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a b s t r a c t

Phenanthridine-based luminogens are known for their exceptional opto-electronic properties. They have

been used in fluorescent materials as well as in biological fields. However, traditional methods for con-

structing the phenanthridine scaffold typically require pre-functionalized starting materials, photosensi-

tizers or noble transition metals, which will complicate the synthesis and increase the cost. In this study,

we introduce an efficient and metal-free approach to synthesize the phenanthridine derivates from free

amines under visible-light irradiation. The phenanthridine ring is formed through a carbon insertion π-

extension strategy. Significantly, rational design of the leaving group for the carbon-insertion reactions

plays a crucial role. We successfully synthesized phenanthridine-based luminogens (DPA-Phen, MeO-DPA-

Phen, and DMA-DPA-Phen). These luminogens display robust aggregation-induced emission (AIE) charac-

teristics. Notably, they selectively localize within the lipid droplets (LDs) of tumor cells, demonstrating

the potential of phenanthridine-based frameworks as viable LDs-selective fluorescent probes.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Phenanthridine derivatives have widely appeared in fluo-

rescent materials, which garnered significant attentions from

the researchers [1–8]. These compounds exhibit superior opto-

electronic properties, making them highly valuable in material

fields. Naphthophenanthridine (Fig. 1A, a1), a special type of

discotic liquid crystal, possesses high polarizability attributed to

its disk-like shape and columnar stacking mode [9]. This com-

pound supports nonlinear absorption across both visible and in-

frared regions, with its nonlinear optical properties being fur-

ther enhanced when integrated with nanoparticles. (Dimethy-

lamino)phenanthridine derivate a2 (Fig. 1A) serves as a two-

photon-sensitive photocage, where the 7,9-dimethoxyl substitutes

enhance the uncaging efficiency [10], This feature enables its po-

tential application in the controlled release of bioactive agents via

light-mediated bond cleavage. Additionally, the phenanthridine-

based thermally activated delayed fluorescence (TADF) emitter a3

demonstrates high external quantum efficiency, holding promise
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for being used as blue fluorescent emitters in organic light-

emitting devices (OLEDs) [11–13].

Phenanthridine derivatives also exhibit a wide range of bi-

ological activities. The phenanthridinium-based alkaloid chelery-

thrine (Fig. 1B, b1) can act as a selective antagonist of the

Ca2+/phospholopid-dependent protein kinase from the rat brain

[14]. It selectively inhibits both the native protein kinase C (PKC)

and the fragment identically without affecting [3H]-phorbol-12,13-

dibutyrate binding to PKC. The phenanthridinium salts also serve

as the trypanocides. Among them, ethidium bromide (b2) are more

effective than the simple phenanthridinium species due to their

enhanced trypanocidal activity, lower toxicity and photosensitizing

effects [15,16]. Both of the ethidium (b2) and trispheridine (b3)

could act as the DNA interclator which have been widely used

as the fluorescent probes to visualize DNA transactions for both

in vivo or in vitro. Additionally, phenanthridine-containing lumino-

gens like PTMM (b4) play a significant role in biomedical fluores-

cent imaging for their aggregation-induced emission characteristics

[17–19]. Some donor-acceptor (D-A) type molecules with phenan-

thridine scaffold can be used for dynamic monitoring of viscosity

https://doi.org/10.1016/j.cclet.2025.111519
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Fig. 1. (A) Utilization of phenanthridine derivatives in the field of material science.

(B) Utilization of phenanthridine derivatives in biological field. (C) Our synthetic

design.

fluctuations during mitophagy, owing to their good biocompatibil-

ity and low cytotoxicity [20].

To obtain the phenanthridine-containing molecules, the key

point is to construct the specific phenanthridine rings [21,22].

A widely adopted method for constructing the phenanthridine

scaffold is the cascade radical addition-cyclization of 2-isocyano-

1,1′-biphenyl [23–31]. However, the starting material isocyanides

often require multi-step syntheses and emit a strong, unpleas-

ant odor, making them inconvenient to be handled. Another ap-

proach for phenanthridine scaffold involves metal-catalyzed annu-

lation of various functional. molecules such as imidoyl chlorides

[25,32–34], oximes [16,35–37], imines [3,38–41]. This process typi-

cally employs metal-catalyzed C–H arylation for intramolecular re-

actions or tandem Suzuki/C–H arylation for intermolecular reac-

tion. Phenanthridine derivates can also be synthesized from amides

via Morgan-Wall reactions, which generally necessitate the use of

strong Lewis acids [42–44]. Additionally, there are several exam-

ples of using olefins as the one-carbon synthon for the cross-ring-

annulation reaction based on C–H bond activation. However, these

reactions involve C=C bond cleavage, which is notoriously chal-

lenging and typically requires transition metals and high temper-

atures [45–47]. It should be noticed that the annulation reaction

of 2-arylanilines to synthesize phenanthridines had ever been re-

ported [47]. In these studies, benzoyl groups were used as one of

the leaving groups, and C–C bond cleavage was required, both of

which led to the high temperature conditions.

Despite these progresses in constructing the phenanthridine

scaffold, the existing methods often require pre-functionalized

starting materials, and usually necessitate the use of radical initia-

tors or noble transition metals. These would lead to facing complex

raw material preparation issues, high cost of the noble metals and

the corresponding metal recycling problems.

Based on the current research state, it is imperative to develop

a new method by using easily obtainable starting materials and

moderate conditions to construct the phenanthridine structure. In

order to achieve this goal, carbon-insertion ring expansion strat-

egy is used. The readily available free amines without any pro-

tecting groups are preferred instead of the pre-functionalized ones.

However, the big challenge is how to realize the carbon insertion

with more moderate conditions. A suitable reagent as the one-

carbon synthon has become the key point to solve the problem.

Considering the characteristics of the reaction, leaving groups with

suitable activity of the carbon-insertion reagent is essential. Di-

azo compounds are of significant importance in organic synthesis

owing to their utility as versatile synthetic intermediates [48–51].

Based on our ongoing research interests in light-promoted trans-

formation of diazo molecules and the carbon-insertion ring expan-

sion strategy, in this research, we reported herein the synthesis

of phenanthridine luminogens by using bifunctional α-diazo sulfo-

nium compounds and biaryl-2-amines (Fig. 1C). α-Diazo sulfonium

compounds have proved to be effective as the carbon synthon by

using diazo and thioether as the suitable leaving groups [52–60].

Trimethyl-[1,1′-biphenyl]−2-amine (1a) and α-diazo sulfonium

salt (2a) were utilized as the starting materials to explore the

carbon-insertion π-extension reaction. Both of light and acid were

identified as essential components for the reaction (Table S1 in

Supporting information, entries 2 and 3). The reaction was com-

patible with various solvents, yet N,N-dimethylformamide (DMF)

exhibited higher reactivity (Table S1, entry 4 to entry 9). The mo-

lar ratio of the starting materials was also investigated, revealing

that excess of 2a enhanced the reaction yield (Table S1, entries 10

and 11). This improvement might be attributed to the instability of

α-diazo sulfonium salt under acidic conditions. Consequently, the

optimized reaction conditions were then established as follows: 1a

(0.30mmol), 2a (0.90mmol), trifluoroacetic acid (TFA)/DMF (4:1),

irradiation by 24W blue LEDs (λmax =455nm) at room tempera-

ture for 11h under an oxygen atmosphere (Table S1, entry 1).

With the standard reaction conditions established, the scope

of amines was initially explored. The substrates (1) bearing vari-

ous para-substituents of amino afforded moderate to good yields

(Scheme 1), encompassing both electron-donating groups (EDG)

(3a, 3b) and electron-withdrawing groups (3f, 3g). The halo-

genated amines were particularly active, yielding the halogenated

phenanthridines in good yields (3c–3e), which were valuable syn-

thetic synthons for molecular modification via coupling reactions.

It would be convenient to synthesize the substituted trisphaeri-

dine (3i) by this method, which was a naturally occurring alka-

loid with applications in the pharmaceutical research for alkaloid

studies [61,62]. However, when the two methyl groups were re-

placed by fluorine atoms (3h), the reaction yield decreased, likely

due to the electron-withdrawing nature of fluorine. On the con-

trary, the electron-rich heteroaromatic rings like benzothiophenyl

(3j), thienyl (3k, 3l), furyl (3m), indolyl (3n, 3o) provided mod-

erate to good yields. Additionally, substrates containing polycyclic

aromatics substitutes, conjugated π-expansion molecules could be

obtained under the standard conditions (3p, 3q), which are known

2
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Scheme 1. Substrate scope of amines. Reaction conditions: 1 (0.30mmol), 2a (0.90mmol), TFA/DMF (4:1), irradiation by 24W blue LEDs (455nm) at room temperature for

11h under oxygen atmosphere, isolated yield. a LG= -I(OTf)Ph. b Determined by 1H NMR.

for their unique optical and electronic properties. The scope of di-

azo reagents was also investigated (Scheme 1). Various esters, in-

cluding cyclobutyl, benzyl and ethyl, were found to be active (3r,

3s, 3t). Furthermore, diazo iodine(III) compounds were also tested

and provided moderate to good yields (3u, 3v, 3a). However, due

to the preparation difficulty of α-diazo sulfonium, primarily at-

tributed to its purification and low isolation yields, the substrate

scope of this class of compounds has been primarily restricted

to those bearing ester functional groups, such as ethyl, cyclobutyl

or benzyl ester derivatives. Additionally, the majority of reaction

yields obtained remain moderate, typically ranging from 40% to

92%, which has posed challenges for their broader synthetic trans-

formation.

The phenanthridine-containing polycyclic aromatic hydrocar-

bons (PAHs) typically display distinct opto-electronic characteris-

tics [21,22]. To investigate the optical properties of the phenan-

thridines (Phen), their emission spectra were measured (Fig. 2A).

Due to the resemblance in molecular frameworks and the pres-

ence of weak intermolecular interactions (such as π-π stacking) in

solution, the fluorescence spectra of most compounds were sim-

ilar. Compound 3o exhibited the biggest emission peak among

them. This phenomenon may be attributed to the strong electron-

donating ability of pyrrole and the extended π-conjugated system,

which could lower the molecular energy gap and result in a sig-

nificant redshift. In contrast to the emission in solution, the emis-

sion spectra in solid state exhibited stronger intermolecular inter-

action and more produced differences among the compounds. As

illustrated in Fig. 2B (solid-state fluorescence spectra), ethyl 2,7,9-

trimethylphenanthridine-6-carboxylate (3a) displayed an emission

spectrum ranging from 360nm to 550nm, with the highest peak at

391nm. 2-Electron-withdrawing group (EWG)-substituted phenan-

thridines (3c, 3f) showed similar signals compared with 3a. How-

ever, red-shift fluorescence emission was observed for electron-

rich (hetero)arene-fused phenanthridines (3i, 3k, 3l, 3o, 3p, 3q).

This observation suggested that EDG and the EWG picolinate of the

phenanthridine derivates formed the push–pull chromophores. The

EDG increased the electron density associated with the aromatic

ring to the conjugated system, while the EWG decreased it, facili-

tating efficient intramolecular charge transfer (ICT) from the donor

to the acceptor. The ICT process lowers the energy of the excited

state, leading to a redshift in the emission spectra [63]. It is in-

Fig. 2. (A) Fluorescence spectra of the phenanthridines in dichloromethane, exci-

tation wavelength: 330nm for 3o and 320nm for other compounds, concentra-

tion: 1.0×10−5 mol/L. (B) Solid fluorescence spectra of the phenanthridines, exci-

tation wavelength: 320nm for 3i, 3o and 3p; 330nm for 3a; 345nm for 3c, 3d

and 3l; 350nm for 3f and 3k; 360nm for 3q. (C) The fluorescence photographs

of 5a, 5b and 5c in sold state. (D) UV–vis spectra of 3a (1.8×10−4 mol/L), 5a, 5b,

5c (1.8×10−5 mol/L). (E) Solid fluorescence spectra of 3a, 5a, 5b, 5c, excitation

wavelength: 330nm for 3a and 5a, 390nm for 5b, 410nm for 5c. (F) Normalized

solvent-dependent fluorescence spectra of 5a in n-hexane (black), toluene (red),

dichloromethane (blue) solutions at 1.0×10−5 mol/L, excitation wavelength: 380nm

(inset: fluorescent photographs of DPA-Phen in different solvents).

triguing to note that the fluorescence spectra of 3l and 3k were

different, likely due to the different conjugation effects caused by

the varying positions of thiophene group.

The variations in emission spectra resulting from electron-

donating and electron-withdrawing groups spurred our initiative

to design novel push-pull chromophores and explore their practi-

cal applications. Given the electron-deficient nature of the phenan-

thridine structure and the pre-existing electron-withdrawing ester

groups, we endeavored to introduce several representative EDG to

the phenanthridine skeleton to construct new chromophores with

robust push-pull capabilities. The diarylamine, serving as a new

donor unit was incorporated into the starting materials (Fig. 2C).

Under the standard conditions, the products MeO-DPA-Phen (5b)

and DMA-DPA-Phen (5c) were successfully synthesized in a direct

manner from the corresponding free amines, achieving yields of

3
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Scheme 2. Design and synthesis of phenanthridine-based AIEgens.

59% and 50%, respectively (Scheme 2). DPA-Phen (5a) could be

obtained in 62% yield through a coulping reaction from bromo–

substituted phenanthridine and diphenylamine, while the yield

would be much lower when using the free amine method [64]. As

anticipated, all of them exhibited distinct photoluminescent prop-

erties in solid state with the irritation of 365nm fluorescence lamp

irradiation (Fig. 2C, blue for 5a, green for 5b, yellow for 5c), and

the quantum yields (QY) of 5a, 5b and 5c in solid state were 93.8%,

47.2%, and 2.9% respectively. Their photostability was also evalu-

ated, and the results indicated that they exhibited good photosta-

bility (Fig. S3 in Supporting information).

To further investigate their optical properties, the absorption

(Fig. 2D) and solid fluorescence spectra (Fig. 2E) were tested. As

shown in Figs. 2D and E, a stronger donor ability led to a larger red

shift. DMA-DPA-Phen (5c) exhibited broadabsorption at λ=300–

550nm with discrete major peaks at 305 and 409nm, and emis-

sion at λ=450–800nm with a major peak at 559nm, which are

higher than those of DPA-Phen (5a) and MeO-DPA-Phen (5b). Ad-

ditionally, thesolvatochromic effect of DPA-Phen (5a) was stud-

ied. The fluorescence spectra showed a significant redshift with

increasing the solvent polarity. This can be attributed to the ICT

character for the push–pull chromophore [65,66]. The ICT effect

would make the excited state more polar than the ground state,

with a formal positive charge on the donor and a negative charge

on the acceptor. Thus, the polar solvents can better stabilize the

excited state, leading to positive solvatochromism [67]. DPA-Phen

(5a) exhibited different fluorescence colors in various solvents (the

inset of Fig. 2F). Their electronic distribution of highest occupied

molecular orbital (HOMO) and lowest unoccupied molecular or-

bital (LUMO) were studied theoretically by density functional the-

ory (DFT) calculations at the level of B3LYP/6–31g(d)∗ (Fig. S6

in Supporting information). The results demonstrate that as the

donor ability of the substituents strengthens, the HOMO-LUMO en-

ergy gap widens, causing a red shift in emission from 5a to 5c.

Moreover, the calculation also reveals ICT can take place between

the strong electron-donating benzene ring and the phenanthridine

moiety.

To further study the optical properties of the new push–pull

chromophores (5a, 5b and 5c), additional experiments were con-

ducted. The fluorescence spectra of DMSO solutions were initially

measured. Upon photoexcitation, a weak fluorescence signal was

observed for DPA-Phen (5a), while negligible signals were detected

for MeO-DPA-Phen (5b) and DMA-DPA-Phen (5c). The QY of com-

pounds 5a, 5b, 5c in solution are 90.6% (in DCM), 49.6 % (in

toluene), 13.8 % (in hexane), respectively. Subsequently, water, as a

poor solvent was added in batches into the DMSO solution. As de-

picted in Figs. 3A–C, adding water with a volume fraction of below

50% to the DMSO solutions did not significant alter the emission

spectra. However, dramatic enhancement in fluorescence intensity

was observed when the water fraction reached 50%–60%, and the

intensity remained in a high level with further addition of wa-

ter. These observations were the characteristic of the aggregation-

induced emission (AIE) effect [68–72]. The viscosity-dependent flu-

orescence test of 5c was also performed (Fig. S5 in Supporting in-

Fig. 3. (A) Photoluminescence spectra of 5a (1.0×10−5 mol/L) in DMSO/H2O mix-

tures with different water fractions, excitation wavelength: 410nm. (B) Photolumi-

nescence spectra of 5b (1.0×10−5 mol/L) in DMSO/H2O mixtures with different wa-

ter fractions, excitation wavelength: 450nm. (C) Photoluminescence spectra of 5c

(1.0×10−5 mol/L) in DMSO/H2O mixtures with different water fractions, excitation

wavelength: 450nm. (D) Photos of one drop of 5a, 5b, 5c solution in DCM on the

thin layer chromatography plate with different evaporation timescales at room tem-

perature (under irradiation with 365nm UV lamp). (E) The crystal packing structure

of 5b. (F) Cell toxicity effect of 5c to HeLa cell and confocal fluorescence images of

HeLa cells stained with CellMask Nile red (5 μmol/L) and 5c (10 μmol/L). Images of

(i) bright field image, (ii) 5c (excitated with 405nm laser) and (iii) Nile red (exci-

tated with 543nm laser). (iv) Merged bright field images of Nile red and 5c (Pear-

son’s correlation coefficient: 0.902). Data are presented as mean ± standard devia-

tion (SD) (n=3).

formation). We restricted their rotations by increasing the glyc-

erol to methanol volume ratio. It was observed that the photo-

luminescence intensity increased with the increase of the glyc-

erol/ethanol ratio. This finding is in consistent with the prediction

of the aggregation-induced emission (AIE) effect. To confirm this

phenomenon, the luminescent changes were monitored during the

evaporation of a drop of the dichloromethane solution of 5a, 5b

and 5c on a thin-layer chromatography plate (Fig. 3D). As the sol-

vent evaporated, 5a exhibited bright yellow luminescence, which

gradually shifted to blue. For 5b and 5c, the luminescence in-

tensity progressively increased with aggregation on the thin-layer

chromatography plate under 365nm fluorescence lamp irradiation.

These results indicated that 5b and 5c exhibit a typical AIE effect.

To elucidate the cause of the typical AIE behavior exhibited by

the compounds, we attempted to obtain their single crystals for

structure analysis. Single crystals of 5a (CCDC: 2428585) and 5b

(CCDC: 2428588) suitable for X-ray crystallography analysis were

successfully obtained by slow diffusion of petroleum ether into a

dichloromethane solution under argon at room temperature, while

5c resisted all attempts at crystallization. The X-ray diffraction

analysis elucidated that 5b crystallized in monoclinic space group

C2/c, with eight molecules in one cell unit. For a single molecule,

the torsion angles between the parent phenanthridine core and the

two phenyl rings at thenitrogen position were −52.4° and −46.4°

4
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(Fig. 3E). Within the unit cell, two intermolecular phenanthridine

rings faced with each other. The main π core of them adopted a

planar structure with a stacking distance of 3.40 Å. Additionally,

the intermolecular interactions caused a “slipped” structure with

an angle of 40.7° and a separation distance of 5.49 Å, which effi-

ciently hindered the π–π stacking, thereby preventing the emis-

sion quenching. This structural feature likely contributed signifi-

cantly to the enhanced AIE behavior. Moreover, the interactions be-

tween the adjacent molecules, such as C–H (OCH3)···π , C–H (CH of

phenyl)···π , with distances ranging from 2.06 Å to 2.89 Å, further

restricted the molecular motion and rigidified the molecular con-

formation in the solid state. These factors collectively suppressed

the molecular rotation and significantly strengthened the AIE ef-

fect.

The prominent AIE effect exhibited by the new push-pull chro-

mophores motivated us to explore their practical applications. The

fluorescence behavior in aqueous solution (DMSO/H2O) suggested

their potential utility in fluorescent imaging of organelles, given

the similar aqueous cellular environment. Initially, the biocompat-

ibility of 5c was assessed with toxicology assay kit. When HeLa

cells were incubated with 5c, the treatment did not cause any

drastic impact on the viabilities of the various treated cell lines, in-

dicating relatively low toxicity of 5c (Fig. 3F). Considering the large

lipophilic substitution on the molecular skeleton of 5c, we hypoth-

esized that it would preferentially accumulate in the lipophilic or-

ganelles of cells upon cellular uptake. To test this hypothesis, HeLa

cells incubated with 5c were co-stained with Nile red. As shown in

Fig. 3F, the merged confocal images of Nile red and 5c showed sig-

nificant colocalization within HeLa cell, confirming that 5c mainly

accumulated in the lipid droplets. This localization should be as-

cribed to the inherent lipophilic nature of lipid droplets. Lipid

droplets serve as the storage organelles for lipids and are essential

for lipid metabolism and energy homeostasis. They can also par-

ticipate in the innate immune response in macrophages by stor-

ing and releasing fatty acids. Thus, their proper function is closely

linked to the metabolic diseases. The development of sensitive and

effective cellular probes for visualizing the lipid droplets in biolog-

ical systems is highly desirable. The lipophilicity nature of 5c and

its high selectively accumulated in lipid droplets make it a promis-

ing candidate for a fluorescent cellular probe.

We have designed and synthesized the phenanthridine

derivates via metal-free carbon-insertion π-extension strate-

gies starting from free amines. α-Diazo sulfonium salts were

chosen as the efficient carbon-insertion reagent due to their

suitable leaving ability of the diazo and sulfonium groups.

The resulting phenanthridine-based luminogens exhibit strong

aggregation-induced emission characteristic and have been suc-

cessfully applied in fluorescent organelle imaging. This approach

is expected to serve as a complementary strategy for constructing

phenanthridine-based frameworks. Moreover, the reduced toxicity

and inherent photosensitizing properties of phenanthridine deriva-

tives are poised to render this method highly appealing in both

fluorescent materials research and biological applications, thereby

fostering its widespread adoption across these disciplines.
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