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The 14N chemical shifts of nitro groups in the N M R  spectra of cyclic nitramines have been correlated 
with their electronic environment in the minimium energy conformers determined using AM1 
semiempirical molecular orbital calculations. Both the Mulliken population-derived atomic charge 
at  the nitro nitrogen and the extent of n-orbital overlap influence the observed shifts. Equations 
useful for predicting the shifts of nitro groups bonded to either the imino group of cyclic guanidines 
or secondary amines and ureas in heterocycles have been derived and are discussed. 

New high nitrogen heterocycles containing nitro groups 
bonded to nitrogen (nitramines) are of continuing interest 
as energetic The 14N NMR spectra of 
nitramines show comparatively narrow signals for the 
nitro groups since these possess a high molecular point 
group symmetry and consequently have small electric 
field  gradient^.^^^ Although these spectra are a readily 
acquired and potentially useful source of additional 
structural information, they have seldom been recorded 
or used in structural assignments. This is principally 
because the relationship between shift and structure of 
cyclic nitramines is not well defined,s with an earlier 
investigation only establishing that chemical shifts are 
influenced, in a qualitative way, by changes in the 
electronegativity of neighboring  group^.^ 

The nitrogen chemical shifts of compounds are largely 
determined by the paramagnetic term of Ramsey's ex- 
pression' for the screening constant,8 but its direct 
calculation is problematic because of the large number 
of assumptions that must be made.g Consequently 
empirical correlations of shifts with a range of param- 
eters (including substituent effects and calculated n-elec- 
tron density at the nitrogen) that affect this expression 
have been established.1° For classes of compounds with 
nitro groups bonded to carbon, shifts have been correlated 
with Taf't inductive constants11J2 and energy absorptions 
in IR spectral3 or predicted using simple empirical rules 
where contributions to shifts from groups are additive.14 

In this study we have investigated correlations be- 

tween 14N chemical shifts and structure for a wide range 
of cyclic nitramines; compounds containing nitro groups 
attached to secondary amines (secondary nitramines), 
ureas (nitroureas) and the imino group of guanidines 
(nitroguanidines) in cyclic structures have been exam- 
ined. Since the electronic environment around the 
nitrogen of the nitro group was expected to influence the 
observed chemical shifts,B correlations using related 
parameters for the minimum energy conformers deter- 
mined using Austin Model 1 ( A M P  semiempirical 
molecular orbital calculations were examined. 

The 14N NMR spectral data (chemical shift, line width) 
recorded for the cyclic nitramines 1-19 (Figure 1) in 
DMSO are included in Tables 1 and 2. The observed 
chemical shifts are shielded relative to nitromethane, 
which was the external reference, and have defined 
ranges of resonances for the different types of nitramine 
groups: -2 to -11 ppm for nitroguanidines, -24 to -34 
ppm for secondary nitramines, and -40 to -48 ppm for 
nitroureas. The observed line widths vary from 29 to 468 
Hz with broadening attributable to increases in rotational 
correlation times as a result of molecular volume in- 
creases2' andfor increases in the electric field gradient 
as the positive charge on the nitrogen of the nitro group 
 decrease^.^ 

The previously observed trend for nitro resonances to 
shift to higher field as the electronegativity of adjacent 
groups increases6 is evident when some of the chemical 
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Chemical Shifts for Secondary Nitramine and Nitrourea 
Groups in Various Cyclic Nitraminee 

Table 1. Comparison of the Calculated and Observed 1: X = q, R, =%, % =H 
2:X=C0,R1 =%%=H 
3: X = C q ,  R, = H,% = OH 
4: X = Cw R, =%= H 

5:x=cH2 
6:X=CO 

7 : R = H  
8: R=% 

9 

17: X = C:NH 

19:XsCO 
18: x = C:"% 

Figure 1. Structures of the cyclic nitramines examined in 
this study. 

shifts for the monocyclic compounds containing secondary 
nitramines and nitroureas are compared (Table 1). Thus 
substitution of the methylene group (X = CH2) in 1 and 
6 with the more electron-withdrawing carbonyl group (2 
and 6) induces an upfield shift of 14.2 and 22.0 ppm, 
respectively. Differences in the electronegativity of the 
adjacent groups affect the charge at the nitrogen of the 
nitro group. The Mulliken population-derived atomic 
charge (QN) at each of these sites were determined for 
the geometry-optimized (minimum energy, minimal atomic 
force) conformers of the cyclic nitramines 1-19 using 
AM1 calculations and are shown in Tables 1 and 2. A 
simple linear correlation between chemical shift and QN 
was computed for the combined secondary nitramine and 
nitrourea data; however, the coefficient of correlation 
between the experimental and calculated chemical shifts 
was only fair (0.86). 

The nitrogen NMR chemical shifts in amides are 
determined in part by the n-bond order between the 
nitrogen and the adjacent sp2 hybridized carbon.28 A 
feature of the structure of nitramines is the large range 
(0-60") of out-of-plane bending angles (€9 for the amino 
group (angle between the C-N-C plane and the N-N 
bond) observed in crystallographic ~ tudies .~g  This angle 
can be viewed as a measure of the extent that hybridiza- 

(28) Martin, G. J.; Gouesnard, J. P.; Done, J.; Rabiller, C.; Martin, 
M. L. J. Am. Chem. SOC. 1977,99,1381. 

compound Q$ eb 6, A(&, - 6,d ref 
1 
2 
5 
6d 
6dr 
8d 
9 
1@HNo3 
11 
12 
13 
1% 
14 
17g 
188 
19s 

0.589 47.15 
0.681 0.08 
0.609 36.23 
0.601 41.80 
0.671 7.00 
0.596 45.20 
0.640 20.80 
0.616 37.95 
0.610 39.38 
0.608 39.94 
0.612 40.42 
0.680 23.25 
0.679 2.93 
0.620h 41.41h 
0.619 39.63 
0.615 41.01 

-26.8 (29) 
-41.0 (44) 
-24.0 (48) 
-30.6 (87) 
-46.0 (66) 
-23.1 (164) 
-26.9 (85) 
-28.8 (317) 
-29.0 (349)' 
-29.1 (190) 
-32.3 (240)' 
-48.3 (204)' 
-39.7 (273) 
-34.0i 
-31.6 (220)' 
-30.2 (202) 

-1.3 16 
-0.7 17 

1.0 
-4.4 18 
-9.6 

3.9 19 
0.8 
1.0 20 

-0.7 20 
-1.3 21 
-2.2 22 
-0.2 
-0.2 23 

0.8 20 
1.1 20 
1.9 2 

Spectra were recorded using DMSO solutions (0.2 M) at 25 
"C; chemical shifts are given in ppm relative to external ni- 
tromethane; line widths at half-height are given in parentheses 
(Hz); calculations were performed using eq 1. Where two or more 
nitramine groups of the same type are in a molecule, these values 
represent an average. Methods used to prepare compounds. The 
calculated parameters (QN and 0) and experimental data for these 
groups were excluded in deriving eq 1. e Nitrourea group. f Line 
widths have been estimated. 8 These compounds all have cis-syn- 
cis stereochemistry (Le. all have methine protons on the same face 
of the molecule). Two low-energy conformers with a small energy 
difference (0.367 kcdmol) exist. In both cases the piperazine ring 
is in the boat conformation with equatorial CN bonds; the higher 
energy conformer (QN = 0.608, 0 = 39.91) has both n i t r o  groups 
in axial positions and the other (QN = 0.626, 0 = 42.22) has one 
axial and one equatorial nitro group. The calculated ratio of the 
conformers (0.35:0.65) was used to determine the weighted values 
for QN and 0 that are quoted in the table. The chemical shift has 
been averaged from the following: 17-2HC1, -34.4 ppm (468 Hz); 
17-2HNOs, -33.6 ppm (380 Hz). 

Table 2. Comparison of the Calculated and Observed 
Chemical Shifts for Nitrimine Groups in Various Cyclic 

Nitramines' 
compound QN @ a 6, A ( &  - 6 d  rep 

3 0.600 15.05 11.19 -2.1 (173) 0.3 24 
4 0.601 12.40 10.91 -7.4(85) -0.7 25 
FHC1 0.603 8.20 5.31 -8.1 (232) 0.2 19 
8c 0.607 1.47 3.76 -8.9(134) 4.7 19 
11 0.600 7.92 6.15 -8.8(230)d -1.4 20 
15 0.599 12.14 7.75 -2.7e 0.4 26 
16 0.60Of 8 . 2 g  7.85 -7.5(307) 0.7 26 
18 0.601f 3.5$ 7.63 -11.3 (270)d 0.4 20 

a Spectra were recorded using DMSO solutions (0.2 M) at 25 
"C; chemical shifts are given in ppm relative to external ni- 
tromethane; line widths at half-height are given in parentheses 
(Hz); calculations were performed using eq 2. Methods used to 
prepare compounds. The calculated parameters (QN, a, and 0) 
and experimental data for this group were excluded in deriving 
eq 2. Line widths have been estimated. e The chemical shiR has 
been averaged from the following: 1S.HC1, -2.0 ppm (346 Hz); 
1B.HN03, -3.3 ppm (200 Hz). f These are averaged values for the 
two nitroguanidine groups. 

tion at the amine nitrogen varies between sp2 (0") and 
sp3,2 with smaller angles indicating a greater potential 
for overlap of n-orbitals on the adjacent nitrogens. 
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Using cos2 8 as a measure of the extent of morbital 
overlap, a multiple regression analysis was performed 
to give the relationship (eq 1) between the combined 
experimental chemical shift data for the secondary nit- 
ramines and nitroureas, except for those in compounds 
6 and 8 (which are discussed separately below), and the 
calculated QN and cos2 8 values for the lowest energy 
conformers. 
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As is the case with secondary nitramines and nitroureas, 
the chemical shift will also be influenced by the extent 
of n-orbital overlap in the N-N bond. This is reduced 
by rotation about the bond (nitro twist) between the nitro 
and this sp2 hybridized amine. The dihedral angles 
between the n-orbitals of the C=N bond (a) and the N-N 
bond (6) were calculated from the two NC=NN and two 
C-N-NO torsion angles in the lowest energy conformer 
for each cyclic nitroguanidine; cos2 a and cos2 4 were then 
used to indicate the extent of x-orbital overlap in these 
bonds. 

A multiple regression analysis was performed for data 
on all the nitroguanidines groups (Table 21, except for 8, 
to give the relationship (eq 2) between cos2 a, cos2 4, QN, 
and the experimental chemical shift data. This equation 
provides a way of predicting chemical shifts of cyclic 
nitroguanidines in DMSO; the coefficient of correlation 
between the predicted and observed chemical shifts is 
0.97 (RMS = 0.7 ppm), with the data for 8 being excluded 
for the reasons discussed previously in this paper. Again 
both the charge on the nitrogen atom and the extent of 
n-orbital overlap are significant in determining chemical 
shift.33 

S14N = 226.86 - 470.19 Q N  + 53.06 cos2 8 (1) 

The coefficient of correlation between these experi- 
mental chemical shifts and those calculated using eq 1 
is 0.98, and the root mean square (RMS) of the difference 
between calculated and experimental values (1.2 ppm) 
compares favorably with the experimental error (fl 
ppm). The magnitude of the coefficients for the QN and 
cos2 -9 terms in eq 1, and the observed range of values 
for these parameters, indicate that both charge and the 
extent of n-orbital overlap contribute significantly to 
chemical shift.30 

The chemical shifts calculated for compounds 6 and 8, 
obtained by substituting their calculated values for QN 
and 8 into eq 1, are in poor agreement with the experi- 
mental data (Table 1). These compounds have a common 
structural feature not present in any of the other nitra- 
mines of this study, a six-membered ring that contains 
an exocyclic double bond opposite to a secondary nitra- 
mine. There is some indication that for compounds of 
this type AM1 calculations do not identify the lowest 
energy conformer. The crystal structure of 6 provides 
larger values of 8 for the secondary nitramine (44.6") and 
nitrourea (25.1").31 Substitution of these values into eq 
1 gives much better predictions of chemical shifts with 
differences (deq - dcd) of -1.8 and -0.9 ppm for the 
secondary nitramine and nitrourea, respectively. 

For some compounds additional interactions not con- 
sidered in this correlation may contribute to the experi- 
mental chemical shift. The comparatively large chemical 
shift difference (dexp - d d  = -2.2 ppm) observed for the 
secondary nitramines of the bicyclic compound 13 may 
arise because of the strong steric interactions with the 
peri nitros of the nitrourea group, which further reduce 
the extent of n-orbital overlap in the secondary nitramine 
groups. The AM1 calculations show that, of the all the 
nitramine groups considered, these have the largest out- 
of-plane bending angle (p = 6.8") for the nitro group 
(angle between the 0-N-0 plane and the N-N bond) 
and nitro twist (dihedral angle between the amine 
n-orbitals, or lone pair, and the n-orbitals a t  the nitrogen 
of the nitro group, 15.5"). In this case, by only consider- 
ing 8, the extent of n-orbital overlap is overestimated and 
the calculated chemical shift is therefore too positive. 

The nitroguanidines resonate a t  lower fields than the 
secondary amines. This is a result of decreased NO2 
shielding caused by the presence of n-conjugation be- 
tween the N-nitro group and the rest of the m0lecule.3~ 

(29) Gilardi, R. D.; Karle, J. In Chemistry ofEnergetic Compounds; 
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(0.92) between the calculated and experimental chemical shifts. 
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6-10. 

614N = 356.18 - 557.10 Q N  -t- 156.38 cos2 a - 
187.45 cos2 4 (2) 

Equations 1 and 2 can generally predict the 14N 
chemical shifts for cyclic nitramines in DMSO with 
sufficient accuracy to be used as tools to aid structural 
assignment. In both equations, the shielding of the 14N 
nucleus increases as electron-withdrawing inductive ef- 
fects increase (i.e. chemical shifts become more negative). 
The same trend has been previously noted for 14N 
chemical shifts of nitro alkane^.'^^^^^^^ The empirical 
dependence of chemical shift on charge opposes that 
predicted by Ramsey's expression' and has been at- 
tributed to the domination of the direct effect of charge 
by concomitant changes in either the electronic excitation 
e n e r d 5  or orbital asymmetry terms of the e x p r e ~ s i o n . ~ ~ , ~ ~  

Experimental Section 

CAUTION! Compounds 1-19 are known or potential 
explosives and should be handled with the appropriate precau- 
tions. 

Compounds 5 and 9 were obtained from commercial sources. 
The other cyclic nitramines were prepared by literature 
methods which are cited in Tables 1 and 2. 14N NMR spectra 
were recorded at 21.689 MHz using a Bruker AM 300 
spectrometer. The compounds were examined as 0.2 M 
solutions in DMSO (AR grade) contained in 5 mm sample tubes 
maintained at 25 "C. Spectral data were collected in the 
unlocked mode. Chemical shifts were referenced to external 
nitromethane and were recorded using a spectral width of 20 
kHz with a digital resolution of 2.5 Hz. To minimize acoustic 
ringing a ~d2-t-n-2r-acquire pulse sequence was used with t 
equal to 50 ms. The number of transients required t o  obtain 
a good signal to noise ratio changed with line width and varied 

(32) Witanowski, M.; Stefaniak, L.; Webb, G. A. Annu. Rep. NMR 
Spectrosc. 1986, 18, 164. 
(33) A correlation using QN and both N-NO2 and C=N bond orders 

(reviewer's suggestion) gave a comparatively poor coefficient of cor- 
relation (0.82). 
(34) Witanowski, M.; Stefaniak, L.; Webb, G. A. J. Chem. SOC. B 

1967, 1065. 
(35) Mason, J. B.; van Bronswijk, W. J. Chem. Soc. A 1970, 1763. 
(36) Witanowski, M. J. Am. Chem. SOC. l968,90, 5683. 
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from 2000 to 30000. The estimated error in chemical shifts stricted Hartree-Fock method and geometry optimizations 
for compounds with narrow (<200 Hz) and broad ('200 Hz) were performed using the Polak-Ribiere alg~rithm.~' 

Supplementary Material Available: Total energy, the line widths are to 0.5 and 1.0 ppm, respectively. Linewidths 

when the solutions were heated to 60 "C . Where resonances and the binding energy for each of the energy minimized partially overlap, the line widths were estimated from spectral structures This is contained in libraries 
on microfiche, immediately follows this article in the microfilm data obtained at 60 "C. 

'Om A'- version of the journal, and can be ordered from the ACS; see todesk, Inc., was used to perform AM1 calculations to deter- any current masthead page for ordering information. mine the geometry-optimized conformer in vacuo and the 
Mulliken atomic charge on the nitrogen atoms in the nitro (37) Polak, E. Computational Methods in Optimization; Academic 
groups in each cyclic nitramine. Calculations used the unre- Press: New York, 1971. 

reported here are accurate to f5 HZ and were t@cauY halved total energy calculated as a root mean square value, 

"?Ie computer 


