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Table 11. Yields (%) of 2:l Inclusion Complexes of the 
Racemic Cis Acid 1 (X = C1 or Br) with Ammatic Solvents 

X X 
aromate C1 Br a r O I l l a t e  C1 Br 

benzene 92 94 furan" 83 89 
fluorobenzdne 92 91 2-methylfuran 49 69 
thiophene 93 91 pyrrole 82 85 

" Dissolved at 80 'C under pressure. 

cooled to 0 'C in an ice bath (solutions in benzene were cooled 
to 8-10 "C). The cryetals that deposited were filtered and washed 
with a mall amount of the cool solvent. Yields and amounts of 
solvents used are given in Table 11. 

Separation of the Racemic Cis Acid 1 (X = C1) from the 
Corresponding Cis-Trans Isomeric Mixture Using a n  In- 
clusion Complex with Thiophene. A 9.93-g portion of the 
racemic cis-trans mixture of the acid 1 (X = C1) containing ca, 
20% of the trans isomer was diesolved under reflux in thiophene 
(50 mL). Cooling in an ice bath afforded a crystalline inclusion 
complex, which upon desolvation (100 'C, 4 h, 1 Torr) yielded 
7.89 g of the racemic cis acid (98% of theoretical based on the 
content of the cis isomer in the original isomeric mixture). The 
isolated cis acid contained less than 1% of the trans isomer. 
Replacement of thiophene by other appropriate aromatic com- 
pounds leads to similar results. 

Separation of the Racemic Cis Acid 1 (X = C1) from the 
Corresponding Optically Active (lS)-Cis Isomer Using an 
Inclusion Complex with Benzene. A 36.3-g portion of the 
laevorotatory cis acid 1 (X = Cl), UD = -9.8' (c = 1.21, CHClJ, 
i.e. 29% ee, was d d v e d  under reflux in benzene (44 mL). The 
crystalline complex which deposited upon oooling (ca 10 "C) waa 
filtered, washed with a small amount of the cool solvent, and 
thermally desolvated (80 'C, 24 h, 10 Torr). This yielded 21.6 
g of the racemic cis acid aD = 0.0' (c = 1.20, CHClJ. Evaporation 
of the mother liquor yielded 13.1 g of the optically enriched (ls)-cis 
acid, aD = -27.22' (c = 1.20, CHCl,), which corresponds to ca. 
81% ee. 

Separation of the Racemic Cis Acid 1 (X = C1) from the 
corresponding Optically Active (lS)-Cis Isomer Using an 
Inclusion Complex with Thiophene. A procedure analogous 
to that described above using 18.0 g of the cis acid 1 (X = Cl), 
aD = -12.4" (c = 1.20, CHClJ, i.e. 37% ee, and thiophene (18 mL) 
afforded 10.18 g of the racemic cis acid and 7.30 g of the enriched 
(lS)-cis isomer, UD = -29.17' (c = 1.20, CHC13), i.e. 87% ee. 
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Some properties of the 22 possible mbon/nitrogen cubanoids (i.e., (CH)*,,N,, 0 I n I 8) have been calculated 
and are presented here. By use of the AM1 and PM3 semiempirical models, all the C/N cubanoids are shown 
to correspond to stationary points on the appropriate energy hypersurfaces. These stationary points are dem- 
onstrated to be local stable points via vibrational frequency calculations. The AM1 and PM3 models yield 
significantly different AH$, and this disparity increases as the amount of nitrogen in the cubanoid increases. 
The AM1 and PM3 AH# are compnred with MNDO value and, in a few high-symmetry cases, with RHF/6-31G*// 
results. The potential of the C/N cubanoids as energetic materials is examined by prediction of two detonation 
properties of the condensed-phase materials. In order to make these predictions, condensed phase mass densities 
(pa are calculated with Stine's method. Then, by use of the po values and the calculated AH$, Chapman-Jouguet 
detonation pressures and velocities are determined. The calculations indicate that any of the C/N cubanoids 
that contain four nitmgens or more would be high-performance energetic materials. One highly symmetric nitrated 
cubanoid structure (Td symmetry C4(NOZ),N4) is also examined using the same approach. 

I. Introduction and Background 
In this paper, a theoretical study is reported of the 22 

cubanoid structurea with chemical formulas (CH)*,N, 
with 0 I n I 8. The limiting structures (i.e., (CH), and 
N8) are true cubea (Le., 0, point group). Replacement of 
CH groups by nitrogen in the (CH), structure breaks the 
Oh symmetry and results in structures with reduced sym- 
metry (see Tablea I and 11) and similarly for N8 cubane. 
Note that the CH group and nitrogen atom are isoelec- 
tronic and therefore the C/N cubanoids form an isoelec- 
tronic set of structures. 

The C/N cubanoids are interesting for a number of 
reasons. For example, the pure carbon form (CH), has 
been synthesized and studied extensively by Eaton and 
his co-worke" In spite of the high strain energy (ca. 166 
kcal/mol) present in carbon cubane, it is quite  table.^ 

(1) This work was supportad by the US. Department of Energy. 
(2) Eaton, P. E.; Cole, T. W. J .  Am. Chem. SOC. 1964,86, 3157. 
(3) Eaton, P. E.; Caetaldi, G. J.  Am. Chem. SOC. 1985, 107,784 and 

references cited therein. 

0022-3263/92/1957-4841$03.00/0 

Carbon cubane slowly decomposes when heated to 200 OC.1 
The high thermal stability of this very strained structure 
is thought to result from the symmetry forbidden- of the 
reactions that can take it to smaller/less strained struc- 
tures! Because the C/N cubanoids are isoelectronic with 
(CHI,, it is possible these structures wil l  show analogous 
stability. Secondly, ab-initio theoretical results for N8 
indicate it is a stable entity in which large amounts of 
energy can be stored.S If it could be synthesized, it is likely 
that N6 would be the most powerful chemical explosive in 
existence. 

In the light of these comments, the molecular stability 
and potential of the C/N cubanoide as energetic materials 
are examined here. In particular, we examine the question 
of how the energetic properties of the cubanoid are en- 

(4) Eaton, P. E.; Ravi Shankar, B. K.; Price, G. D.;'Pluth, J. J.; Gilbert, 

(5) Woodward, R. B.; Hoffmann, R. The Comervation of Orbital 

(6) Engelke, R.; Stine, J. R. J. Phya. Chem. 1990,94, 5689. 

E. E.; Alater, J.; Sandus, 0. J.  Org. Chem. 1984, 49, 185. 

Symmetry; Academic: New York, 1970. 

0 1992 American Chemical Society 
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Table I. Definition of the C/N Cubanoid Structure8 (See Figure 1)" 
PTOUD for structure no. 

siteb no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 
1 CH N N N N N N N N N  N N N N 
2 CH CH N CH CH N N C H N  N N N N  CH 
3 CH CH CH N CH N CH N N N  N N C H N  
4 CH CH CH CH CH CH CH CH N CH CH CH CH CH 
5 CH CH CH CH CH CH CH CH CH CH CH CH CH CH 
6 CH CH CH CH CH CH CH N CH CH CH N CH N 
7 CH CH CH CH' N CH N CH CH CH N CH N CH 
8 CH CH CH CH CH CH CH CH CH N CH CH N N 

a Note that structures 9-14 transform into themselvea under the substitution CH - N. We define structures 15-22 as those resulting from 
structures 1-8 when CH groups are replaced by N atoms and vice versa, i.e., 1 - 22,2 - 21,3 - 20,4 - 19,5 - 18,6 - 17,7 - 16, and 
8 - 15, under these replacements. *Sites numbers are as shown in Figure 1. 

Table 11. C/N Cubanoid Predicted Propertiera 
struct. point AM1 PM3 MNDO mass AMlCJ AMlCJ AM1 

1 O h  151.1 113.8 99.1 1.374 17.4 7.72 1.10 
no. stoichiometry group AH[ density pressure det. vel. 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

187.6 
235.4 
224.1 
229.9 
286.0 
274.5 
263.3 
349.1 
327.2 
338.6 
339.0 
327.1 
304.5 
382.2 
393.7 
404.3 
471.2 
462.2 
473.0 
547.0 
630.7 

126.0 
154.5 
138.1 
139.6 
182.0 
167.1 
147.3 
226.3 
193.5 
211.1 
208.5 
196.0 
156.1 
218.9 
239.2 
254.4 
284.1 
281.7 
299.6 
344.0 
406.2 

115.7 
142.7 
131.0 
133.7 
168.3 
159.3 
145.2 
204.0 
183.9 
195.3 
192.8 
186.7 
158.4 
207.8 
221.6 
230.2 
258.5 
255.9 
266.9 
303.4 
350.7 

1.468 
1.574 
1.574 
1.574 
1.694 
1.694 
1.694 
1.832 
1.832 
1.832 
1.832 
1.832 
1.832 
1.990 
1.990 
1.990 
2.175 
2.175 
2.175 
2.393 
2.655 

20.3 
28.5 
27.8 
28.2 
37.4 
36.6 
35.7 
50.4 
48.7 
49.5 
49.7 
48.7 
47.0 
64.1 
65.0 
65.8 
86.5 
85.8 
86.6 

116.5 
175.0 

7.74 
8.13 
8.05 
8.09 
8.90 
8.83 
8.76 
9.91 
9.79 
9.85 
9.85 
9.79 
9.66 

10.91 
10.97 
11.02 
12.44 
12.40 
12.45 
14.23 
16.06 

1.37 
1.78 
1.67 
1.73 
2.29 
2.18 
2.08 
2.92 
2.72 
2.82 
2.83 
2.72 
2.51 
3.27 
3.38 
3.48 
4.13 
4.05 
4.15 
4.15 
5.62 

Units are as follows: (1) AH, are in kcal/mol, (2) mass density in g/cm3, (3) CJ pressure and detonation velocity in GPa and mm/hs, 
respectively, and (4) heat of detonation in k&g; . . 

+/j-J 

7 8 

Figure 1. Numbering scheme used to define the carbon/nitrcgen 
cubanoid structures. See the information in Table I to identify 
a particular structure. 

hanced as nitrogens are substituted for CH groups. 
The effect of nitration on a carbon-containing cubanoid's 

explosive performance is studied by calculating properties 
of the fully nitrated form of Td symmetry (CH),N,. Ni- 
tration is predicted to increase the Chapman-Jouguet (CJ) 
pressure by ca. 30% relative to the unnitrated species. 

Because it was desired to investigate all 22 C/N cuba- 
noid structures and because of the number of heavy atoms 
present in these structurea, the AM1 (Austin Model lI7 and 

(7) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P. J. 
Am. Chem. SOC. 1986,107,3902. 

PM3 (Parameter Method 3)8 semiempirical methods were 
the primary methods used for the calculations. To gauge 
the quality of the semiempirical energies, ab-initio 
RHF/&3lG*//RHF/&31G* AH# were computed for four 
of the highest symmetry cubanoids. AHf comparisons are 
also made with previously published MNDO values. All 
the AM1 and PM3 structures were shown to be stable 
points by calculation of their vibrational frequencies. 
Stine's methods was used to estimate the crystalline mass 
densities of the C/N cubanoids. These densities and the 
calculated heats of formation were then used to calculate 
Chapman-Jouguet detonation pressures and velocities.1° 

11. The Calculational Methods 
A. The Quantum-Mechanical Calculations. The 

AM1 and PM3 methods are current variants of MNDO; 
these methods are used for most of the calculations re- 
ported heree73 The primary differences between AM1 and 
MNDO are as follows: (1) in AM1 the core-repulsion 
functions have been modified to reduce the interatomic 
repulsions at ca. the van der Waal separations, and (2) an 
improved minimum has been found on the parameter- 
space error hypersurface. Dewar and his co-workers note 

(8) Stewart, J. J. P. J .  Comput. Chem. 1989,10, 209. 
(9) Stine, J. R. Prediction of Crystal Denaities of Organic Explosives 

by Group Additivity; Los Alamoa Report LA-8920, 1981. 
(10) Fickett, W.; Davis, W. C. Detonation; University of California 

Press: Berkeley, 1979. 
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that one reason for introducing the first type of modifi- 
cation is to improve the method’s performance on struc- 
tures that contain four-membered rings. This is an im- 
portant consideration for calculations of cubanoids. The 
AM1 calculations were done using the GAUSSIAN-88 set of 
codes on a VAX-8600 computer.” 

The PM3 method is another improvement of MNDO 
in which improved numerical algorithms were used to 
further refine the quality of the parameter determination. 
Stewart states that the PM3 parameters probably corre- 
spond to either a global minimum on the error hypersur- 
face or are very near to i t  The PM3 calculations were done 
with the MOPAC set of codes on a CRAY X-MP com- 
puter? 

To test the quality of the semiempirical results, abinitio 
calculations were done on four high-symmetry cubanoids. 
These were done with the CADPAC set of codes on a 
CRAY X-MP computer.l2 The RHF/6-31G*//RHF/6- 
31G* model was u88d in these calculations. In locating the 
stationary points, the largest component of the energy 
space gradient was reduced to lees than loa hartree/bohr. 
Analytic second derivatives of the energy were used to 
determine the vibrational frequencies. 

Due to space limitations, only the AM1 results are 
discussed in detail in this paper. Complete information 
on the geometries, energies, and frequencies obtained with 
the PM3 and RHF/6-3lG*//RHF/6-31G* models are 
available from the author. 
B. Mass Density Calculations. Stinee has developed 

a group-additivity method for computing the crystalline 
mam density of organic compounds. This method is based 
on the premise that the molar volume of an organic crystal 
is a linear combination of the volumes of the organic 
molecule’s constituent parts. These constituent volumes 
are a function of the type of atoms in the organic molecule 
and their bonding configuration. To obtain the constituent 
volumes, Stine did least-squares regressions between 
measured and calculated densities with the constituent 
volumes as the fitting parameters. He used 34 different 
types of “atoms” in various bonding situations in his re- 
gression analysis. 

An example of a particular constituent volume is a ni- 
trogen completely u-bonded in ring systems. This nitrogen 
entity has a volume of 8.759 f 0.705 A3 in Stine’a proce- 
dure. The error bar is a standard deviation; note that it 
is roughly 8% as large as the parameter estimate. Given 
this “atom” value one can predict, e.g., the crystal density 
of N8 cubane. 

Stine’s error analysis indicates that the constituent 
volume parameters predict crystal densities of “normal” 
molecular species within ca. i 3 %  of their experimental 
values. Density predictions are usually desired for exotic 
compounds. Since the bonding configurations character- 
istic in such cases may be underrepresented in the vol- 
ume-parameter-regression data set, the density predic- 
tions could have larger errors. Since any cubanoid is 
somewhat exotic, it is of interest to examine how well the 
method performs of them. Two examples are carbon cu- 
bane (CHI, and 1,3,5,7-tetranitrobute. The experi- 
mental13 (predicted) densities for these structures are as 

(11) Frisch, M. J.; Head-Gordon, M.; Schlegel, H. B.; Raghavachari, 
K.; Binkley, J.  S.; Gonzalez, C.; DeFrees, D. J.; Fox, D. J.; Whiteside, R. 
A; Seeger, Melius, C. F.; Baker, J.; Martin, R. L.; Kahn, L. R.; Stewart, 
J. J. P.; Fluder, E. M.; Topiol, S.; Pople, J. A. GAUSSIAN-@; Gauesian, Inc.: 
Pittsburgh, PA, 1988. 

(12) Am-, R. D.; Rice, J. E. CADPAC, the Cambridge Analytic De- 
rivative Package, h u e  4.0, Cambridge, 1987. 

(13) Gilardi, R. Naval Surface Weapons Center (private communica- 
tion), 1989. 
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follows: for (CH),, 1.29 (1.37) g/cm3, and for C8H4(NOA, 
1.81 (1.92) g/cm3. In both cases, Stine’s method predicts 
approximately 6% higher than the measured density. 
These measured cubane values and the error bar on the 
nitrogen ‘atom“ parameter indicate that the nitrogen-rich 
cubanoid densities presented below are accurate to ca. 
&lo% and that the density estimates are probably high. 

C. Detonation Performance Calculations. Two im- 
portant measures of an energetic material are its detona- 
tion-wave velocity and the pressure the detonation gen- 
erates. Knowledge of these values allows one to compare 
the relative potential of two explosives. For steady-laminar 
detonation, the characteristic values of these parameters 
are called the Chapman-Jouguet (CJ) detonation velocity 
(DCJ) and pressure (Pa) of the material. DCJ and PCJ are 
dependent on the initial mass density of the explosive, the 
heat of detonation, and the equation of state of the reaction 
products; see ref 10 for further discussion. 

The AM1 detonation performance results presented 
below assume that the reaction products can be described 
by a Becker-Kistiakowsky-Wilson (BKW) equation of 
state (EOS). This EOS is designed and calibrated to 
represent the behavior of condensed-phase organic ex- 
plosives. Given this EOS assumption, the heat of forma- 
tion and initial density of the reactants, and a set of re- 
action praducts, one can compute the equilibrium chemical 
composition of the detonation products at the CJ state and 
DCJ and Pa; we used the TIGER code to do this; see ref 
14. 

For the (CH),+,N, cubanoids, the assumed reaction 
producta were Nz, CHI, Hz, NH3, HCN, and solid carbon. 
For the one nitrated cubanoid examined (C4(NOJ,N3, the 
assumed reaction products were N2, COz, CO, NO, NOz, 
and solid carbon. 

within c& 5% and lo%, respectively, of the experimental 
values. For HMX ( ~ y ~ 1 , 3 , 5 , 7 - t e t r a n i t r o t e ~ ~ ~ e ) ,  
the best performing explosive in common use, the TIGER 
code predicts DCJ and PCJ values of 9.14 m m / p s  and 40.5 
GPa at density of 1.90 g/cm3, while the experimental 
values are 9.11 mm/ps and 39.4 GPa at density 1.89 g/ 
cm3.15 

TIGER detonation calculations were done with the AM1 
AH@ for all 22 cubanoids. Rather than repeating this 
somewhat tedious process with the PM3, MNDO, and 
ab-initio AH@, a scaling procedure can be used, with the 
AM1 results, to estimate the corresponding DCJ and Pa 
values. KamleP has generated a method that can be used 
to show that for two materiala with values of qz and q1 (and 
identical in all other respects) pCJ(2)/pCJ(1) = (q2/q1)1/2 
and DCJ(2)DcJ(1) = ( Q ~ / Q ~ ) ’ / ~ ,  where q = AHdep These 
relations allow one to approximately correct the PcJ and 
DCJ values found with the AM1 AHp to the corresponding 
AHp found with the other methods. DCJ and PCJ have 
weak dependence on the q values because of the square 
and fourth root dependencies in the above equations. 

Such calculations usually produce DCJ and PcJ @timates 

111. Results 
A. The Geometries. The first stage of the calculations 

was to optimii  the C/N cubanoid geometries. Standard 
C-C, C-N, and N-N bond lengths were used to start the 
optimizations. The angle guesses usually presumed a 

(14) Mader, C. L. Numerical Modeling of Detonation; University of 
California Press: Berkeley, 1979. 

(15) Dobratz, B. M.; Crawford, P. C. LLNL Explosives Handbook; 
Lawrence Livermore National Laboratory: Livermore, CA, 1985; p 19-55. 

(16) Kamlet, M. J.; Jacobs, S. J. J. Chem. Phys. 1968, 48, 23. 
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highly symmetric structure. Such presumptions and, also, 
a priori symmetry constrainta built into the geometry files 
were not wonisome, since the character of all the stationary 
points was checked via frequency calculations. 

To conserve space we only discuss the AM1-optimized 
structure bond lengths. Typical experimental C-C, C-N, 
and N-N bond lengths for sp3-hydridized atoms in un- 
strained systems are 1.54 (CzHe), 1.47 (CH,NHJ, and 1.45 
A (N,H&, respectively. The same values as calculated by 
AM1 are 1.501, 1.432, and 1.379 A, Le., shorter than ex- 
periment by 2.5, 2.6, and 4.9%, respectively. The AM1 
C-C and N-N optimized bond lengths for (CH), and N8 
are 1.577 and 1.496 A, respectively; Le., ca. 5% and 8.5% 
longer than the AM1 values for unstrained C-C and N-N 
bonds. This bond lengthening results from inefficient 
orbital overlap due to strain in the cubanoid structures. 

There is a roughly monotonic increase in the cubanoid 
C-C, C-N, and N-N bond lengths as one increases the 
nitrogen content. This effect is not a stro one, consisting 

and N-N bonds, respectively, as n increases from 0 to 8. 
This bond lengthening pattern as n increases is consistent 
with the AHf trends preeented in Section 1II.C; i.e., longer 
bonds correspond to higher AH@. There is a significant 
dispersion of the C-C, C-N, N-N bond lengths, a t  fixed 
n, as the structural isomer is varied-this dispersion is ca. 
i 0.01 A for 3 I n I 6. For the (CH)4N4 isomers, typical 
C-C, C-N, and N-N bond lengths are 1.585, 1.555, and 
1.472 A, respectively. The cubanoids with n = 1,2,7, and 
8 violate these simple trends somewhat. Bond lengths of 
a particular type (e.g., C-C) in these structures show 
greater variations; a dispersion of f0.015 A is not atypical. 

In all cases, the AM1 CH bond lengths have typical 
values; Le., 1.100 f 0.005 A. 

B. The Vibrational Frequencies. Vibrational fre- 
quencies were calculated with the AM1 and PM3 models 
to demonstrate that the stationary point geometries are 
stable pointa. In all cases, the frequencies are real and the 
lowest frequencies are quite large. This is an indication 
that the C/N cubanoid stable point geometries are fairly 
rigorously defined by the energy hypersurfaces. Again, to 
conserve space we discuss only the AM1 frequencies. For 
the cubanoids, the frequencies break into three classes. 
These are as follows: two normals modes at ca. 630 f 60 
cm-', (8 - n) CH stretches at ca. 3200 cm-', and 206 - n) 
modes in the 800-1300 cm-' range. 

The AM1 zerepoint energies are accurately represented 
by 

ZPE(n) = An + B (1) 
where n is the number of nitrogens in the cubanoid, A and 
B equal -7.80 f 0.02 and 87.8 f 0.2 kcal/mol, respectively, 
and the error bare are standard deviations. Since A < 0, 
the ZPE decream as the number of nitrogens is increased. 
The ZPEs vary from 87.8 kcal/mol (for (CH),) to 25.4 
kcal/mol (for N8). There are only small changes in the 
ZPE as a function of structural isomer; the largest range 
in Z P E s  b e i i  0.5 kcal/mol for the six (CH)4N4 structures. 

C. The Heats of Formation. The AM1 and PM3 
calculations produce AH@ for the optimized structures. 
AHf is an energy quantity of interest when studying 
whether a molecular structure may be a useful energetic 
material. The AH@ are given in Table I1 and Figure 2. 

The AMl[PM3] AHF vary from 151[114] kcal/mol for 
(CHI8 to 631[406] kcal/mol for Ng. As is seen from Figure 
2, these AH# vary nonlinearly with nitrogen content. The 
nonlinear contribution to N,'s AHf is quite large, being, 
e.g., ca. 150 kcal/mol out of the total 480 kcal/mol increase 
in going from (CHI8 to N8, when AM1 is used. This 

of increases of ca. 0.013,0.020, and 0.034 T for C-C, C-N, 

Engelke 
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Figure 2. C/N cubanoid AH8 calculated with the AM1, PM3, 
MNDO, and RHF/&31G*//RHF 6-31G* models 88 a function 
of nitrogen content. Note that t h e MNDO and RHF/6-31G* 
valuea have been displad 0.2 units to the right to prevent overlap 
of the symbols. 

nonlinearity is attributable to the addition of more than 
one N-N bond to a C/N cubanoid when one nitrogen is 
added. 

A linear leasbsquarea regression was carried out between 
the AM1 cubanoid AH@ and the pattern of atomic 
neighbors to examine how the AM1 AH8 depend on the 
bonding configuration. Bonding configuration numbers 
were assigned to a structure by viewing the structure from 
a particular nuclear center, e.g., site 1 of Figure 1. There 
are three nearest neighbors, three second nearest neigh- 
bors, and one third nearest neighbor for any such site. 
Consequently, one can compose a list of whether the first, 
second, and third nearest neighbors are nitrogen or carbon 
centers. This generates a set of numerical values that 
characterize the site. In our regression analysis five such 
numbers were used. These were three values that counted 
the number of C-C, C-N, and N-N bonds and two num- 
bers that counted the number of nitrogen-nitrogen second 
and third nearest neighbors. This counting process was 
done for all eight sites and the numbers of each type 
summed; this double counts the number of bonds and 
second nearest neighbors, so these sums were halved. 
Using these values, one can do the regression 
AHf(m) = 

aCC(m) + @CN(m) + yNN(m) + 6Nz(m)+ tNg(m) (2) 
In eq 2, m is the structure number (see Table I), CC(m), 
CN(m), and NN(m) are the number of CC, CN, and NN 
bonds in structure m, Nz(m) and N3(m) are the number 
of N-N second and third nearest neighbors for structure 
m, and a,...,€ are the fitting parameters. The regression 
yields the values a = 12.7 f 1.4, = 24.3 f 1.4, y = 49.0 
f 4.0,6 = 2.2 f 0.4, and e = 2.1 f 0.4 kcal/mol, where error 
bars are one standard deviation. The a, 8, and y param- 
eters show the effect on the AH@ of nitrogen loading. A 
CH group bonded to a CH group in a C/N cubanoid 
contributes ca. 12.7 kcal/mol to the AM1 A€&, while a 
nitrogen bonded to a CH group or to another nitrogen 
contributes 24.2 or 49.0 kcal/mol, respectively. The rel- 
ative values of a, 8, and y shows that there is a rapid 
increase in the AM1 AHf as many nitrogens are added. 
There are small contributions to the AM1 AXf from second 
and third nitrogen-nitrogen nearest neighbors as shown 
by the parameters 6 and e. 

If the small 6 and e contributions are neglected, one can 
obtain a, 8, and y values from the (CHI8, N8, and Td 
(CH)4N4 AH@. Using this procedure with the AM1 and 
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PM3 AH$, one finds for the (a,fl,y) triplet the values 
(12.6,23.4,52.6) and (9.5,13.0,33.9), respectively. The AM1 
method predicta significantly larger AHf contributions from 
the CN and NN bonds in the cubanoids than does PM3. 

D. The Mass Densities. For the (CH)&,,N,, cubanoid 
structures, Stine’sg procedure for the crystal mass density 
gives 

(3) 

where n is the number of nitrogen nuclei present, po(0) = 

and D = (VN - Vc - VH)/S(Vc + VH). Here Mc, MH, MN 
and VC, VH, VN are, respectively, the atomic masses and 
Stine’s volume parameters for carbon, hydrogen, and ni- 
trogen in the cubanoid bonding configuration. Note that 
p,(O) is the estimated density of (CH), cubane. The right 
side of eq 3 is written as two terms as this will be useful 
below. Sthe’s volume parameters are Vc = 9.755 f 0.351, 

The densities calculated from eq 3 are given in Table 
11. The limiting densities are 1.374 g/cm3 for (CH), and 
2.655 g/cm3 for Ns. There is a nonlinear dependence of 
density on the nitrogen content. As one replaces CH 
groups by N s  in a cubanoid, the structures become more 
compact and more massive. The two terms on the right 
side of eq 3 show the relative importance of these two 
effects. The first term, [po(0)/(l - IDln)], measures the 
increase in density of a fixed muss structure as the nitrogen 
content is increased. This density increase results from 
the relative compactness of a nitrogen “atom” relative to 
a CH group. The second term in eq 3, [Cn/( l -  IDln)], 
occurs both because of the molecular mass increase as N s  
replace CH groups and because the molecular structure 
becomes more compact under this replacement. If one 
evaluates the two right-hand terms of eq 3 for (CH),, the 
values are 1.374 and 0.0 g/cm3, respectively. For Ns, these 
two values are 2.47 and 0.19 g/cm3. The dominant factor 
in producing the large density changes as nitrogen is added 
is the relative size of VN and (VC + VH). The cubanoid- 
type nitrogen “atom” is the smallest of all Stine’s volume 
parameters for normally valent C, N, 0, or F “atoms”. 
Thus, provided these parameters approximate reality, the 
mass densities of the very nitrogen-rich cubanoids may be 
near the highest densities possible for organic molecules. 
A substantial part of the remarkable detonation perform- 
ance predicted for the nitrogen-rich cubanoids can be 
traced to the high predicted mass densities. 

E. The Detonation Results. The AM1 detonation 
performance predictions (DCJ and Pa) are presented in 
Table I1 and Figure 3. As is seen from Figure 3, all the 
C/N cubanoids are predicted to be reasonably-energetic 
to very-energetic explosives. 

Note the mows on the left and right ordinates of Figure 
3 labeled “HMX”. HMX is the best performing explosive 
in common use; it will be used as the standard for gauging 
the explosive performance of the C/N cubanoids. 
As shown in Figure 3, the calculations predict that (CH), 

at ita crystal density is an explosive with DcJ = 7.72 “ / p a  
and Pa = 17.4 GPa. Thus, carbon cubane is predicted to 
have explosive performance markedly inferior to HMX. 
As nitrogens are substituted into the cubanoid structure, 
the comparison vs HMX becomes more favorable to the 
C/N cubanoids. The results on Figure 3 indicate that 
cubanoids containing four or more nitrogens will outper- 
form HMX. As one exceeds four nitrogens in the cubanoid 
structure, both the CJ detonation velocity and pressure 
rise very rapidly as a function of nitrogen content. 

(MC+MH)/(vC+ VH), c =  (MN-MC-MH)/8(vC+ VH), 

V H  = 5.981 f 0.298, and VN = 8.759 f 0.705 A3. 
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Figure 3. Chapman-Jouguet (CJ) detonation pressure and de- 
tonation velocity, computed with AM1 AHp, as a function of 
nitrogen content. The arrows near the left- and right-hand or- 
dinates indicate CJ values for crystal density HMX (p, = 1.90 
g/cm3). Note that the C/N cubanoids containing four or more 
nitrogens are predicted to have Da and Pa values greater than 
crystalline HMX. 

It is likely that the introduction of large amounts of 
nitrogen into the C/N cubanoid structures wil l  kinetically 
destabilize them, in addition to increasing their thermo- 
dynamic metastability. For the cubanoid structures con- 
taining two or more nitrogens or (CHI groups, there are 
cubanoid structural isomers. As shown on Figure 2, the 
AH8 for a particular C/N ratio do not vary widely. The 
higher energy structures are those with the largest number 
of N-N bonds; such structures are probably also the most 
kinetically unstable. As shown in Figure 3, the detonation 
performance within a set of structural isomers also does 
not vary radically; these isomers may have very different 
kinetic stabilities. One such case is structure 14 of Table 
I, which consists of a (CH), tetrahedron juxtaposed with 
an N4 tetrahedron. There are no N-N bonds in this 
structure. Because of this, structure 14 is probably more 
kinetically stable than (say) structure 9 of Table I. 
Structure 9 consists of a square of four N’s bonded to a 
square of four (CHI groups; each nitrogen is bonded to two 
other nitrogem. The point of this is that, at given nitrogen 
content, one could choose the kinetically most stable 
structural isomer, while retaining most explosive perform- 
ance. 

F. AM1 Results for Nitrated (CH)4N4. The car- 
bon-rich C/N cubanoid detonation products contain sig- 
nificant amounts of solid carbon, CHI, and NH3. The 
addition of oxygen, as carried by nitro groups, into such 
molecules allows reaction to much lower energy products, 
i.e., H20, COP, and CO. The extra energy release should 
produce improved detonation performance. To study this 
factor for the C/N cubanoids, the fully nitrated form of 
structure 14 (Le., Td symmetry C4(N02)4N4) was studied 
with AM1. 

We optimized the C4(N02),N4 structure within Td sym- 
metry. The AM1 bond lengths obtained were as follows: 
1.560 (in-cube C-N), 1.515 (nitro-group C-N), and 1.189 
A (N-O). The in-cube C-N bond length of 1.560 A is very 
slightly longer (0.005 A) than that obtained for the un- 
nitrated form; this indicates that the nitro groups do not 
significantly affect the character of the C-N bonds within 
the cubanoid. 

The AM1 AHf for the optimized structure is 378.6 
kcal/mol; i.e., 74 kcal/mol larger than the unnitrated form. 
The corresponding DCJ and Pa are 10.82 “ / p a  and 63.7 
GPa with N2, C02, and CO as the major reaction products. 



4846 J. Org. Chem., Vol. 57, No. 18, 1992 

The predicted mass density is 2.198 g/cm3. 
G. Ab-Initio and MNDO Results. Ab-initio RHF/ 

6-31G*//RHF/6-31G* calculations were carried out on 
four high-symmetry cubanoids. The computed structures 
were (#1) (CHI, (#9 and #14) (CH),N,, and (#22) N8, where 
# indicates a Table I structure. These calculations were 
done to gauge the accuracy of the semiempirical AH@. 
Stability of the structures was demonstrated by vibrational 
frequency calculations. 

The absolute energies (hartree) so obtained were as 

-371.348 948 9, and (#22) -434.949 162 9. These energies 
were converted to AH@ by computing bond separation 
energies (BSE) in the isodesmic reaction 

The BSE’s are given by 

follows: (#l) -307.407 754 6, (#9) -371.230 243 4, (#14) 

(CH), + nN(CHJ3 + (CH)s-,N, + nCH(CH& 

Engelke 

no low-energy distortions by which the C/N cubanoids can 
disintegrate. 

Comparison of AM1, PM3, and MNDO AHp with those 
computed with the RHF/6-3lG*//RHF/6-31G* model 
shows good agreement between the AM1 and ab-initio 
resulta, but poor agreement with PM3 and MNDO valuea. 
Thus, if a semiempirical method is to be used to compute 
energies of nitrogen-loaded strained-ring systems, it should 
be AM1. 

The AH@ are accurately represented by a simple linear 
function of the bonding configuration (see eq 2). This 
function shows that substitution of nitrogens into a C/N 
cubanoid causes a strong increase in AHf, this is particu- 
larly true for the nitrogen-rich cubanoids. All the C/N 
cubanoids have high energy content. The AM1 AH@ range 
from ca. 150 kcal/mol for (CH), to 630 kcal/mol for Ns. 
There are structural isomers of the C/N cubanoids when 
2 I n I 6. For a given quantum-mechanical method, the 
isomer AH@ are not radically different; however, it is 
possible that their kinetic stabilities are. 

The predicted crystalline mass densities of the C/N 
cubanoids vary from 1.374 to 2.655 g/cm3; Le., it is likely 
that the high nitrogen C/N cubanoids have mass densities 
near the highest possible for organic molecules. 

Detonation performance calculations predict that all the 
C/N cubanoids are explosives-including carbon cubane. 
While the C/N cubanoids high in carbon content are 
predicted to be low-teaverage performance explosives, this 
changes with four or more nitrogens are present. For n 
L 4, the predictions state that the C/N cubanoids would 
be very high performance explosives-equal or superior 
to the highest performance explosives in existence. To the 
author’s knowledge, there is no experimental data on the 
detonation properties of any C/N cubanoid. 

A central question concerning the high-nitrogen-content 
cubanoids is whether any of them are kinetically stable 
enough to be practically interesting. JollylB has made a 
comment in relation to this “...it is possible to prepare 
(nitrogen) compounds that are thermodynamically unst- 
able but that decompose at a negligible rate”. The pos- 
sibility of this statement being true for the C/N cubanoids 
is supported by the symmetry forbiddeness of their dis- 
sociation to smaller entities. For example, concerted cy- 
cloreversion reactions leading from the C/N cubanoids to 
C2H2, N2 and HCN are [4 + 4 + 4 + 41 Woodward- 
Hoffmann forbidden. In any attempt to synthesize ni- 
trogen-rich C/N cubanoids, it will no doubt be important 
to use the latitude offered by the structural isomers in 
choosing a kinetically most stable synthetic target. This 
target should contain the minimum number of N-N bonds. 
Structure 14 (Td symmetry (CH),N,) would seem a likely 
first choice, if explosive performance is a consideration. 

The effect of nitration on the explosive performance of 
the C/N cubanoids is examined by AM1 calculations on 
Td symmetry C4(N02),N4. Nitration increases the pre- 
dicted AHf and po by 74 kcal/mol and 0.37 g/cm3 over the 
unnitrated form. DcJ and Pa are enhanced by 12% and 
36%, respectively. The AM1 bond lengths do not indicate 
a substantial effect due to NO2 presence on the within cube 
C-N bonds. 

where the RHF/6-31G*//RHF/6-31G* absolute energies 
(hartree) for N(CHJ3 and CH(CHJ3 are -173.2829858 and 
-157.293 074 5, respectively. The BSEs (in kcal/mol) are 

These BSEs can be used to obtain the AH+ via 
88 fOllOwS: (#1) 0.0, (#9) -86.1, (#14) -11.6, and (#22) -237.1. 

Measured values of AHf in the above equation are (CH), 

f 0.2 (in kcal/mol).17 These give the following heat of 
formation values: (#1) 148.7, (#9) 340.4, (#14) 265.9, and 
(#22) 597.0 (kcal/mol) (see Figure 3). 

MNDO calculations on the C/N cubanoids have been 
reported by other workers;18 see Figure 3 and Table 11. 

We can now compare the AH@ as obtained from the 

models. As shown in Figure 3, the PM3 and MNDO 
models give significantly lower values of AHf than do the 
AM1 and ab-initio methods. The disparity in AHf between 
the two groups of results grows with the amount of ni- 
trogen present. For (CH), it is ca. 50 kcal/mol, while for 
Ne it is ca. 250 kcal/mol. There is good agreement between 
the AM1 AH# and those obtained with the abinitio model. 
It is likely the RFH/6-3lG*//RHF/6-31G* AH@ are quite 
accurate, because an experimental (CH), AHf is known and 
because an isodesmic reaction involving it can be used to 
obtain the heats of formation for the other cubanoids. 

These results indicate that AM1 is the semiempirical 
method of choice for nitrogen-loaded strained-ring systems 
and that PM3 and MNDO produce AHf values that are 
serious underestimates for such systems. 

IV. Discussion 
AM1 and PM3 results were presented for all 22 

(CH)&,N, (0 I n I 8) cubanoid structures. These resulta 
indicate that all these structures are metastable to rear- 
rangement to smaller species. All the A M 1  frequencies are 
greater than ca. 600 cm-’; this is evidence that there are 

= 148.7 f 1.0, N(CHJ3 = -5.7 f 0.2, and HC(CHJ3 = -32 

AM1, PM3, MNDO, and RHF/6-31G*//RHF/6-31G* 
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