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Hepta- and Octanitrocubanes™**
Mao-Xi Zhang, Philip E. Eaton,* and Richard Gilardi

Highly nitrated cubanes are predicted to be shock-insensi-
tive, very dense, high-energy compounds with great potential
as explosives and propellants.ll Application of the Kamlett —
Jacobs equations?! to octanitrocubane using predicted values
for density (1.9-2.2 gem—)F and AH; (81 -144 kcalmol")#
leads to calculated detonation velocities and pressures much
higher than that of the classic C-nitro explosive TNT, 15—
30% greater than that of the N-nitro compound HMX,
presently the most energetic of standard military explosives,
and perhaps even better than that of the experimental
polycyclic nitramine CL-20, arguably the most powerful
nonnuclear explosive known.[!

mocubenes, cubene, cubyl carbinyl radical, cubyl cation,
cubanediyl, and the [n]cubyls.[!

As we have reported previously,”! 1,3,5,7-tetranitrocubane
(1) can be made by dimethyldioxirane oxidation of the
tetraamine derived from Curtius-type transformations of the
corresponding tetraacid, itself made either from ortho-metal-
ation of amide-activated cubanes!’ or from photochlorocar-
bonylation of cubane monoacid.™® More highly nitrated
cubanes cannot be made similarly from more highly carboxy-
lated cubanes, as the conversion would proceed through
intermediates that contain an electron-donating group vicinal
to a group that is electron-withdrawing; this situation results
unavoidably in cleavage of the highly strained cubane cage.™

As shown earlier,™™ %1 1 is quite acidic (pK, ~21). Nitration
of its anion (e.g., as the sodium salt) at the melting (approx.
—105°C) interface between frozen THF and N,O, gave
1,2,3,5,7-pentanitrocubane (2), the first nitrocubane with

NO, e N, NOZ\Nﬂ o NOZ~Nj;N,NOz adjacent nitrF) groups. Simil.ar‘ly, ‘.‘interfacial nitration”') of
r NT2 NO »N‘H’ N-NO2 the salt of this even more acidic nitrocubane gave 1,2,3,4,5,7-
N N \ hexanitrocubane (3). As expected the anion of hexanitrocu-
NO, NO; N\No NO,” N‘No2 bane is readily formed, but the use of different experimental
INT HMX 2 CL-20 methodology, as indicated in Scheme 1, proved to be essential
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Scheme 1. Sequential nitration of polynitrocubyl anions, and product distribution as a function of the molar

for its successful conversion into heptanitrocubane (4), and
this provided as well for better yield, more reproducible,
larger scale preparations of 2 and 3.

1,3,5,7-Tetranitrocubane (1) was treated with 1.5 equiv of
NaN(TMS), (TMS = trimethylsilyl) at —78°C in tetrahydro-
furan/a-methyltetrahydrofuran (1/1). After the monoanion
had formed, the solution was cooled to between — 125 and
—130°C, giving a clear, but very viscous fluid. This was stirred
vigorously as excess N,O, in cold isopentane was added. After
one minute nitric acid in cold (—30°C) diethyl ether was
added, and then the whole mixture was added to water.
Standard workup (CH,Cl, extraction) and NMR analysis
showed (for a typical run) that the product mixture contained
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principally pentanitrocubane (2, 53 % isolated), a little start-
ing material, and some hexanitrocubane (3). When the
quantity of NaN(TMS), was increased to 3 equiv the distri-
butions of products in seemingly similar runs were quite
variable (Scheme 1), but always there was a significant
amount of hexanitrocubane formed along with some heptani-
trocubane (4).'' A further increase in base to 4.0 equiv
resulted reproducibly in almost complete conversion of 1 (1-
gram scale) into heptanitrocubane (95 % by NMR), isolated
crystalline in 74 % yield! For this to have happened, many
sequential conversions must have occurred very rapidly in the
viscous solvent at about — 125 °C. Nitration of the anion of 1
(—2), anion formation from 2, nitration (—3), anion forma-
tion from 3, and nitration (—4) are all required. (That all this
comes about so quickly is all the more remarkable considering
the fact that the first anion, 1-, does not form at a useful rate
below —78°C.) The sequence ends with formation of the
anion of 4 as shown by high-yield production of methylhep-
tanitrocubane (5; Scheme 2)l'”l on quenching with methyl
triflate rather than acid. Nonetheless, even on addition of
excess N,O,, no octanitrocubane was formed.

NO, CH3
NO, NO,
H NO, NO2
NO CHOTf NO, NO,
NO, NO2  Nan(TMS), 5
NO> NO; |
2
No,  NO2 NO, !
4 NO, NO,
NO, “NO2
NO, NO,
6

Scheme 2. Preparation of methyl (5) and iodo derivatives (6) of heptani-
trocubane (4). Tf = trifluoromethanesulfonyl.

Heptanitrocubane is easily soluble in polar solvents, for
example, acetone, THF, and CH,Cl,. Beautiful, colorless,
solvent-free crystals formed when its solution in fuming nitric
acid was diluted with sulfuric acid. Single-crystal X-ray
analysis confirmed the assigned structure and provided an
accurate density at 21 °C of 2.028 gcm™3, impressively high for
a C,H,N,O compound. The crystal structure of 4 shows many
intermolecular contacts about each molecule that are shorter
than the sum of the van der Waals radii;®! 21 between oxygen
atoms and 12 between an oxygen and a C, N, or H atom. The
latter contacts are electrostatically favorable and help in-
crease the density. The lone hydrogen atom participates in a
weak hydrogen bond (C—H---O 2.53 A, 165.5°) that links
molecules in a chain along the b axis. The intramolecular bond
lengths, angles, and nonbonded contacts are not unusual,
resembling those of the lower homologues;”! the average C—C
cubane-edge distance is 1.561 A.

Solutions of 4 in methanol turn yellow (4,,,, =458 nm). We
suspect this to be the color of the anion. Addition of
trifluoroacetic acid decolorized the solution; evaporation of
the solvent returned colorless, undecomposed material. If
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CD;OD was used, exchange was quick and deuterioheptani-
trocubane was produced. Addition of iodine to the methanol
solution gave iodoheptanitrocubane (6; Scheme 2); 4l this
formed more rapidly if a little NaF was added as base. Clearly
4 is acidic, reflecting very substantial delocalization of charge
in its anion. Heptanitrocubane is sensitive to base. NaF alone
in methanol catalyzed its decomposition, as did amines like
2,2,6,6-tetramethylpiperidine. Powerful deflagration occurred
when a microdrop of pyridine was added to the dry solid.

Alkali metal salts of 4 were prepared at low temperature in
inert solvents by reaction with appropriate bases like
NaN(TMS), or LiN(TMS),. Such salts in THF decomposed
fairly quickly at —100°C, but in CH,Cl, they were relatively
stable to about —50°C. Reaction with powerful electrophiles
like methyl triflate and iodine gave 5 and 6, respectively, in
high yield (Scheme 2).

Despite the reactivity of heptanitrocubyl anion towards
these electrophiles, we could find no indication for any
formation of octanitrocubane from reactions of various
heptanitrocubane salts with NO,BF,, NO,PF,, acetyl
nitrate, methyl nitrate, isoamyl nitrate, CF;CH,ONO,, or
CF;SO,0NO,. Indeed, although it is not well-known, such
“obviously electrophilic” reagents are generally useless for
nitrations of non-resonance-delocalized anions.'” Although
N,O, and (to a degree) NO,CI do nitrate some nitrocubyl
anions,™*! both failed to give any octanitrocubane on
reaction with salts of 4. As we have speculated previously,[”]
nitration with these reagents may proceed by oxidation of the
carbanion to the corresponding radical; perhaps the anion of 4
is too stabilized for this to occur.

We now report that addition of excess nitrosyl chloride
(NOC(I) to a solution of the lithium salt of heptanitrocubane
(from 4 and LiN(TMS),) in CH,Cl, at —78°C followed by
ozonation at —78°C until the solution was blue gave, after
standard workup, the long-sought octanitrocubane (7,
Scheme 3) in 45-55% yield on millimole scale. The inter-
mediate product prior to oxidation was unstable; we suspect
that it might be nitrosoheptanitrocubane.!']

NO, H NO, NO;
NO, NO2 1. LiN(TMS), NO, NO,
_—
NO, INO; 2.NOCl NO, INO;
NO, NO, 3.0z NO, NO,
4 7

Scheme 3. “Nitration” of heptanitrocubane (4). Synthesis of octanitro-
cubane (7).

Octanitrocubane (7) itself is a stable, white solid,['*"! some-
what soluble in hexane and readily soluble in polar organics.
Solvent-free crystals for X-ray analysis were obtained from
trifluoroacetic acid, from fuming nitric acid/sulfuric acid, and
from scrupulously dried cyclohexane. (Only crystals of a
monohydrate formed from numerous other solvents, despite
great care to achieve “anhydrous conditions”.) X-ray analyses
have been performed on single crystals from most batches
grown to date; only one form of the nonhydrated compound
has thus far been seen. As with 4, the intramolecular bond
lengths, angles, and nonbonded contacts for 7 are not unusual;
the average C—C cubane-edge distance is 1.562 A. The
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molecule displays a close approach to D, symmetry, although
this is not required by the crystal symmetry. In contrast to the
remarkably dense molecular packing in heptanitrocubane
crystals, the arrangement in the present crystal form of
octanitrocubane does not have a nitro group of one molecule
interleaved amongst those of another, and thus no oxygen
atom closely approaches the electron-deficient carbons of a
cubane face. The 14 close approaches between molecules are
all electrostatically repulsive O --- O interactions. This corre-
lates with a density (1.979 gem—3) that, though high, is at the
lower end of the original range of predictions.?! However,
taking into account the available data on polynitrocubane
crystal structure, the latest and most sophisticated calcula-
tions!'7 still predict a density of 2.13507 or 2.123 gem =37 for
the most stable polymorph of octanitrocubane, suggesting the
existence of a crystal form much denser than that now in hand.
As the detonation pressure at the shock wave front in an
explosion is thought to be proportional to the square of the

density of the explosive,?
a) we are of course searching

for this denser form of 7.

If the nitro groups of 7 are
spinning freely on the NMR
time scale, then the carbon

b) atoms would be magnetical-
ly equivalent and, on first
thought, only a singlet
would be expected in the
BC NMR spectrum. From
calculations based on ob-
served chemical shifts (in
[Dg]acetone) in less highly
nitrated cubanes,™® this
would be near =288.2. In
fact, the observed *C reso-
nance (0=2387.8) is close to
this, but it is split into a
triplet (Figure 1a). This was
shown to arise from ¥C
coupling (/=8.8 Hz) to the
attached "N nucleus (I =1) of the nitro group; the signal was
collapsed to a singlet on decoupling (Figure 1b). (A specially
constructed *C-observe/"N-decouple probe was used.) *C -
1N coupling is rarely seen,!'8l as quadrupolar relaxation of “N
is effective. However, coupling has been observed in com-
pounds symmetric about the nitrogen nucleus (e.g., quater-
nary ammonium salts) in which the electric field gradient is
near zero. Coburn et al.'”] have shown that the same pertains
when the R group of RNO, is very electronegative, as this
leads towards charge symmetry about the nitrogen nucleus. In
the case at hand, octanitrocubane, R is the strongly electron-
withdrawing heptanitrocubyl group.

r T
T T T T T 1

88 87
-0

Figure 1. a) The '“N-coupled and
b) the N-decoupled C NMR
spectra of octanitrocubane (7).
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Activation of the carbon —hydrogen bonds of alkanes is of
special importance because of its potential applicability to the
functionalization of alkanes. The selective activation of
alkane C-H bonds under mild conditions has, therefore, been
one of the most challenging targets in recent organometallic
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chemistry and has been intensively studied using mononu-
clear hydride and carbonyl complexes as precursors to the
active species.!l Over the past ten years we have tackled the
activation of organic substrates on multimetallic sites and
demonstrated that a metal—polyhydride cluster effectively
activates an organic substrate in a unique manner as a result of
the cooperative action of the metal centers.”) We report
herein an unprecedented successive activation of alkane C-H
bonds that is mediated by a trinuclear pentahydride complex
of ruthenium [{(CsMes)Ru};(u-H);(us-H),] (1).

This novel reaction was discovered during the course of a
study on the stability of 1 in solution at high temperature. We
have already confirmed that complex 1 is thermally stable for
14 days at 200°C in a sterically bulky solvent such as 1,3,5-
trimethylcyclohexane, and does not decompose into mono- or
bimetallic fragments. Heating a solution of 1 in hexane at
170°C for 120 h resulted in the formation of a novel trinuclear
closo-ruthenacyclopentadiene complex 2b (R=C,H;) in a
reasonable yield [Eq. (1)].

<

P
Ru CH3(CH,),CH Ru
H ‘-.,_\H 5’31=32_n7 3 . \H
RN RY- Rlu M
{/g”QH /Ri}\‘/-( 170°C \ﬁ/(\ -\~ /}\‘/‘(
1 2a: R =CHs
2b:R= cHch3

2c:R= CHQCHgCH;;
2d:R = CHchchchs
2e:R= CHchQCHchchg

Complex 1 reacts with n-alkanes such as pentane, heptane,
octane, and nonane in a similar manner and leads to the
formation of 2a (R=CHs;), 2¢ (R=CH,CH,CH;), 2d (R=
CH,CH,CH,CHj;), and 2e (R =CH,CH,CH,CH,CHj;), re-
spectively, in good yields.’] The structure of these compounds
was inferred from spectroscopic data and then confirmed by
an X-ray diffraction study on a single crystal of 2b (Figure 1).

The most informative data regarding the structure of these
complexes comes from the NMR study.l Whereas resonance
signals for the triply bridging carbons in the ruthenacycle, C1
and C4, appear at 0 =118.0 (d, Joy =156 Hz) and 144.5 (s),
respectively, those for the doubly bridging carbon atoms, C2
and C3, are observed at the relatively high-field values of 6 =
663 (d, Jou=178Hz) and 62.7 (d, Jouy=174 Hz) in the
13C NMR spectrum. The '"H NMR spectrum of 2b reveals,
discounting the signals for the CsMes and R group, three
resonances at 0 =4.35 (d, /J=4.4 Hz, H1), 4.30 (dd, /=44,
1.6 Hz, H2), and 3.88 (br, w;, =3.3 Hz, H3) that are assign-
able to hydrogen atoms directly bonded to the ruthenacyclo-
pentadiene framework. The 'H-*C COSY spectrum shows
these 'H resonances consistently correlate with the *C signals
for the ring carbon atoms of the ruthenacyclopentadiene
moiety. The signals of the CsMes groups appear to be
inequivalent in both the 'H and “C NMR spectra. The
inequivalency of the chemical shifts of the resonances for the
three CsMes groups suggests that a hydride ligand does not lie
on the pseudosymmetry plane that is coplanar to the ruthena-
cycle. These resonances are characteristic of the closo-
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