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Introduction

Water-soluble fluorescent chemosensor for
sorbitol based on a dicationic diboronic receptor.
Crystal structure and spectroscopic studiest

Julio Zamora-Moreno, & *2 Maria K. Salomén-Flores, 2 Josue Valdes-Garcia, ©2
Cristian Pinzén—Vanegas,ﬂDa Diego Martinez-Otero,®® Joaquin Barroso-Flores, {20
Raul Villamil-Ramos,© Miguel A. Romero-Solano ® 2 and Alejandro Dorazco-
Gonzalez ©*@

Selective recognition of saccharides by phenylboronic dyes capable of functioning in aqueous conditions is
a central topic of modern supramolecular chemistry that impacts analytical sciences and biological
chemistry. Herein, a new dicationic diboronic acid structure 11 was synthesized, structurally described by
single-crystal X-ray diffraction, and studied in-depth as fluorescent receptor for six saccharides in pure water
at pH = 7.4. This dicationic receptor 11 has been designed particularly to respond to sorbitol and involves
two convergent and strongly acidified phenyl boronic acids, with a pK, of 6.6, that operate as binding sites.
The addition of sorbitol in the micromolar concentration range to receptor 11 induces strong fluorescence
change, but in the presence of fructose, mannitol, glucose, lactose and sucrose, only moderate optical
changes are observed. This change in emission is attributed to a static complexation photoinduced electron
transfer mechanism as evidenced by lifetime experiments and different spectroscopic tools. The diboronic
receptor has a high affinity/selectivity to sorbitol (K = 31800 M™1) over other saccharides including common
interfering species such as mannitol and fructose. The results based on 'H, B NMR spectroscopy, high-
resolution mass spectrometry and density functional theory calculations, support that sorbitol is efficiently
bound to 11 in a 1:1 mode involving a chelating diboronate—sorbitol complexation. Since the experimental
B---B distance (5.3 A) in 11 is very close to the calculated distance from the DFT-optimized complex with
sorbitol, the efficient binding is attributed to strong acidification and preorganization of boronic acids. These
results highlight the usefulness of a new diboronic acid receptor with a strong ability for fluorescent
recognition of sorbitol in physiological conditions.

and the understanding of new concepts in the molecular
recognition field."

Selective recognition of polyols such as saccharides by synthetic
boronic acids-based compounds remains a relevant area in
supramolecular chemistry and analytical sciences due to
applications in sensing,"* separation,>* glycoprotein manipu-
lation,®> bioimaging,® dynamic covalent assemblies,” clinical
diagnostic of sugars-related diseases®’ medicinal chemistry,"
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In recent decades, the use of boronic acid derivatives has
been proven to be an outstanding strategy for the recognition of
saccharides,””™ glucosamine,"”® catecholamines,” nucleo-
tides,” ginsenosides,* sialic acid,* glycated hemoglobin® and
in general, 1,2-dihydroxy-substituted compounds.**

The affinity of phenylboronic acids towards 1,2-diol derivatives
is primarily induced by the reversible formation of diol-boronic
ester in an sp” hybridization, which results in increasing the Lewis
acidity of the boron atom and subsequent fast conversion to the
diol-boronate ester with an sp® hybridization.?** In principle, the
binding strength of boronic acid-diol ester depends on the
orientation of the target analyte's hydroxyl groups,” the acidity of
the boronic acid,” and the influence of substituent groups that can
stabilize the sp>-boronate ester.*® The optimal pH for tetrahe-
dral-boronate ester formation occurs ideally at a halfway pK, value
between the boronic acid and diol; however, it is well-known that
this may vary depending on solvent, buffer composition, as well as
the substituent groups in the boronic acid.***
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Simple phenylboronic acid (PBA, pK, ~ 8.8) has too low
binding constants for saccharides (<250 M™'),* to achieve
greater affinity, more sophisticated receptors are required.
Thus, there is interest in creating water-soluble phenylboronic
acid receptors with pK, values less than physiological pH.
However, this is an ongoing challenge, and it is not a trivial task.

Open-chain polyols, such as sorbitol and mannitol are
biochemical metabolic intermediates and have been used as
medicines. Sorbitol is among the food industry's most widely used
sweetener substitutes for glucose and as thickener.*** Some
studies have shown that sorbitol is related to secondary effects in
humans.* Among different sorbitol sensing methods, fluorescence
is desired due to its known high sensitivity and rapid analytical
signal.>* While the need for highly selective and efficient chemo-
sensors for sorbitol is evident, up until now, very few examples have
been described compared to fructose and glucose.>**”

Optical recognition of sorbitol can be achieved by neutral
diboronic acid dyes bearing aminomethyl groups (see Scheme 1)
such as aminomethyl-naphthalene 1,*®* aminomethyl-anthracene
2,* binaphthalene-dimethanamine 3,* carboxamide-quinoline
4-5.>* These fluorescent diboronic acids with amines typically
show apparent binding constants between 350 and 10 000 M ™"
where the sp>-boronate ester is stabilized by the boron-nitrogen
(amine) interaction. Consequently, they are suitable to sense at
the micromolar concentration range, but not significantly lower.
Many of these chemosensors require an organic cosolvent or
basic conditions (pH > 8.0) to operate, which seriously hampers
the intended applications. Furthermore, some still suffer some
drawbacks such as too arduous synthesis and low selectivity to
sorbitol.

To the best of our knowledge, the literature features only two
examples of fluorescent chemosensors for selective recognition
of sorbitol in pure buffered water based on monoboronic acids
bearing naphthalimide 6, and benzo-thiophenes 7 (ref. 43)
that operate with modest affinity, (K < 4000 M~ "). Overcoming
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these drawbacks should be feasible by using a hydrostable
fluorescent diboronic receptor with pK, values close to physio-
logical pH.

A successful strategy for the acidification of boronic acids is
the insertion of positive charges into the receptor scaffold as
was evidenced by Geddes in several quinolinium dyes covalently
attached to monoboronic acids where pK, values dropped two
units compared to the simple phenylboronic acid. These
quinolinium-nucleus appended phenylboronic acids have been
studied as optical sensors only for fructose, glucose and F~.***¢

Recently, we demonstrated successful applications of a set of
cationic receptors based on scaffolds of 2,6-pyridinedicarbox-
amide containing diboronic acids such as compound 8 for
recognition of saccharides in an aqueous phase at physiological
pH with a selectivity towards sorbitol and glucose.*”

Previous studies have shown that bisquinolinium pyridine-
2,6-dicarboxamide dyes from 6-aminoquinoline possess
greater solubility in water and better photophysical properties
compared to 3-aminoquinoline derivatives such as isomer 8.>°

Taking this into account, we surmised that an efficient
sorbitol chemosensor could be achieved based on cationic
diboronic acids attached to a fluorescent and semi-rigid scaf-
fold able to orientate the boronic acids convergently.

In this study, we reported the results obtained for a water-
soluble bisquinolinium pyridine-2,6-dicarboxamide  salt
bearing two strongly acidified boronic acids, including
synthesis, crystal structure, acid-base properties, spectroscopic
sensing studies of biological polyols and DFT calculations.

Results and discussion
Synthesis and structural analysis

For these investigations, the bromide salt of bisquinolinium
diboronic acid 11 was successfully obtained by the procedure
depicted in Scheme 2.
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Scheme 1 Fluorescent phenylboronic acids-based chemosensors for p-sorbitol.
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General synthesis route of compounds 11-13 derived from 6-aminoquinoline.

B

(A) Perspective view of the X-ray structure of 11-SO4 showing thermal ellipsoids drawn at 50% probability level. Hydrogen bonds B-O-

H---O, N=H:---Oyater and O—H---O-S are shown as red dashed lines. Occluded DMSO molecules were omitted for clarity. (B) Interaction between
sulfate (space-filling model) and receptor 11 via hydrogen bonds B—-O—H---O. Water and DMSO molecules were omitted for clarity.

A reference compound lacking boronic acid moiety 12 and
arelated quinolinium mono-boronic acid 13 were also prepared
for comparative purposes. Two steps were involved in the
formation of compounds 11-13. First, the nucleophilic acyl
substitutions were carried out by 6-aminoquinoline towards the
appropriate acyl chloride in dry toluene under a N, atmosphere,
to obtain compounds 9 and 10 which were confirmed by 'H and
3C NMR-spectroscopy (Fig. S1-S47). Subsequently, N-alkylation
products were obtained as bromide salts in good yields by the
prolonged treatment with the corresponding (bromomethyl)-
aryl reagent at r. t. in anhydrous DMF. The salts 11-13 were
obtained as pale-yellow powders and pure according to 'H, *C,
"B NMR measurements, IR, high-resolution mass spectrometry
and elemental analysis (C, H, N), see Fig. S5-S17.F

"B NMR measurements of 11 and 13 were obtained in
a CD3-OD at 298 K. The spectra showed a broad signal centered
at 27.4 ppm and 28.6 ppm for 11 and 13, respectively,
consistent with the sp>-hybridized boron atom (Figs. S8 and

© 2023 The Author(s). Published by the Royal Society of Chemistry

S167).*® Efforts to obtain single crystals of the bromide salt of
11 suitable for X-ray diffraction analysis were not successful.
Possibly due to electrostatic repulsion between dicationic
organic units, which cannot be stabilized with small anions
such as bromide.

However, X-ray single-crystal structure of 11 was obtained as
a sulfate trihydrated salt by an anion metathesis with NaSO,
from a mixture of H,0-DMSO (v/v, 99/1) by slow evaporation
(see Table S1 in the ESI for crystallographic dataf). Geometric
parameters for bond lengths, angles around B atoms, hydrogen
bonds and w7 stacking interactions within the crystal packing
of 11-SO, are compiled in Tables S2-S5.f Fig. 1A shows
a perspective view of the molecular structure of 11-SO, and it
confirms the presence of sp>-hybridized boron atoms and
trigonal geometries (2% (x_p1-x) = 360.0° and 2 (x_prx) =
359.99°) which is consistent with its "'B NMR spectrum. Both
phenylboronic acids are directed at the same side of the mole-
cule and they are separated by a BB distance of 5.30 A which is

RSC Adv, 2023, 13, 32185-32198 | 32187
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Table 1 Absorption and emission maxima in buffered (10 mM, MOPS) pure aqueous solutions at pH = 7.4 and pKj, values of compounds 11-13

Spectrophotometric titration

Fluorimetric titration

Aabs (lOg EJ pKal'B(OH)Z pKaZ pKaB Aema (nm) pKal(BOHZ) pKaZ
11 274(4.47), 350(3.87) 6.62 £ 0.11 8.90 £ 0.05 11.34 £ 0.06 463 6.61 £ 0.07 8.18 £ 0.10
12 272(4.93), 355(4.00) — 8.50 + 0.07 11.34 + 0.09 464 8.37 + 0.07 10.62 + 0.21
13 271(4.80), 325(4.01), 350(3.80) 8.05 £ 0.10 10.48 4 0.08 — 473 7.74 £ 0.10 8.96 £ 0.05

% dex = 350 nm for 11-12; A., = 325 nm for 13.

structurally suitable for recognizing polyols in terms of the
receptor preorganization.

In the reported structure of 8 that corresponds to an isomer
of 11, the B---B distance is approximately 2.0 A longer than in
the crystal of 11. Importantly, all four -B-OH groups are
oriented toward the sulfate anion, forming four hydrogen
bonds B-OH:--O as shown in Fig. 1B (Table S27).

Clearly, the sulfate anion induces the convergence of the
boronic acid groups. Thus, receptor 11 possibly could function
as a receptor for oxoanions via cooperative hydrogen bonds.

The crystal of 11-S0O, is strongly hydrated; two (H,0); clusters
are confined in the unit cell (Fig. S181) with the consequence
that the receptor cavity is occupied by a water molecule where
the N-H bonds of both amide groups form two N-H:---O
hydrogen bonds. This high degree of hydration is evidence of its
hydrostability in the solid state. The receptor 11-SO, possesses
a high degree of planarity between quinolinium rings and the
central pyridine ring with dihedral angles between 5.54° and
8.48°. The two amide groups are directed inside the receptor
cleft. This syn-syn conformation of amide groups has been
usually described for crystals of pyridine-2,6-dicarboxamide
pincer-like derivatives as a consequence of intramolecular H
bonds of type N-H:**Nprigine. ">

An inspection of the crystal of 11-SO, displays multiple -7
interactions mainly centered on the quinolinium rings and the
central pyridine involving cofacial parallel stacked geometries
with centroid-centroid distances ranging from 3.49 A and 3.80
A (Fig. S19 and Table S51). These strong interactions can be
ascribed to the positive electrostatic potential around the qui-
nolinium rings.

Optical and acid-base properties

The bromide salts of cationic compounds 11-13 are soluble in
buffered (10 mM MOPS pH = 7.4) pure water and follow very
well the Lambert-Beer law up to 100 uM; thus, these conditions
and a concentration within this range were used for further
spectroscopic studies.

The absorption and emission properties of bromide salts of
compounds 11-13 are compiled in Table 1 and the family of UV-
vis/fluorescence spectra at different pH values for 11 and 12 are
displayed in Fig. 2A-D. In general, the salts 11-13 have strong
absorption maxima at A ~ 271—-274 nm with lower-energy
absorption shoulders at A ~ 325—350 nm attributed to intra-
ligand ®w — w* electronic transitions centered in the N-alkyl
quinolinium fragment.*® The blue emission in these

32188 | RSC Adv, 2023, 13, 32185-32198

quinolinium-based compounds is typically attributed to intra-
molecular charge transfers (ICTs) in the excited state.*
Compound 11 possesses four ionogenic groups: two equivalent
PBA moieties and two amide groups.

The reference compound 12, lacking PBA moieties, has only
two amide groups and monoboronic compound 13 contains
one PBA moiety and one amide group. The positive charges on
the quinolinium rings must acidify these groups. Thus, acid-
base properties of bromide salts of 11-13 were explored by
fluorescence and UV-Vis pH titrations.

For bromide salt of 12, two pK, values were estimated, pK,; =
8.50 and pK,, = 11.34, from UV-vis pH titration and two values
were calculated from fluorescence versus pH titration, pKy =
8.37 and pK,, = 10.62 (see insets Fig. 2C and D). These pK,
values are similar to those we reported for the triflate salt of 12
and unambiguously assigned to amide groups.* Total depro-
tonation of amide groups in 12 induced a strong decrease in
emission intensity, practically generating a non-emitting
species, probably by an intramolecular photoinduced electron
transfer (PET).

Results of UV-vis pH titration for 11 are shown in Fig. 2A. The
formal fit of the absorbance (325 nm) versus pH curve to the
theoretical equation allows us to estimate clearly three pK,
values (pK,; = 6.62, pK,, = 8.90 and pK,; = 11.34, Table 1). The
two values above 8.50 can be attributed to the two amide groups
compared to compound 12. The diboronic isomer 8 that we
have recently reported, has pK, values less than 7.0 assigned to
the boronic groups.”

The fluorimetric titration experiment shows that emission
quenching of 11 is mainly controlled by the dissociation of
a group with a pK, below 7.0 (Fig. 2B). The emission data at
463 nm can be very well fitted to two pK, values (see inset,
Fig. 2B), pKa.; = 6.61 and pK,, = 8.18.

The absence of a third pK, value in the fluorescence curve
can be explained by the formation of a non-emitting conjugated
base, after deprotonation of boronic acid and an amide group.
In our experience, completely deprotonated (pH > 10) quinoli-
nium pyridine-2,6-dicarboxamide derivatives are practically not
fluorescent.*”*>*® The first pK,; = 6.61 of 11 is comparable to
those reported values for structurally related monoboronic
acids appended quinolinium rings studied by Geddes which
have pK, less than 7.0 assigned to the boronic groups from
fluorescence data.**™*¢

To unambiguously assign the pK, value of boronic acid in 11,
we reproduced the UV-vis pH titration in the presence of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 UV-vis pH-titration (A) and fluorescence pH-titration (B) of buffered aqueous solutions of the bromide salt of 11 (25 uM). UV-vis pH-
titration (C) and fluorescence pH-titration (D) of buffered aqueous solutions of the bromide salt of 12 (25 uM). The insets show pH-titration curves
observed at absorbance and emission maxima for both receptors at 25 °C and the solid lines were obtained by fitting the experimental data to the

corresponding theoretical equation for three or two pK, values.

fructose (10 mM), see Fig. S20, with the baseline expectation of
having a considerable drop in the pK, value only for the corre-
sponding boronic acid.** Fig. 3 shows UV-vis pH profiles of 11
(25 uM) in the absence and presence of this sugar. The absor-
bance at 325 nm versus pH in the presence of fructose can be
well fitted to three pK, values (pK,; = 5.58, pKax = 8.71 and pK,3
= 11.30). Adding fructose induces a strong drop in the first pK,

10 e 11 + D-fructose
0.4 s 11

A at 325 nm
o
@

0.2+— T T T T T T 1

pH

Fig. 3 UV-vis pH titration profiles at 325 nm of buffered aqueous
solutions 11 (25 puM) in the absence and the presence of fructose (10
mM). Solid lines were obtained by fitting the experimental data to the
theoretical equation for three pKj, values.

© 2023 The Author(s). Published by the Royal Society of Chemistry

of 1.12 units compared to the estimated value without fructose
(vide supra Table 1). In contrast, the two pK, values above 8.5
remain practically constant as is shown in inset Fig. 3, sug-
gesting that these correspond to the two amide groups. This
finding is significant because it evidences that boronic acid
groups of 11 are converted in their anionic tetrahedral sugar
binding forms at pH values close to the physiological value of
7.4 without interference from the ionization of the amide

groups.

Fluorescent saccharide recognition

To test the affinity of 11 towards saccharides, a series of fluo-
rescence titration experiments were performed with two open-
chain polyols (sorbitol and mannitol), and “small” saccha-
rides (fructose, galactose, glucose, myo-inositol, lactose and
sucrose) at pH = 7.4. In general, adding these polyols to buff-
ered aqueous solutions of 11 shows reproducible quenching
effects with a selective peak for sorbitol.

Fluorimetric titration of 11 (20 uM) with sorbitol is shown in
Fig. 4A, the fluorescence intensity drops 4 times at saturation
(~0.4 mM) and the titration profile at 463 nm perfectly fitsa 1: 1
binding mode by a nonlinear least-squares treatment using eqn
(1) to give apparent binding constant of K(y3-sorbito)= (3.18 *+
0.10) x 10* M, where I is the observed intensity, I, is the
intensity of the free receptor, Al is the maximum intensity
change induced by the presence of the saccharide at saturation,

RSC Adv, 2023, 13, 32185-32198 | 32189
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[G]r is the total concentration of the saccharide, and K is the
apparent binding constant.*”

IF = IH
AL (#4161 + g -1 + 161, + ) - WL Gy
! 2H],
o

The apparent binding constants of 11 with the rest of the
saccharides were estimated under the same conditions. The
corresponding fluorimetric titration profiles are shown in

32190 | RSC Adv, 2023, 13, 32185-32198

Fig. 4B and their respective affinities are compiled in Table 2.
For comparison, the data includes the apparent stability
constants of PBA with saccharides at pH = 7.4, taken from the
literature.*

All systems showed the formation of a 1: 1 model with good
quality fits (error < 10%). Noteworthy that the chemical equi-
librium boronic acid-boronate ester was reached within 1.0 min
after the addition of the polyol aliquot. This relatively fast
equilibrium is not so common®® and probably due to the strong
acidification of boronic acids. The structure of all saccharides
screened is shown in Fig. 4E.

Overall, sucrose, lactose, myo-inositol, glucose and galactose
gave a very low quenching effect (Iz/I, < 1.4) upon the addition of
1.0 mM of polyol and low affinities were estimated. The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Apparent binding constants K (M™) for bromide salts of 11 and 13 (20 uM) with monosaccharides and polyols in water at pH 7.4

11 13 PBA
Analyte Kq 1) Ie/,* Ka.1) I/)® K
p-sorbitol (31.83 £+ 0.11) x 10° 4.21 (2.20 £ 0.08) x 10° 2.16 370
p-fructose (4.37 £ 0.05) x 10° 2.73 (1.09 £ 0.06) x 10° 1.33 160
p-mannitol (2.96 £ 0.12) x 10 2.10 (0.92 £ 0.05) x 10° 1.37 120
p-galactose (0.99 £ 0.09) x 10° 1.26 (0.40 & 0.04) x 10° 1.05 15
p-glucose (0.68 & 0.04) x 10° 1.40 (0.20 £ 0.02) x 10° 1.03 4.6
Myo-inositol (0.43 £ 0.07) x 10° 1.05 b 1.01 —
Lactose (0.17 £ 0.03) x 10° 1.03 b 1.01 1.6
Sucrose (0.07 + 0.01) x 10° 1.04 b 1.02 0.6

¢ Igll, indicates the quenching relative selectivity parameter at 463 nm for 11 and 474 nm for 13 in the presence of 1.0 mM of the polyol or
monosaccharide. ” Undetected association. ° Binding constants reported in an aqueous medium at pH = 7.4, ref. 30.

addition of mannitol and fructose resulted in a considerable
quenching effect (Iy/I, ~ 2.5), but it was still significantly lower
than that observed for sorbitol. In general, the affinity of 11
towards studied saccharides is one or two orders of magnitude
lower than that estimated for sorbitol including fructose,
making this chemosensor ideal for achieving selective detection
of sorbitol at physiological pH.

Next, the affinity of related quinolinium mono-boronic acid
13 was evaluated with the saccharides by fluorescence; the
titration profiles are shown in Fig. 4C. The affinity trend is
parallel to that reported for PBA with common mono-
saccharides; fructose > galactose > glucose (see Table 2), which
is not unexpected because it is well-known that simple mono-
boronic acids possess inherent selectivity to fructose.”®
Regarding to sorbitol, the affinity of the monoboronic
compound 13 is one order of magnitude less than that calcu-
lated for diboronic 11. These data suggest that compound 11
may involve a cooperative chelating diboronate binding
sorbitol.

On the other hand, fluorescent sensing of monosaccharides
by hydrophobic receptors lacking boronic acids as a result of
a disaggregation mechanism has recently been reported.*® To
discard this mechanism and incidentally verify the participa-
tion of the boronic acids of compound 11 in the molecular
recognition, we test the effect of sorbitol on the fluorescence of
reference compound 12 in the same concentration range and
the same pH as that for diboronic receptor 11, and practically
no effect was observed as shown in Fig. 4D.

Since compound 11 has two boronic acid-based binding
points, the 1:1 binding mode observed by fluorescence exper-
iments can be rationalized as (1) chelation of the saccharides by
both boronic acid groups or (2) simultaneous binding to each
boronic acid group operating independently with a similar
quenching effect and apparent binding constants, in this
option, the estimated K values must be multiplied by a factor of
2.

The first possibility is feasible, considering that compound
11 is symmetrical, semi-rigid and has both boronic acid groups
oriented in the same position according to its crystalline
structure. The relatively short B---B distance of 5.30 A could be
further shortened for the presence of flexible methylene linkers.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Fig. 5 shows the correlation between Log Kpga and Log K
values for compounds 11 and 13 at pH = 7.4. For diboronic 11,
there is observed a lineal correlation for saccharides, except for
sorbitol which shows a strong positive deviation. Glucose also
shows this positive bias but to a lesser extent. In contrast, for
monoboronic 13, all saccharides, including sorbitol, have
a good linear correlation which is expected for diol complexa-
tion involving only one boronic acid.

A plausible interpretation of the high affinity of 11 for
sorbitol is that this diboronic compound effectively binds as
a ditopic chelate. To further insight into the quenching
response, the lifetimes of 11 in the absence and presence of
sorbitol were measured. An aqueous solution of 11 upon exci-
tation with a 354 nm laser exhibited a bi-exponential decay with
lifetimes 7; = 5.18 and 1, = 2.00 ns (Fig. 6). The lifetime of
solution of 11 after the addition of a concentrated solution of
sorbitol (12 equiv.) has a negligible change of lifetime values
and form of decay profile, indicating that static quenching is
dominant in the quenching mechanism.* Furthermore, similar
lifetime values and the same shape of the spectra without shift
of maxima in the fluorimetric titration of 11 with sorbitol
(Fig. 2A) suggest that the transition energy is virtually the same
in the two compounds and that the emission comes from the
singlet state of quinolinium groups.

Interaction studies by NMR and high-resolution mass
spectrometry

To support the formation of ester boronate of 11 with sorbitol,
we performed "H and ''B NMR spectroscopic measurements.
Fig. 7A illustrates a titration experiment of 11 (2.0 mM) with
sorbitol monitored by "H NMR in DMSO-de. Upon increasing
the concentration of sorbitol (0-4.0 equiv.), only the aromatic
protons (Hp) from phenyl boronic moieties (see Fig. 7A for the
proton label) are clearly affected. This set of aromatic protons
shows a considerable upfield shift of about 0.40 ppm along with
the simultaneous disappearance of the protons of -B(OH), at
8.19 ppm (red box).

In principle, this shift can be attributed to reversible boro-
nate esterification with diol fragments from the sorbitol due to
the appearance of the negative charge on the boron atom. The

RSC Adv, 2023, 13, 32185-32198 | 32191
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Fig. 6 Emission decay profiles of aqueous solutions of 11 in the
absence and presence of 12 equiv. of sorbitol at pH = 7.4.

signals of the rest of the protons of 11 are practically unaffected.
The sorbitol signals (orange box, Fig. 7A) in the titration
broaden over time, possibly due to deuterium exchange with the
solvent.

The change of hybridization of the B atoms in 11 from
neutral trigonal-sp> boronic acid to anionic tetrahedral-sp®
boronate generated by esterification with sorbitol was observed
by ''B NMR experiments in CD;0D-D,0 (Fig. 7B).

Upon the addition of 12 equiv. of sorbitol to a solution of 11
(5 mM) the initial signal for sp>-B atom at 26.1 ppm disappeared
and a new broadened signal at 10.2 ppm arose for sp*>-B atom. At
r.t. (298 K), it was difficult to see the broadened signal of sp>-B
atom; however, at a low temperature of 233 K the signal can be
clearly observed as is shown in Fig. 7B (bottom). This change in
the chemical shift (A9 = 16 ppm) of the ''B NMR signals is
characteristic of the formation of boronate complex with
diols.****

Electrospray ionization (ESI) mass spectrometry has been
used to study boronic acid-diol complexation.*” Next, high-
resolution electrospray mass experiments were carried out in
the positive mode with solutions of compound 11 in the
absence and presence of sorbitol in aqueous methanol. Fig. 8A
shows the ESI-MS spectrum of free compound 11, one charged
state at m/z = 770.17943, for the monocationic [R + Br]" (R = the
dicationic receptor 11) is clearly observed and isotopically
resolved. The signals separated by 1.0 unit match perfectly the
theoretical isotopic distribution.
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A | ’ Ho®~on AP ST iy bt Ay
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Fig.7 (A) Partial *H NMR spectra (300 MHz, 298 K) of 11 (2.0 mM) in the absence and presence of increasing amounts of sorbitol (0, 2.0 and 4.0
equiv.). (B) B NMR spectra (160.5 MHz) of 11 (5 mM) in the absence and presence of 12 equiv. of sorbitol in CDsOD-D,O at different

temperatures (298 and 233 K).
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Table 3 Theoretical and observed m/z values for ESI-HRMS peaks for 11 in the presence of sorbitol (R is the dication receptor 11,

CsoH33B2N506")

Species Formula Theoretical Observed
14 [R(sorbitol)(H,0),_ + H]" C45H35B,N;0g" 798.29010 798.290702
15 [R(sorbitol)(H,0),_ + Br]" C45H39B,N;OgBr* 878.21626 878.217742
16 [R(sorbitol)(H,0), (OH), + K] C45H,0BoN501 K" 912.28584 912.285400

Fig. S211 shows the whole ESI-MS spectrum of the mixture 11
with sorbitol; the base peak at m/z = 798.2907 corresponds to one
charged species for 1 : 1 complex with formula [R(sorbitol)(H,O),
+ HJ" by exact mass and perfect coincidence with the theoretical
isotopic distribution (see Fig. 8B and Table 3 entry 1). This signal
has the multiplicity expected for a species containing two sp’
boronate groups and one sorbitol molecule with the elimination
of four water molecules evidencing the formation of four ester
bonds. Eliminating four water molecules is only possible if both
groups of boronic acid participate. This species contains two
boronate groups that balance the positive charges of the quino-
linjum rings, therefore, it is neutral and undetectable by MS.
However, it can easily be cationized by trapping H'. Since the most
abundant species detected by HRMS only contain one sorbitol
molecule, the only possibility is the formation of a sorbitol chelate
complex, which should has the chemical structure 14.

Two less abundant one-charged species are also seen at m/z
= 878.2177 and m/z = 912.2854 (see Table 3, entries 2-3). The
first species matches [R(sorbitol)(H,0),_ + Br]" involving one
sorbitol bound two trigonal sp” boronic groups through four
ester bonds, the one charge and mass are consistent for the
presence of a Br~ anion; this complex should have structure 15.

The species at m/z = 912.2854 corresponds to
[R(sorbitol)(H,0),_(OH), + K]" with one sorbitol bound two
anionic hydroxo sp®-boronate complexes, which are formed by
the addition of a hydroxyl anion and four ester bounds as is
shown in 16.

All the species detected by masses correspond to a 1:1
complex with a chelate binding mode, which could explain the
tight affinity to sorbitol (Scheme 3).

The assignments of signals of all species observed containing
the dicationic compound 11-sorbitol complex along with their
exact experimental/calculated masses are shown in Table 3.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Considering the results of pH titration and the most intense
peak from HRMS the species 14 involving chelated sp®>-boronate
esters seems more plausible.

DFT calculations

To gain further insights into the recognition mode of 11 toward
sorbitol, DFT calculations were performed for the species 14.
The geometry was optimized at the wB97X-D/LANL2DZ level of
theory with water as an implicit solvent under the SMD
continuum solvation model. The complex showed positive
vibrational frequencies which indicates the presence of
a minimum on the potential energy surface, and therefore it
represents a physically accessible conformation. Sorbitol coor-
dinates three ~OH groups for each boronic acid as is shown in
Fig. 9.

It is noteworthy that the calculated B---B distance for the
optimized macrocycle resulted from the 1:1 complex is 5.53 A
which is very close to 5.30 A experimental value.

Discussion affinity towards sorbitol by recent boronic acids-
based receptors

Table 4 collects apparent binding constants of sorbitol
complexes for recent mono and diboronic receptors. An
analysis of these binding data shows that receptor 11 has an
affinity one to two orders of magnitude higher than that re-
ported for PBA (Table 2 and Fig. 5), as well as monoboronic
acid receptors 1, 6 and 7 in water at pH = 7.4. This tight
affinity can be assigned to the stronger Lewis acidity of dica-
tionic 11 involving a pK, value ~6.6 compared to pK, = 8.8 of
PBA or pK, > 7.0 of 6-7.

The neutral diboronic acid receptors 1, 2 and 4 based on
amine dyes possess considerably lower affinities than receptor

RSC Adv, 2023, 13, 32185-32198 | 32193
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Fig. 9 DFT optimized structure at the wB97XD/LANL2DZ level of
theory for compound 14.

Table 4 Apparent binding constants (M%) of sorbitol complexes with
mono- and diboronic receptors in agueous media at different pH
values

Receptor KM-1) Media Ref.

1 340 pH = 8.0; H,0/MeOH 38

2 1060 pH = 7.4; H,0/MeOH 39

3 11300 pH = 8.0; H,0/MeOH 40

4 570 pH = 7.4; H,0/DMSO 41

5 10900 pH = 9.0; H,O/DMSO 32

6 140 pH = 7.4; H,0 42

7 4560 pH = 7.4; H,O 43

8 6800 pH = 7.4; H,0/MeOH 47

11 31800 pH = 7.4, H,0 This work

11, despite being studied in less competitive media such as
aqueous mixtures with organic co-solvents. Neutral diboronic
receptors 3 and 5 based on amine and quinoline, respectively,
show close behavior to 11 but in basic conditions and in
aqueous organic mixtures. The isomer 8, recently reported by
us, has an affinity three times lower than 12 despite having
similar values to pK,.

This effect probably reflects a cooperative chelating
complexation with the participation of both boronic acids in 11;
it is not unexpected because the distance B---B in 11 is less (~2

32194 | RSC Adv, 2023, 13, 32185-32198

A) than that observed in the crystal of isomer 8. The dicationic
nature and acidity of the boronic acids in 11 make this
compound useful for optical recognition of sorbitol at physio-
logical pH.

The reduction of the pK, value of phenylboronic acids is
critical to achieving higher performance of receptor 11 in
aqueous phase; however, other structural features are also
significant such as the inclusion of two-point recognition, the
preorganization of binding sites, and rigidity of bisquinolinium
pyridine-2,6-dicarboxamide scaffold.®

Conclusions

We have introduced a new fluorescent cationic diboronic acid-
based receptor 11 for the optical recognition of sugars with
hydrostability, photostability, and strong ability for sorbitol
optical sensing in micromolar concentration range in pure
water at physiological pH. Under these conditions, the addition
of sorbitol exhibits an efficient and fast quenching response of
11 with pronounced affinity (K = 31800 M~ ") and selectivity
over other common saccharides such as fructose, mannitol,
glucose, lactose and sucrose. In terms of reactivity and chemical
structure, diboronic receptor 11 possesses two strongly acidified
boronic groups, with pK, = 6.6, oriented towards the same
plane with a proximity B---B of 5.3 A as evidenced by its X-ray
crystal structure. Lifetime measurements and fluorescence
spectroscopy display that the quenching process could be
explained as a static complexation PET mechanism. 'H, "'B
NMR spectroscopy, HRMS measurements and DFT calculations
show that sorbitol is efficiently bound to 11 in a 1:1 model
involving a chelating sp® boronate-diol complexation.

The Log of the apparent binding constants for 11 with the
studied saccharides correlates linearly with the Log of binding
constants with simple phenylboronic acid; except for sorbitol
which shows a strong positive deviation due to the chelating
binding mode.

Among all the boronic acid receptors reported for sorbitol in
aqueous media, diboronic 11 has the highest affinity.

Overall, these results further highlight the use of a new
chemical approach of water-soluble diboronic acid receptors
based on a cationic bisquinolinium pyridine-2,6-dicarboxamide
scaffold with analytical applications for the fluorescent sensing
of saccharides in aqueous media.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Experimental section

Bromide salts of 11-13 were prepared according to modified
procedures reported previously.*”** The detailed procedure of
intermediaries 9-10 and bromide salt of 12, previously reported
by us, is described in the ESL¥

Synthesis of 3,3’-((pyridine-2,6-dicarbonyl)bis(azanediyl))
bis(1-(3-boronobenzyl)quinolin-1-ium) dibromide, 11

The compound 9 (100.0 mg, 0.24 mmol) was dissolved in 5 mL
of anhydrous DMF. Then, 2.2 equiv. of 3-(bromomethyl)-
phenylboronic acid (90% purity, 125.2 mg, 0.52 mmol) were
added and stirred for 24 h at r. t. under an N, atmosphere. A
yellow sticky precipitate was obtained, and 1.0 mL of anhydrous
DMF was added. The mixture was slurred for 2 h. Subsequently,
12.0 mL of ethyl acetate was added and stirred vigorously for
30 min, then cooled in an ice bath. The pale-yellow solid was
isolated by vacuum filtration and washed with a 5.0 mL portion
of a DMF/ethyl acetate mixture (1 : 4), and with 10 mL of diethyl
ether. The solid was placed in a flask and 11 was extracted with
40 mL of deionized water. The volatiles were removed in a rotary
evaporator at NMT 50 °C and the almost white solid was dried
under reduced pressure to obtain the bromide salt of 11 (73%,
147.8 mg). Single crystals for X-ray diffraction analysis were
obtained as sulfate salt by slow evaporation from a mixture of
H,0-DMSO (v/v, 99/1).

"H NMR (300 MHz, 298 K, DMSO-de); 3 11.61 (8, 2H, NH(amide)),
9.62 (d, *Juu = 5.7 Hz, 2H, Hj), 9.22 (JJuy = 8.7 Hz, 2H, Hy,), 8.61-
8.50 (m, 6H, H; p, 1) 8.41 (m, 1H, H,) 8.30 (pseudo-t, *jyy =
6.9 Hz, 2H, Hy,), 8.19 (broad-s, 4H, BOH), 7.78 (d, *Juy = 7.2 Hz,
2H, H,), 7.68 (s, 2H, Hp), 7.48 (d, Juu = 7.5 Hz, 2H, Hy), 7.40 (t,
*Jun = 7.5 Hz, 2H, Hy), 6.37 (s, 4H, CH,). "*C{'"H} NMR (100 MHz,
298 K, DMSO-de); & 163.1 (carbonyl-Cy), 149.2 (C;), 148.5 (C.),
148.0 (Cy), 142.0 (C,), 139.4 (Ce), 135.6 (Cy), 135.3 (Cy), 135.0 (Cy),
133.5 (Co), 132.9 (Cp), 131.7 (Cy), 130.6 (Cy), 129.6 (Cy), 128.9 (Cy)
126.6 (Cyy), 123.4 (Cp,), 120.8 (Cy), 118.5 (Cy), 60.7 (methylene-C,,)
"B NMR (160.5 MHz, 298 K, CD;OD) & 27.4 (broad signal);
HRMS-ESI' (m/z): calculated for [C3oH33B,N5O6Br]": 768.179484,
found: 768.179957. ATR-IR (cm'): 3218br, 1546s, 1378s, 1333s,
771m and 714m. Anal calcd. for C39H33B,Br,N50¢: C, 55.16; H,
3.92; N, 8.25. Found: C, 55.11; H, 3.98; N, 8.20.

)

)

Synthesis of 6-benzamido-1-(3-boronobenzyl)quinolin-1-ium
bromide, 13

Compound 10 (100.0 mg, 0.40 mmol) was dissolved in 4.0 mL of
anhydrous DMF. Then, 1.1 equiv. of 3-(bromomethyl)-
phenylboronic acid (90% purity, 105.8 mg, 0.44 mmol) were
added and stirred for 16 h. at r. t. under an N, atmosphere. The
reaction turned yellow instantly, and that color was retained
throughout the reaction time. The volume of the yellow solution
was halved under vacuum at 40 °C in a rotary evaporator.
Subsequently, 10 mL of cold ethyl acetate was added, forming
a slurring precipitate at low temperature (ice bath) for 2 h. This
precipitate was isolated by vacuum filtration and washed twice
with cold ethyl acetate and diethyl ether at r. t. The yellow solid
was dried under reduced pressure to obtain the bromide salt of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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13 (91% mg). Anal caled. for C,3H,(BBrN,O;: C, 56.65; H,
4.35; N, 6.05. Found: C, 56.47; H, 4.48; N, 6.0.

'H NMR (400 MHz, 298 K, D,0/CD;CN); 5 9.17 (dd, ¥y =
6.0 Hz, “Jyy = 1.6 Hz, 1H), 9.97 (d, *Ju; = 8.4 Hz, 1H), 8.59 (d,
*uu = 2.4 Hz, 1H), 8.23 (d, *Jun = 9.6 Hz, 1H), 8.15 (dd, ¥Jun =
9.6 Hz, *Jyy = 2.4 Hz, 1H), 7.97 (dd, *Jyy = 8.4 Hz, *Jyy = 6.0 Hz,
1H), 7.76 (d, *Jun = 6.8 Hz, 2H), 7.69 (d, *Juy = 6.8 Hz, 1H), 7.61
(s, 1H), 7.49 (t, *Juu = 7.4 Hz, 1H), 7.41-7.36 (m, 4H), 6.11 (s, 2H).
3C{*H} NMR (100.6 MHz, 298 K, DMSO-dy); 3 169.4, 148.8, 148.6,
140.1, 135.8,135.6, 134.0, 133.7, 133.4, 133.2, 132.1, 130.9, 130.6,
129.9, 129.7, 128.5, 123.4, 120.6, 119.6, 62.0; *'B NMR (160 MHz,
297 K, CD;OD); 3 28.6; HRMS-ESI' (m/z): calculated for
[C23H20BN,05]" 383.15615, found 383.15663. ATR-IR v (cm™):
3354br, 1667m, 1548s, 1357s, 1330s, 1257s, 7055 and 637m.

Crystallographic investigations. The relevant details of
crystal 11-SO,, data collection and structure refinement can be
found in Table S1.T Data collection for sulfate salt of 11-SO, was
performed at 273 K using MK, radiation (0.71073 A) on
a Bruker APEX II CCD from an Incoatec ImusS source and Helios
optic monochromator.® Suitable crystal was coated with
hydrocarbon oil, picked up with a nylon loop, and mounted on
the cold nitrogen stream of the diffractometer. The structures
were solved by direct methods®* and refined by full-matrix least-
squares on F* using the shelXle GUL**®

The hydrogen atoms of the C-H bonds were placed in
idealized positions whereas the hydrogen atoms from the N-H
and O-H moieties were localized from the difference electron
density map and their position was refined with Ui, tied to the
parent atom with distance restraints (DFIX).

Compound 11-SO4 presents positional disorder in DMSO
solvent in two positions whit a ratio 95/5. The model of two
positions was refined using geometry (SAME) and Uj; restraints
(SIMU, RIGU) implemented in SHELXL. The occupancy of two
molecules of water was refined with free variables shown
occupancy of 71% and 49% respectively. The molecular
graphics were prepared using OLEX.®” Crystallographic data for
crystal structure has been deposited with the Cambridge Crys-
tallographic Data Centre no 2281178.1 X-ray crystallographic
data in CIF format are available in ESL T

Fluorimetric titrations. Titration experiments were per-
formed by adding aliquots of stock solutions of diols to buffered
aqueous solutions (10 mM MOPS at pH 7.4) of bromide salts of
11-13 (20 pM). After adding the concentrated solution of diols,
the solution was stirred for 1.0 min. at r. t. to achieve equilib-
rium before recording the emission spectrum (A.x = 350 nm for
11-12, Ao, = 325 for 13 and 650 V for all cases) using a quartz
cuvette. Lifetimes were measured according to the procedure
reported in the ref. 60 Instrumental and experimental details
are described in the ESL}

NMR spectroscopy studies. 'H-NMR titration experiment
was carried out by adding increasing amounts of sorbitol (0-4.0
equiv.) to a solution of 11 (2 mM) in DMSO-ds. After each
sorbitol addition, the sample was sonicated for 1.0 min and
spectra were recorded on a 300 MHz spectrometer at 298 K. B
NMR spectra of 11 (4.0 mM) with 12 equiv. of sorbitol were
obtained in CD;OD-D,O at r. t. and subsequently at lower
temperatures (233 K; 160.5 MHz) in a quartz NMR tube.
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