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ABSTRACT: Boronic acid-substituted shapeshifting bullva-
lenes bearing a 13C label are employed as sensor arrays for
polyhydroxylated compounds, such as carbohydrates, flavanols,
and sialic acids. The dynamic nature of the bullvalene core
allows for covalent binding to a wide variety of analytes,
allowing for specific analyte detection by a single NMR
measurement. The resulting 13C NMR patterns permit an
inference to the identity of a particular analyte bound. Conversion of the 13C NMR to an easy-to-read barcode provides a
convenient method to catalog polyol analytes. The synthesis and study of a structurally related static sensor, which is not suitable
for analyte recognition, underscores the advantages of the shapeshifting nature of the sensor.

■ INTRODUCTION

Noninvasive sensing of metabolites is an important research
area,1 mostly driven by the desire to use metabolic imaging for
disease detection and diagnosis.2 A variety of read-out
techniques have been investigated for noninvasive metabolic
imaging including positron emission tomography (PET),
magnetic resonance imaging (MRI), near IR spectroscopy,
fluorescence, and polarimetry.2a In the context of metabolite
detection, chemical sensing has been utilized to a much lesser
extent. Boronic acids have been put forward as key chemical
sensing units for carbohydrate detection, including blood
glucose monitoring devices.3 For these reasons, chemical
sensing of polyhydroxylated compounds with boronic acid-
based sensors has been well studied, and a large variety
biologically relevant analytes, such as carbohydrates, have been
studied.4

To date, the majority of boronic acid sensing systems rely on
fluorescence quenching for reporting a binding event.5 This has
limitations in in vivo applications with regards to tissue
optics.5c−e In contrast, nuclear magnetic resonance (NMR)
offers a noninvasive imaging technique6 and can be used for
high resolution imaging in an in vivo setting. For example, 13C
NMR has found application as read-out technique for in vivo
applications in medical imaging, and 19F NMR has been applied
to the difficult problem of detecting ligand binding by a
noninvasive method.7 We reasoned that a boronic acid-based
chemical sensor, with the potential for noninvasive polyol
sensing,3 paired with 13C NMR as read-out technique would
manifest a new approach for a polyol sensing system.
Boronic acid-based sensors of polyols display selective

binding behavior to analytes depending on the structure and
properties of their “backbone”,4b,5a i.e., the part of the molecule
that links the boronic acid moieties.8 Careful design of the
backbone can lead to specific and high affinity binding for a

particular analyte.4 In cases where selective recognition of one
particular compound is enhanced, the analyte scope is reduced.
This is a general property of chemical sensors; one that
necessitates extensive design and optimization for each different
analytea time-consuming and often unpredictable processes.9

To overcome this limitation, sensor arrays have been
introduced to improve analyte scope in chemical sensing.10 In
these systems, the read-out is composed of the combined
signals of an ensemble of individual sensors, and this collective
signal is characteristic for a particular analyte. Therefore, sensor
arrays offer the selectivity for an analyte of interest while
keeping the general scope of detectable compounds wide. This
principle has successfully been applied to boronic acid-based
sensors of carbohydrates11 and polyols.5f,g

We have recently introduced a new approach to sensor
arrays12 based on 13C-labeled shapeshifting bullvalenes.12,13

Substituted bullvalenes rapidly undergo structural remodeling
through Cope rearrangements,14 resulting in a dynamic
combinatorial mixture of hundreds or thousands of discrete
structural isomers. When equipped with appropriate binding
moieties,13,14e,15 these molecules can function as a self-
contained sensor array to recognize and report the binding of
analytes using only one initial structure as the starting point.
Binding to an analyte results in a shift of the equilibrium
population of the bullvalene isomers,12,13 which can be detected
by 13C NMR (Scheme 1).12 The advantage of this approach is a
single synthetic route leading to a multitude of structurally
related sensors, eliminating the need for multiple syntheses of
the components of a sensor array. In prior work, we have
investigated 13C-labeled bullvalenes with porphyrin ligands that
bind to fullerenes through noncovalent interactions,12 leading
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to small but perceptable changes in the 13C NMR spectrum.
We anticipated that analyte binding through covalent bonding
would lead to a more distinct bullvalene isomer distribution on
the NMR time scale and therefore to more pronounced
changes in the 13C NMR spectrum itself. In this manuscript, we
report the successful development of a dynamic, boronic acid-
based sensor array for diverse polyols that gives distinct,
reproducible signals by a single 13C NMR experiment.
To achieve this we designed a 13C-labeled shapeshifting

bullvalene appended with boronic acid binding units as a
dynamic sensor array for polyols (Figure 1). The shapeshifting

core would simultaneously deliver two advantages. First, it
would keep the system structurally flexible and adaptable to a
wide variety of analytes. Second, it would act as the actual
reporting unit by signaling a binding event while at the same
time transmitting information about the actual analyte bound
through the adapted isomer distribution. By establishing a
catalogue of the patterns generated upon binding to a known
analyte, this system can provide information about the identity
of analytes. NMR, as a noninvasive technique for the read-out
of sensor arrays,17 bears potential for polyol sensing for an in
vivo setting and has been employed as read-out technique to
study the binding of boronic acid-based polyol sensors.16,17c,18

■ RESULTS AND DISCUSSION
Synthesis of Dynamic Bis-Boronic Acid Bullvalene 1.

The design of the binding moieties for shapeshifting polyol
sensor 1 was inspired by a report on boronic acid carbohydrate
sensors constructed by Cu-catalyzed alkyne−azide cyclo-

addition (CuAAC).19 We therefore chose to introduce the
boronic acid units by CuAAC and synthesized dynamic bis-
azide 5 from 13C-labeled bis-allyl bullvalone 212 in a three-step
sequence: cross-metathesis with trans-1,4-dibromo-2-butene to
give bullvalone 3, followed by conversion to the corresponding
dynamic bullvalene 4, and transformation to 5 by double
nucleophilic substitution of the allylic bromides (see Scheme
2). We found that executing the CuAAC in the presence of
TBTA ligand20 successfully suppressed the otherwise rapid
protodeboronation of bis-boronic ester 6, a common problem
for CuAAC reactions with boron-containing compounds.4d Bis-
boronic ester 6 could be transformed to the corresponding
dynamic bis-boronic acid 1 in a two-step sequence involving
transformation21 to the corresponding bis-potassium trifluor-
oborate 7 followed by hydrolysis22 to yield dynamic bis-boronic
acid sensor 1.

Synthesis of Static Bis-Boronic Acid Sensor 14. As a
negative control with a static backbone incapable of undergoing
Cope rearrangements, we synthesized the structurally related
13C-labeled tetrahydrofuran bis-boronic acid 14 from diol 812

(Scheme 3). As reported earlier by our group, diol 8 can be
converted to the corresponding tetrahydrofuran 9.13b,15a

Originally an unwanted side-reaction, we exploited the resulting
compounds as static analogs of bullvalenes in which the 13C
label and substituted groups are locked into discrete positions.
Transformation of the ketone to the vinyl carbonate 10 yielded
bis-allyl tetrahydrofuran, which could successfully be converted
to static bis-boronic acid 14 in a similar reaction sequence (11−
14) as in the route toward dynamic bullvalenes (5 to 1, see
Scheme 2).

Sensing Experiments. In a representative sensing experi-
ment, 1 was mixed with a polyol analyte in DMSO/phosphate
buffer solution (pH = 7.2) at ambient temperature and allowed
to equilibrate for 1 h.23 The 13C NMR spectrum of the mixture
was recorded and compared to the reference NMR spectrum of
1 alone under otherwise identical conditions. The differences in
peak intensities, chemical shift, and number of peaks in the
region of the olefinic bullvalene carbon resonances (130−126
ppm), which have previously been identified as diagnostic,12

display the adapted equilibrium population of 1 in the presence

Scheme 1. Proposed Polyol Binding with Shapeshifting Bullvalene Bis-Boronic Acid

Figure 1. 13C-labeled bullvalene-based polyol sensor 1.
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of an analyte (see Scheme 1). The 13C NMR spectra therefore
constitute the actual read-out of the sensor.
Reduction of Complexity and Generation of Barc-

odes. For ease of recognition and facile comparison of the
resulting patterns, 13C NMR signals are displayed as a
“barcode” (see Figure 2). To reproducibly generate a barcode
from the 13C NMR spectrum, the complexity was first reduced
by binning, a technique that has been used for pattern

recognition for the study of metabolites in body fluids by
NMR.24 The spectrum is displayed as the integral of peak
intensities of equally sized partitions of the 13C NMR spectrum
(0.03 ppm in our case). The chemical shifts and peak heights of
the resulting “binned” spectrum are extracted and converted to
a barcode; the peak height in the spectrum is reflected by a
corresponding larger line thickness in the respective barcode25

(Figure 2).

Scheme 2. Synthesis of Shapeshifting Polyol Sensor 1

Scheme 3. Synthesis of Static Bis-Boronic Acid Sensor 14
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Sensing Results with Dynamic Sensor 1. The results of
the sensing experiments of substituted bullvalene 1 with a
variety of naturally occurring or biologically relevant polyols as
analytes are presented in Tables 1 and 2. The characteristic line
pattern, consisting of the respective chemical shift and
intensities in the barcodes varies with the analytes investigated,
allowing for the successful recognition of these compounds
with 1. As expected, the sensing of a variety of compound
classes is feasible, owing to the adaptable nature of the flexible
and dynamic bullvalene backbone of the sensor.
The barcode patterns for naturally occurring polyphenols

(Table 1, entries 2−6) including chlorogenic acid (15), ellagic
acid (16) and tannic acid (17) are distinct from the reference
barcode of the bullvalene sensor 1 (entry 1) and therefore allow
for recognition of these substances. The resulting barcodes
differ from the reference of 1 alone in number of lines and their
shift as well as their thicknesses. Therefore, all representation
modes of the resulting barcodes can be exploited to display the
differences after substrate binding.
The same holds true for barcode patterns obtained for

flavanols11f,g,26 epigallocatechin gallate (EGCG) (18) and
epicatechin gallate (19) (entries 5 and 6). These are naturally
occurring ingredients of green tea, with a wide variety of
biological acitivities.27 Even though the structure of analytes 18
and 19 differs only by the presence or absence of one phenolic
OH group, these subtle variations are reflected in the respective
barcodes. As expected, the barcodes appear similar but show
small differences in the number of lines. This case of sensing
structurally closely related analytes represents a limitation of
sensing with dynamic bullvalene bis-boronic acids. Differences
in the chemical structures are reflected in the barcodes, but
naturally, these differences are small and therefore difficult to
read-out and detect as significant. In the case of polyphenol
Alizarin Red S (ARS) (20) as substrate (entry 7), two 13C-
signals of the analyte appear in the diagnostic chemical shift

region of bullvalene sensor 1.23 Therefore, as too many sensor
signals are concealed by the signals of the analyte, no clear
distinction of the barcode can be made.
Sialic acids play a paramount role in cellular recognition

processes,28 which renders them attractive targets for
recognition studies,29 as one could employ successful sensors
as potential biomarkers. N-acetylneuraminic acid (sialic acid)
(21) and the corresponding 2-O-Me-N-acetylneuraminic acid
(22) (Table 2, entries 2 and 3) differ only by the substituent on
the 2-OH position, a relatively minor structural difference, as
with 18 and 19. In this case the read-out of the sensor was
influenced in a much more pronounced manner. The barcode
for N-acetylneuraminic acid (21) (Table 2, entry 2) shows
clear, discernible differences in terms of line shift and their
pattern in comparison to the unbound sensor 1; the 2-methyl-
substituted derivative 22 shows no difference in the barcode
(Table 2, entry 3) compared to 1. We conclude from this result
that 22 does not bind strongly to 1 due to the absence of the
free 2-OH group and therefore does not alter the equilibrium
population of 1 enough to obtain a discriminable read-out. This
observation is in line with the proposition of the binding mode
of other boronic acid sensors to sialic acid (21),29b,c suggesting
that the formation of a five-membered ring of the 1-CO2H and
the 2-OH with boronic acid sensor 1 is crucial for binding. The
formation of a similar structure is not possible with the
substituted OH in 22 (see Figure 3).
Other mono- and a disaccharides have also been investigated

as analytes for bullvalene sensor array 1, thereby probing the
use of our system for potential carbohydrate sensing. Whereby
the barcode for D-fructose (23) (Table 2, entry 4) displays
small differences compared to the reference spectrum of 1
(Table 2, entry 1), the barcode of sucrose (24) (Table 2, entry
5) does not differ from the reference. In analogy to the binding
experiments with MeO-sialic acid (22) (vide supra), we
conclude that strong binding between sucrose (24) and 1
does not occur, resulting in a nearly unaltered barcode.
We have also investigated the interaction of sensor 1 with

mixtures of analytes (Table 2, entries 6 and 7). When a 1:1
mixture of chlorogenic acid (15) and sucrose (24), a mixture of
one strong and one weak binding analyte was measured with 1,
the resulting barcode resembles that of chlorogenic acid (15)
(compare Table 1, entry 2). This supports our hypothesis that
1 does not strongly bind to sucrose (24). When a 1:1 mixture
of two tight-binding substrates, chlorogenic acid (15) and
tannic acid (17) were investigated, the resulting barcode (Table
2, entry 7) again resembled that of chlorogenic acid (15). This
suggests that 1 has higher affinity for chlorogenic acid and is
responsible for determining the equilibrium population of 1 in
the sensing experiment. The outcomes of sensing experiments
with mixtures of analytes lead to the conclusion that a
competition of the analytes for the boronic acid binding units
of 1 exists, and the respective analyte which exerts the strongest
binding to the boronic acid determines the altered equilibrium
population of 1 and therefore the resulting barcode. Further
studies are needed, as this constitutes a potential advantage
over classic sensor arrays.

Sensing Experiments with Static Bis-Boronic Acid 14.
When sensing experiments were carried out with static bis-
boronic acid 14 under otherwise identical conditions, the
advantage of the dynamic variant 1 is evident. Since 14 cannot
change shape, only one 13C resonance can be observed,
therefore the generation of a barcode pattern is not possible.
When the 13C NMR resonances of 14 were followed in sensing

Figure 2. Conversion of 13C NMR spectrum to a barcode (binned
spectrum: lowest dashed line: lower cutoff for barcodes; middle dashed
line: cutoff from normal to thick lines in barcodes; top dashed line:
cutoff for thickest lines in barcodes).
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experiments with analytes 15, 17, and 19, a 0.05−0.01 ppm
downfield shift of the 13C signal was observed in all cases
(Figure 4).23 This indicates binding to the respective analyte. In
contrast, sucrose (24) as analyte induces no significant shift of
the 13C resonance (Δδ = 0.006 ppm) and supports the
hypothesis that 24 cannot bind to static (14) or dynamic (1)

bis-boronic acids under the given conditions. Interestingly, no
significant shift of the 13C NMR resonances upon binding with
epigallocatechin gallate (18)a good analyte for the dynamic
sensorwas observed. From this result we postulate that the
fixed backbone of static bis-boronic acid 14 prevents it from
adopting a spatial arrangement of the boronic acids suitable for

Table 1. Sensing Experiments of 1 with Catecholsa

aConditions: 2.5 × 10−6 mol 1 and 5.0 × 10−6 mol of the appropriate analyte were dissolved in 0.6 mL of a 9:1 mixture DMSO-d6/phosphate buffer
(pH = 7.2, 0.05 M) followed by equilibration for 1 h at RT and analysis by 13C NMR spectrum (typically 14500 scans). bFor generation of barcodes,
see Supporting Information. cSignals resulting from the 13C NMR resonance at 129.08 ppm, belonging to 18, were omitted in the barcode. dSignals
resulting from the 13C NMR resonance at 129.81 ppm, belonging to 19, were omitted in the barcode. eSignals resulting from the 13C NMR
resonances at 127.28 ppm and 127.08 ppm, belonging to 20, were omitted in the barcode.
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binding to various, structurally different analytes. It displays the
well-known limitations of ditopic nondynamic boronic acid-
based sensors. In addition, static sensor 14 can only display

whether a binding event with a potential analyte has occurred
or not (“yes/no” sensing). The dynamic sensor 1, on the other
hand, can give information on the identity of the bound analyte
via an altered peak pattern, in addition to displaying the simple
“yes/no” sensing behavior. This particular behavior showcases
the general advantage of sensor arrays over classical sensors.

■ CONCLUSION

In summary, we have developed a new sensor array for
polyhydroxylated compounds based on a 13C-labeled shape-
shifting bullvalene bis-boronic acid. We demonstrated that the
13C NMR read-out is indicative not only for the binding event
with an analyte of interest but also gives structural information
of the analyte bound through the corresponding changes in the
13C NMR peak pattern. The patterns were transformed to an
easy-to-recognize barcode, rendering identification of an analyte

Table 2. Sensing Experiments of 1 with Carbohydrates and Polyol Mixturesa

aConditions: 2.5 × 10−6 mol 1 and 5.0 × 10−6 mol of the appropriate analyte were dissolved in 0.6 mL of a 9:1 mixture DMSO-d6/phosphate buffer
(pH = 7.2, 0.05 M) followed by equilibration for 1 h at RT and analysis by 13C NMR spectrum (typically 14500 scans). bFor generation of barcodes,
see Supporting Information. c5.0 × 10−6 mol of both, 15 and 17 were added under otherwise identical conditions. d5.0 × 10−6 mol of both, 15 and
24 were added under otherwise identical conditions. eThe lower threshold for barcode generation was lowered to 50, see Supporting Information for
details.

Figure 3. Suggested binding of 1 to sialic acids based on ref 29b.
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fast and easy. A variety of biologically relevant analytes, such as
sialic acid and its derivatives, were successfully shown to be
analytes for this sensor array. Sensing of mixtures of analytes is
possible; the strongest binding analyte will dominate the
corresponding read-out. As a negative control, a structurally
related but nondynamic bis-boronic acid was synthesized and
employed as a sensor. The resulting shifts in 13C NMR cannot
be employed to generate a pattern for read-out, and it appears
that the static backbone prevents this sensor to bind to a wide
variety of substrates. These facts underscore the usefulness of
shapeshifting bullvalene sensors with flexible and adaptable
backbones. We envision that NMR as a noninvasive technique
enables this methodology as an in vivo sensor to discriminate
tissue types in future studies.
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