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fluorescent benzazole derivatives in high conversion yield is disclosed. This
approach is highlighted by broad substrate scope, fast reaction time, and
mild conditions and can efficiently proceed in living cells or Arabidopsis
root tissues. Furthermore, this methodology can be applied for selective P

detection of Cu®*" and CN™.

enzazoles that include benzoxazoles, benzothiazoles, and

benzimidazoles, based on five-membered compounds
with a N, O, and S combined heteroatom, act as a valuable
class of functional compounds, which have attracted increasing
attention in natural products, pharmaceutical agents, inhibitor
drugs, and material science fields such as bioimaging, organic
light-emitting diodes (OLEDs), organic solid lasers, fluores-
cent sensors, information storage, etc.' > 2-(2'-Hydroxy)-
benzyl-substituted benzazole derivatives can produce keto
tautomer species through the excited state intramolecular
proton transfer (ESIPT) process upon excitation, affording
dual emission bands with a large Stokes shift. In addition,
benzazole derivatives have good photostability and high
fluorescence efficiency. Due to the excellent photochemical
property, these derivatives have been widely used as a
functional optical material and ratiometric fluorescent
sensors.” ® Although tremendous progress in benzazole
synthesis has been achieved, most of them require harsh
reaction conditions such as strong acid, high temperature
(reflux or more than 80 °C), reaction in organic solvent, and
complex catalysts.””® The development of convenient, mild,
and efficient methods for the synthesis of benzazoles is needed.
Importantly, the benzazole-based molecular architecture is
found in a variety of natural products,”'” so it is very helpful to
explore the synthesis methods of benzazoles in the biological
environment for studying and understanding the formation of
benzoxazole biomolecules in vivo.

Copper catalysis is an effective means to achieve various
products.’ Benzazole syntheses via copper catalysis reactions
have been documented.*® However, these reactions ex-
clusively require high temperature (more than 100 °C) and
organic solvents probably due to the weak catalysis capability
of copper. Thus, an optimized copper catalyst is in great need.

Cu-cyanide complexes are intensively used in industries such
as mining, electroplating, and surface finishing due to the
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unique properties of cyanide complexing copper.'” As a result,
wastewater coming from these places usually contains large
amounts of Cu-cyanide complexes, which are toxic and
harmful to living organisms.13 Therefore, it is essential to
selectively detect Cu-cyanide complexes. Fluorescent methods
coupled with imaging techniques have been used to detect
various ions or molecules in complex media because of their
outstanding advantages of high sensitivity, good selectivity, and
fine spatiotemporal resolution.'* A large number of fluorescent
sensors have been designed for selective detection of copper
cations (Cu**/Cu*) or cyanide anions."””'” Among them,
“ON—OFF—ON?” sequential detection of Cu** and CN~ based
on the formation of Cu(CN),”™ has been reported by one
fluorescent molecule.'® However, there is no single fluo-
rophore, to the best of our knowledge, that has been designed
for detection of Cu-cyanide (in the presence of Cu** and
CN7).

Reaction-based detection taking advantage of the chemical
reaction to transform nonemissive precursors to fluorescent
products is an appealing and efficient design strategy to turn-
on detect the metal ions, e.g.,, copper ions, which are easy to
quench fluorescence due to paramagnetic properties, which
affords a high signal-to-noise ratio.”” In this context, an
oxidative cyclization reaction-based method for the detection
of Cu-cyanide was conducted, in which Cu** and CN~
catalytically transform nonemissive Schiff bases into highly
fluorescent benzazoles. A cyanide boosting copper oxidation
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catalyst was found. The application range of this kind of
reaction can be extended to the synthesis of diverse
benzoxazoles, benzothiazoles, and benzimidazole derivatives.
Moreover, the de novo reaction can take place in water, and
even in living cells and living plant tissue. The fluorescence
characteristics of the products provide a convenient way to
track the catalytic reaction process without the need for a
separation process to determine the conversion rate.

Schiff base compounds S1—S10 (S4 and S9 are the
spontaneously cyclized intermediates of the Schiff base)
(Scheme 1) were obtained through the condensation of

Scheme 1. Molecular Structures of Schiff Bases, Cyclized
Intermediates of the Schiff Base, and the Corresponding
Benzazole Products
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corresponding aldehydes and amines in absolute methanol.
The detailed synthesis progress is described in the Supporting
Information. In CH;CN/PBS (v/v = 2:1, 10 mM, pH 7.4)
mixed solution, these Schiff base compounds and cyclized
intermediates (S4 and S9) show nearly no fluorescence. The
fluorescence of these solutions remained unchanged as 20
equiv of cyanide or Cu** was added alone. In sharp contrast,
remarkable fluorescence was observed as the solution was
treated with 20 equiv of cyanide and Cu®" (Figure 1). The
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Figure 1. Fluorescence spectra change of S1 with CN~ and Cu?* in
CH,CN/PBS (v/v = 2:1, 10 mM, pH 7.4) mixtures, 4., = 375 nm.
Inset: photograph of S1 solution before and after addition of copper-
cyanide complex upon excitation at 365 nm.

fluorescence increased and reached saturation within a short
time. Compounds S1 and S4 have a fast response time of
about S min, and compounds S2, S3, S7, S6, S8, and S9 need
10 min, while compounds S5 and S10 require a little longer
time (20—S0 min). These results implied that the copper-
cyanide complex probably catalyzed Schiff bases or cyclized
intermediates (S4 and S9) to quickly transform to new
compound that are strongly fluorescent.

To verify whether the fluorescent products are benzazoles,
we took S1 as a model sample and synthesized the
corresponding benzazole product 2 using the conventional
method by condensation of 2,5-dimethoxyterephthalaldehyde
with 2-amino-4-(tert-butyl)phenol in toluene and subsequent
oxidation by 2,3-dicyano-5,6-dichlorobenzoquinone (DDQ) in
CH,CL,.” The product of S1 treated with the copper-cyanide
complex has the same fluorescence spectrum as 2 (Figure S1).
In addition, we checked the product by MS spectrum and high-
performance liquid chromatography (HPLC). The [M + 1]*
peak (485.28) of the S1 solution with the copper-cyanide
complex corresponds to [2 + 1]* of 485.24. The retention time
of S1 treated with the copper-cyanide complex is the same as
that of 2 in the identical condition of HPLC (Figure S2). It is
clear that nonemissive Schiff bases were transformed to
fluorescent benzazole derivatives after reaction with the
copper-cyanide complex.

The underlying reaction mechanism should involve the
following three steps: (1) As a strong nucleophile agent,
cyanide ions first attack the carbon nitrogen double bond of
the Schiff base to form intermediate 1 (Figure 2).”° (2) 1
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Figure 2. Presumed mechanism that S1 was catalyzed to form
benzazole in the presence of CN™ and Cu?* detection.

spontaneously cyclizes to produce 1’. (3) 1’ was oxidized to
the corresponding benzoxazole derivative in the presence of
the copper-cyanide complex and concurrently released [Cu-
(CN),]"™. The first step reaction can be proven through the
NMR titration spectra of S1 upon addition of cyanide. As
shown in Figure S3, when a low concentration of cyanide ions
is added, the characteristic peak of the Schiff base at about 8.95
ppm disappears. With increasing the concentration of the
cyanide ion, new signal peaks at 7.5 and 6.5 ppm occurred,
which are assigned to —NH— and —CH— that derived from
the C=N bond, respectively.”' These results indicated that
cyanide ions attack the C=N bond of the Schiff base to induce
the addition reaction.

We found that cyclized compounds from S$4 and S9 (Table
S1) cannot be oxidized to corresponding benzothiazole
derivatives by copper ions alone, although copper ions are
known as good oxidants. The results show that CN~ is
indispensable in the third step and probably improves the
oxidation capacity of copper in the oxidation process. The
redox product Cu" in the system can be easily detected by the
Cu* fluorescent sensor (Figure S4). In addition, the existence
of Cu” ions in the products of S1 (1 yM) with 20 equiv of
CN™ ions and 20 equiv of Cu** was proven by XPS spectra of
Cu 2p. As shown in Figure SS, the characteristic peaks of
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binding energies at 933.1 and 955.0 eV were assigned to Cu
2ps), and Cu 2p; ), of Cu’, respectively.””**

The excitation wavelength and maximum emission wave-
length of products, the interaction time, the conversion yield
through the HPLC technique, and the fluorescence intensity
enhancement of the maximum emission wavelength of S1—
S10 after treatment with the copper-cyanide complex are
shown in Table S2. Compared with $6—S10, S1-SS§
substituted with p-methoxy produce products with a larger
Stokes shift. The reason may be that the conjugation of
methoxy and the benzene ring increases the 7 electron cloud
density and emission wavelength. In addition, S1 and S6
substituted with fert-butyl show high conversion efficiency
(more than 90%) and fast response time (10 min). The
electron-donating property of the t-butyl group not only
improves the nucleophilic addition cyclization ability of
phenolic hydroxyl groups but also facilitates subsequent
oxidation. In contrast, the conversion efficiency would be
lower as the electron-withdrawing group, e.g., bromine, was
introduced, which can easily be found from S2 and S7
compounds. Moreover, their fluorescence intensity enhance-
ment is small (less than 30-fold) because of the heavy atom
quenching effect of bromine. Compared with S2, S4, and S5
which finally form benzoxazole, benzothiazole, and benzimi-
dazole, respectively, the conversion yield to produce
benzoxazole is low (about 30%) due to its weak nucleophilic
capability of the phenolic hydroxyl group. These experimental
results further corroborate the mechanism of cyclization and
oxidation.

Considering the high conversion efficiency, fast response
time, and large fluorescence intensity enhancement (400-fold)
of S1, we take S1 as the model molecule to study fluorescent
detection of the copper-cyanide complex. In the CH;CN/PBS
(v/v =2:1, 10 mM, pH 7.4) buffer system containing 20 equiv
of CN7, S1 is nonfluorescent upon excitation at 375 nm. As
Cu’* was added, the fluorescence intensity at 439 nm gradually
increased. After adding 8 equiv of copper ions, a 400-fold
fluorescence enhancement was found. The fluorescence
intensity showed a good linear relationship to the concen-
tration of Cu®" in the range 1—6 uM (Figure S7), and the
detection limit for Cu®* is 1.53 nM. The selective and
competitive experiments of other cations for the detection of
copper ions were performed. As shown in Figure S8, the
fluorescence intensity at 439 nm increased after addition of
Cu?*, while no fluorescence was observed as other cations were
added. The fluorescence intensity increased significantly upon
addition of S equiv of Cu®" in the presence of 10 equiv of
competitive cations. These results indicate that S1 in the
presence of CN™ can act as a fluorescent sensor to selectively
detect Cu** without any interference from other analytes.

In the presence of 8 equiv of Cu?', the fluorescence of S1
solution gradually increased as 1—30 equiv of CN™ was added.
There is an obvious linear relationship between fluorescence
intensity and CN~ concentration (Figure S10), demonstrating
that S1 can quantitatively detect cyanide ions. As shown in
Figure 3, S1 coupled with Cu®" can selectively detect CN™ over
other competitive anions. The effect of biological glutathione
(GSH) on the reaction was checked, as shown in Figure S11;
the reaction can proceed in the presence of a low
concentration of GSH, but the conversion yield is inferior to
that in the absence of GSH, suggesting the existing of GSH
interference. It is presumed that the more Cu(I) produced by
GSH would decrease the oxidation capability of the cyanide-
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Figure 3. (a) Fluorescence spectra of S1 (1 yM) in CH,CN/PBS
buffer (v/v = 2:1, 10 mM, pH 7.4) mixtures containing 8 equiv of
Cu®* upon addition of CN™ and other anions. (b) Fluorescence
intensity value of S1 upon addition of 50 equiv of various anions
(black bars). Red bars represent the changes after the subsequent
addition of 50 equiv of CN™.

copper complex. The effect can be screened to some extent by
subsequent addition of biological reductant ascorbic acid or
H,O0, that can transfer Cu(I) to Cu(Il), despite the fact that
the condition still needed to be optimized.

In order to further study the possibility of the synthesis of
benzazoles from Schiff bases and the detection of the copper-
cyanide complex in a biological environment, we carried out
fluorescence imaging experiments in HepG2 cells. HepG2 cells
were first incubated with compound S1 (1 M) in the culture
media at 37 °C for 30 min. As shown in Figure 4, the cells
showed no obvious fluorescence signal. The control groups
were further incubated with 20 uM CN~ or 20 uM Cu?** alone
for 30 min. It was found that these cells had no fluorescence
intensity change. In sharp contrast, strong blue fluorescence in
the cells was observed as these cells were treated with the
copper-cyanide complex for 20 min. The results showed that
compound S1 had good cell membrane permeability and could
in situ form fluorescent benzazoles for detection of CN™ and
Cu”* in living cells. It should be noted that this copper-cyanide
catalyzed reaction can proceed even in the presence of
biological GSH probably due to the fact that there is a complex
redox balance in the biological system. We further performed
colocalization experiments using commercial mitochondrial
tracker Rhodamine 123, endoplasmic reticulum ER-tracker
red, and lysotracker green DND-26, respectively (Figure S12).
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Figure 4. Confocal fluorescence images of liver cancer cells (HepG2
cells). (a—c) Images of HepG2 cells incubated with S1 (1 M) for 30
min. (d—f) Images of HepG2 cells pretreated with S1 for 30 min and
subsequent treatment with CN~ (20 #M) for 30 min. (g—i) Images of
HepG2 cells pretreated with S1 for 30 min and subsequent treatment
with Cu** (20 uM) for 30 min. (j—1) Images of HepG2 cells
pretreated with S1 (1 M) for 20 min and subsequent treatment with
CN~ (20 uM) for 20 min, followed by treatment with Cu** (20 uM).
Aex = 405 nm. Scale bar: 20 ym.

The overlap coefficients were calculated by image-] software.
As shown in Figure S11, the Pearson correlation coefficients in
mitochondria, endoplasmic reticulum, and lysosome were 0.39,
0.61, and 0.93, respectively, revealing that compound $1I,
which interacts with CN~ and Cu?' in cells, can be well
localized in lysosomes. The cytotoxicity of compound S1 is
tested by an MTT assay. As shown in Figure S13, the survival
rate of cells cultured with S uM S1 for 24 h is over 80%,
showing very low cytotoxicity for biological application.

In order to study whether this synthesis works in biological
tissue, we selected the root of Arabidopsis thaliana for imaging.
As shown in Figure S, the plant root tissue showed no
fluorescence after incubation with S1 at 37 °C for 1 h. No
fluorescence was found after sequential addition of Cu®" or
CN™. However, we found strong blue fluorescence in root
tissue as it was treated with the copper-cyanide complex. It is
suggested that compound S1 can enter plant root tissue well
and successfully generate emissive benzazoles in complex
biological tissue, which can be further applied for detection of
CN™ and Cu?' in this environment.

In summary, the copper-cyanide complex can transform
nonemissive Schiff bases that are substituted with different
groups to corresponding fluorescent benzazole derivatives. The
catalyzed reaction experiences the nucleophilic addition of

Figure S. Confocal microscopy images of Arabidopsis root tissue (S
days). Arabidopsis thaliana incubated with S1 (2 uM) for 1 h at 37 °C
(a—c), followed by the addition of 80 uM CN~ (d—f) or 80 uM Cu**
(g—i) and incubation, respectively, for another 30 min. (j—1) Images
of Arabidopsis thaliana pretreated with S1 (2 yM) for 1 h and
subsequent treatment with 80 uM CN~ for 30 min and 80 uM Cu®*
for 30 min. 4., = 405 nm. Scare bar: 50 ym.

cyanide to the C=N bond, cyclization addition, and oxidation
in the presence of Cu®>* and CN™. The reaction can proceed in
buffer solution with high conversion efficiency, fast response
time, and large fluorescence enhancement. Moreover, this kind
of reaction can take place in living cells and plant tissues and
be further applied for selective detection of Cu** and CN™. It is
envisioned that this reaction would be useful for studying and
understanding the formation of benzoxazole-based biomole-
cules in vivo.
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