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We developed a new strategy to enhance the chiral discrimination
capability of *°F-labeled probes by tuning the torsion angle of
the probe’s backbone, allowing for the resolution of challenging
analytes. Its versatility is demonstrated through the superior per-
formance and the wide analyte scope.

Analytical techniques are crucial in various domains, providing
precise data that forms the foundation for critical decisions in
medical diagnosis, food quality assurance, and the detection of
illegal substance use." The growing demand for rapid and
accurate detection methods continues to drive scientific
research and technological advancements.> Among these, chiral
discrimination has emerged as a key area of intense investigation.®
The chirality of molecules significantly influences their biological
and pharmaceutical properties, which is widely acknowledged in
scientific communities.* Moreover, chirality plays a pivotal role in
optical and self-assembling behaviours, contributing to the efficacy
of advanced functional materials.’® These distinctive properties
and their broad applications underscore the significance of
chirality and its related research. Nonetheless, the progression of
chiral science is still limited by the lack of fast and precise
analytical methods for analysing complex mixtures. Currently, the
analysis of chiral compounds primarily relies on chromatographic
techniques.® Despite their broad applicability, these methods often
require pre-purification of the analytes, selection of a suitable
stationary phase, and careful screening of the eluting conditions.
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A high-performance chiral *°F-labeled probe with
an increased structural twistingf
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Analytes with low UV absorption often necessitate proper derivati-
zation and the use of chiral gas chromatography (GC) methods,
which can be time-consuming. These limitations hinder the appli-
cation of chromatography for high-throughput analysis, an increas-
ingly important aspect due to the widespread adoption of
automation techniques.

Nuclear magnetic resonance (NMR) presents an alternative
approach for enantioanalysis.” This is typically achieved
through the formation of diastereoisomeric species, which
exhibit distinct spectroscopic signatures. Recently, there has
been increasing interest in the unique capabilities of '°F NMR
for use in enantioanalysis.® The rarity of organofluorine com-
pounds in nature, combined with the 100% natural abundance
of the 'F nucleus, makes '°F NMR a preferred choice for
analytical techniques due to its low background interference
and high sensitivity. Furthermore, the high sensitivity of °F
NMR chemical shifts to changes in the local environment
makes it suitable for discriminating spectroscopic differences
caused by stereoconfiguration. Various '°F-labeled chiral deri-
vatizing agents have been developed, facilitating the chiral
discrimination of a wide range of analytes containing amino
or hydroxy groups.’ As an alternative to covalent derivatization,
19F-labeled probes capable of reversibly binding to the analyte
have been explored. When the chemical exchange rate is slow
on the NMR timescale, distinct '°F NMR signals corresponding
to each enantiomer are produced.’® This approach combines
the benefits of operational simplicity and ease of spectrum
interpretation, which is often referred to as recognition-
enabled chromatographic '’F NMR."! Although this method
has been applied to the detection of various chiral substances,
demonstrating a broader scope than derivatization-based meth-
ods, few investigations have focused on strategies to tune the
resolving ability of the '°F-labeled probe. Previously, we demon-
strated that altering the metal center and constructing Lewis
acid-base pairs can enhance the performance of chiral discri-
mination systems.'” In this report, we present that adjusting
the torsion angle is an effective strategy to improve the resol-
ving ability. Compared to the CF;-labeled cyclopalladium
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Scheme 1 DFT calculation of probe-2 and probe-1.

probes developed earlier,"® the new probe is characterized by a
larger torsion angle, due to steric repulsion between the fluor-
ine atom and the bound analyte (Scheme 1). This significant
twisting of the probe’s backbone leads to superior resolving
ability in the chiral discrimination of amines, amino acid
esters, nitriles, and N-heterocycles.

Recently, we developed '°F-labeled cyclopalladium complexes
for the enantiodifferentiation of N-heterocycles and nitriles. These
complexes have shown that a methyl-substituted chiral center can
cause the probe’s backbone to twist, indicating a transfer from
point chirality to helical-like chirality.”> We hypothesize that this
asymmetric backbone is critical for enantioresolution, as evi-
denced by the distinct '°F NMR chemical shift differences corres-
ponding to the enantiomers. If this hypothesis is correct,
adjusting the twist of the probe’s backbone could be an effective
method for controlling the enantiodifferentiation performance of
9F-labeled probes. With this approach, we initiated our research
by synthesizing a fluorinated quinoline-based ligand, replacing
the previously used pyridine-containing ligand (Scheme 1(a)).
This new design ensures that the fluorine atom’s position in
the probe is static, unlike the mobile '°F atom in the CF; group.
The stationary '°F atom is expected to experience increased steric
repulsion with bound acetonitrile or analytes, resulting in a
significant torsion angle (Scheme 1(b)). This alteration will move
the probe’s backbone away from a planar structure, potentially
enhancing its chiral discrimination capability. To assess whether
our design would result in the anticipated increased twisting of
the probe’s backbone, we conducted density functional theory
(DFT) calculations on the optimized structures of both the
previously reported probe-1 and the newly designed probe-2.
Our computations revealed a significant change in the torsion
angle due to the replacement of the pyridyl group with quinoline
(Fig. S21 in ESIY). Specifically, for probe-2, complexation with
acetonitrile led to a substantial torsional angle of 19.09°, a notable
increase compared to the 4.52° observed in probe-1 (Scheme 1).
Building on these insights, we proceeded to synthesize the
targeted '°F-labeled probe-2. The synthesis began with readily
available 8-fluoroquinoline-2-carboxylic acid (3). Converting acid 3
into its acid chloride with SOCI,, we then reacted it with (R)-1-
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phenylethylamine to yield the desired ligand-4. A C-H palladation
reaction was efficiently performed in acetonitrile at 80 °C, produ-
cing the designed probe-2 in a high yield (Fig. S1 in ESI}). It is
noteworthy that probe-2 was isolated with a bound acetonitrile
molecule, which can be substituted by various analytes. This
dynamic ligand exchange property is pivotal to our chiral dis-
crimination strategy, allowing for immediate detection following
the mixing of the probe with an analyte. Having successfully
synthesized probe-2, we conducted a comparative study to evalu-
ate the enantiodifferentiation performance of probe-1 and probe-
2. Chiral discrimination experiments were conducted by combin-
ing "F-labeled probes with various analytes in CDCl;, followed by
the acquisition of the *°F NMR spectra. To evaluate the probe’s
chiral discrimination capability, we employed a parameter known
as “Resolution (Ry)”."* Our analysis revealed that probe-2 outper-
forms probe-1 in the chiral discrimination of various analytes, as
indicated by higher R, values, shown in Fig. 1. For example, probe-
2 effectively differentiates chiral nitriles with distant chiral cen-
ters, in contrast to the inadequate enantiodifferentiation of A; and
A, by probe-1. Moreover, probe-2 showed enhanced discrimina-
tion for nitrile compounds with quaternary chiral centers and
axial chirality (Fig. 1(c) and (e)). Notably, improved resolution with
probe-2 was also observed in the enantioanalysis of other nitriles,
where well-separated '°F NMR signals were evident, unlike the
crowded signals seen with probe-1 (Fig. 1(d), (f) and (g)). Besides
nitrile compounds, probe-2 also demonstrated superior discrimi-
nation of amines with B-chirality centers (Fig. 1(h) and (i)). These
observations suggest that probe-2 is more sensitive to stereocon-
figurations distal from the palladium metal, a feature difficult for
probe-1 to discern. Remarkably, aliphatic amines with substitu-
ents at the chirality center differing by just one methylene unit
could be resolved by probe-2, a task known to be challenging for
chiral HPLC. Consistent with our expectations, we observed a
gradual decrease in the R; values for analytes ranging from Ay, to
A;;. This trend can be attributed to the increasing similarity in the
size of the alkyl chains attached to the chiral carbon in these
analytes. As the structural differences between the alkyl chains
become less pronounced, the ability of the probe to differentiate
between the enantiomers correspondingly diminishes, resulting
in lower resolution values. For analytes already distinguishable by
probe-1, a significant improvement in resolution was noted, with
the R, values increasing by factors of 3.2 to 9.9. This substantial
enhancement in resolution augments the capability of this
approach to analyze mixtures of structurally similar analytes in
complex matrices (Fig. S2 in ESIt). It is important to note that for
some analytes, such as A,9, comparable spectral separation was
observed between probe-1 and probe-2. This could be attributed
to the phenyl group in the analytes, where its shielding effect may
significantly influence the overall spectral separation of the “°F
signal. These findings suggest that the augmented torsion angle
leads to a structure that is less planar and more three-
dimensional, enhancing the probe’s ability to interact with and
distinguish between the chiral centers of analytes more effectively.
In an effort to amplify this structural twisting, we explored
synthesizing a trifluoromethyl-substituted version of probe-2.
However, the attempted C-H palladation reaction was
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Fig. 1 (a)—(s) *°F NMR spectra of mixtures containing °F-labeled probes and various analytes dissolved in deuterated chloroform (CDCls). The spectra
associated with probe-1 are presented in deep blue, while those corresponding to probe-2 are depicted in dark red. All *°F NMR measurements were
conducted using a Bruker Avance Neo 600 MHz (565 MHz for the *°F nucleus) NMR spectrometer, with each spectrum obtained from 64 scans. For the
dark red spectra related to probe-2, *H-decoupled °F NMR techniques were employed.

unsuccessful. This failure could be attributed to increased steric indicated that the probe with the planar backbone exhibited
repulsion between the bound acetonitrile molecule and the CF; inferior performance relative to probe-2 (Fig. S20 in ESIt). This
group in the event that the palladium complex did indeed form. suggests that the improved performance is not solely reliant on
Such steric hindrance is likely a key factor impeding the reaction, the replacement of the CF; label by a "°F atom. To evaluate the
rendering the formation of the complex energetically less favor- effectiveness of probe-2 in measuring the enantiomeric excess (ee)
able. In addition, we included an analysis comparing the perfor- values of the enantioenriched samples, we employed A; as a
mance of probe-2 with another probe, similarly labeled with a °F  model analyte. When analyzing the racemic mixture, we noted
atom but featuring a more planar backbone. The findings that the 'F NMR signal peak areas for both enantiomers were
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identical (Fig. S3 in ESIt), indicating that probe-2 has an equal
affinity for A; enantiomers with different stereoconfigurations.
This characteristic enables the calculation of the ee values by
directly comparing the peak areas of the °F NMR signals. Using
this method, we observed a strong linear correlation between the
calculated ee values and those determined by chiral HPLC
analysis, validating the accuracy of our approach (Fig. S4 in ESIT).
It's important to mention that for analytes where enantiomers
exhibit different binding strengths towards the '°F-labeled probe,
a correction coefficient can be applied to account for the unequal
binding affinity.""*> Our previous studies have shown that incor-
porating this correction coefficient allows for accurate determina-
tion of the enantiocomposition. The results achieved with this
adjusted method showed an average absolute deviation of less
than 2% compared to HPLC analysis, underscoring the reliability
of this approach in enantiomeric analysis.

To demonstrate the capability of probe-2 for quickly determin-
ing the enantioselectivity of transition-metal catalyzed reactions
during the screening conditions, we chose a copper-catalyzed
decarboxylative cyanation of benzyl acids as a model reaction. In
this reaction, a complex of Cu(acac), and bis(oxazoline)-type
ligands acts as the catalyst, promoting enantioselectivity."> Tri-
methylsilyl cyanide and hypervalent iodine compounds are utilized
as the cyanide source and oxidant, respectively. Previous studies
have indicated that the enantioselectivity of this reaction is
affected by both the ligand structure and the solvent used. We
employed our method to rapidly determine the enantiomeric
excess (ee) values of the products from the reaction under two
different sets of conditions. For analysis, approximately 0.5 mL of
the reaction mixture was sampled. The reaction was quenched
with water, followed by extraction using ethyl acetate. After evapor-
ating the organic phase under vacuum, the crude product was
directly mixed with probe-2 for "°F NMR analysis. As shown in Fig.
S16 (ESIT), our method yielded ee values of 83.8% and 80.8% for
reactions conducted under conditions 1 and 2, respectively. These
findings are in alignment with the values obtained through chiral
HPLC analysis, which were 84.9% and 81.5%. It is noteworthy that
bis(oxazoline)-type ligands produce "°F NMR signals characterized
by chemical shifts that differ from those produced by the nitrile
products, thereby not affecting the ee assessments (Fig. S19 in
ESIY). Typically, HPLC analysis requires a prepurification step, but
our approach circumvents this necessity, demonstrating a signifi-
cant advantage for high-throughput analysis. This method’s ability
to bypass extensive purification steps not only saves time but also
makes it an attractive option for rapidly assessing the enantios-
electivity of reactions in a more efficient manner.

In conclusion, we have developed a novel approach to enhance
the resolving ability of chiral *°F-labeled probes by manipulating
the structural twisting of the probe’s backbone. It is demonstrated
that strategically replacing the pyridyl moiety with a 2-
fluoroquinolyl group leads to a significant torsion angle. This
structural alteration increases the probe’s sensitivity to discern
both distal chiral centers and chiral centers substituted by very
similar alkyl groups. Enhanced chiral resolving capabilities were
observed across a range of chiral analytes, including nitriles,
amines, and amino alcohols. Computational simulations have
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provided further insights into how this modification induces
structural twisting. We anticipate that this new strategy will extend
to the design of other chiral probes, beyond those based solely on
NMR techniques. The advancement in *°F-labeled chiral probes is
expected to significantly expedite progress in related fields, parti-
cularly asymmetric catalysis and drug discovery.
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