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Functionalization and solubilization of polycyclic aromatic
compounds by sulfoniumization

The image shows the attachment of solubilizing diaryl sulfoxide
to poorly soluble polycyclic aromatic hydrocarbons (PAHSs) by
C-H sulfoniumization. Thus-formed PAH-sulfonium salts show
good solubility in organic solvents/water, are capable of further
transformations such as cross-coupling and nanographene
synthesis. Furthermore, a perylene-sulfonium salt shows
mitochondria-selective fluorescence staining in HelLa cell.
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Despite their unique physical properties and diverse applications in materials science, poor solubility of
polycyclic aromatic hydrocarbons (PAHs) limits further fine-tuning and investigation of these systems.
Herein, we report a sulfoniumization strategy to solubilize and functionalize a diverse range of PAHs in
a one-step protocol using a triethylene glycol ether-substituted diaryl sulfoxide. While mono-
sulfoniumization is generally observed, modification of the reaction conditions to favor bis-
sulfoniumization is shown. The downstream applicability of the resulting PAH sulfonium salts is validated
through a series of post-functionalization reactions that include C-C and C-heteroatom bond
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Accepted 10th April 2025 formation, while their application in annulative m-extension (APEX) is showcased by the synthesis of
tetra-tert-butylquaterrylene from perylene. The red-shifted absorption and fluorescence, along with high

DOI: 10.1035/d55c01415h water solubility of the PAH sulfonium salts, enable their application in bio-imaging, where they
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) represent an important
cornerstone of materials science, fueling promising advances in
the realm of organic semiconductors.* In addition, the distinctive
optical properties of PAHs offer significant potential for biological
applications.” As their electronic, photophysical and biological
properties are directly influenced by the quantity and arrange-
ment of sp>-hybridized carbons, the tailorability of PAHS, e.g., by
late-stage functionalization such as annulative m-extension
(APEX)** has proven to be a vital tool to access novel PAHs and
molecular nanocarbons* or to establish structural libraries of
target T-conjugated core structures.” However, rt-conjugation and
rigidity come with the drawback of aggregation in solution due to
strong m-T interactions,® which may limit the synthesis and
transformation of principally accessible PAHs, and various
solution-based biological applications.
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demonstrate selective mitochondrial staining without cytotoxicity.

For the easier synthesis and application of poorly soluble
PAHSs, the introduction of solubilizing groups or a solubility-
independent synthetic method is strongly required. For
example, Kubota, Ito and co-workers circumvented this issue by
solid-state cross-coupling using ball-milling, introducing solubi-
lizing substituents in the process (Fig. 1A).” To minimize property
changes upon the introduction of solubilizing groups in the core
aromatic structure, a dendrimer support connected by a cleavable
linker was utilized by Yagi, Itami and co-workers, granting access
to main-chain-unsubstituted “bare” aromatic polymers.* To
effectively incorporate PAHs into biological studies, water soluble
substituents, such as triethylene glycol (TEG) groups or carboxyl
groups, are commonly introduced into PAHs. To date, several
water-soluble PAHs, including a warped nanographene,” a planar
graphene containing 222 carbon atoms,' and a dibenzo[hi,st]
ovalene™ have been applied as imaging probes as well as in
photothermal and photodynamic therapy. However, these strat-
egies and molecules require functionalized groups such as
halogens in starting materials, which is also problematic during
the preparation step due to the low solubility of halogenated
PAHs. Therefore, late-stage functionalization and transformation
of bare PAH to afford soluble functionalized PAHs are highly
demanded for further applications.

As one of the prominent examples of late-stage functionali-
zation, the thianthrenation of small aromatic systems is an
appealing methodology to pre-activate small aromatic systems
with exceptional regioselectivity and independence from func-
tional handles in the substrate (Fig. 1B).”*** Among the broad
variety of recently explored functionalization reactions of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Current strategies for PAH solubilization and regioselective arene functionalization. (A) Dissolution of PAHSs. (B) Regioselective sulfo-

niumization of small arenes via thianthrenation. (C) This work.

thianthrenium salts, amination* or aryne formation followed by
cycloaddition with furans or pyrroles* highlights the opportuni-
ties for programmable lynchpin installations and annulations,
respectively. However, sulfoniumization of bare PAHs remains
underdeveloped'® and—to the best of our knowledge—there is no
precedence for the transformation of bare PAHs and cross-
coupling through thianthrenation/sulfoniumization in the liter-
ature."” Furthermore, the introduction of highly organic solvent/
water soluble sulfonium substituents to bare PAHs can also
facilitate a handleability and cell permeability in organic and
aqueous media, leading to further transformation of PAH-
sulfonium salts such as cross-coupling and APEX, and biolog-
ical applications. Therefore, the development of the sulfonium-
ization method for poorly soluble PAHs can provide a new tool in
synthetic chemistry for nanographenes and biomolecular chem-
istry. Herein, we report a method for thianthrenation/
sulfoniumization of various bare PAHs for solubilizing poorly
soluble PAHs and enabling further applications. We aimed to
combine the prospects of solubilization and functionalization of
PAHs through sulfoniumization with newly developed sulfoxides
bearing solubilizing side-chains (Fig. 1C). The thus-obtained
highly soluble PAH-sulfoniums salts enabled further trans-
formations such as regioselective halogenation, cross-coupling
and APEX, and bio-imaging.

Results and discussion
Thianthrenation of PAHs

To probe whether the thianthrenation protocol can be extended
from small aromatic systems'* to PAHs, we chose unsubstituted
naphthalene as a model compound. Indeed, the thianthrenium
salt 3a could be obtained in good yield using chlorinated
solvents and 1.5 equiv. of acid and thianthrenium oxide 2a
(Scheme 1, see the ESIT for optimization studies).

The regioselectivity of the thianthrenation was corroborated
by the X-ray crystal structure analysis of products 3a and 3b (see

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Thianthrenation of small aromatics and PAHs, and scope
limitations. Isolated yields are given. Only one regioisomer was ob-
tained, unless otherwise specified. 1.0 equiv. of thianthrene oxide 2a
was used.

the ESIT). Interestingly, thianthrenation of 1-phenylnaphthalene
occurred solely on the naphthalene moiety (3b). Furthermore,
1,1-binaphthalene and triphenylene underwent efficient thian-
threnation, affording thianthrenium salts 3¢ and 3d in good
yield. However, it quickly became apparent that only small PAHs
were suitable substrates for the thianthrenation protocol, as
difficulties arose with both reactivity and—more generally—
isolation of larger PAHs of interest, e.g, perylene (see the ESI}).

Sulfoniumization reagent screening

Along these lines, the pursuit of a broader sulfoniumization
strategy clearly necessitates the use of solubilizing side-chains
(Fig. 2A). We started our investigation with suitable PAH sul-
foniumization reagents 2b-2f having a thianthrene core struc-
ture, screening possible tethers for their suitability under the
naphthalene model reaction (Fig. 2B). While C(sp?)-, C(sp?)- and
ether tethers on the thianthrene core exhibited poor perfor-
mance (2b-2d, entries 1-3), silyl-based tethers showed promise

Chem. Sci., 2025, 16, 8262-8267 | 8263
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Fig. 2

but led to isolation issues (2e and 2f, entries 4-5, see the ESIf).
The diaryl sulfoxide core bearing ortho-substitution did not
yield the desired product (9a, entry 6), while the incorporation
of electron-rich substituents at the para-position showed
promising reactivity (9b, entry 7); additionally facile isolation
was achieved with an ether tether (9¢, entry 8). In comparison
with installing long alkyl chains (9d, entry 9), the TEG motif was
found to serve as a superior solubilization agent for both reac-
tivity and the ease of isolation (see the ESI} for details), leading
to the development of sulfoniumization reagent 9e (entry 10).
Notably, simple but highly soluble sulfoxide 9e was easily
prepared by etherification of 4,4'-sulfinyldiphenol with the
corresponding alkyl bromide (see the ESIf for details).
Furthermore, rotational freedom was found to be an important
factor for sulfoniumization of naphthalene, as dibenzothio-
phene oxides 15a-c bearing a similar substitution pattern as
their parent diaryl sulfoxides exhibited poor performance
(entries 11-13).

PAH sulfoniumization scope

With reagent 9e in hand, the PAH scope was investigated
(Scheme 2). To our delight—and in stark contrast to the
thianthrenation protocol—a variety of larger PAHs including
1,1’-binaphthyl (1b), triphenylene (1c), perylene (1d), pyrene
(1e), dibenzo[g,p]chrysene (1f), corannulene (1g) and coronene
(1h) could undergo C-H sulfoniumization to yield the sulfo-
nium salts 14b-h in good yields. Key to achieving high yields of
products 14f-h was the solvent change from CH,Cl, to 1,2-
dichloroethane and prior solubilization of the PAHs under
reflux before adding Tf,0 and H,SO, under ambient conditions
to form the reactive cationic intermediate from reagent 9e.
Interestingly, the bis-adduct 14d’ was observed as a side-
product in the reaction with perylene, which could be favored
by addition of an excess amount of 9e, Tf,0 and H,SO, to obtain

8264 | Chem. Sci,, 2025, 16, 8262-8267

(A) Design and (B) screening of a sulfoniumization reagent for PAHs.

14d’ in 34% yield. Limitations include larger PAHs such as
quaterrylene or hexabenzocoronene, which did not show
reasonable solubility in refluxing 1,2-dichloroethane (see the
ESI{). Notably, a series of PAH-sulfonium salts demonstrated
exceptional solubility in MeOH, with values of >160 mg mL "
for 14d and >297 mg mL™" for 14h—over 1000 times greater
than those of pristine perylene (0.16 mg mL ") and coronene
(0.09 mg mL™') in MeOH. Additionally, 14d was found to
dissolve even in deionized H,O with a solubility of 4.6 mg mL™".

A
ge (1.0 equiv.) Arcg-Ar
Tf,0 (3.0 equiv.) BFy
e — Ar= 0\/5‘0’
H,S04 (1.5 equiv.) %, 3
1,2-dichloroethane -
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1;1.06quiv. then: aq. NaBF 4 wash L
Aro é’ Ar Ar, §,Ar Ar\g,Ar Disulfoniumization
BFy BF; BF;
14b, 77% 14c, 86% 14d
(0.2 mmol) (0.2 mmol) 54% (0.2 mmol) ;
49% (0.5 mmol) Ar
14d’, 34%°
Solubility: >160 mg/mL in MeOH 4
e 6" (02l
Ar\g,Ar Ar* Ar Ar\g,Ar Ar\g,Ar
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14e, 75% 14f, 67%" 14g, 67%" 14ht

(0.2 mmol) (0.1 mmol) (0.2 mmol) 57% (0.2 mmol)

80% (0.5 mmol)
Solubility: >297 mg/mL in MeOH

Scheme 2 PAH sulfoniumization scope. “Conditions: 1 (1.0 equiv.), 9e
(3.0 equiv.), Tf,0 (9.0 equiv.), H,SO4 (4.6 equiv.), 1,2-dichloroethane, rt
(24 °C), 5 h. PPAH was dissolved in refluxing 1,2-dichloroethane prior to
the addition of Tf,O and H,SO4 (see the ESIt).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Transformations of PAH sulfonium salts

Motivated by the multitude of functional group interconver-
sions from thianthrenium/diarylsulfonium salts and driven by
our interest in site-selective r-extension of the PAH systems, we
applied several transformations to the functionalized PAHs
according to the report by Ritter and co-workers.” First, we
examined sequential functionalization of triphenylene by
consecutive thianthrenation with 2a followed by photo-induced
iodination/cyanation, Suzuki-Miyaura cross-coupling and
Sonogashira-Hagihara coupling reactions.'”® We found that
iodination, Suzuki-Miyaura coupling and Sonogashira-Hagi-
hara coupling smoothly proceeded to afford 19a, 19¢ and 19d in
overall 33%, 39% and 63% yields, respectively. On the other
hand, photo-induced cyanation was somehow incompatible,
affording 19b in only 12% yield.

Next, we verified the transformability of the bis(4-
alkoxyphenyl)sulfonium group on 14, as there is no precedent
for the selective incorporation of acyclic triarylsulfonium salts
in cross-coupling reactions in the literature (Scheme 3). Grati-
fyingly, Suzuki-Miyaura cross-coupling of bis(4-alkox-
ylphenyl)(perylene-3-yl)sulfonium salt 14d with phenylboronic
acid preferentially gave 3-phenylperylene 20a in 78% yield.
Motivated by this result, we also examined the two-fold cross-
coupling between perylene bis-sulfonium salt 14d’ with phe-
nylboronic acid and (3,6-di-ter¢-butylnaphthalen-1-yl)boronic
acid pinacol ester, and diarylated perylenes 20b and 20c were
obtained in high yields (77% and 83%). Dinaphthylperylene 20c
was further extended to tetra-tert-butylquaterrylene 21 (ref.
19-21) by a FeCl;-promoted Scholl reaction, resulting in a high
yield of 86%. Notably, 3,10-di-functionalized perylenes such as
3,10-dibromoperylene are an important structural motif as
precursors for further cross-coupling for the synthesis of
perylene-conjugated molecules as demonstrated here. However,
the preparation of typically employed 3,10-dibromoperylene by
bromination of bare perylene and its purification are often
problematic due to the poor solubility of the products and the
difficulty of separating them from other isomers such as 3,9-
dibromoperylene.”® In this context, the present PAH-
sulfoniumization strategy including solubilization and further
functionalization offers an alternative synthetic tool for the
efficient conversion of poorly soluble PAHs, bypassing the—
oftentimes problematic—traditional bromination process.

The structure of 21 was elucidated by X-ray diffraction
analysis for the first time (for further information, see the ESIT).
Compared to a previous synthetic attempt for 21 from a naph-
thalene oligomer by Miillen and co-workers,"** our synthetic
route to 21 offers several advantages in terms of step economy,
the use of readily available pristine perylene as a starting
material, the absence of aromatic ring rearrangement in the
Scholl reaction, and a two-step APEX reaction with high yields.

Photophysical properties of perylene sulfonium salts

During the scope studies, we observed that the sulfoniumiza-
tion strategy not only increased the solubility of PAH adducts in
organic solvents, but also enabled the handling of these
compounds in aqueous solution (vide supra). As the perylene

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Transformation of PAH-sulfonium salts. Conditions for the
synthesis of 19a: RuCly(bpy)s-6H,O (3.3 mol%), CuBF4(MeCN), (1.0
equiv.), Lil (9.8 equiv.), MeCN/DMSO, blue LED, rt (23 °C), 21 h;
conditions for the synthesis of 19b: RuCly(bpy)s-6H,O (2.5 mol%),
CuBF4(MeCN),4 (1.3 equiv.), N"BusCN (2.5 equiv.), MeCN, blue LED, rt
(24 °C), 21 h; conditions for the synthesis of 19c: PdCl,(dppf)
(2.2 mol%), (4-tert-butylphenyl)boronic acid (1.4 equiv.), KsPO4 (2.0
equiv.), EtOH/1,4-dioxane, 50 °C, 48 h; conditions for the synthesis of
19d: PdCly(dppf) (2.7 mol%), phenylacetylene (1.4 equiv.), Cul
(21 mol%), N-methylmorpholine (2.1 equiv.), 1,4-dioxane, 40 °C, 48 h.

core is well-known for its interesting photophysical properties,
especially with regard to its diimide derivatives,” we were
interested in investigating the perylene mono- and bis-
sulfonium salts further. Both the mono-adduct (14d) and bis-
adduct (14d’) show red-shifted absorption maxima ( Aaps (14d)
= Aaps (14d’) = 470 nm) compared to the parent perylene (Ayps
(perylene) = 437 nm) in CH,Cl, (Fig. 3A). With regard to fluo-
rescence, the emission maximum of mono-adduct 14d (Aep
(14d) = 518 nm) is red-shifted in comparison to perylene (Aem
(perylene) = 442 nm) due to charge separation (see density-
functional theory (DFT) calculations and HOMO/LUMO repre-
sentations in the ESIT), while the bis-adduct 14d’ shows a minor
blue shift (e (14d’) = 480 nm) with a small Stokes shift
compared to 14d (Fig. 3B).

This implies that the vibrational structure, as observed in
rigid perylene, is largely restored in 14d’, whereas significant
structural relaxation and charge transfer occur in 14d’.
Furthermore, the water-soluble mono-adduct 14d shows

Chem. Sci., 2025, 16, 8262-8267 | 8265
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Fig. 3 (A) Absorption and (B) emission spectra of 14d, 14d’ and per-

ylene in CH,Cl,. (C) Absorption and emission spectra of 14d in H,O.

a broad absorption band with a maximum at A,ps = 449 nm, an
emission with a maximum peak at A, = 528 nm and a fluo-
rescence quantum yield of (®g) = 0.58 in H,O (Fig. 3C).

Mitochondria-selective bio-imaging

With better insight into the photophysical properties of the
perylene sulfonium salt 14d and its good solubility in H,O,
imaging of HeLa cells with 14d was performed (Fig. 4).
Notably, perylene derivatives have previously been identified
as promising candidates for bio-imaging.** Stimulated by this
finding, 14d was incubated with HeLa cells for 30 min at 37 °C.
Confocal microscopy images showed that its fluorescence was
observed in the cells without any signs of cytotoxicity (Fig. 4A
and S671). Interestingly, it appeared to localize to specific
organelles, which was validated using a mitochondrial marker.
The Pearson correlation coefficients () for colocalization
between each image were calculated to be 0.77 £ 0.02 (mean +
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Fig. 4 Confocal microscopic imaging of Hela cells with 14d. (A)
Fluorescence of 14d and (B) mitochondrial marker. (C) Differential
interference contrast (DIC). (D) Merged images of A, B and C.

SE), supporting good correlation in mitochondria selective
imaging (Fig S107%). This aligns well with the tendency of delo-
calized lipophilic cations (DLCs) to accumulate in mitochon-
dria, as their lipophilic nature enables them to cross the
membrane, drawn by its negative potential.>® To the best of our
knowledge, this represents the first example of sulfonium salt
localization in mitochondria.

Conclusions

Herein, a sulfoniumization strategy for the one-step solubili-
zation and functionalization of PAHs is presented. Based on the
disclosed scope limitations of the thianthrenation for PAHs,
a tether-/core-based screening of plausible sulfoxide reagents
identified diaryl sulfoxide bearing solubilizing TEG ether side-
chains as a superb sulfoniumization reagent to enable the
regioselective C-H functionalization of large PAH systems. The
application of the PAH sulfonium salts is highlighted by various
functional group interconversions. Upon sulfoniumization of
the bare PAH, Suzuki-Miyaura cross-coupling followed by
Scholl-type annulation offers a new, regioselective APEX
pathway. The promising water solubility and photophysical
properties of the perylene sulfonium salt were showcased in the
bio-imaging of cells, demonstrating selective mitochondrial
staining with no signs of cytotoxicity. We hope that this work
sparks further interest in the selective functionalization and
solubilization of PAHs to address current limitations in the
characterization and modification of polyaromatic materials.
Further detailed studies on the sulfoniumization of other
nanocarbons, bio-imaging and the structure-function rela-
tionship with various PAH-sulfonium salts including 14d are
currently underway.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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