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Boronic Acid Based Modular Fluorescent Sensors for Glucose
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Modular photoinduced electron transfer (PET) sensors bearing two phenylboronic acid groups, one
or two fluorophores: pyrene(a), phenanthrene(b), anthracene(c), 1-naphthalene(d), 2-naphthalene(e)
and alkylene linkers, from trimethylene(3) to octamethylene(8), have been evaluated. Systems with a
single pyrene fluorophore 34, 3s, and 3¢, bind the strongest with D-glucose (3¢, also binds well with
D-melibiose). Whilst 37, and 3g, bind the strongest with D-galactose. Changing the fluorophore, also,
influences the binding, 3¢,, 3¢, and 3¢, are D-glucose selective, whilst 3¢q and 3¢, are D-galactose
selective. Systems with two fluorophores 3¢,-, and 3¢,-, sShow an overall decrease in binding efficiency.
Energy transfer in 3g,., results in enhanced sensitivity and selectivity towards D-glucose.
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INTRODUCTION

The chemistry of saccharides is of paramount impor-
tance to a wealth of biological functions within nature.
By providing the building blocks for processes ranging
from the production of metabolic energy through to tissue
recognition, saccharides have found themselves to be the
focus of a vast body of research aimed at understanding
and mimicking their specific role and function at a cellular
level [1].

Unsurprisingly the ability to derive synthetic recep-
tors with the capacity to selectively detect specific sac-
charides and signal this presence by altering their opti-
cal signature has captured the attention of supramolecular
chemists [2—18]. The molecular recognition of D-glucose
has proved of particular interest. This single monosac-
charide provides the energy for most cells of higher or-
ganisms. The breakdown of D-glucose transport within
humans has been correlated to diseases such as: renal
glycosuria, [19,20] cystic fibrosis [21], cancer [22] and
diabetes [23,24]. Clear evidence exists that tight control
of blood sugar levels in diabetics sharply reduces the
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risk of the debilitating long term complications associ-
ated with this autoimmune disease [25]. Within industry
applications range from the monitoring of fermenting pro-
cesses to establishing the enantiomeric purity of synthetic
drugs.

Current enzymatic detection methods of sugars offer
specificity for only a few saccharides, additionally enzyme
based sensors are unstable under harsh conditions [26].
Through synthetic design however, there exists the poten-
tial to develop stable sensors for saccharides, which could
be both sensitive and selective for any chosen saccharide.

To date the vast majority of synthetic systems de-
veloped to recognise saccharides have relied upon hydro-
gen bonding interactions for the purposes of recognition
and binding of guest species. It is the case however, that
in aqueous systems neutral guests may be heavily sol-
vated. As of yet there has been no designed, hydrogen
bonding, monomeric receptor that has been able to com-
pete effectively with bulk water for low concentrations of
monosaccharide substrates. For this reason boronic acids
have been studied as receptors [2,6,8,15,17,27-30]. In
aqueous basic media, boronic acids are known to form,
rapidly and reversibly, five- and six-membered cyclic es-
ters with cis-1,2- and 1,3-diols respectively [31,32]. Due
to their linked array of hydroxy groups saccharides pro-
vide an ideal structural framework for binding to boronic
acids. As this interaction is covalent, it allows saccharide
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recognition without the problem of undesired solvent—
guest competition occurring at the receptor.

Our interest has concerned the interaction between
boronic acids (Lewis acids) and neighbouring tertiary
amines (Lewis bases); an interaction that provides two
distinct advantages. Firstly, the interaction between the
boronic acid and tertiary amine lowers the pK, of the
boronic acid, allowing molecular recognition to occur in
aqueous solvents at neutral pH. Secondly, due to the con-
traction of the O—B—O0 bond angle on complexation, the
Lewis acidity of the boronic acid is increased further still
upon saccharide binding [33]. This reduction in pK, is the
basis of many of the sensors developed as the change is suf-
ficient to modulate photoinduced electron transfer (PET)
between the tertiary amine and an appended fluorophore
[6]. This characteristic allows a fluorescent “off-on” re-
sponse to be produced by boronic acid-tertiary amine
based sensory systems.
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The first rationally designed fluorescent PET sen-
sor for saccharides utilising the boronic acid-tertiary
amine interaction was documented in 1994 [34,35]. The
monoboronic acid system displayed the same trend in se-
lectivity towards saccharides as reported by Lorand and
Edwards, indeed it follows a selectivity order, which ap-
pears to be inherent to all monoboronic acids (D-fructose
> D-galactose > D-glucose) [32].

The monoboronic acid based sensor 1 was improved
with the introduction of a second boronic acid group
[35,36]. In this instance, saccharide binding needs to oc-
cur at both boronic acid groups to result in fluorescence
enhancement. This allows two possible binding modes to
arise with the formation of either a 2:1 complex or a 1:1
complex. The enhanced binding constant derived from the
formation a cyclic 1:1 complex and the fortuitous spac-
ing of the boronic acid groups meant that the diboronic
acid sensor 2 was selective for D-glucose over other
monosaccharides.

Phillips and James

Whilst sensors developed around the anthracene core
unit provided selectivity for sugars such as D-glucose and
D-glucosamine hydrochloride [37], the anthracene core
unit, acting as both the core and fluorophore limited further
development of the system. It was deemed important to use
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different core and fluorophore units, a modification that
has resulted in systems where the selectivity and emis-
sion wavelength can be varied independently, a setup that
had not been previously possible. This idea led us to
adopt a modular approach when considering sensor de-
sign. Sensors were broken down into three subunits: recep-
tor units, linker units and fluorophore units. The approach
required the selection and synthesis of a set of molecular
building blocks from which the fluorescent sensors could
be easily constructed. The quick assembly of a diverse
selection of fluorescent sensors required that the receptor
and fluorophore units were linked to a core using the min-
imum number of synthetic linkage reactions. The use of
common reactions meant that the synthetic routes towards
new sensors would be convergent.

LINKER DEPENDANCE

We first constructed the modular PET sensor 3¢, with
two phenylboronic acid groups, because only through two
point binding can saccharide selectivity be manipulated, a
pyrene fluorophore and a hexamethylene linker. We began
our investigations keeping the fluorophore constant (using
pyrene throughout) and varied the linker from trimethy-
lene (33,) to octamethylene (3g,). This aim of this research
was to elucidate the optimum linker length required for
maximal D-glucose selectivity [38,39].

The synthesis of PET sensors 33,-33, was achieved
according to Scheme 1 from readily available starting ma-
terials. Monophenylboronic acid PET sensor 5, was also
prepared. To prepare monosubstituted alkyldiamines the
reductive aminations were performed under high dilution
conditions and with one equivalent of p-toluenesulphonic
acid to every equivalent of alkyldiamine.
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Scheme. 1. Synthesis of PET sensors 33,-38,. Reagents: i) p-Toluenesulphonic acid, THF/EtOH, ii) NaBHy, iii)
1-pyrenecarboxaldehyde, THF/MeOH, iv) NaBH4, v) 2-(2-bromobenzyl)-1,3,2-dioxaborinane, K,CO3, MeCN.

The fluorescence titrations of 33,-3g, and 5, (1.0
x 1077 mol dm~3) with different saccharides were car-
ried out in a pH 8.21 aqueous methanolic buffer so-
lution [52.1 wt% methanol (KCI, 0.01000 mol dm™3;
KH,P0,,0.002752 mol dm~3; Na,HPO,, 0.002757 mol
dm~3)] [40]. The fluorescence intensity of 33,-3s, and 5,
increased with increasing saccharide concentration. The
observed stability constants (K) of PET sensors 335-3s,
and 5, were calculated by fitting the emission intensity at
397 nm versus concentration and are given in Table 1.

To help visualise the trends in the observed stability
constants from Table I, the stability constants K of the di-
boronic acid sensors 33,-3s, are reported in Fig. 1 relative
to the stability constants K of the equivalent monoboronic
acid analogue 5,. In most cases, the stability constants
K with diboronic acid sensors 33,-3g, are higher than for
the monoboronic acid sensor §,. Allosteric binding of the
two boronic acid groups is clearly illustrated by the stabil-

ity constant differences between the mono- and diboronic
acid compounds (sensors 5, and 33,-3s, respectively).

In particular, it should be apparent from Fig. 1, that
the stability constants K for diboronic acid sensors 34,-3s,
with D-glucose and D-galactose are far greater than with
the monoboronic acid sensor 5,. Whereas the stability con-
stant K of diboronic acid sensors 34,-33, with D-fructose
and D-mannose are, at most, twice as strong as with the
monoboronic acid sensor 5,. These results are not surpris-
ing since D-glucose and D-galactose will bind to diboronic
acids readily at two sets of diols to form stable, cyclic 1:1
complexes. Conversely, each D-fructose and D-mannose
molecule will only bind to diboronic acids through one
diol to form 2:1 complexes. This 2:1 binding yields rela-
tive stability constants of ca. 2, as we are essentially wit-
nessing the binding of a saccharide to a monoboronic acid
twice, without the favourable increase in stability associ-
ated with cooperative binding.

Table I. The Quantum Yield grm for Molecular Sensors 335-38, and 5, in the Absence of Saccharides and the Stability Constant K (Determination of
Coefficient; 2) and Fluorescence Enhancement for the Monosaccharide Complexes of Molecular Sensors 33,5-38, and 5,¢

D-Glucose D-Galactose D-Fructose D-Mannose
Fluorescence Fluorescence Fluorescence Fluorescence
Sensor g K (dm® mol~!) enhancement K (dm? mol~!) enhancement K (dm? mol~!) enhancement K (dm> mol~!) enhancement
33a 0.16 103 £ 3 (1.00) 39 119 £ 5 (1.00) 35 95 £ 9 (0.99) 3.6 45 £+ 4(1.00) 2.7
34a 0.16 295+ 11 (1.00) 33 222 + 17 (1.00) 3.7 266 + 28 (0.99) 4.2 39 £ 1 (1.00) 34
35a 0.20 333 427 (1.00) 34 177 £ 15 (1.00) 3.0 433 £+ 19 (1.00) 34 48 £2(1.00) 3.0
36a 0.24 962 £ 70 (0.99) 2.8 657 £ 39 (1.00) 3.1 784 + 44 (1.00) 3.2 74 £+ 3 (1.00) 2.8
37 0.16 336 £ 30 (0.98) 3.0 542 £ 41 (0.99) 2.9 722 + 37 (1.00) 33 70 + 5 (1.00) 2.7
38a 0.19 368 £+ 21 (1.00) 2.3 562 £ 56 (0.99) 2.3 594 £ 56 (0.99) 2.3 82 £+ 3 (1.00) 2.2
5a 0.17 44 £+ 3 (1.00) 4.5 51 4+ 2 (1.00) 4.2 395 £ 11 (1.00) 3.6 36 + 1 (1.00) 3.7

“The K values were analysed in Kaleida Graph using nonlinear (Levenberg-Marquardt algorithm) curve fitting. The errors reported are the standard

errors obained from the best fit.
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Fig. 1. Relative stability of 33,-38, compared to 5, with saccharides.

Sensor 3¢, has the highest stability constant K with
D-glucose amongst any of the sensors 5, and 33,-3g,. This
result ties in nicely with the results obtained with sensor
2, the nitrogens in sensor 2 are separated by six carbons
while 3¢, has a hexamethylene linker.

The stability constants K for the diboronic acid sen-
sors 37, and 3g, with D-galactose are larger than the
stability constants K for the diboronic acid sensors 37,
and 3g, with D-glucose. The structures of D-glucose and
D-galactose are shown in Fig. 2. The 1, 2- and 4, 6- diols
of D-glucose point in the same direction (down), but in
D-galactose the 1,2-diol is down and the 4,6-diol is up.
The inter-diol distances of D-glucose are also shorter than
those of D-galactose. Therefore, it is reasonable to predict
that shorter linkers will favour D-glucose and longer link-
ers will favour D-galactose binding. This is the observed
trend as shown in Fig. 1.3 Sensors 33,-3¢a, all show higher
relative affinity for D-glucose. Whilst sensors 37, and 3g,
display higher relative affinity for D-galactose. What is
also evident from Fig. 1 is that a hexamethylene linker
(36a) provides optimum spacing for maximal D-glucose
selectivity within our systems.

LINKER DEPENDENCE AND DISACCHARIDES

When compared to monosaccharide receptors only
a small number of synthetic receptors for disaccharides
[44—47] and oligosaccharides [10, 48—55] currently exist.

31t should be noted that ascertaining the exact structures of boronic acid-
saccharide complexes is non-trivial. In indicating the hydroxy groups
at the 1,2 and 4,6 positions of D-glucose and D-galactose as suitable
binding sites for diboronic acids we are contemplating a model consid-
ered valid only as an initial complex of the ¢-D-pyranose form of the
saccharide under non-aqueous conditions. For further information on
this point, we would direct the reader to the binding studies carried out
by Norrild and Eggert [14, 41-43].

Phillips and James

One reason is the problem associated with positioning the
two binding sites to create a selective receptor for these
larger and more flexible saccharides.

Following our investigation into the effect of linker
length on monosaccharides, we decided to probe the effect
of the linker length on selected disaccharides [56].

The fluorescence titrations of 33,-3g, and 5, (1.0 x
1077 moldm™3, A¢x = 342 nm) with different saccharides,
were carried out in a pH 8.21 aqueous methanolic buffer
solution, as described above. The fluorescence intensity
of 33,-33, and 5, increased with increasing saccharide
concentration. The stability constants K of PET sensors
33a-332 and 5, were calculated by fitting the emission
intensity at 397 nm versus concentration of saccharide
curves. Fluorescence enhancements were calculated by
the same method. Where the emission intensity at 397
nm versus concentration of saccharide curves failed to de-
scribe a distinct plateau the maximum observed fluores-
cence enhancements were reported. Stability constants K
and fluorescence enhancements are given in Table II. The
stability constants K of the diboronic acid sensors 33,-3g,
and 5, with saccharides are displayed in Fig. 4 and Fig. 5.

It has been previously shown from NMR and fluo-
rescence studies that phenylboronic acids have a strong
preference to bind with the hydroxyls of saccharides
in their furanose forms [14, 41-43, 57]. Monosaccha-
rides and many disaccharides can isomerise between
their pyranose and furanose forms in aqueous solvents.
The aqueous methanolic buffer used for the fluorescence
runs allows for this isomerisation. As shown in Fig. 4
and Fig. 6, D-melibiose (x-D-Galp-(1—6)-D-Glc) and
D-lactulose (8-D-Galp-(1—4)-D-Fru) can interconvert be-
tween their pyranose and furanose forms. By compari-
son D-maltose («¢-D-Glcp-(1—4)-D-Glc) and D-leucrose
(a- D-Glep-(1—5)-D-Fru) are disaccharides linked to the
4th carbon (as numbered from the anomeric centre) and
as such they are conformationally fixed as pyranosides
[58].

The increase in stability constant K for 33,-3g, on
binding to D-melibiose is significantly larger than the sta-
bility constant K observed for the reference compound §,,.
The increase indicates that D-melibiose binds in a 1:1 ratio,
like D-glucose, with the formation of a stable, cyclic struc-
ture. The stability constants K for 33,-3s, with D-lactulose
are at most double that of the reference compound §,, in-
dicating that D-lactulose, like D-fructose, binds to 33,-3s,
in a 2:1 ratio, forming an acyclic structure.

The selectivity trend displayed by 33,-33, towards
D-melibiose mirrors that of D-glucose, which implies that
33,4-33, is forming stable cyclic structures with the fura-
nose ring segment of these saccharides.

The results indicated that binding with diboronic
acid receptors occurs preferentially with disaccharides,
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Fig. 2. Saccharide structures.

which can isomerise between their pyranose and furanose
conformations. D-Melibiose, for instance, can isomerise
into a glucofuranose form and displays enhanced binding
with the D-glucose selective sensor 3g,.

This gives us the ability not only to tune for specific
terminal mono-saccharides appended to larger carbohy-
drates but also to distinguish between them by their linker
position, a facet that could prove immensely useful in the
field of glycobiology [1].

FLUOROPHORE DEPENDENCE

Having determined the effect of the linker length on
saccharide selectivity, we set out to probe the next vari-
able component, the fluorophore. Although not directly in-
volved in saccharide binding, the nature of the fluorophore
directly influences both the solvation and steric crowding
of the binding site.

Diboronic acid PET sensors 3¢,-36. and monoboro-
nic acid PET sensors 5,-5, were synthesised according to
Scheme 2 from readily available starting materials. The
synthesis allows for the facile preparation of diboronic
acid PET sensors appended with a range of different flu-
orophores [59].

The fluorescence titrations of 3¢;-3¢e and 5,-5, with
different saccharides were carried out in a pH 8.21 aque-
ous methanolic buffer solution, as described above. The
fluorescence intensity of 3¢,-3¢6, increased with increasing

saccharide concentration. The observed stability constants
K of PET sensors 3¢,-36e and 5,-5. were calculated by the
fitting of emission intensity versus saccharide concentra-
tion curves and are reported in Table III.

To help visualise the trends in the observed stability
constants K in Table III the stability constants K of the di-
boronic acid sensors 36,-36 are reported in Fig. 7 relative
to the stability constants K of the equivalent monoboronic
acid analogues 5,-5.. Once again the relative stabilities
clearly illustrate that an increase in selectivity is obtained
by cooperative binding through the formation of 1:1 cyclic
systems. The large enhancement of the relative stabil-
ity observed for the 1:1 cyclic systems (D-glucose and
D-galactose) are clearly contrasted with the small two
fold enhancement observed for the 2:1 acyclic systems
(D-fructose and D-mannose).

The largest enhancements in stability are by 3¢, and
36e the pyrene and 2-naphthalene appended sensors, with
3. exhibiting enhanced D-glucose selectivity and 3¢e ex-
hibiting enhanced D-galactose selectivity.

Sensor 3, contains a pyrene moiety, which is the
largest w-surface in this series. Sensor 3¢, displays the
greatest enhancement in selectivity for D-glucose over
D-galactose. By reducing the size of the hydrophobic
m-surface, as with 34 and 3ge, (appended with 1- and
2-naphthalene), the selectivity for the monosaccharides
switches from D-glucose to D-galactose. Since, the size
of the w-surface affects the solvation of the receptor, the

Table II. Stability Constant K (Determination of Coefficient, %) and Fluorescence Enhancement for the Disaccharide Complexes of Molecular
Sensors 33,-3g, and 5,4

D-Melibiose D-Maltose D-Lactulose D-Leucrose
Fluorescence Fluorescence Fluorescence Fluorescence
Sensor K(dm? mol~!)  enhancement K(dm? mol~') enhancement K (dm> mol~')  enhancement K(dm> mol~') enhancement
33a 33+ 7(0.98) 24 0+ 2(0.96) 1.5° 126 £ 14 (0.99) 3.5 29 + 3 (0.99) 2.5"
34a 77 £9(0.99) 49> 31 £7(0.98) 3.50 477 £ 92 (0.95) 4.5 35 £2(1.00) 3.4°
35 184 £ 11 (1.00) 3.8 2 +1(0.99) 2.1° 616 £+ 114 (0.97) 5.0 41 £2(1.00) 3.5b
36a 339 4+ 17 (1.00) 2.9 52 4+ 14 (0.98) 2.3 595 4+ 30 (1.00) 3.2 69 £ 2 (1.00) 2,97
37a 153 £4 (1.00) 33 5+ 1(1.00) 2.0 493 £ 28 (1.00) 33 21 +5(0.97) 3.9b
38a 192 + 30 (0.98) 2.9 22 +£4(0.98) 240 528 4+ 29 (1.00) 2.6 72 £5 (1.00) 2,70
5a 96 + 5 (1.00) 3.9 5+1(0.99) 2.1 473 £ 10 (1.00) 3.7 58 £ 3 (1.00) 3.7

“The K values were analysed in Kaleida Graph using nonlinear (Levenberg-Marquardt algorithm) curve fitting. The errors reported are the standard

errors obtained from the best fit.
>Maximum observed fluorescence enhancement.
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larger the m-surface the more hydrophobic the receptor.
These results indicate that the best match between receptor
and guest is for 3g,-3¢c With D-glucose and 34 and 3¢, with
D-galactose.

In interpreting these values however, the size of the
fluorophore’s m-surface must be considered in conjunc-
tion with the number of peri-hydrogens each fluorophore
contains. Thus coupling the effects of solvation with the
steric crowding induced at the binding site by the fluo-
rophore. There is little difference between the size of 1-
naphthalene’s w-surface and that of 2-naphthalene. The
same is true for phenanthrene and anthracene. In these
cases, the observed trends are probably due to increased
steric crowding at the binding site. In both cases, a de-
crease in the relative stability is coupled to an increase
in the number of peri-hydrogens. Anthracene has 2 peri-
hydrogens, more than any other fluorophore in the series
and clearly displays the lowest relative stability. It is not
surprising that increasing the steric crowding of the recep-
tor site reduces binding efficiency.

These results demonstrate that in a PET saccharide
sensor with two phenylboronic acid groups, a hexamethy-
lene linker and a fluorophore, the choice of the fluorophore
is crucial. Selectivity is fluorophore dependent and care-
ful choice of the fluorophore, such that it complements the
polarity of the chosen guest species, is imperative. As well
as considering solubility, minimizing the steric repulsions
from peri-hydrogens not only increases the relative sta-
bility but can also be used to fine tune sensitivity toward
specific saccharides.

MULTIPLE FLUOROPHORES AND
EXCIMER EMISSION

Consideration of the boronic acid receptor’s separa-
tion, as well as the solvation and steric crowding at the
binding site, establishes that a hexamethylene linker and
a pyrene fluorophore provide the best D-glucose selectiv-
ity from the combination of components tried. With this
in mind we examined the effects of adding multiple fluo-
rophores to the system.

OQ QQ
5 =

Sensor 36,2 has been previously reported [60]. The
molecule was re-synthesised but the fluorescence titrations
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Scheme 2. i) Benzaldehyde, p-toluenesulfonic acid, THF/EtOH, ii) NaBH4, iii) fluorophore-aldehyde, THF/MeOH,
iv) NaBHy4 v) 2-(2-bromobenzyl)-1,3,2-dioxaborinane, K, CO3, MeCN, vi) methylamine, THF/MeOH, vii) NaBHjy4.

of 36a-a (7.5 x 1077 mol dm™3, A, = 342 nm) with dif- emission intensity versus saccharide concentration curves
ferent saccharides, were carried out in a pH 8.21 aqueous and are reported in Table IV. The stability constants K
methanolic buffer solution, as described above. The syn- show that while the selectivity order remains unchanged,
thetic procedure will be published elsewhere. The fluo- the binding is reduced across the board 3—4 fold by the in-
rescence intensity of 3¢,., increased with increasing sac- troduction of a second pyrene moiety. Given the increase
charide concentration. The observed stability constants in steric crowding at the binding site and the particularly
K of PET sensor 3¢,, were calculated by the fitting of hydrophobic nature of this compound due to its two large

Table III. Stability Constant K (Determination of Coefficient, 2) and Fluorescence Enhancement for the Saccharide Complexes of Molecular
Sensors 3ga-3¢e and 5,-5.¢

D-Glucose D-Galactose D-Fructose D-Mannose

Fluorescence Fluorescence Fluorescence Fluorescence
Sensor K (dm3 mol~!)  enhancement K (dm3 mol~!) enhancement K (dm? mol~!) enhancement K (dm? mol~') enhancement

36a 962 4 70 (0.99) 2.8 657 % 39 (1.00) 3.1 784 + 44 (1.00) 32 74 £ 3 (1.00) 2.8
5 44 + 3 (1.00) 45 51+ 2 (1.00) 4.2 395 + 11 (1.00) 36 36 + 1 (1.00) 3.7
36b 325 4 58 (0.97) 1.5 611 % 101 (0.97) 1.4 1013 £126(0.98) 1.4 134 + 18 (0.98) 1.4
5 30 £ 7 (0.98) L5 77 + 12 (0.98) 1.4 548 + 55 (0.99) 1.4 58 4+ 8 (0.98) 1.4
36c 441 £ 76 (0.98) 32 536 + 31 (1.00) 3.1 1000 % 69 (0.99) 3.0 111 + 6 (1.00) 2.8
5 61 + 3 (1.00) 34 93 + 6 (1.00) 3.0 713 + 35 (1.00) 3.0 61 + 3 (1.00) 3.0
364 417 + 60 (0.98) 6.1 1072 + 68 (0.99) 54 964 + 41 (1.00) 55 101 + 3 (1.00) 5.0
54 52 4+ 1 (1.00) 57 78 + 5 (1.00) 5.0 529 + 45 (0.99) 54 46 + 1 (1.00) 52
36e 532 4 57 (0.99) 42 894 £ 66 (0.99) 4.1 1068 + 63 (1.00) 38 98 + 4 (1.00) 3.5
5, 35 42 (1.00) 4.5 49 + 4 (1.00) 43 399 + 34 (0.99) 4.6 40 + 2 (1.00) 3.8

“The K values were analysed in Kaleida Graph using nonlinear (Levenberg-Marquardt algorithm) curve fitting. The errors reported are the standard
errors obained from the best fit.
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Fig. 7. Relative stability of 3¢,-36e compared to 5,-5, with saccharides.

fluorophore moieties, this is consistent with our previous
results.

In addition, it was also possible to observe the long
wavelength excimer emission due to - stacking of the
pyrene fluorophores around 470 nm. This fluorescence
emission has somewhat more modest intensity than the
main emission observed at 397 nm. Nevertheless, as D-
glucose binds to the receptor it forms a rigid 1:1 cyclic
structure and in so doing increases the proximity of the
boronic acids. This interaction forces the separation be-
tween the two pyrene fluorophores to increase, leading to
reduced -7 interactions between them. This change in
orientation of the system’s components manifests itself in
the fluorescence emission spectrum as a clear decrease in
excimer emission intensity with added saccharide.

MULTIPLE FLUOROPHORES, EXCIMER
EMISSION AND ENERGY TRANSFER

Whilst systems appended with multiple fluorophores
suffer from reduced binding constants, there are some
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advantages that can be obtained from using multiple flu-
orophores, namely the process of energy transfer.

OH
B
~OH HO™

S
eehgase

Fluorescence energy transfer is the transfer of
excited-state energy from a donor to an acceptor. The
transfer occurs as a result of transition dipole-dipole inter-
actions between the donor-acceptor pair [61]. We reported
the fluorescent sensor 3¢, that had two phenylboronic
acid groups a hexamethylene linker and two different
fluorophore groups (phenanthrene and pyrene) [62]. Our
idea with the system was to investigate the efficiency of
energy transfer (ET) from phenanthrene to pyrene as a
function of saccharide binding. A similar concept had
previously been employed in the construction of a fluo-
rescent calix[4]arene sodium sensor [63]. The excitation
and emission wavelengths of the phenanthrene (donor)
are 299 and 369 nm, respectively, while the excitation
and emission wavelengths of the pyrene (acceptor) are
342 and 397/417 nm, respectively. The emission wave-
length of phenanthrene (369 nm) and excitation wave-
length of pyrene (342 nm) overlap. These observations led
us to postulate that intramolecular energy transfer from
phenanthrene to pyrene could take place in 3g5p. AS in
the pyrene-pyrene appended system 3¢, 5 it Was possible
to observe the long wavelength excimer emission, this
time due to m-m stacking of phenanthrene and pyrene
in 3Ga—b-

H
B
N

Table IV. Stability Constant K (Coefficient of Determination; ) and Fluorescence Enhancement for the Saccharide Complexes of Molecular
Sensors 3¢a-a and 36a-p*

D-Glucose D-Galactose

D-Fructose D-Mannose

Fluorescence

Fluorescence

Fluorescence Fluorescence

Sensor K(dm3 mol™')  enhancement K (dm?® mol~!) enhancement K (dm? mol~!) enhancement K (dm> mol~!) enhancement

36a-a 260 £ 15 (1.00) 4.9 237 £ 6 (1.00) 4.2
32’3_,3 142 £ 12 (0.99) 3.9 74 +£7(0.99) 2.2
SZa_b 108 £ 10 (0.99) 2.4 81 £ 8 (0.99) 2.6

244 £ 26 (0.99) 34 32 £3(0.99) 32
76 10 (0.98) 1.7 ¢ ¢
125 + 11 (0.99) 35 8 £ 1 (1.00) 35

“The K values were analysed in KaleidaGraph using nonlinear (Levenberg-Marquardt algorithm) curve fitting. The errors reported are the standard

errors obtained from the best fit.
biex =299 nm, Aoy, = 417 nm.

“The K and fluorescence enhancement could not be determined because of the small changes in fluorescence.

4)ex = 342 nm, Aem = 417 nm.
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When phenanthrene was excited at 299 nm the flu-
orescence emission spectrum did not display emission at
369 nm (as would be expected for phenanthrene) but rather
displayed an emission spectrum characteristic of pyrene
with an emission maximum at 417 nm. The result demon-
strating that energy transfer from phenanthrene to pyrene
had indeed occurred.

450
Wavelength / nm

Fig. 8. Fluorescence emission spectrum of 3ga_a (7.5 x 10~% mol dm—3)
with increasing amounts of D-glucose (from 0 to 1.0 x 10~! mol dm~3)
in 52.1 wt% MeOH pH 8.21 phosphate buffer. Aex = 342 nm.

To confirm that the -7 stacking of sensor 3¢,., Was
only intramolecular and not intermolecular we plotted the
absorption versus concentration of both 3¢, and 5, + 5y,
in pH 8.21 aqueous methanolic buffer solutions, as de-
scribed above for the fluorescence titrations. The plots
for sensor 3,-;, and the mixture of sensors 5, + 5, were
linear until 2.0 x 10~° mol dm™3 [¢ = 2.12 x 10* dm?
mol™! (Amax = 342 nm) for sensor 3gap and & = 4.59
x10* dm? mol~! ( Amax = 342 nm) for sensors 5, + 5p],
clearly demonstrating that the 7 - stacking of sensor 3,-,
is only intramolecular.

The fluorescence titrations of 3¢ap (2.5 x 10~ mol
dm™3, Aex = 299 nm for phenanthrene and A.x = 342 nm
for pyrene) with different saccharides were carried out
in a pH 8.21 aqueous methanolic buffer, as described
above. The fluorescence intensity of sensor 3¢, at 417
nm increased with added saccharide when excited at both
299 and 342 nm, while the excimer emission at 460 nm
decreased with added saccharide. The excimer emission
change indicates that the fluorophore stacking of phenan-
threne and pyrene is broken on saccharide binding.

1

Bigggis

(o~~~
s /

342nm 417 nm

The stability constants K of sensors 3g,p With
(Aex =299 nm), and 3¢5 (Aex = 342 nm) were calcu-
lated by fitting the emission and intensity at 417 nm ver-
sus concentration of saccharide curves and are given in
Table IV. The stability constants K for diboronic acid sen-
SOr 36ap (Aex = 299 and 342 nm) with D-glucose were
enhanced relative to those of monoboronic acid sensors
5. and Sp, while the stability constants K for diboronic
acid sensor 3ga.p (Aex = 299 and 342 nm) with D-fructose
were reduced relative to those for monoboronic acid sen-
sors 5, and 5.

Sensor 3¢, Was particularly noteworthy in that the
difference between the observed fluorescence enhance-
ments obtained when excited at phenanthrene (Aex = 299
nm) and pyrene (A.x = 342 nm) can be correlated with
the molecular structure of the saccharide-sensor com-
plex, see Table IV. The fluorescence enhancement of sen-
sor 3¢a—p With D-glucose was 3.9 times greater when
excited at 299 nm and 2.4 times greater when excited
at 342 nm. Whereas, with D-fructose the enhancement
was 1.9 times greater when excited at 299 nm and 3.2
times greater when excited at 342 nm. This is to say that
the selectivity between D-fructose and D-glucose within
the same complex is in fact inverted dependant on the
excitation wavelength used, this is clearly displayed in
Fig. 11 and Fig. 12. The results derive from the fact
that energy transfer from phenanthrene to pyrene in the
1:1 cyclic diboronic acid-saccharide complex is far more

000 -

800 -

600 -

Excimer
400 -

200 -

Wavelength / nm

Fig. 9. D-Glucose binding to 36,-p inhibits PET, restoring fluorescence. The increased separation of the fluorophores prevents w-m stacking, dimin-
ishing eximer emission. Left. Schematic representation. Right. Fluorescence intensity versus wavelength for 3g,-p, (2.5 x 107 mol dm~3) displaying
photoinduced electron transfer and eximer emission with increasing concentrations of D-glucose (from 0 to 1.0 x 10-1 mol dm~3) in 52.1 wt% MeOH

pH 8.21 phosphate buffer. Aex = 342 nm.
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Fig. 10. D-Glucose binding to 3g,-p inhibits PET, restoring fluorescence. The compound’s conformation allows ET to operate and the in-
creased separation of the fluorophores prevents -7 stacking, diminishing eximer emission. Left. Schematic representation. Right. Fluores-
cence intensity versus wavelength for 3¢, (2.5 x 10~ mol dm~3) displaying energy transfer, photoinduced electron transfer and eximer
emission with increasing concentrations of D-glucose (from 0 to 1.0 x 10~! mol dm~3) in 52.1 wt% MeOH pH 8.21 phosphate buffer.

dex = 299 nm.

efficient than the alternative 2:1 acyclic complex. This ap-
proach allows for pertinent discrimination between sac-
charides based on their binding motif (i.e. the forma-
tion of a 1:1 or a 2:1 complex) with diboronic acid
receptors.

CONCLUSION

Using simple building blocks we have synthesised
a string of molecular sensors. Rational alterations of the
sensor’s constituent parts have afforded information on the
effects of receptor spacing, of solvation and steric crowd-
ing, and of how to utilise the different binding motifs to
identify them. In the case of monosaccharides both the ob-
served stability constants and the fluorescence enhance-
ments displayed by the sensors, have demonstrated that

0.5 | | | 1 1

0.02 0.04 0.06 0.08

[Saccharide] / mol dm™®

0.1

Fig. 11. Relative fluorescence intensity versus saccharide concentration
profile of 3¢, (2.5 x 107® mol dm~3) displaying PET at the pyrene
fluorophore with (e) D-glucose, (l) D-fructose, (#) D-galactose, (A)
D-mannose, in 52.1 wt% MeOH pH 8.21 phosphate buffer. Aex = 342
nm, Aey, = 417 nm.

the use of a hexamethylene linker and a single pyrene flu-
orophore achieve good D-glucose selectivity. In the case
of disaccharides the capacity exists to tune for specific ter-
minal monosaccharides appended to larger carbohydrates,
as well as distinguishing between them by their linker po-
sitions.

Though the binding constants K are reduced, ap-
pending multiple fluorophores to modular systems offers
the distinct advantage of allowing energy transfer mecha-
nisms to operate. This significantly enhances the selectiv-
ity for complexes formed in a 1:1 cyclic manner. Future
research will study the effects of energy transfer systems
in which the fluorophores have been removed from the
proximity of the binding pocket, thus circumventing the
issue of unfavourable steric crowding and hydrophobic
effects at the binding pocket, whilst retaining enhanced
saccharide selectivity.

0.02

0.04 0.06 0.08
[Saccharide] / mol dm™

0.1

Fig. 12. Relative fluorescence intensity versus saccharide concentra-
tion profile of 3y (2.5 x 1076 mol dm—3) displaying ET between
the phenanthrene and pyrene fluorophores with (e) D-glucose, (l) D-
fructose, (9) D-galactose, (A) D-mannose, in 52.1 wt% MeOH pH 8.21
phosphate buffer. Aex = 299 nm, Aey, = 417 nm.
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