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The use of chiroptical techniques in combination with stereody-
namic probes is becoming one of the leading strategies for chiral
sensing. While in most of the reported studies circular dichroism
(CD) is the adopted spectroscopic technique, examples regarding
the use of vibrational CD (VCD), circularly polarized luminescence
(CPL), and Raman optical activity (ROA) are emerging as innovative
tools. In this communication, an anthracene-decorated tris(2-
pyridylmethyl)amine zinc complex (TPMA) is reported for its cap-
ability to act as a chiral sensor using either CD or fluorescence
detected circular dichroism (FDCD). The latter technique offers the
unique possibility to determine the enantiomeric excess of a series
of carboxylic acids at sensor concentrations down to 0.1 pM.
Limitations and possibilities opened by the use of this methodology,
in particular regarding the specificity of the probe in the presence
of another contaminant, are discussed.

Novel chiral sensors are being continuously developed with the
idea to integrate fast spectroscopic techniques with high-
throughput synthesis.'™ In particular, the interest in the deter-
mination of the enantiomeric excess (ee) is expanding outside
traditional chromatographic methods with the aid of novel
supramolecular architectures acting as chiral sensors using
circular dichroism (CD).*® Recently, other chiroptical techniques
(vibrational circular dichroism (VCD),'*™ circularly polarized
luminescence (CPL)"*"® and Raman optical activity (ROA")) have
also raised interest in the community due to some peculiar
features and advantages that these “alternative” spectroscopies
can offer. Fluorescence detected circular dichroism (FDCD) has
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also attracted the interest of the community studying sensors'®2*

and recently Brise, Biedermann et al. reported the possibility to
obtain strong chiroptical responses related to molecular recogni-
tion events also at low concentrations. FDCD, which measures the
difference in fluorescence intensity for left and right circularly
polarized excitation,”® combines the known advantages of fluores-
cence (e.g. sensitivity and selectivity) and the possibility to get
information on the different absorptions of circularly polarized
light of the analyte.*”® In analogy to excitation fluorescence that
represents the indirect measurement of absorption in the case of
fluorescent compounds, FDCD spectroscopy can be defined as the
excitation fluorescence counterpart of CD. It should also be noted
that conversion of any CD spectrometer to the FDCD setup can be
easily obtained by shifting the photomultiplier tube (PM) detector
to a 90-degree geometry with respect to the direction of the
excitation light beam. In this configuration, attention to artifacts
should be paid; in fact, fluorescence anisotropy components may
be present, either due to the instrumentation itself or due to
photoselection.”” Inspired by these recent results and opportu-
nities offered by this technique, in this communication we
planned to investigate the performance of FDCD chiral sensing
for a fluorescent stereodynamic probe. In particular, tris(2-
pyridylmethyl)amine (TPMA) has been decorated with a fluores-
cent anthracene unit in order to act as an FDCD sensor. TPMA
complexes, as a consequence of the propeller-like arrangement of
the ligand around the metal center, have been extensively
exploited by us®*"*' and others*®**" as CD chiral probes for
carboxylic acids due to their stereodynamic nature.>'~*> We report
the fluorescent version of these systems, which undoubtedly
enhances their sensing capabilities opening the possibility to
use this type of sensing at very low sensor concentrations.

A fluorescent version of a TPMA probe was made by adding
an anthracene moiety to the ligand skeleton (Fig. 1a). Our
initial interest was to test if the simple incorporation of a
fluorophore within a stereodynamic unit was sufficient for
the development of an FDCD chiral sensor and to compare
the potential of this technique with standard CD. The synthesis
has been based on a procedure similar to those we already
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Fig. 1 (a) Complexation equilibria between the zinc complex 1 and the

ten tested carboxylate species, (b) CD spectra superposition at different
concentrations of the host 1 (107> M, 107® M, and 10~7 M) and the guests
R-MetMan (red) and S-MetMan (black) at a concentration of 5 x 1074 M
(experiment performed at [1] = 10~7 M showed a residual signal due to the
chiral acid itself), and (c) CD spectra superposition of the host 1 at a
concentration of 107> M with the nine carboxylates tested at a concen-
tration of 5 x 107% M.

described, which take advantage of the formation of a mono-
bromo substituted ligand followed by the addition, via Suzuki-
Miyaura coupling, of the anthracene unit (Section 3, ESIT). The
resulting ligand after purification was solubilized in acetoni-
trile and one equivalent of zinc perchlorate hexahydrate was
added. The zinc complex 1 was then precipitated by slow
diffusion of diethyl ether to yield a yellow solid. Beside the
classical NMR and MS characterizations (Fig. S6-S8, ESIt), the
UV-Vis spectrum of 1 has been recorded and presents an
intense band at 248 nm relative to the pyridyl systems and
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another one displaying the anthracene characteristic pattern at
345-395 nm (Fig. S9, ESIT). Interestingly, fixing excitation at
252 nm, the emission band of the anthracene substituent
centred at 450 nm was observed (Fig. S13, ESIY).

Circular dichroism sensing: The capability of 1 to bind car-
boxylic acids and to amplify the chiroptical signal has been
tested using as solvent an HEPES buffer solution (75% acetoni-
trile, 25% water) as reported by Anslyn et al. for similar
systems.>® This buffer allows control of the pH and conse-
quently deprotonation and coordination of the carboxylate
anion to the zinc complex. In more detail, a 10~> M solution
of complex 1 has been prepared in this solvent and additional
aliquots of chiral (R)-(—)-methoxyphenylacetic acid, R-MetMan,
added. CD titration spectra collected between 250 nm and
320 nm exhibit a strong positive signal centered at 268 nm,
which increases up to 5.0 equivalents (Fig. S18, ESIt). Addition
of excess chiral acid did not affect the final intensity of the
signal. As expected, the mirror-image CD spectrum is obtained
when (S)-(—)-methoxyphenylacetic acid, S-MetMan, is used.
This is in line with previously examined systems in which
enhancement of the dichroic signal arises from the preferential
formation of a single propeller-like arrangement of 1.

CD spectra were also recorded at different concentrations of
sensor 1 keeping the concentrations of carboxylic acids R-
MetMan and S-MetMan constant (Fig. 1b). As expected, CD
showed a continuous decrease of the signal intensities, rapidly
fading (from 10 to 0.1 mdeg within the range of 107°-10"7 M).
Chiral sensing capabilities were also tested with nine other
chiral carboxylic acids (Fig. 1c). In particular, the CDs of three
non-steroidal anti-inflammatory drugs (ibuprofen S-Ibu, naprox-
ene S-Nap and ketoprofen S-Keto), two Boc-protected amino acids
(N-Boc-1-valine S-Bocval and Boc-i-a-phenylalanine S-BocPhe),
two amino acids (proline R-Pro and phenylglycine S-PheGly),
mandelic acid (R-Man) and O-benzyl-p-lactic acid (R-BzLact) were
recorded. These acids, at a concentration of 5 x 10~* M that
simulates the concentration of a typical reaction mixture, have
been tested at a probe concentration of 10~> M and acids S-Ibu,
S§-Nap, R-Man and R-BzLact gave the most intense CD signals.
On the other hand, R-Pro is much less intense, but still visible
suggesting the involvement of the aromatic group in the sensing
amplification (viz. either in the preferential helix formation or
in the absorption process). Even if a preliminary observation
suggests that all R acids have a positive band in the 270 nm
region, and the opposite is observed for the S acids, the small
dataset explored did not allow the description of a general
structural model.

Fluorescence detected circular dichroism sensing: The chirop-
tical experiments were repeated changing the instrument to the
FDCD setup. This mainly consists of the shift of the detector to
a 90° geometry with respect to the incoming circularly polarized
light beam. Moreover, a 420 nm long-pass filter was placed
between the sample and the PM detector to avoid possible
artefacts from scattered light. As done for CD, titration was
carried out by adding to a 10~* M solution of complex 1
additional aliquots of the chiral acid R-MetMan (Fig. S23, ESIT).
Spectra were acquired using incident light from 250 nm to
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Fig. 2 (a) FDCD spectra superposition at different concentrations of host
1 and guests R-MetMan (red) and S-MetMan (black) at a concentration of
5 x 10~* M. The HT(V) voltage was adjusted to the values 550 V, 690 V, and
790 V for the measurements at host concentration 107> M, 107% M, and
1077 M, respectively; b) FDCD spectra superposition of the host 1 at a
concentration of 5 x 107® M with the nine carboxylates tested at con-
centrations of 5 x 107* M (HT = 570 V). Meaningful FDCD signals can be
obtained also at lower analyte concentration according to the binding
constant (Fig. S21, ESI¥).

320 nm and by recording the FDCD signals and the total
fluorescence (DC(V)) simultaneously. One band centered at
275 nm appeared upon addition of the chiral acid. Interestingly,
at higher wavelengths, a less intense and broadened band
appeared during the titration process (Fig. S23, ESIT). To test
the potential higher sensitivity achieved with the fluorescence
technique, FDCD measurements were recorded at different
concentrations of the sensor 1 within the range of 107 °-
1077 M keeping the concentration of the carboxylic acids R-
MetMan and S-MetMan constant (Fig. 2a). Within the analyzed
range, the high voltage (HT(V)) of the PM detector was adjusted
to 550 V, 690 V and 790 V values, respectively, for the 107> M,
107° M, and 10”7 M concentrations. This was necessary in order
to optimize the total fluorescence (DC(V)) of the instrument.
Similar to CD, the FDCD signal decreases with dilution of the
host. However, while CD fades very rapidly, the FDCD response
retains a meaningful signal up to 107 M (~5 mdeg). Also in the
case of FDCD, measurements were performed for the other nine
chiral carboxylic acids (Fig. 2b). These acids have been tested
at a host concentration of 5 x 10~° M. Also in this case the acids
S-Ibu, S-Nap, R-Man and R-BzLact gave the most intense
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chiroptical signals. As expected, the dichroism output obtained
with the two techniques is comparable. An exception is repre-
sented by the S-Keto acid that shows a flat FDCD signal beside
the CD signal. This is likely due to fluorescence quenching of the
complex upon the addition of the acid as indicated by the
absence of signal in the total fluorescence response.

FDCD may show good accessibility to signals that are very
weak at CD, thus possibly extending the spectroscopic range
useful for sensing. In the case herein examined, at high host
concentration ([1] = 10~* M), it is possible to detect a non-zero
broad signal in the range of 290-350 nm (see Fig. S23, ESIT).
This signal is also observed in the CD spectrum at higher
concentration (see Fig. S19, ESIf), and is more easily readable
in the FDCD case, showing higher relative intensity compared
to the 270 nm band that in this case is lowered by auto-
absorption.

As a proof of the higher sensitivity of FDCD in comparison
with CD, a calibration line was built for both techniques using
samples of known enantiopurity. While in the case of FDCD
a good linear fit was observed at sensor concentrations of
1077 M, in the case of CD linearity is less evident due to the
high noise/signal ratio particularly at low e.e. (Fig. S20 and S24,
ESIT). Specificity of the probe in the presence of a “chiroptical
contaminant” was also tested. In particular, we devised an
experiment in which keeping constant in solution the concen-
tration of the couple 1 and R-MetMan, increasing amounts of
R-BINAPO were added. R-BINAPO was chosen because it has
substantial chiroptical activity (see Fig. S22, ESIt) in the whole
spectroscopic region investigated in these experiments. As
expected, while the chiroptical activity of R-BINAPO strongly
influences the CD spectra, FDCD remains unaffected (Fig. 3). In
other words, while the CD intensity at 275 nm cannot be
directly correlated to enantiomeric excess of the analyte, FDCD
is transparent to the contaminant. On the other hand, as
expected, the addition of a chiral fluorescent “‘contaminant”
has a sensible effect on the FDCD signal (Fig. S27, ESIT).

Structural details on the recognition of the chiral carboxylic
acids were obtained from the crystallographic analysis of a
single crystal prepared by slow evaporation of an acetonitrile
solution containing a stoichiometric amount of 1 and R-
MetMan (Fig. 4).

It is possible to notice an edge-to-face interaction between
the phenyl group of the R-MetMan acid and one of the

[R-BINAPOJ/[R-MetMan]
—0,00
—0.16
—033 20
—050

[R-BINAPOJ[R-MetMan]
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Fig. 3 (a) g-values and (b) FDCD/DC signals of the titration of the host 1
(107° M) and R-MetMan (5 x 10~* M) with additional aliquots of R-BINAPO
(from 0 M (solid line) to 5 x 10~* M (faded line)) (see also Fig. S16 and S20,
ESIT).
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Fig. 4 Ortep plots of the two independent cationic Zn-complexes in the
asymmetric unit. Thermal ellipsoids are shown at the 30% probability level
and the distances of n—H interactions in A. Triethylammonium cations and
perchlorate anions present in the cell have been removed for clarity.

unsubstituted pyridine rings of the complex 1. A second inter-
action between the phenyl ring of R-MetMan and the anthracene
group of 1 is also clearly visible. More importantly, a single helicity
of the TPMA unit is observed along the crystal packing (Fig. S29
and S30, ESIT). Comparison between experimental and calculated
CD spectra was carried out. Theoretical calculations with time-
dependent DFT (TD-DFT) method were conducted at the M06/
6-311+g(d,p) level. The most populated conformer (77% popula-
tion) is quite similar to the crystal structure reported above.
The CD spectra have been calculated for three conformers of
R-MetMan hosted in 1 and the average spectrum thereof is
presented in Fig. S33, ESL.¥ Good correspondence is found with
experimental data. Analysis of the electronic transitions respon-
sible for the observed signals is illustrated in the ESIf showing
large contributions from the anthryl moiety to all intense features.
In particular, the band observed at 250 nm (that is, at the
irradiation wavelength used for obtaining fluorescence spectra)
contains two main contributions involving not only the anthryl
moiety but also the pyridine groups and the phenyl of the chiral
acid (transitions 50 and 51 of Table S1, ESIt). The same transi-
tions contribute to the positive CD band together with slightly
lower energy transitions, the most intense one being #46 of Table
S1 (ESIt), which involves also the phenyl ring: altogether these
transitions account for the CD band observed at 265 nm.

The combination of a stereodynamic system based on TPMA
with a fluorescent molecule has been shown to be a molecular
sensor able to act as a probe for chiral carboxylic acids using CD
and FDCD. The latter technique is found to be more accurate and
sensitive for the determination of the enantiomeric excess also at
very low concentrations and insensitive to the presence of chiral
contaminants. It should be noted that contaminants should not
interact with the probe or have fluorescence activity in the same
spectroscopic region. This fact gives the possibility of disentan-
gling two overlapping CD species. This simple design can lead to
the development of novel chemical sensors.

University of Padova (P-DiSC#10 BIRD2020-UNIPD), Fondazione
CARIPARO (Chiralspace) and MUR (PRIN 2017 2017A4XRCA_003)
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