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@ Intrinsically Switchable Electroactive Fluorophores Based
on A*>-Biphosphinines**

Thitiporn Sangchai,” Nicolas Ledos,” Antoine Vacher,” Marie Cordier,” Boris Le Guennic,”

Muriel Hissler,”” Denis Jacquemin,*® ¢

' and Pierre-Antoine Bouit*

Abstract: The synthesis and full characterization of a family of
stable A’-biphosphinines connected in 4,4-position through a
variety of m-conjugated bridges is reported. The impact of the
ni-bridge on the optical (absorption/emission) and redox
properties was investigated using a joint experimental/
theoretical approach. In contrast to the m-extended ones, the
A*-biphosphinines directly connected through a C—C bond in
4,4-position display two easily accessible and reversible

oxidations highlighting their multi-stage redox character. The
in situ formed radical cations are studied by spectro-electro-
chemistry and electron paramagnetic resonance. Finally,
electrochemical modulation of fluorescence (electrofluoro-
chromism) was performed and revealed the potential of these
intrinsically switchable electroactive fluorophores for further
applications as switchable materials.

J

Introduction

Organic redox systems are molecules that are both investigated
for fundamental purposes (electron transfer processes and
reactivity) and used in applied materials science (conducting
materials, photovoltaic devices, batteries or spintronic)."” A
common strategy to design such compounds is to link two
heteroatoms through a mt-bridge displaying an even number of
sp® carbon atoms.” Such derivatives are called “Weitz type”
redox systems and typically display three stable redox states.
Among them, tetrathiafulvalene and methyl-viologens (MV) are
the most widely used electron donors and electron acceptors,
respectively.”! Although the applicability of this strategy to
phosphorus as the single heteroatom was postulated back in
1978, organophosphorus multi-stage Weitz-type redox deriva-
tives were described by our group in 2020 only (Figure 1).*) In
that work, we reported a family of dicationic P-containing
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Polycyclic Aromatic Hydrocarbons (PAHs), such as A (Figure 1)
which displays three stable redox states including a radical
cation. In contrast to MV, which are poorly luminescent, their
intense luminescence was used in electrofluorochromic devices
emitting in both the visible and near infrared domains.”’ This
illustrated that the Weitz-strategy adapted to P-derivatives is an
original way to obtain intrinsically switchable electroactive
fluorophores® and overcome some limitations of widely used
compounds such as MV. In order to prepare similar fluoro-
phores which properties could be addressed upon oxidation
(rather than reduction, as for A), a stable bis-ylide linked by an
even number of sp? carbons has to be prepared according to
general formula displayed in Figure 1. In the field of conjugated
ylide, the A®-phosphinines (also called A*-phosphabenzene)
recently appeared as a powerful building block for optoelec-
tronic, following the pioneering observations by Miiller et al.”!
Indeed, their intense luminescence was used in various
optoelectronic devices such as organic light-emitting diodes
and organic lasers®@ In particular, the 2,6-dicarbonitrile
diphenyl-1-A>-phosphinine scaffold (DCNP, blue heterocycle in
B, Figure 1), firstly developed by Hayashi et al.” emerged as
particularly interesting due to its straightforward synthesis, high
stability, and easily tunable optical properties. However, their
redox properties remain underexplored.

We thus decided to prepare A°-biphosphinines based on
DCNP linked through their 4,4-position (see target B, Figure 1)
to develop fluorescent multi-stage electron donors. In this
article, we report the straightforward synthesis of a family (2-6,
Schemes 1 and 2) where two ylidic P atoms are connected
through various mi-backbones featuring an even number of sp?
carbons. The impact of the bridge on both the optical
(absorption/emission) and redox properties, and in particular
the presence of three redox states, is investigated using a joint
experimental/theoretical approach. Finally, electrofluorochromic
study was used to prove that these A°-biphosphinines behave
as intrinsically switchable electroactive fluorophores and can be

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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a) General structure of P-containing Weitz type redox systems:
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Figure 1. General structure of P-containing Weitz type redox systems (a), reported structure of electron acceptor using this strategy (b) and electron donor

targeted in this article (c).
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Scheme 1. Synthesis of st-extended A°-biphosphinines 2-5.
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pr\ /B P\ / N/ Ph
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Scheme 2. Synthesis of directly connected A°>-biphosphinines 6 a-b.

used for their redox properties, in addition to their recognized
potential for luminescence.
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Results and Discussion

To prepare our family of A>-biphosphinines,"” we relied on the
molecular engineering of DCNP, which is a highly stable ylidic
fluorophore with great synthetic versatility. Our first approach is
based on cross-coupling reactions starting from Br-DCNP 1a"
(Scheme 1). To prepare the A*-biphosphinines linked through

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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various m-bridges, Br-DCNP 1a was subjected to Pd-catalyzed
cross-coupling with the corresponding dioxaborolane to afford
A*-biphosphinines 2-4 in moderate to excellent yields
(Scheme 1). Compound 5, bridged by an alkyne, was prepared
in moderate yields according to an iterative sequence of
Sonogashira coupling and deprotection (Scheme 1).

For the preparation of A*-biphosphinines directly connected
through a C—C bond in 4,4 position, that is 6a-b,"""'? we first
relied on an oxidative coupling strategy (with either FeCl,,
MoCl; or DDQ/MeSO;H) applied directly on DCNP."® However,
after various unsuccessful tries, we turned to Ni-mediated
Yamamoto coupling starting from bromo-DCNP 1a. After
optimization of the conditions, this approach led to the
preparation of the targeted A°-biphosphinines 6a and 6b in
satisfying yields (Scheme 2).

All compounds 2-6a-b are fully air and moisture stable and
soluble in most organic solvents. They were fully characterized
by multinuclear NMR, high resolution mass spectrometry, and
X-ray diffraction (see below).

The structures of 2-4 and 6 a-b were additionally confirmed
by single-crystal X-ray diffraction (Figure 2, Figures S2-6, Ta-
ble S2). In all compounds, the bond lengths within the 1*-
phosphinines are within expectations and attest the conjugated
ylidic nature of the P—C bond (1.75 <d,< 1.77 A) while the
intracyclic C—C bonds are nearly equalized (138 A<d.<
140 A). The P-rings are globally planar as the maximal
deviation from the mean plane is only 0.07 A. As expected, a tilt

angle is always observed between the two lateral A*-phosphi-
nines (26.6° for 6a and 32.5° for 6b) or between the A°-
phosphinines and its neighbouring aromatic ring (see Figure 2).
The bond in para position between the two A*-phosphinine
rings in 6a-b is a pure C—C single bond (d~1.49 A, Table S2),
confirming that each A°-phosphinine moiety keeps its (low)
aromatic nature. No intermolecular interactions are observed in
the packing due to the bulkiness of the two P—Ph exocyclic
fragments. These data confirm that the DCNP fragments in all
the A°-biphosphinines retain its characteristic structural fea-
tures.

The optical properties of 2-6a-b were investigated in
diluted DCM solutions (c=5.10"° mol.L™}, Figure 3, Figure S7-12
and Table 1). All 2°-biphosphinines 2-6a-b display absorption
spectra with an intense band at ca. 490 nm (Figure 3 and
Table 1) characteristic of DCNP derivatives, that is only slightly
redshifted compared to pristine DCNP (1 =458 nm).”® Replac-
ing the cyano in 6a by esters in 6b leads to a small redshift of
10 nm. In all these systems, this absorption band is assigned to
7-7* excitations mainly centered on the A°-phosphinine rings.
However, in 4, the central benzothiadiazole unit plays the role
of an acceptor (see theory below). The impact of the bridge is
more striking on the luminescence (Figure 3 and Table 1), with
a strong redshift compared to pristine DCNP (4.,,=491 nm)
observed for all compounds. When aromatic spacers are
introduced, a gradual redshift is observed in the 2/3, and 4
series leading to a large Stokes shift of 6300cm™ in 4.

®r
® N
S
Figure 2. X-ray structure of 4 (a) and 6a (b). Hydrogen atoms are omitted for clarity and thermal ellipsoids are set at 50% probability.
Table 1. Spectroscopic and electrochemical data.
Cpd Aabs Emax Emax @, B oo Y 2 2 £
[nm]®@ [M'cm ]! [M'cm~ '@ [nm]® [cm™'@ [V vs DmFc]® [V vs DmFc]“ [V vs DmFc]"
2 486 19000 562 0.43 522 2782 +1.03¢ - —-1.60
3 488 17000 560 0.46 523 2634 +1.02'9 - —-1.67
4 480 33000 688 0.05 560 6298 +1.01¢ - —1.36"
5 489 24000 588 0.23 542 3443 +0.87 +1.239 —1.52
6a 494 15000 633 0.02 551 4445 +0.85 +1.051 —1.53
6b 504 24000 655 0.04 574 4574 +0.46'9 +0.71¢9 -
[a] In DCM (5.10° M). [b] Measured in calibrated integration sphere [c] (c=10"> M) recorded in DCM with Bu,NPF¢(0.2 M) at a scan rate of 200 mVs™".
Potentials vs DmFc*/DmFc. [d] quasi reversible processes.
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Figure 3. UV-Vis absorption (top) and normalized emission spectra (bottom)
of 2-6a-b in DCM (c=5.10"° M).

Interestingly, the directly connected A*-biphosphinines 6a and
6b display emission bands that are redshifted as compared to
A*-biphosphinines with phenylene/fluorenylene (2/3) or with an
alkyne (5). Finally, replacing the cyano groups by esters in 6b
again leads to a small bathochromic shift of ca. 20 nm. This
trend in luminescence wavelength comes with a general
decrease in quantum yields where only 2-3 are efficient

emitters (¢ ~0,45). This is in global agreement with the energy
gap law though 4 still delivers a relatively bright emission (¢ ~
0,05) for a dye emitting at nearly 700 nm in contrast to both 6a
and 6b (Table 1).

We have used Time-Dependent Density Functional theory
(TD-DFT) to probe the nature of the excited states of these
compounds (see the Supporting Information for details). First,
the ground-state geometries of all dyes investigated herein
belong to the highest point group that can be reasonably
envisaged (up to G, for 2 and 5 and D, for both 6a and 6b).
For absorption, the presence of two identical weakly-coupled
chromophores and this symmetry typically yield two low-lying
excited states with almost identical transition energies but
different transition probabilities (see Table S3). If one considers
the most intense absorption transition, the relative shifts for the
new compounds as compared to DCNP reasonably fit experi-
ment, with, for example, TD-DFT values of +21 nm for 2 and
450 nm 6Db, respectively, that agree with the measured values
of +28 nm and +46 nm. Importantly, both theory and experi-
ment find that all new systems 2-6a-b absorb at rather similar
wavelengths. In Figure 4, we provide electron density difference
(EDD) plots for selected transitions (see Figure S33 for all cases).
In most cases, these EDD indicate that the excited-state has an
almost additive character, with two DCNP-like excitations.*¥
This is clear for both 3 and 6b shown in Figure 4. Compound 4
constitutes a clear exception as the lowest excitation involves a
charge-transfer (CT) from the two lateral A°-phosphinine
moieties towards the central benzothiadiazole core. This CT
state is however appearing at a very close energy to the DNCP-
localized transition (Table S3) and it is likely that the observed
absorption band encompasses three close-lying excited states
(Table S3). For the emission, the relaxation of the excited-state
geometries sometimes leads to symmetry breaking, making the
analysis more complex, see TableS4 in the Supporting
Information. TD-DFT predicts that 4 leads to the most redshifted
fluorescence (656 nm with a very large f indicating a large
radiative rate), consistent with the data of Table 1 that shows a
non-trifling emission at 688 nm. In contrast for both 6a and 6b,
the minimization of the excited-state structure yields similar
fluorescence wavelengths (534 and 554 nm, respectively) but
associated with negligible transition probabilities, explaining
the very low quantum yields that have been observed. For both
2 and 3, the relaxation effects are much less marked leading to
similar fluorescence wavelengths for the two systems and also
smaller Stokes shift, again consistent with experimental trends.

4 5

Figure 4. Electron density difference computed for the lowest transition of 3 (left), 4 (middle) and 6b (right). The blue and red regions respectively indicate
decrease and increase of density upon photon absorption (contour threshold: 0.001 au). See the Supporting Information for the other transitions.
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In short, the fact that the absorption bands in Figure 3 are all
similar whereas much stronger variations across the series are
found for the emission bands in Figure 4 is related to the
presence of two nearly equivalent A*-phosphinine moieties and
the emergence of symmetry breaking in several cases. As a final
note for 3, the intense band experimentally observed at ca.
350 nm (Figure 3) corresponds to a m-rt* transition delocalized
over the full molecule (see the Supporting Information).

The electrochemical behaviour of 2-6ab was investigated
by cyclic voltammetry in DCM solution (Figure 5, Figure S13-19).
A>-Biphosphinines featuring aromatic spacers 2-4 display only a
single two electron reversible oxidation at ca. +1V vs DmFc*/
DmFc (decamethylferrocenium/decamethylferrocene) (see Fig-
ure 5 and Table 1). Such values fit with the oxidation reported
for para-substituted DCNP derivatives."™ As observed in
extended MV derivatives, the presence of aromatic m-linkers
leads to a single redox process in the corresponding A*-
biphosphinines, indicating the absence of significant electronic
communication between the two end-groups.™ Note that the
presence of the electro-withdrawing benzothiadiazole in 4 leads
to the presence of a quasi-reversible reduction, making 4 an
amphoteric redox system (Figure S16). The presence of the
alkyne linker in 5 surprisingly leads to a fully irreversible
oxidation process (Figure $17).'¥ Finally, the directly connected
A*-biphosphinines 6a and 6b a display distinct behaviour
compared to 2-5. Contrary to the previously studied deriva-
tives, they both display two distinctively separated reversible
oxidation waves at lower potential (e.g., Eox;(6b)= +0.46 V vs
DmFc™/DmFc and Eox,(6b)=+0.71V vs DmFc*/DmFc, Fig-
ure 5 and Table 1), characteristic of Weitz-type redox systems.
This finding suggests the successive formation of a radical
cation and a dicationic specie. Replacing the cyano groups of
6a by esters in 6b leads to a decrease in oxidation potential of
400 mV, consistent with the redshift observed in UV-Vis
absorption. Compared to simple para-substituted A>-phosphi-
nine such as Ph-DCNP® (Figure S13), the molecular design of
6a-b leads to a decrease in oxidation of almost 1V. Such
oxidation potentials range is similar to the tetrathiafulvalenes,
probably the most widely used multi-stage redox system

30 T T T T T T T T
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o
T
FN
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-
o
T
1
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o

1
-
o
T
1

00 02 04 06 08 10 12 14
Potential/V vs DmFc/DmFc*

addressable in oxidation.®®“ This univocally validates our design
strategy of preparing A*-biphosphinines as electron rich multi-
stage redox systems.

To gain deeper insights into the properties of these novel
multi-stage electron donors, spectroelectrochemical and elec-
tron paramagnetic resonance (EPR) measurements were per-
formed for both 6a and 6b (Figure S20-25). lllustratively, each
redox state of 6b displays characteristic UV-Vis absorption
signature. The absorption of radical cation 6b ** is character-
ized by the appearance of redshifted transitions (1 =750 nm,
Figure 6), which are characteristic of a m-delocalized radical.
Upon further oxidation toward the dicationic form, this low
energy absorption disappears and a new transition rises at 398-
414 nm (Figure 6). Vertical TD-DFT calculations for the 6b**
and 6b?* species respectively yield the lowest absorption band
at 707 nm (f=0.803) and 399 nm (f=1.908) which is obviously
consistent with the measurements. The EDD plots for these
transitions are available in the Supporting Information (Fig-
ure S33). The initial spectrum of 6b was recovered upon
restoring the starting potential (Figure S25), demonstrating the
reversibility of the process. A similar behavior is observed for 6a
(Figures S21-22). EPR spectrum (g=2.001) was recorded in
DCM at 77 K after chemical oxidation of 6b with nitrosonium
hexafluorophosphate (Figure 6) confirming the formation of an
organic radical. The structure of the spectrum is reproduced
considering the coupling of the unpaired electron with the two
equivalent phosphorus atoms (the four equivalent protons only
lead to unresolved broad signals) (Figure S32). This evidences
that the radical is delocalized on the entire m-system. Indeed,
the computed spin density displayed in Figure 6, shows a
symmetric distribution delocalized over the two A°-phosphinine
groups. Again, similar behavior is observed for 6a (Figure S29-
30).

As evidenced during the optical/redox study, 6a and 6b are
intrinsically fluorescent, contrary to TTF derivatives,*®? and they
can be reversibly oxidized giving rise to stable radicals. To take
advantage of this specific property, we investigated the redox
modulation of the luminescence of 6b in DCM solution in a
homemade electrofluorochromic set up (see the Supporting
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Figure 5. Cyclic voltammograms of 3 and 4 (left), 6a and 6b (right) (c= 1073 M) in DCM (Bu,NPF, (0.2 M), 200-mVs ™', potentials vs DmFc*/DmFc).
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Figure 6. Differential absorption measured during the electrochemical oxidation

of 6b (c=5.10"*M) in a solution of Bu,NPF, (0.2 m) in DCM (up) EPR of the

chemically generated 6b** in DCM at 77 K (bottom left). (c) Spin density in 6b** (bottom left, threshold 0.002 au).

Information). As illustrated in Figure 7, the application of
+400 mV vs Pt allowed to switch off the red luminescence of
6b. The luminescence was then restored upon reversal of the
potential (—500 mV vs Pt). To illustrate the reversibility of the
process, the luminescence of 6b was successfully turned off
and on (see Figure 7 and Figure S27) upon applying a sequence
of oxidation (4+500 mV vs Pt) and reduction (—500 mV vs Pt).
These preliminary results indicate that A*-biphosphinines can be
viewed not only as an emerging class of fluorophores usable in
OLEDs/lasers but can also likely find applications related to their
appealing redox properties, as illustrated by these electro-
fluorochromic properties. In addition, it extends the scope of
Weitz-type organophosphorus derivatives by showing that they
can operate under oxidative quenching.

Chem. Eur. J. 2023, 29, e202301165 (6 of 8)

Conclusions

In short, we report the synthesis and full characterization of a
family of A>-biphosphinines 2-6 based on the DCNP scaffold
directly connected through a C—C bond or through various -
linkers in the 4,4 position. For the design, we relied on the
Weitz type strategy where two ylidic P atoms are connected
through a m-skeleton displaying an even number of sp® carbons.
Based on a combined experimental and theoretical study, we
show that while the absorption is moderately impacted by the
nature of the linker, both the emission and the redox properties
are strongly dependent on its nature. In particular, the two
directly connected A*-biphosphinines 6a-b display two easily
accessible and reversible oxidations, making them appealing
multi-stage redox systems. Finally, the fluorescence of 6b was
electrochemically modulated unambiguously showing that
these A°-biphosphinines behave as intrinsically switchable
electroactive fluorophores. While DCNP derivatives are becom-
ing an attractive class of photonic dyes, these first electro-

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85US017 SUOWILLIOD SAIIERID 3ot jdde 8Ly Aq peusenob ae sspiie YO ‘9Sn 0 S9InJ 10} Afeld18UIIUO AS|IM U (SUONIPUD-PUE-SLLIBY WD A | 1M Aleq Ul |Uo//:SdNY) SUONIPUOD PUe SIS | 8U1 89S *[£202/80/72] U0 Akeiqiauluo AS(IM ‘O ‘g - Peljnesg snduwed Ng T seuuey 8d 9188AIUN A] SITTOEZ0Z WBYO/Z00T 0T/10p/L0d A8 | Aseiq 1 jpuljuo'adoane-Ansiweyd//sdny wo. pepeojumod ‘T '§e0z 'S92£T2ST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202301165

6000000

—— No current
+400 mV
——-500 mV

5000000

4000000

3000000

Intensity/ a.u.

2000000

1000000

. . L .
550 600 650 700 750
Wavelength/ nm

Luminescence Intensity

4000000

3000000

2000000

1000000

Cycles

Figure 7. Modulation of fluorescence intensity upon oxidation of compounds 6 b (left); /s, nm SWitching (right).

fluorochromism results illustrate the potential of this family for
applications as luminescent switches or in typical functions of
multi-stage redox systems (photocatalysis,"” spintronics,"®
energy storage'™).

Experimental Section

Experimental procedures, NMR data, optical and redox character-
izations and theoretical data are available in Supporting Informa-
tion.

Deposition Numbers 2207046 (2), 2207045 (3), 2207044 (4),
2207047 (6a), and 2207048 (6b) contain the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.
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