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Dedicated to Prof. Dr. J6rg Pietruszka on the occasion of his 60th birthday

Di(hetero)aroyl dichlorides are desymmetrized upon sequen-
tial reaction with alcohols and 2-methyl N-benzyl thiazolium
salts within the course of a one-pot three-component reaction
yielding ester-substituted aroyl-S,N-ketene acetals under mild
conditions in good vyields. A prerequisite for the concise one-
pot process is the different nucleophilicity of the alcohols and in
situ generated S,N-ketene acetals. The resulting compounds are
merocyanines with dominant charge-transfer absorption bands
which are fluorescent in the solid state, but not in solution. In
water/ethanol solvent mixtures of increasing water content, the

1. Introduction

The design of functional chromophores!” presents the basis
for many phototonic applications of organic fluorophores and
molecular electronics.'”! Examples range from dye sensitizers in
organic photovoltaics’®¥! and emitters in organic light-emitting
diodes,>®) to semiconducting molecular charge transport mate-
rials in devices switchable by electric current®®! luminophores
for sensing and bioimaging studies,™ " to photoredox cata-
lysts opening new alleys in photoreactivity.*'®! Approaches
to rapidly access functional chromophores began with com-
binatorial syntheses!™?! and have inspired novel synthetic
strategies.”2?] A particularly promising reactivity-based concept
is one-pot methodologies, such as multicomponent reactions
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water-insoluble dyes display typical aggregation-induced emis-
sion (AIE) characteristics. The water fraction inducing AIE as well
as the emission color, and fluorescence quantum yield (®5) of
the aggregated dyes can be controlled by the alcohol part of
the ester moiety. Encapsulation into polystyrene nanoparticles
can lead to a considerable increase of the fluorescence quan-
tum yield ®¢ to 30% as shown for a representatively chosen
dye revealing the highest @ of 11% within the dye series in the
water/ethanol mixtures and enabling the usage of these dyes as
fluorescent reporters in agueous environments.

(MCR) - performed in a domino, sequential, or consecutive
fashion!?®! that enable a rational design of libraries of com-
pounds with a large structural and functional diversity.””? Over
the past two decades, such MCRs have been established as a
powerful synthetic tool to access numerous classes of functional
chromophores.[28—34

Among emissive materials, emission upon induced aggrega-
tion, also known as aggregation-induced emission (AIE),1303335-39]
is increasingly popular as it can be widely employed to overcome
the loss of photonic properties often seen in the solid state as a
consequence of aggregation-caused quenching (ACQ). AlEgens,
that is, luminophores that reveal a turned-on luminescence upon
aggregation, can be meanwhile accessed by MCR strategies,*°]
as has been demonstrated by us for several dye families. In
recent years, we have established a facile chromogenic approach
to aroyl-S,N-ketene acetals, which present relatively small push-
pull T-conjugated systems that typically show AIE behavior and
a broad color tunability.[#?] This concept has been meanwhile,
expanded to bi- and even multichromophore AIE systems, which
can be employed, e.g., as dual emissive AIE polarity sensors.*]
To further expand the methodological scope of the condensa-
tion synthesis of aroyl-S,N-ketene acetals and enhance functional
diversity, we focus here on ester-substituted aroyl-S,N-ketene
acetal chromophores accessed by one-pot reactions by the
desymmetrization of diaroyl dichlorides (Scheme 1).

While symmetric acylations of terephthaloyl chloride are
common, only very few examples for desymmetrization with
two different nucleophiles have been reported so far.[*-41 More
common are stepwise desymmetrizations of terephthaloyl chlo-
ride, for instance, by monoacylation and intermediate workup.!*”!
However, due to the pronounced reactivity of SN-ketene
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Scheme 1. Retrosynthetic analysis of ester-substituted aroyl-S,N-ketene acetals.
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Scheme 2. Domino reaction of bis- and trisaroyl chlorides 1 and 3-benzyl-2-methylbenzo[d]thiazol-3-ium bromides 2 in dioxane and ethanol forming

carboxyethyl-substituted aroyl-S,N-ketene acetals 3.

acetals,*®) which are the actual nucleophiles in the synthesis
of aroyl-S,N-ketene acetals, we envisioned a tunable transfor-
mation of diaroyl dichlorides. Herein, we report the method-
ological development of a desymmetrizing twofold acylation of
diaroyl dichlorides with 3-benzyl-2-methylbenzo[d]thiazol-3-ium
(as precursors to S,N-ketene acetals) and alcohols for accessing
ester-substituted aroyl-S,N-ketene acetals in a sequential three-
component reaction. Almost all dyes of the resulting dye library
are emissive in the solid state and reveal AIE behavior, as shown
by spectroscopic studies in solution and in the solid state with
a substitution pattern-dependent dependence of the aggrega-
tion behavior, emission color, and fluorescence quantum yield
(Dy).

2. Results and Discussion
2.1. Synthesis

The diversity-oriented character of the aroyl-S,N-ketene acetal
synthesis can be addressed by a selective desymmetrization of
diaroyl dichlorides. While one acid chloride functionality serves
to establish the underlying aroyl-S,N-ketene acetal chromophore,
the second acid chloride unit allows for acylation of the het-
eroatom nucleophiles. As seen in the initial studies, acceptor
substituents, such as nitriles and nitro groups, conjugated with
the carbonyl group of the respective chromophores, cause a
red-shifted absorption and AIE. The synthesis of esters, which
are weaker acceptors, by Einhorn-type acylation!*’! promises
the easy conversion of acid chlorides with variable alcohols.
Therefore, the consecutive one-pot synthesis of ester-substituted

Chem. Eur. J. 2025, 31, €02071 (2 of 10)

aroyl-S,N-ketene acetals represents an attractive synthetic strat-
egy for assessing novel dyes with interesting spectroscopic
properties in solution and in the solid state.

First, we examined the standard conditions for aroyl-S,N-
ketene acetal synthesis, %2l that is, by employing dioxane
as a solvent with a 50-70-fold excess of ethanol and triethy-
lamine as a base, the latter in amounts slightly exceeding a
stoichiometric ratio, with pyridine-2,6-dicarbonyl dichloride (1a),
terephthaloyl dichloride (1b), or trimesoyl chloride (1c) and 3-
(4-bromobenzyl)-2-methylbenzo[d]thiazol-3-ium bromide (2a) or
3-benzyl-2-methylbenzo[d]thiazol-3-ium bromide (2b). The cor-
responding carboxyethyl-substituted aroyl-S,N-ketene acetals 3
were obtained in moderate to good yield under unoptimized
conditions (Scheme 2) after purification by flash chromatography
on silica gel.

The remarkable selectivity of the desymmetrization, lead-
ing to the formation of carboxyethyl-substituted aroyl-S,N-
ketene acetals 3, is ascribed to the significant differences
in the nucleophilicity of ethanol and the S,N-ketene acetal,
which is in situ formed by deprotonation of the 3-benzyl-2-
methylbenzo[d]thiazol-3-ium salts 2. Although, no nucleophilicity
parameter N for this specific S,N-ketene acetal has been reported
to date, it can be estimated by employing Mayr’s nucleophilic-
ity scales!®52 to the ketene acetals (N = 9-13), enamines
(N = 10-16), cyclic N,N-ketene acetals (N = 18-20),*** and the
deoxy-Breslow intermediate (N = 15.6).°* This reveals that, the
nucleophilicity of the presumed S,N-ketene acetal significantly
exceeds those of ethanol (N = 7.4) and other alcohols. However,
the employed base triethylamine is more nucleophilic (N = 17.30
in dichloromethane; N = 17.10 in acetonitrile).l*®! Therefore, a sce-
nario where the first intermediate formed from bisaroyl chlorides

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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Scheme 3. Equistoichiometric acylation of isopropanol with pyridine-2,6-dicarbonyl dichloride (1a) and the observed product mixture.

is an acylammonium species, like in an Einhorn acylation,**!
becomes very plausible. Transferring these conditions to iso-
propanol as the alcohol (excess of 25-50 equiv as in Scheme 1)
in a test reaction with pyridine-2,6-dicarbonyl dichloride (1a)
and 3-(4-bromobenzyl)-2-methylbenzo[d]thiazol-3-ium bromide
(2a) reveals significantly reduced yields of the corresponding
ester-substituted aroyl-S,N-ketene acetal 3i. In addition, a sub-
stantial amount of the corresponding bis(aroyl-S,N-ketene acetal)
is formed (see Supporting Information, chapter 2.4). Therefore,
the domino process, that is, all reagents are present at the out-
set of the process, was discarded for a general desymmetrizing
acylation one-pot strategy.

For the synthesis of the ester-substituted aroyl-S,N-ketene
acetals with sequential reaction control, the esterification of the
aryl diacid dichloride should occur in the first step and the nucle-
ophilic attack of the more reactive S,N-ketene acetal, generated
in situ, in the second step. Reversing the reaction, that is, ini-
tial formation of the aroyl-S,N-ketene acetal scaffold followed by
esterification, did not lead to product formation. A test reaction
and Cuilleron’s observations!*’! confirm that even the equimolar
addition of alcohol to the acid chloride leads to the formation of
the corresponding diester (Scheme 3).

Therefore, for the complete conversion of the diaroyl chlo-
ride, in agreement with the literature,/””! an excess of 1.5 equiva-
lents of alcohol per diaroyl chloride is required, since the formed
diester does not compete with the generated monochloride.
Consequently, we employed this ratio to optimize the reac-
tion of the substrates 1a, 2a, and isopropanol to give product
3i. However, a reaction temperature of 120 °C does not fur-
nish higher yields of the ester-substituted aroyl-S,N-ketene acetal
3i (see Supporting Information, chapter 2.5). The observed red
coloration of the reaction solution after addition of benzothia-
zolium salt 2a at elevated temperatures, even in the absence
of diaroyl dichloride 1a, very likely accounts for the formation
of undefined oligomerization products.””) Hence, the twofold
desymmetrizing acylation of diaroyl dichlorides must be sequen-
tially performed at room temperature rather than at elevated
temperature to suppress side reactions. As a consequence, the
initial protocol for aroyl-S,N-ketene acetal formation**?! was
modified, circumventing the usage of alcohols as cosolvents in
the presence of benzothiazolium salts, and the reaction was con-
ducted at room temperature in 1,4-dioxane as the sole solvent.[>®
Subsequently, upon sequential reaction of di(hetero)aroyl dichlo-
rides 1 and alcohols 4 in the presence of triethylamine as a base
in 1,4-dioxane or dichloromethane as a solvent at room tempera-
ture for 45 minutes followed by addition of 3-(4-bromobenzyl)-2-
methylbenzo[d]thiazol-3-ium bromide (2a) and reaction at room
temperature for 14 minutes, 16 ester-substituted aroyl-S,N-ketene

Chem. Eur. J. 2025, 31, €02071 (3 of 10)

acetals 3 could be obtained in yields of 24-85% after purification
(Scheme 4).

This sequential approach allows for the usage of a broad
variation of primary and secondary alcohols as well as phenol,
with the latter, however, providing a lower yield. The critical fac-
tor for a high conversion and the successful desymmetrization
of di(hetero)aroyl dichlorides is the solubility of the substrates
in the applied solvent system. Tests show that 1,4-dioxane or
dichloromethane are the optimum solvents. Tertiary alcohols,
such as tert-butanol failed to give the targeted ester-substituted
aroyl-S,N-ketene acetals 3 under standard conditions. However,
switching to pyridine as an acylation mediator with a lower
pK, in the esterification step using dichloromethane as a sol-
vent and a reaction temperature of 50 °C leads to the formation
of ester-substituted aroyl-S,N-ketene acetal 3s after 17 hours.
Thereby, compound 3s was obtained in a yield of 56% after
chromatographic purification and trituration (Scheme 5).

While trimesoyl chloride (1c) reacts in the domino sequence
(vide supra) to give the carboxylethyl-substituted bis(aroyl-S,N-
ketene acetal) 3c in a poor yield, after adjusting the stoichiom-
etry, the biscarboxylethyl-substituted aroyl-S,N-ketene acetal 3t
could be obtained by the sequential transformation in hex-
ane in a good yield after chromatography and trituration
(Scheme 6).

For reversing the order of the acylation of the nucle-
ophiles, we next assessed a short reaction time of diaroyl
dichloride 1b (in a twofold excess) with 3-(4-bromobenzyl)-2-
methylbenzo[d]thiazol-3-ium bromide (2a) in dichloromethane
in the presence of triethylamine at room temperature. Inter-
estingly, the acid chloride-substituted aroyl-S,N-ketene acetal
5 can be obtained in an excellent yield after purification
(Scheme 7).

With the acid chloride-substituted aroyl-S,N-ketene acetal 5
at hand, also more complex substrates such as the steroid alco-
hol dihydrotestosterone (4k) can be acylated in the presence
of N,N-dimethylamino pyridine (DMAP) to give ester-substituted
aroyl-S,N-ketene acetal 3u in a moderate yield (Scheme 8).

Finally, the sequential desymmetrizing acylation of diaroyl
dichloride 1b can be examined in a one-pot reaction using 3-(4-
bromobenzyl)-2-methylbenzo[d]thiazol-3-ium bromide (2a) and
employing diethylamine as the second nucleophile. This pro-
vided amide-substituted aroyl-S,N-ketene acetal 6 in good yield
after chromatography and trituration (Scheme 9).

The structure of the ester-, carbonyl chloride-, and amide-
substituted aroyl-S,N-ketene acetals 3, 5, and 6 was unambigu-
ously assigned via extensive NMR studies, mass spectrometry,
and IR spectroscopy, and its molecular composition by combus-
tion analysis.

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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Scheme 4. Sequential desymmetrization of di(hetero)aroyl dichlorides 1 with alcohols 4 and 3-(4-bromobenzyl)-2-methylbenzo[d]thiazol-3-ium bromide (2a)
in 1,4-dioxane or dichloromethane to give ester-substituted aroyl-S,N-ketene acetals 3.

pyridine (3.00 equiv)
‘BUOH 4j (3.00 equiv)

¢ 0
O“S C 20, CH,Cly, 50 °C, 17 h a
cl Cl  then: 2a (1.00 equiv), NEt; (3.00 equiv)  ‘BuO.
rt, 15 min Br
o]

1b (2.00 equiv)

3s (56%)

Scheme 5. Consecutive one-pot synthesis of tert-butyl carboxyl-substituted aroyl-S,N-ketene acetal 3s in the presence of pyridine in dichloromethane.

2.2. Photophysical Properties and Electronic Structure upon excitation with a hand-held UV lamp (Aexc = 365 nm), but
in solution no emission could be detected by the naked eye.
Absorption and emission spectroscopy. Except for dye 3p, all ~ Spectrofluorometric measurements in ethanol and THF revealed

compounds 3 display an intense luminescence in the solid state  only a very weak emission with ®; values below 1%. Next,

S
Q O ®<\N:© NEt, (6.00 equw)
* e
cl cl Br/OJ Br CH,Cly, 1t, 15 min

1b (2.00 equiv) 2a 5 (87%)

Scheme 7. Synthesis of acid chloride-substituted aroyl-S,N-ketene acetal 5 in dichloromethane.
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Scheme 6. Sequential one-pot synthesis of biscarboxylethyl-substituted aroyl-S,N-ketene acetal 3t in 1,4-dioxane.

2 //Q/Br
Me OH 5 S@ “ N
Me Z>N DMAP (2.00 equiv) o} S\O
o ‘e + C o, CHaClz 50°C. 17 h
A o
4k (1.50 equiv) 5 3u (20%)

Scheme 8. Einhorn acylation of dihydrotestosterone (4k) with acid chloride-substituted aroyl-S,N-ketene acetal 5.

<)
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1b (2.00 equiv) 2a

D
ZSN
then: HNEt, (4.00 equiv) EtN \\©\
o) Br

rt, 45 min

6 (60%)

Scheme 9. Sequential one-pot synthesis of amide-substituted aroyl-S,N-ketene acetal 6.

we investigated the spectroscopic properties of compound 3 in
ethanolic solution at room temperature and also determined the
emission spectra in the solid state (Table 1).

First, the absorption spectra of the consanguineous series
of ester-substituted terephthaloyl aroyl-S,N-ketene acetals 3j-
o,s were compared (Figure 1A). Expectedly, the broad absorp-
tion bands of the aroyl-S,N-ketene acetal chromophore with
molar extinction coefficients between 28 400 and 58 400
L - mol~'- cm™ are located within a narrow wavelength range
between 396 and 405 nm. Similarly, the consanguineous series of
various alkyl ester-substituted 2,6-pyridindioyl-S,N-ketene acetals
with unit 3a,d-i displays the same absorption characteristics (see
Supporting Information, Figure S47).

More distinct are the solid-state emission spectra of
ester-substituted terephthaloyl aroyl-S,N-ketene acetals 3j-o,s
(Figure 1B) with the emission maxima being located between 500
and 568 nm. While the dye absorption characteristics in solution
are mainly influenced by the molecules’ electronic properties,
the solid-state fluorescence is also affected by the crystal pack-
ing and intermolecular interactions.>®! For instance, long-chain
alkoxy groups lead to hypsochromically shifted emission bands
located at Amaxem = 500 nm (3l) and 501 nm (3 m), respectively.
Also, the emission maximum of phenyl ester 30 at 506 nm is
located in this wavelength range. The derivatives with shorter
primary alkoxy chains display red-shifted emission bands at
538 nm (3j) and 533 nm (3k), respectively. However, the emission
band of the n-butyl ester presents superpositions of several
bands between 477 and 570 nm, suggesting the presence of sev-

Chem. Eur. J. 2025, 31, €02071 (5 of 10)

eral conformers in the solid state. Secondary and tertiary alkoxy
substituents clearly cause a red shift in emission compared to
primary alkoxy moieties. While the tert-butyl ester derivative 3s
shows an emission maximum at 547 nm, the maximum of the
isopropyl ester dye 3n is bathochromically shifted to 568 nm.
The related 2,6-pyridindioyl derivatives 3a,d-l are not linear but
kinked chromophores. Therefore, the emission bands appear
around 500 nm. Yet, the n-butyl derivative (3f) displays an addi-
tional red-shifted band at 614 nm (see Supporting Information,
Figure S52).

Next, we investigated the influence of the (hetero)aroyl moi-
ety on the electronic spectra for a series of consanguineous ethyl
esters (Figure 2). The absorption maxima of 2,6-pyridinoyl (3a),
terephthaloyl (3j), and 2,5-furoyl (3r) bridged chromophores at
401, 397, and 405 nm, respectively (Figure 2A), are the most red-
shifted. In contrast, the absorption maximum of the phthaloyl
derivative 3q is hypsochromically shifted to 367 nm. This is
ascribed to conformational strain that reduces the overlap of the
orbitals on the side of the acceptor moiety, albeit the ester is in
conjugation to the ketone. Due to meta-substitution, the absorp-
tion maximum of trimesoyl derivative 3t experiences a slight
hypsochromic shift to 391 nm. This underlines that the nature
of bridging aroyl moieties exerts a more distinct influence on
the longest wavelength absorption bands in solution compared
to the nature of the alkoxy moiety. In addition, the unper-
turbed conjugation pathway of the ester moiety and the ketone
leads to a significant increase of the molar extinction coeffi-
cients of the terephthaloyl (3j, ¢ = 58 400 L - mol~' - cm™) and
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2,5-furoyl bridged dyes (3r, ¢ = 69 300 L - mol~' - cm™) in com-
parison to the deconjugated, yet strongly electron-withdrawing
2,6-pyridoyl bridged system 3a (¢ =36 700 L - mol™" - cm™).

Chem. Eur. J. 2025, 31, €02071 (6 of 10)

Aroyl-S,N-ketene acetals are meanwhile well known for their
excellent AIE characteristics.“"! Since dyes 3 are soluble in
ethanol and insoluble in water, AIE measurements were done
in water/ethanol mixtures with varied water content of up to
95%, according to a previously standardized protocol,!®”! thereby
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Figure 1. A) Normalized absorption spectra of compounds 3j-0,s (T = 298 K, c(3) = 10~ M) with varying alkoxy components in ethanol. B) Normalized g
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Table 1. Selected spectroscopic data of ester-substituted (hetero)aroyl- Compared to the absorptlon properties, the influence of g
S,N-ketene acetals 3 (most intense emission peaks are in bold face) in the (hetero)aroyl bridge on the solid-state fluorescence is more 5
ethanolic so!ution (abso.rption data) ancf ir\ the solid state (emission data). pronounced (Figure 2B). While the strongly hypsochromically %
LG SE T D EO LR shifted maximum of the blue emission of phthaloyl derivative 3q z
Jmaxabs [NmM] appears at 448 nm, 2,6-pyridinoyl bridged dye 3a reveals a green %
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Compound e [L'mol~"-cm~]J"® Mmaxem [NMIP! (D fluorescence peaking at 496 nm, trimesoyl bridged dye 3t lumi- g
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Figure 2. A) Normalized absorption spectra of selected ethyl esters 3 with varying (hetero)aroyl moieties (recorded in ethanol, T = 298 K, c(3) = 107> m).
B) Normalized solid-state emission spectra of selected ethyl esters 3 with varying (hetero)aroyl moieties (T = 298 K, Aexce = Amaxabs)-

keeping the chromophore concentration constant. Dye aggrega-
tion induced by water led to fluorescence enhancement factors
of more than 30. As representatively shown for dye 3j, the
solubility of the dye decreased with increasing water content
of the water/ethanol mixtures. For a water content of 70%,
increased aggregation occurs, accompanied by an enhancement
in fluorescence intensity (Figure 4A).

At a water content of 20%, 3j starts to weakly emit (Figure 4,
top panel, left). At a water content of 90-95%, the maximum flu-
orescence intensity is reached, which exceeds the fluorescence
at a water content of 20% by a factor of 20. The increase in
fluorescence intensity is accompanied by a red shift of the emis-
sion band, that is, a color shift from green (Amaxem = 503 nm)
to yellowish (Amaxem = 539 nm) with a simultaneous broadening
of the emission band (Figure 4, top panel, right). These spectral
changes are ascribed to the increased polarity of the dye and
aggregate microenvironment. The maximum &, of aggregated
3j amounts to 6% (Figure 4, top panel, right). Above a water
content of 90%, the fluorescence intensity starts to decrease,
presumably due to precipitation of the AlEgen. For dye 3l, con-
taining a longer alkyl chain, that is, an octyl substituent, the
water-induced aggregation and the concomitant increase of the
emission already reach a maximum at a water content of 70%
(Figure 4B), revealing an enhancement factor of 25. The quan-
tum yield ®r amounts to 8%. As observed for 3j, an increase in
water content, and hence solvent polarity, leads to a red shift of
the fluorescence, resulting in a color change of the initially green
fluorescence (Amaxem = 509 nm) to orange and the appearance
of an additional emission maximum at 596 nm for higher water
fractions. In the case of dye 3 m bearing a dodecyl alkyl chain,
strong aggregation already starts at a water content of 60%,
and the maximum fluorescence intensity is reached at a water
content of 70%. With a ®¢ of 11%, dye 3 m displays the high-
est fluorescence quantum yield of the three dyes. As observed
for alkyl esters 3j and 3l, the broad, more or less unstructured
emission band of 3 m is also red shifted with increasing sol-
vent polarity, accompanied by a change in emission color from
green to yellow (Figure 4C). As observed for the other two

Chem. Eur. J. 2025, 31, €02071 (7 of 10)

E[eV]

ELumo = -2.022 eV

Evomo = -5.579 eV

Figure 3. Kohn-Sham frontier molecular orbitals of dye 3j calculated with
TD-DFT (B3LYP/6-31G**; using C-PCM for the solvent ethanol).

dyes, the aggregates formed at water contents as high as 95%
slowly begin to precipitate after a few hours. A comparison of
the AIE behavior of the ethyl (3j), octyl (3l), and dodecyl (3 m)
ester-substituted aroyl-S,N-ketene acetals reveals relatively simi-
lar fluorescence features of the aggregated dyes, with the length
of the alkyl ester chain systematically shifting the water fraction,
at which maximum fluorescence is observed, from 80% (3j) and
70% (31) to 60% (3 m) and enhancing the resulting @ from 6%
(3j) and 8% (3I) to 11% (3 m). Apparently, an increasing length of
the alkyl ester chain of the dyes favors dye aggregation already
at a lower water fraction and leads to slightly higher ®.
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Figure 4. AIE behavior of dyes 3j (A), 3l (B), and 3 m (C) in water/ethanol mixtures of increasing water content. Left column: Normalized spectrally
corrected fluorescence emission spectra recorded in water/ethanol mixtures (T = 298 K, ¢(3) = 107® M), excitation at the absorption maximum (Aexc =
Amaxabs)- The spectrally corrected emission spectra are normalized to the maximum emission intensity observed at the highest water fraction where the
dye is still emissive. Insets: Normalized fluorescence intensity at the emission maximum plotted as a function of the water fraction of the water/ethanol
mixtures, illustrating the AIE trends. Right column: The top panels show representative photographs of the dye solutions under 365 nm illumination,
demonstrating the enhanced emission upon aggregation and the emission color. The bottom panels reveal the fluorescence quantum yields (®¢) as a
function of the water fraction of the water/ethanol mixtures, confirming the increase in emission efficiency upon water-induced aggregation.

A comparison of the dyes 3n (isopropyl ester), 30 (phenyl
ester), and 3s (tert-butyl ester) reveals slightly lower & val-
ues for the maximally achievable emission of the aggregated
dyes for water fractions between 80% and 95% with only small
polarity-induced spectral shifts in emission with increasing water
content (see Supporting Information, Figures S58-S60). The
trimesoyl dye 3t displays a @ of 8% at a very high water fraction
of 95%. The appearance of multiple shoulders in the emission
spectra suggests the presence of multiple emissive conformers
in the aggregates (see Supporting Information, Figure S61). In
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contrast, the highly unipolar dihydrotestosterone ester dye 3u
exhibits a maximum &; of 4% reached at a water fraction of 80%
and displays a redshift in emission for water fractions between
40% and 60%, followed by a blue shift of the emission max-
imum at a higher water fraction (see Supporting Information,
Figure S62). Diethylamide derivative 6, which possesses a slightly
blue-shifted absorption band in ethanol (Amaxabs = 389 nm; ¢
= 35 900 L'mol~"cm™") and a solid-state emission maximum
at 535 nm with a ® of 12%, displays a higher ®; of 8% at a
water content of 90% and no spectral shifts in water/ethanol
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Figure 5. A) Normalized spectrally corrected fluorescence emission spectra of dye 3l in the aggregated state (red, 90% H,O in THF) and encapsulated in
200 nm carboxylated PSPs (black). The inset shows the corresponding @y values. B) Representative photographs of dye 3l in PSPs (top) and in THF/H,O

(10/90) mixture (bottom) under the hand-held UV-lamp (Aexe = 365 nm).

mixtures of increasing polarity (see Supporting Information,
Figure S63).

Subsequently, a representative member of the ester-
substituted aroyl-S,N-ketene acetals, here dye 3l, was
encapsulated into polystyrene particles (PSPs) using a swelling-
based staining procedure in a water/THF mixture as described
by Behnke et al.!%® This simple staining procedure enables the
efficient incorporation of hydrophobic luminophores into the
apolar PS matrix of noncrosslinked PSPs with different surface
functionalities without requiring the introduction of a functional
group into the fluorophores as a prerequisite for the covalent
attachment to the polymer matrix. Excitation of 3l-stained PSPs
at 397 nm, revealed a blue shift in the emission maximum of
the encapsulated dye relative to the fluorescence spectra of
the aggregated state observed in water/THF mixture. This blue
shift is attributed to a less polar microenvironment of the dye
molecules within the PS matrix compared to the dye aggre-
gates in water/ethanol mixtures. Quantum yield measurements
revealed a ®¢ of 30% of the PSP-encapsulated dye (Figure 5).
The observed enhancement in emission efficiency is attributed
to the rigidification of the dye within the polystyrene network,
which restricts intramolecular motions and thereby reduces
nonradiative decay pathways.

3. Conclusion

Ester-substituted aroyl-S,N-ketene acetals were readily obtained
in a sequential one-pot desymmetrizing double acylation of
di(hetero)aroyl dichlorides with alcohols and 2-methyl N-benzyl
thiazolium salts in a three-component fashion under mild condi-
tions and in good yields. The key to this selective transformation
is the difference in nucleophilicity of the alcohols and the in situ
generated S,N-ketene acetals. The obtained library of the ester-
substituted aroyl-S,N-ketene acetals expectedly displays very
similar absorption characteristics, which are dominated by the
charge-transfer transition along the merocyanine dipole axis. In

Chem. Eur. J. 2025, 31, €02071 (9 of 10)

contrast, the solid-state emission of the dyes and their AIE char-
acteristics studied in water/ethanol solvent mixtures of varying
water content, and hence polarity, are considerably affected by
the nature of the alcohol component. Parameters controlled by
the alcohol moiety include the water fraction at which maxi-
mum AIE effects are observed as well as the emission color and
fluorescence efficiency of the resulting dye aggregates. The flu-
orescence properties of these novel dyes can be also enhanced
by encapsulation into PSPs as exemplarily demonstrated for dye
3l, revealing a fluorescence quantum yield (®f) of 30% in the
apolar and relatively rigid polymer network compared to maxi-
mally 11% of the dye aggregates in the water/ethanol mixtures.
The presented novel synthetic approach now opens numerous
alleys to functionalized aroyl-S,N-ketene acetals. Studies directed
to the methodological expansion as well as to new functionality
decorated AlEgens are currently underway, including the further
systematic development of amide-substituted aroyl-S,N-ketene
acetals (see Supporting Information, Figure S63).
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