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Energetic Materials
Thermal and Sensitiveness Determination of Cubanes:
Towards Cubane-Based Fuels for Infrared Countermeasures
Madeleine A. Dallaston,” Jason S. Brusnahan,*® Craig Wall,” and Craig M. Williams*®
/Abstract: As infrared seeking technology evolves, threats  mal and impact stability examined. All were found to under-
are better able to distinguish defensive infrared (IR) flares  go highly exothermic decomposition in sealed cell differen-
from true targets. Spectrally matched flares, which generally tial scanning calorimetry, and two cubanes subsequently un-
employ carbon-based fuels, are better able to decoy some  derwent quantitative sensitiveness testing. Despite their F of
advanced missiles by more closely mimicking the IR emis- | values being in the secondary explosive range, cubane-1,4-
sion of the target. Cubane is a high-energy carbon-based  dicarboxylic acid (F of /=70) and 4-carbamoylcubane-1-car-
scaffold which may be suitable for use as a fuel in spectrally ~ boxylic acid (F of /=90) were identified as potentially useful
matched flares. The enthalpy of formation and strain energy  fuels for pyrotechnic infrared countermeasure flare formula-
of a series of cubanes was predicted in silico, and their ther-  tions. D

Introduction

High energy materials have a variety of uses in both military
and civilian life. They can be classified by their end use, which
include pyrotechnics, primary explosives, high (secondary) ex-
plosives, rocket fuels, fuel additives and propellants.!" Each cat-
egory can be further broken down into more specific groups,
for example pyrotechnics include colourful fireworks, smoke
producing flares, and infrared countermeasure flares (IRCMs).
For military applications especially, constant innovation to-
wards new pyrotechnic fuels is imperative.” For IRCMs, the
technology in missile seekers is improving rapidly and there
are now missiles equipped with seekers which can distinguish
a true target (platform for example, aircraft) from the typical
grey-body IR-emitting flares most commonly used today.”

One way of overcoming these new seekers is to create flares
which more closely mimic the IR emission of the aircraft. These
new flares, called spectrally matched flares, require fuels which
are high in energy and which assist in the production of f3-
band (3.6-4.8 um) emitting combustion products such as
carbon dioxide, and limit the production of a-band (1.8-
2.5 um) emitters such as water and carbon soot.*” The devel-
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opment of spectrally matched flares and the theory behind
them have been extensively reviewed elsewhere.?>*

Since it was first synthesised by Eaton and Cole in 1964"
cubane (pentacyclo[4.2.0.0%°.0*8.0*"]Joctane, 1) has found uses
in many areas of research including medicinal chemistry, mate-
rials, and as an internal NMR standard. Cubane itself, and de-
rivatives, are described as relatively stable despite the unusual
geometry and huge strain energy of the eight carbon atoms
configured in a cubic arrangement.®® Cubanes share the high
C:H ratio of aromatics, suggesting that using the cubane
carbon backbone would assist in minimising the production of
a-band emitters, whilst increasing the overall energy of the
formulation.

Previous high energy materials research into cubanes has
produced mixed results regarding their stability. For example,
1,4-diisocyanocubane (2) has been reported as being highly
thermally unstable, and detonates upon strong heating."”” A va-
riety of iodinated cubanes (e.g., 3 and 4) have been described
as undergoing rapid thermo-decomposition and being less
stable than their non-iodinated counterparts.®! Octanitro- (5)
and heptanitrocubane (6) are reported as insensitive to
hammer taps,” while 4-((nitrooxy)methyl)cubane-1-carboxylic
acid (7), dimethyl cubane-1,4-dicarboxylate (10), and cubane-
1,4-dicarboxylic acid (11) have been reported to exhibit sensi-
tiveness to impact."” Azidocubanes are extremely sensitive to
impact, with Eaton warning that the oils of cubyl azide (8) and
methylcubyl azide (9) are “exceedingly shock sensitive and can
(and have) detonated on touch”.™

While cubanes (e.g., Scheme 1) have many potential applica-
tions as high-energy materials,”*'? they have not been ex-
plored in the context of new fuels for spectrally matched
flares. Considering the characteristics of flares formulated with
oxygenated aromatic fuels" (i.e. favourable emission spectrum
but low spectral efficiency), and the higher in energy but un-
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Scheme 1. Cubane (1) and high energy derivatives (2-9).

stable carbonitriles™ (i.e. good spectral efficiency but unfav-
ourable emission spectrum), we envisioned cubanes as having
the potential to satisfy both criteria. That is, cubanes share the
low carbon to hydrogen ratio of aromatic fuels, which should
assist in producing a favourable emission spectrum. Moreover,
they are high in energy, and thus should result in an increase
in the enthalpy of combustion which in turn should increase
the spectral efficiency.** Furthermore, in the view that cu-
banes have demonstrated a spectrum of stability through
pharmaceutical development, this situation suggested that
identifying optimal characteristics that would meet modern
day criteria for the development of new high energy fuels
could be achieved.

Reported herein are in silico prediction methods and subse-
quent validation using a series of simplified and synthetically
practicable cubanes. The thermal decomposition characteristics
of the cubanes were examined using thermogravimetric analy-
sis (TGA) and sealed cell differential scanning calorimetry
(scDSC), and the results compared to thresholds used within
the pharmaceutical industry to flag compounds and reagents
which require extra safety precautions.

Results and Discussion

A series of known mono and 1,4-disubstituted cubanes (10-
17; Table 1) were chosen to refine our knowledge of cubane
sensitiveness, most of which had no reported issues, except for
that of cubane-1,4-dicarboxylic acid (11) and dimethyl cubane-
1,4-dicarboxylate (10)."% This selection was predicated on the
ready availability of dimethyl cubane-1,4-dicarboxylate (10),
which can be prepared on kilogram scale, as developed by Tsa-
naktsidis et al.”™ and has since become commercially avail-
able.
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Table 1. Structure and substituents of cubanes 10-17.
RZ
R‘l‘ E

Cubane R’ R?

dimethyl cubane-1,4-dicarboxylate (diester, 10) COOMe COOMe
cubane-1,4-dicarboxylic acid (diacid, 11) COOH COOH
4-methoxycarbonylcubane-1-carboxylic acid (acid ester, COOH COOMe
12)

methyl cubane-1-carboxylate (ester, 13) H COOMe
cubane-1-carboxylic acid (acid, 14) H COOH
cubane-1-carboxamide (amide, 15) H CONH,
methyl 4-carbamoylcubane-1-carboxylate (amide ester, CONH, COOMe
16)

4-carbamoylcubane-1-carboxylic acid (amide acid, 177) COOH CONH,

Enthalpy of formation

Considering fuels with large, positive enthalpies of formation
(AHC ) assist in yielding sufficient flare spectral efficiency,"”
high AH; ., values are a desirable characteristic. However, we
were unable to achieve complete combustion of diester 10 in
bomb calorimetry, and thus were unable to experimentally de-
termine the A/H; ,, value. Spiking with benzoic acid using a
stacked pellet approach, as described previously for this com-
pound,?**? did not reliably produce complete combustion,
and therefore computational methods were explored to pre-
dict the A/H; ,, values for 10-17. A(H; ., can be calculated by

Equation (1) in which AH? is the gas phase enthalpy of for-

gas

mation and A, H° is the enthalpy of sublimation.!'”!

AfH?olid = AsH,

gas AsubHo (1)

Several predictive methods for A,,,H° are available including
group additivity,"® quantitative structure-property relationships
(QSPR)," atom-atom potential,”” and electrostatic surface po-
tential (ESP) methods.”" All of these methods rely on experi-
mental A,,,H° values for the construction of a training set, and
the accuracy of each application is contingent upon both the
selection of the training library and the reliability of the experi-
mental values therein. Therefore, it is often necessary to utilise
a training set based on the targets of interest. That said, using
a training set to predict A,,H° of a compound with functional
groups or characteristics which are not well represented in the
training set will often lead to large errors.”'

A modification of the ESP method was utilised to predict
A,,H® values?'¥? The ESP method is widely used in high
energy material predictions,”® and is especially attractive as it
has been suggested that electrostatic surface potential param-
eters may also be related to other physical properties such as
density and impact sensitiveness.?” The modification, pro-
posed by Suntsova and Dorofeeva, introduces an additional
parameter (IT) to improve predictions.”'? The relationship be-
tween A,,H° and ESP parameters is shown in Equation (2)
where SA is the surface area, 02, is a measure of variability on

tot
the surface potential, v is the degree of balance between the
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positive and negative areas on the surface, and IT is a measure
of local polarity. Using Gaussian09®” and Gaussian16™® soft-
ware, all structures were first optimised at the B3LYP/ccpVTZ
level of theory, and then frequency calculations were per-
formed using the same level of theory. ESP parameters were
calculated on the 0.001 electronsbohr contour of the elec-
tron density,”” and were obtained using the Multiwfn comput-
er program.” The coefficients a, b, ¢, and d were determined
from a least squares fitting of a training set with known A, ,H°
and their ESP parameters (Equation (2), Table 2).

AyoH° = a(SA)? + by/o2 v+ c+dIl (2)

Table 2. Coefficients for Equation (2).

a b 4 d

0.000244 8164 —0.5052741293 4.3284151896 1.089548 2769

The paucity of experimental A,,H° data for cubanes, and
similarly highly strained caged hydrocarbons, unfortunately
placed limitations on training set selection. However, by com-
bining both strained systems and selecting carboxylic acid and
related amide functional groups, a training set of twelve mem-
bers was developed, which gave good prediction levels for the
test set (Table 3). The uncertainty of the predicted A,,,H°
values was defined as two times the root-mean-square devia-
tion of the training set, =21 ki mol™' (see Supporting Informa-
tion), which was comparable to the uncertainty of previously
reported training sets that are much larger.*'?

Table 3. Literature and calculated A,,,H° values for the test set. All values
are in kJmol™".

Compound Literature Calculated A
dimethyl 1,4-cubane dicarboxylate (10) 117.192%7 121.8 46
cubane-1,4-dicarboxylic acid (11) 126.50%% 103.8 —-22.7
dimethyl 2,6-cuneane dicarboxylate (19) 106.80% 119.7 129
pentacyclo[5.4.0.0%%.0*°.0°Jundecane (20) 55.85%" 60.1 43
malonamide (21) 126.40%2 103.4 —23.0
propanamide (22) 75.0082 814 6.4
adamantane carboxamide (23) 108.002 91.3 —16.7
piperidine-1-carboxamide (24) 100.20%2 915 -87
2-methyl propanamide (25) 86.1952 832 -3.0
malonic acid (26) 111.40°2 116.1 47
1,1-cyclobutanedicarboxylic acid (27) 111.2982 956 —15.7
dimethyl malonate (28) 111.71%2 100.9 -10.8
homocubane-4-carboxylic acid (29) 820182 817 -0.3
Root Mean Square 125

Deviation

To validate the accuracy of the experimentally determined
A, H° values presented in Table 3, as well as demonstrate the
importance of accurate and reliable experimental training/test
sets, 3-oxopentanedioic acid (literature A oH =
160.21 kI mol~'®%) was chosen as a test substrate. The method
used in the literature measurement of the A,,H° of 3-oxopen-
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tanedioic acid has revealed inconsistent values with other ex-
perimental methods, and so it is possible that the reported
value is unreliable.?® The training set herein predicted a value
of 129.4 kJmol™', which was a difference of —30.8 kimol™'
from the literature value, and thus was outside the uncertainty
value of 21 kJmol™". This demonstrated that unreliable ex-
perimental values in the test set can reduce confidence in pre-
dictions.

In the test set, listed in Table 3, both malonamide (21) and
cubane diacid 11 are predicted outside the uncertainty range
at —23.0 and —22.7 kJmol™" difference, respectively. Consider-
ing other amides in the test set are well predicted, the malona-
mide discrepancy was unexpected, although the reported ex-
perimental value was determined over a narrow temperature
range (397.4-403.2 K), and then extrapolated to 298.15 K. It is
therefore possible that the experimental value for malonamide
is likely erroneous. The prediction for diacid 11 presented
more of an issue, however other highly strained compounds
[that is, dimethyl 1,4-cubane dicarboxylate (10), dimethyl 2,6-
cuneane dicarboxylate (19), 1,1-cyclobutanedicarboxylic acid
(27), and homocubane-4-carboxylic acid (29)] are predicted
within uncertainty, which provided sufficient confidence in the
predicted value for diacid 11. Unfortunately, these findings
suggested that for cubanes there is not yet enough experi-
mental data available to validate modern training or test set li-
braries, however the ESP method performed satisfactorily for
the majority of cases.

To complete the requirements for Equation (1) values of
A¢H,,, were determined for 10-17 using the isodesmic reac-
tion protocol.?¥ Recently the C—C bonds of the cube have
been shown to be bent, with electron density sitting outside
C—C vectors which make up the edges of the cube.* The exo-
cyclic bonds are also shorter than equivalent bonds in un-
strained molecules.*® To maintain this unusual bonding, and
the resulting strain energy, the cubane core was preserved in
the designed reactions, as outlined in Scheme 2 for ester 13.
The AsH;,, of cubane (1), isobutane (30), and methyl pivalate
(31) are known, facilitating the prediction of AfH;aS of ester 13
through Equations (3) and (4). From Equation (3) the enthalpy
of the reaction (A,H°) was calculated from the sum of the elec-
tronic and thermal enthalpies (2 (&, + H,,)) obtained from fre-
quency calculations. Then, by rearranging Equation (4), the
AH? s of the unknown compound can be predicted.

AH® (298K) =

2(80 + Hcorr)products - Z"(‘?0 + Hcorr)reacrants (3)

A ZAf products ZAf products (4)

The predicted A¢H; ., Ay,H°, and resulting AcH; ,, values are
presented in Table 4, and a comparison of predictions to litera-
ture values for diester 10 and diacid 11 are given Table 5. The

O
13

o]
H H
el =
30 1 31

Scheme 2. Designed reaction for the prediction of the A;H° of 13.

gas
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Table 4. Predicted enthalpies of formation and strain energies for cu-
banes 10-17. All values are in kJmol™".
Compound AfHZas AsubHo Af"-'l?ulid Es
diester 10 —141.0 121.8 —262.8 645.3
diacid 1 —206.0 103.8 —309.8 602.1
acid ester 12 —-1183 1343 —252.7 680.1
ester 13 +269.5 99.6 169.9 699.1
acid 14 +222.0 95.3 126.7 663.0
amide 15 +411.6 86.1 3255 661.7
amide ester 16 +69.3 128.7 —59.4 676.8
amide acid 17 +22.2 125.8 —103.6 641.0

literature A¢H;,; values for 10 and 11 are both derived from ex-
perimental AH2,, and A,H° values,”*® however, various
A¢Hy,4 values are reported, and therefore different A:H
values can be derived. Using the experimental A,,,H° values
from Roux etal. (117.2kJmol™" for diester 10%” and
126.5 kJmol~! for diacid 11°%) and adding them to the various
AH; ; values available in the literature gave the derived
A¢H,, values seen in Table 5.

While the values are not particularly close, they demonstrate
that no consensus on enthalpies of formation could be deter-
mined for 10 and 11 making it difficult to validate the predic-
tions. Isodesmic reactions have been used to predict gas
phase enthalpies of formation in many studies and have been
found to be one of the most accurate methods.®” Elioff et al.
state that the goal for any method of AH;, prediction should
be errors no larger than =+ 2 kcalmol™" (£8.37 kJmol~"),®® and
the predictions for diester 10 and diacid 11 are clear outliers.
When comparing the predicted A/H; ., values of 10 and 11
there was a spread of values available as seen in Table 5. Three
literature values are available for diester 10; Roux et al. give
—232.62 kJmol~",** Avdonin et al. give —231.2 kJmol~',®*® and
Kirklin etal. give —218.99kJmol " Qur prediction
(—262.8 kJmol™) was closer to the first two values, however
this also highlighted little literature consensus. Roux et al. were
unable to achieve complete combustion without using an aux-
iliary substance, whereas Avdonin et al. accomplished this goal,
and we were unable to achieve complete combustion even
with an auxiliary substance. Although the value determined by
Roux et al. agreed with that determined by Avdonin et al. they
used the same procedure as Kirklin et al. to achieve complete
combustion. For diacid 11 there are two different values;
—355.9 kJmol™" from Roux et al.?” and —318.5 kimol™' from
Avdonin  etal® The prediction determined herein

(—309.8 kJmol™") was closer to that provided by Avdonin
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et al., but 46 kimol™" higher than the value measured by Roux
et al. Overall, the scarcity and variety of experimental values
for enthalpy of formation for cubanes creates a considerable
challenge for developing predictions in this area, which in-
spired a search for alternative determinants.

Strain energy

Cubane (1) is by definition a highly strained molecule
(681.18 4+ 9.8 kJmol™"),® and it is this strain which is the major
contributor to its high heat of formation. Therefore the strain
energy (Es) of cubanes 10-17 were estimated by the method
of Fan et al. using the reaction described by Equation (5).57*"
CgHg_mXm + 12C,Hg — (8 — m)(CH;)3CH + m(CH5);CX (5)

Taking the total energy and the zero-point vibrational
energy (ZPE) from the frequency calculations, the change in
energy (AE,) between the reactants and the products was cal-
culated using Equation (6). Due to the strain free nature of the
other components in Equation (5), AE, is taken as the E of the
cubane target.F7>4"

AEn = ZEproducts - ZEreacmnts + ZPE

(6)

In order to validate this Es predictive method for cubane de-
rivatives the E; for cubane (1) was evaluated using the reaction
CgHg +12C,H;—8(CH,);CH and Equation (6) (Table 6). The pre-

Table 6. Comparison of predicted
values are in kJmol .

and literature strain energies. All

Compound E, A from cubane prediction
cubane 1 this work 685.1
Fan etal®! 707.64
- this work 692.0 6.9
1,4-dinitrocubane 32 Fan etal®  709.65 201
azidocubane 7 this work 674.6 —-10.5
Fan etal®! 69622 —11.42

dicted value was determined to be 685.1 kJmol™', which was
close to the value calculated by Roux et al. of 681.0 kJmol~',*”
although it is 22.5 kimol™" lower than the value predicted by
Fan et al. (707.64 kJmol™")."" Additionally, the E; calculated for
1,4-dinitrocubane (32, 692.0 kimol™) is 17.6 kimol™' lower
than the value predicted by Fan et al. (709.65 kJ mol").#" Im-
portantly, both predictions herein and those by Fan et al. indi-

Table 5. Comparison of predicted values of 10 and 11 to values derived from literature. All values are in kJmol~".

Compound Literature A/H;, ., Literature A,,H° Derived AHg,, Predicted A¢H, A (Predicted—Derived)
diester 10 —232.62 +5.84% —1154+7.0% —25.6

—231.2+£2.58 117.2% —114.0 —141.0 —27.0

—218.99 +£2.12%0 -101.8 —39.2
diacid 11 —355.9£11.7%% 01 —229.4+14.8% 234

—318.5+12.6% 126.5 —192.0 —2060 —14.0
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cate an increase in E; between cubane (1) and 1,4-dinitrocu-
bane (32). Our prediction for azidocubane (7, 674.4 kJmol™) is
also lower than the literature value (696.22 kJmol™"),“" but the
differences between 1 and 7 from this work (—10.5 kJmol™)
and from Fan et al. (—11.42 kJmol™") are comparable. The pre-
dictions herein are consistently around 20 kJmol™' lower than
those of Fan et al., however the change in E; between unsub-
stituted cubane (1) and the substituted derivatives azido 7 and
dinitro 32 are comparable. As the prediction for cubane itself
was very close to the value calculated by Roux et al.,”? and
the change in strain energy between cubane and the deriva-
tives was comparable to those reported by Fan etal., this
method was validated with confidence.

Synthesis

In brief the synthesis of the selected cubanes were achieved as
follows: the half hydrolysis of diester 10 (e.g., acid ester 12)
was performed using one equivalent of hydroxide in tetrahy-
drofuran (THF) and methanol, whereas the fully hydrolysed
diacid (11) was obtained with excess base in methanol. Mono-
substituted cubanes can be accessed from acid ester 12, by
Barton decarboxylation, to give methyl cubane-1-carboxylate
(13).%? Hydrolysis of ester 13 gave carboxylic acid 14 in excel-
lent yield. Subsequent conversion to the acid chloride and re-
action with aqueous ammonia in situ afforded cubane-1-car-
boxamide (15) in 63% yield over four steps. Treatment of acid
ester 12 with ethyl chloroformate followed by ammonia in THF
gave amide ester 16, while reacting the acid ester 12 with
aqueous ammonia provided amide acid 17 (Scheme 3).

Thermal characterisation

The melting and decomposition temperatures of pyrotechnic
ingredients play a key role in the pyrotechnic reaction.*® Thus
the thermal properties of the cubanes were investigated using

o o) o
oM i oM i, iv
o) 0
10 12 13
I
| |

o]
Vi, vii viii OH
HO OH
14

Scheme 3. Synthetic Scheme for compounds 11-17. i) NaOH, MeOH;

i) NaOH, MeOH/THF; iii) (COCI),, DMF, CH,Cl,; iv) 18, DMAP, CHCl;, hv, A;
v) NH,, CH,Cl,, vi) TEA, ethyl chloroformate, THF; vii) NH,, THF; viii) NH;,
MeOH. TEA =triethylamine; DMAP = 4-N,N-dimethylaminopyridine;

DMF = N,N-dimethyformamide].
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simultaneous thermogravimetric analysis/differential scanning
calorimetry (TGA/DSC). Pleasingly, all cubanes were observed
to be stable to above 100°C except ester 13 which melted at
51.48°C."* Cubanes diester 10 and ester 13 effectively lost
100% mass in one step while all others displayed multi-step
mass loss (Figure 1). The simultaneous DSC data recorded
during the TGA analysis showed that both 10 and 13
(Figure 2) only underwent endothermic transitions while the
main mass loss events for 11, 12, and 14-17 were accompa-
nied by exothermic decomposition. Amide acid 17 displayed a
particularly steep TGA slope, and the accompanying heat flow
curve showed a sharp and narrow peak, suggesting that this
derivative underwent particularly rapid thermal decom-
position.’

100 [

Diester (10)
Diacid (11)
Acid-ester (12)
Ester (13)
Acid (14)
Amide (15)
Amide-ester (16)
Amide-acid (17)

90

80

70

60

50

Mass [%]

40

30

20

100 200 300 400 500 600
Temperature [°C]

Figure 1. Thermogravimetric analysis (TGA) mass loss curves for cubanes
10-17.

Impact sensitiveness testing

As mentioned above, the ESP method has been applied to pre-
dicting impact sensitiveness of high energy compounds. The
prediction of impact sensitiveness is an especially attractive
goal, both for safety reasons and to direct synthetic resources
away from targets which are likely to be unsuitable for their in-
tended application. The ESP method has seen some success in
predicting impact sensitiveness, however much like predicting
A, ,H® each application can only be used for compounds
which are well represented in the training set.****!! Unfortu-
nately, a suitable training set could not be constructed from
the literature for cubanes 10-17, and thus empirical testing
was investigated.

In high energy materials research initial impact sensitiveness
testing is carried out by striking a small amount of material
with a hammer.*® When this preliminary test was carried out
on 10-17, diacid 11 was the only substrate to result in a “go-
event”, which mirrored results reported by Nesterenko et al.
who disclosed that cubane-1,4-dicarboxylic acid (11) reacted to
18 out of 25 hammer strikes."” The authors also reported that
diester 10 reacted to one hammer strike out of 25, however
we were unable to elicit any go-events for this compound.
This was perhaps of no surprise as sensitiveness to impact and
other stimuli (friction, electrostatic discharge [ESD]) is not only

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Simultaneous TGA/DSC plots of A) diester 10; B) ester 13; C) amide
acid 17.

affected by the molecular structure, but by particle size, crys-
tallinity, and environmental factors (e.g., humidity, and temper-
ature)."*% Despite this report, cubane-1,4-dicarboxylic acid
(11) has been used in many laboratories worldwide, and there
have been no reported incidents of impact initiated accidents.

While the hammer test is routinely used as an evaluation
method for high energy materials it has been shown to be
highly subjective, with the amount of force applied by individ-
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uals performing the test varying." The amount of material re-
quired for standardised quantitative testing is much larger
than that for a hammer test, and therefore diacid 11 and
amide acid 17 were selected to undergo further sensitiveness
testing (Table 7) due to a demonstrated positive hammer test

Table 7. Sensitiveness data for 11, 17, secondary explosive RDX, and pri-
mary explosive TATP.

Diacid 11 Amide acid 17  RDX (47) TATP (48)
Fof [ 70 90 80 <10
friction >360 N >360 N 120N 01N
ESD ignition at 4.5J ignition at 4.5J ignition at 4.5J) ignition at
but not at but not at but not at <0.045J
0.45) 045 0.45)J

[a] Figure of Insensitiveness (F of /) standardised to RDX (F of /=80); a
smaller number is more sensitive to impact.

and a steep TGA curve, respectively. Impact sensitiveness for
both 11 and 17 were found to be in the range of secondary
explosives, although they are insensitive to friction, and only
slightly sensitive to ESD. While these data confirmed that care
should be taken when handling cubanes 11 and 17, it was not
sufficient to classify either as explosive. Sensitiveness data for
secondary explosive RDX and primary explosive TATP are
shown for comparison.

Calculations made little suggestion that 11 and 17 should
be more or less impact sensitive than the other cubanes.
Diacid 11 registered the lowest enthalpy of formation and the
lowest strain energy yet displayed highly exothermic decom-
position under DSC analysis with a relatively sharp curve.
Whereas amide acid 17 displayed the second lowest strain
energy and fourth lowest enthalpy of formation but produced
an almost vertical TGA curve and very sharp DSC curve, indi-
cating rapid thermal decomposition.

Inspired by these results, an investigation to determine a
correlation between energy of decomposition, onset tempera-
ture, and impact sensitiveness was undertaken. In the pharma-
ceutical industry Yoshida correlations are utilised to predict po-
tentially problematic chemical reagents in scaled up reactions,
and thus were deemed appropriate in this instance. Yoshida
correlations are simple mathematical equations which relate
the DSC measured onset temperature (Tpso), and energy of the
exotherm (Qpsc), to the potential for a molecule to be impact
sensitive and/or to propagate an explosion.”® To quantitatively
measure Qpsc mass loss must be prevented during measure-
ment, and therefore high-pressure rated capsules were used to
carry out sealed cell DSC (scDSC), as opposed to the open
pans used for TGA/DSC measurements. Using the lower energy
threshold recommended by Sperry et al.,"*® compounds falling
above the green line are potentially impact sensitive and those
above the red line could potentially propagate an explosion
(Table 8 and Figure 3).

Cubanes 10-17 were all flagged as potentially impact sensi-
tive and explosive according to the Yoshida analysis. Despite
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Table 8. Sealed cell DSC (scDSC) results for cubanes 10-17, and explo-
sives TATP (48) and TNT (49).

Compound Qosc g7 Tosc [°Cl
diester® 10 —3005 179.5
diacid 1 —2689 2174
acid ester 12 —2298 176.8
ester® 13 —4078 124.3
acid 14 —4081 135.3
amide 15 —3839 126.6
amide ester 16 —2712 173.0
amide acid 17 —3247 162.5
TATPH! 48 —3173 167.5
TNTH 49 —3099 2814

[a] Cubanes 10 and 13 did not display exothermic transitions in open
pan TGA/DSC due to complete mass loss, but did decompose exothermi-
cally in sealed crucibles.

4500 = Impact sensitiveness threshold
Explosion pr T
(13) @ @(14) ® Cubanes
-4000 X
L]
) (15) Explosives
-3500
(17)@, TATP .
-3000 ®(10) NT
16)
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= -2500 =
) e(12)
Q -2000
Q
<1500
-1000
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50 100 150 200 250 300
o
TDSC re

Figure 3. Yoshida Correlation results for cubanes 10-17, and explosives TATP
and TNT*” Data for TATP and TNT are literature values while all other values
were collected as part of this work.

these predictions 10-17 have not displayed untoward han-
dling issues in our laboratories, barring the hammer test result
for diacid 11. It should be kept in mind that the Yoshida corre-
lation thresholds are designed for pilot plant and large-scale
reactions, far beyond what is found in a normal research labo-
ratory.

Conclusion

The cubane motif was investigated to determine whether it
displayed promising scaffold attributes for the development of
high energy pyrotechnic fuels. A model for predicting A, ,H°
values for cubanes substituted with a variety of functional
groups (e.g., methyl ester, carboxylic acids, and amides) has
been developed. An error of 21 kimol™' for A,,H° predic-
tions is acceptable and comparable to other applications of
the ESP method. However, application of the model developed
herein is limited by the compound classes found within the
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training set and it should only be used for predictions of struc-
turally similar compounds.

The large strain energy of the cube scaffold resulted in large
exothermic decomposition, despite some substituted cubanes
having negative AH? ,, values. Such energetic decomposition
may assist in achieving sufficient spectral efficiency to decoy
missiles away from platforms. It should be noted that the fuel
is only one part of a pyrotechnic formulation, and there are
many factors which contribute to spectral efficiency, combus-
tion behaviour, and overall performance 2?32 421449

Although quantitative sensitiveness testing has indicated
that diacid 11 and amide acid 17 are impact sensitive, it is not
as high as predicted by Yoshida correlations. The investigated
cubanes were found to undergo highly exothermic decomposi-
tion in scDSC measurements yet exhibit reduced sensitiveness
to various ignition stimuli. Hammer test results herein when
compared to previous reports highlight the subjectiveness of
hammer testing, for example, diacid 11 reacted to hammer
strikes both in our hands and as reported in the literature,
whereas we were unable to illicit any reaction from diester 10
as was reported by Nesterenko et al."”

Despite their F of | values being in the secondary explosive
range, diacid 11 and amide acid 17 are still potentially useful
fuels for pyrotechnic IRCM formulations. RDX, which is slightly
more impact sensitive than cubanes 11 and 17, is used as a
fuel in similar formulations.

In summary, utilisation of the cubane framework presents a
promising approach to high energy molecule design, which
can offer aspects of stability for use as high energy pyrotechnic
fuels.

Acknowledgements

The authors thank the University of Queensland (UQ) and the
Defence Science and Technology (DST) Group for financial sup-
port. The Australian Research Council are gratefully acknowl-
edged for a Future Fellowship award (grant number
FT110100851) to C.M.W. M.A.D gratefully acknowledges the
School of Chemistry and Molecular Biosciences and DST Group
for Honours scholarships, and the Australian Government for a
Research Training Program Scholarship.

Conflict of interest

M.A.D. and C.M.W. were recipients of scholarship and research
funding respectively from Defence Science and Technology
Group.

Keywords: cubane materials infrared

pyrotechnics - Yoshida

energetic

[11 T. M. Klap&tke, Chemistry of High-Energy Materials, De Gruyter, Berlin,
2017.

[2] a)J.S. Brusnahan, M. Fitzgerald, M. Morgan, R. Pietrobon, Propellants
Explos. Pyrotech. 2014, 39, 133-137; b) E.-C. Koch, Propellants Explos. Py-

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1002/prep.201300072
https://doi.org/10.1002/prep.201300072
https://doi.org/10.1002/prep.201300072
https://doi.org/10.1002/prep.201300072
https://doi.org/10.1002/prep.200600001
http://www.chemeurj.org

:@2 ChemPubSoc
x Europe

[6

[10]

11

[12]

[13]

[14]

[15]

[16]
[171

[18]

[19]

[20]
[21]

[22]

[23]
[24]

[25]

Chem. Eur. J. 2019, 25, 1-10

rotech. 2006, 31, 3-19; c) S. P. Mahulikar, H. R. Sonawane, G. Arvind Rao,
Prog. Aerosp. Sci. 2007, 43, 218 -245.

a) E.-C. Koch, Propellants Explos. Pyrotech. 2001, 26, 3-11; b) E.-C. Koch,
V. Weiser, E. Roth, Angew. Chem. Int. Ed. 2012, 51, 10038-10040; Angew.
Chem. 2012, 124, 10181-10184.

a) E.-C. Koch, Propellants Explos. Pyrotech. 2007, 32, 365-370; b)E.-C.
Koch, Metal-Fluorocarbon Based Energetic Materials, Wiley-VCH, Wein-
heim Germany, 2012.

a) P.E. Eaton, T.W. Cole, J. Am. Chem. Soc. 1964, 86, 962-964; b) P. E.
Eaton, T. W. Cole, J. Am. Chem. Soc. 1964, 86, 3157 -3158.

a)B. A. Chalmers, A.P.J. Chen, G.P. Savage, C. M. Williams, Aust. J.
Chem. 2010, 63, 1108-1110; b) B. A. Chalmers, H. Xing, S. Houston, C.
Clark, S. Ghassabian, A. Kuo, B. Cao, A. Reitsma, C.-E. P. Murray, J. E. Stok,
G. M. Boyle, C.J. Pierce, S. W. Littler, D. A. Winkler, P.V. Bernhardt, C.
Pasay, J. J. De Voss, J. McCarthy, P. G. Parsons, G. H. Walter, M. T. Smith,
H. M. Cooper, S. K. Nilsson, J. Tsanaktsidis, G. P. Savage, C. M. Williams,
Angew. Chem. Int. Ed. 2016, 55, 3580-3585; Angew. Chem. 2016, 128,
3644-3649; ¢) T. A. Reekie, C. M. Williams, L. M. Rendina, M. Kassiou, J.
Med. Chem. 2019, 62, 1078-1095; d)J. Wlochal, R.D. M. Davies, J.
Burton, Org. Lett. 2014, 16, 4094-4097; e) P. E. Eaton, Angew. Chem. Int.
Ed. Engl. 1992, 31, 1421-1436; Angew. Chem. 1992, 104, 1447 -1462;
f) G. M. Locke, S.S.R. Bernhard, M. O. Senge, Chem. A Eur. J. 2019, 25,
4590-4647; g) K. F. Biegasiewicz, J. R. Griffiths, G. P. Savage, J. Tsanaktsi-
dis, R. Priefer, Chem. Rev. 2015, 115, 6719-6745; h) G. W. Griffin, A.P.
Marchand, Chem. Rev. 1989, 89, 997 -1010.

R. J. Schmitt, J. C. Botaro, P. E. Penwell, Synthesis of Cubane Based Ener-
getic Molecules, Final Report for Office of Naval Research, Contract No.
N00014-86-C-0699, SRI International, Menlo Park, CA, 1993.

a) J. R. Griffiths, J. Tsanaktsidis, G. P. Savage, R. Priefer, Thermochim. Acta
2010, 499, 15-20; b)R. Priefer, P.G. Farrell, D. N. Harpp, Tetrahedron
Lett. 2002, 43, 8781-8784; c)R. Priefer, S. Nguyen, P.G. Farrell, D. N.
Harpp, Macromolecules 2003, 36, 5435 -5436.

P. E. Eaton, M. X. Zhang, R. Gilardi, N. Gelber, S. lyer, R. Surapaneni, Pro-
pellants Explos. Pyrotech. 2002, 27, 1-6.

D. A. Nesterenko, V. A. Garanin, A. l. Kazakov, A. G. Korepin, L. B. Roma-
nova, Russ. J. Phys. Chem. A 2014, 8, 701-711.

P. E. Eaton, A. M. Fisher, R. E. Hormann, Synlett 1990, 12, 737 -738.

a) R. J. Schmitt, J. C. Bottaro, P. E. Eaton, in Proc. SPIE 0872, Propuls. (Ed.:
J. Flanagan), 1988, 30-37, DOI: 10.1117/12.943747; b) W. J. Chi, L. L. Li,
B.T. Li, H. S. Wu, J. Mol. Model. 2013, 19, 571-580.

P.L. Posson, A.J. Baggett Jr, Pyrotechnic Compositions and Uses There-
fore, 2002, US6427599B1.

E.-C. Koch, in 33rd Proc. Int. Pyrotech. Semin., Fort Collins, CO, 2006,
pp. 71-79.

M. J. Falkiner, S. W. Littler, K. J. McRae, G. P. Savage, J. Tsanaktsidis, Org.
Process Res. Dev. 2013, 17, 1503 -1509.

T. M. Klapétke, J. Stierstorfer, Helv. Chim. Acta 2007, 90, 2132-2150.

P. Atkins, J. de Paula, Physical Chemistry, Oxford University Press, Oxford,
2010.

a) M. H. Keshavarz, B. Bashavard, A. Goshadro, Z. Dehghan, M. Jafari, J.
Therm. Anal. Calorim. 2015, 120, 1941-1951; b)S.W. Benson, D. M.
Golden, G.R. Haugen, R. Shaw, F.R. Cruickshank, A.S. Rodgers, H.E.
O'neal, R. Walsh, Chem. Rev. 1969, 69, 279-324; c)N. Cohen, S.W.
Benson, Chem. Rev. 1993, 93, 2419-2438; d) P. Jiménez, M. V. Roux, C.
Turrién, J. Chem. Thermodyn. 1989, 21, 759-764.

M. Salahinejad, T. C. Le, D. A. Winkler, J. Chem. Inf. Model. 2013, 53, 223 -
229.

S. Feng, T. Li, J. Chem. Theory Comput. 2006, 2, 149 -156.

a) M. A. Suntsova, O.V. Dorofeeva, J. Mol. Graphics Modell. 2017, 72,
220-228; b) P. Politzer, J. S. Murray, Theor. Chem. Acc. 2002, 108, 134-
142; c)J.S. Murray, T. Brinck, P. Politzer, Chem. Phys. 1996, 204, 289 -
299; d) P. Politzer, J. S. Murray, M. E. Grice, M. Desalvo, E. Miller, Mol.
Phys. 1997, 91, 923-928.

J. S. Murray, P. Politzer, Wiley Interdiscip. Rev.: Comput. Mol. Sci. 2011, 1,
153-163.

E. F. C. Byrd, B. M. Rice, J. Phys. Chem. A 2006, 110, 1005-1013.

a)J. S. Murray, M. C. Concha, P. Politzer, Mol. Phys. 2009, 107, 89-97;
b) P. Politzer, J. Martinez, J. S. Murray, M. C. Concha, A. Toro-Labbé, Mol.
Phys. 2009, 107, 2095-2101.

Gaussian 09, Revision A.02, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E.
Scuseria, M. A. Robb, J.R. Cheeseman, G. Scalmani, V. Barone, B. Men-

www.chemeurj.org

[26]

[27]
[28]
[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

CHEMISTRY

A European Journal

Full Paper

nucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H.P. Hratchian,
A. F. Izmayloy, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara,
K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.
Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro,
M. Bearpark, J.J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Ko-
bayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. lyen-
gar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B.
Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
O. Yazyey, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin,
K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg,
S. Dapprich, A.D. Daniels, O. Farkas, J. B. Foresman, J.V. Ortiz, J. Cio-
slowski, D. J. Fox, Gaussian, Inc., Wallingford CT, 2009.

Gaussian 16, Revision B.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E.
Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Pe-
tersson, H. Nakatsuji, X. Li, M. Caricato, A. V. Marenich, J. Bloino, B. G. Ja-
nesko, R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmay-
lov, J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J.
Goings, B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzew-
ski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota, R.
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H.
Nakai, T. Vreven, K. Throssell, J. A. Montgomery, Jr., J.E. Peralta, F.
Ogliaro, M. J. Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N. Staro-
verov, T. A. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A.P. Ren-
dell, J. C. Burant, S. S. lyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene,
C. Adamo, R. Cammi, J.W. Ochterski, R.L. Martin, K. Morokuma, O.
Farkas, J. B. Foresman, D. J. Fox, Gaussian, Inc., Wallingford CT, 2016.

T. A. Keith, R. F. W. Bader, Can. J. Chem. 1996, 74, 185-200.

T. Lu, F. Chen, J. Comput. Chem. 2012, 33, 580-592.

M. V. Roux, J. Z. Dévalos, P. Jiménez, R. Notario, O. Castano, J. S. Chickos,
W. Hanshaw, H. Zhao, N. Rath, J. F. Liebman, B.S. Farivar, A. Bashir-Ha-
shemi, J. Org. Chem. 2005, 70, 5461 -5470.

M. V. Roux, G. Martin-Valcarcel, R. Notario, S. Kini, J. S. Chickos, J. F. Lieb-
man, J. Chem. Eng. Data 2011, 56, 1220-1228.

G.J. Kabo, A. A. Kozyro, V. V. Diky, V. V. Simirsky, L.S. Ivashkevich, A.P.
Krasulin, V. M. Sevruk, A.P. Marchand, M. Frenkel, J. Chem. Thermodyn.
1995, 27, 707-720.

E. W. Lemmon, M. O. McLinden, and D. G. Friend, NIST Chemistry Web-
Book, NIST Standard Reference Database, National Institute Of Standards
And Technology, Gaithersburg MD, 2017.

W. E. Acree, Jr., J.S. Chickos, in NIST Chem. WebBook, NIST Stand. Ref.
Database Number 69 (Eds.: P.J. Linstrom, W. G. Mallard), National Insti-
tute Of Standards And Technology, Gaithersburg MD, 2018.

J. Zhang, H. Xiao, J. Chem. Phys. 2002, 116, 10674 -10683.

R.J. Doedens, P. E. Eaton, E. B. Fleischer, Eur. J. Org. Chem. 2017, 2627 -
2630.

N.T. Kawai, D.F.R. Gilson, J.F. Britten, I. S. Butler, P. G. Farrell, Can. J.
Chem. 1992, 70, 910-914.

a) S. E. Wheeler, K. N. Houk, P.V.R. Schleyer, W.D. Allen, J. Am. Chem.
Soc. 2009, 131, 2547-2560; b)R. Vianello, J. F. Liebman, Z.B. Maksi¢,
Chem. Eur. J. 2004, 10, 5751 -5760.

M. S. Elioff, J. Hoy, J. A. Bumpus, Adv. Phys. Chem. 2016, 5082084,

V. V. Avdonin, E. L. Kirpicheyv, Y. L. Rubtsov, L. B. Romanova, M. E. lvanova,
L. T. Eremenko, Russ. Chem. Bull. 1996, 45, 2342 -2344.

D. R. Kirklin, K. L. Churney, E. S. Domalski, J. Chem. Thermodyn. 1989, 21,
1105-1113.

X.W. Fan, X.H. Ju, Q.Y. Xia, H. M. Xiao, J. Hazard. Mater. 2008, 151,
255-260.

a) E. J. Ko, G. P. Savage, C. M. Williams, J. Tsanaktsidis, Org. Lett. 2011, 13,
1944-1947; b) E. J. Ko, C. M. Williams, G. P. Savage, J. Tsanaktsidis, Org.
Synth. 2012, 89, 471-479; c)J. Ho, J. Zheng, R. Meana-Pafieda, D. G.
Truhlar, E. J. Ko, G. P. Savage, C. M. Williams, M. L. Coote, J. Tsanaktsidis,
J. Org. Chem. 2013, 78, 6677 -6687.

J. A. Conkling, C. Mocella, Chemistry of Pyrotechnics: Basic Principles and
Theory, CRC Press, Boca Raton, FL, 2010.

a) P. Politzer, J.S. Murray, J. Mol. Struct. 1996, 376, 419-424; b)J.S.
Murray, P. Lane, P. Politzer, Mol. Phys. 1998, 93, 187 -194.

a) M. Weaver, L. H. Blair, N. Flood, C. Stennett, in 19th Semin. New Trends
Res. Energ. Mater., Pardubice, CZ, 2016; b)R. Houghton, Emergency
Characterization of Unknown Materials, CRC Press, Boca Raton, FL, 2007.
C.B. Storm, J.R. Stine, J. F. Kramer, in Chem. Phys. Energ. Mater. (Ed.:
S. N. Bulusu), Springer Netherlands, Dordrecht, 1990, pp. 605 -639.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KK These are not the final page numbers!


https://doi.org/10.1002/prep.200600001
https://doi.org/10.1002/prep.200600001
https://doi.org/10.1002/prep.200600001
https://doi.org/10.1016/j.paerosci.2007.06.002
https://doi.org/10.1016/j.paerosci.2007.06.002
https://doi.org/10.1016/j.paerosci.2007.06.002
https://doi.org/10.1002/1521-4087(200101)26:1%3C3::AID-PREP3%3E3.0.CO;2-8
https://doi.org/10.1002/1521-4087(200101)26:1%3C3::AID-PREP3%3E3.0.CO;2-8
https://doi.org/10.1002/1521-4087(200101)26:1%3C3::AID-PREP3%3E3.0.CO;2-8
https://doi.org/10.1002/anie.201204808
https://doi.org/10.1002/anie.201204808
https://doi.org/10.1002/anie.201204808
https://doi.org/10.1002/ange.201204808
https://doi.org/10.1002/ange.201204808
https://doi.org/10.1002/ange.201204808
https://doi.org/10.1002/ange.201204808
https://doi.org/10.1002/prep.200700227
https://doi.org/10.1002/prep.200700227
https://doi.org/10.1002/prep.200700227
https://doi.org/10.1021/ja01059a072
https://doi.org/10.1021/ja01059a072
https://doi.org/10.1021/ja01059a072
https://doi.org/10.1021/ja01069a041
https://doi.org/10.1021/ja01069a041
https://doi.org/10.1021/ja01069a041
https://doi.org/10.1071/CH10107
https://doi.org/10.1071/CH10107
https://doi.org/10.1071/CH10107
https://doi.org/10.1071/CH10107
https://doi.org/10.1002/anie.201510675
https://doi.org/10.1002/anie.201510675
https://doi.org/10.1002/anie.201510675
https://doi.org/10.1002/ange.201510675
https://doi.org/10.1002/ange.201510675
https://doi.org/10.1002/ange.201510675
https://doi.org/10.1002/ange.201510675
https://doi.org/10.1021/acs.jmedchem.8b00888
https://doi.org/10.1021/acs.jmedchem.8b00888
https://doi.org/10.1021/acs.jmedchem.8b00888
https://doi.org/10.1021/acs.jmedchem.8b00888
https://doi.org/10.1021/ol501750k
https://doi.org/10.1021/ol501750k
https://doi.org/10.1021/ol501750k
https://doi.org/10.1002/anie.199214211
https://doi.org/10.1002/anie.199214211
https://doi.org/10.1002/anie.199214211
https://doi.org/10.1002/anie.199214211
https://doi.org/10.1002/ange.19921041105
https://doi.org/10.1002/ange.19921041105
https://doi.org/10.1002/ange.19921041105
https://doi.org/10.1002/chem.201804225
https://doi.org/10.1002/chem.201804225
https://doi.org/10.1002/chem.201804225
https://doi.org/10.1002/chem.201804225
https://doi.org/10.1021/cr500523x
https://doi.org/10.1021/cr500523x
https://doi.org/10.1021/cr500523x
https://doi.org/10.1021/cr00095a003
https://doi.org/10.1021/cr00095a003
https://doi.org/10.1021/cr00095a003
https://doi.org/10.1016/j.tca.2009.10.015
https://doi.org/10.1016/j.tca.2009.10.015
https://doi.org/10.1016/j.tca.2009.10.015
https://doi.org/10.1016/j.tca.2009.10.015
https://doi.org/10.1016/S0040-4039(02)02091-9
https://doi.org/10.1016/S0040-4039(02)02091-9
https://doi.org/10.1016/S0040-4039(02)02091-9
https://doi.org/10.1016/S0040-4039(02)02091-9
https://doi.org/10.1021/ma025906z
https://doi.org/10.1021/ma025906z
https://doi.org/10.1021/ma025906z
https://doi.org/10.1002/1521-4087(200203)27:1%3C1::AID-PREP1%3E3.0.CO;2-6
https://doi.org/10.1002/1521-4087(200203)27:1%3C1::AID-PREP1%3E3.0.CO;2-6
https://doi.org/10.1002/1521-4087(200203)27:1%3C1::AID-PREP1%3E3.0.CO;2-6
https://doi.org/10.1002/1521-4087(200203)27:1%3C1::AID-PREP1%3E3.0.CO;2-6
https://doi.org/10.1134/S1990793114050200
https://doi.org/10.1134/S1990793114050200
https://doi.org/10.1134/S1990793114050200
https://doi.org/10.1007/s00894-012-1582-1
https://doi.org/10.1007/s00894-012-1582-1
https://doi.org/10.1007/s00894-012-1582-1
https://doi.org/10.1021/op400181g
https://doi.org/10.1021/op400181g
https://doi.org/10.1021/op400181g
https://doi.org/10.1021/op400181g
https://doi.org/10.1002/hlca.200790220
https://doi.org/10.1002/hlca.200790220
https://doi.org/10.1002/hlca.200790220
https://doi.org/10.1007/s10973-015-4543-y
https://doi.org/10.1007/s10973-015-4543-y
https://doi.org/10.1007/s10973-015-4543-y
https://doi.org/10.1007/s10973-015-4543-y
https://doi.org/10.1021/cr60259a002
https://doi.org/10.1021/cr60259a002
https://doi.org/10.1021/cr60259a002
https://doi.org/10.1021/cr00023a005
https://doi.org/10.1021/cr00023a005
https://doi.org/10.1021/cr00023a005
https://doi.org/10.1016/0021-9614(89)90060-8
https://doi.org/10.1016/0021-9614(89)90060-8
https://doi.org/10.1016/0021-9614(89)90060-8
https://doi.org/10.1021/ci3005012
https://doi.org/10.1021/ci3005012
https://doi.org/10.1021/ci3005012
https://doi.org/10.1021/ct050189a
https://doi.org/10.1021/ct050189a
https://doi.org/10.1021/ct050189a
https://doi.org/10.1016/j.jmgm.2017.01.013
https://doi.org/10.1016/j.jmgm.2017.01.013
https://doi.org/10.1016/j.jmgm.2017.01.013
https://doi.org/10.1016/j.jmgm.2017.01.013
https://doi.org/10.1007/s00214-002-0363-9
https://doi.org/10.1007/s00214-002-0363-9
https://doi.org/10.1007/s00214-002-0363-9
https://doi.org/10.1016/0301-0104(95)00297-9
https://doi.org/10.1016/0301-0104(95)00297-9
https://doi.org/10.1016/0301-0104(95)00297-9
https://doi.org/10.1080/002689797171030
https://doi.org/10.1080/002689797171030
https://doi.org/10.1080/002689797171030
https://doi.org/10.1080/002689797171030
https://doi.org/10.1021/jp0536192
https://doi.org/10.1021/jp0536192
https://doi.org/10.1021/jp0536192
https://doi.org/10.1080/00268970902744375
https://doi.org/10.1080/00268970902744375
https://doi.org/10.1080/00268970902744375
https://doi.org/10.1080/00268970903156306
https://doi.org/10.1080/00268970903156306
https://doi.org/10.1080/00268970903156306
https://doi.org/10.1080/00268970903156306
https://doi.org/10.1139/v96-022
https://doi.org/10.1139/v96-022
https://doi.org/10.1139/v96-022
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1021/jo050471+
https://doi.org/10.1021/jo050471+
https://doi.org/10.1021/jo050471+
https://doi.org/10.1021/je101124p
https://doi.org/10.1021/je101124p
https://doi.org/10.1021/je101124p
https://doi.org/10.1006/jcht.1995.0072
https://doi.org/10.1006/jcht.1995.0072
https://doi.org/10.1006/jcht.1995.0072
https://doi.org/10.1006/jcht.1995.0072
https://doi.org/10.1063/1.1479136
https://doi.org/10.1063/1.1479136
https://doi.org/10.1063/1.1479136
https://doi.org/10.1002/ejoc.201700427
https://doi.org/10.1002/ejoc.201700427
https://doi.org/10.1002/ejoc.201700427
https://doi.org/10.1139/v92-121
https://doi.org/10.1139/v92-121
https://doi.org/10.1139/v92-121
https://doi.org/10.1139/v92-121
https://doi.org/10.1021/ja805843n
https://doi.org/10.1021/ja805843n
https://doi.org/10.1021/ja805843n
https://doi.org/10.1021/ja805843n
https://doi.org/10.1002/chem.200400337
https://doi.org/10.1002/chem.200400337
https://doi.org/10.1002/chem.200400337
https://doi.org/10.1007/BF01435379
https://doi.org/10.1007/BF01435379
https://doi.org/10.1007/BF01435379
https://doi.org/10.1016/0021-9614(89)90098-0
https://doi.org/10.1016/0021-9614(89)90098-0
https://doi.org/10.1016/0021-9614(89)90098-0
https://doi.org/10.1016/0021-9614(89)90098-0
https://doi.org/10.1016/j.jhazmat.2007.05.075
https://doi.org/10.1016/j.jhazmat.2007.05.075
https://doi.org/10.1016/j.jhazmat.2007.05.075
https://doi.org/10.1016/j.jhazmat.2007.05.075
https://doi.org/10.1021/ol200290m
https://doi.org/10.1021/ol200290m
https://doi.org/10.1021/ol200290m
https://doi.org/10.1021/ol200290m
https://doi.org/10.1021/jo400927y
https://doi.org/10.1021/jo400927y
https://doi.org/10.1021/jo400927y
https://doi.org/10.1016/0022-2860(95)09066-5
https://doi.org/10.1016/0022-2860(95)09066-5
https://doi.org/10.1016/0022-2860(95)09066-5
https://doi.org/10.1080/00268979809482203
https://doi.org/10.1080/00268979809482203
https://doi.org/10.1080/00268979809482203
http://www.chemeurj.org

CHEMISTRY

,'(V;'* ChemPubSoc A European Journal
L Europe Full Paper

[47] M. L. Ramirez, L. C. Pacheco-Londofio, A. J. Pefia, S. P. Hernandez-Rivera, [49] E.-C. Koch, Propellants Explos. Pyrotech. 2004, 29, 9-18.
in Proc. SPIE, Technol. Homel. Secur. Homel. Def. (Ed.: E. M. Carapezza),
Orlando, FL, 2006, p. 62012B-1-62012B-10.

[48] a) T. Yoshida, Y. Wada, N. Foster, in Ind. Saf. Ser. Vol. 5-Saf. React. Chem.
Pyrotech., Elsevier Science 1995, pp. 75-105; b) J. B. Sperry, C.J. Mint-
eer, J. Tao, R. Johnson, R. Duzguner, M. Hawksworth, S. Oke, P.F. Ri-  Manuscript received: March 8, 2019
chardson, R. W. Barnhart, D. Bill, R. Giusto, J. Weaver, Org. Process Res. Revised manuscript received: April 17, 2019
Dev. 2018, 22, 1262-1275. Version of record online: Il Hl, 0000

Chem. Eur. J. 2019, 25,1-10 www.chemeurj.org 9 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

These are not the final page numbers! 22


https://doi.org/10.1021/acs.oprd.8b00193
https://doi.org/10.1021/acs.oprd.8b00193
https://doi.org/10.1021/acs.oprd.8b00193
https://doi.org/10.1021/acs.oprd.8b00193
https://doi.org/10.1002/prep.200400029
https://doi.org/10.1002/prep.200400029
https://doi.org/10.1002/prep.200400029
http://www.chemeurj.org

CHEMISTRY

:@'ﬁ ChemPubSoc A European Journal
bt Europe Full Paper

FULL PAPER

I Energetic Materials Sensitiveness towards

Electrostatic shock

M. A. Dallaston, J. S. Brusnahan,* C. Wall, /@/RZ o
C. M. Williams* R Thermal stimuli

Predicted == L5 High energy
Enthalpy of formation fuel candidates
Strain energy

HE-EN

Thermal and Sensitiveness Feeling the strain: A ser!es of cubanes The results a|:e discussed in the context
Determination of Cubanes: Towards were tested for thermal, impact, and of pyrotechnic fuels for spectrally
Cubane-Based Fuels for Infrared electrostatic discharge sensitiveness. matched flares.
Countermeasures
Chem. Eur. J. 2019, 25, 1-10 www.chemeurj.org 10 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KK These are not the final page numbers!


http://www.chemeurj.org

