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We report a new class of dicyanoboron diketonates complexes which exhibit high 
molar absorption coefficients, large Stokes shifts, high photostability and low 
cytotoxicity. 
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Abstract 

A new class of dicyanoboron diketonates (B(CN)2) was synthesized and the 

photophysical properties were investigated. The B(CN)2 complexes exhibited high 

molar absorption coefficients, large Stokes shifts, high photostability and low 

cytotoxicity. Especially, the emission of the B(CN)2 extended into the deep red region. 

The extensive π conjugation and the presence of intramolecular charge transfer (ICT) 

transitions are responsible for their red-shifted emission. Their fluorescence are very 

sensitive to the polarity of the solvents. They are highly emissive in low polarity 

solvents, but weakly fluorescent in polar solvents. Cell imaging experiments 

demonstrated its potential application as a probe in bioorganisms due to its excellent 

imaging contrast. This strategy represents a facile approach to modulate the 

photophysical properties of dyes. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

2 

 

Keywords 

Dicyanoboron diketonate, fluorescence dye, optical properties, solvent effect 

1. Introduction 

Organoboron complexes are one of the most important types of fluorescent dyes 

[1]. Notably, because of their large molar extinction coefficients, high emission 

quantum yields, and sensitivity to the surrounding medium, boron dipyrromethene 

dyes (BODIPYs) and boron diketonates have attracted much interest in the fields of 

molecular probes [2,3], optical imaging [4,5], sensing applications [6], and laser dyes 

[7,8]. In addition to the rich photophysical properties which they share in common 

with BODIPYs, boron diketonates also show large two photon absorption cross 

sections, air stability, pronounced room temperature phosphorescence and delayed 

fluorescence when incorporated with polymer matrices in the solid state [9,10]. 

Within this context, the synthesis and studies of boron diketonates have gained much 

attention recently [11]. Various efforts have been made to tune the photophysical 

properties of the organoboron complexes, which is in essence, the alteration of the 

transition energy levels of the dye molecules [12]. This change is often effected by 

chemically modifying the π conjugation or the substituent groups. Extending the 

absorption and emission properties of the dyes to the deep red/near-infrared region 

would facilitate their application in biological systems by avoiding interferences from 

background autofluorescence, minimizing photodamage to samples, and increasing 

tissue penetration [13].  For organoboron complexes, replacing fluorine with other 

functional groups such as aryl, ethynylaryl etc. represents a very simple and effective 
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method for such a purpose. For example, Ziessel et al. have reported on the 

substitution of fluorine of BODIPY by alkynyl, alkynylaryl, ethynylaryl and aryl 

groups [14]. Such derivatives share not only improvement of their stabilities but also 

large Stokes shifts in their emission spectra. In contrast, very few difluoroboron 

diketonate derivatives, with fluorine replaced by other groups as analogous 

derivatives, have been reported [15]. Information such as emission properties in 

solution and the solid state have not yet been studied.  

In line with our ongoing work on BODIPY and boron diketonates as fluorescent 

sensors for the detection of biological thiols and various metal ions in solution and in 

living cells [16], we decided to extend our investigation toward tuning the 

photophysical properties of diketonate derivatives. In particular, we intended to 

design boron 1, 3-diketonate dyes which are fluorescent in the deep red/near-infrared 

region by simple methods and to apply them for in vivo studies. In this paper, we 

present the synthesis, absorption and fluorescence emission properties, and theoretical 

calculations of dicyanoboron diketonates (B(CN)2, 1c-3c, Scheme 1). The substitution 

of fluorine by cyano group red shifted the emission > 25 nm. Especially, the emission 

of 3c extended into the deep red region. The B(CN)2 complexes exhibited high molar 

absorption coefficients, large Stokes shifts, good imaging contrast, high photostability 

and low cytotoxicity. 

 

Scheme 1. Structures of the difluoroboron diketonates 1b-3b and dicyanoboron diketonates 1c-3c. 
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2. Experimental Section 

2.1 General Experimental Methods 

1H and 13C NMR spectra were recorded on an Advance Bruker 400M 

spectrometer (400 MHz) using tetramethylsilane (TMS) as an internal standard in 

CDCl3 at room temperature. Mass spectra (ESI) were obtained on Bruker Apex IV 

Fourier Transform Mass Spectrometer. Mass spectra (EI) were obtained in the 

positive ion mode on a Waters GCT premier. Fourier-Transform Infrared (FT-IR) 

Spectra were recorded on a Varian Excalibur 3100 infrared spectrometer. 

Fluorescence spectra were determined on a Hitachi F-4600 spectrophotometer. 

Absorption spectra were determined on a Hitachi U-3900 UV-Visible 

spectrophotometer. Fluorescence lifetimes were recorded on Edinburgh F900 

spectrometer. Tetrahydrofuran (THF) was refluxed with sodium in the presence of 

benzophenone as indicator for 5 h and then distilled under nitrogen. Other reagents 

were analytical grade and were used without further purification. 

2.2 Synthesis 

2.2.1 Synthesis of 1a 

1a was synthesized by a standard Claisen condensation under basic conditions 

according to the literature [17] (Scheme S1). The crude product was recrystallized in 

ethanol to give 1a as yellow needle crystals (2.06 g, 72.5%). 1H NMR (400 MHz, 

CDCl3) δ 17.11 (s, 1H, enol-OH), 7.96 (d, 4H), 7.00 (d, 4H), 6.74 (s, 1H, COCHCO), 

3.90 (s, 6H, OCH3). 
13C NMR (100 MHz, CDCl3) δ 192.90, 184.74, 164.09, 163.18, 

131.43, 129.70, 129.21, 128.30, 114.09, 91.60, 55.62, 55.57. MS (EI) m/z calcd for 

C17H16O4 [M] + 284.10, found 284.11. 
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2.2.2 Synthesis of 1b 

To a solution of 1a (1.42 g, 5 mmol) in CH2Cl2 (40 mL), boron trifluoride diethyl 

etherate (1.25 mL, 10 mmol) and triethylamine (1 mL, 7.5 mmol) was added. After 

being stirred for 6 h at room temperature in the dark, the reaction solution was washed 

with water (50 mL) and brine (50 mL). The organic layer was dried over anhydrous 

MgSO4 and the solvent was removed in vacuo to give the crude product. Purification 

by flash column chromatography (silica gel, petroleum/CH2Cl2 1:1) gave 1b as a 

yellow green powder (1.56 g, 94%) [17]. 1H NMR (400 MHz, CDCl3) δ 8.14 (d, J = 

9.0 Hz, 4H), 7.11 – 6.93 (m, 5H), 3.94 (s, 6H, OCH3). 
13C NMR (100 MHz, CDCl3) δ 

180.84, 165.32, 131.25, 124.56, 114.57, 91.53, 55.75. MS (EI) m/z calcd for 

C17H15O4BF2 [M] + 332.10, found 332.11. 

2.2.3 Synthesis of 1c 

To a solution of 1b (100 mg, 0.3 mmol) in CH2Cl2 (20 mL), trimethylsilyl cyanide 

(120 µL, 1 mmol) and boron trifluoride diethyl etherate (125 µL, 1 mmol) were added. 

After stirring at room temperature for 1 h, the reaction solution was washed with 

water (30 mL) and brine (30 mL). The organic layer was dried over anhydrous 

MgSO4 and the solvent was removed in vacuo to give the crude product. Purification 

by flash column chromatography (silica gel, petroleum/CH2Cl2 1:3) gave 1c as a 

yellow powder (55 mg, 53%). 1H NMR (400 MHz, CDCl3) δ 8.12 (d, J = 9.0 Hz, 4H), 

7.14 – 6.94 (m, 5H), 3.96 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 179.78, 166.66, 

132.08, 123.21, 115.06, 93.65, 55.99. HRMS (ESI) m/z calcd for C19H15BN2NaO4 

[M+Na]+ 369.10205, found 369.10210. 
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2.2.4 Synthesis of 2a 

2a was synthesized by a standard Claisen condensation as described for 1a [17] 

(Scheme S1). Purification by flash column chromatography (silica gel, 

petroleum/ethyl acetate 4:1) gave 2a as a dark yellow solid. Yield 70%. 1H NMR (400 

MHz, CDCl3) δ 17.09 (s, 1H, enol-OH), 7.94 (d, J = 8.9 Hz, 4H), 6.98 (d, J = 8.9 Hz, 

4H), 6.72 (s, 1H, COCHCO), 6.06 (ddd, J = 22.5, 10.6, 5.3 Hz, 2H), 5.44 (d, J = 17.3 

Hz, 2H), 5.33 (d, J = 10.5 Hz, 2H), 4.61 (d, J = 5.3 Hz, 4H, OCH2). 
13C NMR (100 

MHz, CDCl3) δ 192.55, 184.57, 162.97, 162.07, 132.68, 132.47, 131.27, 129.79, 

129.04, 128.44, 118.11, 117.99, 114.71, 114.63, 91.54, 68.93. MS (EI) m/z calcd for 

C21H20O4 336.14, found 336.14. 

2.2.5 Synthesis of 2b 

2b was synthesized by the same method as 1b. Purification by flash column 

chromatography (silica gel, petroleum/CH2Cl2 1:2) gave 2b as a bright yellow powder 

[17]. Yield 90%. 1H NMR (400 MHz, CDCl3) δ 8.10 (d, J = 8.9 Hz, 4H), 7.11 – 6.91 

(m, 5H), 6.06 (ddd, J = 22.4, 10.5, 5.3 Hz, 2H), 5.45 (d, J = 17.3, 2H), 5.35 (d, J = 

10.5, 2H), 4.65 (d, J = 5.2 Hz, 4H, OCH2). 
13C NMR (100 MHz, CDCl3) δ 184.64, 

180.94, 164.40, 162.14, 132.74, 132.18, 131.34, 131.23, 129.10, 128.50, 124.77, 

118.50, 118.07, 115.31, 114.78, 91.65, 69.23, 69.00. MS (EI) m/z calcd for 

C21H19O4BF2 [M] + 384.13, found 384.14. 

2.2.6 Synthesis of 2c 

2c was synthesized by the same method as 1c. Purification by flash column 

chromatography (silica gel, petroleum/CH2Cl2 1:2) gave 2c as a yellow solid. Yield 
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48%. 1H NMR (400 MHz, CDCl3) δ 8.09 (d, J = 8.8 Hz, 4H), 7.18 – 6.90 (m, 5H), 

6.06 (ddd, J = 22.2, 10.4, 5.2 Hz, 2H), 5.46 (d, J = 17.3 Hz, 2H), 5.37 (d, J = 10.5 Hz, 

2H), 4.69 (d, J = 4.9 Hz, 4H, OCH2). 
13C NMR (100 MHz, CDCl3) δ 179.71, 165.66, 

132.07, 131.72, 129.07, 123.23, 118.91, 118.17, 115.70, 114.69, 93.70, 69.43, 68.94. 

HRMS (ESI) m/z calcd for C23H19BN2NaO4 [M+Na]+ 421.13342, found 421.13403. 

2.2.7 Synthesis of 3a 

3a was obtained as a white powder by reaction of benzoylacetone and 

trifluoroboron diethyl etherate. Yield 92%. 1H NMR (400 MHz, CDCl3) δ 8.07 (d, J = 

7.3 Hz, 2H), 7.70 (t, J = 7.5 Hz, 1H), 7.54 (t, J = 7.9 Hz, 2H), 6.60 (s, 1H), 2.43 (s, 

3H, CH3). 
13C NMR (100 MHz, CDCl3) δ 192.69, 182.91, 135.47, 131.21, 129.21, 

129.01, 97.51, 24.75. MS (EI) m/z calcd for C10H9O2BF2 [M] + 210.07, found 210.07. 

2.2.8 Synthesis of 3b 

To a solution of 3a (1.05 g, 5 mmol) in EtOH (60 mL), was added 

dimethylaminobenzaldehyde (0.89 g, 6 mmol). After it had dissolved completely, 

hexahydropyridine (60 µL, 6 mmol) was added into the solution. After refluxing at 80ć 

for 16 h, EtOH was removed in vacuo. The residue was washed with water and 

extracted with CH2Cl2. The organic layer was dried over anhydrous MgSO4 and the 

solvent was removed in vacuo to give the crude product. Purification by flash column 

chromatography (silica gel, petroleum ether/CH2Cl2 1:4) gave 3b as a blue powder 

(600 mg, 35%). 1H NMR (400 MHz, CDCl3) δ 8.12 (d, J = 15.2 Hz, 1H, Ar'-CH=C), 

8.05 (d, J = 7.5 Hz, 2H, Ar-H), 7.62 (t, J = 7.4 Hz, 1H, Ar-H), 7.56 (d, J = 8.9 Hz, 2H, 

Ar'-H), 7.51 (t, J = 7.7 Hz, 2H, Ar-H), 6.71 (d, J = 8.9 Hz, 2H, Ar'-H), 6.57 (d, J = 
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15.2 Hz, 1H, CH=CH(CO)), 6.53 (s, 1H, (CO)CH(CO)), 3.11 (s, 6H, CH3). 
13C NMR 

(100 MHz, CDCl3) δ 180.99, 178.86, 153.31, 149.67, 133.92, 132.72, 132.18, 130.91, 

129.93, 128.90, 128.55, 128.28, 127.14, 121.91, 114.16, 111.98, 97.06, 40.14. HRMS 

(ESI) m/z calcd for C19H18BF2NNaO2 [M+Na]+ 364.12943, found 364.12937. 

2.2.9 Synthesis of 3c 

3c was synthesized from 3b by the same method as 1c. Purification by flash 

column chromatography (silica gel, petroleum ether/CH2Cl2 1:2) gave 3c as a dark 

blue powder. Yield 42%. 1H NMR (400 MHz, CDCl3) δ 8.12 (d, J = 14.8 Hz, 1H, 

Ar'-CH=C), 7.97 (d, J = 7.4 Hz, 2H, Ar-H), 7.68 – 7.56 (m, 3H), 7.51 (t, J = 7.8 Hz, 

2H, Ar-H), 6.73 (d, J = 9.0 Hz, 2H, Ar'-H), 6.58 – 6.49 (m, 2H), 3.17 (s, 6H, CH3). 

13C NMR (100 MHz, CDCl3) δ 178.91, 176.01, 154.50, 153.07, 134.59, 133.81, 

131.72, 129.11, 128.36, 121.98, 112.44, 112.34, 99.14, 40.27. HRMS (ESI) m/z calcd 

for C21H18BN3NaO2 [M+Na]+ 378.13788, found 378.13880.  

2.3 Fluorescence quantum yields measurement 

The fluorescence quantum yields Φ were calculated from the relation shown in the 

following equation: 

Φu = Φs × (Fu/Au) × (As/Fs) × (nu
2/ns

2) 

in which u and s denote a dye and a standard, respectively, A is the absorbance at the 

excitation wavelength, F is the integrated emission area, and n is the refractive index 

for the solvent [18]. 

Fluorescence quantum yields, Φf, for β-diketonate derivatives (1b, 1c, 2b, 2c) in 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

9 

 

CH2Cl2 were calculated versus anthracene in EtOH as a standard method using the 

following values: Φf(anthracene) =0.27, nD
20(EtOH) = 1.360, and nD

20(CH2Cl2) = 

1.424 [19,20]. Optically dilute CH2Cl2 solutions of β-diketonate derivatives and EtOH 

solutions of the anthracene standard were prepared in 1 cm path length quartz cuvettes 

with absorbances < 0.1. Quantum yield measurements were performed with excitation 

at λex = 356 nm and emission integration range = 370-700 nm. Fluorescence quantum 

yields for β-diketonate derivatives (3b, 3c) in CH2Cl2 were calculated versus 

rhodamine B in EtOH as a standard method using the following values: Φf 

(rhodamine B) =0.5, nD
20(EtOH) = 1.360, and nD

20(CH2Cl2) = 1.424 [19,20]. Optically 

dilute CH2Cl2 solutions of β-diketonate derivatives and EtOH solutions of the 

rhodamine B standard were prepared in 1 cm path length quartz cuvettes with 

absorbances < 0.1. Quantum yield measurements were performed with excitation at 

λex = 500 nm and an emission integration range = 520-750 nm.  

2.4 Cell culture and cell imaging 

HeLa cells were cultured in Dulbecco's Modified Eagle’s Medium (DMEM), 

supplemented with 10% Fetal Bovine Serum (FBS), penicillin (100 units/mL), and 

streptomycin (100 µg/mL) at 37 °C in a humidified atmosphere of 5% CO2 for 24 h. 

The cells were seeded in a glass-bottom cell culture dish (NEST Biotechnology Co. 

LTD.) and incubated with 1 µM compound 3c at 37 °C in a humidified atmosphere of 

5% CO2 for 6 h, then were replaced three times with fresh growth medium. Confocal 

cell imaging was performed on a Nikon Eclipse Ti confocal laser scanning 

microscopy (CLSM) with a TDKAI HIT live cell imaging system. Fluorescence was 
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excited at 561 nm and emission was collected by a 570-620 nm band pass filter. 

3. Results and Discussion 

3.1 Synthesis and Characterization 

The Claisen condensation reaction of acetophenone and benzoate gave the ligands 

1a-2a (Scheme S1 in supplementary data) [17], which exist as their enol forms in 

solution as indicated by the 1H NMR. 1a-2a were then allowed to react with the boron 

trifluoride-diethyl ether complex in the presence of triethylamine in dichloromethane 

to afford the corresponding BF2 complexes 1b-2b. The B(CN)2 (1c, 2c, 3c) were 

synthesized by treatment of the corresponding difluoroboron diketonates (1b, 2b, 3b) 

with trimethylsilyl cyanide (TMSCN) in the presence of boron trifluoride diethyl 

etherate in CH2Cl2 at room temperature (Scheme 2). The successful substitutions were 

confirmed by 1H and 13C NMR, IR and HRMS (see supplementary data).  

 

Scheme 2. Synthesis of dicyanoboron diketonate complexes. 

 

3.2 Optical Properties 

 

Figure 1. (a) UV-vis absorption and (b) normalized fluorescence spectra of 1b-3b, 1c-3c in 

dichloromethane (1.0 × 10-5 M). 
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Table 1. Photophysical Properties of Difluoroboron Diketonates and Dicyanoboron Diketonates. 

compd 

in dichloromethanea solid state 

Fmax
g 

[nm] 

Energy 

gapcalc 

[eV] 

λmax 

[nm] (ε) 

Fmax
b 

[nm] 

Stokes 

shift [nm] 
Φf

b,c 
τs

d
 

[ns] 

kf
e 

[109 s-1] 

knr
f
 

[109 s-1] 

1b 
412 

(78200) 
438 26 0.85 2.15 0.40  0.07  501 3.7144 

1c 
439 

(78500) 
464 25 0.66 2.23 0.30  0.15  547 3.5076 

2b 
411 

(63200) 
438 27 0.72 1.96 0.37  0.14  501 3.6409 

2c 
440 

(69700) 
466 26 0.24 2.05 0.12  0.37  550 3.4123 

3b 
535 

(87800) 
621 86 0.026 0.51 0.05  1.91  ——h 3.0287 

3c 
585 

(97600) 
664 79 

<0.00

1h 
1.43 <0.001h 0.70  ——h 2.8491 

a Measured at a concentration of 1.0 × 10-5 mol dm-3. b The excitation wavelengths (λex) were as follows: 1b (c) 

(356 nm), 2b (c) (356 nm), 3b (450 nm) and 3c (530 nm). c 
Φf is the relative fluorescence quantum yield estimated 

using anthracene (Φf = 0.27 in ethanol) for 1b, 1c, 2b, 2c or rhodamine B (Φf = 0.5 in ethanol) for 3b-3c as 

standard. d Measured using time-resolved fluorescence measurements. e Radiative rate constant (kf = Φf/τf). 
f 

Nonradiative rate constant (knr = (1 − Φf)/τf). 
g The λex were as follow: 1b (410 nm), 1c (440 nm), 2b (410 nm), 2c 

(440 nm). h Too weak to be measured. 

To examine the optical properties of the obtained boron dicyanodiketonates, 

UV-vis absorption and emission spectra were carried out in CH2Cl2 (Figure 1). The 

data are compared to those of the model BF2 complexes 1b-3b (Table 1). Substitution 

of fluorine by cyano group strongly influences the absorption and emission spectra. 

1c-3c exhibited strong absorption (ε > 60000 M-1 cm-1) in the 440-580 nm region, 

which are red-shifted > 25 nm compared to those of BF2 complexes. Especially in 3c, 
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the absorption maxima shifted as much as 43 nm compared to that of 3b. The molar 

absorption coefficients of B(CN)2 complexes are generally higher than those of the 

BF2 compounds. The emission maxima of B(CN)2 complexes are red-shifted 

proportionally with the absorption changes. In other words, the Stokes shift didn’t 

change much after cyano substitution. 

As shown in Table 1, the organoboron BF2 dyes 1b and 2b are highly emissive, 

with fluorescence quantum yields in CH2Cl2 at room temperature are 0.85 and 0.72, 

respectively. After substitution with cyano group, the quantum yields of 1c and 2c 

decrease to 0.66 and 0.24. In light of the fact that the nonradiative rate constants (knr) 

of 1c (0.15×109 s-1) and 2c (0.37×109 s-1) are higher compared with those of 1b 

(0.07×109 s-1) and 2b (0.14×109 s-1), there may be other processes in the nonradiative 

decay of B(CN)2 compounds responsible for the lower quantum yields [21,22]. 

The absorption and emission of 3b and 3c in CH2Cl2 are in the deep red region 

due to their more extensive π conjugation and the presence of intramolecular charge 

transfer (ICT) process. The molar absorption coefficient (ε) of 3c is significantly 

higher than those of 1b (c) and 2b (c), which might be due to the extension of π 

conjugation and the two substituted cyano groups. Very weak fluorescence was 

observed for 3b and 3c in CH2Cl2 for reasons to be discussed below. The Stokes shifts 

for 3b and 3c are as large as 86 nm, which implies that there is a large difference in 

the molecular structures between the ground and excited states. The presence of ICT 

process is indicated [23]. The excitation spectra of 3b and 3c almost match well with 

their absorption spectra. (Figure S1)The emission of B(CN)2 complexes (1c and 2c) 
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were red-shifted 84 nm in their solid state with respect to those in solution, while the 

emission of BF2 complexes (1b and 2b) in the solid state were red shifted 63 nm 

compared with those in solution. These changes might be due to different packing 

structures in the solids with different substituents for the BF2 and B(CN)2 complexes. 

Fluorescence of 3b and 3c in the solid state was too weak to be observed. 

3.3 Solvent Effects 

Dye emission color tuning can also take advantage of solvatochromism. Polar 

dyes in particular can be sensitive to the properties of their surroundings. The polarity 

or dielectric constant of the local medium can affect the ground state or excited state 

energies of fluorophores or both. To demonstrate the solvent effect, the absorption 

and emission of 3b and 3c in different solvents were measured (Figure 2, Table 2 and 

3). The absorption spectra of 3b and 3c show minor changes in different solvents, 

which suggests that the difference among their ground-state dipole moments in 

different solvents is rather small. However, the color changes of 3b and 3c in different 

solvents could easily be visualized by naked-eye (Figure S2 and S3). For example, the 

color of 3c changed from pink to blue when the solvent was changed from toluene to 

acetonitrile. The fluorescence emission spectra of 3b and 3c exhibit positive 

solvatochromism in general. The fluorescence quantum yields of 3b and 3c, which are 

high in toluene (0.5 and 0.28 respectively), are too low to be determined in the more 

polar solvent such as methanol.  

Typically, the fluorescence emission spectra from an ICT state are very dependent 

on the polarity of solvents [24]. The fluorescence quantum yields are low in polar 
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solvents but high in low polarity ones. Consequently, the presence of an ICT process 

in 3b and 3c was indicated. Kinetic constants were also determined for radiative and 

nonradiative deactivation pathways in various solvents and are collected in Table 2 

and Table 3. The radiative constants kf of 3b and 3c are found to decrease with the 

polarity of solvents, accompanied by an increase of the nonradiative constant knr. 

According to the energy gap rule [25], this decrease in fluorescence quantum yield 

(Φf) and lifetime (τs) is attributed to the acceleration of internal conversion (ic) as the 

energy gap between the excited and the ground state decreases. Thus, the observed 

positive solvato-kinetic effect does not arise from the population of different emitting 

species during the lifetime of the excited state, but the quenching of the highly polar 

ICT state which is caused by an increase of kic. 

 

Figure 2. Fluorescence spectra of 3b (a) and 3c (b) in various solvents (1.0 × 10-5 M). 

 

Table 2. Absorption and Emission Properties of 3b in Various Solvents. 

solventa ∆fb λmax [nm] (ε) 
Fmax

c 

[nm] 

Stokes shift 

[nm/cm-1] 
Φf

d 
τs

e 

[ns] 

kf
f 

[109 s-1] 

knr
g 

[109 s-1] 

Toluene 0.02  519 (62400) 573 54/1820 0.50 2.42  0.21  0.21  

CHCl3 0.15  530 (72600) 600 70/2200 0.17 2.55  0.07  0.33  

THF 0.21  522 (71200) 611 89/2790 0.024 0.52  0.05  1.88  

CH2Cl2 0.22  535 (87800) 621 86/2590 0.026 0.51  0.05  1.91  

Acetone 0.28  530 (69500) 582 52/1690 <0.001h 1.97  <0.001 h 0.51 

CH3OH 0.30  528 (63400) 612 84/2600 <0.001 h 0.35  <0.001 h 2.86 

CH3CN 0.31  535 (66600) 593 58/1830 <0.001 h 1.26  <0.001 h 0.79 

a Measured at a concentration of 1.0 × 10-5 mol dm-3. b Solvent polarity parameter ([(ε − 1)/(2ε + 1)] − [(n2 − 
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1)/(2n2 + 1)]) (ref 23). c The excitation wavelengths (λex) is 450 nm in all solvents. d Φf is the relative fluorescence 

quantum yield estimated by using rhodamine B (Φf = 0.5 in ethanol) as standard. e Measured using time-resolved 

fluorescence measurements. f Radiative rate constant (kf = Φf/τf). 
g Nonradiative rate constant (knr = (1 − Φf)/τf). 

h 

Too weak to be measured. 

 

Table 3. Absorption and Emission Properties of 3c in Various Solvents. 

solventa ∆fb λmax [nm] (ε) 
Fmax

c 

[nm] 

Stokes shift 

[nm/cm-1] 
Φf

d 
τs

e 

[ns] 

kf
f 

[109 s-1] 

knr
g 

[109 s-1] 

Toluene 0.02  572 (104400) 624 52/1457 0.28 2.53  0.11  0.28  

CHCl3 0.15  580 (107700) 639 59/1592 0.021 0.63  0.03  1.55  

THF 0.21  580 (92700) 659 79/2067 0.002 1.42  0.001  0.70  

CH2Cl2 0.22  585 (97600) 664 79/2034 <0.001h 1.43  <0.001 h 0.70 

Acetone 0.28  585 (96100) 667 82/2102 <0.001 h 1.99  <0.001 h 0.50 

CH3OH 0.30  586 (93100) 665 79/2027 <0.001 h 0.61  <0.001 h 1.64 

CH3CN 0.31  586 (92500) 675 89/2250 <0.001 h 1.30  <0.001 h 0.77 

a Measured at a concentration of 1.0 × 10-5 mol dm-3. b Solvent polarity parameter ([(ε − 1)/(2ε + 1)] − [(n2 − 

1)/(2n2 + 1)]). c The excitation wavelengths (λex) is 530 nm in all solvents. d Φf is the relative fluorescence quantum 

yield estimated by using rhodamine B (Φf = 0.5 in ethanol) as standard. e Measured using time-resolved 

fluorescence measurements. f Radiative rate constant (kf = Φf/τf). 
g Nonradiative rate constant (knr = (1 − Φf)/τf). 

h 

Too weak to be measured. 

3.4 Theoretical Calculations 

The Gaussian 03 software package [26] was used for all computational modeling. 

The geometries for 1b-3b and 1c-3c were optimized with a density functional theory 

(DFT) method, using the B3LYP//6-311+G* basis set. Figure 3 shows the lowest 

unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital 
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(HOMO) for 1b-3b, 1c-3c. The corresponding energy gaps between LUMO and 

HOMO are included in Table 1.  

The substitution of fluorine by cyano group in the boron diketonates did not 

change the location of the π orbital of the 1,3-diketone group. As a result, the 

transition between the excited state and ground state is allowed because the π,π* 

excited states of these six compounds occupy the lowest excited state. In contrast, the 

bathochromic shift experimentally observed for B(CN)2 complexes after cyano 

substitution can be attributed to more pronounced lowering of the LUMO rather than 

elevation of the HOMO. On the other hand, as indicated by the DFT calculations, 

extended conjugation in 3b and 3c leads to elevation of the HOMO levels and thus the 

observed bathochromic shift of the emission compared with 1b (c) and 2b (c) . 

 

Figure 3. Calculated molecular orbital energy diagram and isodensity surface plots of the frontier 

orbitals (HOMO and LUMO) of 1b-3b, 1c-3c. 

 

3.5 Confocal Fluorescent Images of Cells 

Fluorescence probes are useful for imaging various biological functions and 

diagnostic application. Considering the promising biological applications, some 

cell-imaging experiments of 3c were conducted. In our experiment, HeLa cells were 

incubated with 3c at the concentration of 1 µM for 6 h. We chose this dye because its 

deep red fluorescence had minimal interference from background autofluorescence of 

the cells. It is apparent from Figure 4 that 3c could readily penetrate cell membranes, 
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and the strong intracellular fluorescence may be attributed to the distribution of the 

dyes in the lipophilic environment of the cytoplasm. Although 3c shows almost no 

fluorescence (Φ < 0.001) in polar solvents, the fluorescence intensity in cytoplasm 

was sufficient to provide strong contrast for imaging due to its possible enrichment 

inside the low polarity microenvironment of cytoplasm. Almost no background 

fluorescence could be observed.  

 

Figure 4. Confocal fluorescence images of living HeLa cells: (a) bright field image of living HeLa 

cells; (b) fluorescence image of living HeLa cells incubated with 1 µM 3c for 6 h; (c) the overlap 

of bright field and fluorescence images. 

 

For a fluorescence probe to be of practical value, photostability is very important 

because of the possible temporal monitoring of dynamic events inside cells. To 

evaluate the photostability of the probe, the deep red dyes 3b and 3c were irradiated in 

toluene continuously at λ > 420 nm using a 500 W Xe lamp as the collimated light 

source. As monitored by UV spectra, the absorption intensity of 3c could keep 93% at 

567 nm after 15 min continuous irradiation, while the intensity of 3b dropped to 85% 

(Figure 5). This indicates that the photostability of the cyano group substituted boron 

diketonates derivatives is much higher than that of BF2 compounds. The cytotoxicity 

of 3c in HeLa cells was examined using the Cell Counting Kit-8 (CCK-8) assay.  

The results indicate that 3c has low cytotoxicity (cell viability > 95%) after incubation 

for 4 hours, even at 10 µM (Figure S4 in supplementary data). 
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Figure 5. Photostability of 3b and 3c (1.0 × 10-5 M) in toluene. 

 

4. Conclusions 

In summary, we have synthesized a new class of dicyanoboron diketonates from 

difluoroboron diketonate derivatives. Dicyanoboron diketonates show relatively high 

molar absorption coefficients (> 60000 M-1 cm-1) and larger red-shifts (> 25 nm) in 

their absorption and emission spectra than do the corresponding difluoroboron 

diketonates. Especially, the fluorescence emission wavelength of 3c extended to the 

deep red region (664 nm in CH2Cl2). The emission of 3b and 3c are very sensitive to 

the polarity of solvents. The fluorescence quantum yields of 3b and 3c are reasonably 

high in low polarity solvents, but too low to be determined in high polarity solvents. 

Cell imaging experiments demonstrated the potential application of 3c as a probe in 

bioorganisms due to its good imaging contrast, large Stokes shift, low cytotoxicity 

and high photostability. This strategy represents a facile approach to modulate the 

photophysical properties of dyes.  
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Captions 

Scheme 1. Structures of the difluoroboron diketonates 1b-3b and dicyanoboron diketonates 1c-3c. 

Scheme 2. Synthesis of dicyanoboron diketonate complexes. 

Figure 1. (a) UV-vis absorption and (b) normalized fluorescence spectra of 1b-3b, 1c-3c in 

dichloromethane (1.0 × 10-5 M). 

Figure 2. Fluorescence spectra of 3b (a) and 3c (b) in various solvents (1.0 × 10-5 M). 

Figure 3. The calculated molecular orbital energy diagram and isodensity surface plots of the 

frontier orbitals (HOMO and LUMO) of 1b-3b, 1c-3c. 

Figure 4. Confocal fluorescence images of living HeLa cells: (a) bright field image of living HeLa 

cells; (b) fluorescence image of living HeLa cells incubated with 1 µM 3c for 6 h; (c) the overlap 

of bright field and fluorescence images. 

Figure 5. Photostability of 3b and 3c (1.0 × 10-5 M) in toluene. 
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Highlights 

Dicyanoboron Diketonate Dyes: Synthesis, Photophysical 

Properties and Bioimaging 

 

 

� Dicyanoboron diketonates were synthesized and their optical properties were 

studied. 

� The emission of the dyes was extended to the deep red region. 

� The dyes exhibited high molar absorption coefficients and high photostability. 
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Dicyanoboron Diketonate Dyes: Synthesis, Photophysical 

Properties and Bioimaging 
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1. Normalized excitation spectra of 3b and 3c in dichloromethane 

 

Figure S1. Normalized excitation spectra of 3b and 3c in dichloromethane: the 

emission wavelength of 3b and 3c were 619 nm and 657 nm, respectively. 
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2. Absorption spectra of 3b and 3c in various solvents 

 

 

Figure S2. UV-vis absorption spectra and solution colors of 3b in various solvents (1.0 × 10-5 M). 

 

 

 

Figure S3. UV-vis absorption spectra and solution colors of 3c in various solvents (1.0 × 10-5 M) 
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3. Cytotoxicity  

HeLa Cells (5000 per well) were seeded in a 96-well plate and incubated overnight to 

allow cell attachment to the surface of the wells. After that, cells were replaced with 

fresh growth medium. 3c solutions were added to obtain various final concentrations 

of 2, 4, 6, 8, 10 µM and incubated at 37 °C in a humidified atmosphere of 5% CO2 for 

4 h, then stained with CCK-8 (10 µL per 100 µL growth medium). The absorbance 

was measured at 450 nm using an EnSpire® Multimode Plate Reader (PerkinElmer, 

U.S.A.). The data represented the means of duplicate measurements in Figure S3. 

 

Figure S4. Cytotoxicity of 3c in HeLa cells for 4 h incubation at 37 °C in a humidified atmosphere 

of 5% CO2. 
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4. Synthetic route for 1a and 2a 

 

Scheme S1. The synthetic route for 1a and 2a. 

 

4-allyloxy acetophenone was given as colorless liquid. Yield 99%. 1H NMR (400 

MHz, CDCl3) δ 7.95 (d, J = 8.9 Hz, 2H), 6.96 (d, J = 8.9 Hz, 2H), 6.07 (ddd, J = 22.5, 

10.5, 5.3 Hz, 1H), 5.44 (dd, J = 17.3, 1.5 Hz, 1H), 5.34 (dd, J = 10.5, 1.4 Hz, 1H), 

4.62 (d, J = 5.3 Hz, 2H, OCH2), 2.57 (s, 3H, CH3). Methyl 4-allyloxy benzoate was 

given as colorless liquid by the same method. Yield 99%. 1H NMR (400 MHz, CDCl3) 

δ 7.98 (d, J = 8.9 Hz, 2H), 6.93 (d, J = 8.9 Hz, 2H), 6.05 (ddd, J = 22.5, 10.5, 5.3 Hz, 

1H), 5.42 (dd, J = 17.3, 1.5 Hz, 1H), 5.31 (dd, J = 10.5, 1.3 Hz, 1H), 4.59 (d, J = 5.3 

Hz, 2H, OCH2), 3.88 (s, 3H, CH3). 
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5. 1H NMR and 13C NMR spectra of 1a-3c 

1H NMR of 1a in CDCl3 

 

13C NMR of 1a in CDCl3 
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1H NMR of 1b in CDCl3 

 

13C NMR of 1b in CDCl3 
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1H NMR of 1c in CDCl3 

 

13C NMR of 1c in CDCl3 
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1H NMR of 2a in CDCl3 

 

13C NMR of 2a in CDCl3 
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1H NMR of 2b in CDCl3 

 

13C NMR of 2b in CDCl3 
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1H NMR of 2c in CDCl3 

 

13C NMR of 2c in CDCl3 
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1H NMR of 3a in CDCl3 

 

13C NMR of 3a in CDCl3 
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1H NMR of 3b in CDCl3 

 

13C NMR of 3b in CDCl3 
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1H NMR of 3c in CDCl3 

 

13C NMR of 3c in CDCl3 
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6. MS-EI of 1a, 1b, 2a, 2b, 3a 

MS-EI of 1a 

 

MS-EI of 1b 
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MS-EI of 2a 

 

MS-EI of 2b 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

17 

 

MS-EI of 3a 
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7. HRMS-ESI of 1c, 2c, 3b, 3c 

HRMS-ESI of 1c 
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HRMS-ESI of 2c 
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HRMS-ESI of 3b 
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HRMS-ESI of 3c 
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8. FT-IR spectra of 1b, 1c, 2b, 2c, 3b, 3c 

FT-IR spectra of 1b 

 

FT-IR spectra of 1c 

 

FT-IR spectra of 2b 
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FT-IR spectra of 2c 

 

FT-IR spectra of 3b 

 

FT-IR spectra of 3c 

 


