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Abstract Bis-alkylsulfonic acid and polyethylene glycol
(PEG)-substituted BF2 azadipyrromethenes have been
synthesized by an adaptable and versatile route. Only
four synthetic stages were required to produce the
penultimate fluorophore compounds, containing either
two alcohol or two terminal alkyne substituents. The
final synthetic step introduced either sulfonic acid or
polyethylene glycol groups to impart aqueous solubility.
Sulfonic acid groups were introduced by reaction of the
bis-alcohol-substituted fluorophore with sulfur trioxide,
and a double Cu(I)-catalyzed cycloaddition reaction
between the bis-alkyne fluorophore and methoxypolyethy-
lene glycol azide yielded a neutral bis-pegylated deriva-
tive. Both fluorophores exhibited excellent near-infrared
(NIR) photophysical properties in methanol and aqueous
solutions. Live cell microscopy imaging revealed efficient
uptake and intracellular labelling of cells for both
fluorophores. Their simple synthesis, with potential for
last-step structural modifications, makes the present NIR-
active azadipyrromethene derivatives potentially useful as
NIR fluorescence imaging probes for live cells.

Keywords NIR-fluorophores, live cell imaging, NIR-
AZA

1 Introduction

Over the past decade, an increasing number of studies have
focused on the development of near-infrared (NIR)
chromophores, owing to their potential applications in
numerous fields such as materials, assay development, in
vitro and in vivo imaging, and medicine [1,2]. The NIR-
active BF2 azadipyrromethene (NIR-AZA) compounds are
one such class of chromophores, which are being

investigated for specific applications that range from
solar cells to fluorescence-guided surgery [3]. In the
earliest reports and subsequent studies, the substituent
pattern contained four aryl groups at the 1-, 3-, 7-, and 9-
positions of the NIR-AZA scaffold (compoundA in Fig. 1)
[4–7]. To date, this has been by far the most widely
employed substitution pattern, although we later reported a
synthetic route to derivatives in which the 1,9-diaryl
groups were replaced with methyl substituents (B, Fig. 1)
[8]. In the current work, we now expand the substituent
pattern in B with a refined synthetic route to introduce 1,9-
bis alkyl spacers containing water-solubilizing groups
(WSGs) (Fig. 1). We are particular interested in further
developing this substitution pattern, owing to the close
match of the absorption and emission wavelengths with
those of common fluorophores such as Alexa Fluor 647
and methylene blue [9,10]. We have previously shown that
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Fig. 1 Different substituent patterns and corresponding spectro-
scopic characteristics in CHCl3 for NIR-AZA fluorophores.
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both polyethylene glycol (PEG)-substituted (pegylated)
and alkyl-sulfonic acid groups successfully impart aqueous
solubility to tetraaryl-substituted derivatives of type A
[11‒14].

2 Experimental

2.1 General procedures and materials

All reactions involving air-sensitive reagents were per-
formed under nitrogen in oven-dried glassware, using the
syringe-septum cap technique. All solvents were purified
and degassed before use. Chromatographic separation was
carried out under pressure on silica gel, using flash-column
techniques. Reactions were monitored by thin-layer
chromatography (TLC) carried out on 0.25 mm silica
gel-coated aluminum plates, using UV light (254 nm) for
visualization. Unless otherwise specified, all reagents were
used as received without further purification. 1H nuclear
magnetic resonance (NMR) and 13C NMR spectra were
recorded at 400 and 100 MHz, respectively, and calibrated
using residual non-deuterated solvent as an internal
reference. Chemical shifts are reported in parts-per-million
(ppm). Electrospray ionization (ESI) mass spectroscopy
(MS) measurements were carried out using a microTOF-Q
spectrometer in positive and negative modes, as required.
High-performance liquid chromatography (HPLC) mea-
surements were performed on a Shimadzu instrument
equipped with a SPD-20AV Prominence UV-Vis detector.
Separations were carried out using a Triart Phenyl 5 µm
HPLC column (150 mm � 4.6 mm ID), with a water/
CH3CN solvent gradient. Fluorescence emission spectra
were recorded on a Varian Cary Eclipse spectrophot-
ometer, with excitation and emission slits of 5 nm. UV-Vis
spectra were recorded on a Varian Cary 50 Scan spectro-
photometer using quartz cuvettes of 1 cm path length.

2.2 Synthesis of 4a

A solution of 2a (3.5 g, 20 mmol) and phosphorane 3 (9.86
g, 24 mmol) in CHCl3 (100 mL) was heated at reflux for
16 h under N2. The mixture was cooled to room
temperature (rt) and the solvent was removed in vacuo.
The residue was purified by column chromatography
(80:20 petroleum ether/EtOAc) to give 4a (5.6 g,
18.4 mmol, 92%) as a yellow oil. 1H NMR (400 MHz,
CDCl3): d 7.93 (d, 2H, J = 8.9 Hz), 7.09–7.02 (m, 1H),
6.93–6.89 (m, 3H), 4.56 (t, 1H, J = 4.4 Hz), 3.85 (s, 3H),
3.84–3.76 (m, 2H), 3.50–3.40 (m, 2H), 2.43–2.38 (m, 2H),
1.86–1.77 (m, 3H), 1.74–1.65 (m, 1H), 1.59–1.48 (m, 4H)
ppm. 13C NMR (100 MHz, CDCl3): d 189.0, 163.3, 148.2,
130.8, 130.8, 125.8, 113.7, 99.0, 66.7, 62.4, 55.5, 30.7,
29.6, 28.4, 25.5, 19.6 ppm. MS (ESI): m/z [M-H]– calcd.
for C18H23O4 303.16; found 303.41.

2.3 Synthesis of 4b

A solution of 2b (1.1 g, 8.7 mmol) and phosphorane 3a
(4.3 g, 10.44 mmol) in CHCl3 (100 mL) was heated at
reflux for 16 h under N2. The mixture was cooled to rt and
the solvent was then removed in vacuo. The residue was
purified by column chromatography (80:20 petroleum
ether/EtOAc) to give 4b (2 g, 7.75 mmol, 89%) as a yellow
oil. 1H NMR (400 MHz, CDCl3): d 7.93 (d, J = 8.9 Hz,
2H), 7.07–6.97 (m, 1H), 6.95–6.87 (m, 3H), 4.13 (d, J =
2.4 Hz, 2H), 3.85 (s, 3H), 3.55 (t, J = 6.3 Hz, 2H), 2.45–
2.35 (m, 3H), 1.87–1.75 (m, 2H) ppm. 13C NMR (100
MHz, CDCl3): d 189.0, 163.4, 147.8, 130.9, 130.8, 126.0,
113.8, 79.9, 74.4, 69.1, 58.2, 55.5, 29.4, 28.2 ppm. MS
(ESI): m/z [M-H]– calcd. C16H17O3 257.12; found 257.22.

2.4 Synthesis of 5a

A solution of 4a (5.6 g, 18.4 mmol) in ethanol (EtOH, 100
mL) was treated with nitromethane (10 mL, 184 mmol)
and diethylamine (DEA, 8 mL, 77.3 mmol), followed by
heating under reflux for 16 h. After allowing the reaction
mixture to cool to rt, water (50 mL) was added and
extracted with ethyl acetate (EtOAc, 3 � 50 mL). The
combined organic layer was washed with brine, dried over
Na2SO4, and the solvent was removed in vacuo. The
residue was purified by column chromatography (80:20
petroleum ether/EtOAc) to give 5a (6 g, 16.4 mmol, 89%)
as an oil. 1H NMR (400 MHz, CDCl3): d 7.93 (d, J = 8.9
Hz, 2H), 6.94 (d, J = 8.9 Hz, 2H), 4.65–4.50 (m, 3H), 3.87
(s, 3H), 3.86–3.63 (m, 3H), 3.52–3.46 (m, 1H), 3.42–3.35
(m, 1H), 3.19–3.01 (m, 2H), 2.94–2.85 (m, 1H), 1.84–1.73
(m, 1H), 1.72–1.66 (m, 3 H), 1.61–1.55 (m, 5H) ppm. 13C
NMR (100 MHz, CDCl3): d 196.6, 163.9, 130.5, 129.9,
114.0, 99.2, 78.8, 67.2, 62.6, 55.7, 39.5, 33.5, 30.8, 28.7,
27.1, 25.6, 19.8 ppm. MS (ESI): m/z [M-H]– calcd. for
C19H26NO6 364.18; found 364.30.

2.5 Synthesis of 5b

A solution of 4b (1.5 g, 5.8 mmol) in EtOH (100 mL) was
treated with nitromethane (3.2 mL, 58 mmol) and
diethylamine (2.5 mL, 24.4 mmol), and then heated
under reflux for 16 h. After allowing the reaction mixture
to cool to rt, water (50 mL) was added and extracted with
EtOAc (50 mL � 3). The combined organic layer was
washed with brine, dried over Na2SO4, and the solvent was
removed in vacuo. The residue was purified by column
chromatography (80:20 petroleum ether/EtOAc) to give 5b
(1.6 g, 5.0 mmol, 85%) as an oil. 1H NMR (400 MHz,
CDCl3): d 7.93 (d, J = 8.9 Hz, 2H), 6.94 (d, J = 8.9 Hz,
2H), 4.55 (qd, J = 12.1, 5.8 Hz, 2H), 4.12 (d, J = 2.4 Hz,
2H), 3.87 (s, 3H), 3.52 (t, J = 6.1 Hz, 2H), 3.13 (dd, J =
17.6, 7.5 Hz, 1H), 3.02 (dd, J = 17.6, 5.4 Hz, 1H), 2.90–
2.84 (m, 1H), 2.42 (t, J = 2.3 Hz, 1H), 1.71–1.66 (m, 2H),
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1.60–1.55 (m, 2H) ppm. 13C NMR (100 MHz, CDCl3): d
196.4, 163.8, 130.3, 129.7, 113.9, 79.7, 78.6, 74.4, 69.6,
58.2, 55.5, 39.3, 33.3, 28.4, 26.8 ppm. MS (ESI): m/z [M-
H]– calcd. for C17H20NO5 318.13; found 318.42.

2.6 Synthesis of 1a

A solution of 5a (1 g, 2.7 mmol) and ammonium acetate
(NH4OAc, 7.3 g, 94.5 mmol) in methanol (MeOH, 50 mL)
was heated under reflux for 9 h. The reaction mixture was
allowed to cool to rt; then, water (100 mL) was added and
the mixture was extracted with CH2Cl2 (100 mL � 2). The
combined organic layer was washed with saturated
NaHCO3 (50 mL � 2) and water (50 mL), dried over
Na2SO4, and the solvent was removed in vacuo. Without
further purification, the isolated purple solid was dissolved
in anhydrous CH2Cl2 (20 mL), treated with diisopropy-
lethylamine (4.7 mL, 27 mmol) and boron trifluoride
etherate (BF3$Et2O, 6 mL, 48.6 mmol), and then stirred for
2 h at rt under N2. The residue was purified by flash
chromatography on silica gel (9:1 petroleum ether/EtOAc)
to afford 1a (360 mg, 0.692 mmol, 26%) as a green
metallic solid, m.p. 258°C–262°C. 1H NMR (400 MHz,
CDCl3): d 8.00 (d, J = 9.0 Hz, 4H), 6.94 (d, J = 9.0 Hz,
4H), 6.63 (s, 2H), 3.83 (s, 6H), 3.65 (t, J = 5.9 Hz, 4H),
2.83 (t, J = 7.2 Hz, 4H), 1.92–1.86 (m, 4H) ppm. 13C NMR
(100 MHz, CDCl3): d 162.0, 158.6, 146.6, 145.8, 131.7,
123.9, 121.3, 114.3, 60.8, 55.4, 33.0, 21.7ppm. 19F NMR
(376 MHz, CDCl3): d – 132.78ppm. High-resolution MS
(HRMS, ESI): m/z [M–H]–calcd. for C28H29BF2N3O4

520.2225; found 520.2228.

2.7 Synthesis of 1b

A solution of 5b (1.5 g, 4.7 mmol) and NH4OAc (13 g, 165
mmol) in MeOH (50 mL) was heated under reflux for 9 h.
After allowing the reaction mixture to cool to rt, water
(100 mL) was added and the mixture was extracted with
CH2Cl2 (100 mL � 2). The combined organic layer was
washed with saturated NaHCO3 (50 mL � 2) and water
(50 mL), dried over Na2SO4, and the solvent was removed
in vacuo. Without further purification, the obtained purple
solid was dissolved in anhydrous CH2Cl2 (50 mL), treated
with diisopropylethylamine (8.2 mL, 47 mmol) and
BF3$Et2O (8.3 mL, 66 mmol) for 2 h at room temperature
under N2. The residue was then purified by flash
chromatography on silica gel (9:1 petroleum ether/
EtOAc) to afford 1b (0.88 g, 1.48 mmol, 31%) as a
green metallic solid, m.p. 142°C–144°C. 1H NMR
(400 MHz, CDCl3): d 8.01 (d, J = 9.0 Hz, 4H), 6.96 (d,
J = 9.0 Hz, 4H), 6.63 (s, 2H), 4.18 (d, J = 2.4 Hz, 4H), 3.85
(s, 6H), 3.62 (t, J = 6.3 Hz, 4H), 2.85 (t, J = 7.5 Hz, 4H),
2.44 (t, J = 2.4 Hz, 2H), 2.05–1.98 (m, 4H) ppm. 13C NMR
(100 MHz, CDCl3): d 161.8, 158.1, 147.0, 145.8, 131.6,
124.2, 120.7, 114.2, 80.0, 74.4, 69.4, 58.2, 55.5, 29.7,
22.6 ppm. 19F NMR (376 MHz, CDCl3): d – 133.01 ppm.

HRMS (ESI): m/z [M-H]– calcd. for C34H33BF2N3O4

596.2532; found 596.2541.

2.8 Synthesis of 6a

A solution of 1a (60 mg, 0.12 mmol) and sulfur trioxide
trimethylamine complex (SO3$NMe3, 96 mg, 0.69 mmol,
6 equiv.) in anhydrous tetrahydrofuran (THF, 5 mL) was
stirred under reflux for 1 h. Once TLC indicated complete
consumption of the starting material, the reaction mixture
was allowed to cool to rt, the solvent was evaporated in
vacuo, and the crude material was purified by a Sephadex
G-25 column eluted with HPLC-grade water. The pure
fractions were combined and the solvent was removed by
freeze-drying to give 6a (84 mg, 92%) as a green metallic
solid, m.p.> 250°C. 1H NMR (400 MHz, deuterated
dimethyl sulfoxide (DMSO-d6)): d 8.08 (d, J = 8.9 Hz,
4H), 7.10 (d, J = 8.9 Hz, 4H), 7.08 (s, 2H), 3.87 (s, 6H),
3.83 (t, J = 6.3 Hz, 4H), 2.79–2.78 (m, 22H), 1.98–1.91
(m, 4H) ppm. 13C NMR (100 MHz, DMSO-d6): d 162.2,
157.8, 147.0, 145.4, 132.0, 123.7, 121.9, 114.9, 65.5, 56.0,
44.6, 29.2, 22.4 ppm. 19F NMR (376 MHz, DMSO-d6):
d – 131.40 ppm.

2.9 Synthesis of 6b

A solution of 1b (10 mg, 0.02 mmol) and methoxypo-
lyethylene glycol azide with PEG average Mn = 1000
(azide-PEG1000, 40 mg, 0.04 mmol) in THF/H2O (2:1, 1
mL) was treated with a 250 mg/mL aqueous solution of
CuSO4$5H2O (20 mL, 5 mg, 0.02 mmol) and ascorbic acid
(7 mg, 0.04 equiv.), and the mixture was stirred for 2 h at rt
under N2. After purifying the mixture by a Sephadex G-25
column eluted with water to remove salts, the purification
was completed by reverse-phase preparative HPLC
(CH3CN/H2O = 70:30). The pure fractions were combined
and the solvent was removed by freeze-drying to give 6b as
a deep green solid (31 mg, 71%), m.p. 50°C–52°C.

2.10 Cell culture

HeLa-Kyoto cells were seeded at a density of 1 � 104 cells
per well on an eight-well removable chamber slide
(Millipore) or a glass-bottom chamber slide (Ibidi), and
allowed to proliferate for 24 h at 5.0% CO2 and 37°C. Cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS), 1% penicillin/streptomyosin, and 1% L-glutamate.

2.11 Live-cell imaging

HeLa-Kyoto cells were seeded at a density of 1 � 104 cells
per well on a glass-bottom chamber slide (Ibidi) and
allowed to proliferate for 24 h at 5% CO2 and 37°C. Cells
were cultured in DMEM supplemented with 10% FBS, 1%
penicillin/streptomyosin, and 1% L-glutamate. The slides
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were placed on the microscope stage surrounded by an
incubator to maintain the temperature at 37°C and the CO2

levels at 5%. Solutions (10 µL) of 6a and 6b (100 µmol/L)
in sterile PBS were added to 190 µL of DMEM to afford
final 6a and 6b concentrations of 5 µmol/L. The cell
medium was replaced with these solutions and the cells
were imaged at 30, 60, 90, and 120 min time points. After
each time point, the cell medium was removed from the
well; the cells were then washed three times with pre-
warmed PBS (37°C) and replaced by fresh medium.
Differential interference contrast (DIC) imaging was used
to select a field of view and focus on a group of cells. DIC
and fluorescence images were acquired on an Olympus
IX73 epifluorescence microscope fitted with an Andor
iXon Ultra 888 electron multiplying charge-coupled device
(EMCCD), using a 60�/1.42 oil PlanApo objective
(Olympus). Z-stacks with 27 optical slices spaced 0.5
µm apart were acquired in the NIR channels. The
excitation and emission filters used for the NIR imaging
were 640 (14) and 705 (72) nm, respectively, with 50 ms
exposure.

3 Results and discussion

For this work, we selected two target NIR-AZA derivatives
bearing 1,9-bis(propan-1-ol) (1a) or 1,9-bis(3-(prop-2-yn-
1-yloxy)propyl) (1b) groups, from which water-soluble
derivatives were expected to be readily accessible (Fig. 2).
The synthesis started with the preparation of the

4-(allyloxy)butanal (2a) and 4-((tetrahydro-2H-pyran-2-
yl)oxy)butanal (2b) aldehydes, which was achieved
following literature procedures [15,16]. Next, the Wittig
reaction of 2a and 2b with 1-(4-methoxyphenyl)-2-

(triphenylphosphanylidene)ethan-1-one (3) in chloroform
under reflux readily provided the α,β-unsaturated ketones
4a and 4b, respectively (Scheme 1). The 1,4-conjugate
addition of nitromethane to 4a and 4b in EtOH in the
presence of DEA gave the nitro ketones 5a and 5b,
respectively in high yield.
Subsequent treatment with NH4OAc in methanol under

reflux gave the substituted azadipyrromethene; in situ
conversion to the corresponding BF2 chelates 1a and 1b
was achieved using BF3 etherate and N,N-diisopropy-
lethylamine (DIPEA) in CH2Cl2 at rt (Scheme 2). In the
case of the derivative 5a, tetrahydropyran (THP) deprotec-
tion occurred in situ, presumably due to the action of the
excess BF3 etherate, yielding the desired bis-alcohol
fluorophore product 1a.
The 1a and 1b compounds exhibited the expected

spectroscopic properties in chloroform and methanol
organic solvents, with absorbance and emission maxima

Fig. 2 Bis-alcohol and bis-alkyne substituted NIR-AZA targets
1a and 1b.

Scheme 1 Synthesis of azadipyrromethene precursors.
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at 650‒660 and 677‒695 nm, respectively (Table 1, Fig. 3).
Slight differences were noted between CHCl3 and MeOH,
with the protic solvent causing minor hypsochromic shifts.
Interestingly, high fluorescent quantum yields (Ff ) were
obtained in both solvents.
To complete the new substitution pattern presented in

this work, 1a was converted to the water-solube derivative
6a by reaction with SO3$NMe3 under reflux in THF for 1 h
(Scheme 3). The product was isolated and purified using a
Sephadex G-25 column. Next, the double cycloaddition
click reactions of 1b with azide-PEG1000 in the presence of
CuSO4/ascorbic acid at rt completed the alternative route
to include water-solubilizing groups (Scheme 3).
Encouragingly, we found that both 6a and 6b were

readily soluble in water and phosphate buffered saline

(PBS); this allowed their spectroscopic characteristics to be
determined based on the spectroscopy behavior recorded in
PBS, DMEM, and methanol (Table 2, Fig. 4). The UV-Vis/
fluorescence spectra of 6a and 6b in aqueous media
showed little difference from each other, as well as higher
quantum yields compared with MB.
In addition, the absorption and emission wavelengths of

6a and 6b closely matched those of MB, which further
confirms the versatility of the new synthetic protocol
developed in this work. This is particularly encouraging for
more advanced uses of water-soluble NIR-AZA deriva-
tives with this substitution pattern, as recent clinical trial
studies have reported the use of MB as imaging agent for
fluorescence-guided surgery [17–19].
Encouraged by their excellent properties in aqueous

solutions, we investigated the potential use of doubly
negative-charged 6a and neutral 6b for live-cell fluores-
cence imaging. Using HeLa-Kyoto cancer cells as a test
line, efficient cell uptake was observed for both fluor-
ophores within 30 min, with the fluorescence intensity
continuously increasing up to 120 min of incubation (cf.
Electronic Supplementary Material, ESM). Representative
images taken following 60 min of incubation are shown in
Fig. 5. Similar cell staining patterns were observed for 6a
and 6b, with a mixture of punctate vesicles and more
diffuse fluorescent areas. Z-stack acquisition of multiple
focal planes through individual cells clearly showed that
fluorophore internalization had occurred (cf. ESM). In
addition, images continuously acquired every 10 s showed
bright fluorescent vesicles in motion through the cyto-
plasm, whose movements could be tracked over prolonged
time periods (cf. ESM). Taken together, these results prove

Scheme 2 Synthesis of NIR-AZA fluorophores 1a and 1b.

Table 1 Spectroscopic properties of 1a and 1b compounds

NIR-AZA
labs,max /nm

CHCl3 (MeOH)
lflu,max /nm

CHCl3 (MeOH)
Ff

a)

CHCl3 (MeOH)

1a 660 (650) 695 (678) 0.27 (0.14)

1b 653 (651) 680 (677) 0.21 (0.16)

a) Methylene blue (MB) (F = 0.03 in MeOH) was used as standard [9]

Fig. 3 Absorption and emission spectra of 1a (red) and 1b
(black) at a concentration of 5 µmol/L.
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Table 2 Spectroscopic properties of 6a, 6b, and MBa)

Fluorophore Solvent labs, max /nm lflu, max /nm Ff

MB PBS 670 690 0.01

6a MeOH 650 675 0.12

6a PBS 651 690 0.03

6a DMEM 651 691 0.03

6b MeOH 651 679 0.12

6b PBS 657 694 0.06

6b DMEM 658 694 0.05

Scheme 3 Synthesis of water-soluble NIR-AZA derivatives.

Fig. 4 Absorption and emission spectra of 6a (red), 6b (black), and MB (blue) in PBS at a concentration of 5 µmol/L. Inset: Emission image of
cuvette containing 6a in PBS.

102 Front. Chem. Sci. Eng. 2020, 14(1): 97–104



that both bis-sulfonic acid and bis-PEG solubilizing groups
can be employed to facilitate cell delivery by the
fluorophores.

4 Conclusions

In summary, we developed an efficient and adaptable four-
step synthesis of a new substitution pattern for the NIR-
AZA fluorophore class, which allows water-soluble groups
to be incorporated as the last step of the synthesis. The
absorption and emission spectral properties of these
systems in aqueous media highlight their promising
potential for live-cell imaging and in vivo biomedical
applications.
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