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The design and synthesis of a novel & -conjugated fluorescent framework by external ligand-assisted C—H
olefination of heterocycles with excellent regioselectivity and broad substrate scope are reported herein.
These novel fluorescent materials could present full-color-tunable emissions with large Stokes shifts. Fur-
thermore, the protocol provides an opportunity to rapidly screen novel organic single-molecule white-
light materials with high fluorescence quantum yields. The robust organic and low-cost white light-
emitting diodes could rapidly be fabricated using the white-light-emitting material. Experimental data
and theoretical calculations indicate that in the white-light dual emission the relatively short wavelength
from high-lying singlet state emission and the relatively long wavelength from low-lying singlet state
emission. The anti-Kasha dual-emission systems will provide a foundation for the development and ap-
plication of organic single-molecule white light materials, effectively promoting the development and
innovation of luminescent materials. In addition, this method demonstrated its potential application in
the synthesis of new near-infrared (NIR) fluorescence materials with large Stokes shifts based on the
olefination of heterocycles.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Organic fluorescent materials have attracted much attention
due to their excellent photophysical properties and high sensitiv-
ity to the microenvironment, which were used in memory de-
vices, security systems, sensors, bioprobes, field-effect transistors,
organic light-emitting diodes, solid-state lasers, super-resolution
microscopy chemosensors, etc. [1-5]. In the past decade, transition-
metal-catalyzed C-H functionalization has witnessed exciting and
rapid advances in the set-up of various organic fluorescent materi-
als [5-19].

Ligand-assisted C—H olefination is a distinct, facile, and atom-
efficient tactic for extended m-conjugated systems, which is
usually difficult to prepare using conventional synthetic methods
[20-24]. The approaches without the construction and decon-
struction of a directing group represent a unique opportunity to
access a novel m-conjugated fluorescent framework, which does
not require pre-functionalization of starting materials, and does
not use stoichiometric organometallic reagents, and can avoid the
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tiresome multi-step synthesis [20-24]. Recently, the use of an
external ligand-assist strategy to achieve palladium-catalyzed C—H
olefination has emerged as a promising protocol [20-24]. External
ligands can effectively stabilize palladium catalysts, concerted
metalation deprotonation, and promote the C-H activation. Yu and
co-workers have achieved palladium-catalyzed C-H olefination of
arenes using 3,5-bis(trifluoromethyl)pyridin-2-ol as an external
ligand (Scheme 1A) [20]. Maiti group recently described using
6-bromo-pyridine-3-ol and amino acid as external ligands to
promote palladium-catalyzed C—H/C—F coupling for accessing
«-fluoro olefins (Scheme 1B) [21].

Heterocycles such as phenothiazine, phenoxazine, 5,5-dioxide-
phenoxazine, phenoselenazine, dihydrophenazine, and dihydroacri-
dine units are important scaffolds in biologically active natural
products, pharmaceuticals, and organic functional materials [25-
38]. Especially, phenothiazine possesses electron-rich sulfur and ni-
trogen heteroatoms, low ionization energy, good hole-transporting
ability, and the non-planar "butterfly” structure characteristic,
which can enable framework highly twisted conformation and hin-
der the intermolecular - stacking and non-radiative transition
to some extent, and thus could be ideal candidates to excavate flu-
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(A) Previous study: Ligand-accelerated C—H functionalization of arenes
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Scheme 1. External ligand-accelerated palladium-catalyzed C—H functionalization.

orescent materials. In this study, we would like to report on the
design and synthesis of a novel m-conjugated fluorescent frame-
work by external ligand-assisted C—H olefination of heterocycles
(Scheme 1C).

We began our investigation by wusing 10-phenyl-10H-
phenothiazine (1a) as a model substrate for alkenylation with
ethyl acrylate (2a) (for details, see Table S1 in Supporting informa-
tion). After the screening of several parameters (e.g., metal source,
external ligand, and solvent), the reaction conditions (10 mol%
Pd(OAc),, 1.0 equiv. ligand, 3-nitro-6-(trifluoromethyl)pyridin-2-ol,
and 4.0 equiv. Cu(OAc), in 1,4-dioxane at 130 °C under atmo-
spheric N,) proved to be the most efficient and affording the
C3-alkenylated product ethyl (E)—3-(10-phenyl-10H-phenothiazin-
3-yl)acrylate (3a) in 60% yield. It was noticed that the external
ligand 3-nitro-6-(trifluoromethyl)pyridin-2-ol can significantly
increase yield, which plays a crucial role in this catalytic sys-
tem. The electron-deficient 3-nitro-6-(trifluoromethyl)pyridin-2-ol
could coordinate with and stabilize the palladium catalyst and
act as an internal base to promote and accelerate the C—H bond
cleavage [20,21,39-45]. Furthermore, raw material 1a displays
weak fluorescence emission at 449nm with a meager quantum
yield (0.8%) in CH,Cl, (Fig. S1 in Supporting information). How-
ever, C3-alkenylated product 3a displays a strong fluorescence
emission at 546nm with a fluorescence quantum yield (45%)
in dichloromethane (Scheme 2 and Fig. S2 in Supporting infor-
mation), and this result highlights the extended m-conjugated
structures by C-H functionalization to discover new organic
fluorescent frameworks.

With the optimized alkenylation conditions in hand, a library
of C3/C7-alkenylated products was obtained using electronically
different 10-aryl-10H-phenothiazines and olefins (Schemes 2 and
3). Both acrylates and acrylamide readily reacted with 1a to pro-
duce the C3-alkenylated products in moderate to good yields
(3a-3n). Substituted styrenes can also be employed as a cou-
pling partner, giving the desired products in 56%—70% (30-3r).
The reaction exhibited high selectivity at the C3-position, and no
C1/C2-alkenylated product was detected (3a-3r). A wide range
of heterocycles, such as phenothiazine, phenothiazine 5,5-dioxide-

phenoxazine, phenoselenazine, dihydrophenazine, and dihydroacri-
dine smoothly underwent the dehydrogenative coupling reaction
to generate the desired C3/C7-alkenylated products in acceptable
yields (Scheme 3, 4a-6c¢). Various functional groups such as methyl
(4b, 4c, 4j), naphthyl (4a, 4k), halides (3r), cyano (3r, 4g), nitro
(30), methoxy (4d, 4f), trifluoromethyl (4e, 4q, 4s), acetyl (4h),
triphenylamine (40), and benzothiadiazole (5b, 5c, 6b, 6¢) were
well tolerated in this reaction. Especially, the aldehyde functional
group (3q, 4u-4x, 6a-6¢) could be tolerated and thus enabled fur-
ther synthetic transformations. This work achieves efficient and di-
rect site-selective olefination of heterocycles by an external ligand-
assist strategy without the construction and deconstruction of the
directing group.

A possible mechanism pathway is proposed based on the re-
sults and previous reports (Scheme S1 in Supporting information)
[20-24,39-45]. Initially, the Pd(I) intermediate I forms through
the Pd(OAc), coordinates with two L ligands. Subsequently, the
10-phenyl-10H-phenothiazine (1a) reacts with I to give the inter-
mediate III through the external ligand-assisted C3-position C-H
activation. The intermediate Il coordinated with an olefin gen-
erates the Pd(Il) intermediate IV, followed by migratory insertion
to yield the intermediate V. Finally, the intermediate V undergoes
B-hydride elimination to offer the desired product 3a and release
Pd(0). The Pd(II) species is regenerated by the oxidation to finish
the catalytic cycle.

Organic single-molecule white-light materials and devices have
attracted much attention for their outstanding features such as
long-term color balance, stability, and simple device fabrication in
practical lighting [46-54]. However, achieving white-light-emission
from an organic single molecule is an appealing yet challenging
task because white-light-emission requires a broad emission cov-
ering the whole visible range (400-700nm), which is hard to a
single chromophore due to the intrinsic limitation of photophys-
ical properties. Hence, organic single-molecule white-light materi-
als are scarce, and only a few have been reported. In theory, anti-
Kasha systems held the potential to serve as prime candidates to
prepare single-molecular white-light-emitting materials because of
their dual-emission behavior involving a high-lying excited state
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emission with a relatively short wavelength (blue-light compo-
nent) and a low-lying excited state emission with a relatively long
wavelength (orange-light component) [47,50,54].

The photophysical properties of the constructed library of ole-
fination of heterocycles were further measured and the absorption
and emission maxima are summarized in Schemes 2 and 3. Their
emission spectra are also shown in Fig. S2. All alkenylated products
(3a-3r, 4a-4x, 5a-5¢, 6a-6¢) exhibit bright fluorescent emission and
their emission wavelengths are located in the range of purple to
orange (408 nm to 608 nm) in dichloromethane. Intriguingly, com-
pounds 4u-4x exhibit apparent dual-emission behavior involving a
blue emission and orange emission wavelength, which completely
covers the whole visible range (400-700nm). These four com-
pounds exhibit bright white-light emissions in dichloromethane
with CIEg3; coordinates of 4u (0.33, 0.30), 4v (0.29, 0.35), 4w
(0.32, 0.33), and 4x (0.33, 0.32), respectively (Fig. 1). It is worth
pointing out that based on the compound 4u as the core skele-
ton of white-light materials, when the electron-donating group
(methoxy; 4w) on the phenothiazine moiety, leads to red-shifted
emissions, and corresponding CIE coordinates close to pure white
light (CIE: 0.33, 0.33). In addition, a slightly blue-shifted emis-
sion was observed when the electron-withdrawing group (trifluo-
romethyl; 4v) was on the phenothiazine unit. White-light molecule
4v exhibits an excellent fluorescence quantum yield of 60% in
dichloromethane. Moreover, compound 4w exhibits bright white-
light emissions with CIE coordinates of (0.29, 0.33) and a fluores-
cence quantum yield of 17% in polyvinyl pyrrolidone (PVP) film

(0.02 wt%) (Figs. 1a and b). In addition, the room temperature pho-
toluminescence lifetimes of 4u-4x in the dichloromethane solution
and 4w in PVP film were investigated and the results are summa-
rized in Table S2 and Figs. S5-S9 (Supporting information). Accord-
ing to observations, the radiative excitons of dual-emission in 4u-
4x are several lifetime components with nanosecond order (Table
S2 and Figs. S5-S9), and no long-lifetime fluorescence components
exist. As demonstrated by the thermogravimetric analyzer, 4u and
4w are thermally stable and show high thermal stability with a 5%
weight loss temperature up to 413 °C for 4u (Fig. S10 in Support-
ing information), which is suitable for device fabrication by ther-
mal evaporation. By cyclic voltammetry and the optical bandgap
calculation, the HOMO and LUMO levels of 4w are —5.05eV and
—2.57 eV, respectively (Table S3 and Section X in Supporting infor-
mation).

White light-emitting diodes (LEDs) have attracted enormous in-
terest because of their various applications in solid-state light-
ing and display applications [53,55-59]. Most current commercial
white light-emitting diodes are manufactured by coating the LED
chip with green and/or inorganic phosphor [53,55-59]. To further
demonstrate the potential application of these newly developed
white-light materials, 4w film (0.02 wt% in PVP) was coated onto
the surface of a commercially available UV LED chip, and bright
white light could be formed when turning the LED on (Figs. 1c
and d). This result unlocks an opportunity to rapidly fabricate
low-cost white LEDs based on organic single-molecule white-light
materials.
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The anti-Kasha character of 4u was further studied by ex-
periments and theoretical calculations (Fig. 2). The decay exper-
iments of the excited states show only several lifetime compo-
nents with nanosecond order in the dual-emission (Fig. S5). Hence,
the relatively short wavelength from high-lying singlet state emis-
sion (S4— Sg) and the relatively long wavelength from low-lying
singlet state emission (S; — Sp) (Fig. 2b). Notably, the large en-
ergy gap AE(S4— S3) value is 0.61eV, which can effectively sup-
press the partial internal conversion (IC) from the S; to the S3
state [47,50,54]. Furthermore, the relative intensities of the dual-
emission are very dependent on the excitation wavelength, with
lower energy excitation resulting in weakened emissions at shorter
wavelengths (Fig. 2a). These results strongly indicate that 4u pos-
sesses an anti-Kasha dual-emission character [47,50,54].

To increase the degree of conjugation of the heterocycles fur-
ther, a series of dialkenylated products (7a-7h) were synthesized
with moderate to good yields and high regioselectivity by mod-
ifying the reaction conditions slightly (Scheme 4a). Furthermore,
the structure of 7e was confirmed through single-crystal X-ray
analysis.

In recent years, near-infrared (NIR) fluorescence materials
(emission wavelengths 650-900nm) have attracted considerable
attention in vivo bioanalysis and bioimaging because of their low
light scattering, small photodamage, and deep tissue penetration

[60-67]. Hence, the development of novel NIR fluorophores is
an appealing and significantly challenging task. Derivatives of di-
cyanoisophorone (DCI) with ultra-fast intramolecular charge trans-
fer are ideal candidates for designing NIR fluorescence probes with
large Stokes shifts because the DCI group is well-known as a qual-
ity acceptor [66,67]. The phenothiazine or triphenylamine (TPA)
group possesses good electron-donating properties and could be
used as an excellent donor. Therefore, we designed DCI-bearing
alkenylated-phenothiazine derivatives (8a-8c) as novel NIR fluores-
cence probes.

Given that the external ligand-assisted C—H olefination proto-
col developed here can tolerate the reactive aldehyde group, 6a-6¢
were used as starting materials to avoid tedious multiple-step syn-
thesis and thus greatly streamline synthetic routes. The NIR fluo-
rescence molecules 8a-8c with large Stokes shifts were obtained
by reaction of the 6a-6¢ with 2-(3,5,5-trimethylcyclohex-2-en-1-
ylidene)malononitrile, respectively (Scheme 4b).

Furthermore, NIR fluorescence molecules 8b and 8c were fabri-
cated as water-dispersed nanoparticles (NPs) with Poloxamer 188
as a matrix (Section XI in Supporting information). The hydrody-
namic diameter of 8b and 8c NPs are 169.5nm and 158.2 nm, re-
spectively by dynamic light scattering (DLS) measurement (Fig. S12
in Supporting information). Scanning electron microscopy (SEM)
images indicated that the 8b and 8c NPs have a spherical shape
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(1.0 x 1073 mol/L). ® Absorption and emission maxima of 8b and 8c NPs.

and are almost in size to those of DLS measurement (Figs. S13
and S14 in Supporting information). In addition, the cytotoxicity
experiments reveal 8b and 8c NPs with almost no toxicity in HeLa
cells (Fig. S17 and Section XII in Supporting information), which
means they can be used for biomedical applications. Subsequently,
staining experiments of 8b and 8c NPs in HelLa cells were con-
ducted and the 4’,6-diamidino-2-phenylindole (DAPI) was used as
a reference dye for fluorescence staining. The corresponding NIR
fluorescence signal can be detected in Hela cells by confocal laser
scanning microscopy (Figs. 3a-f). Furthermore, the co-staining
experiments of Hela cells with 8b NPs and the commercially
available Mito-Tracker Green (mitochondria-specific tracker) in-
dicated that it could specifically targeted the mitochondria of
living cells with Pearson’s coefficient in 0.87 (Figs. S18 and 19,
and Section XII in Supporting information). Moreover, the obvious
NIR fluorescence signal fluorescence signals were clearly observed
in Hela cells by two-photon irradiation, indicating that 8b and
8c NPs possess good two-photon excitation fluorescence imaging
character (Fig. S20 in Supporting information). These results reveal
that the 8b and 8c NPs can be efficiently endocytosed into the
HeLa cells and potentially applied for NIR fluorescence imaging
probes.

In this study, we would like to report on the design and syn-
thesis of a novel m-conjugated fluorescent framework by external
ligand-assisted C—H olefination of heterocycles strategy. The devel-
oped reaction showed a broad substrate scope of olefins and hete-
rocycles, and various olefination of heterocycles compounds were
synthesized in moderate to good yields. It is worth noting that
these novel fluorescent materials could present full-color-tunable
emissions (Aem: 408-665nm in DCM) with large Stokes shifts (up
to 195 nm) (Figs. 3g and h).

In addition, novel organic single-molecule white-light materi-
als based on olefination of heterocycles were developed herein
and exhibits bright white-light emissions with high fluorescence
quantum yields. The obtained single-molecule white-light mate-
rial 4w is thermally stable and shows a CIE coordinate of (0.32,
0.33), which is very close to pure white light (CIE: 0.33, 0.33).
Experimental data and theoretical calculations indicate that white
light emission from a relatively short wavelength anti-Kasha emis-
sion and a relatively long wavelength Kasha emission. More impor-
tantly, novel olefination of heterocycles can be applied to fabricate
robust organic and low-cost white LEDs. Furthermore, the novel
NIR fluorescence materials based on the olefination of heterocy-
cles were designed, synthesized, and fabricated as water-dispersed
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Fig. 3. (a, d) Confocal fluorescence images of HeLa cells stained by 8b and 8c
nanoparticles excited by a laser at 552nm. (b, e) The nuclei are stained by DAPI
(4',6-diamidino-2-phenylindole) and excited by a laser at 408 nm. (c) Merged im-
age of a and b. (f) Merged image of d and e. Images share the same scale bar:
50pum. (g, h) Emission spectra and fluorescence images of 4n, 7d, 4i, 4r, 3p, 7e, 5b,
and 8a in DCM (1.0 x 10> mol/L).

NPs, which can be efficiently endocytosed into the HelLa cells and
potentially applied for NIR fluorescence imaging probes. The easy
access to external ligand-assisted C—H olefination of heterocycles
developed herein has well exemplified the great appeal of C—H ac-
tivation and unlocks an opportunity for rapid screening of single-
molecular white-light-emitting and NIR fluorescence materials.
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