g

Journal Pre-proof m s
1
/. PIGMENTS

Construction of red-emitting iminocoumarin-based fluorescent borate complexes with ||}
a large Stokes shift

Xiaojie Ren, Man Guo, Junyi Gong, Yun Zhang, Lei Yang, Xingjiang Liu, Xiangzhi
Song

PIl: S0143-7208(19)31867-4
DOI: https://doi.org/10.1016/j.dyepig.2019.108007
Reference: DYPI 108007

To appearin:  Dyes and Pigments

Received Date: 6 August 2019
Revised Date: 27 October 2019
Accepted Date: 28 October 2019

Please cite this article as: Ren X, Guo M, Gong J, Zhang Y, Yang L, Liu X, Song X, Construction of
red-emitting iminocoumarin-based fluorescent borate complexes with a large Stokes shift, Dyes and
Pigments (2019), doi: https://doi.org/10.1016/j.dyepig.2019.108007.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2019 Published by Elsevier Ltd.


https://doi.org/10.1016/j.dyepig.2019.108007
https://doi.org/10.1016/j.dyepig.2019.108007

Graphical Abstract

(

(oo

THQ-BF,-R

A series of red-emitting iminocoumarin-based borate dyes with tetra-hydro-quinoxaline

(THQ) moiety as the electron donor, THQ-BF2-R, were developed. These borate dyes
exhibited fairly high fluorescent quantum yields, large Stokes shifts and long-
wavelength emissions. These dyes could be potentially used as staining agents for

biological applications.
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could stain cells and image zebrafish with goodgoerance.

Key words: borate, tetra-hydro-quinoxaline, Stokes shiftl-eenitting, fluorescent dyes

1. Introduction

4,4-Difluoro-4-bora-3a,4a-diaza-s-indaceBODIPY) have been widely utilized
as biological sensing agents[1-5], photodynamicapeutic agents[6], laser dyes[7],
and optoelectronic materials[8] because of theivaathgeous photo-physical
properties such as good photo-stability, high malasorption coefficient and high
fluorescence quantum yield.[9, 10] While being dille, most ofBODIPY dyes
suffer from very small Stokes shifts (usually <@@@®), which usually causes serious
self-absorption and thereby leads to measuremeawntsein fluorescence sensing.
Moreover, most oBODIPY dyes exhibited fluorescence quenching in aggregatio

form and/or solid state due to the strong intermmwalier n-n stacking.[11, 12]



In principle, asymmetrical donor—acceptor (D-A) eyfluorescent dyes display
larger Stokes shift and longer emission than tBginmetrical analogues.[13, 14] In
2013, Ziessel's group[l5] pioneered a new kind wiinocoumarin-based borate
complexes, Borico dyes DEA-BF,-R), having asymmetrical structure with
diethylamino group as the electron donor and “N-BIF moiety as the electron
acceptor (Scheme 1). These dyes possess high gherequantum yields in solution
(up to 80%). However, their emissions are in reklyi short wavelength spectral
regions (blue and green) and their Stokes shitissill small (< 50 nm), which affect
their applications for bioimaging and sensing du¢he weak tissue penetration ability
and strong background interference.[16-21]

In the design of fluorescent dyes and fluorescamtbgs, introducing strong
electron donors such tetra-hydro-quinoxaline grfiipQ) and julolidine moiety (Julo)
has been proved to be an efficient stragety totlergemission wavelengths as well as
Stokes shifts due to the enhanced ICT process§2Basides, fluorescent dyes with
such electron donors can retain a relatively higbréscent quantum yield because the
rigid structure of THQ and Julo moieties can effesdy prohibit the formation of
TICT (twisted intramolecular charge transfer) s{afe-29]

In this work, we used tetra-hydro-quinoxaline groypHQ) to replace
diethylamino group (DEA) inDEA-BF,-R dyes to obtain a series of new
iminocoumarin-based borate complex&$]Q-BF,-R, which are expected to exhibit
long-wavelength emission and large Stokes shifshasvn in Scheme 1. In addition,
we also used julolidine moiety (Julo) to replacesthylamino group (DEA) in

DEA-BF.-R to prepare another rigid borate complexizgo-BF-R.

o Long-wavelength emission
geF
W
Large Stokes shift
DE:‘\-BFZ—R II]Q—BFZ—R

Scheme 1. Tuning the optical properties of iminocoumarirsed borate dyes by enhancing the
electron-donating ability of donors.



2. Experimental
2.1 General methods

All reagents were purchased from commercial sugpli@thout further purification. The
absorption spectra were detected using an Agilev2450 spectrophotometer and the
corrected fluorescence spectra were recorded ontazhi F-7000 spectrophotometer. The
fluorescent lifetimes were determined on a Pico ruambH Fluo Time 100 lifetime
spectrometer. The absolute fluorescent quanturds/ielr the solid samples were detected on
a Hamamatsu Quantarus-QY C11347. The fluoresceahtgm yields in solution were
measured on a Hitachi F-7000 spectrophotometeg wsistandard reference and calculated

from the following equation:

@ denotes the fluorescent quantum yiefdmeans the integral intensity of fluorescence,
A refers to the absorbance at the excitation waggheandn is the refraction index of
solventsu ands represent the testing sample and the standardesaragpectively.

'H NMR and™C NMR were obtained on Bruker 400/500 spectromeigsiig TMS as
an internal standard). Mass spectra were meassied a Bruker ESI-TOF-Q spectrometer.
Fluorescence photos of solid samples were obtaimedan Olympus IX83 inverted
microscope. Fluorescence imaging experiments indicells and zebrafish were performed
on an Opera Phenix/Operetta CLS from PerkinElnres, All the tests were conducted at

room temperature.
2.2 Synthesis

These dyes were prepared according to the proceshoen in Scheme 2. Firstly,
aminosalicylaldehydes reacted with 2-cyanomethydbeidlazole in ethanol to afford
iminocoumarins,[30] which condensed with substdutmilines to give compoundéa-d,
5a-d and 6a-d. Without further purification, compound®&-d, 5a-d and 6a-d were treated
with BF;*OEL, to yield the borate complex&EA-BF,-R, Julo-BF,-R andTHQ-BF-R. All
these new compounds were fully characterized by NM&HRMS analysis.
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ZcHo EtOH, Piperidine, R HH EtOH, p-TsOH, —_— il

0
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Reflux, 2 h Z 0 N Reflux, 15 h BF5OEt,, DIEA
1,2,3

- (\l Ef 4a-d :{ ﬁ = DEA-BF,-R
14aR= TN asrs AN 36:R = [ N Sa-d cR= Julo-BF,-R
o L/“\v»‘) A 6a-d d:R= THQ-BF-R

Scheme 2. General synthetic procedure of borate dyes.



2.2.1 General procedurefor the synthesis of DEA-BF,-R
Dyes DEA-BF,-CH3;, DEA-BF,-OCH3;, DEA-BF,-H were prepared according to the

literature methods.[15]

Synthesis of DEA-BF,I: Under an argon atmosphere, a solution of
4-diethylaminosalicylaldehyde (1 mmol) (compoulby 2-cyanomethylbenzimidazole (1.1
mmol) and piperidine (1fL) in ethanol was stirred for 2 hours. Then, thacton solution
was diluted with 10 mL anhydrous ethanol gntbluenesulfonic acidptTsOH, 5 mg) and
4-iodoaniline (2 mmol) were added. After stirring fL5 hours, the mixture was cooled down
and the solvent was removed and the residue wagepusy column chromatograph (GEl,:
C,HsOH 100:1) to afford compourdt.

Without further purification, compourngtl was dissolved in 1,2-dichloroethane (10 mL),
then N, N-di-isopropyl-amine (10¢L) and BR*OEt, (100uL) were added. The mixture was
refluxed for 2 hours under an argon atmosphereerAfboling to room temperature, the
reaction was quenched with saturated aqueous NgH6GIOtion and extracted with Gal,
three times (3 x 30 mL). The organic layers werdlected, combined and dried over
anhydrous Nz80, for 2 hours. After the removal of solvent, theaibed residue was purified
by silica gel column chromatograph twice ({C: C;HsOH = 100:1) to give a solid, which
was then recrystallized in the mixture of DCM: PEL] to give purdDEA-BF,-I as a red
powder. Yield 6.8%.

'H NMR (400 MHz, CDCJ) § 9.09 (s, 1H), 7.97-7.86 (m, 2H), 7.71Jt& 8.5 Hz, 1H), 7.66
(s, 1H), 7.56-7.47 (m, 1H), 7.31 &= 10.5 Hz, 2H), 7.25-7.11 (m, 2H), 6.71 (dds 9.1, 2.4 Hz,
1H), 6.19 (dJ = 2.1 Hz, 1H), 3.43 (q] = 7.1 Hz, 4H), 1.23 () = 7.1 Hz, 6H). *C NMR (100
MHz, CDCk) 6 159, 154.5, 152.9, 145.3, 143.7, 140.6, 138.6,5636.35.9, 131.4, 129.0, 122.8,
117.5, 113.9, 112.2, 109.3, 104.3, 96.42, 93.8,61615.125. HRMS (ESI) m/z
[C26H2:BF,IN,O+H]" calcd.: 582.0899, found: 583.0983.

2.2.2 General procedurefor the synthesis of Julo-BF,-R

Dissolved compound 2 (julolidine-salicylaldehyde, 1 mmol) and
2-cyanomethyl-benzimidazole (1.1 mmol) in 10 mL ydtous acetonitrile, then 1GL
piperidine was added into above solution. The obthisolution was refluxed under argon
atmosphere for 2 hours to precipitate a yellowighalm solid. To the above reaction solution
were added 10 mL anhydrous acetonitrile, 5p¥isOH and 2 mmop-R-aniline (R = -CH,
-OCH;, -H, -I). Then the reaction mixture was refluxettdar an argon atmosphere until the
solid disappeared (about 15 hours). Cooling theti@ma mixture to room temperature, and the
solution was evaporated in vacuum. The residue padfied by silica gel column
chromatograph (C¥Cl,: C;HsOH from 100:1 to 50:1) to give crude produb&gsb/5c/5d as



red solid, which were used for the next reactioitbout further purification.

The respectivéa/5h/5¢/5d was dissolved in 20 mL 1,2-dichloroethane and LON,
N-di-isopropyl-amine and 10QL BFs;*OEt were added. The mixture was stirred ati80
under an argon atmosphere until the dark-red soiutirned into yellow-green (about 2
hours). After cooling to room temperature, the tieacwas quenched with saturated aqueous
NaHCG; solution and the reaction mixture was extracteth @iH,Cl, three times (3 x 30 ml).
The organic layers were collected and dried ovéydrous NaSQO, for 2 hours. The solvent
was removed by distillation and the residue wadipdrwith column chromatograph to yield
a red solid, which was further purified by recrylsation from the mixture DCM: PE (5: 1)
to yield the pure products.

Julo-BF,-CHa3: Silica gel, CHCI,: C,HsOH (from 100: 0 to 100: 1). Yield: 10.3%4 NMR
(400 MHz, CDC}) § 8.92 (d,J = 55.3 Hz, 1H), 7.72 (dd,= 15.2, 7.6 Hz, 2H), 7.46 (d,= 8.2 Hz,
2H), 7.38 (dJ = 8.2 Hz, 2H), 7.27-7.17 (m, 2H), 7.09 (s, 1HBRB3.19 (m, 4H), 2.75 (] = 6.1
Hz, 2H), 2.49 (s, 3H), 2.22 (dd,= 13.1, 6.7 Hz, 2H), 1.98-1.87 (m, 2H), 1.87-1(#5 2H).**C
NMR (100 MHz, CDC}) 6 149.5, 148.9, 145.6, 140.7, 137.9, 135.7, 1340,91, 127.4, 126.6,
123.2, 122.9, 122.0, 116.9, 114.1, 109.2, 105.%,549.8, 27.3, 21.3, 20.7, 19.7, 19.0. HRMS
(ESI) m/z [GgH2sBF:N4O+H] * calcd.: 495.2168, found: 495.2100.

Julo-BF,-OCHa3: Silica gel, CHCI,: C,HsOH (from 100: O to 100: 1). Yield: 10.8%H
NMR (500 MHz, CDC}) § 7.74 (t,J = 8.6 Hz, 1H), 7.48 (d] = 8.7 Hz, 1H), 7.24 (dd] = 16.9,
8.9 Hz, 1H), 7.09 (dJ = 8.6 Hz, 1H), 3.92 (s, 1H), 3.36-3.30 (m, 1HR®3.22 (m, 1H), 2.80 (t,

J = 6.1 Hz, 1H), 2.27 (t) = 6.4 Hz, 1H), 2.00-1.93 (m, 1H), 1.88-1.81 (m,)18C NMR (100
MHz, CDCk) 6 159.15, 149.40, 148.64, 146.27, 139.70, 136.08,582 128.00, 127.16, 122.54,
122.34, 121.95, 117.37, 114.49, 113.80, 109.21,78057.54, 77.08, 76.76, 55.57, 50.26, 49.90,
49.38, 49.16, 48.95, 27.31, 20.67, 19.68, 19.06MBRESI) m/z [GeHosBF,N,O,+H] * calcd.:
511.2117, found: 511.2025.

Julo-BF,-H: Silica gel, CHCl,: C,HsOH (from 100: 0 to 50: 1). Yield: 10.5%H NMR
(500 MHz, CDC}) § 8.84 (s, 1H), 7.72 (dd, = 12.1, 7.8 Hz, 2H), 7.59 (d,= 4.4 Hz, 4H), 7.49
(dt,J = 8.7, 4.2 Hz, 1H), 7.22 (di,= 20.5, 6.9 Hz, 2H), 7.07 (s, 1H), 3.33-3.27 (ii),.27-3.20
(m, 2H), 2.78 (tJ = 6.2 Hz, 2H), 2.18 (1] = 6.4 Hz, 2H), 1.99-1.92 (m, 2H), 1.80 (dds 11.7,
6.1 Hz, 2H).**C NMR (100 MHz, CDGJ) § 149.3, 148.4, 146.2, 144.7, 139.5, 137.0, 13&9,2]
128.0, 127.0, 122.6, 117.6, 113.7, 109.1, 105.3,51(%0.2, 49.6, 27.3, 20.7, 19.6, 18.9. HRMS
(ESI) m/z [GeHasBFN4O+H]*  caled.: 511.2117, found: 511.2025.

Julo-BF,-I: Silica gel, CHCI,: C,HsOH (from 100: 0 to 25: 1). Yield: 10%H NMR (500
MHz, CDCL) & 9.06 (s, 1H), 7.91 (dl = 8.4 Hz, 2H), 7.75 (d] = 7.8 Hz, 1H), 7.72 (d] = 7.8 Hz,
1H), 7.35 (d,J = 8.3 Hz, 2H), 7.25 (dd] = 13.4, 5.9 Hz, 2H), 7.16 (s, 1H), 3.41-3.35 (H),2
3.35 -3.28 (m, 2H), 2.80 (§,= 6.1 Hz, 2H), 2.26 () = 6.3 Hz, 2H), 1.99 (dd] = 11.3, 5.8 Hz,
2H), 1.88 (dd,J = 11.9, 6.3 Hz, 3H)*C NMR (100 MHz, CDGJ) & 153.48, 144.17, 142.38,
133.02, 132.71, 131.31, 126.79, 126.54, 121.04,68]17113.44, 109.64, 96.87, 81.48, 81.16,



80.84, 54.31, 53.73, 53.35, 53.14, 52.93, 52.75(652.28, 52.07, 31.26, 24.52, 23.51, 22.99.
HRMS (ESI) m/z [GgH2:BF,IN,O+H]" calcd.: 607.0978, found: 607.0871.

2.2.3 General procedurefor the synthesisof THQ-BF,-R

To a solution of compoungl (2,4-diethylamino-1,2,3,4-tetralhydro-quinoxalidemmol)
and 2-cyanomethyl-benzimidazole (1.1 mmol) in 5amhydrous ethanol was added 5
piperidine. The mixture was stirred for 2 hours38@t] under an argon atmosphere. 10 mL
anhydrous ethanol was added to dilute the reactitute, then 5 mg-TsOH and 2 mmol
p-R-aniline (R = -CH, -OCH;, -H, -I) were added. The resulting reaction solutivas
refluxed for 15 hours. After cooling to room temgterre, the solvent was distilled in vacuum.
The obtained residue was purified by column chrography using CkCl,: C;HsOH (100: 1)
as the eluent to yield a red solid, which was deethe next step without further purification.

A solution of6a/6b/6¢/6d, N, N-di-isopropyl-amine (10QL) and BR*OEt, (100pL) in
1,2-dichloroethane (20 mL) was refluxed for 2 hoursgler an argon atmosphere. After
cooling to room temperature, dichloromethane (20 m&s added into the reaction mixture,
which was then quenched with saturated aqueous KgHlution and extracted with
CH,CI, three times (3 x 30 ml). The organic layers wemmlgined and dried over anhydrous
N&SQO, for 2 hours. After the removal of solvent, theides was purified by column
chromatograph twice using GEl,: C,HsOH (from 100: 1 to 50: 1) as the eluent to give the
pure products.

THQ-BF,-CH3: Dark red solid. Yield: 6.1694H NMR (400 MHz, CDCJ) & 9.12 (s, 1H),
7.81 (dd,J = 10.7, 4.3 Hz, 2H), 7.41 (d,= 8.6 Hz, 2H), 7.38 (d] = 8.5 Hz, 2H), 7.35-7.29 (m,
2H), 6.65 (s, 1H), 6.25 (s, 1H), 3.63-3.53 (m, 2BI}i2 (q,J = 7.1 Hz, 4H), 3.34-3.25 (m, 2H),
2.50 (s, 3H), 1.32-1.11 (m, 5HYC NMR (100 MHz, CDGJ)) 5 142.95, 141.76, 138.23, 133.88,
130.70, 126.64, 126.42, 121.25, 117.78, 114.66,291®8.93, 81.42, 81.10, 80.78, 53.49, 53.28,
53.07, 52.85, 52.64, 52.43, 52.21, 51.25, 50.1634%7.99, 25.04, 14.55, 13.50. HRMS (ESI)
m/z [CogH2eBF>NsO+H] * caled.: 512.2433, found: 512.2549.

THQ-BF,-OCHg: Dark red solid. Yield: 6.35%H NMR (400 MHz, CDCJ) § 9.69 (s, 1H),
7.93 (d,J = 7.5 Hz, 1H), 7.84 (d] = 7.6 Hz, 1H), 7.55 (d] = 9.0 Hz, 1H), 7.41 (p] = 7.1 Hz,
3H), 7.18-7.03 (m, 2H), 6.78 (s, 2H), 6.26 (s, 18194 (s, 3H), 3.71-3.56 (m, 2H), 3.45 (dos
14.4, 7.2 Hz, 4H), 3.36-3.25 (m, 2H), 1.26 (d& 12.3, 5.1 Hz, 6H)-*C NMR (100 MHz, CDG))

6 163.19, 154.22, 148.98, 145.07, 144.91, 144.68,343 132.97, 132.00, 128.77, 128.17, 123.30,
121.08, 118.97, 118.62, 115.02, 110.70, 107.587&9.46, 51.57, 50.54, 49.38, 47.60, 14.76,
13.52. HRMS (ESI) m/z [&H29BF:Ns0,+H] * calcd.: 528.2382, found: 528.2352.

THQ-BF,-H: Dark red solid. Yield: 6.11%H NMR (400 MHz, CDC}J) & 9.69 (s, 1H), 7.93
(d,J = 7.5 Hz, 1H), 7.84 (d] = 7.6 Hz, 1H), 7.55 (d] = 9.0 Hz, 1H), 7.41 (p] = 7.1 Hz, 3H),
7.18-7.03 (m, 2H), 6.78 (s, 2H), 6.26 (s, 1H), 3(843H), 3.71-3.56 (m, 2H), 3.45 (dij= 14.4,
7.2 Hz, 4H), 3.36 -3.25 (m, 2H), 1.26 (dbs 12.3, 5.1 Hz, 6H)**C NMR (100 MHz, CDG)) &



159.31, 150.33, 145.07, 143.24, 141.53, 134.59,383328.95, 128.09, 125.00, 124.41, 115.01,
114.79, 114.73, 111.10, 106.99, 94.96, 77.38, 7772606, 76.74, 55.58, 49.92, 49.70, 49.49,
49.28, 49.06, 47.66, 46.62, 45.48, 43.67, 10.882.%4IRMS (ESI) m/z [GH26BFNsO-+H] *
calcd.: 498.2277, found: 498.2331.

THQ-BF-I: Dark red solid. Yield: 6.48%H NMR (500 MHz, DMSOds) & 7.93 (d,J = 8.5
Hz, 2H), 7.64 (dJ = 7.7 Hz, 1H), 7.52 (d] = 7.6 Hz, 1H), 7.38 (d] = 8.4 Hz, 2H), 7.18 (df] =
15.9, 6.8 Hz, 2H), 7.07 (s, 1H), 6.38 (s, 1H), 53,71H), 3.63-3.54 (m, 2H), 3.48 (@= 7.0 Hz,
2H), 3.41 (g9J = 7.0 Hz, 2H), 3.26 (] = 4.9 Hz, 2H), 1.25-1.12 (m, 3H), 1.09Jt 7.1 Hz, 3H).
¥C NMR (100 MHz, CDGJ) & 153.9, 147.9, 143.7, 142.5, 138.6, 133.1, 12%8,2] 118.16,
115.6, 110.3, 103.8, 101.6, 99.9, 98.8, 94.5, §&364, 50.4, 49.4, 47.9, 14.6, 13.7. HRMS (ESI)
m/z [CogH2sBF,INsO+H] * calcd.: 624.1243, found: 624.1165.

2.3 Cell and zebrafish culture and fluorescence imaging

Hela cells were used for imaging and toxicity expents. HelLa cells were cultured
using DMEM (GIBCO, Invitrogen) medium with 10% fetaovine and 1% dual antibody
(streptomycin and penicillin) at 37 in a humidified 5% C@incubator. When the number of
adherent cells grow steadily in the culture batlaches 85-95%, the digestion is passed on.
Discard the original culture medium, wash the adtieells three times with phosphate buffer
solution (PBS), add trypsin to digest the cellstfoee minutes, and then add culture medium
containing 10% serum to stop digestion. The digestdl suspension was transferred to the
centrifugal tube for centrifugation (800 r/min, 3rpithe supernatant was discarded, and cells
were suspended and precipitated by a mixture afmseand dual antibody media. The cell
concentration (about 2*@ells/mL) was adjusted and transferred to 96 arifitate and
co-focusing plate for MTT and bioimaging experimerspectively.

Zebrafish was cultured at 28in E3 embryo media, consisting of 15 mM NacCl, sl
MgSQ,, 1 mM CaCj, 0.15 mM KHPQ, 0.05 mM NaHPQ, 0.7 mM NaHCQ and 1%
methylene blue, whose pH = 7.5. Three-day old Zdbravas selected for the imaging

experiments.

3. Results and discussion

3.1 Photophysical propertiesin various solvents

With these dyes in hands, we firstly investigateirtphotophysical property in solutions
(DCM, EtOH, CHCN and DMSO)DEA-BF,-R dyes absorbed in a range from 482 nm to
497 nm with large molar extinction coefficients ¢gab 1d L*mol*cm™) and displayed green
fluorescence with maxima ranging from 520 nm to 550 (Table 1 and Figures S1-S4).
Compared wittDEA-BF,-R, Julo-BF-R displayed about 20 nm red-shift in their absorptio
spectra and 10 nm red-shift in emission spectrawshin Table 1 and Figures S5-S8). We
were very pleased that the replacement of diethylamgroup with THQ group in borate dyes



significantly extended the emission to red spectegfion (around 90 nm red shift) and

resulted in about 40 nm red shift in their absarp8pectra (Table 1 and Figures S9-S12). For
example, the absorption maxima@EA-BF,-CH; and THQ-BF,-CH3 in DMSO were 483
nm and 526 nm and their fluorescence spectra peatkd8 nm and 646 nm, respectively
(shown in Figure 1). The Stokes shift fboHQ-BF,-CH3; was remarkably increased to 120

nm. As a result, we successfully tuned the opficaperties of iminocoumarin-based borate

complexes to obtain long-wavelength emission (> 18®) as well as large Stokes shift (>100

nm) through introducing THQ electron donor to erdeaimtracellular charge ICT process.

Table 1 Photophysical properties BfEA-BF,-R, Julo-BF,-R and THQ-BF,-R in various solvents.

DEA-BFR Julo-BFR THQ-BF»R
abd Asd abd Asd Aabd Asd
-R Solvents eMiem? ;2  1ns X¢ eMiem?  o®  1ns X¢ eMicm®  o° 1/ns X¢
Aen{ NM nm Aen{ NM nm Aend NM nm

DCM 490/525 35 41300 0.84 4.09 1.32 512/540 28 86500 0.79 4.19 1.25 534/607 73 31600 0.76 5.38 1.37

EtOH 487/534 47 31300 0.77 3.82 1.20 507/545 38 31300 0.71 4.28 1.03 527/620 93 34000 0.44 4.05 1.22
o CH;CN 483/537 54 34400 0.70 4.03 1.13 505/555 50 53300 0.69 4.43 1.24 522/626 104 30900 0.40 3.98 1.05
DMSO 483/548 65 33000 0.72 3.53 1.34 505/559 54 53100 0.70 4.17 1.31 526/646 120 34400 0.29 3.11 1.11

DCM 493/531 38 42700 0.18 0.92 1.19 513/539 26 69800 0.65 3.54 1.08 538/610 72 24400 0.72 5.35 1.15

EtOH 485/535 50 43900 0.11 0.63 1.38 505/546 41 39900 0.50 3.20 1.15 527/619 92 22300 0.46 4.15 1.07

octs CH;CN 484/537 53 41600 0.09 0.98 1.20 505/555 50 48500 0.60 3.92 1.03 521/626 105 21300 0.42 4.11 1.09
DMSO 483/548 65 37400 0.24 1.35 1.19 505/559 54 38500 0.57 3.84 1.27 526/643 117 21700 0.32 3.29 1.02

DCM 493/528 35 39300 0.84 4.20 1.02 513/538 26 63000 0.80 4.20 1.15 538/608 70 28800 0.75 5.35 1.29

EtOH 488/534 46 34300 0.81 4.01 1.17 506/545 39 35600 0.73 4.25 1.04 528/621 93 24700 0.40 3.94 1.08
" CH;CN 482/536 54 36300 0.73 4.09 1.11 505/554 39 37900 0.67 4.48 1.31 525/627 102 25900 0.39 3.85 1.14
DMSO 482/547 65 31700 0.71 3.51 1.09 505/558 53 37700 0.65 4.15 1.47 528/650 122 26600 0.28 2.92 1.12

DCM 497/532 35 34300 0.87 4.34 1.32 514/541 27 69200 0.84 4.45 1.22 537/611 74 40900 0.66 5.37 1.21

EtOH 490/540 50 33000 0.83 4.12 1.33 508/550 42 18400 0.83 4.47 1.59 532/626 94 37600 0.37 3.77 1.03

CH;CN 486/542 56 34800 0.73 4.29 1.29 507/559 52 37700 0.69 4.68 1.24 532/632 100 41600 0.36 3.69 0.95

DMSO 486/554 68 29500 0.71 3.61 1.26 508/564 56 8908 0.64 4.33 1.23 530/648 118 35200 0.16 2.80.46 1

2@ is the relative fluorescent quantum yield deterrdibg using fluorescein as the referen@e=(0.92 in 0.1 M NaOH at 25).[31]

P @yis the relative fluorescent quantum yield deterrdingingJulo-BF,-CH3 as the referencel(= 0.79 in DCM at 257).

¢Xis the linear fitting coefficient of the fluoresddifetime.
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As seen in Table 1, these iminocoumarin-based &aramplexes exhibited relatively
high fluorescent quantum yields in solutions. EMEA-BF,-R, the fluorescent quantum
yields were up to 0.7 and their fluorescent lifetgrare around 4.0 ns. However, there was an
exception forDEA-BF,-OCH3;, which was weakly fluorescen®( = 0.11,7 = 0.63 ns in
EtOH). Similar toDEA-BF,-R, Julo-BF,-R exhibited high fluorescent quantum yields and
long lifetimes. It's interesting thatlulo-BF,-OCH3; was much more fluorescent than
DEA-BF,-OCHs. In particular, we were very pleased that red-@ngtTHQ-BF,-R dyes
were strongly fluorescent, especially in DC# £ 0.66-0.76), and their fluorescent quantum
yields were up to 0.4 even in polar solution, whitlould be ascribed to the rigidity of THQ
moiety. It's noted thalTHQ-BF,-OCHj; displayed a similar fluorescent quantum yield to
otherTHQ-BF,-R dyes.

In addition, a bathochromic shift in the emissipedra and a decrease in the fluorescent
quantum yields were observed fbHQ-BF,-R dyes with increasing polarity of the solvents.
For instance, when the solvents went from DCM, Et@H,CN to DMSO,THQ-BF,-CH;
exhibited red-shifts in their emissions from 607, 80 nm, 626 nm to 646 nm whereas the
fluorescent quantum yields dropped from 0.76, 00440 to 0.29. The same phenomena were
observed in the optical properties DEA-BF,-R and Julo-BF,-R dyes. Moreover, when
DEA-BF,-CHj;, Julo-BF,-CH3; and THQ-BF,-CH; were irradiated in acetonitrile under a
500 W Xe-lamp light, all the dyes can keep 80% glitgan strength after 80 min of radiation,
indicating the good photostability, as shown inufegS13.

3.2 Theotetical calculations

-2.62ev+ LUMO .2.54¢V —— LUMO -2.52ev+ LUMO
3.06eV‘ 2.99¢V 2.86eV
-5.68eY ——— HOMO -5.53¢V ——— HOMO -5.38¢V ——— HOMO
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DEA-BF,-CH, Julo-BF,-CH, THQ-BF,-CH,

Figure 2. Molecular orbital plots (LUMO and HOMO) and HOMQJMO energy gaps of
DEA-BF,-CH3;, Julo-BF,-CH3; andTHQ-BF,-CH3 in DCM solvent.



To obtain more evidence to support our design esfyat DFT calculations were
performed orDEA-BF,-CH3, Julo-BF,-CH3; andTHQ-BF,-CH3 using Gaussian 09 program,
whose geometries were optimized under B3LYP/6-34¥&l| and the frontier energy levels
(HOMO and LUMO) were calculated in DCM solvent. Aepicted in Figure 2, the
electrons of the HOMO oDEA-BF,-CH; were mainly located on the coumarin core, N,
N-diethyl donor and benzimidazole moiety. At thecited state, the electron clouds were
mostly located on coumarin core and ,BBridge linking iminocoumarin core. For
DEA-BF,-CH3, Julo-BF,-CH3; and THQ-BF,-CH5, the energy gaps between HOMOs and
LUMOs decreased (from 3.06 eV, 2.99 eV to 2.86 eWing to the enhanced conjugation of
donors (Julo and THQ) to iminocoumarin-Bfamework, which was well in agreement with

the red-shift in their absorption wavelength.

3.3 Solid fluorescence

Figure 3. Photographs afA) DEA-BF,-CHs, (B) Julo-BF,-CHz and (C)THQ-BF,-CH5 (1) in a
solution of DCM under UV-bench lampe(= 365 nm), (2) in solid state under 10x fluoreseenc
inverse microscope.

Table 2 Photo-physical property ®@EA-BF,-R, Julo-BF>-R andTHQ-BF»-R in solid state.

Dyes Aew/ NM O i/ ns X
DEA-BF,-CH4 634 0.08 4.95 1.47
DEA-BF,-OCHj, 608 0.08 4.27 1.47
DEA-BF-H 604 0.07 3.43 1.42
DEA-BF-I 614 0.10 5.75 1.19
Julo-BF,-CHs 624 0.02 1.08 1.32
Julo-BF,-OCHj 622 0.01 1.36 1.22
Julo-BF-H 635 0.01 0.95 1.08
Julo-BF - 636 0.02 1.16 1.41
THQ-BF,-CH, 713 0.01 0.81 1.54
THQ-BF,-OCHj,4 665 0.01 0.39 1.38
THQ-BF-H 666 0.01 0.82 1.23
THQ-BF-I 719 0.01 0.97 0.86

Next, the solid fluorescence of these borate dyes wvestigated DEA-BF,-R,
Julo-BF,-R andTHQ-BF,-R all exhibited strong red solid fluorescence. Agveh in Figure

3, DEA-BF,-CH3;, Julo-BF,-CH; and THQ-BF,-CH; at solid state showed different



crystalline morphologies. The emission spectraréiscent quantum yield®{ and lifetimes

(r) of all three kinds of dyes were summarized inld&ab and Figure S14. The emission
wavelength of these dyes increased in an ordBE#-BF,-R, Julo-BF,-R andTHQ-BF,-R
and their fluorescent quantum yields and fluorestifstimes dropped in the same order. it's
noteworthy thatTHQ-BF,-CH3; and THQ-BF,-I had emissions in near-infrared spectra
region {ma = 713 and 717 nm, respectively). The solid-staterscence might be ascribed
to the existence of twisted 3D structure in thegesd which could prevent-n stacking

interactions.[12, 32]

3.4 Cell and zebr afish imaging
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Figure 4. Cytotoxicity assay of HQ-BF,-CH3at different concentrations in HelLa cells.

Figure 5. High content screening images of HelLa cells dftenbation with dyeTHQ-BF,-CH; (2.0
nM) and Hoechst 33342 (1 M) for 15 min, respectively, at 37 °C. Red chaniéfQ-BF,-CH3: dey

= 490-515 nmjem= 570-650 nm; Blue channel: Hoechst 33342= 350 nm\.,n= 430-500 nm. (a)
Bright field, (b) merged of red channel and bluarmtel, (c) overlay of bright field and dark field.
Scale bar: 5@um.



Figure 6. High content screening images of zebrafish aftenbation with dyeTHQ-BF,-CH; (2.0
uM) for 20 min at 28 °C. (a) Bright field; (b) Redhannel:THQ-BF,-CHa3: Aey= 490-515 nmie,=
570-650 nm.

The excellent optical properties of these dyes eraged us to explore their applications
for bioimaging. First, we evaluated the cytotoxictf THQ-BF,-CH3; by MTT assays. As
shown in Figure 4, the cell viabilities were ovet%® when cellswere incubated with
THQ-BF,-CH3; at a concentration below 5/M, indicating the low cytotoxicity of dye
THQ-BF,-CHas. Then, we used HQ-BF,-CH; to image living HelLa cells co-stained with
Hoechst 33342 (nucleus indicator). When cells wecabated withTHQ-BF,-CH; for 15
min, strong red fluorescence was viewed from cyspl (shown in Figure 5). Furthermore,
we fed a 3-day-old zebrafish wifAiHQ-BF,-CH3 for 20 min at 281 and remarkable red
fluorescence was observed (shown in Figure 6). ifimeging experiments in cells and
zebrafish suggesteOHQ-BF,-R dyes were cell-membrane penetrable and could be ase

staining agents for biological applications.

4. Conclusions

In conclusion, we developed a series of boraterdlscent dyesTHQ-BF,-R, using
tetra-hydro-quinoxaline as the electron donor, whdisplayed large Stokes shifts, red
emissions and fairly high fluorescent quantum ygafdsolution, as well as exhibited red/NIR
solid fluorescence and could stain living cells aetirafish with good performance and low

cytotoxicity.
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Highlights

1. A series of new iminocoumarin-based fluorescent borate complexes was developed

by introducing a very strong electron donor, tetrahydroquinoline group.

2. These dyes displayed red/NIR emissions (up to 650 nm in DMSO) and large Stokes
shift (up to 122 nm in DMSO).

3. These dyes had good fluorescent quantum yields (0.65-0.84 in DCM) and large

absorption molecular extinction coefficients (10* M-tcm™).
4. These dyes showed red/NIR solid fluorescence.

5. These dyes had potential application for bioimaging in cells and zebrafish.
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