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Heavier group 15 elements: a new frontier in
molecular switch development

Rajesh Deka, ‘= * Merve Temel, & Stefano Crespi 2’ and Andreas Orthaber = *
Molecular switches—compounds capable of reversibly interconverting between distinct states in response
to external stimuli—are foundational to the design of dynamic functional materials. Classical switches
based on carbon and lighter pnictogen frameworks, such as stilbenes, azobenzenes, and imines, have
long dominated the field owing to their well-defined photophysical properties, synthetic accessibility, and
reversible E/Z-isomerization or related transformations. In recent years, significant efforts have been
devoted to designing molecular switches incorporating main-group elements—not only to harness the
unigue attributes of these elements in expanding the frontier of stimuli beyond light and heat, but also to
unlock novel mechanistic pathways. In this context, heavier group 15 elements—particularly phosphorus
—have emerged as promising platforms for designing responsive molecular frameworks. Advances over
the past decade in the synthesis and stabilization of unsaturated phosphorus species—including phos-
phaalkenes (P=C), diphosphenes (P=P), their heavier analogues (E=E, P=E; E = Sb, Bi), a variety of
hypervalent phosphorus compounds, and phosphorus-based (di)radicals—have opened new opportu-
nities in this field. These systems are not limited to classical photo- or thermally induced E/Z isomeriza-
tion, but also respond to alternative triggers such as metal coordination, redox inputs, and chemical
stimuli. Moreover, reactivity modes such as tautomerism, ligand rearrangement, and conformational
dynamics provide further avenues for structural interconversion, enriching the scope of pnictogen-based
molecular motion. Building upon the well-established paradigms of C=C, N=N, and C=N-based switch-
ing systems, this Perspective highlights the evolution and future potential of heavier pnictogen-based
molecular switches, with a particular focus on phosphorus-containing frameworks. We examine how E/
Z-isomerization, tautomerism, and coordination-driven transformations can be strategically harnessed to
develop multifunctional, stimuli-responsive materials. Furthermore, we compare these systems with their
lighter main-group analogues and showcase recent advances in their integration into molecular motors,
photoresponsive ligands, and other related applications. In doing so, we outline a forward-looking
roadmap for the rational design of main-group-based molecular switches and underscore the promise of
heavier pnictogens in expanding the molecular design toolkit. We also highlight key challenges that must
be addressed to enhance the efficiency of these systems and position them as viable alternatives to classi-
cal molecular organic switches.

ations, allowing precise control over geometry and electronic
structure.'*""

In recent decades, research on functional systems controlled
by external stimuli has expanded significantly,' leading to
advances in drug delivery,” photo-cleavable protecting groups®
molecular switches and machines.*”® Among these, molecular
switches are one of the simplest components that can be used
to build molecular machines®® and are especially notable for
their ability to reversibly change between multiple configur-
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These switches can be activated by a range of stimuli,
including changes in temperature and pH,'* electrochemical
input,"®'* mechanical force,">'® or light.'” This versatility
enables their use in applications such as sensors,'®"’
imaging,”® smart optical materials,> and spin-controlled
materials.””

Among those, photochromic compounds have been studied
since the 19™ century, beginning with the seminal discovery of
the sunlight-driven dimerization of anthracene.”® Since then,
several molecular scaffolds have been developed with well-
established synthetic routes and reversible transformations,
such as those of diarylethene compounds.>® In particular, we
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have witnessed the emergence of a subclass of switches that
utilize light-induced isomerization about a double bond.'”??
To be effective, photochromic switches should exhibit strong
light absorption, efficient isomerization with high quantum
yield, thermal stability, well-defined photo-stationary distri-
butions, and resistance to photodegradation."”

Pnictogens, the group 15 elements (N, P, As, Sb, and Bi), are
increasingly gaining attention in the field of functional
materials. Their ability to engage in diverse bonding modes,
participate in lone-pair interactions, and stabilize multiple oxi-
dation states opens up new possibilities for switchable systems
with unique structural and electronic features. Nitrogen-based
switches have been extensively studied, but more recent efforts
have started to explore the potential of the heavier congeners,
including elements from period 3 and beyond. These heavier
pnictogens can impart distinct reactivity, electronic properties,
and tuneable switching behaviour, making them promising
novel candidates for (photo-)responsive materials.>®

In this perspective, we begin by introducing double bond
isomerism focusing on nitrogen-based systems due to their
group relationship with heavier pnictogens (Fig. 1A).
Additionally, we include carbon-carbon double bond systems,
based on their isolobal relationship with low valent and low
coordinate organopnictogen compounds, featuring pnictogen—
pnictogen and pnictogen-carbon bonds (Fig. 1B).***” The iso-
lobal analogy is a conceptual tool that relates molecular frag-
ments based on their frontier orbitals, specifically, the
number, symmetry properties, approximate energy, shape of
the frontier orbitals, and the number of electrons in them.?®?°
Two fragments are thus considered isolobal if their frontier
orbitals are similar—not identical—in these respects, even if
they differ in atomic composition. This allows chemists to
draw parallels between seemingly unrelated species. For
example, a phosphorus-phosphorus double bond (RP=PR)
can be considered isolobal to a carbon-carbon double bond
(R,C=CR,), allowing the use of well-understood organic
frameworks to rationalize the behaviour of less common main-
group systems and, ultimately, utilize this analogy in a rational
design of new switchable compounds with tailored properties.

The similarities due to isolobal analogy and dissimilarities
due to electronegativity differences despite the group analogy
are clearly illustrated in Fig. 1C, showing a comparison of the
frontier molecular orbitals of C—=C, C=N, P—C, and P=P con-
taining systems. The highest molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of alkenes and
phosphaalkenes consist of the bonding and antibonding
n-orbitals, whereby the LUMO of the phosphaalkene is signifi-
cantly stabilized by the reduced C(2p)-P(3p) orbital overlap.
The non-bonding lone pair of a phosphaalkene is close in
energy to the HOMO (—6.86 vs. —6.26 €V, Ay = 0.6 eV), pro-
viding a rich coordination chemistry involving mostly the lone
pair. In contrast, imines and azo compounds are dominated
by the non-bonding lone pairs as their HOMOs and signifi-
cantly stabilized n-bonding orbitals (Ayy_; = 1.03 eV and 2.76
eV, respectively). Diphosphenes show an even smaller HOMO-
LUMO splitting and almost isoenergetic lone pair and
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Fig. 1 A. Pictorial representation of a photochemical E/Z double bond
switch. B. Isolobal analogy of alkenes and phosphaalkenes. C. Frontier
molecular orbitals of common unsaturated main group fragments calcu-
lated at the B3LYP-D3ZERO/def2-TZVP level of theory. D. Examples of
photochemically switching molecules.

n-orbital energy levels, which promotes a more pronounced
coordination chemistry via both orbitals, while maintaining a
close isolobal analogy to alkenes and phosphaalkenes. We
should, however, note that non-aliphatic substituents can have
a substantial impact on the frontier molecular orbitals."*°

The following section on C—=C and C=N containing mole-
cular switches is not intended to be exhaustive, but rather aims
to introduce the concepts and developments of organic switches
relevant to their heavier main group congeners (Fig. 1D). Readers
seeking a more detailed overview are encouraged to consult

This journal is © The Royal Society of Chemistry 2025
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several recent reviews that offer comprehensive insights into the
field of molecular switches and machines.* *%!

Photosomerisation in compounds containing C=N, N=N and
C=C bonds

The imine double bond between carbon and the lightest pnic-
togen atom, nitrogen, shows photoisomerization, with a
precise motion that breaks the double bond upon population
of the excited state (rotational motion) and reverts, usually
thermally, back to the stable state via a linear transition state
(inversion motion).*" As for the majority of the systems, the
switching and the stability of imines benefit from the substi-
tution with an aryl or heteroaryl substituents.*> Imines have
recently come under the spotlight in systems such as the mole-
cular motors designed by the group of Lehn,”® iminothioin-
doxyl switches from Szymanski and co-workers" and the photo-
switchable, bistable, aryliminopyrazoles by Greenfield and co-
workers.>” Hydrazones can be considered a separate class of
switches from imines,*® thanks to their remarkable thermal
properties. Whilst maintaining the C=N isomerizing bond,
hydrazones showcase a bistability which can reach over thou-
sands of years.

By adding a second nitrogen in the isomerising bond, we
obtain the class of azo compounds, with azobenzene being the
more prominent example of this family.>*> Azobenzene’s iso-
merism has been known since the beginning of the 1900s, but
its isomerisation mechanisms, both at the excited and ground
state, are still a source of debate.*® Some azobenzenes and
their heteroaromatic derivatives, especially azopyrazoles, have
already been exploited in various applications thanks to their
ease of synthesis, fatigue resistance and tunability.
Surprisingly only few reports deal with light induced coordi-
nation mode changes involving the azo group.®”

Moving from N=N to C=C bonds, we can identify the class
of the alkene-based switches. C—=C bonds isomerize via a
rotational motion in their excited and ground state, with excep-
tions where a Hula Twist concerted isomerization was experi-
mentally proven.*® Undoubtedly, one of the cardinal examples
of a molecule with light-responsive C=C double bonds is
retinal, the chromophore of the scotopic protein, thodopsin.>®
Two main classes of compounds take the lion’s share of the
research currently conducted on C—C bonds: stilbenes® and
indigoids.* Stilbenes benefit from the bistability of their two
forms, and are the platform that allowed the development of
the first unidirectional molecular motors. Indigoids, spear-
headed in the last years by the works of Dube and Hecht
among others,*"** benefit from the intense coloration, the
possibility to tune their lifetimes based on substitution
pattern as well as being perfect scaffolds for the development
of more complex motion patterns, like figure-of-eight** and
mechanical threading.*

Isomerisation in phosphaalkenes (R,C—=PR)

The foundation of low valent and low coordinated phosphorus
chemistry was laid by Mirkl in 1966,*> with the synthesis of
phosphabenzene, the heavier analogue of pyridine. This was
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followed by significant breakthroughs in 1976 and 1978, when
Becker and Bickelhaupt successfully isolated the first ther-
mally stable inversely and normally polarized phosphaalkenes,
respectively-each featuring a localized P—=C bond.***” The syn-
thetic route developed by Becker is particularly interesting, as
it involves a 1,3-sigmatropic rearrangement of a silyl group at
low temperatures, converting the acyl phosphine intermediate
into the corresponding unsaturated phosphaalkene (1)
(Fig. 2A), resulting in a substantial alteration of its electronic
structure and extension of the conjugated system.*® The result-
ing phosphaalkene reacts with alcohol leading to a 1,3-hydro-
gen shift of the acyl phosphane, which upon deprotonation
and silylation undergoes again the 1,3-silyl shift to afford the
original phosphaalkene.*® Expanding the silatropic rearrange-
ment route to arsaalkenes illustrated the influence of the pnic-
togen atom on reaction kinetics, enabling short-term room-
temperature stability of the acyl arsine and hinting at the
possibility to tune reactivity, potentially achieving bistability
under ambient conditions.*’

The subsequent decade witnessed substantial progress,
marked by the implementation of novel synthetic strategies
and the introduction of a broad range of substituents at both
the phosphorus and carbon termini, which together enabled
greater structural diversity and significantly expanded the reac-
tivity profile of phosphaalkens.”®>> A notable development
during this period was reported by Majoral and co-workers in
1983,>* who illustrated the rich thermal and photochemical
behaviour of inversely polarized phosphaalkene Ph-P=C
(NMe,)H (2) (Fig. 2B). While phosphaalkene 2 was thermally
unstable and yielded the head-to-tail [2 + 2] cycloaddition
dimerized product, direct UV irradiation (254 nm) led to an
inversion of polarity at the P—C bond in the excited state,
resulting in transient phosphinidene and carbene species—
evidenced by trapping experiments with and without metha-
nol. Interestingly, the thermodynamically stable diphosphe-
tane could be converted back to the metastable phosphaalkene
upon irradiation using the same light source. These findings
provided early insights into the excited-state reactivity of phos-
phaalkenes and paved the way for further light-driven reactivity
studies. Albeit considerably fewer in number than their alkene
counterparts, nearly 3000 C=P-containing compounds have
been reported to date.>® However, a significant portion of
these remain inherently unstable, posing challenges for their
broader exploration—particularly in the context of molecular
switching and other advanced applications.

In 1985, Yoshifuji reported, for the first time, the detailed
photolysis of a phosphaalkene, Mes*-P—CHPh (3).*
Irradiation of the E-isomer (E-3) with a 100 W medium-
pressure mercury lamp for 6 hours at 0 °C resulted in a photo-
stationary state (PSS) with an approximate 3:7 (E: Z) ratio, as
determined by *'P NMR spectroscopy. A similar light-driven
isomerization was observed for the Z-isomer (Z-3), yielding a
mixture of both isomers (Fig. 2C). The isolated E- and
Z-isomers exhibited high kinetic stability, showing no signs of
isomerization upon heating at 100 °C for up to 24 hours.
Coordination of these isomers with metal precursor [Cr

Dalton Trans., 2025, 54,14241-14253 | 14243
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(CO)5(THF)] proceeded with full retention of stereochemistry,
however, reaction of the E-isomer with [Cr(CO)e] in the pres-
ence of light yielded the corresponding Z-isomeric complex.
Although light-mediated isomerization of the isolated com-
plexes was not investigated, the absence of the second isomer
suggests a concerted coordination/isomerization mechanism.
Protasiewicz synthesized isomerically pure E-isomers of
meta-terphenyl-based phosphaalkenes (E-4), allowing for sys-
tematic spectroscopic studies. Upon irradiation, these deriva-
tives isomerized to a mixture of E- and Z-isomers, reaching a
PSS containing 76-81% of the Z-isomer (Z-4), illustrating the
minimal influence of the para-substituent on the terphenyl group
(Fig. 2D). Analysis of the PSS and the absorption spectra of both
isomers indicated that the forward and backward processes have
virtually identical quantum yields (&_, and &, ;). Notably, the
E — Z photoisomerization also occurred in the solid state result-
ing in partial conversion (~30%) to the Z-isomer.>® Despite the
high kinetic barrier in most cases, some phosphaalkenes
undergo slow (hours) isomerization at room temperature,®” while
in other cases, the process is dramatically enhanced by silica
gel.”® Ott and co-workers further demonstrated in a thermally
stable C,C-diacetylenic phosphaalkene (5) bearing an electron-
withdrawing nitrophenyl substituent on one of the acetylenic
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units that presence of N,N-diisopropylethylamine (DIPEA) pro-
motes isomerization (Fig. 2E).>

In comparison to mono-phopshaalkenes, compounds fea-
turing multiple C=P units present a diverse and intriguing
pattern of isomerization behaviour. A critical factor influen-
cing the outcome is the degree of steric congestion, both
around the phosphorus substituents and within the organic
scaffold. For instance, Jouaiti and co-workers reported room-
temperature E,E — E,Z-isomerization in a bis-phosphaalkene
(6) (Fig. 2F). The presence of a meta-substituted phenylene
linker, which increases the spatial separation between the
P=C units and introduces greater conformational flexibility,
enabled the formation of the Z,Z-isomer upon extended
irradiation.®® Detailed irradiation experiments of this com-
pound and related tri- and tetra-phosphaalkenes (7 and 8)
revealed a thermodynamic preference for the all E-isomeric
forms, while Z-containing isomers became dominant upon UV
irradiation at 350 nm.**

Contrastingly, in geometrically constrained bis(phosphane-
diy)cyclobutenes (9), only the E,E- and E,Z-isomer could be syn-
thesized from the bis-phosphaallenic precursors via conrota-
tory rearrangements (Fig. 3A). Remarkably, despite the asym-
metric structure of the E,Z-isomer (R = SiMe;), only a single

This journal is © The Royal Society of Chemistry 2025
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Lett., 1990, 19, 2195; D. coordination mediated isomerisation in 11. Tip =
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resonance was observed in the *'P NMR spectrum—suggesting
the presence of a rapid degenerate equilibrium mediated by an
as-yet unidentified mechanism.®” Irradiation of the E,E-
bisphosphaalkenes yielded PSSs that were slightly influenced
by the nature of the R substituents (R = H, Me, ‘Bu, and Ph),
consistently favoring the (E,Z)-isomer with E,E:E,Z ratios
ranging from 3:1to 5:1.97%°

In addition to E,Z-configurational isomerism, diphosphini-
denecyclobutenes also exhibit conformational isomerism
when an asymmetrically substituted aryl protecting group is
installed. This is attributed to restricted rotation about the exo-
cyclic P=C bonds due to the sterically demanding nature of
these substituents. Diphosphinidenecyclobutenes 10 were syn-
thesized as an inseparable mixture of syn and anti-isomers in a
1:2 ratio (Fig. 3B). Upon complexation with [M(CO)s(THF)] (M
= W, Co, Cr), *'P NMR spectrum confirmed the presence of
both syn and anti-isomers, with complete retention of their
conformations during complexation. The syn-rotamer of the
mononuclear tungsten complex was structurally characterized
by single-crystal X-ray diffraction, while the anti-rotamers were
separated by chiral HPLC, with each isomer displaying a mir-
rored circular dichroism (CD) spectrum (Fig. 3C).°°® These
results demonstrate that this framework also enables the utiliz-
ation of pseudo-atropisomerism as an additional means of dis-
tinguishing between different molecular states. Additionally,
coordination of [W(CO)sTHF] to the E,Z-bis(phosphanediyl)
cyclobutene 11 initially gives coordination at the more accessi-
ble Z-phosphaalkene (E,Z-12), however results in a thermal/
metal mediated E,Z-isomerization upon chelation (E,Z-13).
Further coordination to the n-systems gives a dinuclear metal
complex with an additional piano-stool coordination environ-
ment (E,E-14) (Fig. 3D).%”

This journal is © The Royal Society of Chemistry 2025
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In 1996, Bickelhaupt introduced the isomerization of
C-halophosphaalkenes (E/Z-15) using metal fragments
(Fig. 4A),°® involving formation of a three-membered metalla-
cycle in case of Pt-group metals.®® This process was sub-
sequently used in highly regioselective C-C coupling affording
functionalized phosphaalkenes.””* We recently explored a
related metal-mediated isomerization in the case of a truxene-
based phosphallkene (Fig. 4B). We have found that the
Z-isomer (Z-18) undergoes light-driven isomerization, yielding
15% of the E-isomer (E-18) at the PSS. Surprisingly, quantitat-
ive formation of the corresponding E-isomer of the truxene
core was observed upon metal coordination to an AuCl frag-
ment [AuCl(E-18)], which could be reverted to the uncoordi-
nated Z-isomer Z-18 by simple de-coordination using PPh;.”?
Furthermore, the oxidation of phosphaalkenes with elemental
sulfur—and to a lesser extent, selenium—offers a promising
platform for the development of molecular switches. Mono-
oxidation of phosphaalkene 19, results in the formation of a
methylene(thioxo)phosphorane, 20, which undergoes photo-
chemical isomerization to the thermodynamically less favored
thiaphosphirane, 21 (Fig. 4C). Additionally, direct oxidation of
phosphaalkene 19 with excess sulfur yields a thiaphosphirane
sulphide 22, which can be selectively converted to the corres-
ponding thiaphosphirane 21 upon treatment with (Me,N);P.”?

Recently, we have aimed to move beyond considering E,Z-
isomerization in phosphaalkenes as a mere chemical curiosity
and instead sought to harness it as a functional property—
specifically, in the design of molecular switches. To this end,
we undertook a combined theoretical and spectroscopic inves-
tigation of simple, symmetric phosphaalkene system (23) to
gain a comprehensive understanding of the isomerization
mechanism (Fig. 4D). Degenerate switching was experi-
mentally confirmed through photochemical EXSY experi-
ments, while the excited-state dynamics were elucidated using
time-resolved spectroscopy. The measured time constants are
consistent with the theoretical model in which isomerization
proceeds via rotational motion on the excited-state potential
energy surface (PES), ultimately relaxing to the ground state
through a conical intersection.*”

Isomerisation in diphosphenes (RP—=PR)

Diphosphenes are close analogues of diazo compounds,
however, their significantly higher reactivity precluded their
isolation until 1981, when Yoshifuji reported the first isolable
diphosphene.” Only a few years later, Caminade observed the
photoisomerization of the thermodynamically stable E-isomer
(E-24, Fig. 5A) to the metastable Z-isomer (Z-24), achieving a
photostationary state (PSS) containing approximately 70% of
the Z-isomer upon irradiation at 515 nm at —80 °C. The kine-
tics of thermal back-isomerization were estimated based on
'H, *'P NMR, and UV/vis analyses at 0 °C, yielding unimolecu-
lar rate constants on the order of 3 x 10™* s7.7°

Several studies of unsymmetrical diphosphenes indicated
that photolysis potentially involves dimerization to the corres-
ponding cyclotetraphosphetanes (Fig. 5B), as evidenced by
NMR spectroscopic data.”® Notably, the ferrocenyl-containing

Dalton Trans., 2025, 54,14241-14253 | 14245
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diphosphene (FcP—PMes*) was found to undergo slow dimeri-
zation at room temperature under ambient light to form the
head-to-head dimerization product. Upon heating or UV
irradiation, the dimer readily undergoes cycloreversion to
regenerate the original E-diphosphene. It is proposed that this
retro-transformation proceeds via the formation of an initial
cis-diphosphene, followed by cis/trans isomerization to yield
the E-isomer. Importantly, no evidence was found for the for-
mation of phosphinidene intermediates or metathesis to
Mes*P=PMes*.”” The absence of phosphinidene intermedi-
ates has been supported by the lack of intramolecular trapping
products—specifically, phosphaindane—at low temperatures
(—40 °C) when deep UV irradiation was excluded using a
Pyrex©-filtered 100 W medium-pressure mercury lamp. In con-
trast, room-temperature irradiation without the filter led to for-
mation of the phosphaindane product via C-H insertion of a
phosphinidene species.”® Bickelhaupt proposed the involve-
ment of diradical intermediates in the E,Z-isomerization of
diphosphene 25 (Fig. 5C).”° Interestingly, prolonged
irradiation led to rearrangement of the diradical species, yield-
ing P-cyclized by-products. A similar phenomenon was
observed for a Cp*-stabilized phosphaarsene, where both
head-to-tail and head-to-head [2 + 2] cycloaddition products
(tetrapnictaphosphetanes) were detected, resulting in a
complex mixture of stable and unstable photoproducts.®®
Yoshifuji reported that, for an ethane-linked bis-dipho-
sphene (E,E-26, Fig. 5D), irradiation led to intramolecular tet-
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raphosphetane formation followed by retro-[2 + 2] cyclo-
addition, yielding a bridged Z-diphosphene system (Z-27).%'
Upon introduction of a secondary amine substituent,
R-NHP=PMes*, the Z-diphosphene is thermodynamically
favoured, albeit, overall less kinetically stablized, leading to
facile cycloaddition and retro-cycloaddition decomposition
pathways at mildly elevated temperatures.®® This increased
stability is reminiscent of hydrazone switches. Introducing a
bis(trimethylsilyl)amine substituent rendered the E and
Z-isomers nearly isoenergetic, but also significantly increased
the thermal stability raising the barrier to AG*, 293 = 25.5 kcal
mol~! (compared to Mes*P—PMes*, 24 AG*, 293 = 20.3 kcal
mol™").%? Introduction of N-heterocyclic vinyl (NHV) substitu-
ents preserved the high thermal stability of the photochemi-
cally generated Z-diphosphene (Z-28, Fig. 5E). The thermal
barrier for the reverse isomerization was estimated at 25.3 +
1.6 keal mol™" (ty,, > 200 hours at room temperature), with a
slight thermodynamic preference for the Z-isomer (AG
—0.6 kcal mol™). Photolysis at 520 nm and 455 nm yielded
PSS with Z: E ratios of 0.19 and 4.40, respectively, allowing for
isolation of both isomers. The PSS at these wavelengths could
be exclusively related to the differences in molar absorptivity,
indicating very similar quantum yields for both events.®*

As observed in the case of phosphaalkene 19 (Fig. 4C), sul-
furization can also induce isomerization in diphosphenes.
Treatment of E-24 with elemental sulfur yielded diphosphene
1-sulfide 29, which undergoes isomerization under photother-

This journal is © The Royal Society of Chemistry 2025
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B Cyclotetraphosphetanes
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Fig. 5 A. Isomerisation in symmetric diphosphene, 24; B. cyclotetraphosphetanes; C—E. isomerisation and rearrangements of diphosphenes 25-28;
F. sulfurization induced isomerisation in diphosphene 24; G and H: metal mediated isomerisation in compounds 31-33. Dipp = 2,6-'PrsCeH3z, Mes* =

2,4,6-'BusCeHa, Tip = 2,4,6-'PrsCgH.

mal or thermal conditions to form the E-thiadiphosphirane 30
(Fig. 5F). Notably, 29 can be quantitatively reverted to the
parent diphosphene E-24 by treatment with (NMe,),P.*>*°

As early as 1985, it was discovered that metal complexation
can profoundly influence the photochemical isomerization
behaviour of diphosphenes. Yoshifuji demonstrated that reac-
tion of E-isomer of Mes*P=PMes* with a series of metal carbo-
nyl complexes, [M(CO)s(THF)] (M = Cr, Mo, W), afforded
E-diphosphene complexes, E-31 that could be cleanly photoi-
somerized to their Z-isomeric forms (Z-31) upon irradiation
with a medium-pressure mercury lamp at 0 °C (Fig. 5G). The
rate of photoisomerization was found to decrease systemati-
cally down the group (Cr 3> Mo > W).®” Photochemical switch-
ing between n'- and n*-coordination modes was also reported
for cationic diphosphene complexes of Fe(CO) and Mo(CO),
(32-33, Fig. 5H). These transitions involved substantial struc-
tural reorganization, including rotation about a single bond,
and could be selectively triggered using different wavelengths
of light—470/590 nm for Fe and 400/630 nm for Mo—taking

This journal is © The Royal Society of Chemistry 2025

advantage of the pronounced color differences between the
isomers. Notably, short irradiation times were sufficient to
reach PSSs containing up to 96% of the photogenerated
species.®® In a similar fashion, gold coordination in NHV-
based diphosphene systems can be switched between n'- and
n*-binding modes, where metal migration is accompanied not
only by bond rotation but also by E,Z-isomerization.®*

Miscellaneous phosphorous-containing molecular switches

Beyond phosphaalkenes and diphosphenes, other phos-
phorus-containing molecules have recently garnered attention
in the context of molecular switching. The Yam research group
has investigated the highly tunable phosphole-based systems
(36-39) as P-functionalized diarylethene photoswitches
(Fig. 6A-C). Notably, benzannulated phosphole derivatives
exhibited lower quantum yields than their dithienoannulated
analogues, despite possessing similarly extended n-conjugated
frameworks.?® The latter displayed quantum yields of up to
0.87 for photocyclization and 0.44 for photocycloreversion pro-
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Fig. 6 Miscellaneous P-based molecular switches. A—C. P-functionalized diarylethene photoswitches 36-38; B. schematic representation of
colour change in the ring-opened and ring-closed diarylethene photoswitches; images are reproduced with permission from Angew. Chem., Int.
Ed., 2013, 52, 11504; D. P-based molecular motor, 40; E. hemiphosphoindigo photoswitches 41.

cesses. Furthermore, the characteristic emission of the phosp-
hole oxide core was significantly reduced upon cyclization,
underscoring their potential as functional materials, especially
imaging applications.”® Building on these findings, further
functionalization was achieved through alkynyl gold(i) com-
plexation of the phosphole scaffold. In addition to the well-
established photocyclization/cyclo-reversion behaviour, new
metastable states—distinguished by their altered colour—
could be accessed from both the open and closed forms
through mechanical grinding, presumably via geometric
changes in the triphenylamine moiety.”*

Dielmann and co-workers reported the incorporation of a
photoswitchable phosphine-based N-heterocyclic imine into a
dithienylethene framework. The resulting molecule not only
undergoes electrocyclic ring closure upon UV irradiation, but
also exhibits modulation of the phosphine’s donor strength
between the ring-opened and ring-closed isomers, indicating
that photoisomerization can effectively tune the electron-
donating ability of the phosphine.”” Subsequently, Hey-
Hawkins and co-workers demonstrated that such photorespon-
sive modulation of electronic properties could be leveraged to
tune the catalytic activity of palladium complexes derived from
similar dithienylethene-based systems.”?

14248 | Dalton Trans., 2025, 54, 14241-14253

Feringa and co-workers introduced a stereogenic phos-
phorus center into the backbone of overcrowded ethylene-
based second-generation Feringa motor, 40 (Fig. 6D). While
the gold-coordinated derivative (L = AuCl) and the phosphine
oxide (L = O) exhibit the expected four-step unidirectional
rotary cycle—comprising sequential photochemical E,Z-iso-
merization followed by thermal helix inversion—the tertiary
phosphine variant (L = lone pair) enables a shortcut isomeriza-
tion pathway. This alternative cycle arises from thermal pyra-
midal inversion at the stereogenic phosphorus center, allowing
direct epimerization between the two stable states at elevated
temperatures.’* Dube and co-workers recently reported a hemi-
phosphoindigo switch (41) as a water-soluble platform for chir-
optical switching (Fig. 6E). Their high photofatigue resistance
and tunable half-lives showcase the great potential of this
class of compounds towards light activated drugs and other
biological applications.®’

The reactivity of low-coordinate phosphorus centres and
their ability to stabilize biradicaloid species has been success-
fully exploited in a photochemical switching process. A phos-
phorus-based biradicaloid hetero-cyclopentane-1,3-diyl deriva-
tive (43) exhibits an absorption maximum at 643 nm, whereas
its photoproduct, the corresponding hetero-housane, 44 shows

This journal is © The Royal Society of Chemistry 2025
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no absorption in the visible region (Fig. 7A). The photochemi-
cal switching is highly efficient, with a quantum yield of
approximately 0.25 and complete conversion to the hetero-
housane. The thermal back-reaction follows first-order kinetics
and results in quantitative recovery of the biradicaloid at room
temperature (r, = 7 min, k = 1.73(3) x 107> s%).°® This
concept was subsequently extended to the design of a visible-
light-responsive dual photoswitch 45 that integrates both a
constitutional switching unit (cyclopentenyl/hetero-housane)
and a configurational switching unit E,Z-azobenzene (Fig. 7B).
The biradicaloid/housane and azobenzene E,Z-isomerization
processes could be independently triggered using red (638 nm)
and green (520 nm)/blue (445 nm) light, respectively, providing
orthogonal control over both switching units.”” Ott and co-
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workers presented an ethenyl bridged bisphosphole (49) which
undergoes a reversible 2e”/2H" proton coupled redox switch-
ing with a prominent electrochromic behaviour (Fig. 7C).*®

Specifically designed, molecular and oligomeric motifs
have been wused for targeted sensing purposes. For
example, Gabbai and co-workers reported a phosphine deco-
rated fluorescein derivative with high selectivity to Au(u) ions
as turn-on fluorescence sensors.”” On the other hand,
Gates and co-workers reported selective fluorescence for both
Au(1) and Au(ur) ions of a phosphine-diyne polymer.'® In con-
trast, the heavier pnictogens are also susceptible to inter-
actions with Lewis bases, in particular Sb---F interactions, pro-
viding an interesting platform as responsive and smart
materials'?*%?
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Fig. 7 Miscellaneous P-based molecular switches. A and B. Phosphorous-based diradicaloid switches; C. redox switching in bisphosphole; D.
photoinduced anion migration in phosphonium fluorophore; E. phosphine oxide-based molecular rotor driven by Appel Reaction. Ter = 2,6-(2,4,6-

Me3z-CgH,),CgH3z, DMP = 2,6-dimethylphenyl.
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Another promising opportunity for phosphorus-based
molecular switching lies in the use of stable hypervalent
motifs. Koshevoy and co-workers incorporated phosphonium
groups into spatially separated donor-acceptor dyes 51, where
photoexcitation induces a charge-transfer state that facilitates
controllable counteranion migration (Fig. 7D). These materials
represent a novel approach to ion-pairing-controlled property
modulation, such as dual emission and other optoelectronic
behaviours.'®™° In a distinct context, a prochiral diphenyl-
phosphine oxide installed on the rotor part of a molecular
machine (—)-52 was converted into a phosphonium salt.
Engaging that phosphonium chloride into a classical Appel
reaction with a chiral secondary alcohol fuelled a uni-direc-
tional motion forming the basis for a molecular motor based
on an external chiral agent and chirality transfer to the hyper-
valent P-centre (Fig. 7E)."%°

Conclusion and outlook

E/Z-1somerization in compounds featuring P—=C and P=P
double bonds has been recognized for over a decade as a fun-
damental chemical phenomenon. While double bond isomeri-
zation is a cornerstone of classical molecular switching, its
application in the design of phosphorus-based molecular
switches remains relatively underexplored. In recent years,
however, the revival of interest in main-group element reactiv-
ity—especially through the lens of the “diagonal relationship”
between phosphorus and carbon—has extended the relevance
of unsaturated phosphorus chemistry into the realm of
dynamic molecular systems. As a result, phosphorus-based
molecular switches are now emerging as a distinct and versa-
tile class, expanding the structural and mechanistic landscape
beyond conventional carbon- or nitrogen-centered platforms
such as azobenzenes and stilbenes.

In addition to conventional light-induced E — Z conver-
sions (reminiscent of alkene or azo switches), phosphorus-
based switches can respond to stimuli beyond light or heat—
most notably metal coordination and chemical triggers.
Recent literature offers several compelling proof-of-concept
systems: for example, a phosphaalkene embedded in a truxene
was shown to isomerize not only under light irradiation but
also upon metal coordination (Au(i) coordination triggers Z —
E isomerization, reversed by decoordination). In the same
system, chemical triggers such as deprotonation with KCg
facilitate isomerization by generating an anionic E-isomer.”?
More recently, the incorporation of phosphaalkene into an
overcrowded ethylene framework has enabled redox-triggered
conformational changes.'” Likewise, diphosphene complexes
have demonstrated visible-light-triggered E/Z-isomerization via
haptotropic rearrangement of ligands—a novel mode of action
rarely encountered in purely organic switches.®* Similarly,
Hadlington group reported a diphosphene-containing macro-
cycle capable of switching between endo- and exocyclic coordi-
nation modes.'®® These advances underscore that incorporat-
ing phosphorus enables switching mechanisms beyond the
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photon-driven or thermal routes classically used, endowing
main-group molecular switches with multi-responsive
behaviour.

Beyond bond isomerization, introducing phosphorus into
molecular switch designs opens broader opportunities. For
instance, photoresponsive phosphine ligands appended with
conventional switching motifs have been used in transition-
metal complexes to reversibly modulate catalytic activity—a
strategy that has been explored for some time.'®® Looking
ahead, one can envision a light driven configurational changes
of a phosphaalkene or diphosphene ligand switching a catalyst
from a dormant to an active state on demand via E/Z isomeri-
zation at the ligating atom. Similarly, phosphorus-driven mole-
cular machines and actuators are on the horizon; indeed,
embedding a P-atom in rotary motors has already imparted
unique stereodynamic features. Thus far, stable hypervalent
intermediates,'® pnictogen specific rearrangements,’® and
substituent and coordination controlled tautomeric
equilibria'*®™"* have been observed, but not yet been utilized
extensively as crucial components of molecular switches. By
harnessing the susceptibility of heavier organopnictogen com-
pounds to a wider array of stimuli compatibility—including
low-energy visible light, coordination-induced motion, or
redox stimuli—pnictogen-based frameworks may overcome
some limitations of all-organic switches and enable operation
under biocompatible or device-relevant conditions.”

Nonetheless, several challenges remain. Synthetic accessi-
bility, once a hurdle for isolating reactive P=—=P and P=—C com-
pounds, has markedly improved with modern strategies, yield-
ing air-stable, robust molecules. However, substantial steric
bulk is often required to stabilize P—=C/P==P bonds against oli-
gomerization, and that very steric protection can impede
efficient E/Z-isomerization; Z-isomers of heavier double bonds
are notoriously hard to isolate due to steric congestion.
Designing substituents that provide both electronic stabiliz-
ation and geometric flexibility will be key to advancing the
switchability of such systems.

Photophysical performance also warrants further optimiz-
ation. While many phosphorus-based switches are responsive
to light, achieving high photoisomerization quantum yields
remains essential for practical implementation. Perhaps the
most ambitious frontier is the realization of unidirectional
motion in phosphorus-containing molecular motors. To date,
no system has demonstrated directional rotary behaviour
using a P=C or P=P bond as the central axle, and embedding
these motifs into inherently asymmetrical frameworks (to bias
directional rotation) poses significant design challenges. Yet
the progress achieved thus far—from chemically and photo-
chemically responsive phosphaalkenes to visible-light-driven
diphosphene switches—underscores the unique potential of
phosphorus in dynamic molecular systems. With continued
innovation in design, synthesis, and application, phosphorus-
based switches and motors are poised to become a powerful
and distinctive addition to the molecular switch toolKkit.

Encouraged by progress with lighter pnictogens, research-
ers have begun to explore whether such isomerization behav-

This journal is © The Royal Society of Chemistry 2025
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iour can be extended to heavier congeners. In the case of anti-
mony and bismuth, stabilization of dipnictene (Pn=Pn, Pn =
Sb, Bi) and pnictaalkene (C=Pn, Pn = Sb, Bi) frameworks
demands extremely bulky substituents to prevent rapid
decomposition and oligomerization. Consequently, all crystal-
lographically characterized heavier distibenes and related ana-
logues adopt E-geometries; isolable Z-isomers remain elusive.
Tokitoh and co-workers reported that photolysis of
BbtSb=BiBbt (Bbt = 2,6-bis[bis(trimethylsilyl)methyl]-4-[tris
(trimethylsilyl )methyl |phenyl) under medium-pressure
mercury lamp irradiation led to bond cleavage rather than iso-
merization. Similar behaviour was observed for Mes*P=—BiBbt,
underscoring the challenge of achieving E/Z-isomerization in
these heavier main-group systems.''® Despite these limit-
ations, recent efforts offer glimpses of promise. For instance,
Bismuto and co-workers demonstrated that blue-light
irradiation of a distibene in the presence of CpCo(CO), results
in the formation of a cobalt-distibene complex featuring a
metallacyclic Co-Sb, motif."** Although this transformation
represents bond reorganization rather than pure isomeriza-
tion, it exemplifies the rich, photochemically induced reactiv-
ity accessible to heavy main-group double bonds. Looking
forward, achieving reversible, stimulus-responsive E/
Z-isomerization in antimony and bismuth systems will require
innovative molecular designs that carefully balance steric
demands and electronic effects. Drawing inspiration from the
success of phosphorus-based systems, these efforts will not
only broaden the scope of main-group molecular switches but
also uncover new paradigms in photodynamic reactivity and
responsive materials design.

Author contributions

All authors have contributed to the writing, reviewing and
editing of the manuscript.

Conflicts of interest

There are no conflicts to declare.

Data availability

No primary research results, software or code have been
included and no new data were generated or analysed as part
of this Perspective article.

Acknowledgements

The Swedish Research Council (Vetenskapsridert), Olle-
Engkvist stiftelse, and Wenner-Gren foundation are gratefully
acknowldeged for their financial support. MT thanks the
European Union (MSCA Doctoral Network, LUMIERE, GA No.
101169312).

This journal is © The Royal Society of Chemistry 2025

View Article Online

Perspective

References

1 M. W. H. Hoorens, M. Medved’, A. D. Laurent, M. Di
Donato, S. Fanetti, L. Slappendel, M. Hilbers,
B. L. Feringa, W. Jan Buma and W. Szymanski, Nat.
Commun., 2019, 10, 2390.

2 C. Alvarez-Lorenzo, L. Bromberg and A. Concheiro,
Photochem. Photobiol., 2009, 85, 848-860.

3 R. Weinstain, T. Slanina, D. Kand and P. Klan, Chem. Rev.,
2020, 120, 13135-13272.

4 T. van Leeuwen, A. S. Lubbe, P. Stacko, S. ]J. Wezenberg
and B. L. Feringa, Nat. Rev. Chem., 2017, 1, 0096.

5 S. Crespi, N. A. Simeth and B. Konig, Nat. Rev. Chem.,
2019, 3, 133-146.

6 D. Villarén and S. ]J. Wezenberg, Angew. Chem., Int. Ed.,
2020, 59, 13192-13202.

7 J. F. Stoddart, Angew. Chem., Int. Ed., 2017, 56, 11094~
11125.

8 S. Erbas-Cakmak, D. A. Leigh, C. T. McTernan and
A. L. Nussbaumer, Chem. Rev., 2015, 115, 10081-10206.

9 M. Baroncini, S. Silvi and A. Credi, Chem. Rev., 2020, 120,
200-268.

10 1. Aprahamian, ACS Cent. Sci., 2020, 6, 347-358.

11 Molecular Photoswitches: Chemistry, Properties,
Applications, ed. Z. L. Pianowski, Wiley, 2022, vol. 2.

12 C. Jin, Y. Wang, L. Wang, X. Zan and S. Tang, Chem.
Commun., 2025, 61, 6759-6762.

13 M. A. Gordillo, M. Soto-Monsalve, C. C. Carmona-Vargas,
G. Gutiérrez, R. F. D'vries, ]J.-M. Lehn and M. N. Chaur,
Chem. - Eur. J., 2017, 23, 14872-14882.

14 L. Zhang, Y. Qiu, W.-G. Liu, H. Chen, D. Shen, B. Song,
K. Cai, H. Wu, Y. Jiao, Y. Feng, J. S. W. Seale, C. Pezzato,
J. Tian, Y. Tan, X.-Y. Chen, Q.-H. Guo, C. L. Stern,
D. Philp, R. D. Astumian, W. A. Goddard and
J. F. Stoddart, Nature, 2023, 613, 280-286.

15 H. Qian, N. S. Purwanto, D. G. Ivanoff, A. ]J. Halmes,
N. R. Sottos and J. S. Moore, Chem, 2021, 7, 1080-1091.

16 H. Zhang, F. Gao, X. Cao, Y. Li, Y. Xu, W. Weng and
R. Boulatov, Angew. Chem., Int. Ed., 2016, 55, 3040-3044.

17 Molecular Photoswitches: Chemistry, Properties, and
Applications, ed. Z. L. Pianowski, Wiley-VCH GmbH,
Weinheim, 2022.

18 J. Saunders, I. A. P. Thompson and H. T. Soh, Acc. Chem.
Res., 2025, 58, 703-713.

19 M. Poutanen, Z. Ahmed, L. Rautkari, O.
A. Priimagi, ACS Macro Lett., 2018, 7, 381-386.

20 M. Miller, N. Liu, V. Gujrati, A. Valavalkar, S. Hartmann,
P. Anzenhofer, U. Klemm, A. Telek, B. Dietzek-Ivansi¢,
A. Hartschuh, V. Ntziachristos and O. Thorn-Seshold,
Angew. Chem., Int. Ed., 2024, 63, €202405636.

21 R. P. Singh and J. Singh, Luminescence, 2023, 38, 806-810.

22 K. Glinther, N. Grabicki, B. Battistella, L. Grubert and
O. Dumele, J. Am. Chem. Soc., 2022, 144, 8707-8716.

23 H. D. Becker, Chem. Rev., 1993, 93, 145-172.

24 M. Irie, T. Fukaminato, K. Matsuda and S. Kobatake,
Chem. Rev., 2014, 114, 12174-12277.

and

Ikkala and

Dalton Trans., 2025, 54,14241-14253 | 14251


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt01697e

Open Access Article. Published on 14 August 2025. Downloaded on 10/23/2025 12:08:36 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

25

26

27

28

29

30

31
32

33

34
35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50
51

52

K. Kuntze, ]J. Isokuortti, J. J. van der Wal, T. Laaksonen,
S. Crespi, N. A. Durandin and A. Priimagi, Chem. Sci.,
2024, 15, 11684-11698.

J. P. Green, J. A. L. Wells and A. Orthaber, Dalton Trans.,
2019, 48, 4460-4466.

R. Deka, J. Steen, M. F. Hilbers, W. G. Roeterdink,
A. Tagatti, R. Xiong, W. J. Buma, M. Di Donato,
A. Orthaber and S. Crespi, Angew. Chem., Int. Ed., 2025,
64, €202419943.

R. Hoffmann, Angew. Chem., Int. Ed. Engl., 1982, 21, 711-
724.

M. Elian, M. M. L. Chen, D. M. P. Mingos and
R. Hoffmann, Inorg. Chem., 1976, 15, 1148-1155.

D. Nauroozi and A. Orthaber, Eur. J. Inorg. Chem., 2016,
2016, 709-717.

J.-M. Lehn, Chem. - Eur. J., 2006, 12, 5910-5915.

J. Wu and J. L. Greenfield, J. Am. Chem. Soc., 2024, 146,
20720-20727.

L. Greb and ]J.-M. Lehn, J. Am. Chem. Soc., 2014, 136,
13114-13117.

B. Shao and I. Aprahamian, Chem, 2020, 6, 2162-2173.

H. M. D. Bandara and S. C. Burdette, Chem. Soc. Rev.,
2012, 41, 1809-1825.

M. Reimann, E. Teichmann, S. Hecht and M. Kaupp,
J. Phys. Chem. Lett., 2022, 13, 10882-10888.

M. Bardaji, M. Barrio and P. Espinet, Dalton Trans., 2011,
40, 2570-2577.

T. Fischer, J. Leitner, A. Gerwien, P. Mayer, A. Dreuw,
H. Dube and ]. Wachtveitl, J. Am. Chem. Soc., 2023, 145,
14811-14822.

R. Palombo, L. Barneschi, L. Pedraza-Gonzalez, D. Padula,
I. Schapiro and M. Olivucci, Nat. Commun., 2022, 13,
6652.

C. Petermayer and H. Dube, Acc. Chem. Res., 2018, 51(5),
1153-1163.

C.-Y. Huang, A. Bonasera, L. Hristov, Y. Garmshausen,
B. M. Schmidt, D. Jacquemin and S. Hecht, J. Am. Chem.
Soc., 2017, 139, 15205-15211.

C. Petermayer, S. Thumser, F. Kink, P. Mayer and
H. Dube, J. Am. Chem. Soc., 2017, 139, 15060-15067.

A. Gerwien, B. Jehle, M. Irmler, P. Mayer and H. Dube,
J. Am. Chem. Soc., 2022, 144, 3029-3038.

N. N. Bach, V. Josef, H. Maid and H. Dube, Angew. Chem.,
Int. Ed., 2022, 61, €202201882.

G. Mirkl, Angew. Chem., Int. Ed. Engl., 1966, 5, 846-847.

G. Becker, Z. Anorg. Allg. Chem., 1976, 423, 242-254.

T. C. Klebach, R. Lourens and F. Bickelhaupt, J. Am. Chem.
Soc., 1978, 100, 4886-4888.

R. Pietschnig, E. Niecke, M. Nieger and K. Airola,
J. Organomet. Chem., 1997, 529, 127-133.

G. Becker and G. Gutekunst, Angew. Chem., Int. Ed. Engl.,
1977, 16, 463-464.

F. Mathey, Angew. Chem., Int. Ed., 2003, 42, 1578-1604.

T. Bhowmick and A. Orthaber, ChemPhysChem, 2024, 25,
€202300940.

P. Le Floch, Coord. Chem. Rev., 2006, 250, 627-681.

14252 | Dalton Trans., 2025, 54,14241-14253

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67
68

69

70

71

72

73

74

75

76

77

View Article Online

Dalton Transactions

A. Meriem, J.-P. Majoral, M. Revel and ]. Navech,
Tetrahedron Lett., 1983, 24, 1975-1978.

This estimate is based on a SciFinder® substructure
search for C=P-R motifs, with lock ring fusion and lock
atom restirictions, further limiting the results to conven-
tional structures, i.e. excluding tautomeric and zwitter-
ionic structures.

M. Yoshifuji, K. Toyota and N. Inamoto, Tetrahedron Lett.,
1985, 26, 1727-1730.

V. B. Gudimetla, A. L. Rheingold, J. L. Payton, H.-L. Peng,
M. C. Simpson and J. D. Protasiewicz, Inorg. Chem., 2006,
45, 4895-4901.

J. A. L. Wells, M. A. Shameem, A. K. K. Gupta and
A. Orthaber, Inorg. Chem. Front., 2020, 7, 4052-4061.

K. Esfandiarfard, A. I. Arkhypchuk, A. Orthaber and S. Ott,
Dalton Trans., 2016, 45, 2201-2207.

E. Oberg, X.-L. Geng, M.-P. Santoni and S. Ott, Org.
Biomol. Chem., 2011, 9, 6246-6255.

A. Jouaiti, M. Geoffroy, G. Terron and G. Bernardinelli,
J. Am. Chem. Soc., 1995, 117, 2251-2258.

H. Kawanami, K. Toyota and M. Yoshifuji, J. Organomet.
Chem., 1997, 535, 1-5.

G. Mirkl, P. Kreitmeier, H. N6th and K. Polborn, Angew.
Chem., Int. Ed. Engl., 1990, 29, 927-929.

G. Mirkl and R. Hennig, Liebigs Ann. Chem., 1996, 2059—
2064.

K. Toyota, K. Tashiro, M. Yoshifuji and S. Nagase, Bull.
Chem. Soc. Jpn., 1992, 65, 2297-2299.

M. Yoshifuji, K. Toyota, M. Murayama, H. Yoshimura,
A. Okamoto, K. Hirotsu and S. Nagase, Chem. Lett., 1990,
19, 2195-2198.

M. Yoshifuji, Y. Ichikawa, K. Toyota, E. Kasashima and
Y. Okamoto, Chem. Lett., 1997, 26, 87-88.

M. Yoshifuji and Y. Ichikawa, Chem. Commun., 1998, 27-28.
M. van der Sluis, J. B. M. Wit and F. Bickelhaupt,
Organometallics, 1996, 15, 174-180.

M. van der Sluis, A. Klootwijk, J. B. M. Wit, F. Bickelhaupt,
N. Veldman, A. L. Spek and P. W. Jolly, J. Organomet.
Chem., 1997, 529, 107-119.

E. Oberg, A. Orthaber, C. Lescop, R. Réau, M. Hissler and
S. Ott, Chem. - Eur. J., 2014, 20, 8421-8432.

M. A. Shameem, K. Esfandiarfard, E. Oberg, S. Ott and
A. Orthaber, Chem. - Eur. J., 2016, 22, 10614-10619.

T. Bhowmick, J. A. L. Wells, M. A. Ansari, J. D. Steen,
S. Crespi and A. Orthaber, Chem. - Eur. J., 2025, 31,
€202403974.

K. Toyota, K. Shimura, H. Takahashi and M. Yoshifuji,
Chem. Lett., 1994, 23, 1927-1930.

M. Yoshifuji, I. Shima, N. Inamoto, K. Hirotsu and
T. Higuchi, J. Am. Chem. Soc., 1981, 103, 4587-4589.

A.-M. Caminade, M. Verrier, C. Ades, N. Paillous and
M. Koenig, J. Chem. Soc., Chem. Commun., 1984, 875-877.
M. Yoshifuji, T. Sato and N. Inamoto, Bull. Chem. Soc.
Jpn., 1989, 62, 2394-2395.

R. Pietschnig and E. Niecke, Organometallics, 1996, 15,
891-893.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt01697e

Open Access Article. Published on 14 August 2025. Downloaded on 10/23/2025 12:08:36 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

Y. Masaaki, S. Takahiro and 1. Naoki, Chem. Lett., 1988,
17,1735-1738.

C. M. D. Komen, F. J. J. d. Kanter, S. J. Goede and
F. Bickelhaupt, J. Chem. Soc., Perkin Trans. 2, 1993, 807-
812.

P. Jutzi and U. Meyer, J. Organomet. Chem., 1987, 333,
C18-C20.

M. Yoshifuji, N. Shinohara and K. Toyota, Tetrahedron
Lett., 1996, 37, 7815-7818.

E. Niecke, B. Kramer and M. Nieger, Angew. Chem., Int. Ed.
Engl., 1989, 28, 215-217.

E. Niecke, O. Altmeyer and M. Nieger, Angew. Chem., Int.
Ed. Engl., 1991, 30, 1136-1138.

J. Lin, S. Liu, J. Zhang, H. Griitzmacher, C.-Y. Su and Z. Li,
Chem. Sci., 2023, 14, 10944-10952.

M. Yoshifuji, K. Shibayama, N. Inamoto, K. Hirotsu and
T. Higuchi, J. Chem. Soc., Chem. Commun., 1983, 862-863.

M. Yoshifuji, K. Ando, K. Shibayama, N. Inamoto,
K. Hirotsu and T. Higuchi, Angew. Chem., Int. Ed. Engl,
1983, 22, 418-419.

M. Yoshifuji, T. Hashida, N. Inamoto, K. Hirotsu,
T. Horiuchi, T. Higuchi, K. Ito and S. Nagase, Angew.
Chem., Int. Ed. Engl., 1985, 24, 211-212.

C. Taube, J. Fidelius, K. Schwedtmann, C. Ziegler,
F. Kreuter, L. Loots, L. J. Barbour, R. Tonner-Zech, R. Wolf
and ]. ]J. Weigand, Angew. Chem., Int. Ed., 2023, 62,
€202306706.

J. C.-H. Chan, W. H. Lam, H.-L. Wong, W.-T. Wong and V.
W.-W. Yam, Angew. Chem., Int. Ed., 2013, 52, 11504-11508.
N. M.-W. Wu, M. Ng, W. H. Lam, H.-L. Wong and V.
W.-W. Yam, J. Am. Chem. Soc., 2017, 139, 15142-15150.

N. M.-W. Wu, M. Ng and V. W.-W. Yam, Angew. Chem., Int.
Ed., 2019, 58, 3027-3031.

F. Buf3, M. Das, D. Janssen-Miiller, A. Sietmann, A. Das,
L. F. B. Wilm, M. Freitag, M. Seidl, F. Glorius and
F. Dielmann, Chem. Commun., 2023, 59, 12019-12022.

A. Sherstiuk, A. Lledés, P. Lonnecke, J. Hernando,
R. M. Sebastian and E. Hey-Hawkins, Inorg. Chem., 2024,
63, 7652-7664.

G. B. Boursalian, E. R. Nijboer, R. Dorel, L. Pfeifer,
O. Markovitch, A. Blokhuis and B. L. Feringa, J. Am. Chem.
Soc., 2020, 142, 16868-16876.

F. Kohl, T. Vogl, F. Hampel and H. Dube, Nat. Commun.,
2025, 16, 1760.

This journal is © The Royal Society of Chemistry 2025

96

97

98

99

100

101

102

103

104

105

106

107

108

109
110

111

112

113

114

View Article Online

Perspective

J. Bresien, T. Kroger-Badge, S. Lochbrunner, D. Michalik,
H. Miiller, A. Schulz and E. Zander, Chem. Sci., 2019, 10,
3486-3493.

Y. Pilopp, H. Beer, J. Bresien, D. Michalik, A. Villinger and
A. Schulz, Chem. Sci., 2025, 16, 876-888.

A. 1. Arkhypchuk, E. Mijangos, R. Lomoth and S. Ott,
Chem. — Eur. J., 2014, 20, 16083-16087.

A. M. Christianson and F. P. Gabbai, Inorg. Chem., 2016,
55, 5828-5835.
H. K. Mackenzie, B. W. Rawe, K. Samedov,

H. T. G. Walsgrove, A. Uva, Z. Han and D. P. Gates, J. Am.
Chem. Soc., 2020, 142, 10319-10324.

A. M. Christianson, E. Rivard and F. P. Gabbai,
Organometallics, 2017, 36, 2670-2676.

A. M. Christianson and F. P. Gabbai, Organometallics,
2017, 36, 3013-3015.

A. Belyaev, Y.-H. Cheng, Z.Y. Liu, A. ]. Karttunen,
P.-T. Chou and I. O. Koshevoy, Angew. Chem., Int. Ed.,
2019, 58, 13456-13465.

A. Belyaev, B.-K. Su, Y.-H. Cheng, Z.-Y. Liu, N. M. Khan,
A. J. Karttunen, P.-T. Chou and 1. O. Koshevoy, Angew.
Chem., Int. Ed., 2022, 61, €202115690.

H.-T. Qu, I. Partanen, K.-H. Chang, Y.-D. Lin,
I. O. Koshevoy, A. Belyaev and P.-T. Chou, Chem. Sci.,
2024, 15, 20045-20055.

P. Zwick, A. Troncossi, S. Borsley, 1. J. Vitorica-Yrezabal
and D. A. Leigh, J. Am. Chem. Soc., 2024, 146, 4467-4472.
R. Deka, M. A. Ansari, S. Chattopadhyay, R. Lomoth,
A. Thapper and A. Orthaber, Angew. Chem., Int. Ed., 2024,
63, €202406076.

L. N. Kreimer and T. J. Hadlington, Chem. Sci., 2024, 15,
14154-14160.

Z. Freixa, Catal. Sci. Technol., 2020, 10, 3122-3139.

A. Orthaber, J. H. Albering, F. Belaj and R. Pietschnig,
J. Fluorine Chem., 2010, 131, 1025-1031.

B. Hoge and B. Kurscheid, Angew. Chem., Int. Ed., 2008,
47, 6814-6816.

M. Doux, N. Mézailles, L. Ricard and P. Le Floch,
Eur. J. Inorg. Chem., 2003, 2003, 3878-3894.

T. Sasamori and N. Tokitoh, Dalton Trans., 2008, 1395-
1408.

D. Meleschko, P. Palui, R. M. Gomila, G. Schnakenburg,
A. C. Filippou, A. Frontera and A. Bismuto, Angew. Chem.,
Int. Ed., 2024, 63, €202405400.

Dalton Trans., 2025, 54,14241-14253 | 14253


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt01697e

	Button 1: 


