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ABSTRACT: A robust six-membered rhodamine spirocyclic probe 1 containing a
versatile 2-aminoimidazolyl moiety was elaborately designed and synthesized via an
attractive C—C and C—N coupling strategy to improve the performance in the detection
of ultralow transition metal ions. Probe 1 allowed the highly hypersensitive detection of
Cu’" with a superior picomolar limit of detection (35 pM) and nanomolar naked-eye
performance (80 nM) via the switching of C—C and C—N cleavage by a catalytic

hydrolysis mode.

ransition metal ions are naturally indispensable ingre-
dients that are involved in diverse essential physiological
and metabolic processes in many living organisms. The loss of
their homeostasis is closely associated with diverse dysfunc-
tions and/or hematological manifestations." Copper, one of
the critically important transition metals, is responsible for the
normal functioning of various organs and metabolic
processes.' > However, Cu?* deficiency can lead to growth
failure and neurodegenerative disorders, whereas excessive
amounts of Cu®*" in biological processes can cause serious
syndromes, including Alzheimer’s disease,” Wilson’s disease,”
and metabolic disorders such as obesity and diabetes.’
Additionally, superfluous metal ions lead to environmental
pollution that seriously threatens the health of plants,
microorganisms, and animals, including humans. Thus,
monitoring the distribution and dynamic fluctuations of
metal ions in subcellular microenvironments and/or ambient
surroundings can promote the in-depth understanding of
diverse metal-mediated physiological and pathological pro-
cesses for disease diagnosis and simultaneously track the
invisible environmental pollutants for ecological protection.®
In the past 50 years, the detection of biologically and/or
environmentally important transition metal ions by fluorescent
probes, especially a probe for the selective and rapid sensing of
Cu’" ions, has experienced explosive development.” Since
Czarnik et al® reported the pioneering work for the
colorimetric detection of Cu** by using a typical rhodamine-
based five-membered spirocyclic hydrazide (1) in 1997, a
considerable amount of sensitive chromogenic chemosensors
for detecting Cu®* ions,” in vitro and in cell, have been
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established by rationally decorating various fluorophores, such
as thodamine,'° naphthalirnide,11 fluorescein,'* cyanine clyes,13
anthracene,'* and BODIPY.'® Among these sensors, rhod-
amine-based fluorescent sensors [such as 1—4 (Figure 1)]
bearing a classical five-membered spirolactam skeleton have
been strongly highlighted and investigated due to their
prominent photophysical and photostability properties and
can be used to sensitively distinguish Cu*" ions via the flexible
regulation of C—N bond cleavage along with fluorescence
“turn-on” and/or color transformation.®*¢ Despite the out-
standing progress achieved in this field, several challenges and
problems persist. These issues include the frequent nanomolar
and micromolar levels of the corresponding limit of detection
(LOD) and naked-eye recognition for metal ion analytes, and
susceptible detection under harsh circumstances. These
problems limit the realistic applications of probes for
monitoring the dynamic fluctuations of ultralow analytes in
subcellular microenvironments and natural environments. For
example, the dynamic concentration of free Cu*" ions in
mammalian cells is <1077 mol L™.,'” and tap water contains
latent nanomolar concentrations of Cu®*. Therefore, develop-
ing innovative and practical fluorescent probes for the real-
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Figure 1. Classical rhodamine-based five-membered spirolactam structures 1—4 and six-membered rhodamine spirocyclic probes for the detection
of Cu™".
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Figure 2. (a) Synthesis of probes 1 and 2. (b) Proposed mechanism for C—C and C—N coupling six-membered cyclization. R = NH, or CHj.

time, rapid, quantitative, and naked-eye detection of metal ions an “unstable” characteristic in acidic solutions, thus introduc-
at nanomolar and picomolar levels is challenging. ing uncertainty and limitations into its application.'® There-
Careful investigations have found that traditional rhod- fore, improving the performance of the classical five-membered
amine-based five-membered spirolactam structures can hardly spirolactam scaffold and exploring new favorable spirocyclic

improve the current detection capability for several possible frameworks are necessary.
reasons, such as the stereotypical cleavage of C—N bonds, the Six robust rthodamine-based probes possessing different six-
mode of chelation between analytes and probes, the low membered spirocyclic skeletons have been recently reported to
efficiency and inadequacy of hydrolysis, and the disturbance of have perceptible capability for monitoring Cu®*,"® Hg**," and
fluorescence caused by nonplanar hydrolysis products.”'® ClO™.”° Among them, three probes bearing corresponding six-
Meanwhile, the strained spirolactam structure usually displays membered thiosemicarbazide moieties and the spirolactam
B https://dx.doi.org/10.1021/acs.orglett.0c02814
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pattern (Figure 1) can selectively distinguish Cu®* by involving
C—N bond cleavage along with the formation of an
isothiocyanate group and the chelation of metal ions along
with C—C bond cleavage. Notably, these interesting probes
continue to display some limitations, with either a low
fluorescence quantum yieldlga’b or a weak sensitivity.18C
Inspired by the intriguing frameworks mentioned above, the
rational fabrication of innovative six-membered spirocycles
may advance the performance and provide highly reliable and
hypersensitive fluorescent chemosensors for the detection of
metal ions at ultralow concentrations. For this purpose, herein,
a robust six-membered rhodamine spirocyclic probe 1
containing a versatile 2-aminoimidazolyl moiety was elabo-
rately designed and synthesized on the basis of an attractive
C—C and C—N coupling structure. This probe is reported for
the first time and confirmed on the basis of its single-crystal
structure, which is distinctly different from classical five-
membered spirolactam structures. Within this molecule, the
versatile 2-amino-carbonyl imidazole motif executes a dual
function: promoting the binding affinity”’ for Cu** to induce
the rearrangement of the whole molecular electronic property
accompanied by subsequent C—C bond cleavage and
accelerating the Cu*"-mediated catalytic hydrolysis™> of
carbonyl imidazole along with C—N bond cleavage. On the
basis of this proposal, we expect that this probe can achieve
ultralow Cu®* detection by elaborately exploiting the
compelling C—C and C—N cleavage approach along with the
release of violently fluorescent and colorimetric rhodamine.
Probe 1 displayed highly selective and hypersensitive detection
of Cu®* with a superior picomolar LOD and nanomolar naked-
eye performance.

A facile synthetic route for the construction of rhodamine-
based C—N- and C—C coupling six-membered fluorescent
probes 1 and 2 is illustrated in Figure 2a. Generally, rhodamine
B was treated with POCI; to provide a chlorinated
intermediate, which was then reacted with 2-aminoimidazole
or 2-methylimidazole under the mediation of the base
triethylamine to afford final product 1 or 2, respectively. A
possible mechanism for the C—N and C—C coupling six-
membered cyclization was proposed as shown in Figure 2b.
The frameworks of probes 1 and 2 were confirmed on the basis
of NMR and HRMS analyses and their relevant single-crystal
structures (Figures S1—S8 and Tables S1 and S2).

The fluorescence responses of probe 1 before and after the
addition of Cu** ions in various organic solvents or water/
organic solvents were investigated to acquire an improved
system for Cu’* ion detection. Notably, excellent detection
performance was obtained in an acetonitrile solvent with 770-
fold fluorescence enhancement after incubation with an
equivalent amount of Cu®" for 10 min at 25 °C (Figure S9).
Subsequently, an acetonitrile/water mixed solution [3:7 (v/v)]
was applied in the following tests (Figure S10). Further
spectroscopy investigations were executed to evaluate the
selectivity and sensitivity of probe 1. As depicted in Figure 3a—
c, violet fluorescence at 578 nm (® = 0.63) and strong
absorption at 556 nm along with a naked-eye recognition effect
were triggered and generated only after the addition of Cu®**
but not that of other metal ions, indicating that a reliable
colorimetric probe for detecting Cu** was established.
Competition experiments revealed the anti-interference
performance of probe 1 for distinguishing Cu*', leading to
the fluorescence “turn on” only by the latter supplementation
of Cu** (Figures S11 and S12). A titration experiment on
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Figure 3. (a) Fluorescence and (b) absorption spectra of probe 1 (10
uM) upon addition of 10 uM Cu®* and other ions [4., = $56 nm, slits
3/3,3:7 (v/v) CH3;CN/H,0]. (c) Probe 1 (10 #uM) upon addition of
10 M metal ions: (1) probe 1, (2) Cu*, (3) Ca?*, (4) Ni**, (5) Ba™,
(6) Cr*, (7) Co™, (8) Hg™, (9) A*Y, (10) Fe*, (11) Zn*", (12) Li",
(13) Pb*, (14) Cd*, (15) Mg, (16) K*, (17) Na*, (18) Ag", and
(19) Fe*.

probe 1 toward various dosages of Cu’* revealed a
predominant linear detection range of 30—1300 nM [R* =
0.9924 (Figure S13)], suggesting that this probe could enable
the quantitative analysis of Cu** at the nanomolar level. A
superior picomolar LOD (35 pM, 2.22 ppt) and nanomolar
naked-eye performance [80 nM, 5.08 ppb (Figure S14)] were
achieved, further confirming that probe 1 could serve as an
extremely superior tool for selective and hypersensitive
detection of Cu?*, thus demonstrating that the rational design
of the six-membered rhodamine spirocyclic probe could
improve the performance of classical five-membered spirolac-
tam structures in the detection of metal ions. Additionally, this
probe showed a particularly robust performance in detecting
Cu’" over a harsh pH range of 3.6—11.6 in CH;CN/HEPES
buffer (Figure S15). By contrast, probe 2 showed insignificant
detection effects toward Cu** (Figure S16), indicating that the
amino part promoted the binding affinity”’ with Cu®*" to
induce the rearrangement of the whole molecular electronic
property accompanied by subsequent C—C bond cleavage.

The time-dependent fluorescence intensity of probe 1
triggered by diverse Cu®' concentrations was recorded to
investigate the detection mechanism of the probe. At Cu®"
concentrations of 10, 7.5, 5, and 2.5 uM, the final fluorescence
intensity could reach a stable equilibrium at approximately S, 9,
15, and 4S5 min, respectively, indicating a catalytic mode for
detecting Cu®" (Figure 4a). A distinct blue shift from 587 to
578 nm was observed as illustrated in Figure 4b. This shift
might be ascribed to the transformation of the C—C severed
product into C—C and C—N severed products (Figure $).
After the purification and identification of the final fluorescent
product, the original rhodamine returned (Figures S17—S19),
validating our initial assumption. Meanwhile, a 'H NMR
titration experiment (Figure $20) was performed to reveal the
detection mechanism. Multiple newly generated small peaks
were observed after the introduction of Cu?*, indicating that a
complicated component was probably created by either C—C
cleavage or both C—C and C—N cleavage. High-performance
liquid chromatography (HPLC) of probe 1 reacting with Cu**
was provided to monitor the process of catalytic hydrolysis. As
shown in Figures S21—S39, Cu®" detection was definitely
directed by a catalytic hydrolysis mode and affording a final
conversion yield to rhodamine with 95.4%, in agreement with
our original design.
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Figure 4. Time-dependent fluorescence intensity spectra of (a) probe
1 (10 M) reacted with various concentrations of Cu?* and (b) probe
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Figure 5. Possible mechanism for Cu**-induced catalytic hydrolysis
sensing cycle of probe 1 in a CH;CN/H,O solution.

AS49 cells were used for fluorescence imaging to explore the
cell detection capability of probe 1 toward Cu®'. Initially,
probe 1 showed low cytotoxicity toward mammalian cell lines
measured via MTT assays (Figure S40). Briefly, AS49 cells
were incubated with § yM probe 1 for 0.5 h at 37 °C, washed

with PBS buffer (0.01 M, pH 7.4) thrice, and subsequently
treated with S M Cu®* for 1 h at 37 °C. Finally, the cells were
washed with PBS buffer thrice before being imaged. Cells with
strong red fluorescence (Figure 6) were observed only by

Figure 6. Fluorescence imaging of probe 1 responding to Cu®* in
living AS49 cells. (a,) Bright-field and (a,) fluorescence images of
AS549 cells incubated with S uM probe 1 for 30 min at 37 °C. (a;)
Merged image of panels a, and a,. (b,) Bright-field and (b,)
fluorescence images of AS49 cells incubated with 5 M probe 1 and
then 5 uM Cu®* for 1 h at 37 °C. (b;) Merged image of panels b, and
b,. Red channel, 510—560 nm.

incubating the cells with probe 1 upon addition of Cu*',
thereby indicating that probe 1 could penetrate the cell
membrane and selectively detect Cu®* in cell.

In summary, a robust six-membered rhodamine spirocyclic
probe 1 containing a versatile 2-aminoimidazolyl moiety was
rationally designed and constructed via an attractive C—C and
C—N coupling strategy to improve the performance encoun-
tered by classical five-membered spirolactam structures in
ultralow metal ion detection. The results of testing found that
probe 1 displayed highly selective and hypersensitive detection
of Cu®** with an excellent picomolar LOD (35 pM, 2.22 ppt)
and nanomolar naked-eye performance (80 nM, 5.08 ppb) via
a catalytically mediated C—C and C—N cleavage along with
violent fluorescence “turn-on” (® = 0.63, for the new product).
A significant linear detection range of 30—1300 nM was
afforded for the quantification of nanomolar levels of Cu*'.
Further bioimaging studies revealed that probe 1 showed good
cell membrane permeability and practicable capability for
monitoring Cu®* in living cell lines. We anticipate that this
intriguing C—C and C—N coupling/cleavage approach can
open up a new avenue for developing hypersensitive
fluorescent probes for the desired ultralow analyte detection,
which improves our understanding of diverse metal-mediated
physiological and pathological processes for disease diagnosis.
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