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Abstract—Several boronic acids were screened for their ability to bind to diols. 3-Methoxycarbonyl-5-nitrophenyl boronic acid
bound to both a catechol dye as well as fructose with a comparable affinity to that of an ortho-methylamino substituted boronic
acid. This work suggests a greater role for appropriately functionalized electron deficient boronic acids in diol and carbohydrate
recognition.
# 2003 Elsevier Ltd. All rights reserved.
In this paper, we report that a phenyl boronic acid
suitably substituted with a nitro group can bind to a
sugar in aqueous solution at neutral pH with reasonable
affinity. Boronic acids are commonly used as carbohy-
drate recognition motifs because they react with some
1,2 and 1,3 diols to form boronate esters.1�4 Although
the boronate esters can form in aqueous solution, the
equilibrium constant for their formation is generally not
very large at neutral pH. Higher association constants
can be obtained under basic conditions (generally
pH=10), where the population of the tetrahedral bor-
onate form is greater.1,5

In order to obtain higher association constants at neu-
tral pH, an ortho aminomethyl substituent is often
introduced, as seen in compound 2. Introduction of the
Lewis basic aminomethyl group facilitates boronate
ester formation due to the donation of the nitrogen lone
pair into the empty boron p-orbital.6 The benzylic
amine functionality is most often introduced by reduc-
tive amination of the corresponding benzaldehyde or by
nucleophilic displacement of a benzylic bromide. How-
ever, once formed, the purification and subsequent syn-
thetic manipulation of these types of compounds is
often problematic due to the zwitterionic and ampho-
teric character of the B–N moiety. As part of an on-
going project for the development of oligosaccharide
sensors, we sought an alternative boronic acid scaffold
that would retain an appreciable affinity for carbohy-
drates at physiological pH, but without recourse to the
prosthetic benzyl amino functionality.

The introduction of electron withdrawing groups onto
the ring of a phenyl boronic acid stabilizes the boronate
form of the acid and lowers the pKa value, which in turn
favors ester formation at a lower pH.7 We reasoned that
an electron deficient aryl boronic acid may have an
appreciable affinity for a carbohydrate at neutral pH.8

Therefore, we screened several commercially available
boronic acids (compounds 3–9) which varied in the
location and identity of electron withdrawing groups on
the ring. Phenyl boronic acid (PBA) 1 and the N,N-di-
ethyl aminomethyl boronic acid 2 were included for
comparison.9

We used a fluorimetric assay recently reported by
Springsteen and Wang to initially determine the binding
constants of the boronic acids 1–9 with the catechol dye
Alizarin Red S (ARS, 10).10 The fluorescence of ARS
increases significantly upon binding, providing a con-
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venient spectroscopic method for determining associ-
ation constants. Thus, monitoring the fluorescence of
ARS as a function of increasing boronic acid concen-
tration allowed the calculation of the binding constant
(Ka) upon Benesi–Hildebrand treatment of the data.11

The measured Ka values are shown in Table 1.

The Ka value for 1 was found to be 1500 M�1, in close
agreement with the reported value.6 As expected, the
presence of the benzylic amine in 2 afforded a large
increase in the association constant. The introduction of
electron withdrawing substituents such as a carbox-
amide (6) or nitro (3–5) enhanced the association sig-
nificantly relative to 1. However, substitution ortho to
the boronic acid (7–9) resulted in Ka values lower than
that for PBA.12 These primary results show that the
presence of a nitro group meta or para to the boronic
acid results in high affinities for ARS.

Although boronic acids 5 and 6 have Ka values for ARS
slightly less than half that of the benzylamine sub-
stituted boronic acid 2, they both contain functional
groups which can serve as sites for further synthetic
elaboration. The carboxyl group can be used to cova-
lently attach the boronic acid to a variety of moieties,
allowing its use with diverse sensor scaffolds. Since
compound 5 has a slightly higher Ka value than 6, we
examined it in greater detail.

We determined the pKa of 5 by monitoring the decrease
in absorbance at 223 nm as a function of increasing pH,
as shown below (Fig. 1). The measured pKa value of 6.9
is lower than that for 1 (8.8),5 and higher than that for
an ortho-benzylamine substituted boronic acid similar
to 2 (5.8), which exists almost exclusively as the bor-
onate at neutral pH.13 In contrast, although a neutral
solution of 5 still contains appreciable amounts of tri-
gonal boronic acid, the majority exists as the boronate,
which should facilitate binding to a sugar.

While binding to ARS provides a quick method for
screening boronic acid–diol interactions, the electronic
and structural properties of a catechol are very different
from that of the aliphatic diols found in a carbohy-
drate.14 In order to study the complexation of 5 with a
sugar, we chose to examine its binding to fructose. Of all
the readily available monosaccharides, fructose generally
has the highest binding constants for most mono-boronic
acid receptors, and provides a useful comparison for the
efficacy of 5 compared to other boronic acids.15

The binding of 5 and 2 with fructose was determined by
a competition assay using ARS as the indicator.5 Addi-
tion of increasing concentrations of fructose to a solu-
tion of the highly fluorescent boronic acid.ARS complex
displaces the bound ARS and decreases the observed
fluorescence. The binding constant between the boronic
acid and fructose can then be calculated using standard
methods.11 The Ka value for the binding of fructose to 5
was found to be 1350�270 M�1, and the Ka for 2 was
1640�330 M�1. In contrast, the unsubstituted boronic
acid 1 binds fructose under identical conditions with a
Ka of 160 M�1.5 This result indicates that the appro-
priate introduction of electron withdrawing groups on
an arylboronic acid can enhance sugar-binding almost
as effectively as the ortho benzylamine functionality.

In conclusion, we have found that the nitro substituted
boronic acid 5 binds to fructose with an association
constant comparable to that obtained with a boronic
acid stabilized by a neighboring Lewis base.16 Addi-
tionally, the presence of a carboxy functionality in 5
provides a useful synthetic handle for attachment of the
boronic acid recognition module to a variety of receptor
scaffolds for the synthesis of sugar specific sensors.17,18

We are presently incorporating boronic acid 5 into poly-
mers in order to achieve oligosaccharide recognition, and
the results of these studies will be reported in due course.
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