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Abstract—The phenylboronic acids substituted with an azo group on the ortho-position show a significant change in UV-vis spectra
upon sugar binding. A new mechanism for the spectral change of the dyes is proposed based on the formation and cleavage of B-N

dative bond between boronic acid group and azo group.
© 2007 Elsevier Ltd. All rights reserved.

Sugar sensors have been extensively developed based on
enzymes such as glucose oxidase.! The enzyme-based
methods appear to be successful in practical glucose
monitorings, though high costs and low stability of glu-
cose sensors are still problems. The development of syn-
thetic probes has been expected to overcome these
problems. One of the most promising probes is phen-
ylboronic acid derivatives that form a complex with vic-
inal diols of sugar.>!3

There are many reports on fluorescent boronic acid
derivatives that show a significant change in emission
spectra upon sugar binding.>!* On the other hand,
reports on colorimetric sugar sensors using boronic acid
are still limited.!>"'® DiCesare and Lakowicz developed
boronic acid sugar sensors based on azo dye, in which
a boronic acid group was attached on the para-position
to azo group and linked directly in resonance with the
aromatic ring.!” Although the azo dyes showed a visible
color change upon sugar binding, the spectral changes
of the dyes were too small to put in practical use. We
report here a synthesis and spectroscopic properties of
a novel class of boronic acid-appended azo dyes (1
and 2 in Fig. 1), in which boronic acid group is linked
to the aromatic ring on the ortho-position to azo group.
It has been found that these dyes show a significant
change in UV-vis absorption spectra upon sugar bind-
ing, which can be clearly recognized by the naked eyes.
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Figure 1. Structures of ortho-azo substituted phenylboronic acids.

Dyes 1 and 2 were successfully synthesized in diazo-cou-
pling reactions. In the first step, the diazonium ion of
corresponding aniline derivative was generated with so-
dium nitrite in HCl and then coupled with 3-amin-
ophenylboronic  acid.  Synthetic  details and
characterization data can be found in the reference
and notes section.?%2°

Figure 2 shows UV-vis absorption spectra of 1 (10 uM)
in a methanol/water mixture (1/1, v/v) as a function of
pH. Although the measurements were carried out in a
methanol/water mixture rather than simply water, the
pH value was monitored directly with a pH meter using
a standard electrode. It has been shown that for solu-
tions in 50% methanol the pH is changed by only 0.1
pH unit compared to a 100% water solution.!® The
dye 1 exhibited an absorption maximum at 502 nm in
the neutral media. The absorbance at 502 nm decreased
as the pH increased, and a new absorption maximum
appeared at 384 nm in pH 12. An isosbestic point was
observed at 442 nm, suggesting an equilibrium between
two kinds of species. The pH-induced spectral changes
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Figure 2. UV-vis absorption spectra of 1 (10 uM) in different pH
solutions (pH 7, 8, 9, 10, 11, 12), measured in a methanol/water
mixture (1/1, v/v) containing KH,PO, (5.0 mM). Inset shows titration
curves against the pH in the absence (@) and in the presence (H) of
50 mM p-fructose for 1 (10 uM).

of 1 are strikingly large as compared to those reported
for the azobenzene dye bearing a boronic acid residue
at para-position to azo group.!” This is probably due
to a direct interaction between the boron atom and
azo nitrogen as illustrated in Scheme 1 (1a), which is
not possible for the azo benzene dye substituted with
boronic acid residue at the para-position.

In fact, Kano et al. have recently found the formation of
a B-N dative bond between azo group and boronic acid
in ortho-(phenylazo)phenylboronic acid, although they
have not studied a pH dependent absorption spectra.?”
In a similar manner, it is reasonable to assume that a
B-N bond is formed in 1, leading to a five-membered
ring in neutral solutions (1a). The absorption maximum
of 1a is observed at a significantly longer wavelength
than that of azobenzene derivatives such as 4-aminoazo-
benzene, whose absorption maximum is around
365 nm.?! Thus, the formation of a B-N bond may be
a reason for the red shift of the absorption maximum
of 1a. On the other hand, the B-N bond of 1a is broken
in the basic media as a result of addition of OH™ ion to
the boron atom (1b). A new absorption maximum
appears at 384 nm, which is close to the absorption
maximum of 4-aminoazobenzene.

The absorption-pH titration was carried out to obtain
pK, of 1 in the absence and presence of sugar. The re-
sults are plotted in the inset in Figure 2. From the data,
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Scheme 1. Proposed acid-base equilibrium of 1.

the pK, values are estimated to be 11.1 and 9.8 in the ab-
sence and presence of 50 mM D-fructose, respectively.
The decrease in pK, upon sugar binding may allow the
detection of sugar in a buffered solution. To study the
response of 1 to sugars, we used pH 10.0 solutions in
which the maximum optical changes can be expected
upon sugar binding. The pK, of 1 is higher than that
of general phenylboronic acids. It is known that boron
nitrogen interaction raises the boronic acid’s pK,.?
The quasitetrahedral boron of 1a is less electrophilic be-
cause it is more electron-rich compared with trigonal
boron. Hence, relatively high pH is needed to break
the B-N dative bond of 1a. The high pK, of 1 supports
the acid-base equilibrium, as presented in Scheme 1.

Figure 3(A) shows effects of p-fructose on the absorp-
tion spectrum of 1 in a methanol/water mixture (1/1,
v/v) at pH 10.0. Similar spectral changes as for the pH
effect, i.e., a decrease in the absorbance at 502 nm and
an increase of 384 nm band were observed. 1 showed
color change from reddish orange to yellow by sugar
addition. Figure 3(B) is plots of absorbance at 502 nm
as a function of the concentration of p-fructose and
D-glucose. The binding constants are calculated from
Figure 3(B) to be 36 and 2.8 M~! for p-fructose and
D-glucose, respectively. The pK, and binding constants
were calculated by a curve fitting analysis.'®
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Figure 3. (A) UV-vis absorption spectra of 1 (10 uM) in the presence
and absence of p-fructose (0, 1.1, 2.2, 5.3, 10, 20, 48, and 92 mM),
measured in a methanol/water mixture (1/1, v/v) containing 2-
(cyclohexylamino)ethanesulfonic acid (CHES, 5.0 mM), pH 10.0. (B)
Absorbance at 502nm of 1 as a function of the concentration of
D-fructose (@) and p-glucose (O).
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Scheme 2 shows a proposed mechanism for the spectral
changes of 1 upon binding of sugar. In the absence of
sugar, la involves a B-N dative bond at pH 10.0 and
shows an absorption maximum at 502 nm. Sugar addi-
tion decreases the pK, of the boronic acid and OH™
coordinate to the boronic acid, which resulted in the
cleavage of the B-N bond of 1a and increase of the
absorbance at 384 nm. This proposed mechanism for
the spectral changes is based on the cleavage of the B—
N bond. A similar mechanism for boronic acid-based
fluorometric sensors has been reported by Ni et al.>3

To our knowledge, such a large change in UV-vis spec-
tra has never been reported for colorimetric boronic
acid-based sugar sensors. Ward et al. suggested that
B-N interactions play an important roll in spectral
change of boronic acid-linked azobenzene dyes.!>!¢
However, in their case, the B-N bond was formed be-
tween the boronic acid and nitrogen atom in the aniline
side chain. Other groups also discussed the importance
of B-N bonds in improving the response characteristics
of boronic acid-based colorimetric and fluorometric sen-
sors.’>2> On the contrary, the B-N bond of 1 is linked
directly to the nitrogen atom of the chromophoric azo
group. The direct interaction of the chromophore group
and boronic acid in 1 is a key to induce the significant
change in UV-vis absorption spectra.

Experiments using 2 were carried out in an aqueous
solution without methanol since 2 is soluble in water.
The pK, of 2 were calculated to be 10.5 and 9.0 in the
absence and presence of 50 mM b-fructose, respectively,
which are lower than that of 1. The shift of pK, is prob-
ably due to sulfonic acid groups. It is known that the
introduction of electron withdrawing group onto
the conjugated system stabilizes the boronate form of
the acid and lowers the pK, value.®?® Figure 4 shows
the effect of sugar on the absorption spectrum of 2.
The absorption maximum of 2 was observed at
521 nm. Sugar addition induced the decrease of absor-
bance at 521 nm and the increase of 398 nm. An isos-
bestic point was observed at 453 nm. 2 showed color
change from red to yellow by sugar addition (Fig. 5).
The binding constants are calculated to be 110 and
62M~' for p-fructose and D-glucose, respectively.
These results indicated that the appropriate introduction
of functional group on the dyes can improve their prop-
erty such as binding constants, solubility in water.

1a 1d

Scheme 2. Proposed mechanism for the sugar-induced spectral
changes of 1.
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Figure 4. UV-vis absorption spectra of 2 (20 uM) with increasing
concentration of p-glucose (A), p-fructose (B) (0, 1.1, 2.2, 5.3, 10, 20,
48, 92 mM), measured in CHES buffer solution (10 mM, pH 10.0).
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Figure 5. Solutions of 2 (20 uM) in CHES buffer (10 mM, pH 10.0), in
the absence of sugar (A), in the presence of 100 mM of p-glucose (B),
and in the presence of 100 mM of p-fructose (C).

The hybridizations of boron are reflected in its chemical
shiftin "B NMR .20-22.25.27 When the boron is tetrahedral,
its chemical shift is upfield from that of the trigonal planar
geometry, where pure sp> and sp” are approximately 0 and
30 ppm, respectively. We measured "B NMR spectra of
phenylboronic acid and 2 using Et,O-BF; in toluene-dg
as an external standard. The ''B NMR spectrum of phen-
ylboronic acid in D,O exhibited a sharp peak at 28.7 ppm.
On the other hand, the ''B NMR spectrum of 2 in D,O
exhibited a broad peak at 13.0 ppm, corresponding to a
quasitetrahedral form like 1a (Scheme 1). In the quasitet-
rahedral form, the boron center is not fully negatively
charged, because a weakly coordinated intramolecular
B-N interaction occurs between the boron and nitrogen
of azo group. In D,O containing 1 M NaOD, the peak
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of 2 was shifted in 2.4 ppm, which is almost the same as
that of phenylboronic acid (2.1 ppm). The results indicate
the tetrahedral form of 2 is generated in high pH solution
because a strong nucleophilic reagent (OH™) is able to
break the weak intramolecular B-N bond. The data from
"B NMR measurements strongly support the proposed
mechanism of acid-base equilibrium of ortho-azo substi-
tuted phenylboronic acid, as presented in Scheme 1.

In conclusion, we have synthesized ortho-azo substituted
phenylboronic acids and found that dyes 1 and 2 exhibit a
significant change in UV-vis absorption spectra upon su-
gar addition. A new mechanism for the spectral change of
the dyes is proposed based on the formation and cleavage
of B-N dative bond. Highly sensitive sensor compounds
would be developed based on the concept of the ortho-
azo substituted phenylboronic acid because many kinds
of starting materials can be used for the synthesis of azo-
benzene dyes bearing boronic acid moiety.
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