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Fluorescent chemosensing of epinephrine by
a bis-boronic molecular receptor in aqueous
media: crystal structure, spectroscopic studies
and visual detectiont
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Selective recognition and sensing of neurotransmitters in aqueous media using artificial receptors is an
attractive but challenging goal in modern supramolecular chemistry. Despite advances in the develop-
ment of optical receptors for some neurotransmitters, such as dopamine, limited efforts have been
invested in developing receptors for epinephrine, a neurotransmitter of paramount importance and a
widely used drug for heart attacks. Herein, a new fluorescent molecular receptor (referred to as 1) based
on a 1,3-bis-benzimidazole-benzene derivative covalently linked to two phenyl boronic acids was syn-
thesized, structurally characterized via single-crystal X-ray diffraction, and studied in-depth as a receptor
for four catecholamine-based neurotransmitters as well as several nucleosides, monosaccharides and
L-tyrosine in water at physiological pH. Receptor 1 is hydrostable and exhibits fluorescence emission at
408 nm, originated from intraligand (IL) [x—=*] transitions, as supported by TD-DFT calculations. The
addition of epinephrine/norepinephrine at micromolar concentrations to an aqueous solution of 1
induces significant and rapid fluorescence changes, whereas in the presence of dopamine, L-DOPA, ade-
nosine, guanosine, glucose, fructose, galactose, ribose and L-Tyr, only modest optical changes are
observed. Bis-boronic receptor 1 was found to exhibit high affinity for epinephrine (K = 1.29 x 10° M™Y),
with good selectivity over other closely related neurotransmitters, including dopamine and L-DOPA. The
affinity of epinephrine for 1 is an order of magnitude greater than that for norepinephrine. Such epineph-
rine affinity/selectivity for a molecular receptor is still rare. Spectroscopic techniques (fluorescence, *'B
NMR, fluorescence lifetimes), mass spectrometry, single-crystal X-ray diffraction, DFT calculations and
atoms in molecules analysis revealed that epinephrine binds to 1 in a 1:2 (receptor : analyte) stoichio-
metry. This two-point recognition involves sp® boronate—catechol condensation and multiple hydrogen
bonds (OH---N and NH---N) between the aliphatic chain of epinephrine and the imidazole ring of 1, along
with intermolecular interactions between the two epinephrine molecules in the resulting supramolecular
structure. The efficient fluorescent response of 1 to epinephrine can be utilized in quantitative sensing of
this bioanalyte in real pharmaceutical samples. Furthermore, a chromogenic sensing ensemble compris-
ing 1 and the commercial dye Alizarin Red S was developed, in which epinephrine can be visually detected

rsc.li/dalton via an indicator displacement assay through a color change at micromolar concentrations.
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Introduction

The selective optical sensing of neurotransmitters (NTs)
derived from biogenic catecholamines, such as dopamine,
1-DOPA, epinephrine (adrenaline), and norepinephrine (nor-
adrenaline), by synthetic molecular receptors in aqueous
environments remains an active area of research and ongoing
challenge in supramolecular chemistry and analytical
sciences.'® These NTs are essential signaling molecules that
direct neuronal network functions in humans, including
motor control, memory, learning, feeding behavior and
sensory perception.”® Dopamine and epinephrine also func-
tion as hormones. In particular, epinephrine plays a critical
role in physiological processes such as glycogenolysis,
increased plasma lactate levels and enhanced forced pro-
duction during rapid muscle contraction.’®™*® For this reason,
epinephrine is prohibited in sports by the World Anti-doping
Agency.

In general, NTs are present at sub-micromolar concen-
trations in the nervous system and biofluids,***® making their
molecular recognition and optical sensing a challenging task
in terms of molecular design of the receptor and its functional-
ity in aqueous media. For instance, dopamine exists in nano-
molar concentrations in biofluids, with elevated levels linked
to cardiotoxic effects.'” In contrast, reduced dopamine levels
have been associated with neurodegenerative diseases such as
Alzheimer’s and Parkinson’s diseases.'® "

Epinephrine is considered one of the pivotal NTs because it
regulates heart rate, blood pressure and memory functions.>?
This catecholamine is typically present at nanomolar concen-
trations (~5-58 nM) in human serum and urine,*** and its
level serves as a chemical indicator for conditions such as
Parkinson’s disease,>! schizophrenia,®® depression and heart
failure.>®"*° Furthermore, epinephrine is widely used as a drug
for cardiac resuscitation and the treatment of bronchial
asthma.*®>" Despite the evident need for selective and potent
optical chemosensors for epinephrine, only a limited number
of luminescent receptors have been reported to date, especially
when compared with the abundance of optical molecular
receptors developed for dopamine."*?*7° Currently, an over-
whelming majority of epinephrine detection methods are
based on electrochemical sensors,?**>*%? bjosensors invol-

43747 and luminescent/colorimetric
27,48-50

ving enzymatic assays,
nanomaterials such as carbon quantum dots (C-QDs),
AlSe,®* CdTe,”* Au-nanoclusters,”*”* and ZnO-nanorods.>®
However, these sensor-based analytical methods still face
some drawbacks for practical applications. In particular, bio-
sensors and nanomaterial-based systems often require multi-
step fabrication, long analysis times (typically several minutes),
and specialized laboratory facilities. Furthermore, most of these
electrochemical (bio)sensors lack high selectivity because their
detection mechanisms rely on the chemical or enzymatic oxi-
dation of the catechol ring. As a result, interference from other
NTs, r-tyrosine, and uric acid is commonly observed.***%3%:5
Among the various techniques for NTs sensing, fluo-
rescence is particularly desirable owing to its inherent high
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sensitivity, large signal-to-noise ratio and rapid analytical
response.>?”73%%% In this context, the literature includes only a
few examples of fluorescent molecular receptors capable of
direct and specific sensing of epinephrine, such as cyanine-
based dyes®” and donor-acceptor Stenhouse dyes,>® which
exploit the nucleophilicity of the secondary amine group in
epinephrine to generate fluorescent products, typically under
non-aqueous conditions.

Alternatively, luminescent sensing of epinephrine in
aqueous media has been achieved using phenylboronic acid
(PBA) derivatives linked to fluorophores such as pyrene,’® qui-
nolone,” and alizarin complexone,*® where the -B(OH), group
serves as a binding site for catechol. These receptors exhibit
moderate binding affinities (K ~ 200-36 000 M~") and are thus
suitable for sensing epinephrine in the micromolar concen-
tration range, but not significantly lower levels.

Neutral sp*-hybridized mono-boronic acids are known to
bind with compounds bearing polyol groups, anions and or
catechol units with high affinity through reversible anionic sp*
boronate formation in aqueous media;®*® however, simple
PBA exhibits relatively low affinity toward catechol at physio-
logical pH (K = 830 M ').** Therefore, the development of
more sophisticated receptors is essential to achieve improved
binding affinity and selectivity for epinephrine. Previously,
Schrader reported a selective receptor for epinephrine based
on a p-xylylene macrocycle that operates through a combi-
nation of hydrogen bonding, electrostatic interactions and van
der Waals forces. However, due to the receptor’s high flexi-
bility, its binding affinity was relatively low (K ~ 10> M™") and
it lacked fluorescent units.®®

In principle, the creation of an efficient and selective receptor
for epinephrine is achievable by designing a water-soluble fluoro-
phore incorporating: (1) high-affinity binding sites for the cate-
chol moiety, such as boronic acids and (2) hydrogen bond accep-
tor groups that specifically recognize the amine and hydroxyl
groups of the aliphatic chain - features that represent the most
significant structural differences compared to other NTs. To the
best of our knowledge, luminescent bis-boronic acid-based
receptors containing two cooperative binding sites that include
hydrogen bond acceptors for epinephrine and related NTs have
not been reported. Here, we summarize the results obtained for
fluorescent bis-benzimidazole-benzene derivatives bearing two
boronic acid groups including their synthesis, crystal structure,
acid-base properties, spectroscopic sensing of neurotransmitters
in aqueous media, epinephrine quantification in pharmaceutical
samples, and DFT calculations.

Results and discussion
Synthesis, crystal structures and Hirshfeld surface analysis

For these investigations, the bis-boronic acid-based receptor 1
was successfully synthesized via the two-step synthetic route
shown in Scheme 1. The intermediate L, a derivative of 1,3-bis-
benzimidazole-benzene, was obtained by a cyclodehydration
reaction between o-phenylenediamine and isophthalic acid in

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 General synthesis of receptors 1 and 2 employed in this work.

H;PO,.°® Subsequent treatment of L with 3-(bromomethyl)
phenylboronic acid in dry DMF under an N, atmosphere
afforded the bis-boronic compound 1, which was isolated in
good yield. The purity and identity of 1 were confirmed by (*H,
3¢, B, and HSQC) NMR spectroscopy, ESI(-) mass spec-
trometry, IR-ATR (Fig. S1-S6t) and elemental analysis (C, H,
and N). A reference compound 2, lacking boronic acid groups,
was synthesized using benzyl bromide instead of 3-(bromo-
methyl)phenylboronic acids. The identity of 2 was verified by
'H and ’C NMR, MS and IR-ATR (Fig. S7-S107).

The ''B NMR spectrum of 1 in CD;OD displayed only a
single signal at 29.91 ppm (Fig. S31), which can be attributed
to an sp’>-hybridized boronic acid.®”°® In the ESI(-) mass spec-
trum of 1 recorded in DMSO-H,O (v/v, 9: 1), a charged species
was observed at m/z = 673.2, corresponding to the monoboro-
nate form of 1, {1-B(OH); + DMSO}~ (where 1-B(OH); rep-
resents 1 with one sp’-tetrahedral boronate anion), and the
signal isotopically resolved; the multiplicity of the peaks, sep-
arated by 1.0 m/z unit, closely matches the theoretical distri-
bution expected for a compound containing two B atoms

(Fig. S57).
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Single crystals suitable for X-ray analysis were obtained for 1
and 2 by slow evaporation at r.t. from THF-H,O (1:1, v/v) and
methanolic solutions, respectively (see Tables S1-S3 in ESI} for
crystallographic data, hydrogen bond parameters within the
crystal packing and selected distances/angles around B atoms
in 1). Fig. 1 shows perspective molecular views of 1 and 2. In
the crystal structure of 1, both B atoms adopt sp” hybridization
with ideal trigonal planar geometry () <(X-B-X) = 359.9-360.0°)
and are separated by a B---B distance of 11.639(7) A; this rela-
tively large separation between boronic acid groups suggests
that they may function as independent recognition sites for
catechol rings rather than as cooperative, chelating binding
sites.®® The correlation between the crystal structure and ''B
NMR spectrum supports the sp” hybridization of the B atoms.
Favorably for pre-organization, both boronic acid groups are
positioned on the same side of the receptor plane, adopting a
syn-syn type conformation with respect to the 1,3-bis(benzimi-
dazol-2-yl)benzene fragment. The rings of the bis(benzimidazol-
2-yl)benzene core are non-coplanar; the dihedral angles
between the central phenylene plane and the two benzimida-
zole rings are 27.86° and 50.41°, respectively.

1

2

Fig. 1 ORTEP diagrams of 1 and 2 at 50% of probability. THF solvent molecules in the structure of 1 have been omitted for clarity.
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Structural analysis of 1 shows that the crystal lattice con-
tains three THF molecules, one of which is positioned near a
-B(OH), group, forming a H-bond of the type B(2)-O(3)-H(30)
{5}y (Fig. S117).

Fig. 1also presents a molecular view of 2, which crystallizes
in the chiral space group P2,2,2,, despite being a non-chiral
molecule. Similar cases of supramolecular chirality have been
reported for 2-propyl-1H-benzimidazole.”®

This solid-state chirality can be attributed to the torsion
angles of 58.14° and 126.87° for C(2)-C(3)-C(21)-N(37) and
C(2)-C(1)-C(7)-N(35), respectively, between the central pheny-
lene ring and the lateral benzimidazole rings. These torsions
result in a two-winged, propeller-like conformation, with con-
siderable twisting of the benzimidazole unit.

The pendant benzyl groups adopt a syn-syn conformation
relative to the plane of the central phenylene ring. Along each
crystallographic axis, two 2-fold screw axes are present, leading
to the stacking columnar and helical arrangements of the
molecules (Fig. S127).

The supramolecular arrangement within the crystal of 1 is
stabilized by diverse intermolecular interactions, including
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Dalton Transactions

type B-O-H::Nimidazole and B-O-H:--O-B hydrogen bonds as
well as n—n stacking as revealed by Hirshfeld surface (HS) ana-
lysis”* and two-dimensional fingerprint plots”> (Fig. S137).
Fig. 2A highlights the overall molecular arrangement along the
a-axis, emphasizing the interplay between H-bonds of the type
B(2)-OH---N(4)imidazo1 and n—x interactions between imidazole
rings. Fig. 2B clearly depicts the formation of one-dimensional
chains via B(1)-O-H---O-B(1) hydrogen bonds (Table S27),
which involve a typical dimeric R,*(8) homo-synthon character-
istic of phenylboronic acids.”’> In this homo-synthon, the
hydroxyl groups adopt a common syn-anti conformation.
Fig. 2C illustrates the two types of hydrogen bonds on the
Hirshfeld surface mapped with the d,,o.m parameter of 1, while
Fig. 2D and Table S4t confirm the presence of n-m inter-
actions, as indicated by the shape index property of the
Hirshfeld surface.

In contrast, the Hirshfeld surface analysis and two-dimen-
sional fingerprint plots of 2 indicate that there are no signifi-
cant n—n stacking interactions. In this case, molecular packing
stability arises predominantly from weak C-H:--x and C-H:--N
interactions, as shown in Fig. S13 and Table S5.}

Fig. 2

(A) Crystal packing viewed along the a-axis, illustrating the overall molecular arrangement with H-bonds, B(2)—O—H-:-Nimidazole (red dashed

lines) and n—x stacking interactions (green dashed lines). The n—x distance (3.9332(8) A) was measured between the planes of the benzimidazole
rings. (B) Crystal packing viewed along the c-axis, highlighting the 1D H-bond chains induced by R»%(8) homo-synthon between B(1)-(OH), groups.
(C) Hirshfeld surface mapped with dnorm, illustrating H-bonds. (D) Hirshfeld surface mapped with the shape index; the white circle indicates the n—=n

stacking interaction between imidazole rings.
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Optical and acid-base properties

Compounds 1 and 2 are soluble in buffered water (10 mM
MOPS, pH = 7.4) up to 40 pM, which is sufficient for UV-Vis
and fluorescence spectroscopic sensing studies; however, in
water, titration experiments were poorly reproducible due to a
decrease in solubility in the presence of NTs. The addition of
10 vol% of CH3;0H enabled stable solutions of 1 and 2 to be
maintained in the presence of NTs over extended periods;
thus, this solvent mixture was used for all subsequent spectro-
scopic studies.

The absorption and emission maxima of 1 and 2 (10 pM) in
pure water at pH 7.40 are summarized in Table S6.7 Both com-
pounds exhibit an intense absorption band in the range of
250-340 nm (Fig. S147), which is typically attributed to intrali-
gand (IL) [n-n*] electronic transitions of the benzimidazole
moieties.”*

To better understand the absorption spectrum of 1, time-
dependent density functional theory (TD-DFT) calculations
were performed using its crystal structure as the ground-state
geometry.

Main transitions are summarized in Table S7,f along with
their wavelengths, oscillator strengths, and orbital assign-
ments. Analysis of natural transition orbitals (NTOs) indicates
that singlet transitions above 270 nm exhibit spin-allowed
intraligand (IL) [r-n*] character, centered on the bis(benzimi-
dazol-2-yl)benzene fragment. In addition, a differential poten-
tial energy surface was calculated for the lowest-energy absorp-
tion by subtracting the S; (first excited state) at S, (ground
state). The surface shows a decrease in electronic density on
the benzimidazole moiety and an increase on the benzene
fragment (Fig. S15t). Low-energy blue emission bands of 1
and 2 at ~408 nm (4 = 290 nm) are commonly attributed to
'LCT n-n* transitions from the excited states of bis(benzimi-
dazol-2"-yl)benzene.”*

On the other hand, it is well known that there is a corre-
lation between the pK, values of boronic acids and their ability
to bind diols/catechols.”” Therefore, prior to exploring the
binding affinity of 1 and NTs, the pK, values of 1 were esti-
mated by fluorescence spectroscopy.

Receptor 1 possesses four ionogenic groups: two imidazole
rings and two equivalent PBA groups. For this compound, three
PK. values were accurately determined from a fluorescence pH
titration experiment; pK, = 4.93 + 0.12, pK, = 5.81 + 0.07 and
pK, = 7.97 + 0.03 (see Fig. S161). Some related benzimidazole
molecules exhibit pK, values between 4.82 and 6.83 based on
UV-Vis pH profiles,”® and for bis-benzo[dJimidazole derivatives,
pK, values ranging from 3.74 and 6.71 have been reported.””

Fig. S17AF shows the results of a UV-Vis pH titration experi-
ment of 1 (10 pM), from which three pK, values were calcu-
lated: pK, = 5.05 + 0.06, pK, = 5.70 + 0.16, and pK, = 7.99 +
0.04. The spectrophotometric titration profile at 294 nm is
illustrated in Fig. S17B.} These three pkK, values are practically
the same to those estimated by fluorescence, indicating that
the calculated acid-base constants obtained by both tech-
niques correspond to the ground state.

This journal is © The Royal Society of Chemistry 2025
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Previous reports on boronic acids with similar acid-base
constants, estimated by UV-Vis and fluorescence, are also pri-
marily attributed to the ground state, with negligible contri-
butions from the excited state.’ %

It may be inferred that the first two pK, values below 7.0
correspond to the two consecutive deprotonation steps of the
benzimidazole rings; however, the assignation of these pK,
values, particularly for the boronic acid moieties, remains
unclear.

An attempt to identify the acid-base dissociation of the -B
(OH), groups by ''B NMR titrations was unsuccessful owing to
the insufficient solubility of 1 in pure D,0O required for these
measurements. During diol binding, boronic acids become
significantly more acidic, resulting in a decrease in their pK,
values.”® Therefore, to identify the acid-base dissociation con-
stants of the boronic groups, a fluorescence pH titration
experiment was performed with receptor 1 (5.0 pM) in the pres-
ence of 100 mM p-glucose. Fig. 3A shows the set of emission
spectra for the pH titration of 1 with glucose. Fluorimetric
titration profiles of 1 in the absence and presence of glucose
are shown in Fig. 3B. The fluorometric profile data at 408 nm
for 1 in the presence of glucose also fits well with three pK,
values: pK, = 4.84 + 0.13, pK, = 6.08 + 0.08 and pK, = 7.21 +
0.05.

Overall, the addition of glucose shifts the pK, value of 7.97
by approximately 0.8 units to a lower value (inset of Fig. 3B).
This observation provides evidence that this pK, corresponds
to the two equivalent phenylboronic acid groups. In contrast,
the two pK, values below 7.0 remain practically constant,
suggesting that they correspond to the consecutive deprotona-
tion steps of the two benzimidazole rings.

The phenylboronic acid moieties in 1 are slightly more
acidic than mono-boronic acid (PBA, pK, ~ 8.7),°! yet the
observed decrease in pK, value to 7.21 in the presence of
glucose is significant because it suggests that the -B(OH),
groups can be converted into their anionic tetrahedral diol-
binding forms at a pH close to the physiological value of 7.4. It
is well known that complex formation between boronic acids
and diols occurs only at pH > pK, of the corresponding tetra-
hedral boronate species.®® Given that the catechol moiety
binds more strongly to boronic acids than polyols such as
glucose, receptor 1 should be suitable for the fluorescent
sensing of catecholamines at pH = 7.4.

Fluorescence sensing of NTs

Aqueous solutions of 1 containing 10 vol% of CH3OH at micro-
molar concentrations remain photostable for several days.
Taking advantage of the strong blue emission of 1, a relative
selectivity experiment was performed to evaluate receptor 1
towards NTs and other biologically relevant polyols (nucleo-
sides and monosaccharides). For this experiment, dopamine,
epinephrine, norepinephrine, 1-DOPA, adenosine, guanosine,
glucose, fructose, galactose and ribose and catechol ([X]ioa1 =
100 pM) were added to a buffered aqueous solution of bis-
boronic receptor 1 at pH 7.4, and the emission intensity
changes at 408 nm was recorded (Fig. 4A).

Dalton Trans., 2025, 54,12259-12276 | 12263
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Fig. 3 (A) Fluorescence (lex = 290 nm) pH titration of a buffered aqueous solution of 1 (5.0 uM) containing 10% vol of CHsOH in the presence of
100 mM D-glucose. (B) Fluorimetric pH titration profiles at 408 nm of buffered aqueous solutions of 1 in the absence and presence of glucose
(100 mM). The red solid lines represents the fits of the experimental data to the theoretical equation for three pK, values.

guanosine, adenosine,
_ -~ monosaccharides

500

L-DOPA, catechol, dopamine

(S ‘ 5
=]
3 E 3
8 < 236 epinephrine (5
< ~
®© =
= -
~ 2 0 T T > \
400 500 600
A (nm)
[ ]
@ @ @ o> O @ @ o & ) o
RN RPN S I AP P\ V. Vs W o
5 \(\QQ‘\ ; \(\QQ‘\ 606&6\ \;00 A%\ ° 0%00 @\)o @Y ° ¥
R (@ ® 9 )
<«
A

500 1

500

I-at 408 nm

250+

0.00003 0.00006
[epinephrine] (M)

0.00000

400 500
A (nm)
B

o HO 2 Q
H D\(\ m/\ Hoj@\/\ HOM /EJ/\‘)L
(o O-
7~ + +
HO' N HO NH +* NH NH3+
N, 3 HO NH; HO 3 HO
OH + OH

epinephrine norepinephrine dopamine

C

L-DOPA L-Tyr

Fig. 4 (A) Fluorescence quenching at 408 nm (1max = 290 nm) of buffered (10 mM MOPS, pH = 7.4) aqueous solution of 1 (5 pM) containing 10 vol%
of CH3OH upon addition of NTs, nucleosides, monosaccharides, L-Tyr and catechol ([analyteliota = 100 pM). (B) Changes in the emission spectra of
buffered aqueous solutions of 1 (containing 10% vol of CH3zOH) upon the addition of increasing amounts of epinephrine at pH 7.4. The inset shows
the profile at 408 nm. The solid line represents the fit to eqn (1). (C) NTs used in this study.

Additions of nucleosides and monosaccharides induced
only minor quenching, with Ir < 9% of their initial intensity I,
at 408 nm. In contrast, the addition of dopamine, .-DOPA and
catechol resulted in ~33% quenching of the fluorescence emis-

12264 | Dalton Trans., 2025, 54,12259-12276

sion. Among the analytes tested, bis-boronic receptor 1 exhibi-
ted the strongest quenching response towards catecholamines
bearing a hydroxyl group on the aliphatic side chain, such as
epinephrine and norepinephrine, showing a pronounced turn-

This journal is © The Royal Society of Chemistry 2025
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off fluorescence of 78% and 46%, respectively. In Stern-
Volmer coordinates, the selectivity towards epinephrine (I/Ir =
4.03) becomes more evident compared to the rest of the ana-
lytes (I,/Ir < 1.98), including norepinephrine, dopamine and
1-DOPA. Next, the binding affinities between 1 and epineph-
rine/norepinephrine were estimated via fluorimetric titration
experiments (Fig. 4B and Fig. S187). The titration profile for
epinephrine fits well to a 1:1 binding model using the non-
linear least-squares fitting of eqn (1), yielding an apparent
biding constant of Kj.epi = (1.29 + 0.09) x 10° M.

Alyps = Ig + 0.5A1
{[A]T R+ | (I R+ )~ MR } w

where Ir is the observed intensity, I is the intensity of the free
receptor, Al is the maximum change in intensity induced by
the presence of the analyte at saturation, [A]r is the total
analyte concentration, and K is the apparent binding constant.
At saturation with epinephrine, the fluorescence intensity of 1
decreases by approximately fourfold. Fluorescence quenching

Table 1 Apparent binding constants Ky, (M) for 1 and 2 with NTs and
catechol in buffered aqueous solution

Receptor Neurotransmitter K4 pH
1 Epinephrine (1.29 + 0.09) x 10° 7.4
1 Epinephrine (1.55 + 0.05) x 10° 8.0
1 Epinephrine (6.81 + 0.10) x 10" 9.0
1 Norepinephrine (1.96 + 0.05) x 10* 7.4
1 Dopamine (2.62 + 0.07) x 10" 7.4
1 1-DOPA (2.03 £ 0.03) x 10° 7.4
1 Catechol (1.93 + 0.15) x 10° 7.4
1 L-Tyr (5.98 + 0.20) x 10° 7.4
2 Epinephrine (1.33 £ 0.11) x 10° 7.4
3 L-Tyr
500 +

€

c catechol

3 L-DOPA

E dopamine

@©

- ¥ norepinephrine

250
? epinephine
0.00000 0.00008 0.00016 0.00024
[NTs] (M)
A
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of the aqueous solution of 1 induced by binding to epineph-
rine may originate from a photoinduced electron transfer
(PET) mechanism, triggered by the formation of the sp*-hybri-
dized boronate anion.>?**7?# The electron-rich catechol
moiety typically acts as a PET-type quencher of boronic acid-
appended organic fluorophores.>!

Under the same conditions, apparent binding constants
were determined for norepinephrine, dopamine, .-DOPA, r-Tyr
and catechol for comparative purposes. The apparent com-
plexation constant values are enlisted in Table 1, and the
corresponding fitted fluorimetric titration curves at 408 nm
are shown in Fig. 5A. All profiles fit well to a 1:1 binding
model, with errors less than 10%. In contrast, fitting the data
to a 1:2 model resulted in large errors, indicating that the two
boronic acid units in 1 act as independent and simultaneous
binding sites, each with similar binding constants and
quenching responses.®* In this case, the apparent binding con-
stant K actually includes a statistical factor of 2.

This biding behavior is not unexpected because the separ-
ation between the two phenylboronic acid fragments is rela-
tively large (>11 A, vide supra), as observed in its crystal struc-
ture. In line with this, many bis-boronic glucose receptors with
long spacers between boronic acid units act as simultaneous
binding sites.®®%'"%

An analysis of the performances of receptor 1 in terms of
apparent binding constants towards NTs (Table 1) reveals the
following selectivity trend: epinephrine > norepinephrine >
dopamine, catechol, .-DOPA > 1-Tyr. The two catecholamines
containing an H-bond donor -OH group on their aliphatic
chain (epinephrine and norepinephrine) exhibit the highest
affinities, up to two orders of magnitude greater than those of
analytes lacking this -OH group. Receptor 1 is approximately
one order of magnitude more selective for epinephrine than
for norepinephrine.

600
g 400
N 2
\LL

200 1

0.0000 0.0002 0.0004
[epinephrine] (M)
B

Fig. 5 Fluorimetric titrations (1ex = 290 nm) of aqueous solutions of (A) 1 (5 uM) at 408 nm and (B) 2 (10 uM) at 406 nm, each containing 10% vol of
CH3OH, upon the addition of increasing amounts of NTs and catechol at pH 7.4.

This journal is © The Royal Society of Chemistry 2025
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L-tyr, which lacks a catechol ring, shows the lowest binding
affinity, suggesting that the catechol moiety is the primary reco-
gnition site. Therefore, in the design of boronic acid-based
receptors for epinephrine, interference from amino acids is un-
likely to pose a problem. This fact is remarkable because amino
acids are often interfering species in receptor systems that rely
on nucleophilic reactions involving the amino group.**
Furthermore, to verify the esterification between the boronic
acids and the catechol moiety of epinephrine, we measured the
fluorescence response of reference compound 2, which lacks
boronic acid groups, under the same conditions as those used
for bis-boronic receptor 1. The observed quenching effect was
markedly different, significantly smaller (Fig. 5B), and occurred
without a shift in the emission maximum. The estimated appar-
ent binding constant in this system, K,.¢pi = (1.33 + 0.11) x 10°
M is two orders of magnitude lower than that observed for 1,
indicating weak association. This interaction likely arises only
from hydrogen binding between the -OH/-NH groups of epi-
nephrine and the imidazole rings of 2.

View Article Online
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Taking into account that complex formation between
boronic acids and diols primarily occurs at pH > pK, of the
tetrahedral boronate-based receptors, we also investigated the
effect of pH on the quenching efficiency and binding affinity
of 1 toward epinephrine at more basic pH values of 8 and 9.%*

The fluorimetric titration profiles at 408 nm, along with the
corresponding apparent binding constants obtained by fitting
to a 1:1 model, are shown in Fig. S19t and Table 1.

In general, a modest pH-dependent quenching effect was
observed across the range of pH 7.4 to 9.0. At pH 8.0, the esti-
mated complexation constant between 1 and epinephrine is
slightly higher than at the physiological pH of 7.4. This is not
unexpected because the pK, of 1 in the presence of a diol was
estimated to be 7.21 (vide supra), and thus, pH values above
this point yield affinity constants of a comparable order of
magnitude. This result confirms that boronate groups are the
primary interaction sites between 1 and epinephrine.

In contrast, at pH 9, the affinity of epinephrine for 1 is
reduced by approximately one order of magnitude compared

Table 2 Apparent binding constants (log K) of dopamine and epinephrine complexes with mono- and bis-boronic receptors in aqueous media at

pH7.4

Receptor Dopamine Epinephrine Ref.
1 MeO_ OH 2.80 2.74 29

R
(HO),
A0
4
7 NJJ\/N
H
2 (OH), 4.23 4.35 58
3 (OH), 4.25 4.55 59
4 4.97 4.88 80
5 4.41 4.25 80
(OH),

6 1 4.30 5.11 This work

12266 | Dalton Trans., 2025, 54, 12259-12276

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt00784d

Open Access Article. Published on 14 July 2025. Downloaded on 4/6/2026 4:06:04 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

to pH 7.4 and 8.0. This decrease can be attributed to the
deprotonation of the ammonium group on the aliphatic chain
of epinephrine, which hinders the formation of charge-
assisted hydrogen bonds of the type (Me)NH,'---N(imidazole)
in the 1-epinephrine complex.

To gain further insight into the nature of the quenching
response induced by epinephrine, fluorescence lifetimes of
aqueous solutions of 1 were measured in the absence and
presence of epinephrine. A solution of 1 (5 pM), upon exci-
tation with a 354 nm laser, exhibited a decay profile with a life-
time 7z = 2.73 ns (Fig. S20t). The same solution with 5.0 equiv.
of epinephrine showed a negligible change in lifetime value (z
= 2.59 ns), suggesting that the quenching is predominantly
static and arises from complex formation with epinephrine (1-
epinephrine).®

Table 2 summarizes the apparent binding constants of
dopamine and epinephrine complexes for recently reported
mono- and diboronic acid-based molecular receptors.?*>%>°
To date, all fluorescent molecular sensors/receptors have
been of the mono-boronic type, with binding affinities in the
range of log K = 2.80-4.41 and log K = 2.74-4.25 for dopamine
and epinephrine, respectively. As observed from the values
obtained using a single molecular recognition site based on
the phenylboronic acid fragment, the selectivity between
dopamine/epinephrine is practically non-existent (entries 1
and 2, Table 2).2%°® In fact, when the receptor incorporates a
second binding site specifically targeting the amino group,
such as an aldehyde (entry 3, Table 2), the affinity is slightly
higher for epinephrine, which contains a secondary amine.
On the other hand, when the second association site is a
metal center, as a Zn(u) atom, the affinity is modestly
enhanced for dopamine, as observed in Zn(u)-terpyridine
complexes (entries 4-5, Table 2). Among the molecular recep-
tors reported for epinephrine to date,>>®° receptor 1 has
exhibits the highest affinity, which may result from coopera-
tivity between multiple binding sites involving two boronic
acid groups and two hydrogen bond acceptors, in contrast to
mono-boronic acid-based receptors that possess only a single
molecular recognition point.

Selective and fluorescent sensing performance for epinephrine

To probe the utility of bis-boronic chemosensor 1, we deter-
mined the epinephrine concentration in a commercial
pharmaceutical sample using fluorescence, as described
below. Epinephrine was extracted from an aqueous pharma-
ceutical formulation (Piscaina, 50 mL, containing 0.005 mg
mL™" from PISA) by evaporation under reduced pressure to
dryness and was subsequently re-dissolved in 1 mL of MilliQ
ultra-pure water ([epinephrinejgn, = 1.36 mM). Aliquots of this
solution (10 pL, 30 pL, 50 pL) were then added to 2.5 mL of a
buffered aqueous solution of 1 (5 pM) containing 10 vol% of
CH;OH at pH = 7.4, and the emission intensity of the solution
was recorded (Fig. S21}). The epinephrine concentration was
calculated using the fitting equation derived from the fluo-
rescence titration profile (inset, Fig. 4B). The fluorescent
method using sensor 1 was validated by HPLC-UV quantifi-

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Epinephrine concentrations determined from commercial
pharmaceutical samples using fluorescent chemosensor 1 (black bars)
and HPLC-UV (white bars). Measurements were carried out as described
in the main text (average of triplicate experiments). The estimated error
is +1.0 uM.

cation of epinephrine (Fig. S221). A comparison of the epi-
nephrine concentrations determined by fluorescent sensor 1
and HPLC-UV in water is shown in Fig. 6. The agreement
between the two methods is excellent, with percentage recov-
eries ranging from 94% to 110%. It should be noted that the
global commercial pharmaceutical formulations such as
Piscaina contain competing species, some at millimolar con-
centrations (e.g., lidocaine and p-glucose).

For practical applications, luminescent epinephrine
sensors must not only exhibit a good and rapid analytical
response but also maintain selectivity in the presence of coex-
isting interfering molecules and ions found in physiological
samples.®® Therefore, a selectivity experiment was conducted
for the diboronic receptor 1 against typical interfering species
present in blood plasma and urine, such as creatinine,
p-glucose, urea, r-proline, ATP, KCl, NaCl, NH,Cl, MgCl, and
NaF. The experiment was carried out at physiological pH
under the same conditions as those used in Fig. 4B. Overall,
the addition of these species ([interference]ia = 1.0 mM, each
one) to an aqueous solution of 1 (5 uM) induced a negligible
change in its initial emission, as shown in Fig. 7A. In addition,
Fig. 7B shows that the quenching response at 408 nm induced
by epinephrine is not affected by the presence of typical
background species from blood plasma and urine, thereby
demonstrating the selectivity of the sensor even in the pres-
ence of potential biological interferences at millimolar
concentrations.

Naked-eye ensemble for selective detection of epinephrine

Among the various chemosensing mechanisms for small mole-
cules of biological or medicinal relevance, one of the most
desirable systems is the so-called “naked-eye” sensing, in
which the molecular recognition event produces a visible

Dalton Trans., 2025, 54,12259-12276 | 12267
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Fig. 7 Fluorescence spectra (lex = 290 nm) (A) and emission intensities at 408 nm (B) of aqueous solutions of 1 (5 pM) containing 10 vol% of CHzOH
at pH 7.4 in the presence of various blood plasma and urine components ([interferent] = 1.0 mM, each).

color change without the need for additional analytical
instruments.?**

In this context, it is well known that Alizarin Red S (ARS)
binds reversibly to phenyboronic acids (K ~ 10> M™") through
its catechol ring and has been widely used to form chromo-
genic assemblies for the detection of sugars.®®*® Therefore, we
developed a visual sensing ensemble for the selective detection
of epinephrine based on an in situ complex formed between
the bis-boronic receptor 1 and the commercially available chro-
mogenic indicator ARS.

Initially, we investigated the affinity of ARS (45 pM) for
receptor 1 (0-95 pM) through a spectrophotometric titration
experiment (Fig. 8A) in buffered water containing 10 vol% of
CH,;O0H at pH 7.4. Upon addition of 1, the aqueous solution of
ARS exhibited a rapid color change from red to orange,
accompanied by a shift in the absorption maximum from
523 nm (free ASR, red) to 470 nm (esterification of the catechol
ring of ARS with boronic acids, orange), as previously
described by Wang.®* Two isosbestic points at 491 nm and
640 nm were observed, indicating the presence of only two
species in equilibrium (free ARS and the [ARS-1] complex). The
titration profile at 523 nm was well fitted to a 1:1 binding
model, yielding an apparent binding constant Kisrs-1) of (5.86
+0.05) x 10* M~ (inset, Fig. 8A).

The affinity of 1 for ARS is one order of magnitude lower
than that estimated for epinephrine but, importantly, is higher
than that for NTs, monosaccharides and nucleosides tested,
and is similar to that for norepinephrine. This makes the
ARS-1 ensemble a suitable candidate for selective chromogenic
sensing of epinephrine.

On the other hand, upon the addition of epinephrine (up
to 57 uM) to a buffered aqueous solution of the [ARS-1] ensem-
ble (1:2 equiv.), the dye is rapidly displaced, and both the red

12268 | Dalton Trans., 2025, 54, 12259-12276

color and the original absorbance spectrum of free ARS are
nearly restored, as shown in Fig. 8B. The deep red color of the
chromogenic ensemble enables real-time and selective detec-
tion of epinephrine by the naked eye in the micromolar con-
centration range. A comparison of the absorption spectra of
the in situ [ARS-1] ensemble in the absence and presence of
various analytes, such as epinephrine, dopamine, .-DOPA, nor-
epinephrine, adenosine, fructose and catechol (Fig. 8C),
reveals that only epinephrine can displace the dye. This selecti-
vity can be attributed to the higher affinity of epinephrine for
receptor 1.

The selective and direct naked-eye detection of epinephrine
using the chromogenic [ARS-1] ensemble is shown in Fig. 8D.
To the best of our knowledge, this represents the first example
of a naked-eye epinephrine sensing system capable of operat-
ing at the micromolar level.

Experimental-theoretical molecular recognition investigations

Molecular recognition mechanism of epinephrine by 1 was
investigated using ''B NMR spectroscopy, electrospray
ionization mass spectrometry and DFT calculations.
Evidence for the condensation between phenyl boronic acid
moieties in 1 and the catechol group of epinephrine was
directly obtained from ''B NMR spectra recorded in a
D,0-CD;OD mixture (v/v, 1:9). The ''B NMR spectra of 1
(10 mM) in the absence and presence of 10 equiv. of epi-
nephrine are shown in Fig. 9A. The single ''B NMR signal
observed for free 1 at 5 = 28.01 ppm can be attributed to sp>-
hybridized B atoms. Upon addition of epinephrine, a strong
upfield shift of the "B NMR signal to § = 10.40 ppm is
observed, which is characteristic of the conversion of trigo-
nal planar, neutral sp> B atom to the tetrahedral, anionic sp?
boronate form.%”

This journal is © The Royal Society of Chemistry 2025
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(A) Changes in the absorbance of ARS (45 pM) upon the addition of 1 (0—95 uM). The inset shows the titration profile at 523 nm, and the solid

line represents the fit to a 1:1 binding model. (B) Changes in the absorbance of the [ARS-1] complex (1:2) upon the addition of epinephrine
(0—57 pM) in aqueous solution at pH 7.4 (10 mM MOPS) containing 10% vol of CHsOH. (C) Absorption spectral changes of [ARS-1] in the presence of
60 uM of epinephrine and various analytes. (D) Naked-eye detection of epinephrine using a 1: 2 mixture of ARS and 1 in aqueous CH3zOH at pH 7.4.
Only epinephrine is capable to displace ARS from its complex with 1, thereby restoring its color.

ESI-MS has previously been employed to study boronic
acid-diol complexation.®® In this study, electrospray ioniza-
tion mass spectrometry was performed in the positive
mode using a solution of 1 in the presence epinephrine (3
equiv.) at pH 7.4 in aqueous methanol (Fig. 9B). The
resulting mass spectrum shows a signal at m/z = 909.2,
separated by 1.0 m/z unit and isotopically resolved. This
signal corresponds to the cationic 1:2 complex, {1-(epi-
nephrine), + H}', where receptor 1 forms two boronate
esters through condensation with two epinephrine mole-
cules, consistent with the ''B NMR data. The characteristic
isotopic pattern of this peak, arising from the presence of
two B atoms (with two naturally occurring isotopes), con-
firms its identity.

This journal is © The Royal Society of Chemistry 2025

To gain deeper insight into recognition mode of 1 towards
epinephrine, DFT calculations were carried out for the 1:2
supramolecular complex. Initially, epinephrine is bound to
receptor 1 via condensation of each catechol group with the
boronate moieties, in agreement with the spectroscopic,
ESI-MS, and ''B NMR observations.

Thus, two possible supramolecular structures, 3 and 4
(Fig. S237), were proposed for the {1-(epinephrine),} complex,
differing in their H-bonding arrangements of type O-
H-*Nimidazole and N-H:-Nimidazoler Complex 3 features
H-bonds between the hydroxyl groups of epinephrine and
nitrogen atoms of the receptor, whereas complex 4 contains
charged-assisted H-bonds involving the ammonium group of
epinephrine and nitrogen atoms of the receptor.

Dalton Trans., 2025, 54,12259-12276 | 12269
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Fig. 9 (A) Change in the B NMR spectrum (96 MHz, 25 °C) of 1 (10 mM) in the absence and presence of 10 equiv. of epinephrine in CD;OD-D,0O
(9:1, v/v). (B) Positive-mode ESI mass spectrum of an aqueous solution containing 1 and 3 equiv. of epinephrine. Inset: calculated isotopic distri-

bution for the monocationic complex {1-(epinephrine), + H*}.

The geometry of the {1-(epinephrine),} complex was opti-
mized at the B3LYP-D3BJ/def2-TZVP level of theory®”®® with
the implicit solvation model CPCM (water)*® and the inter-
molecular interactions between 1 and epinephrine were
characterized using the non-covalent interaction (NCI) index,”
Atoms in Molecules (AIM) analysis®' and interaction energies
(see ESIt for computational methodology). The final structure
is depicted in Fig. 10.

In this optimized model, each epinephrine molecule inter-
acts with 1 through H-bonds of the type O-H:--N or N-H::-N.
Notably, although the interaction between the two epinephrine

Fig. 10 Structure of the supramolecular model for the {1:(epineph-
rine),} complex optimized at the B3LYP-D3BJ/def2-TZVP level with the
implicit solvation model CPCM (water). Epinephrine molecules are
shown in green and receptor residue in black. The main interactions
identified by AIM are indicated as pink paths, with blue dots representing
BCPs.

12270 | Dalton Trans., 2025, 54, 1225912276

molecules was not considered in the initial models, several
intermolecular H-bonds were observed between them, provid-
ing a possible explanation for the selectivity of 1 towards epi-
nephrine. Next, the geometry of the {1:(norepinephrine),}
complex was also optimized for comparison purposes.

The molecular structures of norepinephrine and epineph-
rine differ only by the substitution of an ammonium group
with a methylammonium group; therefore, it is not surprising
that the minimum-energy conformations of both complexes
{1-(epinephrine),} and {1:(norepinephrine),} are quite similar
(Fig. S247%).

This similarity also extends to the calculated interaction
energies between 1 and epinephrine/norepinephrine, which
are —53.61 kcal mol ™" and —51.31 kcal mol ™, respectively. The
slightly stronger interaction energy for the 1-epinephrine
complex supports the experimentally observed increase in
binding constants.

To elucidate the nature of the interactions responsible for
the increased affinity towards epinephrine, an AIM analysis
was performed to identify and characterize all possible inter-
molecular interactions (Fig. 11A).

The parameters of the principal interactions found between
1-NT complexes, where NT refers to epinephrine or norepi-
nephrine, are summarized in Table 3. In both {1-(epinephrine),}
and {1:(norepinephrine),} complexes, the main interactions
exhibit a pattern in which receptor 1 acts as a hydrogen
bond acceptor, while NT provides the hydrogen donor frag-
ments -OH and -NH. The values of the electron density at the
bond critical point, p(BCP), as well as the hydrogen bond dis-
tance (Day) and hydrogen bond interaction angle (fayp), are
nearly identical in both complexes. However, as shown by the
NT-NT interactions (Table 4), an additional interaction of the
H---H type, between the chiral hydrogen of one NT fragments
and a hydrogen from the methylammonium group of the

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 (A) Non-covalent interaction (NCI) index and atoms in molecules (AIM) analysis for the optimized complex of 1 with epinephrine.
Comparison between NCI and AIM analyses in the regions highlighted by dashed lines for the optimized complexes of 1 with epinephrine (B) and

norepinephrine (C).

Table 3 Value of electron density at the bond critical point p(BCP), distance of hydrogen bond interactions (Dan) and hydrogen bond interaction
angles (Oanp) for interactions 1-NT. Ni = imidazole ring of receptor 1

Complex IE Interaction type p(BCP) Dan Oanp
{1-(epinephrine),} —53.61 OH.---Ng 0.05393 1.697 172.6
NH---Ngr 0.04269 1.813 162.5
{1-(norepinephrine),} —51.31 OH---Ng 0.05339 1.702 173.1
NH---Ngr 0.04231 1.812 167.9

Table 4 Values of electron density at the bond critical point p(BCP),
distance of hydrogen bond interactions (Dap) and hydrogen bond inter-

action angles (@app) for NT-NT interactions

Complex Interaction type  p(BCP) Dan Oarp

{1-(epinephrine),} O---HN 0.04329  1.725  166.2
NH---O 0.03014 1.860 160.5
H---H 0.02526 2.764 —

{1-(norepinephrine),} = O---HN 0.04411  1.713  171.7
NH---O 0.03081 1.844 165.8

This journal is © The Royal Society of Chemistry 2025

opposite NT fragment, can be observed in the 1-epinephrine
complex. Values of p(BCP), D,y and 6,yp indicate that this is a
weaker interaction than a hydrogen bond. A non-covalent
interaction analysis (Fig. 11B and C) reveals a small green iso-
surface associated with this H---H contact, which corresponds
to a van der Waals interaction This interaction provides a
plausible explanation for the increased interaction energy
observed in the {1-(epinephrine),} complex.
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Conclusions

We have developed a new fluorescent 1,3-bis-benzimidazole-
benzene derivative bearing two phenyl boronic acid moieties,
1, for the optical recognition of catecholamine-based neuro-
transmitters. This receptor 1, exhibits high water solubility,
photostability and the ability to sense epinephrine/norepi-
nephrine at micromolar levels under physiological pH,
through a rapid turn-off fluorescence response. Under these
conditions, 1 showed particularly strong affinity for epineph-
rine (K = 1.29 x 10° M), with good selectivity over structurally
related neurotransmitters such as dopamine, .-DOPA, and nor-
epinephrine, as well as adenosine, guanosine, L-tyrosine and
various monosaccharides. To date, bis-boronic acid compound
1 demonstrates the highest reported affinity for epinephrine
binding by a molecular receptor.

Evidence from the X-ray crystal structure of 1, pK, values of
boronic acids, fluorescence experiments, mass spectrometry,
"B NMR measurements, DFT and AIM calculations indicate
that epinephrine binds to 1 in a 1:2 mode via two-point reco-
gnition. This includes boronate-catechol condensation and
multiple hydrogen bonds of the types OH:-N and NH---N,
formed between the aliphatic chain of epinephrine and imid-
azole ring of 1, along with intermolecular interactions between
the two epinephrine molecules in the final structure.

As a representative application, the epinephrine content in
pharmaceutical samples was successfully quantified using
fluorescence spectroscopy. Furthermore, the combination of
bis-boronic acid 1 with the commercial Alizarin Red S dye can
serve as an effective indicator displacement assay, enabling
the visual detection of epinephrine by a distinct color change
in the micromolar concentration range.

Overall, these results further highlight the potential of the
new water-soluble and fluorescent bis-boronic acid receptor as
an effective analytical tool for sensing epinephrine.

Experimental section

Reagents, solvents, and instrumentation are described in the
ESL+

Chemical synthesis

Intermediary L, 1,3-bis(1H-benzimidazole-2-yl)benzene, was
synthesized following a previously reported procedure.®®
Synthesis of (((1,3-phenylenebis(1H-benzo[d]imidazole-2,1-
diyl))bis(methylene))bis(3,1-phenylene))diboronic acid, 1. A
solution of L (50 mg, 0.16 mmol) in dry DMF (5 mL) was
stirred with 2.1 equiv. of Cs,CO; at r.t. for 1 h. Then, a solution
of 3-(bromomethyl)phenylboronic acid (80.8 mg, 0.37 mmol)
in dry DMF (1.0 mL) was added, and the reaction mixture was
magnetically stirred for 18 h under an N, atmosphere.
Subsequently, the reaction mixture was filtered through Celite,
and the solvent was removed under reduced pressure. The
addition of cold distillated H,O afforded a white solid, which
was collected by filtration, washed twice with distillated H,O
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(10 mL) and recrystallized from THF: H,O (9:1, v/v) to give 1
as colorless prismatic single crystals. Yield: 83.1% (77.5 mg).

'"H NMR (300 MHz, MeOD) &: 7.96 (t, J = 1.7 Hz, 1H), 7.88
(dd, j = 7.5, 1.9 Hz, 2H), 7.77-7.66 (m, 3H), 7.56-7.48 (m, 2H),
7.46-7.41 (m, 2H), 7.37-7.27 (m, 6H), 7.20 (t, J = 7.6 Hz, 2H),
7.00-6.91 (m, 2H), 5.50 (s, 4H).

3C NMR (75 MHz, 25 °C, CD;0D) &: 179.14, 152.88, 141.99,
135.71, 135.40, 132.84, 131.35, 130.84, 130.41, 129.80, 129.38,
127.83, 127.45, 123.37, 122.85, 118.64, 110.91. The signal
corresponding to methylene (-CH,-) group overlaps with the
solvent signal. B NMR (96 MHz, 298 K, CD;OD): § =
28.91 ppm. ESI(-)-MS (m/z): calculated for C,4H50B,N,05, {1-
(OMe), + 2(THF) + (H,0) + H}': 768.53; found: 768.9. ATR-IR
(em™): 3050 (f), 2978 (f), 2872 (f), 1348 (m, B-O), 1329 (m, C-
B), 739 (s), 709 (s). Elem. anal. caled for the X-ray crystalline
sample {1 + 3(THF)}, {C54H,5B,N,04 + 3(C4HO)}; C, 69.54; H,
6.60; N, 7.05; found: C, 69.39; H, 6.77; N, 6.91.

Synthesis  of  1,3-bis(1-benzyl-1H-benzo[d]imidazol-2-yl)
benzene, 2. It was obtained following the same procedure as
for 1, using 3.0 equiv. of benzyl bromide instead of 3-(bromo-
methyl)phenylboronic acid. Colorless single crystals suitable
for X-ray diffraction were obtained by slow solvent evaporation
from a methanolic solution at r.t. Yield: 87.5% (70 mg).

"H NMR (500 MHz, 25 °C, DMSO-ds) &: 8.14 (t, J = 1.8 Hz,
1H), 7.87 (dd, J = 7.8, 1.7 Hz, 2H), 7.77-7.72 (m, 2H), 7.68 (t, ]
= 7.8 Hz, 1H), 7.53-7.46 (m, 2H), 7.28-7.18 (m, 10H), 6.97-6.92
(m, 4H), 5.57 (s, 4H).

3C NMR (125 MHz, 25 °C, DMSO-d¢) 6 (in ppm): 152.55,
142.64, 136.81, 135.97, 130.78, 130.35, 129.90, 129.53, 128.85,
127.64, 126.26, 123.07, 122.52, 119.46, 111.33, 47.58. DART
(+)-MS (m/z): calculated for C3,H,,Ny, {2 + H}', 491.62; found:
491. IR-ATR (em™): v = 3029 (f, sp>-CH), 2910 (f, sp*>-CH), 2872
(f), 1449 (m, C=C), 749 (s), 706 (s). Elem. anal. caled for the
X-ray crystalline sample C3,H,6N,4 (490.61): C, 83.24; H, 5.34;
N, 11.42; found: C, 82.98; H, 5.41; N, 11.33.

X-ray crystallographic investigations

Data for 1 and 2 were collected on a Bruker APEX II CCD diffr-
actometer at 100 K, using Mo-Ka radiation (4 = 0.71073 A) for 1
and Cu-Ka radiation (4 = 1.54178 A) for 2, both from Incoatec
ImuS sources with a Helios optic monochromator. Suitable
crystals were coated with hydrocarbon oil, mounted on a nylon
loop, and placed in a cold nitrogen stream on the diffract-
ometer. Frames were collected using » scans and integrated
with SAINT.®”> A multi-scan absorption correction (SADABS)
was applied.””> The structures were solved by direct methods
and refined by full-matrix least-squares on F* using
SHELXL-2018% vig the SHELXLE GUL®* In compound 1, the
THF molecule was modeled using SIMU, RIGU and SAME
instructions implemented in SHELXLE GUL> and the occu-
pancy was refined using a free variable The hydrogen atoms
bonded to carbon (C-H) were placed in idealized positions,
while hydrogen atoms of the O-H moiety were located in the
residual electron density map and refined with Uiy, = oUeq
(where a is 1.5 for -CH; and -OH moieties, and 1.2 for all
others).

This journal is © The Royal Society of Chemistry 2025
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Compound 1 crystallized in the triclinic system, in the P
space group. It crystallized as a solvate, where one THF mole-
cule exhibits positional disorder, modeled in two positions.
The major occupancy site was refined to 85%.

Compound 2 crystallized in the orthorhombic system, in
the chiral P2,2,2; space group. Considering the chiral space
group and the atomic composition, where nitrogen is the hea-
viest atom, data were collected using copper radiation. The
absolute structure parameter was determined using the
Parsons-Flack method, yielding a value of 0.00(12).
Crystallographic data for both crystal structures have been de-
posited with the Cambridge Crystallographic Data Centre
under CCDC numbers 2252384-2252385.f X-ray crystallo-
graphic files in CIF format for complexes 1 and 2 are available
free of charge in the ESL
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