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The design of artificial receptors that bind strongly and
selectively to sugars in aqueous or nonaqueous media is an
important current goal in bioorganic chemistry.! Recently
receptors containing neutral hydrogen bonding sites, such as
amide NH and alcohol OH groups to interact with the
carbohydrate, have been shown to have modest binding affinity
in nonpolar chlorocarbon solvents.>® This is in sharp contrast
to sugar binding proteins which have high substrate affinities
even in aqueous solution and which often employ many charged
residues in their binding pockets.* A good example is seen in
the maltose binding protein (shown schematically in Figure 1)
which forms 11 hydrogen bonds to the disaccharide, of which
nine are between charged residues and the substrate hydroxyls.®
Four carboxylate groups act as hydrogen bond acceptors with
one (Asp65) forming a bidentate interaction to a vicinal diol.
This bidentate motif (1) is seen in other sugar binding proteins’
and offers a potentially general approach to the design of strong
binding, synthetic receptors for polyol substrates. Phosphate
or phosphonate can form a similar complex with 1,2-diols (2),
and indeed such interactions have been observed in the solid
state? and have been proposed in the binding of fructose to
DNA.®
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Our interest lay in incorporating this anionic, bidentate motif
into synthetic receptors!® that might bind sugars in relatively
polar solvents. We chose phosphonate derivatives as the basis
for our design because they remain anionic over a wider range
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Figure 1. Substrate recognition pocket of maltose binding protein.’

of pH than carboxylates (pK, =~ 1.8 compared to =~ 4.8) and,
also, the tetrahedral phosphorus with its additional substituent
allows for more facile structural modification. In this com-
munication we report the development of anionic mono and
bis phosphonate derivatives that bind alkyl glycosides strongly
in polar organic solvents.

To test the strategy outlined in 2 we studied the interaction
of the tetrabutylammonium salt of methyl benzylphosphonate
(3)!! with cis- and trans-cyclopentane-1,2-diols and cyclohex-
ane-1,2-diols. Titrations were carried out in CD;CN by
following changes in the 'H NMR resonances of the alcohol or
31P NMR resonance of the anion.!? In particular, large (1.8~
4.5 ppm) downfield shifts of the OH resonance and small (0.1—
0.2 ppm) upfield shifts of the CH(OH) resonances of the alcohol
were seen. Additionally, the 3P resonance of phosphonate 3
showed a downfield shift on diol binding. The binding curves
from the different NMR experiments were analyzed by nonlinear
regression methods,’3 and the calculated association constants
are collected in Table 1. A stoichiometry of 1:1 was confirmed
for each complex either by Job plots or by the method of
Ramirez et al.'4 The results show that phosphonate 3 forms
weak complexes with simple alcohols, but shows appreciable
binding to cyclic vicinal diols. The more than 10-fold difference
in K, values between trans-cyclopentane-1,2-diol and trans-2-
methoxycyclopentanol is strongly indicative of a diol complex
of type 2. While the diol and monool have similar pK, values,
only the diol can bind in a bidentate fashion.

Methyl benzylphosphonate (3) binds even more strongly to
alkyl glycoside derivatives. For example, titration of 3 into a
CD;CN solution of 1-0-octyl §-D-glucopyranoside!® gave large
downfield shifts of the sugar OH resonances from which a K,
of 44 x 10> M~! was measured (Figure 2a). A strong
preference for 1:1 complexation was confirmed by Job analysis
and reflects the electrostatic repulsion that would result from
associating two anionic phosphonates with the carbohydrate.
Similar results were seen with the other octyl glycosides (Table
1), and in all cases 3 binds ~10-fold more strongly than to the
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Table 1. Association Constants (Kj.1)*? (M™!) of Tetrabutylammonium salts of Methyl Benzylphosphonate (3) and m-Xylene Bis(methyl

phosphonate) (4) with Representative Substrates in CDisCN at 20 °C

substrate 3 4

substrate 3

n-octanol 18 cis-cyclohexane-1,2-diol 2.1 x 10?

cyclohexanol 11 trans-cyclohexane-1,2-diol 3.3 x 10?

cyclopentanol 15

3-hydroxytetrahydrofuran 42 1-0-octyl §-D-glucopyranoside 4.4 x 103 2.6 x 104
trans-2-methoxycyclopentanol 25 1-0-octyl a-D-glucopyranoside 42 x 103 1.8 x 104
cis-cyclopentane-1,2-diol 2.0 x 10? 1-0-octyl S-D-galactopyranoside 3.9 x 10° 25 x 10¢
trans-cyclopentane-1,2-diol 3.9 x 10? 1-0-octyl a-D-mannopyranoside 4,0 x 103 3.6 x 10¢

4 Results of 'H NMR titrations performed by keeping the substrate concentration constant and varying the receptor concentration. All K,’s are
the mean of at least two determinations. * Titration data analyzed using versions of the Hostest program. Errors for K,’s less than 10* were estimated

at £10%; for K,’s above 10%, errors were estimated at +20%.
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Figure 2. (a) Plot of the chemical shifts of two OH resonances of
1-0-octyl B-p-glucopyranoside (¢ = 1.70 mM) vs concentration of
phosphonate (3) in CDiCN at 20 °C. (b) Job plot of 4 + glucoside at
a total concentration of 3 mM in CD;CN at 20 °C.
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Figure 3. (a) Schematic and (b) calculated structure for the complex
between bis phosphonate receptor 4 and 1-O-methyl §-D-glucopyra-
noside.!?
simple cyclohexane-1,2-diols. This increase in affinity is
presumably due to the higher acidity of the carbohydrate
hydroxyls!” as well as the statistical advantage that four hydroxyl
groups (four potential 1,2- or 1,3-diol binding sites) affords.
The above results suggested that two phosphonates linked
by a suitable spacer should bind to all four hydroxyls of an
alkyl glycoside, as shown in Figure 3a. Receptor 4, with two
phosphonate groups separated by a m-xylyl spacer, was prepared
in 33% overall yield by Arbuzov reaction of 1,3-bis(bromo-
methyl)benzene with trimethyl phosphite!8 followed by mono-
demethylation of the bis phosphonate diester with N-methyl-
morpholine!!® and subsequent conversion to the bistetrabutyl-
ammonium salt. A calculated structure for the complex between
4 and 1-O-methyl B-D-glucoside (Figure 3b)!° showed the
phosphonate groups on either side of the glucoside in good
position to form four H-bonds to the four free hydroxyl groups.
Binding of bis phosphonate 4 to the various octyl glycosides,
particularly at higher concentrations, is more complex than with
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the mono phosphonate 3. Initial dilution studies with a 1:1
mixture of 1-O-octyl B-D-glucoside and 4 in CD;CN showed
essentially no change in the 'H NMR spectrum of either host
or guest over a concentration range of 0.4—10 mM, reflecting
very strong association with K, > 10* M~!. In all the octyl
glycosides studied so far (Table 1), the four hydroxyl resonances
broaden during the titration with 4 but become distinct near
saturation (shifted downfield by ~2-2.9 ppm). However,
binding could be followed by monitoring the upfield shifts of
their 1- and 2-CH resonances (~0.1—0.2 ppm, respectively, at
saturation). While titrations performed at glycoside concentra-
tions greater than 1 mM gave evidence of multiple binding
modes, at concentrations lower than 0.5 mM, the binding
isotherms fitted well to a 1:1 binding scheme!® with K, values
in the range 1.8—3.6 x 10* M~1.20 For example, 1-O-octyl
o-D-mannopyranoside?! gives a K, = 3.6 x 10* M™! cor-
responding to a nearly 100-fold increase in affinity over the
simple trans-cyclohexane-1,2-diol/3 complex and 9-fold com-
pared to mono phosphonate 3. Although the modest increase
in binding could be explained by only one phosphonate binding
to the glycoside,?? the sizable downfield shift of the phenyl 2-CH
of 4 (~0.2 ppm) is strongly suggestive of a conformational
change in the receptor resulting in enforced proximity of the
glycoside due to binding by both phosphonates (the analogous
protons in 3 do not shift under equivalent conditions). The
results are therefore most consistent with both phosphonates
binding to the glycoside but presumably with some mutual
repulsion. This model was further supported by Job plots
(Figure 2b)?* using resonances from both the pyranosides (1-
and 2-CH) and 4 (*'P), which gave maxima in the range 0.45—
0.5. That some higher order aggregation is seen is not surprising
since both 4 and 1-0-octyl D-glycosides contain several potential
hydrogen bonding sites. Similar results were observed for 1-O-
octyl B-p-glucopyranoside and 1-O-octyl S-p-galactopyrano-
side?* (Table 1). Association constants of receptor 4 and o-
and B-anomers of 1-octyl D-glucoside were similar, indicating
that steric interactions between the Xylene spacer and the
glycosidic substituent are negligible.
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