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Pincer-ligated phosphoranides constitute a relatively underexplored subclass of main-group compounds
whose distinctive structural and electronic properties are now attracting renewed interest. In this study,
we report the synthesis, full characterization, and novel photoreactivity of O,N,O-pincer ligated
phosphoranide anions. Upon visible-light irradiation, these species engage in single-electron transfer
(SET) processes with various aryl halides, enabling the formation of C—P and C-C bonds. A combination
of electrochemical studies and TD-DFT calculations supports a mechanism involving the formation of
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Introduction

Trivalent phosphines (P(m)) featuring Csy symmetry have long
served as common nucleophiles,*® Lewis bases, and privileged
ligands in organic synthesis, catalysis, and coordination
chemistry. Their modularity has enabled decades of innovation,
from transition-metal complex stabilization to small-molecule
activation. Over the past several decades, efforts have increas-
ingly focused on tuning their steric and electronic profiles to
access new chemical reactivity, particularly through the devel-
opment of unconventional phosphorus architectures. Among
these, geometrically constrained phosphite P(u1) species have
emerged as a transformative subclass. Introduced by the pio-
neering work of Arduengo,*® these species enforce a con-
strained geometry at phosphorus that departs significantly from
the canonical trigonal pyramidal structure (Fig. 1a). This
structural deviation results in a marked decrease in HOMO-
LUMO gap, fundamentally conferring ambiphilic reactivity.®
This unique electronic signature enables these P(i) to function
not only as classical nucleophiles but also, and more strikingly,
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these phosphoranides as a

versatile platform for photochemical

transformations and underscore the broader potential of main-group frameworks in light-driven redox

as electrophilic centers,” thereby challenging traditional views
of P(m) chemistry.
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Fig. 1 Some constrained phosphites and related phosphoranides.
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This dual reactivity has been convincingly demonstrated by
Radosevich,®*® Goicoechea,*”'*** and others.”*” Goicoechea,
for instance, has shown that a prototypical constrained P(m) (1)
undergoes rapid reaction with alkoxides or amides to generate
isolable phosphoranide anions (2).” These anionic P(u1) species,
fully characterized, offer unambiguous evidence of the latent
electrophilicity in geometrically constrained phosphites. Upon
treatment with common electrophiles, these anions can be
cleanly converted into thermodynamically favored phosphor-
anes P(v) (3) (Fig. 1b). A similar reactivity was also observed
more recently by Abbenseth and Goicoechea with a NNN acri-
dane P(m).*®

Recent contributions to the field of p-block chemistry further
underscored the versatility of non-neutral phosphorus
species.”? The work of Dobrovetsky on a constrained phos-
phoranide anion especially caught our attention.”® His team
prepared a potassium phosphoranide supported by a tetra-
dentate O,0,N,N-ligand and stabilized it using 18-crown-6
(Fig. 1c). The resulting anionic species displayed nucleophilic
substitution at phosphorus with iodomethane and oxidative
dimerization with iodine (Fig. 1c), with an irreversible oxidation
potential measured at E,,» = 1.54 V versus Ag'|Ag. These results
demonstrate not only the synthetic accessibility of these
unusual anions but also their capacity for well-defined redox
and substitution chemistry.

While the photochemistry of classical phosphorus anions
has been elegantly explored, most notably in the seminal
studies by Bunnett,”” and Rossi***® on the photoinduced Sgy1
reactions of phosphorus anions with haloarenes (Fig. 2, top),
and more recently in Li's transition-metal-free, photoinduced
coupling of aryl halides with H-phosphonates,* the photo-
reactivity of P(ur) phosphoranide anions derived from geomet-
rically constrained phosphoranes remains entirely uncharted.
To date, no investigations have addressed how these structur-
ally and electronically unique species respond to visible-light
excitation. Given the presence of the aromatic pincer ligand,
these phosphoranides are, in principle, ideally suited to
participate in photoinduced electron transfer or radical-
mediated transformations. We hypothesized that the aromatic
pincer ligand could endow these anions with distinct
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Fig. 2 Reactivity of phosphoranides under UV-Vis irradiation.
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photophysical and photochemical properties, potentially
unlocking reactivity inaccessible to either classical phosphines
or phosphoranides (Fig. 2, bottom). Exploring the light-induced
behavior of these species thus represents a critical and yet
unexplored opportunity to expand the frontier of main group
photochemistry.

Results and discussion

The constrained P(m) first reported by Goicoechea was selected
due to its stability as no decoordination was observed when
treated with various nucleophiles.” The addition of cesium
fluoride on the P(m) 1 led to the isolation of the corresponding
fluoro-phosphoranide (Fig. 3). Single-crystal X-ray diffraction of
the cesium salt in the presence of 18-crown-6 confirms the
molecular structure, revealing an average P-F bond length of
1.63(2) A—significantly longer than the 1.58 A observed in the
PF,~ anion (Fig. 3)—, which suggests that the Lewis adduct
between the fluoride ion and the P(m) 1 is weaker than with PFs.
Even if P(m) 1 is geometrically constrained, the geometry of the
fluoro-phosphoranide is the one predicted by VSEPR theory, the
lone pair of electrons occupying the fifth position of a trigonal
bipyramid. The average N-P-F angles of 102.5(10)° and O-P-F
angles of 87(4)°, position the P-F bond nearly orthogonal to the
ligand-defined coordination plane.

To form phosphoranides with enhanced covalent interac-
tions, we screened different carbon-centered bases. From tert-
butyllithium and P(m) 1 no product was detected by *'P NMR.
Addition of a large excess of N,N,N’',N’-tetramethylethylene
diamine (TMEDA) to the 1 : 1 mixture of 1 : ‘BuLi was required to
observe complete consumption of 1 along with a new broad
signal at 154.4 ppm by *'P NMR. This signal pattern strongly
correlated with the TMEDA concentration (refer to SI Section
S3.1) suggesting the formation of lithium aggregates. In
contrast, potassium phenylacetylenide readily reacted with 1 in
THF to give the corresponding phosphoranide 2a as a yellow
solid in 80% isolated yield (Fig. 4a). The characterization of 2a
by *'P NMR proved that the signal is highly dependent on the
solvent polarity as it sharpens and shifts from 31.5 ppm in

Fig. 3 Synthesis of fluoro phosphoranide.
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Fig. 4 Synthesis and characterization of 2a and 2b.

toluene to 16.1 ppm in acetonitrile (Fig. 4c), suggesting a strong
interaction between the phosphoranide and the potassium
cation in non-polar solvents. In the presence of 18-crown-6, the
*IP NMR chemical shift was almost independent of the solvent
used (Fig. 4c). This ion-pairing was further confirmed by UV-Vis
spectroscopy as a red-shift of 12 nm of the maximum of
absorption of 2a was observed upon addition of 18-crown-6 in
THF (Fig. S112). X-Ray analyses of a monocrystal of the salt
resulting from a 1:1 mixture of 2a and 18-cr-6, 2a.18-cr-6,
confirmed the structure of 2a with the alkyne almost orthogonal
to the plane defined by the P and its ligand as observed for the
fluoro phosphoranide with an NPCg,, angle of 102.8° (Fig. 4b).
The C-P bond is 1.81 A long, which is in line with classical C-P
bonds. Similarly, the benzyl phosphoranide 2b.18-cr-6 was
synthesized in 50% isolated yield by treating 1 with benzyl
potassium and 18-cr-6 (Fig. 4a) and characterized by a single
peak at 68.9 ppm by *'P{"H} NMR spectrum in MeCN (see
Section S2.2.e). The X-ray analysis of the crystals confirmed the
structure of 2b.18-cr-6 and, as noted before, the P-Bn bond is
almost orthogonal to the plane defined by P with an NPCgy,
angle of 99.3° and a C-P bond of 1.88 A (Fig. 4d).

The redox behavior of both phosphoranides was investigated
using cyclic voltammetry (CV) performed in DMF using NaBAr,"
as the supporting electrolyte. The CV of 2a displays an irre-
versible oxidation wave at E,, = —0.68 V vs. Fc¢'/Fe (Fig. 5,
Section S7). In order to investigate the nature of the product
resulting from its oxidation, phosphoranide 2a was treated by 1
equiv of ferrocenium tetrafluoroborate in DMF at rt and the
corresponding dimeric species 3a was isolated in 33% yield
(Fig. 5, bottom). A first anionic dimeric specie derived from P(ur)
1 was previously isolated by Goicoechea when studying the
reduction of 1 with KCs.” However the dimer 3a most likely
results from the dimerization of the phosphoranyl radical
intermediate generated by oxidation of the anion as observed by
Dobrovetsky.*® Even if sterically hindered, this radical proved to
be rather unstable as whatever the scan rate used for the CV, no

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Electrochemical and UV-vis characterization of 2a and 2b &
study of the chemical oxidation of 2a.

reversible electron transfer could be observed. Due to the irre-
versibility of the redox event, the oxidation potential of the
excited state could only be estimated using the Rehm-Weller
equation at ca. —3.6 V vs. Fc'/Fc (see SI, Section S8). The
oxidation potential of the excited state of 2b.18-cr-6 was then
assessed. The UV-visible spectrum of 2b.18-cr-6 features a broad
absorption band centered at 366 nm and the CV displays an
irreversible oxidation wave at E,, = —0.88 V vs. Fc'/Fc. These
data suggest that 2b.18-cr-6 in its excited state, should be
a better reductant than excited 2a as its oxidation potential
would be at about —4.0 V vs. Fc'/Fc.

These results prompted us to explore the reducing properties
of these phosphoranides under irradiation, in analogy to the
behavior of phosphorous anions described by Bunnett,” and
Rossi.*®?® To this end, we firstly turned to theoretical chemistry.
The UV-Vis absorption spectrum of phosphoranide 2a was
computed at TD-DFT level, in the presence and absence of the
potassium cation to simulate the influence of the addition of 18-
crown-6 (reported in Fig. 6). In agreement with experiments,
both spectra show two bands: an intense band in the UV (at
291 nm and 301 nm in presence or absence of K' cation), and

First Transition: LLCT

= 2a (THF) ~ e
\ ===x 22 +K'(Comp.) £0.6
0871 = 2+ 18-crown6 (THF) HOMO
. \ ===+ 2a(Comp) 0.5 &= —_—
[} [=2}
g 0.6 Loa 5 LUMO
E +0.3 5
ZO 044 : 8 Second Transition: IL (7 %)
Sl [ to2O "x( %
027, oy
| S Fo.1 HOMO ¥
| ‘\| . M —
0.0 JensdiLU_ > ; Pa— 0.0 T LUMO+2
250 300 350 400 450 500 550 600
Wavelenght (nm)
Fig. 6 (Left): experimental (solid line) and computed (dashed line) UV-

Vis spectra of 2a in the presence (2a + K*) and absence (2a) of the K™.
Oscillator strengths are represented as vertical lines and first and
second transitions are marked with arrows of their respective color.
(Right): isocontour representation of the orbitals mainly involved in the
first two electronic transitions (isovalue 0.03 a.u.) computed for 2a.
Equivalent results are obtained for 2a + K* (refer to S| section $9.3).
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a very low intensity band in the visible range (413 nm and 447
nm). The bathochromic shift observed in the presence of the
crown ether is consistent with the expected more important
destabilization of the ion pair in the ground state than in the
excited state.’*

As detailed in SI (Section S9), not only the energy but also the
nature of the electronic transitions mainly contributing to these
two bands are not affected by the presence of K'. Indeed in both
cases the lower energy band is of Ligand-to-Ligand Charge
Transfer (LLCT) character related to an HOMO-LUMO excita-
tion from the two phenolic rings to the ethynylbenzene moiety.
The second transition, instead, is essentially a HOMO-LUMO+2
excitation, centred on the aminophenol substituent as depicted
in Fig. 6.

The most stable structure computed for the 2a + 4-FArl
Electron Donor-Acceptor (EDA) complex, exhibiting a m-stack-
ing interaction between 4-FArlI and the aromatic ring linked to
the triple bond of 2a (see SI Section S9.2) was selected among all
those generated by an extensive conformational study reported
in SI. The absorption spectra computed for this 2a + 4-FArl
system (see SI, Section S9.3) shows only a slight blue shift (33
nm) with respect to 2a of the first-low intensity-transition
attributed to a destabilization of the LUMO due to stacking
interaction.

No additional low-lying spin allowed transitions were
observed after the inclusion of the 4-FArI molecule, ruling out
a direct spin allowed light induced CT from 2a and 4-FArl.
However, a low-lying vertical triplet state is computed both in
the case of 2a and 2a + 4-FArl + K+ (2a-T,®® at 2.7 eV and 2a+4-
FArI-T,®® at 2.8 eV, respectively in Fig. 7 and Section $9.6). In
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Fig. 7 (a) (Top) SET-mediated mechanism for the formation of 5a and

5b. (b) (Top) spin density computed for the optimized triplets of 2a and
2a + 4-FArl systems (isovalue 0.004 a.u.). (Bottom) energy diagram (in
eV) GS super indexed states stand for vertical transitions from the GS
geometry.
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both cases, the computed triplet spin density reveals that this
triplet corresponds mainly to an excitation from the phospho-
rous to the ethynylbenzene moiety (Fig. 7).

Relaxation of 2a-T,®S and 2a+4-FArI-T, does not alter the
spin localization and the nature of these triplets and leads to 2a-
To* and 2a+4-FArl-T,*, respectively, both located 2.1 eV above
the GS. The situation is different for the 2a + 4-FArI + K* system
where the presence of a potassium cation close to the iodine
atom leads to a spontaneous break of the C-I bond of 4-FArI and
to the formation of a new K-I electrostatic interaction (see SI for
an analysis of NCI, Section S9.7). Actually, even in the absence of
the potassium cation, scans along the C-I bond performed on
the triplet state revealed a very low barrier for the C-I bond
breaking, allowing to identify a lower triplet state also for the 2a
+ 4-FArl system, resting at 1.4 eV above the GS (2a+4-FArI-T,")
and corresponding to the cleavage of the C-I bond. This
explains why the reaction can still occur in the presence of a K*
scavenger such as the 18-crown-6.

To sum up, these computational insights confirm that
a single electron transfer (SET) can occur from the EDA complex
2a + 4-FArl, causing a practically barrierless breaking of the Ar-I
bond and giving rise to an aromatic radical. This radical can
recombine with the radical derived from 2a to produce 5a. On
the other hand, since the highest spin density is located on the
phosphorous atom, two radicals could also recombine to form
3a. Substitution of the 4-FArI by phenyl iodide (ArI) did not alter
the observed mechanism, demonstrating that the fluorine
substitution of the substrate is not responsible of the observed
reactivity (for further results regarding the ArI system refer to SI,
Section S9).

Finally, to test the influence of the triple bond on the
reducing ability of the phosphoranide, the same analysis was
performed on the benzyl phosphoranide 2b (see SI, Section S9).
The results obtained, reported in SI, shows that the same SET
mechanism observed for 2a is at work, and that actually the SET
should be more favorable since only the triplet corresponding to
the dissociative state could be located, as a consequence of its
higher reducing ability.

Encouraged by these findings, the reactivity of the two
phosphoranides 2a and 2b with aryl halides was then investi-
gated under UV-Vis irradiation. When irradiating 2a.18-cr-6 at
450 nm in THF in the presence of 4-fluorophenyl halides in
a sealed NMR tube, we observed the formation of fluorobenzene
at —114.4 ppm by '°F NMR. The latter most likely resulted from
a Hydrogen Atom Transfer (HAT) of a transient aryl radical with
the solvent. Consistently with the reduction potential of Ar-X
varying according to Cl < Br < I, an increasing amount of
fluorobenzene was formed when going from aryl chloride to
iodide (Fig. 8). However, the reaction requires 48 h to go to
completion even for aryl iodides.

Conversely, 2b.18-cr-6 reacted under the same conditions in
THF with 4-fluorophenyl iodide and 4-fluorophenyl bromide
within 3 h and required 5 h to reach completion with the cor-
responding chloride (Fig. 9a and Section S4.2). Interestingly,
when irradiating a mixture of 1,4-difluorobenzene with 2b.18-
cr-6 in THF, we were able to detect the formation of fluoro-
benzene indicating that the excited anion 2b.18-cr-6 is able to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Reactivity of 2b with ArX under UV-vis irradiation.

reduce aryl fluorides (Fig. 9b). In order to prove the formation of
an aryl radical, the reaction of the 4-fluorophenyl iodide with
2b.18-cr-6 was then performed under irradiation in MeCN, less
prone to undergo hydrogen atom transfer. In this case, the Ar-
P(v) 5b resulting from the coupling of the aryl radical and the
phosphoranyl radical arising from the oxidation of 2b.18-cr-6

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was isolated (Fig. 9a). However, this product was contaminated
by the bisbenzyl-P(v) 5b’ (not shown) suggesting that benzyl
scrambling occurred in the reaction mixture, presumably due to
a-scission of the phosphoranyl radical obtained by photo-
induced oxidation of 2b.18-cr-6 (see SI Section S2.3.f). Inter-
estingly, when performing the same reaction with 2a instead of
2b, a more complex A5 phosphole is formed, which likely results
from addition of the phosphoranyl radical onto the triple bond
of the expected P(v) product (Fig. S52). This photo-induced
radical cascade constitutes a new way to access such complex
heterocycles.

The transient sp® radical arising from the reduction of 1-
chloronaphthalene by the excited 2b.18-cr-6 can also be trapped
by tert-butyl isocyanide leading to the corresponding 1-
naphthalenecarbonitrile in an unoptimized 20% yield (Fig. 9c).
All these results confirmed the light-promoted SET between the
phosphoranide and an acceptor. However, since the UV-vis
spectrum of 2b.18-cr-6 shows almost no absorption above
400 nm, these findings strongly support the involvement of an
EDA complex as suggested by theoretical studies.

Conclusions

In summary, we have shown that O,N,O-pincer ligated phos-
phoranide anions derived from geometrically constrained P(ur)
1 undergo visible-light-induced single-electron transfer reac-
tions with of aryl halides. Their unique electronic properties
and the aromatic ONO ligand facilitate the formation of
photoexcited electron donor-acceptor complexes, as supported
by a combination of experimental observations and theoretical
analysis. These findings provide new insight into the photo-
chemical behavior of anionic P(m) constrained main-group
species and establish them as valuable platforms for light-
driven reactivity.
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