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Abstract: Solid state "N NMR chemical shift measurements have been performed on a
series of nitro- and amino-substituted nitrogen-containing heterocycles that are of interest as
potential new insensitive explosives. Due to low solubilities, many of these compounds are
not amenable to study by solution state methods. Theoretical calculations of *°N chemical
shift parameters have been performed on the structures of interest and are reported herein.
The calculated and experimental values are in good agreement. The use of a model that
includes intermolecular effects and allows the proton positions of the nearest neighbors to
be optimized leads to the best agreement between calculated and experimental values. The
theoretical models accurately predict the effects of nitro and amino substituents on ring-
nitrogen chemical shifts, explaining a seeming reversal in trend that is noted in the pyridine
and pyridine-1-oxide chemical shifts of the highly substituted compounds.
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1. Introduction

In general, materials that exhibit good explosive properties tend to be sensitive and unstable, while
insensitive materials tend to be somewhat lacking in explosive performance. Therefore, an area of
great interest is the development of novel energetic materials that perform well but display a reduced
sensitivity to environmental stimuli such as rough handling, shock initiation, and thermal cook-off.
The benchmark for insensitivity in energetic materials is 1,3,5-triamino-2,4,6-trinitobenzene (TATB).
Due to the presence of alternating nitro and amino groups around the ring, this substance exhibits
extensive intermolecular and intramolecular hydrogen bonding, which is held to be responsible for its
stability and insensitivity [1-3]. Unfortunately, its oxygen balance and energy content are
compromised, and it performs indifferently compared to more sensitive explosive performance
benchmarks such as cyclotrimethylenetrinitramine (RDX).

To increase the energy content while maintaining insensitivity, one strategy is to utilize the stability
of aromatic heterocyclic compounds, adding further stability through alternating nitro and amino
groups and incorporating N-oxide functionalities in the ring for improved oxygen balance and
additional energy. Using this approach, several highly substituted pyridines, pyrimidines, and their
N-oxides have been investigated [4-6]. The crystaline structures of some of these compounds have
been determined by X-ray diffraction, but it is desirable to characterize these materials by other
complementary spectroscopic techniques to enhance the understanding of their crystaline and
molecular structures and to provide guidance in using non-diffraction techniques to make inferences
on their structures. Of great interest is the characterization by solid state NMR (SSNMR), which can
provide valuable structural information when diffraction studies are not feasible due to the lack of
good-quality single crystals[7].

The great sensitivity of the N SSNMR resonance frequencies to molecular structure and
environment has been known for many years. However, due to a low natural abundance, a low
gyromagnetic ratio, and long relaxation times, most °N NMR studies have been performed in the
solution state [8,9]. Due to the extremely low solubility of many of the compounds of interest,
solution state data are unavailable. Recent advances in N SSNMR spectroscopy [10-13] make it
possible to use the N nucleus to probe molecular structure and environments of nitrogen-containing
solids.

Ab initio calculations of >N chemical shifts have been reported since the 1980s [14,15], but recent
advances in computational methods and common access to large-scale powerful computers have made
it possible to perform these calculations on aroutine basis [16,17]. Combining ab initio calculations of
chemical shifts with solid state measurements has become an accepted technique to gather insight into
the structure of molecular solids [18], even to the extent of including intermolecular interactions in the
calculations [19].

The SSNMR N chemical shifts of nitro- and amino-substituted pyridines, pyrimidines, and their
N-oxides have been measured using CP/MAS methods. Ab initio calculations have been performed on
these compounds and are compared to the experimentally determined values. The compounds studied
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are as follows: 3,5-dinitro-2,4,6-triaminopyridine (1), 3,5-dinitro-2,4,6-triaminopyridine-1-oxide (1),

2,6-diamino-3,5-dinitropyridine (l11), 2,6-diamino-3,5-dinitropyridine-1-oxide (1V), 5-nitro-2,4,6-

triaminopyrimidine (V), 5-nitro-2,4,6-triaminopyrimidine-1-oxide (VI1), and 5-nitro-2,4,6-triamino-

pyrimidine-1,3-dioxide (V11). The numbering scheme used for these compoundsis given in Figure 1.
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Figure 1. Numbering scheme for the compounds studied.
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2. Experimental and Computational M ethods

WARNING: Compounds discussed in this article are potentially explosive, and may be subject to
accidental initiation by such environmental stimuli asimpact, friction, heat, or electrostatic discharge.
Therefore, appropriate precautions should be taken in their handling and/or use.

a) Materials

The pyridines were synthesized using methods devel oped by the authors, which have been reported
previously [4]. The pyrimidines were synthesized following the procedure originally described by
Deliaet al. [20].

b) NMR measurements

Solid state NMR experiments were performed on a Bruker MSL-200 NMR spectrometer operating
a a'H frequency of 200.13 MHz and a N frequency of 20.287 MHz. A Bruker 7 mm DB/MAS
probe was employed, with typical spinning speeds of 3200 Hz. A standard CP/*H decoupling pulse
sequence was used, with typical 90° pulse widths of 5 ps (50 kHz *H decoupling) and a recycle delay
of 10 s. All spectra are referenced to CHsNO, using **NH4NOs (room temperature, 1 kHz spinning
speed) as a secondary chemical shift reference. & (**NH4NOs) = -358.4 ppm on this scale.

c) Calculations

All caculations employed the Gauge Invariant Atomic Orbitals (GAIO) [21-23] method with
Dunning D95** basis sets [24], which include polarization functions. The Density Functional Theory
(DFT) [25,26] calculations use the Becke-Lee-Y ang-Parr (BLY P) [27] exchange correlation functional
and a coupled perturbative scheme that does not include the magnetic field effects in the exchange
correlation functional [28]. The BLYP method was used because it produces results that are
significantly better than Hartree Fock (HF) and similar to MP2 at a fraction of the computational cost.
Moreover, it has been demonstrated that calculations that use any nonlocal exchange correlation
functional produce similar results [28]. The Gaussian 98 suite of programs was used in al the
calculations reported [29].

The calculated chemica shieldings were converted to the shift scale by subtracting the shielding
values from the absolute shielding value of nitromethane, -135.8 ppm, obtained from the
literature [30].

Calculations were done using the following models:

i) Optimized Geometries (OPT): The geometries of all the compounds were optimized using the
same method described above to calculate the chemical shifts, i.e.,, DFT using the BLY P exchange
correlation functional and the D95** basis set.

i) X-ray Geometries (XR): For compounds |, 11, 1V, VI, and VII, calculations were performed using
the X-ray geometries that were available. The X-ray structuresfor I, 11, and IV have been reported
previously [4]. Structuresfor VI and VI1 were available through personal communication [31].
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iii) X-ray Geometries with Hydrogen Bonding (HB): Calculations were performed using the X-ray
geometries with the effects of the nearest neighboring molecules included to account for
intermolecular effects, mainly hydrogen bonding, in the shielding calculations. Calculations using
this model were completed for the compounds with known X-ray structures (I, I1, 1V, VI, and
VII). To reduce the size of the calculations, only the interacting pieces of the first neighboring
molecules were included in the calculations. .pdb files with the geometries used in the calculations
are available from the authors (JCF) upon request.

iv) X-ray Geometries with Hydrogen Bonding and Optimized Proton Positions (HB/Hopt): To further
improve the model and optimize the contribution due to intermolecular effects, calculations were
performed using the geometries in iii, but additionally optimizing the positions of the protons in
the model. This procedure was used in view of the well known fact that accurate positions of the
protons are necessary to obtain good agreement between the calculated and experimental values of
the chemical shifts [32]. The positions of the protons were optimized using the Unified Force
Field (UFF) [33,34] asimplemented in the Gaussian 98 program.

3. Results and Discussion

Table 1 presents a comparison of the experimental (CP/MAS) N chemical shifts and their
calculated values using the different models described above. Assignments of the resonances were
made based on known trends associated with the functional groups present, symmetry considerations,
and relative intensities (in the case of the NH; groups). Other techniques, such as slow spinning MAS,
were used as necessary to verify the assignments. It should be noted that the NH, resonances are
broader than the other resonances in the spectrum, due to incomplete *H decoupling, but the
magnetically nonequivalent groups are still evident in many of the spectra.

As expected, the OPT geometries lead to the symmetrical (magnetically equivalent) chemical shift
values that would be expected if no intermolecular interactions were present. This can be seen in both
the NH, and the NO, values for several of the compounds. In the cases where X-ray structures are
used as the basis for the calculations, molecular symmetry is lost, and the calculated values generally
reproduce the crystall ographic nonequival ences seen in the experimental results.

There is a significant improvement in the agreement between experimental and calculated chemical
shifts when using the optimized geometries in the calculations. In genera, the values calculated with
optimized geometries are 20 ppm less shielded than those calculated using experimental geometries,
which leads to a significant improvement in the agreement with the experimental values. It is
important to note that optimized N-O and N-C distances are ~0.04 A and 0.03 A longer, respectively,
than the experimental values. This leads to the conclusion that improvements in the results are most
likely due to a cancellation of errors in the optimized calculations. Note that increasing the bond
length is normally associated with a deshielding effect [35]. This effect is not as conspicuous in the
ring nitrogens. The effect is aso observed for the NH; shifts, but in this case the HB effects are also
important. Lack of accurate N-H distances from the X-ray studies makes it difficult to determine if
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Table 1. Comparison between experimental chemical shifts and calculated values. All values are
referenced to nitromethane as explained in the text.?

Structure Calculated Values
(Nucleus)® OPT XR HB HB/Hopt Exp.°
1-NO; (3) 21 -43 -45 -47 -13
I-NO; (5) -21 -40 -45 -45 -13
I-N (1) -165 -173 -179 -180 -194
I-NH> (2) -277 -317 -306 -288 -277 or -274°
I-NH; (4) -275 -313 -302 -304 -267
I-NH, (6) -277 -316 -307 -300 -277 or -274°
11-NO, (3) -25 -44 -47 -47 -15
11-NO, (5) -25 -44 -47 -48 -15
11-N-O (1) -160 -166 -170 -173 -186
11-NH; (2) -285 -322 -314 -295 -283 or -279°
11-NH> (4) -277 -318 -309 -296 -273
11-NH (6) -285 -322 -312 -313 -283 or -279°
111-NO; (3, 5) -20 - - - -13
11-N (1) -144 - - - -162
111-NH; (2, 6) -280 - - - -281
IV-NO, (3) 21 -40 -40 -42 -14
IV-NO; (5) -21 -40 -40 -44 -14
IV-N-O (1) -139 -153 -157 -155 -159
IV-NH; (2) -290 -328 -317 -290 -292
IV-NH (6) -290 -328 -316 -300 -292
V-NO, (5) -21 - - - -17
V-N (1, 3) -176 - - - -200, -198°
V-NH- (4, 6) -285 - - - -280
V-NH, (2) -295 - - - -290
VI-NO; (5) -26 -51 -53 -53 -19
VI-N-O (1) -159 -164 -174 -176 -192'
VI-N (3) -193 -196 -202 -205 -213
VI-NH; (2) -300 -340 -310 -298 -271
VI-NH; (4) -294 -334 -322 -310 -289

VI-NH; (6) -286 -327 -322 -307 -289
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Table 1. (continued)

Structure Calculated Values

(Nucleus) OPT XR HB HB/Hopt Exp.©
VI1-NO; (5) -28 -56 -58 -60 -19
VI1-N-O (1) -166 -171 -182 -185 -198°
VI1-N-O (3) -166 -177 -180 -183 -1929
VII-NH: (2) -318 -339 -328 -311 -201"
VI1-NH; (4) -339 -331 -309 -298 -201"
VI1-NH (6) -331 -318 -305 -286 -201"

& Calculated values using the DFT method with the BLY P exchange correlation function and a D95** basis set. The
models used for the calculations are described in the methods section.

® See Figure 1 for numbering scheme.

¢ Assignments were made based on relative chemical shifts, intensities, and symmetry considerations.

91t is not possible to assign these chemical shifts to specific NH, groups.

¢ Magnetic nonequiva ence of two ring nitrogens was observed in the SSNMR spectrum, but was not reproduced in the
calculations because no X-ray structure was available.

" Ring-nitrogen assignments were confirmed by comparing the slow-spinning MAS sideband patterns with those of
compounds V and VII. The N-O functionality yields arelatively narrow, symmetrical pattern, whereas the non-oxygenated
N isbroad and asymmetric.

9 Crystallographically nonequivalent due to the presence of awater of hydration; drying the sample leads to a collapse of
these two peaksinto asingle peak at -192 ppm.

" Overlap of crystallographically nonequivalent NH, groups due to the presence of awater of hydration; drying the sample
leads to a resolution of this resonance into two peaks, one at -289 ppm (4, 6) and one at -296 ppm (2).

this is a genuine effect or simply a cancellation of errors as observed in the chemical shifts of the NO,
groups.

HB effects are only a few ppm for the NO, groups (2 - 3 ppm), somewhat larger for the ring
nitrogens (~5 ppm) and significant for the NH, shifts (~10 ppm). In all cases the inclusion of the
intermolecular interactions using the cluster method produces results that are in better agreement with
the experimental values.

Table 2 presents a quantitative comparison between the experimental and calculated chemical shifts
for the different models using regression analysis. As seen in this table, the correlation is quite good,
with the best agreement observed with the use of the optimized geometries. The inclusion of nearest
neighborsin the calculations is also seen to improve the agreement. Clearly, the effects of neighboring
groups are significant in these crystalline environments, as has been noted in the experimental results
via crystall ographic nonequivalences.

The principal components of the N chemical shift tensors of the compounds of interest, as
determined from the DFT calculations using the OPT geometries, are shown in Tables 3 though 5.
Table 3 summarizes the NH, values, Table 4 the NO, values, and Table 5 the ring-nitrogen values.
The orientations of the principal values for the NH, >N chemical shift tensors, seen in Table 3, are as
would be expected. The most highly shielded component, o33, is approximately perpendicular to the

HNH plane, while 611 bisects the HNH angle and &,; is perpendicular to 811 in the HNH plane.
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Table 2. Quantitative comparison between experimental and calculated chemical shifts for the
different models considered.

M odel RM S R’ Slope | nter cept®
OPT® 18.9 0.9743 1.01 0.61
XR 26.4 0.9548 1.04 -16.3
HB 20.1 0.9705 0.99 -22.2
HB/Hopt 17.2 0.9758 0.93 -26.8

2Valuesin ppm; the intercept is referenced to nitromethane and includes any systematic errors in the referencing process of
both the experimental and calculated values.

® Including all the shift valuesin the linear regression analysis. If only the chemical shifts of the molecules for which the
X-ray structures are known are included, the RM S increases to 19.8 ppm, with R? = 0.9712, Slope = 1.01 and I ntercept =
0.51 ppm.

In Table 3, it can be seen that the 613 principal component of the chemical shift tensor is more
sensitive to electronic, structural, and environmental changes in these compounds by a factor of two
compared to the other components. The values of 11 in the compounds studied range from -177 ppm
to -294 ppm, a difference of 117 ppm. The ranges of the other components and the isotropic values are
more modest at 70 ppm for &,2, 56 ppm for &3, and 64 ppm for the isotropic values.

The orientations of the principal values for the NO, °N chemical shift tensors, shown in Table 4,
also agree with what would be expected. The most highly shielded component, ds3, is approximately
perpendicular to the ONO plane, while 611 bisects the ONO angle and 6, is perpendicular to 613 in the
ONO plane.

The 611 principal components have two different families of values, one at approximately 95 ppm
for compounds 111 and IV and the other at approximately 75 ppm for the rest of the compounds. In
compounds |11 and 1V, the nitro group has only one NH, ortho group, while there are two for the
remaining compounds. The 33 principal component is very insensitive in the compounds studied. It
varies by less than 5 ppm; a similar behavior is observed for the isotropic values. The & principa
component has arange similar to that of 61, but with aless obvious pattern.

The orientations of the principal values for the ring-°N chemical shift tensors, shown in Table 5,
also agree with what would be expected. The most highly shielded component, ds3, is approximately
perpendicular to the molecular plane, while 615 isin the direction that is tangential to thering and o, is
perpendicular to 11 in the plane of the molecule. The 611 principal component moves significantly
upfield (more shielded) for the N-O ring nitrogens with respect to the pyridinic nitrogens. A similar
trend is observed for o2, while the reverse is observed for dss.

In comparing the isotropic chemical shifts of the ring nitrogens in compounds | and Il, an
interesting trend is noted. While pyridine resonates downfield from pyridine-1-oxide (the isotropic
chemical shifts in the solid state are -63 and -98 ppm for pyridine and pyridine-1-oxide,
respectively) [12], the reverse is seen to be the case for these highly substituted compounds. This
apparent reversal in trend can be explained by considering the substituent effects associated with the
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Table 3. Calculated principal components of the >NH, chemical shift tensors. These values were
calculated using the OPT geometries. All values are in ppm referenced to the nitromethane.

Structure 5 5 X Sa
(Nucleus)

I (2, 6) -202 -307 -323 =277 (-277, -274)

| (4) 177 -289 358 275 (-267)

Il (2, 6) 211 302 341 -285 (-279, -283)
I (4) -178 -290 -363 =277 (-273)

1 (2, 6) -207 -312 -322 -280 (-281)

IV (2, 6) -220 -306 -343 -290 (-292)

V (4, 6) 211 -309 335 285 (-280)
V) 247 -284 354 -295 (-290)
VI (4) 213 311 333 286 (-289)
VI (6) -223 -315 -343 -294 (-289)
VI (2) -243 -320 -338 -300 (-271)
VIl (4) 294 353 371 -339 (-291)
VIi (6) 261 354 378 -331 (-291)
Vil (2) 248 334 371 318 (-291)

& This component is approximately in the direction bisecting the HNH angle.

® This component is approximately in the direction perpendicular to & in the plane of the amine group defined by HNH.
¢ This component is approximately perpendicular to the HNH plane.

4 Experimental values in parenthesis.

Table 4. Calculated principal components of the > NO, chemical shift tensors. These values were
calculated using the OPT geometries. All values are in ppm referenced to the nitromethane.

(Sguucclgffs‘; 5 552 X Sa
| 3,5) 73 36 171 21 (-13)
I (3,5) 74 21 169 25 (-15)
11 (3,5) 95 17 172 20 (-13)
IV (3, 5) %9 10 1170 -21(-14)
V (5) 73 36 173 21 (-17)
Vi (5) 74 21 174 -26 (-19)
Vil (5) 77 11 172 28 (-19)

& This component is approximately in the direction bisecting the ONO angle.

® This component is approximately in the direction perpendicular to &, in the plane of the nitro group defined by ONO.
¢ This component is approximately perpendicular to the ONO plane.

94 Experimental valuesin parenthesis.
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Table 5. Calculated principal components of the ring-°N chemical shift tensors. These values were
calculated using the OPT geometries. All values are in ppm referenced to the nitromethane.

Structure

(Nucleus) S &2 5x’ S0’
N
I (1) -53 -124 -319 -165 (-194)
1 (1) -13 -103 -315 -144 (-162)
V (1, 3) 72 -122 -335 -176 (200, -198)°
VI (3) -92 -140 -346 -193 (-213)
N-O
(1) -90 -142 -246 -160 (-186)
IV (1) -60 -114 -242 -139 (-159)
VI (1) -97 -132 -249 -159 (-192)
VIl (1) -99 -147 -251 -177 (-192, -198)

& This component is approximately in the direction tangential to the ring.

® This component is approximately in the direction perpendicular to &4, i.e., radial, in the plane of the molecule.
¢ This component is approximately perpendicular to the molecular plane.

4 Experimental values in parenthesis.

®Magnetic nonequivalence of two ring nitrogens was observed in SSNMR spectrum, but was not reproduced in
calculations because no X-ray structure was available.

NH, and NO, groups. Shown in Table 6 is a summary of the calculated effects of ortho, meta, and
para substitution of NH, and NO, groups on the chemical shift of the parent compounds. All values
were calculated in the mono-substituted compounds according to the methods described above using
fully optimized molecular structures. Experimental values, obtained from solution state measurements,
are provided in parenthesis when available.

As seen in Table 6, the agreement between experimental and calculated values of the substituent
effects is good. It should be noted that the experimental values may have significant errors due to
solvent effects. From this table it is apparent that only the ortho and the para substituent effects are
significant, while the meta substituent effect is negligible. Because al of the compounds investigated
have NO, groups in the meta position, the NO, groups have little effect on the ring-nitrogen chemical
shifts.

Table 6. Caculated substituent effects in ppm (experimental values, when available, are given in
parenthesis)®

Position, Group Pyridine Pyridine-1-Oxide
0-NH; -50 (-53.9) -34
m-NH 0(-2.7) 0
p-NH2 -30 (-39.7) -18
0-NO; -23 3
m-NO, -4 0
p-NO, -24 -10

& Solution state values in acetone (see reference 8).
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It can also be seen in Table 6 that the effects of ortho- and para-NH, substitution are larger for the
pyridine than for the pyridine-1-oxide. While the parent pyridine molecule resonates downfield from
pyridine-1-oxide, the addition of NH, groups shifts both resonances upfield, the pyridine to a greater
degree that the pyridine-1-oxide. The net effect is that, as NH, substituents are added, the chemical
shifts become closer together and eventually cross over one another.

The differential substituent effects for pyridine versus pyridine-1-oxide can be explained by
considering the dominant resonance structures of the parent compounds, asillustrated in Figure 2. For
the pyridine system (Figure 2(a)), ignoring inductive effects, the 7 electrons are effectively shared
equally throughout the ring. For the pyridine-1-oxide system (Figure 2(b)), due to the interaction of a
lone pair of electrons from an oxygen atom with the z electrons in the ring, other resonance structures
are possible in which the 7 electrons are localized. This partia localization of charge forces the
substituent effects to be transmitted through at least one formal single bond. Substituents effects are
known to be smaller in aiphatic than in aromatic compounds, consistent with the decreased
effectiveness observed in pyridine-1-oxide compared to pyridine.

The ring-nitrogen chemical shifts of the compounds studied, calculated using the experimental
values of the parent compounds in the solid state and adding theoretically calculated substituent
effects, are given in Table 7, along with the experimental values and the values calculated using the
OPT structure. Both theoretical methods correlate reasonably well with the experimental values and
reproduce the trends discussed previously. However, the values calculated using the quantum
mechanical method show a significantly better correlation with the experimental ones (RMS =
5.7 ppm) than do those calculated using empirical methods (RMS = 12.5 ppm). It should be noted
that, in both cases, intermolecular interactions have been neglected; therefore, larger discrepancies
between the theoretical and the experimental values are expected.
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Figure 2. Resonance structures of (a) pyridine and (b) pyridine-1-oxide.
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Table 7. Calculated chemical shifts of ring nitrogens using DFT and substituent effect approaches. All
values are in ppm referenced to nitromethane.

Structure (Nucleus) Exp. Theor .® Subst. Effect”

[ -194 -165 -201

[ -186 -160 -184

1 -162 -144 -171

v -159 -139 -166

v 200 -176 -219
-198

VI (N) 213 -193 214

VI (N-O) 192 -159 176

Vil -198 -166 -176
-192

& Calculated using OPT structures.
P Calculated using experimental values of parent compounds (see text) and adding theoretically calculated substituent
effects.

4. Conclusions

>N SSNMR chemical shift data have been obtained for a series of highly substituted nitrogen-
containing heterocycles. Solution state data of many of these compounds are unavailable due to low
solubilities. Theoretical calculations of chemical shifts have been used to aid in the interpretation of
the experimental results. The trends observed in the experimental ring-nitrogen values can be
explained based on theoretically calculated substituent effects.

From the results obtained, it is clear that the N chemical shifts are very sensitive to electronic
structure and crystallographic effects. The theoretically calculated results vary significantly depending
on the structural model chosen for the calculations. The agreement between theoretically calculated
values and experimental results is improved when optimized geometries are included. However, it is
not clear if thisis afortuitous cancellation of errors, which appears to be the case for the NO, chemical
shifts, or a true effect. The lack of accurate experimental positions for the protons makes it more
difficult to draw any conclusion for the NH, shifts.

The inclusion of hydrogen bonding to neighboring molecules, through the use of the nearest
neighbor approximation, makes a significant difference, as great as 10 ppm in the calculated
(isotropic) values for the NH, chemical shifts. In al cases, inclusion of these effects improves the
agreement between experimental and calculated components. In addition, the use of substituent effects
to predict chemical shift values leads to values that are in good agreement with experimental results.
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