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osphonium-bridged ladder
stilbenes: water-soluble fluorophores with up to
eight annulated rings

Sebastian Senn,†a Jean-Marc Mörsdorf,†*a Maria-Sophie Bertrams, b

Christoph Kerzig *b and Joachim Ballmann ‡a

Diphosphapentalene-derived P-heterocyclic materials with two directly fused phospholes are fairly scarce,

at least in comparison to their simpler congeners containing only one phosphole entity. To fill that void, p-

conjugated naphtho-fused phospholo[3,2-b]phosphole dications were prepared via in situ oxidation of the

corresponding diphosphines. In the case of one specific naphtho-annulation pattern, a hitherto

unprecedented bis-(D2-phosphetene) dication was formed selectively and isolated as a colorless

powder. DFT modelling studies revealed that this bis-(D2-phosphetenium) salt is produced via single

electron transfer steps, while all the phospholo[3,2-b]phosphole salts may either be generated via their

P-diylidic counterparts or via similar radical mechanisms. Exploiting this knowledge, the dicationic

phospholo[3,2-b]phosphole isomer of the bis-(D2-phosphetenium) salt was isolated as well. In view of

the high fluorescence quantum yields of these naphtho-fused phospholo[3,2-b]phosphole salts in

aqueous solution, linearly p-extended anthraceno-fused derivatives were developed in order to

bathochromically shift their emissions into the biological window. While detailed optoelectronic studies

confirmed our expectations, the utmost remarkable observation is that even the anthraceno-fused

materials were found to be sufficiently soluble in water, despite the fact that these fluorophores

comprise up to eight fused rings.
Introduction

Cyclic p-conjugated organophosphorus materials comprising 4-
(phosphetenes),1 5-(phospholes),2 6-(phosphinines)3 and 7-
membered rings (phosphepines)4 are known for their manifold
applications, not only in organic electronics5 and (bio)imaging,6

but also in (photo)catalysis.7 Despite the seemingly endless
possibilities to fuse regular arenes to P-containing rings with
different ring sizes, p-extended phospholes are targeted most
frequently due to the availability of various synthetic protocols
for their preparation8 and due to the fact that phospholes are
readily converted to P(V)-oxides, P(V)-sulphides and P(V)-phos-
pholium cations, which are known to be intrinsically air-stable.9

The latter property is certainly of crucial importance for most
applications, while the presence of two exocyclic P(V)-substitu-
ents is commonly considered benecial considering that
hyperconjugative interactions10 between the exocyclic C–P
bonds and the endocyclicp-systems are easily exploited in order
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to ne-tune the electronic properties of the ensuing materials.
Hence, p-extended phosphole oxides and phospholium salts
have attracted considerable attention over the past years,11

which also led to the development of novel synthetic routes for
their preparation.12 A decade ago, phosphines or phospholes
had to be isolated, for example for the preparation of A13 and
B14, while methods that avoid these potentially air-sensitive
intermediates only emerged quite recently.12 Along these lines,
a straightforward one-pot procedure for the preparation of
remarkably robust P-ylides (C) was reported by Jacquemin and
Bouit,15 while Leifert and Studer demonstrated that quinoline-
fused phosphole oxides, such as D, may be assembled directly
from phosphine oxides via a new radical cyclization protocol.16

These particularly elegant synthetic routes to p-extended mono-
phosphole-derived materials, however, are rarely applicable if
two mutually fused phospholes need to be incorporated into
a given p-framework. Hence, 6p phospholo–phospholes and 8p
diphosphapentalenes are best regarded as a compound class of
their own, despite the fact that only a few members of this class
have been discovered so far. Prior to 2008, solely carboxylate-
substituted diphosphapentalenes, such as E (see Scheme 1),17

were known, which changed when Yamaguchi's group prepared
the rst bis-(PhP]O)-bridged ladder stilbenes and succeeded
in separating the cis- and trans-isomer of F.18 Separating
isomeric mixtures by column chromatography,19 however, may
Chem. Sci., 2025, 16, 20517–20526 | 20517
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Scheme 1 Selection of p-conjugated mono-phosphole-based (top,
A–D) and diphosphapentalene-derived materials (middle, E–H)
together with the most important structural motifs presented herein
(bottom).
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be tedious, which is considered a major drawback, in particular
if the P-oxides are introduced in the last step. Starting from
simple phosphinous and phosphinic acids, Huang and Xiao
recently managed to prepare dioxaphosphorane-fused di-
phosphacycles, such as G,20 which were shown to reversibly
ring-open upon addition of OH−. Targeting more robust di-
phosphacycles, we have set our focus on bis-(R2P

+)-bridged
ladder stilbenes (H with n = 2) and their use as novel triplet–
triplet annihilators in aqueous solution.21 In previous studies,
the dication of H (n = 2) has been prepared via oxidation of the
corresponding P-diylidic diphosphapentalene (H with n = 0),
which also led to the isolation of the intermediate radical cation
(H with n = 1).22a In contrast to F, no stereochemical peculiar-
ities are to be expected in compounds of type H, which
prompted us to exploit this advantage by seeking for p-extended
derivatives with bathochromically shied absorption and uo-
rescence bands. Herein, the envisioned naphtho- and
anthraceno-fused diphosphonium-bridged ladder stilbenes (see
Scheme 1) have been prepared without isolating the afore-
mentioned (air-sensitive) P-diylidic species. Over the course of
our study, an unexpected and hitherto unprecedented bis-(D2-
phosphetene) dication (see Scheme 1) was obtained selectively,
which paved the way for a comparative DFT-aided mechanistic
analysis. This analysis revealed that the thermodynamically
favoured phospholo[3,2-b]phosphole dications may be formed
via three different mechanisms (depending on the reaction
conditions), while the formation of the bis-(D2-phosphetenium)
salt relies on a commencing SET (single electron transfer) step
to initiate the conversion. In the following, these ndings are
discussed in more depth and presented in conjunction with
detailed photophysical studies.
Results and discussion

Given that H has been prepared previously starting from 2,20-
dibromotolane,22a similar p-extended dibromo acetylenes were
20518 | Chem. Sci., 2025, 16, 20517–20526
targeted at rst. Although many excellent emitters containing the
Ph2P

+ unit to connect aromatic systems were reported
previously,22b–ewe decided to focus on iPr2P

+-bridged systems as we
observed a slightly higher emission quantum yield and, more
importantly, a much higher photostability for the iPr2P

+-contain-
ing system in a comparative study as well as an improved water
solubility (see ref. 22a, Table S9 and related text). Starting from two
different regioisomeric bromo-iodonaphthalenes (1a and 1b, see
Scheme 2), the di(bromonaphthyl) acetylenes (2a and 2b) were
obtained via Stille coupling with Bu3SnC^CSnBu3. Exchange of
the bromides in 2a and 2b for lithium, followed by treatment of the
resulting dilithiated intermediates with ClPiPr2, led to the expected
diphosphines, 3a and 3b, which were detected by 31P{1H} NMR
spectroscopy (d(31P)= 6.6 ppm for 3a, d(31P)= 2.0 ppm for 3b), but
not isolated. Upon oxidation of 3awith C2Cl6 at room temperature,
the expected bis-(iPr2P

+)-bridged ladder stilbene ([4a]2+ with d(31P)
= 55.9 ppm) was obtained as an air-stable red- orange powder
exhibiting a bright orange uorescence (vide infra). Similarly, the
bis-[PF6]

− salt of [4a]2+ was obtained upon oxidation of 3a with Fc
[PF6].

Treatment of 3b with C2Cl6, however, led to an air-sensitive,
nearly colourless powder featuring a signicantly downeld-
shied singlet (d(31P) = 97.5 ppm) in the 31P{1H} NMR spec-
trum. These observations suggested that a signicantly
different species was produced, which was also obtained upon
oxidation of 3b with Fc[PF6]. Single crystal X-ray diffraction
(scXRD) unambiguously conrmed that an unexpected bis-(D2-
phosphetene) dication ([iso-4b]2+, see Scheme 2) was generated.
In [iso-4b]2+, two 4-membered phosphetenium cations are
interconnected via a shared C]C bond (dC]C = 1.336(4) Å),
thus forging a planar, but not fully ring-fused bis-(iPr2P

+)-con-
taining ladder stilbene. To the best of our knowledge, bis-(D2-
phosphetenes) akin to [iso-4b]2+ have not been reported previ-
ously, while uncharged mono-phosphetenes with an exocyclic
double bond are well-known.1c,e,23 To address the question
whether each naphthalene unit in 3a and 3b is needed to dictate
the reaction outcome ([4a]2+ vs. [iso-4b]2+), one naphthyl unit in
2a and 2b was replaced for a phenyl entity (cf. 2a-Ph and 2b-Ph).
Employing the aforementioned methodology via dilithiation,
phosphination and consecutive oxidative cyclization (vide
supra), [4a-Ph]2+ (d(31P) = 58.2 and 56.2 ppm) and [4b-Ph]2+

(d(31P) = 58.3 and 66.3 ppm) were obtained as orange powders
and found to exhibit 31P{1H} NMR shis akin to the one
observed for [4a]2+ (d(31P) = 55.9 ppm). These NMR data
strongly suggested that 5-membered rings ([4a-Ph]2+ and [4b-
Ph]2+) were produced, which was conrmed by scXRD (see
Scheme 2). On this basis, it is clear that the bis-(D2-phosphe-
tene) dication [iso-4b]2+ is truly exceptional and that the specic
naphtho-annulation pattern present in 3b is needed at both
ends of the central alkyne to selectively forge the 4-membered
rings in [iso-4b]2+.

To further elucidate these observations, DFT modelling
studies (r2SCAN-3c, D4, def2-mTZVPP, CPCM for CH2Cl2)24 were
carried out. Given that [H]0 (see Scheme 1) has been previously
isolated in form of its P-diylide and oxidized via two consecutive
SET steps, we at rst assumed that a similar cyclization / SET
/ SETmechanism (cf.mechanism A in Fig. 1) may be operative
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of [4a]2+, [4a-Ph]2+, [iso-4b]2+ and [4b-Ph]2+ (with [X]− = [Cl]− or [PF6]
−) together with the crystallographically determined

molecular structures of the chloride salts (co-crystallized solvents, disorder and hydrogen atoms omitted for clarity, thermal ellipsoids drawn at
the 50% probability level).
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here. In such a scenario, P-diylidic diphosphapentalenes are
formed via carbene intermediates,25 which leads to 5-membered
rings in all cases ([4a]0, [4b]0, [4a-Ph]0 and [4b-Ph]0). The
formation of neutral P-diylidic bis-(D2-phosphetenes), however,
is thermodynamically and kinetically prohibited (activation
barriers of >35 kcal mol−1). Hence, mechanism A was excluded
as it fails to explain the formation of [iso-4b]0 (and thus the
formation of its experimentally observed dication [iso-4b]2+), at
least at room temperature. Yet, it is noted that the barriers along
the way to each P-diylidic diphosphapentalene are very
reasonable, which suggested that this mechanistic pathwaymay
be exploited in the absence of an oxidant (vide infra). In the
search for a mechanism, which actually explains that [iso-4b]2+

is produced selectively in our experiments, two alternative
mechanisms were considered, namely a SET / SET / cycli-
zation (mechanism B) and a SET / cyclization / SET
sequence (mechanism C). In mechanism B, a chloro-
phosphorus(V) chloride intermediate ([INT-Cl]+Cl−, see Fig. 1) is
expected to form aer two consecutive SET steps, which has
been proposed previously for similar cyclization reactions.26

Starting from [INT-Cl]+Cl−, each 5-endo-dig cyclization is ther-
modynamically favoured and predicted to occur for [4a]2+, [4a-
Ph]2+ and [4b-Ph]2+ (see Fig. 1 and SI for details). Upon oxidation
of 3b to its chlorophosphorus(V) chloride intermediate,
however, the kinetic product [iso-4b]2+ is expected to form at
room temperature, while the thermodynamic product [4b]2+ is
inaccessible given that a barrier of approximately 30 kcal mol−1

was calculated for the conversion of [iso-4b]2+ to [4b]2+. Hence,
mechanism B is in line with the experimental ndings and
considered plausible, but only if a chlorine synthon (such as
© 2025 The Author(s). Published by the Royal Society of Chemistry
C2Cl6) was used to actually produce [INT-Cl]+Cl− in the rst
place.

Considering that the use of Fc[PF6] in non-chlorinated
solvents also led to [4a]2+, [4a-Ph]2+, [4b-Ph]2+ and [iso-4b]2+,
yet another mechanism was studied in silico, namely the
aforementioned SET / cyclization / SET sequence (mecha-
nism C). In this scenario, radical cations (3c+) are produced in
the rst SET step, which were identied as local minima in the
case of 3ac+, 3a-Phc+ and 3b-Phc+. For these three radical cations,
a cyclization to 4-membered and 5-membered rings is plausible
as shown for 3ac+ in Fig. 1. In the case of 3ac+, [iso-4a]c+ is
formed reversibly given that less than 25 kcal mol−1 are
required to open the 4-membered rings, while the formation of
[4a]c+ is energetically favoured by approximately 55 kcal mol−1

suggesting that [4a]c+ is produced irreversibly at room temper-
ature. While very similar reaction proles are also found for 3a-
Phc+ and 3b-Phc+, an entirely different situation was encoun-
tered during the optimization of 3bc+, which was found to
spontaneously cyclize to [iso-4b]c+. To further support this
nding, a relaxed PES (potential energy surface) scan along both
C–P vectors that are involved in a 5-endo-dig cyclization was-
carried out. The latter scan conrmed that [iso-4b]c+ is
formed in a barrier-free manner, while no energetically rea-
sonable trajectory interconnecting the starting point
(approximate geometry of 3bc+) and [4b]c+ was found, despite
the fact that [4b]c+ is thermodynamically favoured over [iso-4b]c+

by approximately 45 kcal mol−1. For the thermal conversion of
[iso-4b]c+ to [4b]c+, an activation barrier of 29.9 kcal mol−1 was
calculated, which is prohibitively high for a reaction at room
temperature.
Chem. Sci., 2025, 16, 20517–20526 | 20519
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Fig. 1 Mechanistic proposals (mechanism A, B and C) for the formation of [4a]2+, [4a-Ph]2+, [4b-Ph]2+ and [iso-4b]2+ based on DFT calculations
(r2SCAN-3c, D4, def2-mTZVPP, CPCM for CH2Cl2). Additional energy profiles and relaxed PES scans are provided in the SI.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 1
1:

48
:2

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The nding that [iso-4b]c+ is formed via a barrier-free
pathway upon 1e−-oxidation of 3b also inferred that a twofold
oxidation of 3b (cf. mechanism B) is only possible if the second
SET step is faster than intramolecular radical cyclization, which
is unlikely for most 1e− oxidants. For C2Cl6, however, it is
known that C2Cl

�
5, which is formed aer the rst SET, is more

oxidizing than its parent reagent (C2Cl6),27 thus rendering two
consecutive SETs possible. Hence, it is concluded that mecha-
nism B is plausible for highly oxidizing chlorine-synthons (such
as C2Cl6), while mechanism C is considered more likely for
prototypical 1e− oxidants (such as Fc[PF6]).

Despite the good agreement between mechanisms B and C
with all our experimental ndings, we were puzzled by the fact
that mechanism A predicts the formation of P-diylidic di-
phosphapentalenes, not only for [4a]0, [4a-Ph]0 and [4b-Ph]0, but
also for [4b]0. To elucidate whether [4b]0 may be prepared via
mechanism A, [iso-4b]2+ was reduced to 3b as shown in Scheme 3.

The nding that [iso-4b]0 was not detected during this
reduction, is in line with the prediction that P-diylidic bis-(D2-
20520 | Chem. Sci., 2025, 16, 20517–20526
phosphetenes) are thermodynamically disfavoured relative to
the corresponding diphosphines (cf. mechanism A). Upon
heating of 3b in the absence of C2Cl6, however, a fairly selective
transformation to [4b]0 (d(31P)= 32.3 ppm) set in at 60 °C, which
is in line with mechanism A. In a subsequent step, the thus
obtained P-diylide [4b]0 was oxidized using C2Cl6, which led to
the originally envisioned dicationic phospholo[3,2-b]phosphole
dication [4b]2+ (d(31P) = 65.2 ppm). Alternatively, the latter
product ([4b]2+) may as well be prepared directly from [iso-4b]2+

via irradiation with violet light, while vast decomposition set in
upon heating of [iso-4b]2+ to temperatures of $70 °C. Taken
together, these ndings strongly suggested that mechanism A is
operative in the absence of an oxidant (as exploited for the
thermal conversion of 3b to [4b]0), while one (for Fc[PF6]) or two
(for C2Cl6) SET steps are needed for the oxidative cyclization of
3b to [iso-4b]2+ (see Scheme 2) at room temperature. Further-
more, we were able to show that the position of the alkyne on
the naphthalene scaffold (connected to C-1 vs. C-2) plays
a decisive role in the cyclization process. For the C-1 alkyne-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Photochemical and thermal conversion of [iso-4b]2+ to
[4b]2+ (top) together with the crystallographically determined molec-
ular structures of [4b]0 and [4b]2+ (bottom, co-crystallized solvents
and hydrogen atoms omitted, thermal ellipsoids drawn at the 50%
probability level).

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 1
1:

48
:2

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
linked naphthalene derivative 2d-Naph (see SI, Scheme S6),
treatment with PhICl2 did not result in cyclization but instead
led to chlorination at the phosphine moieties, indicating
pronounced steric inuences on this reaction.

With the knowledge that 4-exo-dig cyclizations are to be ex-
pected for annulation patterns akin to the one in 3b, we set out
to further expand the p-system in [4a]2+ and [4a-Ph]2+ by tar-
geting linearly fused anthraceno analogues.28 For this purpose,
2-bromo-3-iodo-anthracene (1c, see Scheme 4) was prepared in
ve steps starting from 5-bromo-6-iodo-phthalimide (see SI for
details). With 1c at hand, 2c-Ph and 2c-Anth were obtained in
analogy to 2a as shown in Scheme 4. For 2c-Naph, however,
a different method had to be established given that multiple
attempts to prepare the required stannylated 2-bromo-3-
naphthyl acetylene met with failure. Thus, the envisioned di-
bromo naphthyl-anthracenyl acetylene was eventually assem-
bled via a Julia–Lythgoe-type alkyne synthesis starting from 1d
Scheme 4 Synthesis of [4c-Ph]2+, [4c-Naph]2+ and [4c-Anth]2+ togethe
Ph]2+ and [4c-Anth]2+ (co-crystallized solvent, disorder and hydrogen at
level).

© 2025 The Author(s). Published by the Royal Society of Chemistry
and an appropriately substituted sulfone (1e). With the di-
bromides 2c-Ph, 2c-Naph and 2c-Anth available, the target
compounds [4c-Ph]2+, [4c-Naph]2+ and [4c-Anth]2+ were
produced without difficulties (see Scheme 4) and isolated as
red-orange powders.

In the molecular structure of [4c-Anth]2+, colinear p-stacking
layers were found (see Scheme 4), which are also present in
[4a]2+, but absent in all other phospholo[3,2-b]phosphole di-
cations reported herein. This nding, however, seems to be
related to crystal packing effects given that all compounds [4]2+

are nearly planar (with respect to the p-system) and therefore
supposedly suited to engage in p-stacking interactions.

To gauge the extent of electron delocalization within the p-
system of our new chromophores, AICD calculations (anisot-
ropy of the induced current density)29 and NICSzz(1) XY-scans
(nucleus-independent chemical shis)30 were carried out
(B3LYP, GD3, def2-TZVPP, SCRF for water). In all cases, di-
atropic ring currents indicative of aromaticity were found for
the arenes on each side of the dicationic phospholo[3,2-b]
phosphole core, while global ring currents involving the iPr2P

+-
bridges were clearly absent (see SI for details). Hence, the
individual p-systems at both ends of each molecule are conju-
gated via the central dicationic core, but independent in terms
of aromaticity. In [4c-Ph]2+, [4c-Naph]2+ and [4c-Anth]2+, for
example, negative NICSzz(1) values were calculated for the b*, c*
and d* rings, while positive NICSzz(1) values of +7(±2) ppm were
found for the a and a* rings (see Fig. 2). These positive values
for the a and a* rings, which are commonly seen as a sign for
antiaromaticity,31 are misleading in the present case: In
a geometrically constrained trans-stilbene, which was con-
structed by replacing the iPr2P

+moieties in [H]2+ for hydrogen
atoms, almost identical NICSzz(1) values were calculated, sug-
gesting that all the p-extended derivatives of [H]2+ are best
interpreted as diphosphonium-bridged ladder stilbenes.

Due to the dicationic charge of all these compounds, ener-
getically low-lying LUMOs are to be expected and indeed found
in silico (see SI for details). A closer inspection revealed that the
linearly annulated derivatives ([4a-Ph]2+, [4a]2+, [4c-Ph]2+, [4c-
r with the crystallographically determined molecular structures of [4c-
oms omitted for clarity, thermal ellipsoids drawn at the 50% probability

Chem. Sci., 2025, 16, 20517–20526 | 20521
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Fig. 2 NICSzz(1) XY-scans for [H]
2+, [4c-Ph]2+, [4c-Naph]2+, [4c-Ant-

h]2+and for a geometrically constrained trans-stilbene. The positive
NICSzz(1) values for the a and a* are not indicative of antiaromaticity
given that almost identical values were found for the latter trans-
stilbene.
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Naph]2+ and [4c-Anth]2+) exhibit LUMO energies in the narrow
range of −3.48 ± 0.11 eV, while slightly lower energies of −3.70
± 0.11 eV were calculated for the non-linear compounds ([4b-
Ph]2+ and [4b]2+). For that reason, each series (linear vs. non-
linear) is expected to display similar reduction potentials,
which was conrmed by cyclic voltammetry (see SI for details).
As expected, reduction of the non-linear derivatives (to their
radical cations) was observed at less negative potentials (E1/2 =
−0.71± 0.05 V vs. Fc/Fc+ for [4b-Ph]2+ and [4b]2+) in comparison
to the corresponding reduction waves for the linear compounds
([4a-Ph]2+, [4a]2+, [4c-Ph]2+, [4c-Naph]2+ and [4c-Anth]2+ with E1/2
= −0.92 ± 0.10 V vs. Fc/Fc+). From exemplary measurements in
an extended positive potential range, oxidation waves were
observed for [H]Cl2, [4a-Ph]Cl2 and [4c-Ph]Cl2 (E1/2 = +0.47 ±

0.05 V, E1/2 = +0.51± 0.05 V and E1/2 = +0.49± 0.05 V vs. Fc/Fc+,
respectively). Comparative measurements with triate salts,
Fig. 3 Absorption and emission spectra of the chromophores as their c
states are shown in the insets. Details for the measurements are provided
mM; emission spectra: c < 105 mM) were used for emission spectroscopy

20522 | Chem. Sci., 2025, 16, 20517–20526
however, unambiguously showed that these signals do not arise
from oxidation of the p-conjugated ladder-stilbene framework,
but rather from electrochemical oxidation of the chloride
counterion (see SI, Fig. S153).

To further substantiate our ndings, photophysical
measurements and TD-DFT calculations (B3LYP, def2-TZVPP,
GD3, solvation-corrected for H2O) were carried out. In all
cases, the Cl− salts, which are soluble in water in micromolar
concentrations, were found to exhibit high molar absorption
coefficients in the visible and ultraviolet spectral range (see
Fig. 3). The lowest energy absorption in each compound is
interpreted as a predominant p / p*-transition involving the
HOMO and the LUMO, which is in line with our TD-DFT anal-
ysis (see SI for details). All new chromophores emit from an
excited singlet state with uorescence lifetimes (s0) in the low
nanosecond range (see Table 1 and SI).

In the series [H]2+ / [4a]2+ / [4c-Anth]2+, the p-system is
extended linearly and in a symmetric fashion, which is
accompanied by a red-shi of the low-energy absorption bands
and the uorescence emission bands. It has also been demon-
strated that the optical properties of ladder stilbenes can be
further modied by incorporation of different heteroatoms into
the scaffold (see Table S10 in the SI).22b,c,32 For related p-
extended phospholium salts, similar bathochromic shis have
been reported recently.22b–d In our case, this trend is reected in
the energies of the 0-0 transitions E00 (see Table 1 and SI for
details), which were determined from the intersections of the
normalized absorption and emission spectra. The calculated
energies for the S0 / S1 excitation (see Table 1) were found to
be in good agreement with the E00 values, thus conrming this
trend. In [4a-Ph]2+ and [4a]2+, almost identical E00 energies were
determined experimentally (DE00 = 0.02 eV), but the molar
absorption coefficient at the low-energy absorption band is
higher in [4a]2+ by a factor of ∼1.5. The calculated oscillator
strengths for the lowest energy absorptions in [4a-Ph]2+ and
[4a]2+ are in line with this nding. Furthermore, a decrease in
hloride salts dissolved in pure water. The decay traces of the excited
in the SI. Strongly diluted dye solutions (lifetime measurements: c < 25
to avoid self-quenching or filter effects.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the excited-state lifetimes (increase in kFL) was observed in the
series [H]2+ / [4a-Ph]2+ / [4a]2+, which is consistent with the
Strickler–Berg equation in the simplied version (constant of
radiative decay is proportional to the energy of the lowest
transition squared and the corresponding oscillator strength,
krad ∼ n2f).34 Within the series of anthraceno-fused compounds
([4c-Ph]2+, [4c-Naph]2+ and [4c-Anth]2+) similar trends were
evident: Compared to [H]2+ and [4a]2+, the E00 energies are
generally lower in all the anthraceno-fused compounds. The
molar absorption coefficients for the lowest energy transition
were found to increase within the series [4c-Ph]2+/ [4c-Naph]2+

/ [4c-Anth]2+, while the E00 energy remains essentially iden-
tical (DE00 = 0.04 eV). The lifetimes increase when going from
[4c-Ph]2+ to [4c-Anth]2+, which is opposite to the trend observed
for the linearly naphtho-fused compounds ([4a-Ph]2+ / [4a]2+).
This observation might be related to the degeneracies of the
orbitals involved in the S1/S0 transition: In [4c-Anth]2+, two
anthracene units are fused to the central dicationic core,
whereas the symmetry for [4c-Naph]2+ and [4c-Ph]2+ is lower. As
a result, the degeneracies of the orbitals involved in the tran-
sitionmay differ, which eventually affects kFL and therefore s0 as
well. Moreover, strongly divergent intersystem crossing rates
could contribute to such s0 differences of seemingly similar
compounds. In general, red emitters show signicantly lower
emission quantum yields compared to their congeners emitting
at higher energies as a result of the energy gap law.35 In
consequence, higher rate constants for the non-radiative decay
(knr, see Table 1) are commonly observed for red emitters. A
quantum yield fFL close to 30% for [4c-Anth]2+, whose broad
emission band is centred around 630 nm, is therefore highly
appreciated, in particular in aqueous solution. For the non-
symmetric red emitters, a closer look at the frontier orbitals
indicates the admixture of charge transfer contributions in
addition to pronounced p / p* transitions. Hence, we carried
out additional spectroscopic measurements with [4c-Ph]2+, [4c-
Naph]2+ and [4c-Anth]2+ for investigating solvatochromic effects
(see Fig. S74–S76 and Tables S5–S7 in the SI). The absorption
and emission spectra and hence the derived parameters (E00
and Stokes shi) only change to a small extent (<10%) when
going from water via polar organic solvents to DCM, substan-
tiating the absence of signicant charge transfer characters for
the rst excited singlet states. The non-linear naphtho-fused
chromophores [4b-Ph]2+ and [4b]2+ differ from their linear
congeners, not only in terms of their redox potentials (vide
supra), but also in their photophysical characteristics: For [4b-
Ph]2+ and [4b]2+, comparatively low molar absorption coeffi-
cients and red-shied absorption and emission bands are
found. While our TD-DFT analysis correctly predicted these
ndings (cf. lower oscillator strengths for [4b-Ph]2+ and [4b]2+,
see Table 1), the origin of this effect is not obvious, although it is
well-known that the electronic transitions of linear and non-
linear p-systems may differ signicantly: For p-extended
pentalenes, for example, the HOMO–LUMO transitions are
allowed in linear structures, but symmetry-forbidden (and
therefore less intense) in non-linear derivatives.36 For all the
diphosphonium bridged ladder stilbenes presented herein,
however, the HOMO–LUMO transitions are symmetry-allowed,
Chem. Sci., 2025, 16, 20517–20526 | 20523
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regardless of the annulation pattern (see SI for details). In the
non-linear derivatives, however, signicantly lower transition
electric dipole moments were calculated (4.9 debye for [4b-Ph]2+

and 8.3 debye for [4b]2+) in comparison to their linear coun-
terparts (14.4 debye for [4a-Ph]2+ and 23.4 debye for [4a]2+, see SI
for details). In consequence, lower molar absorption coeffi-
cients are to be expected for the non-linear chromophores.
Finally, the lifetimes of the non-linear derivatives are longer
than those of the linear compounds, which is in line with the
Strickler–Berg equation, taking the lower E00 energies and
molar absorption coefficients of the non-linear derivatives into
account.34
Conclusions

In summary, several p-extended phospholo[3,2-b]phosphole
dications with different naphtho and anthraceno ring-fusion
patterns have been prepared in order to establish a correla-
tion between their structures and their optoelectronic proper-
ties. It was found that the annulation pattern (linear vs. non-
linear) is of crucial importance, not only from a photophysical
perspective, but also from a synthetic point of view: For the
specic naphtho-annulation pattern present in 3b, a dicationic
bis-(D2-phosphetene) ([iso-4b]2+) and its phospholo[3,2-b]
phosphole isomer ([4b]2+) have been prepared, each in a selec-
tive manner. On this basis, three distinct mechanistic pathways
for the cyclization of diphosphinotolanes have been explored in
silico, which revealed that the formation of uncharged di-
phosphapentalenes (such as [4b]0) viamechanism A plays a role
in the absence of oxidants, while SET steps play a crucial role in
the presence of suitable oxidants (mechanism B for C2Cl6 or
mechanism C for Fc[PF6]). While these ndings are expected to
guide the way to new phospholo[3,2-b]phosphole dications, it
was also shown that all our new chromophores are best inter-
preted as diphosphonium-bridged ladder stilbenes (no anti-
aromaticity within the phospholium rings). Detailed
photophysical studies in water revealed that both linearly fused
centrosymmetric compounds ([4a]2+ and [4c-Anth]2+) display
fairly high uorescence quantum yields, while p-stacking
interactions were found in their crystalline samples. Hence,
[4a]2+ and [4c-Anth]2+ seem to be particularly suited for sensing
applications (e.g. intercalation into DNA), which will be
a subject of future studies.
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