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Selective recognition of fructosyl amino acids in water by arylboronic acid-based receptors is a central
field of modern supramolecular chemistry that impacts biological and medicinal chemistry. Fructosyl
valine (FV) and fructosyl glycyl histidine (FGH) occur as N-terminal moieties of human glycated hemo-
globin; therefore, the molecular design of biomimetic receptors is an attractive, but very challenging goal.
Herein, we report three novel cationic Zn-terpyridine complexes bearing a fluorescent N-quinolinium
nucleus covalently linked to three different isomers of strongly acidified phenylboronic acids (ortho-, 2Zn;
meta-, 3Zn and para-, 4Zn) for the optical recognition of FV, FGH and comparative analytes (p-fructose,
Gly, Val and His) in pure water at physiological pH. The complexes were designed to act as fluorescent
receptors using a cooperative action of boric acid and a metal chelate. Complex 3Zn was found to display
the most acidic —B(OH), group (pK, = 6.98) and exceptionally tight affinity for FV (K = 1.43 x 10° M7}
with a strong quenching analytical response in the micromolar concentration range. The addition of fruc-
tose and the other amino acids only induced moderate optical changes. On the basis of several spectro-
scopic tools (*H, *B NMR, UV-Vis, and fluorescence titrations), ES| mass spectrometry, X-ray crystal struc-
ture, and DFT calculations, the interaction mode between 3Zn and FV is proposed in a 1: 1 model through
a cooperative two-point recognition involving a sp® boronate—diol esterification with simultaneous
coordination bonding of the carboxylate group of Val to the Zn atom. Fluorescence quenching is attribu-
ted to a static complexation photoinduced electron transfer mechanism as evidenced by lifetime experi-
ments. The addition of FGH to 3Zn notably enhanced its emission intensity with micromolar affinity, but
with a lower apparent binding constant than that observed for FV. FGH interacts with 3Zn through boro-
nate—diol complexation and coordination of the imidazole ring of His. DFT-optimized structures of com-
plexes 3Zn—-FV and 3Zn-FGH show a picture of binding which shows that the Zn-complex has a suitable
(B---Zn) distance to the two-point recognition with these analytes. Molecular recognition of fructosyl
amino acids by transition-metal-based receptors has not been explored until now.

Introduction

The development of selective boronic acid-based receptors for
glyco-amino acids related to glycated hemoglobin (HbAlc)
such as fructosyl r-valine (FV) and fructosyl-valyl-histidine
(FVH) remains a challenge in modern supramolecular chem-
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X-ray crystallographic data, 'H, *C, "B NMR spectra for all compounds and
UV-Vis and fluorescence titration experiments. CCDC 2279289 and 2279290. For
ESI and crystallographic data in CIF or other electronic format see DOI: https:/
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istry and analytical sciences due to their potential application
in sensing, separation, development of new concepts of glyco-
peptides recognition,"™ as well as the diagnosis of sugar-
related diseases and medicinal chemistry.®”

FV occurs as an N-terminal unit of human HbAlc inside
B-subunits (fructosyl-Val-His-Leu-Thr...)*° and typically serves

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/dalton
http://orcid.org/0000-0001-9898-7496
http://orcid.org/0000-0002-0689-8806
http://orcid.org/0000-0002-3588-5836
http://orcid.org/0000-0003-0357-6454
http://orcid.org/0000-0003-0554-7569
http://orcid.org/0000-0002-1525-8966
http://orcid.org/0000-0002-7056-4237
https://doi.org/10.1039/d4dt00260a
https://doi.org/10.1039/d4dt00260a
https://doi.org/10.1039/d4dt00260a
http://crossmark.crossref.org/dialog/?doi=10.1039/d4dt00260a&domain=pdf&date_stamp=2024-05-15
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4dt00260a
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT053020

Open Access Article. Published on 24 April 2024. Downloaded on 9/18/2024 4:57:34 PM.

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

(cc)

Dalton Transactions

as a target test molecular moiety and chemical model to
mimic the diagnosis of type 2 diabetes mellitus."'*'" To date,
an overwhelming majority of FV and related fructosyl amino
acid detection methods are based on chromatography separ-

ation-mass spectrometry,’®'*> mutant proteins,”® electro-
chemical  biosensors,>®'*™® and  Pt/Au-amperometric
nanomaterials>®'%?® that contain the fructosyl amino-acid

oxidase. These enzymatic assay systems still suffer from some
drawbacks such as multiple steps for their construction, long
analysis times and the requirement for specialized labs.
Additionally, FV sensing can be achieved by non-enzymatic
systems using boronic acid-appended redox active species such
as Au/C-electrodes functionalized with thiophene-boronic
acid,?! ferrocenylboronic acid,**** and vinylphenylboronate-
polymers®* where the FV recognition is driven by the for-
mation of an sp’-boronated ester with a sugar moiety. It is well
known that simple phenylboronic acid (PBA) has a higher
affinity for catechol fragments, open-chain polyols and anionic
species than for fructose in water (binding constant K = 160
M™1);** therefore, these boronic acid-based materials are not
particularly selective and interference from biogenic catechol-
amines, phosphorylated anions, dicarboxylates, and sorbitol/
mannitol can be a problem.?®*' Furthermore, this affinity of
PBA towards fructose is suitable to recognize/sense FV in the
millimolar concentration range, but not lower, which is highly
desired for its intended applications.

While the need for selective optical receptors for FV and
FVH is evident, to the best of our knowledge, fluorescent mole-
cular receptors for their quantification have not yet been
developed.

Among different saccharide recognition techniques, fluo-
rescence is particularly desired due to its known high sensi-
tivity, quick and direct analytical response.*?

Arylboronic acids can form reversible covalent bonds with
1,2-diols in basic aqueous media®*® where the binding strength
of boronic acid-1,2-diol ester depends on the orientation of
the analyte’s vicinal hydroxyl groups,®® the acidity of the
boronic acid,®® and the influence of substituent groups to
stabilize the sp’-boronate ester.”® In the last few decades,
phenylboronic acid fluorophores have been demonstrated to
be an outstanding tool for recognizing and sensing monosac-
charides,*® catechol-based neurotransmitters,®” nucleotides,>®
sialic acid,*® glucosamine,*® ginsenosides,*' glycated hemo-
globin,> and in general, 1,2-dihydroxy-substituted
derivatives.*>** However, the recognition of fructosyl amino
acids (Amadori products)** remains largely unexplored. In
principle, it should be possible to have a selective optical
chemosensor for FV by using a fluorescent receptor with mul-
tiple and high-affinity binding sites for FV or target derivatives.

On the other hand, reports in the context of coordination
chemistry have shown that Zn(u)-terpyridine complexes are
effective binding motifs for carboxylate anions and imidazole
fragments®® via direct coordination due to their versatile
coordination number and strong Lewis acidity of the Zn
atom.*®>*” There is only one report in the literature showing
that FV and some Amadori products, such as fructosyl-glycine
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(FG), can bind divalent transition metal ions (e.g. Cu(u), Ni(u))
with an affinity of about 10> M~ in water.**

In this study, we have designed and prepared three novel
cationic luminescent Zn-terpyridine complex-based receptors
bearing a strongly acidified phenylboronic acid to bind
through cooperative two sites to FV or fructosyl-Gly-His (FGH)
which is a chemical model of the sequence fructosyl-Val-His
from HbA1lc with the same terminal residues.’ FV is the most
common chemical model of HbAlc used in detection/reco-
gnition studies and clinical diagnostics.> However, there is
recent interest in cooperatively recognizing fructose and histi-
dine residues to improve the specificity of sensors.>*® In this
work, for the first time, we explored developing a fluorescent
receptor functional for FV and FGH through cooperative two-
point recognition that includes a coordination bond and a
covalent boronate-diol bond.

The baseline expectation for these Zn-receptors is that
phenylboronic acid can form stable complexes with the fructo-
syl motif and the Zn(r) atom can interact with the carboxylate
group from valine (FV) or the imidazole ring from histidine
(FGH). The results obtained for a series of fluorescent Zn-ter-
pyridine-4'-quinolinium complexes bearing three different
isomers of boronic acids, including synthesis, crystal struc-
tures, acid-base properties, spectroscopic recognition and
theoretical DFT calculations are summarized below.

Results and discussion
Synthesis and crystal structure

For these investigations, three isomers 2Zn, 3Zn and 4Zn invol-
ving two Lewis acids of different nature (B and Zn atoms) as
binding sites for fructosyl-amino acids were successfully pre-
pared by the three-step path described in Scheme 1. The syn-
thesis was initiated with the preparation of a terpyridine
bearing a quinoline moiety at position 4’ of the central pyri-
dine ring by the Krohnke reaction to give 1, and subsequent
treatment with the corresponding isomer of (bromo-methyl)
phenylboronic acid in dry CH3CN under a N, atmosphere to
afford the cationic ligands (L), 2-4. These ligands were charac-
terized by 'H and *C NMR spectroscopy, ESI-MS (+) and
ATR-IR. The expected number of NMR signals and MS peak of
these ligands were consistent with their structures (Fig. S1-
S157t). For comparative purposes, ligand 5, which lacks boronic
acid, was synthesized via the same synthetic route and charac-
terized (Fig. S16-S19%), using benzyl bromide instead of a
(bromo-methyl)phenylboronic acid. The Zn-complexes were
obtained upon direct complexation with 1.1 equiv. of
ZnBr,-2H,0 in CH;CN-EtOH at r.t. In all cases, the bromide
salts of Zn-complexes were obtained as pink pale crystalline
powders and were pure according to 'H, 'B, and *C NMR
spectroscopy (Fig. S20-S37%), ESI-MS and elemental analysis
(C, H, N). One charged state for the three isomers 2Zn, 3Zn
and 4Zn, monoanionic species at m/z = 880.81, corresponding
to {[ZnL]** + 4Br}, was clearly observed and isotopically
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Scheme 1 Synthesis of Zn(i)-complexes-based fluorescent receptor used in this work.

resolved from their respective analysis by a negative scan of
ESI (Fig. S23, S29 and S337).

The ''B NMR spectra of the three isomeric Zn-complexes in
CD;0OD-DMSO-ds displayed only one signal at ~27 ppm
(Fig. S22, S27 and S321). This value corresponds to the sp’-
hybridized trigonal boron atom, however, this signal is upfield
shifted compared to simple neutral PBA (5 = 30 ppm).*® As we
have recently shown, this upfield shift of the signal in ''B
NMR can be the result of the strong acidification of the phenyl-
boronic groups by the delocalized positive charge on the qui-
nolinium ring.>° Along this line, Lakowicz has previously
reported strong acidification of phenylboronic acids when co-
valently linked to 6-methoxyquinolinium nuclei.>*

X-ray crystal structures were obtained for the hydrated
bromide salts of 3Zn and 5Zn. Fig. 1 shows a perspective view
of these molecules. Tables S1-S31 contain the crystallographic
data and parameters of hydrogen bonds within the crystal
packing of these complexes.

X-ray structural analysis of 3Zn confirms the presence of
sp’>-hybridized boronic acid and a trigonal planar geometry
(X 4(X-B-X) = 359.99°) which is consistent with its "'B NMR
spectrum in solution. The angle between the -B(OH), plane
and the phenyl ring is 46.55°. The -B(OH), group is stabilized
by a Br™ anion and a water molecule through hydrogen bonds
(the parameters of hydrogen bonds are compiled in
Table S21). The structural analysis showed that the Zn(u)
atoms in 3Zn and 5Zn have a distorted square-pyramidal geo-
metry with a [ZnN;Br,] coordination sphere. For both crystals,
the rings of central pyridine (terpy) and quinoline are signifi-
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cantly out of coplanarity. The angles are 63.25° and 58.42° for
3Zn and 5Zn, respectively. The distortion in the coplanarity
between these rings seems to be primarily an electronic rather
than steric effect.”>

A review of the crystal packings of 3Zn and 5Zn reveals the
presence of strong =---m stacking interactions between central
and external pyridine rings (Fig. 2).

Optical and acid-base properties

The bromide salts of cationic complexes 2Zn, 3Zn, 4Zn and
5Zn are soluble in buffered water at pH = 7.4 (10 mM MOPS)
and follow very well the Lambert-Beer law up to 100 pM by
fluorescence spectroscopy; thus, these conditions were used
for further spectroscopic studies. The absorption and fluo-
rescence maxima of all Zn-complexes at physiological pH are
compiled in Table 1. The blue emission at ~450 nm in these
quinolinium-based compounds is typically attributed to intra-
molecular charge transfers (ICTs) in the excited state.>

The acid-base properties of Zn-complexes were explored by
fluorimetric pH-titration experiments. Fig. 3A shows the family
of fluorescence spectra of 3Zn at different pH values and its
inset illustrates the fitting of the profile at a single wavelength
vs. pH to the theoretical equation (see Fig. S461 for fluo-
rescence spectra—pH of 2Zn and 4Zn).

The pH-profiles of fluorescence intensity at 450 nm for the
three isomers and their pK, values are shown in Fig. 3B and
Table 2. The pK, values estimated for the -B(OH), group in
2Zn and 3Zn are close to 7.0. This finding is relevant to our
objectives because it reveals that the boronic acid groups are

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 ORTEP diagrams at 50% of probability for bromide salts of 3Zn and 5Zn. B-O-H---Br~, B-O—-H-:-O and O—H---O hydrogen bonds for 3Zn are
shown as dashed lines. For complex 5Zn, three independent molecules were observed in the unit cell (only one of which is shown). Additional
solvent molecules and the tetrabromozincate counterion were omitted for clarity.

3Zn

57Zn

Fig. 2 Crystal packing diagrams of complexes 3Zn and 5Zn. The intermolecular =---n distances (3.547(5)-3.608(6) A, orange dashed lines) for 3Zn
and (3.592(4) A) for 5Zn were measured between the centroids of the aromatic rings.

Table 1 Absorption and emission (lex = 330 nm) maxima (nm) of Zn-
complexes in water at pH = 7.40 and pKj, values estimated from fluori-
metric titration experiments

Fluorimetric

Complex Aabs (log €) Aem titration, pK,
2Zn 278 (4.21); 285 (4.24); 330 (4.19) 446  7.09 + 0.02
3Zn 279 (4.14); 286 (4.20); 329 (4.08) 450 6.98 +0.03
4Zn 278 (4.13); 285 (4.09); 329 (4.02) 445  7.40 = 0.04

in their sp® anionic sugar bond form at pH = 7.40, enabling
the fructosyl recognition under “physiological” conditions.
The calculated pK, values for 2Zn (pK, = 7.09) and 3Zn (pK,
= 6.98) are lower than those reported for free phenylboronic
acid (pK, = 8.8)*° and for typical boronic acid-based receptors

This journal is © The Royal Society of Chemistry 2024

for fructose that contain viologen or fluorene motifs.>**>>*

This fact is not unexpected because it is well known that the
cationic nature of the quinolinium ring covalently appended
to boronic acid reduces the pK, values up to two orders of
magnitude.*>”"3

On the other hand, very low pK, values ranging from 6.70 to
7.90 have been reported previously for quinolinium®“*> and
isoquinolinium®® nuclei-bearing isomers (ortho, meta) of
phenylboronic acids. These values are consistent with those
estimated for 2Zn and 3Zn.

Table 2 compiles the pK, results obtained from fluo-
rescence spectroscopy of 2Zn, 3Zn and 4Zn and for compari-
son, lists pK, values found in the literature for related com-
pounds containing a boronic acid-substituted benzyl pyridi-
nium or benzyl quinolinium motif (see Fig. 4).

Dalton Trans., 2024, 53, 8692-8708 | 8695
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Fig. 3 (A) Fluorescence spectra of 3Zn (20 pM) in buffered aqueous solution (1ex = 330 nm) at different pH values. (B) The observed pH-titration

profiles at the emission maximum of each Zn-complex.

Table 2 Comparison of pK, values for 2Zn, 3Zn and 4Zn determined via fluorescence with literature values reported for structurally similar (Fig. 4)

derivatives 6—8

Literature values

Complex PK, fluorescence Ref. 49 Ref. 51 Ref. 55

2Zn 7.09 8.80 (6-ortho) 7.90 (7-ortho) 6.70 (8-ortho)
3Zn 6.98 7.80 (6-meta) 7.70 (7-meta) 7.55 (8-meta)
4Zn 7.40 8.10 (6-para) 7.90 (7-para) 7.80 (8-para)

An inspection of these data indicates that, in general, the
PK, values of the meta and ortho isomers tend to be lower,
between 0.2 and 1.1 units, as compared to the para isomer.
This trend is also observed in our Zn-complexes.

Typically, this effect is ascribed to the fact that the quatern-
ary nitrogen of the quinolinium moiety not only reduces the
pK. of the boronic acids by an electron-withdrawing inductive
effect, but also electrostatically stabilizes the sp>-boronate
anion formed.*>*"** Therefore, the pK, value of the para
isomer is expected to be higher due to the greater distance
between the -B(OH), group and the quinolinium ring com-

pared to ortho or meta isomers, as observed in the value of 4Zn
and with a different set of isomers in Table 2.

It is noteworthy that if the pK, were driven simply by inter-
action-induced stabilization and the distance between the qui-
nolinium and the sp®-boronate anion formed as commonly
described, one would expect the ortho isomer to always be the
more acidic species; however, the data in Table 2 for 6 and 7
and the values of our complexes show that the meta isomer is
slightly more acidic. Therefore, other side effects that stabilize
the boronate anion cannot be ruled out as a steric effect which
can be considerable, particularly for the ortho isomer.

OH
- : 3 z
HO™ 93X\ Q\ |
= = — -OH B OH
\ \]?,OH
OH
6-0rtho 7-ortho 8-ortho
6-meta T-meta 8-meta
6-para T-para 8-para

Fig. 4 Structure of compounds 6,*° 75! and 8> containing a boronic acid-substituted benzyl pyridinium or quinolinium fragment for which pK,

values have been previously reported (Table 2).
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Fig. 5 (A) B NMR spectra (96 MHz, 25 °C) of 3Zn (2.0 mM) in the absence and presence of 15.0 equiv. of FV or FGH in CDsOD-DMSO-dg (4:1,
v/v). (B) Partial *H NMR (300 MHz, 25 °C) spectra of free FGH (3.0 mM) + 3Zn (0, 0.5, 1.0, and 2.0 equiv.) and spectrum of free 3Zn (3.0 mM) in D,O—
DMSO-dg (8: 2, v/v). Positive scan ESI-MS spectrum in HO-CHzOH (1:1, v/v) solution containing 3Zn + 3.0 equiv. of FV (C) and H,O-EtOH (1:1,
v/v) of 3Zn + FGH (D). Inset: calculated isotopic distribution for monocationic 1: 1 supramolecular complexes.

Fructosyl amino acid binding studies

Taking advantage of the fact that the 3Zn complex possesses
the most acidic -B(OH), group (pK, = 6.98), this compound
was studied as a model receptor for FV and FGH by different
spectroscopic experiments. The first evidence for the high
affinity of 3Zn for these two fructosyl amino acids was
obtained by ''B and '"H NMR measurements. Fig. 5A illustrates
the experiments of 3Zn with FV and FGH monitored by "'B
NMR spectroscopy. Upon the addition of 15 equiv. of FV to a
solution of 3Zn (2.0 mM) the initial signal for the sp>-B atom
at 28.01 ppm disappeared and a new broadened signal at
9.40 ppm arose for the sp>-B atom. A similar "B NMR
response was observed with FGH. This chemical shift (AS =
18.61 ppm for FV and 18.47 ppm for FGH) of the ''B NMR
signals is characteristic of the formation of an sp*-boronate
complex with sugars.*®® Thus, the shift in ''B NMR signals
from sp®-B to sp>-B confirms the binding of the fructosyl moi-

This journal is © The Royal Society of Chemistry 2024

eties for both analytes to the 3Zn complex through the for-
mation of a boronate ester.

Particularly, for the case of FGH, we investigated the poten-
tial coordination of the imidazole ring of His with the Zn(u)
center by a 'H NMR titration experiment in D,0-DMSO-ds.
The addition of 3Zn (0-2.0 equiv.) to the solution of FGH
(3.0 mM) induces a notable downfield shift (A5 = 0.31 ppm) of
the e1-proton corresponding to the imidazole ring as is shown
in Fig. 5B. The downfield shift can be assigned to the effective
coordination of the imidazole ring to the Zn(u) center. This
metal binding to the heterocycle is not unexpected because
the Ne2-atom of imidazole is undoubtedly the strongest
bonding donor atom due to its high basicity and a favorable
electrostatic potential as is evidenced by the great occurrence
of this coordination bond (Zn-Ne2) in Zn-histidine complexes
and Zn-proteins by NMR spectroscopic studies.’”

Furthermore, a comparison between the "H NMR spectra of
free 3Zn and FGH + 3Zn shows that only the aromatic H13-16

Dalton Trans., 2024, 53, 8692-8708 | 8697
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protons of the phenylboronic acid ring (see Scheme 1 for num-
bering of the structure) are affected. Reversible esterification of
boronic acid with the fructosyl fragment induces an upfield
shift of ~0.22 ppm for the aromatic H13-16 protons with a
simultaneous disappearance of the signal of -B(OH), at
8.12 ppm; practically, the rest of the protons of 3Zn are not
affected.

Mass spectrometry has been used in the past to study boro-
nate-diol complexes.?> The mass spectra of 3Zn in the pres-
ence of 3.0 equiv. of FV or FGH obtained by a positive scan of
ESI in aqueous media showed practically one charged species
at m/z = 1046.2 and 1021.7, respectively (Fig. 5C and D).

These peaks were isotopically resolved and match very well
the theoretical distribution for the monocationic complexes
{3zn] + 2(Br)” + FV + 2(CH;OH) + H,0}' (calc.
C44H5:BBI,N5040Zn, m/z 1046.14) and {[3Zn] + Br~ + FGH + 1
(EtOH)}" (cale. C47H,;BBrNgOoZn, m/z = 1021.20) corres-
ponding to 1:1 supramolecular complexes 3Zn-FV and 3Zn-
FGH, respectively. [3Zn] species corresponds to the tricationic
Zn-complex without bromide ions. In both cases, boronate/car-
boxylate groups balance the charges.

Fluorescent chemosensing studies of fructosyl amino acids

Addition of FV, FGH, Fru, His, Gly and Val in a micromolar
concentration range to aqueous solutions of 2Zn, 3Zn and 4Zn
at pH = 7.4 induced small changes, but changes in the UV-Vis
spectra of Zn-complexes with FV and FGH were -clearly
observed. As an example, Fig. S471 shows the titration experi-
ment for 3Zn with increasing concentrations of FV (0-180 pM),
from which the apparent binding constant, K = (1.36 + 0.12) x
10° M, can be well calculated by fitting to a 1:1 model (see
inset, Fig. S47t). Three isosbestic points at 290, 310 and
344 nm were observed, which indicates that only two species
are in equilibrium (free complex 3Zn and its complexed form
with FV).

To obtain a more sensitive optical response, we tested the
affinity/sensing of 3Zn towards FV, FGH and comparative ana-
lytes (Fru, Val, Gly and His) by steady-state fluorescence spec-
troscopy in pure water.

Initially, the relative fluorescence selectivity was analyzed.
FV, FGH, Fru, Val, Gly, and His ([analyte]s,, = 100 pM) were
added to an aqueous solution (10 mM MOPS, pH = 7.4) of 3Zn
(20 pM) and the emission spectra (i = 330) was recorded
(Fig. 6A). In addition, Fig. 6B shows the emission intensity
change at 450 nm of 2Zn and 3Zn upon the addition of these
analytes. Overall, Fru, Val and Gly gave a low quenching
response Ir < 7% of its starting emission I,. The addition of FV
notably decreases the emission intensity by ca. ~29% and 52%
for 2Zn and 3Zn, respectively. This quenching effect is not
unexpected because the boronic acid fluorophores or Zn-com-
plexes typically show a complexation-induced quenching
analytical response as a result of a photoelectron transfer
(PET) mechanism when forming a boronate-diol ester’®>® or
by the coordination of carboxylates to the Zn atom.>”

In contrast, the addition of His induced a slight enhance-
ment in intensity (~10%) for both Zn-complexes. Optical reco-
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gnition of His by Zn-terpy complexes with the turn-on signal
has been previously reported®® and the fluorescence enhance-
ment was attributed to (1) the increase in the rigidity of the
system by effective coordination of the imidazole ring of His
and (2) the disappearance of any intramolecular charge trans-
fer processes in the receptor-anion complex.®® Furthermore,
the coordination of His decreases the degree of hydration of
the complex which should favor emission.*”

The addition of FGH to the buffered solution of 3Zn gener-
ated a strong enhancement fluorescence of approximately 90%
with a bathochromic effect (A1 = 12 nm) in the emission
maxima (Fig. 6B). A similar effect was observed for 2Zn but
with a smaller intensity improvement (53%) than that
observed for 3Zn.

The strong fluorescence change induced by FV and FGH
suggests that fructosyl amino acids have greater affinity than
their chemical constituents (Fru or amino acids) separately
which can be explained by a two-point cooperative recognition
which does not seem feasible for Fru or amino acids. To verify
this selectivity, we determined the binding constants for all
analytes through fluorimetric titration experiments. Fig. 7
shows the fluorimetric titrations of the most acidic complex,
3Zn with FV and FGH.

In general, the profile curves (shown in the insets) can be
well fitted to a 1:1 binding model with non-linear least-
squares treatment using eqn (1) to obtain apparent binding
constants Kszn gy = (1.43 % 0.10) x 10° and Kzzp_rgn = (1.02 +
0.07) x 10°, where Iy is the observed intensity, I, is the intensity
of free 3Zn (R), A, is the change induced by the analyte at sat-
uration, [A]y is the total concentration of the guest and X is the
apparent binding constant.

IF:

K

Afm{[R}T # o+ | (1R + W+ ,%)2—[41[R}T[A]Tr‘s}

Iy +
2[R],

(1)

The apparent complexation constant determined from fluo-
rescence matches well with the value estimated by the UV-Vis
titration (vide supra), indicating that the interaction occurs
mainly in the ground state.

The fitted fluorimetric curves to the 1:1 model for all ana-
Iytes with 2Zn and 3Zn are shown in Fig. 8A and B (see
Fig. 54871 for 4Zn). The estimated apparent binding constants
(error < 10%) are compiled in Table 3.

A detailed inspection of the results in Table 3 shows that,
indeed, tendencies in affinity constants are similar for the
most acidic and effective receptors (3Zn and 2Zn). For
example, 3Zn binds FV two or three orders of magnitude
tighter than it binds Fru or Val (<10°> M™") and 3Zn binds FGH
two orders of magnitude larger than Fru or His (~10°> M),

One can deduce that the combination of the metal coordi-
nation with boronate-diol in the meta isomer of phenylboronic
acid leads to substantial increases in the complexation
between 3Zn and FV or FGH.

This journal is © The Royal Society of Chemistry 2024
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ments. (C) Analytes used in this work.
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increasing amounts of (A) FV and (B) FGH. The inset shows the curve at 450 nm (average of triplicate experiments). The solid line was obtained by

fitting to eqn (1).

Although Val or His have potential metal binding sites (car-
boxylate/imidazole) and Fru can interact with boronic acid,
these seem to only involve the recognition of one point with
the Zn-complexes.

Reversible two-point recognition with derivatives of Zn com-
plexes bearing a phenylboronic acid has been used in binding

This journal is © The Royal Society of Chemistry 2024

flexible biological polyol-appended carboxylic acids such as
sialic acid*® and uronic acid.®*

To support the two-point recognition mechanism we esti-
mated the affinity constant of FV and FGH towards the refer-
ence compound 5Zn which lacks boronic acid under the same
conditions (Fig. 8C and D). In both cases, the affinity and
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Table 3 Apparent binding constants K (M™) for Zn-complexes (20 pM) with fructosyl amino acids and some comparative analytes in buffered

aqueous solutions at pH = 7.4

Analyte 27Zn, K(1 :1) 3Zn, K(] :1) 47Zn, K(1 :1) 5Zn, K(] :1)

FV (4.16 + 0.10) x 10" (1.43 £ 0.10) x 10° (2.89 + 0.09) x 10° (2.39 + 0.13) x 10°
FGH (9.07 + 0.07) x 10° (1.02 £ 0.07) x 10° (2.58 +0.11) x 10° (1.23 +0.11) x 10°
His (1.28 + 0.09) x 10° (1.41 + 0.08) x 10° (8.02 + 0.12) x 10° —

Gly (7.19 + 0.07) x 10> (9.24 + 0.09) x 10> (6.28 + 0.06) x 10> —

val (3.55 + 0.12) x 10° (2.66 + 0.12) x 10> (3.27 + 0.07) x 10° —

Fru (1.10 + 0.03) x 10° (1.68 + 0.07) x 10° (1.25 +0.12) x 10° —

“Not calculated.

effect on the intensity are like that observed for pure amino
acids (Val or His) and drops three orders of magnitude when
compared to the affinity between the fructosyl amino acids
and 3Zn.

On the other hand, the affinity of 3Zn and 2Zn towards FV
in the range of K = (1.43-0.41) x 10> M is considerably
greater than the stability constant of phenylboronic acid and
Fru (K = 160 M, taken from the literature)*® which is consist-

8700 | Dalton Trans., 2024, 53, 8692-8708

ent with (1) the increase of stability of the boronate-diol inter-
action promoted by the strong Lewis acidity of the phenyl-
boronic groups in these Zn-complexes and (2) the participation
of interaction carboxylate-metal as a cooperative binding site.
From the data in Table 3, the order of preference of FV/FGH
towards the receptors is 3Zn > 2Zn > 4Zn which correlates with
the acidity of their -B(OH), groups. This correlation strongly
indicates that the diol binding boronic acid site drives the

This journal is © The Royal Society of Chemistry 2024
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interaction between Zn-complexes and studied fructosyl amino
acids as evidenced by "B NMR measurements. Among Zn-
complexes, the most efficient receptor 3Zn binds FV about 1.5
times more tightly than does FGH, probably due to the electro-
static contribution of the carboxylate anion from Val.

In order to explore the nature of the fluorescence response
induced by fructosyl amino acids, the lifetimes of 3Zn in the
absence and presence of FV and FGH were recorded. An
aqueous solution of 3Zn upon excitation with a 354 laser dis-
played a bi-exponential decay with lifetimes 7; = 4.70 ns and 7
=0.08 ns (Fig. 9).

The 3Zn complex with 3.0 equiv. of FV exhibited a biexponen-
tial decay with nearly similar values, 7; = 3.98 ns and 7 = 0.06 ns,
suggesting a mainly static quenching by complexation (3Zn-FV)
as evidenced by NMR, ESI-MS and UV-Vis experiments.

It is well known that a static quenching mechanism in a
system fluorophore-quencher does not change the lifetime
values.®® In contrast, the addition of FGH modestly increases
the lifetimes up to 7; = 6.10 ns and 7, = 1.38 ns. These longer
values can be ascribed to the disappearance of any non-emit-
ting charge transfer caused by the coordination of the imid-
azole ring as well as the formation of a large rigid extended
n-conjugated system involving ligand-ligand charge transfers
in the final coordination complex.®®

Considering all foregoing spectroscopic evidence, the
crystal structure and ESI-MS results, the molecular recognition
modes of 3Zn with fructosyl amino acids are illustrated in
Fig. 10. Therein, 3Zn can complex with FV or FGH through
two-point recognition, one diol-binding boronic acid site and
the other at the carboxylate anion or imidazole ring binding
Zn atom. According to the best of our knowledge, this is the
first example of an artificial fluorescent receptor for fructosyl
amino acids and the sole for FV.

The reversibility of the boronic acid-diol interaction is a key
aspect of molecular recognition because it serves as a basis for
understanding and improving the sensing response of the
target analyte,”®*? therefore, we investigated the reversibility of

2000004 |
v + [FGH]=30 uM
™~ i 7,=6.10 ns; 1,= 1.38 ns
£150000 |t - free [3Zn];
) i 1,= 4.70; 1,= 0.08
> i - [FV]=30 uM
'gﬂ 000004 #% 1,= 3.88; 1,= 0.06
g
< 50000 |4 §
ol
5 10 15
Time (ns)

Fig. 9 Emission decay profiles of aqueous solutions of 3Zn (10 pM) in
the absence and presence of 3.0 equiv. of FV and FGH at pH = 7.4. The
solid lines were obtained by fitting to bi-exponential decays.
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Fig. 10 The complexation mode proposed for binding of the two-
points of FV and FGH to the 3Zn complex.

the interaction of 3Zn with FV through a qualitative experi-
ment using the Alizarin Red S (ARS) dye.

It is well known that ARS binds reversibly to arylboronic
acids and is commonly used for the formation of dynamic
chromogenic assemblies with application in the detection of
saccharides.”>®*

In a typical experiment, an aqueous solution of ARS displays a
dramatic change in color in response to the binding of a boronic
acid from deep red to yellow. The displacement of the maxima
occurs from ~520 cm (free ARS, deep red) to ~460 cm (ARS +
boronic acid, yellow) as described in detail by Wang.>

We initially monitored the color change of free ARS
(100 mM) upon the addition of our complex containing the
boronic acid, 3Zn (1.1 equiv.) in a buffered aqueous solution at
pH = 7.4. As shown in Fig. S49,1 there is a hypsochromic shift
in the maxima, from 521 nm to 458 nm, similar to that
reported for the ARS-boronic acid systems, induced by the for-
mation of the sp® boronic ester. Subsequently, the addition of
an excess of FV (10 equiv.) practically restored the spectrum of
free ARS both in its form and at its maximum, suggesting that
the ARS dye was displaced by the FV analyte which shows the
reversibility of the ARS-3Zn complex.

Furthermore, the reversibility of the supramolecular 3Zn-
FV complex qualitatively was verified as described below.

The complex prepared in situ 3Zn-FV (110 pM, each com-
ponent) was added to an aqueous buffered solution of ARS
(100 pM) and as seen in Fig. S50, the initial absorption
maximum at 520 nm was displaced to 461 nm, corresponding
to the formation of the ARS-3Zn complex, which is only poss-
ible if the dye displaces the FV analyte. These experiments
provide strong evidence of reversibility in the complexation of
the molecular receptor 3Zn with FV in water.

DFT calculation

Finally, to gain further insight into the cooperative binding
mode of 3Zn with FV and FGH, density functional theory cal-
culations were carried out for the 1:1 supramolecular com-
plexes. All calculations were carried out with the Gaussian16
suite of programs®® at the ®B97-XD/LANL2DZ level of theory
with the PCM implicit solvent model (water). Thus, complexes
3Zn-FV and 3Zn-FGH were optimized in order to assess their
coordination preferences (Fig. 11). Frequency calculations
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37Zn-FV

Fig. 11 Optimized structures of 3Zn—FV and 3Zn—FGH at the ®B97-XD/LANL2DZ level of theory (hydrogen atoms not shown for clarity).

reveal both compounds to be minimal on their respective
potential energy surfaces.

FV is long enough to coordinate with two -OH groups of
the fructose moiety with the tetrahedral sp®-boronate anion
and cooperatively coordinate with the carboxylate group from
Val with the Zn atom.

Additionally, a (Fru)C1-OH---Zn
observed which generates a pentacoordinate Zn complex.
Therefore, a three-point recognition between 3Zn and FV is
sketched, which may explain their high affinity.

On the other hand, a bent conformation of FGH interacts
with 3Zn through the boronate ester with two OH groups from
the Fru moiety and a coordination bond between the imid-
azole ring and the metallic atom to give a tetracoordinated Zn
complex. Thermochemistry calculations derived from the
vibrational analysis reveals that 3Zn-FV is more stable than
compound 3Zn-FGH by ~11.24 kcal mol™", which makes the
former the best candidate for a receptor from a theoretical
standpoint. The B---Zn distances for the optimized structures
are 9.79 A and 10.59 A for 3Zn-FV and 3Zn-FGH, respectively.
These values are close to the B---Zn distance in the crystal
structure (12.44 A). The narrowing of the B---Zn distance in the
receptor induced by the coordination of the fructosyl amino
acids is plausible due to the flexible methylene group of the
receptor that can rotate and bring these atoms closer together.

close interaction is

Conclusions

We have described the first example of a set of fluorescent Zn-
terpyridine complexes appended to strongly acidified phenyl-
boronic acid groups for optical recognition of biochemically
relevant fructosyl amino acids that occur in HbAlc such as FV
and FGH.

These cationic Zn-complexes possess a high-water solubi-
lity, photostability and strong ability for fluorescence sensing
of FV and FGH in a micromolar concentration range at physio-
logical pH.

The complex bearing meta-substituted boronic acid 3Zn
stood out from the other two (ortho-2Zn and para-4Zn) for

8702 | Dalton Trans., 2024, 53, 8692-8708
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having the most acidic -B(OH), group with pK, = 6.98
and exceptionally strong affinity for FV (K = 1.43 x 10°
M) and FGH (K = 1.05 x 10> M™') with selectivity over
their separate molecular constituents such as fructose, Val,
Gly and His.

'H, "B NMR, UV-Vis and fluorescence titration experi-
ments, MS measurements, X-ray crystal structure and DFT cal-
culations showed that FV and FGH are bound to 3Zn in a
1:1 mode through two-point recognition that involves (1) a
boronate-diol complexation and (2) the coordination bond of
the carboxylate anion (FV) or the imidazole ring (FGH) to the
Zn atom.

Addition of FV to an aqueous solution of 3Zn displays an
efficient quenching response which can be explained by a
static PET mechanism possibly in both the excited and the
ground state as evidenced by lifetime measurements and spec-
troscopic titrations. In contrast, addition of FGH induced a
notable turn-on signal which can be rationalized by a rigidifi-
cation of the complex and a decrease in the hydration grade of
the final 3Zn-FGH complex.

Overall, these results further highlight the usefulness of a
new set of water-soluble and fluorescent receptors based on
two different Lewis acids as analytical tools for the selective
and direct sensing of fructosyl amino acids with biochemical
and medical relevance.

Experimental section

General conditions, chemicals and equipment are described
in the ESL{ Isomers 2-4 and compound 5 were prepared
according to a modified methodology reported previously.*®

Chemical synthesis

Synthesis of compound 1, 4-([2,2":6',2"-terpyridin]-4"-yl)qui-
noline. 2-Acetylpyridine (308.4 mg, 285.0 pL, 2.6 mmol) was
dissolved in an ethanolic solution (35.0 ml) of KOH (500.0 mg,
8.90 mmol) in a balloon flask and it was vigorously stirred for
10.0 min, separately, 4-quinolinecarboxaldehyde (200.20 mg,
1.30 mmol) was dissolved in EtOH (10.0 mL) and added drop

This journal is © The Royal Society of Chemistry 2024
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by drop to the 2-acetylpyridine basic solution. The reaction
mixture was stirred for ~20 min at r.t., and then aqueous NH;
(10.5 ml, 12.5 mmol, 29.50%) was added and refluxed for 48 h
under a N, atmosphere.

The solvent was reduced under vacuum up to ~20% of the
initial volume and cold distilled water (60.0 mL) was added to
give a precipitate. This precipitate was filtered off, washed with
water twice (5.0 mL) and recrystallized in EtOH to obtain 1 as
pale pink crystalline powder. Yield: 344.0 mg (75.0%).

"H NMR (300 MHz, 25 °C, DMSO-d¢) & (ppm) 9.05 (d, J =
6.37 Hz, 1H), 8.74-8.70 (m, 4H), 8.56 (s, 2H), 8.18 (d, J = 8.32
Hz, 1H), 8.07 (m, 2H), 7.93 (dd, J = 8.56, 1.36 Hz, 1H), 7.86 (m,
1H), 7.69-7.63 (m, 2H), 7.53 (m, 2H).

3C NMR (75 MHz, 25 °C, DMSO-ds) 6 (ppm) 155.54,
154.67, 150.45, 149.52, 148.16, 147.39, 145.07, 137.68, 129.96,
129.84, 127.72, 125.11, 124.85, 121.42, 121.16, 121.04 (one
signal was not detected).

ESI(+)-MS (m/z) [1]": calculated for [C,,H;,N,]": 361.15,
found: 361.30. Anal. caled for C,,H;6N, (360.42); C, 79.98; H,
4.47; N, 15.15. Found: C, 79.97; H, 4.56; N, 15.04.

Synthesis of ligand 2, 4'[N-(2-boronobenzyl)-4-quinoli-
nium]-2,2:6',2"-terpyridine bromide. 1 (100.0 mg, 0.28 mmol)
and 1.1 equiv. of 2-(bromomethyl)phenylboronic acid
(72.86 mg, 0.31 mmol) were dissolved in anhydrous CH;CN
(75.0 mL) and refluxed for 72 h under a N, atmosphere. The
solvent was removed under reduced pressure, and then ethyl
acetate (40.0 mL) was added and stirred for 1 h at r.t. The pre-
cipitate formed was filtered off, washed with Et,O twice
(5 mL), and dried under vacuum for ~3 h to furnish 2 as a crys-
talline beige solid. Yield: 127.7 mg (80.0%).

"H NMR (300 MHz, 25°, DMSO-dg) 6 (ppm) 9.62 (d, J = 6.14
Hz, 1H), 8.79 (d, J = 7.73 Hz, 2H), 8.75-8.70 (m, 4H), 8.62-8.50
(m, 2H), 8.44 (d, J = 6.04 Hz, 1H), 8.29-8.18 (m, 2H), 8.11 (m, 2H),
8.01 (t, J = 7.68 Hz, 1H), 7.87 (dd, J = 7.16, 1.65 Hz, 1H), 7.58 (m,
2H), 7.43-7.29 (m, 3H), 6.85 (d, J = 7.72 Hz, 1H), 6.63 (s, 2H).

3C NMR (126 MHz, 25 °C, DMSO) § (ppm) 156.04, 155.61,
154.26, 149.74, 149.52, 145.19, 138.40, 137.89, 135.56, 135.43,
134.05, 130.63, 130.40, 128.18, 127.89, 127.72, 126.50, 125.12,
122.74, 121.26, 120.95, 119.90, 60.85 (one signal was not
detected).

ESI(+)-MS (m/z): calculated for [C3;H,4BN,O,]": 495.20,
found: 495.20. ATR-IR v (Cm_l): 3329br, 3055m, 1579m, 1366s,
764s.

Synthesis of ligand 3, 4'[N-(2-boronobenzyl)-4-quinoli-
nium]-2,2":6',2"-terpyridine bromide. 1 (100.0 mg, 0.28 mmol)
and 1.10 equiv. of 3-(bromomethyl)phenylboronic acid
(72.94 mg, 31 mmol) were dissolved in anhydrous CH;CN
(70 mL) and refluxed for 72 h with a N, atmosphere. Then, the
solvent was removed under reduced pressure and ethyl acetate
(40 mL) was added. The mixture was stirred for 5 h. Finally,
the solid was filtered off, washed with Et,O twice (5 mL) and
dried under vacuum for ~3 h to give 3 as pale beige powder.
Yield: 135.7 mg, (85.0%).

"H NMR (300 MHz, 25 °C, DMSO-ds) & (ppm) 9.86 (d, J =
5.89 Hz, 1H), 8.78 (d, J = 7.38 Hz, 2H), 8.76-8.68 (m, 4H), 8.57
(d, J = 9.61 Hz, 1H), 8.51 (d, J = 6.00 Hz, 1H), 8.30-8.21 (m,
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2H), 8.17 (s, 2H), 8.10 (m, 2H), 8.00 (t, J = 7.73 Hz, 1H),
7.82-7.75 (m, 2H), 7.57 (m, 2H), 7.48-7.36 (m, 2H), 6.48 (s,
2H).

3C NMR (101 MHz, 25 °C, DMSO-d¢) 6 (ppm) 156.31,
155.69, 154.33, 150.01, 149.58, 148.07, 145.17, 138.11, 137.88,
135.63, 134.49, 133.07, 132.61, 130.72, 128.93, 128.30, 128.07,
125.14, 122.93, 121.28, 120.97, 120.04, 60.46, (one signal was
not detected).

ESI(+)-MS (m/z): calculated for [C3;H,4BN,O,]": 495.20,
found: 495.2. ATR-IR v (cm™"): 3309br, 3058m, 2960w, 1579m,
1368m, 1329m, 707m.

Synthesis of ligand 4, 4'[N-(4-boronobenzyl)-4-quinoli-
nium]-2,2":6',2"-terpyridine bromide. This isomer was obtained
following the same procedure as that for 3, from 4-(bromo-
methyl)phenylboronic acid instead of 3-(bromomethyl)phenyl-
boronic acid. Yield: 140.5 mg, (88%).

'H NMR (301 MHz, 25 °C, DMSO-d¢) 6 (ppm) 9.86 (d, J =
6.15 Hz, 1H), 8.78 (d, J = 7.92 Hz, 2H), 8.75-8.70 (m, 4H),
8.56-8.47 (m, 2H), 8.28-8.19 (m, 2H), 8.16 (s, 2H), 8.11 (m,
2H), 7.99 (t, = 7.79 Hz 1H), 7.81 (d, J = 8.17 Hz, 2H), 7.57 (m,
2H), 7.37 (d, J = 8.04 Hz, 2H), 6.48 (s, 2H). >C NMR (126 MHz,
25 °C, DMSO-dg) & (ppm) 156.40, 155.62, 154.32, 150.04,
149.53, 145.20, 138.04, 137.83, 135.78, 135.53, 134.76, 130.63,
128.25, 128.11, 126.04, 125.09, 122.96, 121.24, 120.97, 120.28,
119.98, 60.28.

ESI(+)-MS (m/z): calculated for [C3;;H,4BN,O,]": 495.2,
found: 495.2. ATR-IR v (cm™'): 3313br, 3058m, 1567s, 1367m,
1334m, 1015m, 765m.

Synthesis of ligand 5, 4'-[N-(benzyl)-4-quinolinium]-
2,2":6',2"-terpyridine bromide. 1 (80.0 mg, 0.22 mmol) and 2.0
equiv. of benzyl bromide (54.0 pL, 0.45 mmol) were dissolved
in anhydrous CH3;CN (70 mL) and refluxed for 24 h with a N,
atmosphere. The solvent was removed under reduced pressure,
ethyl acetate (40.0 mL) was added and left stirring for ~3 h at
r.t. The solid was filtered under vacuum, and crystallized in an
EtOH-acetone (1:1, v/v) system, obtaining white needle-
shaped crystals. Yield: 94.4 mg (60%).

'H NMR (300 MHz, 25 °C, DMSO-d¢) 6 (ppm) 9.90 (d, J =
6.07 Hz, 1H), 8.79 (d, J = 7.94 Hz, 2H), 8.74-8.72 (m, 2H), 8.72
(s, 2H), 8.59 (d, J = 9.04 Hz, 1H), 8.51 (d, J = 5.98 Hz, 1H),
8.27-8.23 (m, 2H), 8.11 (m, 2H), 8.00 (m, 1H), 7.58 (m, 2H),
7.46-7.37 (m, 5H), 6.51 (s, 2H). "*C NMR (126 MHz, DMSO-d)
5 (ppm) 156.37, 155.61, 154.30, 150.00, 149.52, 145.16, 138.01,
137.81, 135.55, 134.07, 130.64, 129.10, 128.73, 128.25, 128.10,
127.13,125.08, 122.93, 121.22, 120.93, 119.96, 60.13.

MALDI(+)-TOF (m/z): calculated for [Cs;Hj3N4]™: 451.19,
found: 452.351. ATRIIR v (cm™'): 3381br, 3056m, 2954m,
1732s, 1580s, 1370m, 1236s, 745m.

General synthesis path for the Zn-complexes

The corresponding ligand 2-4 and 1.10 equiv. of the
ZnBr,-2H,0 salt were placed in a balloon flask with 5.0 mL of
the mixture EtOH : CH;CN (1: 1, v/v). The reaction mixture was
stirred for 24 h at r.t. to give a white solid, (in all cases). The
solvents were removed under reduced pressure, the precipitate
was washed twice with cold EtOH (10 mL) and dried under
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vacuum for ~2 h to give the bromide salt of the corresponding
Zn(u) complex.

Synthesis of complex 2Zn. Following the general path, the
ligand 2 (43.0 mg, 0.08 mmol) and ZnBr,-2H,0 (23.86 mg,
0.90 mmol) were reacted to obtain 2Zn. Yield: 52.7 mg,
(88.0%).

"H NMR (300 MHz, 25 °C, DMSO-d¢) & (ppm) 9.76 (d, J =
5.07 Hz, 1H), 9.19 (s, 2H), 8.94 (s, 2H), 8.78 (d, J = 8.00 Hz,
2H), 8.66-8.62 (m, 2H), 8.55 (d, J = 5.75 Hz, 2H), 8.47 (d, J =
8.50 Hz, 1H), 8.37 (t, J = 7.58 Hz, 2H), 8.31 (t, J = 7.98 Hz, 1H),
8.04 (t,J = 7.67 Hz, 1H), 7.98-7.91 (m, 2H), 7.92 (d, J = 7.29 Hz,
1H), 7.45-7.35 (m, 2H), 6.81 (d, J = 7.66 Hz, 1H), 6.70 (s, 2H).

BC NMR (75 MHz, 25 °C, DMSO-ds) 6 (ppm) 149.73,
149.53, 148.97, 148.80 (shoulder), 146.33, 140.90, 138.22,
137.60, 135.99, 135.63, 135.40, 130.93, 130.42, 130.22, 128.91,
127.94, 127.79, 127.53, 123.82, 123.00, 122.81, 119.80, 60.96.
"B NMR (96 MHz, 25 °C, CD;0D-DMSO-d,, 4: 1, v/v)  (ppm)
28.62.

ESI(-)-MS (m/z): calculated [C3;H,4BBry;N,0,Zn]": 880.81,
found: 880.5. ESI(+)-MS (m/z): calculated [C5;H,¢BBr,N,0;Zn]":
738.98, found: 739.0. ATR-IR v [Cm_l): 3324br, 3056m, 1597s,
1367s, 763s, 637m. Far IR v (cm_l): 408m, 315w, 202br, 171s.
Anal. caled for C;3;H,,BBrsN,0,Zn (800.46); C, 46.52; H, 3.02;
N, 7.00. Found: C, 46.97; H, 3.36; N, 6.84.

Synthesis of complex 3Zn. Following the general path, the
ligand 3 (50.0 mg, 0.08 mmol) and ZnBr,-2H,0 (23.86 mg,
0.09 mmol) were reacted to obtain 3Zn. Single crystals for
X-ray diffraction of 5Zn were obtained by slow solvent evapor-
ation from a CH3;CN/EtOH (1:1, v/v) solution after 4 days at
low temperature (~4 °C). Yield: 64.0 mg, (92%).

"H NMR (300 MHz, 25 °C, DMSO-d) § (ppm) 10.11 (d, J =
5.91 Hz, 1H), 9.18 (s, 2H), 8.93 (d, J = 4.34 Hz, 2H), 8.79-8.70
(m, 4H), 8.62 (d, J = 5.75 Hz, 1H), 8.47 (d, J = 8.59 Hz, 1H),
8.40-8.30 (m, 3H), 8.20 (s, 2H), 8.03 (t, J = 7.79 Hz, 1H),
7.99-7.89 (m, 2H), 7.83 (d, J = 7.29 Hz, 1H), 7.54 (d, J = 7.78
Hz, 1H), 7.43 (t, ] = 7.50 Hz, 1H), 6.53 (s, 2H).

C NMR (126 MHz, DMSO-d¢) & (ppm) 154.43, 150.09,
149.52, 149.02, 148.91, 146.37, 140.98, 137.88, 136.09, 135.37,
134.71, 133.11, 132.95, 131.05, 129.28, 129.07, 128.35, 127.86,
127.77, 123.90, 123.18, 122.84, 120.01, 60.71. ‘'B NMR
(96 MHz, 25 °C, CD;0D-DMSO-de, 4 : 1, v/v) 6 (ppm) 28.50.

ESI(-)-MS (m/z): calculated [C3;H,4BBr,N,0,Zn]": 880.81,
found: 880.2. ESI(+)-MS (m/z): calculated [Cs;H,4BBr,N,0,Zn]":
720.97, found: 720.4. ATR-IR v (cm™%): 3397br, 3064m, 2972w,
1599s, 1368s, 1333s, 1014m, 764s, 706s, 637m. Far IR v (cm™):
410w, 209br, 171m. Anal. caled for the X-ray single crystal
sample C;3H;3,BBr;N,O5Zn (882.54); C, 44.91; H, 3.88; N, 6.35.
Found: C, 44.96; H, 3.93; N, 6.32.

Synthesis of complex 4Zn. Following the general path, the
ligand 4 (50.0 mg, 0.08 mmol) and ZnBr,-2H,0 (25.23 mg,
0.09 mmol) were reacted to obtain 4Zn. Yield: 62.6 mg, (90.0%).

"H NMR (300 MHz, 25° C, DMSO-d,) § (ppm) 10.09 (d, J =
4.87 Hz, 1H), 9.18 (s, 2H), 8.95 (s, 2H), 8.80-8.67 (m, 3H), 8.61
(d, J = 5.33 Hz, 1H), 8.48-8.28 (m, 4H), 8.15 (s, 2H), 8.06-7.93
(m, 3H), 7.83 (d, J = 7.96 Hz, 2H), 7.44 (d, J = 7.33 Hz, 2H), 6.54
(s, 2H). ®C NMR (75 MHz, 25 °C, DMSO-ds) 6 (ppm) 154.51,
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150.16, 149.49, 148.99, 148.85, 146.35, 140.94, 137.79, 136.04,
135.56, 134.80, 131.00, 129.02, 127.80, 126.36, 123.83, 123.14,
122.77, 121.41, 119.96, 115.86, 60.53. ''B NMR (96 MHz, 25 °C,
CD;0D-DMSO-dq, 4: 1, V/v) § 28.73.

ESI(-)-MS (m/z): calculated [C3;H,,BBr,;N,0,Zn]™: 880.81,
found: 880.5. ATR-IR v (cm™'): 3346br, 3057m, 3032m, 1598s,
13665, 1334s, 1013s, 7925, 636s. Far IR v (cm™"): 410m, 209br,
197br, 177m. Anal. caled for C3;H,,BBr;N,O,Zn (800.46); C,
46.52; H, 3.02; N, 7.00. Found: C, 46.82; H, 3.27; N, 6.95.

Synthesis of complex 5Zn. Complex 5Zn was obtained fol-
lowing the general procedure; the ligand 5 (60.0 mg,
0.11 mmol) and ZnBr,-2H,0 (32.7 mg, 0.12 mmol) were used
to prepare 5Zn, which was obtained as a crystalline white
powder. Single crystals of 5Zn for X-ray diffraction were
obtained by slow solvent evaporation from a CH;CN/EtOH
(1:1, v/v) solution after 7 days at r.t. Yield: 55.5 mg, (68%).

'H NMR (301 MHz, 25 °C, DMSO-d¢) 6 (ppm) 9.90 (d, J =
6.07 Hz, 1H), 8.79 (d, J = 7.94 Hz, 2H), 8.74-8.72 (m, 2H), 8.72
(s, 2H), 8.59 (d, J = 9.04 Hz, 1H), 8.51 (d, J = 5.98 Hz, 1H),
8.27-8.23 (m, 2H), 8.11 (td, Juu = 7.75, 1.80 Hz, 2H), 8.00 (m,
1H), 7.58 (m, 2H), 7.46-7.37 (m, 5H), 6.51 (s, 2H). °C NMR
(126 MHz, DMSO-d¢) 6 (ppm) 156.37, 155.61, 154.30, 150.00,
149.52, 145.16, 138.01, 137.81, 135.55, 134.07, 130.64, 129.10,
128.73, 128.25, 128.10, 127.13, 125.08, 122.93, 121.22, 120.93,
119.96, 60.13.

ESI(-)-MS  (m/z):  calculated for negative scan
[C31H,3Br,N,Zn]: 836.79, found: 836.5. ESI(+)-MS (m/z): calcu-
lated [C;;H,3Br,N,Zn]": 676.9, found: 676.8. ATR-IR v (cm™):
3381br, 3056m, 2954m, 1732s, 1580s, 1370m, 1236s, 745m.
Anal. caled for C3;H,3Br;N,Zn (756.65); C, 49.21; H, 3.06; N,
7.40. Found: C, 49.53; H, 3.39; N, 7.24.

Synthesis of fructosyl valine (FV). FV was obtained according
to the methodology previously reported.>* The purity of FV was
verified by "H and "*C NMR spectroscopy, ESI-MS and elemen-
tal analysis. All analytical data including MS were consistent
with the data reported.®

'H NMR (300 MHz, 25 °C, DMSO-d;) § 4.09-4.00 (m, 2H),
3.96-3.87 (m, 1H), 3.81 (s, 1H), 3.77 (s, 1H), 3.67 (d, Juu = 4.21
Hz, 1H), 3.34 (s, 2H), 2.31 (m, 1H), 1.07 (dd, Juy = 20.97, 6.91
Hz, 6H). "*C NMR (76 MHz, D,0) § (ppm) 172.20, 95.25, 70.12,
69.32, 69.04, 68.87, 63.86, 53.34, 29.02, 18.45, 16.90.

ESI-MS (m/z): calculated for [Cy,H,,NO,]": 280.14, found:
280.2. ATR-IR v (cm™): 3449m, 3417m, 3212w, 2966s, 2903w,
1569s, 1328s, 1084s, 762m, 562s. M.p. 155 °C (from the litera-
ture 154 °C).

Synthesis of fructosyl glycyl histidine (FGH). FGH was
obtained following the same procedure as that for FV, from
dipeptide glycyl r-histidine (Gly-His, Aldrich G1627) instead
t-valine, with 60% yield. The identity and purity were verified
by high-resolution spectrometry of ESI and NMR spectroscopy.
All data including the experimental pattern of isotope distri-
bution matches well with the theoretical isotopic distribution
of FGH.

"H NMR (300 MHz, 25 °C, D,0) § 8.59 (s, 1H), 7.29 (s, 1H),
4.56 (m, 1H), 4.12-3.54 (m, 7H), 3.52-2.94 (m, 4H). "*C NMR
(101 MHz, D,0) § (ppm) 176.41, 133.74, 133.41, 130.25,
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116.91, 69.43, 68.97, 63.62, 57.40, 54.23, 49.73, 27.62, 27.36,
16.74. HRMS-ESI" (m/z): calculated for [Cy4H,3N,Og]": 375.15,
found: 375.150916. ATR-IR v (cm™'): 3258br, 3144br, 2879m,
1588s, 1391s, 1078m, 1028m, 623br, 532br.

Fluorescence experiments and lifetime measurements

Titration experiments were carried out by adding aliquots of
stock solutions of the analyte to a neutral aqueous solution
(10 mM of MOPS, pH 7.4) of the corresponding Zn-complex
(20 pM). After the addition of analytes, the solution was equili-
brated for 1 min at r.t. before recording the emission spectrum
(Aex = 330 nm) using a quartz cuvette. Lifetime measurements
were made according to ref. 62 and the details are described in
the ESL{

1B, 'H NMR titration experiments

NMR titration experiments were performed using a 300 MHz
spectrometer. "B NMR spectra were recorded at 96 MHz.
Aliquots of concentrated stock solutions of FGH were added
directly to the corresponding Zn-complex (10 mM) solution in
CD;0D-DMSO-ds (v/v, 4/1) at 25 °C using quartz NMR tubes.
In the case of '"H NMR experiments, the spectra were recorded
after the addition of aliquots of a concentrated solution of 3Zn
to FHG solution in CD;0D, directly in an NMR tube.

Crystallographic experiments

The relevant details of the crystals 3Zn and 5Zn, data collec-
tion and structure refinement can be found in Table S1.f
These single-crystals were collected on a Bruker APEX II CCD
diffractometer at 100 K, using Cu-K, radiation (k = 1.54178 A)
from an Incoatec ImuS source and Helios optic monochroma-
tor.%® Suitable single-crystals were coated with hydrocarbon oil,
picked up with a nylon loop, and mounted in 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 and O-H bonds were
placed in idealized positions, as it was not possible to find the
hydrogen atoms from the O-H moiety in the map of residual
density, and their position was refined with Uiy, = aU.q, where
a is 1.5 for -CH; and —OH moieties and 1.2 for others.

The disorder moieties in complexes 3Zn and 5Zn were
modeled using RIGU, SIMU, SAME and EADP instructions
described in SHELXL.®” For complex 3Zn, the molecule of
ethanol exhibits positional disorder with an 85/15 occupancy
ratio between the two positions, while the bromide anion is
modeled in 2 positions with 95/5 occupancy ratio. For complex
5Zn, the occupancy where three or more positions are
modeled was obtained using free variables and the sump
instruction and subsequently set to restrict to unity. The asym-
metric unit consists of three independent molecules, in the
first molecule the positional disorder of a benzene ring was
modeled, in the second and third molecule the positional dis-
order of pyridine rings was modeled; in all cases two positions
were modeled using the same free variable, with a 63/37 occu-
pancy ratio between the two positions, the anion [ZnBr,]*~ was
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modeled in three positions, with a 57/37/6 occupancy ratio
respectively. The cavities where the solvents are housed are
larger than the volume of the solvent molecule, so in the three
cavities the solvent presents occupational disorder with an
occupation relationship as follows: 78/22, 35/32/17/15, and 52/
25/23 respectively.

The molecular graphics were prepared using Ortep3,
POV-RAY and GIMP.”® Crystallographic data for the two crystal
structures have been deposited with the Cambridge
Crystallographic Data Centre, CCDC no. 2279289 and
2279290.1 X-ray crystallographic data in the CIF format are
available in the ESL¥
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