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“Le seul moyen d'affronter un monde sans liberté est de devenir si absolument libre qu'on fasse
de sa propre existence un acte de révolte.”

“The only way to deal with an unfree world is to become so absolutely free that your very existence
is an act of rebellion.”

—— L'Homme révolté, Albert Camus (1913—-1960)
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Zusammenfassung

Die Dualitat von Stabilitat und Instabilitat in der Chemie bestimmen grundlegendend das Wesen
der Reaktivitdt. Diese Dualitdt ist gepragt durch die Verbindung von kinetischer und
thermodynamischer Prinzipien als auch durch quantenmechanisches Tunneln. Instabile Spezies
neigen dazu, in einen stabilen Zustand Uberzugehen, um Energie zu minimieren und das
Gleichgewicht zu maximieren. Im Gegensatz dazu muss eine stabile Spezies durch dullere
Einfliisse oder chemische Manipulationen in einen instabilen Zustand versetzt werden, um ihre
Reaktivitat zu erh6hen oder Energie zu speichern. Diese dynamische Beziehung verdeutlicht die
intrinsische Wechselwirkung zwischen Stabilitdt und Instabilitat; sie sind keine absoluten
Zustande. Sie existieren in einem stdandigen Spannungsfeld, welches je nach Kontext und
Bedingungen ineinander umgekehrt werden kann.

Aus philosophischer Perspektive lassen sich Stabilitdt und Instabilitdt als zwei komplementare
Aspekte derselben fundamentalen Dichotomie betrachten — analog zu den apollinischen und
dionysischen Prinzipien in Friedrich Nietzsches Die Geburt der Tragddie aus dem Geiste der Musik.
Dabei definiert und verstarkt jede dieser beiden Gegensdtze die Bedeutung der anderen:
Stabilitat verleiht der Instabilitdt ihre Faszination des Flichtigen und motiviert die
wissenschaftliche Herausforderung, vergangliche Spezies zu erfassen, die sich konventionellen
Normen entziehen. Gleichzeitig erhalt Stabilitat ihren intrinsischen Wert durch die Instabilitat, da
die Bestrebung, das Ephemere zu stabilisieren, entscheidende Impulse fir Innovationen in der
Chemie liefert. Diese Dualitat spiegelt eine tiefere natirliche Ordnung wider, in der Gegensatze
nicht nur koexistieren, sondern auch den wissenschaftlichen Fortschritt vorantreiben, Grenzen
hinterfragen und kreative Entwicklungen inspirieren.

Im Rahmen dieser Dissertation sollen instabile ,,Oligomere” — héhere neutrale Stickstoffallotrope
— aus stabilen Dinitrogeneinheiten konstruiert werden. Dariliber hinaus werden Methoden zur
Erzeugung und Untersuchung instabiler schwererer Analoga von Dinitrogen erforscht sowie
neuartige Eigenschaften hochreaktiver, elektronenarmer Spezies untersucht, die gegen die
Oktettregel in Hauptgruppenelementen verstoRBen. Diese wissenschaftliche Arbeit ist sowohl
eine philosophische als auch eine experimentelle Reise — mit dem Ziel, das Fllchtige greifbar zu
machen, das Instabile zu bewahren und das schwer Fassbare zu realisieren.

In der ersten Arbeit habe ich das interstellare Kandidatenmolekiil Phosphormononitrid (PN), eine
unter Standardbedingungen metastabile Spezies, durch Hochvakuum-Flash-Pyrolyse von (o-
Phenyldioxyl)phosphinoazid in kryogenen Matrizen erzeugt. Zudem wurde erstmals ein o-
Benzochinon-PN-Komplex identifiziert, der sich unter Bestrahlung mit Licht einer Wellenldange
von 523 nm zu (o-Phenyldioxyl)-A>-Phosphinonitril rekombiniert. Dies stellt den ersten Nachweis
der Reaktivitat von PN mit einer organischen Verbindung dar.

In der zweiten Arbeit habe ich die in situ Charakterisierung von Triplet-Phenylarsiniden mittels
Matrix-Isolations-IR- und UV/Vis-Spektroskopie beschrieben. Durch Dotierung der Matrix mit
molekularem Sauerstoff wurde das kinetische Intermediat anti-Dioxyphenylarsin nachgewiesen,
eine bislang unbekannte Spezies mit vollig anderer Reaktivitat als die korrespondierenden
Phenylnitrene und Phenylphosphinidene. Unter Bestrahlung mit 465 nm wandelt sich anti-
Dioxyphenylarsin in die neuartige Verbindung Dioxophenylarsin um.
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In der dritten Arbeit habe ich die Synthese und spektroskopische Charakterisierung von
Vinylarsiniden, einem héheren Kongener von Vinylnitrenen. Triplet-Vinylarsiniden wurde durch
IR- und UV/Vis-Spektroskopie charakterisiert und zeigt eine bemerkenswert vielseitige
unimolekulare Photochemie. Durch selektive Photoanregung kann es sich in Vinylidenarsin, 2H-
Arsirene oder einen Arsiniden-(H—As)-Acetylen-Komplex umlagern. Zudem wurde die Stabilitat
von Vinylphosphiniden mittels Multireferenz-Berechnungen untersucht.

In der vierten Arbeit habe ich das erste Beispiel eines skalierbar synthetisierbaren neutralen
Stickstoffallotrops, Con-Ns, die in der Gasphase bei Raumtemperatur erzeugt und anschlieffend
entweder in Argon-Matrizen bei 10 K oder als Film bei fllssiger Stickstofftemperatur (77 K)
charakterisiert wurde. Die Verbindung weist eine unerwartet hohe Stabilitat auf. Energetische
Leistungsberechnungen auf CCSD(T)/cc-pVTZ-Niveau anhand der Kamlet-Jacobs-Gleichung
prognostizieren eine hervorragende Detonationsleistung, die mehrere bekannte Explosivstoffe
wie TNT (2,4,6-Trinitrotoluol) und RDX (1,3,5-Trinitro-1,3,5-triazinan) Ubertrifft.
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Abstract

The stability and instability is one of the most fundamental dualities in chemistry, which governs
the essence of reactivity with a linkage of energy through kinetic and thermodynamic principles,
as well as quantum-mechanical tunneling. The "unstable" species, driven by a natural inclination,
strives to transform into a "stable" state, minimizing energy and pushing the reaction equilibrium.
Conversely, a "stable" species must be "compelled" into an unstable state—whether by external
forces or chemical manipulation—to unlock its reactivity or achieve energy storage. This dynamic
relationship underscores the intrinsic interdependence of stability and instability; they are not
absolutes but rather exist in a state of constant tension, capable of mutual inversion depending
on context and conditions.

From a philosophical perspective, stability and instability can be viewed as two sides of the same
coin (like Apollonian and Dionysian, from Die Geburt der Tragédie aus dem Geiste der Musik,
Friedrich Nietzsche), where each defines and elevates the significance of the other. Stability gives
instability its allure of transient, prompting the quest to capture fleeting species that defy
conventional norms. Meanwhile, instability imbues stability with its intrinsic value, as the effort
to stabilize the ephemeral drives innovation in chemistry. This duality reflects a broader natural
order, where opposites not only coexist but also fuel progress, challenge boundaries, and inspire
creativity.

In this thesis, I'm going to constitute unstable "oligomer" (higher neutral nitrogen allotropes)
with the units of stable dinitrogen, explore methods to generate and study the chemistry of
unstable heavier analogs of stable dinitrogen, and investigate novel properties of highly reactive,
electron-deficient species that violate the octet rule in main group elements. This endeavor
embodies a philosophical and scientific journey—transforming the transient into the tangible,
the unstable into the cherished, and the elusive into the achievable.

In the first publication, the interstellar candidate phosphorus mononitride PN, a metastable
species under ambient conditions, was generated through high-vacuum flash pyrolysis of (o-
phenyldioxyl)phosphinoazide in cryogenic matrices. Moreover, an elusive o-benzoquinone-PN
complex formed and its recombination to (o-phenyldioxyl)-A>-phosphinonitrile was observed
upon irradiation with the light A = 523 nm, which demonstrates for the first time the reactivity of
PN towards an organic molecule.

In the second publication, we report the in situ characterization of triplet phenylarsinidene by
matrix-isolation infrared and UV/Vis spectroscopy. Doping the matrices containing
phenylarsinidene with molecular oxygen leads to the formation of hitherto unknown kinetic
intermediate anti-dioxyphenylarsine, which demonstrates a completely different reactivity with
corresponding phenylnitrene and phenylphosphinidene. The anti-dioxyphenylarsine undergoes
isomerization to novel dioxophenylarsine upon 465 nm irradiation.



Stable and Unstable — Binary Opposition in Pnictogens

In the third publication, we report the synthesis and spectroscopic characterization of
vinylarsinidene, a higher congener of vinylnitrene. Triplet vinylarsinidene was characterized by IR
and UV/Vis spectroscopy and displays remarkably rich unimolecular photochemistry. Upon
selective photoirradiation, it rearranges to vinylidenearsine, 2H-arsirene, or an arsinidene (H—As)
acetylene complex. Furthermore, the stability of vinylphosphinidene was projected with
multireference computations.

In the fourth publication, the first example of scalably synthesizable neutral nitrogen allotrope,
Con-Ne was prepared in the gas-phase at ambient temperature, followed by characterized in
argon matrices at 10 K or neatly as a film at liquid nitrogen temperature (77 K), demonstrating
unexpectedly high stability. Energetic performance computations at the CCSD(T)/cc-pVTZ level
with Kamlet-Jacob equation predict an excellent detonation performance over several well-
known explosives, for example, TNT (2,4,6-trinitrotoluene) and RDX (1,3,5-trinitro-1,3,5-
triazinane).
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1. Introduction

A pnictogen is an element in Group 15 of the periodic table (formerly Group V or Group VA),
which includes nitrogen, phosphorus, arsenic, antimony, and bismuth (Scheme 1). All pnictogens
are solids at room temperature, with the exception of nitrogen, which is a gas. The defining
characteristic of this group is that each element has five valence electrons—two in the s sub-shell
and three unpaired electrons in the p sub-shell. Within the group, nitrogen and phosphorus are
classified as non-metals, arsenic and antimony are metalloids, and bismuth is a metal.
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Scheme 1. The periodic table shows where the pnictogens are.
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Nitrogen (N) is a colorless, odorless gas at room temperature and makes up about 78% of earth’s
atmosphere. It plays a crucial role in biological processes, forming the basis of amino acids and
nucleic acids.> No stable allotrope of nitrogen other than N2 has been discovered under
ambient circumstance to date. In contrast, phosphorus (P) is a solid at room temperature and
exists in various allotropes (e.g., white phosphorus P4, red phosphorus, and black phosphorus).[®-
151 phosphorus is also essential for life, playing a crucial role in energy transfer (e.g., adenosine
triphosphate, ATP) and forming key structural components of DNA and cell membranes.[”, 1618l
Arsenic (As) is known for its toxic properties and can exist in multiple oxidation states similar to
phosphorus. However, it has found modern applications in semiconductors and certain alloys, %
261 35 well as in medical and agricultural applications.?’3% Antimony (Sb) is also used in alloys and
has flame-retardant properties.?13? |t was also been widely used in cosmetics in ancient times,
though was abandoned after its toxicity was realized.?33* Both arsenic and antimony have
intermediate properties between metals and non-metals, which is characteristic of metalloids.
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Bismuth (Bi) is a dense, brittle metal with low toxicity compared to other heavy metals, which
makes it valuable in pharmaceuticals, cosmetics, and environmentally friendly applications.354]
It is also used in low-melting alloys and has unique electronic properties, such as low electrical
conductivity.**4 This project mainly focused on nitrogen, phosphorus, and arsenic.

1.1 Dipnictogens

As the simplest molecules that pnictogens can form, dipnictogens are of great interest in
synthetic chemistry, interstellar chemistry, and prebiotic chemistry. The lightest dipnictogen,
dinitrogen (N,), is the predominant component of earth's atmosphere, constituting about 78% of
the air. Dinitrogen’s triple bond gives it remarkable thermodynamic and kinetic stability, making
it relatively inert under standard conditions. To render N3 viable as a primary nitrogen source,
both biological systems and the chemical industry have developed complicated catalytic
processes aimed primarily at converting N, to ammonia (NHs).[*>#” In addition to the industrial
Haber-Bosch process (Scheme 2),1*8] alternative strategies that realize the transformation from
N2 to NH3 under mild conditions are a long-lasting goal in chemistry. In the past decades, several
transition-metal species have been found to weaken chemical bonds in N. The prevalence of
transition metals in dinitrogen activation is attributed to the fact that the unoccupied and
occupied d-orbitals could be both energetically and symmetrically accessible to accept electron
density from and back donate to N,. Nevertheless, the development of low-valent, low-
coordinate main-group elements which mimic the electronic properties of transition metal
provides more opportunities to unearth the N; activation by main group elements, for example,
low-valent calcium,* low-valent boron, and low-valent carbon complexes (Scheme 3).55%
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Scheme 2. Haber-Bosch process.>!]
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Scheme 3. Examples of activation of N,.

As a stable form of nitrogen element is N; with a strong triple bond, the stable form of
phosphorus is the tetrahedral P4, known as white phosphorus, of which the dissociation to two
P> molecules can be achieved upon heating (> 1100 K).’? However, heavier dipnictogens, such
as phosphorus mononitride (PN), diphosphorus (P;), and arsenic mononitride (AsN), exist only
transiently under normal conditions due to their highly reactive nature (Scheme 4). They play
significant roles in synthetic chemistry, interstellar chemistry, and prebiotic chemistry. PN is
particularly notable in astrochemistry, as it has been detected in interstellar clouds, where it may
contribute to prebiotic molecular pathways. %1 AsN, while less common, has applications in
materials science due to its electronic properties.? The study of these molecules provides
valuable insights into bonding, electron distribution in multiple bonds, and the reactivity of
pnictogen compounds, offering implications across various fields, from astrochemistry to the
origins of life.

Due to their high reactivity, several strategies were invented to stabilize and store heavier
dipnictogens for use (Scheme 5). For example, Bertrand et al. synthesized the iminophosphenium
tetrachloroaluminate bearing a PN moiety in 1988.163! Schulz et al. launched the in situ trapping
of a PN tetramer via the elimination of trimethylsilyl chloride from (Me3Si).NPCl;, using dimethyl
butadiene.!®¥ Similarly, Cummins et al. reported an in situ trapping of P, from white phosphorus
with dimethyl butadiene.[®®] Photoisomerization in the single crystal could be detected for
[Mo](PN)~ to [Mo](NP)~ when exposed to white light.[®) Recently, Cummins and coworkers
reported the first-time PN releasing using the representative anthracene precursor. The releasing
was subsequently confirmed with the exchange of [(dppe)Fe(Cp*)(N2)][BArF.a] to
[(dppe)Fe(Cp*)(NP)][BArF24] in solution.”? For even heavier dipinictogen, Cummins et al.
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presented the storable and controllable release of P> from (n?>-Mes*NPP)Nb(N[Np]Ar)s (Mes =
2,4,6-t-BusCsH2) with a niobium-P; ligand bond.[®® Such a strategy could also be extended to
AsP.[%%1 |n addition, Schulz et al. reported a synthesis of reactive four-membered arsenic nitrogen
biradicaloid (C) and outlined its subsequent reaction with CS,, Ss, and Se.”%! It was also reported
that PN and PP could form stable formal adducts with N-heterocyclic carbene (NHC).7*73! The
first isolation and structural characterization of an f-element dinitrogen complex was reported in
1988. Later in 2021, synthesis of a side-on bound diphosphorus complex of uranium(lV) was
accomplished using a 743-(dimethylamino)phosphadibenzonorbornadiene-mediated P-atom
transfer approach, containing the activated diphosphorus ligand to its dianionic (P2)?~ form.[4l It
also can exist as a triply bonded moiety in the corresponding platinum-centered complex.!’”!

Thermodynamical Kinetically Stable

PN PP
AsN ' AsP  AsAs

SbN © SbP = SbAs SbSb

Thermodynamically and Kinetically Unstable

Scheme 4. Dipnictogenes in two groups.

In addition to the monomer, oligomers of heavy dipnictogens also attracted attention due to
their unique bonding properties. For example, the spontaneous trimerization of PN has firstly
been discovered in a cryogenic matrix upon annealing to 30 K, which gives cyclotriphosphazene
(P3Ns3, 13), an inorganic aromatic analogue of benzene (Scheme 6).17%1 The aromatic nature of P3sN3
is supported by nucleus independent chemical shift (NICS) computations.[’” The negative NICS(1)
values of —3.9 ppm for P3N3; and —10.2 ppm for CsHs indicate that, in contrast to the borazine
B3NsHs, which is not regarded as an aromatic molecule, P3N3 is aromatic but much less so than
benzene. Besides, a homodesmotic evaluation also indicates that PsNs captures only about one-
third of the aromatic stabilization of benzene, cyclotriphosphazene has been computed as the
most favorable structure among the many isomers that can be envisaged.l’8! It later could be
generated from the decomposition of hexaazidephosphazene P3N2;1 or by selectively breaking six
chlorine-phosphorus bonds of precursor PsN3Cls on surface with STM tip.!”°! Some other isomers,
for example, the iso-valent analog of Dewar benzene, 1,2,4-triaza-3,5,6-
triphosphabicyclo[2.2.0]hexa-2,5-diene (14), and the iso-valent counterpart of prismane,
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prismatic P3Ns (1,2,3-triaza-4,5,6-triphosphatetracyclo[2.2.0.0%6.03°]hexane, 15), were also
detected by the tunable soft photoionization reflectron time-of-flight mass spectrometry.[8%-81
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Scheme 5. Compounds and complexes containing dipnictogen moieties.
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Scheme 6. Detected isomers of cyclotriphosphazene (13). The structures were computed at the
B3LYP/cc-pVTZ level of theory. Relative energies in kcal mol™ (black), point groups (grey), and
ground states (blue) are also shown.[%
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Besides, 2D pnictogen materials have also revealed significant importance due to their
outstanding performance in batteries, transitions, and photovoltaic materials.[®2-%¢! Specifically,
these materials resolve challenges related to the absence of a band-gap and pronounced
chemical inertness, which have traditionally impeded the advancement of highly efficient
electronic microdevices.[6% 8>87-8 Arsenic mononitride (AsN), a heavier congener of PN, can form
a distinctive polymer that qualifies as a novel semiconductor material. This compound possesses
exceptional electronic and optical properties, both experimentally and theoretically validated,
showcasing its promising applications in field-effect transistors (FETs).®* %% In a recent study by
Ceppatelli et al., achieved the direct synthesis of crystalline singly-bonded AsN from elemental
As and N under 20 GPa (Scheme 7b).[? The findings suggest that AsN monolayers, akin to other
two-dimensional pnictogens, exhibit distinctive features, including elevated hole mobility,
unique anisotropic characteristics, and ambipolar transport behavior dominated by holes. As a
result, these properties position AsN as a promising candidate for the development of next-
generation semiconductor materials. Gambin et al. synthesizing nanocrystalline b-AsP on-wafer
via molecular beam deposition and subsequent postgrowth hermetic annealing (Scheme 7c).°%
Cross-section TEM images reveal a nanocrystalline film morphology with orthorhombic b-AsP
grains on the order of ~5 nm, which enables the development of next-generation black AsP
devices for optoelectronic, digital, and radio frequency (RF) applications.
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1.2 Pnictogen-Centered Diradicals

A nitrene is the nitrogen analogue of a carbene and the lightest pnictinidene. The nitrogen atom
in nitrene is uncharged and monovalent with only six electrons in its valence level: two covalent
bonded and four non-bonded electrons. In principle, it may have three different electronic
configurations, that is closed-shell singlet, open-shell triplet, and open-shell singlet electronic
states (Scheme 8). It is considered an electrophile due to the unsatisfied octet, which is the key
reactive intermediate involved in many chemical reactions, for example, C-H insertion,
cycloaddition, ring-expansion, and ring-contraction.®>1% Recently, Li et al. posited that the
photosensitized Pauson-Khand-type reaction utilizing diradical reactivity of a triplet nitrene could
be relayed to the carbon m-bonds in pendant olefins, thereby inducing a formal [2+2+1]
cycloaddition reaction upon late intersystem crossing.['®! The successful realization of this
strategy would couple nonconjugated dienes with a triplet nitrene to produce bicyclic
pyrrolidines, which—depending on the tether between the olefin units—would constitute a
modular synthesis of three-dimensional bioisosteres of six-membered ring N-heterocycles with
a broad range of applications in medicinal chemistry (Scheme 9).[102]

3A2 A2 1A

Scheme 8. Electronic configurations of pnictinidenes. Pn indicates a pnictogen atom.
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Scheme 9. (a) Reactivity paradigm of singlet and triplet reagents in cycloadditionand relay
strategy. (b) [2+2+1] cycloaddition through relay of triplet reactivity. Reaction conditions: Diolefin
(1 equiv.), TsNIPh (3 equiv), CH2Cl; (0.1 M concentration of diolefin), 40 W purple LED light, 30
min reaction time. n indicates sequence of reaction steps.1%!!

There are several methods to generate nitrenes, each tailored to the specific needs of the
reaction and the desired stability of the nitrene intermediate:

1. Thermal or photolytic decomposition of azides: The most widely used method for
generating nitrenes involves the decomposition of organic azides (R—Ns), where the azide
group dissociates under heat or light to release nitrogen gas (N;) and produces the nitrene.
This method is versatile and works well for generating aryl nitrenes, especially when
photolysis is used, as it allows for selective excitation and minimizes decomposition of
other functional groups.[193-106]

2. Decomposition of isocyanates or imidoyl halides: Nitrenes can also be generated by
decomposing of isocyanates (R—-N=C=0) or imidoyl halides (R—N=CR'X). These methods
are useful when a controlled thermal decomposition process is preferred over photolysis.
Isocyanates tend to produce nitrenes with minimal side reactions, making this approach
suitable for cases where clean generation of nitrene intermediates is essential.[107-108!

3. Oxidation of amines or amine precursors: Certain oxidation reactions can produce
nitrenes by directly oxidizing amine precursors. For instance, oxidation of hydroxylamines
or hydrazines can lead to nitrene formation under suitable conditions. This approach is
less common due to its dependency on precise control of reaction conditions and is often
used in specialized cases.[10%-110!

4. Transition metal catalysis: In some cases, transition-metal catalysts can facilitate nitrene
generation through nitrogen transfer reactions. For example, metal-nitrene complexes
can be generated by reacting metal catalysts with nitrene precursors like azides or
iminoiodinanes. These metal-nitrene species are generally more stable and can be
selectively transferred to substrates, providing a controlled route for C=N and N—N bond
formation in catalysis.[*11-114]

Due to their high reactivity, free nitrenes are typically short-lived and tend to undergo rapid
rearrangements, insertions, or dimerizations. However, the use of transition metals or stabilizing
groups can help control their reactivity and increase their lifespan, allowing for a broader range
of applications. Bertrand first reported a singlet phosphinonitrene stabilized by the electron
donoating effect (16, Scheme 10).11*1 Recently, groups of Beckmann and Tan independently
synthesized the stable nitrenes with a triplet ground state, and obtained their structures with X-
ray diffraction, which is regarded as a milestone in this field.[}16-117]
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Scheme 10. The bottle-able nitrenes.

A wide variety of nitrenes has been reported, for example, arylnitrenes, acylnitrenes,
alkylnitrenes, sulfinylnitrenes. The attempted photochemical or thermal preparation of parent
vinylnitrene from vinyl azide, however, has never succeeded. Because the rate for intersystem
crossing is considered to be lower than the rate for intramolecular isomerization, the
intermediacy singlet nitrene would undergo rapid isomerization (Scheme 11), although the triplet
is the electronic ground state (AEst = 14 kcal mol™).[118-1221 Hence, it is highly unlikely to access
the triplet state through conventional nitrene preparation methods.'?3121  However, the
structural rigidity of vinylnitrenes attached to cyclic structural moieties (e.g., naphthalene-1,4-
dione, 1H-inden-1-one) can make them accessible at cryogenic temperatures, favoring the
formation of their triplet states.[*26! Vinylphosphinidene is the unreported higher congener of 19.
It has been proposed that vinylphosphinidene is produced as a fleeting intermediate in the
pyrolysis of vinylphosphirane, which is subsequently converted to phosphapropyne.[*27-12°]

H,CP i< HiS K
319
§|sc $I1SC
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CH3‘CEN <_—>H2C4\N: === / N\

119
. f
C=C=NH N
H =

Scheme 11. The unimolecular reactivity of vinylnitrene (19).

Phosphinidenes (R-P), the phosphorus analogs of nitrenes, are highly reactive species and
versatile intermediates with significant applications across synthetic chemistry, materials science,
and catalysis.[*30135] This versatility allows them to participate in numerous bond-forming
reactions, including cycloaddition, insertion, and coupling reactions. In addition, transition-
metal-stabilized phosphinidenes can activate small molecules such as CO and H,, showcasing
their potential in catalytic transformations and energy-related applications.™*3%! In recent years,
phosphinidenes have also garnered attention in the development of advanced materials,



Stable and Unstable — Binary Opposition in Pnictogens

including phosphorus-containing polymers*3”l and phosphorus-based ligands for catalysis,!*3®!
due to their ability to introduce phosphorus into organic frameworks.

In contrast to the straightforward generation nitrenes, the preparation of phosphinidenes is
more challenging.!134135 139142 Certain transition-metal complexes have been developed to
generate phosphinidenes in a controlled manner.[*43-146] Stabilizing phosphinidenes is also
challenging, as they readily undergo oxidation, dimerization, or polymerization, especially under
ambient conditions. To mitigate this, researchers employ bulky substituents or coordination with
transition metals to stabilize the R—P species and prevent premature decomposition. The use of
transition-metal coordination, in particular, allows phosphinidenes to exhibit enhanced stability
and controlled reactivity, enabling their storage and handling over extended periods. The first
example of stable singlet phosphinidene was reported by Bertrand et al. by a similar strategy as
used for preparing a stable nitrene.!*?l A phosphinophosphinidene was readily generated from
the photolysis of the corresponding phosphaketene. The reactivity towards a variety of
compounds indicates its role as an electrophile (Scheme 12). Later, Tan et al. attempted to
synthesize a stable phosphinidene with a triplet ground state but only obtained the
phosphanorcaradiene. Surprisingly, it manifests the same reactivity as a triplet phosphinidene,
for example, bond insertion or acts as an electrophile (Scheme 13). Analogously, astable
stibinidenel**” and a bismuthinidene!**® were also synthesized with a similar strategy.

\ ’ RR Ar
Ar Ar \ N R
20 [ P-P=C
Ar /PPhs |\! R
N, Ar
[ P—-P=PPhg
N
Ar

Scheme 12. The reactivity of singlet phosphinidenes (20). Ar="?
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Ar = 2,6-Me,CgHj
TMS = SiMe;

(65%)

Scheme 13. The reactivity of phosphanorcaradiene (21) serving as phosphinidene.

Arsinidenes (R—As), the arsenic analogs of the nitrenes, share some similarities with
phosphinidenes but present distinct synthetic challenges and properties due to the heavier
arsenic atom. Arsinidenes are less stable and more reactive, with As=X bonds being weaker and
more prone to decomposition or rearrangement. As a result, generating and stabilizing
arsinidenes is considerably more difficult. Nevertheless, recent advances in synthetic techniques
have allowed researchers to generate arsinidene species, often stabilized via coordination with
transition metals or bulky ligands.[!*°157] These arsinidene complexes, while rare, have
demonstrated potential in catalysis and could provide valuable insights into the behavior of
heavier pnictogen compounds.

In summary, while phosphinidenes are already well-studied intermediates with applications in
catalysis and materials science, arsinidenes remain largely unexplored due to their toxicity,
challenging reactivity and stability. Advances in arsinidene chemistry, however, continue to push
the boundaries of heavy main-group chemistry and open possibilities for developing new
materials and catalytic systems.

1.3 Nitrogen-Rich High-Energy-Density-Materials

Energetic materials are substances capable of storing substantial amounts of chemical energy
and releasing it rapidly under specific external stimuli. The development of these materials traces
back to the accidental discovery of black powder in China around 220 BC. It was used to make
firecrackers for a quite long time afterwards. In Europe, this critical innovation remained largely
unexplored until the 13" and 14™ centuries, when Roger Bacon (1249) and Berthold Schwarz
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(1320) began investigating its properties. Black powder was introduced into military applications
towards the end of the 13th century, marking a significant shift in warfare. However, it was not
until 1425 that the production methods were significantly refined by the process known as
corning. This improvement enhanced the powder’s consistency and performance, enabling its
use as a propellant in both small arms and, later, large-caliber artillery. Black powder remains in
use today, with the U.S. military consuming over 100,000 pounds annually.[*>8!

Later, some other single-component explosives such as nitroglycerine (NG), mercury fulminate
(Hg(CNO);, MF), nitrocellulose (NC), and picric acid (PA) were developed. In 1863, Joseph
Wilbrand first synthesized the famous explosive trinitrotoluene (TNT),[*>*! which was first used as
a dye and later put into military use in 1902 and is still used today. With the advent of high-energy
explosives such as RDX (1,3,5-trinitro-1,3,5-triazinane), HMX (1,3,5,7-tetranitro-1,3,5,7-
tetrazocane), and CL-20 (or HNIW, hexanitrohexaazaisowurtzitane), weapons and equipment
have been continuously upgraded and their combat capabilities have been continuously
improved. As the commanding heights of current conventional damage technology, the
development and application of ultra-high-energy energetic materials (new high-energy
materials with energy levels at least one order of magnitude higher than conventional explosives)
can improve the combat effectiveness of weapons and will fundamentally change the combat
style and form of war. Therefore, the development of a new generation of ultra-high-energy
energetic materials has received great attention from countries around the world.

Given the great demand for high-energy-density materials (HEDMs), in addition to the
continuous exploration of metallic hydrogen and metastable nuclear isomers, full-nitrogen
compounds or polynitrogens — molecular species that consist entirely of nitrogen atoms are also
one of the frontiers and research hot topics in the field of energetic materials because they
contain a large amount of energy stored in their bonds and only release harmless nitrogen upon
decomposition,[160-161]

Calculations show that the total energy released by polynitrogens can reach 3-8 times the TNT
equivalent, the theoretical propulsion specific impulse can be over 350 s, and most importantly,
it has the advantages of clean detonation products. However, usually the more nitrogen atoms
in the molecular structure, the more unstable the compound, resulting in the great challenge for
the synthesis of energetic compounds fully composed of nitrogen. From a thermodynamic point
of view, these compounds are likely to decompose into N2 molecules. In order to achieve the
preparation of compounds fully composed of nitrogen, researchers have been striving to seek
novel synthesis methods and stabilization technologies to continuously challenge the higher
limits of the nitrogen content of a molecule.

Tetrazole is often used as a key unit for the preparation of nitrogen-rich HEDMs due to its high
nitrogen content.[*62-165] Cheng et al. used 1,5-diaminotetrazole as the raw material and prepared
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an energetic salt (Scheme 14) with eleven nitrogen atoms directly connected by an -NH-N*-NH-
bridge through a diazotization coupling reaction, and the structure was confirmed through X-ray
single crystal diffraction.[*®®! This is the longest nitrogen chain in a nitrogen-rich compound
reported so far, which provides a new entry point for the synthesis of novel structures, longer
nitrogen chains and even compounds fully composed of nitrogen. However, the presence of
chloride ions in the molecule greatly reduces its nitrogen content (74%). Subsequently, Ye et al.
used 5-aminotetrazole and synthesized a nitrogen-rich compound with four tetrazoles bridged
by azo through a two-steps procedure of ring closure and oxidation (Scheme 15).167 It further
reacted with hydrazine hydrate to prepare a novel nitrogen-rich hydrazine salt with a nitrogen
content of 84% and a decomposition temperature of up to 202°C. It has the advantages of a
simple synthesis route and easy large-scale preparation. Klap&tke et al. prepared a new type of
nitrogen-rich compound (C2N14) through diazotization and intramolecular ring closure reaction,
with a nitrogen content of up to 89%.1%8] However, this compound is extremely sensitive to
external stimuli and can explode under extremely slight shock or friction with the shock and
friction sensitivity lower than the experimentally determine limits of 0.25 J in impact and 1 N,
respectively. This sensitivity is thought to be due to the enormous inequality in the charge
distribution and extremely high heat of formation (1495 klmol?). In addition,
tetraazidomethane (CN1,, 24) was prepared by Banert et al., which pushed the nitrogen content
to a new level (93%).1*%9 It could be readily synthesized from NCCCls or (N3)sC* SbCls™ by treating
with the azide-transfer agent and its reactivity towards variety substrates was also investigated
(Scheme 16). The °N-isotope labeling could be achieved by treating with the reagent
(Me2N)2C=NH2* N3~. The ionic dissociation was evidenced by the transformation into the
triazidocarbenium salt 3b by addition of SbCls. In addtion, it could be used as a synthon of NCN
as shown in the reaction with PPhs and Ph,PCH,CH,PPh;. A click reaction product could be
detected when reacting with a cyclic alkene or an alkyne. Compound 24 can also hydrolyze to
carbonyl diazide OC(N3),.

However, the presence of carbon atoms in the molecule greatly limits the further increase of
nitrogen content. Researchers continue to explore the preparation method with nitrogen-rich
materials, among which ions fully composed of nitrogen are very likely to be prepared first. In
terms of polynitrogen cation, Christe et al. first synthesized V-shaped chain-like Ns* in 1998,
which is recognized as a breakthrough in the separation of nitrogen-rich energetic materials.[*!
However, AsFe"Ns* has extremely poor stability and requires harsh reaction conditions. It needs
to be prepared at ultra-low temperatures and with anhydrous HF, which makes quantitative
production difficult, hindering the development of polynitrogen cation based energetic ionic
compounds, and the presence of counteranions reduces the nitrogen content to only 27%. Later,
by replacing the arsenic center with antimony, another new salt SbFe"Ns* was prepared from
SbFs"N2F* and HN3 in anhydrous HF solution. The white solid is surprisingly stable, decomposing
only at 70 °C, and is relatively insensitive to impact.™7!]
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Scheme 16. Reactions of tetraazidomethane (24).

One of the most promising approaches until now to stabilize and study these reactive nitrogen
allotropes is through the use of a diamond anvil cell (DAC, Scheme 17), which can apply extreme
pressures, often exceeding several million atmospheres, and high temperatures to break and
reform the strong triple bond in molecular nitrogen (N,) as well as to create environments where

polynitrogens and nitrogen ions can form and persist.
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Scheme 17. Laser-heated diamond anvil cell (DAC).

The study of materials composed fully of nitrogen using a diamond anvil cell (DAC) has led to the
discovery of several unique nitrogen allotropes and structures with potential applications in high-
energy-density materials. Here are a few notable examples:

1. Polymeric nitrogen (cg-N, Scheme 18a): one of the most studied forms of polynitrogen is
cubic gauche nitrogen (cg-N), a nitrogen allotrope discovered under extreme conditions
in a DAC. In cg-N, nitrogen atoms are linked in a three-dimensional network structure,
similar to the carbon atoms in diamond, making it a high-density material with a high
energy release potential. Upon decompression, cg-N can release substantial energy due
to the transformation back to molecular nitrogen (N.), making it a potential candidate for
high-energy applications such as propellants and explosives.7?

2. Nitrogen-rich phases (linear Ng, Scheme 18b): DAC experiments have also enabled the
formation of nitrogen clusters and ring structures, such as Ns. These ring systems,
analogous to carbon rings, involve nitrogen atoms bonded in cyclic configurations. Ns, for
example, consists of eight nitrogen atoms arranged in a linear structure and is a potential
candidate for high-energy storage, given that breaking the ring releases energy. Such
linear structures, while difficult to stabilize, provide insights into the bonding versatility
of nitrogen and could inspire new synthetic methods for energy materials.[!73-17°]

3. Layered nitrogen phases (Ip-N, Scheme 18c; hlp-N, Scheme 18d; and bp-N, Scheme 18e):
researchers have also observed nitrogen phases under DAC conditions that adopt layered
structures similar to graphite, with nitrogen atoms arranged in two-dimensional sheets.
These layered nitrogen allotropes are of interest due to their potential for creating two-
dimensional materials analogous to graphene, but with nitrogen. In addition, the nitrogen
analogue of black-phosphorus phase (bp-N) was also synthesized.}’6177] Like black
phosphorus, bp-N is an electrical conductor. The existence of bp-N structure matches the
behavior of heavier pnictogens, and reaffirms the trend that elements at high pressure
adopt the same structures as heavier congeners at lower pressures. Such materials could
have unique electronic and mechanical properties and may be useful in semiconductor
applications if stable at lower pressures.[176178-179]

4. High-pressure phase of molecular nitrogen (e-N;, Scheme 18f): at pressures above 110
GPa, molecular nitrogen can be transformed into a high-density phase known as &-N»,
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where N2 molecules are arranged in a highly ordered structure. While this phase does not
feature the extended bonding found in cg-N or a-N, it demonstrates how DAC can alter

the molecular arrangement and

could offer a denser form of nitrogen storage and potentially be useful in applications

properties of nitrogen. &-N; has attracted interest as it

where high-pressure energy release is required.180-181]

Each of these allotropes and nitrogen-c
nitrogen under extreme conditions. DA
unique forms of nitrogen but also con

offering future possibilities for applications in propulsion, explosives, and novel electronic

ontaining ions illustrates the versatility and potential of
C experiments not only enable the exploration of these
tribute to our understanding of high-energy materials,
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made of seven-membered N-N (N7) rings in comparison with the /213 and C2/c structures made
of even-numbered Nio and N1z rings in 3D networks, respectively.[*’8! (d) Drawing of the P4,bc
crystal structure at 235 GPa, with the five distinct N-N bond lengths marked. For clarity, the inner
surface of the N¢ hexagons is filled with a light green plane. The layered nature of the P4,bc
structure is clearly seen.'’! (e) Crystal structure of bp-N. Left: the zigzag and armchair
arrangements forming the bp-N layers. Middle: the crystal structure of bp-N, where the zigzag
and armchair chains are visible. Right: two superimposed layers of the bp-N structure,
highlighting the puckered honeycomb arrangement of fused N¢ hexagons.[7%! (f) The structure of
€-N; viewed along the c direction (the blue and red spheres represent the N1 and N2 atoms,
respectively); (f) the structure of &-N; in the orientation simplifying a comparison with the
structure of £-N,.[1&

1.4 Outlook

Pnictogen chemistry remains a rich and largely unexplored field, particularly for low-valent and
low-coordinate species. As mentioned in previous sections, the reactivity of heavy
pnictinidenes—such as arsinidene (R-As)—remain largely unknown due to their intrinsic
instability, toxicity and synthetic challenges. Further studies on the reaction towards small
molecules (e.g., CO, NO) and organic substrates (e.g., ethylene, methanol) could offer critical
insights into their difference with carbenes and nitrenes. Moreover, the study of heavy
dipnictogen species (e.g., AsN, AsP) had been hindered by their transient nature and the lacking
of selective generation methods. Investigation in this work now offers facile approach for
selectively preparing these elusive species. Future research may focus on the capture of free
heavy dipnictogens in solution, the mechanism of oligomerization and optimizing precursors to
improve vyields. Lastly, the preparation of neutral nitrogen allotropes beyond the stable N,.
Preliminary experimental and theoretical studies suggest the existence of higher allotropes,
though their preparation remain challenging. Further investigations are required to determine
whether a trend or regularity exist in their structures or stabilities.

In summary, these unexplored or underexplored areas of pnictogen chemistry present potential
opportunities for future research. By combining new synthetic strategies, spectroscopic
techniques, and theoretical prediction, it would not only deepen the understanding of the
bonding and reactivity but also pave the way for and applications of pnictogen-bearing
compounds in the field of catalysis, small molecule activation, materials science or high-energy-
density materials.
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2.1 Selective Preparation of Phosphorus Mononitride (P=N) from Phosphinoazide and
Reversible Oxidation to Phosphinonitrene

Abstract: The interstellar candidate phosphorus mononitride PN, a metastable species, was
generated through high-vacuum flash pyrolysis of (o-phenyldioxyl)phosphinoazide in cryogenic
matrices. Although the PN stretching band was not directly detected because of its low infrared
intensity and possible overlaps with other strong bands, o-benzoquinone, carbon monoxide, and
cyclopentadienone as additional fragmentation products were clearly identified. Moreover, an
elusive o-benzoquinone-PN complex formed when (o-phenyldioxyl)phosphinoazide was exposed
to UV irradiation at A = 254 nm. Its recombination to (o-phenyldioxyl)-A>-phosphinonitrile was
observed upon irradiation with the light A = 523 nm, which demonstrates for the first time the
reactivity of PN towards an organic molecule. Free energy profile computations at the
B3LYP/def2-TZVP density functional theory level reveal a concerted mechanism. To provide
further evidence, UV/Vis spectra of the precursor and the irradiation products were recorded
and agree well with time-dependent DFT computations.
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Phosphinoazide and Reversible Oxidation to Phosphinonitrene

Weiyu Qian, Raffael C. Wende, Peter R. Schreiner, and Artur Mardyukov*

Abstract: The interstellar candidate phosphorus mono-
nitride PN, a metastable species, was generated through
high-vacuum flash pyrolysis of (o-
phenyldioxyl)phosphinoazide in cryogenic matrices.
Although the PN stretching band was not directly
detected because of its low infrared intensity and
possible overlaps with other strong bands, o-benzoqui-
none, carbon monoxide, and cyclopentadienone as addi-
tional fragmentation products were clearly identified.
Moreover, an elusive o-benzoquinone-PN complex
formed when (o-phenyldioxyl)phosphinoazide was ex-
posed to UV irradiation at =254 nm. Its recombination
to (o-phenyldioxyl)-1’-phosphinonitrile was observed
upon irradiation with the light at =523 nm, which
demonstrates for the first time the reactivity of PN
towards an organic molecule. Energy profile computa-
tions at the B3LYP/def2-TZVP density functional
theory level reveal a concerted mechanism. To provide
further evidence, UV/Vis spectra of the precursor and
the irradiation products were recorded and agree well
with time-dependent DFT computations. )

Introduction

Phosphorus mononitride PN, the simplest molecule contain-
ing phosphorus and nitrogen that both are essential
elements of life, is the phosphorus-bearing interstellar
species that is not only the first to be detected but also the
one with the highest number of detections in star-forming
regions." It was first generated in the laboratory by
microwave discharging of a P,/N,/Ar mixture; an alternative
precursor is PyNy.!’l Gas-phase thermolysis of dimethyl
phosphoramidate (DMPR) revealed that PN is the most
prevalent species in its decomposition.*! Because of its
thermodynamically unstable nature, the spontaneous trime-

[*] W. Qian, Dr. R. C. Wende, Prof. Dr. P. R. Schreiner,
Dr. A. Mardyukov
Institute of Organic Chemistry, Justus Liebig University
Heinrich-Buff-Ring 17, 35392 Giessen (Germany)
E-mail: artur.mardyukov@org.chemie.uni-giessen.de

© 2023 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution Non-Commercial
NoDerivs License, which permits use and distribution in any med-
ium, provided the original work is properly cited, the use is non-
commercial and no modifications or adaptations are made.
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rization into cyclotriphosphazene (P;N;) was observed even
in Kr-matrix at 30 K,”) which makes studies of the reactivity
of “free” PN scarce. Despite numerous experimental and
theoretical reports on the interaction of PN with metal
atoms (e.g.. Cu, Ag, Au, Co, Ni, and Pd),”" its reactivity
with organic compounds remains unknown. In contrast to N,
and P,, PN does not form a stable coordination complex
with vanadium.""*) Molecular systems that can serve as
“clean PN precursors are scarce.

Pioneering work by Niecke and co-workers described
the first synthesis of a stable compound with a PN triple
bond (A) (Scheme 1)."* Bertrand and co-workers reported
the synthesis of a stable formal carbene adduct of
phosphorus mononitride NHC=N-P=CAAC (B; NHC=
(NHC(Dipp)),C, Dip =2.6-(diisopropyl)phenyl, CAAC =cy-
clic alkyl amino carbene).” They also described the one-
electron oxidation of PN to the isolable PN radical cation.™]
Velian and Cummins reported an elegant approach to
generate PN in solution using anthracene (An=C H,)
based precursor (C) by extrusion of two molecules of C,H,,
for the release of PN in solution.") However, they only
observed anthracene and insoluble material. In 2014, Schulz
et al. reported the synthesis of reactive P=N-bearing species
by elimination of two molecules of TMS-Cl from
(TMS),NPCL.""" Product analysis of the trapping experi-
ments with dimethylbutadiene (dmb) indicates that
Me;SiN=PCl formed as a highly reactive intermediate, which
eventually oligomerized to cyclo-tetraphosphazene ([PN-
(dmb)],. The first bimetallic complex featuring a P=N
bridge, [Fe]-N=P-[Mo], within which the iron could be
disengaged by tert-butyl isocyanide to form the terminal PN
coordination complex [Mo](PN)~ (D)."”) The photoinduced
isomerization from kinetically stable [Mo](PN)~ to N-bond
isomer [Mo](NP)~ was also detected."”) Very recently,
Cummins and co-workers leaped forward when they
reported the release of PN via thermolysis of highly
explosive AnPN; (E) and trapping PN with [(dppe)Fe(Cp*)-
(NP))|[BATF,,], which revealed the reactivity of PN towards
transition metal complexes in solution."™ To our knowledge,
this remains the only example of a direct capture of PN.

K y
Dipp N MosSis P g o
Dwp k/
R o . 0 ‘

Scheme 1. Previously reported molecules featuring PN moieties.
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Moreover, in 2009, Cummins and co-workers presented
another interesting molecule that possesses a hidden AsP
moiety in AsPNMes* ligand complexed with tungsten
pentacarbonyl W(CO);, which was shown to be susceptible
to the loss of the (AsP)W(CO); unit upon thermolysis. Even
though it is bound by W(CO)s, the AsP motif retains its
triple bond reactivity with organic dienes."”!

The thermally and photochemically induced elimination
of nitrogen (N,) from suitable azide precursors has proven
to be a reliable method for the synthesis of reactive
species.™ ) It was demonstrated recently that phosphonic
azides can be readily triggered thermally and photochemi-
cally to release N, and leave behind highly reactive
species.” Bertrand and colleagues reported the synthesis of
bis(imidazolidin-2-iminato)phosphinonitrene (I) from the
corresponding azide upon irradiation at 254 nm, which is
stable for days at room temperature® and adopts a singlet
electronic ground state due to the interaction of the
phosphorus lone pair with a vacant orbital of the nitrene.*
Singlet phosphinophosphinide (II) was isolated in an analo-
gous fashion.” The existence of singlet nitrenes, such as
sulfinylnitrene (III) and thiophosphorylnitrene (IV), was
confirmed by matrix isolation spectroscopy (Scheme 2).7:2*
In contrast to I, donor atom stabilized borylnitrene, 2-
nitreno-1,3,2-benzodioxaborole (V) displays a triplet elec-
tronic ground state, which was confirmed by matrix isolation
IR, UV/Vis, and EPR spectroscopy and by monitoring its
reactivity with dinitrogen, molecular oxygen, carbon mon-
oxide, and carbon dioxide.”*! In general, aryl and alkyl
substituted nitrenes have triplet electronic ground states,
making them highly transient species, and their detection
usually requires time-resolved spectroscopy or cryogenic
temperatures (VI).5!

It should be stressed that there is no report on the
structure and reactivity of PN with organic molecules so far.
Experimentally monitoring such species is challenging
because the intermediates are often elusive. Here, we report
the generation of a weakly bound complex of PN with o-
benzoquinone  (3) by UV irradiation of (o-
phenyldioxyl)phosphinoazide (1) in argon matrices, which is
stabilized by O--P interactions in 3-PN. This complex is
highly photolabile and converts to (o-phenyldioxyl)-1>-
phosphinonitrene (2) upon irradiation with light at A=
523 nm. Photoreversion can be further achieved upon UV
light (1=254 nm) irradiation (Scheme 3A). In contrast to
the observations in the photolysis experiments, pyrolysis of
1 at 650°C leads to the formation of 1,4,3,2-benzodioxaphos-
phorine (4) as the major product. Pyrolysis of 1 at 850°C
yields PN, cyclopentadienone (5), and carbon monoxide
(Scheme 3B). To the best of our knowledge, this is the first

Singlet nitrenes (phosphinidene) Triplet nitrenes

Dipp :{j Dipp, Dipp -
N ; N N o S -0
P S i X0
=" ~= [ p-p: §..  F-Pu: B-N: N
( N Nj N Fa07SN: £ N \410’ [ r
Dipp Dipp’ Dipp 7
1 1 [ v v vi

Scheme 2. Experimentally known singlet and triplet nitrenes.
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Scheme 3. Photochemical and thermal generation of 2 and 3 from 1
and subsequent reactivity.

spectroscopic example of a PN bearing organic complex that
displays reversible covalent bond formation.

Results and Discussion

Our initial idea was to generate 2 by photolysis or/and
pyrolysis of the corresponding azide precursor 1 followed by
immediate matrix isolation at 10K in solid argon, which
would then allow us to investigate the reactions of 2 with
small molecules. To generate 2, azide 1 was isolated at 10 K
in an argon matrix, which shows excellent agreement
between the experimental and computed IR spectrum.
Photolysis of 1 with light at 2=254 nm for several minutes
resulted in the complete bleaching of the IR bands of 1 and
a set of new IR absorptions was detected (Figure 1). Short-
wavelength irradiation resulted in the continuous growth of
the signals of 2 (Figure S1). However, the photolysis experi-

0.7

(e)

0.6 1

0.5
0.4
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0.3
0.2

0.1

0.0

-0.1 | TN

2500 2000 1500 1000 500
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Figure 1. a) Scaled computed infrared (IR) spectrum of 1a (factor
0.98). b) Scaled computed IR spectrum of 1b (factor 0.98). c) IR
difference spectrum shows the changes upon 6 min 254 nm. d) Scaled
computed IR spectrum of 3-PN (factor 0.98). e) Scaled computed IR
spectrum of 2 (factor 0.98). The computed molecular structures for 1a,
1b, and 3-PN and bond lengths (in italics, A) for 3-PN are also
depicted. All computations were done at the B3LYP/def2-TZVP level of
theory.
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ment revealed another set of rather intense new signals at
1669 (with satellites), 1412, 1276, and 726 cm ™', which show
identical growth behavior upon photolysis. The strong band
at 1669 cm™' suggests the presence of a carbonyl group
within the conjugated system. Hence, by scrutinizing the
structure of the precursor, 3 is the most likely candidate.”
For example, the C=O stretching vibration of 1.4-benzoqui-
none (p-benzoquinone) was reported at 1671 cm ™' in argon
matrices.” The ambiguous identification of 3 is also
supported by comparison of the experimentally observed
spectrum with the computed spectrum of 3 at the B3LYP/
def2-TZVP level of theory (TableS1). Logically, the
remaining fragment must be phosphorus nitride PN and it is
likely that this new compound is a complex between 3 and
PN (3-PN) (Table S1). Comparing the frequencies of 3
moiety in the complex with the results of pyrolysis experi-
ments, some small shifts can be observed. Our extensive
efforts to identify free PN in an argon matrix have been
unsuccessful, due to the low intensity and the apparent
overlap with some other bands of 2 and 3.

To gain more information on the photochemical reac-
tivity of 3-PN, the mixture was photolyzed at 10 K with light
of different wavelengths. Thus, irradiation with 2=523 nm
resulted in the disappearance of IR bands of 3-PN and the
parallel formation of strong IR absorptions at 1480, 1360,
1327, 1234, 831, 805, and 744 cm ™' (Figure 2 and Figure S2).
The photolysis product of 3-PN at this wavelength was
identified as 2 (Table S2). With the help of the computa-
tions, additional IR bands of medium and weak intensity at
1472, 1011, 1360, 924, and 759 cm™' were assigned to 2
(Table S2). This photoisomerization is reversible and 3-PN
can be regenerated upon irradiation at Z=254nm. The
reversible photochemistry (Scheme 3) demonstrates that 2
and 3-PN exist in equilibrium. This photoinduced reversible
process is also observed in the photolysis experiment of (o-

()
0.6 U ”«
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os{ ¥ »—o
\(1483
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Figure 2. a) Scaled computed IR spectrum for 3-PN (factor 0.98). b) IR
difference spectrum shows the changes upon subsequently 8 min

523 nm irradiation after 254 nm UV irradiation. c) Scaled computed IR
spectrum for 2 (factor 0.98). The computed molecular structures and
bond lengths (in italics, A) for 2 and 3-PN are also depicted. All
computations were done at the B3LYP/def2-TZVP level of theory.
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phenyldioxyl)phosphinoisocyanate (Figure S3). Upon subse-
quent 523 nm irradiation, regenerated 2 reacts with CO in
situ and finally gives (o-phenyldioxyl)phosphinoisocyanate.

The formation of 2 and 3-PN from 1 was also monitored
by UV/Vis spectroscopy. In line with the IR experiments,
the transitions at 197, 206, 272, and 278 nm of 1 vanish upon
irradiation (4=254nm), and simultaneously the formation
of transitions at 268 nm (moderate) and 378 nm (weak,
broad) (Figure 3, dashed line) appear. All bands of 3-PN
correlate well with the values of the electronic excitations at
229, 248 nm (f=0.052 and 0.053), and 352, 378, and 408 nm
(f=0.012, 0.04, and 0.034) computed at TD-B3LYP/def2-
TZVP. The broad band at 378 nm corresponds a m—m*
transition. Subsequent irradiation of the sample with 1=
523 nm led to the disappearance of UV/Vis bands of 3-PN
and the concomitant appearance of the UV/Vis bands of 2
(Figure S4).

In order to prepare 2 and 3, we also carried out vacuum
flash pyrolysis (VFP) of 1 at 650, 700, and 850°C (Fig-
ure S5). Sander and co-workers reported that triplet phenyl
nitrene can be generated in good yields by thermolysis of
phenylazide and that it can be subsequently isolated in inert
gas matrices.™ Pyrolysis of 1 at 450°C results in almost no
decomposition of 1, and only a small amount of 2 and 3
were identified. At 650°C, the pyrolysis products show new
IR bands that were not present in the photochemical route.
The infrared spectrum of VFP products of 1 shows several
new strong absorptions at 1500, 1240, 1220, 800, and
750 cm ™' that we assigned to structure 4. For example, the
strong IR bands at 1500 and 1240 cm™" are attributed to the
C=C stretching and CH out-of-plane bending modes of 4
(Table S3). The experimental and computed IR spectra are
in good agreement, thereby supporting the assignment of
the postulated structure 4. Note that a small amount of 2
and 3 was observed in the experimental IR spectrum. When
the temperature is raised to 850°C, 5 and CO can be found
as main products in the spectrum (Figure S5). This kind of
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Figure 3. Solid line: UV/Vis spectrum of 1 isolated in argon at 10 K.
Dashed line: UV/Vis spectrum of 3-PN at 10 K: the photochemistry of 1
after irradiation at 1 =254 nm in argon at 10 K. Inset: Computed [TD-
B3LYP/def2-TZVP] electronic transitions for 1 and 3-PN.
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decomposition was also found in the pyrolysis of o-
phenylene sulfite with loss of sulfonic monoxide as moni-
tored by mass spectrometry, which further lends credibility
to our identification.”

When the pyrolysis experiment was carried out at 850°C,
only a small amount of 4 formed. Instead, the intense
absorption bands at 1735, 1333, 952, 843, and 651 cm™
provide evidence for the formation of cyclopentadienone (5)
as the major product. The absorption bands of 6 are in
agreement with the previously reported IR values of 5 in
neon matrix.* Pyrolysis of 1 at 850°C produces a large
amount of carbon monoxide (CO), apparent by the strong
absorption band at 2139 cm ™', which most probably derives
from the gas-phase decarbonylation of 3; the latter forms by
stepwise elimination of N, and PN from 1. Pyrolysis of 1 at
850°C is strongly dominated by entropy that preferentially
leads to 5 and CO (Figure S5).

To gain insight into the mechanism of these reactions,
we computed the relevant parts of the potential energy
hypersurface surrounding 1 at B3LYP/def2-TZVP (Fig-
ure 4). According to these computations, 1 can exist in anti
and syn conformations (la and 1b) with orientations of
azide group relative to the opposing phenyl group; 1a is
1.4 kcalmol ' more stable than 1b, and the rotational barrier
connecting the two species amounts to 2.5 kcalmol ' (includ-
ing zero-point vibrational energy correction, ZPVE). Ob-
viously, the formation of 2 and PN from 1 is a multistep
process. The reaction path implies the cleavage of N, from
1b to produce nitrene 2 via TS2. The barrier for this process
is 31.3 kcalmol™". The subsequent loss of PN leads to the
formation of the 3-PN complex with a stabilization energy of
2.6 kcalmol . The transition structure (TS3) for the con-
certed loss of PN from 2 is associated with a barrier of
38.0 kcalmol ™. Moreover, we performed a two-dimensional
relaxed scan along the O1-P and O2-P bonds in 2 using the
RI-B3LYP/def2-TZVP method. A saddle point was found
on the concerted path, indicating that the decomposition of
2 into 3-PN is a concerted process (Figure S6 Supporting
Information). The pyrolysis of starting material 1 at 700°C
also yielded infrared signals that were identified as 4. The
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Figure 4. Potential energy hypersurface profile (AH,, kcal mol ") of the
reactions of 2 at B3LYP/def2-TZVP + ZPVE at 0 K.
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rearrangement of 2 to 4 is endothermic by +11.1 kcalmol '
with an activation barrier of 47.2kcalmol'. A second
pathway describes a one-step process for the formation of 4
from 1a through a barrier (TS5) of 47.5 kcalmol™'. The
intrinsic reaction paths associated with the rearrangement of
2 to 4 and 1a to 4 are almost isoenergetic. The pyrolysis
temperature at 850 °C promotes further decarbonylation of 3
and gave IR signals that were identified as 5. The transition
structure of this dissociation is associated with a substantial
barrier of 61.9 kcalmol ™' (TS7).

According to our computations, 2 has a large singlet-triplet
energy separation of AEg =-222kcalmol™" at B3LYP/def2-
TZVP, underlining its singlet ground-state nature. Nitrene 2
displays a C, point group with a 'A; electronic ground state,
as a result of n-type stabilization of the electron-deficient
nitrene center through the adjacent phosphorus p-lone pair.
The PN bond length in 2 is 1.483 A, which lies in the range of
a P=N triple bond. For example, the PN bond lengths in Mes-
N=P (A) (Mes =2,4,6-tri-tert-butylphenyl) and
bis(imidazolidin-2-iminato)phosphinonitrene (I) are 1.475 and
1456 A respectively.> A Wiberg bond index of 3.11 was
computed for the PN bond in 2, confirming the presence of a
PN triple bond. Natural bond orbital (NBO) computations
indicate that the nitrogen atom possesses a large negative
charge (—1.02¢), whereas phosphorus atom carries a large
positive charge (+1.92¢). The NBO charges at the oxygen
atoms in 2 are —0.69, indicating zwitterionic character. This is
in line with a natural resonance theory (NRT) analysis, which
favors the zwitterionic resonance contributor (Figure S7). Our
computational analysis for the 3-PN complex gave a binding
energy of —2.6kcalmol™” at B3LYP/def2-TZVP and of
—6.0 kcalmol ' at BALYP-D3(BJ)/def2-TZVP. Complex 3-PN
is stabilized by electrostatic interactions between O--P with a
shared potential electron density (p) of 0.0087 and a second
Hessian eigenvalue (4,) of —0.0087 as derived from a
topological non-covalent interaction (NCI) analysis (Figure 5
and Table $4),*”) which is consistent with the computed
properties of the O--P interaction in the HO--PO complex
(Figure $8)."¥ The O--P distance in 3-PN of 3.166 A is smaller
than the sum of the van der Waals radii of O (1.52 A) and P
(1.80 A), respectively.””

Figure 5. Calculated molecular electrostatic potential (ESP) maps
(isovalue =0.004) and natural population analysis (NPA) charges
(numbers in italics) for 2 (left) and 3-PN (right) at B3LYP/def2-TZVP.
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Conclusion

Here, we report a o-benzoquinone-PN complex that was
generated in cryogenic matrices utilizing UV light irradiation
of the corresponding azide precursor. Besides IR and UV
spectroscopic characterization, its recombination to covalently
bonded (o-phenyldioxyl)-1*-phosphinonitrile was triggered by
subsequent 523 nm irradiation through a concerted mecha-
nism, which reveals the first observed reactivity of PN towards
organic molecules. VFP and photolysis experiments suggest
that (o-phenyldioxyl)phosphinoazide may be a viable precur-
sor for PN in synthesis, and this will be the target of
forthcoming work.
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2.2 Triplet Phenylarsinidene and Its Oxidation to Dioxophenylarsine

Abstract: Carbenes and nitrenes are key intermediates involved in numerous chemical processes
and they have attracted considerable attention in synthetic chemistry, biochemistry, and
materials science. Even though parent arsinidene (H—As) has been characterized well, the high
reactivity of subsituted arsinidenes has prohibited their isolation and characterization to date.
Here, we report the preparation of triplet phenylarsinidene through the photolysis of
phenylarsenic diazide, isolated in an argon matrix, and its subsequent characterization by
infrared and UV/Vis spectroscopy. Doping the matrices containing phenylarsinidene with
molecular oxygen leads to the formation of hitherto unknown anti-dioxyphenylarsine. The latter
undergoes isomerization to novel dioxophenylarsine upon 465 nm irradiation. The assignments
were validated by isotope-labeling experiments and agree very well with B3LYP/def2-TZVP
computations.

Original Source: Weiyu Qian, Peter R. Schreiner, Artur Mardyukov, J. Am. Chem. Soc. 2023, 145,
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ABSTRACT: Carbenes and nitrenes are key intermediates involved in numerous chemical
processes, and they have attracted considerable attention in synthetic chemistry, biochemistry,
and materials science. Even though parent arsinidene (H-As) has been characterized well, the
high reactivity of subsituted arsinidenes has prohibited their isolation and characterization to
date. Here, we report the preparation of triplet phenylarsinidene through the photolysis of
phenylarsenic diazide isolated in an argon matrix and its subsequent characterization by
infrared and UV/vis spectroscopy. Doping matrices containing phenylarsinidene with

molecular oxygen leads to the formation of hitherto unknown anti-dioxyphenylarsine. The
latter undergoes isomerization to novel dioxophenylarsine upon 465 nm irradiation. The
assignments were validated by isotope-labeling experiments and agree very well with B3LYP/def2-TZVP computations.

H INTRODUCTION

Owing to their roles as versatile reagents and pivotal
intermediates in numerous chemical processes, the properties
and reactivity of carbenes (R—C—R)'™* and nitrenes (R—
N:)*™® have been extensively studied despite their high
reactivity and instability. However, there are still many families
of reactive intermediates that have eluded isolation and
spectroscopic identification. Among these are arsinidenes
(R—As:), the neutral monovalent arsenic congeners of
nitrenes, and phosphinidenes (R—P:) with six electrons in
their valence shell. Depending on the nature of the R-
substituent, they may adopt either a singlet or a triplet
electronic ground state (Scheme 1A). Multiple attempts have

Scheme 1. (A) Common Electronic Configurations of
Pnictinidenes (OST, Open-Shell Triplet; OSS, Open-Shell
Singlet; CSS, Closed-Shell Singlet); (B) Photochemical
Generation of Phenylarsinidene 1 and Subsequent
(Photo)Reactivity

(A)
R—Pvn%) R— lgn% R— F?n%)
)0 50 D
OosT 0oss css (Pn=N, P, As)
00 <]
00 0\\A®s,0

254 nm o 4650m
3 Ar 30K Ar. 10K
Ar, 10 K
s

been made to prepare free arsinidenes, but the detection and
identification of these species has been hampered by their
instability and fleeting existence.”® To date, only electronic
and vibrational transitions of parent arsinidene (H—As:) have
been studied by flash photolysis of AsH;. 7712 All other
evidence for the existence of arsinidenes has been derived from

© 2023 American Chemical Society

< ACS Publications
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trapping and complexation experiments. For example, several
terminal arsinidene complexes with transition metals were
synthesized and structurally characterized by X-ray crystal
structure analysis.l“_r Furthermore, N-heterocyclic-carbenes
(NHCs)'*" and N-heterocyclic silylenes (NHSis)* were also
utilized for the stabilization of arsinidenes. In addition,
HM=AsH (M = Ti, Zr, Hf) complexes were prepared by the
reaction of group IV metal atoms with AsH; under matrix
isolation conditions.”’ The arsaketene radical and anion were
trapped in cryogenic matrices by the reactlon of laser-ablated
arsenic atoms with carbon monoxide.””

Phenylarsinidene (1), the heavier analogue of phenyl-
phosphinidene (Ph—P:), is deemed to be a key intermediate
in the synthesis of arsol-containing compounds in organic
electronics™ and as a ligand for the stabilization of isolable
alumenenes.”* Arsphenamine, also known under its trade name
Salvarsan, the first modern antimicrobial agent, may be
regarded as the trimer of an aryl arsinidene, wl’uch was
synthesized from 3-nitro-4-hydroxyphenylarsonic acid.” Dia-
rsenes (R—As=As—R), the arsinidene dimers, can be
quantitatively obtained in situ from the thermolysis of arsa-
Wittig reagents in solution.””””

In contrast to the unknown arsinidenes, several “free”
phosphinidenes have been isolated under matrix isolation
conditions and characterized by IR, UV/vis, and EPR
spectroscopy, which includes the parent phosphlmdene (H-
p:),*® methoxyphosghmldene (CH;0-P:),” phenylphos?
nidene (Ph— P)‘0 mesitylphosphinidene (Mes—P:), %33
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and ethynylphosphinidene (HCC—P:),** which have triplet
electronic ground states. It has also been experimentally shown
that strong 7-donor substitution (e.g., R,;N—, R,P—) stabilizes
singlet phosphinidene over the triplet.”>* To date, however,
there is no clear experimental evidence confirming the
formation of uncomplexed alkyl- and aryl-arsinidenes; their
reactivity is unknown. Herein, we report the first synthesis as
well as IR and UV/vis spectroscopic characterization of
phenylarsinidene 1 and its oxidation to anti-dioxyphenylarsine
(3a) as well as dioxophenylarsine (S) through the reaction of 1
with molecular oxygen (O,) and subsequent trapping in argon
matrices at 10 K (Scheme 1B).

B RESULTS AND DISCUSSION

It was shown recently that transient phosphorus species can be
readily generated by thermal and photochemical N, extrusion
from the corresponding azides.””*”** Our strategy for the
preparation of 1 was the photolysis of phenylarsenic diazide
(2) in the reaction 2 — 1 + 3 N, (N, as the IR-invisible
byproduct). Diazide 2 was synthesized from the corresponding
dichloride precursor (for synthetic details, see the Supple-
mentary Materials). The matrix-isolated IR spectrum of 2
shows two strong bands at 2109.9 and 2086.7 ecm™!, which
were assigned as symmetric and asymmetric NNN stretching
modes, respectively. In addition, two medium-intensity IR
bands at 1240.5 and 1219.2 em™" could be tentatively assigned
to the interior N=N symmetric and asymmetric stretching
modes of 2. Irradiation of matrices containing 2 with light 4 =
254 nm results in the rapid disappearance of its IR bands, and
simultaneously, a new set of IR bands appears at 1575, 1473,
1429, 1325, 1065, 1024, 994, 904, 731, 687, and 426 cm™"
(Figure 1b). The excellent agreement between the exper-

144(c)

1.0

08

0.2

0.0
4000

3500

Figure 1. (a) Unscaled computed spectrum for 1 at B3LYP/def2-
TZVP. (b) IR difference spectrum shows the changes upon S min of
254 nm irradiation. (c) Unscaled computed spectrum for 2 at
B3LYP/def2-TZVP. Inset: Expanded spectra for detail display in the
range of 1750—400 cm™".

imentally observed and computed IR spectra at B3LYP/def2-
TZVP is taken as evidence for the formation of triplet 1 (°1;
Table S1). For example, the strong IR bands at 731 and 687
cm™' are attributed to the C—H out-of-plane (0.0.p.)
vibrational modes. At the B3LYP/def2-TZVP level of theory,
the C—As stretch shows a frequency of 295 cm™, which is,

12756

32

unfortunately, at the lower limit of our IR spectrometer, and
therefore cannot be detected.

The UV/vis spectral analysis of 2 shows intensive
absorptions in the UV region, which includes strong transition
bands at 192, 218, and 272 nm (Figure 2). They completely

0.8
192 pes -
— Deposition ) :::f zﬁ“cw .
----- 254 nm, 2 min 012 256
0.6 |
2
<
-
S04
c
@
2
o
13
Qo
<0.2
0.0
200 400 500 600
Alnm

Figure 2. Solid line: UV/vis spectrum of 2 isolated in argon (10 K).
Dashed line: UV /vis spectrum of °1 at 10 K: the photochemistry of 2
after irradiation at 2 = 254 nm in argon at 10 K. Inset: Computed
[TD-B3LYP/def2-TZVP] electronic transitions for °1.

vanish after 2 min of 254 nm irradiation, and simultaneously,
the strong absorption band of *1 at 262 nm together with weak
bands at 280 and 342 nm appear. The UV/vis spectrum of °1
qualitatively resembles the spectra of phenylphosphinidene in
an argon matrix.”’ The experimental UV/vis spectrum of *1
agrees well with the intense electronic absorptions at 277 and
296 nm (f = 0.128 and 0.086; f, oscillator strength), as well as
medium absorptions at 343 and 375 nm (f = 0.007 and 0.009)
computed at TD-B3LYP/def2-TZVP.

According to our B3LYP/def2-TVZP computations, 1
shows planar C,, symmetry with an electronic *A, ground
state. Arsinidene 1 has a large singlet-triplet energy separation
of AEgr = 22.2 keal mol ™" at B3LYP/def2-TZVP and 24.1 keal
mol ™" at CASPT2(8,8)/cc-pVDZ (Table S2), underscoring its
triplet electronic ground state nature similarly to phenyl-
phosphinidene (6) (AEg = 33.0 keal mol™" at B3LYP/def2-
TZVP; AEg; = 25.0 keal mol™" at CASPT2(8,8)/cc-pVDZ)
and phenylnitrene (7) (AEg = 30.0 kcal mol™" at B3LYP/
def2-TZVP; AEgr = 37.4 kcal mol™' at CASPT2(8,8)/cc-
pVDZ). We have also compared the key geometric parameters
of 1 with those of 6 and 7. The optimized structures are
presented in Figure S1. As expected, the C—As bond length of
1 is considerably longer (1.932 A) than C—P (1.791 A) and
C—N (1.318 A) of 6 and 7, respectively. Moreover, there are
slight differences between the C=C bonds of the phenyl rings.
In the case of 6 and 7, the benzene rings show more bond
alternation than in 1. This implies that there is almost no
delocalization of spin density from the arsenic atom into the
phenyl ring, probably owing to a mismatch of the orbital sizes:
the 2p (C) overlap with the 4p (As) is poor. This is in line with
the computed spin densities: a higher positive spin density
resides at the arsenic atom of 1.95 in 1 compared to nitrogen
(1.57) in 6 and phosphorus (1.88) in 7 (Figure S1). The
computed T diagnostic values for 1 (0.036; Supplementary
Materials), 6 (0.040), and 7 (0.039) exceed the historic

https//doi.org/10.1021/jacs.3¢02935
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criterion Ty < 0.02 for main group species,”” which suggests
that single-reference methods are likely not reliable for this
system. Therefore, the geometry optimizations were also
carried out at the CASSCF(S,S)/cc-pVDZ level of theory
(Figure S1), which shows the same trend of the structural
characteristics of 1, 6, and 7. The thermodynamic stability of 1
over 6 and 7 is also evident by the sizable reaction enthalpy of
the homodesmotic equation AH, = 75.3 kcal mol™" X = As,
63.9 keal mol™ X = P, and 39.1 kcal mol™ X = N.

*Pn* PnH,
@ v oCoH, MM, © +
(Pn =N, P, As)

The preparation and matrix isolation of *1 also enabled us to
investigate its reaction with molecular oxygen (*0,) that may
lead to the formation dioxophenylarsine (PhAsO,, §), also a
novel compound, which is a hitherto unknown arsenic
analogue of nitrobenzene. Previously, Sander et al. demon-
strated that the reaction of 7 with 0, in xenon matrices yields
the most stable syn-phenylnitroso oxide as an intermediate
product, which isomerizes to nitrobenzene upon 460 nm
irradiation.” We also reported the oxidation of 6, where we
detected only cyclic 3-phenyl-1,2,3-dioxaphosphirane.”’ Sim-
ilar to the nitrogen analogue, the latter rearranges into
phenyldioxophosphorane upon selective irradiation (Scheme
2).

Scheme 2. Summary of the Reactions of Phenylnitrene,
Phenylphosphinidene, and Phenylarsinidene with Molecular
Oxygen; Relative Energies (in kcal mol™') Computed at

B3LYP/def2-TZVP
,,g\e .0 g ®_.0
Pn” O Pn_] Pn
Yo
@ e @ e @

09

P O
—

PO
or
Qo

N v)-08 O 128 /) —66.6

P Qo O~ v)-a17 ) -125.1

As (this work) /)0 O-13 O-282 V) 658
13a 13b 4 5

Doping argon matrices containing 2 with variable oxygen
concentrations in the range of 0.1-1% and subsequent
photolysis at 254 nm showed no changes in the IR spectrum;
only 1 was observed. However, after annealing the matrix at 35
K for 5 min, a group of new peaks at 1478.3, 1436.2/1434.2,
1331.6, 1160.4, 1049.2, 1031.7, 993.5, 735.7, and 687.2 cm ™"
appeared gradually (Figure S2). For example, a strong peak at
1031.7 ecm™' can be attributed to the O—O stretching
vibration, and its position is quite close to that in syn-
phenylnitroso oxide (1000 and 990 cm™', Xe-matrix)."’ By
comparison with computed infrared vibrations for all potential
candidates, this set of bands was assigned to anti-phenyl-
dioxylarsinene (3a). The assignment of 3a is further
corroborated by '$O-labeling experiments. For example, the
O-O stretching vibration in 3a is computed to have a 59.0
cm™" redshift, which is in good accordance with the
experimental shift of $9.6 cm™'. However, because arsenic is
less conjugated to the phenyl ring and much heavier than
phosphorus and nitrogen, the other bands associated with the
phenyl motif are barely disturbed upon isotope labeling (Table
§3). We also found that 3a is photolabile when exposed to 465
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nm light. The IR bands of 3a vanish rapidly, and a new group
of peaks at 14904, 1447.4/1440.4, 1315.8, 1084.1, 1075.5,
1016.8, 923.2, 741.6, and 684.7 cm™' appear contemporarily
(Figure 3). The experimentally observed IR spectrum agrees

061 . -
"0 T T TT
* K\
054 (¢) ‘V/J'eo,s # .
"5 p Y
* Ao
04
AA L) ©‘°0r3- ¥,
034€ . r
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Figure 3. (a) Unscaled computed spectrum for 3a at B3LYP/def2-
TZVP. (b) IR difference spectrum shows the changes upon 1 min of
465 nm irradiation of 1% O, doped Ar matrix. (c) Unscaled
computed spectrum for § at B3LYP/def2-TZVP. (d) Unscaled
computed spectrum for '%0,-3a at the B3LYP/def2-TZVP levels. (e)
IR difference spectrum shows the changes upon 1 min of 465 nm
irradiation of 1% 'O, doped Ar-matrix. (f) Unscaled computed
spectrum for '®0,-5 at B3LYP/def2-TZVP. The matrix sites of
unreacted 2 (*) and H,O (#) are marked.

well with the computed spectrum of dioxophenylarsine $. The
strong IR bands at 1016.8 and 923.2 cm™' are due to the
OAsO asymmetric and symmetric stretching modes, respec-
tively. They show large shifts of 42.0 and 47.6 cm™" in the "*O-
labeling experiment, which match nicely with the computed
shifts of 43.1 and 48.5 cm™, respectively (Table S4).

The reaction of 1 with O, was also monitored by UV/vis
spectroscopy. The transition bands of 1 disappear upon
annealing at 35 K for several minutes, and simultaneously
transitions at 192 and 218 nm (strong), 261 nm (moderate),
and 478 nm (weak, broad) (Figure S3, solid line) appear. All
new bands correlate well with the values of the electronic
excitations of 3a at 198 nm (f = 0.076), 260 nm (f = 0.163),
and 456 nm (f = 0.158) computed at TD-B3LYP/def2-TZVP.
Further irradiation at 465 nm results in the disappearance of
the broad band at 478 nm and the formation of S.

We undertook a detailed computational analysis of the
reaction of 1 with O, (Figure 4). The absence of characteristic
bands of 3a before annealing, even at a high O, concentration
(>2%), implies that the reaction between 1 and O, has a
sizable activation barrier. Note that the reaction mechanism of
1 with O, on the triplet surface from °1 to *3a is slightly
endothermic, followed by intersystem crossing (ISC) to '3a.
Alternatively, the formation of '3a may happen through
crossing of the triplet-to-singlet potential energy surface, which
occurs at the minimum energy crossing point (MECP) at —9.2
kcal mol™". Additionally, the energy of MECP of 3b (—5.9 keal
mol ") is higher than that of '3a, thus making the formation of
3b unfavorable. Interestingly, Sander and co-workers reported
that the reaction of phenylnitrene 6 with O, results in the
formation of syn-phenylnitroso oxide, which is thermodynami-
cally more stable than the anti-conformer (Scheme 2).*" In our

https//doi.org/10.1021/jacs.3¢02935
J. Am. Chem. Soc. 2023, 145, 12755-12759
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Figure 4. Potential energy profile (AH,, kcal mol™) of the reactions
of *1 with molecular oxygen at B3LYP/def2-TZVP.

experiments, the anti-conformer 3a formed exclusively, which
is 1.3 kcal mol™" (B3LYP/def2-TZVP) less stable than the syn-
conformer 3b with a rotamerization barrier of 17.9 kcal mol™".
The tautomerization of 3a to 3-phenyl-1,2,3-dioxaarsirane (4)
proceeds with a barrier of 6.8 kcal mol™'. The subsequent
rearrangement of 4 to § is associated with a barrier of 37.7 kcal
mol~". Although we did not observe 4 spectroscopically, this
was to be expected since the conversion of 3a to 5 through 4
can only be accomplished via photoexcitation. According to
TD-B3LYP/def2-TZVP computations, 4 has an electronic
transition at 383 nm (f = 0.011) (Figure S4), which suggests
the intermediacy of this highly labile species upon irradiation.

B CONCLUSIONS

In summary, we generated triplet phenylarsinidene in
cryogenic matrices and characterized it spectroscopically by
means of IR and UV/vis spectroscopy. Doping matrices of
phenylarsinidene with molecular oxygen led to oxidation to
anti-phenyldioxylarsinene, with reactivity different from that of
the reactions of phenylphosphinidene and phenylnitrene with
oxygen. Dioxophenylarsine, the arsenic analogue of nitro-
benzene, was obtained through subsequent irradiation. Our
disclosure of a straightforward preparation of phenylarsinidine
contributes to our knowledge of fundamental chemistry of a
higher pnictogen sextet species and provides new entry points
for the use of arsinidenes in synthetic and materials chemistry.
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2.3 Preparation and Photochemistry of Parent Triplet Vinylarsinidene

Abstract: Vinyl pnictinidenes are an elusive family of molecules that have been suggested as key
intermediates in multiple chemical reactions and commonly display a predisposition towards the
open-shell electronic ground states (as evident from quantum chemical computations). However,
owing to their expected extremely high reactivity, no vinyl pnictinidene has ever been isolated
and characterized spectroscopically. Here we report the synthesis and spectroscopic
characterization of vinylarsinidene, a higher congener of vinylnitrene. As we demonstrate, triplet
vinylarsinidene can be prepared through low-temperature photolysis of diazidovinylarsine at 10
K in an argon matrix. The title compound can also be generated through high-vacuum flash
pyrolysis of the diazide at 700 °C and trapped analogously. Triplet vinylarsinidene was
characterized by IR and UV/Vis spectroscopy and displays remarkably rich unimolecular
photochemistry. Upon selective photoirradiation, it rearranges to vinylidenearsine, 2H-arsirene,
or an arsinidene (H-As) acetylene complex. The formation mechanisms of these products were
rationalized with DFT and CASPT2 computations.

Not Too C.Lose'
Notk Too Far

Original Source: Weiyu Qian, Peter R. Schreiner, Artur Mardyukov, J. Am. Chem. Soc. 2024, 146,
930. (DOI: 10.1021/jacs.3¢c11432).
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vinylarsinidene-synthesized/.
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ABSTRACT: Vinyl pnictinidenes are an elusive family

of

molecules that have been suggested as key intermediates in
multiple chemical reactions and commonly display a predisposition
toward open-shell electronic ground states (as is evident from
quantum chemical computations). However, owing to their
expected extremely high reactivity, no vinyl pnictinidene has ever
been isolated and characterized spectroscopically. Here, we report
the synthesis and spectroscopic characterization of vinylarsinidene,
a higher congener of vinylnitrene. As we demonstrate, triplet
vinylarsinidene can be prepared through the low-temperature
photolysis of diazidovinylarsine at 10 K in an argon matrix. The
title compound can also be generated through high-vacuum flash
pyrolysis of the diazide at 700 °C and trapped analogously. Triplet
vinylarsinidene was characterized by IR and UV/vis spectroscopy and displayed remarkably rich unimolecular photochemistry. Upon
selective photoirradiation, it rearranges to vinylidenearsine, 2H-arsirene, triplet ethynylarsinidene or an arsinidene (H—As) acetylene
complex. The formation mechanisms of these products were rationalized with DFT and CASPT2 computations.

B INTRODUCTION

The pursuit of sustainable chemistry has stimulated interest in
light as an environmentally friendly catalyst for synthesis." An
example is the use of vinylazides as versatile reagents in the
synthesis of heterocyclic compounds under the action of
light.”™ However, the widespread use of photoreactive vinyl
azides depends on a deeper understanding of complex reaction
mechanisms. These mechanisms depend on various factors:
the structure of the vinyl azides, the exposure wavelength, and
whether light is absorbed directly or passes through
sensitizers.””” The potential energy surface surrounding parent
vinylnitrene (1) reveals intriguing isomers that push the
boundaries of our understanding of structure and bond-
ing.'"”"* Nitrene 1 has thus far escaped direct spectroscopic
identification because of its significant 1,3-diradical character,
which renders it susceptible to structural rearrangement or
fragmentation.“_“ The attempted photochemical or thermal
preparation of 1 from vinyl azide gives the singlet state that
undergoes rapid isomerization (Scheme 1A), although the
triplet is the electronic ground state (AEgy = ~14 kcal
mol™!)."#'°7" As the rate for intersystem crossing is
considered to be lower than the rate for intramolecular
isomerization, it is highly unlikely to access the triplet state
through conventional nitrene preparation methods.”" ™%
However, the structural rigidity of vinylnitrenes attached to
cyclic structural moieties (e.g., naphthalene-1,4-dione and 1H-
inden-1-one) can make them accessible at cryogenic temper-

3-25

atures, favoring the formation of their triplet states.”

© 2023 American Chemical Society
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Not Too C.Lose.
Not Too Far

Vinylphosphinidene (2) and vinylarsinidene (3) are equally
unreported higher congeners of 1 (Scheme 1B). It has been
proposed that 2 is produced as a fleeting intermediate in the
pyrolysis of vinylphosphirane, which is subsequently converted
to phosphapropyne.”*™*’ Phosphirane-**~** and diazide-based
compounds”_“‘ and phosphines"_ are viable photochemical/
thermal sources for the synthesis of highly reactive (organic)
phosphorus species. Recently, we exemplified that phenyl-
arsenic diazide can be used to prepare triplet phenylarsinidene
under matrix isolation conditions.™® Analogously, here, we
demonstrate that photolysis of diazidovinylarsine (4, Scheme
2) gives 3 through the elimination of three nitrogen molecules.
In contrast to the recently reported phenylarsinidene,™ 3
displays unexpectedly rich unimolecular photochemistry:
irradiation of 3 with an appropriate wavelength provides
access to the hitherto unreported vinylidenearsane ($), triplet
ethynylarsinidene (HCCA) as well as 2H-arsirene (6), or a
caged complex of arsinidene (H—As) and acetylene. We used
matrix-isolated infrared (IR) and UV/vis spectroscopy,
complemented by density functional theory (DFT) and
complete active space (CAS) computational analyses, to
elucidate the reaction mechanism of the formation of 3
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Scheme 1. (A) Reactivity of Vinylnitrene (1); (B) Vinyl Pnictinidenes: Vinylnitrene (*1), Vinylphosphinidene (*2), and
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Vinylarsinidene (*3)
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Scheme 2. Photochemical Generation of Triplet
Vinylarsinidene (*3) and Subsequent (Photo)reactivity”
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“Apart from the FVP reaction, all reactions were observed at 10 K in
an Ar matrix.

together with its unexplored photochemistry and unique
electronic structures.

B RESULTS AND DISCUSSION

Novel diazide 4 was prepared from the corresponding
dichloride precursor (for synthetic details, see Supporting
Information) and evaporated from the storage flask at —20 °C,
followed by trapping and isolation in an inert argon matrix at
10 K. When 4 was irradiated for 1—5 min with 254 nm light,
aside from the few matrix sites of 4 (2099.5, 1210.1, and 974.6
cm™"), a species having intense bands at 969.9 and 915.5 cm™"
accumulated as the main product (Figure 1). The IR peaks of
the product were readily assigned to triplet vinylarsinidene 3
by comparison with an IR spectrum computed at B3LYP/def2-
TZVP. For example, the two most intense IR bands at 969.9
and 9155 cm™' are assigned to the C—H out-of-plane and
bending modes of 3. The successful preparation of 3 is
underscored by the strong correlation between experimentally
observed and computed (B3LYP/def2-TZVP) IR frequencies
(Figure 1 and Table S1). Arsinidene 3 can also be prepared by
flash vacuum pyrolysis (FVP) of 4 at 700 °C, followed by
trapping with an excess of argon at 10 K. The pyrolysis of 4
results in the formation of 3 as the major product, and a small
amount of vinylidenearsine (5) was also present via the
secondary rearrangement of 3 in the gas phase (Figure S1).
The UV/vis spectrum of 4 exhibits strong absorptions in the
UV region, which includes strong transition bands at 205 and
243 nm (Figure 2). After 2 min of 254 nm irradiation, the
bands of 4 completely vanish, while concomitantly strong
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Figure 1. (2) Unscaled computed IR spectrum for 4 at B3LYP/def2-
TZVP. (b) Difference IR spectrum showing the changes after S min of
254 nm irradiation. For comparison, see Figure S12. (¢) Unscaled
computed IR spectrum for *3 at B3LYP/def2-TZVP. Expanded
spectra were in the range of 1750—400 cm™'. Matrix sites for 4 are
marked (¥).
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Figure 2. Solid line: UV/vis spectrum of 4 isolated in argon (10 K).
Dashed line: UV/vis spectrum of *3 at 10 K: photochemistry of 4
after irradiation at 4 = 254 nm in argon at 10 K. Inset: computed
gTD-BSLYP/defl-TZVI’] electronic transitions were performed for
3.

absorption bands at 204, 247, and 354 nm emerge. The new
UV/vis spectrum resembles the computed TDDFT spectrum
for 3 very well. TD-B3LYP/def2-TZVP computations exhibit
two moderate transitions at 335 (f = 0.007; 22B — 25B, n —
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7*) and 343 nm (f = 0.005; 22B — 24B, n — 7*) as well as a
strong transition at 257 nm (f = 0.168; 25SA — 26A, 7 — 7*)
(Figure 2).

Matrices containing 3 show intense absorption, with a
maximum of 354 nm. Subsequent irradiation of the matrix with
light 2 = 365 nm for about 5 min resulted in a decrease of the
intensities of the bands of 3 and the appearance of a
characteristically intense peak at 1696.9 cm™, indicating the
formation of a product having a cumulenic double bond, which
was identified as vinylidenearsine (S) (Figure 3), the arsenic
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Figure 3. (a) Unscaled computed IR spectrum for 6 at B3LYP/def2-
TZVP. (b) Unscaled computed IR spectrum for *3 at B3LYP/def2-
TZVP. (c) Difference IR spectrum showing the changes after
subsequent § min 365 nm irradiation. (d) Difference IR spectrum
showing the changes after S min 365 nm irradiation of FVP (700 °C)
products. (e) Unscaled computed IR spectrum for S at B3LYP/def2-
TZVP. Peaks for 4 are marked (*).

analogue of allene. With the help of the computations, other
strong and moderate-intensity IR bands at 2087.4, 904.5,
850.6, and 795.0 cm™' were also assigned to $. For example,
the IR bands at 2087.4 and 795.2 cm™" can be attributed to the

As—H stretching and deformation modes, respectively (Table
S2). Upon photolysis using 365 nm light, the UV/vis
absorptions of 3 vanish (Figure S2). It is also noteworthy
that arsinidene *3 is a photolabile species, whereas the
previously described phenylarsinidene does not undergo
photoisomerization upon photoexcitation.”® Differences in
the (photo)reactivity of phenylarsinidene and 3 could be
ascertained by comparing the electronic structures of their
lowest singlet states and the different thermochemistries of
their isomerization products.

Irradiation of a matrix containing 4 for about 5 min at 436
nm yielded a different product exhibiting a weak but
characteristic peak at 902.3 cm™' (Figure S3). This and
additional weak IR bands at 1038.5, 745.3, and 743.5 cm™
correlate well with computed values of 1062.2, 816.8, and
810.6 cm™' for 2H-arsirene (6) as a candidate with a C=As
double bond (Table S3). Formation of 6 presumably occurs on
the singlet potential energy surface from singlet vinylarsinidene
("A’-'3) by a barrierless process (vide infra). Upon 365 or 406
nm photoexcitation, 6 rearranges to form S (Figure 3).

The formation of compounds $ and 6 was also monitored by
UV/vis spectroscopy. The computed TD-DFT spectra for §
and 6 are very similar in the 200—300 nm region. When 4 was
exposed to light at 436 nm, a weak transition band appeared at
336 nm (as a shoulder close to the band of 3 at 354 nm). The
weak transition band at 336 nm correlates well with the
computed value of the electronic excitation of 6 at 298 nm (f =
0.044) (Figure S4). Irradiation at 365 nm results in the
disappearance of the bands of 3 and 6, and the formation of
new bands at 193 and 320 nm: the band at 247 nm is
superimposed with the band of 3 at 247 nm. The new bands
are assigned to S, which match well with the computed TD-
DFT transitions of $: 186 (f = 0.677), 245 (f = 0.161), and
289 nm (f = 0.003) (Figure S2).

Prolonged irradiation of a matrix conta.ining 4atA=254nm
produced a large amount of acetylene,””* evident by the
strong IR bands at 3285.8 and 737.7 em™" due to the C—H
stretching and C—H deformation modes, which are shifted by
—3.0 and +0.9 cm™' from the uncomplexed HCCH (Figure
SS). Obviously, the residual fragment must be H—As, which
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Figure 4. Potential energy profile (AH,, keal mol™") for the isomerization of *3 at CASPT2(6,5)/cc-pVDZ//CASSCE(6,5)/cc-pVDZ.
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could be a complex involving acetylene and H—As. However,
due to its low intensity and overlap with the strong IR band of
4, it could not be detected.”"* The mechanism for the
formation of acetylene and H—As from 3 requires a cascade of
reaction steps (Figure 4), probably as a result of the two-step
conversion via 1,3-diradical 8. In the low-temperature
experiments, no evidence of any intermediate was found for
this reaction, even when the matrix was exposed to light for
only seconds or minutes. When we exposed the matrix
containing § to 4 = 254 nm for 3 h, § vanished and new bands
at 1892.7 and 1201.0 cm™" appeared. By comparing these with
those reported in the literature,” we assigned them to triplet
ethynylarsinidene (HCCAs) (Figure S6). However, no other
intermediates or isomers (e.g, ethylidynearsine 9 and
ethynylarsine 10) were detected.

To better estimate the energy gap between the singlet and
triplet configurations of 3, we performed CASSCF and
CASPT2 computations using the cc-pVDZ basis set and an
active space with 6-electron and S-orbital. The geometries of
the different spin states were optimized at the CASSCF(6,5)/
cc-pVDZ level, and single-point energies were computed at the
CASPT2(6,5)/cc-pVDZ level. For comparison, we performed
similar computations on the singlet and triplet states of 1 and 2
(Table S4). According to CASPT2(6,5)/cc-pVDZ//CASSCEF-
(6,5)/cc-pVDZ computations, 3 displays a C, point group with
a ’A” electronic ground state. Analogous to 1 and 2, 3 has a
large singlet—triplet energy separation ("A’—°A") of AEgp =
25.2 keal mol™* (for 1, AEgy = 424 keal mol™'; for 2, AEg =
27.7 keal mol™"). The energy difference between 'A”-3 and
A”-3 (21.2 kcal mol™") is larger than that for 1 (16.2 keal
mol™") and 2 (19.4 kcal mol™"). The C—As bond length in 3 is
1.932 A, which is identical to the C—As bond length in
phenylarsinin:lene.38 As expected, the computed C—P and C—N
bond lengths in 1 and 2 are considerably shorter, 1.791 A and
1.318 A, respectively. Notably, there are remarkable differences
between the C=C bond lengths of 1 (1.401 A), 2 (1.355 A),
and 3 (1.350 A), with 3 exhibiting the shortest double bond,
which is in the typical range of carbon—carbon double bonds
(Figure $7).** As a result, there is minimal sharing of spin
density between the arsenic atom and the vinyl moiety, likely
due to a mismatch of orbital sizes, specifically the poor overlap
between the 2p orbitals of carbon and the 4p orbitals of
arsenic. This is in accordance with the computed spin
densities: the arsenic atom in 3 possesses the highest spin
population (1.91), similar to that in phenylarsinidene (1.91),
whereas nitrogen in 1 has a spin population of 1.37 and
phosphorus in 2 has a spin population of 1.85 (Figure S7).

Next, we examined which formal resonance structure
corresponds to 1—3: 1,1-diradical (la—3a) or 1,3-diradical
(1b—3b) (Scheme 3A). Natural resonance theory (NRT)
analysis at the B3LYP/def2-TZVP level reveals predominant
(69%) 1,1-diradical resonance structure 3a and 19% 1,3-
diradical structure 3b. A similar pattern is observed for 2,
where resonance structure 2a exhibits a significant 1,1-diradical
character (62%), while structure 2b has a 1,3-diradical
character of approximately 27%. For 1, the computations
predict the ratio of both structures to be approximately 1:1.
The characteristic 1,3-diradical nature of triplet 1 allows for its
flexibility, enabling facile double bond isomerization.">* A
Mayer bond index*®*” of approximately 1.5 is computed for
the CC bond in 1, supporting facile resonance, whereas the CC
bond indices in 2 and 3 are 1.87 and 1.91, respectively,
underscoring the largely present double bond nature of the
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Scheme 3. (A) NRT Analysis for 1, 2, and 3 at the B3LYP/
def2-TZVP Level; (B) Isodesmic Equation
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vinyl group (Figure S7). All of these data suggest that 3 must
be thermodynamically the most stable species in this series,
which is also validated by the sizable reaction enthalpy of the
isodesmic equation (AH, = 75.3 keal mol™" X = As, 63.9 kcal
mol™ X = P, and 39.1 kcal mol™ X = N (Scheme 3B).

We analyzed possible mechanisms for the formation of
compound 3 and its subsequent rearrangements. All
computations were carried out with CASPT2(6,5)/cc-
pVDZ//CASSCF(6,5)/cc-pVDZ (Figure 4) and B3LYP/
def2-TZVP (Figure S8). Irradiation of 4 results in photo-
denitrogenation to give singlet 3, which then undergoes
intersystem crossing to give triplet *3. According to CASPT2
computations, the two lowest open-shell (‘A”) and closed-shell
singlets ("A’) states lie 21.2 and 25.2 kecal mol™" (electronic
energy, denoted as AE) higher in energy than 33 (Table S4).
The reduced separation between the closed-shell singlet states
("A") and triplet states (*A”) in 3 compared to 1 and 2 is a
consequence of the decrease in the conjugation between the
double bond and the arsenic atom in 3."*® The first reaction
path implies intramolecular [1,2]H atom transfer from the CH
group to the CH, group to give ethylidynearsine (CH;C=As;
9) via TS1 (Figure 4), the heavier analogue of acetonitrile. The
barrier is 24.2 kcal mol ™ (including the zero-point vibrational
energy (ZPVE) correction and enthalpy correction computed
at the CASSCEF(6,5)/cc-pVDZ, denoted as AH,), which is 3.0
kecal mol ™" higher than that for the intramolecular [1,2]H atom
transfer from the vinyl group to an arsenic atom (As) in 'A”-3
to give S via TS2 and thus is unfavorable. The [1,2]H atom
transfer in *A”-3 is associated with a barrier of $8.4 kcal mol™
(TS6), thus implying that arsine S most probably formed
photochemically from singlet 'A”-3. Ethynylarsine 10 may be
generated from [1,3]H atom transfer from the CH, group to
the AsH group in 5§ by overcoming a high barrier of 58.1 kecal
mol™" (TSS). The subsequent dehydrogenation to singlet
ethynylarsinidene (HCCAs) is endothermic by 42.7 kcal
mol™". The formation of arsirene (6) from 'A”-3 is
accompanied by a barrier of 3.1 kcal mol™ (TS3). 'A™-3 is
1.6 keal mol™" higher in energy than TS3. At the B3LYP/def2-
TZVP level of theory, no transition structure was located for
the process from 'A’-3 to 6, and the IRC of TS2 shows a
smooth conversion from 6 to § with '3 as a stationary point
(Figures S8 and S9). Subsequent intramolecular hydrogen
atom transfer from the CH, group to the As atom in 6 yields
1H-arsirene (7) with an activation barrier (TS4) of 52.9 kcal
mol™". The formation mechanism of acetylene and H—As from
A”-3 involves two successive reaction steps. The intra-
molecular [1,3]H shift from the terminal methylene group to
the As atom in *A”-3 to give 1,3-diradical 8 proceeds with an
activation barrier of 49.3 kcal mol™" (TS7), followed by C—As
bond fission to acetylene and triplet H—As with a barrier of 7.6
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keal mol™ (TS8). The formation of acetylene and triplet H—
As is endothermic by 39.7 kcal mol™".

B CONCLUSIONS

The main question remains why arsinidene *3 can be trapped
while the closely related nitrene *1 has evaded spectroscopic
identification. This can be explained by the different
thermodynamic stabilities between *3 and *1 (Scheme 3B).
Furthermore, due to the higher 1,1-diradical character of 3, the
decay via ISC from the first singlet state to the triplet state is
expected to be faster than the rearrangement into other
isomers from the first singlet electronic state. Nitrene 1
exhibits a more 1,3-diradical character, as is evident by the
longer C—C double bond length and NRT analysis (Scheme
3), which also makes double bond isomerization more feasible.
Similarly, the spin density of 1 also indicates its propensity to
undergo isomerization, leading to the formation of the
corresponding azirene.

It is quite remarkable that *3 is much closer in energy to 9
(Figure 4) in contrast to °1 and 32 (Figures S10 and S11),
which are much higher-lying on their respective potential
energy surfaces. For instance, ethenimine (11) and phosphaal-
lene (14) are 32.5 and 3.5 kcal mol™" more stable than *1 and
32, respectively. The formation of 2H-azirine (12) and 2H-
phosphirene (15) is also an exothermic process according to
CASPT2(6,5)/cc-pVDZ//CASSCE(6,5)/cc-pVDZ  computa-
tions. The cyclization of 'A”-1 is barrierless, while in the
case of "A”-2 it requires an activation energy of merely 2.0 kcal
mol~'. Furthermore, the barriers of the [1,2]H atom transfer
from the CH to the CH, group in 'A”-2 (TS14) and 'A"-3
(TS1) are 3.6 and 3.0 keal mol ™" higher than those of the [1,2]
H atom transfer from the CH group to P (TS15) or As (TS2),
respectively, while the trend is reversed in the case of 'A”-1
(—5.5 keal mol™"). Based on this analysis, we also can project
that vinylphosphinidene 32 is expected to behave similarly to
33. Therefore, it is plausible to hypothesize that *2 could be
experimentally observable under low-temperature conditions.
Our discovery of the intriguing photochemistry of 3
significantly extends our fundamental understanding of
pnictinidenes and their reactivity and provides new entry
points for explicating their roles in sustainable synthesis.
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2.4 N¢: A Synthetic Leap Towards Neutral Nitrogen Allotropes

Abstract: Compounds consisting only of the element nitrogen (polynitrogens or nitrogen
allotropes), are deemed the cleanest and ideal energy storage materials due to their immense
energy content and because they release only harmless nitrogen (N2) upon decomposition.
However, their extreme instability poses a significant synthetic challenge and no neutral
molecular nitrogen allotrope beyond N> has been isolated. Here, we present the room
temperature preparation of Cn-Ng through the gas-phase reaction of chlorine or bromine with
silver azide, followed by trapping in argon matrices at 10 K. We also prepared neat Czx-Ns as a
film at liquid nitrogen temperature (77 K), indicating its unexpectedly high stability and the
scalability of the synthesis. Infrared and ultraviolet spectroscopy, °N-isotope labelling
experiments, and ab initio computations firmly support our findings. The preparation of a
metastable nitrogen allotrope beyond N, opens new vistas for the development of highly sought-
after high-energy materials.

Original Source: Weiyu Qian, Artur Mardyukov, Peter R. Schreiner, Nature 2025, 642, 356. (DOI:
10.1038/s41586-025-09032-9).
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Summary

As the availability of renewable energy varies drastically over space and time, energy storage is a prime challenge. Current strategies
include battery systems or high-energy molecules including hydrogen or ammonia for chemical energy storage. Compounds
consisting only of the element nitrogen (polynitrogens or nitrogen allotropes), are deemed promising clean energy storage materials
due to their immense energy content (about five times higher than hydrogen) and because they release only harmless nitrogen upon
decomposition'. However, their extreme instability poses a significant synthetic challenge and no neutral molecular nitrogen
allotrope beyond N2 has been isolated®*. Here, we present the room temperature preparation of molecular Ng (hexanitrogen) through
the gas-phase reaction of chlorine or bromine with silver azide, followed by trapping in argon matrices at 10 K. We also prepared
neat Ne as a film at liquid nitrogen temperature (77 K), indicating its stability. Infrared and UV/Vis spectroscopy, *N-isotope
labelling, and ab initio computations firmly support our findings. The preparation of a metastable molecular nitrogen allotrope
beyond N: opens new vistas for the development of new high-energy density materials.

Introduction

Molecular nitrogen allotropes beyond N are promising for the development of high-energy-density materials* because they release
enormous energy upon dissociation into gaseous N2.  As the major component of air, N2 is inert, non-toxic, and not a greenhouse
contributor®”.  Unlike carbon, N: is the only nitrogen allotrope found in nature, and strategies for synthesizing higher neutral
molecular nitrogen allotropes are highly sought after®'*. However, they are deemed extremely unstable, especially when uncharged
and with an even electron count'®. Consequently, only two examples have been reported. The azide radical (*Ns) (Fig. la), was
identified in the gas phase through rotational spectroscopy in 1956'*!7. In 2002, N4 was detected by gas-phase neutralization-
reionization mass spectrometry (NRMS); its structure has not been revealed'®. The intermediacy of an N species was tentatively
suggested in 1970 in the decay of azide radicals in aqueous solution but no definitive spectroscopic evidence was provided".

Neutral Nitrogen Allotropes

® O
‘N=N=N

undetermined

in NRMS this work

(b) ®
Xo AN L XN, ﬂ.@N:QN:N,N:N:NQH 3N,

Fig. 1| All known neutral molecular nitrogen allotropes and preparation of Ne. a) Discovery timeline (year given), composition,
and structure (the structure of N4 has not been determined); b) Reaction sequence utilized in the present study.

There are many computations proposing molecular allotropes spanning from Na to Ni20, including chains, rings, and cages’?’, most
of which have low dissociation barriers into Na.  For example, hexazine (cyc-Ne, the nitrogen analogue of benzene) exhibits a
computed barrier of only 4.2 kcal mol™! for decomposition into three N2*'. Quantum mechanical tunnelling (QMT) effects could
further reduce the lifetime of higher nitrogen allotropes, adding to their difficulty of preparation.

While the pursuit of higher neutral molecular nitrogen allotropes is extremely challenging, several homonuclear polynitrogen ions
have been isolated. The synthesis and characterization of [Ns]"[PnFs]” (Pn= As, Sb) salts with a bent pentanitrogen cation represents
a milestone’?. Christe ef al. initially identified the cyclo-Nj anion using mass spectrometry in 2002 and 2003**%; Zhang et al.
reported in 2017 the synthesis of a salt featuring the cyclo-Ns anion®®. The synthesis of various metal pentazolates was achieved
through the reaction of [Na(H>0)(Ns)]*2H-O with metal salts®>”**.

In the realm of solid-state (non-molecular) structures, a breakthrough was the high-temperature (2,000 K), high-pressure (110 GPa)
diamond-like solid-state cubic gauche nitrogen phase in which all atoms are connected by single bonds?**°.  An aromatic cyclic
hexazine N~ was identified through solid-state X-ray diffraction of KoNs¢*' under pressures above 40 GPa and temperatures above
2,000 K*'. Greschner et al. predicted a novel nitrogen molecular crystal comprising N units with an open-chain structure stabilized
by electrostatic interactions®, in line with assessments for the molecular species’.

In our analysis of the proposed molecular nitrogen allotropes, acyclic neutral Ne (hexaaza-1,2.4,5-tetraene, hexanitrogen, diazide)
stands out because N2 moieties are not discernible (Fig. 1). The central N-N-bond would lead to unproductive endothermic
dissociation (AGaosk theor. +26.1 keal mol™!, vide infi-a) into two *Ns. Additionally, the computed dissociation barrier into three N»
molecules of AG*0sk = 14.8 keal mol™! makes Ng a promising candidate for synthesis. Here we show that Ng indeed can be made
from through the reaction of Clz or Br2 with AgNs under reduced pressure, followed by cryogenic trapping®. The characterization
was accomplished by infrared (including '*N-isotope labelling) as well as UV/Vis spectroscopy and ab initio computations. We
also demonstrate the preparation and stability of Can-symmetric No (hereinafter referred to as Ng) in neat form as a film at the
temperature of liquid nitrogen (77 K).

Results
Synthesis of Neo
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As AgN; is an excellent reagent for the synthesis of polyazides* and halogen azides both in the gas-phase® and in solution®**’, we

hypothesized that the reaction of AgNs with XN3 (X = halogen) is a viable route to N (Fig. 1b). The reactions were conducted
either in a quartz tube or in a U-trap by flowing gaseous Cl. through solid AgNs under reduced pressure at room temperature (see
Synthesis Details and Fig. S1). Apart from the known bands of CIN3** and HN3*, a distinct group of bands at 2076.6, 2049.0,
1177.6, and 642.1 cm ' was recorded (Fig. S2). After irradiating the matrices with 436 nm light (Fig. 2a (middle trace) and S3), all
bands vanish. However, the rates of decomposition of the newly observed IR bands differ from those attributed to CIN; (Fig. S4
and S5). There were no discernible products other than chloronitrene (CIN) detected in the difference spectrum after irradiation.
Furthermore, identical bands were detected when Bra was used instead of Cl, indicating that the unidentified species does not
contain halogens (Fig. 2a (upper trace) and S6). In addition, BrNs does not decompose upon 436 nm irradiation, thus providing
clean decomposition spectra of the yet unidentified species.

The intensive vibrational band at 2076.6 cm™' compares favourably with the asymmetric stretching band of the azide moiety in
isoelectronic N3-NCO (2099.1 cm™!, Ar-matrix)*. Compared with the computed harmonic vibrations at CCSD(T)/cc-pVTZ, the
four bands noted above could be attributed to Ns, except the band at 2049.0 cm™' of moderate intensity, though it disappeared
together with the other bands upon photolysis (Fig. S4 and S7). To determine the origin of the band at 2049.0 cm™', anharmonic
vibrational frequencies were computed at B3LYP/def2-TZVP (Table S1). This analysis indicates that this band derives from a
combination of fundamentals vs (a, symmetric N°N* stretching mode) and vo (b, asymmetric N°N°N! stretching mode). The
substantial anharmonic contribution of intensity (219 km mol !, Table S2) of the fundamental vi1 at 2143.5 cm ™' and the vs + vo
combination is notably stronger than its fundamentals suggest that the combination vs + vo gains energy through Fermi resonance
from the adjacent strong fundamental vi1*’.
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Fig. 2. Infrared spectra of Ne isotopomers and side products. (a) Lower trace: computed anharmonic infrared spectrum of Ne at
B3LYP/def2-TZVP, including the vs + vo combination. Middle trace: difference spectrum showing the changes after 8 min of 436
nm irradiation of the products of the reaction of Cl> with AgNs. Upper trace: difference spectrum showing the changes after 6 min
of 436 nm irradiation of the reaction products of Br> with AgNs. (b) Difference spectrum of a neat N film at 77 K showing the
changes after 8 min 436 nm irradiation. (c) Bottom to top traces: computed anharmonic infrared spectrum of N, "NNNNN'*N
(1a), "'NNN'NNN (1b), and NN *N"*NNN (1¢) at B3LYP/def2-TZVP, including the vs + vo combination; difference spectrum
showing the changes after 8 min of 436 nm irradiation of the reaction products of Br> with AgNs; difference spectrum showing
changes after 8 min of 436 nm irradiation of the reaction products of Br> with Ag'"N"*N'"N. Matrix sites from natural abundance
and isotope-labelled HN3 (#) and H20 (*) are marked.

To confirm our assignments, isotope-labelling experiments were conducted using Ag'"N'*N"¥N. Three groups of distinct peaks can
be discerned in the infrared spectra (Fig. 2¢ and S8), indicating the presence of two N3 moieties in the molecule, which can be
attributed to three types of isotopomers (1a: "NNNNN'N, 1b: "NNN'NNN, 1¢: NN'N'NNN), respectively. In particular, the
unsymmetric isotopic substitutions in 1b lower its point group from Ca to Cs. Computations delineate that the terminal (N' or N°)
and internal (N* or N*) '"N-substitutions primarily influence the terminal (vi1) and internal asymmetric stretching vibration (vo) of
the N3 moieties, respectively. This leads to a red-shift of the vs + vo combination and a blue-shift of the vi fundamental in going
from 1a to ¢, resulting in their gradual separation. The intensity ratio of the vs + vo combination and the vi1 fundamental in 1a is
nearly 1:1, which is significantly higher than that in 1¢ (ca. 1:17). These findings align well with the DFT computed anharmonic
infrared intensities (Table S3), which are attributed to the closer proximity of the vs + vo combination to the strong vi1 fundamental
in 1a, resulting in an increase of the Fermi resonance and vice versa in 1e. Statistically, the anticipated ratio of the three isotopomers
should be 1a:1b:1¢ = 1:2:1, which is reflected in the observed fundamental v7 in the experimental spectrum (Fig. 3). Furthermore,
the computed intensity of vo in 1¢ (107 km mol™!, Table S3) is higher than that in 1a (92 km mol™') and 1b (98 km mol'), which
matches the intensity ratios of vo observed in 1a and 1b (approx. 1:2). The experimentally observed intensities agree with these
findings and display a slightly higher intensity of vo in 1¢ than in 1a.

To explore the intrinsic stability of Ne, we also prepared neat Ng at room temperature and condensed it at liquid nitrogen temperature
(77 K) as a film on the surface of the matrix window without using argon as a host gas. Irradiation of such N films resulted in very
similar spectral changes as those observed in argon matrices at 10 K (Fig. 2b and Fig. S9). That is, neat N is sufficiently stable at
the temperature of liquid nitrogen to allow its direct identification.

Additional evidence is provided by the UV/Vis spectrum of Ne. After 6 min of 436 nm irradiation of the reaction products of Br
with AgNs, we observed the disappearance of the transitions at 190 and 249 nm and, consistent with the IR experiments, no new
transitions appeared (Fig. 3). All transitions correlate well with the values for the electronic excitations of Ngat 186 (f = 0.8512)
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and 248 nm (/= 0.0078) computed at TD-B3LYP/def2-TZVP. Additionally, the computations reveal a weak electronic excitation
at 422 nm (f= 0.0004), corresponding to a 1 — 7* transition, which aligns well with the observed photochemistry.

AAbsorbance Units

&

200 300 400 500 600 760
Alnm

Fig. 3. Measured and computed UV/Vis spectrum of N¢ and molecular orbitals involved in the electronic transitions.
Experimental difference UV/Vis spectrum reflecting changes upon 4 min 436 nm irradiation of the reaction products of Br> with
AgNs in argon at 10 K. Inset: Computed [TD-B3LYP/def2-TZVP] electronic transitions for N¢ and molecular orbitals involved.

Computations

To better understand the structure and the potential energy landscape of Ne, we computed its energy profile at CCSD(T)/cc-pVTZ
(Fig. 4a (AGa9sk) and Fig. S10 (AHo), see Computational Details in the SI). Only the Con-Ng trans-conformer is a local minimum;
the C2y-N6 cis-conformer is a higher-order stationary point and chemically not relevant**>. The formal double bond lengths in the
Ns moieties are much longer than the triple bond in N> (theor. 1.104 A; expt. 1.098 A)*, indicating double bond character. Indeed,
the computed N>=N*/N*=N° bond length (1.251 A) is close to that of trans-diazene (HN=NH, theor. 1.253 A; expt. 1.252 A)*. The
structure of N is quite different from the azide radical (\N=N=N, theor. 1.183 A; expt. 1.181 A)*, but comparable with the N3
moiety in hydrazoic acid (HN3, theor. 1.247 and 1.136 A; expt. 1.237 and 1.133 A for the N'=N? and N?>=N? bonds, respectively).
The N*-N* bond in Ne (1.460 A) compares favourably with that in hydrazine (Ho2N-NHo, theor. 1.445 A; expt.1.446 A). This
geometric analysis is well captured by the Lewis-structure of Ng (Fig. 1). These conclusions are supported by natural bond orbital
computations, which indicate that the terminal nitrogen atoms are electronically neutral, while small positive and negative charges
are located at N and N° (+0.2¢) as well as on N* and N* (-0.2¢), respectively (Fig. 4a). Equally, N'-N?N°-N° possess the highest
bond order (2.1), followed by N>*-N3/N*-N° (1.4) and N*-N*(1.1).

We visualized the Laplacian of the electron density to gauge where the bonds in N are likely to break (Fig. 4b) and why the
computed barrier for decomposition into three moles of Na is, compared to other systems, rather high (AGaosk* = 14.8 kcal mol ™).
This barrier implies appreciable kinetic stability that is mirrored by our observations. For comparison, the computed barrier of
hypothetical Dan-Na dissociating into two N2 is 6.5 kcal mol™! at MR-AQCC/VTZ*. With the electron density analysis, the
“Achilles’ heel” was discerned at the N>-N*/N*-N* bonds as evident from the vertex of positive Laplacian of the in-plane electron
density. This is confirmed by the electron localization function (ELF) analysis (Fig. 4c)*’. Both the Laplacian of the electron
density and the ELF analysis indicate the electron density minimum around the N>-N3/N*-N° bonds. Hence, even though the Lewis
structure would indicate Ng breaking into two *Ns radicals, i.e., breaking of the central N>~N* single bond, the computed barrier for
this process amounts to sizeable AGaosk = 26.1 keal mol ™! and is unproductive.

(a

(b)

AG /kcal mol-! ~

CCSD(T)/ce-pVTZ & (reaction coordinate) / amu'? Bohr LGNl

Fig. 4. Computational analyses for Ne. (a) Potential energy profile (AGask, keal mol™') for Ns at CCSD(T)/cc-pVTZ. The
optimized parameters of Ne are given in Angstrom (regular), degrees (italic), natural charges in bold, and natural bond orders in
bold italics. Insets: computed NN bond lengths for N2, zrans-HNNH, hydrazine, and HN3 at CCSD(T)/cc-pVTZ. (b) Contour line
map of the Laplacian of the electron density of Ne; solid and dashed lines represent positive and negative regions, respectively. (c)
ELF map.

On the other hand, AG*9sk for the elementary decomposition into three N2 is 14.8 kcal mol™!, implying a finite lifetime of N at
room temperature. CVT/SCT computations at B3LYP/def2-TZVP reveal that N, unlike hexazine (cyc-Ne)?!, is unlikely to
decompose through QMT?!#$4°  with an estimated half-life of Ng of over 132 years at 77 K (Table S4). At 298 K, the computed
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half-life still amounts to 35.7 ms. This supports our finding that N exists long enough in the gas phase at ambient temperature to
be trapped subsequently in cryogenic matrices.

According to CCSD(T)/cc-pVTZ (AHo) computations, the decomposition of Ng into three N is exothermic by 185.2 kcal mol ™,
which is 2.2 and 1.9 times higher than TNT (2,4,6-trinitrotoluene) and HMX (1,3,5,7-tetranitro-1,3,5,7-tetrazocane, octogen) by
weight (details in the SI)*.

We report here the facile synthesis and spectroscopic identification of experimentally unreported hexanitrogen Ne. This represents
the first experimentally realized neutral molecular nitrogen allotrope beyond N: that exhibits unexpected stability at least up to the
temperature of liquid nitrogen. This discovery challenges the long-held belief of the elusiveness of neutral molecular nitrogen
allotropes.

Methods

Matrix Apparatus Design. For the matrix isolation studies, we used an APD Cryogenics HC-2 cryostat with a closed-cycle
refrigerator system, equipped with an inner CsI window for IR measurements. Spectra were recorded at the temperature of the
matrix (10 K) with a Bruker Vertex 70 FT-IR spectrometer with a spectral range of 4000400 cm ™! and a resolution of 0.7 cm ™' and
UV/Vis spectra were recorded with a JASCO V-670 spectrophotometer equipped with an inner sapphire window. A high-pressure
mercury lamp (HBO 200, Osram) with a monochromator (Bausch & Lomb) was used for irradiation. Cl> or Br> was evaporated
(CL-CCla: ~140 °C, Bra: -85 °C) from a storage bulb into the quartz tube or U-trap. While not directly measured, all reaction
products were co-condensed with a large excess of argon (typically 60—120 mbar from a 2000 mL storage bulb) onto the surface of
the matrix window at 10 K in about a few milliseconds.

Synthesis Details. Caution! Silver azide and halogen azides are extremely hazardous and explosive. Such compounds should be
handled with utmost care and only in very small quantities (< 5 mmol). Appropriate safety precautions (blast screens, face shields,
Kevlar gloves, soundproof earmuffs, and protective leather clothing) are necessary. Make sure to eliminate static electricity before
handling. It is also crucial to avoid friction and light exposure and prevent any contact with metals during sample handling to
ensure safety.

Silver azide was synthesized by adding a stoichiometric amount of a silver nitrate-water solution to a sodium azide-water solution
in the dark. The precipitate was washed three times with anhydrous ethanol. The resulting slurry was loosely dispersed on one side
of the inner surface of a straight quartz tube (o 10 x 1) or the inner surface of a U-trap (inside diameter 10 mm), then brought to
reduced pressure to remove the solvent. Typically, 0.6 mmol and 2.5 mmol of AgN; are required for the straight quartz tube and
U-trap, respectively. Na>N"N"N (> 99% N, Sigma-Aldridge) was used for isotope labelling experiments. Chlorine gas was
bubbled into CCls at 0 °C and degassed before using. Bromine was purified by vacuum distillation before use. Typically, 3 mmol
of halogen were stored in the storage bulb for the reaction.
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