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Two water-soluble naphthalene-based fluorescent boronic acid isomers, 5-(dimethylamino)naphthalene-
1-boronic acid (5-DMANBA, 1) and 4-(dimethylamino)naphthalene-1-boronic acid (4-DMANBA, 2), have
been synthesized; their fluorescent properties upon binding with carbohydrates have been determined in
aqueous phosphate buffer at pH 7.4. The difference in substitution pattern between 1 and 2 leads to
significant differences in their fluorescence properties. For example, addition of fructose (50 mM) to a
solution of 1 induced a 61% fluorescence intensity decrease at 513 nm and a 36-fold increase at 433 nm.
This revealed that compound 1 is a potential sensor for ratiometric sensing of sugars. The pH titration
curves of 1 in the absence and the presence of fructose (50 mM) showed a 93- and 200-fold fluorescence
intensity increase at 433 nm, respectively, when pH was increased from 3 to 10. Compound 2, however, does
not show ratiometric fluorescent intensity changes, but shows significant fluorescence intensity increase upon
addition of a sugar (41-fold intensity increase with 50 mM fructose). The emission intensity of 2 increased by

over 170-fold at 445 nm upon changing the pH from 2 to 11.

Introduction

During the last decade, a great deal of effort has been
directed towards the detection of saccharides by fluorescent
chemosensors.! Such sensors have been primarily developed
as a way to determine analyte concentrations in solution.
Most sensors contain boronic acid as the key recognition
moiety,> due to its ability to form tight and reversible
complexes with the diol moiety of saccharides in aqueous
media.> The most common observed interactions are with
cis-1,2- or 1,3-diols to form five- or six-membered rings,
respectively.

Recently our group has demonstrated, for the first time, that
boronic acid based saccharide sensors can be used for the
recognition of mammalian cell surface saccharide biomarkers.*
Because saccharide biomarkers® are implicated in various
physiological and pathological processes, including viral and
bacterial infection,® such sensors have a wide variety of poten-
tial applications in the diagnosis, detection and therapeutic
intervention of human diseases.” Due to their similarity to the
function of lectins,® we refer to those boronic acid based small
molecules, capable of recognizing cell-surface saccharides, as
boronolectins.’

The synthesis of fluorescent sensors for cell-surface sacchar-
ide recognition requires the use of fluorescent reporter com-
pounds that change their fluorescence properties upon binding.
There has been some very good early successes in this area:” for
example, we have synthesized a series of fluorescent boronic
acid based saccharide sensors® using an anthracene-based
fluorescent reporter system developed by the Shinkai group.?®
For our continuing work in developing fluorescent boronolec-

1 Electronic supplementary information (ESI) available: 'H and '*C
NMR spectra of compounds 1, 4, 5, and 6. See http://www.rsc.org/
suppdata/nj/b4/b413376¢/
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tins, we require boronic acids that (1) show significant fluor-
escence property changes and (2) have sufficiently high
water solubility. Therefore, we have undertaken a major
effort in developing water-soluble fluorescent boronic acids
that change their fluorescence properties upon binding
with saccharides.'” In this endeavor, we are especially inter-
ested in fluorescent reporter compounds that change fluores-
cence intensities at more than one wavelength for ratiometric
sensing.

Herein, we describe the synthesis and study of two fluores-
cent boronic acid isomers: 5-(dimethylamino)naphthalene-
I-boronic acid (5-DMANBA, 1) and 4-(dimethylamino)-
naphthalene-1-boronic acid (4-DMANBA, 2), presented in
Fig. 1. How a change in substitution pattern can dramatically
influence the fluorescence behavior of such compounds will be
demonstrated and discussed.

Results and discussion
Synthesis

4-(Dimethylamino)naphthalene-1-boronic acid (2) was synthe-
sized and characterized as described in a previous communica-
tion.!! The synthesis of 5-(dimethylamino)naphthalene-
1-boronic acid (1) is depicted in Scheme 1. Starting from
the readily available 1-nitronaphthalene (3), the intermediate,
5-nitro-1-bromonaphthalene (4), was synthesized by following
related literature procedures.'> Compound 5 was obtained by
reduction of 4 with Fe/HCI in a mixture of EtOH, AcOH,
dioxane and H,O (2:2:2:1) at 80 °C.'?° Reaction of 5 with
Mel in the presence of NaH in THF at 60 °C gave 5-
(dimethylamino)-1-bromonaphthalene (6). 1 was synthesized
from 6 through lithiation and reaction with trimethylborate.
Purification of the crude product by silica gel chromatography
afforded 1 as a white powder.

New J. Chem., 2005, 29, 579-586

579



http://dx.doi.org/10.1039/b413376e
http://pubs.rsc.org/en/journals/journal/NJ
http://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ029004

Downloaded by University of California- Los Angeles on 01 January 2013

Published on 28 February 2005 on http://pubs.rsc.org | doi:10.1039/B413376E

N N
B
Ho B on HG™ OH
5-DMANBA (1) 4-DMANBA (2)
Fig. 1 Structures of the two dimethylaminonaphthalene boronic acid
isomers.

Solubility

Because improving the water solubility is essential to this
study, the solubility of the two sensors in 0.1 M aqueous
phosphate buffer (pH 7.4) was determined by measuring the
UV absorbance with the aid of a standard curve. 1 has a
solubility of 1.2 mM (0.26 mg ml~") and 2 has a solubility of
0.8 mM (0.17 mg ml~"). These millimolar concentrations will
represent a high enough solubility for biological evaluations in
an aqueous environment, which are often conducted at low
micromolar concentrations (see below). This is especially re-
levant to our effort in making fluorescent boronolectins that
recognize cell-surface carbohydrate biomarkers.*

Fluorescence properties of the sensor compounds

Fluorescence properties of S-DMANBA (1). Sensor 1 exhibits
an emission maximum at 513 nm [Fig. 2 and Fig. 3(A)] and an
absorption maximum at 300 nm [Fig. 3(B)] in 0.1 M aqueous
phosphate buffer at pH 7.4, with a Stokes shift of over 200 nm.
Addition of a carbohydrate results in a significant decrease in
fluorescence intensity at 513 nm, combined with a more dra-
matic increase at 433 nm. For example, addition of fructose (50
mM) to the solution of 1 induced a 36-fold fluorescence
intensity increase at 433 nm and a 61% fluorescence intensity
decrease at 513 nm (Fig. 2). An isosbestic point was observed
at 495 nm. To the best of our knowledge, such large emission
intensity changes at two wavelengths have never been reported
for boronic acid based saccharide sensors. The quantum yield
(¢r) of 1 was determined to be ca. 0.07 at 513 nm in 0.1 M
phosphate buffer (pH 7.4), in the absence of a sugar, and ca.
0.23 at 433 nm under the same conditions, in the presence of 50
mM of fructose [using 8-quinoline boronic acid (¢ = 0.58 in
12 M H,S0,) as a reference compound].'?

To establish the general applicability of this fluorescent
reporter compound 1, we have also studied the effect of four
other carbohydrates on the fluorescence intensity (Figs. 4 and
5): sorbitol, tagatose, galactose and glucose. Data at the
monitoring wavelengths of 433 and 513 nm, as well as associa-
tion constants K,, are summarized in Table 1.

NO, NO> e

SOE GO0
3 4 Br 5 Br

s

N
(iii) OO (iv) 5-DMANBA (1)

Br
6

Scheme 1 Synthesis of 5-DMANBA 1 (yields in parentheses): (i) Br,,
FeCl;, (50%); (i) Fe, HCI, 80 °C (97%); (iii) CH51, NaH, 60 °C (85%);
(iv) n-BuLi, (MeO);B, HCI, (65%).
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Fig. 2 Fluorescence spectral changes of 5-DMANBA (1, 1.0 x 107°
M) at different concentrations of p-fructose (0-50 mM) in 0.1 M
aqueous phosphate buffer at pH 7.4; 1, = 300 nm.

From Fig. 4, it is clear that all five carbohydrates tested
caused very large fluorescence intensity increases at 433 nm in
aqueous solution at physiological pH with varying maximal
magnitudes: addition of sorbitol induced the largest fluores-
cence intensity increase (42-fold) at a concentration of 200
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Fig. 3 Emission (A) and absorption (B) spectra of S-DMANBA (1,
1.0 x 107> M) in 0.1 M aqueous phosphate buffer at pH 7.4, in various
solvents: (curve 1) buffer; (curve 2) MeOH-buffer (1 : 1, v/v); (curve 3)
MeOH; (curve 4) EtOAc; (curve 5) hexanes.
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Fig. 4 Fluorescence intensity changes (Al/Iy) of 1 (1.0 x 107> M) as a
function of sugar concentration in 0.1 M aqueous phosphate buffer at
pH 7.4; Jox = 300 nm, Ay, = 433 nm.

mM; fructose, galactose and tagatose induced about 36-fold
increases in fluorescence intensity; glucose, on the other hand,
induced a maximum 23-fold fluorescence intensity increase at a
much higher concentration (1 M).

Fig. 5 shows the effect of five carbohydrates on the fluores-
cence intensity of 1 at 513 nm. It is clear that all five
carbohydrates tested caused a fluorescence intensity decrease
(at 513 nm in aqueous solution at physiological pH) with
varying magnitudes ranging from 50% to 60% at different
concentrations.

Because the significant fluorescence intensity variations
observed at the two wavelengths, 433 and 513 nm, are in oppo-
site directions, large changes in the emission intensity ratios
1433/1513 were observed upon addition of the sugars to the
solutions of 1 (Fig. 6). For example, the initial ratio of
fluorescence intensities of 0.1:1 before addition of sugar
became 8.4:1 after addition of 50 mM fructose, which repre-
sents a 84-fold change. Detectable fluorescence intensity ratio
changes can be observed upon addition of low concentrations
of fructose. For example, the emission intensity ratio I33/Is13
changed from 0.11 to 0.23 upon addition of only 0.1 mM of
fructose. The other carbohydrates tested also exhibited large
changes of this ratio at different concentrations.
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Fig. 5 Fluorescence intensity changes (Al/I;) of 1 (1.0 x 107> M) as a
function of sugar concentration in 0.1 M aqueous phosphate buffer at
pH 7.4; Z¢x = 300 nm, Ao, = 513 nm.
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Table 1 Association constants (K,) and maximal fluorescence inten-
sity changes (Al/ly) of 1 at 433 and 513 nm with different sugars

Al (sugar concentration/M)

Sugar K /M™! 433 nm 513 nm
Sorbitol 337+ 5 42 (0.20) —0.48 (0.05)
Fructose 311 + 4 36 (0.05) —0.61 (0.05)
Tagatose 229 + 3 37 (0.05) —0.55 (0.05)
Galactose 23.0 £0.2 36 (0.50) —0.56 (0.50)
Glucose 3.6 £0.1 23 (1.0) —0.54 (1.0)

To examine the binding more quantitatively, the association
constants K, between 1 and the five carbohydrates were
determined, assuming the formation of a 1:1 complex.14 As
expected, the affinity trend of 1 followed that of simple mono-
boronic acids in the order sorbitol > fructose > tagatose >
galactose > glucose (see Table 1). Indeed, these binding
consgants are similar to those observed with phenylboronic
acid.”

To understand the structural features associated with the
fluorescence intensity changes, we studied the pH profiles of
the fluorescence intensity in the absence and in the presence of
fructose or glucose at a fixed concentration of 50 mM (Figs.
7-10). A strong fluorescence peak at 335 nm and a weak
fluorescence peak at 513 nm were observed at low pH (1.78)
in the absence of a sugar (Fig. 7). The fluorescence intensity at
335 nm decreased very quickly when pH increased from 1.78 to
7.04, and did not show further changes beyond pH 7. The
fluorescence intensity at 513 nm increased very quickly when
pH increased from 1.78 to 7.04, and then decreased in the pH
range 7.04—10.54. Almost no fluorescence was observed at 433
nm in the pH range 1.78-7.04, while a new peak increased very
significantly at 433 nm as the pH increased from 7.04 to 10.54.

The pH-induced spectral changes at 335 nm, in the absence
of a sugar, are similar to those in the presence of 50 mM
fructose or glucose (Fig. 8). A more than 30-fold intensity
decrease at 335 nm was observed when pH increased from 1.78
to 7.04. Plotting the intensity changes at 335 nm against pH
reveals a first apparent pK, of 5.1 for 1 in the absence of sugar
and in the presence of glucose, and 5.8 in the presence of
fructose.

The pH profiles of the fluorescence intensity of 1 at 433 nm
reveal the second apparent pK, of 1, being ~9.0 in the absence
of sugar, 6.2 in the presence of fructose, and 8.2 in the presence
of glucose (Fig. 9). It is reasonable to assign the first pK, to the
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Fig. 6 Changes of the fluorescence intensity ratio 433//5;3 of 1 (1.0 x
107> M) as a function of sugar concentration in 0. M aqueous
phosphate buffer at pH 7.4; /ox = 300 nm.
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Fig. 7 Fluorescence spectral changes of 1 (1.0 x 107> M) in the
absence of a sugar at different pH in 0.1 M aqueous phosphate buffer,

x = 300 nm; pH range: 1.78-7.04, blue curves; 7.04-10.54, black
curves.

aniline group and the second pK, to the boronic acid. There-
fore, one can use Scheme 2 to show the various ionization
states of 1, which helps to understand the assignment of each
fluorescent peak to a particular species.

At low pH (1.78), the strongest fluorescent peak is the one at
335 nm. This corresponds to the protonated aniline species
with the boronic acid in a neutral trigonal state (1a, Scheme 2).
As the pH increases, the peak intensity at 335 nm decreases
with a concomitant increase for the peak at 513 nm. This
change correlates with the appearance of the neutral species 1,
which has a deprotonated aniline group and a neutral trigonal
boronic acid. With further increase in pH, the boronic acid
begins a transition to its corresponding anionic tetrahedral
species (1b). The disappearance of 1 correlates with a decrease
in fluorescence intensity at 513 nm and an increase at 433 nm.
These results indicate that it is the anionic tetrahedral boronic
acid species 1b that is responsible for the 433 nm emission. The
situation is similar to the addition of a sugar, except that the
transition to the anionic tetrahedral boron species occurs at a
lower pH (below pH 7.4) in the presence of a sugar, due to the
lowered pK, of the sugar-boronic acid complex (see below).>¢
Therefore, at neutral pH, the observed fluorescence changes

200
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Fig. 8 pH-dependent fluorescence intensity changes of 1 (1.0 x 107>
M) at 335 nm in the absence and in the presence of sugar in 0.1 M
aqueous phosphate buffer, 1., = 300 nm.
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Fig. 9 pH-dependent fluorescence intensity changes of 1 (1.0 x 107>
M) at 433 nm in the absence and in the presence of sugar in 0.1 M
aqueous phosphate buffer, 2., = 300 nm.

with the addition of a sugar are due to the conversion of 1 to
le.

Such an analysis is consistent with the bell-shaped curves of
the pH titration profiles at 513 nm (Fig. 10), since the neutral
species 1 and 1d, which are responsible for the 513 nm
emission, only exist in a certain pH range, between the two
apparent pK, values. The scenario presented in Scheme 2 is
also consistent with the differences observed between the
different carbohydrates. It is well-known that the binding of
a carbohydrate to a boronic acid often lowers its apparent pK,;
the extent to which the pK, is lowered depends on the
carbohydrate used.’*¢ For example, the apparent pK, of the
fructose complex with phenylboronic acid is 4.5, whereas the
apparent pK, of the glucose complex is about 6.8. In contrast,
the pK, of phenylboronic acid is about 8.8.*¢ Therefore, it is
reasonable to observe a shift of the pH profile curves from
lower to higher pH when going from the fructose complex, to
the glucose complex, to the free boronic acid 1 (Fig. 9). For the
profile at 513 nm, one can see that the maximal intensity
observed for the fructose complex was much lower than that
of free 1 and its glucose complex (Fig. 10). This is under-
standable when considering the small difference between the
pK, values of the aniline amine (5.8) and the boron (6.2) in the
fructose complex. This narrow range results in a quick transi-
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Scheme 2 Fluorescence properties of 1 in different ionization states, in
the absence and in the presence of a sugar in 0.1 M aqueous phosphate
buffer.
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Fig. 10 pH-dependent fluorescence intensity changes of 1 (1.0 x 107>
M) at 513 nm in the absence and in the presence of sugar in 0.1 M
aqueous phosphate buffer, 2., = 300 nm.

tion from 1c to le without a significant increase in concentra-
tion of the neutral species 1d, seen with the sensor alone or with
its glucose complex.

It should be noted that the fluorescence intensity of le at
433 nm (Fig. 9) seems to be much stronger than that of
1b, although they are both in the same ionization state. For
example, the pH titration curves of 1 in the absence of a sugar
showed a 93-fold fluorescence intensity increase at 433 nm
when the pH increased from 3 to 10. In contrast, the fluores-
cence intensity of 1 in the presence of 50 mM fructose and
glucose showed 200- and 150-fold increases at 433 nm, respec-
tively, within the same pH range. Such results indicate that it is
more than the ionization state changes that cause the fluores-
cence intensity changes. The binding itself also causes structur-
al changes that influence fluorescence intensity. However, the
exact mechanism through which such changes occur needs to
be probed further, which is beyond the scope of this paper.

The study of solvent effects on the emission and absorption
spectra of 1 was carried out to gain further understanding of
the mechanism of the ratiometric fluorescence changes ob-
served for 1. A large blue shift (80 nm) was observed in the
emission spectra of compound 1 when the solvent polarity was
decreased [513 nm in 0.1 M aqueous phosphate buffer at pH
7.4 versus 433 nm in hexanes; see Fig. 3(A) above]. However,
the wavelength changes in the absorption spectra were much
smaller in comparison [Fig. 3(B)]. For example, the absorption
maximum changed from 300 nm in aqueous phosphate buffer
to 315 nm in hexanes. These solvent-induced fluorescence
changes are characteristic of an excited state charge transfer
(CT) in a polar solvent.'*!3*1%%¢ The CT most likely occurs
between the electron-donor dimethylamino group and the
electron-acceptor boronic acid group. The sp>-hybridized bor-
on atom of the boronic acid group linked directly to the
naphthalene can form a conjugated system with naphthalene
and act as an electron-acceptor group because of the empty
p orbital in the boron atom. Incorporation of a donor
dimethylamino group on the same chromophore results in
excited state CT and the emission appears at a longer wave-
length (513 nm for compound 1). Additionally, the sugar-
induced emission changes of 1 can also be explained through
a CT mechanism. Addition of a sugar lowers the pK, of the
boronic acid group and converts the neutral sp> hybridization
to the anionic sp> hybridization. In the sp’ state, boronic acid
can no longer act as an electron-acceptor group. As a result,
the CT process is turned off and the emission appears at a
shorter wavelength (433 nm). The fact that the e, for 1 is the

View Article Online

same in hexanes as it is in the presence of a sugar in phosphate
buffer is also consistent with the disappearance of CT, both in
hexanes and in the presence of a sugar in phosphate buffer.
To summarize, 1 shows significant ratiometric sensing prop-
erties upon binding with a sugar. Ratiometric fluorescent
carbohydrate sensors, which have two or more emission max-
ima showing opposite changes in fluorescence emission in
response to changes in carbohydrate concentrations, are po-
tentially very useful. For example, ratiometric measurements
can reduce or eliminate distortions of data caused by photo-
bleaching, sensor concentration, illumination stability, ete.V?
However, ratiometric fluorescent carbohydrate sensors are
rare'® and compound 1 should become very useful in this role.

Fluorescence properties of 4-DMANBA (2). The sugar-in-
duced fluorescence changes of 2 were studied in ways similar to
those of S-DMANBA (1). Although these two sensors are
position isomers, they exhibit significantly different fluores-
cence properties. In 0.1 M aqueous phosphate buffer solution
(pH 7.4), 2 exhibits emission [Fig. 11(A)] and absorption [Fig.
11(B)] maxima at 450 and 300 nm, respectively. The emission
spectral changes of 2 with the addition of different sugars, that
is, fructose, sorbitol, tagatose, galactose and glucose, were
studied.!! Significant fluorescence intensity changes were ob-
served upon addition of sugar. For example, a 41-fold fluor-
escence intensity increase was observed after addition of 50
mM fructose. However, these changes occurred only at one
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Fig. 11 Emission (A) and absorption (B) spectra of 2 (1.0 x 107> M)
in 0.1 M aqueous phosphate buffer at pH 7.4 in different solvents:
(curve 1) buffer; (curve 2) MeOH-buffer (1:1, v/v); (curve 3) MeOH;
(curve 4) EtOAc; (curve 5) hexanes.
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Fig. 12 Fluorescence spectral changes of 2 (5.0 x 107® M) in the
absence of sugar at different pH, in 0.1 M aqueous phosphate buffer,
Zex = 300 nm.

wavelength and no ratiometric changes were observed, which is
in direct contrast to what was observed with 1. The association
constants (K,) between 2 and these five carbohydrates are
similar to those of 1 and the affinity trend for 2 follows that
for 1 in the order sorbitol (K, = 226 M~') > fructose (K, =
207 M) > tagatose (K, = 116 M) > galactose (K, = 12
M~ > glucose (K, = 4.0 M~ 1.

To establish what structural features led to the fluorescence
intensity changes, we also studied the pH-induced fluorescence
spectral changes of 2 in the absence of sugar and in the
presence of fructose or glucose at a fixed concentration of 50
mM (Figs. 12 and 13). Fig. 12 shows the fluorescence spectral
changes of 2 in the absence of sugar in the pH range 1.98-
10.61. With increasing pH, the emission intensity of 2 at 336
nm decreases drastically, which corresponds to the change
from the protonated form 2a to the neutral form 2, as depicted
in Scheme 3. The emission intensity of 2, in the absence of
carbohydrate, increased by over 170-fold at 445 nm when the
pH increased from 2 to 11. This fluorescence change trend is
different from that of 1, where only unidirectional changes
were observed. This also means that the neutral species 2 is
essentially nonfluorescent, and that only 2a and 2b are fluor-
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Fig. 13 pH-dependent fluorescence intensity changes of 2 (5.0 x 10~°
M) at 336 nm in the absence and in the presence of sugar in 0.1 M
aqueous phosphate buffer, 1., = 300 nm.
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Scheme 3 Fluorescence properties of 2 in different ionization states in
the absence and in the presence of sugar in 0.1 M aqueous phosphate
buffer.

escent, with emission maxima at 336 and 445 nm, respectively
(Scheme 3).

The pH profiles of the fluorescence intensity of 2 at 336 nm
in the absence of sugar and in the presence of fructose or
glucose at a fixed concentration of 50 mM (Fig. 13) reveal that
the pK, of the aniline amino group remains the same, regard-
less of whether 2 is in the free form (2a) or complexed with a
sugar (2c¢). The pH titration curves of 2 at 445 nm in the
presence of fructose or glucose showed over 140-fold increases
in fluorescence intensity when pH increased from 2 to 11."

The fluorescence intensity changes of 2 at 445 nm in the
absence and in the presence of a carbohydrate seem to correlate
with the pK, and hybridization change of the boron species
upon going from the neutral trigonal form (2, 2d) to the
anionic tetrahedral form (2b, 2e). In other words, the species
that is responsible for the 445 nm emission is the tetrahedral
anionic boronic acid (2b, 2e). With the addition of a sugar to
the solution of 2, it is the conversion of 2 to 2e that is
responsible for the fluorescence intensity change at neutral pH.

Again, the difference in the pH titration curves is due to the
difference in the apparent pK, of the free sensor and its sugar
complexes.!! The pH profile of the solution in the presence of
glucose also helps to explain why the maximum fluorescence
intensity increase observed with glucose is not as high as that
observed with fructose at physiological pH. The fructose
complex has an apparent pK, lower than 7. Therefore, at
physiological pH (7.4), the complex exists entirely as the
fluorescent species 2e. However, for the glucose complex, the
apparent pK, is about 8.2, which means that only a fraction of
the complex exists in the fluorescent form 2e and a large
percentage exists in the nonfluorescent neutral form 2d. There-
fore, the maximum fluorescence intensity for the glucose com-
plex at pH 7.4 will only be a fraction of that of the fructose
complex, assuming that they are equally fluorescent in the
anionic form 2e. This assumption is justified, since both the
glucose and the fructose complexes give essentially the same
fluorescence intensity at higher pH.

Similar to the analysis for 1, the correlation of the different
ionization states of 2 with its fluorescence property changes can
be summarized as in Scheme 3. The protonated state (form 2a
and 2c¢) is fluorescent at 336 nm, but nonfluorescent at 445 nm;
the neutral state (form 2 and 2d) is very weakly fluorescent at
450 nm and the anionic tetrahedral state (2b and 2e) is
fluorescent at 445 nm, but nonfluorescent at 336 nm. Com-
pound 2 showed large, but non-ratiometric fluorescence
changes upon addition of a sugar. These changes are consistent
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with the conversion of the boron from the trigonal neutral
form 2 to the anionic tetrahedral form 2e upon carbohydrate
addition, due to the decreased apparent pK, of the complex
(Scheme 3). Compound 2 can serve as an off-on fluorescent
sensing system with excellent water solubility. The major
difference between 1 and 2 in their fluorescence properties is
that the neutral species is fluorescent for 1 (1, 1d, Scheme 2),
but nonfluorescent for 2 (2, 2d, Scheme 3).

We have also studied the effect of solvent on the emission
and absorption spectra of 2. Only small wavelength changes
were observed in both the emission and the absorption
spectra of compound 2 (see Fig. 11). The emission wavelength
changed from 450 nm in aqueous phosphate buffer to 425 nm
in hexanes, while the absorption maximum changed from
300 nm in aqueous phosphate buffer to 317 nm in hexanes.
These solvent-induced spectral changes in compound 2 sug-
gested that excited state CT is not involved in the drastic
fluorescence intensity changes observed upon addition of
sugars.

Conclusion

Two water-soluble naphthalene-based fluorescent saccharide
sensor  isomers, 5-(dimethylamino)naphthalene-1-boronic
acid (5-DMANBA, 1) and 4-(dimethylamino)naphthalene-1-
boronic acid (4-DMANBA, 2), have been synthesized and
studied. The substitution pattern has a significant effect on
the fluorescence property of these two compounds. 1 is a
ratiometric sensor that shows large fluorescence intensity
changes at two wavelengths, 513 and 433 nm, upon binding
with a sugar at physiological pH. 2 is a useful water-soluble off-
on fluorescent saccharide sensor that shows very large fluores-
cence intensity increases upon binding with a sugar at a single
wavelength (445 nm). These fluorescent reporter compounds
will be very useful for the construction of di- and multiboronic
acid sensors (fluorescent boronolectins) for the highly specific
identification and detection of biologically important carbohy-
drates.

Experimental
General

"H NMR spectra were recorded at 300 or 400 MHz and '*C
NMR spectra at 75 or 100 MHz, with tetramethylsilane as
the internal standard. Elemental analyses and mass spectral
analyses were performed by the analytical and the mass
spectrometry facilities of the Georgia State University.
Fluorescence spectra were recorded on a Shimadzu RF-5301
PC spectrofluorometer. Absorption spectra were recorded on a
Shimadzu UV-1700 UV-Visible spectrophotometer. All pH
values were determined by a UB-10 Ultra Basic Benchtop
pH meter (Denver Instrument). Column chromatography
was performed on silica gel (200400 mesh) from Aldrich.
Tetrahydrofuran (THF) was distilled over Na before use.

Synthesis

5-Nitro-1-bromonaphthalene (4). '** A mixture of I-nitronaph-
thalene (3, 10.0 g, 58 mmol; mp 60 °C) and FeCl; (0.066 g, 0.41
mmol) was heated to 90 °C. Then bromine (3.0 ml, 58 mmol)
was added dropwise and the reaction mixture was stirred at 90
°C for 2 h. After cooling down to room temperature, the
resulting crude material was recrystallized from ethanol to give
4 as yellow needle-shaped crystals (7.3 g, 50%); mp 119-120 °C.
"H NMR (300 MHz, CDCl;) §: 8.44 (d, J = 8.7 Hz, 1H), 8.34
(d,J = 8.7Hz, 1H),8.13(d, J = 7.5 Hz, IH), 7.81 (d, J = 7.5
Hz, 1H), 7.56 (t, J = 8.1 Hz, 1H), 7.44 (t, J = 8.1 Hz, 1H); 1*C
NMR (75 MHz, CDCly) o: 147.2, 133.6, 132.7, 131.8, 129.6,
126.4, 125.7, 124.6, 123.7, 123.0; EI-MS (m/z) caled for
C,oHgBrNO,: 251 (M™); found: 251.

View Article Online

5-Amino-1-bromonaphthalene (5). '*° To a solution of 4 (2.5
g, 10 mmol) in EtOH-AcOH-dioxane—H,O (2:2:2:1, 30 ml)
was added Fe (5.6 g, 100 mmol) and 2 drops of HCI (2 N). The
reaction mixture was stirred at 100 °C for 2 h. After evaporation
of the solvents, the residue was dissolved in 100 ml CH,Cl, and
washed with 5% NaHCO; (3 x 30 ml) and dried over Na,SO,.
After evaporation of the solvent, the crude mixture was chro-
matographed on a silica gel column, using CH,Cl,~hexanes
(1:1) as the eluent, to give, after removal of the solvent, 5 as
a white powder (3.0 g, 97%); mp 65-66 °C. "H NMR (400 MHz,
CDCl) 0: 7.79 (d, J = 8.8 Hz, 1H), 7.76 (d, J = 8.0, 1H), 7.71
(d,J = 84Hz 1H),7.39 (t, J = 7.6 Hz, 1H), 7.28 (t, J = 7.2
Hz, 1H), 6.83 (d, J = 7.2 Hz, 1 H), 4.18 (s, 2H); '*C NMR (100
MHz, CDCl;) o: 142.5, 133.0, 130.4, 128.0, 125.1, 125.0, 123.9,
121.0, 118.4, 110.9; ESI-MS (m/z) caled for CoHoBrN 222.0 (M
+ H)™": found 222.1. Anal. caled for C;oHgBrN: C, 54.08; H,
3.63; N, 6.31; found: C, 53.81; H, 3.46; N, 6.11.

5-(Dimethylamino)-1-bromonaphthalene (6). '*° To a solution
of 5 (0.8 g, 3.1 mmol) and CHsI (1.9 ml, 31 mmol) in THF (50
ml) was added NaH (60%; 1.2 g, 31 mmol). The reaction
mixture was stirred at 60 °C overnight. The precipitate was
removed by filtration. After evaporation of the solvent, the
residue was dissolved in 100 ml CH,Cl, and washed with 5%
NaHCO; (3 x 30 ml) and dried over Na,SO,. After evapora-
tion of the solvent, the crude product was chromatographed on
a silica gel column, using CH,Cl,~hexanes (1 : 3) as the eluent,
to give, after removal of the solvent, 6 as a colorless oil (0.66 g,
85%). '"H NMR (300 MHz, CDCl3) 6: 8.43 (d, J = 8.4 Hz,
1H), 8.06 (d, J = 8.4 Hz, 1H), 7.82(d, d, J = 7.2, 1.2 Hz, 1H),
7.56 (t,d,J = 7.5,0.9 Hz, 1H), 7.41 (t,d, J = 7.5,0.9 Hz, 1H),
7.28 (d, d, J = 7.2, 2.4 Hz, 1H), 3.02 (s, 6H); '3C NMR (75
MHz, CDCl;) o: 151.5, 133.5, 130.5, 130.2, 127.5, 125.6, 124.5,
123.5, 122.1, 115.2, 45.7; ESI-MS (m/z) calcd for C,H3BrN:
250.0 M + H)™; found: 250.1.

5-(Dimethylamino)-naphthalene-1-boronic acid (1). A solu-
tion of 6 (0.38 g, 1.5 mmol) in THF (5 ml) was cooled to
—78 °C. To the solution was added dropwise n-BuLi in hexanes
(1.5 M; 1.4 ml, 2.1 mmol). The reaction mixture was stirred at
—78 °C for 45 min and then (MeO);B (0.57 ml, 5.1 mmol) was
added. After stirring at —78 °C for 1 h, the temperature was
warmed to room temperature and stirring was continued
overnight. The solvent was removed in vacuum. The residue
was dissolved in 100 ml CH,Cl, and washed with 5% NaHCO3;
(3 x 30 ml) and dried over Na,SO,. After evaporation of the
solvent, the crude mixture was chromatographed on a silica gel
column, using CH,Cl,-MeOH (20:1) as the eluent, to give,
after removal of the solvent, 1 as a white powder (0.21 g, 65%),
mp 95-96 °C. '"H NMR (300 MHz, CD;OD) §: 8.25 (d,
J = 9.6, 1H), 7.48-7.43 (m, 3H), 7.38 (t, J = 8.4, 1H), 7.09 (d,
d,J = 8.1,0.6 1H), 2.94 (s, 6H); '>*C NMR (75 MHz, CD;0D)
J: 151.4, 136.5, 129.8, 128.6, 125.9, 124.7, 124.4, 123.2, 113.9
44.58; HR-ESI-MS (m/z) caled for C;,H;sBNO,: 216.1196
(M + H)": found: 216.1196.

Procedure for sugar-binding studies

Distinct solutions of the sensors (2.0 x 107° or 1.0 x 107> M)
and the sugars (various concentrations) were prepared in 0.1 M
phosphate buffer at pH 7.40. Then, 2 ml of a sensor solution
was mixed with 2 ml of a sugar solution and, after stirring for
20 min, the mixture was transferred into a 1 cm quartz cell and
the fluorescence intensity was recorded immediately.
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