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An efficient method for the synthesis of
wt-expanded phosphonium salts¥

@ Antoni Wrzosek, (2

*< and Daniel T. Gryko (2 *2

@ tukasz W. Ciszewski,
*® Andrzej L. Sobolewski

Krzysztof Gorski,
Adam Szewczyk,

A new straightforward methodology for the synthesis of phosphonium salts integrated with a
n-conjugated scaffold has been developed using phosphine oxides. It is now possible to obtain cyclic
phosphonium salts possessing up to eight conjugated rings and bearing e.g. pyrrole, thiophene, indole or
benzofuran scaffolds from abundant and commercially available materials in high yields. An enticing
feature of this general strategy is that this one-step procedure typically does not require chromatographic
purification. Still greater synthetic possibilities are related to the fact that even demanding scaffolds such
as azulene, pyrene or fluorene can be bridged with the phospholium subunit. Starting from 1,4-dihydro-
pyrrolo[3,2-b]pyrrole, heretofore rarely observed ladder-type bis-phosphonium salts were effectively pre-
pared. This strategy was also extended into the preparation of cyclic arsonium salt. The ability to form
phosphonium salts possessing such manifold scaffolds translated into diverse photophysical properties
ranging from non-fluorescent dyes to thiophene-derivatives emitting quantitatively in the blue region.
Geometry change induced by light absorption has a predominant influence on the fate of the molecules’
excited state. It was shown, in analogy to previous results, that cyclic tetraarylphosphonium salts migrate
through the membrane of living cells to localize in the mitochondria similarly to the well-known triaryl-
phosphonium salts.

of its insertion on the optical/redox properties of PAHs are
intense and have led to the discovery of materials with promis-

Heterocyclic analogs of polycyclic aromatic hydrocarbons pos-
sessing phosphorus atom(s) have received considerably less sys-
tematic attention than architectures possessing oxygen, nitro-
gen and sulfur."? Extensive efforts have been devoted to advan-
cing such classes as phosphines,® phosphine oxides,>®
phosholes”** and phosphonium salts.”*>° In the most recent
years, new possibilities were discovered for
phosphorines,***® azaphospholes***° and phosphaquinolin-2-
ones.*"*? As far as electronegativity, valence and coordination
number are concerned, phosphorus is quite specific compared
to other heteroatoms. For these reasons, studies of the impact
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ing optoelectronic properties.> Among various architectures,
phosphonium salts possessing one or two ¢*A*-P" are relatively
less explored.**** Most employed routes towards phosphonium
salts is Sy2 quaternization of c®*A*-P cyclic chromophores.
This, however, requires pre-synthesized cyclic
phosphines,'” 1921232830734 gevera] annulation methods of
ortho-alkynyl arylphosphines have directly led to the formation
of benzo[b]phospholium salts, in gold** or acid-catalyzed pro-
cesses” (Scheme 1A). n-Expanded phosphonium salts have
been  prepared  through  Cu-catalyzed C-H
functionalization'*** or electrolysis** of appropriately substi-
tuted arylphosphines (Scheme 1B). In 2010 Manabe and
Ishikawa described the cyclization of [1,1"-biphenyl]-2-yldicyclo-
hexylphosphane in the presence of Tf,O (Scheme 1C).** Later
on, Miura et al. reported that diarylphosphine oxides undergo
Tf,O-catalyzed cyclization to form phosphine oxides
(Scheme 1D).*® An analogous idea has also been reported for
reaction with alkynes.*”*® Inspired by these reports, we
decided to develop a straightforward synthetic protocol for the
conversion of triarylphosphine oxides into cyclic phosphonium
salts, which would be one of the most concise routes toward
these valuable compounds (Scheme 1E).
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Scheme 1 Selected synthetic methods for cyclic diarylphosphonium
salts.

Results and discussion
Synthesis

To our delight, the reaction of phosphine oxide 1a with tri-
fluoromethanesulfonic anhydride in the presence of diiso-
propylethylamine (DIPEA) yielded the formation of phospho-
lium salt 2a in a quantitative yield after just 1 hour
(Scheme 2). A quick evaluation revealed that a similar result is
observed when the reaction is conducted without the addition
of a base. Furthermore, under these conditions, the purifi-
cation of the products was greatly simplified. We thus syn-
thesized a series of phosphine oxides (1b-x), to evaluate the
method’s scope and limitations and subsequently subjected
these compounds to the optimized reaction conditions
(Scheme 2). Intramolecular electrophilic attack on 5-membered
heteroaromatic rings of thiophene, benzothiophene, benzo-
furan and indoles resulted in the formation of new five-mem-
bered phospholium rings in good yields and without the need
for chromatographic purification of the products 2a-fh-i,p,t-
v,x and 4a-b. Most salts can be easily isolated from the reac-
tion mixture by suspending them in 10% methanol or isopro-
panol in diethyl ether, followed by filtration.

Based on earlier precedence and especially on Miura’s
papers,*®™*® a plausible reaction mechanism was proposed
(Scheme S1t). Initially, after the attack of triflic anhydride on
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phosphorus atom, the intermediate phosphonium salt forms.
Subsequently the attack of this salt as an electrophile on aro-
matic ring leads to the formation of P-C bond and formation
of five-membered ring (phosphacyclic intermediate). Finally,
an elimination of triflic acid affords the final product.

Surprisingly, furan derivative 1c required an alternative set
of conditions, which included employing toluene as the
solvent and increasing the temperature to achieve a full con-
version of the substrate and yield 68% of dye 2c. For phos-
phine oxide 1f, containing an indolic N-H bond, only C3 sub-
stitution product 2f was observed. Moreover, for indole deriva-
tives 2h and 2i successful formation of corresponding 6- and
7-membered rings was observed, showcasing the broad versati-
lity of the method. The latter product’s structure was con-
firmed with the aid of X-ray crystallography (CCDC 2405937,
Fig. $2511). The positive outcome of the transformation
observed on electron-rich aromatic rings encouraged us to try
the method for m-expansion of more sophisticated systems —
namely 1,4-dihydropyrrolo[3,2-b]pyrroles (DHPP).**>° Specially
designed substrates 1j-n were synthesized and subjected to
the optimized reaction conditions. DHPPs are known to be
unstable under acidic conditions.*®*° In order to prevent acid-
induced decomposition of both products and substrates, the
transformation was conducted in the presence of DIPEA. The
same base was used for other substrates possessing very elec-
tron-rich scaffolds which are prone to acid-induced decompo-
sition ie. 2h and 2q. Centrosymmetric dyes 2j-1 bearing a
DHPP scaffold were formed in good yields, despite lowered
nucleophilicity of the aromatic system after the first electrophi-
lic attack (Scheme 2).

Unsymmetrical derivative 2m was formed in a slightly
diminished yield and a similar outcome was observed for the
consecutive formation of two 6-membered rings in compound
2n. Moreover, the C-P bond formation at the benzene ring
decorated with electron-donating substituents was tested.
Despite bearing only one electron-donating group, 5-oxatrux-
ene derivative 20 was formed under the milder set of con-
ditions, however, in diminished yields (Scheme 2).

Though efficient transformation of other monosubstituted
phosphine oxides 1r,s required more vigorous conditions,
corresponding products were formed in very good yields. On
the other hand, 1,3-dimethoxydibenzo[b,d]phospholium 2t
was efficiently formed at room temperature. The discovered
methodology’s usefulness toward the modification of electron-
rich systems prompted us to test it for the synthesis of PAHs-
derived phosphonium salts. Guaiazulene derivative 2u was
obtained under the milder set of conditions in a decent yield.
On the other hand, phosphonium indeno[2,1-a]pyrene,
dibenzo[f,jj]tetraphene and benzo[aJaceanthrylene analogues
2v—x were efficiently formed upon treating phosphine oxides
1v—x with Tf,0 in toluene at 90 °C (Scheme 2).

Intrigued by the broad scope of the developed strategy, we
inspected whether the described reaction could also be uti-
lized in an intermolecular process. Subjecting electron-rich
arene to the phosphine oxide resulted in the formation of tet-
raarylphosphonium salt in good yields (with 46% for 4a,

Org. Chem. Front, 2025, 12, 5484-5495 | 5485
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reaction was conducted in the presence of 1.5 equiv. of DIPEA.

Scheme 3A). Encouraged by this result, we attempted to widen
the scope to include arsenic derivatives (as it is an element
from the same periodic table row). Experiments revealed that
arsine oxides also undergo this reaction, leading to, among
others, the corresponding tetraarylarsonium derivative 4b
(58%). The results prompted us to examine an intramolecular
variant of arsine oxide cyclization. We thus discovered that the
presence of an indole subunit increases the instability of the
obtained arsine, however, fast workup enables its isolation.
Further oxidation furnishes arsine oxide, which turned out to
be unstable and decomposed to a yellow substance. Hence,
alternative conditions were developed allowing one-step oxi-
dation and cyclization. Utilization of di-¢-butylperoxide, which
is commonly used as a radical initiator,>" in the presence of
Tf,0, turned out to be an inert oxygen source, allowing arso-
lium ring incorporation with a 58% reaction yield for 6
(Scheme 3B).

This journal is © the Partner Organisations 2025
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Electrochemistry

The electrochemical properties of the synthesized compounds
were studied using cyclic voltammetry. For most of them, irre-
versible reduction events were detected, with the onset poten-
tial values ranging between —1.40 V (vs. Fc/Fc' couple) for
guaiazulene derivative 2u and -2.32 V for acyclic salt 4a.
Replacing MeCN with DMF and 1,2-dichloroethane has not
altered the irreversibility of reduction (Fig. S226 and S2277).
However, for PAH analogues 2v and 2w, a reversible reduction
process could be observed (Table S1, Fig. $219-S243%). Despite
being cationic, the products could also be electrochemically
oxidized, as observed on the cyclic voltammograms in the
form of irreversible events at onset potentials ranging from
0.95 V (vs. Fc/Fc' couple) for 2u to 1.61 V for dimethoxyben-
zene derived product 2t. An even lower-lying reversible

View Article Online

Research Article

1
unsymmetrical DHPP derivative 2m. Measured onset oxidation

and reduction potentials were utilized to evaluate the HOMO
and LUMO energies of the phosphonium salts (vide infia).

oxidation event was observed at E‘”/‘2 = 0.33 V vs. Fc/Fc' for the

Experimental and computational analysis of photophysical
properties

Photophysical properties of phosphonium salts were measured
in dichloromethane, tetrahydrofuran, acetonitrile and solid
state (Table 1, Table S1, Fig. S162-S2107). Similarly to other
organic dyes, the optical properties can be modulated by
n-electron system expansion,> heteroatom exchange®® or intro-
duction of electron-donating or electron-withdrawing
3435 Thus, absorption spectra cover a wide range
of the UV-Vis spectrum, starting from A,,s = 288 nm for 4a up

substituents.

Table 1 Spectroscopic data in dichloromethane (red), tetrahydrofuran (orange), and acetonitrile (blue) for phosphonium salts

j'abs [nm] ]'abs [nm]
Salt (ex107°[em™*M™])  Aem[nm]  Av[em™] &g [%] Salt  (ex107[em™ M) e [nm] Avlem™]  @p [%)]
2a 341 (1.9) 426 5900 10 2n 361 (3.2) 463 6100 62
336 (1.6) 429 6500 17 356 (3.1) 468 6700 52
2b 350 (3.9) 433 5500 ~100 20 352 (8.1), 407 (1.9) 530 5700 17
348 (3.3) 440 6000 ~100 343 (9.2), 391 (2.2) 550 7400 11
2¢ 346 (2.9) 440 6200 72 2p 333 (7.8), 387 (0.9) 535 7100 11
344 (2.9) 448 6700 86 333 (8.2), 371 (0.9) 559 9100 4.3
2d 340 (3.9), 368 (3.0) 460 5400 61 2q 344 (10.6), 355 (10.0) 388 2400 5.4
334 (3.6), 364 (2.8) 462 5800 61 344 (10.3), 355 (9.6) 390 2500 4.7
2e 360 (5.4) 460 6000 69 2r 300 (8.9), 307 (8.5) 328 2100 3.4
353 (5.0) 466 6900 68 300 (7.2), 306 (7.4) 329 2300 3.0
2f 304 (12.8), 371 (3.7) 490 6500 57 2s 371 (3.5) 557 9000 8.0
301 (19.8), 356 (4.9) 491 7700 63 366 (3.4) 583 10200 9.1
2f* 315 (19.3) 577 n.d. 242 2t 329 (7.5), 336 (7.4) 387 3900 7.9
313 (26.7) 577 n.d. 2l 328 (7.5), 335 (7.2) 390 4200 3.6
2g 371 (3.8) 490 6500 89 2u 394 (13.4), 562 (1.3) n.d. n.d. n.d
364 (3.7) 500 7500 93 392 (13.7), 559 (1.4) n.d. n.d. n.d.
2h 350 (13.2), 363 (11.3) 401 2600 30 2v 401 (12.7), 425 (15.7) 434, 456 500 91
348 (13.0), 360 (11.4) 410 3400 83 398 (10.3), 422 (13.5) 434, 455 700 93
2i 278 (19.2), 300 (15.8) 399 8300 2.4 2w 388 (12.1) 466 4300 9.9
276 (18.3), 298 (15.3) 426 10 100 2.3 387 (11.3) 466 4400 10
2j 506 (13.5) 633 4000 19 2x 378 (0.3), 590 (0.1) 351 n.d. 13
489 (3.7) 640 4800 19 370 (4.2), 582 (2.0) 355, 652 n.d. 5i5%
2k 483 (6.3) 642 5100 0.8 2x® 465 (5.7),590 (5.7) 657 1700 0.5
463 (3.0) 659 6400 <0.001
21 322 (28.7), 427 (15.3) 523 4300 60 4a 274 (12.9), 287 (10.0) n.d. n.d. n.d.
321 (25.9), 422 (13.8) 539 5100 51 274 (32.4) n.d. n.d. n.d.
2m 362 (31.3), 460 (7.0) 672 6900 2.0 4b 279 (10.8), 288 (9.5) n.d. n.d. n.d.
355 (31.8), 442 (7.1) 705 8400 0.4 279 (10.8), 287 (9.7) n.d. n.d. n.d.
6 361 (5.2) 472, 486 6500 <0.001
358 (5.1) n.d. n.d. n.d.

Aabs/Aem — absorption/emission wavelength, ¢ - molar absorption coefficient, Av - Stokes shift, @z, — fluorescence quantum yield, # - determined
for transition between S, and S, states, * - determined for two emission bands, - measured after addition of 100 ul of DBU.
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to 602 nm for 2x and are affected by solvent polarity, changing
molar extinction coefficient (&), shape and absorption maxima
(Aabs) for most studied dyes.’® According to Table 1, most salts
containing 5-membered phospholium subunit (2a-e,g,o0,s),
possess ¢ < 5000 M~ cm™" for the most red-shifted bands,
which stand in line with rather low oscillator strengths (Tables
S3, S5, S7, S9, S11 and S15%) for the S, — S; electron tran-
sitions (f = 0.1-0.2). The S, — S; transition for the simple
phospholium salts is described by the HOMO-LUMO configur-
ation. As presented in e.g. Table S3,f the Highest Occupied
Molecular Orbital (HOMO) electron density is located at mole-
cule’s periphery, while Lowest Molecular Unoccupied Orbital
(LUMO) it is mostly concentrated within the distinctly acceptor
phosphacycle. Therefore, photon absorption initiates an elec-
tron density shift from the molecule’s periphery toward the P*
center. On the other hand, ring expansion to a 6-membered
phosphorinium doesn’t change the first excitation orbital con-
figuration. However, electron density distribution over LUMO
becomes less affected by the P* center, while at HOMO it is
mostly maintained, which results in rising oscillator strength,
f=0.313 (Tables S16 and S177), and ¢ up to 11000 M~ cm™*
for 2h (Table 1).

Positively charged phosphacycles share another feature,
namely, large Stokes shifts (Av), starting from ~2000 cm™" for
2q,r up to 10 000 cm™" for 2i,s (Table 1). Moreover, comparing
emission spectra vs. solvent polarity reveals a solvatofluoro-
chromic response, which becomes more pronounced as the
n-electron system expands, like for 2m (Fig. 1). Nevertheless, a
lack of strict correlation with solvent polarity (Table S2,
Fig. S209 and S$210f) suggests that the solvatochromic
response must be related to complex solvation processes.

In typical donor-acceptor compounds, an immense Av and
solvatofluorochromism are related to excitation-driven changes
in electric dipole moment,>”*® which is not the case in the dis-
cussed charged phosphacycles. More in-depth analysis per-
formed on model systems 2b, 2g, 2k and 2m in a broader

wavelength [nm]
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Fig. 1 Absorption (solid) and emission (dot) spectra of 2m in toluene
(black), dichloromethane (red), tetrahydrofuran (orange) and acetonitrile
(blue).
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range of solvents and utilizing Ey (30) parameter,” as well as a
more detailed solvation model® didn’t provide an appropriate
correlation (Table S2, Fig. $209-S21871). However indicates that
the solvatofluorochromism primarily depends on two solvent
parameters: basicity and dipolarity. Thus, the origin of the
observed phenomena must be related to differences in cation
solvation in both the ground ('GS) and excited states ('LE), as
well as the geometrical changes arising upon excitation
(Fig. 2).

Photon absorption-driven changes in molecular geometry
also significantly impact the fate of the molecule in the excited
state. A computational study of a few selected molecules (see
ESIT) reveals that, disregarding the triplet states population,
the photophysics of cations is primarily a competition between
the local excited state (‘LE) and the so-called charge transfer
state ('CT). The electron density at 'CT indicates that electron
transfer occurs from the n-system to the P* or As’ centres,
leading to distinct geometrical changes. The consequence of
formal charge separation is vanishingly small oscillator
strength for the 'CT — 'GS electronic transition, which, com-
bined with a remarkable decrease in the 'CT state energy,
makes the deactivation of the excited state through 'CT the
main nonradiative channel.

Influence of heteroatoms and geometry

The significant number of phosphonium salts synthesized
possessing various five-membered heterocyclic rings provides
the material for investigating the influence of heteroatoms on
their photophysical properties. In-depth analysis however
reveals that there is no clear correlation especially as far as
fluorescence quantum yield is concerned. The comparison of
salts 2d, 2e and 2f based on benzothiophene, benzofuran and
indole reveals almost no differences in emission intensity and
only moderate bathochromic shift of emission for indole-
based dye 2f. Typically oxygen-to-sulfur swap leads to small
HOMO destabilization.°® However, in the case of 2d,e the
impact of the sulfur atom is barely distinguishable (Fig. 3,
Table 1, Fig. S167 and S1697), suggesting that the PPh,"
moiety®” strongly affects the electronic structure than the O to
S displacement. There is however significant impact of geome-
try within for example phosphonium salts bearing indole
scaffold (Table 1). Depending on the linkage position between
indole moiety and quaternary phosphonium salt, the fluo-
rescence quantum yield varies from almost quantitative to 2%.
Interestingly the influence of heteroatom is visible for DHPPs
2j-2n. Fluorescence quantum yield of benzothiophene-based
dye 2j is more than 20 times higher than for benzofuran-based
2k, whereas the strongest fluorescence is in the case of salt 21
possessing benzenes as flanking units. Again the change of
geometry so that P-atom bridges positions 3 and 6 of DHPP
core with N-phenyl (rather than C-phenyl) substituent causes
large changes in photophysics including e.g. %60 nm hypso-
chromic shift of emission. The largest change however is
caused by replacing quadrupolar centrosymmetric dyes 2j, 2k,
21 with non-symmetrical salt 2m. The latter one has weak but
strongly bathochromically shifted emission (Table 1). On the

This journal is © the Partner Organisations 2025
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Fig. 2 Angles and bond lengths for 2f in ground state (*GS), local excited state (*LE) and so-called charge transfer state (*CT), visualizing the exci-

tation-driven geometrical changes within the phospholium subunit.
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Fig. 3 Energy diagram representing changes in energy of frontier orbi-
tals vs. the change of heteroatom. HOMO and LUMO levels are deter-
mined via cyclic voltammetry.

other hand, replacing P with As leads to a distinct stabilization
of LUMO, indicating a stronger acceptor character of the arso-
lium compared to the phospholium subunit. Moreover, a
heavier pnictogen atom distinctly affects fluorescence, making
6 a non-emissive salt. According to calculations, 6 after exci-
tation to the 'LE, which proves to be unstable, immediately
rearranges to the 'CT, located at the As" center (Fig. S242 and
$245%). Then the intersection between 'CT and 'GS leads to

This journal is © the Partner Organisations 2025

intense internal conversion being responsible for the non-
radiative deactivation of the excited state.

Impact of phosphacycle ring size

To investigate the influence of phosphacycle size on photophy-
sics, salts 2g,h,i were chosen due to their highest structural
similarity. It has to be pointed out that the differences in sub-
stitution pattern (2-phenyl (2g) substitution vs. 4-phenyl substi-
tution (2h)) slightly affect the electron density distribution
within HOMO and its energy. Thus, observed changes can be
correlated to phosphacycle size. Absorption spectra compari-
son indicates that the ring expansion, leads to a hypsochromic
shift accompanied by the appearance of a distinct vibronic
progression as well as a gradual rise of ¢ (Table 1, Fig. 5174,
$176 and $178%), from 371 nm (e = 3800 M~ ecm™ ") for 2g to
300 nm (e = 15800 M~ " em™ ") for 2i in dichloromethane.
These trends imply that upon phosphacycle expansion, dis-
tinct changes in electronic structure take place. While the
energy of HOMO remains virtually unaffected, with the elec-
tron density distribution confined within the indole part
(Tables S15, S16 and S18), the LUMO energy significantly rises
passing from a five- to a seven-membered ring (Fig. 4) and
causing blue-shift of the absorption spectrum. This results
from a weaker impact of the P center on orbital stabilization,
due to a reduction of n*-c* coupling contributions to LUMO
(Tables S15, S16 and S187). Moreover, ring expansion entails a
significant drop in fluorescence quantum yield from x100%

Org. Chem. Front,, 2025, 12, 5484-5495 | 5489
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for 2g to 2% for 2i, as a result of intense deactivation of the
excited state through the 'CT nonradiative channel.

Photophysics of zwitterions

Among synthesized compounds, 2f and 2x possess an acidic
hydrogen atom. Thus, in the presence of a base like 1,8-diaza-
bicyclo(5.4.0)undec-7-ene (DBU), 2fx can be transformed into
zwitterions. This process is notably reversible, meaning that
upon TfOH addition, the uncharged species reverts to their
cationic form. Interestingly, 2x undergoes deprotonation even
in the absence of a base, enabling estimation of its acidic dis-
sociation constant (pkK,) in dichloromethane to be around 7.05
(eqn (S1)T). More than 10 orders of magnitude increase of the
pK,, compared to 9-phenylfluorene in dimethylsulfoxide (pK,
=17.9),% reveals a strong influence of PPh,” moiety on acidic
properties enhancement. Moreover, the absorption spectra
(Fig. S2041) of 2x indicate a significant equilibrium shift
(Scheme 4) to the right with increasing solvent polarity. As a
result of the presence of two forms in the solution, double
fluorescence can be observed in acetonitrile, with ey =
355 nm and 652 nm. Spectroscopic changes arising upon
deprotonation are nicely illustrated in the case of 2f, where a
distinct absorption band at ~355 nm (¢ = 4500 M* cm ™"
becomes flattened (¢ < 2500 M~' ¢cm™") after proton abstrac-
tion, thus determining A,,s becomes challenging for 2f
(Fig. S1917). The decrease of the molar extinction coefficient
stands in line with the calculated oscillator strengths for the S,
— §; transition (for 2f: f = 0.133 and 2f: f = 0.025). Passing
from 2f to the 2f also noticeably impacts the emissive pro-
perties, causing a bathochromic shift of the fluorescence spec-
trum of about 3000 cm™' (Table 1, Fig. $171 and S$173f),
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accompanied by a 26-times drop of &g;. The ADC(2) method
calculations performed for 2f and 2f give deeper insight into
the excited molecule deactivation process. According to the
energy diagram (Fig. 5), deprotonation of 2f significantly
lowers the energy, not only of 'LE, but also of the 'CT state in
2f'. Moreover, excited molecule relaxation causes the inversion
of both the 'LE and 'CT states, leading to an intersection
between 'CT and 'GS. Making 'CT an intense nonradiative de-
activation channel, resulting in residual fluorescence with ®gy,
~ 2% for 2f'.

Fluorescence imaging

It is well-known that triarylphosphonium salts are anchors
enabling the selective localization of fluorophores in
mitochondria.®*"®® In 2019, the groups of Koshevoy, Romero-
Nieto and Chou reported that a cyclic tetraarylphosphonium
salt possessing an anthracene core also localizes in mitochon-
dria.>* Inspired by these observations,>® we became curious
whether our new cyclic tetraarylphosphonium salts could
display analogous behavior. Salt 2g was selected as a model
system due to its strong green fluorescence (Table 1). We per-
formed studies of the localization of dye 2g in the U-87 cell
line. The conducted fluorescence confocal microscopy experi-
ments revealed that the subcellular distribution of salt 2g pro-
duces a staining pattern consistent with selective mitochon-
drial localization after only a short incubation period
(15-30 min) (Fig. 6A, Fig. S248-S2507). The selective intracellu-
lar localization of dye 2g in U-87 cells was confirmed by co-
localization with MitoTracker Red, a mitochondria-selective
fluorescent label commonly used in confocal microscopy
(Fig. 6B). The co-localization of salt 2g with MitoTracker Red
was confirmed by Fluorescence Resonance Energy Transfer
(FRET) microscopy between the two compounds. Irradiation at
405 nm, the wavelength appropriate for salt 2g, also excites the
MitoTracker Red (Fig. 6A-C). The Pearson’s coefficient (r =
0.676 + 0.017) and Manders’ coefficients (M1 = 0.894 + 0.054

This journal is © the Partner Organisations 2025
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Fig. 5 A qualitative scheme of the excitation energies and radiative transitions of 2f (left) and 2f* (right) was obtained with the ADC(2) method. Solid
lines denote the energies of the lowest excited singlet states (*LE — blue and CT - red) computed at their optimized equilibrium geometries.
Dashed lines denote the respective state’'s energy calculated at the complementary state’s equilibrium geometry. Vertical arrows represent fluor-
escence from the respective excited singlet state, with the energy of the vertical transition and the oscillator strength indicated. Molecular orbitals
singly occupied in the relevant electronic state, LE-blue, and CT-red, are shown.

Fig. 6

Intracellular localization of 2g compound and MitoTracker Red as detected using confocal fluorescence microscopy. (A) fluorescence of 2g

compound, excitation wavelength 405 nm, emission wavelength 500 + 50 nm, (B) fluorescence of Mito Red compound, excitation wavelength
405 nm, emission wavelength 594 + 50 nm. (C) overlay picture recorded sequentially as at (A) and (B) parameters for two fluorophores in living cells

U-87. Scale bar 20 pm.

and M2 = 0.738 + 0.091) of colocalization of salt 2g and
MitoTracker Red were calculated.

Conclusions

Phosphine oxides derived from heterocycles and polycyclic aro-
matic hydrocarbons can be activated with Tf,0 to form cyclic

This journal is © the Partner Organisations 2025

phosphonium salts integrated with the n-conjugated scaffold.
Our strategy exhibits versatility concerning substrate scope, as
both electron-rich and electron-neutral aromatics are compati-
ble with this reaction. A broad range of m-conjugated phos-
phonium salts based on diverse aromatic scaffolds can be syn-
thesized easily, in good yield, and without chromatographic
purification. The method’s versatility has been showcased by
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incorporating such demanding moieties as azulene, 1,4-dihy-
dropyrrolo[3,2-b]pyrrole and 5-oxatruxene. Importantly, arso-
nium salts could also be assessed, suggesting that this route
could be easily adapted for the preparation of further deriva-
tives. Critically, the photophysical properties of quaternary
salts are affected by the type of fused heterocycle, the size of
the phosphacycle, and n-expansion. Our strategy allowed rapid
access to new cationic dyes, which often possessed both strong
fluorescence as well as an emission wavelength strongly depen-
dent on the phosphacycle size. Ab initio calculations revealed
that competition between 'LE and CT is the key factor influ-
encing the photophysical characteristics and determines the
fate of the molecule’s excited state. This discovery will provide
the impetus for future explorations that use cyclic tetraarylpho-
sphonium salts.
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