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The widespread occurrence and significance of chiral compounds does not only require new methods for
their enantioselective synthesis but also efficient tools that allow rapid determination of the absolute
configuration, enantiomeric composition and overall concentration of nonracemic mixtures. Although
chiral analysis is a frequently encountered challenge in the chemical, environmental, materials and health
sciences it is typically addressed with slow and laborious chromatographic or NMR spectroscopic
techniques. We now show with almost 40 analytes representing 5 different compound classes, including
mono-alcohols which are particularly challenging sensing targets, that this task can be solved very
quickly by chiroptical sensing with a single, readily available arylisocyanate probe. The probe reacts
smoothly and irreversibly with amino and alcohol groups when an organocatalyst is used at room
temperature toward urea or carbamate products exhibiting characteristic UV and CD signals above
300 nm. The UV signal induction is not enantioselective and correlated to the total concentration of
both enantiomers, the concomitant generation of a CD band allows determination of the enantiomeric
composition from the same sample, and the sense of the induced Cotton effect reveals the absolute
configuration by comparison with a reference. This approach eliminates complications that can arise
when enantiomerically impure NMR derivatizing agents are used and it outperforms time-consuming
HPLC protocols. The generation of distinct UV and CD signals at high wavelengths overcomes issues
with insufficient resolution of overlapping signals often encountered with chiral NMR solvating agents
that rely on weak binding forces. The broad solvent compatibility is another noteworthy and important
characteristic of this assay. It addresses frequently encountered problems with insufficient solubility of
polar analytes, for example pharmaceuticals, in standard mobile phase mixtures required for chiral HPLC
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We anticipate that the broad application spectrum,
organocatalytic chiroptical sensing with aryliso(thio)cyanate probes together with the availability of
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synthesis when nonracemic products can be formed or when
chiral building blocks of unknown enantiopurity need to be
examined prior to use. The differentiation between enantiomers
and the quantification of their ratio are, however, often very

Introduction

Many important natural compounds and synthetic drugs are
chiral and their enantiomers typically have individual biological

functions or display different pharmacological properties. The
determination of the enantiomeric composition of chiral
compounds has become a fundamental task in the pharma-
ceutical business and in many other fields whenever chirality is
encountered. This is particularly important in asymmetric

Department of Chemistry, Georgetown University, Washington, DC, 20057, USA.
E-mail: cw27@georgetown.edu

T Electronic supplementary information (ESI) available: Details of experimental
conditions and reaction optimization, sensing scope, quantitative concentration
and ee determination, and crystallographic data. CCDC 2077243 and 2077244.
For ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/d1sc02061g

8784 | Chem. Sci., 2021, 12, 8784-8790

elaborate and daunting tasks.

Traditionally, enantioselective analysis is accomplished by
NMR spectroscopy with the help of either a chiral solvating
agent (CSA) or a chiral derivatizing agent (CDA).* Alternatively,
enantiomers are resolved by chromatography on a chiral
stationary phase (CSP) or indirectly after derivatization with
a CDA on an achiral stationary phase.> While these methods are
well-established and often provide sufficient enantiomeric
resolution, they do not satisfy the increasing demand for
parallel data acquisition and high-throughput screening
capacities. The time usually required for chromatographic
enantioseparations is not acceptable when large numbers of
samples need to be examined. Both NMR and chromatography

© 2021 The Author(s). Published by the Royal Society of Chemistry
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are inherently serial techniques which means only one sample
can be analyzed at a time. The necessary use of an enantiopure
chiral reagent, additive or CSP can increase costs and prepara-
tion time. Furthermore, false results are obtained with CDAs
that are not perfectly enantiomerically pure.?

To address these shortcomings in enantioselective analysis,
other techniques for example mass spectrometry,” IR ther-
mography,”® capillary electrophoresis,® and biochemical assays’
have received increasing interest. In particular, optical methods
such as fluorescence,® UV® and circular dichroism (CD) spec-
troscopy have become popular and cost-effective alternatives for
accelerated enantiomeric ratio (er) determination, and the
potential of cyclic chemiluminescence with luminol immobi-
lized in a flow reactor was recently reported.'®'* The simplicity
of CD analysis combined with the possibility of fast and parallel
data collection at minimal solvent usage can reduce the work-
load and increase sample throughput. Several examples
demonstrating the efficacy of chiroptical er determination have
been reported.™

Because CD spectroscopy is inherently primed to distinguish
between enantiomers it eliminates the need for CSAs and CDAs,
and it allows combined determination of the enantiomeric
composition and total concentration of a chiral sample if used
in conjunction with UV spectroscopy, a task that is easily
accomplished with modern spectrophotometers. Herein, we
present an inexpensive, commercially available achiral aryliso-
cyanate probe that smoothly reacts with amino and alcohol
groups under mild organocatalytic conditions toward urea or
carbamate products exhibiting characteristic UV and CD signals
above 300 nm which we use for quantitative er and concentra-
tion analysis, Scheme 1. Our optical sensing assay is easily
performed and broadly applicable to amines, amino alcohols,
amino acids, diols and the notoriously challenging class of
alcohols, which is demonstrated with 35 examples. Cumber-
some work-up procedures and the risk of producing false
results due to enantiomeric impurities or kinetic resolution
effects when CDAs need to be used are avoided. At the same

Optical assay features
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Scheme 1 Use of an achiral arylisocyanate probe for quantitative
concentration and er determination of chiral compounds.
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time, the in situ generation of distinct UV and CD signals at high
wavelengths overcomes issues with insufficient resolution of
overlapping signals often encountered with chiral NMR
solvating agents that rely on weak binding forces rather than
covalent bond formation. The analytes are CD-silent above
300 nm and show none or very weak CD signals in the 200~
300 nm region that are not suitable for accurate er and
concentration determination. In contrast to inherently serial,
traditional NMR and chromatographic methods that may
consume large amounts of solvents, our optical sensing assay is
operationally simple, cost-effective and amenable to high-
throughput experimentation where many samples can be
screened in parallel. This has far-reaching implications and
potential to streamline chiral compound development projects
in numerous laboratories.

Results and discussion
Chiroptical assay development

At the beginning of this study we screened the ability of the
aryliso(thio)cyanates 1-8 to react with the enantiomers of 1-
phenylethylamine, 9, toward a CD-active (thio)urea product. All
probes carry a chromophore in close proximity of the analyte
binding unit which was deemed essential to generate a distinct
CD signal suitable for quantitative analysis, Fig. 1. The urea
formation occurs quantitatively and without by-product
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Fig. 1 Structures of arylisocyanate and arylisothiocyanates 1-8 and
comparison of the chiroptical responses of 1, 5, and 6 to the enan-
tiomers of 1-phenylethylamine. The CD spectrum obtained with free
(R)-9 under the same conditions but in the absence of an iso(thio)
cyanate probe is shown in orange. Conditions: 1-phenylethylamine
(82.5 mM) and an iso(thio)cyanate probe (99.0 mM) were mixed in
1.0 mL of CHCls and the reaction was stirred overnight followed by
dilution with acetonitrile to 0.37-0.50 mM prior to CD analysis, see
ESIF for details.
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Fig. 2 Structures of chiral amines and amino acids tested, and
selected CD spectra observed upon binding of 11, 17, 19 and 25,
respectively, to 1. The CD analyses of the reactions with the amines
were conducted at 0.58-0.65 mM in acetonitrile and for the amino
acid derived ureas at 0.41 mM in aqueous acetonitrile, see ESIf for
details.

formation within 15 minutes which was verified by NMR anal-
ysis, see ESL.f The reaction mixtures were diluted and directly
subjected to CD analysis with a standard CD spectrophotometer
and without any work-up or further treatment. We were pleased
to observe CD signals with high amplitudes above 350 nm using
2-nitrophenylisocyanate, 1. Strong CD signal induction at long
wavelengths is generally advantageous to eliminate possible
interferences from chiral impurities that may produce CD
signals typically occurring below 300 nm. The other probes
produced blue-shifted CD signals with the exception of the
isothiocyanate analogue 6 which, however, showed a relatively
weak maximum at 400 nm. As expected, the free (R)-enantiomer
of amine 9 showed no CD signal in the same region.

Chiroptical sensing of amines and amino acids

Additional screening studies showed that the urea formation
from 1 and 9 can be conducted in a variety of organic solvents
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Scheme 2 Catalyst screening to achieve quantitative alcohol
conversion with the isocyanate probe 1 at room temperature. Spectra
(a) to (d): (R)-phenylethanol (81.9 mM), probe 1 (98.2 mM) and catalyst
(0.2 equivalents, 16.4 mM) were mixed in 1.0 mL of CDCls. (e) Refer-
ence reaction without catalyst. (f) NMR spectrum of 1-phenylethanol.

ranging from hexane to ethanol - or even aqueous mixtures
when necessary — and the sensing experiments do not require
any precautions. The urea products are stable and the sensing
mixtures are easy to handle. We obtained the best results when
the reactions were performed in chloroform and then diluted
with acetonitrile for CD analysis which we could conduct
without delay. This simple mix-dilute-measure protocol was
essentially used for all applications with only minor modifica-
tions that were necessary to dissolve amino acids or to extend
the sensing scope to alcohols and amino alcohols, see below.
We decided to first investigate the CD sensing utility of 1 with
a structurally diverse group of aromatic and aliphatic amines
and applied 9-18 in our straightforward protocol. All analytes
gave quantifiable CD signals as shown exemplarily for 11 and
17, a secondary amine that cannot be analyzed with optical
Schiff base probes. We found that aqueous solutions are also
tolerated which enabled us to use 1 for chiroptical sensing of
amino acids including phenylalanine, 18, and glutamic acid, 25,
Fig. 2. The ease of optical enantiomer differentiation with
aromatic substrates and also with compounds such as 15-18
and 22-25 devoid of an aryl moiety is noteworthy because it
proves that this optical sensing method is generally useful and

$i Aodf

Fig. 3 X-ray structures of (S)-1-(2-nitrophenyl)-3-(1-phenylethyl)urea
and (R)-1-(naphthalen-2-yl)ethyl (2-nitrophenyl)carbamate.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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A) Amino alcohol and alcohol structures
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Fig. 4 (A) Structures of alcohols and amino alcohols tested. (B)
Selected CD spectra observed upon binding of 28, 31, 34 and 43,
respectively, to 1. Two equivalents of 1 were used for the amino
alcohol sensing. (C) Linear chiroptical response of probe 1 to non-
racemic samples of 1-(2-naphthyl)ethanol. (D) UV response to alcohol
38. The CD analyses of the reactions with the amino alcohols were
conducted at 0.17-0.28 mM and for the alcohol derived carbamates at
0.13-0.82 mM in acetonitrile, see ESIf for details.

does not require the presence of a chromophoric or aux-
ochromic group in the targeted structures.

Mechanistic studies

The success with amine and amino acid chirality sensing via
irreversible urea formation and direct CD analysis encouraged

© 2021 The Author(s). Published by the Royal Society of Chemistry
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us to explore if this can also be achieved with alcohols and
amino alcohols. In particular alcohols remain among the most
challenging sensing targets to date. This can be attributed to
their low nucleophilicity which greatly complicates the devel-
opment of optical chirality sensing assays based on well-defined
stoichiometric molecular recognition processes or the forma-
tion of supramolecular assemblies that should preferentially
occur under mild conditions and within a few hours. We envi-
sioned that the daunting task of alcohol chirality sensing might
become feasible through covalent trapping as carbamate
derivatives of 1. Initial tests with phenylethanol showed that the
carbamate formation with 1 is slow at room temperature and
impractical. We therefore screened several catalysts that were
expected to be compatible with the optical measurements with
the goals to accelerate the conversion and to avoid any need to
work-up the reaction mixtures prior to the CD analysis, Scheme
2. We found that quantitative carbamate conversion is accom-
plished in the presence of 20 mol% of DMAP. Monitoring of the
reaction between 1 and alcohols by NMR spectroscopy showed
that it does not generate by-products and is complete within 1.5
hours at room temperature, see ESL.T This is sufficiently time-
efficient even for high-throughput purposes because one
could run and analyze hundreds of samples in parallel using
multiwell-plate UV/CD readers. We note, however, that one
could further accelerate the carbamate formation by gentle
heating if desired. As expected, amines react faster and we
found that the urea formation is complete within 15 minutes,
see ESL.t During the course of this study we were able to grow
single crystals by slow evaporation of dichloromethane

hexanes solutions of the urea and carbamate formed in the
reaction of 1 with an amine and an alcohol, respectively. The
crystallographic structure elucidation further corroborates the
results and conclusions of our NMR reaction analysis, Fig. 3.
The click chemistry nature of our optical sensing approach is
important.” The analyte conversion is quantitative, occurs at
room temperature and generates a single carbamate or urea
product with a practical mixing procedure. The well-defined

A) Enantioselective CD response of 1 to the %ee of 9

50 - 50
@
25 A
&
R
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Fig. 5 Correlation of the UV and CD probe responses to the
concentration and enantiomeric composition of 1-phenylethylamine.
The UV and CD measurements were performed after dilution with
acetonitrile as described above, see ESI} for details.
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Table 1 Results of comprehensive chiroptical concentration and enantiomeric ratio sensing of 1-phenylethylamine samples using 1¢

Sample compositions

Optical sensing results

Entry Abs. config. Conc. (mM) S/R Abs. config. Conc. (mM) S/R

1 R 100.0 40.0 60.0 R 94.5 41.6 58.4
2 S 100.0 75.0 25.0 S 96.9 78.7 21.3
3 S 75.0 82.0 18.0 S 68.2 88.7 11.3
4 R 60.0 2.0 98.0 R 62.1 1.1 : 989
5 S 50.0 95.0 5.0 S 50.1 969 : 3.1
6 R 50.0 35.0 65.0 R 54.4 339 : 66.1
7 S 40.0 70.0 30.0 S 35.5 68.8 31.2
8 R 80.0 22.0 78.0 R 70.3 23.8 76.2
9 R 25.0 10.0 90.0 R 21.0 8.1 91.9
10 S 25.0 80.0 20.0 S 22.3 78.7 21.3

% The concentrations and enantiomeric ratios were determined using the UV and CD responses of the probe at 375 nm. The absolute configuration
was assigned by comparison of the observed Cotton effects to a reference sample.

chemistry, operational simplicity, ruggedness and the broad
application spectrum render chirality analysis with aryl(thio)
isocyanates particularly attractive, see below.

Chiroptical sensing of alcohols, diols, and amino alcohols

With a slightly revised sensing protocol in hand, we then
continued to examine the application spectrum of 1 by testing
a broad variety of amino alcohols, alcohols, which are particu-
larly challenging sensing targets, and diols 26-43. The
compounds and a few selected CD spectra are shown in Fig. 4A
and B. Some of these target structures carry phenyl rings that
might be beneficial for the generation of strong, red-shifted CD
signals once the carbamate is formed but we also included
purely aliphatic compounds such 30-33, 40, 42 and 43 in our
study. Again, we observed distinct CD signals in all cases which
underscores the practicality - we just mix the probe with the
target compound and take chiroptical measurements upon
dilution without any purification and chromatographic sepa-
ration - and the broad utility of this chirality sensing assay. As
expected based on the well-defined sensing stoichiometry, we
observed a linear correlation between the CD response
measured at 350 nm and the chiral composition of the alcohol
38 which is in perfect agreement with the proposed carbamate
formation, see Fig. 4C.

Combined concentration, absolute configuration and er
analysis

Our results demonstrate that this chiroptical assay works with,
but is not limited to, 35 amines, amino alcohols, amino acids,
diols and alcohols, which stands out among previously reported
sensing methods. The generality of its usefulness encouraged
us to go one step further and evaluate the possibility of
combined er and concentration analysis. As shown above, the
CD response generated by our chromophoric probe 1 upon
binding of a chiral compound changes linearly with the enan-
tiomeric composition of the sample, and this simplifies the
quantitative analysis tasks, vide infra. We suspected that the
formation of a carbamate or urea product derived from 1 and

8788 | Chem. Sci,, 2021, 12, 8784-8790

either an alcohol or amine would also yield a characteristic UV
change. Because we use an achiral probe in contrast to a chiral
derivatizing agent typically employed in NMR or HPLC analysis
of chiral compounds, enantiomeric rather than diastereomeric
products are formed. The corresponding UV signals can there-
fore be directly correlated to the total concentration of the chiral
analyte, irrespective of the sample er. We were able to verify this
by CD and UV studies of samples containing either the alcohol
38 as shown in Fig. 4D or our initial test analyte 1-phenyleth-
ylamine, 9, see Fig. 5A and B. The urea and carbamate forma-
tions generate a strong CD signal with a maximum at 375 nm
and 350 nm, respectively, as well as a large UV change at the
same wavelength. This sets the stage for comprehensive UV/CD
sensing of the concentration and enantiomeric ratio of chiral
compounds. It is important to note that CD spectrophotomers
typically produce UV and CD spectra simultaneously which
makes this approach even more attractive.

Having established these chiroptical correlations we set out
to apply our assay to ten amine samples containing 9 in widely
varying concentrations and enantiomeric ratios, Table 1. The
samples were treated as described above and directly subjected
to UV and CD analysis for quantification while the sign of the
observed CD signal was used to determine the absolute
configuration of the major enantiomer simply by comparison
with our reference CD spectrum obtained previously during
analyte screening. The results show relatively small error
margins that are generally considered acceptable for chiroptical
sensing applications.** For example, we determined an er of 1.1
(S) : 989 (R) and a total concentration of 62.1 mM for
a 60.0 mM sample with 2.0% of the S-enantiomer and 98.0% of
(R)-9 (entry 4). The UV/CD analysis of a solution of 9 at 25.0 mM
with an S/R ratio of 10.0 : 90.0 gave 21.0 mM and an enantio-
meric composition of 8.1 : 91.9 (entry 9).

Conclusions

In conclusion, we have shown for the first time that organo-
catalysis with a simple arylisocyanate enables optical concen-
tration and er determination of chiral compounds based on fast

© 2021 The Author(s). Published by the Royal Society of Chemistry
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mixing followed by straightforward UV/CD analysis. The general
scope and ease of operation are unprecedented to date and
demonstrated with almost 40 analytes representing 5 different
compound classes including mono-alcohols which are partic-
ularly challenging sensing targets. The probe reacts smoothly
and irreversibly with amino and alcohol groups at room
temperature toward urea or carbamate products exhibiting
characteristic UV and CD signals above 300 nm that are corre-
lated to the total concentration as well as the enantiomeric
composition of the target compound. The unprecedented use of
such a broadly useful achiral chiroptical agent employed in an
organocatalytic assay is very attractive and it combines several
features and advantages that outperform current laboratory
practice: (1) it eliminates complications that can arise when
traditional methods are used, such as kinetic resolution effects
and interferences from enantiomeric contamination of chiral
derivatizing agents, as well as cumbersome work-up procedures
and time-consuming chromatographic protocols that impede
fast and accurate enantiomer analysis. (2) The in situ generation
of distinct UV and CD signals at high wavelengths overcomes
issues with insufficient resolution of overlapping signals often
encountered with chiral NMR solvating agents that rely on weak
binding forces rather than covalent bond formation. (3) The
compatibility with a variety of solvents is another noteworthy
and important characteristic of this assay. It addresses prob-
lems with insufficient solubility of very polar analytes, for
example pharmaceuticals, in standard mobile phase mixtures
required for chiral HPLC analysis, which regularly causes major
roadblocks in analytical laboratories. (4) Finally, the elimina-
tion of any work-up and chromatographic separation steps
saves time and solvent consumption. We therefore believe that
the broad application spectrum, ruggedness and practicality of
chiroptical sensing with aryliso(thio)cyanate probes together
with the availability of automated CD multi-well plate readers
carry exceptional promise to accelerate chiral compound
development projects at reduced cost and with less waste
production.
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