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Benzo[4,5]imidazo[1,2-a]pyrimidine-based derivatives play crucial roles in medicines, pesticides, tracers
and photoelectric materials. However, their synthesis approach still needs to be optimized, and their flu-
orescent properties in intracellular microenvironment are unclear. Here, a Cu(ll)-catalyzed cascade cou-
pling cyclization reaction was successfully developed to synthesize benzo[4,5]imidazo[1,2-a]pyrimidine
scaffold with mild reaction conditions, broad substrate scopes and high yields. After a system study, we
found that compound 4aa displayed an optimal viscosity-specific response with remarkable fluorescence
enhancement (102-fold) for glycerol at 490 nm. Particularly, 4aa possessed excellent structure-inherent
targeting (SIT) capability for lysosome (P=0.95) with high pH stability and large Stokes shift. Impor-
tantly, 4aa was validated for its effectiveness in diagnosing lysosomal storage disorders (LSD) in living
cells. The 4aa also showed its potential to map the micro-viscosity and its metabolism process in ze-
brafish. This work not only affords an efficient protocol to fabricate benzo[4,5]imidazo[1,2-a]pyrimidine
derivatives, reveals this skeleton has excellent SIT features for lysosome, but also manifests that 4aa can
serve as a practical tool to monitor lysosomal viscosity and diagnose LSD.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lysosomes, the membrane-bound organelles and the primary
degradative compartments of eukaryotic cells with a pH range of
4.5-5.5, have crucial functions of catabolizing and recycling cel-
lular waste, cellular signal transduction, energy metabolism, and
maintaining cellular homeostasis [1,2]. Viscosity as a crucial mi-
croenvironmental parameter of subcellular contributes to biologi-
cal functions by affecting the mobility of substances [3,4]. It is re-
ported that lysosomal viscosity ranges from 50 cp to 90 cp, while
the accumulation of biomacromolecules in lysosomal storage dis-
orders (LSD) leads to a significant elevation of lysosomal viscos-
ity (Fig. 1a) [5-7]. In addition, the abnormal variation of viscosity
is also associated with various diseases such as cancer, diabetes,
neurodegenerative disorder, non-alcoholic fatty liver disease, etc.
[8-15]. Therefore, precisely monitoring of lysosomal viscosity is of
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vital importance for evaluating lysosomal status and diagnosing
lysosomal dysfunction-related diseases.

Fluorescent sensor is a popular and practical tool to detect
various indicators in the subcellular microenvironment thereby
achieving disease diagnosis. Due to the merits of non-invasive,
spatial and temporal imaging, fluorescent sensors are very suit-
able to measure viscosity in biological systems [16-20]. To
accurately monitor lysosomal viscosity, the priority is construct-
ing a lysosome-targeted fluorophore. The common strategy is in-
corporating weakly alkaline units (N,N-dimethylethane-1,2-diamine
or morpholine group) to fluorophore (Fig. 1b) since these aci-
dotropic units facilitate to guide the fluorophore selective accumu-
lation in acidic lysosome. Based on the mentioned strategy, many
novel lysosome-targeted fluorophores have been reported, whereas
the pH-sensitivity of them would interfere fluorescence signals
when detecting lysosomal viscosity. To surmount this obstacle, the
structure-inherent targeting (SIT) fluorescent sensor equipped with
high pH-stability is highly desired for lysosomal viscosity.

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. (a) Schematic structure of lysosome. (b) Chemical structure of commercial LysoTrackers/Sensors. (¢) The developed benzo[4,5]imidazo[1,2-a]pyrimidine-based

structure-inherent targeting fluorescent sensor in this work.

Benzo[4,5]imidazo[1,2-a]pyrimidines, as one of the important
nitrogen-containing fused heterocyclic compounds, exhibits ex-
ceptional photophysical properties and diverse biological effects
[21-24]. It is noteworthy that this kind of multiple nitrogen-fused
heterocycle skeleton has alkalescency, and its alkalinity is weaker
than that of N,N-dimethylethane-1,2-diamine and morpholine
units, exhibiting a certain capability to receive protons. Moreover,
a moderate conjugate-plane structure of multiple nitrogen-fused
heterocycle skeleton permits good ultraviolet absorbance and fluo-
rescence emission. Thus, we envision that multiple nitrogen-fused
heterocycle compound would serve as an acidotropic candidate
for lysosome targeting imaging with improved pH stability. Conse-
quently, an efficient method to construct this skeleton is important
in current investigations. Among a range of options, the transition-
metal-catalyzed multicomponent reactions (MCRs) in one pot,
as a favorable and attractive synthetic strategy, have been vali-
dated in constructing benzo[4,5]imidazo[1,2-a]pyrimidine. For in-
stance, 2-aminopyrimidine, aldehyde and alkyne/c,8-unsaturated
ketone or their equivalents were utilized to achieve the syn-
thesis of benzo[4,5]imidazo[1,2-a]pyrimidine skeleton via MCRs
[25-27]. Recently, an iron-catalyzed [3+2+ 1] annulation strat-
egy also has been developed to synthesize this scaffold from 2-
aminobenzimidazoles and aromatic alkynes or acetophenone by
using N,N-disubstituted amines as a one-carbon synthon [28,29].
Although powerful, some deficiencies such as the limited substrate
scopes and expensive raw materials still restrict their further broad
applications. Accordingly, exploring a more practical approach to
establishing benzo[4,5]imidazo[1,2-a]pyrimidine skeleton is neces-
sary.

The above considerations encouraged us to develop nitrogen-
containing fused heterocycle-based fluorescent sensors for
lysosomal viscosity. In this work, we disclose a novel and
efficient Cu(ll)-catalyzed coupling-cyclization that enables syn-
thesizing benzo[4,5]imidazo[1,2-a]pyrimidine derivatives in high
yields via three-component reaction of 2-aminobenzimidazole, ver-
satile aldehydes and S-nitroalkenes, which is the first example that
using nitroolefin as synthon to construct benzo[4,5]imidazo[1,2-
a]pyrimidine scaffold. This reaction tolerates aryl rings/heterocyclic
aromatic aldehydes and different nitroolefins with both electron-
donating and -withdrawing groups, by which 53 compounds have

been expanded successfully. Moreover, after a system investi-
gation of optical properties, compound 4aa not only displayed
viscosity-specific fluorescence response with high pH stability
as expected and large Stokes shift but also exhibited excellent
structure-inherent targeting for lysosome (Fig. 1c), affording great
potential in monitoring lysosomal viscosity and diagnosing LSD.

To fabricate benzo[4,5]imidazo[1,2-a]pyrimidine scaffold, ini-
tially, the combination of 2-aminobenzimidazole 1, benzaldehyde
2a, and B-nitrostyrene 3a was tested as a model reaction. After a
comprehensive optimization of reaction parameters, including cop-
per catalysts, bases, reaction temperatures, and solvents (Table S1
in Supporting information), we identified the optimal conditions
as follows: the reaction of 1 (1.2 equiv.), 2a (1.0 equiv.) and 3a
(1.0 equiv.) in the presence of Cu(OAc), (20 mol%), Cs,CO3 (2.0
equiv.) in N,N-dimethylformamide (DMF) at 110 °C for 10h under
the oxygen (0O,) atmosphere afforded 4aa in 83% yield. The struc-
ture of compound 4aa was verified through X-ray crystallographic
analysis (CCDC: 1820030). Given the potential effects of differ-
ent substituents on fluorescence properties, under the established
optimal reaction conditions, we examined the generality of the
substrate scope, such as electron-donating/withdrawing groups,
aliphatic/aromatic (heterocyclic) groups, and halogen atoms. As
shown in Fig. 2, the conversions of various aromatic aldehyde
compounds (4aa-4na) were achieved. Meanwhile, the heteroaryl
aldehydes of furan and thiophene proceeded smoothly, provid-
ing 4la and 4ma in 67% and 69% yields, respectively. A broad
range of B-nitroalkenes with different substituents were well-
tolerated to obtain the corresponding products 4ab-4an in good to
excellent yields. Notably, 8-nitroalkene containing nitro and cyclo-
hexyl groups provided 4ag and 4an in moderate yields. Further-
more, various aryl rings, heterocyclic aromatic aldehydes, and B-
nitroalkenes were also successfully transformed to the correspond-
ing products (4a-4z) in good to moderate yields. The results reveal
high functional-group compatibility of this reaction with compara-
ble yields.

The reaction mechanism was investigated according to a se-
ries of control experiments (Scheme S3 in Supporting information),
which lent support that compound 1 first reacted with aldehyde
2a to produce Schiff-base A, followed by coordinating with Cu(II)
catalyst to form a copper complex B. Then B was deprotonated by
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Fig. 2. Substrate scope for aldehydes and S-nitroalkenes. Conditions: 1 (1.2 mmol), 2 (1.0 mmol), 3 (1.0 mmol), Cu(OAc), (20 mol%), Cs,CO; (2.0 equiv.), DMF (6 mL), O,

balloon, 110°C; isolated yields.

Cs,CO3, providing intermediate D via an addition-cyclization with
3a. The intermediate D was identified by high-resolution mass
(Fig. S1 in Supporting information), and it was tautomerized to E
and underwent elimination of HNO, as well as oxidation to give
aim product 4aa (Scheme S4 in Supporting information).

With various benzo[4,5]imidazo[1,2-a]pyrimidine derivatives in
hand, their structure-properties relationships were investigated
first. We selected 15 compounds with different electron-donating
or withdrawing substituents at different positions to test their op-

tical properties on absorbance/emission wavelength, molar extinc-
tion coefficient, lifetime, and absolute fluorescence quantum yield
(Table S2 and Figs. S2-S5 in Supporting information). It manifests
that these compounds have two absorption bands at ~340nm and
~390nm in organic solvents (such as DMSO, THF, EtOH, and DCM)
and only one absorption band at ~340nm in H,O0. Their emis-
sion wavelengths are at 510-560 nm in organic solvents with weak
fluorescence signals, while very slight emission signals were ob-
served in H,O, which may be ascribed to their good solubility
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Fig. 3. The crystal structure of 4aa and its dihedral angles.

in organic solvents while poor solubility in H,O. For vari-
ous types of substituents, whether electron-donating/withdrawing
groups, aliphatic/aromatic groups, or halogen atoms, their max
absorption/emission wavelengths are changed mildly in DMSO
(Aaps: 338-356 and 388-410nm; Aem: 514-553nm), suggesting
slight wavelength-tunable capability of this scaffold, and their
absorbance/emission wavelengths would mainly depend on the

skeleton of benzo[4,5]imidazo[1,2-a]pyrimidine.

The responses for viscosity were examined. As expected, all 15
compounds exhibit fluorescence changes in presence of glycerol
(Figs. S2-S4 and Table S2 in Supporting information). Among them,
the signal-to-noise ratio (S/N) of 4aa for viscosity is as high as
102, whereas this parameter for other compounds, for instance, 4p
is as low as 1.3. It follows that the rotors of fluorophore would
be a key factor for sensing viscosity. Then the crystal structure of
4aa was analyzed, as shown in Fig. 3, 4aa displays three planes in
intramolecular. The dihedral angle between benzo[4,5]imidazo[1,2-
a]pyrimidine (plane «) and rotor 1 (plane ) is 6,5 =23.00°, and
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high S/N for viscosity, as a proof-of-concept application, we thus
selected the compound 4aa for further investigation.

The selectivity of 4aa was then explored. Upon addition of
common metal ions (Na*, K+, Fe3*, Ca?t, AP+, Cu?t), reactive
sulfur species (RSS, including NaHS, Na,S, Na;SO3, Na,S,03, cys-
teine (Cys), homocysteine (Hcy), glutathione (GSH)), reactive oxy-
gen species (ROS, including H,O, and NaClO), amino acids (ly-
sine (Lys) and arginine (Arg)) and glycerol, 4aa showed specific
respond towards viscosity with remarkable fluorescence enhance-
ment, while other species almost did not cause the fluorescence
and absorbance changes (Figs. 4a and b, Fig. S6 in Supporting infor-
mation). Given that other microenvironments such as polarity may
lead to fluorescence variations, the fluorescence spectrum of 4aa in
different solvents were also tested. As shown in Fig. 4c, compared
to glycerol (viscosity =675.09 cp), the effects on different polarity
solvents are negligible. These results reveal a good selectivity of
4aa for viscosity.

To evaluate whether 4aa can respond to different viscosities,
the viscosity values of the different glycerol fractions were mea-
sured using a rotational rheometer (at 25 °C). Then the fluores-
cence spectra of 4aa at different viscosities were tested, which in-
dicated that the fluorescence emission peak of 4aa at 490 nm has
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Fig. 5. (a) Fluorescence images of A549 cells co-incubated with 4aa (10 pumol/L, Aex =441 nm) and Lyso-Tracker red (1 umol/L, Aex =561 nm) or Mito-Tracker red (1 pmol/L,
Aex =561 nm) for 30 min at 37 °C, respectively (Scale bar: 50 pm). (b) Fluorescence images of A549 cells treated with 4aa (10 pmol/L) only (b1) and pretreated with Cu?* (20
pmol/L, 40 min) (b2) or 4 °C for 30 min (b3) or DXMS (10 pmol/L, 10 min) (b4), respectively, followed by incubation of 4aa (10 umol/L). (c) Relative fluorescence intensity of

Fig. 5b conducted by Image J. Data are expressed as the mean + SD (n=3).

a sharp enhancement as the viscosity value increases from 1.05
cp to 675.09 cp (Fig. 4d), accompanied by the vivid color changes
from slight cyan to bright cyan under 365 nm irradiation. Further-
more, a good linear relationship between the fluorescence intensity
(log I490) of 4aa and the viscosity (log 1) were recorded based on
the Foster-Hoffmann equation (Fig. 4e) [30]. Subsequently, the flu-
orescence lifetimes were determined at different viscosities, indi-
cating that the fluorescence lifetime of 4aa increased from 1.73 ns
to 5.77 ns with the increase of viscosity from 1.05 cp to 675.09 cp
(Fig. 4f). Moreover, the absolute fluorescent quantum yield of 4aa
also increased from 0.3% to 39.9% with the increase of viscosity
(Table S4 in Supporting information). In addition, the Stokes shift
of 4aa is as large as 158 nm, which would effectively avoid the
interference from excitation light (Fig. 4g). Owing to frequent pH
variations in cellular microenvironment, especially in lysosomes,
the good pH stability is desired for viscosity-specific fluorescent
sensor. To our delight, 4aa showed excellent pH stability at a wide
pH range (pH 3.0-10.0) (Fig. 4h), which is catered to our ini-
tial expectation. Moreover, compared to commercial Lyso-Tracker
Green, the 4aa showed a better photostability as depicted in Fig.
4i. Furthermore, when glycerol coexisted with other analytes, 4aa
exhibited a good anti-interference ability, which enables specifi-
cally detecting viscosity in complex environments (Figs. S7 and S8
in Supporting information).

Motivated by excellent optical properties in solution, the imag-
ing performance was further evaluated in living cells. First, we as-
sessed the cytotoxicity of 4aa in A549 cells by using MTT assay
and observed over 80% cell viability when the concentration of
4aa was up to 25 pmol/L (Fig. S9 in Supporting information), sug-
gesting 4aa has low cytotoxicity. Moreover, the continuous irradi-
ation for 60 min, the fluorescence intensity of 4aa remained sta-
ble in living cells (Fig. S10 in Supporting information), indicating

good anti-photobleaching ability of it. Subsequently, colocalization
imaging experiments were performed to examine the subcellu-
lar targeting capability by co-staining with commercial Lyso-/Mito-
Tracker red in A549 cells, respectively. As shown in Fig. 5a, 4aa
can be readily loaded into living cells and displayed a dotted green
fluorescence and overlapped very well with the red fluorescence
from commercial Lyso-Tracker Red with a high Pearson’s coefficient
(P=0.95). However, this parameter of 4aa with the Mito-Tracker
red was only 0.54, manifesting excellent lysosome targeting prop-
erties of 4aa. Moreover, the other 14 compounds were evaluated
by colocalization experiments, which also exhibited similar results
(Figs. S11-S17 in Supporting information). These results power-
fully support our opinions that multiple nitrogen-fused heterocy-
cle benzo[4,5]imidazo[1,2-a]pyrimidine skeletons have structural-
inherent targeting capability for lysosome.

Inspired by prominent photophysical properties and lysosome-
targeting capability, 4aa was evaluated to monitor the dynamic al-
terations of lysosomal viscosity. A549 cells were treated with 4aa,
followed by incubation at 37 °C (control) or 4 °C for 30 min, re-
spectively. As depicted in Figs. 5b1 and b3, the cells displayed
higher fluorescence intensity at lower incubation temperature
(4 °C) than that incubated at 37 °C. Meanwhile, the cells were
pretreated with excess heavy metal ions Cu?* (to decrease cell
viscosity [31]) showed a reduced fluorescence signal while those
pretreated with dexamethasone (DXMS, a kind of glucocorticoid
drug, to increase lysosomal viscosity [3]) enhanced significantly
(Figs. 5b2, b4). The results elucidated the great potential of 4aa for
mapping dynamic variations of lysosomal viscosity.

As is known, LSD results from defective lysosomal acid hy-
drolysis enzyme of macromolecules and is characterized by the
intralysosomal accumulation of undegraded substrates, increased
lysosomal viscosity, and enlarged lysosome volume (Fig. 6a)
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[32,33]. To observe whether 4aa could be applied to diagnose LSD,
we established the LSD model by pretreating cells with a high
concentration of sucrose solution (80 mmol/L) [34-36]. As shown
in Figs. 6b-d, after incubation with 4aa, the experimental group
treated with sucrose exhibited a remarkable increase in fluores-
cence intensity (125-fold) and an enlargement of lysosome volume
(98-fold) compared to the control group, demonstrating that not
only lysosomal viscosity increases but also lysosome volume en-
larges would occur during LSD. Additionally, 3D imaging of lyso-
somes indicates that the depth of lysosomes in normal cells was
approximately 6pm (Fig. 6e2), whereas the depth of lysosomes in
LSD cells increased to approximately 13 pum (Fig. 6e4). The above
results manifest the application potential of 4aa in fluorescence
imaging for tracking lysosomal viscosity variations and diagnosing
LSD, which may be a promising tool for studying lysosome-related
pathology and physiological processes.

Furthermore, the imaging capability of 4aa was investigated in
zebrafish. As shown in Fig. 6f, the dynamic fluorescence signals
were observed that transferred from the skin to the pancreas, in-
testine, and then liver at different times. Such results indicated the
metabolic process of 4aa and displayed an intuitive evaluation of
the viscosity of zebrafish organs, which would be useful to moni-
tor the drug-simulated viscosity variations and facilitate new drug
discovery.

In summary, a novel and efficient Cu(ll)-catalyzed cascade
coupling cyclization reaction of aldehyde, 2-aminobenzimidazole,
and B-nitroalkenes has been developed for the synthesis of
benzo[4,5]imidazo[1,2-a]pyrimidine derivatives, and such approach

exhibited broad substrate scopes with moderate to good yields.
Importantly, this kind of multiple nitrogen-containing fused het-
erocyclic compound not only demonstrated viscosity-specific fluo-
rescent response with high pH stability but also showed outstand-
ing structural-inherent targeting for lysosome, which displayed
excellent capability for detecting lysosomal viscosity and diagnos-
ing LSD in living cells. This work provides an efficient protocol
to construct benzo[4,5]imidazo[1,2-a]pyrimidine derivatives and an
available viscosity-sensitive tool for further exploring lysosome-
related physiological and pathological processes, while their ab-
sorption and emission wavelength are promised to be extended in
future research.
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