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The measurement of blood glucose levels is a regular
necessity for millions of diabetics. The standard enzyme-
based methodology"! is reliable and inexpensive, but has
certain limitations. In particular, it is difficult to employ in
long-term implantable sensors, due to stability problems and/
or the need for consumable components.”! Alternative
approaches have therefore been widely studied.’® Some
involve carbohydrate binding proteins (lectins),>*4l while
others employ boronic acid units which bind glucose through
cyclic boronate formation.**¥ The use of “synthetic lectins”
(receptors which bind through non-covalent interactions) has
been discussed as a third possibility,*! but presents technical
difficulties. Biomimetic carbohydrate recognition has proved
challenging for supramolecular chemists,” and the effective
binding of glucose in water is still an unsolved problem.

We have been studying a design for synthetic lectins
targetting pyranose units with all-equatorial substitution
patterns (B-glucosyl 1, B-GlcNAc 2, etc.).”! As illustrated in
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Scheme 1, the combination of parallel biphenyl units with
isophthalamide spacers in a macrotricyclic framework pro-
vides a binding site which complements both apolar and polar
moieties on the carbohydrates. Our prototype 3 was found to
bind glucose 8 in water with low affinity (K,=9m™"),” but
was far more effective with B-GlcNAc 2 (K, up to 10°m71).P4
While this selectivity for 2 has potential applications, a
preference for glucose could be even more valuable. We now
report modifications to 3 which raise affinities for glucose, and
enhance selectivities for -glucosyl vs. other carbohydrates
(including GIcNAc). The results suggest that, with further
development, exploitation in blood glucose monitors is a real
possibility.

To modify the binding properties of 3, we sought changes
which might yield useful effects without substantially chang-
ing the core structure. Appending substituents to the frame-
work could alter selectivities and enhance binding by adding
to the intermolecular interactions (either polar or non-polar).
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Scheme 1. Structural formulae for receptors 3-7 enclosing glucose 8
(B anomer). Complementary apolar groups are shown in blue, polar
units in red. Inset: one end of the structure showing the expected
positioning for the alkoxy substituents.

Groups added to the isophthalamide spacers would either
occupy the cavity or be directed away from the substrate,
while additions to the biphenyl 2/2’ positions would severely
distort the conformation. However, substitution in the
biphenyl 4 and 4’ positions appeared more promising. Such
groups need have little effect on the core conformation, but
could fold inward between the isophthalamides to reinforce
the cavity walls and make contact with a bound carbohydrate.
As a first trial of this strategy we chose to investigate alkoxy
44" substituents, as in 4-7 (Scheme 1). For these apolar
groups, the inward-directed orientation should be favoured by
hydrophobic interactions with the isophthalamide spacers
and, in some cases, with each other.

Receptors 4-7 were synthesized as shown in Scheme 2.
Hydroxymethylation of p-bromophenol, followed by phenolic
O-benzylation, gave diol 9. Part of this material was
converted to the Boc-protected diamine 10, then coupled to
unchanged 9 using Suzuki-Miyaura methodology. The result-
ing biphenyl was de-O-benzylated to give biphenol 11, then
re-alkylated to give intermediates 12. Conversion of the
benzylic hydroxy groups to azides gave biphenyls 13 with four
masked amino groups, suitable for stepwise cyclisations with
spacer unit 14 as described previously.”! After conversion of
the peripheral tert-butyl ester groups to carboxylates, the
macrotricycles were freely soluble in water and gave well-
resolved NMR spectra.

The binding properties of 4-7 were studied through
'"H NMR titrations in D,0.! As observed for 3,°*< addition
of most carbohydrates caused movements of signals due to
receptor aromatic protons. The motions were consistent with
1:1 binding, and were analysed by non-linear curve-fitting to
obtain association constants K,. In most cases, two signals
were analysed and gave closely similar results. N-Acetylglu-
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Scheme 2. Synthesis of receptors 4-7: a) KOH, aq. formaldehyde, 48 h, 40°C; b) K,CO,, BnBr, acetone, reflux, 4 h; c) SOCl,, DCM; d) NaN;, DMF,
60°C; e) PPh;, THF, 60°C, then H,0, 60°C; f) Boc,O, DIPEA, THF; g) bispinacolato diboron, [Pd(dppf)Cl,] (3 mol %), KOAc (4 equiv), DMF,
80°C; h) 9, [Pd(dppf)Cl,] (5 mol %), Na,CO; aq., DMSO, 80°C; i) Pd/C, H,, THF/methanol saturated with NH; (1:1); j) R'l, Cs,CO;, DMF, RT
(R"=Me, Et) or RBr, Cs,CO;, MeCN, 60°C (R'=Pr, Bu); k) PPh;, CBr,, THF, 0°C to RT; |) NaN;, DMF, 60°C; m) TFA, DCM, 0°C; n) DIPEA, THF;
0) 15, DIPEA, THF; p) TFA, DCM, 0°C, then NaOH aq. Bn = benzyl, DCM = dichloromethane, DMF = N,N’-dimethylformamide, Boc = tert-
butoxycarbonyl, DIPEA = diisopropylethylamine, dppf = 1,1"-bis(diphenylphosphanyl)ferrocene, DMSO = dimethylsulfoxide, TFA = trifluoro-

acetic acid.

cosamine (GIcNAc, 19) and the corresponding B-methyl
glycoside (GlcNAcB-OMe, 20) were bound with slow
exchange on the NMR timescale, allowing determination of
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K, by integration of signals from bound and unbound
receptor. The data are summarised in Table 1, along with
published results for 3.7 In several cases the results were
checked using isothermal titration calorimetry (ITC) and/or
induced circular dichroism (ICD). In general, good agree-
ment was observed between the different techniques.
Focussing first on receptor 4, it seems that the methoxy
substituents produce a general increase in affinities. The only
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clear exception is GIcNAc (19), for which a small drop in K, is
observed between 3 and 4. Binding to glucose is enhanced by
a factor of ~4. When the alkoxy group is then lengthened
through ethyl to propyl (4—5—6), further increases are
observed for the 3-glucosyl substrates 8, 15 and 16, and for the
closely related all-equatorial substrates 17 and 18. By

Table 1: Association constants K, for receptors 3-7 with carbohydrate
substrates in aqueous solution.”!

Carbohydrate K,[Mm™]

3 4 5 6 7
p-glucose (8) 9 350 4 60° 47
methyl B-b-glucoside (15) 27 70®! 81 130 82
p-cellobiose (16) 17 35 71
2-deoxy-p-glucose (17) 7.2 18 29"
D-xylose (18) 5 14 170
N-acetyl-p-glucosamine (19) 56 41 10 7 3
GlcNACB-OMe (20) 630 7300 43
methyl a-p-glucoside (21) 7 1 1 1508
p-galactose (22) 2 4 3 3 2
D-mannose (23) ~0 2 = ~0 2
p-arabinose (24) 2 7 4
p-lyxose (25) ~0 ~0 ~0
D-ribose (26) 3 6 6
L-fucose 27) 2 3 3
L-rhamnose (28) ~0 ~0 ~0
p-lactose (29) ~0 4 8
p-maltose (30) ~0 ~0 ~0
N-acetyl-p-galactosamine (31) 2 3 3
N-acetyl-D-mannosamine (32) 2 4 4

[a] Measured by 'H NMR titration in D,O at 296 K. Results for 3 are
repeated from refs. [5a,d]. Values denoted =~ 0 were too small for reliable
analysis. Errors were estimated at <5 % for most of the systems which
showed fast exchange on the NMR timescale, and <10% for systems
showing slow exchange. For further details, including individual error
estimates, see Supporting Information. [b] Corroborative data obtained
using ICD or ITC. For details, see Supporting Information.
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contrast, binding to GlcNAc (19) and GIcNAcp-OMe

(20) is substantially decreased. For most other sub- 2
strates, affinities remain static or decrease slightly.
Finally, the addition of a further methylene group (6 —
7) yields a decrease in affinities for most substrates. B

Macrotricycle 6 emerges from these studies as a
promising receptor for [-glucosyl units, and for A
glucose itself. When compared to the 4,4’-unsubsti-
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tuted receptor 3, it binds glucose more strongly (by a
factor of ca. 6) and considerably more selectively.

8.0 7.0 6.0 50 40 30 20

10 5 /ppm
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Receptor 6 shows glucose/galactose selectivity of 20:1
and glucose/GIcNAc selectivity of 9:1. The corre- 254 mw 0.2

: . M 204 mw
sponding values for 3 were 4.5:1 and 1:6, respectively. Y N
Remarkably, receptor 6 seems to be more glucose- 4 104 mm €
selective than the readily available!® lectins used for _,J\,L__/--_- 54 mu g o1
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this substrate, i.e. concanavalin A, lens culinaris AN ?2 mu 5
agglutinin and pisum sativum agglutinin. These pro- M 13 zz —o_AS calculated
teins bind mannose as well as glucose, and indeed ALY~ 84mm —=-Ad observed
prefer the former.”) The affinity of 6 for glucose, at A ¥ -~ 34mu o8 X
60M~!, is still lower than those of the natural lectins 84 82 80 7.8 7.6 5/ppm [glucosé] m

(540, 230 and 380 M, respectively!®). However, it may
be sufficient for the main projected application, i.e.
blood glucose monitoring. Physiological glucose levels
range from 2mMm (low) through 5mMm (normal) to
10 mm and above (high). When 6 is exposed to these
concentrations, the fraction of receptor bound (f) may
be calculated as 0.11, 0.23 and 0.38, respectively
(assuming the glucose is present in large excess). In
principle, the variation of f across this range should not be
difficult to measure and translate into a glucose concentra-
tion.

If receptor 6 is to be used for physiological glucose
monitoring, it must be able to operate in the presence of the
other blood constituents. In a preliminary test, we obtained
lyophilised human blood plasma from Sigma-Aldrich and
reconstituted it with D,O. The concentration of glucose was
measured at 3.4 mM using a commercial Accucheck Aviva
blood glucose meter. NMR spectra were recorded before and
after addition of 6 (1 mm) (Figure 1). Further glucose was
added incrementally, with monitoring by NMR. Although the
signals due to 6 were broadened relative to those in pure D,0O,
their movements were essentially unaffected by the plasma
contents. Analysis of the data as for a normal binding study
gave an excellent fit (Figure 1¢) with K,=58M"' (£3%),
almost identical to that in pure D,O. The results suggest that
normal blood does not contain any soluble components that
interfere with glucose binding. Of course, NMR is not a viable
method for glucose monitoring, but if appropriate trans-
duction methods can be developed there is clear potential for
applying this system in practical sensors.

To rationalise the binding properties of 4-7, we first
employed NMR and molecular modelling to elucidate, as far
as possible, the structures of the complexes. Two systems were
studied in detail; methoxy receptor 4 + GIcNAcp-OMe (20),
and propoxy receptor 6 + glucose (8). In the case of 4-20, we
were guided by the previously published NMR structure of
320.°9 Like 320, complex 4-20 was strongly bound (K,=
730m~") and showed slow exchange on the NMR timescale.
This allowed the assignment of chemical shifts for most of the
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Figure 1. Glucose binding by receptor 6 in blood plasma reconstituted with
D,0. a) '"H NMR of plasma sample without (A) and with (B) added 6 (1 mm).
New signals due to 6 are observed in the aromatic region of the spectrum and
at 0~ 3.8 and 2.5 ppm. b) Changes to the aromatic region of the spectrum as
the glucose concentration is increased. The peak analysed to give K, is marked
by vertical arrows. c) Observed and calculated binding curves. K,=58 m™" (cf.
in pure D,0).

protons, notable exceptions being the receptor OMe signals.
NOESY spectroscopy then yielded a pattern of intermolec-
ular correlations which was almost identical to that for 3-20,
implying a very similar structure. On this basis, a model for
4-20 was constructed by adding four methoxy groups to the
NMR structure of 3-20, then optimising their orientation
using Monte Carlo molecular mechanics (MCMM).['"! The
calculations suggested a small preference for inward-directed
methoxy groups, reflected in the global minimum shown in
Figure 2.

In the case of 6-8, the complex was weaker (K, =60m")
and in fast exchange, so less information was available.
However, NOESY contacts between axial carbohydrate and
biphenyl CH groups were clearly discernable, supporting the
expected binding geometry. All intermolecular cross-peaks

Figure 2. Model of 420, based on the NMR structure of 3-20 supple-
mented by MCMM. The carbohydrate guest and (inward-directed)
receptor 4,4’-methoxy groups are highlighted in black. The water-
solubilising tricarboxylate groups in 4 are omitted for clarity.
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correlated with B-glucose, suggesting that only this (the all-
equatorial) anomer was bound. Correlations were also
observed between propoxy and spacer protons within the
receptor, implying that the propoxy groups are inward-
directed as in Scheme 1. Modelling showed that receptor
propoxy groups could contact each other across the narrow
portal of the cavity, presumably a stabilising interaction in
aqueous solution.

The structural evidence helps to explain one aspect of the
binding results, i.e. the strongly variable glucose/GlcNAc
selectivity. As illustrated in Figure 2, GIcNAc units seem to
bind in a geometry which places the NHAc in a narrow portal
of the cavity. If the receptor alkoxy groups are directed
inwards, steric clashes are possible. As the alkoxy groups
increase in size it is understandable that binding to GlcNAc is
disfavoured. The other effects of the alkoxy groups may be
rationalised in several ways. The groups might raise affinities
by interfering with the hydration of the empty cavity and/or
by making apolar contacts to carbohydrate CH groups (for
example the 6-CH,). Alternatively, they might help to
stabilise the precise conformation required for binding. An
electronic component is possible, but seems unlikely. In the
general case, alkoxy groups can enhance CH-x interactions
through raising electron density in aromatic rings.!"'! However
here the alkoxy group is flanked by CH, units and forced out
of the plane of the aromatic ring, inhibiting mt-donation.['?!

In conclusion, we have shown that the binding properties
of our tricyclic monosaccharide receptors can be usefully
modified through substituents in the biphenyl-based hydro-
phobic units. There is further scope for applying this strategy,
for example by adding polar functional groups. The alkoxy
substituents studied in this work have conferred selectivity for
B-glucosyl, and have raised affinities for this unit. Binding to
glucose is still quite weak, but potentially strong enough for
blood glucose monitoring. In future we hope to realise this
important application of synthetic lectins.
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