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Coumarin-3-Aldehyde as a Scaffold for the Design of Tunable
PET-Modulated Fluorescent Sensors for Neurotransmitters

Kenneth S. Hettie and Timothy E. Glass*"

/Abstract: NeuroSensor 521 (NS521) is a fluorescent sensor
for primary-amine neurotransmitters based on a platform
that consists of an aryl moiety appended to position C4 of
the coumarin-3-aldehyde scaffold. We demonstrate that sen-
sors based on this platform behave as a directly linked
donor-acceptor system that operates through an intramo-
lecular acceptor-excited photoinduced electron transfer (a-
PET) mechanism. To evaluate the PET process, a series of
benzene- and thiophene-substituted derivatives were pre-
pared and the photophysical properties, binding affinities,
and fluorescence responses toward glutamate, norepinephr-
ine, and dopamine were determined. The calculated energy
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of the highest occupied molecular orbital (Eyone) of the
pendant aryl substituents, along with oxidation and reduc-
tion potential values derived from the calculated molecular
orbital energy values of the platform components, allowed
for calculation of the fluorescence properties of the benzene
sensor series. Interestingly, the thiophene derivatives did not
fit the typical PET model, highlighting the limitations of the
method. A new sensor, NeuroSensor 539, displayed en-
hanced photophysical properties aptly suited for biological
imaging. NeuroSensor 539 was validated by selectively label-
ing and imaging norepinephrine in secretory vesicles of live
chromaffin cells.
/

Introduction

Fluorescence imaging, in its many forms, has become the pre-
mier method for unraveling complex biological problems." A
variety of probes are available for fluorescent labeling of mac-
romolecules; however, small-molecule imaging often requires
the use of fluorescent chemical sensors.” An important goal in
this field remains the ability to rationally design fluorescent
probes and sensors. Recently, Nagano has shown that several
fluorophores act as directly linked donor-acceptor systems
(Figure 1) in which a pendant aryl moiety that is orthogonal to
and not conjugated with the fluorophore can modulate the
fluorescence output by intramolecular photoinduced electron

> ,

transfer (PET).®) This PET quenching can occur in either
a donor- or acceptor-excited mechanism, and balancing the
electronics of the system is key to obtaining the desired fluo-
rescence properties.

To describe these systems in a quantitative fashion, the rate
of electron transfer (k) between the excited state fluorophore
(scaffold) and the pendant aryl moiety was determined from
the free energy change for electron transfer (AGg) using the
Marcus equation. In turn, AGg values were determined from
the Rehm-Weller equation using experimentally measured oxi-
dation and reduction potentials of the platform components.”
The data could then be used to calculate the fluorescence
quantum vyields (®y) of the derivatives. Most importantly,

Nagano demonstrated a direct
relationship between the experi-
© mentally determined quantum
yield and the calculated energy
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Figure 1. Platforms that consist of a directly linked donor-acceptor system which exhibit intramolecular PET be-
tween an orthogonal pendant aryl moiety and an excited state fluorophore (scaffold).

[a] K. S. Hettie, Prof. T. E. Glass
Department of Chemistry, University of Missouri
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of the highest occupied molecu-
lar orbital (Eyomo) Of the corre-
sponding pendant aryl moiety.
This relationship greatly facili-
tates the a priori determination
of fluorescence output. However,
to be truly quantitative, it was
necessary to have the experi-
mentally determined oxidation
potential of the unsubstituted scaffolds (fluorophores). Thus,
only the xanthene and BODIPY scaffolds have undergone
quantitative evaluation. However, the method has been used
for qualitative assessment of fluorescence properties based on
platforms consisting of modified scaffolds.”

Pyronin Scaffold
(Rhodamine)
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Figure 2. Structures of select neurotransmitters. Structure of NS521 and formation of the iminium ion upon interaction with norepinephrine.

Some time ago, we developed a ditopic fluorescent molecu-
lar sensor that exhibited good selectivity toward catechola-
mines.”! The sensor operated in a turn-off mode due to
quenching of the fluorophore by the catechol group. More re-
cently, we developed NeuroSensor 521 (NS521) as a turn-on
fluorescent sensor for the catecholamines norepinephrine and
dopamine (Figure 2)."”

NS521 derives from the coumarin-3-aldehyde scaffold,
wherein the aldehyde group associates with the analyte pri-
mary amine group by reversible iminium ion formation.” The
coumarin aldehyde fluoresces from an internal charge transfer
(ICT) state.

Formation of the iminium ion stabilizes the ICT state and
shifts the wavelength of absorbance from 448 to 488 nm, al-
lowing the bound and unbound forms of the sensor to be in-
dependently monitored by appropriate selection of the excita-
tion wavelength. In principle, the aldehyde group of NS521
can interact with any intracellular free primary amine. However,
the low binding affinities of NS521 toward free primary amines
(=~10m™") coupled with the low concentration of intracellular
free primary amines (5 mm) translates into extremely weak as-
sociations and thus, NS521 remains largely unassociated upon
exposure to typical cells. However, specialized neurons seques-
ter and package individual primary-amine neurotransmitters
(e.g., glutamate, norepinephrine, dopamine, and serotonin) in
secretory vesicles at extremely high concentrations (300 mm—
1m) within an acidic environment (~pH 5).®! We envisaged
that the neutral NS521 would diffuse into the secretory vesicles
of such specialized cells and only bind with the primary amine
neurotransmitter due to the extremely high concentration of
the bioanalyte. In turn, the resultant imine form of NS521
would become protonated to form a charged complex due to
the acidic environment within secretory vesicles and become
membrane impermeable (Figure 2). As a result, the sensor
would accumulate inside the secretory vesicles and allow for
clear visualization of the neurotransmitter with low back-
ground. NS521 was initially validated in chromaffin cells and
demonstrated selective detection of norepinephrine, allowing
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discrimination between norepinephrine- and epinephrine-en-
riched cell populations.”” While NS521 was validated with nore-
pinephrine, it also responds well to dopamine. Theoretically,
NS521 could bind to any cellular primary amine; however, spe-
cialized neurons (e.g., dopaminergic, glutamatergic, and sero-
tonergic) specifically package one neurotransmitter at high
concentrations (hundreds of millimolar) and can be isolated
from their respective locales in the brain. Specificity is gained
from the combined effect of a singly concentrated neurotrans-
mitter and the modest binding affinities for this class of molec-
ular sensor in order to afford visualization of only the desired
neurotransmitter.

Since the fluorescent imaging of neurons, neurotransmitters,
and events surrounding synaptic firing is an increasingly active
area of research, the potential applications of such sensors are
profuse. Fluorescent sensors would enhance research in neuro-
science by providing both the imaging of primary-amine neu-
rotransmitters (especially for neurotransmitters such as dopa-
mine that tend to quench fluorescence) and the continuous
monitoring of primary-amine neurotransmitter trafficking.
Therefore, we sought to establish a model by which sensors
could be rationally designed for the purposes of neuroimag-
ing. Because the NS521 platform consists of a fluorophore
(scaffold) with a pendant orthogonal aromatic group, we de-
signed various NS521 analogues and applied Nagano’s method
to this unique sensor system to evaluate the photophysical in-
teraction between the platform components.

Herein, we report a series of benzene- and thiophene-substi-
tuted sensors based on the coumarin-3-aldehyde scaffold. The
photophysical properties, binding affinities, and fluorescence
responses toward glutamate, norepinephrine, and dopamine
were experimentally determined. DFT calculations provided the
energy of the highest occupied molecular orbital (Eyowe) values
of the pendant aryl substituents (calculated at the B3LYP/6-
31G(d) level of theory), which were fine-tuned through the in-
troduction of various electron-withdrawing and -donating
groups. In conjunction with the Marcus theory of electron
transfer, oxidation and reduction potential values strictly de-
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rived from the calculated molecular orbital energy values of
the fluorophore allowed for calculation of the fluorescence
properties of the sensors. Good agreement between the calcu-
lated and experimentally determined fluorescence properties
was found only in the case of the benzene-substituted sensors.

Results
Design and synthesis of NS521 derivatives

To systematically investigate the directly linked intramolecular
PET in this system, a series of benzene- and thiophene-substi-
tuted derivatives based on the coumarin-3-aldehyde scaffold
were prepared (Figure 3 A). Substituents on the C4 aryl groups
were chosen to cover a wide range of calculated E, o values
(Figure 3B). The primary difference between the two classes of
aryl moieties is the dihedral angle of the pendant aryl moiety
with respect to the plane of the coumarin aldehyde scaffold.
The thiophene class was determined to maintain a smaller di-
hedral angle (72.1°) compared to the benzene class (82.3°)
based on geometry-optimized structures. For the purpose of
discussion, it is noted that the only ortho-substituted derivative
(1h) was determined to have a larger dihedral angle (89.3°).
The sensors were prepared as shown in Scheme 1. The syn-
thesis of the benzene-based sensors (1a-l) and the benzothio-
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phene sensor (2e) was achieved through a single Suzuki cou-
pling reaction with compound 3 to provide the final products.
The thiophene-based sensors (2a-d) were synthesized in two
steps from compound 5 through tosylation and coupling fol-
lowed by formylation under Vilsmeier conditions.

Spectroscopic properties

The sensors were titrated with glutamate as a representative
amine and the absorption and fluorescence spectra recorded
in buffer at pH 5 to mimic the acidic interior of the secretory
vesicle. Representative spectral changes for sensors 1b and 2b
upon binding with analyte are shown in Figure 4. As observed
with other sensors in this series, interaction with a primary
amine produces a redshift in absorption. For the series 1 sen-
sors, the absorption of the bound species shifted from approxi-
mately 448 to 488 nm. Similarly, the emission maxima of the
series 1 sensors were redshifted to approximately 520 nm
upon binding, giving these sensors spectroscopic properties
that conveniently match that of fluorescein. For the series 2
sensors, the absorbance shifts from approximately 467 to
502 nm upon interaction with glutamate and the emission
shifts from approximately 522 to 540 nm, which is 20 nm
longer in wavelength than the absorbance values for the
series 1 sensors. The fluorescence quantum yields (@;) of the

.
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Figure 3. A) The sensor platform consists of a pendant aryl moiety (red) directly linked to position C4 of the coumarin-3-aldehyde scaffold (green). B) Struc-
tures of derivatives used in this study: benzene-substituted series (1a-I) and thiophene-substituted series (2a-e).
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Scheme 1. Synthesis of A) benzene- and B) thiophene-substituted sensors based on the coumarin-3-aldehyde scaffold.
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Figure 4. Fluorescence titration of sensor 1b (10 um) with 0, 20, 40, 60, 80, 120, 180, 260, 360, and 580 pL of A) 500 mm glutamate, B) 100 mm norepinephr-
ine, and C) 100 mm dopamine. Fluorescence titration of sensor 2b (10 um) with 0, 20, 40, 60, 80, 120, 260, 360, and 580 pL of D) 500 mm glutamate,

E) 100 mm norepinephrine, and F) 100 mm dopamine. Fluorescence titrations were performed in buffer (25 mm HEPES, 50 mm Na,S,0;, pH 5.0, 37 °C) with ex-
citation at 488 and 515 nm for sensors 1b and 2b, respectively. Insets are fits to a one-site binding isotherm. Fluorescence enhancements were calculated
from I,/l,, where I, is the maximum fluorescence at saturation taken from the theoretical fit to the binding isotherm and I, is the initial fluorescence of the

sensor.

unbound and bound sensors were measured in buffer at
pH 5.0 and tabulated in Table 1. Full detailed photophysical
properties including calculated E,omo and E yuo Values are tabu-
lated in Tables S1 and S2 in the Supporting Information.

Binding affinities

The association constants (K,) of each sensor toward gluta-
mate, norepinephrine and dopamine are listed in Tables 2 and
3 for series 1 and 2, respectively. The interaction between cou-
marin aldehydes and primary amines is a covalent reaction
and, in principle, would be best represented as an equilibrium
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constant (K,,). However, because most supramolecular interac-
tions are measured in terms of an association constant, we
have adopted that convention here for the sake of comparison
and ease of use. Tables 2 and 3 also list maximum fluorescent
enhancements (I.,/l,), which are the fluorescence intensities at
saturation (as determined by the fit to a one-site binding iso-
therm) relative to the fluorescence intensities of the unbound
sensors. These data give the maximum possible fluorescence
response and are useful in comparing the spectroscopic prop-
erties of the fully bound sensor to the unbound state as well
as to other sensors.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Quantum yields for series 1 and 2 sensors.

Quantum yield®

Pendant aryl moiety Unbound™ Bound®?
4-carbethoxy (1a)® 0.0054 0.0100
phenyl (1b) 0.0072 0.0128
3-methyl (1¢) 0.0069 0.0102
4-methylthio (1d) 0.0067 0.0101
4-biphenyl (1e)® 0.0085 0.0150
3-fluoro-4-methoxy (1 f) 0.0063 0.0097
(NS521) 4-methoxy (19) 0.0055 0.0095
naphthalene (1h) 0.0078 0.0126
3,4-dimethoxy (11) 0.0047 0.0094
4-methoxy-3-methyl (1) 0.0050 0.0093
3,4,5-trimethoxy (1k) 0.0036 0.0090
4-dimethylamino (11) 0.0002 0.0009
2-chlorothiophene (2a) 0.0019 0.0030
thiophene (2b) 0.0022 0.0038
3-methylthiophene (2 ¢) 0.0028 0.0041
2-methylthiophene (2d) 0.0029 0.0042
benzothiophene (2e) 0.0039 0.0046

[a] Calculated by using an appropriate fluorescence standard (1.0 um
sensor, 25 mm HEPES, 50 mm Na,S,0;, pH 5.0, 37°C). [b] Excited at
473 nm. [c] Solutions contain 500 mm glutamate. [d] Benzene-based de-
rivatives excited at 488 nm; thiophene-based derivatives excited at
515 nm. [e] Solution contained 5% DMSO. [f] Solution contained 30%
DMSO.
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pears to be subtle interaction between the catechol group and
the C4-aromatic, which increases with electron density on the
C4-aromatic residue. Interestingly, the thiophene-based sensors
demonstrated slightly lower overall affinity than the benzene-
based sensors and the electronic structure of the thiophene
does not appear to influence the binding constant of catechol-
amines. Although these binding constants are modest, they
should suffice for cell imaging purposes because catechola-
mines are present at high concentrations (0.5-1 ™) in secretory
vesicles compared with the concentrations of typical free pri-
mary amines present in a cell (5mm) and would promote
binding. Indeed, even glutamate is thought to be present in
concentrations as high as 300 mm in vesicles of glutamatergic
neurons.” Given that NS521 appears to accumulate in vesicles
(vide supra), it is possible that some of the sensors described
here could be used to image glutamate as well as catechola-
mines.

Spectroscopic properties

Upon analyte addition, the fluorescence enhancements for the
series 1 sensors were very good: as high as an elevenfold in-
crease for glutamate and a 6.6-fold increase for norepinephr-
ine. As the absorbance maximum shifts to the red upon inter-
action with the analyte, selective excitation of the
red wavelength produces a fluorescence increase

Table 2. Association constants (K;) for the binding of the series 1 sensors to various upon binding. In addition, the fluorescence quantum
analytes.” yields of the bound sensors were higher than those
Amine guest for the unbound sensors. Thus, the observed fluores-
Glutamate Norepinephrine Dopamine cence enhancements are due to the selective excita-
Benzene-based moiety K, M7 I/l K, M7 Ao /009 K, MU /009 | tion wavelength used and an increase in fluorescence
4-carbethoxy (1) 7.0 47 815 18 1075 1.1 quantum yield upon binding. Indeed, better en-
phenyl (1b) 9.4 10.5 68.7 6.6 68.1 3.2 hancements might be possible by judicious choice of
3-methyl (1 ¢) 9.2 100 684 6.6 74.1 32 excitation wavelength; however, we chose to use
4-methylthio (1d) 8.4 9.8 68.8 6.5 87.1 3.1 488 b thi lenath i | i
4-biphenyl (1e) 138 62 1488 26 2033 16 nm because this wavelength Is commonly avail-
3-fluoro-4-methoxy (1) 9.0 93 70.2 6.4 92.9 3.1 able for imaging applications. The catecholamines
(NS521) 4-methoxy (1g) 9.6 7.8 77.8 5.4 112.1 3.0 can quench by PET, which is reflected in a lower fluo-
naphthalene (1h) 10.1 68 1037 43 1700 29 rescence quantum vyield for the dopamine- and nore-
3,4-dimethoxy (11) 10.2 66  107.2 4.1 177.5 2.7 inephrine-bound d t
4-methoxy-3-methyl (1j)  10.3 64 1360 39 1921 24 pinephrine-bound  sensors compared 1o 5ensors
3,4,5-trimethoxy (1k) 103 56  159.1 26 205.1 16 bound to glutamate. However, useful enhancements
4-dimethylamino (11) 10.2 17 1600 1.2 206.2 1.1 are seen even for those quenching analytes (Tables 2
[a] Measured in buffer (1.0 um sensor, 25 mm HEPES, 50 mm Na,S,0;, pH 5.0, 37°C). and 3). It should be noted that sensors 1a and 1e re-
[b] K, measured by fluorescence spectroscopy. Excited at 488 nm. [c] /,,, = fluorescence quired a DMSO co-solvent due to solubility issues, so
intensity at saturation taken from the theoretical fit to a one-site binding isotherm. the spectroscopic properties of these two sensors are
A o i
[d] Sensors 1a and 1e were adjusted to 5 and 30% DMSO, respectively. not directly comparable to the others in this series

Discussion

Binding affinity and selectivity

Glutamate binds to all derivatives with the same relatively low
affinity (5-10m7"). This result is consistent with other coumarin
aldehyde sensors, which appear to bind all primary alkyl
amines with similar low affinity.”? Surprisingly, the catechola-
mines bind roughly an order of magnitude better. Moreover,
there is a clear trend toward better binding to sensors with
more electron-rich aromatic groups in position C4. There ap-
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and they would presumably not be compatible with
cellular applications.

The fluorescence response of the series 2 sensors to the pri-
mary amine analytes was markedly higher than the fluores-
cence response of the series 1 sensors: as high as 57-fold for
glutamate and 48-fold for norepinephrine. The difference in
fluorescence response can be attributed to a lower initial fluo-
rescence baseline. From Table 1, the quantum yields of the un-
bound thiophene derivatives are lower than those for the un-
bound benzene derivatives; however, the change in quantum
yield between bound and unbound state were similar to the
series 1 sensors. The major difference in the case of the

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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analytes.”

Table 3. Association constants (K,) for the binding of the series 2 sensors to various

act as PET quenchers, with serotonin being a stronger
PET quencher than dopamine, which is stronger than
norepinephrine. Indeed, this expectation was borne

Amine guest out from the observed fluorescence enhancements.
Glutamate Norepinephrine Dopamine As can be seen in Table 1, a wide range of fluores-

Thiophene-based moiety K, IM~"T®" [/l K, IMT® [ /9 K, IM'T® /19 . ! g

cence quantum yields was observed with the more
2-chlorothiophene (2a) 5.9 34 69.2 21 84.0 12 . - .

electron-rich pendant aryl moieties giving much
(NS539) thiophene 2b) 7.3 57 65.2 48 436 25 P . y . giving .
3-methylthiophene (2¢) 7.4 51 63.6 38 51.1 23 stronger quenching. Interestingly, the quantum yields
2-methylthiophene (2d) 6.1 48 58.7 32 54.6 22 of the bound species are uniformly higher than the
benzothiophene (2e) 52 30 49.6 17 493 9.5 unbound species. The iminium ion formed upon

[a] Measured in buffer (5.0 um sensor, 25 mm HEPES, 50 mm Na,S,0;, pH 5.0, 37°C).
[b] K, measured by fluorescence spectroscopy. Excited at 515 nm. [c] /,,,=fluorescence
intensity at saturation taken from the theoretical fit to a one-site binding isotherm.

binding is more electron-poor than the correspond-
ing aldehyde and thus, should be subject to stronger
quenching (i.e., lower quantum yield) by the C4-aro-

series 2 sensors is that they were excited at 515 nm to mimic
a common laser line rather than exciting at the absorption
maxima (/502 nm). At this higher excitation wavelength, the
unbound derivative hardly absorbs, resulting in an overall low
background that contributes to the very high fluorescence en-
hancements (/,/l,) seen in Table 3.

Quantitative study of the PET process in series 1 sensors

Optimized models of the benzene-based sensors clearly indi-
cate that the pendant aryl moiety is nearly perpendicular to
the plane of the coumarin aldehyde scaffold (Figure 3). The
modeling results are supported by the fact that all of the ben-
zene-based sensors (except 1h) have approximately the same
absorbance and emission maxima, indicating that the ground-
state interaction between the pendant aryl moiety and the
coumarin aldehyde scaffold was similar in all of them. In all
cases, dopamine and norepinephrine produced a lower fluo-
rescence response than glutamate. Indeed, serotonin com-
pletely quenched the fluorescence response of all sensor deriv-
atives upon binding (data not shown). The calculated E.omo
values of the catecholamines and serotonin (Table S3 in the
Supporting Information) indicate that these analytes should

(A)
0.014 4
o

0.012 A (1b) (1c)

0.010

0.008

0.006

Quantum yield

0.004

0.002

0.000 T T T T T T

-0.250 -0.240 -0.230 -0.220 -0.210 -0.200 -0.190
EHomo of benzene moiety/hartrees

matic group. However, this quenching effect is more

than offset by the formation of the iminium ion
which stabilizes and rigidifies the ICT state, thereby resulting in
an overall increase in quantum yield upon binding.

To evaluate the photophysical interaction between the
pendant aryl moiety and the coumarin aldehyde scaffold, the
relationship between the quantum yield for the unbound and
bound series 1 sensors and the calculated E, oo values of the
corresponding benzene moiety was plotted and fit to the
Marcus equation on the basis of the calculated E, oo values
(Figure 5). In theory, increased electron density of the deriva-
tive would lead to a more positive HOMO energy value, faster
electron transfer, and by default, a lower quantum yield due to
greater quenching.*®® The calculated free energy change for
electron transfer (AGg;) values, a prerequisite for fluorescence
analysis in terms of the Marcus theory, were obtained as per
the Rehm-Weller equation (Supporting Information). In turn,
the calculated free energy change for electron transfer (AGg)
values were derived, in part, from the oxidation and reduction
potential values using an established linear correlation be-
tween the molecular orbital energy values (E,omo and E ywo)
and the experimentally measured oxidation and reduction po-
tential values."” The experimentally determined quantum
yields aligned with the fitted curves quite well, indicating that
the sensor platform fits the model of a directly linked donor-

(B)

Fluorescence enhancement (/gt//g)

-0.250 -0.240 -0.230 -0.220 -0.210 -0.200 -0.190 -0.180
Enomo of benzene moiety/hartrees

Figure 5. A) Relationship between the calculated E, oy Values of the pendant aryl moiety and the fluorescence quantum yields for series 1 sensors (@) un-
bound and (o) bound with glutamate. The red box highlights naphthalene derivative. B) Relationship between the calculated E, oy values of the pendant
aryl moiety and the fluorescence enhancement for series 1 sensors with (@) glutamate, (o) norepinephrine, and (m) dopamine. The shaded region identifies
derivatives with selective fluorescent responses. The curves represent the best fit to the Marcus equation.
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acceptor system. In the case of compound 1h having the 1-
naphthyl group, both the unbound and bound quantum yields
of 1h are higher than theory would predict. However, this dif-
ference is attributed to the greater rigidification of the fluoro-
phore (vide infra) because the C4-naphthyl moiety is closer to
90° from the plane of the fluorophore (Figure 3).

Because the absorbance maxima of the series 1 sensors
were similar in both unbound and bound forms, the differen-
ces in fluorescent enhancement (/,/l,) from Table 2 are due en-
tirely to variations in quantum yield between the two forms.
Thus, these maximum fluorescence changes were plotted
versus the calculated E,onmo Values (Figure 5B) and the same
trends were observed as when plotting just the quantum yield.
Indeed, compound 1h, which was an outlier in Figure 5A, falls
in line with the other derivatives in such a plot, indicating that
the effect of the naphthyl group on the quantum yield was
similar in both the bound and unbound states. Interestingly,
the fluorescence enhancement for the series 1 sensors toward
glutamate, norepinephrine, and dopamine followed a similar
relationship, indicating that quenching analytes such as dopa-
mine can quench all the sensors to the same degree. From this
type of analysis, it is possible to identify sensors that would
give selective turn-on fluorescent responses. For example,
compounds in the green region of Figure 5B should give
a good response to glutamate, but much weaker response to
dopamine and norepinephrine. Of the sensors tested here,
compound 1k appears to be the best glutamate-selective
sensor. Taken together, these results support the notion that
a PET process modulates the fluorescence properties of the
sensor platform and establishes a method for the rational
design of selective sensors for
primary-amine neurotransmitters

by variation of the C4-substitu- 1o
ent. 10.0
9.0 4
Variation in the quantum yields 5
for the series 2 sensors \‘g‘ 8.0
Calculations indicated that the § 7.0 -
thiophene substituents have E
more m-overlap with the fluoro- ‘é 6.0
phore than the phenyl groups of -g 5.0 -
the series 1 sensors. This overlap @
causes the absorbance and emis-  § 4.0 4
sion of the series 2 sensors to be §
at longer wavelengths. Indeed, § 3.0 1
the trends indicated that the * -
more electron-rich thiophenes '
display higher wavelengths of 1.0 4
excitation and emission. Howev-
0.0 -

er, the quantum yields of the
thiophene  derivatives  were
lower than those of most of the
series 1 sensors. This low-quan-
tum-yield effect has been ob-
served in other directly linked

donor-acceptor systems (plat- and dopamine (red).
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forms) and has sometimes been attributed to PET quenching
from the thiophene.™ For the series 2 sensors, the quantum
yields trend upward as the group becomes more electron rich,
thus an a-PET mechanism is not likely. It should be noted that
for the chlorothiophene derivative (2a), it is possible that
quenching due to the heavy atom effect of the chlorine may
contribute to an anomalously low quantum yield for this
sensor. Regardless, it is clear that PET quenching does not ex-
plain the low quantum yield of the thiophene derivatives.

If one compares the quantum vyield of the naphthalene de-
rivative (1h) to the other benzene derivatives (e.g., 1b) and
the thiophene derivatives (e.g., 2b), the sensors in which the
C4-group is more perpendicular, and thereby more rigid, have
higher fluorescence quantum yields than those where the C4-
group is more in plane with the coumarin aldehyde scaffold,
and thereby less rigid (Figure 3). These results indicate that
twisting of the aryl-fluorophore bond in the excited state leads
to nonradiative decay processes and lowers the quantum yield
of the fluorophore.l'>™

Summary of the fluorescence responses

The fluorescence enhancements for the series 1 and 2 sensors
upon binding to glutamate, norepinephrine, and dopamine
are summarized in Figure 6 and Figure 7, respectively. It should
be noted that sensor 1g (NS521) does not have the highest
fluorescence response of the series 1 sensors. However, we
chose to utilize sensor 1g in our initial work because it struck
a good balance between high fluorescence responses and
good binding affinity toward norepinephrine and dopamine

s~ OMe  OMe OMe  OMe OMe NMe,
@ @/ @ @/F @ OO " " ; -
1b 1c 1d 1f 1g 1h 1i 1 1k 1

Figure 6. The fluorescence enhancements of series 1 derivatives toward glutamate (blue), norepinephrine (green),
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Figure 7. The fluorescence enhancements of series 2 derivatives toward glu-
tamate (blue), norepinephrine (green), and dopamine (red).

that would provide selective labeling and imaging in cellular
studies. Overall, compared to the benzene-based series 1 sen-
sors, the thiophene-based series2 sensors provided only
subtle differences in binding constants. However, the fluores-
cence enhancements for the thiophene-based series were con-
siderably larger than the fluorescence enhancements for the
benzene-based series. Of this series, sensor 2b had the highest
fluorescence enhancements due to a high ratio of quantum
yields between the unbound and bound sensor as well as high
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binding affinities toward the primary-amine analytes. Given the
high fluorescence enhancements and redshifted fluorescence
properties observed for compound 2b (Table 3), we named
this compound NeuroSensor 539 (NS539) and pursued cell
imaging studies.

Confocal fluorescence spectroscopy

Norepinephrine- and epinephrine-secreting chromaffin cells
were isolated from bovine adrenal glands, separately incubat-
ed with NS539 (2b, 10 pum), and imaged using confocal fluores-
cence microscopy. The live cells were imaged at 458 nm which
would excite any potential unbound sensor and at 514 nm
which would excite the bound sensor. Excitation of the epi-
nephrine cells at 514 nm provided marginal fluorescence re-
sponse, indicating that the sensor is not binding to epinephr-
ine (Figure 8B) as expected since epinephrine is a secondary-
amine neurotransmitter (Figure 2).” The residual fluorescence
signal could be attributed to incomplete conversion of norepi-
nephrine to epinephrine by the phenylethanolamine N-methyl-
transferase (PNMT) enzyme, given that epinephrine-enriched
chromaffin cells have been shown to contain 2-37% norepi-
nephrine.™ Excitation at 458 nm gave no fluorescence, indicat-
ing that the unbound neutral sensor does not remain inside
the cell (Figure 8A). However, the norepinephrine-enriched
cells exhibited strong punctate fluorescence upon excitation at
514 nm (Figure 8E). Exciting the norepinephrine-enriched cells
at the wavelength associated with the unbound sensor (A,=
458 nm) similarly provided no measurable fluorescence re-
sponse (Figure 8D). The results indicate that the NS539 only
accumulates within secretory vesicles upon binding to norepi-
nephrine, as previously seen with NS521. The ratio of the
mean corrected total cell fluorescence intensity of norepi-
nephrine- over epinephrine-enriched cells was approximately

(G)
60 -

50 -
40 -

30

Total Cell Fluorescencefa.u.

10

EP

Figure 8. Epinephrine-enriched cells (vesicles contain 0.5-1.0 M epinephrine) incubated with NS539 (2b, 10 um): A) 4., =458 nm, B) 1,,=514 nm, C) brightfield
image. Norepinephrine-enriched cells (vesicles contain 0.5-1.0 m norepinephrine) incubated with NS539 (2b, 10 pum): D) A, =458 nm, E) A,,=514 nm,

F) brightfield image. Fluorescence was visualized using a 535-590 nm bandpass filter. G) The mean corrected total cell fluorescence intensity for norepinephr-
ine- and epinephrine-enriched (NE and EP, respectively) cells was 51.0 +- 2.6 and 1.86 +0.98 respectively. Error bars represent standard deviation (n=6).
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27-fold (Figure 8G). These results validate NS539 as an excel-
lent sensor for cellular imaging of primary-amine neurotrans-
mitters with very low background.

Conclusion

These data suggest that the coumarin-3-aldehyde scaffold and
pendant aryl-based moiety comprise a platform that consti-
tutes a new directly linked donor-acceptor system when the
pendant aryl moiety is benzene-based and thus, perpendicular
to the plane of the fluorophore. The benzene-substituted
series of sensors operates through an a-PET mechanism, which
allows one to predict both the fluorescence quantum yields
and the fluorescence responses toward primary-amine neuro-
transmitters based on DFT calculations. The results provide a ra-
tional design strategy for the development of turn-on fluores-
cent sensors for primary-amine neurotransmitters based on the
coumarin-3-aldehyde scaffold. The thiophene-substituted
series of sensors did not follow the same trend based on PET
quenching, indicating that the m-system of the thiophene is
more conjugated with the m-system of the fluorophore. How-
ever, due to favorable excitation/emission profiles, the thio-
phene sensors gave far superior fluorescence enhancements
upon binding analytes. Based on these studies, NeuroSensor
539 was identified as a good candidate for biological imaging
studies by demonstrating enhanced spectral and photophysi-
cal properties. The efficacy of NeuroSensor 539 was validated
by selectively labeling and imaging norepinephrine in secreto-
ry vesicles of live chromaffin cells using longer excitation wave-
lengths that provided lower background. Future considerations
will include studying cell viability and the response of such
sensors in tissues.

Experimental Section
Materials and general instrumentation

All chemicals were obtained from Acros Organics, Sigma-Aldrich,
Alfa Aesar, Combi-Blocks, or Fisher Scientific and were used with-
out further purification. Flash chromatography was performed with
32-63 um silica gel. '"H NMR and "®C NMR spectra were recorded
on a Bruker DRX 500. IR spectra were recorded on a Nexus 670 FT-
IR E.S.P. spectrometer. Distilled water was used to prepare all aque-
ous solutions.

Computational methods

Conventional DFT calculations using the hybrid exchange-correla-
tion function B3LYP with the 6-31G(d) basis set as implemented in
Gaussian 09W Rev. A.02"'" were performed on the benzene- and
thiophene-based coumarin-3-aldehyde derivatives in the gas
phase. Several starting geometries were used for the geometry op-
timization to ensure that the optimized structure corresponds to
a global minimum. The final optimized geometry was unaffected
by the various initial starting geometries for each sensor.

Fluorescence titrations

Fluorescence spectra were recorded on a Shimadzu RF-5301 PC
spectrofluorometer at 37°C. A separate 1 mgmL™" stock solution
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of each coumarin-3-aldehyde derivative in DMSO was prepared. An
aqueous stock solution of each derivative (10 pm) in buffer (25 mm
HEPES, 50 mm Na,S,0;, pH 5.0) was prepared. Norepinephrine,
dopamine, glutamate, and epinephrine stock solutions were pre-
pared by separately dissolving the solid analytes at the concentra-
tion to be used in the titration with the buffered stock solutions
described above and thus, avoiding dilution of the sensor during
the experiment. The benzene-based NS521 derivatives were excit-
ed at 488 nm. The thiophene-based derivatives were excited at
515 nm.

Fluorescence properties and quantum yields

Steady-state fluorescence spectroscopic studies were performed
using a Horiba Scientific Fluorolog-3 Model FL3C-111 spectrofluor-
ometer and data was collected and analyzed using HJY FluorEs-
sence 3.5.1.20 software package. UV/Vis spectra were obtained on
a Varian Cary 1E UV/Vis spectrophotometer. A stock solution of
each benzene- or thiophene-based coumarin-3-aldehyde derivative
(1 um) in buffer (25 mm HEPES, 50 mm Na,S,0;, pH 5.0) was pre-
pared. Each solution contained 1% (v/v) DMSO as a co-solvent
except as noted. The slit width was 2 nm for both excitation and
emission. The bound benzene- and thiophene-substituted coumar-
in-3-aldehyde derivatives contained 500 mm glutamate (pH 5.0).

To determine the relative quantum vyield of fluorescence (@) for
the benzene-based derivatives, a 1.0 um solution of fluorescein (ab-
solute @;=0.85) in 0.1 N NaOH (pH 13) was used as a fluorescence
standard." The unbound derivatives were excited at 473 nm and
the bound derivatives were excited at 488 nm. To determine the
relative quantum yield of fluorescence (@;) for the thiophene-
based derivatives, a 1.0 um solution of rhodamine B (absolute @;=
0.31) in water (pH 7) was used as a fluorescence standard."” The
unbound derivatives were excited at 473 nm and the bound deriv-
atives were excited at 515 nm. Quantum yields were obtained in
triplicate and calculated as per the following Equation (1):

ch:@Rx%xf;—:x% (1)
in which @;=relative quantum yield of the sample, @;=absolute
quantum yield of the reference, Is=integrated fluorescence intensi-
ty of the sample, ly=integrated fluorescence intensity of the refer-
ence, Ag=absorbance of the reference, A;=absorbance of the
sample, ny=refractive index of the sample solvent, and ngy=refrac-
tive index of the reference solvent.

Fluorescence imaging in live cells

Chromaffin cells were prepared as previously described.” Approxi-
mately 3 mL of each culture media containing suspended epi-
nephrine- and norepinephrine-enriched cells was centrifuged at
1000 rpm for 5 min. The pellets were suspended in Dulbecco’s
Modified Eagle Medium (2 mL, DMEM). NS539 was added (10 um
final concentration) and each cell suspension containing sensor in-
cubated at 37°C for 30 min. The cells were centrifuged, the super-
natant removed, and washed twice with PBS buffer. Next, the cells
were taken up into 6 mL standard cell bath solution and plated
onto No. 1.5 y-irradiated poly-p-lysine coated 35 mm glass-bottom
dishes (MatTek Corporation). The cells incubated on the dishes
37°C with 5% CO, for 1 h prior to imaging to promote adhesion.
Live cell imaging studies were performed using a Zeiss LSM 510
META laser scanning confocal microscope (Carl Zeiss Microscopy,
LLC) equipped with a C-Apochromat 63x/1.2 water immersion ob-
jective lens (Carl Zeiss Microscopy, LLC). The excitation wave-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@‘* ChemPubSoc
x Europe

lengths were 458 and 514 nm (pixel time: 6.4 ps, detector gain:
845, amplifier gain: 1.00, amplifier offset: —0.05, pinhole: 328 um).
Image acquisition was performed using Zeiss AIM 4.2 software
package (Carl Zeiss Microscopy, LLC). To compare the fluorescence
intensities of the norepinephrine- versus the epinephrine-enriched
cells, the mean corrected total cell fluorescence intensities were
obtained using ImageJ (National Institute of Health).

General procedure for synthesis of sensors 1a-l and 2e

Compound 3 (0.250 g, 0.894 mmol), arylboronic acid 4a-l1 or 6e

(0.983 mmol), bis(dibenzylideneacetone)-palladium(0)  (0.041 g,
0.045 mmol), 2-dicyclohexylphosphino-2’,6’-dimethoxybiphenyl
(SPhos) (0.055g, 0.134 mmol), tribasic potassium phosphate

(0.381 g, 1.788 mmol) were added to a flame-dried round bottom
flask and flushed with N, for 30 min. Degassed THF (distilled, 6 mL)
was added and the mixture stirred at 60°C for 12-24 h under N,.
The mixture was allowed to cool to room temperature, filtered
through paper, rinsed with acetone, and the solvent removed in
vacuo. The crude residue was purified by silica gel flash chroma-
tography (100% CH,Cl,—80:20 CH,Cl,/EtOAc as eluent). The mate-
rial was further purified by silica gel flash chromatography
(90:10—50:50 hexanes/EtOAc as eluent) to afford compounds 1a-
I and 2e as yellow oils.

1a: Yield: 83%. '"H NMR (500 MHz, CDCl;): 6=9.95 (s, 1H), 8.18 (d,
2H, J=8.0Hz), 7.32 (d, 2H, J=8.5 Hz), 6.84 (d, 1H, J=9.0 Hz), 6.52
(d, TH, J=2.5Hz), 6.49 (dd, 1H, J=9.0, 2.5Hz), 443 (q, 2H, J=
7.0 Hz), 3.45 (g, 4H, J=7.5Hz), 143 (t, 3H, J=7.0 Hz), 1.23 ppm (&,
6H, J=7.0 Hz); *C NMR (125 MHz, CDCl,): 6=188.0, 166.0, 160.5,
159.7, 157.8, 153.1, 138.3, 130.9, 130.8, 129.6, 128.1, 111.7, 109.9,
108.8, 97.1, 61.2, 45.2, 14.3, 124 ppm; IR (neat, cm™Y): $=2978,
1716, 1614, 1556, 1499, 1356, 1270, 1127, 1103, 727; HRMS Elemen-
tal analysis calcd (%) for C,3H,sNOsNa [M+Na*1: 416.1468; found:
416.1464.

1b: Yield: 64%. '"H NMR (500 MHz, CD,Cl,): 6=9.78 (s, 1H), 7.47-
7.55 (m, 3H), 7.23-7.30 (m, 2H), 6.93 (d, 1H, J=10.0 Hz), 6.50-6.57
(m, 2H), 345 (q, 4H, J=7.0Hz), 1.23ppm (t, 6H, J=7.0 Hz);
BCNMR (125 MHz, CD,Cl,): 6=188.4, 162.0, 159.9, 158.1, 1534,
133.7, 131.2, 129.3, 128.8, 128.7, 112.7, 110.2, 109.5, 97.4, 45.6,
12.5 ppm; IR (neat, cm™): #=2974, 1751, 1715, 1683, 1617, 1559,
1504, 1418, 1354; HRMS Elemental analysis calcd (%) for
CyoH1oNO;Na [M+Na*1: 344.1257; found: 344.1254.

1c: Yield: 82%. 'H NMR (500 MHz, CDCl;): §=9.79 (s, 1H), 7.39 (t,
1H, J=8.0Hz), 7.31 (d, TH, J=8.0 Hz), 7.06-7.09 (m, 2H), 6.98 (d,
1H, J=10.0 Hz), 6.48-6.53 (m, 2H), 3.43 (q, 4H, J=7.0 Hz), 2.42 (s,
3H), 1.22 ppm (t, 6H, J=7.0Hz); *CNMR (125 MHz, CDCl,): 6=
188.4, 162.6, 159.4, 157.7, 153.0, 138.2, 132.8, 131.0, 129.9, 129.0,
128.3, 125.6, 112.3, 109.6, 109.0, 97.0, 45.1, 21.4, 12.4 ppm; IR (neat,
cm™'): 7=1744, 1712, 1614, 1556, 1503, 1417, 1352, 1127, 730;
HRMS Elemental analysis calcd (%) for CyH,;NO;Na [M+Na™*l:
358.1414; found: 358.1413.

1d: Yield: 36%. "H NMR (500 MHz, CDCl,): 6=9.88 (s, 1H), 7.36 (d,
2H, J=85Hz), 7.20 (d, 2H, J=85Hz), 7.01 (d, 1H, J=8.0 Hz),
6.48-6.52 (m, 2H), 3.45 (q, 4H, J=7.0 Hz), 2.56 (s, 3H), 1.24 ppm (t,
6H, J=7.0); ®CNMR (125 MHz, CDCl,): 6=188.3, 161.3, 159.9,
157.8, 153.0, 140.5, 130.9, 129.3, 129.0, 125.7, 112.3, 109.6, 109.0,
97.1, 452, 153, 124 ppm; IR (neat, cm™): #=1746, 1714, 1612,
1558, 1507, 1487, 1420, 1353, 1132; HRMS Elemental analysis calcd
(%) for C,,H,,NO,SNa [M+Na*]: 390.1134; found: 390.1132.

1e: Yield: 25%. 'H NMR (500 MHz, CDCl,): 6=9.92 (s, 1H), 7.74 (d,
2H, J=8.5Hz), 7.68 (d, 2H, J=8.0 Hz), 7.50 (t, 2H, J=7.5 Hz), 7.42
(t, 1H, J=7.5Hz), 736 (d, 2H, J=8.0 Hz), 7.06 (d, 1H, J=9.5 Hz),
6.51-6.56 (m, 2H), 3.45 (q, 4H, J=7.5Hz), 1.26 ppm (t, 6H, J=
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7.5 Hz); ®*CNMR (125 MHz, CDCl,): 5=188.4, 161.7, 159.8, 157.8,
153.1, 142.0, 140.1, 131.9, 131.0, 129.0, 128.9, 127.8, 127.2, 127.1,
112.4, 109.7, 109.1, 97.1, 45.2, 12.4 ppm; IR (neat, cm™"): #=1745,
1711, 1610, 1558, 1498, 1419, 1352, 1131; HRMS Elemental analysis
caled (%) for C,sH,3NO;sNa [M+Na*]: 420.1570; found: 420.1568.

1f: Yield: 69%. '"H NMR (500 MHz, CDCl;): =9.91 (s, 1H), 7.09 (t,
1H, J=8.5Hz), 6.98-7.03 (m, 3H), 6.49-6.55 (m, 2H), 3.98 (s, 3H),
346 (q, 4H, J=7.0Hz), 1.22ppm (t, 6H, J=7.0Hz); *CNMR
(125 MHz, CDCl,): 6=188.2, 160.1, 159.8, 157.8, 153.0, 152.9, 151.0,
148.4, 1483, 130.8, 125.5, 125.4, 124.8, 116.6 (C-F, d, J=20.0 Hz),
113.2, 113.1, 112.2, 109.8, 109.0, 97.1, 56.3, 45.2, 12.4 ppm; IR (neat,
cm™'): $=1747, 1614, 1556, 1520, 1499, 1429, 1417, 1354, 1270,
1136; HRMS Elemental analysis calcd (%) for C,H,,FNO,Na [M+Na*
]: 392.1268; found: 392.1267.

1h: Yield: 67%. 'H NMR (500 MHz, CDCl;): 6=9.72 (s, 1H), 7.98 (d,
1H, J=85Hz), 7.94 (dd, 1H, J=8.5, 1.5 Hz), 7.58 (t, 1H, J=7.5 Hz),
7.48-7.54 (m, 2H), 7.41 (td, TH, J=8.0, 1.0 Hz), 7.34 (dd, 1H, J=7.0,
1.0 Hz), 6.70 (d, 1H, J=9.0), 6.55 (d, 1H, J=2.5Hz), 6.37 (dd, 1H,
J=9.5, 2.5 Hz), 3.42 (q, 4H, J=7.0 Hz), 1.21 ppm (t, 6H, J=7.0 Hz);
BCNMR (125 MHz, CDCl,): 6=188.0, 161.1, 159.7, 153.2, 133.2,
131.1, 131.0, 130.9, 129.3, 128.5, 127.1, 126.5, 126.0, 125.1, 125.0,
113.3, 109.8, 109.5, 96.9, 45.2, 12.4 ppm; IR (neat, cm™"): 7=1744,
1716, 1679, 1614, 1552, 1499, 1417, 1352, 1136; HRMS Elemental
analysis calcd (%) for CyH,NOsNa [M+Na™]: 394.1414; found:
394.1413.

1i: Yield: 77%. "H NMR (500 MHz, CDCl,): 5=9.82 (s, 1H), 7.08 (d,
1H, J=9.0 Hz), 7.00 (d, TH, J=8.0 Hz), 6.87 (dd, 1H, /=8.0, 2.0 Hz),
6.80 (d, TH, J=1.5Hz), 6.50-6.55 (m, 2H), 3.97 (s, 3H), 3.88 (s, 3H),
346 (g, 4H, J=7.0Hz), 1.25ppm (t 6H, J=7.0Hz); CNMR
(125 MHz, CDCl,): 6 =188.5, 162.2, 159.4, 157.7, 153.0, 149.8, 148.9,
130.9, 125.0, 121.6, 112.6, 111.9, 110.9, 109.6, 109.1, 97.1, 56.1, 56.0,
452, 12.4 ppm; IR (neat, cm™): #=2974, 1736, 1650, 1615, 1506,
1455, 1377, 1168; HRMS Elemental analysis calcd (%) for
CpHpNONa [M+Na*1: 404.1468; found: 404.1465.

1j: Yield: 54%. '"H NMR (500 MHz, CDCl,): §=9.75 (s, 1H), 7.03-
7.10 (m, 3H), 6.91 (d, 1H, J=8.5 Hz), 6.50 (dd, 1H, J=8.5, 2.0 Hz),
6.48 (d, 1H, J=2.0 Hz), 3.89 (s, 3H), 3.43 (q, 4H, J=7.0 Hz), 2.25 (s,
3H), 1.21 ppm (t, 6H, J=7.0 Hz); *CNMR (125 MHz, CDCl,): 0=
188.6, 162.8, 159.2, 158.6, 157.6, 152.9, 131.1, 130.9, 127.8, 126.8,
124.0, 112.5, 109.5, 109.4, 109.0, 96.9, 55.4, 45.1, 16.2, 12.4 ppm; IR
(neat, cm™): #=1746, 1611, 1511, 1495, 1419, 1353, 1251, 1137,
HRMS Elemental analysis calcd (%) for Cy,H,;NO,Na [M+Na*l:
388.1519; found: 388.1518.

1k: Yield: 37%. '"H NMR (500 MHz, CDCl;): 5=9.81 (s, 1H), 7.08 (d,
1H, J=9.0 Hz), 6.55 (dd, 1H, J=9.0, 2.5 Hz), 6.52 (d, 1H, J=2.5 Hz),
6.51 (s, 2H), 3.94 (s, 3H), 3.86 (s, 6H), 3.46 (q, 4H, J=7.0H2),
1.24 ppm (t, 6H, J=7.0 Hz); *CNMR (125 MHz, CDCl,): 6=188.3,
162.3, 159.1, 157.7, 153.4, 138.5, 130.8, 128.2, 112.4, 109.7, 108.8,
105.9, 97.0, 61.1, 56.3, 45.2, 12.4 ppm; IR (neat, cm™"): #=1748,
1618, 1495, 1417, 1352, 1123; HRMS Elemental analysis calcd (%)
for C,3HpsNOgNa [M+Na*1: 434.1574; found: 434.1570.

11: Yield: 10%. 'H NMR (500 MHz, CDCl,): 6 =9.77 (s, 1H), 7.24 (d,
1H, J=80Hz), 721 (d, 2H, J=7.0Hz), 6.79 (d, 2H, J=9.0Hz),
6.49-6.54 (m, 2H), 3.45 (q, 4H, J=7.0 Hz), 3.07 (s, 6H), 1.23 ppm (t,
6H, J=7.0 Hz); *CNMR (125 MHz, CDCl,): 6=199.9, 163.4, 159.3,
157.7, 152.7, 151.2, 131.0, 130.9, 119.1, 1125, 111.3, 109.3, 109.1,
97.1, 45.1, 40.2, 12.5 ppm; IR (neat, cm™'): #=1743, 1610, 1558,
1496, 1418, 1355, 1132; HRMS Elemental analysis calcd (%) for
C,H,4N,05Na [M+Na™]: 365.1860; found: 365.1860.

2e: Yield: 89%. 'H NMR (500 MHz, CDCl,): 6=9.99 (s, 1H), 7.88 (dd,
1H, /=85, 1.5 Hz), 7.85 (dd, 1H, J=7.0, 2.0 Hz), 7.40-7.48 (m, 2H),
7.35 (s, 1H), 7.29 (d, TH, J=9.0 Hz), 6.50-6.56 (m, 2H), 3.46 (q, 4H,
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J=7.0Hz), 1.24 ppm (t, 6H, J=7.0 Hz); *C NMR (125 MHz, CDCl,):
0=187.7, 159.2, 157.5, 154.3, 153.2, 140.7, 139.2, 132.9, 130.7,
126.1, 125.3, 125.0, 124.2, 122.2, 113.2, 109.9, 109.0, 97.0, 45.2, 12.4;
IR (neat, cm™"): $=1742, 1615, 1491, 1418, 1356, 1268, 1148,
723 ppm; HRMS Elemental analysis calcd (%) for C,,H;sNO,;SNa
[M+Na*]: 400.0978; found: 400.0977.

General procedure for synthesis of precursors 7 a-d

Compound 5 (250.0 mg, 1.072 mmol), p-toluenesulfonyl chloride
(224.8 mg, 1.179 mmol), and Na,CO; (340.8 mg, 3.215 mmol) were
added to a flame-dried round bottom flask and flushed with N, for
15 min. Degassed H,O/THF (1:20, 15.0 mL) was added and the mix-
ture stirred at 50°C for 30 min. The mixture was allowed to cool to
room temperature. Thiophene-based boronic  acid 6a-d
(1.179 mmol) was added to the mixture and was allowed to stir at
room temperature for 5min. Palladium chloride (9.5 mg,
0.054 mmol) was added and the mixture stirred at 50°C for 6 h.
The mixture was filtered through paper and the solvent removed
in vacuo. The remaining residue was purified by chromatography
(100% CH,Cl,—95:5 CH,CI,/EtOAc as eluent). The material was fur-
ther purified by chromatography (90:10—50:50 hexanes/EtOAc as
eluent) to afford the compounds 7a-d as pale yellow oils.

7a: Yield: 26%. 'HNMR (500 MHz, CDCl;): 6=7.64 (d, 1H, J=
9.0Hz), 7.16 (d, 1H, J=4.0Hz), 7.01 (d, TH, J=4.0 Hz), 6.58 (dd,
1H, J=9.0, 2.5 Hz), 6.55 (d, 1H, J=2.5 Hz), 6.07 (s, 1H), 3.43 (q, 4H,
J=7.0Hz), 1.22 ppm (t, 6H, J=7.0 Hz); *CNMR (125 MHz, CDCl,):
0=161.6, 156.8, 150.8, 147.1, 135.6, 132.6, 128.0, 127.2, 126.9,
108.7, 108.1, 106.7, 98.0, 44.8, 12.4 ppm; IR (neat, cm"): #=2974,
1712, 1614, 1585, 1516, 1434, 1352, 1266, 1103; HRMS Elemental
analysis calcd (%) for C;,H,cCINO,SNa [M+Na™*]: 356.0482; found:
356.0481.

7b: Yield: 23%. 'HNMR (500 MHz, CDCly): 6=7.69 (d, 1H, J=
8.5Hz), 7.51 (dd, 1H, J=5.5, 0.5 Hz), 7.39 (dd, 1H, J=3.5, 0.5 Hz),
7.18-7.21 (m, 1H), 6.55-6.61 (m, 2H), 6.15 (s, 1H), 3.44 (q, 4H, J=
7.0 Hz), 1.23 ppm (t, 6H, J=7.0 Hz); *C NMR (125 MHz, CDCl,): 6=
161.8, 156.8, 150.7, 148.2, 137.2, 128.6, 127.8, 127.7, 127.6, 108.6,
108.2, 107.1, 98.0, 44.8, 12.4 ppm; IR (neat, cm™'): #=3101, 2974,
1704, 1614, 1430, 1405, 1352, 1274, 1107; HRMS Elemental analysis
calcd (%) for C;,H,,NO,SNa [M+Na*]: 322.0872; found: 322.0871.

7c: Yield: 42%. '"HNMR (500 MHz, CDCly): 6=7.73 (d, 1H, J=
9.0 Hz), 7.20 (s, 1H), 7.09 (s, 1H), 6.60 (dd, 1H, J=9.0, 3.0 Hz), 6.57
(d, TH, J=2.5Hz), 6.13 (s, 1H), 3.44 (q, 4H, J=7.0 Hz), 2.35 (s, 3H),
1.23 ppm (t, 6H, J=7.0 Hz); *C NMR (125 MHz, CDCl,): 6=161.9,
156.8, 150.7, 148.4, 138.5, 137.0, 130.9, 127.6, 123.3, 108.5, 107.9,
107.2, 98.0, 44.8, 15.8, 12.5 ppm; IR (neat, cm™'): #=2921, 1708,
1610, 1584, 1516, 1409, 1352, 1099; HRMS Elemental analysis calcd
(%) for C,gH;oNO,SNa [M+Na*1: 336.1029; found: 336.1029.

7d: Yield: 22%. '"HNMR (500 MHz, CDCly): 6=7.75 (d, 1H, J=
9.0 Hz), 7.21 (d, 1H, J=3.5Hz), 6.85 (dd, TH, J=2.5, 1.0 Hz), 6.58
(dd, 1H, J=9.0, 2.5 Hz) 6.56 (d, 1H, J=2.5 Hz), 6.11 (s, TH), 3.43 (q,
4H, J=7.0Hz), 2.57 (s, 3H), 1.22 ppm (t, 6H, J=7.0 Hz); *C NMR
(125 MHz, CDCl,): 6=162.0, 156.8, 150.6, 148.3, 143.0, 134.8, 128.9,
127.6, 126.2, 108.5, 107.5, 107.1, 98.0, 44.8, 15.4, 12.5 ppm; IR (neat,
cm™'): $=2970, 1712, 1610, 1585, 1409, 1352, 1107; HRMS Elemen-
tal analysis calcd (%) for C;gH;sNO,SNa [M+Na*]: 336.1029; found:
336.1026.

General procedure for synthesis of sensors 2a-d

POCl; (5.2mL, 56.1 mmol) was added to DMF (10.8 mL,
139.5 mmol) at 0°C in a flame-dried round bottom flask. The Vils-
meier reagent was stirred at ambient temperature for 45 min. The
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Vilsmeier reagent (5 mL) was added to a solution 7a-d in DMF
(1 mL). The solution was stirred at ambient temperature for 12 h.
The resulting red solution was poured onto cold H,0 (100 mL), ba-
sified with saturated NaHCO; (50 mL), and extracted with CH,Cl,
(100 mL x 3). The combined organic layers were dried over Na,SO,
and the solvent was removed in vacuo. The residue was purified
by chromatography (90:10—50:50 hexanes/EtOAc) to afford the
desired formylated derivatives 2a-d as yellow oils.

2a: Yield: 78%. 'H NMR (500 MHz, CDCl,): 6=10.00 (s, 1H), 7.30 (d,
1H, J=9.5Hz), 7.02 (d, TH, J=4.0 Hz), 6.89 (d, 1H, J=4.0 Hz), 6.57
(dd, 1H, J=9.0, 2.5Hz), 6.49 (d, 1H, J=2.5Hz), 347 (q, 4H, J=
7.0 Hz), 1.24 ppm (t, 6H, J=7.0 Hz); >*C NMR (125 MHz, CDCl,): 6 =
187.7, 159.6, 157.5, 153.2, 152.4, 133.1, 131.1, 130.5, 128.8, 1264,
113.2, 110.0, 109.1, 97.1, 45.2, 12.4 ppm; IR (neat, cm™") 2970, 1748,
1717, 1611, 1559, 1499, 1439, 1412; HRMS Elemental analysis calcd
(%) for C,gH;sCINO;SNa [M+Na*]: 384.0432; found: 384.0432.

2b: Yield: 54%. 'H NMR (500 MHz, CD,Cl,): 6=9.84 (s, 1H), 7.64
(dd, 1H, J=5.0, 1.0 Hz), 7.20-7.25 (m, 2H), 7.16 (dd, 1H, J=4.0,
1.0 Hz), 6.60 (dd, 1H, J=9.0, 2.5 Hz), 6.53 (d, 1H, J=2.5Hz), 3.46
(q, 4H, J=7.5Hz), 1.23 ppm (t, 6H, J=7.5 Hz); *C NMR (125 MHz,
CD,Cl,): 6=188.0, 159.2, 157.9, 155.0, 153.5, 132.7, 130.9, 130.2,
128.7, 127.7, 114.0, 110.4, 109.8, 97.5, 45.7, 12.6 ppm; IR (neat,
cm™'): $=2921, 1740, 1614, 1495, 1442, 1417, 1356; HRMS Elemen-
tal analysis calcd (%) for C;gH,,NO;SNa [M+Na*]: 350.0821; found:
350.0818.

2c: Yield: 72%. "H NMR (500 MHz, CDCls): 6=9.89 (s, 1H), 7.34 (d,
1H, J=85Hz), 7.19 (s, 1H), 6.97 (s, 1H), 6.57 (dd, 1TH, J=9.0,
2.5 Hz), 6.50 (d, 1H, J=2.5Hz), 3.46 (q, 4H, J=7.0 Hz), 2.36 (s, 3H),
1.25 ppm (t, 6H, J=7.0 Hz); *CNMR (125 MHz, CDCl,): 6=188.0,
158.8, 157.5, 155.3, 153.1, 138.1, 132.3, 131.8, 130.6, 124.0, 113.5,
109.7, 109.1, 97.1, 45.2, 15.6, 12.5 ppm; IR (neat, cm™'): 7= 2966,
1748, 1712, 1610, 1438, 1373, 1270, 1070, 731; HRMS Elemental
analysis calcd (%) for C,gH;qNOsSNa [M+Na*]1: 364.0978; found:
364.0977.

2d: Yield: 83%. 'H NMR (500 MHz, CDCl;): =9.92 (s, 1H), 7.41 (d,
1H, J=9.5Hz), 6.99 (d, 1H, J=3.5 Hz), 6.88 (dd, 1H, J=3.5, 1.0 Hz),
6.58 (dd, 1H, J=9.0, 2.5 Hz), 6.52 (d, 1H, J=2.5Hz), 3.48 (q, 4H,
J=7.0Hz), 261 (s, 3H), 1.26 ppm (t, 6H, J=7.0Hz); *CNMR
(125 MHz, CDCl,): 6=188.1, 158.9, 157.5, 155.2, 153.0, 144.0, 130.7,
130.5, 129.5, 125.8, 113.5, 109.6, 109.1, 97.1, 45.2, 15.3, 12.5 ppm; IR
(neat, cm™): 7=1744, 1610, 1561, 1499, 1422, 1266, 1123; HRMS
Elemental analysis calcd (%) for C;H;yNOsSNa [M+Na*]: 364.0978;
found: 364.0975.
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