relation to 30% aqueous solution, 87.0 mmol in relation
to pure trinitromethane) at ambient temperature. After stirring the
orange reaction mixture for 30 min, the slightly yellow organic
phase was extracted and the product crystallized at 0°C. The crys-
tals of the crude product were filtered and washed with ice-cold
water (3x10 mL). Warming the product to ambient temperature
yielded 15.6 g (78 %) of 2 as colorless oil. M.p. 10°C; "*C{'"H} NMR
(CDCL3): 6=121.9 ppm (septet, "Je_,=8.1 Hz, C(NO,);); N NMR
(CDCLy): 6 =—34.8 ppm (s, NO,); Raman: 7=1615 (14, v,,NO,), 1346
(21), 1294 (8, v,NO,), 981 (3), 919 (11), 840 (88, vCN), 790 (4), 643
(2), 389 (21), 377 (24), 343 (100), 225 (22), 205 (12), 171 cm™" (26);
IR: =1595 (vs, v,;NO,), 1345 (m), 1277 (s, v;NO,), 979 (m), 918 (w),
838 (s, vCN), 784 cm™" (vs); MS (El4): m/z (%) =91 (8) [CBr*1, 79 (3)
[Br'1, 46 (100) [NO, "1, 30 (66) [NO*]; elemental analysis calcd (%)
for CBrN;O¢ (229.93): C 5.22, N 18.28; found: C 5.34, N 18.10.

Synthesis of iodotrinitromethane (3): lodine monochloride
(2.92 g, 18.0 mmol) was added into a yellow suspension of potassi-
um trinitromethanide (3.40 g, 18.0 mmol) in dry carbon tetrachlor-
ide (40 mL) at ambient temperature. After stirring the reaction mix-
ture for 1 h at 70°C, the dark-purple solution was filtered and
washed with an ice-cold silver nitrate solution (40 mL, 20% aque-
ous solution). The organic phase was filtered to remove precipitat-
ed silver iodide and dried over anhydrous magnesium sulfate.
After removing the solvent under reduced pressure, the yellow
solid was washed with ice-cold carbon tetrachloride (2x10 mL).
Crystallization of the product from n-hexane yielded 1.0 g (20%) of
3 as pale-yellow crystals. M.p. 55°C; "C{"H} NMR (CDCl,): 6=
106.7 ppm (septet, 'Je 14y=6.4 Hz, C(NO,);); N NMR (CDCl,): 6 =
—30.8 ppm (s, NO,); Raman: 7=1616 (5, v,,NO,), 1597 (35, v,,NO,),
1348 (37), 1298 (7, v,NO,), 1287 (5, v;,NO,), 947 (5), 916 (14), 839
(97, vCN), 789 (5), 649 (5), 607 (2), 400 (31), 371 (39), 309 (100), 224
(31), 183 (61), 159 cm™" (33); IR: $=1597 (s, v,;]NO,), 1583 (vs,
v,.NO,), 1346 (m), 1290 (s, ».NO,), 1278 (s, ¥.,NO,), 944 (m), 913 (m),
837 (s, vCN), 782 cm™' (vs); MS (El+): m/z (%)=277 (2) [M*], 231
(1) [M*—NO,], 139 (5) [CI*], 127 (100) [I*], 46 (39) [NO,*1, 30 (68)
[NO']; elemental analysis calcd (%) for CIN;O4 (276.93): C 4.34, N
15.17; found: C 4.57, N 15.34.
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Twisted theory: A comprehensive spec- I Halogenotrinitromethanes
troscopic and structural study of the

halogenotrinitromethanes is presented.
The structures were determined by X-
ray diffraction and electron diffraction.
Intramolecular N---O and Hal--O interac-

T. M. Klapétke,* B. Krumm, R. Moll,
S. F Rest, Y. V. Vishnevskiy, C. Reuter,
H.-G. Stammler, N. W. Mitzel*

HEE-EN
tions, both competitors in terms of the
orientation of the nitro groups by rota- Halogenotrinitromethanes: A
tion about the C—N bonds, lead to a pro- Combined Study in the Crystalline and
peller-type twisting of these groups fa- Gaseous Phase and Using Quantum
voring the mentioned interactions (see Chemical Methods
figure).
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