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Experimental Procedures

All the reagents were of analytical grade, purchased from commercial sources, and used
as received. The 3C, and *N NMR spectra for compound 11 were recorded on a Bruker DRX-
500 NMR spectrometer at 125.76 and 36.14 MHz respectively; over spectra were recorded on a
Bruker AM-300 instrument at 300.13, 75.47, and 30.40 MHz, respectively. Chemical shifts for
'H and C NMR spectra are reported relative to (CH3)sSi, and * N and ®N NMR to
nitromethane. Infrared (IR) spectra were determined in KBr pellets on a Bruker ALPHA
spectrometer. Melting point for compound 10 was determined by Kofler method on a Boetius
bench (heating rate 4°/min) and was not corrected. Thermal stability of compound 11 was
investigated with differential scanning calorimetry (DSC 204 HP, Netzsch). Elemental analyses
(C, H, N) were obtained by using a CHNS/O Analyzer 2400 (Perkin—Elmer instruments Series
I1). Analytical TLC was performed using commercially pre-coated silica gel plates (Merck Silica

gel 60 F2s4), and visualization was effected with short-wavelength UV-light.

2,2'-Diacetonyl-4,4" 5,5'-tetranitro-2H,2'H-3,3'-bipyrazole (10). Bipyrazole 9 [1] (1 g,
3 mmol) was dissolved in MeOH (10 ml) and a solution of sodium bicarbonate (0.59 g, 7 mmol)
in water (18 ml) was added. After stirring 30 min at room temperature, bromoacetone (0.66 ml, 8
mmol) was added dropwise and the reaction mixture was stirred for 3 days at room temperature.
The precipitate was collected by filtration, washed with water (5 mL) and air-dried. Yield 1.22 g
(82%) light beige solid. Taec 245 °C (dichloroetane). *H NMR (DMSO-ds, 8): 5.61 (s, 1 H CHy);
5.60 (s, 1 H CHy); 2.16 (s, 3 H, CHz) ppm. 3C NMR (DMSO-ds, 8): 200.58 (CO), 148.62 (C3);
128.73 (C4); 128.36 (C5); 62.19 (CH2); 28.19 (CHs) ppm. *N NMR (DMSO-ds, §): —28.75
(NO2) ppm. IR (KBr): v = 1740 (m); 1556 (s), 1488 (m), 1418 (w), 1360 (m), 1328 (m), 1176
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(w), 1176 (w), 810 (m) cm™. Elemental analysis for C12H10NsO10 (426.26). Calcd: C 33.81; H
2.36; N 26.29 %. Found: C 33.44; H 2.52; N 25.94 %.

4,4' 5,5"-Tetranitro-2,2'-bis(trinitromethyl)-2H,2'H-3,3'-bipyrazole (11). A solution
of compound 10 (0.7 g, 1.6 mmol) in 100% H>SO4 (6 ml) was stirred at 5-10 °C and treated by
dropwise addition of HNO3 (d = 1.5 r/em®, 5 ml) and the mixture was stirred for 4 days at room
temperature. Separated crude product was filtered off, washed with CFsCO2H (3 ml), dried over
P20s. The solution was poured ice water (40 ml), extracted with ether (3 x 20 ml). The organic
phase was washed with water, dried over MgSO4, and the solvent removed in vacuo. Both solids
were combined and pure compound 11 (0.6 g, 61%) was isolated as light-yellow crystals by
recrystallization from CHCls. M.p. 123 °C, Tq(onsety 125 °C. **C NMR (acetone-ds, 5): 151.07 (C3,
br.s); 134.83 (C4, br.s); 130.51 (C5); 120.45 (C(NO2)s, br.s) ppm. *N NMR (acetone-ds, 5): —
37.33 (Cp~NO2); —42.29 (C—(NO2)3) ppm. IR (KBr): v=1641 (s), 1621 (0s), 1610 (s), 1584 (s),
1566 (s), 1528 (m), 1347 (m), 1321 (m), 1274 (s), 1212 (w), 860 (w), 832 (w), 805 (s), 793 ()
cm. Elemental analysis for CgN14O20 (612.17). Calcd: C 15.70; N 32.03 %. Found: C 15.66; N
31.90 %.

Single crystal X-ray study. X-ray experiments for compound 11 was carried out using SMART
APEX2 CCD (M(Mo-Ka)=0.71073 A, graphite monochromator, e-scans) at 100K and room
temperature (298K). Collected data were processed by the SAINT u SADABS programs
incorporated into the APEX2 program package [2]. The room and low temperatures structures
were solved by the direct methods and refined by the full-matrix least-squares procedure against
F2 in anisotropic approximation. The refinement was carried out with the SHELXTL program
[3]. The details of data collection and crystal structures refinement are summarized in Table 1S
along with CCDC numbers which contain the supplementary crystallographic data for this paper.

These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif.



Table 1S. Crystallographic data for compound 11 at 100K and room temperature.

11 (100K) 11 (298K)
formula CsN14020 CsN14020
fw 612.22 612.22
crystal system Monoclinic Monoclinic
space group P21/n P21/n
a, A 9.7746(9) 9.9011(13)
b, A 10.4557(10) 10.5386(13)
c, A 19.0490(17) 19.291(2)
B, deg. 91.034(2) 91.071(3)
Vv, A3 1946.5(3) 2012.6(4)
z 4 4
deryst, g-cm™ 2.089 2.021
F(000) 1224 1224
u, mm?t 0.209 0.202
6 range, deg. 2.14 —30.00 2.11-29.02
reflections collected 33948 24502
independent reflections / Rint 5680/ 0.0429 5351/0.0431
Completeness to theta 6, % 100% 99.8%
refined parameters 379 379
GOF (F?) 1.047 1.046
reflections with 1>20(1) 4553 3450
R1(F) (I>24(1))? 0.0369 0.0462
WR2(F?) (all data)® 0.0970 0.1302
Largest diff. peak/hole, e-A 0.468 / -0.287 0.304 /-0.236
CCDC number 1837840 1837841

ARy = X|Fo — |Fell/Z(Fo); °WR2 = (X[W(Fo? — F2)?/Z[w(Fo?)? 1%




Computational Part

Geometry optimization of isolated molecule was carried out at M052X/6-311G(df,pd)
level of theory that was successfully utilized in our recent studies on polynitro compounds [4-6].
The GAUSSIAN program was used for calculation [7]. The wave function obtained from
calculation of isolated molecule was analyzed in terms of R. Bader "AIM™" topological theory [8]
using the AIMALL program [9]. Estimation of energies of intramolecular nonbonded
interactions (Econt) Was based on correlation of Econt With the potential energy density (V(r)) in
BCP (Econt = ¥2V(r)).[10-11].

Crystal packing analysis was carried out using two methods. The first one is based on
combination of geometrical and energetic approaches, and was adopted in our recent studies on
high energetic compounds [4-6,12]. It is based on analysis of close and shortened intermolecular
contacts between central molecule and its closest environment in the crystal, and estimation of
interaction energy between central molecule and each molecule from its closest environment
(pair interaction energies). Molecule is included in the closets environment if at least one
atom...atom contact is shorter than sum of van-der-Waals radii [13] plus 0.5A. All found
intermolecular contacts are separated into three subgroups according to interatomic distances (d1-
2): 1) ordinary van-der-Waals contacts (di-2 > rvawa + fvawz+0.05A), 2) shortened contacts (rvawi +
fvawz+0.05A > di2 > rvawa + fvawz — 0.14), 3) close contacts (di1-2 < Fvawa + fvawz — 0.1A). Here,
rvaws and rvawe are van-der-Waals radii of corresponding atoms. Only shortened and close
contacts are given in Table 3S.

Interaction energy of a molecular pair (dimer) was estimated according to well-known
general formula Eint = Eas — Ea — Es, Where Eag — energy of a dimer, and Ea, Es — energies of
isolated molecules from which this dimer consists of. In the case of compound 11 which contains
one symmetrically independent molecule in the unit cell, Ea = Eg. For Ein estimation, the
structures of a dimer and isolated molecule were taken from the low temperature X-ray data
without further optimization. The BSSE correction was taken into account.

The second approach for crystal packing analysis was based on recently proposed Aoep
(overlap of electron density) criterion [6]. It is assumed that upon crystal formation, molecules
interact to each other by means of overlap of their electron densities. It means that volume of
isolated molecule is larger than that of the molecule in a crystal. Similarly, density of isolated
molecule (dmot) is lower than that in a crystal (deryst). The latter is the density of the crystal
packing obtained from X-ray experiment. The value of dmo can be estimated by analysis of the
electron density of optimized isolated molecule in term of the AIM theory. It is defined as a ratio

of molecular mass per molecular volume (the latter is presented as the sum of atomic volumes)



dmol = Mmol/Vimol ; Mmol = Mmol/Na ; Vimor = L V.
Here, Mmoo and mmor are molar and molecular masses, respectively, Na is Avogadro number, Vol
and Var are molecular and atomic volumes, respectively. It is convenient to present dmol in g/cm?®
units. Evidently, the volume and density of any molecular fragment can be calculated in a similar
way. For estimation of Vmol, isodensity surface of 0.0004 e/a,® (a, — Bohr radius) was utilized for
integration procedure. So estimated molecular volume comprises about 99.8% of all electrons
(nearly whole molecule), and charge leakage does not exceed 0.002 e/A3 that approximately
corresponds to numerical error of integration of calculated electron density. It is evident, that
difference between crystal and molecular density can be served as a measure of how pronounced
is the overlap of molecular electron densities upon crystal structure formation. Therefore, the
Aoep criterion defined as Aoep = deryst — dmot Would characterize tightness of crystal packing.
Combined analysis of dmo and Aoep values would clarify an origin of the observed crystal

packing density.

List of densest crystal structures

In Table 2S, we provided list of the densest crystal structures taken from the search of
Cambridge Structural Database [14] for compound containing C, N, O, H atoms, which density
at room temperature (298K) and normal pressure is higher than 2.000 g/cm®. For those
experiments which were carried out at low temperature, density was recalculated based on the
results of X-ray studies of polynitro compounds and high nitrogen heterocycles at 100K and
room temperature. It appears that decrease of density from 100 to 298K vary in narrow range (3-
4%). Densities were recalculated using 3.5% as average value in assumption of linear

dependence of density vs. temperature (dt = -kT+b) [15].



Table 2S. List of densest crystal structures containing C, N, O, H atoms. Search in Cambridge
Structural Database.

Exp. | Space group, Density at
Structural formula Density? Ref.
temp. | unit cell param. room temp.
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b=11.086 : 2.014
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Molecular and Crystal Structure of Compound 11 based on X-ray and
DFT Data

General view of molecular structure of 11 is depicted in Figure 1S.

Figure 1S. General view of molecule 11 with the atom numbering scheme. Thermal ellipsoids

are set at the 50% probability level.

The bipyrazole backbone adopts twisted trans-configuration (Table 3S). Three out of four
nitrogroups (those attached directly to the pyrazole rings) are out of the plane of corresponding
rings while the N7'09'010' group is nearly coplanar to the pyrazole. Geometry of the C(NO>)3
moieties somewhat deviates from ideal propeller-like structure that is frequently observed for
this group [5,12]. Molecule 11 is "overloaded™ with substituents and has strained structure. Many
shortened intramolecular contacts are observed (Table 4S), and C3-C3' bond is elongated (Table
3S). Molecular structure of 11 can be compared to related compound 12 [21] which differ by an
absence of one trinitromethyl substituent at one of the pyrazole rings (Figure 2S). Molecule 12
also has strained structure with the same C3-C3' inter-ring bond length (Tables 3S) and
nonplanar geometry. The main difference between two molecules is in mutual orientation of the
pyrazole rings (12 has cisoid configuration) and geometry of the trinitromethyl group. Difference
in orientation of the pyrazole rings is probably governed by intramolecular forces, while
differences in geometry of trinitromethyl groups might be related to different crystal packing
(see comparison of their crystal structures in the main text).



Figure 2S. General view of molecule 12. Thermal ellipsoids are set at the 30% probability level.



Table 3S. Main geometric parameters of molecules 11 and 12. Calculation vs. Experiment

11 12
Bond, A or Torsion angle, deg. X-ray Calculation X-ray data
C3-C3' 1.465(2) 1.463 1.465(3)
N3-C4 1.527(2) 1.544 1.558(3)
N4-C4 1.551(2) 1.547 1.558(3)
N5-C4 1.508(2) 1.522 1.545(3)
N6-C1 1.451(2) 1.463 1.466(3)
N7-C2 1.433(2) 1.441 1.435(3)
C4-N1 1.412(2) 1.409 1.416(3)
N3'-C4' 1.539(2) 1.547 —
N4'-C4' 1.550(2) 1.555 -
N5'-C4' 1.510(2) 1.514 -
N6'-C1' 1.461(2) 1.462 1.448(3)
N7'-C2' 1.439(2) 1.454 1.436(3)
C4'-N1' 1.414(2) 1.415 -
N1-C3-C3'-N1' 117.1(2) 111.1 -56.1(4)
O7-N6-C1-N2 51.4(2) 35.4 disorder
08-N6-C1-N2 -128.3(2) -143.2 disorder
09-N7-C2-C1 -155.7(2) -153.4 173.0(3)
010-N7-C2-C1 22.8(2) 28.0 -7.6(5)
N2-N1-C4-N3 -44.85(14) -54.3 12.4(3)
N2-N1-C4-N4 72.63(13) 67.4 -105.2(2)
N2-N1-C4-N5 -167.35(11) -175.5 130.2(2)
01-N3-C4-N1 116.98(13) 127.2 -105.1(2)
02-N3-C4-N1 -62.67(14) -52.0 74.8(2)
03-N4-C4-N1 161.56(11) 169.7 -152.4(2)
04-N4-C4-N1 -19.7(2) -9.3 28.8(3)
0O5-N5-C4-N1 -53.3(2) -66.5 10.4(3)
06-N5-C4-N1 129.81(13) 113.6 -168.9(3)
O7'-N6'-C1'-N2' -60.6(2) -34.1 -31.7(3)
08'-N6'-C1'-N2' 118.6(2) 144.6 149.3(3)
09'-N7'-C2'-C1' 179.71(13) 143.8 159.9(3)
010'-N7'-C2'-C1' -0.9(2) -37.8 -18.3(4)
N2'-N1'-C4'-N3' -42.02(14) -44.6 -
N2'-N1'-C4'-N4' 76.47(13) 73.9 -
N2'-N1'-C4'-N5' -162.43(10) -165.5 —
0O1'-N3'-C4'-N1' 129.56(13) 135.5 —
02'-N3'-C4'-N1' -51.23(14) -46.4 -
03'-N4'-C4'-N1' 155.80(11) 150.3 -
04'-N4'-C4'-N1' -25.4(2) -32.1 -
O5'-N5'-C4'-N1' -54.8(2) -59.9 —
06'-N5'-C4'-N1' 127.42(13) 127.3

10
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Table 4S. List of intramolecular close and shortened nonbonded contacts (A) for molecule 11 in
X-ray and calculated geometry, and energies (kcal/mol) for contacts with BCP for calculated
structure.

Entry | Atomic pair Close or shortened conta_lct Energy
X-ray Calculation

1 0O1 03 2.916 2.762

2 02 06 2.753 2.766

3 02 N2 3.024 3.022

4 02 | 09 3.111 3.055 -1.6

5 03 | 05 3.008 2.882

6 04 N2 2.753 2.773

7 05 C3 2.941 3.030

8 o5 | O4 2.858 2.854 -2.2

9 O5 | NI 2.899 2.893

10 O5 | N4 3.091 2.983

11 o5 | C3 2.633 2.722 -3.8

12 08 | 010 2.889 2.863 -2.6

13 08 N7 — 3.113

14 09 | 02 2.965 3.022 -1.5

15 09 | 06 3.017 3.042

16 09 | NI 3.010 3.013

17 09 | N5 2.875 2.904 2.1

18 09 | C3 2.897 2.842

19 010 | N6 3.023 -

20 N1 | O% - 3.063

21 N1 | O9 2.841 -

22 N5 | C2' - 3.195

23 N5 | C3 3.176 2.895

24 C2 | O% 3.086 2.995

25 Cc2 | 09 3.260 3.190

26 C3 | O% 2.572 2.561 -5.0

27 C3 | 09 2.762 2.833 -3.1

28 C3 | N¥ 3.152 3.119

29 o1 | o3 2.898 2.918

30 02' | O6' 2.833 2.900

31 02' | N2' 2.865 2.836

32 03 | 05 2.957 2.844

33 04' | N2' 2.830 2.775

34 o5 | C3 2.956 2.945

35 08' | 010 2.802 2.858 -2.6

36 08' | N7' 3.040

37 010' | N6' 2.873 -
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To get a deeper insight into molecular structure peculiarities of compound 11 we
calculated its molecular geometry, compared it to experimental one, and studied all
intramolecular nonbonded contacts. For experimental results we used experiment at low

temperature as more accurate.

Calculated geometry for optimized isolated molecule somewhat deviates from
experimentally observed one (the most significant deviations are found for the nitrogroups
directly attached to the pyrazole rings) that is an indication of the influence of intermolecular
interactions in the crystal on molecular structure. According to topological analysis of calculated
electron density, for nine intramolecular contacts, bond critical points (BCPs) were localized that
is an indication of attractive interaction. Data on close and shortened contacts for optimized
geometry of 11 along with energies (for nine contacts) are also given in Table 4S. It can be seen,
that in spite of some differences in molecular conformation (calculated vs. experimental), the
system of close contacts is still nearly unchanged. It is also seen that molecule 11 has strained
structure (due to a lot of repulsive close contacts), however it has also some freedom of
conformational lability — an important prerequisite to tight crystal packing. Moreover, change of
conformation from isolated molecule to molecule in the crystal occurs almost without breaking
of the system of shortened intramolecular contacts. In the other words, rotation of substituents

occurs self-consistently.

The results on close and shortened intermolecular contacts between central molecule and
its closest environment for the crystal structure of compound 11 are provided in Table 5S along
with pair interaction energies for corresponding dimers. Due to ten NO substituents, outer
surface of 11 is mostly covered by the oxygen atoms. Indeed, the results from Table 5S
demonstrate that except for two molecular pairs (which connected via van-der-Waals
interactions, Entries 3,4) all other 12 neighbours of the central molecule are linked to it by means
of NO>...NO> interactions (with small contribution from the O...n type, Entries 5,6,9,10). In
spite of constrained molecular structure, there are four strong (entries 5,6,9,10) and six moderate
(entries 7,8, 11-14) interactions. High packing density can be explained by the absence of the
competitive types of intermolecular interactions (such as, for instance, moderate-to-strong
hydrogen bonds or stacking interactions) which can impose a constraint and decrease, to some
extent, freedom of movement of molecules upon crystal structure formation. In the crystal of 11,
almost all interactions are of the same type, therefore it is quite probable to expect that breaking
of one O...0 interaction can be compensated by formation of another one thereby resulting in

very tight molecular arrangement.
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Table 5S. Pair intermolecular interaction energies (kcal/mol) and close and shortened contacts
(A) of molecule of compound 11 with its closest environment in the crystal obtained at
M052X/6-311G(df,pd) level of approximation.*

Entry Close or shortened contact Symmetry code Distance Energy
010' o3 2.947
! 010" 06" lxyz 2,877 14
o3 010’ 2.947
2 06’ 010’ Lxy.z 2.877 1
3 No close cont X,-1+y,z -0.4
4 No close cont X,1+y,z -0.4
o1 09’ 2.840
01 N7' 3.004
02 010 2.799
5 02 C1l 1/2-x,-1/2+y,1.5-z 3.235 -6.2
02 C2 3.153
06 o7 3.026
010 o7 2.980
o7 06 3.026
o7 010 2.980
010 02 2.799
6 Cl 02 1/2-x,1/2+y,1.5-z 3.235 -6.2
Cc2 02 3.153
09’ o1 2.840
N7' 01 3.004
o1 06’ 2.812
03 o5’ 2.963
04 08 2.945
7 04 010 1.5-x,-1/2+y,1.5-z 3.022 -3.9
04 N7 3.033
05’ 08 2.730
08 04 2.945
08 05’ 2.730
010 04 3.022
8 N7 04 1.5-x,1/2+y,1.5-z 3.033 -3.9
O5' 03 2.963
06’ o1 2.812
05 04’ 2.889
05 or' 2.902
o4’ 05 2.889
9 04’ c1' 1-X,-y,2-2 3.043 -9.8
o4 c2' 3.267
or' 05 2.902
c1 04’ 3.043
c2 o4’ 3.267
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09 o2 2.856
09 N2' 3.020
09 cr 3.229
10 02 09 1-x,1-y,2-z 2.856 -10.1
06’ 08’ 2.923
08’ 06’ 2.923
N2' 09 3.020
ctr 09 3.229
o1 o1' 3.087
o7 o1' 3.053
11 07 03’ -1/2+x,1/2-y,-1/2+z 3.050 -2.3
N2 o1 3.045
o1 o1 3.087
o1 o7 3.053
12 or' N2 1/2+x,1/2-y,1/2+z 3.045 -2.3
o3 o7 3.050
13 08 o7 1/2+x,1/2-y,-1/2+z 3.062 -2.6
14 o7 08 -1/2+x,1/2-y,1/2+z 3.062 -2.6

* close contacts are given in bold, the other contacts are shortened ones
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