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ABSTRACT

B(OH) . B(OH),

Solutions of compound 1 exhibit dramatic, characteristic color changes in response to sugar analytes. Structurally related saccharides including
glucose phosphates and amino and carboxylic acid sugars can be readily distinguished by visual inspection. These findings should promote
the design of unique color sensory materials based on readily available, functional macrocyclic hosts.

Facile methods for detecting and monitoring saccharides areresorcinol-based color tests for sugars were later developed.
of immense importance to medical diagnostics and industry. In this decade great progress has been made toward the
A current challenge in this area is the fabrication of readily enhanced selective visible detection of saccharides via the
accessible, stable artificial receptors that promote fast, pioneering studies of Shinkai and co-workers, based mainly
sensitive, and selective detectibBuch materials could lead on chromophore-functionalized arylboronic aéids the
to improved sensors relative to degradable enzyme-basedaffinity of nitrogen-containing chromophores for arylboronic
systems or to those requiring complex and expensive acids® A recent review underscored the lack of sugar
syntheses or instrumentation. Herein we report that areceptors that promote dramatic color changes in the presence
tetraarylboronic acid resorcinarene macrocycle, obtained onof individual analytes. Powerful color receptors could be
large scale in one step and easily puriffegromotes the  of practical utility for monitoring disease states or the
most versatile visible detection of sugars observed to date.products of fermentation processes.
Characteristic and dramatic solution color changes are We have previously reported a facile synthesis of mac-
attained for carbohydrates, glucose phosphates, amino sugargocycles which embody both arylboronic acid and resorcinol
and sialic and uronic acids. moieties? One of these, compourtd is obtained as a white
The visual determination of saccharides has been of greatsolid which forms a colorless solution when dissolved in
interest for more than a century. In 1887 Seliwanoff reported DMSO at room temperature. After standing in solution for
a resorcinol color test that was specific for ketos&ther
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several hours or upon heating at@for 1 min, the solution || NG

develops a pinkish-purple color. These color changes can
be monitored in the UV vis spectrum ofl via the appear-
ance of a new absorption at 536 nm. The fluorescence
spectrum of colorless solutions df exhibits only short-
wavelength excitation and emission bands at 350 and 410
nm, respectively. The colored solutions additionally display
long-wavelength excitation at 525 nm and emission at 570
nm. When stored as a white solid over a period of several
months, no change in the UWwis or fluorescence spectrum

of 1 is observed.

Heating colorless solutions df (5.2 mM, 10:1 DMSO:
H,O, 1 mL) and 3.0 equiv ob-(—)-fructose,a-b-glucose,
or sucrose at 90C for 1 min results in selective coloration.
The fructose solution is deep yellow and the glucose solution
pink-yellow. The solution containing sucrose, which exhibits
the weakest binding to boronic acids in this sefigis, purple
and easily distinguished from glucose and fructose. It is
similar in appearance to the solution bheated by itself.
Upon heating in the presence of excess (16 mgSdg
which we previously employed to promote boronate ester
formation of 1 with diols? the colors of the glucose and
fructose/1solutions become more distinct, turning peach-
colored and yellow, respectively (Figure °1The decrease
in relative absorbances for the sugars, measured at 536 nm,
qualitatively mirrors the known relative binding affinity of
fructose A = 0.057) > glucose A = 0.067) > sucrose
(A = 0.10) for arylboronic acid&® This trend is confirmed
by 'H NMR via the successive decrease of the integral areas
of the boronic acid protons of solutions btontaining these
added carbohydrates.

D-Glucose-6-phosphate andp-glucose-1-phosphate are
two intermediates in glycogen biosyntheSisieating color-
less solutions of these sugars (3 equiv) in the presende of
(5.2 mM) in 10:1 DMSO:HO at 100°C for 1.5 min results
in a very bright crimson color fo-p-glucose-1-phosphate
disodium salt hydrateifax = 495 nm,A = 1.1 and 536 nm,
A = 0.49, Figure 1) and a dark reddish brown for the
D-glucose-6-phosphate monosodium salt solutigpE= 471
nm, A = 1.8). The same respective colors are observed for
glucose-1-phosphate monosodium salt and glucose-6-phos-
phate disodium salt. The results of the sufacblor
experiments are reproducible as evidenced by visual inspec-
tion and spectrophotometric measurements. The average
relative error in the measurements of three separate ther-
molyses of the five sugdt/complexes is 4.6%.

Room-temperature fluorescence anisotropy measurements
of colored solutions ofl reveal that the species associated
with the long-wavelength fluor nce h much slower

t .t € ‘long-wa .ee gt Eo escence Nas a muc .SO € Figure 1. Heated 5.2 mM DMSO solutions df and 3 equiv of
rotational correlation timer(= 0.189) than that associated (i) carbohydratesA = sucroseB = p-(—)-fructose,C = a-b-
W|th the ShOI’t-Wavelength f|u0reSC€h0€=_€ 0010) SaC' glUCOSG; (”) g|ucose phosphat@’ = Q_D-g|ucose_l_phosphate
charides appear to perturb an aggregatideaggregation  disodium salt hydrateE = p-glucose-6-phosphate monosodium

salt; (i) carboxylic acid and amino sugafs= p-glucuronic acid,
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this property is sugar-specific. In addition, each heated saturation, the two glucose phosphate solutions begin to

saccharide/1solution exhibits a characteristic rotational change color within seconds and are the most darkened, with

correlation time (Table 1). glucose-6-phosphate showing a7.5-fold increase and
glucose-1-phosphate exhibiting>@-fold increase in absor-

_ bance intensity. Upon heating in the dark, the glucose and

sucrose solutions are the faintest in color, displaying respec-
Table 1. Fluorescence Properties df(5.2 mM in DMSO) . o 0 playing P
; . : tive absorbance decreases of 33% and 26% compared to the
Heated Alone and in the Presence of 3 equiv of Various

Saccharides Showing the Maximum Excitation and Emission of _control case. L_|ght and oxygétare ther_efore clearly fac_tors
the Long-Wavelength Fluorescence, the Fluorescence in the coloration process. We ascribe the coloration of

Anisotropy €) of the Long-Wavelength Species, and the solutions ofl as due to the production of trace amounts of
Intensity of the Long-Wavelength Fluorescence Relative to the highly absorbing, oxidized (quinone) derivativesIof
Short-Wavelength Fluorescendgdy/lsnor) Oxidation of either an arylboronic acid or resorcinol
Ao Jem  anisotropy moier must result.in Sphybridization of a macropycle .
added sugar (m)  (nm) ) Hong/lshort methine carbon. This would place the resultant quinone in
mr-conjugation with two aromatic rings. Only partial oxidation
none %43 575 0.189 3.2 of 1 at low levels would occur due to the strain imparted to
o-D-glucose 535 573 0.255 3.3 L . . e
glucose-1-phosphate 550 585 0155 59 the macrocyclic ring upon |r_1troduct|on of?s_lpybr|d|zat|on.
glucose-6-phosphate 490 580 0.161 5.7 We propose that binding with the respective analytes could
fructose 492 572 0.100 1.6 then afford selective coloration via sugar-specific perturba-
sucrose 540 578 0.129 4.4 tions in torsion angles and/or aggregatialieaggregation

equilibrium (as evidenced by fluorescence anisotropy, vide
supra)* The presence of strongly-accepting, oxidized

A significant blue shift inlex of 60 nm is observed for ~ aromatics enhances intermolecufeidonor/z-acceptor in-
p-glucose-6-phosphate compared dop-glucose-1-phos-  teractions, thereby contributing to the order of magnitude
phate. This complements recent efforts involving the fluo- change in rotational correlation time observed for the colored
rescent sensing of these molecules. In the prior studies,solutions ofl.
glucose-1- and -6-phosphate were differentiated by observed The visual detection of saccharides promoted Ibys
changes in®*®P NMR and CD spectta or variations in versatile, not limited to the carbohydrates and glucose
fluorescence emission intensities upon receptor bintfing. phosphates described abowve-Glucuronic acid andp-

It is intriguing thatl does not have extendedconjugation galacturonic acid promote monosaccharide oxidation and
and yet heated solutions df display spectrophotometric ~ Vitamin C biosynthesi¥ Sialic acid is an important antigenic
absorption as well as fluorescence excitation and emissioncell-surface residu€. Colorless DMSO solutions df (5.2
in the visible region. ThéH and3C NMR spectra of DMSO- mM) and 3.0 equiv of each of these three structurally related
ds solutions of1, heated for 3 min as above, exhibit no carboxylic acid sugars, upon heating in the presence of excess
change in chemical shifts or peak area integrals comparedN&SQ; for 2 min until reflux, are bright goldimax = 450
to colorless samples. After prolonged (424 h) heating of ~ nm, A= 0.20), faint yellow (4nax= 456 nm,A = 0.10), and
air-saturated solutions dfin DMSO at 180°C, no evidence  reddish-orange ¢fx = 440 nm,A = 0.80), respectively.
of carbonyl formation by*C NMR or FT-IR spectroscopy D-Glucosamine anbl-acetylp-glucosamine (NAG) are the
is observed; moreover, thEB NMR spectra reveal no  major constituents of chitin, one of the most abundant
evidence of boronate ester formation or boronic acid hy-
drolysis. This does not, however, allow us to rule out the (13) The selective coloration is solvent sensitive. Boiling 5.2 mM

. - . solutions (3 min) ofl in DMF with added HO and NaSOx produces a
presence of trace amounts of highly colored oxidized material yery pale pink tint solution coloration. This color is also observed when

appearing at levels too low to detect. heatingl in the presence of 3 equiv of added sucrose and glucose. In the

If trace amounts of oxidized products are responsible for presence of fructose, the solution color is pale peach. Boiling 5.2 mM

solutions (3 min) ofl in triglyme with added HO and NaSO, produces
the coloration, then altering the concentrations of the oxidized only a veryf fgaint )(ellol\jl\(/j tigt \INhich isf also 0bser&/ed via heating in the
; ; :« presence of 3 equiv added glucose, fructose, and sucrose.

mate”als_ShOUId afford Va”"_ible color schemes. To te_St this P (14) Heated 3.2 mM solugtions (for 5 min to reflux) of resorcinol or
hypothesis we heated solutions bhlone (183°C) and in phenylboronic acid either alone or together in DMSO containip@ kind
the presence of 3 equiv of the five saccharides for 3 min NaSQ; are colorless. Heating these solutions with added sucrose produces

. .. no color change. In the presence of glucose, only the mixed resorcinol/
(control set, affording the same visible color schemes as ppg(OH}) solution develops a faint yellow tint. Added fructose results in

noted above but with increased absorbance intensities duen yellow coloration of the mixed resorcinol/PhB(QHplution and a very

- : . : . faint yellow coloration of the solutions containing resorcinol or PhB(9H)
to greater heatm.g)’ in the dark, ‘f?md _Wltb of air Satura_tlon' . These experiments demonstrate that the macrocyclic structure is a prereg-
Upon N, saturation, every solution is observably fainter in uisite for attaining the dramatic color changes observed. We are investigating
color than in the control case. with absorbance decreases the possibility of the role of sugar (beyond simple boronate ester formation
N o and hydrogen bonding; e.g., furfural or other sugar-derived aldehyde
39—82%. Importantly, the solution df alone exhibits @  condensation) reactions withor oxidized, potentially ring-openet. In

significant absorbance decrease of 61% (536 nm). Upon airaddition, comparative studies of the coloration process employiagd
simple aliphatic and aromatic diols vs other hydoxy compounds, reducing

vs nonreducing sugars, and ketoses vs aldoses in buffered solutions are in
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polysaccharides on earth(-+)-N-Acetylmuramic acid (NAM) congeners and related oxidized model resorcinol- and/or
is a component of bacterial cell walisColorless solutions  boronic acid-derived compounds. The detailed characteriza-
of 1 (5.2 mM) containing 3 equiv of these amino sugars, tion and analysis of the sacchariel@ceptor complexes
upon heating in the presence of excessS@ for 2 min employing a variety of solvents and conditions, including
until reflux, are pale pinkAmax = 540 nm,A = 0.13), pale  competitive binding studies of sugar mixtures and other polar
yellow (Amax = 460 nm,A = 0.43), and very dark orange bjomolecules, is also in progress.
(Amax = 425 nm, A = 3.1) for NAG, NAM, and b-
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