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ABSTRACT: The development of straightforward accesses to organic functional materials through C—H activation is a
revolutionary trend in organic synthesis. In this article, we propose a concise strategy to construct a large library of donor—
acceptor-type biheteroaryl fluorophores via the palladium-catalyzed oxidative C—H/C—H cross-coupling of electron-deficient
2H-indazoles with electron-rich heteroarenes. The directly coupled biheteroaryl fluorophores, named Indazo-Fluors, exhibit
continuously tunable full-color emissions with quantum yields up to 93% and large Stokes shifts up to 8705 cm™" in CH,Cl,. By
further fine-tuning of the substituent on the core skeleton, Indazo-Fluor 31 (FW = 274; A, = 725 nm) is obtained as the lowest
molecular weight near-infrared (NIR) fluorophore with emission wavelength over 720 nm in the solid state. The NIR dye Sh
specifically lights up mitochondria in living cells with bright red luminescence. Typically, commercially available mitochondria
trackers suffer from poor photostability. Indazo-Fluor Sh exhibits superior photostability and very low cytotoxicity, which would
be a prominent reagent for in vivo mitochondria imaging.

B INTRODUCTION Oxyluciferin is a typical bisazole molecule generated during

Organic fluorophores are of great interest in diverse scientific the bioluminescence process found in firefly, accompanied by

fields like materials science, chemistry, and biology due to their intense luminescence emission in a wide wavelength range of
high sensitivity, structural versatility, good specificity, high 530—640 nm when returning from the excited state to the
chemical stability, and synthetic accessibility." Particularly, low- ground state (Figure 1).° Recently, biheteroarenes have
molecular-weight organic fluorophores are highly desirable for gradually become appealing building blocks to construct
biological studies because of their unique advantages such as
ood cell permeability and minimal perturbation to livin HO s NsCOOH e g s NO HO s, N OH
;gystems.2 In recent years, near-infrared (NIR) ﬂuorophore% \GENHSJ/ " \@NHST - \Q:JHSI

(emission wavelengths between 650 and 900 nm) have held the N e
spotlight for in vivo bioanalysis and bioimaging owing to their
minimal photodamage, low light scattering, and deep tissue
penetration.” The development of novel minimal NIR
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Figure 1. Oxyluciferin generated during the bioluminescence process

fluorophores with structural petiteness is an appealing, yet in firefly.
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fluorophores,® and a large number of fluorophores featuring
biheteroaryl frameworks with peripherial functionalities are
now commercially available (Scheme 1).” Considering that

Scheme 1. Selected Examples of Commercially Available
Fluorescent Probes Containing Biheteroaryl Frameworks
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tuning intramolecular charge transfer (ICT) through donor—
acceptor (D—A) type molecular systems is a facile and efficient
gateway in the discovery of full-color-tunable organic
fluorophores,”® the coupling between two heteroarenes with
distinct electronic properties, ie., electron-rich and electron-
deficient, could enable a D—A type Het*®—Het®™ skeleton
(Figure 2). Attaching functional peripherals on biheteroarenes
could allow further tuning of the ICT character to endow a
wide region of fluorescence emissions.

"®
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Figure 2. Design and construction of biheteroaryl fluorescent
skeletons via direct oxidative C—H/C—H cross-coupling reactions.

HetER = Electron-rich heteroarene
HetEP = Electron-deficient heteroarene
AG = Auxochromic group
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To understand the fluorescence—structure relationship,9 it is
particularly necessary to develop a simple and straightforward
manner to assemble a large library of fluorophores with a broad
range of emission wavelengths. Traditional cyclization and
transition-metal-catalyzed C—X/C—M coupling reactions are
common strategies to access biheteroaryl fluorophores.®>°
However, these protocols often suffer from tedious multistep
synthesis including preactivation of substrates as well as general
reluctance to the coupling partners with reactive functional
groups, which limit rapid diversification toward fluorophores.
Given that the emerging transition metal-catalyzed direct
oxidative C—H/C—H cross—coupling reactions between two
heteroarenes have shown the advantages of both the avoidance
of tedious preactivation of starting materials and the tolerance
of reactive functional groups, ' it would be the most
straightforward and convenient access to assemble a library of
biheteroaryl fluorophores starting from easily available
heteroarene substrates (Figure 2).12
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As electron-deficient benzopyrazole molecules, indazoles that
are privileged structural units with biological and pharmaco-
logical activities'® have emerged as novel fluorescent skeletons
in recent years.'* In this work, we wish to demonstrate the
power of oxidative C—H/C—H cross-coupling reaction in the
rapid assembly of a small-molecule organic fluorophore library
by taking the direct couple of 2H-indazoles with various
electron-rich heteroarenes as an example. Through high-
throughput screening of fluorophores, we aspire for the
discovery of minimal NIR probes with superior photostability
and low cytotoxicity.

B RESULTS AND DISCUSSION

Molecular Design. Recently, Ellman and co-workers
investigated the potential of 2-aryl-2H-indazole core skeleton
as fluorophores by a rhodium (III)-catalyzed cyclization reaction
between azobenzenes and aldehydes.'** The results show that
electron variation at the N2 position (R') has very limited
influence on the emissions, which are mainly located in the
blue-light region of a narrow range from 398 to 438 nm.
Considering that indazole is a common electron-deficient
heteroarene, the coupling of indazole with typical electron-rich
heteroarenes such as thiophene, furan, pyrrole, and indole
could directly assemble Het**—Het™® skeletons with ICT
character. The density functional theory (DFT) calculation was
then conducted to predict the position that can efliciently
disturb the electronic effect on indazole. The results
demonstrate that the C3 position of indazole has the largest
electron density difference between LUMO and HOMO
among the modifiable positions, suggesting that it would be a
preferential site for the connection of Het*®—Het*" biheter-
oaryl skeletons (Figure 3a).”>®'® In addition to the alterability
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Figure 3. (a) HOMO and LUMO electron densities. The blue and red
circle sizes represent the atomic contribution (only the modifiable
carbon atoms are shown). (b) Selected positions of indazole motif to
construct the biheteroaryl fluorophores.

of the electron-rich heteroaryl moiety, the R* group at the C$S
position of indazole and the R* group on the electron-rich
heteroaryl are also chosen for the study of fluorescence—
structure relationship (Figure 3b). The variation of R* and R}
groups would further tune the ICT character and provide a
library of biheteroaryl fluorophores with divergent emissions.
Methodology. With this molecule design in mind, we
aimed to develop a concise and rapid construction of a 3-
heteroarylated 2H-indazole library. Recently, the direct C3—H
heteroarylation of 2H-indazoles with electron-deficient hetero-
aryl halides such as halopyridine was performed to construct 3-
heteroarylated 2H-indazoles (C—H/C—X type).'® We herein
initiated our investigation with the C—H/C—X cross-coupling
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of 2-methyl-2H-indazole la with 2-bromo-S-methylthiophene
2a’. Unfortunately, the coupling reaction only gave a very low
yield of the desired product 3a (up to 11%) under several
generally used catalytic conditions (eq 1 and Table S1).

~
generally used \S
= f/ 1\ catalytic conditions
— " 1
©:;N * /Q\Br Up to 11% yield = N— M
(C-H/C-X cross-coupling) SN
1a 2a' 3a
~
\.§
= I\ cat., oxidant, additive
N oo = @
N S Up to 74% vyield N—
-H/C-H cross-coupling
C-H/C-H l N
1a 2a 3a

Following our continuous interest in oxidative coupling
we turned our efforts to the oxidative C—H/C—H
cross-coupling of 2-methyl-2H-indazole 1la with various

. 17
reactions,

electron-rich heteroarenes. This reaction was investigated by
using 2-methylthiophene 2a as the model substrate (eq 2). At
the outset, the biheteroarene 3a was obtained in 24% yield by
employing 5 mol % of Pd(OAc), as the catalyst and 1.5 equiv
of Cu(OAc),-H,0 as the oxidant in 1,4-dioxane at 120 °C for
24 h (Table S2, entry 1). After screening of several additives,
pyridine improved the yield to 70% (Table S2, entries 2—7).
After investigating other parameters such as solvents, Pd
sources and oxidants (Table S2, entries 10—18), we finally
obtained 74% yield under the catalytic system comprising
Pd(PPh;), (S mol %), Cu(OAc),H,0 (1.5 equiv), and

Scheme 2. Direct Oxidative C—H/C—H Cross-Coupling of 2H-Indazoles with Various Electron-Rich Heteroarenes and

Photophysical Data of the Resulting Catalytic Products® b
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“Reaction conditions: 2H-indazole (0.25 mmol), electron-rich heteroarene (0.75 mmol), Pd(PPh;), (5 mol %), Cu(OAc), H,O (1.5 equiv),

pyridine (1 0 equiv) and 1,4-dioxane (0.5 mL) at 120 °C for 24 h under N, atmosphere. bIsolated yield. “Ten mole percent of Pd(PPh,), was used
for 36 h. 36 h. “Emission maximum in CH,C, at 10 0 uM. Absolute quantum yield in CH,Cl, at 10.0 uM determined with an integrating sphere
system. *Emission maximum in CH;CN at 10.0 yM. " Absolute quantum yield in CH;CN at 10.0 M determined with an integrating sphere system;

n.d., not detected.
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pyridine (1.0 equiv) in 1,4-dioxane at 120 °C for 24 h (Table
S2, entry 16).

Under the optimized conditions, the scopes of indazoles and
electron-rich heteroarenes were tested as summarized in
Scheme 2. To our delight, various indazoles could directly
couple with a variety of electron-rich heteroarenes such as
thiophene, benzothiophene, furan, benzofuran, pyrrole, and
indole in moderate to excellent yields. It was also delightful to
observe that the protocol well tolerated the functional groups
such as aldehyde, acyl, ester, amide, nitro, dimethylamino,
methoxy, chloro, and even hydroxyl under the reaction
conditions, which could be conveniently modified for the
purpose of fluorescence—structure relationship study. Thus, our
methodology opens a door for the diversity-oriented
construction of C3-heteroarylated 2H-indazole Het"™ —Het®”
skeletons.

Fluorescence—structure Relationship. With a divergent
library of 3-heteroarylated 2H-indazoles in hand, their photo-
physical properties including absorptions, excitations, emis-
sions, and quantum yields were measured (for details, see
Section III in Supporting Information). It is worth noting that
these D—A type fluorophores, named Indazo-Fluors, present
full-color-tunable emissions (d.,: 393—624 nm in CH,Cly;
390—632 nm in CH;CN) with large Stokes shifts (up to 8705
em™" in CH,Cly; 9177 em™" in CH;CN) and high fluorescence
quantum yields (up to 93% in CH,Cl,; 82% in CH;CN)
(Scheme 2, Figure 4, and Tables S3 and S4).

Figure 4. Photographic images of selected Indazo-Fluors in CH,Cl,
(excited at 365 nm under a UV lamp).

To clarify the fluorescence-structure relationship of Indazo-
Fluors, the representative data are listed in Tables 1 and 2.
First, the quantum yields of Indazo-Fluors are significantly
dependent on the electron-rich heteroaryl parts. The Indazo-
Fluors composed of thienyl and furanyl moieties have similar
emission wavelengths, but the latter possess much higher
quantum yields (Table 1). When benzothienyl and benzofur-
anyl are employed, the analogues of thienyl and furanyl
moieties with a larger conjugation, the corresponding Indazo-
Fluors gain much higher quantum yields with only tiny
variation of emission wavelengths. For instance, 3a exhibits an
emission maximum at 398 nm with a quantum yield of 6%,
while its furanyl/benzothienyl counterparts 3b/3i show the
similar emission maxima with approximately 7-fold-increased
quantum yields (up to 40%).

As reported by Ellman et al,'* the R' group at the N2
position has little influence on both absorption and emission
wavelengths. 3e (R! = methyl), 3f (R' = phenyl), and 3g (R' =
pyridinyl) exhibit similar absorptions (367, 370, and 368 nm,
respectively) and emission wavelengths (434, 434, and 431 nm,
respectively) in CH,CL,. In addition, their quantum yields are
also comparable.
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Table 1. Effect of Electron-Rich Heteroaryl Parts on the
Photophysical Property of Indazo-Fluors®

Stokes
Awe e shift

compd R? R® X nm) (nm) (cm™) (o}
32 Me H S 327 398 5455 0.06
3b  MeH O 338 394 4205 039
3i  benzo H S 332 398 4995 040
3 benzo H O 345 393 3540 068
42 Me OMe S 334 410 5550 0.5
4b Me OMe (0] 343 411 4824 0.31
4g CHO OMe S 388 499 5733 0.30
4e CHO OMe (@] 377 469 5203 0.83
Sa  Me N(Me), S 364 459 5686  0.17
sb ME N(Me), O 368 454 5147 074
6a Me COMe S 351 447 6119 0.26
6b Me COMe O 365 449 5126 0.60
6g OMe COMe N 358 468 6565 0.65
6¢ OMe COMe o 375 472 5480 0.90

“Photophysical properties in CH,Cl, at 10.0 uM.

Table 2. Effect of Substitutents (R*> and R®) on the

Photophysical Property of Indazo-Fluors®

Stokes shift

compd R? R (em™! (o3
3b  Me H 338 394 4208 0.39
4  Me OMe 343 411 4824 0.31
sb Me N(Me), 368 454 5147 0.74
3c OMe H 344 414 4915 048
4c  OMe OMe 348 426 5261 0.48
5 OMe N(Me), 370 455 5049 0.57
6d COMe COMe 371 414 2800 029
3d COMe H 359 426 4381 034
4d COMe OMe 368 453 5099 0.75
sd  COMe N(Me), 407 555 6552 0.58
6e CHO  COMe 376 423 2955 0.16
3 CHO H 367 434 4206 030
4¢ CHO  OMe 377 469 5203 0.83
Se CHO  N(Me), 420 584 6686 0.14

“Photophysical properties in CH,Cl, at 10.0 M.

Subsequently, the impact of the R substituent was
investigated. As shown in Table 2, an increase in the
electron-withdrawing ability from methyl (3b) to acetyl (3d)
and aldehyde (3e)" enables bathochromic shifts of emission
wavelengths from 394 to 426 and 434 nm, respectively. Thus, it
is reasonable to deduce that an even stronger -electron-
withdrawing R substitutent would push the emission even
further. As expected, Indazo-Fluor 31 with an extremely
electron-withdrawing dicyanovinyl (DCV) group, which was
easily obtained from the Knoevenagel condensation of 3e with
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malononitrile (eq 3),"" emits yellow fluorescence with a
maximum emission of 537 nm in CH,Cl, (Table S3).

Et3N, CHCI;
reflux

Compared with 3e (4., = 434 nm), 3l shows a large
bathochromic shift of 103 nm. It is noteworthy that 31 exhibits
a NIR emission (4., = 725 nm, @y = 0.05) in the solid state.
To the best of our knowledge, 31 is the lowest molecular weight
NIR fluorophore (FW = 274) with emission wavelength over
720 nm in the solid state.””

Besides the R? substituent, the emissions of Indazo-Fluors
are also largely controlled by the electronic nature of the R®
substituent (Table 2). Taking aldehyde as the reference R*
substituent, the alteration of the R® substituent from electron-
withdrawing acetyl (6e) to hydrogen (3e), methoxy (4e), and
strong electron-donating N,N-dimethylamino (DMA) (Se)
induces an obvious bathochromic shift of emission wavelengths
from 423 to 434, 469, and 584 nm, respectively. Indazo-Fluors
with other R? substituents also exhibit such a similar variation
tendency of emission wavelengths.

The above study elucidates that (1) the direct connection of
intrinsically electron-deficient indazoles and electron-rich
heteroarenes quickly establishes a full-color tunable library of
Indazo-Fluors; (2) fine tuning of the core skeleton with a
strong electron-donating group (D) on the indazole side (R?)
and a strong electron-withdrawing group (A) on the electron-
rich heteroaryl side (R*) could efficiently push the emission of
Indazo-Fluors toward red region; and (3) the assembly of a D—
Het®P—Het™ —A structure could be considered as an optimal
protocol to construct NIR Indazo-Fluors.

Molecular Tuning to NIR Emission. With the optimal
pathway to NIR Indazo-Fluors in hand, the aldehyde-bearing
fluorophores Se and 5g with the emission maxima at 584 and
624 nm in CH,Cl, were chosen for further modification. The
Knoevenagel condensation of Se and 5g with malononitrile
afforded Sh and Si with the extremely electron-withdrawing
DCV group, which emitted NIR fluorescence at 709 and 710
nm in CH,Cl,, respectively (Table 3). It needs to be noted that
the molecular weights of Sh and Si are only 317 and 333,
respectively. The measurement of photophysical properties
reveals that the solvent polarity has little effect on the
absorption of Sh, while the emission of Sh is significantly
red-shifted with attenuated quantum yield with an increase of

Table 3. Photophysical Properties of Sh and Si”

j'abs/}'ex /1em (nm)/(I)Fb in /1em (nm)/(I)Fb in
) PMMA

compd X (nm CH,Cl,
Sh o 531/533 709/~0.01 652/0.17
Si S 535/530 710/~0.01 644/0.13

“Photophysical properties in CH2C1 (10.0 uM) and PMMA films
doped with 0.1 wt % of Sh or Si. *Absolute quantum yield determined
with an integrating sphere system.

the solvent polarity (Figure S1). For example, Sh exhibits an
emission maximum of 609 nm with an absolute quantum yield
of 45% in CCl,, while its emission maximum bathochromically
shifts to 709 nm and the quantum vyield decreases to
approximately 1% in CH,Cl,. A similar solvatochromic effect
is observed for Si as well. These phenomena together with the
D—Het"™P—Het"™ —A structure suggest that Sh and $i might be
ICT fluorophores.

The low fluorescence quantum yields of Sh and Si in CH,Cl,
could be ascribed to their intrinsic low energy gaps between
ground and exited states”' and the free intramolecular rotation
of the biheteroaryl skeletons that dissipates the excited state
energy through nonradiative pathway. The free intramolecular
rotation could be suppressed effectively when the fluorophore
is dispersed in a solid matrix, thus leading to an increased
fluorescence. For example, the poly(methyl methacrylate)
(PMMA) thin films doped with 0.1 wt % of Sh or Si exhibit
absolute quantum yields of 17% and 13%, respectively (Table
3).

To confirm the ICT effect, Sh was subjected to the density
functional theory (DFT) calculation at B3LYP/6-31G(d) level
(for details, see Section IV in Supporting Information).”* The
highest occupied molecular orbital (HOMO) is primarily
localized over the DMA-substituted indazole moiety, while the
lowest unoccupied molecular orbital (LUMO) is mostly
centered on the DCV-substituted furanyl moiety (Figure S).

a) % ‘ b -,
, s* ‘:. s
,Q:‘.p* 3 ;&o

Figure 5. HOMO (a) and LUMO (b) diagrams of Sh.

Meanwhile, the fluorescent lifetime of Sh, as measured to be
1.67 ns, is much longer than the solvent orientational relaxation
time. Therefore, the evaluation of the dipole moment change
(Ap = p, — pig) between the ground state and the exc1ted state
could be conducted through solvatochromic effect.” A good
linear correlation (R = 0.992) is established between the solvent
polarity and the Stokes shift (Figure 6), which allows us to

7000

Slope = 12392
60001 R=0.992
—~ 5000 .
g 40004
S
> 3000+
<
2000+
1000
0

000 005 010 0.15 020 025
Af

Figure 6. Plot of the Stokes shift (Av) versus the solvent polarity
function (Af) for Sh.

calculate the dipole moment change (Ap) of Sh from the
ground state to the excited state. The Onsager radius of 4.982
A, estimated from quantum chemical calculatlon by using DFT
method at B3LYP/6-31G(d) level,” is used as an effective
radius of the solvent cavity for Sh. The Au value was then
calculated to be 11.38 D (for details, see Section IV in
Supporting Information). Both the DFT calculation and a large
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value of Au clearly indicate that Sh is a typical D—A type
fluorophore with significant ICT character.

Specific Targeting to Mitochondria. Fluorescent probes
have emerged as a powerful tool for noninvasive imaging of
various biological processes. With an Indazo-Fluor library in
hand, Indazo-Fluors were screened for the confocal fluorescent
imaging of HepG2 cell (human hepatocellular liver carcinoma
cell line). Living HepG2 cells were cultivated with Indazo-
Fluors in PBS (phosphate buffered solution) containing 1%
DMSO for 2 h at 37 °C after being cultured in Dulbecco’s
mimimum eagle’s medium (DMEM, containing 10% of fetal
bovine serum (FBS), 100 IU mL™" of penicillin, and 100 mg
mL™! of streptomycin). To our delight, NIR fluorophore Sh
successfully penetrated the cell membranes and labeled HepG2
cells with a bright red luminescence (Figure 7b). Although both

Figure 7. Confocal fluorescence images of HepG2 cells cultured with
Sh in PBS containing 1% DMSO (20.0 uM, 4, = 552 nm, 4,,,, = 650—
750 nm): (a) Sh without HepG2 cells; (b) Sh with HepG2 cells; (c)
bright-field image; and (d) merged image of (b and c).

of NIR fluorophores Sh and Si were stable in CH,Cl, under
xenon lamp irradiation (Figure S2), the fluorescence of Si was
rapidly bleached under high-energy laser irradiation. It needs to
be noted that the negligible emission of Sh in PBS (high polar
solution) (Figure 7a) could just be thought of as an advantage
for a fluorescent bioprobe because it does not bring out any
background fluorescence.

Subcellular structures have close ties to normal cellular
functions and disease progression.”* As an important organelle,
mitochondria are the energy factory of eukaryotic cells and are
also involved in signaling, regulation of metabolism, control of
cell cycle, and cellular differentiation as well as cell growth and
death.”® Consequently, it is highly demanding to develop
specifically mitochondria-targeted trackers to monitor the
mitochondrial functions.”® Recently, a large number of
mitochondria-targeted fluorescent probes have been reported.””
To further explore the imaging potential of Sh, subcellular
localization experiments with HepG2 cells were performed.
Morphological observations showed that Sh might be localized
in mitochondria. Co-staining experiments of HepG2 cells with
Sh and commercially available MitoTracker Green FM (a
widely used mitochondria-specific green-fluorescent tracker,
MTG) were conducted and the images from channel 1 (green
luminescence from MTG) and channel 2 (red luminescence
from Sh) overlapped very well (Figure 8 and Figure SS). The
Pearson’s coefficient (R, = 0.89) and the Manders’ coefficients
(m; = 0.99 and m, = 0.90), calculated using Image-Pro Plus
software,””*? clearly demonstrated the specific accumulation of
Sh into the mitochondria of living cells.*® Although the exact
mechanism of the specific fluorescent imaging of Sh toward
mitochondria is still unclear at current stage, considering its low
quantum yield in polar solvent as well as enhanced emission in
PMMA film, it is probably ascribed to certain specific
interactions between Sh and mitochondria that restrict
intramolecular rotation to result in fluorescence activation of
Sh and further light up mitochondria of HepG2 cells.
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Figure 8. Co-staining of HepG2 cells with Sh and a commercially
available mitochondria-specific tracker MTG: (a) fluorescent image of
HepG2 cells stained with MTG (A, = 488 nm, A, = 500—540 nm);
(b) fluorescent image of HepG2 cells stained with Sh (20.0 uM, A,
552 nm, Ay, = 650—750 nm); (c) merged image of (a and b); and (d)
bright-field image.

From the application point of view, photostability is a crucial
criterion for evaluating a living cell imaging reagent. The high-
energy laser beam of confocal microscope may lead to the
irreversible destruction of an excited fluorophore (photo-
bleaching). Thus, the photobleaching process often becomes
the primary factor limiting the detectability of a fluorescent
probe. Typically, commercially available mitochondria trackers
suffer from poor photostability.””**' To further evaluate the
potential of Sh, the photostability of Sh was measured
quantitatively together with two well-known commercially
available mitochondria-targeted trackers, MTG and MitoTrack-
er Red FM (MTR). The HepG2 cells stained with them,
respectively, were irradiated continuously with unified laser
beams under confocal microscope. The initial fluorescence
intensities of intracellular Sh, MTG, and MTR were normalized
and the percentages of the fluorescent signal loss were
calculated subsequently (Figure 9). Indazo-Fluor Sh exhibits
almost constant fluorescence intensity and no obvious signal
loss during 50 scans with a total irradiation time of about 4 min

25%

50%

75%+

Signal loss / %

100%

20 30
Number of scan

50

Figure 9. Signal loss (%) of fluorescent emission of Sh (20.0 uM) in
PBS containing 1% DMSO, MTG, MTR, and Alexa Fluor 488
Phalloidin in living HepG2 cells with increasing number of scans using
confocal microscope (irradiation time: 5.14 s/scan). For Sh, A, = 552
nm, 4., = 650—750 nm; for MTG, 4., = 488 nm, 4., = 500—570 nm;
for MTR, A, = 552 nm, 4., = 600—700 nm; for Alexa Fluor 488
Phalloidin, 4., = 488 nm, A, = 500—570 nm.
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Figure 10. Confocal fluorescence images of HepG2 cells cultured with Sh (top), MTG (middle), and MTR (bottom) with increasing number of
scans (irradiation time: 5.14 s/scan; the number of scans shown in upper left corner). For excitation wavelengths and emission filters, see Figure 9.

(Figure 10 and Video S1). In contrast, the signal intensities of
MTG and MTR decay steeply during the same time period,
and only less than 25% signal intensities remain after the first
10 scans. After 25 scans, the signal intensities of MTG and
MTR almost vanish completely (Figure 10, Video S2 and Video
S3). Notably, Alexa Fluor 488 Phalloidin, a representative
photostable dye for cytoskeleton imaging, was also used for
comparison. The signal intensity of Alexa Fluor 488 Phalloidin
decreases to approximately 60% after 50 scans (Figure 9, Figure
S6 and Video S4). These results demonstrate that Indazo-Fluor
Sh has superior photostability.””

Cytotoxicity is another important factor for a living cell
imaging bioprobe. To evaluate the cytotoxicity of Sh, the
comparative experiments among Sh, MTG and MTR were
conducted in three HepG2 cell lines by using CCK-8 (Cell
Counting Kit-8) assays. As shown in Figure 11, Sh exhibits

u 5h
MTG
= MTR

Cell viability / %
3

25 5 10
Concentration / M

control 1.25 20 40

Figure 11. Cell viability values (%) estimated by CCK-8 assays using
HepG2 cells, cultured in the presence of 1.25—40 uM of Sh, MTG,
and MTR for 24 h at 37 °C, respectively.

almost no toxicity to cultured HepG2 cells. Very little variation
of cell viability is observed even with the higher concentration
of Sh at 40 yM. In sharp contrast, the cell viabilities decrease
significantly with a gradual increase of the concentrations of
MTG and MTR. When the concentrations of MTG and MTR
reach 5 uM, the cell viabilities are less than 40%.

B CONCLUSION

In summary, on the basis of the intrinsic electronic property of
heteroarenes, we have established a library of D—A type
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biheteroaryl fluorophores (Indazo-Fluors) via a palladium-
catalyzed oxidative C—H/C—H cross-coupling reaction of
electron-deficient 2H-indazoles with electron-rich heteroarenes.
These directly coupled biheteroaryl fluorophores exhibit full-
color tunable fluorescence, high quantum yields up to 93%, and
large Stokes shifts up to 8705 cm™ in CH,Cl,. Further fine-
tuning of the core skeleton successfully pushes the emission
wavelengths over 700 nm. The protocol developed herein
opens a door to rapidly screen minimal NIR-emitting
fluorophores.

The obtained Indazo-Fluor 3l is the smallest NIR
fluorophore with the emission wavelength over 720 nm in
the solid state. The NIR dye Sh specifically lights up
mitochondria with bright red luminescence in living cells, and
exhibits superior photostability as well as very low cytotoxicity,
which would be a prominent candidate as a fluorescent
bioimaging reagent toward mitochondria. Although a number
of mitochondria-targeted fluorescent probes have been
commercialized, the NIR trackers for mitochondria targeting
still remain scarce. As far as we know, Sh is the smallest NIR
probe with specific targeting to mitochondria. The easy access
to Indazo-Fluors developed herein has well exemplified the
great appeal of C—H activation and unlocks an opportunity in
high-throughput, modulated screening for specific functional
molecules.
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