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chemistry in 3D energetic
materials science: a case based on peripheral
editing of the 2,4,10-trioxaadamantane backbone
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Yuan Gao,a Yu Zhang*a and Jun Luo *a

Stereoisomerism in energetic materials remains an underexplored area of research. Herein, two series of

energetic stereoisomers, including four diastereomers of 2,4,10-trioxaadamantane-6,8,9-triyl trinitrate

and three diastereomers of 9,9-dinitro-2,4,10-trioxaadamantane-6,8-diyl dinitrate, were synthesized

based on the systematic alteration of their stereochemistry. The first cage-like energetic materials were

generated that incorporate considerations of configurational isomerism. Notably, despite having the

same molecular formulas and functional group positions, these stereoisomers exhibited some

differences in density, stability, and detonation performance. These results suggest that rationally

designed stereochemical editing can serve as an effective strategy for further development of high-

performance energetic materials.
Introduction

The research of energetic materials has garnered considerable
interest due to their growing military and civilian applications
in the past few decades.1–5 As illustrated in Fig. 1a, the devel-
opment of energetic materials is trending towards the creation
of more complex molecular architectures, such as cage-like
structures.6–8 These structures, such as CL-20 and 2,4,4,6,8,8-
hexanitro-2,6-diazaadamantane (HNDAA), concentrate a signif-
icant amount of strain energy within their molecular
construction, which contributes to higher energy density.9–11

Extensive theoretical and experimental studies have established
adamantane as one of the most promising cage-like scaffolds
for developing new high-energy density materials (HEDMs).12–20

In addition, editing the adamantane framework by replacing
CH2 with O can effectively improve the oxygen balance of the
resulting energetic compound, thereby enhancing the detona-
tion performance.21–24

Density is one of the most critical parameters for energetic
compounds, as the detonation velocity is directly proportional
to density, and the detonation pressure is proportional to the
square of the density.25,26 According to numerous studies of
energetic compounds, there are various strategies for
enhancing the density of energetic materials, but they are not
completely effective. They can be summarized as: (1) intro-
ducing more explosophoric groups (NO2, ONO2, –N3, N–O, and
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ech University, Nanjing 211816, China
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NHNO2, etc.) into a molecule;27,28 (2) designing molecules with
high symmetry and compact structures to reduce the intermo-
lecular gaps;29,30 and (3) introducing additional donors or
acceptors to strengthen hydrogen-bonding (HB) interac-
tions.31,32 However, these strategies for promoting the density of
energetic compounds rely on the continuous search for mole-
cules with more energetic groups or complex structures, which
inhibits the synthesis work and practical applications. There-
fore, nding simpler and more efficient approaches to increase
the density of energetic compounds remains a signicant focus
in the eld of energetic materials.

Stereochemistry is an effective means of modifying molec-
ular properties that has been widely applied in various elds,
such as chiral catalysis,33–35 medicinal chemistry,36,37 and
biochemistry.38–40 Energetic stereoisomers represent a class of
fascinating compounds derived from distinct stereochemical
congurations. However, studies examining the inuence of
stereochemistry on energetic materials are relatively scarce,
primarily because the difference in the predicted energetic
parameters of the stereoisomers is minimal.

Recent studies have challenged the previous assumption
that stereochemistry does not affect the properties and deto-
nation performance of energetic compounds. In 2019, Sabatini
and Baran et al. pioneeringly investigated the impact of
stereoisomerism on energetic materials using a series of
structural and stereoisomers of cyclobutane-based nitrate
esters.41 In 2022, Sabatini and Schindler et al. reported the facile
synthesis of a series of azetidine-based energetic compounds
with varying stereochemistries.42 Although energetic stereoiso-
mers share the same molecular formula and oxygen balance,
Chem. Sci., 2025, 16, 15587–15596 | 15587
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Fig. 1 (a) The developmental trend of energetic materials. (b) Study of the stereochemistry of 2D energetic materials. (c) Study of the stereo-
chemistry of 3D energetic materials.
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their physical properties (especially melting points) were found
to be obviously different (Fig. 1b).

Depending on the stereochemistry, tunable molecules show
diverse application potential as solid melt-castable explosives,
as well as potential liquid propellant plasticizers, which offer
new ideas and directions for the design and application of
energetic materials. These energetic stereoisomers are all based
on monocyclic two-dimensional (2D) backbones. To date, there
have been no reports on the systematic investigation regarding
the impact of congurational isomerism on the physical prop-
erties and detonation performances of energetic materials with
cage-like three-dimensional (3D) scaffolds.

2,4,10-Trioxaadamantane-6,8,9-triol exhibits favorable
molecular designability with its three stereocenters capable of
accommodating energetic groups, and thus, it is an ideal cage-
like framework for developing high-performance energetic
materials and investigating the impact of congurational
isomerism on 3D energetic materials. Bearing this idea inmind,
we planned to synthesize two series of energetic stereoisomers
15588 | Chem. Sci., 2025, 16, 15587–15596
bearing a 2,4,10-trioxaadamantane backbone and investigate
the inuence of congurational isomerism on the physical
properties and detonation performances of the deduced ener-
getic materials through peripheral editing of the stereochem-
istry on the 6,8,9-positions (Fig. 1c).

Results and discussion

Although we encountered no difficulties in the preparation and
handling of the compounds described in this study, it should be
noted that some compounds are potential energetic materials
with explosive properties and are sensitive to impact and fric-
tion. All mechanical actions on these energetic materials, such
as scraping or scratching, must be strictly avoided. Appropriate
standard safety precautions must be implemented for any
operations involving these substances.

The syntheses of all four diastereomers of 2,4,10-
trioxaadamantane-6,8,9-triyl trinitrate (2, 5, 8, and 12) are
shown in Scheme 1. We began the synthesis to rstly construct
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 General synthetic route of all possible diastereomers of trinitrate ester.
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the cage-like framework through an acid-catalyzed trans-
esterication. (exo,endo,endo)-2,4,10-Trioxaadamantane-6,8,9-
triol (1) was prepared from commercially available inositol in
90% yield following a previous report.43 The O-nitration of 1 was
successfully carried out in Ac2O/HNO3 and afforded the corre-
sponding (exo,endo,endo)-2,4,10-trioxaadamantane-6,8,9-triyl
trinitrate (2) in 88% yield, which contains two nitrato substit-
uents axial and one equatorial in view of the cyclohexane ring.
Triol 1 was amenable to selective silylation of its equatorial
hydroxyl group and generated diol 3 in 76% yield.

Compound 3 was converted to 4 through mono-oxidation of
a hydroxyl group, followed by reduction of the ketone. Unfor-
tunately, even aer extensive optimization, the desired product
4 could only be isolated in 10% yield (77% brsm). The poor
reduction stereoselectivity might have occurred because the
conforming effects of the C6 hydroxyl group contributed to
a decrease in hindrance in the equatorial direction.

It is interesting that when 4 was treated with Ac2O/HNO3 at
50 °C for 4 h, the nitration of hydroxyls and nitrolysis of silyl
ether simultaneously occurred and delivered (exo,exo,endo)-
2,4,10-trioxaadamantane-6,8,9-triyl trinitrate (5) in 93% yield,
which contained two equatorial nitrato substituents and one
© 2025 The Author(s). Published by the Royal Society of Chemistry
axial. TBS protection of the equatorial hydroxyl gave 6 in a yield
as high as 95%, and then, a similar sequence of oxidation and
reduction furnished 7 in 58% yield (93% brsm). Subsequently, 7
was treated with Ac2O/HNO3 at 50 °C for 6 h to deliver (exo,ex-
o,exo)-2,4,10-trioxaadamantane-6,8,9-triyl trinitrate (8) in 87%
yield.

When diol 3 was treated with Ac2O/HNO3, a mixture of 9 and
10 was isolated with yields of 36% and 56%, respectively.
Further treatment of 9 with TBAF afforded 10 in 92% yield.
Finally, (endo,endo,endo)-2,4,10-trioxaadamantane-6,8,9-triyl
trinitrate (12) could be accessed in 91% yield from the known
compound 10 aer oxidation, reduction, and nitration.

Our next task was to install more nitro groups on the skel-
eton to enhance the density and detonation performance.
Scheme 2 outlines the syntheses of three diastereomers (14, 15,
and 18) of a tetranitro derivative.

Compound 6 was subjected to IBX and delivered the corre-
sponding ketone with an almost quantitative yield. The reaction
was subsequently carried out with oximation and oxidative
nitration in a solution of N2O5 in CH2Cl2 to generate the gem-
dinitro product 13 in 59% yield over 3 steps. Two silyl-ether
substituents were then nitrolyzed by Ac2O/HNO3 at 50 °C for
Chem. Sci., 2025, 16, 15587–15596 | 15589
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Scheme 2 General synthetic route of all possible diastereomers of a tetranitro derivative.
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7 h to furnish (exo,exo)-9,9-dinitro-2,4,10-trioxaadamantane-6,8-
diyl dinitrate (14) in 79% yield.

Next, the (endo,endo)-stereoisomer 15 was synthesized in 54%
yield over three steps using the same method, starting from the
previously prepared intermediate 10. Finally, 16 could be accessed
from triol 1 aer TBS protection and oxidation, with a 74% yield.
Ketone 16 was smoothly transformed to 17 in 66% yield through
oximation and gem-dinitration, which further underwent nitra-
tion to give (exo,endo)-stereoisomer 18 in 83% yield.

The detonation velocity of energetic materials is directly
proportional to their packing density, and thus, packing density
is a crucial parameter for indicating high energy. In fact, the
augmentation in the density of crystals is not only ascribed to
the substitution of heavy atoms/groups but is also intimately
connected with the molecular packing efficiency, which in turn
is inuenced by the molecular arrangement and the interlayer
distances.44

High-performance energetic materials that feature
a complex network of hydrogen bonds exhibit tighter packing
due to stronger interlayer interactions, which reduces the
interlayer distance.45 Single-crystal X-ray diffraction was per-
formed on the congurational diastereomers of trinitrate esters
2, 5, 8, and 12, as well as the congurational diastereomers of
tetranitro derivatives 14, 15, and 18, successfully conrming
their structures and allowing further exploration of the rela-
tionship between structure and properties. Seven crystals of all
the as-prepared energetic materials were obtained by slow
recrystallization from a mixture of acetone and ethanol at room
temperature. The crystallographic data are available in the SI.

For all seven crystals, the electron-withdrawing substituents
on the carbon atoms play a pivotal role: there are numerous
C–H/O H-bonds between the hydrogen atoms and the oxygen
atoms in the nitro groups and on the adamantane skeleton.
Molecules are symmetrically and continuously connected
through hydrogen bonds, forming a three-dimensional (3D)
network structure or stacking arrangement. In fact, the
15590 | Chem. Sci., 2025, 16, 15587–15596
directional hydrogen bond interaction resulting from the
conformational change of the nitrato functionalities of these
stereoisomers will lead to different molecular arrangements,
thus causing differences in packing coefficients.

Compound 2 crystallizes in the monoclinic space group
P121/c1 with four moieties per unit cell (Z = 4) and a crystal
density of 1.816 g cm−3 at 296.15 K (Fig. S1). There are ve types
of intermolecular hydrogen bonds: C1–H1/O11, C1–H1/O12,
C2–H2/O3, C4–H4/O2, and C6–H6/O1 (Fig. S2). Compound
5 adopted a monoclinic crystal structure within the P21/c space
group (Z = 4), and the crystal density was measured to be
1.865 g cm−3 at 293.15 K (Fig. S3). Compound 5 exhibits
a signicant number of intermolecular hydrogen bonds,
involving C1–H1/O6, C3–H3/O3, C4–H4/O4, C5–H5/O10,
C6–H6/O12, and C7–H7/O1 (Fig. S4).

Compound 8 was found in the triclinic space group with P�1 (Z
= 2) symmetry, with a calculated density of 1.894 g cm−3 at 293 K
(Fig. S5). Intermolecular hydrogen bonds of compound 8
involving C1–H1/O9, C2–H2/O4, C2–H2/O8, C5–H5/O10,
andC6–H6/O1were observed (Fig. S6). Compound 12 appears in
themonoclinic space groupwith P21/c (Z= 4) and a crystal density
of 1.887 g cm−3 at 301 K (Fig. S7). In compound 12, the observed
intermolecular hydrogen bonds include C1–H1/O2, C2–H2/
O8, C3–H3/O2, C4–H4/O10, and C7–H7/O6 (Fig. S8). The
disparities in density can be explained by comparing the crystal-
line packing arrangements of these stereoisomers. As shown in
Fig. 2, isomers 2, 8, and 12 exhibit a layer-by-layer arrangement;
however, the intralayer molecular packings of 8 and 12 are closer
compared to that of 2. Additionally, isomer 5 features crossed
stacking, with its interlayer hydrogen bond (2.4691 Å) shorter
than that of 2 (2.5244 Å). The calculated packing coefficients of
the four crystals are 70.22% (2), 72.10% (5), 73.24% (8), and
72.95% (12), which align with the order of their crystal densities.

Among the tetranitro derivatives, compound 14 exhibits
monoclinic (P21/n) symmetry with four moieties in the unit cell
(Z = 4), and a crystal density of 1.899 g cm−3 at 294.8 K (Fig. S9).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Packing diagrams of (a) 2, (b) 5, (c) 8, and (d) 12.
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The intermolecular hydrogen bonds of 14 involve C1–H1/O12,
C2–H2/O4, C5–H5/O13, and C6–H6/O10 (Fig. S10).
Compound 15 occurs in the monoclinic space group with P21/c
symmetry, possessing a crystal density of 1.884 g cm−3 at 296.15
K, with four molecules in each unit cell (Z = 4) (Fig. S11). The
structure of compound 15 is primarily governed by numerous
intermolecular hydrogen bonds (C8–H8/O5 and C8–H8/N3)
Fig. 3 Packing diagrams of (a) 14, (b) 15, and (c) 18.

© 2025 The Author(s). Published by the Royal Society of Chemistry
and intramolecular hydrogen bonds (C5–H5/O11 and C11–
H11/O10) (Fig. S12).

Compound 18 forms crystals in the orthorhombic crystal
system with space group P 21 21 21 (Z = 4), and the crystal
density is 1.98 g cm−3 at 299 K (Fig. S13), which is larger than
most currently used energetic compounds. Compound 18
exhibits a signicant number of intermolecular hydrogen
Chem. Sci., 2025, 16, 15587–15596 | 15591
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bonds, involving C3–H3/O16, C4–H4/O17, C5–H5/O11, C7–
H7/O20, and C9–H9/O14 (Fig. S14).

Fig. 3 clearly shows that isomer 15 exhibits a layer-by-layer
arrangement, and isomers 14 and 18 are found in crossed
stacking arrangements. However, isomer 18 features tighter
crystal packing due to the presence of a greater number of
intermolecular hydrogen bonds. Therefore, the estimated
atomic packing rate in the crystals of 18 is 75.51%, which is 3%
higher than that of the other two stereoisomers (72.41% for 14
and 71.74% for 15), leading to a signicant increase in its crystal
density (1.98 g cm−3).

The physical properties and detonation performance of the
seven as-synthesized compounds were studied to evaluate their
potential as HEDMs. As shown in Table 1, the densities of all the
as-prepared compounds are higher than that of RDX.

Aer determining the seven isomers, the Gaussian 09 suite
of programs was used to compute some of their physicochem-
ical properties.46 Themolecular structures were optimized using
density functional theory (DFT) based on the B3LYP functional
and the 6-311++G* basis set.47–49 Their heats of formation were
estimated using the semiempirical MO PM3 method.50 Using
the calculated heats of formation and crystal densities, their
detonation velocities and detonation pressures were calculated
by the EXPLO5 (V6.05.02) program.51 The heats of formation,
detonation velocities, and detonation pressures of TNT, RDX,
and PETN were calculated using the samemethod that was used
to evaluate the relative energy levels of these new compounds.

The adamantane skeleton was edited by replacing CH2 with
O, and the introduction of –ONO2 and gem-dinitro groups
signicantly improved the oxygen balances of these novel
HEDMs (Table 1). All seven compounds exhibited positive
oxygen balance values based on CO (OBCO), indicating that their
chemical energy can be fully released. These oxygen balances
and high densities are in favor of enhancing the detonation
performances. As listed in Table 1, the calculated detonation
velocities range between 7860 and 8668 m s−1, while the theo-
retical detonation pressures span from 27.52 to 34.77 GPa.
Additionally, the detonation performances of all synthesized
compounds are better than that of TNT.

The most superior detonation performance was obtained for
compound 18, with a detonation velocity of 8668 m s−1 and
Table 1 Physicochemical properties and detonation performances of th

Compound ra [g cm−3] DHf
b [kJ mol−1] Dc [m s−1]

2 1.816 −715.17 7860
5 1.865 −722.18 8010
8 1.894 −720.13 8109
12 1.887 −702.51 8102
14 1.899 −602.79 8397
15 1.884 −601.64 8348
18 1.980 −611.87 8668
TNT23 1.65 15.89 6958
RDX5 1.80 177.70 8934
PETN52 1.85 −404.11 8805

a Density determined from single-crystal X-ray diffraction analysis. b Hea
d Calculated detonation pressure from EXPLO5_V6.05.02. e Decompos
h Oxygen balance assuming the formation of CO.

15592 | Chem. Sci., 2025, 16, 15587–15596
detonation pressure of 34.77 GPa. Overall, the detonation
performances of stereoisomeric compounds are directly
proportional to their single crystal densities, while tetranitro
derivatives exhibit superior detonation performances as
compared to trinitrate esters due to the presence of one more
explosophoric group (–NO2).

Apart from the differences in density and detonation
performance, there were also notable distinctions in the
thermal stability between the as-synthesized stereoisomers. The
thermal behaviors of these compounds were investigated by
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) at a heating rate of 5 °C min−1 (Fig. S15–S21).
The onset decomposition temperatures of all the compounds
ranged from 165 to 190 °C, with compound 8 exhibiting the
highest value at 190 °C. The onset decomposition temperatures
of compounds 8 and 15 were higher than those of their
stereoisomers. Additionally, most of the trinitrate esters
exhibited enhanced thermal stabilities when compared to the
tetranitro derivatives. This result might be attributed to the
combined effects of intermolecular hydrogen-bonding interac-
tions and molecular symmetry.

The friction sensitivity (FS) and impact sensitivity (IS) of the
as-synthesized materials were measured using standard BAM
friction testing techniques (Table 1). The impact sensitivities of
all the compounds, except for compound 14, were lower than
that of RDX. Additionally, the friction sensitivities of
compounds 2 and 12 were lower than that of RDX, while the
friction sensitivities of compound 5 and all the tetranitro
derivatives were higher than that of RDX. Overall, the
mechanical stabilities of the trinitrate esters are greater than
those of the tetranitro derivatives.

To further investigate the sensitivity of the as-synthesized
stereoisomers, we examined their intermolecular interactions
using 2D ngerprint plots and Hirshfeld surfaces derived from
crystals (Fig. 4). In Hirshfeld surface analysis, the red and blue
areas on the surface denote high and low close-contact pop-
ulations, respectively. O/O interactions represent a highly
signicant form of close-contact interaction, and in most cases,
a high proportion of O/O contacts is associated with increased
sensitivity.53
e synthesized energetic materials

Pd [GPa] Td
e [°C] ISf [J] FSg [N] OBCO

h [%]

27.52 165 >40 >240 +7.38
28.78 173 32.5 64 +7.38
29.89 190 >40 120 +7.38
29.74 173 35 140 +7.38
32.01 166 5 20 +13.55
31.64 174 30 60 +13.55
34.77 168 7.5 36 +13.55
20.14 300 15 240 −24.7
35.34 205 7.4 120 0
34.66 166 10.2 60 +15.18

t of formation. c Calculated detonation velocity from EXPLO5_V6.05.02.
ition temperature (onset). f Impact sensitivity. g Friction sensitivity.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Hirshfeld surfaces and 2D fingerprint plots for (a) 2, (b) 5, (c) 8, (d) 12, (e) 14, (f) 15, and (g) 18. (h) A bar plot of the percentage contribution of
a single atom contact to the Hirshfeld surface for 2, 5, 8, 12, 14, 15, and 18.
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Fig. 4h clearly demonstrates that 14 is the most sensitive
compound. Among the four stereoisomers of trinitrate esters, 8
exhibits the highest proportion of O/O contacts at 35.4%,
surpassing 2 with 29.8%, 5 with 34.8%, and 12 with 32.3%.
Additionally, with 48.1% of O/O contacts, 14 underwent the
highest proportion of these interactions, compared to 15 with
42.1% and 18 with 45.3%. Strong O/H interactions are typi-
cally observed in compounds with lower sensitivity.53 The two
distinct peaks in the lower le corner of the 2D ngerprint plots
of the crystals indicate a substantial presence of strong O/H
bonding, which contributes to molecular stability and efficient
crystal packing.

Compound 2 exhibits the most and strongest hydrogen
bonds (58.2%), while 14 possesses the fewest and weakest H-
bridges (41.5%). Based on the percentage contribution of
O/O and O/N contacts and the strength and the percentage
contribution of H-bridges, the order of sensitivity reduction for
the as-synthesized compounds should be 14 > 18 > 15 > 5 > 8 >
12 > 2, which is consistent with the experimental results.

The lead plate perforation test is a straightforward and
qualitative method for assessing the performance of explosives.
The setup of the explosive test is displayed in Fig. 5a, where the
lead plate maintained contact with the bottom of the detonator.
The diameter of the perforation formed in the lead plate aer
© 2025 The Author(s). Published by the Royal Society of Chemistry
detonation is an indicator of the explosive's detonation capa-
bility. Due to limitations in route length and some yield issues,
it was difficult to accumulate sufficient samples to support the
lead plate experiment for all seven compounds. Therefore,
considering the required time and resources, we adequately
evaluated the detonation performance of these synthesized
compounds by conducting lead plate perforation tests on
compound 2 (with the poorest calculated detonation perfor-
mance) and compound 18 (which exhibited the best calculated
detonation performance). Additionally, to investigate the
inuence of stereochemical variations on the detonation
performance of explosives, stereoisomer 15 was also chosen for
lead plate testing and compared with 18.

Under the same experimental conditions, the detonation
capabilities of compounds 2, 15, and 18 were tested to deter-
mine their feasibility as secondary explosives and were
compared with the commonly used RDX (Fig. 5c). The lead plate
was perforated by compounds 2, 15, and 18, which shows that
all the compounds could be used as potential secondary
explosives. Moreover, the diameters of the holes of compounds
15 and 18 are signicantly larger than that of compound 2,
indicating that the introduction of additional explosophoric
groups on the same skeleton can signicantly improve the
detonation performance of energetic materials.
Chem. Sci., 2025, 16, 15587–15596 | 15593
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Fig. 5 (a) Setup of the explosive test. (b) Image of detonators. (c) Perforated lead plate as a result of the detonation test.
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Interestingly, the diameter of the hole of 18 is larger than
that of its diastereomer 15. The main reason for this is that
compound 18 exhibits a tighter packing arrangement due to
a greater number of intermolecular interactions, resulting in
better detonation performance. These results demonstrate the
feasibility of using stereochemistry to improve the density and
detonation performance of energetic materials.
Conclusions

Two series of three-dimensional energetic stereoisomers based
on 2,4,10-trioxaadamantane skeleton, including four diaste-
reomers (2, 5, 8, 12) of 2,4,10-trioxaadamantane-6,8,9-triyl tri-
nitrate and three diastereomers (14, 15, 18) of 9,9-dinitro-2,4,10-
trioxaadamantane-6,8-diyl dinitrate, were systematically
synthesized from inositol via a peripheral editing strategy of the
stereochemistry of hydroxyl groups. X-ray diffraction analysis
revealed that these stereoisomers exhibited distinct differences
in their packing arrangements, which led to a variation in
density.

Specically, among the trinitrate isomers, all-exo isomer 8
(1.894 g cm−3) and all-endo isomer 12 (1.887 g cm−3) exhibited
higher crystal densities compared to (exo,endo,endo)-isomer 2
(1.816 g cm−3) and (exo,exo,endo)-isomer 5 (1.865 g cm−3) due to
their superior molecular symmetry. In comparison, due to the
presence of more intermolecular hydrogen bonds, (exo,endo)-
isomer 18 exhibited a signicantly higher crystal density
(1.98 g cm−3) than its all-endo isomer 14 (1.899 g cm−3) and all-
exo isomer 15 (1.884 g cm−3). The differences in density
observed between the synthesized cage-like energetic isomers
indicate that congurational isomerism holds promise as an
effective strategy for designing and constructing high-energy
density materials.
15594 | Chem. Sci., 2025, 16, 15587–15596
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