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Stabilizing the E=N Triple Bonds in Pnictogen Mononitrides
Aswin Chandran,? Simon Edin,? Mattias Tan,® Anders Reinholdt*?

The viability of a main-group triple bond depends critically on the strength of its m-manifold. Among the 15 possible diatomic
homo- and interpnictogens, E=E’, (E, E’ = group 15 element), the N=N linkage of dinitrogen stands out as one of the strongest
triple bonds that exists, whereas the heavier pnictogens form thermodynamically unstable triple bond motifs that either
decompose to single-bonded oligomers or extrude Nz, under standard conditions. Considering the fundamentally simple
chemistry of a diatomic molecule, coupled with the enticing synthetic challenge of accessing any other EZE’ dipnictogen than
N2, we here survey the chemistry of the mononitride family, E=N (E = P, As, Sb, Bi). We describe how these unusual bonding
motifs were first observed as transient species in the gas phase, later isolated in cryogenic noble-gas matrix experiments,
and recently have become the subject of synthetic studies in solution. We delineate strategies to tame the highly reactive
E=N motifs by incorporating them into adducts with organic fragments or transition metal nodes, enabling studies of their
reaction chemistry under controlled conditions. These efforts have opened fascinating perspectives in pnictogen multiple-
bond reactivity, spanning radical and closed-shell transformations, electrophilic as well as nucleophilic reactivity of the EEN
fragments, oxidative addition, oligomerization, cyclization, inorganic aromaticity, and even E=N group transfer. Finally, we
identify topics in the triple-bond chemistry of pnictogen mononitrides that remain ambiguous or poorly explored, pointing

toward future directions in the field.

Introduction

Together with alkynes, dinitrogen (N=N) is likely one of the first
triple-bonded molecules that a chemistry student encounters,
placing it centrally in our conceptualization of multiple bonds,
and chemical bonding theory. The N=N linkage (945 kJ mol~?) is
essentially the second-strongest triple bond that exists; it is
chemically inert, and thermodynamically very stable. These
fundamental properties of N, are by no means confined to
being academic curiosities, considering that an estimated 1-2%
of the World’s annual energy consumption goes into running
the Haber-Bosch process,! splitting the N=N triple bond, and
forming ammonia and a wealth of useful nitrogen-containing
products downstream therefrom. In comparison to N,, the
heavier group 15 elements form drastically less stable triple
bonds, and the chemistry of such diatomic interpnictogen
functionalities remains very limited, reflecting the short-lived
and highly reactive character of these molecules in their free
state. In recent years, this instability has prompted researchers
to design molecular scaffolds — spanning unsaturated organics
over transition metal architectures — to stabilize the triple-
bonded diatomics as well-defined adducts. These strategies
have opened explorations of the chemistry of simple pnictogen
molecules under controlled conditions. Exotic chemistry of
these units has begun to emerge, ranging from unique binding
modes, photochemical transformations, coordination
chemistry, solution transfer reactions, open-shell systems, and
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inorganic aromaticity. The following paragraphs lay out the
chemistry of diatomic, triple-bonded molecules composed of
nitrogen and the heavier pnictogens, starting from their history
of isolation, followed by more recent endeavors to control their
chemistry.

Free E=N diatomics

A diatomic group defines the transition from atom to molecule
and conceptually sets the boundaries for chemical bonding
theory. Two-atom fragments such as C=N-, N=N, and N=O*
represent some of the strongest triple bonds that exist, and
occur widely as ligands in transition metal chemistry. However,
when introducing heavier p-block elements into analogous ESE’
motifs, the resulting triple bonds become dramatically less
stable with respect to oligomeric, single-bonded decomposition
products. Virtually all such heavy-element diatomics have a
transient existence, and studies of their vulnerable triple bonds
have largely been restricted to extreme conditions, such as
high-vacuum and/or cryogenic matrix setups. Despite these
challenges, methods to control the reactivity of short-lived,
triple-bonded diatomics could provide unique insight into
orbitally mismatched bonds and unlock fundamental reactivity
of species that otherwise only have a speculative existence.

To contextualize efforts to study the chemistry of E=N diatomic
adducts under controlled conditions, and in solution, the
following sections outline important milestones in the
chemistry of the free diatomic EEN molecules.
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Discovery of free EEN diatomics

By the time that nitrogen was first isolated (Daniel Rutherford,
1772, significant contemporaneous contributions from Carl
Wilhelm Scheele, Henry Cavendish, and Joseph Priestley),? 3 all
the heavier pnictogens had been known for more than a
hundred years, with phosphorus marking the penultimate
discovery of a group 15 element (Hennig Brandt, 1669). In
contrast to the heavier elements, which were isolated as single-
bonded molecules, polymeric substances, or metals, their
lighter congener poses a strikingly different bonding scenario,
consisting of two atoms connected by a triple bond.

Based on the chemical similarity between group 15 elements, it
is natural to inquire into the possible existence of diatomic
motifs consisting of a heavy pnictogen with a triple bond to
nitrogen (E=N). All the heavier pnictogens, however, are
indefinitely stable under 1 bar N, at room temperature, calling
upon sophisticated synthetic strategies to incorporate these
elements in triple-bonded motifs. With the advent of
microwave spectroscopy, it became possible to gain highly
precise structural information on small molecules in the gas
phase, based on analysis of their rotational spectra. This
enabled authentication of P=N (1933),% As=N (1934),%> and Sb=N
(1940)6 in short order, whereas Bi=N completed the series only
in 1993.7 Fascinatingly, in 1987, P=N was detected as a
surprisingly abundant molecule in interstellar space,® ° and it
has since been observed in outgassing vapor from a comet,©
and even at the edge of the Galaxy.!! Figure 1 summarizes the
year of discovery, as well as key physical parameters (bond
dissociation enthalpy, fundamental stretching vibration,
equilibrium bond distance) for EEN molecules in the gas phase.

*0 =0 =0 G=0 @=0

discovery 1772 1933 1934 1940 1993
BDE / kJ mol™’ 9452 6142 485° 377° 2845
7/em™ 23597 13372 10692 865° 7379
d/A 1.097685% 1.490866°  1.61843? 1.8352° 1.934919

Figure 1. Structure of the group 15 E=N diatomics (E = N-Bi), along with discovery year,
bond dissociation enthalpy, fundamental stretching vibration, and bond distance. Data
taken from a,12 b,13 ¢,14 d.15

Synthetic strategies toward free E=N diatomics

Considering their transient nature, free EEN molecules can
virtually only be generated in dilute gas-phase mixtures at high
temperature. Under such conditions, the combined effects of
infrequent collisions along with the higher entropy of diatomic
molecules relative to polyatomic alternatives, allow for
spectroscopic detection of these short-lived and highly reactive
species. In 1933, Herzberg synthesized P=N by letting a
discharge through a tube containing nitrogen and phosphorus
vapor, leading to recombination of the elements and formation
of the interpnictogen (Figure 2).* In 1977, Timms showed how
phosphorus(V) nitride thermally decomposes (800-900 °C) to
form gaseous P=N, which was trapped and spectroscopically
characterized in a matrix of solid Kr (10 K).16 Weak interactions
with the noble gas matrix shifted the fundamental P=N
stretching frequency from 1337 (gas phase) to 1323 cm™!

2 | Dalton Trans., 2026, 00, 1-3

(matrix); the latter band shifted to 1293 cm™ for,the 21PN
isotopologue, in agreement with the E%pe&&FNARE OfBP3a
harmonic oscillator (1292 cm™). Upon heating the matrix-
isolated P=N molecules to 25 K, their extreme reactivity led to
bands from a new species, deduced to be cyclo-triphosphazene
(PsN3).1618 |n a follow-up study, Timms found evidence that P=N
might serve as a ligand, when condensed into a cryogenic Kr
matrix together with metal atom vapor (Cu, Ag, Au, at 10 K).1°
In 1989, Schnokel reported a third route to P=N; the
interpnictogen was generated by passing [N3PsClg] vapor over
silver at 1300 K, resulting in dehalogenation and retro-
cyclization of the phosphazene.?° Finally, in 2023, Mardyukov
utilized the redox interconvertability of catecholate/ortho-
benzoquinone to access P=N.21 When kept in an Ar matrix (10
K), the azidophosphine, [(CsH402)P(Ns)], was photolyzed at 254
nm, to form N; along with a [(C¢H40,)P=N] species. This organic
adduct of P=N possesses two valence forms, involving either a
catecholate dianion or a neutral ortho-benzoquinone.
Interestingly, P=N was ultimately released photolytically from
the [(CsH40O2)P=N] species, but the release was not
accompanied by simultaneous formation of ortho-
benzoquinone, but instead CO and cyclopentadienone were
observed as a result of a ring-contraction process.

Herzberg 1933

discharge
/ \ + 2 N=EN —» 4 P=N
gas phase
Timms 1977
8-900 °C 25K NZ >N
N5 — > 3 pP=N —_— | 1]
-N; SN
gas phase N
Kr matrix (10 K)
Schnokel 1989
cl S 6 Ag
b7 Sp—cl 1300 K
Lo 3 P=N
Np# — 6 AgCl
gas phase
\ Ar matrix (10 K)
Cl
Mardyukov 2023
(o) (o)
AN 254 nm AN
Y —N; N Y =l
o 2 o

o

g1 o«

——> CO
254 nm

(e}
*E"‘@

Figure 2. Synthetic routes to free P=N molecule.

While it has been possible to isolate P=N under cryogenic
conditions in noble gas matrices, these protective measures
have mired its reactivity. However, in recent years, Zeng has
shown how mono- and dihydrogenated products can be
accessed through carefully adjusted flash-pyrolysis followed by
matrix isolation. For example, the isocyanatophosphine,
tBu,P(NCO), eliminates 2-methylpropene and tert-butyl radical,
to form a HP-NCO® intermediate. Subsequent photolysis
produces the radical tautomers, HPN® and PNH*, as weak CO
complexes (3—10 K).22 In a related fashion, flash-pyrolysis of the

This journal is © The Royal Society of Chemistry 2026
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aminophosphine, 'Bu;PNH,, followed by matrix isolation (10 K),
provides access to the cis and trans isomers of iminophosphane,

HP=NH, as well as iminophosphinidene, P=NH; (Figure 3).23
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Figure 3. Flash pyrolysis of bis(tert-butyl) phosphines, followed by matrix isolation, to
isolate PNH*/NPH* as CO complexes, as well as cis-HP=NH, trans-HP=NH, and P=NH,.

Shortly after the first synthesis of P=N, the synthesis of As=N
was carried out by analogy to its lighter congener (Figure 4). In
1934, Spinks subjected metallic arsenic and gaseous N; to an
electrical discharge inside a tube, enabling spectroscopic
identification of the As=N molecule from 30 rotational bands.®
Another gas-phase synthesis of As=N was reported by Coombe
in 1988.24 By combining a vapor of arsenic atoms (in their
ground quartet state) with gaseous nitridyl radical, N3*, the
diatomic arsenic mononitride molecule was generated upon
loss of dinitrogen. This high-energy synthesis prepared the
As=N molecule in an electronically excited state, likely to be a
triplet. Quite interestingly, a polymeric, cubic phase of
composition [AsN] was recently generated under high-pressure
conditions in a diamond anvil cell (30-40 GPa).2> 26 |n the case
of antimony, the gas-phase synthesis of Sb=N was reported by
Coy in 1940.%5 By subjecting metallic antimony and nitrogen gas
to an electric discharge, the diatomic Sb=N molecule could be
identified from its rotational lines. Several later works have
accessed Sb=N through similar strategies, i.e. in high-energy
reactions between N; and antimony.'# 27. 28 Considering the
timeline in the gas-phase generation of P=N, As=N, and Sb=N
(1933—-1940), it is striking that Bi=N was not reported until 1993.
By subjecting bismuth vapor to microwave-discharged N,, Fink
generated the transient Bi=N molecule and unequivocally
confirmed its existence based on the spectral differences
between the Bi='“N and Bi=!>N isotopologues.” More recently,
a polymeric [BiN] phase was prepared in a high-pressure, high-
temperature synthesis, in which bismuth and dinitrogen
confined inside a diamond-anvil cell were heated using a near-
infrared laser.29 30

This journal is © The Royal Society of Chemistry 2026
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2 As(s) + N=N ——— 2 As=N
1 kW
gas phase
Coombe 1988
As(g) *+ N3(9 " As=N
2 gas phase
Coy 1940
2200 V
2 Sb(s) + N=N —> 2 Sb=N
3 kW
gas phase
Fink 1993
. _ 700 °C —
2 Bi(gg t* N=N —> 2 Bi=N
(microwave- gas phase
discharged

Figure 4. Synthetic routes to free As=N, Sb=N, and Bi=N molecules in the gas phase.

Bonding in free E=N diatomics

To appreciate the underlying thermodynamic parameters that
determine the stability of a diatomic E=N system, it is instructive
to consider the enthalpy change for decomposition of P=P, P=N,
and As=N into their constituent elements, in standard state
(Figure 5). Starting from P=P, it is immediately apparent that its
triple bond enthalpy only moderately exceeds the sum of two
P—P single bonds, and dimerization into % eq. P4 is energetically
preferred [-137 kJ mol-1]. In other words, when the 3p orbitals
of phosphorus overlap, they form m-bonds that are weak in
comparison to the corresponding o-bonds. Turning to P=N, this
interpnictogen is thermodynamically more unstable [-173 kJ
mol-1] than P=P, even though its triple bond is stronger. While
it might be tempting to attribute the instability of P=N (relative
to P=P) to the covalent mismatch between the compact 2p
orbitals of nitrogen and the more diffuse 3p valence orbitals of
phosphorus, the trends in bond enthalpies suggest a significant
ionic component to actually reinforce bonding in P=N. But in
terms of overall stability with respect to its constituent
elements, this gain in bond strength for P=N is entirely
outweighed by the very strong triple bond in N,. Seen in a wider
perspective, the high thermodynamic stability of N, renders
almost any binary nitride in the Periodic Table metastable; the
existence of such phases therefore relies on sufficiently high
kinetic barriers to prevent decomposition.3133  Nonetheless,
the idea that orbital-mismatch decreases the stability of
interpnictogens is not without merit. When considering As=N,
its triple bond is more than 100 kJ mol~! weaker than that of
P=N, whereas As—As and P—P single bond enthalpies are similar
in magnitude. This results in a drastically lowered enthalpic
stability of As=N with respect to the elements, and for similar
reasons, Sb=N and Bi=N are even less stable. Not surprisingly,
the following sections will demonstrate that there is a growing
number of P=N derivatives, very few As=N analogs, and virtually
no Sb=N or Bi=N fragments isolated in stable molecular
architectures.

Dalton Trans., 2026, 00, 1-3 | 3
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P Enthalpy
P=P) — > 1,2 / \ Change
RN [kJ mol™]
1 x 490 6/2 x 209 -137
P
PR — ,OE® + / \
P —(P
1x613 1/2 x 945 6/4 x 209 -173
=0 — L,E&® -+
1 x 485 1/2 x 945 6/4 x 180 -258

Figure 5. Schematic illustration of enthalpic changes for conversion of P=P, P=N, and
As=N into their constituent elements.

Bond dissociation enthalpy data show that all EEN molecules
are unstable relative to their constituent elements (E = P-Bi),
when entropic contributions are discounted. The formation of
E—E o-bonds and a very strong N=N triple bond provides the
driving force for decomposition. Given sufficient thermal
energy, entropy will favor diatomics over larger systems such as
P4 or As4,3* explaining why E=N molecules can be generated and
spectroscopically observed at high temperatures in the gas
phase. However, dilute gas-phase mixtures are not well suited,
if at all, for generation of synthetically reasonable amounts of
material for reactivity studies. On the other hand, if the EEN
diatomics were bound to a stabilizing fragment, the resulting
adduct could be used to conduct reactions of these unusual
triple bonds under controlled conditions,
quantities. The following sections outline progress made in the

and in larger

study of such rare main-group motifs.

E=N diatomics stabilized by organic fragments

A range of organic fragments have been deployed for the
stabilization of E=N diatomics. P=N is reasonably well
represented, and to a more limited extent also As=N. On the
other hand, organic derivatives of Sb=N and Bi=N remain to be
crystallographically characterized. Overall, the following
paragraphs show that derivatives of P=N and As=N are often
stabilized by unsaturated organic groups (aryl, carbene, arene,
alkene), which possess a nt-electronic system suitable to interact
with the mt-manifold of the diatomic interpnictogen.

Aryl-stabilized P=N derivatives

The very bulky supermesityl group (Mes* = 2,4,6-1Bu3CgH>) has
been used to stabilize P=N as a one-coordinate and cationic
fragment, and a wide range of studies have been carried out on
this system. Thus, the first structurally authenticated E=N
adduct was reported by Niecke in 1988, starting from the
aniline, Mes*—NH,. Treatment with PCl3 and Et3N initially
generated an iminophosphine, [Mes*—N=PCl], which could

4 | Dalton Trans., 2026, 00, 1-3

subsequently undergo halide abstraction using AlClz in teluene
to form [Mes*—N=P][AICl4] as a toluendSblVateeP AP (Rigare
6).3> It should be noted that the chemistry of the intermediate,
[Mes*-N=PCl], has been extensively explored;364¢ in the
context of interpnictogen triple bonds, one of the most notable
conversions is Cummins’ coupling of [Mes*—N=PCI] with a
niobium arsenide moiety to form an {As=P=N—Mes*} ligand,
capable of extruding a diatomic As=P group.*®

~C “lAicl,
NH, N N
4 ! Cla 4 ! § f
Bu Bu 2 Et;N Bu Bu AICI, Bu Bu
—_—
— 2 [Et;NHICI toluene
Bu Bu ‘Bu

Figure 6. Synthesis of [Mes*—N=P][AICl,] upon halide abstraction from [Mes*-N=PCl]
using AlCls.

In a related fashion to the synthesis of [Mes*—N=P]*, Schulz
later showed how the bis(trimethylsilyllamido substituted
chlorophosphine, [(MesSi);N—PCl;] underwent chloride
abstraction with GaCl; at -70 °C to form a
[(MesSi)2N=PCl][GaCl,] salt (Figure 7). Warming this compound
to room temperature resulted in elimination of MesSiCl and
formation of a silylated species, [Me3Si—N=P][GaCl,], which
could be spectroscopically observed.30

cl cl Cl_ |GaCl, “]Gaci,
\I/ GaCl, \” RT il
3 N
N -70°C N — MeSiCl
MesSi” SiMes MesSi”  SiMes ’ :lsnwe
3

Figure 7. Formation of a silyl-protected P=N group.

Interestingly, Burford found that when treating [Mes*—N=PCl]
with GaCl; (instead of AlCIs), but still using toluene as solvent,
this reaction generated a salt, [Mes*-N=P(toluene)][GaCl,],
with a close contact between phosphorus and the arene,
suggesting the [Mes*—N=P]* cation to be Lewis acidic (Figure
8).51 Similar adduct types have been reported for arenes such
as benzene and mesitylene.52 It should be noted that a similar
solid-state packing can be observed in the [AICl4]~ salt of [Mes*—
N=P]*, but this system exhibits a larger separation between
phosphorus and the arene.

“]Gacl,
4

| \

EAS

N
Bu Bu GaCl, Bu Bu
—_—
toluene
Bu Bu

Figure 8. Synthesis of [Mes*—N=P(toluene)][GaCl,] upon halide abstraction with GaCl;

_C

z

Extensive studies by Burford showed how the Lewis acidity of
the [Mes*—N=P]* cation enables coupling with main-group
bases, including an N-heterocyclic carbene,>® pyridines,*
bipyridine,>> polyamines,> PPhs3,57 and chalcogenoureas.>® The
resulting [Mes*—N=P—L][SOsCF;] motifs feature two-, three-,

This journal is © The Royal Society of Chemistry 2026
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and four-coordinate phosphorus, involving hypercoordinated
P! centers (Figure 9).
7] s05CF,4

N NG / N, S04CF3

iPr Y iPr —
N

/E A / N //
P~ 1.494(3)A [O] p | SO5CFq S
Il - 1.4982) A [s] Il — 1.467(4) A Il  1.407¢4) A
N  1.500(2) A [Se] N N
Bu 'Bu E(NHC) Bu Bu bipy Bu Bu
~—
. E=0, S, Se . “
BU  1p 77, 156, 181 ppm] Bu 131p, 50 ppm] BU  31p, 54 ppm]

Figure 9. Reactivity of [Mes*—N=P][SO;CF3] toward Lewis bases.

Considering that the positive charge in [Mes*—N=P]* imparts
this group with m-acceptor character, this triple-bonded system
has been incorporated into various electron-rich metal
complexes (Figure 10). Niecke demonstrated how
K[FeCp*(CO).] and [Mes*—N=PCl] would eliminate KCl to form a
Fe' derivative, [Mes*—N=P—FeCp*(CO),]. The bimetallic
complex displays a zig-zag geometry for the {Mes*-N=P—Fe}
core, indicating that an anionic resonance contributor for the
ligand, [Mes*—N=P]-, characterizes this 18-electron system.>?
Such a bonding geometry indicates the P=N fragment to be a
quite strong m-backbonding ligand, but it should also be noted
that an alternative linear geometry for a [Mes*—N=P]* ligand
would have necessitated a 20-electron Fe® complex. More
recently, Arnold found that the rhenium precursor
Na[ReCp(nacnac)] reacts with [Mes*—N=PCl] to form a linearly
coordinated, 18-electron [Mes*—N=P—ReCp(nacnac)]

complex.60
1)
By Bu
. ~Cl 4 i
By By K[FeCp*(CO),] ﬁ Na[ReCp(nacnac)] ‘Bu Bu
- N o2
N _Kal N ~NaCl i - :
N r ip
Dl 1 Bu ‘Bu P r
\@N F|e ?,’ ’?, -
OC// \ \7e/
c g i
o u Pr i
1P, 787 ppm] [P, 232 ppm] Pr

Figure 10. Metallation of [Mes*—N=PCl] leading to [Mes*—~N=P]-and [Mes*-N=P]* ligand
systems.

Another significant reaction mode is that the triflate, [Mes*—
N=P][SOsCFs], crystallizes in both monomeric®! and dimeric®?
modifications (Figure 11). The dimeric form contains a central
{P2N,} fragment but dissociates to regenerate the monomeric
form in solution. The reversible self-coupling suggests that the
P=N linkage in the cationic monomer is similar in strength
compared to P—N single bonds in the dimer, showcasing the
vulnerability of the P=N m-bonds.

This journal is © The Royal Society of Chemistry 2026
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Figure 11. Monomeric and dimeric forms of [Mes*~N=P][SOsCF;].

When the iminophosphine, [Mes*—N=PCl], is chlorinated, either
using Cl;, PCls, or PhICl;, a hypervalent phosphorus(V)
compound, [Mes*—N=PCls], forms, which represents an imido
analog of phosphoryl chloride (Figure 12).53 64 The
halogenation chemistry can also be extended to encompass the
tribromo and triiodo derivatives, [Mes*—N=PBr3] and [Mes*—
N=PIs]. In line with a triple bond formulation, [Mes*—N=PCls]
possesses a very short P=N distance, which is about 2% shorter
than the corresponding bond distance in the free P=N molecule.

|
cl cl.\ _Cl

p ~bL-

I [||< 1.467(4) A
N

Bu ‘Bu PhICI, Bu 'Bu
— Phl
Bu gy [*'P. 96 ppm]

Figure 12. Oxidation of [Mes*—N=PCl] with PhICl, to form [Mes*—~N=PCls].

The [Mes*—N=P]* platform can also be used for [3+2] cyclization
reactivity to form unusual inorganic heterocycles. Niecke
showed how [Mes*—N=P][AICl4] reacts with alkyl azides, tBuNs
or EtsCNs, to form disubstituted tetrazaphosphole motifs, such
as [Mes*(N4P)CEt3][AICl4] (Figure 13).5> In a related manner,
Schulz later demonstrated how [Mes*—N=PCl] reacts with GaCls
and MesSiN3 (which serves as both halide abstractor and azide
source), forming the GaCls adduct, [Mes*(N4P)GaCls].6®

Et3C\ “lAaici,
N—N
p JAICI, 1.6543) A — fr~ 71\
Il PR 2
N 1.653(3) A ﬂ\\Nf/
Bu 'Bu EtsCN; Bu Bu
By , [*'P, 196 ppm]
Cl;Ga
\N N
Cl =
p 1.631(4) A HP// \‘\N
H 1.664(3) A H\\~Nf?
Me3SiN3
Bu 'Bu Gacl, Bu 'Bu
~ MesSiCl
Bu BU [*'P, 229 ppm]

Figure 13. Cyclization of [Mes*—~N=P]* and [Mes*—N=PCl] with azides.

Recently, Tan showed how a very bulky aryl amine, possessing
flanking spirofluorene motifs as sterically protective groups,
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could be deprotonated with "Buli, followed by reaction with
PCl3 and EtsN to form an [Ar—N=PCl] motif (Figure 14).57
Significantly, the flanking spirofluorene groups completely
suppress any tendency for the P=N double bonded motif to
dimerize (known reaction mode in both Mes* [Figure 11] and
terphenyl-based systems®8). Reduction of the [Ar—N=PCI] motif
with KCg led to a stable iminophosphinyl radical, [Ar—N=P]",
which represents a molecular analog of the one-electron
reduced radical anion of phosphorus mononitride, [P=N]"". It
should further be noted that, whereas Tan’s spirofluorenyl-
based [Ar—N=P]"* radical is monomeric, Schulz’ terphenyl-based
analog, [ArNP*],, is a dimeric biradical.

Attempts to oxidize the [Ar—N=P]* radical with ferrocene led to
activation of a cyclopentadienyl C—H bond across the N=P
group, {Ar—NH-PCsH,}, whereas attempts to reduce the radical
with KCg led to insertion of the P-atom into one spirofluorenyl
group. Other significant reactivity patterns of [Ar—N=P]* include
{P—Co} and {P-S} bond formation with [Co,(CO)s] and PhSSPh,
which act as sources of the radical fragments, [Co(CO)4]* and
PhS*, respectively. Furthermore, reaction with a conjugated
diene did not lead to a Diels-Alder cyclization product, but
instead generated P—C bonds at the 1,4-positions of the diene.

1) "BuLi, TMEDA

2) PCl3, Et3N Q
—_—

Cl
—"BuH
— LiCl, [EtzNH]CI

—KCl,
-8cC |T

Y . ’00

+ KCg

ll o
Y . ’00

Y2 PhSSPh
—_—

%2 [Coy(CO)g] l Cco

Figure 14. Conversion of a superbulky aryl amine into an [Ar—N=PCl] motif, reduction to
an [Ar—-N=P]* radical, and reactivity toward PhSSPh, [Co(CO)g], and a conjugated diene.

An aryl-stabilized As=N derivative

As indicated by the enthalpic data in Figure 5, the chemistry of
As=N adducts should be much more constrained than the
chemistry of P=N adducts, and as expected, the literature on
this 4p-2p diatomic is comparatively limited.

6 | Dalton Trans., 2026, 00, 1-3

By sequentially treating Mes*—NH, with AsCls, "ByLi, and. Etal\,
Burford could generate an {As;N,} fregh&nt0IR/DERE Ogyelic
species, [Mes*—NAsCl],, (Figure 15).5° Notably, the crystalline
iminoarsine is dimeric in contrast to its phosphorus congener
(Figure 6), although it is likely in equilibrium with monomeric
[Mes*—N=AsCl] in solution. In a subsequent study, Schulz found
that treating a solution of [Mes*—NAsCl], with GaCls led to
formation of the triple-bonded species, [Mes*—N=As][GaCl,].7°

/CI By
|——As
AsCly . .
_’Buli BN Bu Bu
T N
nBuH — [EtzNH]CI /N
- Licl As S~
N
Bu ‘Bu
As |GaCl,

N By
Bu 'Bu
GaCl,
Bu

Figure 15. Synthesis of [Mes*—N=As][GaCl,].

The [Mes*—N=As]* ion undergoes [3+2] cycloaddition with
Ph3CN3; to form a cationic and disubstituted tetrazarsole,
[Mes*(N4As)CPhs][GaCls], whereas MesSiNs affords a GaCls
adduct, [Mes*(N4As)GaCls] (Figure 16).7% 71 Interestingly, the
trityl salt is unstable and cleanly eliminates PhsCCl while
forming the GaCls adduct.

PhsC\ “]cacl, Cl;Ga
N=—N N=—N
I/ \\\ As —| GaCl, I/ \\\
As_ N I As_ N
[ ! 4 4 ) 4 4
Bu Bu  phy,cN; BU BU  Me,SiNg Bu Bu
_—
— Me;SiCl
Bu Bu Bu
| —~ PhyCCl +

Figure 16. Cyclization of [Mes*—~N=As][GaCl,] with azides.

Aryl-stabilized Sb=N and Bi=N synthons

Whereas Sb=N and Bi=N linkages have hitherto not been
isolated in stable, crystallographically characterized molecules,
these triple-bonded fragments have been implicated as
intermediates en route to dimeric forms of the interpnictogen
motifs. By treating the amino(dichloro)stibine, [Mes*—
N(SiMes)-SbCl,] with two equivalents of silver triflate, Schulz
isolated the thermally unstable derivative, [Mes*—N(SiMes3)—
Sb(03SCF3),].72 This triflate species eliminated Me3SiOsSCF3 to
form a transient [Mes*—N=Sb](SO3CF3) intermediate, which
dimerized to form a cyclic {Sb,N,} motif, [Mes*—NAs(O3SCF3)],
(Figure 17).5°

This journal is © The Royal Society of Chemistry 2026
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e 2030@
Bu ‘Bu
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Figure 17. Elimination of Me3SiOsSCF; from an aminobis(triflato)stibine to form a

transient Sb=N linkage.

Another example of the propensity for antimony and bismuth
to form four-membered {Sb;N,} and {Bi;Nz} rings rather than
triple-bonded species such as the hypothetical molecules, “[Ar—
N=Sb](SOsCF3)” or “[Ar—N=Bi](SOsCF3)”, was reported by Schulz
(Ar = 2,6-(2,4-6-Me3CeH1),CsHs).  Upon exposing the cyclic
chloride precursors, [Ar—NSbCl]; or [Ar—NBiCl];, to two
equivalents of silver triflate, the cyclic {Sb;N.} and {Bi;N.}
structures remained intact, instead of undergoing retro [2+2]
cyclization (Figure 18).73

(

. N
CF3505._ /N\Sb

B
SN T05SCFg

2 Ag(SO4CF3)
— 2 AgCl

o M 2Ag(80:CFy) Crs0s ML
1 —_— i 1
NI —2AgCl '\N/ ~N0,SCF,

2.144(3)-2.164(4) A

Figure 18. Dimeric structures of the terphenyl-stabilized triflates, [ArNSb](SOsCF3) and
[ArNBi](SO5CF3).

When stirred with sodium azide in THF, [Mes*—NSbCl],
undergoes halide exchange with NaNs3 to form the azide
derivative, [Mes*—NSb(Ns)],, which retains its four-membered
{Sb2N,} core. The choice of NaNs; proved critical to this
transformation, given that an azide reagent such as MesSiN; did
not affect any halide exchange, whereas AgNs led to a more
complicated transformation also involving insertion of a C—H
bond from a 'Bu group across the N-Sb linkage (Figure 19).

Treatment of [Mes*—NSb(Ns)]; with a bulky Lewis acid such as

This journal is © The Royal Society of Chemistry 2026
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B(CsFs)s led to reactivity characteristic of a mongmeric. ShaN
fragment, undergoing a [3+2] cycloadditish WitR3PhecaZide ote
form a tetrazastibole motif such as [Mes*(N4Sb)(B(CeFs)s)],
which is thermally stable up to 160 °C.74

Bu Bu
Bu ‘Bu Bu ‘Bu
N
N 2 NaNj V2R
Cl—, Sb N;— Sb
Sb\N/ ~al o NaCl Sb\ JP~N
Bu ‘Bu Bu ‘Bu
By (CeFs)3B
. N__
1.976(2) A y)
NS0 H 2 AgN, sby
H C/ N 2.000(2) AH\* ’/ B(CeFs)
2 ~ 2 AgCl 67573
2 \ i
/C Bu 2
HiC™f
HaC
Bu Bu
Figure 19. Ring-opening of an azide-substituted {N;Sb,} heterocycle, followed by

cyclization between azide and a formal Sb=N moiety.

Carbene-stabilized P=N systems

Various combinations of N-heterocyclic carbenes (NHC) and
cyclic alkyl amino carbene (CAAC) have been installed as
capping groups on two-coordinate P=N and As=N motifs. The
n-bonds of the resulting adducts are delocalized across the
dipnictogen and carbene moieties, thereby stabilizing the
interpnictogen fragments but also lowering their bond order,
such that the weight of an {L—E=N—L} resonance contributor is
diminished.

In 2010, Bertrand reported a P=N adduct stabilized between an
N-heterocyclic carbene and a cyclic alkyl amino carbene (Figure
20).75 The synthesis commences with oxidation of an NHC with
Br, followed by reaction with ammonium hydroxide to form a
guanidine fragment. Subsequent deprotonation with "Buli and
treatment with PCl; generated an [(NHC)N—PCl;] intermediate;
further reaction with a CAAC ligand, followed by reduction with
magnesium afforded the neutral [(NHC)N—P(CAAC)] adduct.
Remarkably, the carbene-stabilized P=N adduct is stable toward
air, both in the solid state and in solution. Moreover, oxidation
with [PhsC][B(CsFs)s] generates a radical cation, [(NHC)N—
P(CAAC)]**, with significant spin-density on phosphorus, given
its 31P hyperfine coupling observed by X-band EPR.

Dalton Trans., 2026, 00, 1-3 | 7
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Figure 20. Construction of a P=N fragment stabilized by NHC and CAAC type ligands,
along with its oxidation to a radical cation.

An NHC ligand may also be combined with other types of
neutral ligand, for stabilizing an adduct of P=N. Vidovi¢ showed
how a silyl guanidine would react with PCl; to form an [(NHC)N—
PCl;] intermediate, which would further react with Ramirez’
carbodiphosphorane,’®¢ PhsPCPPhs. The resulting chloride salt,
[(NHC)N—PCI—C(PPh3s),;]Cl could subsequently have its halides
abstracted using AgSbFg to yield an [(NHC)N=P—C(PPhs),](SbFs)>
salt (Figure 21).”7 Considering that the dicationic fragment
contains P=N coordinated by two neutral ligands, it represents
a doubly oxidized analog of Bertrand’s [(NHC)N—P(CAAC)]
system (Figure 20). In accord, the P—N bond distance in the
dicationic species is considerably shorter than that in Bertrand’s
neutral analog (by 0.115 A), and the phosphorus nucleus is
significantly more deshielded (410 ppm vs. 134 ppm).

Bu
7/
<\ /K <\ /K PhyPCPPhy </\ L
_—
TMessicl N
— Me3SiCl /
GO
SlMe3 C|/ \CI C|’ \f:
*Phy,
Bu
.
/NJ\N 2 AgSbFg
gy N7 pPh, [(SbFe)
~& ~2 AgCl

I

Phg

Figure 21. An adduct of P=N stabilized by an NHC ligand and a carbodiphosphorane.

The free P=N molecule trimerizes even under cryogenic
conditions (25 K, Figure 2) and decomposes further to polymeric
products at higher temperature. By treating a CAAC, capped
with a silylimino group, with a silylated
trichlorophosphoraneimine, LaPierre isolated a
[(CAAC)NPCI;NSiMes] motif. This {NPN} synthon could react
further with PCl3 and then another equivalent of CAAC to afford
a [(CAAC)NPCI,NPCI(CAAC)]CI salt. Whereas this chlorinated

8 | Dalton Trans., 2026, 00, 1-3

{NPNP} synthon proved difficult to reduce in a clean.fashion
with reagents such as KCg, Zn, and Mg,0i®lcBues @ Empeothly
converted with metallic manganese into a head-to-tail dimer of
P=N, namely [(CAAC)NPNP(CAAC)] (Figure 22).78 The LUMO of
this species possesses a large amplitude on the central
phosphorus atom of the {NPNP} spine. Considering that
reduction would generate a radical species, treatment of
[(CAAC)NPNP(CAAC)] with KCs led to dimerization, forming a P—
P coupled product coordinated by two K* ions. The study also
demonstrated how  analogous NHC-based  systems,
[(NHC)NPNP(NHC)], could be prepared; these were subjected to
one-electron oxidation with [FeCp,][SbFg], forming monomeric
cation radicals, [[NHC)NPNP(NHC)][SbFg].

fPr/Q ’P/Q
J P cip=nsie, N cl

3 Cll
N — Me3SiCl N\ — Me3SiCl N\ /
SiMes . =N
i =NSiMe; A
crd cl ¢
l CAAC
cl
ipr y
Pr 2 Mn
—_—

K
NP (CAAC)
(CAACNy KCs

% /i N(CAAC)  -8C
caacp=N

K

Figure 22. Synthesis and reductive coupling of a CAAC-stabilized head-to-tail dimer of
P=N.

A carbene-stabilized As=N system

In 2020, Tamm showed how a silyl guanidine, comprising an
imido functionality and an N-heterocyclic carbene fragment,
would react with AsCls with elimination of MesSiCl (Figure 23).7°
Subsequent coordination of an NHC-type carbene, followed by
reduction using two equivalents of KCg, generated an adduct of
As=N bearing two different NHC ligands. The presence of 2,6-
diisopropylphenyl substituents in one NHC moiety and mesityl
groups in the other resulted in a system devoid of positional
crystallographic disorder within the central As=N unit. The
analogous phosphorus mononitride adduct, [(NHC)P—N(NHC)]
was also isolated in the same study, following a similar synthetic
protocol.

This journal is © The Royal Society of Chemistry 2026
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Figure 23. Synthesis of an As=N adduct stabilized using NHC ligands.

Arene- and alkene-stabilized P=N systems

Some adducts of P=N have been stabilized using arene or diene-
type ligands. In principle, such compounds could be envisaged
to afford the free diatomic molecule upon elimination of the
unsaturated organic fragment.

Cummins showed how the lithium amide, [ANLi(OEt;)] (A =
Ci4Hi0 or anthracene®?), would react with PCl3 to form an
[ANPCI;] motif, containing a doubly chlorinated P=N motif
(Figure 24).81 Further reduction using magnesium anthracenide
[AMg(THF)3] afforded a P—N linkage stabilized between two
anthracene moieties. This anthracene-sandwiched species,
[AP—NA], decomposes at 95 °C in CgDg solution, leading to NMR
resonances from free anthracene as well as a pale yellow solid.
The latter result hints that it might be possible to transfer P=N
in solution.

Mg(THF);
cl / 2 \
Li(OEty) g % N
[ e s
—_—
- Licl ~ MgCl, ‘
Lé ~Et0 /éé ~3THF i \

Figure 24. Assembly of a P=N adduct within a bis(anthracene) framework.

Leveraging the silylated chlorophosphine, [(MesSi)2N—PCl;],
Schulz showed how sequential expulsion of two equivalents of
MesSiCl may deliver a disguised form of P=N.82 Elimination of
the first equivalent of MesSiCl and trapping with 2,3-
dimethylbutadiene generated a Diels-Alder cyclization
intermediate, [(MesSiNPCI)(CH,CMeCMeCH,)]. Elimination of a
second equivalent of MesSiCl led to tetramerization into an
eight-membered ring, having alternating P and N atoms,
[(PN)4(CH2,CMeCMeCH,)4] (Figure 25). This tetrameric structure
contrasts with the six-membered triphosphazene structure
formed when free P=N oligomerizes at 25 K (Figure 2). The
tetrameric species also showed utility as a ligand; on refluxing

This journal is © The Royal Society of Chemistry 2026
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with [Mo(CO)s], a facial, phosphorus-ligated,, complex
[Mo(CO)3{(PN)4(CH,CMeCMeCH>)4}], washisb1atéds9/D6DT00293E

%“-”y
Cl\l/CI H jC,C' SN

—_—Y
— MesSiCl

NSiMez| — MesSiCl
Nai —

Figure 25. Stepwise elimination of Me;SiCl from [(MesSi),N-PCl,], and trapping with a
butadiene, leading to a tetrameric Diels-Alder adduct of P=N.

Me;Si~~

E=N diatomics stabilized by transition metal
fragments

Metal fragments can be used to stabilize diatomic E=N motifs as
substituent-free ligand groups. The stability of these motifs
relies on cooperative o-donation from the E=N ligand to an
empty metal d-orbital as well as backdonation from the metal
to the antibonding m-manifold of the E=N ligand. Such donor-
acceptor interactions enable electronic tunability of the redox
state of the two-atom ligand; furthermore, postsynthetic
release of (functionalized) E=N fragment could enable the metal
nodes to act essentially as protective groups for controlled
reactivity studies of the interpnictogens.

In 2016, Cummins showed how the terminal vanadium nitride,
Na[{Xyl(tBu)N}3sV=N],83
scaffolded chlorophosphine, [APCI],34 to form an unobserved P—
N linked intermediate, [{Xyl(!Bu)N}sV=N—-PA] (which was later
isolated in an independent study®). Subsequent release of
anthracene led to a putative, monomeric vanadium(lll)
complex, [{Xyl(:Bu)N}3V-N=P], which rapidly trimerized to form
a cyclo-Ps core, [({Xyl(tBu)N}3V=N)s(Ps)] (Figure 26).8°

The intermediacy of a monomeric [{Xyl(!Bu)N}sV—N=P] complex
could be probed through trapping with 1,8-naphthalene
disulfide, {Ci0HeS2}, resulting in a net oxidative addition at

could react with the anthracene-

phosphorus, [{Xyl(tBu)N}3V=N—P{S,CioHe}]. The trimeric
species, [({Xyl(Bu)N}sV=N)3(P3)], also displays reactivity
characteristic of a monomeric P=N complex, forming

phosphacyclopropane and phosphacyclopropene motifs with 4-
octene and MesSiC=CSiMes, respectively, in a thermally
reversible manner. Moreover, thermolysis of the trimer,
[({Xyl(1Bu)N}3sV=N)s(P3)], led to a dimeric disphosphene motif,
[{Xyl(tBu)N}3V=N—-P=P—-N=V{N(!Bu)Mes}s)].

Dalton Trans., 2026, 00, 1-3 | 9
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In 2020, Smith isolated the first example of a stable, monomeric
P=N complex.8” Coupling of the mono-atomic ligands in an
iron(IV) nitride complex, [{PhB('Pr.Im)s;}Fe=N],88 and a
molybdenum(VI) phosphide complex,
[{N(CH,CH,NSiMe3)3}Mo0=P],8%. %0 resulted in a linear {Mo'-P=N—
Fe'} motif, containing a high-spin, S = 2 iron(ll) center (Figure
27). When treated with three equivalents of tert-butyl
isocyanide, the dinuclear P=N complex dissociated to a
bimetallic salt, having a terminal, phosphorus-bound P=N ligand
coordinated to molybdenum,
[{PhB(’Pralm)s}Fe(CNBu)s][{N(CH2CH2NSiMes)s}Mo—P=N].

Interestingly, crystals of the {Mo—P=N} complex could be
photolyzed to afford the thermodynamically more stable
linkage isomer, [{N(CH,CH;NSiMes)3}Mo—N=P]-. Based on the
elongation of the P=N bond (0.055 A), the photolytically

10 | Dalton Trans., 2026, 00, 1-3
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generated, nitrogen-bound N=P ligand appears to he,a stronger
m-acceptor ligand than its phosphStusOHEaNEoDisEREE
Moreover, the energy of a side-on bound phosphorus
mononitride motif, {Mo(n2-PN)}, was computed to lie more than
40 kcal mol—t above the nitrogen-bound N=P isomer, in line with
a very high thermal barrier for interconversion.

k/,!‘\usog 6)A ip, %/

SiMeg _N ’F’r/

Me;Si P SiM .

Messic \ I S ipr
\N!“;Mlo—N N iPr
Cod

3 'BuN=C
Bu © ™ ©
N N ,5\‘\\
N Al
BuNC CN'Bu I
. . P
’Pr\ Pr Fe /’Pr Me;’:/IS? S\ | SiMes
Nﬁﬁ\( \fN NN/IV!o N
PN NP &:\)
\é/ N
L Ph . [*'P, 312 ppm]
whi2tes ught l (single-crystal)
B By e N ©]
N .3\\\
N
P \.g
BuNC CN Bu ”l “
; N .
r ’Pr Fe Me;':AS?a\SI\ | SiMe;
N—pan___
;( % \’ e
N

Figure 27. Coupling of atomic ligands, {Fe=N} and {Mo=P}, to dinuclear P=N complex;
dissociation into a mononuclear {Mo—P=N} complex, and photolytic linkage isomerism.

The reactivity of the molybdenum-bound P=N ligand is in
keeping with a triple-bonded resonance form. Thus, metalation
using a rhodium(l) PPP-pincer complex led to extrusion of the
iron(ll) salt, [{PhB('Pr2lm)s}Fe(CNtBu)s]Cl, along with formation
of a linear {Mo—P=N-Rh} fragment (Figure 28). The crystal
structure revealed 96% of the {Mo—P=N—-Rh} linkage isomer,
along with a minor component corresponding to 4% of a {Mo—
N=P—-Rh} structure. In a similar fashion, silylation with Me3SiCl
afforded a linearly coordinated complex,
[{N(CH,CH,;NSiMes3)3}Mo—P=N-SiMe3] as a single linkage
isomer. It is notable that the molybdenum-bound P=N ligand
can be silylated, given that elimination of MesSiCl is a critical
step in the formation of a range of the organic P=N derivatives
(see previous sections, Figure 7, Figure 22, and Figure 25).
Accordingly, the molybdenum center seems to enhance the
nucleophilicity of the P=N ligand.

This journal is © The Royal Society of Chemistry 2026
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Figure 28. Functionalization of a {Mo—P=N} complex with Rh' and silyl fragments.

In 2022, Cummins demonstrated transfer of P=N in solution.
When subjecting chlorophosphine, [APCI], to halide metathesis
with NaNs in THF (using LiCl as phase-transfer catalyst), a
thermally unstable azido derivative, [APN3], formed.®? In a
molecular beam mass spectrometry experiment (42 °C), the
[APN3s] species showed release of m/z fragments corresponding
to N,, P=N, and anthracene (Figure 29). On a bulk sample,
decomposition occurred with explosion at 68 °C. The release of
free P=N enabled [APNs] to be used as a P=N transfer vehicle;
exposing the iron(ll) dinitrogen precursor, [(dppe)Cp*Fe—
N=N][B(CeFs)s], to [APN3] led to the smooth formation of P=N
complex, [(dppe)Cp*Fe—N=P][B(CsFs)s]. It is remarkable that in
this coordination sequence, the [APNs] reactant imposes very
limited structural preorganization to favor a specific isomer;
nevertheless the nitrogen-bound P=N complex forms selectively
in the solution transfer protocol.

cl N,

AN NaN; Ny

A N

=N + N=N

7

< QZ ZN‘IB(CGFE,)A LR >1B(CeFs)s

N N
Phy~Fe” ~ Phy~Fe
- 2
& A &

Figure 29. Formation of anthracene-scaffolded azidophosphine along with transfer of

P=N to Fe' complex.

In 2025, our group showed how an electrophilic osmium(VI)
nitride cation and phosphaethynolate®2°* undergo N-P
coupling, expel CO, and form a P=N ligand coordinated to
osmium(ll) (Figure 30).°> Whereas Na(OCP) is often regarded as
a two-electron oxidant in phosphorus atom transfer reactions,
the changes in oxidation state for osmium suggest that, in our
case, Na(OCP) may be considered a four-electron reductant.

This journal is © The Royal Society of Chemistry 2026
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Figure 30. Phosphorus-atom transfer from Na(OCP) to an {Os"'=N} functionality to form
an {Os"-N=P} complex.

The reactivity of the {Os—N=P} complex is strongly influenced by
the efficient backdonation from the Os"ion. Upon reaction with
elemental sulfur, the phosphorus center associates with two
sulfur atoms, forming a trigonal planar [NPS,;]?>~ fragment.
Notably, this two-fold oxidation necessitates that the osmium
center provides two electrons when the P=N moiety converts
into the new ligand fragment. In another oxidative conversion,
the Os'-coordinated P=N ligand could be chlorinated with
PhsCCl to form an [NPCI]- fragment bound to Os". This
paramagnetic complex could be converted with MesSiN; to
form an aromatic [PN4]~ ligand motif. Attempts to reduce this
paramagnetic Os"' species did not furnish a diamagnetic Os"
derivative but instead led to a retro [3+2] cycloaddition,
regenerating the P=N ligand.
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Figure 31. Reactivity of an {Os—N=P} complex, including oxidation with sulfur and trityl
chloride, as well as cyclization with azide.

Whereas many coupling schemes based on metal-ligand
multiple bonds have generated substituent-free P=N ligands,
there are also notable examples generating the diatomic
fragment with an appended organic or main-group fragment.
For example, in 1995, Cummins reported how the terminal
molybdenum phosphide complex, [{Xyl(tBu)N}sMo=P], reacts
with mesityl azide to form a [{Xyl(:Bu)N}sMo—P=N-Mes]
complex (Figure 32).96 The structural similarity of this complex
to Smith’s molybdenum-bound P=N derivatives (Figure 27 and
Figure 28) is striking.
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Figure 32. Coupling of a terminal molybdenum phosphide with mesityl azide to form a
[P=N-Mes]* ligand

More recently, Tilley treated an NHC-stabilized ruthenium(ll)
precursor, [(NHC)Cp*RuCl] with Na(OCP), resulting in an initial
halide metathesis step. Given the d® electronic configuration of
ruthenium, this protocol did not form an electronically stable,
terminal {Ru=P} functionality, but instead led to P-atom
insertion into of one of the aryl groups of the NHC ligand, along
with dearomatization and formation of a phosphanorcaradiene
motif (Figure 33). It was found that this complex reacts as a
masked ruthenium phosphinidene. Thus, when treated with
tosyl azide, deazotation along with P—N coupling led to a
[(NHC)Cp*Ru—P=N-SO,C¢HsMe] complex.®”  The structural
similarity between Tilley’s {Ru—P=N-SO,Ar} core and Niecke’s
isoelectronic {Fe—P=N-Ar} complex (Figure 10) is noteworthy.

N
I Iy
N— Na(OCP) _C
i AN /C| [N
lpﬁ ;
7 C,N ipf =N/ \\O
N7 MeCgH,50,N3

_N2

Figure 33. Coupling of tosyl azide with a phosphanorcaradiene complex, leading to a
ruthenium-bound [P=N-SO,C¢HsMe]- ligand.

Conclusions and outlook

Whereas the dinitrogen molecule has been known for more
than 250 years, and is considered to possess one of the
strongest possible triple bonds, the heavier group 15 elements
are not anywhere near as efficient at forming stable n-bonded
motifs. The chemistry of these fascinating, orbitally
mismatched triple bond systems has largely remained dormant.
In the present perspective, we have surveyed the chemistry of
interpnictogen motifs, E=N, consisting of phosphorus, arsenic,
antimony, or bismuth (E) with a triple bond to nitrogen. The
first member of this family, P=N, was already prepared nearly a
century ago, whereas the last member of the series, Bi=N, was

12 | Dalton Trans., 2026, 00, 1-3

not reported until 1993. Studies of the free E=N digtomics have
essentially been limited to high-terRpérdti?a9/DgRIRAsE
experimentation, allowing highly accurate data on dissociation
enthalpies, stretching frequencies, and bond distances, but also
preventing all but the simplest reactivity studies to be pursued.
In the case of phosphorus mononitride, the gaseous diatomic
has further been trapped in cryogenic noble gas matrices,
enabling fundamental reactivity studies of the P=N triple bond,
albeit on a submolar scale.

Whereas the full series of pnictogen-nitrogen triple bonds, P=N,
As=N, Sb=N, through Bi=N has been established in the gas-
phase, the viability of these motifs in molecular form has only
been verified for P=N, and to a very limited extent, As=N. In
1988, Niecke made the first groundbreaking discovery in the
quest to incorporate E=N triple-bonds in isolable molecules.
Starting from a bulky aniline and phosphorus trichloride, an
elimination strategy led to the assembly of the multiple-bonded
species, [Mes*—N=PCI] and [Mes*—N=P]*. These supermesityl
scaffolds have now become a mainstay in synthetic p-block and
d-block chemistry. Given the positive charge of [Mes*—N=P]+ —
or the easily displaced chloride group in [Mes*—N=PCl] — these
interpnictogen systems display distinct electrophilic reactivity
patterns. Notable topics include the synthesis of carbon-free
aromatics, coordination of Lewis bases, hypercoordinated and
multiple-bonded phosphorus(lll) and phosphorus(V) motifs,
transition metal coordination, and the extension of these
reaction types to encompass the As=N triple bond. Very
recently, Tan introduced a superbulky spirofluorenyl-encased
aryl system as a second-generation scaffold for P=N triple-bond
chemistry, opening new vistas in radical transformations of a
formally mono-anionic form of phosphorus mononitride,
[P=N]*-. Going forward, such super bulky aryl scaffolds hold
much promise for isolation of the most elusive E=N triple bonds,
and fleeting derivatives, given their ability to kinetically
suppress undesirable degradation pathways, proceeding
through dimerization and/or bond activation steps.

In 2010, Bertrand reported the first neutral ligand adduct of
P=N, utilizing NHC and CAAC type ligands to stabilize a
remarkably stable [(NHC)N—P(CAAC)] motif. While such system
is redox active, chemical reactions of its {PN} core are limited by
Further
carbene-based methodologies involve the genesis of linear
{PNPN} motifs as well as a rare example of an {AsN} adduct. In
addition,
fragments, and a Diels-Alder cyclization protocol has even
enabled isolation of a cyclic tetrameric form of the diatomic
molecule. Looking beyond the current state of art, stabilization
strategies based upon carbodiphosphorane ligands or
frustrated Lewis pairs may gain traction as stabilizing groups for
E=N chemistry, considering their recent deployment for
stabilizing homoatomic As,, Sb,, and Bi, motifs.%8 99

the steric encumbrance of the carbene ligands.

P=N has been sandwiched between anthracene

The final frontier in EEN chemistry is coordination to transition
In 2020, Smith isolated the first complex
containing a diatomic P=N ligand, and in 2022, Cummins
demonstrated a solution transfer of P=N from an organic
scaffold onto an iron(ll) complex. Metal complexes bearing P=N
ligands display unique chemistry, including photoisomerization,

metal centers.

This journal is © The Royal Society of Chemistry 2026
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dissociation/association reactions toward other metal
fragments, atom transfer cyclization  reactivity.
Functionalized P=N ligands (R—N=P*, R—N=P~) even display linear
versus bent coordination modes, in analogy to NO complexes.
Strikingly, the ability of electron-rich metal centers to
backdonate may render coordinated P=N ligands nucleophilic,
up to the point where their electronic structure is best
described as [P=N]?-. This nucleophilicity should be seen against
the backdrop of the more electrophilic reactivity of derivatives
such as [Mes*—N=P]*, hence defining two distinctive reactivity
paradigms for organic adducts and transition metal complexes
of P=N. Considering the strong enthalpic stabilization from -
backdonating interactions between a metal center and an E=N
diatomic ligand, it seems plausible that metal-based strategies
may hold the key to isolating the heaviest members of
interpnictogen diatomics, E=N.

Overall, this perspective has outlined how the molecular
chemistry of the rare P=N motif keeps growing, while the
chemistry of As=N remains extremely limited, and systems
based on Sb=N and Bi=N are virtually beyond reach. From
enthalpic considerations, the thermodynamic instability of EEN
diatomics is not solely rooted in the moderate strength of the
interpnictogen triple bonds, but also in the abnormally high
stability of the N=N triple bond that forms when the E=N unit
ruptures, and the elements recombine. The pnictogen
mononitrides are therefore likely to be the thermodynamically
most challenging interpnictogen triple-bond motifs that may be

pursued.
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