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We have synthesized 2,3-diphenyl-2H-azirine, a strained
unsaturated heterocyclic compound, and examined its high-
pressure behavior to above 10 GPa using diamond anvil cell
techniques. Single crystal X-ray diffraction at ambient conditions
reveals that the crystal structure is hexagonal and consists of
interesting helices surrounding voids in the structure. A
continuous shift of the Raman and infrared vibrational spectra
with increasing pressure is observed, indicating that the molecular
structure is preserved to at least 8 GPa at room temperature.
High-pressure synchrotron powder X-ray diffraction shows that
the hexagonal structure persists, with a smooth compression of
the a and c parameters to 10 GPa. The structural stability under
pressure is attributed to the reduction in void size within the
helical framework despite the inherent strain and reactivity of the
molecule. The channels in the structure could encapsulate small

molecules for gas or energy storage applications.

Introduction

2H-Azirines represent a unique class of organic compounds
characterized by their remarkable strain and unsaturated
three-membered ring structure housing a pivotal nitrogen
atom. The ring strain of 2H-azirines imbues them with
significant reactivity (ring strain calculated to be 44-47 kcal
mol")."* The inherent strain in 2H-azirines renders them
intriguing subjects of inquiry and endows them with
exceptional reactivity, facilitating diverse transformations that
potentially lead to complex organic architectures.® Scheme 1
shows the changes 2,3-diphenyl-2H-azirine could undergo.
Photolysis of 2,3-diphenyl-2H-azirine 1 produces an
irreversible ring opening through cleavage of the C-C bond to
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generate a nitrile ylide 2, and the direct observation of this
reactive intermediate has been reported.”® The resulting
nitrile ylide can dimerize to afford tetraphenylpyrazine 3 or
undergo cycloaddition with a range of dipolarophiles (X=Y)
to afford pyrroline derivatives 4.°® In contrast, thermolysis of
2H-azirines produces vinyl nitrene 5 through heterolysis of
the C-N bond. This intermediate reacts with proximal C-H
bonds to produce 2-substituted indoles 6.°'" This reactivity
enables them to be positioned strategically as synthetic
intermediates to facilitate the efficient production of a wide
range of organic compounds with diverse applications across
pharmaceuticals, agrochemicals, materials, and fine
chemicals industries.**"*>'

Armed with new high-pressure tools, we wished to
examine the stability and potential reactivity of 2,3-diphenyl-
2H-azirine under pressure to determine at what/if any
pressure triggers C-N or C-C bond cleavage and if this
reactivity could be harnessed to generate novel nitrogen-rich
high energy density materials (HEDMs).

Investigating the crystal and molecular structure of
organic compounds over a range of thermodynamic
conditions helps gain a deeper insight into their physical and
chemical properties.”>** Subjecting molecular crystals to
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Scheme 1 Potential reactivity of 2H-azirines induced by light,
temperature, and high pressure, the latter leading to possible high-
energy density materials (HEDMs).
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high pressures can dramatically affect crystal structures,
reactivity, solubility, and melting behavior,
relatively modest conditions up to several to tens of
gigapascals.>>® The materials can be probed in situ with
diamond-anvil cells using various techniques, most notably
single-crystal and powder diffraction coupled with vibrational
spectroscopies.”’*®  Furthermore, accurately determining
pressure-volume (P-V) equations of state (EOS) can provide
detailed information on compression mechanisms and
thermodynamic properties.*®?”

Despite this variety of organic compounds that have been
examined under pressure, the behavior of 2H-azirines has yet
to be examined. In this study, we present an investigation of
compound 2,3-diphenyl-2H-azirine, which features a strained
nitrogen-ring structure. We synthesized the 2H-azirine,
determined its structure under ambient conditions, and
assessed its high-pressure stability, structure, and vibrational
properties using Raman spectroscopy, infrared spectroscopy,
and X-ray diffraction up to 20 GPa. Rather than reacting or
breaking down to known more stable molecules or
transforming denser HEDMSs, the structure persists to
remarkably high compression. We attribute the stability of
the material under pressure to the unusual spiral structure
with voids that collapse. The findings have important
implications for the high-pressure synthesis and properties
of other HEDMs.

even over

Results
Synthesis and structure

2,3-Diphenyl-2H-azirine was synthesized from phenyl benzyl
ketone and sodium acetate (Fig. S17).*® Pressure was
calibrated using the ruby-fluorescence method.>® Single-
crystal X-ray diffraction techniques at ambient conditions
were used to reveal the atomic position of the compound.
Crystal structure refinement yielded a hexagonal structure
with lattice parameters a = 18.596(5) A, ¢ = 5.704(2) A.
2,3-Diphenyl-2H-azirine is a nonlinear molecule with C; point
group symmetry (Table 1). Due to the molecule's chirality,
the crystal structure has a 6-fold translational symmetry that
lacks a mirror plane, inversion center, and no rotational or
reflection symmetry (P65 space group). The stacked
crystallographic layers can be visualized by plotting the unit
cell. The strained molecules show the interaction of the
hydrogen bonds as the diphenyls are in close proximity.

Table 1 Crystallographic data for 2,3-diphenyl-2H-azirine (C14H1;N) at
0.1 MPa/298 K

Pressure (GPa) 0.1 MPa
Space group P65

Unit cell a (A) 18.5963 (5)
b 18.5963 (5)
c 5.7039 (2)
Ye o 120

Volume (A%) 1708.27 (11)
zZ/Z' 6/1

D, (g ecm™) 1.127

This journal is © The Royal Society of Chemistry 2025
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Surprisingly, the helices of 2,3 diphenyl-2H-azirine molecules
are not connected by hydrogen bonds, and voids are formed
in the corners of the unit cell (Fig. 1 and S27).

Raman spectroscopy

Raman spectra were measured as a function of pressure to
examine compressional effects on the molecular stability,
lattice and internal molecular vibrations, and possible
pressure-induced phase transitions or chemical reactions in
the solid state. The 2,3-diphenyl-2H-azirine molecule consists
of 26 atoms, which gives rise to 72 vibrational modes that
correspond to its C; point group, all of which are Raman-
active. The P65 space group of the crystal structure gives rise
to 432 zone-center vibrations, of which 387 are Raman-active
(77A + 77E; + 78E,).

Raman spectra were measured under pressure in several
different runs. A 785 nm laser was used for these
measurements because of the intense fluorescence of the
sample with shorter wavelength laser lines (Fig. S31).*>*" A
gradual increase in background fluorescence was observed
with pressure using the 785 nm laser excitation (Fig. S47).
Nevertheless, well-defined Raman bands could be measured
up to 8.3 GPa (Fig. 2a), including prominent modes initially
at 149 and 615 cm™" (azirine group twist and anti-symmetric
stretch), ~997 and 1602 cm " (phenyl stretch and scissoring),
1747 em™ (N=C stretch). Peaks at lower frequencies were
also observed but broadened on compression (Fig. S57).
Quantum calculations of the vibrational modes of the
isolated molecules were used to guide the analysis.
Specifically, we used the B3LYP/6-31G method in Gaussian 09
(ref. 42) to calculate the frequencies and displacements of the
vibrational modes of the isolated molecule (Fig. S61). From
the predicted intensities, the 26 observed bands were
tentatively assigned (Fig. 2b).

Infrared spectroscopy

High-pressure infrared spectroscopy was also used to provide
information on molecular stability and possible pressure-
induced changes in the material. In particular, both far-IR
(50-700 cm™) and mid- to near-IR (700-5000 cm™') spectra
were measured using synchrotron infrared techniques up to
20 GPa. Given the C; point group symmetry, all vibrational
modes are both IR and Raman-active for the isolated
molecule. To measure the 0.1 MPa spectrum, the sample was
compressed as a thin pellet in which all absorption peaks
could be identified without interference from diamond
absorption (Fig. S7t). The high-pressure spectra reveal a
substantial number of peaks indicating stability of the
molecule up to at least 10 GPa (Fig. 3a). High-frequency
peaks are observed that are readily identified as combination
bands arising from the excitation of IR- and Raman-active
modes at 4042 cm ', 4343 cm Y, 4443 cmY, 4527 cm ™, 4613
em™, and 4657 cm™" (Table S1t). For example, the IR-active
v, vibration is observed at 3083 cm™', and v, appears in
Raman at 1268 cm ‘. The 4343 cm™ peak can thus be

CrystEngComm, 2025, 27, 1248-1255 | 1249
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Fig. 1

C3A-H3A molecules (see text). (c) Expanded view of the structure along the c-axis showing the voids in the unit cell.
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(a) 2,3 Diphenyl-2H-azirine molecule. (b) Unit cell structure viewed along the c-direction, showing the distance between the C4B-H4B and
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(@) Raman spectra of 2,3-diphenyl-2H-azirine at selected pressures (785 nm laser excitation). The fluorescence background, which

increased with increasing pressure, was subtracted in the higher pressure spectra, and signal in the vicinity of the strong T,; Raman mode from
the diamond anvils was removed in the high-pressure spectra. (b) Pressure dependence of the Raman frequencies, with the approximate
vibrational modes assigned: molecular twist 7, rock p, wag w, symmetric stretch vs, and asymmetric stretch v, modes; mol. indicates motion

distributed over the entire molecule.

identified as a combination band of the v, and v,
fundamentals (Table S1f). These positions of the
combination bands confirm the identification and

assignments of lower frequency Raman and IR modes.

High-pressure X-ray diffraction

High-pressure powder X-ray diffraction was also measured to
further elucidate the diffraction and spectroscopic changes
discussed above. The 2,3-diphenyl-2H-azirine was compressed
up to 10.4 GPa with neon as a medium to investigate possible

1250 | CrystEngComm, 2025, 27, 1248-1255

pressure-induced structural and chemical changes directly
(Fig. S8 and S97t). The unit cell parameters obtained from the
powder diffraction data agree with those obtained from the
single crystal refinements. The evolution of X-ray diffraction
patterns at various pressures is shown in Fig. 4a. The
observed diffraction patterns were readily indexed to a
hexagonal unit cell at each pressure. The diffraction peaks
systematically shift with pressure with no evident splitting
but some peak broadening is observed at the highest
pressures. The d-spacings determined from the X-ray patterns
are shown in Fig. 4b.

This journal is © The Royal Society of Chemistry 2025
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(a) Selected far-infrared spectra of 2,3-diphenyl-2H-azirine measured with petroleum jelly pressure-transmitting medium. (b) Mid-IR

spectra were measured with a KBr pressure-transmitting medium. The shaded area of the spectra corresponds to the region of background
absorption from the diamond anvils. The ambient pressure (0.1 MPa) far- and mid-IR spectrum was measured on a pure sample. (c) Far- and mid-
IR absorption frequencies plotted as a function of pressure with approximate assignments of the vibrational modes, including combination bands

at 4000-4700 cm™.

The hexagonal unit-cell parameters a and ¢ obtained from
the analysis are shown in Fig. 5. There is a smooth
compression of the hexagonal unit cell up to 10 GPa with no
evidence of pressure-induced phase transitions or chemical
reactions over the range of conditions explored.

Equation of state

The pressure-volume (P-V) data obtained from the X-ray
diffraction were fitted to a third-order Vinet EOS (Fig. 6).** A
Vinet equation of state fit of the entire pressure-volume data
with a zero-pressure reference volume V, = 1708 A’ gives a
bulk modulus K, and pressure derivative K; = 8.4(1.5) of
6.2(1.6) GPa and 15.6(2.4), respectively. However, a single
EOS fit does not accurately fit the data at lower pressure,
introducing too much curvature at low compression. A
superior fit of the data was obtained by dividing the data into
two EOS regimes. A fit to the data from ambient pressure to
37 GPa gave K, = 10.6(1.2) GPa and K. This analysis provides
a much better fit to the lower pressure data as well as a more
reasonable K; = 18(5). The comparison suggests a slight
change in the compression mechanism near 3.7 GPa. The fit
to the higher-pressure data from 3.7 to 10.5 GPa gave K, =
3.9(2.4) GPa and K/ = 18(5). Despite the possible change in
compression mechanism, the X-ray diffraction data reveal the

This journal is © The Royal Society of Chemistry 2025

persistence of hexagonal unit cell over the entire pressure
range explored.

Discussion

We first discuss the stability of the molecule and molecular
crystal structure on compression, beginning with the crucial
evidence provided by the high-pressure Raman and IR
spectra. Distinct features characteristic of intact azirine
molecules persist to comparable pressures using both
techniques; i.e., at least 8 GPa in Raman and 9.2 GPa in IR.
Measurements of the Raman spectra were complicated at
higher pressure by background fluorescence, such that only
faint vibrational peaks could be observed beginning at 12
GPa. In the IR, vibrational peaks were apparent at 20 GPa
(although broadened at higher pressures). Spectra were also
measured on decompression of the samples. Decompression
from 12 GPa to ambient pressure revealed no visible azirine
peaks due to the persistence of fluorescence (Fig. S10t). On
the other hand, measurement of the IR spectrum on
decompression from these pressures shows the persistence
of azirine vibrations (Fig. S117).

The in situ high-pressure X-ray diffraction measurements
show that the compound persists in a hexagonal structure
up to 10 GPa, the maximum pressure of these experiments.

CrystEngComm, 2025, 27, 1248-1255 | 1251
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Fig. 4 (a) Selected synchrotron X-ray diffraction patterns as a function of pressure with major peaks labeled. Six principal peaks indexed with hkl
values 111, 201, 12-1, 320, 131, and 321 are observed. (b) The d-spacing values obtained from the X-ray diffraction data are labeled with their Miller
indices. The continuous decrease in d-spacings indicates no major change in the hexagonal structure on compression.
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Fig. 5 Unit-cell parameters as a function of pressure for 2,3-diphenyl-2H-azirine measured by X-ray diffraction. The error bars are within the size
of the data points.

At that pressure, the unit-cell volume is reduced by 22%, structure, as noted above. We attribute the reduction in the
which is a notable degree of compression. The ambient volume under pressure without a phase transformation or
pressure structure refined by single-crystal X-ray diffraction  chemical reaction to the shrinkage of the voids during
is characterized by the presence of voids within the  compression.

1252 | CrystEngComm, 2025, 27, 1248-1255 This journal is © The Royal Society of Chemistry 2025
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Fig. 6 P-V relations of 2,3-diphenyl-2H-azirine obtained from the X-ray diffraction. The black solid line shows a Vinet EOS fit of the entire data
set, while the red line indicates the fit from ambient to 3.7 GPa, and the blue line shows the fit from 3.7 GPa to 10.5 GPa. The P-V data are listed in

Table S2;

Additional insight is gained by further examination of the
crystal structure. The molecular arrangements in the unit cell
show that adjacent molecules are perpendicular to each
other, with C4B-H4B on top of C3A-H3A at a distance of 3.16
A (Fig. 1b). Vibrational modes associated with the short C4B-
H4B and C3A-H3A distances are expected to have a strong
pressure dependence. We suggest that the vibrational bands
with  stronger pressure shifts are associated with
displacements of the atoms mentioned above.

We compare our results with those of related molecular
crystals under pressure. Comparing the parameters to other
similar aromatic compounds can serve as an observation for
compression behavior when analyzing the potential changes in
the crystal structure.***> The aromatic heterocyclic compound
2-phenylindole contains a pyrrole ring fused to a benzene
ring.*® The vibrational spectrum of indole was examined (Fig.
S12b¥) to compare with our results for the azirine (Fig. S12at)
and, in particular, to examine the evidence for azirine
chemically transforming under pressure (Fig. S12ct). Notably,
the azirine and indole have distinct spectra at ambient
pressure. With increasing pressure, none of the peaks
measured for the azirine matched those of the indole.

We also compare our results with those obtained for
4-hydroxycyanobenzene (4HCB), which has one phenyl group

This journal is © The Royal Society of Chemistry 2025

and thus potentially similar n-n and H-bonding
interactions.”” Notably the bulk moduli are close, with K, =
9.7(2) GPa for 4HCB compared to the best-fit K, = 10.6(1.2)
GPa for the 2H-azirine. On the other hand, 4HCB undergoes
two phase transitions over a similar pressure range, in
contrast to the 2H-azirine, perhaps associated with the
additional diphenyl group in the latter. Another related
compound is paracetamol, which contains a phenyl group; it
has two known polymorphs, monoclinic (form I) and
orthorhombic (form II), with similar bulk moduli.*® Like the
azirine, no phase transition or chemical transformation was
observed on compression of paracetamol (up to 4 GPa). These
organic compounds give insight into the stability of related
molecular structures on compression, with one remaining at
its original structure and the other that did not. High-
pressure study of such compounds and comparing their EOS
allows a better understanding of the crystal packing in these
and other compounds.**™*

Conclusions

2,3-Diphenyl-2H-azirine has been successfully synthesized
and found to crystallize in a novel hexagonal structure at
ambient conditions. High-pressure Raman and infrared

CrystEngComm, 2025, 27, 1248-1255 | 1253
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spectroscopy, together with high-pressure X-ray diffraction,
reveal that the molecules and crystal structure remain stable
up to the 10 GPa pressure range at room temperature.
Despite the compound's inherent reactivity and molecular
instability, this unexpected stability can be attributed to the
unique crystal structure, which accommodates compression
by reducing voids around the helical units in the hexagonal
lattice. On the other hand, analysis of the P-V relation
suggests a change in compression mechanism within the
pressure range studied. Further study, including
measurements at variable temperatures and high pressures,
would provide additional information on the interatomic and
intermolecular interactions as well as chemical reactions of
the compound under varying thermodynamic conditions. In
addition, the voids in the novel structure of the azirine could
encapsulate small molecules for gas or energy storage
applications. The results highlight how specific crystal
structures can allow enhanced stability under pressure of
molecules that may otherwise be considered to be highly
chemically unstable.
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