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Abstract: A class of pyridazinone derivatives as near-infrared
optical probes in fluorescence microscopy images was de-
signed. The design strategy consisted of the stepwise extension
and modification of pyridazinone by expansion of the electron-
donating moiety to a larger m-conjugated system and anchor-

ing a subcellular directing group such as triphenylphosphine or
morpholine. All the desired products were successfully applied
in cell imaging with high subcellular colocalization. Further-
more, these fluorescent probes showed excellent performance
in mouse-brain imaging.

Introduction

Fluorescence imaging for research of life processes, especially
for observation of cells and tissues, has attracted extreme atten-
tion in the past decades."! Fluorescence probes with excellent
photophysical properties and based on rhodamine, cyanine,
boron-dipyrromethene (BODIPY), and other frameworks have
been developed.”? Apart from continuous efforts devoted to
structural modification of probes, upgrading tissue visualization
represents another urgent demand requiring suitable candi-
dates to interpret the biological information.

However, photophysical disadvantages such as short absorp-
tion/emission wavelength, small Stokes shift, and fast photo-
bleaching often restrict applications of some conventional fluo-
rescent probes.” As we know, probes with short absorption/
emission wavelengths are unable to penetrate biological tis-
sues, and this makes them inadaptable for in vivo observation.
Moreover, the excitation of autofluorescence as a background
of biological tissues is detrimental to the imaging effect. Fur-
thermore, a small Stokes shift is not beneficial to the fluores-
cence signal owing to overlap of the excitation and emission
spectra.’! Thus, the development of novel fluorescence probes
with near-infrared emission and large Stokes shifts is urgently
demanded.
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Pyridazinone (PY), a six-membered aromatic ring, has been
manually prepared and applied as a pharmacophore in drug
design.’ In a previous report, we designed a series of full-color
tunable fluorescent dyes based on pyridazinone as an electron
acceptor. Preliminary application of those pyridazinone deriva-
tives to cell imaging resulted in good cell permeability and high
stability.”) To meet the requirements for biological research, we
herein used pyridazinone and its analogue, phthalazinone (PH),
to construct fluorophores.

Results and Discussion

Design of Probe

We chose 6-phenylpyridazinone as an electron-withdrawing
moiety to build the new fluorophores. On the basis of our previ-
ous results, the coupling of different electron-donating aro-
matic groups such as N,N-diethylaniline and thiophene on the
2-NH group of pyridazinone endows the products with lumines-
cent properties. However, the fluorescent emission of the prod-
ucts is located in the region between 550 and 600 nm in com-
mon solvents such as DMSO. Thus, we assumed that extension
of the m-conjugation system of the electron-donating moiety
would enable a redshift in the absorption/emission wavelength
of the fluorophore.!® Besides, a small Stokes shift is usually the
result of the rigidity of the molecular structure. Thus, an effec-
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Figure 1. Design strategy for the new pyridazinone fluorescent probes.
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Figure 2. Structures and photophysical properties (measured in DMSO) of the novel pyridazinone-based fluorescent probes.

tive way to realize a large Stokes shift is to increase the flexibil-
ity of the fluorescent skeleton.”! On this basis, to extend the
conjugation of the molecules and to increase their vibrational
flexibility, a thiophene moiety was chosen to be inserted into
the original fluorophore between the pyridazinone and N,N-
diethylaniline moieties (Figure 1).

Furthermore, to achieve tailor-made specificity in intracellu-
lar localization, an anchoring group on the skeleton was
necessary, and thus, a 4-phenoxy group was attached to the
pyridazinone. Then, the hydroxy group of the phenol moiety
was alkylated with a bromoalkyl chain. Finally, carriers with lipo-
philic and cationic properties were installed on the alkyl chain
to enhance the affinity of the fluorophores to particular organ-
elles. For example, an alkyl chain with a terminal positively
charged triphenylphosphine group was anchored to the
hydroxy group of the phenol moiety, as this was expected to
serve as a mitochondria-directing group, and in the same way,
a morpholine group was introduced, as it was expected to serve
as a lysosome-directing group (Figure 2).

Computational Details

To obtain information on the fluorophores, calculations were
performed by geometrical optimization of their structures at
the B3LYP/6-31G** level of density functional theory.'® Besides,
the excitation energies from the ground state to the lowest-
lying excited states in the singlet manifold were also calculated.

To simplify the calculations, the methoxy group or the
hydroxy group of the phenol moiety was removed. Tables 1 and
2 show the optimized geometric structures of PY and PH, and
the molecular frameworks are basically composed of four
aromatic rings. In sequence, the dihedral angle between the
N,N-diethylaniline and thiophene moieties is 35°. However, the
dihedral angle between the thiophene and pyridazinone or
phthalazinone units decreases to 2 or 3°, which is indicative of
its approximate planarity. Relative to that of PY (27°), the di-
hedral angle of phthalazinone/phenol markedly increases to 57°
owing to steric effects. The optimized molecular orbitals (MOs)
reflect that the delocalized electron density of the HOMO is

Table 1. HOMOs and LUMOs of the fluorescent probes as deduced by DFT calculations.
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Compound HOMO LUMO Excitation energy fibl Composition Dihedral anglel®
leV] [eV] [eV] ]

PY -6.8500 0.1552 4.4682 0.8520 HOMO—LUMO 27/3/35

PH -7.4393 0.1742 4.8259 0.9712 HOMO—LUMO 57/2/35

[a] Only selected excited states were considered. [b] Oscillator strength. [c] Dihedral angle: anisole/pyridazinone, thiophene/pyridazinone, thiophene/N,N-

diethylaniline.

Table 3. Structure and photophysical properties of the PY and PH derivatives.[?

' - ~
TA ':
RO _
N—N
/
/'--..
.
(bl Am(ex)mm,(em)[°' " , "
Compound A R € max (Stokes shift) [oN Pearson’s coefficient
BPh
PY1 . ;_/_ 3 0.43 466 nm /671 nm (205))  0.136 0.78
+
PPh,
PY2 - '_/—/_ 1.15 468 nm /686 nm (218)  0.302 0.91
BPh,
PY3 - |_/_/_/7 1.24 469 nm /683 nm (214)  0.235 0.95
I\
PY4 - §—/_/_ / 242 469 nm /681 nm (212)  0.187 0.96
£Ph,
PH1 @ ._/—F 1.64 466nm / 650nm (184) 0.092 0.92
PH2 @ g_/_f 1.55 418nm / 648nm (230) 0.078 0.87

[a] All data were measured in DMSO at 298 K. [b] Extinction coefficient in 1x10* m

1 cm™. [c] Amax Values of the one-photon absorption and emission spectra

in nanometers. [d] Fluorescence quantum yield, with rhodamine B as a standard (@ = 0.72 in MeOH). [e] Stokes shift.

located mainly on the thiophene and N,N-diethylaniline
moieties, whereas the LUMO is distributed primarily over the
pyridazinone or phthalazinone unit. As the major contribution
of the Sy-S; transition stems from the HOMO and LUMO, the
results suggest that the lowest-energy electronic transition oc-
curs predominantly through a thiophene-centered m—-mt* transi-
tion. The abovementioned features are also reflected in the
frontier molecular orbital energy levels of PY and PH. PY shows
uniquely low-lying HOMO and LUMO levels, which account for
the low-energy charge-transfer transitions. This result is consist-
ent with the measured fluorescent properties (Table 3).
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Synthesis of Probes

On the basis of our previous reports, we started the synthesis
of the desired compounds."" As depicted in Scheme 1, com-
pound 2 was prepared by Suzuki coupling of 4-bromo-N,N-di-
ethylaniline (1) with 2-thiopheneboronic acid, and then 3 was
obtained by bromination of 2 with N-bromosuccinimide (NBS).
Additionally, 5 was prepared by using a procedure reported by
Coates.['? Key intermediate 6 was prepared in 54 % yield by a
copper(l)-catalyzed coupling reaction between 3 and 5. Then,
the hydroxy group of 6 was modified with different dibromo-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Route for the synthesis of the PY derivatives. Reagents and conditions: (i) 2-thiopheneboronic acid, Pd(PPhs),, K,COs, toluene, EtOH, H,0, 90 °C,
18 h, 42 %; (ii) NBS, THF, 12 h, 97 %; (iii) glyoxylic acid monohydrate, 100 °C, 2 h; hydrazine hydrate, H,0, 100 °C, 2 h, 48 %; (iv) Cul, Cs,COs, DMF, 120 °C, 28 h,
54 %; (v) dibromoalkane, K,CO3, MeCN, reflux, 24 h, 65-76 %; (vi) R (R = PPh; or morpholine), MeCN, reflux, 10 h, 44-85 %.
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Scheme 2. Route for the synthesis of the PH derivatives. Reagents and conditions: (i) NaOH, hydroxylamine hydrochloride, H,O, 80 °C; sulfuric acid, H,0,
100 °C, 92 %; (i) hydrazine hydrate, chlorobenzene, dimethylacetamide, reflux, 2 h, 82 %; (iii) 3, Cul, Cs,CO5;, DMF, 120 °C, 24 h, 35 %; (iv) 1,4-dibromobutane,
K,CO3, MeCN, reflux, 18 h, 68 %; (v) R (R = PPhz or morpholine), MeCN, reflux, 24 h, 78-88 %.

alkanes. Finally, the PY derivatives were obtained by substitu-
tion of the terminal bromine atom with triphenylphosphine or
morpholine.

The PH derivatives were obtained in modest to good yields
by a similar procedure using phenolphthalein (9) as the starting
material (Scheme 2).

Photophysical Properties

Before biological evaluation, the photophysical properties of
the PY and PH derivatives were measured and compiled (Fig-

Eur. J. Org. Chem. 2017, 3274-3281 www.eurjoc.org
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ures ST and S2 in the Supporting Information, Table 3). They
generally feature a broad band around 418-469 nm with molar
absorptivity in the range of 0.43 x 10* to 2.42 x 10* m~"cm™’,
which corresponds to the 'm-m* transition associated with the
basic fluorophores.

To examine how the pyridazinone/phthalazinone moieties
influence the photophysical properties, these compounds were
compared: PY2 versus PH1 and PY4 versus PH2. For instance,
PY2 shows a maximum emission at 686 nm, and this value is
redshifted by 36 nm relative to the maximum emission of PH1
(650 nm) owing to the increased electron-withdrawing ability

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



potat

'\\; :ChemPubSoc

o

¢
%

of the pyridazinone unit. On the other hand, insertion of a thio-
phene ring into the original fluorophore successfully shifts the
emission wavelength of the PY and PH derivatives to the near-
infrared region. Upon comparing the PY or PH derivatives,
which possess identical fluorophores but different terminal
modifications of the alkyl chain, we find that the appended
alkyl moiety has a clear effect on the photophysical properties,
probably as a result of different solubilities. The fluorescent
quantum yields (®q) were also measured in DMSO by using
rhodamine B as a reference.'3 As shown in Table 3, the PY
derivatives afford moderate fluorescence quantum vyields
(0.136-0.302) that are higher than those of the PH derivatives
(0.078 & 0.092).

Live-Cell Imaging

Live-cell imaging experiments were then performed to explore
the relevance of the structures and to visualize the specific cel-
lular behaviors of the PY and PH derivatives. Herein, triphenyl-
phosphine was used as a mitochondrion-directing group and a
commercially available mitochondrial tracker was used as a con-
trol; excellent results were obtained. Imaging of human rhabdo-
myosarcoma (RD) cells incubated with 2 um PH1, PY2, and PY3
are shown in Figure 3.

All derivatives exhibit high selectivity in the mitochondrion,
and the Pearson's coefficients are all above 0.90, which is indica-
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tive of excellent colocalization with mitochondrion. Further-
more, morpholine tails are shared by PY4 and PH2 for lysosomal
localizations. As shown in Figure S3, both of them show excel-
lent colocalization with Lyso-tracker in RD cells, and the Pear-
son's coefficients are around 0.90. Therefore, the terminal pend-
ants of the alkyl chains determine the subcellular localization
with different affinity to subcellular organelles.

Furthermore, PY1 was selected to compare the stability with
Mito-Tracker Green FM, a commercial fluorescence dye. Deriva-
tive PY1 was found to show better properties against photo-
bleaching (Figure S4). The cytotoxicities of the PY/PH deriva-
tives were also assessed by the CCK-8 assay (Figure S5). The
results indicate that all of these compounds have low cytotoxic-
ity, even if the cells are incubated with 20 um compounds for
24 h.

Visualization of Mouse Brain

Despite the rapid development of various fluorescence probes,
few of them can be transferred successfully from cell imaging
to tissue visualization. Near-infrared fluorescence probes capa-
ble of deeply penetrating biological tissues have gradually been
accepted as powerful tools to observe the complexity and pa-
thophysiology of brain tissues.' Thus, to establish further the
utility of the PY and PH derivatives for bioimaging, these probes
were employed in brain imaging. Mouse-brain slices were iso-

Figure 3. One-photon fluorescence colocalization images of RD cells incubated with 2 um probes and commercial dyes. (a) Image of Mito tracker Green;
(b) image of PH/PY; (c) result of merging the images shown in panels a and b. (d) Bright-field image. Images were acquired at two channels. For channel 1,
with 488 nm excitation and fluorescent emission windows: green = 500-550 nm; for channel 2, with 405 nm excitation and fluorescent emission windows:

red = 560-650 nm.

Eur. J. Org. Chem. 2017, 3274-3281 www.eurjoc.org
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lated from a 2 month old mouse, and each slice was incubated
with 20 pm PY2 for 30 min at 37 °C and then imaged under a
confocal laser scanning microscope. Because the structure of
the brain tissue is heterogeneous, we acquired 20 images at
depths of 0-200 pum to investigate the overall distribution of
fluorescence. As shown in Figure 4, a significant enhancement
in fluorescence intensity is observed on the surface of the brain
slice (Figure 4a—c). Through observation of the stained details,
we assume that the repartition of PY2 within the tissues is
mostly mitochondria colocalized (Figure 4d). Moreover, the
depth of visualization approaches 200 um for one-photon exci-
tation (Figure 4e). Furthermore, whole mouse-brain slices, in-
cluding the cerebral cortex and the central core, are observed
with strong fluorescence, which indicates the potent brain-
tissue-permeability of PY2.

Figure 4. One-photon microscope image of a fresh mouse-brain slice (volume:
14 mm x8 mm x 1 mm) labeled with (a) PY2 (20 um, 30 min) and (b) bright-
field image. (c) The result of merging the image shown in panels a and b.
Images were acquired at the channel using 405 nm excitation and fluorescent
emission windows: red = 560-650 nm. (d) Magnification of the specific region
of the mouse-brain slice. (e) Visualization depth of the mouse brain along
the z axis (images were captured every 9.8 um).

Conclusions

In summary, by rational design and computational calculations,
we developed a series of near-infrared fluorescent probes for
live-cell and mouse-brain imaging. A structural relationship be-
tween the photophysical properties and the biological behav-
iors was revealed. More importantly, the electronic states of the
N-substituents of the pyridazinone moiety were found to mod-
ulate the photophysical properties of the fluorescent probes
effectively, whereas the terminal pendants on the alkyl chain
were found to determine the subcellular organelle selectivity.
These fluorescent probes were successfully used in cell imaging
with high luminescence, subcellular organelle selectivity, and
mouse-brain imaging with excellent performance. These results
provide important insight into the modular design of fluores-
cent probes and further expand the repertoire of small molec-
ular fluorophores.

Eur. J. Org. Chem. 2017, 3274-3281 www.eurjoc.org
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Experimental Section

General Methods: All solvents and chemicals were purchased from
Alfa Aesar and J&K and were used without further purification, un-
less specifically mentioned. Cellular imaging trackers were pur-
chased from Invitrogen (Life Technologies). '"H NMR spectroscopy
was performed by using a Bruker-400 NMR spectrometer at
400 MHz. Tetramethylsilane was used as the internal reference. Elec-
trospray ionization (ESI) mass spectrometry was performed with a
Fourier-transform ion cyclotron resonance mass spectrometer (FT-
ICR, Bruker, USA). FTIR spectra were taken with a Nicolet iN10 MX
Fourier-transform infrared spectrometer. The steady-state absorp-
tion spectra were attained with an Agilent 8453 UV/Vis spectro-
photometer in 1 cm path-length quartz cells. Single-photon lumi-
nescence spectra were recorded by using fluorescence lifetime and
a steady-state spectrophotometer (Edinburgh Instrument FLS920).
Quantum yields of one-photon emission of all the synthesized com-
pounds were measured relative to the fluorescence of rhodamine B
in MeOH. Confocal fluorescent images of living cells were obtained
by using a Nikon A1R-si laser scanning confocal microscope (Japan)
equipped with lasers of 405/488/561/633 nm. Several lasers and
channels were used to obtain the images.

Synthesis of PY1: In a round-bottomed flask, 7a (30 mg,
0.057 mmol) and triphenylphosphine (30 mg, 0.114 mmol) were
dissolved in acetonitrile (10 mL), and the mixture was heated at
reflux for 10 h. The mixture was concentrated. The crude product
was purified by chromatography (silica gel, dichloromethane/meth-
anol 30:1) to afford PY1 (21 mg, 52 %) as a red solid. M.p. =104-
106 °C. "H NMR (400 MHz, [DgIDMSO): 6 = 8.08 (d, J = 9.7 Hz, 1 H,
-ArH), 7.95-7.81 (m, 11 H, -ArH), 7.81-7.74 (m, 6 H, -ArH), 7.72 (d,
J=3.7Hz, 1 H, -ArH), 746 (d, J = 8.2 Hz, 2 H, -ArH), 7.22 (d, J =
9.7 Hz, 1 H, -ArH), 7.18 (d, J = 3.7 Hz, 1 H, -ArH), 6.77 (d, J = 8.2 Hz,
2 H, -ArH), 6.68 (d, J = 8.3 Hz, 2 H, -ArH), 4.46-4.34 (m, 2 H, -CH,),
433-422 (m, 2 H, -CH,), 3.36 [q, J = 6.6 Hz, 4 H, -N(CH,),], 1.10 (t,
J = 6.8 Hz, 6 H, -2CH5) ppm. '3C NMR (1017 MHz, [Dg]DMSO): 6 =
158.83 (-C-OCH,), 156.77 (-C=0), 147.57 (-ArC), 144.42 (-ArC), 141.06
(-ArC), 139.85 (-ArC), 135.38 (d, J = 2.7 Hz, -PPhs), 134.19 (d, J =
10.4 Hz, -PPhs), 130.58 (d, J = 12.7 Hz, -PPhs), 130.08 (-ArC), 128.32
(-ArC), 127.59 (-ArC), 126.87 (-ArC), 120.67 (-ArC), 119.28 (-ArQ),
119.17 (-ArC), 119.07 (d, J = 86.7 Hz, -PPh3), 115.04 (-ArC), 112.19 (-
ArC), 61.78 (d, J = 5.3 Hz, -OCH,), 44.16 (-CH,CHs), 29.52 (d, J =
5.6 Hz, -CH,PPhs), 12.70 (-CH,CH3) ppm. HRMS (ESI): calcd. for
CasHa1N3O,PS 706.2652 [M]*; found 706.2593.

Synthesis PY2: Following the procedure outlined for the synthesis
of PY1, 7b was treated with triphenylphosphine. Compound PY2
was obtained as a red solid in 70 % yield. M.p. =102-104 °C. 'H
NMR (400 MHz, [Dg]DMSO): 6 = 8.12 (d, J = 9.8 Hz, 1 H, -ArH), 7.97
(d, J =84 Hz 2 H, -ArH), 7.92-7.88 (m, 3 H, -ArH), 7.86-7.80 (m, 6
H, -ArH), 7.79-7.77 (m, 6 H, -ArH), 7.73 (d, J = 4 Hz, 1 H, -ArH), 7.45
(d, J=83Hz 2 H,-ArH), 721 (d, J=9.7 Hz, T H, -ArH), 718 (d, J =
39 Hz 1 H, -ArH), 7.04 (d, J = 8.4 Hz, 2 H, -ArH), 6.68 (d, J = 8.4 Hz,
2 H, -ArH), 412 (t, J = 5.7 Hz, 2 H, -OCH,), 3.77-3.68 (m, 2 H, -CH,),
3.34 [q, J = 7.2 Hz, 4 H, -N(CH,),], 2.02-1.90 (m, 2 H, -CH,), 1.78-
1.66 (m, 2 H, -CH,), 1.08 (t, J = 6.9 Hz, 6 H, -2CH3) ppm. 3C NMR
(101 MHz, [Dg]DMSO): 6 = 159.90 (-C-OCHy,), 156.25 (-C=0), 147.02
(-ArC), 144.16 (-ArC), 140.48 (-ArC), 139.36 (-ArC), 134.88 (d, J =
2.0 Hz, -PPh3), 133.57 (d, J = 10.2 Hz, -PPhs), 130.64 (-ArC), 130.21
(d, J = 12.5 Hz, -PPh3), 129.63 (-ArC), 127.74 (-ArC), 126.34 (-ArC),
126.13 (-ArC), 120.19 (-ArC), 118.70 (-ArC), 118.65 (-ArC), 118.44 (d,
J = 85.7 Hz, -PPhs), 114.97 (-ArC), 111.66 (-ArC), 66.23 (-OCH,), 43.64
(-CH,CHs), 29.04 (d, J = 17.0 Hz, -CH,PPhs), 19.75 (d, J = 50.1 Hz,
-OCH,CH,), 18.44 (d, J = 4.0 Hz, -CH,CH,PPhs), 12.68 (-CH,CHs) ppm.
HRMS (ESI): calcd. for C46H4sN5O5PS 734.2965 [M]*; found 734.2903.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Synthesis of PY3: Following the procedure outlined for the synthe-
sis of PY1, 7c was treated with triphenylphosphine. Compound PY3
was obtained as a red solid in 44 % yield. M.p. =102-104 °C. "H
NMR (400 MHz, CDCl3): 6 = 7.93-7.74 (m, 12 H, -ArH), 7.73-7.62 (m,
7 H, -ArH), 7.50 (d, J = 8.4 Hz, 2 H, -ArH), 7.08 (d, J = 9.6 Hz, 1 H,
-ArH), 7.03 (d, J = 3.7 Hz, 1 H, -ArH), 6.96 (d, J = 8.4 Hz, 2 H, -ArH),
6.67 (d, J = 8.2 Hz, 2 H, -ArH), 3.99 (t, J = 5.8 Hz, 2 H, -OCH,), 3.86
(t, J = 6.6 Hz, 2 H, -CH,), 3.38 [q, J = 6.9 Hz, 4 H, -N(CH,),], 1.81-
1.73 (m, 4 H, -2CH,), 1.63-1.69 (m, 2 H, -CH,), 1.63-1.69 (m, 2 H,
-CH,), 1.18 (t, J = 6.9 Hz, 6 H, -2CH5) ppm. '3C NMR (101 MHz,
CDCls): 6 = 160.69 (-C-OCH,), 157.15 (-C=0), 147.49 (-ArC), 144.58
(-ArC), 141.84 (-ArC), 140.71 (-ArC), 135.08 (d, J = 3.0 Hz, -PPhs),
133.85 (d, J = 10.1 Hz, -PPhs), 130.60 (-ArC), 130.59 (d, J = 12.6 Hz,
-PPhs), 128.85 (-ArC), 128.72 (-ArC), 127.79 (-ArC), 127.01 (-ArC),
126.72 (-ArC), 119.35 (-ArC), 118.92 (-ArC), 118.61 (d, J = 86.2 Hz,
-PPhs), 115.16, 111.97, 68.04 (-OCH,), 44.54 (-CH,CHs), 30.11 [d, J =
15.8 Hz, -CH,(CH,),PPhs], 29.81 (-CH,PPhs), 28.88 (-OCH,CH.,), 25.74
[-O(CH,),CH,], 22.79 (d, J = 3.06 Hz, -CH,CH,PPh;), 12.68 (-CH,CH5)
ppm. HRMS (ESI): calcd. for CagHaoN;0,PS 762.3278 [MI*; found
762.3206.

Synthesis of PY4: In a round-bottomed flask, 7b (80 mg,
0.14 mmol), morpholine (38 mg, 0.43 mmol), and potassium carb-
onate (60 mg, 0.43 mmol) were mixed in acetonitrile (10 mL), and
the mixture was heated at refluxed for 10 h. After cooling, the mix-
ture was filtered, and the filtrate was concentrated under reduced
pressure. The residue was purified by chromatography (silica gel,
dichloromethane/methanol 20:1) to afford PY4 (68 mg, 85 %) as a
red solid. M.p. =114-116 °C. "H NMR (400 MHz, CDCl;): 6 = 7.83 (d,
J =6.1 Hz, 2 H, -ArH), 7.81 (s, 1 H, -ArH), 7.65 (d, J = 9.7 Hz, 1 H,
-ArH), 7.51 (d, J = 8.7 Hz, 2 H, -ArH), 7.11 (d, J = 9.6 Hz, 1 H, -ArH),
7.05(d, J=4.1 Hz, 1 H, -ArH), 6.99 (d, J = 8.7 Hz, 2 H, -ArH), 6.69 (d,
J =88 Hz 2 H, -ArH), 4.05 (t, J = 6.1 Hz, 2 H, -OCH,), 3.77 (t, J =
6.1 Hz, 4 H, -2CH,), 3.39 [q, J = 7 Hz, 4 H, -N(CH,CH),], 2.62-2.42
(m, 6 H, -3CH,), 1.91-1.82 (m, 2 H, -CH,), 1.80-1.67 (m, 2 H, -CH,),
1.19 (t, J = 7 Hz, 6 H, -2CH3) ppm. "3C NMR (101 MHz, CDCls): 6 =
160.60 (-C-OCH,), 157.15 (-C=0), 147.49 (-ArC), 144.47 (-ArC), 141.89
(-ArC), 140.68 (-ArC), 130.65 (-ArC), 128.60 (-ArC), 127.81 (-ArC),
127.04 (-ArC), 126.94 (-ArC), 121.56 (-ArC), 119.40 (-ArC), 118.95
(-ArC), 115.08 (-ArC), 11195 (-ArC), 6792 (-OCH,), 66.82
(-OCH,CH,N), 58.66 (-NCH,CH,0), 53.71 [-NCH,(CH,);0], 44.56
(-CH,CHs), 27.20 [-N(CH,),CH,CH,0], 22.98 [-NCH,CH,(CH,),0],
12.76 (-CH,CH3) ppm. HRMS (ESI): calcd. for C35,H39N405S 559.2743
[M + H]*; found 559.2692.

Synthesis of PH1: Following the procedure outlined for the synthe-
sis of PY4, 13 was treated with triphenylphosphine. Compound PH1
was obtained as a red solid in 78 % yield. M.p. =115-117 °C. 'H
NMR (400 MHz, CDCl5): 6 = 8.57 (d, J = 7.7 Hz, 1 H, -ArH), 7.87-7.73
(m, 12 H, -ArH), 7.710-7.63 (m, 7 H, -ArH), 7.57 (d, J = 8.5 Hz, 2 H,
-ArH), 7.46 (d, J = 7.9 Hz, 2 H, -ArH), 7.00 (m, 3 H, -ArH), 6.65 (d, J =
7.6 Hz, 2 H, -ArH), 420 (t, J = 5.7 Hz, 2 H, -OCH,), 4.03-3.91 (m, 2
H, -CH,), 3.36 [q, J = 6.7 Hz, 4 H, -N(CH,),], 2.31-2.20 (m, 2 H, -CH,),
1.94-1.85 (m, 2 H, -CH,), 1.16 (t, J = 6.9 Hz, 6 H, -2CH3) ppm. '3C
NMR (101 MHz, CDCls): 6 = 159.85 (-C-OCH,), 156.59 (-C=0), 147.78
(-ArC), 147.22 (-ArC), 140.95 (-ArC), 140.66 (-ArC), 135.10 (d, J =
2.9 Hz, -PPhs), 133.79 (d, J = 9.9 Hz, -PPhs), 133.09 (-ArC), 131.89
(-ArC), 131.11 (-ArC), 130.96 (-ArC), 130.57 (d, J = 12.4 Hz, -PPhs),
128.86 (-ArC), 128.38 (-ArC), 128.21 (-ArC), 127.66 (-ArC), 127.27
(-ArC), 127.17 (-ArC), 126.82 (-ArC), 118.38 (d, J = 85.9 Hz, -PPhj),
11829 (-ArC), 114.77 (-ArC), 111.92 (-ArC), 66.78 (-OCH,), 44.45
(-CH,CHs), 29.34 (d, J = 16.8 Hz, -CH,PPh;3), 22.15 (d, J = 50.7 Hz,
-OCH,CH,), 19.41 (d, J = 3.6 Hz, -CH,CH,PPhs), 12.69 (-CH,CHs) ppm.
HRMS (ESI): calcd. for C5oH,,N3O,PS 784.3121 [M]*; found 784.3059.
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Synthesis of PH2: Following the procedure outlined for the synthe-
sis of PY4, 13 was treated with morpholine and potassium carb-
onate. Compound PH2 was obtained as an orange-red oil in 88 %
yield. "TH NMR (400 MHz, CDCl5): 6 = 8.56 (d, J = 7.5 Hz, 1 H, -ArH),
7.82-7.72 (m, 2 H, -ArH), 7.66-7.72 (m, 2 H, -ArH), 7.58 (d, / = 8.5 Hz,
2 H, -ArH), 7.48 (d, J = 8.8 Hz, 2 H, -ArH), 6.98-7.06 (m, 3 H, -ArH),
6.65 (d, J = 8.8 Hz, 2 H, -ArH), 4.04 (t, J = 6.2 Hz, 2 H, -OCH,), 3.73
(t, J=4.5Hz, 4 H, -2CH,), 3.35 [q, J = 7 Hz, 4 H, -N(CH,CH,)>], 2.53—-
245 (m, 4 H, -2CH,), 243 (t, J = 7.5 Hz, 2 H, -CH,), 1.90-1.80 (m, 2
H, -CH,), 1.76-1.65 (m, 2 H, -CH,), 1.16 (t, J = 7 Hz, 6 H, -2CH3) ppm.
3C NMR (101 MHz, CDCl5): 6 = 160.05 (-C-OCH,), 156.43 (-C=0),
147.66 (-ArC), 147.16 (-ArC), 140.55 (-ArC), 140.43 (-ArC), 132.86
(-ArC), 131.71 (-ArC), 131.01 (-ArC), 128.81 (-ArC), 128.32 (-ArC),
128.16 (-ArC), 127.57 (-ArC), 127.14 (-ArC), 126.74 (-ArC), 121.73
(-ArC), 118.46 (-ArC), 118.20 (-ArC), 114.59 (-ArC), 111.87 (-ArC),
67.83 (-OCH,), 66.92 (-OCH,CH,N), 5859 (-NCH,CH,0), 53.70
[-NCH,(CH,);0], 44.40 (-CH,CH5), 27.16 [-N(CH,),CH,CH,0], 23.05
[-NCH,CH,(CH,),0], 12.67 (-CH,CHs) ppm. HRMS (ESI): calcd. for
C36H41N,05S 609.2899 [M + HI*; found 609.2879.

Determination of the Fluorescence Quantum Yield of the PY
and PH Derivatives: The quantum yields of one-photon emission
of the synthesized PY and PH derivatives were measured with rhod-
amine B (RhB, @ = 0.72, dissolved in MeOH) as a reference. The
one-photon fluorescence measurements were performed in 1 cm
quartz cells with 1 um compound in DMSO or CH,Cl, with a fluores-
cence lifetime and steady-state spectrophotometer (Edinburgh In-
strument FLS920) equipped with a 450 W Xenon light and 2.5 x 2.5
slits. The values of fluorescence quantum yield, @ (sample), were
calculated according to the following equation:!'>!

ODref " Lsampie * d?am;v!e

2} = Qrer
sample ref ODsample "’ref ) dv%ef

in which @ is the value of the fluorescence quantum yield of the
reference (@gpg = 0.72),1'9! | is the integrated emission intensity, OD
is the optical density at the excitation wavelength, and d is the
refractive index of the solvent (dpwso = 1478, dcyy,c, = 1444, dyy o =
1333, dyeon = 1.329).

Cell Culture: All cells were incubated in complete medium [Dul-
becco's modified Eagle's Medium, supplemented with 10 % fetal
bovine serum (FBS) and 1 % penicillin-streptomycin] at 37 °C under
an atmosphere containing 5% CO,. For imaging, RD cells were
grown in poly-p-lysine-coated dishes and were incubated in com-
plete medium (2 mL) for 24 h. Cells were washed with phosphate-
buffered saline (PBS), and stocked dyes (2 mm in DMSO) were added
to obtain a final concentration of 2 um. The treated cells were incu-
bated for 30 min in the dark at 37 °C. A few minutes prior to confo-
cal imaging, cells were washed with PBS (2x). A confocal laser scan-
ning microscope (A1R-si, Nikon, Japan) was used to obtain images.
Cells were imaged by the fluorescence mode with a 40x immersion
lens with the following parameters: laser power 3 %; pinhole 1.0 au;
excitation wavelength 405, 488, 561, or 633 nm; resolution 512 x
512; and a scan speed of 0.5 frames s~'.

Colocalization Assay: RD cells were placed onto 0.1 mm poly-p-
lysine-coated glasses in complete medium, and the cells were incu-
bated for 24 h. A stock solution of PY or PH in chromatographic
grade, anhydrous DMSO was prepared as 2 mm. The solution was
diluted to a final concentration of 2 um by adding complete growth
medium. Stock solutions of Mito-Tracker Green FM, Lyso-Tracker
Green DND-26 were prepared as 1 mm, and the stock solution was
diluted to the working concentration in complete medium (100 nm).
After incubating for 30 min, cells were washed with PBS buffer (2x)
before the confocal experiments. Images were taken under condi-
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tions as follows: 40x immersion lens with a resolution of 512 x 512
and a speed of 0.5 frames s7!, suitable excitation wavelength and
detector slit for PY or PH with respect to their fluorescence wave-
length, 3 % laser power for PY or PH samples, and 2 % laser power
for Mito Tracker and Lyso Tracker. The Pearson's Coefficient was
calculated by Image J colocalizing the red in the green.

Visualization of Mouse Brain: The mice were firstly anesthetized
with chloral hydrate (500 mg kg™, intraperitoneal injection) until
there was no righting reflex. The thoracic cavity was exposed by a
midline incision. The right auricle was cut open and perfused with
cold normal saline (10 mL) from the left ventricle. Subsequently, the
brains were dissected rapidly and cut into 0.5 mm coronal slices.
Mouse-brain slices were treated with 20 um PY2 for 30 min at 37 °C
and were then washed with prewarmed PBS buffer before photoir-
radiation at 405 nm. One-photon fluorescence microscopy images
were obtained with a Leica TCS SP8 confocal laser-scanning micro-
scope (CLSM, Heidelberg, Germany). The microscopy settings were
as follows: 16x immersion lens objective, resolution of 512 x 512,
405 nm excitation wavelength, red silts for PY2, 10 % laser power
(10 mW). A total of 20 images at depths of 0-200 um were acquired
to investigate the overall distribution of fluorescence.

Photostability in Cells: Photostability comparison of the PY/PH de-
rivatives and commercial trackers as subcellular organelles makers
were conducted in RD cells. As shown in Figure S4, both rows show
one-photon confocal microscopy images of RD cells costained with
selected commercial Mito-Tracker Green FM (green) and PY1 (red).
The images were taken at 0, 60, 180, 360 and 480 s under successive
irradiation. All images were obtained under the same conditions.

Cytotoxicity Assay: The cytotoxicity assays were conducted ac-
cording to the literature.l'”? RD cells were seeded in flat-bottomed
96-well plates, 10* cells well”!, with complete culture medium
(200 pL) in the dark for 24 h. After washing with PBS (3 x 200 L),
the cells were incubated with 2/5/10/20/40 um of the PY/PH deriva-
tives. All stock solutions were prepared in DMSO and were diluted
with complete medium, and the final DMSO concentrations were
less than 0.1 %. The cells were cultured for 24 h and were then
washed with PBS (3 x 200 pL). Cell Counting Kit-8 (CCK-8) solution
(10 pL) and PBS (90 pL) were simultaneously added per well. After
2 h, the absorbance at 450 nm was read by a 96-well plate reader.
The viability of RD cells was calculated by the following equation:

v B0

~ (AcAb) <0

in which CV is the cell viability, and As, Ac, and Ab are the absorban-
ces of the cells containing the PY/PH derivatives, cell control (0 um
PY/PH), and blank control (wells containing no cells or PY/PH), re-
spectively.

Supporting Information (see footnote on the first page of this
article): Synthesis of intermediates 2-13; computational results; and
"H NMR, '3C NMR, fluorescence absorption, and emission spectra
of the probes in different solvents.
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