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Article 
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Abstract: Fluorescent chemosensors are increasingly becoming relevant in recognition chemistry due 
to their sensitivity, selectivity, fast response time, real-time detection capability, and low cost. Boronic 
acids have been reported for the recognition of mycolactone, the cytotoxin responsible for tissue 
damage in Buruli ulcer disease. A library of fluorescent arylboronic acid chemosensors with various 
signaling moieties with certain beneficial photophysical characteristics (i.e. aminoacridine, 
aminoquinoline, azo, BODIPY, coumarin, fluorescein, and rhodamine variants); and a recognition 
moiety (i.e. boronic acid unit) were rationally designed and synthesized using combinatorial 
approaches; purified and fully characterized using a set of complementary spectrometric and 
spectroscopic techniques such as NMR, LC-MS, FT-IR, and X-ray crystallography. In addition, a 
complete set of basic photophysical quantities such as absorption maxima (λabsmax), emission maxima 
(λemmax), Stokes shift (∆λ), molar extinction coefficient (ε), fluorescence quantum yield (ΦF), and 
brightness were determined using UV-vis absorption and fluorescence emission spectroscopy 
techniques. The synthesized arylboronic acid chemosensors were investigated as chemosensors for 
mycolactone detection using the fluorescent-thin layer chromatography (f-TLC) method. Compound 
7 (with a coumarin core) emerged the best (λabsmax = 456 nm, (λemmax = 590 nm, ∆λ = 134 nm, ε = 52816 
M-1cm-1, ΦF = 0.78, and brightness = 41197 M-1cm-1). 

Keywords: mycolactone; Buruli ulcer; boronic acid; chemosensor; diagnosis; molecular recognition; 
mycolactone; Mycobacterium ulcerans 
 

1. Introduction 

Over the years, researchers, inspired by certain biological processes in nature looked for new 
concepts that allow for the selective molecular recognition of target molecules that play important 
roles in complex chemical processes in various disciplines such as medicine, biology, agriculture, 
biomedical, environmental, and social sciences [1]. Molecular recognition is achieved by the utility 
of chemosensors. Chemosensors are molecules of abiotic origin that signal the presence of matter or 
energy. A fluorescent chemosensor therefore is a compound that interacts with an analyte in such a 
way as to produce a detectable fluorescent signal [2]. Fluorescent chemosensors have been of 
particular interest in supramolecular chemistry because of their ability to recognise guest species as 
well as their high selectivity, sensitivity, and simplicity [3,4]. Generally, a fluorescent chemosensor is 
composed of a recognition moiety that interacts with an analyte of interest and relays the recognition 
event through a signalling unit. Thus, the engineering of an appropriate fluorescent chemosensor 
with the right recognition and signalling moieties can result in favourable interactions with specific 
analytes.  

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.
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A boronic acid motif can be explored as a recognition unit in the design of chemosensors to 
exploit the 1,3-diol moieties on the structure of the analyte. This is because boronic acids and their 
derivatives have been known for decades to form five- or six-membered cyclic boronate esters with 
both cis-1,2- and 1,3-diols that are present on biologically relevant molecules through covalent 
bonding [5–10]. The phenomenon of the complexation of boronic acids with polyols dates to over 70 
years but remains an area of interest. The first reported use of boronic acids as recognition units for 
cis 1,2- or 1,3-diol-containing compounds was published by Lorand and Edwards in 1959 [11]. They 
demonstrated the complexation equilibria of aqueous benzeneboronate ion with several polyols and 
compared the association constants to that of borate. Following the early seminal work of Lorand and 
Edwards, boronic acids have greatly evolved into an area of research for molecular recognition thus 
gaining significant interest in the design of many fluorescent chemosensors. This is because of their 
selective binding behaviour for a considerable number of biological molecules possessing 
polyhydroxy motifs, their high stability, environmental friendliness, general low toxicity, and their 
relatively inexpensive nature. The first fluorescent boronic acid-based sensor was developed later in 
1992 by Yoon and Czarnik for saccharide sensing [12]. Since then, boronic acids have attracted 
considerable interest in molecular recognition in which the boronic acid functionality has 
increasingly become a very important recognition moiety in the design and synthesis of molecular 
recognition chemosensors taking advantage of this unique intrinsic affinity for 1,2-cis and/or 1,3-cis 
diols. The selective binding behaviour of the boronic acid unit has been explored for the detection of 
diol-containing analytes based on the “lock-and-key” concept of enzyme-substrate recognition [1]. 
The unique properties of the boronic acid functionality has positioned it as an invaluable 
receptorhave shown great promise for the specific recognition and detection of various species in 
real-world situations [13]. They have become popular as sensors for various biological polyol 
molecules including monosaccharides and in particular glucose [14], catecholamines [15], and dopamine. 
Others include various polysaccharides, glycoproteins and glycated haemoglobin [16–22], ionic 
compounds [23–25], anions such as cyanides and fluoride [9,26–28], water traces in solvents [29,30], 
and hydrogen peroxide (H2O2) [31,32]. Furthermore, boronic acids have also been employed as 
biochemical tools for a variety of applications, including but not limited to enzyme inhibitors [33], 
cell delivery methods [34], whole-body diagnostic imaging [35], and tumour cell imaging [36,37].  

The pathogenesis of Mycobacterium ulcerans disease is widely dependent on the activity of a 
unique toxin called mycolactone [38]. Mycolactone plays a significant role in the virulence, 
pathogenicity, and cytotoxicity of Buruli ulcer (BU) disease. It has immunosuppressive properties 
and is responsible for the tissue damage seen in BU [39,40]. Structurally, mycolactone A/B is a 
polyketide macrolide toxin composed of a 12-membered macrocyclic lactone core (C1–C11) with two 
laterally attached side chains; a C-linked northern side chain (C12–C20) with two hydroxyl groups in 
1,3-diol positions at C17 and C19; and an esterified C5-O-linked highly polyunsaturated acyl 
southern side chain (C1'–C16') possessing a conjugated pentaenoic acid ester chromophore and three 
hydroxyl groups, two of which are in 1,3-diol positions at C13' and C15' [41,42] (Figure 1). 

The secretion of mycolactone is a distinguishing feature of M. ulcerans amongst other human 
mycobacteria. Hong et al. have established that mycolactone A/B appears to be biosynthetically 
restricted to M. ulcerans, homogeneously distributed within the infected tissue, and shown to diffuse 
beyond the foci of primary infection hence specific recognition of mycolactone thus key for the 
diagnosis of BU [43]. Histopathological studies have shown that in tissues, mycolactone is widely 
distributed compared to the causative organism [44]. Consequently, the detection of its presence in 
biological samples is necessary for the diagnosis of the disease. Based on these findings, Kishi and 
colleagues developed a sensitive and practical flourescent-thin layer chromatographine (f-TLC) 
technique for detecting the toxin. The diagnostic method utilizes the derivatization of diol motifs of 
mycolactone A/B using a 2-naphthylboronic acid forms six-membered cyclic boronate esters which 
can be detected on a TLC plate as an adduct (Figure 2). Accordingly, the 2-naphthylboronic acid and 
mycolactone work as an acceptor–donor FRET pair. The boronic acid unit reacts selectively with 1,3-
diol(s) moieties of mycolactone to form boronate esters, significantly enhancing fluorescent intensity. 
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The proposed general mechanism involves the FRET process, where a donor, in this case, the 
pentaenoate chromophore of mycolactone is excited at a defined wavelength (365 nm), and the 
energy is transferred, via non-radiative dipole-dipole interactions, to a properly selected acceptor (the 
2-naphthylboronic acid), which emits through radiative relaxation. The free 2-naphthylboronic acid 
with the lowest (n–p*) excited singlet state (S1) has the lower absorptivity and so it is weakly 
fluorescent. On the other hand, the hybridization of boron atom plays a secondary role in affecting 
fluorescence intensity. Therefore, binding with mycolactone at the right temperature results in the 
formation of the cyclic boronate in which the hybridization of boron atom changes from sp2 to sp3 has 
the lowest (p–p*) excited singlet state and results in a large enhancement of fluorescence emission 
(Figure 2). 

 
Figure 1. Structure of mycolactone A/B. 

 

Figure 2. A schematic representation of the proposed mechanism of fluorescence of mycolactone and 2-
naphthylboronic acid as observed on TLC. 

Based on this principle, other commercially available boronic acids were investigated and 9,9-
Diphenyl-9H-fluoren-4-yl)boronic acid (BA18) was found to be a potential alternative to 2-
naphthylboronic acid (BA) [45]. The f-TLC method holds great promise because it is relatively cheap, 
simple to use, and rapid. [46–48]. Although the method has been successfully evaluated using clinical 
samples [49,50], it is hampered by the fact that it is non-quantitative. There are also concerns about 
interferences from other co-extracted and co-eluted lipids which make reading the results of the 
method subjective [49]. There is a need to improve upon the low detection and quantification rates 
as well as discriminate the mycolactone from other autofluorescent co-extracted human tissues. This 
study aimed to address these principal challenges associated with the f-TLC technique for the 
diagnosis of Buruli ulcer. To the best of our knowledge, no chemosensor has been designed for the 
molecular recognition of mycolactone. Considering the broad application of boron-based 
fluorescence sensors, our goal was to incorporate the boronic acid motif into various fluorescent dyes 
as chemosensors for mycolactone detection. Considering the unique structure of mycolactone, we 
hypothesised that boronate ester formation between the diol moieties of mycolactone and a boronic 
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acid binding site attached to a fluorescent molecule would allow for signal transduction that could 
be exploited for mycolactone detection. Therefore, we employed various fluorescent dyes 
(fluorophores) such as 9-aminoacridine, 8-aminoquinoline, azo, BODIPYs, coumarins, fluorescein, 
and rhodamines dyes, which are all amenable to boronic acid tethering to design, synthesize and 
characterize various fluorescent arylboronic acid dye chemosensors. These are already well-known 
fluorophores with excellent photophysical properties including large excitation and emission 
maxima, extinction coefficient, high fluorescence quantum yield (Φ), large Stokes shift, high 
brightness, adequate solubility, good thermal and photostability and sufficient chemical stability [51–
53] (Figure 3). Secondly, these dyes are commercially available and can be coupled to diverse 
functional groups. 

 

Figure 3. Structures of common fluorescent dyes. 

2. Materials and Methods 

2.1. Reagents and Instruments 

All reactions were performed using standard laboratory equipment and glassware. All reagents 
and solvents used were supplied by commercial sources without further purification unless specified. 
All air-sensitive reactions were carried out under a nitrogen atmosphere using an oven-dried 
apparatus. Thin layer chromatography (TLC) was performed on Merck silica gel 60 F254 aluminium-
backed plates pre-coated with silica with a thickness of 0.20 mm. Plates were visualized using either 
ultraviolet light of 254 nm or 365 nm or by dipping the plates into solutions of vanillin, ninhydrin, or 
potassium permanganate followed by heating. All column chromatography was performed under 
‘flash’ conditions using silica gel mesh 40-63. Fourier transform infrared (FT-IR) spectra were 
recorded on a Perkin Elmer 100 FT-IR instrument on the neat compounds. The spectrum was 
processed in the software and displayed. The relevant and characteristic absorptions were reported 
in wavenumbers (cm-1) with the intensities of the bands recorded as; broad (b), strong (s), medium 
(m), and weak (w). Nuclear magnetic resonance (NMR) spectroscopy was performed on Brüker 
Avance III 400 and 500 MHz spectrometers, where 1H NMR spectra, 13C NMR spectra and 11B NMR 
were acquired at the indicated 101, 126, 128, 377 and 400 MHz as dilute solutions in the indicated 
deuterated solvent at ambient temperature. All spectra were recorded in deuterated dimethyl 
sulfoxide (DMSO-d6), deuterated acetone (acetone-d6) or deuterated chloroform (CDCl3) obtained 
from Sigma Aldrich. All chemical shifts (δ) are reported in parts per million (ppm) relative to the 
residual protonated solvent peak (δH: CHCl3 = 7.26 ppm, DMSO-d6 = 2.50 ppm) or the solvent itself 
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(δC: CDCl3 = 77.0 ppm, DMSO-d6 = 39.52 ppm). Chemical shifts (δ) were measured in parts per million 
(ppm) and referenced against the internal reference peaks. Coupling constants (J) were measured in 
hertz (Hz). All multiplicities are designated by the following abbreviations: s = singlet, br s = broad 
singlet, d = doublet, dt = doublet triplet, td = triplet doublet, ddd = doublet doublet of doublets of 
doublets, q = quartet, br q = broad quartet, m = multiplet. All coupling constants (J) are reported in 
Hertz (Hz). Peaks are listed in decreasing chemical shift in the following format: chemical shift 
(integration (1H), multiplicity (1H), coupling constant (1H). High-resolution mass spectra were 
recorded using a 1260 Infinity LC (Agilent Technologies), coupled to a Quadrupole-Time of Flight 
tandem mass spectrometer 6530 Infinity Q-ToF detector (Agilent Technologies) by a Jet Stream ESI 
interface (Agilent Technologies). The LC conditions were: Zorbax Extend-C18 column (2.1 mm × 50 
mm, 1.8 μm particle size); 0.4 mL/min flow rate; 1 μL injection volume for MS experiments. 
Separation was achieved using a gradient of water with 0.1% formic acid (eluent A) and acetonitrile 
with 0.1% formic acid (eluent B). The elution gradient was programmed as follows: initial conditions 
5% B, followed by a linear gradient to 95% B in 15 min. The ESI operating conditions were drying gas 
(N2, purity > 98%): 350 °C and 11 L/min; capillary voltage 4.0 kV; nebulizer gas 40 psig; sheath gas 
(N2, purity > 98%): 375 °C and 11 L/min. High-resolution MS spectra were acquired in the positive 
mode in the 100–2400 m/z range. Single crystal X-ray Diffraction (SCXRD) data were collected on a 
Bruker D8 VENTURE diffractometer (Bruker, Karlsruhe, Germany) (Bruker AXS, Karlsruhe, 
Germany), equipped with a PHOTON 100 CMOS detector with graphite monochromatized Cu-Kα 
radiation (λ = 1.54178 Å) or a Bruker X8 Apex-II diffractometer, equipped with an Apex-II CCD area 
detector diffractometer (Bruker, Karlsruhe, Germany) with graphite monochromatized Mo-Kα 
radiation (λ = 0.71073 Å). A suitable crystal was mounted in Fomblin oil on a MiTeGen MicroLoop 
and cooled in a stream of cold N2 to 100 K. Data were corrected for absorption using empirical 
methods (SADABS) [54–56] based upon symmetry equivalent reflections combined with 
measurements at different azimuthal angles. All crystal structures were solved and refined against 
F2 values using ShelXT [57] for the solution and ShelXL [58] for refinement accessed via the Olex2 
program [59]. All non-hydrogen atoms were refined with anisotropic displacement parameters. All 
hydrogen atoms were added at calculated positions and refined with a riding model and isotropic 
displacement parameters fixed in magnitude relative to the attached carbon atoms. Details regarding 
the structures and a summary table of crystallographic and data collection parameters are provided 
in Electronic Supplementary Information (Table S1). 

2.2. Synthesis and Characterization  

Synthesis of 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde 2: Using a variation of the 
procedure of Miyaura et al.[60], a mixture of 4-bromobenzaldehyde (1.0 g, 5.4 mmol, 1.0 equiv.), 
B2pin2 (1.65 g, 6.5 mmol, 1.2 equiv.), KOAc (1.59 g, 16.2 mmol, 3.0 equiv.), and PdCl2(dppf) (119 mg, 
0.162 mmol) in dry 1,4-dioxane (20 mL) in an oven-dried two-necked round-bottom flask was 
degassed for 5-10 minutes using N2 gas and stirred at 80 °C for 16 hours (overnight). Upon completion 
(as monitored by TLC), the reaction mixture was allowed to cool, filtered through a plug of celite, 
washed with EtOAc (200 mL), extracted twice with water (2 x 50 mL), and then with brine. The 
organic layer was dried with anhydrous MgSO4, filtered, and concentrated in vacuo. The crude 
product was purified on silica gel using DCM (100 %) to obtain product 2 as a white solid (872 mg, 
70% yield). 1H NMR (400 MHz, CDCl3) δH 10.02 (s, 1H, H1), 7.94 (d, J = 8.2 Hz, 2H, H5), 7.83 (d, J = 8.2 
Hz, 2H, H4), 1.33 (s, 12H, H8). 13C NMR (101 MHz, CDCl3) δC 192.9 (C2), 138.4 (C3), 135.6 (C4), 129.0 
(C5), 84.7 (C7), 25.2 (C8), (C6 bonded to B not observed due to broadening). LC-MS: retention time: 
9.4 min; ESI-QTOF HRMS (m/z): for [C13H18BO3]+ [M+H]+: exact mass calcd.: 233.1349; found: 233.1358; 
for [C13H17BO3Na]+ [M+Na]+: exact mass calcd.: 255.1168;  found: 255.1172. 

1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)ethan-1-one 3: This title compound was 
prepared as described above for 2 using 4-bromoacetophenone (5.0 g, 25.1 mmol, 1.0 equiv.), and 
B2pin2 (7.65 g, 30.1 mmol, 1.2 equiv.), KOAc (7.39 g, 75.3 mmol, 3.0 equiv.), PdCl2(dppf) (551 mg, 0.75 
mmol) in 1,4-dioxane (20 mL). The crude product was purified on silica gel using hexane/ethyl acetate
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＝50∶1 (V∶V) to obtain product 3 as a white solid (6.15 g, 96% yield). 1H NMR (500 MHz, CDCl3) δH 
7.90 (d, J = 6.3 Hz, 2H, H4), 7.87 (d, J = 6.3 Hz, 2H, H5), 2.58 (s, 3H, H1), 1.33 (s, 12H, H8). 13C NMR 
(126 MHz, CDCl3) δC 198.7 (C2), 139.3 (C3), 135.2 (C5), 127.6 (C4), 84.5 (C7), 27.0 (C1), 25.2 (C8), (C6 
bonded to B not observed due to broadening). 

2.3. Categories of Fluorescent Arylboronic Acid Chemosensor Dyes  

2.3.1. Coumarin Dyes 

Synthesis of 7-(diethylamino)-2H-chromen-2-one 4: A mixture of 4-(diethylamino) salicylaldehyde 
(6.0 g, 28.69 mmol) and diethyl malonate (10.84 g, 67.75 mmol) in 90 mL anhydrous ethanol was 
treated with 3 mL of piperidine and then refluxed for 13 h. After removing the solvent, 120 mL of 
mixed solution (concentrated HCl∶glacial acetic acid＝1∶1 (V∶V)) was added to the crude product and 
refluxed for another 7 h. The reaction solution was poured into 300 mL of water after cooling to room 
temperature. The solution’s pH was adjusted to 5 with NaOH. The solid was filtered and purified 
over silica gel (hexane: ethyl acetate＝9∶1 (v/v)) to give a beige solid 4 (yield: 85%). 1H NMR (500 MHz, 
CDCl3) δH 7.53 (d, J = 9.3 Hz, 1H, H9), 7.23 (d, J = 8.7 Hz, 1H, H5), 6.56 (dd, J = 8.8, 2.5 Hz, 1H, H4), 
6.46 (d, J = 2.5 Hz, 1H, H6), 6.01 (d, J = 9.3 Hz, 1H, H10), 3.40 (q, J = 7.2 Hz, 4H, H2), 1.20 (t, J = 7.2 Hz, 
6H, H1). 13C NMR (126 MHz, CDCl3) δC 162.4 (C11), 156.7 (C3), 150.7 (C7), 143.8 (C9), 128.8 (C5), 109.0 
(C10), 108.7 (C8), 108.3 (C4), 97.4 (C6), 44.8 (C2), 12.4 (C1). 

Synthesis of 7-(diethylamino)-2-oxo-2H-chromene-3-carbaldehyde 5: Under N2, anhydrous DMF (4.20 
g, 57.5 mmol, 4.4 mL, 12.5 equiv.) was dropped into phosphoryl chloride (POCl3) (1.76 g, 11.5 mmol, 
1.1 mL, 2.5 equiv.) with stirring for 6 h in an ice bath. The solution of 7-(diethylamino)-2H-chromen-
2-one 4 (1.00 g, 4.6 mmol, 1.0 equiv.) in anhydrous 1,2-dichloroethane (50 mL) was added to the above 
solution, and the mixture was stirred at 60 ℃ for 12 h. After completing the process, the mixture was 
poured into ice water and neutralized with NaOH solution (20%) to pH 7. The formed precipitate 
was filtered off and washed three times with water. The residue was chromatographed on silica, 
eluting with ethyl acetate/hexane (1:1, v/v) to form 5 as an orange-red solid product (yield: 79%). 1H 
NMR (500 MHz, CDCl3) δH 10.10 (s, 1H, H13), 8.23 (s, 1H, H9), 7.39 (d, J = 9.0 Hz, 1H, H5), 6.63 (dd, J 
= 9.0, 2.5 Hz, 1H, H4), 6.47 (d, J = 2.5 Hz, 1H, H6), 3.46 (q, J = 7.2 Hz, 4H, H2), 1.24 (t, J = 7.1 Hz, 6H, 
H1). 13C NMR (126 MHz, CDCl3) δC 188.0 (C12), 162.0 (C11), 159.0 (C3), 153.6 (C7), 145.5 (C9), 132.6 
(C5), 114.5 (C10), 110.3 (C8), 108.4 (C4), 97.3 (C6), 45.4 (C2), 12.6 (C1). FTIR (cm−1): υ (C–H st) 2879, 
υ(C=O st, carboxyl) 1709, υ(C=C st) 1609. 

Synthesis of (E)-7-(diethylamino)-3-(3-oxo-3-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)prop-1-en-1-yl)-2H-chromen-2-one 6: Compound 5 (0.50 g, 2.0 mmol, 1.0 equiv.) and 1-(4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)ethan-1-one 3 (0.98 g, 4.0 mmol, 2.0 equiv.) were 
added to 20 mL of the mixed solvent (CH2Cl2/anhydrous CH3CH2OH=1∶1 (v/v)), then 10 drops of 
pyrrolidine were dropped into the above solution. The mixture was stirred at room temperature for 
4 d, and the solvent was removed under reduced pressure. The residue was added to 40 mL of 
hexane/ethyl acetate (v/v=1∶1) to yield red precipitations. The precipitates were collected on a filter 
funnel to give compound 6 as a bright red solid (yield: 51%). 1H NMR (500 MHz, DMSO-d6) δH 8.48 
(s, 1H, H9), 8.03 (d, J = 3.2 Hz, 1H, H18), 8.00 (d, J = 4.4 Hz, 2H, H17), 7.85 (d, J = 7.7 Hz, 2H, H16), 7.67 
(d, J = 15.4 Hz, 1H, H12), 7.50 (d, J = 8.9 Hz, 1H, H5), 6.80 (dd, J = 9.0, 2.4 Hz, 1H, H4), 6.60 (d, J = 2.3 
Hz, 1H, H6), 3.48 (q, J = 7.1 Hz, 4H, H2), 1.32 (s, 12H, H20), 1.15 (t, J = 7.0 Hz, 6H, H1). 13C NMR (126 
MHz, DMSO-d6) δC 189.1 (C14), 160.0 (C11), 156.5 (C3), 152.0 (C7), 146.0 (C12), 140.0 (C9), 139.9 (C15), 
134.8 (C17), 130.7 (C5), 127.4 (C16), 120.7 (C10), 113.1 (C13), 110.0 (C8), 108.4 (C4), 96.3 (C6), 84.1 (C19), 
44.3 (C2), 24.7 (C20), 12.4 (C1), (C18 bonded to B not observed due to broadening). 

(E)-(4-(3-(7-(diethylamino)-2-oxo-2H-chromen-3-yl)acryloyl)phenyl)boronic acid 7: Deprotection of 
pinacol boronate esters was performed according to the procedure by Akgun [61]. (E)-7-
(diethylamino)-3-(3-oxo-3-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)prop-1-en-1-yl)-
2H-chromen-2-one 6 (150 mg, 0.36 mmol, 1.0 equiv.) was dissolved in THF: water (4:1 mL) (4:1 v/v). 
Then sodium periodate (231 mg, 1.08 mmol, 3.0 equiv.) was added to the solution and stirred at room 
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temperature for 30 min under an ambient atmosphere. Lastly, HCl (0.2 mL, 1 N) was added to the 
reaction mixture, which was stirred for 24 h at room temperature. The reaction mixture was 
concentrated in vacuo. Then it was dissolved in EtOAc (30 mL) and washed with water (1 × 8 mL), 
and brine (1 × 8 mL). The organic fraction was dried (MgSO4), filtered and concentrated in vacuo to 
obtain pure (E)-(4-(3-(7-(diethylamino)-2-oxo-2H-chromen-3-yl)acryloyl)phenyl)boronic acid 7 
(yield: 90%). 1H NMR (400 MHz, DMSO-d6) δH 8.47 (s, 1H, H9), 8.29 (s, 2H, H19), 8.06 (d, J = 19.8 Hz, 
1H, H5), 8.00 – 7.95 (m, 4H, H16, H17), 7.66 (d, J = 15.4 Hz, 1H, H12), 7.48 (d, J = 9.0 Hz, 1H, H13), 6.78 
(dd, J = 9.0, 2.4 Hz, 1H, H4), 6.59 (d, J = 2.4 Hz, 1H, H6), 3.47 (q, J = 7.0 Hz, 4H, H2), 1.14 (t, J = 7.0 Hz, 
6H, H1). 13C NMR (101 MHz, DMSO-d6) δC 189.2 (C14), 160.0 (C11), 156.5 (C3, 151.9 (C7), 145.5 (C12), 
139.4 (C9), 139.0 (C15), 134.4 (C17), 130.7 (C5), 127.0 (C16), 120.9 (C10), 113.2 (C13), 109.9 (C8), 108.4 
(C4), 96.3 (C6), 44.3 (C2), 12.4 (C1), (C18 bonded to B not observed due to broadening). 11B NMR (128 
MHz, DMSO-d6) δB 28.4. LC-MS: retention time: 8.8 min; ESI-QTOF HRMS (m/z): for [C22H23BNO5]+ 
[M+H]+: exact mass calcd.: 392.1669; found: 392.1680. FTIR (cm−1): υ(O–H st) 3378, υ(C–H st) 2974, 
υ(C=O st, carboxyl) 1719, υ(C=C st) 1560. 

(4-(((4-methyl-2-oxo-2H-chromen-7-yl)oxy)methyl)phenyl)boronic acid 22: 4-
Bromomethylphenylboronic acid (297 mg, 1.0 mmol) and 4-methylumbelliferone (4-MU) (194 mg, 1.1 
mmol) were dissolved in 5 mL dry dimethylformamide (DMF). Cesium chloride (360 mg, 1.1 mmol) 
was then added and stirred at 70 °C for 1.5 h. The solution was extracted using CH2Cl2 and deionized 
water after the mixture was cooled to room temperature. The organic layer was collected, dried over 
anhydrous magnesium sulfate, and concentrated. The crude material was purified using a silica 
column (hexane: ethyl acetate =5:3) to afford 22 as a white solid (298 mg, 76%). 1H NMR (400 MHz, 
DMSO-d6) δH 8.06 (s, 2H, H16), 7.81 (d, J = 7.8 Hz, 2H, H14), 7.67 (d, J = 8.6 Hz, 1H, H9), 7.42 (d, J = 8.0 
Hz, 2H, H13), 7.06 – 7.01 (m, 2H, H6, H7), 6.20 (d, J = 1.4 Hz, 1H, H2), 5.23 (s, 2H, H11), 2.38 (d, J = 1.3 
Hz, 3H, H4). 13C NMR (101 MHz, DMSO-d6) δC 161.3 (C8), 160.1 (C1), 154.7 (C10), 153.4 (C3), 138.0 
(C12), 134.3 (C14), 126.7 (C13), 126.5 (C6), 113.3 (C5), 112.7 (C2), 111.2 (C7), 101.7 (C9), 69.8 (C11), 18.1 
(C4), (C15 bonded to B not observed due to broadening). 11B NMR (128 MHz, DMSO-d6) δB 28.9. LC-
MS: retention time: 7.5 min; ESI-QTOF HRMS (m/z): for [C17H16BO5]+ [M+H]+: exact mass calcd.: 
311.1091; found: 311.1096. FTIR (cm−1): υ(N–H st) 3328, υ(O–H st) 3224, υ(C–H st) 2938, υ(C=O st, 
carboxyl) 1691, υ(C=C st) 1604. 

2.3.2. 9-Aminoacridine Dyes 

Synthesis of N-(acridin-9-yl)-2-chloroacetamide 23: Chloroacetyl chloride (1.15 g, 10.2 mmol, 0.8 mL, 
2.0 equiv.) in THF (20 mL) was added dropwise while stirring to a mixture of 9-aminoacridine (1.00 
g, 4.0 mmol, 1.0 equiv.) and TEA (1.03 g, 10.2 mmol, 1.4 mL, 2.0 equiv.) in THF at 0 – 5 °C. The reaction 
mixture was then stirred for 4 h. The solvent was evaporated under reduced pressure. The residue 
was washed with water to remove TEA.HCl before being dried and recrystallized from ethanol to 
obtain 23 (yield: 59%). 1H NMR (400 MHz, DMSO-d6) δH 12.19 (s, 1H, H9), 8.48 (d, 4H, H3), 8.23 (dd, 
J = 9.0, 6.5 Hz, 2H, H1), 7.87 (dd, 2H, H2), 4.84 (s, 2H, H11). 13C NMR (101 MHz, DMSO-d6) δC 166.6 
(C10), 141.5 (C6, C8), 135.8 (C5, C7), 126.9 (C3), 125.9 (C1), 121.4 (C2), 43.2 (C11). LC-MS: retention 
time: 4.7 min; ESI-QTOF HRMS (m/z): for [C15H12ClN2O]+ [M+H]+: exact mass calcd.: 271.0638; found: 
271.0750. 

(4-(((2-(acridin-9-ylamino)-2-oxoethyl)amino)methyl)phenyl)boronic acid 24: N-(acridin-9-yl)-2-
chloroacetamide 23 (536 mg, 1.98 mmol, 1.1 equiv.), (4-(aminomethyl)phenyl)boronic acid (270 mg, 
1.80 mmol, 1.0 equiv.), and triethylamine (TEA, 0.5 mL, 3.60 mmol, 2.0 equiv.) were dissolved in 
acetonitrile (MeCN, 30 mL), stirred, and refluxed for 1 d. The oily residue was dissolved in methylene 
chloride and washed five times with 10 mL of water. The organic layer was dried over anhydrous 
Na2SO4. The solvent was removed under reduced pressure to obtain the crude product, which was 
purified by silica gel column chromatography (Hexanes: EtOAc - 9:1) (yield: 22%). 1H NMR (400 
MHz, DMSO-d6) δH 9.56 (s, 1H, H8), 9.24 (s, 1H, H11), 7.91 (s, 2H, H17), 7.58 (d, J = 7.9 Hz, 2H, H14), 
7.49 (dd, J = 7.9, 1.5 Hz, 2H, H2), 7.28 (ddd, J = 8.3, 5.8, 1.5 Hz, 2H, H3), 7.02 – 6.95 (m, 4H, H1, H4), 
6.90 (d, J = 7.7 Hz, 2H, H15), 3.23 (s, 2H, H12), 2.95 (s, 2H, H10). 13C NMR (101 MHz, DMSO-d6) δC 
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171.4 (C9), 140.3 (C5), 138.6 (C7), 134.0 (C13), 128.7 (C15), 128.0 (C3), 126.6 (C14), 119.5 (C1), 119.1 
(C2), 114.9 (C6), 114.1 (C4), 53.3 (C12), 52.1 (C10), (C16 bonded to B not observed due to broadening). 
11B NMR (128 MHz, DMSO-d6) δB 29.18. LC-MS: retention time: 0.5 min; ESI-QTOF HRMS (m/z): for 
[C22H21BN3O3]+ [M+H]+: exact mass calcd.: 386.1676; found: 386.1683. FTIR (cm−1): υ(N–H st) 3328, υ(C-
H st, carboxyl) 2976, υ(C=O st, amide) 1673, υ(C=C st and C=N st) 1613–1477. 

2.3.3. 8-Aminoquinoline Dyes 

Synthesis of 2-(tert-butoxycarbonylamino)acetic acid 25: Based on the procedure adopted from 
Ear et al [62], Glycine (10.0 g, 133.2 mmol, 1.0 equiv.) was dissolved in a dioxane-water (1:1) (200 mL) 
mixture. Triethylamine (18.5 mL, 133.2 mmol, 1.0 equiv.) and di-tert-butyl dicarbonate (Boc2O, 31.98 
g, 146.5 mmol, 1.1 equiv.) were added and the mixture was stirred for 2 h at room temperature. After 
evaporation of the volatiles, redissolving in water/diethyl ether (150 mL/250 mL) for extraction. The 
aqueous phase was recovered, and the pH was adjusted to 2 with a 2 M solution of HCl. The mixture 
was extracted with ethyl acetate (2 x 150 mL), dried over MgSO4, and concentrated in vacuo, to yield 
white crystalline product 25, yield (15.08 g, 65% yield). The data were consistent with the literature 
[62]. 1H NMR (400 MHz, DMSO-d6) δH 7.05 (t, J = 6.2 Hz, 1H, H4), 3.57 (d, J = 6.2 Hz, 2H, H5), 1.38 (s, 
9H, H1). 13C NMR (101 MHz, DMSO-d6) δC 171.8 (C6), 155.9 (C3), 78.1 (C2), 41.8 (C5), 28.2 (C1). LC-
MS: retention time: 4.7 min; ESI-QTOF HRMS (m/z): for [C14H17BNO2]+ [M+H]+: exact mass calcd.: 
198.0742; found: 198.0756. 

Synthesis of tert-butyl (2-oxo-2-(quinolin-8-ylamino)ethyl)carbamate 26: A mixture of 8-
aminoquinoline (2.56 g, 17.7 mmol, 1.0 equiv.), DMAP (108 mg, 5 mol%) and Boc-Gly-OH, 25 (1.22 g, 
6.94 mmol, 2.0 equiv.) in dichloromethane (100 mL) were stirred in an ice bath (~0 °C) for 30 minutes, 
followed by an addition of EDC·HCl (1.33 g, 6.94 mmol, 2.0 equiv.). The reaction mixture was stirred 
at 0 °C for 2 hours and stirred overnight at room temperature. The crude was extracted with NH4Cl 
(aq.) (100 mL). The organic layer was dried over MgSO4, filtered, and concentrated under a vacuum. 
The crude product was purified through silica-gel column chromatography using hexane/ethyl 
acetate (3:2) as an eluent to afford tert-butyl (2-oxo-2-(quinolin-8-ylamino)ethyl)carbamate 26 as a 
white solid (4.95 g, 93% yield). The data were consistent with the literature [63]. 1H NMR (500 MHz, 
CDCl3) δH 10.26 (s, 1H, H10), 8.74 (d, J = 4.2 Hz, 1H, H1), 8.70 (dd, J = 6.3, 2.7 Hz, 1H, H3), 8.10 (d, J = 
8.3 Hz, 1H, H7), 7.48 (d, J = 8.4 Hz, 1H, H5), 7.46 (s, 1H, H2), 7.40 (dd, J = 8.3, 4.2 Hz, 1H, H6), 5.51 (s, 
1H, H13), 4.11 (d, J = 5.9 Hz, 2H, H12), 1.50 (s, 9H, H16). 13C NMR (126 MHz, CDCl3) δC 168.1 (C11), 
156.1 (C14), 148.3 (C1), 138.4 (C9), 136.4 (C8), 133.9 (C3), 128.0 (C4), 127.3 (C6), 122.0 (C2), 121.7 (C5), 
116.8 (C7), 80.3 (C15), 45.4 (C12), 28.4 (C16). LC-MS: retention time: 8.0 min; ESI-QTOF HRMS (m/z): 
for [C16H20N3O3]+ [M+H]+: exact mass calcd.: 302.1505; found: 302.1523. 

Boc deprotection of tert-butyl (2-oxo-2-(quinolin-8-ylamino)ethyl)carbamate 27: Based on the 
procedure by Ear et al, tert-butyl (2-oxo-2-(quinolin-8-ylamino)ethyl)carbamate 26 (3.00 g, 9.96 mmol, 
1.0 equiv.) was dissolved in CH2CI2 (150 mL) and HCI-dioxane (4 M solution, 20 mL) was added and 
the mixture was stirred at rt overnight. The reaction was monitored by TLC. After completion of the 
reaction, the solvents were removed in vacuo to obtain the hydrochloride salt of the amine. The 
residue was dissolved in diethyl ether and extracted with NaOH (2 M) and Et2O. the organic layer 
was dried over MgSO4 and the solvent was evaporated under reduced pressure to obtain the product 
2-amino-N-(quinolin-8-yl)acetamide 27 (1.68 g, 84% yield). 1H NMR (500 MHz, CDCl3) δH 11.25 (s, 
1H, H10), 8.85 (d, 1H, H1), 8.82 (dd, 1H, H3), 8.14 (d, 1H, H7), 7.56 – 7.47 (m, 2H, H2, H5), 7.43 (dd, J 
= 8.3, 4.2 Hz, 1H, H6), 3.64 (s, 2H, H13), 1.81 (s, 2H, H12). 13C NMR (126 MHz, CDCl3) δC 171.9 (C11), 
148.9 (C1), 139.3 (C9), 136.6 (C8), 134.6 (C3), 128.4 (C4), 127.7 (C6), 122.1 (C2), 121.9 (C5), 116.9 (C7), 
46.5 (C12). LC-MS: retention time: 1.1 min; ESI-QTOF HRMS (m/z): for [C11H12N3O]+ [M+H]+: exact 
mass calcd.: 202.0980; found: 202.0997; for [C11H11N3ONa]+ [M+Na]+: exact mass calcd.: 224.0800; found: 
224.0804. 

Synthesis of N-(quinolin-8-yl)-2-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)benzyl)amino)acetamide 28: 2-amino-N-(quinolin-8-yl)acetamide 27 (0.82 g, 4.07 mmol, 1.2 equiv.) 
and 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde 2 (0.79 g, 3.39 mmol, 1.0 equiv.) 
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were dissolved in 1, 2-dichloroethane (50 mL). The reaction mixture was then charged with sodium 
triacetoxyborohydride (1.08 g, 1.5 equiv.). The reaction was then stirred under nitrogen for 1 h. After 
an hour, additional sodium triacetoxyborohydride (0.75 g, 1.0 equiv.) was added to the reaction and 
the mixture was stirred for a further 1 h. The reaction mixture was then quenched with saturated 
NaHCO3 solution (100 mL). The aqueous phase was extracted with CH2Cl2 (2 x 100 mL), and the 
combined organics dried over anhydrous MgSO4 and concentrated to dryness in vacuo to afford N-
(quinolin-8-yl)-2-((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)amino)acetamide 28 as a 
white solid (0.75 g, 53% yield). 1H NMR (400 MHz, CDCl3) δH 11.61 (s, 1H, H10), 8.92 (dd, J = 4.2, 1.7 
Hz, 1H, H1), 8.82 (dd, J = 7.0, 2.0 Hz, 1H, H3), 8.17 (d, J = 8.2 Hz, 1H, H7), 7.83 (d, J = 7.4 Hz, 2H, H17), 
7.62 (d, J = 7.8 Hz, 2H, H16), 7.59 – 7.49 (m, 2H, H2, H5), 7.48 (dd, J = 8.3, 4.3 Hz, 1H, H6), 3.94 (s, 2H, 
H14), 3.61 (s, 2H, H12), 1.36 (s, 12H, H20). 13C NMR (101 MHz, CDCl3) δC 170.4 (C11), 148.6 (C1), 142.8 
(C9), 139.1 (C15), 136.3 (C8), 135.2 (C17), 134.5 (C3), 128.2 (C4), 128.0 (C16), 127.5 (C6), 121.8 (C2), 
121.7 (C5), 116.6 (C7), 83.9 (C19), 54.4 (C14), 53.4 (C12), 25.0 (C20), (C18 bonded to B not observed due 
to broadening). 11B NMR (128 MHz, CDCl3) δB 31.6. LC-MS: retention time: 6.9 min; ESI-QTOF HRMS 
(m/z): for [C24H29BN3O3]+ [M+H]+: exact mass calcd.: 418.2302; found: 418.2320; for [C24H28BN3O3Na]+ 
[M+Na]+: exact mass calcd.: 440.2121; found: 440.2123. 

(4-(((2-oxo-2-(quinolin-8-ylamino)ethyl)amino)methyl)phenyl)boronic acid 29: Deprotection of 
pinacol boronate esters was performed according to the procedure by Akgun [61]. The title 
compound was prepared as described above for 7. N-(quinolin-8-yl)-2-((4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)benzyl)amino)acetamide 28 (150 mg, 0.36 mmol, 1.0 equiv.) was dissolved in THF: 
water (4:1 mL) (4:1 v/v). Then, sodium periodate (231 mg, 1.08 mmol, 3.0 equiv.) was added to the 
solution and stirred at room temperature for 30 min under an ambient atmosphere. Lastly, HCl (0.2 
mL, 1 N) was added to the reaction mixture, which was stirred for 24 h at room temperature. The 
reaction mixture was concentrated in vacuo. Then it was dissolved in EtOAc (30 mL) and washed with 
water (1 × 8 mL), and brine (1 × 8 mL). The organic fraction was dried (MgSO4), filtered and 
concentrated in vacuo to obtain pure (4-(((2-oxo-2-(quinolin-8-
ylamino)ethyl)amino)methyl)phenyl)boronic acid 29 as a white solid (yield: 76%). 1H NMR (400 
MHz, DMSO-d6) δH 11.62 (s, 1H, H10), 8.98 (dd, J = 4.2, 1.7 Hz, 1H, H1), 8.71 (dd, J = 7.6, 1.4 Hz, 1H, 
H3), 8.43 (dd, J = 8.3, 1.7 Hz, 1H, H7), 8.00 (s, 2H, H19), 7.78 (d, J = 8.0 Hz, 2H, H17), 7.69 – 7.68 (m, 
1H, H13), 7.66 (dd, J = 2.7, 1.4 Hz, 1H, H6), 7.62 – 7.57 (m, 2H, H2, H6), 7.53 (d, J = 7.9 Hz, 2H, H16), 
3.82 (s, 2H, H14), 3.40 (s, 2H, H12). 13C NMR (101 MHz, DMSO-d6) δC 170.5 (C11), 149.0 (C1), 138.1 
(C9), 136.6 (C15), 134.2 (C8), 134.1 (C17), 133.9 (C3), 127.9 (C4), 127.4 (C16), 127.1 (C6), 122.3 (C2), 
121.7 (C5), 115.4 (C7), 53.2 (C14), 52.6 (C12). 11B NMR (128 MHz, DMSO-d6) δB 29.09. LC-MS: retention 
time: 5.2 min; ESI-QTOF HRMS (m/z): for [C18H19BN3O3]+ [M+H]+: exact mass calcd.: 336.1519; found: 
336.1524. FTIR (cm−1): υ (O–H st) 3265, υ(C–H st) 2829, υ(C=O st, amide) 1669, υ(C=C st and C=N st) 
1604–1524. 

2.3.4. Fluorescein Dyes 

Synthesis of fluorescein methyl ester 34: To fluorescein (1.0 g, 3.1 mmol) methanol solution (10 mL) 
in a 50 mL round-bottom flask, was added concentrated sulfuric acid (98%) (1 mL). The solution was 
refluxed and stirred for 4 h. After cooling, excess methanol was removed under reduced pressure 
and excess water was added to the residue. The red solid formed was washed with water several 
times and filtered in a vacuum until almost free from fluorescence. After drying in a vacuum, the 
crude product was redissolved and columned using CH2Cl2: methanol (10:1) to obtain red solid 
fluorescein methyl ester 34 (93% yield). 1H NMR (400 MHz, DMSO-d6) δH 8.31 (dd, J = 7.8, 1.3 Hz, 1H, 
H18), 7.96 (td, J = 7.5, 1.4 Hz, 1H, H16), 7.88 (td, J = 7.7, 1.4 Hz, 1H, H17), 7.55 (dd, J = 7.5, 1.4 Hz, 1H, 
H15), 7.31 (d, J = 9.2 Hz, 2H, H6, H10), 7.24 (d, J = 2.2 Hz, 2H, H2, H12), 7.10 (dd, J = 9.2, 2.2 Hz, 2H, 
H3, H13), 3.57 (s, 3H, H21). 13C NMR (101 MHz, DMSO-d6) δC 171.5, 165.0, 158.1, 133.3, 133.1, 132.3, 
130.9, 130.3, 129.1, 120.7, 116.0, 102.5, 52.6. LC-MS: retention time: 6.8 min; ESI-QTOF HRMS (m/z): 
for [C21H15O5]+ [M+H]+: exact mass calcd.: 347.0920; found: 347.0934. 
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Synthesis of fluorescein hydrazide 35: Fluorescein methyl ester 34 (0.40 g) and hydrazine hydrate 
(0.24 g, 4.8 mmol) were added to methanol (5 mL), refluxed, and stirred for 6 h. After collecting by 
filtration, the light brown precipitate was washed with a small amount of methanol and water and 
dried in a vacuum to obtain the crude product. The crude material was pre-adsorbed onto silica and 
purified by column chromatography using CH2Cl2: MeOH (10:1) to obtain pure straw yellow 
fluorescein hydrazide 35 (96% yield). 1H NMR (400 MHz, DMSO-d6) δH 9.80 (s, 2H, H22), 7.77 (ddd, J 
= 5.2, 2.4, 0.8 Hz, 1H, H18), 7.50 – 7.47 (m, 2H, H16, H17), 7.00 – 6.98 (m, 1H, H15), 6.59 (d, J = 2.3 Hz, 
2H, H6, H10), 6.45 (dd, J = 8.6, 2.4 Hz, 2H, H2, H12), 6.40 (d, J = 8.6 Hz, 2H, H3, H13), 4.38 (s, 2H, H21). 
13C NMR (101 MHz, DMSO-d6) δC 165.5, 158.2, 152.4, 151.5, 132.6, 129.3, 128.4, 128.0, 123.4, 122.4, 112.0, 
110.0, 102.4, 64.6. LC-MS: retention time: 6.5 min; ESI-QTOF HRMS (m/z): for [C20H15N2O4]+ [M+H]+: 
exact mass calcd.: 347.1032; found: 347.1028. 

(E)-(4-(((3',6'-dihydroxy-3-oxospiro[isoindoline-1,9'-xanthen]-2-yl)imino)methyl)phenyl)boronic acid 
36: 4-formylphenylboronic acid (0.391 mL, 1.77 mmol) was dissolved in 20 mL of a mixture of 
ethanol/toluene (90:10) and then 35 (0.200 g, 0.578 mmol) was added. A Dean-Stark trap was fixed to 
the reaction vessel and filled with 10 mL of the same solvent mixture for the azeotropic removal of 
water. The reaction was then allowed to stir for 16 h at 100 °C at which time TLC showed that the 
starting material had fully reacted. The solvent was removed under vacuum, and the product was 
recrystallized to obtain the product 36 (64% yield). 1H NMR (400 MHz, DMSO-d6) δH 9.92 (s, 2H, H27), 
8.96 (s, 1H, H21), 8.10 (s, 2H, H26), 7.92 (d, J = 7.3 Hz, 1H, H18), 7.75 (d, J = 7.9 Hz, 2H, H24), 7.68 – 
7.55 (m, 2H, H16, H17), 7.38 (d, J = 8.0 Hz, 2H, H23), 7.14 (d, J = 7.4 Hz, 1H, H15), 6.67 (d, J = 2.2 Hz, 
2H, H6, H10), 6.51 (d, J = 8.6 Hz, 2H, H2, H12), 6.46 (dd, J = 8.6, 2.3 Hz, 2H, H). 13C NMR (101 MHz, 
DMSO-d6) δC 163.7, 158.6, 152.2, 150.5, 148.9, 135.8, 134.5, 134.1, 129.1, 128.9, 128.0, 125.7, 123.8, 123.2, 
112.4, 110.1, 102.5, 65.3. 11B NMR (128 MHz, DMSO-d6) δB 28.1. LC-MS: retention time: 7.4 min; ESI-
QTOF HRMS (m/z): for [C27H20BN2O6]+ [M+H]+: exact mass calcd.: 479.1414; found: 479.1412. FTIR 
(cm−1): υ (O–H st) 3287, υ(C=O st, amide) 1668, υ(C=C st and C=N st) 1600–1318. 

3-(3-(3’,6’-Dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9’-xanthene]-5-yl)thioureido)phenylboronic acid 
37: 3-Aminobenzeneboronic acid (0.35 g, 2.57 mmol) was added to a solution of fluorescein 
isothiocyanate isomer I (1.00 g, 2.57 mmol) in DMF (5 mL). The reaction mixture was stirred at room 
temperature for 12 h and then poured into methanol (10 mL). The solvents were removed in vacuo 
the residue was then dissolved in the minimum amount of fresh methanol. Chloroform was added 
and product 37 was obtained as a bright orange precipitate (920 mg, 68% yield). LC-MS: retention 
time: 7.0 min; ESI-QTOF HRMS (m/z): for [C27H20BN2O7S]+ [M+H]+: exact mass calcd.: 527.1084; found: 
527.1123. 

2.3.5. Rhodamine Dyes 

Synthesis of rhodamine B hydrazide 38: To 0.4 g of rhodamine B (I) dissolved in 15 ml of methanol, 
an excessive hydrazine hydrate (0.5 ml) was added and then the reaction solution was refluxed till 
the pink colour disappeared. After that, the cooled reaction solution was poured into distilled water 
and extracted with ethyl acetate (6 × 25 ml). The combined extracts were dried with sodium sulfate 
anhydrous and filtered, and the solvent was evaporated to obtain rhodamine B hydrazide 38 in 68% 
yield. 1H NMR (400 MHz, DMSO-d6) δH 7.79 – 7.73 (m, 1H, H12), 7.50 – 7.43 (m, 2H, H10, H11), 7.01 – 
6.95 (m, 1H, H9), 6.37 (t, J = 1.4 Hz, 2H, H2), 6.33 (d, J = 1.4 Hz, 4H, H3, H6), 4.26 (s, 2H, H15), 3.31 (q, 
8H, H16), 1.08 (t, J = 7.0 Hz, 12H, H17). 13C NMR (101 MHz, DMSO-d6) δC 165.3 (C14), 153.0 (C5), 151.9 
(C1), 148.1 (C8), 132.4 (C10), 129.6 (C13), 128.1 (C11), 127.7 (C3), 123.5 (C9), 122.1 (C12), 107.8 (C4), 
105.5 (C2), 97.4 (C6), 64.8 (C7), 43.7 (C16), 12.5 (C17). LC-MS: retention time: 8.6 min; ESI-QTOF 
HRMS (m/z): for [C28H33N4O2]+ [M+H]+: exact mass calcd.: 457.2604; found: 457.2596. 

(E)-(4-(((2-(3',6'-bis(diethylamino)-3-oxospiro[isoindoline-1,9'-xanthen]-2-
yl)ethyl)imino)methyl)phenyl)boronic acid 39: 4-formylphenylboronic acid (0.391 mL, 1.77 mmol) was 
dissolved in 20 mL of a mixture of ethanol/toluene (90:10) and then 38 (0.200 g, 0.578 mmol) was 
added. A Dean-Stark trap was fixed to the reaction vessel and filled with 10 mL of the same solvent 
mixture for the azeotropic removal of water. The reaction was then allowed to stir for 16 h at 100 °C 
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at which time TLC showed that the starting material 38 had fully reacted. The solvent was removed 
under vacuum, and the product was recrystallized to obtain product 39 (73% yield). 1H NMR (400 
MHz, CDCl3) δH 8.07 (d, J = 7.8 Hz, 1H, H12), 8.00 (d, J = 6.4 Hz, 1H, H10), 7.74 (d, J = 7.8 Hz, 1H, H11), 
7.65 – 7.62 (m, 3H, H9, H20), 7.56 – 7.53 (d, J = 7.1 Hz, 2H, H18), 7.47 (d, J = 7.1 Hz, 2H, H17), 7.14 – 
7.09 (m, 1H, H15), 6.52 (dd, J = 8.9, 6.5 Hz, 2H, H2), 6.46 (dd, J = 14.9, 2.6 Hz, 2H, H3), 6.24 (ddd, J = 
9.1, 7.2, 2.6 Hz, 2H, H6), 3.31 (q, J = 9.0, 8.1 Hz, 8H, H16), 1.15 (t, J = 6.6 Hz, 12H, H17). 13C NMR (101 
MHz, CDCl3) δC 165.3, 153.4, 153.2, 152.0, 149.1, 149.1, 147.1, 137.5, 135.63, 134.0, 133.6, 133.4, 128.4, 
128.1, 127.0, 124.0, 123.6, 108.2, 106.0, 98.0, 58.6, 44.5, 12.7. 11B NMR (128 MHz, CDCl3) δB 29.9. LC-MS: 
retention time: 10.2 min; ESI-QTOF HRMS (m/z): for [C35H38BN4O4]+ [M+H]+: exact mass calcd.: 
589.2986; found: 589.2994. FTIR (cm−1): υ (O–H st) 3310, υ(C–H st) 2893, υ(C=O st, amide) 1696, υ(C=C 
st and C=N st) 1614–1306. 

2.3.6. BODIPY Dyes 

Synthesis of protected BODIPY dye 42: A mixture of a protected 4-formylphenylboronic acid 2 (1.50 
g, 6.5 mmol, 1.0 equiv.) and 2,4-dimethyl-1H-pyrrole (1.24 g, 13.0 mmol, 2.0 equiv.) was dissolved in 
anhydrous DCM (40 mL) under nitrogen. TFA (0.4 mL) was added to the mixture and stirred at room 
temperature for 3 h. The consumption of the aldehyde was monitored by TLC. A solution of p-
chloranil in DCM (1.92 g, 7.8 mmol, 1.2 equiv.) was added at 0 °C and stirred for 30 min. TEA (3.95 
g, 5.4 mL, 39.0 mmol, 6.0 equiv.) was added at 0 °C and stirred for a further 30 min. Thereafter, 
BF3·OEt2 (9.23 g, 8.0 mL, 65.0 mmol, 10.0 equiv.) was added dropwise, and the reaction was stirred 
for 12 h at room temperature. The mixture was evaporated under reduced pressure to obtain the 
crude product. The crude product was purified by silica gel column using hexane/ethyl acetate (1:0→ 
9:1) to obtain the desired product 42 in 47% yield. 1H NMR (500 MHz, CDCl3) δH 7.90 (d, J = 7.5 Hz, 
2H, H10), 7.29 (d, J = 7.5 Hz, 2H, H9), 5.97 (s, 2H, H3), 2.55 (s, 6H, H6), 1.38 (s, 12H, H13), 1.36 (s, 6H, 
H7). 13C NMR (126 MHz, CDCl3) δC 155.6 (C4), 143.4 (C1), 141.8 (C2), 138.0 (C8), 135.5 (C10), 131.4 
(C5), 127.5 (C9), 121.3 (C3), 84.3 (C12), 29.8 (C7), 25.1 (C13), 14.7 (C6), (C11 bonded to B not observed 
due to broadening). LC-MS: retention time: 12.4 min; ESI-QTOF HRMS (m/z): for [C25H31B2F2N2O2]+ 
[M+H]+: exact mass calcd.: 451.2540; found: 451.2555. 

Deprotection of protected BODIPY dye 42 to obtain 45: Deprotection of pinacol boronate esters was 
performed according to the procedure by Akgun [61]. BODIPY dye 42 (150 mg, 0.36 mmol, 1.0 equiv.) 
was dissolved in THF: water (4:1 mL) (4:1 v/v). Then sodium periodate (231 mg, 1.08 mmol, 3.0 equiv.) 
was added to the solution and stirred at room temperature for 30 min under an ambient atmosphere. 
Lastly, HCl (0.2 mL, 1 N) was added to the reaction mixture, which was stirred for 24 h at room 
temperature. The reaction mixture was concentrated in vacuo. Then it was dissolved in EtOAc (30 
mL) and washed with water (1 × 8 mL), and brine (1 × 8 mL). The organic fraction was dried (MgSO4), 
and the solids were removed by gravity filtration. The crude product was preabsorbed onto 5 mL of 
silica and dried under vacuum. Flash chromatography (1:3 hexanes/EtOAc) provided a pure 
deprotected BODIPY dye 45 (89% yield) as a reddish-orange powder after solvent removal. 1H NMR 
(400 MHz, DMSO-d6) δH 8.25 (s, 2H, H12), 7.96 (d, J = 7.9 Hz, 2H, H10), 7.33 (d, J = 7.9 Hz, 2H, H9), 
6.17 (s, 2H, H3), 2.44 (s, 6H, H6), 1.32 (s, 6H, H7). 13C NMR (101 MHz, DMSO-d6) δC 154.8, 150.9, 142.8, 
142.2, 135.7, 134.9, 130.6, 129.2, 126.7, 121.4, 113.8, 101.6, 14.3, 14.0. LC-MS: retention time: 9.0 min; 
ESI-QTOF HRMS (m/z): for [C19H21B2F2N2O2]+ [M+H]+: exact mass calcd.: 369.1757; found: 369.1763. 
FTIR (cm−1): υ (O–H st) 3201, υ(C–H st) 2916, υ(C=C st and C=N st) 1545–1454. 

2.3.7. Azo Dyes 

Synthesis of (2-((m-tolylamino)methyl)phenyl)boronic acid 46: 2-formylbenzeneboronic acid (3.00 g, 
20.1 mmol, 1.0 equiv.) and m-toluidine (2.7 mL, 24.1 mmol, 1.1 equiv.) were dissolved in 1, 2-
dichloroethane (50 mL). The reaction mixture was then charged with sodium triacetoxyborohydride 
(6.39 g, 1.5 equiv.). The reaction was then stirred under nitrogen for 1 h. After an hour, additional 
sodium triacetoxyborohydride (4.26 g, 1.0 equiv.) was added to the reaction and stirred further for 
another 1 h. The reaction mixture was then quenched with saturated NaHCO3 solution (100 mL). The 
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aqueous phase was extracted with CH2Cl2 (2 × 100 mL), and the combined organics dried over 
anhydrous MgSO4 and concentrated to dryness in vacuo to afford (2-((m-
tolylamino)methyl)phenyl)boronic acid 46 as a cream coloured solid (3.64 g, 75% yield). The material 
was used without further purification. 1H NMR (400 MHz, CDCl3) δH 7.74 (dd, J = 7.6, 1.5 Hz, 1H, 
H5), 7.45 (m, 2H, H2, H12), 7.38 – 7.32 (m, 3H, H6, H16), 7.02 – 6.97 (m, 2H, H1, H11), 6.66 (m, 2H, 
H10, H14), 6.52 (s, 1H, H8), 4.36 (s, 2H, H7), 2.14 (s, 3H, H15). LC-MS: retention time: 6.4 min; ESI-
QTOF HRMS (m/z): for [C14H17BNO2]+ [M+H]+: exact mass calcd.: 242.1352; found: 242.1354. 

(E)-(2-(((3-methyl-4-((4-nitrophenyl)diazenyl)phenyl)amino)methyl)phenyl)boronic acid 47a: 4-
nitroaniline (504 mg, 3.64 mmol, 1.1 equiv.) was mixed in water (2 mL), methanol (2 mL) and 
hydrochloric acid (2 mL, 5.0 M) and then cooled to 0–5 °C on an ice-bath. A chilled solution of sodium 
nitrite (186 mg, 2.69 mmol, 1.3 equiv.) was added dropwise. Excess nitrite was destroyed by the 
addition of sulfamic acid after stirring for 5 minutes. (2-((m-tolylamino)methyl)phenyl)boronic acid 
(500 mg, 2.07 mmol, 1.0 equiv.) was dissolved in methanol (3 mL) and dilute hydrochloric acid (2 mL, 
1 M) then added dropwise to the reaction mixture, which quickly turned red. Sodium acetate was 
added to raise the pH of the solution to 4 and this was then left to stir at 0–5 °C for 3 hours. Sodium 
hydroxide (2 M) was slowly added to raise the pH to 7. The resulting precipitate was collected by 
suction filtration and dried in a desiccator overnight to afford product 47a as a dark red solid (44% 
yield). 1H NMR (400 MHz, DMSO-d6) δH 9.86 (s, 1H), 8.39 (d, J = 8.9 Hz, 2H), 8.33 (d, J = 8.9 Hz, 1H), 
8.18 (s, 1H), 8.01 (d, J = 8.9 Hz, 2H), 7.92 – 7.85 (m, 2H), 7.75 (d, J = 9.1 Hz, 1H), 7.58 – 7.53 (m, 1H), 
7.47 (s, 2H, 2H), 7.37 – 7.30 (m, 1H), 4.63 (s, 2H), 2.73 (s, 3H, 3H). 13C NMR (101 MHz, DMSO-d6) δC 
156.8, 156.1, 153.6, 150.5, 148.3, 147.5, 146.5, 144.1, 142.6, 141.6, 141.5, 133.7, 130.4, 130.3, 129.0, 125.0, 
123.0, 122.5, 122.4, 118.7, 116.3, 116.1, 52.7, 17.7. 11B NMR (128 MHz, DMSO-d6) δB 32.0. LC-MS: 
retention time: 9.9 min; ESI-QTOF HRMS (m/z): for [C20H20BN4O4]+ [M+H]+: exact mass calcd.: 
391.1578; found: 391.1587. 

(E)-4-((4-((2-boronobenzyl)amino)-2-methylphenyl)diazenyl)benzoic acid 47b: The above procedure 
was repeated using 4-aminobenzoic acid (0.11 g, 0.83 mmol) instead of 4-nitroaniline. All other 
reagents were used in the same mole ratios, to afford 47b as an orange-red solid (62% yield). 1H NMR 
(400 MHz, DMSO-d6) δH 13.09 (s, 1H), 9.79 (s, 1H), 8.15 – 8.08 (m, 2H), 8.05 (dd, J = 8.6, 1.9 Hz, 1H), 
7.90 (dd, J = 8.0, 6.3 Hz, 3H), 7.79 (dd, J = 8.5, 1.7 Hz, 1H), 7.72 (d, J = 9.1 Hz, 1H), 7.68 (dd, J = 9.1, 2.3 
Hz, 1H), 7.56 (d, J = 2.4 Hz, 1H), 7.48 (s, 2H), 7.35 (dd, J = 7.8, 4.3 Hz, 1H), 4.64 (s, 2H), 2.73 (s, 3H). 13C 
NMR (101 MHz, DMSO-d6) δC 166.9, 155.1, 149.8, 148.4, 144.0, 140.6, 131.6, 130.6, 130.5, 130.4, 130.2, 
122.5, 122.2, 118.8, 116.1, 116.0, 52.7, 48.6, 30.4, 17.7. 11B NMR (128 MHz, DMSO-d6) δB 30.4. LC-MS: 
retention time: 8.2 min; ESI-QTOF HRMS (m/z): for [C21H21BN3O4]+ [M+H]+: exact mass calcd.: 
390.1625; found: 390.1634. FTIR (cm−1): υ(O–H st) 3442, υ(C–H st) 2925, υ(C=O st, carboxyl) 1677, 
υ(C=C st and C=N st) 1677–1600. 

(E)-3-((4-((2-boronobenzyl)amino)-2-methylphenyl)diazenyl)benzoic acid 47c: The previous 
experiment was repeated using 3-aminobenzoic acid (499 mg, 3.64 mmol) instead of p-anisidine. All 
other reagents were used in the same mole ratios, to afford 47c as a red solid (25% yield). 1H NMR 
(400 MHz, DMSO-d6) δH 13.20 (s, 1H), 9.77 (s, 1H), 8.34 (t, J = 1.8 Hz, 1H), 8.25 – 8.16 (m, 1H), 8.10 – 
8.03 (m, 3H), 7.89 (d, J = 7.3 Hz, 1H), 7.72 (d, J = 9.1 Hz, 2H), 7.70 – 7.66 (m, 2H), 7.56 (d, J = 2.4 Hz, 
1H), 7.48 (s, 2H), 4.64 (s, 2H), 2.73 (s, 3H). LC-MS: retention time: 8.5 min; ESI-QTOF HRMS (m/z): for 
[C21H21BN3O4]+ [M+H]+: exact mass calcd.: 390.1625; found: 390.1630. 

(E)-(2-(((4-((4-methoxyphenyl)diazenyl)-3-methylphenyl)amino)methyl)phenyl)boronic acid 47d: The 
previous experiment was repeated using p-anisidine (0.61 g, 4.98 mmol, 6 equiv.) instead of 4-
aminobenzoic acid. Purification was performed by washing the product (in dichloromethane) with 
10% sodium hydrogen carbonate solution (w/w) to remove residual acetic acid, to yield 47d as an 
orange-brown solid (56% yield). 1H NMR (400 MHz, DMSO-d6) δH 9.67 (s, 1H), 7.89 (d, J = 7.3 Hz, 1H), 
7.84 (d, J = 8.9 Hz, 2H), 7.74 – 7.71 (m, 1H), 7.65 – 7.62 (m, 2H), 7.53 (d, J = 2.0 Hz, 1H), 7.48 – 7.45 (m, 
2H), 7.34 (ddt, J = 9.2, 6.6, 3.2 Hz, 1H), 7.10 (d, J = 9.0 Hz, 2H), 7.08 – 7.02 (m, 1H), 4.61 (s, 2H), 3.85 (s, 
3H), 2.69 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δC 161.1, 148.4, 148.3, 146.9, 143.8, 138.9, 130.3, 130.0, 
126.6, 126.4, 124.0, 123.4, 123.4, 122.5, 118.8, 115.9, 115.7, 114.5, 114.3, 55.5, 52.7, 17.7. 11B NMR (128 
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MHz, DMSO-d6) δB 29.9. LC-MS: retention time: 9.8 min; ESI-QTOF HRMS (m/z): for [C21H23BN3O3]+ 
[M+H]+: exact mass calcd.: 376.1832; found: 376.1836. 

2.3.8. Sudan I Dyes Boronic Acid 

Synthesis of Sudan I dyes boronic acid 48: To a heated solution (50 °C) of Sudan I (347 mg, 1.39 
mmol, 1.2 equiv.) in acetone (20 mL), potassium carbonate, K2CO3 (128 mg, 0.93 mmol, 0.80 equiv.) 
and 4-(bromomethyl)phenylboronic acid (250 mg, 1.16 mmol, 1.0 equiv.) were added. After 4 h of 
stirring and heating, additional potassium carbonate, K2CO3 (128 mg, 0.93 mmol, 0.80 equiv.) was 
added, and the suspension was stirred overnight. Finally, the reaction mixture was diluted with 
EtOAc and the organic layer was washed with 1 M hydrochloric acid (2 × 10 mL) and brine (20 mL), 
dried over Na2SO4, and concentrated in vacuo. The resulting solid was further purified using silica gel 
chromatography affording a pure Sudan I dye boronic acid 48 product. LC-MS: retention time: 9.7 
min; ESI-QTOF HRMS (m/z): for [C23H19BN2O3]+ [M+H]+: exact mass calcd.: 383.2260; found: 383.1572.  

2.4. Measurements of Photophysical Properties of Synthesized Compounds 

Photophysical quantities such as absorption maxima (λabsmax), emission maxima (λemmax), Stokes 
shift (∆λ), molar extinction coefficient (ε), fluorescence quantum yield (ΦF), and brightness were 
determined from absorption and emission data. Photophysical measurements were done at ambient 
temperature (25 °C). UV-vis absorption spectra were recorded on a Shimadzu UV-1800 
spectrophotometer between 200 and 800 nm using quartz cuvettes of 1 cm optical path length. The 
molar extinction coefficients (ε) of the different arylboronic acid dyes were determined at the 
respective maximum absorption wavelength using the Beer-Lambert law:   

A = εcl (1) 

Where: A is absorbance; ε the extinction coefficient for the dye; c is the sample concentration; l is the 
pathlength of the sample cuvette. Fluorescence spectra of the synthesized compounds were acquired 
using a Shimadzu RF-6000 spectrofluorometer (Shimadzu, Kyoto, Japan). Emission spectra were 
recorded at room temperature with excitation wavelengths set at the λabsmax of the respective dyes 
and emission range 250–800 nm. The excitation and emission slit widths were set at 5 nm. 
Fluorescence quantum yields were determined by the relative comparison procedure [64,65], using 
either rhodamine B (ФF = 0.70 in ethanol)[66] or quinine sulfate (ΦF = 0.51 in 0.05 M H2SO4) [4,67]. Five 
different solutions with increasing concentrations of each of the synthesized compounds and the 
reference standards (rhodamine B or quinine sulfate) were prepared in different solutions and the 
absorbance of each solution was determined to be between 0.01 – 0.1 in 1 cm optical path length 
cuvette using a Shimadzu UV-1800 Spectrophotometer. Fluorescence spectra and the integrated 
fluorescence intensities for varying concentrations of solutions were measured using a Shimadzu RF-
6000 spectrofluorometer. For each solution, graphs of the integrated fluorescence intensities as a 
function of the solution absorption were plotted in each case for both the synthesized dye and the 
reference standard (either rhodamine B or quinine sulfate). The resulting data points were fitted with 
linear plots and the slopes were calculated. The quantum yield (ΦF) is calculated using the slope of 
the line determined from the plot of the absorbance against the integrated fluorescence intensities. In 
this case, the quantum yield of the unknown sample can be calculated using the equation: 

2
S S

2F,S F,R
RR

m
m

  η=     η  
Φ Φ

 

(2) 

Where: m is the slope of the line obtained from the plot of the integrated fluorescence intensity vs. 
absorbance, η is the refractive index of solvent and the subscripts R and S refer to the reference and 
unknown sample respectively; ΦS and ΦR are the fluorescence quantum yield of the sample and that 
of the standard respectively. The quantum yields were corrected for the differing refractive index of 
the solvent used for the sample and reference. Refractive indices (25 °C) were taken to be 1.3326, 
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1.3593, and 1.4793 for water, ethanol, and DMSO respectively [68]. In instances where the same 
solvent was used for both reference and unknown sample as a solvent, ( )2 2

S R/η η  will be 1, so the 

fluorescence quantum yield of the unknown (ΦS) was obtained directly from the quotient of the two 
slopes. 

3. Results and Discussion 

3.1. Synthesis of Various Arylboronic Acid Chemosensors Fluorescent Dyes 

3.1.1. Synthesis of the Building Blocks Through Miyaura Borylation  

The syntheses of the various boronic ester building blocks were accomplished via a palladium-
catalyzed Miyaura borylation of aryl halides with a diboron reagent such as bis(pinacolato)diboron 
(B2pin2). Potassium acetate (KOAc) was employed as the base, and the reaction was carried out in 1,4-
dioxane at 80 °C for 16 h [69–71]. The various pinacol-protected boronate esters were readily purified 
by silica gel chromatography to obtain analytically pure and white crystalline pinacol boronate ester 
solids with yields ranging from 70% to 96% (Scheme 1). They were characterized by 1H and 13C NMR, 
FTIR and HRMS and the data are provided in the Materials and Methods section with the 
corresponding spectra available in the Electronic Supplementary Information (Figures S1–S5). 
Interestingly, these boronate ester solids are indefinitely bench-stable under air compared to their 
corresponding boronic acids. 

 

Scheme 1. Palladium-catalyzed Miyaura borylation of aryl halides utilizing bis(pinacolato)diboron. Reagents 
and conditions: (a) bis(pinacolato)diboron, KOAc, Pd(dppf)Cl2, 1,4-dioxane, 80 °C, 16 h. 

3.1.2. Coumarin-Tagged Boronic Acids 

Coumarin and its derivatives are widely used as fluorescent probes because of their excellent 
chromogenic and fluorogenic properties such as high fluorescence quantum yields, large Stokes 
shifts, excellent photostability, and thermal stability [72–78]. Based on this knowledge, two coumarin-
tagged boronic acids were designed and synthesized (Schemes 2 and 4). The synthesis of the target 
compound 7 was achieved in four chemical steps as shown in Scheme 2. Characterization was done 
by 1H and 13C NMR, FTIR and HRMS and the data are provided in the Materials and Methods section, 
and the corresponding spectra are available in the Electronic Supplementary Information (Figures 
S6–S18). The first step of the synthesis was via Knoevenagel condensation reaction of 4-
(diethylamino)-2-hydroxybenzaldehyde with diethyl malonate in the presence of piperidine, 
cyclized and then decarboxylated to afford 7-(diethylamino)-2H-chromen-2-one 4 in good yield 
(85%). Subsequently, compound 4 was subjected to Vilsmeier–Haack formylation in the presence of 
1,2-dichloroethane (DCE) to produce 7-(diethylamino)coumarin-3-carbaldehyde 5 in 79% [78].  
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Scheme 2. Synthesis routes of coumarin-tagged boronic acid 7. Reagents and conditions: (a) diethyl malonate, 
piperidine, EtOH, reflux, 13 h (4, 85%); (b) DMF/POCl3, 1,2-dichloroethane, 0 °C → 60 °C, 12 h (5, 79%); (c) 3, 
CH2Cl2/anhydrous CH3CH2OH=1∶1 (v/v)), pyrroline, room temperature, 4 d (6, 51%); (d) NaIO4, THF/H2O (4:1), 
room temperature, 30 min (7, 90%). 

The formylation was deemed successful by the confirmation of the distinctive and unmistakable 
singlet at δH = 10.10 ppm observed in the 1H NMR spectrum which integrated for a single proton. 
This is characteristic of aldehydic protons [79].  

Next, a base-catalyzed Claisen–Schmidt condensation of 7-(diethylamino)coumarin-3-
carbaldehyde 5 with 1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)ethan-1-one 3 building 
block using a catalytic amount of pyrrolidine in CH2Cl2/EtOH afforded the chalcone molecule 6 (yield 
= 51%) with extended conjugations [80]. Afterwards, the chalcone 6 which had the pinacol-protecting 
group was subjected to an oxidative hydrolysis deprotection protocol with aqueous sodium 
periodate (NaIO4). This led to the smooth formation of the corresponding boronic acid 7 with 
excellent yield (up to 90%) [8,81]. 1H NMR analysis of the product showed that the desired final 
compound was prepared following the disappearance of the Bpin peak at δH = 1.32 ppm (see 
Supplementary Materials Figure S14).  

Another coumarin fluorescent dye arylboronic acid was synthesised from 7-hydroxycoumarin 
(umbelliferone). Unbelliferone is a known fluorophore with a high quantum yield [82,83]. The 
coumarin-tagged boronic acid derivative in Scheme 3 was synthesised according to the procedure 
reported by Palanisamy et al. via a one-step alkylation reaction of 4-methylumbelliferone with 4-
bromomethylphenylboronic acid in the presence of anhydrous potassium carbonate in dry DMF at 
70 °C [84] to afford 22 in 76% yield after purification. The product was fully characterised by 1H and 
13C NMR, and HRMS data as provided in the Materials and Methods section and the corresponding 
spectra are available in the Electronic Supplementary Information (Figures S19–S23).  

 

Scheme 3. Synthetic route to arylboronic acid dye 22. Reagents and conditions: (a) Cs2CO3, DMF, 70 °C, reflux, 
1.5 h (22, 76%). 
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3.1.3. 9-Aminoacridine-Tagged Boronic Acid Dyes 

In another development, 9-aminoacridine-tagged boronic acid dyes were prepared.  9-
Aminoacridine is a quinoline derivative that contains a tacrine-like moiety (Figure 4). Acridine and 
its derivatives are important quinoline structural derivatives that are generally planar tricyclic 
aromatic molecules which fluoresce at shorter wavelength regions [85,86]. Acridine-based 
fluorescence chemosensors have recently been synthesized and employed by Wang et al. for the 
selective detection of Fe3+ and Ni2+ ions [87].  

 

Figure 4. Structures of quinoline and quinoline derivatives. 

Harnessing the advantages of the acridine moiety, a new arylboronic acid fluorescent 
chemosensor was prepared by coupling an aminoacridine fluorophore to a (4-
(aminomethyl)phenyl)boronic acid via a chloroacetyl chloride linker in three steps (Scheme 4). N-
(acridin-9-yl)-2-chloroacetamide 23 was prepared by reacting a commercially available 9-
aminoacridine with chloroacetyl chloride according to chloroacetylation reaction procedures 
described in the literature [88–90]. This step was carried out in the presence of a catalytic amount of 
triethylamine (Et3N). Chloroacetyl chloride plays a key role in synthetic and biological chemistry as 
a bifunctional linker for alcohols and amines [91]. Thus, it was employed to prepare the N-(acridin-
9-yl)-2-chloroacetamide 23 as a suitable building block for the next step. The reaction was run 
overnight under room temperature, and the isolated yield was 59%. (4-
(Aminomethyl)phenyl)boronic acid was then alkylated with the N-(9-acridinyl)-2-chloroacetamide 
using triethylamine as a catalyst under reflux in acetonitrile (CH3CN) for 24 h to provide the target 
compound (4-(((2-(acridin-9-ylamino)-2-oxoethyl)amino)methyl)phenyl)boronic acid 24 in 22% 
yield.  

 

Scheme 4. Synthetic route to (4-(((2-(acridin-9-ylamino)-2-oxoethyl)amino)methyl)phenyl)boronic acid 24. 
Reagents and conditions: (a) chloroacetyl chloride, Et3N, THF, 0 °C to room temperature, overnight (23, 59%); 
(b) (4-(aminomethyl)phenyl)boronic acid, Et3N, CH3CN, reflux, 24 h (24, 22%). 

3.1.4. 8-Aminoquinoline-Tagged Boronic Acid Dyes 

8-aminoquinoline contains a quinoline moiety which is a well-known fluorophore unit [92]. 
Quinolines are particularly desirable because of their good coordination properties and their ability 
to form hydrogen bonds as a result of the presence of nitrogen in the ring as well as its small molecular 
size [92,93]. Furthermore, they are well known for their good metal affinity and hence are becoming 
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leading candidates in the design of fluorescent probes for metals such as zinc and their applications 
in more complex biological research [92]. More importantly, the chemistry of quinoline is also well 
established and a plethora of synthetic methods available to functionalize the core moiety [92]. With 
these advantages, attempts were made to synthesize an aminoquinoline-tagged boronic acid 29. The 
synthesis was achieved in five steps as depicted in Scheme 5. The first step involves Boc-protection of 
glycine by reacting with di-tert-butyl dicarbonate (Boc2O) under basic conditions to afford Boc-Gly-
OH under 2 hours. This was followed by amide coupling between the carboxylic acid functionality 
of the N-Boc protected glycine 25 and 8-aminoquinoline in CH2Cl2 in the presence of EDC.HCl/DMAP 
as the activation/amide coupling agent.  

 

Scheme 5. Synthetic route to (4-(((2-oxo-2-(quinolin-8-ylamino)ethyl)amino)methyl)phenyl)boronic acid 18. 
Reagents and conditions: (a) (Boc)2O, Et3N, 1,4-dioxane/H2O (1:1), room temperature, 2 h (6, 65%); (b) 8-
aminoquinoline, EDC.HCl, DMAP, CH2Cl2, room temperature, overnight (15, 93%); (c) HCl/dioxane (6 N), 
CH2Cl2, room temperature, overnight (16, 84%); (d) 2, NaBH(OAc)3, 1,2-dichloroethane, room temperature, 2 h 
(28, 53%); (e) NaIO4, THF/H2O (4:1), room temperature, 30 min (29, 76%). 

The next step was to obtain the free amine through deprotection of the N-Boc group by using the 
traditional approach based on TFA-induced cleavage as reported previously [94] or with HCl (6 M) 
in dioxane at room temperature [95,96]. Both methods gave the desired products in excellent yields. 
The resultant free base was characterised by NMR and used in the next step without further 
purification. After the successful deprotection of the N-Boc group to obtain the free amine 27, it was 
then coupled to the aldehyde functionality of the pinacol-protected 4-formylphenylboronic acid 2 
building block that was previously synthesized under reductive amination conditions to give the 
aminomethyl derivative 28. Sodium triacetoxyborohydride (NaBH(OAc)3) was chosen as the 
reducing agent over others such as sodium cyanoborohydride (NaBH3CN) and the less bulky hydride 
reagents, NaBH4 because of its high efficiency in reductive amination reactions with unreactive 
amines leading to faster, better yields, and with fewer side products. Secondly, NaBH(OAc)3 has been 
reported to be more selective for direct reductive aminations of ketones and aldehydes relative to the 
sodium cyanoborohydride alternative [97]. The other advantage of triacetoxyborohydride is the 
avoidance of the production of toxic by-products such as NaCN and HCN that are usually associated 
with the use of NaBH3CN [28]. 1,2-dichloroethane (DCE) was preferred as reaction solvent even 
though other similar amination reactions have been carried out in other solvents such as 
tetrahydrofuran (THF) and acetonitrile (CH3CN). The final step was the deprotection of the boronate 
ester 28 using the optimized procedure of NaIO4 to afford (4-(((2-oxo-2-(quinolin-8-
ylamino)ethyl)amino)methyl)phenyl)boronic acid 29 in 76% yield. 
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3.1.5. Fluorescein-Tagged Boronic Acid Dyes 

The synthesis of fluorescein-tagged boronic acid 36 was performed following the procedure in 
Scheme 6. First, esterification of cyclic fluorescein was carried out in the presence of a catalytic 
amount of concentrated sulfuric acid in methanol to afford fluorescein methyl ester 34 in an excellent 
yield (93%). The fluorescein methyl ester intermediate 34 was first characterized by X-ray 
crystallography (the crystallographic data is shown in Table S1). Full crystallographic data are 
available in the Cambridge crystallographic data centre with CCDC number: 2426549. This data can 
be obtained free of charge via https://www.ccdc.cam.ac.uk/ structures/ from the Cambridge 
Crystallographic Data Centre. Then the ester was refluxed for 6 h with an excess amount of hydrazine 
hydrate in methanol via hydrazinolysis to produce the desired fluorescein hydrazide 35 with a yield 
of 96% yield [98]. An alternative method for the preparation of fluorescein hydrazide 35 (in 89% yield) 
involved the direct hydrazinolysis of the cyclic fluorescein using excess hydrazine hydrate under 
reflux in methanol for 12 h. Finally, through Schiff base reaction, the fluorescein hydrazide 35 was 
coupled to 4-formylphenylboronic acid to form the fluorescein-tagged arylboronic acid chemosensor 
36 in 64% yield.  

 

Scheme 6. Synthetic route to (E)-(4-(((3',6'-dihydroxy-3-oxospiro[isoindoline-1,9'-xanthen]-2-
yl)imino)methyl)phenyl)boronic acid. Reagents and conditions: (a) MeOH/H2SO4, reflux, 6 h (34, 93%); (b) 
NH2NH2•H2O/MeOH, reflux, 6 h (35, 96%); (c) NH2NH2•H2O/MeOH, reflux, 12 h (35, 89%); (d) 4-
formylphenylboronic acid, EtOH, reflux, 5 h (36, 64%). 

A second fluorescein boronic acid was synthesized via a one-step reaction of fluorescein 
isothiocyanate isomer I and 3-aminobenzeneboronic acid (Scheme 7). The fluorescein isothiocyanate 
contains an electrophilic carbon atom that readily reacted with nucleophile (amine) using 
dimethylformamide (DMF) as the solvent to form thiourea compound 37 in 68% yield [99,100].  

 
Scheme 7. Synthesis of (3-(3-(3',6'-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthen]-5-
yl)thioureido)phenyl)boronic acid. Reagents and conditions: (a) 3-aminobenzeneboronic acid, DMF, room 
temperature, 12 h (37, 68%). 
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3.1.6. Rhodamine-Tagged Boronic Acid Dye 

Rhodamine dye fluorophores are part of the family of xanthenes along with fluorescein and 
eosin dyes [101]. The structures of xanthene chromophore and rhodamine dyes are shown in Figure 
5. The carboxylic acid group of rhodamine dyes undergo intramolecular cyclization. The ring-opened 
form is highly fluorescent, whereas the spirocyclic spirolactone form is essentially nonfluorescent 
[101–103]. 

 

Figure 5. Molecular structure of Xanthene and Rhodamine B dye. 

Rhodamine dyes and their derivatives have also been used extensively, in particular, as 
chemosensors either in vitro or in vivo in the detection of metals including Hg(II) [104–106], 
peroxynitrite [52], Cu(II) [107], Fe(III) [108], Cr(III) [108]. Rhodamine derivatives are also employed 
as molecular switches [109]. Rhodamine B was chosen as the fluorescent dye for use in this study due 
to the high fluorescence quantum efficiency, high molar extinction coefficients, and low cost. A 
rhodamine-tagged boronic acid 39 was readily synthesized from rhodamine B by a two-step reaction 
(Scheme 8), where rhodamine B was treated with excess hydrazine in methanol to give rhodamine B 
hydrazide 38 in 68% yield. The hydrazide was further converted to the designed product 39 in 73% 
yield through a Schiff base reaction using 4-formylphenylboronic acid.  

 
Scheme 8. Synthesis of (E)-(4-(((3',6'-bis(diethylamino)-3-oxospiro[isoindoline-1,9'-xanthen]-2-
yl)imino)methyl)phenyl)boronic acid 39. Reagents and conditions: (a) NH2NH2•H2O/MeOH, reflux, 6 h (38, 
68%); (b) 4-formylphenylboronic acid, EtOH, reflux, 5 h (39, 73%). 

3.1.7. BODIPY-Tagged Boronic Acid Dyes 

4,4-difluoro-4-bora-3a-4a-diaza-s-indacene (simply known as BODIPY, difluoroboron 
dipyrromethene) and its derivatives are fluorescent organic dye molecules that were first discovered 
by Treibs and Kreuzer in 1968 [110] (Figure 6). Since then, several BODIPY and their derivatives have 
become the most popular dye molecules among the multitude of fluorescent dyes available with 
widespread applications in various areas including tunable laser dyes, biological labelling [111–113], 
as fluorescent switches, fluorophores in sensors and labels, and light-harvesting systems in 
electroluminescent devices [114–116]. The interest in BODIPY chromophores can be attributed to 
their favourable physicochemical characteristics and desirable photophysical properties [117,118], 
such as high fluorescence quantum yields, relatively large molar absorption coefficient, narrow 
emission bandwidths, and tunable fluorescent properties as well as relatively high thermal and 
photochemical stabilities [119–122]. These molecules generally have excitation/emission wavelength 
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in the visible region with stable excited states. Other advantages include ease of modification of 
BODIPY chemically for the synthetic accessibility of various derivatives and good solubility in 
common solvents [123]. As a result, a significant number of BODIPY derivatives have since been 
synthesized and characterized [119,120]. Also, there is an abundance of literature that supports the 
synthetic versatility of the BODIPY chromophore which allows for far-reaching structural 
modifications resulting in the alteration of the electronic, optical and chemical properties of the dye 
[124]. 

 
Figure 6. Representation of the BODIPY framework showing the IUPAC numbering system, delocalized 
structures, dipyrromethene and dipyrromethene cores. 

Thus, a procedure for the introduction of an arylboronic acid unit onto a BODIPY core was 
developed to take advantage of the desirable photophysical properties outlined above. Two 
approaches were employed to synthesise the boron dipyrromethene (BODIPY)-tagged boronic acid 
dye 45 (Scheme 9). The first route involved the use of the pinacol-protected 4-formylphenylboronic 
acid 2, whereas in the second route, 4-formylphenylboronic acid was attempted directly without 
protecting it to reduce the number of steps especially in instances where purification and hydrolysis 
of the boronate proved challenging. The synthesis began with an acid-catalyzed condensation 
between two equivalents of 2,4-dimethylpyrrole and a suitable electrophile such as pinacol-protected 
4-formylphenylboronic acid 2 to form a dipyrromethane intermediate 40 followed by the addition of 
a few drops of trifluoroacetic acid (TFA). The complete consumption of the aldehyde was monitored 
by TLC. The dipyrromethane intermediate 40 was unstable and was therefore not isolated but 
converted directly to a dipyrromethene 41 in an oxidation step carried out using 2,3,5,6-tetrachloro-
p-benzoquinone (p-chloranil) as an oxidant [125]. The dipyrromethene 41 was subsequently subjected 
to a boron trifluoride etherate (BF3·Et2O) complexation reaction catalyzed by triethylamine (Et3N) to 
afford the borondifluoride complex 42 in 47% yield [126,127]. The last step involved the deprotection 
of the boronate ester 42, in the case where the protected boronate aldehyde was used, to obtain the 
BODIPY dye 45 as a red crystalline solid (89% yield).  

A single-crystal diffraction analysis was measured for crystals of 45, and the Oak Ridge thermal 
ellipsoid plot (ORTEP) diagram is displayed in Figure 7 and the crystallographic data is shown in 
Supplementary Materials (Table S1.). The crystal structure of BODIPY 45 reveals that the molecule is 
virtually planar. This is corroborated by the following structure refinement data. The boron atom has 
a slightly distorted tetrahedral coordination with the two fluorine atoms being perpendicularly 
oriented with respect to the dipyrrin plane. The B1–N1 and B1–N2 bond lengths are 1.536(2) Å and 
1.534(2) Å respectively. Likewise, the B1–F1 and B1–F2 bond lengths are 1.412(2) Å and 1.407(2) Å 
respectively. The bond distances of the two B–N and two B–F are virtually identical which is an 
indication that 45 possess single B–N and B–F bonds. Also, the average N1–B1–N2 and F1–B1–F2 
angles are 107.75(12) ° and 106.82(12)°, respectively. This also presupposes that there is an expected 
delocalisation of the positive charge. Also, full crystallographic data are available in the Cambridge 
crystallographic data centre with CCDC number: 2426501. This data can be obtained free of charge 
via https://www.ccdc.cam.ac.uk/ structures/ from the Cambridge Crystallographic Data Centre. 
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Scheme 9. Synthesis of BODIPY-tagged boronic acid 45 via two routes. Reagents and conditions: (a) 2,4-
dimethylpyrrole, CH2Cl2, 0 °C to room temperature, 3 h; (b) p-chloranil, CH2Cl2, 0 °C to room temperature, 30 
min; (c) Et3N, BF3•OEt2, CH2Cl2, 0 °C to room temperature, 12 h (42, 47%); (d) Et3N, BF3•OEt2, CH2Cl2, 0 °C to 
room temperature, 12 h (45, 89%); (e) NaIO4, THF/H2O (4:1), room temperature, 30 min (45, 89%). 

 

Figure 7. ORTEP representation of the compound 45 investigated by X-ray structure analysis; atomic labelling 
shown with 30% probability displacement ellipsoids. 

3.1.8. Azo-Tagged Boronic Acid Dyes 

Boronic acid azo dyes were used in the 1940s for investigations in the treatment of cancer by 
boron neutron capture therapy (BNCT) [128]. However, in 1991, a boronic acid azo dye synthesized 
from 4-aminophenylboronic acid was found to be sensitive to a selection of saccharides [129]. 
Subsequently, various conjugates of azo dyes have been developed as saccharide and sugar sensors 
[130–132]. A variety of azo-tagged boronic acid dyes in which subtle modifications are made to the 
electronic configuration of the azo chromophore by varying the substituent groups on the azo 
aromatic ring were synthesised as depicted in Scheme 10. The first step involved the synthesis of (2-
((m-tolylamino)methyl)phenyl)boronic acid 46 by reductive amination followed by diazotization of 
various anilines containing electron-withdrawing groups such as p-NO2, p-COOH, p-OCH3, and m-
COOH in the presence of an aqueous solution of sodium nitrite (NaNO2) in concentrated HCl 
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medium at 0 °C to form the corresponding diazonium salts. The destruction of excess sodium nitrite 
after the diazotization reaction step was required because nitrites are toxic and can be harmful to the 
environment. This was achieved by using a common nitrous acid scavenger such as sulfamic acid 
(H3NSO3) that reacts with nitrous acid (HNO2) to form stable and non-toxic compounds [133,134]. 
The diazonium salts that were formed in the previous step were not isolated but coupled in situ with 
(2-((m-tolylamino)methyl)phenyl)boronic acid 46 in a basic medium (NaOH) to give the respective 
target products which were fully characterized by 1H NMR, 13C NMR and HR-LCMS spectroscopic 
and spectrometric analysis. It is worth noting that the pH of the reaction mixture plays a significant 
role in the coupling reaction and therefore a careful balance must be struck between the equilibria 
governing the coupling component and the diazo component. The coupling reactions of the various 
aniline diazonium salts with the (2-((m-tolylamino)methyl)phenyl)boronic acid 46 occur 
predominantly para to the electron-donating anilinic nitrogen because of steric effects. This was 
directed by incorporating a methyl group meta to the anilinic nitrogen in the amine coupling agent, 
and it resulted in the exclusive para coupling products. This approach allowed for the synthesis of 
target compounds (47a – d) and that avoided potentially difficult separation of isomers [135]. 

 

Scheme 10. Synthetic route to (E)-(2-(((3-methyl-4-(phenyldiazenyl)phenyl)amino)methyl)phenyl)boronic acid 
derivatives. Reagents and conditions: (a) NaBH(OAc)3, 1,2-dichloroethane, room temperature, 2 h (46, 75%);  (b) 
NaNO2/conc HCl, 0 °C to 5 °C; (c) pH 4, 0 °C to 5 °C, 3 h. 

3.1.9. Sudan I Boronic Acid Dye 

Another azo boronic acid derivative was synthesised from Sudan I dye according to the one-
step procedure in Scheme 11. Sudan I was reacted with 4-bromomethylphenylboronic acid in the 
presence of anhydrous potassium carbonate in dry acetone at 50 °C to afford 48. The product was 
characterised by HRMS. 

 
Scheme 11. Preparation of Sudan I boronic acid dye 48. Reagents and conditions: (a) K2CO3, acetone, reflux, 50 
°C, overnight. 
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3.2. Photophysical Properties of the Different Arylboronic Acid Chemosensor Dyes  

A complete set of basic photophysical quantities such as absorption maxima (λabsmax), emission 
maxima (λemmax), Stokes shift (∆λ), molar extinction coefficient (ε), fluorescence quantum yield (ΦF), 
and brightness of twelve (12) synthesized arylboronic acid chemosensors and two (2) commercially 
available boronic acids (2-naphthylboronic acid (BA) and 9,9-diphenyl-9H-fluoren-4-ylboronic acid 
(BA18) were determined in different solvents including ethanol, dimethyl sulfoxide, and methanol 
through absorption and emission spectroscopy techniques. The data are summarized in Figure 8 and 
Table 1. 

 
Figure 8. Structures of synthesized fluorescent arylboronic acid dyes were included in this study. The 
characteristic chromophore cores of the structures are highlighted in different colours. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 March 2025 doi:10.20944/preprints202503.0093.v1

https://doi.org/10.20944/preprints202503.0093.v1


 24 of 37 

 

The UV-vis absorption spectra of the different synthesized compounds are depicted in Figure 
8(see also the Supplementary Materials). The absorption maxima wavelengths are recorded in Table 
1. The UV–vis spectroscopy was also used to obtain the experimental extinction coefficient (ε). It was 
observed that the synthesized compounds were characterized by ε ranging from very low values for 
22 (ε = 248 ±16 M−1cm−1 at 403 nm) to the largest for 7 (ε = 52816 ± 1481 M−1cm−1 at 456 nm). 

Table 1. Photophysical properties of synthesized fluorescent arylboronic acid dyes. 

Dye MW  
[gmol-1] Solvent λabsmax  

[nm] 
λemmax 
[nm] 

Stokes Shift 
(∆λ) [nm] 

ε  
[M-1cm-1] 

Quantum 
yield  
(ΦF) 

Brightnes
s 

[M-1cm-1] 
7 391.2 EtOH 456 590 134 52816.1 0.78 41196.6 

22 310.1 DMSO 403 448 45 247.6 0.24 59.4 
24 385.2 MeOH 248.5 429 180.5 ND  ND 
29 335.2 DMSO 318 405 87 6468.8 0.031 200.5 
36 478.3 EtOH 301 347 46 21486.3  ND 
37 526.3 EtOH 480 525 45 9368.7 0.47 4403.3 
39 588.5 EtOH 540 569 29 296.5 0.48 142.3 
45 368.0 EtOH 496 508 12 29259.1 0.70 20481.4 

47a 390.2 EtOH 464 - - 21695.7  ND 
47b 389.2 EtOH 416 - - 20550.8  ND 
47c 389.2 EtOH 398 - - 27245.4  ND 
48 382.2 MeOH 335 384 49 ND  ND 
BA 172.0 MeOH 275 328 53 ND  ND 

BA18 362.2 MeOH 270 333 63 ND  ND 
Maximum absorption wavelength (λabsmax), maximum emission wavelength (λemmax), Stokes shift (∆λ): calculated 
as the difference between λabsmax and λemmax, molar extinction coefficient (ε), fluorescence quantum yield (ΦF): 
calculated by comparing to fluorescence reference standards with known quantum yield values such as 
Rhodamine B (ΦF = 0.70 in EtOH), Quinine sulfate (ΦF = 0.51 in 0.1 M H2SO4), and Brightness: this parameter was 
calculated using the formula: Brightness = Extinction Coefficient (ε) × Fluorescence Quantum Yield (ΦF), ND = 
not determined. 

  
(a) (b) 

Figure 9. Absorbance spectra of various dyes in different organic solvents; Insets: respective linearity plots for 
the evaluation of molar extinction coefficients (ε) for the dyes at the absorption maxima: (a) Compound 7; (b) 
Compound 22. 

Additionally, the fluorescence emission curves were obtained by exciting the compounds at their 
respective absorption maxima. The normalized fluorescence emission spectra of the synthesized 
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compounds are shown in Figures 10 and S90. The maximum emission bands are as follows; 37 (λem = 
525 nm at λex = 480 nm), 7 (λem = 590 nm at λex = 456 nm), 29 (λem = 405 nm at λex = 318 nm), 36 (λem = 
347 nm at λex = 301 nm), 22 (λem = 448 nm at λex = 403 nm), 39 (λem = 569 nm at λex = 540 nm), and 45 
(λem = 508 nm at λex = 496 nm). The Stokes shift (∆λ) – defined as the difference between absorption 
maxima (λabsmax) and emission maxima (λemmax) was calculated for the various compounds. 
Fluorescence spectra of the varying concentrations of unknown samples and references with the 
absorbance values and integrated intensities (area under curve) of both samples and corresponding 
reference are shown in Table 2. The relative fluorescence quantum yield (ΦF) was determined relative 
to Rhodamine B in ethanol and Quinine sulfate in 0.1 M H2SO4 from fluorescence measurements. 
Quantum yield measurements require low absorbance (optical density), typically below 0.1 at the 
longest wavelength absorption maxima. Therefore, all solutions of all synthesized arylboronic dyes 
were prepared at low concentrations to limit the absorbance values to less than 0.1 in order to avoid 
any complications with dimer or aggregate formation [136], reduce or minimize possible non-linear 
effects arising from the inner filter (reabsorption effects) [65,136], eliminate concentration quenching 
effects, internal filter effects and errors arising from uneven distribution of the excited species in the 
detected volume [66], which altogether may otherwise skew the resulting quantum yield. 

Table 2. Absorbance, and Integrated fluorescence intensities (Areas) for various samples and References. 

 Integrated Fluorescence Intensity 
Absorbance @ 499 nm 7 Rhodamine B 

0.020 2619195.0 2549829.2 
0.016 2158588.5 2121340.3 
0.012 1682211.2 1495319.2 
0.009 1204913.3 1066673.4 
0.004 591676.7 415287.3 
Slope 128197000.0 115445000.0 

Absorbance @ 358 nm 22 Quinine sulfate 
0.072 2384944.0 9169983.2 
0.058 2080661.1 7757302.9 
0.051 1560798.8 6858240.1 
0.038 1032764.1 5131493.2 
0.028 510273.4 3945263.9 
Slope  43905200.0 120830000.0 

Absorbance @ 332 nm 29 Quinine sulfate 
0.080 406256.1 10254500.0 
0.066 331390.9 8717544.0 
0.053 269142.8 7633669.7 
0.040 195980.9 5868201.1 
0.030 134100.4 4435606.5 
Slope 5383876.6 114494000.0 

Absorbance @ 502.5 nm 37 Rhodamine B 
0.023 2014294.3 2863728.4 
0.020 1785124.7 2380927.6 
0.014 1300128.5 1745938.7 
0.010 942578.1 1216051.1 
0.005 455519.6 489246.6 
Slope 861649000.0 128111000.0 

Absorbance @ 544.5 nm 39 Rhodamine B 
0.078 6696547.2 8871962.3 
0.064 6251111.1 7476185.8 
0.048 4931408.8 5593976.4 
0.032 3405442.5 3872951.0 
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0.017 1858555.0 1555633.8 
Slope  81524200.0 118451000.0 

Absorbance @ 502.5 nm 45 Rhodamine B 
0.023 3049627.7 2863728.4 
0.019 2613267.2 2380927.6 
0.014 1973366.8 1745938.7 
0.010 1360672.8 1216051.1 
0.005 731821.0 489246.6 
Slope  127606000.0 128111000.0 

 

  
(a) (b) 

Figure 10. Fluorescence emission spectra of synthesized compounds (left) and reference compounds 
(Rhodamine B or Quinine sulfate (right)) with varying absorbance. Inset: Calibration curves of integrated 
fluorescence intensity (area under curve) against absorbance for sample respectively: (a) Compound 7; (b) 
Rhodamine B at 499 nm. 

Finally, the brightness of each of the synthesized dyes was calculated from the molar absorption 
coefficient at the excitation wavelength and the fluorescence quantum yield values. Brightness is 
defined as the product of ε and ΦF (B = ΦF × ε). The brightness values allow for more practically 
meaningful comparisons between different dyes and as a result, can be used to determine the 
analytical sensitivity from the fluorophore side [53,137,138]. From the data obtained, the fluorescence 
emissions of most of the compounds occurred at longer wavelengths in the visible region of the 
electromagnetic spectrum as compared to the absorption spectra. This can be explained by the 
general principle that there are usually energy losses associated with absorption and emission 
spectra, thus, shifting the fluorescence spectra to longer wavelengths [139]. The fluorescence 
observed can be attributed to n→π* or π→π* transition states [140]. The ∆λ values ranged from the 
least for 45 (∆λ = 12 nm) to sufficiently large Stokes shift values (∆λ > 80 nm) for 29, 7, and 24 with ∆λ 
values of 87, 134, and 180.5 nm respectively. The BODIPY analogue 45 showed an intense absorption 
band with a maximum at 496 nm assigned at spin-allowed π-π* transitions, high molar extinction 
coefficient (ε = 29259 ± 450 M−1cm−1 at 496 nm), emission maximum at 508 nm with the lowest 
calculated ∆λ value of 12 nm. These properties are characteristic of the BODIPY chromophore 
subunits and consistent with reported data [119,141]. On the other hand, 7 with a high ∆λ value of 
134 nm has the coumarin core moiety.  

Some of the synthesized compounds such as 47a–47c did not show fluorescence. Incidentally, 
all three compounds are azo dyes and this was not surprising because as a general rule, these 
categories of dyes do not fluoresce [142]. Here, the absorbed energy is dissipated by the medium or 
emitted as phosphorescence, which has a longer lifetime for the excited state [140]. However, all three 
synthesized azo dyes were characterized by high molar extinction coefficient values for example 47a 
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(ε = 21696 ± 1997 M−1cm−1 at 464 nm), 47b (ε = 20551 ± 360 M−1cm−1 at 416 nm), and 47c (ε = 27245 ± 467 
M−1cm−1 at 398 nm). The quantum yields for these dyes were not determined due to a lack of 
significant fluorescence emissions at their respective absorption maxima values and also because 
very small quantum yield values have been acquired for other azo dyes [143,144]. Unlike the azo dyes 
47a–47c, this was not the case for 48, a Sudan I boronic acid derivative which is also an azo dye. 
Fluorescence was observed with 48 giving an emission maximum at 384 nm and a ∆λ value of 49 nm. 
As a general principle, small-molecule fluorophores require a high degree of aromaticity to have 
absorptions in the visible region of the spectrum [4,139]. The compound with the largest molar 
extinction coefficient (ε = 52816 ± 1481 M−1cm−1 at 456 nm), ∆λ value of 134 nm, ΦF = 0.78 and brightness 
value (41196.6 M−1cm−1) was 7, a coumarin derivative. This is typical of coumarin derivatives which 
are usually characterized by high molar extinction coefficients in the near-UV and visible range, high 
fluorescence emission and as a result, have found many uses as fluorescent chromophores for several 
applications [145,146].  

Based on the excellent photophysical properties of 7, its fluorescent properties toward 
mycolactone were investigated. Sensitive detection of mycolactone was achieved through 
fluorescence spectroscopy as shown in Figure 11. For instance, free 7 (2.5×10-3 mg/mL) exhibited 
weaker fluorescence intensity at the emission maximum of 581 nm. However, the fluorescence 
intensity gradually increased as the concentration of mycolactone increased from 0 to 8.0×10-3 mg/mL 
(0–1.6 equiv.). The enhanced fluorescence of 7 was also visually observed on f-TLC plates when 
coupled with mycolactone and under a 365 nm UV lamp, as shown in Figure 12.  

 
Figure 11. Fluorescence spectra of coumarin dye 7 (0.0025 mg/mL) upon gradual addition of serial concentrations 
of mycolactone (from bottom to top, 0 – 0.008 mg/mL) in ethanol. Inset: Plot of the linear relationship between 
the fluorescence intensity and varying concentrations of mycolactone. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 March 2025 doi:10.20944/preprints202503.0093.v1

https://doi.org/10.20944/preprints202503.0093.v1


 28 of 37 

 

 

 

Figure 12. Images of the fluorescence response of 5 μL/spot of synthetic mycolactone after dipping in 0.1- and 
0.01-mM acetone concentrations of various synthesized fluorescent aryl boronic acid chemosensors compared 
to two commercial boronic acids under 365 nm UV light. 

This can be explained by the coupling of the boronic acid moiety in the structure of 7 with the 
1,3-diol moieties of mycolactone to form 6-membered cyclic boronate esters as has been established 
in the previous section on the proof-of-concept studies. The formation of the boronate coupled with 
the chromophore of the mycolactone resulted in the enhanced fluorescence. A calibration curve was 
obtained between the concentration of mycolactone and fluorescence intensity at 581 nm with good 
linearity (R2 = 0.9886) (Inset, Figure 11). The limit of detection (LOD) and limit of quantification (LOQ) 
were estimated to be 0.85 ng/μL (signal-to-noise ratio (S/N) × 3) and 2.84 ng/μL (signal-to-noise ratio 
(S/N) × 10) respectively; where N is the standard deviation (SD) of the peak area (n = 8), taken as a 
measure of the noise, and B is the slope of the corresponding calibration curve. This reveals that the 
7 could detect a nanomolar-level concentration of mycolactone. 

3.3. Detection of Mycolactone by the f-TLC Method Using the Synthesized Dyes  

Boronic acids form reversible cyclic boronate complexes with 1,2- or 1,3-diols and this property. 
Neutral boronic acids are electrophilic because of the vacant p-orbital on the boron, and thus, are 
highly reactive toward nucleophiles, such as diols [147]. The interaction between a boronic acid and 
a diol is one of the most powerful functional group interactions [148]. This unique property makes 
boronic acids useful selective and sensitive detection reagents for diols in TLC. For instance, boronic 
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acids have been employed in the detection of mycolactone on thin-layer chromatography (TLC) 
[45,46]. Here, the synthesized aryl boronic acids coupled to mycolactone and the resulting fluorescent 
boronate complexes were visualized under a benchtop UV lamp (365 nm). The detection of 
mycolactone spots on TLC plates was optimized by using different concentrations of the synthesized 
boronic acids. Figure 12 shows the images of the fluorescence response of 5 μL/spot of synthetic 
mycolactone after dipping in 0.1 mM and 0.01 mM acetone concentrations of various synthesized 
fluorescent aryl boronic acid chemosensors together with the two boronic acids previously reported 
for use in the f-TLC method which were obtained commercially (BA and BA18) [45,46,49].  

First, a remarkable enhancement of fluorescence intensity of mycolactone was generally 
observed after dipping in either 0.01 mM or 0.1 mM solutions of the various boronic acids, 
particularly after heating. In this study, glass-backed TLC plates are used for the purpose of heating. 
Heating the plates to approximately 100 °C for just 60 seconds was sufficient to ensure the complete 
formation of the cyclic boronate esters of the various boronic acid sensors with the 1,3-diols motifs of 
the mycolactone. The boronic acid motif that is incorporated into various dyes has an 
empty sp2 hybridized p-orbital on the boron centre with O−B−O bond angle of ~120°. It therefore 
readily binds covalently to 1,3-diols moieties of mycolactone and adopts sp3 hybridization in the 
cyclic boronate ester product with the boron adopting a tetrahedral configuration with O−B−O 
~109.5° as those in literature [147]. This then triggers a change in the spectroscopic properties of the 
adduct because of significant perturbation of the π system. Secondly, the enhanced fluorescence after 
coupling was also attributed to the various signalling moieties – aminoacridine, aminoquinoline, azo, 
BODIPY, coumarin, fluorescein, and rhodamine variants. They act as excellent fluorescent enhancers 
by stimulating the polarization of the C–B bond due to extended π-conjugation systems. This induced 
the production of a rapid signal because of the highly polar C–B bond along with the corresponding 
boronate unit.  

Generally, it was observed that the fluorescence band intensities of mycolactone adducts on TLC 
plates dipped in 0.1 mM acetone solutions of the synthesized chemosensors appeared more intense 
than those dipped in the same concentration of the commercially available BA and BA18 solutions 
except for 37, 48, 47c, 39, and 45. This observation was similar when 0.01 mM solutions of the boronic 
acids were used. Unlike other spots, it was observed that the mycolactone adduct spots appeared 
black on different backgrounds in solutions of 37, 24, 39, and 45. Compound 37 produced the most 
intense black spot in the 0.01 mM solution while the 24 plate had the most intense black spot in the 
0.1 mM solution. 

Compounds 7, 29, 47a and 47b had outstanding fluorescent bands on TLC, especially in 0.1 mM 
solutions. In the case of 37, 47c, 36, 39, and 45 the mycolactone adduct of TLC plates dipped in 0.1 
mM solutions showed weak fluorescent band intensities in comparison to the band intensities of 
plates that were dipped in the 10-fold lower concentrations of the same boronic acids. This could 
partly be a result of fluorescence quenching leading to the reduced fluorescence bands on TLC [140]. 
Should this be the case, then, this concentration range might be unsuitable for evaluating these 
boronic acids because of the dramatic concentration quenching of fluorescence.  
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4. Conclusions 

This paper has demonstrated synthetic approaches for the synthesis of a library of fluorescent 
arylboronic acid chemosensors by exploiting a range dyes (fluorophores) of interest with beneficial 
photophysical characteristics. All the synthesized molecules have a boronic acid motif (recognition 
moiety) linked to a fluorescent dye which serves as a signalling moiety for possible selective 
complexation with the 1,3-diol moieties of mycolactone. All the synthesized dyes have been 
completely characterized using a set of complementary spectrometric and spectroscopic techniques 
such as NMR, LC-MS, FT-IR, and in some cases, X-ray crystallography. Following the successful 
characterization of the synthesized dyes, their photophysical properties were determined. Likewise, 
their performance on TLC was also investigated in comparison to BA and BA18. The findings of the 
study indicated that the synthesized boronic acids were able to detect mycolactone both in solution 
and on TLC plates selectively and sensitively. From the results, it can be concluded that all the 
synthesized arylboronic acids are selective for the detection of mycolactone and 7 gave the best 
outcomes in terms of fluorescence on TLC plates. It returned λabsmax = 456 nm, λemmax = 590 nm, ∆λ = 
134 nm, ε = 52816 M-1cm-1, ΦF = 0.78, and brightness = 41197 M-1cm-1. 
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