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ABSTRACT: A stereodynamic chemosensor having a
parallel arrangement of a substrate-binding salicylaldehyde
unit and an adjacent pyridyl N-oxide fluorophore under-
goes rapid condensation with chiral amino alcohols and
subsequent asymmetric transformation of the first kind
toward a single rotamer. Crystallographic analysis shows
that the concomitant central-to-axial chirality imprinting is
controlled by minimization of steric repulsion and by
intramolecular hydrogen bonding between the bound
amino alcohol and the proximate N-oxide group. The
substrate binding event results in strong CD effects and
characteristic fluorescence changes which can be used for
instantaneous in situ determination of the absolute
configuration, enantiomeric composition and total con-
centration of a variety of chiral amino alcohols. This
chemosensing approach avoids time-consuming workup
and purification steps, and it is applicable to minute sample
amounts which reduces the use of solvents and limits
waste production.

he ever-increasing demand for new biologically active

chiral compounds, in particular pharmaceuticals and
agrochemicals, continues to nurture tremendous interest in
asymmetric synthesis.' The development of enantioselective
reactions for the production of chiral compounds is vigorously
pursued in numerous academic and industrial research
laboratories, and the pace and prospect of these efforts have
increased significantly during the past 20 years with the
introduction of combinatorial methods. In contrast, the analysis
of the amount and enantiomeric composition of chiral
compounds has become a major bottleneck in the discovery
process. High-throughput screening (HTS) methods capable of
analyzing large numbers of samples that can be generated
overnight are required to match the productivity of parallel
synthesis and other combinatorial techniques. It has been
proposed that optical methods based on fluorescence, UV, and
circular dichroism (CD) spectroscopy hold considerable
promise toward the goal of enantioselective HTS.> Several
optical sensing assays developed to date have been found to
outperform chromatographic and NMR spectroscopic methods
with regard to time-efficiency, sensitivity, and waste produc-
tion.>~> Optical assays typically provide information on the
enantiomeric excess (ee) but require independent analysis of
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the concentration of the substrate tested unless two chemo-
sensors are used simultaneously or in tandem.’ The
determination of both values with a generally applicable
chemosensor remains a major challenge and may require
multilayer perceptron artificial neural network analysis.”
Because a complete stereochemical analysis must reveal the
absolute configuration, the enantiomeric composition, and the
total concentration of a chiral compound, we have developed a
widely useful, practical probe that can accomplish all three tasks
with high accuracy and sensitivity.

We envisioned that this would be possible with racemic 1-
(3’-formyl-4'-hydroxyphenyl)-8-(4’-pyridyl )naphthalene N-
oxide, 1 (Figure 1). Due to the lack of bulky substituents
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Figure 1. Design of a sensor with circular dichroism and fluorescence
reporter units.

close to the aryl—aryl bond, the enantiomers of 1 undergo fast
interconversion via facile rotation about the stereogenic
naphthyl-salicylaldehyde axis at room temperature. This
stereodynamic probe has a salicylaldehyde ring capable of fast
binding of an amino alcohol and a proximate pyridyl N-oxide
fluorophore incorporated to report the binding event. We
assumed that a condensation reaction between a chiral amino
alcohol and the reactive formyl group in 1 would lead to a
stereochemical bias at the stereogenic axis with characteristic
chiroptical output, while hydrogen bond interactions between
the alcohol moiety of the bound substrate and the N-oxide unit
would generate a strong fluorescence response.

The design of 1 has several important structural features.
First, the presence of an adjacent phenol moiety is known to
accelerate the condensation reaction between the formyl group
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and an amino moiety, which is important for achieving time-
efficient substrate recognition. Second, the imine formation
with a chiral amino alcohol was expected to induce population
of a single axially chiral conformation of 1 with a distinct CD
output (Figure 2). This asymmetric transformation of the first
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Figure 2. Anticipated asymmetric induction process upon binding of
either an (R)- or (S)-configured amino alcohol locking the sensor into
an axially chiral, CD-active conformation. Note that the condensation
products are enantiomeric and expected to have opposite Cotton
effects but identical fluorescence output.

kind would be controlled by minimization of steric repulsion
and by intramolecular hydrogen bonding between the bound
amino alcohol and the neighboring pyridyl N-oxide. Impor-
tantly, this process should occur instantaneously due to the
rapid rotation about the chiral axis.® Third, hydrogen bonding
of the alcohol moiety of the substrate to the pyridyl N-oxide
group was expected to alter the fluorescence signal of the
probe. Altogether, the initially racemic and CD-silent sensor
would undergo fast amino alcohol binding, and the imine
formed would exhibit (a) an axially chiral conformation with a
pronounced chiroptical signal and (b) a characteristic change in
the fluorescence output. The CD effect would directly
correspond to the absolute configuration and ee of the amino
alcohol, while the fluorescence change would not be
enantioselective and therefore provide an entry to the
determination of the total concentration of the substrate.
Based on the short response time and the inherent sensitivity of
fluorescence and CD spectroscopy, the dual readout generated
by sensor 1 could then be used for complete stereochemical
analysis of minute sample amounts.

We were able to synthesize 1 in four steps from 1,8-
dibromonaphthalene (Scheme 1). The selective monoarylation

Scheme 1. Synthesis of Chemosensor 1
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with 4-pyridylphenylboronic acid turned out to be very
sensitive to temperature, solvent, catalyst loading, equivalents
of the boronic acid, and reaction time. Through careful
optimization of the Suzuki coupling using tetrakis-
(triphenylphosphine)palladium as catalyst, we found a
procedure that affords 2 in 75% yield, leaving the second aryl
bromide function intact. Treatment of 2 with m-CPBA gave N-

oxide 3, and a second cross-coupling step provided precursor 4,
which was finally deprotected with boron tribromide.

The sensor was then tested with a wide range of aliphatic and
aromatic amino alcohols. An immediate change of the reaction
mixtures from colorless to dark yellow indicated that the
condensation reactions were complete, and the samples were
subjected to CD analysis without further workup.” The imine
formation was also confirmed by NMR and ESI/MS analysis
(see SI). We were pleased to find that in all cases the imines
formed show strong Cotton effects even at micromolar
concentrations (Figure 3 and SI). Moreover, the chemosensor
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Figure 3. (Left) Structures of amino alcohols tested. (Right) CD
spectra (7.50 X 1075 M in CHCl,) of the imines formed from 1 and
(1S2R)-S (blue) and (1R,2S)-5 (red) at room temperature.

generates without exception a positive Cotton effect above 330
nm when an acyclic (R)-configured amino group is bound and
a negative couplet at the same wavelength when an (S)-
configured amine is detected. The probe can thus be used for
identification of the absolute configuration of amino alcohols.

We were able to grow single crystals of the imine derived
from 1 and amino alcohol (1S,2R)-§ by slow diffusion of
hexanes into a concentrated chloroform solution.'® The pyridyl
and the salicylidenimine ring are both orthogonal to the
naphthalene plane and undergo n—7 stacking. The two rings
are almost perfectly parallel and show slight twisting and
splaying. The splaying angle between the pyridyl and the
phenyl planes in the crystal structure shown in Figure 4 was

Figure 4. Views facing the naphthalene ring (left) and along the
naphthalene ring (right) of the X-ray structure of the (1S2RM)-
configured imine. Selected crystallographic separations [A]: O1-+-H3
1.573, phenylcentroid_pyridylcemroid 3.338.

determined as 20.6°, and the twisting angle is 4.8°. The
crystallographic analysis proves that the binding of the amino
alcohol moiety leads to a stereochemical bias of the chiral axis
in 1 as described above. The imine formation locks the sensor
into a structure exhibiting M torsion at the stereogenic aryl—
aryl axis, which explains the distinct Cotton effects. This
central-to-axial chirality induction process is guided by

hydrogen bonding between the alcohol group and the
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proximate N-oxide while steric repulsion is kept at a minimum
(Figure 4 and SI). As a result, the orientation of the
salicylidenimine plane with respect to the perpendicular
naphthalene ring is controlled by the intramolecular hydrogen
bonding motif, while the bulky residues of the bound amino
alcohol point toward the sterically least hindered direction. The
corresponding central-to-axial chirality induction in the stereo-
dynamic sensor thus strongly favors population of a single rigid
conformation and an intense CD response.

We then collected the CD spectra of non-racemic samples of
the imines obtained with amino alcohols $ and 11, respectively,
to evaluate the practical use of 1 for quantitative ee
determination. In both cases, we found a perfectly linear
relationship between the CD responses of 1 at 260, 290, and
340 nm, respectively, and the sample ee (Figure 5 and SI). Five
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Figure 5. (Top) CD spectra of the imine obtained with non-racemic
samples of § at 7.50 X 107> M in CHCl, and the corresponding plots
of the CD maxima at 260 (blue), 290 (red), and 340 nm (green) vs
sample ee. (Bottom left) Fluorescence change of 1 upon titration with
S. Excitation (emission) wavelength: 340 nm (515 nm). Spectra
collected in the presence of sub-stoichiometric or equimolar amounts
and excess of 5 are shown in blue and red, respectively. (Bottom right)
Plot of the fluorescence intensity at 515 nm vs ratio [5]/[1].

non-racemic samples of 5 covering a wide ee range were
prepared and treated with sensor 1 at room temperature. Using
the linear regression equation calculated from the calibration
curve and the measured CD amplitudes at 260 nm, the
experimentally determined ee of these samples was within 2%
of the actual values. Similar results were obtained with non-
racemic samples of 11 (SI).

Having established the nature of the chiral induction process
and the use of 1 for quantitative ee determination of amino
alcohols, we investigated the effect of the substrate binding on
the fluorescence response of 1. We were pleased to find that the
imine formation results in a strong increase in the fluorescence
intensity until >1 equiv of the amino alcohol is added (Figure S
and SI). While the fluorescence enhancement can be attributed
to the formation of a rigid structure stabilized by intramolecular
hydrogen bonding, the decrease in the fluorescence intensity
observed in the presence of unbound substrate is probably a
result of dynamic quenching. In accordance with the ee
determination discussed above, the fluorescence change of 1,
i.e, a steady increase in intensity that is followed by quenching
when excess of an amino alcohol is present, appears to be a

general phenomenon, and we were able to use the chemosensor
fluorescence response for accurate quantification of the
concentration of § and 11 (see SI). Regression analysis of
five samples containing various amounts of amino alcohol §
demonstrated that the total amount can be determined within a
2.5% error margin.

Finally, we used the dual CD and fluorescence readout of 1
to achieve a full stereochemical analysis of non-racemic
mixtures at once, i.e., determination of the absolute
configuration of the major enantiomer, the ee, and the total
substrate concentration. Four samples with varying concen-
tration and enantiomeric composition of § were analyzed as
described above (Table 1 and SI). The results obtained by our

Table 1. Chemosensing of Amino Alcohol §

Sample Composition Sensing Results

concn abs concn abs

(mM) ee (%) config” (mM) ee (%)  config?
1.20 28.0 15,2R 1.21 24.8 1S,2R
2.14 10.0 15,2R 1.97 13.7 15,2R
2.70 52.0 1R,2S 2.65 52.9 1R,2S
3.04 64.0 1R,2S 3.00 62.4 1R,2S

“Major enantiomer.

dual sensing method deviated less than 5% from the actual
values. The accuracy of the analysis performed with 1 is
generally considered sufficient for HTS purposes, and it
compares well with previously reported optical ee measure-
ments achieved by using two probes simultaneously and in
tandem or by multilayer perceptron artificial neural network
analysis.”” The optical measurements are operationally simple
and fast and require only small sample and solvent amounts. In
all experiments, the reaction mixtures were analyzed directly.
The general simplicity and exclusion of any purification steps
after imine formation underscore the practicality of chemo-
sensing with 1."

In summary, we have designed a stereodynamic chemosensor
1 that can be used for in situ determination of the absolute
configuration, ee, and concentration of chiral compounds based
on substrate-controlled induction of axial chirality and a dual-
mode optical readout. This probe produces a distinct CD signal
upon condensation with amino alcohols which can be
correlated to the substrate chirality and enantiomeric
composition, while the independent fluorescence response is
not enantioselective and allows quantification of the total
sample amount. Screening of several amino alcohols showed
that 1 has a broad substrate scope. The analysis is accurate,
avoids time-consuming workup and purification steps, and is
applicable to minute sample amounts which reduces the use of
solvents and waste production. Finally, we note that 1 is used in
racemic form which eliminates the general need for asymmetric
production of enantiopure sensors previously employed in HTS
analysis of chiral compounds.

B ASSOCIATED CONTENT

© Supporting Information

Synthetic details, analytical procedures, compound character-
ization, MS, CD, fluorescence and NMR spectra, and
crystallographic details. This material is available free of charge
via the Internet at http://pubs.acs.org.
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