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ABSTRACT
N,N‐ and N,O‐bidentate organic difluoroboron fluorophores can be developed from natural and synthetic molecules. We report here 
the multistep synthesis and characterization of fluorescent boroisoquinolines as N,O‐bidentate‐BF2‐complexes, structurally similar 
to cannabinoids. These compounds were envisaged to be CB1 ligands with intrinsic fluorescence that enables their use in receptor 
imaging without the need for an additional fluorophore. Binding and functional activity of the most promising boroisoquinoline 
was confirmed on CB1 receptors. This compound labeled CB1 receptors effectively in live cells allowing confocal imaging. These 
features nominate this compound as a new intrinsically fluorescent probe for CB1 receptor.

1 |  Introduction

The complexation of the BF2 functional group with nitrogen and 
oxygen atoms leads to fluorophores; among them, BODIPYs (1) 
are the most highlighted representatives [1–3]. Recently, further 
N─B─N [4, 5] or N─B─O containing chemotypes were published 
having diverse structures and improved photophysical properties
(Figure 1A). The N,O‐bidentate difluoroboron complexes–
also called NBO‐complexes or boranyls [6]–comprise boron‐
containing heterocycles (2,3) [7], such as borobenzothiazoles (4) 
[8], NBO‐coumarins (5) [9], boroquinolines [10, 11], multi‐ [12], 
and polyboranyls (6,7) [13] and their clickable derivatives (3) [14]. 
Boranyls were reported to have acceptable to good quantum yields 
and excellent Stokes shifts, emitting light usually in the 380–
680 nm range depending on the substituents. These compounds 
have been used in a wide range of photofunctional applications 
such as bioimaging, photosensitizing, laser dyes, solar cells, 
organic light‐emitting diodes, and electron‐transport materials, 

as well [15]. Our group developed the boroisoquinolines (8) 
and borocarbolines (9) turning alkaloids into fluorescent dyes 
that found application in analytical and medicinal chemistry 
[16–18]. A similar approach was reported recently, transforming 
ageladine A to a bright pH‐dependent BF2‐complex analog (10) 
[19]. Aiming to find further applications to boroisoquinolines, we 
noticed that their tricyclic scaffold is similar to that of THC (11) 
and analogous CB1 agonists (AM11542 (12), L759633 (13), and 
JWH133 (14), Figure 1B) [20]. CB1 is part of the endocannabinoid 
system regulating critical functions and linked to a range of 
pathological conditions such as obesity, pain, heart failure, or 
epilepsy [21, 22]. Despite the significant unmet medical need, 
understanding its pathophysiological role and developing modu­
lators are still challenging [21, 22]. Fluorescent probes have 
already been developed against the CB1 receptor using the conven­
tional approach connecting a known ligand to a fluorescent 
dye with a suitable linker (15–17, Figure 1C) [23–26]. We imag­
ined boroisoquinolines as intrinsically fluorescent probes without 
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FIGURE 1 | (A) General structure of BODIPYs and selected examples of NBO‐complexes. This work in frame. (B) THC and analogous CB1 

agonists. (C) Fluorescent probes for CB1 receptor.

introducing further building blocks (linker and dye) that would 
prevent unwanted receptor interactions and preserve the binding 
mode of cannabinoids.

2 |  Results and Discussion

Continuing our research on fluorescent dyes [27, 28], partic­
ularly BF2 complexes, such as borocarbolines [16] and boroi­
soquinolines [17, 18], we synthesized a library of variously 
substituted boroisoquinolines to broaden the scope of this family, 
including derivatives inspired by structurally similar CB1 receptor 
ligands [20].

For the synthesis of boroisoquinolines, phenylacetones (18) 
or phenylacetonitriles (19) were transformed into tertiary alco‐
hols that contain the characteristic dimethyl group present 
in cannabinoids. Phenylacetones (18a,b) could be reacted by 
methylmagnesium iodide directly, resulting in the desired 
alcohols with good yields (20a,b, 70% and 71%, Scheme 1A), 
while phenylacetonitriles (19a,b) were first efficiently hydro‐
lyzed to phenylacetic acids (21a,b, 78% and 86%) that were 

then transformed to the corresponding methyl esters (22a,b) 
(Scheme 1B). The esters (22a,b) were reacted with methylmag‐
nesium iodide, leading to tertiary alcohols (20c,d) in good yield 
(66% and 71%, respectively). The tetrahydroisoquinoline ring 
was obtained in the Ritter reaction that was well tolerated 
in most cases (23a–c,e–h, 64%–93% yields), except 23d (32%, 
Scheme 1C) [29]. The fluorine at the 6‐position was substituted 
to pyrrolidine in an SNAr reaction (23i–k), while the 6‐bromo‐
derivative was coupled to N‐hexyl‐methylamine (23n). Both 
methoxy and amino substituents were installed as electron‐
donating moieties to improve fluorescence. In two cases, the 6‐
methoxy group was transformed to 6‐hexyloxy by HBr‐mediated 
demethylation followed by alkylation using hexyl bromide 
(23l,m). The methoxy and pyrrolidinyl derivatives served for 
the comparison of the oxygen‐ and nitrogen‐based substitu‐
ents, while 23l–n contained a characteristic tail present in 
cannabinoids. Finally, the BF2 group was installed using boron‐
trifluoride diethyletherate in the presence of DIPEA as a base 
with moderate to good yields (24a–i, 30%–87%, Scheme 1C).

Next, the absorption and emission spectra were recorded 
for 24a–i, and we calculated Stokes shifts, molar absorption 
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SCHEME 1 | Synthesis of boroisoquinolines. Reaction conditions: (A) i:MeMgI, diethyl‐ether, RT, 0.5–2 h, Ar; (B) ii: cc. HCl, Δ, 1 h; 
iii: SOCl2, MeOH, 0 °C then Δ, 30 min; iv: MeMgI, diethyl‐ether, RT, 48 h; (C) v: 3‐oxobutanenitrile or 4‐methyl‐3‐oxopentanenitrile or 3‐oxo‐3‐
phenylpropanenitrile, cc H2SO4, 60 °C, toluene, 10–60 min; vi: pyrrolidine, 120 °C, dioxane, overnight; vii: HBr, AcOH, 120 °C, 48 h; viii: hexyl‐
bromide, K2CO3, DMSO, RT, overnight; ix: N‐hexyl‐methylamine, Pd(OAc)2, KOtBu, JohnPhos, toluene, 80 °C, 48 h, Ar; x: BF3·OEt2, DIPEA, DCM, 
RT, 0.5–4.5 h. *Reaction yielded two isomers with 64% and 54% yields (R1 = Br, R2 = OMe and R1 = OMe, R2 = Br).

TABLE 1 | Summary of photophysical characterization of boroisoquinolines.

# R1 R2 R3 ε, M−1   cm−1 ΦF, — B, — λmax
em , nm Δλ, nm

24a Pyrr H Me 27,196 0.97 26,380 448 67
24b Pyrr H iPr 36,289 0.99 38,466 449 67
24c Pyrr H Ph 41,895 0.39 16,339 534 128
24d OMe OMe Me 24,358 0.0044 107 390 51
24e OMe OMe Ph 22,195 0.0015 33 421 53
24f OMe OMe iPr 26,788 0.0060 161 390 50
24g OHex H Me 27,154 0.0057 155 389 64
24h OHex OMe Ph 36,744 0.0022 81 418 71
24i N(Me)Hex OMe Me 41,460 0.63 26,120 448 67

Note: Measurements were performed in acetonitrile.

FIGURE 2 | (A) Overlapping binding mode of 24i (cyan) and AM11542 (green). The hydrogen bonding interaction with Ser3837.39 is indicated 
by yellow dashed line. (B) Binding interactions of 24i in the CB1 receptor (PDB 5XRA [30]). The aromatic stacking interactions are indicated by 
green lines. (C) Competitive binding of 24i measured in radioligand displacement assay. Binding affinity of ligand was compared to SR141716A, a 
well‐established CB1 antagonist radioligand widely accepted for characterizing ligand binding at the orthosteric site in [3H]SR141716A competition 
binding assays in membrane homogenates of CHO‐hCB1 cells. Values represent mean values ± S.E.M. for at least three experiments performed in 
duplicate. The IC50 values for the CB1R according to the competition binding curves were converted into equilibrium inhibitory constant (Ki) values, 
using the Cheng–Prusoff equation [31].
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FIGURE 3 | Confocal microscopy images of 24i (0.5 µM)‐labeled HEK 293T cells. Blue color shows 24i labeling, green color indicates fluores‐
cence of GFP‐CB1. Cultures in some cases were grown in partially overlapping layers that may have led to signal contribution from adjacent layers 
at different focal planes. (A) Upper row: labeling of GFP‐CB1‐transfected live HEK 293T cells. Lower row: labeling of GFP‐CB1‐transfected live HEK 
293T cells after rimonabant (5 µM) pre‐treatment (5 min). (B) Upper row: labeling of non‐transfected live HEK‐293T cells. Lower row: labeling of 
non‐transfected live HEK 293T cells after rimonabant (5 µM) pre‐treatment. (C) 24i labeling of GFP‐CB1‐expressing HEK 293T cells after fixation. 
Live cells were pretreated with vehicle (upper row) or 5 µM rimonabant (lower row), incubated with 24i for 2 min, washed, and fixed with PFA.

coefficients (ε), quantum yields (ΦF), and brightness (B) values 
(Table 1). We found that all compounds have fluorescence 
maxima between 389 and 534 nm, improved by the Ph 
substituent at R3 (24c,e,h) or by the amino group at the R1 

(24a–c,i) position. Notably, for cannabinoids, the R3 = Me 
should be prioritized. Amino derivatives showed fluorescence 

at 448–449 nm or 534 nm. The Stokes shifts for all compounds 
were higher than 50 nm, and again, the presence of the phenyl 
(R3) or amino (R1) groups was highly beneficial (24c,e,h and 
24a–c,i, respectively). The molar absorption coefficients of the 
ethers (24d–h) were between 22,000–37,000 M−1 cm−1, with low 
quantum yields (ΦF 0.0015–0.0060), while ε for the amino 
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derivatives (24a–c,i) was higher (27,000–42,000 M−1 cm−1), and 
their efficiency was significantly better (ΦF 0.39–0.99).

Among these compounds, 24g and 24i were most similar to 
CB1 ligands, having a long tail and a smaller R3 substituent. 
Comparing them, compound 24i showed the most promising 
photophysical properties. We measured its excitation and emis­
sion spectra in different solvents (Figure S1), and found slight 
hypsochromic and batochromic shifts, in apolar and polar 
solvents, respectively (λmax PBS

abs  388 nm > λmax acetonitrile
abs  381 nm > 

λmax hexane
abs  366 nm). The emission spectra follow a similar trend, 

resulting in higher Stokes shift in polar solvents (λmax PBS
em  459 nm, 

ΔλPBS 74 nm).

The binding mode of 24i was predicted by docking to the orthos­
teric pocket of the CB1 receptor. Due to the structural similarity of 
24i with AM11542, the CB1 complex of this reference compound 
(PDB: 5XRA) [30] was used in our docking simulations. Docking 
calculations suggested that the stable binding mode of 24i over­
laps well with AM11542 (RMSD: 0.92 Å, Figure 2A). The heter­
ocyclic cores show only a minor relative rotation, and the key 
hydrophobic interactions stabilizing binding—most notably the 
aromatic stacking interactions with Phe1702.57 and Phe268ECL2 

(Figure 2B)—might be maintained. However, while AM11542 
forms a hydrogen bond with Ser3837.39 with its hydroxy group, this 
might be missing for 24i, which has a methoxy group in the same 
position (Figure 2A). AM11542 is a low‐nanomolar full agonist 
(Ki = 0.11 nM, EC50 = 3.4 nM, and Emax = 54.6%), while its methoxy 
analog L759633 (Ki = 1.0 µM, EC50 = 0.42 µM, and Emax = 21.5%) 
has lower potency and efficacy [20, 30, 32]. Consequently, the lack 
of this H‐bond might explain the reduced affinity of 24i compared 
to that of the reference (Figures 2C and S2).

The cannabinoid receptor binding affinity of 24i was exam­
ined in [3H]SR141716A homologous displacement experiments 
for CB1R in CHO‐hCB1 cell line membrane homogenates. 
Boroisoquinoline 24i displayed a micromolar affinity (Ki = 3.9 µM, 
Figure 2C). Functional activity was evaluated using a BRET‐based 
Gi1 protein activation assay [23]. The Gi1 biosensor reports G‐
protein activation via dissociation of the G‐protein subunits. 
In HEK 293T cells co‐expressing the human CB1 receptor, 24i 
produced a partial, concentration‐dependent sensor response 
(EC50 = 6.67 µM, Emax = 23.1%, Figures S2 and S3, Supplementary 
Discussion), whereas no effect was detected in cells transfected 
with the biosensor and an empty vector. These data support 
CB1‐dependent partial agonist activity of 24i that corresponds to 
the functional activity of THC and is considered as a beneficial 
characteristic [33, 34].

Finally, GFP‐CB1‐transfected live HEK 293T cells were treated 
with 24i both in the presence and absence of rimonabant. After 
a short incubation time (2 min), confocal microscopy showed 24i 
co‐localization with the GFP‐CB1 signals (blue and green signals, 
respectively) when no rimonabant was present, but labeling was 
not observed in the presence of the antagonist (Figure 3A, upper 
and lower rows, respectively). Non‐transfected cells showed no 
labeling by 24i (Figure 3B). A clear specific signal was observed 
for approximately 5 min; however, after that, 24i slowly accumu­
lated at the cell membrane, and increased non‐specific labeling 
was observed (data not shown). Therefore, the experiment was 
modified by removing the excess of 24i after 2 min of labeling and 

fixing the cells. This protocol enabled 24i labeling of GFP‐CB1 in 
the absence of rimonabant, whereas no labeling was seen after 
antagonist pretreatment (Figure 3C).

3 |  Conclusions

Here, we report the synthesis and photophysical characterization 
of a set of boroisoquinolines that are structurally similar to 
cannabinoids. Among them, amino derivatives showed standout 
molar absorption coefficients and quantum yields with large 
Stokes shifts, emitting light above 440 nm. A selected derivative 
(24i) was subjected to biological evaluation and was identified 
as a low‐micromolar partial agonist of the human CB1 receptor. 
Selective imaging of CB1 receptors was confirmed by confocal 
microscopy in live cells. The intrinsic fluorescence of our probe 
provides a unique opportunity for CB1 imaging to keep receptor 
structure and pharmacology similar to that observed with natural 
cannabinoid ligands.
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